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Foreword 


ogy entered the medical sciences and changed traditional orientations. The identification of 

human genes and the cellular functions of gene products resulted in new concepts in the expla- 
nation of several diseases, especially in malignant transformation and cancer. Developments in commu- 
nication technology with fast information exchange between researchers and clinicians globally led to 
fundamental changes in several medical disciplines and integration of new knowledge into the practice 
of medicine. The surgeon using endoscopic procedures, the radiologist employing magnetic resonance in 
metabolism investigations, and the anatomic pathologist applying molecular biology and immunohisto- 
chemistry staining in diagnostics are a few examples of these rapid changes. This is also true for clinical 
chemistry and laboratory medicine, whose objectives now extend beyond diagnosis and monitoring to 
include risk assessment and prevention. For clinicians and laboratorians, it is pertinent in a time of 
“managed patient care” to decide as a team on the most efficient diagnostic strategy for a patient that 
combines clinical information with laboratory results. 

The fourth edition of the famous Tietz Textbook recognizes new areas requiring greater recogni- 
tion and understanding from clinical chemists as they strive to be laboratory medicine consultants, 
linking science and medicine for the benefit of patients and the health of the community. The most imme- 
diate change is in the name, which has been enlarged to the Tietz Textbook of Clinical Chemistry and Mol- 
ecular Diagnostics. The importance of this change is highlighted by the introduction of a section dedicated 
to molecular diagnostics and genetics. Understanding the principles of molecular biology in hematology, 
infectious disease, and genetics, together with the rapidly expanding area of pharmacogenetics, clearly 
emphasizes how the clinical laboratory must link technology and clinical understanding and then trans- 
late the results of such investigations into terms understandable by clinicians and patients. 

It is a notable achievement for any book to become an internationally recognized reference work that 
successfully appeals to professionals from different medical disciplines and cultures while still managing 
to overcome the barriers that are raised by language differences. All over the world the Tietz Textbook of 
Clinical Chemistry has been acknowledged as an outstanding, broadly based source of knowledge and 
information for our profession. It provides guidance for the youngest to the oldest, whether neophyte or 
laboratory-tested veteran, thus bridging generation gaps. It is a tool not only for the education of those 
training to be clinical laboratory professionals but for the continuing education of those who may have 
acquired specific expertise and recognition, yet who need to keep current with an extensive understand- 
ing of our present and future scientific, technological, and organizational development. 

Such recognition for a reference book is not easily attained or maintained and requires considerable 
talent and effort to have its reputation enhanced. This fourth edition once again faces up to the challenge 
of freshness and relevance in what to introduce and what to leave out. The judicious selection of subjects 
and authors, together with their integration into an up-to-date, coherent, and balanced text, is the respon- 
sibility of the editors. Following the excellent first edition, which reflected the science and personality of 
Dr. Norbert Tietz, the second and third editions were edited by Dr. Carl A. Burtis and Dr. Edward R. 
Ashwood. The fourth edition benefits once again from their experience, complementary skills, and knowl- 
edge of science and technology as applied to clinical chemistry and laboratory medicine. Dr. David E. 
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Bruns, widely known and respected as the Editor of Clinical Chemistry, is the new addition to the edito- 
rial group. Making a strong editorial team even stronger is a far-sighted move that inspires confidence. 

This edition is notable also for the large number of new authors and the challenge given to them to 
respond to significant regroupings of chapters and subjects, thus introducing room for new information 
and discussion of new topics. The principles of evidence-based laboratory medicine are addressed. The 
basic science, its application and management in the clinical laboratory, allied with the interpretation and 
use of the information produced, are all components of the evidence base. This new edition reflects the 
continuing maturity of an excellent textbook that will be an extremely useful aid for clinicians and labo- 
ratory professionals in their daily work. 
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1994, 1999) was to produce an authoritative textbook that provided a current and comprehensive 

overview of the discipline of clinical chemistry. We have set the same goal for this fourth edition. 
Meeting this goal has become a greater challenge with each edition as technical and medical advances 
expand the discipline in both depth and breadth and blur the traditional boundaries between clinical 
chemistry and other disciplines of laboratory medicine. 

To meet this challenge and yet keep the book manageable and in one volume has necessitated exten- 
sive revision of the format of the fourth edition and additions to its content, The first major change was 
to add eight new chapters on molecular diagnostics, a change reflected in amending the title of the fourth 
edition to the Tietz Textbook of Clinical Chemistry and Molecular Diagnostics. A second major change 
was the addition of Professor David E. Bruns as a co-editor to our editorial team. The two editors of the 
previous edition found that his wealth of knowledge and experience and his superb editing skills were 
invaluable in producing this new edition. 

As a result of adding new chapters and the retirement of several authors who had participated in 
earlier editions, many new authors have joined our team of core veterans from previous editions. In fact, 
66 of the 97 authors represented in the fourth edition are new to the effort. These knowledgeable and 
enthusiastic new authors coupled with core veterans have produced chapters that are timely and reflect 
the state-of-the-art in their respective fields. The international flavor of the book and the international 
nature of the field are more evident than ever before in the list of countries represented by this outstanding 
group of colleagues. 

In addition to the eight new chapters on molecular diagnostics (Chapters 36-43), other new chapters 
include those on Nanotechnology and Microfabrication (Chapter 10), Point-of-Care Testing (Chapter 12), 
Introduction to Laboratory Medicine and Evidence-Based Laboratory Medicine (Chapter 13), and Inborn 
Errors of Amino Acid, Organic Acid, and Fatty Acid Metabolism (Chapter 55). We have also removed a 
few chapters and combined elements from them into new chapters including Selection and Analytical 
Evaluation of Methods—With Statistical Techniques (Chapter 14), Vitamins and Trace Elements (Chapter 
30), and Hemoglobin, Iron, and Bilirubin (Chapter 31). The fourth edition now contains 56 chapters, 
a large increase when compared with the 20 chapters of the first edition. These 56 chapters include 
over 10,000 references, 900 figures, and 500 tables and boxes. We have grouped these chapters into 
seven sections entitled Laboratory Principles, Analytical Techniques and Instrumentation, Principles of 
Laboratory Medicine, Analytes, Molecular Diagnostics and Genetics, Pathophysiology, and Reference 
Information. As in previous editions, the reader will find that the distinction between “Analytes” and 
“Pathophysiology” is indistinct as several analytes are discussed in the chapters included in the Patho- 
physiology section and the pathophysiologies of several disorders are discussed in chapters placed in the 
Analytes section. 

A major addition to the fourth edition is a companion website (http://evolve.elsevier.com/Tietz/ 
textbook/), which contains analytical methods, case studies, and supplementary information. We plan to 
periodically include updated and new information on this website, including corrections when errors are 
found in the textbook. We invite readers to call such errors to our attention so that corrections can be 
made and subsequent printings of the textbook will reflect the process of continuous improvement for 
which we strive. All of the reference citations in the book are also listed in the Evolve website where they 
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are linked electronically to the PubMed database of articles and abstracts. Because PubMed has links to 
on-line journals, readers can access the full texts of many cited articles with two clicks of a mouse. 

Information technology played a much-increased role in the preparation and production of the 
fourth edition. Each chapter was submitted, edited, and typeset electronically. As with the third edition 
of the Textbook, many of the figures, especially those that included chemical structure were drawn or 
revised by one of us (EA) using ChemWindows software (http://www.softshell.com). This resulted in a 
uniform representation of chemical structures and facilitated the integration of figures with the text while 
reducing errors. The Internet also helped authors and editors to find the latest information and sources 
of products. Readers will note that references to web-based sources of information are found throughout 
the text. 

We greatly appreciate the opportunity provided to us by Elsevier to participate in the preparation of 
the fourth edition of this textbook. It has been an exciting, challenging, and educational experience. We 
have endeavored to ensure that this edition will live up to the reputation and success of its distinguished 
predecessors. We have enjoyed working with the team of dedicated authors who have spent countless hours 
preparing comprehensive chapters that are authoritative and timely. We believe that they have produced 
a textbook that is reflective of the diverse, technical, and practical nature of the current practice of clini- 
cal laboratory science and medicine. 

We have also benefited from and enjoyed working with the Elsevier staff, especially Managing Editor, 
Mindy Hutchinson; Developmental Editor, Ellen Wurm; and Senior Project Manager, Rachel Dowell. Their 
patience, warm cooperation, sound advice, and professional dedication are gratefully acknowledged. 


Carl A. Burtis 


Edward R. Ashwood 
David E. Bruns 


Color insert follows page 1468. 
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CHAPTER 


l 


Introduction to Principles 
-of Laboratory Analyses 


Edward W. Bermes, Jr., Ph.D., Stephen E. Kahn, Ph.D., 
and Donald S. Young, M.B., Ph.D. 


ses on body fluids and tissue, the clinical laboratorian 

must understand the basic principles and procedures 
that affect the analytical process and operation of the clini- 
cal laboratory. These include the knowledge of: (1) the 
concept of solute and solvent, (2) units of measurement, (3) 
chemicals and reference materials, (4) basic techniques, such 
as volumetric sampling and dispensing, centrifugation, mea- 
surement of radioactivity, gravimetry, thermometry, buffer 
solution, and processing of solutions, and (5) safety.t 


T o reliably perform qualitative and quantitative analy- 


CONCEPT OF SOLUTE AND SOLVENT 
Many analyses in the clinical laboratory are concerned with 
the determination of the presence of or measurement of the 


*The authors gratefully acknowledge the original contributions of 
Drs. Edward R. Powsner and John C. Widman on which the 
Measurement of Radioactivity portion of this chapter is based. 
‘Note: Additional discussions on the topics of (1) Chemicals, 
Reference Materials, and Related Substances, (2) General 
Laboratory Supplies, (3) Calibration of Volumetric Pipettes, (4) 
Centrifugation, (5) Procedures for Concentrating Solutions, (6) 
Separatory Funnels and Extraction Procedures, (7) Laboratory 
Mixers and Homogenizers, and (8) Filtration are found in the 
Appendix of this chapter located in the Evolve site that 
accompanies this book at http://evolve.elsevier.com/Tietz/ 
textbook and in the previous edition of this textbook (Bermes 
EW, Young DS. In: Burtis CA, Ashwood ER, eds. Tietz textbook of 
clinical chemistry, 3" ed. Philadelphia: W.B. Saunders, 1999:3-41.) 


and Safety* 


concentration of substances in solutions, the solutions most 
often being blood, serum, urine, spinal fluid, or other body 
fluids (see Chapter 2). 


DEFINITIONS 


A solution is a homogeneous mixture of one or more solutes 
dispersed molecularly in a sufficient quantity of a dissolving 
solvent. In laboratory practice, solutes are typically measured 
and are frequently referred to as analytes. A solution may be 
gaseous, liquid, or solid. A clinical laboratorian is concerned 
primarily with the measurement of gases or solids in liquids, 
where there is always a relatively large amount of solvent in 
comparison with the amount of solute. 


EXPRESSING CONCENTRATIONS OF SOLUTIONS 


The concentration of a solute in a solution may be expressed 
in different ways (Table 1-1). In the United States, laboratory 
data typically are reported in terms of mass of solute per unit 
volume of solution, usually the deciliter. However, the 
Système International d’Unités (SI) recommends the use of 
moles of solute per volume of solution for analyte concen- 
trations (substance concentrations), whenever possible, and 
the use of liter as the reference volume. Although considered 
incorrect and inappropriate by metrologists, mass concen- 
tration also is reported in terms of grams percent or percent. 
This is typically how concentrations of ethanol in blood are 
expressed. This terminology indicates an amount of solute 
per mass of solution (e.g., grams per 100g) and would be 
appropriate only if reference materials against which the 
unknowns were compared were also measured in the same 
terms. An exception to the general expression of analyte con- 
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E I-I Concentration Quantities ang | Units 


and Quantity 


ren concentration (of a given solute 
~ component) 
Molality or a A solute component). 


Mole fection (or substance fraction [of a 


given amponi 

Mole ratio (or banar ratio), [of a; given 
solute component] EO 

Mass concentration (of a given component) 


Mass ss fraction ot a given sn component) 


Volume e fraction (of a given component) 


SE Definition 


‘Unit 


-= Amount of substance of a solute divided by volume of 


mol/m’; mol/L 


Number ‘concentration 


Number fadon 


. Substance content (of a given component) `- 


From The SI for the Health Professions, World Health Organization, 1977. 


centrations in terms of volume of solution is the measure- 
ment of osmolality, in which concentrations are expressed in 
terms of mass of solvent (mOsmol/kg or mmol/kg). 

When the solution and solvent are both liquids, as in 
alcohol solutions, the concentration of such a solution is 
frequently expressed in terms of volume per volume 
(vol/vol).” By adding 70 mL of alcohol to a flask and mixing 
it to 100mL with water, a solution whose concentration is 
700 mL/L would be achieved. The expression “700 mL/L” is 
preferred to the alternatives of 70 volumes percent or 70% 
(vol/vol). 

The following equations define the expressions of 
concentrations: 


Mole=-——— = (8) 
gram molecular weight (g) 
TE E number of moles of solute 
number of liters of solution 
Molality ofa sehition = number ot moles of solute 
number of kilograms of solvent 
Normality of a solution = 


number of gram equivalents of solute 
number of liters of solution 
Normality (in oxidation—reduction reaction) = 


molarity x difference in oxidation state 


~.i solution í 
` Amount of substance òf a solute divided by mass ofii: mol/kg 
`: solvent i i : 
“Amount of substance of a component t divided i chia mol/mol 
amount of substance of mixture (ie; all = ee ee 
components of the system) EAA etian 
Amount-of substance of a solute divided by amount ae mol/mol 
of-substance of the solvent a E 
Mass of a component (e€:g.; solute) d divided by volume a kg/m’; kg/L 
of system: (e.g.; solution) > i Ania ba 8 
Mass of a component divided by mass a system E wie 
(mixture) tae: ee 
Volume of a component divided doy. volume of system mim UL cers 
(mixture) Baetis : sie gsi 
Number of specified de, or. daa entities m3; D De 
_. divided by volume of system (mixture) TEE 
; Number of specified. particles or elementary entities l (a cay ehh 
-divided by total number of particles or entities in AE Mia 
the: system (mixture). RESTOR 
E Amount of substance of a component divided by mol/kg 


‘mass of system. (mixture) 


Gram equivalent weight (as oxidatant or reductant) = 
formula weight (g) 
difference in oxidation state 


For example, using these equations, a 1 molar solution of 
H,SO, contains 98.08 g H,SO, per liter of solution. (Note: 
The symbol M, to denote molarity, is no longer acceptable 
and has been replaced by mol/L.) A molal solution contains 
lmol of solute in tkg of solvent. Molality is properly 
expressed as mol/kg. 

Likewise, a one normal solution contains 1g equivalent 
weight of solute in 1L of solution; for example, 1 mol HCl, 
0.5mol H,SO,, and 0.33 mol H;PQ,, each in 1L of solution, 
are one normal solutions. The use of normality is limited in 
that a given solution may have more than one normality, 
depending on the type of reaction for which the solution is 
used. The molarity of a solution, however, is a fixed number 
because there is only one molecular mass for any substance. 
Normality is no longer recommended to express concentra- 
tions. Nevertheless, the term is included here because it 
remains in common usage and is related to the equivalent 
concept sometimes favored for serum electrolyte concentra- 
tions in the United States and some other countries. 

A milligram equivalent of a substance is its equivalent 
weight expressed in milligrams. The equivalent mass of 
H,SO, is 49.04g; therefore 1mg equivalent of H,SO, = 
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49.04 mg H,SO,. Because substances may react on the basis 
of their valence, 1 mol calcium (atomic weight = 40), which 
is bivalent, has twice the combining power of 1 mol 
sodium (atomic weight = 23). Forty mg calcium is therefore 
equivalent to 46 mg sodium. 

An older unit of measurement used to express the con- 
centration of electrolytes in plasma is the milliequivalent 
(mEq), which is one thousandth of an equivalent. 


weight (g) 


Milliequivalents (mEq) = ————"&———- 
milliequivalent mass (g) 


Milligrams per 100 mL (deciliter) can be converted to mEq 
per liter using the following formula: 


mg/dL x 10 x valence 
mg atomic mass 


mEq/L = 


Example: If the serum sodium concentration is 322 mg/dL, 
then the serum contains 3220 mg/L. The equivalent mass of 
sodium is 23, and the valence is 1; therefore: 


322 X10 X1 


mEq Í L= 35 


= 140 

The recommended units for sodium concentration in 
plasma are millimoles per liter (mmol/L). In the previous 
example, the concentration of sodium is: 


mg/L _ 322 x10 x1 


Rs = 140 
mg molecular mass 23 


mmol/L = 
In chemical terms, the titer of a solution is the mass of a 
substance equivalent to a unit volume of the solution. 


; grams of substance 
Titer = ——-____—-— = 
liters of solution 


mg substance 
mL solution 


However, in clinical laboratory practice, a titer is more 
commonly thought of as the lowest dilution at which a par- 
ticular reaction takes place. Titer is customarily expressed as 
a ratio, for example, 1:10 or I to 10. 

Regarding gases in solution, Henry’s law states that the 
solubility of a gas in a liquid is directly proportional to the 
pressure of the gas above the liquid at equilibrium. Thus as 
the pressure of a gas is doubled, its solubility is also doubled. 
The relationship between pressure and solubility varies with 
the nature of the gas. When several gases are dissolved at the 
same time in a single solvent, the solubility of each gas is pro- 
portional to its partial pressure in the mixture. The solubil- 
ity of most gases in liquids decreases with an increase in 
temperature and indeed boiling a liquid frequently drives 
out all dissolved gases. Traditionally the unit used to describe 
the concentration of gases in liquids has been percent by 
volume (vol/vol). Using the SI, gas concentrations are 
expressed in moles per cubic meter (mol/m”). 


UNITS OF MEASUREMENT 
A meaningful measurement is expressed with both a number 
and a unit. The unit identifies the dimension—mass, volume, 


TABLE l-2 SI Base Units 


Q antity Name Symbol 

‘Length re hens meter re Ae 
“Masse eet, ors kilogram kg ss 
“Time. ry any : eee second : SEREA 
"Electric current” ampere iiis 

o ici temperature kelvin 


“Amount of substance — es mole 
Luminous intensity . a candela: 
‘Catalytic amount ii katal 


or concentration—of a measured property. The number 
indicates how many units are contained in the property. 

Traditionally, measurements in the clinical laboratory 
have been made in metric units. In the early development of 
the metric system, units were referenced to length, mass, and 
time. The first absolute systems were based on the centime- 
ter, gram, and second (CGS) and then the meter, kilogram, 
and second (MKS). The SI is a different system that was 
accepted internationally in 1960. The units of the system are 
called SI units. 

The SI takes its origin from the Conférence Générales des 
Poids et Mesures (CGPM), which since 1889 has functioned 
as the international authority for measurement. Operating 
under CGPM is the Comité International des Poids et 
Mesures (CIPM)}, whose prime responsibilities are to define 
units and to direct the Bureau International des Poids et 
Mesures (BIPM). The BIPM, established in 1875, serves as 
the international reference laboratory and has the responsi- 
bility for ensuring uniformity of physical measurements. 


INTERNATIONAL SYSTEM OF UNITS*® 


There are three classes of SI units: base, derived, and sup- 
plemental units. A base unit was decreed by the CGPM for 
each of eight fundamental but dimensionally independent 
physical quantities. These units are listed in Table 1-2. A 
derived unit is derived mathematically from two or more 
base units (Table 1-3). A supplemental unit is a unit that con- 
forms to the SI but that has not been classified as either base 
or derived. At present only the radian (for plane angles) and 
the steradian (for solid angles) are classified this way. 

The CGPM recognizes that some units outside the SI con- 
tinue to be important and useful in particular applications. 
An example is the liter as the reference volume in clinical 
analyses. Liter is the name of the submultiple (cubic decime- 
ter) of the SI unit of volume, the cubic meter. Considering 
that 1 cubic meter represents some 200 times the blood 
volume of an adult human, the SI unit of volume is neither 
a convenient nor a reasonable reference volume in a clinical 
context. Nevertheless, the CGPM recommends that such 
exceptional units as the liter should not be combined with 
SI units and preferably should be replaced with SI units 
whenever possible. 
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TABLE 1-3 amples of Sl-Der ived Units Important in Clinical Medicine, Expressed in a Terms of Base Units 


Quantity Name 

Volume i40 cubic meter `: i 
Mass density n < Kilogram per: cubic. 
eometer ciii Besos 
A of amount of mole per ‘cubic nete 
-- substance ; oe 
‘Frequency. hert oS 

Force newton 5. 
Pressure pascal o ai 
Energy, work, quantity of heat joule 

‘Power... NAR Pe 

‘Electric potential, potential... volt. 


difference, electromotive. force. a 


TABLE 1-4 Non- Sl Units Retained for Use with the Sl 


Quantity _ “Unit Symbol _ Value i in Sk Units 
Time rea wt ae min ; imin= 608. 

Jan HOUT h ihs 36005. Meas 
pA day d 1d = 86,4008.) ini 
Plane angle. : degree.. ° 1° = n/180rad 22. 
Bas minute . ’ i = 710,800 rad. pii 
Ree second...” = 11/648,000 rad. ; 
Volume ...... liter L te oy or. 
Mass........ tonne t o oe ; 


The minute, hour, and day have had such long-standing 
use in everyday life that it is unlikely that new SI units 
derived from the second could supplant them. Some other 
non-SI units are still accepted, although they are rarely used 
by most individuals in their daily lives but have been very 
important in some specialized fields. Examples of such units 
are the nautical mile, knot, and hectare. Examples of non-SI 
units retained for use with the SI are illustrated in 
Table 1-4. 


DECIMAL MULTIPLES AND SUBMULTIPLES OF SI UNITS 


In practical application of SI units, certain values are too 
large or too small to be expressed conveniently in the base 
or derived units. Numerical values can be brought to conve- 
nient size when the unit is appropriately modified by official 
SI prefixes. In general the prefixes are such that the value of 
the unit changes 1000-fold. However, certain common pre- 
viously accepted multiples or submultiples, such as deci- and 
hecto-, are still accepted in the SI framework. The SI prefixes 
are listed in Table 1-5 together with their symbols. 


Expression i in 


Terms. of . Expression in Terms 


SI Symbol ` Other SI Units of SI Base Units 

we es OS pan? TN 
mol/m? 
iSo 

os l m'kgrs? 
Pa BASH N/m?! Sere 
Wenn a isec Ain Dike ei 
Vi SSS WAT E z mes. Ate T 


The International Organization for Standards (ISO) rec- 
ommends that prefix symbols be printed in Roman 
(upright) type without spacing between the prefix symbol 
and the unit symbol, thus mL rather than m L. Furthermore, 
an exponent attached to a symbol containing a prefix indi- 
cates that the multiple or submultiple of the unit is raised to 
the power expressed by the exponent (e.g., cm? is 10“ m°). 
Compound prefixes formed by the juxtaposition of two or 
more SI prefixes are not to be used. Thus 1 nm is appropri- 
ate, whereas I mum is not. Likewise, the appropriate unit of 
mass is the megagram (Mg) rather than the kilokilogram 
(kkg). 


APPLICATIONS OF SI IN LABORATORY MEDICINE 


Many international clinical laboratory organizations and 
national professional societies have accepted the SI units in 
its broad application. The World Health Organization has 
also recommended its adoption. These organizations have 
accepted the liter as the preferred unit of volume. For mul- 
tiples and submultiples of units, including derived units, 
only one prefix should be used. The prefix should preferably 
be confined to the numerator, except in the case of the kilo- 
gram. Units of concentration should use the liter as denom- 
inator. Use of the milli-, micro-, or femtoliter for reporting 
of test values requires little alteration in thinking when liter 
is used for reporting mass concentrations, provided that 
the numerator unit is changed by a similar factor. The 
numerator unit is usually adjusted so that clinically proba- 
ble values are less than 1000. When liter is used instead of 
deciliter for reporting of results, their numerical value is 
increased by a factor of 10. Such values, when considered 
in conjunction with the patient’s clinical status, should be 
understandable. 

Use of the liter as reference volume causes little confusion 
in interpretation of test results. However, introduction of the 
concept of amount of substance expressed as mole (mol) and. 
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TABLE l-5 Metric Prefixes of SI Units? 


Prefix Symbol 
J A PAM yotta Yna 
ese a zetta TAN 
on, exa ; Cp’ 
105 MeRa peta cei P ii 
102? ooa tera T 
10: 7 giga G 
AL ere ee ; mega M:: 
10° kilo k 
10° < hecto h 
10! l dekat da 


Factor Prefix Symbol 
Io a > deci d, 
l Be _. çenti ue 
Wo h m. 
U aa SO col 
LOO oo ano F 
w o o o Po EP 
105 cin femton in f: 
10-8 i oe gay ee ; 
197 “zepto — z 
10% `. yocto y 


From The International System of Units [SI]. Washington, DC, National Institute of Standards and Technology, 1991. 

*The Eleventh Conférence Générale des Poids et Mésures (CGPM) (1960, Resolution 12) adopted a first series of prefixes and symbols of prefixes to form 
the names and symbols of the decimal multiples and submultiples of SI units. Prefixes for 10°” and 10~* were added by the twelfth CGPM (1964, 
Resolution 8), those for 10'° and 10"* by the fifteenth CGPM (1975, Resolution 10), and those for 10”, 10%, and 104 were proposed by the CIPM (1990) 


for approval by the nineteenth CGPM (1991). 
tOutside the United States, the spelling “deca” is used extensively. 


Conventional Units 


TABLE 1-6 Typical Values for Analytes and Reporting Increments 


nded ; 
= Recommended Smallest: Recommended © 
Units = Reporting Increment 


Albumin 


3.8. g/dL 550.6 pmol/L ` 
Bilirubin 0.2 mg/dL » 3.42 pmol/L -: 
Calcium 9.8 mg/dL 
Cholesterol 200 ...mg/dL 5.A7.mmol/L |: 
Creatinine 0.8 mg/dL 90.48 pmol/L. c. 
Glucose : 90 mg/dL soi 5,00-mmol/L | iii 
Phosphorus.: <: ..... 3.0 mg/dL. ;: oe0.97-namol/L ooo: 
„Thyroxine; 7.0. pg/dL. 2200) 5, 90,09 nmol/L. 
Triglycerides «.:...100....mg/dL - sonnig mmol/L 
Urea nitrogen®.... 10... mg/dL.: joii 13.57: mmol/L 
Uricacid 00.5, 5.0 -mg/dL 2972 umel/L 


*Urea nitrogen is reported as urea (mmol/L) when SI units are used. 


its decimal fractions of mmol, pmol, nmol, and so on, could 
lead to confusion because of general lack of familiarity with 
these units in comparison with more traditional units. The 
SI does not mandate the use of amount of substance (moles) 
or substance concentration (moles per liter) instead of mass 
of substance (kilograms) or mass concentration (kilograms 
per liter). However, in those countries in which the SI has 
been introduced into medical practice, amounts of con- 
stituents of body fluids are usually reported as substance 
concentrations rather than mass concentrations, for 
example, 2.5mmol/L instead of 10mg/dL for calcium and 
3.9mmol/L instead of 70mg/dL for glucose. The rationale 
for this change is that compounds react on a molar basis, and 


Recommended Units. i 


2.45.mmol/L Fae 


— 550.0. pmol/L 10.0. {mol/L 
aoe 3... pmol/L 2.) pmol/L 
2.45 mmol/L 0.02. mmol/L 
"5.2 mmol/L 0.05 mmol/L 
90... mmol/L 10: :pmol/L 

-15.0 .: mmol/L 0.1: -mmol/L 


11,0 ; mmol/L |; : 0.05 mmol/L 
90... nmol/L >. 10 nmol/L 

- 115 mmol/L. 0,05 mmol/L 
3.5 mmol/L. 0.05 mmol/L. 
300... pmol/L... 10 pmol/L 


expression of amounts of substances in such terms allows a 
better understanding of the relative proportion of com- 
pounds, Even though physicians initially have little compre- 
hension of the meaning of results when expressed in units 
of substance concentration, experience in other countries 
has shown that they soon adjust to the previously unfamil- 
iar units. Nevertheless, during and after the transition from 
one set of units to another, it is essential that numbers be 
unequivocally associated with units. There is therefore no 
cause for misinterpretation. A comparison of results of 
some of the commonly measured serum constituents, at a 
concentration found in healthy individuals, is shown in 
Table 1-6. 
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PROBLEM AREAS IN THE USE OF SI UNITS 


Problems in the implementation of SI units in the clinical 
laboratory have been encountered in the following areas. 


Expressing Acidity 

Some individuals have advocated reporting of acidity of 
body fluids in terms of hydrogen ion concentration instead 
of pH. Their rationale is that pH is a measure of the chem- 
ical potential of hydrogen ions rather than a measure of the 
concentration of the ions, Because chemical potential is a 
function of the activity coefficient, which is not known with 
certainty, the antilog of pH cannot be assumed to equal the 
hydrogen ion concentration. pH values should be treated as 
primary variables and reported as measured. 


Expressing Enzyme Units 

The base unit katal (symbol kat), mol/sec, is the catalytic 
amount of any catalyst, including enzymes, that catalyzes a 
reaction rate of 1 mol per second in an assay system.* The 
kind of quantity measured is identified as catalytic amount. 
There is a constant relationship between the international 
unit (fpmol/min) and the katal (1 mol/sec); to convert. a 
value in international units to nmol/sec, the value is multi- 
plied by 16.67. Note, however, that dependence on reaction 
conditions applies to SI units in the same way as to interna- 
tional units; therefore data reported in the same units but 
obtained under different conditions may not be comparable. 
Replacement of the international unit for reporting enzyme 
activity is likely to be slow; even units that antedated the 
international unit are sometimes used in clinical laboratory 
practice. (See Chapters 8 and 21 for further details on the 
expression of enzyme activity.) 


Expressing Protein Concentration 


For some proteins whose molecular weight is uncertain, 
debate continues as to the appropriate unit for reporting test 
results. Nevertheless, because substance concentration gives 
a better indication of the relative amount of a protein, sub- 
stance concentration units are still preferred, even if the 
molecular weight of the protein is not exactly known. The 
molecular weight actually used for the substance concentra- 
tion should be included as part of the test description. The 
concentration of hormones should also be reported as sub- 
stance concentration. Units of activity, such as international 
units related toʻa consensus standard, should be avoided. 
Again, where uncertainty in the correct molecular weight of 
the hormone’ exists, an approximate value may be used 
without introducing a major error in the reported results. 
Even though the molecular weight of hemoglobin is known, 


*In 1999, with passage of Resolution 12 of the 21st CGPM, the 
katal became an official international unit. With its formal 
adoption, metrologists expect that the katal will eventually 
replace the non-SI “unit.” However, currently, “units” are more 
commonly used than the katal. 


there is no agreement as to whether the monomer Hb(Fe), 
or the tetramer Hb,(Fe,), should be used to report values as 
substance concentration. Until agreement is reached, the 
International Committee for Standardization in Hematology 
(ICSH) recommends that hemoglobin results be reported in 
terms of mass concentration, i.e., grams per liter (g/L). 


Expressing Drug Concentration 


Although it is probable that drugs will be prescribed and 
administered in mass units for the immediate future, it is still 
desirable that the concentration of a drug in a body fluid be 
expressed in terms of substance concentration rather than 
mass concentration. Substance concentration allows the 
concentration of a drug to be understood in comparison 
with the concentrations of proteins, to which drugs are 
largely bound, and of other compounds with which drugs 
compete for protein-binding sites. For drugs it is essential 
that units be clearly stated to prevent dangerous misinter- 
pretations of test values, which might occur when drugs are 
administered and measured in body fluids in different units. 


Expressing Osmolality 


The osmole is not an SI. unit and therefore theoretically i is not 
suitable for reporting results of meastirements of the con- 
centration of osmotically active particles. The appropriate 
alternatives would be to record the depression of freezing 
point, whose unit is kelvin or degree Celsius, or the change in 
vapor pressure in pascals. But because the units would be 
method dependent, some of the benefits of using the osmole 
would be lost. The current recommendation is to report 
osmolality in moles per kilogram (mol/kg). If osmolarity is 
reported, the preferred unit remains moles per liter (mol/L). 


Expressing Units of Energy 

Implementation of the SI requires the use of the joule (J) to 
replace the calorie as the unit of energy. The calorie, as now 
used, is an ill-defined unit. The terms “calorie” and “Calorie? 
widely used in nutrition practice, actually relate to the ther- 
mochemical kilocalorie. Thus replacement of calorie by 
joule would prevent confusion and introduce a uniform 
practice. Resistance to conversion from calories to joules is 
based on the same arguments that have been used against 
the change from other traditional units to SI units. The 
arguments, in the case of energy units, also cite the lack of 
published tables of nutrition information in SI units. It is 
recommended that dietary allowances be presented in mega- 
joules rather than kilojoules, because the smaller number 
probably has some psychological benefit to the dieter. A 
2000-kilocalorie diet seems more acceptable when expressed 
as 8.37 MJ than as 8370k}. 


Expressing Units of Pressure 


The correct unit for reporting pressure, whether it is the 
partial pressure of blood gases or blood pressure, is the 
pascal. Because the numerical values expressed in pascals are 
too small to be used for most clinically important pressure 
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measurements, the kilopascal is a more convenient unit. 
Thus kilopascal replaces mm Hg or torr. The present 
common units for gas concentrations in blood are volume 
percent (vol%) or mmol/L. The carbon dioxide content of 
blood is expressed in mmol/L. If all the carbon dioxide in 
the blood were in the form of bicarbonate, mEq/L of bicar- 
bonate and mmol/L of carbon dioxide would be identical. 
Because carbon dioxide exists in the blood as a mixture of 
free CO, HCO3, and H,CO;, concentrations of carbon 
dioxide are best reported in mmol/L. 


CONVERSION RULES 

To convert from conventional units to SI units, the follow- 

ing scheme may be used: 

1. Mass concentration (mass units/dL) to mass concentra- 
tion (mass units/L): 
Numerical value in mass units/dL x 10 = mass units/L 
eg., Serum albumin, 4.0g/dL x 10 = 40g/L 


2. Mass concentration to substance concentration: 


Numerical value in mass concentration/dL x10 
molecular mass 
= substance units/L 
4.0 x 10 
69,000mol/L 


= 580 umol/L 


eg. Serum albumin, 4.0g/dL = 


3. Mass amount to amount of substance: 


Numerical value in mass units 
“= amount of substance 
molecular mass 


e.g., Urine albumin, 150mg/ d= (150/ 69,000) mmol/ d 
= 2.2umol/d 
Urine urate, 600mg/d = 600/168 = 3.6mmol/d 


In some cases, a factor of 1000 may be required so that 
values in SI units generally fall between 1 and 1000. To 
convert from SI to conventional units the reverse process of 
that shown previously is used. 

The factors for converting from traditional to SI units for 
many of the constituents of body fluids commonly measured 
in the clinical laboratory are listed in the table of reference 
intervals in Chapter 56. 


STANDARDIZED REPORTING OF TEST RESULTS 

To describe test results properly, it is important that all 
necessary information be included in the test description. 
Systems developed for expressing the results produced by the 
clinical laboratory include the Logical Observation Identifier 
Names and Codes (LOINC) system and the International 
Federation of Clinical Chemistry/International Union of 
Pure and Applied Chemistry (IFCC)/TUPAC system. 


LOINC System 


The LOINC system is a universal coding system for report- 
ing laboratory and other clinical observations to facilitate 


electronic transmission of laboratory data within and 
between institutions (http://www.loinc.org).°” This set of 
codes was developed by an ad hoc group of clinical chemists, 
clinical pathologists, and representatives from the diagnos- 
tic industry. It was supported in part by grants and contracts 
from the John A. Hartford Foundation of New York, the 
U.S. National Library of Medicine, the Agency for Health 
Care Policy and Research, and the Regenstrief Institute for 
Healthcare. These codes are intended to be used in context 
with existing standards, such as ASTM E1238 (American 
Society for Testing and Materials),? HLV Version 2.2. (Health 
Level Seven), and the Systematized Nomenclature of Med- 
icine, Reference Technology (SNOMED-RT).” A similar 
standard, known as CEN ENV 1613, is being developed by 
the European Committee for Standardization of the Comité 
Européen de Normalisation (CEN) Technical Committee 
251" (http://www.cenorm.be). 

The LOINC data base currently carries records for greater 
than 30,000 observations.” For each observation, there is a 
code, a long formal name, a short 30-character name, and 
synonyms, A mapping program termed “Regenstrief LOINC 
mapping assistant” (RELMA) is available to map local test 
codes to LOINC codes and to facilitate searching of the 
LOINC data base. Both LOINC and RELAM are available at 
no cost from http://www.regenstrief.org/loinc/. 


IFCC/IUPAC System” 


The IFCC/TUPAC system recommends that the following 
items be included with each test result: 
1. The name of the system or its abbreviation 
2. A dash (two hyphens) 
3. The name of the analyte (never abbreviated) with an 
initial capital letter 
A comma 
. The quantity name or its abbreviation 
. An equal sign 
. The numerical value and the unit or its abbreviation 
The following example illustrates a correct description of 
a test result in complete and abbreviated forms for the 
IFCC/TUPAC system: 
Plasma from fasting patient — glucose, substance concentra- 
tion = 5.5 millimoles per liter. 
Fasting patient(fPt) P-Glucose, substance concentration 
(substc) = 5.5 mmol/L. 
This is not the type of abbreviated information that would 
appear on a report. This would be: 
FPt P-Glucose (substc) = 5.5 mmol/L 
The system represents the material that is examined. It 
should be described to the greatest extent necessary to make 
interpretation of results unambiguous. The system may be 
the patient, a body fluid, or a component of a body fluid. 
Although spelling out the system is preferable, certain abbre- 
viations have been recommended by IFCC and IUPAC. The 
abbreviations may be combined to build up a complete 
description (e.g., fPt and aB for fasting patient or arterial 
blood, respectively). The abbreviations recommended by the 


NOU 
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TABLE l-7 Recommended Abbreviations for Systems 


and Prefixes 


amniotic fluid 
blood °° 

À ie capillary. 

ii s2 hours (diem) 
“>X duodenal fluid = 
~~ erythrocyte 

“erythrocytes 

fasting 

“feces 

gastric fluid 

=“ etkocyte’ 
“leukocytes : 
eS plaa. 

~~ peritoneal fluid 
“pleural fluid 

es ‘patient 


veo Venous 90 


IFCC, IUPAC, and other organizations are listed in Table 
1-7. The different kinds of quantities used and their accepted 
abbreviations are listed in Table 1-8. 


CHEMICALS AND REFERENCE MATERIALS — 


The quality of the analytical results produced by the labora- 
tory is a direct indication of (1) the purity of the chemicals 
used as analytical reagents and (2) the availability and quality 
of the reference materials used to calibrate assays and to 
monitor their analytical performance. Laboratory chemicals 
are available in a variety of grades. The solutes and solvents 
used in analytical work are reagent grade chemicals, among 
which water is a solvent of primary importance. IUPAC 
has established criteria for “primary standards.” The 
National Institute of Standards and Technology (NIST; 
http://ts.nist.gov/ts/htdocs/230/232/232.htm) has a number 
of Standard Reference Materials (SRMs) available for the 
clinical chemistry laboratory. The National Committee 
for Clinical Laboratory Standards (NCCLS; http:// 
www.ncccls.org) has established a standard for reagent grade 
water and has published several documents that describe 
and discuss the use of reference materials in clinical labora- 
tory medicine and their role in the National Reference 
System for the Clinical Laboratory.””*! Certified reference 
materials of clinical relevance are also available from 


TABLE 1-8 Abbr eviations for Names of Quantities 


“ams. DEES aes ginena amoung of substance l 

; diff, BASRA iinan i's difference as 
SQUIE E s equilibration ce 
masse.* a a Sass ‘concentration © 
massfr.f pester eee “amass fraction ee 
molai =i o. Ae molality ; 
nume: See E number concentration” 

SAE, number fraction. 


numfr, 


rel, seinen 
subste: E ance Onea 
sübstfr. i i "substance fraction 

vol. os wolame > 
volfr. ee ee volume fraction — 


*Previously masc. 
tPreviously masfr. 


the Institute for Reference Materials and Measurements 
(IRMM) in Geel, Belgium (http://www.irmm.jrc.be/)” and 
the World Health Organization (WHO; http://www.who.int/ 
biologicals/IBRP/Catalogue.htm). 


REAGENT GRADE WATER 


The preparation of most reagents and solutions used in the 
clinical laboratory requires “pure” water. In the distant past, 
the term “distilled” has been used to mean “pure,” because 
distillation was the principal procedure used to remove the 
impurities that water contains in its natural state. Now there 
are alternative, cost effective, methods to produce “pure” 
water, In fact single-distilled water fails to meet the specifi- 
cations for Type I Clinical Laboratory Reagent Water put 
forward by the NCCLS.* 

Since the term “deionized water” and the term “distilled 
water” describe preparation techniques, they should be 
replaced by reagent grade water, followed by designation of 
the Type (I through III), which better defines the specifica- 
tions of the water and is independent of the method of 
preparation (Table 1-9). 

In general no single process of purification produces 
water that meets the rigid specifications for reagent grade 
water type I set forth by the NCCLS. The following processes 
or any combination of these may be used in the preparation 
of reagent grade water as long as the final product meets the 
specifications. The combination selected is usually dictated 
in part by the quality of the source water and in part by the 
intended use of the water. In reality most clinical laborato- 
ries use reagent water that exceeds the NCCLS specifications. 


Preparation of Reagent Grade Water 

Distillation, ion exchange, reverse osmosis, and ultraviolet 
oxidation are processes used to prepare reagent grade water. 
In practice, water is often filtered before any of these 
processes are used. 
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TABLE |-9 NCCLS as for Pesenti © Grade Water 


; Type I. Type Il Type IH 

Microbiological content,* colony forming units nate ‘10 oes Mee, cage, Cae l CONA © 

“per mL, cfu/mL (maxima) More Need Paap a rete ea 
pH. 4 E z N.A. Hee, n a NA, e 5,0-8,0 
Resistivity,t MQ per centimeter mo cm), 25 °C 10 (in line) oo! Roe Mere aes ne 
Silicate, mg SiO,/L (maximum) _ E l 9,05 oe ee : eee inl ee ae oe = "1.0 ; 
Particulate matter}. 2 RE e Water passed through. NVA NAL 

0.2-um filter. MURA rape ePI co hy ee 

Organics Water: passed through NA 


activated carbon 


From National Committee for Clinical Laboratory Standards: Preparation and Testing of Reagent Water in the Clinical Laboratory. 3rd ed. Approved 
Standard. NCCLS Document C03-A3. Wayne, PA, National Committee for Clinical Laboratory Standards, 1997. 

* Microbiological content. The microbiological content of viable organisms, as determined by total colony count after incubation at 36 + 1 °C for 14hr, 
followed by 48 hr at 25 + 1 °C, and reported as colony forming units per mL (cfu/mL). 

+ Specific resistance or resistivity. The electrical resistance in ohms measured between opposite faces of a 1-cm cube of an aqueous solution at a specified 
temperature. For these specifications, the resistivity will be corrected for 25 °C and reported in MQ/cm. The higher the amount of ionizable materials, the 


flower the resistivity and the higher the conductivity. 


Particulate matter. When water is passed through a membrane filter with a mean pore size of 0.2j1m, it is considered to be free of particulate matter. 
Organic material. When water is passed through a bed of activated carbon, it is considered to contain minimum organic material. 


Distillation 


Distillation is the process of vaporizing and condensing a 
liquid to purify or concentrate a substance or to separate a 
volatile substance from less volatile substances. It is the 
oldest method of water purification. Problems with distilla- 
tion for preparing reagent water include the carryover of 
volatile impurities and entrapped water droplets that may 
contain impurities into the purified water. This will result in 
contamination of the distillate with volatiles, sodium, potas- 
sium, manganese, carbonates, and sulfates. As a result, water 
treated by distillation alone does not meet the specific con- 
ductivity requirement of type I water. 


Ion Exchange 


Jon exchange is a process that removes ions to produce 
mineral-free deionized water. Such water is most conve- 
niently prepared using commercial equipment, which ranges 
in size from small, disposable cartridges to large, resin-con- 
taining tanks. Deionization is accomplished by passing feed 
water through columns containing insoluble resin polymers 
that exchange H* and OH ions for the impurities present in 
ionized form in the water. The columns may contain cation 
exchangers, anion exchangers, or a “mixed-bed resin 
exchanger, which is a mixture of cation- and anion- 
exchange resins in the same container. 

A single-bed deionizer generally is capable of producing 
water that has a specific resistance in excess of 1 MQ/cm, When 
connected in series, mixed-bed deionizers usually produce 
water with a specific resistance that exceeds 10 MQ/cm, 


Reverse Osmosis 


Reverse osmosis is a process by which water is forced through 
a semipermeable membrane that acts as a molecular filter, 


The membrane removes 95% to 99% of organic compounds, 
bacteria, and other particulate matter and 90% to 97% of all 
ionized and dissolved minerals but fewer of the gaseous 
impurities. Although the process is inadequate for produc- 
ing reagent grade water for the laboratory, it may be used as 
a preliminary purification method. 


Ultraviolet Oxidation 


Ultraviolet oxidation is another method that works well as 
part of a total system. The use of ultraviolet radiation at the 
biocidal wavelength of 254 nanometers eliminates many 
bacteria and cleaves many ionizing organics so they can be 
removed by deionization. 


Quality, Use, and Storage of Reagent Grade Water 


Type II water may be used for glassware washing. (Final 
rinsing, however, should be done with the water grade suit- 
able for the intended glassware use). It may also be used for 
certain qualitative procedures, such as those used in general 
urinalysis. 

Type II water is used for general laboratory testing not 
requiring type I water. Storage should be kept to a minimum; 
storage and delivery systems should be constructed to ensure 
a minimum of chemical or bacterial contamination. 

Type I water should be used in test methods requiring 
minimal interference and maximal precision and accuracy. 
Such procedures include trace metal, enzyme, and electrolyte 
measurements, and preparation of all calibrators and solu- 
tions of reference materials. This water should be used 
immediately after production. No specifications for storage 
systems for type I water are given because it is not possible 
to maintain the high resistivity while drawing off water and 
storing it. 
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Testing for Water Purity 


At a minimum, water should be tested for microbiological 
content, pH, resistivity, and soluble silica," and the 
maximum interval in the testing cycle for purity of reagent 
water should be 1 week. It should be noted that measure- 
ments taken at the time of production may differ from those 
at the time and place of use. For example, if the water is 
piped a long distance, consideration must be given to dete- 
rioration en route to the site of use, To meet the specifica- 
tions for high-performance liquid chromatography (HPLC), 
in some instances it may be necessary to add a final 0.1-p2m 
membrane filter. The water can be tested by HPLC using a 
gradient program and monitoring with an ultraviolet (UV) 
detector. No peaks exceeding the analytical noise of the 
system should be found. 


REAGENT GRADE OR ANALYTICAL REAGENT GRADE 
(AR) CHEMICALS 


Chemicals that meet specifications of the American Chemi- 
cal Society (ACS) are described as reagent or analytical 
reagent grade. Currently, ACS is the only organization in the 
world that sets requirements and develops validated 
methods for determining the purity of reagent chemicals. 
These specifications have also become the de facto standards 
for chemicals used in many high-purity applications. These 
are available in two forms: (1) lot-analyzed reagents, in 
which each individual lot is analyzed and the actual amount 
of impurity reported and (2) maximum impurities reagents, 
for which maximum impurities are listed. The Committee 
on Analytical Reagents of the ACS periodically publishes 
“Reagent Chemicals” listing specifications.” Manufacturers 
of ACS chemicals check each lot in a control laboratory and 
place “ACS” on the labels only of those lot chemicals that 
meet the society’s published specifications. These reagent 
grade chemicals are of very high purity and are recom- 
mended for quantitative or qualitative analyses. 


ULTRAPURE REAGENTS 


Gas and high-performance liquid chromatographic, fluoro- 
metric, electrophoretic, trace metal, and molecular diagnos- 
tic analyses frequently call for reagents whose purity exceeds 
the specifications of those described previously. Manufac- 
turers offer selected chemicals that have been especially puri- 
fied to meet specific requirements. There is no uniform 
designation for these chemicals and organic solvents. Terms 
such as “spectrograde,” “nanograde,” and “HPLC pure” have 
been used. Data of interest to the user (e.g., absorbance at a 
specific UV wavelength) are supplied with the reagent. 

Other designations of chemical purity include Chemi- 
cally Pure (CP); USP and NF Grade (chemicals produced to 
meet specifications set down in the United State Pharma- 
copeia [USP] or the National Formulary [NF]}). Chemicals 
labeled purified, practical, technical, or commercial grade 
should not be used in clinical chemical analysis without 
prior purification. 


REFERENCE MATERIALS 


Primary reference materials” are highly purified chemicals 
that are directly weighed or measured to produce a solution 
whose concentration is exactly known. The IUPAC has 
proposed a degree of 99.98% purity for primary reference 
materials. 

These highly purified chemicals may be weighed out 
directly for the preparation of solutions of selected concen- 
tration or for the calibration of solutions of unknown 
strength. They are supplied with a certificate of analysis for 
each lot. These chemicals must be stable substances of defi- 
nite composition that can be dried, preferably at 104 ° to 
110 °C, without a change in composition. They must not be 
hygroscopic, so that water is not absorbed during weighing. 

Secondary reference materials are solutions whose con- 
centrations cannot be prepared by weighing the solute and 
dissolving a known amount into a volume of solution. The 
concentration of secondary reference materials is usually 
determined by analysis of an aliquot of the solution by an 
acceptable reference method, using a primary reference 
material to calibrate the method. 

Certified Reference Standards (Standard Reference Mate- 
rials, SRMs) for clinical laboratories are available from the 
NIST” and the IRMM.” Cholesterol, the first SRM devel- 
oped by the NIST, was issued in 1967. Today, the lists from 
the NIST and IRMM are extensive (Table 1-10 and Table 
1-11, respectively). Not all standard reference materials have 
the properties and the degree of purity specified for a 
primary standard, but each has been well characterized for 
certain chemical or physical properties and is issued with a 
certificate that gives the results of the characterization.” 
These may then be used to characterize other materials. 


Basic practices used in the clinical and molecular diagnostic 
laboratories include optical, chromatographic, electrochem- 
ical, electrophoretic, mass spectrometric, enzymatic, and 
immunoassay techniques. These techniques are discussed in 
detail in Chapters 3-9. The specialized techniques used in 
molecular diagnostic laboratories are discussed in Chapters 
36, 37, and 41. Here we discuss the basic techniques of vol- 
umetric sampling and dispensing, centrifugation, measure- 
ment of radioactivity, gravimetry, thermometry, buffer 
solutions, and processing solutions. 


VOLUMETRIC SAMPLING AND DISPENSING 


Clinical chemistry procedures require accurate volumetric 
measurements to ensure accurate results, For accurate work, 
only Class A glassware should be used. Class A glassware is 
certified to conform to the specifications outlined in NIST 
circular C-602. 


Pipettes 


Pipettes are used for the transfer of a known volume of 
liquid from one container to another. They are designed 
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TABLE 1-10 o andard Reference Materials (SRMs) 4 Available from the National Institute of Standar ds and Technology 


(www nist.gov). 


Analyte. eae 3 SRM Number 


ee Eaa 


Antiepilepsy drug level assay (phenytoin, ethosuximide, phenobarbital, and primidone) 900 
Human serum 909b 
Sodium: pyruvate 910 
Cholesterol i ' Í 911b 
Urea : i ' ; : 912a 
Uric acid l 913a 
Creatinine 914a 
Calcium carbonate.: ; 915a 
Bilirubin 916a 
D-Glucose (dextrose) |. 917b 
Potassium. chloride : 918a 
Sodium ‘chloride : “919a 
D-Mannitol : 920 
Cortisol (hydrocortisone) EEE n E =: 921 
Lithium carbonate: wk i Sens 924a. 
VMA (4- hydroxy-3 -methorymandelic a aca) a nce eer ey Lee 


Bovine serum albumin: 
“Lead nitrate o ooe : 
` Magnesium gluconate (inica) 
“Tron metal: (clinical) 
4 ‘Nitrophenol _ 
“Lead in blood. 
: Electr lytes in frozen human serum, 
: e in frozen human serum 
ements in blood: oie 
“Bat: soluble > vitamins, re and cholesterol i in 1 human serum nm oe 
: Ascorbic. acid i in frozen human serum K : e 
Angiotensin F (human) . 


Bone ash Sea 

Bone meal 

Marijuana metabolite in urine =: ; X PER 
Benzoylecgonine (cocaine, metabolite). in urine 1508b 
Palmitin 1595 
PCBs, pesticides, and dioxin/furans in human serum 1589c 
Inorganic constituents in bovine serum : 1598 
Anticonvulsant drug level assay (valproic acid and carbamazepine) 1599 
Ethanol-water solution 1828 
Lipids.in frozen: human serum (freeze dried) 195la 
Cholesterol in human serum (freeze dried) 1952a 
Gallium melting point 1968 
Drugs of abuse in human hair I 2379 
Drugs of abuse.in human hair Ti 2380 
Morphine glucuronide 2382 
Amino. acids/hydrochloric acid 2389 
Toxic.metals Eaa 2670 
Urine fluoride (freeze dried) ; 2671a 
Urine mercury:(freeze dried) = : : : 26722 


Cotinine in human urine (freeze dried) eas tune ; 8444 
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TABLE I-l] Reference Materials (RMs) Available from the Institute for Relerence Materials and Measurements 


jo irmm.jre. be) 

‘Analyte = 
Lyophilized human serum ` 
Creatinine in human serum iii si 
Latex spheres of certified size (blood cell I size) 
Cortisol reference panel ` 
Progesterone in human serum: 
Estradiol in human serum. i 
Lead and cadmium in blood 
Creatine kinase (human placenta) 
Gamma-glutamyltransferase (pig Kidney) 
Alkaline phosphatase (pig kidney) 
Lactate dehydrogenase (human isoenzyme) 
Prostatic acid phosphatase (human prostate) 
‘Alanine. aminotransferase (pig heart) 

a-Amylase (human. pancreas). 
‘Creatine kinase (human heart) 
‘Adenosine deaminase (human erythrocytes) 
Cor tisol in human serum oe 
‘Serum proteins =: 
Glycated hemoglobin 
Hemiglobincyanide 
Prostate specific antigen 
Thromboplastins 
Apolipoproteins 
Alpha fetoprotein 
Thyroglobulin 


RM Number 


-BCR-304 
`. -BCR-573, 574, & 575. 
~ BCR-165; 166; & 167 
IRMM/IECC-451 
BORAJET i 
~ BCR-576; 577; 578. 
BCR-194; 195; 196 
BCR-299. 
: BCR-319; IRMM/IECC-452 
BCOR-37L A 
~~ BCR-404; I'RMM/IFCC-453 

‘BCR-410 
BCR-426; IRMM/IFCC-454 
BCR-476; IRMM/IFCC-456 
BCR-608; IRMMITECC-4 455 
BCR-647 
BCR-192; 193 

ee BCR-470 
BCR-405 
BCR-522 
BCR-613 
BCR-148; 149S 
BCR-393; 394 
BCR-486 
BCR-457 


BCR, Bureau Communautaire de Reference (Community Bureau of Reference); IRMM, Institute for Reference Materials and Measurements; IFCC, 


International Federation of Clinical Chemistry. 


either to contain (TC) a specific volume of liquid or to 
deliver (TD) a specified volume. Pipettes used in clinical, 
molecular diagnostic, and analytical laboratories include 
manual transfer and measuring pipettes, micropipettes, and 
electronic and mechanical pipetting devices. Developments 
in improved design of pipetting systems include robotic 
automation, the capability to provide electronic and per- 
sonal computer (PC) control of pipetting devices, and 
careful attention to advanced ergonomic design features. 
There are also automatic photometric pipette calibration 
systems available” that can reduce the time to periodically 
check pipettes and potentially provide more efficient use of 
personnel. 


Transfer and Measuring Pipettes 


A transfer pipette is designed to transfer a known volume of 
liquid. Measuring and serological pipettes are scored in units 
such that any volume up to a maximum capacity is deliv- 
ered. Table 1-12 shows examples of tolerances of various 
types of these pipettes. 

Transfer Pipettes. Transfer pipettes include both volu- 
metric and Ostwald-Folin pipettes. They consist of a cylin- 


drical bulb joined at both ends to narrower glass tubing. A 
calibration mark is etched around the upper suction tube, 
and the lower delivery tube is drawn out to a gradual taper. 
The bore of the delivery orifice should be sufficiently narrow 
so that rapid outflow of liquid and incomplete drainage 
cannot cause measurement errors beyond tolerances 
specified. 

A volumetric transfer pipette (Figure 1-1, A) is calibrated. 
to deliver accurately a fixed volume of a dilute aqueous solu- 
tion. The reliability of the calibration of the volumetric 
pipette decreases with a decrease in size, and therefore special 
micropipettes have been developed. 

Ostwald-Folin pipettes (Figure 1-1, B) are similar to volu- 
metric pipettes but have their bulb closer to the delivery tip 
and are used for the accurate measurement of viscous fluids, 
such as blood or serum. In contrast to a volumetric pipette, 
an Ostwald-Folin pipette has an etched ring near the mouth- 
piece, indicating that it is a blow-out pipette. With the use 
of a pipetting bulb, the liquid is blown out of the pipette only 
after the blood or serum has drained to the last drop in the 
delivery tip. When filled with opaque fluids, such as blood, 
the top of the meniscus must be read. Controlled slow 
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TABLE 1-13 Tolerances for Micropipettes 


Accuracy* > -i Precisi 


pL: Ao 

a E S E OAs 
K O A AE 
GREED OS here DA 
80. 0.5.: 0.2: 


< Accuracy” “Preci 


sion* 
g PI i 


900. 
1000 


Modified from Dean jA. Analytical chemistry handbook. New York: McGraw-Hill. 1995: 1.56. 
*Tolerances given by ASTM Standard E193-94(1999) “Standard Specification for Laboratory Glass Micropipets.” West Conshohocken, PA: American Society 


for Testing of Material, 1999. 


Micropipettes 

Micropipettes are pipettes used for the measurement of 
microliter volumes. In such devices, the remaining volume 
that coats the inner wall of a pipette can cause notable error. 
For this reason, most micropipettes are calibrated to contain 
(TC) the stated volume rather than to deliver it. Proper use 
requires rinsing the pipette with the final solution after 
delivering the contents into the diluent. Volumes are 
expressed in microliters (HL); the older term lambda is no 
longer recommended. (One lambda [A] = 1 L = 0,001 mL.) 
Micropipettes are generally available in smail sizes, ranging 
from 1 to 500uL but can be obtained for volumes as low as 
0.2L. Tolerances for several Eppendorf micropipettes are 
listed in Table 1-13. 


Semiautomatic and Automatic Pipettes and Dispensers 
Figures 1-2, A and B illustrate two types of adjustable 
mnicropipetting devices that also demonstrate unique 
ergonomic design features. These devices are programmable 
and can be used for dispensing aliquots of liquid into mul- 
tiple wells at the same time. In practice, using disposable 
plastic tips, they allow simultaneous aspiration and delivery 
of solutions to multiple sample micro wells. Each channel is 
piston driven to allow the user to pipette with as few or as 
many tips as necessary. Aliquots of liquid as small as 0.2HL 
can be dispensed at three different aspiration or dispense 
rates. 

Semiautomatic manual and electronic versions of 
pipettes and dispensers are available in sizes from 0.5L to 
10mL. Figure 1-2, C illustrates an electronically operated, 
positive-displacement multi-channel pipettor. This device 
draws up and dispenses its predefined volumes (from 0.5 to 
200 WL) when its plunger is moved through a complete cycle. 
Its disposable, fluid containment tips are made of a plastic 
material that tends to retain less inner surface film than does 
glass. Such pipettes avoid the risk of cross contamination 
among samples, eliminate the necessity for washing between 
samples, and improve the precision of measurements. 
Models that allow for digital adjustment of the volume 
aspirated and dispensed are available. 


Figure 1-2 A, Adjustable volume micropipetting device with 
ergonomic design. 


Figure 1-3, A shows an automatic dispensing apparatus 
that aspirates and dispenses preset volumes of two different 
liquids by means of two motor-driven syringes, one for 
metering a volume of the sample and one for metering a 
volume of the diluent. This device can be adjusted to aspi- 
rate as little as IL of one liquid and to deliver it with as 
much as 999uL of the other. This type of device, available 
as a dilutor or dispenser, can be obtained as a manual, 
electronic, and computer-controlled device. The device 
is microprocessor controlled and is easily programmed. 
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Figure 1-2, Cont’d B, Adjustable volume electronic 
micropipetting device with ergonomic design. C, Electronic 
programmable multi-channel pipette. (A Courtesy Biohit Plc. 

B Courtesy VistaLab Technologies, Inc. C Courtesy Rainin Instrument 
Co.} 


ERRITIK See 


om 
ratte Sean 


ERLE FS geeks 


B2 


Figure 1-3 A, PC-controlled diluting and/or dispensing 
apparatus that aspirates and dispenses preset volumes of either 
one or two different liquids, such as a diluent and sample by 
means of motor-driven syringes. (Courtesy Hamilton Co.) B, 
Robotic liquid handling workstations. (Courtesy Hamilton Co.) 
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Figure l-4 Volumetric flasks. A, Macro. B, Micro. 


Twenty-one dispensing programs can be stored in memory 
and retrieved. This type of liquid dispensing device can also 
be obtained as a computer-controlled system. 

A more versatile piece of equipment is the robotic liquid 
handling workstation shown in Figure 1-3, B, which can 
be used for clinical chemistry, genomic, proteomic, and 
other applications. This automated pipetting station can be 
used with individual reaction tubes and 96- and 384-well 
microtiter plates. Depending on the design of the system, 
either a single probe or multiple probes are used rapidly to 
transfer programmed volumes of solution from one con- 
tainer to microtiter plates (e.g., so that the transfer to all 96 
wells can be completed in 1 minute). In some systems, liquid 
sensing is incorporated into the sample probes to minimize 
contact with sample and reagents even though automatic 
washing of the probes is performed between specimens. 
Two-dimensional (X-Y) movement of probes and tubes or 
microtiter plates is built into the pipetting stations to mini- 
mize the necessity for operator intervention. This device 
dispenses programmed volumes from 0.5L to LOOOHL in 
serial dilutions from 4 to 16 channels employing an 
autoloaded system with barcodes for positive identification. 


Volumetric Flasks 


Volumetric flasks (Figure 1-4) are used to measure exact 
volumes; they are commonly found in sizes varying from 1 
to 4000 mL. In practice, they are primarily used in preparing 
solutions of known concentration, and they are available in 
various grades. The most accurate are certified to meet stan- 
dards set forth by the NIST. 

An important factor in the use of volumetric apparatus is 
the requirement for an accurate adjustment of the meniscus. 
A smali piece of card that is half black and half white is most 


useful. The card is placed 1 cm behind the apparatus with the 
white half uppermost and the top of the black area about 1 
min below the meniscus. The meniscus then appears as a 
clearly defined, thin black line. This device is also useful in 
reading the meniscus of a burette. 

Volumetic equipment should be used with solutions 
equilibrated to room temperature. Solutions diluted in vol- 
umetric flasks should be repeatedly mixed during dilution so 
that the contents are homogeneous before the solution is 
made up to final volume. Errors caused by expansion or con- 
traction of liquids on mixing are thereby minimized. 

Volumetric flasks should be thoroughly cleaned and dried 
before calibration. The flask is then weighed and filled with 
carbon dioxide-free deionized water until just above the 
graduation mark. The neck of the flask just above the water 
level should be kept free of water. The meniscus mark is set 
at the graduation line by removing excess water, and the flask 
is reweighed. The final weight is corrected for the equili- 
brated water and air temperature to obtain the volume of the 
flask. Flasks may also be calibrated by the spectrophotomet- 
ric technique described below. 


Maintenance and Care of Volumetric Glassware 


Volumetric glassware and glass apparatus must be absolutely 
clean to ensure that the volumes measured are accurate, and 
that the subsequent chemical reactions are not adversely 
affected. One method that may be used to test for cleanliness 
is to fill the vessel with distilled water and then empty it and 
examine the walls to see whether they are covered by a con- 
tinuous, thin film of water. Imperfect wetting or the pres- 
ence of discrete droplets of water indicates that the vessel is 
not sufficiently clean. Obviously, this criterion cannot be 
used for nonwettable plastics. A test for residual acid or alka- 
line detergents is the measurement of the pH of water added 
to the glassware. A dilute solution of an acid-base indicator 
applied to the surface is another method to check for resid- 
ual alkaline detergents. The number of pieces of glassware 
checked depends on the workload and number of pieces 
cleaned, but at least one piece of randomly selected glassware 
should be checked each day. 


Calibration of Volumetric Pipettes 

Accurate calibration and verification of calibration of 
pipettes, dispensers, and dilutors are important components 
of a clinical laboratory’s quality assurance program. In the 
past, the gravimetric measurement of the volume of mercury 
dispensed was the classic procedure used to calibrate such 
devices. However, owing to the environmental and safety 
hazards involved with the handling of mercury, this proce- 
dure is no longer recommended for use in routine clinical 
laboratories and has been replaced with gravimetric and 
spectrophotometric procedures that use aqueous solutions. 
With the gravimetric procedure, dispensed aliquots of water 
are weighed with density correction." As an alternative to 
gravimetric calibration, a spectrophotometric procedure can 
be used in which aliquots of a compound that absorbs light 
are pipetted into known volumes of diluent and the 
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absorbance of the diluted liquid measured (e.g., p-nitrophe- 
nol at 401nm). The volumes of the dispensed aliquots are 
then computed to verify the calibration of the pipette. In 
addition, calibration services can be purchased from vendors 
who advertise their services on the Internet, Examples of 
gravimetric and spectrophotometric procedures can be 
found in an earlier edition of this chapter* or on the Evolve 
site that accompanies this book. 


CENTRIFUGATION 

Centrifugation is the process of using centrifugal force to 

separate the lighter portions of a solution, mixture, or sus- 

pension from the heavier portions. A centrifuge is a device 
by which centrifugation is effected. 
In the clinical laboratory, centrifugation is used to: 

1. Remove cellular elements from blood to provide cell-free 
plasma or serum for analysis (see Chapter 2). 

2. Concentrate cellular elements and other components 
of biological fluids for microscopic examination or 
chemical analysis. 

3. Remove chemically precipitated protein from an analyti- 
cal specimen. 

4. Separate protein-bound or antibody-bound ligand from 
free ligand in immunochemical and other assays (see 
Chapter 9). 

5. Extract solutes in biological fluids from aqueous to 
organic solvents. 

6. Separate lipid components such as chylomicrons from 
other components of plasma or serum, and lipoproteins 
from one another (see Chapter 26). 


Types of Centrifuges 

Horizontal-head or swinging-bucket, fixed-angle or angle- 
head, ultracentrifuge, and axial are the four types of cen- 
trifuges used in the clinical laboratory. In addition, the 
development of automatic balancing centrifuges, which use 
hydraulic principles based on Archimedes’ and Pascal’s laws, 
has enabled centrifugation to be incorporated as an integral 
step in the total automation of laboratory testing.’ As dis- 
cussed in Chapter 11, such centrifuges are incorporated. in 
various robotized analytical systems that are commercially 
available. 


Horizontal-Head or Swinging-Bucket Centrifuges 

This type of centrifuge allows the tubes placed in the cups 
of the rotor to assume a horizontal plane when the rotor is 
in motion and a vertical position when it is at rest. During 
centrifugation, particles travel in a constant manner along 
the tube while the tube is at right angles to the shaft of the 
centrifuge; thus the sediment is distributed uniformly 
against the bottom of the tube. The surface of the sediment 
is flat (parallel to the shaft of the centrifuge) and remains so, 
with a column of liquid on top of it when the rotor stops, 
and the tube assumes a vertical position. Supernatant liquid 
is removed by a pipette with negligible disturbance of the 
packed sediment. If the sediment is well packed, the super- 
natant is decanted. 


The spinning rotor of a horizontal-head centrifuge offers 
considerable resistance to rotation and generates heat as a 
result of air friction. This resistance is lessened if the swing- 
ing buckets are enclosed in a windshield. 


Fixed-Angle or Angle-Head Centrifuge 

In the rotor of an angle-head centrifuge, tubes are held in a 
fixed position at angles from 25° to 40° to the vertical axis of 
rotation. Upon centrifugation, particles are driven outward 
horizontally but strike the side of the tube so that the sedi- 
ment packs against the side and bottom of the tube with the 
surface of the sediment parallel to the shaft of the centrifuge. 
As the rotor slows down and then stops, gravity causes the 
sediment to slide down the tube; usually a poorly packed 
pellet is formed. 


Ultracentrifuge 


An ultracentrifuge is a very high-speed centrifuge that 
usually uses fixed-head rotors. The most common applica- 
tion of an ultracentrifuge in the clinical laboratory is the 
separation of lipoproteins (see Chapter 26). Because the 
separation may require hours or days and may generate con- 
siderable heat as a result of friction at high speeds, ultracen- 
trifugation requires a refrigerated chamber. Ultracentrifuges 
are available in both analytical and preparative models. A 
tabletop model is available that is a miniature air turbine 
with a small rotor capable of achieving a centrifugal force 
of 165,000 times gravity (x g). It is used in the clinical lab- 
oratory to clear serum of chylomicrons so that accurate 
analyses may be performed on the infranatant. 


Axial Centrifuge 


An axial centrifuge is based on a centrifugal concept that 
allows tubes of blood to be spun in a vertical orientation as 
opposed to the horizontal orientation used in traditional 
centrifuges, 611643 


Principles of Centrifugation 


The correct term to describe the force required to separate 
two phases in a centrifuge is relative centrifugal force (RCF), 
also called relative centrifugal field. Units are expressed as 
number of times greater than gravity (e.g., 500 x g). 

RCF is calculated as follows: 


RCF = 1.118 x 10° x r x rpm 


where 
1.118 x 10° = an empirical factor 
r = radius in centimeters from the center of rotation to the 
bottom of the tube in the rotor cavity or bucket during 
centrifugation 
rpm = the speed of rotation of the rotor in revolutions per 
minute 
The RCF of a centrifuge may also be determined from a 
nomogram distributed by manufacturers of centrifuges. 
RCF is derived from the distance from the rotor center to the 
bottom of the tube, whether the tube is horizontal to, or at 
an angle to, the rotor center. The RCF as calculated above is 
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the maximum RCE However, not all of the contents of a tube 
are subjected to the maximum RCF, The minimum RCF, 
calculated in the same way but from the center of rotation 
to the surface of the liquid, may be several hundred g less 
than the maximum value. Note also that RCF applied to a 
tube in a fixed-angle head is much less than that applied to 
the same tube in a horizontal-head rotor, because the tube 
in a fixed-angle head is unable to swing outward. 

The time required to sediment particles depends on the 
rotor speed, the radius of the rotor, and the effective path 
length traveled by the sedimented particles, that is, the depth 
of the liquid in the tube. Duplication of conditions of cen- 
trifugation is often desirable. The following is a useful 
formula for calculating speed required of a rotor whose 
radius differs from the radius with which a prescribed RCF 
was originally defined: 


rpm (alternate rotor) = 


1900 | RCE, original rotor 
11.18 x r (cm), alternate rotor 
The length of time for centrifugation can also be calcu- 


lated so that running with an alternate rotor of a different 
size is equivalent to running with the original rotor: 


time x RCF (original rotor) 


time (alternate rotor) = 
RCF (alternate rotor) 


Note, however, that it may not be possible to reproduce 
conditions exactly when a different centrifuge is used. 
Descriptions of times of centrifugation include the time for 
the rotor to reach operating speed (which may vary from 
instrument to instrument) and do not include deceleration 
time, during which sedimentation is still occurring but less 
efficiently. Even with maximal braking, deceleration may 
take as long as 3 minutes in some centrifuges. 


Operation of the Centrifuge 

For proper operation of a centrifuge, only those tubes rec- 
ommended by their manufacturer should be used. The 
material used for the tube must withstand the RCF to which 
the tube is likely to be subjected. Polypropylene tubes are 
generally capable of withstanding RCFs of up to 5000 xg. 
The tubes should have a tapered bottom, particularly if a 
supernatant is to be removed, and should be of a size to fit 
securely into the rack to be centrifuged. The top of the tube 
should not protrude so far above the bucket that the swing 
into a horizontal position is impeded by the rotor. 

For smooth operation of the centrifuge, the rotor must 
be properly balanced. The weight of racks, tubes, and their 
contents on opposite sides of a rotor should not differ by 
more than 1% or by an acceptable limit established by the 
manufacturer. The smaller the difference in weight is, the 
smoother the centrifugation. Before centrifuging any labora- 
tory specimens, pairs of adapters and specimen tubes should 
be placed on opposite pans of a balance, and the tubes 
rearranged so that the weights are equal and the placement 
of tubes is symmetrical. Tubes filled with water may also be 


used to equalize the weights. The total weight of each rack 
should not exceed the limits stated by the centrifuge manu- 
facturer at a rated speed. As discussed earlier, centrifuges that 
automatically balance their rotors are now available.’ 

Tubes of collected blood should be centrifuged before 
being unstoppered to reduce the probability of an aerosol 
being produced when the tube is opened. The practice of 
using a wooden applicator to release a clot stuck to the top 
of the tube or to its stopper should be avoided; it is a poten- 
tial cause of hemolysis. Centrifugation at an appropriate 
RCF usually ensures that the clot is released from the tube 
wall and drawn to the bottom of the tube. 

Despite years of experience with centrifuges, there are just 
a few specific recommendations for RCE or time for cen- 
trifugation of blood specimens. For example, NCCLS stan- 
dard H18-A” proposes an RCF of 1000 to 1200 x g for 10 + 
5 minutes. Standards have not been established for centrifu- 
gation of other specimens, such as serum to which a protein 
precipitant has been added. 


Operating Practice™ 


Cleanliness of a centrifuge is important in minimizing the 
possible spread of infectious agents, such as hepatitis viruses. 
With proper operation of a centrifuge, few tubes break. In 
case of breakage, the racks and chamber of the centrifuge 
must be carefully cleaned. Any spillage should be considered 
a possible blood-borne pathogen hazard. Gray dust arising 
from the sandblasting of the chamber by fragments of glass 
indicates tube breakage and possible contamination, neces- 
sitating cleaning of the chamber. Broken glass embedded in 
cushions of tube holders may be a continuing cause of break- 
age if cushions are not inspected and replaced in the cleanup 
procedure, 

The speed of a centrifuge should be checked at least once 
every 3 months. The procedure should use a stroboscopic 
light or a vibrating-reed external tachometer of known accu- 
racy. The measured speed should not differ by more than 5% 
from the rated speed under specified conditions. All the 
speeds at which the centrifuge is commonly operated should 
be checked. The centrifuge timer should be checked weekly 
against a reference timer (such as a stopwatch) and should 
not be more than 10% in error. Commutators and brushes 
should be checked at least every 3 months. Brushes (where 
used) should be replaced when they show considerable wear. 
However, in many modern induction-drive motors, brushes 
have been eliminated thus removing a source of dust that 
can cause motor failure. 

Because centrifuges generate heat, the temperature in the 
chamber in many centrifuge models may increase by as 
much as 5 °C after a single run. The change in temperature 
depends on the initial ambient temperature in the centrifuge 
chamber, rotor speed, duration of centrifugation, and rotor 
design. These factors affect the concentration of analytes in 
a specimen because of loss of water caused by evaporation. 
A large chamber around the rotor dissipates heat. When the 
material to be centrifuged has a labile temperature, a refrig- 
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erated centrifuge should be used. In the simplest form, a 
refrigerator unit is mounted beside the centrifuge, and cold 
air is blown into the rotor chamber. This approach is usually 
inadequate to stabilize the low temperature. In more sophis- 
ticated centrifuges, refrigeration coils around the chamber 
make it possible to maintain a preset temperature within 
+1 °C, The temperature of a refrigerated centrifuge should 
be measured monthly under reproducible conditions and 
should be within 2 °C of the expected temperature. 


MEASUREMENT OF RADIOACTIVITY 


With the development of radioimmunoassays (RIAs) in the 
1960s that used radioactive isotopes as labels (see Chapter 9), 
the measurement of radioactivity became a common and 
important practice in clinical laboratories. However, concerns 
about, and problems with, the safe handling and disposal of 
radioactive reagents and waste have led to the development 
of immunoassays that use nonisotopic labels (see Chapter 9). 
The rapid acceptance and extensive use of nonisotopic 
immunoassays by the clinical laboratory have resulted in a 
decreased use of RIA and ultimately a decreased requirement 
for them to measure radioactivity. Because of this deemphasis 
on the necessity to measure radioactivity, only a brief discus- 
sion of the topic is presented here. Readers requiring more 
detail on this topic are referred to the chapter entitled “Basic 
Principles of Radioactivity and Its Measurement” that is 
included in a prior edition of this textbook.” 


Basic Concepts 

An atom is the smallest unit of an element having the prop- 
erties of that element. An individual atom consists of a pos- 
itively charged nucleus around which revolve negatively 


charged electrons. The nucleus is composed of positively 
charged protons and neutral neutrons. The atomic number 
(Z) of an element is the number of protons in its nucleus; 
the total number of nucleons, protons plus neutrons, is its 
mass number (A). A nuclide is an atomic species with a given 
atomic number and a given mass number. Isotopes are 
nuclides with the same atomic number but different mass 
numbers. These represent various nuclear species of the 
same element. Radionuclides used in the clinical laboratory 
are listed in Table 1-14. 


Radioactive Decay 


Isotopes of a given element have nuclei with the same 
number of protons but different numbers of neutrons. Some 
isotopes are stable; however radioisotopes are unstable, dis- 
integrate, and decay by alpha or beta decay, electron capture, 
or gamma emission and internal conversion. 

Radioactive decay is a property of the atomic nucleus 
and is evidence of nuclear instability. The rate of decay is 
unaffected by temperature, pressure, concentration, or any 
other chemical or physical condition but is characteristic 
of each individual radionuclide, 

Alpha Decay. To achieve stable configurations, heavy 
elements, particularly those with atomic numbers above 70, 
may shed some of their nuclear mass by emitting a two- 
proton, two-neutron fragment identifiable after emission as 
a helium nucleus. Because nuclear radiations were observed 
before their identity was known, this fragment was called an 
alpha (œ-) particle, and its emission is termed ot-decay. Alpha 
particles are relatively large in mass, interact strongly with 
matter, but are absorbed by as little as a sheet of paper. 
However, because they are so heavy, even with low velocity, 


TABLE |-14 Radiation Proper ties of Some Radionuclides Used in the Clinical Laboratory. 


‘Nuclides i ~~ Decay Type 


"MAXIMUM ENERGY OF RADIATION (Mev)! Saas 


Half-life Beta Gamma 
J: hip men 12S yes en ae 0.186 None 
po Oren l 5730y Ap 0.155 None 
2p 14.3d ig 1:71 ~~: None 
35S 87d B 0.167 None 
Cr 897,74 : EC None 0.320 
Co 272d : EC None 0.122, 0.136, 0.014 
Co BREE Haypa yee, EC, B* 0.474 “0.811, annihilation photons only 
MRE LS AR | See BD 0.475, 0.273 EIO I: 29H 
Moreia mnre i PEGh ee H Brin xp 1:21, 0.450 “0.740, 0.181, 0.778 
Semper ajang OR een Tp None shiai SQ 741 Y 
MB enis uous elg0d G MAE R RGH AD None EE E9035 SUAS 
BIERS GO ES OB QM gt ois Pe Br unite 0.607, 0.336" “0,364, 0.637, 0.284. 


*B°, B*, EC, and IT refer to B-decay, positron decay, electron capture, and isomeric transition, respectively. Where a nuclide is known to have more than one 


mode of decay, they are listed in the order of their prevalence. 


Energies are given only for the more prevalent B- and y-radiations and are in approximate order of prevalence. Electron capture (EC) decay also yields the 
characteristic x-rays of the daughter; the energies of the x-rays are not included in this listing. As noted in the gamma column, positron decay (*) is 
accompanied by annihilation radiation, which consists principally of a pair of 0.511 MeV photons. 
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their momentum is high. Consequently, they do not travel 
far, but when they collide with other molecules they do a lot 
of damage; therefore &-emitters are considered to be quite 
hazardous. 

Beta Decay. For some heavy nuclides and for almost ail 
those with atomic numbers below 60, stability is achieved by 
a rearrangement of the nucleus in which the total number 
of nucleons is unchanged. In terms of the neutron-proton 
model of the nucleus, this rearrangement is the conversion 
of a neutron to a proton or vice versa. During such conver- 
sions, the nucleus emits either a negative electron or its pos- 
itive equivalent, a positron, The emission of the negative 
electron, named the beta (B-) particle, is what is usually 
meant by the term B-decay. 

The emission of a negative B-particle leaves the nucleus 
with one additional positive charge, a neutron is converted to 
a proton, and the nucleus assumes the next higher atomic 
number. Negative B-emission is characteristic of a nucleus 
that has more neutrons than required by its protons for sta- 
bility. For example, tritium is an unstable isotope of hydrogen 
CH), consisting of a proton, an electron, and two neutrons. 
When an atom of tritium decays, one of the neutrons is con- 
verted to a proton, one $-particle and one neutrino are 
released, and a helium isotope (He) remains. Tritium is 
called a “soft” B-emitter, because its B-particles have relatively 
low velocities. A hard B-emitter, such as phosphorus 32 (°P) 
is more hazardous because its B-particles carry more kinetic 
energy; however, it is easier to detect. 

Other examples of nuclides that decay by negative B- 
emission are carbon-14("4C), iron-59 (Fe), and iodine-131 
("'l). Negatively charged B-particles are smaller in mass and 
interact less with matter than B-particles, easily penetrate 
paper and cardboard, but are absorbed by metal sheets. 

Electron Capture. An alternative decay process to the 
emission of positive B-particles is the capture of an electron. 
In this process, an orbital electron is “absorbed” by the 
nucleus, The end effect on nuclear structure is the same; a 
proton appears to have changed into a neutron, the atomic 
number decreases by one, and the atomic mass remains the 
same. For example, “I decays exclusively by electron capture 
to tellurium-125 (3I > !3Te). 

Gamma Radiation and Internal Conversion. The orig- 
inal observations of naturally occurring radioactive nuclides 
disclosed a third radiation, the gamma (y-) ray. Its ability to 
penetrate materials that blocked y- and B-radiation distin- 
guished this radiation. Gamma radiation is high-energy elec- 
tromagnetic radiation that resemble x-rays. An example of a 
y-emitter is *'l. Gamma radiation may accompany either &- 
or B-particle emission. After either œ- or B-decay or after 
electron capture, the nucleus may be left in an excited state 
from which it goes to the ground state by shedding the excess 
energy either through the emission of a y-photon or through 
the ejection of an orbital electron (conversion electron). In 
either case the energy emitted equals the energy released in 
deexcitation. Deexcitation may occur in one or in multiple 
steps. Each step produces a photon of corresponding energy. 


For every radionuclide, the deexcitation steps and the corre- 
sponding y-ray energies provide a unique y-ray spectrum, 
which can be used to identify unknown nuclides. Because 
y-rays are high-energy photons, they interact with matter 
much less strongly than do œ- and -particles and con- 


sequently their penetrating power is very high and more 
difficult to shield. 


Activity and Half-life 

The rate of decay of a radioactive source is called its activity 
and is simply the rate at which radioactive parent atoms 
decay to more stable daughter atoms. The relationship 
between the initial activity (Ay) at time zero and the activity 
(A) after an elapsed time t, is given by: 


where N is the number of atoms present at time t and A is 
the decay constant characteristic of a given nuclide. 

In practice, it is often convenient to describe the rate of 
decay in terms of half-life (tz), the time required for a 
nuclide’s e activity to decrease to half its initial value: 


7 _ 2 _ 0.693 
1/2 = N Rra 


This equation is useful in planning experiments and in 
the disposal of radioactive waste. For disposal, a rule of 
thumb is that a decay time of seven half-lives reduces the 
activity to less than 1% of its original value (27 = 1/128 = 
0.78%), and that after 10 half-lives, to less than 0.1%. 


Units of Radioactivity 


The becquerel (Bq) is the SI unit of radioactivity and is 
defined as one decay per second (dps). Because 1 Bq is a very 
small amount of activity, the activity of typical chemistry 
samples is often expressed in kilobecquerels (kBq). The curie 
(Ci) is the older, conventional unit; it is defined as 3.7 x 10'° 
dps. One curie equals 37 gigabecquerels (GBq). Because the 
becquerel is inconveniently small and the curie very large, 
they are typically used as their multiples or submutltiples, for 
example, megabecquerels (MBq) and millicuries (mCi). One 
mCi equals 37 MBq. 


Specific Activity 

The term “specific activity” has several meanings. It may 
refer to any one of the following: radioactivity per unit mass 
of an element, radioactivity per mass of labeled compound, 
or radioactivity per unit volume of a solution. The denom- 
inator of reference must be specified. In terms of radioac- 
tivity per unit mass, the maximum specific activity attainable 
for each radionuclide is that for the pure radionuclide. 
For example, pure “C has a specific activity of 62 Ci/mol 
or 4400 Ci/kg. As usually available, “C is a tracer for com- 
pounds in which it represents only a small fraction of the 
total carbon, most of which is the naturally occurring 
mixture of stable C and stable °C. If there is no stable 
element present, the radionuclide is said to be carrier free. 
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Detection and Measurement of Radioactivity 
Autoradiography, gas ionization detectors, and fluorescent 
scintillation are the basis for techniques used to detect and 
measure radioactivity in the clinical laboratory. 


Autoradiography 

In autoradiography a photographic emulsion is used to 
visualize molecules labeled with a radioactive element. 
For example, this technique is used to visualize nucleic 
acids and fragments that have been hybridized with nucleic 
acid probes labeled with *P (see Chapter 37). With such 
techniques, nucleic acid probes labeled with radioactive 
2P are incubated with target nucleic acid. After hybridi- 
zation, hydrolysis, and separation of fragments by gel 
electrophoresis, a photographic film is applied to the covered 
gel and allowed to incubate. Alternatively the nucleic 
acid fragments are transferred to a nylon membrane and 
the photographic film applied to the membrane (see Chapter 
5). With either, the film is developed with the resulting 
image reflecting the radioactivity of the target nucleic acid 
fragments. 


Gas-Filled Detectors 


Detectors filled with certain gases or gas mixtures are 
designed to capture and measure the ions produced by radi- 
ation within the detector. Gas-filled detectors used to 
measure radioactivity include the: (1) ionization chamber, 
(2) proportional counter, and (3) Geiger counter. Of the three, 
the Geiger counter is used in the clinical chemistry labora- 
tory as a portable radiation monitor. 


Scintillation Counting 


In both scintillator and gas detectors, the absorption of radi- 
ation causes excitation and ionization; however with the 
scintillation process, the absorbed energy produces a flash of 
light, rather than a pulse of current. The principal types of 
scintillation detectors found in the clinical chemistry labo- 
ratory are the sodium iodide crystal scintillation detector and. 
the organic liquid scintillation detector. Because of the crystal 
detector’s relative ease of operation and economy of sample 
preparation, most clinical laboratory procedures have been 
developed to measure nuclides, such as I, which can be 
counted efficiently in a crystal detector, A liquid scintillation 
detector is used to measure pure B-emitters, such as tritium 
or “C. 

Crystal Scintillation Detector. The well detector is a 
common type of a crystal scintillation detector and has a 
hole drilled in the end or side of the cylindrical crystal to 
accept a test tube, Because it is hygroscopic, the crystal is her- 
metically sealed in an aluminum can with a transparent 
quartz window at one end through which the blue-violet 
(420nm) scintillations are detected. The photons of gamma 
emitters, such as *'Cr, Co, *Fe, I, and "I (Table 1-14) in 
the sample easily penetrate the specimen tube and the thin, 
low-density can and enter the crystal where they are likely to 


be absorbed in the thick, high-density sodium iodide. A well 
counter is not suitable for measuring B-radiation, because it 
cannot penetrate the sample container and aluminum Lining 
of the wall. 

The crystal itself is usually a circular cylinder machined 
from a single crystal of sodium iodide that was carefully 
grown to ensure optical clarity for efficient light collection. 
A small amount of thallium is added to the mother liquor 
to improve performance. The high atomic number of iodine 
and the density of sodium iodide (3.7g/cm’) favor the 
absorption of y-radiation. For this reason, a well counter is 
often referred to as a 'y-counter. For a typical well detector, 
the counting efficiency for I, expressed as the percentage 
of decays that produces counts, approximates 70%. 

Liquid Scintillation Detector. This detector measures 
radioactivity by recording scintillations occurring within a 
transparent vial that contains the unknown sample and 
liquid scintillator. Because the radionuclide is intimately 
mixed with, or actually dissolved in, the liquid scintillator, 
the technique is ideal for the pure B-emitters, such as °H, “C, 
and ”P. Typical efficiencies for liquid scintillation counting 
in the absence of significant quenching are 60% for tritium 
and 90% for “C. 

The liquid scintillator is known as the scintillation cock- 
tail and contains at least two components (the primary 
solvent and the primary scintillator), The primary solvent is 
usually inexpensive and chosen for its efficiency in absorb- 
ing and transferring radiation energy. It is usually one of the 
aromatic hydrocarbons: toluene, xylene, or pseudocumene 
(1,2,4-trimethyl benzene). The primary scintillator absorbs 
energy from the primary solvent and converts it into light. 
The usual material is PPO (2,5-diphenyl oxazole) used in a 
concentration of 3 to 6 g/L. PPO emits ultraviolet light of 380 
nm. In addition, other components added to the liquid scin- 
tillator include: (1) a secondary solvent to improve the solu- 
bility of aqueous samples, (2) a surfactant to stabilize or 
emulsify the sample, (3) a secondary scintillator, sometimes 
referred to as a wavelength shifter, to absorb the ultraviolet 
photons of the primary scintillator and reemit the energy at 
a longer wavelength, which facilitates the response of some 
photomultiplier tubes, and (4) one or more adjuvants, such 
as suspension agents, solubilizers for biological tissue, and 
antifreezes, to prevent freezing and separation of water at 
low temperatures. 

Other Components and Techniques. Other compo- 
nents of a liquid scintillator detector include: (1) electron- 
ics, (2) a photomultiplier tube, (3) a preamplifier, and (4) a 
pulse-height analyzer. Description of these components and 
discussion of relevant topics such as (1) efficiency of scin- 
tillation counting, (2) quenching, (3) counting statistics, (4) 
assay optimization, and (5) radiation safety can be found in 
an earlier edition of this textbook.” 


GRAVIMETRY 


Mass is an invariant property of matter. Gravimetry is the 
process used to measure the mass of a substance. Weight is 
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a function of mass under the influence of gravity, a rela- 
tionship expressed by the equation: 


Weight = mass x gravity 


Two substances of equal weight and subject to the same 
gravitational force have equal masses. The determination of 
mass is made using a balance to compare the mass of an 
unknown with that of a known mass. This comparison is 
called weighing, and the absolute standards with which 
masses are compared are called weights. In practice, the 
terms mass and weight are used synonymously. 

The classic form of a balance is a beam poised on an agate 
knife-edge fulcrum, with a pan hanging from each end of the 
beam and a rigid pointer hanging from the beam at the poise 
point. With the object to be weighed on one pan and weights 
of equal mass on the other pan, the pointer comes to rest at 
an equilibrium or balance point between the extremes of the 
path of excursion. The weight required to achieve the equi- 
librium is therefore equal to the weight of the substance 
being weighed. 

Although the classic form of the balance is of great anti- 
quity, modern balances—both mechanical and electronic— 
continue to apply the principle of equilibrium in a variety of 
ingenious ways. More than one type of balance is required 
for a clinical laboratory because there is a necessity to weigh, 
for example, 3kg of timed urine output and microgram 
amounts of drug for a reference solution. Coarse balances 
of large capacity (up to 5kg) have a detection limit of 0.1 g. 
The typical analytical balance has a capacity of 200g and a 
detection limit of about 10ug. Microbalances may have 
a maximum capacity of as little as 5 g and detection limit of 
0.1 ug. 

All balances require a vibration-free location. The more 
sensitive a balance, the more protection it requires, not only 
from vibration but also from air currents that can disturb 
the equilibrium between the weighed object and weights. 
The zero or null point of the balance (the rest point in the 
absence of either weights or an object to be weighed) must 
be known or kept adjusted. Scrupulous attention to cleanli- 
ness is essential. Chemical substances being weighed should 
never be placed in direct contact with the pans. Disposable 
plastic weighing boats come in various sizes and are con- 
venient for weighing most chemicals. They have largely 
replaced weighing bottles and weighing paper for most uses. 
Loose crystals of chemicals or liquids with corrosive vapors 
should not be permitted to remain on or around the imme- 
diate area of the pans. Good weighing technique for samples 
weighing less than 1 g calls for handling weights with forceps 
and weighed objects with suitable utensils to prevent depo- 
sition of moisture, oils, or salts from an analyst’s skin. 


Principles of Weighing 

Direct comparison and substitution are the two operations 
used in weighing. In weighing by direct comparison, weights 
are added to one side of the beam to counterbalance the 
weight of the object on the other side. This approach is more 


common. In weighing by substitution, weights are removed 
from the side of a balance to which the object to be weighed 
has been added to restore equilibrium. 

In practice, two modes of weighing are used: (1) analyt- 
ical weights are added to equal the weight of the object being 
weighed or (2) the material to be weighed is added to a 
balance pan to achieve equilibrium with a preset weight. This 
second mode is used more commonly in clinical laborato- 
ries, where the major necessity is to weigh a fixed quantity 
of chemical so that a calibrator or reagent solution of known 
concentration may be prepared. Before weighing a sample of 
the chemical, the weight of the container must be deter- 
mined to subsequently allow for deducting the weight of the 
container from the gross weight of the container plus sample 
to obtain the net weight of the sample: a process called 
“taring.” When taring is impractical, the weight of the empty 
container must be subtracted from the combined weight of 
the container and the material to obtain the weight of the 
material alone. 


Types of Balances 


Double- and single-pan and electronic balances are fre- 
quently used in the clinical laboratory. 


Double-Pan Balance 


A double-pan balance conforms to the classic design, con- 
sisting of a single beam with arms of equal length. Standard 
weights are usually added by hand to the right-side pan to 
counterbalance the weight of the object on the other, but 
in some models, a dial or vernier with chain is used to 
make fine adjustments to the mass associated with the right- 
side pan. In single-pan balances, the arms are of unequal 
length. The object to be weighed is placed on the pan 
attached to the shorter arm. A restoring force is applied 
mechanically or electronically to the other arm to return the 
beam to its null position. Double- and triple-beam balances 
are forms of the unequal-arm balance. A single pan on a 
short arm is balanced about a fulcrum by a larger arm 
consisting of two or three parallel beams to which weights 
or poises of different weights are attached. In general these 
balances are designed to weigh bulk reagents and have 
relatively low accuracy. 


Single-Pan Balance 

The single-pan balance is a commonly used balance in the 
clinical laboratory. It is most often electronically operated 
and self-balancing. Such a balance may be coupled directly 
to a computer or recording device. In the electronic single- 
pan balance, a load on the pan causes the beam to tilt down- 
ward. A null detector senses the position of the beam and 
indicates when the beam has deviated from the equilibrium 
point. 


Electronic Balance 


In an electronic balance, an electromagnetic force is applied 
to return the balance beam to its null position. The electro- 
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magnetic force takes the place of weights in a two-pan 
balance. The restoring force is proportional to the weight on 
the pan and is applied through a solenoid or torque motor. 
The current required to produce the force is displayed digi- 
tally by liquid crystals or light-emitting diodes in a form 
equivalent to the mass on the balance pan. The accuracy of 
an electronic balance depends on the linearity of both the 
digital voltmeter and the torque motor. Almost all electronic 
balances have a built-in provision for taring so that the mass 
of the container is subtracted easily from the total mass mea- 
sured, Thus operation of an electronic balance is very simple. 
It entails switching on the balance, placing a container to 
hold the material to be weighed on the balance pan, taring 
off the weight of the container, transferring the material to 
be weighed to the container, and recording the mass of the 
material as shown on the digital display. In many modern 
balances, a built-in microprocessor compensates for changes 
in temperature and provides both automatic zero tracking 
and calibration. 


Analytical Weights 

Analytical weights are used to counterbalance the weight of 

objects weighed on two-pan balances and to verify the per- 

formance of both single- and two-pan balances. The NIST 
recognizes the following five classes of analytical weights: 

1. Class M weights are of primary standard quality and are 
used only to calibrate other weights, 

2. Class S weights are used for calibrating balances. In the 
clinical laboratory, balances should be calibrated at least 
monthly and before conducting very accurate analytical 
work. 

3. Class S-1 weights have greater tolerance than class S$ 
weights and are used for routine analytical work. 

4. Class P weights have even tighter tolerances. 

5. Class J weights are intended for microanalytical work and 
range from 0.05 to 50 mg, in contrast to the range of 1 mg 
to 100g of the other classes. 

Class S weights are typically made from brass or stain- 
less steel and are lacquered or plated for protection. The 
fractional weights of a set of class S standards are usually 
made of platinum or aluminum. Tolerances of the different 
weights have been defined by the NIST. For class S weights 
from 1 to 5g, the tolerance is + 0.054mg, from 500 to 
100 mg it is + 0.025 mg, and from 1 to 50mg it is + 0.014 mg. 


THERMOMETRY 


In the clinical chemistry laboratory, measurements of tem- 
perature are made primarily to verify that devices measure 
within the prescribed temperature limits. Water baths or 
heated cells where reactions take place are examples of such 
devices, as are refrigerators, whose temperatures must be 
measured and recorded daily to meet laboratory regulatory 
requirements. 

The two most popular types of thermometers in the 
chemistry laboratory are liquid-in-glass thermometers and 
thermistor probes. A thermistor made of a transition metal 


oxide whose resistance changes with temperature is the most 
common of the latter type. 

All thermometers must be verified against a certified ther- 
mometer before being placed into use. For example, the 
NIST SRM 934 is a mercury-in-glass thermometer with cal- 
ibration points at 0 °C, 25 °C, 30 °C, and 37 °C. Some man- 
ufacturers supply liquid-in-glass thermometers that have 
ranges greater than the SRM thermometer and are verified 
to have been calibrated against the NIST thermometers. 
Details of the verification of the calibration of a thermome- 
ter have been described in a NCCLS standard.” 

The NIST also supplies several materials that melt at a 
known temperature. For example, gallium (SRM 1968) and 
rubidium (SRM 1969), which melt at 29.7723 °C and 
39.3 °C, respectively, are particularly useful in the clinical 
laboratory (see Table 1-10). 


BUFFER SOLUTIONS 


Buffers are defined as substances that resist changes in the 
pH of a system. All weak acids or bases, in the presence of 
their salts, form buffer systems. The action of buffers and 
their role in maintaining the pH of a solution can best be 
explained with the aid of the Henderson-Hasselbalch equa- 
tion, which may be derived as follows. 

The ionization of a weak acid, HA, and of a salt of that 
acid, BA, can be represented as: 


HA ——= HW" A7 
BA —Ś Bt + A7 


The dissociation constant for a weak acid (K,} may be 
calculated from the following equation: 


_ Ea] 
Ke = HA] 
Thus 
tag x BA 
[H+] = K, x TE 
or 


[HA] 

[a7] 

where brackets indicate the concentration of the compound 
contained within. Now multiplying throughout by —1: 


—log[H*] = —log K, — log [HA] 
[a7] 
By definition, pH = -log [H+], and pK, = —log Kp therefore 
[Av] 
[HA] 
Because Av is derived principally from the salt, the equation 
may, for practical purposes, be written: 
[salt] 
[undissociated acid] 


loglH*] = log K, + log 


pH = pK, + log 


pH = pK, + log 
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or simply: 
[salt] 
[acid] 


pH = pK, + log 


where [salt] = [A7] = concentration of dissociated salt and 
[acid] = [HA] = concentration of undissociated acid. 
Consequently, the pH of the system is determined by the 
pK, of the acid and the ratio of [A7] to [HA]. The buffer has 
its greatest buffer capacity at its pKa that is, that pH at which 
the [A7] = [HA]. This entered into the preceding equation 
gives: l 
pH = pK, + logl 
pH = pK, +0 
The capacity of the buffer decreases as the ratio deviates 
from 1. In general buffers should not be used at a pH greater 


than 1 unit from their pK,. If the ratio is beyond 50/1 or 1/50, 
the system is considered to have lost its buffering capacity. 


This point is approximately 1.7 pH units to either side of the 
pK, of the acid, because 


50 1 
H = pK, + log— + log— 
P Pa By B59 


or 
pH = pK, £1.7 


Buffers commonly used in clinical and molecular 
diagnostic laboratories include acetate, boric acid—borate, 
carbonate-bicarbonate, citrate diethanolamine, glycine- 
glycinate, phosphate, phthalate, — tris(hydroxymethyl) 
aminomethane, and veronal—sodium veronal, and the so- 
called “Good” buffers (Table 1-15). 


PROCEDURES FOR PROCESSING SOLUTIONS 

Several procedures are routinely used to process solutions in 
the clinical laboratory, including those for diluting, concen- 
trating, and filtering solutions. 


TABLE 1-15 Biological Buffers commonly U Used in the e Laboron 


Trivial Name Chemical Name. ee pK,? Useful pH Range » 

ACES N-(2-Acetamido)=2- aminoethane- ne ad 6.8 6.1-7.5 

ADA N-(2- Acetamido)iminodiacetic acid, , S 6.6 6.0-7.2 

AMP 2-Amino-2-methyl-propanol cane 9.7 9,0-10.5 

AMPSO 3-([1,1-Dimethyl-2- “hydroxyethylJamino)-2 ete 9.0 8.3-9.7 

E hydroxypropanesulfonic acid ; 

BES N,N-Bis(2-hydroxyethyl)-2- aminoethane sulfonic acid 7.1 6.4-7.8 

BICINE N,N’-Bis(2-hydroxyethyl)glycine. 8.3 7.6-9.0 

BIS-TRIS . 2-(Bis[2-hydroxyethyl]amino)-2- dorae 1 Aponoea 016.5 5.8-7.2 anaes oe 

BIS-TRIS 1,3- E r cies Genie dane i. 6.8.9.0. -6.3-9.0 0: +: 
-PROPANE ue 

CAPS 3- -(Cydohexylamino)propane sulfonie add. 10.4 9.7-11.1 TE 

CAPSO 3-(Cyclohexylamino)-2- -hydroxy-1- propanesulfonic. acid 96 8.9-10.3 i: 

CHES. 2-(Cyclohexylamino)ethane-2-sulfonic acid 2. 93 8.6-10.0.. : 

DIPSO `: N,N-Bis(2- -hydroxyethyl)- -3- EA EE acid: 76 7.0-8.2 0002 

EPPS/HEPPS . : i -Hydroxyethy!) piperazine-N’- (3-propanesulfonic acid). | 80. 7.3-8.7 oo: 

HEPBS `: i= N-(2-Hydroxyethyl)piperazine-N’ -(4-butanesulfonic acid) 8.3 7.6-9.0: 

HEPES N-(2-Hydroxyethyl)piperazine-N’-2-ethanesulfonic acid 7.5 6.8-8.2 

HEPPSO : N-(2-Hydroxyethyl)piperazine-N’-3-propanesulfonic acid 7.8 7.1-8.5 

MES ` Morpholinoethane sulfonic acid 6.1 5.5-6.7 

MOBS : 4-(N-Morpholino)butane sulfonic:acid. 7.6 6.9-8.3 

MOPS Morpholinopropane sulfonic acid 7.2 6.5-7.9 

PIPES Piperazine-N,N’-bis(2-ethane sulfonic. acid) 6.8. 6.1-7.5. 

POPSO -iii Piperazine-N, N’-bis(2- -hydroxypropanesulfonic acid) 7B 7,2-8,5.: 

TABS. “.N-tris(Hydroxymethyl)methyl-4-aminobutanesulfonic acid ` ERBO 8.2-9.6; 5i y 

TAPS)... _N-Tris(hydroxymethyl)methyl-3-aminopropane sulfonic acid fi EBA DTM oo he 

TES se N-Tris(hydroxymethyl)methyl- -2-aminoethane sulfonic add: : Eo TARJ, ; 6882 i 

CTRICINE -ii N- -Tris(hydroxymethyl)methylglycine iang, d ZAB 

“TRIS °° 2-Amino-2-(hydroxymethyl)-1,3-propane 8.1 7-9 


*These buffers are known collectively as “Good” buffers. (Good NE, Winget GD, Winter W, et al, Hydrogen ions buffers for biological research. 


Biochemistry 1966; 5:467-77.) 
tData obtained at 25 °C. 
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Dilution 

Dilution is the process whereby the concentration or activ- 
ity of a given solution is decreased by the addition of solvent. 
In laboratory practice, most dilutions are made by transfer- 
ring an exact volume of a concentrated solution into an 
appropriate flask and then adding water or other diluent to 
the required volume, with appropriate mixing to ensure 
homogeneity. A serial dilution is a sequential set of dilutions 
in mathematical sequence. A given dilution is expressed as 
the amount, either volume or weight, of a solute (analyte) in 
a specified volume. For example, a 1:5 volume to volume 
(vol/vol) dilution contains one volume in a total of five 
volumes (one volume plus four volumes). 

To prevent errors that arise when two liquids of very dif- 
ferent composition are mixed, the technique of diluting to 
volume is used. Instead of adding 90 mL water to 10 mL con- 
centrated solution, the 10-mL concentrated solution should 
be pipetted into a 100-mL volumetric flask, and water is 
added to bring the volume to the 100-mL mark on the neck 
of the flask. 

When performing a dilution, the following equation is 
used to determine the volume (V,) necessary to dilute a 
given volume (V,) of solution of a known concentration (C,) 
to the desired lesser concentration (C3): 


Cy xY =G xV 
or 


a xy 


Vy: 
2 CG 


Likewise, the equation is also used to calculate the con- 
centration of the diluted solution when a given volume is 
added to the starting solution. 


Evaporation 

Evaporation is a process used to convert a liquid or a volatile 
solid into vapor. It is used in the clinical laboratory to 
remove liquid from a sample thereby increasing the concen- 
trations of analyte(s) left behind. 


Lyophilization 

Lyophilization (freeze drying) is used in laboratory medicine 
for the preparation of calibrators, control materials, 
reagents, and to a lesser extent individual specimens for 
analysis. Lyophilization first entails freezing a material at 
—40 °C or less and then subjecting it to a high vacuum. Very 
low temperatures cause the ice to sublime; solid nonsub- 
limable material, initially locked in an ice matrix, remains 
behind in a dried state. 


Filtration 


Filtration is defined as the passage of a liquid through a filter 
and is accomplished by gravity, pressure, or vacuum. Filtrate 
is the liquid that has passed through the filter. The purpose 
of filtration is to remove particulate matter from the liquid. 
Many filtrations in the clinical laboratory are carried out 


with filter paper and with plastic membranes of controlled 
pore size. 

Membrane filters are used under vacuum, with positive 
pressure, or with gravity. Filters have been incorporated into 
certain disposable tips for use with semiautomatic pipettes. 
These filters minimize the exchange of aerosol droplets 
between the tips and the pipette. This is of particular im- 
portance for DNA amplification and microbiological 
procedures, Other membrane filters are designed for ultra- 
filtration and are available with a variety of pore sizes for 
selective filtration. Ultrafiltration is a technique for remov- 
ing dissolved particles using an extremely fine filter. It is used 
to concentrate macromolecules, such as proteins, because 
smaller dissolved molecules pass through the filter. 


SAFETY 

In the United States, the Federal Occupational Safety and 

Health Act of 1970 was the beginning of the formal regula- 

tory oversight of employee safety. Since 1970 the Occupa- 

tional Safety and Health Administration (OSHA) and the 

Centers for Disease Control and Prevention (CDC) have 

published numerous safety standards that apply to clinical 

laboratories. Each year as the Joint Commission on Accred- 
itation of Healthcare Organizations (JCAHO) and the 

College of American Pathologists (CAP) revise their guide- 

lines, more attention is devoted to safety. Consideration for 

the health and responsibility for the safety of employees 
are now accepted as obligations of all employers and 
laboratory directors. In May of 1988, OSHA expanded 
the Hazard Communication Standard to apply to hospital 
workers. Part of this standard is frequently referred to as the 

“Lab Right to Know Standard.” 

There are many aspects to the safe operation of a clinical 
laboratory. Key elements for safety in the clinical laboratory 
include: 

1. A formal safety program 

2. Documented policies and effective use of mandated plans 
and/or programs in the areas of chemical hygiene, con- 
trol of exposure to blood-borne pathogens, tuberculosis 
control, and ergonomics 

3. Identification of significant occupational hazards, such as 
biological, chemical, fire, and electrical hazards and 
clearly identifying and documenting policies for employ- 
ees to deal with each type of hazard (e.g., packaging and 
shipping of diagnostic specimens and_ infectious 
substances) 

4. Recognition that in the twenty-first century clinical lab- 
oratory, there are additional important and relevant 
safety areas of concern. These areas include effective waste 
management policies for the identification and disposal 
of regulated and nonregulated waste streams with the 
intent of ensuring compliance with all federal and state 
agency mandates, and bioterrorism and chemical terror- 
ism response plans in the event of potential threats or 
casualties involving these types of agents. 
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SAFETY PROGRAM 

Every clinical laboratory must have a comprehensive and 
effective formal safety program. Regardless of the size of the 
clinical laboratory, it is an accepted and strongly recom- 
mended practice to assign a specific individual the title of 
“Safety Officer” or “Chair of the Safety Committee.” Safety is 
each employee’s responsibility, but responsibility for the entire 
program begins with the laboratory leadership (directors, 
administrative directors, supervisors, managers, etc.) and is 
delegated through the leadership to the safety officer or safety 
committee. This individual or committee then has the duties 
of providing guidance to laboratory leadership on matters 
relating to the provision of a safe workplace for all employees. 
The duties and responsibilities of the safety officer and/or 
safety committee are important. Although a small institution 
may have one individual who deals with all safety-related 
matters for all departments including the laboratory, OSHA” 
mandates that the laboratory specifically have a chemical 
hygiene officer who is designated based on training or experi- 
ence to provide technical guidance in the development of the 
chemical hygiene plan (CHP) discussed later. 

An integral part of the laboratory safety program is the 
education and motivation of all laboratory employees in all 
matters relating to safety. Each new employee should be 
given a copy of the general laboratory safety manual as part 
of his or her orientation. Each employee should know the 
location of available fire-fighting equipment and how to use 
it and where the evacuation routes are. The continuing edu- 
cation program of the laboratory should include periodic 
talks on safety. Several audiovisual resources are available 
from a variety of sources to support the continuing educa- 
tional part of the safety program. These include videotapes 
adapted from selected NCCLS documents relating to labo- 
ratory safety.” 

Another important part of the laboratory safety program 
relates to ensuring that the laboratory environment meets 
accepted safety standards. This effort would include, but not 
be limited to, attention to such items as proper labeling of 
chemicals, types and location of fire extinguishers, hoods 
that are in good working order, proper grounding of electri- 
cal equipment, ergonomic issues (which include equipment, 
such as pipetting devices, laboratory furniture, and preven- 
tion of musculoskeletal disorders) and providing means for 
the proper handling and disposal of biohazardous materials, 
including all patient specimens. As noted previously, effec- 
tive waste management is a key aspect of laboratory safety. 
NCCLS has an approved guideline that deals in detail with 
management of clinical laboratory waste.” 

Provision of all required safety equipment, regularly 
scheduled employee training sessions (including relevant 
documentation and certification, if necessary, such as with 
the federally mandated packaging and shipping regulations 
for infectious specimens), and scheduling of periodic inspec- 
tions are all necessary activities to ensure that the laboratory 
staff is complying with the various mandates of the safety 
program. 


SAFETY EQUIPMENT 


A large and growing number of safety items are available for 
employees of the laboratory. OSHA requires that institutions 
provide employees with all necessary personal protective 
equipment (PPE). Many safety items are shown and 
described in a Safety Products Reference Manual.” Key 
important safety items are clothing (such as laboratory coats, 
gowns, and/or scrubs), gloves, and eye protection. These 
safety items should be used in areas where they are appro- 
priate. Eye washers or face washers should be available in 
every chemistry laboratory. Many types are available, and 
some simply connect to existing plumbing. A hand-held eye 
and/or face safety spray is a requisite safety device and can 
be consistently placed in a position next to each sink while 
using only a few inches of space. Safety showers, strategically 
located in the laboratory, must be available and should be 
tested on a regular schedule. 

Heat-resistant (nonasbestos) gloves should be available 
for handling hot glassware and dry ice. Safety goggles, 
glasses, and visors, including some that will fit conveniently 
over regular eyeglasses, are available in many sizes and 
shapes. Personnel wearing contact lenses should be aware of 
the danger of irritants getting under a lens; wearing such 
lenses can make it difficult to irrigate the eye properly. Shat- 
terproof safety shields should be used in front of systems 
posing a potential danger because of implosion (vacuum 
collapse) or pressure explosions. Desiccator guards should be 
used with vacuum desiccators. Hot beakers should be 
handled with tongs. Inexpensive polyethylene pumps are 
available to pump acids from large bottles, Spill kits for acids, 
caustic materials, or flammable solvents come in various 
sizes. Such kits and the other appropriate safety materials 
should be located in convenient and appropriate sites in the 
laboratory. 

A chemical fume hood is a necessity for every clinical 
chemistry laboratory. The fume hood is the only safe place 
to open any container of a material that gives off harmful 
vapors, to prepare reagents that produce fumes, and to heat 
flammable solvents. In the event of an explosion or fire in 
the hood, closing its window contains the fire. 


SAFETY INSPECTIONS 


It is good laboratory practice to organize a safety inspection 
team from the laboratory staff. This team is then responsi- 
ble for conducting periodic and scheduled safety inspections 
of the laboratory.” 

In the United States there are several regulatory, private 
accreditation, state, and federal organizations that may 
conduct a safety inspection of the laboratory. Some of these 
safety inspections may occur unannounced. From an exter- 
nal perspective, OSHA inspectors have the authority to 
enter a clinical laboratory unannounced and, on presenta- 
tion of credentials, inspect it. The inspection may be regular 
or as a result of a complaint. In addition, the Commission 
on Inspection and Accreditation of the CAP inspects clini- 
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cal laboratories and uses various safety checklists (available 
to the laboratory before inspection) when evaluating a lab- 
oratory for accreditation. These inspections are carried out 
on a regular basis. Although the JCAHO will accept CAP 
accreditation of a laboratory, it may still conduct a safety 
inspection of the laboratory when it inspects the hospital. 
The JCAHO is also planning to conduct their accreditation 
inspections, which may include a full laboratory or labora- 
tory safety component, unannounced. 

Depending on the group designated responsible’ for 
accrediting a particular laboratory, selected laboratories may 
be subject to inspections for the purposes of accreditation 
and/or safety only by state agencies or local Center for 
Medicare and Medicaid Services (CMS) groups. Inspections 
may also be made on a regular basis by state or local health 
departments or by local fire departments to determine con- 
formance to their particular safety requirements. Currently a 
laboratory that meets federal or state OSHA requirements is 
likely to satisfy the standards of any other inspecting agency. 


MANDATED PLANS 


In 1991 OSHA mandated that all clinical laboratories in the 
United States must have a chemical hygiene plan (CHP)* 
and an exposure control plan.” OSHA has since updated 
their requirements for the exposure control plan to provide 
new examples of engineering controls and to place signifi- 
cantly greater responsibilities on employers to minimize and 
manage employee occupational exposure to blood-borne 
pathogens.” The CAP and other groups require that an 
accredited laboratory must have a documented tuberculosis 
exposure control plan conforming with biosafety guidelines 
published by the CDC.>”” There has been a resurgent recog- 
nition that the workplace setting of a clinical laboratory does 
expose employees to the occupational risk of having various 
musculoskeletal disorders. As a result, the focus of OSHA on 
laboratories having an effective ergonomics program has led 
to federal, state, and private accreditation groups addressing 
this area of occupational safety. Unfortunately, there has 
been considerable controversy in implementing a final 
ergonomics rule as one was published in 2001 and then 
withdrawn." 


Chemical Hygiene Plan 


Major elements of a CHP plan include listing of responsi- 
bilities for employers, employees, and a chemical hygiene 
officer. Also among the items that have to be covered in the 
plan is the stipulation that every laboratory must have a 
complete chemical inventory that is updated annually. A 
copy of the Material Safety Data Sheet (MSDS), which 
defines each chemical as toxic, carcinogenic, or dangerous, 
must be on file and readily accessible and available to all 
employees 24 hours a day, 7 days a week. The MSDS con- 
tains important information for the benefit of laboratory 
employees. The chemical manufacturer’s information as 
supplied on the MSDS is used to ascertain whether a certain 
chemical is hazardous. Each MSDS must give the product’s 


identity as it appears on the container label and the chemi- 
cal and common names of its hazardous components. The 
MSDS also provides physical data on the product, such 
as boiling point, vapor pressure, and specific gravity. Easily 
recognized characteristics of the chemical are also listed 
on the line for “appearance and odor.” Information about 
hazardous properties is given in detail on the MSDS; 
this includes fire and explosion hazard data and health- 
related data, including the threshold limit value (TLV), 
exposure. limits, and toxicity values. The TLV is the exposure 
allowable for an employee during one 8-hour day. It also 
notes effects of overexposure and provides first-aid pro- 
cedures. Each MSDS also provides information on spill 
and disposal procedures and protective personal gear and 
equipment requirements. Originally there was no standard 
format for MSDSs, which made information hard to find. 
In June 1993 the American Standards Institute (ANSI) 
approved a new standard that specified a standard format for 
MSDSs.” 


Exposure Control Plan 


OSHA regulations” require that each laboratory develop, 
implement, and adhere to a plan that ensures the protection 
of laboratory workers against potential exposure to blood- 
borne pathogens” and to ensure that the medical wastes 
produced by the laboratory are managed and handled in a 
safe and effective manner.”** OSHA regulations also place 
responsibility on employers for implementing new develop- 
ments in exposure control technology; to solicit the input of 
employees directly involved in patient care in the identifica- 
tion, evaluation, and selection of these work practice con- 
trols; and in certain instances to maintain a log for employee 
percutaneous injuries from sharp devices, such as syringe 
needles.” Organizationally the plan should include sections 

on (1) purpose, (2) scope, (3) applicable references, (4) 

applicable definitions, (5) definition of responsibilities, and 

(6) detailed procedural steps. 

When implementing the plan, each laboratory employee 
must be placed into one of three groups. The three classifi- 
cations are as follows: 

Group I: A job classification in which ALL employees have 
occupational exposure to blood or other potentially 
infectious materials, 

Group I: A job classification in which SOME employees 
have occupational exposure to blood or other potentially 
infectious materials. Employees in this group would be 
those whose performance of their duties as defined by 
their job classification, or whose special assigned tasks, 
put them at risk for possible exposure to human blood or 
other potentially infectious materials. An example of an 
employee who would fit into this classification would be 
an instrument technician whose duties require routine 
maintenance or repair of an instrument in which blood 
or other potentially infectious materials might be 
encountered. These individuals must receive the same 
training and orientation as employees in Group I. 
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Group HI: A job classification in which employees do NOT 
have ANY occupational exposure to blood or other 
potentially infectious materials. It is not mandatory that 
employees who qualify in this group receive training on 
the OSHA Bloodborne Standard. It is imperative, 
however, that these employees are never asked to perform 
any procedure that would subject them to occupational 
exposure. If at any future date an employee in this group 
has any additional duties added to his or her job that 
would include any exposure-prone tasks, then this 
employee needs to be added to the Group H list. Training 
of this employee in all aspects of the OSHA Bloodborne 
Standard MUST be completed before his or her actual 
performance of these new duties. In addition, this 
employee must be offered vaccination for hepatitis B 
within 10 working days of initial assignment to a position 
involving exposure. 


Tuberculosis Control Plan!’ 


The purpose of the tuberculosis control plan is to prevent 
the transmission of tuberculosis (TB), which occurs when an 
individual inhales a droplet that contains Mycobacterium 
tuberculosis. M. tuberculosis is aerosolized when an infected 
individual sneezes, speaks, or coughs. Transmission of TB 
and exposure to TB can be greatly diminished with early 
identification and isolation of patients at risk, environ- 
mental controls, appropriate use of respiratory protection 
equipment, education of laboratory employees, and when 
necessary early initiation of therapy. 

An effective tuberculosis control plan will include deter- 
mination of exposure at regular intervals for all employees 
who are at occupational risk. Engineering and work practice 
controls are particularly important in laboratory areas, such 
as surgical pathology and microbiology. But there is clearly 
a risk of exposure from specimens of patients with suspected 
or confirmed tuberculosis in every section of the laboratory, 
including chemistry. 


ERGONOMICS PROGRAM 


More than one third of occupational related injuries or ill- 
nesses reported by employees to the U.S. Bureau of Labor 
Statistics are estimated to be caused by musculoskeletal dis- 
orders. In 2003 federal regulations based on occupational 
management guidelines that are 15 years old are still not 
finalized as a result of OSHA continuing to work with Con- 
gress and small business advocacy groups to complete a rule 
that is deemed fair to both employees and employers. 74 
There are several areas of occupational risk for devel- 
opment of musculoskeletal disorders in the clinical 
laboratory.” These include routine laboratory activity, fanc- 
tionality of the workspace (including laboratory floor 
matting, bright lighting, and noise generation), and equip- 
ment design (computer keyboards and displays, worksta- 
tions, and chairs). One particular laboratory function, 
pipetting and related pipette design, has received consider- 
able attention. As depicted in Figure 1-2, pipettes are being 


designed with a goal of reducing an employee’s risk of having 
cumulative stress disorders caused by awkward posture, 
repetitive motion, and the repeated use of force. An example 
of an ergonomically engineered laboratory work chair is 
shown in Figure 1-5. 

The CAP requires accredited laboratories to have a com- 
prehensive and defined ergonomics program that is designed 
to prevent work-related musculoskeletal disorders through 
prevention and engineering controls. The documented 
ergonomics plan should include elements of employee train- 
ing regarding the areas of risk, engineering controls to mini- 
mize or eliminate risks, and an assessment process to identify 
problematic issues for documentation and remediation.” 


HAZARDS IN THE LABORATORY 


Various types of hazards are encountered in the operation of 
a clinical laboratory. These hazards must be identified and 
labeled, and work practices developed for dealing with them. 
The major categories of hazards encountered include bio- 
logical, chemical, electrical, and fire hazards. 


Identification of Hazards 


Clinical laboratories deal with each of the nine classes of haz- 
ardous materials. These are classified by the United Nations 
(UN) as (1) explosives, (2) compressed gases," (3) flamma- 
ble liquids, (4) flammable solids, (5) oxidizer materials, (6) 
toxic materials, (7) radioactive materials, (8) corrosive mate- 
rials, and (9) miscellaneous materials not elsewhere classi- 
fied. Shipping and handling of Class (6) toxic materials, 


Figure l-5 A example of an ergonomically designed laboratory 
chair. (Courtesy MarketLab Inc.} 
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specifically biological and potentially infectious materials, 
has received considerable attention. In 2002 the U.S. Depart- 
ment of Transportation (DOT) released a revised rule with 
standards for infectious substance hazardous material han- 
dling.*’? The impact and requirements of these regulations 
are described in the section on biological hazards. 

Warning labels aid in the identification of chemical 
hazards during shipment. Under regulations of the DOT, 
chemicals that are transported in the United States must 
carry labels based on the UN classification. DOT placards or 
labels are diamond shaped with a digit imprinted on the 
bottom corner that identifies the UN hazard class (1 to 9). 
The hazard is identified more specifically in printed words 
placed along the horizontal axis of the diamond. Color 
coding and a pictorial art description of the hazard supple- 
ment the identification of hazardous material on the label; 
the artwork appears in the top corner of the diamond 
(Figure 1-6, A). 
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CLASSIFICATIO 
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Figure l-6 A, Department of Transportation label for 
corrosives. B, Labeling identification system of the National Fire 
Protection Association. (Courtesy Lab Safety Supply Inc., Janesville, 
Wis.) 


The upper half of the label for corrosive materials shows 
a metallic bar and a hand, both of which are being eaten away 
by drops of fluid; the black bottom half of the label is let- 
tered “corrosive” in white. The bottom corner shows the digit 
«g» 

The system is used by the DOT for shipping hazardous 
materials; however, when the hazardous material reaches 
its destination and is removed from the shipping container, 
this identification is lost. The laboratory must then label 
each individual container. Usually the information necessary 
to classify the contents of the container appropriately is 
contained on the shipping label and should be noted. Impor- 
tant first-aid information is also usually provided on this 
label. 

Even though OSHA prescribes the use of labels or other 
appropriate warnings at present, no single uniform labeling 
system for hazardous chemicals exists for clinical laborato- 
ries. Appropriate hazard warnings include any words, pic- 
tures, symbols, or combinations that convey the health or 
physical hazards of the container’s contents and must be spe- 
cific as to the effect of the chemical and the specific target 
organs involved.” The National Fire Protection Association 
(NFPA) has developed the 704-M Identification System, 
which classifies hazardous material from 0 to 4 (most haz- 
ardous) according to flammability and reactivity (instabil- 
ity). This system uses diamond-shaped labels, which are 
available from most companies that sell laboratory safety 
equipment. The labels are color coded and are divided into 
quadrants. Three of the quadrants have a characteristic color 
and represent a type of hazard. A number in the quadrant 
indicates the degree of the hazard. The fourth (lower) quad- 
rant contains information of special interest to firemen; 
for example, “W” indicates a water-ignitable material (Figure 
1-6, B). Some chemicals require labels using two or three of 
the quadrants to convey the necessary information. 

Descriptive labels, such as “corrosive,” “flammable,” 
“poison,” and “explosives” may also be used. Obviously, some 
containers may require two or three labels because several 
types of hazard are involved. 

Kits of assorted safety signs are available from most lab- 
oratory supply dealers. These contain most general labels 
necessary in a clinical laboratory. Some examples of the con- 
tents of one kit are “eye wash,” “use in hood,” “safety shower,” 
“empty cylinder,” and “wear eye protection in this area.” 


Biological Hazards 


To operate a clinical laboratory safely, it is essential to min- 
imize the exposure of laboratory workers to infectious 
agents, such as the hepatitis viruses and the human immu- 
nodeficiency virus (HIV). Exposure to infectious agents 
results from (1) accidental puncture with needles, (2) spray- 
ing of infectious materials by a syringe or spilling and splat- 
tering of these materials on bench tops or floors, (3) 
centrifuge accidents, and (4) cuts or scratches from contam- 
inated vessels. Any unfixed tissue, including blood slides, 
must also be treated as potentially infectious material. 
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As discussed earlier in this section, OSHA has mandated 
that all U.S. laboratories have an exposure control plan.” In 
addition, the National Institute for Occupational Safety and 
Health (NIOSH), a functional unit of the CDC, has prepared 
and widely distributed a document entitled Universal Pre- 
cautions that specifies how U.S. clinical laboratories handle 
infectious agents.” In general it mandates that clinical labo- 
ratories treat all human blood and other potentially infec- 
tious materials as if they were known to contain infectious 
agents, such as HBV, HIV, and other blood-borne pathogens. 
These requirements apply to all specimens of blood, serum, 
plasma, blood products, vaginal secretions, semen, cere- 
brospinal fluid, synovial fluid, and concentrated HBV or 
HIV viruses. In addition, any specimen of any type that con- 
tains visible traces of blood should be handled using these 
Universal Precautions. 

Universal Precautions also specify that barrier protection 
must be used by laboratory workers to prevent skin and 
mucous membrane contamination from specimens. These 
barriers, also known as PPE, include gloves, gowns, labora- 
tory coats, face shields or mask and eye protection, mouth 
pieces, resuscitation bags, pocket masks, or other ventilator 
devices. Soon it was noted that latex allergy can be a problem 
when using latex gloves for barrier protection. By Septem- 
ber 1992, 1100 reactions and 15 fatalities related to latex 
allergy had been reported to the Food and Drug Adminis- 
tration (FDA).” If latex gloves are to be used, they shouid be 
powder-free, low-allergen latex. A variety of medical grade 
nonlatex gloves made of materials such as vinyl, nitrile, neo- 
prene or thermoplastic elastomer is available. The cost varies 
considerably. 

New products for increasing employee protection against 
needle sticks include an array of novel sharps containers and 
biological safety disposal bags and needle sheaths that may 
be closed following venipuncture without physically touch- 
ing the needle or the sheath. Although additional studies are 
required on their efficacy and effects on laboratory test 
results, microlaser devices are now available for piercing a 
patient’s skin to collect a capillary blood specimen. 

The NCCLS has also published a similar set of recom- 
mendations,” several of which are specified as require- 
ments in the OSHA exposure control plan. They include: 

1. Never perform mouth pipetting and never blow out 
pipettes that contain potentially infectious material. 

2. Do not mix potentially infectious material by bubbling 
air through the liquid. 

3. Barrier protection, such as gloves, masks, and protective 
eye wear and gowns, must be available and used when 
drawing blood from a patient and when handling all 
patient specimens. This includes the removal of stoppers 
from tubes. Gloves must be disposable, nonsterile latex, 
or of other material to provide adequate barrier protec- 
tion. Phlebotomists must change gloves and adequately 
dispose of them between drawing blood from different 
patients. 

4, Wash hands whenever gloves are changed. 


5, Facial barrier protection should be used if there is a sig- 
nificant potential for the spattering of blood or body 
fluids. 

6. Avoid using syringes whenever possible and dispose of 
needles in rigid containers (Figure 1-7, A) without han- 
dling them (Figure 1-7, B). 

7. Dispose of all sharps appropriately. 

8. Wear protective clothing, which serves as an effective 
barrier ‘against potentially infective materials. When 
leaving the laboratory, the protective clothing should be 
removed. 

9. Strive to prevent accidental injuries. 


Figure l-7 A, Convenient needle disposal system for sharps. 
B, Needle sheathing devices for prevention of body contact 
with needle. (B Courtesy MarketLab Inc.) 
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10. Encourage frequent hand washing in the laboratory; 
employees must wash their hands whenever they leave 
the laboratory. 

11. Make a habit of keeping your hands away from your 
mouth, nose, eyes, and any other mucous membranes. 
This reduces the possibility of self-inoculation. 

12. Minimize spills and spatters. 

13. Decontaminate all surfaces and reusable devices after 
use with appropriate U.S. Environmental Protection 
Agency (EPA)-registered hospital disinfectants. Steril- 
ization, disinfection, and decontamination are discussed 
in detail in NCCLS publication M29-T2.”” 

14. No warning labels are to be used on patient specimens 
since all should be treated as potentially hazardous. 

15. Biosafety level 2 procedures should be used whenever 
appropriate. 

16. Before centrifuging tubes, inspect them for cracks. 
Inspect the inside of the trunnion cup for signs of 
erosion or adhering matter, Be sure that rubber cushions 
are free from all bits of glass. 

17. Use biohazard disposal techniques (e.g., “Red Bag”). 

18. Never leave a discarded tube or infected material unat- 
tended or unlabeled. 

19. Periodically, clean out freezer and dry-ice chests to 
remove broken ampoules and tubes of biological speci- 
mens. Use rubber gloves and respiratory protection 
during this cleaning. 

20. OSHA requires that hepatitis B vaccine be offered to all 
employees at risk of potential exposure as a regular or 
occasional part of their duties. CDC’s Advisory Com- 
mittee on Immunization Practices (ACIP) recommends 
that medical technologists, phlebotomists, and pathol- 
ogists be vaccinated with hepatitis B vaccine. It is a 
regulatory mandate that all of the above laboratory 
employees at a minimum at least be given the option to 
freely receive the hepatitis B vaccine. 

Investigation of tragic air accidents in the late 1990s by 
the U.S. National Transportation Safety Board (NTSB) led to 
the DOT, in cooperation with the International Air Trans- 
port Association (IATA) and the International Civil Aviation 
Organization (ICAO), developing revised and strict require- 
ments for the shipping and handling of hazardous materi- 
als.*?? With the continued awareness of the necessity for 
Universal Precautions, the risk of blood-borne pathogens 
and the potentially adverse consequences of serious infec- 
tion, the shipping and handling of Class 6 toxic materials— 
biological materials—is a critical safety issue. 

The federal shipping and packaging guidelines” divide 
potentially infectious specimens or substances into the fol- 
lowing risk groups: 

1. A microorganism unlikely to cause human or animal 
disease. Materials containing only such microorganisms 
are not subject to the requirements of these regulations. 
The risk to individuals and the community is very low. 

2. A pathogen that can cause human or animal disease, but 
is unlikely to be a serious hazard and, although capable 


of causing serious infection on exposure, for which there 

are effective treatments and preventive measure available 

and the risk of spread of infection is limited. Risk to indi- 
viduals is moderate, but the risk to the community is low. 

3. A pathogen that usually causes serious human or animal 
disease but does not ordinarily spread from one infected 
individual to another, and for which effective treatments 
and preventive measures are available. Risk to individu- 
als is high, but risk to the community is low. 

4. A pathogen that usually causes serious human or animal 
disease and that can be readily transmitted from one indi- 
vidual to another, directly or indirectly, and for which 
effective treatments and preventive measures are not 
usually available. Risk to the individual and the commu- 
nity is high. 

These regulations place particular emphasis on the 
Hazardous Material (HAZMAT) training that must be 
given to laboratory employees when shipping and handling 
infectious substances. Elements include general awareness 
and familiarization, function-specific, and safety training, 
Proper training, particularly in the areas of package labeling 
and documentation (including a shipper’s declaration of 
contents for dangerous goods), is mandatory with docu- 
mented certification required from employers that the 
relevant employees have appropriate training programs. 
Although the adverse impact of improper training can be 
reflected most by potential human morbidity and mortality, 
identified violations of these regulations also carry large 
financial fines and penalties for both the infringing individ- 
ual and the employer or institution. 


Chemical Hazards 


The proper storage and use of chemicals is necessary to 
prevent dangers, such as burns, explosions, fires, and toxic 
fumes. Thus knowledge of the properties of the chemicals in 
use and of proper handling procedures greatly reduces dan- 
gerous situations. Bottles of chemicals and solutions should 
also be handled carefully, and a cart should be used to trans- 
port a heavy or a multiple number of containers from one 
area to another. Glass containers with chemicals should be 
transported in rubber or plastic containers that protect them 
from breakage and, in the event of breakage, contain the 
spill. Appropriate spill kits should be available in strategic 
locations. A general spill kit, such as the Sasco Solidifier Spill 
Response Kit, should contain specific materials to be used 
with spills of acid or of caustic or organic materials. Direc- 
tions for use of these materials are contained in the kit. 
Spattering from acids, caustic materials, and strong oxi- 
dizing agents probably represents the greatest hazard to 
clothing and eyes and is a potential source of chemical burns. 
A bottle should never be held by its neck but instead firmly 
around its body with one or both hands, depending on the 
size of the bottle. Acids must be diluted by slowly adding 
them to water while mixing; water should never be added to 
concentrated acid. When working with acid or alkali solu- 
tions, safety glasses should be worn. Acids, caustic materials, 
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and strong oxidizing agents should be mixed in the sink. This 
provides water for cooling and for confinement of the 
reagent in the event the flask or bottle breaks. 

All bottles containing reagents must be properly labeled. 
It is good practice to label the container before adding the 
reagent, thus preventing the possibility of having an unla- 
beled reagent. The label should bear the name and concen- 
tration of the reagent, the initials of the person who made 
up the reagent, and the date on which the reagent was pre- 
pared. When appropriate, the expiration date should also be 
included. The labels should be color coded or an additional 
label added to designate specific storage instructions, such as 
the requirement for refrigeration or special storage related to 
a potential hazard. All reagents found in unlabeled bottles 
should be disposed of using the appropriate procedures and 
precautions. 

Strong acids, caustic materials, and strong oxidizing 
agents should be dispensed by a commercially available auto- 
matic dispensing device. Under no circumstances is mouth 
pipetting permitted. 

In some instances, all waste materials are not collected in 
the same container. With certain pieces of equipment, strong 
acids or other hazardous materials are pumped directly into 
the drain. This should always be accompanied by a steady 
flow of water from the faucet. Safety glasses should be used 
by instrument operators when acids are pumped under 
pressure. 

Perchloric acid, because it is potentially explosive in 
contact with organic materials, requires careful handling. 
Perchloric acid should not be used on wooden bench tops, 
and bottles of this acid should be stored on a glass tray. Dis- 
posal may be accomplished by adding the acid dropwise 
(using a splatter shield) to at least 100 volumes of cold water 
and pouring the diluted acid down the drain with large 


amounts of additional cold water. Special perchloric acid 
hoods, with special wash-down facilities, should be installed 
if large amounts of this acid are used. 

Special care is necessary when dealing with mercury. Even 
small drops of mercury on bench tops and floors may poison 
the atmosphere in a poorly ventilated room. The element's 
ability to amalgamate with a number of metals is well 
known. After an accidental spillage of mercury, the spill area 
should be cleaned carefully until there are no droplets 
remaining. All containers of mercury should be kept well 
stoppered. 

The EPA controls the disposal of nonradioactive haz- 
ardous wastes.” The Resource Conservation and Recovery 
Act of 1976 (RCRA) states that disposal of materials classi- 
fiable within any of the nine UN hazardous materials classes 
is enforced in such a way that health and safety profession- 
als involved in the disposal of such materials are personally 
liable for each individual violation. 

A NCCLS publication” covers hazardous waste disposal; 
however, many municipalities and states have their own reg- 
ulations. The agencies should be contacted by the laboratory 
for specifics. 

Volatile chemicals and compressed gases pose specific 
hazards. 


Hazards from Volatiles 

The use of organic solvents in a clinical laboratory represents 
a potential fire hazard and hazards to health from inhalation 
of toxic vapors or skin contact. These solvents should be used 
in a fume hood. Storage of organic solvents is regulated by 
rules set down by OSHA (Table 1-16). However, some local 
fire department rules are more stringent. Solvents should be 
stored in an OSHA-approved metal storage cabinet that is 
properly vented. The maximum working volume of flam- 


TABLE I-16 Maximam Allowable Size of Containers for Storage of Solvents Inside Buildings (OSHA) 


-MAXIMUM ALLOWABLE SIZE OF CONTAINERS a 


Container Type a “Class 1A 


Class IB Class IC | Classes Il and lil 
Glass or approved plastic = nt “apt 1 qt cigalo cet 1 gal 
Safety cans*- veges al 2 gal 5 gal olen 35 gal 
Metal drums (DOT) . 60 gal 60 gal 60 gal 60 gal 
Definitions of Classes ` ; Me ae 
TAS Bee ern ers Panay l Flash point below 22.8 °C and boiling point below 37.8 °C - 
TB E A Hine RIEU Flash point below 22:8 °C and boiling point above 37. 8°C 
JGAM Enan re E on “Plash point between 22.8 °C and 37.8 °C = ae 
WE ea E SEG est ea plash point between 37.8 °C and 60 °C 
TH ee ee BH UN EASA splash point'above 60°C’ 


OSHA, Occupational Safety and Health Administration; DOT, Department of Transportation. 

*Safety cans are metal or plastic containers having a spring-closing spout cover designed to relieve internal pressure when subjected to the heat of fire and 
prevent leakage if tipped over. They are also equipped with a flame-arrester screen. Portable safety cans range in size from 1 pint to 5 gallons and are made 
in numerous styles with faucets, pouring spouts, or dispensing hoses. Only FM (Factory Mutual Engineering Corporation of the Factory Mutual System) or 
UL (Underwriters Laboratories, Inc.} recognized safety cans should be used, because these cans have been tested and approved by these agencies. 
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mable solvents allowed outside storage cabinets is 5 gallons 
per room. No more than 60 gallons of type I and II solvents 
may be stored in a single cabinet. No more than three cabi- 
nets may be located in each 5000 sq ft of laboratory space. 
Larger amounts than shown in Table 1-16 must be stored in 
special refrigerated storage rooms or in outside storage 
buildings. 

Vaporization is the major problem in the ignition and 
spread of fires. Vapors from flammable and combustible 
liquids and solids form a flammable mixture with air. They 
are characterized by their flash point, where the flash point 
is defined as the lowest temperature at which a solvent gives 
off flammable vapors in the close vicinity of its surface. The 
mixture at its flash point ignites when exposed to a source 
of ignition. At temperatures below the flash point, the vapor 
given off is considered too lean for ignition. 

Disposal of flammable solvents in storm sewers or sani- 
tary sewers is, in general, not allowed. Exceptions are small 
amounts of those materials that are miscible with water, but 
even disposal of these should be followed by large amounts 
of cold water. Other solvents should be collected in safety 
cans, Separate cans should be used for ether and for chlori- 
nated solvents; all other solvents may be combined in a third 
can. The cans should be stored, in keeping with storage 
quantity rules, in a safety cabinet until pickup by a waste- 
disposal firm. A more economical approach is to transfer the 
solvents to larger cans or drums in an outside storage facil- 
ity so that pickup could be less frequent. Some large institu- 
tions have their own in-house disposal facilities. 


Hazards from Compressed Gases 


The DOT regulations cover the labeling of cylinders of com- 

pressed gases that are transported by interstate carriers. The 

diamond-shaped labels described previously are used on all 
large cylinders and on any boxes containing small cylinders. 

Some general rules for handling large cylinders of com- 

pressed gas are: 

1. Always transport cylinders using a hand truck to which 
the cylinder is secured. 

2. Leave the valve cap on a cylinder until the cylinder is 
ready for use, at which time the cylinder should have been 
secured by a support around the upper one third of its 
body. Disconnect the hose or regulator, shut off the valve, 
and replace the cap before the cylinder is completely 
empty to prevent the possibility of the development of a 
negative pressure, Place an “empty” sign or label on the 
cylinder. 

3, Chain or secure cylinders at all times even when empty. 

4. Always check cylinders for the composition of their con- 
tents before connection. 

5. Never force threads; if a regulator does not thread readily, 
something is wrong. 

The precautions cited for large refillable gas cylinders also 
apply to small cylinders that are not refillable. Propane cylin- 
ders of the type frequently secured to a flame photometer 
and cylinders of calibrating gases for blood gas equipment 


are examples of disposable cylinders. Cylinders in floor- 
standing base supports require the additional security of a 
chain or strap attached to a wall or fixed piece of furniture. 
Local fire department regulations (which vary considerably 
from place to place) govern the disposal of exhausted 
cylinders. 


Electrical Hazards 


Wherever there are electrical wires or connections, there is a 
potential for shock or fire hazard. Worn wires on all electri- 
cal equipment should be replaced immediately; all equip- 
ment should be grounded using three-prong plugs. OSHA 
regulations stipulate that the requirements for grounding of 
electrical equipment of the National Electrical Code (pub- 
lished by NFPA) be met. If grounded receptacles are not 
available, a licensed electrician should be consulted for 
proper alternative grounding techniques. Some local codes 
are more stringent than OSHA requirements and do not 
allow for two-pole mating receptacles with adapters for a 
three-pole plug. 

Use of extension cords is prohibited. This standard is 
more stringent than any other existing regulation. In some 
instances, an extension cord may have to be used temporar- 
ily. In such cases, the cord should be less than 12 feet in 


- length, have at least 16 American Wire Gauge (AWG) wire, 


be approved by the Underwriters Laboratory (UL), and have 
only one outlet at the end. If several outlets are necessary in 
an area, a power strip with its own fuse or circuit breaker 
may be installed at least 3 inches above bench top level. 
Several manufacturers now sell devices to check for high 
resistance in neutral or ground wiring or excess voltage in 
the neutral wiring. 

Electrical equipment and connections should not be 
handled with wet hands, nor should electrical equipment be 
used after liquid has been spilled on it. The equipment must 
be turned off immediately and dried thoroughly; a fan or hair 
dryer will speed up the drying process. In case of a wet or 
malfunctioning electrical instrument-that is used by several 
people, the plug should be pulled and a note cautioning 
co-workers against use should be left on the instrument. 


Fire Hazards 


The ideal solution to the problem of fires and indeed to all 
laboratory accidents is prevention. However, all fires cannot 
be prevented, so provisions must be made for those that do 
occur. NEPA and OSHA publish standards covering subjects 
from emergency exits (including means of egress) to safety 
and firefighting equipment. NFPA also publishes the 
National Fire Codes. Many state and local agencies have 
adopted these codes (some of which are more stringent 
than OSHA requirements) and thus make them legally 
enforceable. 

Every laboratory should have the necessary equipment to 
put out or to confine a fire in the laboratory and to put out 
a fire on the clothing of an individual. Easy access to safety 
showers is essential. A safety shower should have a pull chain 
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TABLE 1-17 Classification of Fires and Fire Extinguisher Requirements 


: ype 
Ordinary combustibles: Wood, cloth, paper . 
Flammable liquids and gases: Solvents and pene . 
:: Natural or manufactured gases 
Electrical equipment; Any energized electrical EN 
If electricity i is. turned. of at Source, this reverts. toa 
Class ‘A or B: a wees 
Combinations of: Ordinary combustibles and Aammable 
liquids and ¢ gases. : 
Combinations of: Ordinary. combustibles and electrical 
equipment `: 
Combinations of: Flammable liquids and gases.and 
electrical equipment zg Bs 
Combinations of: Ordinary. combustibles, Aamamable 
` liquids. and gases, and electrical equipment . 


either attached to the wall at a convenient height or hanging 
down from the shower head; the chain should have a large 
ring attached so that the shower may be easily activated, even 
with eyes closed. Fire blankets for smothering fire on cloth- 
ing should be available in an easily accessible wall-mounted 
case, The blanket is unrolled from the case and rolled around 
the body by taking hold of the rope that is attached to the 
blanket and turning the body around. The location of this 
equipment and the locations of fire alarms and maps of 
evacuation routes are dictated by the local fire marshal. 

Various types of fire extinguishers are available. The type 
to use depends on the type of fire. Because it is impractical 
to have several types of fire extinguishers present in every 
area, dry chemical fire extinguishers are among the best all- 
purpose extinguishers for laboratory areas. An extinguisher 
should be provided near every laboratory door and, in a large 
laboratory, at the end of the room opposite to the door. 
Everyone in the laboratory should be instructed in the use 
of these extinguishers and any other firefighting equipment. 
All fire extinguishers should be tested by qualified personnel 
at intervals specified by the manufacturer. The three classes 
of fires and the type of fire extinguisher to be used for each 
are listed in Table 1-17. Every fire extinguisher is labeled as 
to the type of fire it should be used to extinguish. 

Two additional types of fires, designated “D” and “E; 
should be handled only by trained personnel. Type “D” fires 
include those involving powdered metal materials (e.g., 
magnesium). A special powder is used to fight this hazard. 
A type “E” fire is one that cannot be put out or is liable to 
result in a detonation (such as an arsenal fire). A type “E” 
fire is usually allowed to burn out while nearby materials are 
being appropriately protected. 

Many clinical laboratories now have a computer that is 
housed in a temperature- and humidity-controlled room. 
The most popular automatic fire control system used for 


Class 


A 


of Fire “Recommended Extinguisher Agents 


__ Water, dry chemical foam, loaded steam 
B `- Dry chemical, carbon dioxide, loaded 
=. ‘steam, Halon 1211 or 1301 foam: iS 
C Dry chemical, carbon. dioxide, Halon 
‘WIL. or 1301.: 
A&B Dry. chemical, loaded steam, foam. 
ASE Dry chemical 
B&C Dry. anal carbon dioxide, Halon 
HOUT OF 13 OK oss 
Ay By& Co Triplex, aye chemical 


these rooms is Halon 1301 (bromotrifluoromethane). 
Although this is the least toxic of the halons, NFPA regula- 


tion: 


s require a warning sign at the entrance to the room and 


availability of self-contained breathing equipment. 
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-Specimen Collection 
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and Doris M. Haverstick, Ph.D. 


techniques, processing, and storage of common sample 
types and the aspects of these activities that affect test 
values and their interpretation, 


È this chapter, we discuss proper specimen collection 


SPECIMEN COLLECTION 


Many errors can occur during the collection, processing, and 
transport of biological specimens. Minimizing these errors 
will result in more reliable information for use by healthcare 
professionals. Examples of biological specimens that are ana- 
lyzed in clinical laboratories include whole blood; serum; 
plasma; urine; feces; saliva; spinal, synovial, amniotic, 
pleural, pericardial, and ascitic fluids; and various types of 
solid tissue. The National Committee for Clinical Laboratory 
Standards (NCCLS) has published several procedures for 
collecting many of these specimens under standardized 
conditions." In addition, the NCCLS has published doc- 
uments related to sample collection and analysis for special- 
ized tests, such as sweat chloride (see also Chapter 27). 


BLOOD 


Blood for analysis may be obtained from veins, arteries, or 
capillaries. Venous blood is usually the specimen of choice, 
and venipuncture is the method for obtaining this speci- 
men.” In young children and for many point-of-care tests, 
skin puncture is frequently used to obtain what is mostly 
capillary blood; arterial puncture is used mainly for blood gas 
analyses. 
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and Processing 


Venipuncture 


In the clinical laboratory, venipuncture is defined as all of 
the steps involved in obtaining an appropriate identified 
blood specimen from a patient’s vein.” 


Preliminary Steps 


Before any specimen is collected, the phlebotomist must 
confirm the identity of the patient. (See Chapter 11 for dis- 
cussion of techniques used for identification.) This entails 
the patient stating his or her name and the phlebotomist ver- 
ifying information on the patient’s wrist band, if the patient 
is hospitalized. If the patient is an outpatient, the phle- 
botomist must ask the patient to state his or her name and 
confirming information on the test requisition form with 
identifying information provided by the patient. At least 
three items of identification should be used (e.g., name, 
medical record number, date of birth, room location if the 
patient is hospitalized or address if the patient is an outpa- 
tient). In specialized situations, such as tests for alcohol or 
other tests of medicolegal importance, establishment of a 
chain of custody for the specimen may require additional 
patient identification, such as a photo. Before collection of 
a specimen, a phlebotomist should be properly dressed in 
personal protective equipment, such as an impervious gown 
and gloves. If the phlebotomist is to collect a specimen from 
a patient in isolation in a hospital, the phlebotomist should 
notify one of the patient’s nurses that he or she is about to 
collect a blood specimen and must put on a clean gown and 
gloves and a face mask and goggles before entering the 
patient’s room. The face mask limits the spread of potentially 
infectious droplets, and the goggles limit the possible entry 
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of infectious material into the eye. The extent of the 
precautions required will vary with the nature of a pa- 
tient’s illness and the institution’s policies and bloodborne 
pathogen plan (see Chapter 1), to which a phlebotomist 
must adhere. If airborne precautions are indicated, the phle- 
botomist must wear a N95 TB respirator. 

If appropriate the phlebotomist should verify that the 
patient is fasting. The patient should be comfortably seated. 
or supine, if sitting is not feasible, and should have been in 
this position for 20 minutes before the specimen is drawn. 
This standardization minimizes differences in concentra- 
tions of blood constituents caused by variations in blood 
volume (hemoconcentration or hemodilution). Either of the 
patient’s arms should be extended in a straight line from the 
shoulder to the wrist. An arm with an inserted intravenous 
line should be avoided, as should an arm with extensive 
scarring or a hematoma at the intended collection site. If a 
woman has had a mastectomy, arm veins on that side of the 
body should not be used because the surgery may have 
caused lymphostasis, affecting the blood composition. If a 
woman has had double mastectomies, blood should be 
drawn from the arm of the side on which the first procedure 
was done. If the surgery was done within 6 months on both 
sides, a vein on the back of the hand or at the ankle should 
be used. 

Before performing a venipuncture, the phlebotomist 
should estimate the volume of blood to be drawn and select 
the appropriate number and types of tubes for the blood, 
plasma, or serum tests requested. An appropriate needle 
must also be selected. The most commonly used sizes are 
gauges 19 to 22. The larger the gauge size is, the smaller the 
bore. The usual choice for an adult with normal veins is 
gauge 20; if veins tend to collapse easily, a size 21 is preferred. 
For volumes of blood from 30 to 50mL, an 18-gauge needle 
may be required to ensure adequate blood flow. A needle 
is typically 1.5 inches (3.7cm) long, but 1-inch (2.5-cm) 
needles are also used. All needles must be sterile, sharp, and 
without barbs. If blood is drawn for trace element measure- 
ments, the needle should be stainless steel and known to be 
free from contamination. For trace element determinations, 
all apparatus coming in contact with the specimen should be 
acid washed or known to be free of trace metal contamina- 
tion (see Chapter 30). 


Location 


The median cubital vein in the antecubital fossa, or crook of 
the elbow, is the preferred site for collecting venous blood in 
adults because the vein is both large and close to the surface 
of the skin. Veins on the back of the hand or at the ankle may 
be used, although these are less desirable and should be 
avoided in diabetics and other individuals with poor circu- 
lation. It is appropriate to collect blood through a cannula 
that is being inserted for long-term fluid infusions at the 
time of first insertion to avoid a second stick. In severely ill 
individuals or those requiring many intravenous injections, 
an alternative blood-drawing site should be chosen. Selec- 


tion of a vein for puncture is facilitated by palpation. An arm 
containing a cannula or arteriovenous fistula should not be 
used without consent of the patient’s physician. If fluid is 
being infused. intravenously into a limb, the fluid should be 
shut off for 3 minutes before a specimen is obtained and a 
suitable note made in the patient’s chart and on the result 
report form. Specimens obtained from the opposite arm or 
below the infusion site in the same arm may be satisfactory 
for most tests except for those analytes that are contained in 
the infused solutions (e.g., glucose or electrolytes)’ 


Preparation of Site 


The area around the intended puncture site should be 
cleaned with a prepackaged alcohol swab or with a gauze pad 
saturated with 70% isopropanol. Cleaning of the puncture 
site should be done with a circular motion and from the site 
outward. The skin should be allowed to dry in the air. No 
alcohol should remain on the skin, because traces may cause 
hemolysis and invalidate test results. When specimens are to 
be collected for ethanol determinations, the skin should be 
cleaned with a benzalkonium chloride solution (Zephiran 
Chloride solution, 1:750) that is free of alcohol. Povidone- 
iodine should be avoided as a cleaning agent because it may 
interfere with several chemistry procedures. Once the skin 
has been cleaned, it should not be touched until after the 
venipuncture has been completed. 


Timing 

The time at which a specimen is obtained is important 
for those blood constituents that undergo marked diurnal 
variation (e.g., corticosteroids and iron) and for those used 
to monitor drug therapy (see Chapter 33). Furthermore, 
timing is important in relation to specimens for alcohol 
or drug measurements in association with medicolegal 
considerations. 


Venous Occlusion 


After the skin is cleaned, either a blood pressure cuff or a 
tourniquet is applied 4 to 6 inches (10 to 15cm) above the 
intended puncture site. This obstructs the return of venous 
blood to the heart and distends the veins. When a blood pres- 
sure cuff is used as a tourniquet, it is usually inflated to 
approximately 60 mm Hg (8.0 kPa). Tourniquets are typically 
made from precut soft rubber strips or from Velcro type of 
bands. It is rarely necessary to leave a tourniquet in place for 
longer than 1 minute, but even within this short time the 
composition of blood changes. Although the changes that 
occur in 1 minute are slight, marked changes have been 
observed after 3 minutes (Table 2-1). 

The composition of blood drawn first—that is, the blood 
closest to the tourniquet—is most representative of the com- 
position of circulating blood. The first-drawn specimen 
should therefore be used for those analytes such as calcium 
that are pertinent to critical medical decisions. Blood drawn 
later shows a greater effect from venous stasis. Thus the first 
tube may show a 5% increase of protein, whereas the third 
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TABLE 2-1 Changes in Composition of Serum When 


Venous Occlusion Is Prolonged from | 
Minute to 3 Minutes* 


% 


increase Decrease % 


‘Total protein ` 49 . “Potassium 6.2 
Tron 6.7. 
Total lipids 4.7 
Cholesterol ae) 5,1 
Aspartate aminotransferase .::.9.3 
Bilirubin 8.4 


From Statland BE, Bokelund H, Winkel P: Factors contributing to 
intraindividual variation of serum constituents: 4. Effects of posture and 
tourniquet application on variation of serum constituents in healthy 
subjects, Clin Chem. 1974;20:1513-19, 

Mean values obtained from 11 healthy individuals 

*To estimate the probable effect of a factor on results, relate percent 
increase or decrease shown (or intimated) in table to analytical variation 
(+ % CY) routinely found for analytes. 


tube may show a 10% change The concentration of 
protein-bound constituents is also influenced by stasis. Pro- 
longed stasis may increase the concentration of protein or 
protein-bound constituents by as much as 15%. A uniform 
procedure for order of draw for tests should therefore be 
established (see below}. If it is possible to collect only a small 
volume of blood, the priority of which tests to perform 
should be established. 

The increase in activity of creatine kinase and aspartate 
aminotransferase in serum seen after venipuncture may be 
caused by hemoconcentration, by the slight trauma to tissue 
as the needle pierces the skin, and by stasis of blood in the 
tissue. 

Pumping of the fist before venipuncture should be 
avoided because it causes an increase in the plasma potas- 
sium, phosphate, and lactate concentrations. The lowering of 
the blood pH by accumulation of lactate causes the plasma 
ionized calcium concentration to increase. The ionized. 
calcium concentration reverts to normal 10 minutes after the 
tourniquet is released. 

Stress associated. with blood collection can have effects in 
patients at any age. As a consequence, plasma concentrations 
of cortisol and growth hormone may increase. Stress occurs 
particularly in young children who are frightened, strug- 
gling, and held in physical restraint. Collection under these 
conditions may cause adrenal stimulation leading to an 
increased plasma glucose concentration or create increases 
in the serum activities of enzymes that originate in skeletal 
muscle. 


Collection with Evacuated Blood Tube 


Evacuated blood tubes are usually considered to be less 
expensive and more convenient and easier to use than 
syringes. There are several types of evacuated tubes used for 
venipuncture collection. They vary by the type of additive 


Figure 2-| Assembled venipuncture set. (From Flynn, JC: 
Procedures in Phlebotomy. 3" ed. Saunders, St Louis, 2005, p 84.) 


Figure 2-2 Various tube holders used in venipuncture. (From 
Flynn, JC: Procedures in Phlebotomy. 2™ ed.W. B. Saunders, 
Philadelphia, 1999, p79.) 


added and volume of the tube. The different types are iden- 
tified by the color of the stopper used (Table 2-2). Some glass 
tubes are siliconized to reduce adhesion of clots to walls or 
stoppers and to decrease risk of hemolysis. Blood collected 
into a tube containing one additive should never be trans- 
ferred into other tubes, because the first additive may inter- 
fere with tests for which a different additive is specified. 
Thrombin is added to some tubes to accelerate clotting. 
However, the silicone-coated wall may also activate and 
accelerate the clotting mechanism. 

A typical system for collecting blood in evacuated tubes 
is shown in Figure 2-1. This is an example of a recently intro- 
duced single-use device that incorporates a cover that can be 
safely placed over the needle when sample collection is com- 
plete. A needle is screwed into the collection tube holder 
(Figure 2-2), and the tube is then gently inserted into this 
holder. Before use, the tube should be gently tapped to dis- 
lodge any additive from the stopper before the needle is 
inserted into a vein; this prevents aspiration of the additive 
into the patient’s vein. Both single-draw and multidraw 
needles are available, 

After the skin is cleaned, the needle should be guided 
gently into the patient’s vein (Figure 2-3); once the needle is 
in place, the tube should be pressed forward into the holder 
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TABLE 2-2 Coding of Stopper Color to Indicate Additive in Evacuated Blood Tube 


Sto per Color Alternative 


: ~ Red/black. i Gold 
‘i Greenigray = “Eight ae gray. 


“Serum tubes (with additives) Thro bin (dry additive) 
para Da ed clot activator 


Whole blood/plasm ‘tubes, nes 


Light blue. 


T Blacki Black 
de ( Guuboies aren as ee es io ` Light (It) gray s 
(dry or liquid additive) Green Green >o eS 
; j Caia t 4 > Light gray Light gray 
e Light: pey, Light gray, 
o a l Brawn: a EAS 
~ Royal blue Royal blue 
“Royal blue Royal blue 
2 Gray/yellow Orange 
: ma preparation tube* K,EDTA (dry adaiv)/plymes sell dia . > ` Opalescent white -Opalescent white 


activator : 


Modified from the National Committee for Clinical Laboratory Standards: Evacuated Tubes and Additives for Blood Specimen Collection: Approved 
Standard H1-A4. 4th ed. Wayne PA:National Committee for Clinical Laboratory Standards, 1996 and information listed in the Becton Dickinson Web page 
(http://www.bd.com/). 

*The Plasma Preparation Tube™ (Becton Dickinson, Franklin Lakes, New Jersey) is a plastic evacuated tube used for the collection of venous blood that 
upon centrifugation separates undiluted plasma for use in molecular diagnostic test methods. 


Figure 2-3 Venipuncture. (From Flynn, JC: Procedures in Phlebotomy. 2™ ed, W. B. Saunders, 
Philadelphia, 1999, p94.) 
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to puncture the stopper and release the vacuum. When blood 
begins to flow into the tube, the tourniquet should be 
released without moving the needle, The tube is filled until 
the vacuum is exhausted, and the tube can then be with- 
drawn from the holder and replaced by another tube, if this 
is necessary. Other tubes may be filled if required using 
the same technique with the holder in place. When several 
tubes are required from a single blood collection, a shut-off 
valve—consisting of rubber tubing that slides over the 
needle opening inside the tube—is used to prevent spillage 
of blood during exchange of tubes. 

Serum separator tubes are available (Table 2-2) that 
contain an inert, thixotropic, polymer gel material with a 
specific gravity of approximately 1.04.° Aspiration of blood 
into the tube and subsequent centrifugation displace the gel, 
which settles like a disk between cells and supernatant when 
the tube is centrifuged. Relative centrifugal force (RCF) must 
be at least 1100 xg for gel release and barrier formation. 
Release of intracellular components into the supernatant is 
prevented by the barrier for several hours or, in some cases, 
for a few days. These separator tubes may be used as primary 
containers from which serum can be directly aspirated by a 
number of analytical instruments. 

Evacuated blood tubes may be made of soda-lime or 
borosilicate glass or plastic (polyethylene terephthalate). 
Because of the decreased likelihood of breakage and hence 
exposure to infectious materials, many laboratories have 
converted from glass tuhes to plastic tubes. Tubes made from 
the soda-lime glass may release trace elements, particularly 
calcium and magnesium, into solutions. Special tubes are 
available for trace element determination (Table 2-2). 

Stoppers may contain zinc, invalidating the use of evacu- 
ated blood tubes for zinc measurement, and TBEP (tris[2- 
butoxyethyl] phosphate), a constituent of rubber, which may 
interfere with the measurement of certain drugs. With time, 
the vacuum in evacuated tubes is lost and their effective draw 
diminishes. The silicone coating also decays with age. There- 
fore the stock of these tubes should be rotated and careful 
attention paid to the expiration date. Problems with evacu- 
ated blood tubes also arise when too little blood is collected 
into the tubes (short draw). Although an incorrect draw is 
of little consequence when clotted blood is required, a dis- 
proportionate ratio of blood to anticoagulant may affect 
some hematology and other special tests. Therefore some 
tubes from each batch should be checked for volume of draw 
before the lot is put in use. 

In a few patients, backflow from blood tubes into veins 
occurs owing to a decrease in venous pressure. The danger- 
ous consequences of this occurrence may be prevented if 
only sterile tubes are used for collection of blood. Backflow 
is minimized if the arm is held downward and blood is kept 
from contact with the stopper during the collection proce- 
dure. To minimize problems if backflow should occur and 
to optimize the quality of specimens—-especially to prevent 
cross contamination with anticoagulants—blood should be 
collected into tubes in the following order: (1) blood cul- 


tures, (2) nonadditive tubes (red stopper), (3) coagulation- 
or citrate-containing tube (blue stopper), (4) serum separa- 
tor tube containing gel (red stopper with black flecks), 
(5) heparin-containing tube (green stopper), (6) EDTA- 
containing tube (lavender stopper) and oxalate-fluoride— 
containing tube (gray stopper). 


Blood Collection with Syringe 


Syringes are customarily used for patients with difficult 
veins, Ifa syringe is used, the needle is placed firmly over the 
nozzle of the syringe and the cover of the needle is removed. 
if the syringe has an eccentric nozzle, the needle should be 
arranged with the nozzle downward but the bevel of the 
needle upward. The syringe and needle should be aligned 
with the vein to be entered and the needle pushed into the 
vein at an angle to the skin of approximately 15° (Figure 
2-3). When the initial resistance of the vein wall is overcome 
as it is pierced, forward pressure on the syringe is eased, and 
the blood is withdrawn by gently pulling back the plunger 
of the syringe. Should a second syringe be necessary, a gauze 
pad may be placed under the hub of the needle to absorb the 
spill; the first syringe is then quickly disconnected and the 
second put in place to continue the draw. After removal of 
the needle from the syringe, drawn blood should be quickly 
transferred by gentle ejection into tubes prepared for its 
receipt. The tubes should then be capped if they contain an 
additive or anticoagulant, and then gently mixed (5 to 10 
inversions), 

Vigorous suction on a syringe during collection or force- 
ful transfer from the syringe to the receiving vessel may cause 
hemolysis of blood. Hemolysis is usually less when blood is 
drawn through a small-bore needle because turbulence of 
the blood is less than when a larger-bore needle is used. 


Completion of Collection 


When blood collection is complete and the needle with- 
drawn, the patient is instructed to hold a dry gauze pad over 
the puncture site, with the arm raised to lessen the likelihood 
of leakage of blood. The pad can subsequently be held in 
place by a bandage, which can be removed after 15 minutes. 
The phlebotomist must separate the needle from the syringe 
or collection tube and discard it into a sharps container. On 
completion of the collection, the phlebotomist must dispose 
of his or her gloves in a hazardous waste receptacle before 
proceeding to the next patient. 


Venipuncture in Children 


The techniques for venipuncture in children and adults are 
similar. However, children are likely to make unexpected 
movements, and assistance in holding them still is often 
desirable. Either a syringe or evacuated blood tube system 
may be used to collect specimens. A syringe should be either 
the tuberculin type or a 3-mL-capacity syringe, except when 
a large volume of blood is required for analysis. A 21- to 
23-gauge needle or 20- to 23-gauge butterfly needle with 
attached tubing is appropriate to collect specimens. 
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Skin Puncture 


Skin puncture is an open collection technique in which the 
skin is punctured by a lancet” and a small volume of blood 
collected into a microdevice, such as a capillary tube. In 
practice it is used in situations where (1) sample volume is 
limited (e.g., pediatric applications), (2) repeated venipunc- 
tures have resulted in severe vein damage, or (3) patients may 
have been burned or bandaged and veins are therefore 
unavailable for venipuncture. This technique is also com- 
monly used when the sample is to be applied directly to a 
testing device in a point-of-care testing situation, such as 
whole blood glucose or hemoglobin testing. It is most often 
performed on the tip of a finger, on an earlobe, and on the 
heel or big toe of infants. For example, in an infant younger 
than 1 year of age, the lateral or medial plantar surface of the 
foot should be used for skin puncture; suitable areas are 
illustrated in Figure 2-4. In older children, the plantar 
surface of the big toe may also be used, although blood 
collection should be avoided on ambulatory patients from 
anywhere on the foot. The proper procedure for collecting 
blood from infants is described in the NCCLS standard 
H4-A4."° 

To collect a blood specimen by a skin puncture, the phie- 
botomist first thoroughly cleans the skin with a gauze pad 
saturated with 70% isopropanol. All alcohol must be allowed 
to evaporate from the skin so that hemolysis does not occur. 
When the skin is dry, it is quickly punctured by a sharp stab 
with a lancet. The depth of the incision should be less than 
2.5mm to avoid contact with bone.' To minimize the pos- 
sibility of infection, a different site should be selected for 
each finger puncture. The finger should be held in such a way 
that gravity assists the collection of blood on the finger tip. 
Massage of the finger to stimulate blood flow should be 
avoided, because it causes the outflow of debris and of tissue 
fluid, which does not have the same composition as plasma. 
To improve circulation of the blood, the finger may be 
warmed. by application of a warm, wet washcloth for 3 
minutes before pricking. The first drop of blood is wiped off, 
and subsequent drops are transferred to the appropriate col- 


Figure 2-4 Acceptable sites for skin puncture to collect blood 
from an infant’s foot. (Modified from Blumenfeld TA, Turi GK, Blanc 
WA. Recommended site and depth of newborn heel punctures based 


on anatomical measurements and histopathology, Reprinted with 
permission from Elsevier [The Lancet 1979, 1, 230-233].) 


lection tube by gentle contact. Filling should be done rapidly 
to prevent clotting, and introduction of air bubbles should 
be avoided. 

Blood may be collected into capillary blood tubes by cap- 
illary action. A variety of collection tubes is commercially 
available (Figure 2-5). Such containers can be purchased 
with different anticoagulants, such as sodium and ammo- 
nium heparin, and some can be obtained in brown glass for 
collection of light-sensitive analytes, such as bilirubin. There 
are also many small plastic or glass tubes that can be used to 
collect blood. A disadvantage of some of the collection 
devices shown in Figure 2-5 is that blood tends to pool in 
the mouth of the tube and must be flicked down the tube 
with a risk of hemolysis. Drop-by-drop collection should be 
avoided because it increases hemolysis. 

For the collection of blood specimens on filter paper for 
neonatal screening and, increasingly, molecular genetics 
testing, the skin is cleaned and punctured as described pre- 
viously, Then the filter paper is gently touched against a large 
drop of blood, which is allowed to soak into. the paper to fill 
the marked circle. Only a single application per:circle should 
be made. The paper is examined to verify that there has 
been complete penetration of the paper. The procedure is 
repeated to fill all the circles. Avoid milking or squeezing of 
the foot, because this procedure contributes tissue fluids. 
The filter papers should be air dried. Blood should not be 
transferred onto filter paper after it has been collected in cap- 
illary tubes because partial clotting may have occurred. 


Arterial Puncture 


Arterial puncture requires considerable skill and is usually 
performed only by physicians or specially trained techni- 
cians or nurses. The preferred sites of arterial puncture are, 
in order, the (1) radial artery at the wrist, (2) brachial artery 
in the elbow, and (3) femoral artery in the groin. Because 
leakage of blood from the femoral artery tends to be greater, 
especially in the elderly, sites in the arm are most often used. 
The proper technique for arterial puncture is described in 
NCCLS Standard H11-A3."' 


Figure 2-5 Microcollection tubes. (From Flynn, JC: Procedures in 
Phlebotomy. 3” ed. Saunders, St Louis, 2005, p 78.) 
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In the neonate, an indwelling catheter in the umbilical 
artery is best to obtain specimens for blood gas analysis. In 
the older child or adult in whom it is impossible to perform 
an arterial puncture, a capillary puncture may be performed 
to obtain arterialized capillary blood. Such a specimen yields 
acceptable values for pH and PCO,, but not always for PO>. 
In the older child or adult, the preferred puncture site is the 
earlobe; in the young child or infant, it is the heel. Capillary 
blood specimens are particularly inappropriate when the 
blood circulation is poor and thus should be avoided when 
a patient has reduced cardiac output, hypotension, or vaso- 
constriction. For each capillary puncture, the skin should 
first be warmed with a hot, moist towel to improve the 
circulation. The puncture itself should be performed 
as described previously; a free flow of blood is essential. 
Heparinized capillary tubes containing a small metal bar are 
used to collect the blood. Tubes should be sealed quickly and 
the contents mixed well by using a magnet to move the metal 
bar up and down in the tube so that a uniform specimen is 
available for analysis. 


Anticoagulants and Preservatives for Blood 


Serum is the specimen of choice for many assay systems. 
Sometimes considerable differences may be observed 
between the concentrations of analytes in serum and plasma 
as shown in Table 2-3.* However, some assay systems require 
a whole blood or plasma specimen. If so an anticoagulant 
must be added to the specimen during the collection proce- 
dure. A number of anticoagulants are used including 
heparin, EDTA, sodium fluoride, citrate, oxalate, and 
iodoacetate. 


Heparin 
Heparin is the most widely used anticoagulant and causes 
the least interference with tests,’ except for tests performed 


using polymerase chain reaction (PCR). It is a mucoitin 
polysulfuric acid and is available as sodium, potassium, 
lithium, and ammonium salts. This anticoagulant accelerates 
the action of antithrombin HI, which neutralizes thrombin 
and thus prevents the formation of fibrin from fibrinogen. 
Most blood tubes are prepared with approximately 0.2 mg 
heparin for each milliliter of blood (1000 .units/mL) to be 
collected. The heparin is usually present as a dry powder that 
is hygroscopic and dissolves rapidly. 

Heparin has the disadvantage of high cost and temporary 
action, and it produces a blue background in blood smears 
that are stained with Wright’s stain. In addition, heparin is 
said to inhibit acid phosphatase activity and to interfere with 
the binding of calcium to EDTA in analytical methods for 
calcium involving complexing with EDTA. It has also been 
reported to affect the binding of triiodothyronine and thy- 
roxine to their carrier proteins, thus producing higher free 
concentrations of these hormones. 


EDTA 


EDTA is a chelating agent that is particularly useful for 
hematological examinations because it preserves the cellular 
components of blood. It is used as the disodium, dipotas- 
sium, or tripotassium salt, the last two being more soluble. 
It is effective at a final concentration of 1 to 2 g/L of blood. 
Higher concentrations hypertonically shrink the red cells, 
EDTA prevents coagulation by binding calcium, which is 
essential for the clotting mechanism. Blood collection tubes 
are prepared by adding a 0.1% solution of an EDTA salt fol- 
lowed by evaporation of water at room temperature. 
EDTA, probably by chelation of metallic cofactors, 
inhibits alkaline phosphatase, creatine kinase, and leucine 
aminopeptidase activities. Because it chelates calcium and 
iron, EDTA is unsuitable for specimens for calcium and iron 
analyses using photometric or titrimetric techniques. As an 


TABLE 2-3 Differences in Composition Between Plasma and Serum* 


Plasma Value Greater Than Serum 


Value (%) _ 

Calcium 0.9 Bilirubin 
Chloride 0.2 Cholesterol 
Lactate a ea meg a | Creatinine 
Total:protein So 4.0 


No Difference Between 
Serum and Plasma Values - 


a Plasma Value Less Than Serum 
Value (%) l 


Albumin = i sr t3 
Alkaline phosphatase i 1.6 
Aspartate aminotransferase 0.9 
Bicarbonate 18 
Creatine kinase. 321 
ia Glucose: niaii wind 
Phosphorus oci sete a A70 
AREN Potassium : Pe sy os 8.4 
A Urea fac heh i Goals Ea 30.6. 
“Uric acid ile SOLD 


From Ladenson JH, Tsai L-MB, Michael JM, et al: Serum versus heparinized plasma for eighteen common chemistry tests. Am J Clin Pathol 1974;62:545- 
52. Copyright 1974 by the American Society of Clinical Pathologists. Reprinted with permission. 
*To estimate the probable effect of a factor on results, relate percent increase or decrease shown {or intimated) in table to analytical variation (£% CV) 


routinely found for analytes. 
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TABLE 2-4 Difference in Composition of Capillar 


Capillary Value Greater Than 
“Venous Value (%) 


Glucose 14. nba aes Cae as l Phosphate 
Potassium 0.9. o 0038 ay iets ea Urea aii 


= Not ifference Between YE 
thy Capillary and Venous Values 


Capillary Value Less Than 
Venous Value (%) 


¿= -Bihrubin 5.0 
m aa Calcium. 4.6 
ie Chloride 1.8... 
Sodium 2.3.03 0, 
- Total protein 3.3. 


From Kupke IR, Kather B, Zeugner $: On the composition of capillary and venous blood serum. Clin Chim Acta 1981;112:177-85. 
*To estimate the probable effect of a factor on results, relate percent increase or decrease shown (or intimated) in table to analytical variation (4% CV) 


routinely found for analytes. 


anticoagulant, it has little effect on other clinical tests 
although the concentration of cholesterol has been reported 
to be decreased by 3% to 5%. 


Sodium Fluoride 


Sodium fluoride is a weak anticoagulant but is often added 
as a preservative for blood glucose. As a preservative, 
together with another anticoagulant such as potassium 
oxalate, it is effective at a concentration of approximately 2 
g/L blood. It exerts its preservative action by inhibiting the 
enzyme systems involved in glycolysis. Most specimens are 
preserved at 25°C for 24 hours or at 4°C for 48 hours. 
Without an antiglycolytic agent, the blood glucose concen- 
tration decreases approximately 100 mg/L (0.56 mmol/L) per 
hour at 25°C. The rate of decrease is faster in newborns 
because of the increased metabolic activity of their erythro- 
cytes and in leukemic patients because of the high metabolic 
activity of the white cells. Sodium fluoride is poorly soluble, 
and blood must be well mixed before effective antiglycolysis 
occurs, 

When sodium fluoride is used alone for anticoagulation, 
three to five times greater concentrations than the usual 
2 g/L are required. This high concentration and the inhibi- 
tion of the glycolytic cycle are likely to cause fluid shifts and 
a change in the concentration of some analytes. Fluoride is 
also a potent inhibitor of many serum enzymes and in high 
concentrations also affects urease, used to measure urea 
nitrogen in many analytical systems. 


Citrate 


Sodium citrate solution, at a concentration of 34 to 38 g/L 
in a ratio of 1 part to 9 parts of blood, is widely used for 
coagulation studies because the effect is easily reversible by 
addition of Ca™. Because citrate chelates calcium, it is 
unsuitable as an anticoagulant for specimens for measure- 
ment of this element. It also inhibits aminotransferases and 
alkaline phosphatase but stimulates acid phosphatase when 
phenylphosphate is used as a substrate. Because citrate com- 
plexes molybdate, it decreases the color yield in phosphate 
measurements that involve molybdate ions and produces 
low results. 


Oxalates 


Sodium, potassium, ammonium, and lithium oxalates 
inhibit blood coagulation by forming rather insoluble com- 
plexes with calcium ions. Potassium oxalate (K,C,O, < H,O), 
at a concentration of approximately 1 to 2g/L of blood, is 
the most widely used oxalate. At concentrations of greater 
than 3g oxalate per liter hemolysis is likely to occur. 

Combined ammonium and/or potassium oxalate does 
not cause shrinkage of erythrocytes. However, other oxalates 
can cause shrinkage by drawing water into the plasma. 
Reduction in hematocrit may be as much as 10%, causing a 
reduction in the concentration of plasma constituents of 5%. 
As fluid is lost from the cells, an exchange of electrolytes and 
other constituents across the cell membrane occurs. Oxalate 
inhibits several enzymes, including acid and alkaline phos- 
phatases, amylase, and lactate dehydrogenase, and may cause 
precipitation of calcium as the oxalate salt. 


Todoacetate 


Sodium iodoacetate at a concentration of 2 g/L is an effec- 
tive antiglycolytic agent and a substitute for sodium fluoride. 
Because it has no effect on urease, it can be used when 
glucose and urea tests are performed on a single specimen. 
It inhibits creatine kinase but appears to have no notable 
effects on other clinical tests. 


Influence of Site of Collection on Blood Composition 


Blood obtained from different sites differs in composition. 
Skin puncture blood is more like arterial blood than venous 
blood. Thus there are no clinically significant differences 
between freely flowing capillary blood and arterial blood in 
pH, PCO., PO,, and oxygen saturation. The PCO, of venous 
blood is up to 6 to 7mm Hg (0.8-0.9kPa) higher. Venous 
blood glucose is as much as 70 mg/L (0.39 mmol/L) less than 
the capillary blood glucose. 

Blood obtained by skin puncture is contaminated to some 
extent with interstitial and intracellular fluids. The major 
differences between venous serum and capillary serum are 
illustrated in Table 2-4. 
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TABLE 2-5 Influence of Collection Site on Composition of Plasma? 


Central Venous 


`+ Arterial 

‘Alanine anassa (U/L) E pa 62 
Albumin (g/L) Uist el hae oO 
Alkaline Phosphatase (U/L) cate ae 
Amylase (U/L) : ie ae 149 
Aspartate aminotransterase (UAL) tee een 
Calcium (mg/L).20.0 o E es 81 
Chloride (mmol/L)... ence hte 99200: 
Creatine kinase (UL) T 82 
Creatinine (mg/L): - ; A 14 

y- -Glutamyltransferase (UL) ae 13 
Potassium (mmol/L)... ce LO 
Sodium (mmol/L): 144 
Total protein (g/L) - ee es 266. 
Urea nitrogen: (mg/L) a i eas! Bene E320, 
Uric. acid (mg/L). `: nea 


Peripheral Venous 


Cla oie epee the 81 
Eee tana gi a8 coe 

UB ches eee OE daa 

148 She rw) Rta vy ee 
Boe Shadi bea BS. 

97 suai ehe Sen OL ee 

73 Rae ce oeo 

13 Saga ee Tg eos 

2 n 
3.9.0. dee ee Be 

Je eer ka A e 

ALE E a ca 

a a 
Blen 79 


From Rommel, K., Koch, C-D., Spiiker, D.: Einfluss der Materialgewinnung auf klinisch-chemische Parameter in Blut, Plasma und Serum bei Patienten mit 
stabilem und zentralisiertem Kreislauf. J. Clin. Chem. Clin. Biochem., 16:373-80, 1978. 
*To estimate the probable effect of a factor on results, relate percent increase or decrease shown (or intimated) in table to analytical variation (+% CV) 


routinely found for analytes. 


Collection of Blood from Intravenous or Arterial Lines 


When blood is collected from a central venous catheter or 
arterial line, it is necessary to ensure that the composition of 
the specimen is not affected by the fluid that is infused into 
the patient. The fluid is shut off using the stopcock on the 
catheter, and 10mL of blood is aspirated through the 
stopcock and discarded before the specimen for analysis is 
withdrawn. Blood properly collected from a central venous 
catheter and compared with blood drawn from a peripheral 
vein at the same time shows notable differences in compo- 
sition. A comparison of arterial blood with central and 
peripheral venous blood is illustrated in Table 2-5. 

Blood may be collected from the veins of an arm below 
an intravenous line without interference from the fluid being 
infused, because retrograde blood flow does not occur in the 
veins, and the fluid that is infused must first circulate 
through the heart and return to the tissue before it reaches 
the sampling site. 


Hemolysis 

Hemolysis is defined as the disruption of the red cell mem- 
brane and results in the release of hemoglobin. Serum shows 
visual evidence of hemolysis when the hemoglobin concen- 
tration exceeds 200 mg/L. Slight hemolysis has little effect on 
most test values. Severe hemolysis causes a slight dilutional 
effect on those constituents present at a lower concentration 
in the erythrocytes than in plasma. However, a notable effect 
may be observed on those constituents that are present at a 
higher concentration in erythrocytes other than in plasma, 
Thus plasma activities or concentrations of aldolase, total 
acid phosphatase, lactate dehydrogenase, isocitrate dehydro- 


genase, potassium, magnesium, and phosphate are particu- 
larly increased by hemolysis. The inorganic phosphate in 
serum increases rapidly as the organic esters in the cells are 
hydrolyzed. Aspartate aminotransferase activity is increased 
by 2% for each 100 mg of hemoglobin per liter. One hundred 
milligrams hemoglobin per liter increases serum lactate 
dehydrogenase activity by 10% and serum potassium con- 
centration by 0.6%. An additional band caused by hemoglo- 
bin may be observed on serum protein electrophoresis. 

Although the amount of free hemoglobin could be mea- 
sured and a calculation made to correct test values affected 
by hemoglobin,’ this practice is undesirable because factors 
other than hemoglobin could contribute to the altered test 
values, and it would be impossible to assess their impact. 
Hemolysis may affect many unblanked or inadequately 
blanked analytical methods.” 


URINE 


The type of urine specimen to be collected is dictated by the 
tests to be performed. Untimed or random specimens are 
suitable for only a few chemical tests; usually, urine speci- 
mens must be collected over a predetermined interval of 
time, such as 1, 4, or 24 hours. A clean, early morning, fasting 
specimen is usually the most concentrated specimen and thus 
is preferred for microscopic examinations and for the detec- 
tion of abnormal amounts of constituents, such as proteins, 
or of unusual compounds, such as chorionic gonadotropin. 
The clean timed specimen is one obtained at specific times of 
the day or during certain phases of the act of micturition. 
Bacterial examination of the first 10mL of urine voided is 
most appropriate to detect urethritis, whereas the midstream 
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specimen is best for investigating bladder disorders. The 
double-voided specimen is the urine excreted during a timed. 
period after a complete emptying of the bladder; it is used, 
for example, to assess glucose excretion during a glucose tol- 
erance test. Its collection must be timed in relation to the 
ingestion of glucose. Similarly, in some metabolic disorders, 
urine must be collected during or immediately after symp- 
toms of the disease appear (see Chapter 32 on porphyrins). 

When they are to be tested for their alcohol and drugs of 
abuse content, urine specimens are collected under rigorous 
conditions requiring chain of custody documentation. (See 
Chapter 34 for details of such a collection.) 

Catheter specimens are used for microbiological exami- 
nation in critically ill patients or in those with urinary tract 
obstruction but should not normally be obtained just for 
examination of chemical constituents. The suprapubic tap 
specimen is a useful alternative, because the tap is unlikely to 
cause infection. After appropriate cleaning of the skin over 
the full bladder, a 22-gauge spinal needle is passed through 
a small wheal made by a local anesthetic. The bladder is pen- 
etrated and the urine withdrawn into the syringe. 

Even though tests in the clinical laboratory are not usually 
affected by lack of sterile collection procedures, the patient’s 
genitalia should be cleaned before each voiding to minimize 
the transfer of surface bacteria to the urine. Cleansing is 
essential if the true concentration of white cells is to be 
obtained. Details of collection of urine specimens are con- 
tained in an NCCLS guideline.“ 


Timed Urine Specimens 

The collection period for timed specimens should be long 
enough to minimize the influence of short-term biological 
variations. When specimens are to be collected over a spec- 
ified period of time, the patient’s close adherence to instruc- 
tions is important. The bladder must be emptied at the time 
the collection is to begin, and this urine is discarded. There- 
after all urine must be collected until the end of the sched- 
uled time. If a patient has a bowel movement during the 
collection period, precautions should be taken to prevent 
fecal contamination. If a collection has to be made over 
several hours, urine should be passed into a separate con- 
tainer at each voiding and then emptied into a larger con- 
tainer for the complete specimen. This two-step procedure 
prevents the danger of a patient’s splashing himself or herself 
with a preservative, such as acid. The large container should 
be stored at 4°C in a refrigerator during the entire collection 
period, 

Before beginning a timed collection, a patient should be 
given written instructions with regard to diet or drug inges- 
tion if appropriate to avoid interference of ingested com- 
pounds with analytical procedures. Thus instructions for 
collection of specimens for 5-hydroxyindoleacetic acid mea- 
surements should specify avoidance of avocados, bananas, 
plums, walnuts, pineapples, eggplant, acetaminophen, and 
cough syrups containing glyceryl guaiacolate (guaifenesin). 
The dietary components are sources of 5-hydroxytrypta- 


mine and should be avoided for this reason; the other com- 
pounds interfere with certain analytical procedures but may 
not interfere with highly specific analytical methods. The 
staff of each laboratory should determine its own require- 
ments. See also specimen information for specific analytes in 
the respective chapters. 

For 2-hour specimens, a prelabeled 1-L bottle is generally 
adequate. For a 12-hour collection, a 2-L bottle usually suf- 
fices; for a 24-hour collection, a 3- or 4-L bottle is appro- 
priate for most patients. A single bottle allows adequate 
mixing of the specimen and prevents possible loss of some 
of the specimen if a second container does not reach the lab- 
oratory. Urine should not be collected at the same time for 
two or more tests requiring different preservatives. Aliquots 
for an analysis such as a microscopic examination should not 
be removed while a 24-hour collection is in process. Removal 
of aliquots is not permissible even when the volume removed 
is measured and corrected because the excretion of most 
compounds varies throughout the day, and test results will 
be affected. Appropriate information regarding the collec- 
tion, including warnings with respect to handling of the 
specimen, should appear on the bottle label. 


Collection of Urine from Children 


Collection of a timed specimen from an infant is difficult, but 
fortunately such specimens are rarely required. The scrotal 
or perineal area is first cleaned and dried, and any natural or 
applied skin oils are removed. For an untimed specimen, a 
plastic bag (U-bag, Hollister Inc, Chicago IL; or Tink-Col, 
C.R. Bard, Inc, Murray Hill, NJ) is placed around the infant’s 
genitalia and left in place until urine has been voided. 

A metabolic bed is used to collect timed specimens from 
infants. The infant lies on a fine screen above a funnel- 
shaped base containing a drain under which a container is 
placed to receive urine. The fine screen retains fecal mater- 
ial. Nevertheless, the urine is likely to be contaminated, to 
some extent, by such material. 

To obtain a sterile urine specimen for culture from an 
infant, a suprapubic tap is performed. The collection of 
specimens from older children is done as in adults, using 
assistance from a parent when this is necessary. 


Urine Preservatives 


The most common preservatives and the tests for which the 
preservatives are required are listed in Table 2-6. Preserva- 
tives have different roles but are usually added to reduce 
bacterial action or chemical decomposition or to solubilize 
constituents that might otherwise precipitate out of solu- 
tion. Another application is to decrease atmospheric oxida- 
tion of unstable compounds. Some specimens should not 
have any preservatives added because of the possibility of 
interference with analytical methods. 

One of the most acceptable forms of preservation of urine 
specimens is refrigeration immediately after collection; it is 
even more successful when combined with chemical preser- 
vation. Urinary preservative tablets that contain a mixture of 
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TABLE 2-6 Commonly Used Urine Preservatives 


“Glacial 
i AEA ien Acetic 
Analyte: =: None 

Aldosterone 2-0. o ie X X 
Amino acids... DMs ee ne 
5-Aminolevulinic acid oe eee) 
Calcium. ` ee MO ne eee 
Catecholamine STR i R REY ee 
‘Citrate. : E eres 
Copper. ae Rae ee a 
¿Cortisol (free) X bake Aaa 
Cystine: ; Ko ` Beil y 
BEG X 
:Homogentisic acid X A 
‘Homovyanillic acid e A R a 
: 5 -Hydroxyindoleacetic 
ys acid :. 
aooe et ike aati eg 
17-Ketosteroids .. ee Ree 
Magnesium. A N A Ae 
Mercury. D hae 
Metanephrines 0 osda X 
Nitrogen Ps 
Osmolality. . 
Oxalate... 
Porphyrins. E A anes 
Pregnanetriol o sor aa s whet ies IA X 
‘Urobilinogen. KX. 


Pe ir 


bd 


Vanillylmandelic acid u ay ou X aie 


Zinc: X 


hCG, Human chorionic gonadotropin. 


chemicals, such as potassium acid phosphate, sodium 
benzoate, benzoic acid, hexamethylene tetramine, sodium 
bicarbonate, and mercuric oxide (Starplex Scientific, Inc, 
www.starplexscientific.com), have been used for chemical 
and microscopic examination. Because these tablets contain 
sodium and potassium salts among others, they should not 
be used for analysis of these analytes. The preservative tablets 
act mainly by lowering the pH of the urine and by releasing 
formaldehyde. Formalin has also been used for preserving 
specimens, but in large amounts it precipitates urea and 
inhibits certain reactions (e.g., the dipstick esterase test for 
leukocytes). Acidification to below pH 3 is widely used to 
preserve 24-hour specimens and is particularly useful for 
specimens for calcium, steroids, and vanillylmandelic acid 
(VMA) determinations (10mL HCl, 6 mol/L, per 24-hour 
excretion). However, precipitation of urates will occur, 
thereby rendering a specimen unsuitable for measurement 
of uric acid. 
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Sulfamic acid (10 g/L urine) has also been used to reduce 
pH. Boric acid (5mg/30mL) has been used, but it too causes 
precipitation of urates. Although thymol and chloroform were 
widely used in the past to preserve specimens for chemical 
and microscopic urinalysis, it is now recognized that speci- 
mens for these tests should be analyzed immediately, and 
that the addition of preservatives is both largely ineffective 
and a source of interference with several analytical methods. 
Toluene is the only organic solvent that is still used as a 
preservative. When present in a large enough amount, it acts 
as a barrier between the air and the surface of the specimen. 
Toluene, however, does not prevent the growth of anaerobic 
microorganisms and, because of its flammable nature, is a 
safety hazard. A mild base, such as sodium bicarbonate or a 
small amount of sodium hydroxide (NaOH), is used to pre- 
serve porphyrins, urobilinogen, and uric acid. A sufficient 
quantity should be added to adjust the P to between 8 
and 9. 
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When a timed collection is complete, the specimen 
should be delivered without delay to the clinical laboratory, 
where the volume should be measured. This may be done by 
using graduated cylinders or by weighing the container and 
urine when preweighed or uniform containers are used. The 
mass in grams may be reported as if it were the volume in 
milliliters. There is rarely a need to measure the specific 
gravity of a weighed specimen because errors in analysis 
usually exceed the error arising from failure to correct the 
volume of urine for its mass. Nevertheless, it is relatively easy 
to apply a simple mathematical correction based on an 
average specific gravity or to measure the specific gravity and 
to derive a correct volume for each specimen. 

Before a specimen is transferred into small containers for 
each of the ordered tests, it must be thoroughly mixed to 
ensure homogeneity because the specific gravity, volume, 
and composition of the urine may all vary throughout the 
collection period. The small container into which an aliquot 
is transferred should not be a plastic bottle if toluene or 
another organic compound has been used as a preservative; 
metal-free containers must be used for trace metal analyses. 


FECES 


Small aliquots of feces are frequently analyzed to detect the 
presence of “hidden” blood, so-called occult blood, which is 
recognized as one of the most effective clues to the presence 
of a bleeding ulcer or malignant disease in the gastrointesti- 
nal tract. The utility of screening for occult blood is that it 
is included as part of many periodic health examinations. 
Tests for occult blood should be done on aliquots of excreted 
stools rather than on material obtained on the glove of a 
physician doing a rectal examination, because this procedure 
may cause enough bleeding to produce a positive result. In 
other instances, the small amount of stool present on the 
glove may not be representative of the whole, so that bleed- 
ing may not be recognized. Patients have even been encour- 
aged to recover, by means of a spatula, small parts of feces 
that have been excreted into a toilet bowl and apply them 
directly to the reagent-impregnated slides used for the detec- 
tion of blood. These specimens are then mailed or delivered 
to a laboratory for analysis (see also Chapter 48). 

Feces from children may be screened for tryptic activity 
to detect cystic fibrosis. In the infant, fecal material for these 
tests is usually recovered from the child’s diaper. See Chapter 
21 for a discussion of the measurement of trypsin in feces. 

In adults, measurement of fecal nitrogen and fat in 72- 
hour specimens is used to assess the severity of malabsorp- 
tion; measurement of fecal porphyrins is occasionally 
required to characterize the type of porphyria (see Chapter 
32).Usually, no preservative is added to the feces, but the 
container should be kept refrigerated throughout the collec- 
tion period and care should be taken to prevent contamina- 
tion from urine. When the collection is complete, the 
container and feces are weighed, and the mass of excreted 
feces is calculated. The specimen is homogenized and 
aliquotted so that the amount of fat or nitrogen excreted per 


day and the proportion of dietary intake excreted can be 
calculated. 

For metabolic balance studies, collections of stool are 
usually made over a 72-hour period. Many balance studies 
are carried out in conjunction with research on the metab- 
olism of such elements as calcium. It is important for such 
studies that a patient be on a controlled diet for a sufficiently 
long time before the commencement of the study, so that a 
steady state has been attained. 


SPINAL FLUID 


Spinal fluid is normally obtained from the lumbar region, 
although a physician may occasionally request analysis of 
fluid obtained during surgery from the cervical region or 
from a cistern or ventricle of the brain. Spinal fluid is exam- 
ined when there is a question as to the presence of a cere- 
brovascular accident, meningitis, demyelinating disease, or 
meningeal involvement in malignant disease. Lumbar punc- 
tures should always be performed by a physician. The physi- 
cian thoroughly cleans the skin of the lumbar region below 
the termination of the spinal cord where the cauda equina 
goes through the spinal canal. He or she makes a small bleb 
in the skin over the space between the third and fourth or 
fourth and fifth lumbar vertebrae with 2% procaine and then 
introduces a spinal needle (22-gauge, 3.5 inches [9 cm] long) 
through the bleb into the spinal canal. He or she measures 
the pressure with a manometer and then allows 3 to 4mL of 
fluid to drip into plain tubes. The tubes should be sterile, 
especially if microbiological tests are required. Because the 
initial specimen may be contaminated by tissue debris or 
skin bacteria, the first tube should be used for chemical or 
serological tests, the second for microbiological tests, and the 
third for microscopic and cytological examination. The same 
procedure is used for infants and children, but the volume 
of fluid withdrawn should be the minimum for the 
requested tests. 

Up to 20mL of spinal fluid can be safely removed from 
an adult, although this amount is not usually required. 
Antiglycolytic agents usually are not added to the tube for 
glucose measurement; rapid processing of specimens, a clin- 
ical requirement for tests on spinal fluid, ensures that little 
metabolism of glucose occurs even in the presence of many 
bacteria. To allow proper interpretation of spinal fluid 
glucose values, a simultaneous blood specimen should be 
obtained. 


SYNOVIAL FLUID 

The technique of obtaining synovial fluid for examination 
is called arthrocentesis. Synovial fluid is withdrawn from 
joints to aid characterization of the type of arthritis and to 
differentiate noninflammatory effusions from inflammatory 
fluids. Normally, only a very small amount of fluid is present 
in any joint, but this volume is usually very much increased. 
in the presence of inflammatory conditions. Arthrocentesis 
should be performed by a physician using sterile procedures, 
and the technique must be modified from joint to joint 
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depending on the anatomical location and size of the joint. 
The skin over the joint is cleaned with an antiseptic, such as 
iodine, and then anesthetized with an agent like ethyl chlo- 
ride, A needle of appropriate size is introduced into the joint 
and the required amount of fluid aspirated into the syringe. 
The physician should establish priorities for the tests to be 
performed in case the available volume is insufficient for all 
tests. Sterile plain tubes should be used for culture and for 
glucose and protein measurements; an EDTA tube is neces- 
sary for a total leukocyte, differential, and erythrocyte count. 
Microscopic slides are prepared. for staining with Gram’s or 
other stains indicated and for visual inspection. 


AMNIOTIC FLUID (AMNIOCENTESIS) 

Amniocentesis is performed by a physician for prenatal diag- 
nosis of congenital disorders, to assess fetal maturity, or to 
look for Rh isoimmunization or intrauterine infection. 
Although ultrasound is not essential, amniocentesis is best 
performed with its assistance to aid localization of the pla- 
centa and to determine the presentation of the fetus. The 
best sites for obtaining amniotic fluid are behind the neck of 
the fetus, below its head, or from other unoccupied areas of 
the amniotic cavity. 

The skin is cleaned and anesthetized as for other similar 
procedures, and 10mL of fluid is aspirated into a syringe 
connected to the spinal needle that is typically used. Sterile 
containers such as polypropylene test tubes or urine cups 
are used to transport the fluid to the laboratory. If a speci- 
men is for the determination of the lecithin-sphingomyelin 
(L/S) ratio, the container is immediately placed in ice; if it 
is for spectrophotometric analysis, the specimen should 
be transferred to a brown tube or bottle to prevent pho- 
todegradation of bilirubin. Alternatively the specimen con- 
tainer may be wrapped in aluminum foil. 

There are few complications from amniocentesis. Occa- 
sionally a bloody tap is made. The blood may come from the 
uterine wall, the placenta, or even the fetus, Determination 
of fetal hemoglobin can be used to help ascertain the source 
if it is important to do so. 


PLEURAL, PERICARDIAL, AND ASCITIC FLUIDS 


The pleural, pericardial, and peritoneal cavities normally 
contain a small amount of serous fluid that lubricates the 
opposing parietal and visceral membrane surfaces. Inflam- 
mation or infections affecting the cavities cause fluid to 
accumulate. The fluid may be removed to determine if it is 
an effusion or an exudate, a distinction made possible by 
protein or enzyme analysis. The collection procedure is 
called paracentesis. When specifically applied to the pleural 
cavity, the procedure is a thoracentesis; if applied to the peri- 
cardial cavity, a pericardiocentesis. Paracenteses should 
be performed only by skilled and experienced physicians. 
Pericardiocentesis has now been largely supplanted by 
echocardiography. 

The skin over the intended puncture site should be 
cleaned with 70% isopropanol and then allowed to dry in 


the air. A spinal needle is then inserted into the body cavity 
through a small bleb in the skin raised by injection of a local 
anesthetic. Fluid is then withdrawn by a syringe and trans- 
ferred to appropriate tubes for analysis. Paracentesis is rarely 
associated with complications. Occasionally, blood-stained 
fluid is obtained because of puncture of a small blood vessel. 
If adhesions are present between the intestine and abdomi- 
nal wall, a part of the intestine could be perforated by a peri- 
toneal tap. With a thoracentesis, pneumothorax and 
bronchopleural fistulas are potential complications. 


SALIVA 


Although measurements of concentrations of certain ana- 
lytes in saliva have been advocated, the clinical application 
of methods using saliva has been limited. Exceptions are the 
measurement of blood group substances to determine secre- 
tor status and the genotype. Measurement of a drug in saliva 
(see Chapter 34) has been suggested to estimate the free, 
pharmacologically active concentration of the drug in 
serum. There is, however, a considerable difference in pH 
between saliva and serum, and ratios of bound-free drug 
would not be the same. Fortunately, ultrafiltration tech- 
niques are now available that facilitate the processing of 
serum for free drug analysis. 

Several slightly different techniques have been devised for 
the collection of saliva. Usually an individual is asked to rinse 
out his or her mouth with water and then chew an inert 
material, such as a piece of rubber or paraffin wax, from 30 
seconds to several minutes. The first mouthful of saliva is 
discarded; thereafter the saliva is collected into a small glass 
bottle. 


SWABS 


Although most commonly used for collection of specimens 
for microbiological testing, swabs are sometimes used to 
collect epithelial cells of the cheek for molecular genetics 
testing. A sterile Dacron or rayon swab with a plastic shaft is 
preferred because calcium alginate swabs or swabs with 
wooden sticks may contain substances that inhibit PCR- 
based testing. After collection, the swab may be stored in an 
air-tight plastic container or immersed in liquid, such as 
phosphate-buffered saline (PBS) or viral transport medium. 


SOLID TISSUE 


The solid tissue most often analyzed in the clinical labora- 
tory is malignant tissue from the breast for estrogen and 
progesterone receptors. During surgery, at least 0.5 to 1g 
tissue should be removed and trimmed of fat and nontumor 
material. The tissue should be quickly frozen, preferably in 
liquid nitrogen or in a mixture of dry ice and alcohol. The 
time between collection and freezing should be less than 20 
minutes, A histological section should always be examined 
at the time of analysis of the specimen to confirm that the 
specimen is indeed malignant tissue. The same procedure 
may be used to obtain and prepare solid tissue for toxico- 
logical analysis; however, when trace element determinations 
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are to be made, all materials used in the collection or han- 
dling of the tissue should be made of plastic or materials 
known to be free of contaminating trace elements (see also 
Chapter 30). 


HAIR AND FINGER NAILS 

Hair and finger or toe nails have been used for trace metal 
analyses. However, collection procedures have been poorly 
standardized, and quantitative measurements are better 
obtained on blood or urine. Hair specimens have also been 
analyzed for their drug content (see Chapter 34). 


HANDLING OF SPECIMENS FOR TESTING 
MAINTENANCE OF SPECIMEN [DENTIFICATION 


Valid test results require a representative, properly collected, 
and properly preserved specimen. Proper identification of 
the specimen must be maintained (see Chapter 11 for dis- 
cussion on the use of bar codes to identify specimens). Every 
specimen container must be adequately labeled even if the 
specimen must be placed in ice or if the container is so small 
that a label cannot be placed along the tube, as might happen 
with a capillary blood tube. Direct labeling of a capillary 
blood tube by folding the label like a flag around the tube is 
preferred; a less satisfactory alternative is to label a larger 
container into which the capillary tube can be placed. For 
small volumes of urine submitted in a screw-cap urine cup 
and any specimen submitted in a screw-cap test tube or cup, 
the label should be placed on the cup or tube directly, not 
to the cap. The minimum information on a label should 
include a patient’s name, location, identifying number, and 
the date and time of collection. All labels should conform to 
the laboratory’s stated requirements to facilitate proper pro- 
cessing of specimens. No specific labeling should be attached 
on specimens from patients with infectious diseases to 
suggest that these specimens should be handled with special 
care. All specimens should be treated as if they are poten- 
tially infectious. However, labels suggesting special handling 
for other purposes are sometimes indicated. 


PRESERVATION OF SPECIMENS IN TRANSIT 


Although delays of a specimen in transit from a patient in a 
hospital to the laboratory are usually short, the time elaps- 
ing from the separation of serum and cells until analysis may 
be considerable. The specimen must be properly treated both 
during its transport to the laboratory and from the time the 
serum has been separated until it is analyzed. For some tests, 
specimens must be kept at 4°C from the time the blood is 
drawn until the specimens are analyzed, or until the serum 
or plasma is separated from the cells. Examples are speci- 
mens for ammonia and blood gas determinations, such as 
PCO), PO,, and blood pH (see Chapter 27). Transfer of these 
specimens to the laboratory must be done by placing the 
specimen container in ice water. Specimens for acid phos- 
phatase, lactate and pyruvate, and certain hormone tests 
(e.g., gastrin and renin activity) should be treated the same 
way. A notable decrease in pyruvate and increase in lactate 
concentration occurs within a few minutes at ambient tem- 
perature (see Chapter 25). 

For all test constituents that are thermally labile, serum 
and plasma should be separated from cells in a refrigerated 
centrifuge. Specimens for bilirubin or carotene and some 
drugs, such as methotrexate, must be protected from 
both daylight and fluorescent light to prevent photodegra- 
dation. Some special handling requirements are listed in 
Table 2-7. 

Although transport of specimens from the patient to the 
clinical laboratory is often done by messenger, pneumatic 
tube systems have been used to move the specimens more 
rapidly over long distances within the hospital. Hemolysis 
may occur in these systems unless the tubes are completely 
filled and movement of the blood tubes inside the specimen 
carrier is prevented.” The pneumatic tube system should be 
designed to eliminate sharp curves and sudden stops of the 
specimen carriers, because these factors are responsible for 
much of the hemolysis that may occur. With many systems, 
however, the plasma hemoglobin concentration may be 
increased, and the serum activity of red cell enzymes, such 
as lactate dehydrogenase, may also be increased. Nonethe- 


TABLE 2-7 Selected Blood Constituents Requiring Special Collection and Storage Conditions* 


Constituent 


S-Acetone, acetoacetate™ . 
S-Acid phosphatase 
~P-ACTH (corticotropin) 

S-Alcohol ~ 
S-Aldolase <77 > 
SBS- Aldosterone. 
P- -Amino. acids. 
-§-Androstenedione 
a S-Ascorbic acid 
‘S-Barbiturates 
_S-Bile acids 


Anticoagulant 


Heparin, 0.2 g/L 


Handling Requirements 


. Freeze; stopper 

Add citrate (10 g/L); freeze 
Freeze within 15min of collection - oo 
Add NaF (10g/L) to serum 5 l 
Freeze : 


eg rs 3 <i Add boric acid Oso or freeze. 
Pee Heparin, 0.2 g/L, 


Freeze. EEE 


Draw, ‘sample i in AM (0000 1200 hr) 
ee Freeze 
“Do not use fee 

‘Freeze 
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TABLE 2-7 Continued 


Constituent a 


S-C-peptide 
S-Calcitonin 
P-Carcinoembryonic antigen (CEA) 
B-Cholinesterase | 
S-Citric acid 0 
S-Complement 
P-Cortisol ~ 
5-C reatine _ 
S- Creatine kinase isoenzymes 
S- Creatinine 
` S-Cryoglobulins 
-P-11-Deoxycortisol 
BS-Digitoxin 
S-Digoxin 
-P-Estradiol 
P-Fatty acids (free and esterified) 
P-Fibrinogen 
'S,B-Fluoride 
P-Folate (tetrahydrofolate) 
B-Galactose ` 
S-Gastrin = l es 
B-Glucose-6- phosphate Pees 
P-HDL-cholesterol `- 
B-Hemoglobins (for quantitation 
and electrophoresis) _ l 
S-Histidine 
S-17- Hydroxyprogesterone 
S-Insulin | l 
S-Isocitrate ‘dehydrogenase 
B-Lactate 


“B-Lead 

‘S-Lipoprotein phenotyping 
-S-Lysozyme 

-§-Magnesium 

-§-Parathyroid hormone (PTH) 
“S-Pepsinogen 

<S: -Placental lactogen 

-§-Prolactin 

i< -Pri taglandin Boy 
PP ridoxal phosphate (vitamin Be). 


P- Renin 
$-Vitamin A 
SZince 


Anticoagulant 


Handling Requirements 


EDTA, 2g/L 
Heparin, 0.2 g/L 


‘Heparin, 0.2g/L. - 


Heparin, 0.2g/L 


‘Heparin, 0.2 g/L 


Heparin, 0.2 ¢/L 


__ Citrate, ~4g/L 


ipa a Heparin, 0.2g/L 


EDTA, 2g/L 
EDTA, 2g/L 
EDTA, 2g/L 


Heparin, 0.2g/L ` 


Draw from fasting patient, freeze. 
Freeze 


Freeze 
Freeze . 
Separate immediately 
Freeze 


-Freeze 
© Freeze `> 
= Keep above 20°C 
Separate immediately. 
_.. Draw.6-12 hr postadministration 
„Draw. 8 hr postadministration 
_ Freeze. 
=. ‘Freeze. , 
Do! not use heparin 
Do not collect i in Blass container. 


Freeze... paces 
NaF (10 g/L) added with i 
Collect from fasting patient; freeze 


Collected after 12-14hr fast, freeze 


Freeze 

Draw. between 0900 and L100 hr 
Collect from fasting Patient freeze 
Freeze. 


Immediately, dilute seh an equal volume of 5% (50 g/l) : 


perchloric acid, shake and mix 


i Collect i in. lead- free tube containing herni. 
Freeze. roe 

Freeze. o 

- Separate immediately 


“os Freeze ` 
oai Breeze. neni 
s Breeze oin 


EDTA 2g 


EDTA, 2g/L 


: Breezes E 
1i Freeze.: >. i 


Protect on E : 
Immediately, dilute ‘with < an equal volume of 5% E be < 
perchloric acid, shake end miii Anene nii 
Chill:during collection, centrifugation ni n S : g S 

Protect from light ie soe ee ae 
Use. only acid-washed glass, prevent hemolysis. 


From Winsten S, Gordesky SE: Transportation of specimens. In: Selected methods of clinical chemistry. Vol. 9. Faulkner WR, Ed. Washington, DC, AACC 


Press, 1982:11-15. 


P, Plasma; S, serum; B, whole blood; EDTA, ethylenediaminetetraacetate. 
*All specimens listed, except those to be assayed for cryoglobulins, should be transported at temperatures below 15°C, except as noted. 

tA sealable styrofoam container with “freezer packs” is usually sufficient to keep specimen frozen for 12br. Solid CO; is necessary for longer periods. 
There is some question as to whether this constituent remains stable even with this procedure. 
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less, the amount of hemolysis is usually so small that it can 
be ignored. In special cases, such as in a patient undergoing 
chemotherapy whose cells are fragile, samples should be cen- 
trifuged before being placed in the pneumatic tube system 
or identified as “messenger delivery only.” 

For specimens that are collected in a remote facility with 
infrequent transportation by courier to a central laboratory, 
proper specimen processing must be done in the remote 
facility so that appropriately separated and preserved plasma 
or serum is delivered to the laboratory. This necessitates that 
the remote facility has ready access to all commonly used 
preservatives and wet ice. 


SEPARATION AND STORAGE OF SPECIMENS 


Plasma or serum should be separated from cells as soon as 
possible and certainly within 2 hours, Premature separation 
of serum, however, may permit continued formation of 
fibrin and lead to obstruction of sample probes in testing 
equipment. Coagulation in plain or silicone-coated glass 
tubes is usually complete in 20 to 30 minutes but is pro- 
longed in plastic containers. If it is impossible to centrifuge 
a blood specimen within 2 hours, the specimen should be 
held at room temperature rather than at 4°C to decrease 
hemolysis. If the specimens cannot be analyzed at once, the 
separated serum should usually be stored in capped tubes at 
4°C until analysis, both to maintain stability of the specimen 
and to reduce evaporation. If a specimen for a particular test 
is sufficiently unstable at 4°C, the serum specimen should be 
held at —20°C in a freezer capable of maintaining this tem- 
perature. Frost-free freezers should be avoided because they 
have a wide temperature swing during the freeze-thaw cycle. 
Note, however, that 4°C or —20°C is not the optimum 
storage temperature for all tests; some lactate dehydrogenase 
isoenzymes, for instance, are more stable at room tempera- 
ture than at 4°C. Although changes in concentration of test 
constituents have been observed when serum is stored in a 
serum separator tube in a refrigerator for 24 hours, the 
changes do not appear to be large enough to be of clinical 
significance, 

Specimen tubes should be centrifuged with stoppers in 
place. Closure reduces evaporation, which occurs rapidly in 
a warm centrifuge with the air currents set up by centrifu- 
gation. Stoppers also prevent aerosolization of infectious 
particles. Specimen tubes containing volatiles, such as 
ethanol, must be stoppered while they are spun. Centrifug- 
ing specimens with the stopper in place maintains anaero- 
bic conditions, which are important in the measurement of 
carbon dioxide and ionized calcium. Removal of the stopper 
before centrifugation allows loss of carbon dioxide and an 
increase in blood pH. Control of pH is especially important 
for the enzymatic measurement of acid phosphatase, which 
is labile under alkaline conditions engendered by CO, loss. 
Indeed, once the serum is separated for acid phosphatase 
tests, a tablet of disodium citrate should be added to stabi- 
lize the pH at about 6.2. 


TRANSPORT OF SPECIMENS 


Before a referral laboratory is used for any tests, the quality 
of its work should be verified by the referring laboratory. 
Guidelines for selection and evaluation of a referral labora- 
tory have been published. The specimen handling require- 
ments of the referral laboratory must be observed, and test 
results reported by a referral laboratory must be identified 
as such when they are filed in a patient's chart. 

It should be assumed that transport from a referring 
laboratory to a referral laboratory may take as long as 
72 hours. Under optimal conditions, a referring laboratory 
should retain enough specimen for retesting should an 
unanticipated problem arise during shipment. The tube 
used for holding a specimen (primary container) should 
be so constructed that the contents do not escape if the 
container is exposed to extremes of heat, cold, or sunlight." 
Reduced pressure of 0.50 atmosphere (50kPa) may be 
encountered during air transportation, together with vibra- 
tion, and specimens should be protected by a suitable 
container from these adverse conditions. Variability of tem- 
perature is a significant factor in causing instability of test 
constituents.” 

Polypropylene and polyethylene containers are usually 
suitable for specimen transport. Glass should be avoided 
because of its tendency to break. Polystyrene is also unsuit- 
able because it may crack when frozen. The containers must 
be leak proof and should have a Teflon-lined screw cap that 
does not loosen under the variety of temperatures to which 
the container may be exposed. The materials of both stopper 
and container must be inert and must not have any effect on 
the concentration of the analyte. 

The shipping or secondary container used to hold one or 
more specimen tubes or bottles must be constructed to 
prevent the tubes from knocking against each other. Corru- 
gated, fiberboard, or styrofoam boxes designed to fit around 
a single specimen tube may be used. A padded shipping 
envelope provides adequate protection for shipping single 
specimens. When specimens ate shipped as drops of blood 
on filter paper (e.g. for neonatal screening), the paper 
should be enclosed in a plastic bag that then can be mailed 
in a regular envelope. 

For transportation of frozen or refrigerated specimens, a 
styrofoam container should be used. The container walls 
should be 1 inch (2.5cm) thick to provide effective insula- 
tion. The container should be vented to prevent buildup of 
carbon dioxide under pressure and a possible explosion. 
Solid carbon dioxide (dry ice) is the most convenient refrig- 
erant material for keeping specimens frozen, and tempera- 
tures as low as —70°C can be achieved. The amount of dry 
ice required in a container depends on the size of the con- 
tainer and the efficiency of its insulation and the time for 
which the specimens must be kept frozen. One piece of solid 
dry ice (about 3 inches x 4 inches x 1 inch) in a container 
with 1-inch styrofoam walls and a volume of 125 cubic 
inches (2000cm’) will maintain a single specimen frozen for 
48 hours. 
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Various laws and regulations apply to the shipment of 
biological specimens. Although they theoretically apply only 
to etiological agents (known infectious agents), all speci- 
mens should be transported as if the same regulations 
applied.” Airlines have rigid regulations covering the trans- 
port of specimens. The airlines deem dry ice a hazardous 
material; therefore the transport of most clinical laboratory 
specimens is affected by the regulations. 

The various modes of transport of specimens influence 
the shipping time and cost. Priority mail service is usually 
adequate within the United States if a delay of up to 3 days 
is acceptable. Express mail service ensures delivery within 24 
hours, but it is available only between certain cities. Small- 
package service is available from many airlines, as is service 
by bus lines and train. 

The cost of specimen transport is often included in the 
fee of a referral laboratory for each test. Many referral labo- 
ratories either provide their own courier service or contract 
with large national companies to provide such services. 

The director of a referring laboratory has the responsi- 
bility to ensure that specimens will be adequately trans- 
ported to the referral laboratory. He or she should determine 
the benefits of different services and should keep in mind 
that the fastest service is usually the most expensive. He or 
she should also know that specimens should not be sent to 
a referral laboratory at the end of the week, because more 
delays in transit occur during weekends than during the 
working week and deterioration of specimens is more 
likely. 
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CHAPTER 3 


Optical Techniques* 


LJ. Kricka, D.Phil, EA.C.B., C.Chem., ER.S.C., 
ER.C.Path. 


any determinations made in the clinical laboratory 
Ñ j are based on measurements of radiant energy 
emitted, transmitted, absorbed, scattered, or re- 


flected under controlled conditions. The principles involved 
in such measurements are considered in this chapter. 


NATURE OF LIGHT 


Electromagnetic radiation includes radiant energy that 
extends from cosmic rays with wavelengths as short as 
10° nm up to radio waves longer than 1000 km. However, in 
this chapter the term light is used to describe radiant energy 
from the visible and ultraviolet portions of the spectrum 
(180 to 800 nm). 

The wavelength of light, the distance between two peaks 
as the light travels in a wavelike manner, is expressed 
in nanometers (nm) for wavelengths commonly used in 
photometry. Other units include: 


Inm = 1 millimicrons (mp) =10 Angstroms (A)=10° m 


In addition to possessing wavelength characteristics, light 
also has properties that indicate it is composed of discrete 
energy packets called photons. The relationship between 
the energy of photons and their frequency is given by the 
equation: 


E=lw (1) 


where E = energy in ergs, V = frequency of light in cycles per 
second, and h = Planck’s constant (6.62 x 10” erg seconds). 
The frequency of light (v) is related to the wavelength by an 
equation: 


(2) 


Pin 


*The author gratefully acknowledges the original contributions E 
by Dr. Merle A, Evenson and Dr. Thomas O. Tiffany, upon which 
portions of this chapter are based. 
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where c = speed of light in a vacuum (3 x 10° cm/s), and A 
= wavelength in centimeters. Combining equations (1) and 
(2) results in: 


he 
mrt (3) 

This equation shows that the energy of light is inversely 
proportional to the wavelength. For example, ultraviolet 
(UV) radiation at 200nm possesses greater energy than 
infrared (IR) radiation at 750 nm. 

The human eye responds to radiant energy with wave- 
lengths between about 380 and 750nm, but modern in- 
strumentation permits measurements at both shorter 
wavelength (UV) and longer wavelength (IR) portions of the 
spectrum. Sunlight, or light emitted from a tungsten fila- 
ment, is a mixture or spectrum of radiant energy of differ- 
ent wavelengths that the eye recognizes as “white.” Table 3-1 
shows approximate relationships between wavelengths and 
color characteristics for the UV, visible, and short IR por- 
tions of the spectrum. Thus a solution will appear green 
when viewed against white light if it transmits light maxi- 
mally between 500 and 580nm but absorbs light at other 
wavelengths. Similarly a solid object appears green if it 
reflects light in this region (500 to 580 nm) but absorbs light 
at other portions of the spectrum. In general, if we compare 
the intensity of light transmitted by a colored solution to that 
of a blank or reference solution over the entire spectrum, we 
obtain a typical spectral transmittance curve characteristic 
for that spectrum. Such curves are shown in Figure 3-1 for 
solutions of nickel sulfate (a) and potassium permanganate 
(b). Inspection of the curves should lead us to predict that 
the color of solution A is green because light is transmitted 
maximally near the green portion of the spectrum. Curve B, 
on the other hand, illustrates the spectrum of a solution that 
transmits light maximally in the blue, violet, and red por- 
tions of the spectrum. The eye recognizes this mixture of 
colors as purple. 
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Figure 3-1 Spectral transmittance curves of nickel sulfate (a) 
and potassium permanganate (b). Arbitrary concentrations, read 
versus water as a blank. (Beckman DB-G spectrophotometer.) 


TABLE 3-1- Ultraviolet; Visible; and. Short Infrared 
Spectrum Characteristics 


Region Name 


: Wavelength (nm) 


=<380 Ultraviolet! 

“380-440. Visible 

í Visible 
Visible: 
Visible: 
Visible: 
Visible 
Near-infrared: 

< Mid-infrared 

- Far-infrared 


620-750 
800-2500 

2500- 15,000 
15,000-1,000,000 


Not: visible 
Not:visible 
Not visible 


*Owing to the subjective nature of color, the wavelength intervals shown 
are only approximations. 

‘The ultraviolet (UV) portion of the spectrum is sometimes further 
divided into “near” UV (200-380nm) and “far” UV (<220 nm). This 
arbitrary distinction has a practical basis, becausé.silica used to make 
cuvets transmits light effectively at wavelengths 2220 nm. 


SPECTROPHOTOMETRY 


Photometry is defined as the measurement of light; spec- 
trophotometry is defined as the measurement of the intensity 
of light at selected wavelengths. Spectrophotometric analy- 
sis is a widely used method of quantitative and qualitative 
analysis in the chemical and biological sciences; it is accurate 
and sensitive. The method depends onthe light absorbing 
properties of either the substance or a derivative of the sub- 
stance being analyzed. The intensity of transmitted light 


E 7 p ~ 
re a g —— ip Reference 


Figure 3-2 Transmittance of light through sample and k 
reference cells. Transmittance of sample versus reference = T h 
R 
= intensity of incident light; ls = intensity of transmitted light for 
compound in solution; lg = intensity of transmitted light through 
reference cell. 


passing through a solution containing an absorbing sub- 
stance (chromogen) is decreased by the absorbed fraction. 
This fraction is then detected, measured, and used to relate 
the light transmitted or absorbed to concentration of the 
analyte in question. 


BASIC CONCEPTS 


Consider an incident light beam with intensity J, passing 
through a square cell containing a solution of a compound 
that absorbs light of a certain wavelength, A (Figure 3-2). 
Given that the intensity of the transmitted light beam I; is 
less than lo, the transmittance (T) of light is defined as: 


Io 


(4) 


A portion of the incident light, however, may be reflected 
by the surface of the cell or absorbed by the cell wall or 
solvent. To focus attention on the compound of interest, 
elimination of these factors is necessary. This is achieved 
using a reference cell identical to the sample cell, except that 
the compound of interest is omitted from the solvent in the 
reference cell. The transmittance (T) through this reference 
cell is I, divided by Jy the transmittance for the compound 
in solution then is defined as Is divided by Ir. In practice the 
reference cell is inserted and the instrument adjusted to an 
arbitrary scale reading of 100 (corresponding to 100% trans- 
mittance), after which the percent transmittance reading 
is made on the sample. As we increase the concentration 
of the compound in solution, we find that transmittance 
varies inversely and logarithmically with concentration. 
Consequently, it is more convenient to define a new term, 
absorbance (A), that will be directly proportional to con- 
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Figure 3-3 Absorbance and %T relationship. 


centration. Thus the amount of light absorbed (A) as the 
incident light passes through the sample is equivalent to 


I 
A= ~log* = —logT (5} 
R 


Analytically, the amount of light absorbed or transmitted 
is related mathematically to the concentration of the analyte 
in question by Beer’s law. 


Beer’s Law—Relationship between Transmittance, 
Absorbance, and Concentration 

Beer’s law (also known as the Beer-Lambert law) states that 
the concentration of a substance is directly proportional to 
the amount of light absorbed or inversely proportional to 
the logarithm of the transmitted light (Figure 3-3). Mathe- 
matically, Beer’s law is expressed as 


A = abe (6) 


where 

A = Absorbance 

a =Proportionality constant defined as absorptivity 

b =Light path in centimeters 

c =Concentration of the absorbing compound, usually 

expressed in grams per liter 

This equation forms the basis of quantitative analysis by 
absorption photometry. When b is 1 cm and c is expressed in 
moles per liter, the symbol € is substituted for the constant 
a. The value for £ is a constant for a given compound at a 
given wavelength under prescribed conditions of solvent, 
temperature, pH, etc., and is called the molar absorptivity. 
The nomenclature of spectrophotometry is summarized in 
Table 3-2. Values for £ are useful to characterize compounds, 
establish their purity, and compare sensitivities of measure- 
ments obtained on derivatives. Pure bilirubin, for example, 
when dissolved in chloroform at 25°C, has a molar absorp- 
tivity of 60,700 + 1600 at 453nm. The molecular weight 
of bilirubin is 584. Hence a solution containing 5mg/L 
(0.005 g/L) should have an absorbance of 


A = (60,700) x (1) x (0.005/ 584) =0.520 


TABLE 3-2 Spectrophotometry Nomenclature 


‘Name ii 


‘Symbol Definition 


Absorbance A 
Absorptivity a 
Molar absorptivit 

Path length 


: Transmittance 
Wavelength unit 
Absorption 


*I/Ip is the ratio of the intensity of transmitted light to incident light. 


The molar absorptivity of the complex between ferrous 
iron and s-tripyridyltriazine is 22600, whereas that with 
1,10-phenanthroline is 11000. Thus for a given concentra- 
tion of iron, s-tripyridyltriazine produces a complex with an 
absorbance about twice that of the complex with 1,10- 
phenanthroline. Consequently, s-tripyridyltriazine is a more 
sensitive reagent to use in the measurement of iron. 


Application of Beer’s Law 

In practice, the direct proportionality between absorbance 
and concentration must be established experimentally for a 
given instrument under specified conditions, Frequently a 
linear relationship exists up to a certain concentration or 
absorbance. When this relationship occurs, the solution is 
said to obey Beer’s law up to this point. Within this limita- 
tion, a calibration constant (K) may be derived and used to 
calculate the concentration of an unknown solution by com- 
parison with a calibrating solution. Rearranging equation 
(6) gives: : 


A ; 
== 7 
C=. (7) 
Therefore 
Ay _ Ag 
bici 7 boc2 (8) 


Because the light path (b) remains constant in a given 
method of analysis with a fixed cuvet size (b, = bz), Equation 
(8) then becomes 
Ay A A A, 
Sa o aS (9) 
ĉi C2 Ce Cu 
where subscripts c and u indicate the absorbance (A) and 
concentration (c) of calibrating and unknown solutions, 
respectively. 
Solving for the concentration of unknown 


Cu = Xe (10) 


E 
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or the equivalent expression 


—=A,K (11) 


where pre The value of the constant K is obtained 
C 
through measurement of the absorbance (A,) of a calibrator 


of known concentration (c,). 

Certain precautions must be observed with the use of 
such calibration constants. Under no circumstances should 
the constant be used when either the calibrator or unknown 
readings exceed the linear portion of the calibration curve, 
a condition when the curve no longer obeys Beer’s law. At 
least two and preferably more calibrators should be included 
in each series of determinations to permit direct compari- 
son of unknown with calibrator or to calculate the calibra- 
tion constant because variations in reagents, working 
conditions, cell diameters, and deterioration or changes in 
instruments may result in day-to-day changes of the 
absorbance value for the calibrator. A nonlinear calibration 
curve may be used if a sufficient number of calibrators of 
varying concentrations is included to cover the entire range 
encountered for readings on unknowns. 

In some cases a pure reference material may not be readily 
available, and constants may be provided that were obtained 
on pure materials and reported in the literature. In general, 
published. constants should be used only if the method is 
followed in detail and readings are made on a spectro- 
photometer capable of providing light of high spectral 
purity at a verified wavelength. Use of broader-band light 
sources usually leads to some decrease in absorbance. The 
absorbance of NADH at 340nm, for example, frequently is 
used as a reference for the determination of enzyme activity, 
based on a molar absorptivity of 6.22 x 10° (see Chapter 8). 
This value is acceptable only under the carefully controlled 
conditions previously described and should not be used 
unless these conditions are met. Published values for molar 
absorptivities and absorption coefficients should be used 
only as guidelines until they are verified by readings on pure 
reference materials for a given instrument. In addition, 
Beer’s law is followed only if the following conditions are 
met: 
°. Incident radiation on the substance of interest is 

monochromatic. 

* The solvent absorption is insignificant compared with the 
solute absorbance. 


P | 
C) netsa Se ewes eames, 


Light Entrance 
source slit 


Monochromator 


* The solute concentration is within given limits. 

+ An optical interferant is not present. 

e A chemical reaction does not occur between the molecule 
of interest and another solute or solvent molecule. 


INSTRUMENTATION 


Modern instruments isolate a narrow wavelength range of 
the spectrum for measurements. Those that use filters for 
this purpose are referred to as filter photometers; those that 
use prisms or gratings are called spectrophotometers. Spec- 
trophotometers are classified as being either single or 
double-beam. 

The major components of a single-beam spectrophotome- 
ter are shown schematically in Figure 3-4. In such an instru- 
ment, a beam of light is passed through a monochromator 
that isolates the desired region of the spectrum to be used 
for measurements. Slits are used to isolate a narrow beam of 
the light and improve its chromatic purity. The light next 
passes through an absorption cell (cuvet), where a portion 
of the radiant energy is absorbed, depending on the nature 
and concentration of the substance in the solution. Any light 
not absorbed is transmitted to a detector (photocell or pho- 
totube), which converts light energy to electrical energy that 
can be registered on a meter or recorder or digitally 
displayed. 

In operation, an opaque block is substituted for the cuvet, 
so that no light reaches the photocell, and the meter is 
adjusted to read 0% T; Next a cuvet containing a reagent 
blank is inserted and the meter is adjusted to read 100% T 
(zero absorbance). The composition of the reagent blank 
should be identical to that of calibrating or unknown solu- 
tions except for the substance to be measured. Calibrating 
solutions containing various known concentrations of the 
substance are inserted, and readings are recorded. Finally, a 
reading is made of the unknown solution, and its concen- 
tration is determined by comparison with the readings 
obtained on the calibrators. In most spectrophotometers, 
digital hardware and software are integral components and 
perform these functions automatically. 

Figure 3-5 illustrates schematically a typical double- 
beam-in-space system in which all components are dupli- 
cated except the light source. Another approach is a 
double-beam-in-time instrument that uses a light-beam 
chopper (a rotating wheel with alternate silvered sections 
and cutout sections) inserted after the exit slit (Figure 3-6). 
A system of mirrors passes the portions of the light reflected 


Exit Cuvet Detector Meter 


slit 


Figure 3-4 Major components of a single-beam spectrophotometer. 
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off the chopper alternately through the sample and a refer- 
ence cuvet onto a common detector. The chopped-beam 
approach, using one detector, compensates for light source 
variation and for sensitivity changes of the detector. 


Components 


The basic components of a spectrophotometer include (1) a 
light source; (2) a means to isolate light of a desired wave- 
length; (3) fiber optics; (4) cuvets; (5) a photodetector; (6) a 
readout device; (7) a recorder; and (8) a microprocessor. 


Light Sources 
Types of light sources used in spectrophotometers include 
incandescent lamps and lasers. 

incandescent Lamps. The light source for measure- 
ments in the visible portion of the spectrum is usually a 
tungsten light bulb. The lifetime of a tungsten filament is 


Entrance Monochromators 
slits 


C) =— P -| -- IL ed £ 


greatly increased by the presence of a low pressure of iodine 
or bromine vapor within the lamp. An example is the quartz- 
halogen lamp, which has a fused-silica envelope and which 
provides high-intensity light over a wide spectrum and for 
extended operating periods (2000 to 5000 hours before 
replacement is necessary). The tungsten lamp is acceptable 
for making measurements of moderately dilute solutions in 
which the change in absorbance varies significantly with 
small changes in concentration. 

A tungsten light source does not supply sufficient radiant 
energy for measurements below 320 nm. In the UV region of 
the spectrum, a low-pressure mercury-vapor lamp that emits 
a discontinuous or line spectrum is useful for calibration 
purposes but is not very practical for absorbance measure- 
ments, because it can be used only at certain wavelengths. 
Hydrogen and deuterium lamps provide sources of contin- 
uous spectra in the UV region with some sharp emission 


Figure 3-5 Double-beam-in-space spectrophotometer. 
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Figure 3-6 Double-beam-in-time spectrophotometer. 
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lines, as do high-pressure mercury and xenon arc lamps. 
These sources are more commonly used in UV absorption 
measurements. A deuterium lamp is more stable and has a 
longer life than a hydrogen lamp. 

A widely used photometer used as a high-pressure fiquid 
chromatographic (HPLC) detector uses the intense 254-nm 
resonance line produced by a mercury arc lamp (see Chapter 
6). Others employ a miniature hollow cathode lamp as a 
very-narrow-wavelength intense source. For example, a zinc 
hollow cathode lamp gives a line at 214nm that is adequately 
close to the maximum wavelength of peptide bond absorp- 
tion (206 nm) so that it can be used to measure peptides and 
proteins. Details on the hollow cathode lamp are found in 
the section on Atomic Absorption Spectrophotometry. The 
hollow cathode lamp also has a long, useful lifetime if a 
lower-current, nonpulsed power supply is used. 

Laser Sources. A laser (light amplification by stimulated 
emission of radiation) is a device that controls the way that 
energized atoms release photons; they are used as light 
sources in spectrophotometers as they provide intense light 
of a narrow wavelength. These devices are based on certain 
materials having the capability of absorbing energy and 
storing all or part of it. If the loss of absorbed energy is for- 
bidden by quantum mechanical rules, the material will 
remain in an excited state. The delayed and slow release of 
energy from such materials in some cases may be called 
phosphorescence. If this excited material has more energy 
pumped into it, either at the phosphorescence wavelength or 
by electrical energy pumping, then there may be a rapid 
decay to lower energy with the emission of highly quantified 
light. Because of kinetic mechanisms of decay to lower 
energy, a highly coherent beam of light that has minimum 
scatter and is nearly monochromatic is produced. By selec- 
tion of different materials, different wavelength(s) of light 
are emitted by different types of lasers (Table 3-3). 

Three properties of laser sources distinguish them from 
“conventional” sources: (1) spatial coherence is a property 
of lasers that allows beam diameters in the range of several 
microns; (2) lasers produce monochromatic light; and (3) 
lasers have pulse widths that vary from microseconds (flash 
lamp-pulsed lasers} to nanoseconds (nitrogen lasers) to 
picoseconds or less (mode-locked lasers} in duration. 
Air-cooled argon ion lasers produce about 25 mW of energy 
output at 488nm and have plasma tube lifetimes of 6000 
hours or more. Continuous-wave dye lasers typically use an 
argon ion laser with an output of 1 W or less as an energy 
pump and use different fluorescent dyes to achieve excita- 
tion wavelength ranges of 400 to 800nm. Helium-neon and 
helium-cadmium lasers are useful because of their low cost 
and ease of operation and because they emit a number of 
excitation wavelengths, but for helium-neon lasers power 
output has been limited to about 2mW at 594nm. 

Infrared diode lasers are used in compact disc players and 
laser printers, and in bar code readers (see Chapter 11). They 
are solid-state devices, typically constructed of gallium 
arsenide, and energy is pumped into them at a low potential 


TABLE 3-3 Various Types of Lasers and the 
Bee at which They. Operate 


Wavelength(s) (nm) E 


Argon fluoride |. 
Argon fluoride. oio o OS 
Helium-cadmium — 
Nitrogen. o Eea 
Argon (blue): : oe ABE 
Argon (green) =: ig]as 
Helium-neon (green) 548 
Light emitting diode- GaP. 550.0 700. 
Rhodamine 6G dye (tunable) r 570-650 S 
Laser diode (AIGaInP, > 633-1,660. 
GaAlAs) _ e 
! Helium-neon ee SE 633 
Ruby (CrAlQ;) (red) 694 
Light emitting. diode—GaAs 880 
Light emitting diode—Si 1100 


‘Neodymium- -YAG. (yttrium 106422255) 
ae aluminum garnet) 


9300, 9600, 10, 300, or r 
10,600: He 


of ~1.5V. Depending on its construction, the wavelength 
output of the laser ranges from 550 to 1810nm. The devel- 
opment of inexpensive near-IR lasers has led to interest in 
using reflective techniques in the near-IR region of the spec- 
trum (0.8 to 2.5jim wavelength) for noninvasive monitor- 
ing of glucose. With this technique, a near-IR light source is 
focused on the skin of a patient. By measuring the relative 
absorbance differences at several lines of the near-IR spec- 
trum—by computer subtraction of blank signals and by 
computer-mathematical enhancement of the signal-to-noise 
ratios (Fourier transform)—it is possible to measure the 
glucose concentration of the patient.” 


Spectral Isolation 


A system for isolating radiant energy of a desired wavelength 
and excluding that of other wavelengths is called a mono- 
chromator. There are various ways of accomplishing this, 
including the use of filters, prisms, and diffraction gratings. 
Combinations of lenses and slits may be inserted before or 
after the monochromatic device to render light rays parallel 
or to isolate narrow portions of the light beam. Variable slits 
may be used to permit adjustments in total radiant energy 
reaching the photocell. 

Filters. The simplest type of filter is a thin layer of 
colored glass. Certain metal complexes or salts, dissolved or 
suspended in glass, produce colors corresponding to the pre- 
dominant wavelengths transmitted. Strictly speaking, a glass 
filter is not a true monochromator because it transmits light 
over a relatively wide range of wavelengths. The spectral 
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Figure 3-7 Spectral characteristics of a sharp-cutoff filter 
(a) and a wide-bandpass filter (b). The narrow-bandpass filter 
(c) is obtained by combining filters a and b. The spectral 
bandwidth of filter c (distance n-m) is defined as the width in 
nanometers of the spectral transmittance curve at a point equal 
to one half of maximum transmittance. 


purity of a filter or other monochromator is usually 
described in terms of its spectral bandwidth. This is defined 
as the width, in nanometers, of the spectral transmittance 
curve at a point equal to one half the peak transmittance 
(Figure 3-7). Commonly used glass filters have spectral 
bandwidths of approximately 50nm and are referred to as 
wide-bandpass filters. 

Other glass filters include the narrow-bandpass and 
sharp-cutoff types (see Figure 3-7). As shown, a cutoff filter 
typically shows a sharp rise in transmittance over a narrow 
portion of the spectrum and is used to eliminate light below 
a given wavelength. Narrow-bandpass filters may be con- 
structed by combining two or more sharp-cutoff filters or 
regular filters; however, the availability of high-intensity light 
sources now favors the use of narrow-bandpass interference 
filters. 

Another approach for construction of narrow-bandpass 
filters is to use a dielectric material of controlled thickness 
sandwiched between two thinly silvered pieces of glass. The 
thickness of the layer determines the wavelength of energy 
transmitted. These filters have narrow spectral bandwidths, 
usually from 5 to 15nm, and are referred to as interference 
filters, Because they also transmit harmonics, or multiples, of 
the desired wavelength, accessory glass filters are required to 
eliminate these undesired wavelengths. Thus an interference 
filter designed for 620 nm will also transmit some radiation 
at 310 and 1240nm unless accessory cutoff filters are pro- 
vided to absorb this undesired stray light. 

Prisms and Gratings. Prisms and diffraction gratings 
are also widely used as monochromators. A prism separates 


white light into a continuous spectrum by refraction with 
shorter wavelengths being bent, or refracted, more than 
longer wavelengths as they pass through the prism. A dif- 
fraction grating is prepared by depositing a thin layer of 
aluminum-copper alloy on the surface of a flat glass plate, 
then ruling many small parallel grooves into the metal 
coating. Better gratings contain 1000 to 2000 lines/mm and 
must be made with great care. These are then used as 
molds to prepare less expensive replicas for general use in 
instruments. l 

Modern holographic gratings are made using a laser in a 
“high-precision machining” mode. The focused beam of the 
laser is accurately scanned over a photosensitive material 
termed a “photoresist.” After multiple lines have been scribed 
on the photoresist, chemicals are used to dissolve and elute 
the exposed photoresist to create the channels that become 
the lines of the grating. A layer of a highly reflective mater- 
ial is then sputtered onto the surface of the laser-etched 
channels, and the grating is ready for use. Either a flat pho- 
toresistive surface or a concave surface can be used to make 
this type of grating. These types of gratings are extremely 
accurate, have low light scatter, and are widely used in the 
spectrophotometers used in clinical chemistry instruments. 
For example, most UV-visible spectrophotometers and vir- 
tually all IR spectrophotometers use reflective gratings. In 
addition, HPLC detectors frequently use a concave holo- 
graphic reflective grating in their optical system. 

Each line ruled on the grating, when illuminated, gives 
rise to a tiny spectrum. Wave fronts are formed that reinforce 
those wavelengths in phase and cancel those not in phase. 
The net result is a uniform linear spectrum. Some instru- 
ments contain diffraction gratings that produce spectral 
bandwidths of 20nm or more; higher-priced instruments 
may have a resolution of 0.5nm or less. 

The flat surface grating discussed above is called a plane 
transmission grating. Lines are engraved on the surface of a 
mirror, which may be either a polished metal slab or a glass 
plate on which a thin, metallic film has been deposited. A 
grating may also be ruled at a specified angle, so that a 
maximum fraction of the radiant energy is directed into 
wavelengths diffracted at a selected angle. This type of 
grating is called an echelette and is said to have been given a 
blaze at a particular angle or to have been blazed at a certain 
wavelength (e.g., 250nm). 

Selection of a Monochromator. The type of mono- 
chromator chosen depends on the analytical purpose for 
which it is to be used. For example, narrow-bandpass filters 
are typically used in flame photometry to isolate emission 
energy at a given wavelength. Alternately, narrow spectral 
bandwidths are required in spectrophotometers for resolv- 
ing and identifying sharp absorption peaks that are closely 
adjacent. Lack of agreement with Beer’s law will occur when 
a part of the spectral energy transmitted by the mono- 
chromator is not absorbed by the substance being measured. 
This is more commonly observed with wide-bandpass 
instruments. i i 
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Figure 3-8 Effect of spectral bandwidth (SBVV) on the 
absorption spectrum of coproporphyrin |. Nominal 
concentration, | g/mL in HCI, 0.f mol/L. SBW: curve a, I nm, 
Beckman DB-G spectrophotometer; curve b, 10nm; and curve 
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line shows a natural bandwidth of 10nm for coproporphyrin | 
when scanned at a spectral bandwidth of | nm. The shift of Ano, 
to lower wavelengths as SBW is increased is related to 
skewness of the absorption spectrum to the left. 


Some increase in absorbance and improved linearity with 
concentration is usually observed with. instruments that 
operate at narrower bandwidths of light. This is especially 
true for substances that exhibit a sharp peak of absorption. 
Spectral absorbance curves for a solution of coproporphyrin 
I (Figure 3-8) demonstrate the marked decrease in 
maximum absorbance as the spectral bandwidth is increased 
from 1 to 20nm. The natural bandwidth of an absorbing 
substance is defined as “the bandwidth of the spectral 
absorbance curve at a point equal to one half of the 
maximum absorbance.” Curve A in Figure 3-8, scanned at a 
spectral bandwidth of 1nm, shows a natural bandwidth of 
approximately 10 nm. As a general rule, for peak absorbance 
readings to be within 99.5% of true values, the spectral 
bandwidth should not exceed 10% of the natural bandwidth. 
For example, many chemistry procedures used in the clini- 
cal laboratory produce an absorbing species for which the 
natural bandwidth ranges from 40 to over 200nm. The 


natural bandwidth of NADH is 58nm (Amax = 339nm). 
Therefore, for accurate measurements of this compound, we 
should use a spectral bandwidth of 6nm or less. Actual 
studies have shown that use of a 10-nm spectral bandwidth 
at 340nm produces absorbance values approximately 98% 
of those obtained with a l-nm spectral bandwidth. 

In practice, the wavelength selected is usually at the peak 
of maximum absorbance to achieve maximum sensitivity; 
however, it may be desirable to choose another wavelength 
to minimize interfering substances. For example, turbidity 
readings on a spectrophotometer are greater in the blue 
region than in the red region of the spectrum, but the latter 
region is chosen for turbidity measurements to avoid 
absorption of light by bilirubin (460nm) or hemoglobin 
(417 and 575nm). The absorbing species developed in the 
alkaline picrate procedure for creatinine produces a rela- 
tively flat peak in the visible region of the spectrum at 
approximately 480nm, but the reagent blank itself absorbs 
light strongly below 500nm. A compromise is made by 
selecting a wavelength at 520nm to minimize the contri- 
bution of the blank. Blank readings should, of course, be 
kept to a minimum. A small difference between two large 
numbers is subject to greater uncertainty; hence minimizing 
absorbance of the blank improves precision and accuracy. 
The linear working range of a method can be expanded also 
by not measuring at the peak absorbance. However, mea- 
surements should not be taken on the steep slope of an 
absorption curve, because a slight error in wavelength 
adjustment would introduce a significant error in 
absorbance readings. 


Fiber Optics 

In the single- and double-beam spectrophotometers shown 
diagrammatically in Figures 3-4 through 3-6, the position- 
ing of the individual components dictates the path that the 
light beam must follow as it travels from the source to the 
detector. This approach places certain restrictions on the 
design, size, and cost of such instruments. To overcome these 
restrictions, fiber optics are now integrated into the optical 
design of spectrophotometers.” Fiber optics, also known as 
light pipes, are bundles of thin, transparent fibers of glass, 
quartz, or plastic that are enclosed in material of a lower 
index of refraction and that transmit light throughout their 
lengths by internal reflections. The use of fiber optics in 
spectrophotometers offers the advantage of better direc- 
tional control of the beam of light within the geometrical 
confines of an instrument; this allows for the design and 
manufacture of miniature and inexpensive optical subsys- 
tems for use in automated instruments. For example, a single 
light source can be multiplexed with multiple detectors by 
fiber optics for optimal positioning of the source and detec- 
tors in an automated system (see Chapter 11). Disadvantages 
of fiber optics include greater amounts of stray light; refrac- 
tive index changes in the glass, quartz, or plastic rods; and 
the loss of transmitted energy after continued use in the UV 
region of the spectrum. This loss of energy is known as solar- 
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ization and results in a decrease in the optical sensitivity of 
an instrument. 


Cuvets 

A cuvet (also often termed a cuvette) is a small vessel used 
to hold a liquid sample to be analyzed in the light path of a 
spectrometer. Cuvets may be round, square, or rectangular 
and are constructed from glass, silica (quartz), or plastic. 
Square or rectangular cuvets have plane-parallel optical 
surfaces and a constant light path. The most popular have a 
1.0-cm light path, held to close tolerances. Ordinary boro- 
silicate glass cuvets are suitable for measurements in the 
visible portion of the spectrum. For readings below 340 nm, 
however, quartz cells are usually required. Some plastic cells 
have good clarity in both the visible and UV range but can 
present problems relating to tolerances, cleaning, etching by 
solvents, and temperature deformations. Many of the plastic 
cuvets are designed for disposable, single-use applications. 

Cuvets must be clean and optically clear, as etching or 
deposits on the surface affect absorbance values. Cuvets 
used in the visible range are cleaned by copious rinsing with 
tap water and distilled water. Alkaline solutions should not 
be left standing in cuvets for prolonged periods, because 
alkali slowly dissolves glass and produces etching. Cuvets 
may be cleaned in mild detergent or soaked in a mixture of 
concentrated HCl: water:ethanol (1:3:4). Cuvets should 
never be soaked in dichromate cleaning solution, because the 
solution is hazardous and tends to adsorb onto and discolor 
the glass. 

Cuvets used for measurements in the UV region should 
be handled with special care. Invisible scratches, fingerprints, 
or residual traces of previously measured substances may be 
present and absorb significantly. A good practice is to fill all 
such cuvets with distilied water and measure the absorbance 
for each against a reference blank over the wavelengths to be 
used. This value should be essentially zero. 


Photodetectors 


Photodetectors are devices that convert light into an electric 
signal that is proportional to the number of photons strik- 
ing its photosensitive surface. The photomultiplier tube is a 
commonly used photodetector for measuring light intensity 
in the UV and visible regions of the spectrum. Photodiodes 
are solid-state devices that are also used in modern instru- 
ments. In older instruments, barrier layer cells (also known 
as photovoltaic cells) were used as photodetectors, because 
they were rugged and less expensive. 

Photomultiplier Tubes. A photomultiplier tube (PMT) 
contains a cathode, a light-sensitive metal, and a series of 
dynodes all of which are enclosed in an evacuated glass 
enclosure. As many as 10 to 15 stages or dynodes are present 
in common photomultipliers. Photons that strike the pho- 
toemissive cathode emit electrons that are accelerated 
toward the dynodes. Additional electrons are generated at 
each dynode. This cascading effect creates 10° to 10’ elec- 
trons for each photon hitting the first cathode depending on 
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Figure 3-9 Schematic diagrams of a glass photomultiplier tube. 


the number of dynodes and the accelerating voltage. This 
amplified signal is finally collected at the anode where it can 
be measured. 

When operating such a tube, voltage is applied between 
the photocathode and each successive stage. The normal 
increment of voltage increase of each photomultiplier stage 
is from 50 to 100V larger than that of the previous stage 
(Figure 3-9). Typically, a conventional PMT tube has approx- 
imately 1500 V applied to it. 

PMTs have extremely rapid response times, are very sen- 
sitive, and are slow to fatigue. Because these tubes have excel- 
lent sensitivity and rapid response, they must be carefully 
shielded from all stray light and daylight. A PMT with the 
voltage applied should never be exposed to room light 
because it will burn out. Because of the fast response time 
of the PMT, this detector is readily used with interrupted 
light beams such as those produced by choppers, and it 
therefore has significant advantages when used as a UV- 
visible detector in spectrophotometers. The rapid response 
times are needed when a spectrophotometer is being used 
to determine an absorption spectrum of a compound. 
PMTs also have adequate sensitivity over a wide range of 
wavelengths. 

When voltage is applied to a PMT in the absence of any 
incident light, some current is usually produced. This 
current is called dark current. It is desirable to have the dark 
current of a PMT at its lowest level because this current is 
also amplified and appears as background noise. 

Photodiodes. Photodiodes are solid-state photodetec- 
tors that are fabricated from photosensitive semiconductor 
materials such as silicon, gallium arsenide, indium anti- 
monide, indium arsenide, lead selenide, and lead sulfide. 
These materials absorb light over a characteristic wavelength 
range (e.g 250nm to 1100nm for silicon). Their develop- 
ment and use as detectors in spectrophotometers have 
resulted in instruments capable of measuring light at a mul- 
titude of wavelengths. When a photodetector consists of 
two-dimensional arrays of diodes, each of which responds to 
a specific wavelength, it is known as photodiode array. For 
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example, photodiode arrays have been designed to have a 
2-nm resolution per diode from 200 to 340 nm, and a 1-nm 
resolution per diode from 340 to 800nm. 

In practice, all diodes are initially charged to 5 V, and they 
discharge when they are struck by light. Each diode is then 
sequentially scanned and recharged to 5V. The amount of 
energy required for recharging is proportional to the quan- 
tity of light striking that diode. Because scan time for all 
diodes is in the millisecond range, many scans can be taken. 
The resultant data can be processed using a variety of algo- 
rithms, including signal averaging, background subtraction, 
and correction for scattered light. Consequently, an optical 
spectrum of an ongoing chemical reaction can be monitored 
as a function of time with a high degree of resolution and 
accuracy. 


Readout Devices 


Electrical energy from a detector is displayed on some type 
of meter or readout system. In the past analog devices were 
widely used as readout devices in spectrophotometers. 
However, they have been replaced by digital readout devices 
that provide a visual numerical display of absorbance or 
converted values of concentrations. These operate on the 
principle of selective illumination of portions of a bank 
of light-emitting diodes (LEDs), controlled by the voltage 
signal generated. Visible LEDs incorporate gallium as the 
major component, and at present, GaAs,P, diodes that emit 
red light are most widely used. Compared with meters, the 
digital readout devices have faster response and are easier to 
read. 


Microprocessors 


Microprocessors are incorporated into both photometers 
and spectrophotometers. With a resident microprocessor 
and software, output from a calibrator is digitally stored, 
digital signals from blanks are subtracted from calibrators 
and unknowns, and the concentration of unknowns auto- 
matically calculated. Data from multiple calibrators may be 
used to store a complete calibration curve, display or print 
out the curve for visible inspection, and calculate results of 
unknowns based on the curve or some mathematical trans- 
formation of the data. A microprocessor and its resident 
software are also used to convert kinetic data into concen- 
tration or enzyme activity. 


Recorders 


Spectrophotometers may be equipped with recorders in 
addition to or instead of a digital display. These are syn- 
chronized to provide line traces of transmittance or 
absorbance as a function of either time or wavelength. When 
a continuous tracing of absorbance versus wavelength is 
recorded, the resultant figure is called an absorption spec- 
trum. If a substance absorbs light, distinct peaks of 
absorbance will be observed (see Figure 3-1). Measuring the 
absorption spectra of an unknown sample and comparing 


them with spectra from known compounds is very useful for 
qualitative purposes, For example, this type of procedure is 
especially useful for identification of drugs that absorb in the 
UV region. Several criteria are used, including determination 
of those wavelengths showing maximum and minimum 
absorbance in both dilute acid and alkaline solutions; 
absorptivity at the wavelength of maximum absorbance; and 
ratios of absorbance at two wavelengths. Finally, the entire 
spectrum is compared with that of a known sample of the 
suspected drug. 


Performance Parameters 


In most spectrophotometric analytical procedures, the 
absorbance of an unknown is compared directly with that of 
a calibrator or series of calibrators. Under these circum- 
stances, minor errors in wavelength calibration, variation in 
spectral bandwidths, or presence of stray light are compen- 
sated for and do not usually contribute serious errors. Use 
of a series of calibrators covering a wide range of concen- 
trations also provides a measure of linearity (i.e., agreement 
with Beer’s law for a given procedure and instrument), When 
calculations are based on published or previously deter- 
mined values for molar absorptivities or absorption coeffi- 
cients, however, the spectrophotometer must be checked 
more rigorously. Performance verification of spectropho- 
tometers on a periodic basis also improves reliability of 
routine comparative analyses. 

To verify that a spectrophotometer is performing satis- 
factorily, the device must be shown to be able to operate 
within the specifications provided for it. Parameters to be 
tested include (1) wavelength accuracy, (2} spectral band- 
width, (3) stray light, (4) linearity, and (5) photometric 
accuracy. 

The National Institute of Standards and Technology 
(NIST), formerly the National Bureau of Standards (NBS), 
provides several standard reference materials (SRMs) for 
spectrophotometry that are useful in the calibration or ver- 
ification of the performance of photometers or spectro- 
photometers (e.g., SRM 930e is for the verification and 
calibration of the transmittance and absorbance scales of 
visible absorption spectrometers) (see http://www.nist.gov). 

The Institute for Reference Materials and Measurements 
(IRMM), a metrology institute that belongs to the European 
Commission, also provides reference materials for verifica- 
tion of the performance of photometers or spectropho- 
tometers, These materials are listed in the IRMM BCR 
Reference Materials Catalogue (http://www.irmm.jrc.be/). 


Wavelength Calibration 


For many analytical purposes, the calibration wavelength 
chosen may be satisfactory if it is close to the Ama of the 
chromogen being measured and the wavelength is repro- 
ducible, Most filters fall into this category and are quite sat- 
isfactory because unknowns are compared with calibrators 
at a fixed wavelength and spectral bandwidth. With prisms 
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Figure 3-10 Spectral transmittance curve of holmium oxide 
filter. 


and diffraction gratings, however, a continuous choice of 
wavelengths is available, and it becomes necessary to verify 
their accuracy and reproducibility. Knowledge of exact wave- 
Jength becomes critical when using published molar absorp- 
tivities for identification of substances in toxicological 
studies and in the use of differential absorption techniques. 
Enzyme assays using the NAD-NADH reaction, for example, 
are based on a molar absorptivity constant for NADH of 6.22 
x 10° at 339nm (340nm), The wavelength settings therefore 
must be accurate and reproducible, and the instrument must 
show spectrophotometric accuracy if the constant is to be 
used in results calculation. 

For the narrow-spectral-bandwidth instruments, a 
holmium oxide glass may be scanned over the range of 280 
to 650 nm. This material shows very sharp absorbance peaks 
at defined wavelengths, and the operator may compare 
the wavelength scale readings that produce maximum 
absorbance with established values. Should these not coin- 
cide, a calibration curve can be constructed to relate scale 
readings to true wavelengths. A typical spectral transmit- 
tance curve for holmium oxide glass is shown in Figure 
3-10, Selected absorption peaks for this filter, which are 
suitable for calibration purposes, occur at the following 
wavelengths: 279.3, 418.5, 287.6, 536.4, 333.8, 637.5, and 
360.8nm. Solutions of holmium oxide in dilute perchloric 
acid have also been recommended and may be used with 
any spectrophotometer. 

With broader-bandpass instruments, a didymium filter 
may be used to verify wavelength settings. This filter should 
show a minimum percent transmittance at 530nm against 
an air blank (Figure 3-11). Because didymium has several 
absorption peaks, the setting should be verified grossly by 
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Figure 3-11 Spectral transmittance curve of a didymium filter. 


(Perkin-Elmer Mode! 35 spectrophotometer, 8-nm nominal spectral 
bandwidth.) 


visual examination of transmitted light. This light should 
appear green at 530nm. 


Spectral Bandwidth 


The spectral bandwidth of a spectrophotometer is measured 
by use of a mercury-vapor lamp, which shows a number of 
sharp, well-defined emission lines between 250 and 580 nm. 
The apparent width of an emission band at half-peak height 
is taken to be the spectral bandwidth of the instrument (see 
Figure 3-7). The spectral bandwidth may also be calculated 
from the manufacturer’s specifications. Interference filters 
with spectral bandwidths of 1 to 2nm are available and may 
be used to check those instruments with a nominal spectral 
bandwidth of 8nm or more. 


Stray Light 

Stray light, in general terms, is radiation of wavelengths 
outside the narrow band nominally transmitted by the 
monochromator. A perfect monochromator would transmit 
light only within its passband. In practice, scattering and dif- 
fraction inside the monochromator introduce light of other 
wavelengths into the exit beam. This light is further modi- 
fied by other components of the spectrophotometer and by 
the sample itself. Stray light is usually defined as a ratio or 
percent of the stray light to the total detected light. 

Other sources of unwanted light include light leaks and 
fluorescence of the sample. Light leaks should be excluded 
by covering the cell compartments. Light arising from fluo- 
rescence can increase the signal to the detector and cause an 
apparent decrease in absorbance. These sources of light are 
not included in the usual definition of stray light. 

The major effect of stray light on the performance of a 
spectrophotometer is an absorbance error, especially in the 
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upper end of the absorbance range of the instrument. Most 
spectrophotometers are equipped with one or more stray- 
light filters. Thus a blue filter is used with a tungsten lamp 
for wavelength settings below about 400 nm. When the spec- 
trophotometer is set to 350nm, for example, most of the 
stray light is of wavelengths in the visible range. The blue 
filter absorbs most of the visible light but transmits well in 
this UV portion of the spectrum. By analogy, a red filter is 
used for wavelengths in the range of 650 to 800nm. 

A cutoff filter is satisfactory for the detection of stray 
light. These may be of glass, similar to the stray-light filters 
discussed previously, and produce a sharp cut in the spec- 
trum with almost complete absorption on one side and high 
transmittance on the other. Liquid cutoff filters are satisfac- 
tory and convenient in the UV range where stray light is 
usually more of a problem. A 50g/L aqueous solution of 
sodium nitrite should show essentially 0% T when read 
against water over the range of 300 to 385 nm. Acetone, read 
against water, should show 0% T over the range of 250 to 
320nm. 


Linearity 

For a spectrophotometer to give accurate absorbance mea- 
surements throughout its absorbance range, a linear rela- 
tionship should exist between the light absorbed and the 
instrument readout. Various liquid solutions have been used 
to check instrument linearity. Several sources of error may 
be encountered in this type of reference material, such as 
dilution errors and errors from lack of stability, shifts in pH, 
and temperature effects. An alternative procedure is to use 
a solid glass filter that, at a given wavelength, has an 
absorbance that is a small fraction of the total linear range 
of the instrument. The didymium filter in Figure 3-11 has 
an absorbance of approximately 0.09 at 550 nm and is satis- 
factory for establishing linearity. Linearity is satisfactory as 
long as the AA increments remain constant. The same 
general procedure may be used with a suitable filter on those 
spectrophotometers in which the blank reference settings 
can be adjusted in steps up to approximately 1 unit of 
absorbance. 


Photometric Accuracy 


Solutions of potassium dichromate (K,Cr,O;) are also used 
for overall checks on photometric accuracy. These also 
provide an indication of wavelength calibration, linearity, 
cuvet light path, and freedom from stray light in the UV 
region. 

In practice, analytical reagent grade K,Cr,O, is dried at 
110°C for 1 hour. The following solutions in 0.005 mol/L 
sulfuric acid are prepared: 

Solution A: 0.0500 g/L for the absorbance range from 0.2 
to 0.7 

Solution B: 0.1000g/L for the absorbance range from 0.4 
to 1.4 

Measurements should be made in 10-mm cells with the 

temperature controlled in the range of 15 to 25°C, using 


0.005 mol/L sulfuric acid as the reference. Table 3-4 gives the 
expected values for the two absorbance maxima and minima 
of the solutions based on literature values. Because the 
natural bandwidth of solution A at 350 nm is approximately 
63nm, the values shown apply strictly to spectrophotome- 
ters with a spectral bandwidth of 6nm or less. 


Multiple-Wavelength Readings 


Background interference can often be eliminated or mini- 
mized either by inclusion of blanks or by reading absorbance 
at two or three wavelengths. In one approach, termed 
“bichromatic,” absorbance is measured at two wavelengths, 
one corresponding to peak absorbance and another at a 
point near the base of the peak to serve as a baseline. The 
difference in absorbance at the two wavelengths is related to 
concentration. In effect, this provides a blank reference point 
for each individual sample. Another method to correct for 
background interference is to measure absorbance at the 
peak wavelength and at two other wavelengths equidistant 
from the peak. Values for the latter are averaged to obtain a 
baseline under the peak, which is then subtracted from the 
peak reading. The value thus obtained is known as a “cor- 
rected” absorbance and can be related to the concentration, 
provided that the background absorbance is linear with 
wavelength over the region in which readings are made. This 
correction also must be applied to absorbances obtained 
from calibrators. 

Before the correction is used, knowledge of the shape of 
the absorption curve for the substance of interest and of the 
interference is required. The linearity of the baseline shift 
should be verified by measuring the absorption spectrum of 
commonly encountered interferences. Care should be exer- 
cised in the use of the correction because if it is not prop- 
erly used, it may introduce larger errors than would be 
observed without correction. For example, such a situation 
may occur if the background reading is not linear over the 
region measured. 


REFLECTANCE PHOTOMETRY _ 


In reflectance photometry, diffuse reflected light is measured.” 
The reflected light results from illumination, with diffused 
light, of a reaction mixture in a carrier or from the diffusion 
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of light by a reaction mixture in an illuminated carrier. The 
intensity of the reflected light from the reagent carrier is 
compared with the intensity of light reflected from a refer- 
ence surface. Because the intensity of reflected light is non- 
linear in relation to the concentration of the analyte, either 
the Kubelka-Munk equation or the Clapper-Williams trans- 
formation is commonly used to convert the data into a linear 
format (see Chapter 11). The electro-optical components 
used in reflectance photometry are essentially the same as 
those required for absorbance photometry. Reflectance pho- 
tometry is used as the measurement method with dry-film 
chemistry systems (see Chapter 11). 


FLAME EMISSION SPECTROPHOTOMETRY _ 


Flame emission spectrophotometry is based on the charac- 
teristic emission of light by atoms of many metallic elements 
when given sufficient energy, such as that supplied by a 
hot flame. The wavelength to be used for the measurement 
of an element depends on the selection of a line of sufficient 
intensity to provide adequate sensitivity and freedom from 
other interfering lines at or near the selected wavelength. For 
example, lithium produces a red, sodium a yellow, potassium 
a violet, rubidium a red, and magnesium a blue color in a 
flame. These colors are characteristic of the metal atoms 
that are present as cations in solution. Under constant 
and controlled conditions, the light intensity of the charac- 
teristic wavelength produced by each of the atoms is directly 
proportional to the number of atoms that are emitting 
energy, which in turn is directly proportional to the concen- 
tration of the substance of interest in the sample. Although 
this technique once was widely used for the analysis of 
sodium, potassium, and lithium in body fluids, it now has 
been replaced largely by electrochemical techniques. 

For additional information on this technique, the reader 
is referred to an earlier version of this chapter.° 


ATOMIC ABSORPTION SPECTROPHOTOMETRY - 


Atomic absorption (AA) spectrophotometry is used widely 
in clinical laboratories to measure elements such as alu- 
minum, calcium, copper, lead, lithium, magnesium, zinc, 
and other metals. 


BASIC CONCEPTS 


Atomic absorption is an emission technique in which an 
element in the sample is excited and the radiant energy given 
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off measured as the element returns to its lower energy level. 
However, the element is not appreciably excited in the flame, 
but is merely dissociated from its chemical bonds (atomized) 
and placed in an unexcited or ground state (neutral atom). 
Thus, the atom is at a low energy level in which it is capable 
of absorbing radiation at a very narrow bandwidth corre- 
sponding to its own line spectrum. A hollow cathode lamp 
with the cathode made of the material to be analyzed is used 
to produce a wavelength of light specific for the material. 
Thus, if the cathode were made of sodium, sodium light at 
predominantly 589 nm would be emitted by the lamp. When 
the light from the hollow-cathode lamp enters the flame, 
some of it is absorbed by the ground-state atoms in the 
flame, resulting in a net decrease in the intensity of the 
beam from the lamp. This process is referred to as atomic 
absorption. 

The process is analogous to absorption spectrophotome- 
try. For example, a specific hollow-cathode lamp serves as 
the light source, and the sample heated in the flame replaces 
the sample in the cuvet. The pathlength of the flame is anal- 
ogous to the light path through the cuvet. As noted previ- 
ously, only a small fraction of the sample in the flame 
contributes emission energy, and only a fraction of this is 
transmitted to the detector. Hence, most of the atoms are in 
the ground state and are able to absorb light emitted by the 
cathode lamp. In general, AA methods are approximately 100 
times more sensitive than flame emission methods. In addi- 
tion, owing to the unique specificity of the wavelength from 
the hollow-cathode lamp, these methods are highly specific 
for the element being measured. 


INSTRUMENTATION 


Figure 3-12 shows the basic components of an AA spec- 
trophotometer. The basic component of such an instrument 
is the hollow-cathode lamp made of the metal of the sub- 
stance to be analyzed and is different for each metal analy- 
sis. In some cases, an: alloy is used to make the cathode, 
resulting in a multielement lamp. 

The hollow-cathode lamp usually contains argon or 
neon gas at a pressure of a few millimeters of mercury. An 
argon-filled lamp produces a blue-to-purple giow during 
operation, and the neon produces a reddish-orange glow 
inside the hollow-cathode lamp. Quartz, or special glass that 
allows transmission of the proper wavelength, is used as a 
window. A current is applied between the two electrodes 
inside the hollow-cathode lamp, and metal is sputtered from 
the cathode into the gases inside the glass envelope. When 
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Figure 3-12 Basic components of an atomic absorption spectrophotometer. 
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Figure 3-13 Laminar flow burner. 


the metal atoms collide with the neon or argon gases, they 
lose energy and emit their characteristic radiation. Calcium 
has a sharp, intense, analytical emission line at 422.7 nm, 
which is most frequently used for calcium analysis. In an 
interference-free system, only calcium, atoms absorb the 
calcium light from the hollow cathode. as it passes through 
the flame. ao 

An electric beam chopper and a tuned amplifier are 
incorporated into most AA instruments. Operationally, the 
power to the hollow-cathode lamp is pulsed so that the light 
is emitted by the lamp at a certain number of pulses per 
second. On the other hand, all of the light coming from the 
flame is continuous. When light leaves the flame, it is com- 
posed of pulsed, unabsorbed light from the lamp and a small 
amount of unpulsed flame spectrum and sample emission. 
The detector senses all light, but the amplifier is electrically 
tuned to accept only pulsed signals. In this way, the elec- 
tronics in conjunction with the monochromator discrimi- 
nate between the flame spectrum and sample emission. 

Figure 3-13 shows a laminar flow premix burner and 
illustrates how the sample is aspirated, volatilized, and 
burned. Note that the gases are mixed and the sample is 
atomized before being burned. An advantage of this system 
is that the larger droplets go to waste while the fine mist 
enters the flame, thus producing a less noisy signal. In addi- 
tion, the path length through the flame of the burner is 
longer than that of the total consumption burner. This pro- 
duces a greater absorption and increases the sensitivity of the 
measurement. A disadvantage of the premix burner is that 
the flame usually is not as hot as that of the total consump- 
tion burner, and thus it cannot sufficiently dissociate certain 
metal complexes in the flame (e.g, calcium-phosphate 
complexes). 

In flameless AA techniques (carbon rod or “graphite 
furnace”), the sample is placed in a depression on a carbon 
rod in an enclosed chamber. Strips of tantalum or platinum 
metal may also be used as sample cups. In successive steps, 
the temperature of the rod is raised to dry, char, and finally 
atomize the sample into the chamber. The atomized element 
then absorbs energy from the corresponding hollow-cathode 


lamp. This approach is more sensitive than the conventional 
flame methods and permits determination of trace metals in 
small samples of blood or tissue. 

With flameless AA, a novel approach has been used 
to correct for background absorption called the Zeeman 
correction.” In Zeeman background correction, either the 
light source or the atomizer is placed in a strong magnetic 
field. In practice, because Zeeman correction requires special 
lamps, the analyte is placed in the magnetic field. The intense 
magnetic field splits the degenerate (i.e., of equal energy) 
atomic energy levels into two components that are polarized 
parallel and perpendicular to the magnetic field, respectively. 
The parallel component is at the resonance line of the 
source, whereas the two perpendicular components are 
shifted to different wavelengths. The two components inter- 
act. differently with polarized light. A polarizer is placed 
between the source and the atomizer, and two absorption 
measurements are taken at different polarizer settings. One 
measures both analyte and background absorptions, A, the 
other only the background absorption, Ape The difference 
between the two absorption readings is the corrected 
absorbance. 

The major advantage of the Zeeman correction method 
is that the same light source at the same wavelength is used 
to measure the total and the background absorption. The 
implementation is complex and expensive, and the strength 
of the magnetic field needs to be optimized for every 
element, but the method gives more accurate results at 
higher background levels than the other correction 
techniques. 


INTERFERENCES IN ATOMIC ABSORPTION 
SPECTROPHOTOMETRY 


Interferences in AA spectroscopy are divided into spectral 
and nonspectral interferences, 


Spectral Interferences 


Spectral interferences include absorption by other closely 
absorbing atomic species, absorption by molecular species, 
scattering by nonvolatile salt particles or oxides, and back- 
ground emission (which can be electronically filtered). 
Absorption’ by other atomic species usually is not a problem 
because of the extremely narrow bandwidth (0.01 nm) used 
in the absorption measurements. Absorption and scattering 
by molecular species are particularly problematic at lower 
atomizing temperatures. 


Nonspectral Interferences 


Nonspectral interferences are either nonspecific or specific. 
Nonspecific interferences affect the nebulization by altering 
the viscosity, surface tension, or density of the analyte solu- 
tion, and consequently the sample flow rate. Certain con- 
taminants also decrease the desolvation and atomization 
efficiency by lowering the atomizer temperature. Specific 
interferences are also called chemical interferences because 


they are more analyte dependent. Solute volatilization inter- 
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ference refers to the situation when the contaminant forms 
nonvolatile species with the analyte. An example is the phos- 
phate interference in the determination of calcium that is 
caused by the formation of calcium-phosphate complexes. 
The phosphate interference is overcome by adding a cation, 
usually lanthanum or strontium, that competes with calcium 
for the phosphate. Enhancement effects are also observed in 
which the addition of contaminants increases the volatiliza- 
tion efficiency. Such is the case with aluminum, which nor- 
mally forms nonvolatile oxides but in the presence of 
hydrofluoric acid forms more volatile aluminum fluoride. 
Dissociation interferences affect the degree of dissociation of 
the analyte. Analytes that form oxides or hydroxides are 
especially susceptible to dissociation interferences. Ionization 
interference occurs when the presence of an easily ionized 
element, such as K, affects the degree of ionization of the 
analyte, which leads to changes in the analyte signal. In case 
of excitation interference, the analyte atoms are excited in the 
atomizer, with a subsequent emission at the absorption 
wavelength. This type of interference is more pronounced at 
higher temperatures. 


FLUOROMETRY - 


Fluorescence occurs when a molecule absorbs light at one 
wavelength and reemits light at a longer wavelength. An 
atom or molecule that fluoresces is termed a fluorophore. 
Fluorometry is defined as the measurement of the emitted 
fluorescence light. Fluorometric analysis is a widely used 
method of quantitative analysis in the chemical and biolog- 
ical sciences; it is accurate and very sensitive. 


BASIC CONCEPTS 


Figure 3-14 diagrammatically illustrates the relationship 
between absorption, fluorescence, and phosphorescence. As 
indicated, each molecule contains a series of closely spaced 
energy levels. Absorption of a quantum of light energy by a 
molecule causes the transition of an electron from the singlet 
ground state to one of a number of possible vibrational levels 
of its first singlet state. The actual number of molecules in 
the excited state under typical reaction conditions and 
excited with a typical 150-W light source is very small and 
is estimated to be about 10° mole per mole of fluorophore. 
Once the molecule is in an excited state, there are several 
ways it can return to its original energy state. These include 
radiationless vibrational equilibration, the fluorescence 
process, quenching of the excited singlet state, radiationless 
crossover to a triplet state, quenching of the first triplet state, 
and the phosphorescence process. 

As shown in Figure 3-14, vibrational equilibration before 
fluorescence results in some loss of the excitation energy. The 
emitted fluorescence light is therefore of less energy or has a 
longer wavelength than the excitation light. The difference 
between the maximum wavelength of the excitation light and 
the maximum wavelength of the emitted fluorescence light is 
a constant referred to as the “Stokes shift.” This constant is a 


Figure 3-14 Luminescence energy-level diagram of typical 
organic molecule. Sp is the ground level singlet state; S, is the 
first excited singlet state; A is the absorption process; T, is the 
first excited triplet state; and RVD is the radiationless vibrational 
deactivation. Q is quenching of the excited singlet or triplet 
state. F is the fluorescence process from the first excited singlet 
state. P is the phosphorescence process from the first excited 
triplet state. RC is the radiationless crossover from the first 
excited singlet state to the first excited triplet state. 


measure of the energy lost during the lifetime of the excited 
state (radiationless vibrational deactivation) before return to 
the ground singlet level (fluorescence emission). 


Time Relationships of Fluorescence Emission 


The time required for a molecule to absorb radiant energy 
and to be promoted to an excited state is approximately 
10's, The length of time for vibrational equilibration to 
occur to the lowest excited state is of the order of 10°% to 
10s. The length of time required for fluorescence emission 
to occur is of the order of 10” to 107s. Relatively speaking, 
there is a considerable time delay between the absorption of 
light energy, the return to the lowest excited state, and the 
emission of fluorescence light. This time relationship is 
shown in Figure 3-15. Phase I in Figure 3-15 represents the 
time period between absorbance of light energy and radia- 
tionless loss of energy during vibrational rearrangement to 
the lowest excited energy state. This time period is repre- 
sented by the up and down arrows in the diagram. Phase II 
shows the emission and decay of a short-lived (b) and a 
longer-lived (a) fluorophore. If the fluorescence emission is 
measured over time following a pulse of light from an exci- 
tation source, such as a xenon lamp or laser, the intensity of 
the emitted light decays as a first-order process similar to 
radioactive decay (ie., phase II of Figure 3-15). The time 
required for the emitted light to reach 1/e of its initial inten- 
sity, where e is the Naperian base 2.718, is called the average 
lifetime of the excited state of the molecule, or the fluores- 
cence decay time. 

The time delay between absorption of quanta of energy 
and fluorescence is used in fluorescence instrumentation 
called time-resolved fluorometers.’ The advantage of a time- 
resolved fluorometer is the elimination of background light 
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Figure 3-15 Fluorescence decay:process: E is the absorption of 
energy; | is the vibrational deactivation time phase; Il is the 
fluorescence emission time phase; a is long fluorescence decay 
time; and b is short fluorescence decay time. 
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scattering due to Rayleigh and Raman signals and short-lived 
fluorescence background with consequent dramatic increase 
in signal-to-noise and detection sensitivity. 

Time-resolved fluorometry’ falls into one of two cate- 
gories, depending on how the fluorescence emission 
response is measured: (1) pulse fluorometry, in which the 
sample is illuminated with an intense brief pulse of light and 
the intensity of the resulting fluorescence emission is mea- 
sured as a function of time with a fast detector system, or (2) 
phase fluorometry, in which a continuous-wave laser illumi- 
nates the sample, and the fluorescence emission response is 
monitored for impulse and frequency response.’ 


Relationship of Concentration and 
Fluorescence Intensity 


The relationship of concentration to intensity of fluores- 
cence emission is derived from the Beer-Lambert law. By 
expansion through a Taylor series, rearrangement, logarithm 
base conversion, and basic assumptions about dilute solu- 
tions, the following equation is obtained: 


F = OIpabe (12) 


where 
F = relative intensity 
= fluorescence efficiency (i.e., the ratio between quanta 
of light emitted and quanta of light absorbed) 
J, = initial excitation intensity 
a = molar absorptivity 
b = volume element defined by geometry of the excita- 
tion and emission slits 
c =the concentration in mol/L 
Equation (12) indicates that fluorescence intensity is 
directly proportional to the concentration of the fluo- 
rophore and the excitation intensity. This relationship holds 
only for dilute solutions, where absorbance is less than 2% 


of the exciting radiation; the fluorescence intensity becomes 
nonlinear as the absorbance of the solution increases above 
2% of the exciting radiation. This phenomenon is called the 
inner filter effect, and it is discussed in more detail in a later 
section. Other factors influencing the measurement of fluo- 
rescence intensity are the sensitivity of the detector and the 
degree of background light scatter seen by the detector. 

Fluorescence intensity measurements are more sensitive 
than absorbance measurements. The magnitude of ab- 
sorbance of a chromophore in solution is determined by its 
concentration and the path length of the cuvet. The magni- 
tude of fluorescence intensity of a fluorophore is determined 
by its concentration, the path length, and the intensity of the 
light source. The sensitivity of fluorescence measurements 
can be 100 to 1000 times greater than the sensitivity of 
absorbance measurements through the use of more intense 
light sources, digital signal filtering techniques, and sensitive 
emission photometers. All of these are incorporated in con- 
ventional spectrofluorometric instrumentation, described 
later in this chapter. 

Frequently, fluorescence measurements are expressed in 
relative intensity units. The word relative is used because the 
intensity measured is not an absolute quantity. It is a small 
part of the total fluorescence emission, and its magnitude is 
defined by the instrument slit width, detector sensitivity, 
monochromator efficiency, and excitation intensity. Because 
these are instrument-related variables, establishing an ab- 
solute intensity unit for a given concentration of a fluo- 
rophore that is valid from instrument to instrument is 
difficult, if not impossible. 


Fluorescence Polarization 


Light is composed of electrical and magnetic waves at right 
angles to each other. Light waves produced by standard exci- 
tation sources have their electrical vectors oriented ran- 
domly. Light waves, passed through certain crystalline 
materials (polarizers), have their electrical vectors oriented 
in a single plane and are said to be plane-polarized. Fluo- 
rophores absorb light most efficiently in the plane of their 
electronic energy levels. If their rotational relaxation 
(Brownian movement) is slower than their fluorescence 
decay time, as is the case for large fluorescent-labeled mole- 
cules, the emitted fluorescence light will be polarized. 
Because small molecules have rotational relaxation times 
that are much shorter than their fluorescence decay time, 
their emitted fluorescence light is depolarized. However, if 
the small fluorescent molecule is attached to a macromole- 
cule or if it is placed in a viscous solution, the small mole- 
cule will emit polarized light. Fluorescence polarization, P, is 
defined by the following equation: 


G a In) 
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where 
I, = intensity of the emitted fluorescence light in the vertical 
plane 
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Figure 3-16 Schematic diagram of a fluorescence polarization 
analyzer. P is the polarizer to provide polarized excitation light. 
PA is the polarizer analyzer, which is rotated to provide the 
measurement of parallel and perpendicular polarized 
fluorescence-emission intensity. ExM is the excitation 


monochromator, EmM is the emission monochromator, D is the 
detector, and C is the reaction cell or cuvet. 


I, =intensity of the emitted fluorescence light in the 
horizontal plane 

As indicated, P is the difference between the two observed 
intensities divided by their sum. Fluorescence polarization is 
measured by placing a mechanically or electrically driven 
polarizer between the sample cuvet and the detector. A 
diagram of a fluorescence polarization measurement system 
is shown in Figure 3-16. In the normal instrumentation 
mode, the sample is excited with polarized light to obtain 
maximum sensitivity. The polarization analyzer is posi- 
tioned first to measure the intensity of the emitted fluo- 
rescence light in the vertical plane (I,), and then the 
polarization analyzer is rotated 90° to measure the emitted 
fluorescence light intensity in the horizontal plane (J). P 
is then calculated manually or automatically by use of 
equation (13). 

Fluorescence polarization is used to quantitate analytes 
by use of the change in fluorescence depolarization follow- 
ing immunological reactions (see Chapter 9). Quantitation 
is accomplished by adding a known quantity of fluorescent- 
labeled analyte molecules to a reaction solution containing 
an antibody specific to the analyte. The labeled analyte binds 
to the antibody and causes a change in its rotational relax- 
ation time, resulting in fluorescence polarization. The addi- 
tion of a nonlabeled analyte, such as an unknown quantity 
of a therapeutic drug in a serum specimen, will result in a 
competition for binding to the antibody with the fluores- 
cent-labeled analyte. This change in binding of the fluo- 
rophore-labeled analyte causes a change in fluorescence 
polarization that is inversely proportional to the amount of 
analyte contained in a given sample. Because the change in 
fluorescence polarization is a direct response to the reaction 
mixture, the bound fluorophore need not be separated from 
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Figure 3-17 Block diagram of a typical spectrofluorometer: XS 
is the xenon source; PS is the power supply; M, is the excitation 
monochromator; C is the sample cell; M, is the emission 
monochromator. D; and D, are detectors; D) monitors the 
variation in excitation intensity and D, measures fluorescence 
emission intensity. A; and A, are excitation signal and emission 
signal amplifiers, respectively. 


free fluorophore. Thus fluorescence polarization is applica- 
ble to homogeneous assays of low-molecular-weight ana- 
lytes, such as therapeutic drugs.” 


INSTRUMENTATION 


Fluorometers and spectrofluorometers are used to measure 
fluorescence. Operationally, a fluorometer uses interference 
filters or glass filters to produce monochromatic light for 
sample excitation and for isolation of fluorescence emission, 
whereas a spectrofluorometer uses a grating or prism 
monochromator. 


Components 

Basic components of fluorometers and spectrofluorometers 
include (1) an excitation source, (2) an excitation mono- 
chromator, (3) a cuvet, (4) an emission monochromator, and 
(5) a detector. In Figure 3-17, these components are shown 
as they would be configured in a 90° optical system. 


Excitation Source 


The absorption spectra of most fluorescent compounds of 
interest are in the spectral region of 300 to 700nm. The flu- 
orescence emission intensity is proportional to the initial 
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excitation intensity and to concentration and. size of the 
volume element being measured in the sample cell. There- 
fore, an intense lamp capable of emitting radiant energy over 
a large spectral region is desirable, Excitation sources used 
in fluorometers and spectrophotometers include xenon, 
quartz halogen, and mercury arc lamps and lasers. Some 
provide high-intensity spectra at one or more wavelengths, 
while others provide a continuum over the spectral range of 
interest. 

Xenon Lamp. The xenon lamp is a popular excitation 
source as it provides a continuum of relatively high-inten- 
sity radiant energy over the spectral region of 250 to 800 nm. 
It is widely used. for certain fluorescence applications be- 
cause of its high energy output, stability of lamp flashes, and 
higher ultraviolet and visible spectral output. These flash 
lamps can be pulsed at rates up to 2500 pulses per second. 
Light output is typically in the 0.01- to 0.1-} interval, with 
a spectral distribution ranging from 250 to 800nm. The 
life of flash lamps varies from 10° to 10° flashes, with 
the spectral stability being maintained throughout the life 
of the flash lamp. A limitation of xenon lamps for analytical 
use is arc wandering or flicker. However, the use of current- 
stabilized power supplies has minimized this problem and 
improved the performance of fluorescence instrumentation 
using xenon lamps. 

Lasers. Laser sources (discussed earlier in the Spec- 
trophotometry section) are widely used in fluorescence 
applications in which highly intense, well-focused, and 
essentially monochromatic light is required. Examples of 
these applications include time-resolved fluorometry, flow 
cytometry, pulsed laser confocal microscopy, laser-induced 
fluorometry, and light-scattering measurements for particle 
size and shape. Several different types of lasers are available 
as an excitation source for fluorescence measurements (see 
Table 3-3). 


Excitation and Emission Monochromator 


Monochromators used in fluorescence instrumentation 
include interference filters, colored glass filters, gratings, 
and prisms. Most modern analytical instruments using 
interference filters use the all-dielectric multicavity filter or 
a hybrid Fabry-Perot coupled-dielectric-layer filter (a filter 
with metal reflective layers). Either type of filter is combined 
with appropriate sharp cutoff glass filters to form a single 
filter package, which removes undesired transmission of 
higher orders and provides narrow bandwidth, higher 
peak wavelength transmission, and increased band slope. 
The increased slope of the spectral band makes the tran- 
sition from peak transmission to nontransmission more 
abrupt, which is very important for the spectral separa- 
tion of excitation and emission bands with a small Stokes 
shift. 

Colored glass filters selectively absorb certain wavelengths 
of light. These filters have been used for both excitation and 


emission wavelength selection, but they are more susceptible 
to transmitting stray light and unwanted fluorescence. 

Grating monochromators are devices that isolate regions 
of the spectrum. The spectral resolution of the light at the slit 
is a function of the slit width and the resolution of the 
grating. Spectrofluorometers generally use larger slit widths 
than absorbance spectrophotometers to obtain higher excita- 
tion intensities. An advantage of the grating monochromator 
is that it provides a selectivity of the excitation and emission 
wavelengths required when working with new fluorophores 
with absorbance and emission maxima for which specially 
fabricated interference filters may not exist. The rotation of 
the grating is digitally controlled when spectral scans of 
fluorescence excitation and emission are automated. In the 
conventional operation of a spectrofluorometer, either the 
excitation wavelength or the emission wavelength is held 
constant, and the other is scanned. With more automated 
instrumentation, both the excitation and emission mono- 
chromators are synchronized and scanned together at pro- 
grammed rates. This provides a change in emission intensity 
as a function of change in excitation and emission wave- 
length and gives an additional dimension of specificity to 
fluorescence measurements. Due to their high degree of 
monochromaticity, lasers are being used as both the excita- 
tion light source and monochromator. When a laser is used as 
a combination excitation source and monochromator, a 
narrow-band interference filter is usually placed before the 
detector to eliminate additional orders of emission. 


Cuvet 


As with spectrophotometers, cuvets are used in fluorometers 
and spectrofluorometers to hold the liquid sample to be ana- 
lyzed. However, with fluorescence instruments, the cuvets 
used are typically square or rectangular and are constructed 
from a material that allows the excitation and emitting light 
to pass (glass or plastic for visible light; quartz for ultravio- 
let light). However, some plastic cuvets contain ultraviolet 
absorbers that fluoresce, causing unwanted background 
signal and loss of sensitivity. 

With fluorometers and spectrofluorometers, the place- 
ment of the cuvet and excitation beam relative to the pho- 
todetector is critical in establishing the optical geometry for 
fluorescence measurements. As fluorescence light is emitted 
in all directions from a molecule, several excitation/emission 
geometries are used to measure fluorescence (Figure 3-18). 
Most commercial spectrofluorometers and fluorometers use 
the right angle—detector approach, because it minimizes the 
background signal that limits analytical sensitivity. The end- 
on approach allows the adaptation of a fluorescence detec- 
tor to existing 180° absorption instruments. Its sensitivity is 
limited by the quality of the excitation and/or emission 
interference filter pair, the excitation and/or emission spec- 
tral band overlap, and the inner filter effect. The front surface 
approach provides the greatest linearity over a broad range 
of concentration because it minimizes the inner filter effect. 
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Figure 3-18 Fluorescence excitation/emission 
geometries: Ip is the initial excitation energy; 
ExM is the excitation monochromator; C is 
the sample cuvet; |, is the fluorescence 
intensity; EmM is the emission mono- 
chromator; and D is the detector. 


The front surface approach shows similar sensitivity to the 
right angle detectors but is more susceptible to background 
light scatter. Front surface fluorometry has been widely 
applied to heterogeneous solid-phase fluorescence immu- 
noassay systems. 

To accommodate these different geometries, the sample 
cell is oriented at different angles in relation to the excita- 
tion source and the detector. The major concerns related to 
the geometry of the sample cell are light scattering, the inner 
filter effect, and the sample volume element seen by the 
detector. Figure 3-19 shows the sample cell and slit arrange- 
ment for a conventional fluorescence spectrophotometer 
with the excitation and emission slits oriented at a right 
angle. S, and S, designate the excitation and emission slits, 
respectively. The position of the emission slit and the width 
of the slit are important. If the emission slit is located near 
the front edge of the sample cell, as shown in Figure 3-19, B, 


N 


End-on geometry 


Right angle geometry 


Front-surface geometry 


the inner filter effect is minimized. If the emission slit width 
is increased, sensitivity will increase, but specificity may 
decrease. 


Photodetectors 


As with spectrophometric instruments, a number of devices 
are used as photodetectors in fluorometric instruments, 
including the photomultiplier tube (PMT) and charged- 
coupled detector (CCD). In addition, visual observation is 
used for some applications. 

Visual Observation. Because the human eye is a very 
sensitive detector with a wide range of spectral recognition, 
qualitative fluorescent thin-layer methods in the clinical lab- 
oratory use short- and long-wavelength ultraviolet lamp 
source coupled with visual observation. 

Photomultiplier Tube. For quantitative assays, the most 
commonly used detector in fluorometers and spectrofluo- 
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Figure 3-19 Two right angle fluorescence. sample cuvet 
positions. A is the standard 90° configuration. B is the offset 
positioning of the cuvet to minimize the inner filter effect. 


rometers is the PMT. The important features of the PMT for 
fluorescence measurements are a wide. choice of spectral 
responses, rapid photon response time (i.e, nanosecond 
response time), and sensitivity. Sensitivity is due to the pos- 
sible gain of 10° electrons at the anode of the photomultiplier 
tube for each incident photon hitting the photo cathode. 
Depending on the light level (photon flux) striking the 
PMT cathode and the desired sensitivity, the measurement 
of electron flow at the PM tube anode is accomplished in dif- 
ferent ways. At high light intensities, analog techniques for 
measurement of PMT current are useđ;: The analog signal is 
then converted to a digital signal for computer use or for 
panel digital display. At low light levels, spikes or pulses gen- 
erated at the cathode of the PMT are counted. The number 
of pulses that occur per unit of time is directly proportional 
to the intensity of emitted fluorescence light striking the 
PMT. This method is called photon counting. The use of 


photon counting increases the signal-to-noise ratio and the 
sensitivity of the measurement of fluorophores at very low 
concentrations. 

Charge-Coupled Detector. CCDs are multichannel 
devices having dynamic range and a signal-to-noise ratio 
that are superior to those of photomultiplier tubes.*” These 
solid-state devices are composed of a large number of photo- 
detecting shift registers that are read horizontally and verti- 
cally. CCD were first used for astronomy applications and in 
ground-based optical telescopes in which sensitive low-light 
measurements are required. Because of their ability to detect 
very low levels of light, they have been used for molecular 
fluorescence measurement of very low concentrations of 
fluorescent molecules” and as a quantitative electronic 
imager for quantitative confocal microscopy.’ A data- 
reading technique called binning has been developed 
that allows multielement devices to have functional 
elements linked together much like rectangular slit widths. 
A fluorometer has been built using a CCD and a 30-W 
mercury pen lamp as its light source, With this instrument, 
detection limits have been decreased by one order of 
magnitude. 


Performance Verification 

As with spectrophotometers, NIST provides a number of 
SRMs for use in the calibration or verification of the per- 
formance of fluorometers or fluorospectrophotometers. 
These include SRM 936a (quinine sulfate dihydrate) for cal- 
ibrating such instruments and SRM 1932 (fluorescein) for 
establishing a reference scale for fluorescence measurements 
(see http://www.nist.gov). 


Types of Fluorometers and Spectrofluorometers 


Fluorometers and fluorescence spectrophotometers are 
available that offer a variety of features. These features 
include ratio referencing, microprocessor-controlled excita- 
tion and emission monochromators, pulsed xenon light 
sources, photon counting, rhodamine cell for corrected 
spectra, polarizers, flow cells, front-surface viewing adapters, 
multiple cell holders, and microprocessor-based data reduc- 
tion systems. 

In addition, to the basic spectrofluorometer discussed 
earlier (see Figure 3-17), other types of fluorometric in- 
struments include a ratio-referencing spectrofluorom- 
eter, time-resolved fluorometer, flow cytometer, and 
hematofluorometer. 


Ratio-Referencing Spectrofluorometer 

A typical ratio-referencing spectrofluorometer is illustrated 
in Figure 3-20. Basically, this is a simple right angle instru- 
ment that uses two monochromators (M1 and M2), two 
photomultiplier tube detectors (D1 and D2, the reference 
and sample PMTs), and a xenon lamp source. The light from 
the exciter monochromator (M1) is split, and a small portion 
(10%) is directed to the reference PMT (D1) for ratio refer- 
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Figure 3-20 Diagram of a typical ratio-referencing spectrofluorometer. 


encing purposes. The remaining excitation light is focused 
into the sample cuvet (C). Emission optics are positioned 
at a right angle to the excitation optics. An emission mono- 
chromator (M2) is used to select or scan the desired portion 
of the emission spectra, which is directed to the sample 
PMT (D2) for measurement of the emission intensity. The 
output signals from the reference and the sample PMTs are 
amplified (A1 and A2), and a ratio of the sample to the ref- 
erence signal is provided by a digital display or a chart 
recorder. The operational mode of a ratio fluorometer is 
similar to that of the spectrofluorometer; however, only dis- 
crete excitation and emission wavelengths are available, and 
the use of this type of instrument is precluded from scan- 
ning fluorophores to obtain emission and excitation spectra. 
The ratio filter fluorometer is most useful for obtaining con- 
centration measurements at defined excitation and emission 
wavelengths. 

The ratio-referencing spectrofluorometer is operated at 
either fixed excitation and emission wavelength settings for 
concentration measurements or used to measure the excita- 
tion or emission spectrum of a given compound. The mea- 
surement of concentration of unknowns is accomplished in 
a similar manner as with a single-beam fluorometer. A blank 
and a calibrating solution are first measured, and then the 
unknown samples are measured. The ratio-referencing spec- 
trofluorometer in Figure 3-20 provides two advantages over 
single-beam spectrofluorometers. First, it eliminates short- 
and long-term xenon lamp energy fluctuations (i.e., arc 


flicker and lamp decay) and thus minimizes the need for fre- 
quent calibration of the instrument during analysis. Second, 
it provides “essentially” corrected excitation spectra by com- 
pensating for wavelength-dependent energy fluctuations. 


Time-Resolyed Fluorometers 


The time-resolved fluorometer was introduced in the mid- 
1970s when Weider developed a pulsed nitrogen laser 
fluorometer in conjunction with a lanthanide-based 
immunoassay system to measure the fluorescence decay of 
lanthanide chelates as a means of eliminating background 
interferences from light scatter and short decay time fluo- 
rescence compounds.” The time-resolved fluorometer’ is 
similar to the ratio-referencing fluorometer with the excep- 
tion that the light source is pulsed and that the detector 
monitors, in a fast photon-counting mode, the exponential 
decay of the fluorescence signal after the excitation. Time- 
resolved fluorometry requires the use of long-lived fluo- 
rophores, such as the lanthanide (rare earth) metal ions 
europium (Eu**) and samarium (Sm**). Whereas most fluo- 
rescence compounds have decay times of 5 to 100ns, 
europium chelates decay in 0.6 to 100s. Thus time-resolved 
fluorescence assays take advantage of the difference in the 
lifetimes of fluorophore and the background fluorescence by 
measuring the decaying fluorescence signal. This eliminates 
background interferences and at the same time averages the 
signal to improve the precision of measurement. Detection 
limits of approximately 107’ mol/L can be achieved with 


82 Section l} Analytical Techniques and Instrumentation 


time-resolved fluorometry; this is an improvement of about 
four orders of magnitude compared with conventional 
fluorometric measurements. For example, Eu**-labeled 
nanoparticles in combination with time-resolved fluorome- 
try have been used to develop a highly sensitive immunoas- 
say for free and total prostate specific antigen having a 
functional sensitivity of 0.5 ng/L.*"*° 


Flow Cytometer 


Cytometry refers to the measurement of physical and/or 
chemical characteristics of cells, or, by. extension, of other 
biological particles. Flow cytometry is a process in which 
such measurements are made while the cells or particles pass, 
preferably in single file, through the measuring apparatus in 
a fluid stream. Flow sorting extends flow cytometry by using 
electrical or mechanical means to divert and collect cells with 
one or more measured characteristics falling within a range 
or ranges of values set by the user.'*”* 

Operationally, flow cytometry combines laser-induced 
fluorometry and particle light scattering analysis that allows 
different populations of molecules, cells, or particles to be 
differentiated by size and shape using low-light and right 
angle light scattering. The use of a laser is ideally suited for 
low-angle light scattering. These cells, molecules, or particles 
are labeled with different specific fluorescent labels, such 
as 8-phycoerythrin, fluorescein isothiocyanate, rhodamine- 
6G, and dye-labeled antibodies. As they flow through the 
flow cell, simultaneous fluorescence and light scattering 
measurements are automatically performed by the flow 
cytometer. Most flow cytometers incorporate two or more 
fluorescence emission detection systems so that multiple flu- 
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orescent labels can be used. In this manner, molecules, cells, 
or particles can be classified by size, shape, and type accord- 
ing to their light-scattering and fluorescent properties. A 
schematic diagram of a flow cytometer is shown in Figure 
3-21. An optical stop is placed in the 180° beam after the flow 
capillary to block the main laser beam and permit low-angle 
forward light scattering measurements. The 90° emission 
signal is split and directed to two PMTs to determine right 
angle light scattering and detect at least two separate fluo- 
rescence emission signals. Two narrow-bandpass interfer- 
ence filters (530nm and 596 nm) are placed in front of the 
two 90° fluorescence emission PMTs. A computer with sub- 
stantial resident software is employed to reduce the acquired 
data to appropriate histograms for final result reporting. 
Cell-sorting electrodes are shown in the schematic drawing. 
Most commercial flow cytometers use a single argon ion 
laser (488 nm), which excites fluorescein isothiocyanate and 
phycoerythrin. When excited, fluorescein isothiocyanate- 
labeled cells emit green light (Emax = 530nm), and phycoery- 
thrin-labeled cells emit orange light (Emax = 596 nm). 

Flow cytometers are able to measure multiple parameters, 
including cell size (forward scatter), granularity (90° scatter), 
DNA content, RNA content, DNA (A+T)/(G+C) 
nucleotide ratios, chromatin structure, antigens, total 
protein content, cell receptors, membrane potential, and 
calcium ion concentration as a function of pH. These pa- 
rameters are used in hematology, immunology (e.g., in T-cell 
subsets, tissue typing, lymphocyte stimulation, and antigen- 
antibody reactions), oncology (e.g., in diagnosis, prognosis, 
and treatment monitoring), microbiology (e.g. in bacterial 
identification and antibiotic sensitivity), virology, genetics 
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Figure 3-21 Schematic diagram of a flow cytometer. 
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(e.g., in karyotyping and carrier state detection), parasitol- 
ogy, reproduction and fertility studies, and possibly may 
have application in cervical cytology. Flow cytometry also 
has potential applications for the development of sensitive 
laser-induced fluoroimmunoassays, Phycoerythrin is a large 
phycobiliprotein molecule (MW = 250,000) with the fluo- 
rescence emission equivalent of 25 rhodamine-6G mole- 
cules, a quantum yield of 0.98, a broad emission spectrum 
of 530 to 630nm, and low photodecomposition. It is an 
excellent label for cells and possibly for use in new 
fluoroimmunoassays. 

Of particular note has been the development and use of 
particle-based flow cytometric assays. With this technology, 
a flow cytometer is combined with microspheres that are 
used as the solid support for conventional immunoassay, 
affinity assay, or DNA hybridization assay.” The resultant 
system is very flexible and has led to the development of 
multiplexed assays that simultaneously measure many dif- 
ferent analytes in a small sample volume. 


Hematofluorometer 


The hematofluorometer is a single-channel front surface 
photofluorometer dedicated to the analysis of zinc proto- 
porphyrin in whole blood (see Chapter 32). A typical 
hematofluorometer uses a quartz tungsten lamp, a narrow 
bandpass excitation filter (420nm), front surface optics, a 
narrow bandpass filter (594nm), and a PM tube. A drop of 
whole blood is placed on a small rectangular glass slide that 
serves as a cuvet. 


LIMITATIONS OF FLUORESCENCE MEASUREMENTS 


Factors that influence fluorescence measurements include 
concentration effects (e.g., inner filter effect and concentra- 
tion quenching), background effects (due to Rayleigh and 
Raman scattering), solvent effects (e.g., interfering nonspe- 
cific fluorescence and quenching from the solvent), sample 
effects (e.g., light scattering, interfering fluorescence, and 
sample adsorption), temperature effects, and photodecom- 
position (bleaching) of the sample. 


Inner Filter Effect 


The linear relationship between concentration and fluores- 
cence emission (equation [12]) is valid when solutions are 
used that absorb less than 2% of the exciting light. As the 
absorbance of the solution increases above this amount, 
the relationship becomes nonlinear, a phenomenon known 
as the “inner filter effect.” It is caused by a loss of excitation 
intensity across the cuvet path length as the excitation light 
is absorbed by the fluorophore. Thus as the fluorophore 
becomes more concentrated, the absorbance of the excita- 
tion intensity increases, and the loss of the excitation light as 
it travels through the cuvet increases. This effect is most 
often encountered with a right angle fluorescence instru- 
ment, in which the emission slits are set to monitor the 
center of the sample cell where the absorbance of excitation 
light is greater than at the front surface of the cuvet. There- 


fore it is less problematical if a front surface fluorescence 
instrument is used. However, most fluorescence measure- 
ments are made on very dilute solutions and the inner filter 
effect is therefore not a problem. 


Concentration Quenching 


Another related phenomenon that results in a lower 
quantum yield than expected is called concentration quench- 
ing. This can occur when a macromolecule, such as an anti- 
body, is. heavily labeled with a fluorophore, such’ as 
fluorescein isothiocyanate. When this compound is excited, 
the fluorescence labels are in such close proximity that radi- 
ationless energy transfer occurs. Thus, the resulting fluores- 
cence is much lower than expected for the concentration of 
the label. This is a common problem in flow cytometry and 
laser-induced fluorescence when attempting to enhance 
detection sensitivity by increasing the density of the fluo- 
rescing label. 


Light Scattering 


Light scattering, both Rayleigh and Raman, limit the use of 
fluorescence measurements. Rayleigh scattering occurs with 
no change in wavelength. For fluorophores with small Stokes 
shifts, the excitation and emission spectra overlap and are 
particularly susceptible to loss of sensitivity because of back- 
ground light scatter. Rayleigh-type light scatter is controlled 
by the use of well-defined emission and excitation interfer- 
ence filters or by appropriate monochromator settings and 
by the use of polarizers. 

Raman scattering occurs with a lengthening of wave- 
length. This type of light scattering is independent of exci- 
tation wavelength and is a property of the solvent. Because 
Raman light scattering appears at longer wavelengths than 
the exciting radiation, it is a difficult interference to elimi- 
nate when working at very low fluorophore concentrations. 
As an example, the wavelength shift in water is ~50 nm at an 
excitation wavelength of 365 nm and ~75 nm at an excitation 
wavelength of 436nm. The shift would represent a problem 
if the excitation maximum of a fluorophore was 365 nm and 
the emission maximum was 415 nm. Raman light scattering 
is controlled by setting the excitation and emission wave- 
lengths far enough apart to prevent the Raman scatter. Also, 
it is controlled by narrowing the slit width on the excitation 
monochromator. However, both options tend to decrease 
sensitivity. 


Cuvet Material and Solvent Effects 


Certain quartz glass and plastic materials that contain ultra- 
violet absorbers will fluoresce. Some solvents, such as 
ethanol, are also known to cause appreciable fluorescence. It 
is therefore important when developing a fluorescence assay 
to assess the background fluorescence of all components of 
the reaction mixture. Fluorescence grade solvents and cuvets 
with minimum fluorescence emission, which minimize these 
types of fluorescence background problems, are commer- 
cially available. 
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Quenching by the solvent can be a problem and should 
be investigated when setting up a new fluorometric method. 
Quenching is related to the interaction of the fluorophore 
with the solvent or with a solute dissolved in the solvent. 
Such interaction results in a loss of fluorescence owing to 
energy transfer or other mechanisms, but there is no effect 
on the absorbance spectrum of the fluorophore. An example 
of quenching is the loss of fluorescence when halides are 
added to quinine in dilute sulfuric acid. Quenching can be a 
useful tool for studying molecular structure, because: fluo- 
rescence emission is sensitive to and specific for changes in 
atomic and molecular structure. 


Sample Matrix Effects 


A serum or urine sample contains many compounds that ' 


fluoresce. Thus the sample matrix is a potential source of 
unwanted background fluorescence and must be examined 
when new methods are developed. The most serious con- 
tributors to unwanted fluorescence are proteins and biliru- 
bin. However, because protein excitation maxima are in the 
spectral region of 260 to 290nm, their contribution to 
overall background fluorescence is minor when excitation 
occurs above 300nm. 

The light scattering of proteins and other macromole- 
cules in the sample matrix has been known to cause 
unwanted background fluorescence. Lipemic samples, for 
example, are noted for their intense light scattering, and the 
relative contribution of lipids to the background signal of a 
fluorescence measurement should be investigated when 
setting up a new method. 

In addition to background interferences, dilute solutions 
of some fluorophores in the concentration range of 
10° mol/L and below will absorb to the walls of glass cuvets 
and other reaction vessels. Also, dilute solutions of fluo- 
rophores, when excited over long periods of time, are 
susceptible to photodecomposition by intense excitation 
light. Operationally, these problems are avoided by selecting 
proper reaction vessels, adding wetting agents, and mini- 
mizing the length of time a sample is exposed to the excita- 
tion light. 


‘Temperature Effects 


The fluorescence quantum efficiency of many compounds is 
sensitive to temperature fluctuations. Therefore, the temper- 
ature of the reaction must be regulated to within +0.1°C. In 
general, fluorescence intensity decreases with increasing 
temperature by approximately 1% to 5% per degree Celsius. 
Furthermore, collisional quenching decreases with increas- 
ing viscosity, thus reducing quenching of fluorescence. Oper- 
ationally, fluorescence intensity is therefore enhanced by 
either increasing reaction viscosity or lowering solvent tem- 
perature, Temperature effects are minimized by controlling 
reaction temperature and warming samples or reagents, or 
both, if they have been refrigerated. 


Photodecomposition 


In conventional fluorometry, excitation of weakly fluo- 

rescing or dilute solutions with intense light sources will 

cause photochemical decomposition of the analyte 

(photobleaching). 

The following steps help to minimize photodecomposi- 
tion effects: 

1. Always use the longest feasible wavelength for excitation 
that does not introduce light-scattering effects. 

2. Decrease the duration of excitation of the sample by mea- 
suring the fluorescence intensity immediately after 
excitation. 

3. Protect unstable solutions from ambient light by storing 
them in dark bottles. 

4, Remove dissolved oxygen from the solution. 

In addition, highly intense laser light sources with an 
energy output greater than 5 to 10 mW that are used for flow 
cytometry, fluorescence microscopy, and laser-induced fluo- 
rescence measurements will rapidly photodecompose some 
fluorescence analytes. This decomposition introduces non- 
linear response curves and loss of the majority of the sample 
fluorescence. Fluorescence-based assays for analytes at 
ultralow concentrations require optimization of laser inten- 
sity and the use of a sensitive detector. 


PHOSPHORESCENCE 


Phosphorescence is the luminescence produced by certain 
substances after absorbing radiant energy or other types 
of energy.” Phosphorescence is distinguished from fluores- 
cence in that it continues even after the radiation causing 
it has ceased. The decay time of emission of phosphores- 
cence light is longer (10*— 10's) than the decay time of 
fluorescence emission, Decay times are expressed in a time 
range of several orders of magnitude and vary with the 
molecule and its solution environment. Phosphorescence 
shows a larger shift in emitted light wavelength than does 
fluorescence. 


CHEMILUMINESCENCE, BIOLUMINESCENCE, 
AND ELECTROCHEMILUMINESCENCE 


Chemiluminescence, bioluminescence, and electrochemilumi- 
nescence are types of luminescence in which the excitation 
event is caused by a chemical, biochemical, or electrochem- 
ical reaction and not by photoillumination. 


BASIC CONCEPTS 


The physical event of the light emission in chemilumines- 
cence, bioluminescence, and electrochemiluminescence is 
similar to fluorescence in that it occurs from an excited 
singlet state, and the light is emitted when the electron 
returns to the ground state. 
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Chemiluminescence and Bioluminescence 


Chemiluminescence is the emission of light when an elec- 
tron returns from an excited or higher energy level to a lower 
energy level. The excitation event is caused by a chemical 
reaction and involves the oxidation of an organic com- 
pound, such as luminol, isoluminol, acridinium esters, or 
luciferin, by an oxidant (e.g., hydrogen peroxide, hypochlo- 
rite, or oxygen); light is emitted from the excited product 
formed in the oxidation reaction. These reactions occur in 
the presence of catalysts, such as enzymes (e.g., alkaline 
phosphatase, horseradish peroxidase, and microperoxidase), 
metal ions or metal complexes (e.g., Cu** and Fe* phthalo- 
cyanine complex), and hemin.?°”"*”” 

Bioluminescence is a special form of chemiluminescence 
found in biological systems. In bioluminescence, an enzyme 
or a photoprotein increases the efficiency of the lumines- 
cence reaction. Luciferase and aequorin are two examples of 
these biological catalysts. The quantum yield (e.g., total 
photons emitted per total molecules reacting) is approxi- 
mately 0.1% to 10% for chemiluminescence and 10% to 30% 
for bioluminescence. 

Chemiluminescence assays are ultrasensitive (attomole to 
zeptomole detection limits) and have wide dynamic ranges. 
They are now widely used in automated immunoassay and 
DNA probe assay systems, (e.g., acridinium ester and acri- 
dinium sulfonamide labels and 1,2-dioxetane substrates for 
alkaline phosphatase labels and the enhanced-luminol reac- 
tion for horseradish peroxidase labels [see Chapter 9]). 


Electrochemiluminescence 


Electrochemiluminescence differs from chemiluminescence 
in that the reactive species that produce the chemilumines- 
cent reaction are electrochemically generated from stable 
precursors at the surface of an electrode.’ A ruthenium 
(Ru), tris(bipyridyl) chelate is the most commonly used 
electrochemiluminescence label and electrochemilumines- 
cence is generated at an electrode via an oxidation-reduc- 
tion—type reaction with tripropylamine. This chelate is very 
stable and relatively small and can be used to label haptens 
or large molecules (e.g, proteins or oligonucleotides). The 
electrochemiluminescence process has been used in both 
immunoassays and nucleic acid assays. The advantages of 
this process are improved reagent stability, simple reagent 
preparation, and enhanced sensitivity. With its use, detection 
limits of 200 fmol/L and a dynamic range extending over six 
orders of magnitude can be obtained. 


INSTRUMENTATION 


Luminometers are instruments used to measure chemilumi- 
nescence and electrochemiluminescence.””’ The basic com- 
ponents are (1) the sample cell housed in a light-tight 
chamber, (2) the injection system to add reagents to the 
sample cell, and (3) the detector. The detector is usually a 
photomultiplier tube. However, a CCD, x-ray film, or pho- 


tographic film has been used to image chemiluminescence 
reactions on a membrane or in the wells of a microplate. For 
electrochemiluminescence, the reaction vessel incorporates 
an electrode at which the electrochemiluminescence is 
generated. 


LIMITATIONS OF CHEMILUMINESCENCE AND 
ELECTROCHEMILUMINESCENCE MEASUREMENTS 

Light leaks, light piping, and high background luminescence 
from assay reagents and reaction vessels (e.g., plastic tubes 
exposed to light) are common factors that degrade analyti- 
cal performance. The extreme sensitivity of chemilumines- 
cence assays requires stringent controls on the purity of 
reagents and the solvents (e.g., water) used to prepare 
reagent solutions. Efficient capture of the light emission 
from reactions that produce a flash of light requires an 
efficient injector that provides adequate mixing when the 
triggering reagent is added to the reaction vessel. Chemilu- 
minescent and electrochemiluminescent assays have a wide 
linear range, usually several orders of magnitude, but very 
high intensity light emission can lead to pulse pile-up in 
photomultiplier tubes and this leads to a serious underesti- 
mate of the true light emission intensity. 


NEPHELOMETRY AND TURBIDIMETRY __ 


Light scattering is a physical phenomenon resulting from the 
interaction of light with particles in solution. Nephelometry 
and turbidimetry are analytical techniques used to measure 
scattered light. Light-scattering measurements have been 
applied to immunoassays of specific proteins and haptens. 
Specific applications are described in Chapters 9, 20, and 26. 


BASIC CONCEPTS 


Light scattering occurs when radiant energy passing through 
a solution encounters a molecule in an elastic collision, 
which results in the light being scattered in all directions. 
Unlike fluorescence emission, the scattered light is of the 
same frequency as the incident light. 

Factors that influence light scattering include the effect of 
particle size, wavelength dependence, distance of observation, 
effect of polarization of incident light, the concentration of 
the particles, and the molecular weight of the particles. 


Particle Size 


The Rayleigh scattering equation (see next section) applies 
to the scattering of light from small particles with much 
smaller dimensions than the wavelength of incident light 
{e.g., particle size <A/10). When the dimensions of the par- 
ticles are much smaller than the wavelength of the incident 
light, each particle is subjected to the same electric field 
strength at the same time. The reradiated or scattered light 
waves from the small particle are in phase and reinforce each 
other. As the particles become larger than the incident light 
wave, the radiated light waves are no longer all in phase. 
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Reinforcement of radiation occurs in some directions, and 
destructive interference occurs in others. The scattering pat- 
terns from these large particles are characteristic of the size 
and shape of the particle. 


Wavelength Dependence of Light Scattering 

In 1871 Lord Rayleigh derived the following equation that 
demonstrates the relationship of the intensity (I) of scat- 
tered light to the intensity (h) of the incident light: 
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where 

I, = intensity of scattered light 

J, = intensity of the excitation light 

a = polarizability of the small particle 

6 = angle of observation 

à = wavelength of the incident light 

r = distance from light scattering to the detector 

As indicated, the intensity of light scattering increases by 
the fourth power of the wavelength as the wavelength of the 
incident light is decreased. Another useful observation from 
equation (14) is the fact that the light intensity decreases by 
the square of the distance r from the light-scattering parti- 
cles to the detector. Thus, the detector should be located 
close to the analytical cell either by the juxtaposition of the 
cell to the detector or by the use of good collection optics. 


Concentration and Molecular Weight Factors in 
Light Scattering 


The direct relationship of light scattering to the concentra- 
tion of the particles and to the molecular weight of the par- 
ticles is derived from equation (14) showing that: 
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where 
I; =intensity of scattered light from small particles 
excited by polarized light 
I, = incident intensity 
dn/dc = change in refractive index of the solvent with 
respect to change in solute concentration 
M = molecular weight (g/mol) 
c =concentration (g/mL) of the particles 
@ =angle of observation 
N, = Avogadro’s number 
A = wavelength of the incident light 
r =distance from light scattering to the detector 
The important observation to be made from equation (15) 
is the direct relationship of light scattering to the concen- 
tration of the particles and to the molecular weight of the 
particles.” 


The Effect of Polarized Light on Light Scattering 


Equations (14) and (15) are different forms of the Rayleigh 
expression for light scattering from small particles if excited 


by polarized light. Figure 3-22, A shows the effect of polar- 
ized and nonpolarized light on light-scattering intensity 
from small particles as a function of scattering angle. Curve 
2 shows a spherically symmetrical intensity diagram as pre- 
dicted by equation (14). Curve 3 is the resultant intensity 
diagram when curves 1 and 2 are summed and is the scat- 
tering angular intensity diagram obtained when light scat- 
ters from small particles excited with nonpolarized light. 
Curves 1 and 2 represent intensity diagrams from vertically 
and horizontally polarized light components that are con- 
sidered to be comprising nonpolarized light. The Rayleigh 
light-scattering expression for small particles excited by non- 
polarized light is given by equation (16): 
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There are two important observations to be made from 
equation (16) and Figure 3-22, A. First, the total light scat- 
tered by small particles is less when excited by polarized light 
than by nonpolarized light, and a reduction of background 
signal from light scattering in fluorescence measurements is 
achieved if an appropriately oriented polarizer is used in 
front of the emission detector. Second, the light-scattering 
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Figure 3-22 The angular dependence of light-scattering 
intensity with nonpolarized and polarized incident light for small 
particles (A) and the angular dependence of light scattering 
with nonpolarized light for larger particles (B). 
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intensity from small particles excited by nonpolarized light 
shows a symmetrical angular dependence of light scattering 
about the 90° axis (refer to Figure 3-22, A, curve 3). 


The Angular Dependence of Light Scattering 

The angular dependence of light scattering from small par- 
ticles (ie., less than 4/10), as indicated in the previous 
section, is represented by Figure 3-22, A. Examination of 
Figure 3-22, A (curve 3) shows that the light scatter inten- 
sity for forward scatter and back scatter (Ip at 0° and 180°) 
from small particles excited by nonpolarized light is equal. 
However, light scatter intensity at 90° is much less. As the 
size of particles becomes larger (e.g., >A/10), the angular 
dependence of light scatter takes on the dissymmetrical 
relationship shown in Figure 3-22, B. In this situation, the 
light-scattering intensities at forward and back angles are 
not equal; the forward scatter intensity is much larger. Also, 
the light-scattering intensity at 90° is much less than the 
intensity at the forward (0°) angle. As particles become even 
larger, this dissymmetry increases even further. This dissym- 
metry and the change of angular dependence of light scat- 
tering with change in the size of particles is very useful for 
characterization and differentiation of various classes of 
macromolecules and cells. As was previously mentioned, this 
property of light scattering is being used in the design of flow 
cytometers. These instruments measure near forward light 
scattering and right angle light scattering from cellular par- 
ticles flowing through an optical cell and excited by a high- 
intensity laser. The ratio of the near forward light scattering 
intensity to the right angle light intensity is used in these 
instruments to distinguish different cell sizes. 


Light Scattering and Plasma Proteins 


The expression for light scattering given in equation (14) 
holds true in dilute solution for small particles if the largest 
dimension is less than one tenth of the wavelength of the 
incident light. Thus the upper limit on size of particles 
exhibiting Rayleigh scattering is about 40nm when using 
visible light at 400 nm. Many of the plasma proteins—such 
as immunoglobulins, B-lipoproteins, and albumin—are 
below this limit. For larger particles (~40 to 400nm), the 
angular dependence of the scattered light loses the symme- 
try around the 90° axis as seen in Figure 3-22, A and B and 
shows afi increase in forward scattering. Some plasma 
proteins of the immunoglobulin M class, chylomicrons, 
and aggregating immunoglobulin/antigen complexes fall 
into this size category. The scattering from particles in 
this size range is known as Rayleigh-Debye scattering, and 
the equation for this type of scattering becomes more 
complex. Particles, such as red blood cells and bacteria, are 
larger yet (i.e 7000 to 40,000nm). These particles show a 
complex angular dependence of light scattering, and this 
type of scattering from very large particles is called Mie 
scattering. These large particles produce a predominance of 
scattered light in a narrow angular region in the forward 
direction. 


MEASUREMENT OF SCATTERED LIGHT 
Turbidimetry and nephelometry are methods used to 
measure scattered light. Their measurement has proven 


useful for the quantitation of serum proteins (see Chapters 
9 and 20). 


Turbidimetry 

Turbidity decreases the intensity of the incident beam of 
light as it passes through a solution of particles. The mea- 
surement of this decrease in intensity is called turbidimetry. 


Analogous to absorption spectroscopy, the turbidity is 
defined as: 


i ioe (17) 
or 
E- Ta 
t=—n— 
nF (18) 
where 
t = turbidity 


b = path length of the incident light through the solution 
of light-scattering particles 

I = intensity of transmitted light 

I, = intensity of incident light 

Turbidity is measured at 180° from the incident beam, or 
more simply, in the same manner as absorbance measure- 
ments are made in a spectrophotometer. Turbidity can be 
measured on most spectrophotometers and automated clin- 
ical chemistry analyzers. The stability and resolution of 
modern microprocessor-driven spectrophotometers and 
photometers have greatly improved the ability to measure 
turbidity with accuracy and precision. 


Nephelometry 


Nephelometry is defined as the detection of light energy 
scattered or reflected toward a detector that is not in the 
direct path of the transmitted light.® Common nephelome- 
ters measure scattered light at right angles to the incident 
light. The ideal nephelometric instrument would be free of 
stray light and neither light scatter nor any other signal 
would be seen by the detector when the solution in front of 
the detector is free from particles. However, because of stray 
light-generating components in the optical system and in the 
sample cuvet or sample itself, a truly dark field situation is 
difficult to obtain when making nephelometric measure- 
ments. Some nephelometers are designed to measure scat- 
tered light at an angle other than 90° to take advantage of 
the increased forward-scatter intensity caused by light scat- 
tering from larger particles (e.g., immune complexes). 


Selection of Method 


The choice between turbidimetry and nephelometry depends 
on the application and the available instrumentation. Neph- 
elometry, however, still offers some advantage in sensitivity 
when measuring low-level antigen-antibody reactions.” 
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INSTRUMENTATION 


Turbidimeters and nephelometers are used to measure the 
intensity of light scattering. 


Turbidimeter 


Turbidimetric measurements are easily performed on pho- 
tometers or spectrophotometers and require little optimiza- 
tion. The principal concern of turbidimetric measurements 
is signal-to-noise ratio. Photometric systems with electro- 
optical noise in the range of +0.0002 absorbance unit or less 
are useful for turbidity measurements. 


Nephelometer 


Although light scattering can be measured with standard 
analytical fluorometers or photometers, the angular depen- 
dence of light-scattering intensity has resulted in the design 
of special nephelometers. These devices place the PMT 
detector at appropriate angles to the excitation light beam. 
The design principle of a nephelometer is similar to the 
design principle applied in fluorescence measurements, The 
major operational difference between the fluorometer and 
the nephelometer is that the excitation and detection wave- 
lengths will be set to the same value. The principal concerns 
of light scatter instrumentation are excitation intensity, 
wavelength, distance of the detector from the sample cuvet, 
and minimization of external stray light. As shown in Figure 
3-23, the basic components of a nephelometer include (1) a 
light source, (2) collimating optics, (3) a sample cell, and (4) 
collection optics, which include light-scattering optics, 
detector optical filter, and a detector. The schematic diagram 
also shows the different angles from the incident light beam 
where the detector, filter, and optics are placed to measure 
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light scattering. Figure 3-23, A is the straight-through 
arrangement for turbidimetry, whereas Figure 3-23, B and C 
are arrangements frequently found in nephelometers. The 
detector arrangement shown in Figure 3-23, B is for mea- 
surement of forward scatter at 30°, the optical arrangement 
used in some commercial nephelometers. 

Operationally, the optical components used in tur- 
bidimeters and nephelometers are similar to those used in 
fluorometers or photometers. For example, the light sources 
commonly used are quartz halogen lamps, xenon lamps, and 
lasers. He-Ne lasers, which operate at 633 nm, have typically 
been used for light-scattering applications, such as nephelo- 
metric immunoassays and particle size and shape deter- 
minations. The laser beam is used specifically in some 
nephelometers because of its high intensity; in addition, the 
coherent nature of laser light makes it ideally suited for 
nephelometric applications. 

In addition, ratio-referencing fluorometers are well suited 
for nephelometric measurements. 


LIMITATIONS OF LIGHT-SCATTERING MEASUREMENTS 


Antigen excess and matrix effects are limitations encoun- 
tered in the use of turbidimeters and nephelometers in mea- 
surement of analytes of clinical interest. 


Antigen Excess 


Antigen-antibody reactions are complex and appear to result 
in a mixture of aggregate sizes. As the turbidity increases 
during addition of antigen to antibodies, the signal increases 
to a maximum value and then decreases. The point at which 
the decrease begins marks the beginning of the phase of 
antigen excess; this phenomenon is explained in Chapter 9. 


Figure 3-23 Schematic diagram of light-scattering 
instrumentation showing A, the optics position for 
a turbidimeter; B, the optics position for a forward- 
scattering nephelometer; and C, the optics position 
for a right angle nephelometer. 


(a) = 0° Turbidimeter 
(b) = 30° Forward-scaiter 


nephelometry 


(c) = 90° Nepheiometer 
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Consequently, light-scattering methods for quantitation of 
antigen-antibody reactions must provide a method for 
detecting antigen excess. The kinetics of immune complex 
formation measured either by nephelometry or turbidime- 
try are sufficiently different in the three phases—antibody 
excess, equivalence, and antigen excess—that computer 
algorithms have been developed to flag antigen excess 
automatically. ®?! 


Matrix Effects 


Particles, solvent, and all serum macromolecules scatter 
light. Lipoproteins and chylomicrons in lipemic serum 
provide the highest background turbidity or nephelometric 
intensity. With appropriate dilutions, the relative intensity 
of light scattering from a lipemic sample is less than that of 
the antiserum blank. However, as the concentration of 
the antigen in serum decreases and correspondingly less 
dilute samples are used, the background interference from 
lipemic samples becomes greater. An effective method for 
minimizing this background interference is the use of 
rate measurements, where the initial sample blank is 
eliminated. 

Large particles, such as suspended dust, also cause 
significant background interference. This background inter- 
ference is controlled by filtering all buffers and diluted 
antisera before analysis is attempted. 
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CHAPTER 4 


Electrochemistry and 
Chemical Sensors* 


Paul D'Orazio, Ph.D., and Mark E. Meyerhoff, Ph.D. 


biosensors) are firmly established in clinical analysis 

systems. Sensors for measurement of blood gases, 
electrolytes, and metabolites are particularly well suited for 
incorporation into automated, point-of-care, and critical- 
care analyzers (see Chapters 11, 12, and 27 respectively), 
because of their ease of use, low maintenance, and ability to 
measure clinically important analytes in undiluted blood.” 
When integrated into chromatographic systems (see Chapter 
6), electrochemical detectors provide a very sensitive and 
selective means to detect a variety of other analytes, such 
as therapeutic drugs, neurotransmitters, glutathione, and 
homocysteine. Also, electrochemical detection has been 
applied successfully for monitoring coagulation reactions, 
detecting toxic lead in blood samples, and developing novel 
ultrasensitive immunoassay schemes. When bioelements are 
integrated with electrodes, the resultant biosensors further 
expand the analytical capabilities of such devices. In addi- 
tion, the development and application of “optodes,” based on 
some of the same selective chemistries used in electrochem- 
ical devices, provide yet another analytical tool for measur- 
ing blood gases and electrolytes. 

In this chapter, the fundamental electrochemical princi- 
ples of potentiometry, voltammetry and/or amperometry, 
conductance, and coulometry will be summarized and clin- 
ical applications presented. Next, optodes and biosensors 
will be discussed. The chapter concludes with a discussion of 
in vivo and minimally invasive sensors. 


ar and optical sensors (and associated 


*The authors gratefully acknowledge the original contributions of 
Drs. Richard A. Durst and Ole Siggard-Andersen on which 
portions of this chapter are based. 
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POTENTIOMETRY AND ION-SELECTIVE 
ELECTRODES 


Potentiometry is widely used clinically for the measurement 
of pH, PCO, and electrolytes (Na‘, K*, Cl, Ca™, Mg”, Li) 
in whole blood, serum, plasma and urine, and as the basis 
for some biosensors for metabolites of clinical interest. 


Basic CONCEPTS 


Potentiometry is the measurement of an electrical potential 
difference between two electrodes (half-cells) in an electro- 
chemical cell (Figure 4-1) when the cell current is zero (gal- 
vanic cell). Such a cell consists of two electrodes (electron or 
metallic conductors) that are connected by an electrolyte 
solution (ion conductor). An electrode, or half-cell, consists 
of a single metallic conductor that is in contact with an elec- 
trolyte solution, The ion conductors can be composed of one 
or more phases that are either in direct contact with each 
other or separated by membranes permeable only to specific 
cations or anions (see Figure 4-1). One of the electrolyte 
solutions is the unknown or test solution; this solution may 
be replaced by an appropriate reference solution for calibra- 
tion purposes. By convention, the cell notation is shown so 
that the left electrode {M,) is the reference electrode; the 
right electrode (Mg) is the indicator (measuring) electrode 
(see later equation 3).° 

The electromotive force (E or EMF) is defined as the 
maximum difference in potential between the two electrodes 
(right minus left) obtained when the cell current is zero. The 
cell potential is measured using a potentiometer, of which 
the common pH meter is a special type. The direct-reading 
potentiometer is a voltmeter that measures the potential 
across the cell (between the two electrodes); however, to 
obtain an accurate potential measurement, it is necessary 
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Figure 4-1 Schematic of ion-selective membrane electrode- 
based potentiometric cell. 


that no current flow through the cell. This is accomplished 
by incorporating a high resistance within the voltmeter 
(input impedance >10” Q). Modern direct-reading poten- 
tiometers are accurate and can be modified to provide direct 
digital display or printouts. 

Within any one conductive phase, the potential is 
constant as long as the current flow is zero. However, a 
potential difference arises between two different phases in 
contact with each other. The overall potential of an electro- 
chemical cell is the sum of all the potential gradients that 
exist between different phases of the cell. The potential of a 
single electrode with respect to the surrounding electrolyte 
and the absolute magnitude of the individual potential 
gradients between the phases are unknown and cannot be 
measured. Only the potential differences between two elec- 
trodes (half-cells) can be measured. The potential gradients 
can be classified as (1) redox potentials, (2) membrane poten- 
tials, or (3) diffusion potentials. Generally, it is possible to 
devise a cell in such a manner that all the potential gradients 
except one are constant. This potential can then be related 
to the activity of a specific ion of interest (e.g, H* or Na‘). 


TYPES OF ELECTRODES 


Many different types of electrodes are used for potentio- 
metric applications. They include redox, ion-selective mem- 
brane (glass and polymer), and PCO, electrodes. 


Redox Electrodes 


Redox potentials are the result of chemical equilibria involv- 
ing electron transfer reactions: 


Oxidized form (Ox) + ne” <—> Reduced form (Red) (1) 


where # represents the number of electrons involved in the 
reaction. Any substance that accepts electrons is an oxidant 
(Ox), and any substance that donates electrons is a reductant 
(Red). The two forms, Ox and Red, represent a redox 
couple (conjugate redox pair). Usually, homogeneous redox 
processes take place only between two redox couples. In such 
cases, the electrons are transferred from a reductant (Red;) 


to an oxidant (Ox). In this process, Red, is oxidized to its 
conjugate Ox,, whereas Ox, is reduced to Red): 


Red, + Ox, ——> Ox, + Redz (2) 


In an electrochemical cell, electrons may be accepted from 
or donated to an inert metallic conductor (e.g, platinum). 
A reduction process tends to charge the electrode positively 
(remove electrons), and an oxidation process tends to charge 
the electrode negatively (add electrons). By convention, a 
heterogeneous redox equilibrium (equation 2) is represented 
by the cell 


M,|Red, ia Ox; SOx, cas Redy|Mp (3) 


A positive potential (E > 0) for this cell signifies that the 
cell reaction proceeds spontaneously from left to right; E < 
0 signifies that the reaction proceeds from right to left; and 
E=0 indicates that the two redox couples are at mutual 
equilibrium. 

The electrode potential (reduction potential) for a redox 
couple is defined as the couple’s potential measured with 
respect to the standard hydrogen electrode, which is set equal 
to zero (see hydrogen electrode later). This potential, by 
convention, is the electromotive force of a cell, where the 
standard hydrogen electrode is the reference electrode (left 
electrode) and the given half-cell is the indicator electrode 
(right electrode). The reduction potential for a given redox 
couple is given by the Nernst equation: 


N 0.0592V 
B = BP - —~ x log Bet = pe — Py Jog Red 
n 


90x n 40x 


(4) 


where 
E= electrode potential of the half-cell 
E? = standard electrode potential when ag/ do, = 1 
n = number of electrons involved in the reduction reaction 
N=(Rx Tx In 10)/F (the Nernst factor if n = 1) 
N= 0.0592 V if T= 298.15 K (25 °C) 
N=0.0615 V if T= 310.15K (37 °C) 
R= gas constant (= 8.31431 Joules x K* x mol") 
T = absolute temperature (unit: K, kelvin) 
F = Faraday constant (= 96,487 Coulombs x mol") 
In 10 = natural logarithm of 10 = 2.303 
a = activity 
areal aox = product of mass action for the reduction 
reaction 
Redox electrodes currently in use are either (1) inert 
metal electrodes immersed in solutions containing redox 
couples or (2) metal electrodes whose metal functions as a 
member of the redox couple. 


Inert Metal Electrodes 


Platinum and gold are examples of inert metals used to 
record the redox potential of a redox couple dissolved in an 
electrolyte solution. The hydrogen electrode is a special redox 
electrode for pH measurement. It consists of a platinum or 
gold electrode that is electrolytically coated (platinized) with 
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highly porous platinum (platinum black) to catalyze the 
electrode reaction. 


1 
Ht +e ee 3k (5) 


The electrode potential is given by 


( a jv? 
Ayt 


E= E — N x log 


or 


E = E ~ N x flog( fa)” — loga ] (7) 


where 
E° = 0 at all temperatures (by convention) 

fu, = fugacity of hydrogen gas 

ap = activity of hydrogen ions 
-log ay = negative log of the H* activity (pay or pH) 

When the partial pressure of hydrogen (PH,) in the solu- 

tion (and hence fy,) is maintained constant by bubbling 
hydrogen through the solution, the potential is a linear func- 
tion of log ap (= —pH). In the standard hydrogen electrode 
(SHE), the electrolyte consists of an aqueous solution of 
hydrogen chloride with aya equal to 1.000 (or a= 
1.2mol/L) in equilibrium with a gas phase and with fy, equal 
to 1.000 (or PH, = 101.3 kPa = 1 atm). The SHE is also used 
as a reference electrode. 


Metal Electrodes Participating in Redox Reactions 

The silver-silver chloride electrode is an example of a metal 
electrode that participates as a member of a redox couple. 
The silver-silver chloride electrode consists of a silver wire 
or rod coated with AgCl that is immersed in a chloride 
solution of constant activity; this sets the half-cell potential. 
The Ag/AgCl electrode is itself considered a potentiometric 
electrode, as its phase boundary potential is governed by an 
oxidation-reduction electron transfer equilibrium reaction 
that occurs at the surface of the silver: 


AgClisotia) + €T <> Ag(sotiay + CI (8) 


The Nernst equation for the reference half-cell potential 
of an Ag/AgCl reference electrode can be written as: 


FAgcl 


(9) 


E =E? PET 
Ag/AgCl = “agiagcl Ty 10 digi 

Since AgCl and Ag are both solids, their activities are 
equal to unity (@agci = 4, = 1). Therefore, from equation 9, 
the half-cell potential is controlled by the activity of chloride 
ion in solution (ac) contacting the electrode. 

The Ag/AgCl electrode is used both as an internal refer- 
ence element in potentiometric ISEs, and as an external ref- 
erence electrode half-cell of constant potential, required to 
complete a potentiometric cell (see Figure 4-1). In both 
cases, the Ag/AgCl electrode must be in equilibrium with a 
solution of constant chloride ion activity. 


The Ag/AgCl element of the external reference electrode 
half-cell is in contact with a high-concentration solution 
of a soluble chloride salt. Saturated potassium chloride is 
commonly used. A porous membrane or frit is frequently 
employed to separate the concentrated KCI from the sample 
solution. The frit serves both as a mechanical barrier to hold 
the concentrated electrolyte within the electrode and as a dif- 
fusional barrier to prevent proteins and other species in the 
sample from coming into contact with the internal Ag/AgCl 
element, that could poison and alter its potential. The 
interface between two dissimilar electrolytes (concentrated 
KC//calibrator or sample) occurs within the frit and devel- 
ops the liquid-liquid junction potential (E;), a source of error 
in potentiometric measurements. The difference in liquid- 
liquid junction potential between calibrator and sample 
(residual liquid junction potential) is responsible for this 
error and can be minimized and usually neglected in 
practice if the compositions of the calibrating solutions are 
matched as closely as possible to the sample with respect to 
ionic content and ionic strength. An equitransferant 
electrolyte at high concentration as the reference electrolyte 
further helps to minimize the residual liquid junction 
potential. Potassium chloride at a concentration 22 mol/L 
is preferred. Differences of approximately —2% in the mea- 
surement of sodium by ISEs have been demonstrated when 
the KCI concentration in the reference electrolyte is lowered 
from 3 to 0.5 mol/L.” The magnitude of the residual liquid 
junction potential may also be estimated by the Henderson 
equation” with sufficient knowledge of ionic activities, 
ionic charges, and ionic mobilities for each electrolyte on 
both sides of the junction and the temperature. Using this 
estimate, a correction to the overall cell potential may be 
applied. 

The presence of erythrocytes in the sample may also affect 
the magnitude of the residual liquid junction potential in a 
less predictable manner. For example, erythrocytes in blood 
of normal hematocrit are estimated to produce approxi- 
mately 1.8mmol/L positive error in the measurement of 
sodium by ISEs when an open, unrestricted liquid-liquid 
junction is used."’ This bias may be minimized if a restric- 
tive membrane or frit is used to modify the liquid-liquid 
junction. 

The calomel electrode consists of mercury covered by a 
layer of calomel (Hg,Cl,), which is in contact with an elec- 
trolyte solution containing Cl’. Calomel electrodes are fre- 
quently used as reference electrodes for pH measurements 
using glass pH electrodes. 


Ion-Selective Electrodes 


Membrane potentials are caused by the permeability of 
certain types of membranes to selected anions or cations. 
Such membranes are used to fabricate ISEs that selectively 
interact with a single ionic species. The potential produced 
at the membrane-sample solution interface is proportional 
to the logarithm of the ionic activity or concentration of the 
ion in question. Measurements with ISEs are simple, often 
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rapid, nondestructive, and applicable to a wide range of 
concentrations. 

The ion-selective membrane is the “heart” of an ISE as 
it controls the selectivity of the electrode. Ion-selective 
membranes are typically composed of glass, crystalline, or 
polymeric materials. The chemical composition of the 
membrane is designed to achieve an optimal permselectiv- 
ity toward the ion of interest. In practice, other ions exhibit 
finite interaction with membrane sites and will display some 
degree of interference for, determination of an analyte ion. 
In clinical practice, if the interference exceeds an acceptable 
level, a correction is required. 

The Nicolsky-Eisenman equation describes the selectivity 
of an ISE for the ion of interest over interfering ions: 


ART Hosa + EK) (0) 


BaP +/ 
ZF 


where 

a; = activity of the ion of interest 

a; =activity of the interfering ion 

Ky = selectivity coefficient for the primary ion over the 

interfering ion. Low values indicate good selectivity 
for the analyte “i” over the interfering ion “p”. 

z; = charge of primary ion 

z; = charge of interfering ion 
All other terms are identical to those in the Nernst equation 
(equation 4). 

There are various approaches for determining the selec- 
tivity of an ISE for a primary ion over an interfering ion.””” 
A straightforward approach is the separate solution method, 
where the potential of an ISE is determined in solutions of 
the primary and interfering ions separately but at equal ionic 
activities. The selectivity coefficient is then calculated as: 


log K;/; - Hoe +(1- Jo aj (11) 
BM TART T a 
nF 
Most ISEs used in clinical practice have sufficient selec- 
tivity and do not require correction for interfering ions. 
Oesch et al have published required ISE selectivity coeffi- 
cients for ions commonly measured. in clinical chemistry 
over other ions found in blood.” Table 4-1 shows required 
selectivity coefficients for the measurement of cations of 
interest in clinical chemistry over potentially interfering 
cations, assuming an acceptable maximum interference of 
1% for the ion of interest. 
Glass membrane and polymer membrane electrodes are 
two types of ISEs that are commonly used in clinical chem- 
istry applications. 


The Glass Electrode 


Glass membrane electrodes are employed to measure pH and 
Na’, and as an internal transducer for PCO, sensors. The H* 
response of thin glass membranes was first demonstrated in 
1906 by Cremer.” In the 1930s, practical application of this 


TABLE 4-1 Required Selectivities for Cation-Selective 
ISEs. for Whole Blood; Plasma, and Serum 
Measurements 
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* Assumes a therapeutic range for Li* between 0.7 and 1.5 mmol/L. 


phenomenon for measurement of acidity in lemon juice was 
made possible by the invention of the pH meter by Arnold 
Beckman.’ Glass electrode membranes are formulated from 
melts of silicon and/or aluminum oxide mixed with oxides of 
alkaline earth or alkali metal cations. By varying the glass 
composition, electrodes with selectivity for H*, Na‘, K*, 
Lit, Rb*, Cs*, Ag*, TI and NHj have been demonstrated.” 
However, glass electrodes for H* and Nat are today the only 
types with sufficient selectivity over interfering ions to allow 
practical application in clinical chemistry. A typical formula- 
tion for H* selective glass is: 72% SiO}; 22% Na,O; 6% CaO, 
that has a selectivity order of H* >>> Na‘ > K*. This glass 
membrane has sufficient selectivity for H* over Na* to allow 
error free measurements of pH in the range of 7.0 to 8.0 ([H*] 
= 10” to 10° mol/L) in the presence of >0.1 mol/L Nat. Glass 
pH electrodes with selectivity coefficients (Kuna) over Na* of 
107” and better have been realized. By altering slightly the 
formulation of the glass membrane to: 71% SiO; 11% 
Na,O; 18% ALO; its selectivity order becomes H* > Na* > K*, 
Thus, the preference of the glass membrane for H* over 
Na’ is greatly reduced, resulting in a practical sensor for 
Nat at pH values typically found in blood,” 


Polymer Membrane Electrodes 

Polymer membrane ISEs are employed for monitoring pH 
and for measuring electrolytes, including K*, Na‘, Cl, Ca”, 
Lit, Mg“, and COF (for total CO, measurements). They are 
the predominant class of potentiometric electrodes used in 
modern clinical analysis instruments. 

The mechanism of response of these ISEs falls into 
three categories: (1) charged, dissociated ion-exchanger; (2) 
charged associated. carrier, and (3) the neutral ion carrier 
(ionophore).°” An early charged associated ion-exchanger 
type ISE for Ca? was developed and commercialized for 
clinical application in the 1960s. This electrode was based on 
the Ca’*-selective ion-exchange/complexation properties of 
2-ethylhexyl phosphoric acid dissolved in dioctyl phenyl 
phosphonate (charged associated carrier).** A porous mem- 
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Figure 4-2 Typical EMF response of potassium selective 
membrane electrode to changes in the activity of potassium in 
the sample solution. Bracketed interval represents the normal 
reference interval of potassium concentration in blood. (From 
D’Orazio P. In: Clinical chemistry laboratory management and clinical 
correlations, Lewendrowski K, ed. Philadelphia: Lippincott, Williams and 
Wilkins, 2002: 455.) 


brane was impregnated with this cocktail and mounted at 
the end of an electrode body. This type sensor was referred 
to as the “liquid membrane” ISE. Later a method was devised 
where these ingredients could be cast into a plasticized 
poly(vinyl chloride) (PVC) membrane, that was more 
rugged and convenient to use than its wet liquid predeces- 
sor. This same approach is still used today to formulate 
PVC-based ISEs for clinical use.” 

A major breakthrough in the development and routine 
application of PVC type ISEs was the discovery by Simon and 
co-workers that the neutral antibiotic valinomycin could 
be incorporated into organic liquid membranes (and later 
plasticized PVC membranes), resulting in a sensor with high 
selectivity for K* over Na* (Krma = 2.5 X 107).” The K* ISE 
based on valinomycin was the first example of a neutral 
carrier ISE and is extensively used today for the routine mea- 
surement of K* in blood. Figure 4-2 shows the response of the 
valinomycin-based K* ISE in the presence of physiological 
levels of Na‘, Ca”, and Mg™. The wide linear range of this 
ISE over three orders of magnitude makes it suitable for the 
measurement of K* in blood and urine. The K* range in blood 
is only a small portion of the electrode linear range and is 
spanned by a total AEMF of about 9mV. Interference from 
other cations, seen as deviation from linearity, is not apparent 
at K* activities >10~* mol/L. Other, less selective polymer- 
based ISEs (e.g., for the measurement of Mg” and Li*), are 
subject to interference from Ca’*/Na*, and Na’, respectively, 
requiring simultaneous determination and correction for the 
presence of significant levels of interfering ions.’ 

Studies regarding the relationship between molecular 
structure and ionic selectivity have resulted in the develop- 
ment of polymer-based ISEs using a number of naturally 


occurring and synthetic ionophores, with sufficient selectiv- 
ity for application in clinical analysis. The chemical struc- 
tures of several of these neutral ionophores are illustrated in 
Figure 4-3. 

Dissociated anion exchanger-based electrodes employing 
lipophilic quaternary ammonium salts as active membrane 
components are also still used commercially for the deter- 
mination of Cl in whole blood, serum, and plasma despite 
some limitations.” Selectivity for this type of ISE is con- 
trolled by extraction of the ion into the organic membrane 
phase and is a function of the lipophilic character of the ion 
(since, unlike the carriers described above, there is no direct 
binding interaction between the exchanger site and the anion 
in the membrane phase). Thus, the selectivity order for CI 
ISE based on an anion exchanger is fixed as RX > CIOZ > I > 
NO; > Br >C >F. The application of the CF ion- 
exchange electrode is therefore limited to samples without 
significant concentrations of anions more lipophilic than 
Cl. Blood samples containing salicylate or thiocyanate, for 
example, will produce positive interference for the measure- 
ment of CI. Repeated exposure of the electrode to the anti- 
coagulant heparin will lead to loss of electrode sensitivity 
toward CI because of extraction of the negatively charged 
heparin into the membrane. Indeed, this extraction process 
has been used successfully to devise a method to detect 
heparin levels in blood by potentiometry.” 

High selectivity for carbonate anion can be achieved. 
using a neutral carrier ionophore possessing trifluoroace- 
tophenone groups doped within a polymeric membrane,” 
Such ionophores form negatively charged adducts with 
carbonate anions, and the resulting electrodes have proven 
useful in commercial instruments for determination of total 
carbon dioxide in serum/plasma, after dilution of the blood 
to a pH value in the range of 8.5 to 9.0, where a significant 
fraction of total carbon dioxide will exist as carbonate 
anions. 

A typical formulation of a PVC membrane ISE used in 
clinical instrumentation is: 

I to 3 wt% ionophore 

~64 wt% plasticizer 

~30 wt% PVC 

<1 wt% additives 

The plasticizer is crucial in controlling the polarity of the 
membrane and thus, along with the ionophore, plays a 
pivotal role in determining the selectivity of the membrane 
toward the ion of interest. A large lipophilic anion (e.g., 
tetraphenylborate derivative) is often included as an additive 
for preparation of cation selective ISE membranes. This 
anion serves as a counteranion for the cation of interest as 
it is extracted into the membrane phase forming a positively 
charged complex with the neutral ionophore. However, it is 
the ratio of bound to unbound ionophore sites at the mem- 
brane surface that determines the magnitude of the phase 
boundary potential generated by the ISE membrane.’ Thus, 
the selective response to the activity of the ion of interest is 
an interfacial property of the given ISE membrane. 
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Figure 4-3 Structures of common ionophores used to fabricate polymer membrane type ISEs 


for clinical analysis. 


Studies have demonstrated that the ultimate detection 
limits of polymer membrane type ISEs are controlled in part 
by the leakage of analyte ions, from the internal solution to 
the outer surface of the membrane, and into the sample 
phase in close contact with the membrane.” Hence, much 
lower limits of detection can often be achieved by decreas- 
ing the concentration of the primary analyte ion within the 
internal solution of the electrode. Further, this leakage of 
analyte ions, coupled with an ion-exchange process at the 
membrane sample interface when assessing the selectivity of 
the membrane over other ions, can often yield a measured 


potentiometric selectivity coefficient that underestimates the 
true selectivity of the membrane. To determine “unbiased” 
selectivity coefficients by the separate solution method, the 
membrane should not be exposed to the analyte ion for 
extended periods of time, and the concentration of analyte 
ion in the internal solution should be low.’ 


Electrodes for PCO, 


Electrodes have been developed to measure PCO, in body 
fluids. The first PCO, electrode, developed in the 1950s 
by Stow and Severinghaus, used a glass pH electrode as the 
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Figure 4-4 Schematic of Severinghaus style PCO, sensor used to monitor CO, levels in blood 
samples. (From Siggard-Andersen O,The acid-base status of the blood. 4” ed. Baltimore: Williams & 


Wilkins, 1974: 172.) 


internal element in a potentiometric cell for measurement 
of the partial pressure of carbon dioxide.* This important 
development paved the way for commercial availability of 
the three-channel blood analyzer (pH, PCO,, PO.) to give 
the complete picture of the oxygenation and acid-base status 
of blood. 

Figure 4-4 shows a diagram of a typical Severinghaus 
style electrode for PCO, A thin membrane (~20um), 
permeable to only to gases and water vapor, is in contact 
with the sample. Membranes of silicone rubber, Teflon, 
and other polymeric materials are suitable for this pur- 
pose. On the opposite side of the membrane is a thin elec- 
trolyte layer consisting of a weak bicarbonate salt (about 
5mmol/L) and a chloride salt. A pH electrode and Ag/AgCl 
reference electrode are in contact with this solution. The 
PCO, electrode is a self-contained potentiometric cell. 
Carbon dioxide gas from the sample or calibration matrix 
diffuses through the membrane and dissolves in the internal 
electrolyte layer. Carbonic acid is formed and dissociates, 
shifting the pH of the bicarbonate solution in the internal 
layer: 


CO, + H20 + HCO; © Ht + HCO; (12) 
and. 


Alog Pi 'CO2sample) = ApH {internal layer) : (13) 


The relationship between the sample PCO, and the signal 
generated by the internal pH electrode is logarithmic and 
governed by the Nernst equation. The electrode may be cal- 
ibrated using precision gas mixtures or by solutions with 
stable PCO, concentrations. While Severinghaus style elec- 
trodes for PCO, have gained widespread use in modern 
blood gas analyzers, the format in which such sensors may 
be constructed is limited by the size, shape, and ability to 
fabricate the internal pH sensitive element. 

A slightly different potentiometric cell for PCO, is shown 
in Figure 4-5. This cell arrangement uses two PVC type pH 
selective electrodes in a differential mode. The electrode 
membranes contain a lipophilic amine type neutral 
ionophore that exhibits very high selectivity for H* (see 
Figure 4-3). One electrode has an internal layer, which is 
buffered, while the other is unbuffered, consisting of a low 
concentration of bicarbonate salt. Carbon dioxide gas from 
the sample or calibration matrix diffuses across the outer 
H*-selective PVC membranes of both sensors. On the 
unbuffered side, CO, diffusion produces a potential shift at 
the internal interface of the pH responsive membrane pro- 
portional to sample PCO, concentration. The signal at the 
electrode with the buffered internal layer is unaffected by 
CO, that diffuses across the mémbrane. Consequently, one 
half of the sensor responds to pH alone, while the other 
half responds to both pH. and PCO). The signal difference 


100 Section II Analytical Techniques and Instrumentation 


PVG 
membrane 


CO, (Ho CO2 


Figure 4-5 Differential planar PCO, potentiometric sensor 
design, based on two identical polymeric membrane pH 
electrodes, but with different internal reference electrolyte 
solutions. Both pH sensing membranes are prepared with H+- 
selective ionophore. 


between the two electrodes cancels any contribution of 
sample pH to the overall measured cell potential. The 
differential signal is proportional only to PCO,. Unlike the 
traditional Severinghaus style electrode, this differential 
potentiometric cell PCO, sensor has been commercialized in 
a planar format and is more easily adaptable to mass 
production in sensor arrays." 


DIRECT POTENTIOMETRY BY ISE~-UNITS OF MEASURE 
AND REPORTING FOR CLINICAL APPLICATIONS 


Classical analytical methods such as flame photometry for 
the measurement of electrolytes provide the total concentra- 
tion (c) of a given ion in the sample, usually expressed in 
units of millimoles of ion per liter of sample (mmol/L). 
Molality (m) is a measure of the moles of ion per mass of 
water (mmol/kg) in the sample. Using the sodium ion as an 
example, the relationship between concentration and molal- 
ity is given by: 


Oxy? = Myat xX pH,0 (14) 


where pH,O is the mass concentration of water in kg/L. For 
normal blood plasma, the mass concentration of water is 
approximately 0.93kg/L, but in specimens with elevated 
lipids or protein, the value may be as low as 0.8 kg/L. In these 
specimens, the difference between concentration and molal- 
ity may be as great as 20%. A significant advantage of direct 
potentiometry by ISE for the measurement of electrolytes is 
that the technique is sensitive to molality and is therefore not 
affected by variations in the concentration of protein or 
lipids in the sample. Techniques such as flame photometry 
and other photometric methods requiring sample dilution 
are affected by the presence of protein and lipids. In these 
methods, only the water phase of the sample is diluted, pro- 
ducing results lower than molality as a function of the con- 
centration of protein and lipids in the sample. Thus there is 
a risk for errors, such as a falsely low Na* concentration 
(pseudohyponatremia), in cases of extremely elevated 
protein and lipid concentrations.” 


In addition to the difference between molality and con- 
centration, measurement of ions by direct potentiometry 
provides yet another unit of measurement known as activity 
(a), the concentration of free, unbound ion in solution. 
Unlike methods sensitive to ion concentration, ISEs do not 
sense the presence of complexed or electrostatically “hin- 
dered” ions in the sample. The relationship between activity 
and concentration using, again, sodium ion as an example, 
is expressed as: 


Anat = Ynat X nat (15) 


where y is a dimensionless quantity known as the activity 
coefficient. The activity coefficient is primarily dependent on 
ionic strength of the sample as described by the Debye- 
Huckel equation: 


log y =—-— n (16) 


where A and B are temperature-dependent constants (A = 
0.5213 and B= 3.305 in water at 37 °C), a is the ion size 
parameter for a specific ion, and I is the ionic strength (I= 
0.5 Em x z’, where zis the charge number of the ions). Equa- 
tion 16 shows that a decrease in the activity coefficient occurs 
with an increase in ionic strength. This effect is more pro- 
nounced when the charge (z) of the ion is high. Activity coef- 
ficients for ions in biological fluids, such as blood and serum, 
are difficult to calculate with accuracy because of the uncer- 
tain contribution of macromolecular ions, such as proteins, 
to the overall ionic strength. However, assuming that the 
normal ionic strength of blood plasma is 0.160 mol/kg, esti- 
mates of activity coefficients at 37 °C are: Na* = 0.75, Kt = 
0.74, and Ca” = 0.31. Referring to equation 15, activity and 
concentration will differ greatly in samples of physiological 
ionic strength, especially for divalent ions. 

Physiologically, ionic activity is assumed to be more 
relevant than concentration when considering chemical 
equilibria or biological processes. Practically, however, ionic 
concentration is the more familiar term in clinical practice, 
forming the basis of reference intervals and medical decision 
levels for electrolytes. Early in the evolution of ISEs as prac- 
tical tools in clinical chemistry, it was decided that changing 
clinical reference intervals to a system based on activity 
instead of concentration was impractical and carried the risk 
for clinical misinterpretation. A pragmatic approach for 
using ISEs in modern analyzers without changing estab- 
lished concentration-based reference intervals is to formu- 
late calibration solutions with ionic strengths and ionic 
compositions as close as possible to that of normal blood 
plasma. In this way, the activity coefficient of each ion in 
the calibrating solutions approximates that in the sample 
matrix, allowing calibration and measurement of elec- 
trolytes in units of concentration instead of activity.” 

A typical set of solutions for multi-ISE calibration in an 
analyzer is shown in Table 4-2. Two points are used to cali- 
brate each ISE. The difference in the cell potential generated 
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TABLE 4-2 Example of Two-Level Calibrating Solutions 


for Measurement of pH and Electrolytes 
by Direct Potentiometry® 


. ~ Calibration Slope on Expected 


-Point 


Bs Point Signal A 
Analyte . (mmol/L) (mmol/L) - (millivolts) 
Nah 5140 1102 6.6 
Kt Sa SOV nee Oe BO 18 
Cab ges : 2.50.0. 9 
cr 100280. 6 
pH Deo daki | 68A 32.4 


(pH units) ©... (pH units) 


*Ionic strength adjusted to 160 mmol/kg with buffer salts and inert 
electrolytes, 


by these two solutions (AE) is used to calculate the response 
slope of the cell {slope = (AE/Alog c) where c is the concen- 
tration of ion in each calibrating solution, substituted for 
activity. The standard electrode potential, F’, is calculated as 
the y-intercept. Determination of ion concentration in an 
unknown sample is then a straightforward solution of the 
Nickolsky-Eisenman equation (equation 10), after measur- 
ing the cell potential generated by the sample. 

Calibration of the cell is in units of concentration; 
however, as mentioned above, direct potentiometry is 
sensitive to the molality of the ion, which is related to 
concentration by the water content of the sample (equation 
14). The water content of aqueous calibrating solutions 
shown in Table 4-2 is approximately 0.99kg/L. The water 
content of normal blood plasma is ~0.93 kg/L. Molality is 
7% greater than concentration in this normal plasma 
specimen. The direct potentiometric cell will report results 
approximately 6% greater than the concentration in normal 
specimens because of this difference in water content 
between sample and calibrator (0.99/0.93 = 1.06). Direct 
potentiometry presents an advantage in that the technique 
is not affected by the presence of protein and lipids in the 
sample; however, the application of clinical reference inter- 
vals based on concentration again poses a risk for confusion 
and clinical misinterpretation. Most manufacturers of elec- 
trolyte measurement systems have overcome this problem 
in a practical way by following National Committee for 
Clinical Laboratory Standards (NCCLS) guidelines recom- 
mending the use of correlation factors to standardize ISE 
measurements to units of concentration. These factors 
may be obtained by standardizing the ISE measurement to 
certified reference materials based on human serum, with 
electrolyte values assigned in units of concentration. >$ 
The appropriate correlation factors are then applied to 
sample calculations using algorithms resident in the instru- 
ment software. 


VOLTAMMETRY/AMPEROMETRY 


Voltammetric and amperometric techniques are among the 
most sensitive and widely applicable of all electroanalytical 
methods. 


BASIC CONCEPTS 


In contrast to potentiometry, voltammetric and ampero- 
metric methods are based on electrolytic electrochemical 
cells, in which an external voltage is applied to a polarizable 
working electrode (measured versus a suitable reference 
electrode: Eng = Ework ~ Erer), and the resulting cathodic (for 
analytical reductions) or anodic (for analytical oxidations) 
current of the cell is monitored and is proportional to the 
concentration of analyte present in the test sample. Current 
only flows if Epp is greater than a certain voltage (decom- 
position voltage), determined by the thermodynamics for a 
given redox reaction of interest (Ox + ne © Red; defined by 
the E’ value for that reaction (standard reduction poten- 
tial)), and the kinetics for heterogeneous electron transfer at 
the interface of the working electrode. Often, slow kinetics 
of electron transfer for the redox reaction on a given inert 
working electrode (Pt, carbon, gold, etc.) mandates use of a 
much more negative (for reductions) or positive (for oxida- 
tions) E,,,1 than predicted based merely on the E’ for a given 
redox reaction. This is called an overpotential (1). Regard- 
less of whether or not an overpotential for electron transfer 
exists, in voltammetry/amperometry, a specific oxidation or 
reduction reaction occurs at the surface of the working elec- 
trode, and it is the charge transfer at this interface (current 
flow) that provides the analytical information. 

For electrolytic cells that form the basis of voltammetric 
and amperometric methods: 


Eappl = Ec + 1] — tReet (17) 


where Een is the thermodynamic potential between the 
working and reference electrode in the absence of an applied 
external voltage. When the external voltage is greater or less 
than this equilibrium potential, plus or minus any overpo- 
tential (n), then current will flow because of either an oxi- 
dation or reduction reaction at the working electrode. 
A voltammogram is simply the plot of observed current, i, 
vs. Epp: (Figure 4-6). In amperometry (see below), a fixed 
voltage is applied, and the resulting current is monitored. 
The amount of current is inversely related to the resistance 
of the electrolyte solution, and any “apparent” resistance that 
develops because of the mass transfer of the analyte species 
to the surface of the working electrode. Because the electro- 
chemical reactions are heterogeneous, occurring only at the 
surface of the working electrode, the amount of current 
observed is also highly dependent on the surface area (A) of 
the working electrode. 

When a potential is applied to a working electrode that 
will oxidize or reduce a species in the solution phase con- 
tacting the electrode, the electrochemical reaction causes 
the concentration of electroactive species to decrease at the 
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Figure 4-6 Illustration of the current vs. voltage curve 
(voltammogram) obtained for oxidized species (Ox) being 
reduced to Red at the surface of working electrode, as the Epp 
is scanned more negative, and the solution is stirred to yield a 
steady-state response. 


surface of the electrode (Figure 4-7), a process termed “con- 
centration polarization.” This in turn causes a concentration 
gradient of the analyte species between the bulk sample solu- 
tion and the surface of the electrode.” When the bulk solu- 
tion is stirred, the diffusion layer of analyte grows out from 
the surface of the electrode very quickly to a fixed distance 
controlled by how vigorously the solution is stirred. This dif- 
fusion layer is termed the Nernst layer and has a finite thick- 
ness (6) after a relatively short time period (see Figure 4-7) 
when the solution is moving (convection). Voltammetry 
carried out in the presence of convection (either by stirring 
the solution, rotating the electrode, flowing solution by 
electrode, etc.) is called steady-state voltammetry. When the 
solution is not moving, the diffusion layer grows further and 
further with time (i.e. not constant), creating larger and 
larger 6 values with time. This is termed nonsteady state 
voltammetry and often results in peak currents in i vs. Eappi 
plots for electrolytic cells. 

In steady-state voltammetry, when the potential of the 
working electrode is scanned past a value that will cause an 
electrochemical reaction, the current will rise rapidly, and 
then level off to a near constant value, even as E,,,, changes 
further. Figure 4-6 illustrates such a wave for a hypothetical 
reduction of an oxidized species (Ox) via an n electron 
reduction to a reduced species (Red). When the applied 
potential is much more negative than required, the current 
reaches a limiting value (termed the limiting current, i;). This 
limiting current is proportional to the concentration of the 
electroactive species (Ox in this case) as expressed by the 
following equation: 


: D 
iy = nal Z Cx (18) 
where i is the measured current in amperes, n equals the 
number of electrons in the electrochemical reaction (reduc- 
tion in this case), F is Faraday’s constant (96,487 
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Figure 4-7 Concept of electrochemical reaction increasing the 
diffusion layer thickness (concentration polarization) of analyte 
via a reduction (or oxidation) at the surface of the working 
electrode. As time (t) increases, the diffusion layer thickness 
grows quickly to a value that is determined by degree of 
conyection in the sample solution. 


coulombs/mol), A is the electrochemical surface area of 
the working electrode (in cm’) (assuming a planar electrode 
geometry), D is the diffusion coefficient (in cm’/sec) of the 
electroactive species (Ox in this case), ĝ is the diffusion layer 
thickness (in cm), and C is the concentration of the analyte 
species in mol/cm’. The D/6 term is often denoted as me the 
mass transfer coefficient of the Ox species to the surface of 
the working electrode. Note that equation 18 indicates a 
linear relationship for limiting current and concentration. 
The exact same equation applies for detecting reduced 
species by an oxidation reaction at the working electrode. 
In this case, by convention, the resulting anodic current is 
considered a negative current. As shown in Figure 4-6, 
the potential of the working electrode that corresponds to a 
current that is exactly one half the limiting current is termed 
the Ein value. This value is not dependent on analyte con- 
centration. The Ep is determined by the thermodynamics 
(E°) of the given redox reaction, the solution conditions 
(e.g. if protons are involved in reaction, then the pH will 
influence the E;n value), along with any overpotential caused 
by slow electron transfer, etc., at a particular working elec- 
trode surface. The E;n values are indicative of a given species 
undergoing an electrochemical reaction under specified con- 
ditions; hence, the Ein values enable one to distinguish one 
electroactive species from another in the same sample. If the 
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En values for various species differ significantly (e.g., 
>120mV), then measurements of several limiting currents 
in a given voltammogram can yield quantitative results for 
several different species simultaneously. 

Electrochemical cells employed to carry out voltammet- 
ric or amperometric measurements can involve either a two 
or three electrode configuration. In the two electrode mode, 
the external voltage is applied between the working and a 
reference electrode, and the current monitored. Since the 
current must also pass through the reference electrode, such 
current flow can potentially alter the surface concentration 
of electroactive species that poises the actual half-cell poten- 
tial of the reference electrode, changing its value by a con- 
centration polarization process. For example, if an Ag/AgCl 
reference electrode were used in a cell in which a reduction 
reaction for the analyte occurs at the working electrode, then 
an oxidation reaction would take place at the surface of the 
reference electrode: 


Ag?+Cl” > AgCl) + 1e ~ (19) 


Hence, the activity/concentration of chloride ions near the 
surface of the electrode would decrease, which would make 
the potential of the reference electrode more positive than 
its true equilibrium value based on the actual activity of 
chloride ion in the reference half-cell since the Nernst equa- 
tion for this half-cell is: 


— Fo surface 
Eag/agcd = E ree tee 0.059 log(a" ) (20) 


Such concentration polarization of the reference elec- 
trode is prevented by maintaining the current density (J; 
amperes/cm’”) very low at the reference electrode. This is 
achieved in practice by making sure that the area of the 
working electrode in the electrochemical cell is much smaller 
than the surface area of the reference electrode; hence the 
total current flow will be limited by this much smaller area, 
and J values for the reference will be very small, as desired, 
to prevent concentration polarization. 

To completely eliminate changes in reference electrode 
half-cell potentials, a three electrode potentiostat is often 
employed. In simple terms, the potentiostat applies a voltage 
to the working electrode, which is measured versus a refer- 
ence electrode via a zero current potentiometric type 
measurement, but the current flow is between the working 
electrode and a third electrode, called the counter electrode. 
Thus if reduction takes place at the working electrode, 
oxidation would occur at the counter electrode; but no net 
reaction would take place at the surface of the reference 
electrode, since no current flows through this electrode. A 
potentiostat circuit is relatively simple to construct using 
modern operational amplifiers. 

In voltammetric methods, the Esp» is varying via some 
waveform, to alter the working electrode potential as a func- 
tion of time and the resulting current measured. The current 
change occurs at the decomposition potential range, which 
is hopefully specific for a given analyte. However, the loca- 
tion of the current response as a function of E,,,; provides 


information on the nature of the species present (e.g. Ex.) 
along with a concentration-dependent signal. This scan of 
Epp can be linear (linear sweep voltammetry) or it can have 
more complex shapes that enable greatly enhanced sensitiv- 
ity to be achieved for monitoring the concentration of a 
given electroactive species (e.g., normal pulsed voltammetry, 
differential pulse voltammetry, square wave voltammetry, 
etc.).’” When a dropping mercury electrode (DME) is used, 
such voltammetric methods are considered. polarographic 
methods of analysis. 

Amperometric methods differ from voltammetry in that 
E,pp is fixed, generally at a potential value that occurs in the 
limiting current plateau region of the voltammogram and 
simply monitoring the resulting current, which will be 
proportional to concentration. Amperometry can be more 
sensitive than common voltammetric methods because 
background charging currents, which arise from changing 
the Eeppi as a function of time in voltammetry, do not exist. 
Hence, when selectivity can be assured at a given E,,,, value, 
amperometry may be preferred to voltammetric methods for 
more sensitive quantitative measurements. 


APPLICATIONS 


Molecular oxygen is capable of undergoing several reduc- 
tion reactions, all with a significant overpotentials at solid 
electrodes, such as Pt, Au, or Ag. For example, the following 
reaction: 


O, + 2H,0 + 4e° > 40H™ 
(E? =+0.179 vs Ag/AgCliMCl-) 


exhibits an E;n at around —0.500V on a Pt electrode (vs. a 
Ag/AgCl reference electrode), with a limiting current plateau 
beginning at approx. —0.600 V. This reaction can be used to 
monitor the partial pressure of oxygen (PO,) in blood, which 
is the basis of the widely used Clark style amperometric 
oxygen sensor (Figure 4-8). This device employs a small area 
planar platinum electrode as a working electrode (encased 
in insulating glass or other material), and a Ag/AgCl refer- 
ence electrode, typically a cylindrical design (Figure 4-8). 
This two electrode electrolytic cell is placed within a 
sensor housing, on which a gas permeable membrane (e.g., 
polypropylene, silicone rubber, Teflon, etc.) is held at the 
distal end. The inner working platinum electrode is pressed 
tightly against the gas-permeable membrane to create a thin 
film of internal electrolyte solution (usually buffer with KCl 
added). Oxygen in the sample can permeate across the mem- 
brane and be reduced in accordance with the above electro- 
chemical reaction. An Epp of -0.650 or —0.700 V vs. Ag/AgCl 
(within the limiting current regime) to the Pt working elec- 
trode will result in an observed current that is proportional 
to the PO, present in the sample (including whole blood). 
In the absence of any oxygen, the current at this applied 
voltage under amperometric conditions will be very near 
zero. 

The outer gas-permeable membrane enables the Clark 
electrode to detect oxygen with very high selectivity over 


(21) 
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Figure 4-8 Design of Clark style amperometric oxygen sensor used to monitor PO, levels in 


blood. 


other easily reduced species that might be present in a given 
sample (e.g., metal ions, cystine, etc.). Indeed, only other gas 
species or highly lipophilic organic species can partition 
into and pass through such gas-permeable membranes. One 
type of interference in clinical samples can be certain anes- 
thesia gases, such as nitrous oxide, halothane, and isoflurane. 
These species can also diffuse through the outer membrane 
of the sensor, be electrochemically reduced at the platinum 
electrode, and yield a false positive value for the measure- 
ment of PO,.’* However, optimized gas-permeable mem- 
brane materials and appropriate control of the applied 
potential to the cathode of the sensor have greatly reduced 
this problem in modern instruments. The outer gas- 
permeable membranes also help restrict the diffusion of 
analyte to the inner working electrode; hence the membrane 
can control the mass transport of analyte (D/ọ term in 
equation 16), such that in the presence or absence of sample 
convection, mass transport of oxygen to the surface of the 
platinum working electrode is essentially the same. 

The basic design of the Clark amperometric PO, sensor 
can be extended to detect other gas species by altering the 
applied voltage to the working electrode. For example, it is 
possible to detect nitric oxide (NO) with high selectivity 
using a similar gas electrode design in which the platinum is 
polarized at +0.900 vs. Ag/AgCl to oxidize diffusing NO to 
nitrate at the platinum anode. Such NO sensors can be used 
for a variety of biomedically important studies to deduce the 
amount of NO locally at or near the surface of various NO- 
producing cells. 


Beyond amperometric devices, one specialized method 
for detecting trace levels of toxic metal ions in clinical 
samples is anodic stripping voltammetry (ASV). In ASV a 
carbon working electrode is used (sometimes further coated 
with a Hg film), and the Epp is first fixed at a very negative 
Epp voltage so that all metal ions in the solution will be 
reduced to elemental metals (M°) within the mercury film 
and/or on the surface of the carbon. Then the E,ppi is scanned 
more positive, and the reduced metals deposited in and/or 
on the surface of the working electrode are reoxidized, giving 
a large anodic current peak proportional to the concentra- 
tion of metal ions in the original sample. The potential at 
which these peaks are observed indicates which metal is 
present, and the height of stripping peak current is directly 
proportional to the concentration of the metal ion in the 
original sample. Such ASV techniques can be used to detect 
the total concentration of Pb in whole blood samples, 
providing a rapid screening method for lead exposure and 
poisoning.” 

Another biomedical example of modern voltammetry is 
a rapid scan cyclic voltammetric technique that has been 
used to quantify dopamine in brain tissue of freely moving 
animals.” In this application, oxidation of dopamine to a 
quinone species at an implanted microcarbon electrode 
(at approximately +0.600 V vs. Ag/ AgCI) yields peak currents 
proportional to dopamine levels, The electrode can be used 
to measure this neurotransmitter in different regions of 
the brain or in a fixed location. Often, pharmacological 
or electrical stimulation can be employed to measure the 
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Figure 4-9 Schematic of LC-EC system, with electrochemical detector monitoring the elution 
of analytes from an HPLC column, by either their oxidation or reduction (shown here as 


example) at a suitable thin-layer working electrode. 


change in local dopamine levels due to such stimulation 
techniques. 

While voltammetric/amperometric techniques can be 
applied to detect a wide range of species, the selectivity 
offered for measurements in complex clinical samples— 
where many species can be electroactive—is rather limited. 
For example, as stated in the above discussion relevant to the 
Clark oxygen sensor, in the absence of the gas-permeable 
membrane, other species that can be reduced at or near the 
same Eapi as oxygen would cause significant interference. 

To greatly expand the range of analytes that can be 
detected with voltammetric/amperometric methods, elec- 
trochemical techniques can be used as highly sensitive detec- 
tors for modern high performance liquid chromatographic 
(HPLC) systems (see Chapter 6). In liquid chromatography 
with electrochemical detection (LC-EC), eluting solutes 
are detected by flow-through electrodes (usually carbon or 
mercury) designed to have extremely low dead volumes 
(Figure 4-9), The electrodes can be operated in amperomet- 
ric or voltammetric modes (with high scan speeds), and 
several electrodes can be operated simultaneously in series or 
in parallel flow arrangements to gain additional selectivity.” 
For example, homocysteine can be measured with (1) the 
addition of reducing agents to a serum sample to generate 
free homocysteine, (2) precipitation of proteins in the sample 
(with trichloroacetic acid), and (3) separation of the serum 
components on a reversed phase octadecylsilane HPLC 
column. The eluting homocysteine is detected and measured 
with online electrochemical detection via homocysteine oxi- 
dation to the corresponding mercuric dithiolate complex 


2RSH + Hg —> Hg(RS), + 2H* +2e7 (22) 


using a thin-layer Hg/Au amalgam electrode poised at 
+0.150V vs. Ag/AgCl." Integration of the eluting band for 


homocysteine provides quantitative results, with very high 
selectivity. Similarly, catechols and catecholamines can also 
be readily detected in serum by a similar LC-EC method, 
with the eluted catechols oxidized to quinones at a flow- 
through carbon working electrode poised at potentials typ- 
ically >0.200V vs. Ag/AgCl Further, a host of therapeutic 
drugs can also be quantitated in serum or urine via LC-EC 
methods. 


CONDUCTOMETRY ~ 


Conductometry is an electrochemical technique used to 
determine the quantity of an analyte present in a mixture by 
measurement of its effect on the electrical conductivity of 
the mixture. It is the measure of the ability of ions in solu- 
tion to carry current under the influence of a potential 
difference. In a conductometric cell, potential is applied 
between two inert metal electrodes. An alternating potential 
with a frequency between 100 and 3000 Hz is used to prevent 
polarization of the electrodes. A decrease in solution resis- 
tance results in an increase in conductance and more current 
is passed between the electrodes. The resulting current flow 
is also alternating. The current is directly proportional to 
solution conductance. Conductance is considered the inverse 
of resistance and may be expressed in units of ohm 
(siemens). In clinical analysis, conductometry is frequently 
used for the measurement of the volume fraction of ery- 
throcytes in whole blood (hematocrit) and as the transduc- 
tion mechanism for some biosensors. 

Erythrocytes act as electrical insulators because of their 
lipid-based membrane composition. This phenomenon was 
first used in the 1940s to measure the volume fraction of ery- 
throcytes in whole blood (hematocrit) by conductivity” and 
is used today to measure hematocrit on multianalyte instru- 
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ments for clinical analysis. The conductivity of whole blood 
depends not only on the volume fraction and shape of the 
erythrocytes but also on the conductivity of the surround- 
ing plasma. An increase in the volume fraction of erythro- 
cytes, that are less conductive than the surrounding plasma, 
leads to a decrease in conductivity shown by the following 
relationship” 
a H 

Gs = a 0-H *° (23) 
where G is the conductivity of whole blood, a is the plasma 
conductivity, H is the percent of hematocrit and c is a factor 
for erythrocyte orientation. In practice, plasma conductivity 
also contains correction factors for Na* and K* concentra- 
tions. These cations are usually measured in conjunction 
with hematocrit on systems designed for clinical analysis. 

Conductivity-based hematocrit measurements have 
limitations.* Abnormal protein levels will change plasma 
conductivity and interfere with the measurement. Low pro- 
tein concentrations resulting from dilution of blood with 
protein-free electrolyte solutions during cardiopulmonary 
bypass surgery will result in erroneously low hematocrit 
values by conductivity. Preanalytical variables, such as insuf- 
ficient mixing of the sample, will also lead to errors.” Hemo- 
globin is the preferred analyte to monitor blood loss and the 
need for transfusion during trauma and surgery. However, 
the electrochemical measurement of hematocrit in conjunc- 
tion with blood gases and electrolytes remains in use mainly 
because of simplicity and convenience, despite some 
limitations. 

Another clinical application of conductance is for elec- 
tronic counting of blood cells in suspension. Termed the 
“Coulter principle,” it relies on the fact that the conductiv- 
ity of blood cells is lower than that of a salt solution used as 
a suspension medium.” The cell suspension is forced to flow 
through a tiny orifice. Two electrodes are placed on either 
side of the orifice, and a constant current is established 
between the electrodes. Each time a cell passes through the 
orifice, the resistance increases; this causes a spike in the elec- 
trical potential difference between the electrodes. The pulses 
are then amplified and counted. 


COULOMETRY 


Coulometry measures the electrical charge passing between 
two electrodes in an electrochemical cell. The amount of 
charge passing between the electrodes is directly propor- 
tional to oxidation or reduction of an electroactive substance 
at one of the electrodes. The number of coulombs trans- 
ferred in this process is related to the absolute amount of 
electroactive substance by Faraday’s Law: 


Q=nxNxF (24) 
where 


Q= is the amount of charge passing through the cell 
(unit: C= coulomb = ampere « second) 


n =the number of electrons transferred in the oxidation 

or reduction reaction 

N = the amount of substance reduced or oxidized in moles 

F = Faraday constant (96,487 coulombs/mole) 

The measurement of current is related to charge as the 
amount of charge passed per unit time (ampere = coulomb/ 
second). Coulometry is used in clinical applications for the 
determination of chloride in serum or plasma and as the 
mode of transduction in certain types of biosensors. 

Commercial coulometric titrators have been developed 
for determination of chloride. A constant current is applied 
between a silver wire (anode) and a platinum wire (cathode). 
At the anode, Ag is oxidized to Ag*. At the cathode, H* is 
reduced to hydrogen gas. At a constant applied current, the 
number of coulombs passed between the anode and cathode 
is directly proportional to time (coulombs = amperes x 
seconds). Therefore, the absolute number of silver ions pro- 
duced at the anode may be calculated from the amount of 
time current passes through it. In the presence of CI, Ag* 
ions formed are precipitated as AgCls) and the amount of 
free Ag* in solution is low. When all the CF ions have been 
complexed, there is a sudden increase in the concentration 
of Ag" in solution. The excess Ag* is sensed amperometrically 
at a second Ag electrode, polarized at negative potential. The 
excess Ag" is reduced to Ag, producing a current. When this 
current exceeds a certain value, the titration is stopped. The 
absolute number of CF ions present in the sample is calcu- 
lated from the time during which the titration with Ag* was 
in progress. Knowing the volumetric amount of serum or 
plasma sample originally used, it is possible to calculate the 
concentration of CI in the sample. Coulometric titration is 
one of the most accurate electrochemical techniques since 
the method measures the absolute amount of electroactive 
substance in the sample. Coulometry is considered the gold 
standard for determination of chloride in serum or plasma. 
However, the method is subject to interference from anions 
in the sample with affinity for Ag* greater than chloride, such 
as bromide.” 


OPTICAL CHEMICAL SENSORS 


An “optode” is an optical sensor used in analytical instru- 
ments to measure blood gases and electrolytes. Optodes have 
certain advantages over electrodes, including ease of minia- 
turization, less noise (no transduction wires), potential 
long-term stability using ratiometric type measurements at 
multiple wavelengths,” and no need for a separate reference 
electrode. These advantages promoted the development of 
optical sensor technology initially for design of intravascu- 
lar blood gas sensors (see in vivo sensor section below). 
However, the same basic sensing principles can be used in 
clinical chemistry instrumentation designed for more classi- 
cal in vitro measurements on discrete samples. In such 
systems, light can be brought to and from the sensing site 
either by optical fibers or simply by appropriate positioning 
of light sources (light emitting diodes, LEDs), filters, and 
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to detect given analyte in blood sample. Polymer film contains 
dye that changes spectral properties in proportion to the 
amount of analyte in the sample phase. Example shown is for 
sensing film that changes luminescence (fluorescence or 
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Source 


photodetectors to monitor absorbance (by reflectance), 
fluorescence, or phosphorescence (Figure 4-10). 


BASIC CONCEPTS 


Optical sensors devised for PO, measurements are typically 
based on the immobilization of certain organic dyes (e.g. 
pyrene, diphenylphenanthrene, phenanthrene, fluoranthene, 
etc.) or metal ligand complexes (e.g, ruthenium{II] 
tris[dipyridine], Pt and Pd metalloporphyrins, etc.) within 
hydrophobic polymer films (e.g., silicone rubber) in which 
oxygen is very soluble.” The fluorescence or phosphores- 
cence of such species at a given wavelength is often quenched. 
in the presence of paramagnetic species, including molecu- 
lar oxygen. In the case of embedded fluorescent dyes, the 
intensity of the emitted fluorescence of such films will 
decrease in proportion to the PO, level of the sample in 
contact with the polymer film, in accordance with the Stern- 
Volmer equation for quenching: 


Ip 


PO: 


=1+ kPO» (25) 


where 

h = fluorescence intensity in the absence of any oxygen 

Ipo, = fluorescence intensity at a given PO, level 

k = quenching constant for the particular fluorophore 

used 

Hence a linear relationship exists between the ratio Ip/Ipo, 
and the PO, in the sample phase. The larger the Stern- 
Volmer constant, the greater the degree of quenching for the 
given fluorophore. However, it is important that the quench- 
ing constant is in a range that will yield linear Stern-Volmer 


behavior over the physiologically relevant range of PO, in 
blood, For example, if k is too large, then maximum quench- 
ing possible will occur over a range of PO, that is less than 
physiological. 

Phosphorescence intensity or phosphorescence lifetime 
measurements of immobilized metal ligand complexes can 
also be employed (i.e., binding of oxygen decreases excited 
state lifetimes). Sensors based on changes in luminescent 
lifetime have the inherent advantage of being insensitive to 
perturbations in the optical pathlength and the amount of 
active dye present in the sensing layer. 

Optical pH sensors require immobilization of appropri- 
ate pH indicators (e.g., fluorescein, 8-hydroxy-1,2,6-pyrene 
trisulfonate [HPTS], phenol red, etc.) within thin layers of 
hydrophilic polymers (e.g., hydrogels), since equilibrium 
access of protons to the indicator is essential. The absorbance 
or fluorescence of the protonated or deprotonated form of 
the species can be used for sensing purposes. One issue 
with respect to using immobilized indicators for accurate 
physiological pH measurements is the effect of ionic strength 
on the pKa of the indicator. Because optical sensors measure 
the concentration of protonated or deprotonated dye as an 
indirect measure of hydrogen ion activity, variations in the 
ionic strength of the physiological sample can influence the 
accuracy of the pH measurement. 


APPLICATIONS 


Optical sensors suitable for the determination of PCO, 
employ optical pH transducers (with immobilized indica- 
tors) as inner transducers in an arrangement quite similar 
to the classical Severinghaus style electrochemical sensor 
design (see Figure 4-4). The addition of bicarbonate salt 
within the pH sensing hydrogel layer creates the required 
electrolyte film layer, which varies in pH depending on the 
level of PCO, in equilibrium with the film. The optical pH 
sensor is covered by an outer gas-permeable hydrophobic 
film (e.g, silicone rubber), to prevent proton access, yet 
allows CO, equilibration with the pH-sensing layer. As the 
PCO, level in the sample increases, the pH of the bicarbon- 
ate layer decreases, and the corresponding decrease in the 
concentration of the deprotonated form of the indicator (or 
increase in the concentration of protonated form) is sensed 
optically. 

Two approaches have been used to sense electrolyte ions 
optically in physiological samples. One method employs 
many of the same lipophilic ionophores developed for 
polymer membrane type ion-selective electrodes (see Figure 
4-3). These species are doped into very thin hydrophobic 
polymeric films along with a lipophilic pH indicator. In the 
case of cation ionophores (e.g, valinomycin for sensing 
potassium), when cations from the sample are extracted by 
the ionophore into the thin film, the pH indicator (RH) loses 
a proton to the sample phase to maintain charge neutrality 
within the organic film (yielding R`). This results in a change 
in the optical absorption or fluorescence spectrum of the 
polymer layer. If the thickness of the films is kept <10Um, 
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equilibrium response times on the order of <1 min have been 
achieved. The main limitation of this design is that the pH 
of the sample phase also influences the overall extraction 
equilibrium for ions into the film. Thus either simultaneous 
and independent measurement of sample pH is required, or 
buffered dilution and/or pH control of the sample phase is 
necessary to obtain accurate measurements of electrolytes, 

A second methodology used to sense electrolyte ions is to 
immobilize a cation and/or anion recognition agent within 
_a hydrogel matrix, similar to the pH sensors described above. 
The recognition agent in this case is not usually lipophilic, 
and therefore it must be covalently anchored to the hydro- 
gel so that it does not leach into the sample phase. The agent 
is designed so that selective cation or anion binding alters 
the absorbance or fluorescence spectrum of the species 
within the hydrogel. Typically, this is achieved by linking 
both ion recognition and chromophoric properties within 
a single organic molecule. Such ion sensors have been 
employed successfully in at least one commercial blood gas- 
electrolyte analyzer using an array of sensors of the generic 
design similar to that illustrated in Figure 4-10. 


A biosensor is a specific type of chemical sensor consisting 
of a biological recognition element and a physico-chemical 
transducer, often an electrochemical” or an optical device, 
The biological element is capable of recognizing the presence 
and activity and/or concentration of a specific analyte in 
solution. The recognition may be either a biocatalytic reac- 
tion (enzyme-based biosensor) or a binding process (affinity- 
based biosensor), when the recognition element is, for 
example, an antibody, DNA segment, or cell receptor. The 
interaction of the recognition element with a target analyte 
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results in a measurable change in a solution property locally 
at the surface of the device, such as formation of a product 
or consumption of a reactant. The transducer converts the 
change in solution property into a quantifiable electrical 
signal. The mode of transduction may be one of several, 
including electrochemical, optical, and the measurement of 
mass or heat. The present discussion will be limited to 
biosensors based on electrochemical and optical modes of 
transduction since they comprise the majority of biosensors 
used for clinical applications. l 


ENZYME-BASED BIOSENSORS WITH 
AMPEROMETRIC DETECTION 


Enzyme-based biosensors based on electrochemical trans- 
ducers, specifically amperometric electrodes, are the most 
commonly used for clinical analyses and the most frequently 
cited in the literature.“ Clark and Lyons developed the first 
amperometric biosensor; it was used for measuring glucose 
in blood and was based on immobilizing glucose oxidase on 
the surface of an amperometric PO, sensor.” A solution of 
glucose oxidase was physically entrapped between the gas- 
permeable membrane of the PO, electrode and an outer 
semipermeable membrane (see Figure 4-11 general design). 
The outer membrane was of a low molecular weight cut-off 
to allow substrate (glucose) and oxygen from the sample to 
pass, but not proteins and other macromolecules. In this 
way, enzymes could be concentrated at the sensor’s surface. 
The oxidation of glucose, catalyzed by glucose oxidase 


glucose oxidase 


Glucose + O2 gluconicacid + H203 (26) 


consumes oxygen near the surface of the sensor, The rate of 
decrease in PO, is a function of the glucose concentration 
and is monitored by the PO, electrode. A steady-state 
reduced level of oxygen can be achieved at the surface in a 
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Figure 4-1 I Illustration of enzyme 
electrode prepared using oxidase 
enzyme immobilized at the surface of 
amperometric PO, sensor. Increase in 
substrate concentration S reduces the 
amount of oxygen present at the surface 


Gas-permeable of the sensor. 
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short period of time, yielding a steady-state current value 
that decreases as a function of glucose concentration in the 
sample. 

If the polarizing voltage of the PO, electrode is reversed, 
making the platinum electrode positive (anode) relative to 
the Ag/AgCl reference electrode, and if the gas permeable 
membrane is replaced with a hydrophilic membrane con- 
taining the immobilized enzyme, it is possible to oxidize the 
H,O, produced by the glucose oxidase: 


H,02 > 2e7 + O, + 2H* (27) 


The steady-state current produced is now directly pro- 
portional to the concentration of glucose in the sample. 

In practice, a sufficiently high voltage (overpotential) 
must be applied to the platinum anode to drive the oxida- 
tion of the hydrogen peroxide. An applied voltage of +0.7 
volts or greater (relative to Ag/AgCl) is typically used. Figure 
4-12 illustrates this basic hydrogen peroxide detection 
design, which is suitable for use in devising clinically useful 
sensors for glucose, but also for a host of other substrates for 
which there are suitable oxidase enzymes that generate 
hydrogen peroxide. 

Immobilization of enzymes in the early biosensors was a 
simple entrapment method behind a membrane of low mol- 
ecular weight cut-off, and this approach is still used in some 
commercial applications. Many other schemes for enzyme 
immobilization for biosensor development have been sug- 
gested.*' Most common are cross-linking of the enzyme with 
an inert protein, such as bovine serum albumin (BSA), using 
glutaraldehyde, simple adsorption of enzyme to electrode 
surfaces, or covalent binding of enzymes to insoluble carri- 
ers, such as nylon or glass. Another immobilization tech- 
nique involves bulk modification of an electrode material, 
mixing enzymes with carbon paste, which serves as both 
the enzyme immobilization matrix and the electroactive 
surface.” 

One of the first biosensor based systems for the mea- 
surement of glucose in blood was commercialized by Yellow 
Springs Instruments, Inc. (YSI), Yellow Springs, Ohio, in 
1975 and used the amperometric detection of H,O, as the 
measurement principle (see Figure 4-12). Dependence of 
the measured glucose value on the oxygen concentration in 
the sample was a problem since there is significantly less 
than the stoichiometric amount of dissolved oxygen in blood 
to support the glucose oxidase reaction and produce a linear 
relationship of signal with glucose concentration. This is 
especially true at high levels of glucose found in samples 
from diabetic patients (>500 mg/dL). In the case of the YSI 
system, the sample and calibration solutions are diluted at 
least 1:10 in buffer (depends on model), which is in equi- 
librium with atmospheric PO,, fixing the oxygen concentra- 
tion in the calibrator and sample at a constant level. 

The problem of oxygen limitations of biosensors based 
on oxidase enzymes has been addressed by designing 
semipermeable membranes that restrict the diffusion of the 
primary analyte (substrate) to the enzyme layer, avoiding 


saturation of the enzyme, and keeping the ratio of oxygen to 
analyte always in excess of 1. This extends the linearity of 
response to analyte concentrations substantially higher than 
the Km of the enzyme, and reduces the signal dependence on 
oxygen. Outer track-etched polycarbonate membranes are 
commonly used,” and membranes of poly (vinyl chloride), 
polyurethanes, and silicone emulsions. Another approach 
has been to use an oxygen-rich electrode material as a reser- 
voir of oxygen to support the bioreaction. A fluorocarbon 
(Kel-F oil) has been used to formulate a carbon paste elec- 
trode to act both as a source of oxygen and the working 
electrode.” 

Electron acceptors other than oxygen can serve as 
mediators in the glucose oxidase reaction, and completely 
eliminate any dependence of the amperometric response on 
oxygen concentration of the sample. The mediator, usually 
co-immobilized with the enzyme, transports electrons to the 
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Figure 4-12 Design of amperometric enzyme electrode based 
on anodic detection of hydrogen peroxide generated from 
oxidase enzymatic reaction (e.g., glucose oxidase) (A), and 
expanded view of the sensing surface showing the different 
membranes and electrochemical process that yield the anodic 
current proportional to the substrate concentration in the 
sample (B). (From Meyerhoff M, New in vitro analytical approaches 
for clinical chemistry measurements in critical care. Clin Chem 
1990;36:1570.) 
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Figure 4-13 Scheme showing the use of electroactive mediator 
in the design of an amperometric enzyme electrode. The 
mediator accepts electrons directly from the enzyme, and is 
oxidized at the surface of the working electrode, creating more 
oxidized mediator to continue this process. (From D’Orazio P. In: 
Lewendrowski, K, ed. Clinical chemistry laboratory management and 
clinical correlations, Philadelphia: Lippincott, Williams and Wilkins, 
2002: 464.) 


anode surface, where it is reoxidized, resulting in a cyclic 
reaction mechanism (Figure 4-13). Mediators with electron 
transfer kinetics (little or no overpotential) more favorable 
than oxygen allow operation of the sensor at lower applied 
potentials (+0.2V vs. Ag/AgCl or lower) than is typically 
used for the oxidation of H,O. This approach not only elim- 
inates dependency of the reaction rate on oxygen, but also 
serves to reduce the contribution from oxidizable interfering 
substances (e.g., uric acid, ascorbic acid, acetaminophen, 
etc.) on the sensor response, Examples of mediators that 
have been used include quinones and conductive organic 
salts, such as tetrathiafulvalene-tetracyanoquinodimethane 
(TTF-TCNQ).*>" Ferricyanide and ferrocene derivatives 
have also been employed,” including commercial applica- 
tion in a device for home blood glucose monitoring 
(ExacTECH™, Abbott-Medisense). In this device, dimethyl- 
ferrocene is impregnated into a graphite electrode to which 
glucose oxidase has been immobilized. Reduced glucose 
oxidase from the enzymatic reaction is reoxidized by the 
electrochemically generated ferricinium ion. Current is pro- 
duced during this cycling mechanism, which is proportional 
to the concentration of glucose in the blood sample. 

Another technique to decrease interferences from easily 
oxidized species in a blood sample when using traditional 
H,O, electrochemical detection is to employ selectively per- 
meable membranes in proximity to the electrode surface 
that allow transport of H,O, to the electrode surface, but 
reject the interfering substances based on size exclusion (see 
Figure 4-12, B). An example is as simple as a low molecular 
weight cut-off membrane, such as cellulose acetate, used in 
many commercial amperometric biosensors.” Also used are 
electropolymerized films, such as poly (phenylenediamine), 
formed in-situ, to reject interfering substances based on 
size,” Another approach employed in a commercial applica- 
tion involves using a second correcting electrode, identical 
to the working electrode, but without enzyme, sensitive only 
to the presence of oxidizable interfering substances. The 
resulting differential signal is proportional to the concentra- 
tion of analyte. 


A novel approach used for the elimination of electroac- 
tive interfering substances in a commercially available 
glucose sensor is to directly “wire” the redox center of the 
enzyme glucose oxidase to a metallic, amperometric elec- 
trode using an osmium (IH/IV)-based redox hydrogel.” The 
osmium sites effectively serve as mediators, and can accept 
electrons directly from the entrapped enzyme, without need 
for oxygen. This approach allows the operating potential of 
the electrode to be dramatically lowered to +0.2 V vs. SCE 
(saturated calomel reference electrode), where currents 
resulting from electrooxidation of ascorbate, urate, aceta- 
minophen, and L-cysteine are negligible. 

Substitution of other oxoreductase enzymes for glucose 
oxidase allows amperometric biosensors for other substrates 
of clinical interest to be constructed. Practical sensors with 
commercial application in critical care analyzers for blood 
lactate have been realized.’ Other amperometric biosensors 
reported include cholesterol, pyruvate, alanine, glutamate, 
and glutamine. By using the multiple enzyme cascade shown 
in the reactions below, an amperometric biosensor for 
creatinine is also possible, Electrochemical oxidation of 
H,O, is the detection mechanism. 


creatinine amidohydrolase 


Creatinine + H,O Creatine (28) 


creatine amidinohydrolase 


Creatine + H2O > Sarcosine + Urea 


(29) 


Sarcosine + H20 + O; asia Ona Glycine + 


formaldehyde + HO, (30) 


This three-enzyme scheme suffers interference from 
endogenous creatine in the sample, requiring correc- 
tion. Low concentrations of creatinine found in blood 
(<100 umol/L) must be measured in the presence of oxidiz- 
able interfering substances, sometimes present at higher 
concentrations than the analyte.” Special electroactive layers 
within the biosensor have been proposed. to remove redox- 
active interfering substances.” Since the useful life of the 
creatinine biosensor based on these reactions requires three 
enzymes to retain activity, reusable commercial biosensors 
for creatinine based on this measurement principle typically 
suffer from a short useful life of only a few days. 


ENZYME-BASED BIOSENSORS WITH POTENTIOMETRIC 
AND CONDUCTOMETRIC DETECTION 


Ion selective electrodes can also be used as transducers in 
potentiometric biosensors. An example is a biosensor for 
urea (blood urea nitrogen, BUN) based on a polymembrane 
ISE (vinyl chloride) for ammonium ion (Figure 4-14). The 
enzyme urease is immobilized at the surface of the ammo- 
nium selective ISE based on the antibiotic nonactin (see 
structure of ionophore in Figure 4-3), and catalyzes the 
hydrolysis of urea to NH; and CO). 


urease 


Urea —-~——-» 2NH; + COQ, (31) 
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Figure 4-14 Potentiometric enzyme electrode for 
determination of blood urea, based on urease enzyme 
immobilized on the surface of an ammonium ion-selective 
polymeric membrane electrode. 


The ammonia produced dissolves to form NHj, which is 
sensed by the ISE. The signal generated by the NHj produced 
is proportional to the logarithm of the concentration of urea 
in the sample. The response may be either steady state or 
transient. Typically, correction for background potassium is 
required, since the nonactin ionophore has limited selectiv- 
ity for ammonium over potassium (Kyu = 0.1). Potassium 
is measured simultaneously with urea and used to correct 
the output of the urea sensor using the Nicolsky-Eisenman 
equation. 

The above approach for measurement of urea using an 
enzyme-based potentiometric biosensor assumes that the 
turnover of urea to ammonium at steady state provides a 
constant ratio of ammonium ions to urea, independent of 
concentration. This is rarely the case, especially at higher 
substrate concentrations, resulting in a nonlinear sensor 
response. The linearity of the sensor is also limited by the 
fact that hydrolysis of urea produces a local alkaline pH in 
the vicinity of the ammonium-sensing membrane, partially 
converting NH4 to NH; (pKa=9.3). Ammonia (NH3) is 
not sensed by the ISE. The degree of nonlinearity may 
be reduced by placement of a semipermeable membrane 
between enzyme and sample to restrict diffusion of urea to 
the immobilized enzyme layer. 


A change in solution conductivity has also been used 
as a transduction mechanism in enzyme-based biosensors. 
Examples include the measurement of glucose, creatinine, 
and acetaminophen using interdigitated electrodes.” 
Practical applications of conductometric biosensors are few 
because of the variable ionic background of clinical samples 
and the requirement to measure small conductivity changes 
in media of high ionic strength. A commercial system for the 
measurement of urea in serum, plasma, and urine is a BUN 
analyzer (Beckman-Coulter) based on the enzyme urease.” 
Dissolution of the products to NH; and HCO; produces a 
change in sample conductivity. The initial rate of change in 
conductivity is measured to compensate for the background 
conductivity of the sample. This approach is limited to the 
measurement of analytes at relatively high concentrations 
because of small changes in conductivity produced by low 
levels of analyte. 


ENZYME-BASED BIOSENSORS WITH 
OPTICAL DETECTION 


Optical sensors with immobilized enzymes and indicator 
dyes have been developed for the measurement of glucose and 
other substrates of clinical interest.” These biosensors are 
based on optical detection chemistries for pH and oxygen, 
described earlier in this chapter, and rely on absorbance/ 
reflectance, fluorescence, and luminescence as modes of 
detection. Enzyme immobilization methods resemble those 
used to construct electrochemical biosensors, including phys- 
ical entrapment or encapsulation in a gel matrix, physical 
adsorption onto substrates, and covalent binding or absorp- 
tion on an insoluble support. Using an example based on an 
optode for PO,, a sensitive indicator is co-immobilized with 
an oxidase enzyme at the end of a fiber optic probe. The probe 
is used to monitor fluorescence of the indicator. Quenching of 
fluorescence of the indicator by O, is followed. A decrease in 
PO, resulting from a reaction catalyzed by the enzyme will 
result in less quenching of the indicator and a fluorescent 
signal directly proportional to the concentration of substrate. 
In an example of an optical biosensor probe for glucose, an 
oxygen, sensitive cationic dye, Ru(phen)}*, is immobilized 
along with glucose oxidase on the surface of an optical fiber.” 
A decrease in PO, arising from the enzyme-catalyzed oxida- 
tion of glucose results in an increase in luminescence intensity 
of the ruthenium tris(phenanthrene). 

Similar optical biosensors have been prepared for many 
other analytes. For example, a cholesterol optical biosensor 
has been devised based on fluorescence quenching of an 
oxygen-sensitive dye that is coupled to consumption of 
oxygen resulting from the enzyme-catalyzed oxidation of 
cholesterol by the enzyme cholesterol oxidase.” Serum 
bilirubin has been detected using bilirubin oxidase, co- 
immobilized with a ruthenium dye, on an optical fiber." The 
bilirubin sensor was reported to exhibit a lower detection 
limit of 10umol/L, a linear range up to 30mmol/L, and a 
typical reproducibility of 3% (CV), certainly adequate for 
clinical application. 
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The pH change resulting from enzyme-catalyzed reac- 
tions has also been measured optically. The indicator dye 
fluorescein is often used as a pH-sensitive indicator to con- 
struct such sensors. The protonated form of fluorescein does 
not fluoresce, but the conjugate base strongly fluoresces at 
530nm, when excited at 490 nm. Using glucose oxidase as the 
enzyme, a pH optode has been employed to follow the for- 
mation of gluconic acid.” A disadvantage of optical sensors 
based on pH changes is that they are strongly dependent on 
the pH and buffer capacity of the sample. Moreover, the 
working range of the sensor is determined by the pKa of the 
indicator, 6.8 to 7.2 for fluorescein, depending on ionic 
strength of the sample matrix. A pH-sensitive indicator may 
also be used to follow enzymatic reactions producing 
ammonia (e.g., urease action on urea). 


AFFINITY SENSORS 


Affinity sensors are a special class of biosensors in which the 
immobilized biological recognition element is a binding 
protein, antibody (immunosensors), or oligonucleotide 
(e.g, DNA, aptamers, etc.) with high binding affinity and 
high specificity toward a clinically important analyte/ 
partner. Such sensors are being developed as alternatives to 
conventional binding assays to enhance the speed and con- 
venience of a wide range of assays that would be normally 
run on sophisticated instruments (e.g., immunoassay 
analyzers, etc.). Ideally, direct binding of the immobilized 
species with its target in a clinical sample should yield a 
sensor signal proportional to the concentration of the 
analyte. However, “direct” sensing (without use of exogenous 
labels/tracers) of the binding events at analyte concentra- 
tions that would cover the full range for clinical applications 
is very difficult to achieve. Further, high affinity of such 
binding reactions, required to achieve optimal sensitivity, 
also limits the reversibility of such devices (slow reverse rate 
constant). Indeed, unlike ISEs, oxygen sensors, and many of 
the enzyme type biosensors described above, affinity sensors 
based on electrochemical, optical, or other transduction 
modes are typically single-use devices.” For repeated multi- 
use applications, some type of regeneration step (pH change, 
etc.) to dissociate the tight binding between the recognition 
element and target is required.” 

A host of “direct” sensing affinity sensors have been pro- 
posed, based on either electrochemical (including capaci- 
tance changes), optical, thermal, mass, and acoustic 
detection methods. Of these, few have adequate speci- 
ficity to be used in complex clinical samples, owing to sig- 
nificant signals arising from nonspecific binding. One 
report, however, suggests that alpha fetoprotein can be 
detected reliably in serum samples via a quartz crystal 
microbalance type mass detector, possessing immobilized 
antialpha-fetoprotein antibodies on the surface of the quartz 
crystal transducer.” Increasing concentrations of analyte in 
the sample yield increased. binding to the surface, changing 
the mass loaded because of the immunological reaction. 
Incubation times as low as 20min are required to achieve 


results that compare favorably to a conventional radio- 
immunoassay method for serum samples. 

Some success for direct sensing devices has also been 
achieved in the area of DNA sensors. Generally, in such 
devices, a segment of DNA complementary to the target 
strand is immobilized on a suitable transducer. Electro- 
chemical DNA sensors have received considerable attention 
in this regard, since they can operate in the direct (based on 
electrochemical oxidation of guanine in target DNA) (see 
Figure 4-15, A) or indirect (with exogenous electrochemical 
markers/labels, see below and Figure 4-15, B) transduction 
modes. For example, Ozkan et al. demonstrated a relatively 
simple label-free electrochemical “genosensor” for detecting 
the presence of factor V Leiden mutations, using capture 
probes with inosine substituted for guanosine nucleic 
acids.” Probes were developed to bind wild-type and mutant 
DNA, based on the known base sequences in the regions of 
the wild and mutant DNA species. These probes were immo- 
bilized on the surface of carbon paste working electrodes. 
After PCR amplification of the sample DNA, a small volume 
of such samples (10 uL) is incubated for 6 minutes with the 
probe-modified electrode. Then, after a quick washing step, 
the presence of the target amplicon bound to the surface can 
be observed by differential pulse voltammetry using an 
anodic scan. The presence of a guanine oxidation peak, 
occurring at +1.00V vs. Ag/AgCl reference, indicates the 
presence of the target DNA in the original sample. 

Most affinity type sensors that function well for real 
clinical measurements are usually based on labeled reagents 
such as enzymes, fluorophores, and electrochemical tags, and 
hence function more like traditional binding/immunoas- 
says, except that one recognition element is immobilized on 
the surface of a suitable electrode or other type of trans- 
ducer. For example, electrochemical oxygen sensors 
have been employed to carry out heterogeneous enzyme 
immunoassays (sandwich or competitive type), using cata- 
lase as a labeling enzyme (catalyzes H,O, > 2H" and O,), 
and immobilizing capture antibodies on the outer surface of 
the gas-permeable membrane. After binding equilibration 
and washing steps, the amount of bound enzyme is detected 
by adding the substrate and following the increase in current 
generation, owing to local production of oxygen near the 
surface of the sensor. Similar, heterogeneous enzyme 
immunoassays have been developed based on electrode 
detection of peroxide using oxidase enzyme labels, pH 
changes using urease as an enzyme label, etc. 

DNA detection using electrochemical labeled oligonu- 
cleotides, or electrochemical probes that selectively interca- 
late into hybridized DNA duplexes, represents a growing area 
of investigation, with several “gene” sensor arrays of this type 
poised to become commercial products (see Chapter 37). As 
illustrated in Figure 4-15, B, when not using the intrinsic 
electroactivity of guanine (that requires use of electrode 
immobilized capture oligo probes with inosine replacing 
guanosine, see above), detection of hybridization of a target 
DNA sequence is achieved in either of two ways. In one case, 
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Figure 4-15 Examples of DNA biosensor configurations: (A) direct electrooxidation detection 
of guanosine bases in target DNA after hybridization with immobilized capture probe on 
electrode surface; (B) electrochemical detection of hybridization using exogenous redox species 
that intercalates into hybridized complex between immobilized capture DNA probe and target 


DNA. 


after allowing the immobilized capture oligo anchored to the 
electrode surface to bind the target sequence, hybridization 
is detected by exposing the surface of the electrode to an 
exogenous electroactive species (Co(II) tris-phenanthroline, 
ruthenium complexes, etc.) that can interact (intercalate) 
with the duplex, but not single-stranded DNA. After wash- 
ing away unbound electroactive species, the presence of 
hybridization can be readily detected by voltammetry, scan- 
ning the potential of the underlying electrode to oxidize or 
reduce any intercalated electroactive species, with the level 
of current detected being proportional to the number of 
duplex DNA species on the surface of the electrode. 

A second route involves the detection of target DNA via 
a sandwich type binding assay, using an electrochemical- 
labeled oligonucleotide (oligo labeled with ferrocene, 
osmium(III) trisbipyridine, etc. to bind to another sequence 
of the targeted DNA different than the capture oligo on the 
surface of the electrode). Sequential exposure of the elec- 
trode to the sample of DNA (usually after amplification via 
PCR), excess of the labeled reporter oligo, a wash solution, 
and then electrochemical detection of surface bound label 
yields the analytical signal. Again, the amount of current 
monitored is proportional to the number of target DNA 
species present in the original sample. 

The basic advantage of immobilizing affinity reagents on 
the surface of electrodes and optical sensing devices is some- 
what diminished when separate washing steps are required. 


to remove unbound label species. Indeed, true biosensors 
should yield analytically useful responses in the presence of 
undiluted physiological samples, without need for discrete 
incubation and washing steps. One example of an electro- 
chemical-based. immunosensor method that partly achieves 
this goal is a technique termed NEEIA (nonseparation elec- 
trochemical enzyme immunoassay). The basic concept is 
illustrated in Figure 4-16. As indicated, no separation or 
washing steps are required. The method was used to detect 
prostate specific antigen (PSA) and hCG at ng/mL levels in 
undiluted plasma and whole blood. 


IN VIVO AND MINIMALLY INVASIVE SENSORS 


Progress has been made in the development of miniaturized, 
implantable electrochemical/optical sensors that can be 
employed for in vivo, real-time monitoring of clinically 
important species. Unfortunately, the biological response of 
the living system toward such sensors (e.g., clotting, etc.) can 
have a dramatic impact on the analytical accuracy of such 
indwelling probes,*°* and has thus far prevented their 
widespread use in clinical practice. Progress is being made, 
however, to improve the reliability of in vivo measurements, 
and some commercial products are already on the market 
for in vivo blood gas and glucose monitoring. 

Analytical sensors that can be implanted within human 
blood vessels or subcutaneously mandate that such sensing 
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Figure 4-16 Principle of nonseparation electrochemical enzyme 
immunoassay (NEEIA) concept, configured in sandwich 
immunoassay mode to detect a given protein analyte. Enzyme 
label on reporter antibody generates an electroactive product 
that is detected at surface of porous gold electrode when 
substrate for enzyme is added to the back side of membrane. 


devices have an outside diameter of <0.6mm. Both electro- 
chemical and optical sensor technologies have been 
employed to create devices having the required size. These 
are basically miniaturized versions of the electrochemical 
and. optical sensor devices described above. However, in 
addition to small size, such devices must exhibit very stable 
output signals, since reliable calibration of the probes with 
calibrating solutions is not possible once the probes are 
inserted in vivo, While so-called in-situ calibration is possi- 
ble (periodically removing in vitro blood sample to obtain 
current value of analyte, and update in vivo sensor output 
to this value), if the frequency of such in situ calibrations is 
high, the true advantage of having an in vivo probe is greatly 
diminished. 

Continuous in vivo measurement of oxygen saturation 
(SaO,) has been achieved with small optical fibers placed 
into the blood stream via a catheter and then measuring the 
reflective absorbance of the blood at two or three appropri- 
ately selected wavelengths that are based on the absorbance 
spectra of oxy- and deoxy-Hb.” In addition, implantable 
analytical sensors that provide continuous readings of blood 
gases (pH/PCO./PO,) when inserted within the radial artery, 
especially for critically ill patients already fitted with an arte- 
rial line, are being developed.” Such sensors are usually 
based on the classical Clark style design in which oxygen is 


reduced at a microplatinum, silver, or gold working electrode 
confined (along with Ag/AgCl reference) within a narrow- 
diameter gas-permeable catheter tube made of a given 
polymer (see Figure 4-17, A), with the resulting current 
being proportional to the partial pressure of oxygen in the 
medium suirounding the catheter. Indwelling electrochem- 
ical pH and PCO, sensors are typically potentiometric 
devices, based on either polymer membrane pH electrode 
technology or use of solid-state metal oxide-based pH 
sensors. Incorporation of lipophilic proton ionophores 
(e.g., tridodecylamine; see Figure 4-3) within the walls of 
plastic tubing provides a convenient means to prepare a 
novel dual-lumen pH/PCO, sensing design that has been 
demonstrated to provide accurate in vivo results in animal 
experiments.” 

Miniaturization of electrode designs that enable several 
sensors to be bundled into a single implantable device, 
however, remains a significant engineering challenge. Con- 
sequently, many of the efforts aimed at developing commer- 
cially viable intravascular blood gas sensors for monitoring 
pH, PCO, and PO, simultaneously have employed modern 
optical fiber—based technology alone or in combination with 
a single electrochemical device. As the outer diameter of 
available fibers continues to decrease, it is now possible to 
bundle three or more separate chemically sensitive fibers in 
a single catheter with an outer diameter <600 um for implan- 
tation within human radial arteries, without dampening 
the pressure waveform detected by a microelectronic 
pressure transducer within the arterial line. Absorbance-, 
fluorescence-, and phosphorescence-based chemistries have 
all been investigated in the design of sensors with suitable 
selectivity and calibration stability." Appropriate indicators 
are usually immobilized on the distal ends of the fibers, 
although alternate configurations/locations have also been 
proposed. Most optical oxygen measurements are made with 
indicators whose luminescence is quenched in the presence 
of oxygen, whereas pH sensors are prepared by immobiliz- 
ing pH indicators (e.g., phenol red) in hydrogel type films.™ 
Optical sensors for PCO, can be easily prepared from the 
same pH sensors by incorporating bicarbonate salt in the 
hydrogel layer and then covering this layer with a gas- 
permeable polymeric film (usually silicone rubber material), 
as described above in the section on optical sensors. 

The Paratrend™ probe is commercially available and is 
used for the intravascular measurement of blood gases. 
It was originally developed by Pfizer/Biomedical Sensors 
and is currently distributed by Diametrics Inc. As shown 
in Figure 4-17, B, this indwelling sensor consists of a 
novel hybrid design, in which oxygen is sensed electrochem- 
ically (catheter form of Clark sensor) while pH and PCO, 
are determined via fiber-based optical fluorescence sensors.” 
While acceptable clinical performance of the Paratrend 
has been reported, frequent in situ recalibrations have 
been suggested.” A newer version of this product replaces 
the electrochemical oxygen sensor with an optical fiber 
design. 


Chapter 4 Electrochemistry and Chemical Sensors 115 


Ag/AgCl 
electrode 


Internal elecirolyte 
solution 


Silicone, polyurethane, or Platium or 


A i polyethylene tubing silver cathode 
Sensing windows positioned 
radially around fiber to 
Thermocouple pH sensing fiber minimize wall effect 


Outer casing composed POs 
of microporous polyethylene 
membrane with covalently 
B attached heparin 


sensor 


<< To recording device 


p> N 


Ag/AgCl reference electrode coil 


electrochemical 


PCO, sensing fiber encased 
in bicarbonate solution 


Inserted into tissue > 


ee 


Sensing membrane PTFE 
with glucose oxidase insulation 
over Pi-Ir electrode 


Figure 4-17 Schematics of various implantable electrochemical/optical sensors useful for 
continuous in vivo monitoring: (A) catheter style amperometric oxygen sensor; (B) design of 
Paratrend intravascular combined PO», PCO., and pH sensor (hybrid electrochemical/optical 
design); (C) needle type electrochemical glucose sensor useful for monitoring glucose 
subcutaneously to track blood glucose levels continuously. 


Another class of in vivo chemical sensor that is now avail- 
able are glucose sensors designed to help manage diabetic 
patients, with the ultimate goal of fully automated feedback 
control of subcutaneous insulin delivery via newly devised, 
highly portable insulin pumps. Since such sensors need to 
function within patients outside the hospital setting, and for 
extended time periods (days, weeks), placement of such 
devices subcutaneously, rather than intravascularly, is desir- 
able.” In addition, sensors are being developed that could be 
implanted within the vena cava for periods of 1 year. In the 
case of subcutaneous devices, several studies have now 
shown that the levels of glucose in interstitial fluid track 
blood concentrations closely, although there is some time 
delay in achieving identical values in the two sample 
environments.” 

Implantable glucose {and lactate) sensors have been 
based, almost exclusively, on electrochemical transducers. 


For example, one such sensor is based on using dual oxygen 
sensors in a single catheter design for indwelling blood 
glucose and lactate measurements.” One oxygen sensor with 
immobilized glucose or lactate oxidase provides response to 
glucose levels (decreasing surface oxygen levels in response 
to increase in glucose or lactate) while the second matched 
oxygen sensor, without enzyme, is able to correct for 
unknown and varying levels of endogenous PO,. Others 
have focused on the design of probes with amperometric 
detection of the hydrogen peroxide (via oxidation) at an 
underlying iridium/platinum anode similar in operation to 
those used in vitro in commercial instruments.” In such 
designs, use of outer polymer films to restrict glucose (or 
lactate) diffusion relative to oxygen is critical to achieve 
linear electrochemical response to glucose from normal 
(90mg/dL) to elevated levels found in diabetic patients 
(>500 mg/dL). Figure 4-17, C illustrates a design in which the 
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needle type probe is constructed by multiple membrane 
coatings and electrodeposition of the glucose oxidase layer.'° 
A design quite similar to this is the only currently FDA- 
approved sensor that is available for subcutaneous monitor- 
ing of glucose.” The sensor is actually fabricated on a very 
narrow planar substrate, rather than on a cylindrical wire- 
based system. Relatively frequent calibration of the sensor is 
required via periodic in vitro blood tests, and after explan- 
tation, and hence the output of the device is not readable by 
the patient at this time. _ 

Instead of implanting glucose sensors intravascularly or 
subcutaneously, an alternative approach employs electro- 
chemical glucose sensors to monitor glucose levels in inter- 
stitial fluid brought to the surface of the sensors via an 
iontophoresis process.” Electrical current is passed through 
the skin to move fluid in a given direction toward the surface 
of the electrochemical glucose sensors that are based on per- 
oxide detection (see Chapter 25 for additional discussion of 
this device.) 

Current research and development efforts have focused 
on the use of more biocompatible coatings to reduce the bio- 
logical response of both intravascular and subcutaneous 
devices, These efforts are based on the expectation that such 
developments will be critical to the ultimate success in devel- 
oping implanted sensors that yield continuous analytical 
results that match closely with conventional in vitro test 
methods. One new approach in this direction employs 
novel nitric oxide (NO) release polymers to coat the surface 
of intravascular sensors.” The potent antiplatelet activity of 
NO has been shown to greatly reduce the formation of 
thrombus on the surface of implantable electrochemical 
oxygen sensing catheters, and yield much more accurate 
continuous PO, values in animal experiments. 
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ing, improvements in ease of performance through 

automation, and advantages of speed and miniaturi- 
zation afforded by the technique of capillary electrophoresis 
(CE) have led to a renaissance and growth of electrophoresis 
as an analytical tool that is widely used in clinical laborato- 
ries. These developments and improvements have enabled 
clinical laboratories to keep pace with higher volumes of 
testing and introduce more sophisticated technology to meet 
the demands of modern clinical practice. This chapter will 
review the principles and practice of the technique and sep- 
arately discuss conventional, capillary, and microchip elec- 
trophoresis. Particular attention is given to newer methods 
and their promise in fields such as genomics and proteomics. 


pe in deoxyribonucleic acid (DNA) test- 


BASIC CONCEPTS AND DEFINITIONS 


Electrophoresis is a comprehensive term that refers to the 
migration of charged solutes or particles of any size in a 
liquid medium under the influence of an electrical field. 
Iontophoresis and isotachophoresis (ITP) are similar terms 
but refer specifically to the migration of small ions. The first 
electrophoresis method used to study proteins was the free 
solution or moving boundary method devised by Tiselius in 
1937. The Tiselius apparatus was a rectangular, sectional 
U-tube equipped with sensitive Schlieren optics. It allowed 
changes in refractive index to be observed as segments of 
solution with different protein content migrated past. This 
technique was used in research to measure electrophoretic 
mobility and to study protein-protein interaction. It was able 
to resolve the serum proteins into only four component 


*The authors gratefully acknowledge the original contributions of 
Drs. Emmanuel Epstein and Kern L. Nuttall on which portions 
of this chapter are based. 
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-lectrophoresis* 


mixtures, with the œ fraction incompletely separated from 
albumin. 

Zone electrophoresis refers to the migration of charged 
molecules, usually in a porous supporting medium like 
agarose gel film, such that each protein zone is sharply sep- 
arated from neighboring zones by a protein-free area. Zones 
are visualized by staining with a protein-specific stain to 
produce an electropherogram that is then scanned and quan- 
tified using a densitometer. The support medium can also 
be handled after drying and kept as a permanent record. 
This is the most commonly applied technique in clinical 
chemistry and is used to separate proteins in serum, urine, 
cerebrospinal fluid (CSF), other physiological fluids, 
erythrocytes and tissue, and nucleic acids in various tissue 
cells, 


THEORY OF ELECTROPHORESIS — 


Depending on the kind of charge they carry, ionized solutes 
move toward either the cathode (negative electrode) or the 
anode (positive electrode) in an electrophoresis system. For 
example, positive ions (cations) migrate to the cathode and 
negative ions (anions) to the anode. An ampholyte (a mol- 
ecule that is either positively or negatively charged, formerly 
called a zwitterion) becomes positively charged in a solution 
more acidic than its isoelectric point (pI)* and migrates 
toward the cathode. In a more alkaline solution, the 
ampholyte becomes negatively charged and migrates toward 
the anode. Because proteins contain many ionizable amino 
(—NH,) and carboxyl (—-COOH) groups, and the bases in 
nucleic acids may also be positively or negatively charged, 
they both behave as ampholytes in solution. 


*The isoelectric point of a molecule is the pH at which it has no 
net charge and will not move in an electrical field. 
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The rate of migration of ions in an electrical field depends 
on factors such as the (1) net charge of the molecule, (2) size 
and shape of the molecule, (3) strength of the electric field, 
{4) properties of the supporting medium, and (5) tempera- 
ture of operation. The equation expressing the driving force 
in such a system is given by 


EMF 
F = (XQ = EPO (1) 
where : 
F =the force exerted on an ion 


X =the current field strength (V/cm) (i.e. voltage 
drop per unit length of medium) 


Q =the net charge on the ion 
EMF = the electromotive force (voltage [V] applied) 
d =the length of the electrophoretic medium (cm) 


The steady acceleration of the migrating ion is counter- 
acted by a resisting force characteristic of the solution in 
which migration occurs. This force, expressed by Stokes’ 
law, is 


F’ = 6rmyv (2) 


where 

F’ = the counter force 

r =the ionic radius of the solute 

n = the viscosity of the buffer solution in which migra- 

tion is occurring 

m =3.1416 

v =the rate of migration of the solute = velocity, length 

(2) traveled per unit of time (cm/s) 

The force F’ counteracts the acceleration that would be 
produced by F if no counter force were present, and the 
result of the two forces is a constant velocity. Therefore 
when 


F=f’ (3) 
then 
6rnv = (X)(Q) (4) 
or 


where v/X is the rate of migration (cm/s) per unit field 
strength (E/cm), defined as the electrophoretic mobility. It is 
expressed by the symbol u and has the units cm?/(V)(s). 

The electrophoretic mobility is directly proportional to 
the net charge and inversely proportional to the size of the 
molecule and the viscosity of the electrophoresis medium. 
In practice the equation p = cm’/{V)(s) is used to calculate 
the electrophoretic mobility. Thus if albumin travels 3 cm (J) 
on a 10-cm (d) long agarose gel and does so in 75 minutes 
{or 75 X 60s) at a voltage of 250 V, then 


E= maey = 27 * 10° m/v) 


Since one mobility unit is defined as 10° cm?*/(V)(s), this 
result is converted to 2.7 mobility units. Mobility may be 
positive or negative, depending on whether a protein 
migrates in the same or the opposite direction as the elec- 
trophoretic field (defined as extending from the anode to the 
cathode). In the example just given, electrophoresis was per- 
formed at pH 8.6 where proteins have a negative charge; 
therefore migration occurred from the cathode to the anode, 
and the mobility would be —2.7 mobility units. 

Another factor and potential problem that can affect 
mobility is wick flow. During electrophoresis heat evolved 
because of the passage of current through a resistive medium 
can cause evaporation of solvent from the electrophoretic 
support. This drying effect draws buffer into the support 
from both buffer compartments. If significant, the flow of 
buffer from both directions can affect protein migration and 
hence the calculated mobility. 


CONVENTIONAL ELECTROPHORESIS 


In this section, instrumentation, general electrophoretic 
operations, technical and practical considerations, and types 
of conventional electrophoresis are discussed. 


INSTRUMENTATION 

Although modern electrophoresis equipment and. systems 
vary considerably in form and degree of automation, the 
essential components common to all systems (Figure 5-1) 
include two reservoirs (1), which contain the buffer used in 
the process a means of delivering current from a power 
supply via platinum or carbon electrodes (2), which contact 
the buffer, and a support medium (3) in which separation 
takes place connecting the two reservoirs. In some systems, 
wicks (4) may connect the medium to the buffer solution or 
directly to the electrodes. The entire apparatus is enclosed 
(5) to minimize evaporation and protect both the system 
and the operator. The direct current power supply sets 
the polarity of the electrodes and delivers current to the 
medium. 


Power Supplies 
The power supply drives the movement of ionic species 
in the medium and allows adjustment and control of either 
the current or the voltage. In more sophisticated units, 
the power may be controlled as well and conditions may be 
programmed to change during electrophoresis. Capillary 
systems use power supplies capable of providing voltages in 
the kilovolt range. 

Current flowing through a resistive medium produces 
heat: 


Heat = (EX1)(t) (6) 


where 
E= EMF in volts (V) 
I = current in amperes (A) 
t = time in seconds (s) 
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Power supply: 
constant current 
or constant voltage 


Figure 5-1 A schematic diagram of a typical electrophoresis 
apparatus showing two buffer boxes with baffle plates (1), 
electrodes (2), electrophoretic support (3), wicks (4), cover (5), 
and power supply. 


This heat is released into the medium and increases the 
thermal agitation of all dissolved ions, and therefore the 
conductance of the system (decreases the resistance). With 
constant-voltage power supplies, the resultant rise in current 
increases both protein migration and evaporation of water 
from the medium. Any water loss increases the ion concen- 
tration and further decreases the resistance (R). Under these 
circumstances, the current and therefore the migration rate 
will progressively increase. To minimize these effects, it is 
best to use a constant-current power supply. According to 
Ohms law: 


E = (IR) (7) 


Therefore if R decreases, the applied EMF also decreases, 
keeping the current constant. This in turn decreases the heat 
effect and stabilizes the migration rate, 

For isoelectric focusing (IEF) (see later section), a power 
supply that provides constant power is advisable. During 
electrophoresis, current drops significantly because of lower 
conductivity as carrier ampholytes focus at their isoelectric 
points and because of creation of zones of pure water. If a 
constant-voltage supply is used, frequent voltage adjust- 
ments may be necessary. Constant-current power supplies 
are not customarily used in IEF. Pulsed-power or pulsed-field 
techniques (see later section) require a power supply that can 
periodically change the orientation of the applied field rela- 
tive to the direction of migration. 


Buffers 


Buffer ions have a twofold purpose in electrophoresis; they 
carry the applied current, and they fix the pH at which elec- 
trophoresis is carried out. Thus they determine the kind of 
electrical charge on the solute, the extent of ionization of the 
solute, and therefore the electrode toward which the solute 
will migrate. The buffers ionic strength determines the 
thickness of the ionic cloud (buffer and nonbuffer ions) sur- 
rounding a charged molecule, the rate of its migration, and 
the sharpness of the electrophoretic zones, With increasing 
concentration of ions, the ionic cloud increases in size, and 
the molecule becomes more hindered in its movement. For 
the separation of serum proteins, the barbital or tris-boric 
acid-EDTA buffers remain the most popular. 


According to Joule’s law, power produced when current 
flows through a resistive medium is dissipated as heat. This 
heat increases in direct proportion to the resistance but in 
proportion to the square of the current. The reduction in 
resistance caused by a high ionic strength buffer therefore 
leads to increased current and excessive heat. These buffers 
yield sharper band separations, but the benefits of sharper 
resolution are diminished by the Joule (heat) effect that leads 
to denaturation of heat-labile proteins or degradation of 
other components. 

Ionic strength (also denoted by the symbol u) is com- 
puted according to the following 


= 0.5). cz? (8) 


where 

ġ& = ion concentration in mol/L 

z; =the charge on the ion 

The ionic strength p of an electrolyte (buffer) composed 
of monovalent ions is equal to its molarity (mol/L). The 
ionic strength of a 1 mol/L electrolyte solution with one 
monovalent and one divalent ion is 3 mol/L, and for a doubly 
divalent electrolyte, it is 4mol/L. 

A relatively high ionic strength buffer (u = 0.075, pH 8.6) 
containing calcium lactate has been used in high-resolution 
electrophoresis to improve the separation of serum proteins 
into as many as 13 bands, with two or more bands in the 0, 
© and B-globulin regions and one or more additional bands 
seen in various pathological conditions. Because of higher 
conductivity and the associated heat produced, it is neces- 
sary to reduce the temperature of the system to 10 °C to 
14 °C, “Submarine” techniques, in which gels are submersed 
in circulating buffer cooled by an external cooling device or 
a Peltier plate built into the electrophoresis chamber itself, 
provide exact temperature control. Effective cooling with less 
precise temperature control may also be achieved using 
chambers designed with a sealed compartment of cooled 
ethylene glycol, which is in contact with the gel during 
running. 


Support Media 


The support medium provides the matrix in which protein 
separation takes place. Various types of support media are 
used in electrophoresis and range from pure buffer solutions 
in a capillary to insoluble gels (e.g., sheets, slabs, or columns 
of starch, agarose, or polyacrylamide), or membranes of cel- 
lulose acetate. Gels are cast in a solution of the same buffer 
to be used in the procedure and may be used in a horizon- 
tal or vertical direction. In either case, maximum resolution 
is achieved if the sample is applied in a very fine starting 
zone. Separation is based on differences in charge-to-mass 
ratio of the proteins and, depending on the pore size of the 
medium, possibly molecular size. 


Starch Gel 


Starch gel is prepared from partially hydrolyzed native 
starch, which in raw form does not gel. It is used in starch 
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gel electrophoresis (SGE) to separate macromolecular ions 
on the basis of both charge-to-mass ratio and molecular size. 
Applying electrical current compacts proteins on the surface 
of the gel so that a thin uniform starting zone is produced, 
giving improved band resolution. However, because proper 
preparation of gels is relatively difficult and requires consid- 
erable skill, this technique is now rarely used in the clinical 
laboratory. 


Cellulose Acetate 

Cellulose acetate is a thermoplastic resin made by treating 
cellulose with acetic anhydride to acetylate the hydroxyl 
groups. The membranes contain about 80% air space within 
the interlocking cellulose acetate fibers and come as dry, 
opaque, brittle films that crack easily. When the film is 
soaked in buffer, the air spaces fill with liquid and the film 
becomes pliable. Membrane characteristics depend upon 
the extent of acetylation, the prewashing procedure used by 
the manufacturer, the additives used, the pore size, and the 
thickness of the membrane. 

Samples (0.3 to 2.0UL) are generally applied to cellulose 
acetate strips (presoaked with buffer) with a twin-wire ap- 
plicator or the edge of a glass slide, and electrophoresis is 
carried out for 20 to 60 minutes. Stained membranes may be 
made transparent (cleared) for densitometry by soaking in a 
solvent containing 95 parts methanol and 5 parts glacial 
acetic acid. The cellulose acetate fibers are partially dissolved 
by the action of this solvent and coalesce to eliminate the 
original air spaces. Cleared membranes are strong and may 
be stored as a permanent record, but because of the neces- 
sity for presoaking before use and clearing the strips before 
densitometry, cellulose acetate has largely been replaced by 
agarose gel in most clinical applications. 


Agarose 


Agarose is a purified, essentially neutral fraction of agar 
obtained by separating agarose from agaropectin, a more 
highly charged fraction caused by acidic sulfate and car- 
boxylic side groups. It is used in agarose gel electrophoresis 
(AGE) for the separation of serum, urine or CSF proteins, 
hemoglobin variants, isoenzymes, lipoproteins, and other 
substances. Because the pore size in agarose gel is large 
enough for all proteins to pass through unimpeded, separa- 
tion is based only on the charge-to-mass ratio of the protein. 
Advantages of agarose gel include its lower affinity for 
proteins and its native clarity after drying, which permits 
excellent densitometric examination. It is essentially free 
of ionizable groups and so exhibits little endosmosis. 

Most routine procedures for agarose electrophoresis 
today are carried out on commercially produced, prepack- 
aged microzone gels, and the sample is applied by means of 
a thin plastic template with small slots corresponding to 
sample application points. The template is placed on the 
agarose surface, and 5- to 7-uL samples are placed on each 
slot. The serum sample is allowed to diffuse into the agarose 
for 5 minutes, excess sample is removed by blotting, and the 


template is removed. An AGE separation for most routine 
serum applications requires an electrophoresis time of 20 to 
30 minutes. 


Polyacrylamide Gel 


Polyacrylamide is thermostable, transparent, strong, rela- 
tively chemically inert, and—depending on concentration— 
can be made in a wide range of pore sizes. Its average pore 
size in a typical 7.5% gel is about 5nm (504A), large enough 
to allow most serum proteins to migrate unimpeded. 
However, proteins with a molecular radius and/or length 
that exceed critical limits will be impeded in their migration. 
Some of these proteins are fibrinogen, B-lipoprotein, 0%- 
macroglobulin, and y-globulins. Thus separation is based on 
both charge-to-mass ratio and molecular size (a phenome- 
non referred to as molecular sieving), and serum proteins 
can be resolved into more individual fractions than with 
agarose gel. Furthermore, these gels are uncharged thus elim- 
inating electroendosmosis, which is discussed later. Because 
of the potential carcinogenicity of acrylamide, however, 
appropriate caution must be exercised when handling this 
material during gel preparation. 

Attempts to improve the hydrophilic nature of poly- 
acrylamide have led to the development of mono- and 
di-substituted monomers, one of which is N-acryloyi- 
tris(hydroxymethyl)aminomethane or poly NAT™.* This 
material is more hydrophilic than polyacrylamide and its 
matrix has larger pores, thereby presenting less resistance to 
the passage of large molecules. It is ideally suited to the sep- 
aration of DNA fragments up to 20 kilobases (kb) in size 
using a homogeneous (nonpulsed) electric field. Fragments 
that differ in size by as little as 2% can be resolved. Gels are 
submersed in buffer during use, allowing temperatures to be 
tightly controlled at values between 50 °C and 60 °C. Using 
elevated temperature results in shorter run times and more 
reproducible band migration. 


Automated Systems 


Because of increased volume of testing, primarily for serum 
proteins, many laboratories are converting to automated 
systems for electrophoresis. Such a system is the Helena 
SPIFE 3000, an automated electrophoresis system providing 
automated reagent application and a variety of gel sizes that 
permit the analysis of 10 to 100 samples simultaneously. It 
also features in-line sample application, automated elec- 
trophoretic separation and staining of analytes, multiple 
stain ports, and positive sample identification. Other systems 
that have partially automated the procedure or incorporated 
the ability to process multiple gels of different compositions 
sequentially include the Phast System (Pharmacia, LKB), 
the HITE Fractoscan (Olympus), the Hydragel-Hydrasys 
(Sebia), and the High-Performance Gel Electrophoresis 
(HPGE)-1000 system (LabIntelligence), Most CE systems 
(see Capillary Electrophoresis section) have autosampling 
capability for sequentially processing specimens, but the 
Beckman Coulter capillary zone electrophoresis (CZE) 
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system permits simultaneous processing of seven samples by 
using multiple capillaries. Newer microchip-based analyzers 
like the Agilent 2100 Bioanalyzer significantly miniaturize 
and increase the speed of the process for separating proteins, 
nucleic acids, or even entire cells. These advances sub- 
stantially reduce the labor component associated with this 
technique, 


GENERAL OPERATIONS l 
General operations performed in conventional elec- 
trophoresis include separation, detection and quantification, 
and a number of “blotting” techniques. 


Electrophoretic Separation 


When electrophoresis is performed on precast microzone 
agarose gels, the following steps are typical: (1) the excess 
buffer is first removed from the support surface by blotting, 
taking care that bubbles are not present; (2) 5 to 7L of 
sample is applied using a plastic template, allowed to diffuse 
into the gel, and then blotted to remove the excess (in some 
systems, samples may be applied with a comb); (3) the gel 
is placed into the electrode chamber; (4) electrophoresis is 
performed at specified current, voltage, or power; (5) the 
gel is rinsed, fixed, and then dried; (6) the gel is stained and 
redried; (7) the gel is scanned in a densitometer. If isoen- 
zymes are the analyte, substrate-dye solution is incubated on 
the gel to stain zones before fixing and drying. Alternative 
procedures would be required if more sophisticated methods 
described later are used. 


Detection and Quantification 


Once separated, proteins may be detected either by staining 
followed by quantification using a densitometer or by direct 
measurement using an optical detection system. 


TABLE 5-1 Suggested Wavelengys for Quantitation of Protein Zones by Direct Densitometry. 


Separation Type Stain 


Serum proteins in general 


: Ponceau S: 
Isoenzymes it tetrazolium Blue 
ORO 
Sudan Black B 


Ethidium brotas, (uistescent) a : 


Silver nitrate 


Staining 

If staining is used to visualize the separated proteins, the pro- 
teins are usually first fixed by precipitating them in the gel 
with a chemical agent like acetic acid and methanol. This 
prevents diffusion of proteins out of the gel when submersed 
in the stain solution. The amount of dye taken up by the 
sample is affected by many factors, such as the type of 
protein and the degree of denaturation of the proteins by the 
fixing agents. 

Table 5-1 lists dyes commonly used in electrophoresis 
along with suggested wavelengths for quantitation by 
densitometry. Most commercial methods for serum protein 
electrophoresis use Amido Black B or members of the 
Coomassie Brilliant Blue series of dyes for staining. Isoen- 
zymes are typically visualized by incubating the gel in 
contact with a solution of substrate, which is linked struc- 
turally or chemically to a dye before fixing. Silver nitrate and 
silver diammine stain proteins and polypeptides with sensi- 
tivity 10- to 100-fold greater than that of conventional dyes.” 
Selective fixing and staining of protein subclasses also can be 
achieved by combining a stain molecule with an antiglobu- 
lin as is done in immunofixation. 


Quantification 
Stained zones can be quantified in a densitometer, an instru- 
ment that measures the absorbance of each fraction as the 
gel (or other medium) is moved past a photometric optical 
system and displays an electropherogram on a recorder chart 
or computer display. Microprocessor-containing units auto- 
matically integrate the area under each peak and report each 
as a percent of total or as absolute concentration or activity 
computed from the total protein or activity of enzyme in the 
sample. 

Reliable densitometric quantitation requires light of an 
appropriate wavelength, a linear response from the instru- 


Nominal Hvyersiengy (nm) 


<- Amido Black (Naphthol Blue Black) 640 
: -Coomassie BrilliantBlue G--250 {Brilliant Blue G) 595 
- Coomassie BrilliantBlue R—250 (Brilliant Blue R) 560 
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570 
i 540s 
KA 0008: 
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ment, and a transparent background in the medium being 
scanned. The linearity may be tested with a neutral density 
filter designed with either separated or adjacent areas of 
linearly increasing density. The densities are permanent and 
have expected absorbance values. The very small sample sizes 
used and transparency of agarose gels satisfy the requirement 
for a clear background. Nevertheless, problems can occur 
with densitometry because of differences in quantity of stain 
taken up by individual proteins and differences in protein 
zone sizes. ae : 

Essential features of a densitometer include (1) the ability 
to scan gels 25 to 100mm in length; (2) automatic gain 
control, which adjusts the most intense peak of an electro- 
pherogram to full scale; (3) automatic background zeroing, 
which selects the lowest point in the electropherogram as 
baseline so that minor peaks are not lost or “cut off”; (4) 
variable wavelength control over the range of 400 to 700 nm; 
(5) variable slits to allow adjustment of the beam size; (6) an 
integrating device with both automatic and manual selection 
of cut points between peaks; (7) automatic indexing, a 
feature that advances the electrophoresis strip from one 
sample channel to the next; and (8) the ability to measure 
ultraviolet fluorescence. 

Desirable features of a densitometer include (1) com- 
puterized integration and printout, (2) built-in diagnostics 
for instrument troubleshooting, (3) a choice of one of 
several scanning speeds, and (4) ability to measure in the 
reflectance mode. Models with a separate personal computer 
for data processing permit storage and reformatting of data, 
if desired, and reprinting or delayed transmission to a host 
computer. 

DNA analysis requires the ability to scan larger gels, which 
may contain several dozen bands of different length DNA 
fragments. Modern automated electrophoresis systems also 
use larger gels containing 30 or more samples, which are 
scanned on a new generation of densitometers referred to as 
“flat bed scanners” or “digital image analyzers?” These 
instruments are capable of scanning and storing digitized 
light intensity readings from large areas and use ultrasensi- 
tive charge coupled device (CCD) detectors having a resolu- 
tion of up to 1200 dots per inch (21 um). Sophisticated data 
processing software permits manipulation of the stored 
image information to produce conventional scans and com- 
putations or more complex outputs, such as overlaying and 
subtraction of patterns from two different samples. Chemi- 
luminescence has also been used in this way to quantify IgE 
(Lumi-Phos 530). DNA fragments have been detected by 
linking with a fluorescent dye label.” 


Blotting Techniques 


In 1975 Edward Southern developed a technique that is 
widely used to detect fragments of DNA. This technique, 
known as Southern blotting,” first requires an elec- 
trophoretic separation of DNA or DNA fragments by AGE. 
Next a strip of nitrocellulose or a nylon membrane is laid 
over the agarose gel, and the DNAs or DNA fragments are 


transferred or “blotted” onto it by either capillary, electro-, 
or vacuum blotting. They are then detected and identified by 
hybridization with a labeled, complementary nucleic acid 
probe. This technique is widely used in molecular biology 
for identifying a particular DNA sequence, determining the 
presence, position, and number of copies of a gene in a 
genome, and typing DNA (see Chapters 36 and 37 for 
further details). 

Northern” and Western” blotting techniques, named by 
analogy to Southern blotting, were subsequently developed 
to separate and detect ribonucleic acid (RNAs) and proteins, 
respectively. Northern blotting is carried out identically to 
Southern blotting except that a labeled RNA probe is used 
for hybridization. Western blotting is used to separate, 
detect, and identify one or more proteins in a complex 
mixture, It involves first separating the individual proteins 
by polyacrylamide gel and then transferring or “blotting” 
onto an overlying strip of nitrocellulose or a nylon mem- 
brane by electro-blotting. The strip or membrane is then 
reacted with a reagent that contains an antibody raised 
against the protein of interest. (See Chapter 9 for further 
details and applications of this technique.) 


TECHNICAL AND PRACTICAL CONSIDERATIONS 


In performing electrophoretic separations, a number of 
technical and practical aspects need to be considered as they 
affect the process. 


Electroendosmosis or Endosmosis 


An electrophoretic support medium, such as a gel in contact 
with water, takes on a negative charge caused by adsorption 
of hydroxyl ions. These ions are fixed to the surface and are 
immobile. Positive ions in solution cluster about the fixed 
negative charge sites, forming an ionic cloud of mostly 
positive ions and creating what is referred to as the Stern 
potential. The number of negative ions in the solution 
increases with increasing distance from the fixed negative 
charge sites until eventually positive and negative ions are 
present in equal concentration (Figure 5-2). The potential 
that exists between the fixed ions and the associated cloud 
of ions is termed the electrokinetic potential or the zeta 
potential (€). 

When current is applied to such a system, charges 
attached to the immobile support remain fixed, but the 
cloud of ions in solution moves to the electrode of opposite 
polarity. Because ions in solution are highly hydrated, this 
results in movement of the solvent as well. The movement 
of solvent and its solutes relative to the fixed support is 
referred to as endosmosis, and it causes preferential move- 
ment of water in one direction. Macromolecules in solution 
that move in the direction opposite this flow may remain 
immobile or may even be swept back toward the opposite 
pole if they are insufficiently charged. In media in which 
endosmosis is strong, such as conventional cellulose acetate 
and conventional agarose gel, y-globulins are swept back 
from the application point. Because the inner surface of a 
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Figure 5-2 Distribution of + and — ions around the surface of 
an electrophoretic support. Fixed on the surface of the solid is a 
layer of — ions. (These may be + ions under suitable conditions.) 
A second layer of + ions is attracted to the surface. These two 
layers compose the Stern potential. The large, diffuse layer 
containing mostly + ions is the electrokinetic or zeta () 
potential. Extending farther from the surface of the solid is 
homogeneous solution. The Stern potential plus the zeta 
potential equals the electrochemical potential, or epsilon (£) 
potential. 


glass capillary contains many such charged groups, endos- 
mosis is very strong and is actually the primary driving force 
for migration in CE systems. 

Most of the endosmotic effect observed using agarose is 
caused by the presence of charged groups, such as sulfate or 
carboxylic acid groups. It is possible to reduce endosmotic 
effects considerably by removing or chemically modifying 
these charged groups. Endosmosis can be manipulated sim- 
ilarly in CE to modify the magnitude of the endosmotic 
effect. In electrophoretic media in which surface charges are 
minimal (starch gel, purified agarose gel, or polyacrylamide 
gel), endosmosis is also minimal. 


Sampling 

To achieve a proper balance between sensitivity and resolu- 
tion, the amount of serum protein that is applied to an elec- 
trophoretic support must be optimum. Albumin is about 10 
times more concentrated in serum than the smallest fraction, 
the o,-globulins. Therefore the amount of serum applied 
should prevent overloading with albumin but still be ade- 
quate to quantify o-globulin. For the separation of serum 
proteins using polyacrylamide gel electrophoresis (PAGE), 
3uL of serum containing approximately 210ug of total 


protein is applied. For alkaline phosphatase isoenzymes, up 
to 25L of a normal serum may be applied (less may be used 
if activity is greatly increased). Urine specimens require 50- 
to 100-fold concentration for adequate sensitivity, and CSF 
may or may not require concentration, depending on the 
staining approach used. 


Discontinuities in Sample Application 

Discontinuities in sample application may be caused by dirty 
applicators in cellulose acetate or inclusion of an air bubble 
in AGE. In practice, caution must be used in cleaning appli- 
cators because they are easily bent. Twin-wire applicators are 
best cleaned merely by agitating in water followed by gently 
pressing the applicators against absorbent paper. It is in- 
advisable to clean wires by manual wiping. The pipette tip 
should be checked for air bubbles before application of the 
sample to the agarose gel template. 


Unequal Migration Rates 


Unequal migration of samples across the width of the gel 
may be caused by dirty electrodes causing uneven applica- 
tion of the electric field or by uneven wetting of the gel. If 
wicks are used to connect the gel to a power supply, uneven 
wetting of the wicks could cause unequal migration or 
bowing of sample lanes at the gel edges. Gels, which may 
have been stored too close to heat sources (e.g., in a cabinet 
over a light fixture), could have partially and unevenly dried 
areas, contributing to similar problems. 


Distorted, Unusual, or Atypical Bands 


Distorted protein zones may be caused by bent applicators, 
incorporation of an air bubble during sample application, 
overapplication, or inadequate blotting of the sample. Dis- 
torted zones may also be caused by excessive drying of the 
electrophoretic support before or during electrophoresis or 
by improper tension on a cellulose acetate film, resulting in 
zones that look “bent over.” Irregularities (other than broken 
zones) in the sample application probably are due to exces- 
sively wet cellulose acetate films or agarose gels, Parts of the 
applied samples may look washed out. 

In most cases, unusual bands are artifacts that may be 
easily recognized. Hemolyzed samples are frequent causes of 
an increased B-globulin (where free hemoglobin migrates) 
or an unusual band between the o- and B-globulins, the 
result of a hemoglobin-haptoglobin complex. A band occur- 
ring at the starting point of an electropherogram may be 
fibrinogen. The sample should be verified as being serum 
before this band is reported as an abnormal protein. The 
œ- and B-lipoproteins may migrate ahead of their normal 
positions in some samples. Occasionally a split albumin zone 
is observed in the rare, benign, genetically related condition 
of bisalbuminemia. However, a grossly widened albumin 
zone could be due to albumin-bound medication and not 
faulty electrophoretic practice. 

Atypical bands in an isoenzyme pattern may be the result 
of binding by an immunoglobulin (a macroenzyme), 
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causing abnormal migration of one or more of the normal 
isoenzymes. Occasionally an irregular but sharp protein zone 
is seen at the starting point. Unlike fibrinogen or other pro- 
teins that may be seen at about the same point, the artifact 
lacks the regular, somewhat diffuse appearance that proteins 
normally show; it is actually denatured protein resulting 
from a deteriorated serum. Of course when faced with an 
unusual band anywhere in a serum protein pattern, the pos- 
sibility that it is a true paraprotein must always be consid- 
ered. Finally, it is good, laboratory practice to include a 
control serum with each electrophoretic run to evaluate its 
quality and that of the densitometer, 


Buffers 


Because buffers used in electrophoresis are good culture 
media for the growth of microorganisms, they should be 
refrigerated when not in use. Moreover, a cold buffer is pre- 
ferred in an electrophoretic run, because it improves resolu- 
tion and decreases evaporation from the electrophoretic 
support. Buffer used in a small-volume apparatus should be 
discarded after each run because of pH changes resulting 
from the electrolysis of water that accompany electrophore- 
sis. If volumes used are larger than 100 mL, buffer from both 
reservoirs may be combined, mixed, and reused up to four 
times. 


Staining 

In practice, a typical stain solution may be used several times 
before being replaced. A good rule of thumb is that a stain 
solution of 100mL may be used for a combined total of 
387 cm’ (60 in’) of cellulose acetate or agarose film. The stain 
solution may be considered faulty if leaching of stained 
protein zones occurs in the 5% acetic acid wash solution or 
in the clearing solution (cellulose acetate only). Whenever 
protein zones appear too lightly stained, the stain or sub- 
strate reagent—in the case of isoenzymes—should always be 
suspected. Stain solution must be stored tightly covered to 
prevent evaporation. 


TYPES OF ELECTROPHORESIS 


Using different media in different physical formats and a 
variety of instrumental configurations, several different 
types of electrophoretic techniques are used for the separa- 
tion of a diverse range of analytes. 


Slab Gel Electrophoresis 


Traditional methods, using a rectangular gel regardless of 
thickness, are referred to collectively by the term slab gel elec- 
trophoresis. Its main advantage is its ability to simultaneously 
separate several samples in one run. Starch, agarose, and poly- 
acrylamide media have all been used in this format. It is the 
primary method used in clinical chemistry laboratories for 
separation of various classes of serum or CSF proteins and 
DNA and RNA fragments. Gels (usually agarose) may be cast 
on a sheet of plastic backing or completely encased within a 
plastic walled cell, which allows either horizontal or vertical 
electrophoresis and submersion for cooling, if necessary. 


Slab gels may be cast with additives such as (1) 
ampholytes, which create a pH gradient (see Isoelectric 
Focusing Electrophoresis), or (2) sodium dodecyl sulfate 
(SDS), which denatures proteins (see Two-Dimensional 
[2-D] Electrophoresis). In some applications, a gradient of 
concentration or denaturant is created in the gel to improve 
separation.” Very thin gradient or nongradient gels have 
been used to improve the efficiency and speed of separation 
of DNA fragments.**' In addition to conventional serum 
proteins, applications include the separation of isoenzymes, 
lipoproteins, hemoglobins, and fragments of DNA and RNA. 
One-dimensional separations of the last two often involve 
the addition of a mixture of known fragment size markers, 
referred to as a ladder, in one lane to enable size identifica- 
tion of sample fragments. 


Disc Electrophoresis 


Protein electrophoresis using agarose gel yields only five 
zones, namely: (1) albumin, (2) 04-, (3) o-, (4) B-, and (5) 
y-globulins, although some subfractionation of the o- and 
B-globulins is possible with high resolution gels. Disc elec- 
trophoresis was developed to improve this situation and 
derives its name from discontinuities in the electrophoretic 
matrix caused by layers of gel that differ in composition and 
pore size.’ The pore size in a polyacrylamide or starch gel 
is controlled by the percent composition of the poly- 
acrylamide or starch and is much smaller than that found in 
agarose gel. These gels may yield 20 or more fractions and 
are widely used to study individual proteins in serum, espe- 
cially genetic variants and isoenzymes. 

With PAGE, samples are separated in individual gels pre- 
pared in open-ended glass tubes, which form a bridge 
between two buffer reservoirs. Although precast gel tubes are 
now commercially available, the original technique involved 
a three-gel system prepared in situ. A small-pore separation 
gel filled the majority of the tube followed, after gelation, by 
a thin segment of large-pore spacer gel cast on top of the sep- 
aration gel. Then another thin layer of large-pore monomer 
solution containing a small amount of serum, about 3 uL, 
was polymerized above the spacer gel. When electrophoresis 
begins, all protein ions migrate easily through the large-pore 
gels (which do not impede movement of most proteins in 
serum) and stack up on the separation gel in a very thin 
zone. This process improves resolution and concentrates 
protein components at the border (or starting zone) so that 
preconcentration of specimens with low protein content 
(e.g., CSF) may not be necessary. Separation then takes place 
in the bottom separation gel with retardation of some 
proteins caused by the molecular sieve phenomenon. A 
schematic representation of serum protein electrophoresis 
by PAGE is shown in Figure 5-3. 


Isoelectric Focusing Electrophoresis 


IEF separates amphoteric compounds, such as proteins, with 
increased resolution in a medium possessing a stable pH 
gradient. The protein becomes “focused” at a point on the 
gel as it migrates to a zone where the pH of the gel matches 
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Figure 5-3 A simplified schematic drawing of a protein pattern 
from the serum of a subject with haptoglobin type 2-1 
(separation by PAGE). Some zones contain more than the one 
protein shown, as demonstrated by immunological techniques: 
AAT, Alpha,-antitrypsin; ALB, albumin; AMG, alpha,-macroglobulin; 
BLP, beta-lipoprotein; C3, complement 3; FIB, fibrinogen; gamma, 
gamma-globulin; HP, haptoglobin; TRF, transferrin. 
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Figure 5-4 Schematic of an IEF procedure. I, A homogeneous 
mixture of carrier ampholytes, pH range 3 to 10, to which 
proteins A, B, and C with pl 8, 6, and 4, respectively, were added. 
il, Current is applied and the carrier ampholytes rapidly migrate 
to the pH zones where the net charge is zero (the pl value). Hl, 
The proteins A, B, and C migrate more slowly to their 
respective pl zones where migration ceases. The high buffering 
capacity of the carrier ampholyte creates stable pH zones in 
which each protein may reach its pl. 


the protein’s isoelectric point (pI). At this point, the charge 
of the protein becomes zero and its migration ceases. Figure 
5-4 illustrates the procedure and shows the electrophoretic 
conditions before and after current is applied. The protein 
zones are very sharp, because the region associated with a 
given pH is very narrow. Normal diffusion is also counter- 
acted by the acquisition of a charge as a protein varies from 
its pI position and subsequently migrates back because of 
electrophoretic forces (Figure 5-5). Proteins that differ in 
their pI values by only 0.02 pH units have been separated by 
IEE 

The pH gradient is created with carrier ampholytes, a 
group of amphoteric polyaminocarboxylic acids, which have 
slight differences in pKa value and molecular weights of 
300 to 1000. Mixtures of 50 to 100 different compounds 
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Figure 5-5 After attaining the pH where protein A has a net 
charge of zero (A°), diffusion toward the cathode bestows a 
negative charge on A (A`), and migration in the electric field 
forces A” back to A’. Diffusion toward the anode causes A to 
take on the opposite charge A+, and migration is toward the 
cathode and to the point where A” exists. IF processes 

of this kind cause sharp zones to form (i.e., the protein is 
focused). 


are added to the medium and create a “natural pH gradient” 
when the individual ampholytes reach their pI values dur- 
ing electrophoresis. They establish narrow buffered zones, 
with stable but slightly different pHs, through which the 
slower-moving proteins migrate and stop at their individual 
pls. 

As Figure 5-4 illustrates, the anode is surrounded by a 
dilute acid solution and the cathode by a dilute alkaline solu- 
tion, After focusing, the most negatively charged carrier 
ampholytes and proteins will be found at the anodal end and 
the most positively charged near the cathodal end of the 
electrophoretic matrix. The other carrier ampholytes and 
proteins focus at intermediate points according to their 
isoelectric points. Because carrier ampholytes are generally 
used in relatively high concentrations, a high-voltage power 
source (up to 2000V) is necessary (power is in the vicinity 
of 2 to 50W, depending on experimental conditions). As 
a result, the electrophoretic matrix must be cooled. A 
modification of this technique, in which an immobilized 
pH gradient (IPG-IEF) is produced in the gel before apply- 
ing the sample, is reported to improve resolution and 
reproducibility.” 

PAGE-IEF is widely used in analytical work as it is essen- 
tially free of electroendosmosis. The polyacrylamide gel 
must have a large enough pore size, however, so that protein 
migration will not be impeded by molecular sieving effects. 
In actual practice, impeded migration of some proteins, such 
as IgM, cannot be prevented. With the availability of endos- 
mosis-free materials, IEF methods have been adapted for 
agarose, cellulose acetate, and Sephadex electrophoresis. 
AGE-IEF and cellulose acetate electrophoresis-IEF (CAE- 
IEF) have the advantages that operating conditions are 
simple, and that large pore sizes make it unlikely that any 
proteins will be excluded on the basis of molecular size.? 
Sephadex, like polyacrylamide, provides advantages of sepa- 
ration on the basis of molecular size. IEF has been applied 
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to the separation of alkaline phosphatase isoenzymes and is 
widely used in neonatal screening programs to test for 
variant hemoglobins (see Chapter 31). 


Isotachophoresis 

ITP completely separates smaller ionic substances into adja- 
cent zones that contact one another with no overlap, and all 
migrate at the same rate. In this technique, no background 
electrolyte (buffer) is mixed with the sample, so current flow 
is carried entirely by charged sample ions. An aliquot of a 
sample is typically placed in a capillary between a leading 
electrolyte solution that contains faster-migrating ions than 
any in the sample and a trailing solution containing slower- 
migrating ions than any in the sample. Once a faster-moving 
component separates completely from a slower-moving one, 
any further separation creates a region of depleted charge 
and increases the resistance and therefore the local voltage 
in that region. The increased voltage causes the slower com- 
ponent to migrate faster and close the gap, thereby concen- 
trating it and increasing the conductivity of its zone until it 
matches that of the faster ion. Ultimately, all ions migrate at 
the rate of the fastest ion in zones that differ in size depend- 
ing on their original concentrations. Zone size is determined 
by measuring ultraviolet (UV) absorbance, temperature 
difference, or conductivity as the sample passes a detector. 
Applications include the separation of small anions and 
cations, organic and amino acids, peptides, nucleotides, 
nucleosides, and proteins. 


Pulsed-Field Electrophoresis 


In pulsed-field electrophoresis, power is alternately applied 
to different pairs of electrodes or electrode arrays, so the 
electrophoretic field is cycled between two directions. The 
directions can differ spatially by 105° to 180°, and molecules 
must reorient themselves to the new field direction during 
each cycle before migration can continue. Because reorien- 
tation time depends on molecular size, net migration 
becomes a function of the frequency of field alteration. This 
permits separation of very large molecules, such as DNA 
fragments greater than 50kb that cannot be resolved by the 
relatively small pores in agarose or polyacrylamide gels.” 
Fragments of 50 to 400kb can be resolved using 10s pulse 
times, whereas larger fragments up to 7 megabases in size or 
intact chromosomes require pulse times of several hours for 
complete resolution. This technique has been applied to 
typing various strains of bacterial DNA.**° 


Two-Dimensional (2-D) Electrophoresis 


Two-dimensional (2-D) electrophoresis is extensively used in 
the field of proteomics to study families of proteins and 
search for genetic- or disease-based differences or to study 
the protein content of cells of various types.” It has also been 
applied to the study of human gene mutations” and the 
DNA of various bacteria and tumor cells as a means to earlier 
diagnosis.’*“* By combining charge-dependent IEF in the 


first dimension with molecular weight-dependent elec- 
trophoresis in the second, the technique is able to resolve up 
to 1100 separate protein spots using autoradiographic detec- 
tion and up to 400 using Coomassie dyes. The first dimen- 
sion separation is carried out in a large-pore medium, such 
as agarose gel or large-pore polyacrylamide gel. The second 
dimension is often polyacrylamide in a linear or gradient 
format. 

The 2-D electrophoresis method of O'Farrell? uses 
PAGE-IEF in 130 x 2.5-mm (internal diameter) tubes for the 
first dimension and covers a pH range of 3 to 10 units. The 
anodal compartment is in contact with 10mmol/L phos- 
phoric acid and the cathodal compartment with 20 mmol/L 
NaOH. After electrophoresis is complete, the gel is extruded 
from the tube and placed in contact with a thin, polyacryl- 
amide gradient gel slab that incorporates SDS. At the end of 
the process, the polypeptides are detected by one of several 
different methods. 

In the O'Farrell method, SDS is used in the second 
dimension, §-mercaptoethanol in the first. Others have used 
SDS in both dimensions and in sample preparation. The use 
of B-mercaptoethanol and SDS denatures proteins to 
polypeptides by reducing disulfide bonds and depolymeriz- 
ing proteins. When native proteins, such as enzymes, are 
desired for further study, nondenaturing sample preparation 
and electrophoresis conditions must be used. 

Separated proteins are detected by use of Coomassie dyes, 
silver staining, radiography (exposure of photographic film 
to emissions of isotopically labeled polypeptides), or fluoro- 
graphic analysis (x-ray film exposed to tritium-labeled 
polypeptides in the presence of a scintillator). The latter 
two methods represent the greatest analytical sensitivity, 
because they are 100 to 1000 times more sensitive than the 
Coomassie dyes. 

Newer developments in this area combine analytical tech- 
niques to achieve a 2-D separation by linking, for example, 
liquid IEP with nonporous silica reverse phase, high perfor- 
mance liquid chromatography (HPLC; see Chapter 6) and 
detecting intact proteins by electrospray ionization, time of 
flight, and mass spectrometry” (see Chapter 7). 


CAPILLARY ELECTROPHORESIS 


In CE, the classic techniques of zone electrophoresis, ITP, 
IEF, and gel electrophoresis are carried out in a small-bore 
(10- to 100-um internal diameter) fused silica capillary tube 
of 20 to 200cm in length.” 

Two distinct advantages of the capillary format include 
the ability to apply much higher voltages than in traditional 
electrophoresis and the ease of automation. Applications 
are also more extensive and include separation of low- 
molecular-weight ions in addition to proteins and other 
macromolecules. Even uncharged molecules can be sepa- 
rated using CE in the micellar electrokinetic chromatography 
(MEKC) mode that is discussed later in this section. CE has 
also proved useful for separations of inorganic ions, amino 
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Figure 5-6 A schematic for CE instrumentation. 


acids, organic acids, drugs, vitamins, porphyrins, carbohy- 
drates, oligonucleotides, proteins, and DNA fragments,” 


INSTRUMENTATION 


A schematic diagram of a typical CE instrument is shown in 
Figure 5-6. As indicated, the capillary tube serves as an elec- 
trophoretic chamber that is connected to a detector at its ter- 
minal end and, via buffer reservoirs, to a high-voltage power 
supply. Improved heat dissipation permits the application of 
voltages in the range of 10 to 30kV, which enhances separa- 
tion efficiency and reduces separation time in some cases to 
less than 1 minute. Only a few microliters of the sample are 
required, with volumes in the picoliter to nanoliter range 
actually used. This minimizes distortions in the applied field 
caused by the presence of samples. 

In contrast to the cumbersome and time-consuming tasks 
of conventional electrophoresis, CE is well suited to automa- 
tion. Samples are easily applied to the capillary, a variety of 
detector types can be used, and the resulting electrophore- 
tograms can be analyzed and manipulated in much the 
same manner as chromatograms. Commercial instruments 
resemble many HPLC instruments in terms of automated 
sample loading and data analysis. Traditional serum protein 
electrophoresis, for example, can be fully automated with 
CE. 


The Capillary Format 


The capillary tubes used as separation chambers in CE are 
most commonly made from fused silica (i.e., pure glass) 
coated with a thin exterior covering of polyimide to provide 
strength and flexibility. Although capillaries can be made 
from other materials, such as polyethylene or Teflon, such 
capillaries have seen limited use. The polyimide coating is 
usually removed from a small portion of the capillary 
towards the terminal end, creating a window for online 
optical detection. Caution must be taken with capillaries 
after a detection window has been created since loss of the 
polyimide coating from the capillary tubing weakens the wall 


of the tube in these locations. The outer diameter of the cap- 
illary tubing typically varies from 180 to 375 um, the inner 
diameter from 20 to 180 um, and the total length from 20cm 
up to several meters. Noncylindrical capillary tubing suitable 
for CE is now available from some commercial providers. 
For example, rectangular capillaries (Polymicro Technolo- 
gies, Phoenix) provide a flat surface that is more amenable 
to optical detection than their curved counterparts. 

The main advantage of performing electrophoresis in a 
narrow-bore capillary comes from efficient heat dissipation. 
The relatively poor dissipation of Joule heat in traditional 
electrophoresis limits it to relatively low electric fields. The 
large surface-to-volume ratio inherent in capillaries, 
however, allows for more effective heat dissipation and much 
higher voltages can be applied, often up to 30kV.* An addi- 
tional advantage gained from using a narrow-bore capillary 
chamber is that it improves resolution by minimizing band 
broadening. 


Sample Injection 

In CE, sample volumes of 1 to 50nL are loaded into the 
capillary chamber by one of two primary methods, hydro- 
dynamic injection and electrokinetic (EK) injection. In prac- 
tice, to maintain high separation efficiency, the sample plug 
length is usually less than 2% of the total capillary length. 
With hydrodynamic injection, an aliquot of a sample is 
introduced by applying a positive pressure at the inlet vial or 
alternately vacuum at the outlet vial. The volume of sample 
loaded is governed by a number of parameters including 
(but not restricted to) the inner diameter of the capillary, 
buffer viscosity, applied pressure, temperature, and time. 
Alternatively, gravity may be used as the source of pressure 
by raising the inlet vial (or lowering the outlet vial) and 
allowing “siphoning” to occur for a timed interval. 

With EK injection, an aliquot of a sample is introduced 
by applying a voltage for a timed interval. The magnitude of 
the voltage is dependent on the analyte and buffer system 
used but typically involves a field strength 3 to 5 times 
lower than that used for separation. It is important to note 
that although hydrodynamic methods introduce a sample 
representative of the bulk specimen, EK injection favors 
the preferential movement of more mobile ions into the 
capillary. 


Direct Detection 


With CE, separated analytes are detected and measured as 
they migrate past an optical detector without prior staining. 
Optical detection is based on classical methods, such as pho- 
tometric absorbance, refractive index, and fluorescence (see 
Chapter 3). These techniques miniaturize and simplify the 
process of measurement by eliminating several of the steps 
required in conventional gel electrophoresis. Because the 
amount of protein measured and the measurement path are 
both very small, however, special conditions are often used 
to improve sensitivity. 
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Optical Detection 

As with HPLC, ultraviolet-visible photometers are widely 
used as detectors to monitor CE separations.” To interface 
such online detectors with the capillary, a “detection 
window” is created towards the outlet end of the capillary 
tube. The “window” serves as an inline cuvet and is typically 
formed by burning off the polyimide with a small flame and 
cleaning the window with ethanol. It is not recommended 
that the polyimide be removed (by scraping) with a sharp 
object because this could scratch the surface of the fused 
silica and interfere with optical detection. Although this con- 
figuration allows for high efficiency separation because there 
is no band broadening caused by component mixing or dead 
volume, the inner diameter of the capillary tube defines the 
optical light path (OLP) length of the in-line cuvet. Since 
absorbance is directly proportional to the length of the cuvet 
(OLP) used in an optical system (see Chapter 3), the 20 to 
100 um inner diameter limits UV-visible absorbance detec- 
tion to the 10% to 10*M range. 


Improving Limits of Detection 

A number of approaches have been devised to improve the 
limit of detection of online CE detectors. These include 
increasing the length of the OLP, using more sensitive optical 
techniques, and preconcentrating the sample. 

Increased OLP, Capillary tubes modified at the detector 
window with a “bubble” cell (a glass-blown expansion of the 
internal diameter of the capillary tube) can expand the OLP 
by almost an order of magnitude, with a concomitant low- 
ering of the system’s limit of detection. Alternatively a “Z” 
geometry has been developed that increases the OLP via 
detection down the core of the capillary with lengths up to 
imm possible. 

Sensitive Optical Detectors. More sensitive optical 
techniques that have been used with CE include fluores- 
cence, refractive index, chemiluminescence, Raman spec- 
trophotometry, and circular dichroism.” The most sensitive 
optical detection method used in CE is laser-induced fluo- 
rescence (LIF), which is capable of detection limits in the 
10 to 10 mol (or better) range. This detection mode is 
easily accomplished with analytes that are either easily 
labeled with a fluorescent substrate (e.g., intercalators for 
double-stranded DNA) or are naturally fluorescent (e.g., 
proteins or peptides containing tryptophan). CE systems 
have also been interfaced with mass spectrometers,® and 
electrochemical detection methods’? have been developed, 
although such detectors must be isolated electrically from 
the electrophoretic voltages. 

Online Sample Concentration. Another technique used 
in CE systems to increase their limit of detection is to pre- 
concentrate the sample. One of the simplest methods for 
sample preconcentration is to induce a “stacking” effect with 
the sample components, something easily accomplished by 
exploiting the ionic strength differences between the sample 
matrix and separation buffer.’ This results from the fact that 
sample ions have decreased electrophoretic mobility in a 


higher conductivity environment. When voltage is applied to 
the system, sample ions in the sample plug instantaneously 
accelerate toward the adjacent separation buffer zone. Upon 
crossing the boundary, the higher conductivity environment 
induces a decrease in electrophoretic velocity and subse- 
quent “stacking” of the sample components into a smaller 
buffer zone than the original sample plug. Within a short 
time, the ionic strength gradient dissipates and the charged 
analyte molecules begin to move from the “stacked” sample 
zone toward the cathode. Stacking can be used with either 
hydrostatic or EK injection and can typically yield a 
tenfold enhancement in sample concentration and hence 
sensitivity. 

An alternative approach to stacking is a “focusing” that is 
based on pH differences between the sample plug and sepa- 
ration buffer. This has been shown to be very useful for the 
analysis of peptides, mainly caused by their relative stability 
over a wide pH range.’ By increasing the pH of the sample 
above that of the net pI of the analytes of interest and flank- 
ing the sample plug with low pH separation buffer zones 
(i.e an equivalent volume of low pH separation buffer 
following introduction of the sample plug), the negatively 
charged peptides are electrophoretically driven toward the 
anode. Upon entering the lower pH separation buffer, a 
pH-induced change in their charge state causes a reversal 
in their electrophoretic mobility, resulting in a “focusing” of 
the peptides at the interface of the sample (high pH) and low 
pH buffer plugs (similar to those in isoelectric focusing). 
After the pH gradient dissipates, the peptides, again posi- 
tively charged, migrate toward the cathode as a sharp zone. 
This approach can be applied to a variety of analytes, but is 
limited to those that can withstand the inherent changes 
in pH without substantial denaturation and may yield as 
much as a fivefold enhancement in a system’s limit of 
detection.” 

Other types of sample concentration enhancement 
approaches applicable to CE include ITP™ and those involv- 
ing concentration on an online solid phase.*? This latter 
method shows much promise for both small and large mol- 
ecules and is covered in detail in the review by Wettstein and 
Strausbauch.* 


Indirect Detection 


When strong chromophores are lacking in the analyte of 
interest, absorbance and fluorescence detection can also be 
used in an indirect mode.'””*** In this mode of detection, a 
strongly absorbing ion is added to the running electrolyte 
and monitored at a wavelength that gives a constant, high 
background absorbance. As solute ions move into their dis- 
crete zones during the electrophoretic process, they displace 
the indirect detection agent through mutual repulsion, and 
this produces a decrease in the background absorbance as 
the zone passes through the detector. Reagents with the 
appropriate fluorescence properties can also be employed in 
a similar manner. The indirect detection of amino acids by 
CE has been demonstrated with the potential for use in 


Chapter 5 Electrophoresis 133 


diagnosis of aminoacidurias.” These investigators show the 
direct extrapolation of this technique to microchip detection 
where UV detection is difficult, if not impossible. 


TECHNICAL CONSIDERATIONS 


Temperature and surface effects influence the separation 
capabilities of CE. Artifacts also can arise with CE. 


Temperature Effects 

In most slab or tube platforms for electrophoresis, moder- 
ate electric fields (up to 1000 volts) are used because the 
Joule heating that accompanies the use of higher field 
strengths can cause nonuniform temperature gradients, local 
changes in viscosity, and subsequent zone broadening. CE is 
distinguished from other forms of electrophoresis by the fact 
that extraordinarily high fields (30,000 volts) can be used to 
obtain rapid, high efficiency separations. The problems 
encountered with noncapillary platforms are prevented 
because of the effective dissipation of Joule heat by either 
forced air convection or liquid cooling of the capillary, both 
of which are possible because of the narrow bore of the cap- 
illary. The Joule heat produced is a function of the buffer 
type, concentration, voltage applied, capillary inner diame- 
ter, and length, and can be determined for any given system 
by generating an Ohm's law plot, which allows for easy deter- 
mination of the maximum voltage that can be used effec- 
tively.” Although the heat produced by the electrophoretic 
process can be decreased by reducing the inner diameter of 
the capillary, the ionic strength of the running buffer, or the 
applied voltage, the latter is less desirable since resolution is 
directly proportional to the applied field. Consequently, 
attempts should be made to alter other parameters before 
reducing the field. 


Surface Effects 


As in electrophoresis in general, the flow of liquid (electro- 
osmotic or electroendosmotic flow [EOF]) in CE is a conse- 
quence of surface charge on the solid support. In CE it plays 
a significant role in the separation process. The charge on the 
inner surface of a fused silica capillary is determined by the 
ionization state of the silanol groups (SiOH) that populate 
it. Interaction of positively charged buffer species with the 
bound surface anions generates a layer of mobile cations that 
move toward the cathode when voltage is applied. This 
induces a very strong EOF that carries all analytes in the 
same direction, regardless of their charge. Separation is then 
achieved because of differences in the electrophoretic migra- 
tion rates of the analytes superimposed on this EOF. 
Because the driving force of the flow is distributed along 
the wall of the capillary, the flow profile is nearly flat or plug- 
like, contrasting the laminar or parabolic flow generated by 
a pressure-driven system caused by shear forces at the wall. 
A flat flow profile is beneficial because it does not contribute 
to the dispersion of solute zones. The magnitude and direc- 
tion of the EOF can be impacted by the type of electrolyte 
used, the pH, the ionic strength, the use of additives (e.g., 


surfactants and organic solvents), and the polarity and mag- 
nitude of the applied electric field. 

Although advantageous for dissipation of Joule heat, the 
large surface area-to-volume ratio of the capillary chamber 
increases the likelihood of analyte adsorption onto the 
surface of its inner wall. This causes phenomena such as 
peak tailing and even total and irreversible adsorption of the 
analyte. Adsorption is typically between cationic solutes and 
the negatively charged wall of the capillary chamber, pri- 
marily through ionic interactions (with silanols), but can 
also involve hydrophobic interactions (with siloxanes). 
Because of the numerous charges and hydrophobic regions, 
significant adsorptive effects have been noted, especially for 
proteins. In practice, adsorption of substances, whether from 
the sample or from the buffer, to the inner surface of the cap- 
illary can alter migration times and other separation char- 
acteristics; unaddressed, the capillary can eventually become 
fouled. Buffer components, such as surfactants, can often 
render permanent changes to the inner surface of the capil- 
lary (through adsorption) and may warrant dedication of 
specific capillaries for use with particular surfactants. 

To minimize these inner wall effects, capillary chambers 
are conditioned by chemical treatment, most commonly 
with base to remove adsorbates and refresh the surface. A 
typical wash method includes flushing the chamber with 10 
to 20 capillary volumes of 0.1 to 1.0mol/L NaOH, followed 
by flushing with running electrolyte. To prevent exposing the 
capillary surface to drastic fluctuations in the pH, condi- 
tioning procedures for separations at low pH may be better 
served by using strong acids (e.g., HNO3), surfactants (e.g., 
SDS), or organic solvents, such as acetonitrile or methanol, 
may also be warranted with certain separations. 


Artifacts 


Because CE uses online optical detection, artifacts can result 
in the form of “system peaks.” These often originate from the 
sample or the interfaces between the sample and the separa- 
tion buffer because any species that absorbs at the detection 
wavelength will generate a response. This differs from 
protein slab gel electrophoresis where detection specificity is 
governed by a protein specific stain. It is not uncommon, for 
example, for buffer species present in the sample but not in 
the separation buffer to generate system peaks. However, 
clinical serum protein electrophoresis provides one example 
where artifacts are eliminated by CE. 

One problem associated with conventional electro- 
phoresis of serum proteins is its proclivity for point- 
of-application artifacts. These are bands that result from 
the fact that electrophoretic mobility (e.g, with AGE) is 
bidirectional from the point of application. Consequently 
the point of application remains part of the scanned area of 
interest. The fact that these must be immunotyped to dis- 
tinguish real monoclonal proteins from artifacts is costly and 
time consuming. 

CE prevents point-of-application artifacts for two 
reasons. First, the net mobility in CE is the vectorial addi- 
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tion of both protein electrophoretic mobility and the EOF. 
As a result of this unidirectional movement (toward the 
detector), the point-of-application remains remote from the 
detector. Second, unlike AGE where precipitates cannot exit 
the loading well and enter the gel (thus appearing as a band 
in the scanned region of the gel), there is no gel matrix in 
CZE to impede electrophoretic migration since analysis 
occurs in free solution (i.e., CZE). This was demonstrated by 
Clarke et al who evaluated a small subset of serum samples 
containing monoclonal proteins that remained at the point- 
of-application on agarose gels (and cellulose acetate) but 
were handled by CZE with ease.’ These precipitates may be 
euglobulin or cryoprecipitates and may or may not contain 
a monoclonal protein; only immunoelectrophoresis or 
immunofixation can determine the presence of monoclonal 
proteins. 


MODES OF OPERATION 


Modes in which CE systems are operated include (1) CZE, 
(2) MEKC, (3) capillary gel electrophoresis (CGE), (4) cap- 
illary IEF and (5) capillary ITP. 


Capillary Zone Electrophoresis 

CZE, also called open-tube or free-solution CE, is the simplest 
form of CE. It includes capillary ion electrophoresis, which 
refers to the analysis of inorganic ions by CZE, particularly 
when indirect detection is used. The power of the CZE mode 
is the ability to resolve charged species electrophoretically 
without a sieving matrix; this applies to a broad spectrum of 
analytes ranging from proteins, peptides, and amino acids to 
small molecules (e.g., drugs) and ions. There is abundant lit- 
erature denoting the advantages of CZE for serum protein 
analysis over AGE and even CAE."*!?*’ Figure 5-7 shows a 
comparison of the separation of serum proteins by cellulose 
acetate (CAE), agarose (AGE), and CE. The presence of the 
classical zones with CE is apparent, albeit in a reversed order, 
as is the identification of serum protein abnormalities in 
gamma regions. Retrospective studies have shown CE to be 
effective for detecting monoclonal proteins, which could 
then be immunotyped by conventional techniques (IF and 
IEP).” Moreover, one study demonstrated the utility of 
CE for doing both the serum protein electrophoresis 
and immunotyping for greater than 1500 serum samples.” 
These and other studies lead to the same conclusions— 
that CE is more sensitive than AGE for identifying 
abnormalities. 


Micellar Electrokinetic Chromatography 

MEKC is a hybrid of electrophoresis and chromatography. 
MEKC, a mode that is separate and distinct from capillary 
electrokinetic chromatography (CEC), is an effective elec- 
trophoretic technique, because it can be used for the sepa- 
ration of neutral and charged solutes. The separation of 
neutral species is accomplished by the use of micelles formed. 
in the running buffer, when the concentration of sur- 


factant exceeds the critical micelle concentration (e.g., 8 to 
9mmol/L for SDS). During migration the micelles can inter- 
act with analytes in a chromatographic manner through 
hydrophobic interactions in which analytes are micellized 
based on their degree of hydrophobicity. With charged 
micelles (e.g., SDS), analytes can also interact through elec- 
trostatic interactions via the charge on the surface of the 
micelle, For neutral species, only partitioning in and out of 
the micelle affects the separation. 


Capillary Gel Electrophoresis 

CGE is directly comparable to traditional slab or tube gel 
electrophoresis because the separation mechanisms are iden- 
tical. The size separation is achieved with a suitable polymer, 
which acts as a molecular sieve or sizing mechanism. As 
charged analytes migrate through the polymer network, they 
become hindered to a degree that is governed by their size 
(larger solutes hindered more than smaller ones). Macro- 
molecules, such as DNA and SDS-saturated proteins, cannot 
be separated without a gel or some other separation mech- 
anism, because they contain mass-to-charge ratios that do 
not vary with size. The term “gel” in CGE is a misnomer, pri- 
marily because cross-linked “gels,” as we know them in slab 
format, are not routinely used in CE. A more suitable term 
might be “sieving matrix” or “soluble polymer network,” a 
linear polymeric structure that is soluble, reasonably low vis- 
cosity, and capable of self-entangling in a manner that forms 
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Figure 5-7 Rapid protein electrophoresis of serum protein; 
comparison with scanning densitometry profiles obtained from 
CAE and AGE electrophoresis. Panel A—normal serum, Panel 
B—patient serum containing a large M-protein; Panel C—patient 
serum containing a small monoclonal protein. The arrows 
indicate the position of the monoclonal proteins. 
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pores through which sieving can occur. A variety of poly- 
meric matrices have been defined for both DNA (polyacry- 
lamide and cellulosic materials) and protein analysis (e.g., 
dextran-base matrices). One of the requirements that often 
accompanies this type of analysis is to reduce electroosmotic 
flow. This is accomplished by covalently, adsorptively, or 
dynamically coating the surface. Cross-linked polyacry- 
lamide has been the main polymer of choice for this but 
more recently has been supplanted by a host of polymeric 
matrices that not only provide effective molecular sieving 
but also adsorptively coat the capillary surface.” An 
example of a CGE separation of DNA is provided in a later 
section. 


Capillary Isoelectric Focusing Electrophoresis 


cIEF is comparable to tube IEF and is governed by the same 
principles and procedures. It differs from conventional IEF 
in that it can be carried out using either a free solution of 
ampholytes or a precast gel, As expected with a CE mode and 
unlike conventional TER, the focused zones migrate past the 
online detector either during the focusing process or fol- 
lowing it. Figure 5-8 shows an example of this where the sep- 
aration by cIEF is completed in ~15 minutes, circumventing 
conventional IEF protocols and/or the necessity for other 
electrophoretic methods (e.g., CAE), both of which are 
much less time efficient.” 


Capillary Isotachophoresis 
Capillary ITP has essentially the same features as ITP in 
other formats, except that conditions of pure ITP are usually 
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Figure 5-8 CE-based identification of uncommon hemoglobin 
(Hb) variants by clEF.'* Analysis of blood from a patient with Hb 
S/Aida trait detected the presence of seven different normal and 
abnormal structural Hb variants, some of which are not 
detectable by conventional electrophoresis because of a lack of 
sensitivity or inadequate resolution. The four abnormal variants 
include Hb S, Aida, S/Aida hybrid, and A)/Aida. Identifying a. 
variants of Hb A, by clEF helps discriminate between g- and 
B-globin gene mutations in samples containing unknown Hb 
variants. Glycated Hb A (HbAIc) is also apparent in the 
electropherogram. 


not achieved. This is not commonly used as a bonafide CE 
mode, but instead it is more typically used for online sample 
preconcentration (as described earlier). Most of the time it 
functions as a preconcentrating step in a mixed mode with 
CZE, MEKC, or CGE. 


MICROCHIP ELECTROPHORESIS _ 


In the past decade, microchip electrophoresis has undergone 
substantial development, including integrated microchip 
designs, advanced detection systems, and new applica- 
tions.°**”8 In the clinical diagnostic arena, the main ana- 
lytes of interest for extrapolation to the microchip platform 
are proteins and DNA. 

Among the attributes of microchip electrophoresis sepa- 
rations, the most notable is high speed—normally fourfold 
to tenfold faster than conventional CE and at least an order 
of magnitude faster than the slab gel format. Other advan- 
tages of microchips include simplicity, capabilities for chip 
integration of multiple functions, and certainly the potential 
for automation. 


INSTRUMENTATION 

Although similar in principle, the microchip system differs 
from its CE counterpart. For example, with the microchip 
approach, the separation channels, sample injection chan- 
nels, reservoirs, sample preparation and/or precolumn or 
postcolumn reactors, and detectors and excitation sources 
can all be fabricated using photolithographic processes 
defined by the microelectronics industry, onto the surface of 
a microchip (see Chapter 10 for additional details on the 
manufacturing of such devices). Thus a truly multifunc- 
tional, “integrated” analytical device embedded in a single 
monolithic substrate is possible. The classic cross-t design 
of a single channel microchip involves a short (injection) 
channel that intersects a longer (separation) channel with a 
reservoir found at the ends of each of these as shown in 
Figure 5-9, The setup for LIF detection on a single channel 
microchip is shown in Figure 5-10. 

Comparing volumes, the volume of the separation 
channel on a microchip is roughly an order of magnitude 
smaller (low nanoliters) than conventional capillary systems. 
With their decreased volume requirements (nanoliter to 
picoliters range), only the electrokinetic sample injection 
mode is used in microchips, because pressure injection is not 
easily controlled at these small volumes. In practice, an injec- 
tion voltage of several hundred volts is applied across the 
sample and sample waste reservoirs to migrate the sample to 
the injection cross, which typically represents an injection 
volume of 50 to 100 pL. A separation voltage (1 to 4kV) is 
then applied to the separation channel, which induces sepa- 
ration of the analyte zones before they reach the detection 
window downstream. It is important to note that, although 
the sample volume injected is ~100pL, the actual sample 
volume necessary (for handling) is ~2 to 4HL, depending on 
the reservoir size. 
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Figure 5-9 Simple cross-t microstructure design on chips used 
for electrophoretic separation. 
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Detection with a microchip is primarily through LIK, 
since this is easily implemented with the planar configura- 
tion of the microchip (Figure 5-10). Limits of detection 
for fluorescein-like fluors have been easily demonstrated 
at the 10°'M level and pushed as low as 107’ M—a mass 
detection limit of a few hundred molecules.” This allows for 
detection, for example, of polymerase chain reaction (PCR)- 
amplified DNA fragments at a level that competes with *P- 
autoradiography from Southern blots."' Typical microchip 
separation times are around 50 to 200 seconds, i 


FABRICATION OF MICROCHIPS 
Other than the standard cross-t configurations, elec- 
trophoretic microchips are not currently commercially avail- 
able and tend to be fabricated in the laboratories that use 
them. They can be constructed from glass (Pyrexlike or soda 
lime), silicon (as per microelectronic chips), or a variety of 
plastics, or cast from silicone-like materials (polydimethyl- 
siloxane).” The first two of these constitute the vast major- 
ity of the electrophoretic devices described in the literature. 
Etching the desired structures into a glass wafer surface is 
done with a buffered solution of hydrofluoric acid, thereby 
producing a series of U-shaped troughs [typically 70 um 
(w) x 20um (d)] that interconnect appropriately. Smooth 
walls are typically achieved, but channels are U-shaped 
because of both downward and lateral etching by the etch 
solution. Consequently, features are often designed smaller 
than they have to be to allow for this type of spreading. 
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Figure 5-10 Detection system for LIF detection on microchips. Fluidic and electrical interfaces 
are indirectly fundamental to the detection system. The fluidic interface drives the preparation 


and flushing of the chip preseparation and post: 


separation, while the electrical interface drives 


the electrophoretic separation and controls the flow of fluid through the chip architecture via 


electrokinetic valving. 
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Following successful etching, the etched wafer is then 
bonded to a second piece of glass, into which reservoirs have 
been drilled, to enclose the chambers and channels of the 
device. 


MOLECULAR DIAGNOSTICS USING MICROCHIPS 

As a result of the ease with which double-stranded (ds)DNA 
can be made to fluoresce via high affinity dsDNA fluorescent 
intercalators and the excellent detection sensitivity . that 
results from LIE, DNA separations on microchips have devel- 
oped more rapid! than protein separations. Consequently, 
capillary and microchip electrophoresis have emerged. as 
alternatives to traditional slab gel electrophoresis for DNA 
analysis, this signified by the sequencing of the Human 
Genome using CE. A variety of polymers have been defined 
as “polymer networks” or “sieving matrices” effective for 
molecular sieving and size-based microchip DNA separa- 
tions, many of which had been previously used in CE. 

As described in the CE section, the chemical nature of the 
microchannel surface is equally important in DNA separa- 
tions, where the electroosmotic flow has to be minimized or 
eliminated. For microchip-based electrophoretic DNA 
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analysis, the chip surface must be passivated to reduce EOF, 
This can be accomplished by covalent modification with 
polymers like polyacrylamide (PA); however, the PCR 
samples must be desalted to achieve optimal resolution and 
acceptable longevity. ® More attractive alternatives devel- 
oped for CE involve polymers that have dual functionality, 
in that they both coat the microchannel surface and act as 
effective sieving polymers. The polydimethylacrylamide 
(PDMA) and the cellulosic polymers, hydroxyethyl cellulose 
and hydroxypropyl cellulose, have been shown to be very 
effective in this respect.“ 

There has been an almost exponential growth of litera- 
ture with respect to the application of microchip elec- 
trophoresis to the molecular diagnosis of disease based on 
PCR-amplification of DNA (see Chapter 10).” Rudimentary 
microchip designs have been used to demonstrate the appli- 
cation of this platform in the most simplistic form—detect- 
ing the presence of a PCR product of diagnostic significance. 
This has been demonstrated with a number of applications 
including the detection of herpes simplex viral DNA in 
CSF for diagnosis of encephalitis, the detection of gene 
rearrangements correlative with lymphoproliferative dis- 
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Figure 5-11 Electrophoretic detection of T-cell receptor y-gene rearrangement products. 
Left—Slab gel electrophoresis of the amplified products resulting from PCR of nine patient 
samples. Right—capillary (inset) and microchip separations of select samples analyzed by gel 
electrophoresis on the left. The top profile results from separation of a DNA sizing standard. 
Sample 6 was consistent with a negative diagnosis for the gene rearrangement; sample 7 was 
positive as indicated by the dominant peak signifying clonality (peak at [42 seconds); sample | 
was deemed negative and/or equivocal based on the suspicious peak indicated by the arrow. 
Separation in both systems used hydroxyethylcellulose (HEC) as a polymeric sieving matrix and 
applied fields of 300 valts/cm and 275 volts/cm, respectively, for the capillary and microchip 


systems.,! 
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orders, polymorphisms in the methylenetetrahydrofolate 
reductase (MTHFR) gene, the diagnosis of fragile X syn- 
drome, the detection of tetranucleotide repeats associated 
with hypercholesterolemia, and the diagnosis of muscular 
dystrophy. More complicated DNA assays have been 
accomplished on electrophoretic microchips, including 
single-stranded conformation polymorphism (SSCP) or 
heteroduplex analysis for the detection of common muta- 
tions in the breast cancer susceptibility genes, BRCAI and 
BRCA2.” a l 

An example of microchip DNA separations applied to 
diagnosis of lymphoproliferative disorders is shown in 
Figure 5-11.°' The high resolution (8%) acrylamide slab gel 
used for conventional analysis is given on the left for com- 
parison. Because of the short separation length of the elec- 
trophoretic chamber (~4cm) and the use of applied 
electrical fields comparable to those used in CE, separation 
on the microchip is complete in 160 seconds (in compari- 
son with 8 hours for the slab gel). 

More complicated microchip systems have been devel- 
oped to address the high throughput requirements of mol- 
ecular diagnostics laboratories (see Chapters 4, 10, and 37). 
For example, high throughput genetic typing has been per- 
formed on a 96-channel radial capillary array electrophore- 
sis microplate with an unprecedented sample throughput of 
~0.6 samples/s.””” This has been extrapolated to a variety of 
other applications including the genotyping of the marker 
gene for diagnosis of hereditary hemochromatosis.” 
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n March 8, 1903, Mikhail Tswett presented a lecture 
at the meeting of the Biological Section of the 
Warsaw Society of Natural Sciences entitled “On a 
New Category of Adsorption Phenomena and Their Appli- 
cations to Biochemical Analysis?” Later he reported that 
plant pigments were separated by differential adsorption on 
a column of calcium carbonate into a number of colored 
bands.” He originated the term “chromatography” to 
describe this process. 
This chapter contains general discussions on basic con- 
cepts, separation mechanisms, resolution, specific types of 
chromatography, and qualitative and quantitative analysis. 


BASIC CONCEPTS 


Chromatography is a physical process whereby components 
(solutes) of a sample mixture are separated by their differ- 
ential distribution between stationary and mobile phases.* 
During this process, the mobile phase carries the sample 
through a bed, layer, or column containing the stationary 
phase. As the mobile phase flows past the stationary phase, 
the solutes may (1) reside only on the stationary phase (no 
migration); (2) reside only in the mobile phase (migration 
with the mobile phase); and (3) distribute between the two 
phases (differential migration). Those solutes with higher 
affinity for the stationary phase reside in the stationary phase 
longer than those with less affinity, who therefore reside 
mostly in the mobile phase. Thus the lower affinity solutes 
travel faster and separate from solutes having greater affini- 
ties for the stationary phase. Strongly bound solutes subse- 
quently are displaced from the stationary phase by changing 
the physical or chemical nature of the mobile phase. In this 
chapter, the term chromatograph is used as either a verb or a 
noun. As a verb, it means to separate by chromatography. 
*The authors gratefully acknowledge the original contributions of 
Dr. Larry D. Bowers on which portions of this chapter are based. 


CHAPTER 6 


Chromatography” 


As a noun, it refers to the assembly of components that are 
necessary to effect a chromatographic separation. 

Planar and column are the two basic forms of chro- 
matography (Figure 6-1). In planar chromatography, the 
stationary phase is coated on a sheet of paper (paper 
chromatography) or bound to a solid surface (thin-layer 
chromatography; TLC). For paper chromatography, the 
stationary phase is a layer of water or a polar solvent coated 
onto the paper fibers. In TLC, a thin layer of particles of a 
material such as silica gel is spread uniformly on a glass plate 
or a plastic sheet. When the thin layer consists of particles 
with small diameters (4.5m), the technique is known as 
high-performance, thin-layer chromatography (HPTLC). 

In column chromatography, the stationary phase may be 
a pure silica or polymer, or it may be coated onto, or chem- 
ically bonded to, support particles. The stationary phase may 
be “packed” into a tube, or it is coated onto the inner surface 
of the tube. The technique is termed either gas chromatog- 
raphy (GC) or liquid chromatography (LC), depending on 
whether the mobile phase is a gas or a liquid. Operationally 
the instrument used to perform a GC or LC separation is 
known as either a gas or liquid chromatograph. When the sta- 
tionary phase in LC consists of small-diameter particles, the 
technique is high-performance liquid chromatography 
(HPLC). When a gas or liquid chromatograph is connected 
to a mass spectrometer, the combined or “hyphenated” 
techniques are gas chromatography/mass spectrometry 
(GC/MS) and liquid chromatography/mass spectrometry 
(LC/MS), respectively (see Chapter 7). 

In analytical GC and LC, the mobile phase, or eluent, exits 
from the column and passes through a detector or series of 
detectors that produce a series of electronic signals that are 
plotted as a function of time, distance, or volume. The result- 
ing graphical display is a chromatogram (Figure 6-2). The 
retention time or volume is the time or volume when a solute 
exits the column and passes through the detector. The data 
represented by the chromatogram are used to help identify 
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Chromatography 
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Paper 


Inject 


Unretained components Gi 


0 1 2 3 4 5 
Minutes 


Column: C18, 3p, 0.46 x 10 cm 
Eluent: Isocratic, 0.025 M phosphate 
Buffer: pH 3.0 in 25% acetonitrile 
Flow rate: 2 mL/min 

Detection: 215 nm, 0.1 AUFS 


Compounds: 1, Doxepin 

2. Desipramine 

3. Imipramine 

4. Nortriptyline 

5. Amitriptyline 
Figure 6-2 Chromatogram from an HPLC reversed-phase 
separation of tricyclic antidepressants with the use of a UV 
photometer detector set at 215nm. Signal is displayed at 0.1 
AUFS. HPLC, high-performance liquid chromatography; UV, 
ultraviolet; AUFS, absorbance units full scale. (Courtesy Vydac/The 
Separations Group, Hesperia, Calif.) 


Column 


Gas (GC) Liquid (LC) 


Figure 6-[ Forms of chromatography. 


and quantify the solute{s). Because eluting solutes are dis- 
played graphically as a series of peaks, they are frequently 
referred to as chromatographic peaks. These peaks are 
described in terms of peak width, peak height, and peak area. 
In planar chromatography, the separated zones are detected 
by their natural colors or visualized through chemical 
modification that produces colored “spots” or “bands” that 
are used qualitatively to identify various analytes or quantify 
them. 


SEPARATION MECHANISMS 


Chromatographic separations are classified by the chemical 


or physical mechanisms used to separate the solutes. These 
include ion-exchange, partition, adsorption, affinity, and 
size-exclusion mechanisms. Predominantly, clinical applica- 
tions use chromatographic separations based on ion- 
exchange and partition mechanisms. 


ION-EXCHANGE CHROMATOGRAPHY 
As its name implies, ion-exchange chromatography is based 
on an exchange of ions between a charged stationary surface 
and mobile phase of the opposite charge (Figure 6-3), 
Depending on the conditions, solutes are either cations (pos- 
itively charged) or anions (negatively charged). They are sep- 
arated depending on the differences in their ionic charge or 
the magnitude of their ionic charges. Operationally, the par- 
ticle surfaces of a plastic resin or silica serve as the station- 
ary phase to which functional groups with fixed cationic or 
anionic charges are bound. To maintain electrochemical 
neutrality, an exchangeable ion, termed the counterion, is 
found in close proximity to the fixed charge and solute ions 
in the mobile phase exchange with the counterions. The 
solute ions then are eluted selectively by variation of the 
mobile phase pH, ionic strength, or both. 

Cation-exchange particles contain covalently bound, neg- 
atively charged functional groups and are used to separate or 
“exchange” cationic solutes. Examples include strongly acidic 
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lon-exchange chromatography 


Separation is based on exchange of 
ions between surface and eluents. 


Partition chromatography 


Separation is based on solute 
partitioning between two liquid 
phases. 


Adsorption chromatography 


Separation is due to a series of 
adsorption/desorption steps. 


Size-exclusion chromatography 


Separation is based on molecular size. 


Figure 6-3 Examples of separation mechanisms used in chromatography. (Courtesy James K. 


Hardy, Akron, Ohio [http://ull.chemistry.uakron.edu/].) 


groups—such as sulfonate ions, or weakly acidic groups— 
such as carboxylate ions or carboxymethyl (CM), phosphate 
(P), sulfomethyl (SM), sulfoethyl (SE), or sulfopropyl (SP) 
groups. Anion-exchange packings are used to separate 
anionic solutes. They have strongly basic quaternary amines 
with positive charges. Examples include triethyiaminoethyl 
groups or weakly basic groups, such as aminoethyl (AE), 
diethylaminoethyl (DEAE), guanidoethyl (GE), and 
epichlorohydrin-triethanolamine (ECTEOLA) groups. 

Ion-exchange chromatography has many clinical applica- 
tions, including the separation of amino acids, peptides, 
proteins, nucleotides, oligonucleotides, and nucleic acids. 
Another important application of ion-exchange chromatog- 
raphy is the separation and removal of inorganic ions from 
aqueous mixtures. Thus most water purification units used 
to prepare deionized water for the laboratory contain 
“mixed-bed” columns of cation and anion resins (see 
Chapter 1). 


PARTITION CHROMATOGRAPHY 

The differential distribution of solutes between two im- 
miscible liquids is the basis for separation by partition 
chromatography (see Figure 6-3). Operationally, one of the 


immiscible liquids serves as the stationary phase. To prepare 
this phase, a thin film of the liquid is adsorbed or chemically 
bonded onto the surface of support particles or onto the 
inner wall of a capillary column. Separation is based on dif- 
ferences in the relative solubility of solute molecules between 
the stationary and mobile phases. 

Partition chromatography is categorized as either GLC or 
liquid-liquid chromatography (LLC). LLC is further catego- 
tized as either normal phase or reversed phase. For normal- 
phase LLC a polar liquid is used as the stationary phase, and 
a relatively nonpolar solvent or solvent mixture is used as the 
mobile phase. In reversed-phase partition chromatography, 
the stationary phase is nonpolar, and the mobile phase is rel- 
atively polar." 

Ion-suppression and ion-pair chromatography are two 
forms of reversed-phase chromatography used to separate 
ionic solutes. 


Ion-Suppression Chromatography 


With ion-suppression chromatography, the ionic character 
of a weakly acidic or basic analyte is neutralized or 
“suppressed” through modification of the mobile phase pH. 
By neutralizing its ionic group, the solute is less polar and 
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better able to interact with the nonpolar stationary phase. 
The suppressed analyte thus has the properties of a neutral 
species and is separated by reversed-phase chromatography. 


lon-Pair Chromatography 

In ion-pair chromatography, a counter ion—opposite in 
charge to that of the analyte—is added to the mobile phase, 
where it forms ion pairs with ionic analytes, displaces the 
usual base pairs, and neutralizes the analyte ion(s). These ion 
pairs then are separated by reversed-phase chromatography. 
In practice, ion-pair chromatography is particularly useful 
for separations of therapeutic drugs and their metabolites, 


ADSORPTION CHROMATOGRAPHY 


The basis of separation by adsorption chromatography is the 
differences between the adsorption and desorption of solutes 
at the surface of a solid particle (see Figure 6-3). Electrosta- 
tic, hydrogen-bonding, and dispersive interactions are the 
physical forces that control this type of chromatography. In 
GC, this mode is used to separate low molecular weight com- 
pounds (e.g, methyl, ethyl, and isopropyl alcohols) and 
compounds that are normally gases at room temperature. 
It uses particles of support, such as “molecular sieves,” 
alumina, and styrene-divinylbenzene copolymers. In LC, 
three types of adsorbents are generally used—nonpolar, acid 
polar, and basic polar. The nonpolar adsorbents include 
charcoal and polystyrene-divinylbenzene. The main acidic 
polar adsorbent is silica gel, the surface silanol (SiIOH) 
groups of which adsorb basic substances. Alumina is the 
main basic adsorbent for retaining acidic substances. Florisil 
has also been used as a basic adsorbent when catalytic 
decomposition of the analyte is observed with alumina. 


AFFINITY CHROMATOGRAPHY 


In affinity chromatography the unique and specific bio- 
logical interaction of the analyte and ligand is used for 
the separation (Figure 6-4). The specificity resulting from 
enzyme-substrate, hormone-receptor, or antigen-antibody 
interactions has been used in this type of chromatography. 

The stationary phase in affinity chromatography is pre- 
pated by immobilizing a ligand on particles of a support 
either directly or via a spacer. A variety of chromatographic 
supports have been used, including agarose, cross-linked 
dextrans, polyacrylamide, cellulose, polystyrene, and con- 
trolled-pore glass. Adjustments of pH and ionic strength are 
required to achieve optimal binding of the analyte to the 
ligand. If the interaction between analyte and ligand is spe- 
cific, the analyte may be displaced in a single step by the 
addition of a substrate or an inhibitor, or by a pH change, 
an ionic strength change, or addition of a hydrogen bond- 
breaking agent—such as guanine hydrochloride, urea, or 
sulfite. The latter group of compounds is also known as 
chaotropic agents. 

The power of affinity chromatography lies in its selectiv- 
ity. In the clinical laboratory, affinity chromatography has 


been used to separate and prepare larger quantities of pro- 
teins and antibodies for further study. Cells with different 
surface carbohydrate moieties are separated with lectin 
columns; low-density and very low-density lipoproteins are 
separated with heparin columns; glycated hemoglobins are 
separated with phenyl boronate columns. 


SIZE-EXCLUSION CHROMATOGRAPHY 


Size-exclusion chromatography, also known as gel-filtration, 
gel-permeation, steric-exclusion, molecular-exclusion, or 
molecular-sieve chromatography, separates solutes on the 
basis of their molecular sizes (Figure 6-5; see Fig. 6-3). Mol- 
ecular shape and hydration are also factors in the process. 

A variety of materials are used as stationary phases for 
size-exclusion chromatography, including cross-linked dex- 
tran, polyacrylamide, agarose, polystyrene-divinylbenzene, 
porous glass, and combinations of the above. Beads of these 
materials are porous with pore sizes that allow small mole- 
cules to be temporarily entrapped. Molecules too large to 
enter the pores remain entirely in the mobile phase and are 
rapidly eluted from the column. Molecules that are inter- 
mediate in size have access to various fractions of the pore 
volume and elute between the large and small molecules 
according to the relation: 


V; = Vo + KV; (1) 


where V, is the retention volume, V, is the void volume 
between the particles, K is the fraction of the pore volume 
accessible to the molecule, and V; is the volume within the 
support particles. The retention is limited to one column 
volume; therefore resolution is limited. For this reason, steric 
exclusion is used more for preparative than for analytical 


purposes. 
Eluting agent” 
G 
Support ee 


Spacer arm Ligand 


Figure 6-4 Principle of affinity chromatography. The analyte 
(enzyme, antibody, antigen, tissue receptor, etc.) binds to the 
support-bound ligand. Subsequently, it is eluted with a general 
eluent (such as a chaotropic agent), pH change, or biospecific 
eluent (such as an inhibitor or substrate). 
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Figure 6-5 Schematic representation of gel-filtration column 
chromatography. (Modified from Bennett TP: Graphic biochemistry, 
vol |, Chemistry of biological molecules. New York: Macmillan, 1968.) 


Injection 
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Figure 6-6 Schematic diagram of a chromatogram 
obtained from a column and open-bed 
chromatograph (planar). In open-bed 
chromatography (bottom), strongly retained 
compounds (B) move more slowly than less 
strongly retained compounds. In column 
chromatography (top), compound B is eluted later 
than compound A, again because of stronger 
retention. Re Resolution; V,(A), retention volume for 
solute A; V,(B), retention volume for solute B; w(A), 
bandwidth (units of volume) measured at base for 
solute A; w(B), bandwidth (units of volume) 
measured at base for solute B; Vm, volume between point 
injector and detectors; d{A), distance traveled by 
solute A; A, solute A; B, solute B. 


Application 


RESOLUTION 


Resolution (R,) is a measure of a successful chromatographic 
separation and requires that two peaks have different elution 
times for the peak centers and sufficiently narrow bandwidth 
to eliminate or minimize overlap (Figure 6-6)? It is ex- 
pressed mathematically as follows: 

a. V,(B) ‘a V,(A) (2) 

o = ieee 

[= + ad 

2 


where 
VA) = retention volume for solute A 
V,({B) = retention volume for solute B 
w(A) = bandwidth (units of volume) measured at base 
for solute A 
w(B) = bandwidths (units of volume) measured at base 
for solute B 
Resolution also is expressed in terms of time, with V,({A) and 
VB) being replaced with retention times ¢,(A) and 4,(B), 
and w(A) and w(B) being expressed in units of time. 
Incomplete separation occurs when the calculated value 
for R, is less than 0.8, whereas baseline separation is obtained 
when R, is greater than 1.25 (Figure 6-7). As demonstrated 
in Figure 6-8, when R, is unacceptable for a given separation, 


v- B) ——_________-o 
vA > 


R, = VB) — V (A) 
w(A) + w(B) 
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Figure 6-7 Separation of chromatographic peaks present in a 
1:1 ratio as a function of resolution (R,). (From Snyder LR:A 
rapid approach to selecting the best experimental conditions for high- 
speed liquid column chromatography. Part |, Estimating initial sample 
resolution required by a given problem. J Chrom Sci 1972; 10:202.) 
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Figure 6-8 Effect of selectivity and efficiency on 
chromatographic resolution. A, Poor resolution. B, Good 
resolution because of column efficiency. C, Good resolution 
because of column selectivity. (From Johnson EL, Stevenson R: 
Basic liquid chromatography, Palo Alto, Calif, Varian Associates, 1978.) 


it is improved through a change in (1) the column retention 
factor (k’), (2) column efficiency (N), or (3) column selec- 
tivity (a). The retention factor describes the distribution of 
solutes between stationary and mobile phases. Column effi- 
ciency accounts for the ease of physical interaction between 
solute molecules and column-packing material. Selectivity 
characterizes the specific chemical affinity between solute 
molecules and column packing. Thus by rearranging equa- 
tion (1) and expressing the parameters in terms of retention, 
efficiency, and selectivity, resolution also is expressed as: 


k VN .fa-—-1 
r = (z) 4 x( a ) (3) 


where K = retention or capacity factor (a thermodynamic 
term), N = number of theoretical plates (a kinetic term rep- 


resenting column efficiency), and œ = selectivity factor (a 
thermodynamic term). 

These factors are varied to affect the degree of resolution 
of a given separation. However, a practical approach to 
improve resolution is to adjust first the retention factor to 
an acceptable value and then improve the efficiency. Finally, 
if required, the selectivity is changed. 


RETENTION FACTOR (k’) 


“The retention factor is a measure of the time the sample 
component resides in the stationary phase relative to the 
time it resides in the mobile phase”? Mathematically, it is the 
ratio of the adjusted retention volume (v,) or retention time 
(t) to the void volume (vo) or hold-up time (t) (the time 
for unretained components to elute from the column). 
yt ave = Ve _ fr = to (4) 
Vo to 
The distribution of a solute between the stationary and 
mobile phases affects the rate at which it migrates through a 
column or bed. The resultant distribution constant (Kp) is 
defined as the ratio between the concentrations of the solute 
molecules in the stationary phase (C,) relative to those in the 
mobile phase (Cn): 
Cs 
me Cn ©) 
Substituting these concentrations with the numbers of mol- 
ecules (N, and N,,) per unit volume (V, and V,,) and rear- 
ranging terms, equation (9) becomes: 


The ratios N,/N,, and V,,/V, are defined as the retention 
factor, k’, and the phase ratio, B, respectively. The retention 
factor is also a measure of the time a solute molecule spends 
in the stationary phase relative to the time it spends in the 
mobile phase and thus is related to the retention time of the 
solute: 


É, — to 
fo 


kK = (7) 
where ¢, is the elution or retention time of retained solute, 
and f is the elution time of the unretained solutes. 

The magnitude of K is a function of the solute chemical 
and physical properties, the stationary and mobiles phases, 
and the column temperature. Also, solute retention is 
increased by increasing the amount of the stationary phase 
relative to that of the mobile phase. A large K is indicative 
of a slowly moving solute band, which improves the resolu- 
tion between it and those of other solutes but also results in 
its broadening. In practice, optimum values of k’ are between 
2 and 6, although values between 1 and 10 can be used. 

In some circumstances, when (1) 10 or more compounds 
in a sample are of interest, (2) analytes vary widely in their 
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chemical characteristics, or (3) isocratic conditions (constant 
mobile phase composition and column conditions) are 
employed, a range of K values may be required to achieve 
the desired separation or separations. When k’ values are 
high, an extremely long time is required for separation, and 
detection limits are compromised because of band spread- 
ing. This situation (high k’ values, long analysis time, and 
decreased detection limit) is known as the general elution 
problem. In practice, this problem is solved by changing peak 
retention as a function of time. In TLC, this is accomplished 
by two-dimensional development; in GC, by programmed 
changes in column temperature; and in LC, by altering 
the composition of the mobile phase as a function of time 
(gradient elution). 

The retention factor is also used to predict the position 
in time of a particular compound under the selected condi- 
tions of separation. For example, the k’ can be used to 
compare solute retention from one chromatographic system 
to another because—given the same mobile phase, station- 
ary phase, and stationary phase particle size—it will not 
differ with flow rate or column diameter and length. 

In planar chromatography, all separation activity must 
occur within the distance traveled by the mobile phase. In 
TLC, a solute’s migration is expressed by its R, value, which 
is calculated from the relation: 


_ distance from application point to solute center 


= 8 
f — distance from application point to solvent front (8) 
Therefore the greater the solute affinity for the stationary 
phase, the smaller the R, value. For comparison Ry and K are 
related as follows: 


1 


Ry = — 
TiK (9) 


EFFICIENCY (N) 


Ideally, as a solute moves through a bed or column of the 
stationary phase, it migrates as a very narrow band. In prac- 
tice, however, the band broadens as it passes through the 
column. This is primarily a result of (1) nonuniform flow of 
the mobile phase as it moves past the stationary phase par- 
ticles, (2) variability in the physical dimensions of the parti- 
cles, and (3) diffusion. Using column chromatography as an 
example, band spreading implies that if identical molecules 
start as a narrow band in a small volume at the top of the 
column, they will appear at the column outlet in a larger 
volume and broader band. Two of the major contributions 
to band spreading are eddy diffusion and mass transfer phe- 
nomena. Eddy diffusion results when solute molecules tra- 
verse different flow paths through the bed of the stationary 
phase. Some flow paths may be linear, and others are cir- 
cuitous. Further, the flow paths may be narrower or broader 
so that molecules in the broader paths travel faster than 
those in the narrower. Solute molecules distribute randomly 
into these paths, and those following the more direct and/or 
wider paths will emerge from the end of the column sooner 


than those in the more circuitous and/or narrower paths. 
Thus the solute band is broadened. 

Mass transfer processes are composed of (1) mobile 
phase mass transfer, (2) stagnant mobile phase mass trans- 
fer, and (3) stationary phase mass transfer. Mobile phase mass 
transfer is caused by the different mobile phase flow rates for 
different parts of a single flow path between two stationary 
phase particles. The mobile phase close to one of the parti- 
cles moves slowly, and the center of the flow stream (farthest 
from particles) moves fastest. Stagnant mobile phase mass 
transfer occurs when solute molecules become temporarily 
delayed in stagnant pools of mobile phase located in pores 
of the support particles. Here, the solute molecules must 
reenter the flowing mobile phase through diffusional move- 
ment. Stationary phase mass transfer occurs when solute 
molecules diffuse into and within the stationary phase. 
These molecules must be extricated from the particles and 
the stagnant pool by diffusional movement. Mass transfer 
processes are strongly dependent on the characteristics (e.g., 
particle size, pore size, and particle shape) of the column 
packing. 

Because the equilibria (thermodynamics) are identical for 
a given solute, band broadening is related to flow dynamics 
(kinetics). In chromatographic terminology, a bed or 
column of stationary phase that minimizes the broadening 
of solute bands is considered “efficient.” In column chro- 
matography, a very efficient column is characterized by the 
appearance of narrow peaks in the chromatogram (see 
Figure 6-8). Column efficiency is expressed as N, the number 
of “theoretical plates.” Mathematically, N is defined as: 


where V,(A) and s(A) are the retention volume and standard 
deviation of the peak volume for solute A (see Figure 6-6). 
The standard deviation of a graphical display, however, is dif- 
ficult to measure. A more easily measured quantity is used. 
to determine the number of theoretical plates. Tangents are 
drawn to the ascending and descending curves of the gauss- 
ian peak. The distance between the points where the tangents 
intersect the chromatographic baseline is four standard devi- 
ations. Alternatively the width of a gaussian peak at one half 
its height corresponds to 2.354 standard deviations, and 
therefore: 
Wi/2 (A) 

A) 354 a 
Substituting the latter relationship into equation (10), the 
number of theoretical plates is determined by measuring 
the width of a peak at half height, w,.(A), and using the 
relationship: S BA . 


V,(A) | 
Wif/2 (A) 


Efficiency is often expressed as the number of theoretical 
plates per unit length of column (N/L) or the reciprocal 


N =s] (12) 
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(L/N) of this relationship, which is called the plate height 
(H) or the height equivalent of a theoretical plate (HETP). 
Thus: 


H= (13) 


L 
N 
where L is the column length. These expressions correspond 
to “imaginary” physical entities widely used to characterize 
the relationship of band spreading to column characteristics 
in chromatographic systems. 

In theory a theoretical plate is equivalent to the length of 
a column necessary to allow one equilibration of the solute 
to occur between the stationary and the mobile phases. To 
increase the efficiency of a column, the number of theoreti- 
cal plates is increased. In practice, this can be accomplished 
by increasing the length of the column. It should be remem- 
bered, however, that, as shown in equation (3), resolution is 
proportional to the square root of column efficiency. There- 
fore doubling the column length would only result in a 40% 
increase in resolution. 

Other factors that affect efficiency are characteristics of 
the stationary support particles, mobile phase viscosity, 
column temperature, and noncolumn contributions. In 
general a decrease in (1) mobile phase flow rate, (2) average 
particle size of the stationary phase, (3) particle size distri- 
bution, and (4) volume of sample will increase efficiency. 
Increases in column length, temperature, and sample viscos- 
ity also increase efficiency. 

For GC the relationship between the plate height and flow 
velocity is given by the van Deemter equation: 


H=A+—=0y (14) 


where v is the flow velocity of the mobile phase, and A, B, 
and C are constants related to the mechanistic components 
of dispersion. Eddy diffusion, that is independent of flow 
velocity, contributes to the A term. The B term arises from 
diffusion of the analytes along the longitudinal axis of the 
column and is important only at low-flow velocities, The C 
term, includes contributions from radial diffusion in the 
mobile phase and diffusion in the stationary phase. Because 
basic differences in the rates of these processes exist in gases 
and liquids, the relationship for LC is given by the Knox 
equation: 


H = Av} + Z + Cy (15) 


For both GC and LC, the efficiency of a chromatographic 
system is optimal at intermediate flow velocities. Optimal 
performance is usually not obtained in practice because of 
the emphasis on separation speed, which requires the use of 
greater than optimal flow rates. Theoretical considerations 
of the thermodynamic and kinetic aspects of chromatogra- 
phy led to the development of HPLC and capillary GC, both 
of which possess the speed necessary for clinical analyses. 


The efficiency of any chromatographic system will be 
reduced if noncolumn contributions to band spreading are 
not properly minimized. For example, precolumn and post- 
column tubing, connectors, column fittings, and detector 
cell must all be of minimum volume. 


Selectivity (a) 

The selectivity factor (a) is a measure of the relative separa- 
tion between the band centers of two solutes. It is expressed 
as the ratio of the retention factors of the second eluting 
solute K'(B) and the first eluting solute k’(A) of the two 
solutes A and B: 


rae k(B) _ [t,(B)-to] 
kA)  [t-(A)—to] 


where t, (A) and t, (B) are the elution times of solutes A and 
B, respectively. By convention the solute with the larger K’ is 
placed in the numerator. Thus the value of œ is always 1 or 
greater. To develop a chromatographic separation, the 
chosen mechanism should afford a large œ value. After 
the separation mechanism has been chosen, alteration in the 
magnitude of o is achieved by changing the composition of 
the mobile phase (e.g., pH, ionic strength, and solvent polar- 
ity in LC and HPLC), the column temperature in GC and 
HPLC, the chemical and physical nature of the column 
packing or stationary phase, or chemical modification of the 
solute. When two solutes have identical values for k’, œ is 
equal to 1.0, and the solutes are not separated. It is techni- 
cally feasible, but difficult, to separate two compounds 
having a & of 1.01; however, it is reasonably easy to separate 
them if œ is 1.05 and easy to separate them if © is 1.10 or 
greater, 


(16) 


PLANAR CHROMATOGRAPHY 


Planar chromatography was developed in the 1950s. With 
it, solutes are separated on a planar surface of the stationary 
phase. Paper and TLC are subclassifications of planar chro- 
matography (see Figure 6-1). In paper chromatography, the 
stationary phase is a layer of water or a polar solvent coated 
onto the paper fibers. 

In TLC a thin layer of sorbent, such as silica gel (usually 
only 0.2mm thick), is spread uniformly on a glass plate, 
plastic sheet, or aluminum foil. Prepared plates are available 
commercially that are coated with a variety of sorbents (e.g., 
silica gel, microcellulose, alumina, or cross-linked dextran). 
The sample is added as a small spot or band near an edge of 
the plate. The plate then is placed in a closed glass container 
or tank with the lower edge in, and the sample band just 
above, the mobile phase (Figure 6-9). The mobile phase then 
migrates up the plate by capillary action. After the mobile 
phase travels a desired distance, the plate is removed from 
the tank and dried. Additional separation is achieved if the 
plate is developed in a second direction, In addition to this 
“ascending” technique, thin-layer plates also are developed 
in a radial mode. After the plate is dry, the separated com- 
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Figure 6-9 Illustration of TLC. The solvent moves up the 
thin layer of adsorbent by capillary action. TLC, Thin-layer 
chromatography. (Modified from Bennett TP: Graphic Biochemistry, 
vol I, Chemistry of biological molecules, New York: Macmillan, 1968.) 


ponents are located and identified by a variety of procedures, 
such as ultraviolet (UV) illumination (fluorescence), spray- 
ing with specific, color-generating reagents, or autoradi- 
ography. Provided the detection method is nondestructive, 
the appropriate sorbent region can be scraped from the 
plate and extracted to recover the solute for further study or 
analysis. 

Silica gel continues to be a widely used sorbent for TLC. 
Other sorbents include inorganic and organic sorbents, 
such as alumina (neutral and acidic), magnesium silicate, 
diatomaceous earth (kieselguhr), cellulose, polyamide, and 
ion-exchange resins."' In the 1990s, a range of alkyl-bonded 
silica TLC plates became commercially available including 
Cis, Ci» Cg, Cn aminopropyl, diphenyl, and cyanopropyl 
bonded plates.* Plates coated with a chiral complexing agent 
are also available and used for the separation of amino acid 
enantiomers and similar compounds. The bonded silica 
plates are used in reversed-phase TLC, which has proven 
useful for the chromatography of polar compounds. The use 
of small-diameter, stationary phase particles led to the devel- 
opment of HPTLC. The HPTLC separations are more effi- 
cient and reproducible because particles of small diameters 
are used. Inadequate wetting and solvent evaporation must 
be controlled carefully. Laser-coded TLC plates are available 
in which each plate is identified individually to prevent 
recording and archiving errors. 

In practice, the majority of TLC separations are qualita- 
tive or semiquantitative (visual comparison) in nature. 
However, modern computer-conttolled densitometers 
are now available that scan sample and calibrator chro- 
matograms in tracks on HPTLC plates and provide quanti- 
tative capabilities. Clinically relevant analytes that have 
been measured by TLC include amino acids, bile acids, 
carbohydrates, drugs, lipids, glycolipids, phospholipids, 
porphyrins, prostaglandins, steroid hormones, purines, 
pyrimidines, derivatives of nucleic acid, and urinary organic 
acids. The advantages of TLC include simplicity, rapidity, 
versatility, ability to process a large number of samples 


in minimal time, and low cost in terms of reagent and 
equipment." 


COLUMN CHROMATOGRAPHY 


In column chromatography, the stationary phase is coated 
onto or chemically bonded to support particles that are then 
“packed” into a tube, or the stationary phase is coated onto 
the inner surface of the tube. GC and LC are subclassifica- 
tions of column chromatography (see Figure 6-1). 


GAS CHROMATOGRAPHY 


GC was developed by James and Martin in 1952” to separate 
fatty acids. With it a gaseous mobile phase is used to pass a 
mixture of volatile solutes through a column containing the 
stationary phase. The mobile phase is typically an inert gas, 
such as nitrogen, helium, hydrogen, or argon, referred to as 
the carrier gas. Solute separation is based on the relative dif- 
ferences in the solutes’ vapor pressures and interactions with 
the stationary phase. Thus a more volatile solute elutes from 
the column before a less volatile one. In addition, a solute 
that selectively interacts with the stationary phase elutes 
from the column after one with a lesser degree of interac- 
tion. The column effluent carries separated solutes to the 
detector in the order of their elution, Solutes are identified 
qualitatively by their similar retention times. Peak size (area 
or height) is proportional to the amount of the solute 
detected and is used to quantify it. 

Gas-solid chromatography (GSC) and gas-liquid parti- 
tion chromatography (GLC) are variations of GC, In GSC 
separations occur primarily by differences in absorption at 
the solid phase surface. In GLC a nonvolatile liquid is coated 
or chemically bonded onto particles of column packing or 
directly onto the wall of a capillary column. Separation 
occurs primarily by differences in solute partitioning 
between the gaseous mobile phase and the liquid stationary 
phase. 


Instrumentation 


The components of a basic gas chromatograph are illustrated 
in Figure 6-10. 


Column Technology 


The function of the chromatographic column is to separate 
the solutes. The main types of columns are packed and cap- 
illary. Packed columns are filled with support particles that 
are used uncoated (GSC) or have been coated or chemically 
bonded with the stationary phase (GLC). They vary from 
1 to 4mm in internal diameter (ID), from 1m or more in 
length, and are fabricated from tubes of glass or stainless 
steel, Although narrow columns are more efficient, wider 
columns have increased sample capacities. Fast GC is a type 
of GC in which high-speed separations are achieved using 
short lengths of conventional columns. Longer columns are 
more efficient but require increased carrier gas pressures. 
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Capillary columns, also known as wall-coated open 
tubular columns, are fabricated by coating the inner wall of 
a fused-silica tube with a thin film of liquid phase. They vary 
from 0.1 to 0.5mm in ID and from 10 to 150m in length. 
The ultrapure fused silica capillary tubing is very fragile. To 
physically strengthen the tubing a thin outside coating of 
polyimide or aluminum is added; this improves column 
durability. These modified capillary columns have the struc- 
tural strength and flexibility necessary to withstand coiling 
and placement in ovens. Capillary columns are very efficient 
but have low sample capacities. 

In addition to the packed and capil columns, progress 
has been made in the development of micro GC columns 
on silicon chips. These microdevices have great potential 
for high-speed GC, a miniature GC, and eventually 
even a pocket GC? (see Chapter 10 for a discussion on 
nanotechnology). l 
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Figure 6-10 Schematic diagram of a gas or liquid 
chromatograph. GC, Gas chromatography; LC, liquid 
chromatography. 


Computer/ 
controller 

Integrator/ f 
recorder A 


A variety of compounds have been used as the stationary 
phase in GLC. These include methyl silicone polymers, 
substituted silicone polymers, and silicone polyesters 
(Table 6-1). These materials are coated or chemically bonded 
onto the surface of the support particles or onto the walls of 
the column. Although more expensive, bonded materials are 
preferable because of their stability. 


Carrier Gas Supply and Flow Control 


The function of the carrier gas supply and flow control is to 
provide carrier gas to the chromatographic column and to 
regulate its flow through the system. Operationally a con- 
stant flow of carrier gas is required for column efficiency and 
reproducible elution times. Systems that provide constant 
flow rates vary from simple mechanical devices to sophisti- 
cated electronic ones. For example, a simple system consist- 
ing of a tank of compressed gas, a needle valve to adjust flow, 
a flow meter, and a pressure gauge is sufficient for many 
applications. More demanding temperature-programmed 
operation (discussed later) requires a more sophisticated 
differential flow controller, such as an electronic pressure 
control system programmed to regulate the carrier gas flow 
rate and pressure during a chromatographic run. Such a con- 
troller is operated in either a constant-flow or a constant- 
pressure mode. In the constant-flow mode, the pressure 
required to maintain a constant flow independent of carrier 
gas viscosity is calculated. A pressure transducer then mea- 
sures and maintains the inlet pressure required for the 
constant flow. 

The magnitude of the carrier gas flow rate depends on the 
type of column. For example, packed columns require a flow 
rate from 10 to 60 mL/min. Flow rates for capillary columns 
are much lower (1 to 2mL/min), and the maintenance of a 
constant flow rate is even more critical for the efficient oper- 
ation of these columns. 

A number of gases are used as carrier gases, depending 
on the column and detector. Hydrogen and helium are the 
carrier gases of choice with capillary columns. Only high- 
purity hydrogen and helium should be used, however, 
because carrier-gas impurities (1) harm the column, (2) 
decrease the performance of some detectors, and (3) 
adversely affect quantification in trace analysis. For packed 
columns, the most frequently used carrier gas is nitrogen, 


TABLE 6-1 Stationary Phases Commonly Used in Gas Chromatography for Clinical Separ tions 
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which is used with flame ionization (FID), electron capture 
(ECD), or thermal conductivity (TCD) detectors. Helium is 
used with FIDs and TCDs, and nitrogen-argon-methane 
mixtures are used with the ECD. Carrier gases should be 
pure and dry, and the tubing used to connect the gas source 
to the GC should be uncontaminated. Molecular sieve beds 
and specialized inline traps have been used to remove or 
reduce the moisture, hydrocarbon, or oxygen content of the 
carrier gas.’ 


Injector 


The function of an injector is to introduce an aliquot of the 
sample to be analyzed into the column; this begins the chro- 
matographic process and has to be done with a minimal dis- 
ruption of the gas flow into the column. In most clinical GC 
methods, samples are dissolved in nonaqueous liquids intro- 
duced into the column via an inline injector. With packed 
columns, a glass microsyringe is used to inject a 1- to 10-yL 
aliquot of the dissolved sample through a septum, which 
serves as the interface between the injector and the chro- 
matographic system. In practice, the syringe needle is 
inserted through the injector septum and into a heating 
region, The volatile analytes and the solvent are then “flash- 
vaporized” and swept into the column by the carrier gas. To 
ensure rapid and complete solute volatilization, the temper- 
ature of the injector is maintained at 30° to 50 °C higher than 
the column temperature. 

Common problems with GC analysis include septum 
leaks and adsorption of components from the sample onto 
the septum during injection. In addition, because the 
septum is heated, decomposition products often form and 
“bleed” into the column. This results in spurious peaks, 
termed “ghost” peaks, appearing in the chromatogram. 
Septum bleed is greater at higher injection-port tempera- 
tures. To minimize this problem, a Teflon-coated, low-bleed 
septum is used. The inner surface of the septum is purged 
continuously with the carrier gas that is vented before 


Total 
flow * 
104 mL/min 


Detector (1 mL/min) 


it passes into the column. This approach is especially 
effective, and most commercial injectors are equipped with 
continuous-purge capabilities. The septum is a consumable 
component of the gas chromatograph and should be 
replaced at least once every 100 injections. 

Because of the low sample capacities and carrier-gas flow 
rates used with capillary columns, split and splitless injec- 
tion techniques are used to introduce samples into the 
columns. In the split mode (Figure 6-11), only a small 
portion of the vaporized sample enters the column, whereas 
in the splitless mode most of the sample enters the column 
(Figure 6-12). Operationally the split flow mode is used for 
samples that contain relatively high concentrations of the 
target analyte(s); the splitless mode is used for samples that 
contain relatively low levels of the target analyte(s). 

Temperature-programmable injection ports are available 
and are used in either the split or splitless mode. The sample 
is injected at a temperature slightly higher than the boiling 
point of the solvent. Most of the sample components con- 
dense on glass or fused silica wool in the injector insert, while 
the solvent is removed. The injector is then rapidly heated at 
rates of up to 100 °C/min. The rapid heating vaporizes the 
analytes, which then move into the column. Very rapid 
heating is advantageous in that thermally labile compounds 
are only exposed to high temperatures for a short time. Sep- 
aration of solvent removal and analyte vaporization allows 
injection of sample volumes up to hundreds of microliters. 
This obviously improves analyte detection when the sample 
matrix is not the limiting factor. 


Temperature Control 

Operationally, both packed and capillary columns require 
careful control of the column, injector, and detector tem- 
peratures. Control of the column temperature is achieved 
when the column is placed in an oven or when the column 
is heated directly by resistive heating.” Injector and detector 
temperatures usually are controlled by electrical resistance 


Septum purge (3 mL/min} 
AXE Split vent (100 mL/min) 


Column head 
Pressure reguiation 


Figure 6-11 Flow diagram of a GC inlet system for split injection. The head pressure and total 
flow are adjusted to achieve a desired flow rate in the column and a fractional split between the 


column and the split vent. GC, Gas chromatography. 
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Figure 6-12 Flow diagram of a GC inlet system for splitless injection. Initially the system has 
most of the flow through the injection liner, with the majority of it directed to the split vent 
(A). When an injection is made, flow is directed through the septum purge line, and all material 
in the injection liner is transferred into the column (B). After 50 to 80 seconds, the flow is 
again directed through the liner (A) to purge any material remaining in the liner through the 
split vent; meanwhile, a constant flow is maintained through the column. GC, Gas 


chromatography. 


heating. Depending on the application, the column temper- 
ature is maintained at either a constant preset level (isother- 
mal operation) during the chromatographic run or varied as 
a function of time (temperature-programmed or tempera- 
ture-gradient operation). 

In practice, temperature-programmed column heating is 
used for most clinical applications. With temperature pro- 
gramming, the solutes having the lower boiling points elute 
first, followed by those having higher boiling points. Conse- 
quently a complex mixture of solutes with a wide range of 
boiling points is separated into sharp, distinct chromato- 
graphic peaks in less time than with isothermal operation. 
The temperature is programmed and controlled by a com- 
puter and its resident software. 

In capillary gas chromatographs, the accurate and precise 
control of column and injector temperatures is required to 
obtain optimal performance and accurate results. Tempera- 
ture control of the column is especially important, particu- 
larly in qualitative applications in which the retention times 
or volumes of eluting peaks are compared with those of 
authentic standards for identification. A change of only 1 °C 
causes a 5% change in retention time. In addition, instabil- 


ity of the column temperature adversely affects retention 
time or volume comparability among instruments or with 
values in the literature. Temperature gradients in the oven 
and rapid temperature programming rates also causes vari- 
able analyte retention. 

The thermal stability of the stationary phase is also 
important. Because each stationary phase has a range of 
thermal stability, it is important to control column temper- 
ature within the specified range. For the nonpolar phases, the 
temperature limit is determined by the stability of the poly- 
imide coating. The introduction of aluminum clad columns 
notably broadens the useable temperature range. Oxidation 
at higher temperatures limits the operating temperature of 
intermediate to polar phases. 

Before any column is used, it must be “thermally condi- 
tioned” by heating the column at various temperatures for 
different lengths of time. This removes volatile contami- 
nants, including residual monomers, in the polymeric sta- 
tionary phase. In addition, thermal conditioning of used 
columns removes accumulated nonvolatile contaminants 
that cause unstable baselines. To condition a column ther- 
mally, it is disconnected from the detector and purged for at 
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TABLE 6-2 Examples of Detectors Used in Gas Chromatographs 
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NPD, Nitrogen-phosphorus detector. 


least 5 minutes with pure carrier gas. It is then heated to 
above 50 °C. The column temperature is then cycled through 
a normal temperature program three or four times. Alterna- 
tively the column can be maintained at the maximum oper- 
ating temperature for 12 to 24 hours. The thermal 
conditioning of columns at lower temperatures prolongs the 
life of the column, but longer conditioning times are 
required to achieve baseline stability. 


Detectors 


The purpose of an online detector is to sense and measure 
the separated analytes as they elute from the column. A 
variety of sensitive detectors are used with gas chro- 
matographs. These include universal units that detect most 
analytes and extremely selective devices that detect only spe- 


cific ones (Table 6-2). Examples include FID, thermionic 
selective (TSD), ECD, photoionization (PIDs), and TCD. 
Many other devices have been used as GC detectors, and it 
has become a common practice to place two or more detec- 
tors in a series to enhance analytical specificity and sensitiv- 
ity.’ Different types of mass spectrometers are also used as 
detectors for gas chromatographs (see Chapter 7). 

Flame lonization Detector. The FID is the most com- 
monly used detector for clinical analysis (Figure 6-13). Its 
advantages include simplicity, reliability, versatility, sensitiv- 
ity, and ease of operation. During operation the column 
effluent is mixed with hydrogen and air, and the eluting com- 
pounds are burned by a flame. About one molecule in 10,000 
produces an organic cation and releases an electron, which 
is detected by a collector electrode positioned above the 
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Figure 6-13 Schematic diagram of an FID equipped with 
make-up gas. FID, Flame ionization detector. (Modified from Hyver 
KJ: High resolution gas chromatography, 3rd edition, Palo Alto Calif: 
Hewlitt Packard, 1989.) 


flame. The magnitude of the generated current is related to 
the mass of carbon material delivered to the detector; after 
measurement, it is used for detection and quantification of 
the eluting solutes. 

Thermionic Selective Detector. The TSD, also known 
as the nitrogen-phosphorus detector (NPD), is a modification 
of the FID in which an alkali bead is heated electrically 
in the area above the jet. In the presence of alkali atoms in 
the flame, nitrogen-containing compounds give a 15 times 
greater, and phosphorus-containing compounds a 300 times 
greater, response, 

Electron Capture Detector. The operating principle of 
the ECD is based on the reaction between electronegative 
compounds and thermal electrons. The electrons are nor- 
mally provided from a radioactive source, such as “Ni or °H 
housed in the detector. A collector electrode is pulsed to 


collect “excess” electrons. This is called the standing current. 
If electronegative species are not present in the detector cell, 
the nitrogen or argon/methane (95/5) sweep gas removes 
most of the electrons from the cell. When a compound 
capable of capturing an electron passes through the cell, 
some electrons are removed, and a decrease in the standing 
current is observed. The use of nitrogen or argon/methane 
is important, because these gases reduce the energy of the 
electrons via collisions and thus improve the ability of the 
compounds to “capture” them. It is also important that the 
gasses be very pure and dry because oxygen and water foul 
the detector. In some detector designs, the collection pulse 
rate is varied to maintain a constant amount of current. 
Then the pulses are counted and used to determine the con- 
centration of electronegative species passing through the 
cell. The ECD is a concentration-dependent detector. The 
presence of electronegative constituents, such as fluorine, 
chlorine, bromine, and iodine, increases the ECD’s response. 
Because not all compounds contain these functional groups, 
derivatization with reagents containing polychlorinated or 
polyfluorinated ‘groups to increase detector response is a 
common practice. aa 

Photoionization Detector. The PID is a variant of the 
FID. With the PID, however, the energy for ionization is pro- 
vided by an intense UV lamp rather than by a flame. The 
PID has a lower limit of detection than the FID because it 
produces less baseline “noise.” 

Thermal Conductivity Detector, The TCD is based on 
the principle that addition of a compound to a gas alters the 
thermal conductance of the gas. It is used often with capil- 
lary GC. The operating principle of the ECD is based on the 
reaction between electronegative compounds, such as fluo- 
rine, chlorine, bromine, and iodine, and thermal electrons. 
Because not all compounds contain these functional groups, 
derivatization with reagents containing polychlorinated or 
polyfluorinated moieties is a common practice used with an 
ECD. , 

Different types of mass spectrometers are also used as 
detectors for gas chromatographs (see Chapter 7). 


Computer/Controller 


For many years, various digital devices provided both system 
control and data processing functions for chromatographs 
(Figure 6-14). The incorporation of computer technology 
into chromatographic instrumentation resulted in cost- 
effective, easy-to-operate automated systems with impressive 
analytical performance. As a process controller, the com- 
puter regulates various parameters, such as (1) mobile phase 
composition and flow rate, (2) column back pressure, (3) 
column and detector temperatures, (4) sample injection, 
detector selection and operation, and (5) the various timing 
steps that command the operation of the system. For data 
processing, the computer monitors signals generated by the 
systems detectors and commands the acquisition and 
storage of data at specified time intervals, The area, or height, 
of each chromatographic peak is determined from the stored 
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Figure 6-14 Functions of computers in gas and liquid 
chromatographs. 


data and used to compute the analyte concentration repre- 
sented by each peak. Available algorithms for this computa- 
tion include those based on calibration curves or conversion 
factors from internal or external calibration. If desired a 
complete report can be prepared and printed for each chro- 
matographic run. Alternatively, data are stored to be recalled. 
and reprocessed, with different integration parameters, 
when desired. 


Practical Considerations 


Several techniques affect the practical application of GC in 
the clinical laboratory, including those used to extract and 
derivatize samples for analysis. 


Sample Extraction 


For GC analysis, extraction of the analyte from the sample 
is often necessary. For example, to extract barbiturates from 
serum, the serum first is acidified to convert the barbitur- 
ates into a form soluble in an organic solvent, such as 
dichloromethane. A volume of this solvent then is shaken 
vigorously with the acidified serum. When the aqueous and 
organic layers separate, most of the barbiturates are present 
in the organic phase, and many interferences, such as pro- 
teins, remain in the aqueous phase. Solvent extraction is also 
frequently used to increase the concentration of an analyte 
before chromatographic analysis. 


Sample Derivatization 


Many clinically relevant compounds are nonvolatile, and 
therefore they are difficult to separate by GC. However, 
chemical modification or derivatization of such compounds 
increases their volatility for GC analysis. Chemical reactions 
used to form these nonpolar derivatives include acylation, 
silylation, esterification, and oximation. In addition to 
enhancing solute volatility, derivatization is also used to 
enhance the specificity and sensitivity of particular separa- 


tions. For example, the use of a chiral reagent to derivatize 
amphetamine improves specificity and allows the separation 
of the D- and L-isomers on a standard GC column. 
Enhanced ability to detect is also achieved via preparation of 
pentafluoropropyl! derivatives for use with the ECD. 


LIQUID CHROMATOGRAPHY 


In 1941 Martin and Synge™ developed partition chromatog- 
raphy (also known as liquid-liquid chromatography). They 
demonstrated that monoamino acids and monocarboxylic 
acids were separated more efficiently by a short column 
of water-coated silica gel than by any solvent extraction 
apparatus. 

In the late 1960s, emphasis was placed in developing LC 
as a complementary technique to GLC. In the early 1970s, 
the evolution and application of chromatographic theory, 
coupled with the technical improvements and advancements 
made in instrumentation and separation media, resulted in 
the development of HPLC and later capillary gas and liquid 
chromatography. 

Separation by LC is based on the distribution of the 
solutes between a liquid mobile phase and a stationary 
phase. When particles of small diameter are used as the 
stationary-phase support, the technique is HPLC. Because 
column efficiency is inversely related to the column packing 
particle size and pressure drop is related to the square of the 
particle diameter, relatively high pressures are required to 
pump liquids through efficient HPLC columns. Conse- 
quently the technique has also been referred to as high-pres- 
sure liquid chromatography. In the clinical laboratory, HPLC 
is the most widely used form of LC. It has been used for 
assaying or monitoring many clinically relevant analytes, 
including amino acids, peptides, proteins, carbohydrates, 
lipids, nucleic acids and related compounds, vitamins, 
hormones, metabolites, and drugs such as antiarrhythmics, 
antibiotics, antiepileptics, analgesics, bronchial smooth 
muscle relaxants, and tricyclic antidepressants. 


Instrumentation 


The basic components of a liquid chromatograph are shown 
in Figure 6-10. With these components, various types of 
HPLC systems are assembled. These range from single- 
pump, single-solvent units to versatile, automated systems. 


Column Technology 


Advances in column technology have improved the selectiv- 
ity, stability, and reproducibility of LC analytical columns. 
For example, analytical columns are packed with a variety of 
stationary phases, providing enormous versatility in the sep- 
aration process. This section describes (1) column dimen- 
sions, (2) particulate column packings, (3) monolithic 
column packings, and (4) the use of guard columns. 
Column Dimensions. Modern column technology has 
produced columns in different dimensions with the ten- 
dency toward smaller internal volumes prevailing for ana- 
lytical, especially hyphenated, techniques (see Chapter 7). 
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For use in the clinical laboratory, most analytical HPLC are 
fabricated from tubes made of 316 stainless steel that have 
IDs ranging from 0.3mm to 5mm and lengths from 50mm 
to 250mm (Table 6-3). Column end fittings, which have zero 
dead volume and frits to retain the support particles, are 
used to connect the column to the injector on the inlet end 
and the detector on the outlet end. Generally, lower detec- 
tion limits are achieved with columns having smaller IDs. 
These smaller ID columns are manufactured from narrow 
bore (approximately 2.1mm ID) and microbore (approxi- 
mately 1.0mm ID) tubes. In addition to providing improved 
efficiency, columns with smaller IDs use decreased volumes 
of mobile phase. For example, a 2-mm-ID column requires 
about fivefold less solvent than a 4.6-mm-ID column (see 
Table 6-3). 

Capillary columns used in LC are constructed by coating 
the inner wall of a fused-silica tube with a thin film of liquid 
phase. These columns vary from 0.1 to 0.5mm in ID and 
from 10 to 50cm in length. 

Particulate Column Packings. Particulate packings have 
particle diameters ranging from 1.8 to 10um. The packings 
provide efficient columns with acceptable operating back 
pressures. Since the back pressure is inversely proportional 
to the square of the particle diameter, very small mean par- 
ticle diameter packings require shorter columns to prevent 
prohibitive back pressures. These types of columns are useful 
with HPLC/mass spectrometry (HPLC/MS) techniques 
because of the low solvent volumes required to effect ade- 
quate separations. Irregularly shaped or spherical packings 
that provide lower back pressures are also available. 

Types of particulate packings include bonded, polymeric, 
chiral, and restricted access materials. 

Bonded Phase Packings. In this type of packing, the sta- 
tionary phase is bonded chemically to the surface of silica 
particles through a silica ester or silicone polymeric linkage. 
Bonded phase packings (1) are mechanically and chemically 
stable, (2) have long lifetimes, and (3) provide excellent 
chromatographic performance, Bonded phase packings are 
available for ion-exchange and both normal-phase and 
reversed-phase chromatography. In normal-phase HPLC, 
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the functional groups of the stationary phase are polar rela- 
tive to those of the mobile phase, which usually consists of 
nonpolar solvents, such as hexane. Examples of polar func- 
tional groups for normal-phase HPLC packings are silanol, 
amino, and nitrile groups. Reversed-phase HPLC requires a 
nonpolar stationary phase. The most popular reversed-phase 
packing is the C18 type, in which octadecylsilane molecules 
are bonded to silica particles. A column with octadecyl 
packing is often called an ODS column (ODS, octadecyl 
silica). Reversed-phase column retention and selectivity 
characteristics are altered via attachment of other groups, 
such as octyl, phenyl, or cyanopropyl, to the silica. 

Polymeric Packings. Graphitized carbon or mixed 
copolymers are used as polymeric packing (e.g., polystyrene- 
divinylbenzene) or further derivatized with ion-exchange or 
C4, C8, or C18 functional groups. Columns filled with these 
packings feature levels of performance comparable to those 
of silica-based columns and are stable from pH 2 to 13. 

Chiral Packings. Chiral packings are used to separate 
enantiomers, which are mirror-image forms of the same 
compound. In the clinical laboratory this type of packing is 
used to separate and quantify drug enantiomers. 

Restricted Access Packings. With this type of packing, the 
outer surfaces of the support particles are protected by a 
hydrophilic network. Smaller solutes, such as drugs, pass 
through the network into the pores, which are coated with 
hydrophobic stationary phase. Large protein molecules are 
denied access to the inner core and pass through the column. 
Columns filled with restricted access packing allow the direct 
injection of biological samples with high protein concentra- 
tions, which bypasses sample preparation and improves ana- 
lytical accuracy. 

In addition to the packings described above, particulate 
packings (1) with both reversed phase and normal-phase 
characteristics, (2) compatible with high temperatures (up 
to 100 °C), or (3) having large pore sizes (e.g., 300A) are 
available commercially. . 

Monolithic Particulate Column Packings. In recent 
years, monolithic column packings have Deen introduced 
that have some advantages over the classical particulate 
packings. Monolithic column packings with silica-based or 
polymer-based monolithic rods have bimodal pore struc- 
tures with large pores (approximately 2-um diameter), 
which create high pore density, and smaller ones (approxi- 
mately 13-nm diameter), which create a large internal 
surface area. The high surface area provides good separation, 
and the high porosity minimizes flow back pressure that 
allows high flow rates. Thus analysis time is greatly reduced. 
Further, existing silica-based and polymer-based particle 
separations are transferred with minimal investment in 
method development. Also, the lower back pressure appears 
to provide highly reproducible column characteristics 
because many of the factors that degrade particulate 
columns are eliminated (e.g., packing down and channel- 
ing). The monolithic rods are encased in inert polytetraflu- 
oroethylene (PTFE) tubing and housed in stainless steel 
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tubes. The inert tubing eliminates void volumes at the stain- 
less steel tube monolithic rod interface, thus improving res- 
olution. Two additional advantages of these columns are that 
they can be used with mobile phase flow gradients (e.g., 
increasing flow rate at the end of a separation), and several 
columns can be coupled in a series to improve resolution 
with little increase in flow back pressure. Also, capillary 
monolithic columns are available. 

Guard Columns. To prevent an analytical column from 
irreversibly adsorbing proteins, with a subsequent reduction 
in both resolution and column life, a guard column is placed 
between the injector and analytical column. A guard column 
is packed with the same or similar stationary phase as the 
analytical column. It collects particulate matter and any 
strongly retained components from the sample and thus 
conserves the life of the analytical column. After a predeter- 
mined number of separations, a guard column is routinely 
replaced. 


Solvent Reservoir 


Solvents used as the mobile phase are contained in solvent 
reservoirs. In their simplest forms, the reservoirs are glass 
bottles or flasks into which “feed lines” to the pump are 
inserted. To remove particles from solvents, inline filters are 
placed on the inlets of the feed lines. Sophisticated mobile 
phase handling systems available commercially contain 
specially designed bottles with internal, conically shaped 
bottoms that allow small solvent volumes to be used. These 
handling systems also feature three or four valve caps that 
permit the filtration, storage, and delivery of solvents, and a 
stopcock for vacuum degassing. 


Pump 


Both constant pressure and constant displacement pumps 
are used in liquid chromatographs. Constant displacement 
pumps, however, are used more widely. During its operation 
the constant displacement pump withdraws (aspirates) the 
mobile phase from the solvent reservoir and delivers a 


Figure 6-15 Cross-sectional view of a dual-piston 
reciprocating pump. (From Walker JQ, Jackson MT Jr, 
Maynard JB: Chromatographic systems: Maintenance and 
troubleshooting, 2nd edition, New York: Academic Press, 
1977} 
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reproducibly constant flow of it through the chromato- 
graphic system. Several different types of pumps are used for 
this purpose, including the syringe pump single-piston, 
rapid-refill reciprocating pump; diaphragm pump; and the 
most widely used dual-piston reciprocating pump. 

A dual-piston reciprocating pump uses an asymmetrical 
cam to drive two pistons into and from two pumping cham- 
bers (Figure 6-15). The reciprocating action of the pump, 
however, creates “pump pulsations” that result from changes 
in the flow rate. The changes affect the output signals of 
some detectors, thereby increasing baseline noise that influ- 
ences the detection limit of the system. Thus most recipro- 
cating pumps use mechanical or electronic pulse dampers 
and/or multiple heads that operate out of phase to deliver a 
mobile phase continuously. Another technique uses a signif- 
icantly more rapid refill stroke than delivery stroke. Recip- 
rocating pumps operate at up to 10,000 psi and generate flow 
rates from 0.01 mL/min to 20 mL/min or greater, depending 
on pump head size and configuration. 

The HPLC pump is operated in either an isocratic or gra- 
dient mode (Figure 6-16). In the isocratic mode, the mobile 
phase composition remains constant throughout the chro- 
matographic run. This mode is usually used for simpler sep- 
arations and separations of those compounds with similar 
structures and/or retention times. An isocratic mobile phase 
is a single solvent (e.g., methanol) or a prepared mixture 
of several solvents (e.g., methanol, acetonitrile, and water) 
delivered from a single solvent reservoir. Alternatively a 
multisolvent mobile phase can be metered and proportioned 
from two or more reservoirs. Most HPLC separations are 
performed under isocratic conditions. 

Gradient elution is used for more complex separations.’ 
In this mode, mobile phase composition is changed during 
the run in either a stepwise or continuous fashion. Many dif- 
ferent techniques are used to generate gradient profiles. 
In one technique, two or more pumps are used in parallel. 
A variety of gradient profiles are generated through pro- 
gramming of the output of each pump. Alternatively the 
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mobile phase is proportioned on the inlet side of a single 
pump. For example, up to four solvent reservoirs may be 
connected via proportioning valves to the inlet check valve 
of a single pump. The composition of the mobile phase is 
then varied through programming of the time during which 
solvent is delivered through each of the proportioning 
valves. 


Injector 

To initiate an LC separation, an aliquot of sample (e.g., 0.2 
to 50L) is first introduced into the column via an injector. 
The most widely used type of injector is the fixed-loop injec- 
tor (Figure 6-17). In the fill position, an aliquot of sample is 


isocratic 


Concentration mobile phase 


Time 
Figure 6-16 Examples of isocratic and gradient elution in LC. 
LC, Liquid chromatography. 
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introduced at atmospheric pressure into a stainless steel 
loop. In the inject mode, the sample loop is rotated into the 
flowing stream of the mobile phase, and the sample is swept 
into the chromatographic column. These injectors are 
precise, function at high pressures, and can be programmed 
for use in automated systems. 

Digitally controlled autosamplers that incorporate a loop 
injector are available commercially. These sophisticated 
devices are extremely precise and can be programmed for 
continuous and automated operation. In addition, the 
sample loop is flushed automatically with the mobile phase 
between samples to prevent sample carry over. The ability to 
inject multiple aliquots from a single sample vial or to add 
reagents from designated vials to derivatize the analyte 
just before injection are additional features of many 
autosamplers. 


Detectors 


Many detectors have been developed for use with liquid 
chromatographs (Table 6-4). Examples include photometric, 
spectrophotometric, fluorometric, and electrochemical 
detectors. A key and integral component of such detectors is 
the flow cell (Figure 6-18), through which passes the eluate 
from the chromatographic column. Dissolved analytes are 
then detected and an electronic signal generated. (Mass spec- 
trometers, which also have been used as LC detectors, are dis- 
cussed in Chapter 7.) 

Photometers and Spectrophotometers. UV and 
visible photometers measure the radiant energy absorbed by 
compounds as they elute from the chromatographic column 
(see Chapter 3). These detectors operate in the radiant 
energy regions of 190 to 400nm and 400 to 700nm, respec- 
tively. The devices are versatile and detect many solutes 
because most organic compounds absorb in the UV region, 
with a few in the visible region of the electromagnetic 
spectrum. 

Photometers operate as either fixed-wavelength or 
variable-wavelength detectors. Most fixed-wavelength UV 


Figure 6-17 Cross-sectional view of a 
commonly used sample loop injector. 
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photometers use the intense 254-nm resonance line pro- 
duced by a mercury arc lamp. This type of detector is 
extremely sensitive and operates at 0.005 absorbance units 
full scale (AUFS). To provide the fixed-wavelength detectors 
with greater flexibility, other less intense resonance lines of 
the mercury lamp are used. Alternatively a phosphor is 
placed between the lamp and the flow cell, and the emitted 
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Figure 6-18 Optical schematic of a simple photometer and 
flow cell. UV, Ultraviolet. 


fluorescence resulting from the 254-nm excitation is used as 
the light source. This latter approach is used in the dual- 
wavelength photometers that operate at two fixed wave- 
lengths (e.g., 254nm and 280nm). The intense 214-nm or 
229-nm resonance lines of a zinc or cadmium arc lamp, 
respectively, also are used for detection at lower wavelengths, 
where more compounds absorb. 

The second type of photometer is the variable-wavelength 
detector. It operates at a wavelength selected from a given 
wavelength range. Thus the detector is “tuned” to operate at 
the absorbance maximum for a given analyte or set of ana- 
lytes, which enhances greatly the applicability and selectivity 
of the detector (see Fig. 6-2). Another advantage of this 
detector is its ability to operate at lower wavelengths (e.g., 
190nm). Because more compounds (e.g, cholesterol) 
absorb at lower wavelengths, this capability enhances the 
versatility of the detector. At lower wavelengths, however, 
many solvents absorb UV light and cannot be used as mobile 
phases. Fortunately, acetonitrile and methanol, two widely 
used solvents in reversed-phase chromatography, have 
minimum UV absorptions at 200nm. 

In addition, diode arrays are used as HPLC detectors 
because they rapidly yield spectral data over the entire wave- 
length range of 190 to 600nm in about 10 milliseconds. 
During operation the diode array detector passes polychro- 
matic light through the detector flow cell. The transmitted 
light is dispersed by a diffraction grating and then directed 
to a photodiode array, where the intensity of light at multi- 
ple wavelengths in the spectrum is measured. Such detectors 
have been helpful in the identification of drugs in urine and 
serum, 

Fluorometers. As discussed in Chapter 3, fluorescence 
occurs when a molecule absorbs light at one wavelength and 
reemits light at a longer wavelength. Online fluorometers 
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are used in liquid chromatographs to detect fluorescing 
compounds as they elute from the column. In addition, 
either a precolumn or postcolumn reactor can be used to 
chemically tag a compound with a fluorescent label for sub- 
sequent detection. For example, amino acids or other 
primary amines often are labeled with either a dansyl or 
fluorescamine tag and followed by HPLC separation and 
fluorometric detection. Most fluotometers used with 
liquid chromatographs are relatively simple in design and 
extremely selective and sensitive for compounds fluorescing 
within the detector’s operating wavelength range. Deuterium 
or xenon arc lamps or lasers have been used as light sources 
in such detectors. 

Electrochemical Detectors. In amperometric electro- 
chemical detectors {see Chapter 4), an electroactive analyte 
enters the flow cell, where it is either oxidized or reduced at 
an electrode surface under a constant potential. Electroac- 
tive compounds of clinical interest conveniently analyzed by 
HPLC with electrochemical detection include the urinary 
catecholamines (see Chapter 29). In addition, electrochemi- 
cally active tags (e.g., bromine) are added to compounds 
such as unsaturated fatty acids or prostaglandins. 

Coulometric detectors are also used. When placed in a 
series, such detectors are used to detect and quantify co- 
eluting compounds that differ in their half-wave potentials 
(the potential at half-signal maximum) by at least 60mV. 
These detectors are extremely selective and sensitive, with 
reasonably wide linear response ranges. They are used in the 
clinical laboratory for the analysis of metanephrines, vanil- 
lymandelic acid, homovanillic acid, and 5-hydroxyindole 
acetic acid in human urine without extensive sample 
preparation. 


Computer 


As with gas chromatographs, the incorporation of computer 
technology into HPLC instrumentation has resulted in cost- 
effective, easy-to-operate automated systems with improved 
analytical performances (see Figure 6-14). In these systems, a 
computer provides both system control and data processing 
functions. For details the reader should consult the previous 
discussion on the use of computers in gas chromatographs. 


Practical Considerations 

Several techniques affect the practical application of HPLC 
in the clinical laboratory, including those used to prepare 
samples and mobile phases. 


Sample Preparation 


Sample preparation is an important step in chromatographic 
analysis by HPLC and includes procedures for sample con- 
centration, purification, and derivatization. 

Sample Concentration and/or Purification. Concen- 
trating or purifying an analyte in a sample is often necessary 
before separation and quantification by HPLC. Several liquid 
extraction and solid phase extraction (SPE) techniques are 
used for this purpose. The latter has become very popular 


because solid phase extraction cartridges or 96-well plate 
SPE formats greatly simplify sample preparation. The car- 
tridges are usually l- or 3-mL syringe barrels made of 
polypropylene that contain a stationary phase. The plate 
format uses smaller quantities of the stationary phase and 
requires smaller elution volumes. Both the cartridge and 
plate formats are available with disk designs that have small 
stationary phase-impregnated disks for use with small 
sample and elution volumes. Silica-based or polymeric 
normal-phase, reversed-phase, or ion-exchange (anion, 
cation, or mixed) stationary phases are available. Monolithic 
packings are also available. As an aliquot of urine or serum 
passes through the stationary phase, it retains the analytes. 
The column is then rinsed with solutions of different pH 
values or solvent compositions to selectively elute interfer- 
ing substances. The analytes are then eluted with a different 
mobile phase. Alternatively, analytes are eluted directly, with 
unwanted solutes being retained on the cartridge. This 
approach is popular in the preparation of samples for ther- 
apeutic drug monitoring, drugs of abuse testing, and cate- 
cholamine analysis. Product manufacturers usually have a 
compilation of methods and protocols for specific analytes, 
including those of clinical interest. 

Devices are now available for automated online extrac- 
tion and sample preparation. These consist mainly of robotic 
arms and mechanisms for highly accurate and precise deliv- 
ery of solvent volumes. Depending on the instrument, 
samples may be prepared and analyzed individually or in 
batches. 

Sample Derivatization. For HPLC analyses, many ana- 
lytes are chemically derivatized before or after chromato- 
graphic separation to increase their ability to be detected. For 
example, in automated amino acid analyzers, eluted amino 
acids are reacted with ninhydrin in a postcolumn reactor 
(see Chapter 20). The resulting chromogenic species are then 
detected with a photometer. Other examples include label- 
ing amino acids or other primary amines with dansyl or 
fluorescamine tags either before or after the chromato- 
graphic step. 

Preparation of Mobile Phase. In preparing the mobile 
phase, dissolved gases in the solvent must be removed or 
suppressed. The solvent must also be free of particulate 
matter. When the mobile phase is composed of two or more 
solvents, the solvents must be adequately mixed. 

Solvent Degassing. A common problem in LC is the evo- 
lution of dissolved gas bubbles that evolve as the mobile 
phase passes from the high-pressure (column) side to the 
ambient-pressure (postcolumn) side of the chromato- 
graphic system. These bubbles must be removed or sup- 
pressed because they create an unstable electronic signal 
(noisy baseline) when they pass through a detector. Opera- 
tionally, vacuum degassing, helium purging, postdetector 
back pressure, or vacuum membrane degassing are tech- 
niques used to prevent this problem. 

With vacuum degassing, the mobile phase is stirred in a 
side-armed flask or mobile phase handling system under 
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reduced pressure. Nonpolar mobile phases require less than 
1 minute to degas, but polar mobile phases require several 
minutes. Prolonged degassing under vacuum should be 
avoided, however, because it alters the mobile phase compo- 
sition, especially when volatile solvents are used. 

Another degassing technique, helium “sparging,” requires 
a constant, gentle stream of helium bubbled through the 
solvents in the solvent reservoirs. The relatively insoluble 
helium extracts the dissolved gases, which then are vented 
into the atmosphere. Helium degassing is particularly useful 
with fluorescence detectors because it efficiently removes 
oxygen that quenches the fluorescence signal. Helium is 
expensive, however, and is best used with low-vapor-pres- 
sure solvents. Nonpolar solvents over time will be removed. 
from the mobile phase mixture by the helium. Placing a 
drying agent in the helium line (between the helium tank 
and solvent reservoir) is helpful because it removes any 
water in the gas. Also, a back-pressure valve can be attached 
to the outlet of the system’s detector, forcing gasses to remain 
in the solution until they have passed through the detector 
cell. 

Vacuum membrane degassing uses PTFE tubing that is 
several meters long. As the tubing is permeable to gasses, 
solvents passing through the tubing are degassed when an 
external vacuum is applied. The efficiency of degassing is 
dependent on tubing length and solvent flow rate. Degassing 
can also be accomplished using Teflon AF tubing, which 
possesses excellent gas permeability characteristics. Thus 
degassing chamber internal volumes can be reduced to about 
500uL. In addition, gas-impermeable tubing can be used 
after the degassing to keep the solvent free of gasses. Vacuum 
membrane degassing systems can be purchased separately or 
as an integral part of an HPLC system. This economical form 
of degassing is satisfactory for most analytical procedures. 
Other degassing methods include mild heating and ultra- 
sonic vibration of the mobile phase. 

Solvent Clarity. Mobile phases should be prepared from 
HPLC-grade solvents free of particulate matter. Most 
commercial HPLC solvents are prefiltered. If they are not, 
however, they should be filtered through a 0.5-um screen. 

Solvent Mixing. During gradient operation, the HPLC 
solvents that comprise the mobile phase must be mixed ade- 
quately, most commonly with either a static or dynamic 
mixer. Static mixers rely on laminar-flow dynamics, whereas 
dynamic mixers use magnetic stirrers. Solvent viscosity 
affects mixing characteristics; inadequate mixing is detected 
by many UV detectors and may be expressed as an unstable 
baseline. 


Safety 

Normal laboratory precautions must be exercised during 
HPLC operation. The column effluent should be collected in 
a suitable container and stored appropriately before disposal. 
The explosive release of pressure in an HPLC system is not 
a major hazard; liquids compress only slightly and therefore 
accumulate little energy. 


QUALITATIVE AND QUANTITATIVE ANALYSES _ 


Chromatography is basically a separation technique. 
However it can be used for both qualitative [identifying the 
analyte(s) of interest] and quantitative analyses, 


ANALYTE IDENTIFICATION 


The retention time or volume at which an unknown solute 
elutes from a column or the distance traveled on a plate is 
often matched to that of a reference compound. The appear- 
ance of a solute peak, band, or spot at the same time as 
that of a reference compound is consistent with the two 
compounds being the same. The simultaneous appearance 
does not prove identity, however, because other compounds 
can have the same retention time as the reference compound. 

In planar chromatography, reference compounds are 
chromatographed with the unknown sample. Tentative iden- 
tification is made by comparison of the migration distances 
and detection characteristics of the reference compounds 
with those of the unknown analytes. If the Rẹ of the 
unknown analyte and the Rẹ of the reference compound 
do not match, the compounds are judged to be different. If 
they match, the compounds are presumed to be identical. 
However, as more than one compound can have the same R; 
in a particular chromatographic system, the presumptive 
identification has to be confirmed by the use of specific spray 
reagents, antibody complexation, or isolation of the com- 
pound followed by chemical and/or instrumental analysis. 
Software is now available for compound identification by 
library searching of UV spectra based on corrected Ry 
values.” 

With capillary GC and LC columns, it is possible to simul- 
taneously introduce the components of a single injection 
into two columns made of dissimilar stationary phases. Fhe 
columns are connected to separate detectors of the same or 
a different type. Matching the retention properties of a single 
analyte with a reference compound on two columns of dis- 
similar phases enhances the chance for correct identification 
of the analyte. The most reliable analyte identification, 
however, is provided by a detector that features structural 
information, such as a mass spectrometer (see Chapter 7). 


ANALYTE QUANTIFICATION 

The electronic signals from the detector(s) are also used to 
produce quantitative information. Both external and inter- 
nal calibrating techniques have been used. With external cali- 
bration, reference solutions containing known quantities of 
analytes are processed in a manner identical to the samples 
containing the analyte (Figure 6-19). A calibration curve of 
peak height, peak area, or spot density versus calibrator 
concentration is constructed and used to calculate the con- 
centration of the analyte in the samples. With internal cali- 
bration, also called internal standardization, reference 
solutions of known analyte concentrations are prepared, and 
a constant amount of a different compound, the internal 
standard, is added to each reference solution and each 
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Figure 6-19 The use of external calibrators in the production 
of a calibration plot. (From Krull |, Swartz M: Quantitation in 
method validation. LC-GC 1998; 16:1084-90,) 
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Figure 6-20 The use of internal calibrators in the production 
of a calibration plot (peak } being the internal standard}. (From 
Krull 1, Swartz M: Quantitation in method validation. LC-GC 1998; 
16:1084.90,) 


sample (Figure 6-20). By plotting the ratio of the peak height 
{or area) or spot density of the analyte to the peak height 
{or area) or spot density of the internal standard versus the 
concentration of the analyte, a calibration curve-that cor- 
rects for systematic losses is constructed, This curve is then 
used to compute the analyte concentration in the samples 
by interpolation. 
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CHAPTER 


Mass Spectrometry* 


Thomas Annesley, Ph.D., Alan L. Rockwood, Ph.D., 
and Nicholas E. Sherman, Ph.D. 


ass spectrometry (MS) is a powerful qualitative 
| \ / and quantitative analytical technique that is used 
to measure a wide range of clinically relevant 
analytes. When MS is coupled with either gas or liquid 
chromatographs, the resultant analyzers have expanded 
analytical capabilities with widespread clinical applications. 
In addition, because of its ability to identify and quantify 
proteins, MS is a key analytical tool that is used in the emerg- 
ing field of proteomics. 
We begin this chapter with a discussion of the basic con- 
cepts and definitions of MS followed by discussions of MS 
instrumentation and clinical applications. 


BASIC CONCEPTS AND DEFINITIONS 


MS is the branch of science dealing with all aspects of mass 
spectrometers and the results obtained with them. A mass 
spectrometer is an analytical instrument that first ionizes a 
target molecule and then separates and measures the mass 
of a molecule or its fragments. Mass analysis is the process 
by which a mixture of ionic species is identified according 
to the mass-to-charge (m/z) ratios (ions). The analysis is 
qualitative, quantitative, and extremely useful for deter- 
mining the elemental composition and structure of both 
inorganic and organic compounds. 

All MS techniques require an ionization step in which an 
ion is produced from a neutral atom or molecule. In fact 
development of versatile ionization techniques has led to MS 
being the excellent analytical tool it is today. In 2002 the 
Nobel prize was shared by John Fenn and Koichi Tanaka for 
their development of electrospray” and laser desorp- 


tion®®® ionization, respectively. 


*The authors gratefully acknowledge the original contributions 
by Larry D. Bowers on which portions of this chapter are based. 
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Chemical, electron field desorption, laser desorption, 
photon, plasma desorption, spark, and thermal ionization are 
all used as primary ionization processes. Secondary ioniza- 
tion is the term used to describe a process in which ions are 
ejected from a surface as a result of bombardment by a 
primary beam of atoms or ions. If low energy or “soft” ion- 
ization techniques are used, the mass of the target molecule 
can be determined. Advances in soft ionization techniques 
have extended the use of MS to the direct measurement of 
peptide and protein mass.*” Ionization at higher energy 
results in more extensive fragmentation of target molecules. 

A mass spectrum is represented by the relative abundance 
of each ion plotted as a function of its mass-to-charge (m/z) 
ratio (Figure 7-1). Usually, each ion has a single charge (z = 
1); thus the m/z ratio is equal to the mass. The unfragmented 
ion of the original molecule is called the molecular ion. The 
ion with the highest abundance in the mass spectrum is 
assigned a relative value of 100% and is called the base peak. 
By using the relative abundance of each ion fragment, instru- 
ment-dependent variability is minimized, and the mass 
spectrum can be compared to spectra obtained on other 
instruments. Since the fragmentation at specific bonds can 
be predicted from their chemical nature, the structure of an 
analyte can be reconstructed from its mass spectrum. Com- 
puter-based libraries of spectra are available to assist in iden- 
tification of the analyte(s). 

When interfaced to a liquid or a gas chromatograph, the 
mass spectrometer functions as a powerful detector, pro- 
viding structural information in real time on individual 
analytes as they elute from a chromatography column. 
Depending on the operating characteristics of the mass spec- 
trometer and the analyte peak width, several mass spectral 
scans can be acquired across the peak. The sum of all ions 
produced is displayed as a function of time to yield a total 
ion chromatogram. The mass spectrometer is considered to 
be a “universal detector” because all compounds have mass 
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Figure 7-1 Mass spectrum of the pentafluoropropionyl 
(A) and carbethoxyhexafluorobutyryl (B) derivatives of d- 
methamphetamine. 
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and can, in theory, be detected. The data system can also be 
programmed to display only preselected ions acquired 
during the mass spectral scan. The resultant display is called 
an extracted ion profile. Both of these displays have the 
appearance of a chromatogram with signal intensity plotted 
as a function of time. Retention times can be measured and 
peak heights or peak areas can be integrated for use in quan- 
titative analysis. 

When only a few analytes are of interest for quantitative 
analysis and their mass spectrum is known, the mass 
spectrometer can be programmed to monitor only those 
ions of interest. This selective detection technique is known 
as selected ion monitoring (SIM). Because SIM focuses on a 
limited number of ions, more signal can be collected for each 
selected mass. This increases the signal-to-noise ratio of the 
analyte and improves the lower limit of detection. In general, 
however, an unknown is considered identified if the relative 
abundances of three or four ions agree within +20% of those 
from a reference compound. 

A distinct advantage of the mass spectrometer is that it 
can simultaneously differentiate and quantify a compound 
with a normal abundance of isotope from an analog 
enriched with a stable isotope (e.g., 7H relative to `H, ?C rel- 
ative to C, N relative to “N, or 80 relative to 0). A com- 
pound labeled with a stable isotope is used as an internal 
standard because it behaves nearly identically to the native 
compound during sample preparation and chromatographic 
analysis. The internal standard must have a sufficient 
amount of heavy isotope so that no naturally occurring °H 
or °C contributes significantly to the ion current. For the 
methamphetamine derivatives shown in Figure 7-2, an inter- 
nal standard with at least three °H or °C atoms is preferred, 
because at this point the natural abundance of these isotopes 
is ~0.1% at 3 mass units above the molecular ion [(M + 3)*]. 
The placement of the stable isotope atoms in the structure 
is also important. For example, the m/z 204 ion for metham- 


Figure 7-2 Fragmentation patterns for the 
pentafluoropropionyl (A) and carbethoxy- 
hexafluorobutyryl (B) derivatives of 
methamphetamine (R = CH) and amphetamine (R = 
H; masses in parentheses). Compare the predicted 
masses with the spectrum shown in Figure 7-1. Note 
that for the pentafluoropropiony! derivative, only one 
ion (204, 190 m/z) is characteristic of the aliphatic 
portion of the molecule. 


Chapter 7 Mass Spectrometry 167 


phetamine represents the aliphatic portion of the molecule 
(loss of the aromatic ring). If five deuterium atoms were 
present on the aromatic ring of methamphetamine, the 
pentafluoropropionyl derivatives of both native and isotope- 
labeled drug would yield the m/z 204 ion. Similarly the stable 
isotope must be located so that it will not exchange with 
solvent molecules. In general, monitoring ions with higher 
mass results in lower limits of detection because there are 
fewer background ions, The ability to quantify a compound 
relative to an isotopic species of known or fixed concentra- 
tion is known as isotope dilution analysis, and the specific 
mass spectrometric technique is known as isotope dilution 
mass spectrometry (IDMS). The IDMS technique has been 
used to develop definitive methods for a number of clinically 
relevant analytes. 


INSTRUMENTATION 


A mass spectrometer consists of an ion source, vacuum 
system, mass analyzer, detector, and computer (Figure 7-3). 


ION SOURCE 


Many approaches have been used to form ions, both in 
high-vacuum and near-atmospheric pressure conditions. 
Electron ionization (EI) and chemical ionization (CI) are 
ionization techniques used when gas phase molecules can 
be introduced directly into the analyzer from a gas chro- 
matograph. In other analyses, such as high-performance 
liquid chromatography-mass spectrometry (HPLC-MS), 
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Figure 7-3 Block diagram of the components of a 
chromatograph-mass spectrometer system. The mass analyzer 
and detector are always under vacuum. The fon source may be 
under vacuum or under near-atmospheric pressure conditions, 
depending on the ionization mode. The computer system is an 
integral part of data acquisition and output. 


electrospray ionization (ESI), sonic spray ionization (SSI), 
atmospheric pressure chemical ionization (APCI), and 
atmospheric pressure photoionization (APPI) interfaces are 
used as ionization sources. “45 Other ionization tech- 
niques include inductively coupled plasma (ICP), matrix- 
assisted laser desorption ionization (MALDI), atmospheric 
pressure matrix-assisted laser desorption (AP-MALDI), and 
fast atom bombardment (FAB). 


Electron Ionization 


In the EI gas phase molecules are bombarded by electrons 
emitted from a heated filament and attracted to a collector 
electrode (Figure 7-4). This process must occur in a vacuum 
to prevent filament oxidation. A potential difference of 70eV 
generates electrons with sufficient energy that a near colli- 
sion with most organic molecules produces a radical cation 
for EI that is both an ion and a radical.* This radical ion 
then undergos unimolecular rearrangement to produce a 
cation and a radical: 


ABY > AT +B 


As determined by their chemical stability, the relative 
proportions of molecular ion and fragment ions are reason- 
ably reproducible. Positive ions are repelled or drawn out of 
the ionization chamber by an electrical field. The cations are 
then electrostatically focused and introduced into the mass 
analyzer. 
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Figure 7-4 Electron impact ion source. The small magnets are 
used to collimate a dense electron beam, which is drawn from a 
heated filament placed at a negative potential. The electron 
beam is positioned in front of a repeller, which is at a slight 
positive potential compared with the ion source. The repeller 
sends any positively charged fragment ions toward the opening 
at the front of the ion source. The accelerating plates ae 
attract the positively charged fragment ions. 
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Chemical Ionization 

Cl is a “soft” ionization technique in which a proton is trans- 
ferred to, or abstracted from, a gas phase analyte by a reagent 
gas molecule. Typical reagent gases are methane, ammonia, 
isobutane, and water. The reagent gas is bled into a special 
CI source so the source pressure is increased to about 0.1 
torr. An electron beam produces reactive species (such as 
CH; for methane). Collisions between the reactive reagent 
gas and the analyte cause proton and energy transfer. 
Because the protonated molecule is not highly excited in this 
process, relatively little fragmentation occurs. This is advan- 
tageous for analyte molecular mass determination and for 
quantification. Negative ion electron capture CI has become 
popular for quantification of drugs such as benzodiazepines. 
Negative ion formation occurs when thermalized electrons 
are captured by an electronegative substituent, such as chlo- 
rine or fluorine on the analyte. Thus the number of com- 
pounds undergoing negative ionization is small and 
background signal (noise) is decreased. When applicable, 
negative ion CI has very low limits of detection. Another use 
of Cl is its application in the quadrupole ion trap (QIT) (dis- 
cussed later). With a QIT, much lower gas pressures is used 
because the analyte and the reagent gas are stored for much 
longer periods of time than in a conventional CI source. This 
provides a wider range of potential CI reagents. For example, 
a vial of liquid acetonitrile can be attached to the ion trap 
and the gas vapor from the solvent used to produce reagent 
gas ions, 


Electrospray Ionization 


ESI is a technique in which a sample is ionized at atmos- 
pheric pressure before introduction into the mass ana- 
lyzer.””* The sample, typically an HPLC effluent, is passed 
through a narrow metal or fused silica capillary to which a 
3 to 5kV charge has been applied (Figure 7-5, A). The partial 
charge separation between the liquid and the capillary results 
in instability in the liquid that in turn results in the expul- 
sion of a charged droplet series from a Taylor cone, which 
forms at the tip of the capillary. A coaxial nebulizing gas 
helps direct the charged droplets toward a counter elec- 
trode. The droplets evaporate as they migrate through the 
atmospheric pressure region, expelling smaller droplets as 
the charge-to-volume ratio exceeds the Raleigh instability 
limit. The proton- or ammonium-adduct of the molecule, 
which may be associated with solvent molecules, is “desol- 
vated” to form “bare” ions, which then pass through a sam- 
pling cone and one or more extraction cones (skimmers) 
before entering the mass analyzer. ESI interfaces are available 
from all manufacturers of MS detectors, including 
(1) Agilent Technologies (http://www.agilent.com), (2) 
Applied Biosystems (http://www.appliedbiosystems.com), 
(3) Bruker Daltonics (http://www.daltonics.bruker.com), 
(4) Hitachi (http://www.hitachi.com/), (5) JEOL (http:// 
wwwjeol.com/), (6) LECO (http://www.leco.com), (7) 
Shimadzu (http://www.shimadzu.com), (8) Thermo 
Finnigan (http://www.thermo.com), (9) Varian (http:// 


www.varianinc.com), and (10) Waters Micromass (http:// 
www.waters.com). JEOL has also introduced a “cold elec- 
trospray” interface designed for the analysis of labile 
compounds. 

One unique feature of ESI is the production of multiple 
charged ions, particularly from peptides and proteins. It is 
common to observe one charge for every 10 amino acid 
residues in a protein. For example, because a molecule of 
mass 20,000 can yield 20 charges, it can be detected at m/z 
1000 (20,000/20) on a lower resolution and less expensive 
analyzer. This greatly extends the accessible mass range of 
such an instrument. 

It should be noted that Figure 7-5, being a simplified illus- 
tration, shows the probe being directed toward the sampling 
cone of the mass detector. To enhance performance and min- 
imize contamination of the mass detector, modern hardware 
configurations have offset the probe and/or the mass detec- 
tor relative to the sampling cone. This results in the 
z-spray or orthogonal configuration employed by instrument 
manufacturers. 


Sonic Spray Ionization 

In ESI a high voltage is applied to the capillary. This yields 
charged droplets that are sprayed from the tip and evaporate 
to produce ions that enter the MS detector. The size proper- 
ties of the droplets vary with flow rate, solvent composition, 
and chemical properties of the compounds being analyzed. 
An alternate ionization process has been introduced in 
which coaxial nitrogen gas, traveling at the speed of sound 
(Mach 1), is used to both create the spray and cause ions to 
be produced. This technique is known as sonic spray ion- 
ization (SSI). As the sonic velocity gas flows over the surface 
of the mobile phase exiting the capillary, two effects occur. 
First, droplet fission occurs as a result of shear stress created 
by the sonic gas flow, yielding fine charged droplets.* The 
charge density of the droplets is then enhanced by applica- 
tion of an external electric field.” Second, at sonic velocity, 
droplet size is at its minimum; this optimizes ionization effi- 
ciency. Since neither heating nor high voltage is required in 
SSI, this technique has been purported to be advantageous 
when highly polar solvents must be used, or when thermally 
unstable compounds are analyzed. 


Atmospheric Pressure Chemical Ionization 


APCT is similar to ESI. It takes place at atmospheric pressure, 
involves nebulization and desolvation, and uses the same 
sample and extraction cones as ESI. The major difference lies 
in the mode of ionization. In APCI no voltage is applied to 
the inlet capillary. Instead, a separate corona discharge 
needle,” located perpendicular to the capillary, is used to 
emit a cloud of electrons that ionize compounds after they 
are converted to the gas phase”: == 


CHOH + Ht — CHOH} 
A (analyte) + CH;0H} — AH* + CH30H 
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Figure 7-5 Schematics of (A) electrospray and (B) atmospheric pressure chemical ionization 
sources. Note the different points where ionization occurs, as described in the text. 


or 
H0 + Ht > H,0* 
A (analyte) + H;0* + AH* + H2O 


Because eluent molecules (e.g., water, methanol) are 
present in excess relative to the analytes in the sample, they 
are predominantly ionized and then act as a reagent gas that 
reacts secondarily to ionize analyte molecules (Figure 7-5, 
B). Because the products of these secondary reactions may 
contain clusters of solvent and analyte molecules, either a 
heated transfer tube or a countercurrent flow of a curtain 
gas, such as nitrogen, is used to decluster the ions. There is 
relatively little fragmentation, so much work with APCI has 
been for quantitative analysis or for tandem MS. As a well- 
proven interface, APCI sources are available from the major 
instrument manufacturers (see ESI section above). 


Atmospheric Pressure Photoionization 


Because of their ionization mechanisms ESI and APCI easily 
ionize polar compounds, but are less effective at ionizing 
many nonpolar compounds. APPI is a relatively new ioniza- 
tion technique that provides a complementary approach to 
ESI or APCI, and which is touted to be more universal across 
the polarity scale. First introduced by Syagen Technology 
(hitp://www.syagen.com), APPI sources are available 
through several manufacturers, including Agilent, Applied 
Biosystems, Bruker Daltonics, Thermo Finnigan, and Waters 


Micromass. The physical configuration of an APPI source is 
similar to that for APCI, but a photon flux is used instead of 
a corona discharge needle to generate ions in the gas 
phase.”"*4 The photon source is a krypton discharge lamp 
with a magnesium fluoride window for transmission of 
ultraviolet (UV) light, operated at a photon energy of 10 eV. 
This energy level has been carefully chosen because it is high 
enough to achieve the ionization potential thresholds for 
many classes of organic compounds, yet is low enough to be 
below the ionization thresholds for solvents, such as 
methanol, acetonitrile and water, and constituents of air. In 
theory this selective ionization should decrease charge- 
competition effects, allowing better quantitation and a 
potential higher dynamic range. The relatively lower ioniza- 
tion energy with APPI also minimizes fragmentation so that 
molecular ions predominate.™ In APPI an ionizable dopant, 
such as toluene or acetone, is often infused coaxially to the 
nebulizer to provide a source of ions that provide charge or 
proton transfer to analytes, thus increasing the efficiency of 
analyte ionization. 


Inductively Coupled Plasma 


ICP is an atmospheric pressure ionization method. However, 
unlike most atmospheric pressure ionization methods, 
which are “soft” (i.e., producing little fragmentation), ICP is 
the ultimate in “hard” ionization, typically leading to com- 
plete atomization of the sample during ionization. Conse- 
quently, its primary use is for elemental analysis. In the 


170 Section Il Analytical Techniques and Instrumentation 


clinical lab, it is particularly useful for trace metal and heavy 
metal analysis in tissue or body fluids. ICP is extremely sen- 
sitive (e.g., parts per trillion) and is capable of extremely 
high dynamic ranges. The sample is typically prepared by 
acid digestion, and the liquid digest is introduced into the 
ion source via a nebulizer fed by a peristaltic pump. The neb- 
ulized sample is transmitted into hot plasma generated at 
atmospheric pressure by inductively coupling power into the 
plasma using a high-powered, radio frequency (RF) genera- 
tor. A small orifice samples the plasma, and ions are trans- 
mitted to the mass analyzer through a series of differential 
pumping stages. The atmospheric sampling apparatus is 
similar to that of other atmospheric pressure ion sources, 
such as electrospray, except that the device must withstand 
the extremely high temperatures generated by the plasma. 
ICP-MS is comparatively free from most interference. 
However, some interferences can be extremely troublesome. 
Most interfering species are small polyatomics formed in the 
torch via ion-molecule reactions. For example ArO* inter- 
feres with iron at m/z 56. One solution to this problem is the 
dynamic reaction cell, which consists of a moderate pressure 
gas placed before the m/z analyzer. A reactant gas, such as 
NH, is bled into the reaction cell. The reactant gas reacts 
with polyatomic interferences and removes them before 
introduction into the m/z analyzer. The dynamic reaction 
cell is proprietary technology marketed by PE/Sciex (http:// 
www.appliedbiosystems.com; http://www.sciex.com). The 
Agilent 7500c ICP-MS uses an octopole reaction system to 
remove the plasma and matrix-based interferences, Other 
suppliers of ICP-MS instruments include Thermo Finnigan, 
Thermo Elemental, and Varian. 


Matrix-Assisted Laser Desorption/Ionization 

MALDI was originally described in 1987.°"* The original 
work consisted of purely laser desorption/ionization where 
a sample was placed on a target and, in a combined process, 
desorbed and ionized so its mass could be measured. Limi- 
tations on size and stability of the analyte quickly led to the 
addition of a matrix to assist in this process. In the current 
method, the analyte is dissolved in a solution of matrix, a 
small molecular weight UV-absorbing compound, and this 
solution is placed on a target that can be introduced into the 
mass spectrometer. The matrix-to-analyte ratio is generally 
around 1000 to 1. As the volatile solvents evaporate, the 
matrix compound crystallizes and incorporates analyte mol- 
ecules. Figure 7-6 illustrates the use of a UV laser to vapor- 
ize small amounts of matrix and analyte into a plume of ions 
that can be directed into a mass analyzer, MALDI has most 
classically been coupled with a time of flight (TOF) mass 
analyzer because it produces discrete, pulsed-ion packets, 
and because analysis by mass alone generally relies on the 
resolution and mass accuracy found in the TOF analyzer. 


Atmospheric Pressure Matrix-Assisted Laser 
Desorption/lonization 

The MALDI source has been coupled to other mass analyz- 
ers, but these combinations have gained little popularity, 
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Figure 7-6 A generic view of the process of matrix-assisted 
laser desorption ionization. Co-crystallized matrix and analyte 
molecules are irradiated with a UV laser. Fhe laser vaporizes the 
matrix, producing a plume of matrix ions, analyte ions, and 
neutrals, Gas-phase ions are directed into a mass analyzer. 


generally because the MALDI source is under vacuum and 
most other sources are at atmosphere, and changing sources 
is not as straightforward as advertised. In 2000 an ion source 
was introduced” that produces ions in a manner similar to 
a traditional MALDI ion source but does so at atmospheric 
pressure (AP-MALDI).® The major advantage of this con- 
figuration is the ability to switch sources easily while con- 
pling the inherent speed and multiple sample wells of 
traditional MALDI with mass analyzers capable of easily 
generating sequence information, such as ion trap or 
quadrupole TOF systems. The added ability to produce 
fragmentation overcomes a serious problem in eliminating 
ambiguous (or no) identifications obtained with protein 
mass fingerprinting (PMF). One current disadvantage is the 
poor fragmentation of the singly charged ions produced in 
the MALDI source, compared with the multiply charged ion 
produced in an electrospray source. The difference is not 
great for spectral confirmation but increases dramatically for 
de novo spectral interpretation. In collaboration with Mass 
Tech, Inc., AP-MALDI sources have been adapted to the 
Agilent LC/MSD, Bruker Esquire and Bio-TOF, Thermo 
Finnigan LCQ, and Waters Micromass Q-Tof instruments. 


Surface-Enhanced Laser Desorption/Ionization 

A potential change in the area of MALDI involves the devel- 
opment of Surface-Enhanced Laser Desorption Ionization 
(SELDI). This technique, developed by Ciphergen 
Biosystems (http://www.ciphergen.com/), combines affinity 
purification and MALDI on the target. The most common 
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setup involves producing a MALDI target surface modified 
with some type of affinity capture property (hydrophobic, 
ionic, immobilized metal affinity chromatography [IMAC], 
DNA, antibody, etc). The sample of interest, often in a 
complex mixture such as serum, is exposed to one or more 
of these affinity surfaces, and certain analytes will preferen- 
tially bind. The surface is washed to remove as much non- 
specific binding as possible, and a matrix is added to enhance 
desorption and/or ionization. The target can then be ana- 
lyzed by TOF or another method of choice. The interaction 
can be very specific, such as an antibody, and purify essen- 
tially one protein, or it can be specific for a class of com- 
pounds, for example, phosphorylated or glycosylated 
species. The major advantage is low sample loss as purifica- 
tion and analysis occur on the same surface. 


Fast Atom Bombardment 


Several techniques to produce ions from high molecular 
weight polymers have been developed. FAB produces ions 
when a high-velocity beam of atoms impacts the surface of 
a liquid containing the analyte(s). Protonization is thought 
to occur when analytes on the surface of vaporized droplets 
are transferred to the gas state. Since the bombardment 
occurs in high vacuum, the liquid used (e.g., glycerol) must 
have a high boiling point. FAB is used to ionize proteins and 
smaller molecules. Continuous flow FAB™" allows auto- 
mated sequential introduction of samples. It is often used in 
conjunction with tandem MS for the diagnosis of short- 
chain fatty acid acylcarnitine deficiencies from newborn 
blood spots. 


VACUUM SYSTEM 

Ion separation in any of the mass analyzers requires that the 
ions do not collide with any other molecules during their 
interaction with the magnetic or electric fields. This requires 
the use of a vacuum from 10° to 10° torr, depending on 
mass analyzer type. The length of the ion path in the 
analyzer must be less than the mean free path length, unless 
collisions play a role in mass analysis. Fourier transform 
ion cyclotron resonance (FT-ICR), which will be discussed 
later, requires the lowest pressure (10° torr), and the QIT 
tolerates the highest pressure (10° torr). The mass analyzer 
is usually maintained at an elevated temperature (150 °C 
to 250 °C) to prevent gas molecules or organic compounds 
from adsorbing to the inner surfaces of the vacuum 
chamber. Routine quality assurance checks for vacuum leaks 
should include an evaluation of air and water in the mass 
analyzer. 

Efficient high-vacuum pumps generally do not operate 
well near atmospheric pressure. Thus the vacuum system 
must have a mechanical vacuum pump to evacuate the 
system to a pressure where the high-vacuum pumps are 
effective. Mechanical pumps require routine maintenance, 
such as ballasting and replacing the pump oil. The diffusion 
pump is the least expensive and most reliable high-vacuum 
pump. Turbomolecular pumps and cryopumps are also used 
on mass analyzers. The high-vacuum pumps also require 


routine maintenance for optimal operation. A key consider- 
ation in construction of the vacuum system is pumping 
speed. The ability of the pump to maintain the vacuum by 
removing any gas {or solvent vapor) that enters the system 
determines the flow rate of gas or liquid that is introduced 
into the mass spectrometer. In general, higher pump capac- 
ities are associated with lower detection limits because noise 
arising from the gas background is reduced. 


MASS ANALYZERS, ION DETECTORS, AND TANDEM 
Mass SPECTROMETERS 

As mentioned earlier, “mass spectrometry” is a somewhat of 
a misnomer because mass spectrometers do not measure 
molecular mass, but rather they measure mass-to-charge 
ratio (m/z). This fact is fandamental to the physical operating 
principles of mass spectrometers and consequently impacts 
all aspects of instrumentation design, operation, and inter- 
pretation of results. The conventional definition of m/z 
creates a problem because it is defined as a dimensionless 
quantity,” which is not consistent with the equations of ion 
motion in the presence of electric and magnetic fields. These 
equations require units of mass divided by charge. Therefore 
in this section a slightly nonstandard definition of m/z will be 
used in which it has dimensions of mass divided by charge. 
Under this definition the numerical value of m/z is identical 
to the usual convention, provided that m is specified in 
daltons and z is specified in elementary charges. However, in 
actual calculations of ion motion it is best to convert these 
quantities to meter/kilogram/second (MKS) units to prevent 
mixing macroscopic and microscopic units. 

The unit of m/z is sometimes referred to as the Thomson 
(Th) in honor of one of the pioneers of MS."*” This nota- 
tion distinguishes the quantity actually measured by mass 
spectrometers (m/z) from the quantity somewhat loosely 
(and incorrectly) associated with MS (mass), which is 
usually expressed as daltons, Da, or equivalently as unified 
atomic mass units, u. 


General Classes of Mass Spectrometers 


Mass spectrometers are broadly classified into two groups, 
beam-type instruments and trapping-type instruments. In a 
beam-type instrument, the ions make one pass through the 
instrument and then strike the detector, where they are 
destructively detected. The entire process, from the time an 
ion enters the analyzer until the time it is detected, generally 
takes microseconds to milliseconds. In a trapping-type ana- 
lyzer ions are held in a spatially confined region of space by 
a combination of magnetic, and/or electrostatic, and/or RF 
electrical fields. The trapping fields are manipulated in ways 
that allow m/z measurements to be performed. Trapping 
times may range from a fraction of a second to minutes, 
though most clinical applications are at the low end of this 
range. Detection of the ions in a trapping-type instrument 
may be destructive or nondestructive, depending on the spe- 
cific type of mass spectrometer used. Additional discussions 
of mass analyzers, tandem mass spectrometers, and ion 
detectors are available.“ 
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Beam-Type Designs 

The three main beam-type mass spectrometer designs are 
quadrupole, magnetic sector, and TOF. It is convenient to 
categorize beam-type instruments into two broad categories, 
those that produce a mass spectrum by scanning the m/z 
range over a period of time (quadrupole and magnetic 
sector) and those that acquire successive instantaneous snap- 
shots of the mass spectrum (TOF). This categorization is not 
hard and fast. Certain instrument designs can be adapted to 
either scanning or nonscanning operation. Nevertheless, the 
categorization is a useful one because it covers the majority 
of instruments currently available, and because scanning and 
nonscanning instruments are adapted to different optimal 
usages, 

Quadrupole. Quadrupole mass spectrometers, some- 
times known as quadrupole mass filters (QMF), are cur- 
rently the most widely used mass spectrometers, having 
displaced magnetic sector mass spectrometers as the stan- 
dard instrument. Although these instruments lag behind 
magnetic sector instruments in terms of sensitivity, upper 
mass range, resolution, and mass accuracy, they offer an 
attractive and practical mix of features that accounts for 
their popularity, including ease of use, flexibility, adequate 
performance for most applications, relatively low cost, non- 
critical site requirements, and highly developed software 
systems. 

A quadrupole mass spectrometer consists of four parallel 
electrically conductive rods arranged in a square array 
(Figure 7-7). The four rods form a long channel through 
which the ion beam passes. The beam enters near the axis 
at one end of the array, passes through the array in a direc- 
tion generally parallel to the axis, and exits the far end 
of the array. The ion beam entering the quadrupole 
array may contain a mixture of ions of various m/z values, 
but only ions of a very narrow m/z range (typically 
Am/z = 1) are successfully transported through the device 
to reach the detector. Ions outside this narrow range are 
ejected radially. The Am/z range represents a passband, 
analogous to the passband of an interference filter in optics 
(see Chapter 3), which is why quadrupole mass spec- 
trometers are often referred to as “mass filters” rather than 
“mass spectrometers.” 

Quadrupole mass spectrometers rely on a superposition 
of RF and direct current (DC) potentials applied to the 
quadrupole rods. Considering first the DC component, DC 
voltages are applied to the electrodes in a quadrupolar 
pattern. For example, a positive DC potential is applied to 
electrodes 1 and 3, as indicated in Figure 7-8, and an equiv- 
alent negative DC potential is applied to electrodes 2 and 4. 
The DC potentials are relatively small, of the order of a few 
volts. Superimposed on the DC potentials are RF potentials, 
also applied in a quadrupolar fashion. The RF potentials 
range up to the kilovolt range, and the frequency is of the 
order of 1 MHz. The frequency is typically fixed, which will 
be considered the case throughout this discussion, though 
variable frequency operation is possible. 


Figure 7-7 Diagram of quadrupole mass filter, including the RF 
part of the voltages applied to the quadrupole rods, 


_ + ‘ 
Figure 7-8 DC voltages applied to quadrupole rod assembly. 


The device may be operated in either a SIM mode or a 
scanning mode. In SIM mode, both the DC and RF voltages 
are fixed, Consequently, both the center of the passband and 
the width of the passband are fixed. For example, the mass 
spectrometer may be set to pass ions of m/z 363 + 0.5. Both 
the center m/z and the Am/z can be adjusted by the appro- 
priate choice of DC and RF. 

In the scanning mode of operation, the RF and/or DC 
voltages are continuously varied to scan a range of m/z 
values. As with SIM mode, the Am/z is also determined by 
the RE and DC voltages. Usually the scan function is 
designed to maintain a constant Am/z across the full m/z 
range. Thus the resolution increases as m/z increases. The 
value of Am/z is frequently chosen in the range 0.5 to 0.7 to 
resolve isotopic peaks across the full m/z range. 
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Cc i D 
Figure 7-9 fon trajectories showing confinement and ejection 
in quadrupole mass filters. A, lon confinement by RF-only field. 
B, fon ejection by RF-only field. C, fon confinement with a 
combination of RF and DC fields. D, lon ejection with a 
combination of RF and DC fields. All trajectories were simulated 
using Simion.” 


The physical principles underlying the operation of a 
quadrupole mass spectrometer require the solving of a com- 
plicated differential equation, the Mathieu equation.” In 
operation when an ion is subjected to a quadrupolar RF 
field, its trajectory can be described qualitatively as a com- 
bination of fast and slow oscillatory motions. For descriptive 
purposes, the fast component will be ignored here and the 
slow component emphasized, which oscillates about the 
quadrupolar axis and resembles the motion of a particle in 
a fictitious harmonic “pseudopotential.” The frequency of 
this oscillation is sometimes called the secular frequency. 

The “effective force” associated with the pseudopotential 
points inward toward the quadrupolar axis and is propor- 
tional to the distance from the axis. It therefore acts as a con- 
fining force, preventing ions from being ejected radially from 
the quadrupolar assembly. Figure 7-9, A shows an example 
of an ion confined by an RF-only quadrupole. Below a 
certain m/z cutoff frequency (which depends on the fre- 
quency and amplitude of the RF field) ions are ejected rather 
than confined. Figure 7-9, B shows an example of an ion 
ejected by an RF-only quadrupolar field. This establishes the 
low mass cutoff for the m/z pass band. The effective confin- 
ing force is strongest just above the low m/z cutoff, and then 
decreases asymptotically toward zero at high m/z. 

The DC part of the quadrupolar potential is independent 
of m/z. Positive ions are attracted toward the negative poles. 
Negative ions are attracted toward the positive poles. Attrac- 
tion increases as the distance from the quadrupolar axis 
increases. Since a quadrupolar DC potential always has both 


negative and positive poles, the quadrupolar DC potential 
always contributes to ejection in at least one direction, 
Whether ejection of an ion of a particular m/z actually 
occurs depends on whether the ejecting force caused by the 
quadrupolar DC potential overcomes the effective confining 
force caused by the RF potential. Above a certain m/z value 
the DC part dominates, and ions are ejected radially from 
the device, This establishes an upper m/z limit for ion trans- 
mission. Figures 7-9, C and D show examples of ion trajec- 
tories under the influence of combined RF-DC fields, one 
being confined and the other being ejected. Trajectories in 
Figure 7-9 were calculated using the Simion ion optics com- 
puter program.” 

A rigorous description of low- and high-mass cutoffs is 
found in so-called stability diagrams, which graphically 
describe the lower and upper m/z cutoffs of a quadrupole 
mass spectrometer in terms of parameters related to volt- 
ages, frequencies, and m/z. An earlier edition of this book 
presents an example of a stability diagram. However, to fully 
understand the meaning of the stability diagram, one must 
delve more deeply into a mathematical description than can 
be accommodated here. 

A large number of manufacturers make numerous 
quadrupole mass spectrometer models. A few prominent 
companies among the many in the field include Agilent, 
Thermo Finnigan, Waters Micromass, and Applied Biosys- 
tems/MDS Sciex. Most QMFs are intended primarily for use 
with separations, such as GC or LC. Nearly any ion source 
imaginable is marketed with one quadrupole mass spec- 
trometer or another, including EI, ESI, APCI, ICP, and 
others. 

The combination of lower and upper m/z limits estab- 
lishes a passband (Am/z), and ultimately a resolution 
[(m/z)/{Am/z)]. Generally quadrupole instruments are 
limited to a resolution of several thousand, which is suf- 
ficient to achieve isotopic resolution for singly charged ions 
of m/z as high as several thousand. However, technical 
advances have enabled quadrupole mass spectrometers to 
achieve resolutions exceeding 10,000. The Thermo Finnigan 
TSQ Quantum Ultra AM is an example of such an instru- 
ment. The benefits of high resolution include reduction of 
interferences. In addition, high resolution, combined with 
high accuracy electronics, has enabled the measurement of 
exact masses using quadrupole instruments. Exact mass 
measurements are useful for confirmation of a chemical 
formula. 

Magnetic Sectors. Because magnetic sector mass spec- 
trometers are rarely used in the clinical laboratory and are 
rapidly losing popularity among mass spectrometrists gen- 
erally, they will not be described in detail here. For a good 
introduction to magnetic sector technology, refer to the pre- 
vious edition of this book. It should be noted, however, that 
these classic mass spectrometers are easy to understand 
(given a basic understanding of physics), are versatile, reli- 
able, highly sensitive, and in their “double focusing” varia- 
tion are capable of very high m/z resolution and mass 
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accuracy. However, they are typically expensive, large, and 
heavy. In addition, they have the reputation of being dif- 
ficult to use. Consequently, other instruments have largely 
displaced magnetic sector mass spectrometers. However, 
there are two small bench top double focusing magnetic 
sector mass spectrometers that are potentially interesting to 
clinical chemists, the LCmate and the GCmate, both from 
JEOL. 

Time of Flight. TOF mass spectrometry (TOF-MS) is a 
nonscanning technique where a full mass spectrum is 
acquired as a snapshot ‘rather than sweeping through a 
sequential series of m/z values while sampling the sample. In 
recent years, TOF mass spectrometers have become very 
popular. They have a number of advantages, including a 
nearly unlimited m/z range, high acquisition speed, high 
mass accuracy, moderately high resolution, high sensitivity, 
and reasonable cost. They are also well adapted to pulsed 
ionization sources, which is an advantage in some applica- 
tions, particularly with MALDI and related techniques. 

A significant advantage of modern TOE mass spectrom- 
eters is that some of them produce exact mass measure- 
ments, typically with low parts per million (ppm) accuracy. 
This allows TOF measurements to confirm the molecular 
formula of a compound. Unlike magnetic sector instru- 
ments, which are also capable of exact mass measurements, 
exact mass measurements by TOF are practical in routine 
chromatography experiments and are therefore potentially 
useful to the clinical chemist. 

TOF mass spectrometers are conceptually simple to 
understand as they are based on the fact that a lighter ion 
travels faster than a heavier ion, provided that both have the 
same kinetic energy. Figure 7-10 presents a simplified con- 
ceptual diagram of a TOF mass spectrometer. It resembles a 
long pipe. Ions are created or injected at the source end of 
the device and are then accelerated by a potential of several 
kilovolts. They travel down the flight tube and strike the 
detector at the far end of the flight tube. The time it takes to 
traverse the tube is known as the flight time, which is related 
to the mass-to-charge ratio of the ion. 

The flight time for an ion of mass m and kinetic energy 
E to travel a distance L in a region free of electric fields is 


given by: 
1/2 
m 
=) a 
detector 
ion trajectory 
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Figure 7-10 Diagram of simplified time of flight mass 
spectrometer, 


A sample calculation for an ion of molecular weight 200 
Da (3.32 x 10 kg) with a kinetic energy of 10keV (1.60 x 
10°'°J), traveling through a distance of 1m, yields a flight 
time of 10.18 microseconds, and an ion of molecular weight 
201 takes just 25 nanoseconds longer. To accurately capture 
such fleeting signals, the data recording system must operate 
on a ~1 nanosecond time scale, Recent advances in signal 
processing electronics have made this practical at relatively 
modest cost, and this has been a major factor in the rise in 
popularity of TOF-MS. 

TOF is inherently a pulsed technique, and it couples 
readily to pulsed ionization methods, with MALDI being the 
most common example. A variety of MALDI-TOF mass 
spectrometers are offered by vendors. Examples include the 
Waters Micromass MALDI-LR, the Voyager-DE PRO 
Biospectrometry Workstation from Applied Biosystems 
(separate from Applied Biosystems/MDS Sciex), and the 
ultraflex from Bruker Daltonics. MALDI-TOF makes its 
biggest impact in the area of protein and peptide identifica- 
tion and is presently little used for quantitative analysis 
because the shot-to-shot variation of signal amplitude 
makes quantitation difficult. 

Unlike many mass spectrometers, which allow the use of 
several different ionization methods on the same instru- 
ment, MALDI-TOF instruments are generally single 
purpose, being devoted exclusively to MALDI., In practice, El 
and ESI methods are also used with TOF mass spectrome- 
ters. However, the continuous nature of these sources causes 
a natural mismatch to TOF-MS, which is a pulsed technique. 
The traditional way to couple a continuous ion source to a 
TOE-MS is to dynamically deflect the ion beam past a 
narrow slit, thus generating a pulsed ion beam at the exit side 
of the slit.” However, this results in low sensitivity as more 
than 99% of the ion beam is discarded. 

To decrease this loss in sensitivity, the beam is injected 
orthogonal to the axis of the TOF-MS.7**>*” During the 
injection period the acceleration voltage is turned off. Once 
the injection region is filled with the traversing beam, the 
acceleration voltage is suddenly turned on, and the TOF 
timing cycle starts. The process is cycled repeatedly. The 
overall duty cycle for this method can be much more than 
10%, a vast improvement over the traditional method. For 
full spectrum sensitivity with continuous ion sources, 
orthogonal injection TOF mass spectrometers are generally 
considered the most sensitive of all mass spectrometers. 
However, for the monitoring of a single m/z rather than a 
full mass spectrum, the use of SIM mode with a quadrupole 
MS provides superior sensitivity. 

The conceptual simplicity of TOF-MS disappears when 
one considers actual instrumentation design. A good under- 
standing of this issue is important in the selection and use 
of TOF mass spectrometers because there is a good deal of 
confusion about the true significance of terms like “linear,” 
“reflectron,” “orthogonal acceleration,’ “delayed extraction,” 
and so forth. This may lead to poor selection and use of 
instruments. 
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Resolution is of primary concern. Assumptions underly- 
ing equation (1) are that ions all have the same kinetic 
energy, and that they are never subjected to electric fields. In 
practice neither assumption holds. 

The kinetic energy, E, is imparted to the ion beam pri- 
marily via acceleration through an electric field. Each ion 
starts at a different point in the voltage gradient, and hence 
each ion acquires a different kinetic energy, resulting in a 
spread of velocities and flight times as inferred from equa- 
tion (1). This ultimately leads to a loss of resolution. Early 
in the development of TOF-MS, Wiley and McLaren” 
showed that proper design of the acceleration field profile 
produces a compensating effect. In the Wiley-McLaren 
design, ions starting at the higher end of the potential gra- 
dient spend more time in the acceleration region than those 
starting at the lower end. This extra time compensates for 
the fact that the higher energy ions spend less time traveling 
through the field-free region. Wiley-McLaren instruments 
are classed as “linear” TOF mass spectrometers because 
ion motion is substantially unidirectional from source to 
detector. 

Thermal motion provides another source of kinetic 
energy variation. Typical thermal energies are of the order of 
0.025 eV, whereas a typical acceleration potential of a TOF 
mass spectrometer is 5000 V. The direct effect of a variation 
of 0.025eV out of 5000 produces negligible effect on equa- 
tion (1). Instead the resolution degradation is primarily a 
result of the so-called turnaround time, which occurs during 
the initial part of the flight time when ions are being accel- 
erated up to full flight energy. Consider two ions with 0.025 
eV of kinetic energy. In the acceleration region of the instru- 
ment one ion initially travels down the potential gradient (in 
the direction of the detector), and the other travels up the 
potential gradient. It takes notable time to turn the trajec- 
tory of the second ion around so it is traveling down the 
potential gradient, and this results in a notable loss of reso- 
lution for the instrument, limiting simple TOF mass spec- 
trometers to a resolution of a few hundred. 

There are two main approaches to solving the turn- 
around time problem. One is to extend the flight time of the 
ions so that the turnaround time is a smaller percentage of 
the total time, and the second is to inject ions into the instru- 
ment in a direction orthogonal to the flight tube of the TOF 
mass spectrometer. The first approach, extending the flight 
time, cannot be done by simply lengthening the field-free 
region. To do so would upset the fine balance inherent in the 
Wiley-McLaren design. Scaling up the dimension of the 
complete instrument without a change of basic configura- 
tion is also ineffective because the turnaround time increases 
with the scale of the instrument. What is required is to 
lengthen the flight path without introducing additional dis- 
persion to the flight time. This is done using a device known 
as a “reflectron.”™ A reflectron consists of a length of field- 
free region, followed by an ion reflector. The reflector con- 
sists of a potential gradient that acts as an ion mirror. 
High-energy ions penetrate farther into the mirror and 


spend greater time in the mirror than low-energy ions. This 
compensates for the fact that high-energy ions spend less 
time traversing the field-free region. 

Interestingly, reflectrons and Wiley-McLaren designs are 
similar from the point of view of their ion optics designs. 
Both use the same electric field profiles but differ in the type 
of resolution-degrading effect for which they are corrected. 
Wiley-McLaren designs are corrected for changes in start 
positions of ions (related to initial ion potential energy), and 
reflectrons are corrected for changes in the kinetic energy of 
ions. If a reflectron is added to a Wiley-McLaren section, the 
total flight time is extended without increasing the turn- 
around time, and the resolution increases. This is particu- 
larly effective if the Wiley-McLaren section is short and the 
reflectron section is long, because this design approach min- 
imizes turnaround time. 

The second approach to solving the turnaround time 
problem is to inject ions into the instrument in a orthogo- 
nal direction to the flight tube of the instrument. This was 
already discussed in relation to the interfacing of continuous 
ion sources to TOF mass spectrometers, and it was shown 
that this method results in an increase in sensitivity. By a for- 
tunate coincidence, the method also produces an increase in 
resolution. This method relies on the fact that ions injected 
in a direction nearly perpendicular to the flight tube have a 
very small velocity component in the direction of the flight 
tube. Hence, the turnaround time is negligible. This allows 
even a Wiley-McLaren design to achieve a resolution of 
several thousand. An example of this approach is the Jaguar 
mass spectrometer marketed by LECO, which routinely 
operates at a resolution of 2500. Jaguar is based on an 
improved Wiley-McLaren design somewhat whimsically 
referred to as an “inverted perfectron.”””” Thus even a linear 
TOF-MS can be capable of quite good resolution if it is prop- 
erly designed, and for many applications a reflectron may 
not be necessary. 

Most TOF mass spectrometers used today with continu- 
ous-ion sources combine all three resolution-enhancing 
techniques. They use orthogonal injection into a short 
Wiley-McLaren stage, followed by a reflectron stage. A well- 
designed instrument of this type is capable of resolution well 
in excess of 5000, and resolution exceeding 20,000 has been 
reported in some cases. The Waters Micromass LCT, the 
Waters Micromass GCT, the Bruker Daltonics BioTOF II, the 
Agilent LC/MSD TOF, and the JEOL AccuTOF are typical 
examples of modern high performance reflectron TOFs 
interfaced to continuous-ion sources. 

The resolution-degrading effects of variable kinetic 
energy also appear in TOF mass spectrometers using pulsed 
ion sources, such as MALDI and SELDI. Ion production in 
MALDI involves ejection of ions from a solid matrix as a 
result of a laser pulse. Ions are ejected with a distribution of 
kinetic energies, and this degrades the resolution available in 
a simple linear MALDI instrument. One technique for 
increasing resolution is to delay the application of accelera- 
tion voltage after application of the ion-forming laser pulse. 
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This is sometimes referred to as delayed extraction. A second 
technique is to use a reflectron. More recently, orthogonal 
introduction of ions has been introduced, in analogy to 
the orthogonal introduction of ions discussed above. The 
prOTOF 2000 marketed by Perkin Elmer Sciex is an instru- 
ment using orthogonal introduction. The prOTOF 2000 also 
uses collisional cooling in the interface between ion source 
and mtass analyzer. 

The technical features of TOF-MS lead to several opera- 
tional advantages. TOF-MS is extremely fast. The funda- 
mental repetition rate of most TOF-MS instruments is 
5000 spectra/s or greater. This is far too fast for most appli- 
cations, but signal averaging electronics allow the TOF 
instrument to be cycled at full speed (greater than or equal 
to 5000 spectra/s), while storing spectra at a lower rate (1 to 
500 spectra/s). The high speed of TOF-MS also allows it 
to be interfaced to high-speed separations. For example, a 
TOF-MS capable of storing 100 spectra/s could easily 
handle chromatographic peak widths of 0.1 second. The 
Jaguar is an example of a high-speed, LC-capable instrument 
(100 spectra/s), and the Pegasus, also marketed by LECO, is 
a high-speed, GC-capable instrument (500 spectra/s). 

TOF-MS is not only fast, but it is also a nonscanning 
technique. Each mass spectrum is an instantaneous 
snap-shot of the sample composition. This simplifies the 
use of MS as a chromatographic detector, because it 
eliminates peak skew, Peak skew is a distortion of mass 
spectra from scanning instruments when sample composi- 
tion is dynamically changing. For example, assume that 
the mass spectrum is being scanned from low to high, and 
that it is monitoring the elution of a chromatographic 
peak. On the leading edge of the peak, the intensities at the 
high-mass end of the mass spectrum will be exaggerated, and 
on the trailing edge of the chromatograph the intensities of 
the low-mass end of the mass spectrum are exaggerated, By 
contrast the spectrum from a TOF-MS is undistorted, 
regardless of what part of the chromatographic peak is being 
sampled. 

The lack of peak skew and high acquisition speed also 
facilitate the ability to mathematically deconvolute overlap- 
ping chromatograms. This technique attempts to resolve 
compounds whose chromatographic bands are highly over- 
lapped. It requires that the compounds to be resolved have 
spectra that are not identical, though spectra can be quite 
similar. It also requires that the compounds are not perfectly 
co-eluting, though their chromatograms can be highly 
overlapped. 

Use of deconvolution is advantageous when (1) there are 
many samples across the chromatographic peak, (2) there is 
no skewing of the spectra across the chromatographic peak, 
(3) full mass spectra are used, and (4) the signal-to-noise 
ratio is high. Of all mass spectrometer technologies available 
today, TOF-MS best fulfils all these requirements. AMDIS is 
freely available software for performing this kind of decon- 
volution,” and several instrument vendors also offer propri- 
etary software for performing deconvolution. For example, 


the Pegasus from LECO, the TEMPUS from Thermo Finni- 
gan, and the GCT from Waters Micromass all have decon- 
volution software available for their data systems. These 
deconvolution strategies are especially successful with very 
high speed GC-MS methods and show great potential for 
clinical applications as throughput and turnaround time 
become ever more important. 

Another area where TOF-MS has an advantage is in high- 
mass analysis where its mass range is nearly unlimited. In 
MALDI-TOE, for example, it is not unusual to detect pro- 
teins with molecular weights exceeding 100,000. The ability 
for high-mass analysis is expected to increase in importance 
as clinical laboratories embrace proteomic-based diagnostic 
methods. 


Trapping-Mass Spectrometers 


In contrast to beam-type designs, these mass spectrometers 
are based on the trapping of ions to capture and hold ions 
for an extended amount of time in a small region of space. 
Trapping times vary from a fraction of a second to minutes. 
Unlike beam-type instruments, the division between scan- 
ning and nonscanning instruments has less meaning for ion- 
trapping instruments. The main practical difference between 
scanning and nonscanning instruments relates to peak skew, 
as discussed in the section on TOE In terms of producing 
skewed spectra, trapping devices are more similar to non- 
scanning instruments, such as TOF (no skew) than to scan- 
ning instruments. This is because the sample is captured in 
an instant and then analyzed at leisure. Because the sample 
is captured in an instant there is no skewing of the spectra, 
regardless of whether the m/z analysis is performed by a 
scanning procedure or a nonscanning procedure. 

Traditionally, ion traps have been divided into three 
classes: QIT, which rely on RF fields to provide ion trapping; 
a linear ion trap, which is closely related to the QIT in its 
operating principles; and ion cyclotron resonance (ICR) 
mass spectrometers, which rely on a combination of mag- 
netic fields and electrostatic fields for trapping. 

Quadrupole lon Trap. QITs are primarily used as GC or 
HPLC detectors. They are relatively compact, inexpensive, 
and versatile instruments, excellent for exploratory studies, 
structural characterization, and sample identification. They 
are also used for quantitative analysis, though quantitative 
analysis is not the best use for these devices. 

The operation of the QIT is based on the same physical 
principle as the quadrupole mass spectrometer described 
above. Both devices make use of the ability of RF fields to 
confine ions. However, the RF field of an ion trap is designed 
to trap ions in three dimensions rather than to allow the ions 
to pass through as in a QME, which confines ions in only two 
dimensions. This difference has a significant impact on the 
operation and limitations of the QIT. The physical arrange- 
ment of a QIT is different from that of a QMF. If an imagi- 
nary axis is drawn through the y-axis of the quadrupole rods, 
and the rods are rotated around the axis, a solid ring with a 
hyperbolic inner surface results from the x-axis pair of rods. 
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Figure 7-11 Diagram of quadrupole ion trap. 


The two y-axis rods form two solid endcaps. The description 
of the fields within the electrodes must now include a radial 
component and an axial (between the endcaps) component. 
This slightly changes the precise conditions required for 
ion confinement when compared with a QME, though the 
qualitative description of ion confinement discussed above 
is still valid, 

A diagram of an ion trap mass spectrometer is given in 
Figure 7-11. The trap is quite small, of the order of a few 
centimeters in length. The trapping of ions, by itself, would 
be little more than an oddity of physics were it not for the 
fact that ions within the trap can be manipulated in inter- 
esting ways (mainly to dissociate them into characteristic 
fragments) and ejected in a manner to generate a mass 
spectrum. 

Although QITs and QMFs were described at approxi- 
mately the same time, the QMF initially achieved greater 
popularity as an analytical device. Two major discoveries 
changed the usage of the QIT. First, it was found that inclu- 
sion in the trap of a higher pressure (10° torr) of low mol- 
ecular weight gas improved mass resolution and sensitivity. 
Second, the development of the mass-selective ejection, or 
mass-instability scan function, improved QIT scanning. 
With no DC voltage (i.e., along the x-axis) and a low RF 
voltage, ions of all m/z are stored in the QIT field. By increas- 
ing the RF voltage, ions of increasing m/z become axially 
unstable and leave the QIT sequentially by m/z. The ions 
leaving the QIT through one endcap are detected by an 
external electron multiplier. An additional improvement to 
the sensitivity of the QIT was the application of an axial 
modulation waveform to the endcap electrodes. This oscil- 
lating voltage improved the efficiency of ion ejection from 


the trap and improved mass resolution. All of these features 
and automatic gain control have been incorporated into the 
Thermo Finnigan PolarisQ GC/MS and the Varian 2000 
series GC/MS systems. 

In addition to the oscillating voltage mode of operation, 
the QIT is capable of operation in other modes. For example, 
the QIT can also be operated in a mass-selective storage 
mode. This mode of operation is similar to the QMF and 
involves selecting RF and DC conditions such that only i ions 
of one mass are stored in the QIT at any time. 

When interfaced with a gas chromatograph, confinement 
of all the ions and neutrals emerging from the GC column 
in the QIT results in two problems. First, the ions in the trap 
repel each other, disturbing the electrical field generated by 
the electrodes. This is called space charge and results in mass 
misassignments and a reduced dynamic range. Automatic 
gain control was introduced to resolve the mass accuracy 
problem. It monitors the number of ions in the trap in a 
prescan, then adjusts ionization time for the analytical scan 
so a targeted number of ions is formed. The dynamic range 
of QIT nevertheless remains inferior to a QME, and for many 
applications, the QMF remains the better instrument for 
quantitative analysis. 

The second problem is that ion-ion or ion-neutral reac- 
tions can occur. Reactions (e.g., proton transfer) result in 
high abundance of protonated molecular ions in the mass 
spectrum. Thus QIT can be disadvantageous for determin- 
ing chemical composition in manual spectral interpretation, 
because the presence of the (M + 1)* ion tends to confuse the 
interpretation. Library spectral matching, however, is not 
affected if the spectral matching algorithm reflects the 
unique features of the QIT spectrum. An external ionization 
source with ion injection into the QIT is an alternative solu- 
tion, because only ions are present in the trap (i.e., neutral 
analyte molecules that could participate in ion-molecule 
reactions are not present). The Thermo Finnigan PolarisQ 
GC/MS is an example of such an instrument. 

For ion traps interfaced to HPLC via ESI, external sources 
are absolutely essential because the electrospray process 
cannot be carried out inside the trap. The Thermo Finnigan 
LCQ series ion traps and the Bruker Daltonics Esquire are 
examples of such instruments. 

The storage capabilities of the QIT also change the prac- 
tical aspects of monitoring selected ions. Because ions do not 
transiently pass through the QIT, as they do in a QME there 
is no opportunity to focus one ion on the detector and accu- 
mulate signal for a specified period of time (dwell time). 
Instead, the storage capabilities of the QIT can be used to 
increase the numbers of specific ions in the trap while eject- 
ing unwanted ions. This is known as selected ion storage 
(SIS). Ions of different mass oscillate radially and axially at 
a specific frequency, called the secular frequency, which 
depends on the QIT geometry, the RF voltage, and RF fre- 
quency. By applying a voltage to the endcap electrodes at 
the same frequency as the secular frequency, ions of that 
mass efficiently absorb energy. They also become energetic 
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enough to escape the trapping field. Selective ejection of 
unwanted ions is achieved by using various combinations of 
waveforms applied to the endcaps or a combination of wave- 
forms with RF voltage changes on the ring electrode. Basi- 
cally, any voltage change combination that keeps the ion of 
interest within its stability envelope while making all other 
ion trajectories unstable can be used. This diversity, however, 
makes comparison of SIS techniques difficult. Desired ions 
stored in the QIT are ejected by using the mass-instability 
scan function. 

The ability to apply customized waveforms to the QIT, 
together with the fact that ions are trapped and therefore can 
be subjected to different treatment over a period of time, 
makes the QIT one of the most versatile of mass spectrom- 
eters, rivaled only by the ICR mass spectrometer. This is most 
strongly evident in tandem mass spectrometry (MS/MS and 
related techniques), which will be discussed separately. It 
should be noted here, however, that multiple stage MS/MS 
experiments (MS/MS/MS..., or MS") experiments are 
readily performed in ion traps. 

The ability to store ions also has other distinct advantages. 
Using the mass-selective ejection scan approach, mass reso- 
lution on the QIT is inversely proportional to the scan rate. 
By slowing the scan rate, mass resolution similar to that 
achieved in sector instruments has been achieved. For 
example, this technique has been used to determine the 
charge state of multiply charged protein ions generated by 
ES ionization. In commercial instruments, higher mass res- 
olution is available over a limited mass range in the Bruker 
Esquire and Thermo Finnigan LCQ mass spectrometers. 
Unfortunately, one of the advantages normally conferred by 
high resolution—exact mass capability—is not fully realized 
by this technique. 

The QIT also shares some advantages with TOF-MS. In 
particular, ion trap mass spectrometry is known for high 
sensitivity. Furthermore, sampling is decoupled from scan- 
ning, so there is no mass spectral peak skewing in GC-MS 
and HPLC-MS. 

Linear lon Trap. This is a RF ion trap that is based on a 
modified linear QMF. Rather than being a pass-through 
device as in a normal linear OME, electrostatic fields are 
applied to the ends to prevent ions from exiting out the ends 
of the device. Thus being trapped, ions can be manipulated 
in many of the same ways as in a QIT. An advantage of the 
linear quadrupole trap is that the trapping field can be 
turned off at will and the device operated as a normal QME 
Thus a single device combines most of the features of a QIT 
and QMF and is extremely versatile. Commercial triple 
quadrupole mass spectrometers are being offered in which 
the third quadrupole is modified to function as a linear trap. 
The exploration of the capabilities of the linear ion trap is a 
very active field of research, and one can expect many new 
capabilities to be discovered in the next few years. Both 
Thermo Finnigan and Applied Biosystems/MDS Sciex 
market linear QIT. 


fon Cyclotron Resonance. The ICR-MS excels in high- 
resolution and high-mass accuracy measurements. Measure- 
ments at resolution exceeding 1 million are not unusual, and 
sub-ppm mass accuracy is being explored by some investi- 
gators. ICR is a trapping technique and shares many of the 
advantages of RF ion traps; however, there are even more 
ways to manipulate ions in a ICR-MS than in QIT, and MS* 
measurements are easily done with a [CR-MS. Sensitivity of 
a ICR-MS is generally high. Furthermore, sampling is decou- 
pled from spectral acquisition, so there is no peak skewing 
in chromatographic experiments, a feature that ICR shares 
with TOF and QIT. 

An ICR-MS is based on the principle that ions immersed 
in a magnetic field undergo circular motion (cyclotron 
motion). A typical ICR-MS uses a high-field (3 to 12 tesla) 
superconducting magnet. Within this field and within a high 
vacuum is mounted a “cell” typically composed of six metal 
electrodes, arranged as the faces of a cube. Ions are sus- 
pended inside the cell and undergo cyclotron motion, which 
keeps ions from being lost radially (the radial direction being 
defined as perpendicular to the magnetic field lines). A low 
(~1V) potential is applied to the endcaps to keep ions from 
leaving the trap axially. Thus the combination of electric and 
magnetic fields keeps ions confined within the cell. 

Each m/z is associated with a specific cyclotron frequency. 
The relationship is given by: 


m B 
pa (2) 


where B is the magnetic field strength and fis the frequency. 
This equation is an approximation to the frequency of an 
ion’s orbital motion in the magnetic field. The frequency is 
shifted slightly because of the trapping voltage. For presen- 
tation purposes, this small shift in frequency is ignored here. 
This equation is independent of ion kinetic energy, and this 
fact, combined with the fact that frequency can be measured 
very precisely, means that very accurate m/z measurements 
can be performed by an ICR-MS, 

The side electrodes of an ICR cell are used for ion detec- 
tion. The electrodes are used in pairs, with opposite elec- 
trodes making a pair. To one pair of electrodes is applied a 
transient waveform, typically containing a superposition of 
many frequencies within the tens to hundreds of kHz range. 
This excites the cyclotron motion of ions in the cell, but only 
if the waveform contains frequency components matching 
the cyclotron frequency. Before excitation the diameter of an 
ion’s cyclotron orbit is small, and the phases are random. 
After excitation the diameter is large. Furthermore the 
orbital motion of the ions of a given m/z is now synchro- 
nized, meaning that ions orbit in phase with each other. This 
orbital motion induces an electrical signal in the other pair 
of electrodes. Following the excitation step, the induced 
signal is amplified electronically and recorded in the data 
system computer. If there are a variety of ions of different 
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m/z present in the cell, the recorded waveform is a complex 
superposition of many frequencies. A mathematical opera- 
tion, known as a Fourier transform (FT), is applied to this 
signal. Each m/z value present in the sample produces a peak 
in the transformed signal]. The transformed function is a fre- 
quency spectrum of the signal. The frequency of a peak is 
related to m/z according to the preceding equation. Thus the 
frequency spectrum of ions in the cell is equivalent to the 
mass spectrum of the sample. The actual mass spectrum is 
obtained by changing the x-axis from frequency to mass 
using the equation presented above. Because of the frequent 
use of FT in ICR, the technique is often referred to as FT- 
ICR or FTMS. 

The most notable feature of the process described above 
is that ions are not destroyed by the detection process, There- 
fore ions can be further manipulated after detection. The 
simplest example is the remeasurement of ions (i.e., repeat- 
ing the excite and/or detect sequence to obtain another mass 
spectrum of the same group of ions). More complex manip- 
ulations include multiple stages of MS/MS. The facts that 
ions are detected nondestructively and that they are trapped 
in a region of space mean that very complex sequences of 
ion manipulations are possible, making FT-ICR instruments 
the most versatile of all mass spectrometers. 

Like the QIT, ionization in the FT-ICR may be performed 
either internally or externally to the cell. For several reasons, 
external ionization has become the technique of choice. 
External ionization allows the use of virtually any ionization 
method, and commercially available instruments are typi- 
cally designed as general purpose instruments incorporating 
interchangeable ion sources. All three major suppliers of FT- 
ICR instruments (IonSpec, Bruker Daltonics, and Finnigan) 
offer external sources. 

Although having many advantages, ICR-MS has several 
disadvantages including (1) high instrument cost; (2) very 
demanding site requirements, both in terms of space and in 
terms of access restrictions; (3) it uses a high-field super- 
conducting magnet, and its magnetic field introduces safety 
concerns, such as flying iron objects, and practical concerns, 
such as the erasing of credit cards and other magnetically 
encoded strips; (4) cost of operation, care, and maintenance 
is high because the instruments consume liquid helium, and 
they must never be allowed to go dry; (5) a highly skilled 
operator level is necessary to operate it. Consequently, these 
instruments have yet to make an impact in the clinical lab, 
though they could well become important in the future if 
some of their disadvantages are overcome. 


Tandem Mass Spectrometers 


Tandem mass spectrometry, or mass spectrometry/mass 
spectrometry (MS/MS), is rapidly becoming an important 
technique in clinical laboratories where it is mainly used for 
quantitative analysis of routine samples.'* However, it is also 
excellent for structural characterization and compound 
identification, and is therefore useful for exploratory work, 


even when a final assay may be based on a different tech- 
nology, such as an immunoassay. The most important 
feature of this technique is very high selectivity together with 
good sensitivity. When coupled with the added selectivity of 
an HPLC, interferences in a well-designed MS/MS assay (and 
particularly an HPLC-MS/MS assay) are very low. Because 
of its low interference rate, low consumable cost (as with 
most MS methods) and high sample throughput rates, more 
and more clinical labs are purchasing and using tandem 
mass spectrometers. : 

The physical principle of tandem mass spectrometers is 
best understood by considering beam-type instruments, 
either a magnetic sector or a quadrupole mass spectrometer. 
Two mass spectrometers are arranged sequentially, with a 
“collision cell” placed between the two instruments. The first 
instrument is used to select ions of a particular m/z, called 
either the “parent ion” or “precursor ion.” The parent ion is 
directed into the collision cell, where ions collide with back- 
ground gas molecules and are broken into smaller ions. 
These have been traditionally referred to as “daughter ions” 
to emphasize the fact that they are derived from the parent 
ion, though the terminology “product ions” is now preferred 
by some.” The second mass spectrometer acquires the mass 
spectrum of the daughter ions. 

There are a variety of scan functions possible with 
tandem mass spectrometers. In practice, a product ion scan 
involves setting the first mass spectrometer, MSI, to select a 
given m/z and scanning through the full mass spectrum of 
product ions. This scan function is often used for structural 
characterization. A precursor ion scan reverses this relation- 
ship, with the second mass spectrometer, MS2, set to select 
a specific daughter ion, and MS1 is scanned through the 
spectrum. The peaks in the parent ion scan tell us which 
parent ions produce a specific product ion, a capability that 
is often used to analyze for specific classes of compounds. 
For example, acylcarnitines are often analyzed by searching 
for the precursors to the m/z 85 product ion. In a constant 
neutral loss scan, the two mass spectrometers are scanned 
synchronously, with a constant m/z offset between parent 
and product ion. This scan indicates what ions lose a par- 
ticular neutral fragment. For example, an offset of 18 m/z 
units would select for ions losing H,O in the dissociation 
process. Another scan function is multiple reaction moni- 
toring or MRM. This is not actually a scan function at all but 
consists of a series of parent/product ion pairs, with the mass 
spectrometer set to jump through the table of pairs in a cycli- 
cal fashion. This is primarily used for quantitative analysis 
of a few selected target compounds and is a close analogue 
to SIM monitoring used in GC-MS. 

The key to the high selectivity of MS/MS is that it 
characterizes a compound by two physical properties, parent 
ion mass and daughter ion mass, rather than a single prop- 
erty. If combined with a chromatographic separation, the 
retention time is then added to the characterization, and the 
analytes are characterized by three physical properties. This 
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high selectivity eliminates that vast majority of potential 
interferences. 

As with single-stage mass spectrometers, tandem mass 
spectrometers can be roughly categorized as beam-type 
instruments and trapping instruments. The most popular 
beam-type instrument is the triple quadrupole. In this 
instrument the first quadrupole (Q1) functions as MS1, and 
the third quadrupole (Q3) functions as MS2. Between these 
two quadrupoles is another quadrupole, Q2, which func- 
tions as the collision cell. The pressure is raised in Q2 (e.g. 
greater than 10“ torr) to the point that ions traversing Q2 
undergo several collisions, leading to dissociation. Q2 is 
operated as an “RF-only” quadrupole, ideally passing all ions 
regardless of m/z, although in reality the passband would 
typically cover a ~10: 1 m/z range. 

Two magnetic sector instruments have also been operated 
in tandem, with a collision cell placed between the two 
instruments. These instruments permit high resolution 
selection of both parent and product ions. However, these 
instruments are now rarely used as they are expensive and 
cumbersome to operate. Double focusing mass spectrome- 
ters can also be used as tandem mass spectrometers by a 
technique known as “linked scanning.” A product ion scan 
by linked scanning involves low resolution for MS1 and high 
resolution for MS2. 

Another technological development in tandem mass 
spectrometry is the combination of two TOF mass spec- 
trometers, TOF/TOF. These instruments have excellent sen- 
sitivity and throughput for MALDI-MS/MS and are 
especially suited for proteomics research. However, these 
instruments are unable to perform true precursor ion scans 
or constant neutral loss scans. The Bruker Daltonics ultra- 
flex and Applied Biosystem 4700 proteomics analyzer are 
examples of this type of instrument. Such instruments have 
yet to make an impact in clinical chemistry. 

So-called hybrid mass spectrometers include a combina- 
tion of two different types of mass spectrometers in a 
tandem arrangement. The combination of a magnetic sector 
mass spectrometer with a quadrupole mass spectrometer 
was an early instrument of this type. More popular is the 
combination of a quadrupole for MS1 and a TOF for MS2. 
As with TOF/TOR, these instruments are presently used 
mainly for proteomics research but could eventually find 
applications in the clinical lab. These instruments are unable 
to perform true precursor ion scans or constant neutral loss 
scans. Commercial examples of this type of instrument 
include the qTOF by Waters Micromass and the QSTAR by 
Applied Biosystems/MDS Sciex. 

Trapping mass spectrometers can also be used as tandem 
mass spectrometers. Unlike beam-type instruments, which 
are referred to as “tandem in space,” trapping mass spec- 
trometers are “tandem in time,’ meaning that ions are held 
in one region of space while the parent ion is selected and 
dissociated and the daughter ion analyzed sequentially in 
time. The ability to perform tandem mass spectrometry is 
inherent in the design of trapping mass spectrometers. Gen- 


erally, little or no additional hardware is required, with 
tandem capability supplied via a software change. Both QIT 
and ICR instruments are capable of tandem mass spectrom- 
etry. These instruments are capable of multiple stages of 
mass spectrometry. Thus product ions may be further dis- 
sociated to produce another generation of product ions 
(MS/MS/MS or MS’). In principle any number of dissocia- 
tion stages may be performed. This capability finds its great- 
est use in structural characterization, such as the sequencing 
of peptides, and is less useful for quantitative analysis. Trap- 
ping designs are extremely versatile, but unlike triple 
quadrupoles they are unable to perform true precursor ion 
scans or constant neutral loss scans. 


DETECTORS 

With the exception of an ICR-MS, nearly all mass spec- 
trometers use electron multipliers for ion detection. There 
are three main classes of electron multipliers: discrete 
dynode multipliers, continuous dynode electron multipliers 
(CDEM), also known as channel electron multipliers 
(CEM), and microchannel plate (MCP) electron multi- 
pliers, also known as multichannel plate electron multipliers. 
Though different in detail, all three work on the same phys- 
ical principle. An additional detector used in mass spec- 
trometers is the Faraday cup. 


Discrete Dynode Multipliers 


Figure 7-12 presents a conceptual diagram of the operation 
of a discrete dynode electron multiplier. When an ion strikes 
the first dynode, it causes the ejection of one or more elec- 
trons (“secondary electrons”) from the dynode surface. The 
electron is accelerated toward the second dynode by a voltage 
difference of ~100 V. Upon striking the second dynode, this 
electron causes the ejection of additional electrons, typically 
2 or 3 in number. The second group of electrons is then 
accelerated toward the third dynode, and upon striking the 
third dynode, causes the ejection of several more electrons. 
The process is repeated through a chain of dynodes, num- 
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Figure 7-12 Discrete dynode electron multiplier showing 
dynode structure and generation of electron cascade, 
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bering between 12 and 24 for most designs. The cascade 
process typically produces a gain of 10‘ to 10°, meaning that 
the generation of one electron at the first dynode produces 
a pulse of 10* to 10° electrons at the end of the cascade. The 
duration of the pulse is very short, typically less than 10 
nanoseconds. 


Continuous Dynode Electron Multiplier 


CDEMs, sometimes called CEMs, work on the same prin- 
ciple as discrete dynode electron multipliers but differ in 
their physical construction. The set of dynodes of a discrete 
dynode electron multiplier is replaced by a single continu- 
ous surface, Usually the continuous surface takes the form 
of the inside of a tube, flared at the entrance end. The surface 
of the tube contains an electrically resistive layer. A voltage 
gradient is generated down the length of the tube by apply- 
ing a voltage difference between the entrance and exit ends. 
The voltage gradient in the CEM takes the place of the dis- 
crete voltage drops between the dynodes of the discrete 
dynode electron multiplier. The resistive layer also serves as 
the secondary electron emitter. The CDEM is generally 
fabricated from a specialized glass, and the resistive sur- 
face is formed by chemically treating the surface of the glass. 
DefTech, Burle, and K and M Electronics all market a variety 
of CDEMs. 


Microchannel Plate Electron Multipliers 


MCPs operate on the same principle as CDEMs. A 
microchannel plate is essentially a monolithic array of 
miniaturized CDEMs fabricated in a single wafer or disk of 
glass. The disk contains pores extending from the upper 
surface to the lower surface. These pores are known as chan- 
nels and perform the same function as the interior of the 
tube in a CEM, but in contrast to a typical CEM, the entrance 
ends of the channels are not flared. The channels are typi- 
cally 3 to 30 micrometers in diameter depending on the 
design. The length of the channels is set by the thickness of 
the disk, typically 200 to 1000 micrometers. Microchannel 
plates can be fabricated in areas measured in cm’, and 
because the disk-shaped profile forms a nearly flat stopping 
surface for ions, they are ideal detectors for TOF mass spec- 
trometers. Burle and Hamamatsu are the major suppliers of 
these devices. 


Faraday Cup 

The Faraday cup is a simple electrode that intercepts the ion 
beam directly. This current is then amplified using electronic 
amplifiers. Because the Faraday cup measures signal inten- 
sity directly, rather than indirectly (as in saturation-prone 
electron multipliers) it provides an absolute measure of ion 
current and is also useful when signal levels are too high for 
electron multiplier—based detection. Some instruments use 
both electron multiplier— and Faraday cup—based detection 
to provide for extended dynamic range, a capability that can 
be especially useful for elemental analysis of trace metals in 
samples. 


COMPUTER AND SOFTWARE 


Because of their mass resolution capabilities, scanning func- 
tions, ability to automatically switch from positive to nega- 
tive ionization modes, and speed with which multiple m/z 
signals can be monitored, modern MS instruments generate 
enormous amounts of raw data. In addition, the use of MS, 
in such areas as proteomics, biomarker discovery, synthetic 
combinatorial chemistry, high throughput drug discovery, 
pharmacogenomics, toxicology, and therapeutic drug moni- 
toring requires that manufacturers provide sophisticated 
computers and software programs. 

In toxicology laboratories one important function of the 
data system is library searching to assist in compound iden- 
tification. There are several commercial libraries, including 
the Wiley Registry of Mass Spectral Data, the NIST Mass 
Spectral Database, and the Pfleger, Maurer, and Weber drug 
libraries. In addition, many laboratories generate their own 
libraries. The quality and quantity of available spectra, the 
search algorithm, and whether condensed or full spectra are 
searched are all important in spectral matching. There are 
several library search algorithms available, the most popular 
being probability-based matching and the dot product 
matching approach modified by the NIST. Both approaches 
provide an assessment of match quality between the 
observed spectra and the library spectra. 

In proteomics and biomarker discovery, complex mass 
spectra from single proteins, protein mixtures, or protein 
digests are obtained. Data systems exist that aid in charac- 
terization of spectral data to identify such properties as 
intact protein mass, amino acid subsequences, and post- 
translational modifications. Fragmentation information can 
also be compared with peptide databases to identify struc- 
tural mutations that may be present. 

Software programs are also available to locate and iden- 
tify components in complex chromatographic separations. 
Deconvolution protocols have been developed that identify 
and characterize the mass spectra of co-eluting compounds. 
In some cases two separate sets of chromatographic data can 
be compared to evaluate similarities or unique differences 
(e.g., controls versus disease state). 


Mass spectrometers coupled with gas and liquid chro- 
matographs (GC-MS and LC-MS) result in versatile analyt- 
ical instruments that combine the resolving power of the 
chromatographs with the exquisite specificity and sensitivity 
of a mass spectrometer. Such instruments are powerful ana- 
lytical tools that are used by clinical labs to identify and 
quantify organic analytes. They provide structural and 
quantitative information in real time on individual analytes 
as they elute from a chromatographic column. These 
coupled techniques are very sensitive and only nanogram or 
picogram quantities of an analyte are required for analysis. 
Specific applications of these coupled instruments are found 
in Chapters 33 and 34. 
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MALDI-TOF mass spectrometers and SELDI and ICP 
ionization techniques have also enhanced the analytical 
capabilities of mass spectrometers. In addition, an important 
application of MS is its use as the primary analytical tool in 
the rapidly developing and expanding field of proteomics. 
Also included in this section is a discussion of ion suppres- 
sion and how it relates to the analytical capabilities of mass 
spectrometers. 


GAS CHROMATOGRAPHY-MASS SPECTROMETRY 


GC-MS has been used for the analysis of biological com- 
pounds for several decades. This technique is used by the 
U.S. National Institute of Standards and Technology as a 
definitive method to qualify standard reference materials 
and to assign certified values to many clinical analytes, 
including cholesterol, glucose, creatinine, and urea nitrogen 
(see Chapter 1). One of the most common applications of 
GC-MS is in drug screening for clinical or forensic purposes 
(see Chapter 34). Many drugs have relatively small molecu- 
lar weights and nonpolar and/or volatile properties, which 
make these compounds particularly suitable for analysis by 
GC. Electron ionization with full-scan mass detection is the 
most widely used approach for comprehensive drug screen- 
ing. Identification of unknown compounds can be achieved. 
by comparison of their full mass spectrum with a mass spec- 
tral library or database. Numerous state and federal agencies 
mandate that only GC-MS be used to confirm the presence 
of drugs in samples presumptively found to be positive by 
immunochemical analyses. 

GC-MS has many applications beyond drug screening. 
Numerous xenobiotic compounds can be readily analyzed 
by GC-MS. Applications for anabolic steroids, pesticides, 
pollutants, and inborn errors of metabolism have been 
described.“ 

One important limitation to GC-MS is the requirement 
that compounds be sufficiently volatile to allow transfer 
from the solid phase to the mobile carrier gas and thus elute 
from the analytical column to the detector. Although many 
biological compounds are amenable to chromatographic 
separation with GC, there are a large number of compounds 
that are too polar or too large in size to be analyzed with this 
technique. 


LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY 

Compared with gas chromatographs, it is more difficult to 
interface liquid chromatographs with mass spectrometers 
because the analytes are dissolved in a liquid rather than a 
gas. As discussed previously, several interface techniques 
have been developed for coupling a liquid chromatograph to 
a mass spectrometer, which has allowed HPLC-MS and 
HPLC-MS/MS to be successfully applied to a wide range of 
compounds. In theory as long as a compound can be dis- 
solved in a liquid, it can be introduced into an HPLC-MS 
system. Thus polar and nonpolar analytes and large molec- 


ular weight compounds, such as proteins, can be monitored 
using this technique. 

An important area where tandem MS is used clinically is 
screening and confirmation of genetic disorders and inborn 
errors of metabolism (see Chapter 55).” The ability to 
analyze multiple compounds in a single analytical run makes 
this technique an efficient tool for screening purposes. Elec- 
trospray tandem MS has become the recognized reference 
method for carnitine and acylcarnitine analysis to identify 
organic acidemias and fatty acid oxidation defects.'*”* It is 
also becoming more recognized as an excellent tool for the 
analysis of amino acids. In the case of carnitine and amino 
acid analysis, these compounds vary widely in their polarity, 
which creates problems with consistency of response factors. 
To address this, most procedures employ a butyl ester deriva- 
tization of the carboxyl group to force cationic character 
upon the amino acids and thus yield similar ionization effi- 
ciencies for these compounds.” Direct flow injection analy- 
sis works well for these screens but can have the limitation 
of a lack of specificity for isobaric amino acids, such as 
leucine, isoleucine and hydroxyproline, or isobutyrylcarni- 
tine and butyrylcarnitine. In these cases chromatographic 
separation is required before tandem MS.” 

Other clinically relevant compounds that are amenable to 
HPLC-MS analysis include all of the major immunosup- 
pressants, antiretrovirals, homocysteine, biogenic amines, 
methylmalonic acid, and hemoglobin variants.* 

MS is widely used in pharmaceutical development via 
the process of “high throughput screening.” To most effi- 
ciently use available resources, research labs synthesize 
large sets of diverse organic compounds or derivatives of 
starting core structures. This is often called combinatorial 
chemistry. The same process of identification is also applied 
to natural products as pharmaceutical candidates. These 
vast sets of compounds must be screened for unique struc- 
ture and evaluated for potential as candidates for further 
study. This requires high throughput screening of large 
mixtures or isolates containing many compounds. MS has 
become the most efficient technique to identify these 
types of compounds. One example is the use of HPLC-MS 
to identify new taxanes in botanical extracts as effective 
anticancer agents.” 

Important to investigating therapeutic approaches is the 
recognition of target protein receptors that may be associ- 
ated with selected diseases. This information can facilitate 
structure-based approaches to drug design and ideally selec- 
tive activity toward specific targets. The challenge in drug 
design has been how to test whether a compound binds to a 
protein receptor and whether this binding modulates the 
structure of the receptor. Size exclusion chromatography 
coupled with MS can be used to help answer these types of 
questions. After incubating a drug with protein(s), small size 


*References 6, 25, 51, 52, 58, 90. 
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exclusion columns (e.g., Sephadex G25 or Bio-Gel P6) are 
used to separate free and bound drug. Small unbound mol- 
ecules diffuse into particle pores and are retained, and larger 
drug-protein complexes are not retained and elute from the 
column. The small columns are often placed into a cen- 
trifuge and centrifugal force used to speed up the separation. 
The eluted drug-protein complexes are then analyzed by 
HPLC-ESI-MS to identify the structural properties of those 
compounds that effectively bind to the protein target.” This 
process can also be combined with nuclear magnetic reso- 
nance (NMR) to investigate bound complexes. NMR chem- 
ical shift perturbations can be used to help identify the 
binding site on a protein and whether this is specific or non- 
specific binding.” Similar experiments can be performed to 
evaluate cellular absorption and/or permeability and intesti- 
nal cytochrome P4503A4 metabolism using Caco-2 cell 
monolayers,” and inhibition of metabolism with mixtures 
of hepatic microsomal enzymes, where probe substrates for 
each enzyme are used to monitor inhibition of multiple 
enzymes in one assay.* 


MALDI-TOF MASS SPECTROMETRY 


MALDI-TOF has been used to analyze thousands of differ- 
ent classes of compounds. The major considerations for this 
ionization technique are the ability to co-crystallize with one 
of the hundreds of matrix molecules available and the ability 
to form positive or negative ions or a charged adduct that is 
measured in the mass analyzer. Uses generally fall into one 
of three broad categories: (1) detection of a particular com- 
pound(s), (2) identification of a protein(s), or (3) identifi- 
cation of an organism. 

The detection of phosphatidylcholine and its digestion 
products”! is a good example of detection of a specific com- 
pound and in this case the monitoring of the progress of an 
enzymatic reaction. These small molecules can be detected 
as positive ions and readily retain sodium adducts. In addi- 
tion to simple identification, the authors also monitor pro- 
gression of the phospholipase digestion. Although MALDI 
should not be considered quantitative, the use of relative 
signal-to-noise ratios can be used to monitor the progres- 
sion of this digestion (or reaction). The main point of smail 
molecule detection by MALDI is that the molecule must co- 
crystallize with the matrix (and not react), be able to be de- 
sorbed back out of the matrix, and form an ion or adduct 
that can be detected. Although MALDI is simple and fast, 
other MS and non-MS techniques are often as good or better 
for smal] molecule analysis. 

MALDI-TOF is often used to determine the identity of 
proteins through peptide mass fingerprinting (PMF). This 
technique has been used to identify a large number of 2-D 
gel spots for the bacterial pathogen Pseudomonas aerugi- 
nosa.” The procedure generally involves in-gel tryptic diges- 
tion followed by accurate mass measurement of the peptides. 
The generated mass list is then compared with theoretical 
tryptic masses for proteins in a database (Figure 7-13 and 
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Figure 7-13 An example of a MALDI-TOF spectrum showing 
peptides generated in a tryptic digest of a spot cored from a 
2-D, SDS-PAGE gel. The 16 most abundant m/z were submitted 
to MS-FIT for searching against the nonredundant database. The 
top result for this search is shown in Table 7-1. 


Table 7-1). The procedure works best for organisms with 
complete and annotated genomes. The procedure is very 
rapid, under 2 minutes per sample, because 100 or greater 
samples may be automatically processed and deposited on a 
single MALDI target plate. In the above example,” the group 
rapidly identified a large number of proteins that were 
expressed differently between laboratory and pathogenic 
bacteria. In addition, it was found that some proteins were 
listed as “hypothetical,” meaning previously undescribed or 
confirmed to be expressed, and. that theoretical molecular 
weights and/or isoelectric points (pls) in some cases were 
extremely different from those measured in the gel, indicat- 
ing possible terminal clipping and/or posttranslational 
modification. These observations are extremely useful in 
targeting areas of focus given the large amount of data gen- 
erated by this technique. l 

The third area that MALDI-TOF is emerging in is iden- 
tification of organisms, such as bacteria. A method has been 
described that attempts to identify bacteria by fingerprint- 
ing proteins that were extracted using gentle conditions.” 
The basis of this technique is that different bacteria should 
express unique proteins in the 2 to 20kDa mass range, allow- 
ing classification according to the protein mass fingerprint. 
Although the other two areas mentioned above are quite 
mature, this area is still under final development. The major 
problems”! are a lack of actual protein mass information for 
various bacteria and a lack of investigation into different 
strains of the same bacteria. The protein mass fingerprints 
must be cataloged for each bacterium and determined to be 
completely reproducible for a given extraction method. 
Further, more work will have to be done on changes at the 
protein level among different strains or isolates of putatively 
the same bacterium. 
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TABLE 7-1 Example of Printout of Bacterial Identification Through PMF Using MALDI-TOF A Generated Mass List Is 
Compared With Theoretical Tryptic Masses for Proteins ina Database. Match Quality Is Used for Pathogen 
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SELDI MASS SPECTROMETRY 

Currently the area of greatest interest in SELDI analysis is its 
use for the discovery of biomarkers for disease. An excellent 
example is biomarker identification in breast cancer.” The 
basic premise is that diagnosis of disease state can be done 
by monitoring away from the actual site of disease—most 
often serum, urine, or cerebrospinal fluid. This study follows 
the basic technique that proteins are affinity purified from 
the biological fluid, and markers are identified based on a 
large difference in abundance between control and disease. 
These markers are not even identified in the early stages of 
the experiment. The power of the technology is the rapid 
identification of multiple, potential biomarkers that can be 
used in concert as a diagnostic tool—highly desirable over 
many current single biomarker tests. 


ICP MASS SPECTROMETRY 


As noted earlier in the chapter, ICP-MS is used for the deter- 
mination of trace elements in many types of samples (see 
Chapter 35).° However, it is known that the toxicity of an 
element may depend on the organic or inorganic state in 
which the element is present. In these cases it is more impor- 
tant to ascertain the concentrations of toxic species rather 
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than the total concentration of the element. To extend the 
utility of this technique, GC and HPLC systems are now 
being coupled to ICP-MS to separate individual elemental 
species before ICP-MS analysis.” 


PROTEOMICS 

The past 20 years have seen tremendous progress in 
genomics, with hundreds of genomes completed or near 
completion and many now parsed and annotated. However, 
this information has often failed to provide vast new under- 
standing into cellular function—mainly because of the 
myriad changes that occur to the proteins produced from the 
genome throughout the life cycle of a cell. In the mid 1990s, 
MS came to the forefront of analytical techniques used to 
study proteins and the term proteomics was coined. 
Although the definition is still debated, proteomics in the 
largest sense encompasses knowledge of the structure, func- 
tion, and expression of all proteins in the biochemical or 
biological contexts of all organisms.“ In a more basic and 
practical sense, proteomics refers to the identification and 
quantitation of proteins and their posttranslational modifi- 
cations in a given system or systems. This is a challenging 
task as every gene has potentially 100 or more distinct, chem- 
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ical protein isoforms. In addition, many other molecules 
(metals, lipids, etc.) interact with proteins in a noncovalent 
fashion. Therefore in a genome, such as human, there may 
be a repertoire of millions of “proteins” requiring identifica- 
tion and quantitation. 

Two foundations are necessary to begin this daunting 
challenge. The first is the basic sequence expected for each 
possible protein in a cell (i.e., a completed genome). The 
second is instrumentation, currently advanced mass spec- 
trometers that identify and quantitate protein isoforms in an 
automated fashion at very low limits of detection. Both 
foundations are now essentially in place, and the field of pro- 
teomics has leapt forward over the past several years. The 
goal above is far from complete, however, as considerable 
advances will have to be made before we truly examine all 
the proteins in a cell. 

Currently, MS is routinely used to accomplish many 
tasks in proteomics. The most basic task is protein identifi- 
cation. The typical approach is known as the “bottom-up” 
method, where proteins are separated—either by gel elec- 
trophoresis or by solution-based methods—and then 
digested. The resulting enzymatic fragments are analyzed 
and used to identify the protein(s) present. This process 
is time consuming and has many pitfalls. Increasingly, 
much research has been devoted to analysis of mixtures of 
proteins. These mixtures can be from cellular compartments, 
tissue, or immunoprecipitations. Although solving many 
problems associated with analysis of proteins isolated 
by gels, this technique suffers one major drawback— 
complexity. Currently, both instrumentation and analysis 
software are not sufficiently advanced to easily identify all 
the proteins in truly complex mixtures. As a result, much 
emphasis has been placed on separation methods for 
proteins and/or peptides. Many groups have introduced 
methods to begin handling this level of complexity. The 
most popular approaches are subcellular fractionation, 
multidimensional chromatography, and affinity labeling 
and/or purification. By combining these approaches, several 
thousand protein species can routinely be identified. Obvi- 
ously these numbers are better than “bottom-up” methods 
from gels, but they still fall far short of those necessary for 
complete proteomics. 

Two last areas that have to be addressed are quantitation 
and de novo sequencing and/or posttranslational modifica- 
tions. First, most identified proteins must be quantitated in 
relation to changes in cell state or cell type. Quantitation in 
MS for these purposes is relative, (i.e., standard condition 
to perturbed condition), Current techniques in this area are 
still in the development phase but generally involve labeling 
either a subset of peptides (isotope-coded affinity tagging) 
or all peptides (metabolic labeling). Although some prob- 
lems exist with the labeling, the greatest—-as with identi- 
fication—involves the sheer complexity of the sample to be 
analyzed. The second problem is both separate and related. 
Posttranslational modifications clearly are the major control 
mechanism in cells. Mass spectrometry is unique as a tech- 


nique that can both identify and precisely locate a modifica- 
tion. However, the software to automate this process lags far 
behind the ability to collect the data. What is lacking is soft- 
ware for de novo sequencing, which can interpret a mass 
spectrum with little or no user intervention, especially in the 
area of posttranslational modifications. Currently, most 
modified spectra are manually interpreted by highly skilled 
mass spectrometrists, adding days or even weeks of analysis 
time per sample. These two problems, in addition to sample 
complexity, will have to be solved before proteomics evolves 
into a mature field. 

All of these issues are addressed in numerous papers every 
month in journals ranging ftom Proteomics to Clinical 
Chemistry. Although an exhaustive listing is impossible, 
there are several review or opinion references that represent 
good starting points for exploration into the rapidly chang- 
ing world of proteomics.* 


ANALYTICAL PROBLEM OF ION SUPPRESSION 


Ion suppression results from the presence of less volatile 
compounds that can change the efficiency of droplet forma- 
tion or droplet evaporation, which in turn affects the 
amount of charged ion in the gas phase that ultimately 
reaches the detector.” Sample matrix, co-eluting com- 
pounds, and cross talk can contribute to this effect. loniza- 
tion effects can theoretically occur in either the solution 
phase or the gas phase. For biological extractions, one cause 
of ion suppression is a change in the spray droplet solution 
properties caused by the presence of nonvolatile or less 
volatile solutes.” These nonvolatile materials (e.g., salts, ion- 
pairing agents, endogenous compounds, drugs, and/or 
metabolites) change the efficiency of droplet formation or 
droplet evaporation, which in turn affects the amount of 
charged ion in the gas phase that ultimately reaches the 
detector. Anions, such as phosphate or borate in buffers, can 
also neutralize the effective ionization of an analyte. 

The presence of ion suppression, or other deleterious 
effects, can be evaluated via several experimental protocols. 
One involves comparison of (1) the instrument response for 
standards (including any internal standards) injected 
directly in mobile phase and (2) the same amount of com- 
pound spiked into preextracted samples.” The data for the 
standard in mobile phase provide a relative 100% response 
value. The data for the same amount of compound spiked 
into preextracted samples show the effect of sample matrix 
on MS response (ion suppression). 

A second protocol involves postcolumn continuous infu- 
sion of compound into the MS detector.”** The instru- 
mental setup includes a syringe pump connected via a tee to 
the column effluent (Figure 7-14). Because the compound 
being tested is introduced into the mass detector at a con- 
stant rate, a constant electrospray ionization response should 


*References 30, 42, 57, 72, 76, 86. 
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Figure 7-14 Postcolumn infusion system. Mobile phase or 

specimen extracts are injected into the HPLC system. The ` 
analyte being evaluated is continuously infused, postcolumn, and * 
is mixed with the column effluent through a tee before entering 
the electrospray interface. Y 
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Figure 7-15 infusion chromatograms for hypothetical analyte. 
A, Mobile phase injection. B, Serum liquid-liquid extract 
injection. These profiles illustrate that ion suppression can be 
greater than 90%, a recovery time may exist, and that 
suppression is not limited to the solvent front region. For a 
comprehensive presentation of these types of effects, the reader 
is referred to references 7, 38, and 68. 


ideally be observed (Figure 7-15, A) if no ionization inter- 
ferences occur when an extract from a biological specimen, 
such as serum, is injected into the HPLC portion of the 
instrument. In actuality it is common to see a suppression 
of the signal at the time point that corresponds to the void 
volume of the column (Figure 7-15, B). The degree of ion 
suppression and the recovery time to full response can vary 
from compound to compound’ and from sample to sample 
and can also be dependent on the sample preparation 
method. Since endogenous compounds from the specimen 
matrix can continue to elute at any time during the chro- 
matographic run, ion suppression is not limited to the 
column void. The observed degree of ion suppression can 
also be dependent on the concentration of the analyte being 
monitored,” which relates to the matrix/analyte ratio. 
Another potential source of ion suppression is the effect 
that chromatographic ion-pairing agents may have on signal 
intensity. For example, trifluoroacetic acid (TFA) has been 
used in HPLC-UV analyses because it improves peak shape 
and retention times. Unfortunately, for MS analyses TFA also 
causes signal suppression and must be considered if this acid 
is used in the mobile phase. Being a component of the 


mobile phase this agent will continuously be introduced into 
the ESI interface, so that signal suppression may be observed 
throughout the entire chromatographic run. 

There are several options that can be used to minimize 
or correct for ion suppression during HPLC-MS analysis. 
For ion pairing other weaker acids—such as acetic, formic, 
or hexafluorobutyric acid—may be successfully substituted 
for TFA in HPLC-MS analysis. The use of surface tension— 
lowering modifiers in the ESI source has also been reported 
to be successful when TFA is used as a mobile phase modi- 
fier.” The postcolumn addition of acids and solvent carriers 
to displace TFA from compounds and aid ionization has also 
been successfully employed. This is a process termed the 
“TEA fix.” It may also be possible to modify the chromato- 
graphic conditions so that the compound(s) of interest elute 
in a region where ion suppression is not observed.* Since 
many HPLC assays include an internal standard, another 
possibility is to modify chromatographic conditions such 
that the compound of interest and the internal standard co- 
elute.“ The ion suppression for both compounds should be 
similar if the peaks chromatographically coincide, thus “cor- 
recting” for the degree of suppression. 

Ion suppression is not limited to just HPLC-MS or ESI 
interfaces. For MALDI analysis, arginine-containing pep- 
tides have been reported to dominate the peptide pattern for 
protein digests,” the extent of which depends on the matrix 
used. The presence of ionic detergents, such as Triton X-100 
and Tween 20, has also been shown to cause signal suppres- 
sion in MALDI experiments, which can be countered by 
modifications to the matrix.” 
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CHAPTER S 


Principles of Clinical 


Renze Bais, Ph.D., and Mauro Panteghini, M.D. 


enzymology is the application of the science of 

enzymes to the diagnosis and treatment of disease. 
The principles of clinical enzymology will be introduced and 
discussed in this chapter. Individual topics include basic 
principles, enzyme kinetics, analytical enzymology, and 
diagnostic enzymology. 


Bee are proteins with catalytic properties; clinical 


BASIC PRINCIPLES 


This section begins with a discussion of enzyme nomencla- 
ture and is followed with discussions of enzymes as proteins 
and catalysts. 


ENZYME NOMENCLATURE 


Historically, individual enzymes were identified using the 
name of the substrate or group upon which the enzyme acts 
and then adding the suffix -ase. For example, the enzyme 
hydrolyzing urea was urease. Later, the type of reaction 
involved was also identified, as in carbonic anhydrase, 
D-amino acid oxidase, and succinate dehydrogenase. In 
addition, some enzymes had been given empirical names 
such as trypsin, diastase, ptyalin, pepsin, and emulsin. 
Because this combination of trivial common names and 
semisystematic names was found to be inadequate, the Inter- 
national Union of Biochemistry (IUB) appointed an Enzyme 


*The authors gratefully acknowledge the original contributions 
by Drs. A. Ralph Henderson and Donald W. Moss, upon which 
portions of this chapter are based. 
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Commission (EC) in 1955 to study the problem of enzyme 
nomenclature. Its subsequent recommendations, with peri- 
odic updating, provide a rational and practical basis for 
identifying all enzymes now known and enzymes that will 
be discovered in the future (http://www.chem.qmw.ac.uk/ 
iubmb/enzyme/).’ 

With the IUB system, a systematic and trivial name is 
provided for each enzyme. The systematic name describes 
the nature of the reaction catalyzed and is associated with a 
unique numerical code designation. The trivial or practical 
name, which may be identical to the systematic name but 
is often a simplification of it, is suitable for everyday use. 
The unique numerical designation for each enzyme con- 
sists of four numbers, separated by periods (e.g., 2.2.8.11). 
The number is prefixed by the letters EC, denoting Enzyme 
Commission. The first number defines the class to which 
the enzyme belongs. All enzymes are assigned to one of 
six classes, characterized by the type of reaction they 
catalyze: (1) oxidoreductases, (2) transferases, (3) hydro- 
lases, (4) lyases, (5) isomerases, and (6) ligases. The next 
two numbers indicate the subclass and sub-subclass to which 
the enzyme is assigned. For example, these may differentiate 
the amino-transferring subclass from the phosphate- 
transferring category or the ethanol acceptor sub-subclass 
from that accepting acyl groups. The last number is the 
specific serial number given to each enzyme within its 
sub-subclass. 

To illustrate how this system is used to name an enzyme, 
consider the enzyme creatine kinase that catalyzes the 
reaction: 


ATP + creatine <_” ADP + creatine phosphate 
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Its system number is: 


EC 2 7. 3 2. 


Enzyme Commission eo | 
Class (Transferases) 


Subclass (Phosphotransferase} 
Sub-subclass (Nitrogenous group or acceptor) 
Enzyme number within sub-subclass 


Table 8-1 lists some selected enzymes of clinical interest, 
identified by trivial, abbreviated, and systematic names and 
by their code numbers. 

Although it is not recommended by the EC, it is a 
common and convenient practice to use capital letter abbre- 
viations for the names of certain enzymes, such as ALT (for- 
merly GPT) for alanine aminotransferase (EC 2.6.1.2). 
Other examples are AST for aspartate aminotransferase, LD 
for lactate dehydrogenase, and CK for creatine kinase (see 
Table 8-1). 


ENZYMES AS PROTEINS 
Basic Structure 


All enzyme molecules possess the primary, secondary, and 
tertiary structural characteristics of proteins (see Chapter 
20). In addition, most enzymes also exhibit the quaternary 
level of structure, The primary structure, the linear sequence 
of amino acids linked through their o-carboxyl and 
g-amino groups by peptide bonds, is specific for each type 
of enzyme molecule. Each polypeptide chain is coiled up 
into three-dimensional secondary and tertiary levels of 
structure. Secondary structure refers to the conformation of 
limited segments of the polypeptide chain, namely o-helices, 
B-pleated sheets, random coils, and B-turns. The arrange- 
ment of secondary structural elements and amino acid side 
chain interactions that define the three-dimensional struc- 
ture of the folded protein is referred to as its tertiary struc- 
ture. In many cases biological activity, such as the catalytic 
activity of enzymes, requires two or more folded poly- 
peptide chains (subunits) to associate to form a functional 
molecule. The arrangement of these subunits defines the 
quaternary structure. The subunits may be copies of the 


TABLE 8-1 Enzyme Commission (EC) Numbers, Systematic and Trivial Names, Together With Frequently Adopted 


Abbreviations of Enzymes of Major Diagnosti Importance 


EC Number 
LERI 


; Systematic Name 


PU apane: NAD oxidoreductase 


‘L-Glutamate: NAD(P)* oxidoreductase 
(deaminating) = 
(5-Glutamyl) -peptide: amin 
glutamyltransferase ` 


£11,420 iS ‘Threo-Ds- isocitrate: NAD(P)*. 
ee eS oxidoreductase (decarboxylating) 
EPEE a 


Boo 


26l ; L-Aspartate: 2- oxoglutarate 
e aminotransferase =.: 
2.6.1.2 i-Alanine: 2- oxoglutarate a ami 

2732 

3.1.13 


no 


=t Acylcholine liye : i 


$ Orthophosphoric- -monoester_ 
< > phosphohydrolase (alkaline optimum) 
a Orthophosphoric-monoester ; 

= t phosphohydrolase (acid optimum) 

+1 5-Ribonucleotide phosphohydrolase 
nnal A-O-D- Glucan ee 


p-Fructose-1,6- ‘biphaorphiate: pi 


41. 2, 13. = 
en glyceraldehyde-3-phosphate-lyase =: 


Trivial Name RE l ‘Abbreviation 
Lactate dehydrogenase _ ; gpa. 
Isocitrate dehydrogenase © ICD. 
Glutamate dehydrogenase l GLD y . ; 
‘y-Glutamyltransferase GGT BARS 
co 
ALT 
CK 
Lip 
*-cholin terase, kolmeen I ESEN 
i Pseudocholinesterase, benzoyl ChE (SChE) ©; 
cholinesterase, cholineesterase 1. Tes i 
(serum cholinesterase) bene eset eee 
Acid phosphatase “ACP. 
5’-Nucleotidase SNT, NTP 
Amylase By ae may oa 
Trypsin ee eer eel 


Aldolase a ae 
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same polypeptide chain (homomultimers [e.g., as the MM 
isoenzyme of creatine kinase, or the H, isoenzyme of lactate 
dehydrogenase]) or they may represent distinct polypeptides 
(heteromultimers). The biological activity, such as the cat- 
alytic activity of enzymes, is often found to be a property of 
the oligomeric molecule so that activity is usually lost under 
conditions in which the subunits separate from each other. 

The application of physical methods, such as x-ray crys- 
tallography and multidimensional nuclear magnetic reso- 
nance (NMR) methods, has provided structural insights 
upon which theories of enzyme mechanisms have been 
built. Furthermore the tools of molecular biology, such as 
molecular cloning, have enabled the purification and char- 
acterization of enzymes that were previously only avail- 
able in minute amounts. Molecular biology also enables the 
manipulation of the amino acid sequence of enzymes, 
and site-directed mutagenesis (substituting one amino acid 
residue for another) and deletion mutagenesis (elimination 
of sections of the primary structure) have allowed the iden- 
tification of chemical groups that participate in ligand 
binding and in specific chemical steps during catalysis. 

No feature of primary structure, such as repetition of 
particular amino acid sequences, is common to all enzyme 
molecules. However, considerable homologies of sequence 
are found between enzymes that appear to share a common 
evolutionary origin, such as the proteases trypsin and 
chymotrypsin, and similarities of sequence are even more 
marked among the members of a family of isoenzymes. The 
amino acid sequence in the immediate neighborhood of the 
active center of the enzyme (discussed later) is often closely 
similar in enzymes of related function (e.g., the serine pro- 
teases are so called because they all have this amino acid in 
the active center). 

Enzyme molecules differ in the proportion of secondary- 
level structures—such as o-helices—they contain, although 
no enzyme molecule so far studied approaches the large pro- 
portion of a-helices found in myoglobin and hemoglobin. 
The tertiary structures of different types of enzyme mole- 
cules are as individually characteristic as their primary struc- 
tures; nevertheless, some common features can be discerned 
at this structural level. Enzyme molecules are roughly glob- 
ular in overall shape, with a preponderance of polar amino 
acid side chains on the outside of the molecule and nonpo- 
lar side chains in the interior. The ionizable residues in 
contact with the surrounding medium are responsible for 
many of the properties of the enzyme molecules in a solu- 
tion, such as their migration in an electric field and their sol- 
ubility. Covalent disulfide bridges may link different parts of 
the polypeptide chains in some enzyme molecules, but the 
three-dimensional structure is mainly stabilized by the large 
number of hydrophobic interactions that are formed 
between the nonpolar side chains in the interior of the 
molecule. 

The biological activity of a protein molecule depends 
generally on the integrity of its structure. Any disruption of 
the structure is accompanied by a loss of activity, a process 


known as denaturation. If the process of denaturation is 
minimal, it may be reversed with the recovery of enzyme 
activity upon removal of the denaturing agent. However, 
prolonged or severe denaturing conditions result in an irre- 
versible loss of activity. Denaturing conditions include ele- 
vated temperatures, extremes of pH, and chemical addition. 
Heat inactivation of most enzymes takes place at an appre- 
ciable rate at room temperature and becomes almost instan- 
taneous in most cases above about 60 °C. The polymerases 
are an exception and retain activity at temperatures as high 
as 90 °C. Low temperatures are therefore used to preserve 
enzyme activity, especially in aqueous solutions, such as 
serum (see Chapter 21). Extremes of pH also cause unfold- 
ing of enzyme molecular structures and, except for a few 
exceptions, should be avoided when preserving enzyme 
samples. Addition of chemicals, such as urea and related 
compounds, disrupts hydrogen bonds and hydrophobic 
interactions so that exposure of enzymes to strong solutions 
of these reagents results in inactivation. 


Isoenzymes and Other Multiple Forms of Enzymes 


Isoenzymes are multiple forms of an enzyme that possess the 
ability to catalyze the enzyme’s characteristic reaction but 
that differ in structure because they are encoded by distinct 
structural genes.* These enzyme variants may occur within 
a single organ or even within a single type of cell. The forms 
can be distinguished on the basis of differences in various 
physical properties, such as electrophoretic mobility or resis- 
tance to chemical or thermal inactivation. They often have 
significant quantifiable differences in catalytic properties, 
However, all the forms of a particular enzyme retain the 
ability to catalyze its characteristic reaction. 

The existence of multiple forms of enzymes in human 
tissue has important implications in the study of human 
disease. The presence in different organs of isoenzymes with 
distinctive properties helps in understanding organ-specific 
patterns of metabolism, but genetically determined varia- 
tions in enzyme structure between individuals account for 
such characteristics as differences in sensitivity to drugs and 
differences in metabolism, which manifest themselves as 
hereditary metabolic diseases. For diagnostic enzymology, 
the existence of multiple forms of enzymes, whether due to 
genetic or nongenetic causes, may provide opportunities to 
increase the diagnostic specificity and sensitivity of enzyme 
assays in body fluid samples. 

Like other proteins, enzymes usually elicit the production 
of antibodies when they are injected into animals of a species 
other than those in which they originate. Even small struc- 
tural differences between closely similar molecules, such as 
the members of a family of isoenzymes, are often sufficient 
to render them antigenically distinct, allowing antibodies to 


forms that originate at the level of the penes that encode the 
structures of the enzyme proteins in question.’ 
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be produced specific to a single type of molecule. The avail- 
ability of enzyme-specific antisera opens up a wide range of 
methods in enzyme analysis, some of which—such as 
immunoassay—do not depend on the catalytic activity of 
the enzyme molecules. The availability of immunochemical 
methods has been particularly important in the analysis of 
isoenzyme mixtures. 


Genetic Origins of Enzyme Variants 


True isoenzymes are due to the existence of more than. one 
gene locus coding for the structure of the enzyme protein. 
Many human enzymes (perhaps more than one third) are 
known to be determined by more than one structural gene 
locus. The genes at the different loci have undergone differ- 
ential modifications during the course of evolution so that 
the enzyme proteins coded by them no longer have identi- 
cal structures, although they are recognizably similar; in 
other words, they are isoenzymes. Multiple-gene loci have 
become disseminated throughout a whole species during the 
course of evolution, so that these genes and their resultant 
isoenzymes typically are present in all individuals of that 
species. 

The multiple genes that determine a particular group of 
isoenzymes are not necessarily closely linked on one chro- 
mosome; they are often located on different chromosomes. 
For example, the structural genes that code for human 
salivary and pancreatic amylases both are located on chro- 
mosome 1, whereas the genes that code for mitochondrial 
and cytoplasmic malate dehydrogenase are carried on 
chromosomes 7 and 2, respectively. Among the enzymes of 
clinical importance that exist as isoenzymes because of 
the presence of multiple gene loci are lactate dehydrogenase, 
creatine kinase, a-amylase, and some forms of alkaline 
phosphatase. 

A mechanism that results in an enzyme existing in mol- 
ecular forms that differ from one individual to another is 
the existence of alternative alleles that are inherited accord- 
ing to Mendelian laws. These give rise to gene products with 
the same function. The isoenzymes that result from the exis- 
tence of allelic genes are termed allozymes. The proportion 
of human gene loci subject to allelic variation is consider- 
able, and the probability that individual human beings will 
differ to some degree in their isoenzyme patterns is corre- 
spondingly high. 

The number of allelic variants and the frequency with 
which particular variants occur within the population vary 
considerably from one enzyme to another. For example, 
mutations at either of the two principal loci that determine 
human lactate dehydrogenase are extremely rare, but a high 
incidence of mutant alleles occurs at the single locus that 
determines the structure of placental alkaline phosphatase. 
More than 340 mutations in the glucose-6-phosphate dehy- 
drogenase gene have now been identified on the X chromo- 
some (up-to-date genetic information on this and other 
enzymes, can be obtained from the Online Mendelian 
Inheritance in Man (OMIM) database at http://www3.ncbi. 


nim.nih.gov/Omim/searchomim.html). Some of these alleles 
are extremely rare, whereas others occur with appreciable 
frequency in particular populations or geographical loca- 
tions. When isoenzymes, due to variation at a single locus, 
occur with appreciable frequency in a human population, the 
population is said to be polymorphic with respect to the 
isoenzymes in question. 

Another category of multiple molecular forms can arise 
when enzymes are oligomeric and consist of molecules made 
up of subunits. The association of different types of subunits 
in various combinations gives rise to a range of active 
enzyme molecules. When the subunits are derived from dif- 
ferent structural genes, either multiple loci or multiple 
alleles, the hybrid molecules so formed are called hybrid 
isoenzymes. The ability to form hybrid isoenzymes is evi- 
dence of considerable structural similarities between the dif- 
ferent subunits. Hybrid isoenzymes can be formed in vitro, 
but they are also formed in vivo in cells in which the differ- 
ent types of constituent subunits are present in the same sub- 
cellular compartment. 

The number of different hybrid isoenzymes that can be 
formed from two nonidentical protomers depends on the 
number of subunits in the complete enzyme molecule. For 
a dimeric enzyme, one mixed dimer (hybrid isoenzyme) can 
be formed. If the enzyme is a tetramer, three heteropoly- 
meric isoenzymes may be formed (Figure 8-1). Examples of 
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Figure 8-1 Diagram showing the origin of isoenzymes, 
assuming the existence of two distinct gene loci. When the 
active enzymes are polymers containing more than one subunit, 
hybrid isoenzymes consisting of mixtures of different subunits 
may be formed. One such isoenzyme can be formed in the case 
of a dimeric enzyme, such as creatine kinase, and three if the 
enzyme is a tetramer (e.g., lactate dehydrogenase). In both cases, 
two homopolymeric isoenzymes can also exist. (From Moss DW. 
fsoenzyme analysis. London: The Chemical Society, 1979.) 
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hybrid isoenzymes are the mixed MB dimer of creatine 
kinase and the three hybrid isoenzymes, LD-2, LD-3, and 
LD-4, of lactate dehydrogenase, 


Nongenetic Causes of Multiple Forms of Enzymes 
Many different types of posttranslational modification of 
enzyme molecules can give rise to multiple forms that are 
commonly known as isoforms (Figure 8-2). Several of these 
processes have been shown to cause the heterogeneity of 
various enzymes, either in living matter or as a result of 
changes taking place during extraction or storage. _ 

Modification of the residues in the polypeptide chains of 
enzyme molecules can take place in living cells to give mul- 
tiple forms, For example, removal of amide groups accounts 
for some of the heterogeneity of amylase and carbonic anhy- 
drase (these enzymes also each exist as true isoenzymes). 
Modification can also take place as a result of extraction pro- 
cedures. Many erythrocyte enzymes, including adenosine 
deaminase, acid phosphatase, and some forms of phospho- 
glucomutase, contain sulfhydryl groups that are susceptible 
to oxidation. In hemolysates, oxidation may be brought 
about by the action of oxidized glutathione, although in the 
intact cells, this compound is present in its reduced form. 
Thus, variant enzyme molecules with altered molecular 
charge may be generated. 

Modifications affecting nonprotein components of 
enzyme molecules may also lead to molecular heterogeneity. 


De-amidation 


Partial cleavage 
of chain 


Alteration of 
carbohydrate 
side chain 


Acylation 


Many enzymes are glycoproteins, and variations in carbohy- 
drate side chains are a common cause of nonhomogeneity 
of preparations of these enzymes. Some carbohydrate 
moieties, notably N-acetylneuraminic acid (sialic acid), are 
strongly ionized and consequently have a profound effect on 
some properties of enzyme molecules, For example, removal 
of terminal sialic acid groups from human liver and/or bone 
alkaline phosphatase with neuraminidase greatly reduces the 
electrophoretic heterogeneity of the enzyme. 

Aggregation of enzyme molecules with each other or with 
nonenzymatic proteins may give rise to multiple forms that 
can be separated by techniques that depend on differences 
in molecular size. For example, four catalytically active 
cholinesterase components with molecular weights ranging 
from about 80,000 to 340,000 are found in most sera, 
with the heaviest component, C,, contributing most of the 
enzyme activity. Other enzyme forms are also occasionally 
present, but it appears that the principal serum choli- 
nesterase fractions can be attributed to different states of 
aggregation of a single monomer. 

A specific form of interaction between enzymatic and 
nonenzymatic proteins is the cause of unusual enzyme com- 
ponents noted when some samples of human plasma are 
fractionated by electrophoresis or chromatography. These 
components are due to a combination of apparently normal 
enzyme or isoenzyme molecules with plasma immunoglob- 
ulins. The enzyme-protein complexes (“macrocomplexes”) 
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Figure 8-2 Nongenetic modifications that may give rise to multiple forms of enzymes. {From 
Moss DW. Isoenzymes. London, Chapman & Hall, 1982.) 
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thus formed may themselves be heterogeneous. Since the 
identification of “macroamylase,” the first such enzyme- 
immunoglobulin complex to be identified, similar com- 
plexes have been observed involving lactate dehydrogenase, 
creatine kinase, alkaline phosphatase (ALP), and other 
enzymes, 

A single polypeptide chain can in theory exist in an infi- 
nite number of different conformations. However, one spe- 
cific conformation generally appears to be the most stable 
for any given sequence of amino acids, and this conforma- 
tion is assumed by the chain as it is synthesized within the 
cell. Thus, the primary structure of the polypeptide chain 
also determines its three-dimensional secondary and tertiary 
structures. It is conceivable that in some cases there may be 
several alternative conformations (“conformers”) of a single 
chain that are of nearly equal stabilities and therefore these 
alternative forms may coexist. This possibility was first sug- 
gested to account for the heterogeneity noted in preparations 
of the cytoplasmic and mitochondrial isoenzymes of malate 
dehydrogenase and has also been proposed as an explana- 
tion of the multiple electrophoretic zones of erythrocyte 
acid phosphatase. However, no multiple enzyme forms 
have been shown unequivocally to be due to conformational 
isomerism. 


Distribution of Isoenzymes and Other Multiple Forms 
of Enzymes 
The existence of multiple gene loci, and the isoenzymes 
derived from them, has presumably conferred an evolution- 
ary advantage on the species and has thus become part of its 
normal metabolic pattern. Some of these adaptations are 
related to the division of function between and within dif- 
ferent types of specialized cells and tissues. Thus, the distri- 
bution of isoenzymes is not uniform throughout the body, 
and wide variations in the activity of different isoenzymes 
are found at the organ, cellular, and subcellular levels. Tissue- 
specific differences are also found in the distributions of 
some multiple forms of enzymes that are not due to the exis- 
tence of multiple gene loci. The tissue-specific distribution 
of isoenzymes and other multiple forms of enzymes provides 
the basis for organ-specific diagnosis through isoenzyme 
measurements. 

Certain gene loci may be expressed almost exclusively in 
a single tissue, perhaps at a particular stage in development. 
In addition to the two gene loci that determine the two most 
common subunits of lactate dehydrogenase, a third locus is 
active only in mature testes. It determines the structure of a 
third type of subunit, X or C, which makes up a specific 
isoenzyme, LD-X or LD-C, found only in testes. The isoen- 
zyme of ALP that occurs in the human placenta is the 
product of a single structural gene locus, which is distinct 
from the loci that specify the structures of other forms of 
ALP, and the product of the placental phosphatase locus is 
normally detectable only in the placenta. 

A particularly striking example of the local expression of 
multiple gene loci is provided by distinct isoenzymes that 


occur exclusively in specific subcellular organelles. Differ- 
ences between mitochondrial isoenzymes and their func- 
tionally analogous counterparts in the cytoplasm have been 
demonstrated in several cases (e.g., for aspartate amino- 
transferase and malate dehydrogenase.) 


Changes in Isoenzyme Distribution During Development 
and Disease 


Multiple gene loci and their resultant isoenzymes provide a 
means for the adaptation of metabolic patterns to the chang- 
ing needs of different organs and tissues in the course of 
normal development or in response to environmental 
change. Pathological conditions may also be associated with 
alterations in the activities of specific isoenzymes. 

The patterns of several sets of isoenzymes change during 
normal development in tissues from many species. For 
example, changes in the relative proportions of several isoen- 
zymes are noted during the embryonic development of 
skeletal muscle. The proportions of the electrophoretically 
more cathodal isoenzymes, of both LD and CK, progressively 
increase in this tissue, until approximately the sixth month 
of intrauterine life, when the pattern resembles that of dif- 
ferentiated muscle. Smaller quantitative changes in isoen- 
zyme distribution may continue to birth and into early 
postnatal life. 

The liver also shows characteristic changes in the patterns 
of several isoenzymes during embryogenesis. In early fetal 
development, three aldolase isoenzymes, A, B, and C, 
together with the various hybrid tetramers, can be detected 
in extracts of liver. However, at birth as in the adult liver 
aldolase B is the predominant isoenzyme. Striking changes 
in the distribution of isoenzymes of alcohol dehydrogenase 
also occur in human liver during prenatal development. 

The changes in isoenzyme patterns during development 
result from changes in the relative activities of gene loci 
within developing cells of a particular type (e.g., muscle 
cells). Other alterations in the balance of isoenzymes within 
the whole organism may derive from changes in the number 
or activity of cells that contain large amounts of a charac- 
teristic isoenzyme. An example of this is the increased 
number and activity of the osteoblasts, which are responsi- 
ble for mineralization of the skeleton between the early post- 
natal period and the beginning of the third decade of life. 
The excess of ALP from the active osteoblasts enters the cir- 
culation, where its presence can be recognized by its charac- 
teristic properties and where it elevates the total serum ALP 
activity of young people above that of skeletally mature 
adults. An ALP from the liver also contributes to the total 
activity of this enzyme in normal plasma, and the amount 
of this isoenzyme in plasma shows a small, progressive 
increase with age. The reason for the latter age-dependent 
change is not known, but it may result from increased syn- 
thesis of the isoenzyme by hepatocytes in response to con- 
tinuing exposure to inducing factors. 

Certain diseases, such as the progressive muscular dys- 
trophies, appear to involve a failure of the affected tissues to 
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mature normally or to maintain a normal state. Cancer cells 
show a progressive loss of the structure and metabolism of 
the healthy cells from which they arise. Therefore the pattern 
of isoenzymes of mature, differentiated tissue may be lost or 
modified if normal differentiation is arrested or reversed, 
and many examples have been reported of isoenzyme 
changes accompanying such processes. 

The distributions of isoenzymes of aldolase, LD, and CK 
in the muscles of patients with progressive muscular dystro- 
phy have been found to be similar to those in the earlier 
stages of development of fetal muscle. The isoenzyme abnor- 
malities in dystrophic muscle have been interpreted as a 
failure to reach or maintain a normal degree of differentia- 
tion. Isoenzyme patterns in regenerating tissues may also 
show some tendency to approach fetal distributions. This 
tendency may result from relaxation or modification of 
control systems in rapidly dividing cells and may account for 
some of the isoenzyme changes noted (e.g., in muscle in 
acute polymyositis). 

Reemergence of fetal patterns of isoenzyme distribution 
is also a feature of malignant transformation in many tissues. 
This phenomenon was first studied extensively in the case of 
lactate dehydrogenase isoenzymes. Malignant tumors in 
general show a significant shift in the balance of isoenzymes 
toward the electrophoretically more cathodal forms, LD-4 
and LD-5. The decline in activity of the LD-1 and LD-2 
isoenzymes results in patterns that are reminiscent of those 
occurring in embryonic tissues. Tumors of prostate, cervix, 
breast, brain, stomach, colon, rectum, bronchus, and lymph 
nodes are among those that show this transformation. In 
contrast, comparatively benign gliomas show a relative 
increase in anionic isoenzymes. A relative increase in the 
proportion of cathodal isoenzymes of LD has also been 
observed in tissue adjacent to malignant tumors (e.g., the 
colon), although the cells in these regions are morphologi- 
cally normal. 

The isoenzyme patterns of aldolase, pyruvate kinase, and 
hexosaminidase have also been shown to undergo a change 
toward fetus-like patterns in hepatoma. 

In 1968, Fishman and his collaborators reported the 
identification of an ALP in the serum of a patient with 
metastatic squamous cell carcinoma of the lung that was 
biochemically and immunologically identical with the ALP 
of a normal placenta. The newly discovered isoenzyme was 
termed the Regan isoenzyme after the patient in whom it 
was discovered. The Regan isoenzyme has been detected in 
tumor tissues and in sera of patients with many types of 
malignant disease and in some patients with nonmalignant 
diseases. An incidence of the isoenzyme of 3% to 15% in sera 
of cancer patients has been estimated, but this varies with 
the sensitivity of the methods used for its detection. Other 
variant forms of ALP have since been discovered in tumor 
tissues. These variants show many similarities to normal 
placental ALP but may differ in other properties, such as 
response to certain inhibitors. 


Differences in Properties Between Multiple Forms 

of Enzymes 

The structural differences between the multiple forms of an 
enzyme give rise to greater or lesser differences in physico- 
chemical properties, such as electrophoretic mobility, 
resistance to inactivation, and solubility, or in catalytic 
characteristics, such as the ratio of reaction with substrate 
analogues or response to inhibitors. Methods of isoenzyme 
analysis have therefore been designed to investigate a wide 
range of catalytic and structural properties of enzyme mole- 
cules.” However, it is usually possible to make only limited 
deductions about the nature of the underlying structural 
differences between isoenzymes that are responsible for the 
dissimilar properties. Equally, the changes in catalytic and 
other properties that may result from specific structural 
alterations in enzyme molecules can rarely be predicted from 
current theoretical knowledge of the relationship between 
structure and function of proteins. 

Techniques of molecular biology, such as gene cloning 
and sequencing, have revolutionized the investigation of 
the primary structures of isoenzymes. The differences in 
primary structures between isoenzymes, whether derived 
from multiple gene loci or different alleles, are now known 
in a growing number of cases. Furthermore, many questions 
have been answered about whether multiple enzyme forms 
represented true (genetically determined) isoenzymes or 
arose from posttranslational modification. 

Isoenzymes caused by the existence of multiple-gene 
loci usually differ quantitatively in catalytic properties. These 
differences may be manifested in such characteristics as 
molecular activity, K,, values for substrate(s), sensitivity to 
various inhibitors, and relative rates of activity with sub- 
strate analogues (when the specificity of the isoenzymes 
allows the substrate to be varied), underscoring the biologi- 
cal importance of isoenzymatic variation. In contrast, 
multiple enzyme forms that arise by such posttranslational 
modifications as aggregation usually have similar catalytic 
properties. 

Multilocus isoenzymes also usually differ in antigenic 
specificity, although these differences may be less pro- 
nounced among isoenzymes that have emerged relatively 
recently in evolutionary history and are closely related in 
structure. Immunological cross-reaction is also not un- 
common among multilocus isoenzymes. Multiple enzyme 
forms caused by postsynthetic modification frequently 
have common antigenic determinants. Isoenzymes derived 
from allelic genes (allozymes) are often antigenically similar, 
even to the extent that they may cross-react with antisera 
to the common isoenzyme even when a mutation has 
abolished enzyme activity altogether. The capacity for 
detecting differences between antigenically similar isoen- 
zyme molecules depends on the extent of monoclonal 
antibody specificity. 

Differences in resistance to denaturation (e.g., by heat or 
concentrated urea solutions) are commonly found between 
true isoenzymes, whether these are the products of multiple 
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loci or multiple alleles. Other multiple forms of enzymes 
often do not differ or differ only slightly in this respect. The 
most commonly exploited. difference between isoenzymes 
is the difference in net molecular charge that results from 
the altered amino acid compositions of the molecules; this 
forms the basis of separation by zone electrophoresis, ion- 
exchange chromatography, or isoelectric focusing. Separa- 
tion methods that depend on differences in molecular size, 


such as gel filtration, do not distinguish between the small 


differences in size that often exist between true isoenzyme 
molecules but are important in the detection of multiple 
forms that involve aggregation or association of enzyme 
molecules with other proteins. 


ENZYMES AS CATALYSTS 


A catalyst is a substance that increases the rate of a particu- 
lar chemical reaction without being consumed or perma- 
nently altered; enzymes are protein catalysts of biological 
origin. Metabolism is a coordinated series of chemical reac- 
tions that occur within a living cell to provide energy and 
accomplish biosynthesis. The process can be regarded as ari 
integrated series of enzymatic reactions and some diseases as 
a derangement of the normal pattern of metabolism. Apart 
from these fundamental considerations, it is the remarkable 
properties of enzymes that make them such sensitive indi- 
cators of pathological change. 


Efficiency 


Because of their remarkable catalytic activity, a given 
number of enzyme molecules convert an enormous number 
of substrate molecules to products within a short time. 
Therefore, the appearance of increased amounts of enzymes 
in the blood stream is easily detected, although the amount 
of enzyme protein released from damaged cells is small com- 
pared with the total level of nonenzymatic proteins in blood: 
Thus a particular enzyme is recognized by its characteristic 
effect on a given chemical reaction despite the presence of a 
vast excess of other proteins. 

Like other catalysts, an enzyme changes only the rate at 
which equilibrium is established between reactants and 
products; it does not alter the equilibrium constant of the 
reaction. In a reaction in which only one set of products is 
chemically possible, the catalyst cannot effect any change in 
the nature of the products, But when several different pos- 
sible pathways exist, the enzyme directs the reaction along 
only one pathway. i 


Specificity and the Active Center 

With the exception of enzymes such as proteases, nucleases, 
and amylases, which act on macromolecular substrates; 
enzyme molecules are considerably larger than the molecules 


of their substrates. Consideration of the structure of an’ 


enzyme’s active site and its relationship to the structures of 
the enzyme’s substrate(s) in its ground and transition states 


is necessary to understand the rate enhancement and speci- ` 


ficity of the chemical reactions performed by the enzyme, 


The active site of an enzyme will vary between enzymes but 

in general’ 

1. The active site of an enzyme is relatively small compared 
with the total volume of the enzyme molecule because its 
structure may involve less than 5% of the total amino 
acids in the molecule. 

2. The active sites of enzymes are three-dimensional struc- 
tures that are formed as a result of the overall tertiary 
structure of the protein. This results from the amino acids 
and co-factors in the active site of an enzyme being spa- 
tially structured in an exact, three-dimensional relation- 
ship with respect to one another and the structure of the 
substrate molecule. 

3. Typically, the attraction between the molecules of the 
enzyme and its substrate molecules is noncovalent 
binding. Physical forces used in this type of binding 
include hydrogen bonding, electrostatic and hydrophobic 
interactions, and van der Waals forces, 

4, Active sites of enzymes typically occur in clefts and 
crevices in the protein. This excludes bulk solvent and 
reduces the catalytic activity of the enzyme. 

5. The specificity of substrate binding is a function of the 
exact special arrangement of atoms in the enzyme active 
site that complements the structure of the substrate 
molecule. 


ENZYME KINETICS 
THE ENZYME-SUBSTRATE COMPLEX 


Enzymes act through the formation of an enzyme-substrate 
(ES} complex, in which a molecule of substrate is bound to 
the active center of the enzyme molecule. The binding 
process transforms the substrate molecule to its activated 
state. The energy required for this transformation is pro- 
vided by the free energy of binding of S to E. Therefore acti- 
vation takes place without the addition of external energy so 
that the energy barrier to the reaction is lowered and the 
breakdown to products is accelerated (see Figure 8-3). The 
ES complex breaks down to give the reaction products (P) 
and free enzyme (E): 


E +8 Z- ES — PHE (1) 


All reactions catalyzed by enzymes are in theory 
reversible. However, in practice the reaction is usually found 
to be more rapid in one direction than in the other, so that 
an equilibrium is reached in which the product of either the 
forward or the backward reaction predominates, sometimes 
so markedly that the reaction is virtually irreversible. 

If the product of the reaction in one direction is removed 
as it is formed (e.g., because it is the substrate of a second 
enzyme present in the reaction mixture), the equilibrium of 
the first enzymatic process will be displaced so that the reac- 
tion will proceed to completion in that direction. Reaction 
sequences in which the product of one enzyme-catalyzed 
reaction becomes the substrate of the next enzyme and so 
on, often through many stages, are characteristic of biologi- 
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Reaction. coordinate 
Figure 8-3 Activation energy barrier and reaction course, with 
and without enzyme catalysis. Es, is the activation energy for the 
forward reaction (S — P} in the absence of a catalyst and Eg, is 
the activation energy in the presence of a catalyst. AGp is the 
change in free energy for the reaction. 


cal processes. In the lab also, several enzymatic reactions may 
be linked together to provide a means of measuring the 
activity of the first enzyme or the concentration of the initial 
substrate in the chain. For example, the activity of CK 
is usually measured by a series of linked reactions, and the 
concentration of glucose is determined by consecutive 
reactions catalyzed by hexokinase and glucose-6-phosphate 
dehydrogenase. 

When a secondary enzyme-catalyzed reaction, known as 
an indicator reaction, is used to determine the activity of a 
different enzyme, the primary reaction catalyzed by the 
enzyme to be determined must be the rate-limiting step. 
Conditions are chosen to ensure that the rate of reaction cat- 
alyzed by the indicator enzyme is directly proportional to the 
rate of product formation in the first reaction. 


FACTORS GOVERNING THE RATE OF 
ENZYME-CATALYZED REACTIONS 


Factors that affect the rate of enzyme-catalyzed reactions 
include enzyme and substrate concentration, pH, tempera- 
ture, and the presence of inhibitors, activators, co-enzymes, 
and prosthetic groups. 


Enzyme Concentration 

The simplest enzymatically catalyzed reaction for converting 
substrate S into product P with the intermediate formation 
of an ES complex, is: 


k 
Bie DAP (2) 
where 
E; = free enzyme 
ı = rate constant for the association of the complex 
kı = rate constant for the dissociation of the complex 
ES = enzyme-substrate complex 
„ =rate constant for breakdown of ES to E; and P 
P = product 
Michaelis and Menten assumed that equilibrium is 
attained rapidly among E, S, and ES with the effect of 
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Figure 8-4 Michaelis-Menten curve relating velocity (rate) of an 

enzyme-catalyzed reaction to substrate concentration. The value 

of Km is given by the substrate concentration at which one half 

of the maximum velocity is obtained. 


product formation (ES — P) on the concentration of ES 
being negligible. In addition, the formation of product is 
written as an irreversible process because there is no product 
in the solution under initial conditions. Therefore the overall 
rate of the reaction under otherwise constant conditions is 
proportional to the concentration of the ES complex. 
Provided that an excess of free substrate molecules is 
present, addition of more enzyme molecules to the reaction 
system increases the concentration of the ES complex and 
thus the overall rate of reaction, This accounts for the obser- 
vation that the rate of reaction is generally proportional to 
the concentration of enzyme present in the system and is the 
basis for the quantitative determination of enzymes by mea- 
surement of reaction rates. Reaction conditions are selected 
to ensure that the observed reaction rate is proportional to 
enzyme concentration over as wide a range as possible. 


Substrate Concentration 


In addition to explaining the dependence of reaction rate on 
enzyme concentration under conditions in which excess 
substrate is present, the formation of an ES complex also 
accounts for the hyperbolic relationship between reaction 
velocity and substrate concentration (Figure 8-4). In this 
section both single-, two-substrate, and consecutive enzyme 
reactions will be discussed. 


Single-Substrate Reactions 


If the enzyme concentration is fixed and the substrate con- 
centration is varied, the rate of reaction is first order with 
respect to substrate concentration and proportional to sub- 
strate concentration at low values of the latter. Under these 
conditions, only a fraction of the enzyme is associated with 
substrate, and the rate observed reflects the low concentra- 
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tion of the ES complex. At high substrate concentrations, 
variation in substrate concentration has no effect on rate, 
and the reaction is zero order with respect to substrate con- 
centration. Under these conditions, all the enzyme is bound 
to the substrate, and a much higher rate of reaction is 
obtained. Moreover, because all the enzyme is now present 
in the form of the complex, no further increase in complex 
concentration and no further increment in reaction rate are 
possible. The maximum possible velocity for the reaction has 
been reached. The significance of substrate-rate curves was 
first emphasized by Michaelis and Menten, and such curves 
are referred to as Michaelis-Menten plots. 

Referring again to equation (2), the overall rate of the 
reaction (v) is determined by the rate at which product is 
formed: 


= ka [ES] (3) 


The formation of ES will depend on the rate constant k, 
and the availability of enzyme and substrate. Lf it its assumed 
the system is in a steady state with the ES complex being 
formed and broken down at the same rate so that overall 
[ES] is constant, then the steady state equation is 


ky [E][S] = k,[ES] + kp [ES] (4) 
This equation can be rearranged to 
ki [EIS 
tes] = EEI (5) 
1+ kz 


when these rate constants are combined into a single term, 
the Michaelis constant (K,,) written as 


ky +k, 
Km = 6 
h (6) 
and then substituting this into equation (5) gives 
[Ells] 
ES|=—=— 7 
[ES] K, (7) 


Because the amount of ES will be a negligible fraction of 
the total ((S] >>> [E]), the concentration of free substrate 
is equated to the total substrate concentration. By substitut- 
ing equation (3) into equation (7) and eliminating [ES] 


LE] x [S] 


K, + Is] (8) 


v= ko x 
For a given amount of enzyme, the maximum reaction 
velocity (Vinax) is reached when all of the enzyme is saturated 
with substrate (i.e., [ES] = [Et]) and therefore, Vinx = kz X 
[Et]. Substituting this in equation (6) gives 


= Vmax [S] 


Ka+ iS] 0) 


A plot of v against [S] gives a section of a rectangular 
hyperbola (see Figure 8-4), and this is the shape of the curve 
that is found experimentally for most enzymes. When [S] = 


Km manipulation of equation (9) yields v — Vma, thus K, 


is the substrate concentration at which the reaction proceeds 
at one half of its maximum velocity. In practice, it is now 
customary to restrict K,, to the experimentally determined 
substrate concentration at which v = 0.5 V,,,, and to use the 
symbol K, to represent the true ES association constant, 
where this is known. 

Although it is quite simple to set up an experiment to 
determine the variation of v with [S], the exact value of Vmax 
is not easily determined from hyperbolic curves. Further- 
more, many enzymes deviate from ideal behavior at high 
substrate concentrations and indeed may be inhibited by 
excess substrate, so the calculated value of V,,,, cannot be 
achieved in practice. In the past it was common practice to 
transform the Michaelis-Menten equation (9) into one of 
several reciprocal forms (equations [10] and [11]), and 
either 1/y was plotted against 1/[S], or [S]/v was plotted 
against [S]. 


2 =(S xt) + 1 (10) 
v Vma [SI Vmax 
[S] _ (= ) Km 
v Ñ Vinis á [sl : Vmax aay 


Equation (10), for example, when plotted, results in a 
Lineweaver-Burk plot that gives a straight line with intercepts 
at 1/V,,., on the ordinate and —1/K,, on the abscissa. For 
illustrative purposes, the data for Figure 8-4 are recast in 
Lineweaver-Burk form in Figure 8-5. Regarding inhibition, 
the Michaelis-Menten curve and its linearized plots are 
altered in a way that is described later. 

It is now routine practice to determine kinetic constants 
suchas K,, and Vma using a software package. There are a large 
number of such packages available that vary from specialized 
routines for kinetic simulations or for data fitting to general 
mathematical, statistical, or graphical packages (http://med. 
umich.edu/biochem/enzresources/software.ttm), Some of 
these packages are free (public domain, shareware, or free 
license) or commercially available. An example of the former 
is the ENCORA 1.2 freeware package available from R.J.W. 
Slats and colleagues at the Delft University of Techno- 
logy (http://www.bt.tudelft-nl/), that was developed for an 
enzymatic kinetic parameter fitting using progressive curve 
analysis. DynaFit is an example of a commercially available 
routine (http://www.biokin.com/dynafit) that performs 
nonlinear least-squares regression of chemical kinetic, 
enzyme kinetic, or ligand receptor binding data. The data can 
be either initial reaction velocities in dependence on the 
concentration of varied species (e.g., inhibitor concentration 
vs. velocity), or the reaction progress curves (e.g. time vs. 
absorbance). 

The value of K,,, has been used to compare the binding of 
homologous or related substrates to the same enzyme. Also, 
if measured against the same substrate under defined con- 
ditions, the K,, value can be used to compare the properties 


Chapter 8 Principles of Clinical Enzymology 201 


0.07 


0.06 


0.05 


1 
0.04 „= Ordinate intercept = vo 0.0345 


max 


and Vinax= 09345 ~ 


=-0.8 x 10+, and Kp = 1.25 x 10-4 


1 
Abscissa intercept = ——— 
Ž Km 


1 4 

1S] x 10 
Figure 8-5 Lineweaver-Burk transformation of the curve in 
Figure 8-4, with I/v plotted on the ordinate (y-axis), and HIS] on 
the abscissa (x-axis). The indicated intercepts permit calculation 
of Vmax and Km The units of v and [S] are those given in Figure 
8-4. 


of similar enzymes from different sources. Isoenzymes deter- 
mined by distinct genetic loci typically differ in their Kp» 
as has been shown (e.g., for the isoenzymes of lactate 
dehydrogenase.) 

When setting up methods of enzyme assay, it is necessary 
to (1) explore the relationship between reaction velocity and 
substrate concentration over a wide range, (2) determine Kpn 
and (3) detect any inhibition at high substrate concentra- 
tions. Zero-order kinetics are maintained if the substrate is 
present in large excess (i.e., concentrations at least 10 and 
preferably 100 times that of the value of K,,). When [S] = 10 
x Ky» v is approximately 91% of the theoretical Vy... The Ky, 
values for the majority of enzymes are of the order of 10° 
to 10° mol/L; therefore substrate concentrations are usually 
chosen to be in the range of 0.001 to 0.10 mol/L. On occa- 
sion, the optimal concentrations of substrate cannot be used 
(e.g. when the substrate has limited solubility or when the 
concentration of a given substrate inhibits the activity of 
another enzyme needed in a coupled reaction system). 


Two-Substrate Reactions 


Most enzymes catalyze reactions with two or more interact- 
ing substrates symbolized by the following equation: 


E 
Substrate 1 + Substrate 2 gz? Product 1 + Product 2 (12) 


ŝi S2 P P, 


When one of the substrates is water (i.e., when the process 
is one of hydrolysis), with the reaction taking place in 
aqueous solution, only a fraction of the total number of 
water molecules present participates in the reaction. The 
small change in the concentration of water has no effect on 
the rate of reaction and these pseudo—one substrate reac- 
tions are described by one-substrate kinetics. More gen- 
erally the concentrations of both substrates may be variable, 
and both may affect the rate of reaction. Among the bisub- 
strate reactions important in clinical enzymology are’ the 
reactions catalyzed by dehydrogenases, in which the second 
substrate is a specific coenzyme, such as the oxidized 
or reduced forms of nicotinamide adenine dinucleotide, 
(NADH), or nicotinamide adenine dinucleotide phosphate, 
(NADPH), and the amino-group transfers catalyzed by the 
aminotransferases. 

If a bisubstrate reaction proceeds by way of intermediate 
ES complexes, so that 


E+ S| eas ES; (3) 
followed by 
ES, + Sp Z- ESS, — A +P +E (14) 


and if Sı and S, combine with separate sites on the enzyme 
molecule, the rate of reaction is given by 
Vinax x [S [So] 


g [S [So] + [SolKin +[S1 1K} + Ki K?, a 


K and K?, are the K, values for the two substrates, and [5,] 
and [S,] are their concentrations. K; is the equilibrium con- 
stant for the reversible reaction between the enzyme and S,. 
If the equation is rearranged into the double reciprocal form 


1 e S| «(1 (16) 


v 7 [s] Vmax [S2 ]Vinax Vimax [S2] 


a plot of 1/v against 1/[S,) gives a straight line, but both the 
slope of the line and its intercept on the ordinate are affected 
by [S2], the concentration of the second substrate (Figure 
8-6, A). Similarly, a plot of 1/v against 1/[S,] is rectilinear but 
with the slope and intercept dependent on [S,]. 

Values of K,, and Vmax for each substrate are derived 
from experiments in which the concentration of the first 
substrate is held constant at saturating levels while the con- 
centration of the second substrate is varied, and vice versa. 
There is no reason why the K,,, values for the two substrates 
should be the same or even similar (e.g, pyruvate and 
NADH, the two-substrate pair in the reaction catalyzed by 
lactate dehydrogenase of beef heart, have Kẹ values of 
2 x 10° mol/L and 3 x 10% mol/L, respectively). 

In some bisubstrate reactions, no ternary complex ES,S, 
is formed, because the binding of the first substrate is fol- 
lowed by release of the first product before the second sub- 
strate is bound and the second product is released, This 
sequence is described as a ping-pong bi-bi type of reaction. 
It occurs in reactions catalyzed by aminotransferases. 
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Figure 8-6 Double-reciprocal plots of I/v against 1/[S,] for two-substrate reactions, showing 
the effect of falling concentration of the second substrate, [S;}. A, In a dehydrogenase reaction 
in which a ternary complex is formed. B, In a ping-pong bi-bi reaction mechanism (e.g. 
aminotransferase) in which no ternary complex is formed. (From Moss DW. Measurement of 
enzymes. In: Enzymes in cardiology: Diagnosis and research. Hearse Dj, de Leiris J, Eds. New York: John 
Wiley & Sons Inc, 1979. Reprinted by permission of John Wiley & Sons, Inc.) 


The relationship between reaction velocity and the 
concentrations of the two substrates in ping-pong bi-bi 
reactions reduces to the form 


v= Vmax x [Si Is] 
[S [[S2] + [S21Kin + [SK 


The reciprocals of v and [S,] are related by the equation 


1 2 
Een + fie) (18) 
v [S 1 ] Vin ax Vmax [$ 2 ] 


so that a plot of 1/v against 1/{5,] is unchanged in slope by 
variation in [S,], but the intercept on the ordinate and there- 
fore the value of Vma changes as [S2] is varied (see Figure 
8-6, B). Similar equations describe the variation of Vmax 
with [S,] when t/v is plotted as a function of 1/[S,]. 

The selection of reaction conditions for the measurement 
of enzymatic activity involving two substrates is approached 
empirically by varying the concentration of the first sub- 
strate and keeping the concentration of the second substrate 
constant until maximum activity is reached. The process is 
then repeated with the concentration of the first substrate 
held at the value thus determined, while the concentration 
of the second substrate is varied. 

In practice, the choice of substrate concentrations is 
limited by such considerations as the solubility of the sub- 
strates, the viscosity and high initial absorbance of concen- 
trated solutions, and the relative costs of the reagents. 
Furthermore, the selection of appropriate substrate concen- 
trations is only one of the factors to be considered in for- 
mulating an optimal assay system for the measurement of a 
specific enzyme activity. Critical choices must also be made 
with respect to other, frequently interdependent factors that 
affect reaction rate, such as the concentrations of activators 
and the nature and pH of the buffer system. The traditional 
empirical approach to optimization has been replaced by 
newer techniques of simplex co-optimization and response- 


(17) 


surface methodology." As an example, this technique has 
recently been used to determine optimum conditions for the 
IFCC-recommended method for amylase.® 


Consecutive Enzymatic Reactions 


As discussed above, an enzymatic reaction is usually found 
to be more rapid in one direction than the other so that the 
reaction is virtually irreversible.If the product of the reaction 
in one direction is removed as it is formed {i.e., because it is 
the substrate of a second enzyme present in the reaction 
mixture), the equilibrium of the first enzymatic process is 
displaced so that the reaction may continue to completion 
in that direction. Reaction sequences in which the product 
of one enzyme-catalyzed reaction becomes the substrate of 
another enzyme, often through many stages, are character- 
istic of metabolic processes. Analytically, several enzymatic 
reactions also may be linked together to provide a means of 
measuring the activity of the first enzyme or the concentra- 
tion of the initial substrate in the chain. For example, the 
activity of creatine kinase is usually measured by a series of 
linked reactions, and glucose can be determined by con- 
secutive reactions catalyzed by hexokinase and glucose-6- 
phosphate dehydrogenase. 

When a linked enzyme assay, known as an indicator reac- 
tion, is used to determine the activity of a different enzyme, 
it is essential that the primary reaction be the rate-limiting 
step. For example, in the determination of aspartate amino- 
transferase activity, the indicator reaction is the reduction of 
the oxaloacetate formed in the aminotransferase reaction to 
malate by malate dehydrogenase and NADH. The activity of 
the indicator enzyme must be sufficient to ensure the virtu- 
ally instantaneous removal of the product of the first reac- 
tion, to prevent significant reversal of the first reaction. The 
measured enzyme is typically acting under conditions of sat- 
uration with respect to its substrate; however, the concen- 
tration of the substrate of the indicator enzyme (ie., the 
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product of the first reaction) remains in the region of the 
Michaelis-Menten curve in which v is directly proportional 
to [S]. Therefore the rate of reaction catalyzed by the indi- 
cator enzyme is directly proportional to the rate of product 
formation in the first reaction. 

During a lag period that occurs after the start of the first 
reaction, the concentration of its product reaches a steady 
state. Because the rate of the second reaction depends on the 
activity of the indicator enzyme and on the concentration of 
its substrate (the product of the primary reaction), the dura- 
tion of the lag period is reduced by increasing the concentra- 
tion of the indicator enzyme, thus lowering the steady-state 
concentration of the product of the primary reaction. 

The rate of the indicator reaction, v; is related to substrate 
concentration and therefore to the product concentration 
[P] by the Michaelis-Menten equation 


Via X [P] 


i= P Ki n 


in which Vim and Ki, are the maximum velocity and K,, of 
the indicator enzyme, respectively. For the rate of the indi- 
cator reaction not to be the rate limiting factor, vi must at 
least equal the limiting velocity of the primary reaction, vt, 
which the assay system is expected to measure. Therefore the 
minimum activity of indicator enzyme needed is given by 


Vax X [P 
| = Vine x [P] ‘ats 
[P] + Kin 
or rearranged 
; Ki 
Vinax = vh + a (21) 


The ratio of activities of the indicator and primary 
enzymes varies from one assay method to another, depend- 
ing on (1) the range of activity measured, (2) the K„ of the 
indicator enzyme, and (3) the lag period that is considered 
acceptable. Nevertheless the catalytic concentration of the 
indicator enzyme in the reaction mixture must always be 
much greater than that of the enzyme being determined. 


Effect of pH 

The rate of enzyme-catalyzed reactions typically shows a 
marked dependence on pH (Figure 8-7). Many of the 
enzymes in blood plasma show maximum activity in vitro 
in the pH range from 7 to 8. However, activity has been 
observed at pH values as low as 1.5 (pepsin) and as high as 
10.5 (ALP). The optimal pH for a given forward reaction 
may be different from the optimal pH found for the corre- 
sponding reverse reaction. The form of the pH-dependence 
curve is a result of a number of separate effects including 
the ionization of the substrate and the extent of dissociation 
of certain key amino acid side chains in the protein mole- 
cule, both at the active center and elsewhere in the molecule. 
Both pH and ionic environment will also have an effect 
on the three-dimensional conformation of the protein and 
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Figure 8-7 The pH activity curves for urease show effect of 
buffer species on pH optimum. (Modified from Howell SE Sumner 
JB. j Biol Chem 1934;104:619.) 


therefore on enzyme activity to such an extent that 
enzymes may be irreversibly denatured at extreme values 
of pH. 

The pronounced effects of pH on enzyme reactions 
emphasize the need to control this variable by means of ade- 
quate buffer solutions. Enzyme assays should be carried out 
at the pH of optimal activity, because the pH-activity curve 
has its minimum slope near this pH, and a small variation 
in pH will cause a minimal change in enzyme activity. The 
buffer system must be capable of counteracting the effect of 
adding the specimen (e.g., serum itself is a powerful buffer) 
to the assay system, and the effects of acids or bases formed. 
during the reaction (e.g., formation of fatty acids by the 
action of lipase), Because buffers have their maximum 
buffering capacity close to their pK, values, whenever possi- 
ble a buffer system should be chosen with a pK, value within 
1pH unit of the desired pH of the assay (see Chapter 1). 
Interaction between buffer ions and other components of 
the assay system (e.g., activating metal ions) may eliminate 
certain buffers from consideration. 


Temperature 

The rate of an enzymatic reaction is proportional to its reac- 
tion temperature, For most enzymatic reactions, values of 
Qio (the relative reaction rates at two temperatures differing 
by 10 °C) vary from 1.7 to 2.5. However, an increase in the 
rate of the catalyzed reaction is not the only effect of increas- 
ing temperature on an enzymatic reaction. In theory, the 
initial rate of reaction measured instantaneously will 
increase with a rising temperature. In practice, however, a 
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Figure 8-8 Schematic diagram showing effect of temperature 
on the rate of nonenzyme-catalyzed and enzyme-catalyzed 
reactions. 


finite time is needed to allow the components of the reac- 
tion mixture, including the enzyme solution, to reach tem- 
perature equilibrium and to permit the formation of a 
measurable amount of the product. During this period the 
enzyme is undergoing thermal inactivation and denatura- 
tion, a process that has a very large temperature coefficient 
for most enzymes and thus becomes virtually instantaneous 
at temperatures of 60 °C to 70 °C. The counteracting effects 
of the increased rate of the catalyzed reaction and more rapid 
enzyme inactivation as the temperature increases account 
for the existence of an apparent optimal temperature for 
enzyme activity (Figure 8-8). 

As stated earlier, at some critical temperature, an enzyme 
will undergo thermal inactivation influenced by a number of 
factors. These include the presence of substrate and its con- 
centration, the pH, and the nature and ionic strength of the 
buffer. The presence of other proteins, as in serum samples, 
may help to stabilize enzymes. Storage of serum samples at 
low temperatures is necessary to minimize loss of enzyme 
activity while awaiting analysis, although repeated freezing 
and thawing should be avoided. However, individual 
enzymes vary in their stability characteristics, and appropri- 
ate storage conditions vary correspondingly. Amylase, for 
example, is stable at room temperature (22 °C to 25 °C) for 
24 hours, whereas acid phosphatase is exceedingly unstable, 
even when refrigerated, unless kept at a pH below 6.0. 
ALP exhibits an unusual property: the tendency for the activ- 
ity of frozen, partially purified preparations of the enzyme 
to increase after thawing over a period of 24 hours or longer. 
This effect is shared by reconstituted, lyophilized prepara- 
tions of the enzyme and affects their use for quality control 
purposes. A few enzymes are inactivated at refrigerator 
temperatures; a clinically important example is the liver-type 


isoenzyme of lactate dehydrogenase, LD-5, which appears to 
be less stable at lower temperatures. As a result, sera for 
lactate dehydrogenase determinations should be kept at 
room temperature and not refrigerated. 

Historically, the choice of temperature for the assay of 
enzymes of clinical importance has been the subject of 
extensive debate, Currently, the choice of reaction tempera- 
ture has become a nonissue because most if not all analytical 
systems operate at 37 °C. In addition, reference methods for 
several clinically relevant enzymes have now been qualified 
at 37 °C."*"" In practice, accurate temperature control to 
within +0.1 °C during the enzymatic reaction is essential. An 
accurate temperature standard that readily is transferred 
from one laboratory to another is provided by the gallium 
melting-point cell.’ Pure gallium melts at 29.77 °C. 


Inhibitors and Activators 


The rates of enzymatic reactions are often affected by sub- 
stances other than the enzyme or substrate, These modifiers 
may be inhibitors because their presence reduces the reac- 
tion rate or activators as they increase the rate of reaction. 
Activators and inhibitors are usually small molecules (com- 
pared with the enzyme itself} or even ions. They vary in 
specificity from modifiers that exert similar effects on a wide 
range of different enzymatic reactions at one extreme, to 
substances that affect only a single reaction. Reagents, such 
as strong acids or multivalent anions and cations that dena- 
ture or precipitate proteins, destroy enzyme activity and thus 
may be regarded as extreme examples of nonspecific enzyme 
inhibitors. These effects are not usually included in discus- 
sions of enzyme inhibition, although they have obvious 
practical implications in the treatment and storage of spec- 
imens in which enzyme activity is to be measured. The activ- 
ity of some enzymes depends on the presence of particular 
chemical groups, such as reduced sulfhydryl (-SH) groups, 
in the active center. Reagents that alter these groups (e.g., 
oxidants of SH groups) therefore act as general inhibitors of 
such enzymes. 

Some phenomena of enzyme activation or inhibition are 
caused by interaction between the modifier and a nonenzy- 
matic component of the reaction system, such as the sub- 
strate (e.g., Mg” combining with ATP to form MgATP, the 
required substrate for the creatine kinase reaction). In most 
cases, however, the modifier combines with the enzyme itself 
in a manner analogous to the combination of enzyme and 
substrate. 


Inhibition of Enzyme Activity 

Inhibitors are classified into reversible and irreversible types. 
Reversible inhibition implies that the activity of the enzyme 
is fully restored when the inhibitor is removed from the 
system in which the enzyme acts by some physical separative 
process, such as dialysis, gel filtration, or chromatography. 
An irreversible inhibitor combines covalently with the 
enzyme so that physical methods are ineffective in separat- 
ing the two. For example, organophosphorus compounds are 
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extremely potent irreversible inhibitors of esterases, includ- 
ing acetylcholinesterase. The enzyme breaks one of the 
bonds in the inhibitor, but part of the molecule is left bound 
to the active center of the enzyme, preventing further activ- 
ity. In some cases, enzymes that have combined with irre- 
versible inhibitors can be reactivated by a chemical reaction 
that removes the blocking group (e.g, the phosphoryl 
enzymes formed with organophosphorus compounds can 
sometimes be reactivated by treatment with oximes or 
hydroxamic acids). 

Reversible Inhibition. Reversible inhibition is character- 
ized by the existence of equilibrium between enzyme, E, and 
inhibitor, I: 


Epig@= EI (22) 


The equilibrium constant of the reaction, Ki (the inhibitor 
constant), is a measure of the affinity of the inhibitor for 
the enzyme, just as K,, generally reflects the affinity of the 
enzyme for its substrate. 

A competitive inhibitor is usually a structural analogue of 
the substrate that can combine with the free enzyme in such 
a way that it competes with the normal substrate for binding 
at the active site. The actual rate of the reaction is strictly 
dependent on the relative concentrations of substrate and 
inhibitor. Two equilibriums are therefore possible: 


E+S (2 ES —— E + Products 
and 
E+I CE 


The equation that relates the observed reaction velocity to 
the concentrations of substrate, [S], and inhibitor, [J], is: 


Vinax [S] oo ( 2 3) 


[s+ Kp + i 


t 


This is the Michaelis-Menten equation, but with K,, mod- 
ified by a term including the inhibitor concentration and 
inhibitor constant. Vma is unaltered. Therefore, curves of v 
against [S] in the presence and absence of inhibitor reach the 
same limiting value at high substrate concentrations, but 
when the inhibitor is present, Kn is apparently greater. Plots 
of 1/y against 1/[S] with and without inhibitor cut the ordi- 
nate at the same point but have different slopes and inter- 
cepts on the abscissa (Figure 8-9). 

Competitive inhibition is responsible for the inhibition of 
some enzymes by excess substrate because of competition 
between substrate molecules for a single binding site. In 
two-substrate reactions, high concentrations of the second 
substrate may compete with the binding of the first sub- 
strate. For example, aspartate aminotransferase is inhibited 
by excess concentrations of the substrate 2-oxoglutarate, 
and this inhibition is competitive with respect to L- 
aspartate. Therefore, to maintain a given velocity at high 
2-oxoglutarate concentrations, the concentration of L- 
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Figure 8-9 Effects of different types of inhibitors on the 
double-reciprocal plot of l/v against [/[S]. Each of the inhibitors 
has been assumed to reduce the activity of the enzyme by the 
same amount, represented by the change in I/v from a to b ata 
substrate concentration of c. Line O is the plot for enzyme 
without inhibitor, C with a competitive inhibitor, NC with a 
noncompetitive inhibitor, and UC with an uncompetitive 
inhibitor. (From Moss DW. Measurement of enzymes. In: Hearse Dj, 
de Leiris j, Eds, Enzymes in cardiology: Diagnosis and research. New 
York: John Wiley & Sons Inc, 1979. Reprinted by permission of John 
Wiley & Sons, Inc.) 


aspartate has to be increased above the value needed at lower 
concentrations of 2-oxoglutarate. 

Competitive inhibition also contributes to the reduction 
of the rate of an enzymatic reaction with time. For example, 
arate reduction can occur because increasing concentrations 
of reaction products tend to drive the reaction backward, if 
it is freely reversible. A product may itself be an inhibitor 
of the forward reaction, so even if the reaction is not readily 
reversible, it proceeds against a rising concentration of 
inhibitor. A familiar example of “product inhibition” is the 
release of the competitive inhibitor, inorganic phosphate, by 
the action of ALP on its substrates. In this case, both organic 
phosphates and inorganic phosphates bind to the active 
center of the enzyme with similar affinities (Le., K,, and K; 
are of the same order of magnitude). 

Product inhibition is a cause of nonlinearity of reaction 
progress curves during fixed-time methods of enzyme assay. 
For example, oxaloacetate produced by the action of aspar- 
tate aminotransferase inhibits the enzyme, particularly the 
mitochondrial isoenzyme. The inhibitory product may be 
removed as it is formed by a coupled enzymatic reaction: 
malate dehydrogenase converts the oxaloacetate to malate 
and at the same time oxidizes NADH to NAD*. 

Competitive inhibition by metal ions can arise when two 
metal ions compete for the same binding site on the enzyme. 
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Sodium and lithium are potent inhibitors of pyruvate kinase, 
for which potassium is an obligatory activator. 

A noncompetitive inhibitor is usually structurally different 
from the substrate. It is assumed to bind at a site on the 
enzyme molecule that is different from the substrate-binding 
site; thus, there is no competition between inhibitor and 
substrate, and a ternary enzyme-inhibitor-substrate (ESI) 
complex forms. Attachment of the inhibitor to the enzyme 
does not alter the affinity of the enzyme for its substrate 
(i.e., K,, is unaltered) but the ESI complex does not break 
down to give products. Since the substrate does not com- 
pete with the inhibitor for binding sites on the enzyme 
molecule, increasing the substrate concentration does not 
overcome the effect of a noncompetitive inhibitor. Thus Vmax 
is reduced in the presence of such an inhibitor, whereas 
K,, is not altered, as the Lineweaver-Burk plot shows (see 
Figure 8-9), 

In a rather unusual type of reversible inhibition, 
uncompetitive inhibition, parallel lines are obtained when 
plots of 1/v against 1/[S] with and without the inhibitor are 
compared (see Figure 8-9); that is, both Km and Vmax are 
decreased. Uncompetitive inhibition is due to a combination 
of the inhibitor with the ES complex. It is more common in 
two-substrate reactions, in which a ternary ESI complex 
forms after the first substrate has combined with the enzyme. 

Irreversible Inhibition. Irreversible inhibitors render the 
enzyme molecule inactive by covalently and permanently 
modifying a functional group required for catalysis. An irre- 
versible inhibitor is not in equilibrium with the enzyme. Its 
effect is progressive with time, becoming complete if the 
amount of inhibitor present exceeds the total amount of 
enzyme. The rate of the reaction between enzyme and 
inhibitor is expressed as the fraction of the enzyme activity 
that is inhibited in a fixed time by a given concentration 
of inhibitor. The velocity constant of the reaction of the 
inhibitor with the enzyme is a measure of the effectiveness 
of the inhibitor. 

When the inhibitor is added to the enzyme in the pres- 
ence of its substrate, the reaction between the enzyme and 
inhibitor may be delayed because some of the enzyme 
molecules are combined with the substrate and are therefore 
protected from reacting with the inhibitor. However, as the 
substrate molecules react chemically, the active centers 
become available and inhibition will eventually become 
complete even though an excess of substrate may initially 
have been present. Furthermore, addition of more substrate 
is ineffective in reversing the inhibition in contrast to its 
effect on reversible competitive inhibition, which is dis- 
cussed later. 

Irreversible inhibitors have been useful in mapping active 
sites by covalently modifying different types of functional 
groups in the enzyme molecule to establish whether such 
groups are necessary for catalytic activity. 

A physiologically important category of irreversible 
enzyme inhibition is produced by the antienzymes, exempli- 
fied by various trypsin inhibitors. These are proteins that 


bind to trypsin irreversibly, nullifying its proteolytic activity. 
One such inhibitor is present in the @,-globulin fraction of 
serum proteins; others are found in soybeans and lima beans. 
Similar proteolysis inhibitors present in plasma prevent the 
accumulation of excess thrombin and other coagulation 
enzymes, thus keeping the coagulation process under 
control. 

Inhibition by Antibodies. The combination of enzyme 
molecules with specific antibodies often has no effect on 
catalytic activity, which is retained by the enzyme-antibody 
complex. However, in some cases, reaction of the enzyme 
and antibody reduces or even abolishes enzymatic activity. 
The most probable explanation for this type of inhibition is 
that the antibody molecule restricts access of the substrate 
molecules to the active center by steric hindrance or, in 
extreme cases, completely masks the substrate-binding site. 
However, it appears that some examples of enzyme inhibi- 
tion by combination with antibodies are caused by a con- 
formational change induced in the enzyme molecule. 

Inhibition of the activity of an enzyme molecule labeled 
with a hapten (e.g., morphine) as a result of combination 
with a specific antibody is the basis of homogeneous enzyme 
immunoassay (EMIT, Syva Corp., Palo Alto, Calif.). See 
Chapter 9 for further details. 


Enzyme Activation 


Activators are considered to increase the rates of enzyme- 
catalyzed reactions by promoting formation of the most 
active state either of the enzyme itself or of other reactants, 
such as the substrate. This generalization covers a wide 
variety of mechanisms of activation. 

Many enzymes contain metal ions as an integral part of 
their structures (e.g., zinc in ALP and carboxypeptidase A). 
The function of the metal may be to stabilize tertiary and 
quaternary protein structures. Removal of divalent metal 
ions by treatment with an appropriate concentration of 
EDTA solution is accompanied by conformational changes 
with inactivation of the enzyme. The enzyme can often be 
reactivated by dialysis against a solution of the appropriate 
metal ion or simply by adding the ion to the reaction 
mixture. Reactivation may take some time, because 
rearrangement of the polypeptide chains into the active con- 
formation is not instantaneous. 

When the activator ion is an essential part of the func- 
tional enzyme molecule, whether as a purely structural 
element or with an additional catalytic role, it is usually 
incorporated quite firmly into the enzyme molecule. There- 
fore it is not usually necessary to add the activator to reac- 
tion mixtures, and excess of the ion may even have an 
inhibitory effect. However, in some cases the activating ion 
is attached only weakly or transiently to the enzyme (or its 
substrate) during catalysis. Enzyme samples may therefore 
be deficient in the ion so that addition of the ion increases 
the reaction rate or indeed may be essential for the reaction 
to take place. For example, all phosphate transfer enzymes 
(kinases), such as creatine kinase, require the essential pres- 
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ence of Mg* ions. Other common activating cations are 
Mn”, Fe”, Ca**, Zn”, and K*. More rarely, anions may act as 
activators. Amylase functions at its maximal rate only if 
CF or other monovalent anions, such as Br or NO3, are 
present. Addition of 5 mmol/L of chloride increases amylase 
activity almost threefold, at the same time shifting the pH 
optimum from 6.5 to 7.0. The chloride ion may combine 
with a positively charged group in the enzyme, changing 
the ionization constant of a group important in catalysis. 
However, other anions—such.as bromide—are less effective 
activators of amylase, so some degree of specificity is 
involved in the process of activation. Some enzymes require 
the obligate presence of two activating ions. K* and Mg” 
are essential for the activity of pyruvate kinase, and both 
Mg” and Zn” are required for ALP activity. 

The velocity of the reaction depends on the concentra- 
tion of a reversible activator in a fashion similar to its depen- 
dence on substrate concentration, and an activator constant, 
K» analogous to K,,, can be determined from data relating 
enzyme activity to increasing activator concentration in the 
presence of excess substrate. The simplest interpretation of 
K, is that it is the dissociation constant of the equilibrium 
between E and the activator, A. However, this is true only 
when the combination of enzyme and activator is indepen- 
dent of the reaction between E and S, and the same value 
for K, is obtained at all concentrations of the substrate. If 
the free enzyme and the enzyme-substrate complex have 
different affinities for the activator, the value for K, varies 
with [$]. 

Apparent activation of an enzyme may be observed when- 
ever a substance that can counteract the presence of some 
inhibiting agent is added. 


Coenzymes and Prosthetic Groups 


Coenzymes are usually more complex molecules than acti- 
vators, although smaller molecules than the enzyme proteins 
themselves. Some compounds, such as the dinucleotides 
NAD and NADP, are classified as coenzymes and are specific 
substrates in two-substrate reactions. Their effect on the rate 
of reaction follows the Michaelis-Menten pattern of depen- 
dence on substrate concentration. The structures of these 
two coenzymes are identical except for the presence of an 
additional phosphate group in NADP; nevertheless, individ- 
ual dehydrogenases, for which these coenzymes are sub- 
strates, are predominantly or even absolutely specific for one 
or the other form. 

Coenzymes such as NAD and NADP are bound only 
momentarily to the enzyme during the course of reaction, as 
is the case for substrates in general. Therefore no reaction 
takes place unless the appropriate coenzyme is present in 
solution (e.g., by adding it to the reaction mixture in the 
assay of dehydrogenase activity). In contrast to these entirely 
soluble coenzymes, some coenzymes are more or less per- 
manently bound to the enzyme molecules, where they form 


part of the active center and undergo cycles of chemical . 


change during the reaction. 


The active holoenzyme results from the combination of 
the inactive apoenzyme with the prosthetic group, as such 
a bound coenzyme is called. An example of a prosthetic 
group is pyridoxal phosphate (P-5’-P), a component of 
AST and ALT. The P-5’-P prosthetic group undergoes a cycle 
of conversion of the pyridoxal moiety to pyridoxamine and 
back again during the transfer of an amino group from 
an amino acid to an oxo-acid. Prosthetic groups, such as 
activators with a structural role, do not usually have to be 
added to elicit full catalytic activity of the enzyme unless 
previous treatment has caused the prosthetic group to be 
lost from some enzyme molecules. However, both normal 
and pathological serum samples contain appreciable 
amounts of apo-aminotransferases, which is converted to 
the active holoenzymes by a suitable period of incubation 
with P-5’-P. 

A study of the formulas of coenzyme and prosthetic 
groups shows that many contain structures derived from the 
vitamins (see Chapter 30). Thus, the nicotinamide portion 
of NAD and NADP derives from the vitamin niacin, whereas 
the P-5’-P prosthetic group of the aminotransferases is a 
derivative of pyridoxine, vitamin Be. Other derivatives of the 
B-group vitamins participate in enzymatic reactions. 


ANALYTICAL ENZYMOLOGY — 


Analytically the clinical laboratorian is concerned with mea- 
suring the activity or mass in serum or plasma of enzymes 
that are predominantly intracellular and that are normally 
present in the serum in low levels only. By measuring 
changes in the levels of these enzymes in disease, it is possi- 
ble to infer the location and nature of pathological changes 
in the tissues of the body. 


MEASUREMENT OF REACTION RATES 


The rate of an enzyme-catalyzed reaction is directly propor- 
tional to the amount of active enzyme present in the system. 
Consequently, the determination of the rate of reaction 
under defined and controlled conditions provides a very sen- 
sitive and specific method for the measurement of enzymes 
in samples such as serum. 

Determination of reaction rate involves the kinetic mea- 
surement of the amount of change produced in a defined 
time interval. Both fixed-time and continuous-monitoring 
methods are used to measure reaction rates. In the fixed-time 
method, the amount of change produced by the enzyme is 
measured after stopping the reaction at the end of a fixed- 
time interval. In the continuous-monitoring method, the 
progress of the reaction is monitored continuously. These 
two methods have different advantages and limitations. To 
appreciate these, it is necessary to consider the way in which 
the rate of an enzymatic reaction varies with time. 

The progress of conversion of the substrate into products 
in the presence of an enzyme is monitored by measuring the 
decreasing concentration of the substrate or the increasing 


. concentration of the products. Measurement of product for- 
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mation is preferable, as determination of the increase in con- 
centration of a substance above an initially zero or low level 
is analytically more reliable than measurement of a decline 
from an initially high level. 

At the moment when the enzyme and substrate are 
mixed, the rate of the reaction is zero. The rate then typically 
rises rapidly to a maximum value, which remains constant 
for a period of time (Figure 8-10). During the period of 
constant reaction rate, the rate depends only on enzyme 
concentration and is completely independent of substrate 
concentration. The reaction is said to follow zero-order 
kinetics, because its rate is proportional to the zero power of 
the substrate concentration. Ultimately, however, as more 
substrate is consumed, the reaction rate declines and enters 
a phase of first-order dependence on substrate concentra- 
tion. Other factors that contribute to the decline in reaction 
rate include accumulation of products that may be 
inhibitory, the growing importance of the reverse reaction, 
and even enzyme denaturation. Although it is possible to 
compare the rates of reaction produced by different amounts 
of an enzyme under first-order conditions, it is obviously 
easier to standardize such comparisons when the enzyme 
concentration is the only variable that influences the reac- 
tion rate. Therefore, enzyme assays are usually made under 
conditions that are initially saturating with respect to sub- 
strate concentration. The rate of reaction during the zero- 
order phase is determined by measuring the product formed 
during a fixed period of incubation where the rate remains 
constant. This is illustrated in Figure 8-11. Measurement of 
reaction rates at any portion of curve A gives results that are 
identical] to the true “initial rate?” However, curve B deviates 
from linearity over its entire course, and rates fall off with 
time. From curve C, correct results are obtained only if the 
rate is measured along segment IL. Incorrect results are 
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Figure 8-10 Changes in substrate concentrations and rate of 
reaction during an assay of lactate dehydrogenase activity at 
37 °C in phosphate buffer, with pyruvate and NADH as 
substrates. The reaction is followed by observing the fall in 
absorbance at 340nm as NADH is oxidized to NAD*. The rate 
of reaction rises rapidly to a maximum value, from which it 
declines only slightly until about half the NADH has been used 
up. During this phase of the reaction, the rate is essentially zero 
order with respect to substrate concentration. At the point at 
which the rate falls below about 90% of its maximum value, 
NADH concentration is approximately [0 x Km. The Kn for 
NADH is of the order of 5 x 10mol/L, whereas for pyruvate it 
is 9 x 10 mol/L. Thus an initial pyruvate concentration 
approximately 10 times that of NADH is used. (Concentrations 
are per liter of reaction mixture.) (From Moss DW. Measurement 
of enzymes. In: Hearse Dj, de Leiris J, Eds. Enzymes in cardiology: 
Diagnosis and research. New York: John Wiley & Sons Inc, 1979. 
Reprinted by permission of fohn Wiley & Sons, inc.) 
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Figure 8-1] Forms of graphs showing change in enzyme reaction rate as a function of time. In 
A, the rate is constant during the entire run, and rates calculated as |, H, and Hl will be identical 
to the initial rate. In B, the rate falls off continuously; rates calculated at I, If, and Ill will be 
different and less than the true initial rate. In C, a measurement at Il will be representative of 
the maximum rate, but at | (lag period) and lil (substrate depletion), it will be less than at Il. 
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obtained if the rate is measured during the lag phase (I) or 
during phase III. 

Careful selection of reaction conditions, such as the con- 
centrations of substrates and cofactors, improves the reac- 
tion progress curves, eliminating lag phases and prolonging 
the period of linearity, so that fixed-time methods of analy- 
sis become feasible. Improvements in optical techniques, 
leading to more reliable and. sensitive measurement of 
product formation, have also allowed the duration of incu- 
bation to be shortened compared with older assays. This has 
resulted in a corresponding increase in the interval over 
which enzyme activity is measured. Nevertheless, an upper 
limit of activity exists in all fixed-time methods, above which 
progress curves will no longer be linear. In that case the 
amount of change measured over the fixed-time interval no 
longer represents true zero-order rate conditions. 

The existence of an upper limit of enzyme activity implies 
that samples with activities above this limit must receive 
special attention. The upper limit of activity acceptable in 
the unmodified method must be chosen so that samples with 
activities below it are presumed with a high degree of cer- 
tainty to give linear progress curves; on the other hand, if the 
limit is set too low, many samples will be reanalyzed unnec- 
essarily. Samples that are above the limit should ideally be 
reassayed by shortening the incubation period until a con- 
stant reaction rate is obtained. However, this is difficult or 
impossible in some automated methods, in which the dura- 
tion of incubation is fixed by the configuration of the appa- 
ratus. It then becomes necessary to dilute the specimen; 
however, dilution may not always result in a proportionate 
change in activity. 

The initial rate of reaction theoretically increases without 
limit as enzyme concentration increases, as long as no other 
factor, such as substrate concentration, becomes limiting. In 
practice, the reaction rate becomes so rapid at high enzyme 
activities that it is impossible to measure the initial rate of 
reaction, even with continuous-monitoring methods. There- 
fore, an upper limit of activity: that is accepted without 
modification of the assay procedure exists even in continu- 
ous-monitoring methods, but this limit is usually much 
higher than that applicable in corresponding fixed-time 
methods. Fewer samples therefore require special treatment. 
Furthermore, continuous monitoring allows identification 
of the appropriate zero-order portion of the progress curve 
for each sample and identification of samples that require 
special treatment. Continuous-monitoring methods there- 
fore possess a decisive advantage in enzyme assay and should 
be used whenever possible. Enzyme activity can also be mea- 
sured by noting the time required to consume all of a fixed 
amount of substrate, but methods of this type have largely 
been discontinued. 


UNITS FOR EXPRESSING ENZYME ACTIVITY 

When enzymes are measured by their catalytic activities, the 
results of such determinations are expressed in terms of the 
concentration of the number of activity units present in a 


convenient volume or mass of specimen, The unit of activ- 
ity is the measure of the rate at which the reaction proceeds 
(e.g., the quantity of substrate consumed or product formed 
in a chosen unit of time). In clinical enzymology, the activ- 
ity of an enzyme is generally reported in terms of some con- 
venient unit of volume, such as activity per 100mL or per 
liter of serum or per 1.0mL of packed erythrocytes. Because 
the rate of the reaction depends on experimental parame- 
ters, such as pH, type of buffer, temperature, nature of sub- 
strate, ionic strength, concentration of activators, and other 
variables, these parameters must be specified in the defini- 
tion of the unit. 

To standardize how enzyme activities are expressed, the 
Enzyme Commission of the FUB proposed that the unit of 
enzyme activity be defined as the quantity of enzyme that 
catalyzes the reaction of 1 umol of substrate per minute and 
that this unit be termed the international unit (U). Catalytic 
concentration is to be expressed in terms of U/L or kU/L, 
whichever gives the more convenient numerical value. In this 
chapter, the symbol U is used to denote the international 
unit. In those instances in which there is some uncertainty 
about the exact nature of the substrate or when there is dif- 
ficulty in calculating the number of micromoles reacting (as 
with macromolecules such as starch, protein, and complex 
lipids), the unit is to be expressed in terms of the chemical 
group or residue measured in following the reaction (e.g., 
glucose units, or amino acid units formed). 

The international unit itself may eventually be replaced 
by the SI unit termed the katal, the SI derived unit for cat- 
alytic activity (see Chapter 1). It is defined as moles per 
second, The name katal had been used for this unit for 
decades, but did not become an official SI derived unit until 
1999 with Resolution 12 of the 2ist CGPM, on the recom- 
mendation of the International Federation of Clinical 
Chemistry and Laboratory Medicine. Both the International 
Union of Pure and Applied Chemistry and the IUB now 
recommend that enzyme activity be expressed in moles per 
second and that the enzyme concentration be expressed in 
terms of katals per liter (kat/L).’ Thus, 1 U = 10° mol/60s = 
16.7 x 10° mol/s, or 1.0nkat/L = 0.06 U/L. The formal adop- 
tion of the katal is hoped to discourage the use of a non-SI 
unit called “unit,” symbol “U, defined as micromoles per 
minute. “Units” are more commonly used than the katal in 
practice at present, but their definition lacks coherence with 
the SI system. 


MEASUREMENT OF SUBSTRATES 


The amount of substrate transformed into products during 
an enzyme-catalyzed reaction can be measured with any 
appropriate analytical method, such as spectrophotometry, 
fluorometry, or chemiluminescence. For example, if an 
enzyme reaction is accompanied by a change in the 
absorbance characteristics of some component of the assay 
system, in either the visible or ultraviolet spectrum, it can be 
photometrically observed while it is proceeding. “Self- 
indicating” reactions of this type are particularly valuable as 
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they allow continuous monitoring. Important examples of 
self-indicating reactions are the determination of dehydro- 
genase activity by monitoring the change in absorbance at 
339 (340) nm of the coenzymes NADH or NADPH 
during oxidation or reduction and the measurement of 
ALP activity by the generation of the yellow p- 
nitrophenolate ion from the substrate p-nitrophenyl 
phosphate in alkaline solution. These assays are so versatile 
that coupled reactions are frequently used to provide an 
observable optical change accompanying a primary reaction 
in which such a change is not present. 

The introduction of prism or diffraction-grating spec- 
trophotometers capable of isolating a narrow beam of 
monochromatic light in the ultraviolet or visible spectrum 
and with stable and sensitive photomultipliers as detectors 
greatly improved the reproducibility of photometric mea- 
surements. Consequently, it has become customary to make 
use of the known molar absorptivity of well-defined reac- 
tion products (such as NADH) when calculating changes in 
their concentrations based on measurements made with 
spectrophotometers. However, the absorbance and wave- 
length accuracy of the spectrophotometer should be checked 
regularly. (See Chapter 3 for details of validating the perfor- 
mance of a spectrophotometer.) 


OPTIMIZATION, STANDARDIZATION, 
AND QUALITY CONTROL 


To measure enzyme activity reliably, all the factors that 
affect the reaction rate—other than the concentration of 
active enzyme—must be optimized and rigidly controlled. 
Furthermore, because the reaction velocity is at or near its 
maximum under optimal conditions, a larger analytical 
signal is obtained that can be more accurately and precisely 
measured than a smaller signal obtained under suboptimal 
conditions. Much effort has therefore been devoted to deter- 
mining optimal conditions for measuring the activities of 
enzymes of clinical importance. 


Optimization 

Optimization of reaction conditions for enzyme assays has 
traditionally been carried out by varying a single factor and 
studying its effect on the reaction rate, then repeating the 
experiment with a second factor and so on until effects of all 
the variables have been tested. An optimal combination of 
variables is selected on the basis of these experiments, and 
the validity of the chosen conditions is verified. Not only is 
this approach labor intensive, but it also is not well adapted 
to situations in which the effects of different variables 
are interdependent, as is frequently the case in enzyme 
analysis. This traditional empirical approach to optimization 
has been replaced by newer techniques of simplex co- 
optimization and response-surface methodology." 


Standardization 


Despite considerable effort, the goal of a single universally 
used procedure to measure the catalytic activity of a given 
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Figure 8-12 The proposed reference system for enzyme 
measurement showing the traceability of the laboratory result 
to the reference measurement procedure. (From Panteghini et al, 
Clin Chem Lab Med 2001 ;39:795-800, Reprinted with permission of 
Walter de Gruyter.) 


enzyme has not been achieved. Consequently, current 
enzyme standardization efforts are focused on the develop- 
ment of a system that provides for comparability of test 
results, independent of the measurement method. To achieve 
this, a “reference system” based on the concepts of metro- 
logical traceability and of hierarchy of analytical methods 
has been proposed." A reference procedure and certified ref- 
erence materials are the basis of the metrological traceabil- 
ity chain (Figure 8-12). As part of this hierarchy, reference 
procedures at 37 °C for the most common enzymes have 
been developed and a group of reference laboratories are 
being selected to perform the measurements at an appropri- 
ately high metrological level," 

Reference procedures set standards of precision and 
accuracy against which the relative performances of methods 
intended for routine use can be judged. The reference 
procedure is used to assign a certified value to the reference 
material. This certified material can then be used by the 
manufacturers to assign values to commercial calibrators 
resulting in traceability of the value obtained in the 
laboratory. 

Several studies have demonstrated that enzyme prepara- 
tions with reproducible properties and purity and having 
assured stability can be made. These may be from animal 
sources in which the enzymes closely resemble their human 
counterparts, although new possibilities have been created 
by gene-transfer and mass-cell culture techniques (“recom- 
binant” proteins). 


Chapter 8 Principles of Clinical Enzymology 211 


For a reference system to be capable of standardizing the 
results of different assays of a given enzyme activity, some 
conditions must be satisfied.* First, the reference procedure 
used to assign the value of the reference material and the 
routine method({s) to be calibrated must have identical speci- 
ficities for the analyte enzyme (i.e., for the specific isoenzyme 
or isoform under study). Second, the properties of the cali- 
brator material must be the same as or closely similar to 
those of the analyte enzyme in its natural matrix, typically 
serum (i.e. the material must be “commutable” with human 
serum samples for that particular method). 


Quality Control 

Despite various difficulties, systematic application of quality 
control programs is as essential in enzyme analysis as in 
other forms of clinical analysis if the results obtained are to 
be useful in diagnosis and treatment. 

The application of quality control procedures to ensure 
that satisfactory analytical performance of enzyme assays is 
maintained on a day-to-day basis is complicated by the ten- 
dency of enzyme preparations to undergo denaturation with 
loss of activity. This makes it difficult to distinguish between 
poor analytical performance and denaturation as possible 
causes of a low result obtained for a control sample intro- 
duced into a batch of analyses. Assured stability within a 
defined usable time span is therefore the prime requirement 
for enzyme control materials, as it is for enzyme calibrators. 
However, specifications for the two types of materials can 
differ in other respects, Because the function of a calibrator 
is to provide a stated activity under defined assay conditions, 
it is not necessary for it to show sensitivity to changes in 
the assay system identical to those of the samples under 
test; therefore within certain limits, enzymes from various 
sources can be considered in the search for stability. 
However, it is the function of a control to reveal small 
variations in reaction conditions, so it must mimic the 
samples being analyzed. The preparation of enzymes from 
human sources is not by itself a guarantee of an effective 
control. For example, human placental ALP is very stable, 
but it differs significantly in kinetic properties from the 
liver and bone enzymes that contribute most of the ALP 
activity of human serum samples; it is therefore not an ideal 
enzyme for use in control material for the determination of 
ALP. 

Lyophilized and liquid preparations containing various 
enzymes are available from commercial sources, and these 
have a useful function in quality control. Serum pools can 
also be prepared in the laboratory for quality control pur- 
poses (with care to exclude any specimens contaminated 
with hepatitis virus or human immunodeficiency virus), 
then assayed for enzyme activity and stored in a freezer in 
small portions for daily use. 


MEASUREMENT OF ENZYME MASS CONCENTRATION 


A number of immunoassays for human enzymes and isoen- 
zymes measuring protein mass instead of catalytic activity 


have been described. To develop such assays, purified 
enzyme protein has to be prepared to act as a calibrator, 
to be labeled, and to be used to raise the enzyme-specific 
antibody. These methods determine all molecules with the 
antigenic determinants necessary for recognition by the 
antibody so that inactive enzyme molecules that are 
immunologically unaltered are measured along with active 
molecules. This has been found to be significant in the deter- 
mination of some digestive enzymes, such as trypsin, when 
inactive precursors and inhibitors of catalytic activity are 
present in plasma. In the majority of cases, however, no 
degradation or changes of the active enzyme occur in blood 
so that clinical equivalence of the different measurement 
approaches (ie., estimation of catalytic activity and mass 
concentration) can be obtained. 

In practice, however, immunoassays have not been widely 
used for the determination of total enzyme activities for 
diagnostic purposes as these assays generally cannot compete 
in speed, precision, and costs with automated measurement 
of total catalytic activity. Furthermore, several enzyme activ- 
ities in serum are due to mixtures of immunologically dis- 
tinct isoenzymes, so an assay using a single type of antibody 
usually determines only one of the enzyme forms, However, 
this disadvantage in the determination of total enzyme activ- 
ity becomes a marked advantage in the measurement of spe- 
cific isoenzymes and isoforms, and immunological methods 
have assumed great importance in isoenzyme analysis for 
diagnostic purposes. 


ENZYMES AS ANALYTICAL REAGENTS 


Enzymes are used as analytical reagents for the measurement 
of several metabolites and substrates and in immunoassays 
to detect and quantitate immunological reactions, 


Measurement of Metabolites 


The use of enzymes as analytical reagents to measure 
metabolites frequently offers the advantage of great speci- 
ficity for the substance being determined. This high speci- 
ficity typically removes the need for preliminary separation 
or purification stages, so the analysis can be carried out 
directly on complex mixtures such as serum. Uricase (urate 
oxidase), urease, and glucose oxidase are examples of highly 
specific enzymes used in clinically important assays, such 
as the measurement of uric acid, urea, and glucose in bio- 
logical fluids. However, high specificity cannot always be 
achieved in practice, and knowledge of the substrate speci- 
ficities of reagent enzymes is therefore essential to allow pos- 
sible interferences with the assay to be anticipated and 
corrected. Coupled reactions are often used to construct an 
enzymatic analytical system for determining a particular 
compound, because they are in measurements of enzyme 
activity, and the specificity of the coupled reactions may 
modify the specificity of the overall process. An example 
of this is the determination of glucose by the hexokinase 
reaction. Hexokinase converts sugars other than glucose to 
their 6-phosphate esters. However, the indicator reaction 
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used to monitor this change is catalyzed by glucose-6- 
phosphate dehydrogenase, an enzyme that is highly specific 
for its substrate; so the overall process is highly specific 
for glucose. 

In practice, both equilibrium and kinetic (rate) methods 
have been developed that use enzymes as reagents. 


Equilibrium Methods 


For most assays used to determine the amount of a substance 
enzymatically, they are allowed to continue to completion so 
that all the substrate has been converted into a measurable 
product. These methods are called end point or, more 
correctly, equilibrium methods, because the reaction ceases 
when equilibrium is reached. Reactions in which the equi- 
librium point corresponds virtually to complete conversion 
of the substrate are obviously preferable for this type of 
analysis. However, unfavorable equilibriums can often be 
displaced in the desired direction by additional enzymatic or 
nonenzymatic reactions that convert or “trap” a product of 
the first reaction (e.g., in measuring lactate with lactate dehy- 
drogenase, the pyruvate formed can be trapped by the 
addition of hydrazine, with which it forms an irreversible 
hydrazone.) 

Theoretically the time required to transform a fixed 
quantity, Q, of substrate into products is inversely propor- 
tional to the amount of enzyme, [E], present. 


Q=k +[E] xt (24) 
and 
fA ee (25) 
kı t 


where k, is the rate constant and ¢ is the elapsed time. 
Equilibrium methods may therefore require the use of 
appreciable amounts of enzyme for each sample to avoid 
inconveniently long incubation periods. As the substrate 
concentration falls to low levels toward the end of the reac- 
tion, the K,, of the enzyme becomes important in determin- 
ing the reaction rate. Enzymes with high affinities for their 
substrates (low K,, values) are therefore most suitable for 
equilibrium analysis. Equilibrium methods are largely insen- 
sitive to minor changes in reaction conditions. It is not nec- 
essary to have exactly the same amount of enzyme in each 
reaction mixture or to maintain the pH or temperature 
absolutely constant, provided that the variations are not so 
great that the reaction is not completed within the fixed time 
allowed. 


Kinetic Methods 


First- or pseudo—first-order reactions are the most impor- 
tant reactions for the kinetic determination of substrate 
concentration. For any first-order reaction, the substrate 
concentration [S] at a given time ¢ after the start of the reac- 
tion is given by 


[S] = [Sp] x e" (26) 


where [So] is the initial substrate concentration, e is the base 
of the natural log, and k is the rate constant. 

The change in substrate concentration A[S] over a fixed- 
time interval, ż to f, is related to [Sg] by the equation 


[So] = ale 
é 


a (27) 
As this equation indicates, the change in substrate con- 
centration over a fixed time interval is directly proportional 
to its initial concentration. This is a general property of first- 
order reactions. 
For an enzymatic reaction, first-order kinetics are 
followed. when [S] is small compared with K,,. Thus, 


v= a x [5] (28) 
or 
y= kis] (29) 


: V, 
Thus, the first-order rate constant, k, is equal to ==, 


Methods in which some property related to substrate 
concentration (such as absorbance, fluorescence, chemilu- 
minescence, etc.) is measured at two fixed times during 
the course of the reaction are known as two-point kinetic 
methods. They are theoretically the most accurate for the 
enzymatic determination of substrates. However, these 
methods are technically more demanding than equilibrium 
methods and all the factors that affect reaction rate, such as 
pH, temperature, and amount of enzyme, must be kept con- 
stant from one assay to the next, as must the timing of the 
two measurements. These conditions can readily be achieved 
in automatic analyzers. A reference solution of the analyte 
(substrate) must be used for calibration. To ensure first- 
order reaction conditions, the substrate concentration must 
be low compared to the K,, (i.e., in the order of less than 0.2 
x K,,. Enzymes with high K,, values are therefore preferred 
for kinetic analysis to give a wider usable range of substrate 
concentration. 


Immunoassay 


In enzyme immunoassay, enzyme-labeled antibodies or 
antigens are first allowed to react with ligand, and then an 
enzyme substrate is subsequently added. ALP, horseradish 
peroxidase, glucose-6-phosphate dehydrogenase, and B- 
galactosidase have all been used as enzyme labels. A 
modification of this methodology is the enzyme-linked 
immunoabsorbent assay (ELISA) in which one of the reac- 
tion components is bound to a solid-phase surface. In this 
technique, an aliquot of sample is allowed to interact with 
the solid-phase antibody. After washing, a second antibody 
labeled with enzyme is added to form an Ab-Ag-Ab-enzyme 
complex. Excess free enzyme-labeled antibody is then 
washed away and the substrate is added; the conversion of 
substrate is proportional to the quantity of antigen. In 
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immunoassays, it is not the specificity of enzymes that is 
important but their sensitivity. 


ANALYTICAL APPLICATIONS OF IMMOBILIZED ENZYMES 


The consumption of relatively expensive enzymes, one of 
the disadvantages of enzymatic analysis, can be reduced 
by the use of immobilized enzymes that can be reused for 
several analyses. Immobilized enzymes have been chemically 
bonded to adsorbents, such as microcrystalline cellulose, 
diethylaminoethyl (DEAE) cellulose, carboxymethyl cellu- 
lose, and agarose. Diazo, triazine, and azide groups are used 
to join the enzyme protein to the insoluble matrix, forming 
either particles in contact with the substrate solution or a 
surface in contact with substrate solution, such as a mem- 
brane or a coating on the inner surface of a vessel hold- 
ing the substrate solution. Among enzymes available in 
such immobilized form are urease, hexokinase, œ-amylase, 
glucose oxidase, trypsin, and leucine aminopeptidase. Sta- 
bility to heat and other forms of inactivation is considerably 
increased compared with enzymes in solution. Immobilized 
proteolytic enzymes are not subject to autodigestion. How- 
ever, some properties of the enzyme, such as its K,, or its 
pH optimum, may be altered. 

Techniques such as potentiometry, polarography, and 
microcalorimetry have been chosen in exploiting the bene- 
fits of immobilized enzymes (see Chapter 4). Enzymes incor- 
porated into membranes form part of enzyme electrodes. 
The surface of an ion-sensitive electrode is coated with a 
layer of porous gel in which an enzyme has been polymer- 
ized. When the electrode is immersed in a solution of the 
appropriate substrate, the action of the enzyme produces 
ions to which the electrode is sensitive. For example, an 
oxygen electrode coated with a layer containing glucose 
oxidase can be used to determine glucose by the amount of 
oxygen consumed in the reaction, and urea can be estimated 
by the combination of a selective ammonium ion—sensitive 
electrode and a urease membrane. 


MEASUREMENT OF ISOENZYMES AND ISOFORMS 


A number of analytical techniques have been used to 
measure isoenzymes or isoforms. They include elec- 
trophoresis (see Chapter 5), chromatography (see Chapter 
6), chemical inactivation, and differences in catalytic prop- 
erties, but the most common routine methods are now 
based on immunochemical methods. 


Electrophoresis 
Isoelectric focusing (see Chapter 5), has been used success- 


fully to separate isoenzymes that differ in the amount of 
covalently bound sugar residues, such as sialic acid. 


Chromatography 

Ion-exchange chromatography makes use of differences in 
net molecular charge at a given pH to separate isoenzymes. 
A typical ion-exchange material is DEAE cellulose, in which 
ionizable DEAE groups are attached to an inert cellulose 


matrix. lon-exchange chromatography is not in general as 
highly resolving of closely similar proteins as is zone elec- 
trophoresis, but relatively large amounts of proteins can be 
separated with good recoveries of enzymatic activity, so the 
method is of great value in enzyme purification. 

Other forms of chromatography that have been applied 
to fractionation of isoenzyme mixtures include high- 
performance liquid chromatography (HPLC) and affinity 
chromatography. The latter makes use of differences between 
isoenzymes in their affinities for a specific ligand that is 
attached to an inert insoluble support used as the stationary 
phase in a chromatography column or in a batch technique. 


Chemical Inactivation and Differences 

in Catalytic Properties 

Selective inactivation under controlled conditions has been 
used in the past in isoenzyme characterization. The method 
is based on differences in stability that result from small 
changes in the structure of protein molecules. Elevated tem- 
peratures or concentrated solutions of urea or other reagents 
were used to denature the enzyme. Rates of enzyme inacti- 
vation by these agents are critically dependent on the condi- 
tions of the experiment, which must therefore be strictly 
controlled if reliable comparisons between samples are to be 
made. 

Differences in catalytic properties, such as differences in 
Km relative rates of reaction with substrate analogues (when 
the specificity of the enzyme allows for variation in the struc- 
ture of the substrate), pH optima, and response to inhibitors, 
typically exist between isoenzymes that are the products of 
multiple gene loci. These differences can be made the basis 
of methods of identification and measurement of particular 
isoenzymes. 


Immunochemical Assays 


Immunochemical methods of isoenzyme analysis are particu- 
larly applicable to isoenzymes derived from multiple gene 
loci, because these are usually most clearly antigenically dis- 
tinct. However, the greater discriminating power of mono- 
clonal antibodies has potentially brought all multiple forms 
of an enzyme within the scope of immunochemical analy- 
sis. Some of these methods make use of catalytic activity of 
the isoenzymes. For example, residual activity may be mea- 
sured after reaction with antiserum. Radioimmunoassays, 
in which isoenzyme labeled with a radioactive tracer com- 
petes with unlabeled isoenzyme for antibody-binding sites, 
have also been applied to isoenzyme measurement. These 
methods do not depend on the catalytic activity of the isoen- 
zyme being determined. However, with the development 
of automated immunoassay systems, the most common 
routine methods for measuring isoenzymes, such as CK-MB, 
are solid phase enzyme-linked immunosorbent assays 
(ELISA). 

The choice and application of various methods of isoen- 
zyme analysis in clinical enzymology are discussed in 
Chapter 21 in relation to specific isoenzyme systems. 
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DIAGNOSTIC ENZYMOLOGY — 


In general, clinical laboratorians are principally concerned 
with changes in the activity in the serum or plasma of 
enzymes that are predominantly intracellular and that are 
normally present in the serum at low activities only. By mea- 
suring changes in the activities of these enzymes in disease, 
they attempt to infer the location and nature of pathologi- 
cal changes in the tissues of the body. Therefore under- 
standing the factors that affect the rate of release of enzymes 
from their cells of origin and the rate at which they are 
cleared from the circulation is necessary so that changes in 
activity in disease can be interpreted correctly. 


FACTORS AFFECTING ENZYME LEVELS IN 
PLASMA OR SERUM*? 


The measured level of activity of an enzyme in blood is the 
result of the balance between the rate at which it is entering 
the circulation from its cells of origin and the rate at which 
it is removed. 


Entry of Enzymes into the Blood 

The measured levels of an enzyme in blood are the result of 
the balance between the rate at which it enters the circula- 
tion from its cells of origin and the rate at which it is inac- 
tivated or removed. 


Leakage of Enzymes from Cells 

Enzymes are retained within their cells of origin by the 
plasma membrane surrounding the cell. The plasma 
membrane is a metabolically active part of the cell, and its 


Category Exemples 


Hypoxia (an. ai common 
: “accompaniment of dinical disease) 7 


-Chemicals and drugs (an important =. 
cause of cellular damage) 

‘Physical agents 

Microbiological agents 

Immune mechanisms 


“tobacco ©: 


Nutritional disorders 


integrity depends on the cell’s production of ATP. Any 
process that impairs ATP production, either by depriving the 
cell of oxidizable substrates or by reducing the efficiency 
of energy production by restricting the access of oxygen 
(ischemia or anoxia), promotes deterioration of the cell 
membrane. The earliest sign of impaired energy metabolism 
is the efflux of potassium and influx of sodium; water thus 
accumulates within the cell, causing it to swell. The next and 
most serious stage is the entry of Ca, which stimulates 
intracellular enzymes, leading to both cell damage and dis- 
ruption of the cell membrane. Finally, free radicals formed 
during these processes may cause further damage. The mem- 
brane becomes leaky; if cellular injury becomes irreversible, 
the cell will die, although enzyme loss may also occur 
without irreversible injury occurring. Small molecules are 
the first to leak from damaged or dying cells, followed 
by larger molecules, such as enzymes and other proteins. 
Cytosolic proteins appear early on in the plasma, followed 
much later by mitochondrial and membrane-bound 
enzymes. Ultimately, the contents of the now necrotic cells 
are discharged. 

Because of the very high concentrations of enzymes 
within the cell—thousands or even tens of thousands of 
times greater than the concentrations in extracellular fluid— 
and because extremely small amounts of enzyme can be 
detected by their catalytic activity, an increase of enzyme 
activity in the extracellular fluid or plasma is an extremely 
sensitive indicator of even minor cellular damage, some 
causes of which are listed in Table 8-2. 

Direct attack on the cell membranes by such agents as 
viruses or organic chemicals also causes enzyme release and 


TABLE 8-2 1 Causes of Cell ee or Death 


Loss. of blood supply due to narrowing (atheromatous plaques) or blocking 
(thrombosis) of artery or.vein; ischemic-perfusion injury; inadequate . 
~ oxygenation due to cardiorespiratory | failure; loss of oxygen- carrying . ae: 
<- capacity, CO poisoning, and anemia : a 
i Poeronmental pollutants: lead, mercury; drugs—use and abuse alcoho 


Trauma: extremes of heat aad radiation; ilecitical energy; toxic chemicals 
: Bacteria, viruses, fungi, protozoa, and helminths 
2 Immune disorders can cause tissue damage by a number of mechanisms: 
ae : oh ‘Anaphylaxis (causing release of vasoactive amines) 
2. Cytotoxicity (causing the target cell to be lysed) 
-- 3. Immune complex disease. (leading to release of lysosomal enzymes) 
4. Cell-mediated hypersensitivity (leading to cytotoxicity) a 
- Disorders with polygenic inheritance—diabetes mellitus, gout. oo o 0 SA 
“Mendelian disorders—X-linked disorders, autosomal dominant and recessive. 
disorders, disorders with variable modes of transmission : 
Protein-calorie malnutrition, vitamin deficiencies, ‘mineral deficiencies; 
obesity and its consequences aes 


Based on the classification of Robbins and colleagues. In: Basic pathology, 3rd ed. Philadelphia: WB Saunders, 1981. 
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one that is particularly important in the case of the liver. A 
reduction in the supply of oxygenated blood perfusing any 
tissue will also promote enzyme release. An example of a 
clinical condition in which such a reduction occurs is 
myocardial infarction. The cells of the affected region rapidly 
begin to deteriorate and die, releasing their enzyme contents 
to the systemic circulation, which accounts for the rapid rise 
in serum enzyme activity that is characteristic of this condi- 
tion. The liver is very sensitive to hypoxia, which results from 
diminished cardiac output (heart failure), Increased activi- 
ties of hepatocellular enzymes in the blood accompany a 
wide variety of conditions, such as congestive heart failure, 
shock, and hypoxemia. 

Skeletal muscles also contribute enzymes to blood. Again, 
the cause may be poor perfusion, hypothermia, or direct 
trauma to the muscles (crush injuries). Infection, inflam- 
mation (polymyositis), degenerative changes (dystrophies), 
drugs, and alcohol (alcoholic myopathy) will cause enzyme 
leakage from myocytes, Enzyme release from muscles and. 
other tissues also occurs as a result of anesthesia. 


Efflux of Enzymes from Damaged Cells 


Once the conditions for leakage of enzymes from cells have 
become established, the speed and extent with which the 
process is reflected in enzyme changes in the blood depend 
on several factors, 

The driving force of enzyme release is the steep concen- 
tration gradient of enzyme activity that exists between the 
interior and the exterior of the cells. The rate of escape of 
enzyme molecules is presumably controlled to some extent 
by diffusion; therefore, smaller enzyme molecules might be 
expected to appear in the extracellular fluid earlier than 
larger ones. Although this is probably true to some extent, 
the range of molecular weights covered by enzymes of diag- 
nostic interest is rather narrow, so this factor may be less 
important. 

The way in which released enzyme molecules are trans- 
ferred from the interstitial fluid to the blood varies from one 
tissue to another, passing directly through the capillary wall 
or by lymphatic transfer. Direct transfer probably occurs to 
a large extent in the liver, which is a highly vascular tissue 
with many permeable capillaries, although there is some evi- 
dence that liver enzymes may also be subject to lymphatic 
transfer. On the other hand, the capillaries of skeletal muscle 
are relatively impermeable, and in this tissue it is probable 
that released enzymes mainly reach the circulatory system by 
way of drainage from the lymphatic system, Lymph drainage 
is also important in transporting enzymes released from 
damaged intestinal and myocardial cells to the circulation 
although a considerable proportion of myocardial enzymes 
also reaches the circulation by direct capillary transfer fol- 
lowing infarction. 

The intracellular location of the leaking enzymes also 
affects the rates at which they appear in the circulation. As 
would be expected, the most sensitive indicators of cell 
damage are the enzymes that are present in the soluble frac- 


tion of the cell. Enzymes associated with subcellular struc- 
tures, such as mitochondria, are less readily released into the 
circulation. This fact has been used in attempts to distin- 
guish reversible leakage, presumed to reflect damage only to 
the cell membrane, from necrotic lesions in which the intra- 
cellular structures are destroyed. 

The relation between tissue injury and the appearance of 
enzymes in the circulation is most clearly seen in the condi- 
tion of myocardial infarction, in which a relatively short 
episode of damage is followed by a rapid transfer of enzymes 
to the circulatory system. About 24 hours after a myocardial 
infarction, the pattern of relative activity of various enzymes 
in the circulatory system closely resembles that in the 
myocardial tissue. These relationships are less clearly recog- 
nized in other conditions, such as chronic liver disease, in 
which enzyme release is a process that continues for a period 
of time. The pattern of relative enzyme activities in serum in 
chronic disease may also become distorted by differential 
rates of removal of enzymes from the circulation and possi- 
bly also by differential changes of rates of enzyme synthesis 
in the affected tissue. 

Some of the small amounts of intracellular enzymes nor- 
mally present in the plasma can be assumed to result from 
wear and tear of cells or overflow of enzyme from healthy 
cells. This contribution of enzymes to the circulating blood 
may decrease, either as the result of a genetic deficiency of 
enzyme production (e.g., as is the case for ALP in hypo- 
phosphatasia or in individuals homozygous for the “silent” 
gene for serum cholinesterase), or when enzyme produc- 
tion is depressed as a result of disease (e.g., the produc- 
tion of serum cholinesterase is often depressed in liver 
disease). 

Release of enzymes from damaged or dying cells and 
changes in the rate of enzyme production constitute the 
most important mechanisms by which changes in enzyme 
activity in the serum or plasma are produced. However, other 
possibilities exist and appear to account for some changes of 
diagnostic importance. For example, much of the y-glutamyl 
transferase activity of liver cells is located on their exterior 
surfaces. It is possible that ectoenzymes, such as this, may be 
eluted from the surfaces, especially where there is increased 
detergent action of the blood through accumulation of bile 
salts. This process does not involve cell damage in the sense 
of increased membrane permeability, as evidenced by the 
lack of correlation between the activities of y-glutamyi trans- 
ferase and aminotransferases in serum in liver diseases of 
different types. 


Altered Enzyme Production 


The small amounts of intracellular enzymes normally 
present in plasma are thought to result from turnover of cells 
or leakage of enzymes from healthy cells. This contribution 
of enzymes to the circulating blood may decrease either as 
the result of a genetic deficiency of enzyme production or 
when enzyme production is depressed as a result of disease. 
However, cases in which enzyme production is increased are 
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of more general interest in diagnostic enzymology. For 
example, an increase in the number and activity of the 
ALP producing osteoblasts of bone is responsible for the 
increased level of ALP in the serum of normally growing 
children. Increased osteoblastic activity also accounts for the 
increased levels of this enzyme in serum in various types of 
bone disease. Toward the end of normal pregnancy, the pla- 
centa constitutes a new source of ALP and contributes its 
characteristic isoenzyme to the maternal circulation. 

The process of enzyme induction also increases enzyme 
production. An example of such induction is the increased 
activity of y-glutamyltransferase in serum, which results 
from the administration of drugs such as barbiturates or 
phenytoin, and from the intake of ethanol. Biliary obstruc- 
tion induces increased synthesis of ALP in the liver. 


Clearance of Enzymes 


Significant evidence is now available about the way in which 
enzymes are cleared from circulation. Few enzyme molecules 
are small enough to pass through the healthy glomerulus of 
the kidney; therefore urinary excretion is not a major route 
for elimination of enzymes from circulation. An exception 
to this is &-amylase; increased concentrations of this enzyme 
in the blood (e.g., after acute pancreatitis) are accompanied 
by increased excretion in the urine. Evidence now suggests 
that many enzymes are probably not inactivated in the 
plasma, but that they are rapidly removed, probably by the 
reticuloendothelial system, such as the bone marrow, spleen, 
and liver (Kupffer’s cells) or, to a lesser extent, by nearly all 
cells in the body. The mechanism appears to be by receptor- 
mediated endocytosis (the process of recognition, specific 
accumulation, and uptake of protein by specific cell-surface 
receptors followed by fusion with the lysosomes, digestion of 
the ingested. protein, and recycling of the receptor back to 
the cell membrane). For example, hepatic Kupffer’s cells have 
been shown to take up several tissue-derived enzymes—such 
as LD-5, CK-MM, adenylate kinase, cytoplasmic and 
mitochondrial aspartate aminotransferase, and malate and 
alcohol dehydrogenases—by receptor-mediated endocytosis, 
which may have affinity for the lysine residues on these 
enzymes, The adult isoform of intestinal ALP is a galactosyl- 
terminal glycoprotein that reacts with a galactosyl-specific 
receptor on the hepatocyte membrane and undergoes 
subsequent endocytosis. This process is rapid, accounting 
for the extremely short plasma half-life of this isoform. 
However, in hepatic cirrhosis, in which considerable reduc- 
tion in parenchymal cell mass often occurs, the plasma con- 
centration and half-life of the isoform increase. Other ALP 
isoenzymes and isoforms are sialoglycoproteins that do not 
react with the galactosyl receptor and are therefore protected 
from rapid uptake from blood. Indeed, many examples are 
now known of excessive sialylation of ALPs, produced. by 
malignant cells, prolonging their plasma half-lives and 
facilitating their detection. This example illustrates the 
importance of understanding the processes by which 
enzymes are cleared from plasma. 
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Figure 8-13 Fractional disappearance rates (k,) from human 
blood of the most important enzymes. 


The half-lives of enzymes in plasma vary from a few hours 
to several days, but in most cases, with an average half-life 
(ti) of 6 to 48 hours. Rates of decay may also be expressed 
as ka values—the fractional disappearance rate—and the 
relationship to t,;. values is: 


2 0.693 
ka = 2.303log—~ = 30 
: à fifa ti/2 (30) 


Typical disappearance rates from human blood for 
several clinically relevant enzymes are shown in Figure 8-13. 


SELECTION OF ENZYME TESTS 


The selection of which enzyme to measure in serum for 
diagnostic or prognostic purposes depends on a number of 
factors. An important factor is the distribution of enzymes 
among the various tissues, shown, for example, for aspar- 
tate aminotransferase, alanine aminotransferase, and crea- 
tine kinase in Figure 8-14. The main enzymes of established 
clinical value, together with their tissues of origin and their 
major clinical applications, are listed in Table 8-3 (see also 
Chapter 21). 

The mass of the damaged or malfunctioning organ, 
together with the enzyme cell/blood gradient, obviously has 
a profound influence on the resulting elevation of enzyme 
activity in blood. Thus the gradient of activity of prostatic 
acid phosphatase between prostate and blood is about 
10°: 1, and the mass of that organ is 20g. By contrast, the cell 
and/or blood gradient of alanine aminotransferase in the 
fiver cell is 10':1, and the mass of the liver can exceed 
1000 g. Obviously, fewer cells have to be damaged in the liver 
than in the prostate for the abnormality to be detected by an 
enzyme elevation in blood. If on the other hand there is total 
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TABLE 8-3 Distribution of Diagnosticaily Important Enzymes 


Principal Sources ‘of Enzyme 


Enzyme in Blood 


Principal Clinical Applications 


Alanine aminotransferase Liver; skeletal muscle 
Alkaline phosphatase ; 
Amylase 

Aspartate aminotransferase 
Cholinesterase at Liver 


Salivary glands, pancreas 


Creatine kinase Skeletal muscle, heart 
Glutamate dehydrogenase Liver. 
y-Glutamyltransferase Liver, kidney 
Lactate dehydrogenase 
platelets, lymph nodes 
Pancreas 
Hepatobiliary. tract 
Pancreas 


Lipase 
5’-Nucleotidase 
‘Trypsin(ogen) 
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Figure 8-14 The concentration gradients between some 
human tissues and serum for aspartate transaminase, alanine 
transaminase, and creatine kinase. The concentration gradient 
axis is logarithmic. 


Liver, bone, intestinal mucosa, placenta 


Liver, skeletal muscle, heart, erythrocytes 


Heart, liver, skeletal muscle, erythrocytes, 


Hepatic parenchymal disease 

Bone. diseases, hepatobiliary: diseases 

Pancreatic diseases 

~ Hepatic parenchymal disease, muscle disease 

Organophosphorus insecticide poisoning, 
suxamethonium sensitivity, hepatic 
parenchymal diseases 

Muscle diseases, myocardial infarction 

Hepatic parenchymal ‘diseases 

Hepatobiliary. diseases 

Hemolysis, ‘hepatic parenchymal diseases, 
myocardial. infarction 

Pancreatic diseases 

Hepatobiliary disease 

Pancreatic diseases 


organ involvement, then clearly the vast number of affected 
liver cells will markedly elevate blood concentrations of any 
liver enzyme. It has been estimated that if only 1 liver cell in 
every 750 is damaged, elevation in the blood level of alanine 
aminotransferase would be detectable. 

Knowledge of the intracellular location of enzymes can 
assist in determining the nature and severity of a patholog- 
ical process if suitable enzymes are assayed in the blood. For 
instance, a mild, reversible viral inflammation of the liver, 
such as a miid attack of viral hepatitis, is likely to increase 
only the permeability of the cell membrane and allow 
cytoplasmic enzymes to leak out into the blood, whereas a 
severe attack causing cell necrosis also disrupts the mito- 
chondrial membrane, and both cytoplasmic and mitochon- 
drial enzymes are detected in the blood. Finally, in selecting 
a suitable enzyme to assay in blood for diagnostic purposes, 
the rate at which its activity disappears from the blood is of 
significance. As previously indicated, the most commonly 
assayed enzymes are those with half-lives in the range of 12 
hours or greater, 
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mmunochemical reactions form the basis of a diverse 

range of sensitive and specific clinical assays. In a typical 

immunochemical analysis, an antibody is used as a 
reagent to detect an antigen of interest. The exquisite speci- 
ficity and the high affinity of antibodies for specific antigens, 
coupled with the unique ability of antibodies to cross link 
antigens, allow the identification and quantitation of 
specific substances by a variety of methods. The principles 
of the methods most commonly used in the laboratory are 
discussed in this chapter. This introduction is intended 
to acquaint the reader with the structure and function of 
antibodies (immunoglobulins) in relation to their use as 
reagents in immunoanalyses, 


BASIC CONCEPTS ~ 


The binding of antibodies and their complementary anti- 
gens forms the basis of all immunochemical techniques. 


ANTIBODIES 


Antibodies are immunoglobulins that are capable of binding 
specifically to a wide array of natural and synthetic antigens, 
including proteins, carbohydrates, nucleic acids, lipids, 
and other molecules. Immunoglobulins consist of five 
general classes designated as IgG, IgA, IgM, IgD, and IgE. 
Immunoglobulin G is the most prevalent immunochemical 


“The author gratefully acknowledges the original contribution by 
Dr. Gregory Buffone, upon which portions of this chapter are 
based. 
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CHAPTER 9 


_ Principles of 
Immunochemical 
Techniques* 


reagent in use. Currently, immunoglobulins A, M, D, and E 
do not play an important role in immunochemical analysis. 
A schematic diagram of the IgG molecule is shown in Figure 
9-1. IgG is a glycoprotein (MW 158,000) composed of two 
duplex chains with each set being made up of a heavy (y) 
and light (x and À) chain joined by disulfide bonds, Inter- 
chain disulfide bonds hold the duplex chains together and 
create a symmetrical molecule. For more information on 
immunoglobulins, see Chapter 20. 

The variable amino acid sequence at the amino terminal 
end of each chain determines the antigenic specificity of the 
particular antibody. Each unique amino acid sequence is a 
product of a single plasma cell line or clone. The normal host 
response to an immunogen” results in the stimulation of one 
or two major classes of lymphocytes that are able to divide 
and produce plasma cells capable of secreting antibodies. 
Each plasma cell line produces antibodies with a single speci- 
ficity. A complex antigen is capable of eliciting a multiplic- 
ity of antibodies with different specificities that are derived 


*An immunogen is any chemical substance capable of inducing an 
immune response. The term immunogen is now used instead of 
the term antigen when referring to materials capable of eliciting 
antibody formation when injected into a host. The term antigen 
is used for any material capable of reacting with an antibody, 
without necessarily being capable of inducing antibody 
formation. For example, egg albumin is an immunogen, because 
it is capable of inducing formation of antiegg albumin antibody. 
Because it will react with antimorphine antibodies, morphine is 
an antigen. However, it is not an immunogen, because it does not 
induce antibody formation unless first conjugated with a protein. 
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Figure 9-1 Schematic diagram of IgG antibody molecule showing carbohydrate (Cbh), disulfide 
bonds (—S—S—), and major fragments produced by proteolytic enzyme treatment (F[ab’), Fc, 


Fab, Fd). 


from different cell lines. Antibodies derived in this manner 
are termed polyclonal and exhibit diverse specificities in their 
reactivity with the immunogen. Each unique region of the 
antigen molecule that will bind a complementary antibody 
is termed an epitope (antigenic determinant). 


IMMUNOGENS 


An immunogen is either a protein or a substance coupled to 
a cartier, usually a protein, that when introduced into a 
foreign host is capable of inducing the formation of an anti- 
body in the host. The route of introduction of the immuno- 
gen is usually, but not always, intradermal. The antibody 
produced may be either circulating (humoral) or tissue 
bound (cellular), as in delayed hypersensitivity reactions or 
graft host reactions. 

A hapten is a chemically defined determinant that 
when conjugated to an immunogenic carrier stimulates the 
synthesis of antibody specific for the hapten. It is capable 
of binding an antibody but cannot by itself stimulate an 
immune response. Natural immunogens are usually more 
complex than haptens and have several epitopes. Such 
immunogens are capable of reacting with several antibodies, 
allowing cross-linking and the formation of large immune 


complexes. In addition to proteins and polypeptides, 
lipids (such as the Wasserman antigen and cardiolipin), 
nucleic acids (e.g., double-stranded deoxyribonucleic acid 
[dsDNA]), and many other materials function as antigens. 
Some general properties required for immunogenicity 
include: (1) areas of structural stability within the molecule, 
(2) randomness of structure, (3) a minimal molecular 
weight of 4000 to 5000, (4) ability to be metabolized (a 
necessary but not sufficient criterion for some classes of 
antigens), (5) accessibility of a particular immunogenic 
configuration to the antibody-forming mechanism, and (6) 
the foreignness of structure to the host. The overall shape 
and charge of the molecule in most cases have very little 
influence on the ability to induce antibody formation. 
Injection of an immunogen into a host animal induces a 
series of biological changes leading to markedly increased 
production of certain serum globulins with specific antibody 
activity—the immunoglobulins—and to changes in the 
capability of certain cellular elements to give an immune 
response. Continued stimulation by an immunogen results 
in increasing production of immunoglobulins of different 
types and of different binding characteristics for antigens. In 
some cases excessive stimulation leads to immunological 
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paralysis in which no antibody response is mounted until a 
major fraction of the immunogen is cleared from the organ- 
ism. After the first exposure to an immunogen, a latent 
period (induction) occurs during which no antibody is 
present in serum; this period may last from 5 to 10 days. 
Because antibody formation by sensitized (immunogen 
coated) cells can be demonstrated in vitro in a period of 
minutes, the long delay in antibody build up in vivo is caused 
by the time required for transport of immunogen to the site 
of antibody production, for transmission of information, 
and for actual synthesis of the antibody. . 

The strength or energy of interaction between the anti- 
body and antigen is described by two terms. Affinity refers to 
the thermodynamic quantity defining the energy of interac- 
tion of a single antibody-combining site and its corre- 
sponding epitope on the antigen. Avidity refers to the overall 
strength of binding of an antibody and an antigen and 
includes the sum of the binding affinities of all the individ- 
ual combining sites on the antibody. For example, IgG has 
two affinity-binding sites, whereas IgM has 10 affinity- 
binding sites per antibody molecule. Thus affinity is a 
property of the substance bound (antigen), and avidity is 
a property of the binder (antibody). For polyclonal anti- 
bodies, avidity is difficult to determine primarily because of 
the diversity of the antibody population. 

Polyclonal antiserum is raised in a normal animal host in 
response to immunogen administration. In contrast, mono- 
clonal antiserum is produced in a very different manner and 
represents the product of a single clone or plasma cell line 
rather than a heterogeneous mixture of antibodies produced 
by many cell clones in response to immunization. Mono- 
clonal antibodies are now widely used as reagents in 
immunoassay techniques. The usual method of produc- 
tion of monoclonal antibodies involves fusing sensitized 
lymphocytes from the spleens or lymph nodes of mice that 
have been immunized once or more over a 2- to 4-week 
period with a murine myeloma cell line from tissue culture 
in the presence of polyethylene glycol (PEG), which pro- 
motes cell fusion through an unknown mechanism. The 
murine myeloma cell line is an immortal B-cell line. The 
murine myeloma cell lines most commonly used are defi- 
cient in the enzyme hypoxanthine guanine phosphoribosyl 
transferase (HGPRT) and therefore cannot synthesize 
purine bases from thymidine and hypoxanthine in the pres- 
ence of aminopterin. Following the fusion, the cells are 
placed into a selection medium containing hypoxanthine, 
aminopterin, and thymidine (HAT medium) to grow fused 
hybrid cell lines selectively. The fused hybrid cells can survive 
in a HAT medium, because the cells combine the immortal- 
ity of the myeloma cell with the genetic material of the 
spleen cell necessary for synthesis of HGPRT. The unfused 
myeloma cells are killed by the HAT medium because they 
do not have the HGPRT gene and the unfused spleen cells 
cannot be maintained in the culture. Colonies arising from 
the fused cells are then screened for antibody production, 


and cell lines secreting antibody of the desired specificity are 
cloned in subcultures. In this way, a single clonal line can be 
isolated that produces an antibody with a specificity for a 
single antigen epitope and having a single binding energy or 
affinity. 

Because of the unique ability of a monoclonal antibody 
to react with a single epitope on a multivalent antigen, the 
majority of monoclonal antibodies will not cross link and 
precipitate macromolecular antigens. Consequently, mono- 
clonal antibodies have not found broad applicability in tra- 
ditional precipitin methods. A practical advantage of using 
monoclonal antibodies is that two different antibody speci- 
ficities can be used in a single incubation step. A solid phase 
antibody specific for a unique epitope and another enzyme- 
labeled or radiolabeled antibody specific for a different 
epitope can be reacted with an antigen in a single step. This 
eliminates the two-step sequential addition of an antigen 
and labeled antibody to the solid phase and one incubation 
step and one washing step, which would be necessary when 
using polyclonal antibodies binding to both sites. 

Phage display technology provides a new in vitro 
approach for producing antibodies (single chain Fv frag- 
ments, Fab fragments, and whole antibody molecules) that 
mimics the immune system but does not require B-cell 
immortalization.'’*”’ V genes coding for the heavy and light 
chain variable domains of immunoglobulin isolated from 
lymphocytes are amplified by the polymerase chain reaction 
and ligated into a filamentous bacteriophage vector to form 
combinatorial libraries of Vy and V, genes. Individual bac- 
teriophages display copies of a specific antibody on their 
surface and the phage library can be screened for the anti- 
body of a defined specificity using immobilized antigen 
(“panning”). Large libraries displaying antibodies formed 
from greater than 10’ different Vy and V, combinations can 
be constructed; this provides a rich source of antibodies with 
binding constants of 10° to 10° L/mol. Soluble antibody from 
selected bacteriophages can be secreted from infected bacte- 
ria (e.g., Escherichia coli) in yields of greater than 500 mg/L. 


ANTIGEN ANTIBODY BINDING — 
BINDING FORCES 


The strength of the binding of an antigen to an antibody 
depends on several forces acting cooperatively. They include 
van der Waals-London dipole-dipole interaction, hydropho- 
bic interaction, and ionic coulombic bonding. ®”6 


Van Der Waals-London Dipole-Dipole Interactions 

Van der Waals-London binding is caused by the attraction 
between atoms when they are brought together in close 
proximity. These interactions are basically electrostatic in 
nature and are applicable to polarizable, noncharged mole- 
cules, whose structure allows the electron cloud around the 
molecule to be distorted by outside forces in such a way that 
a transient dipole is produced. Such polarization results in 
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the formation of an instantaneous dipole moment, which in 
turn induces a dipole moment in adjacent molecules. The 
induced dipole moment is oriented in an antiparallel fashion 
with respect to the original dipole moment such that a net 
attractive force is produced. These forces operate over short 
distances (4 to 6nm) and are more significant for larger mol- 
ecules. Because polarizability varies inversely with tempera- 
ture, the attractive force is inversely proportional to the 
temperature, 


Hydrophobic Interaction 

Hydrophobic interactions result because the association 
of nonpolar groups is energetically favored in aqueous or 
other polar solutions. In proteins, hydrophobic interactions 
serve to bend and fold a molecule in a way that brings 
nonpolar R groups inside to the less polar interior; polar 
R groups are oriented outside toward the more polar 
aqueous environment. Thus hydrophobic bonding forms an 
interior, hydrophobic protein core, where most hydrophobic 
side chains can closely associate and weakly bind. Hydro- 
phobic interaction enhances or stabilizes antigen antibody 
binding but is not necessarily a driving force in such 
binding.” 


Coulombic Bonds 


Coulombic bonding results from the attraction between 
charged groups on the antigen and antibody, primarily 
COO and NH}. The attraction between the charged groups 
is greatest in a medium with a low dielectric constant caused. 
by reduced interaction of the solvent or other solute (salts) 
with the macromolecular ions. In a medium of high dielec- 
tric constant (aqueous solutions containing added salt), a 
diffuse double layer of charged particles will tend to shield 
the attraction of the charged species in the reactive sites of 
the antigen and antibody. This inhibition under certain cir- 
cumstances can considerably reduce the binding constant for 
many antigen antibody systems. 

Considering these forces, one would predict that chang- 
ing pH, temperature, and ionic strength of the reaction 
medium should influence the binding of antigen and 
antibody. However, given that the lower and upper limit 
of pH is 6 and 8 and the temperature between 25 °C and 
35 °C, these variables have only minimal effect on the rate 
of association and immune complex formation.“ In fact, 
extremes in pH (less than 4.0 and greater than 8.0) can 
cause inhibition of binding or dissociation of already formed 
antigen antibody complexes. Such extremes ultimately 
result in some degree of denaturation of the proteins 
involved. Thus only changes in ionic strength will produce 
a significant affect on the rate of binding of antigen and 
antibody. This concept is studied further in the following 
sections. 


REACTION MECHANISM 


The binding of antigen to antibody is not static but is an 
equilibrium reaction that proceeds in three phases. The 


initial reaction (phase 1) of a multivalent antigen (Ag,) and 
a bivalent antibody (Ab) occurs very rapidly in comparison 
with the subsequent growth of the complexes (phase 2) and 
is depicted by the following equation: 


k ko 
Ag, + Ab == Ag,Ab == AgaAby (1) 
= “2 


where k; >>> ka n is the number of epitopes per molecule, 
and a and b are the numbers of antigen and antibody mol- 
ecules per complex. Phase 3 of the reaction involves the pre- 
cipitation of the complex after a critical size is reached. The 
speed of these reactions depends on electrolyte concentra- 
tion, pH, and temperature, and on antigen and antibody 
types and the binding affinity of the antibody. The concen- 
tration of NaCl is important, and in most cases normal saline 
(NaCl, 0.15mol/L) is used. Higher concentrations of NaCl 
can lead to smaller amounts of precipitate; this is due not to 
increased solubility of the antigen antibody complex, but 
to an equilibrium shift causing a given amount of antigen to 
combine with smaller amounts of antibody. Decreasing the 
NaC] concentration can lead to increased precipitation of 
other proteins. Generally the presence of divalent cations has 
no effect on precipitation. 

It is best to use dilute solutions for determining the influ- 
ence of such factors as ionic species, ionic strength, pH, and 
concentration of soluble linear polymers, or for optical ana- 
lytical methods. Use of dilute solutions slows the growth of 
the antigen antibody complexes, and a more stable and more 
homogeneous population of complexes results. Most of the 
discussions presented in subsequent sections are based on 
dilute systems and may not pertain to solutions in which 
reactants are present in much higher concentrations. 


FACTORS INFLUENCING BINDING 


Factors that influence the strength of binding between an 
antigen and antibody include the ion species, ionic strength, 
and polymers. l 


Ton Species and Ionic Strength Effects 


Cationic salts produce an inhibition of the binding of anti- 
body with a cationic hapten.” The order of inhibition by 
various cations is Cs* > Rb* > NH{ > KÝ > Nat > Li*. This 
order corresponds to the decreasing ionic radius and increas- 
ing radius of hydration. Presumably the lesser degree of 
hydration permits greater interaction of the salt with an 
anionic group located in the antibody-combining site. 
Similar results were found for anionic haptens and anionic 
salts. For example, the order of inhibition of binding for 
anionic salts is CNS’ > NO? > F > Br > Cl > F, which 
again is in the order of decreasing ionic radius and increas- 
ing radius of hydration. If the competition theory as 
suggested by these experiments is correct, one would expect 
the degree of inhibition to be a concentration-dependent 
phenomenon, and indeed the rate of formation of immune 
complexes is slower in normal saline (NaCl, 0.15 mol/L) than 
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the same reaction carried out in deionized water. Given the 
above observation, F should be the anion of choice for 
immunochemical reaction buffers. In fact, F does provide a 
modest improvement over CF, but the advantage is so small 
that laboratories rarely substitute toxic fluoride ion for 
innocuous chloride ion in buffer solutions. A small but 
measurable difference in the initial rate of combination of 
antigen and antibody can be seen for phosphate as compared 
with tris buffer, presumably owing to the charge difference 
in the buffer molecules.” In general, the most notable dif- 
ferences in reaction rates for the various anionic species eval- 
uated are seen at t less than 5 minutes. When the reactions 
are evaluated at longer times (i.e., t greater than 5 minutes), 
the difference in rate of antigen antibody complex formation 
is relatively small for different anionic species.” 


Polymer Effect™ 


In general, the solubility of a protein in the presence of 
different linear polymers is inversely proportional to the 
molecular weight of the polymer (i.e., the higher the molec- 
ular weight of the polymer, the lower the solubility of the 
protein). For example, in the presence of Dextran 500, the 
solubility of o.-crystalline < fibrinogen < y-globulin < 
albumin <<< tyrosine. Laurent thus proposed a steric 
exclusion mechanism to explain the effect of polymers on 
protein solubility." Assuming a fixed total volume {Vz} of 
solvent being occupied by both polymer and protein and 
defining the volume occupied by polymer as Vy (excluded 
volume, i.e., volume not accessible to proteins) and the 
volume occupied by protein as V’, then the relation 


Vr =V' + Vg (2) 


implies that any increase in V; caused by an increase in 
number or size of polymer molecules forces a decrease in V’ 
and an effective increase in the concentration of protein 
molecules. Hence, as Vp is increased, the effective protein 
concentration is increased, the probability of collision and 
self-association of protein molecules is increased, and large 
insoluble aggregates are formed. 

Studies by Helising™™® have provided support for the 
steric exclusion model and have demonstrated that (1) the 
composition of the immune complex formed is not affected 
by the presence of a polymer; (2) there is no complex formed 
between the polymer and the antigen, antibody, or immune 
complex; (3) the polymer effect is dependent on the molec- 
ular weight of both antigen and polymer; (4) and the use of 
polymer in a reaction mixture can increase the precipitation 
of immune complex with low-avidity antibody. Addition 
of polymer to a mixture of antigen and antibody causes a 
notable increase in the rate of immune complex growth, 
especially during the early phase of the reaction.” 

Numerous polymer species have been tested (Box 9-1) 
for applications in immunochemical methods. The most 
desirable characteristics of the polymer are high molecular 
weight, a high degree of linearity (minimal branching), 
and high aqueous solubility. Most investigators have found 


PEG 6000 in concentrations of 3 to 5g/dL to be most 
useful. 


TYPES OF REACTIONS 


Types of antigen antibody reactions that are of analytical 
importance are the precipitin reaction and those at a solid- 
liquid interface. 


The Precipitin Reaction 

If the number of antibody-combining sites is notably greater 
than the antigen-binding sites, ([Ab] >>> [{Ag]), then 
antigen-binding sites are quickly saturated by antibodies 
before cross-linking can occur, and the formation of small 
antigen antibody complexes of the composition AgAb results 
(Figure 9-2, A). When an antibody is in moderate excess (i.e., 
[Ab] greater than [Ag]), the probability of cross-linking of 
Ag by Ab is more likely and hence large complex formation 
is favored (see Figure 9-2, B). When [Ag] is in great excess, 
large complexes would be less probable, and the theoretical 
minimum size of complexes would be Ag,Ab (see Figure 
9-2, C). This model describes the results observed when anti- 
gens and antibodies are mixed in various concentration 
ratios, The curve shown in Figure 9-3 is a schematic diagram 
of the classical precipitin curve. Although the concentration 
of total antibody is constant, the concentration of free anti- 
body [Ab]; (i.e., not bound to antigen) and free antigen [Ag]; 
varies throughout the range for any given Ag/Ab ratio. A 
low Ag/Ab ratio exists in A of Figure 9-3 (zone of antibody 
excess). Under these conditions, [Ab]; exists in solution but 
[Ag]; does not. As total antigen increases, the size of the 
immune complexes increases up to equivalence (see B, 
Figure 9-3) where little or no [Ab]; or [Ag]; exists. This is the 
zone of maximum immune complex size. This equivalence 
zone does not represent a ratio of exact molar equivalence 
of reactants but is the optimal combining ratio for cross- 
linking in the particular system under evaluation. As Ag/Ab 
increases (see C, Figure 9-3), the immune complex size will 
decrease and [Ag]; will increase (zone of antigen excess). No 
[Ab]; should exist in this area of the curve. However, for a 
given Ag/Ab ratio, the population of immune complexes 
formed at equilibrium will be heterogeneous with respect to 
size and composition. 


Reactions at a Solid-Liquid Interface 


If the antigen or antibody of interest is bound to a solid 
phase, such as a cell membrane, or to a synthetic particle 
(polystyrene or cellulose), the protein will exist in a 
microenvironment that is different from that of a protein in 
free solution. The water surrounding the protein is more 
highly ordered near the surface of the solid phase, and a con- 
dition results that is more favorable for van der Waals- 
London dipole-dipole interaction and coulombic bonding. 
This situation favors the formation of low- and high-avidity 
antigen antibody complexes and, hence, can provide lower 
detection limits for analytical applications. Some studies 
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Figure 9-2 Schematic diagram for precipitin reaction. 


have shown radiometric solid phase assays to be more sen- 
sitive than their counterpart solution assays. In one study 
using the same antibody pool of antihuman 0,-antitrypsin, 
the lower limit of detection for the solution method was 
20 to 30ng/mL; for the solid phase method, it was 5 to 
10ng/mL. The difference in the lower limit of detection is 
most likely a result of additional low-avidity antibody 
binding during the initial incubation in the solid phase 
system that does not occur as readily in the liquid phase. 

Because of the exquisite specificity and the high affinity 
of antibodies for specific antigens, thousands of immuno- 
assays have been developed to detect and measure a wide 
variety of biological analytes. In the next two sections, 
both qualitative and quantitative immunotechniques are 
discussed. 


Various types of immunotechniques have been used for 
qualitative purposes and include passive gel diffusion, 
immunoelectrophoresis (IEP), and Western and dot 
blotting. 


PASSIVE GEL DIFFUSION 


Many qualitative and quantitative immunochemical 
methods are performed in a semisolid medium, such as agar 
or agarose. The primary advantage in using a gelatinous 
medium is to stabilize the diffusion process with regard to 
mixing caused by vibration or convection and to allow visu- 
alization of precipitin bands for qualitative and quantitative 
evaluation of the reaction. Antigen antibody ratio, salt con- 
centration, and polymer enhancement have the same influ- 
ence on the antigen antibody reaction in gels as they have on 
reactions in solution. 


A B C 


Parameter 


[Antigen] ———— 
Figure 9-3 Schematic diagram of precipitin curve illustrating 
zones of antibody excess (A), equivalence (B), and antigen 
excess (C). The parameter measured may be quantity of protein 
precipitated, light scattering, or another measurable parameter. 
Antibody concentration is held constant in this example. 
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If the matrix does not interact with the molecular species 
under investigation, passive diffusion of reactants in a semi- 
solid matrix can be described by Fick’s equation: 


— = -DA— (3) 


where dQ is the amount of diffusing substance that at time 
t passes through the area A; dC/dx is the concentration gra- 
dient; and D is the diffusion coefficient. The diffusion coef- 
ficient, D, is a directly proportional function of temperature; 
it is also a function inversely proportional to hydrated mol- 
ecular volume of the diffusing species. The amount of dif- 
fusing species transferred from the origin to a distant point 
(over the migration distance) is dependent on the length of 
time diffusion is allowed to occur. i 

The initial concentration of antigen and antibody is 
critical. Each molecule in the system will achieve a unique 
concentration gradient with time. When the leading fronts 
of antigen and antibody diffusion overlap, the reaction will 
begin, but formation of a precipitin line will not occur until 
moderate antibody excess is achieved. A precipitin band may 
form and be dissolved many times by incoming antigen 
before equilibrium is established, and the position of the 
ptecipitin band becomes stable. Because heavier molecules 
diffuse more slowly, the position of the precipitin band is 
in part a function of the molecular masses of both antigen 
and antibody. The precipitin band acts as a specific barrier; 
neither specific antigen nor antibody can penetrate without 
being precipitated by the other, but unrelated molecules can 
cross the band of precipitation freely. However, if both 
antigen and antibody concentrations are too high, the exces- 
sive precipitate formed in the gel can physically block further 
diffusion of other molecules, including the antigen and anti- 
body of interest, and cause anomalous results. 

Basic approaches to passive diffusion include simple dif- 
fusion and double diffusion. With simple diffusion, a con- 
centration gradient is established for only a single reactant. 
Single immunodiffusion usually depends on diffusion of an 
antigen into agar impregnated with antibody. A quantitative 
technique based on this principle is radial immunodiffusion 
(RID), which is discussed later. The second approach is 
double diffusion, in which a concentration gradient is estab- 
lished for both reactants (antigen and antibody). 

Double immunodiffusion in two dimensions is a widely 
used immunotechnique and is known as the Ouchterlony 
method. It allows direct comparison of two or more test 
materials and provides a simple and direct method for 
determining whether the antigens in the test specimens are 
identical, cross reactive, or nonidentical. 

The simplest method uses a standard Petri dish filled with 
agar in saline (2 to 4g/dL) to a depth of about 3mm. Holes 
are cut in the agar plate with a punch or a sharp cork borer. 
The plugs of agar are removed by suction, and the bottom 
of each well is sealed with a drop of agar in saline (1 g/dL) 
to prevent diffusion under the agar. When the same antigen 


is in both wells, the lines of precipitation fuse and are con- 
tinuous—the reaction of identity (Figure 9-4, A). When the 
precipitin bands cross each other, it is a reaction of non- 
identity (see Figure 9-4, B); if the two antigens are related 
but not identical, a reaction of partial identity is observed 
(see Figure 9-4, C). Here the cardinal point is that the pre- 
cipitate serves as a barrier that does not block unrelated dif- 
fusing reactants. As shown in Figure 9-4, D, when two related 
antigens, Ag and Ag), are in separate wells and the respective 
antibodies, Ab and Ab,, are in the third well, an AgAb pre- 
cipitate forms on one side and blocks further diffusion of Ab 
from the antibody well. However, on the other side, the 
Ag, Ab; precipitate does not stop Ab from migrating further 
and forming an AgAb spur. 

Double diffusion can easily be done on a microscale using 
small glass slides. Only a small sample (1 uL) is required, and 
the reaction time is markedly decreased from as long as 1 
week to 24 hours or less in some cases. Sharp lines are pro- 
duced because the agar layer is thin, and the area from which 
the reactants diffuse is minute. Finally the slides can be 
stained or photographed unstained with an oblique light 
source illuminating the precipitant bands. 

Note that a negative reaction does not necessarily imply 
absence of antibody or antigen. A negative reaction can 
result from using amounts of material too small for the 
detection limit of the method, or the antibody may be non- 
precipitating. 


IMMUNOELECTROPHORESIS (IEP) 

If several antigens of interest exist in a common solution 
(e.g., spinal fluid or serum), the various protein species can 
be separated and identified by IEP. This technique has been 
used extensively for the study of antigen mixtures, the eval- 
uation of the specificity of antiserum, and the evaluation of 
human gammopathies.“ l 


Figure 9-4 Double immunodiffusion in two dimensions by the 
Ouchterlony technique. A, Reaction of identity; B, reaction of 
nonidentity; C, reaction of partial identity; D, scheme for spur 
formation. Ag, Antigen; Ab, antibody. 
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The procedure is performed using an agarose gel medium 
poured onto a thin plastic sheet. The sample to be analyzed 
is placed in a reservoir in the gel, and an electrical field is 
applied across the gel surface. During electrophoresis, the 
proteins in the serum are separated according to their elec- 
trophoretic mobilities (Figure 9-5). Following electrophore- 
sis, an antiserum against the protein of interest is placed in 
a trough parallel and adjacent to the electrophoresed sample. 
Simultaneous diffusion of the antigen from the separated 
sample and antibody from the trough results in formation 


Figure 9-5 Configuration for immunoelectrophoresis. Sample 
wells are punched in the agar and/or agarose, sample is applied, 
and electrophoresis is carried out to separate the proteins in 
the sample. Antiserum is loaded into the troughs and the gel 
incubated in a moist chamber at 4 °C for 24 to 72 hours. Track 
X represents the shape of the protein zones after 
electrophoresis; tracks y and z show the reaction of proteins 5 
and | with their specific antisera in troughs C and D. Antiserum 
against protein l-6 is present in trough B. 


Antibody-containing 
gel 
Second 
dimension 


O First dimension 


of precipitin arcs, whose shape and position are characteris- 
tic of the individual separated proteins in the specimen. The 
pattern is interpreted after overnight development of the 
precipitate. By comparison with a known control separated 
on the same plate, tentative identification of individual pro- 
teins can be made. In some cases the characteristics of the 
precipitin arc, such as bowing, brushing at the end of the arc, 
or thickening, may suggest to the experienced observer the 
presence of special types of proteins. 

In clinical laboratory medicine, this procedure has 
been applied to the evaluation of human myeloma proteins. 
However, the method is being replaced by immunofixation 
(IF) electrophoresis, particularly for the study of protein 
antigens and their split products, and for evaluation of 
human myeloma proteins (see later discussion of IF 
electrophoresis). 


Crossed Immunoelectrophoresis (CRIE) 


This technique, also known as two-dimensional IEP, is a vari- 
ation of [EP wherein electrophoresis is also used in the 
second dimension to drive the antigen into a gel containing 
antibodies specific for the antigens of interest (Figure 9- 
6).’°*' This technique is more sensitive and produces higher 
resolution than is possible with IEP. As with IEP, the speci- 
men is applied to a cylindrical well cut in an agar medium 
and is then subjected to electrophoresis in the first dimen- 
sion, followed. by electrophoresis at a 90° angle to the first 
run through the gel that contains antibodies. Precipitin 
bands form at the zones of equivalence for each antigen. 
Precipitation occurs along lateral margins as the antigen 
advances and results in precipitation “peaks” for each 
antigen, An example of the application of CRIE is shown in 
Figure 9-7. A serum specimen treated with two different 
quantities of trypsin was evaluated for changes in o- 
antitrypsin. Formation of trypsin-antitrypsin complexes 
results in a second smaller peak cathodal to the native 
species, The resolution of the peaks in the second dimension 
may be improved by the use of a linear application of the 
sample into a rectangular slot instead of a well in the agar. 
Such application causes the proteins to move from the origin 


Figure 9-6 Two-dimensional (CRIE) electrophoresis. 
Diagram (A) shows the configuration for the first 
dimension of CRIE. The segment of the gel denoted by the 
dashed lines in diagram (A) is cut out and placed on a 
second plate. An upper gel containing antibody is added as 
shown in diagram (B). Electrophoresis is now carried out at 
90° relative to the first dimension run. 
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in relatively narrow bands and not in teardrop-shaped zones. 
Quantities of individual antigens can be estimated by mea- 
suring the peak area of the antigen under the precipitin arc 
and comparing it with the peak area of a standard antigen 
preparation. 


Counterimmunoelectrophoresis (CIE) 


With CIE, two parallel lines of wells are punched in the agar. 
One row is filled with antigen solution, and the opposing 
row is filled with antibody solution (Figure 9-8). If the sólu- 
tions were allowed to passively diffuse over the next 18 to 24 
hours, a precipitin line would form between the opposing 
wells where the antigen reacted with a specific antibody. 
With CIE, this process is made to occur more rapidly by 
applying a voltage across the gel so that the antigen and anti- 
body move toward each other at a faster rate. The antigen 
migrates toward the anode; the antibody moves in the oppo- 
site direction as a result of electrophoresis, and a precipitin 
line is formed where they meet. Qualitative information (ie., 
identification of antigen) is provided within 1 to 2 hours. 
This method has found application in the detection of 
bacterial antigens in blood, urine, and cerebrospinal fluid. 


Immunofixation (IF) 

This technique has gained widespread acceptance as an 
immunochemical method for identifying proteins.’ As in 
IEP and CRIE, a first-dimension electrophoresis is per- 
formed in agarose gel to separate the proteins in the mixture. - 


TRYPSIN... 


© po D 


Figure 9-7 A CRIE pattern obtained with two different 
concentrations of trypsin added to normal serum. The first 
dimension was carried out from left to right and the second 
dimension from bottom to top. Two separate gels are shown, 
with the highest trypsin concentration at the bottom. Antibody 
against 04)-antitrypsin was present in the second dimension gel. 
The resulting pattern shows two distinct @)-antitrypsin species, 
the free protease inhibitor (right) and protease-antiprotease 
complex (left). This example illustrates the ability of CRIE to 
evaluate changes in specific protein structure. 


Subsequently, antiserum spread directly on the gel causes the 
protein(s) of interest to precipitate. The immune precipitate 
is trapped within the gel matrix, and all other nonprecipi- 
tated proteins can be removed by washing the gel. The gel 
may then be stained for identification of the proteins. CRIE 
is more sensitive than IF in terms of detection limit and also 
shows better resolution. For instance proteins of closely 
related or identical electrophoretic mobility can be distin- 
guished better by CRIE, because in IF they will appear as a 
single band. In practice, IF is technically more efficient than 
either IEP or CRIE, and it produces patterns that are more 
easily interpreted. The utility of IF, which is now widely used 
for the evaluation of myeloma proteins, is illustrated in 
Figure 9-9. 


WESTERN BLOTTING 


The techniques discussed above use a direct evaluation of the 
immunoprecipitation of the protein(s) in the gel. However, 
certain media, such as polyacrylamide, do not lend them- 
selves to direct immunoprecipitation, nor is there always 
sufficient antigen concentration to produce an immunopre- 
cipitate that will be retained in the gel during subsequent 
processing. Under these circumstances, a technique termed 
Western blotting can be used."”* This technique involves an 
electrophoresis step followed. by transfer of the separated 
proteins onto an overlying strip of nitrocellulose or a nylon 
membrane by a process called “electroblotting.” Once the 
proteins are fixed to the membrane they can be detected 


Electroendosmosis 


Antibody 
well 


Zone of precipitin 
formation 


Sample 


(antigen) 
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Figure 9-8 CRIE showing positive reaction between 
anti-Haemophilus influenzae B (upper well) and a cerebrospinal 
fluid (CSF) sample containing H. influenzae B (lower well}. 
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Figure 9-9 IF of a serum containing an IgM kappa paraprotein. 
Lane i, serum electrophoresis stained for protein; lane 2, anti- 
IgG, Fc piece-specific; lane 3, anti-IgA, o-chain specific; lane 4, 
anti-IgM, p-chain specific; lane 5, anti-« light chain; lane 6, anti-A 
light chain. (Courtesy Katherine Bayer, Protein Laboratory, Hospital 
of the University of Pennsylvania, Philadelphia, Pa.} 


using antibodies labeled with probes, such as radioactive 
isotopes or enzymes. By using such probes, the limits of 
detection can be 10 to 100 times lower than by using direct 
immunoprecipitation and staining of proteins. This tech- 
nique is analogous to Southern blotting (electrophoresed 
DNA blotted onto a membrane), and Northern blotting (elec- 
trophoresed RNA blotted onto a membrane). 

An example of this technique applied to the detection of 
human immunodeficiency virus type 1 (HIV-1) antibodies 
is shown in Figure 9-10. HIV-1 antigens are separated 
according to molecular weight by gel electrophoresis and 
then transferred to a nitrocellulose membrane by elec- 
troblotting. A serum sample is then incubated with a strip of 
the membrane. HIV-1 antibodies in the sample bind to the 
viral antigens transferred to the strip as discrete bands. After 
washing, the strip is incubated with an alkaline phosphatase 
antihuman immunoglobulin conjugate, which forms a 
complex with bound HIV-1 antibody. After a further 
washing step, the nitrocellulose strip is incubated with an 
alkaline phosphatase substrate solution (5-bromo-4-chloro- 
3-indolyl phosphate and nitroblue tetrazolium) to reveal 
bound conjugate as purple bands (where HIV-1 antibody is 
bound to specific viral antigen fixed in the membrane). 


Strong Weak 


Figure 9-10 Vestern blot analysis of serum samples strongly 
positive and weakly positive for HIV-| antibody. Core proteins 
(GAG, group-specific antigens) p18, p24, and p55; polymerase 
(POL) p32, p51, and p65; envelope proteins (ENV) gp41, gp 120, 
and gp160. (Courtesy Bio-Rad Laboratories Diagnostics Group, Irvine, 
Calif.) 


Protein transfer and immobilization following separation 
by electrophoresis, isoelectric focusing, sodium dodecyl 
sulfate polyacrylamide electrophoresis (see Chapter 5 for 
further discussion on these techniques}, or other methods 
provide a powerful tool for the analytical study of proteins 
present in low concentrations in cell culture or body fluids. 
When applied to antigen assays, concentrations of antigen 
as low as 500ng/mL or 2.5ng per band in the gel can be 
detected by this method. The detection limit of the 
technique can be lowered to approximately 100 pg by using 
chemiluminescent assays for the labeled antibody (e.g., 
enhanced chemiluminescence assay for horseradish peroxi- 
dase labels, and a 1,2-dioxetane phosphate-based assay for 
alkaline phosphatase labels) and by detecting the light 
emission using x-ray or photographic film,'°"**? 


DoT BLOTTING 


A similar technique that bypasses the electrophoretic sepa- 
ration step is known as dot blotting. A protein sample to be 
analyzed is applied to a membrane surface as a small “dot” 
and dried. The membrane is then exposed to a labeled anti- 
body specific for the test antigen contained in the dotted 
protein mixture. After washing, bound labeled antibody is 
detected with a photometric or chemiluminescent detection 
system. 
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Figure 9-11 Rocket immunoelectrophoresis of human serum albumin. Patient samples were 
applied in duplicate. Standards were placed at opposite ends of the plate. 


QUANTITATIVE METHODS — 


A number of immunochemical techniques have been used 
to quantify analytes of clinical interest. They include radial 
diffusion (RID) and electroimmunoassays, turbidimetric 
and nephelometric assays, and labeled immunochemical 
assays. 


RADIAL IMMUNODIFFUSION AND 
ELECTROIMMUNOASSAY 


Typically the two most commonly encountered gel- 
based methods for quantitative immunochemical studies 
are RID immunoassay and electroimmunoassay (“rocket” 
technique). 


Radial Immunodiffusion Immunoassay 


With this technique, a concentration gradient is established 
for a single reactant, usually the antigen. The antibody is uni- 
formly dispersed in the gel matrix. Antigen is allowed to pas- 
sively diffuse from a well into the gel until antibody excess 
exists and immune precipitation occurs; the antigen anti- 
body interaction is manifested by a defined ring of pre- 
cipitation around the antigen well. The ring diameter will 
continue to increase until equilibrium is reached. Calibra- 
tors are run at the same time as the sample, and a calibra- 
tion curve of ring area or diameter versus concentration 
is plotted. The original procedure described by Mancini” 
requires the establishment of equilibrium before measure- 
ment of the precipitin ring diameter. Under equilibrium 
conditions, a linear relationship exists between antigen con- 
centration and the square of the precipitin ring diameter. In 
addition, the precision of the measurement of the ring diam- 
eter is better than if the rings are measured before equilib- 
rium is established. However, quantitative data can also be 
derived by reading the ring diameter before equilibrium is 
established.” This approach, although less precise, is often 
more practical for a clinical laboratory if available time for 
testing is at a premium. 

Fick’s equation predicts that the rate of diffusion is 
dependent on antigen size, molecular weight, and concen- 
tration. Whereas this is indeed the case for the rate of diffu- 
sion, the ultimate area of the precipitin ring at equilibrium 
is independent of these factors and dependent instead on the 


antigen antibody concentration ratio.” Antigen concentra- 
tions are calculated in both the preequilibrium and Mancini 
RID methods” by plotting the square of the precipitin ring 
diameter against calibrating antigen concentrations and by 
interpolating unknowns from this curve. RID can be made 
more sensitive using PEG to enhance precipitin line forma- 
tion or by using I- or enzyme-labeled reagents.**°”* 


Electroimmunoassay 

In electroimmunoassay, as in RID, a single concentration 
gradient is established for the antigen, but in this case, an 
applied voltage is used to drive the antigen from the appli- 
cation well into a homogeneous suspension of antibody in 
the gel (Figure 9-11).” Unlike RID this produces a uni- 
directional migration of antigen and results in a lower limit 
of detection for electroimmunoassay methods. The height of 
the resulting rocket-shaped precipitin line is proportional to 
the antigen concentration. Quantitation is affected by using 
calibrators on the same plate along with the unknowns and 
then estimating the concentrations of unknowns from the 
heights of the “rockets” obtained. The calibration curve is 
linear only over a narrow concentration range, so samples 
may have to be diluted or concentrated as necessary. Elec- 
troimmunoassay methods produce the best results with anti- 
gens having a strong anodic mobility and intermediate to 
low molecular weight. Proteins, such as transferrin, C3, or 
IgG, with low anodal mobility or virtually no net charge at 
pH 8.6 (the most common pH used for the method) can be 
modified by carbamoylation or run at a lower pH to make 
their measurements by electroimmunoassay feasible. One 
advantage of electroimmunoassay is that more than one 
antigen can be measured simultaneously if appropriate 
conditions are chosen. The simultaneous use of more than 
one antiserum results in superimposed rockets that can be 
measured separately. Other modifications, such as the use of 
an intermediate gel that causes precipitation of C3, allow 
measurement of C3d in human serum and illustrate the 
exceptional versatility of this method.’ 

In many clinical laboratories, gel-based methods are 
restricted to qualitative studies. Quantitative data are more 
commonly obtained by turbidimetric and nephelometric 
methods, radioimmunoassays, enzyme immunoassays 
(EIAs), and fluorometric immunoassays. 
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TURBIDIMETRIC AND NEPHELOMETRIC ASSAYS 
Turbidimetry and nephelometry are convenient techniques 
for measuring the rate of formation of immune complexes 
in vitro. Instrumental principles for these methods are 
described in Chapter 3. Studies have shown that the reaction 
between antigen and antibody begins within milliseconds 
and continues for hours.*’”* Both turbidimetric and neph- 
elometric immunochemical methods using rate and pseu- 
doequilibrium protocols have been described for proteins, 
antigens, and haptens. In rate assays, measurements are 
usually made within the first few minutes of the reaction, 
because the largest change (dIs/dt) in intensity of scattered 
light (Is) with respect to time is obtained during this time 
interval. For so-called equilibrium assays, it is necessary to 
wait 30 to 60 minutes so that the dIs/dt is small relative to 
the time required to make the necessary measurements. For 
the purpose of this discussion, such conditions are referred 
to as pseudoequilibrium because true equilibrium is not 
reached within the time allowed for these assays, Measure- 
ment of the rate of immune complex formation can also be 
used for quantitative immunochemical studies. Either dls/dt 
or the time required to reach peak rate can be related to 
antigen concentration in a manner analogous to any other 
rate methodology. Rate nephelometric assays have the 
advantage that blank correction is not required, and that 
several samples can be assayed in a few minutes instead of 
the 30 to 60 minutes required for pseudoequilibrium 
methods, 6*8 

The analytical performance of nephelometric or turbidi- 
metric assays can be significantly improved by increasing the 
reaction rate by addition of water-soluble linear polymers. 
This allows the use of much lower reactant concentrations 
and results in a more stable immune complex suspension.” 

Nephelometric methods in general are more sensitive 
than turbidimetric assays and have an average lower limit of 
detection of 0.1 to 10 mg/L for a serum protein. Lower detec- 
tion limits are obtained in fluids, such as cerebrospinal fluid 
and urine, because of their lower lipid and protein concen- 
trations, which results in a better signal-to-noise ratio. In 
addition, for low molecular weight proteins (e.g., myoglo- 
bin, MW 17,800), assay detection limits can be lowered using 
a latex-enhanced procedure based on antibody-coated 
latex beads.” 

Nephelometric and turbidimetric assays have also been 
applied to the measurement of drugs (haptens) using 
inhibition techniques. The reagent is made by attaching the 
drug of interest to a carrier molecule, such as bovine serum 
albumin. The hapten-bound albumin then competes with 
free hapten (drug introduced in sample) for the antihapten 
antibody. In the presence of free hapten, immune complex 
formation is decreased, because more antibody sites are sat- 
urated; thus light scattering is decreased. The decrease of 
light scattering is related to the concentration of free hapten. 
Both kinetic and pseudoequilibrium methods have been 
described.” In the absence of free hapten, bound hapten 
albumin reacts with available antihapten antibody sites to 


form cross-linked immune complexes with high light-scat- 
tering ability. 


LABELED IMMUNOCHEMICAL ASSAYS 


The previously discussed methods rely on evaluating the 
immune complex formation as an index of antigen antibody 
reaction. As demonstrated previously in equation (1), the 
overall reaction occurs in sequential phases, and only 
the final phase is the formation of the immune complex. 
However, the initial binding of the antibody and antigen has 
also been demonstrated to be very useful analytically and has 
been used with labeled antigens and antibodies to develop 
many sensitive and specific immunochemical assays, The 
reaction describing this initial binding and the kinetic 
constant for the overall reaction are shown in equations (4a) 
and (4b), respectively: 


Ab + Ag <= AbAg (4a) 
k-i 
[AbAg] 
aene 4b 
[Ab]iAgl e 


where 
, = the rate constant for the forward reaction 

k_, = the rate constant for the reverse reaction 

K =the equilibrium constant for the overall reaction 
As would be predicted from the law of mass action, the con- 
centration of Ab, Ag, and AbAg will be dependent on the 
magnitude of k; and ka. For polyclonal antiserum, the 
average avidity of the antibody populations will determine 
K (typically 10° to 10° L/mol), and the magnitude of kı in 
comparison with ka will determine the ultimate limit of 
detection attainable with a given antibody population. 

The original assays used. radioactive labels, but concerns 
about the safe handling and disposal of radioactive reagents 
and waste have led to the development of alternative non- 
isotopic labels (Table 9-1).““ In this section, the method- 
ological principles on which these assays are based and the 
factors that affect their analytical sensitivity are discussed. In 
addition, specific examples of these assays and the types of 
labels that are used in them are evaluated. Commercial ver- 
sions and applications of these assays are discussed in other 
chapters (see Chapters 3 and 11}. 


Methodological Principles 

To exploit analytically the exquisite specificity and enhanced 
sensitivity that are possible with immunochemical assays, 
various methodological principles have been applied in their 
development, These include competitive and noncompeti- 
tive reaction formats and different processing schemes for 
performing the assays. 


Competitive Versus Noncompetitive Reaction Formats 


The two major types of reaction formats that are used in 
immunochemical assays (Figure 9-12) are termed. competi- 
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TABLE 9-1 Labels Used for Nonisorepls Immunoassay 


‘Acridinium ester, sulfonyl 
acridinium ester, jeslurninal 
Adenosine triphosphate, : flavin > 
adenine dinucleotide. 
Alkaline phosphatase, marine 
‘bacterial luciferase, 
i B-galactosidase, firefly. 
A ; luciferase, glucose oxidase, 
~-.-glucose-6-phosphate 
«dehydrogenase, horseradish 
peroxidase, lysozyme, malate 
~ dehydrogenase, 
<. microperoxidase, urease, 
“xanthine oxidase = 
` “Europium chelate, fluorescein, : 
phycoerythrin, terbium chelate 


a t miluminescent 
“Colactor: on k ' 


Enzyme a z 


Fluorophore 


“Free radical 


i ~Nitroxide i nuii E 

; Inhibitor ae Methotrexate =, A 
‘Metal Gold sol, selenium: Sol ‘silver oL E 
: Partide Bacteriophage, erythrocyte, latex 
5 bead, liposome, quantum dot: ; 
Phosphor | Up-converting lanthanide-. 
ia containing nanoparticle 55. 
Polynudleotide DNA TEM BEL CHES 
“Substrate Galactosyl-umbelliferone «°°. 


Competitive (limited reagent) 
Simultaneous 


Ab + Ag + Ag-L === Ab:Ag + Ab:Ag-L 
(free) (bound) 
Sequential 
k 
Step 1 Ab + Ag = Ab:Ag + Ab 


-1 


Step 2 Ab:Ag + Ab + Ag-L => Ab:Ag + Ab:Ag-l. + Ag—L 


Noncompetitive (excess reagent, two-site, sandwich) 


gga 82 EA- ab:ag? E SE- ab:ag:Ab-L 


Figure 9-12 Immunoassay designs. L, Label. 


tive (limited reagent assays) and noncompetitive (excess 
reagent, two-site, or sandwich assays). 

Competitive immunoassays. In a competitive immuno- 
chemical assay, all reactants are mixed together either simul- 
taneously or sequentially. In the simultaneous approach, the 
labeled antigen (Ag*} and unlabeled antigen (Ag) compete 
for binding to the antibody. In such a system, the avidity of 
the antibody for both the labeled and unlabeled antigen 
must be the same. Under these conditions, the probability of 


Percent bound 
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Figure 9-13 A schematic diagram of the dose-response curve 
for a typical immunoassay. The analytically useful portion of the 
curve is bracketed by points a and b. 


the antibody binding the labeled antigen is inversely pro- 
portional to the concentration of unlabeled antigen; hence, 
bound label is inversely proportional to unlabeled antigen 
concentration. 

In a sequential competitive assay, unlabeled antigen is first 
mixed with excess antibody, and binding is allowed to reach 
equilibrium (see Figure 9-12, step 1), Labeled antigen is then 
sequentially added (step 2) and allowed to equilibrate. After 
separation the bound label is determined and used to calcu- 
late the unlabeled antigen concentration. Using this two-step 
method, a larger fraction of the unlabeled antigen can be 
bound by the antibody than in the simultaneous assay, espe- 
cially at low antigen concentrations. Consequently, this strat- 
egy can provide a twofold to fourfold improvement in the 
detection limit of a sequential immunoassay compared with 
that of a simultaneous assay, provided k, >> ka. This 
improvement in detection limit results from an increase in 
AgAb binding (and thus in a decrease in Ag* binding), which 
is favored by the sequential addition of Ag and Ag*. If k, >> 
k dissociation of AgAb becomes more likely, resulting in 
an increased competition between Ag* and Ag. A typical 
immunochemical binding curve is shown in Figure 9-13. 

Noncompetitive Immunoassays. In a typical noncom- 
petitive assay for an antigen, a capture antibody is first pas- 
sively adsorbed or covalently bound to the surface of a solid 
phase. Various sequences in which the capture antibody can 
be attached are shown in Box 9-2. The simplest involves 
direct attachment to the solid phase. However, this can lead 
to some loss of antibody binding capacity because of steric 
factors or attachment of the antibody via its Fab region. 
To protect the binding properties of the antibody, more 
complex sequences have been devised. For example, the solid 
support can be coated with an antispecies antibody, and then 
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: AB 

: Anti-FITC Ab : FITC-AB 

: Anchor protein-reptavidin : biotin-AB 
: Antispecies Ab : AB 


AB, Capture antibody; FITC, fluorescein isothiocyanate. ` 
*Solid phase (tube, bead, microparticle, microwell) is indicated by the 
solid boxes. 


the antispecies antibody can be used to immobilize the 
capture antibody via an antigen antibody reaction. 

In the second stage of the assay, the antigen from the 
sample is allowed to react with the solid phase, capture 
antibody; other proteins are washed away; and a labeled 
antibody (conjugate) is added that reacts with the bound 
antigen through a second and distinct epitope. After washing 
again, the bound label is determined, and its concentration 
or activity is directly proportional to the concentration of 
antigen. 

In noncompetitive assays, the capture and labeled anti- 
body can be either polyclonal or monoclonal. If monoclonal 
antibodies having specificity for distinct epitopes are used, it 
is possible to incubate the sample and conjugate simultane- 
ously with the capture antibody, thus simplifying the assay 
protocol, 

Noncompetitive immunoassays can be performed in 
either a simultaneous or sequential mode. However, in the 
simultaneous mode, a situation can occur in which a high 
concentration of analyte can saturate both the capture and 
labeled antibodies. When this occurs, the calibration curve 
of the assay exhibits a “hook effect” in which the assay 
response drops off at high analyte concentrations. Under 
these conditions, the analyte is present in such high concen- 
trations that it reacts simultaneously with the capture anti- 
body and the labeled antibody. This reduces the number of 
complexes formed. and produces a falsely low result. Assays 
for analytes for which the normal pathological concentra- 
tion range is very wide (e.g., hCG, AFP) are particularly 
prone to this problem. Dilutions of a sample are usually 
reanalyzed to check for this type of analytical interference. 
The hook effect can be eliminated by adopting a sequential 
assay format“ and by ensuring that the concentrations of 
capture and labeled antibody are sufficiently high to cover 
analyte concentrations over the entire analytical range of the 
assay. 


Heterogeneous Versus Homogeneous 

Immunochemical Assays 

Immunochemical assays that require a separation of the free 
from the bound label are termed heterogeneous; those that 
do not are called homogeneous. 


Adsorption 
Charcoal, Florisil, talc 


Precipitation 
Polymer precipitation: polyethylene glycol 
Solvent or salt precipitation: ethanol, dioxane, (NH,).SO, 
Protein A or double (second) antibody precipitation 


Solid Phase Antibodies 
Antibodies or other binding proteins (e.g., protein A, biotin- 
avidin, and biotin-streptavidin) adsorbed or covalently 
attached to an insoluble matrix (e.g., plastic beads, inside 
surface of a plastic tube or microwell, and magnetic beads) 


Miscellaneous 
Electrophoresis 
Gel filtration 
Ion exchange 
Radial partition 


Heterogeneous Assays. Heterogeneous assays implicitly 
assume that k, >> kı and that a variety of physical separa- 
tion techniques (Box 9-3) are used to separate the free-label 
(Ag*) from the bound-labeled antigen (Ag*Ab). The most 
widely used of these techniques are precipitation and liquid 
phase and solid phase adsorption. 

Precipitation of the bound-labeled antigen (Ag*Ab) from 
the reaction mixture can be achieved chemically by the addi- 
tion of a protein-precipitating chemical, such as (NH,)2SO., 
or immunologically by the addition of a second, “precipitat~- 
ing” antibody. In the latter approach, if the primary antibody 
was obtained from rabbit antiserum, the precipitating anti- 
body would be contained in a goat or sheep antiserum raised 
against rabbit globulin. This approach has the advantage that 
it can be used for practically any assay; however, it has the 
disadvantage that it usually requires longer assay times and 
additional processing steps. 

In liquid phase adsorption, the free antigen is adsorbed 
onto particles of activated charcoal or dextran-coated char- 
coal that are added directly to the reaction mixture. The par- 
ticles of charcoal and the adsorbed antigen are then removed 
by allowing them to settle or by centrifugation. The dis- 
advantage of this separation technique is that the time of 
contact between the adsorbent and the incubation mixture 
is critical, especially for the more active adsorbents, such as 
activated charcoal. 

Solid phase adsorption is the separation technique that is 
currently the most popular and widely used in both manual 
and automated immunoassays (see Chapter 11). In this tech- 
nique, the binding and competition of the labeled and unla- 
beled antigens for the binding sites of the antibody occur on 
the surface of a solid support onto which the capture anti- 
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Label (167! moles) 

Alkaline phosphatase 50,000 
300 
100 

10. 
ee s] 
B-p-galactosidase : ; 5000 
1000 
Europium chelate 10,000 
Glucose-6-phosphate dehydrogenase 1000 
°H : 1,000,000 
Horseradish. peroxidase 2,000,000 
: 1 
1 ©. 1000 
Ruthenium (11) tris(bipyridyl) 20t 


*One zeptomole = 10” attomoles or 10° femtomoles. 
Personal communication. 


body has been attached by either physical adsorption or 
covalent bonding. Several different types of solid support 
have been used, including the inner surface of plastic tubes 
or wells of microtiter plates and the outer surface of insolu- 
ble materials, such as cellulose or magnetic latex beads or 
particles. With the tubes and microtiter plates, the solid 
surface containing the attached antibody and bound antigen 
is washed “in place,” and indicator reagents are subsequently 
added to complete the assay. When beads or particles are 
used, they are added directly to the reaction mixture and 
after incubation are removed by centrifugation or magnetic 
separation. After the supernatant is removed by siphoning or 
decanting, the beads or particles are washed and indicator 
reagents subsequently added to complete the assay. 
Homogeneous Assays. The development of homoge- 
neous assays that do not require a separation of the bound- 
and free-labeled antibody or antigen was a major advance in 
the field of immunochemical analysis. In this type of assay, 
the activity of the label attached to the antigen is directly 
modulated by antibody binding, with the magnitude of the 
modulation being proportional to the concentration of the 
antigen or antibody being measured, Consequently, in prac- 
tice it is only necessary to incubate the sample containing the 
analyte antigen with the labeled antigen and antibody and 
then directly measure the activity of the label “in place,” thus 
making these assays technically easier and faster. The original 
homogeneous immunoassay was developed for drug analysis 
and used a nitroxide spin label and was termed a free radical 
immunoassay technique.” The electron spin resonance spec- 
trum of this label was modulated when the nitroxide-labeled 
drug was bound by a drug-specific antibody. This procedure 
was quickly superseded by homogeneous immunoassays that 
used enzyme labels and could be performed on spectrophoto- 


TABLE 9-2 Detection Limits for Isotopic and Nonisotopic Immunoassay. Labels 


Detection Limit in Zeptomoles* 


Method 


Photometry, 

Time-resolved fluorescence 
Fluorescence 

Enzyme cascade 
Chemiluminescence 
Chemiluminescence 
Fluorescence 
Time-resolved fluorescence 
Chemiluminescence 
Scintillation 

Photometry 
Chemiluminescence 
Scintillation 
Electrochemiluminescence 


metric analyzers (see subsequent descriptions of enzyme 
multiplied immunoassay technique (EMIT) and cloned 
enzyme donor immunoassay [CEDIA]).*”” 


Analytical Detection Limits 


The analytical detection limits of competitive and noncom- 
petitive immunoassays are determined principally by the 
affinity of the antibody and the detection limit of the label 
used, respectively.“ Calculations have indicated that a 
lower limit of detection of 10 fmol/L (i.e., 600,000 molecules 
of analyte in a typical sample volume of 100uL) is possible 
in a competitive assay using an antibody with an affinity of 
10° L/mol.* Table 9-2 illustrates the detection limits for iso- 
topic and nonisotopic labels. A radioactive label, such as E 
has low specific activity (7.5 million labels necessary for 
detection of 1 disintegration/s) compared with enzyme 
labels and chemiluminescent and fluorescent labels. Enzyme 
labels provide an amplification (each enzyme label produces 
many detectable product molecules), and the detection limit 
for an enzyme can be improved by replacing the conven- 
tional photometric detection reaction by a chemilumines- 
cent or bioluminescent reaction. The combination of 
amplification and an ultrasensitive detection reaction makes 
noncompetitive chemiluminescent BIAs among the most 
sensitive types of immunoassay. Fluorescent labels also have 


*In 1989, Spencer introduced the term “functional sensitivity” 
and defined it as the lowest concentration of an analyte for which 
clinically useful results can be reported (Spencer CA. Thyroid 
profiling for the 1990s: free T4 estimate or sensitive TSH 
measurement. J Clin Immunoassay 1989; 12:82-9.) This term has 
become widely adopted and used as one of the measures of the 
analytical performance of an immunoassay. 
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high specific activity, and a single high-quantum yield fluo- 
rophor can produce 100 million photon/s. In practice, 
several factors degrade the detection limit of an immunoas- 
say; these include background signal from the detector, assay 
reagents, and nonspecific binding of the labeled reagent. 

Secondary labels, such as biotin, can also be used to 
introduce amplification into an immunoassay. The binding 
constant of the biotin-avidin complex is extremely high 
(104 L/mol); capitalizing on this system allows immunoas- 
say systems to be devised that are even more sensitive than 
the simple antibody systems. A biotin-avidin system uses 
a biotin-labeled first antibody. Biotin can be attached to 
the antibody in relatively high proportion without loss of 
immunoreactivity by the antibody.** When an avidin- 
conjugated label is added, a complex of Ag: Ab-biotin: avidin 
label is formed. Further amplification can be achieved by a 
biotin: avidin: biotin linkage, because the binding ratio of 
biotin: avidin is 4:1. If the label is an enzyme, then large 
numbers of enzyme molecules in the complete complex 
provide a large increase of enzymatic activity coupled with 
the small amount of antigen being determined, and the 
antigen assay is correspondingly more sensitive. Other 
strategies to lower the analytical detection limits of 
immunoassays include the use of streptavidin-thyroglobulin 
conjugates and macromolecular complexes of multiple- 
labeled thyroglobulin and streptavidin-thyroglobulin.” In 
these reagents, the thyroglobulin acts as a carrier for multi- 
ple labels (e.g, Eu*"), and amplification factors of several 
thousand are achieved. 


Examples of Labeled Immunoassays 


In the decade following the pioneering developments of 
Yalow and Berson,” all immunoassays used a radioactive 
label in a competitive assay format. Since the introduction 
of enzyme immunochemical assays in the 1970s,” a vast 
array of sophisticated immunochemical assays have evolved 
and ‘have been very widely applied. Specific examples of 
several of these assays follow; others are briefly described in 
Box 9-4. 


Radioimmunoassay 

Radioimmunoassays (RIAs) were developed in the 1960s and 
used radioactive isotopes of iodine (I, '*'l) and tritium 
ČH) as labels." Radiolabeling of antigen with an isotope 
can cause changes in reactivity with the antibody. Therefore 
labeled and unlabeled antigens always need to be evaluated 
when a competitive assay is used to ensure that the antibody 
reacts equally with each form. Labeled antibody assays 
(immunoradiometric assay) have the advantage of not 
requiring a quantity of purified antigen because the antigen 
does not have to be labeled. This also obviates potential 
problems that may be caused by iodination of labile 
antigens. Antibodies are more stable proteins and are less 
difficult to label without damaging the protein’s function. 
Combinations of labels (e.g., “Co and '*°T) have been used 


for simultaneous assays of vitamin B, and folate,” lutropin 
and follitropin, and thyrotropin and free thyroxine. 
Nonseparation RIAs have also been developed based on the 
modulation of a tritium label by particles loaded with 
scintillation molecules and on the modulation of a ‘I label 
by a tungsten particle” and have found application in drug 
discovery assays. 


Enzyme Immunoassay 

Enzyme immunoassays use the catalytic properties of 
enzymes to detect and quantify immunological reactions. In 
practice, enzyme-labeled antibodies or antigens (i.e., conju- 
gates) are first allowed to react with ligands, and enzyme 
substrates are subsequently added, Measurement of the 
resultant decrease in substrate concentration or increase in 
product concentration is then used either to detect or quan- 
titate the antigen antibody reaction. Alkaline phosphatase, 
horseradish peroxidase, glucose-6-phosphate dehydroge- 
nase, and f-galactosidase enzyme labels predominate in 
EIA.” Enzyme-labeled antibody and antigen conjugates 
are prepared by covalent coupling procedures using 
bifunctional reagents (e.g., glutaraldehyde, N-succinimidyl 
3-(pyridyl] propionate),* and recombinant conjugates have 
been prepared from fused genes and used in research EIAs 
(e.g., proinsulin-alkaline phosphatase). 

Various detection systems have been used to monitor and 
quantify EIAs. Assays that produce compounds that can 
be monitored photometrically are very popular, because 
compact, high-performance photometers are now available 
that are versatile, reliable, simple to operate, and relatively 
inexpensive. However, EIAs that use fluorescent- or chemi- 
luminescent-labeled substrates or products are often pre- 
ferred to photometry-based assays owing to the inherent 
sensitivity of fluorescent and chemiluminescent measure- 
ments (see Chapter 3 and Table 9-2). Immunoassays that 
incorporate horseradish peroxidase as a label can be assayed 
by a chemiluminescence using a mixture of luminol, perox- 
ide, and an enhancer such as p-iodophenol” or by using an 
acridan derivative.? Umbelliferone phosphate is a nonfluo- 
rescent substrate that is converted to the highly fluorescent 
umbelliferone by alkaline phosphatase. This reaction is 
used to quantify the alkaline phosphatase label.” A very 
sensitive assay for alkaline phosphatase labels uses a 
chemiluminescent adamantyl 1,2-dioxetane aryl phosphate 
substrate.” The enzyme dephosphorylates the substrate, 
which decomposes with a concomitant long-lived glow of 
light (detection limit for alkaline phosphatase using this 
assay is 1 zeptomole [107! moles]). Enzyme cascade reac- 
tions have also been applied to the detection of enzyme 
labels in EIA; the principle of a cascade assay for alkaline 
phosphatase is illustrated in Figure 9-14. The advantage of 
such an assay is that it combines the amplification proper- 
ties of two enzymes—the alkaline phosphatase label and the 
alcohol dehydrogenase in the assay reagent—thus producing 
a very sensitive assay (see Table 9-2), 
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Bioluminescent Immunoassays® 
Native or recombinant apoaequorin (from the bioluminescent 
jellyfish Aequorea) is used as the label. It is activated by reaction 
with coelenterazine, and light emission at 469 nm is triggered by 
reaction with calcium ions (calcium chloride). 


Fluorescence Excitation Transfer Immunoassay” 
Homogeneous competitive assay in which a fluorophore 
(donor)-labeled antigen competes with an antigen in the 
sample for binding sites on an antibody labeled with a 
fluorescent dye (acceptor). The fluorescence of the donor is 
quenched when it is bound to the acceptor-labeled antibody. 


Immuno-PCR” 
Heterogeneous immunoassay in which a piece of single- or 
double-stranded DNA is used as a label for an antibody in a 
sandwich assay. Bound DNA label is amplified using the 
polymerase chain reaction (PCR). The amplified DNA product 
is separated by gel electrophoresis and quantitated by 
densitometric scanning of an ethidium stained gel. 


Luminescent Oxygen Channeling Immunoassay (LOCH™ 
Homogeneous sandwich immunoassay in which an antigen 
links an antibody-coated sensitizer dye-loaded particle (250-nm 
diameter) and an antibody-coated particle (250-nm diameter) 
loaded with a mixture of a precursor of a chemiluminescent 
compound and a fluorophore. Irradiation produces singlet 
oxygen at the surface of the sensitizer dye-loaded particle. This 
diffuses (“channels”) to the other particle held in close 
proximity by the immunochemical reaction between the antigen 
and antibodies on the particles. The singlet oxygen reacts with 
the chemiluminescent compound precursor in the particle to 
form a chemiluminescent dioxane, which then decomposes to 
emit light via a fluorophore-sensitized mechanism. No signal is 
obtained from precursor fluorophore-loaded particles that are 
not linked via immunological reaction with an antigen. 


Phosphor immunoassa’ 


Quantum Dot Immunoassay 


2,95 


Heterogeneous immunoassay in which an upconverting 
phosphor nanoparticle is used as a label. The nanoparticle (200- 
to 400-nm diameter) is a crystalline lanthanide oxysulfide. It 
absorbs two or more photons of infrared light (980nm) and 
produces light emission at a shorter wavelength (antiStokes 
shift). The phosphorescence is not influenced by reaction 
conditions (e.g., temperature or buffer) and there is no up- 
converted signal from biological components in the sample (low 
background). Multiplexing is possible because different types of 
particle produce different wavelengths of phosphorescence (e.g., 
yttrium/erbium oxysulfides are green [550nm] and 
yttrium/thulium oxysulfide particles are blue [475nm]}). 


16,33,70 


Heterogeneous immunoassay in which a nanometer-sized (less 
than 10nm) semiconductor quantum dot is used as a label. A 
quantum dot is a highly fluorescent nanocrystal composed of 
CdSe, CdS, ZnSe, InP, or InAs or a layer of ZnS or CdS on, for 
example, a CdSe core. Multiplexing is possible with these labels 
because the emission properties can be modulated by changing 
the size and composition of the nanocrystal (e.g., CdS emits 
blue light, InP emits red light). 


Solid Phase, Light-Scattering Immunoassay” 


Indium spheres are coated on glass to measure an antibody 
binding to an antigen. Binding of antibodies to antigens 
increases dielectric layer thickness, which produces a greater 
degree of scatter than in areas where only an antigen is bound. 
Quantitation is achieved by densitometry. 


Surface Effect Immunoassay” 


An antibody is immobilized on the surface of a waveguide {a 
quartz, glass, or plastic slide, or a gold- or silver-coated prism), 
and binding of an antigen is measured directly by total internal 
reflection fluorescence, surface plasmon resonance, or 
attenuated total reflection. 


*Superscript numbers refer to the references found at the end of this chapter. 


Types of enzyme-linked immunoassay include enzyme- 
linked immunosorbent assay (ELISA), enzyme multiplied 
immunoassay technique (EMIT), and CEDIA. 

Enzyme-Linked Immunosorbent Assay. ELISA is a het- 
erogeneous EIA technique that is widely used in clinical 
analyses.” In this type of assay, one of the reaction com- 
ponents is nonspecifically adsorbed or covalently bound to 
the surface of a solid phase, such as that of a microtiter well, 
a magnetic particle, or a plastic bead. This attachment facil- 
itates separation of bound- and free-labeled reactants. In the 
most common approach to using the ELISA technique, an 
aliquot of sample or calibrator containing the antigen to 
be quantitated is added to and allowed to bind with a solid 
phase antibody. After washing, enzyme-labeled antibody is 


added and forms a “sandwich complex” of solid phase Ab- 
Ag-Ab-enzyme. Excess (unbound) antibody is then washed 
away, and enzyme substrate is added; the enzyme catalyti- 
cally converts the substrate to product(s), the amount of 
which is proportional to the quantity of antigen in the 
sample. Antibodies in a sample can also be quantitated using 
an ELISA procedure in which antigen instead of antibody is 
bound to a solid phase, and the second reagent is an enzyme- 
labeled antibody specific for the analyte antibody. The pro- 
cedure is otherwise identical to that described earlier for 
the measurement of antigens. For example, in a microtiter 
plate format, ELISA assays have been used extensively for 
detection of antibodies to viruses and parasites in serum 
or whole blood.” In addition, enzyme conjugates coupled 


236 Section Il Analytical Techniques and Instrumentation 


+ H,O; + p-lodophenol . 


Horseradish peroxidase label > me Light 
o—0 a „CH3 
B 
OPO3-2 
(AMPPD) 
Alkaline phosphatase label —-—-----~-~=------—-----------—-» Light 
NADP 
| 
Alkaline phosphatase label | 
SS pi 
Cc 
CH jCH,OH ~~. wo NAD «K „z Pormazan 
A NO 
Vf Vv 


t Diaphorase 


A A 
Pá \ AON 


N A N 
> NADH ~“ ~ INT 


Alcohol dehydrogenase h 
À 


CHCHO 4“ 
Figure 9-14 Ultrasensitive assays for horseradish peroxidase 
and alkaline phosphatase labels. A, Chemiluminescent assay for 
horseradish peroxidase label using luminol. B, Chemiluminescent 
assay for an alkaline phosphatase label using AMPPD. 
C, Photometric assay for an alkaline phosphatase label using a 
cascade detection reaction. INT, p-iodonitrotetrazolium violet. 


with substrates that produce visible products have been 
used to develop ELISA type of assays with results that can 
be interpreted visually. Such assays have been found to be 
very useful in screening, point-of-care, and home testing 
applications. 

Enzyme Multiplied Immunoassay Technique. EMIT is a 
homogeneous EIA that is also very widely used in clinical 
analyses, an illustration of which is shown in Figure 9-15. 
Because EMIT does not require a separation step, it is simple 
to perform and has been used to develop a wide variety of 
drug, hormone, and metabolite assays.” Because of their 
operational simplicity, EMIT type assays are easily auto- 
mated and are included in the repertoire of many automated 
clinical and immunoassay analyzers (see Chapter 11). In this 
technique, antibody against the analyte drug, hormone, or 
metabolite is added together with substrate to the patient’s 
sample. Binding of the antibody and analyte occurs. An 
aliquot of the enzyme conjugate of the analyte drug, 
hormone, or metabolite is then added as a second reagent; 
the enzyme-analyte conjugate then binds with the excess 
analyte antibody, forming an antigen antibody complex. 
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Figure 9-15 CEDIA and EMIT homogeneous immunoassays. EA, 
Enzyme acceptor; ED, enzyme donor. 


This binding of the analyte antibody with the enzyme 
analyte conjugate affects enzyme activity by physically block- 
ing access of the substrate to the active site of the enzyme or 
by changing the conformation of the enzyme molecule and 
thus altering its activity. To complete the assay, the resultant 
enzyme activity is measured. The relative change in enzyme 
activity resulting from the formation of the antigen antibody 
complex is proportional to the drug, hormone, or metabo- 
lite concentration in the patient’s sample. Concentration of 
the analyte is calculated from a calibration curve prepared 
by analyzing calibrators that contain known quantities of the 
analyte in question. 

Cloned Enzyme Donor immunoassay. As shown in 
Figure 9-15, CEDIA is a second type of homogeneous EIA; 
this assay was the first EIA designed and developed using 
genetic engineering techniques.” Inactive fragments (the 
enzyme donor and acceptor) of B-galactosidase are prepared 
by manipulation of the Z gene of the lac operon of E, coli. 
These two fragments spontaneously reassemble to form 
active enzyme even if the enzyme donor is attached to an 
antigen. However, binding of antibody to the enzyme donor 
antigen conjugate inhibits reassembly, and no active enzyme 
is formed. Thus competition between antigen and the 
enzyme donor antigen conjugate for a fixed amount of anti- 
body in the presence of the enzyme acceptor modulates the 
measured enzyme activity (high concentrations of antigen 
produce the least inhibition of enzyme activity; low concen- 
trations produce the greatest inhibition). 


Fluoroimmunoassay 


Examples of fluorophores that are used as labels in fluo- 
roimmunoassay and their properties are listed in Table 9-3.” 
Initially, background fluorescence from drugs, drug metabo- 
lites, and protein-bound substances, such as bilirubin, 
limited the utility of this technique. However, this problem 
has largely been overcome by the use of rare earth (lan- 
thanide) chelates and background rejection (time-resolved) 
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TABLE 9-3 Properties of Fluorescent Labels 


. Fluorescence 


ps eet oe ree Quantum 

Fluorophore Excitation (nm) Emission (nm)... Yield*. Lifetime (ns) 
Fluorescein isothiocyanate °° 492.0 520 a :+-.0.0-0.85 4.5 oi 
Europium (B-naphthoyl. 340... 590, 613 eras 500,000 — 
“trifluoroacetone) Py und o O E 
Lucifer yellow VS a555 430 Ed a aes es Secs ee 
Phycobiliprotein «0 550-620 580-660 0.5-0.98 5 — 
Rhodamine B isothiocyanate 550 585 0.0-0,.72 82 B80 
Umbelliferone. ii i o 380 450 = MARIRI = 


*Fluorescence quantum yield: Fraction of molecules that emit a photon. 


procedures (see Chapters 3 and 11).'?” Fluorescent emis- 
sions from lanthanide chelates (e.g., europium, terbium, and 
samarium) are long lived (greater than 1 us) compared with 
the typical background fluorescence encountered in biolog- 
ical specimens. In a time-resolved fluoroimmunoassay, a 
europium chelate label is excited by a pulse of excitation light 
(0.5us), and the long-lived fluorescence emission from the 
label is measured after a delay (400 to 800 us). By this time, 
any short-lived background signal has decayed. 

Fluorescent polarization immunoassay is a type of 
homogeneous fluoroimmunoassay that is widely used to 
measure drugs and other analytes (Figure 9-16). The polar- 
ization of the fluorescence from a fluorescein-antigen 
conjugate is determined by its rate of rotation during the 
lifetime of the excited state in solution. A small, rapidly 
rotating fluorescein antigen conjugate has a low degree of 
polarization; however, binding to a large antibody molecule 
slows down the rate of rotation and increases the degree of 
polarization. Thus binding to antibody modulates polariza- 
tion, and a homogeneous assay is possible.**’* Another 
type of nonseparation fluoroimmunoassay uses a multilayer 
device to eliminate the necessity for separation of bound and 
free fractions.” The device consists of two agarose layers sep- 
arated by an opaque layer of iron oxide. A sample is added 
to the upper (104m) layer and diffuses through the iron 
oxide (10m) layer to the thin (1pm) signal layer that 
contains antibody: antigen rhodamine complexes. Antigen 
rhodamine conjugate is displaced from the signal layer by 
antigen in the sample and diffuses into the upper layer. 
Residual bound antigen rhodamine conjugate in the signal 
layer is measured by front-surface fluorometry. Displaced 
free conjugate does not contribute to the signal, because it is 
shielded from the fluorescence excitation light by the iron 
oxide layer. As listed in Box 9-4, many other types of homo- 
geneous fluoroimmunoassays have been described in the 
literature.7°*7°°** 


Chemiluminescence Immunoassay 


Chemiluminescence is the name given to light emission 
produced during a chemical reaction (see Chapter 3). 


Isoluminol and acridinium esters are important examples 
of chemiluminescent labels used in chemiluminescent 
immunoassay. Oxidation of isoluminol by hydrogen perox- 
ide in the presence of a catalyst, such as microperoxidase, 
produces a relatively long-lived light emission at 425nm, 
and oxidation of an acridinium ester by alkaline hydrogen 
peroxide in the presence of a detergent (e.g., Triton X-100) 
produces a rapid flash of light at 429nm. Acridinium and 
sulfonyl acridinium esters are high specific activity labels 
(detection limit for the label is 800 zeptomoles) that can be 
used to label both antibodies and haptens (Figure 9-17).'°° 


Electrochemiluminescence Immunoassay 

Ruthenium (ID tris(bipyridyl) (Figure 9-17, B) undergoes an 
electrochemiluminescent reaction (620nm) with tripropyl- 
amine at an electrode surface, and this chelate is now used 
as a label in competitive and sandwich electrochemilumines- 
cence immunoassays. Using this label, various assays have 
been developed in a flow cell using magnetic beads as the 
solid phase. Beads are captured at the electrode surface, and 
an unbound label is washed out of the cell by a wash buffer. 
Label bound to the bead undergoes an electrochemilumi- 
nescent reaction, and the light emission is measured by an 
adjacent photomultiplier tube.” 


Simplified Immunoassays 

The integration of the technical advances made in molecu- 
lar immunology with those made in the material and pro- 
cessing sciences has resulted in the development of a number 
of “simplified” immunoassays for use in physicians’ offices 
or the home (i.e., the so-called point-of-care market). Early 
efforts were directed toward pregnancy and fertility testing 
and were based on agglutination and inhibition of aggluti- 
nation using labeled red blood cells or latex particles in a 
slide format. Subsequently, sandwich immunoassays have 
been adapted for similar applications. For example, as listed 
in the package insert, the ICON H pregnancy test (Beckman 
Coulter, Fullerton, Calif.) is an operationally simple and sen- 
sitive assay for human chorionic gonadotropin (hCG) that 
detects hCG down to 10 mIU/mL for serum and 20 mIU/mL 
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Figure 9-16 Homogeneous polarization fluoroimmunoassay. 
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Figure 9-17 Luminescent labels. A, Chemiluminescent 
acridinium ester label. (From Law S-j, Miller T, Piran U, et al. Novel 
polysubstituted aryl acridinium esters and their use in immunoassay. J 
Biolum Chemilum 1989;4:88-98, Reprinted by permission of John 
Wiley & Sons, Ltd.). B, Electrochemiluminescent ruthenium (il) 
tris(bipyridyt) NHS ester label. 


for urine. As shown in Figure 9-18, the ICON II test is a sand- 
wich EIA device that uses a murine monoclonal antibody, 
which is immobilized onto the surface of a microporous 
nylon membrane located on top of an adsorbent pad.® The 
pad functions as a capillary pump to draw liquid through 
the membrane. To perform an analysis, an aliquot of urine 
is added to the surface of the membrane; hCG is removed as 
liquid is drawn through it, resulting in the removal of hCG 
in the sample by its binding to the capture antibody on the 
membrane. Next, a matched murine monoclonal anti-hCG 
antibody alkaline phosphatase conjugate is added and 
allowed to drain into the adsorbent pad. Wash solution is 
then added, followed by an indoxyl phosphate substrate. 
Bound conjugate converts this to an insoluble indigo dye, 


Sample, conjugate, wash solution 
substrate 


| 


Substrate insoluble 


colored product 


Alk Phos 


AB 


Figure 9-18 [CON immunoassay device (a, immobilized 
antibody membrane; b, separating membrane; c, container; d, 
adsorbent pad). hCG, Human chorionic gonadotropin; AB, 
monoclonal antibody to hCG. 


which appears as a discrete blue spot. The second generation 
of the ICON test includes two additional control zones. An 
immobilized antialkaline phosphatase zone acts as a proce- 
dural control; it binds the alkaline phosphatase conjugate 
and also appears as a blue spot. A further zone contains an 
immobilized irrelevant murine monoclonal antibody; this 
detects the presence of heterophile antibodies in samples, 
particularly human antimouse antibodies.’ These mimic 
antigen and bridge the capture and conjugated mouse anti- 
bodies, thus giving what appears to be a positive result. 
Newer tests require only the addition of sample, thus sim- 
plifying the assay protocol and minimizing possible mal- 
function resulting from operator error. The TestPack PLUS 
(Abbott Laboratories, Abbott Park, IIL) one-step pregnancy 
test illustrates the general principles of the new devices,™ 
It uses a colloidal selenium particle (160-nm diameter) 
labeled with monoclonal anti-a-hCG antibody, which is 
red and easily visible. Sample (urine) is applied to the sam- 
ple well and soaks into a glass-fiber pad containing the 
conjugate. Any hCG in the urine sample combines with the 
selenium-labeled antibody, and the mixture migrates along 
a nitrocellulose track to a region where a line of 
polyclonal anti-hCG antibody and an orthogonal line of 
anti-B-hCG:hCG complex has been immobilized. The 
complex captures unreacted selenium-labeled anti-a-hCG 
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to form a minus sign visible in the viewing window. If hCG 
is present in the urine sample, then the selenium-labeled 
anti-o-hCG:hCG complexes bind to the immobilized 
polyclonal anti-hCG, and a plus sign is formed, denoting 
a positive result. The remainder of the reaction mixture 
migrates to the end of the track and reacts with a Quinal- 
dine Red pH indicator in an “end-of-assay” window to signal 
that the flow in the device has functioned correctly. 

A variant of this type of device is the Clearview hCG test 
(Unipath Diagnostics Inc., Waltham, Mass.). This test uses 
an absorbent strip that contains blue beads attached to an 
anti-hCG monoclonal antibody. As urine moves by capillary 
action through the strip, labeled antibodies are mobilized 
and move up the test strip, which contains regions of immo- 
bilized antibodies loaded with a blue dye. Each strip has sep- 
arate windows for the positive, negative, and procedural 
control. If hCG is present at a level of 25 mIU/mL or greater, 
a blue line becomes visible in the test region window. This 
region remains clear if the test is negative. A blue line appears 
in the Reference Region of the result window to show the test 
is complete and has worked correctly. 

Simultaneous multianalyte immunoassays in which two 
or more analytes are detected in a single assay represent a 
further means of work simplification in immunoassay. ‘Two 
different strategies have been developed based on either dis- 
crete reaction zones or combinations of different labels. In 
the Triage panel for drugs of abuse point-of-care test device 
(Biosite Incorporated, San Diego), simultaneous detection 
of up to nine drugs is achieved using discrete test zones on 
a small piece of nylon membrane.” Each test zone consists 
of antibodies for a specific drug immobilized on the mem- 
brane surface. This zone captures free gold-drug conjugate 
from the sample, antidrug antibody, and gold-drug con- 
jugate reaction mixture and appears as a purple band. 
Combinations of distinguishable labels, such as europium 
(613nm, emission lifetime 730 us) and samarium (643 nm, 
emission lifetime 50 us) chelates provide the basis of quan- 
titative simultaneous immunoassays. These two chelates 
have different fluorescence emission maxima and different 
fluorescence decay times and thus can be easily distinguished 
by making measurements at 613nm, delay time 0.4ms 
(europium), and 643 nm, delay time 0.05 ms (samarium). An 
assay for free and bound prostate-specific antigen and an 
assay for myoglobin and carbonic anhydrase IH are two 
examples of clinically useful tests combined in this simulta- 
neous assay format." 


Protein Microarrays 


Arrays of hundreds or thousands of micrometer-sized dots 
of antigens or antibodies immobilized on the surface of a 
glass or plastic chip are emerging as an important tool in 
genomic studies and in assessing protein-protein interac- 
tions. This format facilitates simultaneous multianalyte 
immunoassays using, for example, enzyme or fluorophore- 
labeled conjugates. The arrays are made by printing or spot- 


ting 1-nL drops of protein solutions onto a flat surface, such 
as a glass microscope slide. In a typical sandwich assay, the 
array on the surface of the slide is incubated with sample and 
then with conjugate. Bound conjugate is detected using 
chemiluminescence or fluorescein using a scanning device. 
The pattern of the signal provides information on the pres- 
ence and amount of individual analytes in the sample or the 
reactivity of a single analyte with the range of proteins 
arrayed on the surface of the slide.” (Such devices are dis- 
cussed in more detail in Chapter 10.) l 


INTERFERENCES IN IMMUNOASSAYS 


Immunological assays are prone to interferences, in spite of 
the use of highly specific antibodies for molecular recogni- 
tion of the analyte. Falsely low results can occur because of 
the hook effect at high antigen concentrations (see above). 
False negative or false positive results are encountered if the 
sample contains antianimal antibodies. For example, in a 
two-site sandwich assay for hCG based on mouse antibod- 
ies, any human antimouse antibodies (HAMA) present in 
the specimen will recognize the immobilized mouse capture 
and mouse conjugate antibodies and form a complex that is 
indistinguishable from an immobilized capture antibody: 
hCG: conjugate complex. This leads to a false positive result. 
A false negative result will be obtained if the HAMA react 
with either the capture antibody or conjugate to such an 
extent that specific antibody binding to hCG is prevented. 
Many different types of circulating antianimal antibodies 
have been detected (e.g., human antigoat, human antibovine 
antibodies) and shown to interfere in immunoassays. In 
practice, this type of interference is minimized by including 
additives in the immunoassay reagents. Nonimmune serum 
or IgG from the species used to raise the antibodies has been 
a popular choice for this purpose.*#*” 


OTHER IMMUNOCHEMICAL TECHNIQUES 


Other analytical methods of clinical interest that employ 
antibodies include cytochemical and agglutination assays. 


IMMUNOCYTOCHEMISTRY 


The use of labeled antibody reagents as specific probes 
for protein and peptide antigens allows the researcher and 
pathologist to evaluate single cells for synthetic capability 
and for specific markers for identification of various cell 
lines. Immunochemistry in recent years has been rapidly 
expanded by immunoenzymatic methods, especially with 
regard to the use of horseradish peroxidase—labeled 
(immunoperoxidase) assays. Using enzyme labels provides 
several advantages over fluorescent labels. They permit the 
use of fixed tissue embedded in paraffin, which provides 
excellent preservation of cell morphology and eliminates the 
problem of autofluorescence from tissue. In addition, 
immunoperoxidase stains are permanent, and only a stan- 
dard light microscope is necessary to identify labeled fea- 
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tures. The immunoperoxidase methods are also applicable to 
electron microscopy. Several approaches for immunoenzy- 
matic assay have been used, including direct, indirect, per- 
oxidase-antiperoxidase, and enzyme bridge methods. 


AGGLUTINATION ASSAYS 

Agglutination assays have been used for many years for the 
qualitative and quantitative measurement of antigens and 
antibodies. In an agglutination method, the visible clump- 
ing of particulates, such as cells and latex particles, is used as 
an indicator of the primary reaction of antigen and antibody. 
Agglutination methods require stable and uniform particu- 
lates, pure antigen, and specific antibody. IgM antibodies are 
more likely to produce complete agglutination than are IgG 
antibodies because of the size and valence of the IgM mole- 
cule. Therefore when only IgG antibodies are involved, 
it may be necessary to use chemical enhancement or an 
antiglobulin agglutination method. As with all immuno- 
chemical reactions in which aggregation is the measured end 
point, the ratio of antigen and antibody is critical. Extremes 
in antigen or antibody concentration will result in inhibition 
of aggregation. 

An incomplete agglutination reaction is one in which the 
primary reaction occurs, but no or only minimal aggrega- 
tion of the particles occurs. Many particles, such as erythro- 
cytes and bacteria in solution, have a net negative charge 
{zeta potential), which causes mutual repulsion.” For 
successful agglutination, the antigen antibody reaction 
must overcome this normal resistance. In the case of a weak 
antigen antibody reaction or one in which only IgG is 
involved, this mutual repulsion may be sufficient to inhibit 
agglutination completely or partially. In systems in which 
incomplete agglutination results, enhancement may be 
achieved by lowering the ionic strength or by introducing 
polymeric molecules, such as polymerized albumin (5% 
to 30%), dextran, polybrene, polyvinylpyrrolidone, or 
PEG.” 

Hemagglutination refers to agglutination reactions in 
which the antigen is located on an erythrocyte. Erythrocytes 
are not only good passive carriers of antigen, but are also 
easily coated with foreign proteins and can be easily obtained 
and stored, 

Direct testing of erythrocytes for blood group, Rh, and 
other antigenic types is used widely in blood banks; specific 
antisera, such as anti-A, anti-C, and anti-Kell, are used to 
detect such antigens on the erythrocyte surface. 

In indirect or passive hemagglutination, the erythrocytes 
are used as a particulate carrier of foreign antigen (and in 
some tests of antibodies); this technique has wide applica- 
tions. Other materials available in the form of fine particles, 
such as bentonite and latex, also have been used as antigen 
carriers, but they are more difficult to coat, standardize, and 
store. In a related variation of this technique, known as 
hemagglutination inhibition, the ability of antigens, haptens, 
or other substances to specifically inhibit hemagglutination 
of sensitized (coated) cells by antibody is determined. 


In general, the agglutination methods are quite sensitive 
but are not as quantitative as other immunochemical 
methods discussed thus far. Nonisotopic immunoassays, 
especially EIAs, are as convenient as agglutination reactions 
and are therefore replacing agglutination methods in many 
laboratories. 
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n December 29, 1959, at the annual meeting of 
O= American Physical Society, Nobel Laureate 

Richard Feynman gave his classic talk entitled 
“There’s Plenty of Room at the Bottom” (http://www.zyvex. 
com/nanotech/feynman.html). In it, he suggested that ordi- 
nary machines could build smaller machines that could 
build still smaller machines, working step by step down 
toward the molecular level. To quote, “The principles of 
physics, as far as I can see, do not speak against the possibil- 
ity of maneuvering things atom by atom.” 

Norio Taniguchi at the University of Tokyo coined the 
term “nanotechnology” in 1974 to describe rapidly emerg- 
ing and converging technologies that are all based upon the 
scaling down of existing technologies to the next level of 
miniaturization. In 1981 Eric Drexler defined molecular 
nanotechnology as a technology based on the ability to build 
structures to complex, atomic specifications by means of 
mechanosynthesis and published the first scientific article on 
the subject entitled “Molecular Engineering: An Approach to 
the Development of General Capabilities for Molecular 
Manipulation.” Later in 1992, he authored a book entitled 
Nanosystems: Molecular Machinery, Manufacturing, and 
Computation.” 

In 2000 the National Science and Technology Council 
(NSTC) expanded the definition of nanotechnology to: 


“nanotechnology involves research and technology development at 
the atomic, molecular, or macromolecular levels in the dimension 
range of approximately 1-100 nanometers to provide fundamental 
understanding of phenomena and materials at the nanoscale and 
to create and use structures, devices, and systems that have novel 
properties and functions because of their small and/or intermedi- 
ate size. The novel and differentiating properties and functions are 
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developed at a critical length scale of matter typically under 
100nm. Nanotechnology research and development includes 
control at the nanoscale and integration of nanoscale structures 
into larger material components, systems, and architectures. Within 
these larger scale assemblies, the control and construction of their 
structures and components remains at the nanometer scale.” 
(http://www.becon2.nih.gov/nstc_def_nano,.htm). 


As articulated by Feynman” and Drexler” and later by 
many others, nanotechnology and miniaturization in 
general promise many advantages including economy of 
scale, ease of operation, reliability of instrumentation, and 
potential for microscale, massive parallel analyses. Conse- 
quently, tremendous efforts in terms of scope, diversity, and 
rate of progress are being invested in developing miniatur- 
ized devices. 

From the perspective of the clinical laboratory, miniatur- 
ization has been a long-term trend in clinical diagnostics 
instrumentation.” For example, capillary electrophoresis 
instruments (see Chapter 5) and mass spectrometers have 
been implemented on microchips of silicon, glass, or plastic. 
In actuality, however, these devices are not manufactured on 
a nanometer scale but rather on a micrometer scale. Conse- 
quently, this chapter will be concerned with microminiatur- 
ized devices whose key components (1) are approximately 
100 micrometers in size, (2) are employed in analytical mea- 
surement, and (3) require special forms of fabrication 
designed for microdevices. Although this chapter does not 
attempt to discuss submicron or molecular structures at the 
nanometer scale, it should be noted that applications dis- 
cussed later in it require only nanoliter (nL) quantities of a 
sample or deal with individual cells that may have cell 
volume in the picoliter (pL) to nL range. 
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BACKGROUND | 


Early efforts to reduce the volume requirements of clinical 
analyzers resulted in the modification of existing technology 
to use microvolume quantities of a sample. For example, in 
the 1970s the Chem-)} Analyzer (Technicon Corp, Tarry- 
town, N.Y.) was modified to perform a single analysis on a 
sample volume of only 1.0 4L.” Before this date, virtually all 
clinical analyzers used sample or reaction volumes in excess 
of 50 uL. By the 1980s concerted efforts to develop hand- 
held devices led to the introduction of the i-STAT system (i- 
STAT Corp, East Windsor, N.J.; Abbott Diagnostics, Abbott 
Park, IL.) in 1990; it was one of the first such devices to 
include microfabricated electrodes and chemical sensors on 
silicon microchips (Figure 10-1).**°* This analyzer featured 
a functional microsystem employing new fabrication tech- 
nology that was associated with effective computer-based 
controls and monitoring capabilities. The use of photo- 
lithographic etching technology borrowed from the micro- 
electronics industry illustrated to clinical scientists that 
microanalytical devices and components could be made in 
large numbers and be adapted effectively to include chemi- 


cal components, electrodes, capacitors, and microfluidic 
features. This illustration by i-STAT laid the basis for 
numerous other applications to be considered. 

Engineering laboratories have been successful in develop- 
ing miniaturized devices, such as miniature injection valves, 
actuators, and pumping systems. "> Notable efforts with 
distinct implications for the clinical laboratory community 
were microdevices for pH measurement fabricated from 
wafers of silicon. ®*™* One of these devices facilitated the 
measurement of acidic metabolites (e.g. lactic acid) in living 
cells confined to a flow chamber in silicon. The pH was 
measured using a light-addressable potentiometric sensor 
that detects attachment of protons to the chamber surface 
coated with protonatable silanol and amine groups. Using this 
device, the changes of metabolism in various forms of cells 
were monitored. In all of these developments, the exploitation 
of microfabrication techniques has been essential. 

Since these early efforts, the scope of microtechnology has 
expanded markedly in the early 2000s with developments of 
applications being driven by the realization of the potential 
benefit from microtechnology and also from huge invest- 
ments, particularly to support the science of drug develop- 


Figure 10- The i-STAT system showing a cartridge and the microchip-based electrode 
assembly. (Reproduced by permission of i-STAT Corporation, East Windsor, N.J.) 
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ment.®®’! Furthermore, hundreds of small companies 
worldwide have been created to explore and develop appli- 
cations where the fabrication of microdevices allows for 
exploitation of new fabricating techniques and the potential 
benefit of being able to handle and process microsamples.” 
Some of the most notable developments are identified to 
exemplify the direction of this rapidly developing field. The 
notable developments are microelectromechanical systems 
(MEMS), miniaturized total analytical systems (uTAS), 
microarray type devices for hybridization of deoxyribonu- 
cleic acid (DNA) and ribonucleic acid (RNA), microfluidic- 
based devices for capillary electrophoresis, cell-based assays, 
and numerous other applications.* However, it is realized 
that clinical laboratorians require systems, not components, 
for analytical measurement and so the difficulty facing man- 
ufacturers has been to produce microdevices that operate 
competitively within a microenvironment with macro- 
technology or conventional technology. The development 
of microsystems has therefore been delayed. because of the 
necessity to provide associated components, such as valves 
and sensors that combine to maintain a microenvironment. 
An additional requirement, not fully appreciated in the early 
days of microdevice development, is the necessity for appro- 
priate surface chemistry in microdevices where the impact 
of an adverse charge or chemical grouping on a surface pro- 
foundly modifies the behavior and function of a system. 
Finally, it is important to realize that microtechnology can 
be limiting when attempting to adapt conventional methods 
ot procedures. 

There are numerous excellent articles, books, editorials, 
and reviews that cover the topic of microtechnology. A short 
list of some of the most relevant for a clinically oriented 
reader is presented in Table 10-1; however, attention is drawn 
to three reviews published in 2002.3? Authors of 


*References 23, 57, 88, 126, 129, 146. 


these reviews have pioneered the development of micro- 
technology, and their reports highlight the scope and mag- 
nitude of development that took place in the prior decade. 


FABRICATION AND MATERIALS 

Computer chips are categorized by their “minimum feature 
size’—the dimension of the smallest feature actually con- 
structed in the manufacturing process. The minimum 
feature size is continually getting smaller to pack more cir- 
cuitry into the same space. For example, advanced chips in 
production in 2000 had minimum feature sizes of 180nm, 
with chips with a size of 90nm under development. 

The concept of a “minimum feature size” is also impor- 
tant in fabrication of microdevices; its actual dimensions are 
determined by the choice of fabrication process. As discussed 
below, conventional photolithography (405 or 436nm) is 
generally limited to features of approximately 111m. Deep 
ultraviolet (UV) (230 to 260nm) lithography has a 
minimum feature size of 0.3m, and x-ray and e-beam can 
be used to generate features as small as 0.1 um. 

In this section, the techniques used to manufacture, drill, 
and seal microdevices are discussed. 


MANUFACTURING TECHNIQUES 

A range of techniques and materials are available for the fab- 
rication of microdevices.>® Photolithography on silicon, 
glass, and plastic surfaces and molding of polymers are com- 
monly employed processes used to fabricate microdevices. 
Other processes in use or under investigation include 
embossing, laser ablation, molding, and atomic force micro- 
scopic etching. 


Photolithography 
Photolithography is the process of transferring geometric 
shapes on a mask to the surface of a silicon wafer, It involves 


TABLE 10-1 Significant Papers in Miniaturization of Relevance to Clinical Analyses 


Author(s) Year Topic Ref. # 
Manz et al 1993 Early Review 88 
Colyer 1997 Clinical Potential of Microchips 23 
Kopp.et al 1997 Developments in Technology 62 
Kricka 1998 Miniaturization of Analytical Systems 67 
Ekins & Chu. 1999 Microarrays: Origins, and Applications 31 
Wilding & Kricka 1999 Micro-microchips: How Small? 145 
Medintz et al 2001 Applications of Capillary Electrophoresis 90 
Sanders & Manz > 2000 Chip-Based Micro-Systems | 112 
Reyes et al 2002 u-TAS* Theory and Technology . }11 
Auroux et al 2002 ul-TAS* Operations and Applications 5> 3 
Kricka & Fortina 2002 Microchips: Literature Survey a 72 
Verpoorte . . 2002 -Microfluidic Chips © i o a A eee E 
Lee &Mrksich © 00 2002. . < Protein Chips: Concept to Practice 20°05 TT 75 


*UTAS, = Miniaturized total analytical system. 
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Figure 10-2 Two glass photo masks (approx 125 x 125mm) 
showing patterns for multiple PCR devices to be fabricated in 
silicon. oa 


a series of steps." First, a photo mask defining the shapes 
of the structures to be etched on the silicon wafer is gener- 
ated from larger drawings that can be accurately duplicated 
and reduced in size using computer-based programs (Figure 
10-2). The silicon wafer is then oxidized to produce a thin 
surface layer of chemically resistant silicon dioxide that will 
allow coating with a photo resist material. The wafer is then 
evenly coated with a polymeric photo resist using a spin- 
coating procedure and patterned using a photo mask and a 
UV light source. The photo resist is either a positive resist 
(photo resist in areas of the wafer exposed to light is ren- 
dered soluble) or a negative resist (photo resist in areas of 
the wafer unexposed to light is rendered soluble). The insol- 
uble polymerized resist remaining on the wafer forms an 
image of the photo mask on the silicon dioxide surface of 
the wafer. The wafer is now ready to have the oxide etched 
away either by a wet or dry etching process. 


Wet Etching 


Wet etching covers any form of etching where etching is per- 
formed by immersing the silicon wafer or glass or plastic 
surface in a bath of the chemical etchant. The chemical 
etchants are either isotropic or anisotropic. Isotropic 
etchants such as hydrofluoric acid (HF) will etch a given 
material at the same rate whatever direction they are etching 
in, and are less used because they are difficult to control 
and etch underneath the protective resist. By contrast, 
anisotropic etchants will etch at different rates in a given 
material depending on a number of factors, the most useful 
one being the crystal structure and orientation. Etching of 
glass is usually achieved using HE. Microstructures in glass 
can also be formed by laser ablation techniques. 

Figure 10-3 illustrates how the angles of etching can be 
controlled using an anisotropic etchant. The most widely 
used anisotropic etchant is potassium hydroxide (KOH). 
Most etchants will not etch impure silicon at the same rate 
as pure silicon; this fact can be used to the advantage of the 
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Figure 10-3 Schematic of the etching process used in 
photolithographic-based fabrication. Upper box: Anisotropic etch 
of silicone by KOH using silicon nitride mask. Lower box: 
A, Silicon wafer (hashed) with etch mask (white), B, Application 
of photo resist (black) onto etch mask. C, Exposure of photo 
resist through photo mask. D, Positive and negative photo resist 
after development of resist. E, Removal of etch mask. 
F, Removal of photo resist, leaving either the pattern present in 
the photo mask or its opposite patterned into the etch mask. 


engineer. An example of this would be that if a small part of 
the silicon substrate is doped with boron, the doped section 
will not be etched as fast as the normal silicon; if an isotropic 
etchant is used, the silicon beneath the boron doped area will 
be etched away. The main disadvantage with using this 
doping method is that it alters the electrical properties of the 
silicon so that fabricating and microelectronic devices on the 
same substrate will be much more difficult. 


Dry Etching 
This type of etching does not use any chemicals directly on 
the wafer; instead the most popular method involves accel- 
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erating ions toward the wafer to be etched. These ions will 
etch more in the direction in which they are traveling. This 
method is called reactive ion etching (RIE). RIE is an 
anisotropic etching method because the direction of the 
etching controls the rate of etching (see Figure 10-3). In the 
final steps, the photo resist and the silicon oxide layers are 
removed to give the final etched silicon wafer. By using mul- 
tiple masks and sacrificial layers that permit undercutting to 
produce movable components, it is possible to fabricate 
complex multicomponent structures on the surface of a 
silicon wafer. All of these fabrication steps are performed in 
a clean room environment, thus permitting the production 
of sterile devices suitable for in vivo or clinical application. 


Molding of Polymeric Materials 


The LIGA process was developed at the Institut fiir 
Mikrostrukturtechnik (IMT) at the German University of 
Karlsruhe, in the early eighties under the leadership of 
W. Ehrfeld. LIGA is an German acronym (Lithographie, 
Galvanoformung, Abformung) standing for the main steps 
of the process; it involves deep x-ray lithography,'” electro- 
forming, and plastic molding. These three steps make it pos- 
sible to mass produce microcomponents at a low cost. 

In practice, the LIGA process provides a way to manu- 
facture a mold for a microstructure. It consists of the fol- 
lowing steps. First, a resist-coated substrate is patterned 
using a mask and a source of synchrotron radiation (ori- 
ented x-rays), Secondly, after development, the resist struc- 
ture is electroplated. This electroforming produces a metal 
microstructure (a negative replica of the structure), and this 
is then used as the mold for the final structure, Advantages 
of the LIGA process are that high aspect ratios are attained 
(e.g, lateral dimensions of a few um and vertical dimensions 
of up to 1000 um), and the molds can be used to prepare 
multiple replicas of the structure in a variety of materials 
(e.g. polyimide, polymethytmethacrylate [PMMA]).° 

Direct molding using a silicon master and a thermoplas- 
tic fluoropolymer (e.g., Hostaflon) at 150 °C and at a pres- 
sure of 50kg/cm’ has been employed to fabricate channels 
for performing electrophoresis. The plastic molded part was 
then clamped between two plates to complete the sealing of 
the channel. Other methods have also been employed to 
create microfluidic devices in various polymeric materials.™ 
Laser ablation of poly dimethylsiloxane (PDMS) has been 
used to create elastomeric molds that pattern structures,“ 
or nickel molds produced from a silicon master pattern 
device from acrylic polymers” or polystyrene.’ Co- 
polyester microfluidic devices have also been constructed 
using this principle for use in ultrafiltration of food con- 
taminants and for use in drug screening.” Other devices for 
capillary electrophoresis of DNA samples have been made 
by compression molding of polycarbonate against a silicon 
master.” In some of these devices using polymeric mate- 
rials, such as polyimides, the molding has been coupled with 
metallization layers to allow the production of electrodes 
inside or outside the fluidic channels.” With all of these 


structures, there is a need for bonding or sealing processes 
that allow the formation of channels or chambers. 


Incorporation of Electronic Components 


Another requirement in certain microchips is the incorpo- 
ration of electronic components, such as electrodes (see 
Chapter 4). So-called bioelectronic chips have been con- 
structed that use arrays of platinum electrodes (80 um in 
diameter) coated with streptavidin. By modifying the charge 
applied to the electrodes, molecules such as DNA or RNA 
are differentially attracted to, or displaced from, the elec- 
trode surfaces,” 


DRILLING 


Mechanical, ultrasonic, and laser drilling are processes also 
used to fabricate chambers in microdevices. Laser drilling is 
particularly suited for drilling very small size holes (e.g, less 
than 2um using a deep UV excimer laser). This type of 
drilling is of increasing importance for the manufacture of 
devices used for high throughput systems that are used for 
ion channel studies on isolated cells in the pharmaceutical 
industry where exact holes of approximately lum are 
required.” In these situations, the contours of the small 
holes being created and the surrounding surface area are 
critical to success, and the demanding criteria are rarely met 
by silicon with its crystalline structure. 

Chambers have also been drilled through glass by means 
of an electrodischarge process in which the glass is sub- 
merged in an alkaline solution (e.g, NaOH) and a needle 
(30-{1m diameter tip) contacting the glass and a negative 
potential applied (40 volts). 


BONDING AND SEALING 


Sealing structures to produce liquid-tight enclosures (cham- 
bers and channels) is a key step in the fabrication of a 
microdevice. Several different processes are available depen- 
ding on the materials employed. However, in nearly all cases 
some method of surface cleaning is necessary before the 
bonding process. 


Surface Cleaning 

One of the most common methods of cleaning surfaces for 
subsequent sealing is the use of the so-called “piranha clean,” 
which involves emersion in a mixture of H,SO, and H,O, 
(3:1) followed by washing with deionized water. When this 
method is unsuitable (e.g., the device contains metal elec- 
trodes), then alternative methods—such as treatment of the 


surfaces with oxygen plasma”! or laser radiation” —have 
been used. 


Anodic Bonding 


Pyrex glass has been bonded to silicon using an anodic 
bonding technique.’ With it, the thermal expansion 
coefficients of the two materials are similar thus residual 
stress after bonding is minimized. Operationally, a mirror- 
polished, clean flat piece of glass is placed on top of a clean 
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piece of polished silicon and heated to near the annealing 
point of the glass (180 °C to 500 °C), A negative voltage of 
200 to 1000 volts is applied by attaching electrodes to the 
silicon (anode) and glass (cathode). The DC voltage creates 
an electric field between the two surfaces and pulls them into 
contact. This electrostatic attraction arises as follows: glass 
behaves as an electrolyte at high temperature, and there is a 
migration of ions (mostly Na* from the dissociation of 
Na,O) toward the cathode that leaves a residual negative 
charge on the glass surface adjacent to the silicon surface. 
The actual bond is believed to be chemical, possibly a thin 
layer of silicon dioxide. Other materials have also been 
bonded using this process, including gallium arsenide—glass 
and silicon-silicon. The latter is achieved by first sputtering 
a thin layer of Pyrex glass (4um thick) onto one of the silicon 
surfaces.” Glass has also been bonded to glass using a simple 
thermal cycle process” or without thermal treatment if 
rigorous cleaning is used” or using a UV curable glue at 
room temperature.” 


Eutectic Bonding 


This method is used for bonding two silicon surfaces. A thin 
layer of gold is coated onto the surface of one of the wafers, 
or a thin sheet of gold-silicon or gold-tin mixture is placed 
between the two surfaces (a preform). The assembled device 
is then clamped together and heated in a vacuum chamber 
above the eutectic temperature for the particular materials 
(e.g., eutectic temperature for Si/Au is 36 °C). The preform 
melts and a diffusion process (gold into the silicon surface) 
leads to the formation of a silicon alloy between the con- 
tacted surfaces. As this cools, a bond is formed between the 
two surfaces.” 


Other Bonding Methods 


Other methods of bonding include direct bonding” and 
clamping." However, most of these methods preclude the 
treatment of channels or chambers within the device before 
bonding. Several methods have been employed for bonding 
polymeric materials. These include pressure between alu- 
minum plates” and the use of adhesives or materials modi- 
fied by UV light.” 


Microfluidics is a key functionality in the success of 
microdevices. It is defined as a branch of physics and 
biotechnology that studies the behavior of fluids at the 
microscale and mesoscale, volumes thousands of times 
smaller than a common droplet. It also concerns the design 
of systems in which such small volumes of fluids will be 
used. For example, the gene chips and labs-on-a-chip are 
based on the transport of nanoliter or picoliter volumes of 
fluids through microchannels within a glass or plastic chip. 

The success of microfluidics research is seen in the inno- 
vative designs of microdevices that have been constructed so 
that either stable fluid flow or chaotic mixing is achieved 


depending on the requirement. To ensure adequate mixing, 
numerous systems have been developed. Some simple 
systems are based on the positioning of baffles in the flow 
stream; others achieve the mixing with complex three- 
dimensional serpentine structures*” or use of closed loop 
devices.” Furthermore, the design of microfluidic devices 
that facilitate rapid analysis of sequential samples without 
carryover or the separation of particulate materials (e.g., 
blood cells or bead preparations) has required meticulous 
study of flow characteristics. Early studies in 1992 showed 
that electroosmotic pumping or electrokinesis could be used 
to control the movement of solutions in microcapillaries.*>*” 
Later in 1994, it was demonstrated that using pressure, blood 
could be pumped through microchannels on a silicon 
microchip’ without causing obstruction of the channels. 
Subsequently the science of microfluidics has expanded 
greatly to the point where this subject is regarded as a sci- 
entific discipline. In many devices, especially those involved 
with capillary electrophoresis, there is a requirement to accu- 
rately meter and mix nL volumes of liquids with great pre- 
cision followed by transfer of a small aliquot to a detection 
area. These activities are now characterized in terms of 
fluid dynamics, and future designs will be based on the 
understanding of these phenomena. An example of the 
progress made in such designs is illustrated in Figure 
10-4." Application of this type of design dramatically 
diminishes deterioration of sample integrity as it flows 
through a microchannel. 

As the designs of microdevices have developed, there has 
also been an increasing demand to exploit this technology 
for high throughput screening, especially within the phar- 
maceutical industry. In an effort to accommodate this 
demand, creative designing has been necessary. In Figure 
10-5 a microchip is shown that accommodates 96 capillary 
electrophoresis channels in one device.’ Other develop- 
ments have resulted in a device that allows for up to 384 par- 
allel channels on one glass microchip (wafer).”* However, the 
problem with such designs is achieving convenient periph- 
eral equipment that allows (1) filling of the multichannel 
devices; (2) the parallel, or sequential, monitoring of the 
fluid flow; and (3) the detection and quantitation of the 
various reactions. As a result, it is important to ensure that 
a sample injection into microdevices occurs with as much 
precision and accuracy as the process requires. Ensuring that 
a sample is injected as a distinct bolus has initiated the design 
of numerous injection systems that are dictated by the 
pumping system being used.” Electrokinetic pumping (see 
Chapter 5) tends to employ T-junctions where the fluid 
flow is controlled by application of differential voltages, and 
pressure-based systems use rapid injection from syringes 
operated by pumps. 


VALVING SYTEMS 


To successfully implement microtechnology systems into 
the clinical laboratory, where accuracy and precision are 
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Figure 10-4 Design of an asymmetric turn used in microchip- 
based capillary electrophoresis system constructed in glass. The 
design facilitates the maintenance of sample integrity during flow 
in a microchannel around a curve. The dimensions are indicated 
on the figure and are taken from the tops of the channels. The 
channels were filled with black ink for contrast. (From Ramsey 
JD, Jacobson SC, Culbertson CT, Ramsey JM. High efficiency, two- 
dimensional separations of protein digests on microfluidic devices. 
Anal Chem 2003;75:3758-64.} 


mandatory requirements, there is basic requirement in many 
instances for accurate and precision volume metering of 
fluids and reagents.’ In many reported applications 
on microchips, this requirement has not been included, or 
the requirement is circumvented by the use of internal 
standards. 

However, to realize a practical and cost-effective system 
for biomedical applications, a microvalve system that will 
process human whole blood is essential. To date, most 
microvalve systems have been microfabricated from 
silicon,'” although valves using plastic membranes have also 
been developed.” Chip-based microvalve systems have been 
classified as either active microvalves (with an actuator) or 
passive (check) microvalves (without an actuator).'” The 
miniaturization of the active microvalve systems is restricted 
by the size of the actuator. 

Actuators used for the active microvalve systems include 
solenoid plungers,’”* bimetallic actuators,” and piezoelectric 
actuators.**""?! However, numerous other principles have 
been employed, such as springs,” pneumatic pressure,” or 
electrostatic” or electromagnetic forces. Other microvalve 
systems have been developed that employ a variety of prin- 
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Figure 10-5 Design of a complex microfluidic device for 
parallel capillary electrophoresis. Figure shows the mask pattern 
for a 96-channel radial capillary electrophoresis microplate in 
glass. The separation channels with 200m twin-T injectors 
were masked to Oum width and then etched to form I 10 um 
wide by approximately 50,1m deep channels. The diameter of 
the reservoir holes is 1.2mm. The distance from the injector to 
the detection point is 33 mm. The glass substrate is 10cm in 
diameter. (From Shi Y, Simpson PC, Scherer JR, et al. Radial capillary 
array electrophoresis microplate and scanner for high-performance 
nucleic acid analysis. Anal Chem 1999;71:5354-6 1.) 


ciples, including hydrogel bistrips that are activated and 
deactivated by pH change’ or a bistable gate valve, actuated 
by electrolytically generated gas bubbles.” However, none 
of these systems have been widely adopted even though 
one of them may well provide the basis of future analytical 
platforms. 

The characteristics of the silicon chip—based active and 
passive microvalve systems have been reviewed. As 
expected, the sizes of the passive microvalve systems were 
generally smaller than the active microvalve systems, and 
the response time of the active microvalve systems ranged 
from 5 milliseconds to 10 seconds, whereas many of the 
passive microvalve systems based on electrokinetic forces in 
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Figure 10-6 Example of a microfluidic valve constructed in 
silicon (1200 x 12004m} with an etched aperture to form the 
inlet for gas or liquid. The movable valve plate is supported by 
four polycrystalline-silicon arms, 400 um long and 200 um wide, 
attached to the silicon substrate. (From: Bien DCS, Mitchell SJN, 
Gamble HS. Fabrication and characterization of a micromachined 
passive valve. } Micromech Microeng 2003;13:557-62.) 


microchannels can operate in microseconds. Silicon chip- 
based microvalve systems for medical and biomedical appli- 
cations are still limited, especially a microvalve system that 
is suitable for whole blood handling. Developing an effective 
microvalve for use with body fluids and suspensions of 
particulates (e.g., whole blood) represents a major challenge 
because passive types of valves based on electrokinesis will 
not handle these types of fluids. Overcoming this challenge 
is a vital step toward developing practical totally integrated 
microfluidic systems for blood analysis. A partly disposable 
three-way microvalve employing a silicon membrane also 
has been developed that claims to be suitable for whole 
blood handling using pneumatic actuation.” However, no 
data on whole blood handling in this valve are yet avail- 
able. Integrated systems aimed at the clinical market are 
under development and prototype systems have been 
reported" >n% for a variety of purposes. An example of a 
microfluidic valve is shown in Figure 10-6. 


As previously stated, the scope of applications of nanotech- 
nology and microtechnology in science, industry, and med- 
icine is extremely wide and diverse (Table 10-2). Here we 
wish to emphasize those applications with relationships or 
relevance to biomedicine, even though many of the scientists 
involved in the field work strictly in the disciplines of elec- 
troengineering and mechanical engineering, microfluidics, 
and industrial physics, Examples are drawn from the wide 
assortment of applications to illustrate the direction and 
capability of this technology. Some of the applications in dif- 
ferent fields employ the same principles or technology— 
such as microchip-based electrophoresis,’ microarrays, or 
thermal cycling—but they are discussed according to their 
clinical subdiscipline. 


TABLE 10-2 General and Medical Applications of 
Nanotechnology and Microtechnology 


General Applications 


Medical Applications : 


Analytical chemistry Basic'research. 0 
Biotechnology, > ‘Disease discovery _ T 
Combinatorial chemistry. -Drug development. nan: 
Electronics nee Drug manufacturing. ; 
Engineering Gene expression - 
Environmental monitoring ae Genotyping: 
Fabrication Genomics 

Fluidics : Medical diagnostics 
Materials science... ‘Medical screening 
Pharmaceuticals "Nucleic acid analysis 
Reactor technology Proteomics i 
Robotics © ut Ee a 


Waste naia 


GENOMICS 


Microdevices and microtechnological developments have 
had their greatest impact in the field of genomics, and 
thousands of papers have been published describing their 
application in this arena. In essence the involvement covers 
severa] main areas, including techniques for DNA and 
amplification, hybridization arrays, sample preparation, and 
detection and quantitation of nucleic acids and small 
polynucleotides (see Chapters 36 and 37). 

Early reports by Northrup et al and Wilding, Kricka, 
and colleagues'”’® established that DNA amplification using 
the polymerase chain reaction (PCR) was possible in a 
microchip. Both groups used elementary microchambers 
etched in silicon and demonstrated that effective amplifica- 
tion could be achieved. Subsequent reports indicated that 
this technology, including microfluidics, provided effective, 
reliable, and precise (CV less than 10%)’ nucleic acid 
amplification on a microchip." Using elementary 
microchips, this degree of performance of PCR on a chip 
was attained with volumes of 10 to 50uL of PCR reaction 
mixtures containing target DNA, Taq-polymerase, DNA 
primers, and the requisite nucleotides that were heated by 
external thermocyclers. Early efforts were successful, but the 
reports lacked evidence of the reliability, precision, and sen- 
sitivity of amplification, and it soon became apparent that 
other issues, such as surface chemistry? and good heating 
control,” had to be resolved before effective systems could 
be developed. Based on earlier work using glass capillary- 
based devices and forced air heating,’ it was assumed that 
very short cycling times for PCR would be achieved. 
However, forced air for thermocycling seems an unlikely 
basis for more complex devices. 

Since the early demonstrations of microchip-based PCR, 
numerous authors have reviewed the topic and forecast the 
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direction that this technology will follow.* The large number 
of potential applications in the clinical laboratory based on 
DNA amplification made this an attractive field for com- 
mercial reasons. Other reviews' have described the role 
of microchip-based PCR and reverse transcription PCR 
(RT-PCR) in DNA sequencing and genetic analysis and the 
problems of process control and the state of the art. 

It was projected in the mid-1990s that chip-based devices 
would become more complex and incorporate features that 
would facilitate sample preparation, amplification, and 
amplicate detection. As a result, the next generation of chip- 
based devices not only brought complexity but a clear aware- 
ness of the limitations and hurdles that microchip-based 
technologies present. As of 2005, the majority of the bene- 
fits of using microchip-based devices for PCR are still per- 
ceived, rather than realized. It has been assumed since the 
first illustration of microchip-based PCR in the early 1990s 
that features such as low-reagent consumption, low-volume 
sample requirements, and rapid cycle times would be a con- 
sequence of this technology. However, the ability to couple 
the PCR process with other features such as sample prepa- 
ration and amplicate detection quickly initiated a drive 
to the design and construction of integrated devices, that 
ultimately should provide more convenient and cheaper 
methods in the many fields in which molecular biology is 
practiced, The expected economy of scale of manufacturing 
has yet to be realized, but it is assumed that the pattern will 
follow that of the electronics industry where millions of 
microdevices are produced. at low cost. This is a realistic 
projection, because it is likely that the microdevices that 
ultimately serve the needs of the analyst and researcher 
will eventually incorporate much of the degree complexity 
of electronic microchips. Furthermore, because of the rela- 
tive simplicity of the biological microchips and the roles they 
will serve, it is probable that the manufacturing processes 
will be more likely based on plastic than silicon. 

Many commercial and academic centers that are explor- 
ing this technology have already demonstrated that DNA 
targets from several biological systems, including the human 
genome, viruses, and microbes, can be amplified by PCR on 
miniaturized devices.“°”"'° Newer developments have been 
directed toward total systems (Figure 10-7) that incorporate 
sample preparation, amplification, and detection, 67413910 
These developments achieve greater convenience and shorter 
cycle times for the PCR. Another approach used to achieve 
faster cycle time has been to use a microfluidic chip that 
pumps nL quantities of PCR-reaction mixture through a 
circular channel arranged over three heaters that facilitate 
denaturation, annealing, and extension during the PCR.® 

The fields in which the growth of microchip-based 
genomics have first emerged relate to drug development in 


“References 9-11, 14, 15, 30, 67, 68, 97, 107, 110, 144. 
References 3, 62, 97, 98, 112, 132, 162. 


Figure 10-7 Silicon-glass microchip (14 x 35mm) for cell 
isolation and PCR. By flowing |.OUL of whoie blood into the 
chamber, WBCs can be isolated on the filter bed. PCR is 
performed after releasing the cells back into the main microchip 
chamber. Thermocycling is achieved by external heating. 

A, Entrance port to chip. B, Exit port from chip. C, Deflectors 
for forward flow. D, Chip chamber that is 80um deep and 
passivated with 2000 angstroms of thermal oxide. E, Filter bed 
having 667 pillars (10 x 20 um, 3.3 um gaps). F Exit baffles. 


the pharmaceutical industry where determination of inhibi- 
tion or enhancement of nucleotide replication is important. 
Other early products include devices designed for the 
defense industry, where the detection and identification of 
toxic agents is desirable. Another key area is the provision of 
products that facilitate the parallel operation of PCR on 
microsamples for the life sciences where production of 
sufficient amplicate is a requisite for sequencing studies. 


HYBRIDIZATION ARRAYS 


Hybridization arrays are now widely used in genomic 
research (see Chapter 37). Primarily these arrays have been 
developed to meet the growing demands of pharmaceutical 
research. However, there are few academic centers today that 
do not have core facilities to prepare low- and high-density 
arrays to meet the requirements of academic research study- 
ing gene expression. 

The basic principle underlying hybridization arrays is the 
immobilization of a DNA probe onto a planar surface of 
glass, silicon, or polymer material. The length of the DNA 
probe may vary greatly depending on the nature or role of 
the array. Attachment of probes to the surface has become a 
complex science involving coupling reagents, spacer mole- 
cules, and customized surface chemistry. Hybridization gen- 
erally requires single-stranded DNA as both a probe and a 
sample. To facilitate detection of successful hybridization, a 
fluorescent tag is added to the sample. Moreover the density 
and size of individual spots on any array have varied from 
less than 10 on a glass slide to over 10,000 per square cm in 
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Figure 10-8 Microarray device showing principle and detail of 
high-density array. (Courtesy Affymetrix Corp, Palo Alto, Calif) 


certain commercial products. Methods for creating or 
manufacturing arrays vary from simple spotting of a DNA 
probe solution with a micropipette to complex photo- 
lithographic techniques, as used by the Affymetrix Corp., 
that allow for the synthesis of each probe in a spot to 
create oligonucleotides up to 20 base pairs or more (Figure 
10-8),63839 

The conditions under which the hybridization process 
takes place have varied from 24 hours in certain static 
systems to a few minutes in some of the newer devices with 
microfluidic flow and mixing features. Detection of the 
hybridization is effected with an array reader that quantitates 
the level of fluorescence and identifies the location of the 
spot. When the array is high density, the reader frequently 
involves confocal microscopy and considerable computing 
capacity. Because partial hybridization can occur, usually 
caused by use of an inappropriate length of probe or sample 
DNA, the fluorescent signal is modified. Therefore the inter- 
pretation of high-density array information is complex. In 
efforts to improve the specificity of hybridization, many 
techniques have been developed, which include the use of 
microarrays created on electrodes that facilitate the selection 
of appropriate targets and the elimination of interfering 
molecules or other materials. A technique of so-called elec- 
tronic stringency has been developed to achieve this by the 
Nanogen Corp.'*"* Other expanding technologies based on 
hybridization arrays are those used for gene expression and 
gene mapping.” For this procedure, the assessment of 
sample quality is required to prevent the inappropriate use 
of expensive arrays. As a result, convenient microchip-based 
capillary electrophoresis devices have been developed that 
facilitate the assessment of DNA and RNA preparations and 
that are capable of providing a fast and accurate determina- 
tion of the size and quantity of DNA or RNA fragments. One 
device (The Agilent 2100, Agilent Technologies, Palo Alto, 
Calif.) analyzes up to 12 specimens in less than 30 minutes 
using only 1j1L of a sample" and incorporates up to 13 
internal standards, This device has also been adapted to facil- 
itate testing of protein solutions. 


NUCLEIC ACID SEQUENCING 


The human genome project has been successful in the 
sequencing of the human genome (see Chapter 36) using 
conventional technology. However, it is now apparent 
that advancements made in microtechnology will provide 
another opportunity for the biologist eager to sequence 
DNA. Using long capillary channels fabricated in microflu- 
idic devices of glass or silicon, several workers have demon- 
strated successful sequencing of up to 800 base pairs with a 
reported accuracy of 99%. The microdevices involved used 
16-channel electrophoresis arrays,” 40-cm-long microchan- 
nels,” or a radially conformed 96-channel microcapillary 
electrophoresis system.’ Using such systems, a dramatic 
improvement in the speed of sequencing has been achieved, 
resulting in parallel sequencing separations of 450 bases in 
less than 15 minutes. 


DRUG DETECTION AND ASSAY 


The huge commercial potential for the development of 
assays for therapeutic drugs or drugs of abuse that 
employ microsamples and disposable microdevices has yet 
to be realized. However, it is clear that assays for these com- 
pounds will be performed in a convenient manner and will 
impact the clinical laboratory in the near future. An early 
report showed that serum theophylline could be measured 
using immunoassay and capillary chromatography on 
a microchip.” Subsequent work illustrated the successful 
measurement of imipramine and desipramine in human 
plasma using capillary electrophoresis- and mass spec- 
trometry—based microchips” and drug screening assays for 
barbiturates and phenobarbital antibodies. The problem 
with these assays is that no device has yet been produced that 
meets the requirements of “user friendliness” necessary for 
the busy clinical laboratory or the rigid specifications 
demanded for recording quality assurance data. 


PROTEIN CHIPS 


It is expected that microdevices that facilitate studies on the 
existence and classification of protein chips will have a great 
impact on the emerging field of proteonomics (see Chapter 
43). For example, microarrays printed or spotted with pro- 
teins have already been developed.” However, problems 
were encountered obtaining the prerequisite specificity of 
binding between the antigens and antibodies. In addition, 
arrays containing thousands of phage libraries or unique 
clones have now been constructed using glass, hydrogels, 
or gold, but again problems with identification were 
encountered. It has been found that some proteins incur 
structural changes when attached to solid surfaces. These 
efforts have also demonstrated that “blocking proteins” are 
useful to diminish nonspecific binding. In addition, new 
immobilization strategies and techniques are being devel- 
oped that optimize the binding of the receptor protein (anti- 
body or antigen) to the surface of a chip. As with the DNA 
array, detection is usually accomplished with fluorescent 
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tags,**'" but other methods, including radiolabels or mass 
spectrometry,” have been employed. 


IMMUNOASSAY FOR ANTIBODIES AND PEPTIDES 


One of the earliest efforts of qualitative measurement of a 
protein (human serum albumin) in a microchip-based 
device was based on bead agglutination in a microchamber 
(approximately 10 uL). Subsequently, several quantitative 
immunoassays have been performed using microchip elec- 
trophoretic systems that permit separation and quantitation 
of free- and bound-labeled antigens in competitive assays 
{see Chapter 5). Most are carried out in channels micro- 
machined into fused silica substrates. Early work on 
quantitative assays achieved measurement of cortisol in 
serum.” The assay used cortisol labeled with fluorescein 
and an‘argon laser detector at 488nm and required only 
80uL of a 40x dilution of serum as the sample. Other cap- 
illary electrophoresis—based assays for a variety of antibod- 
ies have also been developed that include immunoglobulins 
(IgG, IgA, and IgM), antibovine serum albumin, and 
antiestradiol.! 

Isolation of target proteins using immobilized antibodies 
or proteins on bead or microchannel surfaces has also been 
successfully demonstrated. Other assays for IgG and IgA 
using magnetic or polystyrene microbeads in microchip 
assays have demonstrated that viable alternatives to capillary 
electrophoresis do exist. In another microchip method, poly- 
styrene beads were introduced into a glass microchannel and 
then human secretory immunoglobulin A (s-IgA) adsorbed 
on the microbead surface. This in turn was reacted with 
colloidal gold conjugated anti-s-IgA antibody and detected 
by a thermal lens microscope.’ This system creates an 
environment that shortens the antigen antibody reaction 
to less than 10 minutes and has a level of detection of 
approximately 1ug/mL, far below the requirements of a 
clinical assay. 

A 2002 variation of a microchip-based immunoassay 
employs amperometric detection of the redox tracer fer- 
rocene after separation by capillary electrophoresis.” A 
direct assay (noncompetitive) involves (1) mixing the fer- 
rocene-tagged antibody and an antigen analyte, (2) rapid 
electrophoretic separation of labeled free antibody and 
the labeled antigen and/or antibody complex, and (3) a 
downstream anodic detection of the ferrocene tracer at 
a gold-plated carbon screen-printed electrode detector. The 
competitive assay integrates precolumn reactions of the 
labeled antigen and the target antigen with the antibody with 
electrophoretic separation of the free- and bound-labeled 
antigens, along with amperometric detection of the redox 
tag. In this study, the authors state that the use of a redox 
tracer offers the advantages of simplified protocol, wider 
linear range, higher stability, and higher separation efficiency 
compared with an analogous use of enzyme tags. Assays for 
direct mouse-immunoglobulin G (IgG) and the competitive 
3,3’,5-triiodo-L-thyronine (T3) were accomplished within 
less than 150 and 130 seconds, respectively, and offer 


minimum detectable concentrations of 2.5, 10, 12 and 1, 10, 
6g/mL, respectively. 

The technique of isoelectric focusing has proven to be a 
useful tool in protein chemistry, and this too has been 
adapted to the microchip. Using 7-cm-long channels in glass 
microchips (200 um wide and 10 um deep) mixtures of Cy5- 
labeled peptides can be focused in less than 30 seconds.” 
This same procedure has also been applied to plastic 
microchips made from PMMA by laser ablation and shown 
to focus mixtures of peptides labeled with rhodamine 
green.” Results for this type of microchannel isoelectric 
focusing are available in less than 5 minutes compared with 
traditional techniques that take over 1 hour. 

The scope of assays using microchips has also encom- 
passed lipoproteins. Low-density lipoprotein analyses have 
been performed in an uncoated glass microchannel capillary 
electrophoresis chip. Analyses using mixtures of lipopro- 
teins isolated from blood have been completed in under 25 
seconds, However, no convenient method is yet available for 
the clinical laboratory. 


ENZYMOLOGY. 


Several enzyme-based assays have been developed for 
microdevices but few, if any, are applicable to native biolog- 
ical specimens such as plasma or serum. This is mainly 
because the bulk of assays developed are carried out in 
devices employing capillary electrophoresis using electroki- 
nesis as the driving force in the microdevice, which is unsuit- 
able for liquids with high concentrations of ions, proteins, 
metabolites, or particulates (e.g., cells). However, it is antic- 
ipated that future convenient assays will be developed that 
will facilitate use of biological specimens, such as serum or 
plasma, using pressure-driven systems in microchips are 
perfected. The motivation for developing enzyme assays in 
microdevices has been derived mainly from the necessity to 
perform assays for multiple enzymes in high throughput 
screening of compounds that are candidates for therapeutic 
drugs. For this reason, multiplexed enzyme assays have been 
developed for groups of kinases and phospholipases using a 
single-use capillary electrophoresis type of microchips.” 
Also, successful use of microchip-based devices, again using 
capillary electrophoresis, has been developed for measure- 
ment of fB-galactosidase, and inhibitory action on this 
enzyme” and acetylcholinesterase.” A generic microchip 
method has also been described that uses enzymatic detec- 
tion for glucose, ethanol, theophylline, and amino acids.” 
Other microchip-based assays have also been developed for 
the measurement of protein kinases,” leucine aminopepti- 


dase,“ insulin, and glucose.” 


METABOLITES 


Because the bulk of assays in the clinical chemistry labora- 
tory stem from the various metabolites, the potential for 
microchip-based assays is extremely large. The possibility 
that multiple assays will be carried out using microsamples 
with minimal use of reagents has many implications for the 
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clinical laboratory and the diagnostics industry. However, 
apart from an impressive list of assays available on the i- 
STAT device, which includes Na, K, chloride, urea nitrogen, 
creatinine, glucose, lactate, and ionized calcium, the 
number of assays developed to date is few, and most rely on 


the use of microchip-based capillary electrophoresis with- 


various forms of detection. 

Simultaneous assays for glucose, uric acid, and ascorbic 
acid have been demonstrated in aqueous solutions of the 
analytes using a glass microchip system of capillary elec- 
trophoresis employing amperometric. detection with a 
silver~silver chloride electrode.’ Microchip-based capillary 
electrophoresis technology has also been adapted to measure 
carnitine and selected acylcarnitines in urine extracts by 
using mass spectrometry as the detection method.” A 
method using similar technology but with electrodes for 
detection has been used to measure homocysteine and glu- 
tathione in plasma.'” This method measures homocysteine 
up to levels of 50 uMol/L, well above the healthy concentra- 
tions of 5 to 15 uMol/L. 

An assay for uric acid in urine employing a PDMS and/or 
glass microchip for capillary electrophoresis has also been 
developed.*® This device can achieve separation and quanti- 
tation of uric acid in less than 30 seconds and a linear 
response over a range of 0 to 100UM/L. To facilitate this 
measurement, dilutions of urine of the order of fiftyfold to 
seventy-fivefold were required. Other similar devices for the 
renal markers creatine, creatinine, p-aminohippuric acid, 
and uric acid in urine,” and a microchip-based method for 
zone electrophoretic analysis of oxalate in urine have been 
reported.’© 


CELL HANDLING AND CELL CULTURE 


Using the microenvironment of a microdevice to facilitate 
cell culture and the study of cellular behavior has resulted in 
several applications. For example, the incubation process of 
E. coli in a gas-permeable PDMS microfluidic device has 
been monitored by fluorescence”; also screening for agonists 
and antagonists in cultured cells has been achieved by 
monitoring calcium flux.” In addition, using specifically 
designed filter systems or electrodes, it was shown that cells 
could be isolated by size or charge from other populations 
or surrounding media followed by a variety of treatments, 
such as immunoattachment, lysis, or DNA and RNA release. 
For example, the ability to create filter systems with selected 
pore sizes for isolation of white blood cells (WBCs) has been 
demonstrated starting with volumes of whole blood less 
than 5 uL. Figure 10-9 illustrates the nature of a micro- 
filter used for this purpose. 

Additional applications include the study of red blood cell 
(RBC) mobility’ and chemotaxis and locomotion of WBCs 
in a confined environment.” 


OTHER APPLICATIONS 


Other avenues of miniaturization are being pursued that 
have medical applications, These include the opportunity to 


Figure 10-9 Microfiltration device made in silicon by reactive- 
ion etching. Upper picture shows low magnification of electron 
micrograph. Each pillar is 90mm high. Lower picture shows 
detail of the gaps between filter elements (3.5 mm). Each pillar is 
20mm long and 10mm wide, which allows easy passage of RBCs 
but precludes large granulocytes. (Courtesy Wilding P, Kricka LJ, 
University of Pennsylvania.) 


manipulate analytes and cells to (1) provide improved 
methods of reagent and sample transfer; (2) mix aliquots 
using techniques such as electrokinesis'"; (3) isolate or sep- 
arate macromolecules or cells by filtration’ and electrical 
charge; (4) ensure electronic stringency’; and (5) use 


nanoparticles to measure biomolecules.’” 


An early discovery during the development of microchip 
PCR was the importance of surface chemistry in microchip 
operation and design.''*'’ This work demonstrated that 
PCR in silicon microchips was severely inhibited if the 
surface chemistry was unsuitable. These workers noted that 
the increase in surface area in microchips, relative to volume, 
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could be twentyfold greater compared with conventional 
tubes used for PCR. Moreover, if the surface was only par- 
tially coated or existed as silicon, silicon nitride, or certain 
other substances, then it was very difficult to achieve repro- 
ducible or adequate amplification. However, successful 
and reproducible amplification could be achieved if the 
surface was subjected to coating with a suitable passivating 
layer (e.g., 2000 angstroms of silicon oxide). Passivation of 
the silicon surface has also been achieved with polymeric 
coatings of the microchip channels and chambers”. or by 
silanization of glass microchips followed by a coating of 
polyacrylimide.” 

Other studies have sought to employ other substrates 
with fewer problems, but the inherent one of increased 
surface-to-volume ratio always applies. One of the 
approaches has been to incorporate substances such as poly- 
ethylene glycol (PEG), polyvinylpyrrolidone (PVP), or epoxy 
compounds that significantly reduce or eliminate binding of 
analytes or key reagents to surfaces.“ Others have used 
silanization followed by coating of the channels or chambers 
with polymeric compounds.” Additionally, microchip- 
based capillary electrophoresis devices constructed from 
PDMS and glass have been modified with a three-layer 
biotin-neutravidin sandwich coating, made of biotinylated 
IgG, neutravidin, and biotinylated dextran. By replacing 
biotinylated dextran with any biotinylated reagent, the 
modified surface can be readily patterned with biochemi- 
cal probes, such as antibodies.” 


LIMITATIONS OF MICROTECHNOLOGY 


The limitations of microtechnology are invariably related to 
the concentration of the analyte or type of cell under study. 
If the device is only capable of receiving microliter quanti- 
ties, then the final signal- strength being measured will 
depend on the inclusion of an amplification process (e.g., 
PCR) or the ability to detect extremely low levels of analyte 
concentration or type of cell identification. For example, 
only 0.5 uL of whole blood are necessary to allow for isola- 
tion of 500 WBCs, more than sufficient to provide genomic 
DNA for mutation detection by PCR. Similarly, submicro- 
liter quantities of protein or DNA solutions provide ade- 
quate material for analysis by capillary electrophoresis (see 
Chapter 5). However, if the aim is to identify and isolate an 
infected WBC in whole blood that is present at an incidence 
of only 1 in 10 million, then quantities in excess of 10 mL of 
whole blood may be required just to encounter 5 cells, This 
does not provide the ideal situation for a microdevice. 
Another key limitation, namely the impact of surface chem- 
istry, has been addressed in a previous section. 

An application in microchip technology that highlights 
the limitation of the sole use of microtechnology is the use 
of a microfabricated filter to enhance the enrichment of fetal 
cells in a preparation that will be used for genomic 
studies.*'""* In this study, the goal was to provide a sample 
that contains 5 to 50 nucleated red blood cells (n-RBCs) of 


fetal origin so that chromosomal or genomic studies could 
be performed, The starting specimen for this isolation 
and/or enrichment procedure is 20mL of maternal blood, 
and so the 5 to 50 fetal n-RBCs are being isolated from a 
matrix containing approximately 100 billion adult RBCs, 100 
million adult WBCs, and 1.4g of protein. The encouraging 
data resulting from this work is achieved only because 
microtechnology is used in combination with preparative 
steps using conventional technology (cell agglutination and 
immunoprecipitation with magnetic beads). This example 
illustrates that successful application of microtechnology in 
the clinical field will probably result in hybrid systems that 
exploit both conventional and microtechnology. 


THE FUTURE 


The future of nanotechnology and microfabrication in the 
clinical field, particularly where it will impact the clinical 
laboratory, is difficult to forecast. However, because the 
necessity to reduce analytical costs is a constant theme 
there is little doubt that products of this technology will be 
implemented and used. Moreover, as the demand grows 
for increased effort at the point of care, coupled with the 
growing demand to achieve low-cost, high-throughput 
screening for malignancies and other diseases, it is inevitable 
that microtechnology will be a developing science for many 
years. Forecasting which subdisciplines in laboratory medi- 
cine will be the first to benefit is more difficult. The advances 
made in microcapillary electrophoresis, nucleic acid amplifi- 
cation, and the many detection techniques suggest that 
molecular pathology will benefit first, but that many other 
subdisciplines will soon follow. The application of nano- 
structures and the manipulation of molecular architecture to 
facilitate clinical assays have already commenced with the use 
of nanosized beads as labels for ligands or antibodies and for 
the modification of surface chemistry.”””’ However, it will be 
necessary for these technologies to surpass current achieve- 
ments using present day techniques and to compete on an 
economic basis in the ever demanding world of healthcare. 
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clinical chemistry to describe the use of laboratory 

instruments and specimen processing equipment to 
perform clinical laboratory assays with only minimal 
involvement of the technologist. 

The development of automated instruments for the clin- 
ical laboratory began in the 1950s at the same time as the 
demand for tests escalated dramatically. The availability of 
automated instruments enabled laboratories to process a 
much larger workload without a comparable increase in 
staff.” The evolution of automation in the clinical labora- 
tory has paralleled that in the manufacturing industry, pro- 
gressing from fixed automation—whereby an instrument 
performs a repetitive task by itself{—to programmable 
automation—which allows it to perform a variety of differ- 
ent tasks—to intelligent automation, where individual 
instruments or systems are able to self-monitor and respond 
appropriately to changing conditions. 

One benefit of automation is a reduction in the vari- 
ability of results and errors of analysis by eliminating tasks 
that are repetitive and monotonous for a human and that 
can lead to boredom or inattention. The improved repro- 
ducibility gained by automation has led to a significant 
improvement in quality of laboratory tests in recent years 
caused. largely by the combination of skillfully designed 
automated instrumentation with good analytical methods 
and effective quality assurance programs.” In recent years 
many small laboratories have consolidated into larger, more 


Ta term “automation” has been applied in the field of 


*The authors acknowledge the original contributions of Ernest 
Maclin and D.S. Young upon which portions of this chapter are 
based. 
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efficient entities in response to market trends for reducing 
costs. The pioneering work to automate these merged labo- 
ratories has pointed to new avenues in laboratory auto- 
mation. No longer is automation being used simply to assist 
the laboratory technologist in performing tests, but it now 
extends to (1) processing and transporting specimens, (2) 
loading them into automated analyzers, and (3) assessing the 
results of the performed tests. Automation of these addi- 
tional functions is basic to the future prosperity of the clin- 
ical laboratory. 

In this chapter, we discuss the principles that are applied 
to automate the individual steps of the analytical process 
both in individual analyzers and in the integration of 
automation throughout the clinical laboratory. We provide 
examples of these principles as implemented in commer- 
cially available chemistry, hematology, immunoassay, and 
nucleic acid systems; point-of-care (POC) analyzers; and 
automated specimen processing systems.* Definitions of 
terms used in the automation of clinical chemistry have been 
published by the International Union of Pure and Applied 
Chemistry (TUPAC). 


HISTORICAL OVERVIEW 


Automation of laboratory assays has occurred incrementally 
over the past 50 years.'*’’ Key to the successful automation 
of these assays was the incorporation of continuous flow and 


*Many times throughout this chapter, we refer to various 
commercially available analyzers. The addresses and web 
addresses of the companies that offer these analyzers are available 
on this book’s accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/. 
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discrete processing steps in the design of automated instru- 
ments and systems for use in clinical laboratories. Ancillary 
developments of note include the development of laboratory 
information systems, robotics, and the concepts of total and 
modular automation. 


PROCESSES USED IN AUTOMATION 


Types of liquid processing steps used to automate laboratory 
assays include continuous-flow and discrete processing. 


Continuous-Flow Analysis 

The development of the continuous-flow analyzer by 
Leonard Skeggs in the 1950s was a landmark step forward 
from the manual performance of laboratory analyses." 
Skeggs’ pioneering device, eventually marketed as the 
Technicon AutoAnalyzer, was a single-channel, continuous- 
flow batch analyzer that provided one result per analyte for 
each specimen at a rate of 40 to 60 specimens per hour. In 
continuous-flow systems, the reaction occurred in tubing 
that served as both flow container and cuvet. Specimens and 
reagent were combined. using a roller pump that pushed 
them through a fluid manifold designed specifically for each 
assay. To control reagent and specimen volumes, different 
internal diameter pump tubing was used. Mixing was 
achieved by running the reactants through coils. Carryover 
of one specimen to the next was minimized by injecting air 
bubbles at regular intervals into the specimen stream. Air 
bubbles were removed as the reactant stream reached the 
photometer where absorbance readings were taken. Temper- 
ature control, if necessary, was supplied by immersing coils 
of tubing in temperature-regulated water baths. Timing of 
the reaction was controlled by the distance the stream trav- 
eled in the tubing. Protein-free filtrates of the reaction 
mixture could be provided using dialyzers. Continuous-flow 
analyzers remained a mainstay of routine laboratory analy- 
sis for more than 20 years. The second and third generations 
of continuous-flow analyzers—the Technicon SMA 12/60 
and the SMAC—were able to provide multiple test results on 
the same specimen. 


Discrete Analysis 


Discrete analysis, in contrast with continuous-flow analysis, 
allows each specimen in a batch its own physical and chem- 
ical space, separate from every other specimen. Early discrete 
analyzers, such as the 1970 vintage robot chemist, mimicked 
the steps of manual human analysis.” Subsequently, many 
discrete analyzers were developed and are still widely used 
in clinical laboratories. Centrifugal and random access 
analyzers are examples of instruments that use discrete 
processing. 


Centrifugal Analyzers 

Centrifugal analyzers were invented and developed in the 
early 1970s by Norman Anderson and his colleagues at the 
Oak Ridge National Laboratory with funding provided by 
the U.S. Atomic Energy Commission, National Institute of 


General Medical Sciences, and National Aeronautics and 
Space Administration.*® With a centrifugal analyzer, dis- 
crete aliquots of specimens and reagents are pipetted into 
discrete chambers in a rotor. The specimens are subsequently 
analyzed in parallel by spinning the rotor and using the 
resultant centrifugal force to simultaneously transfer and 
mix the aliquots of specimens and reagent(s) into radially 
located cuvets. The rotary motion is then used to move 
the cuvets through the optical path of an optical system. 
Under control of an integrated computer system, multiple 
absorbance readings are taken from each cuvet and resultant 
software used to calculate enzyme activity or substrate con- 
centration. Although early centrifugal analyzers analyzed 
multiple specimens for a single analyte in parallel, the devel- 
opment of technologies to select different optical wave- 
lengths rapidly enabled centrifugal analyzers to perform 
several analyses in parallel at different wavelengths. Thus the 
rotor could contain specimens for several different tests at 
the same time and the appropriate tests on each specimen 
could be scheduled by keyboard entry or bar coded labels on 
specimen tubes. 


Random-Access Analyzers 


Random-access analyzers perform analyses on a batch of 
specimens sequentially with each specimen analyzed for a 
different selection of tests. The tests performed in the 
random-access analyzers are selectable through the use of 
different containers of liquid reagents, different reagent 
packs, or different reagent tablets depending on the analyzer. 
This approach permits measurement of a variable number 
and variety of analytes in each specimen. Profiles or groups 
of tests are defined for a specimen at the time the requested 
tests are entered into the analyzer by means of a keyboard 
(used in most systems), by instruction from a laboratory 
information system in conjunction with bar coding on the 
specimen tube, or by operator selection of appropriate 
reagent packs. Like centrifugal analyzers, random-access 
analyzers incorporate computers and are able to take multi- 
ple absorbance or reflectance measurements for each assay. 
In addition, enough self-diagnosis features are programmed 
into each analyzer’s software to allow the technologist oper- 
ating the instrument to leave the instrument for brief 
periods of time. This latter feature, termed “wallk-away” 
automation by the manufacturers, offered the first opportu- 
nities for a single technologist to operate more than one ana- 
lyzer at a time. 

Most current chemistry and immunoassay analyzers are 
random-access analyzers. Manufacturers have steadily 
improved the mechanical reliability of these systems, and 
provided software that allows technologists to operate the 
analyzers easily. 


LABORATORY INFORMATION SYSTEMS 

Integral to the automation of the clinical laboratory was the 
development of the laboratory information system (LIS) 
that first appeared in laboratories in the latter part of the 
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1960s and early 1970s (see Chapter 18). At first these systems 
served primarily as a way of generating consolidated labora- 
tory result reports. However, LISs quickly evolved into tools 
to capture all test requests, to manage laboratory work flow, 
and to improve the quality of laboratory results. Particularly 
important in the improvement of laboratory quality was the 
development of direct electronic interfaces between labora- 
tory analyzers and the LIS that supplanted the necessity for 
manual transcription of results from analyzer to laboratory 
report. The modern LIS has extensive software for support- 
ing the entire clinical laboratory enterprise (see Chapter 18). 
In hospital settings, the LIS may also be interfaced to 
other clinical systems, such as admitting, billing, electronic 
medical records, and pharmacy. 


ROBOTICS 

Robotic technology was first applied in the clinical labora- 
tory in the 1980s as an outgrowth of developments in indus- 
trial robotic automation, which started a quarter of a century 
earlier. Microprocessor-controlled robot arms developed in 
the early 1980s allowed development of robotic laboratory 
workstations capable of carrying out programmable multi- 
step specimen manipulations, The programmability of these 
new devices gave them flexibility to be adapted to many dif- 
ferent assay and specimen-handling approaches. This new 
generation of robots was first used in laboratories for auto- 
mated specimen preparation in chromatographic and spec- 
troscopic assays. 


TYPES OF AUTOMATION 


Types of automation developed for use in the clinical labo- 
ratory include total and modular automation. 


Total Laboratory Automation 


A laboratory constructed by Dr. Masahide Sasaki and his lab- 
oratory technologists in the early 1980s at the Kochi Medical 
School in Nankoku, Japan, provided an early model of total 
laboratory automation.” In Sasaki’s laboratory, conveyor 
belts transported carriers containing patient specimens to 
various analytical workstations throughout the laboratory, 
and mobile robots moved the empty carriers back to a 
central location. When these carriers arrived via the con- 
veyor belt at each workstation, automated pipettors aspi- 
rated serum from each tube for the required laboratory 
assays, At some workstations, one-armed stationary robots 
performed pre-programmed pipetting and dispensing steps 
on the patient specimens to accomplish more complex pre- 
analytical processing steps. 

Sasaki’s laboratory provided the first glimpse of a total 
laboratory automation system. A total laboratory automa- 
tion (TLA) system is generally constructed on a large scale 
and includes some or all of the preanalytical automation 
functions, such as centrifugation of blood specimens, aspi- 
ration of serum from centrifuged tubes into aliquot tubes, 
decapping of tubes, splitting of specimens into additional 
aliquot tubes, bar code labeling of aliquot tubes, and sorting 


of tubes according to predetermined laboratory destina- 
tions.”* In addition, a TŁA system also includes a transport 
system, such as a conveyor that delivers tubes to specific 
automated analyzers that are mechanically interfaced to the 
system for automated sampling and analysis. TLA systems 
also often include a tube recapping machine, a delivery loca- 
tion for specimens that are not analyzed on interfaced ana- 
lyzers, and an automated storage system for specimens for 
which testing has been completed (for possible repeat tests 
or additionally ordered tests). TLA will be discussed in depth 
later in this chapter. 

Sasaki’s vision of an integrated automated laboratory 
coupled with the demonstration of successful robotic appli- 
cations by other groups created much enthusiasm for robotic 
automation of the laboratory in the early 1990s.” For 
example, enthusiasts touted the ability of robotic systems to 
improve the quality and reproducibility of testing, while pro- 
viding shorter test turnaround times, reduced costs of 
testing, and improved worker safety, Because commercially 
developed TLA systems were very expensive, all but the 
largest laboratories were slow to adopt the new technology. 


Modular Automation 


By the mid-1990s, manufacturers had begun to market 
modular automation products in which selected modules— 
such as analyzers, ion-selective electrodes (ISE), and rack 
lanes or tracks—could be integrated together to meet the 
requirements of the individual laboratory.” Examples of 
modern modular systems are shown in Table 11-1. Although 
modular automation was marketed to the laboratory com- 
munity much more successfully, there was also widespread 
recognition that automation of the preanalytical steps (par- 
ticularly sorting, centrifugation, and aliquoting) would yield 
the greatest labor (and cost) savings. These steps have been 
focal points for new automation development. 


Laboratory Automation Systems 


The development of TLA and modular automation required 
the development of computer systems known as laboratory 
automation systems (LAS) with extensive software: to 
support these systems in the clinical laboratory. For a more 
detailed description of the relationships between an LAS, 
LIS, automation equipment, and laboratory analyzers, the 
reader is referred to the National Committee for Clinical 
Laboratory Standards (NCCLS) standard on laboratory 
automation communications.” 


ANALYTICAL PROCESSES 


The individual steps required to complete an analysis are 
often referred to as “unit operations.” They include the fol- 
lowing: : 

1. Specimen acquisition 

2. Specimen identification 

3. Specimen delivery to laboratory 
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TABLE | 1-1 Examples of Modular Systems with Key Parameters 


Systeme) “Throughput Range, Key Com Module GOT SS 8 oes 
Name Modules! ResultsperHour Elements = Assembly. Comments 
SYNCHRON © Analyzers... 825 : Sampler and). At factory... Combines the... 
GX Zoe ce SO a ee computers cco e Sno CX and CX4 
MODULAR .-D,P,E. modules 170-10,000.. = Rack lanes, loading At factory “Multiple common. 
; 7 Reece oe es a ate station, and and in field. -analytical pee 
computer Oe oS modules can be- 
a ETRA nt apo apatinis eee SE used. oo 
WorkCell ‘Analyzers: 1650 chemistry and 240. ‘Track and computer At factory Combines the 
immunochemistry.: 1650.and. 
: eee es Centaur 
LX4201 Analyzers 2880 Computer At factory Combines two 
LX20 analyzers 
AU5400 -Analyzer(s) 3200-6600 Rack transfer lanes... At factory. Combines up.to:3 
Series ; and computer, analyzer modules 
and 2. ISE 
modules 
4. Specimen preparation implement automatic needle withdrawal to prevent over- 
5. Specimen loading and aspiration shoot. The authors plan to develop both an autonomous 
6. On-analyzer specimen delivery blood sampling robot and a force-feedback surgical trainer. 
7. Reagent handling and storage 
8. Reagent delivery SPECIMEN IDENTIFICATION 
9. Chemical reaction phase Typically the identifying link between patient and specimen 


10. Measurement approaches 
11. Signal processing, data handling, and process control 
In this section, we describe these operations individually 
and intersperse examples of how they have been automated 
in terms of operational and analytical performance. In most 
automated systems, these steps are usually performed 
sequentially, but in some instruments they may be combined 
and occur in parallel. 


SPECIMEN ACQUISITION 


Techniques used to acquire specimens for subsequent analy- 
sis in the clinical laboratory are discussed in Chapter 2, but 
few devices have been developed that automate these tech- 
niques. There is, however, ongoing work to develop 
approaches to automate collection of blood specimens tra- 
ditionally collected by finger stick or phlebotomy. For 
example, various new hand-held devices for automated 
monitoring of blood glucose have been designed to sample 
blood from sites on the body such as the fingertip, forearm, 
thigh, and calf (see Chapters 4 and 25). One such device 
applies a small vacuum, lances the skin, transfers blood onto 
an electrochemical test strip, and measures glucose.” 
Additionally, Zivanovic and Davis have evaluated a 
robotic system for blood sampling that presses a flat-headed 
probe against the surface of the skin and uses force and/or 
position profiles to determine the location of a vein.” When 
a needle is inserted, the characteristic force and/or position 
profile, on puncturing the vein wall, is distinctive enough to 


is made at the patient’s bedside, and it is imperative that this 
connection be maintained throughout the transport of the 
specimen to the laboratory, its subsequent analysis, and the 
preparation of a report. Many technologies are available for 
automatic identification and data collection purposes, 
including labeling, bar coding, optical character recogni- 
tion, | magnetic stripe and magnetic ink character recogni- 
tion, voice, radiofrequency identification, touchscreens, light 
pens, handprint tablets, optical mark readers, and smart 
cards. Historically, labeling was the technology used for iden- 
tification purposes. However, bar coding is now the tech- 
nology of choice. 


Labeling 

In many laboratory information systems, electronic entry 
either in the laboratory or at a nursing station of a test order 
for a uniquely identified patient generates a specimen label 
bearing a unique laboratory accession number." A record is 
established that remains incomplete until a result (or set of 
results) is entered into the computer against the accession 
number. The unique label is affixed to the specimen collec- 
tion container when the blood is drawn. Proper alignment 
of the label on the collection container is critical for subse- 
quent specimen processing when using bar coded labels. 
Arrival of the specimen in the laboratory is recorded by a 
manual or computerized log-in procedure. In other systems, 
the specimen is labeled at the patient’s bedside with the 
patient identification and collection information and enters 
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the laboratory with a requisition form; there it is assigned an 
accession number as part of the log-in procedure, which may 
or may not be computer implemented. 

After accessioning, specimens undergo the technical 
handling processes, For those processes requiring physical 
removal of serum from the original tube, secondary labels 
bearing essential information from the original label must 
be affixed to any secondary tubes created. The secondary 
labels are generated at the time of accessioning by a special, 
usually computerized device. 

For analyzers that do not automatically link specimen 
identity and aspiration, the sequence of results produced 
must be linked manually with the sequence of entry of spec- 
imens. Some analyzers print out or transmit to a host com- 
puter each result or set of results from a specimen, either by 
position of the specimen in the loading zone or by the acces- 
sion number programmed to that position. 


Bar Coding 


A major advance in the automation of specimen identifica- 
tion in the clinical laboratory has been the incorporation of 
bar coding technology into analytical systems.*!°*5°%? Ip 
practice, a bar coded label (often generated by the laboratory 
information system and bearing the specimen accession 
number) is placed onto the specimen container and is sub- 
sequently “read” by one or more bar code readers that have 
been strategically placed at key positions in the analytical 
train. The resultant identifying and ancillary information is 
then transferred to and processed by the system software. 

Unequivocal positive identification of a specimen can be 
achieved in analyzers with bar code readers in less than 2 
seconds. Advantages of the use of coded labels that can be 
automatically scanned and identified by the analyzer 
include: (1) elimination of work lists for the system, (2) pre- 
vention of mix ups in the placement of tubes in the analyzer 
or during sampling, (3) analysis of specimens in a defined 
sequence, and (4) absence of possible tube mix up when 
serum must be transferred into a secondary container.” The 
reader is cautioned, however, that most automation systems 
require individual container identification instead of relying 
only on the LIS accession number. The NCCLS automation 
standards also require unique container identification.” 
Since a given patient order could consist of two or more dif- 
ferent types of specimen, all bearing the same accession 
number, the use of unique container identification is the 
only way to ensure that an automation system delivers the 
correct type of specimen to the appropriate analyzer or des- 
tination. Most manufacturers have incorporated computer 
software to detect the different symbologies. The bar code 
detector can “autodiscriminate” or automatically recognize 
and read codes in one of several common symbologies so 
that operator intervention is not required. Examples of bar 
codes that are used in chemistry analyzers are presented in 
Figure 11-1. 

Initiating bar code identification at a patient’s bedside 
ensures greater integrity of the specimen’s identity in an ana- 
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Figure Il-I_ Examples of bar codes used in chemistry analyzers 
containing the same information. A, Code 39. B, Code | 2/5. 

C, Code 128B. D, Codabar. (Courtesy Computer Transceiver 
Systems, Inc.) 
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lyzer. Systems to transfer information concerning a patient’s 
identity to blood tubes at the patient’s bedside have been 
introduced in some hospitals and several companies are now 
offering these systems (Becton, Dickinson & Co., Bridge 
Medical, Inc., Lattice, McKesson, and Systemme INFOR- 
MATICA). One difficulty in applying these systems is the 
necessity to cross traditional administrative boundaries; this 
can create conflict with established procedures that are 
beyond the control of the laboratory staff. However, the 
Food and Drug Administration has issued a proposed rule 
that would require matching of bar codes on medications 
and blood products to patient bar code wristbands.” Thus, 
most healthcare facilities are now adopting these systems 
(and solving their administrative issues), which enable the 
laboratories to ensure accurate and reliable specimen 
identification. 

Both one- and two-dimensional (2-D) bar coding systems 
are now available. Of the two, one-dimensional bar codes 
have been the most widely used in the clinical laboratory. 


One-Dimensional Bar Codes 


A one-dimensional bar code is defined as “an array of rec- 
tangular bars and spaces that are arranged in a predeter- 
mined pattern following unambiguous rules to represent 
elements of data that are referred to as characters.” A bar 
code is transferred and affixed to an object by a “bar code 
label,” which carries the bar code and, optionally, other 
human-readable information. “Symbology” is the term used 
to describe the rules specifying the way the data are encoded 
into the bars and spaces. The width of the bars and spaces, 
and the number of each, is determined by a specification for 
that symbology. Different combinations of the bars and 
spaces represent different characters. On passing a bar code 
scanner over the bar code, the light beam from the scanner 
is absorbed by the dark bars and not reflected; the beam is 
reflected by the light spaces. A photocell detector in the 
scanner receives the reflected light and converts the light into 


270 Section |} Analytical Techniques and Instrumentation 


an electrical signal that can be digitized. A one-dimensional 
bar code is “vertically redundant” in that the same informa- 
tion is repeated vertically—the heights of the bars can be 
truncated without any loss of information. In practice, ver- 
tical redundancy allows a symbol with printing defects, such 
as spots or voids, to be read. 

Different types of symbologies are used to encode infor- 
mation into one-dimensional bar code labels.'***” Some are 
numeric only (Universal Product Code [UPC], European 
Article Numbering [EAN] system [now also called IAN for 
International Article Numbering], Interleaved 2 of 5), some 
are of fixed length (UPC-A is 12 digits, UPC-E is 6 digits, 
EAN-13 is 13 digits, and EAN-8 is 8 digits), and some have 
both numbers and alphabetic characters (Code 93, Code 
128, and Code 39). Code 128 allows the encoding of all 128 
ASCII characters. Standards for symbologies have been 
developed and the Health Industry Business Communica- 
tions Council endorses the use of six of them.“ The NCCLS 
has published a standard for the use of bar codes to support 
clinical laboratory automation.” This standard recommends 
that Code 128 replace all other symbologies in laboratory 
automation systems such as Code 39, Codabar, and Inter- 
leaved 2 of 5 by December 31, 2003. The standard alsa spec- 
ifies bar code symbol and label placement zones for tubes of 
various lengths (66mm, 75mm, and 100mm) and speci- 
fying the minimum widths of a narrow bar and the quiet 
zone. (See http://www.taltech.com/TALtech_web/resources/ 
intro_to_bc/bcsymbol.htm for examples). 


Two-Dimensional Bar Codes 

As its name implies, a 2-D bar code stores information along 
the height and the length of the symbol and is designed to 
place a portable database in as little space as possible.° The 
term “matrix code” applies to 2-D codes that code the data 
based on the position of black spots within a matrix. Each 
black element is the same dimension and it is the position 
of the element that codes the data. Moving-beam laser scan- 
ners and charge-coupled device (CCD) scanners are used to 
read 2-D labels. More than 20 different 2-D symbologies 
have been developed for encoding 2-D labels. They include 
Codablock, Code 16K, Code 49, Data Matrix, MaxiCode, 
Portable Data File (PDF) 417, and Softstrip, each of which 
allows for more information to be encoded into a 2-D label 
than can be encoded into a one-dimensional bar code label. 
For example, the PDF 417 allows for between 1000 and 2000 
characters to be encoded per symbol, with an information 
density of between 100 and 340 characters. Few, if any, clin- 
ical laboratories are employing 2-D codes because the data 
that could be contained in those codes, such as patient name, 
age, sex, collection date and time, specimen type, ordered 
tests, etc., are widely desired to be human readable. Addi- 
tionally, the price of 2-D readers is much higher than 1-D 
bar code scanners. 


Identification Errors 


Specimen identification and test ordering errors occur fre- 
quenily in the clinical laboratory and emanate from errors 


that occur in the specimen collection and accessioning 
process.””**° With the 1999 publication of the Institute of 
Medicine (IOM) report, To Err is Human: Building a Safer 
Health System,” there has been increasing scrutiny of iden- 
tification errors in medical practice. The IOM report urges 
improved understanding of the causes of errors in the 
healthcare system and development of approaches using 
computerized and other “mechanical” support systems to 
decrease error rates. 

Operationally, many opportunities arise in the clinical 
laboratory for mismatching specimens and results.” The 
risks begin at the bedside and are compounded with every 
processing step that a specimen undergoes between collec- 
tion from the patient and analysis by the instrument. The 
risks are particularly great when hand transcription is 
invoked for accessioning, labeling and relabeling, and 
making load lists. An incorrect accession number or one 
with a transposition of digits, or a load list with transposed 
accession numbers, may cause test results to be attributed to 
the wrong patient. An additional hazard exists when speci- 
mens must be inserted into certain positions in the loading 
zone defined for them by a load list. Human misreading of 
either specimen label or loading list may cause misplacement 
of specimens, calibrators, or controls. In one study, auto- 
matic reading of bar coded labels was found to reduce the 
error rate from 1 in 300 characters (for human entry) to 
about 1 in 1 million characters. 


SPECIMEN DELIVERY TO LABORATORY 


Several methods may be used to deliver specimens to the lab- 
oratory, which is often in a location distant from the patient. 
These include courier service, pneumatic tube systems, elec- 
tric track vehicles, and mobile robots. In some laboratories, 
phlebotomists may also bring specimens with them as they 
return to the laboratory. 


Courier Service 


Human couriers have been extensively used to transport 
specimens from collection sites to the laboratory and 
between laboratories. Although in general reliable, there are 
problems with courier service. For example, human delivery 
is a batch process, and couriers usually only service a given 
pickup point at specified times. Arrangements for stat 
pickup can be made, but this adds costs to the analytical 
process and delays the reporting of results. In addition, spec- 
imen breakage or loss can occur with manual handling of 
specimens. 


Pneumatic Tube Systems 


Pneumatic tube systems provide rapid specimen transporta- 
tion and are quite reliable when installed as point-to-point 
services. However, when switching mechanisms are intro- 
duced to allow carriers to be sent to various locations, addi- 
tional mechanical problems may arise and cause carriers to 
be misrouted. Although pneumatic tubes have been reported 
to damage specimens because of rapid acceleration or decel- 
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eration,” and have limited carrying capacity, they have 


been found to be cost effective.” 


Electric Track Vehicles 


Electric track vehicles have a larger carrying capacity than 
pneumatic tube systems and do not appear to have problems 
with damaging specimens by acceleration and/or decelera- 
tion forces. Some systems maintain the carrier in an upright 
position by use of a gimbal (a device that permits a body to 
incline freely in any direction or suspends it so that it will 
remain level when its support is tipped). Compared with 
pneumatic tube systems, electric track vehicles usually 
require a larger station for loading and unloading, and this 
fact often limits where a station may be placed. If the station 
is not located directly in the central laboratory, additional 
staff may be necessary to unload the carts and transport the 
specimens to their final destination, and the electric track 
system may not achieve its desired goal of rapid specimen 
transport. 


Mobile Robots 


Mobile robots have been used successfully to transport lab- 
oratory specimens both within the laboratory?” and 
outside the central laboratory.”! Further studies are required 
to establish the usefulness of mobile robots for specimen 
transport, but it is already apparent that mobile robot trans- 
portation will have many of the same limitations as the 
human messenger (e.g., batched specimen pickup and time 
delay in notifying of necessity for pickup). In a busy labora- 
tory setting, however, delivery of specimens to lab benches 
by a mobile robot can be more frequent than human pickup 
and has been shown to be cost effective.” 


SPECIMEN PREPARATION 


The clotting of blood in specimen collection tubes, their sub- 
sequent centrifugation, and the transfer of serum to sec- 
ondary tubes require time to complete. When performed 
manually, it has been known to cause delays in the prepara- 
tion of a specimen for analysis. Consequently, to eliminate 
the problems associated with specimen preparation, systems 
are being developed to automate this process. The following 
developments are noteworthy. 


Use of Whole Blood for Analysis 


When an assay system has been designed to analyze whole 
blood samples, specimen preparation time is essentially 
eliminated. Automated or semiautomated ion-selective elec- 
trodes, which measure ion activity in whole blood rather 
than ion concentration, have been incorporated into auto- 
mated systems to provide certain test results within minutes 
of the drawing of a specimen. This approach is now com- 
monly used for assaying electrolytes and some other 
common analytes, Another approach involves either manual 
or automated application of whole blood to dry reagent 
films and visual or instrumental observation of a quantita- 
tive change. This approach is exemplified by the Reflotron 
Plus, 


Automation of Specimen Preparation 


Several manufacturers have developed fully automated spec- 
imen preparation systems. These systems are described later 
in the chapter. 


SPECIMEN LOADING AND ASPIRATION 


In most situations, the specimen presented to an automated 
analyzer is serum or plasma. Many state-of-the-art analyzers 
(e.g, CX/LX series, ADVIA 1650 and 2400, Architect c-8000 
series, MODULAR, DIMENSION) directly sample serum 
from primary collection tubes of various sizes. With such 
analyzers, the collecting tubes most frequently used contain 
a separator material that forms a barrier between super- 
natant and cells (see Chapter 2). Some analyzers also sample 
from a cup or tube that is filled with serum transferred from 
the original specimen tube. 

Evaporation of specimen from cups or tubes in the 
loading zone has caused analytical errors as great as 50% 
over 4 hours.”* Operationally, all cups or tubes containing 
solution for analysis should be covered until the time the 
specimen is to be analyzed. Many manufacturers of auto- 
mated analyzers provide covers for individual cups or for 
part or the whole of the loading zone to reduce losses caused 
by evaporation. Cups may be covered by Parafilm or by caps 
that are placed over the cups and that have crosscuts to 
permit ready entry of a specimen probe. A type of antievap- 
orative cover that reduces evaporative losses to less than 
0.1%/hr has been described.’® 

Also, specimens may undergo thermal or photo degrada- 
tion. For example. temperature-labile constituents may 
undergo degradation if held at ambient temperature. Other 
constituents that are photolabile, such as bilirubin, are 
destroyed by ultraviolet light. The adverse effects of ambient 
temperature may be overcome by holding both specimens 
and calibrators in a refrigerated loading zone. Photo degra- 
dation is reduced by the use of semiopaque specimen con- 
tainers and by protecting specimens from light both in 
storage and on the analyzer. 

The loading zone of an analyzer is the area in which spec- 
imens are held in the instrument before they are analyzed. 
The holding area may be in the form of a circular tray, a rack 
or series of racks, or a serpentine chain of containers into 
which individual tubes are inserted. When specimens are not 
identified automatically, they must be presented to the sam- 
pling device in the correct sequence as specified by a loading 
list. The sampling mechanism determines the exact volume 
of specimen removed from the specimen. For most analyz- 
ers, specimens for a second run may be prepared on a sepa- 
rate tray while one run is already in progress. This permits 
machine operation and human actions to proceed in paral- 
lel for optimal efficiency. In some analyzers, specimens may 
be added continuously by the operator as the specimens 
become available. A desirable feature of any automated ana- 
lyzer is the ability to insert new specimens ahead of speci- 
mens already in place in the loading zone. This feature allows 
the timely analysis of specimens with a high medical prior- 
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ity when they are received in the clinical laboratory. When 
specimen identification is machine read, it is easy for the 
operator to reposition specimens in the loading zone; 
however, when specimen identification is tied to a loading 
list, insertion or repositioning of specimens must be accom- 
panied by revision of the loading list. 

Transmission of infectious diseases by automated equip- 
ment is a concern in clinical laboratories.*' The method of 
transmission by equipment is primarily by means of the 
splatter of serum or blood during the acquisition of speci- 
mens from rapidly moving specimen probes.” The use of 
level sensors, which restrict the penetration of sample probes 
into specimens and provide smoother motion control, 
greatly reduces splatter. There is no evidence that aerosols, 
which may be generated by instrument systems, are a source 
of transmission of infectious diseases.“ However, there is 
a potential for contamination when the stoppers of primary 
containers are “popped” to decant serum into specimen 
cups.” To obviate this hazard and the risk of exposure from. 
broken glass, spillage, and stopper disposal, several firms 
have developed closed-container sampling systems for use in 
their automated hematology and chemistry analyzers. One 
such system is used in the Synchron LX PRO chemistry ana- 
lyzer. On this analyzer, tubes are positioned under the pierc- 
ing unit where they are clamped and pierced by a blade. Once 
the cap has been pierced, the sample probe can easily slide 
through the cap and withdraws an aliquot of specimen. 
Closed-container sampling is widely used in hematology 
analyzers. 


ON-ANALYZER SPECIMEN DELIVERY 


The method of specimen delivery within the analyzer 
is the major difference between continuous-flow and dis- 
crete systems, In continuous-flow systems, the specimen is 
aspirated through the sample probe into a continuous 
reagent stream, whereas in discrete analyzers, the specimen 
is aspirated into the sample probe and then delivered 
through the same orifice into a reaction cup or other 
container. 


Discrete Pipetting 

Positive—liquid-displacement pipettes are used for specimen 
handling in most discrete automated systems. With them, 
specimens, calibrators, and controls are delivered by a single 
pipette to the next stage in the analytical process. 

A positive-displacement pipette may be designed for one 
of two operational modes: (1) to dispense only aspirated 
specimen into the reaction receptacle or (2) to flush out 
specimen together with diluent. Both systems use a plastic 
or glass syringe with a plunger whose tip is usually made of 
Teflon, When a liquid (e.g., diluent or reagent) is used as 
displacement medium, liquid-displacement pipettes are 
capable of highly reproducible measurement of serum. 
However, when air is the displacement medium, viscous 
fluids can be measured with less accuracy. This inaccuracy 
becomes apparent when sera containing large amounts of 


lipids or proteins are pipetted and the analytical results are 
compared against aqueous calibrators. 

Pipettes may be categorized as fixed-, variable-, or selec- 
table-volume (see Chapter 1). Selectable-volume pipettes 
allow the selection of a limited number of predetermined 
volumes. In general, pipettes with selectable volumes are 
used in systems that allow many different applications, 
whereas fixed-volume pipettes are usually used for speci- 
mens and reagents in instruments dedicated to performing 
only a small variety of tests. 

Inaccuracy and imprecision for delivery of specimens 
from pipettes should not exceed 1%. Similar performance is 
desired for reagent delivery. The accuracy of the pipetting 
must be verified periodically, and such checks are a key factor 
in assessing the quality of instrument performance (see 
Chapter 14). The accuracy and reproducibility of pipettes in 
automated instruments are checked in the same way as they 
are for pipettes in manual systems (see Chapter 1). 

On analyzers with several analytical modules (MODU- 
LAR, Architect, AU 5400 series), delivery of specimens from 
the specimen input area to the various modules is accom- 
plished using either built-in conveyor tracks (MODULAR, 
AU 5400 series) or robotic handling of specimen carriers 
(Architect) (Figure 11-2). These devices will be discussed in 
more detail later. 


Carryover 


Carryover is defined as the unintended transfer of a quan- 
tity of analyte or reagent by an analytical system from one 
specimen reaction into a subsequent one. Because carryover 
introduces error into the analytical results from the subse- 
quent reaction, it should be minimized. Details for deter- 
mining the extent of analyte carryover are described in 
the NCCLS document EP 10-A2, “Preliminary Evaluation 
of Quantitative Clinical Laboratory Methods; Approved 
Guideline Second Edition.’ More elaborate protocols are 
required to evaluate the extent of reagent carryover.” Most 


Figure 11-2 A robotic device is used in the Abbott Architect 
c8000, ci8200, and i2000SR to move racks of specimens from 
multiple specimen introduction bays located across the front of 
the analyzer to a bar code reading station (left) and to analyzer 
module sampling areas (center). Covers normally present on this 
c8000 analyzer have been removed. (Reproduction of this 
photograph has been granted with approval of Abbott Laboratories, 
Inc, all rights reserved by Abbott Laboratories, Inc; 
www.abbottdiagnostics.com.} 
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manufacturers of discrete systems reduce the carryover by 
setting an adequate flush-to-specimen ratio and by incor- 
porating wash stations for the sample probe. The ratio of 
flush to specimen may be as much as 4:1 to limit carryover 
to less than 1%, although recent advances in materials 
and dispenser velocity control have permitted lower ratios. 
Appropriate choice of sample probe material, geometry, and 
surface conditions minimizes imprecision and inaccuracy. 

Carryover has been reduced in some systems by flushing 
the internal and external surfaces of the sample probe with 
copious amounts of diluent. The outside of the sample probe 
is wiped in some instruments to prevent transfer of a portion 
of the previous specimen into the next specimen cup. In dis- 
crete systems with disposable reaction vessels and measur- 
ing cuvets, carryover is caused. by the pipetting system. In 
instruments with reusable cuvets or flow cells, carryover may 
arise at every point through which specimens pass sequen- 
tially. Disposable sample-probe tips eliminate both the con- 
tamination of one specimen by another inside the probe and 
the carryover of one specimen into the specimen in the next 
cup. Such an approach is used in the Vitros analyzers, in 
which a separate disposable tip for each specimen is auto- 
matically mounted onto a single, positive-displacement 
pipette. In these systems, a specimen is partially expelled, and 
the resultant pendant drop of serum on the tip is touched to 
the spreading layer of the test slide, where it spreads and sub- 
sequently diffuses into the next layer, consisting of a dry 
reagent matrix. Although the imprecision and inaccuracy of 
specimen dispensing may be as high as 2%, the volume of 
fluid that passes to the area exposed to the photometric light 
beam remains constant, and the resulting final precision is 
equivalent to 0.2%. Because a new pipette tip is used for each 
specimen, carryover is totally eliminated. 

Reduction of carryover is a more stringent requirement 
for automated analyzers that perform immunoassays 
because for some analytes the concentration range in speci- 
mens can be as high as 6 decades (as for human chorionic 
gonadotropin). Some systems use extra steps, such as addi- 
tional washes, or an additional washing device to reduce car- 
ryover to acceptable limits. Because extra steps can reduce 
overall throughput, additional rinsing functions are initiated 
(by computer operator selection) only for assays with a large 
dynamic range. 


REAGENT HANDLING AND STORAGE 


Most automated systems use liquid reagents stored in plastic 
or glass containers. For those analyzers in which a working 
inventory is maintained in the system, the volumes of 
reagents stored depend on the number of tests to be per- 
formed without operator intervention to refill. Whenever 
possible, manufacturers use single reagents for test proce- 
dures, although two or more reagents may be required for 
some tests. Others (e.g., Vitros and Reflotron Plus) use 
reagent-impregnated slides and strips, respectively. Still 
others rely entirely on electrodes to react with specimens 
(e.g., Bayer RapidLab systems, GEM Premier 3000, 


Radiometer ABL 700, and i-STAT Portable Clinical 
Analyzer). 

For many analyzers in which specimens are not processed 
continuously, reagents are stored in laboratory refrigerators 
and introduced into the instruments as required. In larger 
systems (e.g, SYNCHRON CX and LX systems, Architect, 
MODULAR, anp DIMENSION), sections of the reagent 
storage compartments are maintained at 4 °C to 10 °C. 
Refrigerated storage for reagents is also provided in most 
immunoassay systems. Many of the reagents delivered in 
liquid form by the manufacturers of these systems are stable 
for 2 to 12 months. 


Liquid Reagent Systems 


The DIMENSION Clinical Chemistry System, MODULAR, 
ADVIA 2400, and SYNCHRON series are examples of 
systems that use liquid reagents. Large volumes of reagents, 
adequate for operation of the analyzer for hours or days, are 
stored in the systems. The containers are reservoirs that 
provide reagents test by test. Reagents with limited stability 
may be prepared during the analyzer set-up phase and may 
be stored, during a run, in refrigerated space adjoining the 
system. 


Nonliquid Reagent Systems 


No or very little liquid is used in the analytical process on 
dry reagent systems such as the Vitros and Reflotron Plus. 
For “color reactions,” the Vitros uses a multilayered, 16-mm 
square slide (Figure 11-3) in which reagents dispersed in 
emulsions are activated by diffusion of the specimen fluid 
into the layers. From three to seven layers containing 
reagents are used for each of the different tests available. The 
Vitros also uses slides for electrometric assays that incorpo- 
rate miniature ion-selective electrodes. On these, a reference 
solution and patient specimen provide fluid that turns the 
electrodes into electrochemical half-cells (see Chapter 4). 
Slides of this type that measure sodium, potassium, carbon 
dioxide, and chloride are currently in use. ` 

The OPUS system has dry reagents impregnated in a 
coated multilayer film chip encased within a plastic bar 
coded test module. No external or supplementary reagents 
are required, A serum or plasma specimen is applied to the 
test module by the instrument and the fluorescence inten- 
sity from the module is measured after an assay-specific time 
interval. 


Systems with Reusable Reagent Capability 


Some systems use reagents or antibodies that have been 
immobilized in a reaction coil or chamber to repetitively 
carry out a chemical reaction or a separation of an analyte 
contained in aliquots of successive specimens. Other systems 
use enzymes immobilized on membranes that are coupled 
to sensing electrodes, The reaction products are then mea- 
sured by the sensing device. Only a buffer is required as a 
diluent and wash solution, and thus the membrane has an 
extended life of approximately several months. Some 
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Figure I 1-3 A schematic, exploded view of the multilayer dry 
film reagent used in Vitros analyzers. (Courtesy Ortho-Clinical 
Diagnostics.) 


assemblies can be recycled for as many as 7500 tests, result- 
ing in a low cost per test. Application of these systems is 
found in the 2300 STAT Plus for glucose and lactate assay. 


Reagent Identification 


Labels on reagent containers include information such as 
reagent identification, volume of the contents or number of 
tests for which the contents of the containers can be used, 
expiration date, and lot number. Provision of much of this 
information on labels is required by law. Many reagent con- 
tainers now carry bar codes that contain some or all of this 
information and the manufacturer is able to retrieve any per- 
tinent information when necessary. Other advantages of 
using reagent bar codes include: (1) facilitation of inventory 
management; (2) ability to insert reagent containers in 
random sequence; (3) ability to automatically dispense a 
particular volume of liquid reagent. In immunoassay 
systems, a bar code on a reagent container contains key 
information about (multiple) calibrators, such as definition 
of a calibration curve algorithm and values of curve con- 
stants that are defined at the time of reagent manufacture. 
Accompanying calibrator materials provided in their own 
bar coded tubes at the time of manufacture ensure that cal- 
ibration functions are properly integrated into the analysis 
process. 


Open Versus Closed Systems 


Automated analyzers also are classified as “open” or “closed.” 
In an open analyzer, the operator is able to change the pa- 
rameters related to an analysis and to prepare “in-house” 
reagents or use reagents from a variety of suppliers. Such 
analyzers usually have considerable flexibility and are readily 
adapted to new methods and analytes. A closed-system ana- 
lyzer requires the reagent in a unique container or format 
provided by the manufacturer. In general, liquid reagents for 
open systems are less expensive than the proprietary com- 
ponents required for closed analyzers. Yet, closed systems 
have a hidden cost advantage because reconstitution or 
preparation of the reagents for use does not require a tech- 
nologist’s time. The variability arising from reconstitution of 
dry reagents can be overcome by the use of predispensed 
liquid reagents or through the provision of premeasured 
liquids. The stability of liquid reagents for some open 
systems is now approaching the longer stability that has 
characterized many closed systems. Most immunoassay 
systems are closed, as are most systems that have been devel- 
oped for POC applications. 


REAGENT DELIVERY 


Liquid reagents are taken up and delivered to mixing and 
reaction chambers either by pumps (through tubes) or by 
positive-displacement syringe devices. In the early continu- 
ous-flow systems, such as the SMAC, a peristaltic pump and 
manifold both delivered fluids and determined the propor- 
tion of reagents to specimen. In the SYNCHRON CX series, 
a stepper motor is used to drive a pump that functions in the 
same way as the peristaltic pump of the AutoAnalyzer by 
alternately compressing and releasing a single reagent tube. 
Syringe devices for both reagent and specimen delivery are 
common to many automated systems. They are usually pos- 
itive-displacement devices, and the volumes of reagents they 
deliver are programmable. Reproducibility of delivered 
volume is frequently better than +1% with an accuracy 
within 41%. In those analyzers in which more than one 
reagent is acquired and dispensed by the same syringe, 
washing or flushing of the probe is essential to prevent 
reagent carryover that may be deleterious to successive ana- 
lytical steps in the same assay or to successive and different 
assays. 


CHEMICAL REACTION PHASE 


As its name implies, the chemical reaction phase occurs 
when aliquots of specimen and reagents are allowed to 
chemically react. Concerns related to this operation and the 
measurement of the reaction are addressed in the design of 
every automated analyzer. Design issues to be considered 
include (1) the vessel in which the reaction occurs and the 
cuvet in which the reaction is monitored, (2) the timing of 
the reaction(s), (3) the mixing and transport of reactants, 
and (4) the thermal conditioning of fluids. Separation of 
bound and unbound fractions is a fifth issue for immunoas- 
say systems, as described in Chapter 9. 
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Type of Reaction Vessel and Cuvet 

In older continuous-flow systems, each specimen passed 
through the same continuous stream and was subjected to 
the same analytical reactions as every other specimen and at 
the same rate. In such systems the reaction occurred in the 
tube that served as both a flow container and a cuvet. 

In discrete systems each specimen in a batch has its own 
physical and chemical space, separate from every other spec- 
imen. Discrete analyzers use (1) individual (disposable or 
reusable) reaction vessels that are transported through the 
system after specimen and reagent have been dispensed 
(Immulite 2000), or (2) a stationary reaction chamber, as in 
the SYNCHRON CX Series. In some discrete systems, reac- 
tion vessels are reused; in others, they are discarded after use. 
The use of disposable cuvets has simplified automation and 
eliminated carryover in the cuvets and maintenance of flow 
cells. Disposable cuvets became possible through the devel- 
opment of superior plastics (notably acrylic and polyvinyl 
chloride) and manufacturing technology. Large-scale pro- 
duction of cuvets with excellent dimensional tolerances is an 
essential requirement. The cuvets must be transparent in the 
spectral range of interest. Disposable components are 
increasingly used in discrete automated systems. 

Reaction vessels are reused in many instruments (e.g., 
SYNCHRON CX Series, Abbott Architect c8000 series, 
MODULAR, and the AU 400, AU 640, and AU 5400), The 
time before reusable cuvet and/or reaction vessels must be 
replaced depends on their composition (e.g., 1 month for 
plastic and 2 years for standard glass vessels). Pyrex glass 
vessels are not replaced unless physically damaged. 

The typical cleaning sequence of a reusable cuvet and/or 
reaction vessel involves aspiration of the reaction mixture 
out of the cuvet at an in situ wash station. A detergent, alka- 
line, or acid wash solution is then repeatedly dispensed into 
and aspirated out of the cuvet. The cuvet is rinsed several 
times with deionized water and dried by vacuum or pres- 
surized air. Optical clarity is verified automatically in most 
systems (usually while the cuvets contain the water). If per- 
formance is unsatisfactory, the operator is alerted to replace 
individual cuvets. If the cuvets are not replaced promptly, the 
system cannot be used for analysis; until they are replaced, 
the results for the unsatisfactory cuvets will be flagged. 

Although the use of reusable cuvets reduces expenditure 
on consumables and extends walk-away time, it does con- 
tribute to instrument complexity and requires that a supply 
of cleaning liquids be maintained. In Centaur, a supply of 
individual cuvets is loaded onto the instrument. The number 
of loaded cuvets ranges from 200 to 1000, permitting walk- 
away times of approximately 1 to 3 hours. 

In the DIMENSION, cuvets of 5-mm path length are 
manufactured in the instrument by drawing two strips of 
Surlyn clear plastic around the circumference of a ring mold 
that contains 100 separate cavities (Figure 11-4). A canister 
containing sufficient plastic to make 12,000 cuvets is loaded 
into the instrument. A schematic diagram of the Immulite 
2000 analyzer is shown in Figure 11-5. This analyzer is 
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Figure 11-4 Arrangement of key elements of the 
DIMENSION. Relationships of elements used for in situ cuvet 
manufacturing are shown. (Courtesy Dade Behring; 
www.dadebehring.com.) i 


equipped with an automatic tube feeder that accepts poly- 
styrene reaction tubes in bulk, orients them vertically, and 
delivers them to the bead drop and the pipetting positions. 
The reaction tube serves as the vessel for all incubations, 
washes, and signal development. It is discarded automati- 
cally after analysis. 


Timing of Reactions 


The time allowed for a reaction to occur depends on a variety 
of factors, In some analyzers reaction time depends on the 
rate of transport through the system to the measurement 
station or on timed events of reagent addition (or activation) 
relative to measurement, or on both: In discrete random- 
access analyzers specimens and reagents are added to a cuvet 
in a timed sequence, and absorbance readings are performed 
at intervals to follow the course of each reaction. Usually, the 
total read time for a reaction in these systems is constrained 
to a maximum value defined by the manufacturer but may 
be programmed for a shorter period. 


Mixing of Reactants 


Various techniques are used to mix reactants. These include 
the following: (1) forceful dispensing, (2) magnetic stirring, 
(3) a rotating paddle, and (4) the use of ultrasonic energy 
(DIMENSION). Continuous-flow analyzers relied on the 
tumbling action of the stream flowing through a mixing coil. 
The: dry reagent systems, such as Vitros, Reflotron Plus, 
Stratus, and OPUS, obviate the necessity for mixing because 
the serum completely interacts with the dry chemicals as it 
flows through the matrix of the reaction unit. Regardless of 
the technique used, mixing is a difficult process to automate. 
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Figure 11-5 A schematic view of the Immulite 2000 analyzer. The relationship of the tube 
feeder, bead pack carousel, reagent carousel, specimen carousel, tube processor module, and 
photomultiplier tube (PMT) is shown. (Courtesy Diagnostic Products Corporation; www.dpcweb.com.) 


Thermal Regulation 


Thermal regulation requires the establishment of a con- 
trolled-temperature environment in close contact with the 
reaction container and efficient heat transfer from the envi- 
ronment to the reaction mixture. Air baths, water baths, and 
contact with a heating or cooling plate (e.g., Peltier device) 
have been used for thermal regulation in commercial ana- 
lyzers (mostly at 37 °C). 


MEASUREMENT APPROACHES 


Automated chemistry analyzers have traditionally relied on 
photometers and spectrophotometers for measurement of 
absorbance. Alternative approaches now being incorporated 
into analyzers include reflectance photometry and fluorom- 
etry. Immunoassay systems have used fluorescence (IMX), 
chemiluminescence (Centaur and Immulite), and electro- 
chemiluminescence (ELECSYS) to enhance sensitivity. Ion- 
selective electrodes and other electrochemical techniques are 
also widely used. Principles of these measurement tech- 
niques have been discussed previously (see Chapter 4). This 
section reviews the special features and application of the 
various approaches to automated analysis. 


Photometry 


The measurement of absorbance requires three basic com- 
ponents: (1) an optical source, (2) a means of spectral isola- 
tion, (3) and a detector (see Chapter 3). ` 


Optical Source 


The radiant energy sources used in automated systems 
include tungsten, quartz halogen, deuterium, mercury, and 
xenon lamps and lasers. In the quartz-halogen lamp, low- 
pressure halogen vapor (such as iodine or bromine) is 
enclosed in a fused silica envelope in which a tungsten fila- 
ment serves as an incandescent light source. The spectrum 
produced includes wavelengths from approximately 300 to 
700 nm. 


Spectral Isolation 


In automated systems spectral isolation is commonly 
achieved with interference filters. Such filters are now quite 
inexpensive, and only a few are necessary in any one instru- 
ment, because only a limited number of wavelengths is 
required for analysis of a large number of absorbing species. 
Typical interference filters have peak transmission of 30% to 
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Figure 11-6 Use of a diode array in the SYNCHRON CX7 monochromator reduces 
requirements for moving parts. For simplicity, ray traces for only three wavelengths are shown. 
(Courtesy Beckman Coulter Inc; www.beckmancoulter.com.) 


80% and bandwidths of 5 to 15nm (see Chapter 3). In 
several multitest analyzers, filters are mounted in a filter 
wheel, and the appropriate filter is moved into place under 
computer control. Monochromators with movable gratings 
and slits provide a continuous choice of wavelengths. They 
offer a high amount of flexibility and are especially suited for 
the development of new assays. However, because relatively 
few wavelengths are required for analyses in routine analyz- 
ers, many manufacturers use a stationary, holographically 
ruled grating coupled with a stationary photodiode array to 
isolate the spectrum. These two elements are also coupled 
with fiberoptic light guides to transfer the passage of light 
energy through cuvets at locations convenient for mecha- 
nization. Use of these passive elements enhances the relia- 
bility of a system because no moving parts are required 
for spectral isolation. Figure 11-6 shows the arrangement 
of a grating and/or diode array for the SYNCHRON CX 
Series. 


Photometric Detectors 


Photodiodes are used as detectors in many automated 
systems either as individual components or in multiples as 
an array. Photomultiplier tubes are required in many 
immunoassay systems to provide adequate sensitivity and 
fast detector response times for fluorescent and chemilumi- 
nescent measurements. Several approaches have been used 
for the electrooptical integration and packaging in different 
analyzers. A logarithmic amplifier or microprocessor and/or 
computer software converts transmittance to absorbance. 
Low-cost analog-to-digital converters with conversion times 


of fractions of a millisecond, together with low-cost oscilla- 
tors with timing accuracy of microseconds, are coupled with 
high-performance computers to accumulate, store, and 
process optical signals on a real-time basis. Analyzers that 
use time sharing of the optical system components tend to 
be less costly while still providing good performance and 
reliability. In general an electrooptical package should offer 
an absorbance range of up to 2.5 absorbance units (A) to 
permit the extended linearity desirable for some reactions. 
Its photometric detection limit should be 0.001 A at 1 A and 
its noise level should not exceed 0.0005 A at 1 A, to ensure 
precision adequate for measuring kinetic reactions. The 
spectral range typically required is from 340 to 650nm, but 
lower wavelengths may be necessary for some applications. 
Spectral isolation does not have to be more exact than is nec- 
essary for enzyme determinations. For analytes with broad 
absorbance peaks, interference filters with a bandpass up to 
20nm are satisfactory. 

Proper alignment of cuvets with the light path(s) is 
equally important in automated and manual photometry; 
stray energy and internal reflections must be kept to accept- 
able levels. If the light path is not perpendicular to the cuvet, 
inaccuracy and imprecision may occur, particularly in 
kinetic analyses. Stray energy is reduced to 0.2% or less by 
careful design of the wavelength isolation filters or the 
monochromator to increase rejection of stray light. 


Other Forms of Measurement 


Several other optical techniques now are widely used in auto- 
mated systems. Among these techniques are the following: 
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(1) reflectance photometry, (2) fluorometry, (3) fluorescence 
polarization, (4) turbidimetry and nephelometry, (5) chemi- 
luminescence and bioluminescence. 


Reflectance Photometry 

In reflectance photometry, diffuse reflected light is mea- 
sured. The reflected light results from illumination, with dif- 
fused light, of a reaction mixture in a carrier or from the 
diffusion of light by a reaction mixture in an illuminated 
carrier. The intensity of the reflected light from the reagent 
carrier is compared with that reflected from a reference 
surface, Intensity of reflected light is not linear with con- 
centration of the analyte, and two algorithms are commonly 
used to linearize the relation of reflectance to concentra- 
tion.” The electrooptical components used in reflectance 
photometry are essentially the same as those required for 
absorbance photometry. Reflectance photometry is used pri- 
marily in analyzers using dry, unit-dose reagent systems 
(e.g., Vitros and Reflotron Plus). In the Vitros, equilibrium 
measurements and kinetic enzyme measurements are mon- 
itored by separate reflectometers, each with a permanent 
reflectance reference. A Clapper-Williams transformation” 
is used to linearize the relation of reflectance to concentra- 
tion. Adaptive algorithms define the number of points 
selected for calculation of enzyme activity to provide, in 
essence, a variable-time analysis as defined by Pardue.” 


Fluorometry 


Fluorescence is the emission of electromagnetic radiation by 
a species that has absorbed exciting radiation from an 
outside source. Intensity of emitted (fluorescent) light is 
directly proportional to the concentration of the excited 
species (see Chapter 3). 

Fluorometry is widely used for automated immunoassay. 
It is approximately 1000 times more sensitive than compa- 
rable absorbance spectrophotometry, but background inter- 
ference caused by fluorescence of native serum can create a 
major problem. This interference is minimized by careful 
design of the filters used for spectral isolation, by the selec- 
tion of a fluorophore with an emission spectrum distinct 
from those of interfering compounds, or by using time- or 
phase-resolved fluorometry (see Chapter 3). 

Different optical arrangements are represented in differ- 
ent manufacturers’ equipment. Right-angle fluorescence 
measurement is one of the most common approaches, with 
emitted light passing through the emission interference filter 
to a photomultiplier tube. 


Front-Surface Reflectance Fluorometry 

Front-surface reflectance fluorometry is used in the Stratus 
CS analyzer, where light passed through a 360-nm filter is 
reflected from a dichroic mirror onto the front of the reagent 
tab on which the reaction of the antigen-conjugated enzyme 
occurs. The light emitted from the front surface of the tab 
travels back through the dichroic mirror and to a photo- 
multiplier through an interference filter that selects only 


450-nm light. Fluorescence intensity is monitored over a 30- 
second interval, and the rate of fluorescence development is 
calculated by the microprocessor. The rate of fluorescence 
change is then compared with the calibration curve stored 
in the microprocessor, and the test value is computed. 


Polarization Fluorometry 


In fluorescence polarization, the radiant energy is in the 
form of polarized light. Measurement is then made of the 
change in the degree of polarized light emitted by a fluores- 
cent molecule, as described in Chapter 3. Fluorescence polar- 
ization is applied in the Abbott TD, and AxSYM for 
homogeneous assays of low molecular weight compounds. 
Radiant energy in the form of polarized light is alternately 
pulsed vertically and horizontally to impinge on a reaction 
mixture containing antibody, specimen, and tracer. Free 
tracer not bound to antibody depolarizes the emitted light, 
whereas light emitted from a bound tracer is highly polar- 
ized. As a result, in this system, polarization is inversely pro- 
portional to concentration. The optical system consists of a 
50-W projector bulb, an interference filter, a fixed horizon- 
tal polarizer, and a photomultiplier tube. An electrically 
switched liquid crystal is located between the polarizer and 
the reaction mixture. Absence or presence of voltage on the 
crystal changes the orientation of the polarized light. 
Because variability of path length is immaterial to the ana- 
lytical principle used, inexpensive borosilicate tubes are sat- 
isfactorily used for reaction cells. Use of a liquid crystal 
instead of mechanical devices to modulate the polarized 
light significantly improves the reliability of the optical 
system for this sensitive technique. 


Turbidimetry and Nephelometry 


These two optical techniques are particularly applicable to 
methods measuring the precipitate formation in antigen 
antibody reactions (see Chapter 9). Turbidimetry is used in 
several chemistry immunoassay systems for therapeutic 
drug monitoring and specific protein assays. Details of 
turbidimetry and nephelometry are discussed in Chap- 
ter 3, 

Nephelometers such as the ARRAY, IMAGE, and BN 
series are widely used for analysis of serum specific proteins 
(see Chapter 20). These analyzers direct light to a flow cell 
and detect forward angle light scattering from different sized 
immune complexes. Reading the light scattering at a forward 
angle rather than the classical 90° angle is known to increase 
the sensitivity of nephelometric assays.” 


Chemiluminescence and Bioluminescence 


Chemiluminescence and bioluminescence differ from fluo- 
rometry in that the excitation event is caused by a chemical 
or electrochemical reaction and not by photoillumina- 
tion (see Chapter 3). The applications of chemiluminescence 
and bioluminescence have greatly increased with the devel- 
opment of automated instrumentation and several new 
reagent systems. Because of their attomole to zeptomole 
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detection limits, chemiluminescence and bioluminescence 
reactions have been widely used as direct and indicator labels 
in the development of immunoassays (see Chapter 9). 
Several of these schemes have been used in new automated 
immunochemistry analyzers (CENTAUR, Immulite, and 
ELECSYS). 


Electrochemical 


A variety of electrochemical methods have been incorpo- 
rated into automated systems. The most widely used élec- 
trochemical approach involves ion-selective electrodes. 
These electrodes have replaced flame photometry for the 
determination of sodium and potassium in many analyzers 
and have lately found direct application in the measurement 
of other electrolytes and indirect application in the analysis 
of several other serum constituents. The operating principle 
of ion-selective electrodes is given in some detail in Chapter 
4. The relationship between ion activity and the concentra- 
tion of ions in the specimens must be established with cali- 
brating solutions, and frequent recalibration must be done 
to compensate for alterations of electrode response. 

Peristaltic pumps are used to move the specimen into 
chambers containing fixed specimen and reference elec- 
trodes. The electrodes must remain in contact with the spec- 
imen for a sufficiently long time (from 7 to 45 seconds) to 
reach steady-state conditions. Response time, therefore, 
determines throughput of an automated system, and care 
must be taken to monitor response time and to restore it, 
when it degrades, by implementing appropriate mainte- 
nance procedures. The most common arrangement is to 
provide electrodes to assay three analytes, typically sodium, 
potassium, and chloride. Because specimens and calibrators 
usually flow past a group of electrodes, results for all ana- 
lytes are reported for most systems. However, ion-selective 
electrode capability has also been incorporated into auto- 
mated analyzers as individual channels (SYNCHRON CX 
series). Integrated three- and four-parameter modules have 
been incorporated into many small and large random-access 
systems (e.g., COBAS Integra, MODULAR, Architect c-8000 
series, AU 400, AU 640, and AU 5400); this has significantly 
increased these systems’ throughput, because several results 
are produced in parallel. 

Ion-selective electrodes coupled with immobilized 
enzymes represent an extended application. In such systems, 
the enzymatic reaction with the analyte involves a product 
that can be measured electrochemically. An example is the 
YSI 2300 STAT Plus used to measure glucose in whole blood. 
In this system, glucose oxidase is immobilized between two 
membrane layers and catalyzes oxidation of glucose in the 
fluid, in contact with the membrane, to produce hydrogen 
peroxide. The hydrogen peroxide in turn is oxidized at a plat- 
inum anode, The oxidation results in an electrical current 
directly proportional to hydrogen peroxide concentration 
and, therefore, proportional to glucose concentration. 

Conductimetry is another electrochemical approach that 
is used in the SYNCHRON CX series, specifically for the 


measurement of urea nitrogen. The specimen is introduced 
into the reaction cup along with a buffered urease solution. 
With the conversion of urea to ammonium and carbonate 
ions, the rate of change of conductivity across gold elec- 
trodes embedded in the cup is proportional to the concen- 
tration of urea nitrogen. 


Signal Processing, Data Handling, and Process Control 


Computers and computer telecommunications are integral 
components of the entire analytical and reporting process 
and control the data input, operation, monitoring, and data 
reporting functions in automated analyzers. Also, worksta- 
tions have been used to integrate the operation of one or 
more laboratory analyzers. Individual analyzers and/or 
their workstations are electronically interfaced with large 
central data repositories on laboratory information systems 

(LIS) and/or laboratory automation systems (LAS) (see 

Chapter 18). 

Computers installed in each analyzer are essential in 
the acquisition and processing of analytical data. Ancillary 
internal electronic components include analog-to-digital 
converters that rapidly (10° to 10° seconds) convert analog 
signals to digital form. Such digitized data are passed to the 
microprocessor and/or computer that processes the data into 
useful and meaningful output. Data processing and other 
computer functions in analyzers depend upon sophisticated 
software developed by each instrument manufacturer. For 
example, automation of procedures such as nonisotopic 
immunoassays and reflectance spectrometry relies on com- 
puter algorithms to transform complex, nonlinear standard 
responses into linear calibration curves. The nature and 
character of data output can be as varied as output software 
and hardware allow and as analytical purposes require. Some 
functions performed by computers incorporated into auto- 
mated analyzers are listed in Box 11-1. 

Other functions of integrated computers include: 

1. Computers command and phase the electromechanical 
operation of the analyzer, thus ensuring that all functions 
are performed uniformly, are repeatable, and are in the 
correct sequence (e.g., transfer of solutions, placement of 
proper filters, and regulation and change in speed of rota- 
tion). Computer control of operational features of auto- 
mated equipment, calculation of results, and monitoring 
of operation contribute to the increased reproducibility 
of results, These combined features, theoretically at least, 
allow less-skilled operators to operate such systems. 

2. Computers acquire, assess, process, and store operational 
data from the analyzers. Many computers include built- 
in test equipment that monitors instrument functions for 
correct execution and reacts to improper function by 
recording the site and nature of the malfunction. 

3. Computers enable important communication interactions 
between the analyzer and the operator. Alphanumeric dis- 
plays on monitors or on light-emitting diode arrays 
provide operator-readable information and signals. The 
signals may instruct the operator to intervene to replen- 
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keyboard or a touch-sensitive screen. These commands 
may reprogram certain functions of the analyzer (e.g., 
timing interval for a kinetic reaction and set point of the 
reaction temperature); enter certain values, such as cali- 
brator concentrations; display stored information in raw 
or processed form; or define the format of printed 


Data Acquisition and Calculation 
Acquisition of response signal and signal averaging 


Subtraction of blank response output. 

Correction of response of unknown for interferences (e.g., Allen- 4, Integrated computers can in turn communicate with 
type corrections) mainframe computers. A typical interface implemented in 

Linear regression for determining slope computers is a UART (universal asynchronous receiver 

(AA/At) of rate reactions; (AA/AC) of absorbance/concentration and transmitter), which is in turn connected to an RS- 
relation; (AR/AC) of any response parameter to concentration 232, RS-488, or Ethernet interface to permit interactive 

Statistics (mean, SD, CV) on patient or control values communication with other computer systems. The same 


Mathematical transformation of nonlinear relations to linear interface capability permits transmission by modem 


counterpart : : ‘ (modulator-demodulator) over telephone lines. The tele- 
Mathematical transformation of results to alternative reporting ‘ ; : 
units phone line may allow the manufacturer’s central service 
department to enhance the ability of the on-site operator 
Monitoring to service and repair the analyzer. With a bidirectional 
Test for fit of data to linearity criteria for calibration curves or interface, it is possible to “download” from the main LIS 
rate reactions computer such data as specimen identification, which 
Test of patient result against reference interval criteria governs specimen location in the analyzer’s loading zone, 
Test of control result against criteria of a quality control standard and to send test results from the analyzer back to the LIS, 
of performance either in real time or by batch. 
Test of moving average of patient results against quality criteria 5. Computers incorporated into instruments or connected 


for detecting assay drift through stand-alone PCs have expanded the capabilities 


of instrument systems to include those previously avail- 
able only by connection to the mainframes of LISs. These 
capabilities include summaries of quality control (pro- 


Display 
Display of specimens currently being analyzed, tests ordered on 
each specimen, and expected times of completion 


Accumulation of sets of patient results duction of Shewhart plots), fitting of immunoassay cali- 
Collation of results for patient-oriented printout bration curves using various models (e.g., four parameter 
Provide warning messages to alert operator to instrument log-logistic),” and linkage of patient information with 
malfunction, need for maintenance, or unusual clinical specimen identification. 
situation Computer workstations can be used to monitor and inte- 
Provide quality control charts for operator review grate the functions of one or more analyzers. Typically, the 
Provide troubleshooting flowcharts to assist operator workstation serves as the point of interaction with the 


instrument operator, accepts test orders, monitors the testing 
process, assists with analysis of process quality, and provides 
facilities for review and verification of test results. The work- 
station is usually directly interfaced with the LIS host, 
accepting downloaded test orders, and uploading test results. 


SD, Standard deviation; CY, coefficient of variation. 


ish reagent supply or to empty waste containers, or they Most workstations have facilities to display Levy-Jennings 
may warn of operating problems that can compromise quality control charts, to monitor the progress of each test 
test results. The message describing the site and type of order, and to troubleshoot the analyzers. They may also 
problem, together with the manufacturer’s service provide facilities to assist with the review of completed test 
manuals, enables quick identification of problems and results. Some workstations have rule-based software, which 
their prompt correction. Personal computer (PC) oper- allows the operator to program rules for autoverification of 
ating systems provide detailed and interactive trou- test results (MODULAR Middleware Software}. 


bleshooting guidance to operators of instruments and 


visual display of the status of every specimen. Output Ser te E ee ee 
data tested against preset criteria can be flagged and dis- INTEGRATED AUTOMATION FOR THE 


played for the operator’s evaluation and assessment. Such CLINICAL LABORATORY 

information may specify that linearity of a reaction has Significant progress has been made in integrating the indivi- 
been exceeded, a reaction is nonlinear, substrate exhaus- dual steps of the analytical process discussed in the previous 
tion has occurred, absorbance of a reagent is too high or section into analytical systems. Consequently, advanced ana- 
too low, or baseline drift is excessive. The computer can lytical systems are now available from multiple vendors for 
also receive commands from the operator through the automated chemistry, hematology, "® immunoassay," 
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coagulation, microbiology, and nucleic acid testing (see 
Chapter 37),* which provide efficient and cost-effective oper- 
ation with a minimum of operator input. Because of increased 
financial pressures to reduce costs, clinical laboratorians are 
integrating these analytical systems with “front-end” speci- 
men handling and transport systems to “totally” automate 
their laboratories and are even considering the automation of 
previously nonautomated areas. 

Some manufacturers have also developed stand-alone 
“front-end” automation systems, which perform tasks such 
as sorting, centrifugation, decapping, aliquoting, and label- 
ing of aliquot tubes. These systems may require manual 
transport of the tubes to the analytical areas, but they have 
automated steps in specimen processing with acceptable 
returns on investment for the laboratories that have acquired 
them. Including the total and modular automation systems 
described above and these stand-alone systems, total world- 
wide installations of laboratory automation are estimated at 
well more than 800 systems as of this writing. 

The potential economic benefits of large-scale automa- 
tion of the laboratory are enormous. Carried to the fullest 
extent, large-scale automation of the laboratory includes an 
automated specimen processing area where the operations 
of specimen identification, labeling, scheduling, centrifuga- 
tion, and sorting of specimens are initiated. After specimen 
processing, automated specimen conveyor devices transport 
the sorted specimens to the appropriate workstations in the 
laboratory, where they are analyzed without human inter- 
vention. Rule-based expert system software assists with the 
review of laboratory results by automatically releasing results 
that have no associated problems, but drawing any prob- 
lematic results to the attention of trained medical technolo- 
gists. All specimens are cataloged after analysis and stored in 
a central storage facility, available for automated retrieval if 
necessary. As pointed out previously, particularly important 
aspects of large-scale automation projects are the approaches 
used to process and transport specimens and the overall 
integration of the automated components into a smoothly 
functioning whole. 

We begin this section with discussions of the roles that 
workstations, instrument clusters, and workcells have in lab- 
oratory automation, followed by discussions of specimen 
transportation, automated specimen processing, automated 
specimen sorting, and automated specimen storage and 
retrieval subsystems. 


WORKSTATIONS 


The task of integrating laboratory automation begins with 
the laboratory workstation." In general, a clinical labora- 
tory workstation is usually devoted to a defined task (e.g., 
performing chemistry profiles, complete blood counts, 
hormone testing, polymerase chain reaction testing, and uri- 
nalysis) and contains appropriate laboratory instrumenta- 


*References 20, 22, 34,51,65,68,92. 


tion to carry out that task. Frequently, the workstation in the 
modern laboratory is defined in terms of the automated ana- 
lyzer that is being used. Current laboratory instruments and 
systems are highly developed for stand-alone operation and 
fit into the workstation concept. Movement of specimens 
into and out of the workstation is accomplished by manual 
transport, and the instrument operator activities are largely 
independent of those at other workstations. On a typical 
instrument, the instrument operator follows a manufac- 
turer-recommended sequence of calibration, quality control, 
and daily maintenance activities, and uses the instrument’s 
front-panel functions to introduce specimens for analysis, If 
the analyzer has a bidirectional interface with a laboratory 
information system (LIS; see Chapter 18) and bar code 
reading capabilities, information regarding what assays to 
run on each specimen is downloaded from the LIS, and the 
instrument operator simply loads bar code—labeled speci- 
mens into the specimen input area. The built-in diagnostics 
supplied in most modern analyzers (e.g., to detect malfunc- 
tions during the assay process, to track usage of reagents, and 
to notify the operator of out-of-range results) provide 
enough “intelligence” in the analyzer that the operator is able 
to “walk away” from the instrument for short periods, con- 
fident of its reliable operation. Nevertheless, the operator 
needs to attend periodically to instrument operation, replen- 
ishing reagents, evaluating instrument diagnostic messages, 
and introducing new specimens into the specimen input 
tray. 


INSTRUMENT CLUSTERS 


To reduce labor costs, instrument manufacturers are devel- 
oping approaches that will allow a single technologist to 
simultaneously control and monitor the functions of several 
instruments. Initially, such workstations have been config- 
ured with clusters of identical instruments, such as Vitros 
or Architect i2000 analyzers (Figure 11-7). Each cluster 
of analyzers has its own central control module (typically a 
PC) with software designed to assist the technologist in 
monitoring the functions of each analyzer and to aid in the 
review of laboratory results generated by the cluster. Access 
to the many front-panel functions of each analyzer is pro- 
vided by the interface between the analyzer and the central 
control module. More advanced instrument clusters incor- 
porate both chemistry and immunoassay analyzers 
(MODULAR and Architect CI series). The development of 
instrument clusters is possible in large part because the man- 
ufacturers have designed sufficient diagnostic capacities into 
their instruments to enable the autonomous “walk-away” 
mode of operation discussed previously. Thus the technolo- 
gist can load specimens onto each instrument in the cluster 
and then monitor subsequent instrument operation and 
review the results at the central workstation. By incorporat- 
ing the activities of what would be several workstations 
in most current laboratories into a single integrated work- 
station, this approach shows promise in saving laboratory 
manpower. 
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Figure l1-7 Workstations with clusters of like instruments 
{e.g chemistry analyzers, Chem I through Chem 4, or 
hematology analyzers, Heme | through Heme 4) enable one 
technologist to operate and monitor the functions of several 
analyzers simultaneously. The central control module is usually 
provided by the manufacturer of the analyzers in each cluster. 
(From Boyd JC, Felder RA, Savory J. Robotics and the changing face of 
the clinical laboratory. Clin Chem 1996; 42:1901-10.) 
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Figure 11-8 A workstation configured with a cluster of unlike 
instruments theoretically allows one technologist to operate and 
monitor the functions of several unlike analyzers. The software 
provided for the central control module is vitally important for 
successful implementation of such a configuration. Central 
control modules for this type of instrument cluster are under 
development by some LIS vendors and independent system 
integrators. (From Boyd JC, Felder RA, Savory |. Robotics and the 
changing face of the clinical laboratory. Clin Chem 1996; 42:1901- 
10.) 


Immunology 


A possible extension of this concept is the development 
of clusters of unlike instruments (Figure 11-8) that cross tra- 
ditional laboratory disciplines. When it is possible for a 
single technologist to monitor a workstation performing 
simultaneous testing from several disciplines, further reduc- 
tion of laboratory manpower is envisioned. Bush” used a 
“chematology laboratory” to describe his joining of routine 
chemistry and hematology into a single instrument cluster 
in his laboratory. Interfaces between laboratory instruments 
in a cluster and the central control module are critical com- 
ponents of such a cluster. Standard interface design that 
would allow uniform communication of instructions to 
instruments from the central control module, and reporting 
of status information and laboratory results from the instru- 
ments to the central control module would facilitate the 
development of hybrid instrument clusters; however, current 
instrument interface standards do not yet allow for stan- 
dardized transmission of instrument control instructions, 


Centrifuge 


aa a 
control 
ares Ge 


Immunology 


Figure 11-9 Example of a workstation configured with a 
cluster of unlike instruments and robotic specimen processing 
that could be useful in remote automated laboratories or in 
small outpatient laboratories. (From Boyd JC, Felder RA, Savory J. 
Robotics and the changing face of the clinical laboratory. Clin Chem 
1996; 42:1901-10.) 
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and most laboratory instruments are not designed to accept 
commands from a remote computer.’ Thus enhanced 
communication between different types of laboratory 
automation is necessary if this extended instrument cluster 
concept is to be successful (see later, under Development of 
Standards for Laboratory Automation). 


WORKCELLS 


Another extension of the instrument cluster concept is to 
add robotic specimen handling and preparation (Figure 
11-9).* The robot is used to carry out various specimen 
preparation steps, including checks of specimen adequacy, 
centrifugation, aliquoting, labeling, and specimen storage 
after analysis. The robot is then responsible for introducing 
specimens into the appropriate analyzer, allowing the tech- 
nologist to assume a primarily monitoring role. An interface 
between the central control module and the robot controller 
(or combining these functions on a single computer) allows 
the activities of the robotic cluster to be fully coordinated. 
The ability to carry out serial centrifugation of specimens as 
described by Godolphin et al** and others””* would be ideal 
at a workstation because it would prevent the time delays 
introduced by batching of specimens in traditional centrifu- 
gation. As is mentioned in a section below on stand-alone 
specimen processing systems, several vendors are now mar- 
keting workcells that combine specimen processing with 
analytical testing. The Ortho enGen 1 system interfaces the 
enGen processing system with a Vitros 950AT analyzer. The 
Olympus OLA4000 workcell integrates an automated speci- 
men processing system with up to two AU series analyzers 
depending on desired capacity. 


AUTOMATED SPECIMEN TRANSPORT 


Different approaches have been developed to transport spec- 
imens within the laboratory, including mobile robots, con- 
veyor belts, and robotic arms. 


Mobile Robots Versus Conveyor Belts 


Mobile robots and conveyor belts have been used in the tab- 
oratory as aids to transport specimens from one clinical lab- 
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oratory workstation to another. Conveyor belt technology has 
been applied successfully in industry for carefully defined. 
transportation requirements. However, the difficulty this 
technology has in handling the large variety of specimen 
containers found in the clinical laboratory (ranging from 
microspecimen containers to large urine collection contain- 
ers) is a disadvantage. To increase the variety of types of 
specimen containers that can be carried on a conveyor belt 
system, specimens are placed into specially designed carriers 
that fit on the conveyor. belt line. Known as “pucks” or 
“racks” (depending on whether they carry individual speci- 
mens or groups of specimens), the carriers have receptacles 
for variously sized tubes. The Beckman Coulter Power 
Processor system carries specimens individually in disk- 
shaped pucks, whereas the Roche Diagnostics-Hitachi 
system carries specimens in racks that hold five tubes. Both 
of these systems have limitations on the tube sizes they can 
accommodate. Although some conveyor belt systems are 
custom manufactured for a facility (Simpliflex), others 
(Beckman Coulter, Roche Diagnostics-Hitachi, and Flexlink) 
are sold in modular form, including straight and curved 
pieces of track of varying lengths, crossover modules, and 
gating modules that can be assembled in various configura- 
tions to match a given laboratory geometry. 

Elevator modules are available for some systems that 
allow pucks or racks to be moved up to ceiling height or 
under the floor for transport. Elevator modules vary in their 
ability to keep the specimen in an upright position, an 
important consideration if the tubes are being transported 
in an uncapped state. Eggert et al“ have developed a unique 
overhead conveyor system for delivery of specimens from a 
central receiving area to appropriate laboratory worksta- 
tions. Diamond et al’! have described the use of conveyor 
belt technology in carrying out automated analyses in the 
hematology laboratory. Rothe et al” have provided estimates 
of the cost savings that may be achieved by such an 
approach. 

Transfer of specimens from the conveyor belt to the lab- 
oratory workstation has been implemented in various ways. 
For example, many manufacturers have equipped their lab- 
oratory instruments with devices to obtain specimens from 
conveyor belt systems. The Vitros 950 AT and 250 AT ana- 
lyzers, Dade Behring Dimension RxL, Abbott Architect, and 
Bayer ADVIA Centaur are examples of analyzers that can 
sample directly from open tubes on a conveyor belt track 
that has been physically attached to the back or side of the 
analyzer. Diagnostic Products Corp. has a specimen man- 
agement system (SMS) that can be linked to a single 
Immulite 2000 or that can form an immunoassay workcell 
by linking with two Immulite 2000 analyzers. The SMS uses 
a robot arm to transfer specimens back and forth between 
racks of specimens that have been loaded into the SMS and 
the analyzer carousels. Thus racks of specimens have merely 
to be loaded into the SMS, which then manages the process 
of loading and unloading both analyzers. The SMS can also 
be attached to a conveyor system from which the same robot 


arm can transfer specimens from the conveyor directly into 
an Immulite 2000 or into empty racks in the immunoassay 
workcell. The SMS can also return specimens to the conveyor 
after the test results have been verified, provided there is an 
empty carrier in the proper position on the conveyor. 

In contrast with the limited ability to reconfigure con- 
veyor belt systems and their limited ability to handle differ- 
ent sized specimen containers, mobile robots are easily 
adapted to carry various sizes and shapes of specimen con- 
tainers, and can be reprogrammed to travel to new {and 
distant) locations with changes in laboratory geometry. Lim- 
itations of mobile robots include their requirement of 
having to batch specimens, and their difficulty in interfacing 
mechanically with laboratory analyzers so that specimens are 
introduced directly from the mobile robot onto the analyzer. 
In many situations, laboratory personnel are still required to 
place specimens onto or remove specimens from the mobile 
robot at each stopping place. Mobile robots have been used 
to return conveyor belt specimen carrier racks to the central 
dispatch area and for transport of specimens within and 
outside the laboratory. In the latter application, mobile 
robots may be a useful alternative to pneumatic tube deliv- 
ery systems. 

Mobile robots have been equipped with simple (Robo- 
cart) or sophisticated (Helpmate) guidance systems. Robots 
with simple guidance systems follow a predetermined route 
(such as a line on the floor) to reach their destination, 
whereas robots with more sophisticated guidance systems 
are expected to navigate independently through a facility. 
The costs of the technology, not unexpectedly, vary directly 
with the degree of sophistication. Sophisticated guidance 
systems require more built-in sensors to provide enough 
information about the robot’s outside environment to 
enable independent navigation. A review of commercially 
available mobile robots has been published.” 


Robot Arms 


The early applications of programmable robotic arms in the 
clinical laboratory have been reviewed.™™! Robotic arms 
were first used by the pharmaceutical industry to conduct 
drug dosage studies, and then by clinical laboratories to carry 
out highly complex clinical assays. Three types of robotic 
devices are commercially available: cartesian, cylindrical, and 
articulating (Figure 11-10). Robots, by virtue of their oper- 
ational flexibility, enable systems to be reconfigured rapidly 
for new and varying protocols. This enhances versatility and 
safety, improves precision and productivity, and reduces 
errors caused by human mismatching of specimen identity. 
However, misprogramming of the systems can result in 
repetitive errors with potentially grave medical and legal 
consequences; thus great care is required to ensure that such 
errors do not occur. 

Cartesian systems are the most common form of robot- 
ics in use in laboratories at present. Embodied in program- 
mable pipetting stations, they provide flexible pipetting 
routines to suit varied protocols. They have been applied 
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Figure 11-10 Three basic configurations of robotic devices that have application in the clinical 
laboratory. A, Cartesian. B, Cylindrical. C, Articulating (polar) or jointed. (Courtesy the Journal of 
the International Federation of Clinical Chemistry 1992; 4:175.) 


Figure 11-11 Radial arrangement of peripheral equipment 
around a centrally located robot. Such a workstation requires a 
circular work space in the laboratory with easy access from all 
sides. (From Boyd JC, Felder RA, Savory J. Robotics and the changing 
face of the clinical laboratory. Clin Chem 1996; 42:1901-10.) 


most often to automating heterogeneous assays. Examples of 
cartesian systems include Microlab 2000 and 2200, Plato 
3000 series, and Tecan. The Integra incorporates a cartesian 
robot for carrying out all pipetting activities on the analyzer. 

Robot arms have varying configurations and degrees of 
freedom of movement.” Two types of arms have been used 
in clinical laboratories: (1) cylindrical robot arms with inter- 
changeable hands (Zymate); and (2) fully articulated robot 
arms with wrist and‘elbow joints (Thermo CRS). When the 
arm is attached to a stationary base, its range of motion is 
constrained (Figure 11-11) to a hemispherical or cylindrical 
space around the robot base (depending on the type of 
robot). This limit on the range of motion restricts the posi- 
tions of devices with which the robot interacts to a radial 
pattern around the robot base. Some robot manufacturers 
have mounted their robot arms on mobile bases attached to 
a track (Figure 11-12). The track extends the range of 
motion of the robot so that instruments and devices with 
which the robot interacts can be arrayed linearly along a 
table or bench. 

The reproducibility of robot arm motions is in general 
very good, having a standard deviation of less than 1 mm for 
positional repeatability.” Although high-level programming 
languages are available for robot arms and are relatively easy 
to use, it has been difficult to find Jaboratory personnel who 
understand the existing robot control programs and can 


Figure Il-12 Use of a robot on a linear track allows 
placement of peripheral equipment with which the robot 
interacts on a rectangular table. This workstation configuration 
uses a more conventional rectangular space that can be set 
along a wall. (From Boyd JC, Felder RA, Savory J. Robotics and the 
changing face of the clinical laboratory. Clin Chem 1996; 42:1901- 
10.) 


make appropriate modifications to the programs when 
improvements are made to the assay protocol or when the 
assay protocol changes with the acquisition of newer 
analytical devices. 

Few of the originally described robot arm applications in 
North American clinical laboratories remain operational 
today because there are too few trained personnel to main- 
tain the software. Applications of robot arms in the Kochi 
Medical School (Nankoku, Japan), by contrast, appear to 
have enjoyed greater longevity because the technologists 
working in that laboratory have had appropriate training in 
programming and maintaining these applications. Because 
the applications of robotic arms in pharmaceutical labora- 
tories have been highly repetitive procedures with relatively 
low complexity, competent systems integrators have been 
able to profitably produce and maintain working pharma- 
ceutical robotic testing systems. Systems integrators have not 
been eager to develop customized medical robotics systems 
in U.S. clinical laboratories because of issues related to com- 
pliance with Food and Drug Administration regulations for 
medical devices. 


AUTOMATED SPECIMEN PROCESSING 


Although the manual operations carried out in a specimen 
processing area have the outward appearance of being 
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simple, considerable complexity underlies these operations. 
Consequently, specimen processing has been one of the most 
difficult areas of the clinical laboratory to automate. 

Automating the specimen processing area has been 
approached in various ways using both integrated and 
modular approaches, which are discussed below. Each spec- 
imen passing through a specimen processing area has to 
undergo a series of operations, beginning with (1) receiving 
the specimen, (2) inspecting it for appropriateness (labeling, 
container type, and quantity of specimen), (3) logging onto 
the laboratory information system, (4) labeling with an 
accession number, and (5) separating urgent and stat speci- 
mens from routine specimens. Also, specimens must be 
sorted for centrifugation, aliquoting, or otherwise prepared 
for the appropriate laboratory station. Centrifugation must 
be performed for the appropriate period of time usually 
based upon matrix and assays to be performed, and each 
centrifuged specimen must be inspected for appropriate 
quality (e.g., noting presence of hemolysis, lipemia, and 
icterus) and sorted according to its workstation destination. 
Adding to the difficulty of programming an automated 
system is the fact that typical clinical laboratories receive 
diverse specimen containers with all types of specimens to 
be evaluated (ranging from blood to hair) and have a test 
repertoire exceeding 2000 different tests. 


Stand-Alone Specimen Processing Systems 


Several manufacturers (AI Scientific, Aloka, Olympus 
[Figure 11-13], Ortho-Clinical Diagnostics, and Tecan 
[Figure 11-14]) offer stand-alone or independent specimen 
processing systems that automate various tasks but do not 
provide conveyors for transporting specimens between sub- 
systems. All of these systems place processed specimens into 
racks that must be transported manually to the testing areas, 
with some exceptions. The system from Olympus can also 
be directly interfaced to Olympus analyzers and the systems 
from Ortho-Clinical Diagnostics (which is made by Thermo 
Electron Corporation) can be directly interfaced to analyz- 
ers from different vendors. Some of these stand-alone 
systems are about the size of a large automated analyzer and 
others may be a little larger. They may be a good choice for 
laboratories with daily workloads of 500 to 2500 specimens, 
laboratories with space limitations, or laboratories that 
desire an upgrade path and ease of use with different ana- 
lyzers from different vendors, Some laboratories may choose 
to use multiples of a stand-alone specimen processing 
system to automate archiving and preanalytical specimen 
processing. 

Each of these systems has the following capabilities: (1) 
receiving incoming specimens, (2) sorting, (3) decapping, 
(4) aliquoting, and (5) bar coded labeling of aliquot speci- 
men containers. All can be interfaced to the laboratory’s LIS. 
In addition, the Ortho-Clinical Diagnostics, Tecan, and one 
of the two Olympus systems include automated centrifuga- 
tion. Sevcral of the systems sort into instrument-specific 
racks for analyzers from a number of different vendors. In 


Figure 11-13 The Olympus OLA-2500 Decapper/Sorter/ 
Archiver/Aliquotter has a maximum sorting throughput of 800 
tubes per hour and a typical afiquoting throughput of 600 tubes 
per hour. Olympus also has an OLA-4000 system, which includes 
centrifugation and can be integrated with up to two Olympus 
AU-series automated analyzers. (Courtesy Olympus America, Inc; 
www.olympusamerica.com.) 


Se 


Figure 11-14 The Tecan Genesis FE-500 Workcell performs 
presorting, specimen volume inspection, centrifugation, 
decapping, aliquoting, and destination sorting into racks specific 
to a number of different analyzers with a throughput of up to 
500 primary tubes per hour. (Courtesy Tecan, US, Inc; www. 
tecan-us.com.) 


addition to sorting for particular analyzers or laboratory sec- 
tions, some users apply these systems for aliquoting and 
sorting their reference or “send-out” testing, saving consid- 
erable time in locating the original specimens after testing in 
their own laboratory. The AJ Scientific and Aloka systems are 
not yet marketed in the United States. 
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Integrated and Modular Automation Systems 


Several manufacturers offer integrated or modular automa- 
tion systems for specimen processing that includes addi- 
tional functionality (A&I Corp., Bayer, Beckman Coulter, 
MDS AutoLab Systems, Ortho-Clinical Diagnostics, PVT, 
Roche Diagnostics, and Thermo Clinical Lab Systems). In 
addition to the functions described in the preceding section, 
these systems typically add conveyor transport, interfacing 
to automated analyzers, more sophisticated process control, 
and in some cases a specimen storage and retrieval system. 
All of the systems are of modular design, allowing the cus- 
tomer to choose the functions (e.g., centrifugation, sorting, 
aliquoting, etc.) to be included. Some of the systems use an 
open design, which permits interfaces to analyzers from a 
variety of vendors, whereas other systems are of a closed 
design and can only be interfaced to the vendor’s own or a 
limited number of analyzers. It should be noted that closed 
systems typically do not have process control software that 
is independent of the instruments or system, but rather 
the automation process control is integrated to work with 
the vendor’s analyzers. This design may make it difficult 
for the laboratory to change analyzers to another vendor in 
the future. 

To achieve maximum effectiveness of an automation 
system, process control software should be able to read the 
specimen’s identification (ID) bar code and obtain informa- 
tion from the laboratory’s LIS about specimen type and 
ordered tests. It should then determine the processes the 
specimen requires—such as centrifugation, decapping, or 
aliquoting—and the exact route or course of action for each 
specimen. It should be able to calculate the number of 
aliquots and the proper volume for each depending on the 
tests requested, route the specimens to analyzers, recap the 
specimens, and retain the specimens for automatic recall. 
The software should be able to monitor analyzers for in- 
control production status and automatically make decisions 
if a test is not available. Specimen integrity checking should 
be automatic; rules-based decisions should monitor speci- 
men quality and make these decisions, Finally, most process 
control software should include “autoverification,” which is 
validation of analyzer results by making rules-based deci- 
sions that flag exceptions for technologist review, and 
“autoretrieval” of specimens for repeat, reflex, and dilution 
testing. 

Although most of these systems are restricted to handling 
specific types of specimen containers, they are capable of 
processing much of the daily workload of a laboratory and 
have been installed in more than 500 laboratories around the 
world. Although a few laboratories with daily workloads as 
low as 600 to 800 specimens tubes have justified these 
systems because of a shortage of technical help, normally 
these systems are designed for laboratories with workloads 
of 1000 to 10,000 specimens per day. In addition to process 
control software and the ability to be interfaced to the labo- 
ratory’s LIS, each of these systems incorporates some or all 
of the following components: 


10. 


il, 


. Specimen input area: A holding area where bar code- 


labeled specimens are introduced into the system. 


. Bar code reading stations: Multiple bar code readers are 


placed at critical locations in the processing system to 
track specimens and provide information for their proper 
routing to various stations in the processing system. 


. Transport system: Segments of a conveyor belt line that 


move specimens to the appropriate location. 


. High-level sorting or routing device: A device that sepa- 


rates specimens by type (such as by tube height) or by 
order code and passes them to the transport system or 
to a racking system. High-level sorting is often used to 
separate specimens that require centrifugation, or other 
processing steps from specimens that do not, or to route 
specimens into completely different pathways within the 
total automation system. 


. Automated centrifuge: An area of the specimen proces- 


sor in which specimens requiring centrifugation are 
removed from the conveyor belt, introduced into a 
centrifuge that is automatically balanced, centrifuged 
(either refrigerated or at room temperature), and then 
removed from the centrifuge and placed back on the 
transport system. 


. Level detection and evaluation of specimen adequacy 


(specimen integrity): An area in which sensors are used 
to evaluate the volume of specimen in each specimen 
container and to look for the presence of hemolysis, 
lipemia, or icterus. 


. Decapping station: An area or device in the automated 


system in which specimen caps or stoppers are auto- 
matically removed and discarded into a waste container. 


. Recapping station: An area or device in the automated 


system in which specimen tubes are automatically 
recapped with new stoppers or covered with an air-tight 
closure. 


. Aliquoter: Aspirates appropriately sized aliquots from 


each original specimen container and places them into 
bar coded secondary specimen containers for sorting 
and transport to multiple analytical workstations. 
Interface to automated analyzer: a direct physical con- 
nection to an automated analyzer that permits the ana- 
lyzer’s sampling probe to aspirate directly from an open 
specimen container while the container is still on the 
conveyor, or that may robotically lift the container from 
the conveyor and place it in the analyzer. Some automa- 
tion systems only interface to their own brand of ana- 
lyzers or to a limited number of systems, whereas other 
automation systems use a so-called open design that 
complies with the NCCLS standards and permits inter- 
faces to a variety of automated analyzers. 

Sorter: an automated sorting system for sorting of spec- 
imens not going to a conveyor-interfaced analyzer 
or workstation. Such a sorter typically sorts into 30 to 
100 different sort groups in racks or carriers. In some 
systems the racks can be specific to certain analyzers for 
convenience. 
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12. Take-out stations: Temporary storage areas for speci- 
mens before or after analysis. The take-out station may 
be the same as the sorter described above where speci- 
mens are sorted for manual delivery. However, it may 
also serve as a holding area (stockyard) for specimens 
awaiting autoverification of results in case a repeat test 
is required. 

13. Storage and retrieval system. This unit may serve the 
same function as the take-out station or stockyard—that 
of holding specimens after analysis in case a specimen is 
necessary for a repeat test, but it has one major differ- 
ence. These units are typically refrigerated and hold 
many more specimens (several thousand) than the 
typical take-out station or stockyard. Depending on 
daily workloads, the laboratory may be able to retain one 
week’s worth of specimens for possible repeat or addi- 
tional tests. Specimen containers are loaded and 
retrieved robotically. 

Brief descriptions of the integrated (modular) automa- 
tion systems appear in the following sections. 


Ae&T Corporation 

The A&T CliniLog system includes specimen input, bar code 
reading, high-level sorting or routing, conveyor transport- 
ing, centrifugation, decapping, aliquoting, bar code labeling 
of racks of aliquot specimens, interfacing to chemistry and 
immunochemistry analyzers, and a terminal stocker, Speci- 
mens can be transported in racks of 5 or 10 specimen con- 
tainers. A&T has approximately 60 installations in hospitals 
and laboratories in Asian countries and has recently begun 
marketing in the United States. A&T participates in the Open 
LA21 Project, an effort involving 10 different companies to 
develop a modular automation system by following the 
NCCLS and Japanese standards for laboratory automation. 
This system allows single specimen transport and has all of 
the 13 functions listed above. 


Bayer Diagnostics 

The Bayer Diagnostics ADVIA LabCell and ADVIA Work- 
Cell Modular Automation Systems use circular single tube 
carriers capable of transporting various size primary tubes 
and a unique dual conveyor design that allows specimen 
tubes to bypass intermediate stations to quickly reach other 
stations in the total system. The capabilities of these systems 
include specimen input, bar code reading, high-level sorting 
and/or routing, conveyor transporting, centrifugation, 
decapping, interfacing to Bayer’s chemistry, immunochem- 
istry, hematology, urine analyzers, a take-out station, and 
archiving capabilities for finding specimens postanalysis. An 
automated aliquoter is under development. Bayer’s ADVIA 
CentraLink provides a single LIS interface for all automation 
and analyzers and serves as the consolidated data and quality 
control (QC) manager. There are more than 73 U.S, instal- 
lations worldwide with approximately half in the United 
States as of this writing. 


Figure 11-15 Beckman Coulter Power Processor System. This 
photograph is of an actual system installed in a large hospital 
laboratory. This system design includes modules for preanalytical 
processing and analyzers. (Courtesy Beckman Coulter Inc; 
www.beckmancoulter.com.} 


Beckman Coulter 


The Beckman Coulter Power Processor (formerly the 
Coulter IDS System) transports specimens in disk-shaped 
carriers known as “pucks” (Figure 11-15). The system 
includes specimen input, sorting, centrifugation, decapping, 
specimen volume detection, aliquoting, bar code labeling of 
aliquot specimens, interfaces to Synchron LX and other 
vendors’ analyzers, recapping, a downstream sorter or stock- 
yard, and a refrigerated storage system for finished speci- 
mens. The pucks cannot be removed from the track. 
Therefore devices such as the centrifuge or analyzers into 
which tubes are transferred have an adjacent area of track 
in which empty pucks are queued to await the return of each 
tube to a puck. Beckman Coulter has approximately 180 
installations of the Power Processor or the IDS system world- 
wide and offers a full line of systems from entry level to very 
complex custom systems. 


MDS AutoLab 


MDS AutoLab generally only builds automation systems in 
laboratories that are wholly or partly owned by MDS, 
However, one very large reference laboratory not owned by 
MDS does have a highly successful AutoLab system, which 
has been described in publications.” There are a total of 
seven MDS installations in the United States and Canada. 
The AutoLab system uses unique transport carriers that 
transport individual specimens, but which can be removed 
from the track and snapped together into blocks of carriers 
that resemble tube racks for tubes. Capabilities of the MDS 
AutoLab systems include high-speed specimen input, con- 
veyor transport, decapping, interfacing to chemistry and 
immunochemistry analyzers from different vendors, recap- 
ping, and high-speed sorting. 


Ortho-Clinical Diagnostics 


Ortho’s automation systems are designed and built by 
Thermo Electron Corp. This arrangement gives customers 
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an option of acquiring the automation system and Ortho’s 
analyzers as a package and having a single source for service. 
These systems have the following functionalities: specimen 
input, bar code reading, transporting system, high-level 
sorting or routing, centrifugation, decapping, aliquoting, 
interfacing to various chemistry and immunochemistry ana- 
lyzers, recapping, and an exit-sorting system. Ortho-Clinical 
Diagnostics has also partnered with Thermo Electron for 
automated systems outside the United States. 


PVT 


The capabilities available with PVT’s modular automa- 
tion include specimen input, sorting, automated centrifuga- 
tion, specimen integrity inspection, decapping, aliquoting, 
bar code labeling of aliquot specimens, recapping, specimen 
distribution with cap piercing, and a take-out and sorting 
station. All PVT systems can accommodate all common con- 
tainer sizes and all specimen types. PVT uses the Hitachi 5- 
position rack for their single-task modules. The multi-task 
workstations from the RSD 800 series work with racks from 
almost any vendor. Their specimen integrity system mea- 
sures specimen volume and detects clots, hemolysis, icterus, 
and lipemia. Each PVT module can be purchased indepen- 
dently to meet specific laboratory requirements. PVT has 
more than 300 installations in Europe and more than 20 
installations in the United States. 


Roche Diagnostics 


Roche Diagnostics’ MODULAR PREANALYTICS (MPA 
Plus) automation system is manufactured by Hitachi and is 
based on the Hitachi 5-tube rack. The capabilities of this 
system include specimen input, centrifugation, decapping, 
aliquoting, bar code labeling of aliquot tubes, specimen 
integrity checking, interfacing to Roche and/or Hitachi 
MODULAR analyzers, recapping, sorting, and a take-out 
station. Components can be purchased in a customized 
fashion to meet the requirements of individual laboratories. 
Roche Diagnostics and Hitachi have approximately 120 
installations worldwide. 


Thermo Electron Corporation 


Thermo Clinical Labsystem’s TC Automation system uses 
single specimen carriers, which can accommodate a variety 
of container sizes and multiple tube carriers. Their system 
can also accommodate racks of different sizes or types in 
their exit sorting system. The system’s capabilities include 
specimen input, bar code reading, high-level sorting or 
routing, centrifugation, decapping, aliquoting, bar code 
labeling of aliquot specimens, interfaces to various chemistry 
and immunochemistry analyzers, and an exit-sorting 
system. To date, Thermo Electron has 14 installations, which 
have all been in Europe, but they are now marketing in the 
United States. 


AUTOMATED SPECIMEN SORTING 


Several approaches to automated sorting of specimens have 
been taken including (1) use of a conveyor belt, (2) auto- 


mated sorting into racks, and (3) stand-alone sorters. Select- 
ing the correct one of these approaches is an extremely 
important determinant of the overall scheme of automation 
in any particular laboratory. 


Integration with a Conveyor System 


Three types of conveyor sorting systems have been used. One 
type uses a continuous loop in which all specimens follow 
the loop and go past each workstation or analyzer. Speci- 
mens are either sampled directly by the analytical instrument 
while on the conveyor, or a robot attached to the worksta- 
tion removes selected specimens from the conveyor for 
analysis (Figure 11-16). This approach has the advantage 
that specimen aliquoting is not required because specimens 
pass by all workstations at which tests are performed. 
However, the continuous loop also has some drawbacks in 
that specimen throughput is often limited by the slowest 
direct sampling analyzer on the loop, One exception is the 
Bayer ADVIA system, which uses double tracks enabling 
specimens to bypass stations to get to their correct destina- 
tions. It should also be noted that if specimens are removed 
from their carriers on the line for testing, a system of 
queuing empty carriers is required to return the tubes to the 
conveyor. 

In a second approach, instead of a continuous loop, some 
automated processing conveyor systems use a high-level 
sorting device to sort specimens into groups according to 
their routing destination in the laboratory, such as for hema- 
tology or chemistry tests. Downstream from the sorting 
device, separated specimens are routed down a dedicated 
conveyor line (Figure 11-17). This sorting method follows 
the approach used in most manual specimen processing 
areas; the extent of specimen transport via conveyor can 
depend on the activities to be included. For example, these 
designs may include a centrifuge and aliquoter, interfaced 
chemistry or immunochemistry analyzers, additional 
sorting, a take-out station, and even a refrigerated storage 
and retrieval station at the end of the chemistry line. The 
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Figure 11-16 Direct sampling from a conveyor track in a loop 
configuration eliminates the need for separate equipment to 
sort specimens but may limit the rate of specimen movement 
on the track to the sampling speed of the slowest workstation. 
(From Boyd JC, Felder RA, Savory j. Robotics and the changing face of 
the clinical laboratory. Clin Chem 1996; 42:1901-10.) 


Chapter I1 Automation in the Clinical Laboratory 289 


hematology line may lead directly to hematology and coag- 
ulation analyzers and to an automated slide preparation 
machine. 

In the third approach, sorting is integral to the conveyor 
system and specimens are sorted as they are transported 
(Figure 11-18). The advantages of this approach are that a 
dedicated specimen sorting device is not necessary in the 
specimen processing system, and that with appropriate spec- 
imen rerouting, the requirement for specimen aliquots may 
be avoided. Possible disadvantages of this approach are the 
expense of multiple bar code reading stations and specimen 
routing gates and the complexity of the process control soft- 
ware required. 


Automated Sorting into Racks 


Some systems are designed to sort the specimens into racks 
for transfer to particular laboratory sections or analyzers as 
described above. These systems (AI Scientific, Aloka, 
Olympus, Ortho-Clinical Diagnostics, and Tecan) sort the 
aliquot and original tubes into racks for manual transport to 
analyzers or lab sections. In some cases the racks may be spe- 
cific for a specific analyzer, eliminating additional handling 
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Figure Il-17 Sorting laboratory specimens before introduction 
to an automated specimen conveyor system simplifies the design 
and construction of the conveyor, (From Boyd JC, Felder RA, 
Savory f. Robotics and the changing face of the clinical laboratory. 
Clin Chem 1996; 42:1901-10.) 
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Figure 11-18 Use of the conveyor system to sort specimens 
dynamically during specimen transport eliminates the 
requirement for separate equipment to sort specimens, but 
requires a more sophisticated conveyor system with numerous 
bar code reading stations and gates to direct the specimens to 
the appropriate workstation. (From Boyd JC, Felder RA, Savory J. 
Robotics and the changing face of the clinical laboratory. Clin Chem 
1996; 42:1901-10,) 


Stand-Alone Sorting System 

Some systems use a stand-alone sorting system, where spec- 
imens are manually loaded and unloaded (MDS AutoLab, 
Megamation, and Motoman). These systems require manual 
loading of tubes in racks or carrier devices; in some instances 
these may be analyzer specific racks or carriers. At speeds of 
1000 tubes per hour or greater, tubes can be sorted into as 
many as 30 to 100 different sort groups. Typically the labo- 
ratory determines what each sort group is. The sort group 
could be all tests for a particular laboratory section, a group 
of closely related tests performed on the same analyzer or at 
the same bench, or an individual high-volume test. These 
systems may be very useful in a setting such as a reference 
laboratory, which may have many different tests and high 
volumes, but for which online centrifugation and aliquoting 
are less important considerations. 


AUTOMATED SPECIMEN STORAGE AND RETRIEVAL 


Automated capability to store and retrieve specimens on 
demand is an important aspect of automated specimen 
delivery systems. A few of the integrated systems described 
above (e.g., Beckman Coulter) offer specimen storage and 
retrieval modules as options in their systems. These robotic 
modules store specimens refrigerated in specific locations 
that are logged into a database maintained by the specimen 
delivery system. When a user requests a specific specimen to 
be retrieved, the robot is given commands to retrieve the 
specimen from the appropriate archived location and to 
route the specimen to the requested station using the speci- 
men transportation system. 

A variety of free-standing refrigerated or frozen systems 
are also available and have been employed in some clinical 
laboratories. Biophile has a low temperature (~80 °C, etc.) 
robotic freezer, which is ideal for vials such as those used in 
molecular testing. Jouan Robotics has a robotic frozen 
storage system for microtiter plates. For laboratories with 
larger daily workloads, SK Daifuku, Diamond Phoenix, and 
Remstar each have different types of automated storage and 
retrieval systems that can be installed in either refrigerators 
or freezers. In these systems, trays or racks of specimens can 
be stored and retrieved by an operator or by using a robotic 
system, depending on the degree of automation desired. 


PRACTICAL CONSIDERATIONS — 


In this section we discuss the practical considerations that 
influence a laboratory’s decision to automate part or all of 
its operations. Included are discussions of evaluating a lab- 
oratory’s requirements and other problems laboratorians 
face in integrating and automating their laboratories. The 
section concludes with a discussion on measuring the impact 
of automating a laboratory. a Ok A 


EVALUATION OF REQUIREMENTS 


Any consideration of total or modular laboratory automa- 
tion should start with an evaluation of requirements.” Such 
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an evaluation begins with mapping of the current laboratory 
work flow from the arrival of patient specimens through 
completion of testing and reporting of results. Box 11-2 lists 
potential work-flow steps that should be mapped. 

Middleton et al have described work-flow mapping in 
their discussion of process control and online optimiza- 
tion.” They relate the mapping of material (specimen) flows 
and data flows to process flow and show how such mapping 
assists the laboratory in determining process steps that are 
bottlenecks, steps that waste labor, and steps that are prone 
to errors. Work-flow mapping thus enables the laboratory to 
better identify what steps should be considered for automa- 
tion. Although work-flow analysis at the beginning of an 
automation project may seem time consuming when the 
steps to be automated appear obvious, the authors believe 
that the mapping effort is well worth the investment in time 
and labor. 

Some laboratorians use 80% as a “rule of thumb” in 
guiding decisions about automation. Clinical laboratories 
have many exceptional tests, specimen containers, and han- 
dling situations. Nevertheless, if 80% of the specimen 


Unpacking from transport containers 

Presorting 

‘Temperature preservation 

Order entry 

Document management (requisitions, etc.} 

Labeling 

Sorting 

Centrifugation 

Labeling of aliquot tubes 

Pouring of aliquots 

More sorting 

Delivery to laboratory sections 

More sorting 

Preparing work lists 

Decapping. 

Labeling analyzer-specific tubes for specimens 

Pouring or pipetting analyzer-specific specimens 

Loading tubes on analyzers 

Performing tests (steps such as extraction, centrifugation, 
precipitation, dilution, etc., are not specifically listed) 

Unloading analyzers 

Recapping 

Data manipulations (calculations) 

Result review and verification 

Reporting of results 

Delivery of specimens to archival storage system 

Archival storage of specimens 

Reflexive testing 

Repeat testing, diluting, if necessary 

Additional physician-ordered testing 

Specimen retrieval for additional or repeat testing 

Disposal of expired specimens 


containers and handling situations can be standardized and 
automated, the laboratory will achieve a dramatic reduction 
in its labor and costs, which should be sufficient to justify 
the investment in automation and the planning and evalua- 
tion time involved. 

Once the laboratory’s work flow has been mapped and its 
requirements have been identified, alternative solutions can 
be considered. Vendors are then invited to make presenta- 
tions and to host visits of the laboratory management team 
to other laboratories where the vendors have successful 
installations. It is important at this stage to focus on the 
requirements identified by the work-flow mapping and not 
allow the vendor to try to sell equipment that may not be 
necessary. 

Not every laboratory automation project has been suc- 
cessful. The authors believe that the poorer than expected 
results for at least some of those projects were due to inad- 
equate planning and lack of evaluation of requirements. Box 
11-3 lists 10 potential reasons why automation fails to meet 
expectations. 


PROBLEMS OF INTEGRATION 


Building a highly integrated laboratory generates many 
potential problems. Because it is unlikely that a laboratory 
will use only the equipment of a single equipment manu- 
facturer, integration of the instruments and robotic devices 
from different manufacturers is necessary. Decisions must be 
made concerning which device will be the master controller 
and which company will develop the software that provides 
overall control of the automation scheme. In addition, indi- 
viduals or firms who will be responsible for configuration of 
the automation to the geometry and production schedule of 
the laboratory must be recruited and trained. Although 
industrial automation schemes have been developed to solve 
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Incomplete understanding of current environment, processes, 
costs, customer expectations 

Loss in flexibility because of fixed processes and limited 
throughput 

Unrealistic expectations of system——cost reduction, throughput, 
return on investment 

Unplanned and poorly developed “workarounds” required to 
interface automation with manual processes 

Unclear expectations of system functionality 

Overbuilt and unnecessarily complicated system design 
Inadequate technical support 
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Hidden costs—tlabor, supplies, maintenance 

Failure to optimize current processes before automation (never 
automate a poor process) 
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many of these problems, there is as yet insufficient experi- 
ence with these approaches in the very different operating 
environment of a clinical laboratory. 

The reader is referred to the NCCLS standard AUTO3-A, 
which is described in the following and in particular to the 
Functional Control Model (Section 4.2), which describes the 
relationships between the LIS, LAS, and various devices, In 
this model, and throughout the series of NCCLS automation 
standards, the term LAS represents the computer system 
that controls the automation system, not the actual automa- 
tion hardware. Most often, it is the LAS that has the requi- 
site process control software to support automation. The 
functional control model, which is depicted in Figure 11-19, 
supports analytical instruments that may be physically 
attached to the automation system and analyzers that may 
not be attached but are still interfaced to the LIS. The model 
does not give dominance to either the LIS or the LAS, but 
rather allows for essential information flows in either direc- 
tion to make the most efficient use of the strengths of each 
system. 

Although laboratory automation has the potential to 
improve laboratory productivity and reduce operational 
costs,”* integrated laboratory automation has not always 
proven to be cost effective. Tatsumi et al have reviewed the 
Japanese experience with integrated laboratory systems and 
found that these systems do not always succeed in reducing 
laboratory costs. With an increasing emphasis on cost- 
effective laboratory testing in Japan, many hospitals there 
have replaced total laboratory systems with smaller modular 
systems that allow rapid and convenient testing and are 
responsive to the political changes in the Japanese healthcare 
system. 


Device Integration 

One objective in developing an integrated laboratory is to 
link laboratory instruments and devices into an automated 
system to maximize the number of functions automated. 
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Figure 11-19 Functional control model of NCCLS AUTO3-A 
standard. The solid lines and arrows depict logical information 
flows supported by the standard. The dotted line and arrows are 
logical information flows permitted, but not supported, by the 
standard. (National Committee for Clinical Laboratory Standards 
[NCCLS], Laboratory automation: Communications with automated 
clinical laboratory systems, instruments, devices, and information 
systems, approved standard, NCCLS Document AUTO3-A Wayne PA: 
NCCLS, 2000, Figure reproduced with permission of NCCLS.) 


Automatic specimen introduction requires the development 
of mechanical interfaces between each laboratory analyzer 
and devices such as conveyor belts, mobile robots, or robot 
arms. Enhancements to electronic interfaces for laboratory 
instruments are necessary to allow remote computer control 
of front-panel functions, notification of instrument status 
information, and coordination of the distribution of speci- 
mens between instruments. Most existing LIS interfaces with 
laboratory analyzers provide only the ability to download 
accession numbers and the tests requested on each specimen, 
and to upload the results generated by the analyzer. 


Process Controllers and Software 


Process controllers provide computer integration of the 

many decision-making tasks that occur in the daily activity 

of a laboratory. Consequently, process control software is 
needed to coordinate the overall activities of the laboratory. 

To integrate the various devices in the laboratory, commu- 

nications with a master controller device must be estab- 

lished. In addition, communication is needed between the 

LIS computer, the LAS computer (that provides process 

control), the laboratory analyzers, and the specimen 

conveyor and specimen manipulation devices, such as auto- 
mated centrifuges, aliquoters, decappers, etc. The distribu- 
tion of tasks must be carefully specified in developing such 

a communications network. A possible distribution of tasks 

is the following:” 

1. The LAS assumes responsibility for assigning a dispatch 
priority and schedule to each specimen, providing speci- 
men tracking information to the LIS, rerouting speci- 
mens for reanalysis, implementing reflex orders, and 
troubleshooting, and has final authority in resolving any 
priority conflicts that arise in specimen handling. 

2. The LAS also controls specimen distribution. It monitors 
all specimen distribution system bar code readers and 
gates, routes specimens to workstations as required, mon- 
itors specimen tracking information, monitors instru- 
ment status, alerts an operator of any instrument 
problems, and notifies instruments of each specimen that 
has to be sampled. 

3. The LIS downloads specimen information to instru- 
ments and the LAS, monitors and provides to users all 
information related to specimen tracking received from 
the LAS, and receives all completed laboratory test results 
from each analyzer. Software with user-definable algo- 
rithms for automatic reflex testing may reside in either 
the LAS or the LIS depending on system capabilities and 
the overall design. 

This list of tasks is not necessarily complete but demon- 
strates the complexity of the software engineering task of 
integrating automation in a laboratory. Although the func- 
tions of the LIS and LAS are often provided on separate com- 
puters, they may also be integrated on a single computer. 
Several manufacturers (e.g, MDS AutoLab, Odysis, and 
Zymark) have process control software that can manage 
many functions in an automated laboratory. However, the 
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integration of the LAS functions with the LIS functions 
remains a formidable project often requiring the develop- 
ment of custom software. 


MEASURING THE IMPACT OF AUTOMATION 

It is highly recommended that performance metrics be used 
to assess the performance of automation systems to objec- 
tively determine whether the implementation has been suc- 
cessful in meeting the original objectives and to monitor 
continued improvement., This statement is applicable, 
whether the automation is a simple mobile delivery robot or 
a total laboratory automation system with specimen pro- 
cessing and integrated analyzers. Ideally, the metrics should 
be identified and implemented in advance of implementa- 
tion of the automation to establish an adequate baseline for 
comparison. Recommended parameters for measurement 
include stat and routine turnaround time at median and 90 
or 95 percentiles; quality parameters, such as lost specimens, 
mishandled specimens, mislabeled specimens, misdelivered 
specimens, and aliquoting or pouring errors; and produc- 
tivity parameters, such as requisitions or orders processed 
per employee, billed units reported per employee, etc. Since 
automation usually improves employee safety, postautoma- 
tion employee accidents may decrease. Automation also may 
improve employee job satisfaction and reduce training time, 
so measures such as employee turnover rates are useful. 


DEVELOPMENT OF STANDARDS FOR | 
LABORATORY AUTOMATION 


The rate of development of standards continues to influence 
the speed of technical advancement in the field of laboratory 
automation. Typical laboratory instruments are interfaced 
to LIS systems using either the RS 232C serial or 802.3 
Ethernet connection standards. The latter may often be 
set up using ‘Transmission Control Protocol/Internet 
Protocol (TCP/IP), through local area network (LAN) 
connections, and may also use an interface engine. The 
American Society for Testing and Materials (ASTM) stan- 
dards E1391 and E1384 are the more commonly used 
communication standards, although the newer NCCLS 
standard AUTO3-A (see next paragraph) now offers many 
improvements over ASTM, The commonly used cabling 
standards employed are TEEE-422 serial or IEEE-488 paral- 
lel. Although these electronic standards help to reduce the 
work involved in development of an interface, each interface 
with a laboratory device must still be developed individually 
and tested. 

The NCCLS has developed standards to meet the require- 
ments of vendors and users of clinical laboratory automa- 
tion systems. Five standards have now been published at 
the approved level dealing with specimen container and 
specimen carrier”; bar codes for specimen container 
identification”; communications with automated clinical 
laboratory systems, instruments, devices, and information 
systems”; systems operational requirements, characteristics, 


and information elements”; and electromechanical inter- 
faces. The communications standard was developed in col- 
laboration with Health Level Seven (HL7). A new chapter of 
the HL7 standard (Chapter 13), which appears in HL7 
version 2.4% and newer versions, was written specifically to 
address the requirements for laboratory automation com- 
munications, which had not been met by the older standards 
developed by ASTM.”* The NCCLS communications stan- 
dard®' includes all of HL7 Chapter 13 plus additional infor- 
mation of value in applying the HL7 communications 
standard to specific automation requirements. In addition to 
the new Chapter 13, some changes were also made in Chap- 
ters 4 and 7 of the HL7 standard to coordinate with the 
automation requirements detailed in Chapter 13. Vendors 
and users of automation are therefore advised to obtain both 
the HL7 and NCCLS standards. 

The NCCLS has an Area Committee on Automation and 
Informatics, which oversees the above standards and initi- 
ates new standards development projects. Current standards 
development projects include Data Content for Specimen 
Identification, Protocols to Validate Laboratory Information 
Systems, and Remote Access to Hospital Diagnostic Devices 
via the internet. In 2002, ASTM transferred to NCCLS the 
ownership and copyright of all nine standards in its E31.13 
group, including the two standards referenced above. These 
standards all relate to the clinical laboratory, with some of 
them simply preceding or overlapping the NCCLS automa- 
tion standards. NCCLS is now in the process of evaluating 
which of these standards will be maintained and updated 
and which may be abandoned. 


OTHER AREAS OF AUTOMATION — 


In addition to the automated devices and processing units 
that were developed primarily to automate chemistry and 
immunoassay that are described above, a variety of other 
instruments and processes have been automated and used in 
the clinical laboratory. They include urine analyzers, flow 
cytometers, hematology cell counters, nucleic acid analyzers, 
microtiter plate systems, point-of-care analyzers, and 
remotely located systems, 


URINE ANALYZERS 


Many of the same analytical principles are used for the 
quantitation of serum and urine constituents, but it is 
more difficult to automate testing of urine than serum, 
because the broad range of concentrations of many urine 
constituents requires a low limit of detection to measure 
low concentrations, and expanded linearity to permit 
measurements of high concentrations without dilution. 
This requirement, together with the relatively low demand 
for urine tests compared with that for serum tests, has 
restricted the development of analyzers designed specifi- 
cally for urine constituents. Nevertheless, selected urine 
analyses are performed on the available analyzers in some 
institutions.” 


Chapter II Automation in the Clinical Laboratory 293 


FLOW CYTOMETERS 


Cytometry refers to the measurement of physical and/or 
chemical characteristics of cells, or, by extension, of other 
biological particles. Flow cytometry is a process in which 
such measurements are made while the cells or particles pass, 
preferably in single file, through the measuring apparatus in 
a fluid stream (see Chapter 3). Flow sorting extends flow 
cytometry by using electrical or mechanical means to divert 
and collect cells with one or more measured characteristics 
falling within a range or ranges of values set by the user. 

Flow cytometers are used in the clinical laboratory to 
analyze cells that have been stained with a supravital or flu- 
orescent dye (although unstained cells can also be measured) 
and travel in suspension one by one past a laser light source. 
Scattered and emitted light is collected in front of the light 
source and at right angles, respectively (see Chapter 3). 
Information derived by measuring light scatter when a cell is 
struck by the laser beam can be used to estimate cell shape, 
size, cellular granularity, nuclear lobularity, and cell surface 
structure, Some cell counters classify white cells using the 
Coulter principle, cell conductivity, and light scattering of 
unstained cells (e.g., Gen-S, HmX, and MAXM) to differen- 
tiate cell types, whereas other cell counters (ADVIA-120) use 
two flow cytometry channels (one with peroxidase-stained, 
fixed cells, one with unstained or lysed cells). The Cell-Dyn 
4000 uses one flow cytometry channel and aperture resis- 
tance to count white blood cells and light scattering from 
unstained cells measured at four different light-scatter angles 
to provide a five-part differential analysis. The aperture resis- 
tance transducer is also used to provide the red blood cell 
and platelet counts. The Sysmex XE-2100 uses flow cytom- 
etry with light scattering measured at three angles to deter- 
mine the white cell count and differential. A separate channel 
provides additional information on the presence of imma- 
ture white blood cells. This channel uses a hemolytic reagent 
that selectively protects immature white blood cells that are 
counted using the Sysmex radiofrequency direct current 
detection method. 


HEMATOLOGY CELL COUNTERS 


Analyzers that perform a complete blood count have been 
automated using the Coulter principle, cell conductivity, 
light scatter, and flow cytometry. Individual blood cells are 
analyzed by application of one or more of these techniques. 
The Coulter principle is based on changes in electrical im- 
pedance, which are produced by nonconductive particles 
suspended in an electrolyte as they pass through a small 
aperture between electrodes. In the sensing zone of the aper- 
ture, the volume of electrolyte displaced by the particle (cell) 
is measured as a change in voltage that is proportional to the 
volume of the particle. By carefully controlling the quantity 
of electrolyte drawn through the aperture, several thousand 
particles per second are individually counted and sized. 
An electronic correction is applied if more than one cell 
passes through the aperture at the same time. Red blood 


cells, white blood cells, and platelets can be identified by their 
size. Alternating current in the radiofrequency range short 
circuits the bipolar lipid layer of the cell membrane, allow- 
ing energy to penetrate the cell. Information about intracel- 
lular structure, including chemical composition and nuclear 
volume, can be collected using this technique, known as cell 
conductivity. 


NUCLEIC ACID ANALYZERS 


Automation of the analysis of nucleic acids developed 
rapidly as an outgrowth of the Human Genome Project.” 
Several manufacturers have developed automation to assist 
with the isolation of nucleic acids and with analysis of 
nucleic acids using several amplification schemes. Two 
common examples of such analyzers are presented below. 

The MagNA Pure LC Instrument allows automated iso- 
lation and preparation of nucleic acids. The instrument per- 
forms up to 32 nucleic acid isolations in 1 to 3 hours from 
various specimens, which can include blood, blood cells, 
culture cells, plasma, serum, sputum, stool, broncho-alveo- 
lar lavage, plant tissues, or food products. 

Specimen identifications are entered at the user terminal 
or acquired by reading bar codes. All subsequent steps are 
performed automatically. Nuclease-free disposable reaction 
tips are used for transfer of specimens and as reaction vials. 
Separation of nucleic acids is carried out using magnetic 
beads, washing steps, and elution of nucleic acids from the 
beads into the cooled specimen cartridge. Used reaction tips 
are automatically discarded into an attached autoclavable 
waste bag and liquid waste is pipetted at the end of the run 
into an appropriate waste container. The device provides 
increased reproducibility and scalability of purification and 
reduced risk of cross contamination when compared with 
standard manual methods. Following nucleic acid purifica- 
tion, the MagNA Pure can transfer the nucleic acid to various 
container types (programmable by the user) including 
capillaries, 96-well polymerase chain reaction (PCR) plates, 
A-rings, or tubes. The instrument can provide pager 
notification to the user regarding the status of the instru- 
ment and the processes. 

The LightCycler system combines a thermal cycler plat- 
form with a fluorescence detection system. The unique 
design of this device allows real-time monitoring of ampli- 
fication cycles and melting temperature curves. Each ampli- 
fication specimen is placed in a glass capillary with a 
maximum capacity of 20uL. The capillary is tightly closed 
to prevent contamination and is not opened at any time 
during analysis. The small specimen volume saves reagents, 
and the high surface-to-volume ratio of the capillary allows 
very fast heating and cooling. Fluorescence emitted during 
the PCR process is focused on the tip of the capillary. The 
instrument uses air for heating and cooling. Given the very 
low thermal capacity of air and the high surface-to-volume 
ratio of the capillary, the temperature can be changed very 
rapidly (about 20 °C per second). Thus thermal cycling 
can occur at very rapid rates. A typical amplification cycle 
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requires only 30 to 60 seconds, which means that an ampli- 
fication reaction with 30 cycles is usually completed within 
15 to 30 minutes. The amplification products are quantified 
by fluorescence measurement using a single microvolume 
fluorimeter. The fluorimeter uses a blue LED that emits light 
at 470nm as an excitation source and provides three chan- 
nels that detect emitted light with wavelengths of 530nm, 
640 nm, and 710nm. 

The LightCycler instrument can use fluorescence-labeled, 
sequence-specific hybridization probes (oligonucleotides) 
for the specific detection of amplification products. This 
detection format permits high-throughput genotyping 
without the requirement for any post-PCR specimen manip- 
ulation. Once suitable oligonucleotides are designed, the 
genotyping of a specimen is straightforward. The instrument 
is programmed to amplify the DNA and to perform a sub- 
sequent melting curve analysis. 


MICROTITER PLATE SYSTEMS 

Microtiter plate systems are commonly used in immunoas- 
says and nucleic acid analyses, As used for enzyme-linked 
immunosorbent assay (ELISA) assays, microtiter plates 
usually are made of polystyrene and have 48 or 96 wells 
coated with antibody specific for the antigen of interest. 
After incubation of serum in the microtiter plate well, the 
well is washed to remove unbound antigen, and a second 
antibody with conjugated indicator enzyme is added. After 
a second incubation period, the well is washed to remove the 
unbound conjugate. Color is developed by the addition of 
enzyme substrate and the reaction is terminated at a set time. 
With the development of automated pipetting stations (e.g., 
Gilson Model 215, Hamilton Microlab FAME, and Perkin 
Elmer Multiprobe), the liquid handling steps required. for 
microtiter plate assays have been fully automated to make 
microtiter plate assays a viable technology for carrying out 
large numbers of immunoassays. Automated pipetting sta- 
tions have a cartesian robot with a pipette fixed to the end 
of a probe that moves about a rectangular space. The probe 
is capable of moving in the X, Y, and Z axes. Liquids may be 
aspirated and dispensed in any location within the rectan- 
gular space. 


AUTOMATED PIPETTING STATIONS 


Pipetting stations may be used to automate an analytical 
procedure for which an automated analyzer does not exist or 
cannot be cost justified. Most pipetting robots are relatively 
easy to program, rarely malfunction, and can deliver liquids 
with extreme precision and accuracy. Multiple-channel 
pipetting robots allow parallel processing of specimens with 
8- or 12-channel probes to handle microtiter plates. 


POCT ANALYZERS 

Point-of-care testing (POCT) is a rapidly growing compo- 
nent of laboratory testing, It is known by a variety of names, 
including “near-patient,” “decentralized,” and “off-site” 
testing and is discussed in detail in Chapter 12. In addition, 


technologies incorporated into POCT analyzers are dis- 
cussed in Chapters 4 and 10 and examples of POCT glucose 
analyzers are described and discussed in Chapter 25. 


REMOTE AUTOMATED LABORATORY SYSTEM 


Unmanned satellite laboratories are a possible alternative to 
a central laboratory facility. To demonstrate the practicality 
of such an approach, investigators at the University of 
Virginia have developed remote automated laboratory 
systems. (RALS) designed to automate POCT in hospital 
intensive care units. The results from the analytical instru- 
ments in each RALS are sent to a central monitoring work- 
station several floors away from the satellite laboratory by a 
network interface, where results are viewed and either 
accepted or rejected by a trained medical technologist before 
being released for clinical use. Error codes built into the 
analytical instruments are also passed to the main laboratory 
by the computer network. Technologists in the control 
center can also shut down the satellite laboratory when 
necessary, as in the case of instrument failure. Patient infor- 
mation is downloaded from the hospital information system 
in real time so that users can select their patients and the 
tests to perform from a list presented on the computer 
touchscreen. 
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CHAPTER Ji 2 


Point-of-Care Testing 


Christopher P. Price, Ph.D., 
and Andrew St. John, Ph.D., M.A.A.C.B. 


ponent of healthcare services* and is used in many 

healthcare settings (Box 12-1). They include coronary 
care units,’ intensive care units,°°? surgical wards,'™??*4 
emergency wards, pediatric units,” and for monitor- 
ing both acute” and chronically ill patients.’ For the 
purpose of this chapter, POCT is defined as “any test that is 
performed at the time at which the test result enables a deci- 
sion to be made and an action taken that leads to an improved 
health outcome.” Other terms used to describe POCT 
include “bed side” ™” “near patient,” “physician’s office,” 
“extralaboratory,”'* “decentralised,” “off site,” “ancillary,” 
and “alternative site”“"" testing. Reduced turnaround time 
(TAT) of test results‘? and improved patient management 
are advantages of this type of testing (Box 12-2).” 

In the early days of diagnostic testing, tests were under- 
taken close to the patient—at the point-of-care—integrating 
information gained from simple tests into the clinician’s 
observation of the patient’s current symptoms and previous 
history (Figure 12-1)."” With technical progress in the devel- 
opment and availability of sophisticated analyzers and ana- 
lytical systems, these tests moved away from the patient and 
were analyzed in a central or core clinical laboratory where 
all samples were transported for subsequent analysis. Even- 
tually, this resulted in a disconnect in the time between the 
individual, specimen(s), physician, laboratory, results, and 
medical decision making process (Figure 12-2). This has led 
to logistical, management, and analytical problems in labo- 
ratory operations and an increase in the TAT of test results 
from minutes to hours and sometimes even days. With the 
trend toward miniaturization of components (see Chapters 


Pree testing (POCT) is a rapidly growing com- 


*References 10, 27, 48, 61, 65, 76, 80, 93, 103, 117, 129. o 
References 4, 6, 58, 86, 135, 136. 
References 8, 54, 72, 84, 133, 139. 


4 and 10) and their integration into small, self-contained, 
analytical systems, the means became available of returning 
to POCT with a goal of reducing TAT of test results and 
improving patient management (Box 12-2). 

The following sections of this chapter will describe the 
technology available for POCT and the organizational 
factors that are important when POCT is implemented in a 
healthcare setting. The chapter concludes with a short dis- 
cussion of the future of POCT. 


ANALYTICAL AND TECHNOLOGICAL 
CONSIDERATIONS 


The technical advances that have catalyzed the evolution of 
POCT instruments are the development of a miniature 
sensor to measure electrolytes, blood gases, and other ana- 
lytes and the development of dry, stable reagents in dispos- 
able unit-dose devices. Although the throughput of tests for 
these systems is low, the time required to produce the results 
is usually short. These systems are often small enough to be 
portable, further enhancing the possibility of “bringing tests 
to the patient.” 

Topics to be discussed in this section include (1) instru- 
ment requirements, (2) instrument and operator interface 
design, (3) examples of POCT devices, and (4) the role of 
informatics. Readers requiring additional information are 
referred to more comprehensive texts’”*"* or to the vendors 
of POCT devices. 


REQUIREMENTS 

All POCT devices should meet the following overall require- 
ments: (1) simple to use, (2) robust in terms of storage and 
usage, (3) producing results concordant with the central 
laboratory and consistent with the clinical need,and (4) cap- 
able of being safely operated. Additional characteristics and 
requirements of POCT devices are listed in Box 12-3. 
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Figure 12-1 The trend in the evolution of diagnostic testing 
from observation of the patient, through simple testing, to 
sophisticated testing in the laboratory and back to a more 
patient-centered approach. 


Reduced TAT of test results 

Improved patient management 

Reduction in the administrative work associated with test 
requesting 

Minimization of delays occurring during sample collection and 
sample requirement(s) 

Reduction in the time delay resulting from the transport of the 
sample to the testing lab l 

Reduction in the time delay resulting from having to log in 
(register) the sample 

Reduction in the time delay that results from the entry of a 
sample into a complex testing facility 


First results in a minute or less 


Portable instruments with consumable reagent cartridges 

A one- or two-step operating protocol 

The capability of performing direct specimen analysis on whole 
blood and urine {nonprocessed samples) 

Simple operating procedures that do not require a laboratory- 
trained operator 

Flexible test menus 

Quantitative results with accuracy and precision comparable with 
those of the central laboratory 

Built-in/integrated calibration and quality control 

Ambient temperature storage for reagents 

Results provided as hard copy, stored, and available for 
transmission 

Low instrument cost 

Service by exchange 

Built-in regulatory record keeping 


Modified from Maclin E, Mahoney WC. Point-of-care testing technology. 
J Clin Ligand Assay 1995;18:21-33. 
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Figure 12-2 A schematic representation of the key steps in 
requesting, delivering, and using a diagnostic test result. 


Chapter 12 Point-of-Care Testing 


DESIGN 


There is a great diversity of devices being used at point-of- 
care, ranging from relatively simple dipstick or strip tests to 
large, bench top, chemistry analyzers (Table 12-1). This 
breadth of technology encompasses a large range of analytes 
(Table 12-2), and many of the devices use the same analyti- 
cal principles, such as enzymatic conversion and antibody 
recognition, as those found in conventional mainframe 
laboratory analyzers. The design of individual components 
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or processes to be considered for POCT devices includes 
(1) operator interface, (2) bar code identification systems, 
(3) sample delivery devices, (4) reaction cell, (5) sensors, (6) 
control and communications systems, (7) data management 
and storage, and (8) manufacturing requirements. 


Operator Interface 


The operator or user interface is a very important design 
feature of POCT devices and should require minimal oper- 


TABLE 12-1 Classification of Types of Point-of-Care Testing Instruments or Devices 


Type of Technology 


Analytical Principle 
Single-use, qualitative í or Reflectance 
semiquantitative cartridge/ 


` Lateral-flow or flow-through 


Analytes 


Urine and blood chemistry 
Infectious disease agents, cardiac marker S, BCG 


‘istrip tests immunoassays ie 
Single-use quantitative Reflectance Glace. 
- cartridge/strip tests with a. Electrochemistry., “Glucose. 
BE teader device Reflectance... Blood chemistry ; 
sete Light scattering/optical motion a e Coagulation .. l 
Lateral- flow, flow-through, í or solid. = Cardiac markers, drugs, CRP, allergy, and ery : 
phase i immunoassays irn tests “2 2 
Immunoturbidimetry ` : “HbA urine albumin 
Spectrophotometry..... .. Blood chemistry 
ee Electrochemistry pH, blood gases, electrolytes, metabolites 
-Multiple-use. quantitative Electrochemistry | l pH, blood gases, electrolytes, metabolites 
~-cartridge/bench top devices __ Fluorescence l ` pH, blood gases, electrolytes, metabolites 


Time-resolved fluorescence 
Electrical impedance ` 


Multiwavelength specirophótonietry 


Hemoglobin species, bilirubin 
_ Cardiac markers, drugs, CRP 
_ Complete blood count 


TABLE !2-2 Examples of ong 2 or Laa Stick Tests 


Test p Sample e Chemistry 20 a 
E ~ “Whole blood _- Acyl dehydrogenase P 
Alanine: aminotransferase Whole blood ae _Alanine/glutamate ee 

Albumin oe ce “Whole blood, urine <+: Dye binding ° 
Cholesterol =- Whole blood ~~ Cholesterol oxidase ce 
Creatinine: Whole Blood, urine “Copper complexation 

Glucose ` Whole blood Glucose oxidase 

Lactate Whole. blood Lactate dehydrogenase. 

Uric acid Whole blood Uricase 

Alcohol = Urine Alcohol dehydrogenase 
Bilirubin Urine -2,4-dichloroaniline 
Hemoglobin _ ae Urine Peroxidase. activity l 
: Teukoryte c esterase = oa Urine ~ Pyrrole amino ester hydrolysis k 
Ketones <e Urine ` Sodium nitroprusside 1 reaction i 
3 Nitrite z Urine < p-Arsanilic acid reaction =< 
“Urine Double indicator principle 

E ; Urine 250 Protein error of indicators ::: 
“Specific gravity oes Urine a Polyacid pH change 

U obilinogen Pie UTE BRS Ehrlich’s reaction 
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Figure {2-3 Touchscreen of the ABL77 blood gas analyzer. 
(Courtesy Radiometer, Copenhagen.) 


ator interaction, guide the user through the operation, and 
tolerate minor operator errors. A minimum number of steps 
should include identifying the operator, patient, and test to 
be measured, Advances in information technology and con- 
sumer electronics have had a major impact on this area, such 
as the production of inexpensive liquid crystal display (LCD) 
screens.” Other forms of user interface include keypads, 
bar code readers, and possibly a printer. In some devices, the 
display is the only means to show the result, and in others it 
may incorporate a touch screen that is used to control the 
device (Figure 12-3). An alternative to the touch screen is a 
membrane type of keypad, but both displays and keypads 
can lead to significant increases in the size of the device when 
other user demands require smaller devices. 


Bar Code Identification Systems 

Many POCT devices incorporate bar code reading systems 
for a number of purposes. These include (1) identifying the 
test package to the system, (2) incorporating factory cali- 
bration data, and in some cases (3) programming the instru- 
ment to process a particular test or group of tests. Some 
POCT devices use magnetic strips as a way of storing similar 
information, such as lot-specific calibration data. Other 
functions of a bar code reader that are of growing impor- 
tance are to identify both the operator and the patient 
sample to the system. This will ensure that there is trace- 
ability of the person who performed the test, and that the 
results are linked to the correct patient. 


Sample Delivery 

Sample access and delivery of the sample to the actual 
sensing component of the strip, cassette, or cartridge are also 
key interactions of the user with the device and in some 
cases, removal of the sample may also require user interven- 
tion. Ideally, following the addition of the sample, results 
should be produced without further intervention, 


Reaction Cell 

The design of the location where the analytical reaction takes 
place can be very simple, such as a porous pad, a cell, or a 
surface within a chamber. However, to simplify the user 


Bicreactive 
System 


|. 


Figure 12-4 Diagram showing the key types of sensor 
technology used in POCT instruments. 


interface, it is often necessary to design complexity into the 
reaction chamber. Advances in microfluidics and techniques, 
such as molding, micromachining, photolithography, and 
screen printing, have all played a substantial role in the 
development of POCT devices.” 


Sensors 


Much of the focus on POCT devices has been concerned 
with the advances in sensor design (see Chapter 4)" 
Various sensor designs are illustrated in Figure 12-4, The 
chemosensor shown in the first column of Figure 12-4 is an 
example where the analyte has an intrinsic property, such as 
fluorescence, that enables it to be detected without a recog- 
nition element. The chemmosensor shown in the second 
column of Figure 12-4 is a much more common design and 
is used in many POCT devices. The transducing element 
might be a chemical indicator or binding molecule that rec- 
ognizes the analyte to be measured and produces a signal, 
usually electrical or optical. A biosensor is shown in the 
third column of Figure 12-4 and is distinguished from a 
chemosensor by having a biological or biochemical com- 
ponent as the recognition element. Enzymes are the most 
common biological element used followed by antibodies; 
transduction can be via an optical or electrical signal. 


Control and Communications Systems 


These constitute a major component of all POCT devices 
other than qualitative or semiquantitative strip tests that do 
not require a reader or measurement device. In even the 
smallest device, there is a control subsystem that coordinates 
all the other systems and ensures that all the required 
processes for an analysis take place in the correct order. 
Operations that require control include insertion or removal 
of the strip, cartridge, or cassette; temperature control; 
sample injection or aspiration; sample detection; mixing; 
timing of the detection process, such as absorbance mea- 
surement; and waste removal. Fluid movement can often be 
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accomplished by mechanical means through pumps or cen- 
trifugation, and by fluidic properties, such as surface tension; 
thé latter is often a critical element in the design of the 
simple strip tests and in microfabricated systems.” 


Data Management and Storage 

There are substantial requirements for data storage for 
POCT devices and in some cases data management, depend- 
ing on the size and complexity of the device and testing 
menu. Data management includes calibration curve data and 
quality control (QC) limits and patient results. In some 
systems, data transfer and management takes place when the 
meter or reader is linked to a small bench top device called 
a docking station. These and other devices include commu- 
nication protocols that allow data to be transferred to other 
data management systems. 


Manufacturing of POCT Devices 


Since many POCT methods are only used once and then 
discarded, reproducibility of manufacture is a key require- 
ment so that consistent performance extends across a large 
number of strips or devices. The manufacturing process 
includes steps that are taken to ensure that the devices are 
reproducible (e.g., with respect to fluid movement) and 
remain stable during transit and storage for the stated period. 
of time (e.g, with respect to calibration and reagent 
performance.) 


EXAMPLES OF POCT DEVICES 


POCT devices are classified as (1) in vitro and (2) in vivo, ex 
vivo, or minimally invasive. 


In Vitro Devices 

A 2003 survey of POCT analyzers, excluding glucose meters, 
indicated that the majority of POCT analyzers were in vitro 
devices and performed their analysis on whole blood, 
although others used serum, plasma, urine, or saliva 
samples.” The majority of instruments used less than 100 WL 
of the sample, and there were more than 15 different detec- 
tion systems used for analytical measurement. The diversity 
of in vitro POCT technology and the range of analytes make 
it difficult to devise a simple classification that avoids any 
overlap between various technologies. For the purposes of 
highlighting key or novel POCT technologies, the following 
discussion classifies the various devices largely according to 
size and complexity: (1) single-use cartridge and/or strip 
tests, (2) single-use quantitative cartridge and/or strip tests 
with a monitoring device, and (3) multiple-use cartridge and 
bench top systems. 


Single-Use Qualitative Strip or Cartridge and/or 

Strip Devices 

A wide range of devices fall into this category, including 
single-pad urine tests (dipsticks) that are read visually; more 
complex strips that use light reflectance for measurement; 
and fabricated cassettes or cartridges that incorporate tech- 


16 and are used as 


niques such as immunochromatography 
immunosensors. 

Dipsticks. Dipsticks are single-pad devices that are rela- 
tively simple in construction and are composed of a pad of 
porous material, such as cellulose, that is impregnated with 
reagent and then dried.’ 

Complex Strips. More complex pads are composed of 
several layers, the uppermost of which is a semipermeable 
membrane that prevents red cells from entering the matrix. 
Despite their simplicity, critical operator factors include the 
need to cover the whole pad with the sample. Because the 
reactions often do not proceed to completion, it is necessary 
to time the period between placing the sample on the pad 
and comparing the resulting color to a color chart. In addi- 
tion, for blood tests it may be necessary to remove all the 
blood before placing the sample in the reflectance meter; 
sometimes it is possible to read the color from the underside 
of the strip. Developments of these single stick devices 
include two pads for measurement of (1) different concen- 
trations of the same analyte, such as hemoglobin and 
glucose’; (2) both albumin and creatinine (semiquantita- 
tive) to provide an albumin-creatinine ratio’; and (3) up to 
10 different urine analytes using reflectance technology.” A 
chromatographic device has also been developed for the 
quantitative measurement of cholesterol, which does not 
require the use of any. instrumentation.’ Table 12-2 lists 
the tests performed by single or multipad dipsticks and the 
chemistry used for analysis. 

Immunosensors. These devices are biological sensors 
in which the recognition agent is an antibody that binds to 
the analyte (see Chapters 4 and 9). Detection of the binding 
event or signal transducer is usually via an optical mecha- 
nism, either reflectance or fluorescence spectrophotometry, 
for quantification. Most immunosensing devices use reac- 
tions that are not reversible, although reversible reactions 
have now been described, which will facilitate their applica- 
tion in multiple-use cartridges and similar formats in the 
future.” Immunosensors usually use solid phase technolo- 
gies in conjunction with either flow-through, lateral-flow, or 
immunochromatography processes. In the flow-through 
format, a’ heterogeneous immunoassay takes place’ in a 
porous matrix cell that acts as the solid phase, and in lateral 
flow the separation stage take place as the sample passes 
along the porous matrix. 

A typical immunoassay format in a flow-through device 
has an antibody covalently coupled to the surface of a porous 
matrix. When the patient sample is added to the matrix, the 
analyte of interest binds to the antibody. Addition of a 
second labeled antibody forms a sandwich and traps the 
label at the position of the first antibody. If the label is gold 
sol particles or colored latex, the label is directly visualized 
or quantified by reflectance spectrophotometry in a separate 
reader.’ Another important feature of this type of technol- 
ogy is the incorporation of a built-in quality monitor that 
indicates positive if all the reagents have been stored and the 
device operated correctly. In all these different formats, 
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Figure 12-5 Schematic diagram of a 
lateral flow immunoassay for troponin T. 
(Courtesy Roche Diagnostics, Mannheim, 
Germany.) 
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uniform and predictable flow of the sample through or along 
the solid phase matrix is a major determinant of the repro- 
ducibility of the technique. Therefore the choice of matrix 
and how it interacts with the sample is of particular impor- 
tance, and advances in the understanding of solid phase and 
surface chemistry technology have made a major contribu- 
tion to the development of immunosensors. 

The Roche Trop T test strip for the qualitative determi- 
nation of troponin T is an example of this technology 
(Figure 12-5). In this device, the blood sample is added and 
first flows through a glass fiber fleece, that separates the 
plasma from whole blood. Simultaneously, two monoclonal 
antihuman cTnT antibodies, one conjugated to biotin and 
one labeled with gold particles, bind to the troponin T in the 
sample. The antibody troponin complex then flows in a 
lateral direction along the cellulose nitrate test strip until it 
reaches the capture zone, which contains streptavidin bound 
to a solid phase. The biotin in the antibody troponin com- 
plex binds to the streptavidin and immobilizes the complex. 
The complex is then visualized as a purple band by the gold 
particles attached to one of the antibodies? The unreacted 
gold-labeled antibody moves farther down the strip where it 
is captured by a zone containing a synthetic peptide consist- 
ing of the epitope of human cardiac troponin T and is visu- 
alized as a separate but similar colored band. The presence 
of this second band serves as an important quality indicator, 
because it indicates that the sample has flowed along the test 
strip, and the device has worked correctly. 

A growing application of the strip type of technology for 
immunoassay is for infectious disease testing and the rapid 
detection of various infectious antigens and antibodies 
including Chlamydia’? group A streptococci,” Helicobacter 
pylori,” infectious mononucleosis,” and human immuno- 
deficiency virus." These tests commonly use a lateral-flow 
format for urine, serum, plasma, or whole blood samples in 
conjunction with analytical techniques, such as enzyme 
immunoassay and immunochromatography. An alternative 
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Figure 12-6 Schematic diagram of the principles of an optical 
immunoassay (OIA®) using thin film detection. (Courtesy Thermo 
Electron Corporation, Louisville, CO.) 


approach manufactured by the Point-of-Care and Rapid 
Diagnostics business unit of the Thermo Electron uses light 
reflection and thin film amplification in what are termed 
optical immunoassays. The presence of an infectious disease 
antigen, such as Streptococcus A, is detected through binding 
to an antibody coated on a test surface. Light reflected 
through the antibody film alone produces a gold background 
that changes to purple when the thickness of the film is 
increased because of the presence of an antigen (Figure 12-6). 
The tests include built-in controls and provide results com- 
parable with those provided by conventional microbiological 
assays but much more rapidly.“ 

Although most single-use devices currently rely upon 
reflectance or absorbance as the detection mechanism, other 
techniques of measurement are being investigated including 
surface plasmon resonance, evanescent wave, fixed-polarized 
ellipsometry, and diffraction. For example, evanescent wave 
technology has been used for the measurement of cardiac 
markers.**'* 
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Single-Use Quantitative Cartridge and Strip Tests with a 
Monitoring Device 

The technologies or devices described in this section differ 
from those described above in that they include a meter or 
monitoring device, thereby enabling detection and quantifi- 
cation of the analyte(s). The availability of small, compact 
detectors is a result of advances in modern electronics and 
miniaturization. An integral part of many of these instru- 
ments is a charge-coupled device (CCD) camera that is a 
multichannel light detector, similar to a photo multiplier 
tube in a spectrophotometer, but with a higher signal to 
noise ratio so that it can detect much lower signals at low 
levels of light. For example, the Roche Cardiac Reader 
contains a CCD that can quantitate separate lateral-flow 
immunoassay strips for measurement of troponin T,” myo- 
globin, and D-Dimer. The majority of devices included in 
this category are used to measure glucose. In addition, many 
other analytes of clinical interest are measured with such 
devices. 

Glucose Measurement. Clinically, POCT is most fre- 
quently used to measure glucose (see Chapter 25). The first 
glucose test strips were introduced more than 25 years ago, 
and now many millions of diabetics around the world use 
these strips in conjunction with a glucose meter to monitor 
their blood glucose level. These devices are biosensors since 
they all use an enzyme as the recognition agent, either 
glucose oxidase (GO), hexokinase (HK), or glucose dehy- 
drogenase (GDH), with photometric (reflectance) or elec- 
trochemical detection.” 

In general, all glucose strips are a form of what is called 
thick-film technology in that the film is composed of several 
layers each having a specific function. When blood is added 
to a strip, both water and glucose must pass into the film or 
analytical layer; for photometric systems erythrocytes must 
be excluded. These processes are achieved by what is called 
the separating layer that contains various components 
including glass fibers fleeces, membranes, and special latex 
formulations. In photometric systems, a spreading layer is 
important for the fast homogeneous distribution of the 
sample, whereas electrochemical strips use capillary fill 
systems. The support layer is usually a thin plastic material 
that in the case of reflectance-based strips may also have 
reflective properties. Additional reflectance properties have 
been achieved through the inclusion of substances such as 
titanium oxide, barium sulfate, and zinc oxide. 

With systems that measure reflectance, the relationship 
between reflectance and the glucose concentration is 
described by the Kubelka-Munk equation: 


2 
S 2R 


where C is the analyte concentration, K is the absorption 
coefficient, S is the scattering coefficient, and R is the percent 
of reflectance. In practice, glucose strips are produced in 
large batches and, after extensive quality assurance proce- 
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Figure 12-7 Schematic diagram of the reactions taking place 
in a MediSense electrochemical glucose strip. (Modified from 
Henning TP, Cunningham TP. Biosensors for personal diabetes 
management. In Ramsay G ed, Commercial Biosensors. New York: 
John Wiley & Sons, 1998:3-46,} 


dures, each batch is given a code that is stored in a magnetic 
strip on the underside of each test strip. This code describes 
the performance of the batch, including the calibrating rela- 
tionship between the photometric or electrochemical signal 
and the concentration of glucose. 

Since their introduction, there has been a steady stream of 
innovation in the development of glucose meters with the 
goal of making the devices smaller and easier to use with less 
risk of error and reducing interference from other com- 
pounds. The latter includes other reduction of substances, 
oxygen, and hematocrit. A major step in this development 
process was the use of ferrocene and its derivatives as immo- 
bilized mediators in the construction of an electrochemical 
glucose strip, the principles of which are shown in Figure 
12-7.” The strip is composed of an Ag-AgCl reference elec- 
trode and a carbon-based active electrode, both manufac- 
tured using screen printing technology with the ferrocene or 
its derivatives contained in the printing ink. The sample is 
placed in the sample observation window and the hydro- 
philic layer serves to direct the sample over the reagent layer. 
The conversion of glucose is accompanied by the reduction 
of ferrocene and the release of electrons. The introduction of 
electrochemical technology has facilitated the production of 
smaller meters, nonwipe strips, less need to clean the instru- 
ment optics, and more rapid results. Some of these features 
are now available with photometric glucose meters, 

Other Applications. Several immunosensor-based 
POCT devices have been developed that are capable of mea- 
suring a panel of analytes, such as cardiac markers,‘ allergy 
tests, and fertility tests.” In these devices, a mixture of anti- 
bodies is immobilized at the origin, and complementary 
antibodies for the various analytes are immobilized at 
varying positions along the porous strip. In the case of drugs 
of abuse, devices are designed such that positive responses 
are only obtained if the concentration is above a precali- 
brated cut-off value.” 
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Figure 12-8 Schematic view of the measurement cassette for the Osmetech OPTI Critical 


Care Analyzer. (Courtesy Osmetech, Roswell, GA.) 


In contrast to the thick-film technology described above, 
single-use sensors have also been constructed using thin-film 
technology, the most common commercial example being 
the i-STAT analyzer (see Chapter 10). This is a hand-held 
blood gas device, which measures electrolytes, glucose, 
creatinine, and certain coagulation parameters.” In thin- 
film sensors, electrodes are wafer structures constructed 
with thin metal oxide films using microfabrication tech- 
niques directly comparable with those used in the computer 
industry. The results are small, single-use cartridges con- 
taining an array of electrochemical sensors that operate 
in conjunction with a hand-held analyzer that can be used 
directly at the bedside.” Because the sensor layer is very 
thin, blood can permeate this layer quickly, and the sensor 
cartridge can be used immediately after it is unwrapped 
from its packing. This is an advantage over some thick-film 
sensors that require an equilibration or wet-up time before 
they can be used to measure blood samples. 

Single-use devices for blood gas and other critical care 
measurements are also available through optical sensors or 
optodes™ (see Chapters 4 and 27). The Osmetech OPTI Crit- 
ical Care Analyzer (Figure 12-8) and the Radiometer NPT 7 
are examples of this type of technology. ™” The advantages 
of optical systems compared with electrochemical transduc- 
ers include the fact that they do not have to be calibrated to 
correct for electrode drift, and therefore the sensors are 
calibrated at the time of manufacture.” 

A number of single-use, quantitative POCT devices are 
available that employ a cassette or cartridge design rather 
than lateral-flow strips. These include the Cholestech LDX 
system that uses a cassette that separates plasma from red 
cells after which the plasma reacts with pads of dry reagents 
for glucose or cholesterol or triglycerides and measurement 
of the absorbance in a small photometer.” Several cassette- 
based systems have been developed for measurement of 
hemoglobin, including the HemoCue. In this system, red 
cells are lysed in a minicuvet hemoglobin converted to 
methemoglobin and the methemoglobin measured at 
570 nm; turbidity is corrected for by an additional measure- 
ment at 880 nm." 
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Figure 12-9 A schematic diagram of the Bayer DCA 2000 
HbA immunoassay cartridge. (Courtesy Bayer HealthCare, 
Medfield, MA.) 


The Bayer DCA system is another example of a cartridge 
design but using a light-scattering immunoassay to measure 
glycated hemoglobin, together with a photometric assay for 
total hemoglobin. The cartridge is a relatively complex struc- 
ture that contains antigen-coated latex particles, antibodies 
to HbA, - and lysing reagents that are mixed following addi- 
tion of the sample (Figure 12-9). Measurement takes place 
when the cartridge is placed into a temperature-controlled 
reader, and the analytical performance is sufficient for quan- 
titative monitoring of diabetic control.” The size of the 
device allows it to be used in diabetic clinics where it can 
also be used for measurement of urinary albumin and 
creatinine.’ 

POCT devices for monitoring anticoagulant therapy have 
also been developed for use in clinics or by the patient at 
home.™*™ These devices have been made possible by 
advances in optical detection techniques and the ability to 
miniaturize electromechanical devices. For example, early 
systems used magnets to detect the decrease in sample flow 
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or movement that results from the clotting process, but this 
required careful timing and a large blood sample. An alter- 
native technology pumps a defined amount of the sample 
backward and forward through a narrow aperture. Optical 
sensors monitor the speed at which the sample moves and, 
as the clot forms, the speed decreases and when a predeter- 
mined level is reached, the instrument indicates the time.’ 
Yet another approach also uses magnetism in the form of 
paramagnetic iron oxide particles that are included with the 
sample and induced to move by an oscillating magnetic field. 
When a clot is formed, the movement ‘of the particles is 
restricted; this is detected by an infrared sensor, and the time 
taken to reach this state is an indication of the clotting 
time. 

Speckle detection technology has also been used to 
measure prothrombin time (PT), activated partial thrombo- 
plastin time (APTT), and activated clotting time (ACT). In 
this approach, the instrument contains an infrared light 
source that directs a coherent light beam onto the oscillat- 
ing sample. The movement of the red cells in the blood 
results in the refraction of the light to produce an interfer- 
ence or “speckle” pattern that is recorded by the photo- 
detector. This “speckle” pattern changes when the capillary 
flow slows as the sample clots. The time it takes for this to 
happen is a measure of the clotting time.™ Other point-of- 
care devices that measure aspects of hemostasis and throm- 
bosis include the Thromboelastograph and Sonoclot.*®® 

It should be noted that the sizes of some of the single-use, 
cartridge-based systems are comparable with certain of the 
bench top, multiple-use devices described later in this 
chapter. Examples of these analyzers, which are usually used 
in clinics and physician practices rather than at the bedside, 
are the Vision,’ Stratus,” and Piccolo™ devices, all of which 
incorporate onboard centrifugation. Other small analyzers 
that are used at point-of-care but require preliminary cen- 
trifugation of the sample include the Ortho-Clinical Diag- 
nostics DT60, which uses the same dry-slide technology that 
is used in the larger, laboratory analyzers.” 


Multiple-Use Cartridge and Bench Top Systems 

Many of the POCT devices in this category are used for criti- 
cal care testing in locations such as the intensive care unit, 
surgical suite, and emergency room. Some of these devices 
use thick-film sensors or electrodes in strips to measure 
glucose, lactate, and urea and use the same technology 
described above but differ in that the sensors are designed to 
be reusable. They are manufactured from thick films of paste 
and inks using screen printing techniques to produce 
individual or multiple sensors. In addition to measuring 
metabolites, these sensors are also used to measure blood 
gases and electrolytes.” The sensors have been incorporated 
with reagents and calibrators into a single cartridge or pack 
that is placed in the body of a small- to medium-sized, 
portable critical care analyzer (Figure 12-10). Each pack will 
measure a certain number of samples during a certain time 


Figure 12-10 The GEM® Premier™ 3000 critical care analyzer, 
(Courtesy Instrumentation Laboratory, Lexington, MA.) 


period, after which it is a relatively simple procedure to 
replace. This type of technology is available as the Instru- 
mentation Laboratory GEM Premier,” the Radiometer 
ABL77,° and the Bayer Diagnostics Rapidpoint 400. 

Other key developments for devices include the develop- 
ment of liquid calibration systems that use a combination of 
aqueous base solutions and conductance measurements to 
calibrate the pH and PCO, electrodes, with oxygen being 
calibrated with an oxygen-free solution and room air.” In 
addition, automated QC packages are integrated into these 
analyzers that ensure that QC samples are analyzed at regular 
intervals. These comprise packs or bottles of QC material 
that are contained within the instrument and sampled at 
predetermined intervals with onboard software interpreting 
the results and generating alerts, if necessary. Such devices 
can even be remotely monitored and programmed to 
respond to problems on instruments located long distances 
from the central laboratory.” 

Critical care POCT instruments are also available for 
measuring various hemoglobin species and performing CO- 
oximetry determinations. The latter relies upon multiwave- 
length spectrophotometry where light absorption by 
hemolyzed blood is measured at up to 60 or more wave- 
lengths to determine the concentration of the five hemoglo- 
bin species.’* One manufacturer has recently extended the 
multiwavelength spectrophotometry to measure bilirubin 
directly in whole blood.” 

Bench top devices are also available to perform complete 
blood counts (CBC) using analytical principles similar to 
those used in laboratory-based devices?” In addition, 
single-use cartridge technology is being developed that will 
have the capability to offer full white cell differentiation. 
Immunoassay measurements are also now available in a 
compact device, for use in clinics and similar locations. The 
Innotrac Aio! is an example of such a device and uses 
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dry-coated reagents and time-resolved fluorescence for detec- 
tion.’ Results are produced in less than 20 minutes, and the 
assay menu includes C-reactive protein (CRP), human cho- 
rionic gonadotropin (hCG), and cardiac markers.” 


In Vivo, Ex Vivo, or Minimally Invasive Devices 

Although the majority of POCT devices are used for in vitro 
applications, there is a smaller group that is classified as in 
vivo, ex vivo, or minimally invasive (Table 12-3). In vivo or 
continuous monitoring applications are those in which the 
sensing device is inserted into the bloodstream. For many 
years, this application was confined to blood gases using 
optical technology,” but electrochemical applications also 
have been developed for both blood gases and glucose.’ Elec- 
trochemical sensors are also used in an ex vivo application 
for the same parameters, the difference being that the sensors 
are actually external to the body but in a closed loop of blood. 
that leaves the body and is then returned downstream from 


TABLE 12-3 Types of Ex Vivo, In Vitro, and 
Noninvasive Point-of-Care Testing 
Technology 


Type of 
Technology 


Analytical 
Principle 


Analytes 


pH; blood 
gases 

pH, blood 
gases, 


Ex vivo Optical fluorescence 


Electrochemistry 


electrolytes, 
glucose 
In-vivo Optical fluorescence... pH, blood 
l gases 
Electrochemistry, Subcutaneous 
oe glucose. 
Noninvasive. Electrochemistry/. Transcutaneous 
R iontophoresis... gluco, 
< <1; Multiwavelength `: : 
oe a x 


the sensing device.” The major application for minimally 
invasive devices is primarily glucose, such as the Gluco 
Watch Biographer device,” but devices for transcutaneous 
measurement of bilirubin are also now available,” although 
they are only suitable for screening purposes. 


INFORMATICS AND POCT 

Most analytical devices used in clinical laboratories are 
directly linked or connected via an electronic interface to a 
laboratory information system (LIS). In this progression, 
many different informatic functions (see Chapter 18) are 
used, including the electronic transfer of data from the ana- 
lyzers to the LIS and ultimately into a patient’s electronic 
medical record. This provides healthcare professionals with 
quick, accurate, and appropriate access to the patient’s 
medical history and information. 

Considerable effort has been expended to incorporate 
these informatic processes into POCT devices. However, this 
has proved extremely difficult (Table 12-4), with early POCT 
devices lacking the hardware and software to acquire and 
store data and transfer it to an LIS. Consequently, analytical 
data were often not captured in a patient’s medical record or 
had to be entered manually into an LIS with a major risk of 
transcription error. Thus important clinical information 
may be lost with the additional possibility of costly duplicate 
testing. Newer POCT devices have addressed this problem 
by incorporating the prerequisite hardware and software into 
their design, but linking them to information management 
systems has proven problematic as each device had its own 
proprietary interface. The extent of this problem was high- 
lighted by a survey of more than 500 United States hospitals 
conducted by the Enterprise Corporation for the American 
Association of Clinical Chemists in 1999 where it was found 
that only 15% of POCT data was sent to the LIS electroni- 
cally, 18% entered manually, and 67% never reached the LIS. 
This lack of “connectivity” was identified as a major barrier 
to the effective deployment of POCT.” 

To address the problem of a lack of connectivity in POCT 
instruments, a group of more than 30 companies involved 
in the POCT industry created a Connectivity Industry 


TABLE 12-4 Informatic Issues With Present-Day Point-of-Care Testing Devices 


Principle 


Patient samples should be-positively identified 
with the system 

Operator access to the system should be password 
protected 

‘A hard copy. of the record of the results, positively 
identified, should be generated 

Data should be stored in a local or remote database 

A log of-events.and of access should be maintained 


Problem with POCT. 


Strip devices do not carry identification (ID) and meters do not 
read IDs. 
This is not true of many. hand-held meters 


> “Many. meters do not carry. printers and results must: be:manually 
transcribed 
This ‘capability is not-available.on many. devices 
This capability is not.available on many-devices 


Modified from Jones R. Informatics and point-of-care testing. In: Price CP, Hicks JM, eds. Point-of-care testing, Washington DC: AACC Press, 1999: 


175-95. 
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Consortium (CIC), that developed a set of seamless—“plug 
and play” —point-of-care communication standards. Adher- 
ence to these connectivity standards ensures that POCT 
devices meet critical user requirements, such as bidirection- 
ality, device connection commonality, commercial software 
intraoperability, security, and QC and/or regulatory compli- 
ance. The design of the standards was based on (1) the use 
of a proven architecture and notation, (2) the use of exist- 
ing standards and architectural patterns wherever possible, 
(3) a focus on services that would enable software intraop- 
erability and add value to overall functionality, and (4) a 
reduction in the complexity of device communications. 


Description of Connectivity Standards 

The CIC connectivity standards are represented simply as 
the two interfaces between the POCT devices and informa- 
tion systems (Figure 12-11). The device interface passes 
patient results and QC information between the POCT 
instrument and devices, such as docking stations, concen- 
trators, terminal servers, and point-of-care data managers. 
The latter have to be linked to a variety of information 
systems via the observation reporting interface or electronic 
data interface, for transmission of ordering information and 
patient results. 

The connectivity standard was approved by the National 
Committee for Clinical Laboratory Standards (NCCLS) in 
2001 as the POCTI-A standard.’ Essentially, if a POCT 
device incorporates this standard, it should easily be able to 
communicate with laboratory and hospital information 
management systems, allowing exchange of data and infor- 


mation in a standardized format irrespective of vendor, loca- 
tion, or interface. 


Benefits of POCT Connectivity 

The full informatic benefits of connectivity may be some 
years away since the standards are only likely to be included 
in new products. However, pressure from laboratory scien- 
tists and users should encourage its adoption just as it helped 
with the formation of the CIC. At this stage, one of the most 
important benefits of connectivity will be to facilitate the 
transfer and capture of patient POCT and quality-related 
data into permanent medical records.” Other destinations 
for point-of-care data include the bedside monitors and clin- 
ical information systems that reside in critical care units. 
These systems integrate data from various sources, includ- 
ing vital signs and diagnostic results. In conjunction with 
clinical guidelines and expert systems, they can produce crit- 
ical care maps used in the management of the critically ill 
patient.” Integration of POCT data with other clinical infor- 
mation is now quite commonly seen in disease management 
systems supporting the care of patients with chronic dis- 
eases, such as diabetes mellitus and hyperlipidemia. In the 
case of diabetes mellitus, the data manager serves to main- 
tain a record of the blood glucose results and any other 
observations that the patient wishes to record to bring to the 
attention of the clinician at the next clinic visit. This record 
is then used to help patients with the management of their 
own disease. In the case of hyperlipidemia, the data may be 
fed into an algorithm together with other observations to 
calculate a risk score that is then used by the patient and his 
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Figure 12-11 Schematic diagram of the interfaces between POCT devices and information 
systems. (Modified from National Committee for Clinical Laboratory Standards: Point-of-Care 
Connectivity; Approved Standard. NCCLS Document POCT I-A. Wayne, PA. National Council for Clinical 


Laboratory Standards, 2001.) 
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or her clinician to identify life style, dietary, and therapy 
changes, together with the expected outcomes (e.g., reduced 
risk of cardiovascular disease). 

Innovations in the area of POCT quality will also be 
assisted by being able to easily link devices to networks and 
to those who are ultimately responsible for the device. 
Several manufacturers of POCT devices now provide soft- 
ware to allow central laboratories to monitor their instru- 
ments in remote locations, Currently, these packages are 
primarily in the critical care testing area, such as blood’gases 
and related parameters, but with easier access to interfacing, 
it is likely that this type of software will be available for a 
wider range of devices. In conjunction with network tech- 
nology, remote control software not only allows monitoring 
of the performance of the device but also enables those 
responsible for the instrument to carry out some service 
procedures or even shut the instrument down completely 
if required. Such software can manage a large number of 
devices that may be geographically dispersed and, by reduc- 
ing the necessity to physically visit each device, it can result 
in significant staff savings.” 

Although the need to have a permanent record of patient 
data is the most important benefit of connectivity for many 
laboratory scientists, others might place more emphasis on 
the requirement for accurate financial accounting of POCT. 
This would certainly be applicable in those countries where 
diagnostic testing has to be charged to the patient or their 
insurer. Easier connectivity of POCT data to accounting or 
billing systems will help prevent the obvious financial 
consequences of uncharged testing. 


IMPLEMENTATION AND MANAGEMENT 
CONSIDERATIONS 


Implementation, management, and maintenance of a POCT 
service in a healthcare facility require providing the neces- 
sary planning, oversight, and inventory control, and assur- 
ing the reliability of the results through adequate training 
and QC. Consequently a number of factors must be consid- 
ered including (1) establishing need; (2) organizing and 
implementing of a coordination committee; (3) establishing 
a POCT testing policy and accountability; (4) procuring 
equipment and its evaluation; (5) training and certification 
of operators, establishing a QC, quality assurance, and audit 
policy; (6) ensuring documentation; (7) establishing an 
accreditation and regulation of POCT policy. 


ESTABLISHMENT OF NEED 

As with laboratory testing in general, the decision to imple- 
ment a POCT service requires (1) establishment of need, (2) 
consideration of the clinical, operational, and economic 
benefits, and (3) the costs involved.* 


Which tests are required? 

What is the TAT required? 

What clinical question is being asked when requesting this test? 

What clinical decision is likely to be made upon receipt of the 
result? 


What action is likely to be taken upon receipt of the result? 

What outcome should be expected from the action taken? 

Why isn’t the laboratory able to deliver the required service? 

Will POCT provide the required accuracy and precision of result? 

Is there staff available to perform the test? 

Are there adequate facilities to perform the test and store the 
equipment and reagents? 

Will you abide by the organizations POCT policy? 

Are there operational benefits to this POCT strategy? 

Are there economic benefits to this POCT strategy? 

Will a change in practice be required to deliver these benefits? 

Is it feasible to deliver the changes in practice that might be 
required? 


Addressing the questions listed in Box 12-4 is useful for 
establishing the requirement for a POCT service. Answering 
them will help identify the test itself but should also explain 
why the current service is not meeting the needs of the 
patient or the clinician. Specifically, establishing the need for 
a POCT service should identify what benefits are likely to 
accrue to the patient and/or the healthcare provider by intro- 
ducing a more rapid service. An economic assessment of the 
costs of delivering the current service and the costs associ- 
ated with the POCT service should also be conducted. The 
benefits must be identified and accounted for in a way 
similar to that involved in identifying the cost of other ele- 
ments of the health service. However, it is important in such 
an exercise to ensure that the costs associated with the 
benefits are recognized in terms of those that will redirect 
resources, as against those that may be more associated with 
an improved quality of care and ultimately quality of life. 
Some of the costs in the latter cannot be readily leveraged, 
and therefore resources are required to fund the POCT 
service. This part of the exercise is extremely useful as it often 
identifies the changes in practice that are required to release 
the resources to fund the new service and the potential 
difficulties associated with achieving such a change. 

A risk assessment should also be conducted that will focus 
primarily on the procedures and processes that have to be 
put in place to ensure the maintenance of a high quality of 
service.” Issues of concern include (1) robustness of the 
POCT device, (2) quality of the results produced, (3) com- 
petence of the operator of the device, (4) effectiveness of the 
process for transmission of the results to the caregiver, (5) 
competence of the caregiver to interpret the results provided, 
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(6) procedures in place to ensure that an accurate record of 
the results is kept, (7) identification of what practice changes 
may have to be made to deliver the benefits that have 
been identified, (8) how the staff will be retrained if appro- 
priate, and (9) how the changes in practice will be 
implemented, 6®0121127:146 


ORGANIZATION AND IMPLEMENTATION. OF A 
COORDINATION COMMITTEE , 
When organizing and implementing POCT service, it is 
important to consult with all of the parties involved in deliv- 
ering such a service. This can be best achieved by establish- 
ing a POCT coordinating committee. Such a committee is 
then charged with managing the whole process of delivering 
a high quality POCT service. Membership of the committee 
should include representatives of those who use the service 
and those that deliver the service, together with a represen- 
tative of the organization’s management team. The users will 
include physicians, nurses, other healthcare providers, and 
maybe even a patient. The providers should include at least 
one representative from the laboratory and those involved in 
the use of other diagnostic and therapy equipment close to 
the patient (e.g., respiratory measurement technologists and 
nurses), Typically a laboratory professional will chair such a 
committee because it is the laboratory that will provide the 
necessary backup if there is a service failure; furthermore the 
laboratory professional will have had training and expertise 
with the analytical issues that are likely to arise. For many 
reasons, the committee should report to the medical direc- 
tor. The committee should then designate members who 
will take the responsibility for overseeing the training and 
accreditation of all POCT operators and also for QC and 
quality assurance. The work of the committee should be 
governed by the organization’s policy on POCT. 


POCT POLICY AND ACCOUNTABILITY 


Implementation of a POCT service requires a POCT policy 
that establishes all of the procedures required to ensure 
the delivery of a high quality service, together with the 
responsibility and accountability of all staff associated 
with the POCT.. This may be (1) part of the organiza- 
tion’s total quality management system,” (2) part of its 
clinical governance policy,” and (3) required for accredita- 
tion purposes.'”"* The elements of a POCT policy are listed 
in Box 12-5, 


EQUIPMENT PROCUREMENT AND EVALUATION 


After establishing the requirement, coordination committee, 
and policy, the next stage in the process is equipment pro- 
curement. This involves first identifying candidate POCT 
equipment having the prerequisite analytical and opera- 
tional capabilities to meet the clinical requirements of a 
POCT service. As discussed in Chapter 15, the performance 
characteristics of these devices are then obtained and com- 
pared. These include parameters such as accuracy, precision, 
TAT, calibration frequency, potential interferants, calibrator 
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* Terms of reference 
+ Responsibilities 
* Meetings 


Equipment and consumable procurement—criteria for 
procurement 
+ Process of procurement 


Standard operating procedures 
+ Training and certification of staff—training 
* Certification 
* Recertification 


Quality control and quality assurance—procedures 
* Documentation and review 


Health and safety procedures 
Bibliography 


and reagent stability, variation in different lot numbers of 
reagents and calibrators, and QC requirements. In addition, 
operational requirements made of the operator also have to 
be identified, and the potential for operator error (including 
delayed addition of the sample and use of an incorrect 
sample volume) determined. Independent validation of 
these analytical and operational characteristics can be 
obtained from (1) the manufacturer; (2) published evalua- 
tions performed by agencies such as the Medical Devices 
Agency in the United Kingdom; and (3) reports in the peer- 
reviewed literature. When reviewing performance data, 
particular attention should be paid to the precision and 
accuracy of measurement, including the concordance 
between the results produced by the POCT device and by a 
routine laboratory method, because patients are likely to be 
managed using both analytical systems. This concordance 
may be difficult to assess, and it may be necessary to seek 
endorsements from current users of the systems and pos- 
sibly conduct some form of internal trial. Evaluation of 
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analytical performance will be addressed in Chapter 14 and 
in the NCCLS protocol.” 

An economic assessment of the equipment, including the 
cost of consumables and servicing, should also be made. This 
is likely to be a comparative exercise between the various 
point-of-care systems under consideration. Any comparison 
of costs with the laboratory service will only be highlighting 
the cost per test, which, as stated earlier, will not give an accu- 
rate assessment of the cost utility of the system. However, it 
is helpful at this point to have a good assessment of the rel- 
ative staff costs associated with different systems because 
these are likely to be key features in the decision-making 
process. It is likely that the chosen system will be operated 
by staff already performing a wide range of duties involving 
the care of patients, and therefore the amount of time 
required to operate the device may be critical. 

After the comparison data have been obtained, tabulated, 
and interpreted, a POCT device is selected. It is then recom- 
mended that the laboratory professional conduct a short 
evaluation of the equipment to gain familiarization with the 
system. This evaluation will help to determine the content of 
the training routine that will have to be subsequently devel- 
oped and if troubleshooting of problems is required. Such 
an evaluation should document the concordance between 
the results generated with the device and those provided by 
the laboratory. All of this information should then be 
recorded in a logbook associated with the equipment. In 
addition, the organization may wish to undertake some form 
of safety check, give the device some form of local code, and 
enter the code into the local equipment register. 


TRAINING AND CERTIFICATION 


The confidence of the clinician, the caregiver, and the patient 
in the results generated by a POCT device depends heavily 
on the robustness of the instrument and the competence of 
the operator, given that it has already been shown to meet 
the analytical requirements of the clinical setting. Many of 
the agencies involved in the regulation of healthcare delivery 
now require that all personnel associated with the delivery 
of diagnostic results demonstrate their competence through 
a process of regulation, and this applies equally to POCT 
personnel. Typically, those healthcare professionals involved 
in POCT will not have received training in the use of ana- 
lytical devices as part of their core professional training but 
may be called upon to operate a number of complex pieces 
of equipment. 

The elements of a training program are listed in Box 
12-6. In practice such a program is tailored to suit the needs 
of the individual and the organization." These may include 
formal presentation to groups, or on a one-to-one basis, self- 
directed learning using agreed documentation or computer- 
aided learning. For example, several of the current models 
of blood gas and electrolyte analyzers have onboard com- 
puter-aided training modules. Whatever the training strat- 
egy employed, it is important to document the satisfactory 
completion of training and that the individual has been 


Understanding the context of the test—pathophysiological 
context 
* Clinical requirement for the test 
* Action taken on basis of result 
* Nature of test and method used 


Patient preparation required—relevance of diurnal variation 
* Relevance of drug therapy 


Sample requirement and specimen collection 

Preparation of analytical device—machine and/or consumables 

Performance of test 

Performance of quality control 

Documentation of test result and quality control result 

Reporting of test result to appropriate personnel 

Interpretation of result and sources of advice 

Health and safety issues (e.g., disposal of sample and test device, 
cleaning of machine and test area) 


tested and found competent with a combination of ques- 
tions concerned with understanding and practical demon- 
stration of the skills gained. The latter can be achieved by 
performing tests on a series of QC materials and repeat 
testing of samples that have recently been analyzed (parallel 
testing). Finally the operator should be observed through the 
whole procedure involved in the POCT on a minimum of 
three occasions. 

Competence on a long-term basis is maintained through 
regular practice of skills and continuing education, and it is 
important to build these features into any education and 
training program. Regular review of performance in QC and 
quality assurance programs will provide a means of over- 
seeing the competence of operators. However, this is not 
always sufficient, particularly when operators are employed 
on irregular shifts or may not always be called upon to 
perform POCT. In this latter situation, it may be necessary 
to create specific arrangements for individuals to undertake 
tests on QC material. The error log may also highlight when 
problems are arising. However, the most important thing is 
to encourage an open approach to the assessment of com- 
petence so that operators themselves seek help if they believe 
that problems are occurring. Such an open approach should 
be supported with audit and performance review meetings 
where problems are aired and developments discussed. The 
regular assessment of competence should be built into a 
formal program for recertification that will be a requirement 
of most accreditation programs. 


QUALITY CONTROL, QUALITY ASSURANCE, AND AUDIT 


QC and quality assurance programs provide a formal means 
of monitoring the quality of a service (see Chapter 19). The 
internal QC program is a relatively short-term view and 
typically compares the current performance with that of the 
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last time the analysis was made. External quality assurance 
on the other hand takes a longer-term view and in some 
respects addresses other issues surrounding the quality of 
the result. Thus quality assurance compares the testing per- 
formance of different sites and/or different pieces of equip- 
ment or methods.'*"* An audit is a more retrospective form 
of analysis of performance and, furthermore, can take a 
more holistic view of the whole process. However, the foun- 
dation to ensuring good quality remains a successful train- 
ing and certification scheme. 

Classically, quantitative internal QC involves the analysis 
of a sample for which the analyte concentration is known, 
either because the material has been analyzed on many occa- 
sions and the distribution of results documented, or because 
it has been analyzed independently and the mean and range 
of results quoted for the method used. The essence of using 
the internal QC material is to establish the interval of results 
that is acceptable; the current analytical result is compared 
with the interval of results deemed to be acceptable (see 
Chapter 16}. The result must then be documented, usually 
graphically, because it shows the conformity of results and 
any trends in results that may be occurring. The major aim 
is to use a means of documentation that ensures that com- 
parative performance is assessed. 

There are several challenges to the classical approach with 
POCT. The first concerns the frequency of testing—should 
a QC sample be analyzed every time that (1) a sample is 
analyzed, (2) a new operator uses the system, (3) a new lot 
number of reagents is used, or (4) the system is recalibrated? 
There is no consistent agreement on the correct approach, 
and one probably has to be guided by the reproducibility and 
overall analytical performance of the system and local 
circumstances, such as the number and competence of the 
operators, together with the frequency with which the system 
is used, For a bench top and/or multitest analyzer, at least 
one QC sample should be run a minimum of once per 
shift—three times a day. Some critical care analyzers can be 
programmed to perform a QC check at intervals set by those 
responsible for the device. 

For single-use POCT disposable devices, the above 
strategy cannot completely monitor the quality of the test 
system. !™"! For example, when conventional QC material is 
analyzed on a unit-use or single-test POCT system, only that 
testing unit is monitored. Thus it is impossible to test every 
unit with control material because by definition these are 
single-test systems and one cannot analyze both control 
material and a patient sample with the single unit. Under 
these circumstances, there is greater dependence placed on 
the manufacturing reproducibility of the devices to ensure a 
good quality service. A 2002 NCCLS guideline reports 
quality management procedures for unit-use testing both 
from a manufacturer's and a user’s perspective.” 

In the case of the user, some may wish to continue with 
a QC testing strategy that is similar to that for multiuse 
devices, namely analyze a minimum of one QC sample per 
run during each shift. If testing is infrequent, then another 


approach would be to analyze a QC sample whenever there 
is a change to the testing system, such as a different batch of 
testing materials or a different operator.” There are also 
other QC approaches, but many do not test the whole 
process. For example, the use of a plastic surrogate 
reflectance pad as a QC sample will only test the perfor- 
mance of the reflectance meter and does not test the process 
of sample addition, etc. Similarly the same forms of elec- 
tronic internal QC, used for example with the i-STAT cas- 
sette system, also do not test the sampling technique but 
simply the functionality of the cassette and the docking 
station. ”"! 

External quality assurance or proficiency testing is a 
systematic approach to QC monitoring in which standard- 
ized samples are analyzed by one or more laboratories 
to determine the capability of each participant. In this 
approach, the operator has no knowledge of the analyte 
concentration, and therefore it is considered closer to a 
“real testing situation?” The results are transmitted to a 
central authority, who then prepares a report and returns 
a copy to each participating laboratory. The report will 
identify the range of results obtained for the complete group 
of participants and may be classified according to the differ- 
ent methods used by participants in the scheme. The scheme 
may encompass both laboratory and POCT users, which 
gives an opportunity to compare results with laboratory- 
based methods. In practice, external quality assurance or 
proficiency testing is used in POCT to determine and docu- 
ment long-term performance and the concordance of results 
between the POCT service and an organization’s central Jab- 
oratory. It is also possible to operate an external quality 
assurance scheme within a hospital or organizational setting; 
such a scheme would typically be run by qualified laboratory 
personnel. This provides the opportunity to compare the 
results being reported by both the laboratory and other 
POCT sites within the same organization. This can be 
important when patients are managed in several depart- 
ments—or when machines break down and samples are 
taken to other sites for testing. When deteriorating or poor 
performance is identified in one of these schemes, it is 
important to document the problem, and then provide and 
document a solution. It may be necessary as part of this exer- 
cise to review some of the patient’s notes to ensure that 
incorrect results have not been reported and inappropriate 
clinical actions taken. In addition, if the solution highlights 
a vulnerable feature of the process overall or for one partic- 
ular operator then a process of retraining must be instituted. 

An example of data from an external quality assurance 
scheme for POCT is shown in Figure 12-12. Such schemes 
are run on a national and international basis, and some Web 
site schemes are listed in references.>!"® 


MAINTENANCE AND INVENTORY CONTROL 

The implementation and maintenance of a POCT service 
require that a supply of devices be maintained at all times 
and a formal program for doing so employed. The key points 
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in this process are to (1) adhere to the recommended storage 
conditions, (2) be aware of the stated shelf life of the con- 
sumables, and (3) ensure that stocks are released in time for 
any preanalytical preparation to be accommodated (e.g., 
thawing). When multiple sites are using the same materials, 
then a central purchasing, supply and inventory control 
system should be put in place—not only to gain the benefit 
from bulk purchasing, but also to ensure that individual 
systems are not supplied unknowingly with different batches 
of consumables. o ' 

The complexity in the maintenance. of reusable devices 
will vary from system to system, but clear guidelines will be 
available from the manufacturer and should be adhered to 
rigorously. Issues that usually require particular vigilance 
include expiration dates, bio-contamination, electrical 
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safety, maintenance of optics, and inadvertent use of 
inappropriate consumables. 


DOCUMENTATION 


The documentation of all aspects of a POCT service has been 
a major issue for many years, compounded by the fact that 
often the storage of data in laboratory and hospital infor- 
mation systems has been limited and often inconsistent. 
Thus it is critically important to keep an accurate record of 
the test request, the result, and the action taken as an 
absolute minimum. Some of the issues concerning docu- 
mentation are now being resolved with the advent of the 
patient electronic record, electronic requesting, and better 
connectivity of POCT instrumentation to information 
systems and the patient record (see earlier discussion). The 


Specimen : 257A n 


Mean SD CV(%) 100 Your result 5.8 
DCCT aligned 228 5.64 0,24 43 Target value 5.64 
Bayer DCA 2000 34 565 0,14 24 , 80 (DCCT aligned) 
BioRad Variant (I) 6 5.43 0.21 39 -2 
BioRad Variant (ID 34 5.57 OES 32 8 69 Your specimen: 
Menarini HA 8121 9 5.71 013 23 8 %bias +2.9 
Menarini HA 8140 53 5.84 0.25 43 3 transformed bias +69 
Menarini HA 8160 15 5.54 0.24 43 % #9 Accuracy Index 69 
Primus 9 5.73 0,20 3.6 ; 
Roche Integra 20 5.64 0,19 33 £ 20 IFCC reference value 3.91 
Tosoh 2.2 17 5.51 0.21 38 DCCT comparison value 5.67 
Tosoh G7 17 3.39 013 2.5 
Non-aligned by choice 18 5.09 0,45 8.8 o ALTM 5.61 
Menarini HA 8140 7 5.02 9.14 2.7 {for information only} 
a All method: Your A score is 36 
Spec. Pool Pool description / Treatments / Additions H DCCT aligned aie B aed is 40,5 
257A 262 Diabetic donor volunteer Menarini HA 8140 Your C score is 13 
257B 263 Diabetic donor volunteer ; : . 
257C 264 iabetic donor volunteer Group 1 is IFCC calibrated 
7 Diabetic donor volunteer Group 2 is DCCT aligned 
Group 3 is 'non-atigned' by choice 
Specimen : 257A n Mean SD CcV(%) 100 Your result 5.8 
DCCT aligned 228 $.64 0.24 43 Target value 5.64 
Bayer DCA 2000 34 5.65 0.14 2.4 4 80 (DCCT aligned) 
BioRad Variant (I) 6 5.43 021 39 2 
BioRad Variant (If) 34 5.57 018 32 8 69 Your specimen; 
Menarini HA $121 9 5.71 0.13 2.3 5 %bias +29 
Menarini HA 8140 53 584 025 43 "3 transformed bias +69 
Menarini HA 8160 15 5.54 0.24 43 & 40 Accuracy Index 69 
Primus 9 5.73 0.20 36 g 
Roche Integra 20 5.64 0.19 33 F 49 IFCC reference value 3.91 
Tosob 2.2 17 5.51 0,21 3.8 DCCT comparison value 5.67 
Tosohk G7 17 5.39 0.13 2.5 
Non-aligned by choice 18 5.09 045 8.8 0 ALTM 5.61 
Menarini HA 8140 7 5.02 O.i4 2.7 (for information only) 


Figure 12-12 Extract of data from Distribution 257 of the UK NEQAS for Glycated 
Hemoglobin, May 2003. (Courtesy Dr. J. Middle, UK NEQAS.) 
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documentation should extend from the standard operating 
procedure(s) for the POCT systems to records of training 
and certification of operators, internal QC and quality assur- 


ance, together with error logs and any corrective action 
taken, 


ACCREDITATION AND REGULATION OF POCT 


The features of the organization and management of POCT 
described above are the same as those for the accreditation 
of any diagnostic services." Accreditation of POCT should 
be part of the overall accreditation of laboratory medicine 
services, or indeed as part of the accreditation of the full clin- 
ical service, as has been the case in many countries, includ- 
ing the United States and the United Kingdom for a number 
of years. Thus the Clinical Laboratory Improvement 
Amendments of 1988 (CLIA) legislation in the United States 
stipulates that all POCT must meet certain minimum stan- 
dards.” In the United States, the Centers for Medicare 
and Medicaid Services, the Joint Commission on Accredita- 
tion of Healthcare Organizations, and the College of 
American Pathologists are responsible for inspecting sites 
and each is committed to ensuring compliance with testing 
regulations for POCT.” 


We believe that the three key drivers for expansion of POCT 
services in the future will be (1) changes in the way health- 
care is provided, (2) patient's needs and expectations, and 
(3) technological innovation. Currently the trends in the 
manner that clinical care is being delivered are completely 
opposite to the way in which diagnostic testing services are 
moving. For example, although laboratories are being con- 
solidated with emphasis on more efficient and productive 
testing facilities, patient care is being moved closer to the 
patient and away from the larger hospital unit (Figure 12- 
13). This will effectively lead to either an increase in the 
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Figure {2-13 Diagram of the trends in healthcare today that 
include devolution of patient care to the primary care sector 
while laboratory medicine is consolidating in the “opposite 
direction.” 


logistics effort required to support the TATs expected by 
clinicians and patients, or a dramatic increase in the volume 
of POCT. 

Patient expectations are increasing and will drive the 
trend toward more patient-focused style of care with fewer 
clinic visits, shorter waiting times, and an expectation of 
better care. POCT has been shown to be capable of shorter 
“lengths of stay” and in many cases improved health out- 
comes. As health service decision makers (both purchasers 
and providers) realize that it is possible to achieve lower 
“costs per patient episode” with the use of POCT, more of 
the effort will be put into this testing modality. So what will 
facilitate this revolution? The answer lies in the new tech- 
nology--both in terms of the new delivery platforms that 
are being developed and also. in the discovery of new 
markers. ` 

There are now considerable efforts being made to develop 
and manufacture miniaturized analytical devices (see 
Chapters 4 and 10) that will enable faster analytical times to 
be achieved, with smaller sample requirements. There are 
now several examples in the field of microfabricated devices 
that have been shown to meet these aspirations.’”” In the 
future, continued technological advances will result in even 
smaller devices that can be tailored for a large number of 
analytes and that are very simple to operate. 

Noninvasive testing has promised much, and over the 
past decade, there is now evidence of some success in this 
area. The majority of work has been performed on a range 
of imaging techniques that seek a signature of the molecule 
of interest (e.g., glucose from among the many signatures of 
the extracellular and tissue matrix’°*"?), Alternative 
approaches have sought to access the extracellular fluid space 
or to sample the extracellular fluid directly, such as with the 
Glucowatch.’”” 

The three areas of testing that will increase significantly 
are testing for infectious agents using molecular based tech- 
niques, testing for the predisposition to disease, and assess- 
ing an individual’s response profile toward a new drug. In 
the case of all three scenarios, the key to having a POCT 
is the need for early decision making to implement therapy 
(or life style change), together with the need for patient 
counseling. There is clearly now the technology available to 
detect any form of biological entity at the point-of-care, 
including very rapid analysis of deoxyribonucleic acid 
(DNA) from saliva samples.” However, there are clearly 
many ethical issues surrounding the analysis for genetic 
predisposition and tests for certain infectious diseases. 

An area of great interest, however, lies in the field of 
pharmacogenomics (see Chapter 43)—although it is not yet 
clear whether it will be the proteomic or the genomic 
markers that will predominate. It is already acknowledged 
that each person responds to or metabolizes drugs differ- 
ently. Tailoring drug therapy to achieve an individualized 
optimal level is preferable—and from the foregoing exam- 
ples it is clear that to be able to perform that optimization 
at the time of the clinic visit reduces the need for future clinic 
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visits, improves compliance, and meets with both patient’s 
and caregivers approval. Individualization of drug therapy 
has already been shown to be effective for the management 
of diabetes, anticoagulation status, hypertension, anticon- 
vulsant therapy, azothioprine treatment, Herceptin treat- 
ment, and many others, although POCT has not been 
implemented on a routine basis in many of these clinical 
conditions. 

In closing, it is difficult to predict the role of POCT in 
self-testing as part of a wellness program. For example, the 
level of self-testing for cholesterol has not reached the pre- 
dictions that were made several years ago—and the reasons 
for this are not entirely clear. If testing for some analytes 
remains restricted as is the case in some countries today, then 
it is possible that individuals will seek the tests from a POCT 
source. Examples include tests for cancers such as prostate, 
bladder, and colon that have attained a high level of media 
coverage in recent years. 


REFERENCES ae ate = 

1. Allen MP, DeLizza A, Ramel U, Jeong H, Singh P. A 
non-instrumental quantitative test system and its 
application for determining cholesterol concentration 
in whole blood. Clin Chem 1990;36:1591-7. 

2. Andrew M, Marzinotto V, Adams M, Cimini C. 
LaDuca F. Monitoring of oral anticoagulant therapy 
in pediatric patients using a new microsample PT 
device. Blood 1995;86(Suppl):863. 

3, Antmann EM, Grudzien C, Sachs DB. Evaluation of a 
rapid bedside assay for detection of serum cardiac 
troponin T. JAMA 1995;273:1279-82. 

4. Apple FS, Christenson RH, Valdes R, Wa AHB, 
Andriak AJ, Duh SH et al. Simultaneous rapid mea- 
surement of whole blood myoglobin, creatine kinase 
MB, and cardiac troponin I by the Triage Cardiac 
Panel for detection of myocardial infarction. Clin 
Chem 1999;273:1279-82. 

5. Ashby JP, ed. The Patient and Decentralised Testing. 
Lancaster, UK: MTP Press Ltd, 1988. 

6. Azzazy HM, Christenson RH. Cardiac markers of 
acute coronary syndromes: is there a case for point- 
of-care testing? Clin Biochem. 2002;35:13-27. 

7. Bailey PL, McJames S, Cluff ML, Wells DT, Orr JA, 
Westernskow DR. Evaluation in volunteers of the VIA 
V-ABG automated bedside blood gas, chemistry and 
haematocrit monitor. J Clin Monit Comput 
1998; 14:339-46. 

8. Belsey R, Baer D, Sewell D, Laboratory test analysis 
near the patient. JAMA 1986;255:775-86. 

9, Bingham D, Kendall J, Clancy M. The portable 
laboratory: an evaluation of the accuracy and 
reproducibility of L-STAT. Ann Clin Biochem 
1999;36:66-71. 

10. Bissell M. Point-of-care testing at the millennium. 
Crit Care Nurs Q 2001;24:39-43. 


i]. 


12, 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24, 


Boalth N, Wandrup J, Larsson L, Frischauf PA, 
Lundsgaard FC, Andersen WL, et al. Blood gases and 
oximetry: calibration-free new dry-chemistry and 
optical technology for near-patient testing. Clin Chim 
Acta 2001;307:225-33. 

Boldt J. Point of care (POC) monitoring in anesthesia 
and intensive care—an overview of available POC 
systems. Anasthesiol Intensivmed Notfallmed 
Schmerzther 2003;38:158-64. 

Bonnar J, Flynn A, Freund! G, Kirkman R, Royston R, 
Snowden R. Personal hormone monitoring for con- 
traception. Brit J Fam Planning 1999;24:128-34. 
Brunelle JA, Degtiarov AM, Moran RE, Race LA. 
Simultaneous measurement of total hemoglobin and 
its derivatives in blood using CO-oximeters; Analyti- 
cal principles; their application in selecting analytical 
wavelengths and reference methods; a comparison of 
the results and the choices made. Scand J Clin Lab 
Invest 1996;56,Suppl 224:47-69. 

Buechler KE, Moi S, Noar B, McGrath D, Villela J, 
Clancy M, et al. Simultaneous detection of seven 
drugs of abuse by the triage panel for drugs of abuse. 
Clin Chem 1992;38:1678-84. 

Bullock DG. Quality control and quality assurance. In 
Price CP, StJohn A, Hicks JH, eds. Point-of-care 
testing. Washington DC: AACC Press, 2004:137-45. 
Burnett D. Accreditation and point-of-care testing. 
Ann Clin Biochem 2000;37:241-3. 

Burnett D. A practical guide to accreditation in labo- 
ratory medicine. ACB Venture Publications, London, 
2002:1-314. 

Calatzis A, Heesen M, Spannagl M. Point-of-care 
testing of hemostatic alterations in anaesthesia and 
intensive care. Anaesthesist 2003;52:229-37. 

Chapin KC, Blake P, Wilson CD. Performance charac- 
teristics and utilization of rapid antigen test, DNA 
probe, and culture for detection of group a strepto- 
cocci in an acute care clinic. J Clin Microbiol. 
2002;40:4207-10. 

Chernesky M, Jang D, Krepel J, Sellors J, Mahony J. 
Impact of reference standard sensitivity on accuracy 
of rapid antigen detection assays and a leukocyte 
esterase dipstick for diagnosis of Chlamydia tra- 
chomatis infection in first-void urine specimens from 
men. J Clin Microbiol 1999;37:2777-80. 

Chin HL, Krall MA. Successful implementation of a 
comprehensive computer-based patient record system 
in Kaiser Permanente Northwest: strategy and experi- 
ence. Eff Clin Pract 199831:51-60. 

Claudi T, Cooper JG. Comparison of urinary 
albumin excretion rate in overnight urine and 
albumin creatinine ratio in spot urine in diabetic 
patients in general practice. Scand J Prim Health Care 
2001;19:247-8, 

Cobbaert C, Boerma GJ, Lindemans J. Evaluation of 
the Cholestech LDX desktop analyzer for cholesterol, 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34, 


35. 


36. 


37. 


38. 


39. 


Chapter 12. Point-of-Care Testing = 317 


HDL-cholesterol and triglycerides in heparinized 
venous blood. Eur J Clin Chem & Clin Biochem 
1994;32:391-4, 

College of American Pathologists:www.cap.org 

(e.g., drugs of abuse testing program). 

Collinson PO, Gerhardt W, Katus HA, Muller-Bardoff 
M, Braun S, Schricke U et al. Multicenter evaluation 
of an immunological rapid test for the detection of 
Troponin T in whole blood samples. Eur J Clin Che 
Clin Biochem 1996;34:591-8, 
Creed GM. Point-of-care testing in the United 
Kingdom. Crit Care Nurs Q 2001;24:44-8. 

Crook M. Handbook of Near-Patient Testing. ` 
London: Greenwich Medical Media Limited, 1999: 
1-116. 

Curme HG, Columbus RL, Dappen GM, Elder TW, 
Fellow WD, Figueras J et al. Multilayer film elements 
for clinical analysis: General concepts. Clin Chem 
1978324:1335-42, 

D’Costa EJ, Higgins IJ, Turner AP. Quinoprotein 
glucose dehydrogenase and its application in an 
amperometric glucose sensor. Biosensors 1986;2: 
71-87, 

D’Orazio P. Biosensors in clinical chemistry. Clin 
Chim Acta 2003;334:41-69. 

Davis G. Microfabricated sensors and the commercial 
development of the i-Stat® point-of-care system. In 
Ramsay G, ed. Commercial Biosensors. New York: 
John Wiley & Sons, 1998:47-76. 

Despotis GJ, Alsoufiev A, Hogue CW, Zoys TN, 
Goodnough LT, Santora SA, et al. Comparison of 
CBC results from a new, on-site hemocytometer to a 
laboratory-based hemocytometer. Crit Care Med 
1996;24:1163-7. 

Despotis GJ, Joist JH, Goodnough LT. Monitoring of 
hemostasis in cardiac surgical patients: impact of 
point-of-care testing on blood loss and transfusion 
outcomes. Clin Chem 1997;43:1684-96, 

Despotis GJ, Saleem R, Bigham M, Barnes P, Clinical 
evaluation of a new point-of-care hemocytometer. 
Crit Care Med 2000;28:1185-9. 

ECRI, Point-of-care analyzers, Clinical Laboratory. 
Healthcare product comparison system, 2003;May: 
1-67. 

Ehrmeyer SS, Laessig RH. Regulation, accreditation 
and education for point-of-care testing. In: Kost G, 
ed. Principles and practice of point-of-care testing. 
Philadelphia: Lippincott Williams and Wilkins, 
2002:434-43. 

Erickson KA, Wilding P. Evaluation of a novel point- 
of-care system: The i-Stat portable clinical analyzer. 
Clin Chem 1993;39:283-7. 

Farhat SE, Finn S, Chua R, Smith B, Simor AE, 
George P, et al. Rapid detection of infectious 
mononucleosis-associated heterophile antibodies by 
a novel immunochromatographic assay and a latex 


agglutination test. J Clin Microbiol 1993;31: 
1597-600. 

40. Fermann GJ, Suyama J. Point of care testing in the 
emergency department. J Emerg Med 2002;22: 
393-404, 

41. Fiallos MR, Hanhan UA, Orlowski JP. Point-of-care 
testing. Pediatr Clin North Am 2001;48:589-99. 

Ala. Forestier F Belisle S, Contant C, Harel E, Janvier G, 
Hardy JE. Reproducibility and interchangeability of 
the Thromboelastograph, Sonoclot and Hemochron 
activated coagulation time in cardiac surgery. Can J 
Anaesth 2001;48:902-10. 

42, Freedman DB. Clinical governance: implications for 
point-of-care testing. Ann Clin Biochem 2002;39: 
421-3. 

43, French DJ, Archard CL, Andersen MT, McDowell DG. 
Ultra-rapid DNA analysis using HyBeacon probes 
and direct PCR amplification from saliva. Mol Cell 
Probes 2002;16:319-26. 

44. Fries SM. Diagnosis of group A streptococcal pharyn- 
gitis in a private clinic: comparative evaluation of an 
optical immunoassay method and culture. J Pediatr 
1995;126:933-6. 

45. Giuliano KK, Perkins S. Implementing a point-of- 
care testing program in the critical care setting. Clin 
Leadersh Manag Rev 2002;16:139-47. 

46. Halpern MT, Palmer CS, Simpson KN, Chesley FD, 
Luce BR, Suyderhoud JP, et al. The economic and 
clinical efficiency of point-of-care testing for critically 
ill patients: a decision-analysis model. Am J Med 
Qual 1998;13:3-12. 

47. Halpern N. Point of care diagnostics and networks. 
Crit Care Clin 2000;16:623-39. 

48. Halpern NA, Brentjens T. Point of care testing infor- 
matics. The critical care-hospital interface. Crit Care 
Clin 1999;15:577-91. 

49. Handorf CR. College of American Pathologists Con- 
ference XXVIII on alternate site testing: Introduction. 
Arch Pathol Lab Med 1995;119:867-71. 

50. Harrison JR, Bevan J, Furth EE, Metz DC. AccuStat 
whole blood fingerstick test for Helicobacter pylori 
infection: a reliable screening method. J Clin 
Gastroenterol 1998;27:50-3. 

51. Hedberg P, Valkama J, Puukka M. Analytical perfor- 
mance of time-resolved fluorometry-based Innotrac 
Aio! cardiac marker immunoassays. Scand J Clin Lab 
Invest 2003;63:55-64., 

52. Heslop L, Howard A, Fernando J, Rothfield A, 
Wallace L. Wireless communications in acute health- 
care, J Telemed Telecare 2003;9(4):187-93 

53. Henning TP, Cunningham TP. Biosensors for 
personal diabetes management. In Ramsay G, ed. 
Commercial Biosensors. New York: John Wiley & 
Sons, 1998:3-46. 

54, Hicks JM, Haeckel R, Price CP, Lewandrowski K, Wu 
AH. Recommendations and opinions for the use of 


318 


55. 


56. 


57. 


58. 


59. 


60. 


6l. 


62. 


63. 


64. 


65. 


66. 


67, 


68, 


69. 


70. 


71. 


Section Il Analytical Techniques and Instrumentation 


point-of-care testing for hospitals and primary care: 
summary of a 1999 symposium. Clin Chim Acta 
2001;303:1-17. 

Hirst D, St John A. Keeping the spotlight on quality 
from a distance. Accred Qual Assur 2000;5;9-13. 
Hobbs FD, Delaney BC, Fitzmaurice DA, Wilson S, 
Hyde CJ, Thorpe GH, et al. A review of near patient 
testing in primary care. Health Technol Assess 
199731:1-230. 

Hoffman A, Bioconjugates of intelligent polymers 
and recognition proteins for use in diagnostics and 
affinity separations. Clin Chem 2000;46:1478-86, 
Hudson MP, Christenson RH, Newby LK, Kaplan AL, 
Ohman EM. Cardiac markers: point of care testing. 
Clin Chim Acta 1999;284:223-37. 

Jacobs E, Nowakowski M, Colman N. Performance of 
Gem Premier blood gas/electrolyte analyzer evalu- 
ated. Clin Chem 1993;39:189-93. 

Jacobs E, Hinson KA, Tolnai J, Simson E. Implemen- 
tation, management and continuous quality improve- 
ment of point-of-care testing in an academic health 
care setting. Clin Chim Acta 2001;307:49-59. 

Janssen HW, Bookelman H, Dols JL, Gerritzen WE, 
de Keyzer RH. Point-of-care testing: the views of the 
working group of the Dutch Association of Clinical 
Chemistry. Clin Chem Lab Med 1999;37:675-80. 
Johnson RE, Newhall WJ, Papp JR, Knapp JS, Black 
CM, Gift TL, et al. Screening tests to detect Chlamy- 
dia trachomatis and Neisseria gonorrhoeae infec- 
tions—2002. MMWR Recomm Rep. 
2002;51:1-38;quiz CE1-4. 

Jones R, St John A. Informatics in point-of-care 
testing. In: Price CP, St John, A, Hicks JM, eds. Pomt- 
of-Care testing. Washington DC: AACC Press, 
2004:197-208. 

Jurgens R, Elliott R. Rapid HIV screening at the point 
of care: legal and ethical issues. Can HIV AIDS Policy 
Law News] 2000;5:28-33. 

Kamino N. Coagulation monitoring in point of care 
testing—A global point of view. Rinsho Byori 
2002;50:1035-40. 

Kamm C, Elser R, Eitel D, Napier J. Evaluation of the 
Stratus CS° analyzer and three cardiac markers. Clin 
Chem 1998;44:1457-63, 

Kassler HIV, Kassler WJ. Advances in HIV testing 
technology and their potential impact on prevention. 
AIDS Educ Prev 1997;9(3 Suppl):27-40. 

Keffer JH. Economic considerations of point-of-care 
testing. Am J Clin Pathol, 1995;104(4 Suppl 1):S107-10, 
Kendall J, Reeves B, Clancy M. Point of care testing: 
randomised, controlled trial of clinical outcome. BMJ 
1998;316:1052-7, 

Khalil OS. Spectroscopic and clinical aspects of non- 
invasive glucose measurements. Clin Chem 
1999;45:165-75, 

Khandurina J, Guttman A. Bioanalysis in microfluidic 
devices. J Chromatogr A 2002;943:159-83. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


Kiechle FL. The impact of continuous glucose moni- 
toring on hospital point-of-care testing programs. 
Diabetes Technol Ther 2001;3:647-50. 

Kost GJ. Preventing medical errors in point-of-care 
testing: security, validation, safeguards, and connec- 
tivity. Arch Pathol Lab Med 2001;125:1307-15. 

Kost GJ, ed. Principles and practice of point-of-care 
testing. Philadelphia: Lippincott Williams & Wilkins. 
2002:1-654. 

Kost GJ, New whole blood analyzers and their impact 
on cardiac and critical care. Crit Rev Clin Lab Sci 
1993;30:153-202. 

Kost GJ, ed. Point-of-care testing: pathology patterns. 
Am J Clin Pathol 1995;104(Supplement):S1-S127. 
Kricka LJ. Microchips, microarrays, biochips, and 
nanochips: personal laboratories for the 21* century. 
Clin Chim Acta 2001;307:219-23. 

Kricka LJ. Microchips: the hitchhiker’s guide to analy- 
tical microchips. Washington: AACC Press, 2002:1-94. 
Lee-Lewandrowski E, Laposata M, Eschenbach K, 
Camooso C, Nathan DM, Godine JE, et al. Utilization 
and cost analysis of bedside capillary glucose testing 
in a large teaching hospital: implications for manag- 
ing point of care testing. Am J Med 1994;97:222-30. 
Lee-Lewandrowski E, Lewandrowski K. Point-of-care 
testing. An overview and a look to the future. Clin 
Lab Med 2001;21:217-39. 

Lindemans J, Hoefkens P, van Kessel AL, Bonnay M, 
Kulpmann WR, van Suijlen JD. Portable blood gas 
and electrolyte analyzer evaluated in a multiinstitu- 
tional study. Clin Chem 1999;45:111-17, 

Lott JA, Johnson WR, Luke KE. Evaluation of an 
automated urine chemistry reagent-strip analyzer. J 
Clin Lab Anal 1995;9:212-17, 

Lubbers DW. Optical sensors for clinical monitoring. 
Acta Anaesthesiol Scand 1995;35(Suppl 104):37-54. 
Lubbers DW, Koster T, Holst GA. O2 flux optode: a 
new sensing principle to determine the oxygen flux 
and other gas diffusions. Adv Exp Med Biol 
1996;388:59-68. 

Magny E, Renard MF, Launay JM. Analytical evalua- 
tion of Rapidpoint 400 blood gas analyzer. Ann Biol 
Clin (Paris) 2001;59:622-8. 

Males RG, Stephenson J, Harris P. Cardiac markers 
and point-of-care testing: a perfect fit. Crit Care Nurs 
Q 2001;24:54-61. 

Marshall DA, O’Brien BJ. Economic evaluation of 
diagnostic tests. In Price CP and Christenson RH, eds. 
Evidence-based laboratory medicine; from principles 
to outcomes. Washington DC: AACC Press, 2003:159-86. 
Mass D. Consulting to physician office laboratories. 
In: Snyder JR, Wilkinson DS, eds: Management 

in laboratory medicine, Third edition. New York: 
Lippincott, 1998:443-50. 

McClelland I, Adamson K, Black ND. Information 
issues in telemedicine systems. J Telemed Telcare 
199531:7-12. 


90. 


91. 


92, 


93, 


94. 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


102. 


103. 


104. 


Chapter 12 Point-of-Care Testing 


MacKenzie HA, Ashton HS, Spiers S, Shen Y, Free- 
born SS, Hannigan J et al. Advances in photoacoustic 
noninvasive glucose testing. Clin Chem 1999;45: 
1587-95, 

Mikkelsen DJ, James KR, Dohrman DH. Experience 
with laboratory instrumentation placed in critical 
care situations over a seven year period. N Z Med J 
1987;100:686-8. 

Mollard J-F. Single phase calibration for blood gas 
and electrolyte analysis. In D’Orazio P, ed. Preparing 
for critical care analyses in the 21* century. Proceed- 
ings of the 16" International Symposium. Washing- 
ton: AACC Press, 1996. 

Mor M, Waisman Y. Point-of-care testing: a critical 
review. Pediatr Emerg Care 2000;16:45-8. 

Morgan CL, Newman DJ, Price CP. Immunosensors: 
technology and opportunities in laboratory medicine. 
Clin Chem 1996;42:193-209, 

Muir Gray JA. Evidence-Based Healthcare. How to 
make health policy and management decisions. 
Edinburgh: Churchill Livingstone, 1997:1-270. 
Muller MM, Hackl W, Griesmacher A. Point-of-care- 
testing—the intensive care laboratory. Anaesthesist 
1999;48:3-8. 

Nadeau RG, Groner W. The role of a new noninvasive 
imaging technology in the diagnosis of anemia. J 
Nutr 2001;131:16108-45, 

National Committee for Clinical Laboratory Stan- 
dards: Point-of-care in vitro diagnostic (IVD) testing: 
Approved Guideline. NCCLS Document AST2-A. 
Wayne, PA:National Committee for Clinical Labora- 
tory Standards 1999. 

National Committee for Clinical Laboratory Stan- 
dards: Evaluation of precision performance of clinical 
chemistry devices; Approved Guideline. NCCLS 
Document EP5-A. Wayne, PA:National Committee 
for Clinical Laboratory Standards 1999. 

National Committee for Clinical Laboratory Standards: 
Point-of-Care Connectivity; Approved Standard. 
NCCLS Document POCT1-A. Wayne, PA:National 
Council for Clinical Laboratory Standards 2001. 
National Committee for Clinical Laboratory Stan- 
dards: Quality management for Unit-Use testing: 
Approved Guideline. NCCLS Document EP18-A. 
Wayne, PA:National Committee for Clinical Labora- 
tory Standards 2002. 

Nichols JH, Kickler TS, Dyer KL, Humbertson SK, 
Cooper PC, Maughan WL, Oechsle DG. Clinical out- 
comes of point-of-care testing in the interventional 
radiology and invasive cardiology setting. Clin Chem 
2000;46:543-50. 

Nichols JH, Poe SS. Quality assurance, practical 
management, and outcomes of point-of-care testing: 
laboratory perspectives, Part I. Clin Lab Manage Rev 
1999;13:341-50. 

Oberhardt BJ, Dermott SC, Taylor M, Alkadi ZY, 
Abruzzini AF, Gresalfi NJ. Dry reagent technology for 


105. 


106. 


107. 


108. 


109, 


110. 


111. 


112. 


113. 


114. 


115. 


116. 


117. 
118. 


119. 


120. 


121. 


122. 


319 


rapid convenient measurement of blood coagulation 
and fibrinolysis, Clin Chem 1991;37:520-6, 
Oberhardt BJ. Thrombosis and homeostasis testing at 
the point of care. Am J Clin Pathol 1995;104(4 Suppl 
1}:$72-8. 

O'Leary D. Global view of how alternate site testing 
fits in with medical care, Arch Pathol Lab Med 
1995;119:877-80. 

Oliver G. On Bedside Testing. London: HK Lewis, 
1884:1-128. 

Parsons MP, Newman DJ, Newall RG, Price CP. 
Validation of a point-of-care assay for the urinary 
albumin:creatinine ratio. Clin Chem 1999;45:414-17, 
Parvin CA, Lo SẸ Deuser SM, Weaver LG, Lewis LM, 
Scott MG. Impact of point-of-care testing on 
patients’ length of stay in a large emergency depart- 
ment. Clin Chem 1996;42:711-7. 

Pettersson K, Katajamaki T, Irjala K, Leppanen V, 
Majamaa-Volti K, Laitinen P. Time-resolved fluorom- 
etry (TRF)-based immunoassay concept for rapid 
and quantitative determination of biochemical 
myocardial infarction markers from whole blood, 
serum and plasma. Luminescence 2000;15:1-9. 
Phillips DL. Quality systems for unit-use testing 
devices. Clin Chem 1997;43:893-6. 

Pickup J, Rolinski O, Birch D. In vivo glucose sensing 
for diabetes management: progress towards non- 
invasive monitoring. BMJ 1999;319:1289-92, 

Pope RM, Apps JM, Page MD, Allen K, Bodansky HJ. 
A novel device for the rapid in-clinic measurement of 
haemoglobin Alc. Diabet Med 1993;3:260-3. 

Price CP. Quality assurance of extra-laboratory analy- 
ses. In Marks V, Alberti KGMM, eds. Clinical bio- 
chemistry nearer the patient II. London: Bailliere 
Tindall, 1987:166-78. 

Price CP, St John A, Hicks JM, eds. Point-of-care 
testing. Washington DC: AACC Press, 2004:1-488. 
Price CP, Thorpe GH. Disposable analytical devices 
for point-of-care testing. In: Price CP, Hicks JM, eds. 
Point-of-care testing. Washington DC: AACC Press, 
1999:19-40. 

Price CP. Point-of-care testing, BMJ 2001;322:1285-8. 
Price CP, Medical and economic outcomes of point- 
of-care testing. Clin Chem Lab Med 2002;40:246-51. 
Price CP, Point of care testing. Potential for tracking 
disease management outcomes. Dis Manage Health 
Outcomes 2002310:749-61. 

Pugia MJ, Lott JA, Clark LW, Parker DR, Wallace JE, 
Willis TW. Comparisons of urine dipsticks with 
quantitative methods for microalbuminuria. Eur J 
Clin Chem Clin Biochem 1997;35:693-700. 

Rink E, Hilton S, Szczepura A, Fletcher J, Sibbald B, 
Davies C, et al. Impact of introducing near patient 
testing for standard investigations in general practice. 
BMJ 1993;307:775-8. 

Robertson A, Kazmierczak S, Vos P. Improved tran- 
scutaneous bilirubinometry: comparison of SpectRx 


320 


123, 


124. 


125, 


126, 


127. 


128, 


129. 


130. 


131, 


132. 


133. 


134. 


135. 


136. 


137. 


138. 


Section Il Analytical Techniques and Instrumentation 


BiliCheck and Minolta Jaundice Meter JM-102 for 
estimating total serum bilirubin in a normal 
newborn population. J Perinatol 2002;22:12-4, 
Rolinski B, Kuster H, Ugele B, Gruber R, Horn K. Total 
bilirubin measurement by photometry on a blood gas 
analyzer: potential for use in neonatal testing at the 
point of care. Clin Chem 2001;47:1845-7. 

Schembri CT, Ostoich V, Lingane PJ, Burd TL, Buhl 
SN. Portable simultaneous multiple analyte whole- 
blood analyzer for point-of-care testing. Clin Chem 
1992338:1665-70. ; 

Schlebusch H, Paffenholz I, Zerbach R, Leinberger R. 
Analytical performance of a portable critical care 
analyzer. Clin Chim Acta 2001;307:107-12. 

Schultz SG, Holen JT, Donohue JP, Francoeur TA. 
Two-dimensional centrifugation for desktop clinical 
chemistry. Clin Chem 1985;31:1457-63. 

Scott MG. Faster is better-it’s rarely that simple! Clin 
Chem 2000;46:441-2. 

Sirkin A, Jalloh T, Lee L. Selecting an accurate point- 
of-care testing system: clinical and technical issues 
and implications in neonatal blood glucose monitor- 
ing. J Spec Pediatr Nurs 2002;7:104-12. 

St-Louis P. Status of point-of-care testing: promise, 
realities, and possibilities. Clin Biochem 2000;33: 
427-40. 

Solomon H, Mullins R, Lyden P, Thompson P, Hudoff 
S. The diagnostic accuracy of bedside and laboratory 
coagulation procedures used to monitor the anticoag- 
ulation status of patients treated with heparin. Am J 
Clin Pathol 1998;109:371-8. 

Spitznagel TM, Clark DS. Surface density and 
orientation effects on immobilized antibodies and 
fragments. Biotechnology 1993511:825-9. 

Stephens EJ. Developing open standards for point-of- 
care connectivity. IVD Technology 1999;10:22-5. 
Stief TW, Fareed J. Point of care: diagnostics in 
hemostasis—the wrong direction? Clin Appl Thromb 
Hemost 2003;9:191-5. 

Storto Poe S, Case-Cromer DL. Nursing strategies for 
point-of-care testing. In Kost G, ed: Principles and 
practice in point-of-care testing. Philadelphia: 
Lippincott Williams and Wilkins, 2002:214-35. 
Storrow AB, Gibler WB. The role of cardiac markers 
in the emergency department. Clin Chim Acta 
1999;284:187-96. 

Stubbs P, Collinson PO. Point-of-care testing: a cardi- 
ologist’s view. Clin Chim Acta 2001;311:57-61. 
Tamada JA, Garg S, Jovanovic L, Pitzer KR, FermiS,- 
Potts RO. Noninvasive glucose monitoring: compre- 
hensive clinical results. Cygnus Research team. JAMA 
1999;282:1839-44. 

Tang Z, Louie RE. Kost GJ. Principles and perfor- 
mance of point-of-care testing instruments. In Kost 


139. 


140. 


141. 


142. 


143. 


144. 


145. 


146. 


147. 


148. 


149. 


150. 


151. 


152, 


153, 


154, 


GJ, ed: Principles and practice of point-of-care 
testing. Philadelphia: Lippincott Williams & Wilkins, 
2002:67-92. 

Terry LM. Point-of-care testing and recognizing and 
preventing errors. Br J Nurs 2002;11:1036-9, 

Turner APE In: Karube I, Wilson GS, eds, Biosensors: 
Fundamentals and Applications. Oxford: Oxford 
University Press, 1987:770. 

United Kingdom National External Quality Assess- 
ment Scheme: www.ukneqas.org.uk (e.g. cholesterol 
testing programme). 

US Department of Health and Human Services. 
Medicare, Medicaid and CLIA programs: regulations 
implementing the Clinical Laboratory Improvement 
Amendments of 1988 (CLIA). Final rule. Federal 
Register 1992;57:7002-186. 

US Department of Health and Human Services. 
Medicare, Medicaid and CLIA programs: regulations 
implementing the Clinical Laboratory Improvement 
Amendments of 1988 (CLIA) and Clinical Labora- 
tory Act program fee collection. Federal Register 
1993;58:5215-37. 

Valkirs GE, Barton R. Immunoconcentration™. A 
new format for solid-phase immunoassays. Clin 
Chem 1985;31:1427-31. 

van den Besselaar AM. Accuracy, precision, and 
quality control for point-of-care testing of oral anti- 
coagulation. J Thromb Thrombolysis 2001;12:35-40. 
Van Heyningen C, Watson ID, Morrice AE. Point-of- 
care testing outcomes in an emergency department. 
Clin Chem 1999;45:437-8. 

Von Schenck H, Falkensson M, Lundberg B. Evalua- 
tion of HemoCue, a new device for determining 
hemoglobin. Clin Chem 1986;32:562-9. 

Wahr JA, Tremper KK. Continuous arterial blood gas 
monitoring. J Cardio Vasc Anesth 1994;8:342-53, 
Wales External Quality Assessment Scheme: 
www.weqas.co.uk (e.g., urinalysis program). 

Walter B. Dry reagent chemistries. Anal Chem 
1983;55:A498-514. 

Westgard JO. Electronic quality control, the total 
testing process, and the total quality system. Clin 
Chim Acta 2001;307:45-8, 

Widness JA, Kulhavy JC, Johnson KJ, Cress GA, 
Kromer IJ, Acarregui MJ, Feld RD. Clinical perfor- 
mance of an in-line point-of-care monitor in 
neonates. Pediatrics 2000;106:497-504. 

Zaloga GP, Hill TR, Strickland RA, Kennedy D, Visser 
M, Ford K, Whitley J, Holt G, Booker C. Bedside 
blood gas and electrolyte monitoring in critically ill 
patients. Crit Care Med 1989;17:920-5. 

Zipp A, Hornby WE. Solid phase chemistry: Its prin- 
ciples and application in clinical analyses. Talanta 
1984;31:863-77. 


SECTION Ill 


Principles of 
Laboratory Medicine 


CHAPTER i3 | CHAPTER 17 
Introduction to Laboratory Medicine and Preanalytical Variables and Biological Variation 
Evidence-Based Laboratory Medicine 449 
323 
| CHAPTER 18 
CHAPTER 14 | Clinical Laboratory Informatics 
Selection and Analytical Evaluation of 475 
Methods—With Statistical Techniques 
353 CHAPTER 19 
Quality Management 
CHAPTER [5 485 
Clinical Evaluation of Methods 
409 
CHAPTER 16 


Establishment and Use of Reference Values 
425 


321 


CHAPTER Ji 3 


Introduction to 


Laboratory Medicine and 


Evidence-Based 


Laboratory Medicine 


Christopher P. Price, Ph.D., 
Patrick M.M. Bossuyt, Ph.D., 
and David E. Bruns, M.D, 


oratory Medicine.” In the beginning of the chapter, we 

consider the meaning of the term “laboratory medi- 
cine” and the relationships among clinical chemistry, labo- 
ratory medicine, and evidence-based laboratory medicine. 
The remainder of the chapter focuses on key concepts of 
evidence-based laboratory medicine and thus provides a 
transition from the chemical principles presented in the 
preceding chapters to the more clinical focus of the follow- 
ing six chapters in this section. Key chapter topics are diag- 
nostic accuracy of tests, clinical outcomes studies, economic 
evaluations of medical tests, systematic reviews of diagnos- 
tic tests, clinical practice guidelines, and clinical audit. The 
principles provide a foundation for the rational and appro- 
priate use of diagnostic tests. 


T= chapter introduces the section “Principles of Lab- 


CONCEPTS, DEFINITIONS, a 
AND RELATIONSHIPS 


In this section, laboratory medicine and clinical chemistry 
are defined. The relationships between these two fields of 
endeavor are discussed. 


Wuat Is LABORATORY MEDICINE? 


The term “laboratory medicine” refers to the discipline 
involved in the selection, provision, and interpretation of 


| 


| 
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diagnostic testing that uses primarily samples from patients. 
The field includes research, administration, and teaching 
activities and clinical service. Testing in laboratory medicine 
may be directed at (a) confirming a clinical suspicion (which 
could include making a diagnosis), (b) excluding a diagnosis, 
(c) assisting in the selection, optimization, and monitoring of 
treatment, (d) providing a prognosis, or (e) screening for 
disease in the absence of clinical signs or symptoms. Testing 
is also used to establish and monitor the severity of a phys- 
iological disturbance. 

The field of laboratory medicine includes clinical 
chemistry and molecular diagnostics and their traditional 
subdisciplines (such as toxicology and drug monitoring, 
endocrine and organ-function testing, “biochemical” and 
“molecular” genetics, etc.) and areas such as microbiology, 
hematology, hemostasis and thrombosis, blood banking 
(transfusion medicine), immunology, and identity testing. 
In some parts of the world, laboratory medicine also 
encompasses cytology and anatomical pathology (histo- 
pathology). The analytical components of these specialties 
are delivered from central laboratories or through a more 
distributed type of service (point-of-care testing [POCT]) or 
both. 

Data management and interpretation (including labora- 
tory informatics) are key aspects of the laboratory medicine 
service, as are activities concerned with maintaining quality 
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(e.g, quality control and proficiency testing, audit, bench- 
marking, and clinical governance). 


CLINICAL CHEMISTRY AND LABORATORY MEDICINE 

The ties between clinical chemistry (or clinical biochem- 
istry) and other areas of laboratory medicine have deep 
roots. Individuals working primarily in the area of clinical 
chemistry have developed tools and methods that have 
become part of the fabric of laboratory medicine. Examples 
include the theory and practice of reference intervals 
(Chapter 16}, the use of both (internal) quality control 
and proficiency testing (Chapter 19), the introduction of 
automation in the clinical laboratory (Chapter 11), and con- 
cepts of diagnostic testing, which are discussed in this and 
other sections of the book. From the physician’s and the 
patient’s perspective, there is no distinction between the spe- 
cialties and invariably the repertoire of more than one spe- 
cialty will be called upon when making a clinical decision 


, (e.g. in the diagnosis and management of renal failure, or in 
‘the management of the patient in intensive care). 


The boundaries between clinical chemistry and other 
areas of laboratory medicine are not always distinct. In many 
institutions, clinical chemists initiate and direct activities, 
such as laboratory informatics and POCT. In some areas of 
the world, the term “clinical chemistry” has long been used 
to include laboratory areas such as hemostasis, thrombosis 
testing, immunology testing, and parts of hematology that 
in the United States are not considered to be part of classi- 
cal clinical chemistry. 

Boundaries between and among the parts of the clinical 
laboratory have blurred further with the increasing empha- 
sis on use of chemical and “molecular” testing. Molecular 
diagnostics testing has evolved beyond human genetic 
testing, an area in which clinical chemists have long been 
active. Now, clinical chemists in “molecular” laboratories 
contribute their expertise in laboratory medicine to infec- 
tious disease testing, cancer diagnostics, and identity testing, 
activities that were formerly associated almost solely with, 
respectively, clinical microbiology, hematology, and blood 
bank laboratories. Successful contribution to these areas 
requires an understanding of the principles of laboratory 
medicine and close collaboration with clinical microbiolo- 
gists, hematologists, and others who have specialized exper- 
tise in those areas of laboratory medicine. 

The relationship between laboratory medicine and the 
clinical chemist has evolved further with the advent of “core” 
laboratories. These laboratories, which provide all high- 
volume and emergency testing in many hospitals, depend on 
automation (see Chapter 11), informatics and computers 
(Chapter 18), and a high level of quality control and quality 
management (Chapter 19). Clinical chemists, who have long 
been active in these areas, have assumed increasing respon- 
sibility in core laboratories and thus have become more 
involved in areas such as hematology, coagulation, urinaly- 
sis, and even microbiology. Thus a new type of “clinical 
chemist” has emerged, and again the functions require a 
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broader knowledge of laboratory medicine and greater col- 
laboration with other specialists. 

The close associations of clinical chemistry and labora- 
tory medicine have been evident in other public ways. Most 
journals in the field of clinical chemistry publish papers 
in all of the areas of laboratory medicine. The subtitle of 
the journal Clinical Chemistry even includes the term 
“Laboratory Medicine.” Moreover, the international associa- 
tion of clinical chemistry societies is now called the Interna- 
tional Federation of Clinical Chemistry and Laboratory 
Medicine. 


CLINICAL CHEMISTRY, LABORATORY MEDICINE, AND 
EVIDENCE-BASED LABORATORY MEDICINE 


In this chapter, we review the new influences on clinical 
chemistry and laboratory medicine from the fields of clini- 
cal epidemiology and evidence-based medicine (EBM). 
Clinical epidemiologists have developed study designs to 
quantify the diagnostic accuracy of the tests developed in 
laboratory medicine, and study methods to evaluate the 
effect and value of laboratory testing in healthcare. Practi- 
tioners of EBM focus on use of the best available evidence 
from such well-designed studies in the care of individual 
patients. EBM rephrases problems in the clinical care of 
patients as structured clinical questions, looks for the avail- 
able evidence, evaluates the quality of clinical studies, eval- 
uates the clinical implications of the results, and provides 
tools to help clinicians optimally use those results in the care 
of individual patients. 


EVIDENCE-BASED MEDICINE—WHAT IS IT? 


This brief section contains a definition of EBM and describes 
its goals and key practices. Following this, evidence-based 
laboratory medicine will be addressed. 


DEFINITION AND GOALS OF EVIDENCE-BASED 
MEDICINE i 


Among the definitions proposed for EBM, the foremost 
probably is “the conscientious, judicious, and explicit use of the 
best evidence in making decisions about the care of individual 
patients.”*' The word judicious implies use of the skills of 
experienced clinicians to put the evidence in context, and to 
recognize patient individuality and preferences,” A goal of 
EBM is “to incorporate the best evidence from clinical research 
into clinical decisions.” The word best implies the necessity 
for critical appraisal. The words making decisions indicate 
why the principles of EBM can, and must, be applied in 
laboratory medicine as laboratory medicine is one of the 
fundamental tools used in making decisions in the practice 
of medicine. 

Since the introduction” of the term “evidence-based 
medicine” in 1991 by Gordon Guyatt (initially in an editor- 
ial in ACP Journal Club and in a supplement to Annals of 
Internal Medicine), volumes have been written on the topic. 
A PubMed search on January 2, 2005, for the term returned 
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16,421 articles. The papers address every area of medicine 
and activities such as disease management.” Compared with 
practitioners in many of these areas, workers in clinical 
laboratories were late in embracing the activities of EBM, 
but numerous studies are now influencing the practice of 
clinical chemistry and laboratory medicine. 

The justifications for an evidence-based approach to 
medicine are founded on the constant requirement for infor- 
mation”; the constant addition of new information®; the 
poor quality of access to good information’; the decline in 
up-to-date knowledge and/or expertise with advancing years 
of an individual clinician’s practice”; the limited time avail- 
able to spend with the patient, let alone read the literature”; 
and the variability in individual patients’ values and prefer- 
ences, To this one might add, particularly in relation to lab- 
oratory medicine, (1) the limited number and poor quality 
of studies linking test results to patient benefits,” (2) the 
poor perception of the value of diagnostic tests, (3) the 
ever-increasing demand for tests, and (4) the disconnected 
approach to resource allocation (reimbursement) in labora- 
tory medicine, “silo budgeting,” which addresses only labo- 
ratory costs without consideration of benefit outside the 
laboratory, thus forcing decisions to save expense in the lab- 
oratory with insufficient attention to the needs of patients, 
their caregivers, and the payers. 


THE PRACTICE OF EVIDENCE-BASED MEDICINE 


Guyatt and colleagues" summarized the practice of EBM as 
follows: 


“An evidence-based practitioner must understand the patient’s cir- 
cumstances or predicament; identify knowledge gaps and frame 
questions to fill those gaps; conduct an efficient literature search; 
critically appraise the research evidence; and apply that evidence to 
patient care.” 


The efficient practice of EBM requires: 
°- A knowledge of the clinical process and conversion of a 
clinical goal into an answerable question 
+ Facility to generate and critically appraise information to 
generate knowledge 
* A critically appraised knowledge resource 
+ Ability to use the knowledge resource 
* A means of accessing and delivering the knowledge 
resource 
°- A framework of clinical and economic accountability 
e A framework of quality management 
The identification of a clinical goal provides the founda- 
tion of the service provided by the healthcare professional. 
In the area of laboratory medicine, as described later in this 
chapter, the goal can be expressed in terms of answering a 
clinical question; appropriate laboratory investigations help 
to answer the question.” Knowledge of the characteristics of 
these investigations is needed to decide which test to use, 
when to use it, and how to interpret the results. 
Finding and appraising knowledge that is relevant to the 
question requires awareness of the information resources 


available, ready access to them, and an ability to critically 
appraise the relevance of the available data. 

A knowledge resource in the form of systematic reviews 
(see later in this chapter) should provide the critically 
reviewed evidence of the efficacy, benefits, limitations, and 
risks from using a test, intervention, or device. Access has 
classically been through scientific journals and textbooks, 
and electronic communication of various sorts (including 
textbooks and journals) is making access faster and more up 
to date. : 

Knowledge on the use of a test or intervention ultimately 
has to be placed in the context of a clinical and economic 
accountability framework and ensuring the highest quality 
and lowest risk to patients. Clinical audit is a key element of 
meeting this objective. 


EVIDENCE-BASED MEDICINE ANT 
LABORATORY MEDICINE 


When a patient has symptoms or signs of a health problem, 
the clinician establishes hypotheses about their etiology. 
Competing hypotheses must be resolved. After decisions are 
made about the nature of the condition, the process of care 
may then involve further decisions depending on the nature 
of the problem or disease. The services of laboratory medi- 
cine are one of the tools at the disposal of the clinician to 
answer the questions posed by the hypothesis generation and 
to help make decisions.” 

The tools provided by laboratory medicine are called 
diagnostic tests, but it must be understood that tests are used 
far more broadly than in making a diagnosis. As mentioned 
above and discussed below, they are also used in making a 
prognosis, excluding a diagnosis, monitoring a treatment or 
disease process, and screening for disease. Thus the word 
“diagnostic” is used (often unknowingly) in the formal sense 
of a diagnostic system, the quotidian example of which is the 
daily weather forecast. 


WHAT Is EVIDENCE-BASED LABORATORY MEDICINE? 


Evidence-based laboratory medicine is simply the applica- 
tion of principles and techniques of EBM to laboratory 
medicine. A clinician requesting an investigation has a ques- 
tion and must make a decision. The clinician hopes that the 
test result will help to answer the question and assist in 
making the decision. Thus a definition of evidence-based 
laboratory medicine could be “the conscientious, judicious, 
and explicit use of best evidence in the use of laboratory med- 
icine investigations for assisting in decision-making about the 
care of individual patients.” It might also be expressed more 
directly in terms of health outcomes as “ensuring that the best 
evidence on testing is made available and the clinician is 
assisted in using the best evidence to ensure that the best deci- 
sions are made about the care of individual patients and lead 
to increased probability of improved health outcomes.” As dis- 
cussed later, outcomes can be clinical, operational, and/or 
economic.” 
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TYPES OF DIAGNOSTIC QUESTIONS ADDRESSED IN 
LABORATORY MEDICINE 


The decision-making process involves one of four scenarios 
typified by these questions (Figure 13-1): 

e What is the diagnosis? 

* Can another diagnosis be ruled out? 

e What is this patient’s prognosis? 

* How is the patient doing? 

In the first case, a diagnosis is being sought, with a diagnos- 
tic conclusion leading to a decision and some form of action, 
which often involves an intervention; the intention is that the 
cascade for diagnostic question through result, decision, and 
action should lead to an improved outcome. An example of 
this scenario would be when a test for acetaminophen indi- 
cates that there has been ingestion of an excessive amount of 
drug, and the administration of N-acetylcysteine reduces the 
risk of a fatal outcome. The measurement of acetaminophen 
in this scenario is referred to as a “rule-in test” 

In the second scenario, the test result excludes a diagnosis; 
this is referred to as a “rule-out test.” The actions resulting 
from excluding a diagnosis will invariably involve the evalu- 
ation or creation of another hypothesis. When a patient is 
admitted with atypical chest pain and acute myocardial 
infarction is suspected, the measurement of troponin may be 
used to rule out (or rule in) acute myocardial necrosis. 

The third use of an investigation is for prognosis, which 
may be considered as the assessment of risk, and comple- 
ments the diagnostic application. For example, the measure- 
ment of human immunodeficiency virus (HIV) viral load 
following initial diagnosis of HIV infection predicts the time 
interval before immune collapse if the condition is not 
treated, 


--® Clinical question 


oa 


: | 


A 
i Diagnostic test result 
À 
i { Prognosis 
A 
Decision 
A | `N Diagnosis 
i ruled out 
Monitoring Diagnosis 
À 
' 
l 
Repeat 


question «<-- Intervention 


Figure 13-1 Schematic representation of four common 
decision-making steps in which the result of an investigation is 
involved. 


The fourth broad use of a test result is concerned with 
patient management. In a patient with a chronic disease, the 
result may be used to select the type of intervention and 
assess the effectiveness of an intervention, and the action 
will be to change or continue the treatment. In women 
with metastatic breast cancer, the HER-2/neu status is used 
to assess the potential usefulness of Herceptin therapy. In a 
person with diabetes, hemoglobin (Hb) A,, measurements 
are used to assess glycemic control and thus the effectiveness 
of therapy. 

These scenarios illustrate the importance of identifying 
the triad of question, decision, and action. Identifying these 
three components proves to be critical in designing studies 
of utility or outcomes of testing (see later in this chapter and 
Chapter 15). They are also important in audit (see below) of 
the use of investigations both from the point of clinical 
governance (clinical accountability) and financial gover- 
nance (controlling the test demand in the context of eco- 
nomic governance). The recognition of this triad has led to 
the definition of an appropriate test request as one in which 
there is a clear clinical question for which the result will 
provide an answer, enabling the clinician to make a decision 
and initiate some form of action leading to a health benefit 
for the patient.”” This benefit could be extended to the 
health provider and to society as a whole to encompass more 
directly the potential for economic benefit. 

Examples of questions that specify the detail required to 
accurately qualify the use of a test result are given in Table 
13-1. The criteria for a screening test have been established 
for many years; importantly one of the key criteria is that 
there must be valid treatment available. The clinical episode 
involves a series of diagnostic questions with binary 
responses'°—a point illustrated in Table 13-1. 


TEST RESULTS ALONE Do NOT PRODUCE 
CLINICAL OUTCOMES 


In most cases, testing is followed by an appropriate inter- 
vention to produce a desired outcome, particularly when the 
outcome is defined as improved morbidity or mortality. A 
test result alone may provide reassurance or an understand- 
ing of the origin of one’s complaint, but usually these good 
outcomes require an intervention in the form of an expla- 
nation of the result in the context of the patient’s symptoms. 
Thus it is difficult to design EBM studies that investigate 
the utility of the test in isolation. Thus most laboratory 
medicine research encompasses only test characteristics. 
This restricted research leads to a poor understanding and 
appreciation of the contribution that the test result makes to 
improved outcomes. In relation to certain scenarios it is pos- 
sible to find valid study data, most particularly when the test 
result is being used to exclude a diagnosis. Thus in a ran- 
domized study of a rapid chest pain evaluation protocol, 
cardiac markers had a high negative predictive value in 
patients evaluated with chest pain. Testing led to fewer 
admissions to the coronary care unit, without adversely 
affecting morbidity and mortality.* Reducing the turn- 


Chapter 13 Introduction to Laboratory Medicine and Evidence-Based Laboratory Medicine 


327 


TABLE 13-1 Examples of Clinical Questions in Which a Laboratory. Assessment May Be of Value, and the Associated 


Action and Potential Outcome ew 


~ Question 


Is this breathless l 
patient suffering -` 
om heart failure? 


as this patient had: : 


2a myocardial | 
infarct ion? 


; Does this chil 
have es 
hypothyroidism? 


Does this patient — BS 


“infection? 


Is this breathless 
patient suffering 


Has this patient had 
a myocardial 
infarction? 


TSH 


Does this patient 
have 
hypothyroidism? 


“Urine LE and 
“nitrite | 


Does: this patient 
have a urinary tract 
infection? 


‘Monitoring. 
BNP. 
ee _.... the correct dosage 

: of B-blocker? . 


ae Is the patient taking 
“the correct dosage 
~ of B-blocker? 


HbA. | . cies 


BNP 


-Is.patient::..... 
E complying with 
ee treatment protocol? 


Is: patient 
complying with 
freatment protocol? . 


2 “Result < 


. Is the patient taking 


. 460 ai 


7.2 ug/L 


:; Positive LE, 
“have a urinary tract - 


positive 
nitrite, or both 


‘56ng/L ae 


from heart failure? ~~ 


<0.1 ug/L 


2.1mU/L | 


-: Normal 
dipstick result . . 


No change 


Fallen from 
216 to 160ng/L 


10.6% {no 
change in a 


year) 


Possible Outcome 


Possible Action ws 


Confirm with cardiac - 
ultrasound, ‘decide to- 
admit.and treat 


‘Decide to admit, intensity 


of care required, and treat 


‘Treat with thyroxine 


Send urine to laboratory rs 
- decreased morbidity 


for microscopy, culture 
and sensitivity and treat 
a positive ` 


-| Seek alternative diagnosis = 


‘Consider other possible 


diagnoses and early 
discharge. 


No further action 


Do not send urine to 
laboratory, look for 
alternative cause of ~.. 
symptoms... 


Review dosage and 
patient compliance 


No change to dosage, 
encourage patient 


Consider changing 
treatment, closer 
monitoring of compliance, 


clinic-visits and 2..." 
consultations with, diabetes EIRT 


nurs ẹ 


Congratulate patient, 


: -maintain treatment Paa 


: regimen ` 


‘Reduced symptoms, decreased 
ae moe and PARN 


Deread morbidity aid 
mortality. - 


B Decreased obid and 


mortality: 


Aopen daik use of antibiotics, 


Avoid incorrect diagnosis and `- 


treatment with its potential for 
harm 


Less worry for patient, reduce 
unnecessary admissions to 
cardiac care unit 


Any patient disquiet allayed 


Inappropriate antibiotic 
treatment avoided, unnecessary 


: laboratory work avoided . 


No change in symptoms, risk of 
_-cardiac event, more clinic visits 


Reduced symptoms and risk of 


cardiac event 


. Persistently high HbA,, carries 


increased risk of complications; 


.. intervention necessary to 
~ decrease risk 


Continued reduced risk of °°!" 


“complications 


Continued, ` 


328 Section Ill Principles of Laboratory Medicine 


TABLE 13-! Examples of Clinical Questions in VVhich a Laboratory Assessment May Be of Value, and the Associated 


Action and Potential Outcome (Beneni it) Continued 


__ Question ae Result sAN 


; Possible Action > 


Possible Outcome - 


Prognosis. A o | | 
BN Pierii nuer hi paticats heart . Increase from: 
failure deteriorating? : 450 to 650ng/L.- 


cabs i <in last‘year 
‘What is this 0.9pg/L 
patients risk of a. eh 
further cardiac 

event? 

Her-2/neu What-is this patients . 3+. by: 

: prognosis? immuno- 
histochemical 
staining at 
primary 
diagnosis 


around time for blood-gas and electrolyte testing may allow 
faster discharge from the emergency room,” unless other 
evaluations (such as other laboratory tests or radiological 
investigations) are rate limiting. Reduced length of stay 
appeared to be primarily because normal results with the 
POCTs enabled some patients to be discharged more quickly 
(i.e., a rule-out decision).% 

If a result is not received or accessed, it will not contribute 
to an improved outcome. In a systematic study, Kilpatrick 
and Holding” found when they introduced an electronic 
transmission of data to the emergency department and 
admissions unit that a notable number of results were never 
accessed, 


USING THE TEST RESULT 


In many clinical scenarios, the first criterion for a useful 
test is that the result leads to a change in the probability of 
the presence of the target condition. Boyd and Deeks,"' for 
example, showed that the (pretest) probability of pulmonary 
embolism fell from about 0.28 to a posttest probability of 
0.041 when the D-dimer test result was less than 500 ug/L. 
The change in probability does not, in itself, make the deci- 
sion. The clinician must use this information along with 
other findings and clinical judgment to make decisions or 
recommendations about care. 


THE CLINICAL SETTING OF AN OUTCOME STUDY 


The setting of a research study may or may not be the same 
as that of the individual patient. The evidence from a study 
may be unreliable when differences exist in age, sex, ethnic 
origin, lifestyle, prevalence of the disease in the population, 
or prevalence of comorbidities. Transferability of study 
results may also be affected by analytical variables, such as 
patient preparation (effects of fasting, posture, exercise, and 
biological variation) and method performance (accuracy 
and precision). 


‘Adj ust therapy, perhaps 
-adyise on. palliative care -` 


-* Consider intervention, 


Consider Herceptin 
treatment 


- Poor:prognosis ` 


iacreased risk without ; 
intervention =: 


Improvement of poor: prognosis 
by selection of appropriate 
therapy 


CHARACTERIZATION OF DIAGNOSTIC 
ACCURACY OF TESTS 

When a new test is developed or an old test is applied to 
a new clinical question, users need information about the 
extent of agreement of the test’s results with the correct diag- 
noses of patients. For this purpose, researchers design 
studies in which results from the new test are compared with 
the results obtained with the reference standard on the same 
patients. The results of the comparison can be expressed in 
a number of ways, including sensitivity and specificity, pre- 
dictive values, likelihood ratios, diagnostic odds ratios, and 
areas under receiver operating characteristic (ROC) curves 
(see Chapter 15). We will refer to such studies as diagnostic 
accuracy studies. 


STUDY DESIGN 

In studies of diagnostic accuracy, the results of one test 
(often referred to as the index test, the test of interest) are 
compared with those from the reference standard (referred 
to as the reference test, the best current practice), A “test” can 
be any method for obtaining additional information on a 
patient’s health status. This includes not only laboratory 
tests, imaging tests, and function tests but also data from the 
history and physical examination, and genetic data. 

The reference standard is the best available method for 
establishing the presence or absence of the target condition 
(the suspected condition and/or disease for which the test is 
to be applied). The reference standard can be a single test, or 
a combination of methods and techniques, including clini- 
cal follow-up of tested patients. 

There are several potential threats to the internal and 
external validity of a study of diagnostic accuracy, of which 
only the major ones will be addressed in this section. (For 
more detail and examples, see Chapter 15.) Poor internal 
validity will produce bias, or systematic error, because the 
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estimates do not correspond to what one would have 
obtained using optimal methods, whereas poor external 
validity limits the generalizability of the findings, as the 
results of the study, even if unbiased, do not correspond to 
settings encountered by the decision maker. For example, the 
results of a study of patients in a tertiary-care medical center 
may not be generalizable to patients seen in a general prac- 
tice, and studies done exclusively in older men may not be 
applicable to women or children. 

The ideal study examines a consecutive series of patients, 
enrolling all consenting patients suspected of the target con- 
dition within a specific period. All of these patients then 
undergo the index test and then the reference test. The term 
“consecutive” refers to total absence of any form of selection, 
beyond the a priori definition of the criteria for inclusion 
and exclusion, and requires explicit efforts to identify and 
enroll patients qualifying for inclusion. 

Alternative designs are possible. Some studies first select 
patients known to have the target condition, and then con- 
trast the results of these patients with those from a control 
group. This approach has been used to characterize the per- 
formance of tests in settings in which the condition of inter- 
est is uncommon as in maternal serum screening testing for 
detecting Down syndrome in the fetus, It is also used in 
preliminary studies to assess the potential of a test before 
embarking on prospective studies of a series of patients. 
With this design, the selection of the control group is criti- 
cal, If the contro] group consists of healthy individuals only, 
diagnostic accuracy of the test will tend to be overestimated, 
as has been shown in an analysis that compared the results 
of such studies with results of studies of consecutive series 
of patients.” (See Chapter 15 for further discussion.) 

In the ideal study, the results of all patients tested with the 
test under evaluation are contrasted with the results of a 
single reference standard. If fewer than all patients are veri- 
fied with the reference standard, then partial verification 
exists, and verification bias may occur if the selection of sub- 
jects for reference testing is not purely random. For example, 
if selection is associated with the outcome of the index test, 
or the strength of prior suspicion, or both, then verification 
bias is certain. In a typical case, some patients with negative 
test results (test-negatives) are not verified by the reference 
standard if this involves a costly or invasive procedure, and 
these patients are not included in the analysis. This may 
result in an underestimation of the number of false-negative 
results, 

A different form of verification bias can happen if more 
than one reference standard is used, and the two reference 
standards correspond to different manifestations of disease. 
This study design can produce differential verification bias. 
Suppose test-positive patients are verified with further 
testing and test-negative patients are verified by clinical 
follow-up. An example is the verification of suspected 
appendicitis, with histopathology of the appendix versus 
natural history as the two forms of the reference standard. A 
patient is classified as having a false-positive test result if the 


additional test does not confirm the presence of disease after 
a positive index test result. Alternatively, a patient is classi- 
fied as a false-negative if an event compatible with appen- 
dicitis is observed during follow-up after a negative test 
result. Yet these are different definitions of disease because 
not all patients who have positive test results by the reference 
standard would have experienced an event during follow-up 
if they had been left untreated, The use of two reference stan- 
dards, one pathological and the other based on clinical prog- 
nosis, can affect the assessment of diagnostic accuracy, It can 
also lead to variability among studies that depend on the 
proportions of patients verified with each of the two stan- 
dards, For additional discussion, see Chapter 15. 

There is a long-standing debate on whether or not clini- 
cal data should be provided to those performing or reading 
the index test, especially when that test has a subjective com- 
ponent. Withholding this information is known as blinding 
or masking. Some clinical information is often routinely 
known by the reader of the test, such as when radiologists 
see the patients on whom they are performing a test, or a 
pathologist is told the site from which a biopsy is obtained. 
To try to withhold such information in the context of a study 
of diagnostic accuracy may create an artificial scenario that 
has no counterpart in patient care. Thoughtful attention to 
this question is important in the early phases of designing a 
study. For most study questions, masking is preferable, 
because knowledge of the results will tend to increase agree- 
ment of the result of the studied (index) test with the refer- 
ence standard (test). 

The severity of disease in the studied patients with the 
target condition and the range of other conditions in the 
other patients (controls) can affect the apparent diagnostic 
accuracy of a test. For example, if a test that is designed to 
detect early cancer is evaluated in patients with clinically 
apparent cancer, the test is likely to perform better than when 
used for persons who do not yet show signs of the condition. 
This problem has been called “spectrum bias.” Similarly, if a 
test is developed to distinguish patients with the target con- 
dition from patients with a similar condition, it may be mis- 
leading to use healthy subjects as controls when evaluating 
the diagnostic accuracy of the test. 


THE REPORTING OF STUDIES OF DIAGNOSTIC 
ACCURACY AND THE ROLE OF THE STARD INITIATIVE 


Complete and accurate reporting of studies of diagnostic 
accuracy should allow the reader to detect the potential for 
bias in the study and to assess the ability to generalize the 
results and their applicability to an individual patient or 
group. Reid, Lachs, and Feinstein” documented that most 
studies of diagnostic accuracy published in leading general 
medical journals either had poor adherence to standards of 
clinical epidemiological research or failed to provide infor- 
mation about adherence to those standards.’ A later study 
showed similar problems in studies of genetic tests. These 
reports led to efforts at the journal Clinical Chemistry in 
1997 to produce a checklist for reporting of studies of diag- 
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nostic accuracy." The quality of reporting in that journal 
increased after introduction of this checklist,” though not to 
an ideal level.” 

The work of Lijmer et al” showing that poor study design 
and poor reporting are associated with overestimation of the 
diagnostic accuracy of evaluated tests indicated the necessity 
to improve the reporting of studies of diagnostic accuracy 
for all types of tests, not only those in clinical chemistry. An 
initiative on Standards for Reporting of Diagnostic Accuracy 
(STARD) was begun at the 1999 meeting of the Cochrane 
Diagnostic and Screening Test Methods Working Group. The 
initiative’ aimed to improve the quality of reporting of 
diagnostic accuracy studies by following the model of the 
successful Consolidated Standards of Reporting Trials 
(CONSORT) initiative for reporting of trials of therapies 
(see discussion of outcomes studies later in this chapter). 

The key components of the STARD document’ are a 
checklist of items to be included in reports of studies of diag- 
nostic accuracy and a flow diagram to document the flow of 
participants in the study. The checklist was developed from 
an extensive literature search that identified 75 potential 
items. The list was pared to 25 items (Figure 13-2) in a 
consensus meeting of researchers, editors, methodologists, 
and representatives of professional organizations. The flow 
diagram (Figure 13-3) has the potential to clearly commu- 
nicate vital information about the design of a study— 
including the method of recruitment and the order of test 
execuition—and about the flow of participants. 

The final, single-page checklist (Figure 13-2) has been 
endorsed by numerous journals (such as Journal of the Amer- 
ican Medical Association [JAMA] and Annals of Internal Med- 
icine) and published in many of them, including all the 
major journals of clinical chemistry and other leading jour- 
nals including Radiology, British Medical Journal (BMJ), and 
Lancet. A separate document explaining the meaning and 
rationale of each item and briefly summarizing the available 
evidence was published in Annals of Internal Medicine and 
Clinical Chemistry. The STARD group will prepare updates 
of the STARD document when new evidence on sources of 
bias or variability becomes available. In the experience of 
one of the authors of this chapter (DB), use of the checklist 
has increased the information content of all manuscripts to 
which it has been applied at Clinical Chemistry, and use of 
the flow diagram has led to correction of errors in many 
manuscripts. 

Use of the STARD initiative is recommended for all 
reports of studies of diagnostic accuracy. Most if not all of 
the content of STARD applies to studies of tests used for 
prognosis, monitoring, or screening. 


OUTCOMES STUDIES | 


Medical and public health interventions are intended to 
improve the well-being of patients, the population at large, 
or population segments. For therapeutic interventions, 
patients are interested, for example, not only if a drug 


decreases serum cholesterol or blood pressure (risk factors), 
but more importantly whether it decreases the risk of heart 
attack, stroke, and cardiovascular death. Similarly, on the 
diagnostic side of medicine, patients have little interest in 
knowing the numerical value of their serum cholesterol con- 
centration or blood pressure unless that knowledge will lead 
to actions that will in some way improve their quality or 
quantity of life. For example, a test result may identify the 
need for a life-saving therapeutic intervention for an exist- 
ing disease or it may lead to a change in lifestyle that will 
decrease risk of developing a disease. At other times, the test 
result itself can provide valuable reassurance, as when a 
genetic test indicates that a family member does not carry 
a mutation that is present in the family. In still other cases, 
a laboratory test may provide prognostic information that 
allows the patient to better plan for the future despite a bad 
prognosis, or it may provide reassurance that symptoms are 
not signs of serious disease, thus allowing him or her to 
better manage the symptoms without fear. The test-related 
outcomes in these examples range from preventing immi- 
nent death to being better able to plan for death. 


WHAT ARE OUTCOMES STUDIES? 


Outcomes may be defined as results of medical interventions 
in terms of health or cost. “Patient outcomes” are results that 
are perceptible to the patient.’ Outcomes that have been 
studied commonly include mortality, complication rates 
(such as the nosocomial infection rate), length of stay in the 
hospital, waiting times in a clinic, cost of care, and patients’ 
satisfaction with care. In studying and comparing diagnos- 
tic tests, other highly desirable “outcomes” are an improved 
ability to make a correct diagnosis of a treatable condition 
and an improved ability to exclude a diagnosis or monitor 
treatment or screen for disease. Test results themselves are 
not widely considered to be outcomes, but an argument can 
be made that they should be considered as such when it is 
certain that real outcomes will change for the better with a 
superior test. Some tests are increasingly being used as 
surrogate outcome markers in intervention studies when a 
strong relationship has been documented between the test 
result and morbidity or mortality; examples include the use 
of HbA,, and the urine albumin: creatinine ratio in studies 
on the management of diabetes mellitus. 

Outcomes studies must be distinguished from studies 
of prognosis. Studies of the prognostic value of a test ask 
the question, “Can the test be used to predict an outcome?” 
By contrast, outcomes studies ask questions such as, “Does 
use of the test improve outcomes?” For example, a study of 
the former type asks the question, “Does the concentration 
of a cardiac troponin in serum correlate with the mortality 
rate after myocardial infarction?” An outcomes study might 
ask, “Is the mortality rate of patients with suspected myo- 
cardial infarction decreased when physicians use troponin 
testing to guide therapy?” Recent outcomes studies have 
asked questions such as the following: “Is availability of 
POCT in the emergency room, compared with testing 
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On page # 


Identify the article as a study of diagnostic accuracy (recommend MeSH heading 
sensitivity and specificity). 


TITLE/ABSTRACT/ 1 
KEYWORDS 
INTRODUCTION 2 


METHODS 


State the research questions or study aims, such as estimating diagnostic accuracy or 
comparing accuracy between tests or across participant groups. 


Describe 


Participants 


The study population: The inclusion and exclusion criteria, setting and locations where 
the data were collected. 


Participant recruitment: Was recruitment based on presenting symptoms, results from 
previous tests, or the fact that the participants had received the index tests or the 
reference standard? 


Participant sampling: Was the study population a consecutive series of participants 
defined by the selection criteria in items 3 and 4? If not, specify how participants were 
further selected. 


Data collection: Was data collection planned before the index test and reference 
standard were performed (prospective study) or after {retrospective study)? 


Test methods 


The reference standard and its rationale. 


Technical specifications of material and methods involved including how and when 
measurements were taken, and/or cite references for index tests and reference standard. 


Definition of and rationale for the units, cutoffs and/or categories of the results of the 
index tests and the reference standard. 


The number, training, and expertise of the persons executing and reading the index tests 
and the reference standard. 


Statistical metheds 


RESULTS 


Whether or not the readers of the index tests and reference standard were blind 
(masked} to the results of the other test and describe any other clinical information 
available to the readers. 


Methods for calculating or comparing measures of diagnostic accuracy, and the statistical 
methods used to quantify uncertainty (e.g. 95% confidence intervals). 


Methods for calcuiating test reproducibility, if done. 


Report 


Participants 


When study was done, including beginning and ending dates of recruitment. 


Clinical and demographic characteristics of the study population (e.g. age, sex, spectrum 
of presenting symptoms, comorbidity, current treatments, recruitment centers). 


Test results 


The number of participants satisfying the criteria for inclusion that did or did not undergo 
the index tests and/or the reference standard; describe why participants failed to receive 
either test (a flow diagram is strongly recommended). 


Time interval from the index tests to the reference standard, and any treatment 
adminstered between. 


Distribution of severity of disease (define criteria) in those with the target condition; other 
diagnoses in participants without the target condition. 


Across tabulation of the results of the index tests (including indeterminate and missing 
results) by the results of the reference sandard; for continuous results, the distribution of 
ihe test results by the results of the reference standard. 


Any adverse events from performing the index tests or the reference standard. 


Estimates of diagnostic accuracy and measures of statistical uncertainly (e.g. 95% 
confidence intervals). 


How indeterminate results, missing responses, and outliers of the index tests were 
handled. 


Estimates of variability of diagnostic accuracy between subgroups of participants, 
readers, or centers, if done. 


Estimates of test reproducibility, if done. 


DISCUSSION 


17 

19 

Estimaies 21 
he 

23 

24 


Discuss the clinical applicability of the study findings. 


Figure 13-2 STARD checklist. 
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performed in the hospital laboratory, associated with a 
decreased length of stay for patients in the emergency 
department?” and “Does routine testing of elderly 
patients before cataract surgery decrease postoperative 
complication rates?” 

Many test attributes are amenable to studies of outcomes. 
Studies can address not only the test availability or non- 
availability but also such attributes as the methodology used 
for a measurement, the analytical quality of test performance 
(e.g., precision), the turnaround time (as for POCT in the 
emergency department}, and the method of reporting of test 
results (e.g., with or without extensive interpretation of the 
result). 


WHY OUTCOMES STUDIES? 


Outcomes studies have taken on considerable importance in 
medicine. On the therapeutic side of medicine, few drugs 


General example 


Eligible patients 
n= 
index test 
n= 


can be approved by modern government agencies (or paid 
for by healthcare organizations or health insurers) without 
randomized, controlled trials of their safety and effective- 
ness. Increasingly, diagnostic testing is entering a similar 
environment in which physicians, governments, commercial 
health insurers, and patients demand evidence of effective- 
ness of diagnostic procedures. To appreciate this, one need 
only recall the enormous interest in controversies about 
the value of mammography and the effectiveness of mea- 
suring prostate-specific antigen in serum. These issues 
(and many others) hinge on demonstration of improved 
outcomes. 

In the United States, the important Joint Commission on 
Accreditation of Healthcare Organizations (JCAHO) defines 
quality as increased probability of desired outcomes and 
decreased probability of undesired outcomes. If a healthcare 
organization, or a unit of it, such as the clinical laboratory, 
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Abnormai resuit 
n= 
No reference standard No reference standard 
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Figure 13-3 STARD flow diagram. 
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wishes to propose that its quality is high or that it contributes 
to the quality of the institution, the message is clear. 


DESIGN OF STUDIES OF MEDICAL OUTCOMES 


The randomized controlled trial (RCT) is the de facto stan- 
dard for studies of the health effects of medical interven- 
tions. In these studies, patients are randomized to receive 
either a therapy to be tested or an alternative (either a 
placebo or a conventional treatment), and an outcome is 
measured, RCTs have been used to evaluate therapeutic 
interventions, including drugs, radiation therapy, and surgi- 
cal interventions, among others. The measured outcomes 
vary from hard evidence, such as mortality and morbidity, 
to softer evidence, such as patient-reported satisfaction and 
surrogate end points typified by markers of disease activity 


(e.g. HbA, and urine albumin: creatinine ratio as men- 
tioned earlier). 

The high impact of RCTs of therapeutic interventions led 
to scrutiny of their conduct and reporting. An interdiscipli- 
nary group (largely clinical epidemiologists and editors 
of medical journals) developed a guideline known as 
CONSORT for the conduct of these studies. Although ini- 
tially designed for trials of therapies, CONSORT provides 
useful reminders when designing or appraising outcomes 
studies of tests in clinical chemistry and molecular diagnos- 
tics. The key features of the guideline are a checklist (Figure 
13-4) of items to include in the report and a flow diagram 
(Figure 13-5) of patients in the study. 

The optimal design of an RCT of a diagnostic test is not 
always obvious. A classical design is to randomize patients to 


Checklist of items to include when reporting a randomized trial 


PAPER 
SECTION 
And topic 


Reported 
on page 
Description 


TITLE & How participants were allocated to interventions 


ABSTRACT 


Pag 


(e.g., “random allocation, 
“randomly assigned’). 


randomized,” or 


INTRODUCTION 


Background Scientific background and explanation of rationale. 


METHODS Eligibility criteria for participants and the settings and 


Participants 


jocations where the data were collected. 


Precise details of the interventions intended for each 


Interventions 


group and how and when they were actually 


administered. 


Objectives 


Specific objectives and hypotheses. 


Outcomes 


Clearly defined primary and secondary outcome 
measures and, when applicable, any methods used 
to enhance the quality of measurements (e.g., 
multiple observations, training of assessors). 


Sample size 


Randomization -- 
Sequence 
generation 


How sample size was determined and, when 
applicable, explanation of any interim analyses and 
stopping rules. 


Method used to generate the random allocation 
sequence, including details of any restriction (e.g., 
blocking, stratification). 


Randomization -- 
Allocation 
concealment 


Randomization -- 
Implementation 


Blinding 
(masking) 


Method used to implement the random allocation 
sequence (é.g., numbered containers of central 
telephone), clarifying whether the sequence was 
concealed until interventions were assigned. 


Who generated the allocation sequence, who 


enrolled participants, and who assigned participants 
to their groups. 


Whether or not participants, those administering the 
interventions, and those assessing the outcomes 
were blinded to group assignment. When relevani, 
how the success of blinding was evaluated. 


Figure 13-4 CONSORT checklist. Continued, 
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Statistical 
methods 


Statistical methods used to compare groups for 
primary outcome(s); methods for additional 
analyses, such as subgroup analyses and adjusted 
analyses. 


RESULTS 
Participant flow 


Recruitment 


Flow of participants through each stage (a diagram 

is strongly recommended). Specificaily, for each 

group report the numbers of participants randomly 

assigned, receiving intended treatment, completing 

the study protocoi, and analyzed for the primary 

outcome. Describe protocol deviations from study as 
planned, together with reasons. ` 


14 | Dates defining the periods of recruitment and follow-up. 


Baseline data 


Baseline demographic and clinical characteristics of 
each group. 


Numbers 
analyzed 


Number of participants (denominator) in each group 
included in each analysis and whether the analysis 
15 | was by “intention-to-treat.” State the results in 
absolute numbers when feasible (e.g., 10/20, not 
50%). 


OQuicomes and 
estimation 


For each primary and secondary outcome, a 
summary of results for each group, and the 
estimated effect size and its precision (e.g., 95% 
confidence interval). 


Ancillary 
analyses 


Address multiplicity by reporting any other analyses 
performed, including subgroup analyses and 
adjusted analyses, indicating those pre-specified 
and those exploraiory. 


Adverse events 


All important adverse events or side effects in each 


intervention group. 


DISCUSSION 


Interpretation 


interpretation of the results, taking into account 
study hypotheses, sources of potential bias or 
imprecision, and the dangers associated with 
multiplicity of analyses and outcomes. 


91 | Generalizability (external validity) of the trial 


Generalizability 


Overall evidence 


22 General interpretation of the results in the context of 
current evidence. 


Figure 13-4 Contd 


receive or not receive a test, and then to modify therapy from 
conventional therapy to a different therapy based on the test 
result in the tested patients. This approach leads to inter- 
pretive problems.° For example, if the new therapy is always 
effective, the tested group will always fare better even if the 
test is a coin toss, because only the tested group had access 
to the new therapy. The conclusion that the testing was 
valuable would thus be wrong. A similar problem occurs if 
the tested group had merely an increased access to the 
therapy. {A possible example is the apparent benefit of 
fecal occult blood testing in decreasing the incidence of 
colon cancer where the tested group is more likely to 
undergo colonoscopy and removal of premalignant lesions 
in the colon. A random selection of patients for colonoscopy 
might achieve results similar to the results for the group 


tested for fecal occult blood.) This problem will lead to the 
erroneous conclusion that the test itself is useful. By contrast, 
if the new therapy is always worse than the conventional 
treatment, patients in the tested group will do worse and the 
test will be judged worse than useless, no matter how accu- 
rate it is. Similarly, if the two treatments are equally effective, 
the outcomes will be the same with or without testing; this 
scenario will lead to the conclusion that the test is not good, 
no matter how diagnostically accurate it is. When a truly 
better therapy becomes available, the test may prove to be 
valuable, so it is important to not discount the test’s poten- 
tial based on a study with a new therapy that offers no advan- 
tage over the old therapy. 

Bossuyt and colleagues‘ describe a study design to deter- 
mine whether ultrasound testing of the fetus can be used to 
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Figure 13-5 CONSORT flow diagram for patients in an RCT. 


identify those women with growth-restricted fetuses who 
can be safely managed at home rather than in the hospital. 
In a common study design, women with fetuses showing 
intrauterine growth restriction (IUGR) are randomized to 
receive Doppler ultrasound. Women with positive test results 
would be kept in the hospital and those with negative test 
results would go home. Women in the control arm would 
stay in the hospital, the usual approach. One can see here 
that if some women benefit from home care, whereas all 
other women do equally well with either of the two treat- 
ments, home care patients will do better regardless of the 
intrinsic value of the ultrasound test. Thus patients in the 
tested arm will fare better, and the testing itself will erro- 
neously be declared a success. By contrast, a proper inter- 
pretation would be that the strategy worked well, and a 
testable hypothesis might be generated from the study that 
all patients can be sent home without testing. 

Alternative designs have been described to address the 
question of use of ultrasound in women with IUGR.° In one 
design, all patients undergo the new test, but the results are 


hidden during the trial. Patients are randomized to receive or 
not receive the new therapy. In this design, the new test 
should be adopted only if there is an improvement in patient 
outcome caused by switching to the new therapy, and if that 
improvement in outcome is associated with the test outcome, 
For example, the improvement may be larger in the subgroup 
that had positive test results on ultrasound compared with 
the subgroup that had negative test results. 

An RCT is not always feasible. Alternatives to the RCT 
include studies that use historical or contemporaneous 
control patients in whom the intervention was not under- 
taken. Other studies include patients with and patients 
without the outcome of interest. These studies are called 
case-control studies. Uncertainty about the comparability of 
the controls and the patients in such designs is a threat to 
the validity of these studies. 

Researchers have turned to other methods for exploring 
the outcomes of testing strategies. To address the multitude 
of available options when several tests are available, decision 
analysis has been proposed. These studies rely on a model 
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that links data on diagnostic accuracy with data on health 
outcomes. Patients with true-positive test results receive the 
benefits of treatment for the target condition, in contrast 
with patients who have true-negative test results. On the 
other hand, those with false-positive test results undergo the 
risk of the side effects associated with treatment, without 
the benefits. For an example, see Perrier et al.” 


SYSTEMATIC REVIEWS OF DIAGNOSTIC TESTS 


Systematic reviews are recent additions to the medical liter- 
ature. In contrast to traditional “narrative” reviews, these 
reviews aim to answer a precisely defined clinical question 
and to do so in a way that is transparent and designed to 
minimize bias. Some of the defining features of systematic 
reviews are (1) a clear definition of the clinical question to 
be addressed, (2) an extensive and explicit strategy to find 
all studies (published or unpublished) that may be eligible 
for inclusion in the review, (3) criteria by which studies are 
included and excluded, (4) a mechanism to assess the quality 
of each study and, in some cases, (5) synthesis of results by 
use of statistical techniques of meta-analysis. By contrast, 
traditional reviews are subjective, are rarely well focused on 
a clinical question, lack explicit criteria for selection of 
studies to be reviewed, do not indicate criteria to assess 
the quality of included studies, and rarely can use 
meta-analysis. 

The explicit methodology of systematic reviews suggests 
that persons skilled in the art of systematic reviewing should 
be able to reproduce the data of a systematic review, just as 
researchers in chemistry or biochemistry expect to be able to 
reproduce published primary studies in their fields. This 
concept strengthens the credibility of systematic reviews, 
and workers in the field of EBM generally consider well- 
conducted systematic reviews of high-quality primary 
studies to constitute the highest level of evidence on a 
medical question. 


WHY SYSTEMATIC REVIEWS? 


The explosion of research and the vastness of the medical 
literature are such that no one can read, much less digest, 
all relevant work. The massive amount of new technology, 
the poor quality of narrative reviews,” and the necessity to 
provide an accurate digest for practicing clinicians” consti- 
tute the background to the call for a more systematic review 
of literature. 

Systematic reviews can achieve multiple objectives.” They 
can identify the number, scope, and quality of primary 
studies by using an extensive search strategy; provide a 
summary of the diagnostic accuracy of a test; compare the 
diagnostic accuracies of tests; determine the dependence of 
reported. diagnostic accuracies on quality of study design; 
identify dependence of diagnostic accuracy on characteris- 
tics of the patients or method for the test; and identify areas 
that require further research and recognize questions that 


are well answered and for which further studies may not be 
necessary. 


CONDUCTING A SYSTEMATIC REVIEW 


Systematic reviewing is time consuming and requires multi- 
ple skills. Usually a team is required, and the team should 
include at least one person experienced in the science and 
art. The team must agree on the clinical problem to be 
tackled and on the scope of the review. 

An early step in preparation for performing a systematic 
review is to identify whether a similar review has been 
undertaken recently. Among other things, such a search will 
help to focus the review. The Cochrane Collaboration pro- 
vides an excellent resource of reviews, but unfortunately few 
are reviews of diagnostic tests.” The Database of Abstracts 
of Reviews of Effectiveness (DARE),” which is run by the 
Centre for Reviews and Dissemination at the University of 
York in the United Kingdom, contains reviews of some 
diagnostic tests. A third resource is the Bayes Library of 
Diagnostic Studies and Reviews, which is associated with 
the Cochrane Collaboration” (http://www.bice.ch/engl/ 
content_e/bayes_library.htm, accessed March 18, 2004). 
Other resources include electronic databases, such as 
PubMed and Embase, and recent clinical practice guidelines, 
which are likely to cite systematic reviews that were available 
at the time of the guideline’s development (see section on 
guidelines later in this chapter). Horvath et al” list additional 
sources, 

The review team must develop a protocol for the project. 
A protocol should include,*”” in addition to a title, back- 
ground information, composition of the review group, and 
a timetable: 

e The clinical question(s) to be addressed in the review 
e Search strategy 

* Inclusion and exclusion criteria for selection of studies 

* Methodology of and checklists for critical appraisal of 
studies ; 
Methodology of data extraction and data extraction forms 
Methodology of study synthesis and summary measures to 
be used 

Description of all of the details is beyond the scope of this 
chapter and only some highlights will be discussed. Review 
of the references cited here is recommended before embark- 
ing on a systematic review. 


The Clinical Question and Criteria for Selection of Studies 


Among the steps in conducting a systematic review of a diag- 
nostic test (Box 13-1), the most important is the identifica- 
tion of the clinical question for which the test result is 
required to give an answer, and thus formulation of the ques- 
tion that forms the basis of the review. Two types of ques- 
tions can be addressed in a systematic review in diagnostic 
medicine: one type is related to the diagnostic accuracy of a 
test, and the other to the clinical value (to patients or to 
others) of using the test. The questions that arise are similar 
in structure but require different approaches, 
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Identify the clinical question 
Define the inclusion and exclusion criteria 


Search the literature 

Identify the relevant studies 

Select studies against explicit quality criteria 
Extract data and assess quality 

Analyze and interpret data . 

Present and summarize findings 


Examples: 

Type 1 question regarding diagnostic accuracy of a test: 
In patients coming to the emergency department 
with shortness of breath, how well does B-type natri- 
uretic peptide (BNP) or N-terminal pro-BNP predict 
(identify the presence of) heart failure as assessed 
by the cardiac ejection fraction measured by 
echocardiography? 

Type 2 question regarding the value of a test in improv- 

ing patient outcomes (called a phase 4 evaluation of a test 

by Sackett and Haynes”): 
In patients admitted to the hospital for treatment of 
heart failure, how well does use of BNP or N-terminal 
pro-BNP help as a guide to therapy, improve the 
ability to treat heart failure as assessed by the rate of 
subsequent readmission for heart failure? 

Note that each question (1) identifies the patient’s 
problem (shortness of breath and the clinical setting [emer- 
gency department or hospital]), (2) the test being used (BNP 
or N-terminal pro-BNP), (3) the reference standard for the 
diagnosis (ejection fraction as measured by echo) or for the 
clinical outcome (rate of subsequent readmission), and (4) 
an outcome (ability to detect the presence of heart failure or 
ability to treat heart failure). 

More complex questions often arise. For example, a type 
1 question may involve comparing the diagnostic accuracies 
of two or more tests, or it may address the improvement in 
diagnostic accuracy from adding results of a new test to 
results of an existing test or tests. A complex type 2 question 
may involve the utility of therapeutic drug testing at the time 
of a clinic visit to reduce clinic visits by helping to establish 
optimum drug dosages. In all cases, however, it is usually best 
that the clinical question be specific and focused on defined 
clinical scenarios and clinical settings. 

The clinical question leads to inclusion and exclusion cri- 
teria for studies to be included in the review. These criteria 
include the patient cohort and setting in which the test is to 
be used, as well as the outcome measures to be considered. 
These are all important as both the “patient setting” and the 
nature of the question affect the diagnostic performance of 
a test.” 


Until recently, methodologists interested in systematic 
reviews have focused on studies of the effects of interven- 
tions, especially drugs, on patient outcomes. That work is 
generally applicable to systematic reviews of diagnostic tests 
that start with a question of the second type above. The 
opportunities to use the techniques, however, are limited as 
it is unusual to find more than one study on any combina- 
tion of a test and an outcome. We therefore focus on sys- 
tematic reviews of the diagnostic accuracy of tests and 
express the hope that the quality of primary studies will con- 
tinue to improve so that many such systematic reviews will 
become feasible. 

When the questions to be addressed are defined, the 
review group must agree on the scope of the review. Irwig 
et al summarized the two main approaches to defining 
the scope of a systematic review of studies of diagnostic 
accuracy: 

» Restrict the review to studies of high quality directly 
applicable to the problem of immediate interest to the 
reviewer. 

e Explore the effect of variability in study quality and other 
characteristics (setting, type of population, disease spec- 
trum, etc.) on estimates of accuracy, using subgroup 
analysis or modeling. 

The second approach is more complex, but allows 
estimates of such things as the applicability of estimates 
of diagnostic accuracy to different settings and the effect 
of study design and inherent patient characteristics (e.g., 
age, sex, symptoms) on estimates of a test’s diagnostic 
accuracy. 


Search Strategy 


Searching of the primary literature is usually carried out in 
three ways: (1) an electronic search of literature databases, 
(2) hand searching of key journals, and (3) review of the ref- 
erences of key review articles. It is usual to search both 
Medline and Embase, as the overlap between the two can be 
as low as 35%.” Searching of databases is a detailed exercise 
and the help of a librarian or information scientist is rec- 
ommended. An incorrectly structured search can generate a 
large number of irrelevant references and miss crucial refer- 
ences.” Guidance that is tailored to searching for studies of 
diagnostic accuracy in the published literature is available in 
Irwig et al.“ 

Additional studies may be found in the “gray” literature 
that is not indexed by the major databases. These sources 
include theses, conference proceedings, technical reports, 
and monographs. Consultation with individuals active in the 
field may uncover studies in these sources and studies that 
are being prepared for publication. l ~~ 


Data Extraction and Critical Appraisal of Studies 

Identified papers should be read independently by two 
persons and data extracted according to a template. A check- 
list of items to extract from primary studies in preparing a 
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systematic review on test accuracy is available online“ 
and on this book’s accompanying Evolve site, found 
at http://evolve.elsevier.com/Tietz/textbook/. The STARD 
checklist’ can also be used as an additional guide in design- 
ing the template. 

The quality of studies must be assessed as part of the sys- 
tematic review. Rating schemes for the quality of primary 
studies have been concerned mostly with studies of thera- 
peutic interventions. These schemes have focused on the 
type of study design, with large RCTs routinely considered 
to have the highest level of quality and other designs given 
lower ratings. Glasziou et al” have pointed out, however, that 
different types of clinical questions (such as questions 
related to diagnostic approaches) often require different 
types of study design. Thus, a randomized trial, though ideal 
for studies of the effects of interventions, is not the most 
appropriate design to study whether (their examples) com- 
puterized or human reading of cervical smears is better (or 
to study the natural history of a disease or the cause of a 
disease, etc.). Moreover, a study may use a good design but 
suffer from serious drawbacks in other dimensions, such as 
the number of patients lost to follow-up. Thus adequate 
grading of the quality of studies must go beyond the cate- 
gorization of study design.” 


Summarizing the Data 

The characteristics and data from critically appraised studies 
should be presented in tables. The data should include 
sensitivities, specificities, and likelihood ratios wherever 
possible. These can then be summarized in plots that provide 
an indication of the variation among studies. The summary 
should also include an assessment of the quality of each 
study, using an explicit scoring system. A review should 
also present critical analysis of the data highlighted in the 
review. 


Meta-analysis ; 

It may be possible to undertake a meta-analysis if data are 
available from a number of similar studies (i.e., asking the 
same question in the same type of patients and in the same 
or similar clinical settings). Meta-analyses can explore 
sources of variability in the results of clinical studies, 
increase confidence in the data and conclusions, and signal 
when no further studies are necessary. For guidelines on 
conduct of meta-analyses of RCTs, see the Quality of 
Reporting of Meta-analyses (QUORUM) statement at 
http://www.consort-statement.org/QUOROM. pdf (accessed 
April 22, 2004), 

Although meta-analyses are hampered in diagnostic 
research by the paucity of high-quality primary studies,” the 
quality of these studies is improving.” For descriptions of 
meta-analytic techniques in diagnostic research, including 
the summary ROC curve, see papers by Irwig et al“ and 
Deeks” and the book chapter by Boyd and Deeks.” Deeks 
has argued that likelihood ratios provide the most transpar- 
ent expression of the utility of a test, because they enable the 


clinician to calculate the posttest probability if the pretest 
probability is known.” 


DIAGNOSTIC TESTING 


Healthcare costs worldwide have surged in recent decades. 
For example, the United States spent $1.55 trillion dollars on 
healthcare in 2002, or 14.9% of its gross domestic product 
(see http://www.cms.hhs.gov/statistics/nhe/historical/tl.asp, 
accessed March 18, 2004). Although the direct laboratory 
costs are small in comparison, the tests have a profound 
influence on medical decisions and therefore total costs. 


A HIERARCHY OF EVIDENCE 


A hierarchy of evidence regarding clinical tests” begins with 
assessment of the test’s technical performance and proceeds 
through the study of the test’s diagnostic performance to an 
identification of potential benefits and thus to economic 
evaluation. The hierarchy has also been expressed as moving 
up from the efficacy of a test through efficiency to the effec- 
tiveness of a test. This hierarchy of evidence can also be 
seen in the context of the data that are required to make deci- 
sions about the implementation of a test.” It therefore lies 
at the heart of the process of policy making and service 
management.” Economic evaluation provides a means of 
evaluating the comparative costs of alternative care strategies 
and providing a means of evaluating health outcomes at 
the highest level in terms of life years gained and social 
benefit.” 


METHODOLOGIES FOR ECONOMIC EVALUATIONS 


Health economics is concerned with the cost and conse- 
quences of decisions made about the care of patients. It there- 
fore involves the identification, measurement, and valuation 
of both the costs and’ the consequences. The process is 
complex and is an “inexact science.”* The approaches to 
economic evaluation include (1) cost minimization, (2) cost 
benefit, (3) cost effectiveness, and (4) cost utility analysis 
(Table 13-2). 

Cost minimization can be considered as the simplest 
approach and provides the least information; it is an evalu- 
ation of the costs of alternative approaches that produce the 
same outcome. In the area of diagnostic testing, it is applic- 
able only to the cost of alternative suppliers of the same test, 
device, or instrument. It is therefore a technique that is 
limited to the procurement process where the specifications 
of the service are already established and the outcomes 
clearly defined. It might be considered as providing the “cost 
per test,” an often quoted parameter that is not, however, a 
true economic evaluation because it does not identify an 
outcome except the provision of a test result. 

Cost-benefit analysis determines whether the cost of the 
benefit exceeds the cost of the intervention and therefore 
whether the intervention is worthwhile. The value of the 
consequence or benefit is assessed in monetary terms; this 
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TABLE [3-2 Approaches to Economic Evaluations 


j 
. 
. 


Type o f Evaluation Test Evaluated 


inimization Alternative. tests or mee 


Effect or Outcome 


Identical outcomes ©: - 


Decision Criteria 


«Least expensive alternative 


options: i< * . Eee hae 
: Alternative tests or ‘delivery Improved effect or outcome "Effect evaluated purely i in monetary | 
reais Joe nokta. i2, options . : ; ; a terms. 
Cost effectiveness. _ Alternative tests or delivery Common unit of-effect but Cost pera unit of effect - Bo dollars 
A E options... ~oy differential effect oper life: years gained): 
Cost utility ; -Alternative tests or delivery Improved effect or outcome.: Outcome expressed in terms of 
options... ; l survival and quality of life 


can be quite challenging, because it may require the analyst 
to equate a year of life to a monetary amount. There 
are a number of methods, including the “human capital 
approach? which assesses the individuaľs productivity 
(in terms of earnings), and the “willingness to pay ap- 
proach,” which is more of a modeling approach having 
determined by questionnaire what individuals are prepared 
to pay. Cost-benefit evaluation is not widely used, but it 
might have some value in comparisons of different testing 
modalities. 

Cost-effectiveness analysis looks at the most efficient way 
of spending a fixed budget and the effects are measured in 
terms of a natural unit. The ultimate natural unit is the life 
year, but more practica] measures include reduction in the 
frequency of hypoglycemic episodes, or number of strokes 
prevented. Surrogate measures with clear relationships to 
morbidity and mortality have also been used (e.g., change 
in blood pressure). When assessing an intervention, the 
number of cases of disease prevented may be used as a 
measure of benefit, as in the case of alternative approaches 
to the management of patients with suspected peptic ulcer.” 
In this study, investigative and treatment strategies were 
compared for outcome measures of costs per ulcer cured 
and cost per patient treated. The serological testing strategy 
was found to be more effective than endoscopy by both 
measures. 

Cost-utility analysis includes the quality and the quantity 
of the health outcome, or in other words looking at the 
quality of the life years gained. The cost of the intervention 
is assessed in monetary terms, but the outcomes are 
expressed in “quality-adjusted life years” (QALYs). 
Approaches that assess the quality of life include Quality of 
Wellbeing,” Heath Utilities Index,” and EuroQol.” Cost- 
utility analysis has seen little use in the study of diagnostic 
tests probably because of the complexity of the clinical 
process involving both diagnustic test and treatment neces- 
sary to produce a measurable clinical outcome. It has, 
however, been used to assess the utility of some screening 
programs. 

The inclusion of a quality of life component can affect 
choices among alternatives. In the Centers for Disease 
Control and Prevention Diabetes Cost-Effectiveness Study, 


the lifetime costs and benefits of opportunistic screening for 
diabetes were compared with those of current practice,” 
with primary outcome measures of life years saved and 
QALYs. The incremental cost effectiveness was found to be 
$35,768 per life year gained and $13,376 per QALY, showing 
that adjustment for quality of life has a major impact on the 
cost effectiveness. This suggests that in addition to the exten- 
sion of life through screening there is also a gain in the 
quality of life that increases the attractiveness of the benefits 
accruing from screening. 

The addition of new technology often increases both cost 
and benefit. A cost-effectiveness study” of screening for 
colorectal cancer (versus no screening) showed that the 
“least expensive” strategy was a single sigmoidoscopy at 
55 years of age, with an incremental cost-effectiveness 
ratio of $1200 per life year saved. Alternative strategies gave 
incremental cost-effectiveness ratios of $21,200, $51,200, 
and $92,900 with the addition of increasingly complex and 
frequent screening for fecal occult blood. 

When tests increase both the cost and benefit, decisions 
about their use will depend on factors such as willingness to 
pay and other political and individual pressures. A figure of 
$50,000 per QALY has been used in the United States as a 
reference point, the figure deriving from a decision by the 
U.S. Congress to approve dialysis treatment for end-stage 
renal failure.” Although providing useful comparative data, 
there are concerns about the use of tables of cost per QALY.” 

The underlying issue of economic evaluations is to 
compare the costs that will be incurred with an estimate of 
the gain, and for this there are four possible findings and 
three possible decisions: 

* Test more costly but providing greater benefit—possibly 
introduce depending on overall gain 

* Test more costly but providing less benefit—do not intro- 
duce test 

» Test less costly but providing greater benefit—introduce 
test 

* Test less costly but providing less benefit—possibly intro- 
duce test depending on the size of the loss in the benefit 
and the magnitude of savings (which may be able to 
produce a demonstrably greater benefit if spent on a dif- 
ferent intervention or test). 
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These options have been expressed graphically in a two- 
dimensional plot called the “cost- effectiveness plane”*” with 


cost on one axis and benefit on the perpendicular axis. 


QUALITY OF ECONOMIC EVALUATIONS 


In exactly the same way as for studies on diagnostic perfor- 

mance and for outcomes studies, there is a minimal set of 

criteria for evaluating an economic study of a diagnostic test. 

A suggested list of criteria includes”: 

* Clear definition of economic question including perspec- 
tive of the evaluation (e.g., perspective of a patient or 
society or an employer or a health insurance company or 
a hospital administrator; long-term versus short-term 
perspective) 

e Description of competing alternatives 

- Evidence of effectiveness of intervention 

Clear identification and quantification of costs and conse- 

quences including incremental analysis 

° Appropriate consideration of effects of differential timing 
of costs and benefits 

* Performance of sensitivity analysis (How sensitive are 

results to changes in assumptions or in input, e.g., cost of 

drugs or expected benefit in life years?) 

Inclusion of summary measure of efficiency, ensuring that 

all issues are addressed 

Two reviews of economic evaluations of diagnostic tests 

have shown poor adherence to the criteria outlined above, 
with only about half of the evaluated papers meeting the 
criteria.” 


PERSPECTIVES OF ECONOMIC EVALUATIONS 


The perspective from which an economic evaluation is per- 
formed affects the design, conduct, and results of the evalu- 
ation. The perspective may, for example, be that of a patient, 
a payer (government health agency or health insurance 
company), or society. The perspective may be long term or 
short term. The perspective is a practical consideration when 
attempting to assess the benefit of a particular test or device 
as part of a more complex clinical protocol, Perspective is 
also important in relation to many of the routine decisions 
made about a diagnostic test. The questions below illustrate 
the importance of perspective: 

+ What is the cost of the test result produced on analyzer A 
compared with analyzer B? 

e What is the cost of the test result produced by laboratory 
A compared with laboratory B? 

* What is the cost of the test result produced by POCT com- 
pared with the laboratory? 

* Will provision of rapid testing for the emergency depart- 
ment reduce the length of patients’ stays in the department 
and thus decrease cost for the hospital? 

+ Will HbA: testing in a clinic save time for patients by pro- 
viding results at the time of the clinic visit? Will it save 
money for the patients’ employers by reducing employees’ 
time away from work for physician appointments? Will it 
save time for the physician and thus money for the clinic? 


Will it improve care of diabetes (perhaps by facilitating 
counseling at the time of the clinic visit) for the patient as 
indicated by independent measures of glycemic control? 
Will it save money for the health system by improving 
glycemic control and thus decreasing hospitalizations? 
Will it provide benefit for society by decreasing society’s 
healthcare costs (for hospitalizations) and increasing 
patients’ functioning and contributions to society? 

The first scenario is the type of evaluation made when 
making a deal, and is a simple procurement exercise. The 
outcome is the same—the provision of a given test result, to 
a given standard of accuracy and precision within a given 
time (the specification). The second question might appear 
to be the same, but it is not and will undoubtedly have to 
take into account other issues, namely the logistical issues 
associated with sample transport or the level of communi- 
cation support provided by the laboratories. To make a 
relevant evaluation concerning the value of POCT, it is 
important to also take into account the implications outside 
of the laboratory that may result from the delay in sending 
the sample to another laboratory. 

Most economic evaluations of diagnostic tests will have a 
perspective beyond the bounds of the laboratory if the value 
of the test is to be appreciated and understood. Unfortu- 
nately, many of the early economic data on POCT looked 
solely at the costs of producing the test result.” The studies 
overlooked the potential value of the key objective of pro- 
ducing the result more quickly so that a decision can be 
made immediately and a treatment instituted or changed. 
When a test is proposed to reduce the use of other resources 
within the hospital (e.g., use of drugs or blood products or 
other expensive diagnostic technology) the expectation is 
that the clinical outcome will be unchanged (e.g., the patient 
is not put at risk by using less blood or the less expensive 
technology). When provision of a test result may have a 
longer-term impact, as in management of chronic disease, 
use of intermediate measures of outcome may be especially 
important. 


CHOICE OF OUTCOME MEASURES 


Tests are not always evaluated in terms of life years gained. 
Even for cost-effectiveness and cost-utility studies, surrogate 
clinical markers and surrogate economic markers may have 
a place.” The use of surrogate markers of clinical outcome 
requires the existence of a clear, demonstrated relationship 
between the marker and morbidity and mortality. Even if 
such a relationship is demonstrated, however, changes in the 
surrogate do not reliably lead to changes in the associated 
patient-important outcome.’* This limits the strength of 
inferences from such studies. 

Many of the questions listed above address issues within 
the “clinical episode,” but the evaluation of the longer-term 
value or benefit of a diagnostic test is more complex. Long- 
term costs and benefits, as in management of a chronic 
condition such as diabetes, may be influenced by other 
(confounding) factors. The complexity depends on the rela- 
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tionship between test and treatment and also on the com- 
pliance of both patient and clinician in use of both the test 
and the treatment. In diabetes, the measurement of blood 
glucose and HbA,, is an integral part of management. 
Although short-term studies have been done,” rigorous eco- 
nomic evaluations of the long-term use of these tests are 
rare. Economic modeling of both the Diabetes Control and 
Complications Trial (DCCT) and United Kingdom Prospec- 
tive Diabetes Study (UKPDS) demonstrated the economic 
benefits of intensive glycemic control”** but did not indi- 
cate the value of the testing component. An observational 
study of the implementation of an intensive glycemic control 
program demonstrated long-term savings from improved 
clinical outcomes that reduced clinic visits and hospital 
admissions and their attendant costs.” 


USE OF ECONOMIC EVALUATIONS IN DECISION MAKING 
The stream of new tests in laboratory medicine requires fre- 
quent decisions about whether or not to implement them. 
Economic evaluations can help in making these decisions. 
The finite resources for healthcare require use of an objec- 
tive means of determining how resources are allocated and 
how the efficiency and effectiveness of service delivery can 
be improved. 

Use of economic evaluations faces several challenges. 
First, the laboratory medicine budget is usually “controlled” 
independently of the other costs of healthcare. This is often 
referred to as “silo budgeting.” In practical terms the budget 
for testing is established independently of the budgets for all 
of the other services, including budgets for which the con- 
templated diagnostic test might be able to provide savings. 
Second, achievement of a favorable outcome (e.g., from a 
reduction in length of stay or a decrease of admissions to the 
coronary care unit) is of use from a management standpoint 
only if the potential savings can be turned into real money 
(leveraged). Third, the introduction of a new test or testing 
modality (e.g, POCT) will undoubtedly lead to a change in 
practice and so the benefits can be achieved only if the 
change in practice can be implemented. Finally, even if the 
desired cost savings are achieved, silo budgeting ensures that 
the savings are seen in a budget different from the labora- 
tory’s, and the laboratory budget shows only an increased 
cost. Fortunately the drawbacks of silo budgeting are being 
recognized, and a broader view of health economics seems 
to be developing in some healthcare settings. 

Regardless of any problems in introducing them, eco- 
nomic evaluations can provide the objective measure of 
what can be achieved, and the standard against which the 
change in practice can be audited after implementation. 


CLINICAL PRACTICE GUIDELINES 


The patient-centered goals of evidenced-based laboratory 
medicine cannot be reached by primary studies and system- 
atic reviews alone. The results of these investigations must 
be turned into action. Increasingly, health systems and 


professional groups in medicine have turned to the use of 
clinical practice guidelines as one tool to facilitate imple- 
mentation of lessons from primary studies and systematic 
reviews. Important motivations for development of guide- 
lines have been to decrease variability in practice (and 
improve the use of best practices) and to decrease the (often 
prolonged) time required for new information to be used for 
the benefit of patients for prevention of disease. 

Although most guidelines have been developed primarily 
for use by clinicians, publication of guidelines on the Inter- 
net, and descriptions of them in articles in the popular press, 
have led to their use by patients and their families.” The 
development of such guidelines is a challenging new area 
about which some things are becoming clearer, including the 
absence of tested guidelines for the development of labora- 
tory-related guidelines. A start in this direction for labora- 
tory medicine has appeared recently.” 


WHAT Is A CLINICAL PRACTICE GUIDELINE? 

A widely quoted definition of clinical practice guidelines 
comes from a report of the U.S. Institute of Medicine. “Clin- 
ical practice guidelines are systematically developed state- 
ments to assist practitioner and patient decisions about 
appropriate healthcare for specific clinical circumstances”! 
This definition appears broad enough to accommodate the 
laboratory-related guidelines that are appearing in the liter- 
ature and on the Internet. Guidelines of various sorts have 
long addressed issues of concern to laboratorians, such as 
requirements or goals for accuracy, precision, and turn- 
around time of tests and considerations about the frequency 
of repeat tests in the monitoring of patients. In contrast to 
many earlier pronouncements on such issues, the focus of 
modern clinical practice guidelines, such as recent ones on 
laboratory testing in diabetes” and liver disease,” is the 
patient in the “specific clinical circumstances” referred to in 
the definition of clinical practice guidelines. The new ingre- 
dient in development of these guidelines is the tool kit of 
EBM and clinical epidemiology, which allow the guidelines 
to grow in a more transparent way from well-conducted 
studies and systematic reviews. 


A TRANSPARENT PROCESS MUST BE USED IN THE 
DEVELOPMENT OF GUIDELINES 


In the absence of a transparent process for development of 
a guideline, the credibility of the product is compromised. 
and can be legitimately questioned. When guidelines are 
developed by a professional group (such as specialist physi- 
cians or laboratory-based practitioners), the recommenda- 
tions (e.g., to perform a diagnostic procedure in a given 
setting) may be suspected of promoting the welfare of the 
professional group. By contrast; when guidelines are pre- 
pared under the auspices of payers for healthcare (govern- 
ments and insurance companies), the recommendations 
may be seen as cost-control measures. In this setting, a key 
danger is that the absence of evidence of a benefit from a 
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medical intervention may be interpreted as evidence of 
absence of benefit. 


STEPS IN THE DEVELOPMENT OF GUIDELINES 


The development of guidelines is best undertaken with a 
step-by-step plan. One such scheme is shown in Figure 
13-6, only selected issues of which will be discussed here. 
For a more detailed discussion, see Bruns and Oosterhuis” 


or Oosterhuis et al.7! 


Selection and Refinement of a Topic 


The critical importance of this first step is analogous to the 
importance of the corresponding step in development of a 
systematic review. The scope must not exceed the capabili- 
ties (in time, funding, and expertise) of the group, the topic 
must not be without evidence (or the guideline will lack 
credibility), and the area must be one requiring attention 
(or the guideline will have little value and will attract no 
attention). 


High-grade evidence for all 
recommendations ? 


ee 


no 


Do we have 
consensus ? 


Development of consensus-based 
recommendations 


Short, non-consensus-based 
statements or opinions 


eee ee ee eee ee 


Figure 13-6 Steps in development of a clinical practice guideline. (Modified from Oosterhuis WP, 
Bruns DE, Watine J, Sandberg S, Horvath AR. Evidence-based guidelines in laboratory medicine: principles 
and methods. Clin Chem 2004;50; 806-818.) 
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Guidelines can address clinical conditions (such as dia- 
betes and liver disease), symptoms (chest pain), signs 
(abnormal bleeding), or interventions, whether therapeutic 
(coronary angioplasty and aspirin) or diagnostic (cardiac 
markers). The priority for a guideline should be: Is there 
variation in practice that suggests uncertainty? Is the issue of 
public health importance, such as in the increasing problem 
of diabetes and obesity? Is there a perceived necessity for cost 
reduction? 

The critical issues to be addressed must be identified and 
distinguished from those that may be considered peripheral 
or simply beyond the scope that can reasonably be included. 
Ideally, this process involves a multidisciplinary group, with 
clinicians, laboratory experts, patients, and likely users of the 
guidelines. The scope will be affected by the staff (if any) and 
financial support available to the guideline group. The cost 
is usually underestimated. 


Determination of Target Group and Establishment of a 
Multidisciplinary Guideline Development Team 

The intended audience must be identified: Is it nurses, 
general practice physicians, clinical specialty physicians, lab- 
oratory specialists, or patients? 

The team should include representatives of all key 
groups involved in the management of the target condition. 
In development of guidelines in laboratory medicine, 
teams ideally include relevant medical specialists, laboratory 
experts, methodologists (for expertise in statistics, literature 
search, critical appraisal, and guideline development), and 
those who deliver services (such as nurse practitioners and 
patients for guidelines on home monitoring of glucose; 
laboratory technicians and managers for a guideline that 
addresses turnaround times for cardiac markers). 

As the composition of guideline development groups 
affects recommendations, with those who perform proce- 
dures more likely to recommend their use,” potential con- 
flicts of interest of all members must be noted. The role if 
any of sponsors (commercial or nonprofit) in the guideline 
development process must be agreed upon and reported. 
Ideally, staff support is available for arranging meetings and 
conference calls and assisting with publication and other 
forms of dissemination (e.g., audioconferences). 


A minimum group size of six has been recommended.* 
Making the team larger than 12 to 15 persons can inhibit the 
airing of each person’s views. A recommended tool is the use 
of subgroups to focus on specific questions, with a steering 
committee responsible for coordination and the production 
of the final guideline. Other ways of using subgroups can be 
envisioned. 


Identifying and Assessing the Evidence 


When available, well-performed systematic reviews form the 
most important part of the evidence base for guidelines. Sys- 
tematic reviews are necessary when there is expected to be 
variation between studies, sometimes attributable to effects 
too small to be measured. Where no systematic reviews exist, 
the group effectively must undertake to produce one. The 
level of evidence supporting each conclusion in the review 
will affect the recommendations made in the guidelines. 


Translating Evidence into a Guideline and Grading the 
Strength of Recommendations 


The processes for reaching recommendations within an 
expert group are poorly understood. For clinical practice 
guidelines, the process may involve balancing of costs and 
benefits after values are assigned and the strength of evi- 
dence is weighed. Conclusive evidence for recommendations 
is only rarely available. Authors of guidelines thus have an 
ethical responsibility to make very clear the level of evidence 
that supports each recommendation. 

Various schemes are available for grading the level of evi- 
dence, and one of them should be adopted and used explic- 
itly.*” A rather simple one, with a rather typical four levels 
(A through D), is shown in Table 13-3. More complex 
schemes are shown in Tables 13-4 and Box 13-2. For a recent 
and different approach, see the additional readings at the end 
of this chapter. The level of evidence does not always predict 
the strength of a recommendation, as recommendations may 
either follow directly from clinical studies or be extrapolated 
from the results of the studies. For example, multiple studies 
supporting use of a drug may have been done well and a 
competent systematic review may be available, so that the 
evidence may be graded as high. However if the study was 
done in adults and the guideline is for children, the strength 
of the recommendation may be low.”” 


TABLE [3-3 A Scheme for anans of aene of Recommendations in Clinical Guidelines 


quasiexperime al suy or Saepolated | from RC 
Directly based on noneperimenial studies or ext 


From Shekelle PG, Woolf SH, Eccles M, Grimshaw J. Clinical aidas a giddiness, BMJ 1999; 318: 593-6. 
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TABLE 13-4 Categories of Evidence Supporting Guidelines (A-E) and Quality of Evidence on Which Recommendation 
Is Based (I-IV) as Used by the American Association for the Study of Liver Disease 


. Evidence fom multiple well- -design 


patients tobe of sufficient statistic al power ; 


andomized controlled clinical trials, each involving a number of 


‘Evidence from at least one large well- -designed dinical trial a OF: r without randomization from cohort « Or 
‘case-controlled analytical studies, or well- designed meta-analysis. os i : 
Evidence based on clinical experience, descriptive studies, or reports of expert committees 


Not rated 
an ‘Survival benefit 
_ Improved diagnosis — 
+ Improvement in quality of life 


Relevant pathophysiological. parameters improved 


Impacts cost of healthcare : 


From Dufour DR, Lott JA, Nolte FS, Gretch DR, Koff RS, Seeff LB. Diagnosis and monitoring of hepatic injury. I. Recommendations for use of laboratory 


tests in screening, diagnosis, and monitoring. Clin Chem 2000;46:2050-68. 


Quality of Primary Studies and Reviews: Rating the Level of 

Evidence of Individual Articles: 

Ia Meta-analysis or systematic review based on at least several 
level Ib studies 

Ib Diagnostic trial or outcome study of good quality 

Ir Diagnostic trial or outcome study of medium quality, 
insufficient patients, or other trials (case-control, other 
designs) 

HI Descriptive studies, case reports, other studies 

IV Statements of committees, opinion of experts etc., review, 
not systematic 


Rating of the Strength of the Evidence Supporting 

Guideline Recommendations: 

A Supported by at least two independent studies of level Ib or 
one review of level Ja (“it was shown/demonstrated”) 

B Supported by at least two independent ‘studies of level TE 
(“it is plausible”) 

C Not supported by sufficient studies of level I or II 
(“indications”), poorly 

D Advice of experts, etc. (“there is no proof”) 


Level A evidence is rare in guidelines on the use of diag- 
nostic tests. The recommendations made in the National 
Academy of Clinical Biochemistry (NACB) guidelines on 
laboratory testing in diabetes” were graded by the scheme of 
the American Diabetes Association, a scheme similar to that 
in Table 13-3 except that level D is referred to as level E. As 
shown in Figure 13-7, the vast majority of the recommen- 
dations were graded only as level E (expert opinion) by the 
authors of the guidelines, and only three were graded as A. 
The high proportion of recommendations in the NACB doc- 


LEE 


Level A LevelB LevelO  LevelE 
Figure 13-7 Level of evidence for recommendations in NACB 
guideline for testing in diabetes.” (From Bruns DE, Oosterhuis WP 
in Price CP, Christenson RH, eds Evidence-Based Laboratory Medicine: 
from principles to outcomes. AACC Press, 2003.) 


ument supported only by expert opinion is far from unique 
or peculiar to that document or to guidelines for diagnostic 
tests, 

For analytical goal setting or “quality specifications” for 
analytical methods in guidelines, randomized controlled 
clinical trials (outcomes studies) are rarely available. As dis- 
cussed by Bruns and Oosterhuis, a different hierarchy of 
evidence” (Table 13-5) may be useful for grading of such 
laboratory-related recommendations. The highest level of 
evidence is evidence related to medical needs. It is conceiv- 
able that even statistical modeling of specific clinical deci- 
sions could be considered as a subtype of evidence related to 
medical needs. For example, Klee et al” have shown rates of 
misclassification of cardiac risk as a function of analytical 
bias of cholesterol assays. Similarly, error rates in insulin 
dosing can be calculated" as a function of imprecision (or 
bias or both) of home glucose measurements, with increas- 
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TABLE 13-5 Hierarchy of Criteria for Quality 
Specifications 


= Basis 


Medical decision making: Use of test i in. : her 
“specific clinical situations... - a 
Medical decision making: L Use of test in: ae 
2 gnedicine generally... ; 
-Guidelines “experts: Se ee 
Regulators or organizers o of eal quality 
oo. assurance schemes... 
oe Published data on state of the arto 


From Fraser CG, Petersen PH. Analytical performance characteristics 
should be judged against objective quality specifications. Clin Chem 
1999;45:321-3. 


ing imprecision (or bias) of the glucose assay leading to 
increasingly frequent errors in the administered dose of 
insulin. Although such studies do not demonstrate an effect 
on patient outcomes, they may be a distinct advance over 
anecdotes, and an expert group can make reasoned. recom- 
mendations for imprecision based on such data and mathe- 
matical modeling when the clinical action follows a 
well-defined rule. 

Level 1B in Table 13-5 refers primarily to the concepts 
of within-person and among-person biological variation. 
Levels of optimum, desirable, and minimum performance 
for both imprecision and bias have been defined” based on 
these concepts. When a test is to be used for monitoring, use 
of this type of quality specification for imprecision appears 
appropriate in guidelines. Failure to use this approach is dif- 
ficult to justify, because data on within-person and among- 
person biological variation are available for virtually all 
commonly used tests. The quality specifications relate 
directly to the ability to use assays for monitoring and the 
ability to use common reference intervals within a popula- 
tion. These may be considered patient-centered objectives in 
a broad sense if not in a narrow one. 


OBTAINING EXTERNAL REVIEW AND UPDATING 
THE GUIDELINES 


Three types of outside examiners can evaluate the 

guideline“: 

+ Experts in the clinical content area—to assess complete- 
ness of literature review and the reasonableness of 
recommendations 

> Experts on systematic reviewing and guideline develop- 

ment—to review the process of guideline development 

Potential users of the guidelines 

In addition, journals, sponsoring organizations, and 
other potential endorsers of the guidelines may undertake 
formal reviews. Each of these reviews can add value. 

As part of the guideline development process, a plan for 
updating should be developed. The importance of this step 


° 


identify 
the question 


at 


audit 
practice 
search 
for evidence modify 
practice 
apply to 
practice 
critically 
appraise 
evidence 


Figure 13-8 The audit cycle. (From Price CP. Clin Chem 
2000;46:104 1-50.) 


is underscored by the finding that one of the most common 
reasons for nonadherence to guidelines is that the guidelines 
are outdated.” Consistent with that finding, a study” of 
clinical practice guidelines of the Agency for Healthcare 
Research and Quality showed that about half the guidelines 
were outdated in 5.8 years (95% confidence interval [CI] 5.0 
to 6.6 years). No more than 90% of conclusions were still 
valid after 3.6 years (CI 2.6 to 4.6 years). These findings 
suggest that the time interval between completion and 
review of a guideline should be short. 


The term “audit” is associated with a particular connotation 
in healthcare, namely clinical audit and refers to the review 
of case histories of patients against the benchmark of current 
best practice.** The clinical audit was proposed as a tool to 
improve clinical practice and a recent study indicates that it 
can do so, though the effects are modest.” A more general 
role for audit, however, is that it can be used as part of the 
wider management exercise of benchmarking of perfor- 
mance with the use of relevant performance indicators 
against the performance of peers. 

Four distinct activities can be considered under the broad 
umbrella of an audit: (1) solving problems associated with 
the process or outcome, (2) monitoring workload in the 
context of controlling demand, (3) monitoring the intro- 
duction of a new test and/or changes in practice, and (4) 
monitoring the adherence with best practices (e.g., with 
guidelines). 

The components of the audit cycle are depicted in Figure 
13-8. All of the audit activities are found in the practice of 
evidence-based laboratory medicine, namely that there is a 
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clinical question for which the test result should provide an 
answer and that the answer will lead to a decision being 
made and an action taken, leading to an improved health 
outcome. There should be evidence to support the use of the 
test in the setting for which it is being used. 


AUDIT TO HELP SOLVE PROBLEMS 


All audits involve the collection of observational data and 
comparison against a standard or specification. In many 
cases a standard does not exist, and maybe not even a spec- 
ification; then it is important to establish a specification as 
the first stage of auditing a process. Such a specification may 
then generate observations, which can lead to the creation of 
a standard. At the outset it provides the comparative measure 
against which to judge the performance data collected. 

Solving a problem relating to a process may first involve 
collecting data on aspects of the process that are considered 
to have an influence on the outcome with the goal of iden- 
tifying rate-limiting steps. For example, a study of test result 
turnaround times might collect data on phlebotomy waiting 
time, quality of patient identification, transport time, sample 
registration time, quality of sample identification, sample 
preparation time, analysis time, test result validation time, 
and result delivery time. 

The study of process may extend to the way in which the 
results are accessed and used. For example, the use of POCT 
in an emergency department (not in an audit) did not 
decrease the length of stay despite the fact that the delivery 
time for the results was much shorter than when results were 
provided by the laboratory. The authors concluded that the 
test result was not the rate-limiting step. Murray, in a 
similar study,“ did find a reduction in the length of stay and 
identified a subset of patients in which the POCTs could 
be used to rule out diagnoses and allow a faster discharge. 
They noted that in other cases the triage decision was 
delayed by the need for results from the laboratory. 


MONITORING WORKLOAD AND DEMAND 


The true demand for a test will depend on the number of 

patients and the spectrum of disease in each case where the 

test is appropriate. The appropriateness of the test request is 

a valuable arbiter in situations in which workload or demand 

for tests is questioned. A portfolio of evidence helps to define 

the basis for the appropriate use of tests. When conducting 

an audit of workload for a test it is possible to ask a number 

of questions, usually by questionnaire that are directly 

related to the original generation of the evidence upon 

which the use of the test should be based (guidelines). These 

include: 

* What clinical question is being asked? 

* What decision will be aided by the results of the test? 

* What action will be taken following the decision? 

e What risks are associated with not receiving the result? 

* What are the expected outcomes? 

e Is there evidence to support the use of the test in this 
setting? 


« And, for tests ordered urgently, why was this test result 
required urgently? 

This approach is likely to identify unnecessary use of tests, 
misunderstandings about the use of tests, and instances of 
use of the wrong test. With the advent of electronic request- 
ing and the electronic patient record, it is possible to build 
this approach into a routine practice. 

After receipt of the results from the questionnaire, a 
number of actions may follow depending on the findings 
from the survey. They are likely to include (1) feedback of 
results to the users, (2) reeducation of users, (3) identification 
of unmet needs and research to satisfy, for example, a need 
for advice on alternative test, (4) creation of an algorithm or 
guideline on use of the test, and (5) reaudit in 6 months time 
to review for change in practice. Any algorithm may be 
embedded in the electronic requesting package to provide an 
automatic bar to inappropriate requesting (e.g., to prevent 
liver function tests from being requested every day). 


MONITORING THE INTRODUCTION OF A NEW TEST 


In this situation the main objectives of the audit are to ensure 

(1) that the change in practice that is often consequent upon 
the introduction of a new test has been effected, and (2) that 
the outcomes originally predicted are being delivered. The 
development of any new test should lead to evidence that 
identifies the way in which the test is going to be used, 
including: 

* Identification of the clinical question(s), patient cohort, 
clinical setting, etc. 

° Identification of preanalytical and analytical requirements 
for the test 

+ Identification of any algorithm into which the test might 
have to be inserted (e.g., use in conjunction with other 
tests, signs, or symptoms) 

+ Identification of the decision(s) that is likely to be made 
on receipt of the result 

* Identification of the action(s) likely to be taken on receipt 

of the result 
* Identification of the likely outcome(s) 

+ Identification of any risks associated with introduction of 

a new test 
* The evidence (and strength of that evidence) that supports 
the use of the test and the outcomes to be expected 
Identification of any changes in practice (e.g. deletion of 
another test from the repertoire, move to POCT, and 
reduction in laboratory workload) 

This “summary of use” and portfolio of evidence forms 
the basis of the “standard operating procedure” for the 
clinical use of the test, the core of the educational material 
for users of the service, and the basis for conducting the 
audit. 

Before auditing, the introduction of a new test is obvi- 
ously important to have ensured that a full program of edu- 
cation of users has been completed and that any other 
changes in practice have been accommodated in the clinic 
and/or ward routines. Thus if a test is moving to the point- 
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of-care then there has to have been the necessary training 
and certification of operators completed. 


MONITORING ADHERENCE TO BEST PRACTICE 


This is the scenario that probably best reflects the way in 
which the “clinical audit” was first envisaged and practiced. 
Typically, it is based on the review of randomly selected cases 
from a clinical team with the review undertaken by an inde- 
pendent clinician. This approach is the most likely to iden- 
tify when a test has not been performed and identifying 
unnecessary testing. The audit is best performed against 
some form of benchmark, which may be a local, regional, or 
national guideline; the existence of a guideline appropriately 
written (see earlier) will have taken into account the best evi- 
dence available and in so doing takes away any bias that may 
exist between clinical teams. 

In recent years registers have been established to track the 
performance of health institutions and organizations. Typi- 
cally, such registers are disease specific and will measure 
outputs at a high level (e.g., morbidity and mortality). 
In some cases (e.g., the UK Renal Registry”), the data col- 
lected are extensive and include laboratory information. This 
depth of data is extremely helpful to the laboratory special- 
ist because it begins to provide a basis for looking at issues, 
such as the impact of the analytical performance of certain 
tests on clinical outcomes. 


APPLYING THE PRINCIPLES OR 
EVIDENCE-BASED LABORATORY MEDICINE 
IN ROUTINE PRACTICE 


It is hopefully clear from the foregoing discussion that the 
principles of evidence-based laboratory medicine can 
underpin the way in which laboratory medicine is practiced, 
from the discovery of a new diagnostic test through to its 
application in routine patient care. The principles provide 
the logic on which all of the elements of practice are founded. 
The tools of evidence-based laboratory medicine provide the 
means of delivering the highest quality of service in meeting 
the needs of patients and the healthcare professionals who 
serve them. The application of evidence-based practice is 
far more complex in the case of laboratory medicine than 
in the major area in which such principles have previously 
been applied, namely the pharmaceutical intervention. 

The ways in which the test is used, once its efficacy has 
been demonstrated, will be embodied in the laboratory 
handbook which, increasingly, will be electronic, fully 
searchable in real time, and built into clinical protocols and 
care pathways. Such a handbook can then be supported by 
an information resource, again searchable, which will inform 
the clinician (and the patient) of the strength of evidence to 
support the use of the test in a specific situation. Use of these 
resources is practical as shown by Richardson and Burdette, 
who observed that information resources could be accessed. 
during patient consultations, with each access completed in 
4 to 5 seconds.” 


The demonstration of improved outcomes in addition to 
providing a validation of the test also provides the data on 
which to undertake some form of economic analysis. As 
indicated earlier, this will show where the benefits are gen- 
erated and what the costs and savings will be—costs to the 
laboratory medicine budget and savings elsewhere in the 
health economy. This information will enable a business case 
to be produced, supporting a reimbursement strategy—the 
style of which will depend on the type of healthcare system. 
The real challenge, however, comes in identifying the 
changes in practice, which will undoubtedly have to be 
implemented should the test be introduced (e.g., to leverage 
the benefits from reduction in length of stay, faster opti- 
mization of therapy, earlier discharge, and rule-out decisions 
in primary care). 

The evidence base then underpins the activities that 
ensure the maintenance of a high quality of service: (1) pro- 
vision of a knowledge resource that summarizes the evidence 
and its application, (2) use of this resource in education and 
training of health professionals, and (3) audit to ensure 
correct implementation and maintenance of good practice. 

EBM expects clinicians to turn to primary studies of diag- 
nostic performance and outcomes to guide decision making. 
However, as has been observed during the course of this 
chapter, there are few such studies available for diagnostic 
tests and devices. Furthermore in the case of many tests 
it will be difficult to undertake such studies as use of the 
markers has become embedded in routine practice and 
consensus guidelines. In these cases it will be necessary to 
depend on a more audit style of evaluation to attempt to 
validate the use of a test. Although this may appear as a 
limitation it still embodies many of the principles of 
evidence-based practice in laboratory medicine; crucially, 
recognition of the question for which the test result is 
seeking to provide an answer. Furthermore, the focus on out- 
comes will certainly help to demonstrate the value of the lab- 
oratory medicine service. j 


REFERENCES 00 a 
1. Antman EM, Lau J, Kupelnick B, Mosteller F, Chalmers 
TC. A comparison of results of meta-analyses of ran- 
domized control trials and recommendations of clini- 

cal experts. Treatments for myocardial infarction. 
JAMA 1992;268:240-8. 

2. Battaglia M, Bucher H, Egger M, et al. (writing com- 
mittee}. The Bayes Library of Diagnostic Studies and 
Reviews. 2™ Edition Basel: Division of Clinical Epi- 
demiology and Biostatistics, Institute of Social and 
Preventive Medicine, University of Berne and Basel 
Institute for Clinical Epidemiology, University of 
Basel, Switzerland; 2002; pp1-60, available at 
www.ispm.unibe.ch (accessed. on April 22, 2004), 

3. Bissel MG. Laboratory Related Measures of Patient 
Outcomes: an introduction. Washington: AACC Press, 
2000:194pp. 


348 


4, 


10. 


Il. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


Section III Principles of Laboratory Medicine 


Black WC. The CE plane: a graphic representation 
of cost-efféctiveness. Med Decis Making 1990;10: 
212-4. 


. Bogardus ST Jr, Concato J, Feinstein AR. Clinical epi- 


demiological quality in molecular genetic research: the 
need for methodological standards. JAMA 
1999;281:1919-26. 


. Bossuyt PM, Lijmer JG, Mol BW. Randomised com- 


parisons of medical tests: sometimes invalid, not . 
always efficient. Lancet 2000;356:1844-7. 


. Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, 


Glasziou PP, Irwig LM, et al. Towards complete and 
accurate reporting of studies of diagnostic accuracy: 
the STARD initiative. Standards for Reporting of Diag- 
nostic Accuracy. Clin Chem 2003;49:1-6. 


. Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, 


Glasziou PP, Irwig LM et al. The STARD statement for 
reporting studies of diagnostic accuracy: explanation 
and elaboration. Clin Chem 2003;49:7-18. 


. Bossuyt PM. The quality of reporting in diagnostic test 


research: getting better, still not optimal. Clin Chem 
2004;50:458-6, 

Boyd JC, Bruns DE, Quality specifications for glucose 
meters: assessment by simulation modeling of errors 
in insulin dose. Clin Chem 2001;47:209-14. 

Boyd JC, Deeks JJ. Analysis and presentation of data. 
In: Price CP, Christenson RH, eds. Evidence-Based 
Laboratory Medicine: from principles to outcomes. 
Washington: AACC Press, 2003:115-36. 

Bruns DE, Huth EJ, Magid E, Young DS. Toward a 
checklist for reporting of studies of diagnostic accu- 
racy of medical tests. Clin Chem 2000;46:893-5. 
Bruns DE, Oosterhuis WP. From evidence to guide- 
lines. In: Price CP, Christenson RH, eds. Evidence- 
Based Laboratory Medicine: from principles to 
outcomes. Washington: AACC Press, 2003:187-208. 
Bucher H, Guyatt G, Cook D, Holbrook A, McAlister 
F. Surrogate Outcomes. In: Guyatt G, Rennie D. The 
Users’ Guides to the Medical Literature: A Manual for 
Evidence-Based Clinical Practice. JAMA and Archive 
Journals, American Medical Association, Chicago, 
2002. 

CDC Diabetes Cost-Effectiveness Study Group, 
Centers for Disease. The cost-effectiveness of screening 
for type 2 diabetes. JAMA 1998;280:1757-63. 
Christenson RH, Duh S-H, Price CP. Identifying the 
question: the laboratory’s role in testing provisional 
assumptions aimed at improving patient outcomes. In 
Price CP and Christenson RH (editors). Evidence- 
Based Laboratory Medicine: from principles to out- 
comes. AACC Press, Washington, 2003:21-37. 

Cystic fibrosis Registry of Australia at http://www.cys- 
ticfibrosisaustralia.org/dataregistry.shtml (accessed on 
April 10, 2003) 

Davis DA, Thomson MA, Oxman AD, Haynes RB. 
Changing physician performance. A systematic review 


19. 


20. 


21. 


22. 


23. 


24. 


25; 


26. 


27. 


28. 


29. 


30, 


31. 


32. 


33. 


34. 


of the effect of continuing medical education strate- 
gies. JAMA 1995;274:700-5. 

Deeks JJ. Systematic reviews in health care: Systematic 
reviews of evaluations of diagnostic and screening 
tests. BMJ 2001;323:157-62. 

Diabetes Control and Complications Trial Research 
Group. Lifetime benefits and costs of intensive therapy 
as practiced in the Diabetes Control and Complica- 
tions Trial. JAMA 1996;276:1409-15. 

Drummond MẸ, Jefferson TO. Guidelines for authors 
and peer reviewers of economic submissions to the 
BMJ. The BMJ Economic Evaluation Working Party. 
BMJ 1996;313:275-83. 

Drummond MF, O’Brien BJ, Stoddart GL, Torrance 
GW. Methods for the Valuation of Health Care Pro- 
grams, 2nd edition. Toronto; Oxford University Press, 
1997, 

Drummond MF, Torrance GW, Mason J. Cost- 
effectiveness league tables: more harm than good? Soc 
Sci Med 1993;37:33-40. 

Dufour DR, Lott JA, Nolte FS, Gretch DR, Koff RS, 
Seeff LB. Diagnosis and Monitoring of Hepatic Injury. 
I. Performance characteristics of laboratory tests. Clin 
Chem 2000;46:2027-49. 

Dufour DR, Lott JA, Nolte FS, Gretch DR, Koff RS, 
Seeff LB. Diagnosis and monitoring of hepatic injury. 
II. Recommendations for use of laboratory tests in 
screening, diagnosis, and monitoring. Clin Chem 
2000346:2050-68. 

Eisenberg JM. Clinical economics. A guide to the 
economic analysis of clinical practices. JAMA 
1989;262:2879-86. 

Ellrodt G, Cook DJ, Lee J, Cho M, Hunt D, Weingarten 
S. Evidence-based disease management. JAMA. 
1997;278:1687-92. 

European Network of Cancer Registries at 
http://www.encr.com.fr (accessed on April 10, 

2003). 

Evidence-Based. Medicine Working Group. Evidence- 
based medicine. A new approach to teaching the prac- 
tice of medicine. JAMA 1992;268:2420-5. 

Fendrick AM, Chernew ME, Hirth RA, Bloom BS. 
Alternative management strategies for patients with 
suspected peptic ulcer disease. Ann Intern Med 
1995;123:260-8, 

Field MJ, Lohr KN, eds. Clinical Practice Guidelines: 
directions for a new program. Washington, DC: 
National Academy Press, 1990: p 38. 

Fraser CG, Petersen PH. Analytical performance char- 
acteristics should be judged against objective quality 
specifications. Clin Chem 1999;45:321-3, 

Frazier AL, Colditz GA, Fuchs CS, Kuntz KM. Cost- 
effectiveness of screening for colorectal cancer in the 
general population. JAMA, 2000;284:1954-61. 
Fryback DG, Thornbury JR. The efficacy of diagnostic 
imaging. Med Decis Making 1991;11:88-94. 


35. 


36. 


37. 


38. 


29; 


40, 


Al. 


42, 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


Chapter 13 Introduction to Laboratory Medicine and Evidence-Based Laboratory Medicine 


Gaucher Registry at http://www.gaucherregistry.com 
(accessed on April 10, 2003). 

Glasziou P, Irwig L, Bain C, Colditz G. Systematic 
Reviews in Health Care; a practical guide. Cambridge, 
UK. Cambridge University Press, 2001. 

Glasziou P, Vanderbroucke J, Chalmers I. Assessing the 
quality of research. BMJ 2004;328:39-41. 

Gray A, Raikou R, McGuire A, et al. Cost effectiveness 
of an intensive blood glucose control policy in patients 
with type 2 diabetes: economic analysis alongside ran- 
domised controlled trail (UKPDS 41). BMJ 
2000;320:1373-8. 

Grieve R, Beech R, Vincent J, Mazurkiewicz J, Near 
patient testing in diabctes clinics: appraising the costs 
and outcomes. Health Technol Ass 1999;3:1-74. 

Guyatt G, Haynes B, Jaeschke R et al. Introduction: the 
philosophy of evidence-based medicine. In Guyatt G 


- and Rennie D (editors) User’s Guide to the Medical 


Literature. A manual for evidence-based clinical prac- 
tice. JAMA and Archive Journals, American Medical 
Association, Chicago, 2002:3-12., 

Guyatt GH, Haynes RB, Jaeschke RZ, Cook DJ, Green 
L, Naylor CD, et al. Users’ Guides to the Medical Liter- 
ature: XXV. Evidence-based medicine: principles for 
applying the Users’ Guides to patient care. Evidence- 
Based Medicine Working Group. JAMA 
2000;284:1290-6. 

Horvath AR, Pewsner D, Egger M. Systematic reviews 
in laboratory medicine: potentials, principles and pit- 
falls. In: Price CP, Christenson RH, eds. Evidence- 
Based Laboratory Medicine: from principles to 
outcomes. Washington: AACC Press, 2003:137-58. 
Horvath AR, Pewsner D. Systematic reviews in labora- 
tory medicine: principles, processes and practical con- 
siderations. Clin Chim Acta 2004;342:23-39 

Irwig L, Glasziou P. Cochrane Methods Group on Sys- 
tematic Review of Screening and Diagnostic Tests: rec- 
ommended methods. Updated 6 June 1996. 
http://www.cochrane.org/cochrane/sadtdocl htm 
(Accessed on March 15, 2003) 

Irwig L, Macaskill P, Glasziou P, Fahey M. Meta- 
analytic methods for diagnostic test accuracy. J Clin 
Epidemiol 1995;48:119-30. 

Irwig L, Tosteson ANA, Gatsonis C, Lau J, Colditz G, 
Chalmers TC, Mosteller E Guidelines for meta- 
analyses evaluating diagnostic tests. Ann Intern Med 
1994; 120:667-76, 

Kaplan RM, Anderson JP. A general health policy 
model: update and applications. Health Serv Res 
1988323:203-35. 

Kendall J, Reeves B, Clancy M. Point of care testing: 
randomised, controlled trial of clinical outcome. BMJ 
1998;316:1052-7, 

Khan KS, ter Riet G, Glanville J, Sowden AJ, Kleijnen 
J., eds. Undertaking Systematic Reviews of Research on 
Effectiveness. CRD’s Guidance for those Carrying Out 


50. 


SI 


52. 


53. 


54. 


35. 


56. 


57, 


58. 


59, 


60. 


61. 


349 


or Commissioning Reviews. CRD Report No 4 (2nd 
Edition). NHS Centre for Reviews and Dissemination, 
University of York: York Publishing Services Ltd, 
March 2001. 

Kilpatrick ES, Holding S. Use of computer terminals 
on wards to access emergency test results; a retrospec- 
tive audit. BMJ 2001;322:1101-3. 

Kind P. The EuroQol instrument: an index of health- 
related quality of life. Quality of Life and Pharma- 
coeconomics in Clinical Trials. Philadelphia: 
Lippincott-Raven, 1996:191-201. 

Klee GG, Schryver PG, Kisabeth RM. Analytic bias 
specifications based on the analysis of effects on per- 
formance of medica] guidelines. Scand J Clin Lab 
Invest 1999;59:509-12. 

Klovning A, Sandberg S. Searching the literaure and 
relevant databases. In: Price CP, Christenson RH, eds. 
Evidence-Based Laboratory Medicine: from principles 
to outcomes. Washington: AACC Press, 2003:93-114. 
Laupacis A, Feeny D, Detsky AS, Tugwell PX. How 
attractive does a new technology have to be to warrant 
adoption and utilization? Tentative guidelines for using 
clinical and economic evaluations. CMAJ 
1992;146:473-81. 

Leape LL, Park RE, Kahan JP, Brook RH, Group judg- 
ments of appropriateness: the effect of panel composi- 
tion. Qual Assur Health Care 1992;4:151-9. 
Lee-Lewandrowski E, Laposata M, Eschenbach K, 
Camooso C, Nathan DM, Godine JE, Hurxthal K, Goff 
J, Lewandrowski K. Utilization and cost analysis of 
bedside capillary glucose testing in a large teaching 
hospital: implications for managing point of care 
testing. Am J Med 1994;97:222-30. 

Lijmer JG, Mol BW, Heisterkamp S, Bonsel GJ, Prins 
MH, van der Meulen JH, Bossuyt PM. Empirical evi- 
dence of design-related bias in studies of diagnostic 
tests. JAMA 1999;282:1061-6. 

Lumbreras-Lacarra B, Ramos-Rincén JM, Hernández- 
Aguado I. Methodology in diagnostic laboratory test 
research in Clinical Chemistry and Clinical Chemistry 
and Laboratory Medicine. Clin Chem 2004;50:530-6. 
Lundberg GD, The need for an outcomes research 
agenda for clinical laboratory testing. JAMA 
1998;280:565-6. 

Marshall DA, O’Brien BJ. Economic evaluation of 
diagnostic tests. In Price CP and Christenson RH 
(editors). Evidence-Based Laboratory Medicine: from 
principles to outcomes. AACC Press, Washington, 
2003:159-86., 

Moher D, Schulz KE, Altman DG for the CONSORT 
group. The CONSORT statement: revised recom- 
mendations for improving the quality of reports 

of parallel group randomized trials 2001. JAMA 
2001;285:1987-91. Available at: http:// 
www.consort-statement.org/revisedstatement.htm 
(accessed on April 22, 2004). 


350 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


7A, 


72. 


73. 


74. 


75: 


76. 


77. 


Section Ill Principles of Laboratory Medicine 


Montori V, Guyatt GH. Evidence-based medicine and 
the diagnostic process. In Price CP and Christenson 
RH (editors). Evidence-Based Laboratory Medicine: 
from principles to outcomes. AACC Press, 
Washington, 2003:1-19. 

Moore RA. Evidence-based clinical biochemistry. Ann 
Clin Biochem 1997;34:3-7. 

Muir Gray JA. Evidence-Based Healthcare: how to 
make health policy and management decisions. Edin- 
burgh: Churchill Livingstone, 1997:1-270. 

Mulrow CD. The medical review article: state of the 
science. Ann Intern Med 1987;106:485-8. 

Murray RP, Leroux M, Sabga E, et al. Effect of point of 
care testing on length of stay in an adult emergency 
department. J Emer Med 1999;17:811-4. 

Mushlin AJ, Ruchlin HS, Callahan MA. Cost effective- 
ness of diagnostic tests. Lancet 2001;358:1353-5. 

Ng SM, Krishnaswamy P, Morissey R, Clopton P, 
Fitzgerald R, Maisel AS. Ninety-minute accelerated 
critical pathway for chest pain evaluation. Am J 
Cardiol 2001;88:611-7. 

NHS Centre for Reviews and Dissemination. 
http://agatha.york.ac.uk/darehp.htm (accessed on April 
22, 2004). 

O’Brien BJ, Heyland D, Richardson WS, Levine M, 
Drummond MF, Users’ guide to the medical literature. 
XII. How to use an article on economic analysis of 
clinical practice. B. What are the results and will they 
help me in caring for my patients? Evidence-Based 
Medicine Working Group. JAMA 1997;277:1802-6. 
Oosterhuis WP, Bruns DE, Watine J, Sandberg S, 
Horvath AR. Evidence-based guidelines in laboratory 


medicine: principles and methods. Clin Chem 2004;50: 


806-18. 

Osheroff JA, Forsythe DE, Buchanan BG, Bankowitz 
RA, Blumenfeld BH, Miller RA. Physicians’ informa- 
tion needs: analysis of questions posed during clinical 
teaching. Ann Intern Med 1991;114:576-81. 

Parvin CA, Lo SK, Deuser SM, Weaver LG, Lewis LM, 
Scott MG. Impact of point-of-care testing on patients’ 
length of stay in a large emergency department. Clin 
Chem 1996;42:711-7. 

Perrier A, Nendaz MR, Sarasin FP, Howarth N, 
Bounameaux H. Cost-effectiveness analysis of diagnos- 
tic strategies for suspected pulmonary embolism 
including helical computed tomography. Am J Respir 
Crit Care Med 2003;167:39-44. 

Price CP, Applications of the principles of evidence- 
based medicine to laboratory medicine. Clin Chim 
Acta 2003;333:147-54, 

Price CP. Evidence-based laboratory medicine: 
supporting decision-making. Clin Chem 2000;46: 
1041-50. 

Reid MC, Lachs MS, Feinstein AR. Use of methodolog- 
ical standards in diagnostic test research. Getting 
better but still not good. JAMA 1995;274:645-51, 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94, 


Richardson WS, Burdette SD. Practice corner: taking 
evidence in hand. Evidence-Based Medicine 
2003;8:4-5. 

Sackett DL, Haynes RB, Guyatt GH, Tugwell P. Clinical 
Epidemiology; a basic science for clinical medicine. 
Second edition. Little, Brown, Toronto, 1991:1-441, 
Sackett DL, Haynes RB. The architecture of diagnostic 
research, BMJ 2002;324:539-41. 

Sackett DL, Rosenberg WMC, Muir Gray JA, Haynes 
RB,-Richardson WS. Evidence-based medicine: What it 
is and what it isn’t. BMJ 1996;312:71-2. 

Sackett DL, Straus SE. Finding and applying evidence 
during clinical rounds: the “evidence cart.” JAMA 
19983280:1336-8. 

Sacks DB, Bruns DE, Goldstein DE, Maclaren NK, 
McDonald JM, Parrott M. Guidelines and recommen- 
dations for laboratory analysis in the diagnosis and 
management of diabetes mellitus. Clin Chem 
2002348:436-72. 

Schein OD, Katz J, Bass EB, Tielsch JM, Lubomski LH, 
Feldman MA, Petty BG, Steinberg EP. The value of 
routine preoperative medical testing before cataract 
surgery. Study of Medical Testing for Cataract Surgery. 
N Engl J Med 2000;342:168-75. 

Severens JL, van der Wilt GJ. Economic evaluation of 
diagnostic tests. A review of published studies. Int J 
Technol Assess Health Care. 1999;15:480-96. 

Shaw CD, Measuring against clinical standards. Clin 
Chim Acta 2003;333:115-24. 

Shekelle PG, Ortiz E, Rhodes S, Morton SC, Eccles MP, 
Grimshaw JM, Woolf SH. Validity of the Agency for 
Healthcare Research and Quality clinical practice 
guidelines: how quickly do guidelines become out- 
dated? JAMA 2001;286:1461-7. 

Shekelle PG, Woolf SH, Eccles M, Grimshaw J. Clinical 
guidelines: developing guidelines. BMJ 1999;318: 
593-6. : 

Sloan FA. Valuing Health Care. Cambridge, Cambridge 
University Press, 1995:1-273. 

Smith BJ, Darzins PJ, Quinn M, Heller RE Modern 
methods of searching the medical literature. Med J 
Aust 1992;157:603-1L, 

StJohn A, Price CP. Measures of outcome. In Price CP 
and Christenson RH (editors). Evidence-Based Labo- 
ratory Medicine: from principles to outcomes. Wash- 
ington: AACC Press, 2003:55-74. 

The Renal Association. www.renalreg.com (accessed on 
April 22, 2004). 

Thompson O’Brien MA, Oxman AD, David DA, 
Haynes RB, Freemantle N, Harvey EL. Audit and feed- 
back; effects on professional practice and health care 
outcomes (Cochrane review). In: The Cochrane 
Library, issue 4, 2002. Oxford: Update Software. 
Torrance GW, Furlong W, Feeny D, Boyle M. Multi- 
attribute preference functions. Health Utilities Index. 
Pharmacoeconomics. 1995;7:503-20. 


Chapter 13 introduction to Laboratory Medicine and Evidence-Based Laboratory Medicine 35! 


95. Update Software. http://www.update- 
software.com/cochrane/ (accessed on April 22, 2004). 

96. van Wijk MA, van der Lei J, Mosseveld M, Bohnen 
AM, van Bemmel JH. Compliance of general practi- 
tioners with a guideline-based decision support system 
for ordering blood tests. Clin Chem 2002;48:55-60, 

97. Wagner EH, Sandhu N, Newton KM, McCulloch DK, 
Ramsey SD, Grothaus LC. Effect of improved glycemic 
control on health care costs and utilization. JAMA . 
20013285:182-9. 


ADDITIONAL READING _ EEE 
Atkins D, Best D, Briss PA, Eccles M, Falck-Ytter Y, Flottorp 
S et al. (GRADE Working Group). Grading quality of 
evidence and strength of recommendations. BM} 

2004:1490. 
Glasziou P, Vandenbroucke JP, Chalmers I. Assessing the 
quality of research. BMJ 2004;328:39-41. 


kii 5 7 7 


CHAPTER Ji 4 


Selection and Analytical 
Evaluation of Methods— 


Kristian Linnet, M.D., 
and James C. Boyd, M.D.* 


common occurrence in the clinical laboratory. 
Method selection and evaluation are key steps in the 
process of implementing new methods (Figure 14-1). A new 
or revised method must be selected carefully, and its per- 
formance evaluated thoroughly in the laboratory before 
being adopted for routine use. The establishment of a new 
method may also involve an evaluation of the features of 
the automated analyzer on which the method will be 
implemented. 
Method evaluation in the clinical laboratory is influenced 
strongly by guidelines. The National Committee for Clinical 
Laboratory Standards (NCCLS) has published a series of 
consensus protocols” for clinical chemistry laboratories 
and manufacturers to follow when evaluating methods 
{see the NCCLS website http://nccls.org), The International 
Organization for Standardization (ISO) has also developed 
several documents related to. method evaluation.“ In 
addition, meeting laboratory accreditation requirements has 
become an important aspect in the method selection and/or 
evaluation process. In recent years, accrediting agencies have 
placed increased focus on the importance of total quality 
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With Statistical 
Techniques 


management and assessment of trueness and precision of 
laboratory measurements. An accompanying trend has 
been the emergence of an international nomenclature to 
standardize the terminology used for characterizing method 
performance. This chapter presents an overview of consid- 
erations in the method selection process, followed by sec- 
tions on method evaluation and method comparison. The 
latter two sections focus on graphical and statistical ‘tools 
that: are used to aid in the. method evaluation process, 
provide examples of the application of these tools, and sum- 
marize current terminology within the area. 


METHOD SELECTION 


Optimal method selection involves consideration of 
medical, analytical performance, and practical criteria. 


MEDICAL CRITERIA 


The selection of appropriate methods for clinical laboratory 
assays is a vital part of rendering optimal patient care, and 
advances in patient care are frequently based upon the use 
of new or improved laboratory tests. Ascertainment of what 
is necessary clinically from a laboratory test is the first step 
in selecting a candidate method (Figure 14-1). Key parame- 
ters such as desired turnaround time and necessary clinical 
utility for an assay can often be derived by discussions 
between laboratorians and clinicians, When introducing new 
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New method introduction approach 
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Figure 14-1 A flow diagram that illustrates the process of 
introducing a new method into routine use. The diagram 
highlights the key steps of method selection, method evaluation, 
and quality control. 


diagnostic assays, reliable estimates of clinical sensitivity and 
specificity must be obtained either from the literature or by 
conducting a clinical outcome study (see Chapter 15). With 
established analytes, a common scenario is the replacement 
of an older, labor-intensive method with a new, automated 
assay that is more economical in daily use. In these situa- 
tions, consideration must be given to whether the candidate 
method has sufficient precision, accuracy, analytical mea- 
surement range, and freedom from interference to provide 
clinically useful results. 


ANALYTICAL PERFORMANCE CRITERIA 


In evaluation of the performance characteristics of a candi- 
date method, precision, accuracy (trueness), analytical 
range, detection limit, and analytical specificity are of prime 
importance. The sections in this chapter on method evalua- 
tion and comparison contain a detailed outline of these 
concepts and their assessment. The estimated performance 
parameters for a method can then be related to quality goals 
that ensure acceptable medical use of the test results (see 
section on Analytical Goals), From a practical point of view, 
the “ruggedness” of the method in routine use is of impor- 
tance. Reliable performance when used by different opera- 
tors and with different batches of reagents over longer time 
periods is essential. 

When a new clinical analyzer is included in the overall 
evaluation process, various instrumental parameters also 
require evaluation, including pipetting precision, specimen- 


to-specimen carryover and reagent-to-reagent carryover, 
detector imprecision, time to first reportable result, onboard 
reagent stability, overall throughput, mean time between 
instrument failures, and mean time to repair. Information 
on most of these parameters should be available from the 
instrument manufacturer, and the manufacturer should also 
be able to furnish information on what user studies to 
conduct in estimating these parameters for an individual 
analyzer. 


OTHER CRITERIA 


Various categories of candidate methods may be considered. 
New methods described in the scientific literature may 
require “in-house” development. Commercial kit methods, 
on the other hand, are ready for implementation in the 
laboratory, often in a “closed” analytical system on a dedi- 
cated instrument. When reviewing prospective methods, 
attention should be given to the following: 

1, The principle of the assay, with original references 

2. The detailed protocol for performing the test 

3. The composition of reagents and reference materials, 
the quantities provided, and their storage requirements 
(e.g. space, temperature, light, and humidity restric- 
tions) applicable both before and after opening the 
original containers 

4, The stability of reagents and reference materials (e.g., 
their shelf life) 

5. Technologist time and required skills 

6. Possible hazards and appropriate safety precautions 
according to relevant guidelines and legislation 

7. The type, quantity, and disposal of waste generated 

8. Specimen requirements (i.e., conditions for collection, 
specimen volume requirements, the necessity for 
anticoagulants and preservatives, and necessary storage 
conditions) 

9. The reference interval of the method, including infor- 
mation on how it was derived, typical values obtained 
in health and disease, and the necessity of determin- 
ing a reference interval for one’s own institution (see 
Chapter 16 for details on how to generate a reference 
interval) 

10. Instrumental requirements and limitations 
11. Cost effectiveness 
12. Computer platforms and interfacing to the laboratory 
information system 
13. The availability of technical support, supplies, and 
service 
Other questions concerning placement of the method in 
the laboratory should be taken into account. Does the labo- 
ratory possess the necessary measuring equipment? If not, is 
there sufficient space for a new instrument? Does the pro- 
jected workload match with the capacity of a new instru- 
ment? Is the test repertoire of a new instrument sufficient? 
What is the method and frequency of calibration? Is the 
staffing of the laboratory sufficient for the new technology? 
If training the entire staff in a new technique is required, is 
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such training worth the possible benefit? How frequently will 
quality control samples be run, and what materials will be 
used for quality control? What approach will be used with 
the method for proficiency testing? What is the estimated 
cost of performing an assay using the proposed method, 
including the cost of calibrators, quality control specimens, 
and technologists’ time? 

Questions applicable to implementation of new instru- 
mentation in a particular laboratory may also be relevant. 
Does the instrument on which the method is implemented 
satisfy local electrical safety guidelines? What are the power, 
water, drainage, and air-conditioning requirements of the 
instrument? If the instrument is large, does the floor have 
sufficient load-bearing capacity? 

A qualitative assessment of the above factors is often 
made, but it is also possible to use a value scale to assign 
points to the various features of a method weighted accord- 
ing to their relative importance; the latter approach allows a 
more quantitative selection process. Decisions can then be 
made regarding the analytical methods that best fit the 
laboratory’s requirements and that have the potential for 
achieving the necessary analytical quality. 


BASIC CONCEPTS IN RELATION TO 
ANALYTICAL METHODS 


This section defines the basic concepts used in this chapter 
(e.g., calibration, accuracy, precision, linearity, limit of detec- 
tion, and others). 


CALIBRATION 


The calibration function is the relation between instrument 
signal (y) and concentration of analyte (x) Le., 


y= fx) 


The inverse of this function, also called the measuring func- 
tion, yields the concentration from response: 


£=f7°O) 


This relationship is established by measurement of 
samples with known amounts of analyte (calibrators).'* One 
may distinguish between solutions of pure chemical stan- 
dards and sampies with known amounts of analyte present 
in the typical matrix that is to be measured (e.g., human 
serum). The first situation applies typically to a reference 
measurement procedure, which is not influenced by matrix 
effects, and the second case corresponds typically to a field 
method that often is influenced by matrix components and 
so preferably is calibrated using the relevant matrix.” Cali- 
bration functions may be linear or curved, and in the case of 
immunoassays often of a special form (e.g., modeled by the 
four-parameter logistic curve).” This model (logistic in log 
x) has been used for both radioimmunoassay and enzyme 
immunoassay techniques and can be written in several forms 
as shown (Table 14-1). Nonlinear regression analysis is 
applied to estimate the relationship, or a logit transforma- 


TABLE 14-1 The Four-Parameter Logistic Model 
Expressed in Three Different Forms 


: Vor Yes b, d 


*Concentration and instrument response variables shown in parentheses. 
Equivalent letters do not necessarily denote equivalent parameters, 


x 
Figure 14-2 Relation between concentration {x) and signal 
response (y) for a linear calibration curve. The dispersion in 
signal response (0,) is projected onto the x axis giving rise to 
assay imprecision {0,). 


tion to a linear form is carried out. An alternative, model- 
free approach is to estimate a smoothed spline curve, which 
often is performed for immunoassays. The only requirement 
is that there should be a monotonic relationship between 
signal and analyte concentration over the analytical mea- 
surement range. Otherwise the possibility of errors occurs 
(e.g. the hook effect in immunoassays) caused by a decreas- 
ing signal response at very high concentrations. If the 
assumed calibration function does not correctly reflect the 
true relationship between instrument response and analyte 
concentration, a systematic error or bias is likely to be asso- 
ciated with the analytical method. A common problem is 
deviation from linearity in the high concentration range. 
The precision of the analytical method depends on the 
stability of the instrument response for a given amount of 
analyte. In principle, a random dispersion of instrument 
signal at a given concentration transforms into dispersion on 
the measurement scale as schematically shown (Figure 14- 
2). The detailed statistical aspects of calibration are rather 
complex,” but in the following, some approximate rela- 
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TABLE 14-2 An Overview. of Qualitative Terms and Quantitative Measures Related to Method Performance 


Qua tati e Concept 


aoe Qua titat e Measure 


Closenes of f agreement SEn mean n value with ‘tr ue value” 


Precision. 

Repeatability Grithia: fain): i 
Intermediate precision (long term) 
Reproducibility Gate aborniar 


Accuracy. 


Closeness of ene of: a single measurement with “true value” 


tions are outlined, If the calibration function is linear, and 
the imprecision of the signal response is the same over the 
analytical measurement range, the analytical standard 
deviation (SD,) of the method tends to be constant over the 
analytical measurement range (Figure 14-2). If the impreci- 
sion increases proportionally to the signal response level, the 
analytical SD of the method tends to increase proportionally 
to the concentration level (x), which means that the relative 
imprecision (coefficient of variation, [CV] =SD/x) is con- 
stant over the analytical measurement range—supposing 
that the intercept of the calibration line is zero. In the case 
of nonlinear calibration curves, the precision often varies 
over the analytical measurement range, being best at the 
steepest part of the calibration curve, at least if the impreci- 
sion of the signal is the same over the analytical measure- 
ment range (see also the Analytical Sensitivity section in this 
chapter). 

In modern automated clinical chemistry instruments, 
the relation between analyte concentration and signal is 
often very stable so that calibration is necessary infrequently 
(e.g, at intervals of several months).” Built-in process 
control mechanisms may help ensure that the relationship 
remains stable and indicate when recalibration is necessary. 
In traditional chromatographic analysis (e.g., high-perfor- 
mance liquid chromatography [HPLC]), on the other hand, 
it is customary to calibrate each analytical series (run), which 
means that calibration is carried out daily. Aronson et al? 
established a detailed simulation model of the various 
factors influencing method performance with focus on the 
calibration function. 


TRUENESS AND ACCURACY 


Trueness of measurements is defined as closeness of agree- 
ment between the average value obtained from a large series 
of results of measurements and a true value.””” The differ- 
ence between the average value (strictly, the mathematical 
expectation) and the true value is the bias, which is expressed 
numerically and so is inversely related to the trueness. True- 
ness in itself is a qualitative term that can be expressed as, 


A measure, or the systemati error. 


a D FERES Ea 
A measure of the dispersion of random Tors. 


Error of Measurement, E = 
_. Comprises both random an systematic a 


for example, low, medium, or high. From a theoretical point 
of view, the exact true value is not available, and instead an 
“accepted reference value” is considered, which is the “true” 
value that can be determined in practice.” Trueness can be 
evaluated by comparison of measurements by a given (field) 
method and a reference method. Such an evaluation may be 
carried out by parallel measurements of a set of patient 
samples or by measurements of reference materials (see 
traceability and uncertainty). The ISO has introduced the 
trueness expression as a replacement for the term “accuracy,” 
which now has gained a slightly different meaning. Accuracy 
is the closeness of the agreement between the result of a mea- 
surement and a true concentration of the analyte.” Accuracy 
is thus influenced by both bias and imprecision and in this 
way reflects the total error. Accuracy, which in itself is a 
qualitative term, is inversely related to the “uncertainty” of 
measurement, which can be quantified as described later 
(Table 14-2). 

In relation to trueness, the concepts recovery, drift, and 
carryover may also be considered. Recovery is the fraction 
or percentage increase of concentration that is measured 
in relation to the amount added. Recovery experiments 
are typically carried out in the field of drug analysis. One 
may distinguish between extraction recovery, which often is 
interpreted as the fraction of compound that is carried 
through an extraction process, and the recovery measured 
by the entire analytical procedure, in which the addition 
of an internal standard compensates for losses in the extrac- 
tion procedure. A recovery close to 100% is a prerequisite 
for a high degree of trueness, but it does not ensure unbi- 
ased results, because possible nonspecificity against matrix 
components is not detected in a recovery experiment. Drift 
is caused by instrument instability over time, so that cali- 
bration becomes biased. Assay carryover also must be close 
to zero to ensure unbiased results. Drift or carryover or 
both may be conveniently estimated by multifactorial 
evaluation protocols” (see the NCCLS guideline EP10-A2, 
Preliminary evaluation of quantitative clinical laboratory 
methods).”’ 
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PRECISION 
Precision may be defined as the closeness of agreement 
between independent results of measurements obtained 
under stipulated conditions.” The degree of precision is 
usually expressed on the basis of statistical measures of 
imprecision, such as the SD or CV (CV =SD/x, where x is 
the measurement concentration), which thus is inversely 
related to precision. Imprecision of measurements is solely 
related to the random error of measurements and has. no 
relation to the trueness. of measurements. 

Precision is specified as follows”: 

Repeatability: closeness of agreement between results of 
successive measurements carried out under the same 
conditions (i.e., corresponding to within-run precision). 

Reproducibility: closeness of agreement between results of 
measurements performed under changed conditions of 
measurements (e.g, time, operators, calibrators, and 
reagent lots). Two specifications of reproducibility are 
often used: total or between-run precision in the labora- 
tory, often termed intermediate precision, and interlabo- 
ratory precision (e.g., as observed in external quality 
assessment schemes [EQAS]) (see Table 14-2). 

The total standard deviation (Or) may be split into 
within-run and between-run components using the princi- 
ple of analysis of variance components (variance is the 
squared SD): 


A oak gee 2 
OF = OWithin-run + OBetween-run 


It is not always clear in clinical chemistry publications 
what is meant by “between-run” variation. Some authors use 
the term to refer to the total variation of an assay, whereas 
others apply the term between-run variance component as 
defined above. The distinction between these definitions is 
important but is not always explicitly stated. 

In laboratory studies of analytical variation, it is estimates 
of imprecision that are obtained. The more observations, the 
more certain are the estimates. Commonly the number 20 is 
given as a reasonable number of observations (e.g., suggested 
in the NCCLS guideline on the topic).” To estimate both 
the within-run imprecision and the total imprecision, a 
common approach is to measure duplicate control samples 
in a series of runs. For example, one may measure a control 
in duplicate for more than 20 runs, in which case 20 obser- 
vations are present with respect to both components. One 
may here notice that the dispersion of the means (x,,) of the 
duplicates is given as: 


a} 2 
Oxm = OWithin-run / 2+ O Between-run 


From the 20 sets of duplicates, we may derive the within-run 
SD using the shortcut formula: 


SD Within-ron =r Xa / (2 x 20) 
where d; refers to the difference between the ith set of dupli- 
cates. When estimating standard deviations, the concept 


degrees of freedom (df) is used. In a simple situation, the 
number of degrees of freedom equals N — 1. For N dupli- 


cates, the number of degrees of freedom is N(2 — 1) = N. 
Thus both variance components are derived in this way. The 
advantage of this approach is that the within-run estimate is 
based on several runs, so that an average estimate is obtained 
rather than only an estimate for one particular run, if all 20 
observations had been obtained in the same run. The 
described approach is a simple example of a variance com- 
ponent analysis. The principle can be extended to more 
components of variation. For example, in the NCCLS 
EP5-A guideline a procedure is outlined based on the 
assumption of two analytical runs per day, in which case 
within-run, between-run, and between-day components of 
variance are estimated by a nested component of variance 
analysis approach.” 

There is nothing definitive about the selected number of 
20. Quite generally, the estimate of the imprecision improves 
the more observations that are available. Exact confidence 
limits for the standard deviation can be derived from the %? 
distribution. Estimates of the variance, SD’, are distributed 
according to the x’-distribution (tabulated in most statistics 
textbooks): (N—1)SD’/o” ~ xix, where (N-1) is the 
degrees of freedom.” Then the two-sided 95% confidence 
interval (CI) (95% CI) is derived from the relation: 

Pr (57.51) < (N — 1)SD*/0? < X3.5960N-1)) = 0.95 
which yields the 95% CI expression: 


0.5 
SD x (N = Dy since) <o< 


0.5 
SD x ((N = 9/ Ney cuit) 


Example 

Suppose we have estimated the imprecision to an SD of 5.0 
on the basis of N = 20 observations. From a table of the y?- 
distribution, we get the 2.5 and 97.5 percentiles: 


X3swsy = 32.9 and X575%09) = 8.91 


where 19 in the parenthesis refers to the number of degrees 
of freedom. Substituting in the equation, we get: 


5.0 x (19/32.9) 


or 3.8 <0 <7.3. 

For reasonable values of N, approximate limits can be 
derived from the normal approximation” of the distribution 
of the SD being based on the expression of the standard error 
of 6 equal to [o’/(2(N — 1))]°°. Using the normal approxi- 
mation, the interval equals 5 + f5(57/(2(20 — 1))]°°, which 
corresponds to 5+ 2.093 x 0.81 = 3.30 — 6.7. Thus at the 
sample size of 20, the approximation is not so good because 
of the asymmetric distribution of the SD. For a sample size 
of 50, the approximate interval can be calculated to 4.0 to 
6.0, which is a somewhat better approximation of the exact 
interval of 4.2 to 6.25. Quite generally, it is observed that the 
uncertainty of the estimated SD is considerable at moderate 
sample sizes. In Table 14-3 factors corresponding to the 
95% CI are given as a function of sample size for simple SD 
estimation according to the y’-distribution. These factors 
provide guidance on the validity of estimated SDs for 


<6 < 5.0 x (19/8.9)”° 
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TABLE 14-3 Factors Corresponding to 95% Cl Limits 
for an SD, The number of degrees of. 
freedom is N- 1. 


precision. For individual variance components, the relations 
are more complicated. 


PRECISION PROFILE 


Precision often depends on the concentration of analyte 
being considered. A presentation of the precision as a func- 
tion of analyte concentration is the precision profile, which 
is usually plotted in terms of the SD or the CV as a function 
of analyte concentration (Figure 14-3, A-C). Some typical 
examples may be considered. First, the SD may be constant 
(i.e. independent of the concentration), as it often is for ana- 
lytes with a limited range of values (e.g., electrolytes), When 
the SD is constant, the CV varies inversely with the concen- 
tration (i.e. it is high in the lower part of the range and low 
in the high range). For analytes with extended ranges (e.g., 
hormones), the SD frequently increases as the analyte con- 
centration increases. If a proportional relationship exists, the 
CV is constant. This may often apply approximately over a 
large part of the analytical measurement range. Actually, this 
relationship is anticipated for measurement error arising 
because of imprecise volume dispensing. Often a more 
complex relationship exists. Not infrequently, the SD is 
relatively constant in the low range so that the CV increases 
in the area approaching the detection limit. At intermediate 
concentrations, the CV may be relatively constant and 
perhaps decline somewhat at increasing concentrations. A 
square root relationship may model the relationship in some 
situations as an intermediate form of relation between the 
constant and the proportional case. A constant SD in the low 
range can be modeled by truncating the assumed propor- 
tional or square root relationship at higher concentrations. 
The relationship between the SD and the concentration is of 
importance when considering the method specifications 
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Figure 14-3 Relations between analyte concentration and 
SD/CV. A, The SD is constant so that the CV varies inversely 
with the analyte concentration. B, The CV is constant because 
of a proportional relationship between concentration and SD. 
C, Illustrates a mixed situation with constant SD in the low 
range and a proportional relationship in the rest of the analytical 
measurement range. 


over the analytical measurement range, and in the context of 
selecting appropriate statistical methods for method com- 
parison (e.g., whether a difference or relative difference plot 
should be applied or whether a simple or a weighted regres- 
sion analysis procedure should be used) (see the sections 
entitled “Relative Distribution of Differences Plot” and 
“Regression Analysis” later in this chapter). 
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LINEARITY 


Linearity refers to the relationship between measured and 
expected values over the analytical measurement range. 
Linearity may be considered in relation to actual or relative 
analyte concentrations. In the latter case, a dilution series of 
a sample may be studied. This is often carried out for 
immunoassays, in which case it is investigated whether the 
measured concentration declines as expected according to 
the dilution factor. Dilution is usually carried out with the 
appropriate sample matrix (e.g., human serum [individual 
or pooled serum]). l 

The evaluation of linearity may be carried out in various 
ways. A simple, but subjective, approach is to visually assess 
whether the relationship between measured and expected 
concentration is linear or not, A more formal evaluation may 
be carried out on the basis of statistical tests. Various prin- 
ciples may be applied here. When repeated measurements 
are available at each concentration, the random variation 
between measurements and the variation around an esti- 
mated regression line may be evaluated statistically (by an 
F-test)! This approach has been criticized because it only 
relates the magnitudes of random and systematic error 
without taking the absolute deviations from linearity into 
account. For example, if the random variation among the 
measurements is large, a given deviation from linearity may 
not be declared statistically significant. On the other hand, 
if the random measurement variation is small, even a very 
small deviation from linearity that may be clinically unim- 
portant is declared significant. When significant nonlinear- 
ity is found, it may be useful to explore nonlinear alternatives 
to the linear regression line (i.e., polynomials of higher 
degrees) +! 

Another commonly applied approach for detecting non- 
linearity is to assess the residuals of an estimated regression 
line and test for whether positive and negative deviations are 
randomly distributed. This can be carried out by a runs test” 
(see regression analysis section). An additional consideration 
for evaluating dilution curves that should be considered is 
whether an estimated regression line passes through zero or 
not. Furthermore, testing for linearity is related to assess- 
ment of trueness over the analytical measurement range. 
The presence of linearity is a prerequisite for a high degree 
of trueness. A NCCLS guideline suggests procedure(s) for 
assessment of linearity.” 


ANALYTICAL MEASUREMENT RANGE 


The analytical measurement range (measuring interval, 
reportable range) is the analyte concentration range over 
which the measurements are within the declared tolerances 
for imprecision and bias of the method.” In practice, the 
upper limit is often set by the linearity limit of the instru- 
ment response and the lower limit corresponds to the lower 
limit of quantitation (LoQ—see below). Usually, it is pre- 
sumed that the specifications of the method apply through- 
out the analytical measurement range. However, there may 


also be situations in which different specifications are 
applied to various segments of the analytical measurement 
range. One should also be aware of whether the SD or the 
CV is specified within certain limits over the analytical mea- 
surement range (see Precision Profile, p. 358). 


LIMIT OF DETECTION 

The limit of detection (LoD) is medically important for 
many analytes, especially hormones. The first generation 
hormone assay frequently has a high LoD, rendering the low 
results medically useless. Thyroid stimulating hormone 
(TSH) is a good example. As the assay methods improved, 
lowering the LoD, low TSH results could be distinguished 
from the lower limit of the reference interval, making the test 
useful for the diagnosis of hyperthyroidism. 


Concepts 


Conventionally the limit of detection often has been defined 
as the lowest value that significantly exceeds the measure- 
ments of a blank sample. Thus the limit has been estimated 
on the basis of repeated measurements of a blank sample 
and reported as the mean plus 2 or 3 SDs of the blank 
measurements. Some problems exist with this conventional 
approach, and the ISO has recently recommended a formal 
procedure for estimation of the LoD that is more compli- 
cated,**! Therefore the LoD concept is treated in depth in 
the present exposition to introduce the suggested concepts. 
First, the distribution of blank values is often asymmetric, 
making the application of parametric statistics inappropri- 
ate (Figure 14-4, A). Second, repeated measurements of a 
sample with a true concentration exactly equal to the limit 
of statistical significance for blank measurements will yield 
a distribution with 50% of values below and 50% exceeding 
the limit because of random measurement error (Figure 14- 
4, A). Only if the true concentration of the sample is higher 
than the significance limit can one be sure that a measured 
value will exceed the limit with a probability higher than 
50% (Figure 14-4, B). In a statistical sense, one should take 
into account not only the Type I error (the significance test) 
but also the Type II error, the error of not detecting the pres- 
ence of analyte that indeed is present. 

Given an asymmetric distribution of blank values and 
applying a significance level (alpha) of 5% (Figure 14-4, A), 
the most straightforward procedure for estimation of the 
significance limit is to apply a nonparametric principle based 
on the ordered values for estimation of the 95th percentile. 
Having ranked N, values according to size, the 95 percentile 
may be estimated as the value of the (N(95/100} + 0.5) 
ordered observation.'*”*”! In case of a noninteger value, 
interpolation is carried out between neighbor values (see 
example). The limiting percentile (Perc) of the blank distri- 
bution, which cuts off the percentage @ in the upper tail of 
the distribution, will in the following be called the limit of 
blank (LoB) 


LoB = Percjo9-« 
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Figure 14-4 Outline of the distribution of blank values, which 
is truncated at zero, and the distribution of sample values. 
A, When the true sample concentration equals LoB, 50% of the 
measurements exceed LoB. B, At a true sample concentration 
equal to LoD, (100% ~ B) (here 95%) of the sample 
measurements exceed LoB. 


To address the Type II error level, one has to consider the 
minimum sample concentration that provides measured 
concentration values exceeding LoB with a specified proba- 
bility. If the Type II error level B is set to 5%, 95% of the 
measurements should exceed LoB (Figure 14-4, B). Usually 
the sample distribution is Gaussian, and in this case the 5th 
percentile of the distribution can be estimated from the 
mean and standard deviation as: 


Xms — 1.65 SDs 


where xms and SDs are the mean and standard deviation of 
the sample measurements, respectively. Overall, we have: 


LoD = LoB + 1.655Ds 


In case the sample distribution is not normal, the 5 per- 
centile of the sample distribution can be estimated non- 
parametrically in the same way as the LoB. However, 
parametric estimation is more efficient and should be used 
when possible. 


It is important to realize the exact meaning of the LoD. 
The LoD expresses a capability of the method and should 
not be used for direct comparison with actually measured 
sample values. These should be related to the LoB. 


Characteristics of Blank and Sample 


The blank sample(s) should be as similar as possible to the 
natural patient samples (e.g., for a drug assay it might be a 
serum or plasma sample free of drug and not just a buffer 
solution). To ensure that the measurements are representa- 
tive, compilation of measurements on a number of blank 
samples might be preferable. Thus instead of only repeatedly 
measuring one particular serum sample, a set of 5 to 10 or 
more blank serum samples would be preferable, because 
matrix differences exist from sample to sample. For endoge- 
nous compounds, it might be samples stripped by the 
component (e.g., by precipitation using an antibody), by 
enzymatic degradation, or by adsorption to charcoal, In 
relation to hormones, blank samples may in some cases be 
provided from diseased subjects or subjects with suppressed 
concentrations caused by pharmacological treatment. Con- 
cerning tumor markers, samples from nondiseased subjects 
may be appropriate. 

With regard to the sample(s) with low analyte concen- 
tration, one may preferably spike a set of serum samples 
from various patients with the analyte (e.g., a drug), rather 
than just one serum sample or a serum pool. For endoge- 
nous compounds, ideally a set of patient samples with con- 
centrations in the low range might be used. A pooled SDs 
estimate can then be derived from repeated measurements 
of the set of samples (e.g., 10 measurements of each of 10 
samples [see the example presented later in this chapter]). 
Measurements on different days should be carried out, so 
that SDs reflects the total analytical variation. 


Reporting of Results 

In a laboratory, the LoB may be used to decide whether to 
report patients’ results as “detected” or “not detected.” Not 
detected (i.e., a result below LoB) means that the true con- 
centration is less than the LoD with 100 — B percent assur- 
ance where B is the Type II error level, which often is set to 
5%, Thus a result less than LoB should be reported as “less 
than LoD” and not as “less than LoB” or “zero.” A result 
exceeding LoB (ie., “detected”) means that the true con- 
centration exceeds zero with 100—@ percent assurance 
(where © is the Type I error level), and the reporting could 
be “greater than zero” or “detected.” Results at or exceeding 
the LoQ (see below) are reported as quantitative results. 

A modification of the above-mentioned principles for 
reporting of results might be considered in case the results 
are going to be used in scientific studies. Here, unbiased 
results for groups of subjects being investigated are obtained 
by reporting the actual measured concentrations irrespec- 
tive of whether the values are below or above the LoB 
threshold. Otherwise, biased results may be obtained for the 
groups. 
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Figure 14-5 Recorded distributions of 100 blank and 100 
sample values for the hypothetical hormone example. The 
estimated LoB (= 95th percentile of the distribution of blank 
values) and the estimated LoD are indicated. SD; was derived 
from the distribution of sample values (actually as a pooled 
estimate of sets of [0 measurements that are here merged 
together). 


An Example of Estimating the LoD of an Assay 


We consider here a hypothetical hormone assay, for which 
the manufacturer or a research laboratory wants to estimate 
the LoD, The default values œ = B = 5% are used. It is sup- 
posed that the manufacturer has 10 samples available from 
patients lacking the hormone because of disease or pharma- 
cological suppression. Ten measurements of each blank 
sample are performed on 10 different days to ensure that the 
total assay variation is reflected. Only nonnegative values are 
provided by the assay, and the distribution of the 100 blank 
measurements is skew (Figure 14-5). Thus LoB is estimated 
nonparametrically as the 95th percentile of the measurement 
distribution. The 95th percentile corresponds to the 95.5 
ordered observation (= 100 x (95/100) + 0.5), The 95 and 96 
observations have the values 0.0539 and 0.0548 U/L, respec- 
tively. Linear interpolation between the 95 and 96 observa- 
tions yields an LoB estimate of 0.0544 U/L (= 0.0539 + 0.5 x 
(0.0548 — 0.0539)). 

Samples with low concentrations are obtained from 
patients. We suppose here that one sample is obtained 
from each of 10 patients, and that each sample is assayed 10 
times (Figure 14-5). A pooled estimate of the SDs was 
computed (in this case the square root of the average of the 
variances—a more general computation procedure is 
available on this book’s accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/). An estimate of 
the LoD is then obtained 


LoD = LoB + 1.65SDgs = 0.0544 + 1.65 x 0.0299 
= 0.1040/L 
This is a point estimate, and the real LoD may be slightly 


lower or higher. It is possible to derive a CI as described by 
Linnet and Kondratovich.”! 


ANALYTICAL SENSITIVITY 


The detection limit of a method should not be confused with 
the so-called analytical sensitivity. Analytical sensitivity is the 
ability of an analytical method to assess small variations of 
the concentration of analyte.” This is often expressed as the 
slope of the calibration curve.” However, in addition to the 
slope of the calibration function, the random variation of 
the calibration function should also be taken into account. 
In point of fact, the analytical sensitivity depends on the 
ratio between the SD of the calibration function and the 
slope. As mentioned previously, the smaller the random 
variation of the instrument response and the steeper the 
slope, the higher is the ability to distinguish small differences 
of analyte concentrations. In reality, analytical sensitivity 
depends on the precision of the method. Historically the 
meaning of the term analytical sensitivity has been the 
subject of much discussion. 


LIMIT OF QUANTITATION 


The relative uncertainty of measurements at or just exceeding 
the LoD may be large, and often a quantitative result is not 
reported. The lower limit for reporting quantitative results, 
the limit of quantitation (LoQ), relates to the total error 
being considered acceptable for an assay. From a precision 
profile for the assay and an evaluation of the bias in the low 
range, LoQ may be determined in relation to specifications of 
the method. For example, a laboratory may specify that the 
total error (e.g., expressed here as Bias + 2 SD) of an assay is 
lower than 45% (corresponding to a bias of 15% and a CV of 
15%) of the measurement concentration.’ In this case, 
the LoQ is the lowest assay value at which this specification is 
fulfilled. LoQ constitutes the lowest limit of the reportable 
range for quantitative results of an assay. 


ANALYTICAL SPECIFICITY AND INTERFERENCE 

The analytical specificity is the ability of an assay procedure 
to determine specifically the concentration of the target 
analyte in the presence of potentially interfering substances 
or factors in the sample matrix (e.g., hyperlipemia, hemoly- 
sis, bilirubin, anticoagulants, antibodies, and degradation 
products). For example, in the context of a drug assay, speci- 
ficity is of relevance in relation to drug metabolites. The 
interference from hyperlipemia, hemolysis, and bilirubin is 
generally concentration dependent, and can be quantitated 
as a function of the concentration of interfering com- 
pound.” A detailed protocol for evaluation of interference 
has been published by NCCLS.” 

In relation to immunoassays, interference from proteins 
(usually antibodies) should be recognized. Ismail et al“ 
found in a survey comprising more than 5000 TSH results 
that interference occurred in 0.5% of the samples, leading to 
incorrect results that in a majority of the cases could have 
changed the treatment. Rotmensch and Cole™ described 12 
patients in whom a diagnosis of postgestational choriocar- 
cinoma was made based on false-positive test results for 
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human chorionic gonadotropin (hCG). Most of these 
patients were subjected to unnecessary surgery or 
chemotherapy. In each case, the false-positive result traced 
to the presence of heterophilic antibodies that interfered 
with the immunoassay for hCG. Marks” found that almost 
10% of immunoassay results from patients with autoim- 
mune disease were erroneous. In many cases, addition 
of heterophilic antibody blocking reagent or the study of 
dilution curves or both may help clarify suspected false- 
positive immunoassay results. Such limitations in the results 
of immunoassays should be directly communicated to 
clinicians. 


ANALYTICAL GOALS 


Setting goals for analytical quality can be based on various 
principles. A hierarchy has been suggested on the basis of a 
consensus conference on the subject (Table 14-4). The top 
level of the hierarchy specifies goals on the basis of the 
clinical outcome in specific clinical settings, which is a logical 
principle. For example, one may consider the impact of ana- 
lytical quality on the error rates of diagnostic or risk classi- 
fications.”** A supplementary approach is to study the 
impact of imprecision and bias on clinical outcome on the 
basis of a simulation model as described by Boyd and Bruns." 
For a given analyte, a series of specific clinical settings may 
then be evaluated, and in principle, the most demanding 
specification then becomes the goal, at least for a general 
laboratory serving various clinical applications. 

Analytical goals related to biological variation have 
attracted considerable interest. Originally, focus was on 
imprecision, and Cotlove et al” suggested that the analytical 


TABLE 14-4 Hierarchy of Procedures for Setting 
Analytical Quality. Specifications for 


Laboratory Methods 


= Evaluation of the effect of analytical perform. 
son clinical outcomes in specific clinical’ setting 
IL Evaluation of the effect of analytical performance 
-- on clinical decisions i in general: 0517 
“As Data based on components ae biolopical 
= yariation . one 
ae SB. ‘Data based on analysis of clinician? opinions 
TH Published professional recommendations -` 
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B. From expert local groups or individuals 
IV. Performance goals. set by. 
AS Regulatory bodies (e.g; CLIA) 
B. Organizers of EQA schemes ` 
Mn Goals based on the current state of the art 
~~ AY Data from EQA/proficiency testing scheme. 
=B, Data from current publications o on ni 
at methodology ae a 


SD (6,) should be less than half the intraindividual biolo- 
gical variation, Owimin-n- The rationale for this relation is the 
principle of adding variances. If a subject is undergoing 
monitoring of an analyte, the random variation from mea- 
surement to measurement consists of both analytical and 
biological components of variation. The total SD for the 
random variation during monitoring then is determined by 
the relation 
OF = OWwithins + OA 

where the biological component includes the preanalytical 
variation. If G, is equal to or less than half the Owinin-s value, 
Gr only exceeds Owinins by less than 12%. Thus if this rela- 
tion holds true, analytical imprecision only adds limited 
random noise in a monitoring situation, and the relation- 
ship may be called a desirable relation. Alternatively, Fraser 
et al” considered grading of the relationship with additional 
specifications corresponding to an optimum relation (6, = 
0.25 Owinins) yielding only 3% additional noise and a 
minimum relation corresponding to 25% additional varia- 
tion (Oa = 0.75 eRT Tid 

In addition to imprecision, goals for bias should also be 
considered. Gowans et al” related the allowable bias to 
the width of the reference interval, which is determined by 
the combined within- and between-subject biological varia- 
tion in addition to the analytical variation. On the basis of 
considerations concerning the included percentage in an 
interval in the presence of analytical bias, it was suggested 
that: 


0. 
: 2 2 
Bias < 0.25 (GWwithin-b + Obetween-B) 


where Opetween-p is the between-subject biological standard 
deviation component. 

Thus the bias should desirably be less than a fourth of the 
combined biological standard deviation. One may further 
extend the suggested relationships to comprise an optimum 
relation corresponding to a factor 0.125 and a minimum 
relation with a factor 0.375. Given a normal distribution of 
reference values, the desirable relationship corresponds to 
maximum deviations for proportions outside the interval 
from the expected 2.5% at each side to 1.4% and 4.4%. This 
gives an overall deviation of 0.8% from the expected total of 
5%, corresponding to a relative deviation of 16%, which may 
be considered acceptable.” 

Other widely used principles are to relate goals to limits set 
by regulatory bodies (e.g., Clinical Laboratory Improvements 
Amendments [CLIA])' or professional bodies (e.g., the 
bias goal of 3% for serum cholesterol [originally 5%]) set by 
the National Cholesterol Education Program.” Table 14-5 
provides an overview of analytical goals for important 
analytes. The goals are given in concentration units using 
decision levels or critical concentrations (x,). The decision 
concentrations are limits of reference or therapeutic intervals 
or originate from Barnett.’ Burnett and Westgard” have sug- 
gested that the analytical CV for a method should not exceed 
one fourth of CLIA limits so as to include the possibility of 
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unstable method performance and the use of cost-effective 
quality control procedures. Ricos et al” have published a 
comprehensive listing of data on biological variation 
with a database that is available on the internet (Ricos 
et al, Biological Variation Database, www.westgard.com/ 
guest17.htm, accessed August, 2003). 


QUALITATIVE METHODS 


Qualitative methods, which currently are gaining increasing 
use in the form of point-of-care testing (POCT), are 
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designed to distinguish between results below or above a pre- 
defined cut-off value. Notice that the cut-off point should 
not be confused with the detection limit. These tests are 
primarily assessed on the basis of their ability to correctly 
classify results in relation to the cut-off value. 


Performance Measures 

The probability of classifying a result as positive (exceeding 
the cutoff), in case the true value indeed exceeds the cutoff, 
is called the clinical sensitivity. Classifying a result as nega- 
tive (below the cutoff), in case the true value indeed is below 
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“Goal calculated from one half the intraindividual biological variation data given by Fraser in ref. 28 or as demarcated. 

Reference method/material credentialed by the National Reference System for Clinical Laboratories. 

‘Fraser CG. Biological variation in clinical chemistry. An update: Collated data, 1988-1991, Arch Pathol Lab Med 1992;116:916-923. 

4sD limits are based on peer group data from the Proficiency Testing program used. 

‘Fraser CG. Generation and application of analytical goals in laboratory medicine. Annali dell’ Instituto Superiore di Sanita 1991;27:369-376. 
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TABLE 14-5 Analytical Goals—Continued 
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‘Fraser CG, Peterson PH, Ricos C, Haeckel R. Quality specifications, Jn: Evaluation Methods in Laboratory Medicine. R. Haeckel, Ed. New York, VCH 
Publishers, 1993, pp. 87-99. 
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TABLE 14-5 Analytical Goals-——Continued 
Acceptable Gone ay 
Performance, — SOMS m 
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8Praser CG. Desirable standards of performance for therapeutic drug monitoring. Clin Chem 1987;33:387-389. 
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TABLE 14-5 Analytical Goals—Continued 


Ace eptable 
Performance, 
CLIA ’88'% 


RIN, Reactive/nonreactive. 


the cutoff, is termed the clinical specificity. Determination of 
clinical sensitivity and specificity is based upon comparison 
of the test results with a gold standard. The gold standard 
may be an independent test that measures the same analyte, 
but it may also be a clinical diagnosis determined by defin- 
itive clinical methods (e.g., radiographic testing, follow-up, 
or outcomes analysis). Determination of these performance 
measures is covered in Chapter 15. The clinical sensitivity 
and specificity may be given as a fraction or as a percentage 
after multiplication by 100. Standard errors of estimates are 
derived from the binomial distribution.” Comparison of the 
performance of two qualitative tests applied on the same 
groups of nondiseased and diseased subjects can be per- 
formed by McNemar’s test. 

One approach for determining the recorded performance 
of a test in terms of clinical sensitivity and specificity is to 
determine the true concentration of analyte using an inde- 


E PRECISION. ; 


- "= FixedLimit Goals 
“Goats (Maximum SD) (Maximum Total 


Error) CLIA 88 


pendent reference method. The closer the concentration is to 
the cut-off point, the larger error frequencies are to be 
expected, Actually the cut-off point is defined in such a way 
that for samples having a true concentration exactly equal to 
the cut-off point, 50% of the results will be positive and 50% 
will be negative.” The concentrations above and below the 
cut-off point at which repeated results are 95% positive or 
95% negative, respectively, have been called the “95% inter- 
val” for the cut-off point for that method” (notice that this is 
not a CI; Figure 14-6). Thus in an evaluation of a qualitative 
test, it is important to specify the composition of the samples 
in detail. Recently a NCCLS guideline on the topic has sug- 
gested a protocol for evaluation.” Briefly, it is recommended 
to prepare samples with a concentration equal to the cut-off 
point and with concentrations 20% below and above the 
point. Twenty replicate measurements are then carried out at 
each concentration, and the percentages of positive and neg- 
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Figure 14-6 Cumulative frequency distribution of positive 

results. The x-axis indicates concentrations standardized to zero 


at the cut-off point (50% positive results) with unit SD. 


ative results are recorded. On the basis of these measure- 
ments, it can be judged whether the “95% interval” for the 
cut-off point is within or outside this interval. In relation to 
the suggested procedure, one should be aware of the limita- 
tions associated with repeated measurements of pools. Mea- 
surements of individual patient samples with the specified 
concentrations are preferable to get a true impression of pos- 
sible matrix effects. 


Agreement Between Qualitative Tests 

As outlined above, if the outcome of a qualitative test can be 
related to a true analyte concentration or a definitive clini- 
cal diagnosis, it is relatively straightforward to express the 
performance in terms of clinical specificity and sensitivity. 
In the absence of a definitive reference or “gold standard,” 
one should be cautious with regard to judgments on perfor- 
mance, In this situation, it is primarily agreement with 
another test that can be assessed. When considering replace- 
ment of an old or expensive routine method with a new or 
cheap method, it is of interest to know whether similar test 
results are likely to be obtained. If both methods are imper- 
fect, however, it is not possible to judge which test has the 
best performance, unless additional testing by a reference 
procedure is carried out. 

In a comparison study, the same individuals are tested by 
both methods to prevent bias associated with selection of 
patients. Basically the outcome of the comparison study 
should be presented in the form of a 2 x 2 table, from which 
various measures of agreement may be derived (Table 14-6). 
An obvious measure of agreement is the overall fraction or 
percentage of the subjects tested that have the same test 
result (i.e., both results negative or positive) 


Overall percent agreement = (a + A)/(a + b+c +d) 
x 100% 


TABLE 14-6 2 x 2 Table for Assessing Agreement 
between Two Qualitative Tests 


Test. 


If the agreement differs with respect to diseased and 
healthy individuals, the overall percent agreement measure 
becomes dependent on the disease prevalence in the studied 
group of subjects. This is a common situation, and accord- 
ingly it may be desirable to separate this overall agreement 
measure into agreement concerning negative and positive 
results: 


Percent agreement given test 1 positive: af(a + c)X100% 


Percent agreement given test 1 negative: b/(b + d)x100% 


For example, if there is a high agreement with regard to 
positive results, the overall agreement will be high when the 
fraction of diseased subjects is high; but in a screening situ- 
ation with very low disease prevalence, the overall agreement 
will mainly depend on agreement with regard to negative 
results. Standard errors of the estimates can be derived from 
the binomial distribution.”” 

A problem with the above-mentioned simple agreement 
measures is that they do not take agreement by chance into 
account. Given independence, the expected proportions 
observed in the fields of the 2 x 2 table are obtained by mul- 
tiplication of the fractions of negative and positive results for 
each test. Concerning agreement, it is the excess agreement 
beyond chance that is of interest. More sophisticated mea- 
sures have been introduced to account for this aspect. The 
most well-known measure is kappa, which is defined gener- 
ally as the ratio of observed excess agreement beyond chance 
to the maximum possible excess agreement beyond chance.” 
We have: 


Kappa = (Ip —I,)/Q—-I.) 


where I, is the observed index of agreement and I, is the 
expected agreement from chance. Given complete agree- 
ment, kappa equals +1. If observed agreement is greater than 
or equal to chance agreement, kappa is larger than or equal 
to zero. Observed agreement worse than chance yields a 
negative kappa value. 


Example 


Table 14-7 shows a hypothetical example of observed 
numbers in a 2 x 2 table. The proportion of positive results 
for Test 1 is 75/(75 + 60) = 0.555 and 80/(80 + 55) = 0.593 
for Test 2. Thus by chance we expect the ++ pattern in 0.555 
x 0.593 x 135 = 44.44 cases. Analogously, the —— pattern is 
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TABLE 14-7 2 x2 Table with Example of Agreement 
Data for. lwo Qualitative Tests 
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expected in (1 — 0.555) x (1 — 0.593) x 135 = 24.45 cases. 
The expected overall agreement by chance I. is (44.44 + 
24.45)/135 = 0.51. The observed overall agreement is l, = 
(60 + 40)/135 = 0.74. Thus we have: 


Kappa = (0.74 — 0.51)/0 — 0.51) = 0.47 


Kappa values greater than 0.75 are generally taken to indi- 
cate excellent agreement beyond chance, values from 0.40 to 
0.75 are regarded as fair-to-good agreement beyond chance, 
and finally, values below 0.40 represent poor agreement 
beyond chance. A standard error for the kappa estimate can 
be computed.” Kappa is related to the intraclass correlation 
coefficient, which is a widely used measure of interrater reli- 
ability for quantitative measurements.” The considered 
agreement measures, percent agreement, and kappa can also 
be applied to assess the reproducibility of a qualitative test 
when the test is applied twice in a given context. 

Various methodological problems are encountered in 
studies on qualitative tests. An obvious mistake is to let the 
result of the test being evaluated contribute to the diagnos- 
tic classification of the subjects being tested (circular argu- 
ment). Another problem is partial as opposed to complete 
verification. When a new test is compared with an existing, 
imperfect test a partial verification is sometimes undertaken, 
in which only discrepant results are subjected to further 
testing by a perfect test procedure. On this basis, sensitivity 
and specificity are reported for the new test. This procedure 
(called discrepant resolution) leads to biased estimates and 
should not be accepted.” The problem is that for cases with 
agreement, both the existing (imperfect test) and the new 
test may be wrong. Thus only a measure of agreement should 
be reported, not specificity and sensitivity values. In the bio- 
statistical Literature, various procedures have been suggested 
to correct for bias caused by imperfect reference tests, but 
unrealistic assumptions concerning independence of test 
results are usually put forward. 


METHOD COMPARISON © 


Comparison of measurements by two methods is a frequent 
task in the Jaboratory. Preferably, parallel measurements of 
a set of patient samples should be undertaken. To prevent 
artificial matrix-induced differences, fresh patient samples 
are the optimal material. A nearly-even distribution of values 
over the analytical measurement range is also preferable. In 


an ordinary laboratory, comparison of two field methods 
will be the most frequently occurring situation. Less com- 
monly, comparison of a field method with a reference 
method is undertaken. When comparing two field methods, 
the focus is on the observed differences. In this situation, it 
is not possible to establish that one set of the measurements 
is the correct one and then consider the deviation of the 
other set of measurements from the presumed correct con- 
centrations. Rather, the question is whether the new method 
can replace the existing one without a general change in 
measurement level. To address this question, the dispersion 
of observed differences between the paired measurements 
by the methods may be evaluated. To carry out a formal, 
objective analysis of the data, a statistical procedure with 
graphics display should be applied. Various approaches exist: 
(1) a frequency plot or histogram of the distribution of 
differences with measures of the central tendency and the 
dispersion (distribution of differences [DoD] plot); (2) a 
difference (bias) plot, which shows the differences as a 
function of the average concentration of the measurements 
(Bland-Altman plot); and (3) a regression analysis. In 
the following, a general error model is presented, and 
some typical measurement relationships are considered. 
Each of the mentioned statistical approaches will be pre- 
sented in detail with a discussion of their advantages and 
disadvantages. 


BASIC ERROR MODEL 


The occurrence of measurement errors is related to the per- 
formance characteristics of the assay, primarily bias, impre- 
cision, and specificity as defined above. The overall influence 
of these factors may be incorporated in an error model. 


True Value and Target Value 


Taking into account that an analytical method measures 
analyte concentrations with some uncertainty, one has to 
distinguish between the measured value (x,) and the target 
value (Xg) Of a sample subjected to analysis by a given 
method. The latter is the average result we would obtain, if 
the given sample was measured an infinite number of times. 
The measured value is likely to deviate from the target value 
by some small “random” amount (g). For a given sample 
measured by an analytical method, we have: 


xi = KTargeti tE 


If the method is a reference method without bias and non- 
specificity, the target value equals the true value, i.e., 


X Targeti = X Trui 


Given a field method, some bias or nonspecificity may be 
present, and the target and true values are likely to differ 
somewhat. For example, if we measure creatinine with a 
chromogenic method, which co-determines some other 
components with creatinine in serum, we will likely obtain 
a higher target value than when we use a specific isotope- 
dilution mass spectrometry (ID-MS) reference method (i.e., 
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Figure 14-7 Outline of basic error model for measurements 
by a field method. Upper part: The distribution of repeated 
measurements of the same sample, representing a normal 
distribution around the target value (vertical line) of the sample 
with a dispersion corresponding to the analytical standard 
deviation, Oa. Middle part: Schematic outline of the dispersion of 
target value deviations from the respective true values for a 
population of patient samples.A distribution of an arbitrary form 
is displayed. The vertical line indicates the mean of the 
distribution. Lower part: The distance from zero to the mean of 
the target value deviations from the true values represents the 
mean bias of the method. 


the target value of the chromogenic method exceeds the true 
value determined by repetitive reference method measure- 
ments). Thus we have the relation 


XTargeti = Xwe; + Bias; 


Because the amounts of co-determined substances may 
vary from sample to sample, the bias is likely to differ some- 
what from sample to sample. For a representative set of 
patient samples, we may describe the biases associated with 
the individual samples by the central tendency (mean or 
median) and the dispersion (Figure 14-7). Thus the bias 
may be split into an average amount: the mean bias, and a 


Mean Bias and Random Bias 


Taking mean bias and random bias into account, we obtain 
the following expression for an individual measurement of 
a given sample by a field method 


Xi = Xlarge + €; = Xiri + Mean-Bias 
+ Random-Bias; + £; 


For such an individual measurement the total error is the 
deviation of x; from the true value, i.e., 


Total error of x; = Mean-Bias + Random-Bias; + £; 


Thus the total error is composed of a mean bias, a random 
matrix-related interference component, and finally a random 
measurement error element. The latter component can be 
assessed from repeated measurements of the given sample by 
the method in question and can be expressed as a standard 
deviation (i.e. the analytical standard deviation as previ- 
ously described [either within or between runs] ). Estimation 
of the other elements requires parallel measurements 
between the method in question and a reference method as 
outlined in detail later. 

The exposition above defines the total error in somewhat 
broader terms than often is seen. A traditional total error 
expression is% 


Total error = Bias + 2SDa 


which often is interpreted as the mean bias plus 2 SDg. If a 
one-sided statistical perspective is taken, the expression is 
modified to Bias + 1.65 SD,, indicating 5% of results being 
located outside the limit. If a lower percentage is desired, the 
multiplication factor is increased accordingly, supposing a 
normal distribution. Interpreting the bias as being identical 
with the mean bias may lead to an underestimation of the 
total error. 

When the mean bias is considered, one should distinguish 
between specific (systematic) sample-related interference 
(e.g., the influence of hemolysis on a photometric assay) in 
which a clear concentration dependent effect is present 
and general nonspecificity of the assay. The former can be 
handled appropriately, either by systematic corrections or by 
setting limits for allowed degrees of hemolysis.” 

Random matrix-related interference may take several 
forms. It may be a regularly occurring additional random 
error component, perhaps of the same order of magnitude 
as the analytical error. In this context, it is natural to quan- 
tify the error in the form of an SD or CV. The most straight- 


random part, random bias.*°*°>** For an individual sample, 
we have 


Xtargeti = X'truci + MeanBias + Random-Bias; 


For example, the chromogenic creatinine method may on 
average determine creatinine values 15% too high, which 
then constitutes the mean bias. For individual samples, the 
particular bias may be slightly higher or lower than 15% 
depending on the actual chromogenic content. 


“forward procedure is to carry out a method comparison 


study based on a set of patient samples, where one of the 
methods is a reference method as outlined later. Often 
reference methods are not available, and Lawton et al 
described a multiple method comparison technique based 
on principal component analysis to quantify random bias 
components. Applying at least three field methods, it is pos- 
sible, given certain assumptions concerning independence 
with regard to interference, to estimate random bias com- 
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ponents. Krouwer” formally quantified sample-related 


random effects in a comparison experiment of two choles- 
terol methods and found that the CV of the sample-related 
random interference component exceeded the analytical CV. 
Kringle and Bogovich* considered random bias of a Jaffé 
creatinine method by components of variance analysis and 
also found random bias to be a pronounced random etror 
component, constituting 80% of the total random error. This 
relatively high amount should be regarded in light of the 
limited specificity of the Jaffé creatinine measurement 
principle. 

Another form of random matrix-related interference is 
more rarely occurring gross errors, which typically are seen 
in the context of immunoassays and relate to unexpected 
antibody interactions (see interference section),“*’*"* Such 
an error will usually show up as an outlier in method com- 
parison studies. A well-known source is the occurrence of 
heterophilic antibodies, This is the background for the fact 
that outliers should be carefully considered and not just 
discarded from the data analysis procedure. Supplementary 
studies may help clarify such random matrix-related inter- 
ferences and may provide specifications for the assay that 
limit its application in certain contexts (e.g., with regard to 
samples from certain patient categories). 


Mean Bias and Analyte Concentration 


When considering mean bias, one should recognize that the 
mean bias may be a function of the analyte concentration. 
For example, it may be positive at low concentrations and 
negative at high concentrations. This may occur in cases in 
which there is some nonspecificity of the method, yielding 
values that are generally too high. In the high concentration 
range, however, nonlinearity in the negative direction may 
predominate over the positive bias because of nonspecificity. 
In this case, the recorded mean bias for a set of samples 
becomes dependent on the distribution of sample values. For 
an even distribution of sample values over the whole range, 
the mean bias may be close to zero (see later example con- 
cerning the paired t-test), For a set of samples with values 
limited to the lower part of the analytical measurement 
range, the mean bias may be positive. Finally the recorded 
mean bias may be negative for sets of samples with only high 
values. 


Blunders or Clerical Errors 


Another reason for outliers in method comparison studies 
and in daily practice is blunders or clerical errors, In the past, 
this type of error usually arose in relation to manual trans- 
fer of results. Today, this kind of error typically is related to 
computer errors originating at interfaces between computer 
systems, Bonini et alf concluded on the basis of a literature 
review that laboratory errors occurred more frequently in 
the preanalytical or postanalytical phases than in the analyt- 
ical part. Errors on test order forms or errors related to han- 
dling of order forms appear to occur relatively frequently 
(1% to 5% of recorded cases). In the postanalytical phase, 


inappropriate interpretation may take place (e.g., in relation 
to erroneous reference intervals). 


METHOD COMPARISON DATA MODEL 


We here consider our error model in relation to the method 
comparison situation. For a given sample measured by two 
analytical methods, 1 and 2, we have 


xl; = XlTargeti + El; = Xtruei + Mean-Bias] 
+ Random-Biasi; + £l; 

x2; = X2rargeti + €2; = Xtruei + Mean-Bias2 
+ Random-Bias2; + £2; 


From this general model we may study some typical sit- 
uations. First, comparison of a field method with a reference 
method will be treated. Secondly the more frequently occur- 
ring situation, the comparison of two field methods, is con- 
sidered. 


Comparison of a Field Method With a Reference Method 


We may start supposing that method 1 is a reference method. 
In this case, the bias components per definition disappear, 
and we have the following situation: 


xl = X1yargeti + El; = Xtrei + El; 
x2; = X2pargeti + E2; = Xtruei + Mean-Bias2 
+ Random-Bias2; + £2; 


The paired differences become 
(x2; — xl;) = Mean-Bias2 + Random-Bias2; + (€2; — €1;) 


We thus have an expression consisting of a constant term 
(the mean bias of method 2) and two random terms. The 
random bias term is distributed around the mean bias 
according to an undefined distribution. The second random 
term is a difference between two random measurement 
errors that are independent and commonly, normally dis- 
tributed. Under these assumptions, the differences between 
the random measurement errors are also random and nor- 
mally distributed. However, we remind the reader that the 
standard deviation for analytical methods often depends on 
the concentration level as mentioned earlier. For analytes 
with a wide analytical measurement range (e.g., some hor- 
mones), both the random matrix-related interferences and 
the analytical SDs are likely to depend on the measurement 
concentration, often in a roughly proportional manner. It 
may then be more useful to evaluate the relative differences: 
(x2; — x1,)/[(x2; + x1,)/2] and accordingly express mean and 
random bias, and analytical error as proportions. An alter- 
native is to partition the total analytical measurement 
range into segments (e.g., three parts), and consider mean 
bias, random bias and analytical error separately for these 
segments. The segments may preferably be divided in 
relation to important decision concentrations (e.g., in rela- 
tion to reference interval limits and/or treatment decision 
concentrations). 
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Comparison of Two Field Methods 


In the comparison of two field methods, the paired differ- 
ences become: 


(x2; — xl;) = (MeanBias2 — Mean-Bias1) 
+ (Random-Bias2; — Random-Bias1;) + (€2; — £1;) 


The expression again consists of a constant term, the differ- 
ence between the two mean biases, and two random terms. 
The first random term is a difference between two random- 
bias components that may or may not be independent. If the 
two field methods are based on the same measurement prin- 
ciple, the random bias terms are likely to be correlated. For 
example, two chromogenic methods for creatinine are likely 
to be subject to interference from the same chromogenic 
compounds present in a given serum sample. On the other 
hand, a chromogenic and an enzymatic creatinine method 
are subject to different types of interfering compounds, and 
the random-bias terms may be relatively independent. In the 
€2; — £l; term, the same relationships as described above are 
likely to apply. One may notice that the general form of the 
expressed differences is the same in the two situations. Thus 
the same general statistical principles actually apply. In the 
following sections, we will consider the distribution of dif- 
ferences under various circumstances and also consider the 
measurement relations between method 1 and 2 on the basis 
of regression analysis. 


PRELIMINARY PRACTICAL WORK IN RELATION TO A 
METHOD COMPARISON STUDY 


When preparing a method comparison study, the analytical 
methods to be studied should be established in the labora- 
tory according to written protocols and stable in routine per- 
formance. Reagents are commonly supplied as ready-made 
analytical kits, perhaps implemented on a dedicated analyti- 
cal instrument (open or closed system). The technologists 
performing the study should be trained in the procedures 
and associated instrumentation. Further, it is important that 
an internal quality control system is in place to ensure that 
the methods being compared are running in the in-control 
state. 


PLANNING A METHOD COMPARISON STUDY 


In the planning phase of a method comparison study, several 
points require attention, including the number of samples 
necessary, the distribution of analyte concentrations (prefer- 
ably uniform over the analytical measurement range), and 
the representativeness of the samples. To address the latter 
point, samples from relevant patient categories should be 
included, so that possible interference phenomena can be 
discovered. Practical aspects related to storage and treatment 
of samples (container, etc.) and possible artifacts induced 
by storage (e.g, freezing of samples) and addition of 
anticoagulants should be considered. Comparison of mea- 
surements should preferably be undertaken over several days 
(e.g. at least 5 days), so that the comparison of methods does 


not become dependent on the performance of the methods 
in one particular analytical run. Finally, ethical aspects 
(e.g, informed consent from patients whose samples will 
be used) should be considered in relation to existing 
legislation. 

When considering the comparison protocol, various 
guidelines may be consulted. The NCCLS Evaluation 
Protocol (EP) guidelines give advice on various aspects. For 
example, the NCCLS guideline EP-9A2: Method Comparison 
and Bias Estimation Using Patient Samples suggests mea- 
surement of 40 samples in duplicate by each method, when 
anew method is introduced in the laboratory as a substitute 
for an established one.” Additionally, it is proposed that a 
vendor of an analytical test system should have made a com- 
parison study based on at least 100 samples measured in 
duplicate by each method. The principle of a more demand- 
ing requirement for vendors appears reasonable. This initial 
validation should be comprehensive to disclose the perfor- 
mance of the assay system in detail. Then the requirement 
for the ordinary user may be more modest. 

Although these general guidelines on sample size are 
useful, further aspects are important. Statistical power may 
be considered as a basis for considering the appropriate 
sample size as presented under regression analysis. Addi- 
tionally the probability of detecting rarely occurring inter- 
ferences showing up as outliers should be taken into account 
when considering the necessary sample size. Finally, in rela- 
tion to evaluation of automated methods, special considera- 
tion should be given to the sample sequence to evaluate 
drift, carryover, and nonlinearity (e.g., by a multifactorial 
design). 


DISTRIBUTION OF DIFFERENCES PLOT (DOD PLOT) 


From the end-user viewpoint, it is the differences per se that 
matter. Thus with regard to the outcome of replacing an 
established field method with a new one that perhaps is 
cheaper or more practical, it is important to focus on the dis- 
tribution of differences between paired measurements by the 
old and the new method. A graphic display with assessment 
of the central tendency and the dispersion of the differences 
in the form of an ordinary histogram or frequency polygon 
plot is useful. The differences may or may not be normally 
distributed. Because both analytical error components and 
random matrix-related interferences may contribute to the 
differences, the distribution may be irregular and outliers 
may occur. Further, the random dispersion elements may be 
dependent on analyte concentration. Therefore a nonpara- 
metric approach for interpreting the distribution of differ- 
ences may generally be preferable as a starting point. 


Nonparametric Approach 


Both the central tendency (median) and extreme percentiles 
are of interest when using the nonparametric approach to 
the distribution of differences. Given a traditional 95% level, 
the 2.5 and 97.5 percentiles are considered. A 99% or more 
extreme level may also be selected, and the related percentiles 
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Figure 14-8 A scatter plot of N= 65 (xl, x2) data points for 
comparison of two drug assays. The dashed line is the line of 
identity. 


(0.5 and 99.5 or more extreme ones) are then applied for 
description of method differences. Nonparametric estima- 
tion of the 2.5 and 97.5 percentiles requires 2.5 times as 
many observations as the parametric approach to provide 
the same precision, which implies that sample sizes cannot 
be too small.” Estimating confidence limits of the percentiles 
can give an indication of their imprecision. The CIs can be 
estimated from the ordered observations as described in 
Chapter 16 in the section on nonparametric estimation of 
the 95% reference interval. Alternatively a bootstrap proce- 
dure, available on the book’s accompanying Evolve site, can 
be applied as described.” The advantage of the bootstrap 
procedure is that standard errors can be derived using 
smaller sample sizes than by the simple nonparametric 
approach. 

A method comparison example from one of the authors’ 
laboratory is considered (KL). Two in-house developed drug 
assays for serum concentrations of the antipsychotic drug 
clozapine are compared. The established assay (method 1) is 
an HPLC method based on manual liquid-liquid extraction, 
The new method (method 2) is an HPLC method with an 
automated on-column extraction step. An initial impression 
of the relation between xl and x2 measurements can be 
obtained from a scatter plot of the 65 measurement sets (xl, 
x2) with the identity line outlined (Figure 14-8). The x1 and 
x2 values are displayed in Table 14-17, which is available on 
the book’s accompanying Evolve site. The x1 measurements 
range from 177 to 2650nmol/L, and the range of x2 values 
is from 200 to 3004nmol/L (i.e. we have a relatively wide 
analytical measurement range in the present example). A 
histogram of the differences (x2 — x1) is shown in Figure 14- 
9, Applying a nonparametric data description, we order the 
observed differences according to size and derive the median 
difference as the value of the (0.5N + 0.5) ordered observa- 
tion, here 26 nmol/L. In case the order is a noninteger, inter- 


—500 0 500 
(x2-x1) 
Figure {4-9 DoD plot for comparison of two drug assays: 
nonparametric analysis. A histogram shows the relative 
frequency of N= 65 differences with demarcated 2.5 and 97.5 
percentiles determined nonparametrically. The 90% Cls of the 
percentiles are shown. These were derived by the bootstrap 
technique. 


polation between neighbor-ordered values is carried out. A 
paired nonparametric test, the Wilcoxon test,” showed that 
the median difference was significantly higher than zero (P 
less than 0.02). The 2.5 and 97.5 percentiles correspond to 
the values of the (0.025N+0.5) and the (0.975N + 0.5) 
ordered observations, respectively, as displayed in Table 14- 
8.'°” For a sample size of less than 120, it is not possible to 
derive CIs for the percentiles by the simple nonparametric 
procedure. Therefore we also applied the bootstrap proce- 
dure to estimate nonparametric percentiles with 90% CIs” 
(Table 14-8) (see the book’s accompanying Evolve site). The 
bootstrap procedure, which is based on computerized 
random resampling of the observations, provides slightly 
different percentile estimates as shown in the table. In this 
way, we obtain an estimation of the size of negative and pos- 
itive differences with uncertainties. In the present example, 
there is a considerable range of differences, the 2.5 percentile 
being —169nmol/L (90% CI: -214 to —123), and the 97.5 
percentile being 356 nmol/L (90% CI: 255 to 457). The rela- 
tively large differences should be related to the considerable 
analytical measurement range for the analyte, and an 
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TABLE 14-8 Analysis of Distribution of Differences for the Comparison of Drug Assays Example. N = 65. 


The unit is nmol/L. 


Total range of x] measurements 177.to 2650 
Total range of x2 measurements’ .200.to. 3004 
Total range of differences (x2 — x1). :-=210.00.tọ 437.00 
‘Test for normality of differences. P< 0.01. 
-+ (Anderson-Darling test) TAs 
Statistical analysis of differences ` 
“Median 

Mean 

“SD 
_ Coefficient of skewness 
Coefficient of kurtosis 
Outlier test (4 SD) 
2.5 percentile = 

97.5 percentile... 

90% CI for 2:5 percentile cee, 

90% GI for 97.5 percentile: 


s -Simple nonparam tri 
:1:26:00.(P 2 


evaluation of relative differences may in the present example 
be more relevant (see later in this chapter). 

In the presented examples, no evident outliers were 
present. However, outliers deserve special attention. Unless 
they are related to obvious method or apparatus malfunc- 
tion, the discarding of outliers should be considered with 
caution. Outliers may indicate the presence of large random 
matrix-related interferences, which may be of major clinical 
importance (e.g., interference by antibodies or degradation 
products that only occur rarely). Thus a special investigation 
of outlying results with reanalysis and exploration of the 
reasons for the outlying observations should be considered. 
A statistical evaluation of outliers is available on the book’s 
accompanying Evolve site. 


Parametric Approach 


If application of a goodness-of-fit test does not disprove 
that the distribution of differences is normally distributed, a 
parametric statistical approach may be undertaken. In the 
presented example, there was a significant deviation from 
normality as assessed by the Anderson-Darling test"! (P less 
than 0.01), and a parametric analysis should in principle not 
be carried out. However, to demonstrate the procedure, the 
parametric approach is also carried out (Figure 14-10 and 
Table 14-8). The mean and standard deviation (SDp;,) of the 


paired differences (x2 — x1) are estimated according to stan- -500 0 500 
dard procedures. A paired t-test is used to determine whether (x2-x1) 

the mean difference is significantly different from zero or not Figure 14-10 DoD plot for comparison of two drug assays: 
(Pless than 0.01 in this case). The 2.5 and 97.5 percentiles for parametric analysis. A histogram shows the relative frequency of 
the differences are estimated as the mean +fy005,4-1) SDpig A N = 65 differences with the estimated Gaussian density 
standard error for the percentiles (SE,.,.) may be computed as distribution. Parametrically estimated 2.5 and 97.5 percentiles 


specified on the book’s accompanying Evolve site, and the are shown with 90% Cis. 
90% CI limits are then derived as +1.65 SEperc around the 
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percentiles (Figure 14-10 and Table 14-8). The parametrically 
derived 2.5 and 97.5 percentiles (—202 and 286 nmol/L) differ 
somewhat from the nonparametrically derived percentiles, 
which in the present context with proven nonnormality may 
be regarded as the most reliable estimates. 


Relative Distribution of Differences Plot (Rel. DoD plot) 

In many cases in which there is a wide analytical measure- 
ment range (i.e. corresponding to 1 or several decades), the 
random error components depend on the concentration as 
previously mentioned. The analytical SDs may be approxi- 
mately proportional to the concentration over the major part 
of the analytical measurement range, and this relationship 
may also apply to the random matrix-related interferences. In 
the present example, the initial scatter plot of (x1, x2) values 
suggests that the random error of the differences increases 
with the concentration (see Figure 14-8). A formal test for 
this possible relation is to compute the correlation coefficient 
between the average concentration and the absolute value of 
the differences. This correlation coefficient, r, is +0.57 (P less 
than 0.001) and thus confirms the relationship of an increas- 
ing scatter with the concentration, which also can be visua- 
lized in a scatter plot of the absolute differences against the 
average concentration (Figure 14-11). A natural next step is 
then to assess the relative differences in relation to the average 
concentration. The correlation coefficient between the 
absolute values of the relative differences ([x2 ~ x1]/[{xl + 
x2}/2]) and the average concentration ([x1 +x2]/2) was 
not significantly different from zero (r = —0.15), and a scatter 
plot also suggests a more homogeneous dispersion (Figure 
14-12). In this situation, it is more reasonable to deal with 
relative differences or percentage differences ([x2 — x1]/[{x1 
+x2}/2] x 100%). The same nonparametric descriptive 
measures as used above may be applied for the central ten- 
dency and the dispersion (Figure 14-13). The median relative 
difference amounts to 0.042 or 4.2%, which is significantly 
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Figure 14-11 Plot of absolute differences (ordinate) against 
average concentration (abscissa) for the comparison of drug 
assays example. The scatter increases with the average 
concentration (r= +0.57}. 
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Figure 14-12 Plot of absolute relative differences (ordinate) 
against average concentration (abscissa) for the comparison of 
drug assays example. The scatter is not significantly correlated 
with the average concentration (r=~-0.15, not significant). 
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Figure 14-13 Rel. DoD plot for comparison of two drug 

assays: nonparametric analysis.A histogram shows the relative 

frequency of relative differences with demarcated 2.5 and 97.5 

percentiles determined nonparametrically. The 90% Cls 

(bootstrap) of the percentiles are shown. 
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higher than zero (P less than 0.01) (Table 14-9). The 2.5 and Finally, we may consider a parametric analysis of the rel- 
97.5 percentiles are -0.15 and 0.26, respectively. The 90% CIs ative differences (Figure 14-14 and Table 14-9). A goodness- 
derived by the bootstrap procedure were —0.16 to —0.14 and of-fit test (Anderson-Darling test, P greater than 0.5) showed 


0.21 to 0.30, respectively. Thus from this analysis we may con- that the relative differences did not depart significantly from 
clude that the 95% interval for percentage differences ranges a normal distribution, which in this case supports the para- 
from about —15% to +26%. metric approach (Figure 14-15). The parametric 2.5 and 97.5 
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Figure 14-14 Distribution of relative differences plot for (x2-x1 (Od +x2)/2) 
comparison of two drug assays: parametric analysis. A histogram Figure 14-15 Cumulative frequency distribution of relative 
shows the relative frequency of relative differences with the differences for the comparison of drug assays example. The 
estimated Gaussian density distribution. Parametrically estimated lighter curve indicates the Gaussian cumulative frequency 
2.5 and 97.5 percentiles are shown with 90% Cls. distribution curve. In accordance with the test for normality, a 


good agreement is observed. 


TABLE 14-9 Analysis of Distribution of Relative Differences for the Sopa 2 of Dr UE Asay. Example. N = 65 


Total range of relative differences o. 1598 to 0. 2953. oe 
‘Test rr normality. (Anderson-Darling test) AIS. : 
ta ee Simple nonparametric “Bootstrap... Parametric 
A P S000). FORA 


0.0418 P< 001) 
0.1109 
ee ess SPR GM 7 TETAS 40.05- 
Coefficient ; j : i : HET i se : ; z Bree 5 ji -0, 60 
Outlier test o oo ek syle SAL, 
2.5 percentile ae abies eae —),1487 : 0.1492 er 6, 1754 
Beene 0.2607 0 DSTO A 9 9501 © 
: 0.1627 to —0. 1357 0.2141 to 20, 1368 ` 
= 0.2135 to 0.3005. 0.2204 to 0.2978 ` 
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percentiles were —0.18 and 0,26, respectively. The mean was 
0.042 and the SD of the relative differences was 0.11. Thus 
we may conclude that there is a mean bias of about 4% and 
a random error corresponding to a CV of 11%. If we ascribe 
the random variation equally to the two assays, it corre- 
sponds to a random error level of 11%/V2 = 7.8% for each 
assay. In the present example, this error level was considered 
acceptable in relation to the clinical use of the assay, and it 
was decided to replace the manual assay with the new, auto- 
mated assay. ; ` 

A modification of the histogram display of differences is 
a plot suggested by Krouwer and Monty™ known as the 
“mountain plot.” This is a plot of cumulative frequencies 
(ef%) of differences up to 50% with subsequent subtracted 
cumulative frequencies (100% — cf%). Such a plot shows in 
principle the same information as a histogram or frequency 
polygon plot. An advantage may be that the percentiles can 
be directly read from the plot. 


VERIFICATION OF DISTRIBUTION OF DIFFERENCES IN 
RELATION TO SPECIFIED LIMITS 

In many situations in which a field method is being con- 
sidered for implementation, it may be desired primarily to 
verify whether the differences in relation to the existing 
method are located within given specified limits rather than 
estimating the distribution of differences. For example, one 
may set limits corresponding to +15% as clinically accept- 
able, and desire that the majority, for example, 95% of dif- 
ferences are located within this interval. 

By counting, it may be determined whether the expected 
proportion of results is within the limits (i.e., 95%). One 
may accept percentages that do not deviate significantly from 
the supposed percentage at the given sample size derived 
from the binomial distribution (Table 14-10). For example, 
if 50 paired measurements have been performed in a method 
comparison study, and it is observed that 46 of the results 
(92%) are within the specified limits (e.g., £15%), the study 
supports that the achieved goal has been reached, because 
the lower bound for acceptance is 90%. It is clear that a 
reasonable number of observations should be obtained for 
the assessment to have an acceptable power. If very few 
observations are at hand, the risk is high of falsely con- 
cluding that at least 95% of the observations are within the 
specified limits, in case it is not true (i.e., to commit a Type 
H error). 


DIFFERENCE {(BLAND-ALTMAN) PLOT 


In recent years, the type of difference plot for evaluation of 
method comparison data suggested by Bland and Altman 
has become increasingly popular.’ The procedure was origi- 
nally introduced for comparison of measurements in clini- 
cal medicine, but the procedure has been adopted also in 
clinical chemistry. The Bland-Altman plot is usually 
understood as a plot of the differences against the average 
results of the methods. Thus the difference plot in this 
version provides information on the relation between dif- 


TABLE 14-10. Lower Bounds (One-sided 95% Cl) of 
Observed Proportions (%) of Results 
Being Located Within Specified: Limits 
for. Paired Differences That Are in 


Accordance With the Hypothesis of at 
Least: 95% of Differences Being Within 


the Limits 
Observed 
Proportions 
85. 
87 
Ai See 90 
HAE BQ SE 90 
"260 90 
70 90 
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“100 91 
S150 os 92 
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ferences and concentration, which is useful to evaluate 
whether problems exist at certain ranges (e.g., in the high 
range) caused by nonlinearity of one of the methods. It may 
also be of interest to observe whether the differences tend to 
increase proportionally with the concentration, or whether 
they are independent of concentration. In some situations, 
particular interest may be directed toward the low concen- 
tration region. Information on the relation between differ- 
ences and concentration is useful in the context of how to 
adjust for an irregularity (e.g., by changing the method 
with nonlinearity or by restricting the analytical measure- 
ment range). Thus this type of plot may be useful for the 
laboratory, whereas the DoD plot perhaps may be regarded 
more as directed toward the end user. The underlying error 
model outlined above applies also in principle to the differ- 
ence plot. 

The basic version of the difference plot consists of plot- 
ting the differences against the average of the measurements. 
Figure 14-16 shows the plot for the comparison of drug 
assay data. If one set of the measurements is without 
random measurement error, one may plot the differences 
against this value. If errors are present in x1, however, an arti- 
ficial bias is induced by plotting the differences against x1.° 
The interval +2 SD of the differences is often delineated 
around the mean difference (i.e., corresponding to the mean 
and the 2.5 and 97.5 percentiles considered in the paramet- 
ric DoD plot). 
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Figure 14-16 Bland-Altman plot of differences for the drug 
comparison example. The differences are plotted against the 


average concentration. The mean difference (42 nmol/L) with +2 
SD of differences is shown (dashed fines). 


Nonparametric limits may also be considered. The distri- 
bution of the differences as measured on the y-axis of the 
coordinate system corresponds to the relations outlined for 
the DoD plot, which represents a projection of the differ- 
ences on the y-axis. A constant mean bias over the analyti- 
cal measurement range changes the average concentration 
away from zero. The presence of random matrix-related 
interferences increases the width of the distribution. If the 
mean bias depends on the concentration or if the dispersion 
varies with the concentration or both, the relations become 
more complex, and the interval mean £2 SD of the differ- 
ences may not fit very well as a 95% interval throughout the 
analytical measurement range. 

In the displayed Bland-Altman plot for the drug assay 
comparison data, there is a tendency toward increasing 
scatter with increasing concentration, which is a reflection of 
the increasing random error with the concentration level 
considered in detail above, Thus a plot of the relative differ- 
ences against the average concentration is of relevance 
{Figure 14-17), Now there is a more homogeneous disper- 
sion of values agreeing with the estimated limits for the dis- 
persion (i.e., the relative mean difference +fo925,7-1) SDpewie 
analogous to the situation with the relative DoD plot con- 
sidered above). 

Focus on relative differences in situations with a propor- 
tional random error relationship prevents very large differ- 
ences in the high concentration range from dominating the 
analysis and making a balanced interpretation difficult. In 
the low range, the proportional relationship may not neces- 
sarily hold true, and sometimes the relative difference plot 
makes an overcompensation in this region. It is then possi- 
ble to make a truncation of the proportional relationship at 
some lower limit, and assume a constant SD for the differ- 


ences below this limit“ (i.e., corresponding to the relation- 


{x2—x1)/((x1+x2)/2) 
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Figure 14-17 Bland-Altman plot of relative differences for the 
drug comparison example. The differences are plotted against 
the average concentration. The mean relative difference (0.042) 
with +2 SD of relative differences is shown (dashed lines). 


ship in Figure 14-3, C). In the actual example with a slightly 
negative correlation coefficient between relative differences 
and average concentration, there is a tendency toward this 
pattern, An alternative to the relative difference plot is to plot 
log differences against the average concentration, but this 
type of plot is more difficult to interpret. 

Although it is customary to display the estimated limits 
for the differences (often mean £2 SD 4), one may as an alter- 
native display specification limits considered being reason- 
able as mentioned for the DoD plot.” It may then be assessed. 
whether the observed differences conform to these limits as 
discussed earlier (see Table 14-10). Application of the differ- 
ence plot in various specific contexts has been considered.'"* 
It has also been suggested to estimate a regression line for 
the differences as a function of the average measurement 
concentration.” 


A CAUTION AGAINST INCORRECT INTERPRETATION OF 
PAIRED f-TESTS IN METHOD COMPARISON STUDIES 


In association with the difference plot, the paired t-test is 
usually applied as described above.* One should here be 
careful with regard to the interpretation. For example, con- 
sider the case shown below, in which method 2 (x2) mea- 
surements tend to exceed method 1 (x1} measurements in 
the low range and vice versa at high concentrations (Figure 
14-18, A). This corresponds to a positive mean bias in the 
low range changing to a negative bias in the high range. In 
this situation, the overall averages of both sets of measure- 
ments are about identical, and the paired t-test yields a non- 
significant result, because the average paired difference (i.e., 
the mean bias) is close to zero (Table 14-11). This does not 
mean that the measurements are equivalent. Subjecting the 
data to Deming regression analysis (see the next section) 
clearly discloses the relation® (Figure 14-18, B). The results 
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of the regression analysis confirm the existence of both a sys- 
tematic constant error (intercept different from zero) and a 
systematic proportional error (slope different from 1). 
Therefore the statistical significance revealed by the paired 
t-test cannot be used to indicate whether measurements are 
equivalent or not as also previously pointed out. The paired 
t-test is just a test for the mean bias and does not say any- 
thing about the equivalency of the measurements through- 
out the analytical measurement range. 


REGRESSION ANALYSIS ` 

Regression analysis is commonly applied in comparing the 
results of analytical method comparisons. Typically an 
experiment is carried out in which a series of paired values 
is collected when comparing a new method with an estab- 
lished method. This series of paired observations (x1;, x2;) is 
then used to establish the nature and strength of the rela- 
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Figure 14-18 Simulated example with positive and negative 
differences in the low and high range, respectively: A, Bland- 
Altman plot. B, An x-y plot with diagonal (dotted straight line) 
and estimated Deming regression line (solid line) with 95% 
confidence curves (dashed lines). 


tionship between the tests. This discussion outlines various 
regression models that may be used, provides criteria for 
when each should be used, outlines approaches for deter- 
mining how many specimens to use in a given comparison, 
and provides guidelines for interpreting the results. 

Regression analysis has the advantage that it allows the 
relation between the target values for the two compared 
methods to be studied over the full analytical measurement 
range. If the systematic difference between target values (i.e., 
the mean bias difference between the two methods or the 
systematic error) is related to the analyte concentration, 
such a relationship may not be clearly shown when using the 
previously mentioned types of difference plots. Although 
nonlinear regression analysis may be applied, the focus is 
usually on linear regression analysis. In linear regression 
analysis, it is assumed that the systematic difference between 
target values can be modeled as a constant systematic differ- 
ence (intercept deviation from zero) combined with a pro- 
portional systematic difference (slope deviation from unity). 
The intercept may typically represent some average 
matrix-induced difference, and the proportional difference 
may be due to a discrepancy with regard to calibration of 
the methods. In situations with constant SDs of random 
errors, unweighted regression procedures are used (i.e., ordi- 
nary least-squares (OLR) and Deming regression analysis). 
For cases with SDs that are proportional to the measurement 
level, the corresponding weighted regression procedures are 
preferred. 


Error Models in Regression Analysis 
As outlined previously, we distinguish between the measured 
value (x;) and the target value (Xpuge;) of a sample subjected 


TABLE 14-11 Comparison of Paired ttest Results and 
Deming Regression Results for a 
Simulated Method Comparison Example 


With Positive Intercept (a) = 20) and 
Slope Below Unity (b = 0.80). N — 50 
(xl, x2) Measurements 


Jove Regression ©. 
Paired Analysis 
t-Test (Deming) 
Mean difference 0.78 (1.63) 
(SEM) | 
t= Mean ~0.78/1.63 
difference/(SEM) = 0.48 
; ; =(nse) 
Slope (b) (SE(b)) 0.80 (0.027) 
t= (b= 1)/SE(d) 57.4 (P < 0.001) 
Intercept (ao). 20.3 (2.82) 


(SE(4p)) 


t= (dp =. 0)/SE(a) 7.2.(P.< 0.001) 
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to analysis by a given method. In linear regression analysis 
we assume a linear relationship 


X2Targeti = Qo + BX rargeti 


where XVigeti and Xirgu correspond to the target values 
without random bias, i.e., we have the relations: 


Xlyageti = XI target: + Random-Bias]; 
X2qargeti = X2argei + Random-Bias2; 


This model is generally useful when the systematic difference 
between XVingeti and X2mgzei depends on the measured 
concentration 


X2 Target a XV argeti = Oo + (B F 1)X1Targeti 


The systematic difference is thus composed of a fixed part 
and a proportional part. 

Because of random matrix-related interferences and ana- 
lytical error, the individually measured pairs of values (x1, 
x2;) will be scattered around the line expressing the rela- 
tionship between Xlarge and X2targei- Figure 14-19 outlines 
schematically how the random distribution of x1 and x2 
values occurs around the regression line. We have: 


xli = XI target + El; = XV Fargeti 
+ Random-Biasl; + €l; 

x2; = X2ryargeti + E2; = X2argeti 
+ Random-Bias2; + €2; 


The random error components may be expressed as SDs, and 
generally we can assume that random bias and analytical 
components are independent for each analyte yielding the 
relations 


xi 
Figure 14-19 Outline of the relation between xI and x2 values 
measured by two methods subject to random errors with 
constant standard deviations over the analytical measurement 
range. A linear relationship between the target values (Xl argetis 
X2 ager) is presumed. The xl; and x2; values are Gaussian 
distributed around X Ergeri and XZ agers respectively, as 
schematically shown. 62) (G,,) is demarcated. 


Pane 2 2 
Oxi = ORpi + OA 

Be wa 4nd 2 
Ox2 = ORge + Caz 


The random bias components for method 1 and 2 may not 
necessarily be independent. They may also not be normally 
distributed, which is less likely as regards the analytical com- 
ponents. Thus when applying a regression procedure, the 
explicit assumptions to take into account should be consid- 
ered. In situations without random bias components of any 
significance, the relationships simplify to 


r os ped 
Ox = OA 
Die es pee 
Ox2 = Oar 


In this situation, it can usually be assumed that the error dis- 
tributions are normal, and the standard deviations may be 
known from quality control data. 

Another methodological problem concerns the question 
whether the dispersion of the random error components is 
constant or changes with the analyte concentration as con- 
sidered previously in the difference plot sections. For most 
clinical chemical compounds, the analytical SDs vary with 
the measured concentration, and this relationship may also 
apply to the random-bias components. In cases with a con- 
siderable range (i.e., a decade or more), this phenomenon 
should also be taken into account when applying a regres- 
sion analysis. Figure 14-20 schematically shows how the dis- 
persions may increase proportionally with concentration. 


Deming Regression Analysis and Ordinary Least-Squares 
Regression Analysis (OLR) (Constant SDs) 

To estimate the relationship between the target values accu- 
rately (i.e, a) for & and b for P), a regression procedure 
taking errors in both x1 and x2 into account is preferable 


x2 


x1 


Figure 14-20 Outline of the relation between x! and x2 values 
measured by two methods subject to proportional random 
errors. A linear relationship between the target values is 
assumed, The xl; and x2, values are Gaussian distributed around 
X Urges and X2erger respectively, with increasing scatter at 
higher concentrations as schematically shown. : 
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x 
Figure [4-21 The model assumed in ordinary OLR. The x2 
values are Gaussian distributed around the line with constant 
standard deviation over the analytical measurement range. The 
x1 values are assumed to be without random error. 62) (6,,) is 
shown. 


(Figures 14-19 and 14-20). In the statistical literature, this 
type of regression analysis is called errors-in-variables analy- 
sis or is referred to as structural or functional relationship 
models.“ Various modifications exist, comprising both para- 
metric and nonparametric approaches. In clinical chemistry, 
a parametric approach described in the following is usually 
called the Deming method.’ However, the most widely 
used regression procedure in method comparison studies, 
OLR, does not take errors in x1 inte account but is based on 
the assumption that only the x2 measurements are subject 
to random errors (Figure 14-21). In the Deming procedure, 
the sum of squared distances from measured sets of values 
(xla x2;) to the regression line is minimized at an angle 
determined by the ratio between the standard deviations for 
the random variations of x1 and x2. It can be theoretically 
proven that given Gaussian error distributions, this estima- 
tion procedure is optimal. In Figure 14-22, the symmetric 
case is illustrated with a regression slope of 1 and equal stan- 
dard deviations for the random variations of x1 and x2, in 
which case the sum of squared distances is minimized 
orthogonally in relation to the line. In OLR, the sum of 
squared distances is minimized in the vertical direction to 
the line (Figure 14-22). It can be proven theoretically that 
neglect of the random error in xl induces a downward 
biased slope estimate 


BY = BEC rr rarget INO eee + Or )) 


F B/[1+(n/oxvtager) | 


where Oxrarget is the standard deviation of XT target values.” 
According to the formula, the amount of bias depends on 
the ratio between the standard deviation for the random 
error in xl and the standard deviation of the X1’ target 
values. In situations with a wide range of X1’ target values, 
this bias may be negligible, and OLR may be used for esti- 
mation of slope and intercept despite the assumption of a 


DEMING 


X 


Figure 14-22 In OLR, the sum of squared deviations from the 
line is minimized in the vertical direction. In Deming regression 
analysis, the sum of squared deviations is minimized at an angle 
to the line depending on the random error ratio. Here the 
symmetric case is displayed with orthogonal deviations. (From 
Linnet K. The performance of Deming regression analysis in case of a 
misspecified analytical error ratio. Clin Chem 1998;44:1024-103 1 


{Figure !]). 


Expected slope value 
1.0 pws a 


0.8 


Slope 


. 0.6 3 i “aS 
: ‘Average estimated slope by OLR 


———— T 


0.0 0.2 0.4 0.6 0.8 1.0 
Slx "target 
Figure 14-23 Relations between the true (expected) slope 
value and the average estimated slope by OLR. The bias of the 
OLR slope estimate increases negatively for increasing ratios of 
the standard deviation random error in XI to the standard 
deviation of the XI target value distribution. 


wrong error model, Figure 14-23 shows the bias as a func- 
tion of the ratio of the random error standard deviation to 
the standard deviation of the X1’ target value dispersion. For 
a ratio up to 0.1, the bias is less than 1%. At a ratio of 0.33, 
the bias amounts to 10%, and then increases further for 
increasing ratios. 
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Figure 14-24 Simulated comparison of two sodium methods. 
The solid line indicates the average estimated OLR line, and the 
dashed line is the identity line. Even though there is no 
systematic difference between the two methods, the average 
OLR line deviates from the identity line corresponding to a 
downward slope bias of about 10%. 


Example 


As an illustration of the bias problem associated with appli- 
cation of the OLR procedure, we will study by simulation the 
comparison of two sodium methods. Fifty paired measure- 
ments are simulated. It is assumed that there is no system- 
atic difference between the measurements, and we will 
expect an average slope estimate of 1.0 for 1000 repeated 
experiments. The mean value is 140.5 mmol/L correspond- 
ing to the mean of a reference interval 136 to 145mmol/L. 
The dispersion of the target values was set to 3.8mmol/L, 
which corresponds to a range exceeding the reference inter- 
val by about 5mmol/L in each direction, corresponding to 
inclusion of some pathological samples. The analytical SDs 
for the methods are presumed constant throughout the ana- 
lytical measurement range with values of 1.27 mmol/L cor- 
responding to CVs of 0.9% at the mean 140.5 mmol/L. The 
average estimated regression line for the 1000 repetitions 
corresponds to the solid line in Figure 14-24, which is tilted 
downward corresponding to a slope value of 0.90 (i.e., 10% 
lower than the expected value of 1.0). The slope bias of 
-10% occurs, because the ratio between the SD of the 
random error in x to the SD of the dispersion of the target 
X’ values is 0.33. 

In the example presented above, the ratio of the analyti- 
cal SD to the SD of the target value distribution is large 
because of the tight physiological regulation of electrolyte 
concentrations, which means that the biological variation is 
limited. Most other types of analytes exhibit wider distribu- 
tions, and the ratio of error to target value distribution is 
smaller. For example, for analytes with a distribution of 
more than 1 decade and an analytical error corresponding 
to a CV of 5% at the middle of the analytical measurement 
range, the OLR slope bias amounts to about —1%. 


Whether this is considered a problem may depend on the 
situation. In the context of assessing the ability to trace ana- 
lytical methods from regression analysis of paired patient 
sample measurements, an error of 1% solely because of 
the applied regression procedure would indeed constitute a 
problem (see Traceability and Measurement Uncertainty 
later in this chapter). 


Computation Procedures for OLR and 

Deming Regression 

Assuming no errors in x1 and a Gaussian error distribution 
of x2 with constant standard deviation throughout the ana- 
lytical measurement range, OLR is the optimal estimation 
procedure as proved by Gauss in the eighteenth century. 
About 50 years later, the first version of the errors-in-vari- 
ables regression model was outlined by Adcock’ and later 
supplemented by Kummel.” It should be noted for these 
parametric procedures that only the error distributions must 
be normal, The least-squares principle does not presume 
normality to be applied, but it is optimal under normality 
conditions, and the nominal Type I errors for the associated 
statistical tests for slope and intercept hold true under this 
assumption. The procedures are generally robust toward 
deviations from normality, but they are sensitive toward out- 
liers because of the squaring principle. Finally the distribu- 
tion of the target values of x1 and x2 does not have to be 
normal. A uniform distribution over the analytical mea- 
surement range is generally of advantage, but the distribu- 
tion may in principle take any form. 

It can be proved theoretically that the lines that minimize 
the sum of squared distances from the line in the two situa- 
tions can be estimated as described below.” In both cases the 
mean values, the sum of squared deviations, and a sum of 
cross products should be computed: 


xlm =X x/N  x2m = > x% /N 
“= Yili — xl) q= F (x2; — x2) 
P= X (li — xd Moe2; — x2m) 


For OLR we have: 
b= p/ u 


Ag = X2m — bXlm 
and so 
X 2Targetesti = dg + bx]; 


X2avgetesi refers to the estimated X2’ target value for a given 
xl; according to the regression equation (under the OLR 
model x1; and X1gyei are identical). In case of duplicate sets 
of measurements, each x1; and x2; represents the mean of 
individual measurements (x1 = (x1); + x1,;)/2 and x2; = (x2), 
+ x29;)f 2). 

To compute the slope in Deming regression analysis, the 
ratio between the standard deviations of the random errors 
of x1 and x2 is necessary, i.e., 


À = (Oksi + 031)/ (ohn. + O42) 
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(assuming independence of the random-bias terms). 
Analytical standard deviations can be estimated from 
duplicate sets of measurements as: 


SD3, = (/2N)¥ (ely; - xh) 
SDi: = (1/2 NYD° (x29; = x2) 


or they may be available from quality control data. 

If a specific value for À is not available and the two field 
methods that are compared are likely to be associated with 
random error levels of the same order of magnitude, À can 
be set to 1. The Deming procedure is generally relatively 
insensitive to a misspecification of the À value.” The slope 
and intercept may now be derived as 


b= [oa - u)+[u— àg? + ap Jow 
ay = X2m — bXlm 
and so 
X2Fargetesti = ag + VX Vargetesti 


For both procedures, we may evaluate the standard devia- 
tion of the dispersion in the vertical direction around the line 
{commonly denoted SD,, and here given as SD3). We have 


SDa = [5(22; — X2hargeess)” V2] 


For the OLR procedure we may further derive the standard 
errors of the slope and intercept estimate as follows 


SE) = SDa/Vu SE(ao) = SDa [I/ N + x12 /u]” 


For the OLR procedure, given that the assumptions are ful- 
filled (which they almost never are), these SEs are exact. For 
the Deming procedure, they apply approximately. More 
correct formulas have been given” or they can be conve- 
niently derived by a computerized method (see later in this 
chapter). For both OLR and Deming regression analysis, the 
correct interpretation of SDa is important, but quite often 
it is misinterpreted (see the next section). 


Evaluation of the Random Error Around an Estimated 
Regression Line 

The estimated slope and intercept provide an estimate of the 
systematic difference or error between two methods over the 
analytical measurement range. Additionally an estimate of 
the random error is important. As mentioned above, it is 
commonplace to consider the dispersion around the line in 
the vertical direction, which is quantified as SD,, (here 
denoted SD,,). SDa has originally been introduced in the 
context of OLR, but it may as well be considered in relation 
to Deming regression analysis. 


Interpreting SD,,. (SDa) With Random Error only in x2 

In the model assumed in OLR, we only have random errors 
associated with x2 measurements (see Figure 14-21), This 
situation occurs infrequently in practice, but it can happen 
{e.g., when a set of reference materials is available that have 


been determined repetitively by a reference method), so that 
in practice there is no random measurement error present. 
In this case, the scatter around the line solely reflects the 
random error of x2 measurements. If there are no random 
matrix-related interferences, the random error equals the 
analytical imprecision, and we have 


O21 = O42 
If random matrix-related interferences are present, we have 
a) 2 
621 = O42 + ORB2 
where Ogy is the standard deviation of the random matrix- 


related effects, which are here supposed to be normally dis- 
tributed and independent of method imprecision. 


Interpreting SD, (SD2,) With Random Errors in Both x1 
and x2 
With regard to On, we have here without sample-related 
random effects 
03, = B04, + O42 

Thus Oz reflects both the random error in x1 (with a rescal- 
ing) and in x2. Often B is close to unity, and in this case 63, 
becomes approximately the sum of the individual squared 
standard deviations.” This relation holds true for both 
Deming and OLR analysis. Frequently, OLR is applied in sit- 
uations associated with random measurement error in both 
xi and x2, and in these situations 6, reflects the errors of 
both. 

The presence of sample-related random interferences in 
both x1 and x2 gives the following expression 


521 = [Boki + O42] + [Bon + Oez] 

Thus, the 02, value is influenced by the slope value, the 
analytical error components Oa, and G,, (grouped in the first 
bracket) and Opp, and Orez (grouped in the second bracket). 
In many cases, the slope is close to unity, in which case we 
have simple addition of the components. As mentioned 
earlier, the matrix-related random interferences may not be 
independent. In this case, simple addition of the compo- 
nents is not correct, because a covariance term should be 
included. However, in a real case, we can estimate the com- 
bined effect corresponding to the bracket term. Information 
on the analytical components is usually available, either from 
duplicate sets of measurements or from quality control data. 
On this basis, the combined random bias term in the second 
bracket can be derived by subtracting the analytical compo- 
nents from Oz. Overall, it can be judged whether the total 
random error is acceptable or not. The systematic difference 
can be adjusted for relatively easily by a rescaling of one of 
the sets of measurements. However, if the random error term 
is very large, such a rescaling does not ensure equivalency of 
measurements with regard to individual samples. Thus it is 
important to assess both the systematic difference and the 
random error when deciding whether a new field method 
can replace an existing one. Figure 14-25 shows the random 
distributions around the regression lines for simulated 
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Figure 14-25 Simulated examples that illustrate the effect of 
sample-related random interferences in a scatter plot with 
regression analysis. A, x1 and x2 are subject to only analytical 
errors. B, Additional random bias of the same magnitude is 
present, which results in a wider scatter around the line. 


examples with only analytical error (A) and both analytical 
error and random bias of an equal magnitude (B). In a 
roughly symmetric situation with a slope close to unity and 
two field methods of presumed equal specificity and preci- 
sion, the total random error expressed as SD,, may be sub- 
divided into component errors associated with each test by 
dividing with the square root of two. One may then assess 
the random error levels in relation to stated goals. 


Assessment of Outliers 

The principle of minimizing the sum of squared distances 
from the line makes the described regression procedures sen- 
sitive toward outliers, and an assessment of the occurrence 
of outliers should be carried out routinely, The distance from 
a suspected outlier to the line is recorded in standard devi- 
ation units, and rejection of the outlier is performed if the 
distance exceeds a predetermined limit (e.g., 3 or 4 standard 
deviation units). In the case of OLR, the standard deviation 
unit equals SD,,, and the vertical distance is considered. For 


Deming regression analysis, the unit is the standard devia- 
tion of the deviation of the points from the line at an angle 
determined by the error variance ratio A. A plot of these 
deviations, a so-called residuals plot, conveniently illustrates 
the occurrence of outliers.“ Figure 14-26, A illustrates a 
Deming regression analysis example with occurrence of an 
outlier and the associated residuals plot (B), which clearly 
shows the outlier pattern. In this example, the residuals plot 
was standardized to unit standard deviation. Using in this 
example-an outlier limit of 4 standard deviation units, the 
outlier was rejected and a reanalysis was undertaken. In this 
example, rejection of the outlier changed the slope from 1.14 
to 1.03. With regard to outliers, these measurements should 
not just be rejected automatically, but the reason for their 
presence should be scrutinized. 


The Correlation Coefficient 


Having outlined the random error components related to 
regression analysis, some comments on the correlation coef- 
ficient may be appropriate. The ordinary correlation coeffi- 
cient p, also called the Pearson product moment correlation 
coefficient, is estimated as r from sums of squared deviations 
for x1 and x2 values as follows using the same notation as 
above” 


r = p/{ug)” 


Looking at the theoretical model, p is related to the ratio 
between the standard deviations of the distributions of 
target values (Oxrtarget aNd Oxrurge) and the associated inde- 
pendent total random error components (6, and 6,2)’ 


0.5 
P = O x1'targetO x2'target Gee +O% Orr target +6%2)| 


The total random error components comprise both impre- 
cision error and sample-related random interferences (i.e., 
o4 = Oh; + Ohm and O% = Ok: + Om). Thus p is a relative 
indicator of the amount of dispersion around the regression 
line. If the range of values is short, p tends to be low and vice 
versa for a long range of values. For example, consider sim- 
ulated examples, where the random errors of x1 and x2 are 
the same, but the width of the distributions of target values 
differs (Figure 14-27, A and B). In (A) the target values are 
uniformly distributed over the range 1 to 3, and in (B) the 
range is 1 to 6. The random error SD is presumed constant, 
and it is in both cases set to 0.15 for both x1 and x2 corre- 
sponding to a CV of 5% at the level 3. Given sets of 50 paired 
measurements, the correlation coefficient is 0.93 in case (A) 
and 0.99 in case (B). Further, a single point located outside 
the range of the rest of the observations exerts a strong influ- 
ence (Figure 14-27, C). In (C) 49 of the observations are dis- 
tributed within the range 1 to 3 with a single point located 
apart from the others around the value 6, other factors being 
equal. The correlation coefficient here takes an intermediate 
value, 0.97. Thus a single point located away from the rest 
has a strong influence (a so-called influential point). Notice 
that it is not an outlying point, just an aberrant point with 
regard to the range. 
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Figure 14-26 A, A scatter plot with the Deming regression 
line (solid line) with an outlier (filled point). The dotted straight 
line is the diagonal, and the curved dashed lines demarcate the 
95% confidence region. B, Standardized residuals plot with 
indication of the outlier. 
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Figure 14-27 Scatter plots illustrating the effect of the range 
on the value of the correlation coefficient p. A, The target 
values are uniformly distributed over the range 1 to 3 with 
random errors of both xt and x2 corresponding to an SD of 5% 
of the target value at 3 (constant error standard deviations). 
B, The range is extended to | to 6 with the same random error 
levels. The correlation coefficient equals 0.93 in A and 0.99 in B. 
In € the effect of a single aberrant point is shown. Forty-nine of 
the target values are distributed over the range | to 3 with a 
single point at 6. The correlation coefficient is 0.97. 
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Although ©z is the relevant measure for random error in 
method comparison studies, p is still widely used as a 
supposed measure of agreement between two methods. It 
should be noted that a systematic difference is not expressed. 
through p; thus even though the correlation coefficient is 
very high, there may be a considerable bias between the mea- 
surements of two methods. 


Regression Analysis in Case of Proportional 
Random Errors a 
As discussed in relation to the precision profile, for analytes 
with extended ranges (e.g., 1 or several decades), the analyt- 
ical standard deviation is seldom constant. Rather a propor- 
tional relationship may apply. This may also be true for the 
random bias components. In this situation, the regression 
procedures described above may still be used, but they are 
not optimal because the standard errors of slope and inter- 
cept become larger than is the case when applying a weighted 
form of regression analysis. The optimal approaches are 
weighted forms of regression analysis that take into account 
the relationship between random error and analyte concen- 
tration. Given a proportional relationship, a weighted pro- 
cedure assigns larger weights to observations in the low 
range; the low-range observations are more precise than 
measurements at higher concentrations that are subject to 
larger random errors. More specifically, weights are applied 
in the computations that are inversely proportional to the 
squared standard deviations (variances) that express the 
random error. In the weighted form of least-squares regres- 
sion analysis (WLR) the distances from (x1; x2;) to the line 
in the vertical direction are inversely weighted according to 
the squared SD, value at the given concentration level 
(Figure 14-28). 

The following computations are performed 


XLnw = S wixl;/ Sw: X2aw = X wix2; [dw 
2 2 
uy = Ywilel; = Xlmw) fw = SY wilx2; N X2mw) 
Pw = Ywa =, XLnw (x2; = X20) 


b= Pwl Uw 
X2Targetesti = ap + bxl; 


a0 = X2mw — bXlmw 


The weights (w;) are inversely proportional to the squared 
standard deviation of random errors of x2 measurements at 
a given concentration. These standard devations are assumed 
to be a function (A{-)) of x1: 


Oar = kahlat) wi = (h(x) 


Orp2 = Kepalt(xl;) 


where ka and kre: are proportionality factors and w;= 
{h(x1;)] 7? Alternatively, weighting might be given as a 
function of X2tpees determined iteratively, which provides 
essentially the same results apart from different proportion- 
ality constants. For the proportional standard deviation case, 
which is assumed to hold true in the present context, w; = 


x2 


xi 


Figure 14-28 Distances from data points to the line in the 
vertical direction in WLR assuming proportional standard 
deviations for random errors in x2 and no random error in x]. 
(From Linnet K, Necessary sample size for method comparison 
studies based on regression analysis. Clin Chem 1999;45:882-94.) 


1/x1}. The proportionality factor is estimated from the dis- 
persion around the line in the vertical direction 


k= [Si (2i = XVrargetesti) wi AN m D” 


The standard errors of slope and intercept are’ 


SE(b) = k| Nuy SE(ao = Ki Swi + A 


The Deming method can also be carried out in a weighted 
form (e.g, assuming proportional standard deviations). 
In the weighted modification of the Deming procedure, 
distances from (xl, x2;) to the line are inversely weighted 
according to the squared standard deviations at a given 
concentration (Figure 14-29). The regression procedures 
are most conveniently performed using dedicated soft- 
ware, which is available on the book’s accompanying Evolve 
site. 

For the weighted Deming procedure, the slope and inter- 
cept are estimated as™ 


0.5 
b= | = uy)+{(ty - haw)” + 4np2 | | j ZÀpw 


ao = X2my ~ bXlmw 


X 2Targetesti = ag + bX Vrargetesti 


It is here presumed that the ratio between the squared stan- 
dard deviations for the random error components 


A= (ofsi + Ohi a A + O42) 
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is constant throughout the analytical measurement range. 
The standard deviations are functions of the target values 


Oai = kaih(X larger) and OA2 = kazh(X2Targeti) 
Ori = Kepih(X 1Targeti) and Org2 = kre2A(X2Targeti) 


Assuming a proportional relationship, the weights w; 
(= U/[(XVinegetesti + AX 2-argeresti)/(1 + a) are obtained by an 
iterative approach as described.“ 

For the weighted Deming procedure, general formulas 
for standard errors of slope and intercept are complicated, 
and computerized methods (e.g., jackknife or bootstrap) 
may be applied in their estimation (available on the book’s 
accompanying Evolve site). Using these computerized 
approaches, a 95% confidence region around the line may 
also be estimated (Figure 14-30). The confidence region as 
outlined here refers to the Cls for estimated X2’ target values 
in relation to given X1’ target values and is accordingly 
not a 95% region for the individual paired observations (i.e., 
it is not a prediction region). It is observed that the interval 
is most narrow at a level corresponding to the weighted 
mean of x1 values and widens toward the extremes of the x1 
range, especially at high concentrations where the random 
error is largest. For a simplified situation with a slope close 
to unity and equal CVs for random error components of 
xl and x2, the formulas given under WLR approximately 


apply. 


Figure 14-29 Distances from data points to the line in 
weighted Deming regression assuming proportional random 
errors in xi and x2. The symmetric case is illustrated with equal 
random errors and a slope of unity yielding orthogonal 
projections onto the line. (From Linnet K. Necessary sample size 
for method comparison studies based on regression analysis. Clin 
Chem 1999;45:882-94.} 


Determination of the Random Error Around an 
Estimated Regression Line in Case of Proportional 
Random Errors 

In regression analysis with proportional random errors, we 
will also consider the dispersion around the line in the ver- 
tical direction. SD; is dependent on the measured concen- 
tration. Supposing a proportional error relationship and an 
intercept of the regression line close to zero, SDa can be 
characterized by a proportionality factor. 


Relations with Random Error Only in x2 


In the model assumed in WLR, we only have random errors 
associated with x2 measurements. If there are no random 
matrix-related interferences, the random error equals the 
analytical imprecision, and we have 


CVa = CVaz 
If random matrix-related interferences are present, we have 
CV, = CV, + CVag2 


where CV pp is the coefficient of variation for the random 
matrix-related effects, which are here supposed to be nor- 
mally distributed and independent of method imprecision. 


Relations with Random Errors in Both x1 and x2 


Assuming there are random errors in xl and x2 without 
sample-related random effects, CVa, can be determined as 
follows 


25 


20 


15 


x2 


10 


0 5 10 15 20 25 


xi 
Figure 14-30 An example of application of weighted Deming 
regression analysis. The solid line is the estimated regression 
line, and the dotted line is the line of identity. The estimated 
95% confidence bands obtained by the jackknife approach are 
the curved dashed fines. 
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CVÅ = CVA, + CV2, 

Thus CV), reflects both the random error in xland in x2. In 
case of proportional errors, there is no rescaling of the x1 
error contribution. This relation holds true for both 
weighted Deming and WLR analysis. Frequently, WLR is 
applied in situations associated with random measurement 
error in both x1 and x2, and in these situations CV z reflects 
the errors of both. 

The presence of proportional sample-related randoni in- 
terferences in both x1 and x2 gives the following expression 


Cv), =[Cv2, + CV] + [CVġ + CVĝz2] 


As mentioned earlier, the matrix-related random interfer- 
ences may not be independent. In this case, simple addition 
of the components is not correct, because a covariance term 
should be included. However, we can estimate the combined 
effect corresponding to the bracket term, which then strictly 
refers to the CV of the differences (CV2-pp1)- AS in the case 
with constant standard deviations, information on the ana- 
lytical components is usually available, either from duplicate 
sets of measurements or from quality control data, and the 
combined random bias term in the second bracket can then 
be derived by subtracting the analytical component from 
CV>,. Systematic and random errors can then be determined, 
and it can be decided whether a new field method can replace 
an existing one. Figure 14-31 shows an example with pro- 
portional random errors around the regression line. 

In a situation with proportional random errors, a 
weighted modification of the correlation coefficient can be 
computed from sums of squared deviations for x1 and x2 
values as follows 


fW = Pwlluwqwl? 


Adjustments for Kecalibration 


Having estimated a linear relationship between two field 
methods, one may wish to recalibrate one of the methods in 
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Figure 14-31 An example of proportional random errors 
around a regression line estimated by the weighted Deming 
approach, 


relation to the other (e.g., for method 2 one may make the 
adjustment) 


X2rec = (x2 — ao)/ b 


where x2,,, is the recalibrated x2 value. The systematic bias 
is now adjusted between the methods, and it is of interest to 
study the random error elements, Figures 14-32, A and 14- 
33, A show two simulated situations in which Oa = Om = 5 
and Opsi = Ogg = 5. In Figures 14-32, A and 14-33, A the 
slopes are 1.5 and 0.5, respectively. The random error of the 
differences between the values of method 1 and the recali- 
brated x2 values (x2,..— x1) is observed from the displayed 
recalibration difference plots (Figures 14-32, B and 14-33, 
B). It is evident that in the case with a slope of 0.5, the dis- 
persion of the differences is largest. This is due to the rescal- 
ing of the x2 values, which leads to an associated rescaling of 
the random error. We have 


OA2rec = OA2 / Band ORB2rec = ORB2 / B 


Thus in the case with a slope value below unity, the random 
error of the rescaled value is amplified, and vice versa for a 
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Figure 14-32 Scatter plot (top) and recalibration difference plot 
(bottom) of (x2. — xl) differences against (x2, + xI )/2 for 
situations corresponding to one simulation run of N = 50 {x], 
x2) sets for the following parameter values: 0% = 0, B = 1.5, Ox = 
5,and Gn =5. 
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Figure [4-33 Scatter plot (top) and recalibration difference 
plots (bottom) of (x2. — x1) differences against (x2,..+x1)/2 for 
situations corresponding to one simulation run of N = 50 (xl, 
x2) sets for the following parameter values: a = 0, B = 0.5, Oy = 
5, and Op = 5. 


slope exceeding unity. The overall expression for the random 
error between the differences of x1 and x2,.. becomes 


2 2 0.5 
O(x2recx1) = [(oa2/B) + (©rB2/B) + OA t okm] 


In a real example, Gixzrecm) is estimated from the set of paired 
differences between rescaled x2 values and x1 values and may 
be conveniently displayed in the form of a recalibration dif- 
ference plot that also serves as a validation of the presumed 
linear relationship between the original sets of measure- 
ments, From the magnitude of the standard deviation of the 
paired differences, one may then judge whether it is accept- 
able to interchange measurements between method 1 and 
the rescaled method 2. 


Testing for Linearity 

Splitting of the systematic error into a constant and a pro- 
portional component depends on the assumption of linear- 
ity, which should be tested. A convenient test is a runs test, 
which in principle assesses whether the negative and positive 
deviations from the points to the line are randomly distrib- 
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Figure 14-34 Top, Scatter plot showing an example of 
nonlinearity in the form of downward deviating x2 values at the 
upper part of the range. Bottom, Plot of residuals showing the 
effect of nonlinearity. At the upper end of the analytical 
measurement range, a sequence (run) of negative residuals is 
present from x = [50 to 200, 


uted over the analytical measurement range.” The term run 
here relates to a sequence of deviations with the same sign. 
Consider for example the situation with a downward trend 
of x2 values at the upper end of the analytical measurement 
range (Figure 14-34, A). The standardized deviations from 
the line (i.e., the residuals) will then tend to be negative in 
this area instead of being randomly distributed above and 
below the line™ (Figure 14-34, B). Given a sufficient number 
of points, such a sequence will turn out to be statistically 
significant in a runs test. 


Nonparametric Regression Analysis (Passing-Bablok) 

The slope and intercept may be estimated by a nonpara- 
metric procedure, which is robust to outliers, and requires 
no assumptions of Gaussian error distributions.” Notice, 
however, that the parametric regression procedures do not 
presume Gaussian distributions of target values, but only of 
the error distributions. Furthermore, the jackknife principle 
used for estimation of standard errors for Deming and 
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weighted Deming procedures is also in principle nonpara- 
metric. Thus the main advantage of the nonparametric pro- 
cedure is its robust performance in the presence of outliers. 
The method takes measurement errors for both x1 and x2 
into account, but the method presumes that the ratio 
between analytical standard deviations is related to the slope 
in a fixed manner 


N= (SDip: + sD4,)/ (SDin2 + SD22) = p? 


Otherwise, a biased slope estimate is obtained.” The pro- 
cedure may be applied both in situations with constant ana- 
lytical standard deviations and in cases with proportional 
analytical standard deviations. The method is not as efficient 
as the corresponding parametric procedures (i.e. Deming 
and weighted Deming procedures). 

Slope and intercept with CIs are provided together with 
Spearman’s rank correlation coefficient. A software program 
is required for the procedure. 


Principle of Computations 


The procedure consists of calculating all sets of possible 
slopes from the set of N(x1, x2) values 


Si = (x2; — x2;)/ (lj - x1j)forlsi<j<N 
The slope is in principle obtained as a shifted median 


b = S(uv1)/24K) for odd n 
b = exp((log(Siy/2ex)) + log(Stu/2+1+x)))/2) for even 
n (geometric mean) 


where n is the total number of S; values, and K is the number 
of S; values below —1. 

The intercept a is obtained as the median of all 
(x2; — bx1)). 

Cis for slope and intercept are derived as described.” No 
standard error is obtained in this purely nonparametric 
procedure. If the CI for the slope does not include 1, the 
deviation is statistically significant and analogous for the 
intercept. 


Interpretation of Systematic Differences between 
Methods Obtained on the Basis of Regression Analysis 

A systematic difference between two methods is identified, if 
the estimated intercept differs significantly from zero, or if 
the slope deviates significantly from 1. This is decided on the 
basis of t-tests 


t = (ao —0)/SE(ao) 
t = (b-1)/SE(b) 


SE(a)) and SE(b) are the standard errors of the estimated 
intercept a) and slope b, respectively. For OLR and WLR, the 
standard errors are calculated from the formulas presented 
previously. These formulas also apply approximately for the 
Deming and weighted Deming procedures. An exact proce- 
dure is to apply a computerized resampling principle called 
the jackknife procedure, which in practice can be carried out 


using appropriate software? (described on the book’s 
accompanying Evolve site). 

Having estimated a) and b, we have the estimate of the 
systematic difference between the methods, De at a selected 
concentration X 1 ‘pgetc 


D, = X Drargeteste = X 1fTargete = âo + (b - DX argetc 


XZ inrgetestc 18 the estimated X2’ target value at X1/. Notice that 
D, refers to the systematic difference (ie., the difference 
between target values), and so it is not a total error includ- 
ing random measurement errors. 

The standard error of the estimated systematic difference 
D, should be considered. For OLR the formula applies 


SE(D,) ae SDafi/N + (XITargete di xn) [ul 


For WLR we have the analogous formula 


SE(D,) = kof Sw F (X1Targetc = Xmw) Jus] 


where kn = [2(x2; — XZ 'mrgetesti) Wil (N —2)]°°. The formulas 
given above for OLR and WLR apply approximately for 
Deming and weighted Deming regression, respectively. An 
exact procedure is to apply the jackknife procedure using 
a software program.” By evaluating the standard error 
throughout the analytical measurement range, a confidence 
region for the estimated line can be displayed (see Figure 
14-30). It is apparent from the structure of the formulas that 
the confidence region is narrowest at the center of the range 
(Xm OF Xm). If method comparison is performed to assess the 
ability to trace, correction of a significant systematic differ- 
ence D, will often be performed by recalibration (x2,.= 
(xl — a )/b)). The associated standard uncertainty is the 
standard error of D, (see section on Traceability). Even 
though the intercept and slope are not significantly different 
from zero and one, respectively, the combined expression D, 
may be significantly different from zero. This may occur in 
situations in which the intercept and slope deviations are in 
the same direction. 


Example of Application of Regression Analysis (Weighted 
Deming Analysis) 

Application of weighted Deming regression analysis may be 
illustrated by the comparison of drug assays example (N= 
65(x1, x2) measurements). As outlined in detail previously, 
in this example the random error of the differences increases 
with the concentration, suggesting that the weighted form of 
Deming regression analysis is appropriate. Figure 14-35 
shows (A) the estimated regression line with 95% confi- 
dence bands and (B) a plot of residuals. The nearly homo- 
geneous scatter in the residuals plot supports the assumed. 
proportional random error model and the assumption of 
linearity. The slope estimate (1.014) is not significantly 
different from 1 (95% CI: 0.97 to 1.06), and the intercept 
is not significantly different from zero (95% CI —6.7 to 47.4) 
(Table 14-12). A runs test for linearity does not contradict 
the assumption of linearity. The amount of random error is 
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Figure 14-35 An example of weighted Deming regression 
analysis for the comparison of drug assays. A, The solid line is 
the estimated weighted Deming regression line, the dashed 
curves indicate the 95% confidence region, and the dotted line is 
the line of identity. B, A plot of residuals standardized to unit 
standard deviation. The homogeneous scatter supports the 
assumed proportional error model and the assumption of 
linearity. 


quantified in the form of the SD,; proportionality factor 
equal to 0.11 or 11%. In the present example with a slope 
close to unity and two field methods with assumed random 
errors of about the same magnitude we divide the random 
error by the square root of two and get CVa = CVa = 7.8%. 
In this simple case with a slope of unity, the results corre- 
spond to those previously derived in the analysis of the 
distribution of relative differences. Quality control data in 
the laboratory have provided CV,s of 6.1% and 7.2% for 
method 1 and 2, respectively. Thus in this example the 
random error largely may be attributed to analytical error. 
The assay principle is for both methods HPLC, which gen- 
erally is a rather specific measurement principle, and con- 
siderable random bias effects are not expected in this case. If 
one or both of the assays had been immunoassays, the situ- 
ation might have been different. 

In the table, the estimated systematic differences at the 
limits of the therapeutic interval (300 and 2000 nmol/L) are 
displayed (24.6 and 48.9nmol/L, respectively), This corre- 
sponds to percentage values of 8.2% and 2.4%, respectively. 
The estimated standard errors by the jackknife procedure 
yield the 95% Cls as shown in the table. At the low concen- 
tration, the difference is significant (95% CI: 5.7 to 44 
nmol/L does not include zero), which is not the case at the 
high level (95% CI: -19 to 117nmol/L). Even though the 
intercept and slope estimates separately are not significantly 
different from the null hypothesis values of zero and 1, 
respectively, the combined difference Delta, is significant at 
low concentrations in this example. If the difference is con- 
sidered of medical importance and both methods are to be 
used simultaneously in the laboratory, a recalibration of one 
of the methods might be considered. 


Estimating Sample Size Necessary for Method 
Comparison Studies 

In the planning phase of a method comparison study, 
one should consider the size of the medically significant 
difference or critical difference A, that should be detected 
at a given concentration XVarete (see Analytical Goals) 


TABLE 14-12 Results of Weighted Deming Regression Analysis for the Comparison of Drug Assays Example, N = 65 


(xl, x2) Measurements 


Estimate 


GS%-Cl 


Slope o 
Intercept on ment 
Weighted « correlation oia 
SDa proportionality. factor. 
“Runs test ier linearity 

‘Delta, =X, — X, at X, = 300 
Delta, = =X, at X: = 2000 


0.97 to 1.06. 
OTA A 


5. 72 to 43, 65. D 
—19,3 to 117 
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(Figure 14-36). One may then derive the requirements for 
detecting critical sizes of Œs and slope deviation from unity 


(B- 1): 


A. = XU argete = XV Targete = Oo + B i 1)X Lfargetc 


In the following section, statistical power considerations 
with regard to testing for intercept and slope deviations are 
presented. 


Statistical Power Considerations in Method 

Comparison Studies ; 

The investigator should consider whether the study design is 
likely to disclose critical differences of clinical relevance. 
Important factors in this context are the range of measure- 
ments, the SDs of the random errors of the involved 
methods, and the number of samples. These factors deter- 
mine the statistical power of a method comparison study 
(i.e., the ability of the data analysis procedure to verify the 
presence of a given systematic difference). 

Having decided from above what values of o and (B — 1) 
should be detected, the next step is to design the method 
comparison study appropriately. First, a relevant range of 
values should be included (i.e., covering the range of clini- 
cal interest). A uniform distribution of values over the range 
is preferable and is primarily supposed in the present evalu- 
ation. Secondly, we have to consider the random errors of 
the methods. Two situations should be considered: the pres- 
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Figure | 4-36 Illustration of the systematic difference A, 
between two methods at a given level XI, according to the 
regression line. The difference is a result of a constant 
systematic difference (intercept deviation from zero) and a 
proportional systematic difference (slope deviation from unity). 
The dotted line represents the diagonal X2 = XI. 


ence of constant and variable SDs for random error. The first 
possibility is mainly of interest given a short range of mea- 
sured concentrations (e.g., in case of electrolyte methods). 
Given ranges of more than 1 or more decades, the standard 
deviations of the random error distributions usually vary 
with the measured concentration, often in a roughly pro- 
portional way.” Finally, specific values for the SDs or CVs of 
the methods should be assigned from available quality 
control data and assumptions concerning random matrix- 
related errors. According to the formula presented below and 
as explained in more detail,” we now have the necessary 
information to plan the comparison study (i.e., to decide on 
the necessary number of samples). 

A general, simplified formula for approximating the 
sample size necessary for detection of a given deviation A of 
slope from unity or intercept from zero is”: 


N = (c/A) (tpz + tq)” 


A is the actual difference in slope from unity (or intercept 
from zero), and c is a constant determining the standard 
error (= c N) of the estimated difference D corresponding 
to the true difference A. tpp depends on the significance level 
p (Type I error) and is 1.96 (asymptotically) for p less than 
or equal to 5%. t_, reflects the statistical power (1 ~ q), 
which is the probability of verifying a real difference A. The 
complement of statistical power is the Type II error (q), 
which is the probability of overlooking a real difference 
A. For a traditional power level of 90%, t_, takes the value 
1.28. Finally the sample size is, in principle, inversely related 
to the squared difference A (i.e. if a given difference is 
halved, the ‘sample size requirement is increased by a factor 
of four). At small to moderate sample sizes, however, 
adjustment of the t-value from the asymptotic value and 
the general impact of approximations disturb this relation- 
ship slightly.” 

The relation between the null hypothesis situation of no 
difference (difference = 0) and the alternative hypothesis of 
the presence of a real difference (difference = A) is schemat- 
ically shown in Figure 14-37. The figure outlines the hypo- 
thetical situation corresponding to a set of repeated method 
comparison studies that results in observed differences D 
that are distributed around the true difference, which is zero 
under the null hypothesis of no difference and equal to A 
under the alternative hypothesis, The larger the sample size 
is, the narrower the dispersions of observed differences 
around the true values are. Thus for a given A and Type I 
error the power increases with the sample size. 

The necessary sample sizes for a series of standard 
method comparison situations in clinical chemistry have 
been tabulated (Tables 14-13 and 14-14). A Type I error 
(significance level) of 5% and a power of 90% have been 
assumed. Table 14-13 concerns the situation with constant 
SDs over the analytical measurement range, and Table 14-14 
covers cases with proportional SDs. 
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Figure 14-37 Schematic illustration of distributions of 
differences D under the null hypothesis (Ho) of no real 
difference and the alternative hypothesis (Ha) of the presence of 
a real difference A. The vertical dotted line indicates the limit of 
statistical significance. p is the Type | error (5%), and | — gq is the 
power (90%). (From Linnet K. Necessary sample size for method 
comparison studies based on regression analysis. Clin Chem 
1999;45:882-94 } 


Power in Case of Constant Error Standard Deviations 
Table 14-13 covers intervals with ratios from 1.25 to 10 for 
the maximum value divided by the minimum value (range 
ratio = maximum value/minimum value). The other entry 
in the table is the standardized delta value for slope or inter- 
cept. As regards the slope, this value refers to the slope devi- 
ation from unity measured in analytical coefficient of 
variation units: 


ABs = (B = D/CV 


where CV refers to [CV} + CV},]°. Notice that the CVs 
(expressed as fractions) enter the formula, even though con- 
stant SDs are supposed, implying that the CVs are not con- 
stant over the analytical measurement range. The CVs in the 
formula refer to the specific CV value at the middle of the 
interval of interest (i.e, CV =SD/x,,), where x,, is the mean 
of the interval for the analytes.” It is assumed in the present 
context that the CV values for method 1 and 2 are identical. 
CV, values may be known from quality contro] data. CVpz 
values are usually not known. Depending on knowledge 
about the analytical principles and the likely influence of 
matrix effects a reasonable value should be assumed. In some 
situations, a value of zero is reasonable; in other cases a value 
similar to the CV, might be assumed. 

With regard to the intercept deviation from zero, the stan- 
dardized delta value is: 


Aost = {Oto = 0)/SD 


TABLE 14-13 Sample Size Table for Comparison of Methods With Constant Standard Deviations for Random Errors 


Using Deming Regression Analysis* 


Necessary. sample sizes for test of slope deviation from | or intercept deviation from zero by. Deming 
regression analysis given constant error standard deviations: SD., = SD, = SD. Uniform xl and x2 
distributions on intervals with the given range ratio. Fhe range ratio is the maximum Value divided by 


the minimum value of the considered interval. 


OLR (given no random error in xl) requires half the listed. sample sizes. 


Type | error: 5%; Power: 90%. 


e e 


-DIVY 


RANGE Ratios 
2.5 


5104 15755 
1276. 410 
585—185 


343 


325 104 


9 - 0)/SD 125 1s 

eo 5125 15% 
1281 410 
580 ig2 oooO n 
330 110 40 


-RANGE RATIOS _ 


25 3 


364 273 
g o 7 
i2 33 
27: 2] 


*From Linnet K, Necessary sample size for method comparison studies based on regression analysis, Clin Chem 1999;45:882-94. 
‘CV refers to the coefficient of variation for the random error at the middle of the given interval (SD/x,,). 
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where SD refers to [SDi + SDiy]°°. The standard situations 
presuppose that the analyte values are uniformly distributed 
over the intervals of interest. The table has only selected 
entry values. With regard to standardized deviations that are 
not covered, an approximate sample size may be obtained by 
interpolation or extrapolation. At large sample sizes, squared 
interpolation or extrapolation is reasonable (examples of 
squared interpolation and extrapolation are given in the 
example below), but for small sample sizes this relationship 
is not exactly valid. Concerning the tabulated range ratios, 
approximate interpolations can also be carried out. Estima- 
tion of N given assumptions not covered in the table may be 
performed on the basis of formulas as described.” Moreover, 
it may be prudent to add additional samples to take nonideal 
conditions into account (e.g., target value distributions that 
are not exactly uniform over the given interval) (see later). 
The tabulated values refer to application of Deming regres- 
sion analysis assuming equal random errors for both 
methods. If OLR is applied and there are no random errors 
associated with the x1 values, the required sample sizes are 
half the tabulated values. 

It is apparent from the table that the range of values is 
very important with regard to the required sample size for 
detection of a given standardized slope or intercept devia- 
tion. For very short ranges characteristic for electrolyte 
measurement methods, detection of a standardized slope or 
intercept deviation equal to 1 may require more than 1000 


samples. On the other hand, the sample size requirements 
may be rather modest for analytes with values dispersed over 
wider ranges. As regards standardized deviations that are not 
covered, the approximate sample size may be obtained by 
squared interpolation or extrapolation 


Example: Planning a Comparison of Two Potassium 
Methods (Constant SDs) 

We first decide on the critical differences that should be 
detected: For convenience, we take as a basis the CLIA ’88 
demand, which amounts to 0.5mmol/L throughout the 
analytical measurement range. Notice that CLIA °88 
demands relate to the total error in relation to a target value 
of a quality control sample: 


Total Error = systematic error + 1.65 SDA 


The factor 1.65 corresponds to a total error assuming that 
95% of the measurements are within the given limit. 

We consider here decision levels of 3 and 6mmol/L and 
suppose in the present example that the SD, is 0.09 mmol/L, 
which corresponds to a CV, of 2% at the mean (4.5 mmol/L) 
of the considered range. In the present example we set the 
random bias component to zero. Thus the systematic differ- 
ence that should be detected is: 


A, = 0.5mmol/L — 1.65 x 0.09mmol/L = 0.35mmol/L 


TABLE 14-14 Sample Size Table for Comparison of Methods With Proportional Standard Deviations for Random Errors 
Using Weighted Deming Regression Analysis® 
Necessary sample sizes for test of slope deviation from | or intercept deviation from zero by weighted 
Deming regression analysis given proportional SDs (i.e., constant coefficients of variation): CV,, = CV. = CV. 


Uniform distributions of x} and x2 on intervals with the given range ratio. The range ratio is the 
maximum value divided by. the minimum value of the considered interval. 

WLR analysis (given no. random error in: xl} requires approximately half the. listed sample sizes. 
Type | error: 5%; Power: 90%. 


RANGE: RATIOS 
2 25 z 8 


IiCV 


10 50 100 


Aba = B- 


1 544 320.» area 45 87 87 
y 144 82 20 18 1S 
Bo 66 Ada 17 l4.: 12 <10 <10 £10 
zA: 5 


39 26. AO es 1222 S10 S10 <10 <10 <10 


RANGE RATIOS 


(V xx 35034 s e N x 100 


io : 281 Bes o 26 <10 <10 
2 : 70 14 alt <io <10 
Boe ; Boe 12 sTo S10 $10 <10 
4 22.82 S10 £10 S10 S10 <10 <10 


*From Linnet K. Necessary sample size for method comparison studies based on regression analysis. Clin Chem 1999;45:882-94. 
ty,, is the midpoint of the actual interval of interest (e.g., x, equals 6 for the interval [4; 8]), which has a range ratio of 2. 


394 Section Hil Principles of Laboratory Medicine 


From the general formula: 
Ac = X2argetc — XV argerc = Go + (B — DXVhargetc 
we obtain at XVargerc = 3 mmol/L: 
0.35 = 3.35 — 3 = a + (B — D3 


This corresponds to a requirement for detecting a equal 
to +0.35mmol/L, if the systematic difference is ascribed 
to an intercept deviation. Relating the systematic difference 
to a slope deviation results in a demand of detecting 
B= 1.12 (3.35/3) or 0.88, Similarly, at the upper deci- 
sion level of Xlarge = 6mmol/L, we have again the limits 
+0.35mmol/L for detection of Qa but now the demand for 
detecting a slope deviation has been sharpened to B = 1.06 
(6.35/6) or 0.94. 

We may now consider the various factors in the estima- 
tion of sample size. The first factor to consider is the analyt- 
ical measurement range: 3 to 6mmol/L (i.e., a range ratio of 
2). We suppose as mentioned above that both methods have 
constant SDs corresponding to a CV% of 2% at the middle 
of the range (i.e., 0.09 mmol/L). We are now able to convert 
the slope delta value to a standardized value: 


ABa = (B — 1/CV = 0.06/0.02 = 3.0 


Deming regression analysis is performed with a significance 
level (‘Type I error) of 5% and a statistical power of 90%. To 
get the necessary sample size, we consult Table 14-13 and 
look under a range ratio of 2 and a standardized slope devi- 
ation of 3 and find the sample size N = 70. 

Table 14-13 also covers cases studied by the use of OLR. 
Under the given assumptions, the approximate sample size 
requirement for OLR is obtained by dividing the numbers 
by 2 (i.e., N = 35 in this case) (see the accompanying Evolve 
site). However, a correct statistical analysis based on OLR 
requires that the x1 method is without analytical errors. 

For the intercept, we want to detect a deviation of 
+0.35 mmol/L, which may be converted to: 


Adios: = (9 ~ 0)/SD = 0.35/0.09 = 3.9 


According to Table 14-13 the sample size requirement is 
N= 40 for a standardized deviation 4. By squared inter- 
polation, we obtain N= 42 (= 40 x (4/3.9)’). Thus in this 
example the sample size requirement with regard to testing 
for intercept deviation from zero is less demanding than that 
of testing for a critical slope deviation. 


Power in Case of Proportional Error Standard Deviations 


Table 14-14 covers application of weighted Deming regres- 
sion analysis in situations with proportional SDs (constant 
CVs} and includes intervals with range ratios extending from 
2 to 100. The standardized slope deviation is here: 


ABs = (B ~ D/CV 
and the standardized intercept deviation from zero is: 


Aost = (Og — 0)/(CV X xm) 


CV refers to [CV} + CVĝs]™ and should be expressed as a 
fraction, not a percentage. x,, is the midpoint of the interval 
of interest. Application of Table 14-14 presupposes that the 
analytical methods have identical CVs, and that the analyte 
concentrations are uniformly distributed over the intervals 
of interest. The CV refers to single or duplicate sets of 
measurements as appropriate. Approximate sample sizes for 
application of WLR, assuming CV=0 for method 1, are 
derived by division of the sample size values by 2. 

With regard to testing slope deviations, the strong impact 
on sample size of the range of values is apparent. The 
required number of samples is of the same order of magni- 
tude as for analogous situations with constant SDs. For 
example, detection of one standardized slope deviation with 
the given Type I error and power requires more than 500 
samples when the range ratio is 2, but only 37 samples for a 
range ratio of 50 or higher. Below, the sample size require- 
ment is considered for a comparison of two glucose methods 
with proportional SDs. 


Example: Planning a Comparison of Two Glucose 
Methods (Proportional SDs) 

We first decide on the critical differences that should be 
detected. For convenience, we apply CLIA 88 requirements, 
which specify that A= 10% or 60mg/L at low concentra- 
tions, We consider a decision level corresponding to a fasting 
plasma glucose concentration of 1260mg/L, which is of 
relevance for the diagnosis of diabetes. Again we notice that 
CLIA ’88 requirements relate to the total error. Assuming 
proportional SDs with a CV, of 3% for both methods 
and CVy, equal to zero, we obtain the critical systematic 
difference as: 


A. = 10% — 1.65 x 3% = 5% 
We have: 


Aec = X2Targetc ~ Xfargetc = 0o + (B z 1)XlTargete 


which corresponds to: 


(0.05 X 1260) = X2fargete —1260 = O + (B — 1) x 1260 
or 63 = 1323 — 1260 = a + (B — 1) x 1260 


This relation translates to a requirement of detecting Oo 
equal to +63 mg/L, if the systematic difference is related to 
an intercept deviation. Ascribing the systematic difference to 
a slope deviation requires detecting B = 1.05 or 0.95. 

Let us now consider the conditions: an analytical mea- 
surement range of 600 mg/L to 3000 mg/L (i.e., a range ratio 
of 5); the midpoint of the interval (xm) = 1800 mg/L; and for 
both methods, proportional SD,s with CV,s=0.03. The 
regression procedure is weighted Deming regression analy- 
sis with a significance level (Type I error) of 5% and a 
statistical power of 90%, 

We standardize the slope deviation: 


ABs = (B — D/CV = 0.05/0.03 = 1.7 
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From the column corresponding to a range ratio of 5 in 
Table 14-14, we find the required sample size to be between 
114 and 33 measurements by each method. Squared inter- 
polation gives N = 46 (= 33 x (2/1.7}). For WLR assuming 
CV,=0 for method 1, approximately half the number of 
samples are required (N = 23). 

Concerning the intercept, we want to detect a deviation 
of +63 mg/L, which may be converted to: 


Ados = (Glo — 0)/(CVa X Xm) = 63/(0.03 x 1800) = 1.2 


From Table 14-14 we obtain N = 48 (= 69 x (1/1.2)’) Ge., in 
this case about the same number as that obtained for testing 
the critical slope deviation). 

Other decision levels might also be considered (e.g., 
the nonfasting plasma glucose concentration limit of 
2000 mg/L). In this proportional error model, the stan- 
dardized slope deviation to be detected is the same at all 
decision levels, but the requirement for intercept detection 
varies with the concentration, so that the most demanding 
situations occur at low concentrations. 


DISCUSSION OF APPLICATION OF REGRESSION ANALYSIS 


Most published method evaluations fail to apply regression 
analysis in a rigorous fashion. This section considers both 
the use of OLR instead of Deming regression and the use of 
unweighted analysis in the setting of proportional random 
errors, 


Application of OLR in Case of Random Errors Associated 
with Both x1 and x2 


OLR is the most widely used regression analysis procedure 
in method comparison studies. Thus it is important to con- 
sider the significance of the lack of consideration of mea- 
surement errors in xl as outlined previously (see Figures 
14-23 and 14-24). The bias problem concerning the slope is 
most significant when dealing with narrow measurement 
ranges (e.g, when comparing electrolyte measurements). It 
has been recommended that OLR may be applied when the 
correlation coefficient exceeds 0.975 or 0.99." The correla- 
tion coefficient, however, also depends on the random error 
of x2, which has no influence on the bias problem. The bias 
of the slope estimate has as a consequence that the Type I 
error for the statistical analysis increases (i.e. the null 
hypothesis is rejected too frequently). Depending upon the 
range of test concentrations considered and the amount of 
random error associated with x1, this increase may be several 
fold higher than the nominal level of 5%. If the range of X1 
target values is large (e.g., corresponding to several decades), 
the problem is negligible. 


Application of Unweighted Forms of Regression Analysis 
in Case of Proportional Random Errors 

According to current practice in method comparison 
studies, it is usual to apply unweighted forms of regression 
analysis (i.e., OLR and the Deming procedure), even though 
the SDs vary with the measured concentration, as occurs 


with a proportional relation (constant CV,). Thus it is of 
interest to consider what happens in these situations. 

Basically, OLR provides unbiased estimates of slope and 
intercept, if x1 is without random error, irrespective of 
whether the SD for random error of x2 is constant or varies 
with the measured concentration. In the same way, the 
Deming procedure provides unbiased estimates of slope and 
intercept, when the SDs vary, provided that their ratio is 
constant throughout the analytical measurement range. This 
aspect is-important and means that generally the estimates 
of slope and intercept are reliable in this frequently encoun- 
tered situation. However, additional aspects must be consid- 
ered: the reliability of the associated statistical analysis and 
the efficiency of the unweighted estimation procedures. The 
presence of a proportional SD, for the x2 measurements 
tends to independently increase the Type I error for the test 
of slope deviation using the OLR procedure, because the 
standard error of the slope is underestimated. The phenom- 
enon is most pronounced for skew target value distributions, 
in which cases the Type I error may increase threefold to 
fourfold, becoming 15% to 20% compared with the nominal 
level of 5%. For uniform and Gaussian target value distri- 
butions, the increase is up to 7.5% and 10%, respectively. 
Finally the precision of slope and intercept estimations is 
lower than that of WLR in case of a proportional SD, for x2 
measurements. For a range ratio of 10, 2.3 times as many 
observations are required for estimation of the slope with a 
given precision compared with the WLR procedure (Table 
14-15). For the intercept, the factor is 3.9. 

The major problem associated with application of the 
unweighted Deming analysis in case of proportional SD,s is 
the suboptimality of the unweighted approach (Table 14- 
15). For uniform distributions with range ratios from 2 to 
100, 1.2 to 3.7 times as many samples are necessary to obtain 
the same precision of the slope estimate by the unweighted 
compared with the weighted approach. Thus the larger the 
range ratio, the more inefficient the unweighted method. If 
one intends to apply the unweighted Deming procedure in 
a situation with proportional SDs, the sample size values of 
Table 14-14 should be multiplied by the adjustment factors 
that may be derived from Table 14-15. 

In conclusion, planning a method comparison study to 
achieve a given power for detection of medically notable 
differences should be considered. In this way, a method 
comparison study is likely to be conclusive: either the null 
hypothesis of no difference is accepted, or the presence of a 
relevant difference is established. Otherwise, a statistically 
nonsignificant slope deviation from unity or intercept 
deviation from zero or both may either imply that the null 
hypothesis is true, or be an example of a Type H error (i.e., 
an overlooked real difference of medical importance). 


DISCUSSION OF METHOD COMPARISON APPROACHES 

The various approaches outlined above all have their merits 
and limitations. Much emphasis has been placed on the 
difference plot, usually in the form suggested by Bland and. 


396 Section III Principles of Laboratory Medicine 


Altman.‘ Its advantage is that the differences are in focus and 
can be considered in detail, The x-y plot with a regression 
analysis line has been criticized for not displaying the differ- 
ences explicitly, which may constitute a point in favor of the 
difference plot. On the other hand, when the relation between 
target values (i.e., the mean bias at a given concentration) 
changes drastically from plus to minus or vice versa, the x-y 
plot with regression analysis displays the relations accurately. 
All in all, the use of both a difference plot and an x-y plot with 
the estimated regression line will provide a good outline of 
both the mean bias as a function of the concentration and 
the random differences, It is important to get estimates of 
relevant measures for mean bias and random differences as 
outlined above. The use of the correlation coefficient should 
be avoided, because the interpretation is complex, and the 
value does not express relevant error measures. 


An important aspect in clinical chemistry is monitoring of 
disease or treatment (e.g., tumor markers in case of cancer 
or drug concentrations in case of therapeutic drug monitor- 
ing). To assess changes in a rational way, the various impre- 
cision components have to be taken into account. Biological 
within-subject variation (SDyinia-»), preanalytical variation 
(SDr), and analytical variation (SD,) all have to be recog- 
nized, We assume in the following discussion that preana- 
lytical variation is already included in the estimated 
within-subject variation SD, which often is the case. On 
this basis, using the principle of adding squared standard 
deviations (variances) a total SD (SDr) can be estimated: 


SD} = SDWwithin-s + SDA 


The limit for statistically significant changes then is: k¥2 
SDr, where k depends on the desired probability level. Con- 
sidering a two-sided 5% level, k is 1.96. The corresponding 
one-sided factor is 1.65. If a higher probability level is 
desired, k should be increased. 

Limits for statistically significant changes (Deltas) may 
be related to changes that are considered of medical impor- 


tance by clinicians (i.e., action limits [Delta,,.q]).°° We will 
here consider a one-sided situation, where an increase is of 
importance, and a 5% significance level is selected (Le., 
Deltassa: = 1.65V2 SDr = 1.65 SDan). Suppose as a starting 
point that the true change (Delta,,,.) for a patient is zero 
(Figure 14-38, A). If Delta,,,, is less than Deltamea, the fre- 
quency of false-positive alarms will be less than 5%. If, on 
the other hand, Delta, exceeds Delta,.a, the frequency of 
false-positive alarms will exceed 5% {i.e., medical action will 
be taken too frequently). Figure 14-38, A illustrates the situ- 
ation with Delta,,, equal to Deltame We now consider the 
situation with a true change equal to the medically impor- 
tant change (i.e. Deltawu = Delta,.g) (Figure 14-38, B), 
where exactly 50% of the observed changes exceed the med- 
ically important limit. If Delta,,.. is less than or equal to 
Deltanea less than 5% of the patients will exhibit an observed 
delta value in the opposite direction of the true change (an 
obviously misleading trend). If the condition is not met, 
more than 5% will have a misleading change. Finally, in the 
case in which the true change equals the sum of Delta,,.g and. 
Delta, (Figure 14-38, C) more than 95% of the observed 
changes exceed the medically important change and appro- 
priate action will be taken for most patients. 

The outline presented above illustrates that in the moni- 
toring situation not only the requirement for statistical sig- 
nificance (Le., the Type I error problem concerning false 
alarms), but also the Type H error problem or the risk of 
overlooking changes should be addressed; the latter is an 
aspect that often is overlooked.” Provided that Deltag,: is 
small relative to Deltay.g, both the Type I and II errors can 
be kept small. On the other hand, if Delta... equals or exceeds 
Delta,,.4, the relative importance of Type I and II errors may 
be weighed against each other. If the consequences of 
overlooking a medically important change are serious, one 
should keep the Type II error small and accept a relatively 
large Type I error (i.e., accept the occurrence of false alarms). 
On the contrary, if overlooking changes only gives rise to 
minor or transient problems, the priority may be to keep the 
Type I error small. In addition to the simple evaluation of a 
shift between two measurements as considered here, sequen- 


TABLE 14-15 Comparison of Sample Sizes Providing the Same Precision of Slope and Intercept Estimates by 
Unweighted and Weighted Deming Regression Analysis in Situations With Proportional Error SDs 
Uniform xl and x2 distributions are supposed on intervals with the given range ratio. 


RANGE RATIOS. 
3 5 


Sample size for weighted Deming regression analysis 


Equivalent sample size for unweighted Deming regression 
analysis for:slope testing 

Equivalent sample size for. unweighted Deming regression 
analysis for intercept testing 


100 100 
132 155 


145 184 389 1067 


From Linnet K. Necessary sample size for method comparison studies based on regression analysis. Clin Chem 1999;45:882-94, 
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Probability density 


Probability density 
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5% 


5% 


tial results may also be analyzed using more refined time- 
series models.” 


TRACEABILITY AND MEASUREMENT 
UNCERTAINTY 


As outlined previously in the error model sections, labora- 
tory results are likely to be influenced by systematic and 
random errors of various kinds. Obtaining agreement of 
measurements between laboratories or agreement over time 
in a given laboratory often can be problematic. 


TRACEABILITY 


To ensure reasonable agreement between measurements of 
field methods, the concept of traceability comes into focus. 
Traceability is based on an unbroken chain of comparisons 
of measurements leading to a known reference value (Figure 
14-39). A hierarchical approach for tracing the values of 
routine clinical chemistry measurements to reference and 
definitive methods was proposed by Tietz and has been 
adapted by the ISO. For well-established analytes, a hierar- 
chy of methods exists with a primary reference procedure at 
the top, secondary reference procedures at an intermediate 
level, and finally routine methods at the bottom. A 
primary reference procedure is a fully understood procedure 
of highest analytical quality with complete uncertainty 
budget given in SI units.”’”’ The results of the primary ref- 
erence method are obtained without reference to a calibra- 
tor for the analyte to be measured. The primary reference 
procedure is used to assign values to primary calibrators. 
Subsequently the primary calibrator is applied in the cali- 
bration of secondary reference procedures. Secondary refer- 
ence procedures are used to measure the analyte 
concentration in secondary calibrators, which typically have 
the same matrix as the samples that are to be measured by 
the routine procedures (e.g., human serum). Secondary 
calibrators are usually of high analytical quality and certi- 
fied. Using cortisol as an example, the primary measurement 
procedure may consist of weighing of cortisol and a chemi- 
cal analysis for impurities. A primary calibrator is then a 
cortisol preparation with stated mass fraction (purity) (e.g., 
0.998 and a 95% CI of +0.001). The secondary reference 
measurement procedure is an isotope-dilution gas chro- 
matography-mass spectrometry method. After the sec- 
ondary calibrator, we have a measurement procedure used 
for commercial preparation of reagents, calibrators, and 
analytical kits for routine use in clinical chemistry laborato- 
ries. The selected measurement procedure is calibrated with a 
primary or secondary calibrator, and is used for measure- 
ment of the quantity in the manufacturer’s working calibra- 
tor. The latter is used to calibrate the company’s standing 
measurement procedure, which is a method that has been val- 


Figure 14-38 The monitoring situation: A, Distribution of 
observed changes given a true change of zero. B, A true change 
equal to Deltaney. ©, A true change of (Deltamea + 1.65 SDacta). 
Deltaga (= 1.65 SDaeta) equals Delta,,.4 in these examples. 
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Figure 14-39 The calibration hierarchy from a primary method 
to a routine method. The uncertainty increases from top to 
bottom. 


idated with regard to analytical specificity. The standing 
measurement procedure is applied for quantitation of the 
product calibrator, which is the calibrator for the routine 
method. The uncertainty of the measurement procedures 
increases from the top level to the bottom. Some recent ISO 
guidelines (15193 and 15194) address reference methods and 
reference materials.” 

Only a minority (25 to 30) of clinical chemistry analytes 
are traceable to SI units (e.g., electrolytes), some metabolites 
(glucose, creatinine, and uric acid), steroid, and some 
thyroid hormones.’*'” With protein hormones, the exis- 
tence of heterogeneity or microheterogeneity complicates 
the problem of traceability.” 


THE UNCERTAINTY CONCEPT 

To assess errors associated with laboratory results in a sys- 
tematic way, the uncertainty concept has been introduced in 
laboratory medicine.” According to the ISO Guide to the 
Expression of Uncertainty in Measurement (“GUM”), uncer- 


tainty is formally defined as “a parameter associated with the 
result of a measurement that characterizes the dispersion of 
the values that could reasonably be attributed to the mea- 
surand.”** In practice, this means that the uncertainty is 
given as an interval around a reported laboratory result that 
specifies the location of the true value with a given proba- 
bility (e.g., 95%). In general the uncertainty of a result, 
which is traceable to a particular reference, is the uncertainty 
of that reference together with the overall uncertainty of the 
traceability chain.” Updated information on traceability 
aspects is available on the website of the Joint Committee on 
Traceability in Laboratory Medicine (www.bipm.org/enus/ 
2_Committees/JCTLM. shtml, Accessed August, 2003). 


The Standard Uncertainty (us) 


The uncertainty concept is directed toward the end user 
(clinician) of the result, who is concerned about the total 
error possible, and who is not particularly interested in the 
question whether the errors are systematic or random. In the 
outline of the uncertainty concept it is assumed that any 
known systematic error components of a measurement 
method have been corrected, and the specified uncertainty 
includes the uncertainty associated with correction of the 
systematic error(s).*° Although this appears logical, a 
problem may be that some routine methods have systematic 
errors dependent on the patient category from which the 
sample originates. For example, kinetic Jaffé methods for 
creatinine are subject to positive interference by alpha-keto 
compounds and to negative interference by bilirubin and its 
metabolites, which means that the direction of systematic 
error will be patient dependent and not generally 
predictable. 

In the theory on uncertainty, a distinction between type 
A and B uncertainties is made. Type A uncertainties are 
frequency-based estimates of standard deviations (e.g., 
an SD of the imprecision). Type B uncertainties are uncer- 
tainty components for which frequency-based SDs are 
not available. Instead, the uncertainty is estimated by other 
approaches or by the opinion of experts. Finally the total 
uncertainty is derived from a combination of all sources of 
uncertainty. In this context, it is practical to operate with 
standard uncertainties (uy), which are equivalent to standard 
deviations. By multiplication of a standard uncertainty with 
a coverage factor (k), the uncertainty corresponding to a 
specified probability level is derived. For example, multipli- 
cation with a coverage factor of two yields a probability level 
of = 95% given a normal distribution. When considering 
the total uncertainty of an analytical result obtained by a 
routine method, the preanalytical variation, method impre- 
cision, random matrix-related interferences, and uncertainty 
related to calibration and bias corrections (traceability) 
should be taken into account. Expressing the uncertainty 
components as standard uncertainties, we have the general 
relation: 


= 2 2 2 2 
Hs = [utas + Häst + URpst + Uras] 
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where the individual components refer to preanalytical, 
analytical, matrix-related random bias and traceability 
uncertainty. 

Uncertainty can be assessed in various ways, and often 
a combination of procedures is necessary. In principle, 
uncertainty can be judged directly from measurement 
comparisons or indirectly from an analysis of individual 
error sources according to the law of error propagation 
(“error budget”). Measurement comparison may consist of 
a method comparison study with a reference method based 
on patient samples according to the principles outlined 
previously or by measurement of certified matrix reference 
materials (CRMs). 


Example of Direct Assessment of Uncertainty on the 
Basis of Measurements of a Certified Reference Material 
Suppose a CRM is available with a specified value 
10.0 mmol/L and a standard uncertainty of 0.2 mmol/L. Ten 
repeated measurements in independent runs give a mean 
value of 10.3mmol/L with SD_0.5mmol/L. The standard 
error of the mean is then 0.5/¥10 = 0.16 mmol/L. The mean 
is not significantly different from the assigned value (t= 
(10.3 — 10.0)/(0.2? + 0.167)°° = 1.17). The total standard 
uncertainty with regard to traceability is then tinas = [0.16 
+ 0.27]°° = 0.26 mmol/L. If the bias had been significant, one 
might have considered making a correction to the method, 
and the standard uncertainty would then be the same at the 
given level. Thus the measurements of the CRM provide an 
estimate of the uncertainty related to traceability. The 
other components have to be estimated separately. Concern- 
ing method imprecision, the long-term imprecision (e.g., 
observed from quality control measurements) should be 
used rather than the short-term SD observed for the CRM 
material. We here suppose the long-term SD, is 0.8 mmol/L. 
Data on preanalytical variation can be obtained by sampling 
in duplicates from a series of patients or can be a matter of 
judgment (type B uncertainty) from literature data or data 
on similar analytes. We here suppose SD,, equals half the 
analytical SD (i.e, 0.4mmol/L). Finally, we lack data on a 
possible random bias component, which we may choose to 
ignore in the present example. The standard uncertainty of 
the results then becomes: 

Us = [Up Ase + Uist + UFracst| = [0.4 + 0,87 + 0.26? in 


= 0.93 (mmol/L) 


In this case, the major uncertainty component is the long- 
term imprecision in the laboratory. 


Example of Direct Assessment of Uncertainty on the Basis 
of a Method Comparison Study with a Reference Method 
Using Patient Samples 

Suppose a set of patient samples has been measured by a field 
method (X2) in parallel with a reference method (X1) and 
that a linear relationship exists between the measurements. 
We want to assess a possible bias and evaluate the standard 


uncertainty of the results of the field method on the basis of 
the regression analysis results and information on the stan- 
dard uncertainty related to traceability of the reference 
method results. The imprecision of the reference method Is 
assumed to be 2.5% or as a fraction (used in the following) 
0.025 (= CVa), and the component relating to the uncer- 
tainty of the traceability chain for the reference method is 
0.020 (= Urmas} Proportional measurement errors are 
assumed for both methods and a weighted form of Deming 
regression analysis is applied. The error variance ratio À is 
not known exactly, but the reference method is devoid of 
random bias, so it is assumed that the random error level is 
about half that of the field method (i.e., A is set to 1/2? = 1/4). 
At a decision point (XVige,) (e.g.. corresponding to the 
upper limit of the 95% reference interval), the systematic 
difference between the methods (D, = ao + (b ~ 1) XV argetc) is 
estimated with standard error (see regression section): 


D, = X2"argete = X lTargete = 20mg/L with SE(D.) 
= 1.0 mg/L 


corresponding to a relative SE(D,) of 0.050 (= (1.0 mg/L) 
(20mg/L)). For OLR analysis ignoring random measure- 
ment error with regard to Xue, SE(D,) can be computed 
as outlined in the regression section. For the Deming proce- 
dures, the standard error can be conveniently computed by 
the jackknife procedure (described on the book’s accompa- 
nying Evolve site). We observe that the difference is highly 
significant and decide to recalibrate the field method in rela- 
tion to the reference method using the estimated slope and 
intercept (i.e., the recalibrated x2 values equals (x2 — ap)/b). 
Having done that, the field method is assumed to have no 
systematic error in relation to the reference method, but 
when considering the uncertainty of the results, we have to 
add the standard uncertainty of the bias correction. The 
uncertainty related to traceability for the field method is now 
obtained as the uncertainty inherent to the reference method 
and the comparison step, i.e., 


0.5 
UTracst = [0.0207 + 0.050°} ~ = 0.054 


We are now further interested in deriving estimates of 
random error components for the field method from the 
regression analysis results. Both analytical error and random 
matrix-related error should be assessed, and it should be 
recognized that the observed total random error is the 
result of contributions from both measurement methods. 
Suppose that CV», of the regression analysis has been calcu- 
lated to be 0.10 (CV; is analogous to SDa or SD,» given 
constant measurement errors over the analytical measure- 
ment range {ie., an expression for the random error in the 
vertical direction in the x-y plot]). From the regression 
section, we have: 


CVA = [CVA + CVKa] + [CVs + CViae2] 


By substituting CVa = 0.025, CVpsi = 0, and CV, = 0.10, we 
derive 
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CV, + CVĝ2 = 0.009375 [CVZ, + CVE r = 0.0968 
A2 RB2 Tr A2 RB2 ae 


Thus the total random error of the field method corresponds 
to a CV of 0.097. If we had measured samples in duplicate 
in the method comparison experiment or had available 
quality control data, we could split the total random error 
into its components. CV p is here assumed to be 0.035, which 
gives a rest of 0.090 corresponding to CVs. We may here 
notice that the assumed error ratio A of (4) is not quite 
correct. According to our. results, A should be. (0.025/ 
0.0968). Although the Deming regression principle is rather 
robust toward misspecified A values, we could choose to 
carry out a reanalysis with the more correct À value, a process 
that could be iterated. Finally, assuming a value of 0.03 for 
the preanalytical coefficient of variation, we derive a total 
standard uncertainty estimate of: 


2 2 2 2 
Us = [pAs + Yast + URBst + UFracst | 


ing 


= [0.03* + 0.09687 + 0.0547] = 0.115 


At the given decision level of 20mg/L and with a coverage 
factor of 2, we obtain the 95% uncertainty interval of a single 
field measurement as: 


20mp/L + (2 x 0.115 x 20)mg/L = 15.4 — 24.6mg/L 


Having estimated the uncertainty as outlined, additional 
uncertainty sources should be considered. If the comparison 
was undertaken within a short time period, one might con- 
sider adding an additional long-term imprecision compo- 
nent as a variance component to the standard uncertainty 
expression. 

When comparing the two approaches briefly outlined, the 
latter is the more informative. Using a series of patient 
samples instead of a pooled sample, individual random bias 
components are included in the uncertainty estimation, 
assuming the patient samples are representative. Also, 
natural patient samples are preferable to a stabilized pool 
that perhaps is distributed in freeze-dried form that may 
introduce artifactual errors in some analytical systems. Using 
a CRM, on the other hand, is more practical and in many 
situations the only realistic alternative. 

With regard to uncertainty estimation from a compari- 
son study of patient samples as outlined above, one should 
be careful concerning the uncertainty estimation. First, it is 
important to estimate correctly the standard error of the dif- 
ference at selected decision points or at points covering the 
analytical measurement range (i.e., at the lower limit, in the 
middle part, and at the upper limit). From the expression of 
the estimated difference (D,=a@)+(b-1) XVingetc), one 
might at a first glance estimate the standard error (standard 
uncertainty) by adding (squared) the standard errors of the 
intercept and slope. However, simple squared addition of 
standard errors is only correct given independence of esti- 
mates (see below). Estimates of intercept and slope in regres- 
sion analysis are negatively correlated, which implies that 


simple squared addition of standard errors leads to an 
overestimation of the total standard uncertainty.’* Rather, a 
direct estimation procedure for the standard error should be 
applied as mentioned above. 

A method comparison study based on genuine patient 
samples represents as mentioned a real assessment of trace- 
ability. In Figure 14-39, the focus is on the calibration aspect 
intended to mediate traceability. One should recognize that 
the matrix of product calibrators for practical reasons 
often is artificial (e.g., the matrix of a calibrator may be 
bovine albumin instead of human serum). Many routine 
methods are matrix sensitive, which implies that calibrators 
and patient samples are not commutable. To ensure trace- 
ability in this situation, the assigned concentration of a 
calibrator has to be different from the real concentration. 


Uncertainty Estimation from External Quality 
Assessment Schemes 


Measurement comparison with reference methods or 
measurement of CRMs may not be feasible. For example, 
measurement of newly detected biochemical markers may 
only be performed in a handful of research laboratories. 
In this case, collaborative studies or data from EQAS may 
constitute a source for uncertainty estimations. If the labo- 
ratory has performed repeated measurements over a time 
period, the standard deviation of differences (SDa) between 
the measured values and the consensus or assigned values 
may enter the uncertainty computations. If a significant 
systematic difference is observed, a correction should 
be considered. SDa can be considered as composed of 
the inherent (short-time) imprecision in the laboratory 
(SDintraan) and a variability component reflecting variations 
over time of the systematic error (here expressed as SD,,.). 
For example, if an external control material is assayed 
monthly in duplicate and if the differences between the con- 
sensus values and the mean of duplicates are assessed, the 
following relation applies: 


SDii¢ = SDexe + SD acne 2 


Taking into account also the preanalytical variation associ- 
ated with sampling and sample pre-treatment, the total stan- 
dard uncertainty with traceability stated to the consensus 
mean is given by: 


Z. os 2 2 2 
Ug, = SD a + SD intralab + SDèxt 


In case several laboratories use the same analytical reagent 
systems, a subgrouping of consensus means is often per- 
formed. When considering uncertainty, it should then be 
distinguished between traceability to the subgroup consen- 
sus and the overall consensus mean. 

The total dispersion of values for a group of laboratories 
in an EQAS study for a given method gives an impression of 
the uncertainty level that can be achieved in practice. From 
the relation: 


j 2 = 2 2 
SDF otal = SD intralab Y SDintertab 
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it is observed to what extent it is possible for groups of 
laboratories to conform to a common measurement level. 
Additional preanalytical uncertainty and uncertainty related 
to the traceability (bias) of the consensus mean should 
also be included. This total uncertainty expressed as a stan- 
dard uncertainty can be used to consider the feasibility of 
using common decision levels (e.g., internationally agreed 
diagnostic or treatment limits). 


Indirect Evaluation of Uncertainty by Quantification of 
Individual Error Source Components 

On the basis of a detailed quantitative model of the analyti- 
cal procedure, the standard approach is to assess the stan- 
dard uncertainties associated with the individual input 
parameters and combine them according to the law of 
propagation of uncertainties.’ The relationship between 
the combined standard uncertainty u,(y) of a value y and the 
uncertainty of the independent parameters x, x... Xm ON 
which it depends, is: 


udyan.) = Eue] 


where c is a sensitivity coefficient (the partial differential of 
y with respect to x;). These sensitivity coefficients indicate 
how the value of y varies with changes in the input parame- 
ters x; H the variables are not independent, the relationship 
becomes: 


ucly(xj xz... )] = [E ua +Z cauad] 


where u(x, x,) is the covariance between x; and xp and c; and 
c are the sensitivity coefficients, The covariance is related to 
the correlation coefficient pi by: 


u(x; ,x~) = ulx;)ulxg Pix 


This is a complex relationship that usually will be difficult 
to evaluate in practice. In many situations, however, the 
contributing factors are independent, thus simplifying the 
picture. Below, some simple examples of combined 
expressions are shown. The rules are presented in the form 
of combining SDs or coefficients of variation (CVs) given 
independent input components. 


2 2 0.5 
SD) = [SD +SD(y)"] 


quxty 
2 2 0.5 
q=x-y SDQ = |S) +8D(y)] 
q = ax SD(q) = aSD(x) and CV(qg) = CV(x) 
q= x? CV(q) = p?°CV(x) 
gexy CV) =[cve cvo] 
q=x/y V = fev rovo] 


The formulas shown may be used, for example, to calculate 
the combined uncertainty of a calibrator solution from the 


uncertainties of the reference compound, the weighting, and | 


dilution steps) (see below). 


TABLE 14-16 Relations between Standard Deviation 
and: Range for Various Types of 
Distributions 


Triangular : " 


ee Rectangular 
_ Distribution 

© SD = Half 
- width//3_ 


Some relations between the SD and nonnormal distribu- 
tions may also be of relevance for uncertainty calculations 
(type B uncertainties) (Table 14-16). For example, if the 
uncertainty of a CRM value is given with some percentage, 
it may be understood as referring to a rectangular probabil- 
ity distribution. In relation to calibration of flasks, the 
triangular distribution is often assumed. 


Example 

Briefly, computation of the standard uncertainty of a cali- 
brator solution will be outlined. The concentration C equals 
the mass M divided by the volume V (C= M/V). We will 
here express the standard uncertainties as relative values 
and derive the approximate total standard uncertainty by 
squared addition of the individual contributions. Starting 
with the mass, the purity is stated on the certificate as 99.4% 
+0.4%. Assuming a rectangular distribution, the relative 
standard deviation becomes 0.004/V3 = 0.0023. The uncer- 
tainty of the weighing process is known in the laboratory to 
have a CV of 0.1% or 0.0010. Thus the relative standard 
uncertainty of the mass becomes: 


umst = [0.0023 + 0.00107 


0.5 
[> = 0.0025 


The certificate of the flask (50mL at 20°C) indicates +0.1 mL 
as uncertainty. Assuming here a triangular distribution, we 
derive the standard uncertainty as 0.10 mL/V6 = 0.0408 mL, 
which is converted to a relative value of 0.000816. The 
temperature expansion coefficient is given as 0.020mL per 
degree change of temperature. Assuming a variability of 
20 £ 4°C, this contribution amounts to +0.080 mL. Assum- 
ing here a rectangular distribution, we get an SD of 0.080/ 
¥3mL, or 0.00092 as a relative SD. The repeatability of the 
volume dispensing process in the laboratory has been 
assessed to 0.020 mL expressed. as an SD, which corresponds 
to.a relative value of 0.00040. The total standard uncertainty 
of the volume dispensing process becomes: 


0.5 
uya = [0.000816 + 0.000927 + 0.000407] = 0.0013 
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The total standard uncertainty of the calibrator solution is: 


0.5 
ucast = [uia + Weise] = 0.0025? +0.00137 
= 0.0028 or 0.28% 


Quite generally, when adding squared CVs, minor con- 
tributions can in practice be ignored (e.g., CVs less than a 
third or quarter of the other components).” 

The indirect procedure is mainly of relevance for rela- 
tively simple procedures. In some situations, a simulation 
model of a complex analytical method may be established to 
estimate the combined uncertainty of the method on the 
basis of the input uncertainties.’ For closed, automated clin- 
ical chemistry procedures it will often not be possible to 
discern the individual error elements. Further, the correla- 
tion aspect is difficult to take into account in practice. In 
these cases, the direct procedure of measurement compari- 
son is preferable. However, the indirect procedure has been 
applied in clinical chemistry.” 


Uncertainty in Relation to the Traditional Systematic and 
Random Error Classifications 

As mentioned above, systematic errors have no place in the 
uncertainty expression, because it is assumed that they have 
been corrected, so that it is the uncertainty of the correction 
procedure that should be taken into account. Otherwise, 
systematic errors have been added linearly or squared in 
error propagation models.’ One may further consider 
that the distinction between systematic effects and random 
effects may be a matter of the reference frame. For example, 
a systematic error over time may turn into a random error, 
because a bias may change over time. Lot to lot reagent 
effects may be interpreted as either systematic or random 
errors. When a laboratory changes from an old to a new lot, 
a shift in measurement level may occur, which initially will 
be considered as a systematic change. However, over a long 
time period involving several lots of reagents, the recorded 
shifts will typically be wp and down and be regarded as a 
long-term random error component. Additionally, a bias in 
a particular laboratory may be viewed as a random error 
component, when dealing with a whole group of laborato- 
ries, because the individual laboratory biases appear ran- 
domly distributed and are quantified as the interlaboratory 
standard deviation. Thus there are arguments for using the 
uncertainty concept as outlined above to end up with one 
overall uncertainty expression directed toward the end user 
of the laboratory result. Still, as mentioned previously, 
systematic errors linked to samples from specific patient 
subcategories may constitute a problem, because a general 
correction is not possible. A way to quantify this error con- 
tribution is to include samples from all patient subgroups in 
a balanced way in a method comparison study, so that this 
error type is incorporated in the uncertainty component 
related to traceability. Another problem with systematic 
etrors is that they often depend on the analyte concentra- 
tion. Thus if a CRM is measured at a particular concentra- 


tion, one should consider whether a bias correction is 
valid only at the given level or generally over the analytical 
measurement range. Further, the occurrence of outliers 
caused by rarely occurring interference (e.g, heterophilic 
antibodies in relation to immunoassays) also constitutes a 
problem.” If the uncertainty estimation is based on para- 
metric statistics (standard uncertainty expanded by a cover- 
age factor), inclusion of gross outliers may increase the 
standard uncertainty considerably and make the uncertainty 
specification useless. A solution might here be to omit the 
outliers in the first hand, compute the 95% uncertainty 
interval, and then finally add a special note with regard to 
the probability of occurrence of outliers in the uncertainty 
specification. 

Although it may appear complicated to specify the uncer- 
tainty in a detailed manner, a rough estimate may be 
obtained by adding the squares of CVs corresponding to 
essential uncertainty elements (e.g., grouped as the factors 
outside the laboratory) (derived from the traceability chain), 
the analytical factors inside the laboratory (intermediate 
precision), and the preanalytical elements.” In estimating 
uncertainty, it is important to include relevant elements, but 
be careful not to count the same elements twice. It should be 
recognized that the simple squared addition principle 
requires independence. Finally, because of the squared addi- 
tion principle of CVs, minor contributions can in practice 
be ignored. The application of the uncertainty concept in the 
field of clinical chemistry is currently subject to some 
discussion.*””® 


GUIDELINES, REGULATORY DEMANDS, 
AND ACCREDITATION 


Various guidelines and regulatory demands are of relevance 
in relation to analytical methods used in clinical chemistry. 
Examples of the NCCLS guidelines have been referred to in 
the individual subsections and various ISO documents. Here 
some general guidelines will be mentioned briefly. 

15015189 Medical Laboratories—Particular Requirements 
for Quality and Competence is a universal standard for 
quality management in medical laboratories that specifies 
requirements in general terms applicable to all medical 
laboratory fields.” The standard is intended to form the 
basis for accreditation of medical laboratories. In addition to 
general laboratory conditions in relation to quality control, 
the standard focuses on medical competence, interpretation 
of test results, selection of tests, reference intervals, ethical 
aspects, and safety. An annex concerns quality management 
of laboratory computer systems. 

Concerning regulatory demands, the CLIA regulations in 
the United States have exerted a large influence on quality 
considerations in clinical chemistry'""'” (see Table 14-5). 
From a manufacturer’s perspective, the Food and Drug 
Administration (FDA) requirements for validation of new 
assays are of prime importance in the United States. In 
Europe, the [VD-directive (Directive 98/79 of the European 


Chapter 14 Selection and Analytical Evaluation of Methods—With Statistical Techniques 403 


Community on In-Vitro Diagnostics) is a European legisla- 
tive regulation directed at in vitro manufacturers. The 
directive demands that the manufacturer have a quality 
management system and that products are validated by 
competent laboratories. It is required that the traceability of 
values assigned to calibrators or control materials or both 
must be ensured through available reference measurement 
procedures and/or available materials of higher order. 
Explicit statement of the uncertainty of calibrator values is 
not required, but indirectly the manufacturers have’ to 


address the uncertainty of the traceability chain to ensure 
traceability. 


SOFTWARE PACKAGES _ 


Statistical analyses are today usually carried out either in 
spreadsheets or by statistical programs. Concerning the 
latter, large general program packages may be applied or 
smaller programs more or less specialized toward the field 
of clinical chemistry. Various large general packages are on 


Abbreviations 

CI Confidence interval 

CV Coefficient of variation (= SD/x, where x is the 
concentration) 

CV% = CV x 100% 

CV, Analytical coefficient of variation 

CV ps Random bias coefficient of variation 

DoD Distribution of differences (plot) 

ISO International Organization for Standardization 

IUPAC International Union of Pure and Applied Chemistry 

OLR Ordinary least-squares regression analysis 

SD Standard deviation 

SDa Analytical standard deviation 

SDre Random bias standard deviation 

SEM Standard error of the mean (= sDIVN ) 

Ia Mean 

Koay Weighted mean 


WLR Weighted least-squares regression analysis 


Vocabulary* 

Analyte Compound that is measured. 

Bias Difference between the average (strictly the expectation) of 
the test results and an accepted reference value (ISO 3534-1). 
Bias is a measure of trueness.** 

Certified Reference Material (CRM) is a reference material, one or 
more of whose property values are certified by a technically valid 
procedure, accompanied by or traceable to a certificate or other 
documentation that is issued by a certifying body. 

Commutability Ability of a material to yield the same results of 
measurements by a given set of measurement procedures. 

Limit of Detection The lowest amount of analyte in a sample that 
can be detected but not quantified as an exact value. Also called 
lower limit of detection, minimum detectable concentration (or 
dose or value).™ 

Matrix All components of a material system, except the analyte. 

Measurand The “quantity” that is actually measured (e.g., the 
concentration of the analyte). For example, if the analyte is 
glucose, the measurand is the concentration of glucose. For an 
enzyme, the measurand may be the enzyme activity or the mass 
concentration of enzyme. 

Measuring interval Closed interval of possible values allowed by a 
measurement procedure and delimited by the lower limit of 


determination and the higher limit of determination. For this 
interval, the total error of the measurements is within specified 
limits for the method. Also called the analytical measurement 
range, 

Primary measurement standard Standard that is designated or 
widely acknowledged as having the highest metrological qualities 
and whose value is accepted without reference to other standards 
of the same quantity.” 

Reference material (RM) is a material or substance, one or more 
properties of which are sufficiently well established to be used 
for the calibration of a method, or for assigning values to 
materials. 

Quantity The amount of substance (e.g., the concentration of 
substance). 

Random error arises from unpredictable variations of influence 
quantities. These random effects give rise to variations in 
repeated observations of the measurand. 

Reference measurement procedure Thoroughly investigated 
measurement procedure shown to yield values having an 
uncertainty of measurement commensurate with its intended 
use, especially in assessing the trueness of other measurement 
procedures for the same quantity and in characterizing reference 
materials. 

Selectivity and/or specificity The degree to which a method 
responds uniquely to the required analyte. 

Systematic error A component of error which, in the course of a 
number of analyses of the same measurand, remains constant or 
varies in a predictable way. 

Traceability “The property of the result of a measurement or the 
value of a standard whereby it can be related to stated references, 
usually national or international standards, through an 
unbroken chain of comparisons all having stated 
uncertainties.” This is achieved by establishing a chain of 
calibrations leading to primary national or international 
standards, ideally (for long-term consistency) the Système 
Internationale (SI) units of measurement. 

Uncertainty A parameter associated with the result of a 
measurement that characterizes the dispersion of the values that 
could reasonably be attributed to the measurand, or more 
briefly: uncertainty is a parameter characterizing the range of 
values within which the value of the quantity being measured is 
expected to lie. 


*A listing of terms of relevance in relation to analytical methods is displayed. Many of the definitions originate from Dybker” with statement of original 
source where relevant (e.g., ISO document number). Others are from the Eurachem/Citac guideline on uncertainty.” In some cases, slight modifications 


have been performed for sake of simplicity. 
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the market (e.g., SPSS, SAS, Stata, Systat, Statview, and Stat- 
Graphics). Among programs of an intermediate size, one 
may mention GraphPad (www.graphpad.com) and SPSS 
SigmaStat. Excel (Microsoft) also contains various statistical 
routines. The general programs may lack procedures of 
interest to clinical chemists (e.g., the Deming and Passing- 
Bablok procedures), Among more or less specialized pro- 
grams for clinical chemistry, one may mention Analyze-it 
(www.analyze-it.com), MedCalc (www.medcalc.be}, EP- 
evaluator (D. Rhoads’ Assoc., www.dgrhoads.com), and a 
program distributed by one of the authors (KL) CBstat 
(www.cbstat.com). 
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ften it is not clear which procedure offers the best 
(C) ermaion in a specific setting, which procedure 

is the most cost effective, or which sequence of 
procedures offers the most efficient route to the solution 
of a problem. How does one combine a testing result or 
testing information with previously obtained information? 
Addressing these questions, this chapter focuses on how to 
quantify the diagnostic information content of a test or 
groups of tests and then on how to compare the results with 
those of other tests. Finally, the cost effectiveness of a test is 
discussed in the context of outcomes analysis. 

The analytical performance of the methods used for 
many clinical tests has improved dramatically over the past 
4 decades. However, a highly accurate and precise test may 
provide less clinical information than a different test that is 
jess accurate and less precise. For example, a test for total cre- 
atine kinase is often more accurate and precise than one for 
creatine kinase isoenzymes, yet knowledge of the total 
enzyme activity is of less value in the diagnosis of cardiac 
damage. How does one evaluate the information content of 
a test? What procedure should one use to decide among dif- 
ferent tests based on their disease discrimination ability? 
This chapter discusses these and other nonanalytical as- 
pects of test performance that affect a test’s overall medical 
usefulness. 

To demonstrate how the concepts described in this 
chapter can be practically applied, we present the following 
example: A urologist questions the performance of the 
current assay to detect prostatic disease, He suggests replac- 
ing the current prostate-specific antigen (PSA) assay with a 
new one that has a greater ability to detect carcinoma of the 
prostate. He wishes to use the assay annually on his male 
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patients who are older than 50 years of age to screen for 
prostatic carcinoma. As can be seen in Table 15-1, it appears 
that the new assay does offer superior performance in this 
regard. Of the patients with carcinoma, 88% were detected 
using the new test (Test A), whereas only 82% were detected 
using the current test (Test B). When healthy men were 
tested, 96% were correctly classified as not having prostatic 
carcinoma using Test A; Test B’s performance was slightly 
better, classifying 99% of the subjects correctly.” 


SPECTRUM 


Before an opinion regarding test superiority can be made, 
the source of the data in Table 15-1 should be considered. In 
particular, it is appropriate to examine the populations 
studied and the criteria used for diagnosis. The spectrum 
concerns the medical characteristics of the patients who are 
involved in the test evaluation. Important aspects include the 
duration and severity of the disease state, its specific patho- 
logical categorization, and the existence of conditions that 
may affect test performance. Does the study population 
contain patients typical of those likely to be tested for the 
disease in question? If the selection criteria make patients 
with prostatitis or benign prostatic hypertrophy (BPH) more 
or less likely in the study population than the population to 
be tested in routine use, the test’s interpretation must be 
qualified by this information. 

In this particular case, the patients with carcinoma were 
identified (in a study by Chan and associates’) as having 
either symptoms or signs of disease. Advanced disease is 
associated with increases in the number of symptoms and 
signs and in PSA values. Thus a greater fraction of those 
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TABLE 15-1 Correct Prediction of Prostatic 


Carcinoma by Two Prostate-Specific 
Antigen Assays 


Test be Carcinoma (%) Healthy Men (%) 
A, New test ee “88 2 a a E 96 
B, Old test, B2 iaei Ly 99 


reported in this study would be expected to be over the 
chosen diagnostic cutoff point than nonsymptomatic indi- 
viduals undergoing an annual screen. The “normal” subjects 
(drawn from the same work) were patients without known 
disease; those with BPH, which is a noncancerous enlarge- 
ment of the prostate, were intentionally excluded. Because 
our urologist intends to use the assay on BPH patients, and 
because BPH is associated with higher PSA values, the per- 
centage quoted in Table 15-1 for predicting the presence of 
a healthy prostate is inflated. 

Problems of spectrum are commonly encountered early 
on in a tests application. Often, very sick patients with 
advanced disease are compared with unequivocally normal 
patients to see if a proposed test has any merit. As more real- 
istic clinical populations are tested, performance typically 
declines. One would expect to see worse performance than 
the estimates in Table 15-1 in a screening function. One 
would see an increase in false-negative results owing to the 
inclusion of less diseased patients and an increase in false- 
positive results owing to the presence of BPH in the patients 
being screened (i.e., in those who are older than 50 years of 
age). 

However, the urologist points out that the problems of 
spectrum are at least constant for both tests. Although the 
table estimates are not accurate in his population, the rela- 
tive difference between Test A and Test B in the study would 
be expected to extend to other populations. Thus it is still 
advisable to select Test A. 


CLASSIFICATION BIAS 

How was the diagnosis of carcinoma or the absence of 
disease established? This question introduces the concept of 
classification bias. Classification bias occurs when an inde- 
pendent standard is not used to judge the validity of a test. 
A subtle example that involves both spectrum and classifi- 
cation bias occurs in the well-known study by Light and 
coworkers” of the utility of the ratio of serum lactate dehy- 
drogenase to pleural fluid lactate dehydrogenase. The results 
appear to document excellent differentiation between effu- 
sions and transudates. Unfortunately, when a clinical diag- 
nosis could not be made using the remainder of the clinical 
information available, the case was excluded from the analy- 
sis. For the remaining cases, the test offered excellent dis- 
crimination, One would. expect that small malignancies, 


TABLE 15-2 Correct Prediction of Prostatic 


Carcinoma by Iwo Tests Using Autopsy 
Data to. Estimate Disease Occurrence 


Test ; -Carcinoma (%) Nondiseased (%) 
A, New test 20207 8008200 ee 
B, Old test... Bie ek o: 99 


Data from references 11, 18, 24, 33, and 41. 


which would be less obvious clinically, would also have a 
more indeterminate ratio. The lack of a gold standard 
resulted in an overly optimistic appraisal of the test’s ability 
to discriminate between effusions and transudates. Similarly, 
assumptions have been made about the existence of disease 
in nonsymptomatic patients in prostatic disease, because it 
has been impractical to take biopsies in these individuals. For 
example, Cooner and associates” assumed patients who had 
negative ultrasound and digital examination results had no 
prostatic disease. Based on this assumption, they derived 
estimates of the performance of the PSA assay in detecting 
disease. Their standard for the establishment of disease 
absence was the assessment of both biopsy and other test 
results. 

Often, alternative candidates for gold standards exist, and 
this confounds simple interpretation. For example, when 
step sections of prostates obtained at autopsy or from 
patients undergoing radical cystectomy were examined, 
prostatic carcinoma was found in men at a rate more than 
10 times higher than Cooner and associates had esti- 
mated.” The silent fraction of nonsymptomatic 
control subjects who were called “normal” in Cooner’s study 
clearly were not free of carcinoma. This resulted in a higher 
estimate of the disease detection capability (sensitivity) of 
PSA at a specific decision threshold. Other studies have used 
elevated PSA as a criterion for determining which patients 
should undergo biopsy. When the test in question is used to 
determine which patients will have the gold standard test or 
which ones will be included in the diagnostic set, test refer- 
ral bias occurs. Test referral bias can be shown to erroneously 
increase the true-positive rate in a study population com- 
pared with the clinically relevant population.“ An estimate 
of the performance of the assay using autopsy data for an 
estimate of the frequency of disease expected is found in 
Table 15-2. 

A more subtle issue here is the designation of a true- 
positive result. Medical professionals have been both frus- 
trated and protected in the past owing to their inability to 
detect early-stage limited disease; they have been frustrated 
because earlier detection would often have offered the 
opportunity to treat disease at a time when a cure is possible, 
and protected because the temptation to overtreat inciden- 
tal, clinically insignificant disease did not come into play 
because of detection limits. This protection is diminishing as 
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TABLE 15- 3 Sensitivity and Specificity. of a Test Applied to Healthy and Diseased Populations 


No. oi Patients With. 
Positive Test Result 


= nNo. of Patients With 
‘Negative Test Result 


Totals 


“No. of patients with disease peers: “TP 
No. of patients. without disease ae S 
Totals : í TP +FP 


SUREN os fe TP+EN- 
SEN a5 FP + TN: 
FEN + TN TP+FP+TN+EN 


TP, True positives (number of diseased patients correctly classified by the test); FP, false positives (number of nondiseased patients misclassified by the test); 
EN, false negatives (number of diseased patients misclassified by the test); TN, true negatives (number of nondiseased patients correctly classified by the 


test). 


Sensitivity = positivity in disease, expressed as a percent = TP/(TP + FN) x 100 


Specificity = absence of a particular disease, expressed as percent = TN/(FP + TN) x 100 


Likelihood ratio positive (LR*) = sensitivity/(1 — specificity) 
Likelihood ratio negative (LR) = specificity/(1 — sensitivity) 
Odds ratio = probability of event/(1 — probability of event) 


the sensitivity and specificity of diagnostic tools increase. 
The desire to detect early disease must now often be tem- 
pered by reflection on what is clinically relevant disease. 

It would appear that the examination of step sections of 
patient prostates, although more difficult, might at first seem 
to be as near an absolute gold standard as possible. However, 
the great majority of prostatic carcinomas (>99%) are clin- 
ically indolent and do not decrease life span or increase mor- 
bidity.” A more reasonable true-positive result should 
reflect identification of those carcinomas that will progress 
to cause increased morbidity or mortality if neglected. 

In the case of prostatic carcinoma, it has been argued that 
the size of the carcinoma is the best predictor of morbidity 
and mortality.*” Minimum tumor sizes from 0.2 to 3cm? 
have been suggested as worth detecting.“ The Hybritech 
PSA assay uses 4 jig/L as its cutoff. This can be shown to cor- 
respond to an average prostatic carcinoma volume, if 
present, of approximately 1.3cm’.'“* A tumor of this size 
would serve as a reasonable cutoff for a gold standard,” but 
it is difficult to size a tumor before complete prostate 
removal. Using the biopsy as a gold standard is also prob- 
lematical. Biopsy will detect clinically insignificant disease by 
chance, but will miss large tumors owing to sampling error. 
Yet, by its nature, the sampling error of the biopsy is 
weighted in favor of ignoring small tumors and of detecting 
large ones. In addition, the number of cancers detected using 
the biopsy in screening programs is similar to the number of 
tumors larger than 1.3 cm’ that were expected. Hence, biopsy 
is a reasonable substitute for PSA assay. It is adopted as the 
gold standard for the remainder of this analysis. 

Reviewing Table 15-1 after consideration of spectrum and 
classification bias indicates considerable error in the esti- 
mates quoted if they were to be used for annual tests on 
patient groups consisting largely of BPH patients. A better 
estimate comes from the data of Chan and colleagues from 
a comparison of patients with BPH and patients with known 
prostatic carcinoma.'*> The number of carcinoma patients 
correctly predicted is still an overestimate, because this 


TABLE 15-4 Correct Prediction of Prostatic 
Carcinoma and Benign Prostatic 
ope (BPH) 


Carcinoma (%) 


78 
50 


number includes patients with advanced disease; this would 
not be the case in the annual screening of the example 
urologisťs patients. 


SENSITIVITY AND SPECIFICITY = 


The urologist in the example has assumed that using the test 
that detects a higher fraction of those with carcinoma is 
preferable. The sensitivity of an assay is the fraction of those 
with a specified disease that the assay correctly predicts. The 
specificity is the fraction of those without the disease that the 
assay correctly predicts. Pertinent definitions and formulas 
for computing sensitivity and specificity are found in Table 
15-3. Both sensitivity and specificity are desirable character- 
istics for a test, but one is typically preferred over the other 
in different clinical situations. 

The data in Table 15-1 have both spectrum problems and 
bias. The more accurate Table 15-4 can be used to make a 
decision. However, an illusion has been created here, as is 
apparent in Figure 15-1. This figure is a dot plot of the per- 
formance of a single assay for PSA on patients with BPH and 
on patients with established carcinoma of the prostate 
(stages A-D). Note the two dashed lines crossing the graphs 
that represent diagnostic cutoffs. In fact, Tests A and B in 
Table 15-4 are not two different assays but rather two deci- 
sion cutoffs that are applied to the same assay. By moving 
the decision level to a lower value, the sensitivity has been 
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Figure |5-1 Prostate-specific antigen (PSA) levels for patients 
with benign prostatic hyperplasia (BPH) and known prostatic 
carcinoma (CA) are shown with two decision-level cutoffs. Tests 
A and B in Table 15-4 were actually the same test with two 
different cutoffs, 


increased but at the cost of a decrease in specificity. Thus 
increased true-positive detection was traded for an increase 
in the number of false-positive results. This tradeoff is not 
unique to this assay. It occurs in every test performed in 
medicine. Although it is not often appreciated, it affects the 
opinions of surgical pathologists and radiologists along with 
the care provider who performs a physical examination as 
much as it affects the interpretation of quantitative labora- 
tory results. 


RECEIVER OPERATING CHARACTERISTIC . 
CURVES” 


The dot plot answers quantitative performance questions in 
only a limited way. One cannot easily estimate sensitivity and 
specificity for various decision cutoffs using the plot. A 
graphical technique for displaying the same information 
called a receiver operating characteristic (ROC) curve began 
to be used during World War II. It was used to examine the 
sensitivity and specificity associated with the radar detection 
of enemy aircraft. An ROC curve is generated by plotting 
sensitivity (y-axis) versus 1 — specificity (x-axis). 

For the case at hand, Figure 15-2 shows the ROC curve 
for PSA using Chan’s data.’ The x-axis plots the fraction of 
nondiseased. patients who were erroneously categorized as 
positive for a specific decision threshold. This false-positive 
rate is mathematically the same as 1 — specificity. The y-axis 
plots the true-positive rate (the sensitivity). A “hidden” third 
axis is contained in the curve itself: the curve is drawn 
through points that represent different decision cutoff levels. 
The whole curve is a graphical display of the performance of 
the test. 
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Figure 15-2 Receiver operating characteristic curve of 
prostate-specific antigen (PSA). Each point on the curves 
represents a different decision level. The sensitivity (true-positive 
rate) and |—the specificity (false-positive rate) can be read for 
Tests A and B. The true-positive and false-positive rates are 
demonstrated using 4 and l0jg/L as decision thresholds. 


The two Tests A and B from Table 15-4 are displayed as 
two decision points on the ROC curve. The dotted line 
extending from the lower left to the upper right represents a 
test with no discrimination. A curve that is “above” the diag- 
onal line describes performance that is better than random 
guessing. A curve that extends from the lower left to the 
upper left and then to the upper right is a perfect test. The 
area under the curve describes the test’s overall performance, 
although usually we are interested only in the performance 
in a specific region of the curve.® The strength of the ROC 
graph lies in its provision of a meaningful comparison of dif- 
ferent tests. The use in the medical literature of 2 x 2 tables 
(e.g., Tables 15-1, 15-2, and 15-4) to establish the sensitivity 
and specificity of a test is a common source of the logical 
error encouraged in the previous paragraphs, When the 
initial publication of an assay presents a cutoff for analysis 
purposes, the assay is often categorized as sensitive or spe- 
cific based on this cutoff. Yet, as can be seen in the ROC 
curve, every assay can be as sensitive as desired at some cutoff 
and as specific as desired at another cutoff. 

When comparing two procedures, confusion is avoided 
by using the ROC curves instead of accepting statements 
such as “Test A is more sensitive, but Test B is more specific.” 
For example, the usefulness of the prostatic acid phosphatase 
assay has been compared for years with that of the PSA assay 
for diagnostic and follow-up purposes. Various claims have 
been made regarding the relative sensitivity and specificity 
of the two assays." 

Figure 15-3 compares the performance of a thymol- 
phthalein acid phosphatase assay with that of the PSA assay 
for discrimination between BPH and prostatic carcinoma 
stages A through D. Although each has been claimed to be 
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Figure 15-3 Receiver operating characteristic curves of 
prostatic acid phosphatase (PAP) and prostate-specific antigen 
(PSA) assays for patients with benign prostatic hyperplasia and 
prostatic carcinoma. Because the PSA assay curve is above the 
PAP assay curve at all points, the PSA assay is the better assay 
for the patients tested. 


“more sensitive but less specific” than the other by various 
authors, it is clear from the ROC curves that the authors were 
choosing different points on the two curves. No matter what 
level of sensitivity is chosen, the PSA assay offers greater 
specificity than the acid phosphatase at the same level of 
sensitivity. This does not mean one should conclude that the 
PSA assay is always superior. It indicates that for the spec- 
trum of patients used in the assays, the PSA assay offers 
superior performance compared with that of prostatic acid 
phosphatase. However, there may be subpopulations in the 
group tested in which the acid phosphatase assay provides 
information that the PSA assay misses. 

It has been advocated that the area under the ROC curve 
is a relative measure of a test’s performance. A Wilcoxon sta- 
tistic (or equivalently the Mann-Whitney U-Test) statisti- 
cally determines which ROC curve has more area under it. 
Less computationally intensive alternatives, which are no 
longer necessary, have been described.* These methods are 
particularly helpful when the curves do not intersect. When 
the ROC curves of two laboratory tests for the same disease 
intersect, they may offer quite different performances even 
though the areas under their curves are identical. The per- 
formance depends on the region of the curve (i.e., high sen- 
sitivity versus high specificity) chosen. Details on how to 
compare statistically individual points on two curves have 
been developed elsewhere.” 


INTERPRETING A TEST 


Although the ROC curve improves our capability to judge a 
test’s performance, a result should not be interpreted in iso- 
lation. The laboratory scientist must take into account the 
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Figure 15-4 Simulated distributions of healthy and diseased 
populations. Note that the ratio of diseased patients to healthy 
patients, A to B, is less than | and very different at the point of 
decision (the likelihood ratio) from the ratio of TP to FR which 
is much greater than I. TP True positives; TN, true negatives; FP, 
false positives; FN, false negatives. 


clinical setting before rendering a specific interpretation. For 
example, an elevated PSA level in a 35-year-old is not inter- 
preted in the same way as in a 70-year-old because the rate 
of occurrence of prostatic cancer in 35-year-olds is much 
lower than in older men.” The interpretation is tempered by 
a knowledge of the prevalence of the disease. The prevalence 
is defined as the frequency of disease in the population 
examined.” For example, using step sectioning of prostate 
tissue from a random sample of men older than 50 years of 
age, at least a 25% probability of histological carcinoma can 
be expected (most of the carcinomas identified will never 
become clinically important, but they are carcinomas never- 
theless).”" Several useful techniques can be applied to 
combine the prevalence and other previously obtained infor- 
mation with the results of a procedure. 


ODDS RATIO 


The odds ratio is defined as the probability of the presence 
of a specific disease divided by the probability of its absence, 
The odds ratio reflects the prevalence of the disease in a pop- 
ulation. For example, the probability of the occurrence of a 
1.3-cm? carcinoma in a 75-year-old man is about 8%. The 
odds ratio of finding histological carcinoma greater than 1.3 
cm? in size after sectioning the prostate from the autopsy 
specimen of a man older than 70 years is thus 0.08/(1 — 0.08), 
or 1:11.5. Findings from a digital rectal examination, from 
transrectal ultrasonography, or from both are other data that 
affect the previous probability of the presence of prostatic 
disease. 


LIKELIHOOD RATIO 


The likelihood ratio is the probability of the occurrence of a 
specific result (given that the disease is present) divided by 
the probability of the same result if the disease were absent 
(i.e., sensitivity/[1 — specificity]). For a given result, this cor- 
responds to the ratio of the heights A and B of the two curves 
at the decision point in Figure 15-4, 
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Note that the areas under each curve in Figure 15-4 are 
the same. The likelihood ratio does not take disease preva- 
lence or any other prior information into account. To arrive 
at a realistic probability, one must adjust for the best esti- 
mate of the probability of disease before obtaining the test 
result. Bayes’ theorem provides a method for combining the 
prior probability information. 


BAYES’ THEOREM 


Bayes’ theorem provides a method to calculate the probabil- 
ity of a disease after the addition of new information to 
previously obtained information. These formulas can be 
incorporated into computer spreadsheets and other com- 
puter aids to help in the estimation of updated probabilities. 
One method, which can be performed without a computer, 
involves using the odds ratio version of Bayes’ theorem. The 
odds ratio of the occurrence of a disease is calculated before 
the test result is known; this information is then combined 
with the results of the test in the form of a likelihood ratio. 
The final result is again in the form of an odds ratio; this can 
be converted into a probability, if desired. The advantages of 
this method are that it is relatively easily memorized and that 
it requires little mathematical calculation. The odds ratio is 
useful when it is combined with the likelihood ratio in a 
more memorable form of Bayes’ theorem: 


Odds ratio after = Odds ratio before x Likelihood ratio 


Consider interpretation of a slightly elevated PSA (4.0 to 
10.0 ug/L) PSA in BPH. A urologist follows with a transrec- 
tal ultrasound examination, which he interprets as giving a 
positive result. The urologist has performed biopsies on 
numerous patients similar to this patient and has had many 
negative results. The urologist finds this perplexing, because 
both screening tests produced positive results. He or she 
then requests an estimate of the probability of disease in this 
patient. 

Step 1. Calculate the odds ratio that carcinoma is present 

before performing the ultrasound. Given a PSA of 4.0 to 
10.0 ug/L, there is an estimated probability of 12% in 
a BPH population with biopsy-verifiable disease; thus 
the probability of no disease is (1 — 0.12) = 0.88. The 
odds ratio therefore is 0.12/0.88 = 0.14, 

Step 2. Calculate the likelihood ratio of the new informa- 
tion (findings of the transrectal ultrasound). Screening 
studies on urology patients report sensitivities of 
approximately 92% and specificities that range from 
30% to 70% (average 50%) for transrectal ultra- 
sound,’*!?" The likelihood ratio positive is the sensi- 
tivity divided by (1 — specificity), or 0.92/0.50 = 1.8. 

Step 3. Calculate the odds ratio after incorporation of the 
new information. The revised odds ratio estimate (the 
product of Steps 1 and 2) is 0.25, 

Step 4. Convert the odds ratio back into probabilities. The 
probability equals the odds ratio divided by (1 + odds 
ratio), or 0.25/1.25 = 0.2. 


Although both tests were positive, the probability of a 
positive biopsy result is only 20%. If the ultrasound findings 
had been negative, we would use the inverse of the odds ratio 
coupled with the likelihood ratio negative. The odds ratio of 
no disease after the PSA assay, (0.88/0.12) = 7.3, multiplied 
by the likelihood ratio negative (true-negative rate/false- 
negative rate = specificity/(1 ~ sensitivity) = 0.5/0.08 = 6.25) 
is 43. Converting to probabilities yields 43/(43 + 1) = 98% 
probability of no disease. 


Limitations of Bayes’ Theorem 


Although Bayes’ theorem is widely recommended as an aid 
to refine the probabilistic estimates of disease, it rests on the 
assumption of test independence, which is often not present. 
As an extreme example of the possible errors that can occur 
when nonindependent tests are used, consider testing the 
PSA level of a BPH patient on 3 consecutive days. Each day, 
the PSA value is greater than the 4ug/L cutoff. The likeli- 
hood ratio positive of a value greater than 4ug/L is equal to 
the sensitivity divided by (1 — specificity), or 0.78/(1 — 0.58) 
= 1.9. Using the odds ratio form of Bayes’ theorem, we would 
multiply the prior odds (assume 10:90) by the likelihood 
ratio to obtain the odds after of 0.2, or a probability of 17% 
after the first test. The odds are 1.9 x 0.2 = 0.38 after the 
second test, and finally 0.72 after the third test. This gives a 
42% probability of disease. Very little new information has 
been provided by the second and third tests, yet the proba- 
bility of disease has apparently increased from 17% to 42%. 
A less obvious and less extreme example would result from 
the combination of the prostatic acid phosphatase results 
with the PSA results, Although this combination does 
provide some new information, an acid phosphatase result 
is related to the amount of prostatic tissue, much as a PSA 
result is. In contrast, the ultrasound examination is a differ- 
ent approach to the diagnosis, and the information it yields 
should be more independent of the PSA assay than infor- 
mation yielded by the acid phosphatase results. The lack of 
test independence is also a problem when. using computer- 
ized diagnostic programs that employ a Bayesian approach. 
The amount of independence among different tests for 
various diseases must often be estimated and tried using a 
set of test cases. Techniques are being developed to reduce 
this problem. 

Judging independence is difficult without collecting a 
large set of clinical data and examining them mathemati- 
cally. A useful approach is to think about the incorrect results 
given by each test. If both tests tend to yield incorrect results 
for the same patients, then the tests are not independent, and 
thus Bayes’ theorem cannot be applied to the combination 
of their results to correctly estimate the probability of 
disease. For example, the presence of prostatitis or BPH will 
result in a large number of false-positive results for both PSA 
and prostatic acid phosphatase assays. Although the tests are 
not measuring the same analyte and do provide some inde- 
pendent information, combining their results using Bayes’ 
theorem is not appropriate. On the other hand, if the tests 
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seem intuitively to be independent, then the errors made by 
assuming independence are not likely to be great. 

One should note that test independence is important for 
accurate probability estimation, but not necessarily for clas- 
sification. In classification, one has to determine only which 
disease is the more likely, not its exact probability. Studies 
have shown that using Bayes’ estimation gives quite good 
diagnostic accuracy even when the tests are not independent. 
Tests with correlations of up to 0.7 can still be used together 
to give an idea of the most likely disease. i 


COMBINATION TESTING 


Panels of tests are commonly used to increase sensitivity and 
specificity or when used sequentially to decrease costs. For 
the practicing laboratorian, the value of panels is limited by 
the sparse literature on the performance of combinations of 
tests, The same issue of test independence addressed in the 
previous section makes it difficult to calculate the per- 
formance of panels of tests. In addition, the use of multiple 
tests can increase the probability of the occurrence of false- 
positive or false-negative results, depending on how the tests 
are combined, 

Because most reference intervals exclude a fraction of 
those patients without disease, there is an expected false- 
positive rate. As multiple tests are added to panels, the 
probability of false-positive results increases. Efforts to 
establish multivariate reference intervals that correct for 
multiple tests and their interrelationships have been made, 
but the concept has not found widespread acceptance. 
Although the concept is mathematically quite reasonable, 
those who have investigated the utility of multivariate refer- 
ence intervals believe that more work needs to be done 
before they will be useful. 

The gain in test performance to be achieved from com- 
bining test results may be illusory. As demonstrated by Table 
15-4, by the dot plot in Figure 15-1, and by the ROC curve 
in Figure 15-2, sensitivity can usually be increased at the 
expense of decreased specificity. This does not guarantee that 
the individual test, if the decision threshold were modified 
to improve sensitivity, would not have comparable perfor- 
mance. For example, consider the data of Chan and associ- 
ates'*> for PSA and prostatic acid phosphatase values in 
patients with BPH and in those with prostatic disease. 
Although combining the two individual tests does improve 
sensitivity, there is a decrease in specificity. Note that using 
a lower decision threshold for the PSA assay gives compara- 
ble sensitivity with improved specificity over the combina- 
tion. Two observations are important. First, tables can be as 
misleading for combinations of tests as they can be for single 
tests. For example, if only the first three rows of Table 15-5 
were published, one might conclude that the combination of 
the two tests offered superior sensitivity. Second, although in 
this case the two tests do not offer performance that is com- 
parable with that of the single test, in many cases they do. 
Although it might be assumed that using a single test is to 
be preferred given equal performance, it is not always the 


TABLE 5-5: Performance of Different Test 
Combinations in: Prediction of Prostatic 
Carcinoma 


PSA > 4ug/L 
PAP >0.6U/L 
PSA > 4üg/L or 
PAP > 0.6 U/L 
PSA > 1.5ug/L 91 


PSA, Prostate-specific antigen; PAP, prostatic acid phosphatase. 


most cost-effective approach. In this example, the prostatic 
acid phosphatase assay costs less than the PSA assay. If the 
combination in row three of Table 15-5 offered performance 
comparable with that of the PSA assay alone, then using the 
acid phosphatase assay to exclude some patients and subse- 
quently performing PSA assays on patients with higher PSA 
values may well be the more economical approach. 

A widely held belief™ is that one should test first with a 
sensitive test and then follow up the occurrence of positive 
results with a specific test for best performance. The logic is 
that if the first test determines which patients are to undergo 
a second test, then the first test should be the more sensitive 
of the two to ensure that the disease has not been missed. 
Somewhat surprisingly, even when the first test determines 
which patients will undergo a second test, the order in which 
the tests are performed does not affect the combination of 
sensitivity and specificity. However, it does affect the overall 
cost. In the following examples, two hypothetical tests that 
are independent are used sequentially. It is assumed that 
fixed decision limits are used for the two tests and that the 
two tests cost the same. Although the tests are hypothetical, 
the principles are generally applicable to other sequential 
testing situations. 

Example 1. Often care can be optimized if it can be con- 
firmed that a disease is not present. In this case, if screen- 
ing Test A yields a positive result, it will be followed by 
Test B; otherwise, testing stops. If Test B yields a positive 
result, then the overall interpretation is a positive result. 
Because A and B are necessary for the diagnosis, the speci- 
ficity is improved; however, the sensitivity decreases com- 
pared with the use of Test A alone. As shown in Table 
15-6, the average cost of the combination varies with the 
disease prevalence; however, note that performance of the 
more specific test first results in lower expected costs. This 
lower cost would be accentuated if the second test were 
to cost more than the first. 

The net effect of the use of the test combination com- 
pared with the use of Test A alone has been to decrease 
our false-positive rate fivefold while decreasing the true- 
positive rate by 0.8%. Whether this tradeoff is desirable 
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TABLE 15-6 Combination Test Performance 
Maximizing Specificity" 


. Sensitivity 


Test A 

Test B oe 
A followed by B: 
Prevalence = 0.2. 


B followed by A 
Prevalence = 0.2 Bees 160 
Prevalence = 0.8 Ci ae een 


*Results of Test A and Test B must be positive to make a positive 
diagnosis, 


TABLE (5-7 Combination Test Performance 
Maximizing Sensitivity® 
Sensitivity: -Speci era arenes 
: (%) Cost 
“Test Ave ee 100 
Test Bo oo: Co SEO 8100 
A followed by B- 
Prevalence = 0.2... eae $183 
Prevalence =0.8 2000.3 00 $136 
B followed'by.A 99.8 79.2 
Prevalence = 0.2. ose serene : $164 
Prevalence = 0.8 . ee 3 $117 


*Results of Test A or Test B must be positive to make a positive diagnosis. 


depends on the implications of missing a diagnosis versus 
generating false-positive results. 

Example 2. Diagnosing a curable disease that has a low-cost 
therapy often increases the relative worth of sensitivity 
over specificity. If a first test result is negative, a second 
test might still be performed to maximize sensitivity. 
Either of two tests that yields a positive result would be 
interpreted as a positive finding overall. This is more typ- 
ically the result of tests that are done simultaneously, but 
also occurs in sequential testing. In Table 15-7, a negative 
result on the first test is followed by performance of the 
second test; otherwise, testing stops. If the result of the 
second test is negative, then the overall interpretation is 
negative. The cost of performing tests sequentially with 
this rule varies with prevalence, as seen in Table 15-7. 
Using this rule, the combination sensitivity increases as 

the specificity decreases. Note that the strategy of using the 

test with the lower specificity first results in lower average 
cost, 

Following the strategy outlined in Table 15-6, the first 
test’s specificity determines the cost of sequential testing. 


When the strategy is to confirm all the negative results of the 
first test (see Table 15-7), the first test should be the more 
sensitive so as to minimize costs, As demonstrated in the two 
examples presented earlier, the decision rule used preferen- 
tially trades off sensitivity at the expense of specificity, or vice 
versa. Although independent tests have been used in these 
examples, the conclusions are the same for dependent tests. 
It should be remembered that it is the interpretive rule and 
the two tests that determine the overall panel performance 
and costs; the order of testing does not affect performance 
but can dramatically affect costs. 


MULTIVARIATE DATA ANALYSIS 


Diagnosis using computer-generated probabilities from 
results of multiple laboratory tests has not received wide use. 
Use has been limited over time to variation of the same 
analyte, or simple ratios or combinations of two to five vari- 
ables, as seen with cardiac enzymes or fetal maturity tests. 
However, this should change dramatically in the coming 
years as more computer-based support for diagnosis 
becomes an expectation. At the far end of the multivariable 
diagnostic spectrum lie mass-throughput molecular biolog- 
ical assaying techniques (e.g., array technologies,” mass 
spectrometry,’ and serial analysis of gene expression 
[SAGE“]), which provide the ability to rapidly and inex- 
pensively measure gene expression levels, presence of poly- 
morphisms, number of copies of genes, and protein 
concentrations of thousands of genes and proteins with a 
single assay per patient. These molecular profiling techniques 
can be used with samples obtained from biopsies or from the 
patient’s serum or other biological fluids, and have opened 
several possibilities for improved tests for diagnosis and for 
prognosis of clinical outcome, alone or as a response to 
treatment. 

Techniques for combining multiple tests for diagnostic 
purposes focus on (1) selecting the best subset of all avail- 
able diagnostic variables, (2) transforming the variables to 
facilitate separation between diseases and nondiseases, and 
(3) selecting the best boundaries around the resultant group- 
ings for optimal categorization. One or more of these tech- 
niques may be used. As statistical aids become simpler to use, 
there is less art and more automated performance of these 
tasks. However, as with all tools, lack of knowledge of the 
strengths and limitations of the tools can lead to clinically 
significant errors. 

For 2 to 25 variables, methods such as Fisher’s discrimi- 
nant analysis, quadratic discriminant analysis, and neural 
networks serve to effectively determine diagnostic combina- 
tions.’ Although they are limited to two variables for clarity, 
the graphs in Figures 15-5, 15-6, and 15-7 show these dif- 
ferent approaches. In Figure 15-5, imagine sitting on the x- 
axis beneath the clouds of diseased and nondiseased above 
you and trying to pick the best spot for a decision point for 
Test 1. The curves there show the density of the points above 
you, and that any point chosen will have a significant trade- 
off between false positive and false negatives. An identical 
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Test 2 


—, pasari s 
Test 1 
Figure 15-5 Fisher's linear discriminant analysis determines the 
line, plane, or hyperplane that best separates two populations, 
based on their mean values and the variance. In the graph, a line 
bisecting the two curves in the lower left corner provides this 
“best” discriminator. 


Test 2 


Test 1 


Figure 15-6 Quadratic discriminant analysis removes the 
constraint of a straight and/or flat plane and allows more 
molding of the decision boundary than is possible with linear 
discriminant analysis. 


Fit By Neural Network 


Test 1 
Figure 15-7 Neural networks provide ultimate freedom of 
discrimination, with the additional danger of “overfitting” a 
solution. The curved line separating the two populations for this 
specific set of data may not work well in a subsequent sample 
since it is custom molded to separate this test set. 


situation is true for Test 2, found on the y-axis. In Figure 15- 
5 we see that Fisher’s discriminant analysis is seeking to find 
a viewing point that “best” separates the diseased and 
nondiseased. “Best” is defined in this test by finding the loca- 
tion where the difference between the means of the two 
groups is maximized while the apparent clustering (vari- 
ance) of the values is minimized. The line found in the 
bottom left corner provides this viewing point. Here the 
density curves do not overlap significantly, and we can draw 
a line at right angles to our viewing point that will optimally 
separate the two groups of points. When more than two vari- 
ables are involved, the resultant line becomes a plane (three 
variables) or hyperplane (more than three). 

Fisher’s linear discriminant works well when the two sets 
of data have roughly the same shape, but that is the excep- 
tion rather than the common case. Where the shapes and 
orientation are different, quadratic discriminant analysis is 
preferred. As seen in Figure 15-6, we can provide much 
better separation using a curved line than we would have 
been able to with a straight line. You could continue using 
more and more curves in your lines, or more and more 
complex transformations. Perhaps the most flexible decision 
boundaries are derived from neural networks, with a possi- 
ble solution shown in Figure 15-7. So why not always use 
neural networks if they’re so flexible? The result is shown 
in Figure 15-8, where another sample from a different set of 
patients has been classified using the Figure 15-7 decision 
boundaries. This is an example of “overfitting,” where we've 
derived a solution so specifically tailored to a specific set of 
data that merely resampling the same test from another set 
of patients decreases the diagnostic performance observed. 
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Neural Network Applied to Validation Data 


3 4 5 6 7 8 9 
Test 1 


Figure 15-8 The decision boundary derived using a neural 
net, fit from different data in Figure 15-7, no longer provides 
optimal separation, although in this case the separation by 
chance is still good, 


General procedures for avoiding this are discussed later in 
the chapter. 

Moving from dozens of variables to the thousands of vari- 
ables found in genomic or proteomic analysis represents a 
different type of challenge. At least in the current, 
exploratory stage of examining the diagnostic utility of these 
profiles, the ratio of samples to variables is very small as com- 
pared with evaluations of individual tests and traditional 
panels. In particular, the samples-to-variables ratio is too 
small to use traditional statistical models (e.g., logistic 
regression and Fisher’s discriminant analysis), because these 
methods require several patients per estimated model pa- 
rameter (typically 2 to 10) to function satisfactorily. 
Genomic and proteomic analyses have a large number of 
simultaneous variables—in the tens of thousands. In con- 
trast, available data sets of the present and foreseeable future 
have at most a few hundred patient samples, as is true for 
most new diagnostic tests. This dilemma is known as “curse 
of dimensionality” and plagues traditional statistical 
techniques. 


DATA ANALYSIS METHODS FOR VERY LARGE NUMBERS 
OF VARIABLES 


Newer data analysis methods overcome the difficulties that 
small sample-to-variables ratios create for traditional statis- 
tical methods. These new methods fall into two major 
categories: (1) support-vector classification and regression 
methods, and (2) feature selection and construction tech- 
niques, The former are effectively determined by only a 
small portion of the training data (sample), while the latter 
select only a small subset of variables such that the available 
sample is enough for traditional and newer classification 
techniques. 


Var, 


New Cases 
Classified as “D+” 


New Cases 
Classified as “D—" 


+> 
Varo 
Figure 15-9 A support vector machine (SVM). The patients in 
the training data are represented by encircled plus and minus 
signs, while example patients that we have not seen before are 
represented by encircled question marks. The SVM classifier in 
this example is the set of the two parallel lines that go through 
patients P;, P}, and P}, respectively. These two lines specify the 
“classification margin.’ Patients P}, P2, and P; are the “support 
vectors.” Unseen cases are classified according to whether they 
are closer to the line defined by the disease-positive support 
vectors P4, P3, or to the line parallel to the previous line and the 
disease-negative support vector P3. 


Support Vector Machines (SVMs) 


As with Fisher’s linear discriminant analysis, SVMs are clas- 
sifiers that search for hyperplanes that separate between 
data points in the data set.” The separation seeks to max- 
imize the distance between selected (boundary) data points 
(called the “support vectors”) belonging to the different 
classes (e.g., diseases). Furthermore, nonlinearly separable 
data are transformed by projection to a higher-dimensional 
space in which separating hyperplanes can be found. The 
transformation is achieved through the use of functions 
(“kernels”) such that optimization can be achieved by using 
only dot products of the original data. Empirical evidence 
verifies that SVMs are in general very robust to a low sample- 
to-feature ratio. ™® An intuitive explanation of how 
SVMs operate and why they have sample requirements much 
smaller than traditional statistical methods follows. 
Consider the example task of classifying patients as 
having a disease (“D+”) or not (“D—”) on the basis of real- 
valued predictive variables Var! and Var2. Such variables 
might be for instance gene expression values or protein con- 
centration. For simplicity, the example is in two dimensions 
but in practice thousands of such dimensions (variables) are 
used, as discussed earlier in this chapter. Figure 15-9 shows 
an SVM classifier for this example. First, note that patients 
in the training data are represented by encircled plus and 
minus signs, whereas example patients not classified previ- 
ously are represented by question marks in circles. The SVM 
classifier in this example is the set of the two parallel lines 
that go through patients P,, P}, and Ps, respectively. These 
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two lines specify the “classification margin.” Patients P,, Pz, 
and P, are the “support vectors” in this example. Unseen 
cases are classified according to whether they are closer to 
the line defined by the disease-positive support vectors P,, 
P, or to the line parallel to the previous line and the disease- 
negative support vector P;. A key observation is that the 
SVM classifier is fully defined by its support vectors. In other 
words, all remaining training cases are not used for classifi- 
cation once support vectors have been identified by the 
learning algorithm. It follows that since the total number of 
support vectors is at most the number of available data (i.e., 
patients), the available data are always sufficient to fully 
specify an SVM model. In contrast, in classical statistical 
models we do not seek only a means to correctly classify the 
data but also an estimate of the process that generates our 
data (the so-called “generative model”); as a result in a clas- 
sical regression framework we may not have enough data to 
estimate a model unless the number of training cases is at 
least as large as the number of free parameters in our model 
(and in practice the number of such parameters is at least an 
order of magnitude larger than the number of predictor 
variables). 

So far we established we can specify fully an SVM model 
even when the number of variables greatly exceeds the 
number of training samples (e.g., number of variables in the 
thousands with number of samples in the dozens). But can 
the classification performance under such conditions be 
good? We will give here an intuitive explanation why this is 
indeed the case. First, note that we are interested in good pre- 
dictive performance for cases previously undiagnosed and 
sampled independently of the training sample from exactly 
the same population of patients. In statistical terminology, 
we say we wish to minimize “iid. generalization error.” 
Hence, as a first step, we need a good method to estimate the 
generalization error. Statistical sampling theory provides 
such an unbiased estimator of this generalization error in the 
form of the leave-one-out error (see later in this chapter). It 
is easy to see that the leave-one-out error is strictly a func- 
tion of the support vectors (the nonsupport vectors will 
always be classified correctly). It can be shown easily that the 
leave-one-out-error has upper bound s/(2d) where s is the 
number of support vectors and d is the total number of 
training data instances (patients). Assume for illustrative 
purposes that in our example three support vectors are 
selected in all of the leave-one-out splits; in this case the 
expected generalization error (the error if we were to use the 
same method on a very large set of data) is at most 3/38 = 
7.9%. As the number of training instances grows, the gener- 
alization classification performance approaches the large 
sample optimal. 

This example and discussion demonstrate that within the 
framework of SVMs it is possible to build classifiers even 
when the number of predictors is orders of magnitude larger 
than the available sample size (something not possible in 
classical regression-based classifiers); and such classifiers can 
exhibit very good classification performance. 


Feature Selection and Construction 


Feature selection is pursued because (1) a decreased set of 
variables will reduce the computation time from impossible 
to feasible, (2) feature selection may allow researchers to 
better understand the domain, (3) collecting a reduced set of 
predictors may be cheaper, and (4) collecting a reduced set 
of predictors may be safer (e.g., a blood sample versus a 
biopsy specimen). Feature selection methods are typically of 
the wrapper or the filter variety. Wrapper algorithms perform 
a search in the space of all possible variable subsets and eval- 
uate each visited subset by applying the classifier for which 
they intend to optimize the variable selection. Common 
examples of search strategies are hill climbing (forward, 
backward, and forward-backward, simulated annealing, 
branch-and-bound, and genetic algorithms).*** Filter 
approaches select features on the basis of shape of the data, 
called its joint distribution. The optimal variable set can be 
discovered effectively with newer algorithms under mild dis- 
tributional assumptions“ and allows optimal feature 
selection under those assumptions. 

Once a variable subset has been identified, both tradi- 
tional statistical classifiers and newer methods such as SVMs 
can be built using only the selected variables. A variant of 
the variable selection problem is the feature (or variable) 
construction problem in which one tries to transform the 
original variable set into a new set of variables for which 
building classifiers are easier to compute or fewer samples 
are required. Examples of such methods include principal 
components analysis for array gene expression-based diag- 
nosis, and clustering and peak detection as preprocessing to 
mass spectrometry diagnostic model building.” 


CLINICAL EXAMPLES 


Gene array expression measurements have been used to (1) 
classify lung cancer patients as having adenocarcinomas or 
squamous carcinomas,” and metastatic cancer or non- 
metastatic cancers; and (2) distinguish between normal and 
cancer samples.*° Classification of adenocarcinoma versus 
squamous carcinoma’ was accomplished using array com- 
parative genomic hybridization (CGH) data. Models predic- 
tive of prognosis for patients with various stages of lung 
cancer’ have been built using gene expression data. Patients 
with leukemia were classified as having acute myelogenous 
versus acute lymphocytic leukemia using array gene expres- 
sion data,” while models for predicting clinical outcome of 
breast cancer have been developed.’ Models were built to 
detect early prostate cancer and discriminate it from BPH 
and normal prostates using mass spectrometry data." Mass 
spectrometry has been used to detect ovarian cancer,” to 
detect malignant cutaneous melanoma,” and to detect tran- 
sitional cell carcinoma of the bladder.” 

These applications are only a small sample of a large 
number of wmolecular-profiling clinical bioinformatics 
models that apply advanced computational techniques on 
mass-throughput data to address questions of prevention, 
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diagnosis, treatment selection, and prognosis. A multitude of 
computational methods not covered here have also been 
explored in such problems. 


MODEL VALIDATION 


In the neural net example above, it was clear that a method 
that is created and performs well on a training set of data 
may not perform well when another data sample is encoun- 
tered. Hence a “validation” (test set) of data is needed to esti- 
mate how the classifier would perform in real life. 

A variety of procedures are available to assess a model’s 
true expected performance: split sample validation, cross- 
validation, jackknifing, and bootstrapping. 

In split-sample or hold-out validation the data set is split 
randomly into different subsets: training and test sets. The 
training set is used for learning, typically estimating the 
model’s parameters; the test set is used to assess the model’s 
expected performance on future sets of data and its ability 
to generalize. Random case assignment is necessary to obtain 
representative groups. The split-sample approach works well 
for large sample data sets and, as long as the number of cases 
available in each subset is sufficient, will avoid overfitting 
and generate unbiased estimates. 

However, small sample size data sets, in the range of 50 
to 200 cases, are more common. With small sample data sets, 
using all cases for training and then using the same cases for 
testing is not permissible because biased (overly optimistic) 
results will be obtained. The cases in the training and test 
sets are no longer independent of each other. Computer- 
intensive statistical approaches, such a cross-validation, jack- 
knifing, or bootstrapping are available and are the preferred 
evaluation methods that overcome some of the limitations 
inherent to sets with small sample sizes. These procedures 
are based on resampling theory and have the advantage that 
all cases can be used for training and testing, In resampling 
theory the observed data set becomes the underlying popu- 
lation from which samples are drawn repetitively with 
replacement. The samples are used to estimate parameters of 
interest. 

Cross-validation is used to estimate the generalization 
error of a model or to compare the performance of different 
models. K-fold cross-validation divides a data set into k dif- 
ferent subsets of equal size n. The validation procedure 
includes k runs and applies a “round-robin” approach. 
During each run one of the k subsets is left out and used as 
the test set while the remaining subsets are used for training 
the model. Leave-one-out cross-validation is present if k 
equals the sample size {i.e., each subset includes only one 
case). The selection between leave-one-out cross-valida- 
tion and k-fold cross-validation depends on the situation. 
The former is preferred for continuous error functions, 
whereas the latter is preferred for determining the number 
of misclassified cases. A frequent value for k-fold cross- 
validation is k = 10, 

Similar to leave-one-out cross-validation, jackknifing 
also involves omitting one case from the entire subset. 


However, jackknifing is applied to estimate the bias of a sta- 
tistic of interest rather than the generalization error. 

Bootstrapping involves the repetitive drawing of random 
samples with replacement from the observed population and 
computing statistics. A complete bootstrap in an observed 
population with eight variables would require the calcu- 
lation of bootstrap statistics for 8°= 16,777,216 samples, 
quite a computer-intensive process. Therefore bootstrap 
samples are usually limited to hundreds or thousands of 
drawings. 

The validation procedures based on resampling theory 
mimic the theoretical process of repetitive sampling from an 
unobserved population; however, the samples are drawn 
from an empirically observed population rather than a the- 
oretical, unobserved one. The limitation of resampling pro- 
cedures is the representativeness of the observed population; 
unless the observed population is representative, the ability 
to generalize the model remains biased. 


COST EFFECTIVENESS AND ~ 
OUTCOMES RESEARCH 


Optimal use of the laboratory requires examination of both 
the cost of obtaining the result and the value or quality 
of the information obtained. Determining the quality of 
various procedures in medicine has been a subject of 
increasing interest over the last 2 decades. Some key aspects 
of value received are the amount of improvement in health 
care, the extent to which testing is consistent with the 
wishes and expectations of patients, and the degree to which 
testing addresses social concerns as embodied in laws and 
regulations, 

The Clinical Laboratory Improvement Act of 1967 (CLIA 
67) and the Clinical Laboratory Improvement Amendments 
of 1988 (CLIA ’88) mandate quality control and external 
quality assurance programs in large part as an effort to 
address social concerns regarding the quality of testing 
results. Only indirect measures of the quality of testing in 
terms of individual or population health benefit are avail- 
able. The major instruments for measuring the quality of a 
healthcare intervention, including laboratory testing, are 
healthcare outcomes. Outcomes can be defined as the state 
or condition of an individual or population that is a result 
of antecedent medical care. In an effort to examine these 
issues and as a result of CLIA ’88, the Centers for Disease 
Control and Prevention initiated the Evaluation of Quality 
of Laboratory Practices and Standards program, which part- 
ners with various groups to investigate the relationship 
between quality issues in the laboratory (e.g, proficiency 
testing, quality assurance, and personnel) and their effect on 
patient outcomes.’ By tying specific analytical procedures 
and performance to patient outcome, it may be possible to 
directly trade off the increase in cost associated with achiev- 
ing increased precision and accuracy with actual patient 
benefit. At this point, however, results are very preliminary 
and few conclusions can be made. 
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Another approach to quantifying health outcomes is to 
estimate the cost implications of a true-positive diagnosis 
and the costs of false-positive, false-negative, and true- 
negative results. One can calculate a weighted average of cost 
across all possibilities to determine whether a testing strat- 
egy is sensible. The decision threshold can be changed to 
maximize the benefits or to minimize the costs.”***** 

An example of the issues involved can be found in the 
outcomes analysis of screening for prostate cancer. Prostate 
screening programs are increasing each year, partially 
accounting for a 600% increase in radical prostatectomies 
between 1984 and 1990.” For each man who dies each year 
from prostate cancer, there is a much larger number whose 
prostate cancer progresses slowly, never causing any mor- 
bidity. Screening is expensive and the iatrogenic side effects 
of surgical treatment for prostate cancer are significant. As a 
result of these observations, studies have called into question 
the overall cost effectiveness of prostate screening. 

This question is amenable to outcomes analysis. One can 
examine the dollar costs per life year saved using two strate- 
gies. In the first strategy, assume that men age 45 through 75 
undergo a screening PSA evaluation. If the screening PSA is 
greater than 4 ug/L, they are followed up by transrectal ultra- 
sound evaluation and digital examination. If either of the 
subsequent tests is positive, a biopsy would be performed, 
and patients with positive biopsies would undergo radical 
prostatectomy. In the second strategy, there is no screen, and 
when prostatic carcinoma clinically appears, patients are 
treated using radiation and hormonal therapy for sympto- 
matic relief. The literature provides the estimated number 
of life years lost, the patients’ normal expected life span, and 
the expected life span based on the two strategies. Using 
methods described in more detail elsewhere,” the cost per 
life year saved can be computed. The costs of follow-up treat- 
ment for surgical side effects (e.g., incontinence and impo- 
tence) can be calculated from published frequencies of 
occurrence, A graphical depiction of the two strategies is 
shown in Figure 15-10, which is called a decision tree. 

Figure 15-11 demonstrates that the overall cost per life 
year saved decreases with an increasing PSA screening deci- 
sion threshold. The data for men 75 years of age are not 
graphed, because it is estimated that there would be a net 
decrease in life expectancy at all decision levels. The most 
benefit is achieved for younger men at decision thresholds 
that are very specific (ie, have very few false-positive 
results). The data are limited in not examining all decision 
thresholds. It would appear likely that using even higher 
decision thresholds would result in still more cost/life year 
gains. 

But is the program worth it at any decision level? One can 
estimate the relative worth of the program by comparing the 
proposed cost per increased life year with those of other pro- 
grams. After calculating the present-day value of money 
invested in the future (called “discounting”), the overall cost 
per life year is higher than is generally spent on other pro- 
grams, making the use of general prostate screening difficult 


Decision No Progression 


Progression 


Death 


Markov 


Figure 15-10 The decision tree shows alternative strategies 
that branch at the square box. The lower branch assumes no 
screening, and disease is treated symptomatically as symptoms 
appear. The upper branch evaluates with a screening program, 
followed by radical prostatectomy for biopsy-positive cases. A/ 
through B2 represent different cancer stages. The Markov model 
is an algorithm that evaluates costs and life years gained as 
patients sequentially stay unchanged, progress, or die each year. 
It repeats for [5 years. (From Shultz EK. Multivariate receiver 
operating characteristic curve analysis: Prostate cancer screening as 
an example. Clin Chem 1995;41:1253,) 
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Figure 15-11 Cost per incremental life year in nondiscounted 
dollars. The decision thresholds on the plot are in micrograms 
per liter. This is marginal cost per additional life year relative to 
no screening. In screening, the most cost-effective strategy 
results from using different decision levels based on the patients’ 
ages. Younger patients have the most to gain from screening, but 
the overall cost is still high in all groups. PSA, Prostate-specific 
antigen. (From Shultz EK. Multivariate receiver operating 
characteristic curve analysis: Prostate cancer screening as an 
example. Clin Chem 1995;41:1254.} 


to justify.” Others have proposed quality-adjusted life years 
(QALY) as a more suitable yardstick. A QALY was developed 
to try to quantify the relative value of life spent with 
decreased functionality to a life year with no functional lim- 
itation (e.g, how much is a life with chronic incontinence 
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worth compared with a normal life?). However, in the pre- 
vious analysis, the conclusion would be strengthened if a 
man found incontinence or impotence less desirable than 
full health, so use of QALYs is not necessary for the general 
conclusion. 

As new types of procedures, increased test sensitivity, and 
therapeutic alternatives become increasingly available, the 
challenge will be to skillfully combine medicine, laboratory 
expertise, and analytical thinking in the guiding of labora- 
tory practice. Maximizing benefits given a limited set of 
resources requires a well considered approach to-the selec- 
tive improvement of test accuracy and precision and to the 
interpretation of test results. 
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CHAPTER l 6 


Establishment and Use 
of Reference Values 


Helge Erik Solberg, M.D., Ph.D. 


THE CONCEPT OF REFERENCE VALUES 


Medicine is an art and a science in the service of fellow 
human beings. To improve the health of their patients, physi- 
cians (1) collect empirical data, (2) interpret these data using 
scientific knowledge and professional experience, (3) make 
decisions concerning diagnoses, (4) recommend preventive 
measures, and (5) execute therapeutic actions. There is a 
fundamental limitation in this activity as absolute health 
does not exist. Health is necessarily a relative concept.” 


INTERPRETATION BY COMPARISON 


To say that health is relative implies that the condition of 
individuals must be related to something. Data collected 
during the medical interview, clinical examination, and sup- 
plementary investigations must be interpreted by compari- 
son with reference data. The physician does this when 
making a diagnosis. If the condition of the patient resembles 
what is considered typical of a particular disease, the physi- 
cian may base the diagnosis on this observation (positive 
diagnosis). This diagnosis is made more likely if observed 
symptoms and signs do not fit the patterns characterizing a 
set of alternative diseases (diagnosis by exclusion). Such 
disease patterns are examples of reference data necessary for 
the medical interpretation. Also, the different degrees of 
health have their set of characteristics that serve as reference 
sources for judging the health of an individual. 

The process of medical interpretation by comparison may 
be more or less formalized. Some diagnoses are recognized 
by an intuitive assessment based on “clinical experience.” 
Others are based on reasoning using advanced knowledge of 
normal and pathological anatomy, physiology, and bio- 
chemistry and of other relevant areas of medical science. 
Sometimes, the evaluation is of a qualitative nature; in other 
cases, it may be quantitative. The decision making may even 


i 


be computer assisted, using rules based on the laws of prob- 
ability and statistical techniques or on formalized medical 
knowledge (expert systems, artificial intelligence). 

The interpretation of medical laboratory data is an 
example of decision making by comparison. We therefore 
need reference values for all tests performed in the clinical 
laboratory, not only from healthy individuals but from 
patients with relevant diseases. 

Ideally an observed value in an individual should be 
related to relevant collections of reference values, such as 
values from healthy persons, from the undifferentiated hos- 
pital population, from persons with typical diseases, and 
from ambulatory individuals, and previous values from the 
same subject. A patient’s laboratory result simply is not 
medically useful if appropriate data for comparison are 
lacking. 


NORMAL VALUES—AN OBSOLETE TERM 


Historically the term normal values was frequently used to 

refer to medical data used for purpose of comparison, 

However, the use of the term often leads to confusion 

because the word “normal” has several different connota- 

tions.” For example, three medically important but very dif- 
ferent meanings of “normal” are given in the following: 

1. Statistical Sense: Values are often qualified as “normal” if 
their observed distribution seems to follow closely the 
theoretical normal distribution of statistics (i.e., the 
Gaussian probability distribution), Somehow this use of 
“normal” has misled people to believe that the distribu- 
tion of biological data is symmetrical and bell shaped like 
the Gaussian distribution. But on closer examination, this 
is usually found not to be the case. To exorcize the “ghost 
of Gauss,” Elveback and colleagues recommend not using 
the term normal limits.’ Por a similar reason, the term 
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normal distribution should also be avoided and replaced 

by the term Gaussian distribution. 

2. Epidemiological Sense: Another meaning of “normal” is 
illustrated by the following statement: It is “normal” to 
find that the concentration of triglycerides in serum is 
between 0.6 and 2.4mmol/L, whereas it is considered 
“abnormal” to have a serum triglyceride coricentration 
outside these limits. Here a more exact statement would 
read as follows: approximately 95% of the values 
obtained, when measuring the concentration of triglyc- 
erides in sera collected from individuals considered to be 
healthy, is included in the interval 0.6 to 2.4mmol/L. The 
obsolete concept of “normal values” partly carried this 
meaning. Alternative terms for “normal” in this sense are 
“common,” “frequent,” “habitual,” “usual,” and “typical” 

3. Clinical Sense: The term “normal” is also often used to 
indicate that values show the absence of certain diseases 
or the absence of risks for the development of diseases. 
In this sense, a “normal value” is considered as a sign of 
health. Better descriptive terms for such values are 
“healthy,” “nonpathological,” or “harmless.” 

Because of the confusion resulting from the different 
meanings of normal, the term “normal values” is now con- 
sidered obsolete and should not be used. 

To prevent the ambiguities inherent in the term normal 
values, the concept of reference values was introduced and 
implemented in the 1980s.7" At first glance, the substitu- 
tion of reference values for normal values appears to be unim- 
portant, but on closer scrutiny this change in nomenclature 
is an important step toward establishing a scientific basis for 
clinical interpretation of laboratory data.” 


TERMINOLOGY 


The International Federation of Clinical Chemistry and Lab- 
oratory Medicine (IFCC) recommends the term “reference 
values” and related terms, such as “reference individual,’ “ref- 
erence limit,” “reference interval? and “observed values?” 
The definitions given below and the presentation in the fol- 
lowing sections of this chapter are in accordance with the 
IFCC recommendations.* 

The definition of reference values is based on that of the 


reference individual”: 
an individual selected for comparison using defined criteria. 


As mentioned above, for the interpretation of values 
obtained from an individual under clinical investigation, we 
need appropriate comparison values. To provide such values, 
we must select suitable individuals. The characteristics of the 
individuals in each group chosen for comparison should be 


*A note on the literature: The Expert Panel on Theory of 
Reference Values of the IFCC has produced a series of six 
recommendations on the establishment and use of reference 
values.’ A 1989 review by Solberg and Gräsbeck“ gives in-depth 
information on this topic. 


clearly defined. We must specify their age and gender, the 
conditions for the specimen collection, and whether they 
should be healthy or have a certain disease. The definition 
of a reference individual also covers cases in which the 
individual under clinical investigation is his or her own 
reference, as discussed in a later section on subject-based 
reference values. 
A reference value may then be defined as™: 


a value obtained by observation or measurement of a particular type 
of quantity on a reference individual. 


If, for example, we measure the concentration of triglyc- 
erides in sera collected from a group of reference individu- 
als selected for comparison according to a sufficiently exact 
set of criteria, the triglyceride results are our reference 
values. 

The observed value is defined as™: 


a value of a particular type of quantity, obtained by observation or 
measurement and produced to make a medical decision. Observed 
values can be compared with reference values, reference distributions, 
reference limits, or reference intervals. 


Or rephrased: an observed value is the laboratory result 
obtained by analysis of a specimen collected from an indivi- 
dual under clinical investigation. Some call such values 
“test values,” but the word “test” in this term is ambiguous 
(a laboratory test? a statistical test?), and it should be avoided. 

The IFCC also defines other terms related to the concept 
of reference values: reference population, reference sample 
group, reference distribution, reference limit, and reference 
interval.** Some of these terms are introduced in later sec- 
tions of this chapter. 


TYPES OF REFERENCE VALUES 


In practice it is often necessary or convenient to give a short 
description associated with the term reference values, such 
as “health-associated reference values” (close to what was 
understood by the obsolete term normal values). Other 
examples of such qualifying words are “diabetic,” “hospi- 
talized diabetic,” and “ambulatory diabetic.” These short 
descriptions prevent the common misunderstanding that 
reference values are associated only with health. 

We may further distinguish between subject-based and 
population-based reference values. Subject-based reference 
values are previous values from the same individual, 
obtained when he or she was in a known state of health. Pop- 
ulation-based reference values are those obtained from a 
group of well-defined reference individuals and are usually 
the type of values referred to when the term “reference 
values” is used without any qualifying words. This chapter 
deals primarily with population-based values. 

The body of this chapter discusses population-based 
univariate reference values and quantities derived from them. 
If, for example, we produce, treat, and use separate reference 
values for cholesterol and triglycerides in serum, we have two 
sets of univariate reference values. The term multivariate 
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reference values denotes that results of two or more analytes 
obtained from the same set of reference individuals are 
treated in combination. The serum cholesterol and trigly- 
ceride values may be used, for example, to define a bivariate 
reference region. This subject is addressed in a later section. 


REQUIREMENTS 
Certain conditions apply for a valid comparison between a 
patient’s laboratory results with reference values": 
1. All groups of reference individuals should be clearly 
defined. l l 
2, The patient examined should sufficiently resemble 
the reference individuals (in all groups selected for 
comparison} in all respects other than those under 
investigation. 
3. The conditions under which the specimens were 
obtained and processed for analysis should be known. 
4, All quantities compared should be of the same type. 
5. All laboratory results should be produced using 
adequately standardized methods under sufficient 
analytical quality control (see Chapters 14 and 19). 
To these general requirements one may add others that 
become necessary when the more advanced techniques for 
decision making are applied.” 
6. The stages in the pathogenesis of the diseases that are 
the objectives for diagnosis should be demarcated. 
7. The clinical diagnostic sensitivity and specificity, the 
prevalence, and the clinical costs of misclassification 
should be known for all laboratory tests used. 


SELECTION OF REFERENCE INDIVIDUALS 


A set of selection criteria determines which individual should 
be included in the group of reference individuals.” Such 
selection criteria include statements describing the source 
population, specifications of criteria for health, or the disease 
of interest. 

Often, separate reference values for each sex, different age 
groups, and other criteria are necessary. Our group of refer- 
ence individuals may therefore have to be divided into more 
homogeneous subgroups. For this purpose, we need to 
specify rules for the division, called stratification or parti- 
tioning criteria. 

It is important to distinguish between selection and par- 
titioning criteria. First, we apply the selection criteria to 
obtain a group of reference individuals. Thereafter, we may 
divide this group into subgroups using partitioning criteria. 
Whether a specific criterion (e.g., gender) is a selection or a 
partitioning criterion depends on the purpose of the actual 
project. For example, gender is a selection criterion if refer- 
ence values from female subjects only are necessary. 


CONCEPT OF HEALTH IN RELATION TO 

REFERENCE VALUES 

There is an obvious requirement for health-associated refer- 
ence values for quantities measured in the clinical chemistry 


laboratory. But the concept of health” is problematical; 
much confusion may arise if the selection criteria for health 
are not clearly stated for a specific project. 

The World Health Organization has defined health as “a 
state of complete physical, mental and social well-being and 
not merely the absence of disease or infirmity.” This is an 
attempt to define absolute health, but as such, absolute health 
is never attained. 

Thus in the context of reference values, we need a more 
modest concept of health, Past experience has taught us-that 
health is a relative concept. It is possible to be ill in one respect 
and well in another; what is considered healthy in a devel- 
oping country may be judged to be rather unhealthy in 
Western Europe and North America, and so on. 

Furthermore, the diagnosis of health cannot be based 
solely on excluding pathology. This fact, which has been 
named the privative concept of health, may cause difficulties. 
If no signs of disease can be demonstrated, uncertainty 
remains, because such signs might be detected on closer 
examination. The “feeling” of health is not a reliable crite- 
rion because of its subjectivity. In addition, an individual 
may try to conceal an illness for various reasons (e.g., to 
qualify for life insurance). 

When producing reference values, we should ask our- 
selves, why do we need these values? How are we going to 
use them? To what extent does the intended purpose of the 
project determine how we should identify health? In short, 
we need a goal-oriented concept of health. 

Gräsbeck suggested the following general definition of 
health, which summarizes the relative, privative, and goal- 
oriented aspects discussed previously”: 


Health is characterized by a minimum of subjective feelings and objec- 
tive signs of disease, assessed in relation to the social situation of the 
subject and the purpose of the medical activity, and it is in the absolute 
sense an unattainable ideal state. 


STRATEGIES FOR SELECTION OF 
REFERENCE INDIVIDUALS 


Several methods have been suggested for the selection of ref- 
erence individuals. Table 16-1 shows three pairs of concepts 
that may be used to describe a sampling scheme. The con- 
cepts of each pair are mutually exclusive, For example, the 
sampling is either direct or indirect. One may, however, 
combine one concept from several pairs to obtain a more 
exact description. For example, the selection may be direct, 
a posteriori, and nonrandom. 

The merits and disadvantages of these strategies are 
described in the following sections. It is not possible to rec- 
ommend one sampling scheme that is superior in all respects 
and applicable to all situations. One must choose the optimal 
approach for a given project and state clearly what has been 
done. 


Direct or Indirect Sampling? 


Direct selection of reference individuals {see Table 16-1) is 
the only method that agrees with the concept of reference 
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TABLE 16-| Strategies for Selection of Reference 
Individuals 


criteria are selected. 
process of selectior 


A process of selection g ene 
an unequal chance of being d 


*Note: The terms a priori and a posteriori signify in this context “before” 
and “after” and refer to when inclusion criteria are applied. 


values as recommended by the IFCC,” and it is the basis for 
the presentation in this chapter. Its only disadvantages are 
the problems and costs of obtaining a representative group 
of reference individuals. 

These practical problems have led to the search for 
simpler and less expensive approaches. The indirect method 
has become rather popular.*”' It is based on the observation 
that most analysis results produced in the clinical laboratory 
seem to be “normal.” Figure 16-1 shows one example from 
the author’s laboratory. As can be seen, the values of the 
serum sodium concentration have a distribution with a pre- 
ponderant central peak and a shape not too far from that of 
the Gaussian distribution. The underlying assumption of the 
indirect method is that this peak is composed mainly of 
normal values. The advocates of the method therefore claim 
that it is possible to estimate the normal interval if we extract 
the distribution of normal values from this part of the dis- 
tribution. Normal limits determined by the indirect method 
on the basis of the distribution shown in Figure 16-1 would, 
however, obviously be biased compared with the shown 
health-associated reference limits. (Note that the term 
“normal” is here used intentionally to distinguish between 
the concepts of normal values and reference values.) 

Several mathematical methods have been used to extract 


the distribution of normal values from routine laboratory 
data.>”" 


No. of 
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Figure 16-1 Distribution of sodium concentrations in serum 
obtained in a routine laboratory. The histogram shows the 
distribution of 53,128 serum sodium concentrations measured 
in consecutive clinical specimens during a 6-month period in 
1982 at Rikshospitalet, Oslo, Norway. The shaded area is within 
health-associated reference limits as determined by a direct 
method (193 healthy adults of both sexes). 


The indirect method, however, has several important 

deficiencies. The two major ones are as follows: 

1. The estimates of the lower and upper normal limits 
depend heavily on the particular mathematical 
method used and on its underlying assumptions. 

2. The indirect method destroys the scientific basis for 
obtaining and comparing reference values. The results 
for each hospital would depend on the characteristics 
of the hospital’s patient group at that particular time. 
These results would vary not only across hospitals but 
for the same hospital at different times, The outcome 
would be a mass of unstable values for each analyte. 

Hospital databases may, however, be used for the establish- 

ment of reference values that are fully concordant with the 
IFCC recommendations.” The requirement is that labora- 
tory data be combined with information stored in clinical 
databases (i.e., to apply a direct sampling strategy instead of 
the distribution-based indirect method). Laboratory results 
are to be used as reference values only if stated clinical criteria 
are fulfilled. One may define criteria for selecting individuals 
who have a specified state of health or the disease for which 
reference data are necessary. Usually certain constraints are 
also imposed on the use of their laboratory results, such as 
allowing only one result of each analyte under study from 
each selected individual. Such reference values have one 
advantage over those based on direct sampling from other 
types of populations: hospital-based reference values are ideal 
for the interpretation of results from hospitalized patients 
because they are produced under similar conditions. 


A Priori or A Posteriori Sampling? 


When carefully performed, both a priori and a posteriori 
sampling (Table 16-1) may result in reliable reference values. 
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The choice is often a question of practicality. Both require 
the same set of successive steps, but the order of some of 
these operations differs depending on the mode of selection, 
a priori or a posteriori.” 

The first step in the process of producing reference values 
for a laboratory test should always be the collection of quan- 
titative information about the sources of biological variation 
for the analyte studied. A search through relevant literature 
may give the required information (see Chapter 17). If 
the relevant information cannot be found in the literature, 
pilot studies may be necessary before the selection of refer- 
ence individuals is planned in detail. 

Serum sodium is an example of a biological analyte that 
is affected by only a few sources of biological variation. 
However, the list of factors may be rather long for other ana- 
lytes, such as serum enzymes, proteins, and hormone. 

It is important to distinguish between controllable and 
noncontrollable sources of biological variation. Some factors 
may be controlled by the standardization of the procedure 
for preparation of reference individuals and specimen col- 
lection (see a later section of this chapter). Other factors, 
such as age and gender, may be relevant partitioning crite- 
ria. The remaining sources of variation should be considered 
when defining the criteria for the selection of reference 
individuals, 

The a priori strategy is best suited for smaller studies. 
Possible reference individuals from the parent population 
are interviewed and examined clinically and by selected lab- 
oratory methods to decide whether they fulfill the defined 
inclusion criteria. If the decision is positive, specimens for 
analysis are collected by a standardized procedure (includ- 
ing the necessary preparation of the individuals before the 
collection). 

The a posteriori method is based on the availability of a 
large collection of data on medically examined individuals 
and measured quantities. Well-planned studies by centers for 
health screening or preventive medicine may provide such 
data. It is important that the data be collected by a strictly 
standardized and comprehensive protocol concerning the 
sampling from the parent population, the registration of 
demographic and clinical data on participating individuals, 
the preparation for and execution of specimen collection, 
and the handling and analysis of the specimens. If these 
requirements are met, values may be selected after applica- 
tion of the defined inclusion criteria to the individuals found 
in the database. The selection of individuals from large hos- 
pital databases (see earlier discussion) is another example of 
the application of an a posteriori method. In this case, 
however, the quality of data may be lower than in well- 
planned population studies. 

A study performed in Kristianstad, Sweden,’ highlights 
a practical problem often met when selecting reference 
individuals: the number of subjects fulfilling the inclusion 
criteria may be too small. In that study, only 17% of the 
participants were accepted by the criteria used, leaving 
an insufficient reference sample group. The frequency of 


exclusion was higher among women and in the older age 

groups, 

There are two possible solutions to this problem: 

1. The exclusion criteria may be relaxed. As already dis- 
cussed, the set of relevant sources of biological variation 
differs among different analytes. One may define a 
minimum set of exclusion criteria for a given laboratory 
test. In the Kristianstad study, the complete group of 
individuals could probably be used for establishment of 
reference values (e.g., serum sodium), and most of the 
individuals would be acceptable for the determination of 
reference values for several other analytes.’ 

2. Another design of the sampling procedure could reduce 
the practical problems and costs of obtaining a suffi- 
ciently large group of reference individuals. The 
Kristianstad study showed that 75% of the excluded sub- 
jects could have been identified using only a simple ques- 
tionnaire.’ In the upper age group, this percentage was 
even higher. Therefore a preliminary screening of a large 
number of individuals from the parent population, using 
a carefully designed autoanamnestic questionnaire, 
would result in a much smaller sample of individuals to 
examine clinically and by laboratory methods. If 3000 
individuals had been prescreened in Kristianstad, and if 
only the individuals remaining in the reduced sample 
were subjected to a closer examination, a group of 240 
reference individuals would have been obtained. 

The two modifications of the protocol may also be 
combined. 


Random or Nonrandom Sampling? 


Ideally, the group of reference individuals should be a 
random sample of all the individuals fulfilling the defined 
inclusion criteria in the parent population. Statistical esti- 
mation of distribution parameters (and their confidence 
intervals) and statistical hypothesis testing require this 
assumption. 

For several reasons, most collections of reference values 
are, in fact, obtained by a nonrandom process.” That means 
that all possible reference individuals in the entire popula- 
tion under study do not have an equal chance of being 
chosen for inclusion in the usually much smaller sample of 
individuals studied. A strictly random sampling scheme is in 
most cases impossible for practical reasons. It would imply 
the examination of and application of inclusion criteria to 
the entire population (thousands or millions of persons) and 
then the random selection (e.g., conduct a raffle) of a subset 
of individuals from among those accepted. 

It is important to realize that we do not obtain a random 
sample, in the strict sense, if we start by selecting individu- 
als randomly from the entire population and then apply 
inclusion criteria to sort out the subset of individuals fulfill- 
ing these criteria, even though this may be the best approx- 
imation we can hope to obtain. Usually the situation is less 
satisfactory. A sample of reference individuals obtained by 
selecting among blood donors, persons working in a factory, 
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Diseases 


Risk Factors 
Obesity 
Hypertension 
Risks from occupation or environment 
Genetically determined risks 


Intake of Pharmacologically Active Agents” 
Drug treatment for disease or suffering 
Oral contraceptives 
Drug abuse 
Alcohol 
Tobacco 


Specific Physiological States 
Pregnancy 
Stress 
Excessive exercise 


*The box lists only some major classes of criteria. It should be 
supplemented with other relevant criteria based on known sources of 
biological variation (see Chapter 47), 


or the hospital’s staff, or by selection from hospital databases, 
is definitely not random sampling of the possible reference 
individuals in the general population. 

The conclusions are obvious: (1) we have to use the best 
reference sample we can possibly get, all practical consider- 
ations taken into account; and (2) data should be used and 
interpreted with due caution, remembering the possible bias 
introduced by the nonrandomness of the sample selection 
process, 


SELECTION CRITERIA AND EVALUATION OF SUBJECTS 


The selection of reference individuals consists essentially of 
applying defined criteria to a group of examined candidate 
persons.’ The required characteristics of the reference 
values determine which criteria should be used in the selec- 
tion process. Box 16-1 lists some important criteria to con- 
sider when the production of health-associated reference 
values is the aim. 

The question of which diseases and risk factors to consider 
for exclusion of individuals is difficult (see the discussion on 
the concept of health earlier in this chapter). The answer lies 
partly in the intended purpose of establishing reference 
values; the project must be goal oriented. 

The definition of obesity is problematical. It might be 
based on a known or assumed contribution to the risk for 
development of a specified disease. Scientific data of this 
type are, however, seldom available for the studied popula- 
tion. Another possibility for establishing obesity is to use 
upper limits based on weight measurements in different age, 
gender, and height groups of the general population, using, 


for example, the national age-, gender-, and height-specific 
mean weight +20% as the upper limit. National differences 
are, however, great. Tables of optimum or ideal weights have 
been published by life insurance companies, and they may 
be more appropriate for delineation of obesity than this 
formula. 

Similar problems affect the definition of hypertension in 
relation to the establishment of health-associated reference 
values and exclusion criteria based on laboratory examina- 
tions. It has been argued that we might be lost in a circular 
process when we use laboratory tests to assess the health of 
subjects who are subsequently to be used as healthy control 
subjects for laboratory tests. But actually there is no differ- 
ence, in this context, between measuring the height, weight, 
and blood pressure and performing selected laboratory tests, 
provided that these laboratory tests are neither those for 
which we shall produce reference values nor tests that are sig- 
nificantly correlated with them.” 

It is particularly difficult to define selection criteria when 
establishing reference values for a geriatric population.” In 
higher age groups it is “normal” to have minor or major dis- 
eases and to take drugs. One solution is to collect values at 
one time and to use the values of survivors after a defined 
number of years,” 

Usually the clinical evaluation of candidate individuals 
is based on an anamnestic interview or questionnaire, a 
physical examination, and supplementary investigations. 
Anamnestic and examination forms tailored to the require- 
ments of the actual project facilitate the evaluation and doc- 
ument the decisions taken. 


PARTITIONING OF THE REFERENCE GROUP 


It may also be necessary to define partitioning criteria for the 
subclassification of the set of selected reference individuals 
into more homogeneous groups (Box 16-2). We shall 
return in later sections to the question of determining when 
stratification of the reference sample group is necessary and 
justified. The number of partitioning criteria should usually 
be kept as small as possible to obtain sufficient sample sizes 
to derive valid estimates. 

Age and gender are the most frequently used criteria for 
subgrouping because several analytes vary notably among 
different age and gender groups (see Chapter 17).'°*” Age 
may be categorized by equal intervals (e.g., by decades) or 
by intervals that are narrower in the periods of life where 
greater variation is observed. In some cases it is more 
convenient to use qualitative age groups, such as postnatal, 
infancy, childhood, prepubertal, pubertal, adult, pre- 
menopausal, menopausal, or geriatric. Height and weight 
could be used as criteria for categorizing children. 

Additional factors are discussed in Chapter 17,” 


SPECIMEN COLLECTION 


Several preanalytical factors influence the values of biologi- 
cal quantities, such as the concentration of components in 
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Age (not necessarily categorized by equal intervals) 


Gender 


Genetic Factors 
Ethnic origin 
Blood groups (ABO) 
Histocompatibility antigens (HLA) 
Genes 


Physiological Factors 
Stage in menstrual cycle 
Stage in pregnancy 
Physical condition 


Other Factors 
Socioeconomic 
Environmental 
Chronobiological 


HLA, Human leukocyte antigen. 


blood and in other specimens and the amount excreted in 
feces, urine, or sweat. This topic is covered elsewhere (see 
Chapter 17).* In this discussion, we only highlight aspects of 
special relevance to the generation of reliable reference 
values.**4 

Preanalytical standardization of the preparation of indi- 
viduals before specimen collection, the procedure of speci- 
men collection itself, and the handling of the specimen 
before analysis may eliminate or minimize bias or variation 
from these factors. This reduces biological “noise” that might 
otherwise conceal important biological “signals” of disease, 
risk, or treatment effect. 


TWO PHILOSOPHIES OF STANDARDIZATION 


Preanalytical procedures used before routine analysis of 
patient specimens and when establishing reference values 
should be as similar as possible. In general it is much easier 
to standardize the routines for studies of reference values 
than those used in the daily clinical setting, especially when 
collecting specimens in emergency or other unplanned situ- 
ations. Thus two approaches have been suggested: 

1. Only such factors that may be relatively easily con- 
trolled in the clinical setting should be part of the 
standardization when reference values are produced. 

2. The rules for preanalytical standardization when pro- 
ducing reference values (Table 16-2) should also serve 
as ideal standards for the clinical situation. It has been 
shown that it is possible to apply these rules rather 


*References 17, 21, 22, 58, 66, 72, 79. 


closely in the clinical setting for both hospitalized and 
ambulatory patients. The same philosophy is the 
basis for recommendations concerning routine blood 
specimen collection.* 
Either philosophy is, however, concordant with the 
concept of reference values, provided that the conditions 
under which reference values are produced are clearly stated. 


STANDARDIZATION SCHEMES 


The magnitudes of preanalytical sources of variation are 
clearly not equal for different analytes (see Chapter 17).' It 
could therefore be argued that we should consider only those 
factors that cause unwanted variation in the biological quan- 
tity for which we want to produce reference values. Body 
posture during specimen collection is, for instance, highly 
relevant for the establishment of reference values for non- 
diffusible analytes, such as albumin in serum, but irrelevant 
for establishment of serum sodium values.” 

On the other hand, several constituents are routinely ana- 
lyzed in the same clinical specimen. It would therefore be 
impractical to devise special systems for every single type of 
quantity.” For that reason, three standardized procedures for 
blood specimen collection by venipuncture have been rec- 
ommended*™: (1) collection in the morning from hospital- 
ized patients, (2) collection in the morning from ambulatory 
patients, and (3) collection in the afternoon from ambula- 
tory patients. Table 16-2 summarizes these procedures. 

Such schemes of standardization have to be modified 
depending on local conditions and necessities and on the 
intended use of the produced reference values. Published 
checklists**® may be helpful in the design of a scheme. 

A special problem is caused by drugs taken by individu- 
als before specimen collection.*°”* We may distinguish 
between indispensable and dispensable medication. The 
latter type of drugs should always be avoided for at least 48 
hours. The use of indispensable drugs, such as contraceptive 
pills or essential medication, may be a criterion for exclusion 
or partitioning. ` 

In emergency or other unplanned clinical situations, even 
a partial application of the standardized procedure for col- 
lection has been shown to be of great value.”! 


THE NECESSITY FOR ADDITIONAL INFORMATION 


The clinical situation often is different from a controlled 
research situation; specimens have to be taken during oper- 
ations, in emergency situations, or when patients are unwill- 
ing or unable to follow instructions. Therefore the clinician 
needs additional information for the interpretation of a 
patient’s values in relation to reference values obtained 
under fairly standardized conditions. 

An empirical approach® is to produce other sets of refer- 
ence values, such as postprandial values, postexercise values, 


*References 3, 4, 34, 41, 46, 49. 
tReferences 17, 21, 22, 58, 66, 72, 79. 
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or postpartum values.”’ Such a method, however, is very 
expensive and does not cover all situations that could possi- 
bly arise. 

There is another and more general solution to the 
problem, called the predictive approach.” Starting from a set 
of ordinary reference values and using quantitative infor- 
mation on the effect of various factors, such as intake of 
food, alcohol, and drugs; exercise; stress; or posture, we could 
estimate “expected reference values” that fit the actual clini- 
cal setting (see Chapter 17).°*” ; 

More studies of such effects are needed, especially for the 
combined effect of two or more sources of variation. Is, for 
example, the combined effect of alcohol and contraceptive 
drugs on y-glutamyltransferase activity in serum less than, 
equal to, or greater than the sum of their individual effects? 


ANALYTICAL PROCEDURES AND | 
QUALITY CONTROL 


Essential components of the required definition of a set of 
reference values are specifications concerning (1) the analy- 


sis method (including information on equipment, reagents, 
calibrators, type of raw data, and calculation method), (2) 
quality control (see Chapter 19), and (3) reliability criteria 
(see Chapter 14). 

Specifications should be so carefully described that 
another investigator can reproduce the study and the user of 
reference values can evaluate their comparability with values 
obtained with the methods used for producing the patient’s 
values in a routine laboratory. To ensure comparability 
between reference values and observed values, the same ana- 
lytical method should be used. 

It is often claimed that the analytical quality should be 
better when determining reference values than when pro- 
ducing routine values. This may be true for accuracy; all 
measures should be taken to eliminate bias. The question of 
imprecision is more difficult because it depends partly on the 
intended use of the reference values. Increases in analytical 
random variation result in widening of the reference inter- 
val.” For some special uses of reference values, the narrower 
reference interval obtained by a more precise analytical 
method may be appropriate. However, this is usually not true 


TABLE [6-2 Standardization of Preanalytical Factors in the Establishment of Reference Values for Adult Individuals 


Alcohol i. 
Abstinence 


Subjects Lying i in Beds Collection i in 1 the Morning 


Ordinary. intake; last meal before 2200 hr RTE IREE 
-Maximum of one small bottle of beer (or equivalent of other ee taken witha a meal 
No solid food or tobacco and maximum of one glass of water after 2200. hrs ae 


Rest a Bed rest from 2200 br until:collection;:a short visit to the toilet allowed, but n minimum of 1 hr before 
; R collection pee 
“Collection. 


horizontal plane. 


Ambulatory Subjects Collection i in the Mocuing 


Between 0700 and 0900 hr (record time); supine position with the: arm n approximately in in. the Humi 


Rise: 1-3 hr before. collection (record time) i ; 

K ne “Public or car transport. for maximum of 45min; walking a a maximum 1 of 500m Ae: 550yd) a ati 
ARA i: moderate speed . : Su eats 

Rest... Sitting for at least. 15 min; arm muscle work not allowed. BLES i ivi 
; Collection. Between 0800 and: 1000 hr (record time); sitting ponton with the arm n approximately 4 45° below the AY 


horizontal Position: 


Ambulatory Subjects; Collection in ‘the ‘Afternoon UAE 
Breakfast. 


5 A No exercise or heavy. work 


Rest 22: i ~ Sitting at least. 15 min; arm ‘muscle work: not allowed $ 


Collection zz Between:1300 and 1500hr (record 


Collection ad Handling of Specie me 
~-Venipuncture ° 
-Difficulties 


Based on Scandinavian recommendations. *? 


A light meal.in the morning. (approximately. 310 ka 1300 01) aed of milk, coffee, or tea | : oth 
(maximum: two cups); two. open sandwiches with. butter, slices ‘of: lunch meat/cheese, or marmalade on 


rafter breakfast; otherwise as above 


in ‘the cubital fold; no tourniquet; finger pressure proximal to thes site dioad 
A new attempt on opposite arm after. 15min Test 


*Consult Chapter 2 for a discussion of other aces for the collection and handling of specimens. 
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for routine clinical use of reference values. The interpreta- 
tion is simplest if a patient’s values and reference values are 
comparable with regard to analytical imprecision. For the 
same reason, it is advisable to analyze specimens from refer- 
ence individuals in several runs to include the between-run 
components of variation. A safe way to obtain comparabil- 
ity is to include these specimens in routine runs together 
with the patient’s specimens. 


STATISTICAL TREATMENT OF 
REFERENCE VALUES 


This section deals with two main topics: the partitioning of 
reference values into more homogeneous classes and the 
determination of reference limits and intervals. The subject 
matter is presented in the order in which data often are 
treated. Figure 16-2 gives an outline and refers to the corre- 
sponding sections in the text. Before the presentation of the 


Partition reference values 
Inspect distribution 


Detect/handle outtiers 


Parametric Select statistical method 


Non-parametric estimates 


Gaussian distribution ? 


Parametric estimates 


Detine transforming function 
land its parameter value} 


Transform data 


Transformed distrib, Gaussian ? 


Parametric estimates 
{transformed} 


Back-transform estimates 


Figure 16-2 The statistical treatment of reference values. The 
“boxes” in the flow chart refer to sections in the text. NB = 
Nota bene: The order of the three first actions (partitioning, 
inspection, and detection and/or handling of outliers) may vary, 
dependent on the distribution and the statistical methods 
applied. Y, Yes; N, no. 


methods, some statistical concepts used are briefly discussed 
(see also Chapter 14). A textbook by Harris and Boyd gives 
an excellent survey of the statistical bases of reference values 
in laboratory medicine.” 


STATISTICAL CONCEPTS 


The first step in the establishment of reference values is the 
selection of a group of reference individuals. It is usually not 
feasible to obtain observations on all possible reference indi- 
viduals of a certain category of the general population. We 
therefore hope that the smaller group examined, the subset 

{sometimes called the reference sample group), can give us 

the desired information about the characteristics of the com- 

plete set of individuals (the reference population).™ 

The larger set is often considered hypothetical because its 
characteristics are not observed directly; we know neither the 
number (the set size) nor the properties of all its individu- 
als. We therefore want to infer from observations made on 
the subset to the hypothetical set. An obvious requirement 
is that the individuals in the subset are typical of those in the 
complete set. Statistical theory usually assumes that the items 
in the subset are selected at random from among those in the 
set; otherwise, the subset may be biased. If the items are not 
randomly selected, we can still use statistical techniques, but 
only with due caution and remembering the possible bias 
introduced. 

There are two main types of inferences made from values 
obtained from the subset (sample group) to the set (total ref- 
erence population). 

1, We can estimate properties of the set. A reference limit 
(a percentile) of a biological quantity, such as the con- 
centration of serum triglycerides, based on subset refer- 
ence values, is an example of a point estimate (a single 
value). We consider it representative of the property that 
might have been found if we had observed all possible 
values in the set. If we examine many randomly selected 
subsets from the same set, we obtain several estimates 
with some variation around the “true” value of the set. It 
is possible to produce an interval estimate bounded by 
limits within which the “true” value is located with a spec- 
ified confidence: the confidence interval. The confidence 
interval is expressed as a number in the interval 0 to 1, 
indicating the degree on the scale between “never” and 
“always.” Our reference limit for serum triglycerides could 
thus be associated by a confidence interval showing its 
region of uncertainty. 

The “true” (unknown, hypothetical) value of a pro- 
perty of the set is often called a parameter and given a 
lower-case Greek letter symbol. For example, the standard 
deviation of the population is symbolized by the Greek 
sigma: 6,. The corresponding property determined in the 
subset is named a statistic and symbolized by a lower-case 
Latin letter (e.g s, for the standard deviation of the 
subset). 

2. Another inference is to test hypotheses regarding prop- 
erties of the set. We might, for example, state the hypoth- 
esis that the distribution of values for serum triglyceride 
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concentrations is of the Gaussian type (the “null” hypoth- 
esis). If the deviations of the subset values from the 
Gaussian distribution are small, we could ascribe them to 
variation caused by chance alone. In that case, we should 
be permitted to use statistical methods based on the 
Gaussian distribution, However, we must reject the 
hypothesis if it is unlikely that the observed deviations 
from the Gaussian distribution are caused by chance 
alone. Statistical tests provide quantitative approaches to 
these types of decisions: the null hypothesis is rejected if 
the statistical test shows that the probability of the 
hypothesis being true is less than a stated significance level. 
The probability (p) is a number in the interval of 0 to 1, 
indicating the degree on the scale between “unlikely” and 
“certain.” If we state a significance level of 0.05 when we 
test our Gaussian hypothesis for the distribution of serum 
triglyceride values, we should reject it if the probability 
obtained by the test is, for example, p = 0.01. Then we 
have to accept the alternative hypothesis that the distri- 
bution is nonGaussian. The power of a statistical test is 
the probability of rejection when the “null” hypothesis is 
false. 

In the following sections, we use the term reference dis- 
tribution™ for the distribution of reference values (x). The 
two statistics arithmetic mean (x) and standard deviation (s) 
are measures of its location and the dispersion of the values 
in it, respectively. They are defined as 


-2x 
x= 
n 


«af OD 


n-Il 


where x is any of the n reference values in the subset (or a 
subclass of it). Standard deviations are commonly computed 
as shown in the second part of the preceding equation. The 
result may, however, be grossly inaccurate owing to round- 
ing errors introduced by calculators and computers.” 

The variable x in the preceding formulas denotes a quan- 
tity that varies. In our context, it signifies a reference value. 
If the variable by chance may take any one of a specified set 
of values, we use the term variate (i.e. a random variable). 
In this section, we consider distributions of single variates 
(i.e. univariate distributions). In a later section, we also 
discuss the joint distribution of two or more variates (bivari- 
ate or multivariate distributions). 

An observed distribution may be presented as a table or 
graph (histogram) showing the number of observations in 
small intervals (Figure 16-3, A). The number of observations 
in an interval divided by the total number of observations in 
the distribution (its size) is an estimator of the probability 
of finding a value in the corresponding interval of the hypo- 
thetical probability distribution of the population (assuming 
random sampling). By consecutive summing of all these 


3.0 1.0 2.0 3.0 
Triglyceride, serum (mmol/L) 
Figure 16-3 Observed and hypothetical distributions of 500 
triglycerides values in serum (in mmol/L). A, The vertical bars of 
the left histogram show the number of observations in the 
interval divided by the total number of observations. The curve 
is the estimated probability distribution of the population, 
assuming random sampling and a log-Gaussian distribution. 
B, The cumulated ratios (bars) and the estimated cumulative 
probability distribution (curve). (The data were computer 
generated for the purpose of illustration.) 


ratios, starting with the leftmost interval of the observed dis- 
tribution, we get an estimate of the hypothetical cumulative 
probability distribution (Figure 16-3, B). 


DETERMINATION OF REFERENCE LIMITS: 
GENERAL CONSIDERATIONS 


As mentioned previously, reference values provide a basis for 
interpretation of laboratory data. In clinical practice, one 
usually compares a patient’s result with the corresponding 
reference interval, which is bounded by a pair of reference 
limits.“ This interval, which may be defined in different 
ways, is a useful condensation of the information carried by 
the total set of reference values. 

Three kinds of reference intervals have been suggested: 
tolerance interval, prediction interval, and interpercentile 
interval.“ The choice from among these types of intervals 
may be important for certain well-defined statistical prob- 
lems, but their numerical differences are negligible when 
based on at least 100 reference values. 

The interpercentile interval is simple to estimate, more 
commonly used, and recommended by the IFCC.** This 
chapter, therefore, focuses on this type of interval. It is 
defined as an interval bounded by two percentiles of the ref- 
erence distribution. A percentile denotes a value that divides 
the reference distribution such that a specified percentage of 
its values have magnitudes less than or equal to the limiting 
value. For example, if 2.32 mmol/L is the 97.5 percentile of 
serum triglycerides, 97.5% of the concentration values are 
equal to or below this value. 

It is an arbitrary but common convention to define the 
reference interval as the central 95% interval bounded by the 
2.5 and 97.5 percentiles (Figure 16-4) (i.e., 2.5% of the values 
are cut off in both tails of the reference distribution).” 
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Frequency 


Cumulative frequency 


0.15 Seiten eS 
0.975 


1.0 


0.10 
0.5 
0.05 


1.0 2.0 ` 3.0 1.0 2.0 3.0 
Triglyceride, serum (mmol/L) 
Figure 16-4 Central 95% reference interval. The 2.5 and 97.5 
percentiles and their 0.90 confidence intervals of the 500 serum 
triglyceride concentrations (Figure 16-3}, as determined by the 
parametric method {see text). The curves are the estimated 
probability distributions. 


Another size or an asymmetrical location of the reference 
interval may be more appropriate in particular cases. To 
prevent ambiguity, the definition of the interval should 
always be stated. The estimation of percentiles presented in 
the following sections is based on the conventional central 
95% interval, but the techniques are easily adapted to other 
locations of the limits. 

The percentiles are point estimates of population pa- 
rameters. Accordingly, they are unbiased estimates only if the 
subset of values was selected randomly from the population. 
But, as was discussed earlier, random sampling is often dif- 
ficult to achieve. The interpercentile interval may always be 
used, however, as a summary or description of the subset ref- 
erence distribution. 

The precision of a percentile as an estimate of a popula- 
tion value depends on the size of the subset; it is less precise 
when there are few observations. If the assumption of 
random sampling is fulfilled, we may determine the confi- 
dence interval of the percentile (i.e., the limits within which 
the true percentile is located with a specified degree of con- 
fidence) (Figure 16-4}. The 0.90 confidence interval of the 
97.5 percentile (upper reference limit) for serum triglyc- 
erides may, for example, be 2.22 to 2.62 mmol/L. We would 
expect to find the true percentile in this interval with a con- 
fidence of 0.90 if we measured all serum triglyceride con- 
centrations in the total reference population. 

The interpercentile interval can be determined by 
parametric, nonparametric, and “bootstrap” statistical 
techniques.””** 

The parametric method for the determination of per- 
centiles and their confidence intervals assumes a certain type 
of distribution, and it is based on estimates of population 
parameters, such as the mean and the standard deviation. We 
are, for example, using a parametric method if we believe 
that the true distribution is Gaussian and determine the ref- 
erence limits (percentiles) as the values located 2 standard 


Figure {6-5 Skewness and kurtosis. The two upper figures 
show asymmetric distributions (A, positive skewness; 

B, negative skewness). The two lower figures show distributions 
with nonGaussian peakedness (C, positive kurtosis; D, negative 
kurtosis). The Gaussian distribution (dashed curve) is shown in all 
graphs for comparison. The values of the coefficients of 
skewness (g,) and kurtosis (gą) are also shown. 


deviations below and above the mean. Most of the paramet- 
ric methods are, in fact, based on the Gaussian distribution. 
If the reference distribution shows another shape, we may 
use mathematical functions that transform data to approxi- 
mately Gaussian shape. Some positively skewed distributions 
(Figure 16-5, A) may, for example, be made symmetrical by 
using logarithms of the data values. 

The nonparametric method makes no assumptions con- 
cerning the type of distribution and does not use estimates 
of distribution parameters. The percentiles may simply be 
determined by cutting off the required percentage of values 
in each tail of the subset reference distribution. 

Originally a simple nonparametric method for determi- 
nation of percentiles was recommended by the IFCC.* 
However, the newer “bootstrap” method’”” is currently the 
best method available for determination of reference limits. 
The more complex parametric method is seldom necessary, 
but it will also be presented here owing to its popularity and 
frequent misapplication. When we compare the results 
obtained by these methods, we usually find that the estimates 
of the percentiles are very similar. Detailed descriptions of 
these methods are given later in this chapter. 

Commonly used statistical computer program pack- 
ages*°*°” may aid in the estimation of reference limits, but 
these packages lack some of the techniques described here. 
The Ref Val program,” however, implements these methods 
completely. 


Sample Size 

In general the theoretical lower limit of the sample size 
required for the estimation of the 100% and 100(1 — a) per- 
centiles is equal to 1/a.. Thus the estimation of the 2.5 per- 
centile requires at least 1/0.025=40 observations. The 
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precision of percentiles increases with an increasing number 
of observations, as shown by the narrowing of their confi- 
dence intervals. A sample size of at least 120 reference values 
has been recommended.””** However, more values may be 
necessary if distributions are very skewed.” 


A Note on Terminology 


The terms “reference limits” and “clinical decision limits” 
should not be confused.””! Reference limits are descriptive of 
the reference distribution: they tell us something about the 
observed variation of values in the selected subset of refer- 
ence individuals. Comparison of new values with these limits 
thus only conveys information about similarity with the 
given reference values. In contrast, clinical decision limits 
provide optimum separation among clinical categories. The 
latter limits may be based on analysis of reference values 
from several groups of individuals (healthy persons and 
patients with relevant diseases) and can thus be used for the 
purpose of differential diagnosis.’ Here are some exam- 
ples of terms related to clinical decision limits: diagnostic 
criterion, prognostic limit, therapeutic value, and toxicity 
threshold. 

The term “reference range” is sometimes used for the 
IFCC-recommended term “reference interval,” but this use 
should be discouraged because the statistical term range 
denotes the difference (a single value!) between the 
maximum and minimum values in a distribution.” 


PARTITIONING OF REFERENCE VALUES 


The best order of the first three actions outlined in Figure 
16-2 (partitioning of reference values, inspection of the dis- 
tribution, and detection and/or elimination of outliers) may 
in some cases be different from that shown in the figure. For 
example, it might be more appropriate to eliminate outliers 
before testing for partitioning. No strict rules for the order 
of these actions can be given as it depends on data and the 
statistical methods applied. With this caution in mind, the 
presentation in this chapter follows Figure 16-2. 

The subset of reference individuals and the correspond- 
ing reference values may be partitioned according to gender, 
age, and other characteristics (Box 16-2). The process of 
partitioning is also called stratification, categorization, or 
subgrouping, and its results are called partitions, strata, 
categories, classes, or subgroups. In this chapter, we use the 
pair of terms partitioning (for the process) and (sub)classes 
(for its result). 

The aim of partitioning is to provide a better basis for com- 
parison of clinical laboratory results: class-specific reference 
intervals (e.g., age- and gender-specific reference intervals). 

Various statistical criteria for partitioning have been 
suggested.” For example, an intuitive criterion states that 
partitioning is necessary if differences between classes are 
statistically significant (rejection of the “null” hypothesis of 
equal distributions). The distribution of reference values in 
the classes may show different locations (mean values vary) 
or different intraclass variations (standard deviations vary). 


These differences may be tested by statistical methods, which 
are not described here. The reader is referred to Chapter 14 
and to standard textbooks of parametric” and nonpara- 
metric statistics." 

The differences of location or variation, however, may be 
statistically significant and still too small to justify replacing 
a single total reference interval with several class-specific 
intervals, Alternately, statistically nonsignificant differences 
can lead to situations in which the proportions of each sub- 
class above the upper or below the lower reference limits 
(without partitioning) are much different from the desired 
2.5% on each side. Harris and Boyd” therefore suggested cri- 
teria based on the ratio between the subclass standard devi- 
ations, a normal deviate test of means, and calculation of 
critical decision values dependent on the sample size. 

Lahti and co-workers” focused on distances between 
reference limits instead of distances between means, and sug- 
gested new distance and proportion criteria for partitioning. 
Their model also makes it possible to account for unequal 
subclass prevalences and is applicable to distributions of 
various types. 

Partitioning requires large samples of reference values. If 
not, the subclass sizes may be too small for reliable estimates 
of reference intervals. 

To solve the subclass size problem, it has been suggested. 
to estimate regression-based reference intervals, Instead of 
dividing, for example, the total material into several age 
classes, one may construct continuous age-dependent refer- 
ence limits and their confidence regions. Simulation studies 
have shown that this method produces reliable estimates 
with small sample sizes,” 

When the intended purpose of the reference interval is to 
detect individual changes in biochemical status, subject- 
based reference values may be more appropriate for inter- 
pretation than class-specific reference intervals. t7 We 
shall return to this problem at the end of this chapter. 

In the following sections, we assume that we have a 
homogeneous reference distribution, either the complete 
distribution (if partitioning has been shown to be unneces- 
sary) or a subclass distribution (after partitioning). 


INSPECTION OF DISTRIBUTION 


It is always advisable to display the reference distribution 
graphically and to inspect it. A histogram, as shown in Figure 
16-3, A, is easily prepared and is the data display best suited 
for visual inspection. The examination of the histogram is a 
safeguard against the misapplication or misinterpretation of 
statistical methods, and it may give valuable information 
about data. We should look for the following characteristics 
of the distribution: 

1. Highly deviating values (outliers) may represent erro- 
neous values, 

2. Bimodal or polymodal distributions have more than 
one peak and may indicate that the distribution is 
nonhomogeneous because of the mixing of two or 
more distributions. If so, the criteria used to select 
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reference individuals should be reevaluated, or parti- 
tioning of the values according to age, gender, or 
other relevant factors should be attempted. 

3. The shape of the distribution should be noticed. It may 
be asymmetrical or more or less peaked than the 
symmetrical and bell-shaped Gaussian distribution 
(Figure 16-5). The asymmetry most frequently 
observed with clinical chemistry data is positive skew- 
ness (Figure 16-5, A). A symmetrical distribution 
with positive kurtosis has a high and slim peak and 
more values in both tails than the Gaussian type of 
distribution (Figure 16-5, C}. Conversely, negative 
kurtosis indicates that the distribution has a broad 
and flat top with relatively few observations in the 
tails (Figure 16-5, D). Asymmetry and nonGaussian 
peakedness may be combined. 

4. The visual inspection may also provide initial esti- 
mates of the location of reference limits that are useful 
as checks on the validity of computations. 


IDENTIFICATION AND HANDLING 
OF ERRONEOUS VALUES 


An erroneous value can be traced to a gross deviation from 
the prescribed procedure for establishment of reference 
values.” Such values may either deviate significantly from 
the proper reference values (outliers) or be hidden in the ref- 
erence distribution. Only a strict experimental protocol, with 
adequate controls at each step, can eliminate the latter type 
of erroneous values. 

Visual inspection of a histogram is a reliable method for 
identification of possible outliers. It is important to keep in 
mind, however, that values far out in the long tail of a skewed 
distribution may easily be misinterpreted as outliers. If the 
distribution is positively skewed, inspection of a histogram 
displaying the logarithms of the values may aid in the visual 
identification of outliers. 

Some outliers may also be identified by statistical tests (see 
Chapter 14), but no single method is capable of detecting 
outliers in every situation that may occur. The number of 
techniques suggested or recommended is, for that reason, 
very large.” The two main problems encountered are as 
follows: 

1. Many of the tests assume that the type of the true 
distribution is known before use of the test. Some 
of these specifically require that the distribution be 
Gaussian. However, biological distributions are very 
often nonGaussian, and their types are seldom known 
in advance. Furthermore, statistical tests of types of 
distribution are unreliable in the presence of outliers, 
We then have a difficult dilemma: some tests for out- 
liers assume that the type of distribution is known, but 
tests for determining the type of distribution require 
that outliers be absent! As a consequence, it may be dif- 
ficult to transform the distribution to Gaussian form 
before the identification of outliers by statistical tests. 
Some tests are relatively insensitive to departures from 


Gaussianity. This is the case with Dixon’s range test: 
identify the extreme value as an outlier if the difference 
between the two highest (or lowest) values in the distri- 
bution exceeds one third of the range of all values.””*** 

2. Several tests for outliers assume that data contain only 
a single outlier. The limitation of these tests is obvious. 
Some tests may detect a specified number of outliers, 
or they may be run several times, discarding one 
outlier in each pass of data. The range test, however, 
usually fails in the presence of several outliers. It is pos- 
sible to estimate the standard deviation using data 
remaining after trimming of both tails of the distribu- 
tion by a specified percentage of observations.””*' Out- 
liers could be identified by this method as the values 
lying 3 or 4 standard deviations from the arithmetic 
mean. The method assumes, however, that the true 
distribution is Gaussian. 

Horn and co-workers” have published a novel method in two 
stages for outlier detection that seems to provide a promising 
solution to both of the problems mentioned above. 

1. Mathematically transform the data to approximate 
a Gaussian distribution. Horn et al used the Box-Cox 
transformation,’ but other transformations that 
correct for skewness (see below) would probably also 
work. As mentioned above, it is impossible to achieve 
exact symmetry by transformation in the presence of 
outliers, but this does not seem to be critical with 
Horn’s method. 

2. Identify (or eliminate) outliers by a criterion based on 
the central 50% of the distribution, thus reducing the 
masking effect of several outliers. Compute the 
interquartile range (IQR) between the lower and upper 
quartiles of the distribution (Q, and Q;, respectively): 
IQR =Q; - Qı. Then identify as outliers data lying 
outside the two fences Q, — 1.5*JQR and Q; + 1.5*IQR. 

Deviating values identified as possible outliers cannot 

always be discarded automatically. Values should be included 
or excluded on a rational basis. Check the records of the 
dubious values and correct errors. In some cases, deviating 
values should be rejected because noncorrectable causes 
have been found, such as previously unrecognized condi- 
tions, qualifying individuals for exclusion from the group of 
reference individuals. 


METHODS FOR DETERMINING REFERENCE VALUES 


Nonparametric, parametric, and bootstrap methods are 
used to determine reference intervals. 


Nonparametric Method 


This method consists essentially of cutting off a specified 

percentage of the values from each tail of the reference dis- 

tribution. Three techniques may be used: 

1. The percentiles may be determined graphically by plot- 
ting the cumulative distribution on ordinary graph paper 
(Figure 16-4, B) or preferably on Gaussian probability 


paper. 
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TABLE 16-3 Nonparametric Confidence Intervals of Reference Limits* 
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*The table shows the rank numbers of the 0.90 confidence interval of the 2.5 percentile for samples with 119 to 1000 values. To obtain the corresponding 
rank numbers of the 97.5 percentile, subtract the rank numbers in the table from (n + 1) where n is the sample size. 


From IFCC.4 


2. A mathematical function may be fitted to the reference 
distribution.” ®*” The percentiles are then determined 
using the fitted function. 

3. Very simple and reliable methods are based on rank 
numbers.“ They also allow nonparametric estimation 
of the confidence intervals of the percentiles.” The 
method can easily be applied manually or with a spread- 
sheet program. 

The rank-based method as recommended by the IFCC 
has the following steps: 

a. Sort the n reference values in ascending order of 
magnitude. 

b. Rank the values. The minimum value has rank number 
1, the next value has rank number 2, and so on until the 
maximum value, which has rank number n. Consecutive 
rank numbers should be given to two or more values that 
are equal (“ties”). 

c. Compute the rank number of the 100 and 100(1 — a) 
percentiles as (n + 1) and (1 - a)(#4 1), respectively. 
Thus the limits of the conventional 95% reference 
interval have rank numbers equal to 0.025(n+1) and 
0.975(n+ 1). 


d, Determine the percentiles by finding the original refer- 
ence values that correspond to the computed rank 
numbers, provided that the rank numbers are inte- 
gers. Otherwise, interpolate between the two limiting 
values. 

e. Finally, determine the confidence interval of each per- 
centile using the binomial distribution.” Table 16-3 facil- 
itates this for the 0.90 confidence interval of the 2.5 and 
97.5 percentiles. Just enter the table and look up the 
bounding rank numbers for each percentile. 

Table 16-4 shows an example of the nonparametric deter- 
mination of percentiles using the serum triglyceride values 

shown in Figure 16-3. 


Parametric Method 


The parametric method is much more complicated than the 
simple nonparametric method and requires computer soft- 
ware. The method is presented here under separate head- 
ings for testing of type of distribution, transformation of 
data, and the estimation of percentiles and their confidence 
intervals. 
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TABLE 16-4 Monpar ametric Determination of Reference Interval! 


0.43 “0.45 “046 


ce SAS 2er a : 3 rer 
fal £20.56 0,58: 0.58 61 
Ranks dl 1 paste. DEMAT 14: 


Sorted and Ranked Trghyerd Values i in the Right ‘Tail of the Distribution: 


“Values: 221: 2.92) 2.96 2.27 
Ranks: 481. 482 = 483 484: 
Values: 2:48-2:50) 2.55 2.62 
Ranks: a BS oe SA 493 494 


Calculation of Rank Numbers of the Percentiles: 


0.025(500 + 1) = 12.5 4 
0. 975(500 +1) $4885 


£0.55 | 


0.47 0.49. mes rey : “0.55 
“oS Gri “ig mets ng Qe 19” 

0.62 0.62 POOF EE 0.64 0.65 0.65 
15 16) 328887 E "19 BSP EAQON t] 
2:27. 2.28 i] RR EERE 2.35 
485 486 487... 488. 489 490 
2.63 2.65 LT 822 278 2.90 2,91 
495-496 498 500 


497 498 499 


Finding the Original Values Corresponding to These Rank Numbers: . Soe . : ene 


» Lower reference limit (2.5 percentile): i 0. 58. 


. Upper. reference limit-(97.5 percentile): 


: Rank a and Values of the. 0. 90 Condens Limit of the 


¿Rank numbers (Table 16-3): 
Confidence limits: 


32 by interpolation } 


ice Limit: 


Rank ‘Numbers and Values of the 0.90 Confidence Limit af the e Upper Reference Limit: 


Rank numbers (‘Table 16-3): 


: Confidence limits: 


Swnmaty: 
= Lower reference limit: 
<: Upper. reference limit: 


0.58 no e 
2,32 [222262] mmol/L 


500+1-19=482 
"500 +1-7 = 494. : 
2.22 and 2.62 a 


*The table shows an example using the 500 serum triglyceride concentrations displayed in Figure 16-3. See the text for a description of the nonparametric 


method. The unit of all concentrations in the table is mmol/L. 


Testing Fit to Gaussian Distribution 


The parametric method for estimating percentiles assumes 
that the true distribution is Gaussian. This fact was fre- 
quently ignored in the past and caused Elveback’* to warn 
against “the ghost of Gauss.” Negligence often results in seri- 
ously biased estimates of reference limits. If, for example, we 
compute the mean and standard deviation of the 500 serum 
triglyceride values displayed in Figure 16-3, and then cal- 
culate the reference interval as x + 1.960s,, we would find 
the following limits: 0.4 and 2.2 mmol/L (correct values: 0.6 
and 2.3mmol/L). A highly positively skewed. distribution 
may even result in a negative value for the lower reference 
limit. 

A critical phase in the parametric method is, therefore, to 
test the goodness-of-fit of the reference distribution to a 
hypothetical Gaussian distribution. If we must reject the 
Gaussian hypothesis at a specified significance level, we have 


two alternatives (Figure 16-2): either we can use the non- 

parametric method or we can try to apply mathematical 

transformation of data to approximate the Gaussian distri- 
bution. Only when the Gaussian hypothesis is not rejected 
by the test can we pass directly to parametric estimation of 

percentiles and their confidence intervals (Figure 16-2). 
Goodness-of-fit tests have been reviewed by Mardia.“ We 

shall discuss only a few simple tests” that have proved valu- 
able for our purposes. One can broadly classify these tests 
into three groups: graphical procedures, coefficient-based 
tests, and tests that are based on shape differences between 
the observed and theoretical distributions. 

1. The graphical procedure consists of plotting the cumula- 
tive distribution (Figure 16-3, B) on probability paper, 
which has a nonlinear vertical axis based on the Gauss- 
ian distribution. The plot should be close to a straight line 
if the distribution is Gaussian. It is, however, very diffi- 
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cult to evaluate visually the deviations from the straight 
line because of the nonlinearity of the vertical distances 
in the graph. For that reason, the use of the graphical 
method is not recommended. 

. The coefficient-based tests use statistical measures of 
skewness and kurtosis (Figure 16-5), These 
measures are computed from the second, third, and 
fourth subset moments about the mean (1m, m, and mp 
respectively): 


l =k 
m = PD 
n 


(k=2,3,0r 4) 


The subset coefficient of skewness, g, and its asymptotic 
standard. deviation, s, (it approaches the true standard 
deviation as the number of observations increases), are 
computed by the following formulas: 


g: =— = 
: Mg + N Ma 


6 
ss =4— 
n 


The coefficient g, is zero for the Gaussian and other sym- 
metrical distributions. The sign of a nonzero coefficient 
indicates the type of skewness present in the data (Figure 
16-5, A and B). 

The subset coefficient of kurtosis, g}, and its asymptotic 
standard deviation, s,, are computed as follows: 


The coefficient g, is approximately zero for the Gaussian 
distribution. The sign of a nonzero coefficient indicates 
the type of kurtosis present in the data (Figure 16-5, C 
and D). 

The statistical significance of these two coefficients 
may be found by referring to tables for testing skewness 
and kurtosis.” A rough test is obtained by dividing the 
coefficient by its standard deviation and then referring to 
a table of the Gaussian distribution. The latter procedure 
is only reasonably accurate for sample sizes above 1000 
(for g) and 2000 (for g,). Computer programs for calcula- 
tion and testing of these coefficients are available. 556657 

Example: The coefficients computed for the serum 
triglyceride data shown in Figure 16-3 are g, = 0.873 and y 
= 0.677. Their critical values for n = 500 at the 0.02 level 
of significance are 0.255 and 0.60, respectively.” Both 
coefficients are thus statistically significant and the 
Gaussian hypothesis should be rejected (the data were, in 
fact, approximately log-Gaussian). We arrive at the same 
conclusion by the approximate tests using the ratio be- 
tween a coefficient and its asymptotic standard deviation: 
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£s 3 0.873 =7.97 
so [6 

500 
8k 0.677 =3.09 
Sk 24 

500 


Both coefficients exceed 3 standard deviations. When 
using. a computer program,® these probabilities were 
found: p < 0.001 for g, and p = 0.011 for g. 

3. Three tests of shape differences that can be used to 
evaluate goodness-of-fit are the Kolmogorov-Smirnov 
test, the Cramer-von Mises test, and the Anderson- 
Darling test.**°* Computer programs for all three 
tests are available.® 

Here we focus only on the Anderson-Darling test, 
which has been recommended by the IFCC.* The proce- 
dure is as follows’; 

a. Allow for rounding of data, for example, by adding 
random “noise”: 


xi =x; + L(t; —0.5) G=1...,n) 


Here x’; is the value with random “noise” added, x; is 
the original data value, L is the step size of the value 
scale (least significant digit (e.g., L = 0.1 if laboratory 
results are reported to one decimal place), and r; is a 
random number between 0.0 and 1.0. 

b. Sort the data values in an ascending order of 
magnitude. 

c. Compute the deviations v; = (x’;- X)/s,, where X is the 
mean and s, is the standard deviation of the data values. 

d. Now find the values w; of the cumulative Gaussian 
distribution corresponding to the deviation v; by using 
statistical tables or a computerized algorithm. 

e. Calculate the test statistic A? by this formula: 


n 


A? 


f. Reject the hypothesis that the data distribution fits the 
Gaussian distribution at the 0.01 level of significance 
if the size-adjusted test statistic A** is greater than 
1.092": 


Transformation of Data: Simple Method 

In the previous section it was shown that Vx + 1.960s, of the 
serum triglyceride data in Figure 16-3 resulted in biased ref- 
erence limits (too low values), as was to be expected with this 
positively skewed distribution. However, it is often possible 
to transform data mathematically to obtain a distribution 
of transformed values that approximates a Gaussian distri- 
bution. With these new values, the 2.5 and 97.5 percentiles 
are localized at 2 standard deviations on both sides of the 
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mean. The estimates may then be transformed back to the 
original measurement scale by using the inverse mathemat- 
ical function. 

It is frequently observed that logarithmically transformed 
values, y = ln(x), of a positively skewed distribution fit the 
Gaussian distribution rather closely. In other cases, square 
roots of the values, ~x, result in a better approximation to 
the Gaussian distribution. This is the basis for the common 
use of the logarithmic and square root transformations 
when estimating reference limits. The method is applicable 
only to positively skewed distributions. The method is easily 
performed with a spreadsheet program. The procedure is as 
follows: 

L. Test the fit of the distribution of original data to the 
Gaussian distribution. If the distribution has approx- 
imately Gaussian shape, the 2.5 and 97.5 percentiles 
can be calculated directly as ¥ + 1.960s,. Otherwise 
continue with the following steps. 

2. Transform data by the logarithmic function y = n(x) 
or by the square root function y = ~x and then test the 
fit to the Gaussian distribution. If the transformed 
distribution is significantly different from Gaussian 
shape, try another transformation or estimate the 
percentiles by the nonparametric method (see earlier 
in this chapter). Continue with the next step if the 
transformation to Gaussianity was successful. 

3. Compute the mean y and the standard deviation s, of 
transformed data. Then estimate the 2.5 and 97,5 per- 
centiles in the transformed data scale as y + 1.960s,. 

4. The final step is reconversion of these percentiles to 
the original data scale. The inverse functions of the two 
transformations described here are: 


Inverse logarithmic function: x =e” = exp(y) 
Inverse square root function: x = y? 


It is also possible to estimate the confidence limits of per- 
centiles determined by the parametric method. The method 
is presented in a later section. 

Example: When using logarithms of the serum triglyc- 
eride values of Figure 16-3, we get a distribution very close 
to Gaussian shape. The mean and standard deviation of 
transformed data are F = 0.172 and s, = 0.357, respectively. 
The transformed 2.5 percentile is 0,172 — 1.960 x 0.357 = 
—0.528. On reconversion to the original data scale we get 
exp(—0.528) = 0.59. The lower reference limit of serum 
triglycerides is thus 0.59 mmol/L. Similarly, we find that the 
upper reference limit is 2.39 mmol/L. These values are in 
close agreement with those found by the nonparametric 
method: 0.58 and 2.32 mmol/L (Table 16-4). 


Transformation of Data: Two-Stage Method 

Because the simple logarithmic and square root transforma- 
tions often fail to produce the desired Gaussian shape of the 
distribution, Harris and DeMets” introduced the two-stage 
method: first use a function that transforms the distribution 
to symmetry (zero coefficient of skewness), and then apply 


another function that removes any remaining nonGaussian 
kurtosis. Several mathematical functions may serve the 
purpose,” but this chapter presents only the two-stage pro- 
cedure recommended by the IFCC.** This method, which is 
based on exponential and modulus functions, is imple- 
mented in the RefVal computer program.” The successive 
approximations to symmetry and to Gaussian kurtosis (i.e., 
the iterative determination of the function parameters) are 
monitored by the coefficient-based tests, whereas the final 
evaluation has to be done by an independent test (e.g., the 
Anderson-Darling test; see earlier in this chapter). 

The exponential function suggested by Manly“ may 
correct for both positive or negative skewness: 


_ exp(y:x)-1 


Y 
y=x (y = 0) 


(y # 0) 


The modulus function of John and Draper” may remove any 
nonGaussian kurtosis from a symmetrical distribution: 


A 
2 sig UD = a a 


z=sign[In(yl+DI 


| A #0) 
(A = 0) 


The sign in the formulas above is the algebraic sign associ- 
ated with each input value y. 


Parametric Estimates of Percentiles and Their 
Confidence Intervals 


General estimates for the 100m and 100(1 — œ) percentiles 
and their 0.90 confidence intervals can be determined by the 
following method, provided that data (original or trans- 
formed) fit the Gaussian distribution”: 


The 100 and 100(1 — œ) percentiles are determined as 


(mean) + c (standard deviation) 


where c is the (1 — &) standard Gaussian deviate, as can be 
found in statistical tables. For the 2.5 and 97.5 percentiles, 
we must find the (1—0.025) =0.975 standard Gaussian 
deviate: c= 1.960. 

The 0,90 confidence intervals of these percentiles are esti- 
mated as*4 


5 
percentile + 2.81-—= 
n 


where s, is the standard deviation of the reference values 
(original or transformed) and n is the number of values. This 
formula is a special case of a general formula that can be 
used for confidence intervals of other sizes or for other 
percentiles.** 

Example: The parametric estimate of the 2.5 percentile of 
serum triglycerides was determined previously by the loga- 
rithmic transformation. The 0.90 confidence limits of the 
lower percentile are then 
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0.357 
—0.528 ~ 2.81-——— = —0.573 
¥500 


0.357 
—0.528 + 2.81: ——= = — 0,483 
V500 


Thus the complete estimate of the 2.5 percentile [and 
its 0.90 confidence interval] is 0.59 [0.56 — 0.62] mmol/L. 


The 97.5 percentile is, by the same method, found to be 2.39 
[2.29 — 2.50] mmol/L. 


exp(—0.573) = 0.56 


exp(—0.483) = 0.62 


Bootstrap Method 

Bootstrap-based methods are reliable for estimating refer- 

ence intervals.” The following version using the rank- 

based nonparametric method is simple and reliable: 

1. Draw, with replacement, random samples of size n from 
the subset of n reference values. One draws “with replace- 
ment” if each value randomly selected from the subset is 
kept in the subset so that it may participate in the random 
selection of the next value. The number of resamples 
should be high (500 is a reasonable number of iterations). 

2. For each resample, estimate the upper and lower refer- 
ence limits (percentiles) by the rank-based nonparamet- 
ric procedure described previously. Save the two estimates 
for each iteration. 

3. Upon completion of all iterations, use the median of the 
resample estimates of each of the two reference limits as 
final estimates. 

4. Then estimate the 0.90 confidence interval of each 
reference limit from the distribution of the percentile 
estimates. 

Among available methods for estimation of reference 
limits and their confidence intervals, the bootstrap method 
probably is the most reliable one.””” The location of esti- 
mated percentiles is always dependent on the characteristics 
of the particular subset of reference values, There are only 
two possible methods to provide percentile estimates that 
approach population values: using a very large sample or 
performing repeated sampling from the same parent popula- 
tion. Both methods are obviously expensive. The bootstrap 
method is a good alternative. Its advantages are: (1) it is eco- 
nomical because it is based upon resampling from a single 
subset of reference values; (2) it provides robust percentile 
estimates (with the mentioned single-sample limitation); 
and (3) the widths of the confidence intervals approach 
asymptotically those that would have been obtained by 
repeated sampling from the parent population.” A computer 
is necessary to run the large number of bootstrap iterations.” 

The bootstrap version described here uses rank-based 
nonparametric percentile estimates. However, the bootstrap 
principle may be employed with any kind of estimation, 
parametric or nonparametric. 


PRESENTATION OF AN OBSERVED VALUE IN 
RELATION TO REFERENCE VALUES 


An observed value (patient’s value) may be compared with 
reference values. This comparison is often similar to hypoth- 


esis testing, but it is seldom statistical testing in the strict 
sense. Ideally the patient and the reference individuals 
should match (i.e. we might state the hypothesis that they 
were all picked from the same set [population]). Often, 
however, this is not the case. Thus it is advisable to consider 
the reference values as the yardstick for a less formal assess- 
ment than hypothesis testing. 

The clinician should always be supplied with as much 
information about the reference values as he or she needs for 
the interpretation. Reference intervals for all laboratory tests 
may be presented to the physicians in a booklet together with 
information about the analysis methods, their imprecision, 
and descriptions of the reference values. The aim must be to 
present to the physicians enough information for rational 
clinical judgments. 

In addition, a convenient presentation of an observed 
value in relation to reference values may be a great help for 
the busy clinician. 48 

The presentation of the observed value together with a 
listing of all the reference values for the corresponding test is 
a feasible procedure only when few reference values are avail- 
able, When we have many reference values, it is more con- 
venient to present the reference distribution in a table, 
graphically in the form of a histogram (Figure 16-3, A), or 
by a plot of the cumulative distribution (Figures 16-3, B and 
16-4, B). A very informative presentation of the observed 
value is to show its location on a graph. This is particularly 
suited for a computerized display.” 

A more condensed technique is to present the observed. 
value and the reference interval on the same report sheet. The 
reference intervals may be preprinted on report forms, or the 
computer system may select the appropriate age- and 
gender-specific reference interval from a file and print it 
next to the test result. This type of presentation can be 
graphical.” 

It is also possible to compute various mathematical indices 
or to flag the results on reports using convenient symbols. 
When using such presentation methods, the original observed 
value should also be reported to allow comparison with 
results of other laboratory tests and metabolic calculations. 

An observed value may be classified as “low,” “usual,” or 
“high” (three classes), depending on its location in relation to 
the reference interval. On reports, it is convenient to flag 
unusual results (e.g., by using “L” and “H” for “low” and 
“high,” respectively).” 

A more detailed division of the value scale has also been 
advocated." The regions outside the reference interval may 
be subdivided to indicate how “unusual” the observed value 
is. The reference interval may also be subclassified. The 
advantages are doubtful, however, because the shape of the 
reference distribution is not taken into account. 

Another popular method is to express the observed value 
by a statistical distance measure. Such distances are all ratios 
of the following type: 


observed value — measure of location 
measure of dispersion 
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The well-known SD unit or “normal equivalent deviate” 
is such a measure. It is calculated as the difference between 
the observed value and the mean of the reference values 
divided by their standard deviation.” Several similar ratios 
have been suggested,“ but none has significant advantages 
over the other. All produce very confusing values if the ref- 
erence distribution is very skewed. An observed value (e.g., 
with an SD unit of 2.2) would be above the 97.5 percentile 
if the reference distribution has a Gaussian shape, but 
might be well below the upper reference limit of a positively 
skewed. distribution. Mathematical transformation of the 
reference distribution to the Gaussian shape may solve this 
problem.” 

To report the observed value as a percentile of the refer- 
ence distribution provides a very accurate measure of 
the relation. *" The observed serum triglyceride value 2.4 
mmol/L may, for example, be reported as 2.4mmol/L (98th 
percentile). Alternatively, we can estimate the probability of 
finding a value closer to the mean than the observed value, 
the index of atypicality.”” 

When observed values of several analytes are reported 
simultaneously, it is possible to use multivariate analogs of 
the SD unit and the index of atypicality (see below).’” 


ADDITIONAL TOPICS 


TRANSFERABILITY OF REFERENCE VALUES 


The determination of reliable reference values for each test 
in the laboratory’s repertoire is a major task and is often far 
beyond the capabilities of the individual laboratory. It would 
therefore be convenient if reference values generated in 
another laboratory could be used. This is especially impor- 
tant when ethical considerations limit the number of avail- 
able individuais (e.g, when producing pediatric reference 
values). Then, cooperative establishment of reference values 
may be necessary. 

A major prerequisite for transfer of reference values is 
that the populations be homogeneous (i.e., there should be 
no major ethnic, social, or environmental differences among 
them). 

However, the problem of analytical transferability 
remains. The optimal, but usually very unrealistic, situation 
assumes that the analytical methods, including their calibra- 
tion and quality assurance, are identical in the laboratories. 
A more pragmatic approach involves standardization of ana- 
lytical protocols, common calibration, design of a suff- 
ciently efficient external quality control scheme, and the use 
of mathematical transfer functions if the results still are not 
directly comparable. 

The parameters of transfer functions may be estimated 
from the results obtained by analysis of a sufficient number 
of specimens (preferably human) spanning the relevant 
range of concentrations in all participating laboratories. 
Sometimes functions obtained by simple linear regression 
suffice: using y = ay + 4x, the constant term a, compensates 
for systematic shifts among the methods, whereas the coef- 


ficient term a, adjusts for proportional differences. In other 
cases, a more elaborate system for transfer of laboratory data 
is necessary.” The mentioned transfer functions account 
only for analytical bias; however, adjustments for differences 
in imprecision may also be designed. 

Multicenter production of reference values is gaining accep- 
tance, both as a theoretical concept and as a practical 
approach. A Spanish study” introduced a cooperative 
model, simulating a virtual laboratory for 15 biochemical 
quantities. A recent project in the Nordic countries 
(NORIP**") was aimed at the production of common 
reference intervals for 25 analytes. 

The verification of transferred reference values or inter- 
vals is both important and problematic.” The comparison 
of a locally produced, small subset of values with the large 
set produced elsewhere using traditional statistical tests often 
is not appropriate because the underlying statistical assump- 
tions are not fulfilled and because of the unbalanced sample 
sizes. Alternative methods using nonparametric tests“ or 
Monte Carlo sampling” have been described. 


MULTIVARIATE, POPULATION-BASED 
REFERENCE REGIONS 


The topic of the previous sections of this chapter has been 
univariate population-based reference values and quantities 
derived from them. Such values do not, however, fit the 
common clinical situation in which observed values of 
several different laboratory tests are available for interpreta- 
tion and decision making. For example, the average number 
of individual clinical chemistry tests requested on one spec- 
imen received in the author’s laboratory is 9.7. There are two 
models for interpretation by comparison in this situation. 
We can compare each observed value with the correspond- 
ing reference values or interval (i.e., we perform multiple, 
univariate comparisons); or we can consider the set of 
observed values as a single multivariate observation and 
interpret it as such by a multivariate comparison. In this 
section, the relative merits of these two approaches are dis- 
cussed, and methods for the latter type of comparison are 
presented. 


The Multivariate Concept 


A univariate observation, such as a single laboratory result, 
may be represented graphically as a point on a line, the axis. 
The results obtained by two different laboratory tests per- 
formed on the same specimen (a bivariate observation) may 
be displayed as a point in a plane defined by two perpendic- 
ular axes. With three results, we have a trivariate observation 
and a point in a space defined by three perpendicular axes, 
and so on. We lose the possibility for visualization of a mul- 
tivariate observation when there are more than three dimen- 
sions. Still, we can consider the multivariate observation as 
a point in a multidimensional hyperspace with as many 
mutually perpendicular axes as there are results of different 
tests. The prefix “hyper” signifies, in this context, “more than 
three dimensions.” Such multivariate observations are also 
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Figure 16-6 Bivariate reference region (ellipse) compared with 
the region defined by the two univariate reference intervals 
(box). 


called patterns or profiles. A multivariate distribution is thus 
represented by a cluster of points on a plane, in a space, or 
in a hyperspace, depending on the dimensionality of the 
observation.’”° Several statistical methods are based on 
multivariate methods, and some of them are straightforward 
extensions of well-known univariate methods.” 


The Multiple, Univariate Reference Region 


The univariate reference interval is bounded by two refer- 
ence limits on the result axis (Figure 16-4). Figure 16-6 
shows that the univariate reference intervals for two labora- 
tory tests describe a square in the plane of the two axes. Sim- 
ilarly, three or more univariate reference intervals define 
boxes or hyperboxes in the (hyper)space. By multiple, uni- 
variate comparison it can be decided whether a multivariate 
observation point lies inside or outside this square, box, or 
hyperbox. This method has, however, two very serious defi- 
ciencies™: an observation may lie outside the limits of the 
region without being unusual (Figure 16-6, point a), or it 
may be found on the inside and still be a very atypical obser- 
vation (Figure 16-6, point b). If we use the central 95% inter- 
val, 5% of the values are by definition expected to be located 
in the two tails of the univariate reference distribution. But 
more than 5% of the values would be located outside the 
square or (hyper)box created by several 95% intervals. To be 
accurate, 100(1 — 0.95”) percent of multivariate reference 
values would be excluded by the method of multiple, uni- 
variate comparison (m being the number of different tests 
or the dimensionality). We would, for example, expect to 
find 100(1 — 0.95"°) = 40% of “false positives” when using 10 
laboratory tests. This discouraging result has been verified in 
several multiphasic screening programs, We therefore need 
a better method. 


The Multivariate Reference Region 


It is possible to define a common multivariate reference 
region* based on the joint distribution of the reference 
values for two or more laboratory tests. This multivariate 
region is not a right-angled area or hyperbox, but more like 
an ellipse in the plane (Figure 16-6) or an ellipsoid hyper- 
body in hyperspace. This region may be a straightforward 
extension of the univariate 95% interval to the multivariate 
situation; it may be set to enclose 95% of the central multi- 
variate reference data points. In that case, we would expect 
to find only 5% “false positives.” 

The use of multivariate reference regions usually requires 
the assistance of a computer program, which takes a set of 
results obtained by several laboratory tests on the same clin- 
ical specimen and calculates an index. The interpretation of 
a multivariate observation in relation to reference values is 
then the task of comparing the index with a critical value 
estimated from the reference values. This, obviously, is much 
simpler than comparing each result with its proper reference 
interval, 

The index is essentially a distance measure, Mahalanobis’ 
squared distance (D°), which expresses the multivariate dis- 
tance between the observation point and the common mean 
of the reference values, taking into account the dispersion 
and correlation of the variables.’*"°"” More interpreta- 
tional guidance may be obtained from this distance by 
expressing it as a percentile analogous to the percentile pre- 
sentation of univariate observed values.’ Also, the index of 
atypicality has a multivariate counterpart.’” 

Mahalanobis’ squared distance of an observation is the 
multivariate analog of the square of the SD unit (d°) dis- 
cussed earlier: 


A2 

a =(=) =(x-7) (2) " -(x—X) 
Sx 

The second form of the formula above is given to show the 

analogy to Mahalanobis’ distance, which is defined as 

follows: 


D? =(x- XY S(x- x) 


where (x — x)’ and (x— X) are row and column vectors of 
the differences between each variable and its mean, and S$” 
is the inverse matrix of variances and covariances. (Accord- 
ing to the notation of matrix algebra, a lower-case boldface 
letter denotes a vector [an array of numbers]; the symbol for 
a matrix [a table of numbers] is a boldface capital letter.) The 
diagonal elements of the matrix S before inversion are the 
variances of the measures of the dispersion of individual 
variables. The covariances are measures of their inter- 
relationship (off-diagonal elements of S). The D? for a set of 
m-dimensional observations follows approximately a ¥? 
distribution with m degrees of freedom. The critical value of 
D’? for a 95% reference region is thus approximately the (1 — 


*References 1, 2, 10, 27, 76, 78. 
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0.95) fractile of this distribution.’*"" An observed pattern is 
located outside the multivariate region if its D? exceeds the 
critical value. If we want to report the D’ as a percentile, we 
also refer to the same y? distribution.” 

Although the theory of multivariate reference regions has 
been known for a long time, surprisingly few applications of 
it have been reported in the literature. An important report 
reviews the topic and presents the results of a very careful 
study on the multivariate 95% region for a 20-test chemistry 
profile.” Some of the findizigs.can be summarized as follows: 

1. Sixty-eight percent of the subjects had at least one test 
result outside univariate reference intervals, which was 
close to what was theoretically expected: 100(1 — 
0.957") = 64%. 

2. By contrast, only 5% of the patterns were outside the 

` multivariate reference region (as expected). 

3. Transformation to approximately Gaussian shape of 
the univariate distributions was necessary. 

4, A test profile may be distinctly unusual in the multi- 
variate sense even though each individual result is 
within its proper reference interval (e.g., point B in 
Figure 16-6). 

5. The multivariate reference region could detect minor 
deviations of multiple analytes. 

6. Conversely, it could also be quite insensitive to highly 
deviating results for a single analyte. 

7. The sensitivity could be increased by defining multi- 
variate reference regions for subsets of physiologically 
related tests. 


SUBJECT-BASED REFERENCE VALUES 


Figure 16-7 depicts the inherent problem associated with 
population-based reference values. It shows two hypotheti- 
cal reference distributions. The one represents the common 
reference distribution based on single specimens obtained 
from a group of different reference individuals, It has a true 
(hypothetical) mean p and a standard deviation ©. The other 
distribution is based on several specimens collected over 
time in a single individual, the ith individual. Its hypotheti- 
cal mean is u; and the standard deviation G; 

If an observed value is located outside the subject’s 2.5 
and 97.5 percentiles, the personal or subject-based reference 
interval, the cause may be a change in the biochemical status, 
suggesting the presence of disease. Figure 16-7 shows that 
such an observed value may still be within the population- 
based reference interval. The sensitivity of the latter interval 
to changes in a subject’s biochemical status depends accord- 
ingly on the location of the individual's mean p; relative to 
the common mean LL and to the relative magnitudes of the 
corresponding standard deviations ©; and 6. A mean p; close 
to u and a small o; relative to © may conceal the individual’s 
changes entirely within the population-based reference 
interval. 

Harris**” analyzed this topic and found that the ratio R 
of intraindividual (personal) variation over interindividual 
(among subjects) variation provides a criterion of the use- 
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Figure 16-7 Relationship between population-based and 
subject-based reference distributions and reference intervals. The 
example is hypothetical, and the two distributions are, for 
simplicity, Gaussian. (Modified from Harris EK: Effects of 
intraindividual and interindividual variation on the appropriate use of 
normal ranges. Clin Chem 1974; 20:1536.) 


fulness of the population-based reference interval, The pop- 
ulation-based reference interval has less than the desired sen- 
sitivity to changes in biochemical status if the ratio value is 
R 2 0.6. This interval is a more trustworthy reference if R is 
> 1.4, at least for the individual whose standard deviation 6; 
is close to the average value. Published data” usually show 
that homeostatically tightly controlled quantities, such as 
serum electrolytes, have high ratio values. The population- 
based reference intervals of such analytes suffice for clinical 
use. For example, serum proteins and enzymes have very low 
ratios because they are not under the same degree of meta- 
bolic control. Here, subject-based reference intervals seem 
more appropriate. 

There are two possible solutions to the problem of the 

clinical insensitivity of population-based reference intervals: 

1. We can try to reduce the variation in the reference 
values by partitioning into more homogeneous sub- 
classes, as was discussed in a previous section. But to 
increase the ratio R, for example, from 0.6 to 1.4 by 
partitioning, requires that we can obtain the rather 
dramatic reduction of 37% in the standard deviation.” 
This often is difficult to attain in practice. 

2. The other possibility is to use the subject’s previous 
values, obtained when the subject was in a well- 
defined state of health, as the reference for any future 
value. The application of subject-based reference values 
becomes more feasible as “health screening” by labo- 
ratory tests and as computer storage of results become 
available to large segments of the general population. 

There are two not completely separated classes of models 

for construction of subject-based reference intervals: statis- 
tical and physiological models.” 

1. Harris has developed several models based on statisti- 
cal time series analysis.” ™ At the one extreme, we have 
a stationary or homeostatic model suitable for analytes 

‘showing relatively fast, random fluctuations around a 
constant mean (set point). The set point is estimated. 
from past values that are given equal weights. Another 
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model, the nonstationary random-walk model, allows 
a changing set point over time in healthy subjects. 
Then, the more recent values are given heavier weights 
during the estimation of the current set point. Inter- 
mediate and more or less complex models exist. Some 
of these data-following methods are suited for adap- 
tive forecasting in situations in which the time inter- 
vals are short (e.g., during hospitalization).”* They 
might thus be implemented on a computer as part of 
a laboratory cumulative reporting system. The reader 
is referred to papers by Harris for details on statistical 
time series models.“ 

2. It is also possible to construct physiological models 
that use known physiological and biochemical time- 
dependent relationships. Winkel has developed a time 
series model for monitoring plasma progesterone in 
pregnancy using the assumption of a simple exponen- 
tial growth curve for the size of the placenta.” 


DYNAMIC VERSUS STATIC INTERPRETATION OF 
CLINICAL CHEMISTRY DATA 


The interpretation of observed values by comparison with 
population-based reference values or intervals is not the only 
way clinical data may be used. Often, dynamic approaches to 
data interpretation are more appropriate. Time-dependent 
variation may provide important information. The time 
series analysis of consecutive values from the same individ- 
ual is one example. Other examples are the dynamic analy- 
sis of kinetic processes in the organism, such as intermediary 
metabolism and the exchange of substances between meta- 
bolic pools. For example, it is possible to design a model for 
urea turnover in the body. The model defines the rates of 
urea input from various sources to the extracellular fluid, the 
exchange of urea across cell membranes, the urea degrada- 
tion in the gut, the handling of urea by the kidneys, and so 
forth. Such a model may facilitate the interpretation of 
serum urea values with the purpose of detecting hemorrhage 
or necrosis after major surgery and the evaluation of the 
magnitude of these complications. Biochemical model 
building, estimation of model parameters from observed 
values, and computer simulation of the models may add 
greatly to our understanding. 
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pounds and elements; the concentration or activities 

of these analytes are a reflection of the individual’s 
health or pathophysiological state. However, both preanaly- 
tical variables and biological variation affect the concentra- 
tion or activities of these analytes.'°°°” 


Te human body is composed of many different com- 


PREANALYTICAL VARIABLES 


Preanalytical variables fall under two categories—those that 
are controllable and those that are not. Those that can be 
controlled have short-lived effects. Duration of the other 
factors is much longer. Standardization of specimen collec- 
tion practices minimizes the variables that cause changes in 
test values within one day or from one day to another and 
thereby reduces the difficulty in interpretation of values (see 
Chapter 2). However, in many healthcare facilities, stan- 
dardization is not always possible. Thus one must under- 
stand the influences of both controllable and uncontrollable 
variables on the composition of body fluids. 


CONTROLLABLE VARIABLES 


Many of the preanalytical variables related to specimen 
collection that were discussed in Chapter 2 are examples of 
controllable variables. Others include physiological variables 
and those associated with diet, lifestyle, stimulants, drugs, 
herbal preparations, and recreational drug ingestion. 


Physiological Variables 


Physiological variables that are controllable that affect ana- 
lytical results include posture, prolonged bed rest, exercise, 
physical training, circadian variation, and travel. 


Posture 


In an adult, a change from a lying to an upright position 
results in a reduction of an individual’s blood volume of 
about 10% (~600 to 700 mL). Because only protein-free fluid 
passes through the capillaries to the tissue, this change in 
posture results in the reduction of the plasma volume of the 
blood and an increase (~8% to 10%) in the plasma protein 
concentration. Normally the decrease with the change from 
lying to standing is complete in 10 minutes. However, 30 
minutes is required for such a change to occur when one goes 
from standing to lying. 

The typical pressure at the arterial end of a capillary 
is 24mmHg (3.2kPa) and at the venous end 10mmHg 
(1.3 kPa), although it varies with the distance of the capillary 
from the heart.” Transfer of fluid and solute across a capil- 
lary wall depends on a complex interaction of hydrostatic 
and osmotic pressures of the capillary and interstitial fluids. 
Fluid moves into the interstitial space at the arteriolar end 
of the capillary and returns to the capillary at the venular 
end. A greater volume of fluid leaves the capillary at the arte- 
riolar end than is returned to the venous end. The excess 
drains into the lymphatic system. When an individual lies 
down, more fluid returns to the capillaries because the cap- 
illary pressure is reduced. The volume of fluid returning 
to capillaries progressively declines when an individual is 
recumbent for a long time. Diuresis serves as a mechanism 
to prevent overloading of the vascular system. 

Heart rate and systolic and diastolic blood pressures are 
greater in the upright than in the recumbent individual. The 
change in posture from lying to standing increases the secre- 
tion of catecholamines, aldosterone, angiotensin II, renin, 
and antidiuretic hormone. Epinephrine and norepinephrine 
concentrations in plasma may double within 10 minutes, but 
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there is no change in their urinary excretion. The increase of 
plasma aldosterone and plasma renin activity is slower, but 
their concentrations may still double within 1 hour. 

Substantial changes also take place with a change from the 
lying to the sitting position” or from standing to a supine or 
sitting position.’ The reduction of the extracellular fluid 
volume with standing reduces the renal blood flow and 
causes a reduction of the glomerular filtration rate and urine 
production. The changes are apparent in 1 hour. Lithium, 
used therapeutically to treat some forms of schizophrenia, 
responds in the same way as sodium to postural changes. 
Sodium, potassium, and lithium excretions are reduced in 
response to increased hormone secretion, but the normal 
diurnal variation persists. When an individual stands, his 
urinary pH decreases and excretion of bicarbonate is 
reduced as hydrogen ions are exchanged for sodium. The 
excretion of protein is reduced in most individuals with the 
reduction of the glomerular filtration rate that occurs with 
standing. Orthostatic proteinuria is a condition in which 
protein is present when individuals are standing but essen- 
tially absent when they are recumbent. This phenomenon is 
possibly caused by increased glomerular permeability from 
increased venous pressure. The incidence of orthostatic pro- 
teinuria is probably less than 5%. 

Normally the alteration of blood volume that takes place 
with a change from standing to lying is complete in 30 
minutes. The decrease with the change from lying to stand- 
ing is complete in 10 minutes. Changes in concentration 
of proteins and protein-bound constituents in serum are 
greater in hypertensive patients than normotensive patients, 
in individuals with a low plasma protein concentration than 
in those with a normal concentration, and in the elderly 
compared with the young. Most of the plasma oncotic pres- 
sure is attributable to albumin because of its high concen- 
tration, so that protein mainutrition—with its associated 
reduction of plasma albumin concentration—treduces the 
retention of the fluid within the capillaries. Conversely the 
impact of postural changes is less in individuals with abnor- 
mally high concentrations of protein, such as those with a 
monoclonal gammopathy (multiple myeloma). 

In general, the concentrations of freely diffusible con- 
stituents with molecular weights of less than 5000Da are 
unaffected by postural changes. However, a significant 
increase in potassium (~0.2 to 0.3mmol/L) occurs after an 
individual stands for 30 minutes. This increase in K* has 
been attributed to the release of intracellular potassium from 
muscle. Although postural changes affect urinary sodium 
excretion, its plasma concentration is only slightly affected. 

Changes in the concentration of some major serum con- 
stituents with change in posture are listed in Table 17-1. 


Prolonged Bed Rest 


The plasma and extracellular fluid volumes decrease within 
a few days of the start of bed rest. Consequently the blood 
hematocrit may increase by as much as 10% within 4 days. 
There is usually a slight reduction of total body water. 


TABLE 17-1 Change in Concentration of Serum 


Constituents With Change from Lying 
to Standing 


Constituent ain Average Increase (%). 


me 


-Alaning aminotransferase 


Aspartate aminotransferase 
Calcium : 
Cholesterol 

IgA n 

IgG 

IgM 

Thyroxine... 


SOV NEN NT GT OV NTO 


CN et 


Triglycerides 


From Felding P, Tryding N, Hyltoft Petersen P, et al. Effects of pasture on 
concentrations of blood constituents in healthy adults: Practical 
application of blood specimen collection procedures recommended by the 
Scandinavian Committee on Reference Values. Scand J Clin Lab Invest 
1980;40:615-21. 


With prolonged bed rest, fluid retention occurs and 
plasma protein and albumin concentrations may be 
decreased by an average of 0.5 and 0.3¢/dL, respectively. 
The concentrations of protein-bound constituents are also 
reduced, although mobilization of calcium from bones with 
an increased free ionized fraction compensates for the 
reduced. protein-bound calcium, so serum total calcium is 
less affected. Serum aspartate aminotransferase activity is 
usually slightly less in individuals confined to bed than in 
those undertaking normal physical activity. Initially and 
paradoxically, creatine kinase (CK) activity is increased as a 
result of its release from skeletal muscles, but ultimately, CK 
activity may be less than in active, healthy individuals. Serum 
potassium may be reduced by up to 0.5mmol/L because of 
reduction of skeletal muscle mass. 

Prolonged bed rest is associated with increased urinary 
nitrogen excretion. Calcium, sodium, potassium, phosphate, 
and sulfate excretions are increased; hydrogen ion excretion 
is reduced, presumably caused by decreased metabolism of 
skeletal muscle.’ The amplitude of circadian variation of 
plasma cortisol is reduced by prolonged immobilization, and 
the urinary excretion of catecholamines may be reduced to 
one third of the concentration in an active individual. Vanil- 
lylmandelic acid excretion is reduced by one fourth after 2 
to 3 weeks of bed rest. 

When an individual becomes active after a period of bed 
rest, more than 3 weeks are required before calcium excre- 
tion reverts to normal, and another 3 weeks before positive 
calcium balance is achieved. Several weeks are required 
before positive nitrogen balance is restored. 
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Exercise 


In considering the effects of exercise the nature and extent 
of the exercise should be taken into account. Static or iso- 
metric exercise, usually of short duration but of high inten- 
sity, uses previously stored adenosine triphosphate (ATP) 
and creatine phosphate whereas more prolonged exercise 
must use ATP generated by the normal metabolic pathways. 
The changes in concentrations of analytes as a result of exer- 
cise are largely due to shifts of fluid between the intravascu- 
lar and interstitial compartments, changes in hormone 
concentrations stimulated by the change in activity and by 
loss of fluid due to sweating. The physical fitness of an indi- 
vidual may also affect the extent of a change in the con- 
centration of a constituent. Such factors account for the 
sometimes conflicting reports in the literature. Whether 
these effects are significant often depends on how long after 
an exercise activity a specimen was collected. 

With moderate exercise, the provoked stress response 
causes an increase in the blood glucose, which stimulates 
insulin secretion. The arteriovenous difference in glucose 
concentration is increased by the greater tissue demand for 
glucose. Plasma pyruvate and lactate are increased by the 
increased metabolic activity of skeletal muscle. Even mild 
exercise may increase the plasma lactate twofold. Arterial pH 
and PCO, are reduced by exercise. Reduced renal blood flow 
causes a slight increase in the serum creatinine concentra- 
tion. Competition between uric acid and lactate and prod- 
ucts of increased tissue catabolism for renal excretion causes 
the serum urate concentration to increase. Exercise causes a 
reduction of cellular ATP, which increases cellular perme- 
ability. The increased permeability causes slight increases in 
the serum activities of enzymes originating from skeletal 
muscle, such as aspartate aminotransferase (AST), lactate 
dehydrogenase (LD), CK, and aldolase.” The increase of 
enzyme activity tends to be greater in unfit than fit individ- 
uals. As little as 5 minutes of walking increases the activity 
of these enzymes in plasma. Mild exercise produces a slight 
decrease in the serum cholesterol and triglyceride concen- 
trations that may persist for several days. Those who walk 
for about 4 hours each week have an average cholesterol 
concentration 5% lower and high-density lipoprotein 
(HDL) concentration 3.4% higher than inactive individuals, 

In general the effects of strenuous exercise are exaggera- 
tions of those occurring with mild exercise. Thus hypo- 
glycemia and increased glucose tolerance may occur. The 
plasma lactate may be increased tenfold. Severe exercise 
increases the concentration of plasma proteins owing to an 
influx of protein from interstitial spaces, which occurs 
after an initial loss of both fluid and protein through the 
capillaries. The plasma concentrations of glycoproteins, 
transferrin, and O,-macroglobulin are typically increased.” 
Fibrinolytic activity is also increased. Strenuous exercise may 
more than double CK activity, but the activity of enzymes 
with primarily liver or kidney origins is little changed, 
although both hepatic and renal blood flow are reduced. 


Strenuous exercise for 10 minutes increases plasma renin 
activity by 400%. Cortisol secretion is stimulated and the 
normal diurnal variation may be abolished.” Urinary free 
cortisol excretion and the plasma concentrations of cortisol, 
aldosterone, growth hormone, somatotropin, and prolactin 
are also increased by exercise. Plasma insulin concentration 
is decreased by exercise. Strenuous exercise increases both 
the plasma and urinary concentrations of catecholamines. 
The changes in hormone concentrations are probably 
responsible for the increase in leukocyte count to about 
25,000 cells/uL that has been observed following strenuous 
exercise. 

The blood pH, oxygen saturation, and venous bicarbon- 
ate concentrations are decreased by strenuous exercise. The 
concentration of triglycerides is reduced briefly by exercise, 
but the free fatty acid concentration is greatly increased; 
serum creatinine and urea nitrogen concentrations are also 
increased, Although the creatinine concentration returns 
rapidly to normal on the cessation of exercise, the increased 
urea nitrogen concentration persists for some time, 
Reversible, benign hematuria and proteinuria occur com- 
monly with exercise and worsen in proportion to the extent 
of the exercise. These may persist for 3 days following stren- 
uous sports but do not warrant investigation. 

Some representative changes in concentration or activity 
of serum constituents induced by exercise are listed in Table 
17-2, 


Physical Training 

Athletes generally have a higher serum activity of enzymes 
of skeletal muscular origin at rest than do nonathletes. 
However, the response of these enzymes to exercise is less in 
athletes than in other individuals. The reduced release of 
enzymes from skeletal muscle in well-trained individuals 
has been attributed to an increase in the number and size 
of mitochondria allowing the muscle to better metabolize 
glucose, fatty acids, and ketone bodies. The proportion of 
CK that is CK-MB is much greater in the trained than 
untrained individual. Serum concentrations of urea, urate, 
creatinine, and thyroxine are higher in athletes than in com- 
parable untrained individuals.” Urinary excretion of creati- 
nine is also increased. These changes are probably related to 
the increased muscle mass and a greater turnover of muscle 
mass in athletes, 

The total serum lipid concentration is reduced by physi- 
cal conditioning; serum cholesterol may be lowered by as 
much as 25%. HDL cholesterol, however, is increased. Thus 
the decrease in total cholesterol concentration is mostly due 
to a reduction in low-density lipoprotein (LDL) cholesterol. 
The concentration of serum apolipoprotein A-1 increases 
with training, whereas the concentration of apolipoprotein 
B decreases. The serum triglyceride concentration may be 
reduced by up to 20mg/dL (0.23mmol/L), but the free 
fatty acid concentration is higher in fit individuals than 
others. Loss of body fat is associated with improvement 
in lipid concentrations. The lactate response to exercise is 
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TABLE 17-2: Effect of Strenuous Exercise on- Selected: Serum Constituents? 


Constituent Value % Increase 


Acid phosphatase ea Ep Anian ll 
Alanine aminotransferase seats 

Alkaline phosphatase. aS 

Aspartate aminotransferase aes 

Calcium 


Constituent Value ae 


Albumin: 
Bilirubin 


Potassium 


From Statland BE, Winkel P, Bokelund H. Factors contributing to variation of serum constituents in healthy subjects. In; Siest G, ed. Organisation des 
laboratoires. Biologie perspective. Paris: Expansion Scientifique Francaise, 1975:717-50. 


*Changes were determined 15 min after conclusion of 20 min exercise. 


reduced in trained athletes compared with untrained 
individuals. In general the same exercise produces a less 
marked biochemical response in the fit person than in the 
unfit person. 


Circadian Variation 


Many constituents of body fluids exhibit cyclical variations 
throughout the day.” Factors contributing to such variations 
include posture, activity, food ingestion, stress, daylight or 
darkness, and sleep or wakefulness. These cyclical variations 
may be quite large, and therefore the drawing of the speci- 
men must be strictly controlled. For example, the con- 
centration of serum iron may change by as much as 
50% from 0800 to 1400, and that of cortisol by a similar 
amount between 0800 and 1600. Serum potassium has been 
reported to decline from 5.4mmol/L at 0800 to 4.3 mmol/L 
at 1400. The typical total variation of several commonly 
measured serum constituents over 6 hours is illustrated 
in Table 17-3. The total variation is listed together with 
analytical error. 

Hormones are secreted in bursts, and this, together with 
the cyclical variation to which most hormones are subject, 
may make it very difficult to interpret their serum concen- 
tration properly. Corticotropin secretion is influenced by 
cortisol-like steroids, but it is also affected by posture and by 
light, darkness, and stress, Its secretion is increased threefold 
to fivefold from its minimum between afternoon and mid- 
night to its maximum around waking. Cortisol concentra- 
tions are greatest around 0600 to 0800 hours and may be 
twice as high as those observed at midnight.” 

Maximum renin activity normally occurs early in the 
morning during sleep; its minimum occurs late in the after- 
noon. The plasma aldosterone concentration shows a similar 
pattern. Glomerular filtration rate (GFR) varies inversely 
with the secretion of renin. GFR is least at the time of 


maximum renin secretion and 20% greater in the afternoon 
when renin activity is at a minimum. The excretion of 17- 
ketosteroids and 17-hydroxycorticosteroids is low at night 
and reaches a maximum about midafternoon. 

There is no circadian variation in the plasma concentra- 
tions of follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH) in men, but a 20% to 40% increase of plasma 
testosterone occurs during the night. Prolactin is secreted, 
like other hormones, in multiple bursts; prolactin concen- 
tration is greatest during sleep. 

The serum thyroid-stimulating hormone (TSH) is at a 
maximum between 0200 and 0400 and at a minimum 
between 1800 and 2200. The variation is of the order of 50%. 
There are also variations in the serum thyroxine concentra- 
tion, but these appear to be related to the changes in con- 
centration of binding protein brought about by changes in 
posture. These variations are maximal between 1000 and 
1400. Total protein concentration may vary by as much as 
10% over 24 hours, but the variation of individual proteins 
may be even greater. 

Growth hormone secretion is greatest shortly after sleep 
commences, Conversely, basal plasma insulin is higher in the 
morning than later in the day, and its response to glucose is 
also greatest in the morning and least about midnight. When 
a glucose tolerance test is given in the afternoon, higher 
glucose values occur than when the test is given early in 
the day. The higher plasma glucose occurs in spite of a 
greater insulin response, which is nevertheless delayed and 
less effective. 

Urinary excretion of catecholamines and their metabo- 
lites is less at night than during the day. The effect is related 
to activity, because in night workers excretion is less during 
the day. 

The peak urinary excretion of sodium and potassium is 
about noon, whereas the excretion of calcium and magne- 
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TABLE 17-3. Total and Analytical Variation for Serum Tests on n Specimens Obtained at 0800 and 1400: 


o- coy : 
Cholesterol (mg/dL): 


From Winkel P, Statland BE, Bokelund H. The effects of time of venipuncture on variation of serum constituents. Am J Clin Pathol 1975;64:433- ar 
Copyright 1975 by the American Society of Clinical Pathologists. Reprinted with permission. 


*11 male subjects, age 21-27 years, studied at 0800, 1100, 1400. 


sium is greatest during the night. Urinary phosphate excre- 
tion is low at night, with the result that serum phosphate is 
as much as 30% higher at night than during the morning. 
Urinary volume and creatinine excretion are low during the 
night. The creatinine clearance may be reduced by up to 10% 
during the night. Night urine contains excess ammonia and 
its titratable acidity is high.” 


Travel 


Travel across several time zones affects the normal circadian 
rhythm. Five days are required to establish a new stable 
diurnal rhythm after travel across 10 time zones. The 
changes in laboratory test results are attributable to altered 
pituitary and adrenal function. Urinary excretion of cate- 
cholamines is usually increased for 2 days; serum cortisol is 
reduced. During a flight, serum glucose and triglyceride 
concentrations increase, while glucocorticoid secretion is 
stimulated. During a prolonged flight, fluid and sodium 
retention occur, but urinary excretion returns to normal 
after.2:days.® 

Space travel is associated with a-decrease in blood and 
plasma volumes and is further associated with increases 
in plasma antidiuretic hormone, atrial natriuretic peptide, 
growth hormone, cortisol, and corticotropin concentrations. 
In contrast, the plasma renin activity may be decreased by as 
much as 50%. Plasma aldosterone may also decrease but to 
a lesser extent. In spite of the stress of space travel the plasma 
concentrations of catecholamines are usually unaffected. 
Plasma and urine calcium concentrations increase during 


space missions. Plasma sodium concentration decreases 
while its concentration in the urine increases. 


Diet 

Diet has considerable influence on the composition of 
plasma. Studies with synthetic diets have shown that day-to- 
day changes in the amount of protein are reflected within a 
few days in the composition of the plasma and in the excre- 
tion of end products of protein metabolism. 

Four days after the change from a normal diet to a 
high-protein diet, a doubling of the plasma urea concentra- 
tion occurs with an increase in its urinary excretion.® Serum 
cholesterol, phosphate, urate, and ammonia concentrations 
are also increased. A high-protein intake increases both 
serum and urinary urea and urate. A high-fat diet, in con- 
trast, depletes the nitrogen pool because of the requirement 
for excretion of ammonium ions to maintain acid-base 
homeostasis. A high-fat diet increases the serum concentra- 
tion of triglycerides but also reduces serum urate, Reduction 
of fat intake reduces serum lactate dehydrogenase activity. 
The ingestion of very different amounts of cholesterol 
has little effect on the serum cholesterol concentration; 
an increase in intake of 50% may only affect the serum 
concentration by 5 to 10mg/dL (0.13 to 0.26mmol/L).” 
Ingestion of monounsaturated fat instead of saturated fat 
reduces cholesterol and LDL cholesterol concentrations. 
When polyunsaturated fat is substituted for saturated fat the 
concentrations of triglycerides and HDL cholesterol are 
reduced. 
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When dietary carbohydrates consist mainly of starch or 
sucrose rather than other sugars, the serum activities of alka- 
line phosphatase (ALP) and LD are increased. AST activity 
is also influenced by the type of sugar ingested. The plasma 
triglyceride concentration is reduced when sucrose intake is 
decreased. Flatter glucose tolerance curves are observed with 
a bread diet than when a high-sucrose diet is ingested. A 
high-carbohydrate diet decreases the serum concentrations 
of very low-density lipoprotein (VLDL) cholesterol, triglyc- 
erides, cholesterol, and protein. Individuals who eat many 
sinall meals throughout the day tend to have concentrations 
of total LDL and HDL cholesterol concentrations that are 
lower than when the same type and amount of food is eaten 
in three meals. 

In addition to the types of food and drinks ingested, spe- 
cific food-related situations will also influence plasma com- 
position. They include vegetarianism, obesity, malnutrition, 
fasting, and starvation. 


Food Ingestion 


The concentration of certain plasma constituents is affected 
by the ingestion of a meal, with the time between the inges- 
tion of a meal and the collection of blood affecting the 
plasma concentrations of many analytes. For example, 
fasting overnight for 10 to 14 hours noticeably decreases 
the variability in the concentrations of many analytes and is 
seen as the optimal time for fasting around which to stan- 
dardize blood collections. The biggest increases in serum 
concentrations occurring after a meal are for glucose, 
iron, total lipids, and ALP. The increase in ALP (mainly 
intestinal isoenzyme) is greater when a fatty meal is ingested 
and is influenced by the blood group of the individual 
and the substrate used for the enzyme assay. In addition, 
lipemia may affect some analytical methods used to measure 
serum constituents, Ultracentrifugation or the use of 
serum blanks can reduce the adverse analytical effects of 
lipemia. 

The effects of a meal may be long lasting. Thus ingestion 
of a protein-rich meal in the evening may cause increases in 
the serum urea nitrogen, phosphorus, and urate concentra- 
tions that are still apparent 12 hours later. Nevertheless, these 
changes may be less than the typical intraindividual vari- 
ability. Large protein meals at lunch or in the evening also 
increase the serum cholesterol and growth hormone con- 
centrations for at least 1 hour after a meal. The effect of car- 
bohydrate meals on blood composition is less than that of 
protein meals. No change in the cortisol concentration is 
noted when breakfast is taken, probably because cortisol 
completely occupies all cortisol binding sites on its binding 
protein in the early morning. Glucagon and insulin secre- 
tions are stimulated by a protein meal, and insulin is also 
stimulated by carbohydrate meals. 

In response to a meal, the stomach secretes hydrochloric 
acid, causing a reduction in the plasma chloride concen- 
tration, The venous blood from the stomach contains an 
increased amount of bicarbonate. This condition reflects a 


mild metabolic alkalosis (“alkaline tide”) and an increased 
PCO. The metabolic alkalosis is sufficient to reduce the 
serum-free ionized calcium by 0.2mg/dL (0.05 mmol/L). 
After ingestion of a meal, the liver becomes the prime site 
for metabolism of the ingested substances. This metabolic 
activity may impair its secretory capability and thus accounts 
for the observed increase in postprandial bilirubin concen- 
tration, bromsulphalein (BSP) retention, and serum enzyme 
activity. 

The effects of ingestion of a 700-kcal (2.93 MJ) meal on 
some commonly measured blood constituents are illustrated 
in Table 17-4. The effects differ with different meals. Thus 
glucose increase is often greater and phosphate usually 
decreases after a carbohydrate meal. 

The ingestion of one glass of water has been observed to 
be followed by statistically significant alterations in the con- 
centration of several of the commonly measured test con- 
stituents. When 75g glucose is ingested with water, as in a 
glucose tolerance test, the concentration of glucose increases. 
This stimulates the secretion of insulin. Insulin causes the 
release of sodium from cells and stimulates the transport of 
potassium into the cells. 


Ingestion of Specific Foods and Beverages 

Constituents in food and drink will affect the composition 
of plasma. Bran, serotonin, and caffeine are examples of such 
constituents. 

Bran. Habitual ingestion of bran impedes the absorption 
of certain compounds, including calcium, cholesterol, and 
triglycerides from the gastrointestinal tract. The concentra- 
tion of calcium may be reduced by as much as 0.3 mg/dL 
(0.08mmol/L) and that of triglycerides by 20mg/dL 
(0.23 mmol/L), especially if triglycerides were high initially. 
Pectin and dietary fibers reduce the serum apolipoprotein B 
and cholesterol concentrations. 

Serotonin. Many fruits and vegetables that contain 5- 
hydroxytryptamine (serotonin), such as bananas, cause an 
increased excretion of 5-hydroxyindoleacetic acid. Avocados 
impair glucose tolerance by affecting insulin secretion. 
Onions reduce both the plasma glucose and insulin response 
to glucose. 

Caffeine. Caffeine is contained in many beverages, 
including coffee, tea, and colas and has considerable effect 
on the concentration of blood constituents. Caffeine stimu- 
lates the adrenal medulla, causing an increased excretion of 
the catecholamines and their metabolites and a slight 
increase in the plasma glucose concentration with impair- 
ment of glucose tolerance.’ The adrenal cortex is also 
affected; plasma cortisol is increased, accompanied by 
increased excretion of free cortisol, 11-hydroxycorticoids, 
and 5-hydroxyindoleacetic acid, The effect of caffeine may 
be so great that the normal diurnal variation of plasma cor- 
tisol may be suppressed. 

Caffeine has a marked effect on lipid metabolism. Inges- 
tion of two cups of coffee may increase the plasma free fatty 
acid concentration by as much as 30% and glycerol, total 
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TABLE 17-4 Influence of a Standard 700-kcal Meal on Serum Constituents 


‘Constituent 
Alanine aminotransferase (U/L) 
Albumin (g/d). 
Alkaline phosphatase:(U/L) 
Aspartate aminotransferase:(U/L) 
Bilirubin (mg/dL) 
Calcium: (mg/dL) 
Cholesterol (mg/dL). 
Glucose (mg/dL): : 
Lactate dehydrogenase (U/L) 
Phosphate (mg/dL) 
Potassium (mmol/L) 
Sodium (mmol/L) 
‘Total protein (g/dL) 
Urea nitrogen. (mg/dL) 
Uric acid (mg/dL) 


=: Before Meal. 


2hr After Meal 
31 ; 33 
4.5 4.6 
46 46 
22: ; 28 
0.7 0.8 
99 | 10.0 
200 = 220.0 
FL. ; 82% 
9B e 198 
ee Bas 36h: 
: 3:88: 4.0% 
ooo 141 
78 HEJO 
16 16 
6.0. O20: 


From Steinmetz J, Panek E, Sourieau F, et al. Influence of food intake on biological parameters. In: Siest G, ed. Reference values in human chemistry. Basel: 


Karger, 1973:193-200. 
Results are mean values in 200 healthy individuals, 


*Note also that other studies have reported greater increases in the glucose concentration and a reduction of the phosphate and potassium concentrations 


depending on the type of meal. 


lipids, and lipoproteins to a lesser extent. Activation of 
triglyceride lipase causes the increase in nonesterified fatty 
acid concentration. Prolonged ingestion of caffeine (e.g. 
over several weeks) causes a slight reduction of the serum 
cholesterol. concentration but an increase in the serum 
triglyceride concentration. No differences have been ob- 
served between the effects of caffeinated and decaffeinated 
coffee. 

Caffeine is also a potent stimulant of gastric juice, 
hydrochloric acid, and pepsin secretion. The serum gastrin. 
concentration may be increased by as much as five times 
after the ingestion of three cups of coffee. Coffee has a 
diuretic effect and also increases the excretion of erythro- 
cytes and renal tubular cells in the urine. Caffeine increases 
the absolute amounts of sodium, potassium, calcium, and 
magnesium in urine—an effect not observed with decaf- 
feinated coffee. 


Vegetarianism 

In long-standing vegetarians, the concentrations of LDL and 
VLDL cholesterol are reduced typically by 37% and 12%, 
respectively, compared with nonvegetarians. The total lipid 
and phospholipid concentrations are reduced, and the con- 
centrations of cholesterol and triglycerides may be only two 
thirds of those in people on a mixed diet. Both HDL and 
LDL cholesterol concentrations are affected. In strict vege- 
tarians the LDL concentration may be 37% less, and the 
HDL cholesterol concentration 12% less, than in nonvege- 
tarians. The effects are less noted in individuals who have 
been on a vegetarian diet for only a short time. The lipid con- 


centrations are also less in individuals who eat only a veg- 
etable diet than in those who consume eggs and milk as well. 
When individuals previously on a mixed diet begin a vege- 
tarian diet, their serum albumin concentration may fall by 
10% and their urea concentration by 50%. However, there is 
little difference in the concentration of protein or of activi- 
ties of enzymes in the serum of long-standing vegetarians 
and individuals on a mixed diet. 

Urinary pH is usually higher in vegetarians than in meat 
eaters because of reduced intake of precursors of acid 
metabolites. The plasma vitamin Bız may be reduced in veg- 
etarians to a concentration approaching that observed in 
deficiency. Vegetarians tend to have a higher serum bilirubin 
concentration than do meat eaters. An explanation for the 
low vitamin B,, and high bilirubin still has to be established. 
Differences in the composition of serum of vegetarians and 
nonvegetarians are listed in Table 17-5. 


Malnutrition 

In malnutrition, total serum protein, albumin, and B-glob- 
ulin concentrations are reduced. The increased concentra- 
tion of y-globulin does not fully compensate for the decrease 
in other proteins. The concentrations of complement C3, 
retinol-binding globulin, transferrin, and prealbumin 
decrease rapidly with the onset of malnutrition” and are 
measured to define the severity of the condition. The plasma 
concentrations of lipoproteins are reduced, and serum cho- 
lesterol and triglycerides may be only 50% of the concentra- 
tions in healthy individuals. In spite of severe malnutrition, 
glucose concentration is maintained close to that in healthy 
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individuals, However, the concentrations of serum urea 
nitrogen and creatinine are greatly reduced as a result of 
decreased skeletal mass, and creatinine clearance is also 
decreased. 

Plasma cortisol concentration is increased because of 
decreased metabolic clearance. The plasma concentrations 
of total triiodothyronine (T;), thyroxine (T,), and TSH are 
considerably reduced, with the thyroxine concentration 
being most affected. This is partly due to reduced concen- 
trations of thyroxine-binding globulin and prealbumin. 

Erythrocyte and plasma folate concentrations are reduced 
in protein-calorie malnutrition, but the serum vitamin 
By concentration is unaffected or may even be slightly 
increased.” The plasma concentrations of vitamins A and E 
are much reduced. Although the blood hemoglobin concen- 
tration is reduced, the serum iron concentration is initially 
little affected by malnutrition. 

The activity of most of the commonly measured enzymes 
is reduced but increases with restoration of good nutrition. 


Fasting and Starvation 


Withdrawal of most, or all, caloric intake has been used to 
treat certain cases of obesity. Such withdrawal provokes 
many metabolic responses, The body attempts to conserve 
protein at the expense of other sources of energy, such as fat. 
The blood glucose concentration decreases by as much as 
18mg/dL (1 mmol/L) within the first 3 days of the start of 
a fast in spite of the body’s attempts to maintain glucose 
production.” Insulin secretion is greatly reduced, whereas 
glucagon secretion may double in an attempt to maintain 
normal glucose concentration. Lipolysis and hepatic keto- 


TABLE 17-5 Comparison of Blood Constituents 
between Vegetarians and Nonvegetarians 


Vegetarians _ Nonvegetarians — 


-$-Albumin (g/dL) 4.2 
~P-Calcium (mg/dL) 9.4 
213 


: 66 
myi pores 
B-Glucose (mg/dL) 90 OLS 
B-Hemoglobin. = 13,920 Oh 


P-Triglycerides. «106 124, 
Ungidh) a a 
B-Urea nitrogen ©0014 02 16 
(mg/dL). seco 
P-Uric agi: ose B.B 5.8 
Gd eS 


From Gear JS, Mann JI, Thorogood M, et al. Biochemical and 
haematological variables in vegetarians. BMJ 1980;280:1415. 
S, Serum; B plasma; B, whole blood. 


genesis are stimulated. Ketoacids and fatty acids become the 
principal sources of energy for muscle. This results in an 
accumulation of organic acids that leads to a metabolic aci- 
dosis with reduction of the blood pH, PCO., and plasma 
bicarbonate concentrations. In addition, the concentrations 
of ketone bodies (acetoacetic acid and B-hydroxybutyric 
acid), fatty acids, and glycerol in serum rise considerably. 
Often the blood PO, is also reduced. Fasting for 6 days 
increases the plasma concentrations of cholesterol and 
triglycerides but causes a decrease in HDL concentration. 
With more prolonged fasting the concentrations of choles- 
terol and triglycerides decrease. Amino acids are released 
from skeletal muscle and the plasma concentration of the 
branched-chain amino acids may increase by as much as 
100% with 1 day of fasting, but the urea concentration 
decreases. 

The breakdown of fat leads to a transient increase in body 
water. Normally, however, an osmotic diuresis soon reduces 
the blood volume even though glomerular filtration may be 
impaired, as demonstrated by increased serum creatinine 
concentration and reduced creatinine clearance. Hepatic 
blood supply may also be reduced. BSP retention is 
increased, and the serum bilirubin rises; the unconjugated 
bilirubin more than doubles within 48 hours.’ Increased 
serum activities of aspartate and alanine aminotransferase 
and of lactate dehydrogenase are observed. The enzyme 
changes may be linked more to focal necrosis of the liver 
than to general circulatory impairment. 

In spite of the catabolism of tissue induced by starvation, 
the serum protein concentration is little affected initially; 
ultimately, a reduction occurs. However, from the beginning, 
the catabolism of nucleoproteins causes an increased serum 
urate. Rise in serum urate is exacerbated by the reduced 
GFR and the competition for excretion from lactate and 
ketoacids. 

With the onset of starvation, aldosterone secretion 
increases with the results of increased urinary excretion and 
decreased plasma concentration of potassium. Magnesium, 
calcium, and phosphate are affected similarly, although 
the urinary excretion of phosphate gradually declines. The 
absolute urinary excretion of ammonia and creatinine 
increases with prolonged starvation but that of urea 
decreases. 

Plasma growth hormone concentration may rise by as 
much as 15 times at the start of a fast but may return to 
normal after 3 days. Reduced energy expenditure is associ- 
ated with decreased concentrations of thyroid hormones. 
Free and total triiodothyronine decrease by up to 50% within 
3 days of the start of a fast. Free thyroxine concentration 
is also affected, but to a lesser extent; total thyroxine is 
little changed. Urinary free cortisol is decreased by fasting, 
and the plasma cortisol concentration (free and total) shows 
a slight increase together with loss of the normal diurnal 
variation. 

Early in refeeding, sodium retention occurs as a result of 
decreased sodium and chloride excretion in the urine.” The 
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reduction in potassium excretion takes longer. These events 
are associated with an even greater secretion of aldosterone 
than occurs during the period of fasting. The abnormal con- 
centrations of most constituents rapidly revert to normal 
with refeeding. Nitrogen balance soon becomes positive, 
especially if the nonprotein calories are mainly from 
carbohydrate. 


Lifestyle 
Lifestyle factors that affect the levels of commonly measured 
analytes include smoking and alcohol ingestion. 


Smoking 


Smoking, through the action of nicotine, may affect several 
laboratory tests. The extent of the effect is related to the 
number of cigarettes smoked and to the amount of smoke 
inhaled. 

Through stimulation of the adrenal medulla, nicotine 
increases the concentration of epinephrine in the plasma and 
the urinary excretion of catecholamines and their metabo- 
lites. Glucose concentration may be increased by 10 mg/dL 
(0.56mmoi/L) within 10 minutes of smoking a cigarette, The 
increase may persist for 1 hour. Plasma lactate is increased, 
and because the pyruvate concentration is reduced, the 
lactate-pyruvate ratio is increased. Plasma insulin concen- 
tration shows a delayed response to the increased blood 
glucose, rising about 1 hour after a cigarette is smoked. Typ- 
ically the plasma glucose concentration is higher in smok- 
ers than in nonsmokers, and glucose tolerance is mildly 
impaired in smokers. The plasma growth hormone concen- 
tration is particularly sensitive to smoking. It may increase 
tenfold within 30 minutes after an individual has smoked a 
cigarette. 

The plasma cholesterol, triglyceride, and LDL cholesterol 
concentrations are higher (by about 3%, 9.1%, and 1.7%, 
respectively), as is that of B-lipoprotein, and HDL cholesterol 
is lower in smokers than in nonsmokers. Free fatty acid 
concentration tends to be variable, but inhalation during 
smoking produces an immediate increase of free fatty acids 
of about 30%. Some of the effects of smoking on serum con- 
stituents are listed in Table 17-6. 


TABLE 17-6 Reported Increased Concentrations in 
Serum in Smokers 


‘Constituent 
Albumin 
Cholesterol 
Glucose 
Phospholipids 
‘Triglycerides. 

: Urea nitrogen 


% Change 


From Siest G, Henny J, Schiele F, (eds). Interpretation des examens de 
laboratoire. Basel; Karger, 1981. 


Smoking affects both the adrenal cortex and the medulla; 
plasma 11-hydroxycorticosteroids may be increased by 75% 
with heavy smoking. In addition, the plasma cortisol con- 
centration may increase by as much as 40% within 5 minutes 
of the start of smoking, although the normal diurnal rhyth- 
micity of cortisol is unaffected. Smokers excrete more 5- 
hydroxyindoleacetic acid than do nonsmokers. 

The blood erythrocyte count is increased in smokers. The 
amount of carboxyhemoglobin may exceed 10% of the total 
hemoglobin in heavy smokers, and the increased number of 
cells compensates for impaired ability of the red cells to 
transport oxygen. The blood PO, of the habitual smoker is 
usually about 5 mm Hg (0.7 kPa} less than in the nonsmoker, 
whereas the PCO, is unaffected. The blood leukocyte con- 
centration is increased by as much as 30% in smokers, but 
the leukocyte concentration of ascorbic acid is greatly 
reduced. The lymphocyte count is increased as a proportion 
of the total leukocyte count. 

Fluid retention caused by nicotine causes a mild decrease 
in the plasma protein concentration but without demon- 
strable effect on the calcium concentration or on the activ- 
ity of serum enzymes. The plasma urate concentration is less 
in smokers than in nonsmokers, probably as a result of less- 
ened intake of food by smokers. Both the serum urea and 
creatinine concentrations tend to be less in smokers than in 
nonsmokers. 

Nicotine is a potent stimulant of the secretion of gastric 
juice. Both volume and acid secretion are increased within 1 
hour of smoking several cigarettes. In contrast, the bicar- 
bonate concentration and volume of pancreatic juice are 
reduced, 

Smoking affects the bodys immune response. For 
example, serum IgA, IgG, and IgM levels are generally lower 
in smokers than in nonsmokers, whereas the IgE concentra- 
tion is higher. Smokers, more often than nonsmokers, may 
show the presence of antinuclear antibodies and test weakly 
positive for carcinoembryonic antigen. The sperm count of 
male smokers is often reduced compared with that in non- 
smokers: the number of abnormal forms is greater and 
sperm motility is less. 

The serum vitamin B, concentration is often notably 
reduced in smokers, and the decrease is in inverse propor- 
tion to the serum concentration of thiocyanate. 


Alcohol Ingestion 


A single moderate dose of alcohol has few effects on labora- 
tory tests. Ingestion of enough alcohol to produce mild ine- 
briation may increase the blood glucose concentration by 
20% to 50%. The increase may be even higher in diabetics. 
More commonly, inhibition of gluconeogenesis occurs and 
becomes apparent as hypoglycemia and ketonemia and 
ethanol is metabolized to acetaldehyde and to acetate. Hypo- 
glycemia is most common in children, alcoholics, and the 
malnourished. Lactate accumulates and competes with urate 
for excretion in the kidneys so that the serum urate is also 
increased. Lactate and acetate together decrease the plasma 
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bicarbonate, leading to metabolic acidosis. Marked hyper- 
triglyceridemia after alcohol ingestion is due to a combina- 
tion of increased triglyceride formation in the liver and 
impaired removal of chylomicrons and VLDL from the 
circulation. The effect is most noticeable when alcohol is 
ingested with a fatty meal. The effect may persist for longer 
than 12 hours. When moderate amounts of alcohol are 
ingested for 1 week, the serum triglyceride concentration is 
increased by more than 20 mg/dL (0.23 mmol/L). Prolonged 
moderate ingestion of alcohol may increase the HDL cho- 
lesterol concentration, which is associated with reduced 
plasma concentration of cholesterol ester transfer protein 
(CETP). Phenols in wine with potent antioxidant activity 
are probably responsible for reducing the oxidation of LDL 
cholesterol. 

Intoxicating amounts of alcohol stimulate the release of 
cortisol, although the effect is more related to the intoxica- 
tion than to the alcohol per se. Sympatheticomedullary 
activity is increased by acute alcohol ingestion but without 
detectable effect on the plasma epinephrine concentration 
and only a mild effect on norepinephrine. With intoxication, 
plasma concentrations of catecholamines are substantially 
increased. Acute ingestion of alcohol leads to a sharp reduc- 
tion in the plasma testosterone in men, with an increase in 
the plasma luteinizing hormone concentration. 

Chronic alcohol ingestion affects the activity of many 
serum enzymes, Gamma-glutamyl transferase (GGT) activ- 
ity has been extensively studied, and increased activity of the 
enzyme is used as a marker of persistent drinking. A single 
acute ingestion of alcohol has been reported to increase the 
serum activity of the enzyme, a manifestation of hepatic 
microsomal enzyme induction. Chronic alcoholism is 
associated with many characteristic biochemical abnor- 
malities, including abnormal pituitary, adrenocortical, 
and medullary function. Acute alcohol ingestion has been 
reported to increase the activity of several serum enzymes, 
including GGT, isocitrate dehydrogenase, and ornithine 
carbamoyl transferase.’**! Alcohol ingestion also has con- 
siderable influence on serum HDL cholesterol and total 
cholesterol concentration.” Measurement of carbohydrate- 
deficient transferrin is becoming increasingly popular as a 
means of identifying habitual alcohol ingestion. Desialyla- 
tion of proteins occurs because of inhibition of enzymatic 
glycosylation in the liver by alcohol. Increased mean cell 
volume (MCV) has also been used as a marker of habitual 
alcohol use and may be related to folic acid deficiency or a 
direct toxic effect of alcohol on red blood cell precursors. 


Drug Administration 

It is rare for a patient to be hospitalized without receiving 
medication. For certain medical conditions, more than 10 
drugs may be administered at one time. Even many healthy 
individuals take several drugs regularly, such as vitamins, 
oral contraceptives, or sleeping tablets. Individuals with 
chronic diseases often ingest drugs on a continuing basis. 
Drugs may have both in vivo and in vitro effects on labora- 


tory tests. The in vivo effects arise from the therapeutic 
intent of drugs, their side effects, and patient idiosyncrasies. 
Effects on the composition of body fluids are likely to be 
more apparent when large doses of a drug are administered 
for a long time than when administration of a single dose 
occurs on an isolated occasion. 

Comprehensive listings of the effects of drugs on labora- 
tory tests have been published.” Only a few representative 
effects are discussed here. Many drugs, when administered 
intramuscularly, cause sufficient muscle irritation to increase 
amounts of enzyme released into the serum. The activities 
of CK, aldolase, and the skeletal muscle component of lactate 
dehydrogenase are increased in the serum. The increased 
activities may persist for several days after a single injection, 
and consistently high values may be observed during a 
course of treatment. Penicillin derivatives given intramus- 
cularly are particularly likely to increase the activity of these 
enzymes, although any drug given intramuscularly appears 
capable of increasing enzyme activity. Drugs that have 
been demonstrated to increase serum CK activity after intra- 
muscular injection are listed in Table 17-7. Opiates, such as 
morphine or meperidine, can cause spasm of the sphincter 
of Oddi. The spasm transmits pressure back to the liver, 
causing release of liver and pancreatic enzymes into the 
serum. Increases in aspartate aminotransferase activity may 
be so large that they may be suggestive of a myocardial 
infarction. 

Oral contraceptives affect many different constituents 
measured in the clinical laboratory. Tests are affected by 
both the progestin and estrogen components. The overall 
effect depends on the proportion and amount of the two 
components. 

Diuretic drugs often cause a mild reduction of the plasma 
potassium concentration; hyponatremia may be observed. 
Hypercalcemia may occur with hemoconcentration, but 
occasionally the free-ionized and the protein-bound fraction 
is increased. Thiazides cause hyperglycemia and reduce 
glucose tolerance, especially in diabetics. Thiazides may 
cause prerenal azotemia with hyperuricemia as a result of 
decreased renal blood flow and GFR as a result of reduced 
blood volume. Thiazides, like other diuretics, by causing 
hemoconcentration increase the plasma concentration of 
lipids. Many thiazides induce microsomal enzymes and thus 
affect lipoprotein concentrations. 


TABLE 17-7. Drugs Associated With Increased Serum 
Creatine Kinase Activity After 
Intramuscular: Injection 


Meperidine 
Morphine 
Penicillin = 
Phenothiazines ` 
Tubocurarine a 


Chlorpromazine 


Clindamycin 
- Digoxin 
Diuretics 
“Lidocaine 
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The broad range of possible effects of a drug on clinical 
laboratory tests is exemplified by phenytoin. With long-term 
treatment, many patients have reduced serum calcium and 
phosphate concentrations and increased activity of ALP. 
Phenytoin induces the synthesis of bilirubin-conjugating 
enzymes in the liver. Consequently the serum bilirubin con- 
centration is reduced, serum GGT activity is increased, and 
urinary glucaric acid excretion is augmented. A few cases of 
increased serum aminotransferase activity have been 
reported, together with prolongation of the prothrombin 
time. Occasionally, cholestatic, cytotoxic, or mixed hepatic 
injury may occur. The overall incidence of slight alteration 
of liver function is about 25%. 

Phenytoin decreases the urinary excretion of 17- 
ketosteroids and 17-hydroxycorticosteroids by stimulating 
the conversion of cortisol to 6-6-hydroxycortisol; it also 
diminishes serum FSH and the sperm count in semen, and 
thereby reduces fertility. Phenytoin also lowers the serum 
thyroxine concentration, probably by competitive displace- 
ment of thyroxine from its protein-binding sites; free thy- 
roxine also tends to be low. Serum triiodothyronine is low, 
probably as a result of stimulated metabolism in the liver, 
but the concentration of TSH is unaffected by the altered 
thyroxine metabolism. 

Many epileptics receiving anticonvulsants excrete 
increased amounts of copper and zinc in their urine. 
Increased serum ceruloplasmin also increases the total 
serum copper concentration. In 20% to 30% of epileptic 
children receiving anticonvulsant therapy, erythrocyte as- 
partate aminotransferase activity is low, indicating a lowered 
pyridoxal (vitamin B,) status. In as many as 50% of the 
adults receiving phenytoin for some time, there will be folate 
deficiency, manifested by reduced erythrocyte and serum 
folate concentrations. The mechanism for the deficiency has 
not yet been established conclusively. In about 10% of adults 
taking phenytoin, the serum vitamin B, is low. 

T-cell function is reduced in many epileptics receiving 
anticonvulsants, and systemic lupus erythematosus occurs in 
about 10% of treated individuals. Antinuclear antibodies 
have been reported in 55%, and low serum IgA and IgG 
concentrations in 25% of the patients. Other reported. bio- 
chemical abnormalities include reduced serum concentra- 
tions of HDL cholesterol, urate, and urea nitrogen. 


Herbal Preparations 


Herbal preparations vary greatly in effect and composition, 
Long-term use of aloe vera, sandalwood, and cascara 
segrada may cause hematuria and albuminuria. Through 
their laxative effects, prolonged use of aloe vera, Chinese 
thubarb, frangula bark, senna, and buckthorn may lead 
to hypokalemia provoking hyperaldosteronism. Trailing 
arbutus: may cause hemolytic anemia and liver damage. 
Green tea has been reported to cause microcytic anemia. 
Quinine and quinidine have been observed to cause 
thrombocytopenia. Cayenne (Capsicum annuum) increases 
fibrinolytic activity and induces hypocoagulability. Hyper- 


thyroidism has been caused by bladderwrack. Many herbal 
preparations affect liver function. Germander has been 
reported to cause liver cell necrosis, and bishop’s weed infre- 
quently causes cholestatic jaundice. Tonka beans can cause 
reversible liver damage. Comfrey has been associated with 
one death from liver failure. Bugleweed reduces the plasma 
concentration of prolactin and reduces the deiodination of 
thyroxine. 


Recreational Drug Ingestion 


Amphetamines increase the concentration of free fatty acids. 
Morphine increases the activity of amylase and lipase, 
alanine and aspartate aminotransferases, ALP and the serum 
bilirubin concentration. The concentrations of gastrin, TSH, 
and prolactin are also increased. In contrast the concentra- 
tions of insulin, norepinephrine, pancreatic polypeptide, 
and neurotensin are decreased. Heroin increases the plasma 
concentrations of cholesterol, thyroxine, and potassium. 
PCO, is increased but PO, is decreased. The plasma albumin 
concentration is also decreased. Cannabis increases the 
plasma concentrations of sodium, potassium, urea, chloride, 
and insulin but decreases those of creatinine, glucose, and 
urate. 


NONCONTROLLABLE VARIABLES 


Examples of noncontrollable preanalytical variables include 
those related to biological, environmental, and long-term 
cyclical influences and those related to underlying medical 
conditions. 


Biological Influences 


There is better agreement between the serum concentrations 
or activities of several constituents in monozygotic twins 
than in dizygotic twins.”' This evidence indicates the impor- 
tance of genetic constitution in determining the concentra- 
tion of blood constituents. An influence of heredity has been 
substantiated on the plasma concentrations of cholesterol, 
glucose, urea nitrogen, urate, and bilirubin. 

An association of blood type with concentration of 
certain constituents (uric acid, O,-antitrypsin, cholesterol, 
and ALP) has been established. In women with blood group 
O, the blood hemoglobin concentration is generally less 
than in women with other blood groups. Histocompatibility 
antigens also have an underlying genetic basis but can be 
markedly influenced by prior blood transfusions. 

The age, sex, and race of the patient influences the results 
of individual laboratory tests.*™ They are discussed indi- 
vidually in various chapters of this book, and reference inter- 
vals for various analytes as a function of these biological 
influences are listed in Chapter 56. 


Age 
Age has a notable effect on reference intervals; typical 
changes in serum composition occurring with age are listed 
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TABLE 17-8 Influence of Age on Mean Concentration of Serum Constituents in Males 


Measured Valu 
eae EADY 
“Albumin (g/dL) 

“Alkaline phosphatase (U/L) 
Aspartate aminotransferase (U/L) 
Bilirubin (mg/dL) 

Calcium (mg/dL) 

Cholesterol (mg/dL) 

Creatinine (mg/dL) 

‘Glucose (mg/dL) 

Phosphorus (mg/dL) 

Total protein (g/dL) 

Urea nitrogen. (mg/dL) 

Uric acid (mg/dL) 


HANGE COMPARED WITH <29 YEAR VALUE ` 


oin 40-49y 50-59y 60-69y 
eee” 3 =0.4 20:6 2 
uae i a 
GET 0 
0.2 0.2 
Bo 48 
Ry eee al 
ngewe TELS 2 


From Leonard PJ. The effect of age and sex on biochemical parameters in blood of healthy human subjects. In: Siest G, ed. Reference values in human 


chemistry. Basel: Karger, 1973:134-40. 


in Table 17-8, although the degree of changes differs in 
various reports. In general, individuals are considered in four 
groups—the newborn, the older child to puberty, the sexu- 
ally mature adult, and the elderly adult. 

Newborn. The body fluids of the newborn infant reflect 
both the trauma of birth and the changes related to the 
infant’s adaptation to an independent existence. The com- 
position of the blood is affected by the maturity of the infant 
at birth. The erythrocyte count and the hemoglobin con- 
centration in the neonate at birth are much higher than 
those of the adult but within a few days of birth erythrocytes 
degrade in response to the higher oxygen concentration than 
that to which the fetus was exposed in utero. In the mature 
infant, most of the hemoglobin is the adult form, hemoglo- 
bin A, whereas in the immature infant, much of the hemo- 
globin may be the fetal form, hemoglobin F. In both the 
mature and immature infant, the arterial blood oxygen sat- 
uration is very low initially. A metabolic acidosis develops in 
newborns that results from the accumulation of organic 
acids, especially lactic acid. The acid-base status, however, 
reverts to normal within 24 hours. 

Within a few minutes of an infant’s birth, fluid passes 
from the blood vessels into the extravascular spaces. This 
fluid is similar to plasma except that the fluid lost from the 
intravascular space contains no protein. Consequently the 
plasma protein concentration increases. The serum activities 
of several enzymes, including CK, GGT, and AST, are high at 
birth, but the increase of alanine aminotransferase (ALT) 
activity is less than that of other enzymes. 

In infants, even in the absence of disease, the concentra- 
tion of bilirubin rises after birth because of the enhanced 
erythrocyte destruction. Its concentration peaks about the 
third to fifth day of life. Conjugation of bilirubin is relatively 
poor in the neonate as a result of immature liver function. 


The physiological jaundice of the newborn rarely produces 
serum bilirubin values greater than 5mg/dL (85umol/L). 
Distinguishing this naturally occurring phenomenon from 
other conditions that produce neonatal hyperbilirubinemia 
may be difficult, and the chronological course of the hyper- 
bilirubinemia is important. 

The blood glucose concentration is low in newborns 
because of their small glycogen reserves, although some 
attribute the low glucose to adrenal immaturity. Blood lipid 
concentrations are low but reach 80% of the adult values 
after 2 weeks, The plasma sodium concentration in an infant 
at birth is slightly higher than in the adult; at 12 hours, it 
decreases to below the adult value before rising to a value 
slightly greater than in the adult. The chloride concentra- 
tion changes similarly, and the changes are largely related to 
fluid transfer in and out of the blood capillaries. The plasma 
potassium concentration may be as high as 7mmol/L 
at birth, but it falls rapidly thereafter. Plasma calcium is 
also high initially but falls by as much as 1.4mg/dL 
(0.35 mmol/L) during the first day of life. 

The plasma urea nitrogen concentration decreases after 
birth as the infant synthesizes new protein, and the con- 
centration does not begin to rise until tissue catabolism 
becomes prominent. The plasma amino acid concentration 
is low as a result of synthesis of tissue protein, although 
urinary excretion of amino acids may be quite high because 
of immaturity of the tubular reabsorptive mechanisms. The 
plasma urate concentration is high at birth, but the high 
clearance of urate soon reduces the plasma concentration 
below the adult value. 

The serum thyroxine concentration of the healthy new- 
born, like that in the pregnant woman, is considerably 
higher than in the nonpregnant adult, After its birth, an 
infant secretes TSH, which causes a further increase in the 
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serum thyroxine concentration. The physiological hyperthy- 
roidism gradually declines over the first year of life. 

Childhood to Puberty. Many changes take place in the 
composition of body fluids between infancy and puberty. 
Most of the changes are gradual, and there are rarely abrupt 
changes to adult concentrations. 

The plasma protein concentrations increase after infancy, 
and adult concentration values are attained by the age of 
10. Serum IgG increases slightly out of proportion to the 
increase in concentration of o,-globulin. The serum activity 
of most enzymes decreases during childhood to adult values 
by puberty or earlier, although the activity of ALT may 
continue to rise, at least in men, until middle age. Serum 
ALP activity is high in infancy but decreases during child- 
hood and rises again with growth before puberty. The 
activity of the enzyme is better correlated with skeletal 
growth and sexual maturity than with chronological age; it 
is greatest at the time of maximum osteoblastic activity 
occurring with bone growth. The activity decreases rapidly 
after puberty, especially in girls. Total and LDL cholesterol 
concentrations increase during the rapid ewe spurt 
also. 

` The serum creatinine concentration increases steadily 
from infancy to puberty parallel with development of skele- 
tal muscle; until puberty, there is little difference in the con- 
centration between sexes. The serum urate concentration 
decreases from its high at birth until age 7 to 10 years, at 
which time it begins to increase, especially in boys, until 
about age 16 years. 

The Adult. Adult values are usually taken as the refer- 
ence for comparisons with those of the young and elderly. 
The concentrations of most test constituents remain quite 
constant between puberty and menopause in women and 
between puberty and middle age in men. 

During the midlife years, serum total protein and 
albumin concentrations decrease slightly. There may be a 
slight decrease in the serum calcium concentration in both 
sexes. In men, the serum phosphate decreases greatly after 
age 20 years; in women, the phosphate also decreases until 
menopause, when a sharp increase takes place. The serum 
ALP begins to rise in women at menopause, so that in 
elderly women activity of this enzyme may actually be 
higher than in men. The concentration of glucose in plasma 
1 hour after a loading dose rises by 8 mg/dL (0.44mmol/L) 
per decade. 

Serum urate concentrations peak in men in their twen- 
ties and in women during middle age. Urea concentration 
increases in both sexes in middle age. Age does not affect the 
serum creatinine concentration in men but does increase the 
concentration in women. The serum total cholesterol and 
triglyceride concentrations increase in both men and women 
at a rate of 2mg/dL (0.02 mmol/L) per year to a maximum 
between ages 50 and 60 years. The activity of most enzymes 
in serum is greater during adolescence than during adult 
life. This enhanced. enzyme activity presumably reflects the 
greater physical activity of the adolescents. 


TABLE 17-9 Changes in Composition 


With Menopause 


% Increase | 


Alanine aminotransferase : 


Albumin.) Ae UATEN GS ne ee 
Alkaline phosphatase EENE r25 
Apolipoprotein A-l oooi A. 
Aspartate aminotransferase _ EEST S l 
Cholesterol a ere ee [1 
Glucose a 
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‘Phospholipids 22:0. E B 
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< Total protein = 
Uric acid 


From Wilding P, Rollason JG, Robinson D, Pattern of change for various 
biochemical! constituents detected in well-population screening. Clin 
Chim Acta, 1972;41:375-87. 


The Elderly Adult. The plasma concentrations of 
many constituents increase in women after menopause 
(Table 17-9).™ 

Renal concentrating ability is reduced in the elderly adult, 
so that creatinine clearance may decline by as much as 50% 
between the third and ninth decades. This decreased clear- 
ance is caused more by a decrease in urinary creatinine 
excretion as a result of decreased lean body mass than by 
altered renal function. The tubular maximum capacity for 
glucose is reduced. The plasma urea concentration rises with 
age, as does the urinary excretion of protein. The serum 
median IgG and IgM concentrations are reduced in the 
elderly although serum IgA concentrations in men increase 
slightly in the elderly. 

Hormone concentrations are also affected by aging. 
However, changes in concentration are much less pro- 
nounced than an endocrine organ’s response to stimuli. 
Triiodothyronine concentration decreases by up to 40% in 
persons older than 40 years of age. Although thyroxine secre- 
tion is reduced, the thyroxine concentration is not changed, 
because its degradation is also reduced. Yet the plasma para- 
thyroid hormone concentration does decrease with age. Cor- 
tisol secretion is reduced, although the serum concentration 
may not be affected. The reduced secretion leads to a reduc- 
tion in the urinary excretion of 17-hydroxycorticosteroids. 
17-Ketosteroid excretion in the elderly adult is about half 
that of the younger adult. The secretion and metabolic 
clearance of aldosterone are decreased, with a reduction of 
50% in the plasma concentration. The aldosterone response 
to sodium restriction is diminished. Basal insulin concen- 
tration is unaffected by aging but its response to glucose is 
reduced. In men, the secretion rate and concentration of 
testosterone are reduced after age 50 years. In women, the 
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concentration of pituitary gonadotropins, especially FSH, is 
increased in the blood and urine. 

Estrogen secretion in women begins to decrease before 
menopause and continues at a greater rate after menopause, 
whereas gonadotropins show a feedback-mediated recipro- 
cal rise. Serum concentrations of estrogens decrease by 70% 
or more, and urinary excretion of estrogens is decreased 
comparably. The decreased estrogen secretion may be 
responsible for the increase of serum cholesterol that occurs 
up to age 60 in women: Estrogen secretion in men, although 
always less than in women, declines with age. 


Sex 


Until puberty, there are few differences in laboratory data 
between boys and girls. After puberty the characteristic 
changes in the concentrations of the sex hormones, includ- 
ing prolactin, become apparent. After puberty, the serum 
activities of ALP, ALT, AST, CK, and aldolase are greater in 
men than in women. The higher activity of enzymes origi- 
nating from skeletal muscle in men is related to their greater 
muscle mass. After menopause, the activity of ALP increases 
in women until it is higher than in men. Although total LD 
activity is similar in men and women, the activities of the 
LD-1 and LD-3 isoenzymes are higher, and LD-2 is less in 
young women than in men. These differences disappear after 
the menopause. 

The concentrations of albumin, calcium, and magnesium 
are higher in men than women, but the concentration of 
y-globulin is less. Blood hemoglobin concentrations are 
lower in women; thus, the serum bilirubin concentrations 
are also slightly lower. The increased turnover of erythro- 
cytes in women leads to their having a higher reticulocyte 
count than in men. Serum iron is low during a woman’s 


fertile years, and her plasma ferritin may be only one third 
the concentration in men. The reduced iron concentration 
in women is attributable to menstrual blood loss. In contrast, 
the serum copper concentration tends to be higher in 
women than men. Cholesterol and LDL cholesterol concen- 
trations are typically higher in men than women, whereas 
the o.-lipoprotein, apolipoprotein A-1, and HDL cholesterol 
concentrations are less. The plasma amino acid concentra- 
tions and the concentrations of creatinine, urea, and urate 
are higher in men than in women. The effect of age on the 
difference in concentrations of serum constituents between 
men and women is illustrated in Table 17-10. 


Race 


Differentiation of the effects of race from those of socio- 
economic conditions is often difficult. Nevertheless, the total 
serum protein concentration is known to be higher in blacks 
than in whites. This is largely attributable to a much higher 
y-globulin, although usually the concentrations of ou- and 
B-globulins are also increased. The serum albumin is typi- 
cally less in blacks than whites. In black men, serum IgG is 
often 40% higher and serum IgA may be as much as 20% 
higher than in white men,’ 

The activity of CK and LD is usually much higher in both 
black men and women than in whites. This effect presum- 
ably is related to the amount of skeletal muscle, which tends 
to be greater in blacks than whites. Because of their greater 
skeletal development, black children usually have a higher 
serum ALP at puberty than do white children. Amylase activ- 
ity in West Indian immigrants to the United Kingdom is typ- 
ically higher than in native Britons. 

Carbohydrate and lipid metabolism differ in blacks and 
whites.* Glucose tolerance is less in blacks, Polynesians, 


ABLE 17-10 Influence of Sex on Composition of Serum at Different Ages 


Alkaline phosphatase (U/L)... 
Aspartate aminotransf ras UML). 
Bilirubin. (mg/dL) 
Calcium (mg/dl) i 
Cholesterol (mg/dL). 


From Leonard PJ. The effect of age and sex on biochemical parameters in blood of healthy human subjects. In: Siest G. Reference values in human 


chemistry. Basel: Karger, 1973:134-40. 


Male values are higher than female except where indicated by a minus sign. 
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Native Americans, and Inuits than in comparable age- and 
sex-matched whites. This is substantiated by a plasma 
glucose 1 hour after glucose challenge that may be as much 
as 15 to 25 mg/dL (0.8 to 1.4mmol/L) higher in blacks than 
whites. After age 40, the serum cholesterol and triglyceride 
concentrations are consistently higher in both white men 
and women than in blacks. The lipoprotein (Lp) (a) con- 
centration in blacks may be twice as high as in whites. These 
may be dietary rather than racial factors, because the con- 
centration of plasma lipids has been shown to be different 
for the same racial group in different parts of the world. 
The blood hemoglobin concentration is as much as 10g/L 
higher in whites than blacks. Black Americans of both 
sexes have lower leukocyte counts than white Americans, 
largely caused by a lower number of granulocytes, but their 
monocyte count is also less. Some of the indigenous 
groups of the Pacific (e.g., Maoris of New Zealand) have 
notably higher mean serum urate concentrations than white 
populations. 


Environmental Factors 


Environmental factors that affect laboratory results include 
altitude, ambient temperature, and place of residence. 


Altitude 


In individuals living at a high altitude, the blood hemoglo- 
bin and hematocrit are greatly increased because of reduced 
atmospheric PO," Erythrocyte 2,3-diphosphoglycerate is 
also increased, and the oxygen dissociation curve is shifted 
to the right. The increased erythrocyte concentration leads 
to an increased turnover of nucleoproteins and excretion of 
urate. The fasting, basal concentration of growth hormone 
concentration is high in individuals living at a high alti- 
tude, but the concentrations of renin and aldosterone are 
decreased in healthy individuals. Plasma sodium and potas- 
sium concentrations are typically unaffected by high altitude 
although the osmolality is reduced. The serum concentra- 
tions of C-reactive protein, transferrin, and B,-globulin are 
notably increased with transition to a high altitude. The 
urinary concentration and clearance are decreased at high 
altitudes. Complete adaptation to a high altitude takes many 
weeks whereas adjustment to lower altitudes takes less time. 


Ambient Temperature 

Ambient temperature affects the composition of body fluids. 
Acute exposure to heat causes the plasma volume to expand 
by an influx of interstitial fluid into the intravascular space, 
and by reduction of glomerular filtration. The. plasma 
protein concentration may decrease by up to 10%. Sweating 
may cause salt and water loss, but usually there are no 
changes in the plasma sodium and chloride concentrations. 
Plasma potassium concentration may decrease by as much 
as 10% as potassium is taken up by the cells. If sweating is 
extensive, hemoconcentration rather than hemodilution 
may occur. 


Place of Residence 

The geographical location where individuals live may affect 
the composition of their body fluids. Thus a statistically sig- 
nificant increase in the serum concentrations of cholesterol, 
triglycerides, and magnesium has been observed in people 
living in areas with hard water. Trace element concentrations 
are also affected by locale, for example, in areas where there 
is much ore smelting, serum concentrations of the trace ele- 
ments involved may be increased. Carboxyhemoglobin con- 
centrations are higher in areas where there is much heavier 
automobile traffic than in rural areas (as was true for blood 
lead in the 1970s in the United States). Individuals who pri- 
marily work indoors typically have lower concentrations of 
25-hydroxy vitamin D than those who work outdoors, 
leading to higher serum calcium concentrations and greater 
urinary excretion of calcium. 


Long-Term Cyclical Changes 


Long-term cyclical changes also affect laboratory results. 
Seasonal influences and the menstrual cycle are examples of 
such changes. 


Seasonal Influences 


Seasonal influences on the composition of body fluids are 
small compared with those related to changes in posture 
or misuse of a tourniquet.” Probable factors are dietary 
changes as different foods come into season and altered 
physical activity as more or different forms of exercise 
become feasible. Evaluations of seasonal variation are diffi- 
cult because they depend on the definition of a season and 
on the magnitude of temperature change from one season 
to another. Day-to-day variability in the composition of 
body fluids is greater in summer than winter. Nevertheless, 
biological variability is in general only a little greater than 
analytical variability. 

In summer in the northern hemisphere, the blood volume 
increases in association with the higher temperature. In 
winter the plasma protein increases by as much as 10%. 
In contrast, the y-globulin may increase by as much as 50% 
in summer. Serum urate concentrations appear to be 5% to 
7% higher in summer than in winter. Urea concentrations 
are also higher in winter than in summer. Serum triglyceride 
concentrations are up to 10% higher in summer, whereas the 
serum cholesterol has been reported to be up to 50mg/dL 
(1.3mmol/L) higher in men and 30mg/dL (0.7mmol/L) 
higher in women in winter than in summer. The increased 
winter cholesterol concentration has been attributed to less 
physical exercise, greater food intake, and lower amounts of 
sunshine. However, similar changes in animals suggest that 
humoral factors may also be involved. Activities of serum 
enzymes arising from skeletal muscle are higher in summer 
than in winter, presumably as a result of increased physical 
activity. The increase of serum lactate dehydrogenase may be 
as much as 20%, 

Calcium metabolism is affected by an individual’s expo- 
sure to sunlight. Dehydrocholecalciferol in the skin is 
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TABLE 17-11 Seasonal Effects on Composition: of Serum 


Constituent 

= Alanine aminotransferase 
Abana OS 
Aspartate aminotransferase. 
Calcium o 
Creatinine +=: : 

Glucose See 
Lactate dehydrogenase =o. 
‘Triglycerides ee 
Urea nitrogen 


<o Lowest. 


Spring, summer 


Summer. 


Fall 


- Winter 
= Winter. 


Spring 

Winter 
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Spring, summer. 


Uriciacid 88 : Summer. » 


Winter 


Reprinted by permission of Elsevier Science from Letellier G, Desjarlais F. Study of seasonal variations for eighteen biochemical parameters over a four-year 
period. Clin Biochem 1982;15:206-11. Copyright by Canadian Society of Clinical Chemists. 


converted by ultraviolet irradiation to cholecalciferol, which 
is further metabolized in the liver and kidney to 1,25- 
dihydroxycholecalciferol. The calcium concentration in 
serum is increased along with its elimination in urine.” Sea- 
sonal changes appear to affect other endocrine systems as 
well, A lower plasma glucose concentration may be observed 
and glucose tolerance is improved during summer. Serum 
concentrations of thyroid hormones are generally unaf- 
fected but the serum concentration of triiodothyronine is 
decreased by 20% in summer and its urinary excretion is 
increased. The excretion of metabolites of adrenal hormones 
usually is greater in summer than in winter. This could be 
attributable to greater physical activity. 

Exposure to sunshine for a weekend during summer may 
cause enough photodegradation of bilirubin to reduce the 
serum concentration by 20%. Protracted exposure to sun 
during the summer leads to a consistently lower bilirubin 
concentration than during winter. Some seasonal effects on 
the composition of body fluids are listed in Table 17-11. 


Influence of Menstrual Cycle 


The plasma concentrations of many female sex hormones 
and other hormones are affected by the menstrual cycle 
{see also Chapters 50 to 53). Thus the plasma cortico- 
sterone concentration is as much as 50% higher in the luteal 
phase than in the follicular phase. The urinary excretion 
of 17-hydroxycorticosteroids reaches a peak at midcycle. 
Plasma androstenedione concentration and plasma aldo- 
sterone concentration increase from the follicular phase to 
the luteal phase of the menstrual cycle. On the preovulatory 
day, the aldosterone concentration may actually be twice that 
of the early part of the follicular phase. The change in renin 
activity is almost as great. These changes are usually more 
pronounced in women who retain fluid before menstrua- 
tion. Urinary catecholamine excretion increases at midcycle 
and remains high throughout the luteal phase. These 


changes within the menstrual cycle make it essential to do 
repetitive measurements on women at the same time during 
the cycle. 

The plasma cholesterol and triglyceride concentrations 
tend to be highest at midcycle, corresponding to the time 
of maximum estrogen secretion. The cyclical variation in 
cholesterol is not observed with anovulatory cycles. The total 
protein and albumin concentrations decrease at the time of 
ovulation but then increase again. The plasma fibrinogen 
concentration decreases greatly at menstruation. The serum 
calcium correlates with changes in albumin. Serum phos- 
phate is reduced at the time of menstruation, although the 
creatinine and urate concentrations are highest at this time 
and are lowest toward the end of the intermenstrual period. 

The plasma iron concentration may be very low with the 
onset of menstruation; the magnesium concentration is least 
at this point of the cycle. Plasma sodium and chloride con- 
centrations increase up to the onset of menstruation but may 
fall by 2mmol/L with the postmenstrual diuresis. 

The plasma ascorbic acid concentration is low at the time 
of ovulation, whereas that of folate is unaffected by the men- 
strual cycle. Serum CK activity may be slightly reduced at the 
time of ovulation, but the activities of other enzymes appear 
to be unaffected by the menstrual cycle. 


Underlying Medical Conditions 

Some general clinical conditions have an effect per se on the 
composition of body fluids. These conditions may exist in 
addition to the primary complaint that prompted a patient's 
admission to the hospital. For example, obesity, blindness, 
fever, shock and trauma, and transfusions and infusions all 
affect laboratory results. 


Obesity 


The serum concentrations of cholesterol, triglycerides, and 
B-lipoproteins are positively correlated with obesity.” One 
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study in twins has shown that for an average increase of 7.3% 
in body mass index there were increases of 2.5% in total cho- 
lesterol concentration, 3% in LDL cholesterol concentration, 
and 18.2% in triglyceride concentration.’ The increase in the 
concentration of cholesterol is attributable to LDL choles- 
terol because the HDL cholesterol is typically reduced. The 
serum urate concentration is also correlated with body 
weight, especially in individuals weighing more than 80kg.” 
Serum LD activity and glucose concentration increase in 
both sexes with increasing body weight.” In men, serum 
AST, creatinine, total protein, and blood hemoglobin con- 
centration increase with increasing body weight. In women, 
serum calcium increases with increasing body weight. In 
both sexes, serum phosphate decreases with increased body 
mass. 

Cortisol production is increased in obese individuals. 
However, increased metabolism maintains the serum con- 
centration unchanged so that urinary excretion of 17- 
hydroxycorticosteroids and 17-ketosteroids is increased. 
Because the growth hormone concentration is reduced in 
obese individuals, it responds poorly to the normal chal- 
lenges. Plasma insulin concentration is increased, but glucose 
tolerance is impaired in the obese (see Chapter 25). Although 
the serum thyroxine concentration is unaffected by obesity, 
the serum triiodothyronine correlates significantly with body 
weight and increases further with overeating. In obese men, 
the serum testosterone concentration is reduced. 

The fasting concentrations of pyruvate, lactate, citrate, 
and unesterified fatty acids are higher in obese individuals 
than in those of normal body weight. Serum iron and trans- 
ferrin concentrations are low. 

Gastric juice volume and acid output are increased in 
obese individuals. 


Blindness 


With blindness, the normal stimulation of the hypothalamic- 
pituitary axis is reduced. Consequently, certain features of 
hypopituitarism and hypoadrenalism may be observed. 
In some blind individuals, the normal diurnal variation of 
cortisol may persist; in others it does not. Urinary excretion 
of 17-ketosteroids and 17-hydroxycorticosteroids is reduced. 
Plasma sodium and chloride are often low in blind individ- 
uals, probably as a result of reduced aldosterone secretion. 
Plasma glucose may be reduced in blind people, and insulin 
tolerance is often less. The excretion of urate is reduced. 
Renal function may be slightly impaired, as evidenced by 
slight increases in serum creatinine and urea nitrogen. 

Negative nitrogen balance may occur in blind people, and 
the serum protein concentration may be reduced. The serum 
cholesterol is frequently increased, and bilirubin concentra- 
tion may also exceed the upper limit of normal. The diurnal 
variation of serum iron is often lost. 


Pregnancy 


Many changes in the concentrations of analytes occur dur- 
ing pregnancy and proper interpretation of test results is 


dependent on knowledge of the duration of pregnancy (see 
Chapter 54). 

Substantial hormonal changes occur during pregnancy 
including several not normally associated with reproduc- 
tion. Many of the changes are related to the great increase in 
blood volume that occurs during pregnancy from about 
2600 mL early in pregnancy to 3500mL at about 35 weeks. 
This hemodilution reduces the concentration of the plasma 
proteins. However, the concentration of some transport 
proteins. including ceruloplasmin and thyroxine-binding 
globulin is increased, resulting in increased concentrations 
of copper and thyroxine. The concentrations of cholesterol 
and triglycerides are notably increased. In contrast, preg- 
nancy creates a relative deficiency of iron and ferritin. 

Urine volume increases during pregnancy so that it is typ- 
ically 25% greater in the third trimester than in the non- 
pregnant woman. The glomerular filtration rate increases by 
50% during the third trimester. This results in increased 
urinary excretion of hydroxyproline and increased creati- 
nine clearance. 

Pregnancy triggers many physiological stress reactions 
and is associated with increased concentrations of acute- 
phase reactant proteins. The erythrocyte sedimentation rate 
increases fivefold during pregnancy. 


Stress 


Physical and mental stress influence the concentrations of 
many plasma constituents. Anxiety stimulates increased 
secretion of aldosterone, angiotensin, catecholamines, corti- 
sol, prolactin, renin, somatotropin, TSH, and vasopressin. 
Plasma concentrations of albumin, cholesterol, fibrinogen, 
glucose, insulin, and lactate also increase. 


Fever 


Fever provokes many hormonal responses.‘ Hyperglycemia 
occurs early and stimulates the secretion of insulin, which 
improves glucose tolerance; but insulin secretion does not 
necessarily reduce the blood glucose concentration because 
increased secretion of growth hormone and glucagon also 
occurs. Fever appears to reduce the secretion of thyroxine, 
as do acute illnesses even without fever. In response to 
increased corticotropin secretion, the plasma cortisol con- 
centration is increased and its normal diurnal variation may 
be abolished. The urinary excretion of free cortisol, 17- 
hydroxycorticosteroids, and 17-ketosteroids is increased. As 
acute fever subsides, or if it lessens but still persists for a pro- 
longed period, the hormone responses diminish. 
Glycogenolysis and a negative nitrogen balance occur 
with the onset of fever. These are prompted by the typically 
decreased food intake and wasting of skeletal muscle that 
accompany fever. Although there is usually an increase in the 
blood volume with fever, the serum concentrations of crea- 
tinine and urate are usually increased. Aldosterone secretion 
is increased with retention of sodium and chloride. Secre- 
tion of antidiuretic hormone also contributes to the reten- 
tion of water by the kidneys. Increased synthesis of protein 
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occurs in the liver, and the plasma concentrations of acute- 
phase reactants and glycoproteins are increased. 

Fever accelerates lipid metabolism. The serum concen- 
trations of cholesterol, nonesterified fatty acids, and the 
other lipids may decrease initially, but within a few days the 
free fatty acid concentration may increase. Fever is often 
associated with a respiratory alkalosis caused by hyperventi- 
lation. This pH increase causes a reduction of the plasma 
phosphate concentration, with an increased excretion of 
phosphate and other electrolytes.” Serum iron and zinc con- 
centrations decline with accumulation of both elements in 
the liver. The copper concentration increases because of 
increased production of ceruloplasmin by the liver. Some 
representative changes in serum composition induced by 
fever are listed in Table 17-12. 


Shock and Trauma 


Regardless of the cause of shock or trauma, certain charac- 
teristic biochemical changes result? For example, corti- 
cotropin secretion is stimulated to produce a threefold to 
fivefold increase in the serum cortisol concentration. The 
17-hydroxycorticosteroid excretion is greatly increased, 
although the excretion of 17-ketosteroids and metabolites of 
adrenal androgens may be unaffected. Aldosterone secretion 
is stimulated. Plasma renin activity is increased, as are the 
secretions of growth hormone, glucagon, and insulin. 
Anxiety and stress increase the excretion of catecholamines. 
The stress of surgery has been shown to reduce the serum 
triiodothyronine by 50% in patients without thyroid 
disease. 

The general metabolic response to shock includes the 
normal response to stress with mobilization of lipids, 
although the serum triglyceride concentration is not usually 
affected. Following acute myocardial infarction and other 
cardiac events there tend to be notable decreases in LDL and 
HDL cholesterols, and apolipoprotein B and A-I concentra- 
tions with an increase in the triglyceride concentration. Sur- 
gical procedures and intercurrent illnesses produce similar 


TABLE 17-12 Effect of Fever on Composition of Serum 


Constituent. oo Baseline Value 


Sodium (nmol/L). 
ee 


‘Uric acid (mg/dL) r EDOS 


effects. Even minor illnesses, such as colds, can affect lipid 
concentrations. The concentrations of lipids revert to 
normal within 1 month of the event. Plasma glucose con- 
centration is increased in response to stress, and glucose 
tolerance is reduced. 

Immediately after an injury, there is loss of fluid to 
extravascular tissue with a resulting decrease in plasma 
volume. If the decrease is enough to impair circulation, 
glomerular filtration is diminished. Diminished renal func- 
tion leads to the accumulation of urea and other end prod- 
ucts of protein metabolism in the circulation. In burned 
patients, serum total protein concentration falls by as much. 
as 0.8 g/dL because of both loss to extravascular spaces and 
catabolism of protein. Serum &,-, Oz- and y-globulin con- 
centrations increase, but not enough to compensate for the 
reduced albumin concentration. The plasma fibrinogen con- 
centration responds dramatically to trauma and may double 
in 2 to 8 days after surgery. The concentration of C-reactive 
protein rises at the same time. 

The muscle damage associated with the trauma of surgery 
will increase the serum activity of enzymes originating in 
skeletal muscle, and this increased activity may persist for 
several days. Typical alterations in activity of serum enzymes 
following surgery are illustrated in Table 17-13. Increased 
tissue catabolism requires increased oxygen consumption 
and also leads to the production of acid metabolites. Thus 
blood lactate may increase twofold to threefold. With tissue 
anoxia and impairment of renal and respiratory function, a 
metabolic acidosis develops. With tissue destruction, there is 
increased urinary excretion of the major biochemical com- 
ponents of skeletal muscle. 


Transfusion and Infusions 

The protein-rich fluid lost from the intravascular space after 
trauma is replaced with protein-poor fluid from the inter- 
stitial spaces. Subsequently, this is replaced by a fluid similar 
in composition to plasma. Transfusion of whole blood or 
plasma raises the plasma protein concentration; the amount 
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of increase depends on the amount of blood administered. 
Serum LD activity, primarily LD-1 and LD-2 isoenzymes, is 
increased by the breakdown of transfused erythrocytes. 
Transfusions to replace blood lost because of injury reduce 
sodium, chloride, and water retention precipitated by the 
injury. Serum iron and transferrin concentrations are 
reduced immediately after an injury, but extensive blood 
transfusions can lead to siderosis and an increased serum 
iron concentration. Serum potassium may increase ai 
transfusion of stored blood. 

Infusions of glucose solutions usually result in a reduc- 
tion of both the plasma phosphate and potassium concen- 
trations because these compounds are taken up by the 
erythrocytes. Infusions of solutions of albumin may increase 


TABLE 17-13 Incidence of Increased Activity of Serum 
Enzymes and. Isoenzymes After: Surgery. 


isoenzyme: 
rtate aminotransferase 
< O-Hydroxybutyrate dehydrogenase 
“LD-Li isoenzyme 
-LD-L<LD-2 
‘LD-5 isoenzyme 
From Krafft J, Fink R, Rosalki SB. Serum enzymes and isoenzymes after 


surgery. Ann Clin Biochem 1977;14:294-6. 
CK, Creatine kinase; LD, lactate dehydrogenase. 


plasma ALP activity if the albumin has been prepared from 
placentas. Because of the possible influence of infused com- 
ponents on the concentration of circulating constituents, it 
is inadvisable to collect blood for analysis less than 8 hours 
after infusion of a fat emulsion or 1 hour after infusion of 
carbohydrates, amino acids, and protein hydrolysates or 
electrolytes. 


BIOLOGICAL VARIABILITY* 


Data from studies of biological variation may be used to 
assess the importance of changes in test values within an 
individual from one occasion to another, determining the 
appropriateness of reference intervals and, in conjunction 
with data from analytical variation, establish laboratory ana- 
lytical goals.’ Application by clinicians of information on 
biological variability could enhance their ability to precisely 
identify important changes in test results in their patients. 


OVERVIEW 


Categories of biological variation include (1) within an indi- 
vidual and (2) between individuals. The change of labora- 
tory data around a hemostatic set point from one occasion 
to another within one person is called within-subject or 
intraindividual variation (Table 17-14). The difference 


*Note: The authors have based much of their discussion of 
biological variability on CG Fraser’s book: Biological variation; 
From principles to practice. Washington DC: AACC Press, 
2-1:1-151. It should be consulted for further details. 


TABLE 17-14 Comparison of lotraindividual and Interindividual Variations and Indices of Individuality 
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Reprinted with permission of AACC Press, from Fraser CG, Biological variation: From principles to practice. Washington DC: AACC Press, 2001. 
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between the set points of different individuals is called 
interindividual variation. The average intraindividual vari- 
ability varies greatly for different analytes, even within the 
same biochemical class of compounds (e.g., 6.1% for total 
cholesterol, 7.4% for HDL cholesterol, 9.5% for LDL cho- 
lesterol, and 22.6% for triglycerides}. The major factors 
influencing the reported intraindividual and interindividual 
variability are primarily the number of individuals in a 
study, the standardization (or lack thereof) of patient prepa- 
ration and specimen collection conditions, the number of 
measurements per individual, and the homogeneity of the 
studied population. 

Often, biological variability influences clinical decisions. 
For example, Mogadam et al have shown that intraindivid- 
ual variability in LDL concentrations led to 10% of subjects 
moving from high risk for cardiovascular events status to 
normal or vice versa.” Where clinicians rely inappropriately 
on the upper and lower limits of the reference interval as 
finite decision points for treatment, this will result in some 
patients receiving unnecessary treatment and others, who 
should be candidates for treatment, going untreated and 
potentially lost to follow-up because their test values sug- 
gested that the individuals were healthy. 

The test values in a healthy population used to derive 
a conventional reference interval are subject to the variety 
of influences including endogenous, exogenous, genetic or 
ethnic, and laboratory factors discussed above. The statisti- 
cal approach used to calculate the interval also has consid- 
erable influence on the derived reference interval (see 
Chapter 16). No individual has test results that would span 
the entire reference interval. Indeed all the results within a 
healthy individual typically encompass only a small part of 
most reference intervals. Stratification into more appropri- 
ate intervals for subpopulations is sometimes required. The 
most typical stratifications are based on sex and age. Sinton 
et al have advocated that separate reference intervals are 
justified when the difference between the means of the 
potentially different populations (e.g., men and women or 
blacks and whites) is greater than 25% of the 95% reference 
interval of the entire population. An alternative approach to 
define whether stratification is appropriate is that of Harris 
and Boyd, which involves calculation of the standard devia- 
tions of all of the results from each of the potentially differ- 
ent populations and if the standard deviation of one is more 
than 1.5 times another stratification is justified.” 

Inherent in any reported laboratory test results on 
patients are influences of (1) biological variation, (2) inher- 
ent analytical error, (3) preanalytical and postanalytical 
sources of variation, and (4) possible pathophysiological 
alterations. When repeated measurements are made over 
time in one individual, even under standardized conditions, 
there is a considerable variability in the test results. The vari- 
ability within the individual is attributable to both ana- 
lytical and intraindividual factors but the intraindividual 
(within-subject) variability is typically less than the variabil- 
ity among a group of individuals, This means that when ana- 


lytical variability is constant, a statistically significant change 
in the test results in one individual might occur yet all the 
results could still lie within the reference interval established 
from the results obtained from many individuals. Many 
studies have demonstrated remarkable constancy over the 
years in intraindividual variability. For those analytes that 
are influenced by the endocrine system, the variation tends 
to be even less than for those that have no hormonal regu- 
lation, especially those that are affected by dietary factors. In 
general, biological variability is only slightly affected by age” 
or by diseases that do not directly cause abnormal concen- 
trations of a specific analyte.” 


DELTA CHECK 

When a patient’s clinical condition is generally stable and 
differences between repeated test results are small, the dif- 
ference between successive results may be used as a form of 
quality assurance (see Chapter 19). Most physicians arbi- 
trarily decide when there is a clinically significant difference 
between repeated measurements of the same analyte. 
However, it is possible to address the issue more systemati- 
cally and logically. The delta check concept is applied to two 
successive values regardless of the time interval between 
them. Delta check values are typically generated in one of 
two ways: the first is derived from the differences between 
the collected consecutive values for an analyte in many indi- 
viduals, which are then plotted in a histogram with the 
central 95% or 99% of all values used to identify a clinically 
significant change in values. Delta checks may involve the 
absolute difference or the percent change between the con- 
secutive numbers. The second approach to establishing the 
delta relies on a laboratorian’s or clinician’s best estimate 
of an appropriate delta to yield a manageable number of 
flagged results for follow-up. A more refined means of using 
patient data for assessing statistically significant changes is 
through rate checks that involve dividing a delta check value 
by the time interval between successive measurements. 
Several different delta check methods have been proposed.” 
Delta checks have been based on (1) delta difference: current 
result — previous result; (2) delta percent change: (current — 
previous result) x 100%/previous result; (3) rate difference: 
delta difference/delta time; and (4) rate percent change: delta 
percent change/delta time (where delta time is the interval 
between the current and previous specimen collection 
times). Some laboratory information systems embody delta 
checks in the reporting of test results but usually in the sim- 
plest way, as in delta difference or delta percent change. 

In healthy individuals and in stable patients, the delta 
value between any two results should be small. Acceptable 
delta values may be calculated within a population of healthy 
individuals and then averaged, with the average used as a 
guide to determine whether a difference of possible clinical 
significance had occurred between serial measurements 
in patients. An alternative approach is to use the more 
refined reference change value (RCV), or critical difference, 
concept. 
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CALCULATING TOTAL VARIATION 


To determine what confidence should be placed in a test 
result it is useful to evaluate the variability of test values. The 
factors influencing a test value are preanalytical, analytical, 
and within an individual. As the sources of variation 
(squares of the standard deviations) are additive, the total 
variation (SD?) for any one laboratory result is 


SD? = SD} + SD} + SD? 
where 


SDp = Standard deviation of preanalytical variation 

SD, = Standard deviation of analytical variation 

SD; = Standard deviation of within individual 
biological variation 


It is possible to substitute the coefficient of variation for the 
standard deviation in the above equation. If the conditions 
of patient preparation, sample collection, and sample han- 
dling are standardized, preanalytical variation is minimized 
and the total variation is then determined by the combined 
influence of the analytical and intraindividual variations, 
thus: 


Cvr = (cv? + 0v3)” 


REFERENCE CHANGE VALUES 


To determine whether the difference between consecutive 
results for a single analyte in a patient might have clinical 
significance, Harris and Yasaka developed the concept of ref- 
erence change values.” An RCV, also known as critical differ- 
ence, is the value that must be exceeded before a change in 
consecutive test results is statistically significant at a prede- 
termined probability. The concept introduces a scientific 
approach to an area where clinicians have largely relied 
on their intuition and experience. Historically, clinicians’ 
impressions of clinically significant differences been results 
have varied quite markedly. Fraser et al? have shown that 
systematically calculated critical differences for many ana- 
lytes tend to be less than physicians’ assumptions of clini- 
cally significant differences. 

An RCV takes into account both analytical and within- 
individual variations that were discussed above. It is calcu- 
lated using the following equation 

RVC = 2? x Z x (CV2 + cv2)” 
where Z = Z-score (also called standard normal deviate). 
Z-scores vary with the desired probability for the change. 
The Z-scores for different probabilities may be derived from 
statistical tables. For the widely used probability of 95% 
for clinical laboratory decisions, the Z-score is 1.96. When 
inserted in the formula above the formula becomes 


RVC = 2.77 x (CV3 + CVA” 


In practice, a Z-score of 1.96 for a 95% probability is used 
to identify a significant RCV. A Z-score of 2.58 is used for a 
99% probability to ensure an even more significant RCV. The 


higher the probability used in the calculation the greater the 
likelihood that all identified changes will be true changes. Yet 
the greater certainty with the higher probability may make 
some physicians believe that the change is obvious and that 
such large RCVs may mask trends in test values. The CV, 
used for the calculation should be appropriate for the range 
of test values, as low analytical variability enhances the like- 
lihood of calculated changes being statistically significant. 
The probability of change is then largely influenced by 
intraindividual variation, CV;. To enhance the utility of the 
RCV intraindividual, variability should also be minimized 
with standardization of patient preparation and specimen 
collection and processing practices. Standardization is more 
readily achieved in hospital practice, where uniform timing 
of collections by trained phlebotomists is often possible, 
than in outpatient practices. 

The change in values between successive measurements 
in a hospitalized patient is generally higher than in the values 
reported in the literature derived from studies of healthy 
individuals because of the change in the patient's medical 
condition and its response to treatment. RCVs are not con- 
stant and a significant change is likely to be smaller over the 
short term than over a longer time span. Thus application of 
RCVs from healthy individuals derived over a short time will 
identify an inappropriately large number of apparently sig- 
nificant changes in hospitalized patients. CV, varies between 
individuals so that calculations using the mean CV, also flag 
a disproportionately large number of significant changes. 
Table 17-15 shows the effect of using different probabilities 
of significant changes. 


INDEX OF INDIVIDUALITY 


Although it would be preferable if the range of values in an 
individual when healthy could be used as the reference for 
the same individual when he or she is ill, this is largely 
impractical. The less specific reference interval derived from 
many individuals must be used as a guide to determine 
whether a specific result is abnormal. The index of indi- 
viduality (II) allows a comparison of total within-subject 
(intraindividual) variation to between-subject (inter- 
individual) variation. It is calculated as the ratio of the 
total intraindividual variation to interindividual biological 
variation as 


a 


[CVi + CV? 
T= 
CVo 
where CV, is the analytical variability, CV; the intraindivid- 
ual variability, and CV, the interindividual variability. In 
clinical practice for most analytes, CV, is small in compari- 


son with CV; or CVg and can be ignored and the formula 
for II is thus simplified to 


CVG 


A low index of individuality indicates that an analyte 
has marked individuality and a high index indicates that 
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TABLE 17-15 Significance of Changes in Serial Results: Probability That Changes Between Successive Values Are 


Significant (%) 


Analyte BES 


Alanine aminotransferase 


Reprinted with permission of AACC Press, from Fraser CG, Biological variation: From principles to practice. Washington DC: AACC Press, 2001. 


an analyte has little individuality. Examples of indices of 
individuality for several analytes are listed in Table 17-14. 
Harris” has demonstrated that it is only appropriate to use 
the reference interval for an analyte to make clinical deci- 
sions when CV,/CV¢ is greater than 1.4. When H is less than 
0.6, conventional population reference values are of little 
value and may be misleading. Little variation in test values 
for an analyte within one person (i.e., a high index of indi- 
viduality) means that an individual could have considerable 
changes in laboratory data that might have clinical signifi- 
cance for him or her, yet all these values could fall within the 
population reference interval. In theory, such analytes are of 
little use for the diagnosis of disease unless the changes are 
markedly abnormal but would be better suited for monitor- 
ing the progress of a disease or its response to treatment 
where the differences between consecutive measurements 
are used to identify a change in a patient’s status. 


INDEX OF HETEROGENEITY 

The index of heterogeneity (IH) provides a means of deter- 
mining whether the individuals within a population have 
similar within-individual variation for a given analyte. It is 
is defined as the ratio of CV of (SDj + SD?)'” to [2/(n — 1)]? 
where A and J are the analytical and within-subject varia- 
tions and n is the number of specimens per subject. The 
higher the index of heterogeneity the greater the intra- 
individual variation. 


RELIABILITY COEFFICIENT 


The reliability coefficient (R) is the ratio of between-subject 
variation to total variation. This is another measure of indi- 
viduality. It is calculated as the between-individual variance 
divided by the total variation. 


z CVG 
CV? + cv? + CV 


The reliability coefficient will always be between 0 and 1. If 
it approaches 1, this means that there is very little variation 


of results over time within one individual, indicating that 
great confidence can be placed in a single result and that 
repeated measurements are unnecessary. 


QUALITY SPECIFICATIONS FOR TOTAL 
ERROR ALLOWABLE 


Analytical variations may increase the number of results in 
a healthy population outside a previously established refer- 
ence interval. A positive analytical bias increases the number 
of high values and a negative bias decreases the number 
below the lower reference limit. It is possible to link the 
maximum tolerable analytical bias to biological variability.” 
The relationship below is derived on the assumption that the 
maximum acceptable bias is less than one quarter of the sum 
of the intraindividual and interindividual variations within 
a population. 


Analytical bias < 0.25 x (CV? + cvg” 

By substituting different factors in the above formula differ- 
ent targeted analytical biases can be identified. If less analyt- 
ical bias is deemed to be appropriate (e.g., one fifth of the 
total biological variation instead of one quarter), 0.20 would 
be substituted for 0.25. It has been suggested that analytical 
precision should be less than one half of the mean intrain- 
dividual variation (CV, = <0.50 CV,). Total error is derived 
from the sum of imprecision and bias. From the formula 
above 


Total allowable analytical error < 1.65 x 0.50 x CV; + 


0.25 x (CV? + cve)” : 
The factor 1.65 is derived from 90% of the distribution of 
results excluding the highest and lowest 5% of values. Again, 
substituting different values for 0.50 and 0.25 above allows 
different goals to be established. 

Other formulas have been used to determine quality spec- 
ifications for bias. Generally, analytical bias should be less 
than one quarter of interindividual biological variation. 


Chapter |7 Preanalytical Variables and Biological Variation 471 


By < 0.250 x (Cv? + cv2)” 
But optimum performance is also defined by substituting 
0.125 for 0.250 in the above formula and minimum perfor- 
mance defined by substituting 0.375 for 0.250. When the 
factor 0.125 is used, 1.8% of values are outside one reference 
limit and 3.3% outside the other. When 0.375 is used 1.0% 
values are outside one reference limit and 5.7% outside the 
other.” Fraser has stated that the lower number should be 
used when desirable performance standards are easily 
attained and 0.375 should be used when performance goals 
are not readily attainable with current procedures.” Most of 
the literature has reported total error in terms of the sum of 
bias plus 1.65 times the precision (TE, = Bias + 1.65 SD or 
CV of interindividual variation). 

Biological variation has been included in a goal to deter- 
mine analytical interference.” The goal specifies that 


Interference (%) < CV; — (1.96 CV, + SE) 


where SE represents the percentage systematic error 
(inaccuracy). 


ASSESSMENT OF MODE OF REPORTING TEST RESULTS 


The RCV concept is used to determine the most appropri- 
ate mode to report several analytes where several possibili- 
ties exist. For example, the amount of an analyte in urine 
could be reported in terms of concentration, absolute 
amount per unit of time, or the amount relative to that of 
creatinine. The mode with the smallest relative change value 
is the most informative. Data on analytical and intraindi- 
vidual variation together with RCV can pinpoint the most 
appropriate type of specimen for certain analyses. Howey 
et al” studied random, early morning, and 24-hour urine 
specimens to determine the most appropriate means to 
monitor microalbuminuria. The first morning specimen 
became the preferred specimen because of its smallest 
within-individual variation, smallest heterogeneity in intra- 
individual variances, and smallest RCV between consecutive 
measurements, 

Data on biological variability are used to assist in the 
selection of the most appropriate test in a given situation. 
For example, creatinine clearance and urine creatinine have 
less intraindividual variation than serum creatinine so that 
creatinine clearance is a better choice than serum creatinine 
for initial assessment of renal function in an individual but 
the lower RCV for serum creatinine make this test better for 
monitoring individuals. However, the need for a urine col- 
lection reduces the practicality of using clearance in the 
initial assessment of renal function. Studies to determine 
whether the GFR calculated from the serum creatinine con- 
centration might enhance the utility of the serum measure- 
ment still have to be performed. 
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-Clinical Laboratory 


Kent A. Spackman, M.D., Ph.D. 


any authors have observed that a clinical labora- 
Me produces information as its main product. 

Information technology plays a key role in the 
effective management of information, and therefore a 
certain level of knowledge and skill in information tech- 
nology and informatics has become essential to clinical labo- 
ratory professionals.” Health informatics may be defined as 
the principles and practice of effective information manage- 
ment for health, including the collection, processing, and 
distribution of health information about individuals and 
populations. Clinical laboratory informatics deals with the 
total testing process, from the time a clinician perceives a 
requirement for a test until the time he or she receives and 
interprets the result of that test. The computer is an impor- 
tant tool for managing this flow of information, but infor- 
matics addresses more than just computing; indeed, the 
most important aspects of informatics often depend on 
workflow and human factors, rather than on computer hard- 
ware or software. Still, a basic understanding of general com- 
puting concepts is fundamental to an ability to recognize and 
solve problems in the effective use of information. 


COMPUTING FUNDAMENTALS — 


This section provides an introduction to informatics con- 
cepts, starting with definitions, progressing to hardware 
descriptions, and finishing with observations regarding the 
rate of developmental change in computing. 


Dr. Franklin R. Elevitch, on which portions of this chapter are 
based. 
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Informatics* 


COMPUTER BASICS 

Any computer system consists of hardware, the physical 
devices connected together forming the computer, and soft- 
ware, the set of programs and instructions that tell the hard- 
ware what to do. A program consists of a set of ordered 
commands, which the computer hardware can execute in 
sequence to accomplish a task. System programs are designed 
to support general tasks, such as reading from an input 
device, displaying on a screen, printing, or allowing a user to 
log in, and basically making the computer “run.” A collec- 
tion of essential system programs is called the operating 
system. Microsoft Windows and Linux are examples of oper- 
ating systems. Programs that are designed to do special 
purpose tasks, such as running a laboratory information 
system, are called application programs, When the program 
supports interaction with a person (the user), it is called a 
user application. Application programs must be compatible 
with the operating system on which they run. We say the 
application runs on top of the operating system. Upgrades to 
either the operating system or the application program may 
introduce incompatibilities, which may or may not be 
known to the software suppliers, so a new version of either 
application software or operating system requires testing 
before the system can be used with confidence. The combi- 
nation of hardware, operating system, and applications, 
together with the persons who use them and the processes 
that they follow, is often called an information system. It 
cannot be overemphasized that the most important deter- 
minants of success of an information system are the people 
and processes, not the hardware and software. 

Selecting the hardware correctly is generally a matter of 
determining or specifying capacity and compatibility with 
standards. Hardware capacity can usually be simplified to 
two aspects: size and speed. 
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Size 

The smallest quantity of computer information is the bit, or 
binary digit, meaning either a 0 or a 1. Because information 
represented and stored this way uses such discrete digits, it 
is called digital, in contrast to information represented using 
essentially unlimited levels of gradation, a representation 
called analog. Putting several bits together in a string results 
in a series of zeroes and ones; each such combination can be 
used to represent a different numeral or alphabetic charac- 
ter. By convention, a byte consists of eight bits, There are 2° 
or 256 different combinations of bits that can be represented 
by one byte. Computers can interpret these 256 combina- 
tions according to standards such as the American Standard 
Code for Information Interchange (ASCII). Because ASCII 
assigns one byte to each typewritten character, a useful rough 
estimate of the size of a document equates the number of 
typewritten characters with the number of bytes required 
to store it. Documents containing special characters or 
symbols (accents, umlauts, etc.) may be stored using the 
Unicode standards, which often use more than one byte per 
character. 

Size, in computer terms, uses idiosyncratic units in addi- 
tion to the bit and byte. Outside the world of computing, the 
prefixes kilo, mega, giga, and tera ordinarily refer to 10°, 10°, 
10°, and 10”, respectively. However, when used with byte, 
they refer instead to 2, 2”, 2°, and 2. That is, a kilobyte is 
not 1000 bytes but 1024 bytes. The reason is that addresses, 
the numbers that refer to the location of digital data, are 
binary numbers, so a kilobyte is the total number of bytes 
that can be addressed by a ten bit address, and it carries the 
kilo prefix because it is the power of 2 closest to 1000. Like- 
wise a megabyte is 1,048,576 bytes because it is the power of 
2 closest to 1,000,000, and represents the number of loca- 
tions addressable by 20 bits. 


Usual Meaning 


Speed 


In computer terminology, speed has two chief varieties: clock 
speed and bandwidth. Clock speeds, which give an indication 
of how fast a processor runs, have units of Hertz (Hz), or 
cycles per second. In this case, standard prefix meanings are 
used, so one megaHertz is 10° cycles per second. The sim- 
plest computer instructions require one clock cycle to be exe- 
cuted, so a processor with a clock speed of one megaHertz 
would be able to execute one instruction in one micro- 
second, and a gigaHertz processor could execute one instruc- 


tion in a nanosecond. Bandwidth refers to the amount 
of data that can be transmitted per unit time. We might 
expect it to be measured in bytes per second (or kilobytes, 
megabytes, gigabytes, and terabytes per second), but curi- 
ously it has instead been traditionally measured in megabits 
per second, with mega meaning 10°, not 2”. 


HARDWARE 


As computers have become more integrated, miniaturized, 
and streamlined, more and more of the internal hardware 
has become integrated onto a single silicon chip. As a result, 
it is useful to separately consider the parts of the system that 
are relatively modular and can be selected by the user, and 
the parts that are integrated into the “box,” which is mainly 
hidden from the user. 

Inside the box, there is a central processing unit (CPU), 
which is where the clock is located that determines proces- 
sor speed and where the software instructions are executed. 
The CPU must fetch the instructions from memory. A type 
of memory that is very fast and located close to the CPU, 
usually on the same chip, it is called cache memory; the ordi- 
nary type of memory is called random access memory 
(RAM). Memory should be distinguished from storage. Gen- 
erally speaking, memory can be quickly accessed, for both 
reading and writing, but its contents disappear when the 
power is turned off. By contrast, the contents of storage are 
slower to access and are preserved when the power is off. The 
exception is read-only memory (ROM), which has the speed 
of RAM but retains its contents without power; but unlike 
RAM and storage devices, ROM’s contents are fixed and 
cannot be changed. 

The CPU and RAM typically are placed on the same board 
or card, which is simply a rigid structure into which silicon 
chips are placed, along with conducting material that allows 
electrical signals to flow between the chips. A signal- 
conducting path is called a bus. Buses exist between cards, 
between chips on a card, and within the chips themselves. 
The width of a bus is simply the number of individual bits 
(one bit per “wire”) that can be transmitted at the same time; 
the capacity of a bus is determined by its width combined 
with its clock speed, which isn’t necessarily the same speed 
as the CPU clock speed. 

Common storage devices use magnetic media, either as 
tapes or disks, Disks can be either fixed or removable; early 
removable magnetic disks were flexible and so were called 
floppy disks, and the name has been retained even though 
current “floppies” are enclosed in a rigid case. Large capac- 
ity magnetic disk storage devices are commonly called hard 
drives because the disks themselves are hard, not flexible, and 
they have a motor (drive) that spins them. Although floppies 
are removable from their drives, hard disks are not; if a hard 
disk is removable, as with some portable laptop machines, 
both the magnetic disk and its drive are removed as a single 
enclosed unit. 

Magnetic tapes come in a wide variety of sizes and are rel- 
atively inexpensive, but they share the characteristic of 
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TABLE 18-1 Characteristics of Common Storage and Memory. Devices 


“Typical Storage Capacity 


‘Storage/Memory Device in Megabytes 

` 0.06-0.5 

-- 128-1024 

wee Lad 
16-512 
650-680. 


Floppy d 

USB. flash memory ‘stick: 
GD- ROM - : 
DVD. 

Hard disk 

Magnetic tape 


requiring a spool of magnetic-coated material to be wound 
past a read-write head. As a result, they tend to be relatively 
slow, and have become relegated to use as storage for routine 
copies done at periodic intervals (backups). 

Optical disks are storage media onto which digital data are 
written and from which they are read using laser light; these 
include compact disks (CDs) of both read-only (CD-ROM) 
and read-write (CD-RW) varieties, and digital versatile disks 
(DVDs). Generally slower than magnetic hard drives, they 
have the advantages of being removable, much faster than 
magnetic tape, and capable of containing enough storage to 
be useful for backup and distribution of large quantities of 
digital data. 

Storage and memory devices have a broad range of 
storage capacity and speed as listed in Table 18-1. The com- 
bination of speed and capacity dictates when and where each 
of these devices is most useful (Figure 18-1). 

Any device connected to the computer but not essential 
for its basic operation can be called a peripheral device. 
Peripherals also may be regarded as those devices connected 
to the computer via a cable. With the possible exception of 
the hard drive that contains the operating system, most 
storage devices can be regarded as peripherals. Other periph- 
erals include printers, scanners, cameras, and other devices 
for getting data in or moving data out, typically called 
input/output devices or I/O devices. 


RATE OF CHANGE OF COMPUTING CAPACITY 


It could be argued that the field of scientific endeavor that 
has had the most impact on informatics is computer hard- 
ware engineering. Unlike most things in life, the size and 
expense of computers are rapidly diminishing, and their 
capacity and speed are rapidly increasing. This dramatic and 
far-reaching change has been driven primarily by an ever- 
increasing ability to place large numbers of integrated cir- 
cuits onto silicon chips. Gordon Moore, one of the founders 
of the Intel Corp., observed in 1965 that the number of cir- 
cuits that could be manufactured on a single chip seemed to 
be doubling approximately every year.° This observation has 
come to be known as “Moore’s law” and has been restated 
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and reinterpreted in many ways. For example, some authors 
have claimed that Moore’s law implies that “computer power 
doubles every 18 months at half the price.” Figure 18-2 illus- 
trates the number of transistors on Intel’s microprocessors 
and demonstrates a doubling approximately every 2 years 
since 1971. This exponential trend toward smaller and more 
powerful computing devices is seen not just in processors 
but also in memory, hard disk storage, and communications 
bandwidth. Although the basic trend continued for approx- 
imately 30 years, or 15 doublings, eventually the laws of 
physics will intervene and the trend will end. Indeed, some 
authors warn that Moore’s law is increasingly an unreliable 
predictor of future trends.* Nevertheless, these changes in 
power, size, speed, and affordability of computing devices 
have been nothing short of revolutionary. We can expect this 
revolution to continue to have a notable impact on health- 
care in many ways over the coming years. 
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Figure 18-2 Moore's law illustrated: number of transistors per 
chip doubles every 18 months. 


COMPUTER NETWORKS 


Communication between computers has become common- 
place, and the means of communication is usually some kind 
of network. The basic idea of a network is that a computer 
can connect to the network and get access, depending on 
authorization level, to the other computers that have also 
linked up, and also provide access to itself. Network signals 
usually travel on electrical or optical cables, although they 
can also use electromagnetic signals, such as radio waves or 
infrared light. Networks that connect computers that are all 
located within a local area, such as one building or perhaps 
a group of adjacent buildings, are called local area networks 
(LANs). To connect to the network, the computer must have 
both hardware and software that manages the network con- 
nection. The hardware is usually a card, called a network 
interface card (NIC), into which a cable may be connected 
or, alternatively, to which a wireless transmitter and/or 
receiver may be connected. A common standard for network 
hardware is called ethernet, which specifies the mechanism 
for handling the transmission of signals to and/or from the 
computer’s NIC and the transmission medium, such as radio 
waves, electric pulses in wires, or light pulses in fiberoptic 
cables. There are also software standards for networking, 
often called protocols. These specify how to divide transmis- 
sions into blocks or chunks, how to attach destination 
addresses, how to signal that a transmission is starting or 
ending, and so forth. The most widely used set of protocols 
is called the Internet protocols, a nonproprietary suite that 
includes transmission control protocol (TCP) and Internet 
protocol (IP), often mentioned together as TCP/IP. These 
protocols formed the basis for a widely adopted network, 
called the Internet, that grew from what was primarily gov- 


ernment and academic use to become virtually ubiquitous. 
As the Internet grew and became more widely available, 
additional software protocols were developed for managing 
the convenient organization and marking of documents that 
include text, images, and sounds along with the ability to 
connect from one document to another, even if the other 
documents are not on the same computer. A document con- 
taining such connections is called a hypertext. The hypertext 
transfer protocol (HTTP) was specified as a standard for 
accessing and transmitting hypertext documents that were 
formatted according to another standard, the hypertext 
markup language (HTML). The set of computers on the 
Internet that use HTTP to transfer HTML documents is 
called, collectively, the Worldwide Web (WWW). A computer 
program used for accessing sites or information on a 
network is termed a browser. 

Computers may be connected to a LAN but not con- 
nected to the Internet. Many businesses, including health- 
care organizations, keep their internal networks separate 
from the wider Internet. An intrainstitutional network is 
often called an intranet, and these are frequently used to 
connect the institution’s information systems. 

The phenomenon of the Worldwide Web has resulted in 
the widespread availability of a vast number of documents 
and Web pages, easily accessible through search engines 
such as Google (see www.google.com, accessed May 20, 
2004). A search may retrieve a very wide range of quality 
of documents, ranging from a peer-reviewed journal ar- 
ticle to an incoherent rant from a Usenet Newsgroup. 
Caution is required because the Internet may eliminate, 
mask, or change the traditional indicators of quality and 
authoritativeness. 


LABORATORY INFORMATION SYSTEMS 


Laboratories were the first area of healthcare institutions that 
adopted computer technology to manage clinical informa- 
tion about the patient. Within the laboratory, chemistry and 
hematology were the first areas to be supported, followed 
later by microbiology, blood banking, and anatomical 
pathology. 

One of the first functions supported by laboratory infor- 
mation systems (LISs) was the printing of summary labora- 
tory data for inclusion in the patient’s chart. This replaced 
the labor-intensive and error-prone process of manually 
writing or typing results on individual slips of paper. Other 
important intralaboratory functions included assigning 
accession numbers and tracking specimens and workload. 
Information system functions have expanded to include vir- 
tually every area of laboratory operation.* 


LIS MODULES ae E 
Most LISs have different modules that support the natural 
divisions of the laboratory or groups of those divisions. A 
general laboratory module often supports chemistry and 
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hematology, along with immunology, coagulation, urinaly- 
sis, and any other parts of the laboratory that tend to 
perform tests with a fixed numeric result with a reference 
range. These lab sections and the modules that support them 
are more likely also to have an automated analyzer to which 
the LIS is connected via an electronic interface. Laboratory 
sections that are frequently supported by separate modules 
include the transfusion service, microbiology, cytopathol- 
ogy, and surgical pathology. 


Workflow, Entities, Attributes, and Relationships 


To understand the way laboratory information systems 
work, it is helpful to think about laboratory workflow and 
the kinds of information required at each step. Box 18-1 lists 
a set of workflow steps usually followed by a laboratory test. 

Different data elements are required at each step in 
the workflow. The test request originates with the ordering 
physician or provider, and may be hand written, spoken, 
or entered electronically. Order entry signifies the point at 
which the test request becomes properly specified according 
to the information system’s data structures. At this step, iden- 
tifiers are required for the patient, the ordering provider, and 
the test to be performed. Tests must be identified according 
to the list of tests known to the system, and can sometimes 
also be modified to include specific timing, pretest prepara- 
tion, and other variables. Accession refers to the point at 
which a specimen becomes known to the information 
system, and usually corresponds closely with the delivery of 
the specimen to the laboratory. A unique accession number 
is assigned, allowing the information system to track the 
specimen and correlate it with the order. 

Information systems are often described in terms of the 
entities about which they manage information, the attributes 
that describe those entities, and the relationships between the 
entities. This approach to modeling the information is called 
entity-relationship modeling or E-R modeling, Patients, 
providers, specimens, and orders are examples of entities, 
and medical record number, provider identifier, accession 
number, and order number are all examples of attributes. 
The relationship between these entities is represented by a 
data structure that includes a particular patient identifica- 


tion (ID), provider ID, order ID, and accession number. To 
design the information system, data analysts often begin by 
identifying all the entities about which we will require infor- 
mation, the attributes or data elements that detail the 
specifics about these entities, and the relationships that 
connect different entities to each other. 


Data Standards and Encoding 


Whenever information must be shared between two differ- 
ent information systems, a common method of identifying 
entities must also be shared. The broader the necessity for 
sharing, the more universal the identifiers have to be. For this 
reason, numerous standards have been developed to help 
identify and share information about healthcare information 
entities such as laboratory tests, images, diagnoses, and 
procedures. 

In the United States, the 1996 HIPAA legislation (the 
Health Insurance Portability and Accountability Act) 
resulted in the designation of six required code sets 
for billing and reimbursement. These are listed in Table 
18-2. 

The code sets required for billing and reimbursement are 
capable of representing only a limited amount of informa- 
tion about the health or healthcare of a patient. These limi- 
tations are a result of the intended use of the codes (i.e., 
determining an appropriate dollar figure to attach to a par- 
ticular procedure or condition). Researchers have evaluated 
the ability of these code sets to represent the level of detail 
required for conducting studies of the outcomes of health- 
care or enabling computer-based decision support, and have 
found them to be notably less detailed than required. As a 
result, a second group of standards was designated by HIPAA 
as those that support patient medical record information 
(PMRI). These PMRI standards are not mandated by the 
government but are recommended for supporting the vol- 
untary movement toward adoption by clinical information 
systems and healthcare organizations. The most important 
PMRI standards for clinical laboratories are the Systematized 
Nomenclature of Medicine-—Clinical Terms (SNOMED 
CT’) and Laboratory Logical Observation Identifiers, 
Names, and Codes (Lab LOINC’). 


SNOMED CT 


SNOMED CT is a clinical terminology, used to code infor- 
mation about health and the care of individuals and popu- 
lations. At its most basic level, it contains a set of codes, 
each representing a different concept. For example, “acute 
appendicitis” is one concept, and “appendicitis” is another 
concept, and each has its own code. These concept codes 
are connected to each other in a hierarchy (represented in 
a data table), with more general concepts such as “appen- 
dicitis” located above more specific concepts such as “acute 
appendicitis.” In addition to this hierarchy, concepts are 
also connected to each other via attributes that specify 
defining characteristics. For example, “appendicitis” may be 
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TABLE 18-2 US. Code Sets for Billing and Reimbursement 


CDT-2: ae a 
Nomenclatur 


"Retail pharmacies: drugs, biologic: 
Dental services ; 


equipment 


linked via the attribute site to the anatomical concept 
“appendix.” 

The scope of SNOMED GT. is very broad, encompassing 
human and veterinary medicine, nursing, dentistry, allied 
health professions, and population-based health concepts. It 
includes codes for diagnoses, procedures, findings, drugs, 
anatomy, organisms, causes of disease, and social aspects of 
health. Included in SNOMED’s procedure hierarchy is a very 
complete list of laboratory tests and test categories. To 
provide smooth integration, there is a file that links these 
SNOMED CT codes to related Lab LOINC codes. 


Lab LOINC 


Lab LOINC is a set of codes designed to represent labora- 
tory test names. These codes are intended to be used for 
reporting the values of tests when there is a necessity to 
provide laboratory test information in electronic form to any 
information system that does not use the same test identi- 
fiers as the originating laboratory information system. This 
could include transmitting test results from one LIS to 
another within an institution: (e.g., in providing chemistry 
results to an anatomical pathology system); or to a more 
central hospital information system; or beyond to any 
number of more remote systems. Sharing information in this 
way requires a common understanding of exactly what test 
was performed and how it is being reported, and the Lab 
LOINC codes enable the appropriate level of detail to accom- 
plish this purpose. 

The meaning of each code is specified using a six-part 
name. The six parts are component (what is measured), kind 
of property (e.g., concentration versus titer), time aspect 
(single point in time versus timed collection), system (speci- 
men) type, type of scale (e.g., quantitative, ordinal, and 
nominal), and method. For example, the LOINC name for a 


LOINC cade 5306-6 


Component. _—s| Property | Time | System | Scale | Method 
ea titer | PT |serum |QN {CF 


78178004 Hed antibody 
118590008 titer 

123029007 single point in time 
119364003 serum specimen 
30766002 quantitative 
69207009 complement fixation 

Figure 18-3 Parts of LOINC names, with SNOMED codes. 


SNOMED codes 


rickettsial antibody titer done on serum by complement 
fixation and reported as a quantitative number is “Rickettsia 
sp AB{Titer[PT|Serum{QN[CE, and its code is 5306-6, Table 
18-3 lists several LOINC codes, along with a corresponding 
SNOMED code. The meaning of each part of the LOINC 
name is illustrated in Figure 18-3. 


LOINC-SNOMED Integration 


The relationship between the SNOMED hierarchy and the 
LOINC codes can be illustrated as in Figure 18-3, where 
more general SNOMED concepts, such as “rickettsial sero- 
logical test,’ would be connected to several more specific 
rickettsial serological tests that would be reported using Lab 
LOINC codes. 

In addition, SNOMED and LOINC are linked through a 
SNOMED code for each of the LOINC name parts, as ilus- 
trated in Figure 18-4. The SNOMED hierarchies for these 
codes will enable software systems to automatically compute 
that a complement fixation test for Rickettsia is a subtype of 
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Figure 18-4 LOINC-SNOMED hierarchy integration. 


a complement fixation test for a microbial antibody, because 
the code for Rickettsia species antibody is in the hierarchy 
for microbial antibodies. 

Table 18-3 lists SNOMED codes for rickettsial serologies, 
along with some of the more specific LOINC codes that are 
subtypes of these concepts. The LOINC concepts differ based 
on whether they measure a titer (TITR) or an arbitrary con- 
centration (ACNC); whether they are measuring the anti- 
body in the serum (SER) or another specimen, such as the 
cerebrospinal fluid (CSF); whether the reported value is 
quantitative (QN) or ordinal (ORD); and whether the 
method is specified, such as immunofixation (IF) or latex 
agglutination (LA). Note that the words “serological test” are 
intended to mean testing for the antibody to the organism, 
regardless of the specimen (serum, CSE or other). Thus in 
this example the SNOMED code specifies only the “compo- 
nent” part of the LOINC code and leaves the other five 
LOINC fields unspecified. In Figure 18-4 the SNOMED 


-= RICKETTSIA RICKETTSI SAI RICHIGERIONIER 
“RICKETTSIA RICKETTSII ABIACNCIPTISERORDIE, 
RICKETTSIA RICKETTSH AB|TITR]PTISER]QN]:: 


A (P 9) / 
RICKETTSIA (PROTEUS OX19) ABIACNC)PTISERIORD) 
RICKETTSIA (PROTEUS OX19). AB|TITR|PT|SER|QNI. 
RICKETTSIA (PROTEUS OX19) AB|ACNCIPT|SER[QN|... 
RICKETTSIA (PROTEUS OX19) AB|ACNC|PT|SER|ORD|LA. 


concept “complement fixation titer” specifies only the 
SCALE and PROPERTY and leaves the other four LOINC 
fields unspecified. 


LIFE CYCLE OF INFORMATION SYSTEMS 

Information systems can be understood as having a life cycle 
analogous to living organisms. Understanding where a 
system is in its life cycle can provide insight into the most 
appropriate steps to be taken to properly manage the system. 
Major phases in the life cycle of information systems include 
a definition or specification phase, an acquisition or devel- 
opment phase, an implementation and deployment phase, 
an operation and maintenance phase, and a disposition 
phase. 


Definition and/or Specification 

The earliest phase of an information system cycle, the defi- 
nition phase involves recognition of and explicit justification 
of the requirement for the system, including detailed analy- 
sis of how information is presently being handled and how 
the new system would change and improve upon current 
practices. Success of later phases depends on the care with 
which the definition and specification are carried out. 


Acquisition and/or Development 

Although it is possible for a laboratory to develop its own 
LIS, most healthcare institutions lack the expertise to do this, 
and when facing a build-or-buy decision they usually come 
down on the side of “buy.” The identification of suitable 
commercial vendors usually begins with a request for infor- 
mation (RFI), providing basic information about the vendor 
and its software offerings, followed by a request for proposal 
(RFP), which asks the vendors to respond to a set of more 
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detailed functional questions designed to assist the labora- 
tory in determining whether, and how well, the vendor’s 
offerings can meet the laboratory's requirements. A conve- 
nient source listing vendors is a survey of LIS companies 
published each fall by CAP Today (see www.cap.org, accessed 
May 20, 2004). 


implementation and Deployment 


Once LIS software has been selected, the next step is imple- 
mentation, a process that usually requires many weeks of 
concerted effort on the part of both the vendor and the lab- 
oratory. The success of an LIS depends directly on how well 
it is configured to fit the requirements of the laboratory. 
Transition from a prior information system usually requires 
extensive training or retraining of laboratory personnel and 
revision of standard operating procedures. Most implemen- 
tations also encounter unexpected problems that require 
additional time and resources. 

Most large laboratories will require 12 to 18 months at a 
minimum, and frequently more, to progress through the first 
three phases of definition, acquisition, and implementation. 


Operation and Maintenance 


Once in place, an LIS must be supported and maintained. 
Software modules and operating systems may have to be 
upgraded and synchronized. Interfaces to laboratory instru- 
ments and communication links with clinical systems also 
frequently require upgrading and support. Although one 
might hope that an LIS could evolve gracefully and not 
require replacement, in practice all information: systems 
inevitably become obsolete, and a new system life cycle 
begins. 


Disposition 

Although most of the work to replace an obsolete system 
involves the definition, acquisition, and implementation of 
a new system, the disposition of the old system also has to 
be considered. in particular, data preservation and migration 
should be carefully evaluated. 


REGULATORY ISSUES 


In the United States, federal regulations apply to any device, 
including computers and information systems that directly 
impact the patient or the process of production of devices 
and substances that come into contact with the patient. As a 
result, computer software that is used in the collection, track- 
ing, and processing of blood products is subject to Pood and 
Drug Administration (FDA) preapproval and ongoing 
inspection. These regulations require careful documentation 
‘of the development of the software, and rigorous testing and 
validation at the time of implementation and again at the 
time of any upgrade.or change.’ 

General LIS applications, outside blood collection or 
transfusion services, are not subject to FDA regulations, but 
many laboratories voluntarily subject their LIS to inspection 
and accreditation. The College of American Pathologists 


(CAP) inspection and accreditation checklists for laboratory 
computer software focus on documentation of practices that 
ensure the safe and reliable operation of the system, such 
as regular backup of data, validation of system function 
following software upgrades, and regular testing of the 
correctness of transmitted or printed laboratory results. 


SECURITY AND CONFIDENTIALITY 


The administrative simplification provisions of HIPAA were 
written with the understanding that improvements in safe- 
guards of electronic health information must go hand in 
hand with increasing detail and sharing of such electronic 
data. The traditional paper record was inaccessible to all but 
the individual having possession of the physical record; this 
created problems when the record was lost, or was necessary 
at more than one location, but it also provided a natural limit 
on the accessibility to unauthorized parties. As information 
becomes available in electronic form, patients have an inter- 
est in improved security and confidentiality of their health 
records. 

Security generally refers to the provisions for ensuring 
that electronic data are prevented from unintentional 
destruction, loss, alteration, or disclosure. Confidentiality 
refers to the expectation that information about a patient 
should remain within the patient’s control, should be dis- 
closed only to authorized individuals, and should not be 
used for purposes the patient does not approve. 

Achieving a balance between access and security is not 
simple. In a hospital, numerous individuals have a need to 
handle patient data; too strict limits on access to data can 
harm patients by preventing healthcare workers from pro- 
viding the best care. On the other hand, lax security leaves 
patients and the institution in danger of harm from unau- 
thorized access to data. 

Measures necessary for ensuring security include careful 
management of access to computer systems, monitoring and 
tracking access, and judicious application of penalties for 
violation of security policy. Each user should be required to 
be identified to the system, and access should depend on a 
password or other secure mechanism that prevents unau- 
thorized access. Access to patient data, and particularly 
changes to data, should be automatically logged according to 
user, date and time, and action taken. These logs are called 
audit trails, an important tool for monitoring system secu- 
rity. When employees inappropriately access patient data for 
which they have no responsibility, penalties up to and 
including dismissal should be known and applied when 
necessary. 


PATHOLOGY INFORMATICS RESOURCES © 


A number of annual meetings are available for laboratory 

medicine professionals interested in informatics. These 

include: 

* Automated Information Management in the Clinical Lab- 
oratory (AIMCL) 
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+ Advancing Pathology Informatics, Imaging, and the Inter- 
net (APIII): see apiiiupmc.edu 
* Lab InfoTech Summit: see https://www.labinfotech.org/ 
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CHAPTER l 9 


Quality Management 


James O. Westgard, Ph.D., 
and George G. Klee, M.D., Ph.D. 


control have become the foundation by which 

clinical laboratories are managed and operated. This 
chapter begins with a discussion of the fundamentals of total 
quality management followed by discussions of (1) total 
quality management of the clinical laboratory, (2) laboratory 
error and the Six Sigma process, (3) elements of a quality 
assurance program, (4) control of preanalytical variables, 
(5) control of analytical variables, (6) control of analytical 
quality using stable control materials, (7) control of analyti- 
cal quality using patient data, (8) external quality assess- 
ment and proficiency testing programs, and (9) identifying 
the sources of analytical errors. We conclude the chapter 
with a discussion on quality initiatives, including the ISO 
9000 certification process. 


Te principles of quality management, assurance, and 


FUNDAMENTALS OF TOTAL QUALITY 
MANAGEMENT 


Quality systems in healthcare organizations continue to 
evolve* with numerous sources of information on quality 
available on the Internet. Public and private pressures to 
contain costs are now accompanied by pressures to improve 
quality. The seemingly contradictory pressures for both cost 
reduction and quality improvement (QI) require that 
healthcare organizations adopt new systems for managing 
quality. When faced with these same pressures, other indus- 
tries implemented “total quality management,” or TQM." 
TQM may also be referred to as total quality control (QC), 
total quality leadership, continuous quality improvement, or 
quality management science, or more generally as industrial 
quality management. TQM provides both a management 
philosophy for organizational development and a manage- 


*References 37, 39, 65, 67, 74, 87, 99, 104, LIL. 


ment process for improving the quality of all aspects of work. 
Many healthcare organizations have adopted the concepts 
and principles of TQM.* 


FUNDAMENTAL CONCEPTS 


In this chapter, quality is defined as conformance to the 
requirements of users or customers. More directly, quality 
refers to the satisfaction of the needs and expectations of 
users or customers, The focus on users and customers is 
important, particularly in service industries such as health- 
care. The users of healthcare laboratories are often the nurses 
and physicians; their customers are the patients and other 
parties who pay the bills. 

Cost must be understood in the context of quality. If 
quality means conformance to requirements, then “quality 
costs” must be understood in terms of “costs of confor- 
mance” and “costs of nonconformance,” as illustrated in 
Figure 19-1. In industrial terms, costs of conformance are 
divided into prevention costs and appraisal costs. Costs of 
nonconformance consist of internal and external failure 
costs. For a laboratory testing process, calibration is a good 
example of a cost incurred to prevent problems. Likewise, 
quality control is a cost for appraising performance, a repeat 
run is an internal failure cost for poor analytical perfor- 
mance, and repeat requests for tests because of poor analy- 
tical quality are an external failure cost. 

This understanding of quality and cost leads to a new per- 
spective on the relationship between them. Improvements in 
quality can lead to reductions in cost. For example, with 
better analytical quality, a laboratory can eliminate repeat 
runs and repeat requests for tests. This repeat work is 
“waste.” If quality were improved, waste would be reduced, 
which in turn would reduce cost. The father of this fun- 
damental concept was the late W. Edwards Deming, who 
developed and internationally promulgated the idea that 
quality improvement reduces waste and leads to improved 
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Figure 19-1 The cost of quality in terms of the costs of 
conformance and the costs of nonconformance to customer 
requirements. (From Westgard JO, Barry PL. Cost-effective quality 
control: Managing the quality and productivity of analytical processes. 
Washington DC:AACC Press, 1986.) 


productivity, which in turn reduces costs and provides a 
competitive advantage.” As a result, the organization stays 
in business and is able to continue providing jobs for its 
employees. 


FUNDAMENTAL PRINCIPLES 


Quality improvement occurs when problems are eliminated 
permanently. Problems arise primarily from imperfect 
processes, not from imperfect people. Industrial experience 
has shown that 85% of all problems are process problems 
that are solvable only by managers, with the remaining 15% 
being problems requiring the action and improvement of 
performance of individual workers. Thus quality problems 
are primarily management problems because only manage- 
ment has the power to change work processes. 

This emphasis on processes leads to a new view of the 
organization as a system of processes, as illustrated in Figure 
19-2. For example, physicians might view a healthcare orga- 
nization as a provider of processes for patient examination 
(A), patient testing (B), patient diagnosis (C), and patient 
treatment (D). Healthcare administrators might view the 
activities in terms of processes for admitting patients (A), 
tracking patient services (B), discharging patients (C), and 
billing for costs of service (D). Laboratory directors might 
understand their responsibilities in terms of processes for 
acquisition of specimens (A), processing of specimens (B), 
analysis of samples (C), and reporting of test results (D). 
Laboratory analysts might view their work as processes for 
acquiring samples (A), analyzing samples (B), performing 
quality control (C), and releasing patient test results (D). 
The total system for a healthcare organization involves the 
interaction of all of these processes and many others. 

Given the primary importance of these processes for 
accomplishing the work of the organization, TQM views 
the organization as a support structure rather than as 
a command structure. As a support structure, the most 
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Figure 19-2 TQM view of an organization as a system of 
processes. 


immediate processes required for the delivery of services are 
those of the frontline employees. Upper management’s role 
is to support the frontline employees and to empower them 
to identify and solve problems in their own work processes. 

The importance of empowerment is easily understood if 
a problem involves processes from two different depart- 
ments. For example, if a problem occurs that involves the 
link between process A and process B in Figure 19-2, the 
traditional management structure requires that the problem 
be passed up from the line workers to a section manager 
or supervisor, a department director, and an organization 
administrator. The administrator then works back through 
an equal number of intermediaries in the other department. 
Direct involvement of line workers and their managers 
should provide more immediate resolution of the problem. 

However, such problem solving requires a carefully struc- 
tured process to ensure that root causes are identified and 
proposed solutions are verified. Juran’s “project-by-project” 
quality improvement process” provides detailed guidelines 
that have been widely adopted and integrated into current 
team problem-solving methodology.*** The methodology 
outlines distinct steps for (1) carefully defining the problem, 
(2) establishing baseline measures of process performance, 
(3) identifying root causes of the problem, (4) identifying a 
remedy for the problem, (5) verifying that the remedy actu- 
ally works, (6) “standardizing” or generalizing the solution 
for routine implementation of an improved process, and (7) 
establishing ongoing measures for monitoring and control- 
ling the process. 

The quality improvement “project team” provides a new 
flexible organization unit. A project team is a group of 
employees appointed by management to solve a specific 
problem that has been identified by management or staff. 
The team comprises members from any department and 
from any level of the organization and includes anyone who 
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Figure 19-3 TQM framework for managing quality in a 
healthcare laboratory. (From Westgard JO, Burnett RW, Bowers GN. 
Quality management science in clinical chemistry: A dynamic 
framework for continuous improvement of quality. Clin Chem 
1990;36:1712-6.} 


is necessary to understand the problem and identify the 
solution. Management initiates the project, and the team is 
empowered and supported to identify the root cause and 
verify a solution; the management then becomes involved in 
replanning the process (i.e., planning the implementation of 
changes in a laboratory process, defining and standardizing 
the improved process, and establishing appropriate measures 
for ongoing evaluation and control of the process).’” 


TOTAL QUALITY MANAGEMENT OF THE ~ 
CLINICAL LABORATORY 


The principles and concepts of TQM have been formalized 
into a quality management process, as illustrated in Figure 
19-3, The traditional framework for managing quality in a 
healthcare laboratory has emphasized the establishment of 
quality laboratory processes (QLPs), QC, and quality assess- 
ment (QA). A QLP includes analytical processes and the 
general policies, practices, and procedures that define how 
all aspects of the work get done. QC emphasizes statistical 
control procedures but also includes nonstatistical check 
procedures, such as linearity checks, reagent and standard 
checks, and temperature monitors. QA, as currently applied, 
is primarily concerned with broader measures and monitors 
of laboratory performance, such as turnaround time, speci- 
men identification, patient identification, and test utility. 
Quality “assessment” is the proper name for these activities 
rather than quality “assurance.” Measuring performance 
does not by itself improve performance and often does not 
detect problems in time to prevent harmful effects. Quality 


assurance requires either that causes of problems be identi- 
fied through QI and eliminated through quality planning 
(QP) or that QC be able to detect the probiems early enough 
to prevent their consequences. 

To provide a fully developed system and framework for 
managing quality, the QI and QP components must be 
established.^*® QI provides a structured problem-solving 
process for identifying the root cause of a problem and also 
for identifying a remedy for the problem. QP is necessary 
to (1) standardize the remedy, (2) establish measures for 
monitoring performance, (3) ensure that the performance 
achieved satisfies quality requirements, and (4) document 
the new QLP. The new process is then implemented through 
QLP, measured and monitored through QC and QA, 
improved through QI, and replanned through QP. These five 
components, working together in a feedback loop, illustrate 
how continuous QI is accomplished and how quality assur- 
ance is built into laboratory processes. 

The “five-Q” framework also defines how quality can be 
managed objectively using the “scientific method” or the 
PDCA cycle (plan, do, check, act). QP provides the planning 
step, QLP establishes standard processes for doing things, 
QC and QA provide measures for checking how well things 
are done, and QI provides a mechanism for acting on those 
measures. The methodology that we naturally apply in sci- 
entific experiments should also be the basis for objective 
management decisions. 

Objectivity, however, is dependent on our having quanti- 
tative quality requirements for evaluating the performance 
of existing processes and for planning the performance of 
new processes.' Laboratories must define their service goals 
and objectives and establish clinical and analytical quality 
requirements for testing processes. Without such quality 
goals, there is no objective way to determine whether accept- 
able quality is being achieved, to identify processes that have 
to be improved, or to plan or design new processes that 
ensure that a specified level of quality will be attained. 

Quality goals cannot be set on an absolute basis. They 
vary from laboratory to laboratory, depending on the 
medical missions of the healthcare facilities and professional 
interests of the physicians using the laboratory tests. Quality 
goals must also be considered in relation to cost. A goal of 
achieving the highest possible quality is not appropriate 
or practical when costs are being curtailed. In establishing 
quality goals, it is therefore more realistic to specify the 
quality that is necessary or adequate for the medical appli- 
cations of the laboratory test results to be produced. 

The balance of this chapter focuses primarily on analy- 
tical quality and the procedures by which it is monitored. 
Goals for analytical quality are established in the same 
way that they are established for purposes of method 
evaluation (see Chapter 14). The philosophy is to define 
an “allowable analytical error” based on “medical usefulness” 
requirements. A “total error” specification is useful because 
it will permit the calculation of the sizes of random and 
systematic errors that have to be detected to maintain per- 
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formance within the allowable error limit (see Chapters 14 
and 17).”! Medical decision concentrations (i.e., the concen- 
trations at which medical interpretation of laboratory test 
results is particularly critical) are important in establishing 
the analytical concentrations at which analytical perfor- 
mance has to be most carefully monitored. Thus analytical 
goals can be established by specifying the allowable analy- 
tical error and the critical medical decision concentration. 
Method evaluation is only the first step in validating that 
analytical performance satisfies those goals. Quality control 
procedures should provide for the continuing verification 
that those goals are being achieved during routine service. 


SIGMA PROCESS 


A study by the Institute of Medicine has found that more 
than 1 million preventable injuries and 44,000 to 98,000 pre- 
ventable deaths occur annually in the United States." 
Further publications have offered suggestions for minimiz- 
ing medical errors in general.°’** The magnitude of 
laboratory errors and the use of the Six Sigma process in 
controlling them are discussed in the following sections. 


NUMBER OF ERRORS MADE IN THE 
CLINICAL LABORATORY 


In 1989, a study was conducted in which 363 incidents cap- 
tured by a laboratory’s quality assurance program in a hos- 
pital were evaluated.” Incidents included those in which (1) 
physicians’ orders for laboratory tests were missed or incor- 
rectly interpreted, (2) patients were not properly prepared 
for testing or were incorrectly identified, (3) specimens were 
collected in the wrong containers or mislabeled or mishan- 
dled, (4) the analysis was incorrect, (5) data were entered 
improperly, and (6) results were delayed, not available, or 
incomplete, or they conflicted with clinical expectations. 

After evaluation of the data, the authors found no effect 
on patient care for 233 patients; 78 patients were not 
harmed, but were subjected to an unnecessary procedure not 
associated with increased patient risk; and 25 patients were 
not harmed, but were subjected to an additional risk of inap- 
propriate care. Of the total number, preanalytical mistakes 
accounted for 218 (45.5%), analytical for 35 (7.3%), and 
postanalytical, 226 (47.2%). Nonlaboratory personnel were 
responsible for 28.6% of the mistakes. An average of 37.5 
patients per 100,000 treated were placed at increased risk 
because of mistakes in the testing process. 

In-a 1997 study, Witte and colleagues investigated the 
rates of error within. the analytical component and found 
that widely discrepant values were rare, occurring in’ only 
98 of 219,353 analyses.” When these results were converted 
into a standard metric of errors per million episodes, an 
error rate of 447 ppm was calculated.’ In another 1997 study, 
Plebani and Carraro identified 189 mistakes from a total of 
40,490 analyses, a relative frequency of 0.47% (4667 ppm). 
The distribution of mistakes was 68.2% preanalytical 


(3183 ppm), 13.3 % analytical (620 ppm), and 18.5% post- 
analytical (863ppm).” Most of the laboratory mistakes 
did not affect patients’ outcomes, but in 37 patients, labora- 
tory mistakes were associated with further inappropriate 
investigations, thus resulting in an unjustifiable increase in 
costs. In addition, laboratory mistakes were associated with 
inappropriate care or inappropriate modification of therapy 
in 12 patients. The authors concluded that “promotion of 
quality control and continuous improvement of the total 
testing process, including preanalytical and postanalytical 
phases, seems to be a prerequisite for an effective laboratory 
service.” 

In a 2002 study of common immunoassays, Ismail and 
colleagues found only 28 false results from 5310 patients 
(5273 ppm).”” However, as a result of incorrect immunoas- 
say results attributable to interference, one patient had 15 
consultations, 77 laboratory tests, and an unnecessary pitu- 
itary computed tomography scan. The authors stress (1) the 
necessity for good communication between clinician and 
laboratory personnel, (2) the importance of the clinical 
context, and (3) the necessity for use of multiple methods 
for identifying erroneous test results—a necessity for a rig- 
orous and robust quality system, Heterophilic antibody 
blocking studies were most effective in identifying interfer- 
ence, but in 21% of patients with false results, dilution 
studies or alternative assays were necessary to identify the 
problem. In a similar study, Marks enlisted participation 
from 74 laboratories from a broad international spectrum of 
settings and found that 6% of analyses gave false-positive 
results and, as in the Ismail study, found that use of a het- 
erophilic blocking reagent corrected approximately one third 
of these.” Further evaluation of the data showed no consis- 
tent pattern for false results: errors were distributed across 
donors, laboratories, and systems of analysis. In reviewing 
the data from these last two studies, Leape suggested setting 
up a systern that would ensure that every result was given a 
rigorous review before being reported.” | 

In 2002, Bonini and Plebani conducted several MEDLINE 
studies of laboratory medical errors and found a large het- 
erogeneity in study design and quality and a lack of a shared 
definition of “laboratory error” However, even with these 
limitations, they concluded that most such errors occur in 
the preanalytical phase and suggested that these could be 
reduced by the implementation of a more rigorous method- 
ology for error detection and classification and the adoption 
of proper technologies for error reduction. Thus current 
QA programs that monitor only the analytical phase of 
the total process have to be expanded to include both the 
preanalytical (see Chapter 17) and postanalytical phases 
(www.westgard.com/essay34). By expanded monitoring, the 
total process would then be managed so as to reduce or 
eliminate all defects within the process.” 


SIX SIGMA PRINCIPLES AND METRICS 


Six Sigma” is an evolution in quality management that is 
being widely implemented in business and industry in the 
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new millennium.” Six Sigma metrics are being adopted as 
the universal measure of quality to be applied to their 
processes and the processes of their suppliers. The principles 
of Six Sigma go back to Motorola’s approach to TQM in the 
early 1990s and the performance goal that “6 sigmas or 6 
standard deviations of process variation should fit within the 
tolerance limits for the process”; hence, the name Six Sigma 
(http://mu.motorola.com/). For this development, Motorola 
won the Malcolm Baldridge Quality award in 1988. . 

Six Sigma provides a more quantitative framework for 
evaluating process performance and more objective evidence 
for process improvement. The goal for process performance 
is illustrated in Figure 19-4, which shows an error distribu- 
tion of a measurement procedure that fits acceptably within 
the tolerance specifications or quality requirements for that 
measurement. Any process can be evaluated in terms of a 
sigma metric that describes how many sigmas fit within 
the tolerance limits. The power of the sigma metric comes 
from having a universal measure of process performance 
that facilitates benchmarking across industries. 

There are two methodologies for assessing process per- 
formance in terms of a sigma metric (Figure 19-5). One 
approach is to measure outcomes by inspection. The other 
approach is to measure variation and predict process per- 
formance. For processes in which poor outcomes can be 
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Figure 19-4 Six Sigma goal for process performance “tolerance 
specification” represents the quality requirement. 
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Figure 19-5 Six Sigma methodologies for measuring process 
performance. Method of measuring process variation is 
applicable to analytical testing processes. 


counted as errors or defects, the defects are expressed as 
defects per million (DPM), then converted to a sigma metric 
using a standard table available in any Six Sigma text.” At 
this time, when healthcare outcomes and reducing medical 
errors are of great interest, Six Sigma provides a general 
methodology to describe process outcome on the sigma 
scale. 

To illustrate this assessment, consider the well-known 
problem with a certain brand of tires on a certain brand 
of sport- utility vehicle (SUV) in the United States. A poor 
outcome, or defect, is defined as a tire blowout that causes 
an accident. Using data available to the public, there were 
2000 accidents in vehicles equipped with these tires, leading 
to a recall of 6,000,000 tires. The defect rate is then estimated 
at 333 DPM (2000/6,000,000), or 0.033%, which corre- 
sponds to a sigma of 4.9 using a DPM-to-sigma conversion 
table. For comparison or benchmarking purposes, airline 
baggage handling has been described as 4.15 sigma perfor- 
mance and airline safety (0.43 deaths per million passenger 
miles) as better than Six Sigma performance. A defect rate 
of 0.033% would be considered excellent in any healthcare 
organization, where error rates from 1% to 5% are often 
considered acceptable. A 5.0% error rate corresponds to 
3.15 sigma performance and a 1.0% error rate corresponds 
to 3.85 sigma. Six Sigma shows that the goal should be error 
rates of 0.1% (4.6 sigma) to 0.01% (5.2 sigma) and ulti- 
mately 0.001% (5.8 sigma). 

The first application describing sigma metrics in a health- 
care laboratory was published by Nevalainen®™ in the year 
2000. This application focused on preanalytical and postan- 
alytical processes. Order accuracy, for example, was observed 
to have an error rate of 1.8%, or 18,000 DPM, which corre- 
sponds to 3.6 sigma performance. Hematology specimen 
acceptability showed a 0.38% error rate, or 3800 DPM, 
which is 4.15 sigma performance. The best performance 
observed was for the error rate in laboratory reports, which 
was only 0.0477%, or 477 DPM, or 4.80 sigma performance, 
The worst performance was therapeutic drug monitoring 
timing errors of 24.4%, or 244,000 DPM, which is 2.20 sigma 
performance. 

Of the studies discussed in the section above, the error 
rates computed in DPM can be converted to sigma metrics. 
For example, for the Ross-Boone study,” the computed 
DPM corresponds to a 3.3 sigma long-term performance. 
For the Plebani study,” a DPM of 620 DPM corresponds to 
3.2 sigma long-term performance. In the Ismail study,” a 
DPM of 5273 corresponds to 2.6 sigma long-term perfor- 
mance. On average, this indicates about 3.03 sigma long- 
term performance. 

The application of sigma metrics for assessing analytical 
performance depends on measuring process variation and 
determining “process capability” in sigma units.°°*" This 
approach makes use of the information on precision and 
accuracy that laboratories acquire initially during method 
validation studies and have available on a continuing basis 
from internal and external quality control, An important 
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aspect of this methodology is that the capability, or predic- 
tive performance, of the process must be ensured by proper 
quality control, therefore the ease of assessment comes with 
the responsibility to design and implement QC procedures 
that will detect medically important errors. 

To apply this methodology, the tolerance limits are taken 
from performance criteria for external quality assessment 
programs or regulatory requirements (such as the U.S. Clin- 
ical Laboratory Improvement Amendment [CLIA]} criteria 
for acceptable performance in proficiency testing); process 
variation and bias can be estimated from method validation 
experiments, peer-comparison data, proficiency testing 
results, and routine QC data. For laboratory measurements, 
it is straightforward to calculate the sigma performance of 
a method from the imprecision: standard deviation (SD) 
or coefficient of variation (CV) and inaccuracy (bias) 
observed for a method and the quality requirement (allow- 
able total error, TE,) for the test [Sigma = (TE, — bias)/SD]. 
For a cholesterol test with a CLIA criterion of 10.0%, method 
bias of 1.0%, and method CV of 2.0%, the sigma metric is 
4.5 [10.0 — 1.0/2.0}. If the method had a CV of 3.0% and a 
bias of 3.0% (the maximum allowable figures according to 
the National Cholesterol Education Program [NCEP] guide- 
lines), the sigma metric is 2.33. Sigma metrics from 6.0 to 
3.0 represent the range from “best case” to “worst case.” 
Methods with Six Sigma performance are considered “world 
class”; methods with sigma performance less than 3 are not 
considered acceptable for production. 

Those conclusions can be readily understood by con- 
sidering the amount of quality control that is necessary 
for measurement processes having different performance 
metrics. Figure 19-6 shows a “power function graph” that 
describes the probability for rejecting an analytical run on 
the y-axis versus the size of the systematic error that has to 
be detected on the x-axis, The bold vertical lines correspond 
to methods having 3, 4, 5, and 6 sigma performance (left to 
right). The different lines or power curves correspond to the 
control rules and number of control measurements given 


in the key at the right (top to bottom). These different QC 
procedures have different sensitivities or capabilities for 
detecting analytical errors. Practical goals are to achieve a 
probability of error detection of 0.90 (i.e., a 90% chance of 
detecting the critical-sized systematic error, while keeping 
the probability of false rejection at 0.05 or less [i.e., 5% or 
lower chance of false alarms]). That is easy to accomplish for 
processes with 5 to 6 sigma performance; it requires a more 
careful selection and increased QC efforts for processes from 
4 to 5 sigma; and it becomes very difficult and expensive for 
processes less than 4 sigma. 

Thus the application of Six Sigma principles and metrics 
is very valuable for all phases of the laboratory testing 
process. Since the core business of the laboratory is to 
produce accurate test results, it makes sense to first apply Six 
Sigma to the analytical processes. That also is the easiest 
application because there are tolerance limits in the form of 
acceptability criteria from peer-comparison and proficiency- 
testing programs, QC data available for estimating method 
precision, and peer data available for estimating method 
bias. Laboratories should next expand their efforts to the 
preanalytical and postanalytical processes, knowing that 
their core processes are producing the necessary analytical 
quality. 


ELEMENTS OF A QUALITY ASSURANCE 
PROGRAM 


The attainment of quality goals in a clinical laboratory 
requires a comprehensive quality assurance program. 
“Quality assurance” is used here to represent practices that 
are generally recommended for ensuring that desired quality 
goals are achieved. Quality assurance is 4 broad spectrum 
of plans, policies, and procedures that together provide an 
administrative structure for a laboratory’s efforts to achieve 
quality goals. The term “quality control” is often used to 
represent those techniques and procedures that monitor 
performance parameters. Generally, these are quantitative 


Figure 19-6 Relationship of process 
performance on the Sigma scale to the 
performance characteristics of commonly 
used laboratory QC procedures. Probability 
for rejection is plotted on the y-axis versus 
size of systematic error on the x-axis and the 
Sigma scale on the x-axis. The control rules 
and number of control measurements are 
given in the key at the right, where the 8 
lines, top to bottom, correspond with the 
curves on the graph, top to bottom. 
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techniques that monitor particular sources of errors, esti- 
mate the magnitude of the errors, and alert laboratory 
personnel when there are indications that quality has 
deteriorated. A quality assurance program involves virtually 
everything and everybody in the clinical laboratory. An 
error in any one step during the acquisition, processing, 
and analysis of a specimen and the reporting of a laboratory 
test result invalidates the quality of the analysis and causes 


the laboratory to fall.short of its quality goals. There are 


several essential elements of a quality assurance program. 


COMMITMENT 


Dedication to quality service must be central and a team 
effort. Otherwise, quality goals are not likely to be achieved. 
Quality must be a major consideration in all management 
decisions because any single decision may compromise other 
plans and practices for attaining quality goals. A true com- 
mitment is required by laboratory directors, managers, and 
supervisors if the efforts of other laboratory personnel are 
to be successful. 


FACILITIES AND RESOURCES 

Laboratories must have the administrative support necessary 
to provide the quality of services desired. This means having 
adequate space, equipment, materials, supplies, staffing, 
supervision, and budgetary resources. These resources pro- 
vide the basis upon which quality services are developed and 
maintained. 


TECHNICAL COMPETENCE 


High-quality personnel are essential for high-quality ser- 
vices. The educational background and experience of all 
personnel are important, as is the capability of providing 
the in-service training that develops and maintains skills. 
In-service training also is a mechanism for ensuring the 
competency of laboratory personnel, instilling quality goals, 
implementing QC procedures, and providing for the con- 
tinuing development of laboratory personnel, both techni- 
cally and intellectually. 


TECHNICAL PROCEDURES 


High-quality technical procedures are necessary to provide 
quality laboratory services. Three groups of procedures are 
discussed in this chapter: 

1. The control of preanalytical conditions or variables, such 
as test requests, patient preparation, patient identifica- 
tion, specimen acquisition, specimen transport, specimen 
processing, specimen distribution, preparation of work 
lists and logs, and maintenance of records (see Chapters 
1 and 17). 

2. The control of analytical variables, which includes ana- 
lytical methodology, standardization and calibration 
procedures, documentation of analytical protocols and 
procedures, and the monitoring of critical equipment and 
materials. 


3. The monitoring of analytical quality by the use of statis- 
tical methods and control charts. 


PROBLEM-SOLVING MECHANISM 

Although it is a particularly critical element in a quality 
assurance program, the necessity for a mechanism for 
problem solving is often underemphasized. Such a mecha- 
nism provides the link between the identification of a 
problem and the implementation of a solution to the 
problemi. It is a “feedback loop” that responds to an error 
signal by making adjustments to reduce the size of the error 
or to prevent its recurrence. For problems limited to indi- 
vidual methods or instrument systems, the delegation of 
responsibility for the systems may provide the corrective 
mechanism. Specialized trouble-shooting skills need to be 
developed and improved and preventive maintenance pro- 
grams instituted. For problems occurring more generally, the 
in-service training program can be an important part of the 
mechanism but often requires additional input from a QC 
specialist or supervisor to initiate the use of this mechanism 
and to help define its objectives. A different approach to 
problem solving is the use of quality teams that meet 
regularly to analyze problems and identify solutions.” By 
involving personnel, quality teams heighten the interest and 
commitment to quality and also provide a creative feedback 
mechanism. 

The comprehensive nature of quality assurance programs 
and their missions, goals, and activities have been discussed 
in greater detail by Eilers.” There are also detailed outlines 
of the elements of cost management for quality assur- 
ance”; detailed recommendations by professional organi- 
zations, such as the College of American Pathologists 
(CAP)," the National Committee for Clinical Laboratory 
Standards (NCCLS), and the International Federation of 
Clinical Chemistry”; and books devoted to quality assur- 
ance practices in clinical laboratories.” 


The responsibility for accurate and timely test reports gen- 
erally lies with the laboratory, but many problems can arise 
before and after the analysis of the submitted specimens. To 
monitor and control these errors, it is essential to perform a 
systems analysis of the laboratory and to identify the types 
of preanalytical variables. 


SYSTEMS ANALYSIS 


The operation of the clinical laboratory can be viewed as a 
series of processes, each of which has potential sources of 
error. Table 19-1 shows the processes that take place from the 
time of the physician’s initial request for a test to the time of 
the final interpretation of the test result. This “systems analy- 
sis” identifies the critical processes for a typical laboratory; 
however, each laboratory situation is somewhat different, 
and there may be additional processes and additional sources 
of error. It is important for each laboratory to perform a 
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_TABLE 19-1 Laboratory Testing Processes and Their 
Potential Errors 


Handwriting not legible Pa 
Wrong patient identification 
e Special requirements not specifies 
| Cost or delayed order — 
< Incorrect tube or container 
Incorrect patient identification 
Inadequate volume 
invalid specimen. (e.g. hence 
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Collected at wrong time 
Improper transport conditions 
‘Instrument not calibrated 
correctly 
Specimen mix-up 
Incorrect:volume. of. specimen 
Interfering substance present 
Instrument precision problem: 
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Report not posted in chart. 
Report not legible 
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Transcription error 
Interfering substances not 
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Precision limitations ‘not 
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Analytical 
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Test reporting = 
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Analytical sensitivity not 
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systems analysis of its own laboratory testing system to iden- 
tify those areas where errors are likely to occur. 

Once the processes have been documented, the processes 
that are most susceptible to error should be identified and 
should receive the most attention. Many times, the processes 
that lead to the greatest number of complaints, such as lost 
specimens or delayed results, are judged to be most impor- 
tant, even though other steps, such as the appropriateness of 
test selection and the acceptability of a specimen, may be of 
greater importance for optimal medical care. Guidelines 
describing procedures for specimen handling are available 
from organizations such as the NCCLS. Documents by 
accrediting agencies such as the CAP,” Centers for Disease 
Control and Prevention, and state regulatory agencies are 
also helpful in this regard. 


TYPES OF PREANALYTICAL VARIABLES 


It is difficult to establish effective methods for monitoring 
and controlling preanalytical variables because many of the 
variables are outside the traditional laboratory areas (see 
Chapter 17). Monitoring preanalytical variables requires the 
coordinated effort of many individuals and hospital depart- 
ments, each of which must recognize the importance of these 
efforts in maintaining a high quality of service. Accomplish- 
ing such monitoring may require support from outside the 
laboratory, particularly from the institution’s clinical prac- 
tice committee or some similar authority. Variables to con- 
sider include the following: 


Test Usage and Practice Guidelines 

Traditionally, laboratory test utilization has always been 
monitored or controlled to some degree, but current empha- 
sis on the cost of medical care and government regulation 
of medical care has increased the importance of this factor. 
Clinical practice committees may decide that only certain 
tests are necessary for emergency care and may therefore 
limit the availability of kind and volume of requests. Peer 
review audits may lead to the development of other guide- 
lines concerning the appropriate use of diagnostic tests in 
different clinical situations, Numerous patient care strategies 
and guidelines are being developed that directly impact lab- 
oratory usage.“ For example, implementation guidelines for 
the use of bleeding times at the University of Massachusetts 
Medical Center resulted in a substantial reduction in test 
requests.*' Careful monitoring of test requests and their 
appropriateness is likely to increase in importance, and the 
laboratory will likely have a role in identifying situations in 
which test utilization can be optimized and in providing in- 
service education to effect changes in ordering patterns. 


Patient Identification 


Correct identification of patients and specimens is a major 
concern for laboratories. The highest frequency of errors 
occurs with the use of handwritten labels and request forms. 
One method for checking identification is to compare iden- 
tifiers such as the patient’s name and his or her unique hos- 
pital number. The identification on the specimen label 
should also correspond with the identification on the requi- 
sition form. The use of plastic embossed patient identifica- 
tion cards to imprint the patient’s name on test request 
forms and on blood collection labels can eliminate tran- 
scription and identification errors but does not guarantee 
that the patient name on the labels correctly identifies the 
donor of the specimen. The integration of bar code tech- 
nology into the analytical systems that are used by clinical 
laboratories has significantly reduced identification prob- 
lems (see Chapter 11). 


Turnaround Time 

Delayed and lost test requisitions, specimens, and reports 
have been major problems for laboratories. An essential 
feature for monitoring the cause of delays is the recording of 
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the actual times of specimen collection, receipt in the labo- 
ratory, and reporting of test results. This has been done 
manually by placing time stamps in key locations such as 
blood-drawing centers, specimen-processing stations, result- 
reporting areas, and wards or chart-posting areas. It also has 
been done more effectively by programming computer 
systems to automatically document the times of test 
requests, specimen acquisition, processing, analysis, and 
reporting.” Turnaround time has been monitored like any 
other QC variable, and limits established to flag “out-of- 
range” specimens. Lists of delayed specimens also provide a 
powerful mechanism for detecting lost specimens or reports. 
Resolution of problems in this area is aided by a systems 
analysis of the laboratory operations, which would help 
identify those steps and areas that cause delays and disrup- 
tions in service. A good system for monitoring patient, spec- 
imen, and information flow may be obtained by integration 
of the light wand and/or bar code or optical character iden- 
tification system with a computer that could automatically 
track each specimen at each of the steps from test request to 
result posting. 


Laboratory Logs 


When the serum aliquot tubes arrive in the laboratory, 
various logging and monitoring systems are necessary. In 
laboratories without computerized reporting, a request 
and/or report form generally accompanies the specimens. 
One should check that the patient name and identification 
number and the tests requested on the form match the infor- 
mation on the label of the specimen tube. The specimen 
should be inspected to confirm adequacy of volume and 
freedom from problems that would interfere with the assay, 
such as lipemia or hemolysis. The specimens are then stored 
appropriately, and the identification information and arrival 
time are recorded in a master log. If the analyses are per- 
formed in batches, specimen identification generally is 
recorded in specific locations on the worksheets using the 
information on the tube labels. After analysis, the results are 
recorded on the worksheet, and if both the assay and the 
individual test results pass the QC criteria, the test results are 
transferred to the result forms for reporting. However, before 
reporting the results, a second technologist should verify the 
adequacy of the QC and should check for transcription 
errors by comparing the results on the report forms with 
those on the master log. Specimens that require further 
analysis because of dilution or assay problems should be 
indicated either on the master log or on a delayed report log. 


Transcription Errors 


In laboratories where electronic identification and tracking 
has not been implemented, a substantial risk of transcrip- 
tion error exists from manual entry of data even with the 
double checking of results. Computerization will reduce this 
type of transcription error as such systems have error detec- 
tion routines programmed into the terminal entry functions, 
such as check digits, limit checks, test correlation checks, and 


verification checks with master hospital files (see Chapters 
11 and 18). 


Patient Preparation 


Laboratory tests are affected by many factors, such as recent 
intake of food, alcohol, or drugs, and by smoking, exercise, 
stress, sleep, posture during specimen collection, and other 
variables (see Chapter 17). Proper patient preparation is 
essential for the test results to be meaningful. Although 
responsibility for this usually resides with personnel outside 
the laboratory, the laboratory must define the instructions 
and procedures for patient preparation and specimen acqui- 
sition. These procedures should be included in hospital pro- 
cedure manuals and should be transmitted to patients in 
both oral and written instructions. Compliance with these 
instructions is monitored directly when the laboratory 
employs its own phlebotomists. Specific inquiry should be 
made regarding patient preparation before specimens are 
collected, and efforts should be made to correct noncompli- 
ance. For tests in which standardization of the collection is 
very important (such as for plasma catecholamines), speci- 
mens should be collected in a controlled environment, such 
as a clinical testing unit. 


Specimen Collection 


The techniques used to acquire a specimen affect many lab- 
oratory tests (see Chapter 2)."* For example, prolonged tour- 
niquet application causes local anoxia to cells and excessive 
venous back pressure. The anoxia causes small solutes (such 
as potassium) to leak from cells, and the venous pressure 
concentrates cells, proteins, and substances bound to pro- 
teins (such as calcium). Blood collected from an arm into 
which an intravenous infusion is running can be diluted 
or contaminated. Hemolysis during and after collection alters 
the concentration of any analyte that has a red blood 
cell/plasma concentration differential. Improper containers 
and incorrect preservatives greatly affect.test results and 
make them inappropriate. One way to monitor and control 
this aspect of laboratory processing is to have a specially 
trained laboratory team assigned to specimen collection. All 
members of the team should be given explicit instruction in 
the proper methods of specimen collection. The identifica- 
tion of the person collecting a specimen should be main- 
tained. Individuals who process the specimens should be 
trained to look for and document collection problems. Physi- 
cians should be encouraged to report clinically inconsistent 
results. Similarly, errors detected by limit checks, delta 
checks (differences between consecutive results on individual 
patients), or other algorithms should be recorded. Any collec- 
tion problems should be reviewed with the individuals 
collecting the specimens. Pride of workmanship should be 
encouraged, and quality performance should be rewarded. 


Specimen Transport 


The stability of specimens during transport from the patient 
to the laboratory is seldom monitored; however, this aspect 
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may be critical for some tests when performed locally and 
for most tests when sent to regional centers and commercial 
laboratories.” Most laboratories have recommendations for 
specimen storage and transport, but many of these are 
empirical and lack adequate scientific documentation. Even 
the definition of “stability” is not well agreed upon; some 
investigators accept changes less than 10%,’ and others 
relate stability to medically significant changes” or a per- 
centage of the established analytical variability.” 

In controlling specimen transport, the essential feature is 
the authority to reject specimens that arrive in the labora- 
tory in an obviously unsatisfactory condition (such as a 
thawed specimen that should have remained frozen). As 
with other QC procedures, a small number of problems are 
expected, but if the error rate gets too large, there is a neces- 
sity for systems analysis of transport procedures, with result- 
ing modifications. In tests in which stability is a major 
problem, the design of specific control procedures appro- 
priate for those tests may be necessary. 


Specimen Separation and Aliquoting 

Separating and aliquoting blood specimens are more directly 
under the control of the laboratory. The main variables are 
the centrifuges, the containers used, and the personnel. 


Centrifuge Performance 


Centrifuges are discussed in Chapter 1. For QC purposes, 
centrifuges should be monitored by checking the speed, 
timer, and temperature. 


Container Monitoring 


Collection tubes, pipettes, stoppers, and aliquot tubes are 
sources of calcium and trace metal contamination. Also, 
glass beads or other materials added to blood specimens to 
aid in the separation of serum from cells may cause con- 
tamination. Each lot number of materials used should be 
tested for contamination by calcium and possibly other ele- 
ments. Cork stoppers should not be used on specimens 
intended for calcium determinations because false elevations 
of 10% to 50% may occur. Some of the plasticizers used in 
making plastic containers interfere with drug analyses. Also, 
some plastic materials adsorb trace amounts of some ana- 
lytes and should not be used for substances in low concen- 
tration, such as parathyroid hormone.” Because of the 
intricate relationships between specimen processing and 
analytical testing, supplies and processing procedures should 
not be changed without consulting the personnel responsi- 
ble for the analytical testing (see also Chapter 2). 


Personnel Monitoring 


As in other areas of the laboratory, the personnel who 
process the laboratory specimens should be carefully trained 
and supervised. A written procedure manual should be avail- 
able in the area. “Fast-track” mechanisms should be estab- 
lished for the processing of emergency specimens. QC 
mechanisms should monitor both personnel performance 


and personnel safety. An important part of performance is 
throughput time, which can be calculated if one records the 
specimen arrival time and the time when processing is com- 
pleted. Weekly or monthly summary statistics are an effec- 
tive method for monitoring processing time. Also, the 
identification of the technologists should be recorded to 
facilitate the detection and correction of problems. 

In optimizing the efficiency of a specimen-processing lab- 
oratory, there is a trade off between the time it takes to record 
and check parameters and the error rates or inconsistencies 
of the function. However, these records are necessary for 
documenting the daily operation and for helping to identify 
systematic problems, 

An elegant system for monitoring manual clerical func- 
tions has been developed to detect errors in blood banking 
records.” In this system, known errors are discretely intro- 
duced into the system using fictitious patients. The types of 
errors introduced are chosen to represent errors likely to 
occur or errors that cause major problems. The fictitious 
reports are routed to dummy locations and eventually 
returned to the QC technologist. One can calculate the 
efficiency of the laboratory error detection program by 
comparing the number of fictitious errors discovered with 
the number introduced. This efficiency factor is then used 
to estimate the actual laboratory error rate based on the 
number of true errors discovered in the laboratory. The 
implementation of this scheme requires the cooperation 
of laboratory personnel and the involvement of a QC 
specialist. By a combination of paranoia and pride of 
workmanship, most personnel are more conscientious 
when they know they are being monitored. Substan- 
tial increase in the rate of error detection was observed 
shortly after this plan was implemented in the blood bank. 
Public display of individual error rates encourages pride of 
workmanship. 


CONTROL OF ANALYTICAL VARIABLES — 


Many analytical variables must be controlled carefully to 
assure accurate measurements by analytical methods. Reli- 
able analytical methods are obtained by a careful process 
of selection, evaluation, implementation, maintenance, and 
control (see Chapter 14). Efficient, effective, and uninter- 
rupted laboratory service requires many procedures aimed 
at preventing the occurrence of problems. Laboratories may 
experience different problems with the same analytical 
methods owing to different amounts of effort being allo- 
cated to the care and support of those methods. 

Certain variables—water quality, calibration of analytical 
balances, calibration of volumetric glassware and pipettes, 
stability of electrical power, and the temperature of heating 
baths, refrigerators, freezers, and centrifuges—should be 
monitored on a laboratorywide basis because they will affect 
many of the methods in the laboratory (see Chapter 1). In 
addition, there will be certain variables that relate more 
directly to individual analytical methods, and these require 
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that procedures be developed to deal specifically with the 
characteristics of those methods. 


CHOICE OF ANALYTICAL METHODOLOGY 


The selection and evaluation of analytical methods are dis- 
cussed in Chapters 14 and 15. It is important to. recognize, 
however, that the initial evaluation of a method often takes 
place in a setting somewhat more idealized than the pro- 
duction setting. It is therefore desirable to have a start-up 
period in the service laboratory before test results are to be 
reported. This period allows time to (1) discover any addi- 
tional problems, (2) develop maintenance programs that 
alleviate those problems, and (3) train a sufficient number 
of analysts to support the routine service operation. 


REFERENCE MATERIALS AND CALIBRATION 


The quality of the calibrators and the calibration procedure 
used are major factors in determining the reliability of the 
analytical values obtained with a procedure. To appreciate 
the problems in standardization and calibration, knowledge 
of the overall structure of an accuracy-based measurement 
system is necessary. Uriano and Cali™ and Tietz” have 
defined a hierarchy of analytical methods and reference 
materials that shows the relationship between reference 
materials and analytical methods of different quality. Figure 
19-7 illustrates how “field methods” are related to “reference 
methods” by “secondary reference materials” and how refer- 
ence methods are related to “definitive methods” by “primary 
reference materials.” 


> Definitive Method 


4 
| 
Primary Method 
i Reference Validation 
i Material 
| 
} 
i 
"Traceabitity” Reference Method 


Method 
Validation, 
Externa! 
Quality 
Assurance 


Secondary 
Reference 
Material 


Field Method 


Control internal 
Moterial Quality 
Control 


Figure 19-7 Structure of an accuracy-based measurement 
system showing relationships among reference methods and 
materials. 
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The practical meaning of this measurement structure 
has been discussed by Tietz.” The highest quality methods, 
the definitive methods, are to be used to validate reference 
methods and primary reference materials. The highest 
quality reference materials, namely primary reference mate- 
rials, should be used in the development and validation of 
reference methods, the calibration of definitive and reference 
methods, and the production of secondary reference mate- 
rials. Reference methods should be used to validate field 
methods. Secondary reference materials should be used to 
provide working calibrators for field methods and to assign 
values to control materials. Control materials are used only 
to monitor field methods. 


Definitions 


The following definitions for these materials have been 
developed by the National Reference System for the Clinical 
Laboratory (NRSCL)”: 

Reference material (RM): “A material or substance, one or 
more whose property values are sufficiently homoge- 
neous and well established to be used for the calibra- 
tion of an apparatus, the assessment of a measurement 
method, or for assigning values to materials.” 

Certified reference material (CRM): “A reference material, 
accompanied by a certificate, one or more whose prop- 
erty values are certified by a procedure that established 
its traceability to an accurate realization of the unit in 
which the property values are expressed, and for which 
each certified value is accompanied by an uncertainty 
at a stated level of confidence.” For example, standard 
reference materials from the U.S. National Institute of 
Standards and Technology (http://www.nist.gov) are 
considered CRMs. 

Calibration material and/or calibrator: “A material (e.g., 
solution) or a device of known, or assigned quantita- 
tive and/or qualitative characteristics (e.g., concentra- 
tion, activity, intensity, reactivity) used to calibrate, 
graduate, or adjust a measurement procedure or to 
compare the response obtained with the response of a 
test specimen and/or sample.” 

Control material: “A device, solution, lyophilized prepara- 
tion, or pool of collected human or animal specimen, 
or artificially derived material, intended for use in the 
quality control process.” 


Use 


To illustrate the use of these materials, a field (routine) 
method would be traceable to a reference method when it 
has been evaluated against that method or when it has been 
calibrated with a secondary reference material or calibrator 
whose value was established by analysis with a reference 
method. The reference method itself should have been vali- 
dated against a definitive method and calibrated with a 
primary reference material or CRM whose value was estab- 
lished by the definitive method. Proper choice of calibrating 
materials establishes the traceability of the analytical results 
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to the “true value” through the structure of the measurement 
system (Figure 19-7). Note also that the use of control 
materials solely for internal quality control does not estab- 
lish traceability, but use of such materials in external quality 
assurance may validate field methods against reference 
methods and thereby may establish traceability. (See Chapter 
14 for a discussion of traceability.) 

The selection of reference materials is therefore critical in 
validating the performance of an analytical method (see 
Chapter 1). CRMs should be used at least in the initial eval- 
uation studies and in establishing the acceptability of cali- 
brators used in routine service. The specific characteristics 
of calibrators should be documented, along with the number 
of different concentrations of calibrating solutions and the 
frequency of their use. These latter choices depend on the 
characteristics of the analytical method, particularly the sta- 
bility, reproducibility, and linearity. 


DOCUMENTATION OF ANALYTICAL PROTOCOLS 
Step-by-step procedures for performing analytical determi- 
nations are critical if the methods are to provide the same 
results when used by different analysts over a long period of 
time. Maintaining such consistency requires written proto- 
cols or method and procedure manuals. The essential infor- 
mation to be contained in such documents is outlined in Box 
19-1. More detailed guidelines are provided in an NCCLS 
document.“ Method manuals should be reviewed annually 
and revised whenever changes occur. Although once a 
problem because of the time required to retype procedures, 
the availability of word processors has alleviated this diffi- 
culty and permitted rapid revisions whenever changes occur. 
It is also a good practice to retain outdated procedures in an 
archival file. 


ESTABLISHMENT OF REFERENCE INTERVALS 


The details for the establishment of reference values are pre- 
sented in Chapter 16. An NCCLS document is also available 
on the topic.“ 


MONITORING TECHNICAL COMPETENCE 


The personal characteristics and techniques of individual 
analysts may greatly affect certain analytical methods, 
particularly manual methods. Proper training of laboratory 
personnel to achieve uniformity in technique is important, 
as is scheduling sufficient routine service to maintain 
proper techniques. In training personnel on new analytical 
methods, it is helpful to have written lists of objectives that 
outline the critical tasks and knowledge that must be mas- 
tered. Having such objectives ensures systematic instruction 
that covers the critical points. Before performing analyses 
for clinical use, the technical competence of the personnel 
should be checked, and practice runs should be performed. 
Periodic monitoring of competency may be difficult, but 
incident reports and results from internal and external QC 
checks will identify specific problems; these problems should 
be discussed directly with the personnel involved. In-service 


A, Procedure name: List principal name of procedure first, 
alternative names next. List commonly used abbreviations. 

B. Clinical significance: Give a brief explanation of how the test is 
used in clinical medicine. Include reference intervals for 
specific diseases and recommended diagnostic and therapeutic 
action limits, 

C. Principle of method: Give a brief statement of the principles on 
which the method is based. 

D. Specimen: List type of specimens that can be used and 
recommended volume and minimum volume. Indicate 
conditions that render the specimen unacceptable, such as 
hemolysis or lipemia. List patient preparation procedures, 
Provide instruction for specimen handling before testing. 

E. Reagents and equipment: Provide a list of reagents in order of 
their use, including standards. Indicate the names and 
addresses of suppliers and detailed instructions for 
preparation, including checks to be performed before use. List 
equipment used and special precautions required. 

F. Procedure: This should be a step-by-step description, including 
calibration and QC procedures. There should be enough detail 
so that the assay could be performed by a person unfamiliar 
with the test. The necessary calculations should be included. 

G. Reference values: List the reference intervals for healthy 
subjects. Indicate parameters such as age, sex, or race that 
affect reference values. Include the nature of the population 
studied, the number of subjects, and the date or reference for 
the original work. 

H. Comments: Include any special analytical variables affecting 
the test, such as pH or temperature. Include effects of 
commonly used drugs, any dangers or personal hazards in the 
procedure, and any special safety precautions and procedures. 

L References: Give the primary literature references that describe 
the method or the references upon which the method is 
based. 


and continuing education programs will help maintain 
and improve competence. Employee conferences will also 
help uncover nontechnical problems that may affect work 


quality. 


INVENTORY CONTROL OF MATERIALS 


Stable operation of laboratory methods is critically depen- 
dent on the materials used with the methods. Procedures are 
necessary to inventory materials and initiate orders when 
supplies are low. These procedures must be tailored to the 
particular reagents and supplies that are in use. In general, 
when materials are stable and changes in lot numbers cause 
problems, large stocks should be maintained, though this 
may be limited by economic considerations, shelf life, and 
storage space. Adequate inventory should be maintained to 
allow time for additional shipment and testing of additional 
supplies should the current shipment be unsatisfactory. 
Formal inventory control procedures will help minimize 
required storage by initiating orders when stock reaches 
a certain predetermined level. Many companies will ship 
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reagents on a standing order once usage rates are established. 
In fact, with the arrival of rapid transportation and delivery 
capabilities, a laboratory is now able to order reagents and 
supplies and receive them in a very short period of time—a 
“just-in-time” approach to inventory control. 


INPUT CONTROL OF MATERIALS 


Along with inventory management, the quality of materials 
should be monitored when they are received. Interruptions 
in service can be prevented by testing the adequacy. of mate- 
rials before their introduction for routine use. It is particu- 
larly important that patient results from new lots of reagents 
and calibrators be compared with those obtained with pre- 
vious lots. New lots of blood-drawing tubes, processing 
tubes, and the like should receive some parallel or compari- 
son testing before their routine use. In establishing pretest- 
ing procedures for monitoring incoming materials, it should 
be recognized that this kind of testing is costly, both in time 
and money. 

Another part of input control is the proper labeling of 
reagents and materials. Proper identification should include 
the name, lot number (particular manufacturing batch), 
concentration, date received, date prepared, date opened, 
date of expiration, and recommended storáge conditions. In 
practice, such information is provided by manufacturers via 
a human-readable bar code. 


MONITORING METHOD CHANGES 

An essential tool for solving analytical problems is a record 
or log of all changes and problems occurring with a method. 
These should include the date, time, analyst, and any changes 
in lots of reagents, materials, or calibrators. All instrument 
maintenance should be recorded, including all work per- 
formed by service personnel from outside the laboratory. 
The occurrence of control problems should be indicated, 
along with actions taken to resolve the problems. Periodic 
review of these logs should lead to implementation of pre- 
ventive maintenance programs, based on the frequency of 
occurrence of particular problems. 


CONTROL OF ANALYTICAL QUALITY USING 
STABLE CONTROL MATERIALS AND 
CONTROL CHARTS 


In the routine operation of clinical laboratories worldwide, 
the performance-of analytical methods is routinely moni- 
tored by analyzing specimens whose concentrations are 
known followed by comparing the observed values with the 
known values. The known values are usually represented. by 
an interval of acceptable values, or upper and lower limits 
for control (control limits). When the observed values fall 
within the control limits, the analyst is assured that the ana- 
lytical method is functioning properly. When the observed 
values fall outside the control limits, the analyst should be 
alerted to the possibility of problems in the analytical deter- 
mination. A number of books are available that discuss the 


application of QC in the operation of the clinical labora- 
tory. 9,23, 107,409,110 


CONTROL MATERIALS 


Specimens that are analyzed for QC purposes are called 
control materials. They are required to be stable, available in 
aliquots or vials, and amenable to being analyzed periodi- 
cally over a long time. There should be little vial-to-vial vari- 
ation so that differences between repeated measurements are 
attributed to the analytical method alone. The control mate- 
rial should preferably have the same matrix as the test spec- 
imens of interest (e.g., a protein matrix may be best when 
serum is the test material to be analyzed by the analytical 
method). Materials from human sources have generally 
been preferred, but because there is some risk of hepatitis 
infection, bovine materials offer a certain advantage in safety 
and are more readily available. The concentration of analyte 
should be in the normal and abnormal ranges, correspond- 
ing to concentrations that are critical in the medical inter- 
pretation of the test results. 

In practice, clinical laboratories are able to purchase 
materials from one of several companies that manufacture 
control sera or “control products.” These are generally sup- 
plied: as liquid or lyophilized materials that are reconstituted 
by adding water or a specific diluent solution. Also available 
are ‘materials having matrices representing urine, spinal 
fluid, and whole blood. Liquid control materials are also 
available and have the potential advantage of eliminating 
errors caused by reconstitution. However, the matrices of 
these liquid materials contain other materials that may be a 
potential source of error with some analytical methods and 
instruments. 

When selecting commercial control materials, there are 
several other considerations in addition to the matrix of the 
product. Stability is critical because it is often desirable to 
purchase a year’s supply of one manufacturing lot or batch. 
Different batches (or lot numbers) of the same material will 
have different concentrations, which require new estimates 
of the mean and standard deviation. The size of the aliquots 
or vials should be convenient for the analytical methods to 
be monitored. Larger-sized vials are generally less expensive 
(on a per milliliter basis), but unused materials may elimi- 
nate any savings. Two or three different materials should be 
selected to provide concentrations that monitor perfor- 
matice at different medical decision levels. There may be 
some advantage in selecting materials from different manu- 
facturers to minimize possible problems with a given 
manufacturing process. Alternatively, a series of materials 
designed by one manufacturer to have a certain relationship 
between concentrations can be used to gain additional infor- 
mation regarding linearity and accuracy. 

Control products are purchased as assayed or unassayed 
materials, Assayed materials come with a list of values for the 
concentrations that are expected for that material. This list 
often includes both the mean and standard deviation for 


` several of the common analytical methods and preferably for 
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a reference method used to measure a particular analyte. 
Because of the work required to determine these values, the 
assayed materials are in general more expensive. Although 
the stated assay values are useful in selecting the desired 
materials, it is advisable to determine the mean and standard 
deviation in the user’s laboratory because this process im- 
proves the performance characteristics of statistical con- 
trol procedures, 


GENERAL PRINCIPLES OF CONTROL CHARTS 

The most common method of comparing the values 
observed for control materials with their known values is 
through the use of control charts. Control charts are simple 
graphical displays in which the observed values are plotted 
versus the time when the observations were made.* The 
known values are represented by an acceptable range of 
values, as indicated on the chart by lines for upper and lower 
control limits. When the plotted points fall within the 
control limits, this is generally interpreted to mean that the 
method is performing properly. When points fall outside the 
control limits, problems may be developing. 

The control limits are usually calculated from the mean 
(x) and standard deviation (s) obtained from repeated mea- 
surements on the known specimens by the particular ana- 
lytical method that is to be controlled. The mean (x) and 
standard deviation (s) are calculated from the following 


equations: 
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where x; is an individual control observation and n is the 
number of observations in the time period being monitored 
(see Chapter 14). The initial estimate should be based on 
measurements obtained over a period of at least 1 month 
when the method is working properly. These conditions are 
necessary because the measurements are used to character- 
ize the distribution of values that is expected during stable 
routine operation of the analytical method. 

The initial estimate may not be entirely reliable owing to 
the low number of data points and possible outliers in the 
data. The estimates are revised when more data have been 
accumulated by recording n and the summations of x; and 
x;, then using the cumulative totals in the equations above 
to give cumulative means and standard deviations. The 
effects of outliers can be minimized by eliminating values 
exceeding the mean by more than +3,1 to 3.8s (where the 


*Although the discussions in this chapter imply that plots are 
manually prepared, in actual practice, a wide variety of computer 
software packages are available for statistically calculating and 
plotting QA data. 


exact factor depends on the total number of data points: 3.14 
for n = 30; 3.22, n = 40; 3.33, n = 60; 3.41, n = 80; 3.47, n= 
100; 3.66, n = 200; 3.83, n = 400). 

It is assumed that error distribution of the analytical 
method is Gaussian (see Chapter 14). The control limits are 
set to include most of the control values, usually 95% to 
99.7%, which correspond to the mean +2 or 3 standard devi- 
ations. Because it should be a relatively rare occurrence to 
observe a value in the tails of the distribution (only 1 out of 
20 times for 2s limits and 3 out of 1000 for 3s limits), such 
an observation is suspect and suggests that something has 
happened to the analytical method. Such an occurrence 
could have caused a shift in the mean (an accuracy problem), 
which would result in a higher probability for exceeding the 
limits, or it could have caused an increase in the standard 
deviation (a precision problem), which would widen the dis- 
tribution and also result in a higher probability for exceed- 
ing the limits. 

Figure 19-8, A illustrates how the distributions of control 
values will appear for three different situations: (a) stable 
performance where only an occasional observation exceeds 
the control limits; (b) occurrence of a systematic error that 
shifts the mean of the distribution and causes a much 
higher expectation or probability of observing control 
values outside one of the control limits; and (c} occurrence 
of an increase in random error or imprecision, which 
widens the distribution and causes a much higher proba- 
bility of observing a control value outside either of the 
control limits. 

Control charts are used to compare the observed control 
values with the control limits and to provide a visual display 
that can be quickly inspected and reviewed. These charts 
have the concentration or observed value plotted on the y- 
axis versus time of observation on the x-axis, It is common 
practice to plot 1 month’s data on a chart, usually only one 
or two points a day, but the time axis should be chosen to be 
appropriate for the method being monitored. An example of 
a control chart is shown in Figure 19-8, B, where the control 
values represent the three situations in Figure 19-8, A, with 
10 values per situation for a total of 30 values. When the ana- 
lytical method is operating properly, the control values fall 
predominantly within the control limits. When there is an 
accuracy problem, the control values are shifted to one side, 
and there may be several values in a row falling outside one 
of the limits. When there is a precision problem, the control 
values fluctuate much more widely, and there may be values 
exceeding both the upper and lower control limits. 

Interpretation of the control data is guided by certain 
decision criteria or control rules, which define when an 
analytical run is judged “in control” (acceptable) or “out 
of control” (unacceptable). These control rules are given 
symbols, such as Az, or n, where A is the abbreviation for a 
statistic n is the number of control observations, and L refers 
to the control limits. For example, 1,, refers to a control rule 
where 1 observation exceeding the mean +35 control limits 
is the criterion for rejecting the analytical run. 
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Figure 19-8 Conceptual basis of control charts. A, Frequency 
distributions of control observations for different error 
conditions. B, Display of control values representing those 
distributions when concentration is plotted versus time on a 
control chart. 


“Analytical run” is used here to refer to that segment of 
data for which a decision on acceptability is to be made. This 
is the group of patient results that is to be reported, based 
on the control results available for inspection at that time. 

The total number of control observations available for 
inspection when a decision is to be made on the acceptabil- 
ity of an analytical run is designated as “N? For example, 
when there is one control observation preceding and one fol- 
lowing a group of 10 patient samples whose results are to be 
reported, there are two control observations in that analyti- 
cal run. 

The different control procedures discussed here have dif- 
ferent performance capabilities, depending on the control 
rules and the number of control observations chosen. These 
choices should be related to the quality goals set by the lab- 
oratory. Many of the procedures in use today have not been 


chosen for best performance, but rather for ease of use in 
manual implementation or rule availability in the QC soft- 
ware of instruments and laboratory information systems. 
Tetrault and Steindel contend that the best set of control 
rules will vary from method to method.” Knowledge of the 
performance characteristics of contro] procedures is neces- 
sary to select control rules and n’s that will detect relevant 
laboratory problems without causing too many “false 
alarms” (rejections when there are no analytical problems). 
Experienced analysts often employ a series of informal rules 
or judgments to reduce the number of false alarms without 
knowing their effects on the detection of real problems, or 
true alarms. There should be some quantitative assessment 
of these two characteristics, false alarms and true alarms, 
whenever capabilities of new control procedures are assessed 
or established control procedures are reviewed. 


PERFORMANCE CHARACTERISTICS OF A 
CONTROL PROCEDURE 


The performance of a control procedure is described by its 
probability for rejection.’”! Probability refers to the likeli- 
hood that an event will occur; in this case, the event is the 
rejection of an analytical run. Ideally, there should be no 
rejections of analytical runs when the analytical method is 
performing properly. Alternatively, when analytical errors 
occur, the control procedure should provide a rejection 
signal. This corresponds to having a probability of 0.00 in 
the first situation and a probability of 1.00 in the second. 

The term “probability for false rejection” (pẹ) is used to 
describe the first situation, where there are no analytical 
errors present except for the inherent imprecision or inher- 
ent random error of the analytical method. (There is always 
some random error associated with an analytical method, 
even when it is working properly. This is the random error 
that is estimated by the replication experiment during 
method evaluation studies.) When only this inherent 
random error is present, without any additional errors, 
the probability for false rejection should be zero. The 
frequency of false rejections is critical, because false 
rejections are like false alarms. Too many false alarms cause 
the analyst to disregard the alarm system, even when the 
alarm is occurring as a result of real errors that should be 
corrected. 

“Probability for error detection” (p,q) is the term used to 
describe the second case, where there is an analytical error 
in addition to the inherent or background random error. The 
probability for error detection should be high (near 1.00) 
when these errors are large enough to invalidate the quality 
goals for the analytical method. Unfortunately, this is diffi- 
cult to achieve because the control procedure is attempting 
to detect a signal (additional error) in the presence of noise 
(inherent random error), 

These critical performance characteristics—probability 
for false rejection and probability for error detection—are 
summarized by graphs of probability for rejection (y-axis) 
versus the size of analytical error (x-axis), Graphs such as 
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that shown in Figure 19-9 are called power functions because 
they describe the statistical power of the control proce- 
dure." The different lines on the graph represent different 
numbers of control observations (¢.g.,# = 1, 2, and 4 for the 
three lines on this graph). The probability for false rejection 
is given by the y-intercept, the point where each line inter- 
sects the y-axis. For this control procedure with n from 1 to 
4, py is 0.01 to 0.02, or 1% to 2%. The probability for error 
detection can be determined for any size error by first locat- 
ing the size of the error on the x-axis, drawing a line up to 
intersect the power function curve, drawing a horizontal line 
from the point of intersection to the y-axis, and reading the 
probability for rejection from the scale on the y-axis. For this 
control procedure, pea is 0.13 for n = 1, 0.22 for n =2, and 
0.48 for n = 4. Thus there is a 13% to 48% chance of detect- 
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Figure 19-9 Power function graph presenting probability for 
rejection on the y-axis versus size of error on the x-axis. The 
different lines represent numbers of control observations, in this 
case n= }, 2, and 4. 
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ing an error of this size with this control procedure, depend- 
ing on the number of control observations used. 

Two power function graphs are necessary, one to describe 
the performance for random error (RE) and the other for 
the performance for systematic error. For RE, as shown in 
Figure 19-10, A, the x-axis is labeled ARE. A value of 1.0 
corresponds with the original standard deviation of the 
analytical method, a value of 2.0 to a doubling of that 
standard deviation, 3.0 to a tripling, and so on. For systema- 
tic error (SE), the x-axis is labeled ASE (see Figure 19-10, B). 
A value of 1.0s corresponds to a systematic shift equivalent 
to the size of the standard deviation, a value of 2.0s to a shift 
equivalent to two times s, and so on. 

Power functions are determined by mathematical calcu- 
lations or by computer simulation studies, the latter having 
been used in clinical laboratories to characterize many of the 
commonly used control procedures.” Power functions are 
useful for evaluating the performance capabilities of indi- 
vidual control procedures, for comparing the performance 
of different control procedures, and for designing new pro- 
cedures with improved performance characteristics. The best 
control procedure is the one with the lowest probability for 
false rejection and the highest probability for detecting those 
errors that are large enough to invalidate the analytical 
quality goals for the method. 

The sizes of the analytical errors that must be detected 
if the control procedure is to maintain a specified quality 
can be determined from a general analytical model for 
translating quality requirements into laboratory process 
specifications.” 


TE, = biasmeas + ASEcontSmeas + ZARE cont Smeas 


TE, is the analytical quality requirement expressed as an 
allowable total error. Minimum total error requirements are 
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Figure 19-10 Power functions for |,, control rule. A, Random error. B, Systematic error. 
(From Westgard JO, Groth T. Power functions for statistical control rules. Clin Chem 1979;25:863-9.} 
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defined by the CLIA proficiency testing criteria for accept- 
able performance (see later section). BiaSmcas is the analytical 
measurement bias (stable inaccuracy), Smeas is the analytical 
measurement standard deviation (stable imprecision), 
ASEcont is the change in systematic error (unstable inaccu- 
racy) to be detected by the control procedure, AREcon is 
the change in random error (unstable imprecision) to be 
detected by the control procedure, and z is related to the 
chance of exceeding the quality requirement. When z is 1.65, 
a maximum defect rate of 5% may occur before rejecting an 
analytical run. 

This analytical model is solved for ASE.on (by setting 
ARE. to 1.0) or for AREon (by setting ASEcont to 0.0) to 
determine the critical sizes of errors that must be detected 
to maintain performance within the specified quality 


ASEait = [(TE, a [bias meas\)/ Sie | -1.65 
ARE = (TEa — [biasmeasl)/1-65Smeas 


ASE,,i: is the critical systematic error that would shift the dis- 
tribution enough to cause 5% of the test results to exceed 
TE,; ARE is the critical increase in random error that 
would widen the distribution enough to cause 5% of the test 
results to exceed TE, (z= 1.65 for 5% on one side; z= 1.96 
for 2.5% on each side). 


Allowable Inaccuracy (bias, %) 


Allowable Imprecision (s, %) 


For example, if TE, were specified as 10 mg/dL at a con- 
centration of 120mg/dL, and Snes were estimated as 
2.0me/dL and biases as 0.0 mg/dL, ASE. would be 3.4s, 
and ARE; is 3.0. This indicates that the control procedure 
has to be able to detect a systematic shift equivalent to 
6.8 mg/dL (3.42) and a random error equivalent to a 
standard deviation of 6.0 mg/dL (3.0 x 2). 

With knowledge of these values for critical errors and the 
power functions for a control procedure, it is possible to 
make a critical assessment of the performance achievable by 
different statistical control procedures. The quality of the 
control procedures themselves can be evaluated and related 
to the quality goals defined for the laboratory. 

The relationship between the quality requirement for a 
test, the imprecision and inaccuracy that are allowable, and 
the QC that is necessary are shown graphically by a chart 
of operating specifications (OPSpecs chart). Figure 19-11 
shows such a chart that has been prepared for a TE, of 10%, 
single and multirules with ms that are commonly used in 
laboratories, and a p.a of 0.90 or 90% error detection for 
systematic errors. This OPSpecs chart is derived from the 
analytical quality planning model shown earlier, setting ARE 
to 1.0, then rearranging as follows: 


biaSmeas = TE, — (ASEcont + 1.65)Smeas 
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Figure 19-11 Operating specifications chart for an analytical quality requirement of 10% (TE,) 
and 90% analytical quality assurance for systematic error. Allowable inaccuracy is plotted on the 


y-axis versus allowable imprecision on the x-axis. 
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Notice that this equation has the form of a straight line 
(Y=a+ bX), where the y-intercept (a) is TE, and the slope 
(b) depends on the sensitivity of the QC procedure. The 
value for ASE... is obtained from power curves for the 
control rules and n’s of interest and for specified probabili- 
ties, such as 90% and 50%," A plot Of biaSmeas VErSUS Smeas 
will describe the allowable limits of imprecision and inaccu- 
racy for different control rules and different numbers of 
control measurements. A QC procedure can be selected by 
plotting the observed inaccuracy and imprecision as the 
method’s operating point, then identifying the control rules 
and ws of the lines above the operating point. 

For this example where the observed imprecision is 2.0% 
and the observed inaccuracy is 1.0%, the four lines above the 
operating point correspond to the top four QC procedures 
listed in the key on the right. All four will provide at least 90% 
detection of critical systematic errors, but their false rejection 
rates will vary from 0.03 to 0.18, or 3% to 18%. Appropriate 
choices would be the 1,5, single rule with n=4 or the 
13,/22/ Raf 41, multirule with n = 4 to keep false rejections low. 


Step-by-Step Process for Selecting QC Procedures 


Laboratories should establish a systematic process for select- 
ing appropriate QC procedures. The necessity for this is 
illustrated by the statement in the U.S. CLIA regulations” 
that “the laboratory must evaluate instrument and reagent 
stability and operator variance in determining the number, 
type, and frequency of testing calibration or control materi- 
als and establish criteria for acceptability used to monitor 
test performance during a run of patient specimens.” Given 
that most laboratories must also satisfy certain national pro- 
ficiency testing requirements, analytical requirements for 
quality have also been defined by regulatory or professional 
groups for many of the common tests. 

1. Define the analytical quality requirement in the form of 
an allowable total error (TE,). 

Use proficiency testing criteria as a practical starting 
point for defining the minimum quality that must be 
achieved. 

2. Evaluate method performance to obtain estimates of 
imprecision and inaccuracy. 

Obtain initial estimates from replication and compar- 
ison of methods experiments. Obtain ongoing estimates 
from routine QC and proficiency testing surveys. 

3. Obtain power function graphs for the control rules and 
ns of interest, or OPSpecs charts for the defined TE,. 
Power function graphs and OPSpecs charts for com- 
monly used QC procedures with n’s of 2, 3, 4, and 6 are 
available in the scientific literature,'"*'” in workbook 
format,’ and also from computer programs (EZ. Rules 
and QC Validator 2.0, Westgard QC, Inc., Madison, 
Wis.-—http://www.westgard.com). 

4. Calculate the critical systematic error and draw a vertical 
line showing its location on the power function graph, 
or plot the observed imprecision and inaccuracy of your 
method on the OPSpecs chart for the TE, of interest. 


5. Assess the probabilities for error detection and false 
rejection. 

6. Select control rules and n’s that provide 90% detection 
of the critical systematic error and less than 5% false 
rejections. For very stable methods, consider 50% error 
detection if necessary to keep the number of control 
measurements and false rejections low. 

7. Select a total QC strategy to provide an appropriate 
balance between statistical and nonstatistical QC proce- 
dures. With 90% error detection, depend on the statisti- 
cal QC component and perform the minimal preventive 
maintenance, instrument function checks, and method 
validation tests required by good laboratory practice, 
manufacturers’ instructions, and regulatory and accredi- 
tation guidelines, 

With 50% to 90% error detection, balance the efforts 
between statistical and nonstatistical QC procedures; 
improve method performance by reducing the bias and 
reducing imprecision. 

With less than 50% error detection, increase the efforts 
for nonstatistical QC to prevent problems from occur- 
ring, improve method performance, or consider replac- 
ing the method to achieve better imprecision and 
inaccuracy and more cost-effective operation of the 
testing process. 

8. Reassess for changes in method performance as necessary. 
Cost-effective QC depends on doing the right QC to 
ensure the desired quality is achieved at minimum cost.” 
If method performance improves, less QC will be neces- 
sary; if method performance deteriorates, more QC will 
be necessary. Adjust the QC design as necessary for any 
changes in method performance. 

Detailed applications based on calculated critical sys- 
tematic errors have been presented for a multitest chem- 
istry analyzer“; detailed applications using OPSpecs 
charts have been presented for automated immunoas- 
says”; illustrative examples using OPSpecs charts have 
also been provided for a variety of tests in chemistry, 
hematology, coagulation, endocrinology, toxicology, and 
immunology.’ 

Manual application of this QC planning process is 
performed in just a minute using a workbook of OPSpecs 
charts that cover the range of analytical quality require- 
ments from 1% to 50% and common single and multi- 
rules with ms from 2 to 6.’ Computer support is 
necessary to use clinical quality requirements stated in the 
form of a medically important change or a decision inter- 
val for test interpretation; clinical requirements are more 
complicated and require an expanded quality planning 
model that accounts for additional preanalytical factors, 
such as within-run biological variation.'” 

With either manual or computer-supported QC plan- 
ning, laboratories are able to identify appropriate control 
rules and the minimum number of control measure- 
ments that will ensure the desired quality is achieved at 
the minimum cost. These control rules and n’s are usually 
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implemented by setting up a Levey-Jennings control 
chart or a Westgard multirule chart, and less often by a 
cumulative sum chart or mean and range charts. 


Levey-Jennings Control Chart 


Control charts were first introduced. into the clinical chem- 
istry laboratory by Levey and Jennings in 1950.% They 
demonstrated how the industrial control procedures devel- 
oped by Shewhart® could be used with the mean and range 
of duplicate measurements from clinical chemical methods. 
In an alternate chart, single control values are plotted 
directly. This “single-value” chart was adopted by most lab- 
oratories because data calculations were not required before 
plotting the control results. Today, this single-value chart is 
commonly known as a “Levey-Jennings” chart, even though 
Levey and Jennings recommended plotting the mean and 
range of replicate measurements. 

To. use a Levey-Jennings control chart, follow these steps: 


1. Analyze samples of the control material by the analytical 
method to be controlled on at least 20 different days. 
Calculate the mean and standard deviation for those 
results. . 

2. Construct a control chart either manually on graph paper 
or electronically using graphical software. Label the y-axis 
“control value” and set the range of concentrations to 
include the mean +4 s. Draw horizontal lines for the mean 
and the upper and lower control limits. Set the control 
limits as the mean +3s when the number of control 
observations, n, is 2 or greater. When 7 is 1, control limits 
may be set as the mean +25. (See following discussion of 
performance characteristics.) Label the x-axis in terms of 
time, using day, run number, control observation 
number, or whatever is most appropriate for recording 
the relative time of the control observations. 

3. Introduce control specimens into each analytical run, 
record the values, and plot each value on the control chart. 

4. When the control values fall within the control limits, 
interpret the run as being “in control” and report the 
patient results. When a single control value exceeds the 
control limits, stop the method; do not report patient 
results. Inspect the method to determine the cause for the 
errors, Resolve the problem, then repeat the entire run— 
specimens and control samples. Determine control status 
for the new run in the same manner. 

An example of a Levey-Jennings chart is shown in Figure 
19-12, where control limits have been set as the mean +3s. 
Power functions for a Levey-Jennings chart having 3s 
control limits, or a 1,, control rule, are shown in Figure 19- 
13. The probability for false rejection is seen to be less than 
0.05 or 5% even when n is very large. The probability for 
error detection increases as n increases, but for an n of 2 
to 4, the procedure is not very sensitive for either random or 
systematic errors. 

Figure 19-10 shows the power functions for a Levey- 
Jennings chart having 2s control limits, or the 1,, control 
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Figure 19-12 Levey-jennings control chart having control limits 
set as the mean +3s. Concentration is plotted on the y-axis 
versus time (run number) on the x-axis. 


tule. Observe that the y-intercept increases rapidly as n 
increases. The probabilities for false rejection are as follows: 
n= 1, 0.05; n = 2, 0.09; n = 4, 0.18; n = 8, 0.33; n = 12, 0.46; 
and n= 20, 0.64. Because probabilities for false rejection 
greater than 0.05 or 5% are not desirable, the use of the 1,, 
rule is limited to the case where n = 1. 

In practice, the t, rule has been widely used with a higher 
n. However, such use causes a false rejection problem that 
may compromise the usefulness of the control procedure. 
There is no easy way to tell whether the rejection signal is 
due to the background random error (false rejection) or 
whether an additional error has occurred (true rejection). 
This difficulty has led to a more qualitative interpretation of 
the control results and often to routine repetition of the 
control measurements (and sometimes patient sampling) 
whenever a control value exceeds a 2s limit. When the 
second or repeated control value is observed to be outside 
the 2s control limits, this provides evidence for a true rejec- 
tion, and problem-solving procedures should be started. 

A similar false rejection problem arises when multichan- 
nel instrument systems are controlled using the 1,, rule on 
each of several channels. For one control material being ana- 
lyzed by 4, 8, 12, and 20 channels, the chances that the 
control value on at least one channel exceeds its 2s limits 
are 18%, 33%, 46%, and 64%, respectively. Such a high rate 
of values exceeding the control limits may cause the same 
percentage of work to be routinely repeated, obviously com- 
promising the efficiency of the laboratory and increasing its 
costs. 

It is important to recognize the seriousness of the false 
rejection problem and its relationship to the control limits 
that are chosen for the Levey-Jennings chart. These false 
rejections are in effect an inherent property of the control 
procedure. They occur because of the control limits that have 
been selected, not because of any problems with the analyti- 
cal method. Therefore the use of 2s control limits cannot 


-be generally recommended. With the use of 3s control limits, 
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the false rejection problem is eliminated, but unfortunately 
error detection is also reduced. 


Westgard Multirule Chart 


The “multirule” procedure developed by Westgard and asso- 
ciates' uses a series of control rules for interpreting control 
data. The probability for false rejections is kept low by select- 
ing only those rules whose individual probabilities for false 
rejection are very low (0.01 or less). The probability for error 
detection is improved by selecting those rules that are par- 
ticularly sensitive to random and systematic errors. The pro- 
cedure requires a chart having lines for control limits drawn 
at the mean +1 s, 2s, and 3s, and is adapted to existing Levey- 
Jennings charts by the addition of one or two sets of control 
limits. 
The following control rules are used: 


Rule Description 


1, One control observation exceeding the mean +25 is used 
only as a “warning” rule that initiates testing of the 
control data by the other control rules, 

13, One control observation exceeding the mean +35 is a 
rejection rule that is primarily sensitive to random error. 

2os Two consecutive control observations exceeding the same 
mean plus 2s or mean minus 2s limit is a rejection rule 
that is sensitive to systematic error. 

Ra One observation exceeding the mean plus 2s and another 
exceeding the mean minus 2s is a rejection rule that is 
sensitive to random error. 

4, Four consecutive observations exceeding the mean plus Is 
or the mean minus 1s is a rejection rule that is sensitive 
to systematic error. 

10, Ten consecutive control observations falling on one side 
of the mean (above or below, with no other requirement 
on size of the deviations) is a rejection rule that is 
sensitive to systematic error. 
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The use of the multirule procedure is similar to the use 
of a Levey-Jennings chart, but the data interpretation is more 
structured, To use the multirule procedure, follow these 
steps: 

1, Analyze samples of the control material by the analytical 
method to be controlled on at least 20 different days. Two 
different materials having appropriate concentrations are 
recommended, but a single material can be used. Calcu- 
late the mean and standard deviation for the results for 
each.control material being used. 

2. Manually or electronically construct a control chart for 
each of the control materials being used. The observed 
concentration or control value should be plotted on the 
y-axis, setting the range of concentrations to include the 
mean +4s. Draw horizontal lines for the mean, the mean 
+1s, the mean +25, and the mean +35. It may be desir- 
able to use different colors for these lines, perhaps green, 
yellow, and red for the 1s, 2s, and 3s limits, respectively. 
The x-axis should be scaled for time, day, or run number, 
and labeled accordingly. 

3, Introduce two control specimens into each analytical run, 
one for each of the two concentrations when two differ- 
ent materials have been selected. Record the control 
values and plot each on its respective control chart. 

4. When both control observations fall within the 2s limits, 
accept the analytical run and report the patient results. 
When one of the control observations exceeds a 2s limit, 
hold the patient results. Inspect the control data using 
the lss 229 Ry, and 10x rules. When any one of these rules 
indicates the run is out of control, reject the analytical run 
and do not report the patient results. When all of these 
rules indicate that the run is in control, accept the ana- 
lytical run and report the patient results. 
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Figure 19-13 Power functions for the l}, controf rule. A, Random error. B, Systematic error. 
(From Westgard JO, Groth T. Power functions for statistical control rules. Clin Chem 1979;25:863-9.) 
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5, When a run is out of control, determine the type of error 
occurring based on the control rule that has been vio- 
lated. Look for sources of that type of error. Correct the 
problem, then reanalyze the entire run including both 
control and patient samples. 
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Figure 19-14 Westgard multirule control chart having control 
limits drawn at the mean +I s, 2s, and 3s. Concentration is 
plotted on the y-axis versus time (run number) on the x-axis. 
A, Chart for high-concentration control material, B, Chart for 
low-concentration control material. (From Westgard JO, Barry PL, 
Hunt MR, Groth T.A multi-rule Shewhart chart for quality control in 
clinical chemistry. Clin Chem 198 1;27:493-501.) 
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TABLE [9-2 Interpretation of Example Contro! Data Using the Westgard Multirule Procedure 


An example application of the multirule procedure is 
shown in Figure 19-14, where the top chart is for a high- 
concentration control material and the bottom chart is 
for a low-concentration material. Table 19-2 summarizes the 
interpretation of the charted data, providing the run 
number, the accept and/or reject decision, control rules vio- 
lated, and the type of error suspected. based on the rule vio- 
lations. It is important to note that the R,, rule is applied only 
within a run, so that between-run systematic errors are not 
wrongly. interpreted as random errors. However, the rule 
may be applied “across” materials, meaning that one of the 
observations can be on the low material and the other on the 
high material, as long as they are within the same run. On 
the other hand, note that the 23s 419 and 10, rules can be 
applied across runs and materials. This effectively increases 
n and improves the error detection capabilities of the 
procedure. 

Power functions for the multirule procedure are shown 
in Figure 19-15 for n from 2 to 6. The probability for false 
rejection will be much lower at these n’s than for the Levey- 
Jennings chart having 2s contro! limits. However, the false 
rejections do increase as increases, limiting n to a 
maximum of 4 to 6. For larger n’s, it would be necessary to 
modify the procedure by eliminating the R,, rule, or by 
replacing this approximate range rule with an exact range 
rule (see discussion of Shewhart range procedure later in this 
chapter). 

Comparison of the probability for error detection 
between the multirule procedure and the Levey-Jennings 
chart having 3s limits shows improved error detection for 
the multirule procedure. The R,, rule improves the detection 
of random error and the 2,, 419 and 10, rules improve the 
detection of systematic error. Elimination of the 10; rule 
does not cause much loss in error detection but does con- 
siderably reduce the amount of control data that must be 
inspected; thus the simplification may make the multirule 
procedure easier to use. The 4,, rule could possibly be elim- 
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Figure 19-15 Power functions for Westgard multirule control 
procedure. A, Random error. B, Systematic error. (From 
Westgard JO, Barry PL, Hunt MR, Groth T. A multi-rule Shewhart chart 
for quality control in clinical chemistry. Clin Chem 1981;27:493-501.) 


inated to further simplify the procedure, but this would be 
at an appreciable loss in power for detecting systematic 
errors. 


Cumulative Sum (Cusum) Control Chart 


The single-value control charts discussed in the previous 
sections provide a display of the differences between the 
observed values and the expected mean. Control rules, such 
as 225 44, and 10; provide one way of determining when 
these successive differences no longer appear to be random 
(too many in a row on one side of a limit). A more exact and 
quantitative method is the cumulative sum control proce- 
dure or cusum chart. 


TABLE 19-3 Example Cusum Calculations and Tabular 
Record for V-Mask Cusum Chart (for 
Control Material with x = 100, s = 5,0) 


Control 

Observation a 
Number Control Value — d; CS; 

1 AJIO fe IO O 
2 100 ee tO 
3 108 .. AS i +18 
4 105227 FS +23 
5 105.05 3 +5 7° +28 
6 101 +1 +29 
7 96 G4 cote: 425 
8 ~ 105 $5 +30 
9 "101 TOES EE 
10 -101 +1 2 o 2 
1ł -$H +11 +43 
12 102 +2 45 
13 110 +10 : +55 | 
14. 107 47 62. 
15 107 +7. +69.: 
16i 107 +7 $76 


To set up a cusum chart, follow these steps: 

1. Analyze the control material by the analytical method to 
be controlled on at least 20 different days, and calculate 
the mean and standard deviation of those results. (This 
is the same as the initial step required for a Levey-Jen- 
nings chart or for a multirule chart.) 

2. Manually or electronically construct a control chart. 
Label the y-axis “cusum.” Draw a horizontal line at the 
midpoint of the y-axis to represent a cusum of zero. Set 
the range of values above and below to be about 10 times 
the standard deviation. Label the x-axis in terms of time, 
using day, run number, control observation number, or 
whatever is most appropriate for recording the relative 
time of the control observation. 

3. Introduce control specimens into each analytical run and 
record the value obtained. 

4, Calculate the difference between the value and the 
expected mean. Obtain the cusum by adding this differ- 
ence to the cumulative sum of the previous differences. 
Plot the cusum on the control chart and inspect the plot. 

5. Interpret the charted data by evaluating the slope of the 
cusum line. A steep slope suggests that a systematic error 
is present and that the run is out of control. 

Example calculations are shown in Table 19-3. These 
cusum values are plotted versus observation number in 
Figure 19-16. When control values scatter on both sides of 
the mean, giving both positive and negative differences, the 
cusum will alternate in sign, and the plotted values will 
wander back and forth across the zero line on the control 
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Zero line for cusum plot 


24 6 8 10 i2 {4 l6 
OBSERVATION NUMBER 
Figure [9-16 V-mask cumulative sum control chart (e.g. data 
in Table 19-4). The cumulative sum of the differences from the 
mean is plotted on the y-axis versus time (control observation 
number) on the x-axis. 


chart. When the control values fall mostly on one side of the 
mean so that most of the differences have the same sign, the 
cusum value increases in magnitude, and the plotted values 
will move away from the zero line of the control chart. 

It is more difficult to judge the control status from cusum 
charts than from Levey-Jennings or multirule charts. The 
approach that has been used most extensively is to make the 
judgment based on the slope of the cusum line. In industry, 
this has often been done by constructing templates having a 
V-shaped section removed from a rectangular sheet of clear 
plastic. This V-shaped cutout establishes the angle that is the 
control limit and gives the technique its name of “V-mask” 
cusum. The apex of the V-mask is positioned on the control 
chart at a specified distance in front of the most recent 
cusum observation. If all of the plotted values are contained 
within the angle of the V-mask, the method is judged to be 
in control. If any of the plotted values fall outside the angle 
of the V-mask, the method is judged to be out of control. 
Although this technique for interpreting cusum data is very 
objective, V-mask overlays have not been very widely used 
or recommended for clinical laboratories. Instead, interpre- 
tation has been based on visual inspection and on judgment 
of the angle of the cusum line, sometimes aided by use of 
special graph paper having an underlying pattern of 45° 
angles (4272//.) across the chart. When using this 
special graph paper, the convention has been to scale the 
graph so that a change of 2s on the y-axis is the same dis- 
tance between two points on the x-axis. The 45° angle then 
represents the slope expected when the observed mean is 
approximately 2s from the expected mean. 

An alternative way of interpreting cusum data is to use 
a numerical limit for the cusum value itself, a technique 
known as “decision limit” cusum, Particular decision limit 
schemes are characterized by two parameters: k, a factor for 
calculating the threshold, and h, a factor for calculating the 
decision limit or control limit. The cusum calculations do 
not start until a control value exceeds a certain threshold 


TABLE 19-4 Example Cusum Calculations and Tabular 
Record for Decision Limit Cusum (for 
Control Material with x= 100,s=5.0; 
_ for Control Chart with k, = 105, k = 95, 
hy = 13.5, h = 13.5) oe 


Control 
Observation 
Number 


Control ` 


Value ‘Comment 


110 EEA +5. Start cusum 
ee calculation 

100 

108. 
E05 : 

105 ee 
os (teas -1 End cusum_ 
e = calculation 


Die ey 96 

Soe ee 05 

Ore AOL. 

soslo] : EAEE 

oil +6... +6. Start cusum 

eee calculation ; 
102 3.43 wis 

110 +5. +8 

107 +2... +10 

107 +2... 412 

107202425414 


above (k,) or below (k) the expected mean (x}. Once 
exceeded, the differences from the threshold are calculated 
and summed for successive observations to provide the 
cusum. This process continues until the cusum either 
exceeds the upper and lower control limits (h, and hj) and 
the method is judged out of control, or until the cusum 
changes sign, in which case the cusum calculation is stopped 
and the method judged to be in control. An example of the 
cusum calculations for the decision limit technique is given 
in Table 19-4. 

These example data are plotted in Figure 19-17. One 
advantage of the decision limit cusum chart is that it has 
horizontal lines for control limits, permitting the cusum 
chart to be interpreted in a manner similar to a Levey- 
Jennings chart. This form of interpretation requires less 
experience and judgment, thus making possible more con- 
sistent interpretation when many analysts use the control 
procedure. Another advantage of the decision limit tech- 
nique is that it can be implemented using only tabular 
operations (without charting), thus making it very easy to 
program for computerized handling of control data. 

Although interpretation is easier and more objective, 
selecting the threshold and control limits is somewhat diffi- 
cult. This selection is done with the aid of nomograms, 


508 Section IIl Principles of Laboratory Medicine 


Cusum control limit hy 


Zero line for cusum plot 


CUSUM 


Cusum control timit by 


2 4 6 8 10 l2 4 6 
OBSERVATION NUMBER 


Figure 19-17 Decision limit cumulative sum control chart (e.g., 
data in Table 19-5). The cumulative sum of the differences from 
the threshold is plotted on the y-axis versus time (control 
observation number) on the x-axis. 


which are quite complicated to understand and use, and 
therefore it is initially perhaps best to use one of the deci- 
sion limit schemes recommended in the clinical chemistry 
literature.” For manual implementation, set the threshold 
at the x + 1.0s and the control limits at 2.7 s. For computer 
implementation, set the threshold at the x+0.5s and the 
control limits at 5.1 s. This latter procedure will be sensitive 
to smaller errors because of the choice of the lower thresh- 
old. However, the charting is not as convenient when per- 
formed manually, particularly when the cusum is used in 
combination with the 1,, control rule to provide better detec- 
tion of random errors,” 

When compared with the Levey-Jennings chart with 3s 
limits, the cusum procedure provides better detection of sys- 
tematic errors but less sensitivity for random errors. Because 
of the low sensitivity to random errors, cusum should not be 
used alone, but rather should be included with a Levey-Jen- 
nings procedure on a combined chart'” or used as a sepa- 
rate chart along with a Levey-Jennings chart. Performance 
is similar to the multirule procedure for low n’s, at least as 
far as detecting systematic errors. However, the multirule 
procedure is more sensitive to random errors because of 
the added R,, rule. 


Shewhart Mean and Range (or Standard Deviation) 
Control Charts 


Statistical quality control charts were first introduced in 
industry during the 1930s by Shewhart," who recommended 
obtaining a group of control measurements, determining the 
average and standard deviation of the group, then plotting 
the average on an “x-bar” or mean chart and the standard 
deviation on an S-chart. For n’s less than 10, the S-chart is 
usually replaced by a “range” or R-chart on which is plotted 
the range, or difference between the highest and lowest 
observations of the group. 

To set up mean and range charts, initial estimates must 
be obtained for the mean and standard deviation, or the 


Control Limit = 100 +1.05 {$} 
=100+4.2 
2104.2 


Control Limit =i00-1.05(s) 
=100-4.2 
=95.8 


Control Limit = 4.76(s)= 4.76(4}=19.0 


RANGE 
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B RUN NUMBER 


Figure 19-18 Shewhart mean and range control charts. 
A, Mean chart. B, Range chart. 


mean and average range, as determined for the control mate- 
rial to be used and the analytical method to be controlled. 
Control limits for the charts are calculated using appropriate 
factors (see Table 17-3 in the 3rd edition of this textbook)!” 
A group of control measurements is then collected in each 
analytical run, and the mean and range (or standard devia- 
tion) are calculated and plotted. An example set of data is 
given in Table 19-5 and plotted on the mean and range charts 
in Figure 19-18. 


Implementation by Use of the Z and Chi-Square (y?) Tests 


Charts for mean, range, and standard deviation are seldom 
found in clinical laboratories because of the time required 
for calculating the control statistics. These control proce- 
dures are probably practical only when computerized data 
handling is available. An easy way of implementing these 
procedures on computers is to employ statistical tests of sig- 
nificance. A Z-test can be used to determine whether the 
mean has changed from its original value, and a y*-test can 
be applied to determine whether the standard deviation has 
changed from its original value. 

The values for Z and y? are determined from the follow- 
ing equations: 
Zok = Xobs — Xexp 

Sap 


dn 


» _ (ors) (n — 1) 


obs ~~ 2 
(Sexp) 
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TABLE 19-5 Shewhart Mean and Range Calculations a 


INDIVIDUAL CONTROL 


where X,.; is the mean observed in the analytical run being 
tested, Xexp is the mean expected when the method is working 
properly, n is the number of control measurements in the 
group, s,»; is the standard deviation observed in the analyti- 
cal run being tested, and sep is the standard deviation 
expected when the analytical method is in stable operation. 
To determine the control status of an analytical run when 
using the Z-test, the observed Z-value is compared with the 
critical Z-value for a selected probability for false rejection. 
The critical values are 1.96, 2.58, and 3.09 for probabilities 
of false rejection of 0.05, 0.01, and 0.002, respectively. When 
the observed Z-value is less than the critical Z-value, the run 
is judged to be in control. When it exceeds the critical Z- 
value, the run is judged to be out of control. 

To determine control status using the x?-test, the 
observed y’-value is compared with the critical y?-value (see 
Table 17-3 in the 3rd edition of this textbook). When the 
observed value is less than the critical value, the run is judged 
to be in control; when it exceeds the critical value, the run is 
judged to be out of control. 


Alternative Calculations and Applications 


Moving averages and moving standard deviations are used in 
industry and sometimes in clinical laboratories. With these 
procedures, #1 is chosen, measurements are collected until n is 
attained, and then the mean and standard deviation are calcu- 
lated. With each additional measurement, the oldest measure- 
ment is dropped, the.newest is added, and new estimates of 
the mean and standard deviation are obtained after each new 
control measurement, rather than waiting for new groups of n 
measurements. Parvin” has proposed the use of a multimean 
rule that combines the means of control values observed 
in consecutive runs. Similar updated means and standard 
deviations are obtained from exponential smoothing, a cal- 
culation procedure that provides an average that weighs 
recent observations more heavily than older observations.' 
The “smoothed mean” is sensitive to trends that are just be- 
ginning to develop, and therefore it is often referred to as a 
trend analysis procedure. The calculations are too complicated 
to be implemented manually, but the availability of computers 
makes these calculations feasible in clinical laboratories. 
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Power functions for mean (or Z-test), range, and %7 (or 
standard deviation) control procedures, when compared 
with those for previous control procedures, show higher 
probabilities for error detection, particularly at larger n’s. 
The probability for false rejection can be set at a suitably low 
level by proper choice of control limits. Thus these control 
procedures appear to offer better performance characteris- 
tics than single-value control charts because they have higher 
error detection and lower false rejection as increases. 

The use of mean and standard deviation control proce- 
dures (or related procedures) to monitor accuracy and 
precision is a direct extension of the practices of method 
evaluation, the mean being used to monitor systematic error 
and the standard deviation to monitor random error. This 
relationship helps explain why control procedures having n’s 
from 1 to 4 have relatively low power or error detection 
capability. Not surprisingly, it is more difficult to estimate 
precision and accuracy using quality control procedures with 
n’s of 1 to 4 than with method evaluation procedures using 
n’s of 20 to 40. For low ns, all control procedures have 
relatively low power. As n increases, power will increase, 
particularly for procedures using mean, range, S-charts, 
Z-tests, and ¥’-tests, moving averages and moving standard 
deviations, and trend analysis. Future practices in statistical 
quality control in clinical laboratories will undoubtedly 
make greater use of these procedures. 

The integration of powerful computer hardware and soft- 
ware into analytical systems has made it practical to use 
complicated control procedures on a routine basis in clini- 
cal laboratories. Calculations on control data, once properly 
programmed, are performed quickly and without mistakes. 
Graphical displays can be generated, with color added to aid 
the interpretation of control data. Specific control rules are 
programmed to provide “accept” and “reject” signals or 
printouts. Records are maintained to document instrument 
changes, preventive maintenance, and control problems. 
Monthly summary statistics and quality control reports are 
generated. Many of these features, along with many of the 
statistical control procedures that have been described, are 
found in microcomputer quality control programs that are 
commercially available today. 


CONTROL OF ANALYTICAL QUALITY _ 
USING PATIENT DATA 


QC mechanisms based on patient data provide additional 
information useful in monitoring the quality of laboratory 
analyses. These procedures are often time consuming and 
generally are not sensitive enough to serve as the only means 
of QC. However, many of the control problems detected with 
these techniques may not be evident with conventional QC 
systems, A quality assurance program should make ap- 
propriate use of “patient data procedures,” and both indi- 
vidual and multiple patient results have been used for QC 
purposes. 
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INDIVIDUAL PATIENT RESULTS 


The patient test results are the final product of most labora- 
tory procedures, and the monitoring of these results is the 
most direct form of QC. Unfortunately, procedures for mon- 
itoring results are not very sensitive and have low probabil- 
ities for error detection. The most effective procedure is the 
clinical correlation of test results with other information 
related to the patient, especially surgical findings, response 
to therapy, and autopsy data. Less sensitive but easier to 
implement are comparisons with previous test values and 
correlation with related test results. The easiest procedure is 
the comparison of test results with physiological or proba- 
bilistic limits. 


Clinical Correlation 

Operationally, it is impractical for high-volume, core labo- 
ratories to correlate all test results with the clinical status of 
the patients. In general, the clinicians ordering the tests are 
in a better position to evaluate the appropriateness of test 
results. However, clinicians often order a test because they 
are uncertain of the exact clinical status of their patient and 
base their diagnoses heavily on the laboratory test results. In 
such cases, it is circular reasoning to correlate clinical diag- 
noses with laboratory test results. Clinical correlation studies 
are best done retrospectively when laboratory test results are 
directly related to other evidence, such as surgical findings, 
Unfortunately, most laboratory tests do not correlate per- 
fectly with disease states, and one must evaluate multiple 
cases before determining the diagnostic efficiency of a given 
test (as discussed further in Chapter 14). In an individual 
patient, clinical correlation can identify impossible or highly 
unlikely test results that cannot be flagged in the laboratory, 
such as a normal serum bilirubin concentration in a highly 
jaundiced patient. Clinicians should be encouraged to report 
these discrepancies to the laboratory, and a mechanism 
should be available to follow up these problems. Also, after 
using a test for a period of time, many clinicians can detect 
alterations in test results, and although this is not reliable for 
documenting problems, informal discussions with clinicians 
frequently using the test can aid in identifying aspects of lab- 
oratory tests that should be further investigated. 

A focus on linking laboratory tests to patient care out- 
comes (see Chapter 13) requires an integrated healthcare 
system in which all processes are operating properly." 
This integrated system includes the correct assessment of the 
patient’s problem, ordering of the correct tests, accurate and 
timely analytical performance, correct interpretation of the 
test results, and implementation of appropriate clinical 
actions that produce the expected response in the patients. 
Obviously this complete cycle is subject to numerous vari- 
ables, which traditionally are outside of the control of the 
laboratory. However, under managed care there is a strong 
incentive to ensure that the complete system is working. All 
patients do not respond the same; therefore the responses of 
multiple patients with similar disorders must be monitored. 
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Some examples of this approach are the linkage of adverse 
outcomes of inappropriate anticoagulation (stroke, myocar- 
dial infarct, or death within 6 days) to the measurement of 
prothrombin times and the linkage of adverse effects of 
digoxin therapy (death or hospitalization caused by insuffi- 
ciency, overdose, or drug reaction) with the measurement of 
digoxin.” 


Correlation with Other Laboratory Tests 
As in clinical correlation, there are a limited number of sit- 
uations in which a single test result is plausible, but the com- 
bination of several test results is impossible or very unlikely. 
If the tests involved in these comparisons are performed at 
the same time, one often can identify errors and correct 
problems before reporting the test results to the clinicians. 
Even though very few tests have exact clinical relationships 
and one often must consider statistical percentages rather 
than the results of a single patient to identify malfunctions, 
several relationships provide some possibilities for monitor- 
ing an individual patient’s results, at least for purposes of ini- 
tiating further review: 

1. Blood typing. There is a close association between the 
ABO blood antigens on erythrocytes and isoantibodies 
found in plasma. Exceptions are found in patients 
recently transfused with whole blood. 

2. Anion gap. To maintain electrical neutrality, the sum of 
the charges of anions in a blood sample must equal the 
sum of the charges of cations when expressed in molar 
concentrations. With all units in mmol/L, an anion gap 
(AG) can be calculated as 


AG = (Na* + Kt) - (C17 + HCO3) 


Values less than approximately 10 mmol/L or greater than 
about 20 mmol/L may indicate error. Elevated values may 
be found in patients with renal failure, diabetic acidosis, 
cardiac failure, anoxia, and other conditions (see Chapter 
46). Low values occur in hypoproteinemia and with in- 
travenous hydration. The capabilities of AG control 
procedures have been studied by Cembrowski and 
co-workers,” who recommend that the average AG of 
groups of eight or more patients be used to provide a 
more sensitive statistical control. 

3. Osmolar gap. Serum osmolality can be estimated from the 
concentrations of a few major blood constituents and can 
also be measured using colligative properties (see Chapter 
27). The osmolar gap (OG) is defined as the measured 
osmolality minus the calculated osmolality or 


OG = osmolality — [18o(at) + Soe" pA y J 


18 2.8 


where osmolality is in mosm/kg, sodium is in mmol/L, 
and glucose and urea nitrogen are in mg/dL. The factor 
“9” represents the contribution of other osmotically 
active substances in plasma, such as K*, Ca™*, and pro- 
teins. Normally this gap is near zero. Alcohol consump- 
tion or the ingestion of toxins, such as salicylates or 


ethylene glycol, causes an increase.**’’ Alterations of 
unmeasured electrolytes and dehydration may also 
increase the gap. 

4, Acid-base balance. The Henderson-Hasselbalch equation 
is also used to calculate theoretical bicarbonate and total 
CO, concentrations when pH and PCO, are measured. 
Theoretical and measured results generally agree within 
2.0 mmol/L. 

5. Thyroxine-TSH. Normally, thyroxine sends a negative 
feedback to the pituitary and reduces the secretion of 
thyroid stimulating hormone (TSH). Patients with serum 
thyroxine concentrations above 8.0ug/dL seldom have 
elevated concentrations of TSH. Exceptions occur in sec- 
ondary and tertiary hyperthyroidism. 


Intralaboratory Duplicates 


Samples can be divided into two aliquots and analyzed, and 
the duplicates used for control purposes. This is a simple 
quality control procedure that does not require stable 
control materials and therefore can be used when stable 
materials are not available or as a supplemental procedure 
when stable control materiais are available. The differences 
between duplicates are plotted on a range type of control 
chart that has limits calculated from the standard deviation 
of the differences." When the duplicates are obtained from 
the same method, this range chart monitors only random 
error and thus is not adequate for ensuring the accuracy of 
the analytical method. When the duplicates are obtained 
from two different laboratory methods, then the range chart 
actually monitors both random and systematic errors but 
cannot separate the two types of errors. The interpretation 
becomes more difficult, particularly when there are stable 
systematic differences or biases between the two analytical 
methods. Multiplicative factors may be necessary to deal 
with proportional differences, and additive factors may be 
necessary to allow for constant differences. Interpretation of 
observed differences becomes more qualitative; nevertheless, 
this procedure still provides a useful way of monitoring the 
consistency of the data being generated by the laboratory. 


Delta Checks with Previous Test Results 

Certain errors, particularly errors in specimen identification, 
have been detected by comparing laboratory test results 
with values obtained on previous specimens from the same 
patient. The expected variability of test results depends on 
both the analyte and the time interval between determina- 
tions. Ladenson has defined delta check limits based on a 3- 
day interval in terms of a percentage change from the initial 
value.” His check limits for some common tests are shown 
in Table 19-6. 

In identifying specimen-related errors, it is helpful to 
examine multiple test parameters, including hematological 
tests, because differences in a profile of test results often 
are more obvious and more statistically significant than are 
changes in individual tests. For example, in a 1979 study, the 
performance of several delta check methods was evaluated, 
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including two discriminant functions, for detecting misla- 
beled specimens; a false-positive rate of 5% and an error 
detection of about 50% for mislabeled specimens were 
observed.” 


Limit Checks 


A patient’s test results should be reviewed to check that they 
are within the physiological ranges compatible with life. 
These limit checks are helpful for detecting clerical errors, 
such as transposed digits or misplaced decimal points. This 
checking can be combined with warning limit checks for 
detecting and verifying possible, but infrequently occurring, 
test results. These warning limits are dependent on test 
methodology and on the characteristics of the patient 


TABLE 19-6 Recommended Limits for Delta: Checks 


Creatinine _ 
“Phosphorus N 
Potassium 209 2 
‘Protein, total 20%: 
‘Sodium 5% 
“Thyroxine 25% 
‘Urea nitrogen 50% 
‘Uric. acid 40% 
From Ladenson JH. Patients as their own controls: Use of the computer 
to identify “laboratory error” Clin Chem 1975;21:1648-53. 


TABLE 19-7 Recommended Ranges for Limit Checks 


Add phosp ae (U/L). 
Albumin (g/dL). 
Alkaline phosphatase’. (U/L) 
Amylase* (U/L): 
Bilirubin (mg/dL) 

Calcium (mg/dL) 

Creatine kinase (U/L). 
Creatinine (mg/dL). 
Phosphorus (mg/dl) 
Potassium (mmol/L). 


Uric ac d (mg/dL) 


Values are method dependent. 


Low Warning _ k 


population being tested. Table 19-7 shows limits for some 
common tests. 


MULTIPLE PATIENTS 


Test Distribution Statistics 


Statistics based on distributions of test results from large 
numbers of patients are useful for detecting systematic errors 
(shifts and drifts) but are of no value for detecting random 
errors (increased variability or scatter). They are useful 
adjuncts to the fundamental control procedures, which use 
stable control materials, but should not be substituted for 
them. Patient values include numerous sources of varia- 
tion—demographical, biological, pathological, and preana- 
lytical (see Chapter 17)'—in addition to the analytical 
variation caused by the analytical method. As a result, indi- 
vidual test values have too much variability to have any 
utility for QC; however, the mean of multiple test values or 
groups of patients is more stable and therefore may be useful 
for control purposes. 

The variability of the mean test result from a group of n 
patients decreases proportionally to the square root of the 
number of determinations. The variability of the estimated 
mean is given by the standard error of the mean (SEM), 
which is equal to the standard deviation of the patient 
population divided by the square root of n, the number of 
patient measurements included in the group mean. Consider 
the following example, where the s of the patient values is 
100 units. As # increases to 16, 25, 100, and 400, the SEM 
becomes 25, 20, 10, and 5 units, respectively. If the s of the 
analytical method was 10 units, the distribution of patients 
would be 10 times as large; however, if one considers the 
mean values of groups of 100 patients, the variability (SEM) 
of the group mean is approximately equal to the variability 


| High Warning 
0.1 | Sue Beate t6 


1.5 are 
5 300 
20 1000 
0.2 10.0 
6.5 13.0 
5 1500 
0.3 7.5 
1.0 -28.0 
3.0 6.0 
Eerste eae BO chs 
BO A A 112,0 5 


From Whitehurst P, DiSilvio TV, Boyadjian G. Evaluation of discrepancies in patients’ results: An aspect of computer-assisted quality control. Clin Chem 


1975;21:87-92. 
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observed on individual observations on stable control mate- 
rials. For groups of 400 patients, the variability of the mean 
is half that for individual observations on the stable control 
material. 

Changes in the means of patient populations may be 
caused by multiple variables (see Chapters 16 and 17). 
Changes in the demographic and clinical characteristics of 
the patients, such as the ratio of males to females, the ratio 
of hospitalized patients to outpatients, or the presence of 
many specimens from a specialty clinic can alter the mean 
value. Similarly, changes in preanalytical conditions,’ such 
as tourniquet time and specimen storage, alter patient pop- 
ulation means and can therefore be monitored by use of 
patient means. These variables are not monitored by those 
control procedures employing stable materials; thus the 
“patient mean procedures” provide additional capabilities 
and should be used in conjunction with other control 
procedures. 


Statistical Methods for Monitoring Patient Means 


The “mean of normals” or “average of normals” (AON) 
approach calls for establishing limits, usually the limits for 
reference values, for “trimming” the patient data.’ Values 
outside these limits are eliminated from the calculations, 
thus reducing the response to outliers and subpopulations 
and also to real errors. An alternative approach has been to 
use the median as the control statistic, and this may be a 
more sensitive indicator of change than the mean. More 
complicated estimates have been recommended to account 
for hospitalized patients having slightly different test values 
from those of ambulatory patients. A weighted mean based 
on the percentage of patients in each category has greater 
sensitivity for error detection, particularly for measurements 
of the serum concentration of total protein, albumin, and 
calcium. 

Bull’s algorithm has been widely employed for online 
monitoring of automated hematological cell counters. Bull 
and colleagues” evaluated six statistics for monitoring ery- 
throcyte indices: the sample mean, two moving average 
means, the mean of a truncated sample, the John’s mean, and 
the median. They assessed the usefulness of these different 
statistics by mathematically introducing both abrupt bias 
changes and cyclical time changes. The moving average sta- 
tistics were found to have superior error detection. The batch 
size used in calculating the moving average regulates the 
smoothing of the data. Large batch sizes not only smooth out 
undesired individual patient effects, but also increase the 
number of specimens (and time) necessary to detect instru- 
ment malfunction. A weighted moving average based on a 
batch size of 20 specimens was recommended. Cembrowski 
has developed power function graphs to provide quantita- 
tive information of both single-rule and multirule variations 
of Bull’s algorithm.”!*” 

Control statistics based on patient data have been readily 
implemented in computerized laboratories.” However, 
several authors have shown that these control procedures are 


not as sensitive as procedures using stable reference mater- 
ial. All of these statistics are designed to detect systematic 
errors and have virtually no power for detecting random 
error. The relative sensitivity of these statistics for detection 
of systematic errors, as compared with stable reference con- 
trols, is dependent on three factors: variation of patient test 
values (and the test statistics derived from them), analytical 
variation, and the ratio of the number of specimens to the 
number of controls. Low patient variability, high analytical 
variability, and a high ratio of specimens to controls favor 
patient-based QC procedures. Patient test result variability 
depends not only on the analyte measured, but also on the 
population being tested. Populations consisting mainly of 
healthy individuals generally have lower test variability than 
the populations of medical specialty clinics. A quantitative 
study of these variables and their effects on the statistical 
power of procedures using patient means has been per- 
formed by Cembrowski and co-workers." Smith and Kroft? 
have further evaluated the performance and relationship of 
AON and Bull’s algorithms and have proposed an exponen- 
tially adjusted moving mean whose performance can be 
optimized for individual applications. 


Effect of Analytical Bias on Clinical Decisions 

Changes in analytical bias directly shift the distribution of 
the patient test values. If the elevated values on a test are 
associated with specific clinical actions, then the shifts in 
analytical bias can notably alter the number of patients 
having test values that exceed the action limit.“ For example, 
for a serum calcium assay with an action limit of 10.1 mg/dL, 
an upward bias of 0.2 mg/dL changes the number of patients 
subjected to further investigation from 6.5% to 15.0%. 
Similarly, analytical shifts in other critical analytes can 
cause notable clinical problems, such as false elevations 
of prostate-specific antigen values triggering prostate ultra- 
sound examinations and biopsies and false elevation of TSH 
triggering additional thyroid examinations. These small ana- 
lytical shifts can have major downstream effects on health- 
care costs, 


Combined Use of Liquid Controls and Moving Averages 
of Patient Values for Quality Control Monitoring 


Distributions of the measured test values have been used to 
supplement the traditional liquid controls for monitoring 
analytical bias. These patient specimen measurements gen- 
erally have much larger variances than liquid controls 
because they contain biological, pathophysiological, and pre- 
analytical sources of variation in addition to the analytical 
variation. However, if some of these sources of variation are 
controlled, averaging techniques often are used to generate 
tracking parameters, which have variations of the same order 
of magnitude as liquid controls. Demographic information 
about specific patients such as age, sex, and medical provider 
service area have been used to normalize the test values, 
resulting in smaller variances of the group means for the 
monitoring parameters. The larger the window size used for 
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Figure 19-19 Protocol for combining liquid controls and a patient value—derived control. 


averaging patient values the smaller the variance. The CV of 
the group mean decreases approximately proportional to the 
square root of the number of samples. Various statistical 
techniques have been used to average the patient values, such 
as the exponentially adjusted moving mean proposed by 
Smith and Kroft.” In general, there is a trade off between 
decreased variance versus increased time for error detection 
when larger numbers of patient values are used in these 
moving averages. For most chemistry tests, window sizes 
using 50 to 100 sample values often are necessary.” An 
advantage of test value distributions over liquid controls is 
the inclusion of preanalytical variation caused by specimen 
collection, transport, and storage. This allows patient 
value—derived parameters to detect changes in these vari- 
ables in addition to changes in the analytical testing. 

Figure 19-19 illustrates an algorithm for combining liquid 
controls with a patient value-derived parameter. The same 
multirule evaluation systems used for liquid controls have 
been used for tracking the patient value—derived QC statis- 
tic. Set points and threshold values are assigned to this 
derived parameter to optimize the power for error detection 
for systematic error. Note that the averaging algorithms used 
to generate these derived parameters average out random 
errors, so these derived parameters are not useful for detect- 
ing random errors. As illustrated in the figure, this combined 
control protocol is most accurate when both the liquid 
control and the patient-derived control move in the same 


direction (both high or both low). When the controls move 
discordantly, further investigation is necessary to define if 
the probiem is related to instability of the liquid controls, 
changes in the patient characteristics (such as many sick 
patients seen at one time), preanalytical test changes, or 
other causes. 


Clinical Correlation Studies 


Retrospective correlation studies relating laboratory test 
results to surgical findings or therapeutic changes in patients 
are effective mechanisms for long-term QC. Two separate 
patient populations are necessary to efficiently monitor both 
false-positive and false-negative laboratory test results. To 
monitor false-positive results, the records of patients with 
positive results should be randomly sampled and reviewed 
for confirmatory evidence of disease. For many laboratory 
tests, substantial medical follow-up is necessary to confirm 
or refute test results, and, unfortunately, medical records 
often do not contain this information. Again, stated diag- 
noses cannot be used to confirm laboratory test results, since 
the laboratory test results may have been the primary evi- 
dence for the diagnosis. To monitor false-negative results, 
the records of patients with objective clinical confirmation 
of the disease should be randomly sampled and reviewed. 
Examples of objective confirmation are surgical discovery 
of a tumor, improvement in physical signs and symptoms 
following pharmacological or surgical therapy, and autopsy 
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findings. It is difficult to obtain unbiased record selection, 
because test results often alter clinical decisions regarding 
surgery or therapy. There is less selection bias in autopsy 
data, but the disease process generally is more advanced in 
these patients. 


EXTERNAL QUALITY ASSESSMENT AND 
PROFICIENCY TESTING PROGRAMS 


All of the control procedures described earlier in the chapter 
have focused on monitoring a single laboratory. These pro- 
cedures constitute what is called internal quality control’ to 
distinguish them from procedures used to compare the per- 
formance of different laboratories, the latter being known 
as external quality assessment. The two are complementary 
activities, internal QC being necessary for the daily moni- 
toring of the precision and accuracy of the analytical 
method, and external quality assessment being important 
for maintaining the long-term accuracy of the analytical 
methods." 

In practice, internal QC procedures only detect changes 
in performance between the present operation and the 
“stable” operation that was characteristic during the baseline 
period when the analytical method was thought to be oper- 
ating properly. Although the procedures detect systematic 
and random errors, the only systematic errors detected are 
those changes from the original baseline. If the method actu- 
ally had some undetected systematic errors during the base- 
line period, those systematic errors would be included in the 
mean that was used to calculate the control limits for the 
procedure. Thus only systematic changes from this original 
mean will be detected by internal QC procedures. 

Initial method evaluation studies are essential to ensure 
that systematic errors are not present before the baseline 
period and the determination of the mean and the control 
limits. The accuracy of the method should be initially estab- 
lished by comparison with other analytical methods (and 
recovery and interference studies) and should continue to be 
monitored by comparison with other analytical methods. 
Ongoing comparison-of-methods studies are desirable to 
ensure that systematic errors do not slowly increase and 
go undetected by internal QC procedures. These ongoing 
comparison studies are provided by the external QA pro- 
grams, which in turn form the basis for proficiency testing 
programs. 


EXTERNAL QUALITY ASSESSMENT 


Several external QA programs are available to laboratories, 
some sponsored by professional societies and others by man- 
ufacturers of control materials, The basic operation of these 
programs involves having all the participating laboratories 
analyze the same lot of control material, usually daily as 
part of the internal QC activities. The results are tabulated 
monthly and sent to the sponsoring group for the data analy- 
sis. Summary reports are prepared by the program sponsor 
and are distributed to all participating laboratories. This 


reporting takes time for processing all the data from a large 
number of laboratories; thus the data analysis is not avail- 
able in real time and is useful only for monthly reviews and 
periodic problem-solving activities. However, with advances 
in telecommunications and the arrival of the World Wide 
Web, real-time external QC is a possibility. 

The reports often include extensive data analysis, statisti- 
cal summaries, and plots. The mean of all results or the mean 
of results from peer laboratories (those performing the test 
with similar methods) is taken as the target value and is used 
for comparison with the individual laboratory’s result. Dif- 
ferent programs do this in different ways. For example, the 
statistical significance of any difference between an individ- 
ual laboratory's observed result and the group mean can be 
tested by use of the t-test. When the difference is significant, 
the laboratory is alerted that its results are biased compared 
with the results of most of the other laboratories. Another 
approach is to divide the difference by the overall standard 
deviation of the group, and then to express the difference in 
terms of the number of standard deviations 


SDI = Laboratory Result — Group Mean 
T Group s 


where SDI is the abbreviation for standard deviation inter- 
val or index, and Group s is the standard deviation for the 
group or a selected subset of the group. Differences greater 
than 2 or 3 indicate that a laboratory is not in agreement 
with the rest of the laboratories in the program. These cal- 
culations reduce all the test results to the same values, which 
makes it possible to interpret the data without reference 
to the exact mean and s for each analytical method. For 
example, a value of +2.0 has the same meaning for any test, 
indicating that the value is 2s above its target mean. 

Additional information about the nature of the system- 
atic error is obtained when there are two different control 
materials analyzed by each laboratory. For example, the lab- 
oratory’s observed mean for material A is plotted on the y- 
axis versus its observed mean for material B on the x-axis; 
these graphs are called Youden plots.” Ideally the point for 
a laboratory should fall at the center of the plot. Points falling 
away from the center but on the 45° line suggest a propor- 
tional analytical error. Points falling away from the center 
but not on the 45° line suggest either an error that is con- 
stant for both materials or an error that occurs with just one 
material. 

The report may also include Levey-Jennings plots of the 
data, but because this information is not available in real 
time, it does not effectively serve the purposes of internal 
QC. Blank control charts that are set up for each analyte and 
each control material save the laboratory the time that is 
required when these charts are prepared manually. 

The operation of external QA programs is greatly 
improved by using a PC and appropriate software. Opera- 
tionally the external comparison is more quickly performed 
using the PC as a terminal for transmitting data via the 
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Internet to the central computer. The processing of the data 
to compare the results from the many different laboratories 
is then performed and the reports returned to the labora- 
tory. Since the individual control observations are entered 
into the PC, the control data are then immediately tested by 
internal control procedures to determine contro] status. 
Thus in practice, the PC integrates the internal and external 
procedures into a more efficient program for QA. 


PROFICIENCY TESTING AND LABORATORY 
ACCREDITATION : 


Proficiency testing (PT) programs are a type of external 
quality assessment in which simulated patient specimens 
made from a common pool are analyzed by the laboratories 
enrolled in the program. The results are returned to a central 
facility and evaluated to determine the “quality” of each lab- 
oratory’s performance. Government and licensing agencies 
are increasingly using PT as an objective method for accred- 
iting laboratories thereby giving them official authorization 
to operate.” 

An example of using PT for such a purpose is the U.S. 
government's mandate that clinical laboratories be accred- 
ited and licensed. Historically, this developed after a series of 
newspaper articles were published that focused on labora- 
tory quality problems and led to a determined effort by the 
U.S. government to protect patients’ interests and the public 
welfare.”* In 1988 the U.S. Congress subsequently revised the 
Clinical Laboratory Improvement Act of 1967 (CLIA ’67) 
and passed the Clinical Laboratory Improvement Amend- 
ment (CLIA ’88); it mandates PT as a major part of the lab- 
oratory accreditation process.’”*" The implementation rules 
for this legislation have been evolving, with the final legisla- 
tive rule being published on January 24, 2003.” Additional 
interpretative guidelines were published by the Centers for 
Medicare and Medicaid Services (CMS) in January 2004 in 
the form of the State Operations Manual. Appendix C of that 
document refers specifically to guidelines for laboratories 
and laboratory testing services.’ 

The initial CLIA ’88 regulations focused primarily on the 
analytical process. However, it was later stressed that the 
quality of the “total testing process” must be monitored in 
addition to the precision and accuracy of the analytical 
phase.” Thus as mentioned earlier in this chapter, 
current QA programs that monitor only the analytical phase 
of the total process have to be expanded to include both the 
preanalytical (see Chapter 17) and postanalytical phases 
(www.westgard.com/essay34), 

CLIA requires all U.S. laboratories to register with the 
government and to identify the tests they perform. Certain 
tests are “waived,” meaning that any laboratory can perform 
those tests as long as they follow the manufacturers’ direc- 
tions. There are no other requirements for quality manage- 
ment of those tests. Laboratories that perform “nonwaived” 
tests are subject to the complete CLIA regulations and must 
be inspected periodically by the government or by certain 
professional organizations that are deemed to have standards 


at least as stringent as the CLIA requirements. Two such 
organizations are the College of American Pathologists 
(CAP) and the Joint Commission on Accreditation of 
Healthcare Organizations (JCAHO). The CLIA implemen- 
tation rules and interpretative guidelines outline the criteria 
for acceptable performance in laboratory inspection and 
accreditation. 

The CLIA requirements cover several broad classes: (1) 
Subpart J. Facility Administration; (2) Subpart K. Quality 
Systems; (3) Subpart M. Personnel; and (4) Subpart Q. 
Inspection. The final rule dealt mainly with changes to the 
subpart on Quality Systems, with particular attention to pre- 
analytical, analytical, and postanalytical systems. It places 
increased emphasis on having quality systems to monitor 
preanalytical and postanalytical processes, yet the biggest 
impact of the final rule is on analytical quality assessment 
and analytical quality systems.’ 

In general the performance characteristics of PT pro- 
grams for detecting bias and imprecision are evaluated using 
methods similar to those listed for assessing internal QC.” 
A commonly used evaluation criterion has been the com- 
parison of PT test results with those of peer groups, consid- 
ering all values that exceed 2 SD to be “unacceptable.” This 
rule fails to detect many of the laboratories that have poor 
performance, especially those that have precision prob- 
lems.” The initial CLIA ’88 proposal called for the PT of two 
specimens four times per year, but the final rule expanded 
this to the study of five samples three times per year so as to 
improve the capability of detecting “unacceptable” perfor- 
mance. The criterion for PT failure is two of five incorrect 
results on two of three consecutive PT surveys. 

CLIA ’88 proposed criteria group laboratory tests into 
“specialty” and “subspecialty” categories and specify repre- 
sentative tests to be monitored in each category. ™” To be 
totally “successful” in a given category, a laboratory must 
produce correct results on four out of five specimens for each 
of the analytes in that category and have an overall score of 
at least 80% for three consecutive challenges. If there are 
more than two incorrect results for any analyte, the labora- 
tory is considered “on probation.” If a laboratory has two or 
more incorrect results for any analyte or has an overall score 
less than 80% on two of three consecutive surveys, it is clas- 
sified as “suspended” and must cease testing all analytes in 
that specialty category until it is reinstated. 

The CLIA regulations have established fixed limits (either 
percentages or absolute values from target) for evaluating PT 
performance. These test categories and limits are shown in 
Table 19-8. The target values for these analytes will be estab- 
lished by the agencies implementing the PT programs under 
the federal guideline’ that states: “Target value means either 
the mean of all responses after removal of outliers (those 
responses greater than 3 standard deviations from the orig- 
inal mean) or the mean established by definitive or reference 
methods acceptable for use in the National Reference Sys- 
tem (NRS) for the Clinical Laboratory by the NCCLS. 
In instances in which definitive or reference methods are not 
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available, a comparative method may be used. If the method 
group is less than 20 participants, ‘target value’ means the 
overall mean after outlier removal (as defined above) unless 
acceptable scientific reasons are available to indicate that 
such an evaluation is not appropriate.” 

Accepted reference methods do not exist for many of 
these “controlled analytes,” and even when they do exist, the 
values obtained for PT specimens with some analytical 
systems may not match those obtained with the reference 
method owing to differences in matrices and analyte form.” 
The CAP uses peer group mean values as the targets or 
groups of methods that agree with the definitive method. 
This target value is termed the definitive method correlated 
target value (DMCTY). Alternatively, the all-method mean 
(or median) is used as the target value, but this causes 
problems if one manufacturer dominates the market, 


especially if the method used is calibrated differently than 
the others. 

The CLIA ’88 regulations specify that the PT specimens 
should be treated in the same manner as patient specimens 
and require that the personnel performing the tests sign a 
statement attesting that they have complied with the regula- 
tions. In reality, PT specimens must be treated differently 
than those from patients, since many are lyophilized or 
sealed in containers, and reporting of their results requires 
different forms and is generally not computerized. A study 
in England showed that “special handling” of PT specimens 
substantially improved the accuracy of results.*' A survey of 
hospital-based laboratories in Pennsylvania showed that the 
majority of laboratories provided special handling for PT 
specimens (e.g., running tests in duplicate, reporting the 
average, and recalibrating methods just before analyzing PT 
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specimens).”” This “special handling” does not necessarily 
provide better test results. In a study of proficiency testing 
problems at a large reference laboratory, it was found that 
error rates were higher if PT specimens were given special 
handling than if they were submitted as blind patient spec- 
imens. Moreover, it was found that most problems were 
caused by systematic errors and that the average of replicates 
did not correct these problems.” 

A new requirement of the final CLIA regulations is that 
laboratories must perform method validation studies on all 
new tests introduced after April 24, 2003. Before this, labo- 
ratories that implemented new methods and analytical 
systems that had been cleared by the Food and Drug Admin- 
istration (FDA) could simply follow manufacturers’ direc- 
tions for operation and assume that the manufacturer’s 
performance claims were valid. With the issuance of the final 
tule, the performance of all new tests must be validated in 
each laboratory to document the reportable range, precision, 
accuracy, and reference intervals. For some methods, it may 
also be necessary to determine the detection limit and to test 
for possible interferences. 

Another major change in the final rule was the elimina- 
tion of an earlier provision that would have required the 
FDA to review a manufacturer’s QC instructions, That was 
a key provision for allowing laboratories to simply follow a 
manufacturer’s directions. However, with elimination of that 
provision, laboratories now have more responsibility for 
establishing effective QC systems that will monitor the com- 
plete analytical process, take into account the performance 
specifications of the method, detect immediate errors, and 
monitor long-term precision and accuracy. 

The most controversial change in the final rule is the 
introduction of “equivalent QC procedures.” CLIA sets a 
minimum level of QC that must be performed by all labo- 
ratories. Typically that requires two levels of controls to be 
analyzed every 24 hours, or for some tests, one level of 
control to be analyzed every 8 hours. The new guidelines for 
“equivalent QC” may allow laboratories to reduce daily QC 
to weekly or even monthly QC for analytical systems that 
have built-in procedural controls. The provision is obviously 
targeted for point-of-care testing (POCT) or near patient 
testing (NPT) where personnel lack the skills to perform QC 
and instead rely on instrument checks, most notably elec- 
tronic checks or electronic QC. In spite of the arguments 
about the inadequacy of electronic QC,'™ it has become 
widely accepted in POCT and NPT applications. Although 
there is at least one example of an analytical system with 
improved QC technology that requires little or no external 
QC,'” most analytical systems have yet to demonstrate the 
performance that would justify a reduction of daily QC to 
only weekly or monthly QC. 

In the United States, as a result of the personnel standards 
of CLIA and current staffing shortages, many laboratories 
have been left without the technical and analytical skills to 
manage quality effectively. Consequently, in the authors’ 
opinion, the use of statistical QC is declining in many 


laboratories (www.westgard.com/essay34). Thus QC has 
come to mean “quality compliance” rather than quality 
control, The consequences of a regulatory approach to 
quality have to be carefully assessed relative to other initia- 
tives. Regulation does not appear to be an adequate sub- 
stitute for professional responsibility for quality. 

To summarize this section, PT programs are far from 
ideal monitors of laboratory performance. In a study of PT 
survey problems at the Mayo Clinic, more than one half of 
the errors on surveys were directly related to deficiencies in 
the surveys (such as invalid specimens and inappropriate 
evaluation criteria), and only 28% could be linked to specific 
analytical problems.” A novel PT program piloted by the 
New York State Department of Health involves obtaining 
aliquots of patient specimens that are routinely processed by 
the laboratory at the time of its annual inspection.” These 
specimens are reanalyzed in the state’s laboratories using 
reference methods, and the results are compared with those 
obtained during inspection. This prevents problems such as 
the presence of unnatural specimens and the clerical errors 
of foreign forms. Other specimen stability problems and 
methodological interferences probably continue to exist. 


IDENTIFYING THE SOURCES OF 
ANALYTICAL ERRORS 


The control procedures discussed in the previous sections 
provide a way of alerting the analyst to problems that may 
cause the quality of analytical performance to fall short of 
the goals set for the laboratory. However, these control pro- 
cedures do not identify the sources of the analytical errors 
and solve the control problems. The following additional 
procedures are often necessary to identify these sources. 


PHYSICAL INSPECTION 


When alerted to a control problem, the first step should be 
to carefully inspect the analytical ‘method, equipment, 
reagents, and specimens. Does everything look, feel, smell, 
and sound correct? An inspection may seem to be a very 
qualitative and subjective technique, but it can be exceed- 
ingly useful when performed with checklists developed for 
specific analytical methods. This inspection should include 
a review of records documenting changes that occur with the 
instrument and reagents. Brief instrument function checks 
are often performed to verify proper system performance 
and to separate chemical and instrumental sources of errors. 
An experienced analyst can often spot the problem by 
making this kind of inspection, whereas inexperienced ana- 
lysts will be aided by formal checklists. 


RELATIONSHIP OF TYPE AND SOURCE OF ERROR 


The type of error itself provides a clue about the source of 
the error. For example, systematic errors are often related 
to calibration problems (impure calibration materials, 
improper preparation of calibrating solutions, erroneous set 
point and assigned values, unstable calibrating solutions, 
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contaminated solutions, inadequate calibration techniques, 
nonlinear or unstable calibration functions, unstable reagent 
blanks, and inadequate sample blanks). Random errors are 
more likely caused by lack of reproducibility in the pipetting 
of samples and reagents, to the dissolving of reagent tablets 
and the mixing of sample and reagents, and to the lack of 
stability of temperature baths, timing regulation, and pho- 
tometric and other sensors. Individual analytical methods 
may not be subject to all of these possible sources of error; 
rather, there may be only a few plausible sources for a par- 
ticular type of error. Experienced analysts often know what 
these common sources are for theit particular analytical 
methods and quickly identify the sources once the type of 
error is known, 

Some information about the type of error occurring is 
obtained by knowing which errors the control procedures 
respond. As discussed earlier in this chapter, different control 
rules have different sensitivities to detect random and sys- 
tematic errors, as illustrated by the multirule control proce- 
dure. However, in practice, it is often possible to make a good 
judgment as to the type of error occurring based on the 
control procedure that provides the alert. Control proce- 
dures that employ patient samples rather than stable control 
materials can help identify preanalytical sources of errors, 
such as sample handling and processing. External quality 
assessment procedures that employ frozen patient samples” 
may provide more extensive information about errors 
than what is available from internal procedures. The infor- 
mation from all of these procedures is complementary and, 
when used in combination, provides a more complete assess- 
ment of the types of errors occurring and their possible 
sources, 


METHOD EVALUATION EXPERIMENTS 


When the type of error cannot be easily identified and quan- 
tified from available control data, it may be necessary to use 
the experiments employed in method evaluation studies (see 
Chapter 14). A “comparison-of-methods experiment” may 
be used to estimate systematic errors when there is another 
routine method available for measuring the analyte of inter- 
est. Interpretation of the results must consider that the 
observed. differences between two methods could be caused 
by either method and cannot therefore be assigned to the 
“test” method unless the quality of the “comparison” method 
is well documented. Recovery, interference, and linearity 
experiments may be more specific in estimating systematic 
errors, including the constant or proportional nature of the 
systematic errors. 

To identify sources of random error, a “replication exper- 
iment” is designed to estimate the contributions from several 
different components. For example, when duplicates are 
analyzed within a run for several different runs, the data are 
used to determine the components of within-run and 
between-run variation. This process isolates the errors 
occurring in different time periods, which in turn may 
help identify the sources of the random error. Replication 


experiments of this kind, using analysis of variance statistical 
techniques, are tailored to particular analytical systems to 
identify the major factors that contribute to the random 
error of those analytical methods. The performance of 
control procedures also depends on the different com- 
ponents of variance, and it is particularly important that the 
between-run component be kept as small as possible.''® 


OPTIMIZATION TECHNIQUES 


More complicated experimental techniques, such as factor- 
ial experiments, “simplex” optimization, and “response 
surface” optimization, have been used to solve complex 
control problems. Youden’” described the use of a series of 
experiments in which several factors could be varied simul- 
taneously, thus reducing the total number of experiments 
necessary to determine how these factors affect the perfor- 
mance of the analytical method. These “factorial” experi- 
ments have been used for testing the “ruggedness” of an 
analytical method (i.e., its responsiveness to any disturbance 
in the chosen experimental conditions). A properly opti- 
mized method should be rugged—this means that small 
changes in the analytical conditions should not greatly affect 
analytical performance. Formal optimization strategies 
can be employed to decide on those analytical conditions. 
Simplex optimization techniques have also been applied to 
optimize clinical chemistry methods. These techniques 
provide systematic approaches for selecting the analytical 
conditions that minimize errors and reduce control 
problems, 


QUALITY INITIATIVES 


Several organizations have developed and implemented 
quality initiatives to ensure that clinical laboratories and 
manufacturers and providers of diagnostic products incor- 
porate the principles of quality management and assurance 
in their daily operations. Examples include (1) Joint 
Committee for Traceability in Clinical Laboratories 
(http://www. bipm.fr/en/committees/jc/jctlm/), (2) Interna- 
tional Organization for Standardization (http://www.iso.ch), 
and (3) National Institute of Standards and Technology 
(hitp://www.nist.gov). 


JOINT COMMITTEE FOR TRACEABILITY IN LABORATORY 
MEDICINE (JCTLM)” 
Many organizations have been involved in developing a 
traceable accuracy base for analytes of clinical interest (see 
Chapter 14).”” A driver for current efforts to develop such 
a base is the European Directive 98/79/EC on in vitro diag- 
nostic medical devices (www.ce-mark.com/ivd.pdf), which 
requires that: “The traceability of values assigned to calibra- 
tors and/or control materials must be assured through avail- 
able reference measurement procedures and/or available 
reference materials of a higher order.” 

In 2002 the JCTLM was created to meet the requirement 
for a worldwide platform to promote and give guidance on 
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internationally recognized and accepted equivalence of 
measurements in laboratory medicine and traceability to 
appropriate measurement standards (www.bipm.org/en/ 
commnittees/jc/jctlm/). The three principal participants in 
JCTLM are the International Bureau of Weights and Mea- 
sures (BIPM), the International Federation for Clinical 
Chemistry and Laboratory Medicine (IFCC), and the Inter- 
national Laboratory Accreditation Cooperation. Other key 
participants include producers of certified reference 
materials (e.g, National Institute for Standards and Tech- 
nology [NIST] and the Institute for Reference Materials 
and Measurements [IRMM}). In Vitro Diagnostic (IVD) 
manufacturers are represented by the Advanced Medical 
Technology Association (AdvaMed) and the European Diag- 
nostic Manufacturers Association (EDMA); external quality 
assessment and proficiency testing organizations; standards 
organizations (e.g., the NCCLS and International Organi- 
zation for Standardization (ISO)/Technical Committee 212); 
and regulatory bodies (e.g., FDA, European Union (EU) 
authorities, and the European Commission). 

The JCTLM has created two working groups: (1) JCTLM 
WG-I, Reference Materials and Reference Procedures and (2) 
JCTLM WG-IL Reference Laboratory Networks. They are 
responsible for providing practical support to the worldwide 
IVD industry in establishing metrological traceability for 
values assigned to calibrators and/or control materials as 
required by the forthcoming European Directive on in 
vitro diagnostics and by comparable regulations in other 
countries. 


INTERNATIONAL ORGANIZATION FOR 
STANDARDIZATION 


The International Organization for Standardization (ISO) 
is a worldwide federation of national standards bodies 
from some 100 countries (http://www.iso.ch), one from each 
country that is the national body “most representative of 
standardization in its country. For example, the United States 
is represented in the ISO by the American National Standards 
Institute (ANSI). (The national representative for each 
country can be identified by accessing the ISO homepage— 
http://www.iso.ch.) The mission of the ISO is to promote the 
development of standardization and related activities in the 
world with a view to facilitating the international exchange 
of goods and services and to developing cooperation in the 
spheres of intellectual, scientific, technological, and economic 
activity. The ISO’s work results in international agreements, 
which are published as international standards. The ISO 9000 
standards are examples of such standards, and they have been 
applied on a worldwide basis. The ISO has also organized 
several technical advisory groups that address quality issues 
of interest to clinical laboratorians. 


ISO 9000 


ISO 9000 is a set of four standards for ensuring quality man- 
agement and quality assurance in manufacturing and service 


industries. They were first published in 1987 and are used 
worldwide, with more than 80 countries adopting them as 
national standards. There have also been two large regional 
adoptions, the European Committee for Standardization 
and the Pan American Standards Commission. In brief, 
ISO 9000 certification is a tangible expression of an 
organization’s commitment to quality that is recognized 
internationally. 
The four ISO 9000 standards are: 


ISO 9001 - Quality systems—Model for quality assurance 
in design, development, production, installa- 
tion, and servicing 

ISO 9002 Quality systems—Model for quality assurances 
in production, installation, and servicing 

ISO 9003 Quality systems—Model for quality assurance 
in final inspection and test 

ISO 9004 Quality management and quality system ele- 


ments—Guidelines 

The ISO 9000 standards represent an international con- 
sensus on the essential features of a quality system to ensure 
the effective operation of any business, whether a manufac- 
turer or service provider or other type of organization, 
whether in the public or private sector. Many major diag- 
nostic companies have received ISO 9000 certification, and 
in 1996, the Excel Bestview Medical Laboratories of Missis- 
sauga, Ontario, Canada became the world’s first clinical 
laboratory to receive ISO 9002 certification.” (Note that an 
organization applies for certification under the section that 
most closely represents its structure.) Elements of ISO 9002 
certification  (http://www.revereelectric.com/eleISO.html) 
include: 

Management responsibility—Requires that a quality 
system be defined, documented, and communicated 
throughout the organization, and that responsibility 
for quality be clearly defined. Top management must 
review the quality system at least once a year to ensure 
its continuing suitability and effectiveness. 

Quality system—-Requires that a quality system meeting 
the requirements of the ISO 9002 standard be estab- 
lished, maintained, and documented as a means of 
ensuring that product conforms to requirements. 

Contract review—Requires review of incoming orders to 
ensure that requirements are clearly and completely 
defined, and to ensure the capability exists to meet the 
requirements. 

Document control—Requires establishing and main- 
taining procedures for controlling documentation 
through approval, issue, and modification. 

Purchasing—Requires purchased product to conform to 
specified requirements. This is accomplished through 
vendor assessments, clear and accurate purchasing 
data, and verification of purchased product where 
applicable. 

Customer-supplied material—Requires procedures 
for storage and maintenance of customer-supplied 
product. 
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Product identification and traceability—Requites pro- 
cedures for identifying and tracing product if required. 
by the customer. 

Process control—Requires procedures to ensure that 
production processes are carried out under controlled 
conditions. This includes the documentation, moni- 
toring, and control of suitable process characteristics; 
use of approved equipment; and workmanship 
standards. 

Inspection and testing—Requires procedures for inspec- 
tion and testing at receiving, in process, and before 
shipment, 

Inspection, measuring, and test equipment—Requires 
procedures for selection, control, calibration, and 
maintenance of measuring and test equipment. 

Inspection and test status—Requires evidence to indi- 
cate conformance or nonconformance to inspections 
and tests performed. 

Control of nonconforming product—-Requires proce- 
dures to ensure that product that does not conform 
to requirements is prevented from unintended use or 
installation. This includes identification, documenta- 
tion, evaluation, segregation, and disposition of non- 
conforming product. 

Corrective and preventive action—Requires procedures 
for the investigation of the cause of nonconformities, 
actions to eliminate them, and controls to prevent 
them from recurring. 

Handling, storage, packaging, preservation, and deliv- 
ery—Requires procedures for handling, storing, pack- 
aging, preserving, and delivering products to prevent 
damage or deterioration. 

Control of quality records—Requires procedures for 
identification, collection, indexing, access, filing, 
storage, maintenance, and disposition of quality 
records. 

Internal quality audits—Requires internal audits by 
personnel independent of the audited activity to 
verify whether quality activities comply with require- 
ments and to determine the effectiveness of the quality 
system, 

Training—Requires procedures for identifying training 
needs and providing training for all personnel to meet 
them. 

Servicing—Requires procedures for performing, verify- 
ing, and reporting that the servicing meets specified 
requirements. 

Statistical techniques—Requires procedures, when 
appropriate, for identifying the necessity for statistical 
techniques required for establishing, controlling, and 
verifying process capability. 

ISO certification is carried out by accredited organiza- 
tions known as registrars. Registrars review the organiza- 
tion’s quality manual and audit the process to ensure that 
the system documented in the manual is in place and effec- 
tive. When an organization receives ISO 9000 certification, 


benefits are recognized both internally and externally. Inter- 
nally, it becomes a tool with which to monitor the quality 
system and to document continuous improvements. In addi- 
tion, having a documented system ensures consistency, pro- 
ductivity, and effectiveness in all the daily functions of 
business. Externally, existing and potential customers have 
confidence knowing that the products or services that they 
purchase were processed under a controlled and docu- 
mented system. 


ISO Technical Advisory Groups for Laboratory Standards 
The ISO also has a number of other activities that relate to 
quality activities in the clinical laboratory. For example, in 
response to an NCCLS proposal, the ISO organized in 1995 
a Technical Advisory Group (TC 212-Clinical Laboratory 
Testing and In Vitro Diagnostic Testing Systems). The ISO 
has delegated responsibility for managing TC 212 to the 
United States (i.e, ANSI). ANSI in turn has delegated this 
responsibility to NCCLS. Creation of this technical commit- 
tee provides a focus for coordination of international stan- 
dardization in the field of laboratory medicine and in vitro 
diagnostic test systems. This includes, for example, quality 
management, preanalytical and postanalytical procedures, 
analytical performance, laboratory safety, reference systems, 
and quality assurance. Four working groups for TC 212 have 
been organized: (1) WG 1—Quality management in the 
clinical laboratory, (2) WG 2—Reference systems, (3) WG 
3—In vitro diagnostic products, and (4) Antimicrobial 
susceptibility testing. These working groups have produced 
a number of documents (Table 19-9). 

ISO 15189:2003 is an example of an ISO document; it 
was published by the ISO in 2003 and is based on ISO 9001 
:2000 and ISO 17025: 1999, the latter being a standard for 
testing and calibration laboratories. 

it identifies specific management requirements, such 
as laboratory organization and management, a quality 
management system, document control, review of contracts, 
evaluation by referral laboratories, external services and sup- 
plies, advisory services, resolution of complaints, identifica- 
tion and control of nonconformities, corrective action, 
preventive action, continual improvement, quality and 
technical records, internal audit, and management review. 
Technical requirements cover personnel, accommodation 
and environmental conditions, laboratory equipment, pre- 
examination procedures, examination procedures, assuring 
quality of examination procedures, postexamination proce- 
dures, and reporting of results. Annexes provide tables that 
correlate the requirements between ISO 9001:2000 and 
ISO/IEC 17025:1999, In addition, there are annexes with 
recommendations for protection of laboratory information 
systems, ethics in laboratory medicine, and POCT. 

Other ISO technical committees that relate to quality in 
healthcare include (1) TC 48—Laboratory Glassware and 
Related Apparatus; (2) TC 76—Transfusion, Infusion, and 
Injection Equipment for Medical Use; (3) TC 176—Quality 
Management and Quality Assurance; and (4) TC 210— 
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TABLE 19-9 {S©. Standards Relevant to Clinical Laboratories 


Title 


"Medical laboratories- 
Medical laboratori 


Sparticular requirements for quality and competence 
-requirements for safety 


n vitro diagnostic. medical devices—measurement of quantities in. n samples of biological origin— 
:>-presentation of reference measurement procedures.: 
- In vitro. diagnostic medical devices-—measurement of quantities in samples of biological origin— ' 


E E eae description « of reference materials 
ISQ:15195:2003 
ISO 15197:2003 
Se anaging diabetes mellitus 


ISỌ 17511:2003 


Laboratory medicine- requirements for reference measurement laboratories 
In vitro diagnostic test systems—Requirements for blood glucose monitoring systems for self-testing 


tro diagnostic medical deviċes--measurement of quantities in biological samples metrological 
traceability of values assigned to calibrators and control materials ee 


; In vitro diagno: He medical devices—measurement of quantities in aioli samples—metrological 


- Draf Documents ; 


3 re recommendations | 
ISO/CD.22869. Technical Report: Medical 
-ISO/CD 22870. 


Quality Management and Corresponding General Aspects 
for Medical Devices. The NCCLS also administers the U.S. 
Technical Advisory Group for ISO/TC 76 on Transfusion, 
Infusion, and Injection Equipment for Medical Use. ISO/TC 
76 is particularly concerned with development of standards 
for glass containers for blood transfusions, plastic contain- 
ers for blood collection and transfusion, and blood specimen 
containers for hematology and biochemistry. 


Preparing for ISO Accreditation 


In 2002 Burnett compared ISO standards and synthesized an 
“ideal standard” that becomes a practical guide for labora- 
tories preparing for ISO accreditation." In his comparison, 
he supplements the original ISO standards and illustrates 
their application using a fictitious pathology laboratory and 
hospital (St. Elsewhere’s Hospital Trust). In that context, 
there are many examples of specific forms and policies that 
would be appropriate for a laboratory. He also provides addi- 
tional technical information about the quality required for 
the “intended use” of laboratory tests, which is important if 
the goal of uniform quality is to be achieved for a patient 
who moves from place to place and country to country. 


MALCOLM BALDRIDGE NATIONAL QUALITY AWARD 

The Malcolm Baldridge National Quality Award was estab- 
lished by Congress in 1987 to enhance U.S. competitive- 
ness by promoting quality awareness, recognizing quality 
achievements of U.S. companies, and publicizing successful 


Amendment to 15189: Annex D-—point-o ¢ 


Qn aboratory implementation of ISO 15189 _ 
te: ting: (POCT) 


performance strategies. In conjunction with private indus- 
try, the Commerce Department’s National Institute of Stan- 
dards and Technology (http://www.nist.gov) manages the 
award program, The award is not given for specific products 
or services. Currently, two awards may be given annually in 
each of three categories: manufacturing, service, and small 
business. 

Seven areas are evaluated when a company applies for the 
award: (1) leadership, (2) information and analysis, (3) 
strategic planning, (4) human resource development and 
management, (5) process management, (6) business results, 
and (7) customer focus and satisfaction. Applicants must 
address a set of examination items within each of these cat- 
egories. Heavy emphasis is placed on business excellence and 
quality achievement as demonstrated through quantitative 
data furnished by applicants. A useful consequence of the 
award has been the development of worksheets that an orga- 
nization uses to measure and score its performance against 
the seven Baldridge criteria’ By assessing its quality 
program against these criteria, an organization verifies the 
status of its program and identify areas where improvements 
have to be made. 


REFERENCES 


1. Appendix C of State Operations Manual. Regulations 
and Interpretive Guidelines for Laboratories and 
Laboratory Services. (http://www.cms.gov.clia/ 
appendx.asp). 


524 


10, 


11. 


12. 


13. 


14, 


15, 


16. 


Section Ill Principles of Laboratory Medicine 


. Auxter S. How Excel Bestview became the world’s 


first ISO-registered lab. Clin Lab News 1997;23:1-7. 


. Berry TH. Managing the total quality transformation. 


St. Louis: McGraw-Hill Book Ca, 1991, 


. Berwick DM, Godfrey AB, Roessner J. Curing health 


care: New strategies for quality improvement. San 
Francisco: Jossey-Bass Publishers, 1990. 


. Blumenthal D. The Errors of Our Ways. Clin Chem 


1997;43:1305. (http://www.clinchem.org/cgi/ content/ 
full/43/8/1305).: 


. Bonini P, Plebani M, Ceriotti F, Rubboli F Errors in 


Laboratory Medicine. Clin Chem 2002;48:691-8. 
(http://www.clinchem.org/cgi/content/full/48/5/691). 


. Bogdanich W. False Negative: Medical Labs, Trusted 


and Largely Error-free Are Far from Infallible— 
Haste, Misuse of Equipment, Specimen Mix-ups 
Afflict Even Best Labs at Times—Regulation: Weak 
and Spotty. The Wall Street Journal, February 2, 
1987. 


. Bogdanich W. Risk Factor: Inaccuracy in Testing 


Cholesterol Hampers War on Heart Disease—Some 
Diagnoses Are Skewed by Glitches Such as Use of Il- 
calibrated Lab Gear—Missing the Mark by 100 
Percent, The Wall Street Journal, February 3, 1987. 


. Brooks ZC, Plaut D. Quality control—From “Data” to 


“Decisions”: Basic concepts. Washington DC: AACC 
Press, 2002. 

Bull BS, Elashoff RM, Heilbron DC, et al. A study of 
various estimators for the derivation of quality 
control procedures from patient erythrocyte indices. 
Am J Clin Pathol 1974;61:473-81. 

Burnett D. A practical guide to accreditation in 
laboratory medicine. London: Association of Clinical 
Biochemists, 2002. 

Buttner J, Borth R, Boutwell JH, et al. International 
Federation of Clinical Chemistry provisional recom- 
mendation on quality control in clinical chemistry: I. 
General principles and terminology. Clin Chem 
1976;22:532-9, 

Buttner J, Borth R, Boutwell JH, et al. International 
Federation of Clinical Chemistry provisional recom- 
mendation on quality control in clinical chemistry: 
IL Assessment of analytical methods for routine use. 
Clin Chem 1976;22:1922-32. 

Buttner J, Borth R, Boutwell JH, et al. International 
Federation of Clinical Chemistry provisional 
recommendation on quality control in clinical 
chemistry: IE. Calibration and control materials. Clin 
Chem 1977;23:1784-9. 

Buttner J, Borth R, Boutwell JH, et al. International 
Federation of Clinical Chemistry approved 
recommendation (1983) on quality control in clinical 
chemistry: V. External quality control. J Clin Chem 
Clin Biochem 1983;21:885-92. 

Buttner J, Borth R, Boutwell JH, et al. fection 
Federation of Clinical Chemistry provisional recom- 


17, 


18. 


19, 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32 


33, 


34. 


mendation on quality control in clinical chemistry: 
VI. Quality requirements from the point of view of 
health care. Clin Chim Acta 1977;74:F1-9. 

Buttner J, Borth R, Broughton PMG, et al. Interna- 
tional Federation of Clinical Chemistry approved 
recommendation (1983) on quality control in clinical 
chemistry: IV. Internal quality control. J Clin Chem 
Clin Biochem 1983;21:877-84. 

CAP Standards for Accreditation of Medical 
Laboratories. Skokie, IL: College of American 
Pathologists (www.cap.org). 

Cembrowski GS, Chandler EP, Westgard JO. 
Assessment of “average of normals” quality control 
procedures and guidelines for implementation. Am 

J Clin Pathol 1984;81:492-9. 

Cembrowski GS, Vanderlinde RE. Survey of special 
practices associated with College of American 
Pathologists proficiency testing in the Common- 
wealth of Pennsylvania. Arch Pathol Lab Med 
19883112:374-6. 

Cembrowski GS, Westgard JO. Quality control of 
multichannel hematology analyzers. Am J Clin Pathol 
19853;83:337-45. 

Cembrowski GS, Westgard JO, lyama—Kurtycz DE. 
Use of anion gap for the quality control of electrolyte 
analyzers. Am J Clin Pathol 1983;79:688-96. 
Cembrowski GS, Carey RN. Laboratory quality man- 
agement: QC and QA, Chicago: ASCP Press, 1989. 
Davies HT. Exploring the pathology of quality fail- 
ings: measuring quality is not the problem—changing 
it is. J Eval Clin Pract. 2001 May;7(2):243-51. 
Deming WE. Out of the crisis. Cambridge, MA 
Massachusetts Institute of Technology Center for 
Advanced Study, 1987, 

DeWoskin RS. Information resources on quality 
available on the internet. Qual Assur 2003;10:29-65. 
Ehrmeyer SS, Laessig RH. Ability of the 1,, rule to 
detect substandard performance in interlaboratory 
proficiency testing. Clin Chem 1987;33:788-91. 
Eilers RJ. Quality assurance in health care: Missions, 
goals, activities. Clin Chem 1975;21:1357-67. 

Elin RJ. Elements of cost management for quality 
assurance. Pathologist 1980;34:182-3. 

Establishing calibration traceability for quantitative 
assays—CD. Washington DC: AACC Press, 2002. 
Fischer DC, Simmons BP. The Baldridge workbook for 
healthcare. New York: Quality Resources Press, 1996. 


. Gambino R, Mallon P, Woodrow G. Managing for 


total quality in a large laboratory: Some examples. 
Arch Pathol Lab Med 1991;114:1145-8. 

Garg AK, Nanji AA. The anion gap and other critical 
calculations. Diagn Med 1982;5:32-43. 

Geller RJ, Spyker DA, Herold DA, Bruns DE. Serum 
osmolal gap and ethanol concentration: a simple 
and accurate formula. J Toxicol Clin Toxicol 
1986;24:77-84. 


35, 


36. 


37. 


38. 


39. 


40. 


Al. 


42. 


43, 


44. 


45. 


46. 


47. 


48. 


49, 


50. 


Chapter 19 Quality Management 525 


Groth T, Falk H, Westgard JO. An interactive com- 
puter simulation program for the design of statistical 
control procedures in clinical chemistry. Comput 
Programs Biomed 1981;13:73-86. 

Harry M, Schroeder R. Six sigma: The breakthrough 
management strategy revolutionizing the world’s top 
corporations, New York: Currency, 2000. 

Harteloh PP. Quality systems in health care: A 
sociotechnical approach. Health Policy. 2003364: 
391-8. _ | 
Hay ID, Klee GG. Linking medical needs and perfor- 
mance goals: Clinical and laboratory perspectives on 
thyroid disease. Clin Chem 1993;39:1519-24. 

Honsa JD, McIntyre DA. ISO 17025: practical benefits 
of implementing a quality system. J AOAC Int. 
2003;86:1038-44. 

Ismail AAA, Walker PL, Barth JH, Lewandowski KC, 
Jones R, Burr WA. Wrong biochemistry results: two 
case reports and observational study in 5310 patients 
on potentially misleading thyroid-stimulating 
hormone and gonadotropin immunoassay results. 
Clin Chem 2002;48:2023-9. 

Juppner H, Mohr H, Hesch RD. Adsorption of 
parathyrin: Pitfall for solid phase assays using radio- 
labelled antibodies? J Clin Chem Clin Biochem 
1980;18:585-90. 

Juran JM, Endres A. Quality improvement for ser- 
vices. Wilton, CT: Juran Institute Inc, 1986. 
Kazmierczak SC. Laboratory quality control: using 
patient data to assess analytical performance. Clin 
Chem Lab Med 2003;41:617-27. 

Kelly JT. Role of clinical practice guidelines and clini- 
cal profiling in facilitating optimal laboratory use. 
Clin Chem 1995;41:1234-6. 

Klee GG. Use of patient test values to enhance the 
quality control of PSA assays. Clin Chem 
2003;49:A94., 

Klee GG. Tolerance limits for short-term analytical 
bias and analytical imprecision derived from clinical 
assay specificity. Clin Chem 1993;39:1514-8. 

Klee GG, Forsman RW. A user’s classification of 
problems identified by Proficiency Testing Surveys. 
Arch Pathol Lab Med 1988;112:371-3. 

Koch DD, Oryall JJ, Feldbruegge DH, Dowd DE, 
Barry PL, Westgard JO. Selection of medically 

useful QC procedures for individual tests on a 
multi-test analytical system. Clin Chem 1990;36: 
230-3. 

Kohn KT, Corrigan JM, Donaldson MS. To err is 
human: building a safer health system Washington 
DC: National Academy Press, 1993:223pp. 

Kubasik NP, Ricotta M, Hunter T, et al. Effect of 
duration and temperature of storage on serum 
analyte stability: Examination of 14 selected 
radioimmunoassay procedures. Clin Chem 
1982;28:164-5. 


51. 


52, 


53. 


54. 


35, 


56. 


Sf. 


58. 


59. 


60. 


61. 


62. 


63. 


64, 


Ladenson JH. Patients as their own controls: Use of 
the computer to identify “laboratory error.” Clin 
Chem 1975;21:1648-53, 

Laessig RH, Ehrmeyer SS. Use of computer modeling 
to predict the magnitude of intralaboratory error tol- 
erated by proposed CDC interlaboratory proficiency 
testing performance criteria. Clin Chem 
1988;34:1849-53. 

Leape LL. Striving for Perfection. Clin Chem 
2002;48:1871-2. (http://www.clinchem.org/ 
cgi/content/full/48/11/1871). 

Leape LL, Berwick DM, Bates DW. What practices 
will most improve safety? Evidence-based medicine 
meets patient safety. JAMA 2002;288:501-7. 

Leape LL, Robert E. Gross Lecture. Making health 
care safe: are we up to it? J Pediatr Surg. 2004;39: 
258-66. 

Levey S, Jennings ER. The use of control charts in 
the clinical laboratories. Am J Clin Pathol 
1950;20:1059-66. 

Lunetsky ES, Cembrowski GS. Performance charac- 
teristics of Bull’s multirule algorithm for the quality 
control of multichannel hematology analyzers. Am J 
Clin Pathol 1987;33:634-8. 

Marks V. False-positive immunoassay results: a multi- 
center survey of erroneous immunoassay results from 
assays of 74 analytes in 10 donors from 66 laborato- 
ries in seven countries. Clin Chem 2002;48:2008-16. 
Miller WG. Specimen materials, target values and 
commutability for external quality assessment 
(proficiency testing) schemes. Clin Chim Acta. 
2003;327:25-37. 

Mugan K, Carlson IH, Westgard JO, Planning QC 
procedures for immunoassays. J Clin Immunoassay 
1994517:216-22. 

Nardella A, Farrell M, Pechet L, Synder L. Continuous 
improvement, quality control, and cost containment 
in clinical laboratory testing. Arch Pathol Lab Med 
1994;118:965-8. 

National Committee for Clinical Laboratory Stan- 
dards: Nomenclature and definitions for use in the 
NRSCL and other NCCLS documents—Third 
Edition; Proposed Standard, NCCLS Document 
NRSCL 08-A, Wayne, PA: National Committee for 
Clinical Laboratory Standards, 1998. 

National Committee for Clinical Laboratory Stan- 
dards: Procedures for the handling and transport of 
diagnostic specimens and etiologic agents—Third 
Edition; Approved Standard. NCCLS Document H5- 
A3, Wayne, PA: National Committee for Clinical 
Laboratory Standards, 1994. 

National Committee for Clinical Laboratory 
Standards: Clinical laboratory technical procedure 
manuals—Fourth Edition; Approved Guideline, 
NCCLS Document GP02A-A4, Wayne, PA, National 
Committee for Clinical Laboratory Standards, 2000. 


526 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74, 


75. 


76. 


77. 


78. 


79. 


Section Ill Principles of Laboratory Medicine 


National Committee for Clinical Laboratory Stan- 
dards: A Quality System Model for Health Care; 
Approved Guideline. HSO1-A, Vol 22, Number 13. 
Wayne, PA: National Committee for Clinical 
Laboratory Standards, 2002. 

National Committee for Clinical Laboratory Stan- 
dards: How to Define and Determine Reference Inter- 
vals in the Clinical Laboratory; Approved Guideline, 
2™ ed. C28-A2, Vol 20, Number 13. Wayne, PA: 
National Committee for Clinical Laboratory Stan- 
dards, 2000. . | 

Nevalainen DE. The quality systems approach. Arch 
Pathol Lab Med 1999;123:566-8. 

Nevalainen D, Berte L, Kraft C, Leigh E, Morgan T. 
Evaluating laboratory performance on quality indica- 
tors with the six sigma scale. Arch Pathol Lab Med 
2000;124:516-9, 

Parvin CA, Comparing the power of quality-control 
rules to detect persistent systematic errors. Clin 
Chem 1992;38:358-63. 

Peddecord KM, Hammond HC. Clinical laboratory 
regulation under the Clinical Laboratory Improve- 
ment Amendments of 1988: Can it be done? Clin 
Chem 1990;36:2027-35. 

Petersen PH, Stockl D, Westgard JO, Sandberg S, 
Linnet K, Thienpont L. Models for combining 
random and systematic errors. assumptions and con- 
sequences for different models. Clin Chem Lab Med. 
2001;39:589-95. 

Plebani M, Carraro P. Mistakes in a stat laboratory: 
types and frequency. Clin Chem 1997;43:1348-51, 
(http://www.clinchem.org/cgi/content/full/43/8/1348). 
Public Law 100-578. Clinical Laboratory Improve- 
ment Amendments of 1988. Stat 42 USC 201. HR 
5471, October 31, 1988. 

Queralto JM. The EC4 quality manual model. Clin 
Chim Acta, 2001;309:127-36. 

Rej R, Norton C, External assessment of laboratory 
cholesterol measurements using patient specimens. 
Clin Chem 1989;35:1069. 

Revere L, Black K. Integrating Six Sigma with total 
quality management: a case example for measuring 
medication errors. J Healthc Manag. 2003;48: 
377-91. 

Rollo JL, Fauser BA. Computers in Total Quality 
Management: Statistical process control to 

expedite stats. Arch Pathol Lab Med 19935117: 
900-5. 

Ross JW, Boone DJ, Assessing the effect of mistakes 
in the total testing process on the quality of patient 
care [Abstract 102]. In Martin L, Wagner W, Essien 
JDK, eds. 1989 Institute of critical issues in health 
laboratory practice Minneapolis, MN: DuPont Press, 
1991. 

Ross JW, Miller WG, Myers GL, Praestgaard J. The 
accuracy of laboratory measurements in clinical 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89, 


90. 


91. 


92. 


93. 


94, 


chemistry: a study of 11 routine chemistry analytes in 
the College of American Pathologists Chemistry 
Survey with fresh frozen serum, definitive methods, 
and reference methods, Arch Pathol Lab Med 
1998;122:587-608. 

Rossing RG, Foster DM. The stability of clinical 
chemistry specimens during refrigerated 

storage for 24 hours. Am J Clin Pathol 1980;73: 
91-5. 

Rowan RM, Laker ME, Albert GMM. The implica- 
tions of assaying external quality control sera under 
“special conditions.” Ann Clin Biochem 1984521: 
64-8, 

Samore MH, Evans RS, Lassen A, Gould P, Lloyd J, et 
al. Surveillance of medical device-related hazards and 
adverse events in hospitalized patients. JAMA. 
2004;291:325-34, (http://www.ncbi.nim.nih.gov/ 
entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt= 
Abstract&list_uids=14734595). 

Sarewitz SJ. Evaluating laboratory performance with 
the six sigma scale. Arch Pathol Lab Med. 2000; 
124:1748. 

Savage RA. Proficiency testing and laboratory quality. 
Lessons from the Ontario Program. Arch Pathol Lab 
Med 1989;113:983-4. 

Scholtes PR. The Team Handbook. Joiner Associates 
Inc, 3800 Regent St, Madison, WI, 1988. 

Shewhart WA. Economic control of quality of the 
manufactured product. New York: Van Nostrand, 
1931, 

Siloaho M, Hukkanen K, Kinnunen J. Key elements 
of the implementation of a quality system in three 
Finnish clinical laboratories. Clin Chem Lab Med 
2001;39:988-96, 

Slockbower JM, Blumenfeld TA. Collection and 
handling of laboratory specimens. Philadelphia: JB 
Lippincott Co, 1983. 

Smith FA, Kroft SH. Exponentially adjusted moving 
mean procedure for quality control, An optimized 
patient sample control procedure. Am J Clin Pathol 
1996;105:44-51. 

Smith FA, Kroft SH. Optimal procedures for detect- 
ing analytic bias using patient samples. Am J Clin 
Pathol 1997;108:254-68. 

Stewart CE, Koepke JA, Thurrell T. Basic quality 
assurance practices for clinical laboratories. 
Philadelphia: JB Lippincott Co, 1987. 

Taswell HE, Smith AM, Sweatt MA, et al. Quality 
control in the blood bank: A new approach. Am J 
Clin Pathol 1974;62:491-5, 

Tetrault GA, Steindel SJ. Qprobe 94-08. Daily quality 
control exception practices. Chicago IL: College of 
American Pathologists, 1994. 

Tetrault G. Evaluating laboratory performance 

with the six sigma scale. Arch Pathol Lab Med 
2000;124:1748-9, 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


Chapter 19 Quality Management 


Thienpont LM, Van Uytfanghe K, De Leenheer AP. 
Reference measurement systems in clinical chemistry. 
Clin Chim Acta 2002;323:73-87, 

Thiers RE, Wu GT, Reed AH, et al. Sample stability: A 
suggested definition and method of determination. 
Clin Chem 1976;22:176-183. 

Tietz NW. A model for a comprehensive measure- 
ment system in clinical chemistry. Clin Chem 
19795;25:833-9, . 
Uriano GA, Cali JP. Role of reference materials and 
reference methods in the measurement process. In: 
Validation of the measurement process. DeVoe JR, Ed 
ACS Symposium Series. Washington DC: American 
Chemical Society, 1977:140. 

US Centers for Medicare & Medicaid Services (CMS). 
Medicare, Medicaid, and CLIA Programs: Laboratory 
Requirements Relating to Quality Systems and 
Certain Personnel Qualifications. Final Rule. Fed 
Regist Jan 24 2003;16:3640-714. 

US Department of Health and Human Services: 
Clinical Laboratory Improvement Amendments of 
1988; Final Rules and Notice. 42 CFR Part 493, The 
Federal Register, 57:7188-288, 1992. 

Warwood S, Antony J. A simple, semi-prescriptive 
self-assessment model for TQM. Qual Assur 
2003;10:67-81. 

Westgard JO. Assuring analytical quality through 
process planning and quality control. Arch Pathol 
Lab Med 1992;116:765-9. 

Westgard JO. Six sigma quality design and control: 
Desirable precision and requisite QC for laboratory 
testing processes. Madison WI: Westgard QC, Inc, 
2001. 

Westgard JO. Electronic quality control, the total 
testing process, and the total quality control system. 
Clin Chim Acta 2001;307:45-8. 

Westgard JO. Charts of operational process specifica- 
tions (“OPSpecs charts”) for assessing the precision, 
accuracy, and quality control needed to satisfy 
proficiency testing performance criteria. Clin Chem 
1992;38:1226-33. 

Westgard JO. OPSpecs manual-Expanded edition: 
Operating specifications for imprecision, inaccuracy, 
and quality control. Ogunquit ME: Westgard QC, 
1996. 

Westgard JO. Basic planning for quality. Washington 
DC: AACC Press, 2000. 

Westgard JO. Internal quality control: planning and 
implementation strategies. Ann Clin Biochem 
2003;40:593-611. 

Westgard JO. Basic method validation, 2nd ed. 
Washington DC: AACC Press, 2003. 

Westgard JO, Barry PL. Cost-Effective quality 
control: Managing the quality and productivity of 
analytical processes. Washington DC: AACC Press, 
1986. 


ill. 


112. 


113. 


114. 


115. 


116. 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


124, 


125. 


126. 


527 


Westgard JO, Barry PL. Total quality control: Evolu- 
tion of quality management systems. Lab Med 
1989;20:377-84. 

Westgard JO, Barry PL, Tomar RH. Implementing 
total quality management in health care laboratories. 
Clin Lab Manage Rev 1991;5:353-70. 

Westgard JO, Barry PL, Hunt MR, Groth T. A multi- 
rule Shewhart chart for quality control in clinical 
chemistry. Clin Chem 1981;27:493-501. 

Westgard JO, Burnett RW, Bowers GN. Quality man- 
agement science in clinical chemistry: A dynamic 
framework for continuous improvement of quality. 
Clin Chem 1990;36:1712-6. 

Westgard JO, Ehrmeyer SS, Darcy TP. CLIA final rules 
for quality systems: Quality assessment issues and 
answers. Madison WI: Westgard QC, Inc., 2004. 
Westgard JO, Falk H, Groth T. Influence of a 
between-run component of variation, choice of 
control limits, and shape of error distribution on the 
performance characteristics of rules for internal 
quality control. Clin Chem 1979;25:394-400. 
Westgard JO, Fallon KD, Mansouri S. Validation of 
iQM active process control technology. Point of Care 
2003;2:1-7. 

Westgard JO, Groth T. Design and evaluation of sta- 
tistical control procedures: Applications of a com- 
puter “QC Simulator” program. Clin Chem 
1981;27:1536-45. 

Westgard JO, Groth T. Power functions for statistical 
control rules. Clin Chem 1979;25:863-9. 

Westgard JO, Groth T, Aronsson T, et al. Combined 
Shewhart-cusum control chart for improved quality 
control in clinical chemistry. Clin Chem 
1977;23:1881-7. 

Westgard JO, Groth T, Aronsson T, et al. Performance 
characteristics of rules for internal quality control: 
Probabilities for false rejection and error detection. 
Clin Chem 1977;23:1857-67. 

Westgard JO, Hyltoft-Petersen P, Wiebe DA. Labora- 
tory process specifications for assuring quality in the 
US National Cholesterol Education Program (NCEP). 
Clin Chem 1991;37:656-61. 

Westgard JO, Klee GG. Quality Management. In: 
Burtis CA, Ashwood ER, eds. Tietz textbook of clini- 
cal chemistry, 3rd ed. Philadelphia: WB Saunders, 
1999:404. 

Westgard JO, Oryall JJ, Koch DD, Predicting effects of 
QC practices on the cost-effective operation of a 
multitest analytical system. Clin Chem 1990;36: 
1760-4. 

Westgard JO, Smith FA, Mountain PJ, Boss S. Design 
and assessment of average of normals (AON) patient 
data algorithms to maximize run lengths for auto- 
matic process control. Clin Chem 1996;42:1683-8. 
Westgard JO, Wiebe DA. Cholesterol operational 
process specifications for assuring the quality 


528 Section lil Principles of Laboratory Medicine 


required by CLIA proficiency testing. Clin Chem 
1991;37:1938-44, 

127. Westgard JO. Basic QC practices, 2"? ed, Madison WI: 
Westgard QC Inc, 2002. 

128, Wilding P, Zilva JF, Wilde CE. Transport of specimens 
for clinical chemistry analysis, Ann Clin Biochem 
1977314:301-6. 

129. Winkleman JW, Mennemeyer ST. Using patient out- 
comes to screen for clinical laboratory errors. Cli 
Lab Manag Rev 1996;10:134-42. 

130. Witte DL, VanNess SA, Angstadt DS, Pennell BJ. Errors, 
mistakes, blunders, outliers, or unacceptable results: 
how many? Clin Chem 1997;43:1352-6, (http:// 
www.clinchem.org/cei/content/full/43/8/1352). 

131. Wong ET. Improving laboratory testing: Can we get 
physicians to focus on outcome? Clin Chem 
1995;41:1241-7, 

132. Wu AH, McKay C, Broussard LA, Hoffman RS, 
Kwong TC, et al. National academy of clinical bio- 
chemistry laboratory medicine practice guidelines: 
recommendations for the use of laboratory tests to 
support poisoned patients who present to the emer- 
gency department. Clin Chem 2003;49:357-79. 

133. Youden WJ. Statistical techniques for collaborative 
tests. Washington DC: Association of Official 
Analytical Chemists, 1969. 

134, Young DS. Effects of preanalytical variables on 
clinical laboratory tests, 2nd edition. Washington 
DC: AACC Press, 1997. 


ADDITIONAL READING 

CLIA 

Westgard JO, Ehrmeyer SS, Darcy TP. CLIA Final Rules for 
Quality Systems: Quality assessment issues and answers. 
Madison WI: Westgard QC, Inc., 2004. 

Yost, J. Complying with the New CLIA QC Standards 2003. 
Washington DC: AACC Press, 2003. 


ISO 9000 


Kimothi SK. The uncertainty of measurements, Milwaukee: 
ASQ Quality Press, 2002. 

Paradis GW. Demystifying ISO 9000. Longman AW, ed., 
Harlow: UK, 1996. 

Peach RW. The ISO 9000 handbook, 3rd ed, New York: 
Irwin Professional Publishing, 1996. 

Seidenfeld A, Christine Glidden C, Henrickson D. Applying 
ISO 9000 standards to clinical labs: The quest for 
excellence. CLN 1997; 27:1-10. 


Quality Assurance 


Brooks ZC. Performance-driven quality control. 
Washington DC: AACC Press, 2001:1-204. 

Brooks ZC, Plaut D. Quality control—-From “Data” to 
“Decisions”: Basic concepts. Washington DC: AACC 
Press, 2002. 


Epstein AM. The role of quality measurement in a compet- 
itive marketplace. In: Altman S, Reinhardt U, eds. 
Strategic choices for a changing care system. Chicago: 
Health Administration Press, 1996:207-34. 

Epstein A. Performance reports on quality: Prototypes, 
problems, and prospects. NEJM 1995;333:57-61. 

Montanez JA. Medical device quality assurance manual. 
Buffalo Grove IL: Interpharm Press, Inc, 1996. 

Westgard JO. QC Validator program Version 2.0 with 
automatic QC selection. Madison WI: Westgard™ QC, 
Inc. (http://www.westgard.com), 1996. 

Westgard JO. OPSpecs manual: Operating specifications 
for precision, accuracy, and quality control. Madison 
WI: Westgard™ QC, Inc. (http://www.westgard.com), 
1995. 

Westgard JO. A method evaluation decision chart (MEDx 
Chart) for judging method performance. Clin Lab 
Science 1995;8:277-83. 

Westgard JO. Basic planning for quality. Washington DC: 
AACC Press, 2000. 

Westgard JO. Basic method validation, 2nd ed. Washington 
DC: AACC Press, 2003. 


Quality Management 

Blumenthal D, Scheck AC, Eds. Improving clinical practice: 
Total quality management and the physician. San Fran- 
cisco: Jossey-Bass, 1995. 

Deming EW. Out of the crisis. Cambridge: MIT Center for 
Advanced Engineering Study, 1986. 

Deming EW. The new economics for industry, govern- 
ment, education. Cambridge: MIT Center for Advanced 
Engineering Study, 1995. 

Goetsch DL, Davis SB. Introduction to total quality, 2nd 
ed, New York: Prentice Hall, 1996. 

Juran JM. Quality planning and analysis. New York: 
McGraw-Hill, 1993. 

Juran JM. A history of managing for quality. New York: 
Simon & Schuster Trade, 1995. 

National Committee for Clinical Laboratory Standards. 
Continuous quality improvement: Essential manage- 
ment approaches and their use in proficiency testing; 
Proposed Guideline GP22-P. Wayne PA: National 
Committee for Clinical Laboratory Standards, 1997. 

National Committee for Clinical Laboratory Standards: A 
Quality System Model for Health Care; Approved 
Guideline. HS01-A, Vol 22, Number 13. Wayne PA: 
National Committee for Clinical Laboratory Standards, 
2002. 


Six Sigma 

Barry R, Murcko AC, Brubaker CE. The six sigma book for 
healthcare: Improving outcomes by reducing errors. 
Chicago: Health Administration Press 2002. 

Breyfogle FW. Implementing six sigma: Smarter solutions 
using statistical methods. New York: John Wiley & Sons, 
1999. 


Chapter 19 Quality Management 529 


Chowdhury S. Design for six sigma. Chicago: Dearborn 
Trade Publishing 2002. 

Eckes G. The six sigma revolution—How General Electric 
and others turned process into profits. New York: John 
Wiley & Sons, 2001. 

Garber C. Six Sigma: Its Role in the Clinical Laboratory. 
CLN 2004;30:1-10. 


George ML. Lean six sigma. New York: McGraw-Hill, 
2002. 

Pande PS, Newman RP, Cabanagh RR. The six sigma way: 
Team fieldbook. New York: McGraw-Hill, 2002. 

Pyzdek T. The six sigma handbook: A complete guide for 
greenbelts, blackbelts, & managers at all levels. New 
York: McGraw-Hill, 2001. 


CHAPTER 20 
Amino Acids, Peptides, and Proteins 
533 


CHAPTER 21 


Enzymes 
597 


CHAPTER 22 
Cytokines 
645 
CHAPTER 23 


Tumor Markers 
745 


CHAPTER 24 


Kidney Function Tests 
797 


CHAPTER 25 


Carbohydrates 
837 


CHAPTER 26 

Lipids, Lipoproteins, Apolipoproteins, and 
Other Cardiovascular Risk Factors 

903 


CHAPTER 27 


Electrolytes and Blood Gases 
983 


531 


SECTION | \ / 


Analytes 


CHAPTER 28 


Hormones 
1019 


CHAPTER 29 


Catecholamines and Serotonin 
1033 


CHAPTER 30 


Vitamins and Trace Elements 
1075 


CHAPTER 31 


Hemoglobin, Iron, and Bilirubin 
1165 


CHAPTER 32 


Porphyrins and Disorders 
of Porphyrin Metabolism 
1209 


CHAPTER 33 


Therapeutic Drugs and Their Management 
1237 


CHAPTER 34 

Clinical Toxicology 
1287 

CHAPTER 35 


Toxic Metals 
1371 


CHAPTER 20 


Amino Acids, Peptides, 


A. Myron Johnson, M.D. 


mino acids, peptides, and proteins play crucial roles 

in virtually all biological processes, with amino acids 

being the basic structural units of proteins. Many 
genetic mutations result in the incorporation into proteins 
of amino acids that may alter rates of synthesis, secretion, or 
metabolism of the proteins and their function. In addition, 
there are a large number of inherited abnormalities of amino 
acid metabolism (see Chapter 55). 

It is estimated that there are more than 50,000 human 
proteins, and that the number of distinct proteins within one 
cell is 3000 to 5000. More than 1400 different proteins can 
be identified in serum alone. Some proteins are elaborated 
or circulate only at certain stages of growth or under partic- 
ular physiological or pathological circumstances. Many pro- 
teins are structural elements of cells or organized tissue and 
can be evaluated only after their separation from the tissue 
where they reside; others are soluble in intracellular or 
extracellular fluids. Some soluble proteins that are normally 
intracellular escape into extracellular and intravascular 
fluids when cells are damaged; some may be shed into blood 
or urine in detectable quantities. The variety of proteins is 
much greater than expected from the number of coding 
genes because of postsynthetic modifications that may make 
them selectively functional or degradable. Not only is the 
number of distinct proteins very large, but also their varia- 
tions of concentration in health and disease, their distribu- 
tion in the body, their functions, their compositions, and 
their structures are seemingly infinite. 


*The author gratefully acknowledges the previous contributions 
of Robert H. Christenson, Hassan M.E. Azzazy, Lawrence 

M. Silverman, and Elizabeth M. Rohlfs, on which portions of this 
chapter are based. 
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and Proteins* 


This chapter begins with a discussion of amino acids, fol- 
lowed by specific discussions of proteins in plasma and 
in other fluids and miscellaneous proteins. It concludes 
with descriptions of analytical techniques used to analyze 
proteins. 


AMINO ACIDS 


Amino acids are the basic structural units of proteins, Their 
measurement in physiological fluids provides important 
information for fundamental studies and the diagnosis of 
many pathological and inherited conditions. 


BASIC BIOCHEMISTRY 


Amino acids are organic compounds containing both an 
amino group (—NH,) and a carboxyl group (—COOH). 
Those occurring in proteins are called @-amino acids and 
have the empirical formula RCH(NH,)COOH. As shown 
below, the core of an @-amino acid is the carbon atom next 
to the carboxylic acid group. 


Ne 
Wot 


ON 


a-carbon atom 


With the exception of glycine, all amino acids are asym- 
metrical, having a hydrogen atom, a carboxyl group, an 
amino group, and a distinctive R group of a specific chemi- 
cal structure. 

Table 20-1 lists the amino acids that are of importance in 
protein chemistry. The variety of amino acids provides a 
large portion of the variability in structure and function of 


534 Section IV Analytes 
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TABLE 20-1 Amino Acids-——Continued 
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*Abbreviation useful but not official. 
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peptides and proteins, in which amino acids are combined 
via peptide bonds formed between the &-amino group of one 
and the a-carboxyl group of the next. 


Peptide Bond 

A peptide bond is formed when the amino group of one 
amino acid is covalently linked with the carboxyl group of a 
second amino acid. 


Bet o g ca" m0 HN [O P oH 
r—b-é + ton are R- ln b-n 
kh on f h hy Hk 
First Second T 
n add ammo ad Dipeptide 


The peptide bond is described by the structure in the en- 
closed area. For example, glycine and alanine react to form 
two different dipeptides, either glycylalanine or alanylglycine. 


Acid-Base Properties 


Acid-base properties of amino acids depend on the amino 
and carboxyl groups attached to the a-carbon and on the 
basic, acidic, or other functional groups represented by R. 
In the illustration above, the amino acid is shown in an 
uncharged form. However, in the physiological pH range of 
7.37 to 7.47, the carboxyl group is dissociated, and the amino 
group is protonated to give the following structure: 


H 


in LH ai 
Oo 3 
rt © or R—t—coo © 


i; % 


This kind of ionized molecule, having coexistent negative 
and positive charges, is called a dipolar ion or ampholyte. At 
low pH, both the amino and carboxyl groups are protonated 
as —N*H, and —COOH, and the amino acid is cationic. 
As the pH rises, the carboxyl group loses its proton and the 
ampholyte form appears at about pH 6. At higher pH, the 
amino —N‘H; is also deprotonated, and the molecule is 
anionic. The process is shown for a monoamino acid and 
monocarboxylic amino acid as follows: 


Cation at pH < pI Ampholyte at pH = pI Anion at pH > pl 
® 
NEB OO 5 Nig fe) o NH2 O 
p—t_¢ = rb“ oz rt 
‘oH Kı 4 \eP K, k ` ce) 
+ mO + 2H,0 


The dissociation constants, K, (ratio of ampholyte to 
cation) and K, (ratio of ampholyte to anion), are usually 
expressed logarithmically as pK, and pK, where pK =- log 
K, ina manner analogous to the notation for pH. A pK is the 
pH at which equal quantities of the protonated (associated) 
and unprotonated (dissociated) forms are present. The iso- 
electric point, pl, is the pH where the molecules exist in the 


ampholyte form and have a net charge of 0. The pI of 
a neutral amino acid can be calculated from the pKs of 
its amino and carboxyl groups (pI ='4 [pK, + pKy]). The 
concept of an ampholyte and its dissociation characteristics 
is also applicable to proteins as most are negatively charged. 
at physiological pH. 

Glycine, with a pK, of 2.34 and pK, of 9.60, exemplifies 
the acid-base behavior of amino acids whose R groups 
have no ionizable constituents. Glycine is sometimes used 
in vitro to prepare buffers at pH 1.0 to 3.8 or 8.1 to 
11.0. The ionization constants in amino acids are given in 
‘Table 20-2. 


Influence of R Groups 


The R groups of individual amino acids are responsible for 
many of their special properties. Table 20-1 is organized in 
terms of the differences in R groups, some of which are 
nonpolar and therefore hydrophobic; others, although 
uncharged, are polar and hydrophilic. Still others become 
charged either negatively (the acidic amino acids) or posi- 
tively (the basic amino acids). R groups may be linear as in 
valine or cyclical as in proline, small as in glycine or bulky 
as in tryptophan. Electron density may be low as in aliphatic 
chains or high as in aromatic rings. This diversity in R group 
structure and chemistry makes possible several kinds of 
interaction between the amino acids that are of great impor- 
tance in determining protein structure and function. Possi- 
ble interactions among R groups include disulfide bonds, 
hydrogen bonds, hydrophobic interaction, and steric effects. 
The disulfide bond (—S—S—) is the only covalent bond, 
other than the peptide bond, that contributes to polypeptide 
structure. 

The other types of interactions are weaker but are often so 
numerous that their collective strength is large. Hydrogen 
bonds result from the sharing of a hydrogen atom between 
two electronegative atoms (e.g., N or O) that have unbonded 
electrons. In proteins, groups having a hydrogen atom that 
can be shared include —=N—H (peptide nitrogen, imidazole, 
and indole); —OH (serine, threonine, tyrosine, and hydroxy- 
proline); —-NH, and —N*H; (arginine, lysine, and o- 
amino); and —CONH (carbamino). Groups that can accept 
the sharing of a hydrogen atom include —COO™ (aspartate, 
glutamate, and o;-carboxylate}; —S—-S— (disulfide); and 
==CO (in peptides and ester linkages), Examples of hydrogen 
bonds linking the =CO of one peptide bond to the ==NH 
of another, or the —CO— of one R group to the —OH of 
another R group. 

Hydrophobic interactions result because the association 
of nonpolar groups (e.g., methyl or phenyl) is energetically 
favored in aqueous or other polar solutions. In proteins, this 
association serves to bend and fold a molecule in a way that 
brings nonpolar R groups inside to the less polar interior; 
polar R groups are oriented outside toward the more polar 
aqueous environment. 

Some amino acids have R groups that contain charged or 
ionizable constituents. These constituents have their own 
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TABLE 20-2 ionization Constants of lonizable Groups in Free Amino Acids and in Proteins* 


: lonizing Group 


*Given are the pK values for proton-donating charged groups when present in free amino acids and when present in peptide-linked amino acid residues in 
proteins. The pK value for the primary carboxyl varies from 1.71 for Cys to 2.63 for Thr. Similarly, the pK for the &-ammonium group varies from 8.95 for 
Lys to 10.78 for Cys. In protein chains, the proximity of other amino acid residues and charged groups may modify the pK for any given ionizable group. 


The amino acid symbols are those listed in Table 20-1. 


pKs, which are also shown in Table 20-2. At pH 7, the acidic 
amino acids, glutamic acid (Glu) and aspartic acid (Asp), 
have their second carboxyl group fully ionized and are 
therefore negatively charged in the physiological pH range. 
Except for histidine, most basic amino acids are positively 
charged at physiological pH (less than 10% of histidine is 
positively charged in this range). Charges that reside or 
develop on R groups are responsible for electrostatic 
bonding, which may occur in proteins or between a protein 
and a ligand. 

The differing solubilities and acid-base properties of 
amino acids provide the basis for their separation by elec- 
trophoresis, partition chromatography, or ion-exchange 
chromatography (see Chapters 5 and 6). Differences in the 
chemical nature of R groups permit, in some cases, their 
identification or measurement by color reactions. The 
aromatic amino acids—tyrosine and tryptophan—absorb 
ultraviolet (UV) light at 280 nm; all amino acids absorb UV 
radiation at 220nm. The absorption at 280nm can be used 
to estimate the concentration of an individual protein in 
solution, such as fibrinogen. Aside from the distinctive prop- 
erties used for analyses, the general and special properties of 
amino acids are critical to the role they have in determining 
the structure and function of proteins. 


Metabolism 


In the healthy state, the primary supply of amino acids for 
endogenous protein synthesis is provided by dietary pro- 


teins. Although most of the amino acids can be formed in 
vivo, 8 to 10 of the 22 common amino acids cannot be syn- 
thesized by most mammals and are therefore considered 
“essential” constituents of the diet for maintenance of health 
or growth, or both (see Table 20-1, Comments column), 
Proteolytic enzymes in the gastrointestinal tract act on 
ingested proteins, releasing amino acids that are then 
absorbed from the jejunum into the blood and subsequently 
become part of the body pool of amino acids. The liver and 
other tissues draw on this pool for synthesis of plasma and 
intracellular proteins. The liver and kidneys are also actively 
involved in interconverting amino acids by transamination 
and degrading them by deamination. Deamination produces 
ammonium ions, which are rapidly consumed in the syn- 
thesis of urea. Urea in turn is excreted by the kidneys. The 
major pathways of amino acid metabolism are outlined in 
Figure 20-1. 

Amino acids in blood are filtered through the glomerular 
membranes but are normally reabsorbed in the renal tubules 
by saturable transport systems (see Chapter 45). Hence, high 
blood levels of amino acids may result in significant 
renal excretion (aminoaciduria). In normal individuals, 
aminoaciduria is transient and is associated with protein 
intake in excess of amino acid requirements for repletion of 
the body pool. The mechanism of reabsorption is not fully 
understood, although it is known to be an active transport 
system dependent on membrane-bound carriers and intra- 
luminal Na* concentration. Four different transport systems 
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Figure 20-1 A generalized scheme of amino acid metabolism in the liver. 


have been identified: one for neutral amino acids; one for 
basic amino acids; one for proline, hydroxyproline, and 
glycine; and one for dicarboxylic amino acids. For some 
amino acids, transport appears to occur by two systems: one 
of low capacity but of high specificity and the other of high 
capacity but of low specificity. A few amino acids, such as 
cystathionine and homocysteine, are not efficiently reab- 
sorbed by renal tubular mechanisms but are cleared by the 
kidneys and apparently excreted into the urine at the 
glomerular filtration rate. 

Much that is known about renal reabsorption mecha- 
nisms has been learned from the study of various forms of 
aminoaciduria. Three types of aminoaciduria have been 
identified: (1) overflow aminoaciduria occurs when the 
plasma level of one or more amino acids exceeds the renal 
threshold (tubular capacity for reabsorption); (2) renal 
aminoaciduria occurs when plasma levels are normal but the 
renal transport system has a congenital or acquired defect; 
and (3) no-threshold aminoaciduria occurs when excessive 
amounts of an amino acid, arising from an inherited meta- 
bolic block, are present in urine, but plasma levels are essen- 
tially normal because all the amino acid is excreted. The 
no-threshold aminoacidurias, such as homocystinuria, are 
not due to congenital or acquired kidney defects but solely 
to saturation of the normal renal tubular reabsorption 
mechanisms. 

Plasma amino acid concentrations are high during the 
first days of life, especially in premature neonates, but they 
tend to be low in infants with birth weights low for their 
gestational age because of placental insufficiency. Maternal 
values are low in the first half of pregnancy. In adults, 
increased plasma levels of homocysteine have been linked 
to increased risk of heart disease (see Chapters 26 and 
44), 

Plasma amino acid concentrations vary by about 30% 
during the day; therefore blood specimens should be col- 
lected at the same time each day. Values are highest in mid- 


afternoon and lowest in early morning. This diurnal varia- 
tion is particularly important when specimens are analyzed 
for detection of heterozygous states of defective metabolism. 

Amino acid excretion in urine varies with maturation 
of renal tubular function. Premature infants, especially 
during the first week, have a generalized physiological renal 
aminoaciduria (see Figure 20-2); even at full term, 
aminoaciduria is more pronounced than in normal adults. 
In the urine of normal adults, glycine is usually the domi- 
nant fraction, with alanine, serine, glutamine, and—in 
indulgent meat eaters—histidine and 1-methylhistidine 
present in smaller quantities. In some normal urine, taurine 
is prominent; in others, B-aminoisobutyric acid is seen. 

Cerebrospinal fluid (CSF) concentrations of most amino 
acids are lower than those in plasma even though the rate 
of amino acid transport into the central nervous system 
is high. The plasma to CSF concentration ratios for indivi- 
dual amino acids vary because of differences in transport 
systems. 

Cells have free amino acid concentrations about 10 times 
those of plasma. The mechanisms maintaining this tenfold 
B-aminoisobutyric acid is seen. The mechanisms maintain- 
ing the gradient are unknown but may involve the mem- 
brane enzyme y-glutamyl transferase. 


CLINICAL IMPLICATIONS 


Aminoacidurias may be primary or secondary. Primary 
disease is due to an inherited enzyme defect, also called an 
inborn error of metabolism. The defect is located either in the 
pathway by which a specific amino acid is metabolized or in 
the specific renal tubular transport system by which the 
amino acid is reabsorbed. Secondary aminoaciduria is due 
to disease of an organ, such as the liver, which is an active 
site of amino acid metabolism, or to generalized renal 
tubular dysfunction, or to protein-energy malnutrition. 
Specific inborn errors of metabolism are discussed in more 
detail in Chapter 55. 
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ANALYSIS OF AMINO ACIDS 


Many procedures are available for measuring amino acids in 

biological samples.'* In the context of diagnosing patholog- 

ical disorders, three groups of tests for amino acid analysis 
are of importance: 

I, Screening tests, including thin layer chromatography 
(TLC), urine color tests, and the Guthrie microbiological 
test. (Details of these tests are given in a previous edition 
of this textbook.)” 

2. Quantitative tests for monitoring treatment or confirm- 
ing an initial diagnosis. High-performance liquid chro- 
matography (HPLC) and ion-exchange chromatography 
are widely used for this purpose. Some individual amino 
acids may also be determined by quantitative chemical 
methods, 

3. Tests that identify an unknown amino acid or metabolite, 


Quantitative Tests 


Traditionally, amino acids have been quantitatively mea- 
sured in body fluids using gas chromatography (GC)!”; 
liquid chromatography (LC), including HPLC’ and ion- 
exchange liquid chromatography“®; and capillary elec- 
trophoresis (CE).” These techniques are being replaced by 
tandem mass spectrometry (MS/MS).” 


Gas Chromatography 


Advantages of GC include small sample size, sensitivity, and 
speed, but a major limitation is the relatively low volatility 


Figure 20-2 Two-dimensional 
chromatograms of urine showing the 
variability of amino acid excretion with age. 
A, Neonate. B, Infant. C, Adult. /, Alanine; 
2, serine; 3, glycine; 4, glutamine; 5, histidine; 
6, lysine/ornithine. 


of amino acids at temperatures conventionally used in this 
technique (see Chapter 6). However, these compounds 
can be reacted with derivatizing agents to increase volatility 
and to enhance their chromatographic and detection 
characteristics. 

Because of the necessity for an initial cleanup step fol- 
lowed by derivatization, GC is not used routinely in the clin- 
ical laboratory. However, it is still used for investigation of 
organic acidurias. 


Liquid Chromatography 

Because of its excellent sensitivity, high resolution, and 
relatively short analysis time, ion-exchange liquid chro- 
matography and HPLC have been used to measure amino 
acids in biological samples (see Chapter 6).“*°! The major 
advantage of these liquid chromatographic techniques 
over GC is that the relatively high temperatures necessary 
for sample volatilization by GC are unnecessary and they 
avoid the problem of amino acid decomposition at high 
temperatures, 

Only a few amino acids are detected by the UV or visible 
spectrophotometers, fluorometers, or electrochemical detec- 
tors that are routinely used with HPLC analyzers. Conse- 
quently, amino acids typically are postcolumn derivatized for 
analysis by HPLC. The most widely used reagent for this 
purpose is ninhydrin. A number of colored products are 
formed, but the major one is presumed to result from deam- 
ination and condensation as follows: 
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Most amino acids react with ninhydrin at ambient tem- 
peratures to form a blue color that becomes purple on 
heating. However, proline and hydroxyproline yield yellow 
compounds that are measured at a different wavelength. 
Other postcolumn derivatizations use fluorogenic reagents, 
such as o-phthaldialdehyde or fluorescamine. Precolumn 
derivatization techniques using o-phthaldialdehyde, dansyl, 
phenyl isothiocyanate, or 9-fluorenylmethyl chloroformate 
derivatives have been used with reversed-phase HPLC. Elec- 
trochemical detection has also been coupled with derivati- 
zation methods to enhance analytical sensitivity. 


Capillary Electrophoresis 

In CE, the classic techniques of electrophoresis are per- 
formed in small-bore (10 to 100 um) fused silica capillary 
tubes of 20 to 200cm in length (see Chapter 5). It is a 
very efficient, rapid, sensitive, and versatile analytical tech- 
nique that is used to analyze a diverse spectrum of analytes 
ranging from small ions to macromolecular proteins or 
nucleic acids.’ When coupled with sensitive detectors, 
it is capable of measuring femtomolar quantities of amino 
acids. 


Tandem Mass Spectrometry 


Tandem mass spectrometry (MS/MS) is applicable to the 
rapid assay of specific analytes in complex biological fluids 
(see Chapter 7). In practice, it is usually interfaced to 
a GC* or LC.” MS/MS has been used to screen 
neonates'*!**>'! for such amino acid metabolic disorders 
as phenylketonuria (PKU),” maple syrup urine disease 
(MSUD),® tyrosinemia,” hypermethioninemias,” and 
homocystinuria.” 

Compared with older methods, MS/MS is a more sensi- 
tive technique, offers greater accuracy and precision,” has 
higher clinical specificity and sensitivity, and measures mul- 
tiple analytes. It has been described as a revolutionary tech- 
nique for disease detection. *® 


This section begins with a general discussion of the basic 
biochemistry of peptides and proteins followed by discus- 


Hydrindantin 


Colored product 


sions of different proteins. It concludes with a section on the 
analysis of proteins. 


BASIC BIOCHEMISTRY 


As discussed earlier, a peptide bond is formed when the 
&-amino group of one amino acid is linked covalently with 
the a-carboxyl group of a second amino acid. For example, 
glycine and alanine can react to form two different dipep- 
tides: either glycylalanine or alanylglycine. 

In glycylalanine, alanine is called the C-terminal residue 
of the peptide; glycine is the N-terminal residue because its 
amino group is free. In alanylglycine, the designations are 
reversed. The C- and N-terminal designations apply also to 
polypeptides and proteins. Very short peptide chains are des- 
ignated as tripeptides, tetrapeptides, or pentapeptides, and 
so on. Glutathione, for instance, is a tripeptide of glutamine 
(Glu), cysteine (Cys), and glycine (Gly). The hormones oxy- 
tocin and vasopressin are nonapeptides. Chains up to five 
residues are called oligopeptides, and longer chains (6 to 30 
residues) are referred to as polypeptides. When the number 
of amino acids exceeds 40 (MW ~ 5000 Da), the chain takes 
on the physical properties associated with proteins. 

The terms proteose and peptone refer to protein break- 
down products of large polypeptides; these differ from true 
proteins in that they are not coagulated by heat. A wide 
variety of peptides are formed when proteins are hydrolyzed 
in the digestive tract or in the laboratory. 

The structure of a protein is described at four levels: 

1. Primary structure refers to the identity and specific 
order of amino acid residues in the polypeptide chain. 
This sequence, which depends exclusively on covalent 
(peptide) bonds, is predetermined by the DNA coding 
(see Chapter 36); the three-dimensional structure and 
any special biological properties of the protein follow 
automatically from this amino acid sequence that folds 
itself into the most stable structure possible under phys- 
iological conditions. 

2. Secondary structure may be defined as a regular recurring 
arrangement in space of the primary structure extending 
along one dimension. The secondary structures of many 
globular proteins have stretches of o-helix and random 
coils, all dependent on numerous hydrogen bonds and 
‘occasional disulfide covalent bonds. 
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3. Tertiary structure involves the intramolecular folding of 
the polypeptide chain into a compact three-dimensional 
structure with a specific shape. This structure is main- 
tained by electrovalent linkages, hydrogen bonds, disul- 
fide bridges, van der Waals forces, and hydrophobic 
interactions. Hydrophobic interactions are considered to 
be a major force in maintaining the unique tertiary struc- 
ture of proteins. 

4, Quaternary structure refers to the association of several 
polypeptide chains or subunits into a larger “oligomeric” 
aggregate unit. This structure depends on the close fit of 
the polypeptide subunits through interactions at their 
contact surfaces and with any prosthetic groups. 

X-ray diffraction was the primary method used to inves- 
tigate protein structure in early years. However, other phys- 
ical, chemical, and biological methods are now used and a 
number of databases of protein structure have been devel- 
oped, It is expected that genomics and proteomics (see 
Chapters 7 and 36) will greatly expand the number of 
sequenced proteins. 

Some proteins contain non—amino acid components 
known as prosthetic groups. Such proteins are often referred 
to as conjugated proteins and are classified according to the 
nature of their prosthetic groups as metalloproteins, glyco- 
proteins or mucoproteins, phosphoproteins, and so on. Both 
glycoproteins and mucoproteins have covalently linked car- 
bohydrate prosthetic groups, but the amount of carbohy- 
drate varies—up to 15% in glycoproteins and 15% to 75% 
in mucoproteins. Many proteins also contain and/or trans- 
port ligands, including lipids, hormones, metal ions, and 
so forth. Conjugated proteins freed of their ligands are 
called apoproteins (e.g., lipoproteins without lipid are called 
apolipoproteins, and ceruloplasmin without copper is called 
apoceruloplasmin). 

Although the soluble globular proteins are especially 
important in clinical chemistry, thorough investigation of 
the insoluble, protease-resistant fibrous proteins has revealed 
many of the basic principles of the three-dimensional struc- 
tures of proteins. The most familiar fibrous proteins are 
the o-keratins, which form the principal structural proteins 
of epidermis, hair, and nails. A molecule of o-keratin is 
composed of three right-handed o.-helix coils supercoiled 
around each other. Each coil is held together by hydrogen 
bonding between peptide CO and NH groups of one coil 
and those of the next or previous coil. The amino acids 
of these coils include many cysteine residues, which bind 
the separate c-helices to one another by disulfide bonds 
aided by hydrogen and electrovalent bonds. This structure 
gives o-keratins their high tensile strength, flexibility, and 
elasticity. 

Silk contains another type of fibrous protein structure, 
called a B-sheet conformation because of the rippled or 
pleated structure of these molecules. The polypeptide chains 
of the extended coils are bound together laterally by disul- 
fide covalent bonds and hydrogen bonds, which connect the 
peptide bonds of different chains instead of connecting dif- 


ferent coils of the same chain as in an G-helix. The B-sheet 

is strong and inflexible when force is applied parallel to 

the covalently bonded or long axis, whereas an o-helical 
structure—such as hair—elongates when tension is applied 
from an &-helix to a B-sheet structure. 

Nearly all proteins of interest in clinical chemistry are 
soluble globular proteins, such as hemoglobin, enzymes, 
and most plasma proteins (with the notable exception of 
fibrinogen). The complex bending and folding of their 
polypeptide chains are a result of the numerous interac- 
tions of their R groups. Globular proteins are compact 
and have little or no space for water in the interior of the 
molecule, where most of the hydrophobic R groups are 
located. On the other hand, most polar R groups are located 
on the surface of the protein, where they exert a substantial 
influence on protein solubility, acid-base behavior, and 
function. 

Most globular proteins are fragile, retaining their biolog- 
ical activity within only very limited ranges of temperature 
and pH, at which their native structural conformations are 
the most stable. Even short periods of exposure to tempera- 
tures of 65°C to 70°C or to extremes of pH cause the mol- 
ecules of protein to “denature,” with a concomitant loss of 
solubility and biological activity. During denaturation, the 
polypeptide chains of the protein molecules become 
unfolded or their quaternary structure is lost; their amino 
acid sequence, however, remains unchanged. After mild 
denaturation by a change in pH or by the action of agents 
such as urea, many protein molecules are able to revert spon- 
taneously to their most stable or native globular forms and 
regain their biological functions when physiological condi- 
tions are restored. This is convincing evidence that the 
amino acid sequence alone determines their normal complex 
shapes. If, however, a high activation energy barrier exists 
between the two states, the denatured state does not revert 
to the native state. Many enzymes, for example, lose their cat- 
alytic function irreversibly after denaturation occurs (see 
Chapter 8). 

Many of the properties of proteins are used for their 
separation, identification, and assay, including the following: 
1. Molecular size. Most proteins are macromolecules having 

high molecular weights that vary markedly among the 

proteins. Proteins are separated from smaller molecules 
by dialysis or ultrafiltration across membranes of speci- 
fied pore size or by molecular exclusion chromatography 

{gel filtration). Because of their differing molecular 

weights, they also are separated by density-gradient 

ultracentrifugation. 

2. Differential solubility. Loss of solubility is essentially the 
loss of affinity of the solute for the solvent. The solubil- 
ity of a protein is affected by the pH, ionic strength, tem- 
perature, and dielectric constant of the solvent in which 
it is placed. Changing the pH of the solvent affects the 
surface charges of the polar R groups exposed to the 
solvent; at its pl (net charge zero), a protein in a polar 
solvent is in its least soluble state because it has the least 
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affinity for the solvent. Manipulation of ionic strength of 
the solvent affects the degree of hydration of the protein; 
in high concentrations, ionic salts compete with protein 
for water and thus decrease the amount of water available 
for hydration of the protein molecules. This behavior is 
the basis of “salting-in” and “salting-out” procedures, the 
earliest methods for separating and characterizing differ- 
ent proteins and groups of proteins. Raising the temper- 
ature affects solubility by decreasing the intramolecular 
bonding of a protein; loss of secondary and tertiary struc- 
ture exposes the less polar interior of the protein mole- 
cule to the polar medium. Water-miscible neutral organic 
solvents have dielectric constants that are less than that of 
water; they suppress the ionization of the surface R 
groups on the protein and thereby decrease its solubility. 
Manipulation of solvent character and composition in 
such ways is often useful in analyses of biological protein- 
containing fluids. 

3, Electrical charge. The effect of pH to confer, enhance, 
or change the surface charges on a protein can create, 
in a mixture of different proteins, various species of 
different charge-mass ratios, which migrate at dif- 
ferent rates in an electrical field; electrophoresis and 
isoelectric focusing are based on this behavior. lon- 
exchange chromatography is based on electrostatic 
interactions of charged proteins with oppositely charged 
solid media. 

4. ‘Adsorption on finely divided inert materials. These 
materials offer a large surface area for interaction with 
protein. Adsorption of protein on charcoal, a nonpolar 
substance, presumably occurs by hydrophobic interaction 
and can be used to separate proteins from a fluid matrix. 
Adsorption on polar substances such as silica, alumina, 
or hydroxyapatite depends on ionic interactions or 
hydrogen bonding; these substances can be used with 
buffer elution in chromatographic separations. 

5. Specific binding to antibodies, coenzymes, or hormone 
receptors. The unique property of a protein to recognize 
and bind to complementary antibodies with high speci- 
ficity is the basis for immunochemical assays (see Chapter 
9). Proteins can also be separated by affinity chromatog- 
raphy, in which a ligand attached to a solid medium pro- 
vides high selectivity (see Chapter 6). 


PLASMA PROTEINS 
The proteins most amenable to routine laboratory evalua- 
tion: are those in blood, urine, CSE, amniotic fluid, saliva, 
feces, and peritoneal or pleural fluids. With few exceptions, 
the proteins found in all of these are derived from blood 
plasma. The following discussion is limited to (1) the most 
abundant plasma proteins, (2) changes of their concentra- 
tions in the most accessible body fluids, and (3) a few of the 
analytical techniques used to measure them. 

Most plasma proteins, with the exception of 
immunoglobulins and protein hormones, are synthesized 
primarily in the liver. They are secreted by the hepatocytes 


into the spaces of Disse and then move into the bloodstream 
through the hepatic sinusoids, which open into the central 
veins of the liver. Plasma proteins circulate in the blood and 
between the blood and the extracellular tissue spaces; their 
movement occurs not only by passive diffusion through 
junctions between capillary endothelial cells but by active 
transport mechanisms and by pinocytosis and exocytosis. 
Because of this movement, extravascular fluids normally 
contain small amounts of many plasma proteins. Differences 
in molecular size and charge among proteins and the speci- 
ficity of transport mechanisms account for differences in 
kind and proportions of individual proteins in different 
fluids. Disease often alters the amounts of plasma proteins 
in body fluids in characteristic ways. Most plasma proteins 
are catabolized in the liver; for some, the signal that marks 
them for degradation appears to be the loss of part or all of 
their sialic acid content. 

Table 20-3 lists the principal plasma proteins and their 
half-lives, pI, molecular weights, and preferred method of 
analysis; the individual proteins are listed in the order of 
their electrophoretic mobilities in agarose gels at pH 8.6. 
These proteins are described later in this chapter; other 
chapters in this book describe many more proteins: enzymes 
(see Chapter 21); lipoproteins (see Chapter 26); hormones 
(see Chapter 28); and hemoglobin, fibrinogen, and other 
coagulation proteins (see Chapter 31). The interim consen- 
sus reference intervals for 14 plasma proteins are listed 
in Table 20-4, pending the publication of more definitive 
intervals.” 

Our knowledge of body fluid proteins and their alter- 
ations in health and disease has grown rapidly in the past few 
decades. Some of the alterations have a genetic origin; many 
more reflect physiological or pathological processes.” In 
many cases, the association of a specific disease with a 
specific pattern of altered proteins remains empirical, 
simply because the cause and effect relationships remain 
unknown. In many instances, laboratory analyses detect and 
evaluate these variations reliably, but they must always be 
considered in the context of clinical findings and in terms 
of all the factors, technical and biological, that may affect the 
results, 

Rates of hepatic synthesis of many plasma proteins are 
affected by a patient’s endocrine status. The effects of some 
steroid hormones on individual plasma protein levels are 
given in Table 20-5, The plasma protein levels characteristic 
of a specific disease may therefore be complicated by the 
steroid status of a patient and by an inflammatory acute 
phase reaction. The abnormal steroid status may be the 
result of an intrinsic hormonal disorder or of treatment with 
steroid hormones, as in inflammation. 

Several of the proteins in Table 20-3 are acute phase 
reactants (APR) with the concentrations of ©,-antitrypsin 
(AAT), -acid glycoprotein (AAG), haptoglobin (Hp), 
ceruloplasmin, C4, C3, procalcitonin (PCT), and serum 
amyloid A (SAA) increasing in most forms of inflammation; 
these are called positive APR. Others, such as transthyretin 
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TABLE 20-3 Properties of Selected Plasma Proteins 
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TABLE 20-3 3 Proper ties of Selected Plasma Proteins---Continued 


MW on i Preferred 


Protein (daltons) -` = Analysis Method 


; i -Life pl 


160,000 
S immuno 
900, 000 


Nephelometry, — 
immunofixation ae 


-115, 000 


IN, Immunonephelometry; IT, immunoturbidimetry; RID, radial al immunodiffusion; RIA, radioimmunoassay. 


*For Hp 1-1 phenotype. 


TABLE 20-4 Interim Consensus Reference Intervals 
for 14 Plasma Proteins in Human Serum 
Referenced to CRM 470 


700-1600. 
| 04-238 40-230 
‘Teansthyretin (p albumin) = e 0.2-0:4 20-40 


o- Macroglobulin 
Transferrin EAE 


130-300 
200-360 


From Dati E schimaak G, Thomas L, et al. Consensus of a group of 
professional societies and diagnostic companies on guidelines for interim 
reference ranges for 14 proteins in serum based on the standardization 
against the IFCC/BCR/CAP reference material (CRM 470). Eur J Clin 
Chem Clin Biochem 1996; 34:517-20. 

These values are applicable only to adults between 20 and 60 years of age. 
*Values are slightly lower in fresh samples (assayed <8 hr after draw). 


(prealbumin), albumin, and transferrin in particular, are 
negative APR, which have levels decreasing with inflamma- 
tion. Associated disorders include surgery, trauma, myocar- 
dial infarction, bacterial infections, and many tumors, 


TABLE 20-5 Effects of Steroid Hor mones on Plasma 
Protein Concentr ations 


Corticoid “Androgen Estrogen | 


ae 


B- e 3 
IgG 


Modified from Whicher JT. Abnormalities of plasma proteins. In: 
Williams DL, Marks V, editors. Biochemistry in cinical practice. London: 
William Heinemann, 1983:221-50. 

+, Increase; N, no change; ~, decrease. 


Presumably the APR all play a part in the very complex 
defensive process of inflammation, particularly in comple- 
ment activation and in control of enzyme activity. The acute 
phase reaction is a nonspecific reaction to inflammation, 
comparable with the increase in temperature or leukocyte 
count, and is not diagnostic for any given disease. Most of 
the changes are triggered by cytokines released from the site 
of injury (see Chapter 22). 

Plasma levels of the individual acute phase proteins 
rise at different rates—first, CRP, SAA, and o,-antichy- 
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motrypsin; after the first 12 hours, AAG; after 24 to 48 hours, 
AAT, Hp, C4, and fibrinogen; and finally C3 and Cp. All 
reach their maximums within 2 to 5 days following an acute 
insult and then decrease in the same order as above. 
Although these changes do not aid in the diagnosis of the 
cause of inflammation, measurement of those proteins with 
the largest and earliest rises (e.g., CRP and SAA) can be 
useful in monitoring the progress of an inflammatory 
reaction or its response to treatment. In a 2003 study, pro- 
calcitonin and SAA levels were found to be more sensitive 
than CRP for detecting bacterial infection, although SAA 
levels also rise in most viral infections and are thus less 
specific.” 

Individual plasma proteins are discussed in the following 
sections. They are listed in alphabetical order. 


Albumin 


The name “albumin” refers to the white precipitate (mostly 
albumin) formed during the boiling of acidic urine (L. albus 
= white). Normally, albumin is the most abundant plasma 
protein from midgestation until death, accounting for 
approximately one half of the plasma protein mass. It is a 
relatively small protein (molecular mass 66.3kDa) with a 
globular conformation, permitting equilibration across the 
vascular and glomerular basement membranes. Because of 
this and its high plasma concentration, albumin is a signifi- 
cant component of most extravascular body fluids, includ- 
ing CSE, interstitial fluid, urine, and, during pregnancy, 
amniotic fluid. Indeed, approximately 60% of the total body 
albumin is in the extravascular space.” 


Biochemistry 


Albumin has a single polypeptide chain of 580 amino acids, 
with 17 intrachain S-S bonds aligned in a multiple loop 
structure. Albumin is one of only a few plasma proteins with 
no carbohydrate side chains. It is a very stable protein with 
a high net negative charge at physiological pH and, partly as 
a result, very high solubility in water. There is one free —SH 
group at position 34 that reacts completely with thiol com- 
pounds, such as cysteine, at physiological pH.” 

Albumin is synthesized primarily by the hepatic 
parenchymal cells except in early fetal life, when it is syn- 
thesized largely by the yolk sac. The synthetic reserve of the 
liver is enormous; in nephrotic syndrome, it may be 300% 
or more of normal. The synthetic rate is controlled primar- 
ily by colloidal osmotic pressure (COP) and secondarily by 
protein intake.™”? Synthesis is decreased by inflammatory 
cytokines,” and release (but not synthesis) is decreased by 
hypokalemia.” Catabolism occurs primarily by pinocytosis 
by all tissue, with lysosomal catabolism of the protein and 
use of the resulting free amino acids for synthesis of cellular 
proteins, The rate of pinocytosis is proportional to the local 
tissue metabolic rate. Small amounts (10% to 20% of the 
total catabolized) are also lost into the gastrointestinal tract 


and the glomerular filtrate.*' Nearly all of the protein in the 
glomerular filtrate is reabsorbed and catabolized by the 
proximal renal tubular cells, resulting in a very low concen- 
tration in normal excreted urine. The normal plasma half- 
life of albumin is 15 to 19 days. 


Function 


The primary function of albumin is generally considered to 
be the maintenance of COP in both the vascular and ex- 
travascular spaces. This is supported teleologically by the fact 
that its synthesis is regulated primarily by COP. If the plasma 
albumin level rises or falls, the concentration in extravascular 
spaces rapidly equilibrates with plasma to compensate for 
this. As discussed later, most analbuminemic individuals have 
little or no edema, in part because of this equilibration and in 
part by increased synthesis of other proteins. 

The presence of many charged surface groups plus many 
specific binding sites, both ionic and hydrophobic, gives 
albumin the ability to bind and transport a large number of 
compounds. These include free fatty acids, phospholipids, 
cholesterol, metallic ions, amino acids, drugs, hormones, and 
bilirubin, among many others. Albumin is essential for the 
metabolism and detoxification of many of these, although 
analbuminemic individuals are significantly affected only by 
the absence of albumin’s lipid and calcium transport prop- 
erties. High levels of albumin are partially protective against 
atherosclerosis, probably because of its promotion of cho- 
lesterol efflux from fibroblasts and other cells.” Albumin 
binds many hormones, such as triiodothyronine or T;, but 
with lower affinity than other proteins (in this case, thyrox- 
ine-binding globulin and transthyretin, or prealbumin). It 
appears to act as a reservoir to ensure that only the physio- 
logical amount of free hormone is present, while permitting 
the rapid release of additional hormone as the free hormone 
is used or excreted.” 

Albumin also functions as an amino acid source for 
peripheral tissue. After ingestion and absorption of amino 
acid-containing foods, albumin transports them to tissue. In 
addition, pinocytosed albumin itself can serve as a source of 
amino acids for tissue. The synthesis of albumin by the liver 
increases after meals, apparently in an attempt to prevent 
loss or catabolism of essential amino acids. Complexing by 
albumin appears to be necessary for the transport of some 
amino acids across membranes, in particular the transport 
of tryptophan across the blood-brain barrier. 

Other important functions of albumin include the 
following: 

1. Albumin is an important component of plasma antioxi- 
dant activity. 

2. Albumin acts as a buffer, especially in nonphysiological 
conditions. 

3. The binding of albumin to endothelial membrane- 
associated glycoproteins increases capillary permeability 
to small proteins that are important for metabolism in the 
extravascular space. 
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4, Albumin inhibits leukotriene and actin production, thus 
reducing the inflammatory response of platelets and 
neutrophils. 


Clinical Significance 

Increased Plasma Levels. Measurably increased levels of 
albumin are seen only in acute dehydration. As a result, the 
finding of elevated values has little clinical utility. As noted 
previously, synthetic rate and intravascular-extravascular 
shifts usually occur fairly rapidly to stabilize relative osmotic 
pressures. . 

Decreased Plasma Levels. Decreased levels of albumin 
may result from decreased synthesis, increased catabolism 
(use or loss), or combinations of these. Decreased synthesis 
may be primary or genetic (as in analbuminemia) or 
acquired (as in inflammatory processes). Hypoalbuminemia 
may result in underestimation of the anion gap when eval- 
uating fluid and electrolyte status.” 

Analbuminemia, Only 20 or so families with inherited 
analbuminemia have been reported, attesting to the protein’s 
physiological importance.” Although affected individuals 
have plasma albumin levels less than 0.5g/L (about 1% 
of normal), they were originally reported to be clinically 
normal except for mild edema (usually none before the 
second to fourth decades of life) and altered lipid metabo- 
lism. In 1996, the presence of lipodystrophy in women and 
osteoporosis, hypotension, arcus lipoides corneae, and 
xanthomatosis in some patients was first reported.” In one 
patient, ankle edema disappeared rapidly with intravenous 
albumin infusion; however, she developed signs of hypo- 
calcemia during infusions. The infusions did not affect 
her lipodystrophy. In spite of the lipid abnormalities in 
affected individuals, there is no increased risk for athero- 
sclerosis. The plasma half-life of infused albumin in affected 
individuals is 50 to 60 days or approximately three times 
normal. 

Inflammation. Inflammatory disorders, both acute and 
chronic, are the most common cause of decreased plasma 
albumin levels. At least four factors are responsible for the 
decreases: (1) hemodilution; (2) loss into the extravascular 
space caused by increased vascular permeability; (3) 
increased consumption by cells locally; and (4) decreased 
synthesis as the result of direct inhibition by cytokines (see 
Chapter 22) and by increased COP. This increase in plasma 
COP results acutely from increased levels of the positive 
APR; chronically, it results most often from increased levels 
of immunoglobulins." 

Hepatic Disease. The liver retains the ability to synthe- 
size even increased amounts of albumin until parenchymal 
damage or loss is severe, with the loss of 50% to 95% of 
function. Thus other mechanisms are responsible for the 
decreased levels seen in most cases of hepatocellular 
disease.” These include, among others, increased 
immunoglobulin levels, third space loss (extravasation into 
the extravascular space), and direct inhibition of synthesis 


by toxins, including alcohol. The inhibitory effect of alcohol 
is lessened by adequate levels of tryptophan. Albumin levels 
do not correlate well with severity, prognosis, or level of total 
hepatic function in either acute hepatitis or cirrhosis. 

Urinary Loss. Because albumin is relatively small and 
globular, relatively large amounts filter into the glomerular 
urine in spite of its acidic charge at physiological pH. Filtra- 
tion is increased if acidic groups are blocked (e.g., by glyco- 
sylation in patients with diabetes mellitus), Most of the 
filtered albumin is normally reabsorbed by the proximal 
tubular cells, but normal excreted urine still contains up to 
20mg albumin/g creatinine, or 20mg albumin/L urine. 
Excretion above this amount suggests either increased 
glomerular filtration (as seen in the nephrotic syndrome), 
proximal tubular damage, hematuria, or combinations of 
these. Increased filtration may be seen with “physiological” 
states, such as physical exercise and fever; therefore urinary 
albumin should preferably be assayed under controlled con- 
ditions and repeated if there is a question. 

Although there is still debate about its significance, mildly 
increased excretion (20 to 300mg/L) of albumin, so-called 
microalbuminuria (more correctly termed minimal albumin- 
uria or paucialbuminuria), appears to be a predictor of 
future development of clinical renal disease in patients with 
hypertension or diabetes mellitus. It is important to remem- 
ber that tubular and postrenal causes of albuminuria may 
also be present in association with these disorders. 

Except for hereditary analbuminemia, the lowest levels of 
plasma albumin are seen in patients with active nephrotic 
syndrome, In this disorder, the glomerular leakage of all pro- 
teins is increased, but sieving is usually retained (i.e., small 
proteins are lost disproportionately). The liver compensates 
by marked increase in production of many proteins, includ- 
ing albumin. As a result of the sieving and increased pro- 
duction, the concentrations of proteins with high molecular 
mass, such as ,-macroglobulin (AMG), larger isotypes of 
Hp (phenotypes 2-1 and 2-2), and the apolipoproteins are 
elevated more or less proportionately to the loss of albumin 
and other small proteins. The resulting electrophoretic 
pattern is classic, with markedly elevated o,-globulins 
(AMG, plus Hp unless Hp 1-1) and lipoproteins, but reduc- 
tions in most other proteins. 

Urinary albumin: o,-microglobulin and albumin:IgG 
ratios have been proposed as a means of differentiating 
among nephropathies and glomerulopathies associated with 
proteinuria.” 

Gastrointestinal Loss. Inflammatory disease of the 
intestinal tract, such as acute viral gastroenteritis, is associ- 
ated with increased loss of albumin. This is usually of little 
concern unless the loss is excessive or long lived. However, 
protein-losing enteropathy may result in losses as great as 
those seen in the nephrotic syndrome. If protein-losing 
enteropathy is secondary to lymphangiectasis, larger pro- 
teins—especially the immunoglobulins—may be lost in 
large amounts. 
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Protein Calorie Malnutrition. Albumin levels have been 
recommended as a means of detecting and monitoring 
protein calorie malnutrition, because levels vary directly 
with adequacy of intake. However, the response of albumin 
to increased or decreased protein ingestion is relatively slow, 
in part because of its relatively long half-life (15 to 19 days). 
Also, as noted previously, the most common cause of low 
levels is acute or chronic inflammation. Unless inflammation 
and other causes of increased COP are ruled out, albumin 
levels do not correlate well with degree of malnutrition.” 

Edema and Ascites. Edema and ascites rarely are the 
result of decreased plasma albumin levels per se. Usually they 
are secondary to increased vascular permeability, which 
permits the loss of albumin into these spaces. The albumin 
levels in these fluids vary from very low to higher than those 
in plasma, the latter in particular with certain forms of 
ascites.“ Even with low concentrations, either disorder may 
be massive enough to contain a substantial portion of the 
total body albumin. 

In patients with edema or ascites associated with low 
plasma albumin, the effect of albumin infusion is very tran- 
sient because of rapid equilibration with the extravascular 
fluid. The only situation in which infusion is usually benefi- 
cial is in acute hypovolemic shock; in this case, rapid infu- 
sion may result in hypocalcemic tetany, because albumin 
binds Ca” with relatively high affinity. 


Genetic Aspects 


Albumin is coded by a gene on the long arm of chromosome 
4, closely linked to the genes for o-fetoprotein (AFP) and 
vitamin D binding globulin (or Ge globulin), both of which 
share extensive sequence homology with albumin.’ Inherited 
analbuminemia has been reported in a few families. Inheri- 
tance is autosomal codominant, with heterozygotes having 
low normal to reduced levels. Low levels (5% to 10% of 
normal) are also seen with Alb Hawkes Bay, an elec- 
trophoretic variant with a cys — phe substitution at position 
177, resulting in abnormal disulfide bonding.® 

More than 80 additional alleles associated with altered 
structure but normal concentrations of albumin have been 
reported. All are inherited in autosomal codominant fashion, 
with both gene products expressed in approximately equal 
amounts. Many of the isotypes have altered electrophoretic 
migration, resulting in so-called bisalbuminemia. However, 
electrophoretic patterns must be interpreted with caution, 
because bound drugs and metabolites may also change 
albumin’s electrophoretic migration. The common, or wild, 
type is Alb A; in whites of European descent, the second most 
frequent variant is Alb B (~1 in 1000 to 10,000 depending 
on ethnic origin). Alb B has a more cathodal electrophoretic 
migration because of a glu — lys substitution. 

At least two variants are associated with dimer formation, 
which also results in more cathodal migration. However, 
they are usually seen as a cathodal blur instead of a distinct, 
separate band, as is the case with Alb B. The degree of dimer 
formation and of complexing with other proteins, such as 


IgA, with these variant albumins varies with storage condi- 
tions, pH, and concentration of low molecular weight —SH 
compounds, such as glutathione; hence the same serum 
sample may appear different on electrophoresis at different 
times. Perhaps the most important laboratory consequence 
of these variants is the formation of complexes with AAT, 
resulting in apparent deficiency of this protein on elec- 
trophoretic patterns. However, quantification of AAT by 
immunochemical methods is normal. 

The function of most albumin isoforms is normal, 
although some have abnormal binding affinities for thyrox- 
ine (T4). Binding may be increased, as in familial dysalbu- 
minemic hyperthyroxinemia,"* or decreased.’ Individuals 
with familial dysalbuminemic hyperthyroxinemia are euthy- 
roid but have elevated serum T, and free T, index; the variant 
albumin comigrates with Alb A. Two glycosylated variants, 
Alb Redhill and Alb Casebrook, have altered fatty acid 
binding properties. 


Laboratory Considerations 


Piasma and Serum. Most clinical laboratories assay 
albumin in plasma or serum samples by automated dye- 
binding methods, which rely on a shift in the absorption 
spectrum of such dyes as bromcresol green (BCG) or purple 
(BCP) upon binding to proteins. The affinity of these dyes 
is much higher for albumin than for other proteins, so speci- 
ficity is increased if only the initial rate of binding is used. 
Monochromatic methods overestimate albumin in the pres- 
ence of fibrinogen and heparin (e.g. in heparinized plasma 
or in “serum” from heparinized patients). This interference 
can be circumvented by using a bichromatic method.” Dye- 
binding assays also tend to be erroneous if the overall serum 
protein pattern is abnormal (e.g., in liver disease)—situa- 
tions in which accurate analysis is most desired. BCP binding 
assays of albumin in ascitic fluid give spuriously high 
results.” Many other ligands, including drugs and metabo- 
lites, bind to albumin but usually do not affect dye-binding 
assays of serum or plasma significantly unless their concen- 
trations are very high. Because of their simplicity and low 
cost, dye-binding assays are likely to remain the predominant 
means for assaying albumin. 

The use of densitometric scans of electrophoretic pat- 
terns, in association with total protein assays, as a means of 
quantifying albumin is notoriously inaccurate and is dis- 
couraged. The problems relate in part to lateral diffusion of 
relatively small proteins, including albumin, on support 
media and to nonlinearity secondary to a lack of saturation 
of albumin dye-binding sites. 

Immunochemical methods, especially automated 
immunoturbidimetry and immunonephelometry, are 
more accurate and precise than the methods mentioned 
previously. 

Urine. As previously mentioned, the term albumin 
derives from the white precipitate resulting from boiling 
acidified urine. The sulfosalicylic acid heat test is still used 
today to test for albuminuria; however, screening is usually 
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performed by test strips, most of which have lower detection 
limits of 200 to 300 mg/L. Special strips are now available 
for detecting microalbuminuria. The immunochemical 
methods used for serum can assay very low levels of albumin 
in undiluted urine and are very rapid and precise. 
Cerebrospinal Fluid. Immunoturbidimetry. and im- 
munonephelometry are also useful for CSF assays. 


Reference Intervals , 
Based on the international protein reference CRM 470, the 
recommended interim reference interval for albumin in 
serum of adults 20 to 60 years of age is 35 to 52g/Ł (3.5 to 
5.2 g/4L).” Albumin levels reach adult levels around 20 to 30 
weeks of gestation and remain relatively constant until at 
least 20 years of age. Levels then slowly decrease with age 
in both sexes. Levels are lower in individuals living in 
the subtropics and tropics, probably because of higher 
immunoglobulin levels secondary to infection or parasitic 
infestation. Levels are very posture dependent, increasing by 
up to 10% to 15% if the individual is standing. 


Alpha,-Acid Glycoprotein (Orosomucoid) 

AAG was one of the first plasma glycoproteins to be isolated 
in the pure state and to be well characterized. Historically, 
AAG is the major constituent of the seromucoid fraction of 
plasma, a group of proteins that are precipitated by HClO, 
and other strong acids and that are “slimy” on purification 
(“mucoid” is from Greek myxa = slime). The seromucoid 
fraction has long been of clinical interest because it was 
one of the first recognized components of the acute phase 
response.” 


Biochemistry 

AAG contains a high percentage of carbohydrate and a large 
number of sialic acid residues, giving it a very high net neg- 
ative charge and high solubility in water. It has a polypep- 
tide chain containing 181 amino acids and a total molecular 
mass of 40 kDa, of which approximately 45% is carbohydrate 
(CHO), including 11% to 12% sialic acid. The CHO includes 
a variable mixture of biantennary, triantennary, and tetraan- 
tennary side chains with terminal sialyl residues, resulting in 
significant microheterogeneity of the intact molecule upon 
electrophoresis at pH 2.9 or isoelectric focusing. The relative 
proportions of the different side chains vary with disease 
states and nutrition, altering their isoelectric points and their 
reactivity with the lectin concanavalin A. It has also been 
suggested that changes in glycosylation alter function in 
vivo.” 

AAG is synthesized primarily by the hepatic parenchymal 
cells, but granulocytes and monocytes may also contribute 
to plasma levels in sepsis. Catabolism is believed to be pri- 
marily by removal of desialylated AAG by hepatic asialogly- 
coprotein receptors. The plasma half-life of intact AAG is ~3 
days, whereas that of the desialylated protein is only a few 
minutes, 


Function 

Although many functions have been proposed for AAG, its 
true physiological role still remains unknown. AAG is one of 
the lipocalins, a group of proteins that bind lipophilic sub- 
stances and share much sequence homology. The lipocalin 
group also includes retinol-binding protein, B-lactoglobulin, 
Com globulin, o-microglobulin (protein HC), bikunin, the 
chain of complement C8, and inter-c-trypsin inhibitor.” 
AAG has long been known to bind and “inactivate” a large 
number of basic and lipophilic compounds, including 
progesterone and related hormones, and the progesterone 
antagonist RU 486. AAG’s binding of progesterone has been 
proposed to constitute a means of controlling hormonal 
effects in the fetus. AAG also binds and reduces the bioavail- 
ability of many drugs, including propranolol, quinidine, 
chlorpromazine, cocaine, and benzodiazepines. Most assays 
for drug levels in plasma or serum assay the total, not just 
free, drug. If AAG levels are elevated secondary to an acute 
phase response or corticosteroid therapy, administration of 
additional drug (and higher blood concentrations} may be 
necessary to compensate for the increased binding. 

Other proposed functions for AAG include down regula- 
tion of the immune response, depression of phagocytosis by 
neutrophils, inhibition of platelet aggregation, inhibition of 
mitosis, and inhibition of viruses and parasites. In addition, 
it has been reported to affect collagen fiber formation and to 
be a cofactor for lipoprotein lipase. It is also essential for 
maintaining capillary selectivity for passage of albumin and 
other macromolecules, including in the glomerulus, because 
of its high negative charge. 


Clinical Significance 


Various pathological conditions are associated with 
increased and decreased levels of AAG. 

Increased Plasma Levels. Serum AAG increases in 
inflammation and tissue necrosis and from hormonal 
effects. 

Acute Phase Response. Plasma AAG levels show a three- 
fold to fourfold increase in most conditions associated with 
inflammation or tissue necrosis, with peak concentrations 
around 3 to 5 days after the initial insult. AAG may be one 
of the most reliable indicators of clinical activity of ulcera- 
tive colitis. 

Hormonal Effects. AAG levels are increased by giucocor- 
ticoid hormones, either endogenous (e.g., Cushing's syn- 
drome) or exogenous (as in prednisone or dexamethasone 
therapy), along with Hp and prealbumin (transthyretin) 
levels. 

Decreased Plasma Levels. Hormonal effects and sieving 
protein loss are known to decrease AAG levels. 

Hormonal Effects. Synthesis and plasma AAG levels are 
decreased by estrogens. 

Sieving Protein Loss. Because of its small molecular size, 
AAG is lost into the urine in nephrotic syndrome and into 
gastrointestinal secretions in protein-losing enteropathy. 
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Genetic Aspects 

The presence of different isotypes of the peptide chain of 
AAG, inherited in autosomal codominant fashion, has long 
been recognized. There are three genes for AAG in a cluster 
on chromosome 9934.3, closely linked to the loci for several 
other members of the lipocalin family. The originally 
reported polymorphism (designated OR) represented the 
products of the ORM1 locus, which accounts for about two 
thirds of AAG synthesis and most of the isotypic variability. 
The products of both the ORM! and ORM2 loci can be 
simultaneously phenotyped by isofocusing of desialylated 
AAG in immobilized pH gradients containing urea. The 
variants have no known clinical significance. 


Laboratory Considerations 


It has been proposed that AAG always be assayed along with 
haptoglobin when levels of the latter are used to evaluate 
possible in vitro hemolysis, because hormonal and acute 
phase effects are similar for the two proteins (see section on 
Haptoglobin). Although AAG is one of the highest concen- 
tration proteins in the o,-globulin region on routine serum 
electrophoresis, it does not stain well with protein stains 
because of its high CHO content. It can be visualized by 
using periodic acid-Schiff or other carbohydrate stains. AAG 
can be quantified by all immunochemical methods, includ- 
ing turbidimetry and nephelometry. 


Reference Intervals 


The proposed interim reference interval for white adoles- 
cents and adults is 0.5 to 1.2 g/L (50 to 120 mg/dL), based on 
CRM 470.” Levels at birth are only 20% to 30% of this, but 
reach approximately adult levels by 6 to 12 months of age. 


Alpha,-Antitrypsin 

Schultze first described AAT in 1955, later giving it this 
name because of its inhibition of trypsin. The name “o,- 
proteinase inhibitor” was later introduced because of AAT’s 
broad spectrum of inhibition of serine proteases, not just 
trypsin. Both names are currently used, but AAT is preferred 
by most clinicians and clinical laboratorians and is used in 
this chapter. 


Biochemistry 


AAT has a single polypeptide chain of 394 amino acid 
residues with three CHO side chains, giving a total molecu- 
lar mass of ~51kDa. The active site is contained in a 
“stressed” reactive loop; on reaction with a serine protease, 
a small fragment is cleaved, and the remainder of the protein 
assumes a “relaxed” configuration." 

Most if not all plasma AAT is synthesized by the hepatic 
parenchymal cells, as evidenced by the complete change in 
phenotype in patients (including those with AAT deficiency) 
transplanted with livers from individuals with other pheno- 
types. AAT is an acute phase reactant, with hepatic synthesis 
and plasma levels rising greatly during inflammatory or 


necrotic processes. Catabolism occurs by two routes, both 
primarily in hepatic parenchymal cells: AAT-protease com- 
plexes are removed by the serpin-enzyme complex receptors 
(SEC-R),” along with several other serpin-enzyme com- 
plexes; in addition, desialylated AAT is removed by asialo- 
glycoprotein receptors. Most proteases complexed with AAT 
in vivo may be transferred to AMG; the AMG-protease com- 
plexes are removed almost immediately by the Kupffer cells 
of the liver, with a much shorter plasma half-life than AAT- 
protease complexes. 

The normal plasma half-life is 6 to 7 days for the Pi M 
phenotype; Pi S, and perhaps other variants, has a shorter 
half-life and secondarily lower plasma levels. 


Function 


AAT is one of the serpins, or serine proteinase inhibitors, 
which act as substrates for, then form tetrahedral complexes 
with the active sites of serine proteases, thus blocking their 
enzymatic activity. Other members of the serpin superfam- 
ily include the proteinase inhibitors o,-antichymotrypsin, 
-antiplasmin, antithrombin HI, heparin cofactor II, and 
C1 inhibitor, plus ovalbumin, thyroxine-binding globulin, 
and other proteins with similar structures but no apparent 
inhibitory activity. AAT is the second highest concentration 
proteinase inhibitor in plasma on a mass basis, after AMG; 
however, AAT has only 7% of the mass of AMG and is by far 
the highest concentration inhibitor on a molar basis. Its 
small size allows AAT to pass into all body fluids, whereas 
AMG is mostly intravascular. AAT inhibits most serine 
proteases, especially those structurally related to trypsin. 
It is physiologically most important as an inhibitor of 
leukocyte elastase, which is released in the process of 
phagocytosis by polymorphonuclear leukocytes. This 
enzyme, as its name implies, reacts with elastin in the vascu- 
lar endothelium and the tracheobronchial tree, in particular. 
AAT is thus important in the prevention of loss of elastic 
lung recoil; uninhibited elastase in the bronchial tree can 
result in the development of emphysema. 

AAT may also be a physiologically important inhibitor of 
leukocyte neutral protease, kallikrein, renin, urokinase, 
plasmin, and thrombin. It probably does not inhibit leuko- 
cyte collagenase (a metalloproteinase), as is often stated; 
it more likely inhibits a leukocyte protease that activates 
procollagenase, 


Clinical Significance 

Increased Plasma Levels. Plasma AAT levels are 
increased in the acute phase response and with estrogens. 

Acute Phase Response. In inflammatory or necrotic 
processes, serum AAT levels begin to rise after approximately 
24 hours and peak at 3 to 4 days if the insult is acute and 
short lived. Synthesis is stimulated by cytokines, particularly 
the IL-6 family, and by AAT-elastase complexes taken up via 
SEC-R, Cytokines induce a broader APR, whereas uptake by 
the SEC-R induces only AAT synthesis. The acute phase 
response of AAT probably occurs in an attempt to control 


Chapter 20 Amino Acids, Peptides, and Proteins 551 


the effects of proteases released in areas of inflammation 
or necrosis. Inflammation of the hepatic parenchymal 
cells themselves may be associated with increased serum 
AAT without the other components of the acute phase 
response, 

Estrogens. The synthesis of AAT is stimulated by estro- 
gens; elevated levels are seen particularly during late preg- 
nancy and during estrogen therapy. 

Decreased Plasma, Levels. Plasma AAT levels are 
decreased with genetic deficiency, increased use, and urinary 
or gastrointestinal loss. 

Genetic Deficiency. As noted previously, severe genetic 
deficiency of AAT (Pi Z or null phenotypes) is associated 
with a very high risk for development of pulmonary emphy- 
sema. In affected individuals, emphysema tends to be pri- 
marily in the basilar areas (probably because of gravitational 
vascular pooling), rather than the more typical disease seen 
in other forms of emphysema. Onset of disease is also much 
earlier, with changes beginning in the second to fourth 
decades of life in 90% of Pi ZZ individuals. The primary 
mechanism for development of emphysema is the degrada- 
tion of elastin by leukocyte elastase; this process is increased. 
by air pollution and by cigarette smoking because of recruit- 
ment and activation of leukocytes in the lung plus the oxi- 
dation of methionine 358 in the active site of AAT, rendering 
it unable to inhibit elastase.” The age of onset of sympto- 
matic emphysema and the median age of death are also 
earlier in individuals who smoke cigarettes. However, there 
is much variation in the development and progression of 
disease, even in smokers. Antioxidants may reduce the dele- 
terious effects of smoking, but smoking cessation is by far 
the better approach. 

A deficiency of ,-antitrypsin is also associated with 
diseases of the liver, including neonatal cholestasis or 
“hepatitis, cirrhosis, and hepatocellular carcinoma. 
Although cirrhosis may be seen at birth, the so-called neona- 
tal hepatitis syndrome is much more common, with varying 
degrees of hepatocellular damage but particularly with 
cholestatic jaundice. Neonatal cholestasis was noted in 11% 
of Pi ZZ infants in Sweden, with another 6% showing 
biochemical evidence of hepatic disease but no jaundice.” 
This picture is most commonly seen at 3 to 8 weeks of age 
and usually regresses after a few weeks. Intrahepatic and 
extrahepatic bile ducts may be very small, probably because 
of decreased bile flow, even to the point of patients present- 
ing with a picture similar to biliary atresia. It is important to 
differentiate these two disorders because mortality is high in 
Pi ZZ infants subjected to major surgery. In most affected 
infants, the bile ducts dilate to normal size as the inflamma- 
tory process regresses and bile flow increases. In Swedish 
Pi Z adults, 12% of those admitted to hospitals had liver cir- 
rhosis, and a strong correlation was found between Pi Z AAT 
and primary liver cancer at autopsy.” 

The cause of hepatic damage in AAT deficiency is proba- 
bly multifactorial. Liver disease is most commonly seen in 
patients with variants that are retained within the endoplas- 


mic reticulum of the hepatic parenchymal cells (e.g., Pi Z 
and Pi Mmaton). There does not appear to be a familial 
propensity for development of liver disease in Pi Z individ- 
uals, which argues against the likelihood of a second inher- 
ited defect. The hypothesis most commonly cited at present 
is that the accumulation of AAT itself results in the hepatic 
damage; this is supported by the fact that transgenic mice 
with multiple copies of the human Pi Z gene develop hepatic 
disease. In addition, Perlmutter has proposed that up- 
regulation: of AAT synthesis, perhaps through uptake of 
elastase-AAT complexes by the SEC-R, increases the synthe- 
sis and accumulation of AAT in affected livers.” Reduced 
rates of catabolism of retained intracellular AAT may also be 
involved. However, the degree of liver disease does not cor- 
relate with the amount of intracellular AAT. Many infants 
with neonatal cholestasis have very little demonstrable intra- 
cellular AAT, and many older children and adults have 
massive accumulations of AAT but no other hepatic damage. 
Therefore other factors must be involved. 

There is evidence supporting a role for hepatic damage by 
intravascular proteases in the pathogenesis of neonatal 
hepatic disease, as reviewed in the previous edition of this 
textbook. The AAT deposits in the hepatic endoplasmic 
reticulum do not bind normally to calnexin, one of the chap- 
erones for protein synthesis and release”; it is known that 
proteolytic enzymes reduce the activity of intracellular, 
membrane-bound proteins involved in metabolic processes, 
An additional component in congenital and neonatal hepatic 
disease may be exposure to maternal estrogens, which 
increase susceptibility to damage from hepatitis viral infec- 
tions and some toxins. 

Several other disorders have been reported in association 
with AAT deficiency, although many of these may be no 
more than chance occurrences. However, it appears that 
the risk for development of systemic vasculitic disease, 
including Wegener’s granulomatosis and Henoch-Schonilein 
purpura, may be increased in deficient individuals, 

Increased Utilization. Secondarily low levels of AAT are 
seen in the neonatal respiratory distress syndrome, severe 
neonatal hepatitis, and severe preterminal disease of the 
pancreas. In nonfatal pancreatitis, levels increase along with 
those of other APR, and increased levels of complexes with 
trypsin are probably a better marker for use in either differ- 
ential diagnosis or prognosis in patients with possible 
pancreatitis. 

Urinary or Gastrointestinal Loss. Because of its small 
size, AAT diffuses into the glomerular urine and into the 
gastrointestinal tract; however, AAT is not seen in the 
excreted urine unless there is damage to the proximal tubular 
cells or marked overflow proteinuria, as in the nephrotic 
syndrome. In the latter case, the serum level of AAT may 
be depressed, especially in the absence of an acute phase 
reaction. AAT is normally present in the excreted stool, 
mostly complexed to pancreatic trypsin and elastase. 
In protein-losing enteropathies, the loss may be greatly 
increased. 
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Genetic Aspects 

The gene locus for AAT (PI, for protease inhibitor) is located 
on chromosome 14q32.1, just distal to the loci for the 
immunoglobulin heavy chains and closely linked to the loci 
for the serpins o,-antichymotrypsin, protein C inhibitor, 
and corticosteroid-binding globulin.’ It is a very polymor- 
phic locus. There are more than 75 distinct genetic variants 
or isotypes of AAT, designated as Pi (pronounced pee eye) 
plus letters from B to Z in order of decreasing electrophoretic 
mobility—B being the most anodal variant. Numbers or 
subscripted place names are used to indicate subtypes (e.g., 
Pi M1 and Pi M maton), and null for either deleted or non- 
producing alleles. 

Several of the variants are associated with reduced plasma 
levels, compared with the wild Pi M variant, including the 
following: Pi P 25%, Pi S 60%, Pi W 80%, Pi Z 15%, and Pi 
null 0%. Pi Z is most common in northern Europeans, and 
Pi S is most common in southwestern Europe. Pi Z, clinically 
the most important deficiency variant, has a lys > glu sub- 
stitution at position 342, whereas Pi S has a 264 glu — val 
substitution. There are several known mutations resulting in 
Pi null, but all are rare. The concentrations and the variants 
are codominant; therefore an individual with Pi MZ, for 
example, would normally have a level ~58% of the normal 
Pi MM level [(100 + 15)/2]. 

Pi Z, Pi Siyamo Pi Mimattons and Pi Maune are synthesized by 
the liver in relatively normal amounts but are only partially 
secreted, resulting in accumulation within the endoplasmic 
reticulum of hepatic parenchymal cells and low plasma 
levels. As a result of a glu — lys substitution in Pi Z, the 
reactive center loop on one molecule can insert into the 
B-pleated sheet of a second molecule, resulting in 
polymerization and retention within the pre-Golgi endo- 
plasmic reticulum. Similar alterations have been shown to be 
present in Pi Siyam and Pi Myatton”” The amino acid substi- 
tution and altered molecular folding may also inhibit attach- 
ment of CHO side chains, which are necessary for normal 
secretion by the hepatic parenchymal cells. The retained AAT 
is seen as “globules” that are eosinophilic and periodic-acid 
Schiff positive and that react with antibodies to AAT, as 
shown by immunofluorescence or immunoperoxidase stain- 
ing of liver sections. 

One variant, Pi Mpirsburgn» has a met — arg substitution at 
position 358, resulting in a greatly decreased inhibitory 
activity for elastase but increased activity against several clot- 
ting enzymes, including thrombin and kallikrein. Heterozy- 
gotes for this variant have a bleeding disorder because of its 
anticoagulant effects.” 

Many variants with relatively normal concentrations are 
apparent on routine clinical electrophoresis; the most 
common of these are Pi F, Pi X, and Pi V. The low concen- 
tration variants should be suspected if the o-globulin band 
appears less intense than normal. As noted in the section on 
albumin, dimerizing variants of albumin may form com- 
plexes with normal AAT variants, resulting in an apparent 
deficiency of AAT; however, quantification in this case 


reveals normal levels. If AAT deficiency is suspected by elec- 
trophoresis or by quantification, phenotyping may be indi- 
cated, particularly if the patient has hepatic or pulmonary 
disease. Phenotyping is now most often performed by iso- 
electric focusing in narrow pH range ampholytes (discussed 
later in this chapter). Genotyping (by deoxyribonucleic acid 
[DNA] analysis) is also currently in use, particularly for 
detection of deficiency variants. 


Laboratory Considerations 


AAT is the major constituent of the o,-globulin band on 
routine clinical serum electrophoresis. The two other 
relatively high concentration o,-globulins, AAG and 
-lipoprotein, do not stain well with peptide stains because 
of their high contents of CHO and lipid, respectively. Some 
genetic variants of AAT may be detectable by visual exami- 
nation of the electrophoresis pattern because of altered 
mobility or decreased concentration. 

There are five to eight AAT bands on either acid gel elec- 
trophoresis or isoelectric focusing (pis approximately 4.2 to 
4.9, depending on the genetic phenotype), as shown in 
Figure 20-3, The microheterogeneity within a single genetic 
variant results primarily from differences in CHO content 
and, in the case of the two most cathodal bands, absence of 
the first five amino acids of the peptide chain. 

AAT can be quantified by all immunochemical methods, 
with immunoturbidimetry and immunonephelometry the 
most commonly used methods. Because it constitutes about 
90% of the serum inhibition of trypsin or elastase activity 
against small substrates, such as benzoyl-p1-arginine 
p-nitroanilide, it can also be semiquantified by the inhibitory 
capacity of serum for these enzymes; however, this assay is 
not specific for AAT. 

Leukocyte proteases may be released if serum is allowed 
to sit on the clot too long after blood drawing. These pro- 
teases then form complexes with AAT, altering both elec- 
trophoretic mobility and in some cases immunochemical 
quantification. Bacterial contamination and release of 


Mi M2 M3 FMI MIS MIV MiZ 


Figure 20-3 Diagrammatic representation of the common 
variants of o.|-antitrypsin, as demonstrated by isoelectric 
focusing. The five major bands are shown for MI, but only the 

2 and 4 bands for the other variants (with dots to the left of 
each). Variants F, S,V, and Z are shown in combination with MI 
for clarity’s sake. If cysteine is added to the samples before 
focusing, the F-2 and F-4 bands shift to the locations of the faint 
bands. 


Chapter 20 Amino Acids, Peptides, and Proteins 553 


bacterial proteases can have a similar effect. Serum should 
be separated from the retracted clot as soon as possible and 
stored aseptically at 4°C (for up to 3 to 4 days) or at —70°C 
(for long-term storage). 


Reference Intervals 


AAT levels remain relatively constant throughout life, from 
the neonatal period until old age. For adults, the recom- 
mended consensus reference interval, based on CRM 470, is 
0.9 to 2.0 g/L (90 to 200 mg/dL) for individuals with the Pi 
MM phenotype,” with a median of approximately 1.3 g/L. 
Levels are slightly higher in women in the childbearing years 
and in elderly individuals of both sexes. Levels are also higher 
in inflammatory disorders, malignancy, or trauma, and in 
women who are pregnant, on estrogen therapy, or taking oral 
contraceptive pills. Neonates have higher levels, possibly 
because of maternal estrogen. Individuals with levels below 
60 to 70mg/dL should be phenotyped, especially if they or 
family members have diseases that may be associated with 
AAT deficiency. 


Alpha,-Macroglobulin 

Like the serpins, AMG is a proteinase inhibitor. It is unlike 
the serpins in many aspects, however. First, it is a very large 
molecule, with a molecular mass of ~725kDa. As a result, 
only very small amounts diffuse out of the plasma space. 
Second, it acts as a substrate for proteases but does not block 
their active sites; instead, it “enfolds” the still-active proteases 
to block access of proteins but not small substrates. Third, it 
inhibits many different classes of proteinases, including 
those with serine, cysteine, and metal ions in their prote- 
olytic sites. Fourth, it is structurally related to pregnancy 
zone protein and to the complement components C3, C4, 
and C5 rather than to the serpins. Like these proteins, it 
contains an intrachain thiol ester bond that is necessary for 
activity and the breaking of which results in a conforma- 
tional change of the peptide chain. 


Biochemistry 

A molecule of AMG contains four identical polypeptide 
chains, present as a pair of dimer subunits. The dimers are 
covalently linked by disulfide bonds, whereas the pairs are 
held together by noncovalent bonds. The dimer is the active 
unit; one molecule of AMG can therefore bind up to two 
protease molecules. Each monomer contains both the thiol 
ester mentioned previously and a “bait” site, both of which 
are essential for inhibitory activity. After the bait site reacts 
with a protease, the thiol ester is activated and may form 
covalent bonds with lysine residues on the protease, thus 
immobilizing it. However, covalent binding is not essential 
for steric capture and inhibition of proteases.’ 

AMG is synthesized primarily by hepatic parenchymal 
cells. Catabolism is via two primary routes: once the thiol 
ester bond is split, AMG—regardless of whether complexed 
to a protease—is rapidly removed by a hepatic receptor that 
also acts to remove low-density lipoprotein. Desialylated 


AMG, like AAT and Cp, is removed by the asialoglycopro- 
tein receptors on hepatocytes. The normal half-life of the 
intact protein is several days, whereas that of either of these 
two forms is only a few minutes. 


Function 

AMG is involved in the primary or secondary (“backup”) 
inhibition of enzymes in the kinin, complement, coagula- 
tion, and fibrinolytic pathways. In addition, it acts as a 
transfer receptor for proteinases complexed to serpins (e.g. 
elastase-AAT); the AMG-enzyme complexes are then rapidly 
removed by receptors, as noted earlier. 

Oxidation dissociates AMG tetramers into dysfunctional 
dimers. Thus as is the case for AAT and other serpins, 
inhibitory activity is reduced or eradicated by increased 
levels of oxidants (such as those from cigarette smoke or 
from neutrophils) or decreased levels of physiological 
antioxidants. 

In addition to its critical role as a proteinase inhibitor, 
AMG transports a large number of small peptides, such as 
cytokines and growth factors (including insulin and growth 
hormone), and divalent cations, particularly zinc. Insulin 
binds covalently to the y-glutamyl group that is activated 
from the thiol ester during protease reaction with AMG. 
Both the native and protease-reacted forms bind cytokines. 
Binding of these small ligands may be important to prevent 
diffusional loss or to permit or facilitate cell receptor binding 
and uptake of them; however, AMG’s actual physiological 
importance as a transport protein is not known. 

AMG is also believed to modulate immunological and 
inflammatory reactions. Complexing of cytokines to pro- 
tease-reacted AMG reduces cytokine-mediated hepatic 
production of APR. It, along with AAT, inhibits H,O, release 
by polymorphonuclear leukocytes; at the same time, it 
enhances phagocytosis of streptococci and perhaps other 
organisms. 

The physiological importance of AMG is indicated by the 
fact that no individuals with complete genetic deficiency 
have been described, whereas total or near-total deficiencies 
have been described for most other plasma proteins. 


Clinical Significance 

Increased Plasma Levels. Increased plasma levels of 
AMG are affected by hormonal effects and age, and seen in 
the nephrotic syndrome. 

Hormonal Effects. Synthesis and plasma levels of AMG 
are increased by estrogens; women of childbearing age have 
higher levels than men of the same ages. 

Age. Synthesis levels in infants and children are up to 
three times adult levels, perhaps as a protective mechanism 
against increased exposure to intestinal proteases in infancy 
and bacterial or leukocytic proteases during childhood. The 
high levels may also be responsible in part for the delay in 
development of clinical signs and symptoms until after 
puberty in most individuals with either antithrombin III or 
C1 inhibitor deficiency. 
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Nephrotic Syndrome. Synthesis levels are increased 
in the nephrotic syndrome, in part because of volume 
loss secondary to decreased plasma oncotic osmotic pres- 
sure and in part because of increased synthesis of all 
proteins to compensate for protein loss by the kidneys. 
The elevated AMG levels partially compensate physiolo- 
gically for renal loss of lower molecular weight proteinase 
inhibitors.” 

Decreased Plasma Levels. Decreased plasma levels of 
AMG result from various genetic conditions, the acute phase 
response, pancreatitis, and prostatic carcinoma. 

Genetic. See Genetic Aspects, later in this chapter. 

Acute Phase Response. Synthesis is decreased by IL-1, in 
parallel with albumin, accounting in part (along with 
hemodilution) for the mildly decreased levels seen in acute 
inflammation. 

Pancreatitis. In severe attacks of acute pancreatitis, 
plasma levels of antithrombin HI and AMG may be 
markedly depressed; other inhibitors are normal or 
increased, and protease-antiprotease complexes are 
increased. In the peritoneal fluid, all major protease 
inhibitors are decreased or absent. 

Prostatic Carcinoma. Plasma levels of AMG are 
depressed pretreatment in advanced carcinoma of the 
prostate and return to normal with successful treatment. 
AMG binds to prostate-specific antigen (PSA), and levels of 
the complexes are elevated in plasma during active disease, 
as is the case for PSA-o4-antichymotrypsin complexes. In 
vitro, PSA added to serum has a higher affinity for AMG than 
for o%,-antichymotrypsin. In vivo, the complexes are proba- 
bly removed very rapidly by the liver, as are other protease 
complexes with AMG; usually, free PSA and PSA-o.,-antichy- 
motrypsin are the only forms detected. 

Decreased Levels in Extracellular Fluids. Body fluids 
other than plasma— including extracellular fluid, urine, and 
CSF—normally contain very low levels of AMG, because of 
its large molecular size. However, there are several compo- 
nents to the blood-CSF barrier, with a few large pinocytic 
vesicles transporting proteins up to 1500 A into the CSE.” In 
some polyneuropathies, the number of these vesicles and the 
CSF levels of AMG are increased, If there is partial or com- 
plete breakdown of the barrier, as in meningitis, or bleeding 
into the subdural space, levels are also increased. The level 
of AMG alone, or its relationship to levels of albumin and 
IgG, may therefore be helpful in differential diagnosis of 
neurological disorders or of elevated CSF protein. In patients 
with bacterial meningitis, CSF AMG levels are on average 15 
times higher than is the case with nonbacterial meningitis.” 
CSF levels of AMG normally increase with age, suggesting 
that partial but progressive breakdown of the blood-CSF 
barrier occurs with aging. Bleeding into the CSF also raises 
levels in this fluid. 

Urinary levels are slightly elevated in the nephrotic syn- 
drome. Levels are higher in malignant ascitic fluid than in 
nonmalignant ascitic fluid. Increased permeability probably 
accounts for locally increased levels in areas of inflamma- 


tion, but IL-6-induced increases in synthesis by monocytes 
may also contribute. 


Genetic Aspects 


The gene for AMG is adjacent to the gene for pregnancy zone 
protein, on chromosome 12p12-13,” whereas the gene for 
its membrane receptor (“low-density lipoprotein—related 
protein”) is at 12q13.1-13.2.'" As noted previously, no indi- 
viduals with complete genetic deficiency of AMG have been 
described. There are known genetic variants, however. Two 
reported mutations affect either the thiol ester or the bait 
region. The affected individuals were heterozygous, each 
having equal amounts of normal and mutant AMG. One 
patient heterozygous for a variant with either a deletion or 
a gene arrangement and reduced AMG levels developed 
chronic lung disease in childhood; reduced inhibition of pul- 
monary proteases may have played a role in pathogenesis, 
analogous to the pathophysiology of emphysema in AAT 
deficiency. 


Laboratory Considerations 


AMG and Hp together constitute most of the o,-globulin 
zone on routine clinical serum electrophoresis. In the 
newborn period, and in in vivo hemolysis, AMG alone is the 
major contributor to this zone. 

Although the two forms of AMG cannot be distinguished 
on routine electrophoresis, native AMG migrates slightly 
cathodal to AMG that has reacted with either proteases or 
nucleophilic substances that split the thiol ester bond. This 
characteristic can be used to determine the degree of inacti- 
vation that has occurred either in vitro or in vivo (e.g., in 
pancreatitis); monoclonal antibodies specific for the two 
forms can also be used in immunoassays for the same 
purpose. Using the latter assay, normal plasma contains 0.8% 
to 1.9% of AMG in the complexed form.” 

AMG levels in urine may be measured to distinguish 
among causes of proteinuria or hematuria. Elevated levels 
are seen with intrarenal bleeding from vessel rupture during 
extracorporeal lithotripsy, and AMG-albumin ratios approx- 
imate serum ratios in postrenal bleeding. 


Reference Intervals 

The interim recommended reference interval for white 
adults is 1.3 to 3.0g/L (130 to 300mg/dL).” Levels are 
approximately twice this in children, with a maximum at 2 
to 4 years of age; levels in women are 20% to 30% higher 
than in men after age 40. 


Alpha,-Fetoprotein 

Alpha,-fetoprotein (AFP) is a glycoprotein with a single 
polypeptide chain and approximately 4% carbohydrate. It 
has a molecular weight of approximately 70 kDa. 


Biochemistry and Function 


AFP is a major protein in fetal serum, synthesized by the fetal 
liver and to a lesser extent by the yolk sac and other fetal 
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organs. The maximum level in fetal serum is reached at the 
end of the first trimester, after which it decreases. The level 
at birth is approximately 1% of the earlier peak and then 
decreases with a half-time of about 3 days; after 18 months 
the level is less than 2ng/mL. The level in maternal serum 
peaks at approximately week 30 of gestation. AFP is a fetal 
albumin analog. In addition, some isoforms bind and inac- 
tivate estrogen, presumably protecting the fetus from the 
high maternal levels of this hormone. 


Clinical Significance 

Determination of AFP levels in amniotic fluid or maternal 
serum is used for antenatal screening for certain birth defects 
and chromosomal abnormalities in the fetus (see Chapter 
54). Elevated maternal serum AFP indicates the possibility 
of a neural tube or open abdominal wall defect in the fetus.’ 
The levels may also be elevated with multiple fetuses, low 
birth weight, fetal demise, and incorrect estimation of ges- 
tational age. Trisomy 21 (Down syndrome) and trisomy 18 
are associated with low maternal serum AFP levels.’ AFP is 
also used as a marker for hepatocellular and germ cell carci- 
nomas. For a discussion of the role of AFP as a tumor 
marker, see Chapter 23. 


Reference Intervals 
Newborn 2s. <Smeg/L 
>18mo.0 <2ug/L 


Beta,-Microglobulin 


Beta,-microglobulin (BMG) is a low molecular weight 
(11.8kDa) protein found on the cell surfaces of all nucleated 
cells and shed into the blood, particularly by B lymphocytes 
and some tumor cells. 


Biochemistry 

BMG is the light or B-chain of the human leukocyte antigen 
and consists of a single polypeptide chain with one intra- 
chain disulfide bridge; it does not contain carbohydrate. Its 
smail size allows BMG to pass through the glomerular mem- 
brane, but normally less than 1% of the filtered BMG is 
excreted in the urine; the remainder is reabsorbed and catab- 
olized in the proximal tubules of the kidneys. It has a plasma 
half-life of only 107 minutes. 


Clinical Significance 

High plasma levels occur in renal failure, inflammation, and 
neoplasms, especially those associated with B lymphocytes. 
BMG assay may be used to test renal tubular function, par- 
ticularly in kidney transplant recipients in whom rejection 
of the allograft manifests as diminished tubular function 
{see Chapter 45). Serial assays of BMG are also useful to 
monitor B-cell tumors. In acute leukemia and lymphoma 
with central nervous system (CNS) involvement, the level of 
BMG is increased in CSF; and in Sjégren’s syndrome with 


lymphoid infiltration of salivary glands, its level rises in 
saliva. 


C-Reactive Protein 


Tillet and Francis in 1930 described a substance that is 
present in the sera of acutely ill patients and that is able to 
bind the cell wall C-polysaccharide of Streptococcus pneu- 
moniae and agglutinate the organisms. In 1941 the substance 
was shown to be a protein and given the name C-reactive 
protein (CRP). 


Biochemistry 
CRP consists of five identical, nonglycosylated polypeptide 
subunits noncovalently linked to form a disk-shaped cycli- 
cal polymer with a molecular weight of ~115 kDa. It contains 
little or no carbohydrate and is synthesized in the liver. 
CRP binds not only the polysaccharides present in many 
bacteria, fungi, and protozoal parasites but—in the presence 
of free calcium ions—phosphorylcholine; phosphatidyl- 
cholines, such as lecithin; and polyanions, such as nucleic 
acids. In the absence of calcium ions, CRP also binds poly- 
cations, such as histones. 


Function 


CRP is important in the nonspecific host defense against 
inflammation, especially infection. In addition, it binds 
to tissue breakdown products (e.g., from inflammatory 
processes). The complexes activate the classical complement 
pathway starting at Cig (see next section), resulting in 
phagocytosis via C3b receptors. However, CRP complexes 
bind factor H, a complement inhibitory factor, greatly reduc- 
ing the activation of late components (C5 to C9) and posi- 
tive feedback via the alternative pathway (see Complement 
C3). CRP is catabolized by opsonization, the process by 
which bacteria are altered in such a manner that they are 
more readily and more efficiently engulfed by phagocytes. 
However, whether CRP is catabolized by any other route is 
not clear. Similar proteins capable of Ca’*-dependent 
binding to C-polysaccharide occur in fish and birds, and in 
mammals. Their appearance is similar to CRP on electron 
microscopy, and they have similar amino acid sequences. No 
genetic abnormalities have been reported for circulating 
CRP, although genetic deficiency and DNA variants have 
been suggested. 


Clinical Significance 

Acute Phase Response. CRP is one of the most sensi- 
tive of the APR with plasma levels rising up to 2000-fold 
after myocardial infarction, stress, trauma, infection, inflam- 
mation, surgery, or neoplastic proliferation. Levels are in 
general much higher in bacterial than viral infection, 
although levels greater than 100mg/L (10mg/dL) may be 
seen in uncomplicated influenza and infectious mononu- 
cleosis. The increase with inflammation occurs within 6 to 
12 hours and peaks at about 48 hours. It is generally pro- 
portional to the degree of tissue damage. Because the 
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increase is nonspecific, however, it cannot be interpreted 
without other clinical information. Umbilical cord blood 
normally has low CRP concentrations (1 to 35pig/dL}, but 
in intrauterine (fetal) bacterial infection, levels may be as 
high as 26 mg/dL. 

Determination of CRP is clinically useful for screening for 
organic disease; for assessing the activity of an inflammatory 
disease, such as rheumatoid arthritis; for detecting intercur- 
rent infections in systemic lupus erythematosus (SLE), in 
leukemia, or after surgery (secondary rise in plasma level); 
for detecting rejection in renal allograft recipients; and for 
managing neonatal septicemia and meningitis, when col- 
lecting specimens for bacteriological investigations may be 
difficult. 

For unknown reasons, the degree of CRP response varies 
in some diseases that are otherwise apparently similar. For 
example, the CRP response in SLE and ulcerative colitis, even 
when there are obvious signs and symptoms of inflamma- 
tion, is slight in contrast to its frequently large response in 
rheumatoid arthritis and Crohn’s disease. 

To summarize, it is very important to remember that CRP 
levels greater than 5 to 10mg/L are likely to be associated 
with clinically significant acute or chronic inflammatory 
disease (e.g, bacterial infection or malignancy), which 
should be identified and treated. 

Risk of Cardiovascular Disease. Epidemiological 
studies have demonstrated that increased serum CRP con- 
centrations are positively associated with risk of future coro- 
nary events, such as coronary artery disease, cerebrovascular 
disease, or peripheral arterial disease, and levels may be com- 
bined with cholesterol markers in estimating risk” (see 
Chapters 26 and 44). The use of CRP for these purposes 
requires the use of “high-sensitivity” CRP assays (hs-CRP) 
having detection limits less than 0.3 mg/L. However, some 
studies have shown no improvement in risk prediction by 
adding CRP." It is likely that the increased levels reflect low- 
grade, chronic intimal inflammation rather than a direct role 
for CRP in atherogenesis. 


Laboratory Considerations 


Because CRP is normally present in plasma at a concentra- 
tion of less than Smg/L (50ug/dL), highly sensitive 
immunochemical methods are required for its quantifica- 
tion. Current assays include particle-enhanced immunotur- 
bidimetry or nephelometry, immunofluorescence, and 
immunochemiluminescence. CRP migrates on cellulose 
acetate or agarose gel electrophoresis anywhere from the 
slow-y to mid-B regions, depending upon the calcium ion 
content of the buffer. 


Reference Interval 


The reference interval for CRP in adults is | < 5mg/L 
(500 ug/dL).” 


Ceruloplasmin 


Ceruloplasmin (Cp) is an o,-globulin that contains approx- 
imately 95% of the total copper found in serum. Each mol- 


ecule of Cp contains six to eight copper atoms, most of 
which are tightly bound. The high content of copper ions 
gives Cp a beautiful blue color (L. caeruleus = blue). When 
Cp levels are greatly elevated, as in pregnancy, or the normal 
yellow pigments of plasma are decreased, as in active 
rheumatoid arthritis, plasma may have a green tint. Cp can 
also bind, and perhaps transport, other divalent cations, such 
as magnesium. 


Biochemistry 

Ceruloplasmin has a single polypeptide chain with 1046 
amino acids and three glucosamine-linked oligosaccharide 
side chains, with a total carbohydrate content of 8% to 9.5%, 
The peptide chain and carbohydrate together result in a 
mean molecular mass of 132 kDa. Cp in serum shows signifi- 
cant size and charge heterogeneity because of differences in 
glycosylation, the number of copper atoms present, peptide 
chain variations secondary to alternative DNA splicing, and 
polymerization. In addition, it is very susceptible to proteol- 
ysis, both in vivo and in vitro, by many proteases, including 
trypsin, plasmin, leukocyte elastase, and a plasma metallo- 
proteinase. This lability accounts for earlier reports of more 
than one peptide chain. 

Ceruloplasmin is synthesized primarily by the hepatic 
parenchymal cells, with small amounts synthesized by 
macrophages and lymphocytes. The peptide chain is formed 
first, then copper is added from an intracellular ATPase 
(absent in Wilsons disease; see later in this chapter); Cu- 
glutathione complexes may be involved in the transfer. The 
CHO side chains are subsequently added in the endoplasmic 
reticulum. Copper appears to be essential for the normal 
folding of the polypeptide chain and possibly for normal 
CHO side chain attachment. However, apoCp is synthesized 
even in the absence of copper or the ATPase; most is 
degraded intracellularly, but moderate amounts are released 
into the circulation, where apoCp has a very short half-life. 

Sialic acid is slowly removed from circulating Cp by tissue 
and plasma neuraminidases, resulting in exposure of the 
penterminal galactose residue on the carbohydrate side 
chains. Once a critical number of galactose residues are 
exposed, the protein is rapidly removed by galactose recep- 
tors of the hepatic parenchymal cells and catabolized. 
Markedly increased catabolism by this route may result in 
deposition of excessive copper in the liver. The normal 
plasma half-life of intact, holoCp (copper replete) is 4 to 5 
days, whereas that of apoCp is a few hours and that of desia- 
lylated Cp a few minutes. 


Function 

The primary physiological role of Cp involves plasma redox 
reactions. It can function either as an oxidant or an antiox- 
idant depending on other factors, such as the presence of free 
ferric ions and ferritin binding sites. Acting as a ferroxidase, 
Cp is vitally important in regulating the ionic state of iron 
in particular, oxidizing Fe’ to Fe” (Figure 20-4). It thus 
permits the incorporation of iron into transferrin without 
the formation of toxic iron products. Under physiological 
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Ferroxidase activity of Cp 
Hoo `> o 
{or — SH) a — (or — SS —) 


CpCu®® CpCu® 
Ferrous iron Ferrous iron 
(from cellular Gnto plasma 
ferritin) ; transferrin) 


Figure 20-4 Proposed function of ceruloplasmin copper 
(CpCu™) as a proton (hydrogen ion) recipient from cellular 
ferrous iron. The resulting oxidation of Fe** to the ferric state 
permits its binding and transport by plasma transferrin. CpCu* is 
oxidized (regenerated to CpCu**) by reaction with oxygen, 
oxidized thiol groups, or other oxidizing substances. (Modified 
from Johnson AM. Ceruloplasmin. In: Ritchie RF, Navolotskaia O, 
editors. Serum proteins in clinical medicine. Vol. I: Laboratory section. 
Scarborough, ME: Foundation for Blood Research, 1996:/3.01-13.03.) 


conditions, Cp is also important in the control of membrane 
lipid oxidation—probably by direct oxidation of cations— 
thus preventing their catalysis of lipid peroxidation. At the 
same time, in the presence of superoxide (e.g., in inflamed 
vascular endothelium), Cp is a major contributor to low- 
density lipoprotein (LDL) oxidation.” Its role in oxidation 
of 6-hydroxydopamine may be important in brain function, 
perhaps explaining the early neurological symptoms seen in 
severe genetic deficiency.” 

Cp may transport small amounts of copper to tissue, 
which have separate membrane receptors for Cp- and 
albumin-bound copper. The importance of Cp in transport 
is debated, however, because turnover of Cp copper is very 
slow and individuals with genetic deficiency of Cp have no 
problems related to copper transport (see later in this 
chapter). Albumin and transcuprein are the major copper 
transport proteins, especially following absorption from the 
intestinal tract. 


Clinical Significance 

Cp is most often measured as a screening test for Wilson’s 
disease. Several other factors, including diet, hormone levels, 
and other genetic disorders, also influence plasma levels. 
Immunochemical assays may not distinguish between the 
active, copper-replete holoCp and apoCp, which is released 
into the circulation in most of the disorders associated with 
low total Cp levels. Functional assays might therefore be 
helpful in clinical circumstances, but they are more difficult 
to perform and less specific. 

Increased Plasma Levels. Cp levels are increased as a 
result of primary and secondary elevations. 

Primary (Genetic) Elevation. EL mice have a Cp gene 
duplication that results in elevated Cp levels by both 
immunochemical and copper oxidase methods of assay.” 
Affected mice have an epileptic disorder similar to human 
complex partial seizures, possibly because of Cp-induced 


neuronal membrane depolarization. Conversely, rats defi- 
cient in copper and Cp have diminished auditory startle 
responses.” There are no published reports of Cp levels in 
human patients with seizure disorders. 

Secondary Elevations. Synthesis of Cp is increased 
modestly in the APR. The increase occurs relatively 
slowly, peaking at 4 to 20 days after a single, acute 
insult, Synthesis is stimulated markedly by estrogens, 
with moderate increases ‘seen in women taking estrogen- 
containing medications and larger increases during 
pregnancy. 

Decreased Plasma Levels. Cp levels are decreased as a 
result of various primary and secondary deficiencies. 

Primary (Genetic) Deficiency. Inherited deficiency of Cp 
has been reported in several families. Clinical findings in 
homozygous individuals include blepharospasm, retinal 
degeneration, diabetes mellitus, dementia, and extrapyrami- 
dal tract disorders. No patients have shown excessive tissue 
copper, but all have had increased tissue iron stores and 
decreased serum iron, This argues strongly for the hypo- 
thesis that the primary physiological role of Cp is for 
maintaining normal iron transport and metabolism. Serum 
iron levels increase for several hours following infusion of 
fresh frozen plasma. The clinical picture is similar to that of 
hereditary hemochromatosis, although CNS effects are 
greater and no patients to date have shown the arthritis and 
cardiomyopathy commonly seen in hereditary hermochro- 
matosis. 7? 

Secondary Deficiency. Low plasma Cp levels caused by a 
lack of incorporation of Cu™ into the molecule during syn- 
thesis are much more common than primary deficiency. 
Secondary deficiency may be due to dietary Cu” insuffi- 
ciency (including malabsorption), inability to release Cu 
from the gastrointestinal epithelium into the circulation, or 
inability to insert Cu” into the developing Cp molecule. In 
all cases, apoCp (noncopper containing) is still synthesized 
by the hepatic parenchymal cells. However, as mentioned 
previously, most apoCp is catabolized intracellularly before 
release into the plasma, and plasma apoCp has a much 
shorter half-life than does holoCp, Levels may also be low in 
blood loss or in gastrointestinal or renal protein-losing 
syndromes. 

Dietary. Cp deficiency is due to nutritional copper defi- 
ciency, with secondarily low levels of Cp, and is associated 
with neutropenia, thrombocytopenia, low serum iron, 
and hypochromic, normocytic, or macrocytic anemia 
unresponsive to iron therapy. The deficiency may be due to 
inadequate dietary intake, long-term parenteral nutrition 
without copper supplementation, malabsorption of any 
cause, penicillamine therapy, or combinations of these. 
Therapy includes dietary change or copper supplementa- 
tion, plus treatment of the primary cause of malabsorption 
if present. 

Menkes’ disease is an X-linked inherited disorder in which 
dietary copper is absorbed from the gastrointestinal tract but 
cannot be transported to the vascular space because of the 
genetic absence of an intracellular ATPase." Hence, copper 
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is not available to the liver for incorporation into Cp. 
Affected infants manifest abnormal hair (sparse, brittle, and 
kinky), growth restriction, and progressive neurological 
degeneration, with death occurring during the first few years 
of life if untreated. Subcutaneous injections of copper histi- 
dine partially reverse the deleterious effects if started early in 
life; some residual Menkes’ ATPase activity (i.e., incomplete 
deficiency) may be necessary for this response, however. 
Patients with deficient gastrointestinal and blood-brain 
barrier transport of copper have also been described; the 
neurological symptoms in these patients are not reversed by 
copper therapy. The gene for Menkes’ disease is on chro- 
mosome Xq13.3-21.2. 

‘Wilson’s disease, or hepatolenticular degeneration, differs 
from dietary deficiency and Menkes’ disease in that body 
copper is markedly increased and is deposited in tissue, 
including the hepatic parenchymal cells, the brain, and the 
periphery of the iris (resulting in the characteristic Kayser- 
Fleischer rings), Copper is absorbed and transported to the 
liver, but the absence of a hepatocellular P type of ATPase 
(similar to that missing in Menkes’ disease) prevents incor- 
poration of copper into Cp. The gene for this ATPase is on 
chromosome 13q14.3.° 

Symptoms in patients with Wilson’s disease usually begin 
in the second or third decade of life, but may be earlier or 
later. However, mutations that completely destroy gene func- 
tion may be associated with onset of liver disease as early as 
3 years of age, The initial clinical presentation may be 
hepatic, with presentation similar to acute hepatitis or to 
chronic active hepatitis; neurological (e.g., clumsiness, 
dysarthria, ataxia, and tremors); renal (renal tubular acido- 
sis with aminoaciduria); or, less commonly, hematological, 
with hemolysis secondary to acute release of free copper 
from tissue and subsequent oxidation of erythrocyte mem- 
branes. The hepatic, and possibly CNS, damage may also be 
secondary to copper-induced oxidative damage to mito- 
chondrial membranes.” Hepatic levels of Cp messenger 
ribonucleic acid (mRNA) are reduced in patients with 
Wilson's disease, probably secondary to inhibition of tran- 
scription by increased intracellular levels of apoCp.* 

Most patients with Wilson’s disease have plasma Cp levels 
below 0.1 g/L (10mg/dL), and the mean Cp level in these 
patients is ~50mg/L (5mg/dL). However, some—particu- 
larly those with inflammatory diseases or pregnancy—may 
have low normal levels. Cp levels are low in 10% to 12% of 
obligate heterozygotes for the Wilson’s disease gene and 
normal in the rest, possibly because of different mutations. 
Low Cp levels are also seen in other disorders, as noted 
earlier. Clinical diagnosis of Wilson’s disease therefore 
requires presence of the classical signs of the disease, docu- 
mentation of copper excess, or both. Slit-lamp examination 
for Kayser-Fleischer rings, assays of urine copper, and, if 
these are not diagnostic, liver biopsy for quantitative copper 
assay may be required for definitive diagnosis. DNA analysis 
also permits definitive diagnosis in most cases, even in the 
absence of clinical abnormalities. 


Genetic Aspects 


There are several genetic variants or isotypes of Cp, but none 
of these, except for genetic deficiency (see previous discus- 
sion in this chapter), has known clinical significance. The 
most prevalent isotypes are CpA, CpB, and CpC, which are 
detectable by electrophoresis followed by either immunofix- 
ation or functional staining; CpB is the common, or “wild,” 
isotype. The gene encoding Cp is on chromosome 3q25.° 


Laboratory Considerations 

Because of its lability, Cp may lose some or all of its copper 
either spontaneously or secondary to oxidation during in 
vitro storage of serum. In addition, fragmentation of the 
peptide chain by enzymes in normal serum and leukocytes 
may result in altered reactivity with antibodies. This lability 
may create problems with calibrators, controls, and quality 
control materials and with patient samples. Depending on 
the degree of degradation and the assay method, apparent 
levels may increase or decrease. Serum or plasma from 
patient samples should be separated as soon as possible after 
collection and either assayed promptly or stored under 
proper conditions (up to 3 days at 4°C; longer storage at 
-70°C). 

Ceruloplasmin can be assayed immunochemically or 
functionally (copper oxidase activity). The latter assays 
measure only native, copper-containing Cp, whereas the 
former measure both the intact molecule and, to varying 
degrees, apoCp and proteolytic fragments. 


Reference Intervals 

Ceruloplasmin is undetectable before 20 weeks of gestation. 
Plasma levels then gradually rise by term to 25% to 40% of 
the normal adult level and by 6 months of age to nearly adult 
levels (Table 20-6). Levels at birth do not correlate with birth 


TABLE 20-6: Plasma Ceruloplasmin: Reference 
Intervals® 


Reference interval (mg/L) _ E 


50-330. 
150-560 ~ 
260-830. 
310-900 


Adults => 
Ce 0 (OG; estrogens) 
< 300-1200 (Pregnant!) 


OC, Oral contraceptives, 

*Converted to CRM 470 values from muitiple references. 

‘Second and third trimesters; levels increase with increasing gestational 
age. 
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weight, and copper supplementation does not increase levels 
in the first few weeks of life; the low levels are probably sec- 
ondary to immaturity of the fetal and neonatal liver. The ref- 
erence interval for neonates is 0.19 to 0.67 g/L. 

Serum Cp levels reach a maximum at 2 or 3 years of age, 
then fall slowly until the adolescent years, when adult levels 
are reached. Levels are higher in women during their men- 
strual years (and longer if estrogen replacement therapy is 
used). There appears to be a genetic influence on synthetic 
rates; levels within families vary less than do those among 
families. The recommended interim reference interval for 
all adults of both sexes, based on CRM 470, is 0.2 to 0.6g/L 
(20 to 60mg/dL).” 


Haptoglobin 
Hp is an &,-glycoprotein that irreversibly binds hemoglobin 
(G. haptein = to bind). 


Biochemistry 

Haptoglobin is synthesized by the hepatic parenchymal cells 
and is composed of four peptide chains linked by disulfide 
bonds into two pairs, an (of), configuration similar to that 
of hemoglobin. The two chains are synthesized together and 
then separated by cleavage at an arginine residue. The Hp 
a-chain exists in two common genetically determined 
molecular forms, monomeric (Q) and partially dimeric (075 
probably the result of incomplete genetic crossover). In addi- 
tion, one variant has partial triplication. The monomeric Hp 
o!-chain has 83 amino acid residues and is partly homolo- 
gous to kringle 5 of plasminogen; the B-chain, with 245 
amino acid residues plus carbohydrate side chains, is related 
to the serine proteases. The molecular mass of the Hp 1-1 
isotype, (o.’B),, is approximately 85 kDa. 

During extracellular hemolysis, hemoglobin is released 
from the erythrocytes, and the hemoglobin tetramers sepa- 
rate into @B dimers at the low local concentration of hemo- 
globin. The free dimers bind almost immediately to free Hp. 
Each Hp monomer can bind up to two hemoglobin of 
dimers, the equivalent to one intact hemoglobin molecule; 
the Hp -chain binds to hemoglobin a-chains. Hp- 
hemoglobin complexes are large enough to prevent, or 
greatly reduce, renal loss of hemoglobin and its iron. The 
complexes are very rapidly removed by the hepatic Kupffer 
cells and by macrophages, via CD163 receptors, where the 
proteins are degraded and the iron and amino acids are 
reused. Hp is therefore a “suicidal” protein and not strictly a 
carrier or transport protein. The normal plasma half-life of 
Hp is approximately 5.5 days. 


Function 


The primary functions of Hp were initially thought to be 
the preservation of iron and the prevention of possible 
damage to the renal tubules by excreted hemoglobin. 
However, Hp-hemoglobin complexes and free Hp itself also 
play significant roles in the control of local inflammatory 
processes: 


1, The Hp-hemoglobin complex is a potent peroxidase, 
capable of hydrolyzing peroxides released during phago- 
cytosis and killing by polymorphonuclear leukocytes at 
sites of inflammation; complexing of hemoglobin by Hp 
prevents lipid peroxidation. 

2. Hp inhibits cathepsin B released by the phagocytes and 
binds to and modulates proliferation or activity of 
lymphocytes, monocytes, and granulocytes, possibly by 
binding to integrins. 

3. Hp isa natural bacteriostatic agent in infection with iron- 
requiring bacteria, such as Escherichia coli, probably 
by preventing the use of hemoglobin iron by these 
organisms. 

4. Hp synthesis is stimulated by inflammation but not by 
hemolysis (and depletion of Hp), suggesting teleologi- 
cally that the role of Hp in local inflammation may be its 
primary role and function. 

Other proposed functions for Hp or the Hp-hemoglobin 
complex include inhibition of nitric oxide and prostaglandin 
synthesis, angiogenesis, and control of lymphocyte and neu- 
trophil function. All of these may be relevant to the control 
of inflammation. 


Clinical Significance 

Under normal circumstances, approximately 1% of circulat- 
ing red blood cells are removed from the circulation or 
destroyed intravascularly each day. An increase to only 2% 
destruction per day will completely deplete plasma Hp in the 
absence of a stimulus to production, such as acute inflam- 
mation or corticosteroid therapy. 

Once Hp is depleted, further hemolysis may be associated 
with other phenomena. First, hemoglobin may be oxidized 
to methemoglobin, followed by dissociation of metheme 
from globin. Metheme is insoluble but can bind to either 
hemopexin (high affinity) or albumin (low affinity), keeping 
it in solution. Hemopexin-heme complexes are removed by 
the reticuloendothelial system (as with Hp-hemoglobin 
complexes, but more slowly), with subsequent intracellular 
catabolism of the complex and a decrease in the hemopexin 
level in plasma.”* Hemopexin synthesis is relatively unaf- 
fected by other factors (such as estrogen) that decrease Hp 
synthesis, so low values usually reflect fairly severe or pro- 
longed hemolysis. Like Hp, it is a positive (but weak) APR. 
Disorders with both ineffective hematopoiesis and periph- 
eral or splenic lysis of abnormal cells, including some hemo- 
globinopathies (e.g., sickle cell disease), are associated with 
chronic depletion of Hp and hemopexin.‘ Albumin also 
binds heme, but with lower affinity than hemopexin, to form 
methemalbumin. Because of the higher affinities of hemo- 
globin for Hp and of hemopexin for heme, methemalbumin 
may not be seen until Hp and hemopexin are depleted. 

Alternatively, free a dimers may pass through the 
glomerular filter into the urine. The dimers are normally 
reabsorbed and catabolized by the proximal tubules and 
catabolized, with the iron incorporated into cellular ferritin 
and hemosiderin. Iron may reach toxic levels in the tubular 
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TABLE 20-7. Correlation of Haptoglobin-and:c,-Acid Glycoprotein (Orosomucoid) Changes With Hormonal Effects 


and: Diseases 
Haptoglobin ° o,-Acid Glycoprotein 


Normal 


~ Usual Interpretation 


Acute phase response; corticosteroid or androgen effect : 
Hemolysis; hepatocellular disease (with increased red blood cell turnover) 

: Hemolysis plus acute phase response, corticosteroid,therapy, or both 
Estrogen effect; hepatocellular disease 


Ore 


2g/t 


Hp 


2 2SgiL 
Figure 20-5 Protein profile of o,-antitrypsin (AAT), 04)-acid 
glycoprotein (Oro), and haptoglobin (Hp) in a hypothetical 
individual with in vivo hemolysis. The jagged vertical line 
connects the concentration values for the proteins. 


cells, which may slough into the excreted urine. If the ability 
of the proximal tubules to reabsorb is exceeded, or if signifi- 
cant damage has occurred, free hemoglobin is seen in the 
excreted urine. Hemoglobinuria may also be secondary to 
renal or postrenal bleeding, which must be excluded in the 
evaluation of hemoglobinuria. 

Thus Hp depletion is usually the most sensitive labora- 
tory indicator of hemolysis, followed by hemopexin deple- 
tion and finally by the presence of methemalbuminemia, 
hemoglobinuria, or both. However, Hp levels are influenced 
by several other factors, as discussed later. It is recommended 
that Hp always be assayed in association with AAG (oroso- 
mucoid), because the other factors—with the exception of 
protein-losing syndromes—influence the levels of both pro- 
teins in parallel (Table 20-7, Figure 20-5). If a patient has a 
normal Hp level but high AAG level, the possibility of 
hemolysis plus either corticosteroid therapy or an APR must 
be considered. 

As a result of its role in hemoglobin metabolism, Hp 
assays are used primarily to screen for, or to follow the course 
of, hemolytic disorders, 

Increased Plasma Levels. Increased levels of Hp are seen 
in the APR and protein-losing syndromes and associated 
with corticosteroid effects. 

Acute Phase Response. Hp synthesis is increased in the 
presence of acute inflammatory processes, tissue necrosis, or 
malignancy. Increased plasma levels are seen approximately 
4 to 6 days after the initiation of these processes and take 


about 2 weeks to fall to normal after the removal of the 
stimulating factors. Stimulation of synthesis is mediated by 
cytokines, particularly IL-6. 

Protein-Losing Syndromes {in Association with Hp 2-1! or 
2-2 Phenotypes). Most protein-losing syndromes, such as 
the nephrotic syndrome, are associated with sieving loss of 
plasma proteins, with excretion inversely proportional to the 
effective diameter of the protein (Stokes radius). There is a 
concomitant, compensatory increase in synthesis of most if 
not all proteins synthesized in the liver, including Hp. Hp 
1-1 is relatively small and is lost in approximately the same 
proportion as albumin. However, the 2-1 and 2-2 variants 
are large; these are retained, and elevated concentrations are 
usually seen unless hemolysis is also present. 

Corticosteroid Effects. Glucocorticoids, such as cortisol 
(endogenous) and dexamethasone (exogenous), and andro- 
gens are associated with increased. synthesis of Hp and sec- 
ondarily elevated plasma levels. Dexamethasone acts, at least 
in vitro, by enhancing the response of synthesis to inter- 
leukins rather than by a direct effect on synthesis. 

Decreased Plasma Levels. Decreased levels of Hp are 
seen with genetic deficiency, hemolytic disease, ineffective 
erythropoiesis, estrogens, and hepatocellular disease and in 
neonates. 

Genetic Deficiency. Genetic absence (anhaptoglobine- 
mia, or Hp0) and hypohaptoglobinemia have been reported 
in many populations, especially in those of African extrac- 
tion. However, most reports have been in populations with 
high rates of hemolytic disease, either genetic (e.g., hemo- 
globinopathies and giucose-6-phosphatase deficiency) or 
acquired (e.g., malaria). True Hpo (total deficiency) is rare 
in most if not all populations. More commonly, genetic 
hypohaptoglobinemia is associated with very low, but phe- 
notypable, levels of Hp probably secondary to altered control 
of gene transcription rather than a defect in the Hp gene 
itself. 

Hemolytic Disease and Ineffective Erythropoiesis. As dis- 
cussed. previously, Hp levels are a sensitive indicator of in 
vivo hemolysis, as long as other causes of decreased levels are 
excluded. Splenomegaly and ineffective hematopoiesis are 
also associated with decreased levels. The latter, with 
increased hemolysis of red cells and their precursors in 
the bone marrow space, is seen in megaloblastic anemias 
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(vitamin By, or folate deficiency) and in many hemoglo- 
binopathies. 

Estrogens. Either endogenous or exogenous estrogens 
(e.g. in late pregnancy and in oral contraceptive therapy) 
result in decreased Hp synthesis and plasma levels. 

Hepatocellular Disease. Most forms of acute or chronic 
hepatocellular disease, including acute viral hepatitis and 
cirrhosis with jaundice, are associated with decreased levels 
of Hp, possibly caused in part by altered estrogen metabo- 
lism. Increased red cell breakdown secondary to erythrocyte 
membrane lipid alterations may also play a role, although 
this has never been documented with turnover studies. In 
contrast, biliary obstruction is also associated with signifi- 
cant lipid alterations but with increased Hp levels, in the 
absence of severe hepatocellular disease. 

Newborn Period. Hp is absent or present in very low con- 
centration in most newborn infants as a result of hepatic 
immaturity. In addition, hemopexin levels in newborns are 
on average one fifth of adult levels. The absence of Hp and 
hemopexin in the normal fetus may prevent in utero stimu- 
lation of the hepatic excretory mechanisms for bilirubin 
(fetal bilirubin is normally excreted by the placenta and the 
maternal liver). 


Genetic Aspects 

The gene encoding Hp is on chromosome 16 at band q22. 
Both chains are polymorphic, but the o-chain accounts for 
the commonly recognized isotypes. As mentioned previ- 
ously, the o-chains exist in different genetically determined 
sizes, with a! the basic monomer. The two common tt! vari- 
ants, o!” and a's, differ only in one amino acid at position 
54 (lysine in a" and glutamic acid in œ”). Of the two, a's is 
the more frequent. 

The o variants are products of partial gene duplication, 
probably from unequal crossing over,” and are nearly twice 
the length of the œ variants (142 versus 83 amino acid 
residues). The three possible œ? products (02, a", and a) 
have all been described, with œs the most common in white 
populations. Homozygosity for the &' alleles results in the 
phenotype Hp 1-1, with a molecular mass of 85 kDa. Het- 
erozygosity for o? and o’ results in Hp 2-1 (molecular mass 
of the monomer = 120kDa), and homozygosity for o in Hp 
2-2 (160kDa). The latter two phenotypes polymerize to 
form a series of polymers, with molecular masses up to at 
least 1000 kDa; the Hp 2-2 polymers differ by increments of 
one œB dimer (~57.3 kDa). As a result, phenotyping can be 
performed fairly easily by sieving electrophoresis in starch or 
polyacrylamide gels (Figure 20-6), usually as Hp-hemoglo- 
bin complexes, which can be detected by their peroxidase 
characteristics. Alternatively, immunofixation can be used 
after electrophoretic separation. The o-chain subtypes (a, 
oF, oF", of", and oS) are detected by isoelectric focusing 
of reduced, neuraminidase-treated serum or plasma, fol- 
lowed by blotting onto nitrocellulose membranes and 
immunoperoxidase staining. 


+ (Anode) 


I | 


Hp 1-1 Hp2-1 Hp2-2 
Figure 20-6 The common phenotypes of haptoglobin, as 


shown by sieving gel electrophoresis of haptoglobin-hemoglobin 
complexes. 


Less common variants include Hp Johnson, in which 
there is triplication of a portion of the o-chain, and Hp 
2-IMod, a 2-1 phenotype in which there is greatly reduced 
production in o’-chains. As mentioned previously, true 
genetic anhaptoglobinemia (Hp0) is rare; individuals with 
ring chromosome 16 have terminal deletions of the Hp gene 
and therefore do have true deficiency. Very low levels on a 
genetic basis are more commonly caused by decreased tran- 
scription, with resulting hypohaptoglobinemia. 

The Hp 2-2 phenotype is associated with higher serum 
iron, ferritin, and transferrin saturation, perhaps because of 
its preferential uptake by CD163 receptors.” Other possible 
clinical associations of the Hp polymorphism have been 
reviewed by Langlois and Delanghe.® 


Laboratory Considerations 


Hp and AMG together with Hb-hemoglobin complexes 
(usually from in vitro hemolysis) migrate more cathodally 
(Figure 20-6). Traditionally, Hp was measured by assaying 
peroxidase activity after mixing serum with an excess of free 
hemoglobin, the so-called hemoglobin binding capacity 
(BC). On average, [Hp] = [Hp BC] x 1.5; approximately 
img hemoglobin is bound by 1.5mg Hp, depending on the 
phenotype. 

Immunochemical methods are also used for clinical 
assays because they are rapid and easily automated. Because 
of the differences in molecular size and corresponding dif- 
fusion rates, gel diffusion techniques, such as radial immu- 
nodiffusion (RID) require correction for phenotype and are 
therefore time consuming and inconvenient. Immunoassays 
in solution, such as nephelometry and turbidimetry, are 
influenced slightly by size as well, but the differences are rel- 
atively insignificant, 
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Reference Intervals 


The recommended interim reference interval for Hp in 
serum for adults is 0.3 to 2.0g/L (30 to 200mg/dL).* As 
noted previously, levels are low to absent in the neonatal 
period and are low in women who are either pregnant or on 
exogenous estrogen therapy, including oral contraceptives. 
For children the reference interval is approximately 0.2 to 
L.6g/L. 


Transferrin 
Transferrin (originally named siderophilin) is the principal 
plasma transport protein for iron (Fe); see Chapter 31. 


Biochemistry 
Transferrin (Tf) has a molecular weight of approximately 
79.6kDa, including 5.5% carbohydrate. It is a single 
polypeptide chain, with the carbohydrate moieties in the 
C-terminal domain and two homologous domains, each 
containing an Fe™ binding site,"° It is synthesized almost 
exclusively in the liver, with lesser amounts in the choroid 
plexus of the brain, Plasma levels are regulated primarily by 
availability of iron; in iron deficiency, plasma Tf levels rise 
and, on successful treatment with iron, return to normal. Tf 
has a half-life of approximately 8 to 10 days, The primary 
route of catabolism is not known, but some Tf is lost from 
the body in exfoliated intestinal mucosal cells and other cells. 
As with albumin, about half of Tf exists outside the vascu- 
lar compartment in body fluids, such as lymph and CSE. 
Tf reversibly binds numerous polycations—iron, copper, 
zinc, cobalt, and calcium—although only iron appears to 
have physiological significance. One molecule of Tf binds 
two ferric ions and an associated anion, usually bicarbonate. 
There are two binding sites for iron with different affinities; 
both are strong at physiological pH but decrease with 
decreasing pH. The iron-Tf complex has an absorbance 
maximum at 470nm. Cp is necessary for the oxidation of 
Fe to Fe*'as a preliminary step for binding of Fe* to Tf. 


Function 


Iron metabolism is discussed in Chapter 31; thus only a brief 
discussion of the role of Tf is presented here. Apotransfer- 
rin binds iron absorbed from the intestine or released from 
catabolism of hemoglobin. The iron is then transported to 
storage sites, such as the liver and reticuloendothelial system, 
and to sites of synthesis of iron-containing compounds, 
especially the erythropoietic tissue (for hemoglobin synthe- 
sis). However, virtually every cell type has surface receptors 
for Tf." The receptors have a much higher affinity for TE 
Fe* than for apotransferrin (Tf without iron), After binding, 
the Tf-Fe**-receptor complex is internalized into a caltherin- 
coated endosome that lowers the internal pH, resulting in 
release of iron from Tf. The free ferric iron, which is 
cytotoxic, is reduced and incorporated into ferritin and 
hemosiderin, for eventual synthesis of compounds, such as 
hemoglobin, myoglobin, and cytochromes. The receptor- 


apoTf complex is recycled to the cell surface where the apoTf 
is released and recycled, making the receptor available again 
for binding, 


Clinical Significance 

Increased Plasma Levels. Evaluation of plasma Tf levels 
is useful in the differential diagnosis of hypochromic micro- 
cytic anemia and for monitoring treatment. In iron defi- 
ciency, Tf is increased, but the protein is less saturated with 
iron. On the other hand, if the anemia is due to a failure to 
incorporate iron into erythrocytes (e.g., with chronic inflam- 
matory disease), the Tf level may be normal or low, but the 
protein is normally saturated with iron. In iron overload 
(e.g., hereditary hemochromatosis), Tf concentration is 
normal, but saturation (normally 30% to 38%) exceeds 55% 
and may be as great as 100%. Assays of soluble transferrin 
receptor (sTfR) are useful in differentiating the various 
causes of microcytic anemia; if tissue iron deficiency is 
present, the affected cells increase their synthesis of trans- 
ferrin receptors. Shedding of partial molecules into plasma, 
in direct proportion to the amount of receptor, is reflected 
by increased levels of sTfR. Thus levels are high in iron defi- 
ciency but normal in other disorders associated with micro- 
cytic anemia (e.g., partial o-thalassemia and inflammation). 
Although assays for sTfR are available, international stan- 
dardization is needed. 

High levels of Tf are also seen in pregnancy and during 
estrogen administration, 

Decreased Plasma Levels. Transferrin is a negative 
APR; the most common cause of low levels is inflamma- 
tion or malignancy. Decreased synthesis is seen with chronic 
liver disease and malnutrition (see Chapter 47). Protein 
loss, as in the nephrotic syndrome or protein-losing 
enteropathies, also results in low levels. In hereditary atrans- 
ferrinemia, a very low level of Tf is accompanied by iron 
overload but severe hypochromic anemia resistant to iron 
therapy. ` 

Carbohydrate-Deficient Transferrin (CDT). The glyco- 
sylation of transferrin (and of other glycoproteins) may be 
decreased or absent in certain circumstances. Congenital dis- 
orders of glycosylation, or the carbohydrate-deficient glyco- 
protein syndromes, are increasingly recognized in patients; 
they may be associated with defects of any of at least 9 genes 
and result in varying multisystem dysfunction, usually with 
brain involvement.” 

CDT is also assayed extensively, especially in Europe, for 
detection of alcohol abuse. Other proteins, such as 0t,-acid 
glycoprotein, are carbohydrate deficient in this case as well. 
The “gold standard” for assessment is HPLC, although both 
capillary electrophoresis and immunoassays are more com- 
monly used in clinical settings. Immunoassays in particular 
are poorly standardized, both qualitatively and quantita- 
tively; positive tests should be confirmed by an alternative 
method.’ Genetic variants of Tf may also complicate inter- 
pretation of results. 
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Genetic Aspects 


The gene coding for Tf is on chromosome 3q21-25. At least 
22 genetic variants of Tf have been identified (pI 5.5-5.9), 
with heterozygosity present in up to 25% of some popula- 
tions. The wild type is Tf G; the most common anodal and 
cathodal variants are Tf B and Tf C, respectively. The vari- 
ants all bind iron and have no biological significance except 
for the rare congenital defect, atransferrinemia. However, 
they may be misinterpreted as M-components or as CDT. 


Laboratory Considerations 

Because of the convenience of simultaneous measurement of 
serum iron and total iron binding capacity (TIBC) and the 
desirability of knowing percent saturation of Tf (see Chapter 
31), Tf is sometimes estimated indirectly from the TIBC 
value by the following equation: 


Tf, mg/dL = 0.70 x TIBC, g/dL 
or 


TIBC = 1.43 x Tf 


This procedure overestimates the Tf concentration by 
16% to 20% because it assumes that all plasma iron is bound 
to Tf. When Tf is more than half saturated (e.g., in heredi- 
tary hemochromatosis), some of the iron is bound to other 
plasma proteins including albumin. 

Transferrin is commonly assayed by immunochemical 
methods, including immunoturbidimetry and immuno- 
nephelometry. It migrates in the B, region on routine serum 
electrophoresis; as noted previously, genetic variants may 
cause problems in interpretation of these patterns. 


Reference Intervals 
Serum reference intervals based on CRM 470% are as follows: 


gi o mgidl 
-Newborn 1:17-2:50. 117-250. 
Adults (20-60yr) 2.0-3.6 > 1200-360.. 


Transthyretin (Prealbumin) and Retinol-Binding Protein 
Transthyretin (prealbumin) and retinol-binding protein 
(RBP) are transport proteins that migrate together as a 1:1 
molecular complex. Transthyretin was originally named 
prealbumin because of its electrophoretic mobility; it was 
renamed in 1981 to reflect its binding and transport of both 
thyroid hormones (thyroxine and triiodothyronine) and 
RBP. 


Biochemistry and Function 

Transthyretin (TTR) is a nonglycosylated protein (MW 
34.98kDa) composed of four identical subunits, noncova- 
lently bound to form a hollow core containing the T,- and 


T,-binding sites. It binds and transports approximately 10% 
of both hormones, with T, with higher affinity. (Thyroxine- 
binding globulin transports approximately 70%, and 
albumin binds the “overflow” with low affinity.) Because of 
negative cooperativity, TTR binding of the first hormone 
molecule decreases the binding affinity of the second, so only 
one site is normally occupied. TTR is synthesized in the liver 
and to a lesser extent in the choroid plexus of the CNS.” Its 
synthesis is ‘stimulated by glucocorticosteroid hormones, 
androgens, and many nonsteroidal antiinflammatory drugs 
(NSAIDs, including aspirin). 

Retinol-binding protein is a small (21kDa), monomeric 
transport protein for all trans retinol, the physiologically 
active, alcoholic form of vitamin A." It is synthesized in the 
liver. Zinc is required for synthesis, and retinol is required 
for its transportation by the Golgi apparatus.” When circu- 
lating in the plasma, RBP is in a 1:1 complex with 
transthyretin, preventing RBP from being filtered by the 
renal glomeruli and stabilizing the binding of retinol, reduc- 
ing its release to nontarget cells. Uptake of retinol by target 
cells is followed by dissociation of the transthyretin-RBP 
complex and clearance of apoRBP (RBP without retinol) 
from the circulation by the kidneys. It is reabsorbed by the 
proximal renal tubular cells and catabolized; the amino acids 
are then reused. 


Clinical Significance 
If vitamin A intake is adequate and renal function is normal, 
levels of TTR and RBP tend to rise and fall synchronistically. 

Increased Plasma Levels. Serum RBP increases in 
chronic renal disease, including diabetic nephropathy.” 
Levels are increased with corticosteroid or NSAID therapy 
and in Hodgkin’s disease. 

Decreased Plasma Levels. Decreased levels of RBP are 
seen primarily with liver disease, protein malnutrition, and 
the APR. Zinc deficiency is characterized by low serum levels 
of both RBP and vitamin A. 

Transthyretin levels are often used as an indicator of 
protein status because of its relatively short half-life, a high 
tryptophan content, a high proportion of essential-to- 
nonessential amino acids, and small pool size. However, it is 
a negative APR. Levels fall in inflammation and malignancy 
and in cirrhosis of the liver and protein-losing diseases of the 
gut or kidneys. Therefore a sensitive acute phase reactant, 
such as CRP, should always be assayed along with TTR if 
levels are to be used to estimate nutritional status. History 
and physical examination are also important aspects of such 
evaluations.” 


Genetic Aspects 


The gene coding for TTR is on chromosome 18q. More 
than 50 genetic variants have been described, a few affect- 
ing hormone binding. The substitution of threonine for 
alanine at codon 109 increases the affinity of transthyretin 
for thyroxine and is associated with euthyroid hyperthyrox- 
inemia. Euthyroid hypothyroxinemia associated with genetic 
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deficiency of thyroxine-binding globulin (TBG) is most 
commonly seen in males; the gene for TBG is on the X 
chromosome. 

Most TTR variants are associated with extracellular depo- 
sition of amyloid fibrils in various tissue. These autosomal 
dominant hereditary amyloidoses include amyloidotic car- 
diomyopathy, familial amyloidotic polyneuropathy, and 
senile systemic amyloidosis, There is phenotypic variability 
(e.g., variable age of onset), suggesting that other factors may 
influence pathogenesis of the diseases. 

The RBP gene is on chromosome 10q. 


Laboratory Considerations 


FTTR migrates anodal to albumin on routine serum elec- 
trophoresis; the presence of a TTR band is considered one 
marker of good quality electrophoresis. However, levels can 
be only roughly semiquantified from the intensity of the 
band. RBP dissociates during electrophoresis and migrates 
anodal to transferrin, but the band is usually too faint to see. 
Either protein can be quantified by routine immunochemi- 
cal methods. 


Reference Intervals 


The adult reference interval for RBP is 3.0 to 6.0 mg/dL. The 
RBP level at birth is 1.1 to 3.4mg/dL and at 6 months 
increases to 1.8 to 5.0 mg/dL. 

The adult reference interval for transthyretin, based on 
CRM 470, is 20 to 40mg/dL (0.2 to 0.4g/L).” Levels in 
healthy neonates are approximately half those found in 
adults, then increase into puberty, with a larger increase 
in boys than girls, and decrease in both sexes after age 50.” 


Other Proteinase Inhibitors 
Plasma and other body fluids contain a large number of 
other proteinase inhibitors in addition to AAT and AMG. 


A few of the more important ones are presented in 
Table 20-8. 


COMPLEMENT PROTEINS 


The complement system consists of at least 20 proteins, 
which can be divided into five groups by function: 
1. The classical pathway, which includes C1, C4, C2, and C3 

{in order of activation) 

2. The alternative pathway, which includes C3, factors B and 

D, and properdin 
3. The membrane attack complex, which includes C5 

through C9 
4. Inhibitors and inactivators of the above pathways, includ- 

ing C1 inhibitor, factors H and I, and C4-binding protein, 
or C4bp 
5. Cellular receptors for activated or cell-bound components. 

The fact that both heat-labile and heat-stable fractions of 
serum are necessary for the in vitro killing of microorgan- 
isms and therefore protection of animals against infection 
was first recognized in the late 1800s. Ehrlich subsequently 
named the labile fraction complement and the stable frac- 
tion amboceptor, now known to include primarily the 
immunoglobulins. Ferrata demonstrated in 1907 that the 
complement fraction included water-soluble (pseudoglobu- 
lin) and insoluble (euglobulin) components, and Pillemer 
showed in 1941 that complement contained at least four 
components. After the development of improved methods 
for protein purification and characterization in the 1960s, 
Miuller-Eberhard and Nelson, among others, expanded the 
list to include the nine “classical” components. The current 
nomenclature was adopted by the World Health Organiza- 
tion (WHO) in 1968. 

The classical pathway is activated primarily by the anti- 
body antigen complexes. In 1913, Browning and Mackie 
showed that cobra venom could trigger serum-mediated 
lysis of erythrocytes in the absence of an antibody. Pillemer 
described properdin as a component of the antibody- 
independent complement pathway in 1954, and proposed 
the name properdin pathway. His work was not accepted 
until the 1960s, however, when the alternative pathway was 


TABLE 20-8 Other. Protease Inhibitors 


Inhibitor Molecular Mass (kDa) 


o Antchymottypsin SSE S] 


oj Antiplasmin. = 


rypsin inhibitor _ 


Physiological. Proteases: 
Inhibited 


“Cathepsin G; mast cell 
chymase; prostate- specifie 
antigen*:: : 

Plasmin © 
“Thrombin 
Gir, GISH 

Unknown 


- Diseases Associated With _ 
Deficiency. 
Hepatic cirrhosis; asthma; 
E emphysema 


lemorshage (increases clot t ysis) 
‘Thromboembolism BE 
ereditary angioedema 


*Several inhibitors bind and inactivate prostate-specific antigen (PSA), including 0,,-antitrypsin, 0-macroglobulin, and o.,-antiplasmin. 
o,-Antichymotrypsin complexes are usually the predominant ones in serum or plasma, probably because of rapid clearance of the others. Levels of 
complexed PSA are increased in most patients with prostatic cancer, compared with normal individuals or those with benign prostatic hypertrophy. 


‘Quantitative and qualitative (functional) deficiencies reported. 
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shown unequivocally to exist and to be activated by bacter- 
ial lipopolysaccharides and cellular proteases or cobra 
venom. Activation of the classical pathway through C3 also 
activates the alternative pathway, which then acts to amplify 
the production of effector molecules. 

Any of several mechanisms can activate complement, 
including continuous and spontaneous “tickover,’ activation 
of the classical pathway (e.g., by the antigen antibody com- 
plexes or CRP), activation of the alternative pathway, and. 
action of proteases released. by leukocytes and other inflam- 
matory cells. The common step involved in all of these is the 
conversion of C3 to C3b, as shown in Figure 20-7. This figure 
also demonstrates the sites of action of the inhibitors and 
inactivators of complement (shown in gray shading), which 
prevent excessive or continuous depletion of the comple- 
ment components in addition to controlling complement 
activity in sites of inflammation. 

During activation, many of the complement components 
are enzymatically cleaved into two fragments, in general a 
larger fragment plus a smaller fragment that may have activ- 
ity in chemotaxis, vascular permeability, and the like (see dis- 
cussion below). The larger fragments are designated by a 
lowercase b and the smaller ones by a lowercase a. The larger 
fragments usually contain a binding site for membranes, 
immune complexes, and the like, plus in many cases an 
enzymatic site that can then activate the next component(s). 
Thus the active cell-bound fragment of C3 is C3b, whereas 
the anaphylatoxic peptide C3a is released into the sur- 
rounding fluid. Inactivated fragments are designated by the 
letter i (e.g., C3bi) or otherwise; for example, the persisting 
membrane-bound portion of C3b after inactivation is called 
C3d, and the major fragment after enzymatic cleavage in 
solution is called C3c. Activated complexes are indicated by 
a bar over the components (e.g., C567). 


ae La 7 
A 
Caba a ft a 


igGfantigen? 


4 qo 
Factor I 
Factor I 
€1 INH 
Ctop Factor H 
a Dissociates 
Degradation Ca C3b men complex 
cs Factor H Cie 
CB Cidg 
C7 
Anaphylatoxins 8 
Chemotaxins 
Lysis Opsonization 


Figure 20-7 Overview of the complement cascades. Activation 
via the classical pathway is shown on the left and via the 
alternative pathway on the right. Continuous tickover by 
hydrolysis of C3 to C3i is shown at the center top. Direct 
activation of C3 by neutrophil and plasma proteases also may 
occur. The control mechanisms are shaded. (Courtesy J.W. 
Whicher, with modifications.) 


The sequential activation of either the classical or the 
alternative pathway, with or without complete activation of 
the membrane-attack complex, produces biological effector 
molecules that initiate inflammation and facilitate the elim- 
ination of the antigens either by lysis (e.g., bacteria) or 
phagocytosis (e.g., immune complexes). A few of the specific 
functions of the complement system follow: 

1. Some activation fragments, C3a and C5a in particular, act 
as anaphylatoxins and chemotaxins. Anaphylatoxin activ- 
ity causes the release of histamine from mast cells, 
contraction of smooth muscles, and increased vascular 
permeability. A kinin-like fragment of C2 also increases 
vascular permeability, as seen in hereditary angioedema. 
Chemotaxin activity results in migration of phagocytes, 
such as polymorphonuclear leukocytes and macrophages, 
into areas of inflammation. 

2. Membrane-, immune complex-, or cell-bound C3b acts 
as an opsonin, resulting in adherence of the substances to 
which it is bound (e.g., bacteria, viruses, or immune com- 
plexes) to specific receptors on phagocytes. They are then 
ingested and proteolytically destroyed. (The word opsonin 
is derived from a Greek word meaning “preparation of 
food for ingestion.”) This is the primary route of destruc- 
tion of most foreign agents, including bacteria, yeasts, 
and viruses, and of complement-mediated hemolysis in 
human beings. 

3. Activation of the membrane-attack complex, through C9, 
can cause osmotic lysis of cells and viruses. The complete 
complex appears to be essential primarily for control of 
Neisseria species infections in human beings, because 
infections with these bacteria are the only significant clin- 
ical consequence of genetic deficiencies of the late-acting 
components, 

4, C3d-kallikrein complexes cause the release of polymor- 
phonuclear leukocytes from the bone marrow, increasing 
their availability. 

5. C4b and C3b are important for solubilization of immune 
complexes (by disrupting lattice formation) and their 
removal by the reticuloendothelial system. 

6. The enzymatic activity of Cls and C2b can activate the 
clotting, fibrinolytic, and kinin systems and platelets. 

7. Interaction with cellular complement receptors is 
involved in regulation of the antibody response. 

Thus complement is one of the major mediators of in- 
flammation. Secondary edema and stasis permit the passage 
of further antibody, complement, and phagocytes into the 
extravascular space, aiding in the killing and removal of 
infectious agents and immune complexes. At the same time, 
thrombosis as a result of the secondary activation of platelets 
and the coagulation factors helps to localize infection. 

In addition to the inhibitory steps shown in Figure 20-7, 
complement activity is also controlled by spontaneous 
hydrolysis of the membrane-binding sites, rapid and spon- 
taneous dissociation of active complexes, and proteolysis by 
enzymes of the coagulation and fibrinolytic systems and 
from phagocytic cells. 


566 Section IV Analytes 


TABLE 20-9. Clinical Disorders Associated With Inherited Deficiencies of Complement Components 


~_ antibody negativ 
-asymptomatic _ 
Severe and recurre 


-oo 
SLE, DLE Sa 
IgA ee infect 


na a dominant) _ 


Modified from Colten HR, Rosen FS. Complement deficiencies. Annu Rev Immunol 1992;10:809-34. 
SLE, Systemic lupus erythematosus (or SLE-like disease); DLE, discoid lupus erythematosus; GN, glomerulonephritis. 


*Both quantitative and qualitative (functional) deficiencies reported. 


The clinical importance of the complement system is 
demonstrated by the disease associations seen in inherited 
or secondary deficiencies of the various components.” 
Several of the more important of these are listed in Table 
20-9. Most of the complement components also demon- 
strate genetic polymorphism. The genetic aspects of C3 and 
C4 are discussed in the individual sections following. 

The complement components are synthesized primarily 
by the liver, although small amounts are probably synthe- 
sized by monocytes and other cell types. 


Complement C3 


C3 is the functional link between the classical and alterna- 
tive pathways of activation and between these pathways and 
the membrane-attack complex (see Figure 20-7). It is also 
present in the highest concentration of all the complement 
components in plasma and acts as a magnification factor. 
Structurally and genetically, C3 is related to C4, C5, and 
AMG, all of which contain an internal thiol ester bond that, 
when activated, can form complexes with membranes and 
other structures.’ 


Biochemistry 

C3 is synthesized as a propolypeptide that is cleaved post- 
synthetically to two disulfide-linked chains, œ (molecular 
mass, 110kDa) and B (75 kDa). During the process, an inter- 
nal thiol ester bond is formed in the o-chain between adja- 
cent glutamic acid and cysteine residues. C3 contains ~3% 


carbohydrate, added postsynthetically. Most of the plasma 
C3 is synthesized by the hepatic parenchymal cells, although 
bacterial endotoxin induces synthesis by monocytes and 
fibroblasts. Catabolism is primarily by functional activation, 
followed by hydrolysis. 

Activation of either pathway of complement results in the 
cleavage of C3 to C3b and C3a. The latter is released into the 
circulation and acts as an anaphylatoxin and a chemotaxin. 
C3b, with its activated thiol ester, binds to membranes and 
then activates the subsequent factors in’ the membrane- 
attack complex. C3b also acts as an opsonin, binding to 
receptors on phagocytic cells and resulting in the ingestion 
of bacteria, viruses, and other foreign particles by these cells. 


Function 


Low levels of hydrolysis, or tickover, of C3 to C3i occur con- 
stantly in plasma. C3i can bind with factor B of the alterna- 
tive pathway, and the bound factor B may be cleaved by 
factor D, The resulting C3iBb complex is a weak C3 conver- 
tase, resulting in continuous, low-grade activation of C3. 
Upon activation of the classical pathway, membrane-bound 
C3b forms similar complexes with factor B; C3bBb is an 
active C3 convertase. The resulting positive feedback ampli- 
fies the complement activity many fold. Fortunately, there 
are mechanisms that control this; otherwise, C3 may be com- 
pletely depleted, as seen in hereditary deficiency of factor H 
or factor I. The control mechanisms include, among others, 
rapid dissociation of the C3iBb and C3bBb complexes (espe- 
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TABLE 20-10 Diseases in Which Estimates of Complement Factors bey Be Useful for Diagnosis 


< Systemi upus erythematosus 
Rheumatoid vasculitis 
Subacute bacterial endocarditis, 


Shunt nephritis. A EE 
Poststreptocaccal. E ee 
Mesangiocapillary glomerulonephritis 
Polymyalgia rheumatica: -S ; 

Mixed cryoglobulinemia : : 

Gram-negative. bacteremic:shock (carly diagnosis). 
Gram-positive bacteremia 

Disseminated. cytomegalovirus infection, 


*C3 conversion products are also present. 


cially in the presence of factor 1), cleavage by proteases, and 
conversion of C3b to C3c or C3dg by factor H. Conversely, 
properdin and so-called nephritic factors (autoantibodies) 
stabilize C3bBb and protect it from the actions of factors H 
and I. 


Clinical Significance 

increased Plasma Levels. Increased levels of C3 are seen 
with the APR, with biliary obstruction, and with focal 
glomerulosclerosis. 

Acute Phase Response. C3 synthesis is induced by 
cytokines IL-1, IL-6, and TNFa. Levels rise modestly after 
trauma or surgery and during inflammatory processes 
(Table 20-10). 

Biliary Obstruction. C3 levels are elevated in biliary 
obstruction in direct proportion to the level of 
hyperbilirubinemia. 

Focal Glomerulosclerosis. In contrast to nephritic disor- 
ders, in which most patients with active disease have low 
levels of C3 (see later in this chapter), approximately 30% 
of patients with idiopathic focal glomerulosclerosis have 
elevated levels, which indicate a favorable prognosis. 

Decreased Plasma Levels. Decreased levels of C3 are 
seen with genetic deficiency, acquired deficiency, and 
infancy. 

Genetic Deficiency. Inherited primary deficiency of C3 is 
associated with a greatly increased risk for infection, partic- 
ularly with encapsulated bacteria, similar to the picture seen 
with the Bruton type of agammaglobulinemia. Deficiency 
of the inactivators of C3, including factors H and I of the 
alternative pathway, is associated with severe secondary 
deficiency of C3 and a similar clinical picture. 

Acquired Deficiency. Any cause of increased activation of 
C3 in vivo is usually associated with decreased plasma or 
serum concentrations. Disorders include the collagen vascu- 
lar diseases, such as lupus nephritis, and severe infections. 
Activation may be through the classical or alternative path- 
ways or both; turnover is increased and extended by the pres- 


ment Status 


CA usually. low, C3 sometimes low* 
C3 usually low*. c, i 
Both C3* and. C4 low 
‘Both C3*. and C4 low. 
G3 low,* usually. returns to normal in months 
C3. low* (persistent), C4 normal 
C3 conversion products found. 
C3 conversion products. found. 
C3 low,* C4 normal, factor B: low.. 
Both C3* and G4 low ; 
G4 very. Jow, c3* normal or increased 


ence of C3 nephritic factor (an autoantibody that protects 
the alternative pathways C3bBb convertase from 
degradation). In addition to increased consumption of C3, 
acute poststreptococcal glomerulonephritis is associated 
with decreased synthesis for several weeks after the onset of 
disease. Sequential levels of C3 may be used to monitor 
recovery from this disorder. Low levels in patients with 
systemic lupus nephritis may predict subsequent develop- 
ment of active nephritis, although the correlation is not high. 
Fulminant septicemia, in particular with Neisseria meningi- 
tidis, is also associated with activation of both the classical 
and alternative pathways and secondary hypocomple- 
mentemia, whether or not shock develops. 

Infancy. Levels in neonates are approximately two thirds 
of adult levels, which are reached by ~1 year of age. 


Genetic Aspects 

C3 is coded by a gene on chromosome 19.” There are more 
than 25 known inherited variants demonstrable by pro- 
longed agarose gel electrophoresis of serum or plasma; the 
most common are C3S and C3F (for “slow” and “fast,” 
respectively). Most are associated with normal concentra- 
tions and function; one, C3f, has the same mobility as C3F 
but is present in approximately 50% of the normal con- 
centration. Genetic deficiency is discussed in the Clinical 
Significance section above. 


Laboratory Considerations 


Intact C3 migrates on routine clinical electrophoresis in the 
Bı region in ethylenediaminetetraacetic acid (EDTA)-treated 
plasma and in the B, region in the presence of free Ca”, 
However, it is a relatively labile protein, with conversion to 
C3c and C3dg on storage either under suboptimal condi- 
tions or for prolonged periods. These fragments migrate 
more anodally (c,-B,). Apparently reduced concentration by 
electrophoresis is most commonly due to in vitro conver- 
sion, not to actual deficiency. Most immunochemical 
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quantification methods measure C3c almost equivalently to 
intact C3, thus confirming normal concentration. 

Electrophoretic variants, including C3F, may be confused 
with monoclonal immunoglobulins; their identity can be 
ascertained by immunofixation using specific antiserum. 

Activation of C3 has been determined in the past by either 
immunofixation or two-dimensional, or crossed, immuno- 
electrophoresis of plasma, with determination of the relative 
amounts of C3 and C3c.' Currently, assays of fragments 
using antisera to neoaritigens (such as those on C3a) are pre- 
ferred for this determination. For either type of assay, plasma 
samples must be obtained with precautions to prevent in 
vitro activation by plasmin, Cls, and leukocyte proteases: 
The first few milliliters are discarded (or used for other pur- 
poses), then whole blood is collected through the same 
needle into a tube containing EDTA. Centrifugation should 
be performed. as soon as possible and the separated plasma 
frozen below —40 °C. 

Because of differences in immunochemical reactivity of 
C3 and C3c, reference materials should be completely con- 
verted to C3c and stabilized, as is the case for the interna- 
tional reference material CRM 470.” 


Reference Intervals 


C3 levels are low in newborns, then rise and remain relatively 
constant after the first year of life. The recommended refer- 
ence interval for adults, based on CRM 470, is 0.9 to 1.8g/L 
(90 to 180 mg/dL).”* Levels are slightly lower in fresh serum 
(assayed less than 8 hours after drawing). 


Complement C4 


Although the existence of a fourth component of comple- 
ment was proposed in 1926, the purification and character- 
ization of C4 did not occur until the 1960s. Miiller-Eberhard 
and Biro originally named it 8,:-globulin, but the name C4 
was Officially adopted in 1968. C4 is enzymatically cleaved 
by Cls after activation of C1 and is therefore the second 
component reacting in the classical pathway cascade. C4b, 
the active fragment, can then bind C2, rendering it suscep- 
tible to enzymatic cleavage by Cls. The resulting C4b2b 
complex is the C3/C5 convertase of the classical pathway. 


Biochemistry 

C4 has a molecular mass of 206kDa, including ~4% carbo- 
hydrate. Unlike most complement components, it is relatively 
heat stable. Most synthesis occurs in the hepatic parenchymal 
cells, although some may be synthesized by monocytes or 
other tissue. It is originally synthesized as a single chain 
(proC4) but is enzymatically cleaved at two sites to form 
three chains, œ, B, and y, held together by disulfide bonds. It 
has an intramolecular thiol ester bond in the o-chain that, on 
activation, is the membrane-binding site for “fixation” to 
membranes, viruses, and immune complexes,'* 


Function 


As noted previously, C4b2b is the activating enzyme for C3 
and C5 in the classical pathway; C4 is essential for activation 


of this pathway. However, most individuals with C4 defi- 
ciency do not have problems with infection, suggesting that 
the alternative pathway can compensate for the lack of 
classical pathway activation in removal of bacterial agents; 
however, C4 may be critical for clearance of infecting 
viruses. 

C4b2b bound to immune complexes prevents their pre- 
cipitation and promotes immune complex clearance by the 
CRa receptor, especially if the C4 is the C4B isotype (see dis- 
cussion later in this chapter). The binding of C4A to drugs 
such as procainamide and hydralazine interferes with clear- 
ance of immune complexes; this may be important in the eti- 
ology of drug-induced lupus syndromes. 

C4a, the small fragment released into the circulation on 
activation of C4, is a weak anaphylatoxin, but its half-life in 
the circulation is very short. 


Clinical Significance 

Increased Plasma Levels. C4 levels are modestly 
increased by the APR (inflammation, trauma, or tissue 
necrosis; see Table 20-8). 

Decreased Plasma Levels. C4 levels are decreased with 
genetic deficiency, acquired deficiency, and infancy. 

Genetic Deficiency. Complete deficiency of C4 is associ- 
ated with a very high prevalence of autoimmune or collagen 
vascular disease, particularly SLE, and in a few cases with a 
propensity for infection. The incidence of isolated deficiency 
of C4A (see discussion later in this chapter) is markedly 
increased in patients with SLE as well. It is not yet clear 
whether these correlations result from decreased clearance 
of immune complexes or from linkage disequilibrium with 
immune response genes that predispose to the development 
of SLE. One extended haplotype is associated with normal 
CAA levels in clinically normal individuals who nevertheless 
have anti-DNA antibodies, suggesting that both factors may 
be required for development of the classical disease. Approx- 
imately 20% of individuals with deficiency of IgA also have 
homozygous deficiency of C4A, as do some with combined 
IgA and IgG subclass deficiencies, suggesting that the gene 
for a B-cell maturation factor is linked to C4A. 

Acquired Deficiency. Levels of C4 are more commonly 
depressed because of consumption; > 60% of individuals 
with SLE and low C4 levels do not have genetic deficiency. 
Other disorders associated with consumption and low levels 
include hereditary angioedema (C1 inhibitor deficiency), 
autoimmune hemolytic anemia, and autoimmune 
nephritides, 

Infancy. C4 levels in newborn infants are approximately 
50% to 75% of adult levels. 


Genetic Aspects 

C4 is coded by two nonallelic loci in the major histocom- 
patibility complex region of chromosome 6p, closely linked 
to the genes for C2, factor B, and HLA-DR. The close linkage 
to the immune response genes may account for most of the 
disease associations reported for C4 variants and deficiency, 
rather than abnormalities of C4 itself. 
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The two proteins coded by the C4 loci differ by four 
amino acids in the binding site region of the o chain and are 
designated C4A and C4B (note that C4a and C4b refer 
instead to the cleavage products of C4 activation by Cls). 
The two have different binding specificities, C4A binding 
more efficiently with peptides (as in immune complexes) 
and C4B with hydroxyl groups (e.g., bacterial and erythro- 
cyte membrane polysaccharides). C4d fragments (inactiva- 
tion products of C4b) of C4A and C4B bound to erythrocyte 
membranes react with Rodgers and Chido blood grouping 
antisera, respectively. 

Both of the C4 loci are highly polymorphic, with at least 
13 known alleles for C4A and at least 21 for C4B, in addi- 
tion to deletions and nonexpressed genes. Most of the alleles 
are due to substitutions in the o-chain, although a few vari- 
ants of the B-chain have also been reported. Either or both 
loci may be deleted, unexpressed, or duplicated; as a result, 
a given individual may have zero to four copies of each locus. 
Both the total C4 level and the ratio of C4A to C4B depend 
on the number of copies of each locus. Most C4A variants 
have 25% to 35% of the hemolytic activity of the C4B alleles; 
one, C4A6, has little if any hemolytic activity and no C5 con- 
vertase activity.” 


Laboratory Considerations 


C4 has B, electrophoretic mobility, similar to that of trans- 
ferrin, but is normally not visualized because of its low con- 
centration. It is relatively fragile, especially in the presence of 
Ca”, so it is recommended that EDTA or citrated plasma be 
used for C4 assays when these are considered to be clinically 
important. 

Functional hemolytic assays (CH50) may be used to 
screen for functional C4 deficiency, although the CH50 must 
be below 50% for deficiency to be suspected. Most assays are 
now done by immunochemical methods, especially im- 
munoturbidimetry or nephelometry. Low levels alone can- 
not differentiate between genetic and acquired deficiency; 
tests for breakdown products (e.g., C4a des-arginine) or 
neoantigens may be helpful in detecting increased turnover.” 

Phenotyping of the C4 proteins is usually performed by 
electrophoresis of neuraminidase-treated EDTA plasma, fol- 
lowed by immunofixation. Differentiation of overlapping 
C4A and C4B bands may require the use of a hemolytic gel 
overlay, which demonstrates primarily the C4B bands. DNA 
genotyping can also determine the types in most cases but 
cannot distinguish between synthesizing and nonsynthesiz- 
ing genes. Some investigators recommend that C4 pheno- 
typing or genotyping be performed routinely in patients 
with SLE if C4 levels are to be used to monitor disease 
activity.” 


Reference Intervals 


As with C3, levels are low in neonates but relatively constant 
after the first year of life. The recommended interim refer- 
ence interval for adults, based on CRM 470, is 0.1 to 0.4g/L 
(10 to 40 mg/dL).” The baseline plasma level of C4 in indi- 
viduals with one or more null genes is lower.” 


IMMUNOGLOBULINS 


Immunoglobulins, or humoral antibodies, recognize the 
antigens and initiate mechanisms that destroy them (see 
Chapter 9). The ability to recognize the enormous variety of 
antigens is accomplished through an unusual degree of 
structural heterogeneity. For example, a single bacterium 
has numerous surface antigens; each of these has many 
determinants or epitopes, and each epitope stimulates 
production of antibodies to that determinant. This results in 
marked heterogeneity of the immunoglobulins, illustrated 
by the diffuse bands seen on electrophoresis, particularly for 
IgG. 


Basic Biochemistry 

All immunoglobulin molecules consist of one or more basic 
units built of two identical heavy (H) chains and two iden- 
tical light (L) chains. Each of the four chains has a variable 
and constant region, with the variable region involved in 
antigen recognition and binding (see Chapter 9, Figure 9-1). 
The amino acid sequences of the variable regions at the 
N-terminal ends of the four chains determine the antigenic 
specificity of the particular antibody molecules produced by 
a single plasma cell or by a “clone” of identical plasma cells. 
The two antigen-binding sites (Fab) are at the end of each 
identical light- and heavy-chain pair. The remainder of 
the molecule, the “constant” part, is the same for every 
immunoglobulin molecule of a given subclass and carries 
the effector sites. 

Although most plasma proteins are synthesized in the 
liver, immunoglobulins are synthesized by plasma cells, the 
progeny of B-lymphocyte stem cells in bone marrow (Table 
20-11). More mature B lymphocytes, found mainly in lymph 
nodes and in blood, develop receptor immunoglobulins on 
their surface membranes. On encountering the antigen, 
these B lymphocytes proliferate and develop into plasma 
cells. These then secrete into the blood specific antibodies 
capable of binding additional antigen. 

B lymphocytes at first have IgM surface receptors (see 
Table 20-11) and secrete IgM as the first or “primary” 
response to an antigen. The heavy chains of the IgM surface 
receptor molecules are then modified in situ to IgG or IgA 
heavy chains, but the variable regions remain unchanged; as 
the cells change into plasma cells, a second exposure to the 
same antigen causes a larger, secondary or anamnestic 
response of IgG secretion. IgM continues, however, to be 
synthesized against the antigens confined to the blood, such 
as erythrocyte surface antigens and tropical parasites. 

The effector sites that interact with cells (e.g., IgE with 
mast cells) and with complement are on the constant (Fc) 
region of the heavy chains. Variations in the Fc region result 
in the classes and subclasses into which immunoglobulins 
are grouped: IgM, IgG (four subclasses), IgA (two sub- 
classes), IgD, and IgE. Their respective heavy chains are 
called u, y, a, 6, and e. The hinge region between the Fe and 
Fab portions, which is susceptible to proteolytic cleavage, 
controls the interaction between the Fab and Fc parts. The 
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TABLE 20-11 The B-Lymphocyte Series and Associated Malignant Neoplasms __ 


Stages ine: 
Maturation and 
Proliferation 


Principal Site 


Stem ‘cell Bone marrow es None 


Early B. lymphocyte... Lymph. nodes _IgM, IgD 
Primary 

Antigen | immune 
response 

Late B lymphocyte .. Lymph nodes IgM 


Secondary : 
Antigen) immune H-chain.|. changes 
$ | response Pie Perea 
‘Plasma cell : a ok “Lymphatic tissue, Set 


“bone. marrow 


hinge region contains one or more half cystines, which 
provide the interchain disulfide bridges. The structural vari- 
ations among immunoglobulin classes also result in differ- 
ences in function.” 

Light chains, which are produced independently and in 
slight excess, are of two types—x and A—the. constant 
regions of which have different structures. They occur in all 
immunoglobulins in the proportion «:’=2:1; the two 
halves of a given molecule always have the same type. There 
are four subclasses of A-chains. The heavy-chain genes are 
located on chromosome 14; « light chains are encoded by 
a gene on chromosome 2, whereas the A-chain gene is on 
chromosome 22. 


Biochemistry of Individual Immunoglobulins 


The individual immunoglobulins G, M, A, D have different 
biochemical properties. 


Immunoglobulin G 

Immunoglobulin G (IgG) is the major immunoglobulin 
produced by plasma cells, making up 70% to 75% of the total 
immunoglobulins. Of this amount, 65% is extravascular; the 
remainder is in plasma. IgG antibodies are produced in 
response to most bacteria and viruses; they bind to and 
aggregate small, soluble foreign proteins, such as bacterial 
toxins. IgG consists of two heavy and two light chains 
(see Chapter 9, Figure 9-1); its molecular weight is 144 to 


IMMUNOGLOBULINS. 


Surface Receptor Secreted into Blood 


“Associated | 
Malignant Neoplasms 


None Acute lymphocytic leukemia 


None Lymphoma, chronic 
ee lymphocytic leukemia 
(85%) 


Lymphoma, chronic 
lymphocytic leukemia 
(15%), ‘and 

--Waldenstrom’s: S 
| macroglobulinemia 


150 kDa, including less than 3% carbohydrate. On cellulose 
acetate or agarose gel electrophoresis, IgG migrates broadly 
in the y- and slow B-regions as a result of the heterogeneity 
of the IgG molecules. 

Immunoglobulin G has four subclasses, IgG, IgG,, IgGs, 
and IgG, differing primarily in their hinge regions. In IgG, 
the hinge is extended by up to 15 half cystines, allowing effi- 
cient binding to Clq. Both IgG, and IgG, bind Fc receptors 
on phagocytic cells, activate killer monocytes (K cells), and 
cross the placenta by an active transport process dependent 
on Fc binding. IgG, is the principal IgG to cross the placenta 
and to protect neonates for the first 3 months of postnatal 
life. The half-life of IgG), like those of IgG, and IgG4, is about 
22 days, much longer than that of IgG; (7 days). 


Immunoglobulin M 


Immunoglobulin M is the most primitive and least special- 
ized immunoglobulin and is the only immunoglobulin that 
most neonates normally synthesize. In adult serum, it is the 
third most abundant immunoglobulin, accounting for 5% 
to 10% of the total circulating immunoglobulins. IgM as a 
membrane receptor molecule is monomeric, but most of the 
serum IgM is a pentamer; each monomer is similar to the 
IgG molecule shown in Chapter 9, Figure 9-1, except that 
pentameric IgM also contains a small glycopeptide, the J 
chain, which is important for polymerization. Plasma cell 
malignancies may secrete monomeric IgM in addition to, 
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or instead of, pentamers. IgM’s high molecular weight 
(970kDa; ~10% carbohydrate) prevents its ready passage 
into extravascular spaces. IgM is not transported across the 
placenta and is therefore not involved in hemolytic disease 
of neonates. It is an efficient complement activator, the Fc 
chains being spaced at the correct distance to match the 
Clq-binding sites. 


Immunoglobulin A 

Approximately 10% to 15% of serum immunoglobulin is 
IgA, which contains 10% carbohydrate; has a molecular 
weight of 160kDa, and has a half-life of 6 days. In its 
monomeric form, its structure is similar to that of IgG, but 
10% to 15% of IgA in serum is dimeric, particularly IgA,, 
which is more resistant to destruction by some pathogenic 
bacteria than IgA). On electrophoresis, IgA migrates in the 
B~y region, anodal to most IgG. 

A possibly more important form of IgA is called secretory 
IgA, found in tears, sweat, saliva, milk, colostrum, and gas- 
trointestinal and bronchial secretions. Secretory IgA has a 
molecular weight of 380kDa and consists of two molecules 
of IgA, a secretory component (MW 70kDa), and a J chain 
(15.6kDa). It is synthesized mainly by plasma cells in the 
mucous membranes of the gut and bronchi and in the 
ductules of the lactating breast. The secretory component 
makes secretory IgA more resistant to enzymes, allowing it 
to protect the mucosa from bacteria and viruses. Its presence 
in colostrum and milk probably aids in protection of 
neonates from intestinal infections. IgA can activate com- 
plement by the alternative pathway (see Figure 20-7), but the 
exact role of IgA in serum is not clear. 


Immunoglobulin D 


Immunoglobulin D accounts for less than 1% of serum 
immunoglobulins, It is monomeric, contains about 12% car- 
bohydrate, and has a molecular weight of 184 kDa. Its struc- 
ture is similar to that of IgG. Like IgM, IgD is a surface 
receptor for the antigen in B lymphocytes, but its primary 
function is unknown. 


Immunoglobulin E 


Immunoglobulin E is so rapidly and firmly bound to mast 
cells that only trace amounts of it are normally present in 
serum. IgE contains 15% carbohydrate and has a molecular 
weight of 188 kDa; its structure is similar to that of IgG. IgE 
binds to mast cells via binding sites on its Fc region. When 
the antigen (allergen) cross-links two of the attached IgE 
molecules, the mast cell is stimulated to release histamine 
and other vasoactive amines that are responsible for the vas- 
cular permeability and smooth muscle contraction occur- 
ring in such allergic reactions as hay fever, asthma, urticaria, 
and eczema. 


Clinical Significance 


Normally, serum contains a heterogeneous, polyclonal 
mixture of antibodies, which represent multiple “idiotypes” 


(i.e. the products of many different clones of plasma cells), 
each producing a single type of immunoglobulin molecule. 
Benign or malignant proliferation of one such clone pro- 
duces a high concentration of a single idiotype (a mono- 
clonal antibody), which may appear as a sharp, narrow band 
on protein electrophoresis. A second, fainter band of free 
light chains may also be visible. If a few clones proliferate, 
there may be several sharp bands (e.g., the oligoclonal bands 
seen in electrophoresis of CSF in demyelinating diseases 
such as multiple sclerosis, or in serum following successful 
bone marrow transplantation, or early during a response to 
such organisms as Streptococcus pneumoniae). Disease may 
therefore be associated with a decrease or an increase in the 
normal polyclonal immunoglobulins or an increase in one 
or more monoclonal idiotypes. 


Immunoglobulin Deficiency 

Immune defense depends on four complex, interactive 
systems: cell-mediated immunity (T lymphocytes); humoral 
antibodies (immunoglobulins); the phagocytic system; and 
the complement system. The last two systems are nonspecific 
in that they have no immunological memory for the antigen. 
Only the second and fourth systems are composed of plasma 
proteins. Immunodeficiency states characterized by recur- 
rent infections may be the result of a defect in any one of 
these systems or combinations thereof. 

An obvious marked reduction or absence of the y-band 
on electrophoresis indicates deficiency of IgG antibodies. 
IgG deficiency may be secondary to protein loss or to 
acquired failure of synthesis, but may be due to a primary 
congenital disorder. The causes for various immunoglo- 
bulin deficiency disorders are listed in Box 20-1. The diag- 
nosis of a deficiency state is clinically important because 
replacement therapy with IgG can be provided. Presence 
of a normal-appearing y-band on protein electrophoresis 
does not rule out immunoglobulin deficiency. Some primary 
deficiencies involve only one or two immunoglobulin 
classes or subclasses; if the total immunoglobulin level is not 
greatly affected, the deficiency (e.g. IgA or an IgG subclass) 
may not be suspected from the electrophoretic pattern. 
Furthermore, some patients have normal immunoglobulin 
levels, but the antibodies do not react normally with the 
antigen. 

Infants have transient physiological IgG immunodefi- 
ciency, with a nadir at about 3 months of age; either pro- 
longed or severe physiological deficiency may be associated 
with increased infection rates, especially with encapsulated 
bacteria. Levels of maternal IgG, transferred across the pla- 
centa, rise rapidly in the fetus during the last half of preg- 
nancy but then drop rapidly following birth (Figure 20-8). 
Two groups of neonates are particularly at risk: premature 
infants, who start with less maternal IgG, and infants in 
whom initiation of IgG synthesis is transiently delayed. IgG 
determinations are invaluable in these cases because levels 
may become dangerously low if therapy for the infant is not 
initiated. Rising IgM and normal salivary IgA concentrations 
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at 6 weeks of age suggest a favorable prognosis. Contact of 
the neonate with environmental antigens normally causes B 
lymphocytes to begin to multiply and IgM levels to start to 
rise, followed weeks to months later by IgA and IgG. 


Secondary Causes (Common) 
Defective Synthesis (IgM Falls First, Then IgA, Finally IgG) 

Lymphoid malignancy, multiple myeloma, lymphoma, 
chronic lymphocytic leukemia 

Toxic reaction (e.g., renal failure, diabetes mellitus) 

Drugs (e.g., phenytoin, penicillamine) 

In neonates only: prematurity, transient delay in initiation 
of synthesis 


Abnormal Loss of Proteins 
Nephrotic syndrome, burns, protein-losing enteropathy 


Primary or Inherited Causes (Rare) 
Failure of Antibody Production 

Generalized (Severe Pyogenic Infections Occur) 

Infantile X-linked Bruton’s type 

Acquired, variable, unclassifiable, occurring at any age 

Selective immunoglobulin deficiency of 

IgA: Most common (1:700), symptomless but those 
affected tend to suffer allergic or autoimmune disease 

IgG and IgA (IgM increased): recurrent pyogenic infections 

IgA and IgM: Giardiasis common 

IgG: Recurrent Pyogenic Infections 

IgM: Susceptibility to autoimmune disease and to 
septicemia following splenectomy 


Combined Failure of Antibody- and Cell-Mediated Immunity 
Severe combined immunodeficiency. Swiss and sex-linked 
types, death in infancy from fungal or viral infections 
Associated with thymoma, achondroplasia, or 
thrombocytopenia and eczema (Wiskott-Aldrich 
syndrome) 


100 
Maternally transferred, ~~ « 


IG =- 7 ‘ 
Total IgG —-— ! 


50 


Mean adult levels (%) 


5 7.5 Birth 
Gestation (months) 


Age (years) 


Polyclonal Hyperimmunoglobulinemia 

Polyclonal increases in serum immunoglobulins are the 
normal response to infections. IgG response predominates 
in autoimmune responses; IgA in skin, gut, respiratory, and 
renal infections; and IgM in primary viral infections and 
bloodstream parasites, such as malaria, Chronic bacterial 
infections may cause an increase in serum levels of all 
immunoglobulins. In such cases, estimations of the individ- 
ual immunoglobulins seldom provide more information 
than protein electrophoresis, They are of value, however, in 
the differential diagnosis of liver disease and of intrauterine 
infections. In primary biliary cirrhosis, the IgM level is greatly 
increased; in chronic active hepatitis, IgG and sometimes IgM 
are increased; and in portal cirrhosis, IgA and sometimes IgG 
are increased. In intrauterine infections, production of IgM 
by the fetus increases, and the IgM level in umbilical cord 
blood is increased. Estimations of IgE are used in the man- 
agement of asthma and other allergic conditions, especially 
in children. 


Monoclonal Immunoglobulins (Paraproteins) 

A single clone of plasma cells produces immunoglobulin 
molecules with identical structure. If the size of the clone 
increases greatly, the concentration of its particular protein 
in the patient’s serum may produce a narrow, sharply 
discrete band on electrophoresis. These monoclonal 
immunoglobulins, termed “paraproteins,” may be polymers, 
monomers, or fragments of immunoglobulin molecules; if 
fragments, they are usually light chains (Bence Jones pro- 
teins) or, rarely, heavy chains or half molecules; both 
monomers and fragments may polymerize. About 60% of 
paraproteins are associated with plasma cell malignancies 
(multiple myeloma or solitary plasmacytoma) and approxi- 
mately 15% are due to overproduction by B lymphocytes, 
mainly in lymph nodes (lymphomas, chronic lymphocytic 
leukemia, Waldenstrém’s macroglobulinemia, or heavy- 
chain disease). Up to 25% of paraproteins are benign, and 
many are never discovered. 


Figure 20-8 Serum immunoglobulin levels as percent 
of adult levels before birth and for the first year of life. 
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Should a paraprotein be identified in blood or urine or 
both, its heavy and light chains should be typed and the con- 
centrations of polyclonal IgG, IgA, and IgM determined. 
These studies help to confirm whether the band on the elec- 
trophoretic pattern is indeed a paraprotein, aid in assessing 
prognosis, and show whether the polyclonal immunoglobu- 
lins are so low that they leave a patient vulnerable to infec- 
tions. Prognosis is based on the class of the paraprotein 
found, its concentration at the time of diagnosis, and the rate 
at which its concentration increases. The concentration at 
the time of diagnosis usually correlates with the current 
extent of the disease process. The rate of increase in 
concentration is indicative of the rate of growth of the 
neoplasm. 

Low-level paraproteins may be clinically benign, with 
normal bone marrow and bone radiographs. However, the 
following findings suggest that the condition may eventually 
become malignant: 

1. IgG is greater than 2 g/dL; or either IgA or IgM is greater 
than 1 g/dL; or the finding of an IgD or IgE paraprotein 
at any concentration. 

2. Immunoglobulin fragments in urine or serum: in urine, 
usually Bence Jones protein; in serum, occasionally other 
fragments, such as monomeric IgM or heavy chain 
fragments. 

3. Progressive increase in the concentration of the 
paraprotein. 

4. Low levels of polyclonal immunoglobulins. 

The converse of these criteria suggests that the condition 
is benign or monoclonal gammopathy of unknown signifi- 
cance (MGUS). Even then, patients should be monitored for 
at least 5 years. 

Multiple Myeloma. Multiple myeloma is a malignant 
neoplasm, usually of a single clone of plasma cells although 
occasionally two or more clones may be involved. The 
plasma cells most often proliferate diffusely throughout the 
bone marrow, but occasionally they form a solitary tumor 
called a plasmacytoma. Osteolytic bone lesions are produced, 
and the other bone marrow cells are reduced so that throm- 
bocytopenia, anemia, and leukopenia develop. At the same 
time, development of normal clones of plasma cells is inhib- 
ited; consequently, synthesis of other immunoglobulins is 
reduced, and a syndrome of recurrent infections is seen, The 
incidence of multiple myeloma is low in individuals younger 
than 60 years but rises rapidly with age. Patients may present 
with local symptoms of a bone lesion, such as pain or 
fractures, but more often present with nonspecific symp- 
toms, such as weight loss, anemia, hemorrhage, repeated 
infections, or renal failure. A normal serum alkaline phos- 
phatase level in a patient with destructive bone lesions is 
a highly suggestive laboratory finding. Cardinal diagnostic 
features of the disease are the findings of neoplastic plasma 
cells in bone marrow aspirate, radiological demonstration 
of osteolytic lesions, and identification of a paraprotein 
in serum or urine. All patients who could conceivably have 
the disease should be screened for paraproteins; fewer than 


1% with the disease do not have detectable paraproteins. 
Table 20-12 lists the paraproteins that may be associated 
with multiple myeloma and some characteristic findings for 
them. 

Lymphoid Tumors. Lymphoid tumors, such as lym- 
phomas or chronic lymphocytic leukemias, arise from less 
mature stages in B-lymphocyte development; about one in 
five produce paraproteins, usually of the IgM class. 

Waldenstrém’s Macroglobulinemia. If a paraprotein 
proves to be IgM, the diagnosis is probably Waldenstrém’s 
macroglobulinemia, not multiple myeloma. Waldenstrém’s 
macroglobulinemia clones arise from the most mature B 
lymphocytes and invariably produce IgM; in fact, it is the 
presence of this very high molecular weight protein that pro- 
duces the salient symptom of the disease—an increase in vis- 
cosity of the blood. Bence Jones proteinuria occurs in 80% 
of these cases, but the condition is much less malignant 
than multiple myeloma. The lymph nodes and spleen are 
enlarged, but the lymphoid infiltration is slow growing, and 
the symptoms are usually treatable by exchange transfusion 
or plasmapheresis. 

Heavy-Chain Disease. Rarely, unusual forms of IgG, 
IgA, or light chains polymerize and cause a similar syndrome 
with high blood viscosity. Heavy-chain diseases in which the 
paraprotein consists only of a heavy chain, usually incom- 
plete, are rare conditions associated with lymphoid infiltra- 
tion. The most common of these is o-chain disease, in which 
the intestine is infiltrated and severe malabsorption may be 
seen. 

Cryoglobulinemia and Amyloid Disease. Both of these 
disorders are sometimes characterized by paraproteins. A 
cryoglobulin is a serum protein that precipitates at temper- 
atures lower than normal body temperature. Most cryo- 
globulins are polyclonal immunoglobulin complexes, but 
nearly half are monoclonal, usually IgM. For cryoglobulin 
evaluation, a temperature of 37 °C must be maintained for 
blood collection and for serum separation and storage to 
keep the cryoglobulin from precipitating out of the serum. 
Amyloid disease is characterized by deposits of insoluble 
fibrillar protein complexes in various tissue; with special 
staining, the deposits are easily seen in biopsy sections. 
Some of the deposits contain fragments of light chains, 
especially from the variable region. Amyloid deposits may 
also occur in multiple myeloma (see discussion later in this 
chapter). 


Laboratory Considerations 

Methodologies 

Immunoglobulins are most often quantified by immuno- 
turbidimetry or immunonephelometry.’”' Immunochemical 
assays of polyclonal immunoglobulins involve determining 
the concentration of a mixture of protein molecules of dif- 
ferent sizes having similar constant regions but different 
variable regions (idiotypes). Reagent antisera and reference 
immunoglobulin calibrators used in most immunochemical 
assays have been generated against normal human sera 
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containing a mixture of immunoglobulin subclasses and 
idiotypes. However, a monoclonal immunoglobulin has only 
a few of the determinants with which the antiserum usually 
reacts, and the antigen excess may be reached at relatively 
low concentrations. If a paraprotein is suspected or previ- 
ously identified, the assays should be performed at two or 
more dilutions to check for this; corrected for dilution, the 
values should agree within ~10%. Furthermore, if a new 
batch of antiserum is introduced, the relationship between 
paraprotein concentration and the calibration curve is likely 
to change. For these reasons, many laboratories estimate 
the concentration of paraproteins by electrophoresis and 
densitometry. 


Reference Intervals" 


Reference intervals for IgG and IgM in various human adult 
populations differ around the world because of different 
degrees of antigenic stimulation. IgA levels, however, are 
relatively unaffected by environmental factors. Newborn 
infants have B lymphocytes with antigen receptors of the 
IgM type but do not have significant rates of immuno- 
globulin synthesis. Essentially all of the IgG in neonates 
has been transferred across the placenta from the mother. 
Immunoglobulin synthesis is stimulated by environmental 
antigens, with serum IgM rising fastest after birth (Figure 
20-8). 


IMMUNOGLOBULIN REFERENCE INTERVALS 


Body Fluid IgG (mg/dL); -IgA (mg/dL) 
Serum 228088085: sets ih TEEN 
“Newborn (4 day) 700-1480 eee 
—20-60yr 700-1600 
S60 yr 600-1560. 


CSF eae 0-55. 
Salival eed 


IgM (mg/dL). 


[gD (mg/dL) 


5-30. 
“40-230 | 
30-360 

0 13 


Incidence* o Mean 


IgE 
Biclonal - ae 
None detected ele 


“Approximate, 
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“Incidence of Bence 


pare “Often renal failure; bone. 
“Aesions; amyloidosis; poor 
prognosis eens 
90% A type; often have ace 
extraosseous lesion, 
amyloidosis, renal failure; oe 
50% have enlarged lymph mad 
“oes snodes, liver, spleen; 
prognosis — 
- May or may not hay 
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Figure 20-8 shows in graphic form changes in IgA, IgG, 
and IgM levels in childhood. Readers are cautioned, however, 
that the data given in the figure and the listing above are only 
illustrative. Reference intervals change with age and with 
geographical and methodological differences. 


PROTEINS IN OTHER BODY FLUIDS 


In addition to plasma, proteins are found in several other 
body fluids and tissues, including urine, CSE, amniotic fluid, 
saliva, and feces. 


Urinary Proteins” 


Biochemistry and Function 

The glomeruli act as an ultrafilter for plasma proteins (see 
Chapter 45). The degree to which individual proteins are 
normally filtered through the membrane is a function of 
their molecular size, ionic charge, and plasma concentration. 
In general, transport of protein molecules through the 
glomerular membrane progressively diminishes as protein 
size or negative charge increases. Normally, high molecular 
weight proteins, such as IgM (MW 970kDa) appear in 
glomerular filtrate only in trace amounts. Relatively small yet 
easily detectable amounts of albumin (66.3 kDa) are passed. 
into the filtrate as a result of its high plasma concentration 
and relatively low molecular weight. Proteins of MW 15 to 
40kDa filter more readily but in lesser quantities because of 
their low plasma concentrations. 

In addition, the proportions of individual proteins 
excreted in the urine depend on the extent of their reab- 
sorption by the proximal renal tubules, which is also 
inversely proportional to molecular size. The reabsorption of 
low molecular weight proteins involves binding of the 
protein to specific receptors on the tubule epithelial cells, 
uptake into the cells by pinocytosis, fusion of uptake vac- 
uoles with lysosomes, and hydrolysis of the protein by lyso- 
somal enzymes, followed by return of the constituent amino 
acids to the body pool. Very little of the total excreted urinary 
protein normally consists of small proteins. Only a small 
amount of protein is excreted normally (20 to 150 mg/dL), 
and most of it is albumin because of its concentration—it is 
not completely removed from the filtrate by the tubular cells. 
The remainder is almost entirely the Tamm-Horsfall protein 
uromucoid, a constituent of urinary casts, probably secreted 
by the distal tubules. 

Increased permeability of the glomeruli is first signaled 
by increased amounts of albumin in the urine, and further 
increase is demonstrated by the appearance in urine of 
proteins with increasingly higher molecular weights. The 
appearance of low molecular weight proteins in urine 
suggests diminished or diminishing tubular reabsorption 
(e.g., from interstitial inflammation or toxins). (See also 
Chapter 45.) 


Clinical Significance 


In addition to hemorrhage, proteinuria (increased amounts 
of protein in urine) occurs with (1) increased glomerular 


permeability (glomerular proteinuria), in which the urinary 
protein is mainly albumin; (2) defective tubular reabsorp- 
tion (tubular proteinuria), in which the urinary proteins are 
mainly low molecular weight proteins; (3) increased con- 
centration in the plasma of an abnormal low molecular 
weight protein, such as immunoglobulin light chains (over- 
load proteinuria); and (4) abnormal secretion of protein into 
the urinary tract (postrenal proteinuria). The last two are 
the least common and here are considered first (see Chapter 
45). 

Glomerular Proteinuria. This is the most common 
and serious type of proteinuria. Patients are routinely 
screened for this disorder by a simple dipstick test for 
albumin. If the dipstick test result is negative, clinically 
significant glomerular proteinuria is precluded; if the test 
result is positive, further investigation, such as a quantitative 
evaluation of protein excretion, is indicated. Because most 
of the excreted protein is albumin, glomerular proteinuria is 
often labeled albuminuria, An increase in glomerular per- 
meability occurs in numerous conditions characterized by 
diffuse injury to the kidneys (see also Chapter 45). In dia- 
betes, vascular permeability increases and albuminuria 
appears when metabolic regulation is poor, at least in part 
because of glycosylation and loss of negative charges on the 
membranes. 

Immune complex disease often affects the glomeruli; in 
nephritis associated with SLE and in most other causes 
of glomerulonephritis, granular deposits containing 
immunoglobulins and complement components have been 
demonstrated on the glomerular membrane. In such pro- 
gressive diffuse renal diseases, filtration of relatively small 
proteins, including albumin, is lost first; thus albumin levels 
in urine increase. As long as molecular sieving determines 
(by size) which proteins are filtered, the proteinuria is called 
selective. Progressively severe glomerular lesions produce less 
selective proteinuria until proteins of all sizes pass the 
glomerulus (nonselective proteinuria). Changes in selectivity 
parallel histological changes on renal biopsy; the earliest 
changes are seen by electron microscopy. In the final stages 
of disease, as glomeruli are destroyed or become function- 
less, proteinuria decreases and renal failure is established. 
Evaluation of selectivity of the glomerular membrane is thus 
an aid to differential diagnosis of these diseases and their 
prognosis. 

The protein excretion rate is ordinarily determined from 
a 24-hour urine collection because random specimens vary 
considerably in protein concentration. However, a more 
convenient alternative is to determine, in random samples, 
the ratio of protein to creatinine (protein-creatinine index). 
Creatinine concentration is relatively constant in any one 
subject, and the index correlates well with the 24-hour total 
excretion of protein. Total protein determination, however, 
does not discriminate between individual proteins, and 
when 24-hour excretion or protein-creatinine index values 
are near normal, estimation of one or two individual 
representative proteins is preferred. When protein excretion 
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exceeds 1 g/day, the proteinuria is likely to be glomerular. 
Heavy loss of plasma albumin (>2g/day) is seen in the 
nephrotic syndrome, in association with edema. In these 
cases, selectivity should be assessed by electrophoresis of the 
urine and comparison of clearance of proteins of differing 
molecular weights (e.g., lgG-albumin ratio). When selectiv- 
ity is high (igG-albumin ratio <0.16), as it often is in chil- 
dren, treatment with corticosteroids is likely to be successful. 
Effect of treatment can be monitored by measuring excre- 
tion rates of total or individual proteins. : 

Functional or benign proteinuria is a form of glomerular 
proteinuria that is probably due to changes of blood flow 
through the glomeruli. It is seen with exercise, pyrexia, expo- 
sure to cold, congestive heart failure, hypertension, or arte- 
riosclerosis. Protein excretion rates are less than 1 g/day. 
Postural or orthostatic proteinuria, associated with the 
upright position, is also a form of functional proteinuria, but 
excretion may exceed 1 g/day. Orthostatic proteinuria com- 
plicates assessment in otherwise symptomless patients. If 
transient, it is probably benign; but if chronic or not entirely 
related to posture, protein excretion rates should be checked 
at 6-month intervals, preferably by a quantitative test. Per- 
sistence of proteinuria suggests underlying renal disease. In 
normal pregnancy, protein excretion may increase harm- 
lessly to 200 to 300 mg/day. This slight increase is in contrast 
to the proteinuria of preeclamptic toxemia, a glomerular 
proteinuria of up to 3 g/day, and to the proteinurias of latent 
renal disease or of urinary tract infection. 

An additional clinical entity, microalbuminuria, is recog- 
nized as a strong predictor of impending nephropathy in 
type I diabetic patients (see Chapter 25). 

Tubular Proteinuria. This type of proteinuria is charac- 
terized by the appearance of low molecular weight proteins 
in the urine caused by decreased reabsorption by the proxi- 
mal tubules. It may occur alone but is more commonly 
associated with glomerular proteinuria. When tubular 
proteinuria occurs alone, albumin excretion is only slightly 
increased, but often not enough to give a positive dipstick 
reaction. More specific tests are required to detect simple 
tubular proteinuria or to identify it in the presence of 
glomerular proteinuria. Agarose electrophoresis of urine 
gives a characteristic pattern—prominent &- and B-bands, a 
relatively faint albumin band, and sometimes a post-y-band. 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) is even more useful because it separates pro- 
teins by molecular size (see Chapter 5) and is used to demon- 
strate tubular proteinuria in the presence of glomerular 
proteinuria. The proteins typically excreted in tubular pro- 
teinuria (molecular weights in daltons) are B,-microglobu- 
lin (BMG; MW 11,800), lysozyme (MW 14,500), RBP (MW 
21,000), oO -microglobulin (MW 27,000), and AAG (MW 
40,000), and various polypeptide hormones and enzymes. A 
simple way to screen for tubular proteinuria is to measure 
one of these, such as BMG or lysozyme, quantitatively. The 
protein-creatinine clearance ratio for the marker protein is 
a useful index of excretion (e.g., the ratio for lysozyme is 


increased 100 times in Fanconi syndrome) and is sufficiently 
reliable for most diagnostic and prognostic purposes. 

Acute tubular proteinuria may occur with burns, acute 
pancreatitis, heavy metal poisoning, or administration of 
renotoxic drugs and may later resolve completely. Chronic 
tubular proteinuria is usually irreversible, Its etiology may be 
hereditary, as in Fanconi syndrome, or acquired, as in 
chronic pyelonephritis or a systemic disease, such as cirrho- 
sis or sarcoidosis. Drugs, such as phenacetin and toxins such 
as cadmium, also produce tubular damage, which may be 
severe. In some cases, slight tubular proteinuria may be the 
only sign of progressive renal damage. Tests for tubular pro- 
teinuria are now being used to monitor renal allograft rejec- 
tion, aminoglycoside and cadmium toxicity, and chronic 
pyelonephritis; BMG is a favorite marker protein. 

Overload Proteinuria. This type of proteinuria includes 
hemoglobinuria, myoglobinuria, and Bence Jones protein- 
uria (high plasma concentrations of immunoglobulin light- 
chain paraproteins, as seen in multiple myeloma). Detection 
of light chains depends on electrophoretic and immuno- 
chemical testing.” Hemoglobin or myoglobin can be 
detected by tests discussed in Chapter 31. 

Postrenal Proteinuria. This type of proteinuria refers to 
protein arising from the urinary tract below the kidneys and 
is usually due to inflammation or malignancy. It is diagnosed 
by microscopic evaluation of the urinary sediment for 
inflammatory cells and malignant cells. The presence of ery- 
throcytes or leukocytes in casts in such a centrifuged urinary 
sediment is valuable proof that their origin is from the 
kidneys and is not extrarenal, 


Laboratory Considerations 


Qualitative detection of excess protein in urine is largely 
based on use of dipstick tests. The reactive portion of the 
stick is coated with a buffered indicator that develops color 
in the presence of protein. A typical example is Albustix 
(Bayer Corporation, Diagnostics Division, Tarrytown, NY), 
in which bromphenol blue, buffered to pH 3 with citrate, is 
present mostly in the protonated, yellow form. When protein 
is added, the affinity of the anionic form of the indicator dye 
for protein causes a shift of the equilibrium between anionic 
and protonated forms of the indicator toward formation of 
the blue anionic species. The intensity of the shade of blue 
produced is then proportional to the concentration of 
protein in the specimen. Combur 8 strips (Roche Diagnos- 
tics, Inc., Indianapolis, IN) are said to be less subject to drug 
interferences, Their detection limit is ~7 mg/dL. 

Like all dye-binding techniques, the dipstick methods are 
more sensitive to albumin than to other plasma proteins, 
They are therefore excellent screening tests for glomerular 
proteinuria but unsatisfactory for detection of tubular pro- 
teinuria or overload proteinuria of the Bence Jones type. 
Although most tests measure protein in excess of 10 mg/dL, 
they are only roughly quantitative, and their use should be 
limited to screening and to rough estimates required before 
concentrating the specimen for electrophoresis or diluting it 
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for quantitative assay. A first morning urine specimen is pre- 
ferred because it tends to be concentrated and unaffected by 
postural factors. 

Quantitative assay for total protein or for individual pro- 
teins is usually performed on timed collections. Periods of 4, 
8, and 12 hours may be appropriate for monitoring a renal 
transplant recipient or a patient whose acute renal losses of 
albumin are being compensated with closely regulated 
replacement therapy. In most cases, however, a 24-hour col- 
lection is chosen, both for quantitative total or specific 
protein assay and for electrophoretic separation. An alterna- 
tive approach is to measure the protein/creatinine ratios of 
random specimens. 

Quantitative assay of specific proteins is necessary for 
estimates of glomerular selectivity and for evaluation of 
tubular proteinuria. Nephelometry and turbidimetry are 
sufficiently sensitive for most of the analytes (see Chapters 3 
and 9). More sensitive immunoassays are required for BMG 
because of the low levels that are typically excreted. In addi- 
tion, this protein is susceptible to degradation at low pH, and 
specimens should be stored at a pH greater than 6.0 during 
the collection period. In assessment of the nephrotic 
syndrome, glomerular selectivity is estimated usually by 
measuring two individual proteins of different molecular 
size, such as albumin or transferrin plus IgG. A random 
urine sample and a corresponding serum are collected and 
analyzed for the two proteins, The ratio of the individual 
clearances is then calculated 


Ls for IgG 
P 


ae for albumin 


where U and P represent the concentration of the compound 
in urine and plasma and V is the volume of excreted urine 
per minute. Thus V cancels out and 


, [serum albumin] x [urine IgG] 
Ratio = a 

[urine albumin] x [serum IgG] 
A value exceeding the upper limit of the reference interval 
implies loss of selectivity. Clearance of individual proteins 
may also be evaluated by the classical equation 


UV 
Clearance (mL/min) = ae 


For evaluation of tubular proteinuria, one may use either 
a 24-hour specimen or a random specimen. In the latter case, 
the concentrations of both creatinine and the specific 
protein (e.g., lysozyme) are determined and the protein- 
creatinine index is calculated as follows: 


L 
ysozyme 


ie [lysozyme] 
Creatinine 


~ [creatinine] 


Reference Intervals 

The reference interval for urinary protein is 1 to 14mg/dL.'° 
The excretion rate at rest is 50 to 80 mg/d, but many labora- 
tories indicate the reference value as less than 100 mg/d (less 
than 150 mg/d in pregnancy). The concentration may reach 
300 mg/d in urine of healthy subjects after exercise. 


Proteins in Cerebrospinal Fluid" 

CSF circulates around the brain and spinal column. As 
described in Chapter 2, CSF for testing is normally obtained 
from the lumbar spinal region. 


Biochemistry 


CSF is secreted by the choroid plexuses, around the cerebral 
vessels, and along the walls of the ventricles of the brain. It 
fills the ventricles and cisternae, bathes the spinal cord, and 
is reabsorbed into the blood through the arachnoid villi. CSF 
turnover is rapid, exchanging totally about four times per 
day. More than 80% of CSF protein content originates from 
plasma by ultrafiltration and pinocytosis; the remainder is 
from intrathecal synthesis. The lowest concentration of total 
protein and the smallest proportion of the larger protein 
molecules are in the ventricular fluid; as the CSF passes 
down to the lumbar spine (from which site specimens are 
usually collected), the protein concentration increases. This 
difference in concentration at different levels of the CNS is 


illustrated by the following reference intervals: 


TOTAL PROTEIN (mg/dL) 


Ventricular fluid - ce ue a 5-15 
Cisternal fluidic eeee8 seh 1525. 
Lumbar fluid) 0 SEEE RERI 


In CSF from premature and full-term neonates, levels are 
considerably higher (up to 130 mg/dL); in healthy elderly 
adults, concentrations up to 60mg/dL are considered 
normal. 

Because CSF is mainly an ultrafiltrate of plasma, low mol- 
ecular weight plasma proteins such as prealbumin, albumin, 
and transferrin normally predominate. No protein with a 
molecular weight greater than that of IgG is present in suf- 
ficient concentration to be visible on electrophoresis. The 
electrophoretic pattern of normal CSF after concentrating 
the fluid has two striking features—a prominent prealbumin 
band and two transferrin bands. The second of the elec- 
trophoretic transferrin bands is the T (tau) protein band, 
which is produced or transformed intrathecally and, by com- 
parison with plasma transferrin, is deficient in sialic acid 
content. 


Clinical Significance 


The blood-CSF barrier is a concept rather than an anatom- 
ical structure. The barrier is defined by the many complex 
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factors that govern the distribution of compounds other 
than water, carbon dioxide, and oxygen between the blood 
and the extracellular fluid of the brain and its accessory 
structures. In the present discussion, the term blood-CSF 
barrier is used as a synonym for the capillary endothelium 
of vessels of the CNS. 

Examination of CSF total protein and specific proteins is 
used primarily to detect either increased permeability of the 
blood-CSF barrier to plasma proteins or increased intrathe- 
cal synthesis of immunoglobulins (Table 20-13). 

Increased Permeability. The permeability of the blood- 
CSF barrier to plasma proteins is increased by high intracra- 
nial pressure resulting from a brain tumor, intracerebral 
hemorrhage, or traumatic injury. In addition, increased 
permeability to proteins is seen with inflammation asso- 
ciated with bacterial or viral meningitis, encephalitis, ‘or 


Increased capillary permeability: 
‘Bacterial meningitis 


-Cryptococcal meningitis 


eptospiral meningitis 


iral meningitis 


poliomyelitis. Striking elevations of CSF total protein are 
seen in bacterial meningitis; smaller elevations occur in the 
other inflammatory diseases and with tumor or hemorrhage. 
Lumbar CSF protein is increased when the CSF circulation 
is mechanically obstructed above the puncture site (as by a 
spinal cord tumor), and plasma proteins equilibrate across 
the walls of meningeal capillaries into the stagnant CSE. The 
effect of any of these conditions is that the proportions 
of specific proteins in CSF increasingly resemble those in 
serum. 

Intrathecal Synthesis. Demonstration of increased 
intrathecal synthesis of immunoglobulins, particularly IgG, 
has great importance in the diagnosis of demyelinating dis- 
eases of the CNS, especially multiple sclerosis.'!° In multiple 
sclerosis, patchy deterioration of myelin sheaths of axons in 
the CNS profoundly affects conduction of nerve impulses. 


Sidon 0- 80 Iymphocytes . 


lear, colorless, or yellow 


Colorless, yellow; or bloody; blood o cells 


Clear, colorless; 10-100 lymphocytes He 
Clear; colorless; 0-10 lymphocytes 


ol Jess f dbrn dot, or slightly turbid; 50- 500 


1 ymphocytes 


: Slight in increase 


*Premature infant: up to 400 mg/dL. Children: 30-100 mg/dL. Old age: up to 60 mg/dL. 
‘Froin’s syndrome: lumbar fluid values are much higher than cisternal fluid values. 
‘Similar values may occur in certain other chronic inflammatory conditions of the nervous system. 
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The cause of demyelination is unknown, and sites of the 
lesions are unpredictable; resulting symptoms vary widely. B 
lymphocytes that infiltrate the lesions synthesize IgG and 
occasionally other immunoglobulins. Because axons of the 
CNS are in intimate contact with CSF the immunoglobulins 
produced in the lesion appear in the CSF. 


Laboratory Considerations 


Various analytical techniques are used to assess the increased 
permeability of the blood-CSF barrier to plasma. proteins 
and to detect intrathecal synthesis of immunoglobulins. 

Increased Permeability. The degree of permeability of 
the blood-CSF barrier is evaluated by immunochemical 
measurements of albumin in CSF and in serum specimens 
obtained at the same time. (Note that for this purpose, 
determination of CSF albumin must be made by a quantita- 
tive immunochemical method. Electrophoretic separation, 
although generally informative of increased amounts of 
specific plasma proteins in the CSF, is not useful for an 
objective definition of degree of permeability.) Albumin is a 
particularly suitable indicator protein because it is neither 
synthesized nor metabolized intrathecally. In CSF that is free 
of contaminating blood, albumin must necessarily have 
come from plasma through the blood-CSF barrier. 

Using the results of quantitative albumin assays, the 
following ratio is calculated: 


Albumincsp (g/dL) 
Albumingerum (g/dL) 


However, because the quotient obtained by dividing 
0.015 to 0.045 g/dL for albumincs; by 4.0 to 5.5 g/dL for albu- 
MiNserum Would be a very small decimal value, this ratio is 
renamed the CSF/serum albumin index and is arbitrarily cal- 
culated as follows (effectively multiplying the ratio by 1000) 


CSF Albumincsp (mg/ dL) 


Ge Se 
serum albumin eee Albuminserum (g/ dL) 


An index value <9 is considered consistent with an intact 
barrier, Values of 9 to 14 are interpreted as slight impair- 
ment, 14 to 30 as moderate impairment, and >30 as severe 
impairment. 

Intrathecal Synthesis. Determining the protein compo- 
nent of the fatty myelin sheath, myelin basic protein (MBP), 
is a more direct diagnostic approach to assessing diagnosing 
multiple sclerosis, but such assays have many difficulties 
because of the fragmentation of MBP in vivo by proteinases 
and because of the difficulties of making a specific antiserum 
against MBP. The assay is helpful in assessing the activity of 
demyelination, MBP levels rising and falling with exacerba- 
tion and remission of multiple sclerosis.'” 

Increased intrathecal synthesis of IgG causes an increase 
in the CSF/serum immunoglobulin concentration ratio and 
the appearance of oligoclonal immunoglobulin bands on 
electrophoretic separations of CSF. Investigation of these 
changes has now become routine when multiple sclerosis is 


suspected. At least 90% of cases of multiple sclerosis give 
positive findings, but increased immunoglobulins and oligo- 
clonal immunoglobulins may also be found in some other 
chronic inflammatory diseases of the CNS, such as chronic 
meningoencephalitis caused by bacteria, viruses, fungi, or 
parasites; subacute sclerosing panencephalitis; and Guillain- 
Barré syndrome. These can be ruled out clinically or by 
finding a CSF total protein exceeding 100mg/dL, a CSF 
leukocyte count greater than 50/uL, or a positive test result 
for neurosyphilis. The CSF albumin concentration in 70% 
of cases of multiple sclerosis is within the reference interval. 
A complicating factor in testing for intrathecal IgG is that 
an increase in CSF IgG concentration or in the CSF/serum 
IgG concentration ratio may occur either because of 
increased permeability of the blood-CSF barrier, increased 
local production of IgG, or both. To identify intrathecal pro- 
duction specifically, correction for increased permeability is 
necessary. Corrections use CSF and serum albumin and IgG 
concentrations in one of several ways: 
1. Concentrations in CSF of IgG and albumin are measured, 
and the following ratio is calculated: 


IgGcesp (mg / dL) 


Ratio = ———— 2 
AHO Albumincsr (mg jal) 


A ratio >0.27 is considered indicative of increased syn- 
thesis; in about 70% of cases of multiple sclerosis, the 
ratio exceeds 0.27. 

2. Concentrations in CSF and serum of IgG and albumin 
are measured, and the CSF immunoglobulin index is 
calculated 


IgGesr (mg/dL) x Albuminseram (g/dL) 
Albumincsr (mg/ dL) x IgG snim (mg/ dL) 


Index = 


The reference interval for the index is 0.30 to 0.70. Values 
>0.70 are considered evidence of increased IgG synthesis; 
in more than 80% of cases of multiple sclerosis, this index 
exceeds 0.70. This estimator is now the one most often 
used. 

3. Concentrations in CSF and serum of IgG and albumin are 
measured, and the intrathecal rate of IgG synthesis is 
calculated by an empirical (Tourtellotte’s) formula, 
assessing the increase above normal of IgG in the patient's 
CSF and deducting from it the amount of leakage 
through the blood-brain barrier as indicated by excess 
CSF albumin. The rate of synthesis of IgG in milligrams 
per day is equal to 


‘stem | 
5 dL/d} < IgGeop -= >} - 
/ {is CSF 369 


Albumingerum 


230 


{{atburines — x 0.45 UgG serum) Cee) 


Albumintgerum 


All protein concentrations are expressed in milligrams 
per deciliter. The first bracketed term represents the differ- 
ence between IgG found in CSF and the IgG expected if the 
blood-brain barrier is intact. The second bracketed term 
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represents the same for albumin but is corrected by a ratio, 
molecular weight of albumin/molecular weight IgG = 0.43, 
to express the difference in albumin as if it were a difference 
in IgG, assuming that 1 mol of IgG accompanies every mole 
of albumin that passes the blood-brain barrier. The term 
5dL/d converts milligrams per deciliter units in the other 
terms and relates IgG to the average volume of CSF normally 
formed in 24 hours (~5dL). The number 369 is the ratio of 
serum/CSF IgG concentrations in normal subjects; the 
number 230 is the same.ratio but for albumin concentra- 
tions. The reference interval for the synthesis rate is —9.9 to 
+3.3 mg/d. Values exceeding 8 mg/d are found in most cases 
of multiple sclerosis. This estimator provides no more clin- 
ical information than the IgG index; the complex formula 
merely rearranges the results for serum and CSF IgG and 
albumin and then factors in several constants. 


Reference Intervals” 


The reference interval for albumin in lumbar CSF by RID is 
17.7 to 25.1 mg/dL. In normal CSE, IgA, IgD, and IgM are each 
less than 0.2 mg/dL. Reference intervals for IgG are age related; 
their means increase from 3.5 mg/dL in the 15- to 20-year-old 
age group to 5.8 in adults aged 60 years or older. A usual 
reference interval for CSF IgG in adults is 0.8 to 4.2 mg/dL. 


Proteins in Amniotic Fluid, Saliva, Feces, and Peritoneal 
and Pleural Cavities 

Amniotic fluid is analyzed for AFP for detection of open 
neural tube or abdominal wall defects in the fetus. Saliva is 
tested for secretory IgA in infantile hypogammaglobuline- 
mia and for BMG in Sjigren’s syndrome. Assay of feces 
for AAT is sometimes used in the diagnosis of exudative 
enteropathy, because AAT is not significantly hydrolyzed 
in the gut. However, intravenous injection of Cr-labeled 
albumin, followed by measurement of the radioactive label 
in feces, is a more reliable test. 

Pathological accumulations of fluid in the peritoneal and 
pleural cavities or elsewhere vary greatly in protein content. 
They may be either ultrafiltrates with low protein concen- 
trations and scant amounts of high molecular weight 
proteins or fluids with high protein concentrations and 
significant amounts of large proteins such as immunoglo- 
bulins. These fluids are divided arbitrarily according to their 
protein concentration into transudates, with total protein 
less than 3 g/dL, and exudates, with higher total protein con- 
centrations. Transudates ordinarily reflect changes in per- 
meability of filtering membranes, whereas exudates usually 
result from infection or malignancy; the latter may contain 
large numbers of leukocytes or malignant cells. Both tran- 
sudates and exudates usually contain enough protein to 
allow the biuret method to be used for the determination of 
total protein, 


MISCELLANEOUS PROTEINS 


Other proteins of clinical significance that are found in body 
tissues and fluids include amyloid, heat shock proteins, and 


other acute phase reactants, such as mannose binding lectin 
(MBL) and serum amyloid P (SAP). 


Amyloid”! 

Amyloid (Greek, “resembling starch,” because of its staining 
properties) is a pathological extracellular deposit that 
appears translucent and structureless. It stains with iodine 
and various dyes, but its affinity for Congo red is the basis 
of its definition and identification in biopsy specimens. All 
types of amyloid bind Congo red, which emits an apple- 
green fluorescence under polarized light. Under the electron 
microscope, all types of amyloid share two fibrillar compo- 
nents with characteristic periodicity and a minor rodlike 
P-component, a glycoprotein that, viewed on end, has the 
appearance of a pentamer with a hollow core. This compo- 
nent circulates normally in plasma. The fibril deposit con- 
sists of a characteristic B-pleated sheet, as determined by 
x-ray crystallography. It can be extracted from tissue with 
water but not physiological salt solutions. 


Biochemistry 

The formation of this insoluble variety of protein, resistant 
to normal proteolysis due to its B-conformation, is the one 
characteristic common to all types of amyloid, whatever 
their composition. Amyloid fibrils may have multiple soluble 
plasma protein precursors that are either increased in 
quantity or modified by proteolysis to make them insoluble. 
The result is a disease group with diverse etiologies, called 
amyloidosis. The deposits can be local or systemic. They 
exert pressure on vital structures and eventually cause 
death. No details are known about the local mechanism of 
formation of these deposits or the determinant for the site 
of deposition. 


Clinical Significance 
Clinically, amyloidosis is classified (omitting some rare 
forms) into five main groups: (1) primary amyloidosis, (2) 
amyloidosis associated with multiple myeloma, (3) sec- 
ondary amyloidosis associated with inflammatory or infec- 
tious diseases, (4) a form associated with aging, and (5) 
familial amyloidosis. Increased knowledge of the chemical 
structure of the deposits has led to a revised classification 
that takes into consideration the type of amyloid protein 
present.’ This classification is used in Table 20-14. 
Amyloid Amyloidosis. Primary amyloidosis and amyloi- 
dosis associated with multiple myeloma are associated with 
immunoglobulin light-chain amyloid (AL) amyloidosis. The 
fibrillar proteins consist of homogeneous immunoglobulin 
light polypeptide chains mainly of the À (especially Ay) type, 
their amino-terminal variable fragments, or both. AL pro- 
teins have a molecular weight of 14-22kDa and have an 
affinity for clotting factor X, which may be responsible for 
the decrease in plasma level of this factor and for associated 
bleeding. Because they always include the variable part of the 
immunoglobulin light chain, they differ from one case to 
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TABLE 20-14 Chemical Classification of the Amyloid. Diseases 


` Chemical = 
Description © 


Common Term 


Procalcitonin 


Aprealbunin anii ; 3 
(val30 —pmet), 
Apreaibumin Ranas tae : 
(thr49 >l) - 
A preslbunin a 
(val30 met) s 
A Apeeatbunin (var). : 


Aredia (var). T 


amma trace? Gamma trace... APycuwa. 
sree fragment polymer Kor 


Modified from Buxbaum JN. The amyloid diseases. In: Wyngaarden JB, Smith LH Jr, editors. Cecil Textbook of Medicine. 17th ed. Philadeiphia: WB 
Saunders, 1985:1169. 

*This designation is used to denote amino acids that depart from the prototype sequences. 

tAlso found in other APUD (amine precursor uptake and decarboxylation) tumors. 

*Hereditary cerebral hemorrhage with amyloidosis. 

‘Gastroenteropancreatic neuroendocrine protein is a hormonelike peptide with no known function found to date in peptidergic central nervous system 
neurons, the anterior pituitary, and pancreas. Its concentration is high in cerebrospinal fluid. 
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another. Not all light chains seem capable of precipitation in 
the B-conformation that constitutes amyloid. 

AL amyloidosis is the most common form of these dis- 
orders. Bone marrow plasmacytosis and excess plasma cell 
production of antigenically identical monoclonal light 
chains are common to primary amyloidosis and multiple 
myeloma. Thus a clear distinction between these two condi- 
tions is not possible chemically. They appear to differ only 
in the presence or absence of osteolytic lesions, AL deposits 


may occur in the tongue, heart, lymph nodes, spleen, joints, ` 


peripheral nerves, and skin. 

Amyloid A Amyloidosis. Secondary amyloidosis is asso- 
ciated with amyloid A (AA) deposits and is called AA amy- 
loidosis. In this form, AA proteins (5 to 9kDa) are the main 
component and A-light chains a minor one. AA proteins are 
amino-terminal fragments of serum amyloid A protein (SAA 
protein), composed of monomers of 12.5kDa. It circulates 
in serum as a polymer of 220 to 235kDa, most complexed 
to high-density lipoprotein. SAA is an acute phase protein 
similar to CRP, increasing rapidly in infections or noninfec- 
tious inflammation. AA protein can be distinguished from 
AL protein by the ability of permanganate to bleach the 
Congo red staining (AL protein staining is resistant). 

AA protein is often deposited in chronic inflammatory 
diseases such as rheumatoid arthritis (incidence up to 20%) 
and other inflammatory joint diseases, and in chronic sup- 
purative and granulomatous infections such as tuberculosis 
and osteomyelitis. Deposits of AA protein are also observed 
in nonlymphoid tumors such as renal and gastric carcino- 
mas and in Hodgkin's disease. Deposits of AA protein are 
most often found in the kidneys, liver, and spleen, usually 
resulting in nephrotic syndrome and hepatosplenomegaly. 

Senile Amyloidosis. Senile amyloid protein is found 
most often in the heart (senile cardiac amyloid), but also in 
the pancreas and brain. There seems to be an independent 
pathogenesis for these three forms. Nodular or infiltrative 
amyloid deposits may also be seen in the skin, lungs, and 
trachea and may involve endocrine organs such as the 
pancreas (in long-standing diabetes) or the thyroid (in 
medullary carcinoma). These forms usually are asympto- 
matic, except for the cardiac form. 

Familial Amyloidosis. Several genetically transmitted 
forms of amyloid disease have been reported. These have pri- 
marily neurological but also renal and vascular symptoms 
(Table 20-14), The fibrils of the Portuguese and Swedish syn- 
dromes and the polyneuropathic amyloid syndrome of 
Ashkenazic Jews have monomers of 14kDa that share anti- 
genic determinants and amino acid homology with preal- 
bumin (transthyretin). 


Heat Shock Proteins 


When exposed to heat shock or other types of stress, a large 
number of prokaryotic and eukaryotic cells synthesize a 
small family of proteins that have been termed heat shock pro- 
teins. These proteins complex with many other proteins, and 
a wide variety of physiological and molecular functions have 


been postulated for them. The heat shock proteins function 
normally as “molecular chaperones” to other proteins. For 
additional information on heat shock proteins, the reader is 
referred to reviews*’” and textbooks on the subject.””"” 


Other Acute Phase Reactants 


Mannose binding lectin (MBL; also called mannose binding 
protein) and serum amyloid P (SAP) CRP are acute phase 
reactants that bind to molecules—sugars or phospho- 
lipids—on the surface of infectious agents and products of 
cell breakdown. Both may act as acute phase reactants, but 
MBL levels fall during many acute infections, MLB activates 
C2 and C4 by way of MBL-associated proteases, bypassing 
Clq. Genetic deficiency or mutations may be associated with 
increased susceptibility to infection, malignancy, or autoim- 
mune diseases, such as SLE and Sjégren’s syndrome.” Like 
CRP, SAP is a pentraxin that, on binding, activates the 
classical complement pathway. Although its role is not 
completely known, SAP binds lipopolysaccharides, includ- 
ing those on gram-negative bacteria.” 


ANALYSIS OF PROTEINS 


Methods for the analysis of proteins in body fluids include: 

1. Specific quantitative assays of particular proteins by 
immunochemical methods (see Chapter 9) using specific 
antisera and measurement of the antigen antibody com- 
plexes by nephelometry, turbidimetry, RID, or electroim- 
muno assay; or, if present in very low concentrations, 
by RIA, enzyme immunoassay (EIA), fluorescence 
immunoassay, or chemiluminescence. 

2. Detection and identification of proteins by electrophore- 
sis (see Chapter 5). 

3. Quantification of total protein in serum, urine, and CSE 

4. Analysis by mass spectrometry, which provides structural 
and quantitative information (see Chapter 7). 


Immunochemical Methods 


Most immunochemical methods are applicable to the mea- 
surement of any of the proteins in this chapter (see Chapter 
9). Because of their speed and ease, nephelometric and tur- 
bidimetric methods are most widely used for most serum 
proteins, These techniques are performed either by measur- 
ing the amount of Ag-Ab complex formation (equilibrium 
methods) or by measuring the rate of complex formation 
(kinetic methods), The kinetic methods are slightly faster, 
with measurements completed within ~20 s; however, kinetic 
assays are somewhat less sensitive because low-affinity anti- 
bodies do not have time to react. In addition, many kinetic 
methods obtain the baseline reading after addition of anti- 
serum, which can reduce the measured signal with high- 
affinity antibodies.’ A compromise is often used, with timed 
measurement before true equilibrium. 


Assay Characteristics 

Important assay characteristics for immunochemical 
methods include (1) limit of detection, (2) precision, and (3) 
turnaround time, 
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Limit of Detection. Detection limits of approximately 
10ug/mL (10mg/L) have been attained with routine neph- 
elometric and turbidimetric methods; this limit has been 
lowered by 10 to 100 fold using antibodies adsorbed onto 
latex particles. RID methods are able to detect down to a 
minimum of 10 to 20ug/mL; the detection limits have 
been lowered even further by using special “low-level” plates 
(Calbiochem-Behring Corp., La Jolla, Calif.). Methods using 
labeled antibodies (e.g., RIA, EIA, chemiluminescence) are 
very sensitive and can measure levels as low as nanograms 
per milliliter level. 

Precision. With nephelometry and turbidimetry, within- 
run coefficients of variation (CVs) of less than 5% are usual, 
RID and EIA have higher within-run and run-to-run CVs, 
usually in the range of 5% to 15%. RIA, measuring much 
smaller amounts of protein, generally has within-run CVs of 
5% to 10%. 

Turnaround Time. Modern nephelometric and turbidi- 
metric methods are fast, giving results within seconds to 
minutes; however, equilibrium methods take longer to com- 
plete. RID requires 24 to 72 hours of incubation, an unac- 
ceptable period for stat tests. Depending on the procedure, 
turnaround time for RIA is usually several hours. 


Instrumentation and Equipment 

Nephelometric and turbidimetric methods (see Chapter 3) 
are performed on most current automated analytical 
systems, although most nephelometric assays are performed 
on dedicated instruments. RID requires no instrumentation 
other than pipettes, although some type of illuminated plate 
reader is advantageous. RIA requires radiation scintillation 
counters and an automated pipetting station. 


Calibration of Immunochemical Methods 


The World Health Organization (WHO) has reference 
preparations for the measurement of complement, 
immunoglobulins, and a few other proteins, but values are 
assigned in international units (IU). Two preparations, 
WHO 6HSP and the United States National Reference 
Preparation for Specific Human Proteins (USNRP), have 
values assigned in IU and in some cases mass units for 6 
and 13 proteins, respectively. However, conversion factors 
between mass units and IU differ by as much as 16% between 
the two preparations. 

In 1993 and 1994, the Bureau Commitaire de Référence 
(BCR) of the European Economic Community, the Interna- 
tional Federation of Clinical Chemistry (IFCC), and the 
College of American Pathologists (CAP) jointly introduced 
a new reference preparation for serum proteins,'*!” 
assigned in IU against WHO materials and in mass units 
against USNRP for albumin, AMG, complement factors 
C3 and C4, Cp, Hp, and IgA, IgG, and IgM. Mass values were 
assigned for AAT (0,-protease inhibitor), ,-antichy- 
motrypsin, AAG (orosomucoid), and transferrin against 
highly purified and thoroughly characterized purified pro- 
teins, and for C-reactive protein against WHO 85/506, using 


the factor 1IU = 1 mg/dL. In this value assignment, a rigor- 
ous transfer protocol was used, and all steps in the prepara- 
tion were carefully recorded to make it possible to prepare a 
new lot to be as nearly the same as possible. The material is 
available from the Institute for Reference Materials and 
Methods (IRMM; Geel, Belgium) as Certified Reference 
Material #470 (catalog number BCR 470). It is intended for 
transfer of values to secondary reference materials (e.g. 
manufacturers’ calibrators and controls), not for use as a 
working calibrator or control. 

All manufacturers of immunochemical assays have 
referenced their individual calibrators and controls against 
the new material, and national and international quality 
control studies have shown a marked decrease in interlabo- 
ratory variance as a result. Minor differences still exist 
among manufacturers’ assays, however, because of differ- 
ences in antiserum specificity and in the methods used by 
the various manufacturers for transfer of values from 
CRM 470 to working reference materials, including dif- 
ferences in calibration curve fitting and in statistical 
methods. In most cases, the differences are less than 5%. 
Tentative international reference intervals for white adults 
have been established,” and the Committee on Plasma 
Protein Standardization of the IFCC is conducting a large- 
scale, prospective study to determine reference intervals 
for several ethnic groups. It is recommended that each 
laboratory confirm the validity of the values for its own 
population. 


Optimization of Immunonephelometry and 

Turbidimetry Assays’ 

To minimize complexity and cost, yet retain enough accu- 
racy and precision to meet clinical demands, most commer- 
cially available assays for proteins are a compromise In those 
circumstances in which these are more demanding—for 
example, for transferring values to a manufacturer’s “gold 
standard” calibrators and controls—signal level should be 
maximized and all steps in the assay should be performed 
with as high precision as possible. The criteria for such an 
assay have been summarized by Blirup-Jensen.’ Reference 
laboratories should also use this or similar protocols to 
maximize accuracy. 

In addition, for value transfer, multiple weight-corrected 
dilutions of the reference (e.g, CRM 470) and the target 
material should be assayed in multiple runs, with the dilu- 
tions of each material calculated to be within the same 
section of the assay range. If possible, for optimal results, one 
material should be used as the calibrator and the other as the 
test sample to avoid the introduction of a third material and 
increased imprecision.’ 


Specimen Collection and Storage for Immunoassay 

Test specimens should be nonhemolyzed, cell-free serum, 
urine, or CSE. CSF specimens may require centrifugation if 
cells are present. Serum and CSF samples may be stored at 
2 °C to 8 °C for up to 3 days or at —20 °C for longer periods. 
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Repeated freezing and thawing of specimens may cause 
deterioration of many proteins and should be avoided. 
The minimum amount of specimen required is generally 
100 LL. 


Electrophoretic Techniques 

Electrophoresis is used to study and measure the protein 
content of biological fluids (see Chapter 5). Types include 
serum protein electrophoresis using either cellulose acetate 
strip or agarose gel as the separation media, capillary elec- 
trophoresis (CE), immunofixation, and “Western blotting.” 


Serum Protein Electrophoresis 


Separation of serum proteins on cellulose acetate or 
agarose gel is commonly performed on serum to avoid 
the fibrinogen band in a region in which monoclonal 
immunoglobulins often migrate. However, some analysts 
prefer to use plasma to semiquantify the amount of 
fibrinogen present as. evidence of acute inflammation or 
in vivo fibrinolysis. 

The principles of electrophoresis are edescribed in Chapter 
5. Figure 20-9 illustrates serum protein electrophoresis sep- 
atations typical of normal and pathological conditions. In 
practice, most serum protein electrophoresis is performed 
using commercial systems that integrate apparatus, materi- 
als, and reagents from a single supplier. The standard buffers 
have low ionic strength (~0.05) and pH ~8.6. The usual 
sample is 3.to 5uL, applied with a mechanical device to 
obtain an even stripe of sample across a track of the medium. 
Typical parameters for the run are 1.5 mA per 2-cm width of 
cellulose acetate or 10mA per 1-cm width of agarose gel, and 
a run time of 40 to 60 minutes producing a 5 to 6 cm migra- 
tion distance for albumin. Changes in certain bands are 
clearly associated with particular disorders, making serum 
protein electrophoresis a valuable screening method. 

Coomassie brilliant blue (CBB) stain is more sensitive 
than Amido Black or Ponceau S and is widely used. The con- 
centrations of many proteins are too low to be seen as dis- 
tinct stained bands, or they are overshadowed by proteins of 
higher concentrations that migrate near them. In addition, 
some proteins stain poorly because they contain high pro- 
portions of lipid (lipoproteins) or carbohydrate (AAG). 
Densitometry may be used for rough quantification of indi- 
vidual bands and for graphic displays of stained elec- 
trophoresis patterns, but visual examination by a trained 
observer i is much preferred.. . ; 

_ Special fat stains are needed to Siuta lipoproteins that 
mipeite in bands of variable mobility in the fast o,-region 
(-lipoprotein), the O- or pre-B-region (very low density 
lipoprotein), and the B,-region (B- -lipoprotein), or remain 
at. the’ origin (chylomicrons; ‘see also Chapter 26). As 
mentioned previously, visualization of &,-acid glycoprotein 
requires staining for carbohydrate side chains. 

In practice, a patient’s serum should always be run in par- 
allel with a reference serum for comparison. The following 
changes may be seen: 


1, Intensely stained bands occurring from the &- to the y- 
regions in areas not containing normal proteins or free 
hemoglobin. These suggest monoclonal immunoglobu- 
lins (paraproteins). 


2. Multiple bands, absent bands, or different mobility of 


normal bands. These may be due to genetic variants or 
deficiency, such as AAT in the -region and transferrin 
or C3 in the B-region. 


3. Other causes of altered mobility. Increased mobility of 


albumin occurs when it is bound to penicillin or salicy- 
lates or to greater-than-normal amounts of bilirubin or 
fatty acids. Mercaptalbumin dimers or complexes with 
AAT migrate cathodal to monomeric albumin. Decreased 
mobility of AAT occurs when it binds thiol groups of IgA 
or Bence Jones protein. 


4. Appearance of a band not normally seen. The level of a 


low-concentration protein may increase to such a level 
that it becomes visible as a line. For instance,‘a faint, sharp 
band may appear between albumin and the ,-region as 
a result of a 100-fold increase of AFP with certain tumors. 
Similarly, a large increase of CRP in a severe APR may 
generate a faint band ‘in the B- or y-region (depending on 
free Ca” concentration), or an increase of lysozyme 
in monocytic leukemia may poe a band in the 
post-y-region, ` 


5. Changes in relative concentrations. The stained strip 


should also be observed for changes in relative con- 

centrations of the major plasma proteins. Such 

changes can suggest the presence of certain pathological 
conditions: 

a. Decreased albumin and y-bands in conjunction with 
an increased O,-band suggest selective protein loss, 
such as is displayed in the nephrotic syndrome. Note, 
however, that the albumin concentration must fall by 
at least one third of its normal level before its decrease 
becomes evident on the electrophoretic strip. 

b. An increase in the a,-band (AAT and AAG) and 
0,-band (Hp) suggests an APR. Prealbumin, albumin, 
and transferrin (0) are usually decreased. An increase 
in only AAT (a) may be noted in chronic hepatitis 
and in APRs accompanied by hemolysis, and in estro- 
gen therapy or pregnancy. In diseases characterized by 
vasculitis (such as rheumatoid arthritis) or in immune 
complex diseases, a predominant increase in the Oh: 
band may be-observed. : 

c. An increase in the B,-band (transferrin) suggests 
iron deficiency (transferrin increase) or high levels of 
estrogen. 

d. Fusion or bridging. of B- and y-bands suggests an 

. increase in IgA; as seen with cirrhosis, respiratory tract 
or skin infections, and rheumatoid arthritis. 

e, A diffuse increase in the y-band suggests a polyclonal 
y-globulin increase associated with an immune reac- 
tion, chronic inflammatory disease, liver disease, or 
disseminated neoplasms. Oligoclonal bands are occa- 
sionally seen in chronic aggressive hepatitis and 
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Normal (Adult) Normal (Pediatric) Chronic Renal Disease 
Pattern Protein Concentration Pattern Protein Concentration Pattern Protein Concentration 
(mg/dL) (mg/dL) (mg/d) 
TP 6800-8300 4 TP 6900 TP 2300! 
Aib 3500-5000 Alb 4390 Alb 1110! 
AAT 100-200 AAT 240 AAT 2607 
AAG 50-150 AAG 59 AAG 724 
Hp 30-215 Hp 65 Hp 101 
AMG 125-140 AMG 490 AMG 180 
TRF 200-350 TRF 300 TRF 81 
C3 70-150 C3 127 C3 717 
C4 10-40 C4 27 C4 47 
IgA ` 40-390 IgA 180 RES IgA 677 
IgM 25-210 ` IgM 140 ee IgM 47/ 
IgG 525-1650 = IgG 870 ; IgG 200l 
CRP <2 PERRE CRP <4 CRP <1 
IgG Monoclonal Gammopathy IgA Monclonal Gammopathy 
{Benign} {Muitiple Myeloma) Nephrotic Syndrome 
Pattern Protein Concentration Pattern Protein Concentration Pattern Protein Concentration 
(mg/dL) (mg/dL) (mg/dL) 
TP 69007 é i TP 9100! TP 29001 
Alb 43807 Alb 2170! Alb 680! 
AAT 200 AAT 250 AAT 1607 
AAG 50 AAG 63 AAG 35/7 
Hp 75 Hp 97 Hp 370* 
AMG 220 AMG 170 AMG 4601 
TRF 270 TRF 150 TRE 10%! 
C3 122 c3 90 C3 4257 
C4 24 C4 20 C4 22/7 
IgA 707 IgA 58001 i me IgA 2507 
IgM 1707 IgM 24} AUN igM 937 
igG 13307 IgG 200! ae IgG 440! 
CRP <4 CRP <] f CRP <1 
Inflammation (Acute) Systemic Lupus Erythematosus Rheumatoid Arthritis (Adult) 
Pattern Protein Concentration Pattern Protein Concentration Pattern Protein Concentration 
(mg/dL) (mg/dL) (mg/dL) 
TP 57007 TP 7800 eon TP 6300 
Alb 24701 Alb 33907 Alb 28407 
AAT 4001 AAT 230 AAT 400} 
AAG 170t AAG 43 AAG 150! 
i Hp 3401 Hp 1117 Hp 2901 
AMG 210 AMG 240 AMG 148 
TRF 71! TRF 310 TRF 2207 
c3 1207 C3 94/7 C3 907 
C4 177 C4 127 C4 137 
IgA 270 IgA 650! IgA 2607 
IgM 137 IgM 170 IgM 8801 
IgG 1440 é IgG 2480! : : IgG 9307. 
CRP 9.81 CRP 7.81 CRP 6.11 
Iron Deficiency Chronic Hepatic Disease Chronic Hemolysis and Iron Deficiency 
Pattern Protein Concentration Pattern Protein Concentration Pattern Protein Concentration 
(mg/dL) {mg/dL} (mg/dL) 
TP 6800 TP 63007 Ss TP 6300 
Alb 4770 cS Alb 22401 = Alb 4010 
AAT 280 SSS AAT 977 3 AAT 190 
AAG 44 AAG 197 AAG 43 
Ho 101 Hp <17 Hp <i 
AMG 220 AMG 290 AMG 400 
TRF 5301 TRE 1291 TRF 390! 
C3 136 C3 537 c3 134 
C4 22 C4 47 C4 14 
IgA 150 IgA 480l IgA 180 
IgM 82 IgM 6207 IgM 170 
IgG 880 Rca IgG 23701 3 IgG 700 
CRP <1 at CRP <il CRP <1 


Figure 20-9 Electrophoretic patterns typical of normal and of some pathological conditions 
{agarose gel). Upward- and downward-pointing arrows indicate increase and decrease from the 
reference interval, respectively. Right- or left-slanting arrows indicate variation from normal to an 
increase or from normal to a decrease from the reference interval, respectively. The asterisk 
indicates Hp 2-2 phenotype. 
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chronic viral infections, and in some bacterial infec- 
tions (e.g., pneumococcal pneumonia) or following 
bone marrow transplantation. 

f. Absence or decrease of the y-band suggests immu- 
nodeficiency, either congenital or acquired. 


Immunofixation Electrophoresis 

Immunofixation electrophoresis (IFE) is gradually replacing 
immunoelectrophoresis (IEP) for detection of. M- 
components because of its speed and ease of interpretation. 
Several procedures, including commercial kits, are available 
for both IFE and IEP. Although these procedures may differ 
in detail, their principles are similar. 

To perform IFE analysis, aliquots of a patient’s serum are 
placed in separate wells in an agarose gel, and their major 
protein groups separated by electrophoresis. One of these 
tracks may be treated with a chemical fixative solution to fix 
all proteins in the agarose and create an electrophoresis ref- 
erence pattern for the specimen. The other tracks are treated 
with specific heavy- and light-chain antisera that react with 
individual immunoglobulins in the specimens, causing them 
to precipitate (become immunofixed) in the agarose gel. All 
unreacted proteins are washed out of the gel, which is then 
stained to visualize the fixed protein bands. By comparing 
the locations of the stained, immunofixed bands with a band 
of the same location in the reference pattern, a specific 
protein may be identified. 

Specific antisera may be applied with saturated filter 
paper or cellulose acetate strips, but many commercial kits 
use other application methods such as mylar templates 
that allow direct pipetting of antiserum onto the surface of 
the gel. 

In monoclonal gammopathies, the IFE patterns usually 
yield a distinct, sharply defined precipitin band with one 
heavy-chain and one light-chain antiserum. These bands 
match the location of the particular immunoglobulin in the 
reference pattern (Figure 20-10). A second, fainter band of 
free light chains may also be present. 

Immunofixation electrophoresis patterns should 
always be confirmed by quantifying the immunoglobulins 
(IgG, IgA, IgM) in the specimen. Elevations of specific 
immunoglobulins should correspond to the more intensely 
stained bands on the IFE pattern, but if a monoclonal 
protein is present, the assayed result may be only an 
approximation because of antigen excess. The unaffected 
immunoglobulins are often very low in concentration. To 
determine proper dilutions of the specimen to be used 
for the various immunoglobulins, it is helpful to perform 
quantification before IFE is performed. 

A comparison of IFE and IEP for two patients with mon- 
oclonal gammopathies is shown in Figure 20-10. The prin- 
ciples of IEP are described in Chapters 5 and 9. 


Capillary Electrophoresis 


CE combines the classic techniques of zone electrophoresis, 
isotachophoresis, isoelectric focusing, and gel electrophore- 


sis in small-bore (10 to 100}1m), fused silica capillary tubes 
20 to 200cm in length (see Chapter 5). It is a very efficient, 
rapid, sensitive, and versatile analytical technique that can be 
used to analyze a diverse spectrum of analytes ranging from 
small ions to macromolecular proteins or nucleic acids. CE 
is used for both micropreparative and analytical purposes. 
One advantage of CE, compared with traditional elec- 
trophoretic techniques, is its suitability for automation. 
However, interpretation of many abnormal samples remains 
a problem. Commercial systems resemble many high- 
performance liquid chromatography (HPLC) instruments in 
terms of automated sample loading and data analysis. 


Western Blotting 


Western blotting is similar to IFE, except that the separated 
proteins are blotted onto an overlaying strip of nitrocellu- 
lose or a nylon membrane by diffusion or electroblotting. 
The strip or membrane is then reacted with an antibody 
raised against the protein of interest and labeled with a 
radioisotope (e.g.,°I) or enzyme (e.g., horseradish peroxi- 
dase). (See Chapter 5 for further details and applications of 
this technique.) 


Determination of Serum Total Protein 


In total protein assays, two assumptions are arbitrarily made: 
(1) All protein molecules are pure polypeptide chains, con- 
taining on the average 16% by weight of nitrogen; and (2) 
each of the several hundred individual proteins present in 
serum reacts chemically like every other protein. In practice, 
the first assumption is not true and the second is not always 
true. Nevertheless, these simplifying assumptions make mea- 
surement of total protein a practical, although empirical, 
procedure. 


Specific Methods 


Many methods have been developed to measure the total 
protein content of biological fluids. A number of them are 
reviewed here. 

Biuret Method. The biuret method depends on the pres- 
ence of peptide bonds, which react with Cu ions in alka- 
line solutions to form a colored product whose absorbance 
is measured spectrophotometrically at 540nm. A colored 
chelate is formed between the Cu ion and the carbonyl 
oxygen and amide nitrogen atoms of the peptide bond, An 
analogous reaction occurs between cupric ion and the 
organic compound biuret, hence the name. The reaction 
occurs with any compound containing at least two H,N— 
C—, H,N-—-CH,—, H,N-—CS—, or similar groups cova- 
lently linked directly or through a carbon or nitrogen atom. 
One copper ion is probably linked to six nearby peptide 
linkages by coordinate bonds. The intensity of the color 
produced is proportional to the number of peptide bonds 
that are reacting and therefore to the number of protein 
molecules present in the reaction system. 

Amino acids and dipeptides do not react, but tripeptides, 
oligopeptides, and polypeptides react to give pink to 
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Figure 20-10 Comparison of immunofixation electrophoresis (IFE) and immunoelectrophoresis 
(IEP) for two patients with monoclonal gammopathies. A, Patient specimen with an IgG (kappa, 
x) monoclonal protein as identified by IFE. The arrow indicates the position of monoclonal 
protein. After electrophoresis, each track except SPE is reacted with its respective antiserum, 
then all tracks are stained to visualize the respective protein bands. (SPE: Chemically fixed serum 
protein electrophoresis; IgG, IgA, IgM, K, and A indicate antiserum used on each track.) B, Same 
specimen as in A, with proteins identified by IEP. The arrow indicates the position of monoclonal 
protein. Normal control (C) and patient sera (S) are alternated. After electrophoresis, antiserum 
is added to each trough as indicated by the labels ig (polyvalent Ig antiserum), IgG, IgA, IgM, K, 
and 2. The antisera react with separated proteins in the specimens to form precipitates in the 
shape of arcs. The IgG and « arcs are shorter and thicker than those in the normal control, 
showing the presence of the IgG (x) monoclonal protein. The concentrations of IgA, IgM, and 
A-light chains are also reduced. ©, Patient specimen with an IgA (lambda, à} monoclonal protein 
identified by IFE procedure as described in A. D, Same specimen as in C with proteins identified 
by IEP as described in B, The abnormal IgA and A-arcs for the patient specimen indicate an 
elevated concentration of a monoclonal IgA (A) protein. All separations were performed using 


the Beckman-Coulter Paragon system. 


reddish-violet products. However, their concentration in 
serum is so low that they contribute little to the biuret color. 
Ammonium ions interfere but not at concentrations that 
can occur in serum. Most biuret methods detect between 
1 and 15mg of protein in the aliquot being measured, an 
amount present in 15 to 200uUL of a serum containing 
protein at 7g/dL. Numerous versions of the biuret method 
have been reported. All the methods are sufficiently precise 
for clinical use. 

Either serum or plasma may be used for a biuret assay. 
A fasting specimen is not required but may be desirable 
to decrease lipemia. Hemolysis should be avoided. Tightly 
stoppered samples of serum are stable for 1 week or more 


at room temperature and for 1 month at 2 °C to 4 °C, 
Specimens that have been frozen and thawed should be 
thoroughly mixed before assay. 

A detailed procedure of a biuret method is available in a 
previous edition of this textbook.” 

Direct Photometric Methods. Absorption of ultraviolet 
(UV) light at 200 to 225nm and 270 to 290nm is used to 
measure the protein content of biological samples. Absorp- 
tion of UV light at 280 nm depends chiefly on the aromatic 
rings of tyrosine and tryptophan at pH 8. Accuracy and 
specificity suffer from an uneven distribution of these amino 
acids among individual proteins in a mixture and from the 
presence in body fluids of free tyrosine and tryptophan, uric 
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acid, and bilirubin, which also absorb light near 280 nm. At 
200 to 225 nm, peptide bonds are chiefly responsible for UV 
absorption (70% at Axs); specific absorption by proteins at 
these shorter wavelengths is 10 to 30 times greater than at 
280nm. Interference from free tyrosine and tryptophan is 
also significant at these short wavelengths, although it can be 
made negligible for serum by dilution of 1: 1000 or 1:2000 
in NaCl, 0.15 mol/L. The method has been used for CSF after 
removal of small interfering molecules by gel filtration. This 
approach is sensitive and simple but requires the use of an 
appropriate spectrophotometer and high-quality cuvets 
having high transmission of light at 220nm. 

Dye-Binding Methods. Dye-binding methods are based 
on the ability of proteins to bind dyes, such as Coumassie 
brilliant blue (CBB). The unequal affinities and binding 
capacities of individual proteins for dyes are a limitation and 
are complicated further by the inability to define a consis- 
tent material for use as a calibrator. The dye-binding method 
of greatest contemporary interest uses CBB G-250 for assay 
of total protein in CSF or urine. CBB binds to protonated 
amine groups of amino acid residues in the polypeptide 
chain, resulting in decreased absorbance at 465nm and 
increased absorbance at 595 nm. 

The method is simple, fast, and linear up to 150 mg/dL. 
Run-to-run CVs with automated analysis are 5.7% at 24 
mg/dL and 2.9% at 84mg/dL. Positive interferences have 
been noted in urine specimens containing tolbutamide or 
very high concentrations of urea. Very high concentrations 
of sodium chloride (NaCl) and hydrogen chloride (HCI), the 
latter used to preserve specimens, cause very large negative 
interferences. If the absorbance obtained with albumin is 
taken as 100%, hemoglobin and transferrin give an 
absorbance equivalent to that for albumin, but globulins and 
« and A chains are only 60% equivalent. 

Folin-Ciocalteu (Lowry) Method. Most proteins 
contain tyrosine, tryptophan, or both, but each protein 
contains a unique proportion of them. Albumin, for 
instance, has only 0.2% tryptophan by weight, whereas 
the tryptophan content of individual globulins varies 
between 2% and 3%, These amino acids, either free or in an 
unfolded polypeptide chain, reduce phosphotungstic- 
phosphomolybdic acid (Folin-Ciocalteu) reagent to give a 
blue color. Less chromogenic complexes are formed with his- 
tidine and cysteine. This property is more useful for assay- 
ing a pure protein whose composition and relative reactivity 
are known (e.g. fibrinogen) than it is for a mixture of indi- 
vidual proteins with different concentrations and reactivi- 
ties. However, it has been applied to the assay of total protein 
(Lowry’s method) as an auxiliary to the biuret reaction. 
In this method, proteins are allowed first to react with Cu” 
in alkaline solution to form copper—peptide bond—protein 
complexes. When the Folin-Ciocalteu reagent is added, the 
copper-protein complexes join with tyrosine and tryptophan 
residues in the reduction process. About 75% of the color 
produced depends on the Cu** complex; the absorbance of 


the colored complex is measured at a wavelength between 
650 and 750nm. 

The detection limit of the Lowry method (10 to 
60 ug/mL) is 100 times lower than the biuret reaction. This 
lower limit of detection is an advantage for measurement of 
very low concentrations of protein, and consequently, 
Lowry’s method is widely used in research to measure tissue 
proteins and purified preparations of enzymes. Despite the 
desirability of lower detection limits in measuring total 
protein in urine or CSE, application of the Folin method to 
these fluids is not wholly satisfactory, because the reagents 
react nonspecifically with nonprotein compounds, giving a 
positive error of 3 to 9mg/dL, Gel filtration can be used to 
remove interferents from urine or CSE, but this process is 
time consuming and not always feasible when the specimen 
volume of CSF is limited. Drugs—such as salicylates, chlor- 
promazine, tetracyclines, and some sulfa drugs—also give 
positive interference. 

Kjeldahl’s Method. Historically, total protein was first 
determined by Kjeldahl’s method, in which acid digestion 
was used to convert nitrogen in the protein to ammonium 
ion. The concentration of ammonia nitrogen was then 
evaluated by titration or nesslerization, a correction was 
made for nitrogen contributed by nonprotein compounds 
also present in serum, and the ammonia nitrogen value was 
multiplied by the factor 6.25 (100%/16%) to express protein 
nitrogen as total protein. The method was well defined and 
reproducible but so time consuming and inconvenient that 
it was impractical for widespread routine use. This method 
is still used to assign values to reference materials for the 
biuret method. 

Refractometry, Refractometry is a quick alternative to 
chemical analysis for serum total protein when a rapid esti- 
mate is required. Some laboratories find it a convenient way 
to determine total protein content before serum protein elec- 
trophoresis. At protein concentrations less than 3.5 g/dL, 
refractometric results are likely to be inaccurate. At a level 
greater than 11.0¢/dL, a valid result is obtained by diluting 
the serum with equal parts of water followed by reading of 
the diluted sample. A day-to-day CV of less than 2.0% is 
acceptable precision. 

Nonimmunochemical Turbidimetric and Nephelo- 
metric Methods. Precipitation of protein for turbidimetric 
or nephelometric assays is achieved with sulfosalicylic acid 
alone, or with sulfosalicylic acid in combination with 
sodium sulfate or trichloroacetic acid (TCA), or with TCA 
alone. Precipitation methods for total protein assay depend 
on formation of a fine precipitate of uniform, insoluble 
protein particles, which scatter incident light in suspension. 


Calibration of Total Protein Methods 

Bovine or human albumin is commonly used to calibrate 
biuret methods. Albumin has been prepared consistently in 
high purity, it contains only amino acids, its nitrogen content 
is a constant fraction of its molecular mass, and the number 
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of peptide bonds per molecule is known. Because the peptide 
bond is the biuret-reacting unit in all proteins and the 
number of peptide bonds determines the absorbance of the 
colored product, albumin is a reasonable peptide bond ref- 
erence material for all the proteins in the mixture. 

For the calibration of precipitation and dye-binding 
methods, the recommendation is usually to use a suitable 
dilution of a serum (or serum pool) with a normal 
albumin/globulin ratio, obtained from a healthy subject, and 
analyzed for total protein with a correctly calibrated:and well 
controlled biuret or Kjeldahl’s method. The choice is dic- 
tated by the intent to provide in the reference material a 
mixture of proteins whose precipitation and dye-binding 
behaviors are similar to those of proteins in the sample to be 
analyzed. Use of bovine or human serum albumin as cali- 
brators prohibits the use of sulfosalicylic acid because these 
pure proteins give about 2.5 times the turbidity given by 
serum globulins. With these pure proteins, TCA is the 
reagent of choice. 

The IRMM is currently preparing a serum-based refer- 
ence material for serum total protein assays, referenced to 
highly purified human serum albumin, 


Reference Intervals 


The total protein concentration of serum obtained from a 
healthy ambulatory adult is 6.3 to 8.3 g/dL and 6.0 to 7.8 g/dL 
from an adult at rest. The two general causes of alterations 
of serum total protein are a change in the volume of plasma 
water and a change in the concentration of one or more of 
the specific proteins in the plasma. Decrease in the volume 
of plasma water (hemoconcentration) is reflected as relative 
hyperproteinemia; concentrations of all the individual 
plasma proteins are increased. Hyperproteinemia is noted in 
dehydration caused by inadequate water intake or excessive 
water loss as in severe vomiting, diarrhea, Addison’s disease, 
or diabetic acidosis, Hemodilution (increase in plasma water 
volume) is reflected as relative hypoproteinemia; concentra- 
tions of all the individual plasma proteins are decreased. 
Hemodilution occurs with water intoxication or salt reten- 
tion syndromes, during massive intravenous infusions, and 
physiologically when a recumbent position is assumed. A 
recumbent position decreases total protein concentration by 
0.3 to 0.5g/dL and many individual proteins including 
albumin by up to 10%. 

Of the individual serum proteins, albumin is present in 
such high concentrations that low levels of this protein 
alone may cause hypoproteinemia. Hypoalbuminemia is very 
common and has many causes. Mild hyperproteinemia may 
be caused by an increase in the concentration of specific pro- 
teins normally present in relatively low concentration, as, for 
example, increases in APR and polyclonal immunoglobulins 
as a result of infection. Marked hyperproteinemia may be 
caused by high levels of the monoclonal immunoglobulins 
produced in multiple myeloma and other malignant para- 
proteinemias. 


Determination of Proteins in Urine 


Many methods have been used to measure urinary proteins 
but none are totally satisfactory. The biuret method applied 
to acid-precipitated protein or to a concentrate obtained by 
membrane filtration has the advantage of equal sensitivity to 
each of the individual proteins in the mixture. Many labo- 
ratories, however, find this approach too time consuming 
for routine use and prefer turbidimetric and dye-binding 
methods because they are fast and simple. Of the dye- 
binding methods, pyrogallol red, Ponceau S, and CBB are the 
most popular. The turbidimetric and dye-binding methods 
have nonlinear calibration curves and unequal sensitivities 
for individual proteins. Most underestimate low molecular 
weight proteins in tubular proteinuria and immunoglobulin 
light chains in overload proteinuria. 

To quantify urinary proteins, a timed collection is usually 
used. Periods of 4, 8, and 12 hours may be appropriate for 
monitoring a renal transplant recipient or a patient whose 
acute renal losses of albumin are being compensated with 
closely regulated replacement therapy. In most cases, 
however, a 24-hour collection is chosen, both for quantita- 
tive total or specific protein assay and for electrophoretic 
separation. An alternative approach is to measure the 
protein-creatinine ratios of random specimens. 

Dipstick tests are often used to semiquantitatively 
measure excess protein in urine. With these tests, the reac- 
tive portion of the stick is coated with a buffered indicator 
that develops color in the presence of protein. Detection 
limits are approximately 7 mg/dL. Like all dye-binding tech- 
niques, the dipstick methods are more sensitive to albumin 
than to other plasma proteins. They are therefore excellent 
screening tests for glomerular proteinuria but unsatisfactory 
for detection of tubular proteinuria or overload proteinuria. 
Although most tests measure protein in excess of 10 mg/dL, 
they are only semiquantitative, and their use should be 
limited to screening and to approximate estimates required 
before concentrating the specimen for electrophoresis or 
diluting it for quantitative assay. A first morning urine 
specimen is preferred because it tends to be concentrated 
and unaffected by postural factors. 

The reference interval for urinary total protein is 1 to 
14mg/dL. The excretion rate at rest is 50 to 80mg/d, but 
many laboratories indicate the reference value as less than 
100 mg/d (less than 150 mg/d in pregnancy). The concentra- 
tion may reach 300 mg/d in urine of healthy subjects after 
exercise. 


Determination of Total Protein in Cerebrospinal Fluid 


The low levels of protein in CSF limit the methods that are 
used to measure total protein in it. Turbidimetric methods 
and versions of the CBB dye-binding method are commonly 
used for this purpose. The most serious disadvantage of tur- 
bidimetric methods is the requirement for 0.2 to 0.5mL of 
sample. Coomassie Brilliant Blue (CBB) methods are sensi- 
tive enough for use with samples of as little as 25 yL, but they 
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underestimate globulins. Because albumin is the highest 
concentration protein in CSB, this underestimation may not 
be serious enough to preclude the use of a CBB method. 


Determination of Specific Proteins in 

Cerebrospinal Fluid 
Nephelometry, immunoturbidimetry, electroimmunodiffu- 
sion,” and RID are most often used for measurements of 
albumin and IgG in cerebrospinal fluid. Apparent absence 


of IgG may be due to its degradation by proteinases in the - 


specimen. RIA is required for determination of specific pro- 
teins present in very low concentrations (e.g., IgM). The ref- 
erence interval for albumin levels in lumbar CSF by RID is 
17,7 to 25.1 mg/dL. IgA, IgD, and IgM, measured by RIA, are 
each normally less than 0.2 mg/dL. Reference intervals for 
IgG are age related; their means increase from 3.5 mg/dL in 
the 15- to 20-year-old group to 5.8 in adults aged 60 or older. 
The usual reference interval for CSF IgG in adults is 0.8 to 
4.2 mg/dL; for total protein, 15 to 45mg/dL. Total protein 
levels are considerably higher in neonates, and in healthy 
elderly adults, concentrations up to 60 mg/dL are considered 
normal. 


Mass Spectrometry 

Mass spectrometry is a powerful qualitative and quantitative 
analytical tool that is used to assess the molecular mass and. 
primary amino acid sequence of peptides and proteins. >" 
Technical advancements in mass spectrometry have resulted 
in the development of matrix-assisted laser desorption/ion- 
ization (MALDI) and electrospray ionization techniques 
that allow sequencing and mass determination of picomole 
quantities of proteins with masses greater than 100 kDa (see 
Chapter 7). A time-of-flight mass spectrometer is used to 
detect the small quantities of ions that are produced by 
MALDI. In this type of spectrometer, ions are accelerated in 
an electrical field and allowed to drift to a detector. The mass 
of the ion is calculated from the time it takes to reach the 
detector. To measure the masses of proteins in a mixture or 
to produce a peptide map of a proteolytic digest, from 0.5 to 
2.0L of sample is dried on the tip of the sample probe, 
which is then introduced into the spectrometer for analysis. 
With this technique, proteins located on the surfaces of cells 
are selectively ionized and analyzed. 

With electrospray ionization, a fine mist of highly charged 
particles is produced when a liquid flows from a capillary 
tube into a strong electrical field (3 to 6kV). In practice, elec- 
trospray ionization sources are often directly coupled with 
reversed phase HPLC or capillary columns. The ability 
to couple a liquid chromatograph with an electrospray 
ionization source and a mass spectrometer allows the online 
removal of salts and contaminants and the analysis of 
complex mixtures. Although different from MALDI, elec- 
trospray provides similar sensitivity and application to the 
analysis of large proteins. 

Tandem mass spectrometry is a type of mass spectrome- 
try that is applicable to the rapid sequencing of peptides con- 


tained in a complex biological mixture. In a tandem mass 
spectrometer, two or more mass analyzers are connected in 
tandem. In the first, the targeted compound is selectively 
ionized and its characteristic ions are separated from others 
in the mixture. The selected primary ions then collide with 
molecules of a neutral gas to produce fragments that are sep- 
arated and identified in the second spectrometer. Using two 
mass spectrometers in tandem permits the selective and spe- 
cific analysis of many compounds of various structural 
classes.-The need. for a chromatographic step is eliminated 
because separation and analysis take place simultaneously in 
the tandem mass spectrometer. Compared with older 
methods, tandem mass spectrometry offers greater analyti- 
cal sensitivity, accuracy, and speed. 

Because of its ability to identify and quantify proteins, 
mass spectrometry is a key analytical tool that is used in the 
emerging field of proteomics (see Chapter 7). In pro- 
teomics, an important task is protein identification.” Using 
mass spectrometry, proteins are separated°>” and then 
digested. The resulting fragments are analyzed by mass 
spectrometry and used to identify the protein(s) present.” 
This process is complex and several groups are developing 
instrumentation and analysis software to automatically iden- 
tify all the “proteins” in truly complex mixtures. Techniques 
employed include subcellular fractionation, multidimen- 
sional chromatography, and affinity labeling and/or purifi- 
cation. By combining these approaches, several thousand 
protein species are routinely identified. 
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easurements of enzymes are used in medicine in 

two major ways: Enzymes are measured in serum 

and other bodily fluids to detect injury to a tissue 
that makes the enzyme. Enzymes are also measured, often 
within a tissue, to identify abnormalities or absence of the 
enzyme, which may cause disease. In the first part of this 
chapter we discuss enzymes as markers of disease, and 
then describe conditions associated with abnormalities of 
enzymes in one readily available cell type, the erythrocyte 
or red blood cell. Many other abnormalities of enzymes 
exist, of course, and many are described in chapters of 
this book including Chapters 40 (Inherited Disease), 43 
(Pharmacogenetics) and 55 (Inborn Errors of Amino 
Acid, Organic Acid, and Fastty Acid Metabolism). For 
descriptions of enzyme abnormalities associated with 
lysosomal storage disease, and tests for the related enzymes, 
readers are referred to the Chapter 40 Appendix that is 
located on this book’s accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/. 

Injury to tissue releases cellular substances that can be 
used as plasma markers of tissue damage. Many of the 
clinically useful markers of cellular damage are enzymes. 
Even though various studies have shown that cytoplasmic 
substances can be lost following reversible cellular injury, 
clinical findings suggest that enzyme release is highly spe- 
cific for cell death in some settings.” The acute myocardial 
cell response to ischemia is the most important example: 
increases of creatine kinase (CK) activity in plasma appear 
to occur only with myocardial necrosis.” 

For a substance to serve as a biochemical marker of 
damage to a specific organ or tissue, it must arise predomi- 


*The authors gratefully acknowledge the original contributions of 
D.W. Moss, A.R. Henderson, and V.F Fairbanks upon which 
portions of this chapter are based. 
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nantly from the organ or tissue of interest. Highly specific 
markers have been identified (e.g., cardiac troponin I, which 
is found only in cardiac myocytes), Some enzymes are pre- 
dominantly found in the specialized tissue (e.g., lipase in the 
pancreas), while others, more widely distributed, have tissue- 
specific isoenzymes or isoforms (e.g., the pancreatic isoen- 
zyme of a-amylase [AMY] or the bone isoform of alkaline 
phosphatase [ALP]}), which can be evaluated to increase 
tissue and organ specificity. 

The timing of the enzyme’s diagnostic window is another 
important aspect to be considered when these markers are 
used to evaluate acute injuries. According to Noe,” the 
diagnostic window for an injury marker is the interval of 
time following an episode of injury during which plasma 
concentrations of the marker are increased and thereby 
demonstrate the occurrence of the injury. Marker substances 
that rapidly enter the circulation (ie., early indicators) tend 
to have diagnostic windows that begin soon after the onset 
of the injury. On the contrary, those biomarkers that are 
slowly released into the circulation and/or slowly cleared 
from the circulation (i.e., late indicators) generally have 
diagnostic windows that begin later and last long after the 
time of injury.” 

Several enzymes of diagnostic utility are discussed in this 
chapter. To better clarify their clinical meaning, the individ- 
ual enzymes are discussed relative to the organ in which they 
are clinically most important. Overlap occurs for this classi- 
fication as the same enzyme may be used for investigating 
disease in several organs. 


Enzymes in this category include CK, lactate dehydrogenase 
(LD), aldolase (ALD), and glycogen phosphorylase (GP). At 
the time of this book’s writing, the first two are much more 
commonly measured than are the latter two. 
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TABLE 21-1. Approximate Concentrations’ of Tissue Creatine Kinase (CK) Activity (Expressed as Multiples of CK 
Activity Concentrations in Serum).and ‘Cytoplasmic Iscenzyme Composition 


-Smooth muscle: 
Gastrointestinal tract 
‘Urinary. bladder 


CREATINE KINASE 

CK (EC 27.3.2; adenosine triphosphate: creatine N- 
phosphotransferase; CK) is a dimeric enzyme (82 kDa) that 
catalyzes the reversible phosphorylation of creatine (Cr) by 
adenosine triphosphate (ATP). 


Phosphocreatine 


(creatine phosphate) 
Creatine 
o H Hs NH o 
Yb hd t 
Y h i, He ay 
pH=9.0 
t CK, Mg;* + 
pH =6.7 o 
amelo 
de 


Adenosine triphosphate 


Adenosine diphosphate 


Physiologically, when muscle contracts, ATP is converted 
to adenosine diphosphate (ADP), and CK catalyzes the 
rephosphorylation of ADP to ATP using creatine phosphate 
(CrP) as the phosphorylation reservoir. 

The optimal pH values for the forward (Cr+ ATP > 
ADP+CrP) and reverse (CrP + ADP <- ATP + Cr) reac- 
tions are 9.0 and 6.7, respectively. At neutral pH, CrP has a 
much higher phosphorylating potential than does ATP; this 
higher potential favors the reverse reaction, with ATP being 
formed from CrP. The reverse reaction proceeds two to six 
times faster than the forward reaction, depending on the 
reaction conditions. 

As is true for all kinases, Mg” is an obligate activating ion 
that forms complexes with ATP and ADP. The optimal con- 
centration range for Mg” is quite narrow, and excess Mg” 
is inhibitory. Many metal ions, such as Mn”, Ca”, Zn”, 
and Cu”, inhibit enzyme activity, as do iodoacetate and 
other sulfhydryl-binding reagents. Activity is inhibited by 
excess ADP and by citrate, fluoride, nitrate, acetate, iodide, 
bromide, malonate, and t-thyroxine. Urate and cystine are 


ISOENZYMES, % 
CK-MB 


-CK-BB 


potent inhibitors of the enzyme in serum. Even chloride 
and sulfate ions inhibit activity, and the concentrations 
of these ions should be kept low in any enzyme assay 
system based on the CrP + ADP (reverse) reaction. The 
enzyme in serum is relatively unstable, activity being lost 
as a result of sulfhydryl group oxidation at the active site 
of the enzyme. Activity can be partially restored by incu- 
bating the enzyme preparation with sulfhydryl compounds, 
such as N-acetylcysteine, monothioglycerol, dithioerythritol, 
dithiothreitol (Cleland reagent), and glutathione. The extent 
of activity recovered by this procedure is inversely pro- 
portional to the time delay in adding these reagents after 
collection of the blood specimen and the type of sulfhydryl 
reagent. The current agent of choice is N-acetylcysteine, 
used at a final concentration of 20mmol/L in the assay 
reagent. 

CK activity is greatest in striated muscle and heart tissue, 
which contain some 2500 and 550U/g of protein, respec- 
tively. Other tissues, such as the brain, the gastrointestinal 
tract, and the urinary bladder, contain significantly less 
activity, and the liver and erythrocytes are essentially devoid 
of activity (Table 21-1). 

CK is a dimer composed of two subunits, each with a 
molecular weight of about 40,000. These subunits (B and M) 
are the products of loci on chromosomes 14 and 19, respec- 
tively. Because the active form of the enzyme is a dimer, only 
three different pairs of subunits can exist: BB (or CK-1), MB 
{or CK-2), and MM (or CK-3). The Commission on 
Biochemical Nomenclature has recommended that isoen- 
zymes be numbered on the basis of their electrophoretic 
mobility, with the most anodal form receiving the lowest 
number, Accordingly, the CK isoenzymes are numbered CK- 
1, CK-2, and CK-3. The distribution of these isoenzymes in 
the various tissues of humans is shown in Table 21-1. All 
three of these isoenzyme species are found in the cell in the 
cytosol or associated with myofibrillar structures. However, 
there exists a fourth form that differs from the others 
both immunologically and by electrophoretic mobility. This 
isoenzyme (CK-Mt) is located between the inner and outer 
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membranes of mitochondria, and it constitutes, in the heart 
for example, up to 15% of the total CK activity. The gene for 
CK-Mt is located on chromosome 15. 

CK activity may also be found in macromolecular form— 
the so-called macro-CK. Macro-CK is found, often tran- 
siently, in sera of up to 6% of hospitalized patients, but only 
a small proportion of these have increased CK activities 
in serum. It exists in two forms, types 1 and 2. Type 1 is a 
complex of CK, typically CK-BB, and an immunoglobulin, 
often IgG, but other complexes have been described, such as 
CK-MM with IgA. Prevalence has been estimated as between 
0.8 and 2.3%, but this is dependent on methodology and the 
population studied. It often occurs in women older than 50. 
Type 2 is oligomeric CK-Mt, with a reported prevalence of 
between 0.5 and 2.6%. It is found predominantly in adults 
who are severely ill with malignancies or liver disease or in 
children who have notable tissue distress. The appearance of 
this isoenzyme in serum is usually associated with a poor 
prognosis. Macro-CK can interfere with the assay of CK-MB 
by some immunoinhibition methods. 

Both M and B subunits have a C-terminal lysine residue, 
but only the former can be hydrolyzed by the action of car- 
boxypeptidases normally present in blood. Carboxypepti- 
dases B (EC 3.4.17.2) or N (arginine carboxypeptidase; EC 
3.4,17.3) sequentially hydrolyze the lysine residues from 
CK-MM to produce two CK-MM isoforms—-CK-MM, (one 
lysine residue removed) and CK-MM, (both lysine residues 
removed). The loss of the positively charged lysine produces 
a more negatively charged CK molecule with greater anodic 
mobility. Because CK-MB has only one M subunit, the dimer 
coded by the M and B genes is named CK-MB, and the 
lysine-hydrolyzed dimer is named CK-MB). The assay of 
the CK isoforms requires special techniques, such as high- 
voltage electrophoresis (with gel cooling), high-performance 
liquid chromatography (HPLC), chromatofocusing, or 
immunoassay. "*! 

Serum CK activity is subject to a number of physiologi- 
cal variations. Sex, age, muscle mass, physical activity, and 
race all interact to affect serum activities. 


Clinical Significance 

Serum CK activity is greatly elevated in all types of muscu- 
lar dystrophy. In progressive muscular dystrophy (particu- 
larly Duchenne sex-linked muscular dystrophy), enzyme 
activity in serum is highest in infancy and childhood (7 to 
10 years of age) and may be increased long before the disease 
is clinically apparent. Serum CK activity characteristically 
falls as patients get older and as the mass of functioning 
muscle diminishes with the progression of the disease. 
About 50% to 80% of the asymptomatic female carriers 
of Duchenne dystrophy show threefold to sixfold increases 
of CK activity, but values may be normal if specimens 
are obtained after patients have experienced a period of 
physical inactivity. Quite high values of CK are noted in 


viral myositis, polymyositis, and similar muscle diseases. 
However, in neurogenic muscle diseases, such as myasthenia 
gravis, multiple sclerosis, poliomyelitis, and parkinsonism, 
serum enzyme activity is normal. Very high activity is also 
encountered in malignant hyperthermia, a familial disease 
characterized by high fever and brought on by administra- 
tion of inhalation anesthesia (usually halothane) to the 
affected individual. Apparently, CK-MB replaces part of the 
CK-MM form in the muscles, resulting in impaired storage 
of CrP in muscle. 

Skeletal muscle that is diseased or damaged (such as by 
extreme exercise) may contain significant proportions of 
CK-MB owing to the phenomenon of “fetal reversion,” in 
which fetal patterns of protein synthesis reappear. Thus 
serum CK-MB isoenzyme may increase in such circum- 
stances. This explanation may also account for the elevated 
CK-MB values sometimes observed in chronic renal failure 
(uremic myopathy). 

In acute rhabdomyolysis due to crush injuries, with severe 
muscle destruction, serum CK activities exceeding 200 times 
the upper reference limit may be found. Serum CK can also 
be increased by other direct trauma to muscle, including 
intramuscular injections and surgical interventions. Finally, 
a number of drugs at pharmacological doses can increase 
serum CK activities. 

The changes of serum CK and its MB isoenzyme follow- 
ing a myocardial infarction are discussed in Chapter 44. 
Other cardiac conditions have been reported to increase 
serum CK and CK-MB in serum. These conditions include 
cardioversion, cardiopulmonary bypass and coronary artery 
bypass surgery, cardiac transplantation, myocarditis, peri- 
carditis, and pulmonary embolism. Despite improvements. 
in the diagnostic performance and practicality of CK and 
CK-MB assays, there is no controlled clinical impact trial 
showing that these tests are effective for decisions to send a 
patient home or to the appropriate level of care of admis- 
sion for patients with suspected acute cardiac ischemia, 
either as one-time or serial tests." For diagnosis of acute 
myocardial infarction, it is now advantageous to use more 
cardiac-specific nonenzymatic tests, such as cardiac troponin 
lor T. 

Serum CK activity demonstrates an inverse relationship 
with thyroid activity. About 60% of hypothyroid subjects 
show an average elevation of CK activity fivefold more than 
the upper reference limit; elevations of as high as fiftyfold 
have also been found. The major isoenzyme present is CK- 
MM, suggesting muscular involvement. 

During normal childbirth there is a sixfold elevation 
in maternal total serum CK activity. Surgical intervention 
during labor further increases the activity of CK in serum. 
CK-BB may be elevated in neonates, particularly in 
brain-damaged or very low birth weight newborns. The 
presence of CK-BB in blood, usually at low concentrations, 


may however represent a normal finding in the first days 
of life. 
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Methods for the Determination of Creatine 

Kinase Activity* 

Numerous photometric, fluorometric, and coupled enzyme 
methods have been developed for the assay of CK activity, 
using either the forward (Cr —> CrP) or the reverse (Cr — 
CrP) reaction. Analytically the reverse reaction is preferred 
because it proceeds about six times faster than the forward 
reaction, although the cost of the starting chemicals, CrP and 
ADP, is greater than the cost of creatine and ATP. 


` CK 
Creatine phosphate + ADP area” creatine + ATP 
Pp. x 


HK 
ATP + glucose ———-> glucose-6-phosphate + ADP 


G6PD 
Glucose-6-phosphate + NADP” ~> 6-phosphogluconate + NADPH 


+H® 


CK catalyzes the conversion of CrP to Cr with a 
concomitant phosphorylation of ADP to ATP. 

The ATP produced is measured by hexokinase (HK)/ 
glucose-6-phosphate dehydrogenase (G6PD) coupled reac- 
tions that ultimately convert NADP* to NADPH, which is 
monitored spectrophotometrically. Oliver first reported 
this method that Rosalki also described with the improve- 
ment of adding AMP to inhibit adenylate kinase (AK) and 
cysteine to activate CK."! Subsequently, Szasz and colleagues 
optimized the assay by adding N-acetylcysteine to activate 
CK, EDTA to bind Ca” and to increase the stability of the 
reaction mixture, and adenosine pentaphosphate (Ap;A) in 
addition to AMP to inhibit AK."' A reference method based 
on this previous experience was developed by the Interna- 
tional Federation of Clinical Chemistry and Laboratory 
Medicine (IFCC); it was modified recently to produce a ref- 
erence procedure for the measurement of CK at 37 °C.” 

CK activity in serum is relatively unstable and is rapidly 
lost during storage. The degree of instability varies among 
specimens. Average stabilities are less than 8 hours at room 
temperature, 48 hours at 4 °C, and 1 month at —20 °C. CK 
is susceptible to thermal denaturation; the degree of inacti- 
vation corresponds to the degree of temperature increase 
and is not reversed by addition of sulfhydryl (thiol) reagents. 
Therefore the serum specimen should be chilled to 4°C if the 
serum is not analyzed immediately. It is not necessary to add 
any thiol agent for storage because the optimized assay 
formulation, containing EDTA, 2 mmol/L, and N-acetylcys- 
teine, 20mmol/L, reactivates CK in serum to the extent of 
99% after it has been stored for 1 week at 4 °C. A slight degree 
of hemolysis is tolerated because erythrocytes contain no CK 
activity. However, moderately or severely hemolyzed speci- 
mens are unsatisfactory because enzymes and intermediates 


and bone methods discussed later in this chapter are found in a 
prior edition of this textbook (Moss DW, Henderson AR. Clinical 
enzymology. In: Burtis CA, Ashwood ER eds. Textbook of clinical 
chemistry, 3 ed. WB Saunders: Philadelphia, 1999:617-721.) 


(AK, ATP, and G6P) liberated from the erythrocytes may 
affect the lag phase and the side reactions occurring in the 
assay system. 


Reference Intervals 

Serum CK activity is influenced by age, sex, race, lean body 
mass, physical activity, and other less defined genetic differ- 
ences. The distributions of CK activity are notably skewed 
toward higher values in reference populations. Men have 
higher values than women, and blacks have higher values 
than nonblacks. In Caucasian subjects, the reference interval 
was found to be 46 to 300 U/L for males and 34 to 180 U/L 
for females when measured at 37 °C. Experience with the 
IFCC 37 °C reference procedure has shown reference 
intervals of 46 to 171 U/L for males and 34 to 145U/L 
for females.’ 

Exercise and muscle trauma can increase serum CK. Sus- 
tained exercise, such as in well-trained long-distance runners, 
increases the CK-MB content of skeletal muscle, which may 
produce abnormal serum CK-MB concentrations. 


Methods for the Separation and Quantification of 
Creatine Kinase Isoenzymes 

The techniques most commonly used are electrophoresis 
and various immunological methods. 

Electrophoretic methods for CK isoenzymes use agar, 
agarose, or cellulose acetate. The isoenzyme bands are 
visualized by incubating the support with a concentrated 
CK assay mixture using the reverse reaction. The NADPH 
formed in this reaction is then detected by observing the 
bluish-white fluorescence after excitation by long-wave 
(360nm) ultraviolet light. NADPH may be quantified by 
fluorescent densitometry, which is capable of detecting 2 to 
10 U/L. Typical examples of results obtained by this tech- 
nique on a serum sample of a healthy adult and for a patient 
who has suffered a myocardial infarction 24 hours previously 
are shown in Figure 21-1, A. Alternatively the NADPH can 
reduce a tetrazolium salt to form a coloréd formazan, The 
discriminating power of electrophoresis allows the detection 
of many abnormal bands, many of which are shown in 
Figure 21-1, B. 

In immunoinhibition techniques for measurement of 
CK-MB, an anti-CK-M subunit antiserum is used to inhibit 
both M subunits of CK-MM and the single M subunit of 
CK-MB and thus allow determination of the enzyme activ- 
ity of the B subunit of CK-MB, the B subunits of CK-BB, 
macro-CKs, and AK. To determine CK-MB, this technique 
assumes the absence of CK-BB (and of the other sources of 
interference mentioned earlier) from the tested serum, a cir- 
cumstance that does not always occur. In a variation of this 
technique, the combined activity of the BB isoenzyme, AK, 
and macro-CKs is determined in a separate reaction and 
subtracted. The immunoinhibition techniques have been 
largely supplanted by mass assays of CK-MB. 

In contrast with immunoinhibition, which measures the 
CK-MB isoenzyme by determination of its catalytic activity, 
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Figure 21-1 A, The electrophoretic separation of serum CK 
isoenzymes from a healthy adult (left) and from a patient (right) 
who had a myocardial infarction 24 hours previously. B, A 
diagrammatical representation of the CK isoenzymes (some of 
which are only seen in disease) and of some of the reported 
anomalous forms. 


immunoassays measure CK-MB mass concentrations. Spe- 
cific measurements of CK-MB use the “sandwich” technique, 
in which two antibodies having affinity for different parts of 
the CK-MB dimer are used. One antibody may be directed 
against the B-subunit and the other against the M-subunit; 
an antibody that recognizes only the MB dimer is also used 
in some assays, The first antibody, which is usually mono- 
clonal, is rendered immobile on a matrix, and the second 
antibody is conjugated with a label, such as an enzyme or a 
marker molecule. The sandwich technique ensures that only 
CK-MB is estimated, because neither CK-MM nor CK-BB 
reacts with both antibodies. Mass assays are more sensitive 
than activity-based methods and will detect CK-MB eleva- 
tions earlier. A number of mass assays, using various labels, 
are now commercially available and are used for routine and 
emergency assay of CK-MB. The limit of detection of these 
systems for CK-MB is usually less than 1pig/L. The upper 
reference limit for males is 5.0 ug/L, with values for females 
being less than the male values, although many laboratories 
use a single reference limit (male).'* 


LACTATE DEHYDROGENASE 

Lactate dehydrogenase (EC 1.1.1.27; 1-lactate: NAD* 
oxidoreductase; LD) is a hydrogen transfer enzyme that 
catalyzes the oxidation of L-lactate to pyruvate with the 
mediation of NAD* as a hydrogen acceptor. 


Lactate 


CH3 Dehydrogenase CH; 
pH 8.8 to 9.8 = NADH 
u—b—on 4N Ape o rs h 
o z ~o pH 7.4 to 7.8 oo 8 H 
L-Lactale Pyruvate 


As indicated, the reaction is reversible, and the reaction 
equilibrium strongly favors the reduction of pyruvate to 
lactate (P -> L)—the “reverse reaction.” 

The pH optimum for the lactate-to-pyruvate (L — P) 
reaction is 8.8 to 9.8, and an assay mixture, optimized 
for LD-1 at 37 °C, contains NAD*, 9mmol/L, and L-lactate, 
80 mmol/L. For the P — L assay, at 37 °C, the pH optimum 
is 7.4 to 7.8, NADH 300 mol/L, and pyruvate 0.85 mmol/L. 
The optimal pH varies with the predominant isoenzymes in 
the sample and depends on the temperature and on substrate 
and buffer concentrations. The specificity of the enzyme 
extends from L-lactate to various related 2-hydroxyacids and 
2-oxo-acids.'” The catalytic oxidation of 2-hydroxybutyrate, 
the next higher homologue of lactate, to 2-oxobutyrate is 
referred to as 2-hydroxybutyrate dehydrogenase (HBD) 
activity. LD does not act on p-lactate, and only NAD" serves 
as a coenzyme. 

The enzyme has a molecular weight of 134,000 and is 
composed of four peptide chains of two types: M (or A) and 
H (or B), each under separate genetic control. The structures 
of LD-M and LD-H are determined by loci on human chro- 
mosomes 11 and 12, respectively. The subunit compositions 
of the five isoenzymes, in order of decreasing anodal mobil- 
ity in an alkaline medium, are LD-1 (HHHH; H,); LD-2 
(HHHM; HM); LD-3 (HHMM; H,M,); LD-4 (HMMM; 
HM,); and LD-5 (MMMM; M,). A different, sixth LD isoen- 
zyme, LD-X (also called LD.), composed. of four X (or C) 
subunits, is present in postpubertal human testes. A seventh 
LD, called LD-6, has been identified in the sera of severely ill 
patients. 

LD is inhibited by reagents with reactivity against thiol 
groups, stich as mercuric ions and p-chloromercuribenzoate, 
the inhibition being reversed by the addition of cysteine or 
glutathione. Borate and oxalate inhibit by competing with 
lactate for its binding site on the enzyme; similarly, oxamate 
competes with pyruvate for its binding site. Both pyruvate 
and lactate in excess inhibit enzyme activity, although the 
effect of pyruvate is greater. Inhibition by either substrate is 
greater for the H form than for the M form, and substrate 
inhibition decreases with increase in pH. EDTA inhibits the 
enzyme perhaps by binding Zn”; however, the postulated 
activator role for zinc ions is not fully established. 

LD activity is present in all cells of the body and is invari- 
ably found only in the cytoplasm of the cell, Enzyme con- 
centrations in various tissues are about 500 times greater 
than those normally found in serum. Therefore leakage of 
the enzyme from even a small mass of damaged tissue 
increases the observed serum activity of LD to a significant 
extent. Different tissues show different isoenzyme com- 
position. In cardiac muscle, kidneys, and erythrocytes, the 
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electrophoretically faster moving isoenzymes LD-1 and 
LD-2 predominate, whereas in liver and skeletal muscle, the 
more cathodal LD-4 and LD-5 isoenzymes predominate— 
although skeletal muscle damage may also result in anodic 
LD patterns. Isoenzymes of intermediate mobility account 
for the LD activity from many sources (e.g., spleen, lungs, 
lymph nodes, leukocytes, and platelets). 


Clinical Significance 

Because of its wide distribution in all tissues, serum LD elè- 
vations occur in a variety of clinical conditions—including 
myocardial infarction, hemolysis and disorders of the liver, 
kidneys, lung, and muscle. A systematic review of the litera- 
ture concluded that serum LD is relevant in the diagnosis of 
myocardial infarction, hemolytic anemia, ovarian dysgermi- 
noma, and testicular germ cell tumor. For monitoring 
purposes, LD is relevant in predicting the survival duration 
and rate in Hodgkin's disease and non-Hodgkin’s lymphoma 
and in the follow-up of dysgerminoma. 

Hemolysis, if sufficiently severe, produces an LD isoen- 
zyme pattern similar to that in myocardial infarction. Mega- 
loblastic anemias, usually resulting from the deficiency of 
folate or vitamin Bı, cause the erythrocyte precursor cell to 
break down in the bone marrow (ineffective erythropoiesis), 
resulting in the release of large quantities of LD-1 and LD- 
2 isoenzymes. Marked elevations of the total LD activity in 
serum—up to 50 times the upper reference limit—have been 
observed in the megaloblastic anemias. These elevations 
rapidly return to normal after appropriate treatment. 

Elevations of LD activity are observed in liver disease, but 
these elevations are not as great as the increases in amino- 
transferase activity. Elevations are especially high (10 times 
normal) in toxic hepatitis with jaundice. Slightly lower 
values are observed in viral hepatitis and in infectious 
mononucleosis, the latter often associated with elevations of 
LD-3. LD activity is normal or at most twice the upper 
reference limit in cirrhosis and obstructive jaundice. 
Serum LD-5 is often notably elevated in patients with either 
primary liver disease or liver anoxia secondary to decreased 
oxygen perfusion. 

Patients with malignant disease show increased LD activ- 
ity in serum; up to 70% of patients with liver metastases and 
20% to 60% of patients with other nonhepatic metastases 
have elevated total LD activity. Notably elevated LD-1 is 
observed in germ cell tumors (61% of cases), such as 
teratoma, seminoma of the testis, and dysgerminoma of the 
ovary. Patients with seminoma have a raised LD-1 in 63% of 
cases compared with 60% in nonseminoma cases.” The 
percent of patients with increased LD-1 depended on the 
stage of the disease. LD-1 appeared to be a useful predictor 
of outcome in patients with testicular germ cell tumors. 

In healthy subjects, cerebrospinal fluid (CSF)-LD activity 
is very much lower than the serum activity, and LD-4 and 
LD-5 are frequently undetectable. The pattern is also com- 
plicated by the possibility of contamination by hemorrhage 
or the disruption of the blood-brain barrier by disease, 
which adds LD of systemic origin to the CSF.” Additionally, 


LD isoenzymes may be released from cells that have infil- 
trated into the CSE For example, in bacterial meningitis, the 
resulting granulocytosis produces an elevation of LD-4 and 
LD-5, whereas viral meningitis produces lymphocytosis, 
which may create an elevation of LD-1 through LD-3. 


Methods for the Determination of Lactate 
Dehydrogenase Activity 
Routine methods for both the forward {L —> P) and reverse 
(P ->L) reactions are available. However, within the last 
decade; there has been a significant move from the P > L to 
the L—P reaction. An L—P continuous-monitoring 
reference method, optimized for LD-1, has been developed 
by the IFCC Committee on Enzymes.” This method has 
recently been the basis for developing an IFCC reference 
procedure for LD at 37 °C.'° 

Serum is the preferred specimen for measuring LD activ- 
ity. Plasma samples may be contaminated with platelets, 
which contain high concentrations of LD.” Serum should be 
separated from the clot as soon as possible after the speci- 
men has been obtained. Hemolyzed serum must not be used 
because erythrocytes contain 150 times more LD activity 
(particularly LD-1 and LD-2) than serum. The different 
isoenzymes vary in their sensitivity to cold, LD-4 and LD-5 
being especially labile. Activity of LD-4 and LD-5 is lost if 
the samples are stored at —20 °C. Thus serum specimens 
should be stored at room temperature, at which no loss of 
activity occurs for at least 3 days. 


Reference Intervals 


Values for LD activity in serum vary considerably, depend- 
ing on the direction of the enzyme reaction and the method 
used. The reference interval in adult subjects, determined 
with the IFCC reference procedure at 37 °C, was found to be 
125 to 220 U/L.” LD reference limits are higher in children 
(180 to 360 U/L). 


Methods for the Separation and Ceenbiooiot of Lactate 
Dehydrogenase Isoenzymes 

Electrophoretic separation on agarose gels or cellulose 
acetate membranes is the procedure most commonly used to 
demonstrate LD isoenzymes.’ After the isoenzymes have 
been separated by electrophoresis, a reaction mixture is 
layered over the separation medium. The mixture (typically 
D, L-lactate, 500 mmol/L, and NAD*, 13 mmol/L, often dis- 
solved in a suitable pH 8.0 buffer) is applied as a liquid or 
in a gel. The NADH generated over the LD zones is detected 
either by its fluorescence, when excited by long-wave ultra- 
violet light (365 nm), or by its reduction of a tetrazolium salt 
to form a colored formazan. 

Using an agarose gel technique with fluorometric 
quantitation of the generated NADH, the following refer- 
ence intervals for isoenzymes were obtained (expressed 
as percent of total LD): LD-1, 14% to 26%; LD-2, 29% to 
39%; LD-3, 20% to 26%; LD-4, 8% to 16%; and LD-5, 6% 
to 16%. 

Selective chemical inhibition methods have been 
described to inhibit serum LD-2 through LD-5, thus permit- 
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ting the assay of LD-1 alone. Chemicals used as inhibitors 
include 1,6-hexanediol, sodium perchlorate, and guanidine 
thiocyanate. An immunoprecipitation method using a goat 
antiserum against purified LD-5 has been used to measure 
LD-1. This antiserum binds LD isoenzymes LD-2 through 
LD-5. These bound isoenzymes are precipitated by the 
addition of a second antibody, leaving only LD-1 in the 
supernatant. 


ALDOLASE 


Aldolase (EC 4.1.2.13;  p-fructose-1,6-bisdiphosphate 
p-glyceraldehyde-3-phosphate-lyase; ALD) catalyzes the 
splitting of p-fructose-1,6-diphosphate to p-glyceralde- 
hyde-3-phosphate (GLAP) and  dihydroxyacetone- 
phosphate (DAP), an important reaction in the glycolytic 
breakdown of glucose to lactate. 

ALD is a tetramer with subunits determined by three sep- 
arate gene loci. Only two of these loci, those producing A 
and B subunits, appear to be active simultaneously in most 
tissues, so the most common isoenzyme pattern consists of 
various proportions of the components of a five-member set 
of isoenzymes, of which two members correspond to the A 
and B homopolymers. The locus that determines the struc- 
ture of the C subunit is active in brain tissue, as is the A locus, 
so this tissue contains ALD A and C together with the three 
corresponding heteropolymers. 


Clinical Significance 


Serum ALD determinations have been of some clinical inter- 
est in primary diseases of skeletal muscle. Some researchers 
believe that increased ALD activity is useful in distin- 
guishing neuromuscular atrophies from myopathies in 
combination with the CK/AST ratio. In general, however, 
measurement of ALD activity in serum does not add infor- 
mation to that available more readily from measurement of 
other enzymes, such as AST, LD, and especially CK. A recent 
study, assessing the utility of ALD determination by moni- 
toring patient outcome, showed no clinical benefit when 
ALD was used in addition to CK in evaluating patients with 
suspected muscle disease.” 


Methods for the Measurement of Aldolase Activity 


All assay methods are based on the forward ALD-catalyzed 
reaction. Both photometric fixed-time and continuous- 
monitoring procedures have been developed. In the analyt- 
ical approach on which all the commonly used procedures 
and kits are based, the ALD reaction is coupled with two 
other enzyme reactions. Triosephosphate isomerase (EC 
5.3.1.1) is added to ensure rapid conversion of all GLAP to 
DAP. Glycerol-3-phosphate dehydrogenase (EC 1.1.1.8) is 
added to reduce the DAP to glycerol-3-phosphate, with 
NADH acting as hydrogen donor. The decrease in NADH 
concentration is then measured.’ 

The ALD activity in serum is quite stable. Activity is 
unchanged at ambient temperature for up to 48 hours and 
at 4 °C for several days. Hemolyzed specimens should not 
be used, and plasma is preferred over serum because of the 


possible release of platelet enzyme during the clotting 
process. 


Reference Intervals 


The reference interval for the activity of ALD in adults is 2.5 
to 10 U/L, measured at 37 °C. However, there is a definite sex 
difference with men having higher values. Serum ALD in the 
neonate is fourfold the adult activity and in children is twice 
that of the adult. Adult values are attained by the time the 
child reaches puberty.” 


GLYCOGEN PHOSPHORYLASE 
Glycogen phosphorylase (EC 2.4.1.1;  14-alpha-p- 
glucan:orthophosphate alpha-p-glucosyltransferase; GP) 
plays an essential role in the regulation of carbohydrate 
metabolism by mobilizing glycogen. It catalyzes the first step 
in glycogenolysis in which glycogen is converted to glucose- 
1-phosphate. The physiological role of muscle GP is to 
provide the fuel for the energy supply required for muscle 
contraction. GP exists in the myocyte in association with 
glycogen and the sarcoplasmic reticulum, forming a macro- 
molecular complex. The degree of association of GP with 
this complex depends on the metabolic state of the muscle. 
With the onset of tissue hypoxia, when glycogen is broken 
down and disappears, GP becomes soluble and can move 
from the peri-sarcoplasmic reticulum compartment directly 
into the extracellular fluid (Figure 21-2). 

GP exists as a dimer composed of two identical subunits. 
Three GP isoenzymes are found in human tissues: GP-LL, 
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Figure 21-2 Release of glycogen phosphorylase (GP) from 
damaged muscle. GP and glycogen are tightly associated with the 
vesicles of sarcoplasmic reticulum (SR) under normal conditions. 
Ischemic injury is known to favor the conversion of bound GP 
into soluble GP giving rise to the efflux of GP into the 
extracellular fluid. Pi, Inorganic phosphate; G-1-P, glucose-1- 
phosphate. (Modified from Krause EG, Rabitzsch G, Noll F Mair }, 
Puschendorf B. Glycogen phosphorylase isoenzyme BB in diagnosis of 
myocardial ischemic injury and infarction. Mol Cell Biochem 
1996;160-1:289-95,} 
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GP-MM, and GP-BB. Adult skeletal muscle contains only 
GP-MM. GP-LL is the predominant isoenzyme in liver and 
all other human tissues except for heart, skeletal muscle, 
and brain. GP-BB is the predominant isoenzyme in the 
human brain. In the heart, the isoenzymes BB and MM are 
found, but GP-BB is the predominant isoenzyme in the 
myocardium as well. 


Clinical Significance’ 

In preliminary studies, GP-BB was significantly more sensi- 
tive than CK and CK-MB for AMI diagnosis during the first 
3 to 4 hours after the onset of chest pain. Therefore GP-BB 
may be an important marker for the early diagnosis of AMI. 
Similar to other cytoplasmic proteins, such as myoglobin 
and CK-MB, the time course of GP-BB can be notably influ- 
enced by early reperfusion of the infarct-related coronary 
artery, with a more rapid increase and earlier peak. GP-BB 
is, however, not a heart-specific protein and its specificity as 
a marker for myocardial damage is limited. 


Methods for the Measurement of Glycogen 
Phosphorylase Isoenzyme BB 


Methods were described for the estimation of GP activity in 
serum on the enzymic determination of glucose-1-phos- 
phate in a coupled assay system and for the electrophoretic 
separation of GP isoenzymes.” More recently, an immu- 
noenzymometric assay for the measurement of the isoen- 
zyme GP-BB was developed.’” The upper reference limit of 
this research assay was 7 pg/L. 


LIVER ENZYMES 


Enzymes in this category include alanine and aspartate 
aminotransferases, glutamate dehydrogenase (GLD), ALP, 
5’-nucleotidase (NTP), y-glutamyl transferase (GGT), 
glutathione S-transferase (GST), and serum cholinesterase 
(CHE). The aminotransferases and ALP are widely used. 
They have long been mistakenly called, as a group, “liver 
function tests.” They are not, of course, but the habit per- 
sists. GGT is widely available in the United States and on 
automated analyzers. The others have not been adopted as 
widely. 


AMINOTRANSFERASES 


The aminotransferases constitute a group of enzymes that 
catalyze the interconversion of amino acids to 2-oxo-acids 
by transfer of amino groups. Aspartate aminotransferase 
(EC 2.6.1.1; L-aspartate:2-oxoglutarate aminotransferase; 
AST) and alanine aminotransferase (EC 2.6.1.2; L-alanine:2- 
oxoglutarate aminotransferase; ALT) are examples of amino- 
transferases that are of clinical interest. 

The 2-oxoglutarate/L-glutamate couple serves as one 
amino group acceptor and donor pair in all amino-transfer 
reactions; the specificity of the individual enzymes derives 
from the particular amino acid that serves as the other donor 
of an amino group. Thus AST catalyzes the reaction. 


L-Aspartate 2-Oxoglutarate Oxaloacetate — L-Glutamate 
ALT catalyzes the analogous reaction. 
coo? coo® coo? coo? 
ALT, P-5-P xs wl : 
Hə H3 Hz 
bm du, 
too? boo® 
L-Alanine — 2-Oxoglutarale Pyruvate L-Glutamate 


The reactions are reversible, but the equilibria of the AST 
and ALT reactions favor formation of aspartate and alanine, 
respectively. 

Pyridoxal-5’-phosphate (P-5’-P) and its amino analogue, 
pyridoxamine-5’-phosphate, function as coenzymes in the 
amino-transfer reactions, The P-5’-P is bound to the apoen- 
zyme and serves as a true prosthetic group. The P-5’-P 
bound to the apoenzyme accepts the amino group from the 
first substrate, aspartate or alanine, to form enzyme-bound 
pyridoxamine-5’-phosphate and the first reaction product, 
oxaloacetate or pyruvate, respectively. The coenzyme in 
amino form then transfers its amino group to the second 
substrate, 2-oxoglutarate, to form the second product, 
glutamate. P-5’-P is thus regenerated. 

Both the coenzyme-deficient apoenzymes and the 
holoenzymes may be present in serum. Therefore, addition 
of P-5’-P under conditions that allow recombination with 
the enzymes usually produces an increase in aminotrans- 
ferase activity. In accordance with the principle that all 
factors affecting the rate of reaction must be optimized and 
controlled, IFCC recommends addition of P-5’-P in amino- 
transferase methods to ensure that all the enzymatic activity 
is measured, 

Transaminases are widely distributed throughout the 
body. AST is found primarily in the heart, liver, skeletal 
muscle, and kidney, whereas ALT is found primarily in the 
liver and kidney, with lesser amounts in heart and skeletal 
muscle (Table 21-2). ALT is exclusively cytoplasmic; both 
mitochondrial and cytoplasmic forms of AST are found 
in cells. These are genetically distinct isoenzymes with a 
dimeric structure composed of two identical polypeptide 
subunits of about 400 amino acid residues," 


Clinical Significance 

Liver disease is the most important cause of increased 
transaminase activity in serum. In most types of liver disease, 
ALT activity is higher than that of AST; exceptions may be 
seen in alcoholic hepatitis, hepatic cirrhosis, and liver neo- 
plasia. In viral hepatitis and other forms of liver disease 
associated with acute hepatic necrosis, serum AST and ALT 
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TABLE 21-2: Transaminase Activities in: Human Tissues; 
Relative to Serum as Unity 


Heart 

Liver 
Skeletal: muscle 
Kidneys 


From King }. Practical Clinical Enzymology. London: D Van Nostrand Co, 
Ltd, 1965. 


concentrations are elevated even before the clinical signs and 
symptoms of disease (such as jaundice) appear. Activities 
for both enzymes may reach values as high as 100 times 
the upper reference limit, although tenfold to fortyfold 
elevations are most frequently encountered, Peak values of 
transaminase activity occur between the 7th and 12th days; 
activities then gradually decrease, reaching normal levels by 
the 3rd to 5th week if recovery is uneventful. Peak activities 
bear no relationship to prognosis and may fall with worsen- 
ing of the patient’s condition. 

Persistence of increased ALT for more than 6 months after 
an episode of acute hepatitis is used to diagnose chronic 
hepatitis. Most patients with chronic hepatitis have 
maximum ALT less than seven times the upper reference 
limit. ALT may be persistently normal in 15% to 50% of 
patients with chronic hepatitis C, but the likelihood of con- 
tinuously normal ALT decreases with an increasing number 
of measurements. In patients with acute hepatitis C, ALT 
should be measured periodically over the next 1 to 2 years 
to determine if it becomes and stays normal.” 

The picture in toxic hepatitis is different from that in 
infectious hepatitis. In acetaminophen-induced hepatic 
injury, the transaminase peak is more than 85 times the 
upper reference limit in 90% of cases, a value rarely seen with 
acute viral hepatitis. Furthermore, AST and ALT activities 
typically peak early and fall rapidly.” 

Nonalcoholic steatohepatitis is the most common cause 
of aminotransferase increases other than viral and alcoholic 
hepatitis. Increased transaminase concentrations have been 
observed in extrahepatic cholestasis, with activities tending 
to be higher the more chronic the obstruction. The amino- 
transferase activities observed in cirrhosis vary with the 
status of the cirrhotic process and range from the upper 
reference limit to four to five times higher, with an AST/ 
ALT ratio greater than 1. The ratio’s elevation can reflect 
the grade of fibrosis in these patients. This appears to be 
attributable to a reduction of ALT production in a damaged 
liver. Twofold to fivefold elevations of both enzymes occur 


in patients with primary or metastatic carcinoma of the 
liver, with AST usually being higher than ALT, but activities 
are often normal in the early stages of malignant infiltra- 
tion of the liver. Slight or moderate elevations of both AST 
and ALT activities have been observed after administration 
of various medications, such as nonsteroidal antiinflam- 
matory drugs, antibiotics, antiepileptic drugs, inhibitors of 
hydroxymethylglutaryl-coenzyme A reductase, or opiates. 
In patients with increased transaminases, negative viral 
markers, and a negative history for drugs or alcohol inges- 
tion, the workup should include less common causes of 
chronic hepatic injury (i.e. hemochromatosis, Wilson’s 
disease, autoimmune hepatitis, primary biliary cirrhosis, 
sclerosing cholangitis, and @,-antitrypsin deficiency). 

Although serum activities of both AST and ALT become 
elevated whenever disease processes affect liver cell integrity, 
ALT is the more liver-specific enzyme. Serum elevations of 
ALT activity are rarely observed in conditions other than 
parenchymal liver disease. Moreover, elevations of ALT activ- 
ity persist longer than do those of AST activity. 

After AMI, increased AST activity appears in serum, as 
might be expected from the high AST concentration in heart 
muscle. AST activity also is increased in progressive muscu- 
lar dystrophy and dermatomyositis, reaching concentrations 
up to eight times normal; they are usually normal in other 
types of muscle diseases, especially in those of neurogenic 
origin. If striated muscle is the source of increased AST 
activity, serum CK will be elevated contemporaneously. 
Pulmonary emboli can increase AST to two to three times 
normal, and slight to moderate elevations are noted in celiac 
sprue, acute pancreatitis, crushed muscle injuries, and 
hemolytic disease. 

Generally, mitochondrial AST (m-AST) activity in serum 
shows a marked increase in patients with extensive liver cell 
degeneration and necrosis. Of particular interest is the use- 
fulness of the ratio between m-AST and tatal AST activities 
for diagnosing alcoholic hepatitis. The ratio seems to clearly 
identify the liver-cell “necrotic type” condition (ie., slight 
enzyme increase concomitant with relatively high activities 
of mitochondrial enzymes), typical of alcoholic hepatitis 
(Figure 21-3). 

Several authors have described AST linked to 
immunoglobulins, or macro-AST. The typical findings are a 
persistent increase of serum AST activity in an asympto- 
matic subject, with the absence of any demonstrable pathol- 
ogy in organs rich in AST. The increased AST activity might 
reflect decreased clearance of the abnormal complex from 
plasma. Macro-AST has no known clinical relevance. 
However, identification is important to avoid unnecessary 
diagnostic procedures in these subjects.” 


Methods for the Measurement of Transaminase Activity 

The assay system for measuring transaminase activity con- 
tains two amino acids and two oxo-acids. As there is no 
convenient method for assaying amino acids, formation or 
consumption of the oxo-acids is measured. Historically, 
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Figure 21-3 The ratio (mean + SD) of mitochondrial to total 

AST in hepatic diseases. The difference between alcoholic 

hepatitis and other hepatic diseases is statistically significant 

(p < 0.05). (Modified from Panteghini M, Falsetti F Chiari E, 

Malchiodi A. Determination of aspartate aminotransferase isoenzymes 

in hepatic diseases, Lab { Res Lab Med 1983;10:5 15-9.) 


various photometric substrates (2,4-dinitrophenylhydrazine 
and various dyes) were coupled to the transaminase 
reactions. Methods based on these reactions are now con- 
sidered obsolete. Today, continuous-monitoring methods 
are used to measure transaminase activity, by coupling the 
transaminase reactions to specific dehydrogenase reactions. 
The oxo-acids formed in the transaminase reaction are 
measured indirectly by enzymatic reduction to the corre- 
sponding hydroxy acids, the accompanying change in 
NADH concentration being monitored spectrophoto- 
metrically. Thus oxaloacetate, formed in the AST reaction, is 
reduced to malate in the presence of malate dehydrogenase 
(MD). 

L-Malate NAL? 


2-Oxoglutarate L-Aspartate 


L-Glutamate Oxuloacetate NADH + n® 
Aminotransferase reaction 
(Formation of oxaloacetate) 


Assay reaction 


Dehydrogenase reaction 
(Quantitation of oxaloacetate) 
Indicator reaction 


Pyruvate formed in the ALT reaction is reduced to lactate 
by LD. The substrate, NADH, and the auxiliary enzymes, 
MD or LD, must be present in sufficient quantity so that the 
reaction rate is limited only by the amounts of AST and ALT, 
respectively. As the reactions proceed, NADH is oxidized to 
NAD*. The disappearance of NADH is followed by measur- 
ing the decrease in absorbance at 340 nm for several minutes, 
either continuously or at frequent intervals. The change in 
absorbance per minute (AA/min) is proportional to the 
micromoles of NADH oxidized and in turn to micromoles 
of substrate transformed per minute. A preliminary incuba- 
tion period is necessary to ensure that NADH-dependent 


reduction of endogenous oxo-acids in the sample is com- 
pleted before adding 2-oxoglutarate to start the transami- 
nase reaction. After a brief lag phase, the change in 
absorbance (AA) is monitored. As already mentioned, sup- 
plementation with P-5’-P ensures that all the transaminase 
activity of the sample is measured. 

AST activity in serum is stable for up to 48 hours at 4°C, 
Specimens have to be stored frozen if they are to be kept 
longer. ALT activity should be assayed on the day of sample 
collection since activity is lost at room temperature, 4°C, 
and —25°C. ALT stability is better maintained at —70°C. 
Hemolyzed specimens should not be used. 


Standardization” 

Because of the large numbers of AST and ALT activity mea- 
surements performed daily in clinical laboratories through- 
out the world and because of notable differences when 
results between laboratories are compared, standardization 
of transaminase measurements is a priority need for patient 
care, As discussed in Chapter 8, the reference system 
approach, based on the concepts of metrological traceability 
and of hierarchy of analytical measurement procedures, 
gives clinical laboratories and the medical community uni- 
versal means of creating and ensuring the comparability of 
results. In this system, the IFCC reference measurement pro- 
cedure forms the highest metrological level and thereby con- 
stitutes the definition of the respective measurable enzyme 
quantity. Primary IFCC procedures for the measurement of 
catalytic activity concentrations of AST and ALT at 37 °C 
have recently been redesigned and published. ”® Values 
assigned to the manufacturer’s product calibrators and 
measurement results of lower metrological levels, including 
those in daily routine practice, should be traceable to these 
top-level reference measurement procedures, thus improv- 
ing accuracy and comparability of transaminase results. It 
should be remembered that the concept of the reference 
system is valid only if the reference procedure and corre- 
sponding routine procedures have identical, or at least very 
similar, specificities for the measured enzyme. Thus it will 
not be possible to calibrate procedures for aminotransferases 
that do not incorporate P-5’-P using a procedure that does, 
such as the IFCC reference procedure, because the ratio 
of preformed holoenzyme to apoenzyme differs among 
specimens. 


Reference Intervals” 


When using the new IFCC methods, the AST upper refer- 
ence limits for adults, calculated as the 97.5 percentile of the 
reference distribution, are 31 U/L for women and 35 U/L for 
men, respectively. The corresponding ALT upper reference 
limits are 34 U/L and 45 U/L. 


Methods for the Separation and Quantification of 

AST Isoenzymes’ 

Several methods have been proposed to quantify AST isoen- 
zymes in human serum. The most commonly used are 
electrophoresis, selective inhibition, and immunoassays, AST 


Chapter 21 Enzymes 607 


isoenzymes can be separated into an anionic (cytoplasmic 
AST) and a cationic band (m-AST) by electrophoresis. 
However, the low concentration of m-AST in normal sera 
is usually below the limit of detection of this method. 
Rej described immunoprecipitation assays using antibodies 
directed against both purified mitochondrial and cytosolic 
isoenzymes. A similar assay, using anticytoplasmic AST anti- 
body conjugated to sheep erythrocytes, became the basis for 
a diagnostic kit technique. As a rule, these assays allow direct 
measurement of low concentrations of the m-AST isoen- 
zyme present in serum. More recently, there have been 
reports on the selective proteolysis of AST isoenzymes by 
several proteases. In particular, a homogeneous inhibition 
assay using proteinase K (EC 3.4.21.14) for selective prote- 
olysis of cytosolic AST was described and made amenable to 
automation, permitting m-AST to be measured with conve- 
nience that approaches that of the total AST assay,” 

About 5% to 10% of the activity of total AST in serum 
from healthy individuals is of mitochondrial origin. The 
upper reference limit for m-AST activity measured at 37 °C 
is 3.0 U/L. 


GLUTAMATE DEHYDROGENASE 


Glutamate dehydrogenase (EC 1.4.1.3;  1-glutamate: 
NAD(P) oxidoreductase, deaminating; GLD) is a mitochon- 
drial enzyme found mainly in the liver, heart muscle, and 
kidneys, but smail amounts occur in other tissue, including 
brain and skeletal muscle tissue, and in leukocytes. 

GLD is a zinc-containing enzyme consisting of six 
polypeptide chains. The smallest active molecule has a mo- 
lecular weight of about 350,000 kDa, but larger polymers are 
also found. The enzyme catalyzes the removal of hydrogen 
from L-glutamate to form the corresponding ketimino-acid 
that undergoes spontaneous hydrolysis to 2-oxoglutarate. 
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Although NAD* is the preferred coenzyme, NADP* also 
acts as the hydrogen acceptor. GLD is inhibited by metal 


ions, such as Ag* and Hg", by several chelating agents, and 
by t-thyroxine. The glutamate dehydrogenases of different 
human tissues may be separated by electrophoresis into 
several forms, probably resulting from different polymeric 
states. 


Clinical Significance’ 


GLD is increased in serum of patients with hepatocellular 
damage. Fourfold or fivefold elevations are seen in chronic 
hepatitis; in cirrhosis, increases are only up to twofold. Very 
large rises in serum GLD occur in halothane toxicity, and 
notable increases occur in response to some other hepato- 
toxic agents. 

GLD potentially offers differential diagnostic potential in 
the investigation of liver disease, particularly when inter- 
preted in conjunction with other enzyme test results. The key 
to this differential diagnostic potential is to be found in the 
intraorgan and intracellular distribution of the enzyme. As 
an exclusively mitochondrial isoenzyme, GLD is released 
from necrotic cells; therefore, when compared with hepatic 
disorders with extensive necrosis, release is less in diffuse 
inflammatory processes, and in these conditions, the release 
of cytoplasmic enzymes, such as ALT, is quantitatively 
more pronounced. Together with m-AST, GLD is of value in 
estimation of the severity of liver cell damage. 

GLD is more concentrated in the central areas of the liver 
lobules than in the periportal zones. This pattern of distri- 
bution is the reverse of that of ALT. Pronounced release of 
GLD is therefore to be expected in conditions in which cen- 
trilobular necrosis occurs (e.g., as a result of ischemia or in 
halothane toxicity). 


Methods for the Determination of Glutamate 
Dehydrogenase Activity 
Continuous-monitoring methods have been developed for 
the determination of GLD using both the forward and 
reverse reactions. The equilibrium favors the formation of 
glutamate, and higher reaction rates are observed when 2- 
oxoglutarate is used as a substrate. Serum is added to a solu- 
tion of NADH, an ammonium salt, and ADP in buffer at pH 
7.5, and the reaction is initiated by the addition of the sub- 
strate, 2-oxoglutarate. The rate of decrease in absorbance at 
340 nm is measured. The German Society for Clinical Chem- 
istry has published optimum reaction conditions for 37°C.” 
Oxamate is incorporated into the reaction mixture because 
this acid inhibits LD activity, avoiding the critical consump- 
tion of NADH by this enzyme in serum. 

GLD activity in serum is stable at 4 °C for 48 hours and 
at -20°C for several weeks. 


Reference Intervals 


The GLD upper reference limits are 6U/L (women) and 
8 U/L (men), when a method optimized at 37 °C is used. 


ALKALINE PHOSPHATASE 


Alkaline phosphatase (EC 3.1.3.1; orthophosphoric- 
monoester phosphohydrolase [alkaline optimum]; ALP) cat- 
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Origins of Alkaline Phosphatase Isoforms 
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Figure 21-4 Identities, chromosomal assignments, and main physiological and pathological 
expression of genes encoding human alkaline phosphatases. Broken lines show two alternative 
proposed origins of the fetal intestinal alkaline phosphatase. The sequence of a cDNA is 
reportedly identical to that of adult intestinal AP. All the isoenzymes and isoforms are 
glycoproteins, imposing a further level of microheterogeneity. Different processes of cleavage or 
preservation of the membrane-anchoring domain can generate additional isoforms. (Modified 
from Moss DW. Perspectives in alkaline phosphatase research. Clin Chem 1992;38:2486-92.) 


alyzes the alkaline hydrolysis of a large variety of naturally 
occurring and synthetic substrates. 

ALP activity is present in most organs of the body and is 
especially associated with membranes and cell surfaces 
located in the mucosa of the small intestine and proximal 
convoluted tubules of the kidney, in bone (osteoblasts), liver, 
and placenta. Although the precise metabolic function of the 
enzyme is not yet understood, it appears that ALP is associ- 
ated with lipid transport in the intestine and with the calci- 
fication process in bone. 

ALP exists in multiple forms, some of which are true 
isoenzymes, encoded at separate genetic loci (Figure 21-4).’” 
The bone, liver, and kidney ALP forms share a common 
primary structure coded for by the same genetic locus, but 
they differ in carbohydrate content." 

Some divalent ions, such as Mg”, Co”, and Mn”, are 
activators of the enzyme, and Zn” is a constituent metal 
ion. The correct ratio of Mg”/Zn™ ions is necessary to 
avoid displacement of Mg” and to obtain optimal activity. 
Phosphate, borate, oxalate, and cyanide ions are inhibitors 
of ALP activity. Variations in Mg” and substrate concentra- 
tions change the pH optimum. The type of buffer present 
(except at low concentrations) affects the rate of enzyme 
activity. Buffers can be classified as inert (carbonate and 
barbital), inhibiting (glycine and propylamine), or activat- 
ing (2-amino-2-methyl-1-propanol [AMP], tris (hydroxy- 
methyl) aminomethane [TRIS], and diethanolamine 
[DEA]). 

The ALP activity present in the sera of healthy adults 
originates mainly in the liver, with up to half the total 
activity coming from the skeleton. The respective contri- 


butions of these two forms to the total activity are age depen- 
dent. A small amount of intestinal ALP may also be present, 
particularly in the sera of individuals of blood group B or 
O, i.e., who are secretors of blood group substances. Tissue 
nonspecific ALP in serum is rapidly denatured at 56°C but 
is relatively stable at lower temperatures. 


Clinical Significance 


Elevations in serum ALP activity commonly originate from 
one or both of two sources: the liver and bone. Consequently, 
serum ALP measurements are of particular interest in the 
investigation of two groups of conditions: hepatobiliary 
disease and bone disease associated with increased osteoblas- 
tic activity (see Bone Enzymes section later in this chapter). 

The response of the liver to any form of biliary tree 
obstruction induces the synthesis of ALP by hepatocytes. 
Some of the newly formed enzyme enters the circulation to 
increase the enzyme activity in serum.” The elevation tends 
to be more notable (greater than threefold) in extrahepatic 
obstruction (e.g., by stone or by cancer of the head of the 
pancreas) than in intrahepatic obstruction and is greater the 
more complete the obstruction. Serum enzyme activities 
may reach 10 to 12 times the upper reference limit and 
usually return to normal on surgical removal of the obstruc- 
tion. A similar increase is seen in patients with advanced 
primary liver cancer or widespread secondary hepatic metas- 
tases. Liver diseases that principally affect parenchymal cells, 
such as infectious hepatitis, typically show only moderately 
(less than threefold) increased or even normal serum ALP 
activities (Table 21-3). Increases may also be seen as a 
consequence of a reaction to drug therapy. Intestinal ALP 
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TABLE 21-3 Serum Alkaline Phosphatase Activities in Hepatobiliary Diseases 
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‘Liver cirrhosis wee 
Alcoholic hepatitis _ 

Chronic hepatitis. 


=% of ent With 
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76 
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From Panteghini M. Hepatic alkaline phosphatase isoenzyme: II. Clinical aspects. Giorn It Chim Clin 1990;15:301-8, 


isoenzyme, an asialoglycoprotein normally cleared by the 
hepatic asialoglycoprotein receptors, is often elevated in 
patients with liver cirrhosis. 

An increase of up to two to three times normal has been 
observed in women in the third trimester of pregnancy, with 
the additional enzyme being of placental origin. There are 
also reports of a benign familial elevation in serum ALP 
activity because of increased concentrations of intestinal 
ALP.’* Transient, benign increases in serum ALP may 
be observed in infants and children, with changes often 
more than 10 times the upper reference limit. Increases in 
both the liver and the bone form are seen. These changes 
seem to reflect a reduction in the removal of ALP from 
blood caused by transient modifications of enzyme 
glycosylation,” 

A result of the application of the techniques of isoenzyme 
analysis to the characterization of ALP in serum was the 
discovery that forms of the enzyme essentially identical 
with the normal placental isoenzyme appear in the sera of 
some patients with malignant diseases. These carcinopla- 
cental isoenzymes (e.g., Regan isoenzyme) appear to result 
from the derepression of the placental ALP gene. As 
described below, the presence of these isoenzymes can be 
readily detected in serum by their stability at 65°C. Tumors 
have also been found to produce ALPs that appear to be 
modified forms of nonplacental isoenzymes (Kasahara 
isoenzyme). 


Methods for the Determination of Alkaline 
Phosphatase Activity 
Numerous methods have been developed for determining 
ALP activity. In general, methodological developments have 
been directed at increasing the speed. and sensitivity of the 
assay by selecting readily hydrolyzed substrates and phosphate- 
accepting buffers and toward the use of continuous- 
monitoring methods based on “self-indicating” substrates. 
The most popular of the chromogenic or self-indicating 
substrates for ALP is 4-nitrophenyl phosphate (usually 
abbreviated 4-NPP or PNPP from the older name, p-nitro- 


phenyl phosphate). This ester is colorless, but the final 
product is yellow at the pH of the reaction: 
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The enzyme reaction is continuously monitored by observ- 
ing the rate of formation of the 4-nitrophenoxide ions. With 
improvements in the reaction conditions, this reaction forms 
the basis of current recommended and standard methods 
of ALP assay. Other self-indicating substrates include phe- 
nolphthalein monophosphate, thymolphthalein phosphate, 
and o-naphthyl phosphate. In the ALP methods discussed, the 
liberated phosphate group is transferred to water. The rate of 
phosphatase action is enhanced, however, if certain amino 
alcohols are used as phosphate-accepting buffers. Among 
these activators are compounds such as AMP, DEA, TRIS, eth- 
ylaminoethanol (EAE), and N-methyl-d-glucamine (MEG). 
Enzyme activity in the presence of optimal concentrations of 
these buffers is twofold to sixfold greater than in the presence 
of a nonactivating buffer, such as carbonate. 

ALP catalyzes the hydrolysis of 4-NPP, forming phos- 
phate and free 4-nitrophenol (4-NP, PNP), which in dilute 
acid solutions is colorless. Under alkaline conditions, 4-NP 
is converted to the 4-nitrophenoxide ion, which has a very 
intense yellow color. The rate of formation of 4-NP by the 
action of the enzyme on 4-NPP at 37°C is then monitored 
at 405nm with a recording spectrophotometer. The (pro- 
visional) IFCC-recommended method uses 4-NPP as the 
substrate and AMP as the phosphate-acceptor buffer. It 
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includes Mg” and Zn”, optimal concentrations of which 
are controlled by the addition of Mg” and Zn”, and the 
chelating agent N-hydroxyethylethylenediaminetriacetic 
acid (HEDTA). Although Zn** ions are present in a total con- 
centration of 1 mmol/L, most are bound to HEDTA, leaving 
only a small, experimentally determined optimal concentra- 
tion of free ions. A similar situation exists for Mg” ions. 
Thus HEDTA acts as a metal ion buffer, maintaining optimal 
concentrations of the two ions.” 

Serum or heparinized plasma, free of hemolysis, should 
be used, Complexing anticoagulants—such as citrate, 
oxalate, and EDTA—must be avoided, because they bind 
cations, such as Mg” and Zn™, which are necessary co- 
factors for ALP activity measurement. Blood transfusion 
(containing citrate) causes a transient decrease in serum ALP 
through a similar mechanism. Freshly collected serum 
samples should be kept at room temperature and assayed as 
soon as possible but preferably within 4 hours after collec- 
tion. In sera stored at a refrigerated temperature, ALP activ- 
ity increases slowly (2%/d). Frozen specimens should be 
thawed and kept at room temperature for 18 to 24 hours 
before measurement to achieve full enzyme reactivation. 


Reference Intervals! 


ALP activities in serum vary with age. Children show higher 
ALP activity than healthy adults as a result of the leakage of 
bone ALP from osteoblasts during bone growth. Using the 
IFCC procedure at 37 °C, the following reference intervals 
{central 95 percentiles) have been established: 


va Age 
o 45yr 


Males -20-50yr. -53-128 U/ 
eh 0ye SOLIS U/L 
Females. =. 20-50yr. 42-98 U/L 

eo 260yr 53-141 U/L 


Activities in growing children are highly variable. 


Methods for the Separation and Quantification of 
Alkaline Phosphatase Isoenzymes 


Assays for ALP isoenzymes are needed when: (1) the source 
of an elevated ALP in serum is not obvious and should be 
clarified; (2) the main clinical question is concerned with 
detecting the presence of liver or bone involvement; and (3) 
in the case of metabolic bone disorders, to ascertain any 
modifications in the activity of osteoblasts to monitor the 
disease activity and the effect of appropriate therapies. 

Criteria that have been used to differentiate the isoen- 
zymes and other multiple forms of ALP include: (1) elec- 
trophoretic mobility; (2) stability to denaturation by heat or 
chemicals; (3) response to the presence of selected inhibitors; 
(4) affinity for specific lectins; and (5) immunochemical 
characteristics.’ 


The same electrophoretic techniques are used for the sep- 
aration of ALP isoenzymes in serum as for separations of 
serum proteins. After electrophoresis, ALP zones are made 
visible by incubating the gel in a solution of buffered sub- 
strate (e.g., 1-naphthyl phosphate, to which a chromogenic 
system, usually represented by a diazonium salt, is added; in 
the case of electrophoresis on cellulose acetate, the strips 
are covered with an agar-gel layer containing the staining 
system). The liver ALP typically moves most rapidly toward 
the anode. Bone ALP, which typically gives a more diffuse 
zone than the liver form, has a slightly lower anodal mobility, 
although the two zones usually overlap to some extent. 
Intestinal ALP migrates more slowly than the bone enzyme, 
whereas the placental isoenzyme commonly appears as a dis- 
crete band overlying the diffuse bone fraction. An additional 
band, which is frequently present in the serum of patients 
with various hepatic diseases, contains a high molecular 
weight form of ALP but is also strongly negatively charged. 
Therefore it moves slowly in starch gel or may even fail to 
enter polyacrylamide gel, but it migrates more anodally than 
the main liver zone on nonsieving media, such as cellulose 
acetate. Investigations on this form have revealed that it cor- 
responds to the main liver form attached to the membrane 
moiety (membrane particle [fragment] ALP)” 

Complexes between ALP and immunoglobulins, or 
macro-ALP, occur occasionally in serum, giving rise to 
abnormally migrating bands in the y-globulin zone; 
however, these do not provide specific diagnostic informa- 
tion in the present state of knowledge. 

Two approaches have been proposed to improve the elec- 
trophoretic separation between bone and liver ALPs. Both 
methods exploit differences in the carbohydrate portions of 
the two forms of ALP. In one, electrophoresis is carried out 
in the presence of wheat germ lectin, which retards bone ALP 
migration more than the liver enzyme migration.” In 
the other, serum is treated briefly (i-e., for 15 min at 37 °C), 
with neuraminidase to remove part of the terminal sialic acid 
residues. As the sialic acid residues of bone ALP are more 
readily attacked than those of liver ALP, the electrophoretic 
mobility of the bone form is reduced more than that of liver 
ALP. The improved separation allows quantitative estimates 
to be made by densitometric scanning (Figure 21-5).’” 

Overnight incubation of the serum sample with neur- 
aminidase also is used to confirm the presence of intestinal 
ALP. This treatment reduces the anodal mobility of ali 
ALP isoenzymes except that of intestinal origin, which is 
neuraminidase-resistant because terminal sialic acid residues 
are not present in the molecule. 

Because placental ALP is heat stable, incubation of the 
serum sample at a temperature as high as 65 °C for 30 
minutes provides a convenient test for the presence of this 
isoenzyme. Other forms of ALP can also be differentiated 
based on their stability at high temperature. At 56 °C, for 
example, liver ALP is more stable than the bone ALP. (“Bone 
burns”) Thus if after 10 minutes at 56 °C, less than 20% of 
the serum ALP activity remains, the enzyme present is pro- 
bably largely of bone type. Residual activities of between 
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Figure 21-5 A, Polyacrylamide-gel electrophoresis of bone and liver alkaline phosphatases in 
human serum. Left, Mixture of two sera containing, respectively, entirely bone phosphatase and 
entirely liver phosphatase. Right, Mixture of the same two sera after each has been treated with 
neuraminidase for 10 minutes at 37 °C. The anodal direction is downward. The more anodal 
zone is liver phosphatase. B, Densitometric scans of electrophoretic patterns shown in A. Broken 
line, Scan of mixture of untreated sera; solid fine, scan of mixture of sera treated briefly with 
neuraminidase. The anode is to the left. (From Moss DW, Edwards RK. Improved electrophoretic 


resolution of bone and liver alkaline phosphatases resulting from partial digestion 


Clin Chim Acta 1984;143:177-82.) 


25% and 55% support electrophoretic evidence that liver 
ALP is the predominant form. The imprecision 
of the test reflects difficulties in standardizing the rate of 
sample heating (related to such things as the type of appa- 
ratus used to heat the serum sample, thermal conductivity 
of the sample container, and the volume of sample in the 
container during heating), the rate of sample cooling (e.g., 
in an ice bath), and the fact that the result (as a ratio or 
percent) includes uncertainties from two measurements. As 
an alternative to heat fractionation of ALP, measurement of 
GGT, which is increased in liver disease but not in bone 

disease, may be a useful rapid tool to distinguish between the 

two diseases as the explanation for an increased serum ALP. 

As discussed below, the pattern of increases of serum 

glutamyl transferase in liver diseases is similar to that for 

alkaline phosphatase. 

The use of wheat germ lectin, binding the N-acetylglu- 
cosamine residues present in different amounts on individ- 
ual isoenzymes, has also been the basis of a commercial 
technique for the selective precipitation and measurement 
of bone ALP. However, this technique does not provide 
sufficient accuracy and precision for quantifying the bone 
fraction, 

Immunological methods with polyclonal antisera or 
monoclonal antibodies provide the best quantitative 
measurements of intestinal or placental ALPs. Much more 
difficult is the production of antibodies that selectively react 
with different products of the tissue-nonspecific ALP gene, 
including the liver- and bone-derived isoforms, as these anti- 
bodies should recognize specific sugar side chains instead of 


with neuraminidase, 
i 


a particular amino acid sequence. Until now, no monoclonal 
antibodies fully discriminate between liver and bone ALPs. 
Despite lack of complete specificity, the commercially avail- 
able immunoassays of bone ALP may offer some advantages, 
but their value has not been convincingly demonstrated, 
in part because measurements of total ALP provide the 
required clinical information in many situations. 


5’-NUCLEOTIDASE 


5’-Nucleotidase (EC 3.1.3.5; 5’-ribonucleotide phosphohy- 
drolase; NTP) is a phosphatase that acts only on nucleoside- 
5’-phosphates, such as adenosine-5’-phosphate (AMP) and 
adenylic acid, releasing inorganic phosphate. 


NH2 
a N 
i EA oe 
N CO H,0 HOPO; 
NN o. COPO 
Nucleotidase 
Hu H pH 6.6 (7.0 
Adenosine-5'-monophosphate 
NH3 
a N 
QA 
Sy o. CHOH 
H H 


Adenosine 


612 Section IV Analytes 


NTP is a glycoprotein widely distributed throughout the 
tissues of the body and is principally localized in the cyto- 
plasmic membrane of the cells in which it occurs. Its pH 
optimum is between 6.6 and 7.0."™ 


Clinical Significance 

Despite its ubiquitous distribution, serum NTP activities 
appear to reflect hepatobiliary disease with considerable 
specificity. NTP is increased threefold to sixfold in those 
hepatobiliary diseases in which there is interference with the 
secretion of the bile. This may be due to extrahepatic causes 
(a stone or tumor occluding the bile duct), or it may arise 
from intrahepatic conditions, such as cholestasis caused. by 
chlorpromazine, malignant infiltration of the liver, or biliary 
cirrhosis. When parenchymal cell damage is predominant, as 
in infectious hepatitis, serum NTP activity is only moderately 
elevated. 

Assay of NTP activity has been considered of value as an 
addition to measurement of nonspecific total ALP in 
patients with suspected hepatobiliary disease, and abnormal 
NTP activity is routinely interpreted as evidence of a hepatic 
origin of increased ALP activity in serum. However, approx- 
imately half of individuals in whom liver ALP activity is 
increased in serum may simultaneously show a normal NTP. 
On the other hand, increased NTP in the serum of patients 
with normal liver ALP is very often associated with the pres- 
ence of liver disease. Thus the frequent dissociation of the 
two enzyme activities supports the utility of determining 
both (liver) ALP and NTP to increase the diagnostic 
efficiency for diseases of the liver.” 


Methods for the Determination of 

5’-Nucleotidase Activity 

The substrates most generally used in measuring the activ- 
ity of NTP are AMP or IMP (inosine-5’-phosphate). 
However, these substrates are organic phosphate esters and 
thus can be hydrolyzed to an appreciable degree by other 
nonspecific (alkaline) phosphatases, even at a pH as low as 
7.5, which is the pH assumed optimal for NTP activity. 
Methods for the estimation of NTP in serum must therefore 
incorporate some means for correcting for the hydrolysis of 
the substrate by the nonspecific phosphatases. 

In a commercially available assay, serum NTP catalyzes 
the hydrolysis of IMP to yield inosine, which is then con- 
verted to hypoxanthine by purine-nucleoside phosphorylase 
(EC 2.4.2.1). Hypoxanthine is oxidized to urate with xan- 
thine oxidase (EC 1.2.3.2). Two moles of hydrogen peroxide 
are produced for each mole of hypoxanthine liberated and 
converted to uric acid. The formation rate of hydrogen per- 
oxide is monitored by a spectrophotometer at 510 nm by the 
oxidation of a chromogenic system. The effect of ALPs on 
IMP is inhibited by B-glycerophosphate. This material is 
substrate for ALP but not for NTP, and by forming substrate 
complexes with the former enzyme, it reduces the propor- 
tion of the total ALP activity that is directed to the hydroly- 
sis of the NTP substrate, IMP.” 


NTP activity in serum or plasma heparin is stable for at 
least 4 days at 4 °C and 4 months at —20 °C. 


Reference Interval 


The reference interval for NTP activity at 37 °C is from 3 to 
9 U/L, with no sex-related differences, 


GAMMA-GLUTAMYL TRANSFERASE 


Peptidases are enzymes that catalyze the hydrolytic cleavage 
of peptides to form amino acids or smaller peptides. They 
constitute a broad group of enzymes of varied specificity, 
and some individual enzymes act as amino acid transferases 
and catalyze the transfer of amino acids from one peptide to 
another amino acid or peptide. Gamma-glutamyl transferase 
(EC 2.3.2.2; y-glutamyl-peptide:amino acid y-giutamyl- 
transferase; GGT) catalyzes the transfer of the y-glutamyl 
group from peptides and compounds that contain it to some 
acceptor.” The y-glutamyl acceptor is the substrate itself, 
some amino acid or peptide, or even water, in which case 
simple hydrolysis takes place. The enzyme acts only on pep- 
tides or peptidelike compounds containing a terminal glu- 
tamate residue joined to the remainder of the compound. 
through the terminal (~y-) carboxyl. Glycylglycine is five 
times more effective as an acceptor than is either glycine or 
the tripeptide (gly-gly-gly) but little is known about the 
optimal properties of the acceptor co-substrate. The pepti- 
dase transfer reaction is considerably faster than that of 
the simple hydrolysis reaction. An example of a reaction 
catalyzed by the enzyme is: 
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GGT is present (in decreasing order of abundance) in 
proximal renal tubule, liver, pancreas, and intestine. The 
enzyme is present in cytoplasm (microsomes), but the larger 
fraction is located in the cell membrane and may transport 
amino acids and peptides into the cell across the cell mem- 
brane in the form of y-glutamyl peptides. It may also be 
involved in some aspects of glutathione metabolism.”* 

GGT activity in serum comes primarily from liver. The 
enzyme in serum is heterogeneous with respect to both net 
molecular charge (e.g., shown by electrophoresis) and ‘size. 
These forms appear to derive from posttranslational modi- 
fications of a single type of enzyme molecule rather than to 
be due to the existence of true isoenzymes. For example, high 
molecular weight forms may represent the release of cell 
membrane fragments into the circulation. Despite numer- 
ous investigations, clear correlations between patterns of 
multiple forms and particular diseases cannot be discerned. 


Clinical Significance 


Even though renal tissue has the highest concentration of 
GGT, the enzyme present in serum appears to originate pri- 
marily from the hepatobiliary system. GGT is a sensitive indi- 
cator of the presence of hepatobiliary disease, being elevated 
in most subjects with liver disease regardless of cause, but 
its usefulness is limited by the lack of specificity. Like ALP, 
it is highest in cases of intrahepatic or posthepatic biliary 
obstruction, reaching activities some 5 to 30 times upper 
reference limit. High elevations of GGT are also observed in 
patients with either primary or secondary (metastatic) liver 
neoplasms; in these conditions, changes may occur earlier 
and are more pronounced than those with the other liver 
enzymes are. Moderate elevations (two to five times normal) 
occur in infectious hepatitis. Patients with chronic hepatitis 
C infection and high pretreatment serum GGT are unlikely to 
have a sustained virological response to interferon treatment. 
Small increases of GGT activity are observed in patients with 
fatty livers, and similar but transient increases are noted in 
cases of drug intoxication. In acute and chronic pancreatitis 
and in some pancreatic malignancies (especially if associated 
with hepatobiliary obstruction), enzyme activity may be 5 to 
15 times the upper reference limit. 

Elevated activities of GGT are found in the sera of 
patients with alcoholic hepatitis and in the majority of sera 
from people who are heavy drinkers. Increased concentra- 
tions of the enzyme are also found in serum of subjects 
receiving anticonvulsivant drugs such as phenytoin and phe- 
nobarbital. Such an increase of GGT activity in serum may 
reflect induction of new enzyme activity by the action of the 
alcohol and drugs and/or their toxic effects on microsomal 
structures in liver cells. 

In AMI, GGT activity is usually normal. If there is a rise, 
it occurs at about the fourth day, reaches a maximum value 
in another 4 days, and probably implies liver damage sec- 
ondary to cardiac insufficiency. 

Unlike ALP, GGT is not increased in conditions in which 
osteoblastic activity is increased. 


Methods for the Determination of 

y-Glutamyltransferase Activity 

Early GGT assays used  1~y-glutamyl-p-nitroanilide 
(GGPNA) as the substrate, with glycylglycine serving as the 
y-glutamyl residue acceptor. However, GGPNA has limited 
solubility in the reaction mixture, and it is therefore dif- 
ficult to obtain saturating substrate concentrations. The 
p-nitroaniline produced in the reaction is determined by 
its yellow color, which is monitored at 405 nm. 

Derivatives of GGPNA are also available and have been 
used in other methods. In these derivatives, various groups 
have been introduced into the benzene ring to increase sol- 
ubility in water. The most useful of these substrates is 1-y- 
glutamyl-3-carboxy-4-nitroanilide is readily soluble in water 
and is split by GGT at a rate comparable to that observed 
with GGPNA. Activities in serum are higher with the car- 
boxyl derivative than with the noncarboxylated substrate, 
partly because of the higher substrate concentrations 
attainable with the former. 

In the IFCC reference measurement procedure for GGT, 
L-y-glutamyl]-3-carboxy-4-nitroanilide serves as the sub- 
strate, with glycylglycine serving as an acceptor. Buffering is 
provided by glycylglycine itself. The temperature of reaction 
is 37 °C and the wavelength of measurement of the reaction 
product, 5-amino-2-nitrobenzoate, is 410nm.'”” 

GGT is a comparatively stable enzyme in vitro. Activity is 
stable for at least 1 month at 4 °C and 1 year at —20 °C. 
Nonhemolyzed serum is the preferred specimen, but EDTA 
plasma has also been used. Heparin may produce turbidity 
in the reaction mixture; citrate, oxalate, and fluoride depress 
GGT activity by 10% to 15%. 


Reference Intervals 


In adults, the upper reference limit for GGT activity in serum 
is 38 U/L for females and 55 U/L for males. ® Reference limits 
are approximately twofold higher in people of African ances- 
try. In normal full-term neonates, the GGT activity at birth 
is approximately six to seven times the adult reference range. 
The activity then declines, reaching adult values by the age 
of 5 to 7 months.” 


GLUTATHIONE S-TRANSFERASE 


Cytosolic glutathione S-transferases (EC 2.5.1.18; GST) are 
dimeric enzymes that catalyze the nucleophilic addition of 
glutathione to the electrophilic centers of a wide variety of 
chemical structures, accomplishing detoxification reactions. 
In addition, GSTs exert part of the glutathione peroxidase 
activity and have an important function in intracellular 
binding and transport of a wide variety of both endogenous 
and exogenous compounds. The family of human enzymes 
is divided into four main classes: 0, u, m, and 8.” 

-GST is found at high concentrations in the human liver 
and is released quickly and in large quantities from damaged. 
hepatocytes into the bloodstream. 
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Clinical Significance 

a-GST is an emerging marker for assessing hepatocellular 
damage. Unlike aminotransferases, which are found pre- 
dominantly in the periportal hepatocytes, œ-GST is evenly 
distributed across the liver acinus and is therefore released 
in all types of hepatocyte injury. In liver transplant recipi- 
ents, 0t-GST was found more valuable than AST in detecting 
early rejection episodes postoperatively and less susceptible 
to the confounding effects of infection. 


Methods for the Determination of Glutathione 
S-Transferase 


Several problems have been associated with GST activity 
measurements, First, normal plasma activity is low and hard 
to measure. Secondly, GST binds a number of anions, such 
as bile salts and bilirubin, that inhibit enzyme activity. 
Immunoassays have been described that allow the precise 
and specific measurement of o-GST concentrations. At 
present, the only methodological problem relates to the 
speed of the assays, which take several hours. 


Reference Interval 


Using a commercially available enzyme immunoassay for 
a-GST, the upper reference limit was 11.4 ug/L.“ 


CHOLINESTERASE 


Two related enzymes have the ability to hydrolyze acetyl- 
choline. One is acetylcholinesterase (EC 3.1.1.7, acetyl- 
choline acetylhydrolase}, which is called true cholinesterase 
or choline esterase I. True cholinesterase is found in ery- 
throcytes, the lungs and spleen, nerve endings, and the gray 
matter of the brain. It is responsible for the prompt hydrol- 
ysis of acetylcholine released at the nerve endings to mediate 
transmission of the neural impulse across the synapse. The 
degradation of acetylcholine is required for the depolariza- 
tion of the nerve so that it is repolarized in the next 
conduction event. 

The other cholinesterase is acylcholine acylhydrolase 
(EC 3.1.1.8, acylcholine acylhydrolase, CHE); it is also 
called pseudocholinesterase, serum cholinesterase, butyryl- 
cholinesterase, or choline esterase II. Although it is found in 
the liver, pancreas, heart, white matter of the brain, and 
serum, its biological role is unknown. The assay of this 
enzyme is clinically useful. 

The type of reaction catalyzed by both cholinesterases is: 
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The two enzymes differ in specificity toward some sub- 
strates while behaving similarly toward others. The serum 
enzyme acts on benzoylcholine but cannot hydrolyze acetyl- 
B-methylcholine; the red cell enzyme acts on the latter but 
not on the former. The red cell enzyme splits only choline 
esters; aryl or alkyl esters are not attacked. The red cell 
enzyme is inhibited by its substrate, acetylcholine, if present 
at about 10° mol/L; the serum enzyme is not inhibited by 
this substrate. 

Both enzymes are inhibited by the alkaloids prostigmine 
and physostigmine, both of which contain quaternary nitro- 
gen (present in choline) in their structures. These two com- 
pounds are typical competitive inhibitors, competing with 
the choline residue of acetylcholine for its binding site on 
the enzyme surface. Some organic phosphorus compounds, 
such as diisopropyl fiuorophosphate, irreversibly inhibit 
both enzymes. The phosphoryl group binds very tightly to 
the enzyme site at which binding of the acyl group normally 
occurs, thus preventing attachment of the acetylcholine. 
Both enzymes are also inhibited by a large variety of other 
compounds, including morphine, quinine, tertiary amines, 
phenothiazines, pyrophosphate, bile salts, citrate, fluoride, 
and borate. 

The CHE in normal sera is separated by electrophoresis 
into 7 to 12 bands, the number depending on the experi- 
mental technique used. The forms of CHE differ in molec- 
ular size and appear to be aggregates of different numbers of 
the same basic unit. Of more interest are the atypical 
(genetic) variants of the enzyme, characterized by dimin- 
ished activity against acetylcholine and other substrates, 
which are found in the sera of a small fraction of apparently 
healthy people. 

The gene controlling the synthesis of CHE can exist in 
many allelic forms. Four of the most common forms are des- 
ignated as E", Eʻ, Ef and E’. These four allelic genes can be 
combined to form one normal and nine abnormal geno- 
types. At least 40 other forms exist and another gene locus 
is recognized (E,). The normal, most commion phenotype is 
designated as EuEu, or UU (u for usual). The gene E° is 
referred to as the atypical gene; the sera of people homozy- 
gous for this gene (E° E* = AA) are only weakly active toward 
most substrates for cholinesterase and demonstrate 
increased resistance to inhibition of enzyme activity by dibu- 
caine. The Ef gene (f for fluoride resistant) also gives rise to 
a weakly active enzyme but with increased resistance to flu- 
oride inhibition. The E° gene (s for silent) is associated with 
absence of enzyme or the presence of a protein with minimal 
or no catalytic activity. The mutations that give rise to 
the atypical and fluoride-resistant CHE variants involve a 
change in the structure of the active center. The variant 
enzymes (allelozymes) are less effective catalysts than the 
usual form; the affinity of the enzymes for the substrates is 
reduced (i.e., K,, is increased), and affinity for competitive 
inhibitors, such as dibucaine or fluoride, is similarly 
decreased. This gives rise to the characteristic dibucaine- or 
fluoride-resistant properties of the genetic variants that are 
exploited in their characterization. 
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The homozygous forms, AA or FF are found in 0.3% to 
0.5% of the Caucasian population; their incidence among 
blacks is even lower. Inheritance of increased CHE activity 
has also been reported in a few families. This is apparently 
due to increased production of the usual allelozyme. 


Clinical Significance’ 


Measurements of CHE activity in serum are used (1) as a test 
of liver function, (2) as an indicator of possible insecticide 
poisoning, and (3) for the.detection of patients with atypi- 
cal forms of the enzyme who are at risk of prolonged 
responses to certain muscle relaxants used in surgical 
procedures. 

Measurement of serum CHE activity can serve as a sen- 
sitive indicator of the synthetic capacity of the liver. In the 
absence of genetic causes or known inhibitors, any decrease 
in CHE activity reflects impaired synthesis of the enzyme by 
the liver. A 30% to 50% CHE decrease is observed in acute 
hepatitis and in chronic hepatitis of long duration. Decreases 
of 50% to 70% occur in advanced cirrhosis and carcinoma 
with metastases to the liver. CHE is essentially normal in 
obstructive jaundice except when the cause is malignant. 
Serial measurement of CHE has been promoted as an 
indication of prognosis in patients with liver disease and 
for monitoring liver function after liver transplantation. 

Among the organic phosphorus compounds that inhibit 
cholinesterase activity are many insecticides, such as 
parathion, sarin, and tetraethyl pyrophosphate. Workers in 
agriculture and in organic chemical industries may be 
subject to poisoning by inhalation of these materials or by 
contact with them. Obviously, if enough material is absorbed 
to inactivate all the acetylcholinesterase of nervous tissue, 
death will result. Both cholinesterases are inhibited, but the 
activity of the serum enzyme falls more rapidly than does 
that of the erythrocyte enzyme. A 40% drop in CHE activ- 
ity occurs before the first symptoms are felt, and a drop of 
80% is required before neuromuscular effects become appar- 
ent. Near-zero concentrations of enzyme activity require 
emergency treatment with such enzyme reactivators as 
pyridine-2-aldoxime. Upon retesting, in 3 to 5 days the 
CHE activity should increase by 15% to 20% if a signifi- 
cant organophosphate-induced inhibition has previously 
occurred, 

Succinyldicholine (suxamethonium) and mivacurium, 
drugs used in surgery as muscle relaxants, are hydrolyzed by 
CHE, and their pharmacological effect normally persists 
only long enough to meet the needs of the surgical proce- 
dure. In patients with low enzyme activities or in those with 
a weakly active variant, destruction of the drug will not occur 
rapidly enough, and the patient may enter a period of pro- 
longed paralysis of the respiratory muscles (apnea) requir- 
ing mechanical ventilation until the drug effects gradually 
wear off. Preoperative screening has been advocated to iden- 
tify patients in whom suxamethonium administration may 
lead to complications. The degree of drug sensitivity varies 
with the phenotype of the patient. Total CHE activity is 
highest in individuals who are homozygous for the usual 


allele and progressively lower in those who are heterozygous 
for the usual and a variant allele, those who are homozygous 
or heterozygous for variant alleles, and those in whom two 
“silent” alleles are paired and no activity is detected. Subjects 
who possess one normal allele (i.e., who are heterozygous for 
the normal and a variant allele) usually produce enough 
enzyme to protect them against suxamethonium sensitivity, 
whereas patients with paired variant alleles (either as 
homozygotes or heterozygotes) show various degrees of 
sensitivity. The phenotypes most susceptible to apnea after 
succinylcholine administration are AA, AS, FE, FS, SS, AE 
and to some extent UA. Measurements of total CHE activity 
and determination of the “dibucaine number” and “fluoride 
number” are needed to characterize CHE variants fully. The 
latter values indicate the percentage inhibition of enzyme 
activity toward specified substrates in the presence of 
standard concentrations of dibucaine or fluoride. 


Methods for the Determination of Serum 
Cholinesterase Activity 


Many of the contemporary methods use acylthiocholine 
esters as substrates. These substrates are hydrolyzed at 
approximately the same rate as choline esters, and the 
thiocholine formed can be measured by reaction with 
chromogenic disulfide agents, such as 5,5’-dithio-bis 
(2-nitrobenzoate) (DTNB) (Ellman’s reagent). The reaction 
of the thiocholine product with colorless DTNB forms 
colored 5-MNBA, which is measured spectrophotome- 
trically at 410nm. The iodide salts of acetylthiocholine, 
propionylthiocholine, butyrylthiocholine, and succinylthio- 
choline all have been used as substrates. The reactions for 
butyrylthiocholine, with DTNB as the chromogen, are: 
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The clinical question being asked may influence the 
choice of substrate suitable for measuring the enzyme. 
Measuring CHE activity using succinyldithiocholine is the 
method of choice to diagnose succinylcholine sensitivity, 
purely based on the enzyme activity recorded in serum. This 
method is, however, well suited for other clinical applications 
of the test." 

Kalow and Genest, using benzoylcholine as a classic 
substrate, demonstrated the qualitative difference in CHEs. 
Based on the differences as sensitivity to inhibition by 
the local anesthetic dibucaine, they developed a simple test 
to classify the type of CHE as usual, intermediate, or atypi- 
cal. With 10° mol/L dibucaine (“dibucaine number”), the 
usual CHE is inhibited by 80%, but atypical CHE is inhib- 
ited by only 20%. Subjects heterozygous for the normal and 
atypical gene show about 60% inhibition of CHE. To differ- 
entiate other genotypes, sodium fluoride can be used as CHE 
inhibitor. 

Serum is the sample of choice. Enzyme activity in serum 
is stable for several weeks if the specimen is stored under 
refrigeration, and for several years if stored at —20 °C. 
Moderate hemolysis does not interfere if separated serum 
has been centrifuged to remove red blood cell ghosts. 


Reference Intervals 


Using the succinyldithiocholine/DTNB method at 37 °C, the 
reference interval for healthy adults with the usual CHE 
genotype was estimated to be 33 to 76U/L for women and 
40 to 78 U/L for men, respectively. The median activity in 
individuals with heterozygous genotype was 22 U/L (range 5 
to 35 U/L), and for atypical homozygotes 1.5 U/L (range 1 to 
4U/L).'” A value <23 U/L was approximately five times as 
likely to occur in a succinyldicholine-sensitive individual as 
in a normal one.'”* At birth, CHE activity is lower than adult 
values by about 50%. It increases during the next 3 to 6 years 
to exceed adult values by about 30%. From the fifth year of 
life, the activity starts to decrease before stabilizing at the 
adult value, which is reached at puberty. There is a signifi- 
cant CHE decrease (30%) during pregnancy and early puer- 
perium, explained by hemodilution. 

CHE phenotyping, based on the determination of 
dibucaine (DN) and fluoride (FN) numbers, has been 
established: 


Phenotype _ ENR 


*Redundant for AA phenotype attribution. 


PANCREATIC ENZYMES 


Assays of serum AMY, lipase (LPS), trypsin (TRY), chy- 
motrypsin (CHY), and elastase 1 (E1) are applied to 
investigation of pancreatic disease. Pancreatic function 
and pathology are discussed in Chapter 48. 


AMYLASE 

o-Amylase (EC 3.2.1.1; 1,4-c-p glucan glucanohydrolase; 
AMY) is an enzyme of the hydrolase class that catalyzes the 
hydrolysis of 1,4-a-glucosidic linkages in polysaccharides. 
Both straight-chain (linear) polyglucans, such as amylose, 
and branched polyglucans, such as amylopectin and 
glycogen, are hydrolyzed, but at different rates. In the case 
of amylose, the enzyme splits the chains at alternate o- 
1,4-hemiacetal (—-C—-O—C—) links, forming maltose and 
some residual glucose; maltose, glucose, and a residue of 
limit dextrins are formed if branched-chain polyglucans 
are used as substrate. The enzyme does not attack the 
&-1,6-linkages at the branch points. AMYs are calcium 
metalloenzymes, with the calcium absolutely required for 
functional integrity. However, full activity is displayed only 
in the presence of various anions—such as chloride, 
bromide, nitrate, cholate, or monohydrogen phosphate— 
with chloride and bromide being the most effective activa- 
tors. AMY in human serum has a moderately sharp pH 
optimum at 6.9 to 7.0. 

AMYs normally occurring in human plasma are small 
molecules with molecular weights varying from 54,000 to 
62,000. The enzyme is thus small enough to pass through 
the glomeruli of the kidneys, and AMY is the only plasma 
enzyme normally found in urine. AMY is present in a 
number of organs and tissues.”” The greatest concentration 
is present in the salivary glands, which secrete a potent AMY 
(S-type) to initiate hydrolysis of starches while the food is 
still in the mouth and esophagus. The action of the S-AMY, 
once referred to as ptyalin, is terminated by acid in the 
stomach. In the pancreas, the enzyme (P-type) is synthesized 
by the acinar cells and then secreted into the intestinal tract 
by way of the pancreatic duct system. In the intestinal tract, 
effective action of pancreatic and intestinal AMY is favored 
by the mildly alkaline conditions in the duodenum. Intes- 
tinal maltase then further hydrolyzes maltose to glucose. 
AMY activity is also found in extracts from semen, testes, 
ovaries, fallopian tubes, striated muscle, lungs, and adipose 
tissue. The enzyme is also found in colostrum, tears, and 
milk. Some tumors of lung and ovary may also contain 
considerable AMY activity. The enzyme found in urine is 
derived from the plasma. Ascitic and pleural fluids may 
contain AMY as a result of the presence of a tumor or 
pancreatitis. 

The enzyme present in normal serum and urine is 
predominantly of pancreatic (P-AMY) and salivary gland 
{S-AMY) origin. These isoenzymes are products of two 
closely linked loci on chromosome 1, AMY isoenzymes 
also undergo posttranslational modification of deamidation, 
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glycosylation, and deglycosylation to form a number of iso- 
forms. Indeed, nonenzymic deamidation appears to be the 
mechanism for “aging” that occurs when AMY is sequestered 
(e.g., pancreatic pseudocysts) or subjected to prolonged in 
vitro storage. Although P-AMY is not glycosylated, S-AMY 
may exist in both glycosylated and deglycosylated forms; 
these isoforms can be separated in both serum and urine 
using isoelectric focusing or electrophoresis. 


Clinical Significance 

Blood AMY activity is normally low and constant and greatly 
increases in acute pancreatitis and salivary gland inflamma- 
tion. In acute pancreatitis, a rise in serum AMY activity 
occurs within 5 to 8 hours of symptom onset; activities 
return to normal by the third or fourth day. A fourfold to 
sixfold elevation in AMY activity above the upper reference 
limit is usual, with maximal concentrations attained in 12 to 
72 hours. The magnitude of the elevation of serum enzyme 
activity is not related to the severity of pancreatic involve- 
ment; however, the greater the rise, the greater the probabil- 
ity of acute pancreatitis. A portion of the clearance of AMY 
from the circulation is via renal excretion into the urine, and 
increased serum activity is reflected in an increase of urinary 
AMY activity. As compared with serum AMY, urine AMY 
reaches higher concentrations and persists for longer 
periods. The clinical specificity of AMY for the diagnosis of 
acute pancreatitis is, however, low (20% to 60%, depending 
on the mix of the patient population studied) since increased 
values are also found in a number of acute intraabdominal 
disorders and in several extrapancreatic conditions (Table 
21-4). 

Biliary tract diseases, such as cholecystitis, cause up to 
fourfold elevations of the serum AMY activity as a result of 
either primary or secondary pancreatic involvement. Various 
intraabdominal events can lead to a significant increase in 
serum AMY activities up to a fourfold elevation and some- 
times beyond. Such increases may be due to leakage of the 
P-AMY from the intestine into the peritoneal cavity and then 
into the circulation, Peritonitis and acute appendicitis 
have been reported to produce a slight elevation (up to two- 
fold and threefold) of serum AMY activity. Serum AMY is 
normal in most patients with ectopic pregnancies, but 
increases have been seen in advanced cases of ruptured 
ectopic pregnancy. 

In renal insufficiency the serum AMY activity is increased 
in proportion to the extent of renal impairment (usually, no 
more than five times the upper reference limit). Hyperamy- 
Jasemia also occurs in neoplastic diseases. Tumors of the lung 
and serous and mixed (serous and mucinous) carcinomas of 
the ovary can produce hyperamylasemia (with an S-type 
isoenzyme mobility) with elevations as high as 50 times the 
upper reference limit. Salivary gland lesions caused by infec- 
tion, irradiation, obstruction, surgery, and tumor have all 
been reported as producing a significant S-type hyperamy- 
lasemia. Postoperative hyperamylasemia occurs in about 20% 
of all patients subjected to a wide variety of surgical interven- 


tions, including extraabdominal procedures. Increases of 
about four times the upper reference limit are found in as 
many as 80% of patients with diabetic ketoacidosis. In acute 
alcoholic intoxication, about 10% of subjects have a threefold 
elevation. Finally, a wide variety of drugs must always be 
considered as possible causes of hyperamylasemia. 

Macroamylases are sometimes present in sera and may 
cause hyperamylasemia; these are complexes between 
ordinary AMY (usually S-type) and IgG or IgA. These 
macroamylases cannot be filtered through the glomeruli 
of the kidneys because of their large size (greater than 
MW 200,000) and are thus retained in the plasma where 
their presence may increase AMY activity some twofold to 
eightfold above the upper reference limit. No clinical symp- 
toms are associated with this disorder, but some of these 
cases have been detected during investigation of abdominal 
pain. 

The lack of specificity of total AMY measurement has led 
to the interest in the direct measurement of P-AMY instead 
of total enzyme activity for the differential diagnosis of 
patients with acute abdominal pain. By applying the best 
decision limit (i.e., an activity equal to threefold the upper 
reference limit), the clinical specificity of P-AMY for the 
diagnosis of acute pancreatitis was greater than 90%." The 


TABLE 21-4 Causes of Hyperamylasemia 


Pancreatitis, any. cause (P- na 
‘Pancreatic trauma {(P-AMY Phere ii 
ms Biliary tract: disease (P-AMY1).... 

¿Intestinal obstruction. (P- AMYÎ) 7 
<: Mesenteric infarction (P-AMY M) =; 
Perforated :peptic ulcer (P-AMYT). 
= Gastritis, duodenitis (P-AMY Die 
Ruptured aortic aneurysm 
Acute appendicitis ` 

=i Peritonitis 
Trauma pa tears 
Ectopic, aa tubal p pregnancy 
ees (SSAMYP) 0. 
i salpingitis (S- AMY) © 
Ovarian malignancy (S- AMYT) 
‘Renal insufficiency (Mixed) 
Salivary gland lesions (S- AMYT) 
Acute alcoholic abuse (S-AMY1). 
= Diabetic ketoacidosis (S- -AMYT) 


‘pancreatitis. 


Genitourinary: 
disease 


Miscellaneous: 


rdiac surgery. (S- AMYT) 


Tumors. (usually S-AMY Ñ) 
Drugs (usually S-AMY Ds, 


“Predominant isoenzyme type is shown in parentheses: P-AMY, 
pancreatic; S-AMY, salivary; Mixed, either or both isoenzymes may be 
present. 
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sensitivity in late detection of this condition is also notably 
improved with P-AMY. P-AMY values remain elevated in 
80% of patients with uncomplicated pancreatitis 1 week 
after onset, when only 30% still show increased total 
AMY activity.’ This long-standing increase in P-AMY 
activity in serum also makes redundant the traditional 
measurement of total AMY in urine, a test performed to 
achieve a better diagnostic sensitivity in the late phase of 
pancreatitis. 

A decreased P-AMY activity in serum (less than the lower 
reference limit) identifies with high specificity patients with 
exocrine pancreatic insufficiency and steatorrhea and can 
make intubation tests for pancreatic function unnecessary. 
If, however, P-AMY is normal, a reduced pancreatic function 
cannot be excluded. ™ 


Methods for the Determination of a-Amylase Activity” 
Historically, saccharogenic, amyloclastic, and chromolytic 
starch methods were the assays of choice for determining 
AMY activity. These assays are now completely displaced in 
favor of ones with well-defined substrates with shorter glu- 
cosyl chains. The use of defined AMY substrates and auxil- 
iary and indicator enzymes in the AMY assay has improved. 
the reaction stoichiometry and has led to more controlled 
and consistent hydrolysis conditions. Substrates used include 
small oligosaccharides and 4-nitrophenyl (4-NP)-glycoside 
substrates. 

When hydrolyzed by AMY, small oligosaccharides sub- 
strates have been found to give better-defined products than 
do starches. For example, both maltopentaose and malto- 
tetraose show good stability, consistent hydrolysis products, 
and unambiguous reaction stoichiometry. Several variations 
of the reaction rate formulation have been devised. For 
example, the detection of glucose can be achieved by the 
hexokinase (EC 2.7.1,1) reaction: 


a-amylase . 
Maltopentaose ——————» maltotriose + maltose 


a-glucosidase 


Maltotriose + maltose 5 glucose 


Hexokinase 


Glucose + ATP G-6-P + ADP 


G-6-P dehydrogenase 
rs 


G-6-P + NAD® 6-P-gluconolactone 


+ NADH + H® 


Maltose generation is detected by the maltose phosphorylase 
(EC 2.4.1.8) reaction, which avoids interference by the endo- 
genous glucose of the sample. 

Maltotetraose has also been used as a substrate in the 
following reaction scheme: 


o-amylase 


Maitatetraase. 2 maltose 


Maltose phosphorylase 
Maltose + P, ——____~™ glucose + glucose-1-P 


B-Phosphoglucomutase 


Glucose-1-P Glucose-6-P 


G-6-P dehydrogenase 


G-6-P + NAD® 6-P-gluconolactone 


+ NADH + H® 


With this method, for each bond hydrolyzed by AMY, two 
molecules of NADH are produced. This holds true only if 
neither glucose nor maltotriose is produced by the action of 
AMY. Later work has shown that these products are present 
in the reaction mixture in significant quantities. Thus the 
assay underestimates AMY activity. 

4-NP-glycoside substrates are prepared by bonding 
4-NP to the reducing end of a defined oligosaccharide. If 
the oligosaccharide is maltoheptaose (G7), the substrate is 
then 4-NP-G7, AMY splits this substrate to produce free 
oligosaccharides (G5, G4, and G3) and 4-NP-G2 (9%), 
4-NP-G3 (31%), and 4-NP-G4 (60%). P-AMY hydrolyzes 
the substrate at a greater rate than does S-AMY in the ratio 
18:1: 


amylase 
4-NP-(glucose)7 —~—-— > 4-NP-(giucose)4 3,2 + (glucose)s 4,3 


O-glucosidase 


4-NP-(glucose)4 3.9 4-NP-(glucose)4 


+ x-glucose + NP 


G6, Gl, 4-NP-G6, and 4-NP-G5 are not produced in 
appreciable quantities. In the original assay, the result of the 
combined hydrolysis by AMY in the specimen and by the 
reagent o.-glucosidase (EC 3.2.1.20; maltase) is that more 
than 30% of the product is free NP. The free NP is detected 
by its absorbance at 405nm. &-Glucosidase does not react 
with any oligosaccharide containing more than four glucose 
molecules in the chain; G4 is hydrolyzed only very slowly.’ 
Problems arose with the use of the 4-NP-glycoside assay 
with regard to the poor stability of the reconstituted assay 
mixture because of the slow hydrolysis of the 4-NP-glycoside 
by a-glucosidase. This effect has been reduced by covalently 
linking a “blocking” group, e.g., a 4,6-ethylidene group 
(ethylidene-protected substrate [EPS]), to the nonreducing 
end of the molecule. The blocked substrate also shows a dif- 
ferent and more advantageous hydrolysis pattern. Thus the 
ethylidene-4-NP-G7 substrate fragments approximately 
as 4-NP-G2 (40%), 4-NP-G3 (40%), and 4-NP-G4 (20%). 
Therefore liberation of 4-NP is increased; however, the reac- 
tion rate is reduced in proportion, so these two effects com- 
pensate for each other.” A novel-type a-glucosidase is 
available (recombinant enzyme AGH-211 from Toyobo 
Co., Japan) that completely hydrolyzes nitrophenylated 
substrates. As a result, the cleavage of one o-glucosidic 


Chapter 21 Enzymes 619 


linkage by AMY results in the release of one molecule 
of 4-NP. IFCC has optimized this method at 37 °C, deciding 
to recommend it as a reference measurement procedure 
for AMY.” 

An alternative method based on the 2-chloro-p- 
nitrophenol (CNP) indicator uses 2-chloro-p-nitrophenyl- 
O-pD-maltotrioside (CNP-G3) as a substrate: 


LOCNP — G3 —2oamvl8s®_» 9 CNP + ICNP — G2 
+ 9 maltotriose + 1 glucose 


This assay does not require glucosidases and is considered 
a “direct” assay. Its disadvantages have been stated to include 
its low substrate conversion rate compared with G4, G5, and 
G7 assays; the variation in molar absorptivity of CNP asso- 
ciated with changes in pH, temperature, and protein content; 
and the presence of the activator, potassium thiocyanate, 
causing allosteric changes to AMY and precluding the use of 
antibodies for P-AMY determination.” 

With the exception of heparin, all common anticoagu- 
lants inhibit AMY activity because they chelate Ca” citrate, 
EDTA, and oxalate inhibit it by as much as 15%. Therefore, 
AMY assays should be performed only on serum or 
heparinized plasma. AMY is quite stable; activity is fully 
retained during storage for 4 days at room temperature, 2 
weeks at +4 °C, 1 year at —25 °C, and 5 years at —75 °C. 


Reference Interval 


Reference intervals for AMY are method dependent. Using 
the IFCC recommended method at 37 °C, the serum 
reference interval was 28 to 100 U/L.” 


Analytical Methods and Reference Intervals for 
Amylase Isoenzymes 


Methods for AMY isoenzymes based on electrophoresis, 
ion-exchange chromatography, isoelectric focusing, selective 
inhibition of the S-AMY by a wheat germ inhibitor, 
immunoprecipitation by a monoclonal antibody, and 
immunoinhibition have been introduced. However, only the 
methods based on the selective isoenzyme inhibition by 
monoclonal antibodies have shown sufficient precision, reli- 
ability, practicability, and analytical speed to allow the intro- 
duction of the P-AMY determination in clinical practice. 

A double monoclonal antibody assay is commercially 
available that uses the synergistic action of two immunoin- 
hibitory monoclonal antibodies to S-AMY. After the S-AMY 
activity is inhibited by the addition of the antibodies, the 
uninhibited P-AMY activity is measured using EPS-4-NP- 
G7 as a substrate.’ The test has been the object of a number 
of evaluations that have described its characteristics, such as 
practicability even in emergency conditions, possibility of 
full automation, and high specificity for P-AMY.'* False- 
positive P-AMY results have been reported in subjects with 
macroamylasemia, in whom the immunoglobulin com- 
plexed to AMY forms diminishes or voids the ability of 
monoclonal antibodies included in the test to efficiently 
inhibit S-AMY. 


Figure 21-6 Cellulose acetate electrophoresis of amylase 
isoenzymes. M, Macroamylasemia; P/S, mixture of two samples 
containing, respectively, pancreatic juice and saliva; S, saliva. The 
anodal direction is downward. 


Upon electrophoresis, macro-AMY usually forms a broad 
migrating band, clearly different from the homogeneous 
bands that are produced by AMY isoenzymes present in 
serum (Figure 21-6). If electrophoretic separation is not 
available, precipitation of the macrocomplex by a polyethyl- 
ene glycol (PEG) 6000 solution (240 g/L) represents a good 
alternative. Residual AMY activity of less than 30% in the 
supernatant is indicative of macroamylasemia.”” 

In normal adults, P-AMY represents approximately 40% 
to 50% of the total enzymatic activity in serum. Using the 
immunoinhibition method at 37 °C, the reference interval 
for P-AMY activity in sera from adults was 13 to 53 U/L.” 
After birth, serum S-AMY activity increases steadily with age 
and reaches normal adult values at 2 years of age. Serum 
P-AMY activity is not demonstrable in most children 
younger than 6 months, but activity rises slowly thereafter to 
reach adult levels at 5 years of age, reflecting the postnatal 
development of exocrine pancreatic function (Figure 21-7). 


LIPASE 
Human lipase (EC 3.1.1.3; triacylglycerol acylhydrolase; 
LPS) is a single-chain glycoprotein with a molecular weight 
of 48,000 and an isoelectric point of about 5.8. The LPS gene 
resides on chromosome 10. LPS concentration in the pan- 
creas is about 5000-fold greater than in other tissues, and the 
concentration gradient between pancreas and serum is 
~20,000-fold.'*’ For full catalytic activity and greatest speci- 
ficity, the presence of bile salts and a cofactor called colipase, 
which is secreted by the pancreas, is required. Human LPS 
can also be fully activated in vitro by colipases from other 
species (e.g, porcine colipase); this property is used in 
analytical formulations of the LPS assay." 

Lipases are defined as enzymes that hydrolyze glycerol 
esters of long-chain fatty acids. Only the ester bonds at 
carbons 1 and 3 (c-positions) are attacked, and the products 
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Figure 21-7 Activity values of pancreatic amylase 


compared with distribution in healthy adults. 


of the reaction are 2mol of fatty acids and 1mol of 2- 
acylglycerol (B-monoglyceride) per mole of substrate. The 
latter is resistant to hydrolysis, probably because of steric 
hindrance, but it can spontaneously isomerize to the o-form 
(3-acylglycerol). This isomerization permits the third fatty 
acid to be split off but at a much slower rate. A scheme for 
the steps in the complete hydrolysis of a molecule of trigly- 
ceride to glycerol and three fatty acids is: 


H)C—OFA(1) 

HC—OFA(2) re HC_OFAQ) ae HC—OPAQ) 
2) 2 

HjC—OFAQG) oyo HC—OFAG) oyo COH 


Triglyceride a, ß-Diglyceride B-Monoglyceride 
+ FA(1)OH + FA(3)OH 
(Fatty acid I) (Fatty acid HI) 
H,C—OH H,C—OH Tsomerization 
He—on «ee abon 
t e.g 
H C—OH on® H,C—OFA(2) 
Glycerol &-Monoglyceride 
+ FAQ)OH 
(Fatty acid I) 


LPS acts only when the substrate is present in an emulsi- 
fied form at the interface between water and the substrate. 
The rate of LPS action depends on the surface area of the 
dispersed substrate. Bile acids ensure that the surface of the 
dispersed substrate remains free of other proteins, including 
lipolytic enzymes, by lining the surface of the insoluble sub- 
strate and the aqueous medium. LPS seems to gain access to 
the substrate surface in the following manner: Colipase 
attaches to a micelle of bile salts, thus forming a colipase—bile 
salt complex that reconfigures the structure of colipase with 
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the exposure of a site with high affinity and high specificity 
for LPS, which therefore attracts LPS and anchors it to the 
substrate surface, allowing enzyme action to proceed.” 

Most of the LPS activity found in serum derives from the 
pancreas, but some is also secreted by the lingual salivary 
glands and gastric, pulmonary, and intestinal mucosa. LPS is 
a small enough molecule to be filtered through the glomeru- 
lus. It is totally reabsorbed by the renal tubules, and it is not 
normally detected in urine. Evidence suggests that pancre- 
atic LPS may exist in at least two isoforms, although the exact 
nature of these is unknown.” The complete absence of LPS 
has been reported. Such congenital absence results in fat 
malabsorption and severe steatorrhea. 


Clinical Significance 

LPS measurement on serum is used to diagnose acute pan- 
creatitis. The clinical sensitivity is 80% to 100% depending 
upon the selected diagnostic cutoff. The clinical specificity is 
80% to 100% depending upon the mix of patient popula- 
tion studied, After an attack of acute pancreatitis, serum LPS 
activity increases within 4 to 8 hours, peaks at about 24 
hours, and decreases within 8 to 14 days. Concentrations 
often remain elevated longer than those of AMY do. Eleva- 
tions between 2 and 50 times the upper reference limit have 
been reported. The increase in serum LPS activity is not nec- 
essarily proportional to the severity of the attack.’ 

Acute pancreatitis is sometimes difficult to diagnose 
because it must be differentiated from other acute intraab- 
dominal disorders with similar clinical findings, such as 
perforated gastric or duodenal ulcer, intestinal obstruction, 
or mesenteric vascular obstruction. In differential diagnosis, 
elevation of serum LPS activity greater than 5 times the 
upper reference limit is a more specific diagnostic finding 
than increases in serum AMY activity." 
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Obstruction of the pancreatic duct by a calculus or by car- 
cinoma of the pancreas may increase serum LPS activity, 
depending on the location of the obstruction and the 
amount of remaining functioning tissue. In patients with a 
reduced glomerular filtration rate, the serum LPS activity is 
increased. Thus care should be exercised in the interpreta- 
tion of elevated serum LPS values in the presence of renal 
disease. Finally, investigation of the biliary tract by endo- 
scopic retrograde pancreatography or treatment with opiates 
(which causes the sphincter of Oddi to contract) ‘may 
increase serum LPS activity. 


Methods for Measuring Lipase Activity 


Many LPS methods have been described; they have used 
both triglyceride and nontriglyceride substrates and titri- 
metric, turbidimetric, spectrophotometric, fluorometric, 
and immunological techniques.. In general, long-chain 
triglyceride (and some diglyceride) substrates have demon- 
strated a correlation of results with the clinical state that is 
superior to that with methods using other substrates.” 

In titrimetric methods, LPS catalyzes the hydrolysis of 
fatty acids from an emulsion of olive oil or oleic acid. The fatty 
acids liberated are titrated with dilute alkali. Kinetic versions 
use an automated potentiometric titrator (an instrument 
commonly referred to as a “pH-stat”). The amount of alkali 
used is recorded as a function of time and serves as a measure 
of fatty acid produced during the reaction. This method has 
been proposed as reference measurement procedure, useful in 
the evaluation of new LPS methods.® 

In the turbidimetric method, LPS catalyzes the hydroly- 
sis of fatty acids from an emulsion of oleic acid with a simul- 
taneous decrease in the turbidity of the reaction mixture. 
Absorbance at 340 nm is read and the AA/min is taken as a 
measure of LPS activity. This method requires the use of a 
LPS calibrator. Turbidities have occasionally been observed 
to increase rather than to decrease during the reaction 
period. Such increases have frequently been observed in 
specimens containing rheumatoid factor. The method lin- 
earity (~3 times the upper reference limit) is limited, with 
many clinical samples needing to be diluted. The upper ref- 
erence limit at 30°C was reported to be 150 U/L. 

A number of substrates and complex auxiliary and indi- 
cator systems are used in spectrophotometric methods, In 
the Ortho Diagnostics Vitros spectrophotometric reaction 
rate LPS slide method, the (synthetic) substrate is 1-oleoyi- 
2,3-diacetylglycerol and the emulsifier dodecylbenzene sul- 
fonate. LPS activity is measured by a complex auxiliary and 
indicator enzyme system to produce a colored dye detectable 
at 540nm. However, the substrate is likely to be more spe- 
cific for intestinal than pancreatic LPS and may be subject 
to interference by postheparin lipase and pancreatic car- 
boxylesterase.""" An upper reference limit of 200U/L at 
30 °C has been reported. 

In the enzymatic reaction rate diglyceride assay for LPS, 
the following sequence of indicator and auxiliary enzymes is 
used: 


Pancreatic lipase 
n Colipase 
1,2-Diacyigiycerol + H.Q ————- 2. monoacylgtycerot + fatty acid 
pHS7 


Monoglyceride lipase 
oe 


2-monaacylgtycerol + H20 glycerol + fatty acid 


Glycerol kinase 


Glycerot + ATP L-o-glycerophospate + ADP 


L-@-gtycerophaspate kinase 
OO TTT 


L-o-glycerophospate + Oz dikydroxyacetone phosphate + H0, 


Peroxidase 
———— 


2 H20; + 4-aminoantipyrine + TOOS quinonediimine dye {colored) + 2 HO 


TOOS is sodium N-ethyl-N-(2-hydroxyl-3-sulfopropyl)- 
m-toluidine, and its oxidation produces an intensely colored 
dye detectable at 550nm. The suggested upper reference 
limit is 45 U/L at 37 °C. 

A new synthetic substrate (1,2-O-dilauryl-rac-glycero-3- 
glutaric acid-(4-methyl-resorufin)-ester), consisting of two 
glycerol ether and one ester bonds, has been proposed. 
LPS hydrolyze the latter bond in an alkaline medium to 
an unstable dicarbonic acid ester that spontaneously 
hydrolyzes to yield glutaric acid and methylresorufin; this 
is a bluish-purple chromophore with peak absorption at 
580 nm. 


oO oO 


ee: i 
"d N, 

Ms ce O. O. O 
HÈ—OFAO) N 


H2C—OFA(3) 


1,2-0-Dilauryl-rac-głycero-3-glutaric acid- 
(4 methyl-resorufin)-ester Lipase 


o 


o 
CH, 
gA nha i i 0 
H,C—OH CI , 
k + n” 


HC—OFA(2) 
HoC—OFAG) 


Spontaneous OH 


CH3 
PE. & o o 
+ 
&- ~P IE P 
N 


Giutarate 
Red, A= 580 nm 


The rate of methylresorufin formation is directly propor- 
tional to the LPS activity of the sample. The upper reference 
limit is 38 UL at 37 °C. 

LPS activity in serum is stable at room temperature for 1 
week; sera may be stored for 3 weeks in the refrigerator and 
for several years if frozen. 5 
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TRYPSIN 


Trypsin (EC 3.4.21.4; no systematic name; TRY) is a serine 
proteinase characterized by the presence at the active site of 
serine and histidine, both of which participate in the cat- 
alytic process. TRY hydrolyzes the peptide bonds formed by 
the carboxyl groups of lysine or arginine with other amino 
acids, although esters and amides involving these amino 
acids are actually split more rapidly than peptide bonds. 

The acinar cells of the human pancreas synthesize two 
different trypsins (1 arid 2) in the form of the inactive proen- 
zymes (or zymogens), trypsinogens-1 and -2. These zymo- 
gens are stored in zymogen granules and are secreted into 
the duodenum under the stimulus of either the vagus nerve 
or the intestinal hormone cholecystokinin-pancreozymin. 
The two trypsinogens represent approximately 19% of the 
total protein in pancreatic juice; trypsinogen-1 is present at 
about fourfold the concentration of trypsinogen-2. In the 
intestinal tract, the trypsinogens are converted to the active 
enzyme TRY by the intestinal enzyme enterokinase or by 
preformed TRY {(autocatalysis).” 

TRY-1 is also described as cationic and TRY-2 as anionic 
because of their differing electrophoretic mobility; the 
cationic form predominates and is the better-documented 
enzyme, TRY-1 and TRY-2 have molecular weights of 25,800 
and 22,900 and pI values of 4.6 to 6.5 and greater than 6.5, 
respectively. TRY-2 differs from TRY-1 in that it rapidly 
undergoes autolysis at neutral or alkaline pH values and Ca” 
does not stabilize it against autolysis. Because the two 
trypsins show little immunological cross-reactivity, specific 
immunoassay of each of them is possible. 

When trypsinogens are converted to active TRY, a small 
peptide is cleaved from the N-terminal region of trypsino- 
gen (trypsinogen activation peptide or TAP), Determina- 
tions of urinary TAP seem to provide useful information on 
the severity of acute pancreatitis.” 

Materials such as soybeans, lima beans, and egg whites 
contain natural TRY inhibitors—small polypeptides such as 
O-antitrypsin (0.-1-protease inhibitor) and o,-macroglob- 
ulin—that combine irreversibly with TRY and inactivate it 
by blocking the active center. Similar nondialyzable TRY 
inhibitors are present in pancreatic juice, serum, and urine. 
These inhibitors protect plasma and other proteins against 
hydrolysis by TRY and other proteases if for some reason 
any appreciable quantity of the enzyme enters the vascular 
system. The absence of o4,-antitrypsin is associated with an 
increased tendency toward panlobular emphysema in early 
life; this example illustrates the effects of uninhibited 
proteases on organ function. 


Clinical Significance 

Trypsin-1 (Cationic Trypsin) 

In healthy individuals, free trypsinogen-1 is the major form 
found in serum. After an attack of acute pancreatitis, serum 
TRY-1 rises in parallel with serum AMY activity to peak 
values ranging from 2 to 400 times the upper reference limit. 


The distribution of the different forms of TRY-1 appears to 
be related to the type and severity of the acute pancreatitis. 
Thus in the mildest form of acute pancreatitis, 80% to 99% 
of the TRY-1 exists as free trypsinogen-1, with smaller pro- 
portions existing as bound TRY-1. In the more severe forms, 
in which mortality ranges from 20% to more than 50%, 
the proportion of free trypsinogen-1 may be as low as 30% 
of the total, with appreciable proportions existing as the 
,-antitrypsin- and o,-macroglobulin-bound TRY-1.° 

TRY-1 in serum is elevated in chronic renal failure, as is 
serum AMY. Thus renal failure must be ruled out when 
interpreting elevated concentrations. In chronic pancreatitis 
without steatorrhea, plasma concentrations of TRY-1 do not 
differ from those found in health; when steatorrhea is 
present, however, fasting concentrations are extremely low.™ 
In the relapsing phase of chronic pancreatitis, plasma TRY 
may be considerably elevated. In carcinoma of the pancreas, 
TRY concentrations may be high, normal, or even low. 

In comparison with P-AMY and LPS measurements, 
TRY-1 is a more difficult test to perform, requiring several 
hours to complete. As there is no distinct role of TRY 
estimation in the routine management of patients with 
acute pancreatitis, this test is considered of limited clinical 
value, 

In cystic fibrosis, plasma TRY concentrations have been 
reported to be high in neonates; as the disease progresses, the 
concentration falls. Dried blood specimens have been sug- 
gested for use in screening tests," 


Trypsin-2 (Anionic Trypsin) 

Serum trypsinogen-2 increases more than trypsinogen-1 
in acute pancreatitis.” Consequently, large amounts of 
trypsinogen-2 are excreted into urine. Using both quantita- 
tive immunofluorimetric assay and qualitative rapid test 
strips to measure urinary trypsinogen-2, Stenman’s group at 
the University of Helsinki showed high sensitivity and neg- 
ative predictive value for diagnosis of acute pancreatitis on 
admission to the hospital. However, the positive predictive 
value of this test is low." 

As noted above, newly formed TRY is inactivated by 
complexing with o,-antitrypsin, and assays of this serum 
complex with TRY-2 have preliminarily shown that this 
determination can be superior to that of either trypsinogen- 
2 or AMY in acute pancreatitis.“ To date, no confirmation 
of these findings has been published. 


Methods for the Determination of Trypsin 


Early studies used catalytic assays, but it was soon recognized 
that other proteolytic enzymes present in serum could also 
hydrolyze the same substrates. A major advance has been the 
development of immunoassays to quantify TRY in blood. In 
the case of TRY-1, immunoassays detect trypsinogen-1, TRY- 
1, and TRY-1-0-antitrypsin complex. They do not detect 
the TRY-1-0,-macroglobulin complex, for which different 
assays are necessary. Free TRY-1 is not usually found in 
serum; it is always complexed. 
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Commercial immunoassays are available for measure- 
ment of TRY-1. As there is no assay standardization, refer- 
ence limits are method-dependent. 

A rapid (5 minute) urinary trypsinogen-2 test strip is 
available, which is based on the use of immunochromatog- 
raphy with monoclonal antibodies. At urinary trypsinogen- 
2 concentrations greater than 50ug/L, a blue line develops 
on the strip, and the test is considered positive. 


CHYMOTRYPSIN 

Chymotrypsin (EC 3.4.21.1; no systematic name; CHY) is 
also a serine proteinase. It hydrolyzes peptide bonds involv- 
ing carboxyl groups of Trp, Leu, Tyr, or Phe, with preference 
for the aromatic residues. The specificity of CHY thus 
contrasts with that of pepsin, which splits bonds involving 
amino groups of the aromatic amino acids. CHY also 
demonstrates hydrolytic activity for other types of bonds in 
the following order: esters (especially N-substituted tyrosine 
esters) > amide > peptides.° 

The acinar cells of the human pancreas synthesize two 
different chymotrypsins (1 and 2, the latter being the major 
species) in the form of the inactive proenzymes (or zymo- 
gens), chymotrypsinogens-1 and -2. These zymogens are 
stored in granules and are secreted like trypsinogen into the 
pancreatic duct. In the intestinal tract, the chymotrypsino- 
gens are converted to CHY by the action of TRY. CHY is 
more resistant than TRY to degradation in the intestine; it is 
therefore the enzyme of choice for assay in feces. 

CHY-1 is also described as anionic and CHY-2 as cationic 
because of their differing electrophoretic mobility; the 
cationic form predominates. The molecular weight of both 
forms is approximately 25,000. There is close immunological 
similarity between the chymotrypsins and chymotrypsino- 
gens. CHY, like TRY, is bound in plasma by o,,-antitrypsin 
and 0tj-macroglobulin. 


Clinical Significance™ 

The major application of the assays that measure CHY activ- 
ity in stool is in the investigation of chronic pancreatic insuf- 
ficiency. CHY in feces is often reduced below the lower 
reference limit in such subjects in whom steatorrhea has 
developed, but it is not useful in identifying subjects with 
early pancreatic insufficiency. (See Table 48-15.) CHY 
measurement in patients with chronic pancreatic insuf- 
ficiency treated with oral pancreatic enzyme supplements 
may indicate whether the therapy is adequate or whether 
increased supplementation is necessary. 


Methods for the Determination of Chymotrypsin 

in Feces 

Synthetic substrates are commonly used for this application. 
A sensitive kinetic assay has been developed that uses 
succ-ala-ala-pro-phe-4-nitroanilide as a substrate, and 
made commercially available. Prior treatment of the stool 
specimen with detergent to release particle-bound CHY 
is necessary. A cheap device enables a small stool sample to 


be homogenized, extracted, and centrifuged with minimal 
inconvenience. The extract is mixed with the substrate, 
which is hydrolyzed by CHY to produce free 4-nitroanilide, 
measured photometrically at 405 nm. 

CHY activity in stool remains constant at room temper- 
ature for up to 7 days. 


Reference Interval 


The lower reference limit of fecal CHY activity, measured at 
37 °C, was found to be 12 U/g stool.'"” 


ELASTASE-1] 

Human elastase-1 (EC 3.4,21.36; no systematic name; El) is 
an anionic protease belonging to the family of serine pro- 
teases. It is a carboxyendopeptidase that catalyzes hydrolysis 
of native elastin, the major structural fibrous protein in 
connective tissue, with a special affinity for the carboxyl 
group of alanine, valine, and leucine. 

Human El is synthesized by the acinar cells of the pan- 
creas along with the other digestion enzymes, and is com- 
posed of 240 amino acids, with a MW of about 26,000. The 
enzyme is synthesized as a preproelastase. After processing 
to proelastase, it is stored in the zymogen granules and later 
it is activated to elastase by TRY in the duodenum, under- 
going minimal degradation during intestinal transit. 

Historically, any proteinases that hydrolyze elastin have 
been named elastases. The genes coding for the elastases are 
clustered on chromosome 19, and three main types of 
enzymes are known: (1) pancreatic El, (2) pancreatic elas- 
tase-2 (EC 3.4.21.71), and (3) pancreatic endopeptidase-3 
(EC 3.4.21.70), also called cholesterol-binding proteinase. 


Clinical Significance™ 

El measurement in stool is the most reliable and sensitive 
noninvasive procedure for the diagnosis of chronic pancre- 
atic insufficiency. However, such a test does not consistently 
separate mild to moderate insufficiency cases from healthy 
controls (see Table 48-15). Unlike fecal CHY, E1 provides no 
information helpful to the therapeutic management of the 
patient. 


Methods for the Determination of Elastase-1 in Feces 
An ELISA method in a microplate sandwich format is 
commercially available to measure El mass concentrations 
in stool samples. 

The enzyme has been found to be stable in stool samples 
for up to 1 week at room temperature. 


Reference Interval 


The lower reference limit of fecal El concentration was 
found to be 200 ug/g stool. 


BONE ENZYMES 


Bone enzymes are direct products of active osteoblasts (bone 
ALP) and osteoclasts (tartrate-resistant acid phosphatase). 
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ALKALINE PHOSPHATASE (BONE ISOFORM) 


Bone, liver, and kidney isoforms of ALP are posttranslational 
modifications of the same gene product and are identified 
by their unique carbohydrate content (see Fig. 21-4). They 
have been described above in the section on liver enzymes. 
Bone ALP is produced by the osteoblast and has been 
demonstrated in matrix vesicles deposited as “buds” derived 
from the cell’s membrane. The enzyme is therefore an excel- 
lent indicator of global bone formation activity. 


Clinical Significance in Bone Disease 

Among the bone diseases, the highest concentrations of bone 
ALP are encountered in Paget’s disease (osteitis deformans) 
as a result of the action of the osteoblastic cells as they try 
to rebuild bone that is being resorbed by the uncontrolled 
activity of osteoclasts. Values from 10 to 25 times the upper 
reference limit are not unusual, and in broad terms the 
increase reflects the extent of disease. In vitamin D deficiency 
(osteomalacia and rickets), concentrations two to four times 
normal may be observed, and these fall slowly to normal on 
treatment. Primary hyperparathyroidism and secondary 
hyperparathyroidism are associated with slight to moderate 
elevations of bone ALP in serum, the existence and degree 
of elevation reflecting the presence and extent of skeletal 
involvement. Very high enzyme concentrations are present 
in patients with osteogenic bone cancer. Concentrations can 
be slightly increased in osteoporosis, but osteoporotic indi- 
viduals are not clearly distinguished from age-matched 
controls. Transient elevations may be found during healing 
of bone fractures, Physiological bone growth increases bone 
ALP in serum, and this accounts for the fact that in the sera 
of growing children, enzyme concentration is 1.5 to 7 times 
that in healthy adult serum, the maximum being earlier in 
girls than in boys. 


Methods for the Determination of Bone Alkaline 
Phosphatase 


In general, separation of tissue-nonspecific ALP forms (i.e., 
bone and liver) is difficult because of structural similarity. 
Bone ALP in serum can be measured by heat inactivation 
(a poor method), lectin precipitation, and immunochemical 
and electrophoretic methods (see the section on liver enzymes). 

Immunoassays for bone ALP, which measure either 
enzyme activity or mass, are commercially available; cross- 
reactivity with liver isoform however, has been established: 
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This general limitation should be borne in mind when inter- 
preting test results. 

With the use of immunoassays measuring bone ALP 
concentrations, the enzyme is said to be stable at —20 °C for 
2 years. 


Reference Intervals 


Using the electrophoretic procedure, the reference interval 
for bone ALP activity in healthy adults is 10 to 50U/L.’* 
Mean (SD) bone ALP concentrations, determined by 
immunoassays in healthy adults, were 13 ug/L.” 


ACID PHOSPHATASE (TARTRATE-RESISTANT) 


Under the name of acid phosphatase (EC 3.1.3.2; orthophos- 
phoric-monoester phosphohydrolase [acid optimum]; ACP) 
are included all phosphatases with optimal activity below a 
pH of 7.0. 

ACP is present in lysosomes, which are organelles present 
in all cells with the possible exception of erythrocytes. Extra 
lysosomal ACPs are also present in many cells. The greatest 
concentrations of ACP activity occur in prostate, bone 
(osteoclasts), spleen, platelets, and erythrocytes. The lysoso- 
mal and prostatic enzymes are strongly inhibited by dextro- 
rotatory tartrate ions, whereas the erythrocyte and bone 
isoenzymes are not. The majority of the normally low ACP 
activity of (unhemolyzed) serum is of a tartrate-resistant 
type (TR-ACP) and probably originates mainly in osteo- 
clasts. Activities of this fraction are increased physiologically 
in growing children and pathologically in conditions of 
increased osteolysis and bone remodeling.” 

At least four ACP-determining genes have been identified 
and mapped. The erythrocyte ACP gene is located on chro- 
mosome 2 and is polymorphic, and a further gene on chro- 
mosome 19 encodes the TR-ACP expressed in osteoclasts 
and other tissue macrophages, such as alveolar macrophages 
and Kupffer cells (type 5 ACP). Type 5b has been proposed 
as a specific and sensitive marker of osteoclastic activity. The 
genes encoding the tartrate-inhibited lysosomal and prosta- 
tic ACPs, mapped to chromosomes 11 and 13 respectively, 
exhibit considerable homology.’ 

The ACPs are unstable, especially at temperatures above 
37 °C and at pH above 7.0. Some of the enzyme forms in 
serum are particularly labile, and more than 30% of the 
ACP activity may be lost in 3 hours at room temperature. 
Acidification of the serum specimen to a pH below 6.5 aids 
in stabilizing the enzyme activity. 


Clinical Significance 

Slight or moderate elevations in serum TR-ACP activity often 
occur in Paget’s disease, in hyperparathyroidism with skeletal 
involvement, and in the presence of malignant invasion of the 
bones by cancers, such as breast cancer in women. Increased 
concentrations of the osteoclast-derived ACP are also present 
in serum in osteoclastoma (giant-cell tumor), an osteoclastic 
neoplasm, and in osteopetrosis (marble bone disease) in 
which the osteoclasts fail to resorb bone. High concentrations 
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of TR-ACP in serum of these patients reflect increased osteo- 
clastic activity, whether appropriate as in normal bone 
growth, or damaging as in osteopetrosis. This isoenzyme is 
therefore a potentially useful marker of conditions with a 
marked osteolytic component. However, TR-ACP appears to 
show relatively small dynamic changes in comparison with 
other markers of bone resorption, e.g. those related to type I 
collagen metabolism. This may be attributable to the fact that 
the enzyme is released into the sealed osteoclast microenvi- 
ronment, rather than directly into circulation. 

The only nonbone condition in which elevated activities 
of TR-ACP are found in serum is Gaucher’s disease of spleen, 
a lysosomal storage disorder. Its source in this disease is the 
abnormal macrophages in spleen and other tissues, which 
overexpress this normal macrophage constituent. The hairy 
cells of hairy-cell leukemia (leukemic reticuloendotheliosis) 
also express the osteoclast-type ACP, providing a useful his- 
tological marker. However, in this condition, the isoenzyme 
does not enter the plasma in increased amounts. 

Although once widely used to detect or monitor carcinoma 
of the prostate, determination of ACP (tartrate-inhibited) 
activity in serum is now rarely used for this purpose. It has 
been replaced by prostate-specific antigen (PSA). 


Methods for the Determination of Tartrate-Resistant 
Acid Phosphatase 

Continuous-monitoring methods for assay of TR-ACP activ- 
ity are based on the principle introduced by Hillmann in 
which o-naphthol released from its phosphate ester forms 
a colored product with the stabilized diazonium salt of 
2-amino-5-chlorotoluene-1,5-naphthalene disulfonate (Fast 
Red TR).’ The introduction of alcohols, such as 1,5-pen- 
tanediol, accelerates the reaction and increases sensitivity 
by acting as phosphate acceptors in transfer reactions. 
The addition of sodium tartrate inhibits the sensitive isoen- 
zymes (i.e. prostatic and lysosomal ACPs) if they are present 
in the sample. 

Immunological methods based on antibodies raised 
against TR-ACP have been described. A recently introduced 
method uses a monoclonal antibody to bind serum TR-ACP 
in a solid-phase format. After the capture, osteoclastic 
enzyme is specifically determined by measuring its activity 
at pH 6.1. 

Serum should be immediately separated from erythro- 
cytes and stabilized by the addition of 50 UL of acetic acid (5 
mol/L) per milliliter of serum to lower the pH to 5.4, at 
which the enzyme is stable. Under these conditions, TR-ACP 
activity is maintained at room temperature for several hours, 
for up to a week if the serum is refrigerated, and for 4 months 
if stored at -20 °C. Hemolyzed serum specimens are con- 
taminated with considerable amounts of the erythrocyte 
tartrate-resistant isoenzyme and should be rejected. 


Reference Intervals 
In the sera of healthy adults, the reference interval for TR- 


ACP activity, measured at 37 °C, is 1.5 to 4.5 U/L. Children 
show higher TR-ACP activities (3.4 to 9.0 U/L). 


RED CELL ENZYMES 


Erythrocytes perform a variety of functions, the most 
important being the binding, transport, and delivery of 
oxygen to all tissues. To do so, they must be capable of 
passage through microcapillaries, which is achieved by mod- 
ifications of the erythrocyte’s biconcave shape. This is possi- 
ble because, unlike most other cells in the body, human 
erythrocytes lose the nucleus and organelles before entering 
the circulation from the marrow. In addition, remaining 
RNA in the reticulocyte is lost within the first 2 days in cir- 
culation, thereby making further protein synthesis no longer 
possible. 

Normal human red cells survive in the circulation for 
approximately 120 days, using energy to maintain the elec- 
trolyte gradient between plasma and red cell cytoplasm and 
to keep hemoglobin and the sulfhydryl groups of the red cell 
enzymes and membrane proteins in the reduced state. 
Because of the absence of a nucleus and mitochondria, the 
red cell is incapable of generating energy via the (oxidative) 
Krebs cycle and depends mainly on the anaerobic 
conversion of glucose by the Embden-Meyerhof pathway 
(EMP or direct glycolytic pathway) and the oxidative hexose 
monophosphate pathway (HMP or pentose phosphate 
shunt) (Figure 21-8). Numerous red cell enzymes are 
involved in these pathways, thereby providing the cell with 
the necessary moles of ATP. 

Deficiencies of any of these red cell enzymes may result 
in impaired ATP generation and consequently loss of func- 
tion of the erythrocyte. By far the majority of these disor- 
ders are hereditary in nature, although acquired deficiencies 
have been described, mainly in malignant disorders involv- 
ing the bone marrow. Hereditary enzymatic defects in these 
pathways disturb the erythrocyte’s integrity, shorten its 
cellular survival, and produce chronic nonspherocytic 
hemolytic anemia (CNSHA). Deficiencies of some enzymes, 
however, do not lead to chronic hemolytic anemia, but to 
acute episodes of severe hemolysis when there is increased 
oxidative stress on the red cell (as in some types of glucose- 
6-phosphate dehydrogenase deficiency). 

A number of these enzymes are expressed in other tissues 
as well but cause a notable deficiency predominantly in red 
blood cells because of the life span of the erythrocyte after 
the loss of protein synthesis. Once an enzyme is degraded or 
otherwise becomes nonfunctional, it cannot be replaced by 
new or other “compensating” proteins because of the lack of 
nucleus, mitochondria, ribosomes, and other cell organelles 
in mature red cells. Disorders have been described in the 
EMP, HMP, Rapoport-Luebering cycle, the glutathione 
pathway (Figure 21-9), purine-pyrimidine metabolism and 
methemoglobin reduction. 

This section describes the red cell enzymes involved in the 
metabolic pathways of clinical importance in the human red 
cell and the disorders associated with defects in these 
pathways. In addition, diagnostic strategies and pitfalls of 
laboratory diagnostics for these enzyme deficiencies will 
be explained. The laboratory methods described have been 
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Figure 21-8 Major glycolytic pathways of the erythrocyte. Substrates are in uppercase type, and 
enzymes are in parentheses. EMP The Embden-Meyerhof pathway; HMP, hexose monophosphate 
pathway or pentose shunt; RLC, the Rapoport-Luebering cycle; ADP adenosine diphosphate; ATP. 
adenosine triphosphate; NAD*, nicotinamide-adenine dinucleotide; NADH, reduced nicotinamide- 
adenine dinucleotide; NADP*, nicotinamide-adenine dinucleotide phosphate; NADPH, reduced 
nicotinamide-adenine dinucleotide phosphate. The step from ribulose-5-phosphate, which is 
shown as being catalyzed by transketolase and transaldolase, is an abbreviation of this portion of 


the HMP, 


used now for decades and are well documented. During the 
last few years, however, molecular diagnostics has proven to 
be an indispensable tool in diagnosing hereditary red cell 
enzyme deficiencies. 


THE EMBDEN-MEYERHOF PATHWAY 

Glucose is the energy source of the red cell. In the normal 
situation (without increased “oxidative stress”), 90% of 
glucose is catabolized anaerobically to pyruvate or lactate by 


the direct glycolytic pathway or EMP. Although one mole of 
ATP is used by hexokinase and an additional mole of ATP 
by phosphofructokinase, the net gain is 2 moles of ATP per 
mole of glucose, since a total of 4 moles of ATP are formed 
per mole of glucose by phosphoglycerate kinase and pyru- 
vate kinase. In addition, reducing energy is generated in 
the form of reduced nicotinamide-adenine dinucleotide 
(NADH) in the step catalyzed by glyceraldehyde phosphate 
dehydrogenase. This reducing energy can be used to reduce 
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Figure 21-9 Interrelationship of hexose monophosphate and 


glutathione pathways. GSH, Reduced glutathione; GSSG, oxidized 
glutathione. 


methemoglobin to hemoglobin by NADH-cytochrome b5 
reductase, If this reaction takes place, the end product of the 
glycolysis is pyruvate. However, if NADH is not reoxidized 
here, it is used in reducing pyruvate to lactate by lactate 
dehydrogenase in the last step of the glycolysis. 

Although the pathway is reasonably straightforward, it is 
subjected to a complex mechanism of inhibiting and stimu- 
lating factors. Some of the enzymes involved are allosterically 
stimulated by products of the pathway (such as pyruvate 
kinase [PK] by fructose diphosphate), while others may serve 
as strong inhibitors (such as glucose 6-phosphate for hexo- 
kinase [HK}). 


Hexokinase 


Hexokinase (HK; EC 2.7.1.1) catalyzes the phosphorylation 
of glucose to glucose-6-phosphate (G6P) using ATP as a 
phosphoryl donor. The activity of HK is significantly higher 
in reticulocytes compared with mature red cells, where it is 
very low. The HK reaction is one of two rate-limiting steps 
in this pathway, the other being the phosphofructokinase 
reaction. 

In mammalian tissues, four isozymes of HK with differ- 
ent enzymatic properties exist, HK-I to HI with an M, of 
100,000kDa and HK-IV (or glucokinase) with an M, of 
50,000 kDa. HK-I to III are considered to have evolved from 
an ancestral 50kDa HK by gene duplication and fusion. 
Consequently, both the C- and N-terminal halves of HK-I to 
HK-III show extensive internal sequence similarity, but only 
in the case of HK-II was catalytic function maintained in 
both the C- and N-terminal halves. HK-I and HK-II have 
further evolved into enzymes with respectively catalytic 
(C-terminal) and regulatory (N-terminal) halves. 

HK-I is the predominant HK isozyme in tissues that 
depend strongly on glucose use for their physiological 
functioning, such as brain, muscle, and erythrocytes, HK-I 
displays unique regulatory properties in its sensitivity to 
inhibition by physiological concentrations of the product 
G6P and, moreover, relief of this inhibition by inorganic 


phosphate and by high concentrations of glucose.” In 
addition, the enzyme depends on magnesium. HK is a 
homodimer*™ and the recent determination of structures 
of human and rat HK-I has provided substantial insight 
into ligand-binding sites and subsequent modes of 
interaction. 14181» 

Erythrocytes contain a specific subtype of HK (HK-R),'” 
which is encoded by the HK-I gene (HK1), localized on chro- 
mosome 10q22 and spanning more than 100kb.* The struc- 
ture of HK1 is complex: it encompasses 25 exons that, by 
tissue-specific transcription, generate multiple transcripts by 
alternative splicing of different 5’ exons.’ Erythroid-specific 
transcriptional control results in a unique red blood cell 
(RBC)-specific mRNA that differs from HK-I mRNA at 
the 5’ untranslated region (5’-UTR) and at the first 
63 nucleotides of the coding region.’°'?”"”! Consequently, 
HK-R lacks the porin-binding domain that mediates HK-I 
binding to mitochondria.’ 

HK deficiency (OMIM 235700)* is a rare, recessively 
inherited disease with chronic nonspherocytic hemolytic 
anemia as the predominant clinical feature. The phenotypic 
expression of the disease is heterogeneous, as with most 
glycolytic red cell enzyme deficiencies. The spectrum 
ranges between severe neonatal hemolysis and death to a 
fully compensated chronic hemolytic anemia. Patients 
benefit in general from a splenectomy. Red cell morphology 
is normal. Since HK activity is dependent on red cell age, 
reticulocytosis, always present in HK-deficient patients, may 
obscure enzyme deficiency. Other age-dependent red cell 
enzymes (e.g, pyruvate kinase and/or G6PD) should be 
measured simultaneously as an internal control to assess the 
influence of reticulocyte enzyme activity. 

Seventeen families with HK deficiency have been 
described to date! and only three patients have been char- 
acterized at the DNA level.” One is presumably a 
splice site mutation, resulting in the skipping of exon 6. In 
the same patient, a leucine residue at position 529 was 
mutated into a serine, affecting enzyme stability possibly 
because of interference with G6P binding.” The second 
patient characterized had a homozygous missense mutation 
in exon 15, leading to substitution of a highly conserved 
threonine by serine at residue 680 in the enzyme’s active site 
where it interacted with phosphate moieties of ADP, ATP, 
and inhibitor G6P.” The last mutation was lethal and iden- 
tified in a fetus. A deletion of 9.5 kb of the HK gene, leading 


*OMIM stands for Online Mendelian Inheritance in Man. It is a 
World Wide Web database (http://www.ncbi.nlm.nih.gov/omim) 
developed under the auspices of the National Center for 
Biotechnology Information (NCBI). It consists of a catalog of 
human genes and genetic disorders and contains textual 
information, pictures, and reference information. It also contains 
links to NCBI’s Entre/database of MEDLINE articles and 
sequence information, Individual disorders may be found by 
entering the OMIM inuiibers into the search engine of the 
database. 
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to deletion of exons 5 to 8 of the HK gene was detected, 
resulting in a null allele.” 


Glucose Phosphate Isomerase 


G6P isomerase (GPI; EC 5.3.1.9) (also known as phospho- 
glucose isomerase [PGI]), catalyzes the interconversion of 
G6P and fructose 6-phosphate (F6P), the second step of the 
EMP. As a result of this reversible reaction, products of the 
hexose monophosphate pathway can be recycled to G6P. 
Besides being a housekeeping enzyme of glycolysis,:GPI 
exerts outside the cell cytokine properties and is involved in 
several extracellular processes.” In addition, autoantibodies 
against GPI seem to be involved in rheumatoid arthritis.'” 
GPI is a crucial enzyme, since GPI knockout mice die in the 
embryological state"?! 

Recently, the crystal structure of human GPI was resolved. 
The enzyme is a multifunctional protein composed of 
homodimers, each with a molecular mass of 63 kDa. A dimer 
of GPI is a prerequisite for catalytic activity, because the 
active site of the enzyme is composed of polypeptide chains 
from both subunits." 

The gene encoding GPI is located on chromosome 
19q13.1'* and consists of 18 exons, spanning at least 50kb, 
with a cDNA 1.9kb in length.” 

GPI deficiency (OMIM 172400) is an autosomal recessive 
disease and is, after G6PD and PK deficiencies, the third 
most common red cell enzymopathy. Homozygous or com- 
pound heterozygous patients have mild to severe chronic 
hemolytic anemia, with an enzyme activity less than 25% 
of normal. Neonatal death, hydrops fetalis, and in some 
patients neurological symptoms have been reported. Few 
patients have been described with hemolytic crises after 
oxidative stress, ™?462 Usually there is a marked reticulo- 
cytosis. Unlike for HK, the GPI activity in reticulocytes is 
only marginally higher than that of older cells. Heterozygous 
patients are hematologically normal, with an enzyme activ- 
ity of 40% to 60%. Red cell morphology is in general without 
any abnormalities. Patients benefit from a splenectomy. A 
striking feature of nearly all GPI mutants is that they are 
thermolabile, while kinetic properties are more or less 
unaffected. The normal enzyme is very stable. 

Around 50 families with GPI deficiency have been de- 
scribed worldwide.” In total, 29 mutations are characterized 
at the molecular level, of which 24 were missense mutations, 
3 nonsense, and 2 splice site mutations.” Mapping of these 
mutations in the crystal structure of human GPI gives insight 
into the molecular mechanisms causing hemolytic anemia in 
this disorder.’ Mutations could be placed in three groups: 
the first affecting the precise structure of the enzyme, the 
second those that disrupt the dimer interface, and the third 
those mutants that directly affect the active site.’ 


Phosphofructokinase 

Phosphofructokinase (PFK; EC 2.7.1.11) catalyzes the phos- 
phorylation of fructose-6-phosphate by ATP to fructose-1,6- 
diphosphate. This conversion is rate limiting. The enzyme is 
a homotetramer or heterotetramer with a molecular mass of 


around 380kDa. Three distinct subunits have been identi- 
fied in humans: PFK-M (muscle), PFK-L (liver), and PFK-P 
(platelet).”” In erythrocytes, five isoenzymes can be identi- 
fied with varying subunit composition (My, M3L,, Mol, 
ML, and L,). 

The genes for the PFK-M, PFK-L, and PFK-P subunits 
have been cloned.#°*"8 

Phosphofructokinase deficiency (OMIM 171850) is a rare 
autosomal recessively inherited disorder. Since red cells 
contain both M and L subunits, mutations affecting the 
genes coding for these subunits will affect enzyme activity. 
Thus when the PFK deficiency mutation affects only the L 
subunit, RBCs have only M, and are PFK deficient. In such 
cases, there is a mild hemolytic disorder without myopathy. 
However, when the M subunit is deficient, muscle PFK is vir- 
tually absent together with partial PFK deficiency in RBCs, 
which will have only L,. Therefore deficiency of the M 
subunit causes myopathy and a mild hemolytic disorder. 

To date, 15 alleles associated with PFK deficiency have 
been identified. Missense, nonsense, and a frameshift muta- 
tion along with mutations affecting splicing have been char- 
acterized in the PFK-M gene.” 

Patients usually have only a mild, well-compensated 
hemolytic anemia with an enzyme activity of approximately 
half normal. The enzyme is relatively unstable in vitro and 
assays should be carried out, preferably, on fresh blood 
samples. 


Aldolase 


Aldolase (fructose-1,6-biphosphate aldolase; EC 4.1.2.13) 
catalyzes the reversible conversion of fructose-1,6-biphos- 
phate to glyceraldehyde 3-phosphate and dihydroxyacetone 
phosphate. The enzyme is a tetramer of identical subunits of 
40 kDa. Three isoenzymes are identified to date: aldolases A, 
B, and C. Aldolase A is the isoenzyme that is expressed in the 
RBC, but also in muscle and brain. 

The gene for aldolase A spans 7530 bases and consists of 
12 exons. Several transcription-initiation sites were identi- 
fied along with tissue-specific splicing.” 

Only three cases of aldolase deficiency have been 
described.**’® Beutler et al” have described a boy with an 
unstable enzyme with mental retardation and hemolytic 
anemia and dysmorphic features. Kishi et al” described a 
patient with severe hemolytic anemia, exacerbated by infec- 
tion, but none of the features described by Beutler et al. Kishi 
identified the mutation, leading to a conversion of aspartic 
acid at position 128 to glycine. Kreuder et al” reported on a 
boy with hemolytic anemia and myopathy caused by aldolase 
A deficiency. They identified a mutation, causative of an 
amino acid substitution at position 206 (Glu to Lys). 

Aldolase activity is notably influenced by red cell age, thus 
the activity of this enzyme is increased in patients with 
hemolytic disease. 


Triosephosphate Isomerase 


Triosephosphate isomerase (TPI; EC 5.3.1.1) is the enzyme 
(26.75kDa) of the anaerobic glycolytic pathway with the 
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highest activity. It catalyzes the interconversion of glycer- 
aldehyde 3-phosphate and dihydroxyacetone phosphate. TPI 
is a dimer with two identical subunits of 248 amino acids 
with an eight-stranded barrel structure.’*' There are no 
isoenzymes known, only three distinct electrophoretic forms 
due to minor posttranslational modifications.'*?" In RBCs, 
TPI is not maturation dependent. 

TPI deficiency (OMIM 190450) is a relatively rare auto- 
somal recessive disorder, characterized by hemolytic anemia 
at onset and severe neuromuscular defects usually at 6 
months to 2 years of age. Heterozygotes are clinically normal, 
but have half normal red cell TPI activity. In the erythrocyte 
there is a twentyfold to sixtyfold increase in the concentra- 
tion of dihydroxyacetone phosphate.’” TPI is transcribed 
from a single gene, located on chromosome 12p13; the gene 
spans 3.5kb and contains seven exons.” To date, 14 muta- 
tions in the gene encoding TPI have been identified." The 
most common mutation produces an amino acid substitu- 
tion at position 104 (glutamate acid to aspartic acid). The 
other mutations are found only in individual families. 


Phosphoglycerate Kinase 


Phosphoglycerate kinase (PGK, EC 2.7.2.3) catalyzes the 
reversible conversion of 1,3-diphosphoglycerate to 3-phos- 
phoglycerate, generating one molecule of ATP. 

The reaction catalyzed by PGK can be bypassed by the 
Rapoport-Luebering shunt (see Figure 21-8), thereby losing 
the gain of one ATP molecule. 

Two isoenzymes PGK-1 and PGK-2 exist, with PGK-1 
being ubiquitously expressed in all somatic cells. PGK-2 is 
an autosomal gene expressed only in spermatozoa." PGK- 
1 is a monomeric enzyme of 417 amino acids.” The three- 
dimensional structure of horse muscle PGK (highly 
homologous with the human enzyme) displays two lobes 
connected by a hinge, allowing conformational freedom 
to occur." 

The gene encoding PGK-1 is located on the long arm of 
the X-chromosome (Xq13)}, making PGK deficiency an X- 
linked disorder. The gene spans 23 kb and is composed of 11 
exons,*°*"' Fourteen different mutations in the PGK-1 gene 
have been described, leading to PGK deficiency (OMIM 
311800, for an overview see reference 49). The disease is 
characterized by hemolytic anemia of varying severity, 
neurological abnormalities, and muscle disease. However, 
patients have been described with hemolysis, but without the 
neurological or muscle symptoms. Thus the expression of the 
disease can be highly variable.” The genotype-phenotype 
relations of the disorder are still poorly understood. 


Pyruvate Kinase 


Pyruvate kinase (PK; EC 2.7.1.40) catalyzes the conversion 
of phosphoenolpyruvate to pyruvate with the concomitant 
generation of the second molecule of ATP in glycolysis. The 
activity of PK depends on red cell age. The younger the red 
cells, the higher the activity. 

The enzyme is dependent on K” and Mg” or Mg”*.* The 
product of the reaction, pyruvate, is crucial for several meta- 


bolic pathways. Because of this important end product, PK 
is thought to be—together with PFK—the major regulatory 
enzyme of glycolysis. 

PK is active as a homotetramer or heterotetramer, com- 
posed of one of four different tissue-specific subunits. The 
M1 subunit is found in skeletal muscle, heart, and brain. The 
M2 type is dominant in all tissues in early fetal life, but also 
in adult tissues including leukocytes and platelets. The L 
subunit is predominant in the liver, while only the R 
subunit is found in the erythrocyte. During erythropoiesis, 
PK-M2 (a homotetramer of M2 subunits) is expressed in 
normoblasts and reticulocytes. PK-R (a homotetramer of 
R subunits) increases progressively during erythrocyte 
maturation, replacing PK-M2. Proteolytic degradation of 
the 574 amino-acid-long R subunit converts it to the 543 
amino-acid-long R’ subunit. This occurs in aging mature 
erythrocytes, resulting in the preponderance of a PK isoen- 
zyme consisting of a heterotetramer of two R subunits and 
two R’ subunits in the mature aging red cell.“ Why ulti- 
mately no homotetramer of four R’ subunits is formed is 
unknown. 

The red cell enzyme is allosterically regulated by fructose- 
1,6-diphosphate (FDP). Sigmoid kinetics occur by increas- 
ing concentrations of the substrate phosphoenolpyruvate. 

The crystal structure of human red cell PK has been elu- 
cidated.” The enzyme resembles closely the structures of cat 
and rabbit muscle type PK. The subunit is composed of an 
N-terminal domain, an A-domain containing the active site, 
a B-domain capable of rotating away from the A-domain 
generating either the “open” or “closed” conformation, and 
a C-domain with the binding site for FDP. 

The gene encoding both the M1- and M2-type subunits 
is located on chromosome 15q24-q25, and the respective 
subunits are formed by alternative splicing.’ The R and 
L subunits are transcribed from a single gene located on 
chromosome 1q21, by the use of tissue-specific promoters.” 
The gene consists of 12 exons over 9.5 kb. Exon 1 is specific 
for the R type, while exon 2 is solely expressed in the L type. 
Exons 3 to 12 are common to both subtypes. 

Pyruvate kinase deficiency (OMIM 266209) is the most 
common cause of nonspherocytic hemolytic anemia due to 
defective glycolysis. The allelic frequency is estimated to 
be around 2%.” The consequent lack of sufficient energy, 
which is required for normal functioning and cellular 
survival, shortens the life span of the mature PK-deficient 
erythrocyte. Consequently, PK-deficient patients display a 
phenotype of nonspherocytic hemolytic anemia albeit with 
variable clinical severity.'"* The clinical symptoms vary from 
neonatal death to a well-compensated hemolytic anemia. 
Patients benefit in general from a splenectomy. Pyruvate 
kinase deficiency is transmitted as an autosomal recessive 
disease. To date, more than 130 mutations in PKLR have 
been reported to be associated with pyruvate kinase defi- 
ciency (see Figure 21-10; for overview see reference 221). 
Most (70%) of these mutations are missense mutations 
affecting conserved residues in structurally and functionally 
important domains of PK. Splice site mutations, a deletion, 
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Figure 21-10 Schematic representation (not drawn to scale) of 
the PKLR gene and its erythroid-specific promoter. Exons are 
numbered and depicted as rectangles, separated by intervening 
sequences (introns), 5’ and 3’ noncoding sequences are colored 
black. Nucleotides are numbered according to the erythroid- 
specific cDNA, the initiator methionine and stop codon (TGA) 
are indicated. In the figure, the position of each of the more 
than 130 mutations that have, to date, been described in 
association with PK deficiency”! (and our own unpublished 
observations) is indicated. The horizontal line that encompasses 
exon [I indicates the deletion of this exon, as identified on the 
cDNA level. The figure shows that mutations are encountered 
throughout the gene, although there tends to be a clustering of 
mutations toward the 3’-end, in particular in exons 8, 9, and II. 


and point mutations in the red cell-specific promoter have 
been described. One promoter mutation is of particular 
interest, as it silences the red cell-specific PK gene com- 
pletely. This mutation is located in a putative binding 
domain for an as-yet unidentified trans-acting factor that 
mediates the effects of factors necessary for regulation of PK 
gene expression during red cell differentiation and matura- 
tion. Because PK activity is related to the age of the red 
cell, other glycolytic enzymes should be measured simulta- 
neously to assess the influence of reticulocytosis on the 
enzyme activity. 

Modeling the known mutations in the three-dimensional 
computer model of the tetramer and expressing mutant 
enzymes in in vitro model systems helps to better under- 
stand the genotype-phenotype interactions, since these are 
still poorly understood in this disorder.2"?” 


Lactate Dehydrogenase 


Lactate dehydrogenase (LD) catalyzes the conversion of 
pyruvate to lactate, the last step in the EMP. Deficiency of 
this enzyme is not associated with hematological disease. LD 
is described elsewhere. 


HEXOSE MONOPHOSPHATE PATHWAY 


Normally, approximately 10% of glucose is catabolized 
through the hexose monophosphate pathway, but this 
fraction may be markedly increased when there is oxidative 
stress, as is the case when there is an infection or use of 
certain drugs. The principal function of the hexose 
monophosphate pathway is to reduce 2 moles of NADP to 


NADPH by oxidizing G6P. NADPH is required for a variety 
of biosynthetic pathways, for the stability of catalase and the 
regeneration and preservation of the reduced form of glu- 
tathione. These processes are crucial in the cell to detoxify 
hydrogen peroxide and protect the cell from oxidative stress. 
Since the red cell has no other sources of NADPH, it heavily 
depends on the prime enzyme of this reaction, glucose 6- 
phosphate dehydrogenase (G6PD). 


Glucose 6-Phosphate Dehydrogenase 


Glucose 6-phosphate dehydrogenase (G6PD; EC 1.1.1.49) is 
expressed in all cells and catalyzes the first step in the hexose 
monophosphate pathway, the conversion of glucose 6-phos- 
phate to 6-phosphogluconate. This step generates 1 mol of 
NADPH. The activity of G6PD is higher in reticulocytes than 
in mature red cells. 

The enzyme is a dimer (predominantly) or tetramer (pH 
dependent) in the active form composed of identical 
subunits, 515 amino acids long and about 59kDa.* The 
three-dimensional structure of human G6PD has been 
elucidated.’ The monomer is built up by two domains, an 
N-terminal domain and a large +o domain with an 
antiparallel nine-stranded sheet. The interface between the 
two monomers is of crucial importance for proper activity 
of the enzyme and is located in this second domain. 

The gene coding for G6PD is located on the X-chromo- 
some (Xq28), spans 18 kb, and consists of 13 exons. Exon 1 
is noncoding. The promoter shares many features common 
to other housekeeping genes.” 

G6PD deficiency (OMIM 305900) is the most common 
enzymopathy, affecting 400 million people worldwide. The 
disease is X-linked. More than 400 different types of G6PD 
variants have been described, leading to different enzyme 
activities associated with a wide range of biochemical and 
clinical phenotypes. The variants are grouped into five cate- 
gories according to the level of enzyme activity and clinical 
phenotype. 

The clinical expression of the disease is heterogeneous 
and five different clinical syndromes can be recognized: 

* Drug-induced hemolysis 

+ Infection-induced hemolysis 

* Favism 

* Neonatal jaundice (NNJ) 

e Chronic nonspherocytic hemolytic anemia (CNSHA) 

The majority of G6PD-deficient individuals develop 
hemolysis only when oxidative stress occurs, as with infec- 
tions and after ingestion of certain drugs or fava beans. 
Outside these periods, they are usually asymptomatic. How- 
ever, G6PD deficiency can also lead to mild to severe chronic 
hemolysis, exacerbated by oxidative stress, These variants are 
class 1 mutants (Table 21-5). Nearly half of the mutations 
encoding class I G6PD variants directly affect the subunit 
interface of the G6PD dimer’ and are located in exons 10 and 
11. However, it is not always clear what the exact phenotype 
of particular mutations will be, since some identical variants 
might still lead to different phenotypes.” The availability of 
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TABLE 21-5. Classes: of Severity. of Glucose-6: 
Phosphate Dehydrogenase (G6PD) 
Deficiency 


Severe deficiency associated with chronic — 


; hemolytic: anemia. 

Severe deficiency (<10% resid 

usually without hemolytic a 
‘Moderate to mild deficiency (LU 
residual activity) (e.g., A 

fe Very mild or no deficiency (e.g., G6PI 

~~ Increased activity (only on uc 

a been described; GoPD He 


the 3-D structure of the human enzyme makes a better 
understanding of the effect of mutations in G6Pd feasible. 

The literature on G6PD and G6PD deficiency is extensive 
and has been reviewed.°9?™ 


Transketolase 


Transketolase is decreased in thiamin deficiency. Low values 
of it have also been found in chronic alcoholism. 


RAPOPORT-LUEBERING CYCLE 

The Rapoport-Luebering cycle, which is unique to mam- 
malian RBCs, provides the principal physiological means for 
regulation of the O, affinity of hemoglobin. ™® From the 
point of view of O, transport, one might assert that the 
Embden-Meyerhof pathway of the RBCs serves principally to 
generate 2,3-DPG, because quantitatively this substance is 
the principal glycolytic intermediate of RBCs; the concen- 
tration of 2,3-DPG is about equal to the sum of all other 
glycolytic intermediates. The 2,3-DPG content of RBCs 
is increased in all anemias; in all but one, the increase is 
inversely proportional to the hemoglobin concentration,” 
The single exception is PK deficiency, in which 2,3-DPG is 
increased disproportionately to the hemoglobin deficit as a 
result of the “bottleneck” at the PK step and of a retrograde 
accumulation of products of glycolysis. The increase in 
2,3-DPG in anemias results in a decrease in O, affinity of 
hemoglobin so that O; is more readily transferred to tissues. 
The O, affinity of hemoglobin is also influenced by slight 
changes in pH of the blood; a corresponding sensitivity to pH 
exists in the Rapoport-Luebering cycle, which again permits 
change in 2,3-DPG concentration to fine tune the O, affinity 
of hemoglobin. 

Two enzymes involved in the Rapoport-Luebering cycle 
are diphosphoglyceromutase (2,3-DPG mutase [DPGM]; 
EC 5.4.2.4) and diphosphoglycerate phosphatase (2,3-DPG 
phosphatase [DPGP]; EC 3.1.3.13). The same protein 
molecule is responsible for both DPGM and DPGP ac- 
tivities.”"“” This multifunctional enzyme regulates the con- 
centration of 2,3-DPG in the erythrocyte and thus is very 
important in regulating O, affinity of hemoglobin. DPGM is 
a homodimer, with subunits of 258 amino acids (30kDa). 


The single locus for the gene of DPGM is located on chro- 
mosome 7q22-34 and is fully expressed only in erythroid 
tissue during the late stages of differentiation.” 

DPGM deficiency is a rare autosomal recessive disorder, 
resulting in reduced synthesis of 2,3-DPG. As a consequence, 
blood oxygen affinity is increased, accounting for the poly- 
cythemia present in affected individuals. Only a few cases 
have been described, Two mutations in the gene have been 
identified. One point mutation at nucleotide 413 (Arg89 to 
Cys) was designated DPGM Creteil I. DPGM Creteil II is 
a deletion of nucleotide 205, inducing a frameshift and 
consequently leading to a premature stop codon.™ 


GLUTATHIONE PATHWAY 


The sulfhydryl-containing tripeptide reduced glutathione 
(GSH) protects hemoglobin and other critical RBC proteins 
from peroxidative injury. In the process of reducing perox- 
ides or oxidized protein sulfhydryl groups, GSH is converted 
to GSSH (oxidized glutathione). As shown in Figure 21-9, its 
metabolic pathway includes several enzymes. 


Gamma-Glutamylcysteine Synthetase 
Gamma-glutamylcysteine synthetase (GCS; EC 6.3.2.2) 
catalyzes the first step in glutathione biosynthesis in which 
glutamylcysteine is synthetized using 1t-glutamate, L- 
cysteine, and ATP, This amide linking is the rate-limiting 
step in glutathione synthesis. There is a feedback inhibition 
by glutathione. The protein is a heterodimer composed of a 
catalytic heavy chain (GCS,; 636 amino acids; 73 kDa) and a 
regulatory light chain (GCS; 274 amino acids; 31 kDa).°”*? 

The gene for GCS, (GLCLC) is localized on chromosome 
6p12'* and the gene for GCS, (GLCLR) on chromosome 
1p21.'* 

Hereditary GCS deficiency is very rare. Deficiency leads 
to CNSHA and drug- and infection-induced hemolytic 
periods. Only 10 patients to date have been described, of 
which 5 were characterized at the molectilar level, 2566 A 
homozygous 1109A to T (His370Leu) substitution in the 
GLCLC gene was found,” probably resulting in an unstable 
protein. Another study identified in two related patients a 
homozygous 473C-to-T substitution resulting in a leucine 
residue instead of proline at amino acid 158 of GCS,.'% 
Recently, two related patients were reported with a C-to-T 
missense mutation at nucleotide 379, encoding for a 
predicted Argl27Cys substitution. Computer modeling 
indicated the mutation to be localized in a cleft on the 
protein surface of GCSh.” 


Glutathione Synthetase 
Glutathione synthetase (EC 6.3.2.3; GSH-S) mediates the 
second step in the synthesis of GSH, by the addition of 
glycine to the dipeptide y-glutamylcysteine. The protein is a 
homodimer of 52kDa.*! 

The gene for GSH-S is located on chromosome 20q11.2 
and contains 12 exons spanning 23 kb.'* 1% 
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In the few cases that have been described, mild chronic 
hemolytic anemia is associated with deficiency of GSH-S.'” 
The disorder is inherited in an autosomal recessive mode. 
Such people may also have more severe acute hemolytic 
crises when exposed to redox substances, such as 8-amino- 
quinolines or other “oxidant” drugs. 

There are two distinct types of GSH-S deficiency, both 
associated with mild chronic hemolysis; in one type, hemol- 
ysis is the only clinical manifestation.’” In the other, the 
major clinical features are mental retardation, severe gener- 
alized muscle weakness, tremors, incoordination, hemolytic 
anemia, and metabolic acidosis. This second and much more 
severe type of GSH-S deficiency is also known as 5-oxopro- 
linuria or pyroglutamic aciduria.™ The difference in severity 
of these disorders reflects the fact that in the mild form, 
GSH-S deficiency is confined to the RBCs because in this dis- 
order the GSH-S is unstable. GSH-S activity is present in 
adequate quantity in young RBCs, but it rapidly declines as 
the cells age, because the cells are unable to synthesize new 
molecules of GHS-S. Other cells of the body that have nuclei 
and ribosomes can compensate for accelerated denaturation 
of GSH-S by synthesizing more. On the other hand, in the 
severe systemic form of GSH-S deficiency, all cells of the 
body have low activities of GSH-S because they cannot form 
this enzyme in adequate amounts. In both types of GSH-S 
deficiency, RBCs exhibit notable reduction in GSH 
concentration. 

Several mutations in the gene have been identified 
recently, associated with the disease. The majority of the 
mutations are missense, two small deletions and one splice 
site mutation, 


Glutathione Reductase 


Glutathione reductase (EC 1.8.1.7; formerly EC 1.6.4.2; 
GSR) links the glutathione pathway to the hexose 
monophosphate pathway through the reversible oxidation 
and reduction of NADP. Flavin adenine dinucleotide (FAD) 
is necessary as a cofactor. The enzyme maintains high levels 
of reduced glutathione in the cell. Two isoforms exist, a mito- 
chondrial and cytoplasmic form, produced by alternative 
initiation.” The molecule is a homodimer, linked by a disul- 
fide bridge. Each subunit (522 amino acids; 56kDa) is 
divided into four domains of which domains one and two 
bind FAD and NADPH, respectively, and domain four forms 
the interface.” 

The gene encoding GSR is located on chromosome 
8p21.1, spans 50 kb, and contains 13 exons.” 

Glutathione reductase deficiency (OMIM 138300) is an 
autosomal disease and, except when very severe, is not asso- 
ciated with hemolysis. The disease has been associated with 
drug-sensitive hemolysis and favism.” 


Glutathione Peroxidase 

Glutathione peroxidase (EC 1.11.1.9; GSH-Px) is active as a 
homotetrameric enzyme (subunits of 21 kDa) and effects the 
conversion of hydrogen peroxide to water, thus reducing per- 


oxidative stress to proteins in the cell. Several isoforms exist, 
but GSH-Px1 is active in the erythrocytes. RBCs also have 
high catalase (EC 1.11.1.6) activity that converts H,O, to 
water and Oz; thus GSH-Px is redundant. In fact, deficien- 
cies of either catalase or GSH-Px are without serious conse- 
quences for the RBCs because the presence of either of these 
two enzymes can compensate for deficiency of the other. 

Partial deficiencies of GSH-Px have been documented,”® 
but a clear cause-effect relationship with hemolysis has not 
been established. The gene has been assigned to chromo- 
some 3p21.3.71° 


PURINE-PYRIMIDINE METABOLISM 


Pyrimidines and purines are the building blocks of DNA 
and RNA. In addition, they have a role in the formation of 
coenzymes and active intermediates in carbohydrate and 
phospholipid metabolism. 

Controversy exists concerning the cause and effect rela- 
tionships between deficiencies of the enzymes adenylate 
kinase (AK; EC 2.7.4.3) and adenosine triphosphatase 
(ATPase; EC 3.6.1.3) and hemolytic disease.” Since the 
consensus seems to be that there is no association, these 
enzymes will not be discussed here. 


Pyrimidine-5’-Nucleotidase 

Pyrimidine-5’-nucleotidases are a group of enzymes dephos- 
phorylating pyrimidine nucleotides to the corresponding 
nucleosides. The pyrimidine bases diffuse out of the ery- 
throcyte and the phosphates are retained. Pyrimidine 
phosphates are present on ribosomes of erythroblasts and 
reticulocytes, but there are normally no pyrimidines in 
matute RBCs. Two cytoplasmic forms of the enzyme were 
identified in the erythrocyte, P5’N-1 and P5’N-2. These 
enzymes are encoded by different genes and have different 
molecular properties and substrate specificities." Since 
there are no known disorders associated with deficiency of 
P5’N-2, this enzyme will not be farther discussed here. 

Pyrimidine-5’-nucleotidase-1 (P5’N-1; uridine 5’ 
monophosphate hydrolase 1 (UMPH-1); EC 3.1.3.5; MW 
34kDa) is a monomeric unphosphorylated protein and 
drives the principal mechanism for catabolism of the ribo- 
somal RNA. Enzyme activity is dependent on magnesium 
ions and has a substrate specificity for UMP, CMP, and 
dCMP. The tertiary structure is as yet unknown. P5’N-1 is 
one of the most age-sensitive RBC enzymes, and activity 
declines rapidly during the first days in circulation to remain 
stable at a low level in the mature RBC.” 

The gene encoding P5’N-1 was only very recently identi- 
fied and maps to chromosome 7p15-p14, spans about 50 kb, 
and consists of 10 exons. Two pseudogenes were identified 
on chromosomes 4 and 7. The cDNA of about 1300 base pair 
(bp) codes for two different proteins, one being 286 amino 
acids long, the other 297 amino acids.” The messenger is 
alternatively spliced. One mRNA initiates in exon 1 and con- 
tinues from exon 3, exon 2 being spliced out. The transcript 
codes for the 286 amino acid protein, being P5’N-1. The 
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longer protein is transcribed from a messenger that initiates 
from exon 2 and continues through the exons sequentially.’ 
The significance of this alternatively spliced messenger is 
unknown, but the process shows remarkable resemblance to 
the alternative initiation generating pyruvate kinase mRNA, 
where it drives tissue specificity (see under pyruvate kinase 
in this chapter). 

P5’N-1 deficiency (OMIM 266120) is a relatively 
common cause of nonspherocytic hemolytic anemia, and, 


because of the relatively mild phenotypic expression, many ` 


cases might be undetected as yet.?""? The disease is inher- 
ited in an autosomal recessive manner and is the only 
red cell enzyme deficiency in which red cell morphology is 
helpful. Prominent and. characteristic basophilic stippling 
is visible in blood films. There usually is an accumulation 
of high concentrations of pyrimidine nucleotides, mostly 
uridine triphosphate (UTP) and cytidine triphosphate 
(CTP), in the red cells. 

After the recent identification of the gene, there have 
been a number of reports describing the mutations that 
cause P5’N-1 deficiency. To date, 23 patients have been 
characterized at the molecular level, identifying 14 different 
mutations. Four are missense, three cause aberrant splicing, 
two introduce a premature stop codon, and five result in a 
frameshift. "2810218 No relationship between the genotype 
and phenotype could be established. 


Adenosine Deaminase 


Adenosine deaminase (ADA; EC 3.5.4.4) is the enzyme of the 
purine metabolism that deaminates adenosine and 2’- 
deoxyadenosine to inosine and 2’-deoxyinosine, respectively. 
ADA deficiency, which leads to severe combined immuno- 
deficiency disease (SCID), is associated with a decrease in 
RBC adenosine deaminase activity, without hemolysis. ADA 
deficiency will not be discussed here. 

The abnormality of this enzyme associated with heredi- 
tary nonspherocytic hemolytic anemia is an increase in 
activity in the erythrocyte. This results in the depletion of 
red cell ATP and hemolysis. Few cases with a thirtyfold to 
seventyfold increase have been described. It is the only RBC 
enzymopathy that is inherited as an autosomal dominant 
disorder. The molecular mechanism of this disorder has not 
been identified. High levels of normal ADA mRNA were 
present, suggesting a mutation in an in cis transcriptional 
regulating element, which could not be identified.* 


METHEMOGLOBIN REDUCTION 


Hemoglobin can bind oxygen only in the reduced ferrous 
(Fe) state. Consequently, when hemoglobin is oxidized to 
the ferric (Fe**) state, the capacity to bind oxygen is lost, 
which ultimately will lead to pathological consequences. The 
oxidized state of hemoglobin is called methemoglobin and 
is normally present at less than 1%. Thus to preserve oxygen- 


*References 35, 37, 38, 50, 113, 151, 1 


binding capacity, the red cell must keep hemoglobin in 
the reduced state, a process achieved mainly by the 
cytochrome b5/cytochrome b5 reductase system, which is 
NADH -dependent. 


NADH-Cytochrome B5 Reductase 

Nicotinamide adenine dinucleotide (NADH)-cytochrome 
b5 reductase (EC 1.6.2.2; cytb5r) uses NADH generated in 
the reaction in the Embden-Meyerhof pathway by glycer- 
aldehyde 3-phosphate dehydrogenase, to reduce the 12kDa 
protein cytochrome b5. Cytochrome b5 in turn reduces 
methemoglobin to hemoglobin. 

The enzyme is present in two different forms. A mem- 
brane-bound 300 amino acid form is located mainly in the 
endoplasmic reticulum and outer mitochondrial mem- 
brane.” ™ The membrane form has a role in desaturation 
and elongation of fatty acids, cholesterol biosynthesis, and 
drug metabolism. 

The second form is a soluble protein of 275 amino acids 
and is RBC specific.” They share an identical hydrophilic C- 
terminal domain, but differ at the N-termini. The membrane 
form has an additional stretch of 25 hydrophobic amino 
acids. 

Both forms of cytb5r are transcribed from the same gene 
on chromosome 22q 13-qtr spanning 31 kb. It contains 9 
exons, but there are two exons’ (exon 1 and [later discovered] 
exon 18)?” The soluble form is coded by exons 2 through 
to 9, while the longer membrane bound form is coded for 
by exon 1 and continues through the exons sequentially. 

NADH-cytochrome b5 reductase deficiency (OMIM 
250800) is an autosomal recessive disorder, causing heredi- 
tary methemoglobinemia. There are three types. In type I, 
the enzyme is deficient only in erythrocytes. Patients are typ- 
ically blue and/or gray and cyanotic, but not very sick. Type 
H is more severe, the enzyme being completely deficient, 
causing mental retardation and neurological impairment. In 
type IH the enzyme is deficient in all blood cells. 

A total of 34 different mutations have been identified 
associated with cytb5r deficiency to date.°”" Sixteen were 
associated with type I and 16 with type H. These mutations 
were distributed over all exons, except for exons 1 and 1S. 


DETECTION OF HEREDITARY RED CELL 
ENZYME DEFICIENCIES 


Other than deficiencies of G6PD and possibly PK, RBC 
enzyme defects are rare; therefore it is not practical to 
attempt to identify them in laboratories that perform such 
tests only rarely. Specimens should be shipped by mail to ref- 
erence laboratories that specialize in performance of these 
assays. As a rule, whole-blood specimens anticoagulated with 
EDTA are suitable and the specimens can be shipped at room 
temperature.” Exceptions are assays for phosphorylated 
sugar intermediates, 2,3-DPG, and nucleotide intermediates, 
which are unstable in freshly drawn blood and require imme- 
diate deproteinization in perchloric acid.” 
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Care must be taken to remove leukocytes and platelets in 
assays such as for PK, since these cells do contain PK activ- 
ity, obscuring a deficiency in the red cells. 

Other pitfalls in correct diagnosis of glycolytic enzyme 
deficiencies include the red cell age dependency of enzymes 
such as PK, HK, and G6PD. The measurement of these 
enzymes simultaneously can give an idea about red cell age 
and relative deficiencies. Many patients suffering from severe 
hemolysis have already received blood transfusions. When 
this occurs, interpreting results from red cell enzyme assays 
must be done with great care, since the. presence of donor 
erythrocytes will obscure any deficiencies, In addition, some 
mutant enzymes display a normal activity in vitro, while in 
vivo severe hemolysis can occur. More sophisticated assays 
to measure, for example, heat instability and kinetics have to 
be used in those cases. 

In the last few years, the genes coding for the red cell 
enzymes have been localized and characterized. This made 
molecular diagnostics possible, and many causative muta- 
tions have been identified. Molecular diagnostics at the DNA 
and RNA level is very attractive in situations in which the 
diagnosis of enzyme deficiency is difficult or impossible by 
activity measurements, such as in transfused patients, as 
explained above. In addition, prenatal diagnosis is now 
available. The ability to study the effects of mutations in 
three-dimentional computer models of the enzymes and the 
opportunity to express mutant enzymes, will provide a better 
understanding of the genotype-phenotype relations in these 
hemolytic disorders, 


METHODOLOGY 


In this section, methodological principles and reference 
values are given for several of the methods used to measure 
red cell enzymes. Methodological details of these methods 
are given in the Evolve site that accompanies this book 
at http://evolve.elsevier.com/Tietz/textbook. 


Method for the Determination of 

Glucose-6-Phosphate Dehydrogenase 

Principle 

Glucose-6-phosphate dehydrogenase (G6PD) catalyzes the 
oxidation of glucose-6-phosphate to 6-phosphogluconate 
with a concurrent conversion of NADP* to NADPH. The 
activity of G6PD is determined by measurement of the rate 
of increase of NADPH concentration. Whereas NADP* is 
transparent to ultraviolet (UV) light, NADPH strongly 
absorbs UV light. Therefore the rate of increase in 
absorbance at 340nm is the measure of enzyme activity. 


Reference Intervals 

The reference interval for G6PD in erythrocytes is 8-14 U/g 
Hb. Values greater than 18 U/g Hb are often encountered in 
any condition associated with younger than normal RBCs 
{as in hemolytic anemias not due to G6PD deficiency) but 
are of no clinical significance. 


Method for Screening Erythrocytes for Glucose-6- 
Phosphate Dehydrogenase Deficiency 

In this screening test, NADP’ is reduced to NADPH in both 
the G6PD and the 6PGD reactions of the hexose monophos- 
phate pathway. If G6PD activity is low, only a small quantity 
of NADPH is formed. This is reoxidized to NADP* by glu- 
tathione reductase present in RBCs, and no fluorescence is 
observed. In the presence of adequate amounts of G6PD, the 
rate of reduction of NADP" substantially exceeds the rate of 
oxidation of NADPH by glutathione reductase, and enough 
NADPH accumulates in RBCs to be demonstrable by its 
fluorescence. 


Method for the Determination of Pyruvate 

Kinase Activity 

Principle 

In this assay, the PK reaction is linked with the LD reaction 
in which NADH is oxidized to NAD*. 


Phosphoenolpyruvate + ADP K, pyruvate + ATP 
Pyruvate + NADH —> lactate + NAD* + H* 


Because LD is present in excess, the rate of NADH oxi- 
dation is limited by the activity of PK. The reaction rate is 
measured by the rate of decrease in absorbance at 340nm. 
Assays are performed at low substrate concentration with 
and without the addition of fructose-1,6-diphosphate, 
because some PK variants associated with hemolysis have 
atypical reaction kinetics (and thus may exhibit “normal” 
activity at high substrate concentrations but lower than 
normal activity at lower substrate concentrations) or may 
show absence of enhancement by fructose-1,6-diphosphate, 
the allosteric activator of PK. 


Reference Intervals 

Reference intervals for pyruvate kinase are: 
High substrate 9 to 16 U/g of Hb 

Low substrate 1.7 to 6.8 U/g of Hb. 


Method for the Determination of Glucose Phosphate 
Isomerase Activity 

Deficiency of glucose phosphate isomerase (GPI) has been 
associated. with chronic hemolytic disease in a few dozen 
reported cases and may also cause hemolytic disease of the 
newborn. Although the third most frequently reported enzy- 
mopathy causing hemolytic disease, it has been quite rare in 
our experience. 


Principle 
GPI catalyzes the interconversion of G6P and F6P: 


F-6-P SL, G-6-P 
NAPHY + G-6-P eo 


6-phosphogluconate + NADPH + H* 


Chapter 2} Enzymes 635 


In this assay, FOP is used as the substrate for GPI. The GPI 
reaction is linked to the G6PD reaction. The rate of reduc- 
tion of NADP", as indicated by the increase in absorbance at 
340 nm, is the measure of GPI activity. 


Reference Intervals 
The reference interval for GPI is 50-70 U/g Hb. 


Method for the Determination of Erythrocyte 
Glutathione Concentration 

Erythrocyte GSH concentration is diminished in many 
people who have defects in the hexose monophosphate or 
GSH synthesis pathways. The GSH stability test, originally 
devised to permit identification of people susceptible to 
hemolysis from primaquine (later shown to be the result 
of G6PD deficiency), still remains a useful “stress test” of 
the intactness of these closely linked pathways. Because 
deficiencies of GSH synthetase and y-glutamyl cysteine 
synthetase are rare disorders, it is not practical for clinical 
laboratories to contemplate assays for these enzymes unless 
results of the easily performed GSH stability test are 
abnormal. 


Principle 

Virtually all of the nonprotein sulfhydryl groups of RBCs are 
in the form of reduced GSH. 5,5’-Dithiobis(2-nitrobenzoic 
acid) (DTNB) is a disulfide chromogen that is readily 
reduced by sulfhydryl compounds to an intensely yellow 
compound. The absorbance of the reduced chromogen is 
measured at 412 nm and is directly proportional to the GSH 
concentration. 


Reference Interval 
The reference interval for GSH is 5.5-7.5 umol/g Hb. 


Method for Screening for Deficiency of Pyrimidine-5’- 
Nucleotidase Activity 

Principle 

Pyrimidine-5’-nucleotidase effects the release of phos- 
phate from cytidine-5’-monophosphate and uridine-5’- 
monophosphate and thus is an enzyme involved in the 
catabolism of RNA. RNA is a normal constituent of reticu- 
locytes but not of mature RBCs. In the absence (or notable 
deficiency) of P-5’-N, RNA persists in RBCs and is mani- 
fested by striking basophilic stippling and mild to moderate 
hemolytic anemia. 

Pyrimidine nucleotides, extracted with acid from the 
RNA remaining in P-5’-N-deficient RBCs, have an absorp- 
tion peak at 270 nm. This peak is quite distinct from the peak 
at 257nm, which is because of purine nucleotides (such as 
ATP) that are normally present. When P-5’-N is deficient and 
RNA persists, the P-5’-N deficiency can be inferred by 
observing a pyrimidine nucleotide peak at 270. nm in an acid 
extract of RBCs. 


Reference Intervals 


In normal specimens or in those of any disorder but P-5’-N 
deficiency, there is an absorbance curve of low amplitude 
with a peak at about 257 nm, this being caused by the pres- 
ence of purines, such as ATP and ADP. No peak is seen at 
270nm. In P-5’-N deficiency, a notably higher-amplitude 
curve is observed, with a peak at 270nm. The absorbance 
maximum for normal RBCs is 257nm, and the observed 
absorbance value is approximately 0.3/108 RBCs per milli- 
liter. In P-5’-N deficiency, the peak absorbance is at 270nm, 
with absorbance values of approximately 0.8/108 RBCs per 
milliliter having been observed. No interfering substances 
are known. 


Method for the Determination of 
2,3-Diphosphoglycerate in Erythrocytes 

This enzyme is the predominant glycolytic intermediate of 
RBCs and has a vital role in modulating the affinity of hemo- 
globin for O,. 


Principle 

The assay of 2,3-DPG is based on an equilibrium system 
between 3-phosphoglycerate, 2-phosphoglycerate, and PEP 
when monophosphoglycerate mutase (MPGM) and enolase 
are present. 


MPGM 
3-phosphoglycerate >, 2 
2,3-DPG 


lase 
3-phosphoglycerate — PEP 


The addition of 2,3-DPG (in the sample) shifts the 
equilibrium so that more 2-phosphoglycerate is converted to 
3-phosphoglycerate. This in turn results in the conversion 
of PEP to 2-phosphoglycerate. The rate of decrease in PEP 
concentration is measured by the decrease in absorbance at 
240 nm, which is proportional to the amount of 2,3-DPG in 
the specimen. 


Reference Intervals 


The mean (SD) 2,3-DPG is 12.3 (1.87) pmol/g Hb [0.79 
(0.12) mol/mol Hb] or 356 (54) umoł/1012 RBCs [356 (54) 
amol/RBC}. 
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communication and for controlling the inner envi- 

ronment of the cells in which they operate.: They 
are produced by cell types that have important roles in the 
immune response, inflammation, hemopoiesis, healing, and 
systemic response to injury. Many cytokines are measured by 
bioassay and immunoassay.” . 

This chapter begins with a background discussion of 
cytokines followed by discussions of some important 
cytokines, The chapter concludes with a discussion of the 
analytical aspects of cytokine measurement. 


(Cer are peptides used by cells for intercellular 


BACKGROUND INFORMATION 
HISTORY 


The evolution of cytokines as molecules of major biological 
significance*” can be divided into four different periods— 
each is characterized by different technical capacities and sci- 
entific purposes.” For example, initial studies in the 1950s 
to the 1970s identified a number of cellular protein mole- 
cules that had specific functions. Cohen and others” first 
suggested the word “cytokine” to describe these molecules. 
In the 1970s several cytokines were partially purified and 
characterized, and specific antibodies against them were pro- 
duced. The 1980s are considered by many to be the golden 
age of cytokine research because many individual cytokines 
were discovered and cloned and specific monoclonal anti- 
bodies against them produced. In the 1990s new genetic 
techniques (e.g., gene knockout and transgenic animals) 
were developed that led to a better understanding of the bio- 
logical roles of cytokines and to the production and avail- 
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ability of large amounts of recombinant cytokines for use in 
therapeutic trials. The development of this deoxyribonucleic 
acid (DNA) technology has produced evidence for a large 
number of defined peptides that carry signals for activity, 
growth, and differentiation of a wide variety of cells. 

Initially four groups of molecules were distinguished by 
either their biological function or by the origin of their 
scientific discovery.” They include (1) lymphocyte-derived 
proteins (lymphokines and monocyte-derived proteins 
[monokines]); (2) antiviral interferons (IFNs) and agents; 
(3) hematopoietic growth factors (colony stimulating 
factors); and (4) nonhematopoietic growth factors. However, 
it was quickly found that a redundancy of function occurred 
both within and between those groups. This led to the view 
that these molecules act in a network, and their individual 
functions are often difficult to assess in vivo. Ongoing studies 
continue to discover and identify additional molecules 
involved in the communication between cells, and it is now 
known that we are dealing with a wider and more heteroge- 
neous group of molecules than was once supposed. 


RATIONALE FOR MEASUREMENT 

Cytokines are increasingly being measured for clinical appli- 

cations.” Reasons for doing so include: 

1. Cytokines are directly implicated in various pathophy- 
siological conditions in humans, and their increased pro- 
duction is responsible for their elevated levels in different 
body fluids, including blood, synovial fluid, cerebrospinal 
fluid, amniotic fluid, and bronchoalveolar lavage fluid. 

2. Cytokine concentrations reflect the severity of some dis- 
eases and are markers of prognosis. This is particularly 
applicable for infectious diseases (bacterial sepsis and 
parasitological infections) and immune disorders 
(autoimmune diseases, such as rheumatoid arthritis® and 
systemic lupus erythematosus, and allergic diseases, such 
as asthma and skin hypersensitivity). 
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TABLE 22-1 Cytokines and Their Designations 
Pet eaten 


= Fibroblast Sr fact 
Fetal liver tyrosine kinase 
Granulocyte colony. stimulating 
Granulocyte-macrophage colony— 
stimulating factor ; 
Interferon & (type T interferon) 
Interferon B (type I interf 


~ Oncostatin M : 
Platelet-derived growth 
Stem cell factor 


Tumor necrosis facto 
Thrombopoietin —__ 
Vascular endothelial gr 


“Highlighted Saa are individually discussed later in the chapter. 


3. Clinical trials involving antiinflammatory cytokines or 
cytokine inhibitors (anticytokines, monoclonal anti- 
bodies, and soluble receptors} require the monitoring of 
cytokines during the course of these treatments. 

4. Kits for cytokines quantification are commercially 
available. 


GENERAL CHARACTERISTICS 


Many of the more important cytokines are listed in Table 
22-1. Most of these have multiple effects as demonstrated 
by the multiplicity and diversity of effects that they elicit. 
These effects depend on the responding cell type, biological 
network, and assay system in use.“? Also the same molecule 
produced from different cells may exert a completely differ- 
ent biological action that may be opposite or even unrelated. 
In fact, the biological activity originally attributed to one 
cytokine may now be shown to be shared by several 
different molecules (redundancy), leading to the concept 
that very few individual cytokines are essential for basic 


cellular function. For example, knockout animals—lacking a 
specific cytokine gene—have only subtle abnormalities in 
their immunoinflammatory reaction. Biological networks 
are dependent on the influence of one cytokine on the syn- 
thesis of other cytokines (positive or negative regulatory 
mechanisms on cytokine cascades) and on biological activ- 
ity (enhancing, suppressing, or synergic effects). This 
leads to modulation mechanisms often connected to the 
outcome of beneficial or harmful biological effects from a 
particular pathological event. 

The functional modulation of the effect of cytokines 
requires the presence of cellular and soluble receptors. The 
expression of these receptors is regulated by specific signals, 
often dependent on cytokine networks. Transiently pro- 
duced and of short half-life, cytokines are typically not 
stored as preformed molecules, and their production is 
dependent on transient genetic transcriptional activation 
and short-lived messenger ribonucleic acid (mRNA). 
Cytokines are rapidly secreted, leading to a brief burst of 
cytokine release. This burst is very important for cytokines 
to achieve distant activities, contrasting with the small 
amount of these molecules necessary for local functions (see 
later section on interleukin-1). 

Biologically, many cytokines have what appears to be an 
endocrine function, especially when they are released in large 
quantities. They also exhibit autocrine and paracrine func- 
tions because they usually have a short radius of action 
(Figure 22-1). However, there is an enormous difference 
between these molecules and the hormones. For example, 
hormones are produced continuously, although with varia- 
tion in concentration, and cytokines are usually produced 
only after the action of an activation signal and for other 
reasons previously mentioned, In addition, the receptors for 
cytokines are often of high affinity but are expressed with a 
low density on cell membranes. 


NOMENCLATURE 


Cytokines are difficult to define because they encompass dif- 
ferent families of molecules with regulatory functions that 
operate on receptors and are linked only by common bio- 
logical actions. Here, we define cytokines as low molecular 
weight proteins (often glycosylated), with a cellular regula- 
tory action, that are produced by different cells and operat- 
ing preferentially in the immunoinflammatory response. 
Physiologically, cytokines (1) are produced by and operate 
on different types of cells, (2) act locally or at a distance, (3) 
operate in a network, and (4) are repressed or modified by 
various mechanisms (Figure 22-2). 


CLASSIFICATION 


Because cytokines were discovered in several different 
scientific disciplines and are functionally diverse—their 
classification, like their definition—has been exceedingly 
difficult.’ However, they have been classified by their 
(1) function (Box 22-1),*"° (2) family group (Box 
22-2), 5472383 and (3) physiochemical structure (Table 
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Figure 22-1 Principal functional characteristics of cytokines. 
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Figure 22-2 Cytokine network and generic 
function over cells. 
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22-2). Currently, from a practical viewpoint, cytokines 
are classified as belonging to (1) hemopoietin, (2) interferon, 
(3) tumor necrosis factor (TNF), or (4) chemokine families. 


BIOCHEMISTRY 


Cytokines have very stable structures with the presence of 
carbohydrates and disulfide bonds imparting solubility, 
stability, and resistance to cleavage. Despite the lack of 
amino acid sequence similarity, the limited variation in their 
overall three-dimensional structure may reflect the evolu- 
tionary origins of cytokines. This structural variation has 
made possible the definition of at least the following four 
different structural families.” 


Antagonists 


Cellular 
Response 


Four-c-Helical Bundles 


Molecules having this structure constitute the largest 

family of cytokines. These molecules have an antiparallel 

four-c-helical bundle structure (A, B, C, and D helices, 

A-D and B-C helix pairs). The A-D helix pair frequently 

represents the region that interacts with the appropriate 

receptors. 
This family includes two subtypes: 

1. Short-chain (Sc subtype): interleukin (IL)-2, IL-3, IL-4, 
IL-5, IL-7, IL-9, IL-13, granulocyte-macrophage colony— 
stimulating factor (GM-CSF), monocyte/macrophage 
colony-stimulating factor (M-CSF), stem cell factor 
(SCF), IFNy 
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Cytokines That Mediate Natural Immunity 
Type I IFN 
TNF 
IL-1, IL-6 
Chemokines 


Cytokines That Regulate Lymphocyte Activation, Growth, 
and Differentiation 

IL-2 

IL-4 

TGEB 


Cytokines That Regulate Immune-Mediated Inflammation 
IFNy 
Lymphotoxin 
IL-5, IL-10, IL-12 
Migration inhibition factor (MIF) 


Cytokines That Stimulate Hematopoiesis 
C-Kit ligand 
IL-3, IL-7 
GM-CSF, M-CSF, G-CSF, other CSFs 


Interleukins: IL-1a, IL-1ß, IL-2 to IL-15 

Chemokines: IL-8, MCP-1 

Interferons: IFNo,, IFNB, IENy 

Cytotoxic/immunomodulatory/growth factors: TNFR, TNFa, 
TGEB 


Colony stimulating factors: G-CSF, GM-CSE, IL-3, IL-7, M-CSF 


TABLE 22-2 Classification Py Physicochemical Structure of Cytokines and Their Receptors 


Cytokine Structure 


6-0-helical short chain 


2. 


Long-chain (Lc subtype): IL-6, IL-12, Epo, granulocyte 
colony-stimulating factor (G-CSF), leukemia inhibitory 
factor (LIF), oncostatin M (OSM), ciliary neurotrophic 
factor (CNTF), IL-11, GH, IFNa, IFNB, IL-10 

The Sc subtype has a general oblate ellipsoid shape and 


the Lc subtype an overall elongated cylindrical shape. 


Short-Chain o/B Structures 
This family has three subfamilies: 


I; 


The epidermal growth factor (EGF) subfamily of 
cytokines produced as large transmembranar precursor 
molecules containing at least one EGF domain in the 
extracellular region. This domain consists of at least two 
antiparallel B-strands connected to the intervening loops 
by three disulfide bonds. 


. The chemokine (CK) subfamily of cytokines with a 


general conformation of an open-face B-sandwich with a 
C-terminal o-helical segment, divided into three major 
subgroups based on the amino acid sequence around the 
conserved cysteine residues. 


. The insulin-related subfamily of cytokines consisting of a 


conserved set of three disulfide bonds that link three 
short a-helices. 


Long-Chain -Sheet Structures 
This family has three subfamilies: 


1. 


The TNF subfamily of cytokines (TNFa, TNEB, CD27, 
and Fas ligand). The members of this subfamily are often 
cell surface—associated symmetrical homotrimers of 
which subunits have a conformation of B-jelly rolls, The 
homotrimer is cone shaped, which may explain the inac- 
tivity of isolated monomers and the symmetry of three 
receptor subunits interacting with the TNF trimer. 


. The IL-1 and the fibroblast growth factor (EGF) sub- 


families of cytokines. These molecules adopt a B-trefoil 
fold, which consists of 12 strands of B-sheet forming six 
hairpins. They are synthesized with no leader sequence 
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(unlike most other cytokines), and their mechanism of 
secretion remains unclear. 

3. The platelet-derived growth factor (PDGF), transforming 
growth factor B (TGF), and nerve growth factor (NGF) 
subfamilies of cytokines show B-sheet—rich structures 
known as cystine knots, which are characterized by an 
interlocking set of three disulfide bridges and at least four 
segments of twisted antiparallel B-sheets corresponding 
to an elongated asymmetric monomer. Usually, each of 
these growth factors forms a homodimeric complex with 
a different orientation of the monomers in each type of 
homodimer. 


Mosaic Structures 


This family is more heterogeneous than the other three, with 
diverse members such as heregulins or neuregulins, glial 
growth factor (GGF), hepatocyte growth factor (HGF), and 
IL-12. 

The heregulins are cell surface proteins with both an EGF 
and an immunoglobulin (1g)-like domain on the extracellu- 
lar side of the molecule; GGF has both an EGF domain and 
a kringle domain. HGF is a heterodimer with the o-subunit 
containing four kringle domains (typical of plasminogen) 
and the B-subunit having homology to serine proteases. 
IL-12 is a heterodimer with the o-subunit similar to 
the long-chain, four-o-helical bundle cytokines and the 
B-subunit overlapping the complementary hemopoietin 
domain receptor. 


CYTOKINE RECEPTORS 


Cytokine receptors represent the functional link between 
cytokines and target cells and the resultant biological action. 

Studies have shown them to be structurally very hetero- 
geneous, and generally confined to five main families of 
proteins (Table 22-3), 


TABLE 22-3 Cytokine Receptor Families and Their 


Cytokines 


Cytokine 
Receptor Family, “Cytokines 


L 1, M: CSF, = ae 


SH L3, 11-4 IL-5, IL-6 AU 

IL-9, TEV IL-12, IL-13, IL-15, 
`G CSE GM-CSE, OSM, LIF 
“CNTE growth hormone, 
prolactin 

IFNo, IENB, IFNy, IL-10. 


te ceptors pear 
(hematopoietin) - 


Class II cytokine 
receptors 
(Interferon) 

TNF receptors 

Chemokine 


TNFa, TNFb, CD40, NGF, FAS 
Chemokines 


receptors 


The most important receptors for the immunoinflam- 
matory response are the Class I and Class II receptors; 
however, the TNF and the chemokine receptors also are bio- 
logically important. The Class I and Class I receptors share 
some characteristics, such as having multiple subunits— 
one that binds the cytokine and another that mediates 
signal transduction—with tyrosine phosphorylation of the 
receptor occurring through the activity of protein tyrosine 
kinases. The Class 1 cytokine receptors bind the largest 
number .of cytokines associated with immuno- and 
hematopoietic systems and are divided into three receptor 
subfamilies with identical signal-transduction subunits. 
However, this subunit is shared by different cytokines, 
explaining the redundancy and antagonism exhibited by 
some of these molecules. The three subfamilies are the (1) 
common §-subunit(receptor for GM-CSF, IL-3, and IL-5), 
(2) common gp130 subunit (receptor for IL-6, IL-11, CNTE, 
and LIF/OSM), and (3) common y-subunit (receptor for IL- 
2, IL-15, as heterotrimers; IL-7, IL-9, and IL-4, as classical 
two-subunit receptors with a common Y-chain). 


CLINICAL SIGNIFICANCE 


Because of their diverse biological functions, cytokines have 
been implicated in a number of pathological conditions, 
including the inflammatory process and cancer. The clinical 
significance of individual cytokines is discussed below. 


Cytokines and the Inflammatory Process 


The immunoinflammatory system is a complex network of 
cells and humoral elements that includes many cytokines 
(Figure 22-3). Typically an immunoinflammatory response 
is triggered by an antigen. The antigen is presented by spe- 
cialized cells termed antigen-presenting cells (APCs), which 
present the antigen through either class I or II restrictions of 
the major histocompatibility complex (MHC), In the case of 
class I restriction, molecules of antigen are presented to CD8 
T lymphocytes, In class II restriction, molecules of antigen 
are presented to CD4 T lymphocytes (usually referred to as 
“helpers”). In addition, molecules of antigen can be pre- 
sented by B lymphocytes (CD19) or can present directly to 
Ty6 lymphocytes, with a consequent cytotoxic and cytolyti- 
cal response.” 

After antigenic presentation to CD4 and CD8 cells, there 
is a set of effects on other lymphocytes in which the sup- 
pressive ability on the proliferation of B lymphocytes is 
enhanced through CD8 cells. This prevents them from 
becoming plasma cells and ensures that they produce 
antibodies. In the case of CD4 (as classical “helpers”), they 
stimulate B lymphocytes and consequently their conver- 
sion into plasma cells and the production of antibodies. 

CD4 lymphocytes have two subtypes: T helper (Th) 1 and 
Th2 (Figure 22-4). Th2 is the common CD4 “helper” that 
“helps” B lymphocytes to be transformed into plasma cells, 
leading to the production of antibodies. Th! lymphacytes 
are implied in a cytotoxic and cytolytical process similar to 
that developed by CD8 cells, which are not only classical sup- 
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pressors of B lymphocytes but also have cytotoxic ability. 
Therefore they have an essential role in the cellular polar- 
ization, leading to either cytotoxicity or the production of 
antibodies, The differentiation of Thi and Th2 cells is based 
on the local microenvironment of cytokines. Cascades of 
cytokines are always present during the interactions between 
antigen-presenting cells and lymphocytes and also in CD4 
Thi and Th2 polarization. 

In addition to the lymphocytes, many other cells 
participate in the immunoinflammatory process, including 
endothelial cells, natural killer (NK) cells, and macrophages. 
The complement system and the acute phase proteins are 
also involved in the amplification of the inflammatory 
process. 

The transformation of CD4 lymphocytes into Th! or Th2 
subtypes is currently thought to be the central stage of the 
immune response (see Figure 22-4). These cells can polarize 
into Thl or Th2 cells according to the cytokines contained 
in the microenvironment in which the cells are stimulated. 


Cellular aa 


Q 
Differential profiles 
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Antibodies 


Figure 22-3 Role of cytokines in the 
immunoinflammatory response. 


Figure 22-4 Role of cytokines in the polarization 
of CD4 lymphocytes. 


For example, in an environment rich in IFNy and IL-12, 
there is a Th1 polarization, and in an environment rich in 
IL-4 (and eventually IL-13), there is Th2 polarization. The 
kind of cytokine environment reciprocally inhibits the other 
transformation (i.e., IL-4 blocks the Th1 transformation and 
IFNy blocks Th2 transformation). 

When CD4 lymphocytes are transformed into Thl or 
Th2 subtypes, they produce a characteristic cytokine profile 
(Figure 22-5) that includes IFNy, IL-2, and TNFB for Thl 
and IL-4, IL-5, and IL-13 for Th2. TNE, GM-CSF IL-3, IL-6, 
and IL-10 are common to both types of cells. 

Figure 22-6 represents a general scheme of the develop- 
ment of human CD4 Th1 cells. Typically, there is Th1 polar- 
ization when antigenic stimulation is caused by a virus or 
intracellular bacteria (intracellular pathogen) followed by 
antigenic presentation from specialized cells such as den- 
dritic cells, with a high production of IFNa and IL-12. The 
activation of NK cells then creates a high concentration of 
IFNy without an increase in levels of IL-4. Thus an environ- 
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Figure 22-5 Secretion profiles of cytokines from 
human CD4 T cells. (See Table 22-1 for 
identification of cytokines.) 
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Figure 22-6 Preferential development of 
human CD4 ThI cells. 


ment rich in IFNy and poor in IL-4 causes Th1 polarization, 
which induces a low production of antibodies (usually IgG 
and IgM). It also causes a cytokine-induced stimulation of 
phagocytic cells, such as macrophages and polymorphonu- 
clear neutrophils (PMNs) with enzyme and cytokine release 
boosting the inflammatory reaction. This kind of response 
is the classic delayed type of hypersensitivity, which is 
very important for an effective response to intracellular 
pathogens." 

Figure 22-7 summarizes the Th2 polarization, which 
usually occurs because of antigenic stimulation by allergens 
or extracellular antigens like helminthic (parasite) antigens. 
This stimulation is associated with a lack of [L-12 and IFNy 
production by APCs and the absence of NK activation. 
However, it is dependent on mast cells and basophils, which 
are involved in IL-4 synthesis. Thus there is an environment 
rich in IL-4 {increased by the spontaneous endogenous 
production of this cytokine) and poor in IFNy. 

An important Th2 cell-specific transcription factor is 
c-maf, which promotes the differentiation of Th2 cells 
mainly by an [L-4-dependent mechanism. It remains 
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unclear whether c-maf possesses any IL-4-independent 
function in regulating the production of Th2 cytokines; 
c-maf, independent of IL-4, is essential for normal induc- 
tion of the IL-2 receptor (IL-2R) a (CD25) in developing 
Th2 cells. The levels of CD25 are remarkably higher in 
developing Th2 cells than in developing Th1 cells during in 
vitro differentiation. In addition, timely blockade of IL-2- 
receptor signaling selectively inhibits the production of Th2 
cytokines, but not IFNy or IL-2. Taken together, they uncover 
an IL-4-independent and CD25-mediated function of 
c-maf in promoting the production of Th2 cytokines.* Th2 
polarization then causes stimulation of B lymphocytes 
and the production of all classes of Igs (particularly IgE). 
There is also the stimulation of eosinophils, namely by 
IL-5, with activation and proliferation of these cells useful 
against parasitic infections. This kind of response (especially 
through the high production of IgE) is commonly called 
the immediate type of hypersensitivity and is associated 
with at opy: 103,200,264,496 

Cytokines that stimulate the innate immune response are 
not constitutively expressed but must be induced to function 
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Figure 22-7 Preferential development of 
human CD4 Th2 ceils. 
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by specific signals that alert the host to invading microor- 
ganisms. Toll-like receptors (TLRs) are important signaling 
receptors in innate host defense with a signal-transduction 
pathway via a MyD88-dependent pathway, which ultimately 
involves the nuclear factor-«B (NF-«B) family of transcrip- 
tional factors that are involved in proinflammatory cytokine 
expression. NF-KB serves as a master switch, transactivating 
various cytokines that are involved in the innate and transi- 
tion to adaptive immunity: IL-1, IL-6, and IL-8. In addition, 
TLR4 signal transduction and NF-«B transactivation 
induces expression of IL-12 p40 and CD80 and CD86, which 
are co-stimulatory molecules that link innate and adaptive 
immune responses by activating antigen-specific responses 
by naive T cells.“ Measurement of the activation of 
NF-KB may help to predict the outcome of sepsis, for 
example." 

Subsequent findings indicate that cytokines—in part 
mediators of this “overwhelming” inflammatory reaction, 
may also stimulate bacterial growth, impair bacterial clear- 
ance, and promote the subsequent development of nosoco- 
mial infections—may have important implications for the 
management of the inflammatory syndromes, such as the 
acute lung injury and/or acute respiratory distress syndrome 
patient. The interaction between cytokines and bacteria may 
be an important factor in the development of organ injury 
and death from severe infections, although numerous host 
and local factors, including inflammatory cells, profoundly 
influence the role of a specific cytokine. %75 

Cytokines regulate activation, differentiation, growth, 
death, and acquisition of effector functions of various cell 
types.” As a result they are increasingly recognized as 
important factors in the pathophysiology of chronic heart 
failure. Inflammatory cytokines may modulate cardiovascu- 
lar functions by a variety of mechanisms. Cytokines such as 
TNE and IL-18 have been shown to depress myocardial 
contractility. This may be due to the uncoupling of 
f-adrenergic signaling, an increase in cardiac nitric oxide, or 


alterations in intracellular calcium homeostasis. TNFa and 
members of the IL-6 family may also induce structural 
changes in the failing myocardium, such as cardiomyocyte 
hypertrophy and interstitial fibrosis. Additionally, TNFa 
and IL-1B may promote cardiomyocyte apoptosis and acti- 
vate metalloproteinases and impair the expression of their 
inhibitors, possibly contributing to cardiac remodeling." 
In 2004 Okun and colleagues studied the role of cytokines 
and growth hormone in the regulation of sleep and nar- 
colepsy. Collectively, proinflammatory cytokines and human 
growth hormone (HGH), were found to be possibly involved 
in the development of or the exacerbation of narcolepsy (a 
disabling neurological sleep disorder characterized by exces- 
sive daytime sleepiness and abnormal sleep manifestations). 
As the role of the immune system in sleep becomes clearer, 
a better interpretation will be available to assess why nar- 
coleptics have altered cytokine and HGH levels, Future 
studies should be conducted to fully characterize the sources, 
patterns, and significance of alterations in patterns of proin- 
flammatory cytokines and HGH in narcolepsy.” 


Cytokines and Cancer 

Cytokines have assumed an increasing importance in cancer 
biology since the early observations in 1893 of William 
Coley, who showed that a variety of malignant tumors 
regressed following infection with certain bacteria. The 
cytokine revolution of the 1970s led to the supposition that 
the reasons for this were the release by bacterial endotoxin 
of tumor inhibitory cytokines, such as the IFNs and TNFs. 
It is now known that cytokines are involved in the malignant 
process in a number of ways. 

Cancers are a very heterogeneous group of diseases, and 
the mechanisms of malignant transformation and continu- 
ation are very diverse in different tumors; nonetheless, they 
represent diseases in which intercellular signaling mecha- 
nisms have been damaged so as to remove the normal con- 
straints on cellular growth and replication. In many cases, 
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cytokines form part of these control mechanisms or induce 
other molecules that perform these functions. For example, 
some proto-oncogenes and oncogenes code for normal or 
abnormal components of cytokine receptor or signal trans- 
duction pathways. 

Cytokines may have growth inhibitory properties directly 
on cancer cells, cause tumor regression because of modifi- 
cation of the host tumor relationship, or enhance antitumor 
immune effects. They may also act as growth factors for 
malignant cells, and thus therapeutic strategies to inhibit 
their action become possible. They may also mediate para- 
neoplastic effects, 

Cytokine-provided survival signals are known to suppress 
apoptosis through inhibition of mitochondrial pathways 
that involve Bcl-2 family members. It was also discovered 
that IFNy-TNFao synergism, rather than the Fas ligand as 
currently believed, is responsible for the apoptosis in cancer 
cell deaths.*” 

In hematopoietic cells, cytokines also regulate death 
receptor—mediated pathways. Hematopoietic cytokines, such 
as IL-3 and erythropoietin in normal cells and BCR-ABL 
oncoprotein in transformed cells, inhibit transcription of 
tumor necrosis factor—-related apoptosis-inducing ligand 
(TRAIL). The inhibition of TRAIL function is sufficient to 
partially rescue cytokine-deprived cells from apoptosis. 
Cytokine and BCR-ABL suppression of TRAIL transcription 
is mediated through phosphorylation and inhibition of the 
forkhead FOXO3a transcription factor. BCR-ABL-induced 
inhibition of TRAIL transcription in hematopoietic cells 
may provide a novel mechanism for tumorigenicity in 
chronic myeloid leukemia.'® 

From the perspective of the clinical laboratory, the mea- 
surement of cytokines in biological fluids may be useful for 
monitoring progression of some tumors and for therapeutic 
monitoring when they are used as anticancer agents. 


Regulation of Growth and Differentiation 

Because of their growth inhibitory properties, IFNs have 
assumed great importance in the search for tumor- 
modifying cytokines. In addition, they can down regulate 
the expression of cellular proto-oncogenes, such as myc, the 
enzymes associated with DNA replication, and the receptors 
for growth factors, such as EGE, They may also activate cyto- 
toxic T cells in vivo. 

The therapeutic use of [FN has been evaluated in many 
clinical trials and it has received approval from the U.S. Food 
and Drug Administration for use in hairy cell leukemia 
(HCL), the myeloid leukemias, and a range of solid tumors. 
It is only in HCL, with median response rates of about 90%, 
that it is clearly superior to conventional chemotherapy; 
however, there is considerable interest in including it as a 
part of multiparameter treatment with chemotherapy, 
radiotherapy, and surgery for other cancers. 

TGEB blocks the growth-promoting effects of cytokines 
such as EGE, PDGF and the FGFs, and many malignant cells 
both produce and respond to it. A negative autocrine loop 


thus controls proliferation. In breast cancers, the cells often 
produce TGF but lose their ability to respond." 

IL-6 inhibits the growth of a variety of human cell lines 
derived from malignant tumors of breast, ovary, and myeloid 
cells, but it also has a dramatic effect in reducing tumor load. 
in mice transplanted with several murine tumors, an effect 
that is largely lost if the animals are rendered immune 
deficient. Conversely, IL-6 is a potent growth factor for 
plasmacytoma and myeloma cells, and it has been shown 
that freshly isolated human myeloma cells from patients 
produced IL-6 in culture, indicating the possibility of an 
autocrine loop promoting growth in this cancer. Additional 
evidence also supports a paracrine role for IL-6, with pro- 
duction in myeloma arising not only from the myeloma cells 
but also from adherent stromal cells in the bone marrow. It 
is thus of great interest that monoclonal antibodies to IL-6 
have shown an effect in retarding tumor growth in early 
trials. 

Cytokines such as IL-6 and TNF also have an important 
role in regulating estrogen synthesis in peripheral tissue, 
including normal and malignant breast tissue. The activities 
of the aromatase, estradiol 17-hydroxysteroid dehydroge- 
nase, and estrone sulfatase enzymes are all increased by IL- 
6 and TNE. Macrophages and lymphocytes, which invade 
many breast tumors, are thought to be an important source 
of factors such as cytokines that can modulate estrogen syn- 
thesis in malignant breast tissue.” 

The incidence of breast cancer is reduced in immuno- 
suppressed women.” Because cytokine production is also 
reduced in immunosuppressed women, this finding sup- 
ports the concept that cytokines have an important role 
in breast cancer, possibly acting via stimulation of estrogen 
synthesis.*”° 


Toxicity for Tumor Cells 

The TNEs inhibit tumor cell growth by a direct cytotoxic 
effect, inhibit proliferation, and induce differentiation.*” 
The mechanisms are arachidonic acid dependent and may 
involve the production of oxygen free radicals, which destroy 
the tumor cell DNA. These molecules have potent antitumor 
activities in murine models caused by direct inhibition of 
growth, immunomodulation, and effects on the vascular 
system. Unfortunately, extensive trials in human malignan- 
cies have been very disappointing, largely caused by dose- 
limiting toxicity when TNF is administered systemically, 
although isolated limb perfusion and intratumor injection 
appear promising. TNF can also stimulate growth of some 
malignant cells. 


Modification of Host-Tumor Relationship, Local Spread, 
and Metastasis 

In addition to the effects described previously, TNF also 
exhibits protumor effects. Transplanted ovarian carcinoma 
cells in nude mice possess an enhanced ability to invade peri- 
toneal surfaces and metastases following transfection with 
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LAK cell 


Cytotoxic |. 
T cell 
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the human TNFa gene. This suggests more subtle effects 
(e.g., on the production of adhesion molecules). 

Because the control of metastasis is critical to the control 
of cancer progression, two chemokine receptors and their 
ligands stand out as likely targets for therapeutics: CCR7/ 
CCL21 for lymph node metastases, and CKCR4/CXCLI12 for 
lung, liver, bone marrow, and brain metastases. It has been 
reported that the CXC chemokine receptor 4 (CXCR4) and 
its ligand CXCL12, also known as stromal cell-derived factor 
1, or SDF-1, together govern the pattern of breast cancer 
metastasis.” In this study, it was suggested that metastatic 
cancer cells simply use signals that normally control leuko- 
cyte transport. Chemokines and their ligands represent one 
of the more important of these signals because they can be 
secreted by virtually all types of cells, but in different 
amounts and combinations. The synthesis of most requires 
inflammatory signals, whereas a few, such as CXCL12, are 
molecules of “resting” cells in virtually all organs. Specific 
combinations of chemokines, chemokine receptors or 
ligands, and adhesion molecules form a spatial and tempo- 
ral code that determines which subgroups of human cells 
migrate and where they migrate.” 


Immune Response to Tumor 


The tumor-suppressor roles of cytokines include many reg- 
ulatory effects on the immune system. The IFNs enhance the 
expression of MHC class I antigens on many different 
normal and malignant types of cells, making them suscepti- 
ble to killing by cytotoxic T cells. 

IL-2 stimulates peripheral blood lymphocytes, rendering 
a subpopulation of them more cytotoxic for tumor cells. This 
subpopulation of cells is known as lymphokine-activated 
killer cells (LAK cells) and probably form part of the NK cell 
population, which may be responsible for immune surveil- 
lance of potentially malignant cells. IL-2 is used thera- 
peutically intravenously or subcutaneously, and in renal cell 
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Tumor infiltrating 
Lymphocyte (TIL) 


Figure 22-8 Generation of LAK cells in the 
laboratory. 


Cell Sorting 


cellular stimulation and amplification 


carcinoma and melanoma gives responses much better than 
chemotherapy. LAK cells may be stimulated ex vivo using 
lymphocytes derived from plasmapheresis and reinfused 
into the patient (Figure 22-8). For still greater specificity, 
tumor infiltrating lymphocytes (TILs) may be extracted and 
stimulated. Significant toxicity limits the dose of IL-2. 

Tumor infiltrating lymphocytes are very important in 
immune competence against cancer. A study reported in 
2003 demonstrated remarkable differences in the distribu- 
tions of progression-free survival and overall survival 
according to the presence or absence of intratumoral 
T cells.” The 5-year overall survival rate was 38.0% among 
patients with epithelial ovarian cancer whose tumors con- 
tained T cells and 4.5% among patients whose tumors con- 
tained no T cells in islets. The presence of intratumoral 
T cells independently correlated with delayed recurrence or 
delayed death in multivariate analysis and was associated 
with increased expression of IFN~y, IL-2, and lymphocyte- 
attracting chemokines within the tumor. The absence of 
intratumoral T cells was associated with increased levels of 
vascular endothelial growth factor. 

IL-12 has been shown in animal studies to have potent 
antitumor and antimetastatic activity, probably by its actions 
stimulating Th1 cells and inducing IFNy production. 

Cytokines in most cases modulate tumor-specific inhi- 
bition dependent on direct lytic activity of cytotoxic CD8 
T celis or on polarization of CD4 T cells. But tumor 
eradication also depends on noncytotoxic CD4 and CD8 
lymphocytes releasing high amounts of proinflammatory 
cytokines that recruit distinct effector leukocytes at the 
tumor site. This series of events emphasizes the cytokine 
action in the tumor site upon several distinct cell types and 
immunoinflammatory mechanisms. However eradication of 
established tumors involves distinct mechanisms, each 
endowed with a different curative potential and not only 
cytokines. 108,486 
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Mediation of Paraneoplastic Effects 

Many hormonal, neurological, hematological, and other 
clinical and biochemical disturbances associated with malig- 
nant neoplasms (paraneoplastic effects) are considered to be 
mediated by cytokines. For example, the fever that so often 
accompanies cancer is mediated by IL-6, IL-1, and TNF and 
typically occurs in lymphoid malignancies in which these 
cytokines are released. Anemia may be mediated by TNE, 
thrombocytosis by IL-6, and cachexia by TNF and IENy. 
Bone reabsorption and hypercalcemia are induced by IL-1. 


Cytokines and the Diagnosis of Tumors 


A number of situations are emerging in which the measure- 
ment of cytokines may provide clinically useful information 
about prognosis and response to treatment of tumors. For 
example, great interest has surrounded the role of serum 
IL-6 measurements in assessing the prognosis in myeloma 
and in distinguishing it from monoclonal gammopathies of 
undetermined significance (MGUS). IL-6 levels are elevated 
in a higher proportion of patients with myeloma and corre- 
late broadly with disease activity, proliferation index, and 
survival. Patients with MGUS generally have normal or low 
levels of IL-6, but unfortunately studies have not shown suf- 
ficient discrimination to be clinically useful in distinguish- 
ing these important conditions. In Hodgkin’s disease and 
non-Hodgkin's lymphoma, there is a correlation between 
symptoms of fever and malaise (B symptoms) and IL-6 level; 
raised levels also predict a poorer prognosis. In studies of 
renal cancer, colorectal cancer, and melanoma, baseline 
C-reactive protein (CRP) or IL-6 levels have been shown to 
be related to response to treatment with IL-2, with respon- 
ders having lower concentrations before therapy and a much 
greater increase during therapy. Elevated concentrations of 
the soluble IL-2 receptor (sIL-2R) have been found in a 
number of malignancies, in particular those of the lymphoid 
system and the leukemias. In children with acute lymphoid 
leukemia, raised levels predict relapse and correlate with 
survival. This is probably also true of adult HCL and T-cell 
leukemia, suggesting that the use of sIL-2R measurements 
could have a place in the management of the hematological 
malignancies. Of the solid tumors, tung cancer has attracted 
particular attention because raised levels may relate to sur- 
vival and disease status following treatment, and tend to be 
higher in small cell lung cancer. 

TNE expression or protein production has been demon- 
strated in many cancer cell lines and biopsies. For example, 
in ovarian and breast cancers, TNF mRNA or protein has 
been found in 50% to 70% of the tumors studied. Serum 
TNF and sTNER levels are raised in a wide range of malig- 
nancies, and their measurement may be useful in follow-up 
studies. 

A high proportion of patients with hematological malig- 
nancies have increased levels of the cytokine M-CSF that 
have been shown to relate to disease type, status, and 
response to therapy. In addition, elevated levels of this 
cytokine have been observed in ovarian cancer and have 


been found to correlate with disease status following treat- 
ment. In practice, there is great interest in the use of M-CSF 
together with CA125 as an index of therapy in this difficult 
cancer. 

A number of the growth factors, such as the IGFs, PDGE, 
and the TGFs, show raised serum concentrations in various 
cancers. TGFo is of interest in that it is almost invariably 
raised in breast cancer irrespective of stage and was higher 
in the sera of patients with hepatocellular cancer than in 
normal subjects or those with hepatitis or cirrhosis. This 
growth factor is excreted in the urine, and urinary levels are 
often raised in head and neck cancer and may sometimes be 
useful for monitoring treatment. 


INDIVIDUAL CYTOKINES 


The structure, function, and clinical significance of many 
individual cytokines have been extensively studied. In this 
section, cytokines that are highlighted in Table 22-1 are indi- 
vidually discussed. 


INTERLEUKIN-1 

Interleukin-1 (IL-1) is a predominantly macrophage- 
produced interleukin, which mediates the host inflamma- 
tory response in innate immunity; two principal forms exist, 
designated œ and B, with apparently identical biological 
activity. At low concentrations, IL-1 principally acts to 
mediate local inflammation, causing mononuclear phago- 
cytes and endothelial cells to synthesize leukocyte activating 
chemokines. At high concentrations, IL-1 enters the blood 
stream and acts as an endocrine hormone, in some actions 
resembling TNE by its ability to cause fever, initiate hepatic 
synthesis of acute phase proteins, and induce cachexia. 


Synonyms 

IL-1 has also been known as B cell-activating factor, 
catabolin, endogenous pyrogen, epidermal cell-derived 
thymocyte activating factor, fibroblast activating factor, 
hemopoietin-1, hepatocyte stimulating factor (HSF), leuko- 
cyte endogenous mediator, lymphocyte activating factor, 
mononuclear cell factor, osteoclast activating factor, pro- 
teolysis inducing factor, and serum amyloid A inducer. 


General Characteristics 

The IL-1 family has three members: IL-la, [L-1B, and the 
IL-1 receptor antagonist (IL-1RA or IL-1y), all three acting 
on the same receptors. The structures of the three molecules 
are related to a limited extent. There is a 20% sequence 
homology between the two forms of IL-1, which are encoded 
by two different genes; however, IL-1a and IL-1B are ago- 
nists, with IL-1RA being an antagonist having more similar- 
ities with IL-18. The IL-1 family is also related structurally 
to FGE Both forms (IL-1a and IL-1) are stable tetrahedral 
globular proteins (bowl-like structure)” and are processed 
at the cell membrane or extraccllularly to give the mature 
molecule.” 
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Most of the IL-1 activity in plasma is from IL-1, IL-10 
existing mainly in an intracellular or membrane-associated 
form."'*>**? IL-1 shares many of its functions with TNF, but 
important differences between IL-1 and TNF exist. For 
example, IL-1 is in general not toxic, and TNF is a potent 
cytotoxic effector (see the Biological Actions of TNF 
section), One of their shared functions is the induction of 
expression of the vascular cell adhesion molecule (VCAM) 
by endothelial cells. Studies have indicated that TNF may be 
more important than IL-1 in induction of VCAM expression 
at least in the nasal mucosa.** ; l 

Other general characteristics of IL-1 include: 


Molecular Weight 

Literature values for the molecular weights of IL-1, IL-10, 
and IL-1 vary from 17 to 17.5kDa.* The molecular weight 
of the IL-1 receptor core has been reported to be 17kDa, 
with three distinct glycosylated forms (18, 22, and 22 kDa).*” 


Cross-Reactivity 


The cross-reactivities (amino acid sequence homology 
between human and mouse) for IL-1 and its receptor 
include IL-1o (62%), IL-1B (68%), and IL-1RA (77%).” 


Chromosomal Location 
The chromosomal locations of IL-1 and its receptors are 
2q12-21 (IL-1o), 2q13-21 (IL-1), 2qi2 (IL-1R type I), and 
2q12-22 (IL-1R type ID. 


Cellular Origin 

Activated mononuclear phagocytes are the major cellular 
sources of IL-1, but almost all nucleated cells are capable of 
secreting IL-10. and IL-18 after stimulation (Figure 22-9). 


Also, important sources of IL-1 are classical antigen-pre- 
senting cells, including monocytes and macrophages, 
Langerhans’ cells, dendritic cells, B lymphocytes, endothelial 
cells, T cells, NK cells, astrocytes, keratinocytes, and 
fibroblasts. 7®5? 


Control of Synthesis and Release 


Mature forms of IL-1 depend on proteolytic cleavage of pre- 
cursor forms (prointerleukin-1) into the cytoplasm. Mature 
molecules and IL-1& precursor are biologically active, but 
IL-1B precursor is inactive. Activation of this latent form is 
produced by proteases (such as serine proteases), appropri- 
ate proteases from monocytes and/or macrophages, chymase 
in mast cells, and an aspartate-specific protease called IL-1 
converting enzyme (ICE). Normally IL-1 synthesis and 
secretion occur after cellular stimulation (Box 22-3), but IL- 
1a is present constitutively in large amounts as a preformed 
biological response modifier in epithelial cells, such as 
keratinocytes in the skin, sweat, urine, and amniotic fluid. 
Damage or stimulation of these cells results in the liberation 
of enormous amounts of active IL-1. Prointerleukin-1B 
(pro-IL-1B) is the only known physiological substrate of the 
ICE. The structural similarities of ICE with a nematode gene, 
ced-3, which initiates a cell death program, suggest that IL- 
1 could be released from macrophages during apoptosis." 
Pro-IL-1B has been demonstrated to be a substrate of ICE 
that is relevant to cell death, and depending on the tempo- 
ral cellular commitment to apoptosis, mature IL-18 may 
function as a positive or negative mediator of cell death.“ 
However, IL-1B also suppresses apoptosis in CD34 positive 
bone marrow cells through activation of the IL-1 receptor 
type I and the subsequent production of endogenous 
GM-CSF.“ Following lipopolysaccharide (LPS) stimulation 
of monocytes, intracellular activity of IL-1 is detected in 
30 minutes, extracellular IL-1 activity is detected in 60 
minutes, and high levels occur in 3 hours.’” Urate or silicate 
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Figure 22-9 Cellular origin, principal target cells, and biological actions of IL-1. 
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particles and adjuvants, such as aluminum hydroxide, are 
other external stimuli for cells to produce IL-1. Concerning 
the regulation of ICE, a cowpox virus inhibitor known as 
cytokine response modifier A (CRMA) has been described 
that inhibits the host inflammatory response through the 
inhibition of ICE.” IL-LRA is synthesized by the same 
cells that secrete IL-1, and an intracellular form has been 
identified.” 

Prostaglandins, a class of lipid-derived inflammatory 
mediators, can also regulate IL-1 expression; for example, IL- 
1 production by macrophages is enhanced by leukotrienes, 
but is suppressed by products of the cyclooxygenase pathway, 
such as prostaglandin (PG) E2 (PGE2). Increased circulating 
levels of IL-1 are also observed during the luteal phase of the 
menstrual cycle’**?”°°* and during strenuous exercise. 

Proteases that activate the precursor forms of IL-1 belong 
to a class of highly specific cellular proteases termed caspases. 
The number of enzymes in this family of proteases keeps 
growing, with new members continually being identified 
and a unified nomenclature being proposed. All caspases 
share two key features: They require an aspartic acid at the 
cleavage site, and they are all synthesized as proenzymes that 


Microbial 


Bacterial endotoxin of gram-negative bacteria—LPS 
Exotoxins, cell walls, muramyl dipeptide (MDP), protein-A 
Yeast cell walls (zymosan) 

Virus-hemagglutinin, double-stranded RNA 

EBV* 


Immunoinflammatorial} 
Activated T lymphocytes 
Immune complexes 
Complement C5a 
Leukotrienes 
Platelet activating factor (PAF) 
TNF and IL-6 (their own synthesis and secretion are enhanced 
by IL-1) 
CRP 


Other 
Silica and asbestos particles 
Urate crystals 
Phorbol myristate acetate (PMA) 
UVB radiation (on keratinocytes) 


*EBV induces a rapid accumulation of IL-1 and IL-IRA mRNA in 
neutrophils that was associated with the later appearance of considerable 
amounts of IL-10, IL-1B, and IL-RA proteins. The elevated levels of 
IL-1RA detected for EBV-stimulated neutrophils might be part of a 
mechanism used by the virus to evade the immune system. 

|The cytokine cascade IL-1, TNE, and IL-6 is responsible for many 
cellular events that are present in acute inflammation, and almost all the 
inflammatory mediators are enhancers of IL-1 secretion. Also IFNy and 
GM-CSF prime cells for IL-1 release after exposure to inducers. 


are activated by cleavage at aspartate residues at sites resem- 
bling their own targets. This raises the possibility of auto- 
processing and transactivation among caspases. This has 
been shown to be the case for activation of caspase-1 (ICE) 
by caspase-4, caspase-3 by caspase-1, and caspase-3 and 
caspase-7 by caspase-10.*” 

IL-4 and IL-10 are inhibitors of IL-1 synthesis, as are 
glucocorticoids that are produced in response to IL-1, and 
may represent a feedback mechanism of IL-1 secretion.*” 
Multiple stimuli are likely to operate in vivo to promote IL- 
1B posttranslational processing, such as anion transport 
inhibitors.* 

Genetic deletion of IL-1 receptors results in the over- 
production of IL-1 mRNA in organs known to produce 
cytokines during pancreatitis, even when the severity of 
pancreatitis is lessened. This suggests that a negative feed- 
back loop exists between the IL-1 receptor and IL-1 gene 
expression.” 


Receptors (IL-1R) 


There are two types of IL-1 receptors (Figure 22-10): type I 
(CDw12la, 80kDa) and type II (Cw121b, 60 kDa). They are 
transmembrane glycoproteins and members of the Ig super- 
family that bind IL-la, [L-18, and IL-IRA. They are pro- 
fusely distributed on a variety of cell types,’”"'**"! but only 
type I receptor (IL-1RI) provides intracellular signal. Type II 
receptor (IL-LRID acts as an IL-1 regulator (antagonist or 
decoy receptor). IL-1RI is expressed mainly by T cells, B cells, 
eosinophils, fibroblasts, endothelial cells, some cells of the 
nervous system, and muscle cells (25 to 1000 receptors per 
cell) and IL-1 RII by B lymphocytes, activated T lymphocytes, 
monocytes, neutrophils, eosinophils, placental cells, 
endothelial cells, fibroblasts, some cells of the nervous 
system, and megakaryocytes (200 to 8000 receptors per 
cell) .!52437 

The type I receptor has a large cytoplasmic domain and 
transmits signals when it binds IL-1; the signaling pathway 
is not fully known, but shares some components with those 
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Figure 22-10 Illustrations of the type I and H receptors of IL-I. 
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used by the IL-18 and TLR families. Binding to as few as five 
copies of IL-1RI on a cell can be sufficient to produce a 
response. 

A fibroblast may carry several thousand IL-1 receptors; 
resting T cells express as few as 50, but this number increases 
after activation. Binding leads to endocytosis of IL-1 together 
with its receptor. 

The biological activity of IL-1 is regulated by IL-1 itself 
(it enhances synthesis and secretion of IL-1 but suppresses 
expression of IL-1 receptors); IL-1RII; PGE2, which’ sup- 
presses IL-1 production and IL-1RA; and TGERB, which abro- 
gates the immunoinflammatory effects of IL-1. However, 
the principal functional inhibitor of IL-1 is IL-1RA, acting 
as a competing molecule for IL-1 receptors. The production 
of this antagonist is increased by GM-CSF, IL-4, IL-10, and 
TGEB. A 1996 study found that IL-1RA is also a common 
regulatory product of inflammatory macrophages (involved 
in types 1 and 2 granulomas) and is particularly promoted 
by CD4 Th1 cytokines, IFNy, and TNFa.” A soluble recep- 
tor found in normal human serum has also been described 
that binds preferentially to IL-18.” 

The type II receptor has a small cytoplasmic domain and 
cannot ‘transduce signals. The extracellular domain of IL- 
1RII is released in soluble form at sites of local inflamma- 
tion and into the serum during times of systemic 
inflammation. This soluble IL-1RI is produced in relatively 
large amounts, binds IL-18 much more strongly than it 
binds IL-lo or IL-1RA, and functions as an endogenous 
inhibitor of IL-1B. Both soluble and cell-associated forms of 
IL-IRH have therefore been called IL-1 decoy receptors. 


Signal Transduction 


IL-1 induces hydrolysis of phosphatidylethanolamine (but 
not other phospholipids), which will release diacylglycerol 
(DAG) and activate protein kinase C (PKC) without releas- 
ing calcium. It has also been reported to activate a G- 
protein—-regulated adenyl cyclase.” Association of IL-1 with 
Janus protein tyrosine kinase signal transducers and activa- 
tors of transcription (JAK-STAT) signaling has remained 
unresolved. Tsukada and co-workers have reported an 
element termed LPS and IL-l-responsive element in the 
human prointerleukin-1B gene that can be immediately 
induced by either LPS or IL-1 protein to bind a tyrosine- 
phosphorylated protein.*? This LPS and IL-1-induced 
factor (LIL-factor) is recognized by an antibody raised 
against the N terminus of STAT1 but not by those specific 
for either the C terminus of STAT] or any other gamma 
interferon activation (GAS)—-binding STAT. Moreover, the 
unique DNA-binding specificity and antigenicity of this 
factor suggest that LPS, IL-1, and IL-6 may use a common 
signaling pathway. 


Biological Actions 

IL-1 plays a central and primary role in the inflammatory 
response and tissue repair, and weak evidence supports an 
action of IL-1 as a physiologically important co-stimulator 


of mature T lymphocyte activation.” In a review,” Dinarello 
reports that investigators have studied how production of 
the different members of the IL-1 family is controlled, the 
various biological activities of IL-1, the distinct and various 
functions of the IL-1R family, and the complexity of intra- 
cellular signaling. Special attention is paid to IL-1 convert- 
ing enzyme and programmed cell death (apoptosis). The 
role of IL-1 in hematopoiesis, leukemia, atherosclerosis, and 
growth of solid tumors is also discussed. 

Systemically, IL-1 exerts a biological effect at the level of 
a single cell and also has indirect effects (Table 22-4). Its 
biological activities depend on the quantity of cytokine 
released.’ At low concentration, it acts as a mediator of 
the local immunoinflammatory reaction, inducing a cascade 
of secondary cytokines in a large number of types of cells 
(macrophages, endothelial cells, fibroblasts, synovial cells, 
and keratinocytes), enhancing leukocyte and/or endothelial 
cell adhesion, and inducing CD4 T-cell proliferation and 
B-cell growth and differentiation. The latter demonstrates its 
potential for functional autocrine pathway activation medi- 
ated by IL-iœ and suggests that the level of expression of 
IL-1RI may function as a significant control point in physio- 
logical IL-1 mediated autocrine pathways.”” At high concen- 
tration, IL-1 diffuses into the blood and subsequently exerts 
an endocrine action on the brain, liver, adrenals, and other 
organs; it acts as an endogenous pyrogen, inducing fever, 
stimulating the synthesis of acute phase proteins, and induc- 
ing cachexia. The exact (paracrine) endocrine role of IL-1 on 
the peripheral immune system, namely on T cells, is not well 
characterized, but it is known to affect the cell cycle. It regu- 
lates IL-2 production (increasing the density and affinity 
of IL-2 receptors and increasing the production of IL-2). 
Generally, it seems that every cell, immunoinflammatory or 
not, is affected by IL-1." The main importance for immu- 
nity, however, seems to lie in its ability to enhance the activa- 
tion of T helper lymphocytes by APCs. IL-1 acts in an 
autocrine manner to induce or increase expression of various 
adhesion molecules, IFNy receptors, and class II MHC pro- 
teins on the APC surface and so increase the efficiency with 
which the APC can bind and activate Th cells. 

Dendritic cells are highly effective APCs capable of stim- 
ulating the differentiation of naive lymphocytes into effec- 
tor cells. Specific properties of the dendritic cells determine 
the quality of immune responses that they initiate. IL-1 and 
IL-1Ra play a biologically relevant role in the positive and 
negative regulation of dendritic cell activation. In conjunc- 
tion with CD40L, IL-1 sends a powerful activation signal to 
dendritic cells that could be distinguished from other modes 
of activation. This signal enables the production of pro- 
inflammatory cytokines by dendritic cells, and enhances the 
differentiation of naive T cells into effectors of type 1 cellu- 
lar immune responses.” 

IL-1 plays an important role in the pathophysiological 
responses to infection and inflammation, in part by mediat- 
ing its own production and that of other proinflammatory 
cytokines. However, the relative contribution of IL-la and 
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TABLE 22-4 Biological Activity. of IL-1 


“Target Biological Activity. 


‘Single Cell Level _ 
Thymocytes 
T lymphocytes 


Proliferation 


IL-4 synthesis 


Epithelial cells: 
Keratinocytes ; 
Fibroblasts 
Osteoclasts 

: Chondrocytes 

> ; -collagenase synthesis 
Synovial cells 
Muscle cells 
Hepatocytes 


Indirect Effects 


From references 1, 90, 152, 349, 457, 528, 568. 


Production of IL-2 and TEN; induction of IL-2 receptors: proliferation, adhesion, inhibition of 


Proliferation; secretion of TNE IL-6, and GM-CSF 
_ Proliferation; secretion of IL-6, collagen, collagenase, and PGE2 
Bone resorption | and calcium release; collagenase synthesis 
< Cartilage breakdown and proteoglycan release; plasminogen activator; prostaglandin and 


Proliferation; prostaglandin and collagenase synthesis. 
_ Amino acid oxidation and proteolysis; prostaglandin synthesis 
Increase i in acute phase protein mher o 


a From cytokine cascades, especially from TNEo. and IL-6, through ‘synergy. with other cytokines, 
such as GM-CSR* 


*Antigen-presenting cells (APC) can up regulate GM-CSF production through IL-1b and through CD28 triggering by B7 molecules. As GM-CSF itself up 
regulates B7 expression and IL-1B production by APC, a bidirectional regulatory feedback pathway between APC and T cells seems to modulate GM-CSF 


production.” 


IL-1ß to the inflammatory response has not been elucidated. 
This suggests that either [L-1B is not essential for the in vivo 
systemic tesponse to LPS or that its role can be fulfilled by 
other cytokines with overlapping activities,'* 


Clinical Significance 


IL-1 has been implicated in the pathogenesis of (1} rheuma- 
toid arthritis (RA), (2) septic shock, (3) periodontitis, (4) 
malignancy, (5) asbestosis, (6) tuberculosis, and (7) human 
immunodeficiency virus (HIV) infection. Its presence has 
also been correlated with disease activity or differential diag- 
nosis (synovial fluids, gingival fluids, or even serum). For 
example, patients with nonallergic bronchial asthma were 
characterized by increased levels of IL-1B and IL-6 produced 
by monocytes,” 


IL-1 gene expression is selectively induced in tissue 
involved in multisystem organ failure during acute pancre- 
atitis, suggesting a role in the pathogenesis of distant organ 
dysfunction. Acute eosinophilic pneumonia is character- 
ized by locally high levels of IL-5, IL-1RA, and soluble type 
II IL-1 receptor in the alveolar space.® IL-1 has also been 
found to be associated with inflammatory intestinal diseases, 
which induce intestinal epithelial cells to produce several 
cytokines and acute phase proteins (APP) during an inflam- 
matory response. Little is known about the type of IL-1R 
expressed by intestinal epithelial cells and the effect of 
cytokines on the expression of these receptors. However, 
down regulating the expression of the type I IL-IR was 
suggested as a possible mechanism to limit the effect of IL- 
1 on intestinal epithelial cell function during the mucosal 
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inflammatory response.** Systemic inflammation induces 
an enhancement of melanoma cell metastasis and growth by 
IL-1-dependent mechanisms in vivo. In vitro, the mecha- 
nism(s) is consistent with IL-1—mediated increase in expres- 
sion of mannose receptors and production of tumor cell 
growth factor(s) from the endothelium.” Tuberculosis is 
characterized by a cellular immune response mediated by 
various cytokines, including IL-18 released by stimulated 
mononuclear cells. It has been established that IL-18 plays 
an important role in local and systemic inflammatory 
response in tuberculosis. In patients with diffuse pan- 
bronchiolitis, the relative amounts of IL-1B and IL-1RA or 
IL-8 may contribute to the neutrophil-mediated chronic 
airway inflammation.” HIV-infected individuals have expe- 
rienced episodes of localized or systemic bacterial infections 
caused by gram-negative bacteria associated with the pro- 
duction of proinflammatory cytokines. For example, antiin- 
flammatory cytokines inhibit LPS plus GM-CSF stimulated 
HIV expression, and this effect closely correlates with inhi- 
bition of IL-1 release and, in particular, with up regulation 
of endogenous IL-1RA production. Thus the balance 
between an endogenously produced viral inducer (IL-1B) 
and an inhibitor (IL-1RA) may represent an important 
pathway leading to modulation of HIV expression from 
monocytic cells.” 


Therapeutic Applications 

IL-1 may be useful in protecting patients against lethal doses 
of radiation and in the stimulation of hematopoiesis. 
However, the therapeutic application of IL-1 that had gen- 
erated the greatest interest is the development of anti-IL-1 
therapies using either IL-1RA, soluble IL-1R, or other antag- 
onists capable of an antiinflammatory and immunosup- 
pressive effect. Although not very effective, IL-1 has been 
used in RA and septic shock. Curiously, short-term use of 
inhibitors of cyclooxygenase (that blunts PGE2-mediated 
symptoms, such as fever and pain), such as aspirin or 
ibuprofen, does not decrease IL-1 but results in a “rebound” 
increase in cytokine-induced cytokine synthesis (IL-1, IL-2, 
IL-6, TNE, and GM-CSF). Also, anion transport 
inhibitors—such as tenidap—that suppress cytokine pro- 
cessing independently of the initiating stimulus are 
attractive candidates as therapeutic regulators of IL-1 
production.‘ IL-1 also plays a strategic role in the growth 
of cancer cells in inflammatory tissue; because IL-1RA is 
without side effects in humans, studies on intraoperative 
infusion of IL-IRA during tumor resection may be indi- 
cated." The use of IL-1 in humans is associated with 
dose-limiting toxicity that resembles that of TNFa or IL-2. 
Activation of neutrophils is thought to contribute to the tox- 
icity caused by these two cytokines but, unlike TNF, IL-1 
does not cause neutrophil degranulation in humans, despite 
its ability to cause neutrophilia and the rapid release of IL- 
6, IL-8, and nitrite and/or nitrate.*” 


INTERLEUKIN-2 


Interleukin-2 (IL-2) is an interleukin produced by T cells in 
response to antigenic or mitogenic stimulation, acting to 
regulate the immune response. It (1) stimulates the prolifer- 
ation of T cells and the synthesis of other T-cell-derived 
cytokines, (2) stimulates the growth and cytolytic function 
of NK ceils to produce LAK cells, (3) is a growth factor for 
and stimulates antibody synthesis in B cells, and (4) may 
promote apoptosis in antigen-activated T cells. IL-2 is used 
as an anticancer drug in the treatment of a wide variety of 
solid malignant tumors,” 


Synonym 
IL-2 has also been known as T-cell growth factor (TCGF). 


General Characteristics 


IL-2 is a globular protein composed of six o-helical regions 
(A, B, C, D, E, and F) with a disulfide bridge.” IL-2 contains 
variable amounts of carbohydrate in its molecular structure. 
However, the carbohydrate does not appear to affect the 
biological function of IL-2. The polypeptide structure of 
IL-2 consists of 133 amino acid residues with one intra- 
molecular disulfide bridge between residues 58 and 105.’” 
Native IL-2 is folded into a globular protein containing two 
sets of paired parallel a-helices, each sheet oriented at a 
slight angle to the other. This a-helical folding motif is 
common to several cytokines, including IL-3, IL-4, IL-5, IL- 
6, IL-7, GM-CSE, and G-CSF with the WSXWS (tryptophan- 
serine-X-tryptophan-serine, where X stands for a variable 
amino acid residue) motif in the amino acid sequence of 
their receptors,' 

This cytokine was discovered in the supernatants of T-cell 
cultures that had been stimulated by antigens or mitogens, 
such as phytohemagglutinin (PHA). The recognition of 
IL-2 as a growth and proliferation factor for lymphocytes 
(namely T cells) made it possible to grow and expand 
infected T cells for extended periods of time. This allowed 
the characterization of human T-lymphotropic virus type 1 
(HTLV-1) and HIV+ 

IL-2 represents the most important signal for clonal 
expansion of T cells, This is achieved by the binding of IL-2 
to the high-affinity receptors expressed only by the activated 
T lymphocytes producing IL-2 (autocrine action) or by 
nearby activated T or B lymphocytes (paracrine action). 
Resting T and B cells are limited to the expression of the 
intermediate affinity receptor. IL-2 does not circulate in the 
blood at high levels during physiological immune responses 
and consequently does not act as an endocrine growth 
factor."!? 

Other general characteristics of IL-2 follow: 


Molecular Weight 


Depending on the degree of glycosylation, literature 


values for the molecular weight of IL-2 vary from 14 to 
23 kDa, 274:152,389.472 
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Cellular origin Target cells 


e T lymphocytes A 
(CD4 Tho and Tht) N 


(CD8) ¢ B lymphocytes 


ə NK cells 
¢ B lymphocytes 
+ Mast cells 


e NK cells 


° T lymphocytes 
(CD4, CD8) 


° Monocytes 
° Macrophages 


Biological actions 


* T-, B-, and NK-cell proliferation 
e T-, B-, and NK-cell differentiation 
* Monocytes activation 


* Oligodendrocytes 


+Other 


Figure 22-11 Cellular origin, principal target cells, and biological actions of IL-2. 


Cross-Reactivity 


The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-2 is 60%.” Human IL-2 
is active on mouse lymphocytes, but mouse IL-2 is not active 
on human lymphocytes. 


Chromosomal Location 


The chromosomal locations of IL-2 and its receptor are 
4926-27 (IL-2), 10p15-14 (IL-2R chain), 22q11.2-12 (IL- 
2R B-chain), and Xq13 (IL-2R y-chain). 


Cellular Origin 


Activated T cells, namely CD4 T cells (ThO and Th1), and in 
lesser quantities CD8 lymphocytes and NK cells, all synthe- 
size IL-2 (Figure 22-11). B lymphocytes and mast cells can 
also produce IL-2,'4” 


Control of Synthesis and Release 


The principal inducers of IL-2 synthesis in vivo are the 
activators of T lymphocytes. In vitro they include mitogens, 
phorbol esters, calcium ionophores, and antibodies to cell 
surface receptors (e.g., CD2, CD3, and CD28). 

IL-2 does not exist as a preformed cytokine but is rapidly 
and transiently synthesized after stimulation, with an early 
peak of secretion occurring about 4 hours after cellular acti- 
vation.” The regulation of IL-2 release is mainly depen- 
dent on IL-2 gene expression, which is under inducible 
control by cis-acting regulatory sequences within the IL-2 
enhancer. Binding sites have been identified in this region for 
a nuclear factor of activated T cells (NFAT), NF-«B, AP-1, 
and octamer proteins. As in other cytokines, a posttransla- 
tional control also operates to control the stability of mRNA 
in the 3’ untranslated region of the IL-2 genetic message.” 
Furthermore, the interaction between APC and lymphocytes 
is an important regulatory mechanism for IL-2 production 
and biological activity. Two signals from the APC (interac- 
tion of antigen with its specific T-cell receptor [TCR]-CD3 
complex and secretion of IL-1) induce both the expression 
of the gene encoding IL-2 by responding cells and the expres- 


sion of IL-2 receptors (IL-2R).’°”*” The proliferation rate of 
activated T cells (one of the principal cellular sources of IL- 
2) becomes concentration dependent when maximal IL-2R 
expression occurs. The presence of antigen or mitogen is 
required for continuous IL-2R expression. Consequently, 
once antigen or mitogen disappears, IL-2R density declines 
and cell proliferation drops, followed by a decrease in IL-2 
synthesis.” It has been demonstrated that individually, IL- 
2 and TGFB1 have contrasting effects. For example, TGFBI 
alone down regulates events that are associated with IL-2- 
mediated signal. When present together, IL-2 and TGFB1 
up regulate activation signals and proliferation of rapidly 
dividing CD4 T cells." PGE2 inhibits the acquisition of the 
ability to produce IL-2 and IFNy by acting directly on naive 
T cells. 


Receptor (IL-2R) 


The IL-2 receptors are composed of three noncovalently 
linked polypeptide chains: œ, B, and y. These chains (or their 
complex) form the basis for three kinds of IL-2 receptors: 


Low-Affinity Receptor 

The a-chain (IL-2Ra, CD25), originally called Tac (T acti- 
vation), is a 55-kDa polypeptide (also named p55) that is a 
low-affinity receptor (K;=10*M). Cells that only express 
this receptor show detectable biological response to IL-2.'"°? 
IL-2Ro, is not found on resting T cells, but it is efficiently 
induced by T-cell activation.’” A site on the IL-2B o-helix is 
thought to bind to the p55 receptor.” 


Intermediate-Affinity Receptor 

The B-chain (a polypeptide with 70 to 75 kDa, called p70 or 
p75, CD122) is a member of the receptor family character- 
ized by the WSXWS motif and is expressed coordinately with 
the y-chain (a 64-kDa polypeptide, also a member of the 
WSXWS family) forming a complex designated IL-2RaPy. 
This is the intermediate-affinity receptor (K; ~ 10M) for 
IL-2, expressed constitutively by resting T lymphocytes (also 
by CD8 T cytotoxic cells). It is not expressed by CD4 Th 
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cells,” NK cells, macrophages, neutrophils, and other cells 
causing growth. The B-chain alone binds IL-2 with low affin- 
ity, and the y-chain does not bind IL-2, common y-chain 
(p64) together with IL-4R, IL-7R, IL-9R, IL-13R, and IL- 
15R binds IL-2. Both the B- and y-chains are required for 
ligand internalization and signal transduction but not the 
o-chain.'” Heterodimers a/y or o/B form receptors of 
intermediate affinity. 


High-Affinity Receptor 


The aiBy-association ( (IL-2RaBy) produces the EE 


receptor (Ka ~ 10™' M) that is expressed only by activated T 
(about 2000 binding sites per cell) and B lymphocytes, the 
latter after stimulation by IL-4 and Ig-receptor binding." 
Also, the control of IL-2 and IL-2Ra-chain production is 
closely and contemporaneously related, contrasting with the 
simplicity of B- and y-chain expression. This is very impor- 
tant because the physiology of cytokines relies on inter- 
actions with constitutive and induced receptors. 

Although the o-chain is very important (and fundamen- 
tal for the appearance of high-affinity IL-2R), the y-chain has 
a key role based on its molecular pluripresence (found in IL- 
A, IL-7, IL-9, and IL-15 receptors but possibly not the IL-13 
receptor), constitutive expression by lymphoid cells, and 
genetic defect in the immune response. The latter results 
in X-linked severe combined immunodeficiency (XSCID) 
characterized by profoundly diminished cell-mediated and 
humoral immunity. 7334 

As a general rule, resting cells express low- or intermedi- 
ate-affinity receptors, thereby requiring high levels of IL-2 to 
have a biological response (as previously stated, the low- 
affinity receptor is not yet associated with any biological 
known response to IL-2). On an appropriate stimulus (e.g., 
antigen-mediated T-cell activation or the IL-2 itself), IL-2Ra 
is rapidly expressed, thereby reducing the concentration of 
IL-2 required for cellular growth and proliferation. Never- 
theless, IL-2 can also regulate the expression of high-affinity 
receptors (e.g., [L-2-receptor interactions cause the density 
of IL-2RaPy to diminish).** Both IL-2 binding and cellular 
stimulation can be blocked by antibodies against either a- 
or B-chains.’ 


Signal Transduction 


At least two distinct cytoplasmic regions of the IL-2R6-chain 
are involved in IL-2—mediated cellular signaling: a serine- 
rich region for induction of c-myc and cell proliferation and 
an acidic region for physical association with src-like protein 
tyrosine kinase (PTK) p56", activation of p21™, and induc- 
tion of c-fos and c-jun,” 

Many cytokines and growth factors use the JAK-STAT 
pathway to generate a signal from the cell membrane to 
the nucleus, While homodimerizing cytokine receptors 
may transmit a signal via a single form of JAK (i.e., growth 
hormone receptors), several multicomponent cytokine 
receptors have been shown to require simultaneous activa- 
tion of pairs of different JAK kinases (i.e., IFN receptors).””” 


In this study, the authors verified the ability of IL-2 to cause 
tyrosine phosphorylation and activation of JAK1 and JAK3 
and demonstrated that IL-2 stimulated JAK3 to a signifi- 
cantly larger extent than JAK] in human T lymphocytes. 
Moreover, STAT5 was found to be the dominant STAT 
transcription factor used by IL-2 in human T cells and 
specifically required a COOH-terminal region of IL-2R6 
(Ser386-Val525), and STATS recruitment was not correlated 
with activation of IL-2Ry or JAK3. Several signaling path- 
ways regulate the IL-2 gene, including the NFkB pathway. 


Soluble Receptor (sIL-2R) 


The measurement of soluble cytokine receptors is generally 
considered of great importance in the characterization of the 
immunoinflammatory response, Chronic T-cell stimulation 
leads to shedding of IL-2Ra. The soluble receptor chains 
may bind free IL-2, blocking its action on cellular receptors. 
However, the greater affinity of IL-2RaBy compared with 
shed receptor alone suggests that they do not contribute 
significantly to immunosuppression. Clinically an increased 
level of soluble IL-2Ro in a biological fluid, such as serum, 
is associated with a potent immune response that is often 
dependent on a strong antigenic stimulation.' 


Biological Actions 

Originally known as a T-cell growth factor, IL-2 is now 
clearly connected with a variety of cellular actions on T and 
B lymphocytes, NK cells (Box 22-4), macrophages, mono- 
cytes, oligodendrocytes, and fibroblasts. 


T Lymphocytes 
IL-2 supports growth and proliferation (from the G1 to $ 
phase of the cell cycle) of antigen- or mitogen-primed 
T lymphocytes and is an important determinant of the mag- 
nitude of T-cell-dependent immune responses (IL-2 is the 
most potent T-cell growth factor and is very important in 
determining the T-cell functionality).”” Failure to produce 
adequate amounts of IL-2 has been described as a cause of 
antigen-specific T-cell anergy (decreased immunity or lack 
of immunity to an antigen). However, mice with IL-2 gene 
knockout appear to have relatively normal immune 
responses, suggesting that many IL-2 activities may be 
redundant.’ This is particularly demonstrable in that other 
cytokines (e.g., IL-4, IL-6, IL-7, IL-9, and IL-15) can induce 
similar effects on T and B lymphocytes.*” The magnitude 
and duration of the immune response are determined by the 
interaction of IL-2 with high-affinity IL-2R,'’” which seems 
to be a good argument for the value of IL-2 in immune 
responses, Moreover, the kinetic and equilibrium differences 
between the mouse and human receptor complexes and 
between IL-2 and IL-15 binding to these receptors clarify the 
roles of the &- and y-subunits in the differential response of 
cells to different cytokines that may be present simultane- 
ously in the environment.” 

High-dose IL-2 and IL-15 enhance the in vitro priming 
of naive CD4 T cells for IFNy but have differential effects on 
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T Cells 
Growth and proliferation 
Function 
Magnitude and duration of immune response 
Enhanced mobility 
Secretion of IENy, TNFa, and TNEB 


CD4 T Celis : 
Interaction with B cells, leading to enhanced antibody 
production 
Interaction with class H MHC molecules on macrophages, 
leading to IL-1 secretion 


CD8 T Cells 
Activation of T cells cytotoxic for tumor cells 
Secretion of IFNy, leading to macrophage activation and 
enhanced IL-1 production 


B Cells 
Growth and proliferation 
Antibody synthesis 
Immunoglobulin isotype switching IgE production of anergic 
Th2 cells 
Induces LAK cell capacity 
Modulates human leukocyte antigen expression 
Induces secretion of cytokines 


NK Cells 
Proliferation 
Increase cytotoxicity by NK 
Enhanced NK activity 
Induction of LAK activity 
Secretion of TNFa and IFNy 


*References 1, 25, 152, 161, 263, 423, 441, 472. 


priming for IL-4.” Uncommitted human CD4 CD45RA 
CD45ROneg* CD25neg CD71neg human leukocyte antigen 
(HLA)-DRneg T cells can be primed for a Th2 phenotype 
(see earlier section on inflammation) before they encounter 
TCR signals and before they are exposed to IL-4. As such, a 
significant fraction of uncommitted T cells may be primed 
in vivo for a Th2 phenotype independent of antigen (Ag) 
and IL-4 if they are exposed to Tht cell-derived IL-2 and 
simultaneously interact with accessory cells bearing the 
natural CD28 ligands B7-1 and B7-2. When stimulated by a 
specific Ag, such primed Th2 precursor cells may provide a 
source of IL-4 to promote Th2 immunity.” IL-2 and IL-7 
reciprocally induce IL-7 and IL-2 receptors on yd T-cell 
receptor-positive intraepithelial lymphocytes. The sources of 


*CD45ROneg means no expression of CD45RO (negative). All 
positive CDs are presented without the plus (+) sign. 


these two cytokines for y5-T cells were neighboring epithe- 
lial cells (IL-7) and &B-T cells (IL-2 and IL-7). 

Paradoxically, however, this cytokine appears equally 
important in limiting T cell responses and eliminating 
autoreactive T cells. Prolonged or repeated activation in the 
presence of IL-2 causes T-cell apoptosis and mutations that 
inactive IL-2 or its receptor lead to excessive T-cell prolifer- 
ation and autoimmunity." IL-2 is thus a two-edged sword 
that initiates immune responses but also limits their inten- 
sity and duration. 


B Lymphocytes 

IL-2 stimulates growth and proliferation of B lymphocytes, 
leading to antibody synthesis. It does not appear to cause Ig 
isotype switching.’ It has been demonstrated that IL-2 
restored the helper function of anergic Th2 cells for IgE pro- 
duction by B cells; this effect was greatly enhanced by the 
addition of IL-4 or IL-13.’" Also, IL-5 synergizes with Thl 
cells to induce B-cell responses to IL-2, which are maintained 
following T-cell removal.“ IL-2 induces LAK cell capacity, 
modulates HLA expression, and induces secretion of other 
cytokines from different activated cells, like T and B lym- 
phocytes, NK cells, and mononuclear phagocytic cells. This 
is of particular importance because some cytokines (such as 
IFNy) augment NK cell activity, induce the generation of 
T cytotoxic (Tc) cells, activate macrophages, and modulate 
the expression of class II MHC molecules. 


Other Cells 


IL-2 often synergizes with other cytokines (notably IL-12) to 
induce IPNy production by NK cells and to increase cyto- 
toxicity by NK and LAK cells.” The expression of the recep- 
tor for this cytokine on NK cells is, however, continuous in 
character, but only a very small percentage of these cells have 
receptors of great affinity.“ The study of differential use of 
Janus kinase-signal transducer activator of transcription 
signaling pathways in the stimulation of human NK cells by 
IL-2, IL-12, and IFNa has demonstrated a differential phos- 
phorylation and consequent differential activation of both 
separate and overlapping STAT proteins by IL-2, IL-12, and 
IFNa. This may provide a molecular basis for the similari- 
ties and differences in the actions of these cytokines on NK 
cells." 

The biological actions of IL-2 on other types of cells are 
less well known, but IL-2 receptor chains have been detected 
on mononuclear phagocytes. Although they have been 
known to respond by cytokine synthesis and increase of 
cell-killing activities, a more specific IL-2 action in this cell 
population has not been established." Mast cells and 
Langerhans’ cells also express IL-2 receptors following 
activation. Whether IL-2 induces proliferation or alters the 
activities of these cells is as yet unclear.” Investigations 
reported in 1996 support the concept that a self-directed 
cytotoxicity against pulmonary fibroblasts is generated 
during lymphocyte activation with recombinant IL-2. 
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Clinical Significance 


Excessive production of IL-2 has been reported in preg- 
nancy, multiple sclerosis, sarcoidosis, multiple myeloma, acute 
rheumatic fever, and chronic rheumatic heart disease.” 

Production of IL-2 is diminished in (1) advanced age, 
(2) diabetes, (3) RA, and (4) Sjégren’s syndrome.’” Also, 
reduced synthesis of IL-2 is associated with both acquired 
immunodeficiency syndrome (AIDS) and SCID,*” However, 
1995 findings support the hypothesis that lymphocytic alve- 
olitis in asymptomatic HIV-positive patients results’ from 
IL-2-dependent in situ proliferation. of CD8 cytotoxic 
T cells.” Failure to produce either IL-2 or IL-2R is associated 
with the absence of a T-cell-mediated immune response.’” 
Patients with chronic mucocutaneous candidiasis present 
altered antigen-stimulated IL-2, IL-4, IL-6, and INFy pro- 
duction, consistent with a predominantly Th2 instead of a 
Thi cytokine response.” The levels of IL-2 and sIL-2R were 
found to be lower in some hematological malignancies 
(Hodgkin’s lymphoma and non-Hodgkin’s lymphoma). 

Down regulation of IL-2 synthesis is associated with the 
use of immunosuppressive agents, including hydrocortisone, 
cyclosporin A, Tacrolimus, and cyclophosphamide (see 
Chapter 33). Also, the immunosuppressive macrolide 
rapamycin inhibits cytokine-driven proliferation of lym- 
phocytes, acting at a later stage of T lymphocyte activation 
than the related compound Tacrolimus or cyclosporin A, 
which block IL-2 transcription. However, the effect of 
rapamycin on the expression of the IL-2Ra (CD25) is less 
well documented. Thus rapamycin inhibition of T-cell acti- 
vation may involve not only IL-2-driven proliferation but 
also suppression of CD25 up regulation.” 


Therapeutic Activity 

IL-2 was the first cytokine to be used in clinical trials for 
the treatment of human diseases, especially cancer. This use 
was based on the discovery that LAK cells (obtained by the 
stimulation of resting lymphocytes with IL-2) have cytotoxic 
action against tumor cells while sparing normal cells.*” IL- 
2 synergizes with IFNy and TNFo in a range of antitumor 
effects but is unique in its ability to mediate activation and 
expansion of antitumor lymphocytes.*” However, direct IL- 
2 therapy (either intravenously or subcutaneously) was only 
achieved after recombinant IL-2 became available, enabling 
the use of the large amounts of cytokine required for high- 
dose therapy in humans (see previous section). These results 
were limited by the extreme toxicity of IL-2, which affects 
cardiovascular, respiratory, renal, and hepatic function.“ 
The toxic effect of IL-2 depends on the dose and the mode 
of administration. In the majority of patients, parainfluenza 
symptoms appear. Most undesirable effects are connected 
with a multisystemic syndrome of capillary vessel hyperper- 
meability, leading to increased fluid retention into extra- 
vascular spaces, edema, hypotonia, and oliguria.“’ Some of 
these secondary reactions are in part due to the cytokine 
cascade effect with production of IFNy and TNFa.** 
Because of this problem and the relative lack of success with 


LAK cells, a new regimen of using IL-2 with TIL has been 
attempted. These cells are 50 to 100 times more potent 
against homologous tumors than LAK cells. However, 
despite TIL being found in most human infiltrating ductal 
breast carcinomas where they should be capable of both in 
vitro and in vivo activation by IL-2 to produce selective 
tumor cytolysis, it was observed that the TIL population 
shows a deficiency in IL-2 and IL-2R expression. This may 
explain the relative anergic state of native TIL.’ IL-2R also 
has been used as a target for IL-2 when coupled with toxins 
promoting selective cell death. In myelodysplastic syn- 
dromes, the in vitro effects of IL-2 suggest the clinical use- 
fulness of this cytokine in a large subgroup of patients, 
because it may reduce the percentage of blasts and increase 
clonogenic capacity and cell-mediated cytotoxicity.” 

Another field of therapeutic interest is the use of IL-2 in 
immunomodulation, acting as a recovery agent in some 
immunodeficient conditions, such as that resulting from the 
administration of immunosuppressive agents.“ This immu- 
noenhancing capacity in addition has considerable potential 
for promoting adequate responses to vaccines.’” As previ- 
ously mentioned, the use of antibodies against IL-2 or IL-2R 
subunits can block the activity of this cytokine associated 
with promising results in the prevention of allograft 
rejection.” 

In addition to these uses, IL-2 has been found to be effec- 
tive in the treatment of patients with disseminate cancer of 
the kidney and melanoma and in adjuvant therapy of acute 
myeloid leukemia, Attempts have been made to apply it in 
the treatment of AIDS and leprosy.“ The most common 
areas for IL-2 therapy are renal cell carcinoma,’ melanoma, 
and lymphoma, “%45 


INTERLEUKIN-3 

Interleukin-3 (IL-3) is a lymphokine produced by antigen- 
or mitogen-activated T lymphocytes that stimulate prolifer- 
ation of hematopoietic and lymphoid stem cells. It is also a 
colony stimulating factor for all bone marrow progenitor 
cells.” IL-3 supports the growth and differentiation of 
early hematopoietic and lymphoid stem cells and that of 
more mature hematopoietic cells, including granulocytes, 
macrophages, and mast cells." 


Synonyms 

IL-3 was formerly known as burst promoting activity (BPA), 
colony forming unit (CFU) stimulating activity, colony stim- 
ulating factor (CSF) 2@ and 2B, eosinophil-CSF (E-CSR), 
hematopoietic cell growth factor (HCGE), hemopoietin-2, 
histamine-producing cell stimulating factor, mast cell 
growth factor (MCGF) multicolony stimulating factor (M- 
CSF), multilineage colony stimulating factor, multilineage 
hemopoietic growth factor, P cell-stimulating factor activity, 
panspecific hemopoietin, persisting (P) cell-stimulating 
factor, pluripotential hematopoietic cell stimulating activity, 
stem cell activating factor, synergistic activity, Thy-1 induc- 
ing factor, Thy-1 stimulating activity, and WEHI-3 growth 
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factor. (Note WEHI is a macrophage-like myelomonocytic 
leukemia cell line established from inbred BALB/c mice.) 


General Characteristics 

IL-3 is a glycoprotein, and glycosylation accounts for most 
of the heterogeneity of this molecule. Depending on the 
cleavage position of the precursor polypeptide, there are two 
mature forms of IL-3: a protein with 134 or 140 amino acid 
residues.” The half-life in the blood is estimated at about 
40 minutes. Its structure is a compact globe with four 
ot-helical short chains. 

IL-3 stimulates the growth and differentiation of all 
hematopoietic lineages rather than self-renewal of primitive 
stem cells.”"* Activated T cells secrete IL-3, but its effects 
are normally restricted to local cellular activation or to 
nearby sites where T cells migrate (paracrine action).’” 

Other general characteristics of IL-3 include: 


Molecular Weight 

Depending on the extent of glycosylation, the literature 
values for the molecular weight of IL-3 vary from 15 to 
32kDa. The following molecular weights have been 
reported: 15kDa,” 17kDa,*? 14 to 30kDa,” 20 to 
26 kDa, #445 and 20 to 32 kDa. 


Cross-Reactivity 

The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-3 is 29%.” There is no 
cross-species reactivity. 


Chromosomal Location 

The chromosomal locations of IL-3 and its receptor are 
5q23-31 (IL-3); in this area are located the genes of several 
hematopoietic growth factors, such as GM-CSF, M-CSF, and 
the M-CSF receptor (known as the c-fms oncogene); 
Yp13.3, Xp22.3 (IL-3Ra-chain); and 22 (IL-3RB-chain). 


Cellular Origin 


CD4 T cells of both the Th1 and Th2 subsets are the princi- 
pal source of IL-3 (Figure 22-12), but NK cells, mast celis, 


Celiuiar origin Target cells 


eosinophils, possibly keratinocytes, and thymic epithelium 
and neuronal cells can also produce this cytokine. GM-CSF 
and IL-3 are generally thought to be produced in a coordi- 
nated fashion by all activated T cells, but studies have indi- 
cated that T cells have the potential to display diversity of 
expression of GM-CSF and IL-3.'* 


Control of Synthesis and Release 


IL-3 does not exist in a preformed state, being synthesized 
after cellular activation. Glucocorticoids and cyclosporin A 
inhibit IL-3 production by T lymphocytes.” 


Receptor (IL-3R) 


The IL-3 receptor is a heterodimeric structure with high- 
and low-affinity configurations consisting of two chains 
(subunits): IL-3Ra (CD123 is a 70kDa peptide) and IL-3RB 
(150kDa) signal-transducing subunit, shared with IL-5 and 
GM-CSF, but does not itself bind any of these cytokines.” 
The o-chain is a member of the hematopoietin receptor 
superfamily, which includes receptors for IL-2, IL-4, IL-6, 
IL-7, G-CSF, and GM-CSF and consists of a unique 
WSXWS-containing subunit.” IL-3, IL-5, and GM-CSF 
receptors belong to the cytokine receptor superfamily and 
are structurally and functionally related; thus these consti- 
tute a distinct subfamily. 

It has been demonstrated that human IL-3 induces het- 
erodimerization of IL-3Ra- and B-chains and that disulfide 
linkage of these chains is involved in receptor activation but 
not high-affinity binding. This may also be applicable to the 
related GM-CSF and IL-5 receptors.“ IL-3 down regulates 
the expression of IL-3 receptor, providing a negative feed- 
back control of its activity.” IL-3R is present on progenitor 
cells, monocytes, pre-B cells, and B cells.” 


Signal Transduction 


Signal transduction requires the presence of the B-chain. 
IL-3-IL-3R interaction results in rapid phosphorylation 
of several cellular proteins, including the IL-3RB- 
subunit itself.” 


Biological actions 


e T lymphocytes a 
(CD4 Thi and Th2) 

e NK celis 

e Mast cells 

* Eosinophils 

e Other 


stem cells 


e PMNs 
e Mast celis 
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¢ B-cell growth factor 
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e Colony formation in granulocytes 
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e Colony formation in megakaryocytes 

* Colony formation in monocytes 
b 


Figure 22-12 Cellular origin, principal target cells, and biological actions of IL-3. 
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Biological Actions 
Effector targets of IL-3 are (1) the pluripotential hema- 
topoietic stem cells and progenitor cells and (2) the other 
several mature cells, such as B lymphocytes, macrophages, 
basophils, eosinophils, mast cells, and keratinocytes.’”* 
Most functional analyses of IL-3 have been performed 
in mice and in experimental systems of hematopoiesis. 
In humans, it has been difficult to establish a role for this 
molecule. However, many actions attributed to murine IL-3 
appear to be performed by human GM-CSE IL-3 also 
acts on hematopoietic progenitors, stimulating formation 
of granulocytes, macrophages, NK cells, erythroid and 
multipotent precursors, and megakaryocytes, and has bio- 
logical actions on mast cells, basophils, eosinophils, and 
macrophages.” It is thought that IL-3 acts synergistically 
with IL-1 and IL-6 in the initial phase of erythroid, 
megakaryocytic, and myelomonocytic development.” IL-3 
is a broader CSF than more specialized ones, including GM- 
CSE, G-CSF, and M-CSE. IL-3 seems to cooperate with these 
factors, providing a very important link between the 
hematopoietic and immune systems; biological functions of 
IL-3 are enhanced or depend on the co-stimulation with 
other cytokines.” In this manner, the hematopoietic 
system provides important auxiliary and accessory cells 
fundamental for an efficient immunoinflammatory reac- 
tion.” For example, maintenance of local levels of IL-3 is 
required to (1) increase mast cell in vivo numbers, (2) act as 
a growth factor for B lymphocytes, and (3) serve as an acti- 
vator of monocytes,” Unfortunately, these functions can 
lead to vascular leak syndrome with extensive hemorrhage, 
peripheral neuropathy, and reactive erythrophagocytosis as 
unusual complications of recombinant IL-3 therapy. They 
suggest a causal mechanism based on the excessive stimula- 
tion of macrophages and production of secondary cytokines, 
such as TNE The demonstration that T-cell—derived IL-3 
induces the production of IL-4 by non-B, non-T cells sug- 
gests that IL-3 may amplify the Th2-cytokine response in 
mice.” Also, IL-3 (like IL-4, IL-5, and IL-6), which is mainly 
produced by Th2 lymphocytes, may possibly regulate the 
functions of human mast cells in vivo via specific receptors 
in allergic reactions.*** 


Clinical Significance 

Excessive production of IL-3 has been described in several 
pathological conditions, especially in monocytic or myeloid 
leukemias and mast cell disorders.“ However, IL-3 can be 
measured in blood only after severe immunological stimuli, 
such as graft-versus-host disease or parasitic infestations. 
IL-3 may also play an important role in chronic allergic 
diseases.’°?°*4 


Therapeutic Applications 


IL-3 has been used in clinical trials designed to assess the 
benefit from hematopoietic stimulation, shortening the 


duration of cytopenias associated with chemotherapy or 
irradiation, or following bone marrow transplantation. >° 
However, the use of IL-3 (GM-CSF or IL-6) to reduce myelo- 
suppression after high-dose chemotherapy appears unlikely 
to result in stimulation of the growth of the most common 
solid tumors,”** 


INTERLEUKIN-4 

Interleukin-4 (IL-4) is a lymphokine produced by antigen- 
or mitogen-activated T cells; its principal role is regulation 
of IgE- and eosinophil-mediated immune reactions. It 
stimulates switching of B cells for production of IgE. It is 
a growth and differentiation factor for T cells, particularly 
Th2 cells; is a growth factor for mast cells; and stimulates 


the expression of some adhesion molecules on endothelial 
cells, 


Synonyms 

IL-4 has been formerly known as B-cell differentiating factor 
(BCDF), B-cell growth factor I (BCGF-I), B-cell stimulating 
factor I (BSF-I), MCGF-II, and T-cell growth factor II 
(TCGE-ID). 


General Characteristics 


IL-4 is a member of the four c-helical short-chain cytokine 
family. The three-dimensional structure is a compact globe 
with a predominant hydrophobic core.” 

IL-4 is a pleiotropic cytokine as demonstrated by the 
range of cells expressing the IL-4 receptor. IL-4 production 
is now used as a criterion for classifying CD4 T cells into the 
Th2 subset. It plays a critical role in IgE- and eosinophil- 
mediated immunoinflammatory reactions. It is also a growth 
and differentiation factor for lymphocytes and an antiin- 
flammatory molecule that modulates the biological action of 
macrophages.” 


Molecular Weight 


Depending on the degree of glycosylation, the literature 
values for the molecular weight of IL-4 vary from 15 to 
20kDa. The following molecular weights have been 
reported: 18 to 20kDa,“™® 20kDa (monomer),'524?! 
15kDa (glycoprotein),*” and 15 to 19kDa.”! 


Cross-Reactivity 
The cross-reactivities (amino acid sequence homology 
between human and mouse) for different forms of IL-4 
include’; 

IL-4 (amino acids 1 to 90 and 129 to 149)—50% 

IL-4 (amino acids 91 to 128)—very little 

IL-4 is species specific (human IL-4 has no activity on 
mouse cells and vice versa) 


Chromosomal Location 


The chromosomal locations of IL-4 and its receptor are 
5q23-31 (IL-4), and 16p12.1-11.2 (high-affinity receptor). 
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Cellular origin 
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Figure 22-13 Celiular origin, principal 
target cells, and biological actions of IL-4. 


Cellular Origin 

IL-4 is synthesized by subtype Th2 of T lymphocytes, 
basophils, eosinophils, and mast cells and bone marrow 
stromal cells (Figure 22-13). Some CD8 T cells also produce 
IL- 4, 1,494,584 


Control of Synthesis and Release 


IL-4 production depends on T-cell activation or cross- 
linking of IgE receptors (FceRI and FceRII) on mast cells and 
basophils. In vitro addition of IL-2 or IL-15 to cultures of 
naive CD4 T cells has differential effects on priming for IL- 
4. In addition, IL-15 does not restore priming for IL-4, sug- 
gesting that IL-2 and IL-15 may have different functional 
properties during the in vitro differentiation of IL-4- 
producing cells.” It has been suggested that IL-4 synthesis 
is induced in normal T lymphocytes in the absence of 
exogenous IL-4 and that CD40L co-stimulation is of funda- 
mental importance in regulation of IL-4 production.” This 
provides a mechanism by which B cells preferentially 
enhance IL-4 synthesis in T cells at low antigen concentra- 
tions.” However, it has also been found that CD40-mediated 
stimulation contributes to lymphocyte proliferation, anti- 
body production, eosinophilia, and mastocytosis during an 
in vivo Th2 response. IL-4 is not required for T-cell IL-4 pro- 
duction.** IL-8 may be an important regulator of CD4 
T-cell~derived IL-4, thereby possibly regulating the balance 
between humoral and cellular T cell-dependent responses." 
T-cell-derived IL-3 induces the production of IL-4 by 
non-B, non-T cells to amplify the Th2-cytokine response.” 
No correlation has been found among IL-2-, IL-4-, and 
IFN-secreting cells, indicating that the production of 
preponderantly T-cell-derived cytokines is regulated 
independently. 

Production of IL-4 by T cells is induced by mitogens and 
antigens and suppressed by TGF and cyclosporin A. Also, 
IL-4 expression in T lymphocytes is selectively inhibited 
by IL-la and IL-1B; this interaction may represent an 
important physiological regulator of the balance between 
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a Other 


e Isotype switch by B cells 

° IgG4 (IgG1) and igGE 
secretion of by B cells 
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proinflammatory cytokines from activated macrophages and 
antiinflammatory cytokines from T cells.” Prednisolone- 
treated patients show a reduction of the number of cells 
expressing IL-4." Thiols, usually administered to humans 
as a mucolytic agent, decrease IL-4 production and IL-4— 
induced Ig synthesis.” Vasoactive intestinal peptide inhibits 
IL-4 production at a posttranscriptional level. Studies have 
probed the molecular mechanisms involved in the neuroen- 
docrine regulation of cytokine production. The results 
support the idea that neuropeptides may participate in 
the intricate cytokine network controlling local immune 
responses. Usually IL-4 is a neosynthesized molecule, with 
the exception of mast cells that contain IL-4 in a preformed 
state.“ 


Receptor (IL-4R) 


The IL-4 receptor is a molecular complex consisting at least 
of two chains: a high-affinity IL-4 binding chain (p140, 
a-chain, CD124) and the IL-2R y-chain also known as the 
common Y-chain (yc, p64). The high-affinity IL-4 binding 
chain belongs to the cytokine receptor superfamily and con- 
tains the conserved WSXWS motif. The y-chain is a func- 
tional component of the IL-4R and augments IL-4 binding 
affinity. However, IL-4 does not use or require the common 
yc of the IL-2R on human endothelial cells to mediate 
vascular cell adhesion.” A soluble form of IL-4R has been 
found to be a potent IL-4 antagonist. 

Monomeric high-affinity IL-4 receptors (CD124) are 
found on T and B cells, macrophages, mast cells, muscle cells, 
neuroblasts, stromal cells (brain and bone marrow), myeloid 
cells, granulocytes, megakaryocytes, hematopoietic progeni- 
tor cells, NK cells, fibroblasts, and epithelial and endothelial 
cells. About 300 IL-4 receptors per cell are found on B 
and T lymphocytes, a number that increases to 100 to 1000 
receptors per cell with cell maturation and activation. ™®? 

A second low-affinity IL-4 receptor has also been 
identified and appears to be coupled to a different signal 
transduction pathway.”! 
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Signal Transduction 

IL-4 signaling may involve clustering of the receptor- 
associated tyrosine kinase and IL-4 binding to the CD124 
receptor, resulting in tyrosine phosphorylation of cellular 
proteins. Activation of tyrosine phosphatase and dephos- 
phorylation of an 80-kDa protein have also been reported. 
Another signal transduction pathway has been shown to 
involve breakdown of phosphatidylinositol bisphosphate. 
This pathway may be coupled to a low-affinity receptor.’ 
Tyrosine phosphorylation of STATS is activated in response 
to IL-4 and may contribute to various functions, including 
mitogenesis, CD4 lymphocyte differentiation, and Ig isotype 
switching, which collectively play a central role in exerting 
IL-4-mediated biological responses. 


Biological Actions 


The principal functional targets of IL-4 are T cells, B cells, 
monocytes, endothelial cells, fibroblasts, mast cells, and 
myeloid and erythroid progenitors. IL-4 (1) induces growth 
of these cells, (2) promotes class isotype switching in B cells 
to IgE (keeping up with induced expression of IgE recep- 
tors), and (3) augments IgG4 (IgGl in mouse) production. 
IL-4 also induces biological responses in other cells, such as 
NK cells, fibroblasts, and endothelial cells. 

IL-4 also has the capacity to drive CD4 T-cell differenti- 
ation to the Th2 type, thereby blocking Thi development. 
This creates a bias in the immune response, with a deleteri- 
ous effect on the defense capacity against certain biological 
aggressors, such as intracellular pathogens. Alternately, con- 
sequent IgE switching is associated with exacerbated anti- 
body production (especially IgE and IgG classes), immediate 
hypersensitivity reactions, and defense against helminthic 
infections (one of the few known physiological functions of 
the Th2 polarization of CD4 T cells in humans). As a Th2 
stimulator, IL-4 inhibits macrophage activation and blocks 
most of the activating effects of IFNy, including IL-1, nitric 
oxide (NO), and PG production. These effects are shared 
with those of IL-10 (also produced by Th2 cells), resulting 
in suppression of macrophage-mediated immune reactions. 
Early IL-4 production after antigen exposure favors the Th2 
polarization, further promoting expansion of this T-cell 
subset because an autocrine growth factor.“ The origin of 
IL-4 (as a critical element in the induction of Th2 response) 
during a primary immune response is not yet well defined,“ 
although the class I-selected CD4neg CD8neg TCROf T cells 
(double negative CD3 cells) are being proposed as a novel 
source of this cytokine.” However, it has been demon- 
strated that naive human CD4 T cells release low but suffi- 
cient levels of IL-4 at priming to support their development 
into IL-4 producers.” IL-4, in the absence of antigen stim- 
ulation, induces an anergy-like state in differentiated CD8 
Tcl cells, suppressing IL-2 synthesis and autonomous 
proliferative pathway but retaining of cytotoxicity and syn- 
thesis of other cytokines.‘ 

In addition, IL-4 exerts two key regulatory effects in 
inflammation”: 


1, It promotes adhesion of lymphocytes (in preference to 
neutrophils) to endothelial cells, stimulating the expres- 
sion of adhesion molecules, such as vascular cell adhesion 
molecule-1 (VCAM-1). IL-4 also induces secretion of 
CKs by endothelial cells, resulting in an inflammatory 
response with the attraction of monocytes and 
eosinophils.’ Constitutive production of IL-4 itself (also 
IL-8 and IL-10) by normal peripheral blood eosinophils 
represents an important role in modulating immune 
responses in diseases associated with eosinophils and 
favors Th2 polarization?” amplified by the possibility 
of enhanced expression of Fey RIa by IL-4.” The 
preferential promotion of a lymphocyte’s adhesion may 
hasten the transition from acute neutrophil-dominated to 
chronic lymphocyte-dominated inflammation. Surpris- 
ing is the demonstration that the CK growth-regulated 
oncogene-ct (GROG) that induces T lymphocyte chemo- 
taxis* is inhibited by IL-4, IL-10, and IL-13.* Alternately, 
IL-4 may have a protective vascular effect down regulat- 
ing fibrinogen production.” 

2. IL-4 induces an antiinflammatory effect by its ability 
to suppress production of proinflammatory cytokines 
(IL-1, TNFa, and IL-6) and to favor the release of IL- 
IRA This antiinflammatory action is evident on 
activated monocytes and/or macrophages, namely the 
inhibition of IL-6 production." Indeed, not all target 
cells may be influenced in this way (e.g., IL-4 may be 
capable of regulating intestinal epithelial cell proliferation 
without altering the capacity of these cells to function in 
the inflammatory response by secreting IL-6).** IL-4 and 
IFNy also synergistically increase total polymeric IgA 
receptor levels in human intestinal epithelial cells.’ 

Pleiotropic activities of IL-4 include (1) increased class 
II MHC antigen expression on B cells, (2) enhanced G- 
CSF-induced proliferation of granulocyte-macrophage 
precursors, (3) inhibition of LAK cell induction, and (4) 
synergism with IL-3 and IL-9 in stimulating mast cell 
and basophil proliferation. "%6 IL-4 and IL-13 
inhibit bone resorption by suppressing cyclooxygenase- 
2-dependent PG synthesis in osteoblasts.” IL-4 and IL- 
1B may contribute to the enhanced synthesis of collagen 
and consequent fibrosis, regulating its production in 
human skin, liver, and lung fibroblasts.” 
IL-12 is considered as a counterbalancing cytokine to IL- 

4 as it cross regulates it." IL-13 has been identified as having 


concentration gradient or movement in the direction of the 
gradient, either toward (positive chemotaxis) or away from 
(negative chemotaxis) the greater concentration of the substance, 
referred to as a chemotactic factor, chemotactin, or 
chemoattractant. Macrophages, neutrophils, eosinophils, and 
lymphocytes exhibit chemotaxis in response to a wide variety of 
substances released at sites of inflammatory reactions, including 
lymphokines, mediators released by basophils and mast cells, 
bacterial products, and C5a and other activated complement 
components. 
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overlapping biological activities with IL-4, supporting the 
hypothesis that the two cytokines use a common receptor 
complex or signal pathway." 


Clinical Relevance 


IL-4 is the main physiological regulator of allergic reactions 
(immediate hypersensitivity). As IL-4 boosts immune mech- 
anisms that rely on IgE (that include antigen recognition by 
mast cells and epidermal Langerhans’ cells), excessive pro- 
duction of it is associated with disorders in which these cells 
are pivotal, such as atopic dermatitis“? IL-4 also plays a key 
role in the contact sensitivity skin reaction.” It has been pos- 
tulated that in atopic patients, IL-4 is the most discrimina- 
tory cytokine and that the level of serum IgE has a low 
predictive value in allergic disease.” In this study, because 
of a lack of correlation between IL-4 and serum IgE, the 
authors suggest that the measurement of IL-4 in blood 
mononuclear cells may be of great value in the analysis of 
allergic responses in atopic donors. Excessive production of 
IL-4 is associated with T-cell lymphomas (Th2 subtype), also 
with a corresponding strong expression of the low-affinity 
receptor for IgE (CD23).4” 


Therapeutic Applications 

IL-4 may be useful in the therapy of humoral immunodefi- 
ciency.” In addition, it has antitumor effects on some solid 
tumors because it can initiate cytotoxic responses mediated 
by eosinophils, macrophages, and T lymphocytes, and this 
activity may be useful in the clinical setting.” Experi- 
mental models of vaccination with tumor cells engineered 
to produce IL-4 have shown that the local release of this 
cytokine is associated with the development of antitumor 
immunity that may induce regression of established 
cancer.” IL-4 can also modify integrin expression and 
adhesive functions of tumor cells in vitro, acting as direct 
regulators of adhesive mechanisms of tumor cells bearing 
adequate receptors, thus influencing metastasis.” 

Anti-IL-4 antibodies could be interesting as a means of 
correcting the balance between Th1 and Th2 cells in Th2 
polarized situations.’ However, it has been reported that 
the peripheral blood of allergic individuals contains long- 
lived allergen-specific B cells that have already switched to 
IgE production and that are not sensitive to IL-4 and IL-13 
treatment. These results may have implications on attempts 
to use cytokines or cytokine antagonists in therapy of a type 
I allergy.'” 

In an attempt to develop additional antiviral therapeutic 
strategies, De Francesco and colleagues have found that HIV- 
1 p17 matrix protein greatly increased HIV-1 replication 
in preactivated peripheral blood mononuclear cell cultures 
obtained from healthy donors.’ In their studies they have 
discovered that p17 exerts its biological activity after binding 
to a specific cellular receptor expressed on activated 
T-enhancing levels of TNFa and IFNy released from cells 
stimulated by IL-2. IL-4 was found to down regulate IFNy 
and TNFa, and p17 restored the ability of cells to produce 


both cytokines. The property of p17 to increase production 
of proinflammatory cytokines could be a mechanism 
exploited by the virus to create a more suitable environment 
for HIV-1 infection and replication. 


INTERLEUKIN-5 

Interleukin-5 (IL-5) is a lymphokine produced by antigen- 
or mitogen-activated T cells and by activated mast cells that 
stimulates the growth and differentiation of eosinophils and 
activates mature eosinophils to kill helminths. It may act as 
a cofactor in the growth and differentiation of B cells and 
may also be involved in increasing synthesis of IgA by mature 
B cells,!** 


Synonyms 

IL-5 was formerly known as BCDF B-cell differentiation 
factor for IgM (BCDFy), B-cell growth factor H (BCGF-II), 
eosinophil colony stimulating factor, eosinophil differentia- 
tion factor, IgA-enhancing factor, and T-cell replacing factor 
(TRE).* 


General Characteristics 

IL-5 is an antiparallel disulfide-linked homodimer (115 AA). 
It belongs to the four o.-helical short-chain cytokine family 
with two short B-sheets. The novel dimeric structure is 
considered unique, containing four helices (A to D) arranged 
in an up-up-down-down topology. In contrast to other 
subfamily members, which fold unimolecularly into a single 
helical bundle, IL-5 forms a pair of helical bundles by the 
interdigitation of two identical monomers that contribute a 
D helix to the others’ A through C helices, 722838 The 
monomer is biologically inactive. It has been predicted that 
the lack of bioactivity by IL-5 monomer is due to a short 
loop between helices C and D, which physically prevents uni- 
molecular folding of helix D into a functionally obligate 
structural motif. By lengthening this loop, an insertional 
mutant of IL-5 is engineered that is expressed as a monomer 
with biological activity similar to that of native IL-5. These 
studies demonstrate that all of the structural features neces- 
sary for IL-5 to function are contained within a single helical 
bundle.’ Dimerization of this glycoprotein possibly enables 
enough affinity interaction with the receptor. IL-5 is a 
cytokine typically produced by the Th2 subset of CD4 T cells 
and by activated mast cells, having as major activity the stim- 
ulation of growth and differentiation of eosinophils and the 
activation of mature eosinophils.’’°”! 

Other general characteristics of IL-5 include: 


Molecular Weight 

Depending on its molecular form, the literature values 
for the molecular weight of IL-5 vary from 18 to 45kDa. 
The following molecular weights have been reported: 24kDa 


stimulation of B lymphocytes to produce antibodies, without 
MHC restriction and antigen-specific stimulus. 
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Figure 22-14 Cellular origin, principal target 
cells, and biological actions of IL-5. 


{as a disulfide bonded dimer)“ 40kDa homodimeric 
cytokine, ™®? 45 kDa, ™” 18kDa,"” and 40 to 45kDa.*” 


Cross-Reactivity 

The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-5 is 71%.” There is a 
significant cross-reactivity in functional assays. 


Chromosomal Location 


The chromosomal locations of IL-5 and its receptor are 
5q23-31 (IL-5) and 3p26 (IL-5R). 


Cellular Origin 


IL-5 is produced by the activated Th2 subset of CD4 T cells, 
mast cells, and eosinophils (Figure 22-14). 


Control of Synthesis and Release 


Parasitic (helminths) and bacterial infections provide a 
major stimulus for IL-5 secretion by activated T cells (CD4 
Th2) and mast cells. It has been demonstrated that naive 
human CD4 T cells release low but sufficient levels of IL-4 
at priming to support its clonal expansion into high IL-4 
and/or IL-5 producers.” [ENo. selectively down regulates 
IL-5 synthesis by human CD4 T cells.“” Prednisolone treat- 
ment in asthma is associated with reduction in the number 
of cells expressing mRNA for IL-5. Cyclosporin A reduces 
the expression and production of IL-5. 

Experimental data suggest that activation via the unique 
sequence combination GATA/CLEO results in selective 
expression of the IL-5 gene in response to elevated levels of 
intracellular cyclic adenosine monophosphate (cAMP). 


Receptor (IL-5R) 

The IL-5R complex has a specific low-affinity ligand binding 
chain of 55kDa (CD125), containing the WSXWS motif, 
and a nonbinding 6-chain (Bc) with 150kDa (common to 
IL-3R and GM-CSFR); the latter can convert the low- 
affinity IL-5R into the high-affinity IL-5R and is indispens- 
able for IL-5 signal transduction. Both chains belong to the 
cytokine receptor superfamily. Soluble forms of IL-5R are 
produced with unknown significance, unless they modulate 
IL-5-dependent eosinophilia in humans.* IL-5 receptor is 


*References 1, 26, 64, 71, 152, 341, 512. 


expressed on eosinophils, basophils, and activated murine 
B cells. These cells display 500 to 1000 low-affinity receptors 
and 7500 to 10,000 high-affinity receptors per cel.” A 
controversy exists about the expression and biological 
significance of IL-5R in human B lymphocytes. However, 
IL-5 can regulate human B cells but only if they have 
been appropriately stimulated to undergo terminal 
differentiation.”” 


Signal Transduction 


Although not completely elucidated,”' studies have suggested 
that JAK2 kinase and an activated isoform of mitogen- 
activated protein (MAP) kinase, p45, may mediate some 
of IL-5’s effects. This mediation occurs on eosinophils in 
a manner unique to the activation pathways previously 
described for other cells»? 


Biological Actions 


An important difference between murine and human IL-5 is 
that murine IL-5 causes B-cell and eosinophil differentia- 
tion, while human recombinant IL-5 causes only eosinophil 
differentiation and regulates IgA isotype selection,’”""" 

As in B cells, IL-5 has a very important role in the pro- 
duction of IgA based on a late-acting B-cell differentiation 
{although IgA synthesis is probably the result of synergistic 
actions with other cytokines, such as IL-6). However, on 
B cells, IL-5 (1) can be a co-stimulator for the growth of 
antigen-activated B cells; (2) may function synergistically 
with other cytokines, such as IL-2 and IL-4, to stimulate the 
growth and differentiation of these cells; (3) can induce the 
expression of IL-2R; (4) can promote IgG and IgM secretion; 
and (5) can enhance the expression of CD23 and the syn- 
thesis of IgE (these two synergistically with IL-4). The 
general effect of IL-5 on B cells is essential for the proper 
function of eosinophils during the immune response to 
infection.” In particular, IL-5 plays a critical role in the 
development of CD5-positive B (B-1) cells,” 

IL-5 has a recognized effect on eosinophil growth, differ- 
entiation, and chemoattraction (inducing the generation of 
eosinophils from bone marrow precursors, up regulating the 
expression of CD11b, and activating IgA-induced degranu- 
lation).**"*” Eosinophilia is a uniquely specific phenomenon 
regulated by IL-5, suggesting specific control for IL-5 
gene expression.” The activity of IL-5 on eosinophils is 
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complemented by the activities of IL-4 (IgE switching and 
eosinophil recruitment) and of IL-10 (IgG4 switching), con- 
tributing to Th2-mediated allergic reactions.’ 

IL-5 also enhances the expression of [L-2R on B cells and 
stimulates basophils.” ""? Proeosinophilic and/or proallergic 
Th2 cytokines, originally described as T lymphocyte prod- 
ucts, have been ascribed to mast cells as well, and these cells 
are probably analogous to T cells in the requirement of co- 
stimuli for the production of IL-5 protein. Moreover, the 
rapid kinetics of IgE-mediated IL-5 transcription and 
protein elaboration are consistent with a primary role for 
mast cell activation, directly leading to late phase airway 
eosinophilia.” 


Clinical Relevance 


IL-5 is a key molecule in allergic diseases. For example, the 
late manifestations of the allergic response in asthmatic 
patients are associated with eosinophil accumulation in the 
lung. These granulocytes are implicated in lung damage 
through release of the eosinophil’s major basic protein 
and neurotoxin, The eosinophilia results from T-cell 
activation (namely CD4 cells),” secretion of IL-5, and con- 
sequent increase of eosinophil concentration. Compared 
with patients with adult respiratory distress syndrome, the 
patients with acute eosinophilic pneumonia had high bron- 
choalveolar lavage fluid levels of IL-5, IL-IRA, and soluble 
type II IL-1R but not IL-1B, TNFa, IL-3, or GM-CSE° A 
1995 study demonstrated that mononuclear cells from HLA- 
B8 DR3-positive individuals display a reduction of IL-5 pro- 
duction, suggesting that the IgA synthesis dysregulation (IgA 
deficiency) observed in HLA-B8 DR3-positive individuals 
could be due to an impairment of IL-5 production. The 
expression and production of IL-5 are high in severe atopic 
dermatitis.” Global studies suggest that IL-3, IL-4, IL-5, and 
IL-6, which are mainly produced by T helper 2 lymphocytes, 
might regulate the functions of human mast cells in vivo via 
specific receptors in allergic reactions.™ 


Therapeutic Applications 


IL-5 may be useful for the therapy of hypogammaglobu- 
linemia.“* There is some promise in the clinical setting for 
treating helminth infections (enhancement of antibody- 
dependent cell-mediated cytotoxicity; ADCC), as a pivotal 
molecule in the stimulation of growth and differentiation of 
eosinophils, and in the activation of mature eosinophils to 
kill helminths.“ A detailed understanding of IL-5 struc- 
ture and function is required to develop immunomodulators 
of IL-5—mediated inflammatory responses (as in asthma and 
allergic diseases), particularly the A/D helical region of this 
cytokine.” 


INTERLEUKIN-6 

Interleukin-6 (IL-6) is a lymphokine produced by antigen- 
or mitogen-activated T cells, fibroblasts, macrophages, and 
other cells that serves as a differentiation factor for B cells 
and thymocytes and stimulates immunoglobulin production 


by B cells; it also induces hepatocytes to synthesize various 
plasma proteins involved in the acute phase response (APR) 
and is a cofactor in initiation of the cell cycle in primitive 
hematopoietic cells in vitro.” 


Synonyms 

IL-6 was formerly known as 26-kDa protein, BCDF, B-cell 
stimulating factor 2 (BSF-2), cytotoxic T-cell differentiation 
factor, hepatocyte differentiation factor (HSF), hybridoma/ 
plasmacytoma growth factor, interferon-B2 (IFNB2), mono- 
cyte granulocyte inducer type 2 (MGI-2), and thrombo- 
poietin. The designation of IFNB-2 is now considered 
inappropriate, and its use has been discontinued.'’'*” 


General Characteristics 


The molecular configuration of IL-6 is not completely 
known.” However, it is known to belong to the four o- 
helical long-chain family. It is known to be a pleiotropic 
cytokine produced by many types of cells (lymphoid and 
nonlymphoid) and affecting diverse biological areas (regu- 
lation of T- and B-cell function, Ig secretion, acute phase 
inflammatory reactions, and hematopoiesis).’”"" Like IL-1 
and TNFo, IL-6 is a participant in a cytokine cascade that 
regulates the immunoinflammatory response to infection, 
assuming a very important role in host defense.” 
Other general characteristics of IL-6 include: 


Molecular Weight 


The literature values for the molecular weight of IL-6 
vary from 20 to 29kDa. The following molecular weights 
have been reported: 21 to 26kDa,*"*® 26kDa (homod- 
imer), 7286472 and 20 and 29kDa.'” 


Cross-Reactivity 

The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-6 is 42%.” Human IL-6 
is functional on mouse cells, but murine IL-6 has no activ- 
ity on human cells. 


Chromosomal Location 


The chromosomal locations of IL-6 and its receptor are 
7p21-14 (IL-6), 1 (IL-6Ra@), and 5 and 17 (gp130). 


Cellular Origin 


IL-6 is secreted by a wide variety of cells, including T and 
B lymphocytes,* monocytes and/or macrophages, fibrob- 
lasts, endothelial cells, epithelial cells, mast cells, neuronal 
cells, astrocytes, microglia, mesangial cells, osteoblasts, epi- 
dermal Langerhans’ cells, dendritic cells, and keratinocytes 
and bone marrow stromal cells (Figure 22-15).' 


germinal center B lymphocytes. The change from an autocrine to 
a paracrine IL-6 response may permit a better control of B-cell 
growth and differentiation during the germinal center reaction.® 
tReferences 1, 152, 288, 299, 341, 406. 
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Cellular origin Target cells 


Biological actions 
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Figure 22-15 Cellular origin, principal target 
cells, and biological actions of IL-6. 


Control of Synthesis and Release 

Endotoxins, IL-1 and, to a lesser extent, TNFa are enhancers 
of IL-6 secretion." However, studies have demonstrated 
that unlike TNE, IL-1 does not cause neutrophil degranula- 
tion in humans despite its ability to cause neutrophilia and 
the rapid release of IL-6 and IL-8.” Eosinophil major basic 
protein interacts in a synergistic fashion with IL-10 or TGEB 
to augment fibroblast IL-6 type of cytokine production.” 
CD40 ligand triggers IL-6 secretion and related cellular dif- 
ferentiation and primes B cells for responsiveness to IL-10 
with a consequent increase of Ig secretion. The subcellu- 
lar component of type HI group B streptococci (GBS) is a 
potent inducer of IL-6 and may play an important role in 
tissue inflammation during GBS infection.** The comple- 
ment activation fragment C5a has been shown to induce IL- 
6 synthesis by peripheral blood mononuclear cells (PBMCs). 
This may be important in the modulation of IL-6 synthesis 
in gram-negative bacteremia,”” particularly because LPS is 
known to stimulate IL-6 release. 

IL-10 and IL-4 inhibit cytokine expression in activated 
human monocytes, which suggests that IL-4 may inhibit the 
transcription of the IL-6 gene. IL-10 may inhibit the IL-6 
mRNA levels posttranscriptionally, without suppressing 
promoter activity in human monocytes.” IL-10 also in- 
hibits the production of IL-6, IL-12, and TNFa." Reduced 
IL-6 levels in individuals who are exposed to chromate 
were reported, pointing to its possible role in negative 
immunomodulation. Also, nitrite (NO) induces a 
decrease of LPS-stimulated IL-1B, IL-6, IL-8, and TNFa, 
release from activated alveolar macrophages.” 


Receptor (IL-6R) 

The IL-6R consists of a noncovalent association of a 60-kDa 
o.-ligand-binding chain subunit (CD126) and a 130-kDa B- 
signaltransducing subunit (CD130, gp130). The binding 
protein contains both an Ig domain and a WSXWS motif. 
The signal transducing subunit does not itself bind IL-6 and 


also contains both an Ig domain and the WSXWS motif, but 
it is not specific for IL-6 (shared with IL-11, LIE, and other 
noninterleukin molecules, such as OSM and CNTE).* IL-6 
interacts with the o-ligand—binding chain subunit of IL-6R, 
initiating interaction with gp130 and its dimerization. 
However, gp130 transducing receptor cross-linking is 
sufficient to generate functional IL-6 type responses in 
hematopoietic, neural, and hepatic cells.'” 

IL-6 receptor has a density of about 50 to 2000 receptors 
per cell and is expressed on activated B cells (resting B cells 
do not express the IL-6R but are induced to express it fol- 
lowing activation), plasma cells, T cells, monocytes, and 
many other cells, including epithelial cells, fibroblasts, hepa- 
tocytes, and neural cells. ™4 Glucocorticoid-dependent 
induction of IL-6R expression in human hepatocytes facili- 
tates IL-6 stimulation of amino acid transport, providing 
the liver with substrate to support key metabolic pathways 
during catabolic states,’ Human bronchial epithelial cells 
constitutively expressed mRNA for IL-6R and IL-1aq, and IL- 
6 itself wp regulated IL-6R gene expression; IL-6 might be 
involved in the regulation of the epithelial functions via an 
autocrine and a paracrine mechanism.*® It has also been 
demonstrated that the IL-11R can serve as a substitute to IL- 
6R in activating gene expression in target cells that are 
devoid of the appropriate ligand-binding receptor sub- 
units.” Receptors for IL-10 and IL-6 type of cytokines use 
similar signaling mechanisms for inducing transcription 
through IL-6 response elements. This demonstrates that the 
IL-10R, unlike other members of the IFN receptor family, is 
highly effective in recruiting the signaling pathways of IL-6 
type of cytokine receptors, IL-6 has been found to possess 
three topologically distinct receptor binding sites: site 1 for 
binding to the subunit-specific chain IL-6Ra and sites 2 and 
3 for the interaction with two subunits of the signaling chain 
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gp130. It may be possible to develop effective IL-6 blocking 
agents in vivo.” 

Shed IL-6 receptors (soluble receptors) can also bind IL- 
6 and signal through the cell-bound gp130 subunit.' Because 
the intracytoplasmic region of the IL-6Ra does not con- 
tribute to signaling, soluble forms of the extracytoplasmic 
domain (sIL-6Ra) potentiate IL-6 bioactivity and induce a 
cytokine-responsive status in cells expressing gp130 only. 
This observation, together with the detection of high levels 
of circulating soluble human IL-6Ro. in sera, suggests that 
the IL-6-sIL-6Ra complex represents an alternative form of 
the cytokine.” 


Signal Transduction 


IL-6 binds to the IL-6Ra and the IL-6-IL-6Ra complex, 
which then binds two gp130 molecules to form a gp130 
disulfide-linked homodimer, resulting in tyrosine phospho- 
rylation of gp130 and signal transduction. IL-6 has also 
been shown to induce phosphorylation of the CD40 B-cell 
receptor. ™"! Further investigation has revealed that IL-6, 
but neither IL-4 nor IFNy, activates the LIL factor. Thus 
the existence of such a STAT-like factor relates the LPS 
and IL-1 signaling pathway to other cytokine receptor sig- 
naling pathways via the activation of STATs, suggesting that 
LPS, IL-1, and IL-6 may use a common signaling pathway.” 
IL-6 is the major cytokine-inducing transcription of human 
CRP during the APR. STAT family members have been 
shown to be important mediators of the effects of many 
cytokines—including IL-6, and especially STAT3, which 
participates in the transcriptional activation of CRP in 
response to IL-6.°" 


Biological Actions 

IL-6 has multifunctional and pleiotropic effects that are 
summarized in Table 22-5, but its two most extensively 
studied effects are on B cells and hepatocytes.’ 

IL-6 does not induce production of any other cytokines 
and has relatively little direct effect on immune cells at phys- 
iological concentrations, suggesting that its main immuno- 
logical function is to potentiate the effect of other cytokines. 


B Lymphocytes 

In activated B cells, IL-6 acts late in the sequence of antigen- 
or mitogen-driven B-cell differentiation-promoting growth 
and facilitates maturation-enhancing Ig secretion (growth 
factor for plasmacytes). IL-6 and IL-10 from Th2 types of 
cells may play an important compensatory role in the induc- 
tion and regulation of mucosal IgA responses.” IL-6 can 
also promote in vitro the growth of somatic cell hybrids 
(hybridomas) that produce monoclonal antibodies, and it 
acts as a growth factor for myeloma and/or plasmacytoma 
and Kaposi’s sarcoma cells. Other cytokines (IFNs, TNFa, 
and TGEB) and possibly other factors are potent, dominant 
inhibitors of IL-6-dependent plasmacytoma and/or 
hybridoma growth in vitro.“ 


TABLE 22-5. Principal: Biological Activities of IL-6% 


Secretion of IL-1 and TNFa 2 
: Increases adherence for 
lymphocytes 
- Proliferation SES 
-Secretion of IL-1 and TNFa 
- Chemotaxis-inhibitory. effect 


*References 1, 37, 109, 341, 468, 477, 566. 


Hepatocytes 

IL-6 is the principal inducer of the APR, directly acting on 
hepatocytes to synthesize acute phase proteins, such as CRP, 
complement components, orosomucoid, haptoglobin, fi- 
brinogen, protease inhibitors, and others. Its effects on the 
APR involve a complex interaction (namely synergistic 
actions) with several other cytokines, notably IL-1 and 
TNE 


T Lymphocytes and Natural Killer (NK) Cells 

IL-6 is a co-stimulator of T cells and thymocytes, a differen- 
tiation factor for Tc lymphocytes, and a cofactor with other 
cytokines for the growth of early bone marrow hematopoi- 
etic stem cells. IL-10 production is enhanced in human 
T cells by IL-6 and IL-12.'” IL-6 augments NK-cell activity 
(it appears to synergize also with IL-1). 


Progenitor and Other Types of Cells 

IL-6 synergizes with IL-3 (and probably GM-CSF) to 
support proliferation of neutrophil, monocyte, eosinophil, 
and megakaryocyte colonies. Increased mesangial prolifera- 
tion in the kidney inhibits the growth of fibroblasts and 
induces class I HLA expression on their cell surfaces. 
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Endothelial Cells/Chemotaxis 


IL-6 acts on endothelial cells to preferentially increase their 
adherence for lymphocytes (enhanced expression of inter- 
cellular adhesion molecule-1 [ICAM-1] and of VCAM-I 
and E-selectin). These molecules and the leukocyte integrin 
LFA-1 all contribute to lymphocyte binding to endothelium 
activated by IL-6, It is proposed that IL-6 may also be in- 
volved in the recruitment of lymphocytes into nonlymphoid 
tissue." 

This cytokine has also been found to have a chemotaxis- 
inhibitory effect. High levels of IL-6 in the bone marrow 
microenvironment of patients with multiple myeloma 
appear to be favorable for the localization of myeloma cells 
in situ. This capacity to inhibit the chemotaxis of human 
malignant plasma cells is probably transduced via the signal- 
transducing receptor component, gp130.*” 


Immunoinflammatory Reactions/Fever 


The demonstration that resident epidermal Langerhans’ cells 
and the dendritic cells into which they develop are impor- 
tant sources of IL-6 explains the induction of cutaneous 
immunoinflammatory responses.” Human epidermal ker- 
atinocytes are induced to secrete IL-6 and co-stimulate 
T-lymphocyte proliferation by a CD40-dependent mecha- 
nism, amplifying inflammatory processes in the skin.!® The 
rapid response in the expression of LIF and IL-6 genes after 
injury suggests that these cytokines act as trauma factors but 
with different roles in injured peripheral nerye, 

In common with IL-1 and TNE, IL-6 has a role as an 
endogenous pyrogen, inducing fever. It was suggested that 
central IL-6 is a necessary component of the fever response 
to both endogenous (IL-1B) and exogenous (LPS) pyrogens 
in mice and that IL-6 acts downstream from both peripheral 
and central IL-18.% 


Neuroendocrine Axis 


IL-6 acts on the pituitary to induce adrenocorticotropic 
hormone (ACTH) release and directly on the adrenal glands 
to produce glucocorticoids. It is known that different 
cytokines that share gp130 as a receptor subunit induce 
serum amyloid A, and potentiate the induction of IL-6 and 
the activation of the hypothalamic-pituitary-adrenal axis by 
IL-1. In particular, LIE, OSM, IL-11, and cardiotrophin-1 
potentiate the elevation of serum corticosterone and IL-6 
levels induced by IL-1. Furthermore, the potentiation of IL- 
1-induced serum corticosterone levels is not a consequence 
of the increased serum IL-6 observed after IL-1 administra- 
tion. Thus either endogenous IL-6 does not mediate IL-1~ 
induced corticosterone increase, or its role may be fulfilled 
by other cytokines. This is very important in the under- 
standing of the activation of the hypothalamic-pituitary- 
adrenal axis and that potentiation of acute phase protein 
synthesis may represent an important feedback regulatory 
mechanism of inflammation.’ 


Clinical Relevance 


Increased levels in the circulation have been identified fol- 
lowing gram-negative bacterial infection and inflammatory 
reactions. IL-6 is detected in the serum of patients or exper- 
imental animals undergoing bacterial sepsis. Studies have 
indicated that IL-6 protects against virulent infection and 
suggest that the protective effect may be at least partially 
mediated through neutrophils.’"""*° IL-6 in these condi- 
tions is one of the more easily measured cytokines in the 
blood. Also, LPS responsiveness of proinflammatory 
cytokines (IL-1B, IL-6, IL-8, and TNFa) in whole blood from 
people with high and low levels of high-density lipoproteins 
is different, presumably of importance in inflammation 
and atherogenesis.’ By secretion of pro-inflammatory 
cytokines, mast cells assist in the recruitment of monocytes 
and T lymphocytes into the vascular tissue, thereby pro- 
moting monocyte and/or macrophage-derived, cholesteryl- 
containing ester foam cell formation. Mast cells facilitate 
foam cell formation by promoting native and oxidized low- 
density lipoproptein (Ox-LDL) uptake by macrophages. 
Mast cell-derived cytokines and growth factors and tryptase 
might activate proliferation of vascular smooth muscle and 
fibroblasts, allowing the development of the obstructive 
lesions observed in human atherosclerosis.”” 

Balanced production of cytokines by alveolar 
macrophages may be very important for inflammatory 
outcome. During acute complications of lung transplanta- 
tion, it has been shown that alveolar Ms display an early acti- 
vation with oversecretion of IL-6, which is involved in tissue 
injury, counterbalanced by a late activation in which TGFB 
predominates, mediating tissue repair,” 

IL-6, produced by macrophages in the periprosthetic 
membranes surrounding joint replacements, has been impli- 
cated as a causal agent in osteolysis and prosthetic loosening 
and, when produced by T cells from the femoral head of 
patients with rapidly destructive coxopathy, has also been 
related with this pathological condition.*’*"* Further studies 
suggest that secretion of IL-6 by osteoblasts is crucial for 
stimulation of bone resorption not only by parathyroid 
hormone, but also by parathyroid hormone-related protein, 
vasoactive intestinal peptide, and B-adrenergic agonists, such 
as isoproterenol.’ 

Because IL-6 is an autocrine growth factor for many types 
of cells, its hyperproduction has been associated with a 
variety of malignancies, including plasmacytoma, multiple 
myeloma, uterine cervical carcinoma, and Kaposi’s 
sarcoma.” A consensus regarding myeloma cell growth 
factor responsiveness and the ability to produce autocrine 
IL-6 has not yet been obtained; however it is thought to 
be caused by the heterogeneity observed; between cell 
lines and in clinical disease.*”* A central role for STAT3 has 
been suggested in IL-6-induced regulation of growth and 
differentiation in M1 leukemia cells, which determines 
the cellular decision from cell growth to differentiation in 
M1 cells.” 
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Considering the role of IL-6 in inflammation and 
immune response, and its known association with increased 
levels of MyD116 and GADD 34 mRNAs (genes involved in 
the prevention of apoptotic death of cells), pathological 
effects of herpes simplex virus can result because of a com- 
bination of direct viropathic effects and immunological 
reactions to viral antigens, namely a selective activation of 
IL-6 expression.” 

Reviews emphasize the presumed activities of IL-6 in 
normal skin; in some diseases with cutaneous involvement 
in the pathogenesis of both local and systemic inflammation, 
including surgical ones, tumor development, autoimmune 
diseases, infectious diseases, and others.* 


Therapeutic Applications 
IL-6 may be useful to support neutrophil and megakaryocyte 
growth in patients treated with high doses of chemotherapy. 
However, alterations in platelet function in patients 
receiving IL-6 as cytokine therapy have been reported.” In 
experimental conditions, IL-6 altered platelet function as 
measured by reactivity to thrombin, even though effective at 
promoting platelet production.*” Aiso, patients infected 
with HTLV-1 have been reported to respond to IL-6.“° IL-6 
reduces myocardial damage in mice with viral myocarditis, 
probably through the modification of immune responses 
together with reduction in viral replication. However, early 
activation of immune responses and attenuation of viral 
replication appear most significant, as reflected in the 
limited time window during which IL-6 is effective in 
myocarditis.” 

Strategies designed to interfere with either autocrine or 
paracrine growth-promoting effects of IL-6 in malignancies 
may be useful.” 


INTERLEUKIN-7 


Interleukin-7 (IL-7) is an interleukin produced by epithelial 
and mesangial stromal cells, which serves as a differentiation 
factor for B cells in the early stages of their development 


and also supports the growth of some thymocytes and 
T lymphocytes.'* 


Synonyms 
IL-7 was formerly known as lymphopoietin 1 (LP-1), B-cell 
growth factor, and pre—B-cell growth factor. 


General Characteristics 

The three-dimensional structure of IL-7 is not known, but 
it is a member of the four o-helical short-chain cytokine 
family (152AA). It stimulates early B- and T-lymphocyte 
growth and the proliferation and differentiation of mature 
T cells, which are produced by stromal marrow and thymus 
cells.” IL-7 can be classified as a CSE’? 

Other general characteristics of IL-7 include: 


Molecular Weight 

The literature values for the molecular weight of IL-7 vary 
from 20 to 28kDa. The following molecular weights 
have been reported: 25kDa (monomer), 54389421 20 to 
28kDa,”* and 22 to 28kDa.“” 


Cross-Reactivity 

The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-7 is 60%.” Cross-species 
reactivity also has been observed and verified. 


Chromosomal Location 


The chromosomal locations of IL-7 and its receptor are 
8q12-13 (IL-7) and 5p13 (IL-7R). 


Cellular Origin 

IL-7 is produced by bone marrow and thymic stromal cells, 
T lymphocytes, spleen cells, epithelial cells, and fibroblasts 
(Figure 22- 16), 517421433 


Control of Synthesis and Release 

Stromal cells from a variety of lymphoid and nonlymphoid 
tissues constitutively produce low levels of IL-7. This pro- 
duction is not affected by the lectins and mitogens that 
normally influence the synthesis of other growth factors.*” 


Figure 22-46 Cellular origin, principal target 
cells, and biological actions of IL-7. 
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Receptor (IL-7R) 

The IR-7 receptor belongs to the hematopoietic receptor 
family, which includes the receptors for IL-2, IL-4, IL-6, IL- 
11, and GM-CSE*"*” It is a complex structure consisting of 
an IL-7 binding chain (a-chain, CD127) and the IL-2R 
y-chain (yc). The CD127 contains the WSXWS motif, but it 
is unclear whether it should be included as a member of the 
cytokine receptor superfamily. The IL-7R y-chain is a func- 
tional component enhancing IL-7 binding (shared with IL- 
4R, IL-9R, IL-13R, and IL-15R). This chain may explain the 
described high- and low-affinity binding sites. A soluble 
form of IL-7R has also been identified that originates by 
alternative splicing of the IL-7 gene.” 

IL-7R is expressed on bone marrow lymphoid precursors, 
pro-B cells, thymocytes, mature T cells, and monocytes,’!!* 
Data from a 1993 study suggest that heparin may act as a 
carrier for IL-7, blocking its interaction with target cells and 
protecting it from degradation during transit.” 


Signal Transduction 


IL-7 stimulates tyrosine phosphorylation of cellular proteins 
and tyrosine kinase—dependent activation of phosphatidyl- 
inositol-specific phospholipase C.” IL-7 has been observed 
to induce a rapid and dose-dependent tyrosine phosphory- 
lation of JAK1 and JAK3 and concomitantly the tyrosine 
phosphorylation and DNA-binding activity of multiple 
STAT proteins, The STAT proteins used by IL-7 were identi- 
cal to those induced by IL-2 and could be identified as 
various STATS isoforms. Moreover, the induction of both 
JAKI and JAK3, and STATS activity strongly correlated with 
the growth-promoting effects of IL-7, suggests that this 
signal transduction mechanism may play a key role in IL-7— 
induced proliferation.'” 


Biological Actions 

IL-7 promotes the growth of B- and T-cell progenitors 
(probably at the same level of development as IL-3 or GM- 
CSF) and proliferation of mature T cells (CD4 and CD8). It 
also facilitates the differentiation of both T-cell progenitors 
and Te cells but not of B cells. It can stimulate T cells to 
proliferate even with a suboptimum concentration of 
JL-2.171341136485 TT _7 increases production of IL-2 and expres- 
sion of IL-2R in T lymphocytes and stimulates the genera- 
tion of LAK activity."” It also appears to promote TCR gene 
rearrangement among pre-T cells, namely D-J B rearrange- 
ment.” Tt induces secretion of IL-la, IL-1B, IL-6, and 
TNFa by monocytes and tumoricidal activity in these 
cells.“ IL-1 and TGEB can block the stimulatory effects 
of IL-7.” IFNo. and IFNB have been found to be potent 
inhibitors of IL-7—induced. growth of early B lineage cells 
and have no effect on cell growth induced by IL-2, IL-3, IL- 
4, or autogenous factors. The combination of IL-7 and these 
IFNs induces bcl-2 down regulation and cell death by apop- 
tosis. This may explain this inhibition factor, which main- 
tains the balanced production of normal B lineage cells. 
Another demonstration of a selective induction of CD23 


expression on activated human T cells cultured in the pres- 
ence of IL-7 indicates that this cytokine has an important 
role in the regulatory network of the immune response.” IL- 
2 and IL-7 reciprocally induce IL-7 and IL-2 receptors on Yô 
T-cell intraepithelial lymphocytes with subsequent activa- 
tion. The sources of these two cytokines were neighboring 
epithelial cells (IL-7) and aB T cells (IL-2 and IL-7), respec- 
tively.” IL-7R is indispensable for normal lymphocyte 
development, and the IL-7R œ chain not only causes 
progenitors to proliferate, but also has a distinct activity in 
inducing differentiation. Thus the signals that mediate a 
differentiative function of the IL-7R in B lymphopoiesis are 
specific and distinct from those causing proliferation.” 


Clinical Relevance 


IL-7 is known to regulate HIV-1 replication in naturally 
infected peripheral blood mononuclear cells (PBMCs). 
From asymptomatic, chronically infected donors, IL-7— 
induced virus replication and increased proviral DNA levels 
in these cells are probably independent of the stimulation of 
IL-1, IL-6, or TNFo, production by PBMCs. 


Therapeutic Applications 


IL-7 may be useful in tumor therapy because of its ability to 
enhance the generation of Tc lymphocytes and LAK cells, 
even in the absence of IL-2." Because of its capacity to stim- 
ulate lymphopoiesis, IL-7 may also be helpful for the therapy 
of some immunodeficiencies or to accelerate recovery fol- 
lowing bone marrow transplantation.” IL-7 is also able 
to induce the proliferation of pro-B cells and CD4 and CD8 
T cells and to enhance cytotoxicity of Tc and NK cells, 
indicating its possible therapeutic applications by enhance- 
ment of the immune system (tumors and infections). Its 
significant cross-species reactivity allows exogenous admin- 
istration of human rIL-7, which protects mice against 
acute parasite challenge. This protection results from the 
stimulation of IFNy production and augments the CD8 
T-cell-mediated cytotoxic response,” 


INTERLEUKIN-8 

Interleukin-8 (IL-8) is a chemokine produced by monocytes, 
endothelial cells, and other cells that acts as a chemotactic 
and activator for neutrophils and may play a role in the 
extravasation of neutrophils in inflammation.’ (For addi- 
tional information, see later section on chemokines.) 


INTERLEUKIN-9 

Interleukin-9 (IL-9) is a cytokine produced by T cells and 
macrophages that acts as a growth factor for some T-cell 
populations and bone marrow—mast cell progenitors.” 


Synonyms 

IL-9 was formerly known as human p40, mouse IL-9 as p40, 
mast cell growth-enhancing activity, and T-cell growth factor 
HI (TCGF-HI). 
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General Characteristics 
The three-dimensional structure of IL-9 is not known. 
However, it is known to be a glycoprotein of the four 
a-helical short-chain family (126AA). Similar to IL-2, it is a 
T-cell-derived T-lymphocyte growth factor with no effect on 
resting cells. 

Other general characteristics of IL-9 include: 


Molecular Weight 
The literature values for the molecular weight of IL-9 vary 
from 14 to 40kDa. The following molecular weights have 
been reported: 14kDa,' 40kDa,*” 30 to 40kDa,"' 
20kDa,** and 32 to 39kKDa.7 18942 


Cross-Reactivity 

The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-9 is 55%.” Mouse IL-9 
has activity on human cells, but human IL-9 is inactive on 
mouse cells. 


Chromosomal Location 


The chromosomal location of IL-9 is 5q23-31, 5q31.1(IL- 
9).”" The chromosomal location of its receptor is unknown, 


Cellular Origin 

IL-9 is produced by some activated T cells (mainly by acti- 
vated CD4 Th2 lymphocytes for which it represents an 
autocrine growth factor) and Hodgkin’s lymphoma cells 
(Figure 22-17).7°" 


Control of Synthesis and Release 


The mechanisms for controlling the synthesis and release of 
IL-9 are currently unknown. 


Receptor (IL-9R) 

This is a single-chain receptor, which is a heavily glycosylated 
protein of 64kDa, associated with the IL-2R y-chain. Both 
membrane-bound and soluble forms of the IL-9R exist. It is 
expressed on T helper clones, macrophages, some T-cell 
tumors, and mast cell lines.” 


Cellular origin Target cells 
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Signal Transduction 

IL-9 causes tyrosine phosphorylation of proteins but not of 
MAP kinase,” It has also been demonstrated that JAK1 was 
constitutively associated with the IL-9 receptor. Activated 
STAT complexes induced by IL-9 have been found to contain 
STAT1, STAT3, and STATS transcription factors, Moreover, 
sequence homologies between human IL-9R tyrosine 116 
and tyrosines of other receptors activating STAT3 and STATS 
have been observed. Collectively, these data indicate that a 
single tyrosine of the IL-9 receptor required for activation of 
three different STAT proteins is necessary for distinct activ- 
ities of this cytokine, including proliferative responses.'” 


Biological Actions 

IL-9 is a T-cell growth factor that acts in synergy with other 
cytokines (with IL-2, it causes proliferation of T cells and 
with IL-4, it promotes IgE and IgG synthesis by plasma- 
cytes).**' However, it supports the growth of some Th2 
T-cell clones in the absence of IL-2 or IL-4. It has also been 
found to enhance the proliferative action of IL-3 on mast 
cell progenitors, to augment basophil proliferation and ery- 
throid colony formation, and to stimulate the proliferation 
of megakaryoblastic leukemia cells. 712455 


Clinical Relevance 


IL-9 can support cell proliferation in the absence of an 
antigen or APC. Overproduction of it may lead to T-cell 
tumors, particularly of Th2 lymphocytes. In certain lym- 
phomas, such as Hodgkin’s lymphoma, it may act as an 
autocrine signal for cellular proliferation.” IL-9 may play 
a role in the development of acute myeloblastic leukemia by 
stimulating leukemic cells to enter the S-phase rather than 
preventing cell death. In addition, IL-9 acts synergistically 
with stem cell factor for recruiting quiescent leukemic cells 
in the cell cycle.*” 

IL-9 is a member of the Th2 cytokine family and has been 
implicated as an essential factor in determining mucosal 
immunity and susceptibility to atopic asthma. It has also 
been found in association with severe asthma and to cause 
airway hyperresponsiveness.”°”°”” 


Biological actions 
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Figure 22-17 Cellular origin, principal target cells, and biological actions of IL-9. 
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Therapeutic Applications 
Currently, there are no therapeutic applications of IL-9. 


INTERLEUKIN-10 

Interleukin-10 (IL-10) is a cytokine produced by activated 
macrophages, certain lymphocytes, and other cells that 
decreases both innate and T-cell-mediated immune 
inflammation; it inhibits the production of cytokines by 
activated T cells, plays a role in B-cell activation, inhibits 
production of IFNy, and blocks antigen presentation and 
macrophage formation of IL-1, IL-6, and TNE”! 


Synonyms 

IL-10 was formerly known as B-cell-derived T-cell growth 
factor, cytokine synthesis inhibitory factor (CSIF), MCGE, 
and thymocyte growth-promoting factor.* 


General Characteristics 


IL-10 is a member of the four a-helical cytokine family and 
probably functions as a homodimer (160AA).' However, 
its three-dimensional structure is not yet known. It is 
a pleiotropic Th2 CD4 lymphocyte cytokine (also Th1 in 
humans) with the capacity to inhibit cell-mediated 
responses but also to enhance some specific aspects of the 
immune reaction. This gives it unique immunoregulatory 
properties. 

This cytokine has been shown to have a 70% identity 
with an open reading frame (BCRF1) of the Epstein-Barr 
virus (EBV) genome. It and the protein encoded by BCRF1 
(vIL-10) have some common activities, such as suppression 
of IFN production and macrophage activation.” This 
homology raises the possibility that EBV has captured and 
processed the human gene as a means of inhibiting antiviral 
immunity. EBV infection can cause immune suppression, 
which is probably dependent on an IL-10-like viral 
peptide.” vIL-10 shares with IL-10 predominantly 


*The same name is more consistently attributed to IL-3 and IL-4 
(MCGE-ID). 


inhibitory effects, such as macrophage deactivation conduc- 
ing to a local immunosuppressive effect, which is particu- 
larly important in tumor biology and treatment.” 

Other general characteristics of IL-10 include: 


Molecular Weight 


The literature values for the molecular weight of IL-10 
vary from 17 to 40kDa. The following molecular weights 
have been reported: 17 to 21kDa,*"°” 18 to 20kDa,! 
40kDa, 18 kDa,'"*°? and 35 to 40kDa.” 


Cross-Reactivity 


The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-10 is 72%.”! Human IL- 
10 is active on mouse cells, but murine IL-10 is inactive on 
human cells. 


Chromosomal Location 


The chromosomal locations of IL-10 and its receptor are 1 
(IL-10) and 11 (IL-10R). 


Cellular Origin 


IL-10 is produced by ThO and Th2 subsets of CD4 T lym- 
phocytes (Figure 22-18). Data suggest that IL-10 can also be 
produced by activated B cells, some Th1 cells, CD8 T cells, 
activated macrophages, and other cells, such as eosinophils, 
dendritic cells, and keratinocytes. 17115239383 


Control of Synthesis and Release 


IL-10 production is enhanced in human T cells by IL-12 and 
IL-6 and in monocytes by TNFa. These findings suggest that 
IL-10 production by human T cells and monocytes is differ- 
entially regulated. IL-10 inhibits the production of IL-6, 
IL-12, and TNFa, which may indicate a potential mech- 
anism of negative feedback regulation of the immune 
response.” IL-12 induces differentiation of Th1 cells, pri- 
marily through its ability to prime T cells for high IFNy pro- 
duction, which in turn is an inhibitor of IL-10 production, 
Besides the presence of IL-12 during the first several days of 
in vitro clonal expansion of polyclonally stimulated human 


Cellular origin Target cells 


Biological actions 
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Figure 22-18 Cellular origin, principal 
target cells, and biological actions of iL-10. 
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peripheral blood, CD4 and CD8 T cells induce stable 
priming for high IL-10 production, but IL-4 almost com- 
pletely suppresses this priming for IL-10 production," 
Recombinant IFNB blocks proliferation but enhances IL-10 
secretion by activated human T cells.” Activation of human 
monocytes by LPS results in an initial burst of inflammatory 
cytokines, such as TNFa, that is followed by the secretion of 
anti-inflammatory mediators, such as IL-10. The regulation 
of IL-10 expression is more complex than that of TNFa.** 
Vasoactive intestinal peptide (VIP), a neuropeptide present 
in the peptidergic innervation of lymphoid organs and 
expressed in thymocytes and peripheral lymphocytes, has 
the capacity to modulate cytokine expression in T lympho- 
cytes. VIP and the structurally related neuropeptide PACAP- 
38 inhibit IL-10 production by spleen cells or thymocytes,” 
Proopiomelanocortin peptides may be able to up regulate 
the production of IL-10 in monocytes and thereby con- 
tribute to immunosuppression.” Triggering of the CD23 
molecule at the surface of human macrophages induces the 
generation of IL-10 through a cAMP-dependent mecha- 
nism. Concomitantly, this generation of IL-10 is down 
regulated by NO. This generation is also produced after 
triggering of the CD23 antigen. Collectively, these data indi- 
cate that human macrophages produce IL-10 after triggering 
of the CD23 molecule and that this production can regulate 
the inflammatory state of these cells. 


Receptor (IL-10R) 

IL-10R is a single-chain receptor. IL-10R belongs to the class 
I] cytokine receptor family that also includes the IFN recep- 
tors (IFNy and IENoB receptors). The extracellular region 
consists of two homologous fibronectin type IIT domains 
that are without the WSXWS motif characteristic of class I 
cytokine receptors. It is expressed on B cells, thymocytes, and 
other cellular lines such as mast cells and macrophages. 
Human IL-10R mRNA is restricted mostly to hematopoietic 
cells and cell lines.” 


Signal Transduction 
Signal transduction by IL-10 is still unknown but likely to 
involve the JAK family of kinases.” The signal transduction 
cascades initiated by IL-10 ligation to its cognate receptor 
seem to rapidly and transiently stimulate phosphatidylinos- 
itol 3-kinase activity associated with the p85 subunit of the 
enzyme. IL-10 also activates p70 S6 kinase that is inhibited 
by the immunosuppressive drug rapamycin.'™ 

Receptors for IL-10 and IL-6 cytokines appear to use 
similar signaling mechanisms for inducing transcription 
through IL-6 response elements. The cytoplasmic domain of 
the IL-10R contains two motifs that have been identified in 
the signal-transducing receptor subunits for IL-6 and known 
to be required for activating STAT3 and inducing trans- 
cription through IL-6-responsive elements. To determine 
whether the IL-10R has signaling functions similar to IL-6R 
in cells normally expressing these receptors, leukocytes of the 
B-, T-, and NK-cell lineages have been treated with either 


cytokine. Data demonstrate that the IL-10R, unlike other 
members of the IFN receptor family, is highly effective in 
recruiting the signaling pathways of IL-6 type of cytokine 
receptors." 


Biological Actions 

IL-10 causes the inhibition of general proinflammatory 
cytokine synthesis, APC function, and cell-mediated immu- 
nity and induces the terminal differentiation of B cells into 
plasmacytes, which results in production of antibodies. 
Consequently, it has important effects on T and B lympho- 
cytes, NK cells, monocytes and/or macrophages, and mast 
cells.4"° It is characterized by a paradoxical duality of 
function (negative and/or positive; Box 22-5). 

This cytokine is a pleiotropic cytokine that can suppress 
cytokine expression by NK cells and Thi lymphocytes, thus 
down regulating cell-mediated immunity and stimulating 
humoral responses.” Resulting T-cell anergy may then play 
an important role in the induction and maintenance of 
antigen-specific T-cell tolerance.” IL-10 is also capable of 
down regulating the release of IL-6 and PGE2. Endogenously 
synthesized IL-10 limits the immune complex—induced 
secretion of proinflammatory cytokines TNFa and IL-18.“ 
The antiinflammatory properties of IL-4, IL-10, IL-13, 
and TGF are associated with their ability to repress the 
production of proinflammatory cytokines and to favor the 
release of interleukin I receptor anatagonist (HIRA). Inhibi- 
tion by IL-10 of proinflammatory cytokine release (IL-2 
and IFNy by Th1 cells) appears to occur at the level of gene 


Negative Actions 

Inhibition of cytokine synthesis by activated Thi and NK cells 
(indirect effect, mediated by a primary action on 
macrophages [Ms]) 

Inhibition of cytokine secretion (IL-1, TNFa, IL-12, 
chemokines, GM-CSF, and G-CSF) by mononuclear cells 

Inhibition of IFNy-induced production of reactive oxygen 
radicals and NO by macrophages 

Down regulation of MHC class If expression and of 
co-stimulators, such as B7, on Ms (inhibition of the 
accessory functions of Ms in T-cell activation) 

Antiimmunoinflammatory activity caused by down regulation 
of Thi T cells, Ms, and NK cells 


Positive Actions 

Chemoattractant for diverse cell types 

Synergizes with IL-2 and IL-7 in the proliferation of 
thymocytes and T cells 

Synergizes with other cytokines to stimulate proliferation of 
B cells, thymocytes, and MCs 

Stimulates B lymphocytes (together with TGFB, causes IgA 
production, induces B-cell proliferation, and may be a 
switching factor for the production of IgG4) 
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transcription for TNFa and both transcriptionally and post- 
transcriptionally for IL-18." However, IL-10 is unable to 
induce ILI-RA by itself or to amplify the LPS-induced 
production by PMNs. It is able to increase its release when 
TNFo is the triggering signal. The action of IL-10 as a 
potent inhibitor of TNFa expression and release from alve- 
olar macrophages and peripheral blood monocytes may have 
an important role in the cytokine network of local immune 
response similar to its pulmonary one.’ Despite IL-1% and 
TNFa release by alveolar macrophages, IL-6 release can only 
be suppressed to some extent by a combination of IL-4 
and IL-10 (inhibiting the transcription rate of the IL-6 
gene).'°”” It has been suggested that the down regulation of 
fibrinogen biosynthesis by IL-4, IL-10, and IL-13 represents 
a protective vascular effect. 

Alternately, it is known that IL-10 has both stimulatory 
and inhibitory effects on diverse types of cells, including co- 
stimulation of T-cell proliferation (particularly Th2 cells), 
chemoattraction of CD8 T celis, and stimulation of LAK cell 
activity.” Also, osteoclast-like cells demonstrated an up 
regulation of NO production and inducible NO synthase 
mRNA by IL-8 and IL-10. 


Clinical Relevance 

IL-10 has not been implicated in virus-induced diseases, but 
the mimicry of IL-10 by EBV is a method for pathogens to 
interfere with host defense mechanisms. This interference 
can have possible important pathological consequences.*” 
IL-10, in addition to down regulating the cellular immune 
response to HIV-1, may also play a role in TNFa-mediated 
activation of HIV-1 replication.” During the acute phase of 
Kawasaki disease, levels of IL-10 are markedly elevated. This 
increase in serum IL-10 levels may contribute to the up reg- 
ulation of humoral immunity and to the down regulation of 
acute inflammation.” An imbalance of Th-cell populations 
leads to the secretion of mostly IL-4 and IL-10 at the start of 
infection. The concomitant down regulation of IFNy secre- 
tion reversed the host’s resistance to Trypanosoma cruzi.” 
IL-10 has been shown to exert an inhibitory effect on cell- 
mediated immunity with a contribution to parasite Ag- 
induced T-cell hyporesponsiveness observed in patients with 
chronic Schistosoma haematobium infection.” It has also 
been demonstrated that diminished IL-10 production in 
asthma permits the unopposed synthesis of proinflamma- 
tory cytokines, thereby contributing to the development 
and severity of asthma.” Increased IL-10 serum levels in 
patients with solid tumors may have important implications 
for future investigations, immunological monitoring, and 
therapeutic intervention on neoplastic patients and suggests 
a mechanism for tumor cells escaping from immune 
surveillance.’ 

Polymorphisms in cytokine genes can influence immune 
responses, inflammation, and tissue injury and may affect 
the outcome of hematopoietic stem cell transplantation. 
Among recipients of hematopoietic cells from an HLA- 
identical sibling, the IL-10-592A allele seems to be a marker 


of a favorable outcome after transplantation. Despite ad- 
vances in supportive care, severe grade II or IV graft-versus- 
host disease (GVHD) remains a serious complication of 
transplantation and contributes to transplantation-related 
mortality. High level of IL-10 production by recipients’ cells 
during the early posttransplantation period mitigates the 
intensity of the alloimmune response and GVHD-induced 
inflammation, thereby reducing the clinical manifestations 
of GVHD and associated mortality. Knowledge of the IL-10 
promoter-region genotypes, and possibly of polymorphisms 
in other immune regulatory genes, could be incorporated 
into the pretransplantation risk-assessment process and 
serve as a guide for the planning of treatment. The use of 
alternative approaches, such as nonablative conditioning 
regimens, might reduce morbidity and mortality in selected 
high-risk patients. Further insight into the mechanism 
underlying the association between the IL-10 promoter- 
region genotype and GVHD could prompt new strategies for 
modulating the intensity of the alloimmune response and 
reducing the toxicity of GVHD.” 


Therapeutic Applications 


Being a modulator of cytotoxic cell activity (macrophages, 
NK cells, and Thi cells), IL-10 may be able to ameliorate 
clinical situations characterized by a hyperinflammatory 
reaction, such as septic shock. Its capacity to inhibit the 
production of IFNy (namely by Thi cells) is also of interest 
in various clinical situations, particularly those in which it 
is important to suppress delayed types of hypersensitivity 
responses (DTHR) without affecting antibody production. 
IL-10 is also an efficient inhibitor of tumor metastasis in 
experimental models in vivo at doses that do not have toxic 
effects on normal cells. Histological characterization after 
IL-10 treatment has confirmed the absence of CD8 and CD4 
T cells and macrophages at the sites of tumor growth; 
however, abundant NK cells were localized at these sites.” 
Human IL-10 differs from its EBV homologue viral IL-10 
(vIL-10), because it can stimulate the acquisition of an effec- 
tive, specific, and long-lived antitumor immune response in 
murine models and can reverse the local immunosuppres- 
sive effects of vIL-10. This indicates a potential role for IL- 
10 administration in the biological therapy of cancer and 
suggests a broader interpretation of IL-10 biology.” 


INTERLEUKIN-11 


Interleukin-11 (IL-11) is a cytokine produced by bone 
marrow stromal cells that stimulates megakaryocyte prolif- 
eration and B-cell differentiation.’ 


Synonym 
IL-11 was formerly known as adipogenesis inhibitory factor. 


General Characteristics 

IL-11 belongs to the four a-helical long-chain cytokine 
family (179AA), Information is incomplete about its three- 
dimensional structure. It is known to be a bone marrow 
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stromal cell-derived cytokine involved in lymphopoiesis and 
hematopoiesis. ™® 
Other general characteristics of IL-11 include: 


Molecular Weight 
The literature values for the molecular weight of IL-11 vary 


from 19 to 23kDa. The following molecular weights have 
been reported: 20 kDa," 23 kDa, ™ and 19 to 21 kDa.” 


Cross-Reactivity 

The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-11Ra is 84%. 
Human IL-11 is active on mouse cells. 


Chromosomal Location 


The chromosomal locations of IL-11 and its receptor are 
19q13,3-13.4 (IL-11) and 9p13 (IL-11Ra-chain). 


Cellular Origin 


IL-11 is produced by bone marrow stromal cells, trophoblast 
cells, glial cells, and IL-1-stimulated fibroblasts (Figure 
22-19), 27152377 


Control of Synthesis and Release 


Synthesis of IL-11 is induced by IL-1 and TGFB in stromal 
cells and fibroblasts; cytokines that inhibit its production 
remain to be defined. In addition, IFNa has been found to 
down regulate IL-1-induced IL-11 in human bone marrow 
stromal cultures,’ 


Receptor (IL-11R) 
The high-affinity receptor for IL-11 is composed of two 
subunits, IL-11 receptor o-chain (IL-11Ra) and gp130, 
the common subunit of the IL-6, CNTE LIK and OSM 
receptors. The IL-11 receptor-specific œ chain shares 
homologies with the œ chain of the CNTF and IL-6 
receptors, confirming evolutionary conservation at the level 
of gene organization among the hematopoietic cytokine 
receptor family.” 

The IL-11Ra has the requirement of either the human or 
mouse gp130 molecule for signaling because the human IL- 
11Ro-chain is able to form a functional receptor complex 


in association with murine gp130 or human gp130. This 
complex results in high-affinity IL-1 1-binding sites and IL- 
11-dependent cellular proliferation. The functional recep- 
tor complexes assembled in response to IL-6, IL-11, LIE, 
OSM, and CNTF ali involve the signal transducer gp130. IL- 
6 and IL-11 induce homodimerization of gp130, and LIF, 
OSM, and CNTE heterodimerize gp130 with other gp130- 
related B subunits. IL-6, IL-11, and CNTF also require a 
specificity-determining o-subunit not directly involved in 
signaling. Studies have established that stromal and/or 
osteoblastic cells are targets for the actions of all the 
members of the cytokine subfamily that share the gp130 
signal transducer; this suggests that different receptor reper- 
toires may be expressed at different stages of differentiation 
of this lineage.” 


Signal Transduction 

IL-11 intracellular signaling travels through cytoplasmic 
kinases of the Janus family. How JAKs accomplish the mul- 
tiple functions of IL-11 has not been determined and only a 
few associated downstream proteins have been identified, in 
particular the evidence for the IL-11~induced association of 
protein phosphatase (PP2A), P13K, and Yes to JAK2. This 
novel finding of JAK2 and/or PP2A binding and release may 
have relevance to many serine and/or threonine-regulated 
mechanisms, such as P13K, STAT, and mitogen-activated 
protein kinase (MAPK) activation. These associations 
support a model of JAK2 as a protein kinase docking protein 
of IL-11 signal transduction, which may be applicable to 
other gp130 and JAK signal transduction systems.'”° IL-11R 
can also serve as a substitute IL-6R in activating gene expres- 
sion in target cells that are devoid of the appropriate ligand- 
binding receptor subunits.” 


Biological Actions 


The biological activities of IL-11 are not fully characterized, 
but they are similar to those of IL-6, LIF, and OSM.” For 
example, IL-11 (1) stimulates the development of diverse 
hematopoietic cell lineages from bone marrow precursors 
(especially of early hematopoiesis), including monocytes 
and/or macrophages and megakaryocytes; (2) is a growth 
factor for plasmacytes, hematopoietic multipotential cells, 
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Figure 22-19 Cellular origin, principal target cells, 
and biological actions of IL-I1. 
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and committed megakaryocytic and macrophage progenitor 
cells; and (3) inhibits adipogenesis in mouse preadipocytes. 
It is also involved in the production of APP and has been 
reported to increase the number of antibody-forming B cells 
in response to an antigen.””'*° However, when compared 
with IL-6, IL-11 and LIF induced only minimal stimulation 
on production of APP by human primary hepatocytes. Thus 
circulating levels of IL-11 or LIF do not contribute signifi- 
cantly to the production of APR in vivo, and they do not 
seem to account for the difference in APR response between 
systemic lupus erythematosus and other inflammatory 
rheumatic diseases.'*' It has been shown that IL-6, IL-11, and 
to a lesser extent LIF in rat hepatocytes are potential medi- 
ators of metallothionein synthesis in inflammation.” 

Cerebral expression of IL-11 by glial cells is important 
because IL-11 has been shown to have effects on neuronal 
electrophysiology, has overlapping functions with the neu- 
roactive cytokine IL-6, and is part of the gp130-associated 
neuropoietic family of cytokines?” 


Clinical Relevance 


IL-11 is expressed in leukemic myeloid cells, and their 
proliferation is regulated by this cytokine, which acts 
synergistically.” 


Therapeutic Applications 

As a stimulator of megakaryopoiesis, IL-12 may be of 
therapeutic benefit in patients with platelet deficiencies.’ Ex 
vivo expansion with stem cell factor and IL-11 augments 
both short-term recovery posttransplant and the ability to 
transplant bone marrow serially.” 


INTERLEUKIN-12 


Interleukin-12 (IL-12) is a heterodimeric cytokine produced 
by phagocytic cells, B cells, and other antigen-presenting 
types of cells. It is a potent inducer of cytokine production, 
causes T and NK cells to secrete [FN-¥, is a growth factor for 
preactivated T and NK cells, and enhances cytotoxic activity 
in CD8* T cells and NK cells, It also has a role in the gen- 
eration of T helper type 1 cells and in the differentiation of 
cytotoxic T lymphocytes.’ 


Synonyms 

IL-12 was formerly known as cytotoxic lymphocyte matura- 
tion factor (CLMF), natural killer cef stimulatory factor 
(NKSF), and T-cell stimulatory factor. 


General Characteristics 


Information is incomplete concerning the three- 
dimensional structure of IL-12. However, it is known to 
be a heterodimeric four o-helical short-chain cytokine 
(196AA/306AA) that stimulates T- and NK-cell func- 
tion.» Tt consists of two covalently linked polypeptide 
chains, one of 35 kDa (p35, IL-12c) and the other of 40kDa 
(p40, IL-12B). The p35 chain has a four &-helix structure, 
similar to that of many other cytokines, but the p40 chain of 


IL-12 is homologous to the IL-6R, containing an Ig domain 
and a WSXWS motif. Thus, IL-12 appears to be composed 
of one cytokine-like polypeptide and one receptor-like 
polypeptide.' 

Other general characteristics of IL-12 include: 


Molecular Weight 


Depending on its molecular form, the literature values for 
the molecular weight of IL-12 vary from 24 to 70kDa. The 
following molecular weights have been reported: 24 to 
33kDa (p35) and 34 to 44kDa (p40),*" 70kDa,""""! 35 
(p35) and 40 (p40) kDa," and 30 to 33 kDa (p35) and 35 
to 44kDa (p40).” 


Cross-Reactivity 

The cross-reactivities (amino acid sequence homology 
between human and mouse) for molecular forms of IL-12 
include IL-12 p35 (60%) and IL-12 p40 (70%).” Human IL- 
12 is inactive on mouse cells, and murine IL-12 is active on 
human cells. 


Chromosomal Location 


The chromosomal locations of the molecular forms of IL-12 
are 3p12-3q13.2 (IL-12a) and 5q31-33 (IL-12B). 


Cellular Origin 


The p35 subunit of IL-12 is produced by T and B cells, NK 
cells, neutrophils, monocytes, and macrophages (at least in 
the mouse). The p40 subunit is produced mainly by B lym- 
phocytes, activated monocytes, and dendritic cells (includ- 
ing epidermal Langerhans’ cells}. Consequently the principal 
sources of IL-12 are B cells and monocytes and/or 
macrophages (Figure 22-20).* In the brain, microglia-like 
cells are the primary producers of the p40 transcripts. In 
contrast, the IL-12 p35 gene is constitutively expressed in the 
brain at a very low level. 

IL-12 is the only cytokine acting as a regulator of the 
effector phase of cell-mediated immune reactions that is not 
produced by T cells. However, the IL-12 receptor is restrict- 
edly expressed by T lymphocytes and NK cells. 


Control of Synthesis and Release 


It has been suggested that IL-12 is wp regulated as part of the 
early cytokine response of mononuclear phagocytes to infec- 
tious agents and that the cellular events associated with 
phagocytosis are themselves a potent signal for IL-12 pro- 
duction. IL-12 released by infected macrophages can further 
up regulate pathogen-specific CD4 T-cell effector func- 
tion.'”” IL-12 expression is regulated by NO, which may exert 
an autoregulatory and paracrine control of IL-12 gene 
expression.“ IL-10 inhibits the production of IL-6, IL-12, 
and TNFo, probably indicating a potential mechanism of 
negative feedback regulation of the immune response, as 


*References 152, 216, 253, 341, 448, 536, 590. 
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Figure 22-20 Cellular origin, principal target cells, 
and biological actions of IL-12. 


+ B lymphocytes [7 
e Monocytes F 


e T lymphocytes 

(CD4 and CD8) | 
¢ NK calls 4 
e Other 


e IFNy production by T-cell 
and NK cells 
¢ Tht-cell activation 


e Th1-cell differentiation 
* NK-cell activation 


Le 


IL-12 or IL-6 can induce the expression of IL-10 by PHA- 
stimulated T cells.” The gp120 glycoprotein of HIV is an 
inducer of IL-12 expression in monocytes and/or macro- 
phages, and IFNy is an essential cofactor for IL-12 secretion, 
especially in differentiated macrophages.” The production 
of IL-12 is stimulated by bacteria, bacterial products, and 
intracellular parasites and enhanced by priming with GM- 
CSF and IFNy. It is inhibited by IL-10.°% Bioactive IL-12 
(p70) is composed of the two subunits (p35, which is only 
secreted as part of the p70 dimer, and p40, which can also 
be secreted by itself). The two subunits are encoded by sep- 
arate genes, and to what extent the expression of each of the 
subunits contributes to the regulation of IL-12 production 
is being investigated. Results indicate that in LPS-stimulated 
whole blood and purified monocytes, p70 and p40 produc- 
tion are enhanced by IFNy and inhibited by IL-10 and IL-4. 
However, IFNy and IL-10 had stronger effects on p70 pro- 
duction than on p40 production, and IL-4 affected p40 pro- 
duction more strongly. Concomitantly, in all experimental 
conditions tested, p40 production greatly exceeded p70 
production, suggesting that p35 expression was limiting. 
Analysis of p35 and p40 mRNA expression by polymerase 
chain reaction (PCR) confirmed this belief. Resting purified 
monocytes expressed neither p40 nor p35 mRNA. The 
effects of IFNy, IL-10, and IL-4 on the p35 mRNA expres- 
sion in LPS-stimulated purified monocytes were similar to 
the effects of these cytokines on p70 protein production, 
and the p40 mRNA expression corresponded to p40 protein 
production. These results imply that production of the two 
IL-12 subunits is differently regulated for each subunit, 
mainly at the level of mRNA expression, and that the level 
of bioactive IL-12 production in monocytes in response to 
LPS and cytokines is determined by the level of p35 expres- 
sion.“ IFNy, which is up regulated during infection, acted 
in synergy with other stimuli on IL-12 synthesis, suggesting 
an amplification loop for IL-12 production, whereas IL-4, 
IL-10, IL-13, and TGEB were inhibitory. The existence of a 
broad range of stimuli from a wide variety of pathogenic 
organisms underscores the fundamental importance of 
IL-12 in host defense.” 


Receptor (IL-12R) 


IL-12R is a single-chain receptor expressed only on T cells 
and NK cells (structurally similar to the G-CSF receptor). 


One component of the IL-12 receptor complex shows it to 
be related to gp130.” To date, a large number of receptors 
for IL-12 have been found but only on PBMC following acti- 
vation with PHA or IL-2. Studies have found that the expres- 
sion of IL-12R on a human ò T-cell line responds to IL-12 
with enhanced cytolytic activity and increased expression of 
cytolytic effector molecules granzyme B and perforin.” 


Signal Transduction 


STAT4 has been found to be essential for mediating 
responses to IL-12 in T lymphocytes and NK cells and reg- 
ulating the differentiation of both Th] and Th2 cells.”** 
IL-12 activates STAT4, STAT1@, and STAT3, and induces 
complexes containing STAT4 only, STAT4 with STAT Ia, 
STAT3 with STATIa, or STATioa only in preactivated 
primary NK cells. STAT10 activation by IL-12 is correlated 
with increased phosphorylation of serine but not tyrosine. 
IL-2 induced tyrosine phosphorylation of JAK1 and JAK3, 
with IL-12 inducing phosphorylation of JAK2 and TYK2 in 
both preactivated primary NK and NK3.3 cells. Differential 
phosphorylation and consequent differential activation of 
both separate and overlapping STAT proteins by IL-2, IL-12, 
and IFNa may provide a molecular basis for the similarities 
and differences in the actions of these cytokines on NK 
cells.2859! 


Biological Actions 

The major biological activity of IL-12 is on T and NK cells 
where it increases cytokine production, proliferation, and 
cytotoxicity. Its production occurs several hours after expo- 
sure to infectious agents, which induces a rapid production 
of IFNy by NK and [ater by T cells. Thus IFNy potentiates 
APC functions important in clearing infectious agents 
(phagocytosis, oxidative burst, and production of NO) and 
increases further production of IL-12. IL-12 has been clearly 
demonstrated to be important in the generation of CD4 and 
CD8 type of Th1 cells both in vivo and in vitro. IL-12 also 
primes naive T cells for concomitant high IFNy and IL-10 
production, whereas IL-4 is required for IL-4 priming, thus 
suggesting that these corresponding genes and possibly 
others are independently regulated. IL-12 is therefore 
involved in the skewing of cytokine production toward a 
type 1 T response. It is now becoming clear that IL-12 acts 
as both a proinflammatory cytokine and an immunomodu- 
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lator and therefore bridges the innate and antigen-specific 
adaptive immune responses to intracellular bacterial, fungal, 
and protozoan pathogens. 85536579 

IL-12 has been called “the jump starter of cell-mediated 
immunity,’ indicating that IL-12 acts early in infection as a 
switch driving CD4 T cells (with IFNy) to a cellular Th1 
response.’ 

It is likely that IL-12 plays a pivotal role in the host 
defense against intracellular pathogens. For example, it (1) 


promotes cell-mediated immunity by polarizing Th types of - 


cytokine responses (causing DTHR), (2) enhances the lytic 
activity of NK and/or LAK cells, (3) augments specific Tc 
responses, (4) induces the production of IFNy, and (5) sup- 
presses the development of Th2 types of cytokine responses 
and humoral immunity, particularly IgGl and IgE responses. 
Thus IL-12 selectively promotes differentiation of Th1 lym- 
phocytes and potentiates cell-mediated immunity while sup- 
pressing Th2-dependent functions, such as the production 
of IL-4, IL-10, and IgE antibodies, 

Studies have documented that the immunoregulatory 
functions of IL-12 may play a role in promoting endogenous 
protective responses during infections or contribute to 
pathological conditions resulting from unregulated cytokine 
expression. Pathogen induction of IL-12 elicits IFNy pro- 
duction by NK cells, contributing to early defense during 
certain bacterial, parasitic, and viral infections. IL-12 also 
facilitates the development of Th1 lymphocytes required for 
late protection against bacteria, parasites, and fungi. During 
viral infections, however, there appear to be mechanisms 
independent of IL-12 for inducing protective T-cell 
responses. In contrast, negative regulation of IL-12 during 
acute infections can be a key event in the establishment of 
chronic infection and protection against harmful excessive 
cellular immune response.” 

IL-12 is a multifunctional cytokine capable of inhibiting 
neovascularization.*” Because the human IFNy-inducible 
protein 10 (IP-10) can also inhibit neovascularization, IP- 
10—induced by IL-12 through the intermediate cytokine 
IFNy—was tested to determine if it might be a mediator 
of IL-12 angiogenesis inhibition. Murine IL-12~induced 
murine IP-10 expression in mouse splenocytes and human 
IFNy-induced human IP-10 expression in purified human 
endothelial cells suggest that IL-12 can induce IP-10 expres- 
sion in certain cells. These results document the important 
role of IP-10 as a mediator of angiogenesis inhibition by IL- 
12 and raise the possibility that IP-10 may also contribute to 
the antitumor effect of IL-12." 

Cytotoxic activity of both NK cells and Tc lymphocytes 
is enhanced by IL-12 (it acts synergistically with IL-2 to 
induce IFNy synthesis by these cells and is considered as 
the most potent NK-cell stimulator known). This cytotoxic 
enhancement occurs in parallel with depression of IgE pro- 
duction and reduction of IL-4 secretion (IL-12 and IL-4 
cross regulate one another's activities). IL-12 effects are only 
seen early, whereas IL-4 effects are maintained. Studies have 
suggested a molecular basis for these temporal differences 


of IL-12 and IL-4 on Thl and Th2 responses. These 
differences are dependent on the specific characteristics of 
T-cell receptor functions: on Thl lymphocytes, the IL-4R 
and the IL-12R remain expressed and functional, whereas on 
Th2 lymphocytes, IL-12R functional defects were identified 
following commitment to the Th2 lineage. 

CD40-CD40L interaction synergizes with IL-12 in selec- 
tively enhancing IFNy production by T cells. Both CD4 and 
CD8 T cells were able to produce IFNy in the presence of 
helper signals from IL-12 and CD40, although CD8 T cells 
were less active. CD40-CD40L interaction also up regulates 
IL-12 production.“* CD8 Tc lymphocytes are important 
mediators for resistance to infections and malignant dis- 
eases, and IL-12 function in the generation of important 
human antiviral CD8 T-cell responses also has been 
demonstrated by augmented IFNy production during Tc 
generation.” 

It has been suggested that CD4 human thymocytes have 
the potential to develop into cells producing the Th2 
cytokines IL-4 and IL-5, whereas the ability to produce both 
Th1 cytokines and IL-10 is acquired only after priming with 
IL-12. In the absence of APC, IL-12 and TNFa both 
demonstrate an inhibitory effect on the proliferation of CD8 
Tc lymphocyte clones, whereas IL-10 enhances the prolifer- 
ation. IL-12-induced inhibition of CD8 Tc clones is not 
mediated by the endogenous production of TNFa by these 
clones. The strong inhibitory effect of IL-12 and TNFa does 
not result in apoptosis, and these cytokines do not alter the 
cytotoxicity of CD8 Tc clones. When CD4 T-cell clones were 
tested in the absence of APC, no substantial change in IL-2- 
dependent proliferation caused by IL-10, IL-12, and TNFo. 
could be measured. Because these effects on established Tc 
clones are in contrast to the effects of IL-10, IL-12, and 
TNFo during the induction phase of immune responses, a 
dichotomy of immunomodulatory cytokines, such as IL-10, 
IL-12, and TNFa, early and late in the immune response has 
been suggested.” 


Clinical Relevance 


IL-12 may be a marker of Thi-mediated pathological con- 
ditions, such as autoimmune type 1 diabetes mellitus.” Th1 
cells are critically involved in several pathological conditions, 
such as contact hypersensitivity, and it has been suggested 
that IL-12 may play a dominant role in vivo in the induction 
of this pathology.” The relative increase in IL-12 mRNA in 
chronic atopic dermatitis skin lesions suggests a possible role 
for IL-12 producing cells in modulating chronic inflamma- 
tion.” The verification that higher mRNA expression of the 
regulated IL-12 p40 subunit, but not IL-10, was present in 
sarcoid lung cells, with elevated levels of p40 protein found 
in sarcoid bronchoalveolar lavage fluid, and that sarcoid 
alveolar macrophages produce greater amounts of IL-12 
than normal alveolar macrophages favors the hypothesis that 
sarcoidosis is a Thl-mediated pathological condition driven 
by chronic, dysregulated production of IL-12 at sites of 
disease.” 
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Defective IL-12 production is associated with increased 
susceptibility to infection (e.g. familial disseminated 
Mycobacterium avium complex infection, T. cruzi infection, 
and human visceral leishmaniasis), a finding that supports 
the critical role of this cytokine in host defense and in 
the regulation of the cellular immune response. ”™™ The 
loss of immune function following infection with HIV 
may result from altered production of immunoregulatory 
cytokines, such as IL-10 and IL-12. It was suggested that 
monocytes from HIV-positive individuals secrete decreased 
amounts of IL-12, which may lead to the development of 
Th2 type of responses characterized by high IL-10 secretion 
and immune dysfunction.” 

As previously discussed, IL-12 is considered to be a key 
factor for the induction of IFNy, a cytokine essential for the 
lethal effects of endotoxin. Administration of a lethal or sub- 
lethal dose of live Escherichia coli to baboons results in the 
release of the nonfunctional subunit of IL-12, p40, and bio- 
logically active heterodimeric IL-12, p70. This finding is con- 
trary to what might be expected if IFNy were solely induced 
by IL-12. Lethally challenged baboons generated threefold 
more IFNy at 6 hours than those receiving a sublethal dose. 
Moreover, higher levels of IFNy were associated with lower 
p40 to p70 ratios, suggesting that in agreement with obser- 
vations, in vitro IFNy may have preferentially up regulated 
the release of p70 over p40. These data show that IL-12 is 
released in experimental septic shock in nonhuman primates 
and suggest that IL-10 and IFNy are involved in the regula- 
tion of this release. Furthermore, this study indicates that the 
systemic release of IL-12 might be essential, but is not likely 
sufficient, to promote lethal production of IFNy in sepsis,” 
IL-12 and PGE2 are two opposite immunomodulators: IL- 
12 enhances IFNy production by activated CD4 T cells, 
whereas PGE2 inhibits the secretion of this cytokine. The rel- 
ative contributions of these factors shift in time owing to 
different production kinetics, from a dominant IL-12 effect 
to a mixed IL-12/PGE2 effect; this may be largely determi- 
nant to T-cell activation and therefore lead to immunologi- 
cal dysfunction.” 

IL-12 is also a critical cytokine regulating NK and T-cell 
function, and it has been suggested that reduced expression 
and production of IL-12 from activated umbilical cord blood 
may contribute to the immaturity in its cellular immunity 
and may explain decreased GVHD following umbilical cord 
blood stem-cell transplantation.” 


Therapeutic Applications 

IL-12 has been shown to exert striking therapeutic effects 
at nontoxic doses in mouse tumor models and in mouse 
models of a variety of infectious diseases and airway in- 
flammation. In mouse tumor models, the therapeutic 
effects of IL-12 have been shown to result from its immu- 
noenhancing activity, which requires both T cells and IFNy. 
In some models, administration of IL-12 can result in 
antiangiogenic effects, which may also contribute to its 
antitumor activity. Tumor cell-induced angiogenesis is 


an essential requirement for the growth of solid neoplasms. 
The mechanism of antitumor action of IL-12 may depend 
not only on the immunostimulatory activity of this cytokine, 
but also on its effect on tumor cell-induced angiogenesis 
(IFNy being a mediator of the antiangiogenic effect of 
IL-12). 

IL-12 should be considered a potential candidate for 
the treatment of angiogenesis-dependent malignancies. 
Enhanced antitumor effects may be achieved by administer- 
ing IL-12 in combination with certain other cytokines or 
with radiotherapy or chemotherapy. Additionally, IL-12 has 
been shown to be more efficacious than IL-2 in several 
murine tumor models, and toxicology studies suggest that 
it may have a substantially better therapeutic index. Also, 
the long serum half-life of IL-12 relative to other cytokines 
will allow more flexibility in dosing schedules. The striking 
therapeutic effects of IL-12 in these preclinical models 
have led to the initiation of clinical trials to evaluate the 
potential therapeutic activity of IL-12 in human cancer 
patients and in patients with HIV infection or with chronic 
hepatitis B or C virus infections, Despite consider- 
able advancement in anticancer therapy, minimal residual 
disease is still a major problem in the clinical management 
of cancer, including lymphoma. Experimental studies 
suggest that cytokines, such as IL-12, may have the potential 
to mediate antitumor effects against residual lymphoma 
without compromising lymphohematopoietic recovery.” 
IL-12 promotes specific and long-lasting antitumor immu- 
nity mediated by T cells in a variety of murine tumor 
models. It also synergizes with B7.1, a co-stimulatory 
molecule involved in the activation of T lymphocytes 
(CD80) to induce proliferation and cytokine production 
by both human and murine T cells in vitro. These activities 
support the potential clinical utility of combined gene 
therapy using IL-12 and B7.1-engineered autologous cells 
{tumor or fibroblasts) as a vaccine to elicit specific antitu- 
mor immunity. IL-12 in combination with IL-2 enhanced 
the autologous antimelanoma Tc lymphocyte response, 
whereas B7.1 antigen expression on tumor cells did not 
increase antimelanoma Tc generation. This method 
represents a novel strategy to enhance the efficacy of 
recombinant anticancer vaccines and could be used to 
design more appropriate genetically modified tumor 
vaccines, '7** 

Because of its multiple effects on immunoinflammatory 
response, recombinant IL-12 has been shown to have thera- 
peutic activity in a variety of mouse tumor and infectious 
disease models and is being evaluated in clinical trials in 
human cancer patients. IL-12 also appears to play a role in 
the genesis of some forms of immunopathology, including 
endotoxin-induced shock and some autoimmune diseases 
associated with aberrant Th] activity. Therefore IL-12 antag- 
onists may also have therapeutic potential in the treatment 
of autoimmune disorders. In addition, intraocular injection 
of IL-12 significantly inhibited the development of endo- 
toxin-induced intraocular inflammation, suggesting that IL- 
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12 can have an immunoregulatory function in some forms 
of inflammatory disease.” 

IL-12 may also be potentially useful for adoptive 
immunotherapy, especially in immunosuppressed patients 
(caused by cancer or HIV infection) with decreased NK 
function and T-cell cytotoxicity." Under appropriate 
conditions, IL-12 has therapeutic efficacy for promoting 
defense against a variety of pathogens and for use as a 
vaccine adjuvant to enhance beneficial Thl over detrimen- 
tal Th2 lymphocyte responses and provides new tools for the 
development of treatment and adjuvant strategies to poten- 
tiate beneficial or inhibit detrimental endogenous immune 
responses.” 


INTERLEUKIN-13 

Interleukin-13 (IL-13) is a cytokine produced by activated 
T lymphocytes that has structural and functional similarities 
to IL-4; it inhibits inflammatory cytokine production by LPS 
in human peripheral blood monocytes and may be involved 
in promoting B-cell division.’ 


Synonyms 
IL-13 has been formerly known as NC30 (human comple- 
mentary DNA [cDNA]) and P600 (mouse cDNA clone), 


General Characteristics 


IL-13 belongs to the four o-helical short-chain cytokine 

family (112AA). The structural homology between IL-13 

and IL-4 and the juxtaposition of their encoding genes on 

chromosome 5 are probably related to a process of gene dupli- 

cation. It is a highly pleiotropic cytokine produced by Th2 

cells (such as IL-4), inhibiting macrophage responses.’>*"! 
Other general characteristics of IL-13 include: 


Molecular Weight 

Depending on the degree of glycosylation, the literature 
values for the molecular weight of IL-13 vary from 9 to 17 
kDa. The following molecular weights have been reported: 9 
to 17kDa,*! 12kDa,** 10kDa,*8** and 12.4kDa,'* 9kDa, 
and 17kDa (glycosylated form),” 


Cellular origin 


e T lymphocytes Re 
(CD4 Th2, Tho and Th2) |} 
(CD8) 

s Mast cells 

e NK celis 

o Other 


Target celis 


Cross-Reactivity 

The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-13 is 58%.”! There is a 
significant cross-species reactivity. Human and mouse IL-13 
have no known activity on mouse B cells. 


Chromosomal Location 
The chromosomal location of IL-13 is 5q23-31. 


Cellular Origin 


Previously, IL-13 was considered to be predominantly pro- 
duced by activated T cells, namely Th2 CD4 lymphocytes. 
Now it is known that CD4 T-cell clones belonging to ThO, 
Thi-like, and Th2-like subsets produce IL-13 following 
antigen-specific or polyclonal activation (Figure 22-21), In 
addition, EBV-transformed B-cell lines express IL-13 mRNA 
and produce small amounts of IL-13 protein.” IL-13 is also 
known to be produced by activated human CD4 and CD8 
CD45R0 memory T cells and CD4 and CD8 CD45RA naive 
T cells. Collectively, it appears that IL-13 is also produced by 
peripheral blood T cells that also produce IL-4, but not IFNy, 
and by naive CD45RA T cells. These observations, together 
with the long-lasting production of IL-13, suggest that IL-13 
may have IL-4-like functions in situations in which T-cell- 
derived IL-4 is still absent or its production has already been 
down regulated.” 

The production of IL-13 by basophils has been demon- 
strated to be localized in basophilic granules. Kinetic studies 
have demonstrated detectable IL-13 release at 3 hours, 
which steadily increased up to 24 hours. This is significantly 
different from the kinetics of basophil histamine and IL-4 
release and suggests that basophils, in addition to secreting 
mediators, can represent an important source of proal- 
lergic cytokines.’ Actual findings point to the fact that 
bone marrow-derived mucosal-like mast cells constitutively 
expressed IL-13, whereas bone marrow-derived connective 
tissue—like mast cells demonstrated IL-13 transcription only 
after Fce activation or the addition of exogenous IL-3. A 
similar pattern of expression of IL-10 by these mast cells was 
also evident and matches that of IL-4 previously reported, 
suggesting that mucosal mast cells may have a constitutive 


Biological actions 
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Figure 22-21 Cellular origin, principal target cells, and biological actions of IL-}3. 
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repertoire of Th2 cytokines with potential antiinflammatory 
activity. Connective tissue MCs may not be this repetitive. 
However, production of such cytokines can be induced in 
the connective tissue mast cells and other cell types of the 
immune response by the addition of IL-3. 


Control of Synthesis and Release 

Expression of IL-13 mRNA and production of IL-13 protein 
by peripheral blood T cells and T-cell clones are rapidly 
induced and are relatively long lasting, whereas IL-4 pro- 
duction by these cells is transient. In addition, IL-13 mRNA 
expression is induced by modes of activation that failed to 
induce IL-4 mRNA expression.’ Because the primed T cells 
involved in IL-4 and IL-13 production contain higher levels 
of nuclear factor—activated T cells, preformed (NFATp), 
capable of binding to P elements of the IL-4 and IL-13 pro- 
moters, than do freshly isolated T cells, the NEAT-binding 
P elements are attractive candidates to mediate the coordi- 
nate expression of these two cytokine genes.’ IL-13 pro- 
duction in all types of cells is enhanced by cyclosporin A. In 
contrast to IL-13, IL-4 production requires co-stimulation 
through CD3 and was inhibited by cyclosporin A. The 
unusual regulation and relative abundance of IL-13 make 
it an important candidate to be controlled tightly by dose 
and type of TCR ligands. Cyclosporin A is used widely to 
inhibit T-cell function, and the finding that IL-13 produc- 
tion is enhanced instead of diminished in the presence of 
cyclosporin A may explain the Th2-inducing effects of this 
immunosuppressor in vivo, 


Receptor (IL-13R) 


The IL-13 receptor may share a subunit with IL-4R but not 
in the ligand-binding component. IL-13 lacks the T-cell- 
activating properties of IL-4 that are related to the fact that 
T cells fail to bind radiolabeled IL-13 and do not express 
the IL-13-specific receptor component.” The overlapping 
activities of IL-13 and IL-4 are probably due to the existence 
of common receptor components. Two proteins have been 
described as constituents of the IL-4R (a high-affinity IL-4 
binding chain (p140, «-chain, CD124) and the IL-2R y-chain 
also known as the common y-chain (yc), but neither of these 
proteins binds IL-13. The IL-13 binding protein (IL-13R) has 
two consensus patterns characteristic of the hematopoietic 
cytokine receptor family and a short cytoplasmic tail. It 
shows homology with the IL-5 receptor, and to a lesser 
extent with the prolactin receptor.” The receptor for IL-4 
and IL-13 was described as a shared heteromultimeric 
complex in which the common yc subunit was essential for 
activity. Endothelial cells bind both cytokines with high 
affinity, and it has been demonstrated that they express IL- 
ARO but do not express the yc of the IL-2R. Therefore it is 
probable that the subunit structure of the functional recep- 
tors for IL-4 and IL-13 on human endothelial cells do not 
use or require the common Yc of the IL-2R.“° 

TL-13R is expressed on endothelial cells and probably on 
the same cells expressing IL-4R or IL-5R. 


Signal Transduction 

IL-13 shares many biological activities with IL-4 and 
may share a common component required for signal trans- 
duction.”° Compared with IL-4, IL-13 induces a similar 
alteration of the cytokine cascade and arachidonic 
acid metabolism, supporting the hypothesis that the 
two cytokines use a common receptor complex or signal 
pathway.'™ IL-13 activates STAT6 in B cells but not JAK3. 
This leads to the conclusion that yc is essential for activation 
of JAK3 and STAT6 in the signal transduction pathway of 
IL-4 in human B cells and that IL-13 does not use yc but 
activates STAT‘6 through an alternative pathway that is not 
impaired in B cells of XSCID patients.” However, IL-4 and 
IL-13 differentially regulate epithelial chloride secretion, 
which indicates that although postreceptor signaling events 
induced by IL-13 and IL-4 may be similar, endpoint func- 
tion is cytokine specific.°°™ 


Biological Actions 

IL-13 is a regulator of B cells and monocyte activity. On 
B cells, IL-13 functions as a co-stimulatory signal (together 
with a B-cell receptor or CD40), increasing B-cell proli- 
feration and CD23 expression. In the presence of IL-13, 
interaction between CD40 and CD40L induces isotype 
switching to IgE synthesis (as occurs with IL-4). IL-13 can 
also inhibit monocyte and/or macrophage responses, sup- 
pressing the production of IL-1¢œ, IL-1B, IL-6, IL-8, and 
TNFa (this action is shared by IL-4 and IL-10). IL-13 syn- 
ergizes with IL-2 on NK cells to produce IFNy. IL-13 has also 
been shown to prolong survival of human monocytes and 
increase surface expression of MHC class I and CD23,7""1 
IL-13 is a cytokine secreted by activated T lymphocytes and 
shares some, but not all, of its biological activities with IL-4. 
This includes inhibition of monocyte and macrophage 
activation, stimulation of human B cells, and induction of 
growth and differentiation of mouse bone marrow cells in 
vitro, 4” 

IL-13 lacks the T-cell-activating properties of IL-4, 
relying instead on differences in expression and biological 
activities of these two cytokines on T cells with possible 
consequences for their relative roles in the immune system 
response.” IL-13 is described as a cytokine with Th2-like 
actions.”” IL-13 and IL-4 exert similar, nonadditive effects 
on endothelial cells, inducing VCAM-1 expression and 
subsequent transmigration of eosinophils.“ Experimental 
data indicate that exogenous rIL-13 induces extramedullary 
hematopoiesis in mice and suggest that endogenous IL-13 
may contribute to replenishment of effector cells during 
strong Th2 responses.*® IL-13 has also been found to induce 
the expression and release of the IL-1 decoy receptor (type 
II) in human neutrophils along with the production of the 
IL-IRA. Human rIL-13 induces cellular morphological 
changes in neutrophils that are typical of activated cells, 
increases tyrosine phosphorylation of several neutrophil 
proteins, and induces the synthesis of several neutrophil 
proteins but has no significant effect on phagocytosis and 
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Cellular origin Biological actions 


e F lymphocytes 
e B lymphocytes |; 
* Dendritic cells |} 
e Malignant cells | 


o B-cell proliferaton 
o B-cell activation 


inhibition 


apoptosis. Collectively, these results demonstrate that IL-13 
is a modulator of several human neutrophil functions,” For 
example, IL-13 has been identified as a powerful regulatory 
tool for the inhibition of NO synthesis in human cells, which 
may be pathophysiologically relevant in NO-related inflam- 
matory processes.“ IL-13 suppresses the bone-resorbing 
activity stimulated by IL-lo, by suppressing cyclooxygenase- 
dependent PG synthesis in osteoblasts.“ 


Clinical Relevance 


Laboratory data have shown that acute atopic dermatitis skin 
lesions are associated with an increased expression of IL-13 
mRNA.” IL-4 and IL-13 down regulate both the increase of 
fibrinogen secretion induced by IL-6 and fibrinogen mRNA 
levels, probably protecting vessel walls from monocyte 
injuries leading to atherosclerosis.**' IL-13 may also exhibit 
a negative regulatory effect on neoplastic B cells in contrast 
with that observed in normal B cells and could be an impor- 
tant factor in the pathogenesis of chronic lymphocytic 
leukemia by preventing the death of monoclonal B cells.” 
IL-13 gene expression has been detected in the epithelial 
compartment of the nasal mucosa of 18 of 19 perennial aller- 
gic rhinitis patients but was undetected in normal volunteers 
and chronic infectious rhinitis patients, pointing to its inter- 
vention in local allergic reactions.“ 


Therapeutic Applications 

IL-13 may have a role as an inhibitor of monocyte inflam- 
matory cytokines (for example, induced by LPS) and thus 
may be useful as a therapeutic agent in septic shock. The 
peripheral blood of allergic individuals contains long-lived 
allergen-specific B cells that have already switched to IgE 
production and that are not sensitive to IL-4 and IL-13 treat- 
ment. This information may have implications for attempts 
to use cytokines or cytokine antagonists in therapy of type I 
allergy.’ 


INTERLEUKIN-14 


Interleukin-14 (IL-14) is a cytokine produced by T lympho- 
cytes and malignant B lymphocytes; it induces B-cell prolif- 
eration and inhibits Ig secretion.” 


e Immunoglobulin synthesis 


Figure 22-22 Cellular origin, principal target cells, 
and biological actions of IL-14. 


Synonym 
IL-14 was formerly known as high molecular weight B-cell 
growth factor (HMW-BCGF),. 


General Characteristics 


IL-14 is unrelated to any other cytokines but shares homol- 
ogy with complement factor Bb.” It is a B-cell growth factor 
produced by T cells (483AA), 

Other general characteristics of IL-14 include: 


Molecular Weight 


The literature values for the molecular weight of IL-14 vary 
from 50 to 60kDa. The following molecular weights have 
been reported: 50 to 60kDa,**! 53 kDa, >% and 60 kDa.” 


Cross-Reactivity 
There are no reports of cross-activity of murine IL-14. 


Chromosomal Location 
The chromosomal location of IL-14 is unknown. 


Cellular Origin 


IL-14 is produced by activated T, B, follicular dendritic, and 
malignant cells (Figure 22-22),”01°! 


Control of Synthesis and Release 


Mechanisms for controlling the synthesis and release of IL- 
14 are currently unknown. 


Receptor (IL-14R) 

A single type of receptor was detected on B cells; IL-14 causes 
up regulation of its receptor on these cells. IL-14R also binds 
complement fragment Bb.” 


Signal Transduction 


IL-14 causes increases in intracellular cAMP, DAG, and 
calcium.” 


Biological Actions 
IL-14 enhances the proliferation of activated B cells and 
may play a role in the development of B-cell memory. The 
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Cellular origin 
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Figure 22-23 Cellular origin, principal target celis, and 
biological actions of IL-15. 
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presence of IL-14 in germinal center T cells and follicular 
dendritic cells suggests that during a secondary immune 
response, naive B cells migrating through the lymph node 
encounter antigen, become activated, express IL-14R, and 
consequently. bind IL-14. This results in increased bcl-2 
expression, which prevents apoptosis and permits B-cell 
memory development.” Despite the proliferative action 
on B cells, inhibition of Ig secretion is produced by IL- 
14,7012341492 TT 14, like IL-13 and TGF, is considered to be 
a down regulatory cytokine.” 


Clinical Relevance 

Hyperproduction of IL-14 together with IL-6 and IL-10 
has been reported in patients with systemic lupus 
erythematosus.’ 


Therapeutic Applications 


Ina variety of malignant conditions, lymphoma or leukemia 
cells are able to proliferate with an IL-14 stimulus, implicat- 
ing this cytokine in their expansion and survival. IL-14 down 
regulation or inhibition may also prove useful." 


INTERLEUKIN-15 


Interleukin-15 (IL-15) is a cytokine released by mononu- 
clear phagocytes and some tissue cells in response to events 
triggering innate immunity, such as viral infection; its 
primary function appears to be promotion of NK-cell 
proliferation.” 


General Characteristics 


The three-dimensional structure of IL-15 is a four œ-helical 
bundle similar to IL-2 (four &-helical short-chain cytokine, 
114AA), IL-15 has biological characteristics similar to those 
of IL-2, acting mainly on the proliferation of T cells, The dis~ 
covery of IL-15 may explain the perplexing observation that 
IL-2-deficient mice have surprisingly conserved immune 
responses,’ 
Other general characteristics of IL-15 include: 


Molecular Weight 
The literature values for the molecular weight of IL-15 vary 


from 14 to 15kDa. The following molecular weights have 
been reported: 14 to 15kDa,”"*" 12.9kDa,* and 14kDa."” 


Cross-Reactivity 
Human IL-15 is active on murine T cells. 


Chromosomal Location 


The chromosomal location of IL-15 is unknown. The chro- 
mosomal location of IL-15 is 4q31. 


Cellular Origin 

IL-15 is produced by multiple cellular and tissue sources 
(blaod mononuclear cells, placenta, skeletal muscle, kidney, 
lung, liver, heart, bone marrow stromal cells, keratinocytes, 
Langerhans’ cells, and other tissue-specific dendritic cells) 
and particularly by epithelial cells and monocytes (Figure 
22-23) 399749152373 


Control of Synthesis and Release 


Optimal induction of IL-15 in murine macrophages requires 
both priming (IFNy) and triggering (LPS, mycobacteria, or 
Toxoplasma gondii) stimuli. When compared with IL-12 
mRNA synthesis by the same macrophages, IL-15 mRNA 
production was more resistant to inhibition by the down 
regulatory cytokines IL-14, IL-13, and TGFB. Moreover, IL- 
10, which is inhibitory for most other monokines, increased 
levels of the IL-15 mRNA found after stimulation. Thus IL- 
15 is a product of the macrophage-monocyte lineage that is 
up regulated on activation. IL-15 could thus play an impor- 
tant role in the initiation of immune responses by microbial 
agents. Ultraviolet B radiation (UVB) up regulates the 
expression of IL-15 in human skin, suggesting a new mech- 
anism by which UVB can promote Ag-independent T-cell 
responses via elaboration of IL-15.°° 


Receptor (IL-15R) 

IL-2R B- and y-chains are both required for binding 
IL-15 and for signal transduction; the o-chain is not 
required.””!! Like IL-2, IL-15 causes the release of sIL- 
2Ro, from PHA-activated human PBMCs in a concentration 
and time-dependent manner. This effect of IL-15 is largely 
direct and independent of IL-2. Blocking of the IL-2RB- 
chain prevents the release of sIL-2Ro. by IL-15 but not by IL- 
2, IL-7, another cytokine using the y-chain of the IL-2R, 
drives the release of sIL-2Ro as well. Several clinical condi- 
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tions are associated with abnormal serum sIL-2Ro levels and 
are monitored by the measurement of sIL-2Ra.. The reason 
for sIL-2RQ release is not fully understood. In one study, IL- 
15, like IL-2, was shown to be a potent inducer of sIL-2Ra 
release in vitro.” Comparing the interactions of IL-2 and 
IL-15 with the IL-2RB and IL-2Ry-chain subunits, it has been 
suggested that the existence of a human IL-15Ro subunit 
and physical evidence of this molecule has been obtained.’ 
This indicates that IL-15 creates a less stable bridge between 
the IL-2RB and IL-2Ry-chains than does IL-2."* IL-2 and IL- 
15 share many biological activities as a consequence of their 
use of the B- and y-chains of the IL-2R. However, each 
cytokine binds to a specific receptor o-chain: IL-2 with low 
affinity and IL-15 with high affinity. IL-15, like IL-2, is also 
thought to up regulate expression of IL-2Ra on human 
T and B cells, but rapidly down regulate IL-15 high-affinity 
binding sites that represent IL-15Ro. This leads to a 
decreased responsiveness to IL-15 as measured by induction 
of JAK3 tyrosine phosphorylation. These results suggest a 
mechanism by which IL-15 may cooperate with IL-2 at the 
initiation of an immune response and enhance subsequent 
IL-2 responsiveness during T-cell expansion.” A murine IL- 
15~specific o-subunit has been identified, cloned, and 
shown to be structurally related to IL-2Ra. However, the 
murine IL-15Ra alone binds IL-15 with a 1000-fold higher 
affinity than that seen with IL-2Ro and IL-2. These studies 
have been extended into the human system with the isola- 
tion of three differentially spliced human IL-15Re variants 
that are all capable of high-affinity binding of IL-15. The 
cytoplasmic domain of IL-15Rqa, like that of IL-2Ra, is 
dispensable for mitogenic signaling, suggesting that the 
primary role of the o-chains is to confer high-affinity 
binding. At high concentrations, IL-15, like IL-2, is able to 
signal through a complex of IL-2RB and y in the absence of 
the œ subunit. The distribution and expression of the IL- 
15Ro are much wider than those of the IL-2Ra, suggesting 
a broader range of cellular targets for IL-15," 


Biological Actions 

IL-15 has been shown to stimulate T-lymphocyte prolifera- 
tion (especially Tc cells) and to facilitate their generation.*” 
The similarity of IL-15 to IL-2 is also evident from its ability 
to enhance LAK activity and from the inhibition of IL-15 
responses by anti-IL-2R8-chain antibody.” However, IL-15 
has only some IL-2 functions, perhaps dependent on differ- 
ences between the two cytokine receptors (presence of a 
unique IL-15 binding protein associated with the IL-2RB 
subunit). Unlike IL-2, IL-15 is produced by monocytes 
and/or macrophages and not by lymphocytes." 

NK-cell proliferation could not be initiated with rIL-15 
as the sole co-stimulatory cytokine. However, NK-cell pro- 
liferation was initiated with rIL-15. Either rIL-10 or rIL-12, 
cytokines also produced by monocytes and other APCs 
are implicated in innate immune responses. These results 
support the notion that NK-cell proliferation occurs at dif- 


ferent phases of the immune response, with the particular 
cytokine milieu influencing the repertoire of NK-cell- 
secreted cytokines, and that IL-15 may be a physiologically 
relevant ligand for NK-cell differentiation in vivo.” IL-2 
and IL-15 may have different functional properties during 
the in vitro differentiation of [L-4-producing cells. The role 
of IL-15 in priming for IFNy is not as important as that of 
IL-2, leaving this cytokine as the preponderant controller of 
Thi differentiation in physiological situations. Finally, IL-15 
has been shown to increase proliferation of activated CD4 
T-cell blasts but not of naive CD4 T cells. Moreover, cultures 
containing both IL-2 and IL-15 show greater proliferation 
than either cytokine alone, suggesting an additive effect 
between these cytokines.” 

IL-15 promotes cytokine production by human Th cells 
by (1) inducing IL-5 synthesis; (2) having a role at the site 
of allergic inflammation; and (3) having a role in the recruit- 
ment and activation of eosinophils by inducing Th2 cytokine 
production by T cells.” IL-15 has other activities, including 
chemotactic properties and inducing uropod formation on 
T lymphoblasts to which ICAM-3 is redistributed, repre- 
senting a potent T-lymphocyte chemoattractant. Other 
adhesion molecules, such as ICAM-1, ICAM-2, CD43, 
and CD44, are also redistributed to the uropod, although 
in a smaller proportion of the cells. The effect of IL-15 was 
dose dependent and specifically inhibited by a monoclonal 
antibody (mAb) against this cytokine. Blocking experiments 
with anti-IL-2RB-chain mAb showed an inhibitory effect on 
IL-15-mediated redistribution of ICAM-3, whereas no effect 
was observed in the presence of anti-[L-2Ra-chain mAb. 
The M16, N9 uropod induced by IL-15 is enriched in many 
different adhesion receptors and, being well exposed to the 
external milieu, is likely to modulate the adhesive properties 
of lymphocytes. In addition, because IL-15 is produced 
by keratinocytes, Langerhans’ cells, and other tissue-specific 
dendritic cells, it may be important in attracting and acti- 
vating antigen-specific ThI T cells.” 

It has been suggested that IL-15 derived from infected 
macrophages may contribute to the early activation of y 
T cells during salmonellosis. 


Clinical Relevance 


IL-15 and IL-2 induce expression of cell-surface IL-2Ra 
(CD25) on freshly isolated human PBMCs in the absence of 
other exogenous stimuli. They also stimulate the release of 
sIL-2Ra. On stimulation with rIL-15, more than 80% of all 
NK cells express CD25, and more CD8 lymphocytes are 
positive for CD25 compared with stimulation by rIL-2. 
These results may be clinically relevant because several 
diseases are associated with high serum levels of sIL-2Ra, 
which may be due not only to IL-2 but also to IL-15 stimu- 
lation.” UVB-induced down regulation of keratinocyte 
IL-15 production may contribute to the relative state of 
immunosuppression induced by sun exposure” Experi- 
mental findings demonstrate that IL-15 triggers the growth 
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of leukemic B cells through IL-2R system subunits, pointing 
to the role of this cytokine in regulating the neoplastic 
proliferation in chronic lymphoproliferative disorders.” 
Synovial fluids from RA patients were found to contain 
chemotactic activity, which was attributable in part to the 
presence of IL-15. Moreover, in a murine model, injection of 
rIL-15 was found to induce a local tissue inflammatory infil- 
trate consisting of mostly T lymphocytes. Synovial fluid 
T lymphocytes proliferate in response to IL-15, demonstrat- 
ing that continued responsiveness to IL-15 is a feature of 
T cells after entry into the synovial compartment. These data 
suggest that IL-15 can recruit and activate T lymphocytes in 
the synovial membrane, thereby contributing to RA patho- 
genesis.” A defect in IL-15 signaling may contribute to the 
XSCID in humans, resulting from mutations in the receptor 
common y-chain."” 


Therapeutic Applications 

IL-2 and IL-15, which uses the B- and y-chains of the IL-2R, 
have been found in melanoma cells and anti-IL-15 mAbs to 
inhibit HLA class I expression in these cells. Therefore these 
cytokines may modify the behavior of both stromal and neo- 
plastic cells inside a tumor. These data may have important 
implications for our understanding of tumor—host inter- 
actions and in future strategies of immunotherapy.” When 
compared with IL-2, which enhances both spontaneous and 
antigen-induced lymphocyte proliferative responses, IL-15 
rarely increases spontaneous lymphocyte proliferation. Thus 
IL-15 may help to correct the impaired proliferative response 
of CD4 lymphocytes from HIV-1-infected persons without 
the mitogenic effect of IL-2, which also may induce HIV-1 
expression. 


INTERLEUKIN-16 


Interleukin 16 (IL-16) is a proinflammatory cytokine that 
is chemotactic for CD4* T lymphocytes, monocytes, and 
eosinophils.” 


Synonym 
IL-16 was formerly known as lymphocyte chemoattractant 
factor (LCF). 


Cellular origin 


e T lymphocytes j 


Figure 22-24 Cellular origin, principal target cells, (CD8) 


and biological actions of IL-16. 


e Eosinophils 
e Epithelial celis 


General Characteristics 


IL-16 has a tetrameric structure that appears to be an 
absolute requirement for biological activity. The amino 
acid structure predicts six B-sheets, of which the B2-sheet 
contains a sequence probably important in the autoaggrega- 
tion of monomers (130AA). The 15 hydrophilic C-terminal 
amino acids are thought to be important in IL-16 binding to 
its receptor. There is no direct evidence that the secreted 
molecule is glycosylated. A protein of 80kDa has been 
identified on both human and murine lymphocytes using 
various antibodies directed against the 14-kDa secreted 
protein. Biological activity suggests that IL-16 is a proin- 
flammatory and immunomodulatory cytokine.” 

Other general characteristics of IL-16 include: 


Molecular Weight 


Depending on its molecular form, the literature values for 
the molecular weight of IL-16 vary from 14 to 80kDa. The 
following molecular weights have been reported: 14 to 
17kDa, 56kDa (homotetramer), and 80kDa (precursor).” 


Cross-Reactivity 


The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-16 is more than 85%.” 
Murine IL-16 has chemoattractant bioactivity for human 
CD4 T cells, and this activity is inhibited by antihuman IL- 
16 mAb.” 


Chromosomal Location 


The chromosomal location of IL-16 is 15q26.1. No similar- 
ities to other cytokine genes have been found, and the 
chromosomal location is not proximal to that of any other 
cytokines.” 


Cellular Origin 


IL-16 synthesis has been demonstrated in CD8 lymphocytes 
(Figure 22-24). CD4 and CD8 T cells constitutively express 
mRNA for IL-16; however, fully assembled bioactive 
tetrameric cytokine is preformed only in CD8 T cells. CD8 
T cells contain constitutively synthesized and stored IL-16 
in bioactive form. It is unclear whether IL-16 is synthesized 


Target cells Biological actions 
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and released from classic Tc or other CD8 T subsets, but 
the immunosuppressive effect is more consistent with a 
suppressive T-cell origin. CD4 T lymphocytes contain IL-16 
mRNA and the 80-kDa precursor but no preformed bioac- 
tive cytokine. Following mitogen, antigen, or CD3 stimula- 
tion, CD4 T cells release bioactive IL-16. Eosinophils and 
airway epithelial cells are sources of bioactive IL-16, and 
brain, thymus, spleen, whole blood leukocytes, and pancreas 
express IL-16 mRNA.” 


Control of Synthesis and Release 


Serotonin induces secretion of IL-16 from CD8 but not 
from CD4 T cells. This induction does not require de novo 
protein synthesis. Serotonin, via serotonin type 2 receptors, 
may promote the recruitment of CD4 T lymphocytes into 
an inflammatory focus.” IL-16 is released in response to 
an antigen, mitogen, histamine, or serotonin. Histamine 
induces secretion of IL-16 by interaction with H2-type 
histamine receptors on CD8 cells, and serotonin induces 
secretion by interaction with S2-type receptors. The mech- 
anism of IL-16 secretion is unknown; however, the intra- 
cellular 80-kDa molecule suggests the necessity of protein 
processing, resembling IL-1 (which also lacks leader 
sequences) that is secreted after processing and formation of 
pore complexes,” 


Receptor (IL-16R) 

The CD4 molecule is thought to be the IL-16 receptor” 
because it serves as a receptor for the secreted form of IL-16, 
and IL-16 binding to CD4 induces signal transduction, 
which affects the activation state of the cell.” The binding 
region on CD4 appears to be distant from the MHC and 
HIV-1 gp120 binding regions and related with the CDR3 
region near the OKT4 binding domain. The use of CD4 as 
the receptor for IL-16 implies that CD4, in addition to being 
an accessory molecule in APC/T-cell binding, has functions 
as a chemoattractant and growth factor receptor. The 
tetramerization of CD4 seems to be indispensable for IL-16 
binding (also in a tetrameric complex), whereas gp120 can 
bind to single CD4 molecules,” 


Signal Transduction 


The interaction between IL-16 and its receptor CD4 leads to 
an increase in intracytoplasmic calcium and inositol triphos- 
phate. Recombinant IL-16 induces rapid translocation of 
PKC from the cytosol to the membrane in CD4 cells, includ- 
ing normal blood T cells, suggesting a role for PKC in CD4- 
mediated migratory responses.“ The binding of IL-16 to 
CD4 results in activation of p56(Ick), whose adaptor func- 
tion is essential for the chemotactic response. Subsequently, 
increases in intracellular Ca** and phosphatidylinositol 
1,4,5-triphosphate occur, as does translocation of PKC from 
cytosol to membrane.” IL-16 induces rises in intracellular 
Ca” and inositol triphosphate and autophosphorylation of 
p56ick. The transmission of a migratory signal is associated 
with the SH2- and SH3-mediated recruitment of other sig- 


naling molecules and not with Ick kinase activity. The 
requirement for the SH2 and SH3 recruitment domains for 
other intracellular proteins suggests that they provide the 
link to the cytoskeleton for the motile response. Phospho- 
inositide 3-kinase, phospholipase Cy, and PKC are also 
implicated in IL-16-induced motile response. There are 
similarities in the signal transduction pathways and cellular 
functions induced by IL-16 and HIV-1 gp120, although it is 
not known if IL-16 induces other biological activities that 
have been attributed to gp120, such as cytokine synthesis and 
arachidonate metabolism in monocytes.” 


Biological Actions 

The principal known action of IL-16 is its chemoattractant 
activity for CD4 lymphocytes and for CD4 eosinophils and 
monocytes.”*! The chemoattractant activity for activated 
and resting T cells is both chemokinetic and chemotactic. 
For eosinophils and monocytes, this is mostly a chemotactic 
activity. IL-16 is a competence growth factor for CD4 lym- 
phocytes, inducing a GO to G1 cell-cycle change but not cell 
division. IL-16 induces the expression of high-affinity IL-2R 
on these cells but not the synthesis of IL-2. IL-16 provides 
a functional role for the existence of CD4 receptor on non- 
T cells (besides chemoattraction, it increases adhesion 
of eosinophils to matrix proteins and induces IFNy- 
independent HLA-DR expression on monocytes). IL-16 
is chemotactic for CD4 T cells and induces functional IL-2 
receptors in CD4 T cells. The investigation of the potential 
regulatory effects of IL-16 on CD3/TCR-mediated lympho- 
cyte activation indicates that this proinflammatory state is 
associated with subsequent transient inhibition of respon- 
siveness via the CD3/TCR complex. IL-16 is a natural 
CD4 ligand that suppresses T-cell proliferation in a dose- 
dependent manner. The unresponsiveness induced by rIL-16 
is distinct from that of other CD4 ligands in that CD4 and 
IL-2R expression are unaffected. The failure of rIL-2 to 
restore proliferation suggests that the decrease in T-cell re- 
sponsiveness induced by rIL-16 may result from an interrup- 
tion in the [L-2R-signaling mechanism. These experiments 
may help explain how CD4 delivers both activating and 
inhibitory signals and provides a rationale for the role of 
IL-16 in the regulation of immune responses.°” CD4 plays 
an important regulatory role in T-cell activation by switch- 
ing from augmentation of antigen-specific responses in the 
presence of APCs, to antigen-independent inflammatory 
responses following dimerization by anti-CD4 antibodies or 
tetramerization by IL-16. This cytokine could contribute in 
part to a general recruitment of T cells during an inflam- 
matory process and render the responsive lymphocytes 
temporarily less susceptible to antigen stimulation. 

IL-16 has also been described as a suppressor of HIV 
infectivity, inhibiting HIV-1 replication in infected PBMCs. 
Pretreatment of CD4 lymphoid cells with rIL-16 repressed 
HIV-1 promoter activity up to sixtyfold. This effect of IL-16 
requires sequences contained within the core enhancer but 
is not due simply to the down regulation of transcription 
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factors binding to this element.” In patients undergoing 
hepatic resection, both IL-6 and IL-16 are suggested to 
induce hepatic regeneration and the production of APP in 
the liver.“ IL-16 produced by eosinophils could contribute 
to enhancing the recruitment of additional populations of 
CD4 lymphocytes and eosinophils into sites of allergic 
inflammation.*”! 


Clinical Relevance 


IL-16 is thought to play a role in allergic inflammation.” 
Accumulation of CD4-activated lymphocytes in the airways 
of asthmatics is generally attributed to the presence of 
chemoattractant cytokines, namely IL-16 and MIPia.’%* 
Most studies have focused on asthma and granulomatous 
diseases because IL-16 represents about 80% of the CD4 
lymphocyte chemoattractant activity found in bronchoalve- 
olar lavage from patients with asthma, Mast cell histamine 
might induce the secretion of IL-16 after an allergenic chal- 
lenge. In granulomatous inflammatory responses, the pro- 
duction of histamine and serotonin by mast cells induces the 
secretion of IL-16 and consequent intervention of CD4 
T cells. IL-16 has been found in sarcoid granuloma and in 
granulomas of infective origin, particularly Mycobacterium 
tuberculosis.” 


Therapeutic Applications 

IL-16 inhibitors may prove useful in suppressing the proin- 
flammatory effects of IL-16. The capacity of this cytokine to 
inhibit HIV infection and simultaneously prime CD4 lym- 
phocytes for IL-2-induced proliferation suggests a comple- 
mentary role in the treatment of HIV infection.” 


INTERLEUKIN-17 


Interleukin-17 (IL-17) is a prototype member of a new 
cytokine family secreted by activated CD4* and CD8* 
T lymphocytes. It is classified as proinflammatory cytokine, 
because it induces many mediators of inflammation that are 
involved in the proliferation, maturation, and chemotaxis of 
neutrophils.*! 


Synonyms 

Two T-cell-derived molecules termed cytotoxic T lympho- 
cyte-associated antigen 8 (CTLA 8) and herpesvirus saimiri 
gene 13 (HVS13) were proposed as novel cytokines that bind 
to a novel cytokine receptor named IL-17, vIL-i7, and IL- 
17R, respectively.” Analysis of the cDNA-encoding murine 
IL-17 (cytotoxic T lymphocyte-associated antigen 8) pre- 
dicted a secreted protein sharing 57% amino acid identity 
with the protein predicted from ORF13, an open reading 
frame of a T lymphotropic virus, HVS.” 


General Characteristics 


Human IL-17 has been described as a glycoprotein of 155 
amino acids secreted as a homodimer by activated memory 
CD4 T cells.’ Like IL-10 and BCRF1, IL-17 and ORF13 


suggest a virus-captured gene with possible functional 
activity. Both glycosylated and nonglycosylated forms of the 
homodimeric IL-17 molecule are secreted yet are not related 
to the functional activity of this cytokine. 


Human IL-17 


A cDNA encoding human IL-17 (hIL-17) has been cloned 
from a CD4 T-cell library. The predicted 155-amino acid 
sequence contains an N-terminal signal peptide and exhibits 
72% amino acid identity with HVS13 and 63% with murine 
CTLA-8. High levels of hIL-17 were induced from primary 
peripheral blood CD4* T cells on stimulation. When 
expressed in CVI/EBNA cells, recombinant hIL-17 was 
secreted in both glycosylated and nonglycosylated forms. An 
hIL-17 Fc fusion protein and supernatants from cells trans- 
fected with hIL-17 induced IL-6 and IL-8 production and 
enhanced the surface expression of the ICAM-1 in human 
fibroblasts. 


Mouse IL-17 


Mouse IL-17 is a cytokine preferentially expressed by of 
TCR CD4neg CD8neg T cells. It represents a novel molecule, 
originally designated murine CTLA-8, and later described as 
a cDNA isolated from an activated T-cell hybridoma pro- 
duced by fusing a mouse cytotoxic T-cell clone and a rat 
T lymphoma. This cDNA, which contains mRNA instability 
sequences characteristic of many cytokines, encodes a puta- 
tive secreted protein that is homologous to the ORF13 gene 
of herpesvirus saimiri. The human homologue to this mol- 
ecule has been identified as the proinflammatory cytokine 
IL-17. The cDNA encoding mouse IL-17 from a cDNA 
library, generated from oB TCR CD4neg CD8neg thymo- 
cytes, shares 87.3% amino acid identity to the previously 
described murine CTLA-8. Comparison of murine CTLA-8 
with the cDNA isolated from activated rat splenocytes 
revealed that murine CTLA-8 is the rat homologue of IL-17. 
Mouse IL-17 mRNA is specifically expressed by activated af 
TCR CD4neg CD8neg T cells, a small subset with a poten- 
tially important role in immune regulation. Mouse, rat, and 
human IL-17 can induce IL-6 secretion in mouse stromal 
cells, indicating that all homologues can recognize the mouse 
receptor” 
Other general characteristics of IL-17 include: 


Cross-Reactivity 
272 


Human IL-17 cross-reacts with mouse cells. 
Chromosomal Location 
The chromosomal location of IL-17 is 2q31.” 


Cellular Origin 


IL-17 is produced by activated memory CD4 T cells (Figure 
22-25). This represents a rather restricted set of T lym- 
phocytes that contrasts with the ubiquitous expression of 
IL-17 receptor.” 
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Biological actions 
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Figure 22-25 Cellular origin, principal target celts, and biological actions of IL-17. 


Control of Synthesis and Release 


Under normal conditions, the IL-17 gene is induced to syn- 
thesize cytokine from activated memory CD4 of T lympho- 
cytes, Whether IL-17 itself has a role in IL-17 production and 
what kind of stimuli will be able to activate IL-17 synthesis 
remain to be elucidated.” 


Receptor (IL-17R) 

IL-17R is unrelated to previously identified cytokine recep- 
tor families. A recombinant soluble receptor inhibits T-cell 
proliferation and IL-2 production induced by mitogens and 
anti-TCR monoclonal antibodies.*’ It has been suggested 
that a large variety of cells can express IL-17R, including 
fibroblasts; epithelial; and endothelial cells. 


Signal Transduction 


Murine IL-17 stimulates the activity of the transcriptional 
factor NF-KB, which is known to regulate a number of gene 
products involved in cell activation and growth control, 
raising the possibility that some of IL-17 activities may be 
mediated by a common intracellular event.” 


Biological Actions 


Recombinant HVS13 and CTLA-8 stimulate transcriptional 
factor NF-«B activity and IL-6 secretion in fibroblasts and 
co-stimulate T-cell proliferation.’ IL-17 and the product 
of its viral counterpart—ORF13—stimulate epithelial, 
endothelial, and fibroblastic cells to secrete cytokines such 
as IL-6, IL-8, and G-CSE, and PGE2. Furthermore, when cul- 
tured in the presence of IL-17, fibroblasts can sustain the 
proliferation of CD34 hematopoietic progenitors and their 
preferential maturation into neutrophils. These observations 
suggest that IL-17 may constitute an early initiator of the 
T-cell-dependent inflammatory reaction and be an element 
of the cytokine network that bridges the immune system to 
hematopoiesis. TNFa and IFNy have been found to have 
additive effects on the IL-17-induced secretion of IL-6; 
neither IL-17 nor TNFo induces release of GM-CSF. 
However, the combination of IL-17 plus TNFa. is effective in 
this event." Knowing that IL-17 induces the production 
of other cytokines (IL-6, IL-8, and G-CSF} from fibroblasts, 


endothelial cells, and epithelial cells, the release of PGE2 
enhances the expression of ICAM-1. Considering that these 
molecules have very different activities, a single cytokine can 
have a broad set of not entirely predictable effects, which 
may have the potential of counterbalancing each other.” 


INTERLEUKIN-18 

Interleukin-18 (IL-18) is structurally similar to IL-1 and 
functionally similar to IL-12. It increases the cytotoxic activ- 
ity of NK cells and cytotoxic T lymphocytes and may play a 
role both as a neuroimmunomodulator and in the induction 
of mucosal immunity.” 


Synonym 
IL-18 was formerly known as IFNy-inducing factor (ICIP). 


General Characteristics 

The amino acid sequence determined from the human IL- 
18 from normal human liver cDNA clones indicates a 193- 
amino acid precursor peptide with 65% homology with that 
of murine IL-18. The amino acid sequence of IL-18 also 
includes an IL-1 signature-like sequence. IL-18 possesses 
potent biological activities, including the induction of IFNy 
production by spleen cells and the enhancement of NK-cell 
cytotoxicity. 

Other general characteristics of IL-18 include: 


Molecular Weight 
The molecular weight of IL-18 is though to be ~18kDa.!” 


Cross-Reactivity 


The cross-reactivity (amino acid sequence homology 
between human and mouse) for IL-18 is 65%, 


Chromosomal Location 
The chromosomal location of IL-18 is unknown. 


Cellular Origin 


Human IL-18 is produced primarily by liver cells (Figure 
22-26). 
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Cellular origin 


Biological actions 


Figure 22-26 Cellular origin, principal target calls, and 
biological actions of IL-18. 
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Biological Actions 
IL-18 augments NK-cell activity in cultures of human PBMCs 
similar to that of the structurally unrelated cytokine IL-12. 
In addition, it has been found to enhance the production 
of IFNy and GM-CSF while decreasing the production of 
IL-10 by mitogen-stimulated PBMCs but had no effect on 
IL-4 production by concanavalin A-stimulated PBMC. 
IL-18 enhances T-cell proliferation apparently through an 
IL-2-dependent pathway. It also enhances Th1 cytokine pro- 
duction in vitro and exhibits synergism when combined 
with IL-12 in terms of enhanced IFNy production but not 
IL-2 and GM-CSF production 4 

IL-18 selectively enhances the FasL-mediated* cytotoxic- 
ity of cloned murine Th1 cells but not ThO or Th2 cells. Anti- 
IFNy antibody does not block the IL-18-induced cytotoxicity 
of Thi cells, nor does IFNa, IFNy, or TNFo: augment the 
cytotoxic activity of Th1, thus indicating that this enhanced 
cytotoxicity of Th1 cells was mediated by IL-18. In addition, 
IL-12 has been found to also enhance the FasL-mediated 
cytotoxicity of Th1 cells, suggesting that Thi cells possess 
receptors for both cytokines, although these cytokines can 
act via different pathways. Data indicate that IL-18 might 
play a potential role in immunoregulation or in inflamma- 
tion by augmenting the functional activity of FasL on Thi 
cells." 


INTERFERONS 


Interferons (IFNs) are a family of glycoproteins that exert 
virus-nonspecific but host-specific antiviral activity by 
inducing the transcription of cellular genes coding for 
antiviral proteins that selectively inhibit the synthesis of viral 
RNA and proteins. The name of IFNs derives from the 
common property to interfere with the viral infection of cells. 
They represent the most important element of natural 
immune defenses against viral infection. >“? 

IFNs also have immunoregulatory functions (inhibition 
of B-cell activation and antibody production enhancement 
of T-cell activity, and enhancement of NK cell cytotoxic 


*Fas ligand (FasL), expressed on activated T cells, plays a central 
role in regulating the immune response by inducing apoptosis in 
activated lymphocytes through binding to its receptor, Fas. 


activity) and can inhibit the growth of nonviral intracellular 
parasites. Production of interferon can be stimulated by viral 
infection, especially by the presence of double-stranded 
RNA, by intracellular parasites (chlamydiae and rickettsiae), 
by protozoa (Toxoplasma), and by bacteria (streptococci and 
staphylococci) and bacterial products (endotoxins). Inter- 
ferons have been divided into three distinct types (a, B, and 
Y) associated with specific producer cells and functions, but 
all animal cells are able to produce interferons, and certain 
producer cells (leukocytes and fibroblasts) produce more 
than one type (both IFNa. and IENB). 

IFNo, and IFNB show little structural similarity (30% 
homologous at the amino acid level), but they share a 
common receptor, have similar functions, and both genes are 
located on chromosome 9. There are at least 24 structurally 
related subtypes of IFNo,* each encoded by a separate gene 
with 95% homology, and only one IFNB gene in humans and 
mice (the so-called TFNB2 is now demonstrated to be IL-6), 
Collectively, they are known as type I IFNs and acid-stable 
(pH2) IFNs. IFNy has a different receptor and partially dif- 
ferent functionality. It is known as type II IFN and acid-labile 
TEN. 1,71,436,485 

All TENs have antiviral capacity and immunomodulatory 
and antiproliferative effects on both normal and tumor 
cells. Consequently, they have been used in the treatment 
of several pathologies, ranging from viral infection (e.g, 
common cold and viral hepatitis) and intracellular para- 
sitosis to malignancies (e.g., leukemia, lymphoma, and 
melanoma). Generally, IFNs enhance the effectiveness of 
the cellular immune response, but their use in anticancer 
therapy is based on the antiproliferative effect of IFNs. This 
duality of increased synthesis of several proteins, such as 
other cytokines, MHC molecules, 82-microglobulin, carci- 
noembryonic antigen, enzymes, and decreased synthesis of 
several other proteins followed by decreased expression of 
the myc and ras oncogenes, is characteristic of IFNs.“” 


*Some investigators now subdivide the IENo family into the IFN 
I and IFN H {also known as JEN8) groups on the basis of the 
number of amino acids (166 or 165 amino acids for IFNal and 
172 amino acids for IFNoJI) and the respective sequences within 
the family.>” 


696 Section IV Analytes 


Cellutar origin 


Target ceils 


Biological actions 


IFNa 
e Monocytes 

e Macrophages 
e Lymphocytes 
e Other 

IFNB 

° Fibroblasts 

e Epithelial cells | 


° F lymphocytes 
* NK cells 

e Macrophages 
* Other 

IFNB 


e Virtually all cells 


e Viral resistance 
e Cell proliferation inhibition 


¢ Class i MHC molecules 
on nucleated cell expression regulation 


Figure 22-27 Cellular origin, principal target cells, and biological actions of iFNo and IFNB. 


IFNa. and IENB 


Interferon (IFNo) is the major interferon produced by 
virus-induced leukocyte cultures; the primary producer cells 
are null lymphocytes, and the major activities are antiviral 
activity and activation of NK cells. It is used in the experi- 
mental treatment of hairy cell leukemia and other selected 
neoplasias. 

InterferonB (IFN) is the major interferon produced by 
double-stranded RNA-induced fibroblast cultures; the 
primary producer cells are fibroblasts, epithelial cells, and 
macrophages, and the major activity is antiviral activity.” 


Synonyms 

TFNa was formerly known as acid-stable IFN, B-cell IFN, 
buffy coat IFN, leukocyte-derived IFN, lymphoblast IFN, 
Namalwa IFN, and type I IFN. IFNB was formerly known as 
acid-stable IFN, fibroblast-derived IFN, IFNB1, and type I 
IFN, 


General Characteristics 
IENB is glycosylated, but the majority of human IFNo: type 
I molecules are not. The three-dimensional structure of 
either molecule is yet to be fully elucidated, but there may 
be a similarity between the two. IFN has five helices (three 
parallel to each other and two antiparallel to the other three), 
and the general structure is a variant of the o-helix bundle 
but with a new chain-folding topology common to all type 
I IFNs.” 

Other general characteristics of IFNa and IFNB include: 

Molecular Weight. The literature values for the molecu- 
lar weight of IFNa vary from 16 to 27.5kDa. The following 
molecular weights have been reported: 18 kDa,' 20 kDa,” 16 
kDa,*” 19 to 26kDa (monomer),”” 16 to 27 kDa,” and 16 to 
27.5kDa.” The literature values for the molecular weight 
of IFNB vary from 15 to 32kDa. The following molecular 
weights have been reported: 20kDa (monomer), 1472 
27 kDa,“ and 22 to 23kDa.** 

Cross-Reactivity. The cross-reactivities (amino acid 
sequence homology between human and mouse) of IFNs are 


IFNa (40%) and IFNB (48%). IFNs are more species spe- 
cific and preferential in their biological activities than most 
other cytokines, 

Chromosomal Location, The chromosomal locations of 
a and $ IFN and their receptors are 9p22 (IFN@), 9p22 
(IFNB), and 21q22.1 (IFNoBR, shared with IFN§). 

Cellular Origin. IFNa is produced by monocytes, 
macrophages, lymphocytes, and cellular lines such as 
Namalwa and KG1 (Figure 22-27), IFNB is produced by 
fibroblasts and epithelial cells. However, many other cells can 
also produce these cytokines, including hematopoietic cells 
for TENG, 7152341436 

Monocytes differentiate into macrophages during cell 
culture and lose their ability to produce IFNo. when chal- 
lenged with HIV-1. However, these cells remain capable of 
producing IFNo. in response to other stimuli, suggesting that 
as monocytes differentiate into macrophages, they selectively 
lose their ability to produce IFNa, through the double- 
stranded RNA (dsRNA)—independent mechanism.’” 


Control of Synthesis and Release 


Viral infection is the most potent signal that elicits type I IFN 
production. Both IFNa and IENf are also secreted during 
immune responses to antigens (antigen-activated T cells 
stimulate mononuclear phagocytes to synthesize type I 
IFNs).' IFNa production is increased if the cellular source is 
previously exposed to either IFNa or IFNB. IENB synthesis 
is enhanced by bacterial endotoxins, TNFa, and IL-1.*” Data 
suggest that there are dsRNA-dependent and dsRNA- 
independent mechanisms for the induction of IFNa 
production.’ Glucocorticoids regulate IFNo. production 
(inhibition) but fail to elicit this activity from acquired 
immunodeficiency syndrome (AIDS)-glucocorticoid resis- 
tant monocytes.” 


IFN« and IFNB Receptors 

The receptors for IFN and IENB are shared and consist of 
a single-chain polypeptide (CD118) that is homologous to 
the type II IFN. Two types of receptors have been cloned. 
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The first specifically binds IFNG@B (IFNa8, a variety of 
TFNa) and is known as the IFNOB receptor. The second 
binds both IFNa and IFNB and is called the IFNai/B recep- 
tor. The IFNOBR is a member of the class II cytokine recep- 
tor family, which also includes the IFNyR, IL-10R, and tissue 
factor. The IFNO/BR is also a class II cytokine receptor and 
contains at least two components that interact with type I 
IFNs. It is not known if these two receptors are expressed 
independently on the cell surface or are associated with each 
other in an IFN receptor complex. The receptors are present 
on most types of cells. A soluble form of the IFNo/BR has 
been identified in human serum and urine.» 


Signal Transduction 


Receptor signaling results in phosphorylation and activation 
of PTK, TYK2, and JAK1 but not KAK2. Although IFNa 
activates STAT 1a and STATS, STAT 10 is predominantly acti- 
vated. Differential phosphorylation and consequent differ- 
ential activation of both separate and overlapping STAT 
proteins by IL-2, IL-12, and IFNa may provide a molecular 
basis for the similarities and differences in the actions of 
these cytokines on NK cells. IFN& has also been shown to 
activate PLC-A2 releasing arachidonic acid and DAG. The 
IFNo/BR is physically associated with JAK1.7°" 


Biological Actions 


Antiviral action was the first biological property of IFNa. 
and IFNB to be described. However, type I IFNs also (1) 
inhibit cell proliferation; (2) induce MHC class I expression 
on cell surfaces (representing cellular targeting for the 
immune system); (3) increase the cytolytic activity of NK 
cells, macrophages, and Tc lymphocytes; and (4) improve 
ADCC. 19248 This results in the enhancement of particular 
host-nonspecific responses against intracellular pathogens, 
tumor cells, and graft cells. Inhibition of viral replication 
is based on the induced synthesis of a number of enzymes 
that interfere with replication of viral RNA or DNA. This 
antiviral action is primarily paracrine (a virally infected cell 
secretes type I IFNs [typically IFNB] to protect neighboring 
cells not yet infected, thus limiting the area of infection and 
the extent of cellular damage). IFNB is a physiological 
inhibitor of normal cell growth, and IFNo, is an antipro- 
liferative molecule for certain tumors as wili be discussed. 
later. Inhibition of cell growth and proliferation may result 
from the induction of the same enzymes that inhibit viral 
replication and possibly other ones that prevent synthesis of 
essential amino acids. Inhibition may also result from the 
inhibitory effect in the production of hematopoietic growth 
factors that originate in the bone marrow microenviron- 
ment.® MHC class I expression is increased by type I IFNs in 
parallel to a profound inhibition of class IT expression. This 
MHC modulation boosts the effector phase of CD8 T cells 
(Tc response), preventing the activation of class Il-restricted 
CD4 T cells.'“” Several activities are probably involved in 
the antiinflammatory effects mediated by IFNB, including 
complex immunoregulatory effects on endothelial cells 


with differential modulatory effects on various cell surface 
markers.** The effects of IFNB on T-cell functions in vitro 
are centered on the inhibition of T-cell proliferation and 
T-cell-dependent Ig secretion in a dose-dependent manner. 
IFNB does not inhibit up regulation of CD40L on activated 
T cells but blocks induction of CD25 on stimulated T and B 
lymphocytes. Secretion of IFNy, TNFa, and IL-13 is inhib- 
ited by the addition of IFNB, whereas IL-4 secretion is unaf- 
fected. IFN also enhances secretion of IL-2 and of IL-10.** 
Moreover, the influence of IFNa on CD4 T cells is very 
important through cytokine synthesis and Th1/Th2 polar- 
ization, IFNa@ also markedly inhibits IL-5 production and 
stimulates production of IL-10 in activated CD4 T cells. This 
effect might. enhance the negative-feedback mechanism 
ascribed to IL-10, which limits inflammatory reactions and 
contributes to CD4 polarization.*’”"” Most T cells derived 
in the presence of IFNa produce IFNy but no or only limited 
amounts of IL-4 and IL-5 (Th1 or Th0 cells), IFN also shifts 
the TCR VB repertoire of specific T-cell lines.“ However, 
neither IFNy nor IFNo alone can induce Th1 polarization.” 
IFNo also induces a variety of central actions (e.g., fever, 
anorexia, slow wave sleep, and depression). The cellular 
mechanism by which this cytokine affects neuronal activity 
appears to be the suppression of the N-methyl-D-aspartate 
(NMDA) responses through its action on opioid receptors 
and the production of free radicals, such as hydroxyl radi- 
cals and NO, caused by the neuron-glial cell interactions.” 
Systemic administration of human IJFNo stimulates the 
pituitary-adrenal axis in humans, but the exact mechanism 
still remains to be established. However, circulating IL-6 
increases, resulting in activation of the pituitary-adrenal 
axis?” 


Clinical Relevance 


IFNo is an antiviral cytokine detected in plasma of HIV- 
infected patients during acute viremia and during late-stage 
disease.'” It is known to inhibit expression of GM-CSF in 
adherent cells of human long-term bone marrow cultures 
stimulated with IL-1, TNFa, or endotoxin. These results 
indicate a regulatory role for IFNo in the bone marrow 
microenvironment possibly involved in the myelosuppres- 
sive effect of IFNa therapy on viral infections.'" Both 
hyperthyroidism and hypothyroidism have been reported 
during prolonged recombinant human IFNo therapy. 
These changes in thyroid hormone metabolism are possibly 
mediated in part by IL-6.% Undetectable IFNo serum levels 
in a patient with atopic dermatitis with normal IL-4 and 
increased IFNy suggest the role of IFNa in the pathogenesis 
of atopic dermatitis." 


Therapeutic Applications 


Type I IFNs have clinical application in the treatment of viral 
infections, especially infections characterized by a tendency 
toward a chronic state (such as hepatitis B and C). Also, 
IFNs have potential as adjuvants in the treatment of HIV 
infection. Their antitumor effects are significant (especially 
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IFNa) in leukemia, lymphoma, multiple myeloma, 
melanoma, renal cell carcinoma, and Kaposi’s sarcoma. Side 
effects include flulike syndrome, fever, myalgias, rashes, 
thrombocytopenia, and neutropenia.“ 

Some therapeutic results have been encouraging: Treat- 
ment with IFNo of a posttransplant lymphoproliferative dis- 
order led to dramatic clinical, radiographic, and histological 
improvement probably directly related to the inhibition of 
Th2 CD4 lymphocytes.’ IFN& modulates the development 
of allergen-specific T cells in vitro, which suggests that it 
may represent a useful tool for novel immunotherapeutic 
approaches in allergic disorders.*” Also a growing body of 
evidence indicates that IFNo has a major place in the long- 
term treatment of idiopathic hypereosinophilic syndrome, 
especially in cases resistant to conventional treatment.*” 
Results from clinical trials have indicated that recombinant 
IENB is a promising drug for the treatment of multiple scle- 
rosis, although this treatment decreases TNFa and increases 
IL-6, which could potentially counteract its beneficial 
immunomodulatory effects"; it has been suggested that 
IFNB gene transfection by the use of liposome coupled with 
a monoclonal Ab might become a useful technique for gene 
therapy of malignant glioma.” However, a phase II trial of 
IL-2 and IFNo in the treatment of metastatic colorectal 
carcinoma has shown that the toxicity and short duration 
of response without survival benefit do not support the 
routine use of this therapeutic modality for this type of 
tumor.” 


IFNy 

Interferony (IFNy) is the major interferon produced by 
immunologically stimulated (by mitogens or antigens) iym- 
phocyte cultures; the primary producer cells are T lympho- 
cytes, and the major activity is immunoregulation. IFNy has 
been implicated in aberrant expression of class II histocom- 
patibility antigens by tissue cells (such as thyroid cells) that 
do not normally express them, leading to autoimmune 
disease.” 


Synonyms 
IFNy was formerly known as immune IFN, macrophage acti- 
vating factor, T-cell IFN, and type II IFN. 


General Characteristics 

IFNy is a homodimer (native IFNy is a monomeric glyco- 
protein, but the active moiety is a dimer, which interacts with 
œ- and B-receptors causing their aggregation and subsequent 
activation) formed by antiparallel association of two sub- 
units, Each subunit has six o-helices held together by short 
nonhelical sequences. There are no B-sheets. The subunits 
have a flattened elliptical shape, whereas the overall structure 
of the dimer is globular.” 

IFNy was originally described as an antiviral molecule but 
is a pleiotropic cytokine influencing the growth, differentia- 
tion, and function of T cells, B cells, NK cells, macrophages, 
and other types of cells, such as endothelial cells and fibro- 


blasts. It is involved in the regulation of almost all phases of 
the immunoinflammatory responses. Because IFNyRs are 
expressed on almost all types of cells, this cytokine directly 
mediates a vast biological spectrum.*” However, it has low 
antiviral and antiproliferative activity but potentiates the 
antiviral and antitumor effects of IFNa and IFNB.7"**! 

IFNy binds with high affinity to heparin sulfate and 
heparin molecules through its carboxyl-terminal domain, In 
vivo, IFNy is eliminated from the blood stream with a half- 
life of 1.1 minutes, caused by binding to heparin sulfate. 
Unbound IFNy is cleaved rapidly at the carboxyl-terminal 
side, a process that inactivates the cytokine. When bound to 
heparin, the plasma clearance of IFNy is greatly decreased 
(half-life =99 minutes), and the cytokine activity is increased 
by as much as 600%. These data demonstrate that the 
blood clearance of IFNy is a nonreceptor-mediated process 
and that in vivo the local concentration of heparin sulfate 
and/or heparin-like molecules regulates the activity of this 
cytokine.*” 

Other general characteristics of IFNy include: 

Molecular Weight. Depending on its molecular form 
and extent of glycosylation, the literature values for the 
molecular weight of IFNy vary from 20 to 70kDa. The 
following molecular weights have been reported: 20 to 25 
kDa (dimer), 21 to 24kDa subunits (the size varia- 
tion is due to variable degrees of glycosylation, but each 
subunit contains an identical 18kDa polypeptide),' 45kDa 
(normally dimerized),”' 40 to 70kDa,*° 20 and 25kDa 
forms (these two glycosylated forms are caused by the post- 
translational modification of a 17kDa polypeptide, but the 
extent of glycosylation is variable and not necessary to the 
biological activity),’” 20 or 25kDa (corresponding to differ- 
ent species of monomeric human IFNy, which differ only in 
the degree and sites of glycosylation), and 40 to 70kDa 
(caused by dimerization and some multimerization).”! 

Cross-Reactivity. The cross-reactivity (amino acid 
sequence homology between human and mouse) of IFNy is 
40%.”' It has no significant cross-species activity. 

Chromosomal Location. The chromosomal location 
of IFNy and its receptor are 12q24.1, 6q12-q22, and 21q22 
(AF-1). 

Cellular Origin. IFNy is synthesized by activated T cells 
(CD4Th0, CD4 Th1, and CD8) and NK cells (Figure 22-28).* 


Control of Synthesis and Release 

IFNy is produced by CD4 Thi cells following antigen acti- 
vation.” Transcription is directly initiated after antigen acti- 
vation and is enhanced by IL-2, IL-12, and IL-15. Depending 
on the type of antigenic stimulus, Thl CD4 T cells and CD8 
T cells are the main producers of IFNy. CD40/CD40L inter- 
action synergizes with IL-12 in selectively enhancing IFNy 
production through purified anti-CD3-stimulated T cells. 
Both CD4 and CD8 T cells are able to produce IFNy in the 


*References 1, 19, 71, 152, 341, 472. 
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presence of helper signals from IL-12 and CD40, although 
CD8 T cells are less active.“ Thi cells can be the primary 
producers of IFNy when exposed to antigens, but on appro- 
priate stimulation, NK cells are potent producers; when 
exposed to IL-1, IL-2, and IL-12, they become the primary 
source of IFNy. 783446 TL_-12 is a very critical factor for 
skewing the immune response toward a Thl of cytokine 
profile (high IFNy and low IL-4) and is thought to be a key 
factor for the induction of IFNy synthesis.” IL-18 has 
been found to enhance the production of IFNy. When T cells 
were exposed to a combination of IL-18 and IL-12, a syner- 
gistic effect was observed in the production of IFNy." 
The bacillus Calmette-Guerin may exert part of its antitu- 
mor action on melanoma through the induction of IFNy, 
which can be greatly enhanced through the concomitant 
addition of IL-2 or GM-CSF.” Bacterial DNA induces NK 
cells to produce IFNy in vivo and is associated with an 
increase in LPS-induced TNFa and IL-6 release. 

PGE2 inhibits the secretion of IFNy, and the net IFNy 
production of CD4 T cells is largely determined by the ratio 
of IL-12 and PGE2 at the point of T-cell activation." 
Retinoic acid inhibits IFNy synthesis when the CD28 co- 
stimulatory pathway is activated in addition to the TCR/CD3 
pathway, suggesting that it blocks some step in the CD28 
pathway.” Cyclosporin A inhibits IFNy production by pre- 
venting the activation of key promoter sites, in particular, the 
binding of NFAT.” 


Receptor (IFNYR) 

All human cells are thought to have the IFNy receptor; it is 
a complex of a high-affinity IFNy binding chain (CD119) 
and a second accessory protein required for signal transduc- 
tion. This specific receptor is different from, but structurally 
related to, the receptor used by IFNy and IFNB. The IFNy 
binding subunit is a single-chain transmembrane glycopro- 
tein. Although the receptor binds IFNy with high affinity, 
signal transduction requires a species-specific accessory 
protein, which associates with the extracellular domain of 
the receptor. The accessory subunit has been called accessory 


factor 1 (AF-1) and the IFNy receptor B-chain (being CD119 
the o-chain). It is a type I membrane-spanning glycoprotein 
and a member of the class H cytokine receptor family. The 
IFNyR is also a member of the class II cytokine receptor 
family, characterized by an extracellular region of about 200 
amino acids but no WSXWS motif characteristic of class I 
cytokine receptors. 

The IFNyR is expressed on a wide variety of hematopoi- 
etic cells, including T cells, B cells, macrophages, PMNs, and 
platelets. It is not expressed by erythrocytes. The receptor is 
also on many somatic cells, such as epithelial and endothe- 
lial cells, and on many tumor cells. The receptor density 
ranges from 200 to 10,000 per cell. Membrane-bound IFNy 
is rapidly internalized and degraded at 37 °C. 


Signal Transduction 

IFNy induces receptor dimerization and internalization, but 
its receptor-mediated ligand internalization is not sufficient 
to induce a biological response.” Signal transduction is 
mediated by phosphorylation and activation of JAK1 and 
JAK2 PTKs and involves phosphorylation of the receptor. 
The IFNy and IFNa/B receptors share common signal trans- 
duction components, including p91, which binds directly 
to the GAS response element after translocation to the 
nucleus.’ With the use of chimeric receptors involving the 
IFNyR complex as a model system, it has been demonstrated 
that JAK2 activation is not an absolute requirement for IFNy 
signaling because other members of the JAK family can func- 
tionally substitute for JAK2.”° STAT] transcription factor is 
activated by IFNy, synthesized, and released on stimulation 
of T-lymphocyte populations. There is evidence that Th1 
cells lack the IFNyR chain necessary for activation of 
STAT1.” i ; : fe 


Biological Actions 

IFNy shares many biological actions with type I IFN (it has 
antiviral activity and antiproliferative effect). As IFNy 
enhances the antiviral activity of IFNo and IFNP in a syn- 
ergistic fashion, production of IFNy by specific T cells is an 
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important pathway by which the immune system is able to 
enhance the nonspecific protection against intracellular 
infection.” However, IFNy has several properties that are 
especially attributed to this cytokine.* 

Macrophage and Lymphocyte Functionality, IFNy is a 
powerful activator of macrophage functionality (NO, super- 
oxide, TNFa, IL-1 production, and Fc receptors increase) 
and has a very important role in cellular cytotoxicity, 
providing the means by which T lymphocytes activate 
macrophages. The diverse effects of IFNy converge to 
promote Th! polarization and macrophage inflammatory 
reactions, while suppressing Th2 and eosinophil-dependent 
responses; it thus has an essential role in the destruction of 
intracellular pathogens. However, in the differentiation of 
CD4 cellis to a Thi phenotype, the role for IFNy is contro- 
versial. With optimal TCR stimulation and co-stimulation, 
endogenous IFNy, without IL-12, is sufficient to elicit Thi 
cells via an autocrine mechanism. With suboptimal stimula- 
tion, exogenous rlFNy or rIL-12 is required for Thi devel- 
opment, and optimal development of the Thi phenotype is 
mediated by the synergistic actions of both cytokines. 
Human peripheral blood T cells that are stimulated through 
the TCR and expanded with IL-2 are unresponsive to IFNy. 
This nonresponsiveness occurs because of a lack of expres- 
sion of the AF-1 of the IFNyR, while at the same time main- 
taining [FNyR CD119 expression. Expression of the AF-1 can 
be restored by secondary TCR ligation or phorbol myristate 
acetate (PMA) treatment. Therefore as T cells progress from 
primary TCR activation through IL-2-dependent prolifera- 
tion, followed by secondary TCR stimulation, their respon- 
siveness to IFNy varies, and this may affect their ability to 
participate in an ongoing immune response. 

Major Histocompatibility Complex Class | and fi 
Expression, INFy is the principal enhancer of MHC class I 
expression on many different types of cells. In contrast to 
type I IEN, it is also an inducer of MHC class II expression 
in APCs (mast cells included) and lymphocytes, promoting 
the activation of class restricted CD4 T cells. These cells 
are an important target for IFNy, leading to the differentia- 
tion of the Th1 subset and inhibiting the proliferation of Th2 
cells. 

Antigen Presentation. Both IFNy and IL-10 are thought 
to suppress antigen presentation by Langerhans’ cells for 
Thi cells by suppressing their CD80 (B7-1) expression. The 
inhibitory effect of IFNy on CD80 expression on Langer- 
hans’ cells appears to be partially mediated through the sup- 
pression of GM-CSF production by keratinocytes. 

Cellular Adhesion. The previously discussed effects of 
IFNy on CD4 cells are complemented by its enhancement of 
adhesion and morphological alterations on cells that facili- 
tate lymphocyte extravasation to tissue and the expression 
of CD54 adhesion molecules (ICAM-1) fundamental in 


440, 454, 471, 472, 485, 497, 549, 578. 


binding effector lymphocytes to target cells. Treatment with 
TNFa, plus IFNy causes PECAM-I1 to decrease or disappear 
from endothelial cells’ intercellular contacts. This phenome- 
non is accompanied by a reduction of leukocyte migration 
through endothelial cell monolayers. On the basis of several 
observations, it has been suggested that a primary role 
for IENy is to promote intercellular adhesion between the 
leukocytes in an effector focus, promoting its ability to block 
pathogen migration. Monocytes stimulated with exogenous 
IFNy lose their capacity to bind to fibronectin, which 
coincides with the down regulation of surface 05 integrin 
expression. Although IFNy-treated monocytes also show a 
decreased ability to adhere to laminin, no alteration of B2 
integrin expression is detectable, thus suggesting a modi- 
fication of the functional state of surface B2 integrins. 
Furthermore, when stimulated with TGF1, IFNy-pretreated 
monocytes reacquire the ability to bind to fibronectin 
and laminin. Conversely, IFNy reduces adhesiveness to 
fibronectin and laminin of monocytes initially stimulated 
with TGEBI. These in vitro adhesive-deadhesive responses 
of monocytes to TGFBI and IFNy modulation may 
reflect mononuclear phagocyte motility within sites of 
inflammation. 

T-Cell Cytotoxicity and Acute Phase Response, The 
maturation of CD8 Tc lymphocytes is dependent on IFNy, 
which acts synergistically with other cytokines (e.g., with 
TNFa).™ As an inducer of cellular cytotoxicity, IFNy is a less 
potent activator than TNE up regulating the respiratory 
burst of neutrophils, but much more potent than type I 
IFNs, stimulating the activity of NK cells. IFNy also aug- 
ments the APR, increasing the production of IL-1 and TNE 
IFNy can be an important regulatory cytokine in chronic 
inflammatory sites, and its purported antiinflammatory 
effects may be explained by significant suppression on the 
induction of IL-1B gene expression in macrophages. 

Immunoglobulin Production. IFNy produced by T and 
NK cells after CpG DNA stimulation contributes to the 
B-cell secretion of IL-6 and the subsequent Ig production.* 
However, IFNy inhibits IgM secretion, which is triggered 
by a different bacterial product, LPS. Thus in contrast to 
its antagonistic interaction with LPS, IFNy causes a dose- 
dependent increase in the level of IgM secretion induced by 
CpG DNA. Like IgM secretion, B-cell secretion of IL-6 more 
than doubles after the addition of exogenous IFNy.” 

Other Activities. IFNy causes a concentration- 
dependent decrease in steady-state lipoprotein receptor- 
related protein (LRP) mRNA expression and gene tran- 
scription rate. When TGFBI is added 24 hours before IFNy, 
the extent of LRP down regulation is reduced. This suggests 


*The dinucleotide CpG is significantly under-represented in 
vertebrate DNA and is usually methylated. In contrast, CpG 
dinucleotides are generally present at the expected frequency in 
bacterial DNA and are unmethylated. These unmethylated CpG 
motifs induce B cells to secrete IL-6 and IgM and can induce NK 
and CD4 T cells to produce the immunoregulatory IFNy. 
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TABLE 22-6 Principal Cellular Actions of: 
Fy. 24486472485 


Biological Effects 
Enhanced MH 


: Stem cells = 
B cells 


*Do not normally express IFNy. 
'Synergistically with other B-cell stimulating factors. 
‘Dependent on its capacity to inhibit protein synthesis. 


that the balance between IFNy and TGFB1 may be critical 
in determining LRP expression at sites of infection and 
inflammation. The results from LRP being a major receptor 
for multiple ligands, including chylomicrons and very low- 
density lipoprotein remnants, bacterial toxins, viruses, pro- 
teinases, lipoprotein lipase, and activated o,-macroglobulin. 
In contrast to Th2 cell-associated cytokines, IFNy does not 
affect PGE2 production and cyclooxygenase activity. 

Experimental data support the hypothesis that IFNy is 
antifibrogenic; this may be a consequence of cytokine 
therapy. Some of the most important classical cellular 
actions of IFNy are summarized in Table 22-6. 


Clinical Relevance 


Humans with deficient IFNy response show several 
immunological defects, such as increased susceptibility to 
infections with intracellular pathogens. Impaired IFNy 
production has been demonstrated in human pathological 
conditions, namely chronic mucocutaneous candidiasis” 
and systemic lupus erythematosus.” 

Increased IFNy production is associated with food- 
sensitive atopic dermatitis,” Crohn’s disease (local mucosal 
synthesis), ® RA synovial tissue (suggesting a role for this 
cytokine in the ongoing immunological reaction of the 


inflamed joint), and poor antibody-mediated immunity in 
hypovitaminosis A. IFNy in relatively smali amounts can 
limit Th2 cell growth and interfere with the B-cell stimula- 
tory functions of Th2 cell cytokines.” 

IFNy has also been found to be associated with 
immunodeficiency after allogeneic bone marrow trans- 
plantation,” the pathophysiology of aplastic anemia," and 
atherogenesis.“ 

Detection in carcinoma tissue of IFNy mRNA that leads 
to the induction of the HLA-DR antigen on adjacent normal 
cells may be an indicator of a host’s immune response to car- 
cinoma. This in vivo observation might be clinically applic- 
able to the prediction of patients’ immune responsiveness to 
carcinomas.” 


Therapeutic Applications 

Based on a broad spectrum of activity, IFNy is of great phar- 
maceutical interest with a wide variety of clinical expectancy, 
including antiviral, antiproliferative, and immunomo- 
dulatory effects.” However, the thermodynamic stability of 
recombinant IFNy is low, limiting its clinical application. 
New research has indicated that the insertion of additional 
new disulfide bonds will enhance the thermodynamic sta- 
bility and protect the protein against proteolytic degrada- 
tion, resulting in better pharmaceutical characteristics.” 

As a macrophage activator, IFNy is responsible in part for 
the increased ability of this cell to kill intracellular pathogens 
and tumor cells. However, IFNy only partly activates 
mononuclear phagocytes to kill tumor celis, a function that 
probably requires the action of second signals, such as TNE 
To be an important stimulus for the TNE, IL-1, and IL-6 
cytokine cascade, it antagonizes the bone-resorbing effects of 
these cytokines, which may be important for the treatment 
of RA.” As an inhibitor of cell growth and proliferation, 
IENy has been used to treat malignancies; however, its 
immunotherapeutic effect gives mixed results." 

Some investigators believe that the most important ther- 
apeutic application of IFNy will be to revert or maintain 
a Thl preferential response basically necessary for diverse 
successful defense reactions (eg, against intracellular 
pathogens—namely parasites and virus—and tumor cells), 
IFNy has also been shown to be a suppressor of B-amyloid 
precursor protein promoter activity and is the first cytokine 
reported to possess such down regulating effects. Attenuat- 
ing B-amyloid precursor protein gene expression may have 
relevance in diseases such as Alzheimer’s disease, in which 
this protein has been implicated in neuropathological 
processes,“ 

Using retrovirus-mediated somatic gene transfer 
techniques to produce IFNy from human peripheral 
blood CD34 hematopoietic progenitor cells, IFNy was found 
to activate monocytes that may be specifically suited to 
cellular therapy requiring homing to sites of inflammation 
where their antimicrobicidal, cytotoxic, and APC func- 
tions play an important role in host defense against foreign 
pathogens.* 
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At least theoretically, IFNy and also IL-12 and IL-18, 
either alone or in combination, have therapeutic potential 
for inhibiting the synthesis of IgE.’ 


TUMOR NECROSIS FACTORS 

Tumor necrosis factors (TNF) are lymphokines that exist in 
either an Q or B form; they are capable of causing in vivo 
hemorrhagic necrosis of certain tumor cells, but not affect- 
ing normal cells, They also have been used as experimental 
anticancer agents but.can also induce shock when bacterial 
endotoxins cause their release. TNFa contains 157 amino 
acids and is produced by macrophages, eosinophils, and NK 
cells. TNEB is a lymphotoxin and contains 171 amino 
acids.’ 


Synonyms 

TNFa was formerly known as cachectin, cytotoxin, cytotoxic 
factor, differentiation-inducing factor, hemorrhagic factor, 
macrophage cytotoxic factor, macrophage cytotoxin, and 
necrosin. TNEB was formerly known as cytotoxin, differen- 
tiation-inducing factor, and lymphotoxin (LT). Although 
'TNFB and LT are considered synonyms, some authors prefer 
the restricted equivalence of TNF to TNFa, and consider LT 
to be a different related cytokine." 

LTa and TNF6 have been found to be structurally simi- 
lar and biologically indistinguishable. LTB is a type II 
integral membrane-bound protein of 33kDa that forms a 
heteromeric complex with LT on the cell surface without 
a known function.” 


General Characteristics 
TNFo and TNEB are closely related proteins and may have 
arisen by ancestral duplication of a common gene.*” 

TNFa is expressed as a type II membrane protein 
attached by a signal anchor transmembrane domain and is 
processed intracellularly by an enzyme called ADAM-17 (a 
disintegrin and metalloprotease domain17; also referred to 
as TACE [TNF-alpha converting enzyme] and TACA [TNF- 
alpha converting activity]). It is synthesized as a nonglyco- 
sylated protein of approximately 25 kDa whose orientation 
is reversed (its amino terminus is intracellular, and its 
carboxy terminus is extracellular). After its synthesis, latent 
pro-T NF (a 26 kDa protein) is deposited on the cell surface 
of monocytes and other cells. ADAM-17 cleaves pro-TNFa, 
releasing an active, soluble 17kDa form. Other proteolytic 
functions of ADAMs include shedding of members of the 
family of TNF receptors and other cell-surface cytokines, 
adhesion molecules, and growth factors and receptors that 
are involved in inflammation, cell proliferation, and cell 
death.“ The 17kDa membrane fragment, including the 
carboxy terminus, is proteolytically cleaved by a matrix met- 
alloproteinase from the plasma membrane of the mononu- 
clear phagocytes and assembled into a stable 51kDa to 52 
kDa biologically active homotrimer (secreted form),’”"” 

Secreted TNF assumes a triangular pyramidal shape with 
each side of the pyramid being formed by a different 
monomeric subunit. This pyramidal shape is characterized 


by an edge-to-face association of the antiparallel sandwich 
structure of the wedge-shaped monomers. The receptor 
binding sites are at the base of the pyramid, allowing simul- 
taneous binding to more than one receptor. The tertiary 
structure is very similar to the so-called “jelly roll” motif of 
some plant and animal virus capsids.'”! 

TNFB is also a homotrimer cytokine and shares approx- 
imately 30% to 35% sequence homology with TNFa. It 
binds to the same receptors, contains one or two N-linked 
oligosaccharides (accounting for the variability in molecular 
weights), and is a truly secretory protein with a normal signal 
peptide and without a membrane-spanning region."”"'” 

TNE also exists in membrane form when bound by a 
transmembrane protein (LTB), resulting in a cell-surface 
complex that mediates the effects of TNF on other cells, 
Both proteins belong to a general family that includes 
CD40L, CD30L, and CD29L.0" 

in general, the quantities of TNEB synthesized are much 
less than those of TNFa. Consequently, TNFB is not easily 
detected in the circulation and is usually considered a locally 
acting paracrine factor and not a mediator of systemic 
injury. Like TNFa, it has many biological functions, from 
stimulation of fibroblasts and killing of tumor cells to mod- 
ulation of immunoinflammatory responses. However, TNFa 
is a potent paracrine and endocrine mediator of immunoin- 
flammatory reactions. It is also known to regulate growth 
and differentiation of a wide variety of types of cells and to 
be cytotoxic (especially in combination with IFNy) for many 
transformed cells, In vivo it promotes necrosis of murine 
sarcomas.””! 

TNFa and TNFR also are thought to have unique and 
critical roles both in the development of the immune system 
and in immune responses to specific pathogens.” 

Other general characteristics of TNFs include: 


Molecular Weight 

Depending on their molecular form, the molecular weights 
of TNEs vary from 17 to 70kDa. The following molecular 
weights have been reported for TNFa: 17 kDa,!5%341389421,472 
35kDa (trimer), ™® and 52kDa (trimer).”’ The following 
have been reported for TNFR: 25kDa,’"*"' 21 to 24kDa 
(lymphotoxin), 17kDa,*! 60 to 70kDa (trimer), 
20kDa,*” and 24kDa.'” 


Cross-Reactivity 

The cross-reactivities (amino acid sequence homology 
between human and mouse) for different TNFs are TNFa 
(79%) and TNEB (74%).”' There is a significant cross-species 
reactivity. However, human TNF binds to the mouse p55 
receptor but not to the mouse p75 receptor. Mouse TNF 
binds to both human receptors. 


Chromosomal Location 

The chromosomal location of both TNFa and TNEB is 
6p21.3. Genes lie within the class IH region of the MHC. The 
location of TNFa, TNEB, and LTB within the MHC region 
gives the possibility that these proteins may be implicated in 
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Figure 22-29 Cellular origin, principal target cells, and biological actions of TNFs. 


some MHC-linked genetic effects.*"' The chromosomal loca- 
tions of their receptors are 12p13 (type I receptor) and 1p36- 
p32 (type II receptor). 


Cellular Origin 


TNFa is produced primarily by activated monocytes and/or 
macrophages and, to a lesser extent, by many other types of 
cells, such as activated T cells (Thi cells), B cells, NK cells, 
mast cells, endothelial cells, fibroblasts, keratinocytes, 
microglia, astrocytes, Kupffer’s cells, smooth muscle cells, 
synovial lining cells, and basophils (Figure 22-29).* 

Unlike TNFa, cellular sources of TNFR are few, mostly 
activated T and B cells, NK cells, and astrocytes." TNFa: is 
produced by 0.7% to 20% of PBMCs. The primary sources 
of this cytokine are CD14 monocytes and/or macrophages. 
A significant positive correlation is found in the frequency 
of cells secreting IL-6, IL-10, and TNF ex vivo, suggesting 
that the release of such cytokines is coordinately regulated.” 


Control of Synthesis and Release 


TNFco is released in response to bacteria (endotoxins and 
LPS), viruses, protozoa, cytokines (GM-CSF, IL-1, IL-2, 
IFNy, and TNF itself), immune complexes, complement 
component C5a, neuropeptide substance P, and reactive 
oxygen intermediates. Unlike TNFa, sources of preformed 
TNEB have not been identified.” 

Production of TNFa is inhibited by IL-10, TGEB, 
cyclosporin A, PGE2, dexamethasone, ibuprofen, methyl- 
prednisolone, and pentoxifylline. Adenosine agonists inhibit 
TNFa production in macrophages and monocytes, but the 
mechanism for doing this is unknown. Nitrite exposure of 
LPS-stimulated alveolar macrophages resulted in a func- 
tional impairment of TNFa production. Endurance also 
down regulates ex vivo TNFa production.’ An additional 


References 1, 152, 299, 341, 421, 432, 436, 472. 
References 1, 3, 34, 48, 273, 427, 453, 472, 540. 


biological role for C3a and C3a desArg is its regulation 
of TNFa, and IL-1 synthesis. C3a desArg may enhance 
cytokine synthesis by adherent monocytes at local inflam- 
matory sites, while inhibiting the systemic synthesis of 
proinflammatory cytokines by circulating cells.°" 

Up regulation of TNFa production is activated by NO, 
reactive oxygen intermediates, nonsteroidal antiinflamma- 
tory drugs, and hypoxia.'*!%?!!°°? The increased cytokine 
production during hypoxia may be due to decreased PGE2 
synthesis, PGEL suppresses T-cell adhesion to endothelial 
cells by selectively inhibiting TNFa-induced up regulation 
of [CAM-1 on these cells.7°° 

The o-subunit of the heterotrimeric G protein, Gz, can 
regulate production of TNFa, modulating the stimulatory 
pathways for induction of this cytokine synthesis in mast 
cells.” 

A20 (a zinc finger protein—a product of a cytokine- 
induced primary response gene) has been found to specifi- 
cally inhibit signal transduction pathways induced by TNF 
and IL-1, suggesting that it functions as a negative regulator 
of the cytokine response.”* 

Postranscriptional regulation may be accomplished by 
controlling the rate of precursor mRNA splicing of TNFB 
and message stability of both TNFa and TNFR. 


Receptor (TNFsR) 

Two different TNF receptors of 55 and 75 kDa, each encoded 
by a separate gene, bind both TNFa and TNF#. Although 
all types of cells, including both TNF-sensitive and TNF- 
resistant cells, express TNFsRs (with few exceptions, such as 
erythrocytes and resting T cells), the type I (INFR-1, type 
B, p55, CD120a) receptor is expressed on many different 
types of cells, and the type II (TNFR-~2, type A, p75, CD120b) 
receptor is expressed predominantly on hematopoietic 
cells. Both receptors contain four cys-rich repeats in 
the extracellular domain. The two receptors are members of 
the nerve growth factor receptor (NGFR)/TNEFsR superfam- 
ily and are less than 25% identical. (They have similar 
homology to each other and to other members of the 
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superfamily.) There is also no significant homology between 
the intracellular domains of the two TNFas receptors, indi- 
cating different signaling mechanisms. Receptor density 
ranges from 2000 to 3000 binding sites per cell, and the 
amount of cell lysis is proportional to the number of TNF 
molecules bound to susceptible cells. The affinity of TNFs 
for these receptors is unusually low for a cytokine (ky of 5 x 
10° mol for type II receptor and 1 x 10° mol for type I); 
however, TNF is synthesized in very large quantities and can 
easily saturate its receptors.’”"! Each of these receptors has 
a large cytoplasmic domain and can transmit signals through 
the NF-«B pathway that give rise to most of the immuno- 
logical effects of TNFa. 

The role of TNFR-1 and TNFR-2 in mediating the capac- 
ity of TNFs to stimulate NGF production in fibroblasts has 
been investigated, indicating that TNFR-1 alone mediates 
the TNF’s activity to stimulate NGF production in fibro- 
blasts.” The role of the two TNFRs in discriminating TNFa 
and LYa (TNE) effects has been studied. Data suggest that 
LT is less potent than TNF because of its lower ability to 
properly trigger the p55 TNER and because of its lack of sig- 
naling through the p75 TNER.*” In addition, whereas the 
p75 TNER can both directly propagate TNF signals and 
“pass” TNF to the p55 TNFR, it attenuates LT and may 
serve as a decoy receptor for this cytokine.*® 

In general, TNFR-1 is the principal mediator of TNFa 
activity, with TNFR-2 serving an auxiliary role. Moreover, 
unlike TNFR-2, the cytoplasmic portion of TNFR-1 includes 
an 80-amino acid sequence known as the death domain, 
which is also found in the Fas protein. Receptor expression 
is modulated by vitamin D3, IL-1, IL-2, GM-CSE, and TNF 
itself"! 

Activated cells shed their TNF receptors and soluble 
forms of both the human p55 and p75 receptors; they have 
been found in serum of cancer patients and in urine. They 
may act as competitive inhibitors of the cell surface recep- 
tors.” 934 These are soluble receptors, as many cytokines 
and soluble cytokine receptors are generated by limited pro- 
teolysis of membrane-bound precursors. A TNFa protease 
inhibitor and other protease inhibitors have also been found 
to have the ability to modulate shedding.*” 


Signal Transduction 


Receptor cross-linking by the TNF trimer is important 
for signal transduction. TNFs activate a sphingomyelinase, 
resulting in release of ceramide from sphingomyelin, which 
in turn activates a Mg’t-dependent protein kinase. These 
include the three types of mitogen-activated protein kinase 
(extracellular signal-regulated kinase [ERK], jun amino- 
terminal kinase [JNK/p54], and p38) and a B-casein kinase. 
TNE-induced sphingomyelinase activity is secondary to the 
generation of DAG produced by a phosphorylcholine- 
specific phospholipase C (PC-PLC). Activation of phospho- 
lipase D and phospholipase A2 (PLA2) by TNFs has also 
been described. There is some evidence for G protein cou- 
pling of the TNFsRs to PLA2. Type I and type II receptors 


probably activate different cellular responses, and they may 
be coupled to distinct signal transduction pathways.7?*4"4° 


Biological Actions 

TNFs are mediators of both specific and nonspecific biolog- 
ical responses and an important link between immune and 
inflammatory reactions. Unfortunately, TNFs represent a 
two-edged sword in that severe catabolic effects (cachexia), 
tissue damage, and death can result from excessive uncon- 
trolled production of these cytokines, ™ 16472485 

TNFs were first known for their capacity to cause tumor 
necrosis in vitro, and they may also be the mediator of the 
occasional antitumor cytotoxicity observed after serious 
gram-negative infections. TNFa is the principal mediator 
of the host response to LPS of gram-negative bacteria and 
may play a role in multiple biological activities (antiviral, 
antiparasitic, lipolytic, glycogenolytic, and osteoclastic), 
some of them synergistically with IFNy and IL-1."* TNEs 
also have widespread effects in inflammation and healing 
and are involved in granuloma formation, tissue necrosis, 
and fibrosis in many organ systems and, when produced in 
excess, vascular shock. 48 

TNF¢o is primarily responsible for a laboratory phenom- 
enon known as the localized hemorrhagic “Shwartzman” 
reaction in which repeated injection of LPS into a solid tissue 
leads to hemorrhagic infarction. This occurs because LPS- 
induced TNFa secretion by macrophages can stimulate 
endothelial cells to release PGs, IL-6, and other mediators 
that cause coagulation, clotting, and obstruction of local 
blood supply. 

TNFa, together with IFNy, is also a powerful modulator 
of immune responses, mediating the induction of adhesion 
molecules, other cytokines (IL-1 and IL-6), and the activa- 
tion of phagocytes. It is also a growth factor for fibroblasts 
and a major inducer of the acute phase response. TNFa, 
influences the behavior of a wide variety of types of cells, 
and many of the activities of TNFo. are shared with IL-1. In 
general, IL-L is not toxic, and TNFa is a potent cytotoxic 
effector. 

TNFB manifests a wide range of similar parallel activities 
(inflammatory and antitumor immunity) affecting not only 
lymphocytes and neutrophils but also bone (resorption), 
endothelium (ability to enhance adhesion molecule ex- 
pression), and neuronal cells.” However, several differ- 
ences between TNEB and TNFa are recognized, and the 
effect of TNFB on endothelial cell growth is of particular 
interest. TNF appears to exert antiangiogenic effects on 
tumor blood vascular endothelial cells, with resulting hem- 
orrhagic necrosis. In contrast, in wound healing, angiogenic 
effects such as those exerted by TNFa are thought to 
occur. 192,472 

The biological actions of TNFs are concentration depen- 
dent.' At low concentrations (approximately 1 x 10 mol/L), 
they act locally as paracrine and autocrine regulators of 
immunoinflammation—being rapidly released or secreted 
at sites of injury or infection. TNEo, primes both neutrophils 
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and endothelial cells for adhesion and directs further the 
migration of leukocytes via chemotactic effects. TNFa- 
mediated proliferation of fibroblasts and endothelial cells is 
an important element of wound healing. In many of these 
activities, the effects of TNFa are amplified by IL-1, which 
acts synergistically with TNFa.'***” At high concentrations, 

TNFs (namely TNFa) act as an endocrine hormone with 

notorious systemic effects. 

At low concentrations, the principal biological actions of 
TNEs locally include, 

1. Expression of adhesion molecules on endothelial cells 
(accumulation of leukocytes at local sites of inflamma- 
tion, which is probably the physiologically most impor- 
tant local effect of TNFs) 

2. Activation of inflammatory leukocytes to fight against 
microorganisms or tumor cells (especially potent for 
neutrophils, but also for eosinophils and mononuclear 
phagocytes) 

3. Stimulation of cytokine synthesis (IL-1, IL-6, TNFa itself, 
CKs) by mononuclear phagocytes and other types of cells 

4. Interferon-like protective effect against viruses 
These effects of TNFs are critical for inflammatory 

responses to microbes and tumors. If inadequate quantities 
of TNFs are present, an organism may fail to suppress the 
infection. TNF is especially considered as a paracrine-type 
factor. It is cytostatic and cytotoxic for some tumor cell lines 
and causes necrosis of certain tumors in vivo. TNFB also 
influences the function of B cells, T cells, connective tissue 
cells, and hematopoietic cells. 

At moderate concentrations, TNFa enters the blood 
stream where it can act as an endocrine factor. The princi- 
pal systemic actions of TNFs include’: 

1. Acting as an endogenous pyrogen (shared with IL-1) and 
mediated by increased synthesis of PGs 

2. Stimulation of secretion by mononuclear phagocytes and 
endothelial cells of IL-1 and IL-6 into the circulation 


Figure 22-30 lilustration of a cytokine 
network in septic shock. 


3. Increased synthesis of APPs by liver cells together with IL- 
1 and IL-6 (the spectrum of hepatocyte proteins induced 
by TNF is identical to that induced by IL-1 but differs 
from that induced by IL-6: IL-6 — fibrinogen, IL-1/TNF 
— serum amyloid protein) 

4. Activation of the coagulation system 

Suppression of bone marrow stem cell division 

6. Cachexia, produced largely by TNF-induced appetite sup- 
pression; with IL-1, may also contribute to the cachectic 
state accompanying certain chronic diseases, such as 
tuberculosis and cancer 
Because of activities similar to IL-1, TNFa is also consid- 

ered an inflammatory cytokine. T-cell-derived IFNy induces 

LPS-activated macrophages to make more TNFa. In fact, 

IFNy enhances many of the effects of TNFa. 

High quantities of TNFs are produced during gram- 
negative bacterial sepsis (serum concentration can exceed 
10’mol/L), being a critical mediator in the complex 
cytokine network of septic shock (Figure 22-30). Several 
specific actions of TNFs may contribute to their lethal effects 
at extremely high concentrations’: 

i. Reduction of tissue perfusion by depressing myocardial 
contractility (induction of nitric oxide synthase, produc- 
ing NO, which inhibits myocardial contractility) 

2. Reduction of blood pressure and tissue perfusion by 
relaxing vascular smooth muscle tone 

3. Intravascular thrombosis (combination of endothelial 
and mononuclear phagocyte alterations, which promote 
coagulation, and activation of neutrophils—dissemi- 
nated intravascular coagulation) 

4. Severe metabolic disturbances, such as fall in blood 
glucose concentrations to levels that are incompatible 
with life 
Many of the biological actions of TNF are augmented by 

IFNy as previously mentioned (in some cells explained by 

IENy-stimulated increases in TNF receptor numbers). The 
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full significance of this interaction is not clear, but activated 
T cells often secrete TNE and IFNy coordinately. Coordinate 
secretion of these two cytokines may provide a means of 
locally enhancing the actions of TNF without requiring con- 
centrations that produce systemic toxicity.”°?"! 

In addition, TNFs also have a number of other effects 
including (1) apoptosis, (2) adhesion and cellular traffick- 
ing, (3) angiogenesis, (4) myocyte proliferation, (5) fibrosis, 
(6) phagocytosis, (7) cytokine production and/or cellular 
activation, (8) leukocyte/macrophages function, (9) inflam- 
mation, and (10) tumor control. 


Apoptosis 

TNFo can induce apoptosis in many normal and trans- 
formed types of cells.“’ For example, activation of TNF 
receptors by TNFa or other members of the TNF super- 
family causes an aggregation of receptors, which leads to the 
recruitment of various adaptor proteins that activate down- 
stream kinases and proteases, including caspases, Mitochon- 
dria are important targets for TNF-initiated death signals. 
The subsequent release from mitochondria of reactive 
oxygen species, such as superoxide anion and cytochrome c 
oxidase and other factors that induce apoptosis, plays a 
pivotal part in TNF-induced cell death.” 

TNFo and IL-1a also induce mannose receptors and 
apoptosis in glomerular mesangial but not in endothelial 
cells.” TNFa does not induce necrosis or apoptosis in 
EBV-positive or EBV-negative cell lines, regardless of the cul- 
ture conditions of the cells or the presence or absence of 
cytokines.“* 


Adhesion and Cellular Trafficking 

TNFo and IFNy collectively and synergistically promote the 
inhibition of PECAM-1 (CD31) synthesis and leukocyte 
transmigration in endothelial cells, and human ICAM-1 
expression can be up regulated by IFNy or TNFa. Regula- 
tion of PECAM-1 expression on endothelial cells may 
modulate leukocyte trafficking, angiogenesis, and vascular 
permeability. 7 TNFa and IL-1 stimulate endothelial 
cell expression of CD54 (ICAM-1) and CD106 (VCAM-1). 
In addition to its ability to activate endothelial cell adhesion 
molecules, TNF can induce directed migration of lympho- 
cytes through collagen pads. "°° 


Angiogenesis 
TNFo is a pleiotropic cytokine that is also involved in angio- 
genesis and immunoregulation.”™ 


Myocyte Proliferation 


Activation of the TNFa p55 receptor induces myocyte pro- 
liferation and modulates agonist-evoked calcium transients 
in cultured human tracheal smooth muscle cells.’ 


Fibrosis 


TNF inhibits collagen synthesis and at high concentrations 
stimulates collagenase synthesis in fibroblasts.” Moreover, 


TNEa inhibits adherence and phagocytosis of collagen. 
These effects are mediated by a reduction in the strength of 
&2ß1 integrin binding to collagen, possibly through tyrosine 
kinases in focal adhesions. At low concentrations of TNFa 
(10ng/mL) that are found in the periphery of chronic 
inflammatory lesions, it has been suggested that inhibi- 
tion of the collagen phagocytic pathway may contribute to 
fibrosis.” 


Phagocytosis 

Experimental data suggest that upregulation of complement 
receptor (CR3) and CR3-mediated phagocytosis are mecha- 
nisms by which TNFa and IFNy stimulate nonphagocytic, 
nonbactericidal macrophage precursors to kill intracellular 
bacterial pathogens.’ 


Cytokine Production/Cellular Activation 


TNFo and IFNy mediate the induction of other cytokines 
(IL-1 and IL-6) and the activation of phagocytes.*” It has 
been suggested that particle-induced expression of MIP-2 
and cytokine-induced neutrophil chemoattractant CKs in 
the rat lung are mediated at least in part by production of 
TNFo.'* TNF is involved in control of monocyte-mediated 
regulation of cytokine production by T cells. Preincubation 
of monocytes with rTNF enhanced their ability to induce 
IFNy production, and TNF synthesis inhibitors decreased 
this induction. However, Th2 cells are stimulated in the rel- 
ative absence of monocyte co-stimulatory signal(s), proba- 
bly IL-6." Concerning pain responsivity, TNFa. produces 
dose-dependent hyperalgesia mediated via the induced 
release of IL-18.°° 


Leukocytes/Macrophages Function 

TNFo renders human neutrophils responsive to PF-4, a 
member of the CK superfamily, Over a broad range of con- 
centrations, PF-4 by itself is unable to induce functional 
changes in PMN. However, neutrophils preincubated or co- 
incubated with physiologically relevant concentrations of 
TNFa. responded to PF-4 by the selective mobilization of the 
secondary granule marker lactoferrin but not of the primary 
granule marker elastase.*” Stimulation of macrophages with 
IFNy or TNFa shuts off the suppressive effect played by 
PGE2, which can explain how macrophage tumoricidal 
activity may be induced and maintained even in the presence 
of higher levels of PGE2.°" The regulation of CD4 expres- 
sion on macrophages and its role in immune cell interactions 
remain obscure. Experimental results show that LPS, TNFa, 
and IL-18 selectively down regulate CD4 expression in 
primary human macrophages and that decreased CD4 
expression induced by LPS results from endogenous secre- 
tion of TNFa. and IL-18 from the macrophages?” 


Inflammation 

TNE-stimulated gene 6 (TSG-6), encoding a 35kDa secre- 
tory glycoprotein (TSG-6), is induced in fibroblasts, chon- 
drocytes, synovial cells, and mononuclear cells by the 
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proinflammatory cytokines TNFa and IL-1. TSG-6 protein 
forms a stable complex with components of the serine pro- 
tease inhibitor inter-o-inhibitor. The antiinflammatory 
effect of the TNE/IL-1—inducible TSG-6 protein, along with 
its ability to inhibit protease action (especially plasmin activ- 
ity), suggests that TSG-6 production during inflammation is 
part of a negative feedback loop operating through the pro- 
tease network. IL-10 and IL-4 synergize with TNFa to 
induce IL-1RA production by human neutrophils and to 
favor an antiinflammatory condition.“ ` 


Tumor Control 


The antitumor effects of TNFa are based on several distinct 
activities, including (1) direct cytotoxic effect on tumor cells 
but not on normal cells, (2) modification of the vasculature 
in such a manner that migration of lymphocytes into tumors 
is enhanced, and (3) stimulation of the immune response by 
activating cells that mediate antitumor immunity.” 


Clinical Relevance 


TNFs have been found to have clinical relevance in the dis- 
orders discussed below. 


Infection/Septic Shock 


TNFo. is classically associated with septic shock and diverse 
infectious pathological conditions, It is involved in the devel- 
opment of a protective immune response in tuberculosis.” 
Measurable serum TNFo levels have been detected in 10.5% 
of children with pulmonary tuberculosis, all of whom 
belonged to the group with active disease.” Results suggest 
a protective role for TNFa in respiratory syncytial virus 
infection.” In patients with chronic hepatitis C during 
treatment with IFNo, elevated production of TNFa by 
PBMCs may be due to host response to the virus.” In HIV 
infection, TNEs and IL-6 stimulate viral replication, s 


Autoimmune Diseases 


TNF is considered to be an important mediator in a 
number of T-lymphocyte~mediated autoimmune diseases, 
such as type 1 diabetes.*” Also, TNFs seem to play a pivotal 
role in certain autoimmune diseases, such as in the patho- 
genesis of RA, because transgenic mice constitutively over- 
express TNF inflammatory arthritis but no systemic lupus 
erythematosus-like lesions. These findings in animals and 
humans suggest that the ambient level of TNF might have a 
hitherto underappreciated capacity to control the form in 
which autoimmunity is expressed as a specific syndrome or 
disease. ”! 


Inflammatory/Allergic Diseases 


TNFa is released by many inflammatory cells, including 
mast cells and eosinophils, and promotes mediator and 
cytokine secretion, adhesion molecule expression, and gran- 
ulocyte migration. Consequently, TNFa is considered an 
important effector molecule and a pivotal mediator” in the 
pathogenesis of allergic respiratory reactions and in the 


acute stages of RA, being implicated in the cartilage 
damage.”“** Soluble receptors for TNF (sTNFR) are 
present at elevated concentrations in the synovial fluid of 
patients with RA. They are presumably released by cells of 
the synovial membrane, including the monocyte-derived 
synovial macrophages. Cytokines from the synovium, 
including IL-1 and TNFa, may stimulate sTNFR release. 
These observations help to explain why elevated levels of 
sTNER in synovial fluid coexist with enhanced expression of 
cell-surface TNFR on synovial macrophages in RA.” DNA 
profiles (immunoprints) have been generated for patients 
suffering from early-onset pauciarticular chronic arthritis. 
The TNF@ allele is not found in linkage disequilibrium with 
HLA-DRB1 and may be present on either chromosome 6. 
Thus a novel susceptibility factor probably within the 
TNFot/TNEB gene region has been identified via linkage with 
the TNFa microsatellite allele. Excessive synthesis and 
release of proinflammatory cytokines following trauma have 
been correlated with poor outcome in injured patients. 
TNFo appears to play a pivotal role as a trigger for the induc- 
tion of systemic inflammation. Two naturally occurring 
inhibitors of TNFa, sTNFRs p55 and p75, have been char- 
acterized. Injured patients revealed increased plasma levels 
of both sTNFRs compared with healthy volunteers. Patients 
with severe injury revealed higher levels of sTNFRs on the 
day of admission than patients with minor trauma.” 


Endometriosis 


TNFa concentrations have been reported higher in the 
peritoneal fluid of women with endometriosis than in the 
peritoneal fluid of those without.“ The mean concentration 
of IL-1B and TNFa has been found to be much higher 
in macrophage-conditioned media of patients with endo- 
metriosis without significant changes in peritoneal fluid?” 


Cerebral Ischemia 


Early increases in TNFa, IL-6, and IL-16 levels following 
transient cerebral ischemia suggest that regionally selective 
increases in cytokines may be involved in the pathophysio- 
logical changes in the hippocampus and striatum following 
transient cerebral ischemia.*” 


Acute Pancreatitis 


As with sepsis, there is evidence that TNFa in particular may 
play a central role in acute pancreatitis and mediate the sys- 
temic sequelae of the disease, Analytical data have provided 
evidence that TNFa is a major contributor to the morbidity 
and mortality from acute pancreatitis.” 


Nephropathies 

Plasma levels of cytokines were measured in subjects hospi- 
talized with nephropathia epidemica. Concentrations of 
TNFa, IL-6, and IL-10 were increased in all of these patients 
at admission. TNF concentrations were still increased 1 
week after onset of disease; levels of IL-6 and IL-10 normal- 
ized. Serum levels of the two soluble TNF receptors p55 and 
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p75 correlated with levels of the cytokine, indicating that 
receptor binding may be the reason for lack of bioactivity 
in vitro” 


Neurological Disorders 

Two cytokines, TNFo and IFNy, are involved in the pro- 
gression of neurological disorders, such as multiple sclerosis 
and AIDS dementia complex, with an emphasis on cytokine 
effects on glial cells,” 


Alcoholic Liver Disease 


Increased serum and/or tissue TNF levels have been 
observed in alcoholic liver disease (see Chapter 47), and TNF 
has been postulated to play a role in ethanol-induced liver 
injury. It appears that both TNF and ethanol are capable of 
increasing manganese superoxide dismutase activity, pre- 
sumably via enhanced oxidative stress.*”” 


Transplant Rejection 


TNFo. has been implicated in the pathogenesis of both acute 
and chronic transplant rejection. Levels of this cytokine are 
known to vary in a normal population, leading to specula- 
tion that high responders may be at greater risk of rejection. 
Particular TNF region polymorphic markers have been asso- 
ciated with increased TNFa levels and a biallelic polymor- 
phism has been identified in the TNFa promoter, which may 
contribute significantly to the interindividual variation in 
healthy persons. There is evidence for a new association 
between a polymorphic locus in the TNF gene region and 
increased production of TNFQ in heart transplant recipients. 
No association was demonstrated for the promoter region 
polymorphism. 


Therapeutic Applications 
Clinical trials have revealed that diseases that are related 
directly to excessive TNF production, such as septic shock, 
GVHD, and lupus nephritis, may be amenable to treatment 
either with anti- TNEo. antibodies or with antiinflammatory 
agents that reduce TNF production, such as cyclosporin A 
and steroids, 72 

Neutralizing TNF in patients with RA by means of soluble 
TNF receptors or anti-TNF monoclonal antibodies has pro- 
ven to be a powerful means of controlling disease activity. 
For example, the combination of neutralizing TNE with 
methotrexate has been found to improve the symptoms and 
signs of inflammation, physical function, and the quality of 
life and prevents radiographic evidence of progressive joint 
damage in a majority of patients with RA who have no 
response to methotrexate alone. Studies are in progress to 
obtain additional information regarding long-term safety of 
TNF blockade and its effects on disease progression as it was 
already evaluated with Crohn’s disease.* 


Infection/Septic Shock 


A recombinant, soluble fusion protein that is a dimer of an 
extracellular portion of the human TNF receptor and the 
Fc portion of IgG1 (TNFR:Fc) binds and neutralizes TNFa 
and prevents death in animal models of bacteremia and 
endotoxemia. In patients with septic shock, treatment with 
the TNFR:Fc fusion protein does not reduce mortality, 
and higher doses appear to be associated with increased 
mortality.’ 


Inflammatory Diseases/Trauma 


Anti-TNF therapies may have potential use in inflammatory 
arthritis. A review study of cytokine expression and regula- 
tion in rheumatoid joints has culminated in demonstrating 
that TNFa blockade markedly ameliorates arthritis. This 
defines an important therapeutic target for RA.’° Experi- 
mental investigations have shown. that a decrease in TNFa 
level or the inhibition of its activity is accompanied by 
reduced brain damage, affecting the development of cerebral 
edema and neurological dysfunction and hippocampal cell 
loss after closed head injury. These findings emphasize the 
role that TNFa plays in the inflammatory response follow- 
ing trauma.” 


Tumors 


TNFa. has been shown to have limited success in the 
chemotherapy of some tumors, including melanomas 
{alone, or in combination with IFNy), and it does not appear 
very promising for the treatment of human cancer. This is 
thought to be because of the observation that its toxicity 
in vivo precludes the administration of sufficient doses 
required to obtain blood levels high enough to cause cell 
death.” TNFa is one of the cytokines administered in 
immunotherapy of advanced neoplastic disease. Its action is 
exerted through immune endocrine and central nervous 
systems, and it might be possible that some side effects of 
human recombinant TNFa administration are connected 
with the decreasing cortisol level. Because TNFa induces 
changes in integrin expression and adhesive properties, 
it can regulate adhesive mechanisms of tumor cells bear- 
ing adequate receptors, thus influencing lung-metastasis 
formation.” 


CHEMOKINES 


Chemokines (CKs) are a group of low molecular weight 
cytokines that are identified on the basis of their ability to 
induce chemotaxis or chemokinesis in leukocytes (or in par- 
ticular populations of leukocytes); in inflammation, the 
group is now divided into four subgroups on the basis of 
genetic, structural, and functional criteria. They function as 
regulators of the immune system and may also play roles in 
the circulatory and central nervous systems,” 

CKs were discovered in the late 1980s as a result of 
advancements made in molecular biological techniques used 
to identify proteins. More than 50 have been identified but 
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their biological functions are not always known.“ They are, 
however, thought to play key roles in the processes of inflam- 
mation and leukocyte migration, lymphocyte trafficking, 
and immune activation that precedes the wound healing 
pro cess. 304,372,583 


General Characteristics 


Chemokines is a condensation of the term “chemoattractant 
cytokines.” Former names include (1) intercrines, (2) PF-4 
superfamily of cytokines, or (3) SIS cytokines. CKs are ow 
defined as a superfamily of low molecular weight proteins (8 
to 10kDa), regulating the motility and orientation of leuko- 
cytes. They are (1) proinflammatory mediators, (2) potent 
immunomodulators (lymphocyte activation and diversifica- 
tion), (3) biological modifiers of erythrocyte function, and 
(4) angiogenic factors. Their functional role indicates that 
CKs play a very important function as pathogenic mediators 
in several pathological conditions, including asthma, allergic 
diseases, infection, cancer, RA, sarcoidosis, pulmonary fibro- 
sis, and atherosclerosis. In addition, they may also serve as 
targets for molecular mimicry in microbial invasion. 


Classification 

CKs are grouped into a CK superfamily that is further 
divided into four families (CXC, CC, C, and CX;C) accord- 
ing to their amino acid sequence around one conserved. 
motif that includes four cysteines (Box 22-6).* These four 
families also correlate with separate gene clusters (in 
humans, the CXC family is located on chromosome 4q12- 


21, the CC on 17q11-32, C on 1, and CX;C on 16q13). The 
classical members of these families are summarized in 
Table 22-7. The respective acronyms, main function, and 
new nomenclature are listed in Table 22-8 and Figure 22-31. 
Despite the large size of this superfamily, there are elements 
(like the NAP-4 and P500) that are not easily integrable 
inside the previously described families, because they lack 
some cysteines in the classical four-cysteine conformation. 
As indicated in Table 22-8, most of CXC CKs are attrac- 
tants for PMNs (neutrophils, eosinophils, and basophils) but 
not for monocytes. Most of the ELR-CXC molecules are 
potent neutrophil chemoattractants and share the CXC CK 


CXC (also known as g family): Contains one amino acid (X) 
between the first two cysteines 
CXC subfamilies (according to the sequence of amino terminal 
region) 
ELR-CXC (glutamic acid-leucine-arginine-cysteine-amino acid 
X-cysteine) 
No ELR preceding CXC 

CC (also called B family): Absence of one amino acid between the 
first two cysteines 

C (also called y family); Lack of the first and third cysteines (one 
instead of two cysteines in their N-terminus) 

CX;C (also called 6 family): Novel arrangement of cysteine 
residues (CysXaaXaaXaaCys), followed by an extended 
mucinlike stalk, a transmembrane domain, and an intracellular 
domain 


le CHEMOKINES 
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Figure 22-31 Chemokine families (see Box 22-6 for definitions). 
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TABLE 22-7 Classical Members of Chemokine Families” 


Platelets aE 
Mast cells =i 
Basophils 
“Endothelial cells 
Megakaryocytes 
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TABLE :22-7: Classical Members ‘of Chemokine ‘Families*—“Continued 


Cellular Targe 


*References 3, 140, 271, 280, 376, 428, 461, 466, 526, 545, 558. 
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TABLE 22-8. New Nomenclature and Principal Acronyms. of Chemokines 


© Original Name 


: Lymphotactin/SCM-Lo. 


BCA-1, B-cell—attracting chemokine 1; CTACK, cutaneous T-cell-attracting chemokine; DC-CK1, dendritic cell-derived CC chemokine 1; ELC, EBL-1- 


119372 -Continued 


Receptors = Function 


Inflammato : 


ligand chemokine; ENA-78, epithelial cell-derived neutrophil attractant 78; GCP, granulocyte chemotactic protein; GRO, growth-related oncogene; HCC, 
hemofiltrate CC chemokine; IL, interleukin; [P-10, interferon-inducible protein 10; I-TAC, interferon-inducible T-cell alpha chemoattractant; LARC, liver- 
and activation-regulated chemokine; LCC-1, liver-specific CC chemokine-1; LEC, liver-expressed chemokine; Lkn-1, leakotactin; MCP, monocyte 
chemoattractant protein; MDC, macrophage-derived chemokine; MEC, mammary-enriched chemokine; MIG, monokine induced by interferon y; MIP, 
macrophage inflammatory protein; MPIF, myeloid progenitor inhibitory factor; NAP, neutrophil activating peptide; PF-4, platelet factor 4, RANTES, 
“regulated on activation, normally T-cell expressed and secreted”; SCM-10/f, single C motif-1 o/B; SDE stromal cell-derived factor; SLC, secondary 
lymphoid tissue chemokine; TARC, thymus- and activation-regulated chemokine; TECK, thymus-expressed chemokine. 


receptor. In contrast, those without the ELR motif show 
different chemotactic functional capacities and do not seem 
to link themselves to the same receptor. CC CKs attract 
mononuclear cells (monocytes and lymphocytes) but not 
neutrophils. C CKs attract specific kinds of leukocytes 
(lymphocytes) but not neutrophils and monocytes. 
Exceptions to these general rules include CXC CKs IL-8, 
IP-10, and melanoma growth stimulatory protein (MGSA), 
which are chemotactic to T cells, and CC CKs MCP-1, MCP- 
3, RANTES gene, and MIP-1a, which are chemotactic to 
basophils. 

Functionally, CKs are categorized as “homeostatic” or 
“inflammatory. Homeostatic CKs are produced and 
secreted constitutively and are generally involved in lym- 
phocyte trafficking and immune surveillance. Inflammatory 
CKs are only produced by cells during infection or follow- 
ing a proinflammatory stimulus; they prompt the migration 
of leukocytes to an injured or infected site and can also acti- 
vate cells to raise an immune response.” 

In general, the CKs are remarkably diverse, in terms 
of both individual proteins and their production by blood 
and tissue cells, and some cannot be assigned unambi- 
guously to either one of the two functional categories. These 
are referred to as “dual-function” CKs and generally par- 
ticipate in immune defense functions, such as those that 
are up regulated under inflammatory conditions and target 
noneffector leukocytes, including precursor and resting 
mature leukocytes, at sites of leukocyte development 
and immune surveillance. Many dual-function CKs are 
highly selective for lymphocytes and have a role in T-cell 
development in the thymus and in T-cell recruitment to 
inflammatory sites. In contrast to homeostatic and dual- 
function CKs, inflammatory CKs have broad receptor 
selectivities,” 


Molecular Structure 


The three-dimensional structures have been elucidated 
for many CXC and CC CKs. As expected from the high 
degree of sequence identity of these molecules, the structures 
of all the monomers are very similar. However, the quater- 
nary structures of the CXC and CC CKs are distinct and the 
dimer interface is formed by a totally different group of 
residues. The three-dimensional conformation is globular 
for IL-8 (CXC CK) and elongated and cylindrical for MIP- 
1B (CC CK). PF-4 (a CXC CK) is a tetramer composed of a 
dimer of IL-8-type dimers. The differences in the quaternary 
structure provide an explanation for the lack of receptor 
cross-binding between CXC and CC CKs.** However, 
although dimerization and aggregation is often observed, the 
CKs function as monomers, and the critical receptor- 
binding regions are in the NH2-terminal 20 residues of the 
protein?! 


Biological Function 


CKs have many important biological functions, several of 
which are summarized below. 


Inflammation 

Chemoattractant properties are the major biological effect 
of CKs. Their receptors are G protein-coupled receptors that 
form a family of structurally and functionally related pro- 
teins. CKs are induced in cells and tissue in response to 
proinflammatory cytokines. They are produced by a large 
diversity of cells (Figure 22-32). The CK superfamily, with 
the exception of RANTES, B-TG, HCC-1, and PF-4, is not 
expressed in resting cells but is rapidly induced in response 
to various inflammatory and mitogenic stimuli. Probably all 
CKs have some activities that are unique and many that are 
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Figure 22-32 Cellular origin and principal target cells of 
chemokines. 


overlapping that include (1) cellular migration, (2) calcium 
mobilization, (3) cellular adhesion, and (4) signal transduc- 
tion. In addition, CKs are implicated as major participants 
in (1) acute and chronic inflammatory reactions, (2) inhibi- 
tion of hematopoiesis, (3) modulation of angiogenesis, and 
(4) fibroplasia. They act on T lymphocytes, presumably 
influencing the recruitment of immunocompetent cells to 
immunoinflammatory sites. Although there is no evidence 
that CKs play a role in the induction of immune reactions, 
they promote the effector limb of immunity. CKs may also 
contribute to the normal homing and distribution of leuko- 
cytes. Although CKs obviously have major differentiative 
effects on the functions of target cells, the possibility that 
they act as co-stimulants of cell growth is also being studied. 
Finally, CKs are attractive targets for the development of new 
therapeutic agents. For example, inhibition of their activities 
may be an effective antiinflammatory strategy; promoting 
their activity might enhance wound healing and tissue 
repair.” 


Chemokines in Leukocyte Trafficking 

CKs are thought to be centrally involved in leukocyte traf- 
ficking and not limited to attraction of monocytes by the CC 
family and neutrophils by the CXC family.” Other functions 
of the CKs include expression of adhesion molecules, espe- 
cially for the lymphocytes in both the migratory response 
and maturation and proliferation.““ The selective chemoat- 
tractant qualities shown by CKs explain the directed migra- 
tion of each kind of leukocyte or even of subtypes of these 
cells (as T and B lymphocytes, perhaps even Th1 and Th2), 
Several studies have shown that CC CKs attract T lympho- 
cytes and that CD45R0, memory-phenotype cells are con- 
sidered to be the main responders. The results, however, have 
often been contradictory, and the role of lymphocyte activa- 
tion and proliferation is still unclear. The CC CKs MCP-2, 
MCP-3, RANTES, MIP-10, MIP-1B, and MCP-L induce 
significant, dose-dependent transendothelial chemotaxis of 


CD3 T lymphocytes. In contrast, the CXC CKs IL-8 and IP- 
10 fail to induce transendothelial chemotaxis of CD3 T lym- 
phocytes or T-lymphocyte subsets. RANTES, MIP-1a, and 
MIP-18 induce significant transendothelial chemotaxis of 
CD4, CD8, and CD45R0 T-lymphocyte subsets. Phenotyp- 
ing of mononuclear cells that underwent transendothelial 
migration to MCP-2, MCP-3, RANTES, or MIP-1a shows 
both monocytes and activated (CD26 high) memory-type 
(CD45R0) T cells. Both CD4 and CD8 T lymphocytes were 
recruited but not NK cells or many B cells. In fact, MCP-2 
was the only CC CK tested that attracted a substancial 
number of naive type (CD45RA) T lymphocytes. In the 
absence of endothelium, IL-8 but not IP-10 promoted 
modest but significant chemotaxis of CD3 T cells.” 

CKs also play a role in leukocyte trafficking during 
ovarian function. For example, CKs are expressed and leuko- 
cytes accumulate within the ovulatory follicle and the corpus 
luteum. Hormonal and embryonic regulation of CKs are 
thought to be responsible.°”*? 

For CKs to act in vivo, they require a solid phase in which 
normal conditions of blood flow would be unable to wash 
away the chemoattractant gradient. In this manner, CKs 
secreted by each cell trafficking through a vessel are 
sequestered and maintained by stable components of the 
extracellular matrix, such as proteoglycans,’ This model of 
CK action in leukocyte migration is summarized in Figure 
22-33. 


Hematopoietic Function 


Several CKs have marked activity in hematopoietic precur- 
sor cell cycling regulation and differentiation, MSGA/GRO 
acts as a growth factor, and IL-8 is a potent angiogenic factor 
(possibly shared by other ELR-CXC CKs). Although this pro- 
hematopoietic capacity is important, some are suppressive 
(such as IP-10 and MIP-10), inhibiting the action of growth 
factors in hematopoietic cells. However, PF-4 presents the 
most fascinating spectrum of biological activities, including 
inhibition of tumor growth, megakaryopoiesis, reversal of 
immunosuppression, and bactericidal capacity. Curiously, 
MIP-tq@ and MIP-1ßB, despite their structural similarities, 
show diverging signaling capacities. Depending on the MIP- 
1 subtype and its NH2-terminal processing, one or more of 
the CC CK receptors CCRI, CCR2, CCR3, and CCR5 are 
recognized.” Since both human MIP-1a subtypes (LD78a 
and LD78B) and MIP-1B signal through CCR5, the major 
co-receptor for M-tropic HIV-1 strains, these CKs are 
capable of inhibiting HIV-1 infection in susceptible cells. 


Proliferation of B-Cell Progenitors 


SDF-1 stimulates proliferation of B-cell progenitors in vitro 
and is constitutively expressed in bone marrow-derived 
stromal cells." 


Leukocyte Activation/Inflammation 


The biological role of PF-4 in the regulation of neutrophil 
function is different from that of IL-8 and other CKs. It 
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is limited to the selective mobilization of the secondary 
granule marker lactoferrin but not of the primary granule 
marker elastase from neutrophils treated with TNFa." The 
B-CK family contains members that stimulate basophils and 
eosinophils to secrete proinflammatory substances, such as 
histamine or eosinophil cationic protein. MCAF/MCP-1, 
MCP-2, MCP-3, RANTES, and MIP-lo all attract and stim- 
ulate basophils; MCP-1 and MCP-3 are the most potent. 
RANTES, MCP-3, and to a lesser degree MIP-10 are chemo- 
tactic factors and activators of eosinophils. These substances 
may have particular importance as mediators of allergic 
inflammation, particularly the late phase component of the 
allergic response.” It is surprising that RANTES, MCP-1, 
MCP-2, MCP-3, MIP-1a, and MIP-18 have no effect on 
mast cell activation, showing evidence for the differences 
between human mast cells and basophils regarding cytokine- 
dependent activation,” 

During organogenesis, immunosutveillance, and inflam- 
mation, CKs selectively recruit leukocytes by activating seven 
transmembrane-spanning receptors. It has been suggested 
that an important component of this process is the forma- 
tion of a haptotactic gradient by immobilization of CKs on 
cell surface glycosaminoglycans (GAGs), Each tissue pro- 
duces specific repertoires of GAGs, some of which are known 
to bind and regulate CK activity. Several lines of evidence 
point to the importance of one particular GAG, heparan 
sulfate (HS), in promoting CK activity. 


Lymphocyte Recruitment and Activation 

The B-CKs, MIP-1o, and MIP-1B; RANTES; and MCP-1 
have been found in vitro capable of directly co-stimulating 
purified human T-cell and human T-cell clone proliferation 
and IL-2 production in the presence of anti-CD3 but not 
phorbol esters. CK treatment of human T cells in vitro 
increases the level of cell surface CD25 and soluble CD25. In 
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Figure 22-33 Function of chemokines in leukocyte migration. 


Cy Leukocytes 


addition, these CKs enhance both antigen and alloantigen- 
specific T cells and T-cell clone proliferation. This activity 
was further augmented in the presence of the CD28 ligand, 
B7-1. Together, these results suggest that CKs not only play 
an important role in lymphocyte recruitment to inflamma- 
tory sites, but also participate in T-cell activation.” CD8 
T-lymphocyte accumulation is strongly enhanced by 
MIP-1a, and RANTES may have a physiological role in 
T-lymphocyte recirculation." RANTES is a CK whose gene 
is expressed immediately after stimulation of several types of 
cells but up regulated late (3 to 5 days) after activation in 
normal T lymphocytes. This is dependent on two cis-acting 
elements in the human RANTES promoter that act in 
T lymphocytes. One is activated within the first 24 hours 
after T-cell activation, and the second site is up regulated 
later, between days 3 and 5. These data provide an explana- 
tion for the immediate early expression of RANTES in some 
types of cells and identify apparently novel factors con- 
tributing to late RANTES transcription in T cells.” MIG 
is a CK of the CXC subfamily that is inducible in 
macrophages and in other cells in response to IFNy. Human 
MIG induces the transient elevation of [Ca”*] in TIL and 
human peripheral activated lymphocytes. No responses 
have been seen in human neutrophils, monocytes, or trans- 
formed lymphoblastoid cell lines. It was concluded that 
human MIG plays a role in T-cell trafficking and perhaps 
in other aspects of the physiology of activated T cells.” 
Evidence indicates that MCP-1, MCP-2, and MCP-3 are 
active on NK cells.” 

Lymphocyte trafficking through internal organs is 
thought to be controlled by rather general, tissue-nonspe- 
cific, “inflammatory” adhesion molecules and CK receptors, 
unlike lymphocyte homing to epithelial surfaces. The so- 
called homing subsets of effector and memory T cells with 
distinct tissue tropism have been identified: the integrin and 
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CK receptor CCR9 target T cells to the small intestinal 
mucosa. By contrast, skin-homing T cells display selectin 
ligands in combination with CCR4 and/or CCR10. It 
remains to be determined whether T cells expressing skin- 
homing markers are exclusively homing to skin or also to 
other tissue. Distinct homing subsets for other organs, such 
as the lung, liver, brain, or kidney, have not yet been 
reported.“ 


Platelet Activation 


Tethering of the monocytes by P-selection is required for 
their activation by RANTES. This suggests that activated 
platelets regulate CK secretion by monocytes in inflamma- 
tory lesions.” Platelets express mRNAs for the following 
CKs: CTAP-HI, ENA-78, RANTES, and MCP-3. Platelets 
also express mRNAs for IL-8RA and a novel CK receptor 
CCR4. These results suggest that CKs may not only play an 
important role in platelet activation, but also influence the 
nature of the leukocyte infiltrate to sites of inflammation and 
infection,” 


Immune Response 


Induction of oral tolerance was prevented by the adminis- 
tration of anti- MCP-1. These results indicate that CKs play 
an important role in the induction of oral tolerance.” There 
is evidence that both CXC and CC CKs are integral compo- 
nents of antibacterial host defense. Specifically, in vitro 
studies indicate that CXC CKs (IL-8 and MIP-2) and the CC 
CK MIP-1a augment the ability of PMNs and alveolar 
macrophages, respectively, to phagocytose and lull E. coli. 
In addition, the intratracheal instillation of Klebsiella pneu- 
moniae in mice results in time-dependent production of 
MiP-2 and MIP-1a. Inhibition of MIP-2 bioactivity in vivo 
results in decreases in lung PMN influx, impaired bacterial 
clearance, and early mortality.’ 

MIP-1a, MIP-1B, RANTES, and ATAC are not only 
chemoattractants but also co-activators of macrophages, so 
together with IFNy they constitute a group of cytokines that 
act together as a functional unit, which is used by NK cells 
in the innate phase and in the antigen-specific phase of the 
immune defense, thus bridging the two components of 
a Thi immune reaction.” T cells express a large variety 
of CK receptors and respond to an impressive number of 
CKs. In most cases, regulation of CK receptor expres- 
sion depends upon the phenotype and consequent func- 
tional properties of the T cells (namely Thl and Th2 
phenotypes),“#° 


Angiogenic Activity ` 

The CXC CK family displays disparate angiogenic activity, 
depending on the presence or absence of the ELR motif (a 
NH2-terminal motif previously found to be important in 
ligand/receptor interactions), CXC CKs containing the ELR 
motif, such as IL-8, are potent angiogenic factors, inducing 


both in vitro endothelial chemotaxis and in vivo corneal 
neovascularization. In contrast, CXC CKs lacking the ELR 
motif (PF-4, IP-10, and MIG) not only fail to induce signif- 
icant in vitro endothelial cell chemotaxis or in vivo corneal 
neovascularization, but are found to be potent angiostatic 
factors in the presence of CXC CKs containing the ELR 
motif. These findings support the idea that the net biologi- 
cal balance in the magnitude of expression of angiogenic and 
angiostatic CXC CKs at either the site of wound repair or 
during tumorigenesis may be important in the regulation of 
net angiogenesis, “#55 


Cell Adhesion 


The CKs RANTES, MCP-1, and to a lesser extent MIP-ia, 
MIP- 1B, and IL-8 are able to induce uropod formation and 
ICAM-3 redistribution in T lymphoblasts adhered to ICAM- 
1 or VCAM-I1. A similar CK-mediated effect has been 
observed during T cells binding to the binding sites for the 
integrins VLA-4 and VLA-5. The uropod structure concen- 
trates the ICAM-3 adhesion molecule (a ligand for LFA-1) 
and emerges to the outer milieu from the area of contact 
between lymphocyte and protein ligands. In addition, this 
study demonstrates that other adhesion molecules, such as 
ICAM-1, CD43, and CD44, also redistribute to the lympho- 
cyte uropod upon.RANTES stimulation, whereas a wide 
number of other cell-surface receptors do not redistribute. 
CKs display a selective effect among different T-cell subsets; 
MIP-18 had more potent action on CD8 T-cells and TIL, 
whereas RANTES. and MIP-la targeted selectively CD4 
T cells. These results demonstrate that uropod formation 
and adhesion receptor redistribution are novel functions 
mediated by CKs, This phenomenon may represent a mech- 
anism that significantly contributes to the recruitment of 
circulating leukocytes to inflammatory foci.” 

The molecular basis of cancer metastasis suggests that 
metastatic cancer cells simply use signals that normally 
control leukocyte transport focused on CKs and there is 
some eVidence to support that CXC CK receptor 4 (CXCR4) 
and its ligand CXC CK ligand 12 (CXCL12) together govern 
the pattern of breast cancer metastasis.” 


Clinical Relevance 


CKs have important roles in a large diversity of human 
pathological conditions, namely in HIV infection; transplant 
rejection; rheumatic, allergic, and autoimmune diseases; 
cancer; atherosclerosis; and general immunoinflammatory 
processes (systemic or related with central nervous system), 
and are expected:'as promising targets for new molecular 
therapies.* 


*References 54, 59, 69, 214, 222, 226, 265, 282, 327, 328, 376, 378, 
500, 506, 510, 554, 558. 
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AIDS/HIV Infection 


CKs are promising molecules for therapy in AIDS. This 
hypothesis is based on two observations: (1) increased levels 
of MIP-ic, MIP-18, and RANTES in long-term nonpro- 
gressors (individuals who do not show evidence of disease 
from HIV, even a long time after being infected) and (2) the 
observation that CCR5 plays a critical role in HIV capacity 
to infect CD4 cells. In addition, MIP-ia and MIP-1B are 
induced in human monocyte cultures following infection 
with the HIV-1. Induction depends on productive viral 
infection: Not only does the kinetics of MIP-1 peptide induc- 
tion closely follow that of viral replication, but monocyte 
cultures inoculated with heat-inactivated virus or infected in 
the presence of 3’-azido-3’-deoxythymidine (AZT) failed to 
produce these B-CK peptides.“ The RANTES is a T-cell- 
expressed, proinflammatory CK that has been implicated 
as a suppressive agent of HIV replication.” However, 
some investigators have argued against the CKs being clini- 
cally relevant for AIDS therapy. ”™ 16 

Several CK receptors have been implicated in HIV entry 
in various experimental systems, with CCR5 being the most 
important mediator of R5 HIV entry because of its role in 
transmission early in the disease. CCR5 is now a highly val- 
idated target for the treatment of HIV-1 infection. In vitro, 
cells cannot become infected with certain strains of HIV-1, 
designated R5-tropic, if they do not express CCR5 in con- 
junction with the primary receptor CD4. Natural and syn- 
thetic ligands for CCR5, such as RANTES, AOP-RANTES, 
MIP-la, MIP-1B, Met-RANTES, andLD78B (MIP-1a 
isoform), protect against R5 virus infection in vitro. This 
extends to in vivo where it has been observed that individu- 
als with high levels of MIP-1B have decreased risk of HIV 
progression." 


Transplant Rejection/Kidney Pathological Conditions 

CKs are thought to play a role in directing inflammatory cells 
to graft sites and initiate rejection.“ For example, in murine 
allogeneic skin grafts, two general patterns of CK gene 
expression have been observed. In the first, CK genes— 
including MIP-1a, MIP-18, JE, and KC—are observed at 
peak levels 3 days posttransplant. In the second pattern, CKs 
such as RANTES and IP-10 are expressed at high levels 3 to 
4 days before rejection of the allografts is complete. These 
two patterns of chemoattractant cytokine gene expression 
may be representative of the early inflammatory and the late 
T-cell-mediated phases of the allograft rejection process, 
respectively.” CKs are also involved in mediating renal 
pathological conditions and proteinuria. IL-8, RANTES, and 
MCP have been extensively studied in the kidney.” 


Allergic Diseases 

Both CXC and CC CKs have been found to be expressed in 
pulmonary-derived mast cells, suggesting an important con- 
tribution to leukocyte responses in the allergic airway.” "” 


This CK expression contrasts with the previously mentioned 
observation that RANTES, MCP-1, MCP-2, MCP-3, MIP- 
1a, and MIP-1B have no action on mast cell activation.” 

Studies in both animals and humans have demonstrated 
a positive correlation between the inflammatory state of the 
airways and the severity of airway hyperreactivity. However, 
because the type and etiology of this inflammation and 
the extent and consequences of the inflammatory process 
vary between different diseases exhibiting airway hyper- 
reactivity, the direct contribution of individual types of 
cells or CKs to airway hyperreactivity requires further 
investigation.” 


Autoimmune Diseases 


Production in the central nervous system of MIP-1a plays 
an important role in directing the chemoattraction of 
mononuclear inflammatory cells in the T-cell-mediated 
experimental autoimmune encephalomyelitis.”” 

Persons with type 1 diabetes have increased peripheral 
blood mononuclear cell expression of CK receptors CKCR4 
(naive T cells), CCR5 and CXCR3 (Thi-associated}, CCR3 
and CCR4 (Th2-associated) and serum CK levels of 
MCP-1, MIP-10, MIP-1B, and RANTES. A reduced expres- 
sion of the Thl-associated CK receptors CCR5 and CXCR3 
in type 1 diabetes patients and a genetic association in- 
volving a single-base polymorphism in CCR2 has been 
suggested.” 


Rheumatic Diseases 


MIP-16 has been identified as a unique CK that is increased 
in the synovial fluid from osteoarthritic patients but not in 
the synovial fluid of RA patients. This observation indicates 
that MIP-1f may play a role in the ingress of monocytes into 
the osteoarthritic joint.” 

In addition, several studies have emphasized the role and 
therapeutic approaches of CKs and CK receptors in RA and 
inflamed synovia, 512508517 


Hemolytic Diseases/Transfusion 

PF-4, B-thromboglobulin, and RANTES are released from 
platelets during storage and accumulated over time in the 
platelet concentrates. These CKs might play a causative role 
in nonhemolytic transfusion reactions because of their 
inflammatory potential, but the clinical effects of the trans- 
fusion of platelet concentrates with high CK contents are still 
being investigated.” 


Inflammatory Processes™ 


MCP-1 and RANTES are thought to contribute to the 
recruitment and activation of leukocytes in mucosa from 
patients with inflammatory bowel disease, suggesting that 
these CKs play a role in the pathogenesis of mucosal inflam- 
mation. Furthermore, the expression of the MCP-1 gene in 
vessel-associated cells may indicate its involvement in mech- 
anisms regulating the adhesion of blood monocytes to 
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endothelial cells.” Eotaxin and CCR-3 may be host factors 
highly specialized for eosinophil recruitment in inflamma- 
tion and may be good targets for the development of selec- 
tive drugs for inflammatory diseases in which eosinophils 
contribute to pathogenesis, such as asthma.”** 


Chemokine Receptors (CKRs) 


Several kinds of structures able to receive functional signals 
of CK are known. The most important ones can be formed 
into the following categories: (1) specific receptors, (2) 
shared receptors, (3) promiscuous receptors, (4) virally 
encoded receptors, and (5) orphan receptors.“ 

The attempt to define CK receptors has been based pri- 
marily on four different methods: direct binding, signal 
transduction, molecular cloning, and structure function. All 
of these have advantages and handicaps related to the 
intrinsic methodology, but the complexity of receptor char- 
acterization derives also from the biological model, includ- 
ing the number of CKs simultaneously used (for example, 
CC, CKR-1 binds MIP-1¢œ, RANTES, MIP-1B, and MCP-1 
and has been reported as an MIP-10/RANTES receptor).°° 
Among the CKRs, the IL-8 receptors were the first to be 
studied at the molecular level. Now, several CK receptors 
have been cloned and characterized and all found to be 
members of the G-protein coupled receptor superfamily 
(GPCR). Rhodopsin is the typical GPCR, although other 
molecules exist, namely calcitonin-like, metabotropic, 
pheromone-like, and cAMP-like. Using gene mapping 
studies, receptors with the highest sequence similarity have 
been found to be closely linked on human chromosomes. 
This close genetic association suggests a functional relation- 
ship as well.** These receptors are integral membrane gly- 
coproteins with a structure composed of seven helices 
snaking through the cell membrane with the N-terminus on 
the extracellular face. CKRs are coupled to regulatory GTP- 
binding proteins, leading to signal transduction.™° 


Specific Receptors 

Specific receptors bind only one CK. In practice, it is 
difficult to define the specificity of a receptor for CKs.’ 
However, some of them, such as the IL-8 receptor A (IL- 
8RA) and the MCP-1 receptor (MCP-1R), have been found 
to be specific. 


Shared Receptors 


Shared receptors are defined as able to bind more than one 
CK; this concept is only valid inside each CK family. For 
example CCL20, alternatively named liver and activation- 
regulated CK (LARC), macrophage inflammatory protein- 
30 (MIP-3@) or Exodus-1, is the only CK known to interact 
with CC CK receptor 6 (CCR6), a property shared with the 
antimicrobial B-defensins. The ligand-receptor pair CCL20- 
CCR6 is responsible for the chemoattraction of immature 
dendritic cells, effector/memory T cells, and B cells and plays 
a role at skin and mucosal surfaces under homeostatic and 


inflammatory conditions and in pathological conditions, 
including cancer and RA.“ 

CXC Chemokine Receptors (CXC CKRs or CXCRs). 
The CXC CKs have been found to have six human recep- 
tors: CXCRI, CXCR2, CXCR3, CXCR4, CXCR5, and 
CXCR6.* 

CC Chemokine Receptors (CC CKRs, or CCRs). The 
CC CKs have at least 10 receptors: CCR1, CCR2, CCR3, 
CCR4, CCR5, CCR6, CCR7, CCR8, CCR9, and CCR10.t CC 
CKs do not bind to the CXC receptors because the three- 
dimensional structure of the ligand differs in a region 
between the two families and by a modification of the amino 
terminus. This suggests a two-site model for receptor acti- 
vation and for selectivity between CC and CXC CKs, with an 
initial receptor contact provided by the main body of the CK 
and activation provided by the amino terminal region.” The 
different cellular expression of CC CKRs enables selective 
biological actions (e.g., monocyte responses to MCP-3 that 
could be mediated by both CCR2 and CCRI1), whereas 
eosinophil responses to MCP-3 could be mediated by 
CCR1.” 


Promiscuous Receptors 


By definition, promiscuous receptors bind several CKs 
outside their family (CXC or CC). The most important is the 
Duffy antigen receptor complex (DARC), or Duffy antigen 
receptor for CKs, that is present on several cellular types, 
especially on erythrocytes (thus it also has been called ery- 
throcyte CK receptor). In a 1995 study, Szabo and co- 
workers” suggest that the promiscuous nature of DARC is 
limited because C and non—ELR-CXC CKs do not bind to it. 
This also occurs inside the CC family with MIP-10 and MIP- 
1B, contrasting with RANTES and MCP-1, that bind to the 
Duffy antigen.*’” This demonstrates that the ELR motif is 
not crucial for CK binding to DARC. The presence of this 
receptor must be seen mostly as a regulatory mechanism of 
the CK’s biological function with a clear “sink” role and a 
“drain” capacity clearing excess CK from the circulation? and 
maintaining the sensitivity of blood leukocytes to CK gradi- 
ent generated by local inflammatory foci but also allowing 
the action of CK on cells without other more specific recep- 
tors (such as IL-8RA and IL-8RB). It is curious, for instance, 
that lymphocytes appear to vary the level of DARC expres- 
sion according to their state of activation and differentia- 
tion.””“*' DARC is also a receptor for the malaria parasite 
Plasmodium vivax but the parasite ligand has no similarity 
to the CKs.’**' However, the lack of DARC expression 


*References 3, 223, 229, 376, 338, 401, 476, 545, 558, 570. 
"References 95, 141, 220, 296, 338, 369, 376, 401, 402, 422, 430, 
456, 545, 558. 

‘Although the normal circulating levels of IL-8 are in the 
picomole range, they can be as high as 8nmol/L in sera of 
patients with sepsis or acute respiratory distress syndrome, 
implying the “drain” of surplus IL-8 molecules. 
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(Duffy-negative phenotype) has not yet been correlated with 
any kind of disease susceptibility, but only with the advan- 
tage to individuals exposed to P. vivax. 

DARC is mapped in human chromosome 1q21-25 and is 
expressed in human erythrocytes and on endothelial cells 
lining postcapillary venules, brain, kidney, spleen, lungs, and 
thymus. The expression of DARC by subsets of endothelial 
cells and neurons in discrete anatomical sites in the brain 
suggests that this enigmatic receptor may have multiple roles 
in normal and pathological physiology. Conservation of this 
promiscuous CK-binding activity is evident from the simi- 
larity in nucleotide sequence of DARC homologues from 
multiple species and the high-affinity binding of human CKs 
to murine and avian erythrocytes. The hierarchical expres- 
sion of DARC in neurons in the cerebellum suggests that 
CKs may play an important role in the modulation of neu- 
ronal activity by glial cells,” 

The platelet activating factor receptor as a GPCR 
(rhodopsin family) is possibly also a promiscuous receptor 
for CKs. The same can be considered for the chemoattrac- 
tant receptors, complement 5 anaphylatoxin receptor, and 
FPR/FMLPR (N-formyl peptide receptor). 


Virally Encoded Receptors 


Virally encoded receptors (homologues of the native CK 
receptors) represent the possible subversion of these recep- 
tors by viruses and the two known to date are of shared type. 
The first is the human cytomegalovirus open reading frame 
US28; it is a CC-shared receptor (it binds MIP-1a, MIP-1B, 
MCP-1, and RANTES). The second is the Herpesvirus 
saimiri (HVS) ECRF3; it is a CXC-shared receptor (it is 
activated by the same CKs that bind to IL-8 RB but with 
different capacity; for IL-8 RB, the hierarchy is IL-8 greater 
than GRO = NAP-2, and for ECRF3 is GROG greater than 
NAP-2 greater than IL-8). The biological significance of 
these receptors is not well understood and is the subject of 
intensive research. It is already clear that a few microor- 


Figure 22-34 Signal transduction of 
chemokines. 
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ganisms use the plasticity of genomes to immunomodulate 
the host defense. ECRF3 is functionally active (in contrast 
with US28, which lacks a known signaling activity), and it 
may sensitize HVS-infected T lymphocytes (without IL-8 
RB) to CXC CKs as a way to establish cytosolic ideal condi- 
tions for replication.’ This may be very important in clinical 
practice, mainly for immunocompromised hosts.” 


Orphan Receptors 


Several DNAs have been cloned that have homology to 
the already known members of the CK-receptor family, 
although they have not yet shown functional significance. 
The principal orphan receptors are CMK-BRL-1 (CK 
B-receptor-like-1), BLR-I/MDR-15 (Burkitt’s lymphoma 
receptor-1/monocyte-derived receptor-15), V28, and EBI1.” 


Functional Signaling 
The biological effects of CKs are mediated by complex com- 
ponents requiring seven transmembrane, G-protein-linked 
receptors on the surface of target cells. The complexities of 
interactions between CKs and cytoplasmic components of 
target cells are summarized in Figure 22-34." 
Experimental research regarding the types of G proteins 
coupled to CC CKRs suggests that MCP-1 and RANTES 
receptors are promiscuously coupled to multiple G proteins 
in IL-2-activated NK-cell membranes and that this coup- 
ling is different from MIP-lo receptors, which seem to be 
coupled to G(s), G(o), and G(z) but not to G(i)” The 
CCR1 and CCR2 can reconstitute ligand-induced accumu- 
lation of inositol phosphates with PLC B2 in a pertussis 
toxin-sensitive manner, presumably through GBy released 


_from the G(i) proteins. However, these receptors demon- 


strate different specificity in coupling to the œ subunits of 
the G(q) class. The results suggest that some of the CC CK 
receptors, unlike the CXC CK receptors, discriminate against 
Gal6, a hematopoietic-specific Go subunit. The intriguing 
specificity in coupling of the G(q) class of G proteins implies 
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that the CKs may be involved in some distinct functions in 
‘ 290 
vivo. 


Regulation of Chemokine Activity 


The control of CK activity probably depends on several 
mechanisms, such as the presence of a clearance receptor in 
red blood cells, such as DARC, and anti-CK antibodies in the 
circulation. Also the genetic expression of some CKs (such 
as IL-8) seems to be tightly regulated, leading to a short 
half-life of mRNA expression.” Oxidized low-density 
lipoprotein (LDL) has been found to greatly potentiate the 
expression of the KC (murine equivalent to GROG) CK gene 
in LPS-stimulated macrophages, whereas levels of IP-10 
mRNA are altered in the opposite fashion. These effects on 
KC gene transcription are in marked contrast to previous 
reports demonstrating inhibitory effects of oxidized LDL on 
LPS-induced M CK expression. Thus extensively oxidized 
LDL acts on the transcriptional control process in macro- 
phages in both a positive and negative fashion on separate 
members of the same gene family. These experimental 
data indicate a large diversity of influences controlling 
CK production and interaction with receptors. Moreover, 
because CKs are important mediators of immunoin- 
flammatory reactions and they belong to a complex 
cascade of events in part dependent on inflammatory 
cytokines. 


MEASUREMENTS OF CYTOKINES 


The basic goal for the clinical determination of cyto- 
kines is the measurement of their physiological and 


physiopathological concentrations. Thus the definition of, 


physiological concentration is very important in defining the 
actual biological functions of cytokines. Again, cytokines are 
different from hormones, which normally act in a distant 
anatomical region from the site where they are produced (of 
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course, systemic levels will represent a good approach for the 
physiological concentration of hormones). Cytokines fre- 
quently act on the same cell that produced them {autocrine 
action) or in neighboring cells (paracrine action), leaving the 
systemic concentration (endocrine action) as a very distant 
reflection of biological action. Considering present knowl- 
edge, only the on-site determination (at the cell membrane 
or in the intracellular compartment) will be physiologically 
relevant? except in the case of cytokines, such as IL-1 
and IL-6, that have endocrine functions.* However, circulat- 
ing cytokine concentrations may still act as simple disease 
markers in conditions such as cancer and inflammation. In 
practice, even in the systemic compartment, it is necessary 
to study several cytokines (IL-2, IFNy, IL-4, IL-10, and IL- 
13) using not only enzyme-linked immunosorbent assay 
(ELISA) but also PCR techniques.” 


REQUIREMENTS 


To study local concentrations of cytokines, it is necessary to 
define the (1) secreted concentration of the cytokine per cell 
per time unit, (2) number of secretory vesicles fusing with 
the plasma membrane per time unit, (3) distribution of 
fusing vesicles on cell surface (normally not evenly spaced), 
(4) size of secretory vesicles, (5) concentration of cytokines 
in secretory vesicles, (6) liberation of vesicle contents 
(normal versus propulsion), and (7) superficial diffusion 
(over cell membranes) coefficient and time.” 

In addition, many physiological factors affect the circu- 
lating levels of cytokines and their measurement (Figure 
22-35). For example, cytokines usually act in a paracrine and 
autocrine mode by binding to their receptors; only a few 
cytokines have endocrine actions. In addition, although the 
circulating levels of cytokines can be high (e.g., IL-6 can 
reach blood concentrations up to 20,000pg/mL in severe 
bacterial infections), their normal circulating levels are typ- 
ically very low (e.g., a few pg/mL). Thus methods used to 
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Figure 22-35 Factors influencing the 
measurement of cytokines. 
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measure them must have a wide dynamic range and a low 
limit of detection. The molecular forms of cytokines are very 
diverse (monomers and polymers), and some are synthe- 
sized as precursors (e.g., the 31-kDa precursor of IL-1œ is 
converted by proteolysis to the mature 17-kDa form of IL- 
1a). Cytokines can also be degraded by proteases, which are 
produced during the inflammatory process. 

Many cytokine inhibitors have been described. Among 
them, soluble receptors or autoantibodies (with affinity con- 
stant sometimes being as high as 10™ mol/L) can influence 
cytokine assays. Nonspecific inhibitors are represented by 
plasma proteins, which bind cytokines (e.g., @,-macroglobu- 
lin and IL-6). The presence of such inhibitors can contribute 
to inaccurate results, The half-lifes of cytokines are also very 
short (generally a few minutes), which explains the very 
rapid plasma peaks of these molecules. Furthermore, in 
some instances, a circadian rhythm has been reported 
(IL-6 and RA) and intraindividual variation is very high 
(Figure 22-36). 


SAMPLE COLLECTION AND STORAGE 


In the measurement of cytokines in body fluids, samples 
must be collected and stored in the proper manner. The 
main problems encountered in the collection process 
include: (1) cytokines can continue to be produced after 
sample collection by the various cells present in the biolog- 
ical fluid; (2) collection tubes can become contaminated by 
microorganisms, which are a potent stimulus of cytokine 
production; (3) cytokines can be degraded in the collection 
container; and (4) cytokines can bind to cell receptors during 
storage. 

For bioassays, serum collected in pyrogen-free tubes is 
required. After rapid centrifugation, freezing of the plasma 
(or serum) at ~80 °C is recommended for storage. Freezing- 
thawing cycles must be prevented. 

For immunoassays in biological fluids, ethylenedi- 
aminetetraacetic acid (EDTA) plasma is the most suitable 


Figure 22-36 Intraindividual variation of 
IL-6, &;-antitrypsin (AAT), and C-reactive 
protein. Data obtained from the analysis of 
peripheral blood samples obtained from 
three healthy volunteers. Sample | was 
obtained from each volunteer with sample 2 
obtained 2 weeks later. 


sample, because tubes containing heparin are often contam- 
inated by endotoxin, and cytokine release may occur during 
coagulation. Some investigators recommend the addition of 
protease inhibitors (Trasylol). 

For intracellular cytokine detection by flow cytometry, 
PBMCs are often used, but to have a more specific analysis, 
it may be necessary to use cells from other biological fluids 
(e.g., synovial fluid, cerebrospinal fluid, and bronchoalveo- 
lar lavage fluid) or to separate cells according to functional 
characteristics or expression of membrane antigens (e.g., 
CD3, CD4, CD8, and CD56). 

In practice, all analyses for cytokines must be performed. 
within a narrow interval of time (not more than 5 hours) 
after sample collection to prevent cellular interactions and 
possible cytokine release. Blood samples must be collected 
with endotoxin-free heparin. The same is true for 
immunoassays dealing with cytokine production by blood 
cells. 


PRINCIPLES OF CYTOKINE ASSAYS 


Bioassay and immunoassay are the analytical techniques of 
choice to measure cytokines. *® However, newer instrumen- 
tal techniques are also beginning to be used to measure 
cytokines and CKs. These techniques are used to quantify 
their (1) concentration and activity in biological fluids, (2) 
production by whole blood cells,” (3) concentration of 
receptors, and (4) intracellular levels. 


Bioassays 

Historically the functions of cytokines have been elucidated 
first with bioassays preceding immunoassays for cytokine 
quantification. The bioassay of a given cytokine is based on 
its bioactivity in a defined biological model, normally based 
on a certain cell line. Various approaches have been reported: 
(1) proliferation tests—induction of cell growth (e.g., B9 cell 
line for IL-6); (2) tests for cytotoxicity TNFa on WEHI 164 
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Figure 22-37 Flow cytometric analysis of IL-4 
and IFNy. 


lymphocytes 
+ 
b 
oO 
b 
FL2 FL3 
% % 
^ 
[rp] 
Nie ô? 
im 47 
Q) 
x o 0 & 
2% > 
10° 
IFNy FITC -> 


cell line, and (3) tests for chemotactic activity——migration of 
cells in a Boyden chamber or in agarose (e.g., IL-8). 

The major drawback of these techniques is their lack of 
specificity, poor precision (CV = 15% to 100%), and long 
analysis time (1 to 4 days). Their main advantages are that 
they measure biologically active molecules and detect as little 
as 0.1 pg/mL. 

A standard method for the quantitation of cytokines is to 
perform a bioassay in which aliquots of samples are com- 
pared with known concentrations of a cytokine in support- 
ing the proliferation of a cytokine-dependent cell line. In 
most instances, however, these cell lines are dependent on 
the cytokine not only for proliferation, but also for survival.” 


Immunoassays 
Currently, immunoassay is the practical method of choice 
for measuring cytokines and their receptors. As cytokines are 
proteins, specific antibodies can be raised against recom- 
binant cytokines and have also been measured as an in- 
dicator of cytokine presence.” The general characteristics of 
cytokine immunoassays are comparable with the classical 
immunoassays, with monoclonal, oligoclonal, or polyclonal 
antibodies all being used (see Chapter 9). The most popular 
formats are immunoradiometric assay (IRMA) and ELISA, 
which use a first monoclonal antibody for the capture and a 
second antibody labeled with a radioisotope or an enzyme, 
Typically, ELISA assays only measure one cytokine at a 
time. Depending on the application, this may be a disadvan- 
tage, because it may be desirable to measure more than one 
cytokine. This disadvantage has been overcome with the 
development and appearance of the “multiplexed” analytical 
systems that are capable of measuring several cytokines at 
once.” An example of such a system is the Luminex 
100/xMAP analytical system (Luminex Corp., Austin, Texas); 
http://www.luminexcorp.com), which is capable of measur- 
ing more than 70 cytokines simultaneously. With this system, 
molecular reactions take place on the surface microspheres, 
For each reaction in an xMAP profile, thousands of 


molecules are attached to the surface of internally color- 
coded microspheres. The assigned color code identifies the 
reaction throughout the test. Instrumentally the analyzer 
integrates laser optics, fluidics, a controller, advanced digital 
signal processing, and a bar code reader into a single compact 
unit. Other systems incorporate microchip, immunoassay, 
and flow cytometry to measure cytokines, 59509359567 
cytokine antibodies,'**°* or cytokine genes. 1”! 

The main disadvantage of immunoassays is that they 
measure total cytokine, which contains both functional and 
nonfunctional levels.*” Cross-reactivity with the precursors 
or degradation products of the cytokine is frequently 
observed. The detection limit (about 1 to 10pg/mL) of 
immunoassays is higher than bioassays. A 1995 study 
reported a lack of comparability between the different kits 
for IL-2, IL-6, IL-8, and TNFa.” The major advantages of 
immunoassays are their excellent analytical performance 
and their ability to be automated. 

The comparative characteristics of bioassays and immuno- 
assays when applied to cytokine measurements in biological 
fluids are listed in Table 22-9,” 


Instrumental Techniques 

Instrumental techniques such as capillary electrophoresis, 
high-performance liquid chromatography,” flow cytome- 
try, and multiplexing techniques have been used to measure 
cytokines or their receptors, antibodies, or genes. For 
example, flow cytometry has been found useful in measur- 
ing intracellular cytokines in less than 2 hours. This gives 
very useful information about the frequency and cell-surface 
phenotype of individual cytokine-producing cells. Flow 
cytometry allows the rapid analysis of sufficiently large 
numbers of cells previously treated with fixative and perme- 
abilizing agents. Three- to four-color analysis (FL1, FL2, FL3, 
and FLA) is advised to undertake concomitant cellular iden- 
tification using antigenic markers (e.g., FL1-IFNy, FL2-CD3, 
and FL3-CD4 gives the identification of CD4 T lymphocytes 
with intracellular IFNy) as shown in Figure 22-37. 
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TABLE. 22-9. Comparative ‘Characteristics of Bioassays 
and -Immunoassays* 


Bioassays 


ae <l pg/ml 


Tow 
GV = 15%-100% 
Narrow _ 
lAdays 
Difficult 
-Biological 


*Cytokine measurements in biological fluids. 
{New high-sensitivity kits allow detection of 0.1 to 1 pg/mL. 


In practice,** the main problems experienced by flow 


cytometric assays are (1) the necessity for a negative control 
to define the cutoff level (normally the upper limit of the 
negative control) between positive and negative fluorescent 
cells; (2) the background induced by autofluorescence (fre- 
quently important in bronchoalveolar lavage cells); (3) the 
nonsuitability of automatic gating of cells; and (4) the com- 
plexity of quantifying the number of cytokine molecules 
inside each cell. 
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by the host in response to a tumor that is used to 

differentiate a tumor from normal tissue or to deter- 
mine the presence of a tumor based on measurements in the 
blood or secretions. Such substances are found in cells, 
tissue, or body fluids and are measured qualitatively or quan- 
titatively by chemical, immunological, or molecular biolog- 
ical methods.'” 

Morphologically, cancer tissue has been recognized by 
pathologists as resembling fetal tissue more than normal 
adult differentiated tissue. Tumors are graded according to 
their degree of differentiation as being (1) well differenti- 
ated, (2) poorly differentiated, or (3) anaplastic (without 
form). Tumor markers are the biochemical or immunologi- 
cal counterparts of the differentiation state of the tumor. 
In general, some tumor markers represent reexpression of 
substances produced normally by embryogenically closely 
related tissue (Table 23-1). 

Some tumor markers are specific for one type of cancer, 
and others are seen in several cancer types. Many of the well- 
known markers are seen in noncancerous conditions and 
cancer. Consequently, these tumor markers are not diagnos- 
tic for cancer. However, it is thought that the blood levels of 
tumor markers reflect tumor activity and volume. 

Clinically an ideal tumor marker should be both specific 
for a given type of cancer and sensitive enough to detect 
small tumors for early diagnosis or during screening. Unfor- 
tunately, few markers are specific for a single individual 
tumor (tumor-specific markers); most are found with dif- 
ferent tumors of the same tissue type (tumor-associated 
markers). They are present in higher quantities in cancer 
tissue or in blood from cancer patients than in benign 
tumors or in the blood of normal subjects. In practice, tumor 
markers are most useful in evaluating the progression of 
disease status after the initial therapy and monitoring sub- 
sequent treatment modalities.» 


A tumor marker is a substance produced by a tumor or 


745 


CHAPTER 23 


Tumor Markers 


This chapter begins with general discussions on (1) 
cancer, (2) the historical background of tumor markers, (3) 
their clinical applications, (4) how their utility is evaluated, 
(5) clinical guidelines for their use, and (6) how they are 
measured. Several clinically relevant tumor markers from 
each of these categories are then discussed in detail. These 
are grouped under the general categories of enzymes, hor- 
mones, oncofetal antigens, carbohydrate markers, blood 
group antigens, proteins, receptors, or genes. More detailed 
information on tumor markers is found in a 2002 textbook 
on the subject.” 


In 2004 the estimated number of new cancer cases excluding 
skin cancer was 1,37 million. Prostate cancer was the leader, 
followed by cancer of the breast, lung, colon-rectum, and 
bladder.” Together, diseases of the heart and malignant 
neoplasms account for 52% of all deaths in the United States. 
Despite heart disease still being the leading cause (699,697 
deaths in 2001), malignant neoplasms are a close second 
(553,251 deaths) and they are projected to surpass heart 
disease in approximately 10 years. Even in the face of an 
enormous reseatch effort, the overall mortality rate of 
cancer has not changed significantly over the past 40 years. 
However, the trend of cancer mortality varies with individual 
types of cancer. Significant decreases (greater than 15%) in 
mortality have been observed in Hodgkin’s disease and 
cancer of the cervix, stomach, and uterus. Alternately, sig- 
nificant increases in mortality (greater than 15%) have 
occurred in lung cancer, melanoma, multiple myeloma, 
and non-Hodgkin’s lymphoma.” These trends support the 
conclusion that early detection and more effective treatment 
combined. with prevention (e.g, decreasing smoking and 
improving diet) could greatly reduce the mortality rate of 
cancer in the future. 
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TABLE 23-1 “Levels” of: Expression of Oncodevelopmental Markers 


PRODUCTION OF TUMOR MARKERS BY. VARIOUS TISSUES 


‘Normal Producing 


Marker 


CEA Colon: = 

AFP Liver, yolk sac 

hCG Placenta 

Serotonin Enteroendocrine carcinoid 


: : Adrenal 


_ Stomach, liver, pancreas 
- Colon, stomach, pancreas Lung 
Germinal tumors <- Liver 


Embryogenically 
Closely Related 


Distantly: Related Unrelated 


Lung, breast Lymphoma 
Epidermal lung. 


Oat cell, lung Epidermal lung. 


Modified from Sell §. Cancer markers, In: Moossa AR Schempff SC, Robson MC, eds. Comprehensive textbook of oncology, 2nd ed, Vol. 1. Baltimore: 


Williams & Wilkins, 1991: 225-38, 


CEA, Carcinoembryonic antigen; AFP, alpha fetoprotein; ACG, human chorionic gonadotropin. 


A simple definition of cancer is “a relatively autonomous 
growth of tissue” Understanding the cause of auton- 
omous growth would clearly facilitate the search for a cure. 
A carcinogen is an agent that causes cancer. A carcinogen may 
be physical (e.g., radiation), chemical (e.g., a polycyclic 
hydrocarbon), or biological (e.g., a virus). Exposure to 
such an agent may cause cancer either by producing direct 
genotoxic effects on deoxyribonucleic acid (DNA) (e.g., as 
with radiation) or by increasing cell proliferation (e.g., by a 
hormone), or both (e.g., through the use of tobacco). 

Advances in molecular genetics have provided a better 
understanding of the genesis of human cancer. The 
proliferation of normal cells is thought to be regulated 
by growth-promoting oncogenes and. counterbalanced by 
growth-constraining tumor suppressor genes. The develop- 
ment of cancer appears to involve the activation or the 
altered expression of oncogenes’ or the loss or inactivation 
of a tumor suppressor gene.” A pathway to cancer devel- 
opment has been published.” 

Early detection of cancer offers the best chance for cure. 
The goal is to diagnose cancer when a tumor is still small 
enough to be completely removed surgically. Unfortunately, 
most cancers do not produce symptoms until the tumors are 
either too large to be removed surgicaliy or until cancerous 
cells have already spread to other tissue (metastasized). 

Although other modes of therapy, such as administration 
of chemical toxins or irradiation, are often effective in 
destroying most tumor cells, they are usually not curative. 
The few residual viable tumor cells are able to proliferate, 
develop resistance to further therapy, and eventually kill the 
patient. 


HISTORICAL BACKGROUND 


The first tumor marker reported was the Bence Jones 
protein. Since its discovery in 1847 by precipitation of a 
protein in acidified boiled urine,” the measurement of 
Bence Jones protein has been a diagnostic test for multiple 
myeloma (a tumor of plasma cells). More than 100 years 
after its discovery, the Nobel Prize-winning studies of Porter 


and of Edelman and Poulik identified the Bence Jones 
protein as the monoclonal light chain of immunoglobulin 
secreted by tumor plasma cells. Monoclonal paraproteins 
appear as sharp bands in the globulin area in electrophoretic 
patterns of serum. Diagnosis of multiple myeloma is often 
made based on this finding or on the presence of an elevated 
level of “monoclonal” immunoglobulin in the serum?” 

A brief history of tumor markers is shown in Table 
23-2.'” The first period of tumor marker history was the era 
of the Bence Jones protein. The second era, from 1928 to 
1963, included the discovery of hormones, enzymes, isoen- 
zymes, and proteins and their application to the diagnosis of 
cancer and the beginnings of the chromosomal analysis of 
tumors. Occasionally, such markers were useful in the diag- 
nosis of individual tumors, but the general application of 
tumor markers for monitoring cancer patients did not start 
until the third era with the discovery of alpha fetoprotein 
(AFP) in 1963” and carcinoembryonic antigen (CEA) in 
1965. The production of such markers during fetal devel- 
opment and in tumors led to the use of the term oncodevel- 
opmental markers,”! 

The fourth era started in 1975 with the development of 
monoclonal antibodies and their subsequent use to detect 
oncofetal antigens and antigens derived from tumor cell 
lines. Examples are carbohydrate antigens such as CA 125, 
CA 15-3, and CA 27.29. Advances in molecular genetics 
using molecular probes and monoclonal antibodies to detect 
chromosome or protein alterations, including the study of 
oncogenes, suppressor genes, and genes involved in DNA 
repair,’ have led to the rapid understanding and use of 
tumor markers at the molecular level. These markers are 
becoming increasingly useful at the cellular level. For 
example, mutated ras oncogene can be detected in sloughed 
cellular DNA in fecal material and thus can be used to diag- 
nose colon cancer.’ Discovery of the breast cancer sus- 
ceptibility genes, BRCA 1 and BRCA 2,'*”°! has led to the 
possibility of screening for familial breast cancer in high-risk 
individuals.” 

As we begin the twenty-first century, new technologies are 
being applied to the discovery of tumor markers and their 
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TABLE 23-2 A Brief History of Tumor Markers 


Marki 


‘Bence Jones protein 
<n Ectopic hormone =: 


‘De etions of blood group 


arris, R. Sager, 
nd: A: Knudson 
Multiple — 
_ investigations 


mass spectromet 
neural networks, 
multiparametric 
analysis 


Modified from Sell $. Cancer markers. In: Moossa AR, Schempff SC, 
Robson MC, eds. Comprehensive textbook of oncology, 2nd ed, Vol. 1. 
Baltimore: Williams & Wilkins, 1991: 225-38. 

hCG, Human chorionic gonadotropin; ACTH, adrenocorticotropic 
hormone; AFP, alpha fetoprotein; CEA, carcinoembryonic antigen. 


clinical applications. Notable among these discoveries are the 
introduction of genomics and proteomics technologies!” 
such as the measurement of complementary DNA (cDNA) 
protein and the tissue microarrays and the use of mass spec- 
trometry as a diagnostic and discovery tool. Furthermore, 
the advent of bioinformatic techniques, including neural 
networks, logistic regression, and other algorithms, is facili- 
tating the use of multiparametric analysis for cancer diag- 
nosis, prognosis, and prediction of therapy.” ” 


CLINICAL APPLICATIONS 


The potential uses of tumor markers are summarized in 
Table 23-3. In general, tumor markers may be used for diag- 
nosis, prognosis, and monitoring the effects of therapy and 
as targets for localization and therapy.” Ideally a tumor 
marker should be produced by the tumor cells and be 


detectable in body fluids. It should not be present in healthy 
people or in benign conditions. Therefore it could be used 
for screening for the presence of cancer in asymptomatic 
individuals in a general population. Most tumor markers are 
present in normal, benign, and cancer tissues and are not 
specific enough to be used for screening cancer. However, if 
the incidence of cancer is high among certain populations, 
screening could be feasible. An example is the use of AFP in 
the screening of hepatocellular carcinoma in China and 
Alaska." Prostate-specific antigen (PSA) has been used in 
conjunction with digital rectal examination for early detec- 
tion of prostate cancer. Because of the elevation of serum 
PSA in benign prostatic hyperplasia (BPH), PSA velocity and 
free PSA have been used to improve the detection of prostate 
cancer." 

The clinical staging of cancer is aided by quantitation of 
the marker (i.e., the serum level of the marker reflects tumor 
burden). The marker value at the time of diagnosis may be 
used as a prognostic indicator for disease progression and 
patient survival. This is possible for an individual patient, 
but different levels of markers produced by different tumors 
do not usually allow one to determine the prognosis of a 
tumor from the initial level. However, after successful initial 
treatment, such as surgery, the marker value should decrease. 
The rate of the decrease can be predicted by using the half- 
life of the marker. For example, the half-life of PSA is 2 to 
3 days, that of human chorionic gonadotropin (hCG) is 12 
to 20 hours, and that of AFP is 5 days. If the half-life after 
treatment is longer than the expected half-life, then the treat- 
ment has not been successful in removing the tumor, The 
magnitude of marker reduction may, however, reflect the 
degree of success of the treatment or the extent of disease 
involvement. 

Detecting cancer recurrence may be helpful to initiate 
early treatment or change therapy. Ultrasensitive PSA assays 
allow earlier detection of prostate cancer after radical prosta- 
tectomy. The breast cancer marker CA 27.29 has been shown 
to detect recurrent disease before any clinical evidence in 
breast cancer patients receiving adjuvant chemotherapy.” 

Most tumor marker values correlate with the effectiveness 
of treatment and responses to therapy. In breast cancer, the 
concentration of markers, such as CA 15-3 or CA 27.29, 
changes with the treatment and the clinical outcome of the 
patient. Marker values usually increase with progressive 
disease, decrease with remission, and do not change sig- 
nificantly with stable disease. The tumor marker kinetics in 
the monitoring of cancer may be more complicated. The 
marker values in response to treatment may show an initial 
delay before demonstrating the expected pattern of change." 

In addition, antibodies to tumor markers labeled with a 
radioactive tag are used to localize the tumor masses 
(radioimmunoscintigraphy)” or to provide direction for 
labeled antibodies to attack the tumor site. Examples are the 
use of radiolabeled antibodies to CEA to localize colon 
tumors and the application of labeled antibodies against fer- 
ritin to target hepatocellular carcinoma. This approach is 
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TABLE 23-3 Current Applications of Tumor Markers and Their Limitations 


Application Current Usefulness Comments 


Screening for Limited 1,.-For. screening; you must have a marker that is elevated at:early disease 
cancer Lee stages, when the disease is localized:and potentially. curable. Most 
circulating cancer ‘markers (with the exception of PSA) are elevated 
notably in. the late stages of disease. Thus diagnostic sensitivity is 


creening, even if effective for early cancer diagnosis, must oo 
demonstrate benefit to the screened: population in terms of survival or 
other clinical endpoints. 
Diagnosing cancer.’ Limited. Same as above. Low. diagnostic sensitivity. and specificity. However, for 
i selected subgroups of high-risk patients, in whom the chance of cancer 
is high (high prevalence), tumor marker analysis may not aid the 
clinician in ordering more elaborate testing (e Bi imaging techniques 
ee eee or laparoscopic investigations). _ 
‘Evaluating cancer -Limited = => o Most cancer markers have pr nostic value but their accuracy. is not” 


Prediction of = -> Img GH oe “Despite the importance of using biomarkers in predicting response to. 
therapeutic che : specific therapies, very few known markers have such predictive power. 
response These include the steroid hormone receptors for. predicting response 

to'antiestrogens ‘and Her-2/neu amplification for predicting response 
to Herceptin in breast-cancer: patients: We must ‘have more predictive 
-= markers to individualize therapy and maximize ‘clinical response. 
‘Tumor staging Limited. <: Same. as for prognosis: The data are not good enough for accurate. staging 
Ae Serta ney unless the value is reflecting. tumor volume. ; Be 
Detecting tumor... Controversial: ss: Despite the importance. of using biomarkers to detect cancer relapse, : 


lapses occur without biomarker elevation, or biomarker is elevated 
nonspecifically, without progressive disease, leading to either. 
overtreatment or discontinuation of a current and successful 
treatment protocol). 
‘Localizing tumor. Limited Only a few biomarkers are available for this application and success is 

and directing en limited at present 

radiotherapeutic 

agents 
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TABLE 23-3 Current Applications of Tumor Markers and Their Limitations — Continued 


Application ; Current. Usefulness Comments 


For patients with advanced disease, who are treated with various. 
modalities, it is important to know if therapy works. In this regard, 
“biomarkers usually provide. information that is readily interpretable 
ia d more e economical, more sensi ive, and safer than radiological or 


Monitoring the. ; 
effectiveness. fi 


E o ; 


Modified from Diamandis EP. Tumor markers: Past, present, and future. In: Diamandis EP, Fritsche HA, Lilja H, Chan DW, Schwartz MK. Tumor markers: 


Physiology, pathobiology, technology, and clinical application. Washington DC; AACC Press, 2002:5, 


also used for treatment by allowing the antibody to bind to 
the tumor marker epitopes and kill the tumor cell with the 
dose of radioactivity.” 


EVALUATING CLINICAL UTILITY — 


To evaluate the clinical usefulness of a tumor marker, it is 
necessary to establish reference values, calculate predictive 
values, evaluate the distribution of marker values, and deter- 
mine the role of the values in disease management. 


REFERENCE VALUES 


Reference values of a tumor marker are obtained from a 
healthy population, preferably with age- and sex-matched 
individuals.”® The determination of reference values is time- 
consuming and requires a large healthy population (n > 120 
subjects). Statistical analysis using the mean +2 standard 
deviation (SD) for a population with a gaussian (normal) 
distribution is a frequently used method. For a nongaussian 
distribution, the percentile method is a simple approach and 
often used (for further discussion of reference values, see 
Chapter 16). 

The reference values determined using healthy subjects in 
this fashion are applicable to analytes with physiologically 
well-defined concentrations. For testing with relatively spe- 
cific applications, such as the use of tumor markers in the 
diagnosis and management of cancer, a decision level may 
be more appropriate than the upper limit of the normal 
population. In most cases, using benign patients as the 
nondisease group is more appropriate than using a healthy 
population. The decision level can be determined using a 
predictive value model. 


PREDICTIVE VALUE MODEL 


The predictive value model includes the clinical sensitivity, 
specificity, and predictive value of a test. By varying the deci- 
sion level, clinical sensitivity and specificity will change in 
opposite directions. An optimal decision level can be selected 
based on the strategies outlined in Chapter 15. 

A useful approach to evaluating multiple tests for the 
same analyte or multiple markers for the same type of cancer 
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Figure 23-{ ROC curves for PSA, prostatic acid phosphatase 
by monoclonal immunoassay (M-PAP), and enzymatic prostatic 
acid phosphatase (E-PAP}. The data for all [28 patients with 
prostatic disease are plotted, with several quantitative decision 
levels (as indicated in the figure) for each assay. Units are ug/L 
for M-PAP and PSA, and U/L for E-PAP. (From Rock RC, Chan DW, 
Bruzek Dj, et al. Evaluation of a monoclonal immunoradiometric 
assay for prostate-specific antigen. Clin Chem 1987; 33:2257-61.) 


is the receiver operating characteristic (ROC) curve (see Silver 
and co-workers)” The ROC curve can be constructed by 
plotting sensitivity versus 1 minus specificity or the true- 
positive rate versus the false-positive rate. The advantage of 
the ROC curve is the display of performance over the entire 
range of decision levels. One can pinpoint the decision level 
where the optimal sensitivity and specificity can be achieved. 
By superimposing the ROC curves of several markers, the 
most predictive marker can be selected. Examples are shown 
in Figures 23-1 and 23-2. The preparation of an ROC curve 
has been discussed in detail by Zweig and Robertson” and 
in Chapter 15. 
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Figure 23-2 ROC for CA 549 (kU/L) and CEA (ug/L). The 
sensitivity, specificity, and efficiency are based on the decision 
level of CA 549 (11 KU/L) and CEA (5 ug/L). The data include 
patients with breast cancer and benign breast diseases (331 for 
CA 549, and 322 for CEA). The decision values are indicated on 
the curve. (From Chan DW, Beveridge RA, Bruzek Dj, et al. 
Monitoring breast cancer with CA 549. Clin Chem 1988; 34:2000-4.) 


DISTRIBUTION OF MARKER VALUES 


Application of the predictive value model is difficult for ana- 
lytes that are not diagnostic for a single disease, Levels of 
most, if not all, tumor markers are elevated in more than one 
disease condition. When using the predictive value model, it 
is necessary to select a population that includes groups with 
and without disease. What patients should be included in 
these two groups? The decision should be based on the spe- 
cific clinical questions asked. If the question concerns the 
diagnostic sensitivity of CEA for active colorectal carcinoma, 
the disease group should include only those patients with 
active colorectal carcinoma. Selection of the nondisease 
group is more challenging. Should healthy individuals and 
those with benign conditions be included? If so, how many 
benign condition groups should be included? Should the 
patients in remission be included as well, because they do 
not have active diseases? The values calculated for sensitiv- 
ity and specificity greatly depend on the types of groups 
included and on the number of patients in each group (see 
Chapter 15 for a discussion on the effect of spectrum on sen- 
sitivity and specificity). 

The distribution of tumor marker values is usually shown 
as the percentage of patients with elevated values as deter- 
mined using various cut-off values in the healthy, benign, 
and cancerous groups. International staging criteria should 
be used to classify cancer patients. Diagnosis should be based 
on pathological findings. The groups are selected from past 


experiences of similar markers. In breast cancer, for example 
(Table 23-4), normal women are used as the healthy popu- 
lation for comparison. The nonmalignant or benign groups 
are selected to include people with the most likely causes of 
marker elevation: benign liver and breast diseases and preg- 
nancy. The nonbreast metastatic cancer groups are selected 
to show the specificity of the marker using endometrial, 
colon, lung, prostate, and ovarian carcinoma. 

Grouping all breast cancer patients into a single category 
is not satisfactory because most markers are elevated in 
active breast cancer. The adjuvant group consists of patients 
who had no metastasis, underwent mastectomy and treat- 
ment with adjuvant chemotherapy, and have no evidence of 
disease. The marker value is not expected to be elevated. The 
metastasis group includes patients in complete remission, in 
partial remission, or with progressive breast cancer accom- 
panied by local or distant metastases. The progressive breast 
cancer group should have the highest percentage of elevated 
marker values. The partial remission group should have an 
intermediate percentage of elevated marker values. The 
complete remission group should have the lowest percent- 
age of elevated marker values. 


DISEASE MANAGEMENT 


Most tumor markers are used to monitor treatment and pro- 
gression of cancer. The selection of patient groups is impor- 
tant to illustrate the usefulness of the marker in various 
clinical settings. Markers may be used to determine the 
success of the initial treatment (e.g., surgery or radiation), 
detect the recurrence of cancer, and monitor the effective- 
ness of the treatment modality. 

To determine the success of surgery, an elevated marker 
level before surgery should fall after a successful operation. 
The extent of the decrease in the marker value depends on 
the pretreatment tumor involvement. 

With the recurrence of cancer after a successful initial 
treatment, the marker value may not fall within the normal 
half-life. It may fall to a steady level that is higher than 
normal, or it may fall within the reference interval of healthy 
individuals. A subsequent rise in the marker value suggests 
recurrence of the cancer. An example of breast cancer is 
shown in Figure 23-3. 

To monitor the effectiveness of cancer therapy, the marker 
value should increase with the progression of cancer, 
decrease with the regression of cancer, and not change in the 
presence of stable disease. When evaluating candidate 
markers, all the events related to the progression, stability, 
and regression of disease can be grouped; whether the 
marker value changes in the predicted direction in all these 
situations can be evaluated next.” 

The Working Group on Tumor Marker Criteria of the 
International Society for Oncodevelopmental Biology and 
Medicine has published the following criteria for the inter- 
pretation of changes in tumor marker values”: 

“If no therapy is given, at least a linear increase in three 
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TABLE 23-4 Distribution of CA 549 Values 


: NUMBER. AND > % oF F PATIENTS With ca 549 VALUES 2 kU/L 


No. of. 
Patients... 


o- 8 
NBS (85). 


Normal women. ` 


Nonmalignant: ~ 
Benign liver: 

Benign breast a 
Pregnani mpenn 


19 (45), 
63 (91) 
26 (87) 


Noubresst Metastatic Cancer ast 


Endometrial SERN Ak Gs) -) Hee 
CAD ES oh 25161) 
: a 40 COE 2255)" 
pee aan 30 2.13 (43): 
TE H Gn 
6169) hs 


ete remission 
‘remission 


No response (progressive) 


12 


i Metastasis 94 


From Chan DW, Beveridge RA, Bruzek DJ, et al. Monitoring breast cancer 
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Figure 23-3 Monitoring the clinical sources of adjuvant breast 
cancer patients (n = 19}. Mean (bottom line of the shaded area) 
and mean +2 SD (top line) of CA 549 values for l6 patients. 
Open circles, Patient A; open squares, patient B; open triangles, 
patient C; N, number of samples. (From Chan DW, Beveridge RA, 
Bruzek Dj, et al. Monitoring breast cancer with CA 549. Clin Chem 
1988;34:2000-4.) 
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with CA 549, Clin Chem 1988; 34:2000-4. 


consecutive samples (ie., two time intervals) on a log 
scale should be registered to establish a recurrence. Usual 
intervals could be three months but are. clinically deter- 
mined. After a first increase, next samples should be taken 
after 2 to 4 weeks, irrespective of the absolute level.” 

If therapy is given, the changes in marker values should 
reflect the clinical progression of the disease. “Progressive 
disease is defined by an increase in the marker level of at 
least 25%. Sampling should be repeated within 2 to 4 weeks 
for additional evidence. . .. The sampling interval during 
therapy may depend on the type of tumor and should be 
related to clinical follow-up.” A decrease in marker value 
of at least 50% is indicative of partial remission “with the 
concept that tumor load is related to the changes in serum 
tumor marker levels.” The working group also provided 
a general opinion that “a complete remission cannot be 
determined by marker levels, but if tumor marker levels are 
elevated, the clinical decision of complete remission based 
on conventional methods should be considered incorrect 
unless an explanation for the presence of the elevated level 
is given.” 
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CLINICAL GUIDELINES 


The diagnosis and staging of cancer involve a number of tools, 
including physical examination, imaging, and laboratory 
studies. Application of these tools has resulted in a number of 
tumor markers that are used for screening, diagnosis, staging, 
and prognosis, and for directing treatment modalities. 
However, not all tumor markers are appropriate for all uses, 
and not all cancers have established tumor markers. There- 
fore each type of cancer and each tumor marker must be 
properly evaluated for use, and clinicians must be educated to 
the proper use of the tumor markers to conserve resources. 
A number of international groups have released guide- 
lines on the selection and use of tumor markers in the clinic. 
These groups include the National Academy of Clinical 
Biochemistry (NACB), the European Group on Tumor 
Markers (EGTM), the American Cancer Society (ACS), the 
American Society for Clinical Oncology (ASCO), and 
others.”” All of these groups ate composed of experts in the 
areas being assessed, and a number of criteria are used to 
form the recommendations, including the level of evidence 


TABLE 23-5. Summary-of Key ‘Guideline Recommendations 


for the tumor marker (level I to V, with level I being a high- 
powered prospective trial) and the tumor marker utility 
grading system (TMUGS).” Table 23-5 summarizes the 
recommendations of a number of these groups. 


ANALYTICAL METHODOLOGY ~ 


Tumor markers are measured by a variety of analytical 
techniques including enzyme assay (Chapters 8 and 21); 
immunoassay (Chapter 9); receptor assay and instrumental 
techniques such as chromatography (Chapter 6); elec- 
trophoresis (Chapter 5); mass spectrometry interfaced with 
either liquid or gas chromatographs (Chapter 7) and 
microarrays. Details of these techniques are found in the 
indicated chapters. Here we expand on the use of mass spec- 
trometry and microarrays for the assay of protein and 
genetic tumor markers. 


MASS SPECTROMETRY 


Mass spectrometry for small molecules has been used in the 
clinical laboratory for more than 40 years. However, recent 
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TABLE 23-5 Summary. of Key Guideline Recommendations—Continued 


i onito , PLAP* for case $ 
testicular tumors. Bo finding, staging, Hui 


AFP. is. diagnose for 


therapy. / AEP. 
diagnostic. 
for NSGCT. i 


CEA for monitoring: CEA fori prognosis, Dee None iia CEA for case- i, 
therapy ~ detecting recurrence, and Te finding,- 
: a ; monitoring therapy SRR i prognosis, : 


follow-up,: and.: 

monitoring for». re 

therapy 2. eet 
None joe 


z Urinary. catecholamines, <:i.. 
WMA, HVA as indicators : 
for pheochromocytoma 
and neuroblastoma. : 
y Calcitonin for. med 
; thyroid carcinoma 


diagnosis, 
! CYFRA 21-1, CEA, 


Modified from Diamandis EP. Tumor markers: Past, present, and future. In: Diamandis EP, Fritsche HA, Lilja H, Chan DW, Schwartz MK. Tumor markers: 
Physiology, pathobiology, technology, and clinical application. Washington DC: AACC Press, 2002:57 

NACB, National Academy of Clinical Biochemistry; ASCO, American Society of Clinical Oncology; ACS, American Cancer Society; EGTM, European 
Group on Tumor Markers; PSA, total PSA; fPSA, free PSA; NSGCT, nonseminomatous germ cell tumors. 

“None” indicates that the relevant group has not yet considered this type of cancer. 

Placental alkaline phosphatase (PLAP) is for monitoring of seminomas in nonsmokers only. 
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developments have allowed for the mass spectrometric iden- 
tification of high molecular weight compounds, including 
proteins and nucleic acids. The new ionization technologies 
were recognized by the Nobel Prize in chemistry in 2002. 
These advances triggered investigations toward using the 
technology for either cancer diagnosis or prognosis or for 
discovering new cancer biomarkers. In one approach, serum 
or other fluids from cancer patients or controls are treated 
with various absorbing surfaces, such as ion-exchange, 
hydrophobic, or metal-binding chips. After washing out 
excess proteins, the chips are subjected to mass spectrometric 
analysis by using the so-called MALDI method (matrix- 
assisted laser desorption ionization) or SELDI (surface- 
enhanced laser desorption ionization)-TOF (time-of-flight 
mass spectrometry). This analysis generates a number of 
peaks of various M-Z (mass to charge) ratios. By comparing 
these proteomic patterns with patterns obtained from 
samples from normal individuals, and by using sophisticated 
bioinformatic and computational tools, it is possible to 
identify patterns that are only associated with cancer. This 
technology has now been investigated for diagnosis of 
ovarian Ye prostate,’ bladder, and many other 
cancers.’ The technology has been reviewed. The 
diagnostic sensitivities and specificities of this technology 
are impressive and surpass those achieved by using current 
cancer biomarkers.” However, this method has not as 
yet been prospectively evaluated but clinical trials are now in 
progress. Also, a number of shortcomings of this technology 
have been identified," 

The same technology and principles are also being used 
to identify novel cancer biomarkers.’**!**" To date, a 
number of molecules have been identified, including 
apolipoprotein Al, transthyretin fragment, interalpha- 
trypsin inhibitor, haptoglobin-alpha subunit, and vitamin 
D-binding protein. These molecules are present in serum at 
concentrations much higher than levels of traditional cancer 
biomarkers. The clinical evaluation of these proteins as can- 
didate biomarkers is still under investigation. 


MICROARRAYS 


A microarray is a microchip of silicon that contains a large 
number of elements (“spots”) in a two-dimensional array 
(see Chapter 10). To each of these spots is attached different 
molecules of immobilized short oligonucleotides (e.g., the 
Affymetrix chips), cDNAs of various genes, proteins, anti- 
bodies, etc. ?®% It is possible to immobilize up to 20,000 
to 40,000 elements on such chips and, consequently, 
genome-wide analysis at both the messenger ribonucleic 
acid (mRNA) and protein levels is now possible. Applica- 
tions of microarrays include quantitative assessment of gene 
expression, detection of mutations and polymorphisms 
(such as single nucleotide polymorphisms), DNA sequenc- 
ing, and study of protein expression and protein-protein 
interactions. For some applications, the method has been 
semiautomated. 

These devices have been used to discover new candidate 
biomarkers. For example, Welsh and colleagues used 


microarray analysis of gene expression profiles of normal 
and cancerous tissues and identified highly overexpressed 
genes in ovarian and other cancers.” These overexpressed 
genes were then to be evaluated further with more quantita- 
tive techniques, such as reverse-transcriptase polymerase- 
chain reaction, to confirm the overexpression. The 
identification of an overexpressed gene can be followed by 
development of assays to measure the protein and then eval- 
uate it as a serological or tissue biomarker.” Some successes 
of this process have recently been reported (e.g., the identi- 
fication of osteopontin and HE4 as ovarian cancer 
biomarkers), 

Another application of microarrays is in the classification 
of cancers based on their gene expression profiles. There are 
now numerous examples of subclassifying breast, ovarian, 
prostate, brain, hematological, and other cancers using this 
technology." Especially for breast cancer, it has recently 
been realized that tissue microarray analysis may stratify 
patients according to prognosis.” These analyses aid in 
the selection of adjuvant therapy. Van de Vijver et al have 
shown that a relatively small number of genes (about 70) can 
be used to classify patients in high- and low-risk groups. As 
of June 2003, this method has been applied clinically to select 
breast cancer patients for adjuvant chemotherapy. 

The application of microarrays for cancer classification 
and prognosis and for discovering new cancer biomarkers is 
relatively new. This method has the potential to revolution- 
ize cancer prognosis and prediction of therapy by using 
dedicated chips. Further standardization is necessary. 


Enzymes were one of the first groups of tumor markers iden- 
tified. Their elevated activities were used to indicate the pres- 
ence of cancer.” Measurement of enzymes was relatively easy 
using spectrophotometric determination of enzymatic activ- 
ities. With the introduction of radioimmunoassay (RIA) in 
the late 1950s, the mass of an enzyme could be measured as 
a protein antigen instead of its catalytic activity. 

With few exceptions, an increase in the activity or mass 
of an enzyme or isoenzyme is not specific or sensitive 
enough to be used for identifying the type of cancer or the 
specific organ involvement. An exception is PSA. PSA has 
mild. protease activity and amino acid sequence homology 
with serine protease of the kallikrein family.®"* It is 
expressed by normal, benign, hyperplastic, and cancerous 
prostate glands and minimally by other tissue.” Until the 
application of PSA as a marker for prostate cancer, tumor 
enzymes had lost most*** of their popularity for use as 
cancer markers. Enzymes were used historically as tumor 
markers before the discovery of oncofetal antigens and the 
advent of monoclonal antibodies.” The abnormalities of 
enzymes as a marker for cancer are either the expression of 
the fetal form of the enzyme (isozyme) or the ectopic pro- 
duction of enzymes. 

Enzymes are present in much higher concentrations 
inside the cell. Enzymes are released into the systemic 
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TABLE 23-6 Enzymes as Tumor Markers 


ype of Cancer 


A ! hydr enas < Liver 
Aldolase io Act : Sas Liver 


“Bone, liver, leukemia, sarcoma ; 
© Ovarian, lung, trophoblastic, gastrointestin 


Pancreatic, various 


rious (ovarian, lung, large | 


Breast, colon, lung 


Sa Leukemia 
< RIA/Act 


Act, Activity; RIA, radioimmunoassay; IMA, immunometric assay. 


circulation as the result of tumor necrosis or of the change 
of the membrane permeability of the cancer cells. Increased 
enzyme levels are also observed in the blockage of pancre- 
atic or biliary ducts and in renal insufficiency. The intra- 
cellular location of the enzyme may also determine the rate 
of the release. By the time enzymes are released into the 
systemic circulation, the metastasis of tumors may have 
occurred. Most enzymes are not unique for a specific organ. 
Therefore enzymes are most suitable as nonspecific tumor 
markers. Elevated enzyme levels may signal the presence of 
malignancy. 

Isoenzymes and multiple forms of enzymes may provide 
additional organ specificity. Table 23-6 summarizes various 
enzymes, their associated types of malignancy, and the assays 
used to measure their activity (Act) or their mass concen- 
tration (RIA or immunometric assay). Enzymes are tradi- 
tionally measured by their activities. With the introduction 
of antibody techniques, some enzymes, such as PSA, are 
measured as protein antigens rather than by their enzyme 
activity. 


ALKALINE PHOSPHATASE 

Alkaline phosphatase may arise from liver, bone, or placenta. 
The alkaline phosphatase in the sera of normal adults comes 
primarily from the liver or biliary tract. Elevated levels of 
alkaline phosphatase are seen in primary or secondary liver 


‘Various, leukemia, lymphomas, jung (anal cell) aoe 


cancer. Its level may be helpful in evaluating metastatic 
cancer with bone or liver involvement. Greatest elevations 
are seen in patients with osteoblastic lesions, such as in 
prostatic cancer with bone metastases. Minimum elevations 
are seen in patients with osteolytic lesions, such as breast 
cancer with bone metastases.””””? l 

In liver metastases, the serum alkaline phosphatase level 
shows a better correlation with the extent of liver involve- 
ment than those of other liver tests. To differentiate the 
origin of elevated alkaline phosphatase levels, tests of 
other liver enzymes may be performed, such as that for 
5’-nucleotidase or y-glutamyltransferase. Determination of 
alkaline phosphatase isoenzymes may provide additional 
specificity. The liver isoenzyme is thermally more stable than 
the bone isoenzyme (see Chapter 21 for a more detailed dis- 
cussion). Other malignancies, such as leukemia, sarcoma, 
and lymphoma complicated with hepatic infiltration, may 
also show elevated alkaline phosphatase levels. 

Placental alkaline phosphatase (PALP) is synthesized by 
the trophoblast and is elevated in sera of pregnant women. 
PALP was first identified as the Regan isoenzyme in 1968 by 
Fishman and colleagues” and was recognized as one of the 
first oncodevelopmental markers along with AFP and CEA. 
It is elevated in a variety of malignancies, including ovarian, 
lung, trophoblastic, and gastrointestinal cancers; seminoma; 
and Hodgkin’s disease. 
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CREATINE KINASE 

Creatine kinase (CK) catalyzes the phosphorylation of crea- 
tine by adenosine triphosphate. CK is a dimer consisting of 
two subunits, M (muscle) and B (brain). There are three 
isoenzymes, CK1 (BB), CK2 (MB), and CK3 (MM). CK1 is 
present in the brain, prostate gland, gastrointestinal tract, 
lung, bladder, uterus, and placenta. Cardiac muscle has the 
highest concentration of CK2 (= 20%). CK3 is present in 
skeletal and cardiac muscles. 

Elevated levels of CK1 have been demonstrated in 
prostate cancer and small cell carcinoma of the lung. 
Although it is also elevated in other malignancies, such as 
those of the breast, colon, ovary, and stomach, the clinical 
usefulness of CK1 as a tumor marker requires further inves- 
tigation.’ CK isoenzymes have been included in a prostate 
cancer panel, “ProstAsure.”””?? 


LACTATE DEHYDROGENASE 

Lactate dehydrogenase (LD) is an enzyme in the glycolytic 
pathway and is released as the result of cell damage. The 
elevation of LD in malignancy is rather nonspecific. It has 
been demonstrated in a variety of cancers—including liver, 
non-Hodgkin's lymphoma, acute leukemia, nonseminoma- 
tous germ cell testicular cancer, seminoma, neuroblastoma, 
and other carcinomas, such as breast, colon, stomach, and 
lung cancer, The serum LD level has been shown to corre- 
late with tumor mass in solid tumors and provides a prog- 
nostic indicator for disease progression. Its value in the 
monitoring of therapy is rather limited. The isoenzymes only 
provide marginal specificity for organ involvement. For 
example, the elevation of the LD5 isoenzyme is associated 
with liver metastases. The elevation of LD5 in the spinal 
fluid may be an early indication of central nervous system 
metastases.” 


NEURON-SPECIFIC ENOLASE 
Enolase is a glycolytic enzyme also known as phosphopyru- 
vate hydratase. Neuron-specific enolase (NSE) is the form of 
enolase found in neuronal tissue and in the cells of the 
diffuse neuroendocrine system and the amine precursor 
uptake, and decarboxylation (APUD) tissue. NSE is found 
in tumors associated with the neuroendocrine origin, 
including small cell lung cancer (SCLC), neuroblastoma, 
pheochromocytoma, carcinoid, medullary carcinoma of the 
thyroid, melanoma, and pancreatic endocrine tumors. 
Serum NSE level may be measured by RIA. The upper ref- 
erence limit is 12.5 g/mL. In patients with SCLC, the sensi- 
tivity is reported to be 80%. The specificity is at least 80% to 
90%. The NSE level appears to correlate with stages and pro- 
vides a useful prognosis for disease progression. The value 
of NSE in detecting disease relapse has not been proven. 
Although the findings are mixed, NSE also appears to be 
useful in monitoring chemotherapy and correlates with 
disease state. The immunostaining of NSE may also provide 
differential diagnosis between SCLC and other histological 
carcinoma types. 


Among children with advanced neuroblastoma, more 
than 90% have been reported to have elevated serum levels 
of NSE. High levels of NSE are associated with poor 
prognosis. The levels seem to correlate with the stage of 
the disease. Monitoring therapy using serum NSE is con- 
troversial, particularly with respect to the issue of specificity. 
However, elevated levels of NSE in children with stage 
TV neuroblastoma were associated with a poorer outcome.” 


PROSTATIC ACID PHOSPHATASE 


The acid phosphatases include all phosphatases that 
hydrolyze phosphate esters with an optimum pH of less than 
7.0. They are present in the lysozymes of the secretory 
epithelial cells. Although acid phosphatase is produced pri- 
marily by the prostate gland, it is also found in erythrocytes, 
platelets, leukocytes, bone marrow, bone, liver, spleen, 
kidney, and intestine. 

Prostatic acid phosphatase (PAP), with an optimum pH 
of 5 to 6, is very labile at a pH of greater than 7.0 and a tem- 
perature greater than 37°C. It can be distinguished from 
other acid phosphatases by using tartrate, which strongly 
inhibits the prostatic form. Another approach is to select 
substrates that are more specific for PAP. Two substrates 
commonly used are thymolphthalein monophosphate and 
6-naphthol phosphate. These two substrates are hydrolyzed 
by PAP much more quickly than by the other acid phos- 
phatases. Thymolphthalein monophosphate appears to be 
mote specific. Acid phosphatase was first used as a tumor 
marker in 1938 by Gutman and colleagues.” PAP was mea- 
sured first by its enzymatic activity, then using counter- 
immunoelectrophoresis, and subsequently, in the late 1970s, 
by RIA. Its use was proposed as a screening tool for prostate 
cancer. It has been used to help stage prostate cancer, to cor- 
relate with the prognosis of the disease, and to monitor 
therapy. Elevated serum PAP may be seen in malignant con- 
ditions, such as osteogenic sarcoma, multiple myeloma, and 
bone metastases of other cancers. It may also be elevated in 
some benign conditions, such as BPH, osteoporosis, and 
hyperparathyroidism. 

The clinical use of PAP has been replaced by PSA, PAP is 
not as sensitive as PSA for screening or for detection of early 
cancer. The clinical use of PAP is restricted to confirmation 
of metastatic prostate cancer and staging of prostate 
cancer.°”° It is less likely to be elevated in BPH than is PSA. 
Currently the method of choice for PAP is the measurement 
of its enzymatic activity. 


KALLIKREINS 


Kallikreins are a subgroup of the serine protease enzyme 
family, three of which have been assigned a specific biologi- 
cal role, 


Biochemistry 


The human kallikrein (hK) gene locus spans a region of 
approximately 300kb of chromosome 19q13.4, which 
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contains 15 tandemly localized kallikrein genes (KLKI to 
KEK15) with no intervention from other genes. This is the 
largest cluster of serine proteases within the human genome. 
The members of the kallikrein family are identified by a 
number of similar features.®' They all have a nearly identical 
genetic structure (5’ untranslated region, intron-exon size 
and organization), and the catalytic triad of serine proteases 
is conserved by all members, with the histidine always occur- 
ring near the end of the second exon, the aspartate in the 
middle of the third exon, and the serine residue at the begin- 
ning of the fifth exon. All kallikreins are produced as pre- 
propeptides with a 17 to 20 amino acid signal sequence and 
a 4 to 9 amino acid activation peptide. They also contain 10 
to 12 conserved cysteines that form five to six disulfide 
bonds. Finally, most if not all genes are under steroid 
hormone control, 

Kallikreins are expressed in a wide variety of tissue 
including prostate, breast, ovary, and testis.” For example, 
KLK3 (PSA) is highly expressed in prostate and is discussed 
in detail later in the chapter. KLK3 also has minor expres- 
sion in breast, thyroid, salivary glands, lung, and trachea, and 
KLK1i and KLK12 are highly expressed in more than 10 
tissues, with minor expression in at least four others. 

Only three of the 15 kallikreins have been assigned a spe- 
cific biological role. The major biological role of hK1 is the 
release of lysyl-bradykinin (kallidin) from low molecular 
weight kininogen; however it has been implicated in the pro- 
cessing of peptide hormones, including proinsulin, low- 
density lipoprotein (LDL), prorenin, the precursor of atrial 
natriuretic peptide, and vasoactive intestinal peptide. The 
role of hK2 has only recently been investigated. Seminal 
plasma hK2 cleaves seminogelin I and I, but at different sites 
than hK3 (PSA). Furthermore, a role for hK2 in the regula- 
tion of growth factors through the proteolysis of insulin-like 
growth factor binding protein 3 (IGFBP-3) has been sug- 
gested. hK3, also known as PSA, is not only found in prostate 
tissue (discussed below), but is found in relatively high con- 
centration in nipple aspirate fluid, breast cyst fluid, breast 
milk, amniotic fluid, and tumor extracts.” Its presence in 
these fluids and tissue suggests a biological function in breast 
and a possible role in fetal development; however no specific 
function in these tissue has been identified to date. 


Clinical Applications 

The role of kallikreins as tumor markers is rather varied; a 
number of kallikreins have been associated with hormonal 
malignancies (prostate, breast, testicular, and ovarian 
cancers). The roles of hK3 (PSA) and hK2 are discussed in 
detail below. hK6 has been used as a serum marker for diag- 
nosis, prognosis, and monitoring of ovarian cancer,” and as 
a cytosolic marker for prognosis of breast cancer. Serum 
hK5, hK6, hK10 and hK11 have also been used for diagno- 
sis and monitoring of ovarian cancer ?®9725%25 and high 
concentration of cytosolic hK10 in ovarian tumor and 
breast cells is a poor prognostic marker.” Kallikrein gene 
expression is associated with both positive and negative 


prognosis in various cancers, including prostate, ovarian, 
and breast cancers. For a review see reference 61. 


Analytical Methodology 


Reverse transcription-polymerase chain reaction (RT-PCR), 
northern and western blotting, and immunoassays have been 
used for detection of kallerin mRNA and protein in tissue 
extracts of ovarian, breast, testicular, and prostate tumors. 
Immunohistochemical techniques have been used for the 
detection of KLK7 in ovarian tumors and KLK10 in ovarian 
and testicular tumors. The serum levels of KLK3 (PSA) and 
KLK11 are evaluated by immunoassay. 


PROSTATE-SPECIFIC ANTIGEN 


PSA is one of the most promising tumor markers of this 
decade. It is one of the few organ-specific tumor markers. 
Prostate cancer is the leading cancer in older men. When 
detected early (organ confined), it is potentially curable 
by radical prostatectomy. Therefore early detection is im- 
portant. The role of PSA in prostate cancer has been 
r evi ewe 35:43:54,166 

PSA was discovered by Hara and colleagues in 1971.° 
They called this seminal plasma protein y-seminoprotein. Li 
and Beling isolated the same protein from seminal plasma 
and called it “protein E1” because it has a slow B-mobility in 
electrophoresis and a molecular weight (MW) of 31,000. In 
1978 Sensabaugh characterized this glycoprotein with iso- 
electric points between 6.5 and 8.0 and called it “p30.” In 
1979 Wang and co-workers purified a protein from prosta- 
tic tissue and called it prostate-specific antigen. PSA is found 
in normal, benign, hyperplastic, and malignant prostatic 
tissues, ‘y-seminoprotein, p30, and PSA are biochemically 
very similar. 


Biochemistry 

PSA is a single-chain glycoprotein that is 7% carbohydrate. 
It has 237 amino acid residues and four carbohydrate side 
chains with linkages at amino acid 45 (asparagine), 69 
(serine), 70 (threonine), and 71 (serine). The N-terminal 
amino acid is isoleucine, and the C-terminal residue is 
proline. Its MW is 28,430,“ and it has isoelectric points 
from 6.8 to 7.2 because of its various isoforms. The three- 
dimensional structure and the antigenic domain of PSA have 
been characterized.” 

The complete gene encoding PSA has been sequenced and 
located on chromosome 19.°*"™ It is similar to the kallikrein- 
1 gene with 82% homology. Functionally, PSA is a serine 
protease of the kallikrein family. It is produced exclusively by 
the epithelial cells of the acini and ducts of the prostate 
gland. PSA is secreted into the lumina of the prostatic duct. 
In the seminal fluid, PSA cleaves a seminal vesicle—specific 
protein into several low molecular weight proteins as part of 
the process of liquefaction of the seminal coagulum. There- 
fore PSA possesses chymotrypsin-like and trypsin-like activ- 
ity. Autodigestion of PSA has been reported at three possible 
locations—LYS 148, LYS 185, and ARG 85. The addition of 
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protease inhibitors may be important to prevent the auto- 
hydrolysis of PSA in solution.“ 


Molecular Forms of Prostate-Specific Antigen 


PSA exists in two major forms in blood circulation. The 
majority of PSA is complexed with protease inhibitor 
Q,-antichymotrypsin (ACT) (MW _ 100,000) or with 
Q-macroglobulin (AMG) and a minor component of free 
PSA (MW 28,430), Most immunoassays measure both free 
and ACT-compilexed PSA but not AMG-PSA.765 In human 
seminal fluid, PSA could be fractionated into five isoforms. 
PSA-A and PSA-B are active, intact enzymes capable of 
forming complexation with ACT. PSA-C, PSA-D, and 
PSA-E are nicked forms with disulfide bonds cleaved; they 
possess low or no enzymatic activities.” The inactive forms 
of free PSA are composed of three distinct molecular forms— 
bPSA, pPSA, and iPSA. bPSA in tissue is relatively localized 
in the transition zone of the prostate and contributes to {PSA 
in BPH serum. pPSA is localized in the peripheral zone of 
the prostate and contributes to fPSA in cancer serum, “7!” 


Physiological Properties 

The metabolic clearance rate of PSA follows a two- 
compartment model with initial half-lives of 1.2 and 0.75 
hours for free PSA and total PSA and subsequent half-lives of 
22 and 33 hours.'® Because of this relatively long half-life, 2 
to 3 weeks may be necessary for the serum PSA to return to 
baseline levels after certain procedures, including transrectal 
biopsy, transrectal ultrasonography, transurethral resection 
of the prostate, and radical prostatectomy. Prostatitis and 
acute urinary retention can also elevate PSA concentration. 
Although the digital rectal examination has no clinically 
important effects on serum PSA levels in most patients, in 
some it may lead to a twofold elevation. 

There appears to be significant physiological variation of 
serum PSA levels (up to 30%). Serum PSA has been reported 
to be decreased. by 18% after the patient has been hospital- 
ized for 24 hours. The reason for this reduction is not 
known. It may be that patients become sedentary (e.g. 
remain in the supine position) or suspend sexual activity. It 
is perhaps a good practice to collect serum samples from 
ambulatory patients. 


Nonprostatic PSA 


Originally, it was thought that PSA was solely expressed in 
prostate tissue. However, it was later found that PSA also is 
expressed in numerous tissues, most notably hormonally 
regulated tissue. It should not be surprising that PSA 
is expressed in these tissues as its promoter contains three 
androgen response elements and can be activated by andro- 
gens, progestins, and glucocorticoids. The presence of PSA 
in breast tissue is related to progesterone and estrogen recep- 
tor positivity and correlates with a favorable prognosis”**””” 
but surprisingly, with resistance to tamoxifen therapy.” PSA 
positivity was found to be significantly associated with 
smaller tumors, steroid receptor positivity, low cellularity, 


diploid tumors, low S-phase fraction, less advanced disease, 
and longer survival. PSA has also been measured in nipple 
aspirate fluid (NAF) as a possible tool for breast cancer risk 
assessment.” Women with no risk factors had relatively 
high NAF PSA, and women with breast cancer had overall 
lower NAF PSA measurements. 


Clinical Applications 

PSA is an extremely useful tumor marker for prostate cancer. 
It is used to detect and stage the cancer and to monitor treat- 
ment of prostate cancer. It is also thought to be involved in 
tumor progression. 


Early Detection of Prostate Cancer 


PSA testing by itself is not effective in the screening or detec- 
tion of early prostate cancer because PSA is specific for 
prostatic tissue but not for prostatic cancer. BPH is a 
common disease in men 50 years of age and older. Studies 
have shown that the PSA values in patients with BPH are 
similar yet statistically different from those associated with 
early prostatic cancer (ie., those of patients with organ- 
confined cancer). Unfortunately the overlap of PSA values 
between these two groups is so extensive that selecting an 
optimum cut-off value of PSA, either 4 or 10 ug/L, is almost 
impossible. The use of serum PSA together with digital rectal 
examination and followed by transrectal ultrasonography 
provides more accurate and sensitive diagnosis than digital 
examination alone.” 

The clinical sensitivity of PSA is 78% at a cut-off value of 
4.0 ug/L. By lowering the cut-off value to 2.8 ug/L, sensitiv- 
ity increases to 92%, whereas specificity decreases from 33% 
to 23%. Raising the cut-off value to 8ug/L improves the 
specificity to 90%. Using ROC analysis (see Figure 23-1), 
PSA is a better predictor than PAP for the diagnosis of 
prostatic cancer.’ 

To improve the ability of PSA testing to detect early 
prostate cancer, several approaches have been suggested. One 
approach is to use age-adjusted reference intervals: 0 to 
2.5 g/L for men ages 40 to 49 years, 0 to 3.5 ug/L for 50 to 
59 years, 0 to 4.5 ug/L for 60 to 69 years, and 0 to 6.5ug/L 
for 70 to 79 years. By lowering the upper limit of the refer- 
ence interval, more cancer will be detected in younger men 
for whom a potential cure by radical prostatectomy is most 
beneficial. Another approach is to use PSA density (i.e. 
divide PSA concentration by the prostatic volume as deter- 
mined by transrectal ultrasonography).'* Patients with PSA 
between 4 and 10 ug/L, a negative digital rectal examination 
result, and elevated PSA density have increased risk for 
prostate cancer. The third approach is using PSA velocity— 
the rate of PSA increase as a function of time. By establish- 
ing a baseline level of PSA in each patient, the rate of increase 
of PSA is then calculated. The increase of PSA in health, 
BPH, and prostatic cancer appears to be different, with the 
highest rate (greater than 0.75 ug/L/yr) observed in patients 
with prostate cancer.” The specificity improved to 90% for 
BPH, and sensitivity is 72% for prostate cancer. A 1996 study 
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of free PSA velocity found that percent free PSA is the ear- 
liest serum marker for predicting subsequent diagnosis of 
prostate cancer.' 

The percent free PSA has been used to improve the sen- 
sitivity and specificity in detecting prostate cancer, particu- 
larly for patients in the diagnostic “gray” zone of PSA 
between 4 and 10 ug/L or 2 and 20 ug/L. ProPSA (pPSA) 
has been reported to improve over fPSA in the detection of 
prostate cancer with total PSA in the 2.5 to 4.0ng/mL 
range.” Complexed (cPSA) showed improved specificity 
over total PSA for prostate cancer detection in a multicenter 
clinical trial. 

In addition to the approaches described above, a number 
of algorithms using PSA and other analytes have been devel- 
oped to increase the sensitivity of prostate cancer detec- 
tion. They include logistic regression and artificial neural 
networks. 

Logistic Regression. Logistic regression (LR) is a tech- 
nique for making predictions when the dependent variable 
is a dichotomy (either the patient has cancer or does not), 
and the independent variables (PSA, f/T-PSA, age, etc.) are 
continuous and/or discrete. This technique is used to deter- 
mine which variables (analytes) have the greatest predictive 
value in determining cancer risk, from which probability 
curves are generated. Finne et al used 758 men from a group 
of over 10,000 screened patients (200 confirmed prostate 
cancer and 558 controls) with total PSA between 4 and 
20ug/L to develop nomograms using total PSA, {/T-PSA, 
digital rectal examination, and prostate volume for deter- 
mination of cancer probability.” The technique gave 
improved clinical sensitivity and specificity for cancer detec- 
tion over total PSA and f/T-PSA and should reduce the 
number of biopsies performed and increase the detection 
rate of prostate cancer. 

Artificial Neural Networks. Artificial neural networks 
are computer-based multiparameter techniques inspired by 
biological neurons, which operate as nonlinear summing 
devices. These networks have been applied to prostate 
cancer in determining which patients should undergo 
biopsy. ™ 7 Unlike LR, neural networks must be 
trained, in much the same way that biological neural net- 
works must be trained, to correctly categorize patients. 
The training involves selection of various inputs (total PSA, 
f/T-PSA, prostate volume, etc.) with known outcomes. 
Therefore selection of the correct training data set is 
extremely important. This technique can increase the sensi- 
tivity and specificity and the positive and negative predictive 
value obtained from prostate cancer screening; however care 
must be taken in training and validation of the neural 
network. An example is the ProstAsure Index. 

The ProstAsure index, developed by Zhang, Stamey, and 
Chan,'”””! was designed to increase the sensitivity and speci- 
ficity of cancer detection, while maintaining a reasonable 
false positive detection rate. The index is derived from 
several values, including age, total PSA, creatine kinase 
isoenzymes, and prostatic acid phosphatase, which are input 


into a neural network—derived, nonlinear algorithmic pro- 
cedure. The results are in the form of four zones (zones 1 to 
4) based on an ascending probability of cancer. Patients in 
either zone 3 or 4 should be considered for biopsy. The algo- 
rithm performed well when compared with the free-total 
PSA ratio and had a sensitivity of 93%, with a specificity and 
apparent positive predictive value of 81% and 61%, respec- 
tively, compared with 80%, 74%, and 49%, respectively, for 
free-total PSA at the 15% threshold. At the 19% free-total 
PSA threshold, the sensitivity was increased to 93%, but the 
specificity and PPV decreased to 59% and 48%, respectively. 
However, the study by Babaian et al was on a limited number 
of patients and only tested its usefulness in the PSA range of 
less than or equal to 4ug/L, not the 4 to 10j1g/L where the 
free-total PSA ratio is used. 


Staging of Prostate Cancer 

PSA has been found to correlate with clinical stages of 
prostate cancer.” Higher PSA levels and higher percent- 
ages of patients with elevated PSA concentrations are 
associated with advanced stages. However, PSA testing is 
not sufficiently reliable to determine stages on an individual 
basis. 

PSA has also been found to correlate with pathological 
stages of tumor extension and metastases. Advanced patho- 
logical stages are associated with higher PSA levels in the 
serum. Patients with organ-confined disease seldom have a 
PSA level greater than 50 ug/L, suggesting that patients with 
these elevated levels are most likely to have extracapsular 
tumor extension. Because significant overlap occurs in PSA 
values among stages, PSA cannot be used to determine the 
pathological stage in a given individual. Therefore, PSA by 
itself should not be used to decide whether a patient has 
prostate cancer confined to the organ and therefore is a likely 
candidate for radical prostatectomy. The level of PSA can 
serve as a guide and is more useful in evaluating the pres- 
ence of metastases. Patients with PSA levels less than 20 ug/L 
rarely have bone metastases. Studies have shown that PSA 
could replace the radionuclide bone scan in newly diagnosed 
untreated prostate cancer patients who have a low serum 
PSA concentration (less than 10ug/L) and do not have 
symptoms relating to the skeletal system.’° 


Monitoring Treatment 


The greatest clinical use of PSA is in the monitoring of defin- 
itive treatment of prostate cancer. This treatment includes 
radical prostatectomy, radiation therapy, and antiandrogen 
therapy. PSA has also been suggested to play a role in tumor 
progression.” 

Radical Prostatectomy. This surgery removes all pros- 
tatic tissue. Because PSA is produced almost exclusively by 
the prostatic tissue, after radical prostatectomy the PSA level 
should fall below the detection limit of the assay. This may 
require 2 to 3 weeks owing to the 2- to 3-day half-life of PSA. 
If the half-life is longer than normal, it must be assumed that 
residual tumor is present.” For example, Walsh and 
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_ TABLE 23-7 Prostate-Specific Antigen and Tumor Status in 297 Men Followed | to 13 Years After Radical 


Prostatectomy 


‘POSTOPERATIVE PSA LEVEL oe 


>0.5pgL — 


-= Recurrenc 


From Walsh PC, Oesterling JE, Epstein JI, et al. The value of prostate-specific antigen in the management of localized prostate cancer. In: Murphy G, 
Khoury S eds. Therapeutic progress in urological cancer. New York: Alan R Liss Inc, 1989:27-33. 


*No evidence of disease. 
Local recurrence and/or metastatic disease, 


co-workers” reported a long-term study of 297 men who 
were followed for 1 to 13 years after radical prostatectomy 
(Table 23-7), For the 180 patients with organ-confined 
cancer, only 11 (6%) showed elevated PSA levels (greater 
than 0.5yg/L). Three of these patients had documented 
recurrence, whereas the other eight had no evidence of 
cancer. The frequency of elevated PSA levels increased with 
advancing pathological stage. Of the entire group, 12% had 
elevated PSA levels without evidence of recurrence. These 
patients most likely had residual disease. All patients with the 
recurrence of cancer had elevated PSA levels. 

It is recommended that measurement of PSA be done 
every 3 months during the first year following surgery, every 
4 months in the second year, and every 6 months thereafter. 
The clinical threshold of an elevated PSA varies with each 
institution and ranges from 0.1 to 0.3ug/L. The clinical 
threshold will be affected by the test’s analytical sensitivity 
and biological variation of serum PSA. In any case, an 
increasing PSA level after radical prostatectomy is a strong 
indication of disease recurrence. The time between PSA con- 
centration elevation and clinical recurrence is between 1 and 
5 years. 

Radiation Therapy. The role of PSA in the monitoring of 
patients after definitive radiation therapy is less well defined 
as compared with that after radical prostatectomy. The major- 
ity of patients show an initial decrease of PSA level after 
radiation therapy. PSA is better than digital rectal examina- 
tion for detecting residual cancer after radiation therapy” 

Antiandrogen Therapy. Antiandrogen therapy includes 
bilateral orchiectomy and treatment with luteinizing 
hormone-releasing hormone analogues, diethylstilbestrol, 
and flutamide. PSA testing is useful for predicting progno- 
sis and monitoring treatment response to this type of 
therapy in patients with stage D2 prostate cancer. The level 
of PSA is inversely proportional to the survival time and 
increases with cancer progression, decreases in remission, 
and remains unchanged in stable disease. PSA could replace 


the radionuclide bone scan for monitoring patients with 
advanced disease.“ 

Androgen deprivation therapy may have a direct effect on 
the PSA level that is independent of the antitumor effect. The 
production of PSA may be under the influence of hormones 
such as dihydrotestosterone. Thus the PSA levels in patients 
who receive antiandrogen therapy may have a different 
meaning than they do in patients receiving other types of 
therapies.’°° 


Tumor Progression 


PSA has also been suggested to play a role in tumor pro- 
gression.” PSA digests extracellular matrix proteins laminin 
and fibronectin that may promote metastasis. PSA also 
digests IGFPBP-3, increasing the local concentration of 
insulin-like growth factors, which also may promote tumor 
growth. 


Analytical Methodology 


Both traditional and ultrasensitive assays are available for 
measuring PSA. 


Traditional Assays 


Immunoassays are used to measure PSA and are commer- 
cially available. Most of them use nonisotopic labels, such as 
enzyme, fluorescence, or chemiluminescence. The majority 
of these assays are automated on an immunoassay system. 
Different assays and even the same assay with different lots 
of reagent may produce different results. The reasons for 
such differences are due to changes in assay calibration, pro- 
duction lot variation, assay reaction time, reagent matrices, 
assay sensitivity, and imprecision. Antibodies react with dif- 
ferent PSA epitopes; therefore, some antibodies react dis- 
similarly with the various molecular forms of PSA. Assays 
are classified as equimolar if they bind to free and cPSA 
equally and nonequimolar if they bind to free or cPSA dif- 
ferently. Examples of equimolar assays are the ACCESS 
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Hybritech PSA assay (Beckman Coulter, Brea, Calif.) and the 
TOSOH NexIA immunometric assay (which uses the same 
antibodies as the Access assay). The World Health Organiza- 
tion, the International Federation of Clinical Chemistry, and 
the National Committee for Clinical Laboratory Standards 
have developed two international preparations to facilitate 
the effort to standardize PSA assays: 100% free PSA (code 
96/686) and 90% PSA-ACT complex and 10% free PSA 
(code 96/700). : i 


Ultrasensitive Assays 


Ultrasensitive PSA is the term used for assays with detection 
limits of 0.01 to 0.001 ug/L, which are significantly less than 
that of traditional PSA assays. The major use for ultra- 
sensitive PSA is detection of residual prostate cancer 
after prostatectomy. After radical prostatectomy, circulating 
levels of PSA are extremely low; 80% have a PSA lower than 
0.01 ug/L, and 20% have a PSA below 0.001 ug/L." A 
postprostatectomy increase in PSA is associated with disease 
recurrence. Routine PSA methods cannot detect an increase 
in PSA until it reaches about 0.1 ug/L; however ultrasensitive 
methods can detect an increase long before traditional 
methods (1 to 2 years), This provides the opportunity for 
earlier treatment and an increased likelihood of a cure. 

Ultrasensitive methods are also useful in measuring PSA 
in women, since normal PSA levels in women are less than 
or equal to 0.01 g/L. An increased PSA in women is seen 
during pregnancy and in breast cancer patients.” 


HUMAN GLANDULAR KALLIKREIN 2 


Human kallikrein 2 (hK2) and PSA (human kallikrein 3) are 
serine proteases that share 80% identity in protein 
sequence” and are almost exclusively found in prostatic 


epithelium. 


Biochemistry 


Similar to PSA, hK2 concentrations are 100,000-fold higher 
in seminal fluid than in serum. ™ hK2 has the ability to form 
complexes with endogenous antiproteases. One important 
inhibitor is the protein-C-inhibitor (PCI) that is the major 
ligand complexed to hK2 in seminal fluid, but in vitro, hK2 
also forms complexes with alpha,-antiplasmin, alpha,- 
macroglobulin, ACT, antithrombin HI, Cl-inactivator, and 
plasminogen activator inhibitor-1.'" Gel filtration studies 
on a relatively low number of samples have suggested that 
hK2 mainly occurs in a free, noncomplexed form hK2 in 
serum, where only a minor proportion (5% to 20%) may be 
complexed with protease inhibitors. In vitro, recombinant 
hK2 activates proPSA into mature, catalytic active form. 


Clinical Applications 

Immunohistochemical studies demonstrated that tissue 
expression of hK2 showed intense staining in high-grade 
cancers and lymph node metastases, whereas it showed 
weaker staining for low-grade cancers and BPH.” Serum 
hK2 alone or hK2*total PSA/free PSA has been shown to be 


a significantly better predictor of pT2a/b-PCa than tPSA. 
Recker et al confirmed the improvement in staging accuracy, 
noting that hK2 was the only serum analyte that significantly 
discriminated pT2a/b from greater than or equal to pT3a- 
PCa. Moreover, hK2 discriminated aggressive Grade 3 from 
less aggressive Grade 1 and Grade 2 PCa.'” 


Analytical Methodology 


Currently, there are two major hK2 immunoassays. Hease 
and colleagues found notable differences in values measured 
by the two immunoassays for hK2 for identical patient 
samples.” Calibration of the two assays by use of a common, 
ek-rhK2-based calibrator revealed a substantial gain in 
agreement between the assays. 


THE UROKINASE-PLASMINOGEN ACTIVATOR SYSTEM 


The urokinase-plasminogen activator system consists of 
three main components, urokinase-plasminogen activator 
(uPA, a 53kDa serine protease), the uPA membrane-bound 
receptor (uPAR), and the uPA inhibitors, PAI-1 and 
PAI -2.5:69:182:185 


Biochemistry 

uPA is produced as a single inactive polypeptide, which is 
activated by cleavage between lysine 158 and isoleucine 159. 
The cleavage is catalyzed by a number of proteases, includ- 
ing cathepsins B and L and hK2. The active form of uPA con- 
sists of an A-chain, which interacts with its cell-surface 
receptor, uPAR, and a catalytically active B-chain. The most 
thoroughly characterized activity of uPA is the conversion of 
plasminogen to active plasmin, which degrades extracellular 
matrix (ECM) components and activates matrix metallo- 
proteinases (MMPs), and that further degrade the ECM, and 
activate and release specific growth factors (fibroblast 
growth factor [FGF]2 and transforming growth factor 
[TGF]-B). The activity of uPA is controlled in vivo by two 
inhibitor molecules, PAI-1 and PAI-2. PAI-1 and PAI-2 not 
only act to inhibit uPA but also have a number of other func- 
tions, including angiogenesis, cell adhesion and migration, 
and inhibition of apoptosis. 


Clinical Applications 
uPA has been used as a prognostic marker in breast cancer 
and a number of other cancers. 


Breast Cancer 


uPA was the first protease implicated in metastasis evaluated 
for prognostic value in humans. At least 20 independent 
groups have demonstrated that breast cancer patients with 
high activity of uPA in their primary tumors have a worse 
disease-free pattern than those patients with low uPA 
activity.” The prognostic impact of uPA appears to be 
independent of other traditionally used markers, such as 
axillary node status, tumor size, grade, and estrogen re- 
ceptor (ER) status. In most studies, uPA is a more potent 
predictor of overall survival than tumor size, grade, or ER 
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status, and equally powerful as nodal status. The patients 
who benefit most from uPA measurement are those who 
are newly diagnosed with histologically negative local 
nodes. The long-term survival of this group is 70% to 80% 
with local therapy alone, and no further benefit is gained 
from adjuvant chemotherapy. uPA may be able to detect 
the small number of patients most at risk for recurrent 
disease and spare other cured patients from unnecessary 
chemotherapy. ey 

PAI-1 has also been associated with progression of breast 
cancer. Paradoxically, high levels of PAI-1 correlate with 
more aggressive disease. This appears to be because of the 
involvement of PAI-1 in angiogenesis and inhibition of 
apoptosis as opposed to inhibition of uPA. Recently a 
prospective study’ of 674 node-negative breast cancer 
patients demonstrated that women with high levels of uPA 
and/or PAI-1 had a notably shorter disease-free period than 
those with low levels of both proteins. The level 1 evidence 
for the prognostic use of uPA and PAI-1 should allow these 
markers to enter routine use in breast cancer evaluation. 
Recently, reviews and metaanalysis studies suggested that 
uPA and PAI-1 are ready to be used as prognostic markers 
of breast cancer at the clinic.” ™ %6! 


Other Cancers 


uPA has also demonstrated its usefulness as a prognostic 
marker in colorectal cancer. In one study,” uPA was found 
to be a marker of disease outcome in patients with tumor 
invasion but negative node status (Dukes B stage). High 
levels of uPA were also found to correlate with aggressive 
disease in both gastric and esophageal cancers. Preliminary 
studies have implicated uPA as a prognostic marker in 
ovarian, renal, hepatocellular, pancreatic, gliomas, urinary, 
bladder, adenocarcinoma of the lung, and cervical cancer. 
Thus uPA may function as a general prognostic marker in 
cancer. 


Analytical Methodology 


The original assay developed for uPA measured its catalytic 
activity. This assay has been replaced by enzyme-linked 
immunosorbent assay (ELISA) and a number of research 
and commercially available kits have been developed for 
detection of uPA and PAI-1. uPA and PAI-1 can be deter- 
mined in serum and, more frequently, in tissue extracts. 
Since a proportion of uPA is bound to its receptor, the addi- 
tion of Triton X-100 is required for full extraction of uPA, 
which is necessary to gain maximal prognostic information. 
Generally, increased levels of uPA and/or PAI-1 indicate poor 
prognosis. A uPA level below 3 ng/mg total tissue and PAI-1 
below 14ng/mg total tissue have a notably better progno- 
sis.’ Most studies showing a prognostic value for uPA have 
used ELISA for detection; however some were done using 
immunohistochemistry. Immunohistochemical detection is 
easier, and requires less tissue; however interpretation is sub- 
jective and only semiquantitative. 


CATHEPSINS 


The cathepsins are lysosomal proteases and cathepsin B, D, 
and L have been investigated for their role in tumor devel- 
opment and progression. 


Biochemistry 

Like other proteases, cathepsins are synthesized as high mo- 
lecular weight precursors that require processing for activa- 
tion. Cathepsin B (CB) is a thiol-dependent protease 
normally found in lysosomes, and is activated by cathepsin 
D (CD) and matrix metalloproteinases. Activated CB can in 
turn activate uPA and specific metalloproteinases. Cathepsin 
L (CL) is similar in specificity to that of CB; however, it has 
little activity toward small molecular substrates. Cathepsin 
D, like CB, is a lysosomal protease; however, CD belongs to 
the aspartyl group of proteases, 

The expression and localization of CB appears to be 
altered in tumors relative to normal tissue. In tumor tissue, 
CB can be associated with the plasma membrane or secreted. 
Increased expression has been demonstrated in breast, 
colorectal, gastric, lung, and prostate tumors, carcinomas, 
gliomas, melanomas, and osteoclastomas, suggesting a link 
with tumor development and/or progression. Altered 
localization of CB has also been seen in various tumor tissue, 
such as colon carcinomas, thyroid cancers, gliomas, and 
breast epithelial tumors. This altered expression and localiza- 
tion is thought to be involved in tissue invasion through ECM 
degradation and growth promotion. The ECM degradation 
occurs through activation of CB and other proteases, such as 
MMPs and uPA. In addition to ECM degradation, CB releases 
growth factors: basic fibroblast growth factor (bFGF), 
insulin-like growth factor-1 (IGF-1), epidermal growth 
factor (EGF), and TGEF-B associated with the ECM. 

Stromal cells were originally thought to be passive 
bystanders in tumor development; however, evidence sug- 
gests an active role. Increased expression of ECM proteases, 
including CB, has been demonstrated in stromal cells at the 
border between tumor cells and normal tissue. Expression of 
both CB and CD is up regulated by various growth factors 
(bFGE, EGE, IGF-1) and direct contact with tumor cells. This 
suggests that as tumor cells invade the stroma, the stromal 
cells are induced to participate directly in matrix degrada- 
tion.” Therefore detection of CB in stromal cells and tumor 
cells may have prognostic value. 


Clinical Applications 
A limited number of studies have associated high levels of 
CB in multiple tumor types with aggressive disease. All, with 
one exception, are retrospective studies with low numbers of 
patients. In the one large study (n = 1500 patients), CB was 
shown to be an independent prognostic marker for both 
relapse-free and overall survival in breast cancer patients; 
however, it is not as good a marker as uPA. 

The majority of data relating to the prognostic value of 
CD is in relation to breast cancer’; however, its usefulness 
in squamous cell carcinoma (SCC) of the head and neck, 
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hepatocellular carcinoma, and gastric adenocarcinoma has 
been investigated in limited studies. For breast cancer, a 1999 
report containing 2810 patients confirmed the prognostic 
value of CD.” The authors, using an RIA to detect cytoplas- 
mic CD in tumor tissue, showed that tumors with high CD 
had a notably poorer relapse-free survival than did those 
with low CD levels. 

In contrast to RIA detection of CD in tissue extracts, 
immunohistochemical detection has led to conflicting 
results. Some investigators have reported significant associ- 
ation between immunohistochemically determined CD and 
a poor outcome, and others found no relationship. Possible 
reasons include differences in antibody specificity, different 
scoring systems to quantify CD staining levels, different 
cut-off points for discriminating high from low values, and 
different types of tissue: fresh versus formalin-fixed and 
paraffin-embedded.® Therefore the prognostic usefulness of 
CD in SCC and other malignancies needs further study to 
determine the utility of CD as an independent marker. 

The use of CL as a prognostic indicator has been best 
studied in breast cancer. Most studies measured CL from 
tumor extracts and correlated high levels of CL with a 
decrease in relapse-free survival. CL appears to be an inde- 
pendent prognostic marker in both node-negative and node- 
positive breast cancer, especially when combined with other 
prognostic markers such as CB, CD, node status, and steroid 
hormone receptor status. 


Analytical Methodology 


The initial assays for detection of CB used chromogenic sub- 
strates containing an Arg-Arg sequence and 2-naphthyl- 
amide and 7-amino-4-methylcoumarin as chromophores. 
These early assays lacked specificity and were likely to have 
suffered from interference by endogenous inhibitors (e.g., 
cystatins and stefins). CB and CL are now measured by 
ELISA; however to date no comparison has been made with 
the older CB methods. Immunohistochemistry has also been 
used to detect CB in tissue; however no detailed evaluations 
have been conducted. 

The majority of studies correlating CD with tumor pro- 
gression and prognosis have used an immunoradiometric 
assay that detects both the proforms and mature forms of 
CD. This assay can be used to measure CD in tissue extract 
generated for detection of steroid hormone receptors. CD 
has also been measured by western blot, by immunohisto- 
chemistry, and by activity. 


MATRIX METALLOPROTEINASES 

Matrix metalloproteinases (MMP) are a family of 23 struc- 
turally related zinc-dependent endopeptidases capable of 
degrading components of the ECM. 


Biochemistry 

Most MMPs are secreted as a zymogen, and activation 
involves removal of a 10kDa amino-terminal domain. Once 
in the active form, their proteolytic activity is inhibited by 


tissue inhibitors known as tissue inhibitors of metallo- 
proteinases (TIMPs). The MMPs have been functionally 
grouped into four subgroups, based on their ECM speci- 
ficity: collagenases, gelatinases, stromelysins, and membrane 
MMPs. 


Clinical Applications 

MMPs are involved in a number of functions including 
tissue remodeling and wound repair; however, they have 
also been associated with tumor growth, invasion, and 
metastasis.” Direct evidence for the role of MMPs in the 
development and progression of tumors has been provided 
by mouse knockout studies in which mice lacking various 
MMPs showed reduced tumorigenesis and progression. 
Conversely, increased expression is associated with tumor 
aggressiveness and poor prognosis. Increased expression of 
MMP-2 and MMP-9 is associated with accelerated tumor 
progression in oral carcinoma, lung adenocarcinoma, and 
bladder, ovarian, and papillary thyroid carcinoma. Similarly, 
increased staining of MMP-3 and MMP-9 is seen in 
high-grade versus low-grade endometrial sarcoma. In 
esophageal carcinoma, MMP-7 expression correlates with 
tumor aggressiveness. 

MMPs also act as predictors of recurrence or metastatic 
risk. High preoperative serum levels of MMP-2 or MMP-3 
are predictive of recurrence in patients with advanced 
urothelial carcinoma. Furthermore, high levels of MMP-2 in 
ovarian tumor cells can predict tumor recurrence. The 
expression of certain MMPs is predictive of metastatic risk. 
For example, expression of MMP-1 is associated with lymph 
node metastasis in cervical and peritoneal metastasis in 
gastric cancer. MMP inhibition may be a therapeutic strat- 
egy for cancer.” 


Analytical Methodology 


Gelatin zymography is a technique commonly used to detect 
MMPs, such as MMP-2 and MMP-9. Zymography is an elec- 
trophoretic technique used to identify proteolytic activity in 
enzymes separated by sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis under nonreducing conditions. 
The SDS is removed, allowing the MMPs to refold and sub- 
sequently digest gelatin at the position of the separated 
protein. This technique, although tedious, has the advantage 
of specifically detecting the active form of the protease. 
MMPs are also detected in tissue sections by immunohisto- 
chemistry using specific antibodies, and in tissue extracts 
and serum by immunoassay. 


TUMOR-ASSOCIATED TRYPSIN INHIBITOR 


Tumor-associated trypsin inhibitor (TATI) is a 6 kDa trypsin 
inhibitor that was first identified from the urine of an 
ovarian cancer patient. 


Biochemistry 


TATI is identical to the previously identified pancreatic 
secretory trypsin inhibitor (PSTI), which is also known as 
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the Kazal inhibitor. TATI is strongly expressed by pancreatic 
acinar cells together with trypsinogen. It is secreted into the 
pancreatic juice where it constitutes 0.1% to 0.8% of the total 
protein. It is expressed at lower concentrations in other 
healthy tissue, such as the gastrointestinal and urogenital 
tracts, the gallbladder, biliary tract, kidney, lung, liver, and 
breast. TATI also acts as an acute phase reactant and is 
induced under strong inflammatory conditions, as would be 
expected as its promoter contains an IL-6 response element. 


TATI function in vivo is thought to protect against auto- | 


digestion of body tissue by trypsinogen secreted by the 
pancreas and other tissue. TATI is rapidly cleared from the 
circulation by the kidneys with a half-life of approximately 
6 minutes. Therefore patients with renal disease can 
have extremely high serum levels of TATI (greater than 
1000 pg/L). 


Clinical Applications 

Although pancreatitis, severe injury, and inflammation can 
all increase its levels, TATI can still function as a relatively 
good tumor marker for various cancers. In most cancers, the 
increase in TATI is due to tumor production; however, 
inflammation associated with tissue destruction contributes 
to the overall TATI increase. Serum and urine concentrations 
correlate well, but because of greater variation in urine, 
serum is preferred. 

Increases in both serum and urine TATI are common in 
ovarian cancer. In mucinous ovarian cancers, approximately 
45% of patients have increased TATI in stage I, and 90% to 
100% have increases by stage IV.” Fifty-five percent to 60% 
of patients with late stage endometrial cancer have increased 
serum TATI; however, only 20% show an increase in early 
stages. TATT is increased in cervical cancer, but squamous cell 
carcinoma antigen (SCCA) and CEA are better markers. 

TATI is also useful in gastrointestinal and urological 
cancers. As may be expected due to its pancreatic produc- 
tion, TATI is a useful marker for pancreatic cancer and is 
increased in 75% to 90% of patients. In gastric cancer, 
TATI is increased in 40% to 65% of patients and high pre- 
operative values correlate with a poor prognosis. Patients 
with hepatocellular (60% to 80%) or biliary tract cancer 
(75% to 100%) show an increase in TATI. The clinical sen- 
sitivity of TATI in hepatocellular cancer is similar to that of 
AFP and is useful in AFP-negative cancers. Colorectal 
cancers also increase TATI, with approximately 34% to 74% 
of patients showing an increase. However, CEA is a better 
marker of disease. In bladder cancer, TATI has been shown 
to be more useful than other serum markers and is a strong 
prognostic indicator. In renal cell carcinoma, TATI is a more 
sensitive marker than CEA, CA 15-3, CA 125, and CA 19-9, 
and is useful in monitoring disease progression and after 
surgery. 


Analytical Methodology 


TATI in either serum or urine is routinely measured by 
radioimmunoassay. However, other detection methods have 


been developed that are used mainly for research purposes. 
The reference interval for TATI is 3 to 21 ug/L in serum, and 
is method dependent, as a method employing monoclonal 
antibodies gives a slightly lower reference interval (3.1 to 16 
ug/L). Urine concentration is more variable, with a reference 
interval of 7 to 51 ug/L. 


TELOMERASE 


‘Telomeres are specialized structures at the termini of eukary- 
otic chromosomes. 


Biochemistry —_- 
Telomeres are composed of hexanucleotide repeats 
(TTAGGG) that signal the end of a chromosome and inhibit 
the DNA repair mechanism from joining the ends of chro- 
mosomes together. They also appear to function as a mitotic 
clock, which records the replicative history and sets a finite 
life span for normal somatic cells. During each replication, 
cycle telomeric DNA is lost because of the inability of the 
replication machinery to overcome the loss of terminal RNA 
primers. However, expression of functional telomerase is a 
mechanism to overcome telomeric DNA loss in germline 
cells and stem cells. Telomerase is a ribonucleoprotein 
reverse transcriptase that elongates telomere ends using a 
segment of its own RNA as a template. Two main com- 
ponents are required for telomerase activity: human telom- 
erase RNA (hTR), which contains the template for reverse 
transcription, and human telomerase reverse transcriptase 
(hTERT), which consists of the enzyme’s catalytic subunit. 
Telomerase is normally active during embryogenesis, but 
is repressed in most somatic cells before or shortly after 
birth. Germline cells, activated lymphocytes, and other 
immortal cells show no shortening of telomere length and 
possess telomerase activity. Thus tumor cells should also 
show telomerase activity that can act as a specific marker of 
transformation. 


Clinical Applications 

Telomerase activity has been detected in more than 80% of 
cancers, including lung, breast, pancreatic, bladder, and 
many other cancers; however, it does not seem to be neces- 
sary for cancer development.” Its activity does, however, cor- 
relate with tumor progression and prognosis. 

The detection of telomerase activity or hTERT mRNA 
in excretion, secretion, brushings, and washings has been 
evaluated. In pancreatic. secretion samples, which contain 
freshly exfoliated cells, detection of telomerase activity was 
encouraging for cancer detection. Telomerase activity was 
also found to be useful in distinguishing between adenoma 
and carcinoma in intraductal papillary-mucinous tumors, 
which can sometimes be difficult to diagnose. In bronchial 
brushing samples, the clinical sensitivity of cancer detec- 
tion is below 70% and false-positive results are commonly 
encountered because of contamination with lymphocytes, 
which contain measurable telomerase activity. The measure- 
ment of telomerase is also expected to become a useful 
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marker in cervical cancer, since most cervical cancers express 
telomerase. In cancers such as non-small cell lung cancer, 
gastric cancer and neuroblastoma, and adenocarcinomas of 
the stomach and colon telomerase activity is up regulated 
during tumor progression and is useful in the evaluation of 
malignant grading and patient prognosis. 


Analytical Methodology 

The TRAP (telomeric repeat amplification protocol) assay is 
a widely used method for detection of telomerase activity. 
This technique measures the telomerase activity present in 
cell extracts. Briefly, cellular extract containing telomerase 
activity is incubated with a telomeric substrate (a short 
strand of DNA onto which the telomerase will attach the 
telomeric repeats) followed by polymerase chain reaction 
(PCR) amplification of the elongated telomere. Detection of 
the PCR product is by a number of methods, including gel 
electrophoresis, radiometric detection, ELISA, and real-time 
PCR detection." 


HORMONES 


Hormones have been recognized as tumor markers for more 
than 50 years. The introduction of specific RIA methods for 
a particular hormone that has very little cross-reactivity with 
similar hormones made it possible to monitor the treatment 
of cancer patients.” 

With the introduction and use of monoclonal antibodies, 
the measurement of hormones is now accurate and precise. 
The production of hormones in cancer involves two separate 
routes. First, the endocrine tissue that normally produces 
it can produce excess amounts of a hormone, Second, a 
hormone may be produced at a distant site by a non- 
endocrine tissue that normally does not produce the 
hormone. The latter condition is called ectopic syndrome. For 
example, the production of adrenocorticotropic hormone 
(ACTH) is normotopic by the pituitary and is ectopic by the 
small cell of the lung. Consequently, elevation of a given 
hormone is not diagnostic of a specific tumor, because a 
hormone may be produced by a variety of cancers. 

Multiple endocrine neoplasia (MEN) syndromes (MEN- 
1, MEN-2A, and MEN-2B) are familial disorders inherited in 
an autosomal dominant fashion that are manifested by 
tumors arising from amine precursor uptake and decarboxy- 
lase (APUD) neuroendocrine tissues. These tissue synthesize 
a number of polypeptide hormones, such as ACTH, calci- 
tonin, gastrin, glucagon, insulin, melanocyte-stimulating 
hormone, secretin, and vasoactive intestinal polypeptide. 
The frequency of hormone production correlates with the 
degree of embryological relationship of the cancer origin to 
other tissues in the APUD system. MEN-1 has been mapped 
to the long arm of chromosome 11 (11q13). Medullary 
thyroid carcinoma (MTC) that is part of MEN-2 has been 
mapped to chromosome 10.”" Examples of hormones that 
are used as tumor markers are listed in Table 23-8. ACTH, 
calcitonin, and hCG are discussed in more detail below. 


TABLE 23-8 Hor mones as Tumor Markers 


: Hormone Type of Cancer 


ACTH Cushing's syndrome, lung 
(smallcell) 
Lung (small cell), adrenal 
cortex, pancreatic, duodenal 
Lung (small cell) 
< Medullary thyroid 
Glucagonoma 
Conk hormone Pituitary adenoma, renal, lung. 
hCG Embryonal, choriocarcinoma, 
testicular: (nonseminomas) 
; ‘trophoblastic, gonads, hng 


Antidiuretic hormone 


Bombesin 


Human placental | 
lactogen > breast. o 

Neurophysins . ; Lung (emall cell) 

Fararhyroid i hormone «Liver, renal; breast, lung, 

various 

Pituitary adenoma; renal, lung 

Pancreas, bronchogenic, = 
„pheochromocytoma; _ 
; neuroblastoma S ; 


Prolactin 
Vasoactive intestinal 
ae 


ADRENOCORTICOTROPIC HORMONE 

ACTH is a polypeptide hormone with 39 amino acids and 
an MW of 4500 that is produced by the corticotropic cells of 
the anterior pituitary gland (see Chapter 50). In 1928 a 
patient was described having a small cell carcinoma of the 
lung who had the signs and symptoms of what is now known 
to be cortisol excess.” A small number of these carcinomas 
can produce pro-ACTH, the precursor to ACTH. This pre- 
cursor has an MW of 22,000, a 5% bioactivity, and most of 
the immunoactivity of ACTH. Traditional RIA measures 
both the precursor and the hormone. One immunometric 
assay in use is specific for ACTH. 

Elevated serum levels of ACTH could be the result of 
pituitary or ectopic production. A high level of ACTH 
(greater than 200 ng/L) is suggestive of ectopic origin. Failure 
of the dexamethasone suppression test is also indicative of 
ectopic production. About half of the ectopic production of 
ACTH is a result of small cell carcinoma of the lung, Other 
conditions that elevate ACTH levels have been reported, 
including pancreatic, breast, gastric, and colon cancer, and 
benign conditions, such as chronic obstructive pulmonary 
disease, mental depression, obesity, hypertension, diabetes 
mellitus, and stress. The value of ACTH in the monitoring 
of therapy is still unknown.“ 


CALCITONIN 

Calcitonin is a polypeptide with 32 amino acids, has an MW 
of about 3400, and is produced by the C cells of the thyroid.” 
Normally, calcitonin is secreted in response to increased. 
serum calcium. It inhibits the release of calcium from bone 
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and thus lowers the serum calcium level. The serum half-life 
is about 12 minutes. The level in healthy individuals is less 
than 0.1 ug/L. An elevated level is usually associated with 
medullary carcinoma of the thyroid. 

Calcitonin is most useful in the detection of familial 
medullary carcinoma of the thyroid, an autosomal dominant 
disorder. Asymptomatic family members of the affected 
patients benefit from screening with computed tomography 
because basal levels are increased in such people. Provoca- 


tive testing with intravenous administration of calcium and . 


pentagastrin also produces increased calcitonin levels. 
Microscopic or occult malignancy has been detected in 
patients having a negative radioisotopic scan and normal 
thyroid glands on physical examination. 

Calcitonin levels appear to correlate with such indicators 
of extent of disease as tumor volume and tumor involvement 
in local and distant metastases. Calcitonin is useful for moni- 
toring treatment and detecting the recurrence of disease. 

Calcitonin levels are also elevated in some patients with 
carcinoid and cancer of the lung, breast, kidney, and liver. 
The usefulness of calcitonin as a tumor marker in these 
malignancies has not been proven. Calcitonin elevation has 
been reported in other nonmalignant conditions, such as 
pulmonary disease, pancreatitis, hyperparathyroidism, per- 
nicious anemia, Paget’s disease of bone, and pregnancy. 


HUMAN CHORIONIC GONADOTROPIN 


Elevated human chorionic gonadotropin (hCG) levels are 
seen in pregnancy, trophoblastic diseases, and germ cell 
tumors. It is a useful tumor marker for tumors of the pla- 
centa (trophoblastic tumors) and some tumors of the testes. 
It is also useful for diagnosing and monitoring pregnancy 
(see Chapter 54 for a discussion of hCG and pregnancy). 


Biochemistry 
hCG is a glycoprotein secreted by the syncytiotrophoblastic 
cells of the normal placenta. hCG consists of two dissimilar 
a- and B-subunits. The o-subunit is common to several 
other hormones: luteinizing hormone (LH), follicle- 
stimulating hormone (FSH), and thyroid-stimulating 
hormone (TSH). The B-subunit is unique to hCG, and the 28 
to 30 amino acids comprising the carboxyl terminal are anti- 
genically distinct. hCG has an MW of 45,000. The upper 
reference limit in men and nonpregnant women is 5.0 IU/L. 
The production of subunits of hCG is under separate 
genetic control. In early pregnancy, the free B-subunit is pro- 
duced together with intact (a whole molecule of) hCG. In 
late pregnancy, the free a-subunit predominates. Differen- 
tial production of the subunits has been observed in cancer 
patients. However, the number of patients who produce only 
the free subunit is very small. Most cancer patients produce 
both free B-subunits and intact molecules. 


Clinical Applications 
hCG is elevated in nearly all patients with trophoblastic 
tumors (greater than 1 million IU/L), in 70% of those with 


nonseminomatous testicular tumors, and less frequently in 
those with seminoma. Lower percentages of elevation have 
been reported in cases of melanoma and carcinoma of the 
breast, gastrointestinal tract, lung, and ovary, and in benign 
conditions, such as cirrhosis, duodenal ulcer, and inflamma- 
tory bowel disease. 

Also, hCG is useful in identifying patients with tro- 
phoblastic tumors and, together with AFP, in detecting non- 
seminomatous testicular tumors. Levels of hCG correlate 
with the tumor volume and disease prognosis. The presence 
of hCG in seminoma may indicate the presence of chorio- 
carcinoma. Because hCG does not cross the blood-brain 
barrier, the normal cerebrospinal fluid—to-serum ratio is 
1:60. Higher levels in cerebrospinal fluid may indicate 
metastases to the brain. Furthermore, the response to 
therapy for patients with central nervous system metastasis 
may be indicated by monitoring the hCG level. 

hCG is most useful for monitoring the treatment and the 
progression of trophoblastic disease.” Levels of hCG cor- 
relate with tumor volume. A patient with an initial hCG level 
of greater than 400,000IU/L is considered at high risk for 
treatment failure. After surgical removal of the tumor, hCG 
level is expected to decline. The normal half-life of serum 
hCG is about 12 to 20 hours. Slowly decreasing or persistent 
levels of hCG may indicate the presence of residual disease. 
During chemotherapy, weekly hCG measurement is rec- 
ommended. After remission is achieved, yearly hCG mea- 
surement is recommended to detect relapse. The detection 
limit of the assay is important, because any residual hCG 
activity may indicate the presence of a tumor. Specificity for 
the B-subunit of hCG is also a factor because low levels of cross- 
reactivity with LH or FSH can cause false-positive results. 


Analytical Methodology 


The measurement of serum hCG improved greatly in the 
1970s. The assay specificity improved by using an antibody 
to the B-subunit of hCG that had little cross-reactivity with 
other glycoprotein hormones, LH, FSH, and TSH. Currently, 
most hCG assays use an immunometric (“sandwich”) 
format. The hCG assay measures the intact (whole) mole- 
cule when an antibody for the a-subunit and an antibody 
for the B-subunit are used in the immunometric format. 
This type of assay does not measure free œ- or B-subunits 
because free subunits cannot form a sandwich with both 
antibodies. The total B-hCG assay measures both the intact 
hCG and free B-subunits. As a tumor marker, a total B-hCG 
assay may be preferred, because cancer patients produce 
notable amounts of free B-subunit. None of the commer- 
cially available hCG assays have been approved by the Food 
and Drug Administration (FDA) for use as a tumor marker 
assay. 


ONCOFETAL ANTIGENS 


Oncofetal antigens are proteins produced during fetal life. 
These proteins are present in high concentration in the sera 
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TABLE 23-9 Oncoteral Antigens as Tumor Markers 


Name Nature 


“AFP Glycoprotein, 70 kDa, 4% CHO: 


80kDa 


-B-Oncofetal antigen 
_ Glycoprotein, 600.kDa 


Carcinofetal ferritin 


CEA Glycoprotein, 22 kDa, 50% CHO 


Pancreatic oncofetal 
Squamous cell antigen 
Tennessee antigen 
Tissue polypeptide antigen 


Glycoprotein, 40kDa 
Glycoprotein, 44-48 kDa 
Glycoprotein, 100kDa 
Cytokeratins 8, 18,19 


CHO, Carbohydrate. 


of fetuses and decrease to low levels or disappear after 
birth. In cancer patients, these proteins reappear. The pro- 
duction of these proteins demonstrates that certain genes are 
reactivated as the result of the malignant transformation 
of cells. 

The discovery of the oncofetal antigens AFP and CEA in 
the 1960s revolutionized the modern era of tumor markers. 
AFP was first found in the sera of mice with liver cancer’ and 
later?“ in sera of humans with hepatocellular carcinoma. 
CEA was discovered in 1965 by Gold and Freeman and was 
known initially as the Gold “antigen.” Oncofetal antigens 
that have been used as tumor markers, including AFP and 
CEA, are listed in Table 23-9. 


ALPHA FETOPROTEIN 


AFP is a marker for hepatocellular and germ cell (nonsemi- 
noma) carcinoma.?” 


Biochemistry 

AFP is a glycoprotein with a molecular mass of 70kDa. It 
consists of a single polypeptide chain and is 4% carbohy- 
drate. AFP is synthesized in large quantities during embry- 
onic development by the fetal yolk sac and liver. It is one of 
the major proteins in the fetal circulation, but its maximum 
concentration is about 10% that of albumin. AFP is closely 
related both genetically and structurally to albumin, having 
extensive homologies in amino acid sequence. The genes 
coding for both proteins have been localized to chromosome 
4q. As albumin synthesis increases during later fetal devel- 
opment, AFP concentrations in fetal serum begin to decline. 
They finally reach the trace concentrations found in normal 
adults 18 months after birth. 

For tumor-derived AFP, the composition of carbohydrate 
on AFP depends on the activity of saccharide transferase in 
the tumor cells. Differences in carbohydrate side chains on 
AFP may be determined by the binding of AFP to lectins, 
such as concanavalin A (Con A) and lens culinaris (LCA). 
Molecular variants of AFP can be separated into the liver 
type and the yolk sac type; they differ from each other in 
their carbohydrate moiety. The yolk sac type of AFP contains 


Type of Cancer 


Hepatocellular, germ. cell (nonseminoma) 

Colon 

Liver. 

Colorectal; gastrointestinal, pancreatic, lung, breast 
Pancreatic 

Cervical, lung, skin, head and ‘neck (squamous), 
Colon, gastrointestinal, bladder 

Various (breast, colorectal, ovarian, bladder) 


an additional sugar, N-acetylglycosamine; this blocks the 
Con A binding site on the AFP. Therefore the yolk sac type 
of AFP shows a high percentage (50% to 70%) of Con A 
nonreactive (CNR) fraction, whereas the liver type, which 
lacks this additional sugar, shows a low CNR fraction (10% 
to 20%).” LCA binds to the fucosylated form of the first core 
N-acetyighucose, which is present in both liver and yolk sac 
types of tumor-derived AFP but not in AFP generated by 
benign liver diseases. 


Clinical Applications 

The serum AFP level is less than 10 ug/L in healthy adults.” 
During pregnancy, maternal AFP levels increase from 12 
weeks of gestation to a peak of about 500 ug/L during the 
third trimester. The fetal AFP reaches a peak of 2g/L at 14 
weeks and then declines to about 70 mg/L at term. The use 
of AFP for detecting fetuses with neural tube defects is dis- 
cussed in Chapter 54. In addition to pregnancy, elevated 
levels of serum AFP are also associated with benign liver con- 
ditions, such as hepatitis and cirrhosis. Most patients with 
these benign diseases (95%) have AFP levels lower than 
200 ug/L. 

Except in the pregnant patient, AFP levels greater than 
1000 ug/L are indicative of cancer. At these levels of AFP, 
about half of hepatocellular carcinomas may be detected. 
However, because the serum level of AFP correlates with the 
size of the tumor,” detection of hepatocellular carcinoma is 
more useful at the earlier stages, when the tumor is small 
enough to be resectable (less than 5cm) than when the 
tumor is large. To detect small tumors, the cut-off level for 
AEP has to be set at a low level; a cut-off point of 10 to 
20ug/L has been recommended. However, at this level, 
hepatitis and cirrhosis must be considered as possible causes 
of elevation. 

Screening for hepatocellular carcinoma has been 
attempted in high-incidence areas, such as Africa, China, 
Taiwan, Japan, and Alaska." Initial large-scale screening in 
China using less sensitive techniques (e.g., agglutination 
and immunodiffusion, which have cut-off values of 400 to 
1000 ug/L) was able to detect notable numbers of new cases 
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of this type of cancer. More sensitive immunoassay methods 
having cut-off values of 10 to 20ug/L and ultrasonography 
have been used in Taiwan and Japan with better success in 
detecting hepatocellular carcinoma at earlier stages. 

AFP is also useful for determining prognosis and in the 

monitoring of therapy for hepatocellular carcinoma." The 
level of AFP is a prognostic indicator of survival. Elevated 
AEP levels (greater than 10}1g/L) and serum bilirubin levels 
of greater than 2 mg/dL are associated with shorter survival 
time. a, ; 
The AFP level is a good indicator for monitoring therapy 
and the change in clinical status. Elevated AFP levels after 
surgery may indicate incomplete removal of the tumor or 
the presence of metastasis. Falling or rising AFP levels after 
therapy may determine the success or failure of the treat- 
ment regimen. A notable increase of AFP levels in patients 
considered free of metastatic tumor may indicate the devel- 
opment of metastasis. 

AFP and hCG combined are useful in classifying and 
staging germ cell tumors. Germ cell tumors may be pre- 
dominantly of one type of cell or may be a mixture of semi- 
noma, yolk sac, choriocarcinomatous elements (embryonal 
carcinoma), or teratoma.’? AFP is elevated in yolk sac 
tumors, whereas hCG is elevated in choriocarcinoma. Both 
are elevated in embryonal carcinoma. In seminomas, AFP is 
not elevated, whereas hCG is elevated in 10% to 30% of 
patients who have syncytiotrophoblastic cells in the tumor. 
Neither marker is elevated in teratoma. One or both of the 
markers are elevated in about 90% of patients with non- 
seminomatous testicular tumor. Elevations were found in 
fewer than 20% of patients with stage I disease, 50% to 80% 
with stage H disease, and 90% to 100% with stage III disease. 
These markers correlate with tumor volume and the prog- 
nosis of disease, 

The combined use of both markers is also useful in 
monitoring patients with germ cell tumors: Elevation of 
either marker indicates recurrence of disease or development 
of metastasis. The success of chemotherapy can be assessed 
by calculating the decrease of the levels of both markers 
using the half-lives of AFP (5 days) and hCG (12 to 20 
hours). 


Analytical Methodology 


Serum AFP can be determined by immunometric assay 
using either a radioactive or enzyme label (see Chapter 54). 
Automated immunoassay systems to measure AFP using 
these techniques are available. The detection limit of AFP 
immunoassay is about 1 to 2ug/L. 


CARCINOEMBRYONIC ANTIGEN 


CEA is a marker for colorectal, gastrointestinal, lung, 
and breast carcinoma, CEA was discovered by Gold and 
Freeman in 1965." Rabbits were immunized with extracts 
of human colon cancer tissue, and the resultant antisera were 
absorbed with extracts of normal human colon. Some anti- 
sera reacted with the tumor extracts but not with the extracts 


of normal tissue. The antigen, which was also found in 
embryonic tissue, was named carcinoembryonic antigen. 


Biochemistry 


CEA is a glycoprotein with a molecular mass of 150 to 
300 kDa; it contains 45% to 55% carbohydrate. It is a single 
polypeptide chain consisting of 641 amino acids, with lysine 
in the N-terminal position. The heterogeneity of CEA can be 
demonstrated by using isoelectric focusing to separate the 
variants. 

CEA consists of a large family of related cell-surface gly- 
coproteins. The CEA proteins are encoded by about 10 genes 
located on ‘chromosome 19. Up to 36 different glycoproteins 
have been identified in the CEA family. The major proteins 
are CEA and nonspecific cross-reacting antigen (NCA).” 
The domain structure of CEA, NCA 50, and the heavy chain 
of the immunoglobulin IgG are very similar. Thus CEA is 
part of the immunoglobulin gene “superfamily.” 


Clinical Applications 

The CEA level is elevated in a variety of cancers, such as 
colorectal (70%), lung (45%), gastric (50%), breast (40%), 
pancreatic (55%), ovarian (25%), and uterine (40%) carci- 
noma. Because of the elevations associated with benign 
disease (i.e., false-positive results) and the number of tumors 
that do not produce CEA (i.e., false-negative results), CEA 
testing should not be used for screening.” 

CEA testing may be useful as an adjunct to clinical 
staging. Persistently elevated levels that are 5 to 10 times the 
upper reference limit strongly suggest the presence of colon 
cancer but may be associated with other cancers. In colon 
cancer, CEA levels correlate with the stage of the disease. 
CEA levels are elevated in 28% of patients with Dukes’ stage 
A colorectal cancer and in 45% of those with stage B. The 
pretreatment CEA level is prognostic of the development of 
metastasis, A high level of CEA is associated with a greater 
likelihood of developing metastasis. Evidence suggests that 
CEA is a cellular adhesion molecule that may potentiate 
invasion and metastasis.” 

After successful initial therapy, CEA levels decline. During 
remission, CEA levels are stable. Rising CEA values may indi- 
cate recurrence of disease. The lead time from CEA elevation 
to clinical recurrence is about 5 months. A repeat laparotomy 
can be performed to confirm the relapse, which is detected 
in 90% of cases. In the monitoring of metastatic colon 
cancer, CEA is useful in following patients throughout 
therapy and the clinical course of the disease. 

CEA is also useful in monitoring breast, lung, gastric, and 
pancreatic carcinoma. In breast cancer, elevated CEA is asso- 
ciated with metastatic disease. Early or localized breast 
cancer does not show CEA elevation. CEA is most useful in 
monitoring metastatic breast cancer during therapy and for 
detecting the development of bone or lung metastasis. For 
breast cancer, CEA is being replaced by other more specific 
markers, such as CA 15-3. In lung cancer, CEA determina- 
tion is helpful in diagnosing non-small cell lung carcinoma 
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(greater than 65% of patients have elevated CEA) and in 
monitoring lung cancer. 


Analytical Methodology 
As with AFP, most assays use the immunometric format for 
the determination of serum CEA. Polyclonal or monoclonal 
antibodies, or a combination of both types, have been used 
in CEA immunoassays. 

In the healthy population, the upper limit of CEA is about 
3 ug/L for nonsmokers and 5ug/L for smokers. Because the 
level of CEA measured is method dependent, values should 
always be compared using the same method. When chang- 
ing methods, all patients being monitored should be tested 
in parallel using both the old and new methods. CEA level 
is elevated in some patients having benign conditions, such 
as cirrhosis (45%), pulmonary emphysema (30%), rectal 
polyps (5%), benign breast disease (15%), and ulcerative 
colitis (15%). 


CYTOKERATINS | 


The cytokeratins are a large group of approximately 20 pro- 
teins that make up the cytoskeletal intermediate filaments of 
epithelial cells and cells of epithelial origin. The cytokeratins 
can be grossly divided into two groups, type 1 being smaller 
and acidic and type 2 being larger and neutral to basic. The 
clinically useful members of this family are tissue poly- 
peptide antigen (TPA), tissue polypeptide-specific antigen 
(TPS), and cytokeratin 19 fragments (CYFRA 21-1). 


TISSUE POLYPEPTIDE ANTIGEN 


The discovery of TPA preceded that of AFP and CEA, but 
TPA is not a specific tumor marker.” [t was later found that 
TPA could be identified by antibodies that react with cyto- 
keratins 8, 18, and 19, TPA is produced by both normal and 
cancerous cells. Elevated serum levels of TPA are related to 
the proliferation activity and turnover of cells, allowing it to 
be used as a proliferation marker.’ In pregnancy, TPA 
increases throughout gestation. After pregnancy, the level 
returns to normal after 5 days. TPA is also elevated in 
inflammatory diseases and in cancer; thus it is not useful for 
diagnosis. In the monitoring of metastatic diseases, TPA is 
useful when combined with CEA and CA 15-3 in breast 
cancer, with CEA and CA 19-9 in colon cancer, and with CA 
125 in ovarian cancer. TPA may be helpful in the differenti- 
ation of cholangiocarcinomas (in which TPA level is ele- 
vated) from hepatocellular carcinoma (in which TPA level is 
not elevated). 


TISSUE POLYPEPTIDE-SPECIFIC ANTIGEN 

TPS is actually an antigenic site on the TPA complex that 
is specifically recognized by the M3 monoclonal antibody. 
This epitope has been proposed as a specific marker of cell 
proliferation, and is detectable in serum using a specific 
radioimmunoassay. TPS appears to correlate with prolifera- 


tion activity of lung tumors, irrespective of histology and 
tumor volume, with increasing TPS levels in increasing 
stages.” Elevated levels of TPS correlate with a poorer 
outcome as assessed by univariate analysis. 


CYTOKERATIN 19 FRAGMENTS 

CYFRA 21-1 is elevated in all types of lung cancer, although 
it is most sensitive for non-small cell lung cancer and 
SCC. Levels of CYFRA 21-1 positively correlate with increas- 
ing stage and are useful in monitoring of disease course, 
and in postsurgical follow-up. In one study of non-small 
cell lung cancer patients, CYFRA 21-1 was shown to 
independently correlate with decreased survival, nodal 
status, and tumor stage, confirming its utility as a lung 
tumor marker.'° 


SQUAMOUS CELL CARCINOMA ANTIGEN 


As its name implies, SCCA is useful in monitoring a wide 
variety of SCCs. 


Biochemistry 

SCCA is a glycoprotein previously referred to as “tumor- 
associated antigen 4.” Subfractions of SCCA have been 
separated by isoelectric focusing into neutral and acidic 
fractions. The molecular weights range from 42,000 to 
48,000. Both malignant and nonmalignant squamous cells 
have been shown to contain the neutral fraction, whereas the 
acidic fraction is found mainly in malignant cells. The acidic 
fraction is the one released into the blood circulation. The 
expression of SCCA appears to correlate with the grade of 
differentiation of SCCs,"’ 


Clinical Applications 

SCCA is elevated in a variety of SCCs, including those of 
the cervix, lung, skin, head, neck, digestive tract, ovaries, 
and urogenital tract. In general, the level of SCCA is pro- 
portional to the advancing stages of caricer. Screening is 
not effective, since only a small percentage of patients with 
early stages of cancer show elevated SCCA values. High 
pretreatment SCCA values appear to be associated with a 
poor prognosis. SCCA is useful in detecting the recurrence 
of cancer and in the monitoring of treatment and disease 
progression.” 


Analytical Methodology 


SCC antigen is measured using immunoradiometric assay or 
the microparticle enzyme immunoassay on the IMx analyzer 
(Abbott Diagnostics, Chicago). Healthy, nonpregnant 
women have SCC antigen values below 1.5 ug/L. Serum SCC 
antigen levels may be elevated (greater than 1.5ug/L) in 
certain benign conditions, including pulmonary infection, 
skin disease, renal failure, and liver disease. It is also present 
in saliva, sweat, and respiratory secretions. Because of this, 
masks should be worn by laboratory personnel when ana- 
lyzing SCC antigen. : 
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TABLE 23-10 Mucin Tumor: Markers 


Antigen and Source 
Glycoprotein, >200 kDa, OVCA 433 


Antibody 
OC 125 - 


Name: 
GA 125 
Episialin 
 CA15-3 


Type of Cancer 


Ovarian, endometrial 


Glycoprotein, 400 kDa, ; DF3 and 115D8 ~ Breast, ovarian 
: membrane-enriched BrCa : 
CA 549 High-MW glycoprotein BC4E549, BCAN154 
CA 27.29. High-MW glycoprotein : B2729 
MCA 350-kDa glycoprotein - SS bel 


DU-PAN-2 = Mucin, 1000-kDa peptide epitope DU-PAN2 


Breast, ovarian: 

Breat 

Breast, ovarian 

‘Pancreatic, ovarian, gastrointestinal, lung 


MW, Molecular weight. 


TABLE 23-11: Blood Group Antigen- -Related Cancer. Mar kers 


Name Antigen and Source Antibody ‘Type of: Cancer 


CA 19-9 Sialylated Le”, SW-1116 colon CA 19-9 
Le*-and sialylated Lesi) 19:5. 
Sialylated Le* and. aeol form C50. 

<<) Sialylated Tn ; CAS B27.3, 49 

=o Sialylated CHO!) aap ee 


Pancreatic, gastrointestinal, hepatic 
Gastrointestinal, pancreatic, ovarian, 
Pancreatic, gastrointestinal, colon 
Ovarian, breast, gastrointestinal, colon 

_ Gastrointestinal, pancreatic 


CA 19-5 
CA 50. 
5 CA 72-4 
“CA 242 


CARBOHYDRATE MARKERS ~ 


Carbohydrate-related tumor markers either are (1) antigens 
on the tumor cell surface or (2) secreted by the tumor 
cells, Monoclonal antibodies have been developed 
against these antigens. These markers have been found to be 
clinically useful as tumor markers and tend to be more 
specific than naturally secreted markers, such as enzymes 
and hormones. Biochemically, they are high molecular 
weight mucins (Table 23-10) or blood group antigens (Table 
23-11). 

CA 15-3, CA 549, and CA 27.29 assays detect a high 
molecular weight glycoprotein mucin expressed by the 
mammary epithelium, known as episialin. The circulating 
episialin antigen is a heterogeneous molecule. CA 15-3, CA 
549, and CA 27.29 assays detect similar yet different epitopes 
on the episialin. The main differences are the antibodies used. 
for detection. They are used as markers for breast carcinoma. 


CA 15-3 
CA 15-3 is a marker for breast carcinoma. 


Biochemistry 

CA 15-3 is detected by a murine monoclonal antibody 
(MAb) DF3 produced against a membrane-enriched extract 
of a human breast cancer metastatic to liver. Another 
monoclonal antibody, 115D8, was developed against human 
milk fat globule membrane. The circulating DF3-reactive 


antigen is a heterogeneous molecule with a molecular mass 
of 300 to 450kDa. The gene for this molecule is located on 
chromosome Iq. cDNA cloning indicates that the DFP3 
peptide core consists of a highly conserved 60-bp tandem 
repeat sequence. The polymorphism of the antigen is the 
result of different numbers of repeats in the peptide core. 
The DF3 antibody recognizes the epitope within this 20 
amino acid-repeating sequence of the peptide core. The 
recognition of the epitope is also affected by glycation.” 


Clinical Applications 

In healthy subjects, the upper limit of CA 15-3 concentra- 
tion is 25 kU/L. At this level, 5.5% of 1050 normal subjects, 
23% of patients with primary breast cancer, and 69% of 
those with metastatic breast cancer show elevated CA 15-3 
levels.” Elevated CA 15-3 levels are also found in other 
malignancies, including pancreatic (80%), lung (71%), 
breast (69%), ovarian (64%), colorectal (63%), and liver 
(28%) cancer. It is also reported to be elevated in benign dis- 
eases, although with less frequency (e.g, in benign liver 
[42%] and benign breast diseases [16%]). 

CA 15-3 should not be used to diagnose primary breast 
cancer, because the incidence of elevation (23%) is fairly low. 
CA 15-3 is most useful in monitoring therapy and disease 
progression in metastatic breast cancer patients. A significant 
change must be at least 25% and correlates with disease pro- 
gression in 90% of patients, with its regression in 78%, No 
change correlates with disease stability in 60%. CA 15-3 
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could replace CEA in metastatic breast cancer owing to its 
sensitivity and specificity. 


Analytical Methodology 


Two antibodies are used in immunoassays. The MAb 115D8 
is attached to a solid support, whereas MAb DF3 is labeled. 


CA 549 


CA 549 is a marker for breast carcinoma. 


Biochemistry 

CA 549 is an acidic glycoprotein with an isoelectric point of 
pH 5.2. By sodium dodecyl sulfate/polyacrylamide gel elec- 
trophoresis under reducing conditions, CA 549 can be sep- 
arated into two species with molecular masses of 400 and 
512kDa. One monoclonal antibody, a murine IgG, termed 
BC4E 549, was raised by immunizing mice with partially 
purified membrane preparations from T417 human breast 
tumor cell line. The other antibody, BC4N 154 (a murine 
IgM), was developed against human milk fat globul 

membranes.” i 


Clinical Application 

In a population of healthy women, 95% of the population 
has CA 549 values below 11kU/L. Pregnancy and benign 
breast disease show minimum elevation. Some patients with 
benign liver disease show a slight elevation (see Table 23-4). 
CA 549 has been shown to be elevated in a variety of non- 
breast metastatic carcinomas, including ovarian (50%), 
prostate (40%), and lung (33%) carcinomas. 

Similar to CA 15-3, CA 549 is not useful in detecting early 
breast carcinoma, because the proportion of patients with 
elevated CA 549 levels is low. Using ROC analysis, CA 549 is 
better than CEA at identifying active breast cancer (see 
Figure 23-2). CA 549 is useful in detecting recurrence of 
breast cancer in patients after initial therapy followed by 
adjuvant therapy. An increasing CA 549 value after an initial 
decrease or stabilization indicates the development of metas- 
tases (see Figure 23-3). In the monitoring of advanced breast 
cancer patients, CA 549 correlates with disease progression 
and regression and helps detect metastases.” 


CA 27.29 


CA 27.29 is a marker for breast carcinoma. 


Biochemistry 

CA 27.29 is detected by a monoclonal antibody, B27.29, that 
is produced against an antigen in ascites of patients with 
metastatic breast carcinoma, The minimum epitope to 
which B27.29 reacts is the 8 amino acid sequence 
(SAPDTRPA) within the 20 amino acid tandem repeating 
sequence of the mucin core. The reactive sequence of the 
B27.29 overlaps with the sequence of DF3 used in the CA 
15-3 assay. In inhibition studies using labeled MAb, B27.29 
effectively competes with DF3 for binding to both CA 27.29 
and CA 15-3 antigens.’ 


Clinical Applications 

CA 27.29 has been approved by the FDA for clinical use in 
the detection of recurrent breast cancer in patients with stage 
IE or stage II disease. In a multicenter study over a 2-year 
period monitoring 166 breast cancer patients, 26 patients 
developed recurrent disease. When two consecutive CA 
27.29 antigen test results above 37.7 kU/L (99th percentile) 
were considered positive, the CA 27.29 assay had a sensitiv- 
ity of 57.7%, specificity of 97.9%, positive predictive value 
of 83.3%, and negative predictive value of 92.6% for the 
detection of recurrent breast cancer. The performance 
appeared to be better than that of CA 15-3 in detecting 
patients with recurrent breast cancer.” In a group of 
metastatic breast cancer patients, CA 27.29 and CAI5.3 
showed similar clinical performances.” 


Analytical Methodology 

CA 27.29 is measured using a solid-phase competitive 
immunoassay. A prediluted sample is added to a poly- 
styrene tube coated with B27.29 antigen and incubated 
with the "I-labeled murine antibody for B27.29. A calibra- 
tion curve is constructed using five calibrators from 0 to 
200 kU/L. 


MUCINLIKE CARCINOMA-ASSOCIATED ANTIGEN 


Mucinlike carcinoma-associated antigen (MCA) is a marker 
for breast carcinoma.” 


Biochemistry 

MCA was identified on the surface of a breast carcinoma cell 
line by the monoclonal antibody b-12. MCA is a glycopro- 
tein with a molecular mass of 350 kDa. The epitopes on this 
molecule are also recognized by DF3 and 115D8 antibodies 
of the CA 15-3 assay. 


Clinical Applications 

In a study of 100 healthy women, the upper reference limit 
for MCA was found to be 14kU/L. MCA levels increase 
throughout pregnancy. In contrast, CA 15-3 only increases 
slightly during pregnancy. MCA level is elevated in 60% of 
metastatic breast cancer patients. However, elevated levels 
are also found in ovarian, cervical, endometrial, and prostate 
carcinoma. Minimum elevation is observed in benign breast 
disease. MCA levels correlate with CA 15-3 levels but not 
with CEA levels. In the monitoring of metastatic breast 
cancer patients, changes in MCA levels parallel those of CA 
15-3 levels. 


CA 125 


CA 125 is a marker for ovarian cancer. 


Biochemistry 

CA 125 is a high molecular mass (greater than 200kDa) gly- 
coprotein recognized by the monoclonal antibody OC 125. 
It contains 24% carbohydrate and is expressed by epithelial 
ovarian tumors and other pathological and normal tissues 
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of miillerian duct origin. The physiological function is 
unknown. 

Bast and associates developed the MAb OC 125 using a 
cell line (OVCA 433) from a patient with a serous papillary 
cystadenocarcinoma of the ovary.'? The OC 125 clone was 
selected for its reactivity with the OVCA 433 cell line and for 
its lack of reactivity with a B-lymphocyte line from the same 
patient. 


Clinical Applications _ 

In a healthy population, the upper limit of CA 125 level is 
35kU/L. CA 125 is elevated in nonovarian carcinoma, 
including endometrial, pancreatic, lung, breast, and colorec- 
tal and other gastrointestinal tumors. CA 125 is useful for 
determining the prognosis of endometrial carcinoma. It is 
also elevated in women in the follicular phase of the men- 
strual cycle and in benign conditions such as cirrhosis, 
hepatitis, endometriosis, pericarditis, and early pregnancy. 
CA 125 may be useful in the evaluation of the disease status 
in patients with advanced endometriosis but is not useful 
in screening for ovarian cancer in asymptomatic popula- 
tions.” Jt cannot be used to differentiate ovarian cancer 
from other malignancies, 

In ovarian carcinoma, CA 125 is elevated in 50% of 
patients with stage I disease, 90% with stage II, and more 
than 90% with stages IH and IV. The level of CA 125 corte- 
lates with tumor size and staging. CA 125 is also useful in 
differentiating benign from malignant disease in patients 
with palpable ovarian masses. This differentiation is impor- 
tant because surgical intervention for malignant ovarian 
masses is far more extensive than that for the benign masses. 
Einhorn and colleagues studied 100 patients undergoing 
diagnostic laparotomy for palpable adnexal masses; of these, 
23 were found to have a malignancy.“ Using 35kU/L as the 
cut-off value, the predictive values for malignant disease 
were 78% sensitivity, 95% specificity, 82% positive predic- 
tive value, and 91% negative predictive value. Tumor differ- 
entiation does not affect the CA 125 level. 

A preoperative CA 125 level of less than 65 KU/L is asso- 
ciated with a significantly greater 5-year survival rate (42%) 
than is a level greater than 65kU/L (5%). Postoperative CA 
125 levels and the rate of decline are also predictors of sur- 
vival. The half-life of CA 125 is normally 4.8 days. A group 
of patients with a CA 125 half-life of 22 days responded 
poorly to chemotherapy as compared with another group 
with a CA 125 half-life of 9 days. 

CA 125 is useful in detecting residual disease in cancer 
patients following initial therapy. The sensitivity of CA 125 
for detecting tumors before repeat laparotomy is 50%, and 
the specificity is 96%. After chemotherapy, the CA 125 level 
provides an indication of disease prognosis. A decrease in the 
CA 125 level by a factor of 10 after the first cycle of 
chemotherapy is indicative of improvement, Persistent ele- 
vation of CA 125 levels after three cycles of chemotherapy 
indicates a poor prognosis. 


In the detection of recurrent metastasis, use of CA 125 
level as an indicator is about 75% accurate. The lead time 
from CA 125 elevation to clinically detectable recurrence is 
about 3 to 4 months. CA 125 correlates with disease pro- 
gression or regression in 80% to 90% of cases. 


Analytical Methodology 


An immunoradiometric assay for CA 125 was first developed 
and manufactured by Centocor, Inc, now Fujirebio Diag- 
nostics..A second generation assay (CA 125II) uses a mono- 
clonal antibody, M11, as the capture and OC 125 as the 
conjugate. This assay has been approved by the FDA for the 
quantitative measurement of CA 125 in serum of women 
with primary epithelial invasive ovarian cancer. 


OTHER OVARIAN CANCER BIOMARKERS 


A number of other potential ovarian cancer biomarkers have 
been discovered by using microarray technologies and other 
methods. The role of kallikreins as potential ovarian cancer 
biomarkers has already been described.* Some of the newly 
discovered biomarkers include mesothelin, HE4 protein, 
prostasin, osteopontin, and other carbohydrate antigens that 
were found to be elevated in a small proportion of ovarian 
cancers (e.g, CA 19-9, CA 15-3, etc.). 4? There is now a 
general trend for combining multiple biomarkers, including 
CA 125, to increase the sensitivity of detecting ovarian 
cancer, especially in screening settings.” Others have pro- 
posed the rate of increase of CA 125 as an effective screen- 
ing tool.” The combined use of serum markers along with 
transvaginal ultrasonography generally increases the sensi- 
tivity in ovarian cancer screening programs but compro- 
mises specificity. The use of biochemical markers as panels 
in ovarian cancer screening is still under investigation. 


DU-PAN-2 
DU-PAN-2 is a marker for pancreatic cancer." 


Biochemistry 

The epitope recognized by the antibody DU-PAN-2 is a 
mucin. Its molecular mass is between 100 and 500kDa, and 
it is 80% carbohydrate. cDNA for the core protein has been 
cloned and sequenced, and the predicted amino acid 
sequence reveals a protein of 126 kDa containing 1295 amino 
acid residues with 42 tandem repeats. DU-PAN-2 antigen is 
found mainly in the glandular epithelia of the pancreatic and 
biliary systems and in the breast and bronchial ducts. A lower 
level of expression is found in cells of the salivary glands, 
stomach, colon, and intestine.” 


Clinical Applications 
Serum DU-PAN-2 levels are elevated in patients with 
pancreatic (54% to 61%), biliary tract (44% to 47%), and 


*References 60, 112, 136, 137, 253, 254. 
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hepatocellular (44%) carcinomas. Comparative studies 
between DU-PAN-2 and CA 19-9 levels in pancreatic cancer 
show similar elevations in 70% to 80% of patients. The 
correlation of patient values for DU-PAN-2 and CA 19-9 was 
good except in patients who are Le** and therefore do not 
express CA 19-9. 


Analytical Methodology 


An RIA assay was developed by Metzgar and co-workers,'” 
and an immunoenzymetric assay was developed by Kyowa 
Medex (Tokyo). The serum concentration of DU-PAN-2 in 
a healthy population is less than 100 kU/L. The cut-off level 
used to differentiate the presence of cancer from health is 
300 or 400KU/L. 


BLOOD GROUP ANTIGENS 


Blood group carbohydrates identified by monoclonal anti- 
bodies that have been used as markers of cancers are listed 
in Table 23-11. These include CA 19-9 (sialylated Le“), CA 
50 (sialylated Le**, afucosyl forms), CA 72-4 (sialyl Tn), and 
CA 242 (sialylated carbohydrate coexpressed with CA 50). 


CA 19-9 

CA 19-9 is a marker for both colorectal and pancreatic car- 
cinoma.’° CA 19-9 has been approved by the FDA for the 
quantitative measurement in serum and as an aid in moni- 
toring pancreatic cancer patients. 


Biochemistry 

This carbohydrate antigen is a glycolipid—specifically, sialy- 
lated lacto-N-fucopenteose II ganglioside, that is a sialylated 
derivative of the Le* blood group antigen and is denoted as 
Le™.The expression of the antigen requires the Lewis gene 
product, 1,4-fucosyl transferase. CA 19-9 is synthesized by 
normal human pancreatic and biliary ductular cells and 
by gastric, colon, endometrial, and salivary epithelia. In 
serum, it exists as a mucin, a high molecular mass (200 to 
1000kDa) glycoprotein complex. Patients who are genotypi- 
cally Le**” (about 5%) do not express CA 19-9, The mon- 
oclonal antibody against CA 19-9 was developed from a 
human colon carcinoma cell line, SW-1116.1” 


Clinical Applications 

When using the Centocor CA 19-9 assay, the upper reference 
limit is 37 KU/L. Of 1500 healthy blood bank donors tested, 
99% had CA 19-9 values below this limit. Elevated levels 
(greater than 37 kU/L) were seen in patients with pancreatic 
(80%), hepatobiliary (67%), gastric (40% to 50%), hepato- 
cellular (30% to 50%), colorectal (30%), and breast (15%) 
cancer. Some patients (10% to 20%) with pancreatitis and 
other benign gastrointestinal diseases have elevated levels up 
to 120kU/L. CA 19-9 levels correlate with pancreatic cancer 
staging. With the cut-off of 37kKU/L, 67% of patients with 


resectable and 87% of those with unresectable pancreatic 
cancer have elevated values. By raising the cut-off to 
1000KU/L, 35% of patients with unresectable tumors and 
only 5% of those with resectable tumors have elevated CA 
19-9 values. CA 19-9 is useful in monitoring pancreatic and 
colorectal cancer. Elevated levels can indicate recurrence 1 to 
7 months before detected by radiographs or clinical find- 
ings.” Unfortunately, early detection of relapse may not be 
useful because of the lack of effective therapy for pancreatic 
cancer. ` 


Analytical Methodology 


Several companies have produced CA 19-9 immunoassays. 
Typically, the CA 19-9 antibody is used both as the capture 
and the signal antibody. 


CA 50 


CA 50 is a marker for pancreatic and colorectal carcinoma.” 


Biochemistry 


CA 50 is a monoclonal antibody developed against the 
human colon adenocarcinoma cell line COLO 205. The 
CA 50 antibody recognizes an epitope on two carbohydrate 
moieties, sialosylfucosyllactotetraose (sialylated Le*) and 
sialosyllactotetraose (sialylated Le* lacking fucose). This 
antigen exists as a glycoprotein in serum and also as 
gangliosides in tissue. The sialylated Le* is the predominant 
form of CA 50 in epithelial carcinoma and is also recognized 
by CA 19-9. 


Clinical Applications 

Elevated CA 50 levels have been reported in benign diseases 
of the pancreas (12% to 46%), biliary tract (35% to 38%), 
and liver (22% to 59%). In pancreatic cancer, 80% to 97% 
of patients have elevated levels. In colon cancer, elevated 
levels were reported in Dukes’ A (19% to 43%), B (30% to 
59%), C (53% to 73%), and D (53% to 73%) stages. In diges- 
tive tract carcinoma, elevated levels were seen in esophageal 
(41% to 71%), gastric (41% to 78%), biliary (58% to 70%), 
and hepatocellular (14% to 78%) cancer. Other malignan- 
cies were reported to have lower percentages of elevation, 
including breast, lung, renal, prostate, bladder, and ovarian 
cancer. Similar performances and good correlations were 
reported between CA 50 and CA 19-9 values. 


Analytical Methodology 

The original inhibition test has been replaced by an 
immunoradiometric assay and a time-resolved fluorescent 
immunoassay (the DELFIA method developed by Pharma- 
cia, Uppsala, Sweden). The cut-off values for healthy subjects 
vary from 14 to 20kU/L, depending on the method. 


CA 72-4 


CA 72-4 is a marker for carcinomas of the gastrointestinal 
tract and of the ovary.’ 
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Biochemistry 

B72.3 is a monoclonal antibody developed from the 
membrane-enriched fraction of breast carcinoma in a 
patient with liver metastasis, The B72.3 reactive antigen was 
purified and called TAG-72 (tumor-associated glyco- 
protein). Further purification of TAG-72 from LS-174T 
human colon carcinoma xenograft produced a new genera- 
tion of monoclonal antibodies with higher affinity. These 
antibodies, denoted “cc” for “colon carcinoma,” were used in 
subsequent studies. 


Clinical Applications 

A cut-off of 6kU/L is used in the CA 72-4 assay. The fol- 
lowing percentages of elevation were observed: in health, 
3.5%; in benign gastrointestinal diseases, 6.7%; in gastroin- 
testinal carcinoma, 40%; in lung cancer, 36%; and in ovarian 
cancer, 24%, A poor clinical correlation between CEA and 
CA 72-4 levels was found in gastric cancer. CEA and CA 72- 
4 values may be complementary. The plasma clearance of 
TAG-72 was studied by measuring serial TAG-72 values in 
patients with primary carcinoma of breast and with gastric, 
colorectal, and ovarian cancer. After removal of the tumor, 
the average time required for the level to decrease to 4kU/L 
was 23.3 days. This suggests that TAG-72 may be useful in 
detecting residual tumor in these cancer patients. 


Analytical Methodology 


CA 72-4 is measured using an immunoradiometric assay 
(IRMA). It uses two monoclonal antibodies that were devel- 
oped at the National Cancer Institute. B72.3 is the conjugate, 
whereas cc49 is the capture antibody. This IRMA is manu- 
factured by Fujirebio Diagnostics. 


CA 242 
CA 242 is a marker for pancreatic and colorectal cancer. 


Biochemistry 


CA 242 is a monoclonal antibody developed from a human 
colorectal carcinoma cell line, COLO 205. The antigenic 


TABLE 23-12 Proteins as Tumor Mar a 


Name si 


determinant is a sialylated carbohydrate. CA 242 recognizes 
the epitopes of CA 50 and CA 19-9. CA 242 is found in the 
apical border of ductal cells of the human pancreas and in 
the epithelial and goblet cells of the colonic mucosa. 


Clinical Applications 

Using a cut-off value of 20kU/L, elevated CA 242 values were 
found in 5% to 33% of patients with benign colon, gastric, 
hepatic, pancreatic, and biliary tract diseases; in 68% to 79% 
of patients with malignant pancreatic cancer; in 55% to 85% 
of patients with colorectal cancer; and in 44% of patients 
with gastric cancer. The correlation coefficients (R°) of CA 
242, CA 50, and CA 19-9 values in patients with colorectal, 
liver, pancreatic, and biliary tract disease ranged from 0.81 
to 0.95. CA 242 and CEA appeared to have higher percent- 
ages of elevation in colorectal cancer than did CA 50 and CA 
19-9. CA 242 seems to be less efficient than CA 19-9 or CA 
50 in the detection of pancreatic cancer; however, this may 
depend on the cut-off value. 


Analytical Methodology 


An immunometric assay uses CA 50 antibody as the capture 
antibody and the CA 242 antibody as the conjugate. A fluo- 
roimmunoassay for CA 242 is available as a DELFIA assay. 
The upper reference limit is 20kU/L. 


PROTEINS 


Several proteins having tumor marker potential are listed in 
Table 23-12. Included in this group of tumor markers are 
proteins that are not enzymes, hormones, or high in carbo- 
hydrate content. Additional research is required to assess the 
clinical usefulness of most of these markers, 


IMMUNOGLOBULIN 


Monoclonal immunoglobulin has been used as a marker for 
multiple myeloma for more than 100 years.” Monoclonal 
paraproteins appear as sharp bands in the globulin area of 
the serum electrophoretic patterns. More than 95% of 


l ; Nature i Type of Cancer 
B,-Microglobulin - 11kDa. Multiple myeloma, B-cell lymphoma, acne 
Rs eae S ¿lymphocytic leukemia, Waldenstrém’s as 
Ue ets aa fine  macroglobulinemia epics i 
C-peptide °-3.6kDa “Insulinoma ane 
Ferritin 27900002 ~ 450-kDa iron-binding protein Liver, lung, breast, Jeukemia l 
Iamun oblin 160-900 KDa, 3%-12% CHO Multiple myeloma, iy phomas 


Melanoma socaid: antigen © 90-240 kDa 


Melanoma: 


Pancreas-associated antigen 
Pregnancy-specific protein 1 10kDa, 30% CHO 
“Prothrombin precursor * Des-r-carboxy prothrombin 
‘Tumor-associated trypsin inhibitor ~~ 6-kDa polypeptide < > 
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ie ‘trophoblastic, į germ cell 
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patients with multiple myeloma have such an elec- 
trophoretic pattern. Appearance of nonmalignant mono- 
clonal immunoglobulins increases with age, reaching 5% in 
patients older than 75 years. These nonmalignant mono- 
clonal bands are usually lower in concentration than malig- 
nant bands and not associated with Bence Jones protein. 
Bence Jones protein is a free monoclonal immunoglobulin 
light chain in the urine. The level of monoclonal immuno- 
globulin at initial diagnosis is a prognostic indicator of 
disease progression.” During treatment, the serum concen- 
tration of urinary Bence Jones protein may reflect the success 
of therapy. Lower levels are associated with more favorable 
outcome. The electrophoretic patterns of serum parapro- 
teins are discussed in Chapter 20. 


BLADDER CANCER MARKERS 


It is estimated that 600,000 Americans are currently affected 
by bladder cancer, and almost 54,000 new cases will be 
reported each year. The symptoms range from intermittent 
hematuria to voiding problems or dysuria. The most 
common type of cell seen is transitional cell carcinoma 
(TCC), and the most frequent symptom is hematuria. 
Bladder cancer is staged pathologically and treated on the 
basis of the extent of tumor invasion. Carcinoma in situ 
(stage Tis) and superficial bladder cancers (stages Ta and T1) 
occur on the epithelial lining and do not invade the muscle 
layer. Stage Ta tumors are confined to the mucosa, and stage 
T1 tumors superficially invade the lamina propria. Stage T2 
tumors extend into the muscle layer and T3 tumors invade 
beyond the muscle layer. Stage T4 tumors have metastasized 
to local nodes or distant organs. 


Urinary Bladder Tumor Markers 


Detection of bladder cancer is through either cystoscopy 
or cytology of shed cells, or by detection of nonceliular 
markers, such as NMP22, complement factor-H (CFH), 
fibronectin, immunocyt, and bladder tumor associated 
(BTA) analytes voided in urine.” Tumor antigens present 
in urine are the easiest to analyze; however they cannot be 
used as the sole mechanism for tumor detection. They 
should be used in a complementary manner with cystoscopy 
and cytology. NMP22, in a series of 300 patients with hema- 
turia, using a cut-off of 10U/mL, detected 100% of the 
bladder cancer cases, with a specificity of 85%.’ In another 
study, NMP22 and fibronectin were found to have superior 
sensitivity to that of cytology; however NMP22 and cytology 
have the highest specificity.* Calreticulin has also been sug- 
gested as a marker for bladder cancer and its diagnostic accu- 
racy evaluated.’ 

A fluorescence in situ hybridization (FISH) technique, 
UroVysion, uses fluorescently labeled probes to detect aneu- 
ploidy of chromosomes 3, 7, and 17, and deletion of the 9p21 
locus that contains the tumor suppressor p16, which is the 
most common alteration seen in urothelial carcinoma. Table 
23-13 compares cytology with that of UroVysion for the 
detection of bladder cancer.'” 


Nuclear Matrix Protein (NMP22) 


Nuclear matrix proteins (NMPs) make up the internal struc- 
ture of the nucleus. Their function has been associated with 
regulating key reactions in the nucleus, such as DNA repli- 
cation and RNA synthesis, The NMPs released by the cancer 
cell may be different from the normal cell. Furthermore, 
different types of cells may have different NMPs. Soluble 
NMPs could be detected in the sera of cancer patients in 
higher concentrations than the sera from normal subjects.'° 
In a multicenter follow-up study (125 cystoscopies) of 90 
patients with 33 pathologically confirmed TCC of the 
urinary tract, 70% of the 33 recurrences had urinary 
NMP greater than 10U/mL. Of the patients with NMP 
less than 10U/mL, 86% had no malignancy at subsequent 
cystoscopy.” 

An ELISA for the measurement of an NMP called nuclear 
mitotic apparatus protein in urine sample has been approved 
by the U.S. FDA for the management of patients with TCC 
of the urinary tract. The test is called NMP22 and is manu- 
factured by Matritech, Inc. (Newton, Mass.) 


Bladder Tumor Associated Analytes 


A qualitative test for BTA analytes in urine, termed the BTA 
stat. test, has been developed. BTA analytes are high molecu- 
lar weight polypeptides composed of complexes of basement 
membrane proteins. The presence of BTA analytes in urine is 
thought to involve either invasion of the basement mem- 
brane by tumor, production by the tumor itself, or a combi- 
nation of these, which may be linked with the body’s immune 
response. If BTA analytes are present in a significant level, 
they will combine with latex particles to produce an aggluti- 
nation reaction, which produces a visible color change on the 


TABLE 23-13. Comparison of Cytology Sensitivity 
With UroVysion Sensitivity for the 
Detection of Bladder Cancer by Stage 


-Cytology 
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From Sarosdy, M.F., Schellhammer, P., Bokinsky, G., et al. Clinical 
evaluation of a multi-target fluorescent in situ hybridization assay for 
detection of bladder cancer. J Urol 2002;168:1950-4. 
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BTA stat. test strip. A multicenter trial compared the BTA stat. 
test with voided urine cytology studies in 499 patients under- 
going surveillance cystoscopy for recurrent bladder cancer. 
The BTA stat. test identified 40% of patients with positive 
cystoscopy results, and cytology detected 17%. A positive 
test may provide a higher degree of suspicion for recur- 
rence,” A quantitative test in ELISA format, BTA TRAK, is 
also available. 


HEAT SHOCK PROTEINS | 


Heat shock proteins (HSPs) are a conserved group of pro- 
teins that were first identified by their ability to be induced 
by heat and other stressors. Numerous functions have been 
associated with HSPs, most notably as chaperones to stabi- 
lize cellular proteins during periods of unfavorable con- 
ditions. HSPs associate with many cellular components, 
including signal transduction proteins (kinases and phos- 
phatases), steroid receptors, and components of the apo- 
ptotic machinery. The ability of HSPs to interact with 
various cellular components and protect them from stres- 
sors, coupled with the fact that increased expression is seen 
in a number of tumors, suggests that they may play a role in 
tumorigenicity. Increased expression of HSP27 is seen in 
breast cancer, endometrial cancer, and leukemia. HSP70 is 
increased in breast cancer, endometrial cancer, osteosar- 
coma, and renal cell tumors. High expression of HSP27 
and HSP70 in breast, endometrial, or gastric cancer is cor- 
related with metastasis, poor prognosis, and resistance to 
chemotherapy.” HSP60 and HSP90 are also overexpressed 
in breast and lung cancers, leukemias, and Hodgkin’s disease. 


S-100 PROTEINS 


The S-100 proteins are a group of at least 19 related calcium 
binding proteins. They all contain two high affinity and 
selective EF-hand calcium binding domains. Their physio- 
logical role is uncertain; however some members have 
been associated with cancer progression, namely S-100A4, 
S-100A2, S-100A6, and S-1008." S-100A4 is normally 
expressed in selected immune cells, with faint expression in 
keratinocytes, melanocytes, and Langerhans’ cells. It is not 
expressed in breast, colon, thyroid, lung, kidney or pancreas. 
The expression of S-100A4 in breast cancer, esophageal- 
squamous carcinoma, and gastric cancers correlates with a 
worse outcome and more aggressive disease, and was shown 
to be an independent marker of prognosis in multivariate 
analysis. ‘The lack of expression in normal tissue and its 
expression in cancer tissue make it an excellent candidate for 
routine histological use as a cancer marker. 

S-100ß is routinely used as a diagnostic histological 
marker of melanoma and melanoma metastases. Recently 
the measurement of serum levels of $-10068 has been inves- 
tigated for monitoring disease recurrence. In the absence of 
melanoma, serum S-1006 levels are normally undetectable; 
however with recurrent disease S-100ß levels rise. Using an 
immunoassay (LIA-mat Sangtec 100; Byk-Sangtec Diagnos- 
tics, Germany) a cut-off of 0.12 ug/L has been suggested” 


that gives a sensitivity and specificity of 0.29 and 0.93, 
respectively, with a diagnostic accuracy of 0.84. S-1008 is a 
more sensitive and specific marker for recurrent melanoma 
and is able to detect recurrence earlier than either LD or 
alkaline phosphatase (traditional markers of melanoma 
recurrence), 


AUTOANTIBODIES 


Autoantibodies are antibodies that specifically recognize 
self-antigens, or proteins. They are normally thought of in 
the context of autoimmune disease; however autoantibodies 
have been used for the detection and monitoring of cancer.” 
The event that triggers the development of autoantibodies 
can either be an infection that through molecular mimicry 
breaks self-tolerance in a susceptible individual or the in- 
appropriate expression of a self-antigen, such as a cancer 
antigen. Various cancers produce either proteins or antigens 
that are recognized by the immune system and are targets for 
the development of autoantibodies, The detection and mon- 
itoring of cancer by the use of circulating tumor markers 
mainly consist of the detection proteins or antigens that are 
not normally present in the circulation or when a notable 
change in the level of these antigens. occurs. A number of 
cancers express new antigens (abnormally’ glycosylated 
MUCI, detected by CA 15.3) or overexpress existing anti- 
gens, such as HER-2/neu, and autoantibodies that recognize 
these tumor antigens can also be detected. 

Healthy individuals normally either do not have auto- 
antibodies or have them at a very low titer, and a change 
or rise can signify the development of cancer or another 
disease state. A number of cancer antigens have been inves- 
tigated for their ability to induce detectable autoantibodies, 
including p53, MUCI, c-myc, and c-erbB-2. For example, 
accumulation of mutant p53 proteins within tumor cells 
may lead to the development of autoantibodies. Nine 
percent to 48% of primary breast cancer patients have 
detectable anti-p53 antibodies, as do 11% to 64% of lung 
cancer patients.” Anti-p53 antibodies have also been 
detected in hepatocellular, bladder, colorectal, gastric, and 
other cancers,’ 

Many cancers are heterogeneous, and do not consistently 
express tumor markers. It is clear that no single tumor 
marker will detect all cancers. Therefore the detection of 
multiple antigens should increase the sensitivity of detec- 
tion. This is also the case with autoantibody detection. Using 
a single autoantibody the detection of primary breast cancer 
was between-35% ahd 47%; however using four autoanti- 
bodies (p53; MUC1, c-myc, and c-erbB-2) the sensitivity can 
be increased to 82%,” 

Autoantibodies are also useful in prognosis and monitor- 
ing of disease. Elevated levels of autoantibodies to p53 are 
associated with a poor prognosis, independent of the tumor- 
related antigens.” This may be due to the fact that expres- 
sion of the tumor antigen at a distant and/or abnormal site 
triggers an immune response. The titer of the autoantibod- 
ies also tends to follow the amount of tumor antigen, which 
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can provide information about tumor volume. In addition, 
the concentration of autoantibodies decreases in relation to 
the antigen load, but will quickly rise again in recurrent 
disease because of a secondary immune response when the 
antigen is re-introduced (recurrent disease). The use of 
autoantibodies with the greatest potential is for the early 
detection of cancer, since a small amount of the antigen has 
the ability to generate a vigorous humoral immune response; 
however more research is necessary before autoantibodies 
will be part of the standard tests ordered. 


THYROGLOBULIN AND ANTIBODIES 
Biochemistry 


Thyroglobulin (Tg) is produced by the thyroid gland as the 
precursor to thyroid hormone (see Chapter 52). 


Clinical Applications 

The main use of Tg measurement is as a tumor marker for 
patients with a diagnosis of differentiated thyroid cancer. 
Approximately two thirds of these patients have an elevated 
preoperative Tg level. An elevated preoperative level of 
Tg confirms the tumor’s ability to secrete Tg and validates 
the use of postoperative measurement of Tg to monitor 
for tumor recurrence. Postoperatively, the most sensitive 
method to detect residual tumor or metastasis is after TSH 
stimulation. In well-differentiated tumors, a tenfold increase 
in Tg levels is seen after TSH stimulation.” Poorly differen- 
tiated tumors, that do not concentrate iodide, may display a 
blunted response to TSH stimulation. 

Antithyroglobulin antibodies can also be used to monitor 
residual disease and/or recurrence, Serial anti-Tg measure- 
ments may be an independent prognostic indicator of 
therapy, because an increase in anti-T'g antibodies may 
suggest recurrence of the tumor.’ 


Analytical Methodology 


IMA and RIA are the two main methods used for the 
measurement of Tg. The IMA assays have the advantage 
of having a shorter incubation time and are automatable; 
however, they suffer from greater interferences. The main 
interferants in both assays are antithyroglobulin antibadies, 
which cause an underestimation of Tg levels in the IMA. 
Antithyroglobulin antibodies can either be measured 
directly in all patients or if both IMA and RIA are used to 
measure Tg, a discordant result suggests the presence of 
anti-thyroglobulin antibodies. 


CHROMOGRANINS 


Chromogranins are a family of proteins that are major com- 
ponents of the secretory granules of most neuroendocrine 
cells. 


Biochemistry 


The granin family consists of three members, chromogranin 
A (CgA), B (CgB), and secretogranin II, HI, IV, and V.” 
Chromogranins are found in neuroendocrine cells through- 


out the body, including the neuronal cells of the central and 
peripheral nervous systems. Intracellularly located chromo- 
granins have been suggested to play a role in the regulation 
of secretory granules. In addition, the secreted chromo- 
granins can be proteolytically processed to form bioactive 
peptides. Chromogranin A has been the most studied of the 
chromogranins, has been shown to be widely expressed by 
neuroendocrine tissue, and is co-secreted by neuroendocrine 
cells along with peptide hormones and neuropeptides. 
This wide distribution and co-secretion make it an excellent 
histochemical and plasma marker of neuroendocrine 
tumors. 


Clinical Applications 


Both CgA and CgB are useful in detecting various neuro- 
endocrine tumors including carcinoid tumors, pheochromo- 
cytoma, and neuroblastoma. In most cases CgA is produced 
at higher levels than CgB; however in some cases, CgB is pos- 
itive when CgA is negative, therefore both should be mea- 
sured where possible. In the case of carcinoid tumors, the 
foregut and mid-gut tumors are normally functional tumors 
producing serotonin. CgA is as specific for detection of both 
foregut and midgut carcinoid tumors as the serotonin 
metabolite 5-hydroxyindoleacetic acid (5-HIAA), and is the 
preferred marker in hindgut tumors, which commonly are 
non-functional.” Although the nonfunctional tumors have 
lost the ability to secrete serotonin, they retain the ability to 
secrete chromogranins, For detection of pheochromocy- 
tomas, CgA is at least as sensitive and specific as plasma 
catecholamines or urinary metanephrins.”" 


Analytical Methodology 


Currently, CgA is measured by immunoassay. Depending on 
the assay, polyclonal or monoclonal antibodies are used. 
Care must be taken in choosing an assay since CgA and the 
other chromogranins are heavily processed. after release, 
which may render them nondetectable by the assay and 
produce false-negative results. Therefore an assay that rec- 
ognizes both the intact and processed molecule may be 
desirable, 


RECEPTORS AND OTHER MARKERS 


Other tumor markers—including catecholamines, poly- 
amines, lipid-associated sialic acid, and receptors—have 
been used clinically with various degrees of success (Table 
23-14). Receptors are probably the most successful of this 
group of markers. The catecholamines and their metabolites 
are discussed in Chapter 29. 


ESTROGEN AND PROGESTERONE RECEPTORS 


Estrogen and progesterone receptors are used in breast 
cancer as indicators for hormonal therapy.’” Patients with 
positive estrogen and progesterone receptors tend to respond 
to hormonal treatment. Those with negative receptors will 
be treated using other therapies, such as chemotherapy. 


778 Section IV Analytes 


TABLE 23-14 Other Tumor Markers 


Name Nature 


Type of Cancer 


Estrogen and progesterone receptors... (Tissue) 


Catecholamine metabolites 


VMA, Vanillylmandelic acid; HVA, homovanillic acid; CSF, cerebrospinal fluid. 


Hormone receptors also serve as prognostic factors in breast 
cancer. Patients with positive receptor levels tend to survive 
longer. 


Biochemistry 

Estrogen receptors (ER) and progesterone receptors (PR) are 
members of the nuclear steroid hormone receptor family, 
and are involved in hormone directed transcriptional 
activation. The general structure of nuclear steroid hor- 
mone receptors, including ER and PR, consists of a large 
N-terminal domain containing transcriptional activation 
domains, a DNA-binding domain, a hinge region, and the 
hormone-binding domain at the C-terminus. Both the ER 
and PR are present in a large protein complex, and upon 
hormone binding, some members of the complex dissociate 
and the receptors bind to their respective response elements, 
and activate transcription. 

Estrogen and progesterone each have at least two separate 
receptors. Estrogen has ERo and ERB, which are transcribed 
from separate genes. ERa and ERB show 96% and 58% 
homology in their DNA- and hormone-binding domains, 
respectively, with a more divergent sequence in the 
N-terminal region.''* Two forms of PR, PR-A and PR-B, 
also exist and are both transcribed from the same gene. 
PR-A lacks the first 165 amino acids of PR-B. 

The ERs and PRs are found in target tissue cells, such as 
in the uterus, pituitary gland, hypothalamus, and breast, and 
appear to be involved in tumor development and progres- 
sion. Furthermore, ER and PR status correlate with both 
prognosis and treatment response, therefore measuring the 
levels of ER and PR is clinically useful. 


Clinical Applications 

Measurement of ER levels in breast tumor tissue is useful as 
both a prognostic indicator and in determining the proba- 
bility of hormonal therapy. Of patients with carcinoma of 
the breast, 60% have tumors that are ER positive. ER- 
positive tumors are 7 to 8 times more likely to respond 
to endocrine therapy, such as tamoxifen, toremifene, and 
droloxifene. Furthermore, the U.S. National Cancer Institute 
Consensus Statement suggests that all breast cancer patients 
who have positive ER findings should undergo hormonal 


(Urine) VMA, HVA, metanephrines 


Breast 
Neuroblastoma, pheochromocytoma 


Hydroxyproline (Urine) Bone metastasis (breast), multiple myeloma 
Lipid-associated sialic acid. Sialic acid bound:to lipid - Gastrointestinal, lung, rheumatoid 
Polyamine (GSE) Brain 

(Urine) |: Various: 


treatment regardless of their age, menopausal status, nodal 

status, or tumor size. Ninety-five percent of the patients 

with ER-negative tumors fail to respond. The greater the 

ER content of the tumor, the higher the response rate to 

endocrine therapy. Approximately one third of women with 

metastatic breast carcinoma obtain an objective remission 
following various types of endocrine therapy directed 
at lowering their estrogen levels. Such therapy includes 
oophorectomy, hypophysectomy, and adrenalectomy (abla- 
tive therapy), and administration of antiestrogens and 
androgens (additive therapy). As a prognostic indicator, ER 

positivity suggests a better 5-year outcome; however after 5 

years, ER-negative tumors have a better prognosis.” 

Occasionally, a tumor is defined as ER negative, but the 
patient responds to endocrine therapy (false-negative results 
yielded in an ER assay). The following are explanations of 
false-negative results: 

1. Incorrect handling and storage of tissue sample that may 
degrade the thermolabile receptor proteins. During the 
collection, the specimen must always be kept cold and 
transported on ice to its storage in a freezer at —70 °C, 

2. Inadvertent biopsy of neighboring nonmalignant tissue. 

Low protein concentration in the assayed sample. 

4, High levels of endogenous estrogens that saturate recep- 
tor sites and render them undetectable when standard 
methodology is used, 

False-positive results of ER assays (ER-positive tumor but no 
response to endocrine therapy) are more common than are 
false-negative results. The most frequent explanation is het- 
erogeneity of tumor with biopsy of a site that is not repre- 
sentative of the other tumor deposits. In addition to this 
problem, evidence exists that some tumor cells have recep- 
tor defects distal to the initial binding step (e.g., variant cells 
are able to bind steroid in the cytoplasm but not peek 
the receptor to the nucleus). 

In 1996 ERB was identified as a second ER; it is thought 
to modulate the activity of ER (now renamed ERa), When 
bound to hormone, ERa and ER signal differently at the 
activator protein-1 (AP-1) site: ERo activates transcription, 
and ERB represses transcription.’ This ability may have 
implications as to which isoform of ER is measured, and may 
affect its prognostic use. Duffy’s group reported that the level 


> 
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of ERB expression between breast carcinoma and breast 
fibroadenoma tissue was greatly decreased in breast carci- 
noma tissue, and the expression of ERo was not.” They also 
showed that the routinely used ELISA method for quantita- 
tion of ER predominantly detects ERa. The fact that ERB 
seems to attenuate ERo signaling coupled with the fact that 
levels of ERB are inversely proportional to PR and ERa levels 
suggests a possible mechanism for ER positive tumors that 
do not respond to hormonal treatment.” 

PR assay is a useful adjunct to the assay of ERs. He cuitee 
PR synthesis appears to be dependent on estrogen action, 
measurement of PR activity provides confirmation that all 
the steps of estrogen action are intact. Indeed, metastatic 
breast cancer patients with both ER- and PR-positive tumors 
have a response rate of 75% to endocrine therapy, whereas 
those with ER-positive and PR-negative tumors have a 40% 
response rate. In addition, only 25% of ER-negative/PR- 
positive patients respond to endocrine therapy, whereas 
fewer than 5% of ER-negative/PR-negative patients respond. 
The percentage of positive specimens is greater in post- 
menopausal women than in those who are premenopausal. 


Analytical Methodology 


Titration assays, enzyme immunoassays, "+ and immuno- 
cytochemical assays®'°"*? are used to measure steroid 
hormone receptors. 

The classic quantitative biochemical method for assaying 
steroid receptors in tumor tissue specimens is the multiple- 
point dextran-coated charcoal (DCC) titration assay. 
However, in comparison with the classic DCC assays, 
enzyme immunoassays are preferred as they cost less and are 
simpler, require less time, and can be performed using less 
tissue than DCC titration assays. 

With immunocytochemical assays, monoclonal antibod- 
ies are used to detect steroid receptor proteins in frozen 
tissue sections, paraffin-imbedded tissue, fine-needle aspi- 
rates, and malignant effusions using immunocytochemical 
techniques. These methods are useful in evaluating very 
small lesions when adequate tissue is not available for per- 
forming the conventional DCC method or when tissues have 
been fixed or imbedded. In these procedures, the primary 
monoclonal antibody is incubated with a thin section of 
tissue mounted on a microscope slide. Localization and visu- 
alization of receptor material are subsequently accomplished 
by an indirect immunoperoxidase technique. Specimens 
having staining in at least 20% of the malignant cells are 
usually considered receptor positive. Immunocytochemical 
assays are not influenced by the presence of estrogens, anti- 
estrogens, or steroid-binding proteins. In addition, immuno- 
cytochemical methods make it possible to study receptor 
content specifically in malignant cells, 


98,102 


ANDROGEN RECEPTOR 

Androgens, namely testosterone and dihydrotestosterone 
(DHT), are involved in growth and maintenance of the 
prostate gland. Testosterone and DHT exert their effect 


through the androgen receptor (AR), a classical nuclear 
steroid hormone receptor. The AR activates the transcription 
of genes containing androgen response elements, and 
thereby modulates prostate growth and development. The 
role of the AR in development and progression of prostate 
cancer is suggested by the fact that antiandrogen therapy is 
highly but transiently effective, and anti-androgen therapy 
can stimulate prostate cancer cells, as seen in antiandrogen 
withdrawal syndrome, 

Two polymorphic repeats have been identified, a CAG 
and a GGN repeat, that correlate with prostate cancer devel- 
opment. Shorter CAG repeats are associated with greater 
cancer risk and increased prostate cancer aggressiveness. 
Also, mutations have been found that cause inappropriate 
activation of the AR by estrogens, progestins, glucocorti- 
coids, and antiandrogens that promote prostate cancer cell 
growth, suggesting that these mutations play a role in cancer 
progression and development of resistant tumors. 


HEPATOCYTE GROWTH FACTOR RECEPTOR (C-MET) 
The hepatocyte growth factor (HGF) receptor, also known 
as c-Met, is a proto-oncogene tyrosine kinase receptor pre- 
dominantly expressed on healthy epithelial cells. The natural 
ligand for c-Met is hepatocyte growth factor/scatter factor 
(HGE/SF) and upon activation by its ligand induces a wide 
array of cellular responses, including proliferation, survival, 
angiogenesis, wound healing, scattering, motility, invasion, 
and branching morphogenesis. c-Met was originally identi- 
fied as a fusion gene between the TRP locus and the c-Met 
locus in a human osteogenic sarcoma cell line treated with a 
chemical carcinogen. This fusion produced a constitutively 
active receptor that activates downstream proliferation, sur- 
vival, and migration pathways. 

The involvement of c-Met in the progression of cancer 
has been investigated in numerous types of tumors. The 
overexpression of c-Met in prostate, colorectal, breast, malig- 
nant melanoma, hepatocellular, and uterine cervix cancer is 
associated with increased stage, metastatic potential, and a 
poor prognosis. Increased mRNA copy number of c-Met 
in colorectal cancer has been correlated with the depth of 
invasion.” In addition, its increased expression in breast 
cancer tumors correlates with a shortened survival time 
and is an independent prognostic marker from HER-2, 
EGER, and hormone receptor status.” Overall, both inap- 
propriate expression and overexpression of c-Met appear to 
be involved in metastases and invasion and correlate with a 
worse clinical outcome. Considering the potential role that 
c-Met plays in cancer progression and metastases, it is being 
studied as a potential target for drug therapy by various 
investigators. 


EPIDERMAL GROWTH FACTOR RECEPTOR 

The epidermal growth factor receptor (EGFR) is a prototype 
of a family of tyrosine kinase receptors. The natural ligands 
for the EGFR are epidermal growth factor (EGF) and trans- 
forming growth factor (TGF)-c. In cancerous tissue, these 
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growth factors can promote growth both in a paracrine and 
autocrine fashion. In an analysis of more than 200 studies 
completed between 1985 and 2000, it was determined that 
the overexpression of EGFR had prognostic value in a 
number of cancers.™ The EGFR was found to be a strong 
prognostic indicator in head and neck, ovarian, cervical, 
bladder, and esophageal cancers, Patients with elevated 
EGER levels showed reduced overall survival in 70% of 
studies. In breast, colorectal, gastric, and endometrial 
cancers, EGFR was found to be a moderate prognostic indi- 
cator, with 52% of studies showing reduced survival when 
elevated levels of EGFR are observed. The fact that EGFR is 
implicated in the progression of various tumor types, it rep- 
resents a potential point of intervention and treatment for 
these cancers. A number of compounds have been developed 
that inhibit EGFR signaling by blocking ligand binding or 
inhibition of tyrosine kinase activity. 


Cancerous growth is an inheritable characteristic of cells and 
is thought to be the outcome of genetic changes.”* Multiple 
genetic alterations may be necessary for the transformation 
of a cell from a normal state to a cancerous one and, finally, 
for metastatic spread. Therefore, the evaluation of chromo- 
somal changes may fill the gap left by the traditional serum 
biochemical markers in establishing cancer risk and screen- 
ing for cancer (see Chapters 36 and 37). 

Two classes of genes are implicated in the development of 
cancer: oncogenes (cell activation genes—Table 23-14) and 
suppressor genes (genes involved in the recognition and 
repair of damaged DNA—Table 23-15),”*"° Oncogenes are 
derived from proto-oncogenes that may be activated by 
dominant mutations, such as point mutations, insertions, 
deletions, translocations, or inversions. Most oncogenes 
code for proteins that function at some stage of activation 
of cells for proliferation, and their activation leads to cell 


division. Most oncogenes are associated with hematological 
malignancies, such as leukemia and, to a lesser extent, solid 
tumors. The other class of tumor genes, the suppressor genes, 
has been isolated from mostly solid tumors. The oncogenic- 
ity of suppressor genes is derived from the loss of the gene 
rather than their activation as with oncogenes. Deletion or 
monosomy may lead to the loss of tumor suppressor genes, 
The major tumor suppressor gene, p53, functions to repair 
damaged DNA by apoptosis (programmed cell death). 
Repair is mediated by activation of the production of p21, 
which blocks the cell cycle in late G, to allow repair to take 
place." The loss of function of this gene caused by loss or 
mutation may result in the inability of the DNA repair 
process and lead to the development of tumorigenesis. 

It is expected that the knowledge of the sequence of the 
Human Genome and the identification of all genes will allow 
the determination of which genes are differentially or aber- 
rantly expressed in cancer, and the role of mutations or 
rearrangements of these genes in the development and pro- 
gression of cancer (see Chapter 39). For example, the iden- 
tification of single nucleotide polymorphisms and other 
genetic differences between individuals may allow the devel- 
opment of models for predicting individual predisposition 
to cancer and the deployment of effective prevention strate- 
gies, such as frequent surveillance, chemoprevention, nutri- 
tional and lifestyle modification, etc. 


ONCOGENES 


Proto-oncogenes are normal cellular genes related to tumor 
virus genes. Activation of proto-oncogenes is found to be 
associated with cancer. These genes code for products that 
are involved in normal cellular processes, such as growth 
factor signaling pathways, Overexpression of the oncogene 
will lead to abnormal cell growth, resulting in malignancy. 
Of the more than 40 proto-oncogenes recognized, only a few 


‘have been shown to be useful tumor markers!” (see Table 


23-15). 


TABLE 23-15 Some Oncogenes Found in Human Tumors 


Function 


Oncogene 


Product 


Type- of. Cancer 


N-ras mutation 


Signal transduction 


Guanine diphosphate (GDP)/ 


Acute myeloid leukemia, 


guanine triphosphate:(GTP) neuroblastoma 
binding protein 
K-ras mutation Signal transduction GDP/GTP. binding protein Leukemia, lymphoma 
c-myc translocation Transcription regulation ©. Binds to DNA B-'and ‘T-cell lymphoma, 
small cell lung carcinoma 

c-erb:B-2 amplification... Growth factor.receptor..:....' Tyrosine kinase “Breast, ovarian, 

ery gastrointestinal 
c-abl/ber translocation Signal transduction l Tyrosine kinase . < Chronic myelocytic leukemia 
N- mye amplicon. Transcription regulation Binds to DNA © “Neuroendocrine eee 


bd- 2 er Blocks i apoptosis 


aoe Mitochondrial membrane protein 


; ‘Leukemia, lymphoma. a a : 
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ras Genes 


The ras genes were first identified as being responsible for 
the tumorigenic properties of the Harvey (H-ras) and 
Kirsten (K-ras) sarcoma viruses, which produce tumors in 
animals, and provided the first evidence that cellular coun- 
terparts in human cells might be involved in development of 
human tumors. The proteins coded for by the ras genes are 
located at the inner face of the plasma membrane. They bind 
to guanine nucleotides and function as molecular switches 
that regulate mitogenic signals from growth factors to the 
nucleus via signal transduction pathways.“ Ras proteins are 
activated in association with protein-tyrosine kinase recep- 
tors and are required for growth-factor proliferation or dif- 
ferentiation of a number of cell types.’ N-ras is found on 
the short arm of human chromosome 1. Changes in N-ras 
appear to be the critical step in carcinogenesis. The mutated. 
N-ras gene is found in neuroblastomas and acute myeloid 
leukemia. Mutated K-ras is present in 95% of pancreatic 
cancers, 40% of colon cancer, and 30% of hing and bladder 
cancers, and in lower percentages in other tumors.“ A single 
point mutation at the twelfth K-ras codon changes the coded 
amino acid from glycine to valine in the p21 protein. This 
mutation is by far the most frequently found in cancers, 
K-ras mutations appear to correlate with poor prognosis and 
shorter disease-free survival in patients with adenocarci- 
noma of the lung and endometrial carcinoma. However, 
overall, the presence of ras mutations has little practical 
application to determination of prognosis. Activated ras is 
detected by expression of the ras gene product, p21, in cancer 
tissue. By immunohistochemistry, the ras product is found 
not only in about 40% of colon cancers, but also in colon 
polyps believed to be premalignant. A higher relative inten- 
sity of staining for p21-ras may discriminate malignant from 
normal tissues or benign lesions in breast, pancreas, 
stomach, lung, uterus, or thyroid tissues.” The level of 
expression in tissue appears to correlate with the stage or 
grade of the tumor, but p21-ras may also be seen in some 
normal tissue, and other studies show no significant differ- 
ence between benign and malignant tumors. The use of p21 
as a tumor marker in tissue or serum is not well established, 
Mutations of ras oncogenes have been detected in the DNA 
in the stools of 9 of 15 patients with curable colorectal 
tumors.™ 


c-myc Gene 

The c-myc gene is the proto-oncogene of avian myelocytoma 
virus. It binds to DNA and is involved in transcription reg- 
ulation. The gene product, p62, is located in the nucleus of 
transformed cells, and levels of c-myc correlate with the rate 
of cell division. The c-myc protein is essential for DNA repli- 
cation and enhances mRNA transcription. Activation of the 
c-myc gene is associated with B- and T-cell lymphoma, sar- 
comas, and endotheliomas.”* In leukemias and lymphomas, 
increased c-myc expression may be due to amplification or 
chromosomal translocation of the gene. In acute T-cell 
leukemias, there is an (8:14) (q24:q11) translocation that 


results in activation of the gene, and activation of the gene 
is associated with a poor prognosis, A decrease in expression 
of c-myc after initiation of chemotherapy suggests a favor- 
able response. Overexpression of p62 may be seen in 70% to 
100% of primary breast cancers using immunohistochem- 
istry, and the intensity of staining is greater with the increas- 
ing stage of the tumor. Amplification in lung carcinomas and 
gliomas correlates with clinical aggressiveness. There may be 
a fivefold to fortyfold higher expression of c-myc in colon 
cancers when compared with normal mucosa, but the level 
of expression does not correlate with progression. A similar 
relationship has been found for cervical, gastric, liver, and 
other cancers. Serum levels of c-myc have been used to 
detect recurrence but not to differentiate cancer and benign 
conditions. 


Her-2/neu 


The HER-2/neu gene (also known as c-erbB-2) is named for 
its association with neural tumors (neu). 


Biochemistry 


The HER-2/neu gene is a 185kDa transmembrane protein 
expressed on epithelial cells, and belongs to the EGF family 
of tyrosine kinase receptors. The EGF family includes four 
members, the EGF receptor (EGFR; also known as ErbBI/ 
HER-1), ErbB2/HER-2/neu, Erb3/HER-3, and ErbB4/ 
HER-4. The EGF family of receptors have the same overall 
structure consisting of an extracellular ligand-binding 
domain (ECD), a single transmembrane domain, and an 
intracellular tyrosine kinase domain. The extracellular 
domain can undergo proteolytic cleavage by metallopro- 
teases, releasing the ECD (known as p105} into the blood, 
which can be detected. All are involved in cell proliferation, 
differentiation, and survival. HER-2/neu is normally 
expressed on the epithelia of numerous organs, including 
lung, bladder, pancreas, breast, and prostate, and has been 
found to be elevated in cancer cells. 


Clinical Applications 
Amplification of HER-2/neu is found in breast, ovarian, and 
gastrointestinal tumors. In breast cancer, it appears to be as 
useful a prognostic indicator of overall survival as tumor size 
or ER and PR expression, but not as good as the number of 
lymph nodes involved in metastases.””° Elevated serum HER- 
2/neu antigen levels have been shown to correlate with 
decreased response to hormone therapy of breast cancer.” 
Of the three oncogenes—HER-2/neu, ras, and c-myc—HER- 
2/neu has the strongest prognostic value in breast cancer. 
Serum levels of p105 are most useful in breast cancer with 
some use in ovarian cancer patients.” p105 levels in breast 
cancer correlate with a worse prognosis and a shorter disease- 
free state. Elevated HER-2/neu levels also correlate with 
larger tumor size, lymph node positivity, and high grading 
score. HER-2/neu serum levels are not only to be used for 
prognosis, but may be used to guide treatment. One study of 
719 breast cancer patients showed that elevated levels of 
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HER-2/neu in patients with ER-positive cancers showed sig- 
nificantly worse clinical benefit from hormonal therapies.” 
Furthermore, the study showed a trend toward improved 
outcome with aromatase inhibitors for patients with elevated 
serum HER-2/neu. Serum levels of HER-2/neu are also 
useful in monitoring breast cancer patients because the 
HER-2/neu levels decrease in response to treatment. Her- 
ceptin treatment is now administered only to those breast 
cancer patients who have HER-2/neu amplification. 

In ovarian cancer, elevated p105 correlates with increased 
aggressiveness of the tumor, more advanced clinical stage, 
and poor clinica] outcome, HER-2/neu is not useful in com- 
bination with CA 125 or alone in distinguishing between 
benign and malignant ovarian tumors, but it may be useful 
in identifying a subset of high-risk patients.” 


Analytical Methodology 

Immunohistochemistry has been used to detect increased 
levels of the HER-2/neu protein in cancer cells.” FISH has 
been used for detection of HER-2/neu gene amplification. 
Immunohistochemistry is a relatively simple procedure and 
can be done in most labs, but suffers from interanalyst 
variation. FISH is less analyst dependent, but only detects 
increases in gene copy number. Detection of the ECD of 
HER-2/neu (p105) in serum is by ELISA and automated 
immunoassay. Both assays use the same monoclonal anti- 
bodies recognizing different epitopes of the ECD, which does 
not cross-react with any other member of the EGF family. 
Importantly, there is no interference from the therapeutic 
monoclonal antibody, Herceptin, with either assay.” The 
ELISA has a lower detection limit of 3.4ng/mL and an upper 
limit of 36ng/mL, and the automated immunoassay has a 
linear range from 0.1 to 250ng/mL. The upper limit of 
normal for both assays has been set at 15ng/mL. 


bel-2 

The product of the bcl-2 oncogene is a novel 239 amino acid, 
25 kDa integral membrane protein that localizes primarily to 
the mitochondrial membranes and to other cellular mem- 
branes. This protein is known to inhibit apoptosis (pro- 
grammed cell death) and contribute to survival of cancer 
cells, especially lymphoma and leukemic cells.” The bcl-2 
proto-oncogene was identified in follicular lymphomas 
wherein a 14:18 translocation results in formation of a bcl- 
2-immunoglobulin heavy-chain fusion gene. Activation of 
the bcl-2 gene through the immunoglobulin promoter 
results in production of high levels of bel-2 protein. The 
protein is normally expressed on cells that have a long life 
span (e.g. neurons) and on the proliferative cells in rapidly 
renewing cell lineages, such as basal epithelial cells. The bel- 
2 oncogene is highly expressed in a variety of hematological 
. malignancies, including lymphomas, myelomas, and chronic 
leukemias (malignancies characterized by prolonged cell 
survival). In the normal colon, bcl-2 positive cells are 
restricted to basal epithelial cells, whereas in dysplastic 
polyps and carcinomas, many positive cells may be found in 


parabasal and superficial regions.’ Abnormal expression 
of the bcl-2 gene appears to be an early event in colorectal 
carcinogenesis. In addition, overexpression of the bcl-2 gene 
is associated with development of resistance to cytotoxic 
cancer chemotherapy in a variety of tumors, including 
epithelial tumors and lymphomas. Thus detection of the bel- 
2-gene product in tumors is an indication of progression. 
Future studies may determine its usefulness for predicting 
resistance to chemotherapy. 


BCR-ABL 

Chronic myelogenous leukemia (CML) is a myelopro- 
liferative disorder resulting from the clonal expansion 
of a transformed multipotent hematopoietic stem cell. In 
approximately 90% of CML patients, the transforming 
event is the formation of the Philadelphia chromosome, 
a balanced translocation between chromosomes 9 and 22 
[t(9;22)(q34;q11)] creating the BCR-ABL fusion gene. The 
protein derived from this fusion is a constitutively active 
cytoplasmic tyrosine kinase that activates a number of 
signaling pathways leading to growth and inhibition of 
apoptosis. 

Detection of the BCR-ABL is useful in diagnosis of CML 
and in directing treatment, since there are a number of 
strategies that target either the BCR-ABL gene by antisense 
oligonucleotides or the BCR-ABL kinase domain by the tyro- 
sine kinase inhibitor STI571. BCR-ABL detection, by RT- 
PCR, is also useful in monitoring minimal residual disease 
in patients who have undergone bone marrow transplanta- 
tion. In the subset of acute lymphoblastic leukemia patients 
that harbor the Philadelphia chromosome, a positive RT- 
PCR for the BCR-ABL gene carries a much higher risk of 
relapse compared with a negative result. In CML patients 
after bone marrow transplantation, positive RT-PCR results 
at 6 to 12 months were associated with a twenty-sixfold ele- 
vated risk of relapse, and a positive result at 3 months was 
not predictive of risk.” Also, the amount of BCR-ABL tran- 
script per ug of RNA correlated with risk of relapse; less than 
1% of patients with a decreasing level of BCR-ABL mRNA 
or less than 50 transcripts per ug of RNA relapsed, and 72% 
of patients with greater than 50 transcripts per ug of RNA 
relapsed. 7 


RET 

The RET tyrosine kinase receptor is involved in kidney mor- 
phogenesis, maturation of the peripheral nervous system, 
and differentiation of spermatogonia. The RET receptor 
exists in a multimeric complex that includes one of four 
glycosyl-phosphatidylinositol (GPI)-linked co-receptors 
(GFR« 1, 2, 3, and 4). The complex responds to four ligands: 
glial-derived neurotrophic factor (GDNF), neurturin 
(NTN), persephin (PSP), and artemin. Activation of RET 
appears to be through dimerization and transphosphoryla- 
tion of the receptor that recruits numerous signaling mole- 
cules. RET, like other tyrosine kinase receptors, activates 
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TABLE 23-16 Tumor Suppressor Genes: Chromosomal Location and Tumor Types 


~ Tumor Type 


“Kidney... 
: Colorectal _ 


Chromosome Region 


Gene 
~. VHL mutation © 
APC mutation | 
~ pl6(cdkn2) mutat 
WTI mutation 
Loss of heterozygosity 
 BRCA2, RBI 

-RB1 mutation. 

-P16 E-cadherin mutati 
BRCEAI mutation Bee 
p53 mutation : 
DCC mutation. 

NE2 mutation: 


a bladder | 


Other genes indicated by loss of heterozygosity include 1p, 8p, 9q, 10q, and others. 


downstream growth pathways, and with uncontrolled sig- 
naling cancer can result. 

Inappropriate activation of RET has been extensively 
studied in (1) papillary thyroid cancer, (2) multiple 
endocrine neoplasia type 2 (MEN2), and (3) familial 
medullary thyroid carcinoma (FMTC). In each the mecha- 
nism of activation of RET is through unregulated dimeriza- 
tion and transphosphorylation of the RET receptor.’ In the 
case of papillary thyroid cancer a genetic event creates a 
fusion between the RET tyrosine kinase domain and a 
dimerization domain that can be donated by a number of 
genes. In MEN2A and FMTC point mutations of the extra- 
cellular domain induce disulfide linkages between receptors, 
thus inducing dimerization. In MEN2B, a point mutation in 
the kinase domain appears to alter the substrate specificity 
of the tyrosine kinase and presumably leads to inappropri- 
ate activation of downstream growth pathways. 


TUMOR SUPPRESSOR GENES 


Several suppressor genes associated with human cancer are 
listed in Table 23-16. Historically, evidence for tumor sup- 
pressor genes was derived from the study of hybrid cells of 
normal and malignant cells that behaved normally.” It 
was concluded that normal cells contained a gene that 
suppressed the expression of malignancy.” Reversion to 
malignancy occurred when the cultured cells lost normal 
chromosomes, The study of suppressor genes may provide a 
clue as to the development of cancer from normal cell status 
to benign and cancerous status and to metastasis. The devel- 
opment of colon cancer requires multiple steps that involve 
several mutations. The loss of a chromosome 5 gene leads to 
an increase in cell growth. Early adenoma is associated with 
the loss of methyl groups on the DNA strand. With the ras 
gene mutation and the loss of the DCC gene on chromo- 
some 18, adenoma advances to the late stage. Carcinoma is 
found with the loss of the p53 gene on chromosome 17. 


Finally, metastasis occurs with other chromosome losses.” 
The clinical usefulness of detection of mutations in tumor 
suppressor genes lies not only in the diagnosis and progno- 
sis of cancer, but also in the prediction of susceptibility when 
the mutation is carried in the germline, such as with the 
breast cancer genes BRCAI and BRCA2. 


Retinoblastoma Gene 


Retinoblastoma (RB) is a rare tumor of children that occurs 
both in families and sporadically. The work of Knudson on 
the familial-specific incidence of RB led to the two-hit 
hypothesis. "+"! He reasoned that in the inherited form of 
the tumor, one mutation was present in the germline and all 
cells of the body, the other mutational event occurring 
somatically in one of the cells of the developing retina. In the 
sporadic form, both mutations occur somatically in the same 
developing retinoblast, a relatively rare event. The two-hit 
hypothesis has served as a model for other tumor suppres- 
sor genes. The RB gene has been localized to chromosome 
13q by loss of a chromosomal banding region in peripheral 
blood lymphocytes of patients with the familial form and by 
loss of heterozygosity studies in both RBs and some 
osteosarcomas. However, most tumors do not have gross 
deletions but point mutations or small insertions and dele- 
tions that result in premature truncation of the protein 
product.” The protein product of the RB gene is a nuclear 
phosphoprotein with a molecular mass of about 105kDa 
(p105-RB).’” This protein binds to a product of a DNA 
tumor virus, including the EIA protein of murine tumor 
virus and the E7 protein of human papillomavirus. When 
p105-RB is hypophosphorylated, it complexes with tran- 
scription factors such as E2F and blocks transcription of 
genes in S-phase cells. E2F dimerizes with a DP protein and 
regulates the transcription of several genes involved in DNA 
synthesis. Inactivation or loss of p105-RB deregulates DNA 
syntheses and increases cellular proliferation. Thus RB is a 
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tumor suppressor gene, as it suppresses DNA synthesis. 
Detection of mutations in RB is useful in determining the 
susceptibility of an individual to development of RB in the 
familial form, but it is not used as a tumor marker. 


p53 Gene 


Of particular interest is the p53 gene!" that lies on chro- 
mosome 17q. The native or wild type of p53 is believed to 
control cell division by regulating entry into the $ phase.” 
This controlling effect of p53 protein may be lost by deletion 
of the gene or production of a competing mutant protein. 
Seventy-five percent to eighty percent of colon carcinomas 
show deletion in one p53 allele and a point mutation in the 
other allele; thus, no wild type of p53 protein is expressed in 
these tumors. Allelic deletion of p53 occurs only rarely in 
adenomas (10%), suggesting that p53 inactivation may be a 
relatively late event in colon carcinogenesis. In addition, up 
to 70% of breast cancers also have deleted p53. Mutations in 
p53 produce proteins that inactivate the wild type of p53 
protein and allow cells to move through the cell cycle and 
contribute to the autonomous growth of cancer, A number 
of different mutations of p53 have been found in human 
cancers.” Most point mutations are localized in four regions 
of the protein (amino acid residues 117-142, 171-181, 134- 
158, and 270-286); three “hot spots” affect residues 175, 248, 
and 273.’ In addition, selective guanine to thymine 
mutations are found at codon 249 in human hepatocellular 
carcinomas taken from patients in high-incidence areas 
of Africa and Asia’® associated with aflatoxin exposure. 
Mutations at codons 245 and 258 are found in Li-Fraumeni 
syndrome, a rare autosomal dominant syndrome character- 
ized by diverse neoplasms at many different sites in the 
body.” 

Monoclonal antibodies to mutated p53 proteins have 
been developed. The wild type of p53 is normally present in 
very small amounts that are not detected by immunohisto- 
chemistry, whereas the mutant protein accumulates to easily 
detectable levels. Overexpression of the mutant proteins has 
been detected in up to 70% of primary colorectal cancers. 
Overexpression of p53 in breast cancers is associated with 
poor prognosis, but this association is not as strong as the 
association with c-erbB-2. Up to 75% of small cell lung 
carcinomas appear to overexpress a mutant (missense muta- 
tion) protein. Finally, circulating antibodies to mutant p53 
proteins have been found in sera from patients with breast 
and lung cancer and B-cell lymphomas. This antibody 
response may be useful in this subset of patients for moni- 
toring for relapse.'* 


p21 (WAFI) 

The wild type of p53 protein activates transcription of a 
number of genes, including the WAFI/CIP1 gene. The p21 
protein product of the p21™" gene binds to and inhibits the 
cyclin-dependent protein kinases (cdk) that are active in 
the G, phase of the cell cycle. The cell-cycle arrest function 
of p53 in response to DNA damage is mediated by p21. 


Monoclonal antibodies to the p21 protein are now available 
and are being used to determine if expression of p21 in 
tumors may be clinically useful. 


APC 


One of the first events in the putative steps of progression 
of precursor lesions to colon cancer is loss of the adenoma- 
tous polyposis coli (APC) gene in premalignant polyps.“ 
The APC gene encodes a 300-kDa protein that may be trun- 
cated in cancer cells. The normal function of the APC gene 
product is not known, but it interacts with proteins, such as 
&- and B-catenin, involved in cell-cell interactions in epithe- 
lial cells. This gene is mutated in hereditary colorectal cancer 
syndromes, polyposis, and nonpolyposis types. In the poly- 
posis types, hundreds and even thousands or more benign 
tumors (polyps) arise before the development of cancer. In 
the nonpolyposis types, very few polyps are seen, but the ele- 
vated risk of cancer is essentially similar. The APC gene was 
detected by an interstitial deletion on chromosome 5q in a 
patient with hundreds of polyps.’” Greater than 80% of 
individuals with hereditary colorectal cancer have germline 
mutations in one of the APC alleles, including gross 
deletions or localized mutations. The hereditary forms of 
colorectal cancer are relatively uncommon, but somatic 
mutations appear to be of great importance in the develop- 
ment of nonhereditary colorectal cancers, More than 70% of 
colorectal tumors, regardless of size or histology, have a spe- 
cific mutation in one of the two APC alleles, and mutation 
may also be found in other types of tumors, including breast, 
esophageal, and brain tumors. The usefulness of the loss 
of the APC protein for diagnosis and prognosis is now 
under study. 


Neurofibromatosis Type 1 

Neurofibromatosis type 1 (NFI), or von Recklinghausen 
disease, is a dominantly inherited syndrome manifested 
mainly by proliferation of cells from the neural crest result- 
ing in multiple neurofibromas, cafe au lait spots, and Lisch 
nodules of the iris.” Mutations in the NFI gene have been 
found in about 20% of NFI patients.” The NF] gene has 
been localized to the pericentromeric region of chromosome 
17q, band 11. It is a large gene coding for a p300 protein, 
called neurofibromin. This protein has a high degree of sim- 
ilarity to GTPase-activating proteins.” Although the exact 
mechanism of action of the protein is not known, it appears 


‘likely that loss or inactivation of neurofibromin function 


leads to alterations in signal transduction pathways regulated. 
by small ras-like G proteins resulting in continuous “on” 
signals for cell activation. Inactivating mutations of NFI 
have also been found in colorectal cancer, melanoma, and 
neuroblastoma. 


WTI 

The Wilms tumor suppressor gene, WTI, is located on chro- 
mosome 11p13. It codes for a 45-kDa protein that appears 
to function in transcriptional regulation by suppressing the 
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expression of growth-inducing genes, such as early growth 
response, insulin-like growth factor-2, and platelet-derived 
growth factor A chain genes.“ Other chromosomal changes 
in Wilms tumors indicate that mutations of WTI may be 
only one step in the process of carcinogenesis. Thus identi- 
fication and understanding of one tumor suppressor gene in 
a given cancer may only provide a part of the information 


eventually required to understand the carcinogenic process. 


nm23 


The nm23 gene was found overexpressed in a nonmetasta- 
tic murine melanoma cell line but present in low levels in a 
highly metastatic cell line. The nm23 gene product appears 
to be elevated in metastatic breast, colon, and prostatic 
cancer and is now being evaluated as a new marker for 
metastases.” 


BRCAI and BRCA2 


A subset of breast cancer patients have been shown to have 
an inherited predisposition to developing breast and ovarian 
cancer that is inherited as an autosomal dominant trait.’ 
Two genetic loci have been identified: BRCA1 on chromo- 
some 17q and BRCA2, which localizes to 13q12-13,1*+251 
BRCA1 encodes for an 1863 amino acid protein that may act 
as a transcription factor. The ability to detect mutations in 
BRCAI and BRCA2 in somatic cells permits the identifica- 
tion of individuals in breast cancer families who carry the 
mutated gene, It is estimated that as many as 1 in 200 women 
in the United States may have a germline mutation in the 
BRCAI gene. This has created an ethical dilemma for physi- 
cians, patients and their families, and insurance companies 
and health maintenance organizations as it is now possible 
to predict with reasonable certainty that an individual who 
carries a mutation in one of these genes will develop breast 
and/or ovarian cancer. What should be done if an otherwise 
healthy individual is shown to carry a BRCA gene mutation? 
Carriers of a BRCAI gene mutation have an 85% risk of 
developing breast cancer and a 45% risk of developing 
ovarian cancer by the age of 85.” Should such patients have 
preventive mastectomy or ovariectomy? Should insurance 
companies and health care maintenance organizations have 
higher rates for carriers? It has always been a goal of cancer 
research. to be able to identify individuals at risk. Now that 
this is possible, we must develop a policy of how to deal with 
the information (e.g., see Harper”! or Petty and Killeen!”), 
Although detection of the mutation is not useful as a tumor 
marker per se, with further understanding of how the 
mutated gene products act, it may be possible to understand 
the molecular events for development of some breast and 
ovarian cancers. 


Deleted in Colorectal Carcinoma 

The deleted in colorectal carcinoma (DCC) gene encodes for 
a membrane protein of the immunoglobulin superfamily. 
The exact function of DCC has yet to be elucidated. 
However, studies have suggested a role in axonal develop- 


ment as a component of the Netrin-1 receptor, and others 
have suggested a role in promoting apoptosis.*' In colon 
cancer, DCC is thought to act as a tumor suppressor, thus, 
deletion or reduced expression correlates with increasing 
stage and a poorer prognosis.’ Conversely, loss of DCC 
expression in gastric cancer was associated with a better 
prognosis and higher tumor cell differentiation."* More 
work is necessary to determine the exact role of DCC in both 
colon cancer and other gastric cancers. 


PTEN 

The PTEN tumor suppressor gene is mutated in numerous 
cancers, and is probably underestimated in its importance in 
tumor formation and progression.” PTEN functions as a 
phosphatase that negatively regulates phosphoinositide 
3-kinase (PI 3-K) signaling by dephosphorylating the 
D3 position of phosphatidylinositol (3,4,5)-triphosphate 
{PtdIns(3,4,5)P3]. PI 3-kinase and its product PtdIns(3,4,5)P3 
are involved in activation of signaling pathways leading to 
inhibition of apoptosis, cell migration, cell size, and chemo- 
taxis. Mutation or inactivation of PTEN allows uncontrolled 
activation of the downstream pathways, which contribute to 
tumorigenesis. 

Germline mutations in PTEN cause the (1) Cowden, (2) 
Lhermitte-Duclos, (3) Bannayan-Zonana, and (4) Proteus 
autosomal-dominant syndromes that are all characterized by 
development of hamartomas and an increased likelihood of 
tumor development along with other growth-related symp- 
toms. In general, PTEN mutation and/or loss of expression 
is associated with a more advanced stage, and is a poor prog- 
nostic indicator in various cancers, including breast, hepa- 
tocellular, endometrial, and cervical. 


SINGLE NUCLEOTIDE POLYMORPHISMS 


Two of the goals of the Human Genome Project are to iden- 
tify all the approximate 30,000 genes in human DNA and 
determine the sequences of the 3 billion chemical base pairs 
that make up human DNA. A by-product of the sequencing 
effort was the identification of a very large number of single 
nucleotide polymorphisms (SNPs, single nucleotides that 
differ between individuals, and these differences are inher- 
ited). It has been estimated that one SNP can be found every 
approximately 1000 bases of genomic sequence. Most of 
these SNPs are present in introns and only a relatively small 
number (approximately 60,000 out of the 2,000,000 SNPs) 
are within exons. It was also identified that groups of SNPs 
(called haplotypes) are inherited together in a block. It has 
been hypothesized that it may be possible to correlate SNP 
composition (e.g., various haplotypes) with disease predis- 
position. Until now, very few SNPs or haplotypes have been 
associated consistently with human cancers. Many scientists 
are currently investigating SNPs and are attempting to cor- 
relate them with various diseases. Large numbers of SNPs 
can now be identified by using either microarrays or mass 
spectroscopy. The hope is to identify characteristic SNPs or 
haplotypes that can be used for diagnostic purposes or for 
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determining future risk (predisposition) for developing 
certain diseases. 


MISCELLANEOUS MARKERS 
MARKERS OF ANGIOGENESIS 
Angiogenesis, the formation of blood vessels, is a highly reg- 
ulated and ordered process; however in tumor tissue, this 
process is rather disordered. The development of tumors is 
thought to involve the inactivation of tumor suppressor 
genes and/or the uncontrolled activation of oncogenes. Sub- 
sequently, another step in the progression toward malig- 
nancy has been identified and has been referred to as the 
“angiogenic switch.”!*” The first phase of tumor develop- 
ment is an avascular phase, with a lesion size of 1 to 2mm, 
At this point the tumor is in a vascular steady state. The vas- 
cular state occurs next where there is rapid and unregulated 
angiogenesis. The architecture of the newly developing vas- 
culature is very distinct from that of normal vasculature. 
It is irregularly shaped, dilated and can have dead ends, with 
irregular blood flow patterns, that makes tumors relatively 
easy to identify histologically. In normal tissue, there is a 
balance between proangiogenic signals (VEGE, FGF, PDGEB, 
EGE, Ets-1, and LPA) and antiangiogenic signals (throm- 
bospondin-1, angiostatin, endostatin, canstatin, and tum- 
statin}. It is believed that in tumors there is an increase 
in proangiogenic signals. Therefore the measurement of 
proangiogenic markers may provide prognostic informa- 
tion related to tumor status. 

Increases in blood vascular endothelial growth factor 
(VEGF) and soluble Tie-2 receptor (sTie2) both correlate 
with the development of metastases, with VEGF being the 
most powerful predictor of outcome.” Ets-1, a transcription 
factor that activates a number of angiogenic genes, also may 
serve as a prognostic indicator of uterine cervical cancers. 
Thrombospondin-1 (TSP-1), an antiangiogenic marker, has 
been found to be a positive prognostic marker in ductal car- 
cinoma of the breast. Other markers of angiogenesis are 
being considered as prognostic markers in cancer have been 
reviewed.” 


CELL-FREE NUCLEIC ACIDS 


Circulating DNA and RNA has been recognized since the 
1970s, but it was not until the late 1980s that the neoplastic 
characteristics of the DNA were recognized.'” Circulating 
DNA and RNA have been proposed as a marker for certain 
types of cancer, To use circulating DNA as a cancer marker, 
there must be a mechanism to differentiate normal DNA 
from neoplastic DNA. This is achieved by detecting muta- 
tions in the circulating DNA that are present in the cancer 
cells (¢.g., ras mutations that occur in various cancers), by 
microsatellite analysis of the circulating DNA, or by detec- 
tion of common cancer-causing chromosomal transloca- 
tions. Epigenetic alterations of circulating DNA, such as 
altered methylation patterns, can also be detected. Although 
this technology is relatively new, over the next decade 


detection of circulating DNA will join a growing number of 
clinically useful markers; however a number of questions 
must still be answered, such as the source of cell-free DNA, 
and what forms of the DNA and RNA exist. In the future this 
technology may have the ability to provide a more global 
picture of the abnormalities present in the patient. 


CIRCULATING CANCER CELLS 


Circulating cancer cells may indicate the presence of cancer 
(for diagnostic purposes) or cancer dissemination (for prog- 
nosis and monitoring therapy). It is generally very difficult 
to detect rare cancer cells in the circulation. However, the 
advent of the PCR and the identification of genes that are 
specifically expressed in certain tissue (normal and can- 
cerous) have allowed for the highly sensitive detection of 
cancer cells in the circulation.“*'” Others have used flow- 
cytometric technology with magnetic separation of cancer 
cells to achieve the same goal.” 

Currently, this technology is still under evaluation. 
However, it is well established that patients with more 
advanced cancer are more frequently positive for circulating 
cancer cells and the amount of cancer cells has prognostic 
significance. PSA and prostate-specific membrane antigen 
have been used successfully for detection of prostatic cancer 
cells in the circulation. Zehentner et al. used mammoglobin 
and other related genes for breast cancer.” Despite many 
limitations of this technology (mainly sample preparation 
variability and quantification), it may be feasible in the 
future to identify very rare cancer cells in the circulation for 
the purpose of diagnosis, prognosis, and monitoring of 
therapy.” 
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CHAPTER 24 


Kidney Function lests 


Edmund Lamb, Ph.D., David J. Newman, Ph.D., 
and Christopher P. Price, Ph.D. 


uantitation of overall function of the kidneys is 

based on the assumption that all functioning 

nephrons are performing normally and that a 
decline in renal function is due to loss of functioning 
nephrons quantitatively related to the loss. Thus in nearly all 
types of diffuse renal disease, impaired function of the 
kidneys is attributed to a diminished number of functioning 
nephrons rather than to compromised function of 
individual nephrons. Because glomerular filtration is the 
initiating phase of all nephron functions, quantitative or 
qualitative assessment of filtration—or some variable that 
bears a constant relationship to it—generally provides the 
most useful indices for physicians to assess the severity and 
progress of kidney damage. 

Specific defects in particular functions of the nephrons 
can also be identified and evaluated. For example, assess- 
ment of the maximum concentrating capacity of the 
kidneys gives an estimate of antidiuretic hormone (ADH)- 
controlled reabsorption of solute-free water in the distal 
portion of the tubule. Pinpoint defects, caused by genetically 
determined deficiencies of specific tubular transport systems 
or ion channels and giving rise to characteristic biochemical 
disorders, are considered in Chapter 45. 

This chapter will describe chemical tests that have proved 
the most practical and useful for screening for and diagnos- 
ing impaired kidney function and for monitoring the course 
and management of progressive chronic kidney disease 
(CKD). In general, either plasma or serum is used for most of 
these tests: the term plasma is mainly used throughout this 
chapter. This chapter provides an overview of contemporary 
methodology with reference intervals, the clinical utility of 
the tests, and the changes that are observed in disease. 


CREATININE 


Creatinine is the cyclic anhydride of creatine that is pro- 
duced as the final product of decomposition of phospho- 
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creatine. It is excreted in the urine; measurements of ex- 
cretion rates are used as diagnostic indicators of kidney 
function. 


BIOCHEMISTRY AND PHYSIOLOGY 


Creatine is synthesized in the kidneys, liver, and pancreas by 
two enzymatically mediated reactions. In the first, transami- 
dation of arginine and glycine forms guanidinoacetic acid; 
in the second, methylation of guanidinoacetic acid occurs 
with S-adenosylmethionine as the methyl donor. Creatine is 
then transported in blood to other organs, such as muscle 
and brain, where it is phosphorylated to phosphocreatine, a 
high-energy compound. 
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Interconversion of phosphocreatine and creatine is a par- 
ticular feature of the metabolic processes of muscle contrac- 
tion. A proportion of the free creatine in muscle (thought to 
be between 1% and 2%/day) spontaneously and irreversibly 
converts to its anhydride waste product, creatinine. Thus the 
amount of creatinine produced each day is fairly constant 
and is related to the muscle mass (and body weight). In 
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health, the concentration of creatinine in the bloodstream is 
also fairly constant, although diet may influence the value, 
depending on the individual’s meat intake.” Creatinine 
(MW 113 Da) is present in all body fluids and secretions and 
is freely filtered by the glomerulus, Although it is not reab- 
sorbed to any great extent by the renal tubules, there is a 
small but significant tubular secretion, Creatinine produc- 
tion also decreases as the circulating level of creatinine 
increases; several mechanisms for this have been proposed, 
including feedback inhibition of production of creatine, 
reconversion of creatinine to creatine, and conversion to 
other metabolites.” 


CLINICAL SIGNIFICANCE 


The clinical utility of creatinine measurement is discussed 
later in this chapter. 


ANALYTICAL METHODOLOGY 


Plasma creatinine is measured as a test of kidney function; 
both chemical and enzymatic methods are used to measure 
it. Most laboratories use adaptations of the same assay 
for measurements in both plasma and urine. 


Chemical Methods: the Jaffe Reaction 


Most chemical methods for measuring creatinine are pri- 
marily based on the reaction with alkaline picrate. In this 
reaction, first described by Jaffe in 1886, creatinine reacts 
with picrate ion in an alkaline medium to yield an orange- 
red complex, Despite considerable literature on the subject, 
the reaction mechanism and the structure of the product 
remain unclear.” 

The Jaffe reaction is not specific for creatinine. Many 
compounds have been reported to produce a Jaffelike 
chromogen, including protein,” glucose, ascorbic acid, 
ketone bodies,’ pyruvate, guanidine, blood-substitute 
products,’ and cephalosporins’” and the reader is referred 
to several comprehensive reviews.” The degree of inter- 
ference from these compounds is dependent on the specific 
reaction conditions chosen. The effect of ketones and 
ketoacids is probably of the greatest significance clinically, 
aithough the effect is very method dependent. Thus reports 
on acetoacetate interference vary from a negligible increase 
to an increase of 3.5mg/dL (310jimol/L) in the apparent 
creatinine concentration at an acetoacetate concentration 
of 8mmol/L. Bilirubin is a negative interferant with the Jaffe 
reaction. The addition of buffering ions, such as borate and 
phosphate, together with surfactant, has been used to mini- 
mize the effects of this interference. A popular technique in 
this context has been the addition of ferricyanide (“O’Leary 
method”), which oxidizes bilirubin to biliverdin, hence 
reducing its interference." Noncreatinine chromogens 
do not generally contribute to measured urinary creatinine 
concentration. 

Several approaches have been used in an attempt to 
improve the general specificity of the Jaffe reaction. These 
have included absorption, and subsequent elution, of creati- 


nine into hydrated aluminum silicate (Fuller’s earth, Lloyd’s 
reagent), acid blanking, the use of ion-exchange resins” or 
solvent extraction, and oxidation of interferants with com- 
pounds such as cerium sulfate; generally these modifications 
have not proved practical. 

The greatest success in terms of common usage and 
specificity has come from the use of a kinetic measurement 
approach in combination with careful choice of reactant 
concentrations. Although manual methods have tradi- 
tionally been equilibrium methods, with 10 to 15 minutes 
allowed for color development at room temperature, kinetic 
assays were developed in a quest both for specificity and for 
faster and automated analyses. Early studies of interferences 
in the kinetic methods identified two kinds of noncreatinine 
chromogens, those whose rates of adduct formation were 
very rapid in the first 20 seconds after mixing reagent and 
sample (e.g., acetoacetate) and those whose rates did not 
become rapid until 80 to 100s after mixing (e.g., protein). 
The “window” between 20 and 80s therefore was a period in 
which the rate signal being observed could be attributed pre- 
dominantly to the creatinine-picrate reaction (some investi- 
gators found 60s as the upper limit of this window). Thus 
improvement of specificity in the kinetic assays was achieved 
by selecting times for rate measurements 20 to 80s after 
initiation of the reaction (mixing). This approach has 
been implemented on various automated instruments, and 
kinetic assays are now the most widely used approach to 
creatinine measurement. An extensive literature exists on 
the choice of reactant concentrations and reading interval 
and on the choice of wavelength and reaction temperature. 
Brief comments include: 

Picrate concentration. The Jaffe reaction is pseudo first 
order with respect to picrate up to 30mmol/L, with the 
majority of methods employing a concentration between 3 
and 16 mmol/L. At concentrations above 6 mmol/L, the rate 
of color development becomes nonlinear, so a two-point 
fixed interval rather than a multiple-data-point approach is 
required. 

Hydroxide concentration, The initial rate of reaction is 
pseudo first order with respect to hydroxide concentrations 
above 0.5mmol/L; however, at 500mmol/L there is an 
increased degradation of the Jaffe complex. Furthermore, at 
hydroxide concentrations above 200mmol/L, the blank 
absorbance increases significantly. 

Wavelength. Although the absorbance maximum of the 
Jaffe reaction is between 490 and 500 nm, improved method 
linearity and reduced blank values have been reported at 
other wavelengths, the choice varying with hydroxide 
concentration. 

Temperature. The rate of Jaffe complex formation and the 
absorptivity of the complex are temperature dependent, 
measurable differences being observed even between 25 °C 
and 37 °C. Consequently, temperature control is an impor- 
tant component of assay reproducibility. 

Other chemical approaches to the measurement of 
creatinine have been tried. These include (1) reaction with 
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creatininase 
A creatinine +H,Q ——— e creatine 
creatine kinase 
creatine +ATP: ————-—__ > creatine phosphate + ADP 
pyruvate kinase 
ADP + phosphoenolpyruvate §=——-——__ pyruvate + ATP 
lactate dehydrogenase 
pyruvate + NADH + Ht! — n lactate + NADt 
creatininase 
B creatinine +H,Q = —"~___~-——-__ creatine 
creatinase 
creatine +HO ~~o sarcosine + urea 
sarcosine oxidase 
sarcosine + Og + HO —————__-_—_—_» formaldehyde + glycine + H20% 
peroxidase 
indicator (reduced) + H30._—-~___> indicator (oxidized) + 2H,O 
or 
formaldehyde 
dehydrogenase 
C formaldehyde + NAD* + HO = —-——--» HCOOH + NADH + Ht 
creatinine 
deaminase 
D creatinine + H,»Q ——~————— e N-methylhydantoin + NH 
i-methylhydantoinase 
N-methylhydantoin + ATP + H,O o carbamoyisarcosine + ADP + Pi 


i-carbamoylsarcosine 
aminohydrolase 


carbamoylsarcosine + HO 


sarcosine + CO, + NH3 


sarcosine oxidase 


sarcosine + Op + HO ——————____—_____» 


H20 + glycine + HCHO 


peroxidase 


indicator (reduced) + HO, ——--——~———_» 


indicator (oxidized) + 2H,0 


Figure 24-1 Determination of creatinine using a variety of enzymatic methods, For further 


details, see text. 


1,4-naphthoquinone-2-sulfonate; (2) use of o-nitroben- 
zaldehyde to convert creatinine to methylguanidine and its 
reaction with o-naphthol and sodium hypochlorite under 
alkaline conditions,” and (3) reaction with 3,5-dinitroben- 
zoic acid.” None of these reactions are widely used in 
clinical laboratories. 


Enzymatic Methods 


Enzymes from a number of metabolic pathways have been 
investigated for the enzymatic measurement of creatinine. 
All of the methods involve a multistep approach leading to 
a photometric equilibrium (Figure 24-1). There are primar- 
ily three approaches, described below, 7021622 


Creatininase 

The enzyme creatininase (EC 3.5.2.10; creatinine amidohy- 
drolase) catalyzes the conversion of creatinine to creatine. 
The creatine is then detected with a series of enzyme-medi- 
ated reactions involving creatine kinase, pyruvate kinase, and 
lactate dehydrogenase, with monitoring of the decrease in 
absorbance at 340nm (Figure 24-1, A). Initiating the reac- 
tion with creatininase allows for the removal of endogenous 
creatine and pyruvate in a preincubation reaction, The kinet- 
ics of the reaction are poor, and a 30-minute incubation is 
required to allow the reaction to reach equilibrium. This 
shortcoming can be overcome by a kinetic approach but with 
a further reduction in sensitivity. The approach has not been 
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popular, partly because of poor sensitivity, poor precision, 
and the relatively high cost of reagents.” 


Creatininase and Creatinase 

An alternative, more popular, approach has used the enzyme 
creatinase (EC 3.5.3.3; creatine amidinohydrolase), which 
yields sarcosine and urea, the former being measured with 
further enzyme-mediated steps using sarcosine oxidase (EC 
1.5.3.1; yielding glycine, formaldehyde, and hydrogen perox- 
ide) and peroxidase (Figure 24-1, B). The hydrogen perox- 
ide has been detected with a variety of methods. Care must 
be taken to watch for interference (e.g., by bilirubin) in the 
final reaction sequence. This problem has been approached 
with the addition of potassium ferricyanide (with limited 
success) or bilirubin oxidase. The potential interference 
caused by ascorbic acid can be overcome by the inclusion of 
ascorbate oxidase. The influence of endogenous intermedi- 
ate creatine and urea can be overcome by a preincubation 
step, initiating the reaction with creatininase. This system 
has been incorporated in a point-of-care testing device using 
polarographic detection.™ An alternative detection system 
involves measurement of the reduction of nicotinamide 
adenine dinucleotide (NAD) by formaldehyde in the pres- 
ence of formaldehyde dehydrogenase (Figure 24-1, C).2!° 


Creatinine Deaminase 


Creatinine deaminase (EC 3.5,4.21; creatinine imino- 
hydrolase) catalyzes the conversion of creatinine to N- 
methylhydantoin and ammonia.’ Early methods concen- 
trated on the detection of ammonia using either glutamate 
dehydrogenase or the Berthelot reaction.'* An alternative 
approach involves the enzyme N-methylhydantoin amido- 
hydrolase (Figure 24-1, D).” 


Dry Chemistry Systems 
A number of multilayer dry reagent methods have been 
described for the measurement of creatinine using enzyme- 
mediated reactions. An early “two-slide” approach employed 
creatinine deaminase, with the ammonia diffusing through a 
semipermeable and optically opaque layer to react with bro- 
mophenol blue to give an increase in absorbance at 600 nm. 
A second multilayer film lacking the enzyme was used to 
quantitate endogenous ammonia, enabling blank correc- 
tion?” A later single-slide method used the creatininase- 
creatinase reaction sequence’: lidocaine metabolites have 
been reported to interfere with this method.’ The creatinine 
deaminase system described above has also been used and 
adapted for use as a point-of-care testing device (Figure 24-1, 
D).* In all cases, the color produced in the film is quantitated 
by reflectance. 

A dry chemistry system has also been described in which 
a nonenzymatic approach was used, based on the reaction 
with 3,5-dinitrobenzoic acid.” 


Other Methods 


A definitive method employing isotope-dilution mass spec- 
trometry (MS) has been described.” A candidate reference 


method for creatinine linked to this definitive method uses 
isocratic ion-exchange high-performance liquid chromatog- 
raphy (HPLC) with ultraviolet (UV) detection at 234nm.’ A 
reagent-free midinfrared method for urinary creatinine 
measurement has been described.’™ 


Quality Issues with Creatinine Methods 


Different methods for assaying plasma creatinine have 
varying degrees of accuracy and imprecision. With the 
advent of automated kinetic analysis, within-laboratory, 
between-day imprecision of approximately 3.0% can be 
expected at pathological concentrations, with slightly infe- 
rior performance within the reference interval.” This is still 
outside desirable performance standards defined in terms 
of biological variation.” Additionally, accuracy remains a 
Major issue. Reference intervals for creatinine clearance 
and clearance calculated from one of several formulas (see 
below) will clearly vary depending on the accuracy of the 
creatinine measurement used in their calculation. The more 
a method overestimates “true” creatinine, the greater will be 
the underestimation of the glomerular filtration rate (GFR), 
and vice versa. As a result of reaction with noncreatinine 
chromogens, end-point Jaffe methods were typically judged 
to overestimate true plasma creatinine concentration by 
approximately 20% at physiological concentrations. Conse- 
quently, kinetic, enzymatic, and chromatographic methods 
can produce creatinine measurements approximately 20% 
lower than early Jaffe methods. However, since this could 
result in a relative overestimation of GFR (for example 
when measuring or calculating clearance), many reagent and 
instrument manufacturers have calibrated their assays to 
produce higher plasma creatinine results. As a consequence, 
many commercially available creatinine methods continue 
to demonstrate an approximately 20% positive bias com- 
pared with HPLC or isotope-dilution MS methods, particu- 
larly at concentrations within the reference intervals? 
This calibration is not standardized, leading to variation 
between laboratories. Indeed, a College of American Pathol- 
ogists survey reports that systematic differences in the cali- 
bration of plasma creatinine assays account for 85% of 
the observed differences between laboratories.” Proficiency 
studies demonstrate that although between-laboratory 
coefficients of variation (CVs) of <3% are achievable within 
method groups, overall between-laboratory agreement 
across methods is much poorer.*** Systematic variation 
between laboratories of 0.2 to 0.4mg/dL (18 to 36umol/L) 
is common.™™”* Further, interlaboratory and within- 
laboratory agreement deteriorates as plasma creatinine 
concentration nears the reference interval: the exponential 
relationship between plasma creatinine and GFR means that 
imprecision at lower creatinine concentrations contributes 
to greater error in GFR estimation than at higher creatinine 
concentrations. 

Clearly, standardization of creatinine measurement is 
crucial to the ability to accurately diagnose, stage, and 
manage CKD. Further, it is a prerequisite to the meaningful 
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interpretation of epidemiological studies to facilitate health- 
care planning.” Not surprisingly, there have been calls for 
the use of an international standard to be used when cali- 
brating plasma creatinine assays. Although undoubtedly 
desirable, there remain practical barriers to implementation. 
Matrix problems have been identified when lyophilized 
preparations with isotope-dilution MS-authenticated 
creatinine concentrations have been used.**"* It is clear that 
serum- or protein-based human material must be used to 
calibrate creatinine assays, particularly Jaffe-based ones, but 
this introduces its own inherent problems, such as differing 
reactivities of the noncreatinine chromogens in the different 
Jaffe variations. Further, realignment with an authenticated 
standard will produce results significantly lower than those 
to which clinicians are accustomed. This will impact not only 
on the plasma reference interval, but also on the results of 
calculated and measured clearance estimates, which will 
therefore require their own realignment. 


Reference Intervals 


In summary, the methodology for the measurement of cre- 
atinine is complex by virtue of the number of variants of the 
Jaffe reaction and the innovations attempted using enzy- 
matic procedures to overcome the limitations of the former. 
Although the enzymatic methods are more expensive, they 
are used in dry chemistry systems (with their lower reagent 
requirement) including some point-of-care testing devices. 
Kinetic Jaffe approaches predominate in wet chemistry ana- 
lytical systems. Any laboratorian assessing a new creatinine 
method (e.g., as part of an analyzer purchase) should review 
the data for that method on interference caused by bilirubin, 
protein, glucose, and ketones and/or ketoacids. Bilirubin will 
also be particularly important in enzymatic procedures 
that generate hydrogen peroxide. Despite criticism of the 
Jaffe methods, there is invariably a good correlation between 
them and enzymatic procedures, with the differences likely 
to be due as much to calibration as to interference. 

Given the discussion above, reference intervals for 
plasma creatinine are clearly method dependent.* Typically, 
reference intervals for plasma creatinine, measured by Jaffe 
methods, are 0.9 to 1.3 mg/dL (80 to 115 umol/L) in men and 
0.6 to 1.lmg/dL (53 to 97umol/L) in women.” Plasma 
creatinine concentration in patients with untreated 
end-stage renal disease (ESRD) may exceed 11mg/dL 
(1000 umol/L). Reference intervals for plasma creatinine are 
also listed in Chapter 56. 

Urinary creatinine excretion is higher in men (14 to 
26mg/kg/day, 124 to 230umol/kg/day) than in women 
(11 to 20mg/kg/day, 97 to 177umol/kg/day). Creatinine 
excretion decreases with age; typically, for a 70-kg man, 
creatinine excretion will decline from approximately 1640 to 
1030 mg/day (14.5 to 9.1mmol/day) with advancing age 
from 30 to 80 years.’ Measurement of urinary creatinine 


excretion can be a useful indication of the completeness of 
a timed urine collection. 


Catabolism of proteins and nucleic acids results in the 
formation of urea and ammonia—the so-called nonprotein 
nitrogenous compounds. 


Protein 
Proteolysis, principally enzymatic 
Amino acids 
Transamination and oxidative deamination 
Ammonia 


Enzymatic synthesis in the “urea cycle” 


Urea 


BIOCHEMISTRY AND PHYSIOLOGY 


Urea (CO[NH].) is the major nitrogen-containing meta- 
bolic product of protein catabolism in humans, accounting 
for more than 75% of the nonprotein nitrogen eventually 
excreted. The biosynthesis of urea from amino nitrogen- 
derived ammonia is carried out exclusively by hepatic 
enzymes of the urea cycle. During the process of protein 
catabolism, amino acid nitrogen is converted to urea in the 
liver by the action of the so-called urea cycle enzymes 
(Figure 24-2). 

More than 90% of urea is excreted through the kidneys, 
with losses through the gastrointestinal tract and skin 
accounting for most of the remaining minor fraction. Con- 
sequently, kidney disease is associated with accumulation of 
urea in blood. An increase in plasma urea concentration 
characterizes the uremic (azotemic) state. Urea is neither 
actively reabsorbed nor secreted by the tubules but is filtered 
freely by the glomeruli. In a normal kidney, 40% to 70% of 
the highly diffusible urea moves passively out of the renal 
tubule and into the interstitium, ultimately to reenter 
plasma. The back diffusion of urea is also dependent on 
urine flow rate, with less entering the interstitium in high- 
flow states (e.g., pregnancy) and vice versa. Consequently, 
urea clearance generally underestimates GFR. In stage 5 
CKD, the osmotic diuresis in the remaining functional 
nephrons limits the back diffusion of urea so that urea clear- 
ance approaches inulin clearance. Measurement of blood 
and plasma urea has been used for many years as an indica- 
tor of kidney function. However, it is generally accepted that 
creatinine measurement provides better information in 
this respect. Plasma and urinary urea measurement may still 
provide useful clinical information in particular circum- 
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2 ATP 
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Figure 24-2 The urea cycle pathway. CPS |, Carbamy! 
phosphate synthetase |; *N-acetylglutamate as positive allosteric 
effector; OTC, ornithine transcarbamylase; AAS, argininosuccinate 
synthetase; AL argininosuccinate lyase; AR, arginase; ADP, 
adenosine diphosphate, ATP, adenosine triphosphate, P;, inorganic 
phosphate. 


stances, and the measurement of urea in dialysis fluids is 
widely used in assessing the adequacy of renal replacement 
therapy (see Chapter 45). 


CLINICAL SIGNIFICANCE 


A number of extrarenal factors influence the circulating urea 
concentration, limiting its value as a test of kidney function. 
For example, plasma urea concentration is increased by a 
high-protein diet, increased protein catabolism, reabsorp- 
tion of blood proteins after gastrointestinal hemorrhage, 
treatment with cortisol or its synthetic analogues, dehydra- 
tion, and with decreased perfusion of the kidneys (e.g., heart 
failure). In the above prerenal situations, the plasma creati- 
nine concentration may be normal. In obstructive postrenal 
conditions (e.g, malignancy, nephrolithiasis, and prosta- 
tism), both plasma creatinine and urea concentrations will 
be increased, although in these situations there is often a 
greater increase in plasma urea than creatinine because of 
the increased back diffusion. These considerations give rise 
to the principal clinical utility of plasma urea, which lies in 
its measurement in conjunction with that of plasma creati- 
nine and subsequent calculation of the urea nitrogen/creati- 
nine ratio. This can be used as a crude discriminator between 
prerenal and postrenal azotemia. For a normal individual on 


a normal diet, the reference interval for the ratio is between 
12 and 20mg urea/mg creatinine (49 and 81 mol urea/mol 
creatinine). Significantly lower ratios usually denote acute 
tubular necrosis, low protein intake, starvation, or severe 
liver disease (decreased urea synthesis). Increased plasma 
urea with normal creatinine concentrations giving rise to 
high ratios may be seen with any of the prerenal states 
described above. High ratios associated with elevated creati- 
nine concentrations may denote either postrenal obstruction 
or prerenal azotemia superimposed on kidney disease. 

Urea clearance is a poor indicator of GER, as its produc- 
tion rate is dependent on several nonrenal factors, including 
diet and the activity of the urea cycle enzymes. A high- 
protein diet causes significant increases in urinary urea 
excretion. In addition, the variable amount of back diffusion 
will influence both plasma and urinary urea concentra- 
tion. The measurement of urinary urea has little place in 
clinical diagnosis and management; however, it does provide 
a crude index of overall nitrogen balance and may be used 
as a guide to replacement in patients receiving parenteral 
nutrition. On an average protein diet, urinary excretion 
expressed as urea nitrogen is 12 to 20 g/day. 

Although blood urea nitrogen (BUN) continues to be used 
for ordering the plasma urea nitrogen test, this terminology is 
incorrect and obsolete, because blood is rarely analyzed for 
urea. The long-established habit of reporting and expressing 
results of a urea assay in units of urea nitrogen appears to be 
strongly entrenched in the United States, although the SI 
system recommends use of urea, expressed in mmol/L. Thus 
it behooves students of clinical chemistry to have in mind the 
conversion factors for urea to urea nitrogen. Because 60g (1g 
molecular weight) of urea contains 28g (2g atomic weight) 
of nitrogen, the factor is 0.467 for converting urea mass 
units to those of urea nitrogen, and 2.14 for converting urea 
nitrogen mass units to those of urea. The factor for convert- 
ing urea nitrogen in mg/dL to urea in mmol/L is 0.357. 


ANALYTICAL METHODOLOGY 


Chemical and enzymatic methods are the two principal 
approaches that have been used to quantify urea in body 
fluids. 


Chemical Methods 

Most chemical methods for urea are based on the Fearon 
reaction in which diacetyl condenses with urea to form the 
chromogen diazine, which absorbs strongly at 540 nm. 
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Urea Diacety] Diazine 


Because diacetyl is unstable, it is usually generated in the 
reaction system from diacetyl monoxime and acid. Although 
once widely used, the method has largely been superseded. 
by enzymatic approaches, For a more detailed description of 


Chapter 24 Kidney Function Tests 803 


direct urea measurement, the reader is referred to a review 
by Taylor and Vadgama.”” 


Enzymatic Methods 


Enzymatic methods for the measurement of urea are based 
on preliminary hydrolysis of urea with urease (urea 
amidohydrolase, EC 3.5.1.5; main source jack bean meal) to 
generate ammonium ion, which is then quantified. This 
approach has been used in end-point, kinetic, conductimet- 
ric, and dry chemistry systems.’”” | 

H 
: C=O + 2,0 ee 2 NHe + core 
Hz 

Urea 


Spectrophotometric approaches to ammonium quan- 
titation include the Berthelot reaction and the enzymatic 
assay with glutamate dehydrogenase [L-glutamate: NAD(P) 
oxidoreductase (deaminating), EC 1.4.1.3]. This latter 
approach has been accepted as a reference method” and 
adapted to a range of analytical platforms. 


Giutamate dehydrogenase 


@ 
NH, + 2-Oxoghitarate Glutamate + H,O 


NADH NAD 


+H® 


For plasma assays, the reaction system is usually formu- 
lated with urease so that the addition of sample containing 
urea starts the reaction. A decrease in absorbance resulting 
from the glutamate dehydrogenase reaction is monitored 
at 340nm. In another example of a coupled-enzyme assay 
system for urea, ammonia produced from urea by urease 
then reacts with glutamate and adenosine triphosphate 
(ATP) in the presence of glutamine synthetase (EC 6.3.1.2). 
Adenosine diphosphate (ADP) produced in this second 
enzymatic reaction is then quantitated in a third and fourth 
step using pyruvate kinase (EC 2.7.1.40) and pyruvate 
oxidase (EC 1.2.3.3), respectively, thus generating peroxide. 
In the final step, peroxide reacts with phenol and 4- 
aminophenazone, catalyzed by peroxidase (EC 1.11.1.7), to 
yield a quinone-monoamine dye that can be quantitated 
spectrophotometrically.'” 

Methods for the measurement of urea using dry chem- 
istry systems have been described using the urease approach 
and a range of detection methods. ”® Urea has also been 
measured using a conductimetric method in which a sample 
and a urease-containing reagent are incubated in a conduc- 
tivity cell with the rate of change of the conductivity being 
monitored as the urea is converted to an ionic species. In a 
potentiometric approach an ammonium ion-selective elec- 
trode is employed and the urease is immobilized on a 
membrane.’ This principle has been applied in the NOVA 
12 (NOVA Biomedical, Waltham, Mass.),” i-STAT (i-STAT 
Abbott Diagnostics, Chicago), “! and AVL OMNI (Roche 
Diagnostics Ltd., Lewes, East Sussex, UK) analytical systems. 
A similar approach has been used to enable real-time 


monitoring of dialysis efficiency.” Alternative enzymatic 
approaches to the measurement of urea have more re- 
cently been described. Morishita et al'® have described a 
system incorporating leucine dehydrogenase (EC 1.4.1.9), in 
addition to urease, which eliminates interference from 
endogenous ammonium. 

The specificity of all of the methods is good, particularly 
for the urease-glutamate dehydrogenase procedure; however, 
endogenous ammonia interference must be expected when 
the protocol employs the sample to initiate the reaction. This 
may be relevant in aged samples, in some urines, and in par- 
ticular metabolic disorders. Typically, within-run CVs of less 
than 3.0% with between-day values of less than 4.0% are 
achievable in the concentration range of 14 to 20mg/dL (5 
to 7 mmol/L). Given the high intrinsic biological variation of 
plasma urea, this is well within desired standards of analyt- 
ical performance.” 


Other Methods 


An improved isotope-dilution MS method for plasma 
urea measurement has recently been proposed as a 
reference method.’” As discussed above, laboratory urea 
measurements using standard enzymatic techniques are 
generally of an acceptable quality for most clinical purposes. 
New approaches to urea measurement are generally targeted 
at novel clinical applications, including point-of-care testing. 
For example, Eddy and Arnold” have developed a near- 
infrared spectroscopy technique for measuring urea in 
hemodialysis fluids. This would facilitate noninvasive mon- 
itoring of dialysis efficacy in real time. A novel enzymatic 
assay described by Naslund et al,‘ using luminometric 
detection, demonstrates sensitivity, which would make the 
method suitable for in vivo monitoring studies using micro- 
dialysis techniques. 


Reference Intervals 


The reference interval for plasma urea nittogen in healthy 
adults is 6 to 20mg/dL (2.1 to 7.1 mmol/L expressed as 
urea). In adults more than 60 years of age, the reference 
interval is 8 to 23 mg/dL (2.9 to 8.2mmol/L). Plasma con- 
centrations tend to be slightly lower in children and in preg- 
nancy and slightly higher in males than in females. Plasma 
urea concentrations in a patient with untreated ESRD typi- 
cally reach 108 to 135 mg/dL (40.0 to 50.0mmol/L). 


URIC ACID 
BIOCHEMISTRY AND PHYSIOLOGY 

In humans, uric acid (2,6,8-trihydroxypurine) is the major 
product of the catabolism of the purine nucleosides adeno- 
sine and guanosine (Figure 24-3). Purines from catabolism 
of dietary nucleic acid are converted to uric acid directly. The 
bulk of purines excreted as uric acid arise from degradation 
of endogenous nucleic acids. The daily synthesis rate of 
uric acid is approximately 400 mg; dietary sources contribute 
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another 300mg. In men consuming a purine-free diet, the 
total body pool of exchangeable urate is estimated at 1200 
mg; in women it is estimated to be 600mg. By contrast, 
patients with gouty arthritis and tissue deposition of urate 
may have urate pools as large as 18,000 to 30,000 mg. 

Overproduction of uric acid may result from increased 
synthesis of purine precursors. Synthesis and metabolism 
of the major precursors are illustrated in outline in Figure 
24-3. Formation of 5’-phosphoribosylamine is the second 
enzymatic step in the synthetic pathway (Figure 24-3, A); 
it is the first irreversibly committed step in purine biosyn- 
thesis. The intracellular concentration of the substrate phos- 
phoribosylpyrophosphate (PRPP) regulates de novo purine 
synthesis. The enzyme PRPP-amidotransferase is controlled 
through feedback inhibition by the purine nucleotides 
that are the final products of the biosynthetic pathway. 
The first purine nucleotide formed by ring closure is 
inosine monophosphate (IMP); adenosine and guanosine 
monophosphates are derived from IMP through enzy- 
matically mediated interconversions. Adenine and guanine 
nucleotides may then be used as precursors for the corre- 
sponding nucleosides that are the building blocks of deoxyri- 
bonucleic acid (DNA) and ribonucleic acid (RNA), or, when 
further phosphorylated, these nucleotides become carriers 
of high-energy bonds in the form of ATP and guanosine 
triphosphate (GTP). 

Catabolism of the nucleotides (Figure 24-3, B) begins 
with removal of their ribose-linked phosphate, a process 
catalyzed by purine 5’-nucleotidase. Removal of the ribose 
moiety of inosine and guanosine by the action of purine- 
nucleoside phosphorylase forms hypoxanthine and guanine, 
both of which are converted to xanthine. Xanthine is 
converted to uric acid through the action of xanthine 
oxidase. 

Reutilization of the major purine bases adenine, hypo- 
xanthine, and guanine, is achieved through “salvage” path- 
ways (Figure 24-3, C), in which phosphoribosylation of the 
free bases causes resynthesis of the respective nucleotide 
monophosphates. Adenine is converted to adenosine 
monophosphate (AMP) through the action of adenine phos- 
phoribosyi transferase (APRT), hypoxanthine, and guanine 
to their monophosphates through hypoxanthine-guanine 
phosphoribosyl transferase (HGPRT). The HGPRT pathway 
is quantitatively more important than the APRT pathway.” 

Lower primates and mammals other than humans carry 
purine metabolism one step further with the formation of 
allantoin from uric acid, a step mediated by uricase ([urate: 
oxygen] oxidoreductase, EC 1.7.3.3). In humans, approxi- 
mately 75% of uric acid excreted is lost in the urine; most of 
the remainder is secreted into the gastrointestinal tract, 
where it is degraded to allantoin and other compounds by 
bacterial enzymes. 

Renal handling of uric acid is complex and involves four 
sequential steps: (1) glomerular filtration of virtually all the 
uric acid in capillary plasma entering the glomerulus; (2) 
reabsorption in the proximal convoluted tubule of about 


98% to 100% of filtered uric acid; (3) subsequent secretion 
of uric acid into the lumen in the distal portion of the prox- 
imal tubule; and (4) further reabsorption in the distal tubule. 
The net urinary excretion of uric acid is 6% to 12% of the 
amount filtered. 

The physicochemical properties of uric acid are impor- 
tant in considering uric acid concentrations in the circula- 
tion, in tissue, and in the kidneys. The first pK, of uric acid 
is 5.57; above this pH, uric acid exists chiefly as urate ion, 
which is more soluble than uric acid.”* At a urine pH below 
5.75, uric acid is the predominant form. 


CLINICAL SIGNIFICANCE 


More than 20 inherited disorders of purine metabolism 
giving rise to both hypouricemias and hyperuricemias have 
been recognized to date. Most are very rare and the diag- 
nosis requires support from a specialist purine laboratory. 
Symptoms that should raise suspicion include kidney 
failure or stones in a child or young adult; “gravel” in an 
infants diaper; unexplained neurological problems in an 
infant, child, or adolescent; and gout presenting in a man or 
woman less than 30 years old. 


Hyperuricemia 

Hyperuricemia is most commonly defined by plasma uric 
acid concentrations greater than 7.0 mg/dL (0.42 mmol/L) in 
men or greater than 6.0mg/dL (0.36mmol/L) in women. 
The major causes of hyperuricemia are summarized in 
Box 24-1. Asymptomatic hyperuricemia is frequently 
detected through biochemical screening; long-term follow- 
up of asymptomatic hyperuricemic patients is under- 
taken because many are at risk for kidney disease that may 
develop as a result of hyperuricemia and hyperuricuria; 
few of these patients ever develop the clinical syndrome of 
gout. ™ 

Measurement of plasma uric acid is predominantly used 
in the investigation of gout, either as a result of a primary 
hyperuricemia or caused by other conditions or treatments 
that give rise to secondary hyperuricemias. It is also used in 
the diagnosis and monitoring of pregnancy-induced hyper- 
tension (preeclamptic toxemia). 

Gout occurs when monosodium urate precipitates from 
supersaturated body fluids; the deposits of urate are respon- 
sible for the clinical signs and symptoms. Gouty arthritis 
may be associated with urate crystals in joint fluid and with 
deposits of crystals (tophi) in tissue surrounding the joint. 
The deposits may occur in other soft tissue as well, and 
wherever they occur they elicit an intense inflammatory 
response consisting of polymorphonuclear leukocytes and 
macrophages. The big toe (first metatarsophalangeal) joint 
is the classic site for gout. Gout is a condition characterized 
by occasional attacks and long periods of remission: it is 
important to appreciate that the plasma uric acid concen- 
tration is often normal during an acute attack. Kidney 
disease associated with hyperuricemia may take one or more 
of several forms: (1) gouty nephropathy with urate deposi- 
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Increased Formation 


Primary 
Idiopathic 
Inherited metabolic disorders 


Secondary 
Excess dietary purine intake 
Increased nucleic ‘acid turnover (e.g. leukemia, myeloma, 
radiotherapy, chemotherapy, trauma) 
Psoriasis 
Altered ATP metabolism 
Tissue hypoxia 
Preeclampsia 
Alcohol 


Decreased Excretion 

Primary (idiopathic) 

Secondary 
Acute or chronic kidney disease 
Increased renal reabsorption 
Reduced secretion 
Lead poisoning 
Preeclampsia 
Organic acids (e.g., lactate and acetoacetate) 
Salicylate (low doses) 
Thiazide diuretics 
Trisomy 21 (Down syndrome) 


tion in renal parenchyma, (2) acute intratubular deposition 
of urate crystals, and (3) urate nephrolithiasis.** 

Gout is classified as either primary or secondary. Primary 
gout is associated with “essential” hyperuricemia, which has 
a polygenic basis. In greater than 99% of cases, the cause is 
uncertain but is probably due to a combination of metabolic 
overproduction of purines (25% of patients have increased 
PRPP-amidotransferase activity), decreased renal excretion 
(80% of patients show decreased renal tubular secretion of 
uric acid), and increased dietary intake. Very rarely, primary 
gout is attributable to inherited defects of enzymes in the 
pathways of purine metabolism. The Lesch-Nyhan syndrome 
is characterized by complete deficiency of HGPRT (EC 
2.4.2.8), the major enzyme of the purine salvage pathways. 
This X-linked genetic disorder is manifested clinically by 
mental retardation, abnormal muscle movements, and 
behavioral problems (self-mutilation and pathological 
aggressiveness). Patients may present in the first weeks of 
life with symptoms of crystalluria, acute kidney failure, 
and gout. Hyperuricemia, hyperuricuria, and markedly 
decreased activities of HGPRT in erythrocytes, fibroblasts, 
and other cells are present. Intracellular concentrations of 
PRPP and rates of purine synthesis are increased. Neurolog- 
ical symptoms of this syndrome may be related to decreased 
availability of purines to the developing brain, which has 
limited capacity for de novo purine synthesis and therefore 


relies on the purine salvage pathways to supply it with most 
of the purine nucleotides it requires. DNA technology 
has been applied to prenatal diagnosis in the first trimester 
using chorionic biopsy material. HGPRT assays on cultured 
fibroblasts obtained by amniocentesis may be used in the 
second trimester. Partial deficiency of HGPRT (severe X- 
linked gout) presents in adolescence or early adulthood as 
early gout, kidney failure, or nephrolithiasis. Increased con- 
centrations of intracellular PRPP production with conse- 
quent increased uric acid concentrations can also occur 
owing to mutations in PRPP synthetase (EC 2.7.6.1.) (phos- 
phoribosyl pyrophosphate synthetase superactivity), which 
is also inherited as an X-linked recessive trait. An autosomal 
dominant familial juvenile hyperuricemic nephropathy has 
also been recognized. Glucose-6-phosphatase deficiency also 
leads to hyperuricemia as a result of both overproduction 
and underexcretion of uric acid. 

Secondary gout is a result of hyperuricemia attributable to 
several identifiable causes. Renal retention of uric acid may 
occur in acute or chronic kidney disease of any type or as a 
consequence of administration of drugs; diuretics, in partic- 
ular, are implicated in the latter instance. Organic acidemia 
caused by increased acetoacetic acid in diabetic ketoacidosis 
or by lactic acidosis may interfere with tubular secretion of 
urate. Increased nucleic acid turnover and a consequent 
increase in catabolism of purines may be encountered in 
rapid proliferation of tumor cells and in massive destruction 
of tumor cells on therapy with certain chemotherapeutic 
agents. 

Management of an acute attack of gout generally involves 
the use of nonsteroidal antiinflammatory drugs (NSAIDs). 
Patients should be advised to avoid foods that have a high 
purine content (e.g., liver, kidneys, red meat, and sardines) 
and drugs that affect urate excretion (thiazide diuretics and 
salicylates). Specific pharmacological interventions include 
the use of uricosuric drugs (e.g, probenecid and sulfin- 
pyrazone), which enhance renal excretion, of uric acid by 
blocking the carriers in the tubular cells that mediate reab- 
sorption, or the xanthine oxidase inhibitor allopurinol. Mea- 
surement of urinary uric acid excretion is an aid in selecting 
appropriate treatment in this context. Patients excreting less 
than 600 mg/day (3.6 mmol/day) of uric acid are candidates 
for treatment with uricosuric drugs, which are contrain- 
dicated in patients with urate stones or kidney failure. 
Conversely, patients excreting more than 600mg/day 
(3.6 mmol/day) are candidates for treatment with allopuri- 
nol. The NSAIDs azapropazone and tiaprofenic acid have a 
uricosuric effect and so have a place in both the long-term 
and acute management of gout." 

Kidney Stones.***’ About one in five patients with clinical 
gout also has urinary tract uric acid stones. Although plasma 
and urinary uric acid should be measured in stoné formers, 
many uric acid stone formers do not demonstrate either 
hyperuricuria or hyperuricemia. However, this may reflect 
the use of reference intervals derived in a purine-rich, west- 
ernized society.'” The etiology of uric acid stone formation 
also involves the passage of a persistently acid urine with loss 
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of the postprandial alkaline tide.** Undissociated uric acid 
(pK, 5.57) is relatively insoluble, whereas urate at pH 7.0 is 
greater than 10 times more soluble. Thus in patients with 
urinary pH persistently less than 6.0, normal urinary con- 
centrations of uric acid will produce supersaturation. Mea- 
surement of urinary pH throughout the day can be useful.” 
Pure uric acid stones account for approximately 8% of all 
urinary tract stones and, unlike many of the calcium-con- 
taining stones, are radiolucent. Allopurinol is the mainstay 
of treatment of uric acid stones. Hyperuricuria is also a risk 
factor for calcium stone formation (see Chapter 45). Conse- 
quently, attempts to increase urinary pH with potassium 
alkali salts may be counterproductive as a result of increased 
calcium stone formation. 

Preeclamptic Toxemia. This condition is associated with 
increasing plasma uric acid concentration, probably caused 
by uteroplacental tissue breakdown and decreased kidney 
perfusion.” Plasma urate measurement can be used as 
an indicator of the severity of preeclampsia. Redman 
et al’? noted that concentrations in excess of 6.0mg/dL 
(0.36mmol/L) at 32 weeks gestation are associated with a 
high perinatal mortality rate. 


Hypouricemia 

Hypouricemia, often defined as plasma urate concentrations 
less than 2,0mg/dL (0.12 mmol/L), is much less common 
than hyperuricemia. It may be secondary to any one of a 
number of underlying conditions. Severe hepatocellular 
disease with reduced purine synthesis or xanthine oxidase 
activity is one possibility. Another is defective renal tubular 
reabsorption of uric acid. Defective reabsorption may be 
congenital, as in generalized Fanconi’s syndrome, or 
acquired, The reabsorption defect may be acquired acutely 
because of injection of radiopaque contrast media or chron- 
ically because of exposure to toxic agents. Overtreatment 
of hyperuricemia with allopurinol or uricosuric drugs and 
cancer chemotherapy with 6-mercaptopurine or azathio- 
prine (inhibitors of de novo purine synthesis) may also cause 
hypouricemia. Very rarely, hypouricemia may occur as a 
result of an inherited metabolic defect. Hypouricemia in 
combination with xanthinuria is rarely encountered and 
suggests a deficiency of xanthine oxidase, either in isolation 
or as part of combined molybdenum cofactor deficiency 
(sulfite oxidase/xanthine oxidase deficiency), Purine nucleo- 
side phosphorylase (EC 2.4.2.1) deficiency and other inher- 
ited defects have also been described. For further discussion 
of these, and the primary hyperuricemias, the reader is 
referred to specialist textbooks,'” 


ANALYTICAL METHODOLOGY 


Phosphotungstic acid (PTA), uricase, and HPLC-based 
methods have been described for measuring uric acid. 


Phosphotungstic Acid Methods 


These methods are based on the development of a blue 
reaction (tungsten blue) as PTA is reduced by urate in an 


alkaline medium; the color is read by spectrophotometry at 
wavelengths of 650 to 700nm. PTA methods are subject to 
many interferences, and efforts to modify them have had 
little success in improving their specificity. The reader is 
referred to a review for a more detailed analysis.'” 


Uricase Methods 


Uricase methods are more specific than PTA approaches. 
Uricase ({urate: oxygen] oxidoreductase; EC 1.7.3.3; main 
sources Aspergillus flavus, Candida utilis, Bacillus fastidiosus, 
and hog liver) is used either as a single step or as the initial 
step to oxidize uric acid. Uricase methods became feasible 
and popular as a result of the availability of high-quality, 
low-cost preparations of the bacterial enzyme. Preliminary 
precipitation of protein is not required. Generally, only 
guanine, xanthine, and a few other structural analogues 
of uric acid act as alternative substrates, and then only at 
concentrations improbable in biological fluids. Uricase 
methods have replaced PTA methods in most current 
instrumentation. 

Uricase acts on uric acid to produce allantoin, hydrogen 
peroxide, and carbon dioxide. 
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The reaction can be observed in either the kinetic or the 
equilibrium mode. The Bacillus fastidiosus enzyme has the 
highest Michaelis constant (1.0 x 10*mol/L) and the hog 
liver has the lowest (1.7 x 10° mol/L), the choice of enzyme 
influencing the incubation period required to reach equilib- 
rium and the conditions for a pseudo first-order kinetic 
approach, The decrease of absorbance as urate is converted 
may be monitored by a spectrophotometer at 293nm and 
this forms the basis of a proposed reference procedure.” 
However, at this wavelength, most of the absorbance is due 
to plasma proteins. Therefore there is a high signal-noise 
ratio, which can compromise the precision of the method. 
A high quality spectrophotometer with narrow bandpass 
is required and this is rarely satisfied with automated 
analyzers, 

Most current enzymatic assays for uric acid in plasma 
involve a peroxidase system coupled with one of a number of 
oxygen acceptors to produce a chromogen.’ For example, 
one popular method measures hydrogen peroxide with the 
aid of horseradish peroxidase (donor: hydrogen-peroxide 
oxidoreductase; EC 1.11.1.7) and an oxygen acceptor to yield 
a chromogen in the visible spectrum.™ Its popularity is 
probably due to the use of less expensive enzymes and greater 
analytical sensitivity. The most common oxygen acceptor 
used is 4~aminophenazone together with phenol or a substi- 
tuted phenol. The benefit of using substituted phenols is the 
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enhanced molar absorptivity: phenol = 5.5 x 10°L > mol/cm, 
tribromo-phenol = 23.6 x 10°L- mol/cm, and tribromo-3- 
hydroxybenzoic acid = 30.0 x 10°L-mol/em. Alternative 
oxygen acceptors include 3-methyl-1-benzothiazoline hydra- 
zone (MBTH), 2,2’-azino-di-(3-ethyl-benzothiazoline)-6- 
sulfonate (ABTS), and o-dianisidine. 

Although many combinations of oxygen acceptor and 
phenol have been described, the choice should be guided 
by minimization of interference and sufficient absorbance 
to ensure good precision. The use of a substituted phenol 
yielding a highly absorbing product helps to reduce the 
potential interference by reducing the sample volume 
requirement. The major interferants to minimize are ascor- 
bic acid and bilirubin. In general it is necessary to employ 
ascorbate oxidase (L-ascorbate:oxygen oxidoreductase; 
EC 1.10.3.3) in uric acid methodology.” Use of amino- 
phenazone with a substituted phenol or the addition of 
ferrocyanide*” have been used to minimize bilirubin 
interference. Alternatively, use of the oxygen acceptor azure- 
D2 (3,7-diamino-5-pheno-thiazine (thionine) derivative), 
which can be monitored at 600 nm, reduces the spectral but 
not the chemical” interference caused by hyperbilirubine- 
mia.’ It has also been shown that unknown metabolites 
in plasma of patients with kidney failure, thought to be 
phenolic compounds, will interfere by competing with the 
reagent phenol, giving a low recovery of urate.' The inter- 
ference can be overcome by using a phenolic derivative, 
thereby generating a higher absorbing product and reducing 
the sample volume. 


Dry Chemistry Systems 
Devices that use uricase in a dry reagent format to measure 
uric acid have also been described. For example, a multilayer 
film system employs uricase and peroxidase separated by a 
semipermeable membrane from a leuco dye that is oxidized 
to form a colored product.” A cellulose matrix pad system 
employs uricase, peroxidase, and MBTH as oxygen acceptor; 
the system employs a diluted plasma sample, which helps to 
reduce interferences, although ascorbic acid was shown to be 
a significant interferant.'”” A third system incorporates sep- 
aration of plasma from red cells and uricase, peroxidase, and 
a substituted phenol to measure uric acid?” All three 
systems employ a reflectance meter system to facilitate accu- 
rate and precise quantitation of the color change. 
Electrochemical and biosensor systems have also been 
described for the measurement of uric acid. In all cases 
uricase is employed, being linked in examples to an oxygen 
electrode" and to Teflon on the photomultiplier tube of a 
luminometer.” 


HPLC Methods 

HPLC methods using ion-exchange or reversed-phase 
columns have been used to separate and quantify uric acid. 
The column effluent is monitored at 293nm to detect the 
eluting uric acid. HPLC methods are specific and fast, mobile 
phases are simple, and the retention time for uric acid is less 


than 6 minutes, reasonable conditions that recommend these 
methods for reference use.” A proposed definitive method 
for the assay of uric acid in plasma uses isotope-dilution 
MS.® 


Reference Intervals 

Although many methods for the quantitation of uric acid are 
described in the literature, the most popular methods today 
employ the uricase-mediated reaction; however, the speci- 
ficity of this reaction may be compromised by the choice of 
detector reaction, owing to either an interfering enzyme or 
a molecule that competes in the final color generation step. 
Today reactions that generate a visible end product are pre- 
ferred because of the higher color yield; however, care should 
be taken that interference caused by ascorbate, bilirubin, and 
unspecified interferants in plasma from patients with kidney 
failure is minimized. 

Using an enzymatic method, the reference interval for 
uric acid has been reported to be 3.5 to 7.2 mg/dL (0.208 
to 0.428 mmol/L) for males and 2.6 to 6.0mg/dL (0.155 to 
0.357 mmol/L) for females.” The concentration of plasma 
uric acid increases gradually with age, rising about 10% 
between the ages of 20 and 60 years. There is a rise in women 
after menopause, reaching concentrations similar to those in 
men. During pregnancy, plasma uric acid concentrations fall 
during the first trimester and until about 24 weeks of gesta- 
tion, when concentrations begin to rise and eventually exceed 
nonpregnant concentrations.*' Using an enzymatic assay, 
reference intervals at 32, 36, and 38 weeks of gestation have 
been reported as 1.9 to 5.5mg/dL (0.110 to 0.322 mmol/L), 
2.0 to 5.8mg/dL (0.120 to 0.344mmol/L), and 2.7 to 
6.5mg/dL (0.157 to 0.381 mmol/L), respectively.’ 

An alternative approach to the interpretation of plasma 
uric acid concentrations is to consider the degree of hyper- 
uricemia in relation to the risk of developing gout; men 
with plasma uric acid concentrations exceeding 9.0mg/dL 
(0.540 mmol/L) are approximately 150 times more likely to 
have coexisting gouty arthritis than are men with uric acid 
concentrations less than 6.0 mg/dL (0.360 mmol/L). 

Urinary uric acid excretion in individuals on a diet con- 
taining purines is 250 to 750 mg/day (1.5 to 4.5 mmol/day). 
Excretion may decrease by 20% to 25% on a purine-free diet 
to less than 400 mg/day. 


SCREEENING FOR KIDNEY DISEASE 

URINALYSIS 

Examination of the urine is often the first step in the assess- 
ment of a patient suspected of having, or confirmed to have, 
deterioration in kidney function. In the laboratory, urine 
is examined visually, chemically, and microscopically. New 
instrumental techniques are also being used to examine 
urine. 


Visual Examination 


The appearance (color and odor) of urine itself can be 
helpful, a darkening from the pale normal straw color indi- 
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cating a more concentrated urine or the presence of another 
pigment. Hemoglobin and myoglobin can give a pink-red- 
brown coloration, depending on the concentration. Turbid- 
ity in a fresh sample may indicate infection but may also be 
due to fat particles in a patient with nephrotic syndrome. 
Excessive foaming of urine when shaken suggests protein- 
urtia. Urine is often chemically evaluated with the help of 
dipstick tests, which are available for a variety of analytes or 
microscopically examined. 


Dipstick Testing 

Many tests of renal significance have been adapted for use 
on strips of cellulose or pads of cellulose on strips of plastic 
that have been coated or impregnated with reagents for the 
analyte in question.” This type of analytical test is known 
as a dipstick test. A dipstick may contain reagents for just one 
test per stick or reagents for multiple tests on a single stick. 
For example, up to 10 constituents are now measured on a 
single dipstick. With this type of test, the different methods 
detect substances that overflow into the urine, such as 
glucose, ketones, bilirubin diglucuronate, and urobilinogen, 
in which changes in the concentration reflect a change in 
another organ system in the body. These dipstick tests also 
detect changes in constituents that are more directly linked 
to alterations brought about by some pathological condition 
affecting the kidney or urinary tract. Urine samples for dip- 
stick testing should be collected in sterile containers and dip- 
stick testing performed on the fresh urine. Dipsticks should 
be used only if they have been stored properly desiccated, 
because they can deteriorate in a matter of hours, Examples 
of the method principles and comments on the performance 
of tests pertinent to the assessment of kidney function are 
given below. In 2003 Clarke and Palmer-Toy" have reviewed 
the literature on outcomes achieved with dipstick urinalysis. 


Total Protein 


The dipstick test for total protein includes a cellulose test pad 
impregnated with tetrabromphenol blue and a citrate pH 
3 buffer. The reaction is based on the “protein error of indi- 
cators” phenomenon in which certain chemical indicators 
demonstrate one color in the presence of protein and 
another in its absence. Thus tetrabromphenol blue is green 
in the presence of protein at pH 3 but yellow in its absence. 
The color is read after exactly 60s and the test has a lower 
detection limit of 150 to 300mg/L, depending on the type 
and proportions of protein present. The reagent is most sen- 
sitive to albumin and less sensitive to globulins, Bence Jones 
protein, mucoproteins, and hemoglobin. 

Proteinuria is a common finding in patients with kidney 
disease, and the use of a dipstick assay is an important 
screening test in any patient suspected of having renal 
disease. Among patients with suspected or proven CKD, 
including reflux nephropathy and early glomerulonephritis, 
and those with hypertension or previously detected asymp- 
tomatic hematuria, annual urinalysis for proteinuria is 
accepted as a useful way of identifying patients at risk of 


progressive kidney disease. The test has also been used in 
a number of screening programs in schoolchildren.” 
Although these studies have indicated an incidence of about 
0.1%, there has been no systematic follow-up of patients to 
ascertain whether the appearance of protein in the urine is 
an early predictor of kidney disease." There is currently no 
proven role for dipstick protein urinalysis in screening of 
unselected populations.“ Whether it will prove useful 
in identifying patients at risk of CKD in selected high-risk 
populations, for instance some ethnic minority populations, 
remains uncertain. Dipstick testing for proteinuria is 
inadequate for the detection of CKD among patients with 
diabetes, who should undergo annual testing for microal- 
buminuria (see below). 

Protein excretion displays considerable biological vari- 
ability, and may be increased by upright posture, exercise, 
fever, heart failure, and kidney disease. Because standard 
urine dipsticks rely on estimation of protein concentration, 
that in turn depends on hydration or how concentrated the 
urine sample is; these tests can only give a rough indication 
of the presence or absence of pathological proteinuria. The 
specificity of urinalysis protein dipsticks for the detection 
of proteinuria is approximately 85%" and misclassification 
errors are common. Therefore positive dipstick tests should 
be confirmed in the laboratory by measuring either the 
protein/creatinine or albumin/creatinine ratio on an early 
morning or random urine sample (Figure 24-4). A creati- 
nine test pad (using the peroxidase-like activity of transition 
metal creatinine complexes) has been added to some strip 
systems to enable a ratio of protein (or albumin) to creati- 
nine to be reported to reduce the intraindividual variation 
seen with random urine collections.’” 


Albumin 


Dipstick methods are available for the more specific 
detection of albumin (and also myoglobin and some low 
molecular weight proteins). Both color-generating and 
immunological methods for albumin have been described 
for use with urine samples, the former based on binding 
of Bis (3’,3”-diiodo-4’,4”-hydroxy-5’,5”-dinitrophenyl)- 
3,4,5,6-tetrabromosulfonephthalein (DIDNTB) at pH 1.5.” 
The use of the color-generating albumin assay is intended 
to reduce the variation in reporting of small increases in 
protein excretion.'” 


Hemoglobin 

The presence of hemoglobin in the urine may be due to 
glomerular, tubulointerstitial, or postrenal disease, although 
the latter two causes are the more common. The presence of 
blood in the urine can be detected by the use of a phase con- 
trast microscope to determine the presence of red cells in the 
urine sediment or by use of a dipstick test. The chemical 
detection of hemoglobin in urine depends on the peroxidase 
activity of the protein, employing a peroxide substrate and 


an oxygen acceptor. 
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For this test, the reagent pad is impregnated with buffered 
tetramethyl benzidine (TMB) and an organic peroxide. The 
method depends on detection of the peroxidase activity 
of hemoglobin, which catalyzes the reaction of cumene 
hydroperoxide and TMB. The color change varies from 
orange through pale to dark green, and red cells or free 
hemoglobin are detected together with myoglobin. Again the 
color of the reagent pad should be compared with a color 
chart after exactly 60s. Two reagent pads are employed for 
the low hemoglobin concentration; if intact red cells are 
present, the low-concentration pad will have a speckled 
appearance, with a solid color indicating hemolyzed red 
cells. The detection limit for free hemoglobin is 150 to 
600 ug/L or 5 to 20 intact red cells/L. The test is equally 
sensitive to hemoglobin and to myoglobin. Water must 
not be used as a negative control with this test caused by 
the matrix requirements of the assay, and will give a false- 
positive result. 


Repeat 
dipstick 
positive 
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Figure 24-4 Suggested protocol for the 
further investigation of a positive (trace or 
above) dipstick or quantitative protein test. 
Dipstick testing devices show few false-negative 
results but many false-positive results; positive 
results should therefore be confirmed using 
laboratory testing on at least two further 
occasions. Patients with two or more positive 
(greater than or equal to 30mg total protein 
or albumin/mmole creatinine) tests on early 
morning samples | to 2 weeks apart should be 
diagnosed as having persistent proteinuria. (The 
possibility of postural proteinuria should be 
excluded by the examination of an EMU.) 
Albumin/creatinine ratio (ACR) measurement 
can be substituted for the total 
protein/creatinine ratio. C&S, Culture and 
sensitivity; CKD, chronic kidney disease; EMU, 
early morning urine; MSU, mid-stream urine; 
PCR, protein/creatinine ratio. 

“In the absence of a systemic disease, such as 
diabetes or hypertension, a borderline 
elevation in total protein or albumin excretion 
(3 to 30mg/mmole), without hematuria or a 
rise in plasma creatinine, a serious primary 
renal pathology is unlikely. In a diabetic patient, 
lesser degrees of proteinuria may be significant 
and should elicit appropriate investigation and 
management (see “Urinary Albumin and 
Microalbuminuria Screening” section). 
(Algorithm courtesy Dr. R. Burden, Nottingham City 
Hospital, Nottingham, UK.) 


The presence of free hemoglobin or red cells in the urine 
indicates the presence of renal or bladder disease. Hematuria 
can be present in a number of kidney diseases, including (1) 
glomerular nephritis, (2) polycystic kidney disease, (3) sickle 
cell disease, (4) vasculitis, and (5) several infections. A spec- 
trum of urological diseases may also give rise to hematuria, 
including bladder, prostate, and pelvic and/or ureteral malig- 
nancy, kidney stones, trauma, bladder damage, and ureteral 
stricture. 


Glucose 


For glucose measurements, the reagent pad is impregnated 
with glucose oxidase, peroxidase, potassium iodide, and a 
blue dye. The reaction employs glucose oxidase and peroxi- 
dase to produce hydrogen peroxide, which is subsequently 
reduced with a concurrent oxidation of potassium iodide to 
release iodine. The free iodine blends with the background 
color to produce a variety of colors from green to dark 
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brown. The lower limit of detection for this method is 72 to 
127meg/dL (4.0 to 7.0mmol/L) with an upper limit of 
2018 mg/dL (111 mmol/L). The color change should be read 
exactly 30s after sample addition. 


Leukocytes 


The dipstick test for leukocytes uses an absorbent cellulose 
pad impregnated with a buffered mixture of derivatized 
pyrrole amino acid ester and diazonium salt. Granulocytic 
leukocytes contain esterases that catalyze the hydrolysis 
of the derivatized pyrrole amino acid ester to liberate 
3-hydroxy-5-phenylpyrrole. This pyrrole then reacts with a 
diazonium salt to produce a purple product. The color of the 
reagent pad is then compared with the color chart exactly 2 
minutes after sample addition. The test is claimed to have a 
detection limit of 5 to 15 cells/uL in urine and the darkest 
color block is equivalent to 500 cells/uL or greater. A decrease 
on the true test result may occur in samples with an elevated 
glucose concentration, a high specific gravity, or the presence 
of cephaloxin, cephalothin, tetracycline, or high concentra- 
tions of oxalic acid. 


Nitrite 

To measure nitrite, the reagent pad is impregnated with 
p-arsanilic acid and tetrahydro-benzo(h)quinolin-3-ol. The 
reaction is based on arsanilic acid in the presence of nitrite 
converting to a diazonium salt, which couples with the 
quinolol to produce a pink color. The color should be read 
exactly 60s after the sample addition and the detection limit 
of the test is 61 to 103pg/dL (13 to 22umol/L) nitrite in 
urine with a normal specific gravity. The test is less sensitive 
with urine having a high specific gravity. At urine ascorbic 
acid concentrations above 24.7 mg/dL (1.4mmol/L) a false- 
negative result may occur at low nitrite concentrations 
(81 g/dL [13 mol/L] or less). The test will only measure 
nitrite and is claimed to detect populations of bacteria at an 
amount of 10°/mL or more. 

The presence of leukocyte esterase is indicative of pyuria. 
The detection of nitrite is indicative of the presence of bac- 
teria that degrade nitrate excreted in the urine. The combi- 
nation of the two tests is valuable in patients with urinary 
tract infection. The absence of both constituents is a valu- 
able test to “rule out” urinary tract infection, thereby reduc- 
ing the number of samples sent to the laboratory for further 
tests. The nitrite test may be less helpful in young children 
in whom the urine remains in the bladder for less time, 
thereby limiting the time for nitrite production. 


Specific Gravity 

The test device for specific gravity consists of an absorbent 
cellulose pad impregnated with bromthymol blue, poly- 
methylvinyl ether and/or maleic anhydride, and sodium 
hydroxide. The test depends on the apparent pK, change of 
the pretreated polyelectrolyte in relation to ionic strength; 
the hydrogen ions released are detected by the pH indicator. 
The color changes from a dark blue at a low specific gravity 


(1.000) to yellow-green at a specific gravity of 1.030. The test 
is claimed to correlate within 0.005 of refractive index— and 
hydrometer-derived values; a value of 0.005 can be added to 
adjust for pH effects above 6.5. In a machine-readable form 
of the assay (Clinitek System, Bayer Diagnostics, Elkhart, 
Ind.), automatic adjustment for pH is made (using the data 
from the pH pad). It is important that the test be read exactly 
at the time stated (typically 45s after sample addition). 
The specific gravity can provide an indication of the con- 
centration of urine; care must be taken with interpretation 
depending on the method principle because those that detect 
ionic species will underestimate the specific gravity in the 
presence of glucose and so forth. Urine collected after intra- 
venous administration of iodine-containing radiopaque 
compounds for radiological studies may give extraordinar- 
ily high values. Glucose and protein may also contribute 
substantial increments to the density of urine, and semi- 
quantitative determination of these substances is necessary 
for valid interpretation or correction of urine specific gravity 
measurements. Diabetic patients with uncontrolled hyper- 
glycemia and glucosuria may have high urine specific gravity 
even when the normal renal concentrating function is 
seriously impaired. 


pH 

To measure the pH of a sample, the test pad is impregnated 
with indicators—one example being a mixture of methyl red 
and bromthymol blue. Methyl red in a diluted form is red 
at pH values below 4.2 and yellow at values above 6.2. 
Bromthymol blue is yellow at pH values below 6.0 and blue 
at values above 7.6. At pHs within these values, the indica- 
tors give shades of orange and green, respectively. Thus the 
reagent blocks are evaluated at exactly 60s and compared 
with a color chart where the lowest pH block at 5.0 is orange 
in color and the highest at 8.5 is blue. It is important to rec- 
ognize that the pH of urine alters with standing and the color 
of the reagent blocks with time also; therefore careful adher- 
ence to the recommended procedure is important. The mea- 
surement of urine pH can be helpful in the assessment of 
patients with renal tubular acidosis and in stone formers, 
although evaluation using a pH electrode may be more 
informative. 


MICROSCOPIC EXAMINATION OF URINE 

Microscopic examination of the sediment obtained from the 
centrifugation of a fresh urine sample will show the presence 
of a few cells (erythrocytes, leukocytes, and cells derived 
from the kidney and urinary tract), casts (composed pre- 
dominantly of Tamm-Horsfall glycoprotein [THG]), and 
possibly fat or pigmented particles. An increase in red cells 
or casts implies hematuria, possibly caused by glomerular 
disease; white cells or casts imply the presence of white cells 
in the tubules. Inflammation of the upper urinary tract may 
result in polymorphonuclear leukocytes and various types of 
casts, and in lower urinary tract inflammation the casts will 
not be present. In acute glomerulonephritis, hematuria may 
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lead to coloration of the urine and the presence of large 
numbers of red cells and white cells; as the duration of the 
disease increases, the amount of sediment diminishes.” 


NEW INSTRUMENTAL TECHNIQUES 

Flow cytometry and flow imaging systems have been devel- 
oped for the characterization of erythrocytes in the differ- 
ential diagnosis of hematuria, together with a means of 
improving the recognition of other particulate material in 
urine. This form of analysis is now used to both discrimi- 
nate between and quantify the particulate matter in a defined 
volume of urine, bringing the added benefit of better 
standardization of the technique.” Thus the flow imaging 
method can identify red blood cells, white blood cells, white 
blood cell clumps, hyaline casts, pathological casts, squa- 
mous epithelial cells, nonsquamous epithelial cells, yeast, 
crystals, and sperm. These fully automated systems have 
the potential to replace urinary microscopy,” because they 
offer better discriminatory power and quantitation while 
also offering closer agreement between laboratoriés. The 
principles of flow cytometry are described in Chapter 3. A 
flow imaging analyzer such as the Iris iQ200 analyzes 
unspun urine by aspirating sample through a flow cell posi- 
tioned in a microscope. A digital camera containing a 1.3 
megapixel charge coupled device (CCD) is used to capture 
the images, and neural network-based particle image recog- 
nition software is used to identify and count the particles 
present from 500, 884 x 680 micrometer fields with 0.68 
resolution. The number of particles for the volume scanned 
is then calculated. The flow image analysis has been shown 
to be more accurate than the flow cytometric approach 
while also helping to save valuable technologist time by 
reducing the number of manual microscopic examinations 
required,’ 

Proton nuclear magnetic resonance (NMR) has also been 
investigated as a means of characterizing low molecular 
weight molecules.” Metabolic profiles have been generated 
and, using sophisticated computer analysis, distinctive pat- 
terns of molecules have been associated with damage to spe- 
cific parts of the nephron. It is expected that this technique 
can be used to identify individual molecules for which selec- 
tive assays can then be developed.” 


PERMEABILITY: PROTEINURIA 

CLINICAL SIGNIFICANCE 

Higher molecular weight proteins are retained within the 
circulation by the glomerular filter, and lower molecular 
weight proteins are freely filtered and reabsorbed and catab- 
olized within the tubular cells. Clinically, the appearance of 
significant amounts of protein in the urine suggests renal 
disease. Commonly, proteinuria is classified as either tubular 
or glomerular depending on the pattern of proteinuria 
observed. A third category, overflow proteinuria, is also 
recognized in which filtration of excessive amounts of low 


molecular weight protein exceeds the tubular capacity for 
reabsorption. Examples of the latter include Bence Jones 
proteinuria and myoglobinuria. Proteinuria is a potent 
risk marker for progressive kidney disease, and reduction of 
protein excretion is a therapeutic target. These aspects are 
considered further in Chapter 45. This section will consider 
the analytical approach and rationale used in the quantita- 
tion of urinary proteins, with emphasis on total protein and 
albumin measurement. 


SAMPLE COLLECTION FOR TOTAL PROTEIN AND 
ALBUMIN MEASUREMENT 


There has been extensive discussion in the literature about 
the appropriate urine sample to use for the investigation of 
protein excretion. It is generally recognized that a 24-hour 
sample is the definitive means of demonstrating the presence 
of proteinuria. However, overnight, first void in the morning 
{early morning urine [EMU]), second void in the morning, 
or random sample collections have also been used. Since cre- 
atinine excretion in the urine is fairly constant throughout 
the 24-hour period, measurement of protein/creatinine (or 
albumin/creatinine) ratios allows correction for variations 
in urinary concentration,'*'” Several authors have recom- 
mended the use of the protein/creatinine ratio based on 
the good correlation that has been demonstrated with the 
24-hour collection®””"” and at least equivalent power as a 
predictor of the rate of loss of GFR in nondiabetic ne- 
phropathy.'” Ginsberg et al studied this in detail and showed 
that there was little variation in the ratio during the daytime, 
indicating that the first void and either of the two subse- 
quent collections can give a reliable indication of the 24- 
hour urine protein excretion, Newman et al’? demonstrated 
a significant reduction in the intraindividual variation in 
the protein/creatinine ratio compared with the protein 
excretion in random urines collected throughout the day (a 
mean reduction to 38.6% from 96.5%). They found a similar 
experience with albumin excretion (52.1% from 80.0%). 
The ratio to osmolality to correct for dilution effects asso- 
ciated with changes in the water excreted during the day 
has also been reported and that to specific gravity. Saudan 
et al!” found positive and negative predictive values of 95% 
and 90%, respectively, for the use of the protein/creatinine 
ratio for detecting proteinuria as defined by a 24-hour 
collection in hypertensive pregnant women. Dyson” found 
positive and negative predictive values of 81% and 96% 
in kidney transplant patients, suggesting that the random 
urine protein/creatinine ratio was a useful screening test for 
proteinuria. Claudi and Cooper” made similar observations 
on the use of the albumin/creatinine ratio in diabetic 
patients. 

Although the reference point remains the accurately 
timed 24-hour specimen, it is widely accepted that this is a 
difficult procedure to control effectively; studies have shown 
that more than 25% of samples have to be discarded because 
an incomplete collection is suspected. In practice, for 
screening purposes, spot urine protein/creatinine ratios (or 
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albumin/creatinine ratios) have been used to rule out the 
necessity for 24-hour collections. An EMU sample is pre- 
ferred since it correlates well with 24-hour protein excretion 
and is required to exclude the diagnosis of orthostatic 
(postural) proteinuria.™ However, a random urine sample 
is acceptable if no early morning sample is available. If 
required, daily protein excretion (in mg/24 hours) can be 
roughly estimated by multiplying the protein/creatinine 
ratio (measured in mg/mmole) by a factor of 10 since, 
although daily excretion of creatinine depends on muscle 
mass, an average figure of 10 mmol creatinine per day can be 
assumed.'” In practice, it is accepted that the use of this 
number will lead to overestimation of daily protein excre- 
tion among patients with low muscle mass and underesti- 
mation among patients with high muscle mass; in addition, 
there may be racial variation in creatinine excretion even 
after adjustment for muscle mass.” 

A suitable protocol for the further investigation of 
patients found to have proteinuria at screening is given in 
Figure 24-4, 


MEASUREMENT OF TOTAL PROTEIN 


There are numerous methods used for the measurement of 
protein in urine (see Chapter 20). They include (1) the orig- 
inal Lowry method,” (2) turbidimetry after mixing with 
trichloroacetic or sulfosalicylic acid,'* (3) turbidimetry with 
benzethonium chloride (benzyl dimethyl {2-(2-(p-L13,3- 
tetramethyl butylphenoxy)ethoxy]ethyi} ammonium chlo- 
ride,” (4) dye binding with Coomassie Brilliant Blue,” and 
(5) dye binding with pyrogallol red molybdate.” 

Concerns about variation in the response to different 
proteins have led to many variants of the methods being 
published; this, together with the necessity for automation, 
resulted in the benzethonium chloride and dye-binding 

.methods becoming the most popular in the United 
Kingdom.” The analytical range of the turbidimetric assays 
has been of concern, with the equivalent to an “antigen 
excess” equivalence point being apparent with high protein 
concentrations giving a lower signal; this can be overcome 
by monitoring the early period of turbidity formation. The 
turbidimetric methods and the dye-binding methods do not 
give cqual analytical specificity and sensitivity for all pro- 
teins; this may be of particular importance in the detection 
of light chains, when an immunochemical method is more 
appropriate. The reactivity of chemical methods to some of 
the globulins can be enhanced by the inclusion of sodium 
dodecyl sulfate (SDS) in the reagent?” External quality 
assessment programs have highlighted significant variation 
between methods (Figure 24-5).” 

The normal urinary total protein excretion is less than 
150mg/24hr. The proteins excreted are made up of mostly 
albumin (50% to 60%) and some smaller proteins, together 
with proteins secreted by the tubules, of which Tamm- 
Horsfall glycoprotein (THG) is one. The normal concentra- 
tions of proteins found in urine are listed in Table 24-1. 


NORMAL URINE CONTAINING 
LESS THAN 0.06g/L PROTEIN 


SALINE CONTAINING NO PROTEIN 


LABORATORIES 


10.0 14.0 0.2 0.4 0.6 1.0 
TOTAL PROTEIN ( g/L } 


Figure 24-5 Frequency distribution of quantitative results 
combined with returns of “nil,” “zero,” or “not detected” for 
distributions of salt solution and normal urine. Quality control 
of total protein measurement demonstrates the widespread 
variation in results achieved using different methods. (From 
Chambers RE, Bullock DG, Whicher JT. Urinary total protein 
estimation: Fact or fiction? Nephron 1989;53:33. Reproduced with 
permission of S. Karger AG, Basel, Switzerland.) 


MEASUREMENT OF INDIVIDUAL PROTEINS 


Immunoassay is the preferred method for the accurate and 
sensitive quantitation of individual proteins (see Chapter 9). 
Chromatographic and electrophoretic (including capillary 
electrophoresis) techniques (see Chapters 5 and 6) provide 
a semiquantitative or qualitative measurement of many of 
the proteins appearing in the urine and estimations of a 
panel or pattern of proteins that are not as easily available 
with the individual assays. The immunoassay techniques 
include (1) immunodiffusion immunoassay, (2) electroim- 
munoassay, (3) light-scattering assays with particle enhance- 
ment, and (4) labeled immunometric assays (see Chapter 9). 
However, immunodiffusion and _ electroimmunoassays 
require concentration of the urine to detect the low concen- 
trations of protein present, and immunometric assays might 
require dilution of the sample. The most common approach 
today for the quantitation of individual urine proteins 
employs a light-scattering immunoassay, with either tur- 
bidimetric or nephelometric detection of immunoaggregate 
formation.” 

The choice of the type of assay to be used for such mea- 
surements depends on the expected concentration of the 
protein to be measured. For example, in the case of albumin, 
the assay chosen must be precise at the upper limit of the 
reference interval (for maximal clinical effectiveness), while 
also being able to ensure that antigen excess does not occur 
at high pathological concentrations. In practice, this cannot 
be achieved in a dircct aggregation assay, where the anti- 
body-created particles are aggregated in the presence of 
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TABLE 24-1 Characteristics of the Major Urinary. Proteins 


Free 
Plasma 
Concen- 
tration 


(g/L) 


Diameter 


Protein (nm) 
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Urinary 
Concen- 
Load tration % ; 
(mg/L) =: (mg/L) Reabsorbed 


Glomerular... Filtered 
Sieving 
Coefficient 


IgG 10 5.5 
Albumin 2662-40 3.5 
@)-microglobulin 3] 0.025 2:9 232 
Retinol-binding 22 0.025523 


POUL ww 
EE 


M,, Molecular mass. 


0.0001 1 0.1 
0.0002 

03o 

07 


*Not applicable because of tubular secretion of proteins, e.g THG, which form ~ 50% of urinary total proteins in health. 


'Concentration in the glomerular filtrate. 


antigen. Consequently, in this situation, it is better to use a 
method in which a reagent antigen (in this case, albumin) is 
coupled. to particles. In this instance, the sample antigen 
inhibits the immunoaggregate formation between antigen- 
labeled particles and antibody in solution (an immunoinhi- 
bition assay). At high sample antigen concentrations, the 
signal falls to a minimum and then plateaus. Thus “antigen 
excess” is not a problem, as a dilution has to be performed 
when this minimum is reached. This method is the preferred 
approach for the measurement of albumin in urine, where 
decreased selectivity can lead to a very high albumin excre- 
tion rate. The problem does not arise with other proteins, 
either because the plasma concentration is lower or because 
the size of the protein inhibits its ready loss into the urine 
even when permeability increases. More detailed descrip- 
tions of light-scattering immunoassays are given in Chapters 
9 and 20. 

With appropriate sample dilution, the light-scattering 
immunoassays will provide precise results within an interval 
of 0.1 mg/L to 20 g/L. Choice of an immunoinhibition assay 
will ensure that the antigen excess does not lead to an erro- 
neously reported result (see Chapter 9), although sample 
dilution will be required to give an accurate result at high 
protein concentration, Values for imprecision of less than 
+5% within run and +8% between runs are attainable over 
a concentration range of 0.1 mg/L to 20¢/L with the appro- 
priate choice of reaction conditions. 


Urinary Albumin and Microalbuminuria Screening 

In general, proteinuria reflects albuminuria. Albumin is 
readily measured by quantitative immunoassay methods 
capable of detecting urine albumin at low concentrations, 
and several groups have demonstrated that urinary total 
protein measurement can be replaced by that of urine 
albumin.'”'’” This may provide a more specific and sensitive 
measure of changes in glomerular permeability and is 


consistent with current national guidelines.’ However, it 
should also be noted that changes in albumin excretion may 
reflect overall changes in vascular permeability and therefore 
may not indicate an explicit deterioration in renal function.” 

Dry chemistry systems have also been developed for the 
quantitation of albumin in urine.'” For example, in one such 
device the urine albumin flows laterally along a porous 
matrix through an area containing gold particle—labeled 
antibodies to albumin. In the presence of albumin, these 
antibody molecules are neutralized and pass through a 
portion of the matrix containing immobilized albumin to a 
detection zone, where they appear as a pink coloration.” 
The excess labeled antibody is captured by the immobilized 
albumin. Another device produces a semiquantitative result 
by diffusing the sample into a gel containing gold sol parti- 
cle—labeled antibody, the diameter of the ring being propor- 
tional to the concentration of the antigen being measured.’ 
In another approach for use at the point of care an im- 
munoturbidimetric assay for albumin has been developed 
in a cassette device with a second reagent encompassing a 
colorimetric creatinine assay in the same cassette device, 
enabling semiquantitative reporting of the albumin/ 
creatinine ratio.’ Photometric assays for both albumin and 
creatinine have been incorporated in a dual pad dipstick 
with the reactions being monitored using a reflectance 
meter.’ 

Microalbuminuria is defined as an increase in urinary 
excretion of albumin above the reference interval for healthy 
nondiabetic subjects but at a concentration that is not 
generally detectable by crude clinical tests, such as dipsticks 
designed to measure total protein.” With improved method- 
ology, these low concentrations of albumin can now be mea- 
sured, and microalbuminuria is now considered a clinically 
important indicator of deteriorating renal function in 
diabetic subjects. For example, it is now accepted by both 
European and U.S. diabetes societies that regular screening 
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of urinary albumin excretion is valuable in monitoring both 
type 1 and type 2 diabetes,* This came as a consequence 
of the availability of effective treatments, validated in large 
multinational trials, along with detailed cost-benefit 
analyses in the vanguard of evidence-based medicine. The 
U.S. Agency for Health Research and Quality has recently 
reviewed the literature on increased albumin excretion and 
risk of renal disease and deteriorating mortality and found 
that the preponderance of evidence showed that increased. 
albuminuria was associated with an increased risk of renal 
disease and cardiovascular mortality.” 

Because of the large numbers of clinical studies that have 
been performed, there are now well-established guidelines 
for microalbuminuria screening (Figure 24-6).°"**?" The 
diagnosis of microalbuminuria requires the demonstration 
of increased albumin excretion (either increased albumin/ 
creatinine ratio or increased albumin excretion rate) in at 
least two out of three urine samples collected in the absence 
of infection or an acute metabolic crisis. Establishing the 
diagnosis has both prognostic and management implica- 
tions in the care of patients with diabetes mellitus. Tight 
control of diabetes should be achieved before investigating 
patients for microalbuminuria and patients should not 
be screened during intercurrent illness. Screening should 
commence 5 years after diagnosis in patients with type 1 dia- 
betes mellitus and at diagnosis in patients with type 2 dia- 
betes without proteinuria. Screening for microalbuminuria 
is not indicated in patients with established proteinuria. All 
other patients with diabetes mellitus should be screened on 
an annual basis up to the age of 75 years. An early morning 
(preferred) midstream urine sample should be sent to the 
laboratory for albumin estimation. An albumin/creatinine 
ratio less than 23 mg/g (less than 2.5 mg/mmol) in a male or 
32mg/g (less than 3.5mg/mmol) in a female requires no 
further investigation until the patient’s next annual review. 
Patients demonstrating albumin/creatinine ratios above, 
or equal to this cutoff should have urine samples sent 
to the laboratory on two further occasions (ideally within 
1 month) for albumin estimation. Patients demonstrating 
increased albumin/creatinine ratios in one or both of these 
further samples have microalbuminuria. It is important to 
consider other causes of increased albumin excretion, 
especially in the case of type 1 diabetes present for less than 
5 years. These can include nondiabetic renal disease, 
menstrual contamination, vaginal discharge, uncontrolled 
hypertension, urinary tract infection, uncontrolled diabetes, 
heart failure, intercurrent illness, and strenuous exercise. 
Occasionally, it may be desirable to confirm the diagnosis by 
measuring the albumin excretion rate in a timed overnight 
collection; increased albumin excretion in an overnight col- 
lection is defined as an overnight albumin excretion rate 
greater than 20 g/min. 

Once microalbuminuria has been established, an 
angiotensin converting enzyme (ACE) inhibitor should be 


*References 5, 18, 71, 103, 142, 206. 


prescribed because this class of antihypertensive agent has 
distinct antiproteinuria effects above and beyond the effects 
on blood pressure. Several major trials have shown ACE 
inhibitors to be effective in reducing not just proteinuria but 
also the rate of fall in GFR when used in both microalbu- 
minuric and proteinuric diabetes. It has even been suggested 
that ACE inhibitors should be prescribed for normotensive 
microalbuminuric diabetes, as the definition of normoten- 
sion as currently used may not reflect the actual intra- 
glomerular pressure, and a lower cutoff should be used in 
such a high-risk group as diabetics. 

It has been suggested that the identification of diabetic 
patients at risk of developing nephropathy should be 
attempted earlier than the microalbuminuric stage, when 
it may already be too late to prevent the development of 
nephropathy. The use of tubular markers (see below) has 
been proposed, but as yet none have been shown to provide 
any more sensitive indications of damage. Considerable 
work has been undertaken to look for genetic linkages with 
the development of nephropathy in diabetics. This work has 
included studies of polymorphisms of the ACE and insulin 
genes, but as yet no clear relationship has been demon- 
strated.’ Other markers of basement membrane damage 
have also been used to investigate diabetic nephropathy, 
including urinary excretion of laminin, collagen IV, and 
fibronectin." Laminin and collagen IV excretion were 
found to give no added benefit, but there has been some 
evidence that urinary fibronectin and metalloproteinase 
concentrations are elevated before albumin excretion 
increases. 


Bence Jones Proteinuria 

The presence of light chains (Bence Jones proteins, 22 kDa) 
in the urine is an important indication of the presence of 
myeloma and, in approximately 20% of cases, may occur in 
the absence of a paraprotein band in the serum (see Chapter 
23). The pathological significance of these proteins is con- 
sidered in more detail in Chapter 45. Although a variety of 
tests have been used for the detection of Bence Jones protein, 
including the classic heat test and the Bradshaw test, elec- 
trophoresis supplemented by immunofixation is the most 
reliable approach.'*”” It is worth noting that the more sen- 
sitive systems are capable of detecting low concentrations of 
protein occasionally associated with benign proliferation of 
B cells.” Quantitation of Bence Jones protein excretion may 
be required when monitoring patients with light chain-only 
myeloma. Although imperfect, this is best achieved by elec- 
trophoresis and densitometry.” 


Myoglobinuria 

Myoglobin is a small (17.8kDa), heme-containing protein 
normally catabolized by endocytosis and proteolysis in the 
proximal tubule following glomerular filtration. Typically 
only 0.01% to 5.0% of filtered protein appears in the urine. 
However, following rhabdomyolysis large amounts of myo- 
globin are released into the plasma, saturating the tubular 
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ANNUAL REVIEW 
The best possible control of diabetes shouid be achieved before investigating patients 
for microalbuminuria. Patients should not be screened during intercurrent illness 


— 


Early morning (preferred) midstream urine sample in a plain universal container 


Liaise with 
diabetes/ 


nephrology 
specialist team 


Test with protein 
stix test 


NEGATIVE 
Send to laboratory for albumin/creatinine ratio 


+ 


22.5 mg/mmol (males) 
<2.5 mg/mmoal (males) 23.5 mg/mmoi (females) 


<3.5 mg/mmol (females) i. 


| Consider other causes of increased albuminicreatinine 
ratio (e.g. menstrual contamination, vaginal discharge, 
uncontrolled hypertension, urinary tract infection, 
uncontrolled diabetes, heart failure, intercurrent iliness 
and strenuous exercise), especially in the case of type 1 
diabetes present for <5 years. The presence of 
hematuria may indicate non-diabetic renal disease 


| No | investigate/treat as 


appropriate 


POSITIVE 


Normal result - 
retest at next 
annual review 


albumin/creatinine 
ratio <2.5 (males) 


or <3.5 (females) 
in two further 
sampies 


send two further early morning midstream urine samples 
to laboratory for albumin/creatinine ratio (preferably 


within one month) 


i albumin/creatinine ratio > 2.5 (males) or 2 3.5 (females) in one or both further samples E 


YES confirm with timed overnight 
= albumin excretion rate if required 


Patient has ‘higher risk’ urine albumin excretion and should be managed 
accordingly (e.g. see www.nice.org.uk). Refer/discuss with specialist 
diabetes/nephrology team if required 


Figure 24-6 Screening for microalbuminuria in diabetes mellitus. Patients demonstrating “higher 
risk” urine albumin excretion should be managed accordingly. See “Diabetic Renal Disease: 
Prevention and Early Management” March 2002, available at www.nice.org.uk. 
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reabsorptive mechanism. This results in the appearance of 
increased quantities of myoglobin in the urine (which may 
color the urine red-brown). Further, myoglobin is directly 
toxic to the renal tubules and can cause acute tubular 
necrosis with acute renal failure. Myoglobin will give a 
positive reaction with hemoglobin dipstick tests, and basic 
methods of detection relied on this principle following 
removal of hemoglobin (e.g., by ammonium sulfate precip- 
itation), although false-negative and false-positive results 
are common.” Urinary myoglobin is more appropriately 
measured by immunochemical means, although precon- 
centration of urine may be required.’ However, for most 
purposes evidence that rhabdomyolysis has occurred is 
better provided by an increase in plasma creatine kinase 
activity not attributable to a cardiac source. Urinary myo- 
globin measurement provides no additional prognostic or 
diagnostic information in this setting.” 


Tubular Proteinuria 


The integrity of the renal tubule can be assessed indirectly 
through measurement of functional change and detection of 
tissue damage. The most common approach has been the 
measurement of urinary concentrations of low molecular 
weight proteins using immunoassay technology.’””!? These 
are freely filtered at the glomerulus and then reabsorbed 
and catabolized within the proximal tubule. Consequently 
the appearance of increased quantities of these proteins in 
the urine reflects failure of the tubular reabsorptive mecha- 
nisms. The most commonly measured proteins are retinol 
binding protein (RBP) and at,-microglobulin (see Chapters 
30 and 20, respectively). Although the excretion of 
B.-microglobulin has been extensively studied, it is an 
impractical marker because of its instability in urine at a pH 
of less than 6. &,-microglobulin (Mr 31 kDa) is also referred 
to as protein HC because of its human complex-forming 
capacity with IgA. It is synthesized by the liver and the free 
form is readily filtered at the glomerulus.” RBP (Mr 22 kDa) 
is also synthesized by the liver and is found in the plasma as 
a complex with prealbumin; the protein is the carrier protein 
for vitamin A. For the identification of tubular damage, 
urinary RBP may be more sensitive than o,-microglobulin, 
but the higher concentration and excellent stability of the 
latter in human urine ex vivo facilitate its use as a marker of 
tubular damage in clinical studies, "^ THG, located in the 
thick ascending limb of the loop of Henle,” has also been 
used as a marker of more distal tubular damage.’ 
Lysozyme is an enzyme that occurs in neutrophilic gran- 
ulocytes, monocytes, and macrophages, and several organs 
of the body, including the spleen, kidney, and gastrointesti- 
nal tract. It is freely filtered by the kidney and absorbed by 
the proximal tubules. Thus lysozymuria is seen in conditions 
associated with both tubular damage and increased endoge- 
nous synthesis. Urinary lysozyme is measured by a variety of 
methods, including catalytic activity and immunoassay; its 
primary clinical application has been in the monitoring of 
patients with monocytic leukemia. The reference interval 


for the excretion of lysozyme in healthy adults is reported to 
be 1.3 to 3.6mg/day. 

Tubular damage results in the release of intracellular 
components into the urinary tract, and the measurement of 
these components reflects the functional integrity of the 
tubule. A large number of enzymes have been measured in 
urine.” The enzyme N-acetyl-B-p-glucosaminidase (NAG) 
is stable in urine and has been widely used as a marker of 
tubular integrity. One method for the assay of NAG 
employs the substrate 4-methylumbelliferyl-N-acetyl-B-p- 
glucosaminide with a fluorometric measurement of the 
methylumbelliferone released by the enzyme.” Alternative 
substrates generating products capable of being detected 
in the visible spectrum have also been described.?” The 
measurement of NAG has been undertaken in a variety of 
diseases associated with renal injury, including hyperten- 
sion, drug nephrotoxicity, and diabetic nephropathy, as 
well as transplantation.'”' However, although it is a sensitive 
marker of kidney damage, it has not generally been shown 
to provide any unique benefit over other markers of tubular 
proteinuria. Bazzi et al? has demonstrated that urinary 
NAG could be used to predict progression to renal failure 
in patients with idiopathic membranous nephropathy. 
Measurement of &- and 2-glutathione-S-transferase (EC 
2.5.1.18) isoenzymes has been proposed to discriminate 
between proximal and distal tubular damage, respectively, ™ 
but the role of these markers in clinical practice has yet to 
be established. 

Other markers are also available for monitoring the 
breakdown of the basement membrane components, includ- 
ing collagen breakdown products® and laminin frag- 
ments.” However, at present, few of these markers have 
found a place in the clinical laboratory. 


CHARACTERIZATION OF PROTEINURIA 


As glomerular damage increases, the permeability of the 
membrane decreases, with an increasing proportion of 
higher molecular weight proteins appearing in the urine. 
The relative clearance of a number of proteins has been 
measured to assess the selectivity of the membrane and 
provide an assessment of glomerular damage. The protein 
selectivity index is discussed in the third edition of this text- 
book, but is generally considered to be of limited value.” A 
commercial semiautomated sodium dodecyl sulfate-agarose 
gel electrophoresis system (Hydragel, Sebia, France) has been. 
introduced for qualitative analysis of urinary proteins. This 
separates proteins on the basis of their molecular size, 
enabling visualization of glomerular, tubular, and mixed 
patterns of proteinuria. This approach has also been used for 
the detection and quantitation of Bence Jones proteinuria.” 
Panels of protein measurements, including albumin, 
0,-microglobulin, IgG, and @,-macroglobulin, have been 
employed in the differential diagnosis of prerenal and 
postrenal disease.” This general strategy was extended 
with the inclusion of dipstick tests for hematuria, leukocy- 
turia, and proteinuria in the development of an expert 
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system achieving a concordance of 98% with clinical 
diagnosis.” 


ASSESSMENT OF KIDNEY FUNCTION: - 
ESTIMATION OF GLOMERULAR 
FILTRATION RATE 


The GFR is widely accepted as the best overall measure of 
kidney function, enabling a statement of the complex func- 
tions of the kidney in a single numerical expression.“ A 
decrease in GFR precedes kidney failure in all forms of pro- 
gressive disease. Different pathological kidney conditions 
can progress to ESRD and dialysis dependency at rates 
varying from weeks to several decades. "®t: The symptoms 
accompanying progressive kidney disease (see Chapter 45) 
and their correlation with falling GFR will be influenced 
by this rate of progression. Measuring GFR in established 
disease is useful in targeting treatment, monitoring progres- 
sion, and predicting the point at which renal replacement 
therapy will be required. It is also used as a guide to dosage 
of renally excreted drugs to prevent.potential drug toxicity. 
A number of methods are used to measure the GFR; most 
involve the kidneys’ ability to clear either an exogenous or 
endogenous marker. Improving methodology and the dis- 
covery of new markers of GFR and glomerular or tubular 
damage will continue to provide important contributions to 
the early diagnosis of renal disease. 


THE CONCEPT OF CLEARANCE 


Most of the clinical laboratory information used to assess 
kidney function is derived from or related to measurement 
of the clearance of some substance by the kidneys. The renal 
clearance of a substance is defined as “the volume of plasma 
from which the substance is completely cleared by the 
kidneys per unit of time. ”™?* Provided a substance S is in 
stable concentration in the plasma; is physiologically inert; 
freely filtered at the glomerulus; and neither secreted, reab- 
sorbed, synthesized, nor metabolized by the kidney, then the 
amount of that substance filtered at the glomerulus is equal 
to the amount excreted in the urine (i.e., the amount of S$ 
entering the kidney must exactly equal the amount leaving 
it). The amount of S filtered at the glomerulus = GFR mul- 
tiplied by plasma S concentration: GFR x PS. The amount 
of S excreted equals the urine: S concentration (US) multi- 
plied by the urinary flow rate (V, volume excreted per unit 
time). 
Since filtered S = excreted S, then 


GFR x Py =Us x V (1) 
or 
cpr - VXV?) (2) 
S 


where GFR = clearance in units of milliliters of plasma 
cleared of a substance per minute 
Us = urinary concentration of the substance 


V = volumetric flow rate of urine in milliliters per 
minute 
Ps = plasma concentration of the substance 


The term (Us; x V)/Ps is defined as the clearance of substance 
S and is an accurate estimate of GFR providing the afore- 
mentioned criteria are satisfied. Inulin satisfies these criteria 
and has long been regarded as the most accurate (gold stan- 
dard) estimate of GFR (see below). 

Kidney size and GFR are roughly proportional to 
body size. It is conventional therefore to adjust clearance 
estimates to a standard body surface area (BSA) of 1.73 m’, 
according to the formula devised by Du Bois and Du Bois 
in 1916”: 


BSA = weight (ke)? x height (cm)°”” 


x 7.110% (3) 


MARKERS USED 


A variety of exogenous (radioisotopic and nonradioisotopic) 
and endogenous markers have been used to estimate clear- 
ance (‘Table 24-2). Measurement of clearance may require 
accurate measurements of both plasma and urinary concen- 
trations of the marker used plus a reliable urine collection. 
For a reliable plasma measurement, the substance must have 
reached a steady-state concentration and not be rapidly 
changing. For a reliable urine collection, the urine flow must 
be adequate (several mL/min), the collection period of long 
enough duration, and complete bladder emptying achieved; 
these requirements are problematic. 


Exogenous Markers of Glomerular Filtration Rate 


The use of exogenous markers to measure GFR is rec- 
ommended for the monitoring of slowly progressing 
nephropathies, such as that associated with diabetes, Exoge- 
nous markers are also used to determine a GFR that is used 
to set a benchmark against which to monitor deterioration 
in GFR using an endogenous marker, such as creatinine, 
Measurement of GFR using an exogenous molecule does 
enable smaller deteriorations in renal function to be 
observed even when the imprecision in measurement is 
taken into account. 

Both radioisotopic labeled and nonradioisotopic markers 
are used as exogenous markers. They are administered as a 
constant infusion-or asa single bolus. ` l 


Radioisotopic Markers 

Radiopharmaceuticals that have been used include (1) *Cr- 
EDTA, 2 (2) °"Tc-diethylenetriaminepentaacetic acid 
(DTPA), and (3) '*I-iothalamate. *Cr-EDTA is preferred to 
*™Tc-DTPA and '*I-iothalamate since its clearance is con- 
sidered to be closest to that of inulin.”°° °"Tc-DTPA has 
the advantage that it can also be used for gamma camera 
imaging. ’°I-iothalamate is no longer approved for intravas- 
cular use in some countries.” GFR measurements may be 
based on either the urinary or plasma clearance of the 
marker, To ensure accuracy when measuring GFR using 
urinary clearance methods it is essential that (1) renal 
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25] iothalamate::. 
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adioisotopic (risks of ionizing radiation) 
ot available in all countries 
Reports of allergic reactions 
‘Exogenous 
Extrarenal.clearance’”®'!* = 
0.087 mL/min/kg 
eports of allergic reactions 
Poor sensitivity.and specificity 


Constitutively expressed 
More sensitive and specific 


-< than creatinine 


Endogenous 
Inexpensive: 
Endogenous 


Not secreted/reabsorbed 


_ Endogenous 


ai Not secreted/reabsorbed 


tubular secretion or reabsorption does not contribute to the 
elimination of the compound, (2) plasma protein binding of 
the radiopharmaceutical is negligible, and (3) patients com- 
pletely empty their bladder. *"Tc-DTPA has been associated 
with problems of plasma protein binding of the tracer, but 
more recent formulations have minimized this problem.” 
Plasma clearance of a radionuclide measures GFR reliably 


only if nonrenal clearance routes are negligible. For research 
purposes in patients with low (less than 30mL/min) GFR 
and in patients with ascites or edema, measurement is 
best performed using a urinary clearance method.” From a 
clinical management perspective, in the majority of pa- 
tients, either urinary or plasma clearance approaches are 
acceptable. 
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Nonradiosotopic Markers 
Nonradioactive compounds used to measure GER include 
inulin and iohexol.” 

inulin Clearance. The fructose polymer inulin (molecu- 
lar mass approximately 5 kDa) satisfies the criteria as an ideal 
marker of GFR. Inulin clearance using a constant infusion 
urinary clearance approach has long been regarded as the 
gold standard measure of GFR. Acceptable single bolus 
plasma clearance approaches have also been evaluated.” 
However, lack of availability of simple laboratory methods 
of measurement remains an impediment to universal usage. 
Early methods for the measurement of inulin were based on 
the hydrolysis of inulin with concentrated sulfuric acid and 
condensation with anthrone to give a green product that 
could be read at 620nm. Later methods were based on the 
enzyme inulinase (EC 3.2.17), which converts inulin to fruc- 
tose; the fructose can then be determined with the aid of sor- 
bitol dehydrogenase (EC 1.1.1.14) according to the following 


reaction sequence”: 


Sorbitol 


Inulinase Dehydrogenase 


Inulin —— Fructose + NADH 
Sorbital + NAD 


The amount of inulin present is determined from the 
reduction of nicotinamide-adenine dinucleotide, reduced 
form (NADH) measured as a decrease in absorbance at 340 
nm. The method is calibrated with either inulin or fructose; 
endogenous fructose in each sample is measured by incuba- 
tion with an inactivated inulinase reagent. Urine samples 
require predilution (typically 1 in 40) before analysis. A 
typical between-run imprecision of less than +2% for plasma 
and less than +4% for urine can be obtained with an auto- 
mated assay. 

An alternative method for detecting the fructose 
produced involves the use of fructokinase (EC 2.7.1.4), 
phosphoglucose isomerase, and  glucose-6-phosphate 
dehydrogenase (EC 1.1.1.49), measuring in this case the 
nicotinamide-adenine dinucleotide phosphate, reduced 
form (NADPH) produced," 

lohexol Clearance. The clearance of the nonradioactive 
X-ray contrast agent iohexol has been proposed as a simpler 
alternative to inulin clearance.*'* In one method, plasma 
iohexol is measured by HPLC with reversed-phase separa- 
tion and UV detection, following prior deproteinization 
with perchloric acid.'* Analytical imprecision is less than 
43% intraassay and +5% interassay. Rapid, inexpensive 
capillary electrophoresis iohexol measurement techniques 
have also been described. ™”® Single bolus plasma clearance 
of iohexol demonstrates excellent agreement with constant 
infusion urinary inulin clearance.” Biological variability in 
patients with kidney disease using this technique is approx- 
imately 6%.” [ohexol clearance appears to provide a suitable 
method of GER measurement in the setting of diabetic 
nephropathy.” The nonradioisotopic and stable nature of 
iohexol enables analysis of samples to be delayed and 


common reference centers to be used for multinational 
studies. An outpatient procedure based on filter paper blood 
spots has been described.” 


Administration 

Both constant infusion and single bolus injection methods 
are used to administer an exogenous marker. In the constant 
infusion technique, the fasting subject is required to drink 
500 mL of water 1 hour before the study begins, after which 
he or she is required to take 200 mL every half hour until the 
end of the study. The subject remains supine throughout the 
study. An intravenous loading dose of the marker selected 
is then followed by a constant infusion of a given quantity 
of marker per minute for 3 hours. After equilibration for 
1 hour, blood is taken and urine samples are collected at 
hourly intervals for 3 hours. This technique can be used with 
any of the exogenous markers, the dosage being all that will 
vary between molecules. For example, for inulin, an intra- 
venous loading dose of 2.3 g would be followed by a constant 
infusion of 18.1 mg/min for 3 hours. 

Single bolus plasma clearance methods” have obvious 
practical advantages compared with the complex continuous 
infusion methods. A single dose of the marker (e.g., inulin, 
70 mg/kg; iohexol, 5mL, Omnipaque 300mg iodine/mL 
[Nycomed AS, Oslo, Norway]; or *Cr-EDTA, 50 to 100 uCi) 
is injected and venous blood samples are then collected. at 
timed intervals (e.g, typically 120, 180, and 240 minutes after 
the start of the injection for *'Cr-EDTA). The GER is calcu- 
lated using knowledge of the amount of marker injected 
and the decrease in marker concentration (activity) as a func- 
tion of time. The elimination of the marker is described by a 
two-compartment model: this comprises an initial equilibra- 
tion or distribution phase while the marker mixes between 
the vascular and extravascular space while also being cleared 
from the plasma by the kidney. The distribution phase 
can last between 2 and 8 hours, depending on the size of the 
subject, the distribution volume of the molecule (e.g., longer 
in edematous patients), and the GER of the subject (the lower 
the GER, the longer the distribution phase), This gives rise to 
a biexponential clearance curve (Figure 24-7}. However, GFR 
is normally calculated using single-exponential analysis by 
plotting log marker concentration against time. The half-life 
is calculated from the slope (k) and the volume of distri- 
bution (Co) of the marker just after injection. 


GFR =k x Cp (4) 


Because this model ignores the distribution phase, GFR 
is overestimated. Various corrections are used to adjust 
for this (e.g., those proposed by Chantler and Barrett” and 
Brochner-Mortensen”). For further details see Blake et al.” 


Endogenous Markers of Glomerular Filtration Rate 

Although the clearance of infused exogenous markers is 
generally considered an accurate assessment of GER, to 
date these procedures have been considered too costly and 
cumbersome for routine use, particularly where the GFR is 
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one-compartment mode! 


fog (concentration) 


time after injection 


Figure 24-7 Semilog plot used in a single compartmental 
analysis of the plasma disappearance curve of a GFR marker. In 
this simplified representation of contrast agent elimination, the 
distribution phase (hatched area) is neglected, which leads to 
underestimation of the true area under the curve. 


assessed on a regular basis (e.g., where patients are receiving 
nephrotoxic drugs). Creatinine and certain low molecular 
weight proteins such as cystatin C have been used as endoge- 
nous markers of GFR. The use of urea in this context is of 
limited value’™ and will not be discussed further. Endoge- 
nous markers obviate the necessity for injection and require 
only a single blood sample, simplifying the procedure for the 
patient, clinician, and laboratory. 


Creatinine Concentration 


The most widely used endogenous marker of GER is creati- 
nine, expressed either as its plasma concentration or its renal 
clearance. The use of creatinine as a marker of GFR was 
developed in 1926 by Rehberg,” who used exogenously 
administered creatinine. This led to the work of Popper and 
Mandel, who in 1937 developed the use of endogenous 
creatinine clearance. 

Creatinine (molecular mass 113Da) is freely filtered at 
the glomerulus and its concentration is inversely related to 
GER. As a GER marker, it is convenient and cheap to measure 
but is affected by age, sex, exercise, certain drugs (e.g., cime- 
tidine,”’ trimethoprim), muscle mass, nutritional status, 
and meat intake.'“’® Further, a small (but significant) and 
variable proportion of the creatinine appearing in the urine 
is derived from tubular secretion. Typically, 7% to 10% is due 
to tubular secretion,” but this is increased in the presence 
of renal insufficiency. As previously discussed, significant 
analytical interferences continue to be a problem.” 
Perhaps most importantly, plasma creatinine remains within 
the reference interval until significant renal function has 
been lost (Figure 24-8).' Since plasma creatinine is derived 
from creatine and phosphocreatine breakdown in muscle, 
the reference interval encompasses the range of muscle mass 
observed in the population. This contributes to the insen- 
sitivity of creatinine as a marker of diminished GFR. 
Additionally, in patients with CKD, extrarenal clearance of 
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Figure 24-8 The relationship between serum creatinine 
concentration and GFR, measured as the clearance of inulin, 
in 171 patients with glomerular disease. The hypothetical 
relationship between GFR and serum creatinine is shown as a 
continuous line, assuming that only filtration of creatinine takes 
place. The dashed horizontal line represents the upper limit of 
a normal serum creatinine (1.4mg/dL). Because of creatinine 
secretion and/or a creatinine deficit through gut excretion, the 
serum creatinine consistently overestimates the GFR, (From 
Shemesh O, Golbetz H, Kriss JP Myers BD. Limitations of creatinine 
as a filtration marker in glomerulopathic patients. Kidney Int 
1985;28:830.) 


creatinine further blunts the anticipated increase in plasma 
creatinine in response to falling GFR. Consequently, 
plasma creatinine measurement will not detect patients with 
stage 2CKD (GER 60 to 89 mL/min/1.73 m°) and will also 
fail to identify many patients with stage 3CKD (GER 30 to 
59mL/min/1.73 m°). Thus although an elevated plasma cre- 
atinine concentration does generally equate with impaired 
kidney function, a normal plasma creatinine does not nec- 
essarily equate with normal kidney function. Because of all 
these limitations, it is recommended that plasma creatinine 
measurement alone is not used to assess kidney function.’ 


Creatinine Clearance 


Because creatinine is endogenously produced and released 
into body fluids at a constant rate, its clearance has been 
measured as an indicator of GFR.'“ A protocol for the 
conduct of the creatinine clearance test may be found in the 
third edition of this textbook. 

Utility. Historically, creatinine clearance has been seen as 
more sensitive for detection of renal dysfunction than mea- 
suring plasma creatinine. However, it requires a timed urine 
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collection, which introduces its own inaccuracies,”*!9 is 


inconvenient, and is unpleasant. In adults the intraindividual 
day-to-day CV for repeated measures of creatinine clearance 
exceeds 25%.” Although tubular secretion undermines the 
theoretical value of creatinine as a marker of GFR, in the 
context of creatinine clearance this has previously been offset 
to some extent by the use of nonspecific methods to measure 
plasma creatinine, which lead to an overestimation of plasma 
concentration. Nevertheless, creatinine clearance usually 
equals or exceeds inulin GFR in adults by a factor of 10% to 
40% at clearances above 80 mL/min. However, as GFR falls, 
plasma creatinine rises disproportionately and the creatinine 
clearance can reach nearly twice that of inulin.” Tubular 
reabsorption of creatinine has also been reported at low 
GFRs but may represent diffusion of creatinine through 
gap junctions between tubular cells or directly through the 
tubular epithelial cells, down a concentration gradient,’ 
Whatever the mechanism, this further devalues the use of 
creatinine clearance. Hence, at best creatinine clearance can 
only provide a crude index of GFR. 

Calculated Clearance. The mathematical relationship 
between plasma creatinine and GFR can be improved by cor- 
recting for the confounding variables that make that rela- 
tionship nonlinear. More than 25 different formulas have 
been derived that estimate GFR using plasma creatinine cor- 
rected for some or all of gender, body size, race, and age.“ 
These may produce a better estimate of GFR than serum 
creatinine alone. Indeed the National Kidney Foundation of 
the United States™* has recommended that such estimates 
should be used in preference to serum creatinine, and that 
either the Cockcroft and Gault or Modification of Diet in 
Renal Disease (MDRD) formula should be used in adults. 
The Schwartz’? and Counahan-Barratt* formulas are rec- 
ommended for use in children, 

The Cockcroft and Gault” formula is one of the earliest, 
and perhaps most widely used, of these formulas. The 


Cockcroft-Gault Calculated 
CrCl, mL/min/1.73m? 


0 25 50 75 100 125 150 


A 15|-iothalamate GFR, mL/min/1.73m? 


authors measured creatinine clearance in more than 200 
patients and used regression analysis to enable prediction of 
creatinine clearance from the serum creatinine concentra- 
tion, taking age and patient weight into consideration: 


Creatinine clearance (mL/min) 
[(140 — age(years)) x weight (kg)] 
72 x plasma creatinine (mg/dL) 


or 


Creatinine clearance (mL/min) 
[(140 — age(years)) x weight (kg) 
~ 0.814 x plasma creatinine (umol/L) 


It should be noted that the formula predicts creatinine 
clearance, not GFR, and that the results are not corrected for 
BSA. The formula has become embedded in the medical lit- 
erature and practice (e.g., aminoglycoside dosage charts have 
been based upon this estimate of GFR). However, some 
studies have suggested that it diverges widely from true mea- 
sures of GER in certain clinical situations.’ There are 
also theoretical objections to its use. It was derived among a 
population only 4% of whom were female: an arbitrary 
correction factor of 0.85 was recommended for females.” A 
relatively nonspecific Jaffe method was used for measuring 
plasma creatinine; transferability of data to enzymatic 
creatinine methods, for example, may not be appropriate. 
Nevertheless, when compared against exogenous clearance 
marker methods, subsequent experience has generally 
shown that the formula produces more accurate and 
precise estimates of GFR than measured creatinine 
clearance, 7620 An example of the agreement between 
predicted creatinine clearance and GFR can be seen in 
Figure 24-9.” 

In 1999 Levey et al”? proposed a formula that also 
included plasma urea and albumin concentrations and race 
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Figure 24-9 Relationship between GFR measured using '*t-iothalamate clearance and estimates 
of creatinine clearance (CrCl) obtained using the (A) Cockcroft and Gault equation and (B) 
measured creatinine clearance. (From Coresh J, Toto RD, Kirk KA, Whelton PK, Massry S, Jones C, et al. 
Creatinine clearance as a measure of GFR in screenees for the African-American study of kidney disease 
and hypertension pilot study. Am J Kidney Dis 1998;32:32-42.) 
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as covariables. The formula was developed in 1628 predom- 
inantly middle-aged patients enrolled in the MDRD study, 
which is a study of chronic renal insufficiency, and hence is 
commonly known as the MDRD formula. Plasma urea was 
found to be an independent predictor of GFR, probably 
reflecting the differing renal handling of urea and creatinine 
by the kidney, and also to improve the strength of relation- 
ship between creatinine and GFR, possibly by correcting for 
the effects of catabolism on plasma creatinine. In addition 
to urea, they also observed that albumin was an independent 
predictor of GFR, probably reflecting the known relationship 
between protein intake and renal function. 


GER (mL/min/1.73 m?) = 170 
x [plasma creatinine (mg/dL)] 
-0.176 
x [age] 
x [plasma urea nitrogen (mg/ dL)| 


x [plasma albumin (g/dL))°""" 
x [0.762 if patient is female] 
x [1.180 if patient is black]. 


0.999 


-0.170 


or 


GER (mL/ min/1.73 m?) = 170 
x [plasma creatinine (umol / L) x 0.011312] 
0.176 
x [age] 
x [plasma urea (mmol/L) x 2.801} 


x [plasma albumin (g/L) x on 
x [0.762 if patient is female] 
x [1.180 if patient is black] 


0.999 


0.170 


These workers have subsequently also published, in 
abstract form, an abbreviated version of this formula, which 
does not require albumin or urea.” 


GER (m1L/min/1.73 m?) = 186 
x [plasma creatinine (mg/ 4L) 
~0.203 
x [age] 


x [0.742 if patient is female] 
x [1.210 if patient is black] 


1.154 


or 


GER (m1L/min/1.73 m?) = 186 


x [plasma creatinine (umol/ L) x 0.01 iia] 


x [0.742 if patient is female] 
x [1.210 if patient is black] 


They observed that the MDRD equation provided more 
accurate assessment of GFR than either the Cockcroft 
and Gault equation or measured creatinine clearance. The 
MDRD formula has several advantages: (1) it was developed 
and validated in a large population, (2) it was developed with 
a population that included both European-Americans and 
African-Americans, (3) it does not require patient weight, 
(4) it was validated against an iothalamate clearance estimate 


of GFR, and (5) the reported GFR is corrected for BSA. 
However, the MDRD calculations are more complex than the 
Cockcroft and Gault equation (e.g., some laboratory data 
systems are unable to compute power calculations) and there 
has to date been only limited evaluation of this formula, par- 
ticularly in certain patient groups (e.g., Asians with kidney 
disease). 

Plasma creatinine is an imperfect marker of GFR and 
therefore it is not altogether surprising that formulas based 
predominantly upon it are imperfect. Their use cannot cir- 
cumvent the very significant spectral interferences affecting 
plasma creatinine measurement (ie., hemolysis, icterus, and 
lipemia) and the formulas are unsuitable for use in patients 
with acute renal failure, in whom plasma creatinine concen- 
trations are changing rapidly. Additionally, the formulas are 
critically susceptible to variations in creatinine assay cali- 
bration and specificity.” Notwithstanding the MDRD 
formula is thought to improve the estimation of GFR com- 
pared with plasma creatinine alone. 


Low Molecular Weight Proteins 


A number of proteins with molecular weights of less 
than 30 kDa are mostly cleared from the circulation by renal 
filtration and can be considered to be relatively freely fil- 
tered at the glomerular filtration barrier. These include 
0-microglobulin, RBP, o,-microglobulin, B-trace protein,” 
and cystatin C. These proteins are filtered at the glomerulus, 
then reabsorbed (and metabolized) in the proximal tubule or 
excreted into the urine, and thus they are entirely eliminated 
from the circulation. Therefore they have the potential to 
meet the criteria for use as a marker of GFR. However, apart 
from cystatin C, all the other proteins have been shown to 
have plasma concentrations that are influenced by other, 
nonrenal factors, such as inflammation (o,-microglobulin) 
and liver disease (RBP, &,-microglobulin).° The relationship 
between the circulating concentrations of these proteins 
shows the same curvilinear form as plasma creatinine, but 
very recently several groups have demonstrated that cystatin 
C measurement may offer a more sensitive and specific 


means of monitoring changes in GFR than plasma creati- 
nine 64,84,120,151 


Cystatin C 

Cystatin C is a low molecular weight (12.8kDa) protein 
synthesized by all nucleated cells whose physiological role is 
that of a cysteine protease inhibitor.'” With regard to renal 
function, its most important attributes are its small size 
and high isoelectric point (pl = 9.2), which enable it to be 
more freely filtered than the above-mentioned proteins at 
the glomerulus. The gene has been sequenced, and the 
promoter region has been identified as of the housekeeping 
type, with no known regulatory elements. Consequently the 
production rate of cystatin C has always been considered to 
be constant,' although several publications suggest an influ- 
ence of thyroid hormone." Plasma concentrations of 
cystatin C appear to be unaffected by muscle mass, diet, or 
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gender.” There are no known extrarenal routes of elimina- 
tion, with clearance from the circulation only by glomerular 
filtration.418 

Cystatin C has been measured by immunodiffusion or 
rocket electroirmmunoassay, but the methods are too insen- 
sitive, and any form of labeled immunometric assay is too 
cumbersome and time consuming for the response time 
required. The most practical approaches described are to use 
a latex particle~enhanced turbidimetric or nephelometric 
immunoassay. An intraassay precision of less than +3% 
can be expected at the upper limit of the reference interval 
(~1.00 mg/L), with less than +4% for the between-day 
value.©179191208 Further, cystatin C measurement appears 
unaffected by the spectral interferences affecting creatinine 
assays.” 

There are a number of reports documenting the correla- 
tion between plasma cystatin C and creatinine (as a recipro- 
cal), and GER as assessed by *'Cr-EDTA clearance or using a 
mumber of alternative exogenous markers, The correlations 
vary between 0,32 and 0.88 for cystatin C and 0.25 and 0.89 
in the case of creatinine. In almost all of the cases the corre- 
lation with cystatin C is superior to that with creatinine: ® 
Kyhse-Andersen et al’ first demonstrated, using receiver 
operator analysis, the superiority of cystatin C measurement 
compared with creatinine for the detection of kidney disease 
(Figure 24-10) and this has been confirmed by a 2002 meta- 
analysis.” A 2002 summary receiver operator curve analysis 
of all of the studies at the time of publication showed an area 
under the curve of 0.95 for cystatin C and 0.91 for creatinine 
(p = 0.003).'” Perhaps more critically, Newman et al found 
that, in a group of patients with a range of GFRs, the cys- 
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Figure 24-10 Receiver operating characteristic (ROC) curves 
comparing creatinine and cystatin C in the assessment of GFR. 
Nonparametric ROC plots were constructed to assess the 
diagnostic accuracy of serum concentrations of cystatin C and 
creatinine in distinguishing between normal and reduced GFR 
(less than 80mL/min per 1.73 m?) in 51 patients with various 
renal conditions. (From Kyhse-Andersen J, Schmidt C, Nordin G, et 
al. Serum cystatin C, determined by a rapid, automated particle- 
enhanced turbidimetric method, is a better marker than serum 
creatinine for glomerular filtration rate. Clin Chem 1994;40:192 1-6.) 


tatin C concentration increased sooner than creatinine as 
GFR declined; cystatin C concentration started to increase as 
GFR fell below about 80mL/min/1.73m’? compared with 
about 40 mL/min/1.73 m? for serum creatinine.” Cystatin C 
is therefore especially useful when trying to detect mild to 
moderate impairment of kidney function.?““ 


GLOMERULAR FILTRATION RATE AT THE EXTREMES 

OF AGE 

As discussed previously in this chapter, current markers of 
GFR are imperfect and the limitations of these tests are 
accentuated in both pediatric and older populations. At 
birth, plasma creatinine concentrations approximate those 
of the maternal circulation. Plasma creatinine concentra- 
tions fall rapidly during the neonatal period, with slower falls 
being observed in premature infants." Plasma creatinine 
concentrations are lower in infants than in adults, despite 
their lower GER, reflecting the lower muscle mass (decreased 
creatinine production rate). In the setting of pediatric inten- 
sive care medicine, the usefulness of plasma creatinine may 
be further limited by analytical interferences caused by high 
concentrations of bilirubin and competition with creatinine 
for tubular secretion by commonly used antibiotics (e.g., 
trimethoprim and cimetidine). By contrast, plasma cystatin 
C concentrations in infants appear to more closely reflect 
GER, being increased in the first 3 months of life and then 
falling to approximate adult concentrations by age 1 year 
(Figure 24-11). Further, the diagnostic accuracy of cys- 
tatin C for reduced GFR is superior to that of creatinine in 
children." 

Plasma creatinine concentrations in healthy older people 
are not dissimilar to those in younger people, except in nona- 
genarians and centenarians, despite the decrease in GFR that 
occurs, on average, with aging.”” Possible reasons for this 
include reduced muscle mass and poorer nutrition. Whatever 
the reason, the same concentration of plasma creatinine may 
indicate very different degrees of kidney function in younger 
and older people, and a normal plasma creatinine concen- 
tration does not exclude significant renal impairment. The 
effects of this may be marked and are commonly not appre- 
ciated. For example, for a 70-kg man with a plasma creatinine 
of L4 mg/dL (120 pmol/L), the Cockcroft and Gault formula 
predicts GFRs of 81 and 44mL/min at age 30 and 80 years, 
respectively. In two large primary care studies,” Cockcroft 
and Gault estimated.that GFRs less than 50mL/min were 
common in patients with normal plasma creatinine. This was 
most pronounced in older age groups (e.g., discordance 
between normal serum creatinine and reduced GFR was 
observed in 47% of patients aged greater than or equal to 70 
years, compared with 1.2% of patients aged 40 to 59 years,” 
and the clinical sensitivity of plasma creatinine for detecting 
severely reduced GFR [less than 30mL/min/1.73m’] was 
only 46%).’? As observed in children, plasma cystatin C, 
however, does appear to reflect the age-related decline in 
kidney function®”’ and appears to be more sensitive than 
plasma creatinine for detection of reduced GFR. 
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RECOMMENDATIONS AND REFERENCE INTERVALS 

The measurement of the urinary clearance of inulin, after 
continuous infusion, is considered the primary or reference 
method for the determination of GFR. However, because 
the necessary plasma and urine assays for inulin often are 
not practical in clinical laboratories, plasma creatinine 
or creatinine clearance has almost universally been used for 
assessment of GFR. With increasing recognition of the 
importance of early detection and management of CKD, 


TABLE 24-3 ‘Glomerular: Filtration .Rate:.Reference Values 


Inulin (constant infusion). 


< Tohexol (constant infusion) 
triplicate determinations 


*All values have been rounded up or down to the nearest whole number. 


the requirement for more accurate assessment of GFR is 
being emphasized.” Consequently creatinine clearance is 
no longer considered acceptable as a measure of GFR and 
plasma creatinine measurements should not be reported in 
isolation but should be used to generate formulaic estima- 
tions of GFR." 

In practice, there may be little to choose between the 
Cockcroft and Gault formula and the more recently 
described MDRD equation,” and which is chosen will be 


Age (yr) 
20-29. 


(86-138) 
109 (84-134) 


106 (82-130) 
-104 (80-128) 


101 (78-124) 

99 (75-123) 

= 96 (73-119) 
100 + 19 
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Figure 24-11 Age-related changes in cystatin C and creatinine superimposed upon the 
reference interval (horizontal dashed lines). Box and Whisker plot; the box represents 25" to 
75th percentile with a horizontal line at the median; the whiskers extend to the highest and 
lowest values. (From Newman Dj. Cystatin C. Ann Clin Biochem 2002;39:89-104.) 


influenced by local factors (e.g., interfaces between labora- 
tory and clinical data systems). The susceptibility of these 
formulas to creatinine assay calibration variations must be 
recognized and, in this sense, the use of cystatin C, which can 
be reliably and simply measured on a single blood sample 
with no requirement for anthropomorphic adjustment, may 
be advantageous. The success of alternative markers such as 
cystatin C will depend on understanding the benefit of the 
superior diagnostic efficacy and improved clinical and eco- 
nomic outcomes in relation to the greater cost of the assay 
when compared with the Jaffe creatinine methods. However, 
although all of these markers are an improvement over 
plasma creatinine and creatinine clearance estimation, they 
are all only approximate measures of true GFR. Obviously, 
research into new and more accurate methods of estimating 
GER is still required. Table 24-3 provides some reference data 
for GFR using a variety of methods. 
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distributed in plants and animals. They perform 

multiple functions, ranging from being structural 
components of deoxyribonucleic acid (DNA) and ribonu- 
cleic acid (RNA) (ribose and deoxyribose sugars) to serving 
as sources of energy (glucose). Glucose is derived from the 
breakdown of carbohydrates in the diet (grains, starchy veg- 
etables, and legumes) and in body stores (glycogen), and by 
endogenous synthesis from protein or the glycerol moiety of 
triglycerides. When energy intake exceeds expenditure, the 
excess is converted to fat and glycogen for storage in adipose 
tissue and liver or muscle, respectively. When energy expen- 
diture exceeds calorie intake, endogenous glucose forma- 
tion occurs from the breakdown of carbohydrate stores 
and from noncarbohydrate sources (e.g, amino acids, 
lactate, and glycerol). 

The glucose concentration in the blood is maintained 
within a fairly narrow range under diverse conditions 
(feeding, fasting, or severe exercise) by hormones, such as 
insulin, glucagon, or epinephrine. 

Measurement of glucose is one of the most commonly 
performed procedures in hospital chemistry laboratories. 
The most frequently encountered disorder of carbohydrate 
metabolism is high blood glucose caused by diabetes melli- 
tus, which affects approximately 8% of the U.S. adult popu- 
lation. The incidence of hypoglycemia (low blood. glucose) 
is unknown, but, excluding patients who use exogenous 
insulin to control blood glucose, it is low. 


(Ciscoe including sugar and starch, are widely 
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that yield these derivatives on hydrolysis. The term carbohy- 
drate refers to hydrates of carbon and is derived from the 
observation that the empirical formulas for these com- 
pounds contain approximately one molecule of water per 
carbon atom. Thus glucose, CsH).O,, and lactose, Cy»H 2.0, 
can be written as C,(H,O), and C;.(H,O);;, respectively. 
These compounds are not hydrates in the usual chemical 
sense, however, and noncarbohydrate compounds, such as 
lactic acid, CH,;CH(OH)COOH or C;{H,O);, can have 
similar empirical formulas. 


MONOSACCHARIDES 


Monosaccharides, or simple sugars, consist of a single poly- 
hydroxy aldehyde or ketone unit and cannot be hydrolyzed 
to a simpler form. The backbone is made up of a number of 
carbon atoms. Sugars containing three, four, five, six, and 
seven carbon atoms are known as trioses, tetroses, pentoses, 
hexoses, and heptoses, respectively. One of the carbon atoms 
is double bonded to an oxygen atom to form a carbonyl 
group. An aldehyde has the carbonyl group at the end of the 
carbon chain, whereas if the carbonyl group is at any other 
position, a ketone is formed (Figure 25-1), The simplest 
carbohydrate is glycol aldehyde, the aldehyde derivative of 
ethylene glycol. The aldehyde and ketone derivatives of 
glycerol are, respectively, glyceraldehyde and dihydroxyace- 
tone (see Figure 25-1). Monosaccharides are termed aldose 
or ketose, according to the position of the carbonyl group 
(Figure 25-2). 

Compounds that are identical in composition and differ 
only in spatial configuration are called stereoisomers. The 
carbon atoms in the unbranched chain are numbered, as 
shown by the numbers at the left of the formula for D- 
glucose (see Figure 25-2), The designation p or L refers to 
the position of the hydroxyl group on the carbon atom 
adjacent to the last (bottom) CH,OH group. In general, the 
designation of p and Ł for a sugar molecule refers to the 
stereoisomeric forms of the highest-numbered asymmetrical 
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Figure 25-1 Two- and three-carbon carbohydrates. 
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Figure 25-2 Typical six-carbon sugars. 


carbon atom.* By convention, the D-sugars are written with 
the hydroxyl group on the right and the L-sugars are written 
with the hydroxyl group on the left (see Figure 25-2). Most 
sugars in the human body are of the D-configuration. A 
number of different structures exist, depending on the 
relative positions of the hydroxyl groups on the carbon 
atoms. 

The formula for glucose can be written in the form of 
either aldehyde or enol, a short-lived reactive species. Shift 
to the enol anion is favored in alkaline solution: 


H—C=0 H-C—OH H-c—o? 

m-bo === on AM ot 4mo 
| | 4 

Aldehyde Enol OH Enol anion 


The presence of a double bond and a negative charge in 
the enol anion makes glucose an active reducing substance 
that can be oxidized by relatively mild oxidizing agents, such 
as cupric (Cu) and ferric (Fe**) ions. Glucose in hot alka- 
line solution readily reduces cupric ions to cuprous ions, and 
the carbonyl carbon is oxidized to carboxylic acid. The color 
change can be used as a presumptive indication for the pres- 
ence of glucose, and for many years blood and urine glucose 
were measured this way. Other sugars can reduce cupric ions 
in alkaline solution. 


readers should be aware that in the Cahn-Ingold-Prelog system, a 
series of sequence rules determines configurations. In this new 
system, the symbols R and s are used to designate configurations 
instead of p and 1. For further information, readers are referred 
to March J. Advances in organic chemistry: Reactions, 
mechanisms, and structure, 4th ed. New York: John Wiley & Sons, 
1992: 109-111, 


H—C—OH | re ae 
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HO—C—H HO-C—H 

n—¢-OH o H—-¢_OH | 

nt n— 

Cn,OH 
B-D-Glucose 


éH,0H 
o-D-Glucose 
Figure 25-3 Structure of D-glucose (hemiacetal form). 


(S) 
Ea at 
H—C—OH Od @ n—¢t—on 
| 2 Cu 2 Cu 
HOT i Ho—¢—H 
H—C—OH o n—¢_on 
H-Cc-oH = 70H™ MoO H—-C—OH 
tuon He CHOH 
D-Glucose D-Gluconate 


Aldehyde and alcohol groups can react to form hemi- 
acetals. In the case of glucose, the aldehyde group reacts 
with the hydroxyl group on carbon 5 (Figure 25-3), Note 
that this ring structure contains an additional asymmetric 
carbon atom and can exist in two stereoisomeric forms. By 
convention, the form with the hydroxyl group on the right 
of the first carbon atom is called o-p-glucose and the form 
with the hydroxyl group on the left is called B-p-glucose. 
The common anhydrous crystalline glucose is in the 
o-p-form. The B-p-form is obtained by crystallization from 
acetic acid. The two forms differ with respect to optical 
rotation of polarized light. The specific rotation—[a]5>— 
for the o&-p-form is +113° and for the B-p-form is +19.7°. 
As a result of mutarotation, either form in aqueous solution 
gives rise to an equilibrium mixture that has a specific rota- 
tion of +52.5°. The equilibrium established at room temper- 
ature is such that about 36% of the glucose exists in the 
a-form and 64% in the B-form; only a trace remains in 
the free aldehyde form. The enzyme glucose oxidase reacts 
only with B-p-glucose. For this reason, calibrating solutions 
to be used in glucose oxidase methods for glucose determi- 
nations should be permitted to stand at least 2 hours to 
obtain equilibrium comparable with that in the test samples 
to be analyzed. 

From the ring structures shown in Figure 25-3, it is not 
apparent why the aldehyde group should react with the 
distant hydroxyl group on carbon 5. The spatial arrangement 
of the atoms is better represented by a symmetrical ring 
structure, depicted by the Haworth formula, in which 
glucose is considered as having the same basic structure as 
pyran (Figure 25-4). In this formula, the plane of the ring is 
considered to be perpendicular to the plane of the paper, 
with the heavy lines pointing toward the reader. Hydroxyl 
groups in position 1 are then below the plane (o.-configuration) 
or above the plane (f-configuration). A six-member ring 
sugar, containing five carbons and one oxygen, is a deriva- 
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structure a-D-Fructose 


a.-D-Fructofuranose 
Figure 25-4 The Haworth formula for sugars. 


tive of pyran and is called a pyranose. When linkage occurs 
with formation of a five-member ring, containing four 
carbons and one oxygen, the sugar has the same basic struc- 
ture as furan and is called a furanose. Representative formu- 
las are shown in Figure 25-4, Fructose is shown in two 
cyclical forms. Fructopyranose is the configuration of the 
free sugar, and fructofuranose occurs whenever fructose 
exists in combination in disaccharides and polysaccharides, 
as in sucrose and inulin. 


DISACCHARIDES 


Two monosaccharides join covalently by an O-glycosidic 
bond, with the loss of a molecule of water, to form a disac- 
charide. The chemical bond between the sugars always 
involves the aldehyde or ketone group of one monosaccha- 
tide joined to an alcohol group (e.g., maltose) or to an 
aldehyde or ketone group (e.g., sucrose) of the other 
monosaccharide, The most common disaccharides are 
Maltose = glucose + glucose 
Lactose = glucose + galactose 
Sucrose = glucose + fructose 

There are several conventions that are followed in the 
nomenclature of disaccharides (Figure 25-5). The com- 
pound is written with the nonreducing end to the left. An O 
precedes the name of the first (left) monosaccharide, empha- 
sizing that the linkage occurs by an oxygen atom. The con- 
figuration of the anomeric (carbonyl) carbon is designated 
œ or P. Five- (furanosyl) and six- (pyranosyl) membered 
rings are distinguished and the carbon atoms joined by the 
glycosidic bond are identified. Because sucrose has no reduc- 
ing end, it can be written as O-c-p-glucopyranosyl-(1 — 2)- 
B-p-fructofuranose or O-B-p-fructofuranosyl-(2 —> 1)- 


Reducing 
a-D-Maltose eon 
O-o.-D-Glucopyranosy]-(1>4)-a-D-glucopyranose 
Reducing 
CH,OH group 
H ome” 
H 
4 OH H B 
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B-D-Lactosc 
0- B-p-Galactopyranosy|-{1—>4)-B-D-giucopyranose 
CHOH 
H CH20H 
A: TH 
CH,0H 


Sucrose 
O-¢.-D-Giucopyranosy |-(1—>2)-8-D-fructofuranose 


Figure 25-5 Structural formulas of disaccharides. 


a-p-glucopyranose. If the linkage between two monosac- 
charides is between the aldehyde or ketone group of one 
molecule and a hydroxyl group of another molecule (as in 
maltose and lactose), one potentially free ketone or aldehyde 
group remains on the second monosaccharide. Conse- 
quently, the second glucose residue can be oxidized (thus the 
disaccharide is a reducing sugar) and is capable of existing 
in &- or B-pyranose forms. The reducing power, however, is 
only approximately 40% of the reducing power of the two 
single monosaccharides added together, primarily because 
one of the reducing groups is not available. On the other 
hand, if the linkage between two monosaccharides involves 
the aldehyde or ketone groups of both. molecules (as in 
sucrose), a nonreducing sugar results because no free alde- 
hyde or ketone group remains. 


POLYSACCHARIDES 


The linkage of multiple monosaccharide units results in the 
formation of polysaccharides. The major storage carbohy- 
drates are starch in plants and glycogen in animals, both of 
which form granules inside cells. The suffix an attached to a 
name of a monosaccharide indicates the main type of sugar 
present in the polysaccharide. Starch and glycogen, for 
example, are glucosans, because they are composed of a series 
of glucose molecules. Inulin, a polysaccharide found in the 
tubers of certain plants, consists largely of fructose units and 
is known as a fructosan. 
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1-4 linkage 
Giucose molecules joined by Q-(1—4) linkages 


194 linkage 
Glucose molecules joined by o-(1—4) linkages with œ-(1—6) linked side chain 


Nearly all starches consist of a mixture of two kinds of 
glucosans called amyloses and amylopectins, The relative 
proportions of these two glucosans in a starch vary from 
approximately 20% amylose and 80% amylopectin in wheat, 
potato, and ordinary corn starch to nearly 100% amy- 
lopectin in the starch of waxy corn. On the other hand, a few 
corn starches are known to contain as much as 75% amylose. 
Both amylose and amylopectin consist of glucose residues, 
but their structures exhibit one significant difference. 
Amylose consists of one long unbranched chain of glucose 
units linked together by o-1,4-linkages with only the termi- 
nal aldehyde group free (Figure 25-6). In amylopectin, most 
of the units are similarly connected with o-1,4-links, but 
there are also a-1,6-glycosidic bonds every 24 to 30 residues, 
producing side chains (see Figure 25-6). Amylopectin con- 
tains up to 1 million glucose residues. The structure of glyco- 
gen is similar to that of amylopectin, but branching is more 
extensive in glycogen and occurs every 8 to 12 glucose 
residues. These branches enhance the solubility of glycogen 
and allow the glucose residues to be mobilized more readily. 
Glycogen is most abundant in liver and also is found in skele- 
tal muscle. The most favorable conformation for O-1,4- 
linked polymers of p-glucose, such as starch or glycogen, is 
a tightly coiled helical structure. 

The difference in structure between amylose and amy- 
lopectin is important when selecting the appropriate starch 
substrate for amylase determinations (see Chapter 21). The 
rate of hydrolysis is affected by structural differences in the 
starch. &-Amylase from the pancreas hydrolyzes internal 
a-1,4-glycosidic linkages. This hydrolysis results initially in 
the production of some maltose and a mixture of dextrins, 
which are subsequently hydrolyzed to maltose. The B-1,6- 


Amylose 


Figure 25-6 Structures of the polysaccharides 
amylose and amylopectin. 


Amylopectin 


linkages are not attacked by o-amylase, and relatively large 
molecules of so-called residual (limit) dextrins are left after 
the action of the enzyme on amylopectin. Jodine gives a deep 
blue color with amylose and a red to violet color with 
amylopectin. These characteristic colors disappear when the 
respective glucosans are hydrolyzed to smaller units, such as 
dextrins and maltose. This disappearance of the starch- 
iodine color is used in some older methods for amylase 
determination. 

Dextrins are the products of partial hydrolysis of starch. 
They are a complex mixture of molecules of different sizes. 
Those formed from amylose are unbranched chains, whereas 
amylopectins produce branched chains of glucose mole- 
cules. Erythrodextrins are larger branched dextrins that turn 
a reddish color on complexing iodine. 

Cellulose, an important structural polysaccharide in 
plants, is an unbranched polymer of glucose residues joined 
by B-1,4-linkages. The f-configuration facilitates the forma- 
tion of long straight chains, producing fibers of high tensile 
strength. The B-1,4-linkages are not hydrolyzed by o-amy- 
lases. Because humans do not have cellulases, they are unable 
to digest vegetable fiber. 

Chitin, the principal component of the exoskeleton of 
arthropods (insects and crustacea), consists of N-acetyl-p- 
glucosamine residues in a B-1,4-linkage. The only chemical 
difference from cellulose is that the substituent at C-2 is an 
acetylated amino group instead of a hydroxyl group. 


GLYCOPROTEINS 

Glycosylation is the most frequent enzymatic modification 
of proteins. Many integral membrane proteins have oligosac- 
charides covalently attached to the extracellular region, 
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Figure 25-7 Glycosidic linkages between oligosaccharides and 
protein. 


forming glycoproteins. In addition, most proteins that are 
secreted, such as antibodies, hormones, and coagulation 
factors, are glycoproteins. The number of attached carbohy- 
drates varies among proteins and constitutes 1% to 70% of 
the weight of the glycoprotein. The oligosaccharides are 
attached either by O-glycosidic linkages to the side-chain 
oxygen of serine and/or threonine residues or by 
N-glycosidic linkages to the side-chain nitrogen of 
asparagine residues (Figure 25-7). 

One of the biological functions of the carbohydrate 
chains is to regulate the lifespan of proteins. For example, 
removal of sialic acid residues from the end of oligosaccha- 
ride chains on erythrocytes results in the disappearance of 
the red blood cells from the circulation. Carbohydrates have 
also been implicated in cell-cell recognition, and in secretion 
and targeting of proteins to specific subcellular domains, 
Recently, defects in protein glycosylation have been linked to 
several forms of congenital muscular dystrophy that are 
associated with brain abnormalities.” 


METABOLISM OF CARBOHYDRATES 


Carbohydrate metabolism provides glucose, the primary 
energy source for the human body. After digestion of carbo- 
hydrates and absorption of glucose, blood glucose concen- 
tration is controlled by the action of several hormones. 
Glucose can be synthesized de novo or stored in the tissue as 
glycogen. 


DIGESTION AND ABSORPTION 


Ingested starch and glycogen are partially digested by the 
action of salivary amylase in the mouth to form intermedi- 
ate dextrins and maltose (see also Chapter 48). The acid pH 
of the stomach inhibits amylase activity, but the alkaline 
pancreatic secretions increase the pH in the small intestine, 
allowing pancreatic amylase to complete digestion to 
oligosaccharides, preponderantly maltose. Maltose, along 
with any ingested lactose and sucrose, is hydrolyzed by the 
appropriate disaccharidase (maltase, lactase, or sucrase) from 
the intestinal mucosa to glucose, galactose, and fructose, 


H—C=0 H—C—OH CHOH 
H —¢ —OH bon =O 
D-Glucose Enediol p-Fructose 


Figure 25-8 interconversion of glucose and fructose. 


These monosaccharides are absorbed across the wall of 
the duodenum and ileum by an active, energy-requiring, 
carrier-~mediated transfer process. The rate of absorption for 
glucose and galactose is several times greater than for similar 
molecules absorbed by passive diffusion (e.g., xylose). Some 
conversion of fructose to glucose may occur during the 
process of absorption, and the interconversion can be visu- 
alized in terms of the enediol form common to both (Figure 
25-8). Fructose is absorbed more slowly than glucose and 
galactose by a carrier-mediated process different from the 
glucose and galactose transport mechanisms. The mono- 
saccharides are then transported by the portal vein to the 
liver. 


INTERMEDIARY METABOLISM 


The metabolism of hexoses proceeds according to the body’s 
requirements. This results in (1) energy production by con- 
version to carbon dioxide and water, (2) storage as glycogen 
in the liver or triglyceride in adipose tissue, or (3) conver- 
sion to keto acids, amino acids, or protein, 

Some steps in the intermediary metabolism of glycogen 
and hexoses are shown in Figure 25-9. Each step is enzy- 
matically catalyzed. In some cases, different enzymes are 
responsible for the forward and reverse reactions. For 
example, the initial phosphorylation of glucose is mediated 
by glucokinase, but the reverse reaction depends on glucose- 
6-phosphatase. 

Various inborn errors of metabolism (Table 25-1) result 
from deficiencies or absence of some of the enzymes listed 
in Figure 25-9, Some of these are discussed later in the 
chapter. The relationship of carbohydrate metabolism to the 
production of lactate, ketone bodies, and triglycerides is also 
depicted in Figure 25-9. The pentose phosphate pathway, 
also known as the hexose monophosphate shunt, is an alter- 
native pathway for glucose metabolism that generates the 
reduced form of nicotinamide-adenine dinucleotide phos- 
phate (NADPH), which is used in maintaining the integrity 
of red blood cell membranes, in lipid and steroid biosyn- 
thesis, in hydroxylation reactions, and in other anabolic reac- 
tions. The complete picture of intermediary metabolism of 
carbohydrates is rather complex and interwoven with the 
metabolism of lipids and amino acids. For details, readers 
should consult a biochemistry textbook. 


REGULATION OF BLOOD GLUCOSE CONCENTRATION 

The concentration of glucose in the blood is regulated by a 
complex interplay of multiple pathways, modulated by a 
number of hormones. Glycogenesis is the conversion of 
glucose to glycogen. The reverse process, namely the break- 
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Figure 25-9 Major steps in the intermediary metabolism of carbohydrates. Numbers shown 
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. Glycogen phosphorylase 

. Phosphogiucomutase 

. Glucokinase (and hexokinase) 

. Glucose-6-phosphatase 

. Glucose-6-phosphate dehydrogenase 
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Ribose 5-P-isomerase 


. Phosphohexose isomerase 

. Phosphofructokinase 

. Fructose-|,6-diphosphatase 

. Hexokinase (extrahepatic) 

. Fructokinase 

. Aldolase 

. Glycerol phosphate dehydrogenase 
. Triose-P-isomerase 
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Lactate dehydrogenase 
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TABLE 25-1 inborn Errors of Car Pomin Henbolim 


Enzyme Deficiency 


Glucose-6-phosphatase (9)* 
Muscle phosphorylase 

Liver: phosphorylase 
Galactose-1-phosphate-uridyl transferase (2) 
Galactokinase (1) 

Uridine diphosphate-galactose-4-epimerase (3). 
Fructokinase (19) 20: 
Fructose-1-phosphate aldolase (20) 
Pyruvate kinase: (23) 
Glucose-6-phosphate dehydrogenase (10) 


GSD, Glycogen storage disease. 
*Numbers in parentheses refer to enzymes in Figure 25-9. 


down of glycogen to glucose and other intermediate prod- 
ucts, is termed glycogenolysis. The formation of glucose from 
noncarbohydrate sources, such as amino acids, glycerol, or 
lactate, is termed gluconeogenesis. The conversion of glucose 
or other hexoses into lactate or pyruvate is called glycolysis. 
Further oxidation to carbon dioxide and water occurs 
through the Krebs (citric acid) cycle and the mitochondrial 
electron transport chain coupled to oxidative phosphoryla- 
tion, generating energy in the form of adenosine triphos- 
phate (ATP). Oxidation of glucose to carbon dioxide and 
water also occurs through the hexose monophosphate shunt 
pathway, which produces NADPH. 


Hormones That Regulate Blood Glucose Concentration 


During a brief fast, a precipitous decline in the concentra- 
tion of blood glucose is prevented by breakdown of glyco- 
gen stored in the liver and synthesis of glucose in the liver. 
Some glucose is derived from gluconeogenesis in the 
kidneys." These organs contain glucose-6-phosphatase, 
which is necessary to convert glucose-6-phosphate (derived. 
from either gluconeogenesis or glycogenolysis) to glucose. 
Skeletal muscle lacks this enzyme, and muscle glycogen 
therefore cannot contribute directly to blood glucose. With 
more prolonged fasting (longer than 42 hours), gluconeo- 
genesis accounts for essentially all of the ghicose production. 
In contrast, after a meal, the absorbed glucose is converted 
to glycogen (for storage in the liver and skeletal muscle) or 
fat (for storage in adipose tissue). Despite large fluctuations 
in the supply and demand of carbohydrates, the concentra- 
tion of glucose in the blood is normally maintained within 
a narrow range by hormones that modulate the movement 
of glucose into and out of the circulation. These include 
insulin, which decreases blood glucose, and the counter- 
regulatory hormones (glucagon, epinephrine, cortisol, and 
growth hormone), which increase blood glucose concentra- 
tions (Figure 25-10).' Normal glucose disposal depends on: 


Disease State 


Type I GSD (von Gierke’s disease) 
Type V.GSD (McArdle’s disease) 
Type VI GSD (Hers’ disease) 
Galactosemia 
Galactosemia 
Galactosemia 
Essential fructosuria 
Hereditary fructose: intolerance 
Hemolytic ‘anemia 
Hemolytic. disease 


(1) the ability of the pancreas to secrete insulin, (2) the 
ability of insulin to promote uptake of glucose into periph- 
eral tissue, and (3) the ability of insulin to suppress hepatic 
glucose production. The major insulin target organs are 
liver, skeletal muscle, and adipose tissue. These organs 
exhibit some differences in their responses to insulin. For 
example, the hormone stimulates glucose uptake through a 
specific glucose transporter—GLUT4—in muscle and fat 
cells, but not liver cells. 


Insulin 


Insulin is a protein hormone produced by the B-cells of the 
islets of Langerhans in the pancreas. Insulin was the first 
protein hormone to be sequenced, the first substance to be 
measured by radioimmunoassay (RIA), and the first com- 
pound produced by recombinant DNA technology for prac- 
tical use. It is an anabolic hormone that stimulates the 
uptake of glucose into fat and muscle, promotes the conver- 
sion of glucose to glycogen or fat for storage, inhibits glucose 
production by the liver, stimulates protein synthesis, and 
inhibits protein breakdown. 

Chemistry, Human insulin (MW 5808) consists of 51 
amino acids in two chains (A and B) joined by two disulfide 
bridges, with a third disulfide bridge within the A chain. The 
amino acid sequence of human insulin differs slightly from 
insulin of other species, but the carboxyl terminal region of 
the B chain (B23 to B26), which appears crucial for the bio- 
logical actions of insulin, is highly conserved among species. 
Insulin from most animals is immunologically and biologi- 
cally similar to human insulin, and in the past patients were 
treated with insulin purified from beef or pig pancreas. The 
most commonly used forms now are recombinant human 
insulins. 

Synthesis. Preproinsulin, a protein of about 100 amino 
acids (MW 12,000), is formed by ribosomes in the rough 
endoplasmic reticulum of the pancreatic B-cells (Figure 25- 


844 


Section IV Analytes 


ORNL 2003-03248/mhr 


„7 Somatostatin ~~ 


\ pa 
SQ cs OL 


cE 


Glucagon “Glucose 


Growth hormone 
Cortisol 
DA Of o” 


Gluconeogenesis 
Glycogenolysis 


So. e 


if . 
“Insulin 


a 


Lipogenesis 
Glucose uptake 


Glucose uptake 
Glycogenesis 


Adipose tissue 


Muscle 


Figure 25-10 Hormonal regulation of blood glucose. Key: +, stimulation; —, inhibition. Cortisol, 
growth hormone, and epinephrine also antagonize the effect of insulin. 


11). Preproinsulin is not detectable in the circulation under 
normal conditions because it is rapidly converted by cleav- 
ing enzymes to proinsulin (MW 9000), an 86-amino acid 
polypeptide. This is stored in secretory granules in the Golgi 
complex of the B-cells, where proteolytic cleavage to insulin 
and connecting peptide (C-peptide) occurs.” Cleavage of 
proinsulin is catalyzed by two Ca’*-regulated endopepti- 
dases, prohormone convertases 1 and 2 (PC1 and PC2).’” 
PC1 (sometimes designated PC3) hydrolyzes the molecule 
on the C-terminal end of Arg-31 and Arg-32 (at the BC junc- 
tion) to yield split 32, 33 proinsulin (Figure 25-12). PC2 
cleaves proinsulin on the C-terminal side of dibasic residues 
Lys-64 and Arg-65 (at the AC junction) to generate split 
65, 66 proinsulin. Each enzymatic hydrolysis is rapidly 
followed by the removal of two newly exposed C-terminal 
basic amino acids by carboxypeptidase-H to produce insulin 
and C-peptide. The split proinsulin intermediates are rarely 
detected in patient samples because of the relatively high 
quantity of carboxypeptidase-H. This enzyme produces the 
more commonly observed proinsulin intermediates, des 
31, 32 proinsulin and des 64, 65 proinsulin (see Figure 
25-12). Most proinsulin processing is sequential. Intact 
proinsulin is initially hydrolyzed by PC1 and carboxypep- 
tidase-H. The resultant des 31, 32 proinsulin is converted by 
PC2 and carboxypeptidase-H to insulin and C-peptide. Less 
than 10% of proinsulin is metabolized via des 64, 65 proin- 
sulin, which is present in negligible amounts in humans. Des 


31, 32 proinsulin is the major proinsulin conversion inter- 
mediate.” Glucose regulates biosynthesis of both proinsulin 
and PC1, but has no effect on PC2 and carboxypeptidase-H. 
At the cell membrane, insulin and C-peptide are released 
into the portal circulation in equimolar amounts. In addi- 
tion, small amounts of proinsulin and intermediate cleavage 
forms enter the circulation. 

Release. Glucose, amino acids, pancreatic and gastro- 
intestinal hormones (e.g., glucagon, gastrin, secretin, pan- 
creozymin, and gastrointestinal polypeptide), and some 
medications (e.g., sulfonylureas and B-adrenergic agonists) 
stimulate insulin secretion. Insulin release is inhibited by 
hypoglycemia, somatostatin (produced in the pancreatic 
d-cells), and various drugs (e.g., Oi-adrenergic agonists, 
B-adrenergic blockers, diazoxide, phenytoin, phenothiazines, 
and nicotinic acid).”° In healthy individuals, insulin is 
secreted in a pulsatile fashion, with glucose and insulin the 
main signals in the feedback loop. Glucose elicits the release 
of insulin from the pancreas in two phases. The first phase 
begins 1 to 2 minutes after intravenous injection of glucose 
and ends within 10 minutes, This phase, illustrated by the 
sharp spike in Figure 25-13, A, represents the rapid release of 
stored insulin. The second phase, beginning at the point 
where the first phase ends, depends on continuing insulin 
synthesis and release and lasts until normoglycemia has been 
restored, usually within 60 to 120 minutes. With progressive 
failure of B-cell function, the first-phase insulin response to 
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Figure 25-!1 Insulin synthesis and release from the pancreatic B-cell. (From Orci L, Vassalli J-D, 
Perrelet A. The insulin factory. Sci Am 1988; 259:85-94.) 
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glucose is lost, but other stimuli such as glucagon or amino 
acids may be able to elicit this response. Although the second- 
phase insulin response is preserved in most patients with type 
2 diabetes mellitus, both the first-phase response (see Figure 
25-13, B) and the normal pulsatile insulin secretion” are 
lost. In contrast, patients with type 1 diabetes mellitus exhibit 
minimal or no insulin response (see Figure 25-13, C). 

Degradation. On the first pass through the portal circu- 
lation, approximately 50% of the insulin is extracted by the 
liver, where it is degraded. Because the amount extracted is 
variable, plasma insulin concentrations may not accurately 
reflect the rate of insulin secretion. Additional insulin degra- 
dation occurs in the kidneys. Insulin is filtered through the 
glomeruli, reabsorbed, and degraded in the proximal tubule. 
The basal insulin secretory rate is about 1 U/hr, with total 
daily secretion of about 40U. The half-life of insulin in the 
circulation is between 4 and 5 minutes. 

Proinsulin. Proinsulin, which has relatively low biological 
activity (approximately 10% of insulin potency), is the major 
storage form of insulin.”* Normally, only small amounts 
(about 3% of the amount of insulin, on a molar basis) of 


PC2 Minor Pathway 


Split 65,66 
Proinsuiin 


Split 32,33 a 
Proinsulin gon & BN, 


des 64,65 
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proinsulin enter the circulation. However, the hepatic 
clearance rate for proinsulin is only 25% of that for insulin 
and the half-life of proinsulin is ~30 minutes. Therefore in 
the fasting state, circulating proinsulin concentrations are 
approximately 10% to 15% of insulin concentrations. 
C-Peptide. Proinsulin is cleaved to a 31~amino acid con- 
necting (C) peptide (MW 3600) and insulin (see Figure 
25-12). C-peptide is devoid of biological activity but appears 
necessary to ensure the correct structure of insulin.” 
Although insulin and C-peptide are secreted into the portal 
circulation in equimolar amounts, fasting C-peptide con- 
centrations are fivefold to tenfold higher than those of 
insulin owing to the longer half-life of C-peptide (about 35 
minutes). The liver does not extract C-peptide, which is 
removed from the circulation by the kidneys and degraded, 
with a fraction excreted unchanged in the urine. 
Antibodies to Insulin. Antibodies to insulin develop in 
almost all patients who are treated with exogenous insulin.”* 
These antibodies are usually present at low titer and produce 
no adverse effects. On rare occasions (usually in patients 
with type 2 diabetes) high titers of insulin antibodies may 
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removes the two exposed basic amino acid residues (circles). 
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Figure 25-13 Response of plasma insulin to glucose 
stimulation. A 20-g glucose pulse is given intravenously 
at time 0. A, Healthy subjects. B, Patients with type 2 
diabetes mellitus (NIDDM). C, Patients with type | 
diabetes mellitus (IDDM). IRI, Immunoreactive insulin. 
Values before time 0 represent baseline. (From Pfeifer 
MA, Halter JB, Porte D fr. Insulin secretion in diabetes 
mellitus. Am | Med 1981; 70:579-88.) 
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cause insulin resistance. Improvement in the purity of 
animal insulins and the widespread use of human insulin 
have reduced, but not eliminated, antibody production. 
Antibodies to insulin rarely develop in patients who have not 
received exogenous insulin. 

Although rare, patients with antibodies to the insulin 
receptor have also been described.”' On binding the recep- 
tor, these antibodies act as either antagonists, producing 
hyperglycemia (e.g., in patients with acanthosis nigricans), 
or agonists, resulting in hypoglycemia. 

The Mechanism of Insulin Action. Although the meta- 
bolic effects produced by insulin are well known, the mo- 
lecular mechanism of insulin action remains incompletely 
understood.?*""* It is generally accepted that the initial event 
is the binding of insulin to specific receptors in the plasma 
membrane (Figure 25-14). The human insulin receptor, 
which is well characterized, is a heterotetramer, comprising 
two œ- and two B-subunits. The o-subunit (MW 135,000) 
is located on the outer surface of the plasma membrane and 
contains the site where insulin binds. The B-subunit (MW 
95,000) extends intracellularly through the plasma mem- 
brane and contains an intrinsic tyrosine kinase. Binding of 
insulin to the o-subunits induces a conformational change 
in the receptor, resulting in activation of the tyrosine kinase 
that catalyzes the phosphorylation of tyrosine residues on 
several proteins. One of the major substrates for this tyro- 
sine kinase is the receptor itself. 

In addition to phosphorylating itself, the insulin receptor 
catalyzes the tyrosine phosphorylation of a number of spe- 
cific intracellular proteins {see Figure 25-14). These include 
the four members of the family of insulin-receptor substrate 
(IRS) proteins (termed IRS-1, IRS-2, IRS-3, and IRS-4), She, 
and Gab-1. The phosphorylated tyrosines on these target 
proteins act as docking sites for selected intracellular signal 
transducer proteins.” Most of these transducer proteins 
contain one or more Src homology 2 (SH2) domains. The 
SH2 domain is a sequence of approximately 100 amino acids 


TABLE 25-2 Facilitative Human Glucose Transporters 
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that recognizes phosphotyrosine.”* Sequence differences in 
the SH2 domain dictate the specificity of binding. SH2- 
containing proteins depicted in Figure 25-14 include those 
labeled phosphatidylinositol 3’-kinase (PI3K) and growth 
factor receptor-bound protein 2 (Grb2), which mediate 
downstream signal transduction events. Like other growth 
factors, insulin stimulates the mitogen-activated protein 
(MAP) kinase cascade via ras. In addition, phosphatidyl- 
inositol 3’-kinase activates atypical protein kinase C (aPKC) 
via Akt. The latter enzymes regulate glucose transport by 
modulating translocation of GLUT4 (the insulin-sensitive 
glucose transporter) to the plasma membrane. Akt also 
phosphoryiates and inactivates GSK-3, thereby enhancing 
glycogen synthesis. Some of these events are listed in Figure 
25-14, The pathways are elaborate, and although several 
components have been identified, there remain considerable 
gaps in our knowledge and understanding. Recent studies 
have clarified a fundamental concept, that the insulin- 
mediated signaling events are highly redundant. For 
example, when two key insulin-signaling molecules, IRS-1 
and GLUT4, were knocked out in transgenic mouse experi- 
ments, the resulting animals had minor metabolic defects 
rather than overt diabetes.” Similarly, mice with knockout 
of insulin receptors from skeletal muscle or liver do not 
develop diabetes. 

Glucose Transport. The transport of glucose into cells is 
modulated by two families of proteins.” The intestinal 
sodium/glucose co-transporter promotes the uptake of 
glucose and galactose from the lumen of the small bowel and 
their reabsorption from the urine in the kidney. The trans- 
porter uses the electrochemical sodium gradient to transport 
glucose against its concentration gradient. Members of the 
second family of glucose carriers are called facilitative glucose 
transporters (GLUT) (Table 25-2). These transporters are 
designated GLUT1 to GLUT7, based on the order in which 
they were identified. GLUTI is widely expressed and pro- 
vides many cells with their basal glucose requirement. 
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Figure 25-14 Mechanism of insulin action. Binding of insulin to the extracellular c-subunit of 
the insulin receptor induces autophosphorylation of the B-subunit of the receptor and 
phosphorylation of selected intracellular proteins, such as Shc and the IRS family. These latter 
phosphoproteins interact with other targets, thereby activating phosphorylation cascades, which 
result in glucose uptake (in adipose tissue and skeletal muscle), glucose metabolism, synthesis (of 
glycogen, lipid, and proteins), enhanced gene expression, cell growth, and differentiation. p, protein 
phosphorylation; aPKC, atypical protein kinase C. See text for details. 


GLUTI in the blood-brain barrier and GLUT3 in neuronal 
cells provide the constant high concentrations of glucose 
required by the brain. GLUT2 is expressed in hepatocytes, 
B-cells of the pancreas, and basolateral membranes of 
intestinal and renal epithelial cells. It is a low-affinity, high- 
capacity transport system to allow non-rate-limiting move- 
ment of glucose into and out of these cells. GLUT4 catalyzes 


the rate-limiting step for glucose uptake and metabolism in 
skeletal muscle, the major organ of glucose consumption. 
When circulating insulin concentrations are low, most of the 
GLUT4 is localized in intracellular compartments and is 
inactive. After eating, the pancreas releases insulin, which 
stimulates the translocation of GLUT4 to the plasma mem- 
brane, thereby promoting glucose uptake into skeletal 
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muscle and fat. Insulin-stimulated glucose transport into 
skeletal muscle is defective in type 2 diabetes mellitus, but 
the mechanism has not been established. GLUT6 is a 
pseudogene that is not expressed at the protein level. GLUT7 
allows the diffusion of free glucose out of the endoplasmic 
reticulum of gluconeogenic tissue. 


Insulin-Like Growth Factors 


Insulin-like growth factors I and II (IGF I and H), are 
polypeptides structurally related to insulin.’ These hor- 
mones (previously referred to as nonsuppressible insulin-like 
activity or somatomedin) exhibit metabolic and growth- 
promoting effects similar to those of insulin. IGF I (pre- 
viously somatomedin C) is one of the major regulators of 
cell growth and differentiation, but the physiological role of 
IGF H is not known. Synthesis of IGF I depends on growth 
hormone and occurs predominantly in the liver. In addition, 
many other cells produce IGF I that does not enter the cir- 
culation but acts locally. Circulating IGF concentrations are 
approximately 1000-fold higher than insulin concentrations, 
and the hormone is kept inactive by binding to a family of 
at least six specific binding proteins.” These proteins regu- 
late IGF by protecting the ligands in the circulation and 
delivering them to their target tissue. In contrast to insulin, 
which is unbound in the circulation, less than 10% of total 
serum IGF I is free. The biological actions of IGF are exerted 
through specific IGF receptors or the insulin receptor, The 
IGF I receptor is closely related to the insulin receptor in 
structure and biochemical properties. In contrast, the IGF H 
receptor is quite different; it lacks tyrosine kinase activity and 
its physiological relevance is not understood. The IGF I 
receptor has a high affinity for both IGF I and IGF II, but a 
low affinity for insulin. The IGF II receptor has high, low, 
and no affinity for IGF H, IGF I, and insulin, respectively. 
The insulin receptor binds insulin with high affinity and IGF 
I and H with low affinity. 

The significance of IGFs in normal carbohydrate metab- 
olism is not known. Exogenous administration produces 
hypoglycemia, whereas a deficiency of IGF I results in 
dwarfism (pygmies and Laron dwarfs). IGFs, particularly 
IGF II, may be produced in excess by extrapancreatic neo- 
plasms, and patients may have fasting hypoglycemia.” The 
high concentrations of both IGF II protein in the blood 
and IGF II messenger RNA (mRNA) in tumor extracts has 
led to the proposal that IGF H is the humoral mediator of 
nonislet cell tumor-induced hypoglycemia.”” Measurement 
of plasma IGF I concentration may be useful in evaluating 
growth hormone deficiency and excess and in monitoring 
responses to nutritional support. 


Counterregulatory Hormones 


Several hormones have actions opposite to those of insulin. 
These counterregulatory hormones are catabolic and 
increase hepatic glucose production initially by enhancing 
the breakdown of glycogen to glucose (glycogenolysis) and 
later by stimulating the synthesis of glucose (gluconeo- 


genesis). ™™ The initial response (within minutes) to low 
blood glucose is an increase in glucose production, stimu- 
lated by glucagon and epinephrine. With time (3 to 4 hours), 
growth hormone and cortisol increase glucose mobilization 
and decrease glucose use (see Figure 25-10), Evidence also 
suggests glucose production by the liver as an inverse 
function of ambient glucose concentration, independent of 
hormonal factors (glucose autoregulation). The role of other 
hormones or neurotransmitters is not clear but appears 
relatively unimportant. The multiple counterregulatory 
hormones exhibit both redundancy and hierarchy. Glucagon 
is the most important, and epinephrine becomes critical 
when glucagon is deficient. The other factors have lesser 
roles, These hormones, briefly described here, are discussed 
further in Chapters 29 and 48. 

Glucagon. Glucagon is a 29—amino acid polypeptide 
secreted by the o-cells of the pancreas. The major target 
organ for glucagon is the liver, where it binds to specific 
receptors and increases both intracellular adenosine-5’- 
monophosphate and calcium. Glucagon stimulates the 
production of glucose in the liver by glycogenolysis and 
gluconeogenesis.’ In addition, glucagon enhances ketogen- 
esis in the liver. A minor target organ for glucagon is adipose 
tissue, where the hormone increases lipolysis. Glucagon 
secretion is regulated primarily by plasma glucose concen- 
trations, low and high plasma glucose being stimulatory and 
inhibitory, respectively. Long-standing diabetes mellitus 
impairs the glucagon response to hypoglycemia, resulting in 
an increased incidence of hypoglycemic episodes. Stress, 
exercise, and amino acids induce glucagon release. Insulin 
inhibits glucagon release from the pancreas and decreases 
glucagon gene expression, thereby attenuating its biosynthe- 
sis. Increased glucagon concentrations, secondary to insulin 
deficiency, are believed to contribute to the hyperglycemia 
and ketosis of diabetes. 

Proglucagon is also produced in the distal gut by L-cells, 
which process it into glucagon, glucagon-like peptide I, and 
glucagon-like peptide H. Food ingestion stimulates release of 
glucagon-like peptide I, which acts on the B-cell of the pan- 
creas to stimulate insulin gene transcription and potentiate 
glucose-induced insulin secretion. 

Epinephrine. Epinephrine, a catecholamine secreted by 
the adrenal medulla, stimulates glucose production 
(glycogenolysis) and decreases glucose use, thereby increas- 
ing blood glucose concentrations. It also stimulates glucagon 
secretion and inhibits insulin secretion by the pancreas (see 
Figure 25-10). Epinephrine appears to have a key role in 
glucose counterregulation when glucagon secretion is impaired 
(e.g. in type 1 diabetes mellitus). Physical or emotional 
stress increases epinephrine production, releasing glucose 
for energy. Tumors of the adrenal medulla, known as 
pheochromocytomas, secrete excess epinephrine or norepi- 
nephrine and produce moderate hyperglycemia as long as 
glycogen stores are available in the liver. 

Growth Hormone. Growth hormone is a polypeptide 
secreted by the anterior pituitary gland. It stimulates gluco- 
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neogenesis, enhances lipolysis, and antagonizes insulin- 
stimulated glucose uptake. 

Cortisol. Cortisol, secreted by the adrenal cortex in 
response to adrenocorticotropic hormone (ACTH), stimu- 
Jates gluconeogenesis and increases the breakdown of 
protein and fat. Patients with Cushing’s syndrome have 
increased cortisol owing to a tumor or hyperplasia of the 
adrenal cortex and may become hyperglycemic. In contrast, 
people with Addison’s disease have adrenocortical insuffi- 
ciency because of destruction or atrophy of the adrenal 
cortex and may exhibit hypoglycemia. 


Other Hormones Influencing Glucose Metabolism 

Thyroxine. Thyroxine, secreted by the thyroid gland, is 
not directly involved in glucose homeostasis but stimulates 
glycogenolysis and increases the rate of both gastric empty- 
ing and intestinal glucose absorption. These factors may 
produce glucose intolerance in thyrotoxic individuals, but 
patients usually have a fasting plasma glucose concentration 
in the reference interval. 

Somatostatin. Somatostatin, also called growth 
hormone-inhibiting hormone, is a 14~amino-acid peptide 
found in the gastrointestinal tract, the hypothalamus, and 
the 6-cells of the pancreatic islets. Although somatostatin 
does not appear to have a direct effect on carbohydrate 
metabolism, it inhibits the release of growth hormone from 
the pituitary. In addition, somatostatin inhibits secretion of 
glucagon and insulin by the pancreas, thus modulating the 
reciprocal relationship between these two hormones. 


Clinical Utility of Measuring Insulin, Proinsulin, 
C-Peptide, and Glucagon 


Box 25-1 lists the clinical conditions in which hormones that 
regulate glucose, namely insulin, proinsulin, C-peptide, and 
glucagon, have been measured. Although there is interest in 
the possible clinical value of measurement of the concentra- 
tions of insulin and its precursors, the assays are useful pri- 
marily for research purposes, There is no role for routine 
testing for insulin, proinsulin, or C-peptide in patients with 
diabetes mellitus." It must be emphasized that the diag- 
nostic criteria for diabetes mellitus do not include measure- 
ments of hormones, which remain predominantly research 
tools, 


Insulin 


The primary clinical application of insulin measurement is in 
the evaluation of patients with fasting hypoglycemia (dis- 
cussed in more detail later in this chapter). Insulin determi- 
nation has also been proposed to be of value in selecting the 
optimal initial therapy for patients with type 2 diabetes mel- 
litus. In theory, the lower the pretreatment insulin concen- 
tration, the more appropriate might be insulin or an insulin 
secretagogue as the treatment of choice. Although intellec- 
tually appealing, there is no evidence that knowledge of the 
insulin concentration leads to more efficacious treatment. 
Evidence indicates that increased concentrations of insulin 
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in nondiabetic individuals predict the development of coro- 
nary artery disease.” Nevertheless, it is not clear that the 
increased insulin is responsible for the risk of coronary 
disease, and the clinical value is questionable.” An emerging 
use for insulin assays is in the evaluation and management 
of patients with the polycystic ovary syndrome.’ Women 
with this condition have insulin resistance and abnormal 
carbohydrate metabolism that may respond to oral hypo- 
glycemic agents. Although a few investigators have recom- 
mended measuring insulin along with glucose during an oral 
glucose tolerance test as an aid to the early diagnosis of dia- 
betes mellitus, this approach is not recommended. 


Proinsulin 


High proinsulin concentrations are usually noted in patients 
with benign or malignant B-cell tumors of the pancreas. 
Most patients with B-cell tumors have increased insulin, 
C-peptide, and proinsulin concentrations, but occasionally 
only proinsulin is increased”? because the tumors have defec- 
tive conversion of proinsulin to insulin. Despite its low bio- 
logical activity, proinsulin production may be adequate to 
produce hypoglycemia. In addition, a rare form of familial 
hyperproinsulinemia, produced by impaired conversion to 
insulin, has been described. Measurement of proinsulin can 
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be useful to determine the extent of proinsulin-like material 
that cross-reacts in an insulin assay. Patients with type 2 dia- 
betes have increased proportions of proinsulin and pro- 
insulin conversion intermediates,” high concentrations of 
which are associated with cardiovascular risk factors.” Even 
relatively mild hyperglycemia produces hyperproinsulin- 
emia, with values greater than 40% of insulin concentration 
in type 2 diabetes.” Similarly, women with gestational dia- 
betes mellitus (GDM) have notably higher concentrations 
of proinsulin and split 32, 33 proinsulin than pregnant 
normoglycemic control subjects, An increased ratio of 
proinsulin-like molecules to insulin-like molecules at 
screening may be a better predictor of GDM than age, 
obesity, or hyperglycemia.” Increased proinsulin concen- 
trations may also be detected in patients with chronic renal 
failure, cirrhosis, or hyperthyroidism. 

Accurate measurement of proinsulin has been difficult for 
several reasons: the blood concentrations are low; antibody 
production is difficult; most antisera cross-react with insulin 
and C-peptide, which are present in much higher concen- 
trations; the assays measure intermediate cleavage forms of 
proinsulin; and reference preparations of pure proinsulin are 
not readily available. However, a more sensitive nonequilib- 
rium RIA method for measuring proinsulin was developed 
by adsorbing the initial antiserum with biosynthetic human 
C-peptide coupled to agarose to eliminate cross-reactivity 
with C-peptide.” An enzyme-linked immunosorbent 
assay (ELISA) has been described that employs an antibody 
to C-peptide as the coating antibody and antiinsulin anti- 
body for detection. ™ The detection limit is 0.25 pmol/L.” 


C-Peptide 

Measurement of C-peptide has a number of advantages over 
insulin measurement. Because hepatic metabolism is negli- 
gible, C-peptide concentrations are better indicators of 
B-cell function than is peripheral insulin concentration.” 
Furthermore, C-peptide assays do not measure exogenous 
insulin and do not cross-react with insulin antibodies, which 
interfere with the insulin immunoassay. 

Fasting Hypoglycemia. The primary indication for mea- 
suring C-peptide is for the evaluation of fasting hypo- 
glycemia. Some patients with insulin-producing B-cell 
tumors, particularly if hyperinsulinism is intermittent, may 
exhibit increased C-peptide concentrations with normal 
insulin concentrations. When hypoglycemia is due to sur- 
reptitious insulin injection, insulin concentrations will be 
high but C-peptide values will be low”; this occurs because 
C-peptide is not found in commercial insulin preparations 
and exogenous insulin suppresses B-cell function. 

insulin Secretion. Basal or stimulated (by glucagon or 
glucose) C-peptide concentrations can provide an estimate 
of a patient’s insulin secretory capacity and rate. For 
example, diabetic patients with C-peptide concentrations 
greater than 1.8ug/L (1.8ng/mL) after stimulation with 
glucagon behave clinically like patients with type 2 diabetes, 
and those with low peak C-peptide values (less than 


0.5 g/L) behave like patients with type 1 diabetes.’” In rare 
cases this strategy may be helpful before discontinuation of 
insulin treatment (e.g., in an obese adolescent). Urinary and 
fasting serum C-peptide concentrations also appear to be of 
some value in differentiating patients with type 1 diabetes 
from those with type 2 diabetes.” In addition, patients who 
have type 1 diabetes but who have no C-peptide response are 
usually more labile than those with some residual B-cell 
function. Despite these observations, C-peptide measure- 
ment has a negligible role in the routine management of 
patients with diabetes. A new indication for C-peptide analy- 
sis is the recent requirement that Medicare patients in the 
United States have low C-peptide concentrations to be eligi- 
ble for coverage of insulin pumps,” 

Monitoring Therapy. Measurement of C-peptide can be 
used to monitor patients’ response to pancreatic surgery. 
C-peptide should be undetectable after a radical pan- 
createctomy and should increase after a successful pancreas 
or islet cell transplant. 

Measurements of urine C-peptide are useful when a con- 
tinuous assessment of B-cell function is desired or frequent 
blood sampling is not practical. The 24-hour urine 
C-peptide content (in the absence of renal failure, which 
produces increased levels) correlates well with fasting serum 
C-peptide concentration or with the sum of C-peptide con- 
centrations in sequential specimens after a glucose load. 
However, the fraction of secreted C-peptide that is excreted 
in the urine exhibits high intersubject and intrasubject vari- 
ability, limiting the value of urine C-peptide as a measure of 
insulin secretion.” 


Glucagon 


Very high concentrations of glucagon are seen in patients 
with o-cell tumors of the pancreas called glucagonomas. 
Patients with this tumor frequently have weight loss, 
necrolytic migratory erythema, diabetes mellitus, stomatitis, 
and diarrhea.” The skin lesions often occur first and are fre- 
quently overlooked. Most tumors have metastasized when 
finally diagnosed. Low glucagon concentrations are associ- 
ated with chronic pancreatitis and long-term sulfonylurea 
therapy. 


Methods for the Measurement of Specific Hormones 


Details of the following methods for specific hormones are 
found in the Evolve site that accompanies this book at 
http://evolve.elsevier.com/Tietz/textbook/, 


Insulin 


Although insulin has been assayed for more than 40 years, 
there is no highly accurate, precise, and reliable procedure 
available to measure the amount of insulin in a patient 
sample. Many insulin assays are commercially available.®' 
The techniques most widely used in the United States are 
immunochemical.” Bioassays, although of greater physio- 
logical relevance because they measure biological activity, are 
labor intensive and not widely used. A stable isotope dilu- 
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tion mass spectrometry assay, which was described recently, 

yields lower values than immunoassays.’™ 
Patients treated with exogenous insulin may develop cir- 

culating antiinsulin antibodies, which compete with anti- 
bodies in the RIA. The endogenous antibodies and their 
bound insulin can be precipitated from serum with poly- 
ethylene glycol (PEG), and the free insulin measured by RIA. 

The total insulin can be determined by eluting antibody- 

bound insulin with hydrochloric acid (HCD, precipitating 

the antibody with PEG, and performing RIA. The bound 
insulin is the difference between total and free insulin. Unless 

a patient’s insulin requirements change dramatically, total 

insulin concentrations are usually constant in patients with 

type 1 diabetes, and repeated assays are not necessary. 
Principle. In a typical RIA procedure for measuring 

insulin, I-labeled insulin competes with insulin in a 

patient sample for binding to an insulin-specific antibody 

immobilized on the walls of a polypropylene tube. The 

supernatant is decanted, and the bound I determined in a 

gamma counter. The amount of insulin in the sample is 

established by comparison with a calibration curve obtained 
by plotting on logit-log graph paper the percent of total 
radioactivity bound (B/T%) against the concentration of the 
calibrators. Various commercial kits for insulin measure- 
ment are now available. 

Comments. General comments on the measurement of 
insulin include: 

1. The term immunoreactive insulin is used in reference to 
assays that may recognize, in addition to insulin, sub- 
strates that share antigenic epitopes with insulin. 
Examples include proinsulin, proinsulin conversion 
intermediates, and insulin derivatives, produced by gly- 
cation or dimerization. 

2. Various insulin preparations, including human insulin, 
are used as insulin calibrators. For ease of comparison of 
results among laboratories, the insulin calibrator is 
expressed in terms of international units (IU). One inter- 
national unit of insulin is equal to approximately 43 ug 
of the World Health Organization (WHO) first Inter- 
national Reference Preparation (1st IRP) Code 66/304 
(National Institute of Biological Standards and Control, 
South Mimms, Potters Bar, Hertfordshire, United 
Kingdom), which is 100% human insulin, 

3. Antisera raised against insulin show some cross-reactivity 
with proinsulin but not with C-peptide. Specificity is not a 
problem in healthy individuals because the low proin- 
sulin concentrations do not appreciably affect the 
absolute values of insulin. In certain situations (e.g. islet 
cell tumors and diabetic individuals), proinsulin is 
present at higher concentrations and direct assay of 
plasma may falsely overestimate the true insulin concen- 
tration. Because proinsulin has very low activity, incor- 
rect conclusions regarding the availability of biologically 
active insulin may be reached in patients with diabetes. 
The magnitude of the error depends on the concentra- 
tion of proinsulin and the extent of cross-reactivity of the 


antiserum with proinsulin. Monoclonal antibody-based 
assays that are specific for insulin and do not measure 
proinsulin,” although theoretically advantageous, are 
not superior to nonspecific assays.” 


. A stable isotope dilution assay using mass spectrometry 


to measure insulin, proinsulin, and C-peptide has been 
developed.’* The difference in mass among the three 
analytes allows specific measurement of each protein. 
Comparison of patient samples revealed that most, but 
not.all, results were higher by immunoassay than mass 
spectrometry.'* Thus immunoassays may overestimate 
insulin, particularly at low concentrations, The high 
protein concentration in the serum requires extraction of 
proteins (e.g., by immunoaffinity) and purification by 
high-performance liquid chromatography (HPLC) 
before quantification by mass spectrometry. This method 
is not suitable for routine laboratory analysis. 


. The American Diabetes Association (ADA) appointed a 


task force to standardize the insulin assay.” Evaluation of 
unknown samples by 17 different laboratories revealed a 
wide range in insulin values, with interlaboratory varia- 
tion of up to threefold.” Large differences were observed 
even among laboratories using the same assays. Use of 
a common calibrator did not improve agreement among 
laboratories. Assay coefficients of variation (CVs) ranged 
from less than 2% to greater than 30%, with ELISAs 
exhibiting the lowest imprecision. Certain characteristics 
of some assays, including commercial kits, were unac- 
ceptable. The task force judged available proficiency and 
certification programs for insulin to be inadequate, and 
recommended the establishment of a central laboratory 
to provide certification for insulin assays. Complete inter- 
laboratory standardization was deemed to be neither 
practical nor universally acceptable. The ADA recom- 
mendations for analysis of insulin?” are as follows: 

a. Each laboratory should carefully evaluate its insulin 
assay to ensure acceptable assay performance. 

b. Each laboratory should compare the performance of 
its assay with others using common calibrators and 
unknown samples. 

c. Because assay performance may change with time or 
with new reagents or equipment, performance character- 
istics must be remeasured periodically. 


. Acceptance criteria for an insulin assay are less than 15% 


interassay CV. Minimum detectable concentration of 
insulin, as calculated from the calibration curve, should 
be 1 IU/mL with the overnight procedure or 3 LTU/mL 
with the same-day procedure. In addition, recovery and 
linearity should be 100 + 15%, and the in-house insulin 
calibrator should be within 5% of the gold standard. No 
gold standard was specified. 


. Patient samples with high values should be diluted with 


the zero calibrator. 


. The presence of antibodies to insulin results in spuriously 


increased or decreased (depending on the method used) 
insulin values. 
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Reference Intervals. Reference intervals vary among 
assays and each laboratory should establish its own reference 
intervals. After an overnight fast, insulin concentrations 
in healthy, normal, nonobese people range from 2 to 
25uIU/mL (12 to 150pmol/L).* More specific assays that 
have minimal cross-reactivity with proinsulin reveal a fast- 
ing plasma insulin concentration of less than 9u[U/mL 
(60pmol/L). Concentrations up to 200pTU/mL can be 
reached during a glucose tolerance test. Representative 
values for insulin concentrations after glucose are shown 
in Figure 25-13. Fasting insulin values are higher in obese, 
nondiabetic people and lower in trained athletes. 


Insulin Antibodies 

Assays for insulin antibodies fall into three categories: (1) 
quantitative radioimmunoelectrophoresis, which measures 
the binding of IgG antibody to radiolabeled insulin by rocket 
immunoelectrophoresis into anti-IgG-containing agarose; 
(2) RIAs with separation of bound and free insulin by pre- 
cipitation with PEG or a second antibody; and (3) solid 
phase immobilization of insulin to test tubes or Sepharose. 
These are discussed in more detail in Reeves.” 


Proinsulin 


Principle. Accurate measurement of proinsulin has been 
difficult for several reasons: the blood concentrations are 
low; antibody production is difficult; most antisera cross- 
react with insulin and C-peptide, which are present in much 
higher concentrations; the assays measure intermediate 
cleavage forms of proinsulin; and reference preparations of 
pure proinsulin were not readily available.” Therefore few 
accurate data are available in the literature on plasma proin- 
sulin. These problems have, to a large extent, been overcome 
by the availability of biosynthetic proinsulin, which has 
allowed the production of monoclonal antibodies to proin- 
sulin” and provided reliable proinsulin calibrators and 
reference preparations. An International Reference Prepara- 
tion for human proinsulin (code 84/611) is available from 
the National Institute of Biological Standards and Controls 
(Potters Bar, United Kingdom). Earlier assays may have over- 
estimated proinsulin concentrations.”" 

Reference Intervals. Reference intervals for proinsulin 
are highly dependent on the method of analysis, the degree 
of cross-reactivity of the antisera, and the purity of proin- 
sulin calibrators. Each laboratory should establish its own 
reference intervals. 

Reference intervals in healthy, fasting individuals 
reported in the literature range from 1.1 to 6.9pmol/L to 
2.1 to 12.6pmol/L (see Reference 130 and references 
therein). 


*The conversion factor of 6.0 used to convert pIU/mL 
{or mIU/L) of insulin to pmol/L is based on a MW of insulin of 
5807.58 and a specific activity of 30TU/mg. 


C-Peptide 

Principle. C-peptide undergoes minimal liver metabo- 
lism and, in contrast to proinsulin assays, assays are not 
affected by antiinsulin antibodies. However, various 
methodological problems produce large between-method 
variation. These difficulties include variable specificity 
among different antisera, variable cross-reactivity with 
proinsulin, and the type of C-peptide preparation used as a 
calibrator. A comparison, in the clinically relevant range, 
using four commercial kits and four commercial C-peptide 
antisera yielded values ranging from 0.54 to 1.06 nmol/L on 
the same sample. Furthermore, a tyrosine residue must be 
incorporated onto the C-peptide to enable labeling with "I. 
Several immunometric methods have been described for the 
measurement of C-peptide, and a number of kits are com- 
mercially available.” 

Reference Intervals. Each laboratory should establish its 
own reference interval for C-peptide. Fasting serum concen- 
trations of C-peptide in healthy people range from 0.78 to 
1.89ng/mL (0.25 to 0.6nmol/L). After stimulation with 
glucose or glucagon, values range from 2.73 to 5.64ng/mL 
(0.9 to 1.87nmol/L), three to five times the prestimulation 
value. Urinary C-peptide is usually in the range of 74 + 
26 ug/L (25 + 8.8pmol/L). C-peptide is excreted primarily 
by the kidney and concentrations in the serum are increased 
in renal disease. 


Glucagon 

Principle. A competitive RIA is available for measuring 
glucagon (Diagnostic Products Corp.). '"I-labeled glucagon 
competes with glucagon in the patient specimen for binding 
to the polyclonal glucagon antibody. Bound glucagon is 
separated from free glucagon by use of PEG and a second 
antibody. Bound radioactivity for the patient specimen is 
compared with that of glucagon calibrators. The calibrator 
values are assigned at the manufacturer using the WHO 
glucagon international standard (69/194). . 

Reference Intervals. Fasting plasma concentrations of 
glucagon vary from 70 to 180 ng/L (20 to 52 pmol/L), Values 
up to 500 times the upper reference limit may be found in 
patients with autonomously secreting o.-cell neoplasms. 


DIABETES MELLITUS 


Diabetes mellitus is a group of metabolic disorders of car- 
bohydrate metabolism in which glucose is underused, pro- 
ducing hyperglycemia. Some patients may experience acute 
life-threatening hyperglycemic episodes, such as ketoacido- 
sis or hyperosmolar coma. As the disease progresses, patients 
are at increased risk for the development of specific com- 
plications, including retinopathy leading to blindness, 
nephropathy leading to renal failure, neuropathy (nerve 
damage), and atherosclerosis.’ The last may result in 
stroke, gangrene, and coronary artery disease. 

The prevalence of diabetes is unknown. The most recent 
published information in the United States is from the 
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Centers for Disease Control and Prevention (CDC), which 
estimated a prevalence in 2001 of 7.9% in adults.” This is 
equivalent to 16.7 million people. Because at least 30% of all 
prevalent cases are undiagnosed,” the total number may 
have been almost 22 million, Note that in 1987, the preva- 
lence of diagnosed diabetes was 6.8 million.” This large 
increase in diabetes has been observed globally. The preva- 
lence of diabetes in adults worldwide was estimated to be 
4.0% in 1995 and anticipated to rise to 5.4% by the, year 
2025." The prediction is that in 2025 there will be 300 
million adults with diabetes, greater than 75% of whom will 
live in developing countries. These statistics have led to dia- 
betes being described as “one of the main threats to human 
health in the twenty-first century.” The prevalence of dia- 
betes mellitus increases with age, and approximately half of 
all cases occur in people older than 55 years. In the United 
States, ~20% of the population older than 65 years have dia- 
betes.” There is racial predilection, and by the age of 65, 
33%, 25%, and 17% of Hispanics, blacks, and whites, respec- 
tively, in the United States have diabetes mellitus. In 2002 
diabetes mellitus was estimated to be responsible for $132 
billion in healthcare expenditures in the United States.!” The 
direct costs were $92 billion, with 50% of that incurred by 
those older than 65 years. An estimated 186,000 deaths 
annually are attributable to diabetes.” In fact, American 
women are twice as likely to die from diabetes mellitus as 
from breast cancer. Approximately one in five American 
healthcare dollars spent in 2002 was for people with diabetes 
mellitus. 


CLASSIFICATION 


Diabetes was initially diagnosed by the oral glucose tolerance 
test (OGTT). Values greater than two standard deviations 
above the mean of the value found in a selected population 
of healthy volunteers without a family history of diabetes 
mellitus were accepted as diagnostic. This criterion led to the 
identification of large numbers of asymptomatic people with 
abnormally high 1- to 2-hour postload glucose values, but 
normal fasting blood glucose. They were presumed to have 
early or mild diabetes mellitus. In 1975 it was estimated that 
more than half the population older than 60 years was 
abnormal. Follow-up of these people indicated that most of 
them with lesser degrees of glucose intolerance did not 
manifest definite evidence of diabetes mellitus in the next 
10 years, and a large percentage returned to normal glucose 
tolerance. 

Most populations have plasma glucose values that exhibit 
a unimodal, log-normal distribution (ie. a distribution 
curve that is skewed to the high end but becomes bell shaped 
on a logarithmic axis). Ethnic groups with a high prevalence 
of diabetes, such as the Pima Indians and Nauruans, exhibit 
bimodal blood glucose distributions.” Optimal distinction 
between normal and diabetic individuals in these groups 
occurs at a fasting glucose around 140mg/dL and glucose 
concentrations greater than 200 mg/dL 2 hours after an oral 
glucose load. Furthermore the specific microvascular com- 


plications of diabetes were believed to be rare in patients 
with fasting or 2-hour postprandial glucose concentrations 
less than 140 or 200 mg/dL, respectively. These observations 
were the basis for the criteria proposed in 1979 by a work- 
group of the National Diabetes Data Group™ and later 
endorsed by the WHO Committee on Diabetes. Lower cut- 
points are used currently. 

The 1979 classification scheme recognized two major 
forms of diabetes: type I (insulin-dependent) diabetes mel- 
litus (IDDM) and type II (non—insulin-dependent) diabetes 
mellitus (NIDDM).”” The terms juvenile-onset and adult- 
onset diabetes were abolished. To base the classification on 
etiology rather than treatment, the ADA established a work- 
group in 1995 to reexamine the classification and diagnosis 
of diabetes mellitus. The revised classification, published in 
1997,’ eliminates the terms insulin-dependent diabetes mel- 
litus and non-insulin-dependent diabetes mellitus, which 
are now termed type 1 and type 2 diabetes, respectively (Box 
25-2). Furthermore the categories of previous abnormality 
of glucose tolerance and potential abnormality of glucose 
tolerance have been eliminated. 


Type 1 Diabetes Mellitus (Formerly Insulin-Dependent 
Diabetes Mellitus [IDDM], Type I, or 

Juvenile-Onset Diabetes) 

Approximately 5% to 10% of all cases of diabetes mellitus 
are in this category. Patients usually have abrupt onset of 
symptoms (e.g. polyuria, polydipsia, and rapid weight loss). 
Patients have insulinopenia (a deficiency of insulin) caused 
by loss of pancreatic islet B-cells and are dependent on 
insulin to sustain life and prevent ketosis. Most patients have 
antibodies that identify an autoimmune process (see later 
discussion); some patients have no evidence of autoimmu- 
nity and are classified as type 1 idiopathic. The peak inci- 
dence is in childhood and adolescence. Approximately 75% 
acquire the disease before age 30 years, but the onset in the 
remainder may occur at any age. Age at presentation is not 
a criterion for classification. 


Type 1 diabetes 
A. Immune mediated 


B. Idiopathic 
Type 2 diabetes 
Other specific types of diabetes 
GDM 
IGT 
IFG 


From the American Diabetes Association. Report of the expert committee 
on the diagnosis and classification of diabetes mellitus. Diabetes Care 
1997; 20:1183-1201. 
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Type 2 Diabetes Mellitus (Formerly Non-Insulin- 
Dependent Diabetes Mellitus [NIDDM], Type II, or 
Adult-Onset Diabetes 


This group comprises approximately 90% of all cases of 
diabetes. Patients have minimal symptoms, are not prone 
to ketosis, and are not dependent on insulin to prevent 
ketonuria. Insulin concentrations may be normal, decreased, 
or increased, and most people with this form of diabetes have 
impaired insulin action. Obesity is commonly associated and 
weight loss alone usually improves the hyperglycemia. 
However, many individuals with type 2 diabetes may require 
dietary manipulation, an oral hypoglycemic agent, or insulin 
to control hyperglycemia. Most patients acquire the disease 
after age 40, but it may occur in younger people. Type 2 dia- 
betes in children and adolescents is an emerging, significant 
problem." Among children in Japan, type 2 diabetes is 
now more common than type 1.°” 


Other Specific Types of Diabetes Mellitus 


This subclass includes uncommon patients in whom hyper- 
glycemia is due to a specific underlying disorder, such as 
genetic defects of B-cell function; genetic defects in insulin 
action; disease of the exocrine pancreas; endocrinopathies 
(e.g., Cushing’s disease, acromegaly, and glucagonoma); 
the administration of hormones or drugs known to induce 
B-cell dysfunction (e.g., dilantin and pentamidine) or impair 
insulin action (e.g, glucocorticoids, thiazides, and 
B-adrenergics); infections; uncommon forms of immune- 
mediated diabetes; or other genetic conditions (e.g., Down 
syndrome, Klinefelter syndrome and porphyria; see 
American Diabetes Association’ for a detailed list). This was 
formerly termed secondary diabetes. 


Impaired Glucose Tolerance (IGT) 


Impaired glucose tolerance is diagnosed in people who have 
fasting blood glucose concentrations less than those required 
for a diagnosis of diabetes mellitus, but have a plasma 
glucose response during the OGTT between normal and dia- 
betic states. An OGTT is required to assign a patient to this 
class. Development of overt diabetes occurs at a rate of 1% 
to 5% per year, but a large proportion spontaneously revert 
to normal glucose tolerance. Microvascular disease is quite 
rare in this group and patients usually do not experience the 
renal or retinal complications of diabetes, Patients have an 
increased prevalence of atherosclerosis and mortality from 
cardiovascular disease.” 


Impaired Fasting Glucose (IFG) 


This new category is analogous to IGT, but is diagnosed by 
a fasting glucose value between that of normal and diabetic 
individuals. It is a metabolic stage between normal glucose 
homeostasis and diabetes. As with IGT, persons with IFG 
are at increased risk for the development of diabetes and 
cardiovascular disease. IFG and IGT are not clinical entities, 
but rather risk factors for diabetes and cardiovascular 
disease. 


Gestational Diabetes Mellitus 


This is carbohydrate intolerance of variable severity with 
onset or first recognition during pregnancy’®’ (i.e., diabetic 
women who become pregnant are not included in this cate- 
gory). Estimates of the frequency of abnormal glucose toler- 
ance during pregnancy range from 1% to 14%, depending 
on the population studied and the diagnostic tests 
employed.'” In the United States, GDM occurs in 6% to 
8% of pregnancies. Women with GDM are at increased 
risk for the subsequent development of diabetes mellitus, 
which develops in 6% to 62% of these women.” The risk 
is particularly high in women who have marked hyper- 
glycemia during or soon after pregnancy, women who are 
obese, and women whose GDM was diagnosed before 24 
weeks of gestation.” At 6 to 12 weeks postpartum, all 
patients who had GDM should be evaluated for diabetes 
and, if diabetes is not present, reevaluated for diabetes at 
least every 3 years.” 


PATHOGENESIS OF TYPE 1 DIABETES MELLITUS 

Type 1 diabetes mellitus results from a cellular-mediated 
autoimmune destruction of the insulin-secreting cells of 
pancreatic [-cells."°"* In the vast majority of patients, the 
destruction is mediated by T cells. This is termed type 1A or 
immune-mediated diabetes (Box 25-2). The a-, 6-, and 
other islet cells are preserved. The islet cells have a chronic 
mononuclear cell infiltrate, called insulitis. The autoimmune 
process leading to type 1 diabetes begins months or years 
before the clinical presentation, and an 80% to 90% reduc- 
tion in the volume of the B-cells is required to induce symp- 
tomatic type 1 diabetes. The rate of islet cell destruction is 
variable and is usually more rapid in children than in adults. 


Antibodies 

The most practical markers of B-cell autoimmunity are cir- 

culating antibodies, which can be detected in the serum years 

before the onset of hyperglycemia. The best characterized 
antibodies are!?!#4! 

1. Islet cell cytoplasmic antibodies (ICAs) react with a sialo- 
glycoconjugate antigen present in the cytoplasm of all 
endocrine cells of the pancreatic islets. These antibodies 
are detected in the serum of 0.5% of normal subjects and 
75% to 85% of patients with newly diagnosed type 1 dia- 
betes. The antibodies are detected by immunofluores- 
cence microscopy on frozen sections of human pancreatic 
tails. Results are compared with a standard serum of the 
Immunology of Diabetes Workgroup” and are expressed 
in Juvenile Diabetes Foundation (JDF) units. Although 
not universal, many laboratories use 10 JDF units on two 
separate occasions or a single result of greater than or 
equal to 20 JDF units as significant titers. The ICA assay 
is labor intensive and difficult to standardize. Few clini- 
cal laboratories are likely to implement this assay, which 
has marked interlaboratory variability in sensitivity and 
specificity.” 
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2. Insulin autoantibodies (LAAs) are present in more than 
90% of children who develop type 1 diabetes before age 
5, but in fewer than 40% of individuals developing dia- 
betes after age 12. Their frequency in healthy people is 
similar to that of ICA. A radioisotopic method that cal- 
culates the displaceable insulin radioligand binding after 
the addition of excess nonradiolabeled insulin is recom- 
mended for IAA. Results are positive when concentra- 
tions exceed the mean +2 (or 3) standard deviations (SD) 
of healthy controls. An important caveat is that insulin 
antibodies develop after insulin therapy, even in those 
persons who use human insulin. 

3. Antibodies to the 65-kD isoform of glutamic acid decar- 
boxylase (GADe)”' have been found up to 10 years before 
the onset of clinical type 1 diabetes and are present in 
~60% of patients with newly diagnosed diabetes. GADes 
antibodies may be used to identify patients with appar- 
ent type 2 diabetes who will subsequently progress to type 
i diabetes. Several different assay formats have been used 
for the measurement of anti-GAD,, antibodies, including 
enzymatic immunoprecipitation assay, radiobinding 
assay, ELISA, immunofluorescence, and Western blot- 
ting.” The considerable variability among laboratories 
has been significantly reduced by the Second Interna- 
tional GADAb Workshop.™ A monoclonal antibody, 
MICA 3, was suggested as a reference standard. A dual 
micromethod and RIA performed with *H-labeled 
human recombinant GAD, in a rabbit reticulocyte 
expression system is used by many laboratories. Methods 
for measurement of GADe are now commercially 
available. 

4. Insulinoma-associated antigens (IA-2A and TA-2BA), 
directed against two tyrosine phosphatases, have been 
detected in more than 50% of newly diagnosed type 1 dia- 
betes patients. A widely used method to measure [A-2A 
uses *°S-labeled recombinant IA-2 in a dual micromethod 
and RIA. The concurrent analysis of IA-2 and GADgs in 
a single assay has been reported.” 

Although antibodies to bovine serum albumin have been 
reported in patients with newly diagnosed type 1 diabetes, 
this model is contentious, and conflicting data exist. ®™” 

The CDC is working with the Immunology of Diabetes 
Society to develop the Diabetes Autoantibody Standardiza- 
tion Program. Because of the difficulty in obtaining adequate 
patient samples, it is not yet clear whether this program will 
become generally available. 

Autoantibody markers of immune destruction are 
present in 85% to 90% of individuals with immune- 
mediated diabetes when fasting hyperglycemia is initially 
detected.’ Approximately 10% to 12% of white adult patients 
who have the type 2 diabetes phenotype also have islet cell 
autoantibodies, particularly to GAD¢s. This condition has 
been termed latent autoimmune diabetes of adulthood 
(LADA).”4 Up to 1% to 2% of healthy individuals have a 
single autoantibody and are at low risk of developing 
immune-mediated diabetes, Because the prevalence of 
immune-mediated diabetes is low (~0.3% in the general 


population), the positive predictive value of a single autoan- 
tibody will be low. The presence of multiple islet autoanti- 
bodies (IAA, GADgs, and IA-2A and/or IA-2BA) is associated 
with a greater than 90% risk of immune-mediated diabetes. 
However, no acceptable therapy has been documented 
to prevent the clinical onset of diabetes in islet cell 
autoantibody-positive individuals.” New strategies for 
treatment of type 1 diabetes that are being developed focus 
on immunosuppressive therapy to attenuate the auto- 
immune response, replacement of insulin-producing B-cells 
by transplantation, or restoration of insulin with gene 
therapy.’*”” Recently, hyperglycemia in diabetic mice was 
completely reversed. by gene therapy that induced the devel- 
opment of B-cells of the pancreas in the liver.” Although 
type 1 diabetes can be prevented in animal models,” the 
possible role of immune intervention in humans remains 
unresolved. 


Genetics 

Susceptibility to type 1 diabetes is inherited,” but the mode 
of inheritance is complex and has not been defined. It is a 
multigenic trait, and the major locus is the major histocom- 
patibility complex on chromosome 6. At least 11 other loci 
on 9 chromosomes also contribute, with the regulatory 
region of the insulin gene on chromosome 11p15 being an 
important locus. The concordance rate between identical 
twins is approximately 30%, and approximately 95% of 
whites with type 1 diabetes express either HLA~DR3 or HLA- 
DR4 histocompatibility antigens. However, up to 40% of the 
nondiabetic population also express these alleles. In contrast, 
the HLA-DQB1*0602 allele significantly decreases the risk of 
type 1 diabetes. HLA typing can indicate absolute risk of dia- 
betes.” The risk of a sibling developing diabetes is 1%, 5%, 
and 10% to 20% if the number of haplotypes shared is none, 
one, and two, respectively. However, only 10% of patients 
with type 1 diabetes have an affected first-degree relative. 
The multiplicity of independent chromosomal regions asso- 
ciated with a predisposition to type 1 diabetes suggests that 
other susceptibility genes will be identified. Routine mea- 
surement of genetic markers is not of value at this time 
for the diagnosis or management of patients with type 1 
diabetes.”"! 


Environment 

Reports describe that environmental factors are involved in 
initiating diabetes. Viruses, such as rubella, mumps, and cox- 
sackievirus B, have been implicated.’ Other environmental 
factors that have been suggested include chemicals and cow’s 
milk. It seems likely that autoimmunity to B-cells is initiated 
by a viral protein (that shares amino acid sequence with a 
B-cell protein} or some other environmental insult. Genetic 
susceptibility and other host factors (e.g., HLA type) deter- 
mine the progression of the B-cell destruction. 


PATHOGENESIS OF TYPE 2 DIABETES MELLITUS 


There are at least two major identifiable pathological defects 
in patients with type 2 diabetes.””’** One is a decreased 
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ability of insulin to act on the peripheral tissue. This is called 
insulin resistance and is thought by many to be the primary 
underlying pathological process. The other is B-cell dysfunc- 
tion, which is an inability of the pancreas to produce suffi- 
cient insulin to compensate for the insulin resistance. Thus 
there is a relative deficiency of insulin early in the disease and 
absolute insulin deficiency late in the disease. The debate 
over whether type 2 diabetes is primarily due to a defect in 
B-cell secretion, peripheral resistance to insulin, or both has 
been raging for decades. However, there are data to support 
the concept that insulin resistance is the primary defect, 
preceding the derangement in insulin secretion and clinical 
diabetes by as much as 20 years.“ Despite the lack of 
consensus, it is clear that type 2 diabetes mellitus is an 
extremely heterogeneous disease and no single cause is ade- 
quate to explain the progression from normal glucose toler- 
ance to diabetes. The fundamental molecular defects in 
insulin resistance and insulin secretion result from a combi- 
nation of environmental and genetic factors. 


Loss of B-Cell Function 


The increased B-cell demand induced by insulin resistance is 
ultimately associated with a progressive loss of B-cell fanc- 
tion that is necessary for the development of fasting hyper- 
glycemia. The major defect is a loss of glucose-induced insulin 
release (see Figure 25-13), which is termed selective glucose 
unresponsiveness. Hyperglycemia appears to render the 
B-cells increasingly unresponsive to glucose (called gluco- 
toxicity), and the level of dysfunction correlates with both 
the glucose concentration and duration of hyperglycemia. 
Restoration of euglycemia rapidly resolves the defect. 
Increased free fatty acids in serum have also been implicated 
in B-cell failure.” Other insulin secretory abnormalities in 
type 2 diabetes include disruption of the normal pulsatile 
release of insulin and an increased ratio of plasma proinsulin 
to insulin.'” More recently, evidence obtained from knock- 
out mice reveals that insulin resistance in the B-cells may 
contribute to alterations in insulin secretion as occur in type 
2 diabetes.” 


Insulin Resistance 
Insulin resistance is defined as a decreased biological re- 
sponse to normal concentrations of circulating insulin” and is 
found in both obese, nondiabetic individuals and patients 
with type 2 diabetes, The underlying pathophysiological 
defects(s) has (have) not been identified, but insulin resis- 
tance is usually attributed to a defect in insulin action. 
Measurement of insulin resistance in a routine clinical setting 
is difficult and surrogate measures, namely fasting insulin 
concentration or the euglycemic insulin clamp,* are used to 
provide an indirect assessment of insulin function. There is a 
broad clinical spectrum of insulin resistance, ranging from 
euglycemia (with marked increase in endogenous insulin) to 
hyperglycemia despite large doses of exogenous insulin. 

The insulin resistance syndrome (also known as syn- 
drome X or the metabolic syndrome) is a constellation of 
associated clinical and laboratory findings, consisting of 


insulin resistance, hyperinsulinemia, obesity, dyslipidemia 

(high triglyceride and low HDL cholesterol), and hyperten- 

sion.” The metabolic syndrome is diagnosed if an individ- 

ual has three or more of the following criteria”: 

e Abdominal obesity: waist circumference greater than 35 
inches (women) or 40 inches (men) 

e Triglycerides greater than 150 mg/dL 

e HDL cholesterol less than 50 mg/dL (women) or less than 
40 mg/dL (men) 

° Blood pressure greater than or equal to 130/85 mm Hg 

e Fasting plasma glucose (FPG) greater than or equal to 
110 mg/dL 

Individuals with this syndrome are at increased risk for 

cardiovascular disease. Several rare clinical syndromes are 

also associated with insulin resistance. The prototype is the 

type A insulin resistance syndrome, which is characterized 

by hyperinsulinemia, acanthosis nigricans, and ovarian 

hyperandrogenism. 


Environment 


Environmental factors, such as diet and exercise, are impor- 
tant determinants in the pathogenesis of type 2 diabetes. 
There is convincing evidence linking obesity to the develop- 
ment of type 2 diabetes, but the association is complex. 
Although 60% to 80% of patients with type 2 diabetes are 
obese, diabetes develops in fewer than 15% of obese indi- 
viduals. In contrast, virtually all obese subjects, even those 
with normal carbohydrate tolerance, have hyperinsulinemia 
and are insulin resistant. Other factors, such as family history 
of type 2 diabetes (genetic predisposition), the duration of 
obesity, and the distribution of fat are important. Neverthe- 
less, the rising prevalence of diabetes is believed to be a con- 
sequence of the increase in obesity (defined as a body mass 
index greater than or equal to 30 kg/m’), which was reported 
to be 20.9% in U.S. adults in 2001.’” Evaluation of 84,941 
healthy women after 16 years in the Nurses’ Health Study 
revealed that obesity was the most important predictor of 
type 2 diabetes.” Compared with women with a body mass 
index of less than 23, the relative risks of developing diabetes 
were 38.8 and 20.1 with body mass indexes of greater 
than or equal to 35 and 30 to 34.9, respectively. Importantly, 
intervention can delay or prevent the onset of type 2 dia- 
betes. Two randomized studies documented that life-style 
changes (weight reduction and exercise) in individuals with 
IGT reduced the incidence of type 2 diabetes,’*’” Although 
the weight loss was modest (5% to 7%), the rate of pro- 
gression to type 2 diabetes was reduced by 58% in both 
studies. 

Interestingly, there is an inverse relationship between 
the degree of physical activity and the prevalence of type 
2 diabetes. For every 500-kcal increase in daily energy 
expenditure, there is a 6% decrease in the age-adjusted risk 
of type 2 diabetes. This effect is independent of both body 
weight and a parental history of diabetes. The mechanism 
of the protective effect of exercise is thought to be an 
increased sensitivity to insulin in skeletal muscle and adipose 
tissue. 
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Diabetogenes 
k is widely acknowledged that genetic factors contribute 
to the development of type 2 diabetes." For example, the 
concordance rate for type 2 diabetes in identical twins 
approaches 100%. Type 2 diabetes is 10 times more likely to 
occur in an obese person with a diabetic parent than an 
equally obese person without a diabetic family history. 
However, the mode of inheritance is unknown, and type 2 
diabetes has been described as a “geneticist’s nightmare.” 
Many less common diseases (e.g., cystic fibrosis or Duchenne 
muscular dystrophy) are caused by mutations at a single 
locus. More common diseases, such as diabetes mellitus, 
schizophrenia, atherosclerosis, hypertension, and osteoporo- 
sis, are not inherited according to simple mendelian rules. 
These conditions are genetically more complex, and multi- 
ple genetic factors interact with exogenous influences (such 
as environmental factors) to produce the phenotype. 
Multiple factors complicate the search for diabetogenes in 
type 2 diabetes.” A variety of approaches have produced 
several genes that are associated with type 2 diabetes. 
However, despite considerable investigative effort to identify 
the genetic basis of type 2 diabetes mellitus (more than 60 
candidate genes have been examined), genetic defects identi- 
fied to date account for fewer than 5% of patients with type 2 
diabetes. Therefore the gene or genes causing the common 
forms of type 2 diabetes remain unknown. The known genes 
can be conveniently separated into those involved in insulin 
secretion, those participating in insulin action, and those 
regulating body weight. 


Candidate Insulin Secretion Genes 


These include genes that are expressed in B-cells, such as 
amylin, glucagon-like peptide-1 receptor, glucokinase regu- 
latory protein, and islet-1 protein. The greatest success in the 
search for diabetogenes has been in maturity-onset diabetes 
of the young (MODY), a rare group of disorders character- 
ized by nonketotic diabetes.” The clinical spectrum of 
MODY is broad, ranging from asymptomatic hyperglycemia 
to an acute presentation. There are several different types of 
MODY, which result from mutations in the genes that 
encode glucokinase (an enzyme that phosphorylates glucose 
in the B-cell) or several transcription factors. These can be 
diagnosed by molecular diagnostic testing. Although MODY 
is not a form of type 2 diabetes, the interest in the genetics 
of MODY is in the hope that insight will be obtained into 
type 2 diabetes. 


Candidate Insulin-Resistance Genes 


Numerous mutations of the insulin receptor have been iden- 
tified.” Many patients with these defects have extreme 
insulin resistance, but these mutations are exceptionally rare 
and are usually found in only one patient or a single family. 
Mutations of substrates for the insulin receptor that cause 
diabetes are not known, Few mutations have been described 
in other potential candidate genes, including those coding 
for GLUT4 and glycogen synthase. The sequencing of the 


human genome has enabled whole-genome screens to iden- 
tify chromosomal regions linked with type 2 diabetes in fam- 
ilies.’ Genetic variation in the gene encoding calpain-10 
appears to increase diabetes susceptibility in selected 
populations. 


Candidate Body Weight Gene 


A gene that is expressed only in adipose tissue (ob) has been 
cloned and its protein product, leptin, has been proposed to 
bea vital signaling factor regulating body weight homeostasis 
and energy balance.'* Leptin is synthesized in adipose tissue 
and binds to specific receptors in the hypothalamus, regulat- 
ing appetite and energy intake.”’” Plasma leptin concen- 
trations are increased in diabetic mice, and both food 
ingestion and insulin administration increase leptin mRNA 
in fasted rats. This latter finding suggests that insulin may be 
an important mediator of the effects of food intake on ob 
expression, thus providing a possible genetic link between 
obesity and type 2 diabetes. The mouse diabetes (db) gene 
and rat fatty (fa) gene, both of which have a diabetes pheno- 
type, have been shown to be identical to the ob gene. 
However, caution should be exercised in interpreting these 
findings, because extrapolation from animal studies to 
human disease is often not straightforward and obesity, like 
diabetes mellitus, is unlikely to have a monogenic basis. 
Although certain strains of genetically obese mice have leptin 
deficiency and lose weight when leptin is replaced, most 
obese humans have increased leptin concentrations,!” 


Other Factors 

Amylin (also called islet amyloid polypeptide [IAPP]) is a 
37-amino-acid peptide, which is stored in the B-cells of the 
pancreas and is co-secreted with insulin in response to food 
ingestion.”°’” It is the major component of the amyloid 
deposits in the pancreatic islets in more than 90% of patients 
with type 2 diabetes. Whether amylin deposition con- 
tributes to the pathogenesis or is a consequence of type 2 
diabetes remains contentious. In addition, the biological 
effects of amylin are not clearly defined and are controver- 
sial. Intravenous infusions of amylin are reported to increase 
blood lactate and glucose concentrations, decrease glucose 
uptake, and produce insulin resistance.“ However, other 
investigators failed to observe an acute effect of amylin on 
blood glucose concentrations.” In most studies, the meta- 
bolic sequelae of amylin occur at supraphysiological 
concentrations, suggesting that the effects are pharmaco- 
logical.” Excess amylin is believed by some to contribute to 
insulin resistance and glucose intolerance in type 2 diabetes, 
but these patients exhibit variable plasma amylin concentra- 
tions. Amylin appears to help regulate glucose metabolism 
by delaying gastric emptying and suppressing glucagon pro- 
duction. Amylin deficiency may occur in insulinopenic type 
2 patients and patients with type 1 diabetes. Several trials of 
amylin analogues, such as pramlintide, are being conducted. 
At the present time, there is no clinical value in measuring 


amylin.”” 
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Diabetes Mellitus 


Any one of the following is diagnostic:* 

1. Classic symptoms of diabetes and casual’ plasma glucose 
concentration 2200 mg/dL (11.1 mmol/L) 

2. Fasting? plasma glucose 2126 mg/dL (7 mmol/L) 

3, 2-hour postload plasma glucose concentration 2200 mg/dL 
during the OGTT (11.1 mmol/L) 


Impaired Fasting Glucose 
Fasting plasma glucose between 110 and 125mg/dL (6.1 and 
7.0 mmol/L) 


Impaired Glucose Tolerance 

Two criteria must be met: 

1. Fasting plasma glucose <126 mg/dL (7 mmol/L) 

2, 2-hour OGTT plasma glucose concentration is between 140 
and 199mg/dL (7.8 and 11.1 mmol/L) 


From the American Diabetes Association. Report of the expert committee 
on the diagnosis and classification of diabetes mellitus. Diabetes Care 
1997; 20:1183-1201. 

OGTT, Oral glucose tolerance test. 

*If positive, confirm by repeat testing on a subsequent day. 

Regardless of the time of the preceding meal. 

No caloric intake for at least 8hr. 

‘In 2003, the ADA recommended a lower limit for the IFG interval of 
100 mg/dL (5.6mmol/L). 

Note: Whoie-blood glucose concentrations are approximately 10% to 12% 
lower than plasma concentrations. 


New strategies to elucidate the pathogenesis of diabetes 
have been adopted recently. The expression of integral com- 
ponents of insulin signaling or secretion has been manip- 
ulated in transgenic or knockout mice. These approaches 
have begun to yield some insight.” In addition, DNA 
microarray technology has been applied to identify differ- 
ences in gene expression patterns in selected tissues between 
normal, obese, and diabetic mice." Similar endeavors are 
being adopted to discover new proteins as substrates with 
therapeutic potential. These techniques may identify novel 
analytes for diagnosis and targets for the development of 
new therapeutic agents. 


DIAGNOSIS 


The diagnosis of diabetes mellitus depends solely on the 
demonstration of hyperglycemia (Box 25-3). For type 1 dia- 
betes, the diagnosis is usually easy because hyperglycemia 
appears abruptly, is severe, and is accompanied by serious 
metabolic derangements. Diagnosis of type 2 diabetes may 
be difficult because the hyperglycemia is often not severe 
enough for the patient to notice symptoms of diabetes. Nev- 
ertheless, the risk of complications makes it important to 
identify people with the disease. 

The diagnostic criteria previously recommended were (1) 
classic symptoms of diabetes with unequivocal increase of 


plasma glucose, (2) FPG greater than or equal to 140 mg/dL 
on more than one occasion, or (3) a 2-hour and one other 
postload glucose concentration greater than or equal to 
200mg/dL during an OGTT.” These criteria were widely 
adopted but are imperfect. The OGTT is more sensitive than 
fasting glucose early in the course of type 2 diabetes, result- 
ing in a lack of equivalence between the fasting and 2-hour 
glucose values. Virtually all persons with an FPG concentra- 
tion greater than or equal to 140mg/dL have a 2-hour 
glucose greater than or equal to 200 mg/dL in an OGTT. In 
contrast, in persons without previously identified diabetes, a 
fasting glucose greater than or equal to 140 mg/dL is present 
in only 25% of those who have a 2-hour glucose greater than 
or equal to 200 mg/dL. To address these and other discrep- 
ancies, the diagnostic criteria were revised in 1997 (see Box 
25-3). The major modification is that the diagnostic 
threshold for fasting glucose has been lowered from 140 to 
126 mg/dL (7 mmol/L) to better identify individuals at risk 
of retinopathy and nephropathy. The lower cutoff should 
result in earlier diagnosis of diabetes, with consequent earlier 
therapeutic intervention.” 


Fasting Plasma Glucose Concentrations 


FPG concentrations exceeding 126 mg/dL (7 mmol/L) on more 
than one occasion are diagnostic of diabetes mellitus (see Box 
25-3). The diagnosis of most cases of diabetes mellitus can 
be established with this criterion. However, some investiga- 
tors believe that hyperglycemia may be a relatively late devel- 
opment in the course of type 2 diabetes, delaying the 
diagnosis and underestimating the prevalence of diabetes 
mellitus in the population.”! Complications of diabetes, 
such as retinopathy, proteinuria, and neuromuscular disease, 
are present in approximately 30% of patients at clinical 
diagnosis of type 2 diabetes, and the onset of type 2 diabetes 
probably occurs at least 4 to 7 years before clinical diagnosis. 
Screening of high-risk individuals for diabetes is now rec- 
ommended.”'” Fasting glucose should be measured in all 
asymptomatic people at age 45 (or younger in subjects 
at increased risk), with follow-up testing every 3 years 
(see discussion later in this chapter). However, there is no 
published evidence that treatment based on screening is 
efficacious. 


Oral Glucose Tolerance Test 


Serial measurement of plasma glucose before and after a spe- 
cific amount of glucose given orally should provide a stan- 
dard method to evaluate individuals and establish values for 
healthy and diseased subjects. Although more sensitive than 
EPG determinations, glucose tolerance testing is affected by 
a large number of factors that result in poor reproducibility 
(Box 25-4).‘ Moreover, approximately 20% of OGTTs fall 
into the nondiagnostic category (¢.g., only one blood sample 
exhibits increased glucose concentration). Unless results are 
grossly abnormal initially, the OGTT should be performed on 
two separate occasions before the results are considered 
abnormal. 
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Patient Preparation 
Duration of fast 


Prior carbohydrate intake 

Medications (e.g. thiazides, oral contraceptives, and 
corticosteroids) 

Trauma 

Intercurrent illness 

Age 

Activity 

Weight 


Administration of Glucose 

Form of glucose (anhydrous or monohydrate) 
Quantity of glucose ingested 

Volume in which administered 

Rate of ingestion 


During the Test 
Posture 

Anxiety 
Caffeine 
Smoking 
Activity 

Time of day 


The following conditions should be met for performing 
an OGTT: discontinue, when possible, medications known 
to affect glucose tolerance; perform in the morning after 3 
days of unrestricted diet (containing at least 150 ¢ of carbo- 
hydrate per day} and activity; and perform the test after a 
10- to 16-hour fast only in ambulatory subjects (bed rest 
impairs glucose tolerance), who should remain seated during 
the test without smoking cigarettes. Glucose tolerance 
testing should not be performed on hospital, acutely ill, or 
inactive patients. The test should begin between 7 am and 9 
AM, Plasma glucose should be measured fasting, then every 
30 minutes for 2 hours after an oral glucose load. For non- 
pregnant adults, the recommended load is 75g, which may 
not be a maximum stimulus”; for children, 1.75 g/kg, up to 
a 75-g maximum is given. The glucose should be dissolved 
in 300mL of water, and ingested over 5 minutes. A com- 
mercial, more palatable form of glucose may be ingested, but 
whether the anhydrous or monohydrate form of glucose 
should be used is still in question.” 

An OGTT is rarely necessary for the diagnosis of diabetes 
mellitus and is not recommended by the ADA for routine 
clinical use. It continues to be recommended in a limited 
fashion by the WHO™" and its use remains contentious. The 
sensitivity of FPG concentrations is lower than the OGTT 
for diagnosing diabetes, and some authors claim that the 
OGTT better identifies patients at risk for developing com- 
plications of diabetes. An FPG value less than 100mg/dL or 


a random glucose concentration less than 140 mg/dL is suf- 
ficient to rule out the diagnosis of diabetes mellitus. An 
OGTT is indicated in the following situations: 

1. Diagnosis of GDM (discussed later). 

2. Diagnosis of IGT. This remains controversial. Individ- 
uals with IGT have increased risk of cardiovascular 
disease, but many of them do not have IFG by ADA 
criteria.” 

3, Evaluation of a patient with unexplained nephropathy, 
neuropathy, or retinopathy, with random glucose con- 
centration less than 140mg/dL. Abnormal results in 
this setting do not necessarily denote a cause-and- 
effect relationship, and other diseases must be ruled 
out. : 

4, Population studies for epidemiological data. 


Intravenous Glucose Tolerance Test 

Poor absorption of orally administered glucose may result in 
a “flat” tolerance curve. Some patients are unable to tolerate 
a large oral carbohydrate load or may have altered gastric 
physiology (e.g., after gastric resection). In these patients, an 
intravenous glucose tolerance test may be performed to 
eliminate factors related to the rate of glucose absorption. In 
addition, measurement of the first-phase insulin response 
can identify the subgroup of individuals with increased con- 
centrations of multiple autoantibodies who are at greatest 
risk of progression to type 1 diabetes.” 

Preparation of patients is the same as for the OGTT. The 
dose of glucose is 0.5 g/kg of body weight (maximum 35g), 
given as a 25-g/dL solution. The dose is administered intra- 
venously over 3 minutes + 15 seconds, and blood is collected 
every 10 minutes after the midinjection time for 1 hour. A 
single forearm vein cannula may be used for infusion and 
sampling, but it should be flushed with saline after the 
glucose is infused and dead space should be cleared with 
several volumes of blood before each sample is drawn. If 
insulin assays are performed, a specimen is also obtained 5 
minutes after the start of the injection. Blood glucose con- 
centrations decrease in an exponential manner, and the rate 
of glucose disappearance can be calculated from the formula 
K = 70/t where tın is the number of minutes required for 
the blood glucose value to decrease to one half of the 10- 
minute value, and K is the rate of disappearance of blood 
glucose, expressed as percent per minute, The glucose values 
are plotted on the log scale of semilog paper versus time on 
the abscissa. The best-fitting straight line is drawn through 
the points, and the time (in minutes) for the glucose 
concentration to decrease 50% (tıp) is read. In healthy 
individuals, K usually exceeds 1.5%; values less than 1.0% 
are considered diagnostic of diabetes. A poor correlation is 
found between the results of intravenous and oral glucose 
tolerance tests.° Like oral glucose tolerance, intravenous 
glucose tolerance deteriorates with age. 

In the formula K = 70/t,,, the value of 70 is derived from 
the logarithmic nature of the decrease in glucose concentra- 
tion with time. The concentration of glucose at 10 minutes 
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will be twice that of the value obtained from the plot ty. 
Using natural logarithms, the rate of decrease in glucose con- 
centration, expressed as percent per minute (K), is given by 


K= 1000n 2 — In D/ ty = 69.3/ ty/2 = 70/ ti/o 


The main indication for the intravenous glucose tolerance 
test is in clinical research to evaluate the first-phase insulin 
response to glucose (see Figure 25-13). The test is per- 
formed as described earlier, but samples are drawn as follows: 

Two baseline samples 5 minutes apart (the latter imme- 
diately before infusion) and samples 1, 3; 5, and 10 minutes 
after the end of the glucose infusion. The first-phase insulin 
release is usually measured by the sum of the insulin con- 
centrations 1 and 3 minutes after the glucose bolus. Alter- 
natively, the 0- to 10-minute incremental insulin area may 
be used. Like the OGTT, the intravenous glucose tolerance 
test has poor reproducibility. 


GESTATIONAL DIABETES MELLITUS 


Normal pregnancy is associated with increased insulin resis- 
tance, especially in the late second and third trimesters. 
Euglycemia is maintained by increased insulin secretion, 
with GDM developing in those women who fail to augment 
insulin sufficiently. Risk factors for GDM include a family 
history of diabetes in a first-degree relative, obesity, 
advanced maternal age, glycosuria, and selected adverse out- 
comes in a previous pregnancy (e.g. stillbirth or macroso- 
mia). The recommendations for screening and diagnosis 
were formulated in 1984 at the Second International 
Workshop-Conference on Gestational Diabetes Mellitus” 
and refined at the Third and Fourth International 
Workshop-Conferences in 1990 and 1998,'" respectively. 
Based on the last workshop-conference, the ADA modified 
their recommendations for laboratory diagnosis of GDM by 
adopting 5% to 10% lower glucose values.’ Their guidelines 
are as follows: 
1. Low-risk patients require no testing. Low-risk status is 

limited to women meeting all of the following: 

e Age less than 25 years 

e Weight normal before pregnancy 

e Member of an ethnic group with a low prevalence of 

GDM 

e No known diabetes in first-degree relatives 

e No history of abnormal glucose tolerance 

e No history of poor obstetric outcome 
2. Average-risk patients (all patients who fall between low 

and high risk) should be tested at 24 to 28 weeks of ges- 

tation (see below for testing strategy). 
3. High-risk patients should undergo immediate testing. 

They are defined as having any of the following: 

e Marked obesity 

e Personal history of GDM 

e Glycosuria 

e Strong family history of diabetes 

The first step in laboratory testing is identical to that for 
diagnosing diabetes in a nonpregnant individual (i.e. an 


TABLE 25-3: Screening and Diagnosis of Gestational 
Diabetes. Mellitus 
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a 


100-2 load 
- 95me/dL 
180 me/dL. : 
155 mg/dL -155 mg/dL 
140 mg/dL. ae 


ts: are e normal ina clinically suspect situation, 
at during the third trimester. a 


‘Some experts recommend a cutoff of 130 mg/dL. 


FPG greater than or equal to 126mg/dL (7mmol/L) or 

casual plasma glucose greater than or equal to 200mg/dL 

(11.1 mmol/L) (see Box 25-3). However, in the absence of 

that degree of hyperglycemia, average- and high-risk patients 

receive a glucose challenge test following one of two methods 

(Table 25-3): 

1. One step: Perform either a 100-g or 75-g OGTT. This one- 
step approach may be cost-effective in high-risk patients 
or populations (e.g., some Native-American groups). 

The 100-g OGTT is the most commonly used standard 

test supported by outcome data. 

Alternatively, a 75-g OGTT can be performed, but it is 

not as well validated as the 100-g test, and cutoffs are 

arbitrary. In the 75-g test, diagnostic criteria for plasma 

glucose concentrations are the same as for the 100-g 

test, except that there is no 3-hour measurement 

(Table 25-3). 

2. Two step (Table 25-3): The first step is a 50-g oral glucose 
load (the patient does not need to be fasting), followed 
by a plasma glucose determination at 1 hour. A plasma 
glucose value greater than or equal to 140mg/dL 
(7.7 mmol/L) indicates the necessity for definitive testing. 
Approximately 15% of patients have a 1-hour venous 
plasma glucose concentration of 140 mg/dL (7.7 mmol/L) 
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or greater and require a full diagnostic glucose tolerance 
test. That subgroup includes ~80% of all women with 
GDM. Some experts have recommended a value of 
greater than or equal to 130mg/dL. This cutoff will 
increase the sensitivity for GDM to greater than 90%, but 
will include ~25% of all pregnant women. The second 
and definitive test is one of the two OGTTs described 
above. 

The criteria for diagnosis are different from those for 
nonpregnant patients (see Table 25-3). There remains a 
lack of consensus regarding the use of the 100-g versus 
75-g OGTT for the definitive diagnosis of GDM. Although 
the 75-g OGTT appears practical and acceptable, there are 
more data with the 100-g OGTT. Moreover, appropriate 
diagnostic thresholds remain in dispute.’®” 

Although usually asymptomatic and not life threatening 
to the mother, GDM is associated with an increased inci- 
dence of neonatal mortality and morbidity, including 
hypocalcemia, hypoglycemia, and macrosomia. "S The 
maternal hyperglycemia causes the fetus to secrete more 
insulin, resulting in stimulation of fetal growth and macro- 
somia. Recognition is important because therapy can 
reduce the perinatal morbidity and mortality.”' Maternal 
complications include a high rate of cesarean delivery and 
hypertension. In addition, mothers with GDM are at a 
significantly increased risk of subsequent diabetes, predom- 
inantly type 2. The cumulative incidence of type 2 diabetes 
varies among populations, ranging from ~40% to 70%.” It 
rises markedly in the first 5 years and reaches a plateau after 
10 years. 

Distinct from GDM is pregnancy in a patient with pre- 
existing diabetes (~19,000 per annum in the United States), 
This is associated with an increased incidence of congenital 
malformations, but meticulous glycemic control during the 
first 8 weeks of pregnancy can significantly decrease the risk 
of congenital malformations.” Tight control results in an 
increased incidence of maternal hypoglycemia, which is ter- 
atogenic in animals but does not cause malformations in 
humans.” 

Women with GDM should be evaluated at the first 
postpartum visit (at least 6 weeks after delivery) for diabetes 
by standard criteria (see Box 25-3). If glucose values are 
normal, glycemia should be reassessed at least every 3 
years. 


CHRONIC COMPLICATIONS OF DIABETES MELLITUS 
Pathogenesis 


Patients with both type 1 and type 2 diabetes are at high risk 
for the development of chronic complications.” Diabetes- 
specific microvascular pathology in the retina, renal 
glomerulus, and peripheral nerve produces retinopathy, 
nephropathy, and neuropathy. As a result of these microvas- 
cular complications, diabetes is the most frequent cause of 
new cases of blindness in the industrialized world in persons 
between 25 and 74 years and the leading cause of end-stage 
renal disease.” Diabetes is also associated with a marked 
increase in atherosclerotic macrovascular disease involving 


cardiac, cerebral, and peripheral large vessels. The conse- 
quence is that patients with diabetes have a high rate of 
myocardial infarction (the major cause of mortality in dia- 
betes), stroke, and limb amputation. Prospective clinical 
studies document a strong relationship between hyper- 
glycemia and the development of microvascular complica- 
tions.” Both hyperglycemia and insulin resistance appear 
to be important in the pathogenesis of macrovascular 
complications." 

Progress has been made in our understanding of the mo- 
lecular mechanisms underlying the derangements produced 
by hyperglycemia.’ Four main hypotheses have been pro- 
posed to explain how hyperglycemia causes the neural and 
vascular pathology. These are: increased aldose reductase (or 
polyol pathway) flux; enhanced formation of advanced gly- 
cation end products (AGE); activation of protein kinase C; 
and increased hexosamine pathway flux. Inhibitors of each 
of these have been shown to ameliorate diabetes-induced 
abnormalities in cell culture and animal models.” The over- 
production of superoxide by the mitochondrial electron 
transport chain integrates these four apparently disparate 
mechanisms, Clinical trials are underway using novel thera- 
pies specifically directed at the signaling molecules (such as 
protein kinase C) or employing antioxidants to neutralize 
the effects of the oxidants. 


Effect of Intensive Therapy 

Type 1 Diabetes 

Although it had been theorized for many years that better 
glycemic control would decrease rates of long-term compli- 
cations of diabetes mellitus, it was not until the publication 
of the Diabetes Control and Complications Trial (DCCT) in 
1993” that this hypothesis was verified. The DCCT was a 
multicenter, randomized trial that compared the effects of 
intensive and conventional insulin therapy on the develop- 
ment and progression of complications in 1441 patients with 
type 1 diabetes. During the study period, which averaged 6.5 
years, intensively managed patients maintained significantly 
lower mean blood glucose concentrations. Compared with 
conventional therapy, intensive therapy reduced the risk of 
retinopathy, nephropathy, and neuropathy by 40% to 75%,” 
Intensive therapy delayed the onset and slowed the progres- 
sion of these three complications, regardless of age, gender, 
or duration of diabetes. The absolute risks of retinopathy 
and nephropathy were proportional to the mean glycated 
hemoglobin (GHb) (discussed later in the chapter), 
Although intensive therapy also reduced the development of 
hypercholesterolemia, major cardiovascular and peripheral 
vascular disease were not significantly decreased. This land- 
mark study has had a significant impact on therapeutic goals 
and comprehension of the pathogenesis of complications of 
diabetes. 

At the conclusion of the DCCT, 95% of the participants 
enrolled in the long-term follow-up study, termed the Epi- 
demiology of Diabetes Interventions and Complications 
(EDIC). Five years after the end of the DCCT, there was no 
difference in metabolic control (assessed by GHb measure- 
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ments) between the former conventional and intensively 
treated groups. Nevertheless, the further progression of 
retinopathy was ~70% lower in the former intensive group, 
demonstrating that the beneficial effects of intensive treat- 
ment persisted for at least several years beyond the period of 
strictest intervention.” 


Type 2 Diabetes 

The role of hyperglycemia in the development of complica- 
tions in individuals with type 2 diabetes was established 
in the United Kingdom Prospective Diabetes Study 
(UKPDS). The UKPDS was a major randomized, multi- 
center clinical study that included 5102 patients with newly 
diagnosed type 2 diabetes who were followed for an average 
of 10 years. Analogous to the findings of the DCCT, the 
UKPDS demonstrated in patients with type 2 diabetes 
that intensive treatment diminishes by ~10% to 40% the 
development of microvascular complications.” Although 
intensive treatment decreased the rate of occurrence of 
macrovascular complications, the reduction was not statisti- 
cally significant. An important caveat of both the DCCT and 
UKPDS was that intensive therapy produced a threefold 
increase in the incidence of severe hypoglycemia.” 


TABLE 25-4 Role of the Laboratory in Diabetes Mellitus 


sclinical (Screening) 


mmunological markers 
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Glucose ; 
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ROLE OF THE CLINICAL LABORATORY IN 
DIABETES MELLITUS 


The clinical laboratory has a vital role in both the diagnosis 
and management of diabetes mellitus. Some of the impor- 
tant parameters assayed are outlined in Table 25-4. In 2002 
the National Academy of Clinical Biochemistry (referred to 
as the NACB) published evidence-based guidelines for lab- 
oratory analysis in diabetes mellitus.” The guidelines were 
reviewed by the Professional Practice Committee of the ADA 
and were consistent in those areas where the ADA also pub- 
lished recommendations. Specific recommendations for lab- 
oratory testing based on published data or derived from 
expert consensus are presented.” A brief overview is pre- 
sented here. 


Diagnosis 
Preclinical (Screening) 

Type | Diabetes. Evidence from animal studies suggests 
that immune intervention therapy before the appearance of 
clinical symptoms can delay or prevent type 1 diabetes. 
Several large clinical trials are underway to assess a variety 
of therapeutic strategies designed to delay or prevent the 
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> Evaluation of complications (e.g., creatinine, cholesterol, 


and triglycerides) 


; ~~ Byaluation of pancreas transplant (C-peptide, insulin) 
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onset of type 1 diabetes." The Diabetes Prevention Trial- 
Type 1 (DPT-1) screened 84,228 relatives of patients with 
diabetes for islet cell antibodies.” Half of the 339 individu- 
als deemed to be at high (greater than 50%) risk for disease 
were randomly assigned to low-dose insulin therapy. Unfor- 
tunately, insulin injections failed to delay the development 
of type 1 diabetes.” Results of the oral arm of the trial have 
not been reported yet. Despite the negative results, the ADA 
encourages screening of first-degree relatives of patients 
with type 1 diabetes by measuring immune-related markers 
(autoantibodies), provided that individuals who have posi- 
tive screening results are referred to defined research 
studies,’ several of which are underway.’ Until effective 
intervention therapy becomes available and cost-effective 
screening strategies are developed for young children, 
screening for antibodies is not recommended.’ Some 
experts have proposed that testing for islet cell autoanti- 
bodies may be useful in the following situations: (1) to iden- 
tify a subset of adults initially thought to have type 2 diabetes 
but who have islet cell autoantibody markers of type 1 dia- 
betes and progress to insulin dependency; (2) to screen non- 
diabetic family members who wish to donate a kidney or 
part of their pancreas for transplantation; (3) to screen 
women with GDM to identify those at high risk of progres- 
sion to type 1 diabetes; and (4) to distinguish type 1 from 
type 2 diabetes in children to institute insulin therapy at the 
time of diagnosis." There is wide variability in clinical prac- 
tice regarding the use of islet-cell autoantibodies. Propo- 
nents argue that the results of autoantibody assays are 
clinically useful, whereas others point to a lack of evidence. 
Although some clinicians, particularly those whe treat pedi- 
atric patients, use autoantibody assays, clinical studies are 
necessary to provide outcome data to validate the clinical use 
of autoantibody assays, 

Screening by determining HLA type is not currently war- 
ranted, except in research studies." A decrease in glucose- 
stimulated insulin secretion is the first functional 
abnormality in both type 1 and type 2 diabetes, Neverthe- 
less, tests of insulin secretion are not currently recom- 
mended for routine clinical use. 

Type 2 Diabetes. Screening of asymptomatic individu- 
als for type 2 diabetes has been the subject of much con- 
troversy.""” The ADA, which previously did not support 
screening, now advocates screening in all asymptomatic 
individuals over the age of 45 years.'**° Screening should be 
performed, particularly in overweight individuals, by FPG in 
a healthcare setting. If results are less than 110mg/dL 
(6.1 mmol/L}, testing should be repeated at 3-year inter- 
vals.” Testing may be considered at a younger age or be 
carried out more frequently in individuals at increased risk 
of diabetes (e.g., family history or a member of certain ethnic 
groups). The rising incidence of type 2 diabetes in adoles- 
cents has led to the recommendation for screening over- 
weight youths with any two of the following risk factors: (1) 
they have a family history of type 2 diabetes in first- and 
second-degree relatives; (2) they belong to a certain race 


and/or ethnic group; or (3) they have signs of insulin resis- 
tance.'*”"! Testing should be done every 2 years starting at 10 
years of age. Rationales for screening are that at least 33% of 
individuals with type 2 diabetes are undiagnosed, complica- 
tions are often present by the time of diagnosis, and treat- 
ment delays the onset of complications. Notwithstanding 
these recommendations, there is no evidence that treatment 
based on screening has value. 


Clinical 

The laboratory diagnosis of diabetes is made exclusively 
by the demonstration of hyperglycemia. Other assays, such 
as the OGTT, contribute to the classification and characteri- 
zation. Although other tests (e.g, C-peptide and insulin 
analysis) have been proposed to assist in the diagnosis and 
classification of the disease, these do not at present have a 
role outside of research studies.” 


Management 
Acute 


In diabetic ketoacidosis, hyperosmolar nonketotic coma, and 
hypoglycemia, the clinical laboratory has an essential role in 
both diagnosis and monitoring of therapy. Several analytes 
are frequently measured to guide clinicians in treatment reg- 
imens to restore euglycemia and correct other metabolic dis- 
turbances. The metabolic abnormalities of these conditions 
are beyond the scope of this book, and interested readers are 
referred to a standard textbook of medicine. The NACB 
guidelines also provide information on the tests that are 
used. 


Chronic 

The DCCT” and UKPDS” studies documented a correla- 
tion between blood glucose concentrations and the develop- 
ment of long-term complications of diabetes. Measurement 
of glucose and glycated proteins provides an index of short- 
and long-term glycemic control, respectively (see section on 
glycated proteins later in the chapter). The detection and 
monitoring of complications are achieved by assaying urea, 
creatinine, urinary albumin excretion, and serum lipids. The 
success of newer therapies, such as islet cell or pancreas 
transplantation, can be monitored by measuring serum 
C-peptide or insulin concentrations. 


Hypoglycemia is a blood glucose concentration below the 
fasting value, but it is difficult to define a specific limit.” The 
most widely suggested cutoff is 50 mg/dL, but some authors 
suggest 60 mg/dL.“ A transient decline may occur 1.5 to 2 
hours after a meal, and it is not uncommon for a plasma 
glucose concentration as low as 40 mg/dL to be observed 
2 hours after ingestion of an oral glucose load. Similarly, 
extremely low fasting blood glucose values may occasionally 
be noted without symptoms or evidence of underlying 
disease. 
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Symptoms of hypoglycemia vary among individuals and 
none is specific. Epinephrine produces the classic signs and 
symptoms of hypoglycemia, namely trembling, sweating, 
nausea, rapid pulse, lightheadedness, hunger, and epigastric 
discomfort. These autonomic (neurogenic) symptoms are 
nonspecific and may also be noted in other conditions, such 
as hyperthyroidism, pheochromocytoma, or even anxiety. 
Although controversial, it has been proposed that a rapid 
decrease in blood glucose may trigger the symptoms even 
though the blood glucose itself may not reach hypoglycemic 
values, whereas gradual onset of hypoglycemia may not 
produce symptoms.” 

The brain cannot store or produce glucose and in resting 
adults the central nervous system (CNS) consumes approx- 
imately 50% of the glucose used by the body.’ Very low con- 
centrations of plasma glucose (less than 20 or 30mg/dL) 
cause severe CNS dysfunction. During prolonged fasting or 
hypoglycemia, ketones may be used as an energy source. The 
broad spectrum of symptoms and signs of CNS dysfunction 
ranges from headache, confusion, blurred vision, and dizzi- 
ness to seizures, loss of consciousness, and even death; these 
symptoms are known as neuroglycopenia. Restoration of 
plasma glucose usually produces a prompt recovery, but 
irreversible damage may occur. 

The age of onset of hypoglycemia is a convenient way to 
classify the disorder (Box 25-5), but it should be borne in 
mind that some overlap occurs among the various groups. 
For example, some glycogen storage disorders may present 
in the third decade of life, and hormone deficiencies occur 
in childhood. 


HYPOGLYCEMIA IN NEONATES AND INFANTS 


Neonatal blood glucose concentrations are much lower than 
adult (mean ~35meg/dL) and decline shortly after birth 
when liver glycogen stores are depleted. Glucose concentra- 
tions as low as 30 mg/dL in a term infant and 20 mg/dL in a 
premature infant may occur without clinical evidence of 
hypoglycemia. The more common causes of hypoglycemia in 
the neonatal period include prematurity, maternal diabetes, 
GDM, and maternal eclampsia (see Box 25-5; for review, see 
Haymond).'” These are usually transient. Hypoglycemia 
with onset in early infancy is usually less transitory and may 
be due to inborn errors of metabolism or ketotic hypo- 
glycemia, and usually develops after fasting or a febrile illness. 


FASTING HYPOGLYCEMIA IN ADULTS 


Hypoglycemia may result from a decreased rate of hepatic 
glucose production or an increased rate of glucose use. 
Symptoms suggestive of hypoglycemia are fairly common, 
but hypoglycemic disorders are rare. However, true hypo- 
glycemia usually indicates serious underlying disease and 
may be life threatening. A precise threshold for establishing 
hypoglycemia is not always possible, and values as low as 
30mg/dL may be encountered in healthy premenopausal 
women after a 72-hour fast.” Symptoms usually begin at 
plasma glucose concentrations below 55 mg/dL, and impair- 


Neonates 


Small for gestational age-prematurity 
Respiratory distress syndrome 
Maternal diabetes mellitus 

Toxemia of pregnancy 

Other (e.g., cold stress, polycythemia) 


Infants - 

Ketotic hypoglycemia 
Congenital enzyme defects 
Glycogen storage disease ` 
Deficiency of gluconeogenic enzymes 
Galactosemia 

Hereditary fructose intolerance 
Leucine hypersensitivity 
Endogenous hyperinsulinism 
Reye’s syndrome 

Idiopathic 


Adults 

Medications (insulin, oral hypoglycemic agents) 
Toxins (alcohol, hypoglycins) 

Severe hepatic dysfunction 

Deficiency of hormones (e.g., glucocorticoids, growth hormone) 
Insulin-producing pancreatic tumors (insulinoma) 
Insulin antibodies 

Nonpancreatic neoplasms 

Septicemia 

Chronic renal failure 

Reactive 


ment of cerebral function begins when glucose is less than 
50 mg/dL. 

The classic diagnostic test is the 72-hour fast, which should 
be conducted in a hospital.” During the fast, the patient 
should be allowed a liberal intake of calorie-free and caf- 
feine-free fluids. All nonessential medications should be dis- 
continued and patients should be active when awake. 
Samples should be drawn for analysis of plasma glucose, 
insulin, C-peptide, and proinsulin every 6 hours. When 
plasma glucose concentration is less than or equal to 
60 mg/dL, analysis should be performed every 1 to 2 hours. 
The fast should be concluded when plasma glucose con- 
centration falls to less than or equal to 45mg/dL and the 
patient exhibits signs or symptoms of hypoglycemia. If this 
does not occur, the fast should be terminated after 72 hours. 
At the conclusion of the fast, draw blood for glucose, insulin, 
C-peptide, proinsulin, B-hydroxybutyrate, and sulfonylurea 
analysis. Then inject 1mg of glucagon intravenously and 
measure plasma glucose concentration at 10, 20, and 30 
minutes. This concludes the protocol and the patient can be 
fed, When a deficiency is suspected, plasma cortisol, growth 
hormone, or glucagon should be measured at the beginning 
and end of the fast. A gender difference is observed in plasma 
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glucose concentrations during prolonged fasting, with 
women exhibiting significantly lower concentrations than 
men. Low plasma glucose alone is not sufficient to establish 
the diagnosis, and the absence of signs or symptoms of 
hypoglycemia during the fast excludes the diagnosis of a 
hypoglycemic disorder. 

More than 100 causes of hypoglycemia have been 
reported. Some of the more common conditions to be con- 
sidered are listed in Box 25-5. Drugs are the most prevalent 
cause," and a wide variety, including propranolol, salicy- 
lates, and disopyramide, can produce hypoglycemia. Oral 
hypoglycemic agents, which have a long half-life (35 hours 
for chlorpropamide), are the most frequent cause of drug- 
induced. hypoglycemia. Sulfonylureas stimulate secretion of 
insulin, proinsulin, and C-peptide, and may mimic an insuli- 
noma, Differentiation is made by demonstrating the drug in 
blood or urine. Surreptitious administration of insulin can 
be detected by finding low C-peptide concentrations with 
increased insulin concentrations. 

Ethanol produces hypoglycemia by inhibiting gluconeo- 
genesis, and this is aggravated by malnutrition (low gly- 
cogen stores) in patients with chronic alcoholism. The 
decreased glucose production in hepatic failure (e.g., viral 
hepatitis, toxins) caused by impaired gluconeogenesis or 
glycogen storage may result in hypoglycemia. Because this 
requires dysfunction of more than 80% of the liver, evidence 
of liver disease is invariably present. Deficiency of growth 
hormone (especially with coexistent ACTH deficiency), 
glucocorticoids, thyroid hormone, or glucagon may also 
produce hypoglycemia. Although a deficiency of glucocorti- 
coids (e.g., Addison’s disease) is most consistently associated 
with hypoglycemia, most glucocorticoid-deficient adults 
are not hypoglycemic. Hormonal deficiency causes hypo- 
glycemia in children more frequently than in adults. 

Demonstration of a low plasma glucose concentration in 
the presence of an abnormally high plasma insulin value is 
highly suggestive of an insulin-producing pancreatic islet cell 
tumor.” Because insulin concentrations exhibit a wide range 
in normal people, absolute hyperinsulinemia occurs in fewer 
than 50% of patients with insulinomas. Serum insulin 
concentrations inappropriately high for concurrent plasma 
glucose have been proposed to increase diagnostic accuracy. 
A plasma glucose concentration less than 30 mg/dL with a 
plasma insulin concentration exceeding 15 IU/mL, insulin/ 
glucose ratio greater than 0.3, or amended insulin/glucose 
ratio may be used. However, these ratios have unacceptably 
low sensitivity. C-peptide concentrations greater than or 
equal to 0.2 nmol/L at the end of a fast when plasma glucose 
was less than or equal to 50mg/dL correctly identified all 
insulinoma patients. Provocative tests (glucagons,’® tolbu- 
tamide,”* calcium," or suppression tests [infusion of 
insulin and measuring C-peptide]}, although strongly 
recommended in the past, are generally not necessary. 
Intraarterial calcium stimulation with right hepatic vein 
sampling for insulin gradients appears to be a sensitive 
preoperative test for localizing insulinoma.” 


Spontaneous production of antibodies to insulin may 
produce hypoglycemia (these antibodies are distinct from 
those elicited by insulin therapy and the antibodies detected 
in certain patients with type 1 diabetes). Antiinsulin anti- 
bodies causing hypoglycemia have been reported in Graves’ 
disease, multiple myeloma, systemic lupus erythematosus, 
and rheumatoid arthritis. Patients exhibit postprandial 
hyperglycemia and fasting hypoglycemia. Laboratory analy- 
sis demonstrates low plasma C-peptide and high plasma 
insulin concentrations. It is important to test for antibodies 
to insulin because these may interfere with insulin 
immunoassays. 

Nonpancreatic neoplasms that cause hypoglycemia are 
often extremely large mesenchymal neoplasms that appear 
to overuse glucose but may also have an inhibitory effect on 
glucose mobilization. Tumors of epithelial origin may cause 
hypoglycemia, frequently by producing IGF 11.” 

Hypoglycemia caused. by septicemia should be relatively 
easy to diagnose. The mechanism is not well defined, but 
depleted glycogen stores, impaired gluconeogenesis, and 
increased peripheral use of glucose may all be contributing 
factors. Glucose tolerance is commonly depressed. in renal 
disease, and hypoglycemia may occur in end-stage renal 
failure. 

Some of the conditions producing fasting hypoglycemia 
are readily apparent, but others require a lengthy diagnostic 
workup. Once hypoglycemia is demonstrated, specific tests 
should be performed to establish the underlying cause. The 
OGTT is not an appropriate study for evaluating a patient sus- 
pected of having hypoglycemia. 


POSTPRANDIAL HYPOGLYCEMIA 


A group of disorders may produce hypoglycemia in the post- 
prandial (fed) state."* These include drugs, antibodies to 
insulin or the insulin receptor, and inborn errors (e.g., fruc- 
tose-1,6-diphosphatase deficiency). Also included is reactive 
hypoglycemia (also referred to as functional hypoglycemia), 
which has been the subject of much debate.” Many com- 
mentaries and editorials have been published regarding the 
existence of reactive hypoglycemia (Hofeldt' and references 
listed therein). The general consensus is that there is no sci- 
entific evidence that supports the existence of “functional 
hypoglycemia.” It has been proposed that for individuals 
with vague symptoms after food ingestion the preferred ter- 
minology should be idiopathic reactive hypoglycemia” or 
idiopathic postprandial syndrome.’ 

At the Third International Symposium on Hypo- 
glycemia,’ reactive hypoglycemia was defined as a clinical 
disorder in which the patient has postprandial symptoms sug- 
gesting hypoglycemia that occur in everyday life and are 
accompanied by a blood glucose concentration less than 45 to 
50 mg/dL as determined by a specific glucose measurement on 
arterialized venous or capillary blood, respectively. Patients 
complain of autonomic symptoms occurring approximately 
1 to 3 hours after eating and seem to obtain relief, lasting 30 


Chapter 25 Carbohydrates 867 


to 45 minutes, by food intake. These symptoms are rarely 
due to low blood glucose concentrations (e.g., diabetes mel- 
litus, gastrointestinal dysfunction, or hormonal deficiency 
states). Most of these individuals have postprandial auto- 
nomic symptoms without neuroglycopenia in the postpran- 
dial state. Some experts in the field state that there are no 
true hypoglycemic disorders characterized solely by auto- 
nomic symptoms.” A 5- or 6-hour glucose tolerance test 
was the standard procedure to establish the presence of post- 
prandial hypoglycemia, but has been discredited. The test 
is not reproducible in any particular individual, and low 
values for plasma glucose may be noted in the absence of 
symptoms, whereas symptoms may occur with normal 
glucose concentrations.” In addition, patients who have low 
blood glucose concentrations with autonomic symptoms 3 
or 4 hours after an oral glucose load may have identical 
symptoms with normal blood glucose values after a mixed 
meal. This may be partly due to anxiety provoked by the 
stressful environment during the glucose tolerance test. 
Demonstration of increased plasma epinephrine concentra- 
tions at the glucose nadir during an OGTT was reported to 
differentiate patients with reactive hypoglycemia,” but the 
patients studied were identified on the basis of autonomic 
symptoms and signs, and only 25% demonstrated hypo- 
glycemia. The OGTT should not be used in the diagnosis of 
reactive hypoglycemia. 

Postprandial hypoglycemia is infrequent and the demon- 
stration of hypoglycemia during spontaneously occurring 
symptomatic episodes is necessary to establish the diagno- 
sis.” If this is not possible, a 5-hour meal tolerance test” 
(which simulates the composition of a normal diet) or a 
“hyperglucidic” (high glucose) breakfast test has been 
proposed. 

A diagnosis of hypoglycemia has also been used to explain 
a wide variety of disorders that appear unrelated to blood 
glucose abnormalities.’ These nonspecific symptoms 
include fatigue, muscle spasms, palpitations, numbness, tin- 
gling, pain, sweating, mental dullness, sleepiness, weakness, 
and fainting. Behavior abnormalities, poor school perfor- 
mance, and delinquency have been incorrectly attributed to 
low blood glucose concentrations. The widespread use of the 
insensitive and nonspecific 5-hour glucose tolerance test 
caused overdiagnosis of hypoglycemia and led the ADA to 
publish a statement to discourage the inappropriate use of 
the OGTT for the diagnosis of hypoglycemia.” Lay publi- 
cations?” have supported this recommendation, but it is still 
important for the medical community to reassure such 
patients that low blood glucose is not the cause of their 
symptoms and to deal with specific abnormalities that might 
underlie patients’ complaints or problems. A diagnosis of 
hypoglycemia should not be made unless a patient meets the 
criteria of Whipple’s triad of low blood glucose concentration 
with typical symptoms alleviated by glucose administration. 
Demonstration of a normal plasma glucose concentration 
when the subject exhibits symptoms excludes the possibility 
of a hypoglycemic disorder. 


HYPOGLYCEMIA IN DIABETES MELLITUS 


Hypoglycemia occurs frequently in both type 1 diabetes and 
type 2 diabetes.” Patients using insulin experience approx- 
imately one to two episodes of symptomatic hypoglycemia 
per week, and severe hypoglycemia (i.e., requiring assistance 
from others or associated with loss of consciousness) affects 
about 10% of this population per year. In patients practic- 
ing intensive insulin therapy (e.g., multiple injections or 
continuous subcutaneous insulin infusion), these figures are 
increased twofold to sixfold. The chief adverse event associ- 
ated with intensive therapy in the DCCT was a threefold 
increase in the incidence of severe hypoglycemia.” Similarly, 
hypoglycemia occurs in patients with type 2 diabetes (caused 
by oral hypoglycemic agents or insulin), but is less frequent 
than in type 1 diabetes. Two pathophysiological mechanisms 
contribute to hypoglycemia in patients with diabetes. 


Defective Glucose Counterregulation 

Counterregulatory responses become impaired in type 1 dia- 
betes patients,® increasing the risk of hypoglycemia. The 
response of glucagon to hypoglycemia is impaired by an 
unknown mechanism early in the course of type 1 diabetes. 
Epinephrine secretory response to hypoglycemia becomes 
deficient later in the course of the disease. These defects are 
selective because other stimuli continue to elicit glucagon 
and epinephrine secretion. Glucose counterregulation does 
not appear to be notably defective in patients with type 2 
diabetes. 


Hypoglycemia Unawareness 


Up to 50% of patients with long-standing (more than 30 
years) type 1 diabetes do not experience neurogenic warning 
symptoms and are prone to more severe hypoglycemia. The 
mechanism is thought to be associated with a decreased epi- 
nephrine response to hypoglycemia. Intensively treated 
patients with type 1 diabetes require lower plasma glucose 
concentrations to elicit symptoms of hypoglycemia. Some 
authors have claimed that human insulin results in an 
increased incidence of hypoglycemia unawareness, but 
analysis of 45 studies revealed no significant differences in 
hypoglycemic episodes between insulin species.” 


TOLBUTAMIDE TOLERANCE TEST 

Tolbutamide, 1-butyl-3-(p-tolylsulfonyl)urea (Orinase), 
stimulates the normal pancreas to produce insulin. The 
response of the pancreas to intravenous tolbutamide can be 
used in the investigation of fasting hypoglycemia. Blood 
specimens are obtained for glucose and insulin before intra- 
venous injection of 1g of a water-soluble form of tol- 
butamide and at 2, 15, 30, 60, 90, and 120 minutes afterward. 
Normal people have a decrease in plasma glucose concen- 
tration to about 50% of the fasting value by 30 minutes, with 
a return to baseline at 120 minutes. Patients with fasting 
hypoglycemia exhibit a lower glucose nadir, with hypo- 
glycemia persisting up to 2 hours. The insulin response 
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TABLE 25-5 Methods of Glucose Analysis in 5409 Laboratori 


Percent of Total — 


Hexokinase 


Photometric (visible) = < =- 207 
Photometric (ultraviolet) 2668 
Glucose Oxidase oe Me 


Photometric 


ated (1327)' 


Automated ( 

-< Manual (24). eee mian 
; Oxygen electrode MB cee 
: Glucose : : i pee 35 a 
Dehydrogenase 


Mean (mgidL) 


SA et VAE 


CV, Coefficient of variation for all results by all methods of the indicated method-type from all manufacturers. It may include a component of variation 


attributable to differences in calibrators and to matrix effects. 


*Results are based on 2003 CAP Survey, Set C-A, Specimen C-11 (Copyright, 2003 College of American Pathologists; data used with permission). See text 


for discussion of methods. 


t“Number” and numbers in parentheses indicate how many laboratories use the indicated method-type. 


provides further diagnostic information. The peak insulin 
concentration at 2 minutes is normally less than 
150uIU/mL. This value is increased in patients with islet 
cell tumors, and the elevated insulin concentration at 60 
minutes is reported to be the most reliable discriminatox.*® 
In various conditions—such as liver disease, malnutrition, 
or renal insufficiency—plasma glucose responses to tol- 
butamide are indistinguishable from those seen with islet cell 
tumors, but only patients with insulinoma exhibit exaggerated 
plasma insulin concentrations. 

The test has also been proposed for the diagnosis of dia- 
betes mellitus. If the blood glucose concentration at 20 
minutes is between 80% and 84% of the fasting value, the 
patient is said to have a 50% probability of having diabetes. 
In some severe cases, the response is even less because the 
pancreas is unable to secrete adequate amounts of insulin. 
However, this test has no role in the diagnosis of diabetes. 
Patients must be carefully observed for hypoglycemic reac- 
tions, and the test terminated, if necessary, by intravenous 
administration of glucose. This test is potentially dangerous 
and should not be performed in people with moderate or 
severe fasting hypoglycemia. The tolbutamide test should 
not be administered if the plasma glucose concentration is 
less than 60 mg/dL immediately before the test. 


DETERMINATION OF GLUCOSEIN 
BODY FLUIDS 


Many analytical procedures are used to measure blood 
glucose concentrations. In the past, analyses were often per- 
formed with relatively nonspecific methods that resulted in 
falsely increased values. Almost all commonly used tech- 
niques are now enzymatic (e.g, hexokinase or glucose 


oxidase), and older methods, such as photometric or oxida- 
tion-reduction techniques, are rarely used. The glucose 
assays most widely used in the United States may be deter- 
mined by inspecting quality control surveys conducted by 
the College of American Pathologists (CAP). Results from 
5409 laboratories reported in a survey conducted in 2003 are 
displayed in Table 25-5. These data show that automated 
hexokinase methods are used in half of the participating lab- 
oratories. The extensive use of the hexokinase method is a 
refiection of the procedures adopted by the manufacturers 
of automated equipment. Glucose oxidase is the only other 
method that is widely used. The most significant change in 
the past 20 years is the disappearance of the o-toluidine 
method, which was used in the SMA 12/60. Autoanalyzer. It 
must be emphasized that these data apply only to this CAP 
survey and are weighted to laboratories participating either 
on a voluntary basis or in compliance with state regulatory 
agencies. Many kits are commercially available for measur- 
ing glucose and are widely used, especially in smaller labo- 
ratories. Furthermore, testing performed in physicians’ 
offices is not included. Reference to CAP surveys demon- 
strates that all the methods exhibit a CV less than 5% for 
glucose values on lyophilized serum, with automated 
methods having CVs less than or equal to 2.6%. 

Methods for the determination of glucose in blood have 
been reviewed,” and 10 glucose methods have been evalu- 
ated and compared with a generally accepted hexokinase ref- 
erence method.?” 


SPECIMEN COLLECTION AND STORAGE 

In individuals with a normal hematocrit, fasting whole- 
blood glucose concentration is approximately 10% to 12% 
lower than plasma glucose. Although the glucose concentra- 
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tions in the water phase of red blood cells and plasma are 
similar (the erythrocyte plasma membrane is freely per- 
meable to glucose), the water content of plasma (93%) is 
approximately 11% higher than that of whole blood. In most 
clinical laboratories, plasma or serum is used for most 
glucose determinations; methods for self-monitoring of 
glucose use whole blood samples but may measure the 
glucose concentration in the plasma phase. During fasting, 
capillary blood glucose concentration is only 2 to 5mg/dL 
higher than that of venous blood. After a glucose load, 
however, capillary blood glucose concentrations are 20 to 
70mg/dL ([mean ~ 30me/dL], equivalent to 20% to 25%) 
higher than concurrently drawn venous blood samples.’ 

Glycolysis decreases serum glucose by approximately 5% 
to 7% in 1 hour (5 to 10mg/dL) in normal uncentrifuged 
coagulated blood at room temperature.” The rate of in 
vitro glycolysis is higher in the presence of leukocytosis or 
bacterial contamination. Other workers have observed a 
decrease of only 1.9mg/dL/hr when blood was drawn into 
sterile Vacutainer-brand tubes.” This negligible decrease 
can be attributed in part to prevention of bacterial contam- 
ination and to lower ambient temperatures. In separated, 
nonhemolyzed sterile serum, the glucose concentration is 
generally stable as long as 8 hours at 25 °C and up to 72 hours 
at 4 °C; variable stability is observed with longer storage 
periods.” Plasma, removed from the cells after moderate 
centrifugation, contains leukocytes that also metabolize 
glucose—although cell-free sterile plasma has no glycolytic 
activity. 

Glycolysis can be inhibited and glucose stabilized for as 
long as 3 days at room temperature by adding sodium fluo- 
ride (NaF), or less commonly, sodium iodoacetate to the 
specimen.” Fluoride ions prevent glycolysis by inhibiting 
enolase, an enzyme that requires Mg”*. The inhibition is due 
to the formation of an ionic complex consisting of Mg”, 
inorganic phosphate, and fluoride ions; this complex inter- 
feres with the interaction of enzyme and substrate. Fluoride 
is also a weak anticoagulant because it binds calcium; 
however, clotting may occur after several hours, and it is 
therefore advisable to use a combined fluoride-oxalate 
mixture, such as 2mg of potassium oxalate (K,C,O,) and 2 
mg of NaF/mL of blood, to prevent late clotting. Other anti- 
coagulants (e.g., EDTA, citrate, or heparin) can also be used. 
Fluoride ions in high concentration inhibit the activity of 
urease and certain other enzymes; consequently the speci- 
mens are unsuitable for determination of urea in procedures 
that require urease and for direct assay of some serum 
enzymes. K,C,O, causes a loss of cell water, thereby diluting 
the plasma. Samples collected in these tubes should there- 
fore not be used for measurement of other analytes. 
Although fluoride maintains long-term blood glucose sta- 
bility, the rate of decline in the first hour after sample col- 
lection is not altered.” It is probably not necessary in routine 
analysis to use a fluoride-containing tube if plasma is sepa- 
rated from cells or if glucose is measured within 60 minutes 
of blood collection. However, inhibitors of glycolysis are nec- 


essary in patients with greatly increased leukocyte counts 
because differences of up to 65mg/dL have been observed 
between glucose values with and without glycolytic 
inhibitors after 1 to 2 hours of contact with the blood cells. 

Cerebrospinal fluid (CSF) may be contaminated with 
bacteria or other cells and should be analyzed for glucose 
immediately. If a delay in measurement is unavoidable, the 
sample should be centrifuged and stored at 4 °C or —20 °C. 

In 24-hour collections of urine, glucose may be preserved 
by adding 5mL of glacial acetic acid to the container before 
starting the collection. The final pH of the urine is usually 
between 4 and 5, which imhibits bacterial activity. Other 
preservatives that have been proposed include 5g of sodium 
benzoate per 24-hour specimen or chlorhexidine and 0.1% 
sodium nitrate (NaN;) with 0.01% benzethonium chloride. 
These may be inadequate, and urine should be stored at 4 °C 
during collection. Urine samples may lose as much as 40% 
of their glucose after 24 hours at room temperature.” 


METHODS 


Hexokinase and glucose oxidase are the two main types of 
methods used to measure glucose in body fluids. Other 
methods are found on the Evolve site that accompanies this 
book. 


Hexokinase Methods 


Glucose is phosphorylated by ATP in the presence of hexo- 
kinase and Mg”. The glucose-6-phosphate formed is 
oxidized by glucose-6-phosphate dehydrogenase (G6PD) to 
6-phosphogluconate in the presence of nicotinamide- 
adenine dinucleotide phosphate (NADP+). The amount of 
NADPH produced is directly proportional to the amount 
of glucose in the sample and is measured by absorbance at 
340nm. G6PD derived from yeast is used in the assay with 
NADP" as the cofactor. The oxidized form of nicotinamide- 
adenine dinucleotide (NAD*) is the cofactor if bacterial 
(Leuconostoc mesenteroides) G6PD is used; and the NADH 
produced is also measured at 340nm. 


Hexokinase 


Glucose + ATP Glucose-6-phosphate + ADP 


G-6-PD 


Glucose-6-phosphate = 6-Phosphogluconate 


NADP” NADPH + H® 
(orNAD®) (or NADH) 


A generally accepted reference method based on this prin- 
ciple has been developed and validated.” Serum or plasma 
is deproteinated by adding solutions of barium hydroxide 
(Ba[OH],) and zinc sulfate (ZnSO,). The clear supernatant 
is mixed with a reagent containing ATP, NAD‘, hexokinase, 
and G6PD, incubated at 25 °C until the reaction is complete, 
and NADH measured. Calibrators and blanks are carried 
through the entire procedure, including the deproteination 
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step. Detailed specifications are given for the equipment, 
materials, and reagents, including tests of enzyme reagent 
adequacy. 

Although highly accurate and precise, the reference 
method is too exacting and time consuming for routine use 
in a clinical laboratory. An alternative approach is to apply 
the reaction directly to serum or plasma and use a specimen 
blank to correct for interfering substances that absorb at 
340 nim.”” Because almost all methods are automated. and 


rely on commercially prepared reagents supplied in © 


lyophilized form, only a general discussion of the procedure 
is presented here. 

Either serum or plasma may be used. Nak, with an anti- 
coagulant such as EDTA, heparin, oxalate, or citrate, may be 
used. Hemolyzed specimens containing more than 0.5g 
hemoglobin/dL are unsatisfactory because phosphate esters 
and enzymes released from red blood cells interfere with the 
assay. Other sources of interference include drugs, bilirubin, 
and lipemia (triglyceride greater than or equal to 500 mg/dL 
causes a positive interference). A sample blank is therefore 
recommended for lipemic and icteric samples. This blank is 
prepared by adding 10uL of sample to isotonic saline or 
buffer instead of reagent. The absorbance of this mixture, 
read against water at 340nm, is subtracted. Although fruc- 
tose interferes in the assay, normal fasting serum has low 
fructose concentrations. After ingestion of sucrose 2 g/kg of 
body weight, serum fructose concentration increases up to 8 
to 10 mg/dL within 1 hour and persists for 2 hours. Solutions 
administered during glucose tolerance testing should there- 
fore not contain any fructose. 

Absorbances of sample or calibrator reaction mixtures 
are measured after the reactions have continued to comple- 
tion (equilibrium reaction). Although glucose concentra- 
tions may be calculated directly, based on the molar 
absorptivity of NADPH or NADH, inclusion of a set of cal- 
ibrators is recommended to detect possible deterioration of 
enzymes, ATP, NADP’, or NAD*, all of which are unstable. 
Reagents may also contain substances that react with the 
coenzymes. Presence of these substances can be evaluated by 
measuring the increase in absorbance observed in a reagent 
blank. Reagents are unsuitable for use if the absorbance at 
340nm exceeds 0.35, using water as the blank. The highest 
calibrator provides a check on the linearity of response 
and the adequacy of the enzyme reagent. The procedure is 
linear from 0 to 500mg/dL. Glucose concentrations that 
exceed 500 mg/dL should be diluted with isotonic saline and 
reassayed. 

Hexokinase procedures in which indicator reactions 
produce colored products are also available, enabling 
absorbance to be measured in the visible range.”” An oxida- 
tion-reduction system containing phenazine methosulfate 
(PMS) and a substituted tetrazolium compound, 2- 
(p-iodophenyl)-3-p-nitrophenyl-5-phenyltetrazolium chlo- 
ride (INT), is reacted with NADPH formed in the reaction. 
The reduced INT is colored with maximum absorbance at 
520 nm. The PMS-INT color developer must be refrigerated 


when not in use and must be protected from exposure to 
light to retard autoreduction. 


Glucose Oxidase Methods 
The enzyme glucose oxidase catalyzes the oxidation of 


glucose to gluconic acid and hydrogen peroxide (H,O,): 


Glucose Oxidase 


Glucose + 2H20 + O3 Gluconic acid 


+ 2H,02 


Addition of the enzyme peroxidase and a chromogenic 
oxygen acceptor, such as o-dianisidine, results in the forma- 
tion of a colored compound that can be measured: 


Peroxidase 


o-Dianisidine + H203 
{Colorless) 


Oxidized o-Dianisidine + H203 
{Colored} 

Glucose oxidase is highly specific for B-p-glucose. As noted 
earlier, 36% and 64% of glucose in solution are in the œ- and 
B-forms, respectively. Complete reaction of glucose therefore 
requires mutarotation of the æ- to B-form. Some commer- 
cial preparations of glucose oxidase contain an enzyme— 
mutarotase—that accelerates this reaction. Otherwise, 
extended incubation time allows spontaneous conversion. 

The second step, involving peroxidase, is much less specific 
than the glucose oxidase reaction. Various substances, such as 
uric acid, ascorbic acid, bilirubin, hemoglobin, tetracycline, 
and glutathione, inhibit the reaction (presumably by com- 
peting with the chromogen for H,0,), producing lower 
values. Incorporation of potassium ferrocyanide signifi- 
cantly decreases interference by bilirubin. Most interfering 
substances can be eliminated by use of a Somogyi filtrate (see 
the discussion under oxidation reduction methods on the 
Evolve site that accompanies this book at http://evolve. 
elsevier.com/Tietz/textbook), Acid filtrates cannot be used 
because peroxides, which cause falsely elevated results, may 
be released. Most modern methods omit the preparation of 
protein-free filtrates to make the procedure faster and 
simpler. Some glucose oxidase preparations contain catalase 
as a contaminant; catalase activity decomposes peroxide 
and decreases the final color obtained. Calibrators and 
unknowns should be analyzed simultaneously under condi- 
tions in which the rate of oxidation is proportional to 
glucose concentration. 

In some methods, the final mixture is acidified slightly to 
stop the reaction, and the intensity of the yellow chro- 
mophore is measured at 400nm. In stronger acid solution, 
the color becomes pink, with maximum absorbance at 
540nm, and both sensitivity and stability are improved. 
Other approaches to measurement of the H,O, produced 
include the peroxide-mediated oxidative coupling of 3- 
methyl-2-benzothiazolinone hydrazone (MBTH) with 
N,N-dimethyl-aniline (DMA) catalyzed by peroxidase’ or 
the oxidative coupling of p-aminophenazone (PAP) to 
phenol.”* Both procedures have been automated. The 
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MBTH-DMA and PAP procedures are not affected by high 
concentrations of creatinine, uric acid, or hemoglobin and 
are performed directly on serum. The chromogen 2-amino- 
4-hydroxybenzenesulfonic acid produces a yellow color in 
the presence of peroxidase and H,O,” Additional compo- 
nents are not required to produce the color and the assay can 
be performed on as little as 2L of serum. 

Glucose oxidase methods are suitable for measuring 
glucose in CSF. Urine-contains high concentrations of.sub- 
stances that interfere with the peroxidase reaction (such as 
uric acid), producing falsely low results. The glucose oxidase 
method should therefore not be used for urine. A method in 
which the urine is first pretreated with an ion-exchange resin 
to remove interfering substances has been described. 


Modified Glucose Oxidase Methods 


Some instruments use a polarographic oxygen electrode that 
measures the rate of oxygen consumption after the sample 
is added to a solution containing glucose oxidase." Because 
this measurement involves only the first reaction shown 
earlier, interferences encountered in the peroxidase step are 
eliminated. To prevent formation of oxygen from H,O, by 
catalase present in some preparations of glucose oxidase, 
H,0, is removed by two additional reactions: 


H203 + C2H50H —““*» CH;CHO + 2H,0 
H20; + 2H* +217 MOPS, I + 240 

The latter reaction is effective even when catalase activity 
has diminished on storage of reagents. The procedure can be 
applied directly to urine, serum, plasma, or CSE. However, 
this approach cannot be used for the determination of glucose 
in whole blood because blood cells consume oxygen. 

In the YSI Model 23A (Yellow Springs Instrument Co., 
Yellow Springs, Ohio), glucose oxidase is immobilized in a 
thin layer of resinous material sandwiched between two 
membranes. When a buffered sample is introduced, glucose 
diffuses through the first polycarbonate membrane and 
reacts with the enzyme to produce H,0,. This diffuses 
through the second, smaller pore cellulose acetate mem- 
brane and is oxidized at a platinum anode. The current gen- 
erated is directly proportional to the glucose concentration 
in the diluted sample. 


H,0, > 2Ht + O, + 2e7 


The circuit is completed at a silver cathode, where oxygen is 
reduced to water. 


4H* + O, + 4e7 — 2H20 


“ Any H:O, diffusing back into the sample chamber is 
destroyed by catalase to prevent interference with the analy- 
sis. Determinations may be performed on 25 iL of plasma, 
serum, or whole blood. Good precision and correlation with 
an oxygen consumption rate analyzer have been reported.” 

The Vitros system (Ortho-Clinical Diagnostics, Raritan, 
NJ) makes use of dry multilayer films for chemical analy- 


ses.” Glucose is measured by a glucose oxidase procedure. A 
10-uL sample of serum, plasma, urine, or CSF is placed on a 
porous film on top of the layer containing the reagents. 
Glucose diffuses through the film and reacts with the 
reagents to produce a colored end product or dye. The inten- 
sity of this dye is measured through a lower transparent film 
by reflectance spectrophotometry. Advantages of this system 
include small sample size, no liquid reagents, and improved 
stability on storage. 


Glucose Dehydrogenase Methods 

The enzyme glucose dehydrogenase (B-p-glucose : NAD oxi- 
doreductase, EC 1.1.1.47) catalyzes the oxidation of glucose 
to gluconolactone. Mutarotase is added to shorten the time 
necessary to reach equilibrium. The amount of NADH 
generated is proportional to the glucose concentration: 


Glucose dehydrogenase 
Glucose ae S b-Glucono-8-lactone 
NAD® NADH + gÊ 


Glucose dehydrogenase for this assay is isolated from 
Bacillus cereus. The reaction appears to be highly specific for 
glucose, shows no interference from common anticoagulants 
and substances normally found in serum, and provides 
results in close agreement with hexokinase procedures. 
Methods have been adapted to continuous-flow analyzers,” 
including the use of immobilized enzyme,?® and to a cen- 
trifugal analyzer.’ 


REFERENCE INTERVALS 


Although glucose can be assayed by several different analyt- 
ical procedures, reference intervals do not vary significantly 
among methods. The following values should apply to vir- 
tually all currently used glucose assays. 


Sample Fasting. Glucose 


Plasma/serum 


Adults w 106 u 5:5, Sammi) 
Children E -100 B: -5.6 mmol/L) 


: Premature neonates 20-60. (1.1-3.3 mmol/L) 
Term neonates — 30- 60: (1.7- 3, 3mmol/L) © 
Whole blood eS 65- 95. (3.5-5. 3mmol/L) 


CR 70 (2.2-3.9 mmol/L) 0% of 
: plasma value) ; 

Urine EEEE Ree z 

; 24hr : -15 mg/dL (0.1-0.8 mmol/L) = 


Note that the ADA criteria, not the reference interval, are 
used for the diagnosis of diabetes. Moreover, the threshold 
for diagnosis of hypoglycemia is variable and is considerably 
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less than the lower limit of the reference interval, There is no 
sex difference. Plasma glucose values increase with age from 
the third to the sixth decade: fasting, approximately 2 mg/dL 
per decade; postprandial, 4mg/dL per decade; and after a 
glucose challenge, 8 to 13mg/dL per decade.’” Fasting 
plasma glucose does not increase significantly after age 60, 
but glucose concentrations after a glucose challenge are 
substantially higher in older individuals.” Evidence of an 
association of increase insulin resistance with age is 
inconsistent." 

CSF glucose concentrations should be approximately 
60% of the plasma concentrations and must always be 
compared with concurrently measured plasma glucose for 
adequate clinical interpretation. 


MEASUREMENT OF GLUCOSE IN URINE 

Examination of urine for glucose is rapid, inexpensive, and 
noninvasive and can be used to screen large numbers of 
samples. The older screening tests detect sugars that reduce 
copper, producing a color.'* These react with reducing sub- 
stances other than glucose (Box 25-6). Qualitative, semi- 
quantitative, and quantitative methods are available for 
measuring glucose in urine and have essentially replaced the 
nonspecific tests in adults. Note: A reducing sugar method, 
rather than an enzymatic method specific for glucose, must 
be used when screening neonates and infants for inborn 
errors of metabolism that result in the appearance of reduc- 
ing sugars other than glucose (e.g., galactose or fructose) in 
the urine. 


Qualitative Method 

In one such method (details of which are found on the 
Evolve site that accompanies this book), using “Benedict’s” 
reagent (cupric ion complexed to citrate in alkaline solu- 
tion), reducing substances convert cupric to cuprous ions, 
forming yellow cuprous hydroxide or red cuprous oxide. 


Semiquantitative Methods 


Convenient paper test strips are commercially available from 
a number of manufacturers (Clinistix and Diastix, Bayer 
Corp., and Chemstrip uG, Roche Diagnostics, Indianapolis). 


Fructose Ketone bodies 
Lactose Sulfanilamide 
Galactose Oxalic acid 
Malltose. Hippuric acid 
Arabinose Homogentisic acid 
Xylose Glucuronic acid 
Ribose Formaldehyde 
Uric acid Isoniazid 
Ascorbic acid Salicylates 
Creatinine Cinchophen 
Cysteine Salicyluric acid 
Glucose 


All strips use the glucose-specific enzyme glucose oxidase in a 
chromogenic assay. For example, Clinistix has filter paper 
impregnated with glucose oxidase, peroxidase, and the dye 
o-tolidine. Other dyes, such as tetramethylbenzidine (TMB), 
can be used. The test end of the strip is moistened with 
freshly voided urine and examined after 10 seconds. A blue 
color develops if glucose is present at a concentration of 
100 mg/dL or greater. Results are read by comparing the test 
color with a standard color chart. Automated urinalysis 
systems capable of analyzing 300 strips per hour are com- 
mercially available. The test is more sensitive for glucose than 
the copper reduction test (Clinitest), which has a detection 
limit of 250 mg/dL. Despite these claims, evaluation of dip- 
sticks reveals high imprecision at low urine glucose concen- 
trations.” Clinitest was reported to detect glucose only when 
it was above 1 g/L, and only Chemstrip G could differenti- 
ate urine glucose at 300 mg/L (upper limit of reference inter- 
val) from 600 mg/L.* The sensitivity of the strip has been 
adjusted to take into account the presence of enzyme 
inhibitors normally present in urine. Thus a positive test 
result is obtained with lower concentrations of glucose in 
water than in urine. For the same reason, misleading high 
results may be obtained with very dilute specimens. 

False-positive results may be produced by contamination 
of urine with H,O, or a strong oxidizing agent, such as 
hypochlorite (bleach). Exposure of dipsticks to air gives 
false-positive readings after 7 days. False-negative results 
may occur with large quantities of reducing substances, such 
as ketones, ascorbic acid, and salicylates. In one study of 2000 
urine specimens, 11 false-negative enzyme paper tests were 
encountered. Among the inhibitors identified were ascorbic 
acid, dipyrone, and meralluride sodium (Mercuhydrin), 
Several antibiotics contain ascorbic acid as a preservative, 
which is excreted essentially unchanged. For routine exami- 
nations, a negative result by the strip test is usually inter- 
preted to mean that the urine specimen is negative for 
glucose, 

Other strip tests (Keto-Diastix, Bayer Gas, and Chem- 
strip WGK, Roche Diagnostics) are designed for the semi- 
quantitative estimation of both glucose and ketone bodies. 
The glucose portion of the strip uses the glucose oxidase- 
peroxidase method. The hydrogen peroxide produced oxi- 
dizes iodide to iodine, yielding various intensities of brown 
that correspond to the concentration of glucose in the urine. 
The detection limit is 100 mg/dL. The Diastix and Chemstrip 
glucose tests are reported to be less inhibited by ascorbic acid 
than Clinistix. 


Quantitative Methods 

Applications of various procedures for quantitative determi- 
nation of glucose in urine were discussed earlier in this 
chapter under Determination of Giucosé in Body Fluids. The 
hexokinase or glucose dehydrogenase procedures are recom- 
mended for greatest accuracy and specificity. Glucose 
oxidase procedures that depend only on the consumption of 
oxygen or the production of H,O, are also reliable. Glucose 
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oxidase procedures that include the H,O,-peroxidase reac- 
tion are not acceptable. 


SELF-MONITORING OF BLOOD GLUCOSE 

Diabetic patients, especially those who need insulin therapy, 
require careful monitoring to maintain control of blood 
glucose. This has become particularly important with the 
results of the DCCT” and the recommendation that patients 
use intensive insulin therapy regimens to achieve nearly 
normal glycemia. These regimens include multiple daily 
insulin injections, insulin pumps, and continuous subcuta- 
neous insulin injections. Estimating blood glucose concen- 
trations by monitoring urine glucose concentrations, a 
simple and convenient method, is undesirable for the fol- 
lowing reasons: 

1. The renal threshold (the blood glucose concentration 
above which glucose appears in the urine) averages 
160 to 180 mg/dL but varies widely among individu- 
als. It may increase in long-standing diabetes or with 
age and may be lower in pregnancy or childhood. A 
decreased threshold (+ 100 mg/dL) is known as renal 
glycosuria. 

2. Monitoring of urine glucose concentrations lacks 
sensitivity and specificity. For example, one study 
demonstrated that patients with plasma glucose 
concentrations between 150 and 199 mg/dL exhibited 
normal urine test results 75% of the time. Further- 
more, 9% of patients with plasma glucose concentra- 
tions below 149 mg/dL had glycosuria." 

3, A negative test result does not distinguish 
between hypoglycemia, euglycemia, and moderate 
hyperglycemia. 

4. Urine testing is not accurate. 

5, Other factors influence testing (e.g., fluid intake, urine 
concentration, ingestion of salicylates or ascorbic acid, 
and urinary tract infections). 

Testing urine for glucose is therefore not adequate for monitor- 
ing patients on insulin therapy. ° Although some evidence sug- 
gests that it may be effective for monitoring type 2 diabetes,’ 
the ADA states that limitations of urine testing make blood 
glucose measurements the preferred method of assessing 
glycemic control.’ 


Glucose Meters 
Portable meters for measurement of blood glucose concentra- 
tions are used in three major settings: (a) in acute and chronic 
care facilities (at the patient’s bedside and in clinics or hos- 
pitals); (b) in physicians’ offices; and (c) by patients at home, 
work, and school. The last, self-monitoring of blood glucose 
(SMBG), used by approximately 1 million diabetic patients, is 
performed in the United States at least once a day by 40% and 
26% of individuals with type 1 and 2 diabetes, respectively." 
The worldwide market for SMBG is $2.7 billion per year, with 
annual growth estimated at 10% to 12%," 

Patients measure their own blood glucose concentration 
and modify their insulin dose based on this glucose value. It 


is impractical for patients themselves to perform glucose 
determinations by the methods described earlier, but a large 
number of simple test strips that are available permit rapid 
and reasonably accurate measurements on a drop of whole 
blood. These use the same methodology as described 
earlier for glucose analysis—predominantly glucose oxidase 
or hexokinase—but some strips contain glucose dehy- 
drogenase. In many strips, a dye is colored by the glucose 
oxidase-peroxidase chromogenic reaction. The reagents are 
combined in dry form on a small surface area of a test strip, 
and the colors that develop may be evaluated visually by 
comparison with a color chart (rarely used any more) or 
quantified in a specially designed meter. Visual reading with 
a color chart is not accurate enough for most clinical circum- 
stances. At least 25 different blood glucose meters are com- 
mercially available and these vary in size, weight, calibration 
method, and other features. These are reviewed annually in 
the ADA’s Buyer’s Guide to Diabetes Products." 

To perform the measurement, a sample of blood (usually 
from a fingerstick, but anticoagulated whole blood collected 
in EDTA or heparin may be used) is placed on the test pad, 
which is attached to a plastic support. The test strip is then 
inserted into the meter. (In some devices, the strip is inserted 
in the meter before applying the sample.) After a fixed period 
of time, the result appears on a digital display screen. The 
meters use reflectance photometry or electrochemistry to 
measure the rate of the reaction or the final concentration 
of the products. Reflectance photometry measures the 
amount of light reflected from a test pad containing reagent. 
In electrochemical systems, the enzymatic reaction in an 
electrode incorporated on the test strip produces a flow of 
electrons. The current, which is directly proportional to the 
amount of glucose in the sample, is converted to a digital 
readout. There is large variability among meters as to the test 
time (15 to 120 seconds) and the claimed reading range (40 
to 400 mg/dL to 0 to 600 mg/dL). Calibration is automatic 
on some devices, whereas others use lot-specific code chips 
or strips. All manufacturers supply control solutions. Strict 
adherence to the instructions is necessary to obtain accurate 
results. Some meters have a porous membrane that separates 
erythrocytes, and analysis is performed on the resultant 
plasma. Whole blood glucose concentrations are approximately 
10% to 15% lower than plasma or serum concentrations, but 
meters can be calibrated to report plasma glucose values, even 
when the sample is whole blood. An International Federation 
of Clinical Chemistry (IFCC) working group recently rec- 
ommended that glucose meters be harmonized to report the 
concentration of glucose in plasma, irrespective of the 
sample type or technology.” 


Analytical Goals 


Multiple analytical goals have been proposed for the perfor- 
mance of glucose meters. The rationale for these is not 
always clear. In 1987 the ADA recommended a goal of total 
error (in the hands of users) of less than 10% at glucose 
concentrations of 30 to 400 mg/dL 100% of the time.” The 
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recommendation was modified in response to the significant 
reduction in complications by tight glucose control in the 
DCCT. The revised performance goal, published in 1996,° is 
for analytical error to be less than 5%. No published studies 
of glucose meters have achieved this goal. The Clinical 
Laboratory Improvement Amendment (CLIA) 88 goal is less 
stringent than that of the ADA; results with meters should 
be within 10% of target values or within 6 mg/dL, whichever 
is larger. The National. Committee for Clinical Laboratory 
Standards (NCCLS) recommendations’ are that results 
should fall within 20% of laboratory-measured glucose 
concentrations when greater than 75mg/dL and within 
15 mg/dL of laboratory glucose if the glucose concentration 
is less than or equal to 75 mg/dL. 

A different method was proposed by Clarke,” who devel- 
oped an error grid that attempts to define clinically impor- 
tant errors by identifying fairly broad target ranges. In 
addition, a novel approach using simulation modeling 
revealed that meters that achieve both a CV and a bias less 
than 5% rarely lead to major errors in insulin dose.“ The 
lack of consensus on quality goals for glucose meters reflects 
the absence of agreed-upon objective criteria. Using biolog- 
ical variation criteria, a goal for total error (including both 
bias and imprecision) of less than or equal to 7.9% has been 
proposed,” However, additional studies are necessary to 
accurately define this goal. 


Performance of Glucase Meters 


The most common errors in SMBG, such as proper applica- 
tion, timing, and removal of excess blood, have been elimi- 
nated. by advances in technology. Additional innovations 
that reduce operator error include systems that abort testing 
if the sample volume is inadequate, built-in programs that 
simplify quality control, and memory that allows the instru- 
ment to store up to several hundred glucose readings that 
can be downloaded into a computer. 

Several factors affect the accuracy and reproducibility of 
SMBG. These include: (a) user variability—up to 50% of the 
values may vary more than 20% from the reference values”; 
(b) hematocrit—the presence of anemia (false increase) or 
polycythemia (false depression) may result in up to 30% 
variability; and (c) defective reagent strips or instrument 
malfunction (rare), Other variables include changes in alti- 
tude, environmental temperature, or humidity; hypotension; 
hypoxia; and high triglyceride concentrations. In addition, 
these assays are unreliable at very high and very low glucose 
concentrations (less than 60 and greater than 500mg/dL). 
Because dehydration, a common feature of diabetic ketoaci- 
dosis, greatly increases blood viscosity, inaccurately low 
blood glucose results may be obtained. Several drugs inter- 
fere, but not with all meters.” Another important factor is 
the lack of correlation among meters, even from a single 
manufacturer, caused by different assay methods and archi- 
tecture. In fact, results from two meters of the same brand 
have been observed to differ substantially.” The analytical 
performance characteristics of several meters have been pub- 


lished." Patient factors are also important, particularly 
adequate training. Recurrent education at clinic visits and 
comparison of SMBG with concurrent laboratory glucose 
analysis improved the accuracy of patients’ blood glucose 
readings.’” In addition, it is important to evaluate the 
patient’s technique at regular intervals, 

The performance of different meters varies widely. 
Although current meters, as predicted, exhibit performance 
superior to prior generations of meters,’ imprecision 
remains high. Under carefully controlled conditions in 
which all assays were performed by a single medical tech- 
nologist, ~50% of analyses met the ADA criterion of less 
than 5% deviation from reference values.” Performance of 
older meters was substantially worse. Note that the perfor- 
mance of glucose meters achieved by medical technologists 
is better than that achieved by patients. Another study that 
evaluated meter performance in 226 hospitals by split 
samples analyzed simultaneously on meters and laboratory 
glucose analyzers revealed that 45.6%, 25%, and 14% dif- 
fered from each other by greater than 10%, greater than 15%, 
and greater than 20%, respectively. Recent comparison 
with laboratory values of almost 22,000 measurements of 
capillary glucose by patients using meters revealed no 
significant improvement in meter performance between 
1989 and 1999,7 


Indications and Frequency of SMBG 

The indications and frequency of . self-monitoring vary 
among patients. SMBG should be performed by all patients 
treated with insulin. The role of SMBG in patients with type 
2 diabetes has not been defined.” A consensus statement by 
the ADA® recommended the following specific indications 
for SMBG: (1) patients undergoing intensive insulin treat- 
ment programs (in this group, glucose should be measured 
at least four times a day to achieve glycemic control); (2) pre- 
venting and detecting hypoglycemia, especially in people 
who are asymptomatic or unable to recognize the early 
warning signs; (3) avoidance of severe hyperglycemia, par- 
ticularly in situations of increased risk (e.g., medications 
that alter insulin secretion or action, intercurrent illness, and. 
elderly people); (4) adjusting pharmacological therapy 
in response to changes in life-style, such as exercise or alter- 
ing food intake; and (5) determining the necessity for initi- 
ating insulin therapy in GDM. SMBG must not be used to 
diagnose diabetes mellitus, and its role in screening remains 
uncertain,” 

SMBG should be performed at least four times per day in 
patients with type L diabetes. Monitoring less frequently 
than four times a day results in a deterioration of glycemic 
control.°!* Published studies reveal that self-monitoring 
is performed by patients much less frequently than recom- 
mended: at least once a day by 39% of patients taking insulin 
and 5% to 6% of those treated with oral agents or diet 
alone.” Moreover, 29% and 65% of patients treated with 
insulin and oral agents, respectively, monitored their blood. 
glucose less than once per month. However, no evaluation 
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has been performed to verify that four times a day is ideal or 
whether some other frequency or timing (e.g., postprandial 
testing) would improve glycemic control. The optimum 
frequency of SMBG for patients with type 2 diabetes is 
unknown. Published evidence shows no correlation between 
the frequency of SMBG in type 2 diabetes and glycemic 
control.°”**"6 There is no known role for SMBG in patients 
with type 2 diabetes who are treated with diet alone. 


MINIMALLY INVASIVE MONITORING OF 

BLOOD GLUCOSE 

Fewer than 10% of patients with diabetes routinely perform 
SMBG because it is painful and inconvenient. Since the 
1960s, attempts have been made to develop a painless 
method for monitoring blood glucose concentrations. Three 
general approaches have been used, namely implanted 
sensors, minimally invasive monitoring, and noninvasive 
monitoring. 


Implanted Sensors 

Several implanted biosensors have been developed and 
evaluated in both animals and humans (see Chapter 4). 
Detection systems are based on enzymes, electrodes, or 
fluorescence.” The most widely studied method is an 
electrochemical sensor that uses glucose oxidase.”> This 
sensor can be implanted intravenously or subcutaneously. 
Intravenous implantation in dogs for up to 3 months has 
demonstrated the feasibility of this approach." Alternatives 
to enzymes are being developed, including artificial glucose 
“receptors.” Less success has been achieved with subcuta- 
neous implants. Implantation of a needle type of sensor into 
the subcutaneous tissue induces a host of inflammatory 
responses that alters the sensitivity of the device. Micro- 
dialysis with hollow fibers or ultrafiltration with biologically 
inert material can decrease this problem. 


Minimally Invasive Glucose Monitoring 


The concept underlying these methods is that the concen- 
tration of glucose in the interstitial fluid correlates with 
blood glucose concentration. The principle of the Food and 
Drug Administration (FDA)-approved Gluco Watch 
(Cygnus) is the application of a low-level electric current on 
the skin. This induces movement by electroosmosis of 
glucose across the skin where it is measured by a glucose 
oxidase detector.” Glucose concentrations in transdermal 
fluid and plasma are highly correlated. The clearest applica- 
tion of the Gluco Watch, which is designed to measure 
glucose three times per hour for up to 12 hours, appears to 
be in the detection of unsuspected hypoglycemia. Cali- 
bration with reference plasma glucose is required. Initial 
clinical studies reveal reasonable correlation of the Gluco 
Watch with SMBG.”" The device has not been rigorously 
tested in a home setting nor in children, but is likely to 
stimulate enhanced efforts to bring other technologies into 
clinical use. 


Noninvasive Glucose Monitoring 

Noninvasive in vivo monitoring of glucose is an area of 
active investigation. Near-infrared spectroscopic devices 
measure either the absorption or reflection of light from 
subcutaneous tissue. Although glucose has a specific absorp- 
tion at 1035nm, many substances interfere. A computer, 
individually calibrated, screens out interfering information 
to obtain the glucose result. Similar limitations have pre- 
vented successful use of light scattering. Photoacoustic 
spectroscopy, which uses pulsed infrared light, is a newer 
technique that shows some promise. 


KETONE BODIES 


The development of ketosis requires changes in both adipose 
tissue and the liver. The primary substrates for ketone body 
formation are free fatty acids from adipose stores. Normally, 
long-chain fatty acids are taken up by the liver, reesterified 
to triglycerides, and stored in the liver or incorporated in 
very-low-density lipoproteins and returned to the plasma. In 
contrast to other tissue, the brain cannot use free fatty acids 
for energy. When glucose is unavailable, ketone bodies 
supply the vast majority of the brain’s energy. After a 3-day 
fast, ketone bodies provide 30% to 40% of the body’s energy 
requirements.’ In uncontrolled diabetes, the low insulin 
concentrations result in increased lipolysis and decreased 
reesterification, thereby increasing plasma free fatty acids, In 
addition, the increased glucagon: insulin ratio enhances 
fatty acid oxidation in the liver. Increased counterregulatory 
hormones also augment lipolysis and ketogenesis in fat and 
liver, respectively. Thus increased hepatic ketone production 
and decreased peripheral tissue metabolism lead to aceto- 
acetate accumulation in the blood. A small fraction under- 
goes spontaneous decarboxylation to form acetone, but the 
majority is converted to B-hydroxybutyrate. 
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The relative proportions in which the three ketone bodies 
are present in blood vary depending on the redox state of 
the cell. In healthy people, B-hydroxybutyrate and aceto- 
acetate—-which are present at approximately equimolar 
concentrations’? constitute virtually ali the serum 
ketones. Acetone is a minor component. In severe diabetes, 


the ratio of B-hydroxybutyrate to acetoacetate may increase 
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to 6:1 owing to the presence of a large concentration of 
NADH, which favors B-hydroxybutyrate production. 

None of the commonly used methods for the detection 
and determination of ketone bodies in serum or urine reacts 
with all three ketone bodies. Gerhardt’s ferric chloride test 
reacts with acetoacetate only. Tests using nitroprusside are at 
least 10 times more sensitive to acetoacetate than to acetone, 
and give no reaction at all with B-hydroxybutyrate. 

The fact that most of the tests for ketosis essentially detect 
or measure acetoacetate only may produce a paradoxical sit- 
uation. When a patient initially presents in ketoacidosis, 
the test results for ketones may be only weakly positive. With 
therapy, B-hydroxybutyrate is converted to acetoacetate and 
the ketosis appears to worsen. 

Traditional tests for §-hydroxybutyrate are indirect; they 
require brief boiling of the urine to remove acetone and ace- 


toacetate by evaporation (acetoacetate first breaks down, 


spontaneously to acetone), followed by gentle oxidation of 
B-hydroxybutyrate to acetoacetate and acetone with per- 
oxide, ferric ions, or dichromate. The acetoacetate thus 
formed may be detected with Gerhardt’s test or one of the 
procedures using nitroprusside. 

Specific determination of B-hydroxybutyrate in urine is 
not considered to be a routine procedure. A paper strip for 
semiquantitative measurement of f-hydroxybutyrate in 
serum and urine has been described" but has not gained 
general acceptance. More recently, quantitative enzymatic 
assays for §-hydroxybutyrate that can be performed directly 
on blood or serum became commercially available. Origi- 
nally available commercially as a bench-top analyzer 
(KetoSite, GDS Diagnostics, Elkhart, Ind.J, hand-held 
devices are also available now (Precision Xtra; MediSense, 
Boston, and BioScanner Ketone; Polymer Technology 
Systems, Indianapolis). 


CLINICAL SIGNEFICANCE 


Excessive formation of ketone bodies results in increased. 
blood concentrations (ketenemia) and increased excretion in 
the urine (ketonuria). This process is observed in conditions 
associated with decreased availability of carbohydrates (such 
as starvation or frequent vomiting) or decreased use of car- 
bohydrates (such as diabetes mellitus, glycogen storage 
disease [von Gierke’s disease], and alkalosis). The popular 
high-fat, low-carbohydrate diets are ketogenic and increase 
ketone bodies in the circulation. Diabetes mellitus and 
alcohol consumption are the most common causes of 
ketoacidosis in adults. (Hyperglycemia is not usually present 
in the latter condition.) Ingestion of isopropyl alcohol and 
salicylate poisoning can also produce ketoacidosis. Urine 
ketone test results are positive in ~30% of first morning void 
specimens from pregnant women. Semiquantitative deter- 
mination of ketone bodies in blood is more accurate than 
determination of these compounds in urine in the treatment 
of diabetic ketoacidosis. Although not always excreted in 
proportion to blood ketone concentrations, because of 
convenience, urine ketones are widely used for monitoring 
control in patients with type 1 diabetes. The ADA states that 


urine ketone testing is an important part of monitoring by 
patients with diabetes, particularly those with type 1 diabetes, 
pregnancy with preexisting diabetes, and GDM." Patients 
with type 1 diabetes should test for ketones during 
acute illness or stress, with consistent increase in blood 
glucose (greater than 300mg/dL), during pregnancy, or 
when symptoms of ketoacidosis are present." Measurement 
of ketones in urine and blood is widely used in patients 
with diabetes for both diagnosis and monitoring of diabetic 
ketoacidosis," 


DETERMINATION OF KETONE BODIES IN BODY FLUIDS 


Although quantitative determination of individual ketone 
bodies is possible, these methods are not used as 
routine tests. The semiquantitative Acetest and Ketostix 
(Ames Co.) are frequently used but are insensitive to 
B-hydroxybutyrate.” It is important to bear in mind, 
therefore, that a negative nitroprusside test result does not rule 
out ketoacidosis. (Note: Details of the following tests are 
found on the Evolve site that accompanies this book.) 


Detection of Ketone Bodies by Acetest 


The Acetest tablets contain a mixture of glycine, sodium 
nitroprusside, disodium phosphate, and lactose. Acetoac- 


- etate or acetone (to a lesser extent) in the presence of glycine 


forms a lavender-purple complex with nitroprusside. 
B-hydroxybutyrate does not react with nitroprusside. The 
disodium phosphate provides an optimum pH for the 
reaction, and lactose enhances the color.” 


Detection of Ketone Bodies by Ketostix 


Ketostix is a modification of the nitroprusside test in which 
a reagent strip is used instead of a tablet. The Ketostix test 
gives a positive reaction within 15 seconds with a specimen 
containing at least 50 mg of acetoacetate per L. The accom- 
panying color chart gives readings for ketone concentrations 
of 50, 150, 400, 800, and 1600 mg/L, Acetone also reacts, but 
the test is less sensitive to it. 


Determination of B-Hydroxybutyrate 

A 1995 short report on patients with diabetic ketoacidosis 
indicated that B-hydroxybutyrate correlated better than ace- 
toacetate with changes in acid-base status.” 

In this test, B-hydroxybutyrate in the presence of NAD* 
is converted by [-hydroxybutyrate dehydrogenase to 
acetoacetate, producing NADH. Diaphorase catalyzes the 
reduction of nitroblue tetrazolium (NBT) by NADH to 
produce a purple compound and its absorbance is read in a 
special meter that provides a digital readout. 


B-Hydroxybutyrate 
dehydrogenase 


B-Hydroxybutyrate FKN Acetoacetate 


Diaphorase 


NADH + NBT NAD® + Reduced NBT 
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Determination of Ketone Bodies in Urine 


Acetest and Ketostix are also suitable for detecting ketone 
bodies in urine. The sensitivity and specificity of the tests are 
the same as outlined for serum. 


Reference Interval 

Serum f-hydroxybutyrate values range from 0.02 to 
0.27 mmol/L (0.21 to 2.81mg/dL) in healthy people after 
an overnight fast. Ketone bodies in the blood can reach 
2mmol/L with prolonged exercise.’* Patients with diabetic 
ketoacidosis usually have 8-hydroxybutyrate concentrations 
greater than 2 mmol/L (20 mg/dL). 


LACTATE AND PYRUVATE. 


Lactic acid, an intermediate in carbohydrate metabolism 
(see Figure 25-9), is derived predominantly from white skele- 
tal muscle, brain, skin, renal medulla, and erythrocytes. The 
blood lactate concentration depends on the rate of produc- 
tion in these tissues and the rate of metabolism in the liver 
and kidneys. Approximately 65% of total basal lactate pro- 
duction is used by the liver, particularly in gluconeogenesis. 
The Cori cycle is the conversion of glucose to lactate in the 
periphery and reconversion of lactate to glucose in the liver. 
Extrahepatic removal of lactate is by oxidation in red skele- 
tal muscle and the renal cortex. A moderate increase in 
lactate production results in increased hepatic lactate clear- 
ance, but uptake by the liver is saturable when concen- 
trations exceed 2mmol/L. For example, during strenuous 
exercise, lactate concentrations may increase significantly, 
from an average concentration of about 0.9 to more than 
20mmol/L within 10 seconds. There is no uniformly 
accepted concentration for the diagnosis of lactic acidosis, 
but lactate concentrations exceeding 5 mmol/L and pH less 
than 7.25 indicate significant lactic acidosis. 

Under certain conditions, the ratio of lactate to pyruvate 
is an indicator of redox status. By rearranging the equation 
for the equilibrium constant for the reaction catalyzed by 
lactate dehydrogenase (EC 1.1.1.27), it can be seen that the 
ratio of lactate to pyruvate is proportional to the ratio of 
NADH to NAD*. 


CLINICAL SIGNIFICANCE 


Pyruvate is metabolized by four enzyme systems, namely 
alanine aminotransferase, pyruvate carboxylase (the major 
regulatory enzyme in gluconeogenesis), lactate dehydroge- 
nase, and pyruvate dehydrogenase (see Figure 25-9). The last 
is a complex of enzymes that decarboxylate pyruvate in the 
presence of oxygen to acetyl coenzyme A (CoA), allowing 
entry into the citric acid cycle. Measurement of pyruvate is 
useful in the evaluation of patients with inborn errors of 
metabolism who have increased serum lactate concentra- 
tions. A lactate: pyruvate ratio less than 25 suggests a defect 
in gluconeogenesis, whereas an increased ratio (greater than 
or equal to 35) indicates reduced intracellular conditions 
found in hypoxia. Inborn errors associated with an increased 


lactate:pyruvate ratio include pyruvate carboxylase defi- 
ciency and defects in oxidative phosphorylation.”” A high 
lactate: pyruvate ratio appears to be a sensitive test for 
detecting mitochondrial muscle toxicity of zidovudine 
therapy.” Pyruvate is also measured in clinical studies eval- 
uating reperfusion after myocardial ischemia. Patients with 
Alzheimer’s disease were reported to have higher CSF pyru- 
vate concentrations than control subjects, and the concen- 
trations correlate with the severity of the dementia.” 

Lactic acidosis occurs in two clinical settings: (1) type A 
(hypoxic), associated with decreased tissue oxygenation, such 
as shock, hypovolemia, and left ventricular failure; and (2) 
type B (metabolic), associated with disease (e.g., diabetes 
mellitus, neoplasia, liver disease), drugs and/or toxins (e.g., 
ethanol, methanol, and salicylates), or inborn errors of metab- 
olism (e.g., methylmalonic aciduria, propionic acidemia, 
and fatty acid oxidation defects). Lactic acidosis is not 
uncommon and occurs in approximately 1% of hospital 
admissions. It has a mortality rate greater than 60%, which 
approaches 100% if hypotension is also present. Type A is 
much more common. 

The mechanism of type B lactic acidosis is not known but 
is speculated to be a primary defect in mitochondrial func- 
tion with impaired oxygen use. This leads to reduced stores 
of ATP and NAD‘, with accumulation of NADH and H*. In 
the presence of decreased liver perfusion or liver disease, 
lactate removal from the blood is reduced, thereby aggravat- 
ing the lactic acidosis. 

An uncommon but often undiagnosed cause of lactic aci- 
dosis is p-lactic acidosis. It was thought that p-lactate was 
not produced in human metabolism, but normal individu- 
als have a large capacity to metabolize p-lactate.™ Moreover, 
absorption and accumulation of p-lactate from abnormal 
intestinal bacteria may cause systemic acidosis. This occurs 
after jejunoileal bypass surgery and manifests as altered 
mental status (from mild drowsiness to coma) with 
increased blood concentrations of p-lactate. Virtually all the 
commonly used laboratory assays for lactate use L-lactate 
dehydrogenase, which does not detect p-lactate. p-Lactate 
can be measured by gas-liquid chromatography or, more 
easily, using a specific p-lactate dehydrogenase (Sigma) 
from Lactobacillus leichmanni.’” The enzyme assay can be 
readily automated. 

Lactate in CSF normally parallels blood levels, but not in 
children.™* With biochemical alterations in the CNS, 
however, CSF lactate values change independently of blood 
values. Increased CSF concentrations are noted in cere- 
brovascular accidents, intracranial hemorrhage, bacterial 
meningitis, epilepsy, inborn errors of the electron trans- 
port chain, and other CNS disorders. In aseptic (viral) 
meningitis, lactate concentrations in CSF are not usually 
increased; hence, CSF lactate has been used to help dis- 
criminate between viral and bacterial meningitis,” but the 
clinical utility has been questioned. In a few children with 
inherited metabolic diseases, CSF lactate concentrations 
may be increased despite a plasma lactate in the reference 
interval." 
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METHODS FOR MEASURING LACTATE AND PYRUVATE IN 
BODY FLUIDS 

(Note: Details of the following tests are found on the Evolve 
site that accompanies this book.) 


Determination of Lactate in Whole Blood!” Y27418! 
Principle 

Lactate is oxidized to pyruvate by lactate dehydrogenase in 
the presence of NAD*. The NADH formed in this reaction is 
measured by a spectrophotometer at 340 nm and serves as a 
measure of the lactate concentration. 


Lactate dehydrogenase 
pH 9.0 - 9.6 


K oN 


NAD” NADĐH+HRË 


= 


i-Lactale Pyruvate 


The equilibrium of the reaction normally lies far to the 
left. However, by using a pH of 9.0 to 9.6, an excess of NAD*, 
and trapping the reaction product pyruvate with hydrazine, 
the equilibrium can be shifted to the right. Pyruvate can also 
be removed by reacting it with -glutamate in the presence 
of alanine aminotransferase. Use of tris (hydroxymethy!)- 
aminomethane (TRIS) buffer results in more rapid comple- 
tion of a side reaction between NAD* and hydrazine and 
prevents the “creeping” of blank values observed when 
glycine buffer is used.'” 

Because of its high specificity and simplicity, the enzy- 
matic method is the method of choice for measuring lactate, 
although other methods may also be used (e.g., gas chro- 
matography and photometry). 

The Vitros analyzer (Ortho-Clinical Diagnostics, Raritan, 
N.J.) uses an assay in which lactic acid is oxidized to pyruvate 
by lactate oxidase. The H,O; generated oxidizes a chromogen 
system, and the absorbance of the resulting dye complex, 
measured by a spectrophotometer at 540 nm, is directly pro- 
portional to the lactate concentration in the specimen. Each 
mole of lactate oxidized produces 0.5 mol of dye complex. 


iå 
L-Lactate + O3 ilaa paie Pyruvate + H207 


2H20 + 4aminoantipyrine + 1,7-dihydronaphthalene 


Peroxidase 


——-—> red dye 
Reference Intervals 
The reference intervals for lactate are: 


LACTATE 

Specimen - mmol/L mg/dL 
Venous Blood ee ue 

At rest 0.5-1.3 | 912 

In hospital _ 0.9-1.7 815 
Arterial Blood = 
o Attest. oo oe o 0360.75 BY 
o Un hospital 0 36-195. BD 


Patients in the hospital exhibit a wider range. Lactic 
acidosis occurs with blood lactate concentrations exceeding 
5mmol/L (45 mg/dL). Severe exercise dramatically increases 
lactate concentrations, and even movement of leg muscles by 
patients at bed rest may result in significant increases, Plasma 
values are about 7% higher than those in whole blood, 
although differences depend on the procedure used, CSF 
values are usually similar to blood concentrations, but may 
change independently in CNS disorders. Age-related refer- 
ence intervals for CSF lactate (and lactate: pyruvate ratios) 
have been established in children,” The upper limit of the 
reference interval (90th percentile) for CSF lactate in chil- 
dren in hospital from birth to 15’, years varied continuously 
from 1.78 to 1.88mmol/L (16 to 17mg/dL).” Normal 24- 
hour urine output of lactate is 5.5 to 22 mmol/day. 


Determination of Pyruvate in Whole Blood 

Principle 

The reaction involved in the determination of pyruvate is 
essentially the reverse of the reaction used in the lactate 
procedure. 


Lactate dehydrogenase 
pu 7.5 


yo N 


NADH+H® NAD 


Pymvale = Lactate 


@ 


At about pH 7.5, the equilibrium constant strongly favors 
the reaction to the right. The method is very specific, and 
2-oxoglutarate, oxaloacetate, acetoacetate, and §-hydroxybu- 
tyrate do not interfere as with colorimetric methods. 


Reference Intervals 


Fasting venous blood, drawn with a patient at rest, has 
a pyruvate concentration of 0.03 to 0.10mmol/L (0.3 to 
0.9mg/dL). Arterial blood contains 0.02 ‘to 0.08mmol/L 
(0.2 to 0.7 mg/dL). Values for CSF are 0.06 to 0.19 mmol/L 
(0.5 to 1.7mg/dL).”* Age-related reference intervals in 
CSF have been established in children.” Urine output of 
pyruvate is normally 1mmol/day or less. There are few 
clinical indications for measurement of blood pyruvate 
concentrations. 


GLYCATED PROTEINS _ 


Measurement of glycated proteins, primarily GHb, is effec- 
tive in monitoring long-term glucose control in people with 
diabetes mellitus. It provides a retrospective index of the 
integrated plasma glucose values over an extended period of 
time and is not subject to the wide fluctuations observed 
when assaying blood glucose concentrations. GHb concen- 
trations therefore are a valuable and widely used adjunct to 
blood glucose determinations for monitoring of long-term 
glycemic control, In addition, GHb is a measure of the risk 
for the development of complications of diabetes. 
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GLYCATED HEMOGLOBIN* 


Glycation is the nonenzymatic addition of a sugar residue to 
amino groups of proteins. Human adult hemoglobin (Hb) 
usually consists of Hb A (97% of the total), Hb A, (2.5%), 
and Hb F (0.5%). Hb A is made up of four polypeptide 
chains, two &- and two B-chains. Chromatographic analysis 
of Hb A identifies several minor hemoglobins, namely Hb 
Ai» Hb ‘Ay, and Hb A,,,which are collectively referred to as 
Hb A,, fast hemoglobins (because they migrate more rapidly 
than Hb A in an electrical field), glycohemoglobins, or gly- 
cated hemoglobins (Table 25-6). The Joint Commission on 
Biochemical Nomenclature of the International Union of 
Pure and Applied Chemistry recommends the term neogly- 
coprotein for such derivatives and the term glycation to 
describe this process. Therefore although glycosylated and 
glucosylated have been widely used in the literature, the term 
glycated is preferred. Hb A,, is formed by the condensation 
of glucose with the N-terminal valine residue of each 
B-chain of Hb A to form an unstable Schiff base (aldimine, 
pre-Hb Ais Figure 25-15). The Schiff base may either disso- 
ciate or undergo an Amadori rearrangement to form a stable 


*The terms glycated hemoglobin, glycohemoglobin, 
“glycosylated” (which should not be used as it refers to proteins 
in which carbohydrates have been attached enzymatically) 
hemoglobin, Hb A,, and Hb A,,, have all been used to refer to 
hemoglobin that has been modified by the nonenzymatic 
addition of glucose residues. However, these terms are not 
interchangeable. Glycated hemoglobins comprise Hb A, and 
other hemoglobin-glucose adducts, whereas Hb A, is made up of 
Hb Ain Hb Ay, and Hb Aie To eliminate this confusing 
nomenclature, the term “Alc test” has been suggested. As 
described in the text, most of the clinical outcome data that are 
available for the effects of metabolic control on complications (at 
least for the DCCT and UKPDS) used assay methods that 
quantified HbA,,. In this chapter, the term glycated eee 
includes all forms of glycated kemagan 


Nam a a zomp onent(s) 


Ib Ay 
tal glycated hemoglobin* 


Hb, Hemoglobin 
*Also termed “glycated hemoglobin” or “glycohemoglobin” 


TABLE 25-6 Nomenclature of Selected Hemoglobins 


N-terminal 
amino Aldimine 


group Glucose (Schiff base) y Ketoamine 
Amadori 
NH, H—C=0 H—C=N—BA rearrangement H3C—NH-BA 
| + È s F: = = | 
BA H—C—OH H—C—OH C=O 


slaw 


rapid 
HbA + Glucose s= pre-Hb Ap © ————* HbA),, 


Figure 25-15 Formation of hemoglobin A... 


ketoamine, Hb Ae Hb Aja, and Hb Ano which make up 
Hb Aw . have’ fructose-1,6-diphosphate and glucose-6- 
phosphate, respectively, attached to the amino terminal of 
the B-chain (Table 25-6). The structure of Hb Am, identified 
by mass spectrometry, contains pyruvic acid linked to the 
amino terminal valine of the B-chain, probably by a keta- 
mine or enamine bond. Hb A,, is the major fraction, consti- 
tuting approximately 80% of Hb Aj. 

Glycation may also occur at sites other than the end of 
the B-chain, such as lysine residues, or the a-chain. These 
GHbs, referred to as glycated Hb Ay or total glycated hemo- 
globin (Table 25-6), cannot be separated from nonglycated 
hemoglobin by methods based on charge, but are measured 
by boronate affinity chromatography. 

Formation of GHb is essentially irreversible, and the con- 
centration in the blood depends on both the lifespan of the 
red blood cell (average 120 days) and the blood glucose con- 
centration. Because the rate of formation of GHb is directly 
proportional to the concentration of glucose in the blood, the 
GHb concentration represents the integrated values for glucose 
over the preceding 6 to 8 weeks. This provides an additional 
criterion for assessing glucose control because GHb values 
are free of day-to-day glucose fluctuations and are unaffected 
by recent exercise or food ingestion. It is important to realize 
that the contribution of the plasma glucose concentration to 
GHb depends on the time interval, with more recent values 
ptoviding..a larger contribution than earlier values. ‘The 


b moglobin- carbohydrate adducts 
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plasma glucose in the preceding 1 month determines 50% of 
the Hb Aio whereas days 60 to 120 determine only 25%.” 
After a sudden alteration in blood glucose concentrations, 
the rate of change of Hb A, is rapid during the initial 2 
months, followed by a more gradual change approaching 
steady state 3 months later. The half-time is 35 days. 

The interpretation of GHb depends on the red blood 
cells having a normal lifespan. Patients with hemolytic 
disease or other conditions with shortened red blood cell 
survival exhibit a substantial reduction in GHb.* Similarly, 
individuals with recent significant blood loss have falsely 
low values owing to a higher fraction of young erythrocytes. 
GHb concentrations can still be used to monitor these 
patients, but values must be compared with previous values 
from the same patient, not published reference intervals. 
High GHb concentrations have been reported in iron defi- 
ciency anemia, probably because of the high proportion 
of old erythrocytes. The effect of hemoglobin variants 
(such as Hb F, Hb S, and Hb C) depends on the specific 
method of analysis (discussed later).“° Depending on the 
particular hemoglobinopathy and assay method, results may 
be spuriously increased or decreased. Another source of 
error in selected methods is carbamylated hemoglobin. This 
is formed by attachment of urea and is present in large 
amounts in renal failure, which is common in diabetic 
patients. 

Labile intermediates (pre-Hb Aio Schiff base) may be 
included in measurements of Hb A especially in the 
common electrophoretic and ion-exchange methods,” and 
produce misleadingly high results. The labile fraction changes 
rapidly with acute changes in blood glucose concentration and 
thus is not an indicator of long-term glycemic control. Pre-Hb 
A amounts to 5% to 8% of total Hb A, in healthy individ- 
uals and ranges from 8% to 30% in patients with diabetes, 
depending on the degree of control of blood glucose con- 
centration at or near the time of blood sampling.’ If the 
analytical method measures both fractions, the labile pre-Hb 
A,. should first be removed to prevent falsely increased 
results. In the absence of glucose, pre-Hb Aj: reverts to 
glucose and Hb A (see Figure 25-15). This provides the basis 


for some procedures to eliminate the labile fraction by incu- 


bating washed red blood cells in saline. In some boronate 
methods, the assay conditions favor rapid dissociation of the 
Schiff base. 


Clinical Utility 

GHb has been firmly established as an index of long-term 
blood glucose concentrations and as a measure of the risk 
for the development of complications in patients with dia- 
betes mellitus.” GHb was a cornerstone of the DCCT.” (To 
prevent assay variability [see section on assay standardiza- 
tion later in this chapter], all GHb assays in the DCCT were 
done in a central laboratory that measured Hb A, by 
HPLC.) The DCCT documented that there is a direct rela- 
tionship between blood glucose concentrations (assessed by 


Hb A,,) and the risk of complications.” The absolute risks 
of retinopathy and nephropathy were directly proportional 
to the mean Hb A.. The risk of retinopathy increased con- 
tinuously with increasing Hb Ajo and a single measure of Hb 
A,, predicted the progression of retinopathy 4 years later. In 
fact, subsequent analysis revealed that the mean Hb A,, was 
the dominant predictor of retinopathy progression, and a 
10% lower Hb A. concentration was associated with a 45% 
lower risk.” The risk of microvascular complications varies 
continuously with Hb A, and there is not an Hb Ap: con- 
centration below which the risk is eliminated. 

Analogous correlations between Hb Ap and complica- 
tions were observed in patients with type 2 diabetes in the 
UKPDS trial.” To ensure that Hb A,, results in the UKPDS 
were comparable with the DCCT, the same ion-exchange 
HPLC method was used. The mean Hb A. values for the 
intensively treated and conventional groups were 7.0% and 
7.9%, respectively.” Despite the apparently small difference 
in Hb Ao microvascular complications were reduced by 
~25%, Each 1% reduction in Hb A;, (e.g., from 8% to 7%) 
was associated with risk reductions of 37% for microvascu- 
lar disease, 21% for deaths related to diabetes, and 14% for 
myocardial infarction.“ Importantly, in patients without 
diabetes, Hb Ac is directly related to cardiovascular disease. 
In the European Prospective Investigation into Cancer and 
Nutrition [EPIC-Norfalk], an increase of 1% in Hb Ar was 
associated with a 28% increase in the risk of death.’”” Based 
on the DCCT and UKPDS, the ADA recommends that a 
primary treatment goal in adults with diabetes should be 
“near-normal” glycemia with Hb A, less than 7%.” The 
American College of Endocrinology and the International 
Diabetes Federation recommend a Hb A,, target of 6.5%. 
The more frequent use of this test in the management of 
patients is reflected in the increased number of laboratories 
participating in College of American Pathologists (CAP) 
GHb surveys. In 1985, 1990, and 2003 there were approxi- 
mately 300, 707, and 2008 laboratories, respectively, enrolled 
in the GHb surveys. 


Methods for the Determination of Glycated Hemoglobins 


There are more than 30 different methods for the deter- 
mination of GHbs. These methods separate hemoglobin 
from GHb using techniques based on charge differences 
(ion-exchange chromatography, HPLC, electrophoresis, 
and isoelectric focusing), structural differences (affinity 
chromatography and immunoassay), or chemical analysis 
(photometry and spectrophotometry)."” Regardless of the 
method, the result is expressed as a percentage of total hemo- 
globin. Analysis by chemical techniques is rarely used and is 
not addressed further here. (Interested readers are referred 
to earlier editions of this book.) The selection of method by 
a laboratory is influenced by several factors, including 
sample volume, patient population, and cost. It is advisable 
to consult clinicians in this process. The ADA recommends 
that laboratories should use only GHb assays that are 
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TABLE 25-7 Methods of Glycated Hemoglobin Analysis’ 


CV, Coefficient of variation; Hb, hemoglobin; GHb, glycated hemoglobin. 


Results are based on 1995 CAP Survey, Set EC-B, Specimen GH-03 and 2003 CAP Survey, Set GH2-A, Specimen GH2-02 (Copyright, 1995 and 2003 
College of American Pathologists; data used with permission). See text for discussion of methods. 


Pn is the number of laboratories that participated in the survey. 
‘Indicates how many laboratories use the indicated method. 


4Where more than one value is listed, the data vary among commercial assays. The range is presented. 


‘The NGSP value in 2003 was 5.2%. 
‘Number of participants was too low to permit statistical analysis. 


certified by the National Glycohemoglobin Standardization 


Program (now known as the NGSP) as ttareable i to the- 


DCCT reference.) 


The GHb assays most widely used in the United States are 


depicted in Table 25-7. These data are based on results from 
1947. Jaboratories participating in a 1995 quality control 
survey and 2008 laboratories participating in a 2003 quality 
control survey conducted by the CAP. The results demon- 
strate that in 2003 virtually all laboratories used immunoas- 
say or ion-exchange chromatography. Hb Ais was measured 
by more than 99% of laboratories (Table 25-7). Total GHb 
and Hb A, measurements had virtually disappeared. These 
results reflect significant changes from the methods used in 
1995 when affinity chromatography was the most common 
analytical method (Table 25-7). Also, only 60% of labora- 
tories reported Hb A,, in 1995. In addition, the variation 
among mean values—both between and within methods— 
and imprecision were substantially lower in 2003. It should 
be borne in mind that these data refer only to these CAP 
surveys and are weighted to laboratories that participate. All 
of the methods described are commercially available from 
several different manufacturers. Moreover, differences in 
means among methods may reflect calibration and other 
differences in addition to inherent differences between 
methods. 


Ton-Exchange Minicolumns 


lon-exchange chromatography separates hemoglobin vari- 
ants on the basis of charge. The cation exchange resin (neg- 


atively charged), packed in a disposable minicolumn, has an 
affinity for hemoglobin, which is positively charged. The 
patient’s sample is hemolyzed and an aliquot of the 
hemolysate is applied to the column. A buffer is applied and 
the eluent collected. The ionic strength and pH of the eluent 
buffer are selected so that GHbs are less positively charged 
than Hb A, do not bind as well to the negatively charged 
resin, and are therefore eluted first. The GHbs—A,, + Am + 
Ajo expressed collectively as Hb A;—are measured in a spec- 
trophotometer. A second buffer of different ionic strength 
can be added to the column to elute the more positively 
charged main hemoglobin fraction. This is read in the spec- 
trophotometer and GHb is expressed as a percentage of total 
hemoglobin. Alternatively, only the Hb A, is eluted and a 
separate dilution of the original hemolysate is made, against 
which the Hb A, is compared. Numerous commercial 
modifications have been developed. Simple agitation of 
resins with hemolysates (batch technique) to adsorb Hb A 
has also been described. In this approach, the supernatant 
solution containing the Hb A, fraction is removed by fil- 
tration or centrifugation. Methods that separate Hb Aja» 
from Hb A,, by using two different buffers have also been 
described.’ Most of the current commercial ion-exchange 
methods use HPLC. 

In all ion-exchange column methods, it is important to 
control the temperature of the reagents and columns to obtain 
accurate and reproducible results. This is best done by ther- 
mostatting the columns. Alternatively, a temperature correc- 
tion factor can be applied if the room temperature differs 
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from the specified optimum. In addition, rigid control of pH 
and ionic strength must be maintained. Sample storage con- 
ditions are also important. 

The labile pre-Hb A, fractions elute with the stable 
ketoamine and produce spuriously high values unless 
destroyed by pretreatment of the red blood cells. Spuriously 
increased values are also obtained when the charge on hemo- 
globin is altered by the attachment of noncarbohydrate moi- 
eties, which may co-chromatograph with GHbs, as in uremia 
(carbamylated hemoglobin), alcoholism, lead poisoning, or 
chronic treatment with large doses of aspirin (acetylated 
hemoglobin). Hemoglobin variants or chemically modified 
hemoglobin that elute separately from Hb A and Hb A;< have 
little effect on Hb A;, measurements. If the modified hemo- 
globin (or its glycated derivative) cannot be separated from 
Hb A or Hb Ao spuriously increased or reduced results will 
be obtained.“ A variant that elutes with Hb A will yield a 
gross overestimation of Hb Aio and a variant that co-elutes 
with Hb A will underestimate Hb Aje Note that a single 
variant may falsely increase or decrease Hb Aio depending 
on the method used.” 


High-Performance Liquid Chromatography 

Hb A,, and other hemoglobin fractions can be separated by 
HPLC, which employs cation-exchange chromatography.”! 
Several fully automated systems are commercially available. 
Assays require only 5uL of whole blood, and fingerstick 
samples can be collected in a capillary tube for analysis. 
Anticoagulated blood is diluted with a hemolysis reagent 
containing borate. Samples are incubated at 37 °C for 30 
minutes to remove Schiff base and inserted in the autosam- 
pler. (Some instruments have a shorter preincubation step, 
and others [e.g., Tosoh A,,2.2], separate labile Ay, chromato- 
graphically, eliminating the step to remove the Schiff 
base.) ™ A step gradient using three phosphate buffers of 
increasing ionic strength is passed through the column. 
Detection is performed at both 415 and 690 nm, and results 
are quantified by integrating the area under the peaks. 
Analysis time is as short as 3 to 5 minutes. All HPLC methods 
had CVs less than 3.5% in a 2003 CAP survey. Hb Ar by 
HPLC was used for analysis of all patient samples in the 
DCCT” and UKPDS. 


Electrophoresis 


Agar gel electrophoresis on whole-blood hemolysates at pH 
6.3 provides good resolution of Hb A and Hb Aj.’ The gel 
contains negatively charged moieties that interact with the 
hemoglobin. After 25 to 35 minutes, the GHb separates on 
the cathodic side of Hb A. Quantification is performed by 
scanning densitometry at 415nm. Results generally agree 
well with those obtained by HPLC or column chromatogra- 
phy, but are less precise. Minor variations in pH, ionic 
strength, or temperature have little effect on results. Hb F 
migrates to the same region as Hb A, and causes a falsely 
increased Hb A, value, but Hb S and Hb C do not. The labile 
form should be removed before assaying. 


Isoelectric Focusing 


The hemoglobin variants separate on Isoelectric focusing on 
the basis of their migration in gel containing a pH gradi- 
ent.” Ampholines in the pH range of 6 to 8 establish the 
gradient in 1-mm-thick acrylamide gel slabs. As many as 35 
samples per gel slab can be individually applied to filter 
paper tabs. On completion of iscelectric focusing, the gels 
are fixed and then scanned on a high-resolution integrating 
microdensitometer. Hb A: is adequately resolved from Hb 
Ais Åm S, and E Results showed close agreement with other 
methods. The equipment is expensive and is not widely used 
in the United States, but is more popular in Europe. 


Immunoassay 

Assays for Hb A, have been developed using antibodies 
raised against the Amadori product of glucose (ketoamine 
linkage) plus the first few (four to eight) amino acids at the 
N-terminal end of the B-chain of hemoglobin.” A widely 
used assay measures Hb Aj, in whole blood by inhibition of 
latex agglutination. The agglutinator, a synthetic polymer 
containing multiple copies of the immunoreactive portion 
of Hb A,,, binds the anti-Hb A;, monoclonal antibody that 
is attached to latex beads. This agglutination produces light 
scattering, measured as an increase in absorbance. Hb A), in 
the patient’s sample competes for the antibody on the latex, 
inhibiting agglutination, thereby decreasing light scattering. 
Enzyme immunoassays using monoclonal antibodies are 
commercially available and most exhibit low imprecision 
(see Table 25-7), These assays have been shown to correlate 
well with HPLC. The antibodies do not recognize labile 
intermediates or other GHbs (such as Hb A,, or Hb Ay) 
because both the ketoamine with glucose and the specific 
amino acid sequences are required for binding. Similarly, 
other hemoglobin variants, such as Hb F Hb A, Hb S, 
and carbamylated hemoglobin are not detected.“ The pro- 
cedure has been adapted for capillary blood samples using a 
bench-top analyzer with reagent cartridges designed for use 
in physicians’ office laboratories. 


Affinity Chromatography 
Affinity gel columns are used to separate GHb, which binds 
to the column, from the nonglycated fraction. 
m-Aminophenylboronic acid is immobilized by cross- 
linking to beaded agarose or another matrix (e.g glass 
fiber). The boronic acid reacts with the cis-diol groups of 
glucose bound to hemoglobin to form a reversible five- 
member ring complex, thus selectively holding the GHb on 
the column (Figure 25-16). The nonglycated hemoglobin 
does not bind. Sorbitol is then added to elute the GHb. 
Absorbance of the bound and nonbound fractions, mea- 
sured at 415 nm, is used to calculate the percentage of GHb. 
A commercial assay is performed on an automated ana- 
lyzer that uses a soluble reagent consisting of dihydroxy- 
boronate coupled to high molecular weight polyacrylic 
acid." GHb binds to the boronate. The polyanionic- 
glycated hemoglobin affinity complex attaches by electro- 
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Figure 25-16 Reaction of GHb with immobilized boronic acid. 


static interactions to the cationic surface of the solid phase 
matrix (ion capture). Nonglycated hemoglobin does not 
bind and is removed in a wash step. GHb is quantified by 
measuring the quenching by hemoglobin of the fluorescence 
of an added fluorophore, 4-methyl-umbelliferone. Total 
hemoglobin is determined by fluorescence quenching of a 
second sample containing sorbitol. The sorbitol competes 
for boronate binding sites, and both nonglycated and GHb 
contribute to inhibition of the quenching. The fluorescence 
measurements are converted to glycated and total hemo- 
globin concentrations from separate stored calibration 
curves. 

The major advantages of affinity chromatography are as 
follows: There is no interference from nonglycated hemo- 
globins and negligible interference from the labile interme- 
diate form of Hb A. It is unaffected by variations in 
temperature and has reasonably good precision. Hemoglo- 
bin variants such as Hb FE Hb S, or Hb C produce little effect. 
Affinity methods measure total GHb. This includes compo- 
nents other than Hb A,, because the assay detects ketoamine 
structures on lysine and valine residues on both œ- and 
B-chains of hemoglobin. 

Although the method detects all GHbs, several commer- 
cially available systems are calibrated to also report an Hb 
A,, standardized value. The latter are derived from an equa- 
tion obtained from correlation between total GHb and Hb 
Aş analysis by HPLC. A linear relationship has been 
demonstrated, and standardized Hb A,, values are thus com- 
parable with the values obtained by methods specific for Hb 
Ao Columns and reagents are readily available from a 
number of manufacturers, several of whom have automated 
the procedure. 


Removal of Labile Glycated Hemoglobin from 

Red Blood Cells 

The concentration of the labile form of Hb A,. (Schiff base) 
fluctuates rapidly in response to acute changes in plasma 
glucose concentrations and should be removed before analy- 
sis by charge-based assays. This may be accomplished by 
incubating red blood cells in saline’ or in buffer solutions 
at pH 5 to 6,” or by dialysis or ultrafiltration of hemolysates. 


Most kits for column assays contain reagents to remove this 
labile component. 


Assay Standardization 


Clinical laboratories measure GHb with diverse assays that 
use multiple methods and quantify different components. 
The DCCT results accentuated the need for accurate GHb 
measurement and provided a strong impetus for standard- 
ization of GHb assays. At the end of the DCCT, it was noted 
that the absence of both a reference method and a single 
GHb standard had generated confusion.” Interlaboratory 
comparisons were not possible, and even a single quality- 
control sample analyzed by a single method exhibited CVs 
as high as 16.5%. Similar large variability among laborato- 
ries was observed in Europe.’ Committees were established 
under the auspices of the American Association for Clinical 
Chemistry and the International Federation of Clinical 
Chemistry and Laboratory Medicine (IFCC) to standardize 
GHb assays. 

The NGSP  (http://web.missouri.edu/~diabetes/ngsp. 
html) was implemented in 1996 to calibrate GHb results to 
DCCT-equivalent values. Employing a network of reference 
laboratories, the NGSP interacts with manufacturers of GHb 
methods to help them calibrate their methods and trace the 
values to the DCCT.'”' Manufacturers apply for certification 
by performing precision testing following NCCLS EP5-A 
guidelines and report results in DCCT-equivalent hemoglo- 
bin A,, values. This calibration effort has markedly improved 
harmonization of results and reduced imprecision.’ Results 
obtained using NGSP-certified assays can be compared with 
the results of the DCCT and UKPDS, allowing alignment to 
clinical outcomes data. The ADA recommends that clinical 
laboratories use only assays certified by the NGSP and 
participate in proficiency testing offered by the CAP. The 
CAP-GH2 survey uses pooled whole blood specimens at 
three GHb concentrations. Target values are assigned by the 
NGSP network. Thus individual laboratories can directly 
compare their GHb results with those of the DCCT. 

A different approach was adopted by the IFCC. In 1995 a 
working group was established to devise a reference system 
for standardization based on Hb Ae. The IFCC group devel- 
oped a mixture of purified Hb A,, and Hb Ay as primary ref- 
erence material.’ Two candidate reference methods, namely 
electrospray ionization mass spectrometry (ESI-MS) and 
capillary electrophoresis, were proposed.” These specifically 
measure the glycated N-terminal valine of the B-chain 
of hemoglobin. Analysis is performed by digesting the 
hemoglobin molecule with endoproteinase Glu-C, which 
cleaves the B-chain between Glu-6 and Glu-7, releasing the 
N-terminal hexapeptide. The glycated and nonglycated 
hexapeptides are separated and quantified by HPLC-ESI-MS 
or by HPLC-capillary electrophoresis.’ Hb A). is measured 
as the ratio between glycated and nonglycated N-terminal 
hexapeptides. Comparisons between the IFCC and NGSP 
reference methods (and other reference systems, including 
others from Japan and Sweden) are under investigation. 
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Initial analysis indicates a close and stable relationship. 
However, the Hb A,, results obtained using IFCC reference 
methods are 1.5% to 2% lower than those of the NGSP (and 
lower than other reference systems). The difference is prob- 
ably due to measurement of glycated components other than 
Hb A, by the HPLC used by the NGSP. International har- 
monization would allow worldwide alignment of GHb 
results with patient outcomes in DCCT and UKPDS. If the 
IFCC reference method exhibits long-term stability and has 
a robust relationship with the NGSP, the IFCC method may 
eventually become the reference method for the NGSP. Con- 
sultations among clinicians and laboratorians have been 
initiated to reach an international consensus on how to 
reconcile the different Hb A,, values between the standard- 
ization programs, with the ultimate goal of enhancing 
patient care. 


Specimen Collection and Storage 


Patients need not be fasting. Venous blood should be col- 
lected in tubes containing EDTA, oxalate, or fluoride. Sample 
stability depends on the assay method.” Whole blood may 
be stored at 4 °C for up to 1 week. Above 4 °C, Hb Ajam 
increases in a time- and temperature-dependent manner, but 
Hb Ax is only slightly affected” Storage of samples at 
—20 °C is not recommended. For most methods, whole blood 
samples stored at —70 °C are stable for at least 18 months.” 
Heparinized samples should be assayed within 2 days and 
may not be suitable for some methods of analysis (e.g. 
electrophoresis). 


Reference Intervals 


Values for GHbs are expressed as a percentage of total blood 
hemoglobin. One of three major GHb species, namely Hb 
A, Hb A,,, or total GHb, is usually measured. In the United 
States, the vast majority of laboratories now measure Hb 
Aic Reference intervals vary, depending on the GHb com- 
ponent measured and whether the labile fraction is included 
in the assay. A consensus, based on several studies of ap- 
parently healthy subjects, suggests the following reference 
intervals: 


Mean: (%) Interval (%) 
Hb A Agi) AEG 5 5.0-8.0 
Hb A,. only a5 4.0-6.0 
(DCCT-equivalent) {ESSE SUS SEES 
‘Total glycated Hb = 5.5 A570 
ALA) : ee 


The effects of age on reference intervals are contro- 
versial."” Some studies show age-related increases 
(~0.1% per decade after age 30), and other reports show no 
increase??? Results are not affected by acute illness. 
Intraindividual variability is minimal.” In patients with 
poorly controlled diabetes mellitus, values may extend to 


twice the upper limit of the reference interval or more but 
rarely exceed 15%. Values greater than 15% should prompt 
further studies to determine the possible presence of variant 
hemoglobin.” Note that ADA target values derived from 
DCCT and UKPDS, not the reference values, are used to 
evaluate metabolic control in patients. 

There is no specific value of Hb A,, below which the risk 
of diabetic complications is eliminated completely. The ADA 
states that the goal of treatment should be to maintain Hb 
A,, less than 7%.” (Some organizations recommend an Hb 
A target of less than 6.5%.) These values are applicable only 
if the assay method is certified as traceable to the DCCT ref- 
erence. Each laboratory should establish its own nondiabetic 
reference interval. Assay precision is important because each 
1% change in Hb A,, represents an approximate 35 mg/dL 
change in average blood glucose. 

There is no consensus on optimum frequency of 
testing. The ADA recommends that GHb should be routinely 
monitored at least every 6 months in patients meeting 
treatment goals (and who have stable glycemic control). ® 
These recommendations are for patients with either type 1 
or type 2 diabetes. In certain clinical situations, such as 
diabetic pregnancy, when patients are not meeting treat- 
ment goals, or a major change in therapy, more frequent 
monitoring (e.g., every 3 months) may provide useful 
information. 


FRUCTOSAMINE 

Clinical Significance 

In selected patients with diabetes mellitus (e.g, GDM or 
change in therapy), there may be a need for assays that are 
more sensitive than GHb to shorter-term alterations in 
average blood glucose levels. Nonenzymatic attachment of 
glucose to amino groups of proteins other than hemoglobin 
(e.g serum proteins, membrane proteins, and lens crys- 
tallins} to form ketoamines also occurs. Because serum 
proteins turn over more rapidly than erythrocytes (the cir- 
culating half-life for albumin is about 20 days), the concen- 
tration of glycated serum albumin reflects glucose control over 
a period of 2 to 3 weeks. Therefore evidence of both deterio- 
ration of control and improvement with therapy is evident 
earlier than with GHb. 

Fructosamine is the generic name for plasma protein 
ketoamines (for reviews, see Armbruster’ and Hill et al”). 
The name refers to the structure of the ketoamine rearrange- 
ment product formed by the interaction of glucose with the 
€-amino group on lysine residues of albumin. Analogous to 
GHb, measurement of fructosamine may be used as an index 
of the average concentration of blood glucose over an 
extended period of time. 

Because all glycated serum proteins are fructosamines 
and albumin is the most abundant serum protein, measure- 
ment of fructosamine is thought to be largely a measure of 
glycated albumin, but this has been questioned by some 
investigators.” Although the fructosamine assay can be 
automated and is cheaper and faster than GHb, there is a lack 
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of consensus on its clinical utility, For example, evaluation of 
65 studies led the authors to conclude that fructosamine 
determination is not a reliable test and has not been evalu- 
ated sufficiently for routine clinical use.”° In contrast, a 
review of essentially the same data concluded that fruc- 
tosamine could provide information useful in the manage- 
ment of diabetes.'© Early work using the original assay, 
introduced in 1983,”!"! indicated that fructosamine con- 
centrations were significantly higher in diabetic individuals 
than in healthy subjects. Over the succeeding decade, the 
assay underwent numerous modifications because several 
artifacts were identified that rendered the data from the first- 
generation fructosamine assay difficult to interpret. These 
include an apparent lack of specificity for glycated proteins 
(up to 60% of the value was due to nonfructosamine reduc- 
ing substances), lack of standardization among laboratories, 
difficulty in calibrating the assay, and interference by urates 
and hyperlipidemia.*' Substantial modifications produced 
second-generation assays that contain uricase and higher 
detergent concentrations and are calibrated with glycated 
lysine.’ In addition, an industry standard was adopted. 
These improvements resulted in average fructosamine values 
in nondiabetics that are approximately 10% of those 
obtained with the first-generation assay. Some clinical evi- 
dence suggests that fructosamine may be useful in the 
elderly” and in pregnancy.“ The potential role of the 
second-generation fructosamine assay in providing rapid, 
reliable, inexpensive, and technically easy monitoring of 
glycemic control requires evaluation. The clinical value of 
fructosamine has not been firmly established, and there is no 
convincing evidence that relates its concentration to the 
chronic complications of diabetes.“ 

As fructosamine determination monitors short-term 
glycemic changes different from GHb, it may have a role in 
conjunction with GHb rather than instead of it. In addition, 
fructosamine may be useful in patients with hemoglobin 
variants, such as Hb S$ or Hb C, that are associated with 
decreased erythrocyte lifespan where GHb is of little value. 
Gross changes in protein concentration and half-life 
may have large effects on the proportion of protein that is 
glycated. Thus fructosamine results may be invalid in 
patients with nephrotic syndrome, cirrhosis of the liver, or 
dysproteinemias, or after rapid changes in acute phase 
reactants. Initial reports indicated that, in the absence of 
significant alterations in serum protein concentrations, 
fructosamine results were independent of protein concen- 
trations.”* However, this observation has been questioned by 
other investigators who recommend that fructosamine 
values be corrected for protein concentrations. This issue 
remains to be resolved. It is generally accepted that the test 
should not be performed when serum albumin is less than 
309/L. Although it was initially postulated that the fruc- 
tosamine assay would replace the OGTT, there is no role for 
the fructosamine assay in the diagnosis of diabetes mellitus. 
The second-generation fructosamine assay has been re- 
ported to have a sensitivity and specificity of close to 80% in 


screening patients for GDM? but this study requires 
verification. 


Determination of Fructosamine 


Methods for measuring glycated proteins include (1) affin- 
ity chromatography using immobilized phenylboronic acid 
(similar to the GHb assay); (2) HPLC of glycated lysine 
residues after hydrolysis of the glycated proteins”; (3) a 
photometric procedure in which mild acid hydrolysis 
releases 5-hydroxymethylfurfural—proteins are precipitated 
with trichloroacetic acid and the supernatant is reacted with 
2-thiobarbituric acid“; and (4) other procedures using 
phenylhydrazine and ¢-N-(2-furoylmethyl)-1-lysine (furo- 
sine). None of these assays is popular because they are not 
suitable for routine clinical laboratories. The development 
of monoclonal antibodies to glycated albumin,” although 
theoretically advantageous, has not yet resulted in the 
widespread availability of commercial glycated albumin 
assays. It should be noted that prolonged storage at ultra- 
low temperatures (-96 °C} prevents in vitro glycation of 
serum proteins.” 

An alternative method for the measurement of fruc- 
tosamine is a modification’! of the original method of 
Johnson and colleagues," details of which are included in 
the Evolve site that accompanies this book. This method is 
conducted under alkaline conditions and results in fruc- 
tosamine undergoing an Amadori rearrangement and the 
resultant compounds having reducing activity that can be 
differentiated from other reducing substances. In the pres- 
ence of carbonate buffer, fructosamine rearranges to the 
eneaminol form, which reduces NBT to a formazan (Figure 
25-17). The absorbance at 530nm is measured at two time 
points and the absorbance change is proportional to the 
fructosamine concentration. A 10-minute preincubation is 
necessary to allow fast-reacting interfering reducing sub- 
stances to react. It is unnecessary to remove endogenous 
glucose from patients’ samples because a pH greater than 11 
is required for glucose to reduce NBT. The assay is easily 
automated and has excellent between-batch analytical preci- 
sion. Hemoglobin (greater than 100mg/dL) and bilirubin 
(greater than 4mg/dL) interfere; therefore moderate to 
grossly hemolyzed and icteric samples should not be used. 
Ascorbic acid concentrations greater than 5mg/dL may 
cause negative interference. Kits are commercially available 
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Figure 25-17 Reaction of fructosamine with NBT. 
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(Roche Diagnostics, Indianapolis). An assay that measures 
fructosamine by oxidizing the ketoamine bond using 
ketoamine oxidase, with the release of H,O, that is quanti- 
fied by a photometric reaction, is available (Randox, Ocean- 
side, Calif.). An FDA-approved device using a hand-held 
meter for home use by adults excluding pregnant women 
and children (InCharge, LXN Corp., San Diego) has been 
discontinued. 


Reference Intervals 


Values in a nondiabetic population range from 205 to 
285 mol/L. The reference interval corrected for albumin is 
191 to 265 mol/L. 


ADVANCED GLYCATION END PRODUCTS 


The molecular mechanism by which hyperglycemia pro- 
duces toxic effects is unknown, but glycation of tissue 
proteins may be important. Nonenzymatic attachment of 
glucose to long-lived proteins, such as collagen or DNA, 
produces stable Amadori early-glycated products, These 
undergo a series of additional rearrangements, dehydration, 
and fragmentation reactions, resulting in stable advanced 
glycation end products (AGE). The amounts of these prod- 
ucts do not return to normal when hyperglycemia is cor- 
rected, and they accumulate continuously over the lifespan 
of the protein. Hyperglycemia accelerates the formation of 
protein-bound AGE, and patients with diabetes mellitus thus 
have more AGE than healthy subjects. Through effects on the 
functional properties of protein and extracellular matrix, 
AGE may contribute to the microvascular and macrovascu- 
lar complications of diabetes mellitus.’ Moreover, an 
inhibitor of AGE formation, aminoguanidine, has been 
shown to prevent several of the complications of diabetes in 
experimental animal models and is undergoing clinical trials 
in patients, 

Several assays for AGE have been developed. An early 
method, AGE-dependent relative fluorescence, suffered from 
spurious contributions to total fluorescence by non-AGE 
protein adducts, such as glucose- or lipid-derived oxidation 
products, that have similar fluorescence spectra. A radio- 
receptor assay, based on the presence of AGE receptors on the 
surface of a macrophage-like tumor cell line, that was 
capable of quantifying AGE on both circulating (albumin) 
and tissue proteins was developed.” Antibodies were also 
raised against AGE~keyhole limpet hemocyanin’ and AGE- 
bovine serum albumin.” These antibodies react with several 
AGE-proteins. A competitive ELISA using polyclonal anti- 
AGE antibody was developed to measure hemoglobin- 
AGE." Using this assay, a linear correlation was 
demonstrated between Hb Ax and hemoglobin-AGE. In 
healthy people, hemoglobin-AGE accounts for 0.4% of 
circulating hemoglobin, with significantly higher values 
in patients with diabetes mellitus. After an acute change 
in glycemia, hemoglobin-AGE levels change, but the rate 


of alteration is 23% slower than that of Hb Aje” Thus 
hemoglobin-AGE provides a measure of diabetic control 
longer than that indicated by GHb, reflecting blood 
glucose concentrations over a greater proportion of the 
life of red blood cells. It remains to be established 
whether knowledge of hemoglobin-AGE values offers clini- 
cal benefit. 


URINARY ALBUMIN EXCRETION 

CLINICAL SIGNIFICANCE 

Patients with diabetes mellitus are at high risk of suffering 
renal damage. End-stage renal disease requiring dialysis or 
transplantation develops in approximately one third of 
patients with type 1 diabetes,” and diabetes is the most 
common cause of end-stage renal disease in the United 
States and Europe.'” Although nephropathy is less common 
in patients with type 2 diabetes, approximately 60% of ali 
cases of diabetic nephropathy occur in these patients because 
of the higher incidence of this form of diabetes, Early detec- 
tion of diabetic nephropathy relies on tests of urinary excre- 
tion of albumin. Persistent proteinuria detectable by routine 
screening tests (equivalent to a urinary albumin excretion 
[UAE] rate greater than or equal to 200ug/min) indicates 
overt diabetic nephropathy. This is usually associated with 
long-standing disease and is unusual less than 5 years after 
the onset of type 1 diabetes. Once diabetic nephropathy 
occurs, renal function deteriorates rapidly and renal insuffi- 
ciency evolves. Treatment at this stage can retard the rate of 
progression but not stop or reverse the renal damage. Pre- 
ceding this stage is a period of increased UAE not detected 
by routine methods. This range of 20 to 200pig/min (or 30 
to 300mg/24hr) of increased UAE defines microalbu- 
minuria. Note that it is not defined in terms of urinary 
albumin concentration, although the albumin: creatinine 
ratio can be used as a substitute for albumin measurements 
in a time collection of urine as described below. The term 
microalbuminuria, although generally accepted, is mislead- 
ing. It implies a small version of the albumin molecule rather 
than an excretion rate of albumin greater than normal but 
less than that detectable by routine methods. A more 
accurate term would be paucialbuminuria, but the term 
microalbuminuria is well entrenched and is unlikely to be 
superseded. 

The presence of increased UAE denotes an increase in the 
transcapillary escape rate of albumin and is therefore a 
marker of microvascular disease. Persistent UAE greater than 
20pg/min represents a twentyfold greater risk for the devel- 
opment of clinically overt renal disease in patients with type 
1 and type 2 diabetes. Prospective studies have demonstrated 
that increased UAE precedes and is highly predictive of dia- 
betic nephropathy, end-stage renal disease, cardiovascular 
mortality, and total mortality in patients with diabetes mel- 
litus.'""!” The DCCT and UKPDS showed that intensive 
diabetes therapy can significantly reduce the risk of devel- 


Chapter 25 Carbohydrates A 887 


opment of increased UAE and overt nephropathy in people 
with diabetes.” In addition, increased UAE identifies a 
group of nondiabetic subjects at increased risk of coronary 
artery disease.'""™ Interventions, such as control of blood 
glucose concentrations and:blood pressure, particularly with 
angiotensin converting enzyme (ACE) inhibitors; slow the 
rate of decline in renal function.” 


METHODS FOR MEASURING URINARY 
ALBUMIN EXCRETION 


There is no consensus about how a urine sample should be 
collected for measuring UAE. Variations in urine flow rate in 
a person may be corrected by expressing albumin as a ratio 
to creatinine (i.e., albumin: creatinine), UAE is increased by 
physiological factors (e.g., exercise, posture, and diuresis) and 
the method of urine collection must be standardized. 
Samples should not be collected after exertion, in the pres- 
ence of urinary tract infection, during acute illness, imme- 
diately after surgery, or after an acute fluid load. All the 
following urine samples are currently acceptable: (1) 24- 
hour collection; (2) overnight (8 to 12 hours, timed) collec- 
tion; (3) 1- to 2-hour timed collection (in laboratory or 
clinic); or (4) first morning sample for simultaneous 
albumin and creatinine measurement. Only results for timed 
specimens can be reported as mg albumin excreted per hour, 
but the albumin: creatinine ratio is more practical and con- 
venient for the patient and is the recommended method.” A 
first morning void sample is best because it has a lower 
within-person variation for the albumin:creatinine ratio 
than a random urine sample.” At least three separate speci- 
mens, collected on different days, should be assayed because of 
the high intraindividual variation (CV of 30% to 50%) and 
diurnal variation (50% to 100% higher during the day). 
Urine should be stored at 4 °C after collection. Alternatively, 
2mL of 50g/L sodium azide can be added per 500mL of 
urine, but preservatives are not recommended for some 
assays. Bacterial contamination and glucose have no effect. 
Specimens are stable for 2 weeks at 4 °C and for at least 5 
months at —80 °C. Albumin concentration decreased by 
0.27% at —20 °C.” Freezing samples has been reported to 
decrease albumin,” but mixing immediately before assay 
eliminates this effect. 


Semiquantitative Assays 
A number of semiquantitative assays for screening for 
increased UAE are available. These test strips, most of which 
are optimized to read “positive” at a predetermined albumin 
concentration, have been recommended for screening pro- 
grams. In view of the wide variability in UAE, it must be 
borne in mind that a “normal” value does not rule out renal 
disease. Because these assays measure albumin concentration, 
dilute urine may yield a false-negative test result. Refrigerated 
urine samples should be allowed to reach at least 10 °C before 
analysis. Albu Screen and Albu Sure (Cambridge Life Sci- 


ences, Cambridge, United Kingdom) detect urinary albumin 
concentrations exceeding 20 and 30 mg/L, respectively, The 
assay is a latex agglutination inhibition test. Briefly, one drop 
of urine is mixed with one drop of goat anti-human 
albumin, the titer of which is adjusted so that all the anti- 
body-binding sites are occupied at urinary albumin concen- 
trations of 30 mg/L or greater. Excess albumin-binding sites 
are detected by adding one drop of albumin-coated latex 
microspheres and rocking for 2 minutes. Albumin concen- 
trations less than 20mg/L produce agglutination, Micro- 
bumintest (Bayer Corp., Tarrytown, N.Y.) uses bromophenol 
blue in an alkaline matrix to detect albumin concentrations 
exceeding 40mg/L. The assay sensitivity for increased 
urinary albumin as measured by quantitative assays is 
approximately 95%, but because other proteins are also 
detected, the specificity is approximately 80%. 

Micral (Roche Diagnostics, Indianapolis) uses a mono- 
clonal antialbumin IgG complexed to B-galactosidase. The 
albumin in the urine binds to the antibody-enzyme conju- 
gate in the test strip. Excess conjugate is retained in a 
separation zone containing immobilized albumin, and only 
albumin bound to the antibody-enzyme immunocomplex 
diffuses to the reaction zone. Here it reacts with a buffered 
substrate (chlorophenol red galactoside) to produce a red 
color when the B-galactosidase hydrolyzes galactose. The test 
strip is dipped into the urine for 5 seconds and the intensity 
of the color after 5 minutes is proportional to the urinary 
albumin concentration. Direct visual comparison is made 
with printed color blocks—yellow, light. brown, medium 
brown, brick red, and burgundy representing 0, 10, 20, 50, 
and 100 mg/L, respectively. No interference is observed with 
drugs, glucose, urea, or other proteins. Comparison with a 
reference method demonstrates a sensitivity and specificity 
for albumin concentrations greater than 20mg/L (not for 
microalbuminuria defined by UAE rate) of approximately 
100% and 91%, respectively." The time that the stick is in 
contact with the urine and the time of reading are critical. A 
modification (Micral II) uses a gold-labeled, instead of an 
enzyme-labeled, antibody. This enhances the stability, allow- 
ing the strip to be read any time from 1 to at least 60 minutes. 
Urine samples with albumin concentrations greater than 100 
to 300 mg/L may be diluted and reassayed. The assigned con- 
centration of the color block is multiplied by the dilution 
factor to obtain the concentration in the sample. These semi- 
quantitative assays have been recommended for screening only. 
However, published studies reveal sensitivities for detection 
of increased UAE from 67% to 91%.” These low sensitivi- 
ties limit the value of semiquantitative tests even for screen- 
ing, and further studies are necessary before the dipstick tests 
can be recommended as replacements for the quantitative 
tests.”” 


Quantitative Assays 


All the sensitive, specific assays for urine albumin use 
immunochemistry with antibodies to human albumin, Four 
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methodologies are available: RIA, ELISA, radial immuno- 
diffusion, and immunoturbidimetry."* Each method has 
advantages and disadvantages, and the choice depends on 
local experience and technical support. In general, the 
methods have similar imprecisions, detection limits, and 
ranges. A comparison of these methodologies has been 
performed.” Although dye-binding®* and protein- 
precipitation”? assays have been described, these are in- 
sensitive and nonspecific and should not be used. 


Radial Immunodiffusion 

Radial immunodiffusion has not gained wide acceptance 
because it requires long incubation and a high level of tech- 
nical skill and cannot be automated. The antibody is incor- 
porated into an agar gel. Aliquots of samples and calibrators 
are added to wells and allowed to diffuse into the agar. The 
antigen-antibody complexes precipitate at equilibrium, and 
after staining, the distance of migration is measured. 


Radioimmunoassay 


Standard RIA methods have been described with I- 
labeled albumin and antialbumin antiserum, but reagents 
are radioactive and have a short shelf life. Commercial kits 
are available. 


Enzyme-Linked Immunosorbent Assay 


Both competitive and “sandwich” ELISAs are available.” 
Although the competitive ELISA is faster because it uses only 
one incubation with an antibody, it is reported to be less sen- 
sitive and exhibits large imprecision. ELISA can be per- 
formed on a microplate reader, allowing semiautomation. In 
the sandwich assay, the primary antibody (antialbumin anti- 
serum) is fixed on the plastic plate, which is then washed. 
Samples, controls, and calibrators are added, and the com- 
plexes detected and quantified by a second antibody conju- 
gated to an enzyme label. 

An ELISA method is described in the Evolve site that 
accompanies this book. 


Immunoturbidimetry 


Albumin in the urine sample forms an insoluble complex 
with antibodies to human albumin. PEG accelerates complex 
formation. The turbidity caused by the complexes is mea- 
sured by a spectrophotometer at 340nm and is a measure of 
albumin concentration. The background absorbance of the 
initial urine sample is subtracted automatically. This method 
is simple and less expensive than RIA, and rapid analysis 
of large numbers of samples is possible. The assays may be 
performed as either kinetic or equilibrium reactions. Kits are 
commer-cially available for use on automated analyzers 
(Roche Diagnostics). 

An immunoturbidimetric method for urinary albumin is 
described in the Evolve site that accompanies this book. 


Reference Intervals 


“URINARY ALBUMIN EXCRETION — 
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*Also termed “overt nephropathy.” 


The ADA position statement” recommends initial UAE 
measurement in type 1 diabetes patients who have had dia- 
betes more than or equal to 5 years and in all type 2 diabetic 
patients. Because of the difficulty in dating the onset of type 
2 diabetes, screening should commence at diagnosis. Analy- 
sis should be performed annually in all patients who have a 
negative screening result. Screening may be performed with 
a semiquantitative assay. If the screening result is positive, 
UAE should be evaluated by a quantitative assay. Diagnosis 
requires the demonstration of increased UAE in at least two 
of three tests measured within a 6-month period. 

If the confirmatory test result is positive, treatment 
with an ACE inhibitor or angiotensin-receptor blocker 
should be initiated. ACE inhibitors delay the progression 
to overt nephropathy, and the National Kidney Foundation 
recommends their use in both normotensive and hyper- 
tensive type 1 and 2 diabetic patients.” The role of moni- 
toring UAE in patients on ACE inhibitor therapy is less 
clear, although many experts recommend continued sur- 
veillance.” Untreated, the UAE would increase 10% to 30% 
per year, whereas the albumin : creatinine ratio in patients 
on ACE inhibitors should stabilize or- decrease by up to 
50%. 


INBORN ERRORS OF CARBOHYDRATE 
METABOLISM 


Deficiency or absence of an enzyme that participates in 
carbohydrate metabolism may result in accumulation of 
monosaccharides, which can be measured in the urine 
(see Table 25-1 and Figure 25-9). Most of these conditions 
are inherited as autosomal recessive traits. Sugars frequently 
appear in the urine as a result of excessive consumption 
without underlying disease. 


DISORDERS OF GALACTOSE METABOLISM 

Galactose is derived from milk in the diet. It resembles 
glucose in structure, but the hydroxyl group on the fourth 
carbon has a different spatial arrangement (see Figure 25-2). 
A deficiency of any of the enzymes that participate in the 
conversion of galactose to glucose results in galactosemia. 
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Galactose-1-Phosphate Uridyl Transferase Deficiency 
Infants with this deficiency fail to thrive on milk because half 
of the milk sugar, lactose, is galactose. Within a few days of 
milk ingestion, neonates manifest vomiting and diarrhea. 
Failure to thrive, liver disease, cataracts, and mental retarda- 
tion develop later. Hypoglycemia may occasionally develop. 
The diagnosis should be considered when the urine demon- 
strates the presence of a reducing substance that does not react 
in a glucose oxidase test. Early detection and treatment (with- 
holding galactose from the diet) are necessary to prevent 
irreversible changes. Because other reducing sugars may give 
similar results, galactose should be identified by paper chro- 
matography (discussed later). Diagnosis is suggested by 
detecting galactose and galactose-1-phosphate in blood and 
confirmed by directly assaying red blood cell transferase 
activity. A spot test is also available. 


Uridine Diphosphate Galactose-4-Epimerase Deficiency 


This extremely rare disorder exhibits clinical findings similar 
to transferase deficiency. 


Galactokinase Deficiency 

This is a milder condition manifested predominantly by 
cataracts caused by galactitol deposits in the lens. The diag- 
nosis is confirmed by demonstrating normal transferase 
activity and no galactokinase in red blood cells. 


DISORDERS OF FRUCTOSE METABOLISM. 
Fructose may appear in the urine after eating fruits, honey, 
and syrups, but has no significance in these circumstances. 
Three disorders of fructose metabolism, inherited as auto- 
somal recessive traits, produce fructosuria. 


Essential Fructosuria 
This rare and harmless defect is due to a lack of fructokinase. 


Hereditary Fructose Intolerance 


A deficiency of fructose-1-phosphate aldolase produces this 
rare disorder with hypoglycemia and liver failure. Fructose 
ingestion inhibits glycogenolysis and gluconeogenesis, pro- 
ducing hypoglycemia. Early detection is important because 
this condition responds to a diet devoid of sucrose and 
fructose. 


Hereditary Fructose-1,6-Diphosphatase Deficiency 
Patients with this deficiency have episodes of apnea and 
hyperventilation and hypoglycemia, ketosis, and lactic aci- 
dosis caused by severe impairment of gluconeogenesis. Diag- 
nosis is by demonstrating the enzyme defect in liver biopsy 
specimens. 


DISORDERS OF PENTOSE METABOLISM 

Alimentary Pentosuria 

Pentoses may be present in the urine after eating large quan- 
tities of fruits such as cherries, plums, or prunes. 


Essential Pentosuria 

This is a harmless inborn error caused by a deficiency of L- 
xylulose reductase, an enzyme involved in the glucuronic acid 
pathway. 


OTHER URINARY SUGARS 


Lactose is sometimes detected in the urine of women during 
lactation and occasionally toward the end of pregnancy. 
Patients with lactase deficiency, a common disorder caused 
by a congenital or acquired deficiency of intestinal lactase, 
exhibit abdominal pain, diarrhea, and lactose in the urine. 

Maltose has rarely been detected in the urine of some 
patients. 

Many reducing substances other than sugars may be found 
in urine (Box 25-6). Ascorbic acid (vitamin C) may be 
ingested in large quantities or may be present in antibiotic 
preparations administered intravenously. In either case, 
excess concentrations usually appear in the urine and con- 
tribute significantly to the total reducing substances present. 


METHODS FOR MEASURING INDIVIDUAL SUGARS 
Qualitative Tests for Glucose 

Techniques for separating and identifying sugars have 
included fermentation, optical rotation, osazone formation 
with phenylhydrazine, specific chemical tests, and paper or 
thin-layer chromatography. The availability of glucose 
oxidase test strips, specific for glucose, has greatly simplified 
the differentiation of glucose from other reducing sub- 
stances. For practical purposes, the urinary sugars of clinical 
interest are glucose and galactose. Urine from infants and chil- 
dren should be tested routinely by both the glucose oxidase 
and copper reduction tests to identify individuals with 
inborn errors of metabolism. Reducing substances other 
than glucose should be further identified by chromato- 
graphic procedures. . 


Qualitative Tests for Urinary Sugars Other Than Glucose 
Fructose (Selivanoff’s Test) 

Hot HCl converts fructose to hydroxymethyl furfural 
(HMF), which links with resorcinol to produce a red com- 
pound. To make the reagent, dissolve 50 mg of resorcinol in 
33 mL of concentrated HCl and dilute to 100 mL with water. 
Add 0.5mL of urine to 5mL of reagent in a test tube and 
bring to a boil. Fructose produces a red reaction within 30 
seconds. The test is sensitive to 100 mg fructose per dL, pro- 
vided there is no excess glucose. A 2-g/dL solution of glucose 
produces about the same color as 100 mg/dL of fructose after 
30 seconds of boiling. A solution of fructose (0.5 g/dL) 
should be used as a control. With high concentrations of 
fructose, a red precipitate forms. 


Pentoses (Bial’s Test) 

By heating with HCI, pentoses are converted to furfural, 
which reacts with orcinol to form green compounds. Dis- 
solve 300 mg of orcinol in 100 mL of concentrated HCl and 
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add 0.25 mL of ferric chloride solution (10 g/dL). Glucose, if 
present in the urine, should be removed by fermentation 
with yeast. Add 0.5mL of urine to 5mL of reagent in a test 
tube and bring to a boil. Pentoses produce a green reaction. 
The detection limit of the test is 100mg pentose per dL. A 
solution of xylose (0.5g/dL) should be used as a control. 
Glucuronates produce a similar color if the boiling is pro- 
longed. As with Selivanoff’s reagent, fructose produces a red 
reaction. 


identification of Urinary Sugars by Paper 
Chromatography 
Sugars can be separated by ascending or descending chro- 
matography on paper and located after color development 
with dinitrosalicylic acid. The variable rates of migration 
depend on the solubility of the sugars in the particular 
solvent system. Presumptive identification is made by com- 
parison of the migration (Rẹ value of the unknown with 
those of reference compounds. One procedure may be per- 
formed conveniently in a 6 X 18-inch Pyrex jar with a tightly 
fitting cover. 

This method for identifying urinary sugars by paper 
chromatography is described in the Evolve site that accom- 
panies this book. 


Identification of Urinary Sugars by Thin-Layer 
Chromatography 

Identification of urine sugars can also be made by using thin- 
layer chromatographic techniques as described by Young 
and Jackson.’ When frequent chromatographic separa- 
tions are necessary, this method is preferred over paper chro- 
matography because of the shorter time required. If such 
studies are performed infrequently, paper chromatography 
is simple, is adequate for most separations, and requires little 
actual working time. 


GLYCOGEN STORAGE DISEASE 


Glycogen, although present in most tissue, is stored princi- 
pally in the liver and skeletal muscle. During fasting, liver 
glycogen is converted to glucose to provide energy for the 
whole body. In contrast, skeletal muscle lacks glucose-6- 
phosphatase, and muscle glycogen can be used only locally 
for energy. Glycogen storage disease is a generic name encom- 
passing at least 10 rare inherited disorders of glycogen 
storage in tissue (Table 25-1). The different forms of glyco- 
gen storage disease are categorized by numerical type in 
the chronological sequence in which these defects were 
identified. Each form is due to a deficiency of a specific 
enzyme in glycogen metabolism, producing either a quan- 
titative or qualitative defect of glycogen storage. Because 
the liver and skeletal muscle have the highest rates of glyco- 
gen metabolism, these are the structures most affected. 
The liver forms (types I, HI, IV, and VI) are marked by 
hepatomegaly (caused by increased liver glycogen stores) and 


hypoglycemia (caused by the inability to convert glycogen to 
glucose). The hypoglycemia is manifested by autonomic 
clinical symptoms (sweating, shakiness, and lightheaded 
feeling}, growth retardation, and laboratory findings of 
decreased insulin and increased glucagon concentrations in 
the blood. The muscle forms (types II, HIA, V, and VII), in 
contrast, have mild symptoms that usually appear in young 
adulthood during strenuous exercise owing to the inability 
to provide energy for muscle contraction. Other muscle 
disorders may exhibit similar symptoms but can be readily 
differentiated by evaluating glycogen stores. The specific 
diagnosis of each type is made directly by demonstrating the 
enzyme defect in tissue. A very brief overview is provided 
here; for a more detailed description, readers should consult 
Chen and Burchell,” 


TYPE I (GLUCOSE-6-PHOSPHATASE DEFICIENCY) 


Type I is the most common and severe form (also called von 
Gierke’s disease), and patients have accumulation of glycogen 
of normal chemical structure in the liver. The disease is char- 
acterized by massive hepatomegaly, growth retardation, 
fasting hypoglycemia, increased lactic acid concentrations in 
the blood (caused by excessive glycolysis), hyperuricemia 
(caused by competitive inhibition by lactate of renal tubular 
urate secretion and increased uric acid production), 
and hypertriglyceridemia (increased lipolysis caused by 
decreased glucose). Glucagon and epinephrine do not 
produce hyperglycemia but result in increased lactate 
concentrations. The failure of blood glucose to increase in 
response to galactose administration (oral or intravenous) is 
diagnostic. Galactose is normally converted to glucose (see 
Figure 25-9), but in these patients glucose-6-phosphate 
cannot be hydrolyzed to glucose. Treatment includes par- 
taking of frequent meals and nasogastric feeding at night 
to maintain blood glucose concentrations. Glucose-6- 
phosphatase activity can be assayed in a liver biopsy. A 
variant of the disease, type IB, has been identified as a defect 
in the glucose-6-phosphatase transport system. Other forms 
include a defect in microsomal phosphate or pyrophosphate 
transport (type IC) and a defect in microsomal glucose 
transport (type ID). 

Individuals with type I glycogen storage disease (von 
Gierke’s) exhibit decreased availability of liver glycogen 
demonstrated by a decreased or absent blood glucose 
response to epinephrine administration. An assay based on 
this phenomenon is known as the “epinephrine tolerance 
test.” With it an intramuscular injection of 1 mL of a 1/1000 
(1-g/L) solution of epinephrine hydrochloride is given, and 
blood samples are taken at 30, 45, 60, 90, and 120 minutes. 
Normal people increase blood glucose by 35 to 45 mg/dL in 
40 to 60 minutes, with a return to the fasting concentration 
by 2 hours. The test is rarely used because the diagnosis 
of von Gierke’s disease is made by a failure to increase 
blood glucose in response to galactose administration, with 
confirmation by direct assay of glucose-6-phosphatase 
activity. 
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TYPE IT (ACID &-GLUCOSIDASE DEFICIENCY) 


Type H affects predominantly the heart and skeletal muscle, 
producing muscle weakness and cardiomegaly. Liver func- 
tion is normal and patients do not have hypoglycemia. Two 
forms are identified: (1) infantile (Pompe disease), which pre- 
sents in the first few months of life with symptoms of weak- 
ness and respiratory difficulties and usually evolves to death 
caused by cardiac failure within 1 year; and (2) a juvenile 
form that is milder and may present in the second or third 
decade of life with difficulty in walking. The diagnosis is 
made by measuring -glucosidase activity in muscle, liver, 
or leukocytes. 


TYPE III (AMYLO-1,6-GLUCOSIDASE DEFICIENCY) 


Deficiency of glycogen debranching enzyme results in 
storage of an abnormal form of glycogen (limit dextrinosis). 
Both the liver and muscle are usually affected (type HIA), 
producing hepatomegaly and muscle weakness. Approxi- 
mately 15% of patients have only liver involvement, without 
apparent muscle disease (type IIB). Clinical and biochemi- 
cal features resemble those of type I disease. Differentiation 
from type I is by a hyperglycemic response to galactose, 
lower concentrations of urate and lactate in the blood, and 
elevated serum transaminase and creatine kinase activities. 
Enzyme deficiency can be demonstrated in muscle or liver 
and occasionally in erythrocytes. 


TYPE FV (BRANCHING ENZYME DEFICIENCY) 


Type IV is an extremely rare disorder manifested by pro- 
duction of an abnormal form of unbranched glycogen in all 
tissue. Patients exhibit hepatosplenomegaly with ascites and 
liver failure. Abnormal glycogen can be identified in the 
tissue and muscles; leukocytes or cultured fibroblasts can be 
used to demonstrate the enzyme deficiency. 


TYPE V (MUSCLE PHOSPHORYLASE DEFICIENCY) 


Type V, also called McArdle’s disease, usually presents in the 
second or third decade with muscle cramps after exercise. 
Moderate exercise can be sustained, and patients have a 
“second wind,’ when symptoms disappear if exercise is con- 
tinued. Increased plasma creatine kinase activities at rest, the 
failure of ischemic exercise to increase serum lactate con- 
centrations while producing an exaggerated increase in 
ammonia, myoglobinuria, and diminished activity of muscle 
phosphorylase establish the diagnosis. Patients respond to 
oral glucose administration or injections of glucagon. 


TYPE VI (LIVER PHOSPHORYLASE OR PHOSPHORYLASE 
KINASE DEFICIENCY) 


Type VI is a heterogeneous group of diseases arising from a 
deficiency of liver phosphorylase or one of the subunits of 
phosphorylase kinase. It is a rare and relatively benign dis- 
order manifested as hepatomegaly caused by increased 
deposits of normal glycogen in the liver. Diagnosis is made 
by measuring enzyme activity in the liver or in red or white 
blood cells. 


TYPE VII (MUSCLE PHOSPHOFRUCTOKINASE 
DEFICIENCY) 


Patients with this rare type have deposits of abnormal glyco- 
gen in muscle. Exercise intolerance, unresponsiveness to 
glucose administration, and hemolysis (caused by decreased 
glycolysis in erythrocytes) are noted clinically, producing 
hyperbilirubinemia, pigmenturia, and reticulocytosis. The 
specific enzyme defect can be demonstrated. 
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CHAPTER 26 


Lipids, Lipoproteins, 
Apolipoproteins, and 
Other Cardiovascular 
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important role in virtually all aspects of life—serving 

as hormones or hormone precursors, aiding in diges- 
tion, providing energy storage and metabolic fuels, acting as 
functional and structural components in cell membranes, 
and forming insulation to allow nerve conduction or to 
prevent heat loss. In this chapter we have categorized lipids 
into basic lipids, lipoproteins, and apolipoproteins. We 
discuss the basic biochemistry, clinical significance, and 
analytical considerations of each. 


L= are ubiquitous in the body tissue and have an 


BASIC BIOCHEMISTRY 


For many years, much attention has been focused on certain 
lipids and the lipoproteins that transport them in the circu- 
lation, mainly because of their strong association with coro- 
nary heart disease (CHD). Therefore the use of the term 
lipids in clinical chemistry and laboratory medicine has 
become virtually synonymous with lipoprotein metabolism 


*The authors gratefully acknowledge the contribution by Drs. 
John Albers and Paul Bachorik on which portions of this chapter 
are based, Additional portions have been adapted from Rifai N, 
Kwiterovich PO Jr. Disorders of lipid and lipoprotein metabolism 
in children and adolescents. In Soldin SJ, Rifai N, Hick JMB eds. 
Biochemical basis of pediatric diseases, 3rd ed. Washington DC: 
AACC Press, 1998. 


Risk Factors* 


and atherosclerosis, a cause of CHD. Much of this associa- 
tion has been recognized through the conduct of large 
national and international collaborative analytical, epidemi- 
ological, and clinical studies. In the early 1980s, findings 
from the Coronary Primary Prevention Trial demonstrated 
that a decrease in plasma cholesterol concentration results in 
a reduction in the incidence of CHD. Since that time, several 
secondary prevention trials using diet or. drugs to lower 
blood cholesterol have also demonstrated a reduction in car- 
diovascular death and atherosclerotic clinical events. Based 
on these trials and other evidence, the National Heart, Lung, 
and Blood Institute established the National Cholesterol 
Education Program (NCEP) to increase public awareness 
about cholesterol; devise strategies for diagnosis and treat- 
ment of hypercholesterolemia in adults, children, and ado- 
lescents; and improve the laboratory measurement of lipids. 
The European Atherosclerosis Society and other individual 
countries have also established similar programs to address 
these issues. 


BASIC LIPIDS 


The term lipid applies to a class of compounds that are 
soluble in organic solvents and nearly insoluble in water. 
Chemically, lipids are either compounds that yield fatty acids 
on hydrolysis or complex alcohols that combine with fatty 
acids to form esters. Some lipids are more complex, con- 
taining nonlipid groups, such as sialic, phosphoryl, amino, 
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Sterol Derivatives 
Cholesterol and cholesteryl esters 
Steroid hormones 
Bile acids 
Vitamin D 


Fatty Acids : 
Short chain (2-4 carbon atoms) 
Medium chain (6-10 carbon atoms} 
Long chain (12-26 carbon atoms) 
Prostaglandins 


Glycerol Esters 
Tri-, di-, and monoglycerides (acylglycerols) 
Phosphoglycerides 


Sphingosine Derivatives 
Sphingomyelin 
Glycosphingolipids 


Terpenes (Isoprene Polymers) 
Vitamin A 
Vitamin E 
Vitamin K 


or sulfate groups. The presence of these groups gives them 
the property (amphipathic) of having an affinity for both 
water and organic solvents, which is important in the 
formation of membranes. Lipids have been broadly sub- 
divided into five groups based on their chemical structure 
(Box 26-1). 


Cholesterol 


Although every living organism has been found to contain 
sterols, cholesterol is found almost exclusively in animals, 
in which it is also the main sterol. Virtually all cells and 
body fluids contain some cholesterol. Like other sterols, 
cholesterol is a solid alcohol of high molecular weight and 
possesses the tetracyclic perhydrocyclopentanophenan- 
threne skeleton. The molecule contains 27 carbon atoms, 
numbered as shown in Figure 26-1. Knowledge of this 
sterane skeleton and numbering system is important not 
only to clinical laboratorians but to practicing clinicians 
because cholesterol is the initial starting point in many meta- 
bolic pathways. These include vitamin D synthesis (see 
Chapter 49), steroid hormone synthesis (see Chapter 51), 
and bile acid metabolism. Because the enzymes modifying 
the sterane ring or its radicals in each metabolic pathway are 
known by both their site and type of reaction (e.g., 21- 
hydroxylase in cortisol synthesis), the diagnosis of many 
disease states consequently depends on isolating the site 
of enzyme dysfunction (e.g., 21-hydroxylase deficiency in 
adrenogenital syndrome). 


Perhydrocyclopentanophenanthrene 
{sterane) skeleton 


Cholesterol] 


Figure 26-1 Structure of cholesterol. 


Cholesterol Absorption 

Cholesterol is presented to the intestinal wall from three 
sources: the diet, bile and intestinal secretions, and cells. 
Animal products—especially meat, egg yolk, seafood, and 
whole-fat dairy products—provide the bulk of dietary cho- 
lesterol. Although cholesterol intake varies considerably 
according to the dietary intake of animal products, the 
average American diet is estimated to contain approximately 
300 to 450mg of cholesterol per day. A similar amount of 
cholesterol is present in the gut from biliary secretion and 
the turnover of mucosal cells. Practically all cholesterol in the 
intestine is present in the unesterified {free} form. Esterified 
cholesterol in the diet is rapidly hydrolyzed in the intestine 
to free cholesterol and free fatty acids by cholesterol esterases 
secreted from the pancreas and small intestine. 

To be absorbed, unesterified cholesterol must first be 
solubilized. This occurs through the formation of mixed 
micelles that contain unesterified cholesterol, fatty acids, 
monoglycerides (derived from triglycerides), phospholipids 
(lysolecithin), and conjugated bile acids. Formation of mixed 
micelles aids cholesterol absorption by both solubilizing the 
cholesterol and facilitating its transport to the surface of the 
luminal cell, where it is absorbed. Because of their amphi- 
pathic properties, the bile acids act as detergents and are the 
most important factor affecting micelle formation. In the 
absence of bile acids, digestion and absorption of both cho- 
lesterol and triglyceride are severely impaired. The quantity 
of dietary cholesterol that can be absorbed appears to 
depend on the amount that can be solubilized by micelles. 
On the average, 30% to 60% of dietary and intestinal cho- 
lesterol is absorbed daily. With increments in dietary choles- 
terol, additional cholesterol is absorbed to a maximum of 
approximately 1 g/day when oral intake reaches 3 g/day. The 
ability of cholesterol to form micelles is also influenced by 
the quantity of dietary fat but not its degree of saturation. 
Increased amounts of fat in the diet result in expansion of 
mixed micelles, which in turn allows for more cholesterol to 
be solubilized and absorbed. Most cholesterol absorption 


Chapter 26 Lipids, Lipoproteins, Apolipoproteins, and Other Cardiovascular Risk Factors 905 


occurs in the small intestine (middle and terminal ileum), 
and as absorption of fat and cholesterol occurs in the small 
intestine, the micelles break up, thus reducing further cho- 
lesterol absorption. 

In addition to animal cholesterol, approximately 200 to 
300 mg of plant sterols are ingested daily. The most common 
plant sterol is B-sitosterol. Plant sterols differ from choles- 
terol only by small variations on the sterol side chain. Despite 
their close similarity to cholesterol, plant sterols are poorly 
absorbed. When plant sterols are administered in amounts 
of 5 to 15 g/day, they significantly inhibit the absorption of 
cholesterol. Although the mechanism for reducing choles- 
terol absorption has not been determined, plant sterols have 
been used therapeutically in patients with elevated plasma 
cholesterol levels. 

After its absorption into the intestinal mucosal cell, cho- 
lesterol, together with triglycerides, phospholipids, and a 
number of specific apoproteins, is assembled into a large 
lipoprotein called the chylomicron (see later section on 
lipoprotein metabolism, exogenous pathway). One apopro- 
tein component known as apolipoprotein (apo) B-48 is vital 
to the formation of chylomicrons, and in people with a rare 
deficiency of apo B-48 synthesis, chylomicron formation, 
and consequently cholesterol and fat absorption, is severely 
impaired. Chylomicrons enter the lymphatics, which empty 
into the thoracic duct and eventually enter the systemic 
venous circulation at the junction of the left subclavian vein 
and left internal jugular vein. 


Cholesterol Synthesis 


Of the total cholesterol synthesized daily, about 300 to 1000 
mg is derived from dietary intake. Cholesterol is also syn- 
thesized endogenously by the liver and other tissue from 
simple molecules, particularly acetate. Knowledge of the 
endogenous cholesterol synthetic pathway has assumed great 
significance in the past decade because agents have been 
sought to suppress or decrease endogenous cholesterol syn- 
thesis. The necessity for clinical medicine to understand the 
fundamental biochemistry of this pathway was underscored 
by the triparanol disaster of 1960. Triparanol is a drug that 
inhibits the final step in the endogenous cholesterol syn- 
thetic path (conversion of desmosterol to cholesterol), but 
does not inhibit the rate-limiting enzyme of cholesterol 
synthesis, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) 
reductase (Figure 26-2). When triparanol was used to treat 
hypercholesterolemia, the drug caused tissue accumulation 
of desmosterol, resulting in the development of cataracts, 
alopecia, and atherosclerosis in treated patients. Drugs 
such as atorvastatin, lovastatin, mevastatin, pravastatin, and 
simvastatin selectively suppress the rate-limiting enzyme 
HMG-CoA reductase, and thereby lower serum cholesterol 
levels significantly without the accumulation of water- 
insoluble intermediates of cholesterol synthesis, such as 
desmostcrol, 

Although essentially all cells have the capacity to synthe- 
size cholesterol from acetyl-CoA, almost 90% of synthesis 
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Figure 26-2 Cholesterol biosynthesis (stage F). 


occurs in the liver and gut; peripheral cells and other organs 
depend on cholesterol delivery from the circulation. Choles- 
terol biosynthesis is best conceptualized as occurring in three 
stages (Figures 26-2 through 26-4). In the first stage, acetyl- 
CoA, a key metabolic intermediate derived from carbohy- 
drates, amino acids, and fatty acids, forms the six-carbon 
thioester HMG-CoA. In the second stage, HMG-CoA is 
reduced to mevalonate, then decarboxylated to five-carbon 
isoprene units. These isoprene units are condensed to form 
first a 10-carbon (geranyl pyrophosphate) and then a 15- 
carbon intermediate (farnesyl pyrophosphate). Two of these 
Cıs molecules combine to produce the final product of the 
second stage—squalene, a 30-carbon acyclic hydrocarbon. 
The second stage is important because it contains the step 
involving the microsomal enzyme HMG-CoA reductase, 
which is the rate-limiting enzyme in cholesterol biosynthe- 
sis. The enzyme that forms farnesyl pyrophosphate, geranyl 
transferase, is an important second site of regulation in 
cholesterol synthesis, and inhibition at this level permits the 
formation of physiologically important intermediate iso- 
prenoids in the absence of cholesterol synthesis. The third 
and final stage of synthesis occurs in the endoplasmic retic- 
ulum, with many of the intermediate products being bound 
to a specific carrier protein. Squalene, after an initial 
oxidation, undergoes cyclization to form the 4-ring, 
30-carbon intermediate, lanosterol. In a series of oxidation- 
decarboxylation reactions, a number of side chains are 
removed from the pentanophenanthrene structure to form 
the 27-carbon molecule of cholesterol. 


Cholesterol Esterification 

Once synthesized, cholesterol is released into the circulation 
in the form of lipoprotein, primarily very low-density 
lipoprotein (VLDL; see later section on lipoprotein metab- 
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Figure 26-3 Cholesterol biosynthesis (stage 2). 


olism, endogenous pathway). The major apoprotein found 
in VLDL is apo B-100, a protein related to apo B-48, which 
is found in chylomicrons. Esterification is important because 
it serves to enhance the lipid-carrying capacity of the 
lipoprotein in plasma and prevent intracellular toxicity by 
free cholesterol. The reaction is catalyzed by lecithin- 
cholesterol acyltransferase (LCAT) in the plasma and acyl- 
cholesterol acyltransferase (ACAT) within the cell. The intra- 
cellular ACAT pathway is the major pathway in the liver, 
intestine, adrenal cortex, and probably in the arterial wall. 
This is an energy-requiring pathway, and the initial reaction 
(Figure 26-5) involves activation of a fatty acid with thio 
coenzyme A (Co ASH) to form an acyl-CoA, which in turn 
reacts with cholesterol to form an ester. The LCAT reaction 
does not require CoASH and results from fatty acid transfer 
from the second carbon position of lecithin to cholesterol 
(see Figure 26-5). Cholesteryl esters account for about 70% 
of the cholesterol in plasma, and LCAT is responsible for 


the formation of virtually all of this cholesteryl ester. LCAT 
is synthesized in the liver, released into the circulation, and 
primarily activated by apo A-I (see later section on 
apolipoproteins}. 

Plasma LCAT activity may have some significance analy- 
tically because the enzyme continues to esterify plasma 
cholesterol even after the blood sample is drawn and stored at 
room temperature. If it is necessary to distinguish between 
esterified and unesterified cholesterol, analysis should be 
carried out as soon as possible, or the samples should be 
cooled to at least 4 °C or frozen, preferably at -70 °C or lower. 


Cholesterol Catabolism 


Once lipoprotein cholesterol enters the cell, the cholesteryl 
esters are hydrolyzed by lysosomal acid lipase. The lack or 
malfunction of this enzyme results in intracellular accumu- 
lation of cholesterol esters and produces a clinical disorder 
known as cholesteryl ester storage disease. 
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Figure 26-4 Cholesterol biosynthesis (stage 3). 


Cholesterol reaching the liver is either secreted 
unchanged into bile or metabolized to bile acids. Approxi- 
mately one third of the daily production of cholesterol, or 
about 400 mg/day, is converted into bile acids (Figure 26-6). 
The conversion of cholesterol to cholic and chenodeoxy- 
cholic acids, the major bile acids in humans, involves the 
shortening of the cholesterol side chain and hydroxylation 
of the sterol nucleus. The first step, which is also the rate- 
limiting step, is the hydroxylation of the 7-position of the 
sterol nucleus, catalyzed by the enzyme 7a-hydroxylase (see 
Figure 26-6). The bile acids are then conjugated with either 
glycine or taurine and enter the bile canaliculi. After reach- 
ing the small intestine, the conjugated bile acids play an 
active part in cholesterol and fat absorption, as discussed 
previously. Some of the bile acids are deconjugated and con- 


Intracellular: 
Acyl-CodA synthetase 


Fatty acid + CoASH Acyl-CoA 


ATP PPj + AMP 


AC, 
Acyl-CoA + cholesterol ————~_ Cholesterol ester + CoASH 


Intravascular: 
LCAT 
Lecithin + cholesterol ~~~————*-_ Cholesterol ester + lysolecithin 


Figure 26-5 Intracellular and intravascular esterification of 
cholesterol mediated by ACAT and LCAT, respectively. 


verted by bacteria in the intestine to secondary bile acids. 
Cholic acid is converted to deoxycholic acid, and cheno- 
deoxycholic acid is metabolized to lithocholic acid. About 
90% of the bile acids, except lithocholic, are reabsorbed in 
the lower third of the ileum and returned to the liver by the 
portal vein, thus completing the enterohepatic circulation 
(see also Chapter 47). 

A significant amount of cholesterol is also excreted 
directly into the biliary system, where it is solubilized to form 
mixed micelles with bile acids and phospholipids. If the 
amount of cholesterol in bile exceeds the capacity of these 
solubilizing agents, however, excess cholesterol can precipi- 
tate, forming cholesterol gallstones. In westernized societies, 
approximately 80% of all gallstones are cholesterol-con- 
taining stones. 


Fatty Acids 

The fatty acids are one of the simpler molecular forms of 
lipids. They are generically indicated by the chemical 
formula RCOOH, where “R” stands for an alkyl chain. Fatty 
acid chain lengths vary and are commonly classified accord- 
ing to the number of carbon atoms present. Three somewhat 
arbitrarily defined groups of fatty acids are those containing 
2 to 4 carbon atoms (short chain), 6 to 10 carbon atoms 
(medium chain), and 12 to 26 carbon atoms (long chain). 
Those of importance in human nutrition and metabolism 
are of the long-chain class containing an even number of 
carbon atoms. 

Fatty acids are further classified according to their 
degree of saturation. Saturated fatty acids have no double 
bonds between carbon atoms, monounsaturated fatty acids 
contain one double bond, and polyunsaturated fatty acids 
contain more than one double bond (Figure 26-7). The 
double bonds in polyunsaturated fatty acids of both animal 
and plant origin are usually 3 carbon atoms apart. Some 
oils from marine fish living in deep, cold waters (e.g. 
salmon) possess numerous (up to 6) unsaturated bonds 
and are usually more than 20 carbon atoms long. These 
oils can be easily oxidated because of their high degree of 
unsaturation. 

The labeling of the carbon atoms in fatty acids can be 
either from the carboxyl terminal (A-numbering system) 
or from the methyl terminal (y- or @-numbering system; 
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Figure 26-7 Saturated and unsaturated fatty acids. 


Table 26-1). In addition, the carbon atoms may be labeled 


with Greek symbols, with o being adjacent to the carboxyl 
group and @ being farthest away. In the A-system, fatty acids 
are abbreviated according to the number of carbon atoms, 
the number of double bonds, and the position(s) of double 
bond(s), For example, linoleic acid, which contains 18 
carbons and two unsaturated bonds between carbons 9 and 
10 and between carbons 12 and 13, could be written as 
C\g:2”". Using the n- or w-system, linoleic acid would be 
abbreviated to C3:2n-6, where only the first carbon 
forming the unsaturated pair is written. The Geneva or sys- 
tematic classification is a third system of nomenclature 
(Table 26-1). 

In saturated fatty acids, the chain is extended and flexible 
(i.e., the carbon atoms rotate freely around the longitudinal 
axis). Unsaturated fatty acids, however, have fixed 30° bends 
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TABLE 26-1 Fatty Acids Commonly Found in Human Tissue 


Common Name 


Systematic Name 


Lauric Dodecanoic 
Myristic Tetradecanoic ; 
Palmitic Hexadecanoic 
Palmitoleic 9-Hexadecenoic 
Stearic ni Octadecanoic 
Oleic 9-Octadecenoic:.: 


9,12-Octadecadienoic 
9512;15-Octadecatrienoic 
Eicosanoic 
5,8,11,14-Eicosatetraenoic 


Linoleic*® 
Linolenic* 
Arachidic 
Arachidonic 


*Essential fatty acids. 


in their chains at each double bond. Depending on the plane 
in which this bend occurs, either the cis or trans isomer is 
produced. In mammals, all naturally occurring unsaturated 
fatty acids are of the cis variety. Trans fatty acids result from 
catalytic hydrogenation, a process used to “harden” fats in 
the manufacture of certain foods, such as margarine. Most 
fats in the human body are derived from the diet, which on 
the average contains up to 40% fat, 90% of which is triglyc- 
eride. In addition, humans can synthesize most fatty acids, 
including saturated, monounsaturated, and some polyun- 
saturated fats. However, some fatty acids cannot be synthe- 
sized. One such fatty acid is linoleic acid (C,g:2”"), which is 
found only in plants. Because it is vital for health and growth 
and development, it is termed an essential fatty acid. Linoleic 
acid is converted to arachidonic acid, which has an impor- 
tant role in prostaglandin synthesis and perhaps in myelin- 
ization of the central nervous system. 

The fatty acid carboxyl group has a pK, of approximately 
4.8; thus free fatty acid molecules in both plasma and intra- 
cellular fluid (pH of 7.4 and 7.0, respectively) exist in an 
ionized form. Much of the fatty acid in plasma exists as either 
esters with cholesterol or glycerol or is transported as a fatty 
acid—albumin complex or fatty acid—prealbumin complex. 
One molecule of albumin can carry as many as 20 molecules 
of fatty acid, The normal level of free fatty acids in human 
blood is 0.30 to 1.10mmol/L, or about 8 to 31 mg/dL of 
plasma. The flux of free fatty acids through the plasma is very 
large and quite sensitive to physiological energy demands 
(exercise and physical work), the level of blood glucose, and 
psychological stresses that cause liberation of epinephrine. 


Fatty Acid Catabolism 


Long-chain fatty acids are oxidized in the mitochondria and 
produce energy by a series of reactions that operate in a 
repetitive manner to shorten the fatty acid chain by two 
carbon atoms at a time from the —COOH terminal of the 
molecule, a process known as f-oxidation. For example, 1 
mole of C,, fatty acid is converted to 8 moles of acetyl-CoA. 
Acetyl-CoA does not normally accumulate in the cell but is 


A-Numbering 


n-(0) Numbering 


12:0 : 12:0 
14:0 14:0 
16:0 16:0 
16:1 16;1n-7 
18:0 18:0 
48:2? 18:.1n-9 
18:27? 18:2n-6 
18: 371215 18:3n-3 
20:0 20:0 
20; 4581114 20:4n-6 


enzymatically condensed with oxaloacetate, derived largely 
from carbohydrate metabolism (Figure 26-8), to give citrate, 
which is a major component of the tricarboxylic acid cycle 
{Krebs cycle). The Krebs cycle serves as a common pathway 
for the final oxidation of nearly all food material, whether 
derived from carbohydrate, fat, or protein. It is important to 
bear in mind that the smooth operation of the Krebs cycle 
depends on the availability of sufficient oxaloacetate to serve 
as an acceptor for acetyl-CoA. 

The complete oxidation of a single fatty acid molecule 
produces a large quantity of energy. For example, the com- 
plete oxidation of 1 mole of palmitic acid to carbon dioxide 
and water produces 16 moles of CO, 16 moles of H,O, and 
129 moles of adenosine triphosphate (ATP), or 2340 Cal.* 
Thus the standard free energy for oxidation of palmitic acid 
is 2340 Cal, whereas the free energy liberated by hydrolysis 
of 129 moles of ATP is 940 Cal, indicating that the efficiency 
of energy conservation in fatty acid oxidation is approxi- 
mately 40% under standard conditions. 

By means of suitable enzyme reactions, the chemical 
energy stored in fatty acids can be released for metabolic 
processes or stored in the form of high-energy compounds, 
such as ATP. Triglycerides that contain three fatty acid mol- 
ecules, therefore, are an efficient storage form for metabolic 
energy. The amount of energy produced by metabolizing 1 
mole of palmitic acid (16 carbon atoms) is approximately 
twice that produced by metabolizing an equivalent amount 
(2.5 mol) of glucose (6 carbon atoms per molecule). Carbo- 
hydrate storage requires water for hydration; triglyceride 
storage does not. In addition to their high intrinsic energy 
content, triglycerides have a low density (<lg/mL) and, 
because of their hydrophobic nature and peripheral distri- 
bution in the body, provide excellent insulation. 


*The unit used in discussing the energy value of food is the 
Calorie {Cal}, equal to 1000 calories or 1 kilocalorie (kcal). In the 
SI system, the unit of energy is the joule (J), and 1 calorie = 
4.1868 J. : 2 . 
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Figure 26-8 Metabolic relations among intermediates of carbohydrate, fat, and protein 
metabolism. Note that acetyl-CoA is produced from both carbohydrate and fat. The glucogenic 
amino acids, derived from protein metabolism, enter glycolytic paths as a-keto acids. Ketogenic 
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Ketone Formation 


During prolonged starvation or when carbohydrate metab- 
olism is severely impaired, as in uncontrolled diabetes mel- 
litus (see Chapter 25), the formation of acetyl-CoA exceeds 
the supply of oxaloacetate. The abundance of acetyl-CoA 
results from excessive mobilization of fatty acids from 
adipose tissue and excessive degradation of the fatty acids 
by B-oxidation in the liver. The resulting acetyl-CoA excess 
is diverted to an alternative pathway in the mitochondria 
and forms acetoacetic acid, B-hydroxybutyric acid, and 
acetone—-three compounds known collectively as ketone 
bodies (Figure 26-9). The presence of ketone bodies is a fre- 
quent finding in severe, uncontrolled diabetes mellitus. 

As shown in Figure 26-9, the first product, acetoacetyl- 
CoA, condenses in the mitochondria with a third molecule 
of acetyl-CoA to yield HMG-CoA. This pool of HMG-CoA 
is distinct from that in the cytosol that is an intermediate in 
cholesterol synthesis. The HMG-CoA produced in the mito- 
chondria is then cleaved enzymatically to yield acetoacetate 
and acetyl-CoA. Some of the acetoacetate formed in liver 
cells is usually reduced to B-hydroxybutyrate, Because ace- 
toacetate is unstable, a further portion decomposes to form 
carbon dioxide and acetone, the third ketone body found in 


severe, untreated diabetes mellitus. Ketosis, therefore, devel- 
ops from excessive production of acetyl-CoA because the 
body attempts to obtain necessary energy from stored fat in 
the absence of an adequate supply of carbohydrate metabo- 
lites (see Chapter 25). 

Inadequate incorporation of acetyl-CoA into the Krebs 
cycle may be further aggravated by inhibition of the 
oxaloacetate-generating enzyme system by excess accumu- 
lation of palmitic-CoA and other long-chain fatty acid- 
CoA derivatives in the liver. Skeletal muscle and heart (and 
brain in prolonged fasting) use ketone bodies by resyn- 
thesizing their CoA derivatives of the acids and subsequently 
oxidizing them for the production of energy. Although 
liver cells are largely responsible for converting fatty acids, 
they cannot metabolize acetoacetate, because liver lacks 
3-ketoacid CoA transferase, the enzyme required for trans- 
ferring CoA from succinyl-CoA. 

The entire process of ketosis reversed by restoring an 
adequate level of carbohydrate metabolism. In starvation, 
restoration consists of adequate carbohydrate ingestion; in 
diabetes mellitus, ketosis can be reversed by insulin admin- 
istration, which permits circulating blood glucose to be 
taken up by the cells. With production of oxaloacetate, the 
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Figure 26-9 Formation of ketone bodies. 


acceptor of acetyl-CoA, normal metabolism is restored, and 
the release of fatty acids from adipose tissue slows and is 
finally reversed. A graphic view of these metabolic reactions 
is outlined in Figure 26-8, which shows the interrelationship 
between carbohydrate, fatty acid, and protein metabolism. 


Prostaglandins 


Prostaglandins and related compounds are derivatives of 
fatty acids, primarily arachidonate. The group consists of 
prostaglandins, thromboxanes, some hydroperoxy- and 
hydroxy—fatty acid derivatives, and leukotrienes. Although 
their full physiological role is not completely known, they 
exert diverse biological actions. They are extremely potent, 
producing physiological actions at concentrations as low as 
lpg/L. 


The prostaglandins are a series of Cy) unsaturated fatty 
acids containing a cyclopentane ring; the parent fatty acid 
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Figure 26-10 Major prostaglandin classes (series). Ri and R, 
are prostaglandin side chains. 


has been given the trivial name prostanoic acid. The seven- 
carbon chain linked to C-8 of prostanoic acid (Rj) projects 
below the plane of the ring, whereas the eight-carbon chain 
attached to C-12 (R,) projects above the ring. 

By convention, prostaglandins are abbreviated PG, with 
the class designated by a capital letter (A, B, E, E G, H, and 
I), followed by a number and then in some cases a Greek 
letter (Figure 26-10). With the exception of PGG and PGH, 
which have the same ring structure (cyclopentane endoper- 
oxide), the letters refer to different ring structures. PGA and 
PGB have keto groups at C-9, with the A series having a 
double bond between C-10 and C-11 and the B series having 
a double bond between C-8 and C-12. PGE also has a C-9 
keto bond but a hydroxyl group at C-11. The F series has 
hydroxyl groups at both C-9 and C-11. The difference 
between PGG and PGH, which have identical ring struc- 
tures, occurs in the side chain at C-15 in Ry; the G series has 
a peroxide group, whereas the H series has a hydroxyl group. 
The I series has a double-ring formation, C-9 of the 
cyclopentane ring being linked to C-6 of the side chain by 
an oxygen molecule to form a second five-sided ring (see 
Figure 26-10). The endoperoxide PGs (G and H series) are 
intermediates in the formation of other PGs, such as the A, 
B, E, F and I series. 

The number after the capital letter is usually written as a 
subscript and is used to designate the number of unsaturated 
bonds in the PG side chains and not within the ring struc- 
ture itself. In PGE,, for example, a double bond exists 
between C-13 and C-14; in the 2 series (PGE,), a double 
bond exists between C-13 and C-14 and between C-5 and 
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TABLE 26-2 Naturally Occurring Prostaglandins (RG) 


Primary: PG Other PG 


PGE, PGA, 
PGE, PGA; 

PGE, 2: 190-OHPGA,; 
PGE: -190-OHPGA, 
PGG ens 
PCL Pe anin ann ain 
‘Thromboxane A, 0 
Thromboxane B, © 


C-6; and in the 3 series (PGE;), an additional double 
bond occurs between C-17 and C-18. The 2 series is most 
common. The bond between C-13 and C-14 is always trans, 
whereas those between C-5 and C-6 and between C-17 and 
C-18 are always cis. At C-15, all naturally occurring 
prostaglandins have a hydroxyl group that projects below the 
plane of the ring. The use of the Greek letter (œ or B) applies 
only to the F series and refers to the hydroxyl group found 
at C-9, In the ot-series, the hydroxyl group projects below 
the ring plane in the same direction as the C-11 hydroxyl 
group, whereas the B-series denotes that the hydroxyl at 
C-9 is above the plane of the ring. Sixteen naturally occur- 
ring prostaglandins have been described (Table 26-2), but 
only seven, along with two thromboxanes, are commonly 
found throughout the body. These are termed the primary 
prostaglandins, 

Although prostaglandins appear hormonelike in action, 
they are different from hormones in that (1) they are syn- 
thesized at the site of action and (2) they are made in almost 
all tissue. Linoleic acid (Cyg:2”"*) is the precursor of two of 
the three 20-carbon fatty acids that form prostaglandins; 
linolenic acid (C,,:2°'*"*) is the other precursor. Both of 
these fatty acids are considered essential because they cannot 
be synthesized in the body and therefore must be present 
in the diet (see Chapter 48). The three Cy) fatty acids 
subsequently formed are Cy»:3°*" {eicosatrienoic acid), 
Co :4%"  (eicosatetraenoic or arachidonic acid), and 
Cay: 5*"*"*""(eicosatrienoic acid). These three fatty acids 
form the PG, PG,, and PG; series, respectively. 

Once formed, prostaglandins exert very short-lived 
effects and are rapidly catabolized (their half-life is expressed 
in seconds). Inactivation of prostaglandin appears to be 
mediated by two enzymes, 15 o-hydroxy-prostaglandin 
dehydrogenase and A’-prostaglandin reductase. Prost- 
aglandins are not stored; instead, the precursor Cz fatty 
acids are present in tissue attached to the C-2 (see later 
section in this chapter on glycerol esters) of phosphoglyc- 
erides. When necessary, the Cz precursor is hydrolyzed by 
phospholipase A,, which is specific for the C-2 atom of the 
phosphoglyceride. The release of the Cu fatty acid appears 
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Figure 26-11 Synthesis of prostaglandins from arachidonic 
precursor. PG, Prostaglandin; TX, thromboxane; HPETE, HETE, 
HHT, | 2-I-hydroxy-5,8, [0-heptadecatrienoic acid. 


to be the rate-limiting step in prostaglandin synthesis and 
is stimulated by the effect of bradykinin, thrombins, or 
angiotensin II. 

Although it is probable that all prostaglandins follow a 
similar synthetic pathway, Cy9:4 (arachidonic acid) has 
been the most intensively studied and is used to illustrate 
the pathway (Figure 26-11). Once released, arachidonic 
acid follows one of two pathways. The lipoxygenase route 
produces 12-L-hydroperoxy-5,8,10,14 eicosatetraenoic 
acid (HPETE); HPETE spontaneously .decomposes to 
12-L-hydroxy-5,8,10,14 eicosatetraenoic acid (HETE). The 
alternative pathway is mediated by cyclooxygenase (COX) to 
produce the endoperoxides PGG, and PGH,. The latter 
can be degraded to 12-L-hydroxy-5,8,10-heptadecatrienoic 
acid. What controls the entry into a specific pathway 
remains speculative; however, it is known that nonsteroidal 
antiinflammatory drugs (/ NSAIDs): aspirin, ibuprofen, and 
indomethacin) inhibit the COXs, thereby decreasing 
prostaglandin synthesis. Two isoforms of COX are known, 
COX-1 and COX-2. COX-1 levels are in general rather con- 
stant in cells, whereas COX-2 is synthesized in response to 
inflammation. Certain drugs that inhibit both COXs have 
nephrotoxic and ulcerogenic side effects, Therefore newer 
NSAIDs are being tested to preferentially inhibit COX-2 to 
reduce side effects while maintaining the desirable antiin- 
flammatory therapy. 

Prostaglandin L, or prostacyclin, is derived from arachi- 
donic acid (see Figure 26-11) in the vascular endothelium. 
It has a powerful vasodilatory action, especially on the coro- 
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Thromboxane B, (TXB,) 


Figure 26-12 Structures of thromboxanes. 


nary arteries, and is also responsible for inhibiting platelet 
aggregation. Thromboxane A; is synthesized from arachi- 
donic acid but is also produced by platelets. It has the oppo- 
site effect of prostacyclin (Le., it stimulates the contraction 
of arterial smooth muscle and enhances platelet aggrega- 
tion). It has a very short half-life, about 30 seconds, and is 
rapidly converted to its inactive metabolite, thromboxane Bz. 
The thromboxanes are slightly different from the other 
prostaglandins in that they contain six-sided rings of five 
carbon atoms and one oxygen atom (Figure 26-12). Table 
26-3 lists some of the reported functions of the various 
prostaglandins. With increasing knowledge of the physio- 
logical role of the prostaglandins, it is likely that discrete 
disorders of prostaglandin metabolism will be discovered 
and that prostaglandins, prostaglandin analogues, or 
prostaglandin antagonists will be used in clinical practice. 


Glycerol Esters (Acylglycerols) 

Virtually all the complex lipids are fatty acid derivatives, and 
in most cases they are covalently linked to an alcohol. One 
of the most common alcohols found in human metabolism 
is glycerol, a three-carbon molecule containing three 
hydroxyl groups. 


a H—¢—oH 

8 n—¢_on 

œ H-¢—OH 
4 


The two terminal carbon atoms in the molecule are 
chemically equivalent and are designated œ and a’, The 
center carbon is labeled B. A common alternative labeling 
system uses the numeral 1 for the a-carbon, 2 for the B- 
carbon, and 3 for the a’-carbon. 

The class of acylglycerol (glyceride) is determined by 
the number of fatty acyl groups present; one fatty acid, 
monoacylglycerols (monoglycerides); two fatty acids, diacyl- 
glycerols (diglycerides); three fatty acids, triacylglycerols 
(triglycerides). In a monoacylglycerol, the fatty acid may be 
linked to any of the three carbon atoms. By convention, the 
number system is used to indicate the carbon position (e.g., 


TABLE 26-3 Prostaglandin-Mediated Effects 
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Figure 26-13 Structure and classification of glycerol esters 
(acylglycerols). Ri, Ro, and R are fatty acid(s) of varying chain 
length. 


Triglyceride 


1-monoglyceride indicates a fatty acid attachment to the 
a-carbon). This numbering system applies to all acylglyc- 
erols, including the phosphoglycerides, as shown later. 
Diglycerides are either 1,2- or 1,3-diglycerides (Figure 
26-13). 

In human nutrition, triglycerides are the most prevalent 
glycerol esters encountered and constitute 95% of tissue 
storage fat and are the predominant form of glyceryl ester 
found in plasma. The fatty acid residues found in mono- 
glycerides, diglycerides, or triglycerides vary considerably 
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and usually include combinations of the long-chain fatty 
acids, shown in Table 26-1. Triglycerides from plants (e.g., 
corn, sunflower seed; and safflower oils) tend to have large 
amounts of Cyg: 2 or linoleic residues and are liquid at room 
temperature. Triglycerides from animals, especially rumi- 
nants, tend to have C,,:0 through C,,:0. fatty acid residues 
(saturated fats) and are solids at room temperature. Some 
plant triglycerides, such as coconut oil, are highly saturated 
and may be solid at room temperature. i 

Triglycerides are digested in the duodenum and proximal 
ileum. Through the action of pancreatic and intestinal 
lipases and in the presence of bile acids, they are hydrolyzed 
to glycerol, monoglycerides, and fatty acids. After absorp- 
tion, triglycerides are resynthesized in the intestinal epi- 
thelial cells and combined with cholesterol and apo B-48 
to form chylomicrons, Chylomicrons are then secreted to 
the lymphatic system, travel through the thoracic duct, 
and eventually reach the bloodstream through the jugular 
vein. 

Another major class of glycerol esters consists of those 
containing phosphoric acid at the third (a’) carbon atom; 
these esters are called phosphoglycerides (Figure 26-14). In 
their simplest form, the A group is an H atom and the 
molecule is therefore a diacylphosphoglyceride. Usually, 
however, the A is an alcohol-derived group, such as choline, 
serine, inositol, or ethanolamine (see Figure 26-14). If A is 
choline, the molecule is referred to as phosphatidylcholine; 
if it is ethanolamine, it will be referred to as phos- 
phatidylethanolamine, etc. Phosphatidylcholines have also 
been collectively referred to as the lecithins, whereas 
phosphatidylethanolamine, phosphatidylserine, and phos- 
phatidylinositol have been called the cephalins. As the fatty 
acid residues (R, and R, in Figure 26-14) vary, several dif- 
ferent lecithins and cephalins are formed. These phospho- 
glycerides are named according to the fatty acid acy) ester 
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Figure 26-14 Structures of phosphoglycerides and common 
alcohol groups associated with them. R; and R3 are fatty acid(s) 
of varying carbon atom lengths. 


attached at C-1 and C-2 of the glycerol. The saturated fatty 
acid attaches to the C-1, whereas (poly)unsaturated fatty 
acid attaches primarily at C-2, Phosphatidylcholine is the 
precursor of the potent lipid mediator, platelet-activating 
factor. aa 

In inner mitochondrial membranes, more complex phos- 
phoglycerides known as cardiolipins can be found. They are 
derived from two phosphoglyceride molecules joined by a 
glycerol bridge. l 


Sphingolipids 

Sphingolipids are a fourth class of lipids found in humans 
and are derived from the amino alcohol sphingosine (Figure 
26-15). This dihydric 18-carbon alcohol contains an amino 
group at C-17. A fatty acid containing 18 or more carbon 
atoms can be bound to the amino group through an amide 
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Figure 26-15 Structures of sphingolipids. 
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linkage to form ceramide. This is the intermediary step in the 
formation of three important sphingolipids: sphingomyelin, 
galactosylceramide, and glucosylceramide (see Figure 
26-15). The sugar-containing ceramides can have a sulfate 
group attached (usually to the 2-position of the galactose 
residue) to form the sulfatides, The glycosyl ceramides can 
also have additional monosaccharide moieties (such as 
galactose, N-acetylgalactosamine, and N-acetyineuraminic 
acid) to form complex globosides and gangliosides. These 


complex sphingolipids form the major lipids of cell mem- | 


branes and the central nervous system. Gangliosides are par- 
ticularly prevalent in the gray matter of the brain, whereas 
membrane glycosphingolipids have a major role in cellular 
interactions, growth, and development, and have been a 
source of blood group and tumor antigens. 


Terpenes 

Terpenes are polymers of the five-carbon isoprene unit and 
include vitamins A, E, and K (see Chapter 30) and the 
dolichols, which play an important role in protein glycation. 


LIPOPROTEINS 


Lipids synthesized in the liver and the intestine have to be 
transported to the various tissues to accomplish their meta- 
bolic functions. Because of their insolubility, they are trans- 
ported in the plasma in macromolecular complexes called 
lipoproteins, Lipoproteins are spherical particles with non- 
polar lipids (triglycerides and cholesterol esters) in their core 
and more polar lipids (phospholipids and free cholesterol) 
oriented near the surface. They also contain one or more 
specific proteins, called apolipoproteins, that are located on 
their surfaces (Figure 26-16). The association of the core 
lipids with the phospholipid and protein coat is noncova- 
lent, occurring primarily through hydrogen bonding and 
van der Waals forces. This binding of lipid to protein is loose 
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Figure 26-16 Structure of a typical lipoprotein particle, 


enough to allow the ready exchange of lipids among the 
plasma lipoproteins and between cell membranes and 
lipoprotein, yet strong enough to allow the various classes 
and subclasses of lipoprotein to be isolated by a variety of 
analytical techniques. 

Lipoproteins have different physical and chemical prop- 
erties (Table 26-4) as they contain different proportions of 
lipids and proteins (Table 26-5). Historically, lipoproteins 
have been categorized based on differences in their hydrated 
densities as determined by ultracentrifugation. These cate- 
gories include (1) chylomicrons, (2) VLDL, (3) intermedi- 
ate-density lipoprotein (IDL), (4) low-density lipoprotein 
(LDL), (5) high-density lipoprotein (HDL), and (6) lipo- 
protein(a) [Lp{a)]. HDL is further divided by density into 
two subpopulations, HDL, and HDL;. As discussed later 
in this chapter, the two subfractions of HDL seem to differ 
in their metabolic roles and clinical significance. Lp(a) is a 
distinct class of lipoprotein (see Table 26-4) that is struc- 
turally related to LDL, because both lipoprotein classes 
possess one molecule of apo B-100 per particle and have 
similar lipid compositions. ”™” However, unlike LDL, Lp(a) 
contains a carbohydrate-rich protein [apo(a)] that is 
covalently bound to the apo B-100 through a disulfide link- 
age. The available evidence suggest that Lp(a) contains one 
molecule of apo(a) and one molecule of apo B-100 per 
Lp(a) particle. Apo(a) is the unique protein component of 
Lp(a) and exhibits a significant sequence homology with 
plasminogen and a high degree of variation in polypeptide 
chain length. Apo(a) is composed of a serine protease 
domain and a kringle-containing domain (Figure 26-17). 
Unlike plasminogen, however, Lp(a) is not activated to form 
an active protease. The kringle that is contiguous with the 
protease domain, kringle 5, shares 85% amino acid homol- 
ogy with plasminogen kringle 5, whereas the kringle 4 
domain has 78% to 88% amino acid homology with kringle 
4 of plasminogen. Apo(a) contains 10 distinct classes of 
kringle 4—like domains that differ from each other in amino 
acid sequence. Kringle 4 type 1 and kringle 4 types 3 to 10 
are present as a single copy on apo(a) particles. In contrast, 
kringle 4 type 2 is present in variable number of repeats 
(3 to >40) and therefore is primarily responsible for the size 
heterogeneity of apo(a) and consequently of Lp(a) (see 
Figure 26-17). 

In the fasting state, most plasma triglycerides are present 
in VLDL. In the nonfasting state, chylomicrons appear tran- 
siently and contribute significantly to the total plasma 
triglyceride level, LDL carries about 70% of total plasma 
cholesterol but very little triglyceride (see Table 26-5). HDL 
contains about 20% to 30% of plasma cholesterol. 

Lipoproteins also are separated by electrophoresis on 
agarose, cellulose acetate, and paper, and polyacrylamide 
gels.” At a pH of 8.6, HDL migrates with the o-globulins, 
LDL with the B-globulins, and VLDL and Lp(a) between the 
æ- and B-globulins, in the pre-B-globulins region. IDL forms 
a broad band between B- and pre-B-globulins. Chylomicrons 
remain at the point of application. The lipoproteins have 
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been referred to by their electrophoretic locations pre-f- 
lipoprotein, VLDL; B-lipoprotein, LDL; and a-lipoprotein, 
ADL. 


APOLIPOPROTEINS 


Apolipoproteins are the protein components of lipoprotein. 
The characteristics and main known functions of the major 
apolipoproteins are summarized in Table 26-6. Each 
class of lipoprotein has a variety of apolipoproteins in dif- 
fering proportions, with the exception of LDL, which con- 
tains only apo B-100. Apo A-I is the major protein in HDL. 
Apo C-I, C-H, C-III, and E are present in various propor- 


TABLE 26-4. Characteristics of: Human Plasma Lipoproteins 


Variable Chylomicron.:: VLDL 


IDL 


tions in all lipoproteins except LDL. Apolipoproteins collec- 
tively have three major physiological functions. They are 
involved in (1) activating important enzymes in the lipopro- 
tein metabolic pathways, (2) maintaining the structural 
integrity of the lipoprotein complex, and (3) facilitating the 
uptake of lipoprotein into cells through their recognition by 
specific cell surface receptors.’” 


Apolipoprotein A 

Apolipoprotein A-I and apo A-II constitute about 90% of 
total HDL protein. The ratio of apo A-I to A-I in HDL is 
about 3:1. In addition to being an important structural 


LDL HDL Lp(a). 


Density (g/mL) <0.95 0.95-1,006 1.006-1.019 1,019-1.063 °1.063-1.210 1.040-1.130 
Electrophoretic Origin Prebeta Between beta Beta Alpha Prebeta 
mobility and prebeta 
Molecular 0.4-30 x 10? 5-10 .10° 3,9-4.8 x. 10° 2.75% 10° 1,8-3.6.X 10° 2.9-3.7 x 10° 
“weight (Da) ; a 
Diameter (nm) >70 26-70 22-24 19-23 4-10 26-30 
Lipid-lipoprotein “99:1 “90710 85315 80: 20 50: 50 73:26-64:36 
ratio ee eas ; : l ; = a ee 
“Major lipids. Exogenous. Endogenous = Endogenous | Chole ae Phospholipids . Cholester 
triglycerides triglycerides triglycerides, esters. : 
: TREES: 3 “esters. 5 - 
Major proteins: 0 A-I B-100 = B-100. B-100 
; B-48 GI E —_ 
C-I C:I == — 
C-H ; C-H 5 m — 
C-III : E : = = 


VLDL, Very low-density lipoproteins; IDL, intermediate-density lipoproteins; LDL, low-density lipoproteins; HDL, high-density lipoproteins; Lp(a), 


lipoprotein(a). 


TABLE 26-5 Chemical combos! () of: Normal:‘Human Plasma Lipoproteins 


_ SURFACE COMPONENTS 


Core Liris 


. Cholesterol _ 


Triglycerides 


E ` Phospholipids ch ` Apolipoproteins i _Cholesteryl. Esters 
Chylomicrons 2 JORET EM e i Doe ; ; ; B60 eae 3 
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From Havel RJ, Kane JP. Introduction: Structure and metabolism of plasma lipoproteins. In Scriver CR, Beaudet AL, Sly WS, Valle D Eds. The metabolic 
and molecular bases of inherited diseases. 7th ed. Vol I. New York: McGraw-Hill, 1995:1841-50. Reproduced with permission of The McGraw-Hill 


Companies. 


VLDL, Very low-density lipoprotein; IDL, intermediate-density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein. 


Surface components and core lipids given as percentage of dry mass. 
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component of HDL, apo A-I is a cofactor for LCAT, the 
enzyme responsible for forming cholesteryl esters in plasma. 
Some evidence suggests that apo A-II may inhibit LCAT and 
activate hepatic triglyceride lipase. Apo A-IV is a component 
of newly secreted chylomicrons, but is not a major con- 
stituent of chylomicron remnants, VLDL, LDL, and HDL. 
The primary function of apo A-IV is currently unknown, but 
it has been shown to activate LCAT in vitro,® and available 
data suggest it plays a role in the transport of cholesterol 
from peripheral tissue to the liver. 


Apolipoprotein B 
Apolipoprotein B exists in two forms: apo B-100 and apo B- 
48.’°’ The two proteins are known to be translation products 


Figure 26-17 Structure of lipoprotein(a). 
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of a single structural gene. Apo B-100, a single polypeptide 
of more than 4500 amino acids, is the full-length translation 
product of the apo B gene. In humans, apo B-100 is made in 
the liver and secreted into plasma as part of VLDL. Apo 
B-100 is the major apolipoprotein of LDL, the end product 
of VLDL catabolism. Each VLDL particle contains one 
molecule of apo B-100. In the fasting state, most of the apo 
B in plasma is apo B-100. Unlike the other apolipoproteins, 
however, apo B-100 cannot move from one lipoprotein par- 
ticle to another, and VLDL apo B-100 remains with the 
lipoprotein as it is catabolized to LDL. Apo B-48 contains 
2152 amino acids and is identical to the amino-terminal 
portion of apo B-100. Apo B-48 results from the posttran- 
scriptional modification of internal apo B-100 messenger 
ribonucleic acid (mRNA), in which a single base substitu- 
tion produces a stop codon corresponding to residue 2153 
of apo B-100. Apo B-48 is made in the intestine and is the 
major apo B component of chylomicrons. Both apo B-100 
and apo B-48 play important roles in the secretion of VLDL 
and chylomicrons, respectively. Apo B-100 is recognized by 
the LDL receptor in hepatic and peripheral tissues and allows 
the LDL receptor-mediated internalization of LDL” (see 
later sections on lipoprotein metabolism, endogenous and 
exogenous pathways). 


Apolipoprotein C 

Apolipoproteins C-I, C-II, and C-III are associated with all 
lipoproteins except LDL. Apo C-1, the smallest of the C 
apolipoproteins, has been reported to activate LCAT in vitro. 
Apo C-H plays an important role in the metabolism of 
triglyceride-rich lipoprotein (VLDL and chylomicrons) 
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Facilitates uptake of ii Cision VLDL, HDL 
chylomicron remnant and ES SSR 
IDL 
Unknown 


Chylomicre on, VLDL, HDL 


pa) 


VLDL, Very low-density lipoproteins; IDL, scnsasiodiate dees fates LDL, low-density pane HDL, Ly hig density lipoproteins; Lp(a), 


lipoprotein(a); LCAT, lecithin cholesterol acyltransferase; LPL, lipoprotein lipase. 


918 Section IV Analytes 


by activating lipoprotein lipase (LPL), an enzyme that 
hydrolyzes lipoprotein triglycerides. Because of differences 
in sialic acid content, apo C-III exists in at least three poly- 
morphic forms. The precise metabolic function of apo 
C-III is unknown, but it may inhibit LPL and activate LCAT, 
and therefore may regulate the activities of these enzymes. 


Apolipoprotein E 
Apolipoprotein E is a 34-kDa plasma glycoprotein that is 


found primarily in chylomicrons, VLDL, HDL, and chy- ` 


lomicron and VLDL remnants. Removal of apo E-bearing 
lipoproteins is mediated by several different cellular recep- 
tors that recognize a cluster of positively charged amino 
acids in a specific region of apo E. Apo E plays a central role 
in the metabolism of chylomicrons and VLDL remnants. 
It regulates and facilitates lipoprotein uptake in the liver 
through (1) interaction of chylomicron remnants with 
chylomicron remnant receptors, and (2) binding of VLDL 
remnants to the LDL (B, E) receptor.” 

There are three common apo E isoforms, designated E,, 
E;, and E,, that were initially distinguished by isoelectric- 
focusing electrophoresis.” These isoforms have amino acid 
substitutions at residues 112 and 158. Apo E; has cysteine 
residues in both positions and apo E, has arginine residues 
in both positions, whereas apo E; has cysteine and arginine 
at positions 112 and 158, respectively. Apo E, exhibits 


Intestine 


Hepatic cell 


reduced binding affinity for the B and/or E remnant recep- 
tor compared with apo E;, which can lead to an accumula- 
tion of apo E-containing lipoprotein in the circulation, 
whereas apo E,-containing lipoproteins are cleared more 
rapidly than those containing apo E;. These isoforms are 
coded for by the three alleles of the apo E gene, €2, £3, and 
e4. The £3 allele is most frequent, although the relative pro- 
portions of the three alleles vary among populations.” ™*® 
These apo E alleles have been shown to contribute signifi- 
cantly to the variability of LDL cholesterol and apo B-100 
levels within populations.” Individuals with at least one £2 
allele tend to have lower levels of apo B-100 and LDL cho- 
lesterol than do those who are homozygous for the €3 allele, 
whereas individuals with at least one £4 allele tend to have 
higher levels of those analytes, possibly because of the higher 
affinity of apo E, for the LDL receptor, with consequent 
interference with LDL clearance from the circulation. Also, 
variation at the apo E locus may explain some of the differ- 
ences observed in plasma lipid and lipoprotein between indi- 
vidual responses to dietary and drug therapy." 


LIPOPROTEIN METABOLISM 

The pathways of lipoprotein metabolism are complex. 
They include exogenous and endogenous pathways based 
on whether they carry lipids of dietary or hepatic origin 
(Figures 26-18 and 26-19) and other pathways such as the 


34,103,255 


Adipose 
tissue 


tissue 


Figure 26-18 Exogenous lipoprotein metabolism pathway. TG, Triglyceride; CE, cholesterol ester; 
FC, free cholesterol; PL, phospholipids; HDL, high-density lipoproteins; FA, fatty acid; LPL 
lipoprotein lipase; B, apolipoprotein B-48; A, apolipoprotein A-I; C, apolipoprotein C-l; E, 
apolipoprotein E. (From Rifai N. Lipoproteins and apolipoproteins: Composition, metabolism, and 
association with coronary heart disease. Arch Pathol Lab Med 1986;110:694-701. Capyright 1986, 


American Medical Association.) 
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intracellular LDL receptor pathway (Figure 26-20) and the 
HDL reverse cholesterol transport pathway (Figure 26-21). 
Although these pathways are viewed as functionally distinct, 
they have overlapping points that provide sites at which 
dietary lipid intake can influence the synthesis and catabo- 
lism of endogenous lipids. 


Exogenous Pathway 


Nascent chylomicrons are assembled from dietary triglyc- 
erides and cholesterol in the enterocytes and packaged in 
secretory vesicles in the Golgi apparatus. These particles are 
then transported by exocytosis into the extracellular space 
and introduced into circulation through the intestinal villi. 
The lipid content of nascent chylomicrons consists mainly 
of triglycerides (90% by mass), whereas the protein compo- 
nents include apo B-48 and the A apolipoproteins (2% by 
mass).” Shortly after entering the circulation, these particles 
acquire the C apolipoproteins and apo E from circulating 
HDL (see Figure 26-18). Apo C-II, now present on the 
surface of chylomicrons, activates the LPL attached to the 
luminal surface of endothelial cells, which rapidly hydrolyzes 
the triglycerides to free fatty acids. The fatty acids are asso- 
ciated with albumin and can either be taken up by muscle 
cells as an energy source or into adipose cells for storage. 


Hepatic or extrahepatic cell 


Simultaneously, some of the phospholipids and the apo A 
apolipoproteins are transferred from the chylomicron parti- 
cle onto HDL. The newly formed particle, the chylomicron 
remnant, contains 80% to 90% of the triglyceride content of 
the original chylomicron. Because of the presence of apo 
B-48 and apo E on its surface, the chylomicron remnant can 
be recognized by specific hepatic remnant receptors and 
internalized by endocytosis. The components of the particle 
are then hydrolyzed in the lysosomes. The cholesterol 
released can form bile acids, be incorporated into newly syn- 
thesized lipoprotein, or be stored as cholesteryl ester. Fur- 
thermore, the cholesterol from these remnants can down 
regulate HMG-CoA reductase, the rate-limiting enzyme of 
cholesterol biosynthesis (see earlier section on cholesterol 
synthesis). 


Endogenous Pathway 

Hepatocytes have the ability to synthesize triglycerides from 
carbohydrates and fatty acids. In addition, when dietary 
cholesterol acquired from the receptor-mediated uptake of 
chylomicron remnants is insufficient, hepatocytes also 
synthesize their own cholesterol by increasing the activity of 
HMG-CoA reductase. The endogenously made triglycerides 
and cholesterol are packaged in secretory vesicles in the 


Adipose 
tissue 


Active LCAT 
HDL 


Figure 26-19 Endogenous lipoprotein metabolism pathway. TG, Triglyceride; CE, cholesterol 
ester; FC, free cholesterol; PL, phospholipids; HDL, high-density lipoproteins; LDL, low-density 
lipoproteins; IDL, intermediate-density lipoproteins; VLDL, very low-density lipoproteins; FA, fatty 
acid; LPL, lipoprotein lipase; LCAT, lecithin cholesterol acyltransferase; B, apolipoprotein B-100; A, 
apolipoprotein A-I; C, apolipoprotein C-Il; E, apolipoprotein E. (From Rifai N. Lipoproteins and 
apolipoproteins: Composition, metabolism, and association with coronary heart disease. Arch Pathol Lab 
Med 1986;1 10:694-701. Copyright 1986, American Medical Association.) 
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Figure 26-20 Low-density lipoprotein receptor pathway. LDL, Low-density lipoproteins; ACAT, 
acyl-CoA cholesterol acyltransferase; HMG-CoA reductase, 3-hydroxy-3-methylglutaryl coenzyme A 
reductase. Because of the presence of apolipoprotein B-100 on its surface, the LDL particle is 
recognized by a specific receptor in a coated pit and taken into the cell in a coated vesicle (top 
right}. Coated vesicles fuse together to form an endosame. The acidic environment of the 
endosome causes the LDL particle to dissociate from the receptors, which. return to the cell 


surface. The LDL particles are taken to.a lysosome, where apolipoprotein B-100 is broken down 
into amino. acids.and cholesterol ester is converted to free cholesterol for cellular requirements. 
The cellular cholesterol level is self-regulated. Oversupply of cholesterol will lead to (1) 
decreased rate of cholesterol synthesis by inhibiting HMG-CoA reductase, (2) increased storage 
of cholesteryl esters by activating ACAT, and (3) inhibition of manufacture of new LDL receptors 
by suppressing the transcription of the receptor gene into mRNA. (From Brown MS, Goldstein JL. 


How LDL receptors influence cholesterol and atherosclerosis, Sci Am 1984;25 1:58-66. Copyright 1984 


by Scientific American, Inc. All rights reserved.) 


Golgi apparatus, transported by exocytosis into the extracel- 
lular space, and introduced into circulation through the fen- 
estrae of the hepatic sinusoidal endothelium in the form of 
nascent VLDL (see Figure 26-19). This triglyceride-rich par- 
ticle (55% by mass) contains apo B-100, apo E, and small 
amounts of C apolipoproteins on its surface. Additional C 
apolipoproteins are transferred after secretion from circu- 
lating HDL. As in the case of chylomicron metabolism, apo 
C-II present on the surface of VLDL activates LPL on 
endothelial cells, which leads to the hydrolysis of VLDL 
triglycerides and the release of free fatty acids. It is impor- 
tant to note, however, that the rate of hydrolysis of VLDL 
triglyceride is significantly lower than that of chylomicron 


triglyceride. The average residence time of VLDL triglyceride 
is 15 to 60 minutes, compared with the 5 to 10 minutes of 
chylomicron triglyceride." This difference may be attrib- 
uted to the fact that VLDL particles are smaller and bind to 
fewer LPL molecules than chylomicrons. 

During the hydrolysis of VLDL triglycerides, the C 
apolipoproteins are transferred back to HDL. VLDL parti- 
cles are thus converted to VLDL remnants, some of which 
are taken up by the liver and the rest converted to smaller, 
denser particles called IDL. Large IDL particles, which also 
have several molecules of apo E, bind the hepatic remnant 
receptors and are removed from circulation. In humans, 
about 50% of IDL is removed by hepatocytes. 
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Figure 26-21 Reverse cholesterol transport pathway. HDL 
High-density lipoproteins; LDL low-density lipoproteins; IDL, 
intermediate-density lipoproteins; HTL, hepatic lipoprotein lipase; 
LCAT, lecithin cholesterol acyltransferase; CETP, cholesteryl ester 
transfer protein; apo E, apolipoprotein E. Cholesterol is removed 
from macrophages and other arterial wall cells by an HDL- 
mediated process. The LCAT esterifies the cholesterol content 
of HDL to prevent it from reentering the cells. Cholesterol 
esters are delivered to the liver by one of three pathways: (1} 
cholesterol esters are transferred from HDL to LDL by CETP 
and enter the liver through the specific LDL receptor pathway; 
(2) cholesterol esters are selectively taken from HDL by HDL 
receptors and HDL particles are returned to circulation for 
further transport; or (3) HDL have accumulated apo E and 
therefore the particles can enter the liver through remnant 
receptors, (From Gwynne JT. High density lipoprotein cholesterol 
levels as a marker of reverse cholesterol transport. Am J Cardiol 
1989;64:10G-17G. Copyright 1989, with permission from Excerpta 
Medica Inc.) 


Surface materials from IDL, including some phospho- 
lipids, free cholesterol, and apolipoproteins, are transferred 
to HDL, or form HDL de novo in the circulation. Choles- 
teryl esters are transferred from HDL to LDL. The net result 
of the coupled lipolysis and the cholesteryl esters exchange 
reaction is the replacement of much of the triglyceride core 
of the original VLDL with cholesteryl esters. IDL undergoes 
a further hydrolysis in which most of the remaining triglyc- 
erides are removed and all apolipoproteins except B-100 are 
transferred to other lipoproteins. This process ends with ulti- 
mate formation of LDL. 


Low-Density Lipoprotein Receptor Pathway 


The mechanism by which LDL is removed from circulation 
is well understood. Specific receptors present in coated pits 
on plasma membranes recognize and bind apo B-100 of LDL 
(see Figures 26-19 and 26-20). The LDL particles are inter- 
nalized in coated vesicles, which then fuse to form an endo- 
some. Because of the acidic milieu of the endosome, LDL 
dissociates from the receptor, which returns to the cell 
surface for reuse, whereas LDL migrates to the lysosome. 
Once the LDL is delivered to the lysosome, apo B-100 is 
degraded to small peptides and amino acids. Cholesterol 


esters are also hydrolyzed, with the cholesterol then available 
for the synthesis of cell membranes, steroid hormones in 
tissue that make them, and bile acids in hepatocytes. Cells 
have the ability to regulate their cholesterol content. Over- 
supply of free cholesterol leads to (1) decreased rate of 
endogenous cholesterol synthesis by inhibiting the rate-lim- 
iting enzyme HMG-CoA reductase; (2) increased formation 
of cholesteryl esters, which is catalyzed by ACAT; and (3) 
inhibition of the synthesis of new LDL receptors by sup- 
pressing the transcription of the receptor gene. The inhibi- 
tion of HMG-CoA reductase and suppression of the LDL 
receptor may occur through the interaction of the choles- 
terol derivative, hydroxycholesterol, with the regulatory 
portions of the respective genes, Compared with VLDL and 
chylomicrons, LDL has a relatively long residence time in the 
circulation, about 3 days." 

LDL are also taken up by extrahepatic tissue through 
scavenger receptors or non—receptor-mediated pinocytosis. 
The non—receptor-mediated uptake becomes important as 
plasma LDL concentrations increase, as in familial hyper- 
cholesterolemia (FH). Nonreceptor-mediated uptake is not 
saturable and not regulated. Scavenger receptors are unreg- 
ulated as well and recognize LDL that has been modified in 
various ways. They are found in macrophages and other 
cells. Macrophages that become engorged with cholesteryl 
esters are called “foam cells,” and are considered the earliest 
components of the atherosclerotic lesion. Two thirds of LDL 
is normally removed by LDL receptors and the remainder by 
the scavenger cell system. 


High-Density Lipoprotein Reverse Cholesterol 

Transfer Pathway 

High-density lipoproteins are secreted from the liver or 
intestine as disk-shaped nascent particles that consist pri- 
marily of phospholipids and apo A-I. Through the extracel- 
lular addition of surface components of triglyceride-rich 
particles, such as phospholipids, cholesterol, and certain 
apolipoproteins, nascent HDL is converted to spherical par- 
ticles. Free cholesterol from cell membranes is also trans- 
ferred to the nascent HDL (see Figure 26-21), Cholesterol is 
esterified by the action of LCAT in the presence of its cofac- 
tor apo A-I. The size of the HDL particle depends strongly 
on the amount of accumulated cholesteryl esters and the 
activity of LCAT. Lysolecithin, a byproduct of this reaction 
(see previous discussion), is then removed from circulation 
after binding with albumin. HDL cholesteryl esters are 
delivered to the liver by one of the following mechanisms: 
(1) cholesteryl esters are selectively taken up from HDL, 
probably by the hepatic HDL receptors, and HDL particles 
are returned to circulation for further transport; (2) 
cholesteryl esters are transferred from HDL to apo B-100— 
containing lipoprotein, a process mediated by cholesterol 
ester transfer protein, then taken up by the liver through 
receptors for these lipoprotein; or (3) HDL apo E can be rec- 
ognized by the hepatic remnant receptors. These processes 
constitute the reverse cholesterol transport mechanism, by 
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which cellular and lipoprotein cholesterol is delivered back 
to the liver for reuse or disposal. 

Although LDL are the major products resulting from the 
catabolism of VLDL, some conversion of HDL subfractions 
also occurs during this process. The surface materials from 
triglyceride-rich particles that have been transferred to the 
small circulating HDL, are subsequently esterified by LCAT, 
as described earlier, to create the larger cholesteryl ester—rich 
HDL). It has been shown that in vitro HDL, is converted 
back to HDL, in the presence of hepatic LPL.” HDL, 
contains twice as many cholesterol molecules per unit of 
apolipoproteins as does HDL. 


REFERENCE LIPID, LIPOPROTEIN CHOLESTEROL, AND 
APOLIPOPROTEIN CONCENTRATIONS 


At birth, the typical plasma cholesterol concentration is 
about 66 mg/dL,* equally distributed among LDL and HDL 
with a very small amount in VLDL. Triglyceride concentra- 
tion is only about 36mg/dL.®t Cord blood apo A-I, apo 
B-100, and Lp(a) showed mean concentrations of about 80, 
33, and 4mg/dL, respectively." Lipid, lipoprotein choles- 
terol, and apolipoprotein concentrations rise sharply during 
the first few months of life, with LDL becoming the major 


*To convert mg/dL of cholesterol to mmol/L, multiply by 0.0259. 
To covert milligrams per deciliter of triglyceride to millimoles 
per liter multiply by 0.0113. 


6-7 Population Distributions for Total Cholesterol (mg/dL) 
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catrier of plasma cholesterol, and then remain relatively 
unchanged until puberty. A profile consisting of a total cho- 
lesterol of about 155 mg/dL, LDL cholesterol of 90 mg/dL, 
HDL cholesterol of 53 mg/dL, triglycerides of 55 mg/dL, apo 
B-100 of 86 mg/dL, and apo A-I about 130 mg/dL is typical 
for a normal prepubertal subject. After puberty, there is an 
increase in triglycerides, LDL cholesterol, and apo B-100 in 
both sexes and a decrease in HDL cholesterol and apo A-I in 
men. Lipid concentrations continue to increase throughout 
adult life, with total and LDL cholesterol and apo B-100 
being higher in men than in women up to age 55.” There- 
after, women who are not receiving estrogen supplementa- 
tion have higher total and LDL cholesterol and apo B-100 
than their age-matched male counterparts.'™ In contrast to 
the other lipids, lipoproteins, and apolipoproteins, Lp(a) 
concentration increases slowly and gradually to reach Lp(a) 
adult values after the third year of life,” 

Plasma lipid and lipoprotein concentrations in male and 
female subjects are presented in Tables 26-7 through 26-10. 
These reference intervals have been developed using the 
Lipid Research Clinics (LRC) population. Although refer- 
ence intervals for apo A-I and B-100 from the Framingham 
Heart Study using the approved World Health Organiza- 
tion/International Federation of Clinical Chemistry and 
Laboratory Medicine (IFCC) calibrators have been pub- 
lished,** distributions of these two proteins that better 
reflect the North American population have only recently 
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From Lipid Research Clinics Program Epidemiology Committee: Plasma lipid distributions in selected North American population: The Lipid Research 
Clinics Program Prevalence Study. Circulation 1979;60:427-39; and Lipid Metabolism Branch, Division of Heart, Lung, and Blood Institute: The Lipid 
Research Clinics Population Studies Data Book. Vol. 1: The Prevalence Study. NIH Publication No. 80-1527. Bethesda, MD: National Institutes of Health, 


1980. 
To convert to mmol/L, multiply by 0.0259. 
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TABLE 26-8 Population Distributions for Triglycerides (t 
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From Lipid Research Clinics Program Epidemiology Committee: Plasma lipid distributions in selected North American population: The Lipid Research 
Clinics Program Prevalence Study. Circulation 1979;60:427-39; and Lipid Metabolism Branch, Division of Heart, Lung, and Blood Institute: The Lipid 
Research Clinics Population Studies Data Book. Vol. I: The Prevalence Study. NIH Publication No. 80-1527. Bethesda, MD: National Institutes of Health, 
1980. 

To convert to mmol/L, multiply by 0.0113. 
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From Lipid Research Clinics Program Epidemiology Committee: Plasma lipid distributions in selected North American population: The Lipid Research 


Clinics Program Prevalence Study. Circulation 1979;60:427-39. 
To convert to mmol/L, multiply by 0.0259. 
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TABLE 26-10 Population. Distributions for High-Density Lipoprotein Cholesterol (mg/dl. 
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From Lipid Research Clinics Program Epidemiology Committee: Plasma lipid distributions in selected North American population: The Lipid Research 


Clinics Program Prevalence Study. Circulation 1979;60:427-39. 
To convert to mmol/L, multiply by 0.0259. 


become available from the National Health and Nutrition 
Examination Survey HI (NHANES-IID (Tables 26-11 and 
26-12).” Since NHANES has been designed to reflect the 
US. population, data for the distribution of these proteins 
in the main American ethnic groups are available (Table 26- 
13). The availability of such information will enable the 
development of cut points for clinical decision. For example, 
for apo B-100, cut points similar to those recommended for 
LDL-C can be developed; the apo B-100 values, which cor- 
respond to desirable, borderline high risk, high risk, and very 
high risk, are 88, 115, 132, and 152 mg/dL and apo A-I values, 
which correspond to low and high, are 114 and 154mg/dL.” 
Until Lp(a) measurement is standardized, the development 
of appropriate reference intervals is not possible.” 


CLINICAL SIGNIFICANCE. 


The clinical significance of lipids is primarily associated 
with coronary heart disease (CHD) and various lipoprotein 
disorders. 


ASSOCIATION WITH CORONARY HEART DISEASE 

Increased cholesterol is a factor in the cause of atheroscle- 
rotic diseases (see also Chapter 44). As early as 1910, 
Windaus described cholesterol in the lesions of diseased 
arteries. Subsequently, many studies have confirmed that free 
and esterified cholesterol accumulates in the aorta, coronary 
arteries, and cerebral vessels, and that the rate of accumula- 
tion varies among individuals. The association between 
serum cholesterol and atherosclerosis in humans was first 
suggested in 1938, when Muller and Thanhauser each 
demonstrated familial aggregation of hypercholesterolemia 


and CHD. Burther studies showed that when the total 
cholesterol concentration is high, the incidence and preva- 
lence of CHD are also high.” 

The relationship between cholesterol and atherosclerotic 
coronary disease is curvilinear.’ According to the Multiple 
Risk Factor Intervention Trial (MRFIT), if a risk ratio of 1.0 is 
arbitrarily assigned at a cholesterol value of 200mg/dL, 
the risk ratio increases to 2.0 at 250mg/dL and to 4.0 at 
300 mg/dL (Figure 26-22), Pathological studies have helped 
to explain this curvilinear relationship. When 60% of the 
surface of coronary arteries is covered with plaque, one enters 
a critical phase in which an increased serum cholesterol 
concentration will markedly increase coronary disease risk. 
The results of the LRC-Coronary Primary Prevention Trial 
(CPPT) showed that the use of the 95th percentile to define 
hypercholesterolemia is inappropriate. Data from this and 
other studies suggest that risk increases as cholesterol levels 
increase; at concentrations of 200 to 240mp/dL, the risk 
begins to accelerate at a greater magnitude. On average, each 
1% reduction in cholesterol (2 to 3 mg/dL) results in a ~2% 
reduction in CHD incidence, a relationship of considerable 
clinical and public health significance.” In addition, the 
Cholesterol-Lowering Atherosclerosis Study (CLAS) demon- 
strated the benefit of cholesterol lowering even in people with 
normal or moderately increased cholesterol concentrations 
(185 to 240 mg/dL) and those with established disease.” 

Many epidemiological and clinical studies have shown 
that both increased LDL cholesterol and decreased HDL 
cholesterol are associated with an increased risk of CHD.“ 
Some studies have demonstrated that a reduction in LDL 
cholesterol is correlated with regression in the atheroscle- 
rotic lesion.” Various investigations also demonstrated that 
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TABLE 26-11 Serum Apo A-I: Concentrations in Persons Ages 24 Years by Sex and Age: Means and Selected 


Percentiles; U:S: {988-91 


Mean [SEM] 


149 [2] 
156 [2] 
157.12] 
155 [2] 


Apo A-I* mg/dL. : 


Modified from Bachorik PS, Lovejoy KL, Carroll MD, Johnson CL, Apolipoprotein B and AF distributions in the United States, 1988-1991: results of ihe 
National Health and Nutrition Examination Survey III (NHANES TID), Clin Chem 1997;43:2364-78, 


*Combined data for total population, including all three ethnic groups. 
tAll SEMs were I mg/dL unless otherwise indicated. 
‘Estimates based on 400 to 800 subjects in each age and sex subgroup. 


the small, dense LDL subfractions correlated better with 
CHD risk than the large, less dense LDL subfractions.'*” Ini- 
tially, a National Institutes of Health consensus conference 
on triglyceride and CHD failed to establish increased fasting 
triglyceride concentration as an independent risk factor.?™ 
However, the National Cholesterol Education Program 
(NCEP) and the Adult Treatment Panel HI (ATPII) 
reports”? have given triglycerides more prominence in 
CHD risk prediction (see section on diagnosis of lipopro- 
tein disorders later in this chapter). Furthermore, fat 
tolerance and the ability to rapidly catabolize ingested 
triglycerides are reported to correlate well with one of the 
known atherogenic risk indicators, HDL, cholesterol,” The 
degree of hypertriglyceridemia appearing after a meal 
controls the extent to which the basal HDL, is converted by 
hepatic lipase, at least in vitro, to HDL;. It has also been pos- 
tulated that chylomicron remnants and IDL, the products of 
the breakdown of triglyceride-rich lipoprotein, are impor- 


tant in atherogenesis.*” They may promote atherosclerosis 
when their concentrations in plasma are high or their pres- 
ence in circulation is prolonged. A scavenger cell receptor for 
chylomicron remnants that would provide a mechanism for 
entry of chylomicron cholesterol in the arterial wall has been 
identified, 

In the early 1970s, Alaupovic suggested that apolipopro- 
teins should also be considered when evaluating the contri- 
bution of lipids and lipoproteins to the development of 
atherosclerotic disease.” Several studies demonstrated that in 
people with CHD, changes in the serum concentrations of 
apo A-I and apo B-100 are similar to those for HDL and 
LDL, respectively. Apo B-100 values were increased and apo 
A-I values were decreased in people with CHD compared 
with those without disease. In most studies, apo A-I and apo 
B-100 were somewhat better discriminators of people with 
CHD than the cholesterol concentration of the correspond- 
ing lipoprotein,'*"® at least in univariate analyses. Further- 
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TABLE 26-12 Serum Apo B-|.00. Concentrations in Persons Ages =.4 Years by Sex and Age: Means and Selected 


Percentiles, U.S., 1988-91 


| : Mean [SEM] 


79 

79 

78 

107 

91 

E106 
e127] 


116 [2] 
60-69. 119 {2] 
270 TS: 118 


< Apo B-100,* mg/dL 


_PERCENTILES 


Modified from Bachorik PS, Lovejoy KL, Carroll MD, Johnson CL. Apolipoprotein B and AI distributions in the United States, 1988-1991: results of the 
National Health and Nutrition Examination Survey II (NHANES IH). Clin Chem 1997;43:2364-78. 


*Combined data for total population, including all three ethnic groups, 
‘All SEMs were 1 mg/dL unless otherwise indicated. 
+Estimates based on 400 to 800 subjects in each age and sex subgroup. 


more, these two apolipoproteins were shown to correlate 
better with the degree of coronary stenosis than LDL and 
HDL cholesterol.” It has also been shown that only 14.5% 
of patients with myocardial infarction younger than the age 
of 60 years have LDL cholesterol above the 95th percentile. 
In contrast, 35% of these patients have apo B-100 above the 
95th percentile." The measurement of apo B-100 provides 
information regarding the number of apo B-100-containing 
particles, If the concentration of LDL cholesterol is normal 
or slightly increased but apo B-100 is greatly increased, it is 
likely that the number of the small, more atherogenic and 
dense, LDL particles is high. Increased serum apo B-100 and 
decreased apo A-I concentrations were also found in chil- 
dren of parents with premature atherosclerotic disease.” 
These findings suggest that apolipoproteins may be good 
predictors of the possibility of future CHD. The Familial 
Atherosclerosis Treatment Study (FATS) demonstrated that 
the treatment of men, younger than 62 years of age with 


documented CHD, with-lipid-lowering agents on the basis 
of their apo B-100 concentration (>the 95th percentile, 
125me/dL) alone is beneficial. A reduction in apo B-100 
concentration in these patients caused a reversal of angio- 
graphically demonstrable coronary atherosclerosis and 
reduced the incidence of clinical events.” Data from the 
Air Force/Texas Coronary Atherosclerosis Prevention Study 
have shown apo B-100 to be the single most significant 
and consistent lipid measurement to predict future risk 
of coronary events.” The apo B-100/A-I ratio was a better 
discriminator of risk than the LDL-C/HDL-C ratio. Data 
from this study also suggested that the mechanism of the 
benefit associated with lovastatin-mediated changes in 
LDL-C and HDL-C may be, in part, a function of the 
changes in apo B-100 and apo A-I. Findings from the Quebec 
Cardiovascular Study also showed apo B-100 to be a more 
powerful independent predictor of CHD than LDL-C."*' The 
association of CHD risk with Lp(a) and apo E concentra- 
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TABLE 26-13. Age-Adjusted™ Mean Apo A-! and Apo B Concentrations in Persons Ages = 4 Years by Sex and Age 
Group, U:S., 1988-1991 


140 (4) 


20 bk u O 


103 eeka orau 405 


Modified from Bachorik PS, Lovejoy KL, Carroll MD, Johnson CL. Apolipoprotein B and AI distributions in the United States, 1988-1991: results of the 
National Health and Nutrition Examination Survey IH (NHANES II). Clin Chem 1997;43:2364-78. 


* Age-adjusted by the direct method to the 1980 U.S. census population. 
TAI SEMs were 1 mg/dL unless otherwise indicated. 


CHD Mortality Rate 
per 1000 


100 150 200 
(2.59) (3.88) (5.17) (6.47) (7.76) 


Piasma Cholesterol, 
mg/dL. (mmoi/L) 


250 300 


Risk Ratio 


100 150 200 


250 300 
(2.59) (3.88) (5.17) (6.47) (7.76) 


Piasma Cholesterol, 
mg/dL (mmol/L) 


Figure 26-22 Relationship between cholesterol concentration and coronary heart disease 
mortality expressed by yearly rate per 1000 and risk ratios (Multiple Risk Factor Intervention 
Trial [MRFIT] participants). (From Grundy SM. Cholesterol and coronary heart disease: A new era. 
JAMA 1986;256:2849-55. Copyright 1986, American Medical Association.) 


tions and the various apo E phenotypes is presented later in 
this chapter. 

Although CHD is manifested clinically in the fourth 
decade of life, evidence clearly indicates that atherosclerosis, 
its major cause, is a process that begins early in life and pro- 
gresses silently for decades. Autopsies performed on young 
American soldiers killed in action in Korea” and Vietnam!” 
revealed atherosclerotic lesions. Coronary artery lesions were 


also found in aortas beginning at the age of 3 years”? and in 
coronaries starting at the age of 10 years in the International 
Atherosclerosis Project.” In the Pathobiological Determi- 
nants of Atherosclerosis in Youth (PDAY) study, intimal 
lesions appeared in all the examined aortas and more than 
half of the right coronary arteries of the youngest age group 
(15 to 19 years) and increased in prevalence and extent with 
age through the oldest age group (30 to 34 years)?” This 
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study also demonstrated that some regions of the arteries 
were lesion prone and others were lesion resistant and the 
propensity to develop raised or advanced lesions differed 
among right coronary artery, abdominal aorta, and thoracic 
aorta. Findings from the Bogalusa Heart Study indicated 
a correlation between systolic blood pressure, higher total 
and LDL cholesterol, and lower HDL cholesterol concentra- 
tions and the degree of coronary and aortic atherosclerosis 
in children and adolescents.” In the PDAY study, post- 
mortem cholesterol and thiocyanate concentrations pre- 
dicted the extent of coronary and aortic atherosclerosis, 
respectively, in autopsies of those aged 14 to 34.°” Therefore, 
a direct relation between determinant risk factors and 
the extent of atherosclerotic lesions in youth seems to 
exist. Furthermore, children in countries with an increased 
incidence of CHD were reported to have higher cholesterol 
concentrations than children of countries with low inci- 
dence." About 5% of American children, 5 to 18 years 
of age, have cholesterol concentrations above 200 mg/dL. 
In addition, findings from the Muscatine, Bogalusa, and 
Princeton School District studies have demonstrated that 
serum cholesterol and lipoprotein cholesterol concen- 
trations cluster in families and display a moderate degree 
of longitudinal tracking.“*!*°? Thus in those people 
who have high total and lipoprotein cholesterol concentra- 
tions, the levels tend to remain high as they get older. This 
suggests that the identification and treatment of children 
who may be at high risk for development of CHD offer the 
possibility of preventing or delaying the development of this 
disease. 


DISORDERS OF LIPOPROTEIN METABOLISM 


Dyslipoproteinemia is diagnosed in most patients using 
plasma lipid and lipoprotein cholesterol concentrations. 
Dyslipoproteinemias have previously been defined in terms 
of arbitrarily defined cut points for lipids and lipoprotein, 
but are now based on the relationship between lipoprotein 
levels and the risk for CHD (see discussion later in this 
chapter). 


Primary Versus Secondary Hyperlipoproteinemia 

On diagnosing hyperlipidemia in a given patient, the hyper- 
lipidemic status should be evaluated to determine whether 
it is a primary lipoprotein disorder or secondary to any of 
a variety of metabolic diseases. The diagnosis of primary 
hyperlipidemia is made after secondary causes have been 
ruled out. The causes of secondary hyperlipoproteinemia are 
listed in Table 26-14. The most commonly seen secondary 
causes in the first year of life are glycogen storage disease 
and congenital biliary atresia. Hypothyroidism, nephrotic 
syndrome, and diabetes mellitus are more prevalent later in 
childhood. Exogenous factors, such as dietary and alcohol 
intake, oral contraceptives, diabetes mellitus, and pharma- 
cological agents (e.g., steroids, isotretinoin [Accutane], and 
B-blockers), are the main secondary causes of hyperlipi- 
demia in adults, 7 


TABLE 26-14 Causes of Secondary. Hyperlipidemia 
and Dyslipoproteinemia 


Endocrine and A 
metabolic: oe 


ne: storage disease- 
-Gaucher’s disease 
Glycogen. storage disease. 


Niemann-Pick disease _ 

= ‘Tay-Sachs disease 

~ Chronic renal failure 

-Hemolytic-uremic syndrome 

Nephrotic syndrome 
Benign. recurrent intrahepatic 
~: cholestasis 
Congenital biliary: atresia 
oo Burns 220°, 

Hepatitis Ae 
‘Acute trauma (surgery) 
Myocardial infarction 
~~ Bacterial and viral infections os 

- Anorexia nervosa 

<5: Starvation 
iopathic iypercaicemia 
felter’s syndrome... pores tas 
< Progeria (Hutchinson- Gilfo Lane 
“syndrome) Sios C S 
Systemic lupus erythematosus. 
Werner’s syndrome 


Familial Dyslipoproteinemias 

Historically, lipoprotein phenotypes reflecting lipoprotein 
metabolic disorders were classified according to Fredrickson 
and co-workers. However, these disorders are more ratio- 
nally approached based on the four metabolic pathways 
discussed previously (see Figures 26-18 through 26-21). 
Defects in these pathways, leading to hyperlipidemia, may 
be related to (1) increased production of lipoproteins, 
(2) abnormal intravascular processing (e.g, enzymatic 
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hydrolysis of triglyceride), and (3) defective cellular uptake 
of lipoproteins. Finally, a significant decrease in production 
or an increase in removal of lipoproteins can lead to a 
marked reduction in lipid and lipoprotein concentrations. 


Deficiency in Lipoprotein Lipase Activity 

This disorder is characterized by marked hyperchylomi- 
cronemia and a corresponding hypertriglyceridemia 
(triglyceride as high as 10,000 mg/dL).* As discussed previ- 
ously, LPL is essential for the hydrolysis of triglyceride and 
the conversion of chylomicrons to chylomicron remnants. 
The massive accumulation of chylomicrons in the circula- 
tion indicates the inability to catabolize dietary fat. The con- 
centration of VLDL cholesterol is usually normal and the 
concentrations of HDL cholesterol and LDL cholesterol are 
low (type I pattern). Furthermore, the concentration of apo 
C-H, the activator of LPL, is normal. 

This disorder is usually expressed in childhood. In a 
review of 43 cases, 35 were manifested before the age of 
10.'**'® Tt appears that those patients with low to absent LPL 
activity in all tissue present with symptoms of the disease at 
an early age (classic form), whereas those with deficiency in 
LPL activity in only one tissue become symptomatic later in 
life (variant forms). This disease is usually detected after 
recurrent episodes of severe abdominal pain and repeated 
attacks of pancreatitis. Eruptive xanthomas and lipemia reti- 
nalis are usually present when plasma triglyceride concen- 
trations exceed 2000 and 4000mg/dL, respectively.” The 
acuteness of the symptoms is directly proportional to the 
degree of hyperchylomicronemia. It is important to note that 
patients with this disorder do not appear to be predisposed 
to atherosclerotic disease. 

The diagnosis is made by the determination of LPL activ- 
ity in postheparin plasma. The intravenously administered 
heparin binds LPL, causing its dissociation from heparan 
sulfate, present on the surface of endothelial cells, and sub- 
sequent release to plasma.'"” This autosomal recessive disor- 
der is extremely rare (one per million individuals). More 
than 40 insertions and deletions in the LPL gene that lead to 
absent or truncated LPL protein with defective catalytic 
activity have been described.” 


Deficiency in Apolipoprotein C-H 
Deficient or defective apo C-II, the required activator for 
LPL, reduces the activity of this enzyme, impairs chylomi- 
cron catabolism, and increases plasma triglycerides (500 to 
10,000 mg/dL). Those affected by this disorder have less than 
10% of the normal concentration of apo C-H, the minimum 
amount necessary for normal LPL activity.’” Total choles- 
terol tends to vary considerably (150 to 890 mg/dL) in these 
patients, but HDL and LDL cholesterol concentrations are 
below the 5th percentile. Furthermore, plasma apo A-I, A-II, 
and B-100 concentrations are decreased, whereas apo C-III 
and E concentrations are increased. 

Although the clinical symptoms are similar to those seen 
in patients with LPL deficiency, they are usually milder 


and expressed at a later age. The predominant symptom 
is usually recurrent abdominal pain caused by attacks of 
pancreatitis. Eruptive xanthomas and lipemia retinalis are 
not usually seen in these patients. As with LPL deficiency, 
patients with apo C-H deficiency are not predisposed to 
atherosclerosis. 

The diagnosis is made by the documentation of low LPL 
activity in postheparin plasma in the absence of added apo 
C-IL. Normal enzymatic activity is restored by the addition 
of normal apo C-II to the assay mixture. In another 
approach, the absence of apo C-II can be recognized using 
an immunoassay for apo C-II. However, the latter approach 
may not distinguish between normal subjects and those with 
normal levels of a nonfunctional form of apo C-II. The 
defective apo C-H disorder is inherited in an autosomal 
recessive mode, but at a lower frequency than LPL deficiency. 
More than 10 structural defects in the apo C-II gene that lead 
to the absence of apo C-H or the production of a defective 
apo C-H molecule have been described.” Subjects heterozy- 
gous for a defective apo C-II gene have normal lipid and 
lipoprotein profiles, because a sufficient amount of normal 
apo C-H is usually present to activate LPL. 


Familial Combined Hyperlipidemia 

About 10% to 15% of patients with premature CHD actu- 
ally have familial combined hyperlipidemia (FCHL).” This 
disorder is recognized as a distinct phenotype by studying 
family members of survivors of myocardial infarction. 
Patients with FCHL can have increased plasma concentra- 
tions of total and LDL cholesterol (type Ila), or triglyceride 
(type IV), or both (type IIb). In all cases, apo B-100 con- 
centrations are increased. The presentation of lipoprotein 
patterns can vary in an individual with time. Furthermore, 
patients with hypertriglyceridemia with normal partners 
tend to have offspring with hypercholesterolemia, and vice 
versa.‘ 

ECHL appears to result from the overproduction of 
VLDL and apo B-100. Kinetic studies have shown that the 
rate of flux of apo B-100 from VLDL in FCHL is approxi- 
mately twice that of normal subjects." This causes apo 
B-100 to be increased (more than 125 mg/dL) even in sub- 
jects with normal LDL cholesterol. Because of the decreased 
lipid-to-protein ratio in these patients, both VLDL and LDL 
particles tend to be small and dense. When increased, LDL 
cholesterol is about 190 mg/dL, but is lower than that seen 
in heterozygous familial hypercholesterolemia. Triglyceride 
levels are usually between 200 and 400 mg/dL, but can be 
significantly higher. The concentration of HDL cholesterol 
is usually mildly depressed, particularly in the presence of 
hypertriglyceridemia. Xanthomas and other clinical symp- 
toms of hyperlipidemia, other than atherosclerosis, are not 
very common in these patients. The association of FCHL 
with CHD incidence is high. In addition to the increased IDL 
in these patients, the presence of high concentrations of 
small, dense LDL and low concentrations of HDL cholesterol 
might explain their increased risk. 
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Although the mutation(s) responsible for FCHL remain 
unknown, this disorder is associated with a major gene, 
apparently interacting with other genes, and has a prevalence 
of 1 in 100 persons. Although the expression of FCHL is 
delayed until adolescence, young children from families with 
premature CHD can present with increased cholesterol or 
triglyceride, or both.” 


Hyperapobetalipoproteinemia 

This disorder is characterized by increased LDL-apo B-100 
concentrations with normal or moderately increased con- 
centrations of LDL cholesterol, "*® The ratio of LDL cho- 
lesterol to apo B-100 is therefore reduced in these patients 
(<$1.2).* Total cholesterol and triglyceride may be normal 
but are usually increased, and HDL cholesterol and apo A-I 
are decreased. This disorder appears to be caused by an over- 
production of VLDL and apo B-100 in the liver, which leads 
to the formation of the atherogenic small and dense LDL.” 
The exact mode of inheritance and prevalence of this disor- 
der remain unclear. However, about one third of children 
of a parent with premature CHD or hyperapobetalipopro- 
teinemia will have this disorder.’ Features common to 
hyperapobetalipoproteinemia have also been reported to 
occur in patients with FCHL, suggesting metabolic and 
genetic associations between the two disorders. 


Familial Hypertriglyceridemia 
The production of large VLDL with abnormally high 
triglyceride content appears to be responsible for familial 
hypertriglyceridemia (FHTG).'” The actual number of 
VLDL particles produced by the liver, however, is not 
increased. The cholesterol content of VLDL is also increased, 
but plasma LDL cholesterol and apo B-100 concentrations 
are normal. This finding suggests that the conversion of 
VLDL to LDL is not increased in these patients. Furthermore, 
plasma HDL cholesterol in FHTG is often dramatically 
decreased, probably secondary to the hypertriglyceridemia. 
The cause of the overproduction of VLDL triglyceride is 
unknown. The administration of estrogen and cortico- 
steroids aggravates hypertriglyceridemia in these patients 
and can sometimes lead to acute pancreatitis. The diagnosis 
of FHTG requires study of other family members to differ- 
entiate this disorder from FCHL. This disorder appears 
to be inherited in an autosomal dominant pattern with 
a delayed expression and an estimated frequency in the 
population at about 1:500 persons. About one in five 
children born to affected parents manifest the phenotype 
early in life.” 


Type V Hyperlipoproteinemia 

This disorder is characterized by an increase in both 
chylomicrons and VLDL. Although the exact cause for this 
disorder is not known, it may be due to an increased 
production or a decreased removal of VLDL, or to a com- 
bination of both. The activity of LPL in these patients is 


either normal or low, and the plasma concentration of apo 
C-II is normal.” 

Although this disorder is not usually expressed in child- 
hood, several affected preadolescents have been described.” 
Clinical presentations in adult patients include eruptive xan- 
thomas, lipemia retinalis, pancreatitis, and abnormal glucose 
tolerance with hyperinsulinism.* Premature atherosclerotic 
complications are not as commonly seen as with FH. This 
heterogeneous syndrome appears to be inherited in an 
autosomal dominant mode, but its genetic basis is yet to be 
elucidated. 


Dysbetalipoproteinemia (Type ID) 

This disorder is caused by a primary genetic defect in the 
removal of remnants of both intestinal chylomicrons and 
hepatic VLDL.” As indicated earlier, apo E present on the 
surface of lipoprotein remnants interacts with specific 
hepatic receptors and facilitates the removal of these parti- 
cles from the circulation. Patients with dysbetalipoproteine- 
mia are homozygous for a mutant form of apo E (apo E,) 
that cannot efficiently bind the specific hepatic receptors, 
leading to the accumulation of lipoprotein remnants and a 
cholesterol-enriched lipoprotein of density <1.006 g/mL, 
commonly referred to as B-VLDL or floating B-lipoprotein, 
in plasma. This variant form of apo E is the result of a single 
amino acid substitution of cysteine for the normally occur- 
ring arginine at amino acid residue 158.°” 

The disease is characterized in part by increased plasma 
cholesterol and triglycerides, and the concentrations of the 
two lipids are about the same when expressed in milligrams 
per deciliter. B- VLDL present in type IH has been shown to 
contain both apo B-100 and B-48, and is therefore related to 
triglyceride-rich lipoprotein remnants of both hepatic and 
intestinal origins. Both LDL and HDL cholesterol are lower 
than normal in these patients.” 

This disorder has a late onset; it rarely manifests itself in 
childhood.” The most distinctive clinical presentation of 
dyslipoproteinemia is the presence of palmar xanthomas, the 
yellow deposits that occur in the creases of the palms.'” 
Tuberous and tuberoeruptive xanthomas also occur but are 
not unique to this syndrome. Premature atherosclerosis 
develops in 30% to more than 50% of these patients, partic- 
ularly in the lower extremities." 

Apolipoprotein E, occurs in about 1% of the population 
in North America, and homozygotic subjects for this isoform 
exhibit B- VLDL. However, overt type IH hyperlipoproteine- 
mia occurs in only one to two persons per thousand in the 
general population (LRC prevalence study), indicating that 
the occurrence of the defective alleles is necessary but not 
sufficient to produce clinical type HI hyperlipoproteine- 
mia.” The development of overt hyperlipoproteinemia in 
these patients is modulated. by genetic, hormonal, or envi- 
ronmental factors—such as hypothyroidism, glucose intol- 
erance, decreased estrogen levels after menopause, obesity, 
and diet—that may lead to decreased LDL receptor activity, 
increased VLDL production, or increased plasma cholesterol 
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ester transfer protein. Other rare forms of mutant apo E 
that cause type II hyperlipoproteinemia have also been 
described. Because of the familial nature of this disorder and 
the predisposition of the patients to hyperlipoproteinemia 
and premature atherosclerotic disease, family members 
should be evaluated. The determination of the apo E phe- 
notype or genotype may serve to better characterize family 
members who may be more susceptible to the development 
of this disorder, 


Familial Hypercholesterolemia 

Familial hypercholesterolemia (FH) is caused by a primary 
genetic defect in the LDL receptor gene. As discussed earlier, 
this cell surface receptor is responsible for the recognition 
and removal of LDL from circulation. The defects seen in 
patients with FH include reduced LDL binding because of 
defective or absent LDL receptors. In another variant of this 
disorder, the person may make defective LDL receptors that 
bind LDL normally but that cannot efficiently internalize the 
LDL particles.” FH is characterized clinically by increased 
plasma LDL cholesterol concentration; cholesterol deposi- 
tion in skin, tendons, and arteries; and autosomal dominant 
transmission that is expressed in a heterozygous or 
homozygous mode. Heterozygous FH is one of the most 
commonly seen genetic metabolic disorders, with an inci- 
dence of 1 in 500 persons in the United States. The preva- 
lence of homozygous FH is about one in a million persons. 
The mean plasma LDL cholesterol in children and adult 
heterozygotes is usually two to three times that of normal 
people of similar age, whereas the mean plasma LDL cho- 
lesterol of homozygotes is four to six times that of normal 
subjects.” Although the number of LDL particles is 
increased in these patients, their lipid composition and 
lipid-to-protein ratio are usually normal.” Apolipoprotein 
B-100, the main protein in LDL, is increased in proportion 
to LDL cholesterol. Triglyceride concentration is either 
normal or slightly increased, and HDL cholesterol con- 
centration is slightly decreased in both heterozygotes and 
homozygotes. 

Hypercholesterolemia is present at birth in most FH 
patients and persists throughout life. In heterozygotes, 
xanthomas appear toward the end of the second decade 
and clinical manifestations of atherosclerotic disease appear 
during the fourth decade.” In homozygotes, the unique 
yellow-orange cutaneous xanthomas develop by the age of 
4, if they are not already present at birth.’ Tendon xan- 
thomas and atherosclerotic complications begin during 
childhood. Death from myocardial infarction invariably 
occurs in homozygotes before the end of the third 
decade, 57 

Although increased plasma LDL cholesterol is indicative 
of the heterozygous form of FH, it is not sufficient to make 
the diagnosis. Other more complex laboratory tests, such as 
the demonstration of decreased LDL receptor activity or the 
confirmation of a mutation in the LDL receptor gene, are 
necessary to confirm the presence of this disease.* However, 


in routine practice, clinical information—such as the pres- 
ence of tendon xanthomas, the detection of a child with 
hypercholesterolemia in the patient’s immediate family, 
and the documentation of autosomal dominant trans- 
mission—is sufficient evidence of FH. The diagnosis of 
homozygous FH is simpler. Patients present at a very early 
age with symptoms of distinct cutaneous xanthomas, 
juvenile atherosclerosis, and marked hypercholesterolemia 
(500 to 1200 mg/dL). 

More than 150 different mutations in the LDL receptor 
gene have been shown to significantly disrupt the normal 
process of LDL removal from circulation." Heterozygotes 
possess one normal and one mutant allele at the LDL recep- 
tor locus and therefore can remove LDL at about half the 
normal rate. In contrast, homozygotes or compound het- 
erozygotes have two of the mutant alleles and hence are 
unable to bind or remove LDL particles. 


Familial Defective Apolipoprotein B-100 


This disorder results from a mutation in the apo B-100 gene 
rather than the LDL receptor, resulting in a single substitu- 
tion of glutamine for arginine at residue 3500 of apo B-100. 
This substitution reduces the positive charge of apo B-100 
and decreases the affinity of LDL for the LDL receptor.” 
Plasma LDL cholesterol in heterozygotes can either be 
normal or moderately or greatly increased because of inad- 
equate removal of LDL particles by LDL receptors.’ Those 
with increased LDL cholesterol have an incidence of CHD 
comparable with that in those with FH. Triglyceride and 
HDL cholesterol concentrations are not affected. It is very 
difficult to differentiate clinically between these patients and 
those with heterozygous FH. However, because the manage- 
ment of patients with the two disorders is similar, the dis- 
tinction is not clinically important.” The frequency of this 
mutation is 1:500 to 1:600 hypercholesterolemic persons in 
populations of European descent,” but the mutation is very 
rare in non-European populations. 


Familial Hypoalphalipoproteinemia 

This disorder is characterized by normal plasma lipids and 
LDL cholesterol and reduced HDL cholesterol, below the 5th 
percentile.%” Although patients with this disorder are 
clinically normal, they have a high incidence of CHD.” The 
molecular basis of familial hypoalphalipoproteinemia is 
unknown. This disorder is the result of either the decreased. 
biosynthesis or the increased catabolism of HDL or apo 
A-I.”) Although the mode of transmission is not certain, 
in some kindreds familial hypoalphalipoproteinemia is 
inherited as an autosomal dominant trait. 


Defects in the Synthesis of Apolipoprotein A-I 

In homozygous familial hypoalphalipoproteinemia, only 
traces of HDL cholesterol are found in plasma, and apo A-I 
is undetectable.*”"” These patients have corneal clouding 
and are at increased risk for development of premature 
CHD. Heterozygotes exhibit no clinical signs but have about 
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half the normal concentrations of HDL cholesterol and apo 
A-I, Mutations—such as a rearrangement at the apolipopro- 
tein gene locus that inactivates both apo A-I and C-III, a 
deletion of the entire locus, or an insertion in the apo A-I 
gene—lead to decreased synthesis and low concentrations of 
apo A-].°°4”5 The frequency of recessive genes associated 
with low HDL cholesterol levels is approximately 10% in the 
general population.”! 


Defects in Catabolism of Apolipoprotein A-I 

(Tangier Disease) 

Tangier disease, so named because it was first observed in 
patients from Tangier Island, is characterized by (1) severely 
reduced plasma HDL concentration, (2) abnormal HDL 
composition, and (3) accumulation of cholesteryl esters in 
many tissues throughout the body.” Kinetic studies 
have demonstrated that increased catabolism of HDL, rather 
than a defect in biosynthesis, is the cause of Tangier 
disease.” Because plasma HDL concentration is very low, 
the detailed characterization of this lipoprotein has been dif- 
ficult to accomplish. Tangier disease is caused by mutations 
in the ABC! (ATP-binding cassette) gene on chromosome 
9q31 and appears to be inherited in an autosomal dominant 
fashion. Plasma cholesterol is decreased to about 70 mg/dL 
in homozygotes and to about 160 mg/dL in heterozygotes. 
Triglyceride concentrations vary depending on the diet.” 
homozygotes, plasma HDL cholesterol and apo A-I concen- 
trations are almost zero, and apo A-H is present at less than 
10% of its normal concentration in apo B-100-containing 
lipoprotein.” Heterozygotes are characterized by half- 
normal concentrations of HDL cholesterol, apo A-I, and 
apo A-II, 

The clinical symptoms of Tangier disease result from the 
deposition of cholesteryl esters in various tissue in the body. 
The three major clinical signs are the hyperplastic orange 
tonsils, splenomegaly, and peripheral neuropathy. Other 
clinical signs that may be seen include hepatomegaly and 
corneal opacities. The severely reduced HDL cholesterol and 
enlarged orange tonsils are pathognomonic." Current 
evidence suggests that these patients have an increased inci- 
dence of CHD. Heterozygotes exhibit no clinical manifesta- 
tions and can be identified only biochemically. Although the 
incidence of Tangier disease in children is very low, patients 
as young as 3 years have been identified.” 


DIAGNOSIS OF LIPOPROTEIN DISORDERS 


On the basis of findings from studies such as the MRFIT 
and the LRC-CPPT discussed previously," hyper- 
cholesterolemia in adults is now defined in terms of CHD 
risk. The National Institutes of Health ATP of the NCEP”? 
has issued its third report for the detection, evaluation, 
and treatment of hypercholesterolemia (ATP IIl).° The ATP 
IH built on earlier reports and expanded the indications 
for intensive cholesterol lowering. In ATP I, strategies 
for primary prevention of CHD in subjects with LDL-C 
2160 mg/dL or 130 to 159mg/dL and multiple risk factors 


TABLE 26-15 ATP [il Classification of LDL, Total; and 
HDL Cholestero] (mg/dL)* 


Optimum 
Near or above optimum 
`` Borderline: high ; 
High 
Nery high 
Desirable 
200-239. Borderline high 
2240 High : 
<40 Low 
260 High 


LDL cholesterol <100° 
| 00-129" 


Modified from executive summary of the third report of the National 
Cholestero] Education Program (NCEP) Expert Panel on Detection, 
Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult 
Treatment Panel J11). JAMA 2001;285:2486-97. 

*ATP indicates Adult Treatment Panel; LDL, low-density lipoprotein; 
HDL, high-density lipoprotein. 


(2+) were addressed, ATP H added new features; for subjects 
with existing CHD, a lower LDL-C goal of <100 mg/dL was 
established and the HDL cholesterol value was given more 
prominence. ATP III called for intensive LDL-C lowering 
in several other groups of patients. In this section, only 
a brief description of ATP HH will be presented. Those 
interested in more detailed information should refer to 
the executive summary” or the complete report (http:// 
www.nhibi.nih.gov/guidelines/cholesterol/index.htm). 

For the primary prevention of CHD, adults age 20 or 
older should have their fasting lipoprotein profile (total cho- 
lesterol, triglycerides, HDL-C, and LDL-C) measured once 
every 5 years. If a fasting sample is not available, then only 
total cholesterol and HDL-C should be considered. In this 
instance if total cholesterol is 2200 mg/dL or HDL-C is <40 
mg/dL, then a fasting lipoprotein profile is required. The cut 
points recommended for classification by ATP III are pre- 
sented in Table 26-15.% In addition to LDL-C, other risk 
determinants, presented in Box 26-2, are used to assess risk 
and determine goals and modalities of LDL-C lowering 
therapy. The highest category of risk consists of those with 
CHD or CHD-risk equivalents (other forms of atherascle- 
rotic disease, such as peripheral arterial disease, abdominal 
aortic aneurysm, and symptomatic carotid artery disease, 
diabetes, or multiple risk factors that confer a 10-year risk 
for CHD >20%, as estimated by the Framingham risk score) 
(Table 26-16). The Framingham risk score is calculated for 
a particular individual using an algorithm that includes age, 
gender, total cholesterol, HDL-C, history of hypertension 
and treatment of hypertension, and cigarette smoking. Indi- 
viduals in this category carry a risk of a major coronary event 
of >20%/10 years. The second category of risk includes indi- 
viduals with multiple risk factors (2+) in whom 10-year risk 
is <20%. The third category consists of subjects having 0 to 
1 risk factors in whom 10-year risk is <10%. 
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TABLE 26-16. Categories: of Risk for LDL Cholesterol 


<100 - 
<1302°° : 
<160.2 = 


Modified from executive summary of the third report of the National: 
Cholesterol Education Program (NCEP) Expert Panel on Detection, 
Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult 
Treatment Panel I1). JAMA 2001;285:2486-97. 

*Refer to Box 26-2 for list of risk factors, CHD indicates coronary heart 
disease, 


* Cigarette smoking 

e Hypertension (blood pressure 2140/90 mm Hg or on 
antihypertensive medication) 

e Low HDL cholesterol (<40 mg/dL)* 

e Family history of premature CHD (CHD in male first-degree 
relative <55 years; CHD in female first-degree relative <65 
years) 

° Age (men 245 years; women 255 years) 


Modified from executive summary of the third report of the National 
Cholesterol Education Program (NCEP) Expert Panel on Detection, 
Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult 
Treatment Panel IH). JAMA 2001;285:2486-97. 

LDL, Low-density lipoprotein; HDL, high-density lipoprotein. 

*HDL cholesterol 260 mg/dL counts as a “negative” risk factor; its 
presence removes one risk factor from the total count. 


Although the primary target of risk~reduction therapy is 
LDL-C, the ATP III recognized the metabolic syndrome, a 
constellation of several risk factors (increased triglycerides, 
decreased HDL-C, obesity, hypertension, and insulin resis- 
tance), as a secondary target of therapy. By definition, those 
with three or more of these risk factors are considered to 
have the metabolic syndrome.” The specific criteria for the 
clinical identification of the metabolic syndrome are listed 
in Table 26-17. 

The NCEP/Expert Panel on Blood Cholesterol Levels in 
Children and Adolescents™ and the American Academy of 
Pediatrics’® defined “high cholestero]” as concentrations 
more than the 95th percentile for total and LDL cholesterol 
in children and adolescents from families with hypercholes- 
terolemia or premature vascular disease (see Table 26-18). 
“Borderline” total and LDL cholesterol concentrations are 
defined as values between the 75th and 95th percentiles. The 
NCEP panel referred to total and LDL cholesterol values 
below the 75th percentile as “desirable” Low HDL choles- 
terol was also defined as a concentration below 35mg/dL. 
Children tend to have higher HDL cholesterol concentra- 


TABLE 26-17 Clinical Identification of the Metabolic 
Syndrome 


Defining Level 5 


<40mg/dL 
<50. mg/dL n 
2130/285 mm Hg 
2110mg/dL i 


* Blood pressure = 
* Fasting glucose 


Modified from executive summary of the third report of the National 
Cholesterol Education Program (NCEP} Expert Panel on Detection, 
Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult 
Treatment Panel ITI). JAMA 2001;285:2486-97. 

HDL, High-density lipoprotein cholesterol. 


TABLE 26-18 NCEP. Classification of Total and Low- 
Density. Lipoprotein (LDL). Cholesterol 
in Children and Adolescents® 


LDL: Cholesterol: 


Category. Total. Cholesterol 
Desirable: -<170 <110 


Borderline: 170-199 “110-120 
High 2200 2 . 2130 


*Ali values are in mg/dL; to convert to mmol/L, multiply by 0.0259. 


tions than adults. Therefore it is important to determine 
both LDL and HDL cholesterol concentrations before clas- 
sifying the child as hypercholesterolemic. Unlike the criteria 
for the risk-based cholesterol classification system used. in 
adults, the guidelines for children and adolescents were 
based on consensus rather than directly on the association 
with coronary disease, because children as a group have very 
little disease. When such data become available, different 
cutoffs may be suggested for the pediatric population. 

As discussed earlier, cholesterol screening is currently 
recommended for all adults in the United States. However, 
for children such a screening program remains highly 
controversial. According to the NCEP** and the American 
Academy of Pediatrics,” only children over the age of 2 
should be screened for hypercholesterolemia when they have 
a parent with hypercholesterolemia (>240 mg/dL) or a pos- 
itive family history (mother, father, uncle, aunt, or grand- 
parent) with early documented CHD (at 55 years or less), 
myocardial infarction, angina pectoris, peripheral vascular 
disease, cerebrovascular disease, or sudden cardiac death. 
Several studies, however, have demonstrated the weakness of 
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TABLE 26-19: Current Fat Intake in American Adults; Children, and- Adolescents and the American Heart Association 


Step-One and Step-Two: Diets 


Nutrients ae 


‘Total fat a ey 
Ei ` Percent of total calories 35%-36% 
: Saturated fat : 14% 
Polyunsaturated fat = 6%. : 
Monounsaturated fat 13%-14% 
Cholesterol (mg/day) 300-400 


Children and Adolescents 


CURRENT. INTAKE 


 Step-One 


= Step-Two 


<30% <30% 
<10% Pp 

= 10% 10% © 
10%=15% = ©10%=15% = 

<300 an <200 


Modified from National Cholesterol Education Program, Lipid Metabolism Branch, Division of Heart, Lung, and Blood Institute: The Report of the Expert 
Panel on Blood Cholesterol Levels in Children and Adolescents, Bethesda, MD: National Institutes of Health, 1991. 


this selective approach to screening and have advocated 
general screening for children.* The Bogalusa Heart Study 
found that by using the selective screening approach, only 
50% of white children and 20% of black children with 
high LDL cholesterol concentration (>95th percentile) were 
detected. Furthermore, it has been shown that self-reported 
cholesterol values in the parents are an ineffective means of 
identifying children with high cholesterol.” More than 90% 
of children with total cholesterol greater than the 75th or 
95th percentile were missed when physicians relied on cho- 
lesterol values reported by the parents. General screening, 
however, is expensive and time consuming and its effective- 
ness is limited by the fact that a significant number of chil- 
dren with high cholesterol concentrations will not remain 
hypercholesterolemic as adults.” Universal screening for 
those older than 16 has also been suggested on the basis of 
a finding that up to 66% of adolescents with increased LDL 
cholesterol are missed in a selective screening protocol.” 
When past adolescence, men usually start receiving routine 
health examinations about the age of 40, and although 
women visit their physicians earlier, it is because of gyneco- 
logical needs. Those adolescents with increased LDL choles- 
terol who are missed in the selective screening process may 
not be identified until 2 decades later. At that time, the 
atherosclerotic process may be advanced and the dietary 
approach may not be sufficiently effective. Another possible 
yet unpopular approach is to do no screening at all. A 
prudent low-fat diet, such as the one outlined by the 
American Heart Association (AHA), can be recommended 
for all children (Table 26-19).”* Such an approach will not 
create anxiety, labeling, or overzealous treatment; however, 
it will miss completely those children with significant hyper- 
cholesterolemia most at risk for adult CHD. 


MANAGEMENT OF LIPOPROTEIN DISORDERS 

Dietary and drug therapies are the cornerstones of the treat- 
ment of lipid disorders, such as hypercholesterolemia and 
hypertriglyceridemia. 


*References 67, 68, 85, 101, 245, 261. 


TABLE 26-20 ‘Nutrient Composition ofthe 
Therapeutic: Life-Style Changes (TLC) 
Diet 
Nutrient _ Recommended Intake 
< <7% of total calorie 
Polyunsaturated fat Upto 10% of total cal 
Monounsa urated fat Up to 20% of total calori i 
Total fat 25%-35% of total calories- 
Carbohydrate 50%-60% of total calories: 
iber 20-30 g/day 
Approximately. 15% of total: 
calories: 
<200 mg/day i : 
Balance energy intake dad: i: 
expenditure to maintain: 
desirable body weight/. 
prevent weight gain 


Saturated fat 


‘Protein 


“Cholesterol 
‘Total calories. 


Modified from executive summary of the third report of the National 
Cholesterol Education Program (NCEP) Expert Panel on Detection, 
Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult 
Treatment Panel III). JAMA 2001;285:2486-97. 


Management of Hypercholesterolemia 


According to ATP IMI, the clinical prevention of CHD is 
founded on a public health approach and entails a reduction 
in saturated fat and cholesterol intake (Table 26-20), 
increased physical activity, and weight control. Although this 
therapeutic life-style approach offers the opportunity for 
reducing the morbidity and mortality of CHD in the entire 
American population, more intensified preventive measures 
for higher-risk individuals are indicated.” The primary goal 
is to reduce one’s long-term (>10 years) and short-term risk 
(<10 years), and the target LDL-C value depends on the 
person’s absolute risk (Table 26-21). Certainly a more 
aggressive approach is recommended for those who have 
already suffered a coronary event or those with established 
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TABLE 26-21 LDL Cholesterol Goals and Cut Points for Therapeutic Life-Style Changes (TLC) and Drug Therapy. in 
Different Risk Categories 


LDL Level at Which to _ 


LDL Goal - 
“(megidL) 
CHD: or. CHD risk equivalents <100 | Sio0 
(10-year risk >20%) eee ee aan 


2+: Risk factors 
(10-year risk $:20%) 


Risk Category 


0-1 Risk:factor : 


= <160- 2160 
(10-year risk <10%) as 


Initiate Therapeutic 
Life Style Changes- 
(mg/dL) aran EN 


130. >l30 


“LDL Level at Which to Con 
- Drug Therapy (mg/dL) | 
(100-129: drug optional) 
= lOyear risk 10%-20%: > 30 - 
- 10-year risk <10%: 2160 __ 
3190 
(160-189: LDL-lowering drug optional) 


Modified from executive summary of the third report of the National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation, and 
Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel IN). JAMA 2001;285:2486-97. 


LDL, Low-density lipoprotein; CHD, coronary heart disease. 


' Visit 2 
Evaluate LDL 
Response 


Visit 1 
Begin Life Style 
Therapies 


If LDL. Goat Not 
Achieved, 
Intensify LDL- 
Lowering 
therapy 


* Emphasize Reduction * Reinforce Reduction 


of Saturated Fat of Saturated Fat 
and Cholesterol and Cholesterol 
intakes Intakes 

e Encourage Moderate e Consider Adding 
Physical Activity Plant Stanols/Sterols 


e Increase Fiber Intake 
s Consider Referral to 
a Dietitian 


ə Consider Referral to 
a Dietitian 


Visit 3 é 
Evaluate LDL Every 
Response 6 
Months 
> 


Visit N 
Monitor Adherence 
to TLC 


If LDL Goal Not 
Achieved, 
Consider Adding 
Drug Therapy 


ə Initiate Therapy for 
Metabolic 
Syndrome 

e Intensify Weight 
Management and 
Physical Activity 

e Consider Referral to 
a Dietitian 


Figure 26-23 Model of steps in therapeutic life-style change. LDL, Low-density lipoprotein. 
(Modified from Executive summary of the third report of the Expert Panel on Blood Cholesterol Levels in 
Children and Adolescents, National Cholesterol Education Program. Lipid Metabolism Branch, Division of 
Heart, Lung, and Blood Institute. NIH Publication No. 01-3670. U.S. Department of Health and Human 
Services, Public Health Service, National Institutes of Health. Bethesda MD: National Institutes of 


Health, 2003.) 


CHD or CHD equivalents. Specific models for therapeutic 
life-style changes and drug therapy in the primary pre- 
vention of CHD have been recommended by ATP HI 
(Figures 26-23 and 26-24). As for the management of 
patients with metabolic syndrome, a combination approach 
of weight reduction, increased physical activity, and appro- 
priate control of lipid levels is recommended. 

A wide variety of pharmacological agents for cholesterol 
lowering in adults are available,” including (1) bile acid- 
binding resins (cholestyramine and colestipol), (2) niacin, 


(3) gemfibrozil, (4) probucol, and (5) HMG-CoA reductase 
inhibitors (e.g., atorvastatin, fluvastatin, lovastatin, prav- 
astatin, and simvastatin) with the latter group having 
been found to reduce LDL cholesterol by as much as 
40%. Some of these drugs are better tolerated by indivi- 
dual patients than others, and all but probucol have demon- 
strated long-term safety and ability both to increase HDL 
cholesterol (5% to 20% depending on the drug) and to 
decrease CHD risk. In certain circumstances, the drugs 
have been used individually or in combination. For further 
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if LDL Goal Not 
Achieved, 
Intensify LDL- 


Initiate LDL-Lowering 
Drug Therapy 


Lowering Drug 
Therapy 


Start Statin Consider Higher 
or . Dose of Statin: 
Bile Acid i or. 
Sequestrant ~ Add Bile Acid 
or Sequestrant or 
Nicotinic Acid Nicotinic Acid 


If LDL Goal Not 
Achieved, Intensify 
Drug Therapy or 4-6 

Refer to a Lipid Months 


Specialist , 


Monitor Response 
Every and Adherence 
to Therapy 


LDL Goal Achieved, 
Treat Other Lipid 
`- Risk Factors 


Figure 26-24 Progression of drug therapy in primary prevention. LDL, Low-density lipoprotein. 


information regarding this subject, the reader is referred to 
reviews by Gotto.” 

To lower serum cholesterol concentration in children and 
adolescents, the NCEP adopted a strategy that combines two 
complementary approaches: a population approach and an 
individualized approach. 


Population Approach 


American children and adolescents have relatively high cho- 
lesterol concentrations and a high intake of saturated fatty 
acids and cholesterol (see Table 26-19). The population 
approach attempts to lower the mean cholesterol concentra- 
tion in the United States by instituting population-wide 
modifications in nutrient intake and eating habits. The AHA 
Step-One diet is recommended (see Table 26-19). Even a 
modest decrease in mean cholesterol concentration in chil- 
dren and adolescents, if carried into adulthood, could con- 
ceivably have a significant impact on lowering the incidence 
of CHD. The panel did not recommend any dietary changes 
for infants from birth to 2 years of age. Toddlers ages 2 and 
3 should start making the transition to the recommended 
eating pattern. The NCEP also directed recommendations to 
schools, health professionals, government agencies, the food 
industry, and mass media to help influence and modify the 
eating habits of children and adolescents. 


Individualized Approach 

The individualized approach aims to lower cholesterol con- 
centrations of children older than 2 years and adolescents 
who were identified by the selective screening process and 
the risk assessment protocol (Figure 26-25). Those with 
an average LDL cholesterol concentration between 110 and 
129mg/dL should be placed on the AHA Step-One diet, 
counseled about other heart disease risk factors, and re- 
evaluated after 1 year. Those with an average LDL cholesterol 
concentration more than 130mg/dL should also be placed 
on the AHA Step-One diet, evaluated for secondary causes, 
and their family members screened. If after 3 months of 


initiating dietary therapy, the LDL cholesterol concentration 
remains greater than 130 mg/dL, the patient should be placed 
on the AHA Step-Two diet, which entails further reduction 
of the saturated fatty acid and cholesterol intake (see Table 
26-19). Drug therapy was recommended by the NCEP in 
children age 10 and older if after careful adherence to dietary 
therapy (6 months to 1 year) the LDL cholesterol concen- 
tration remains more than 190mg/dL. However, the action 
level is lower (160 mg/dL) for patients who have a positive 
family history of premature CHD, or those with two or more 
other risk factors. Only bile acid-binding resins (cholestyra- 
mine and colestipol), which act by binding bile acids in the 
intestinal lumen, are recommended by the panel for use in 
children and adolescents. The efficacy, side effects, or safety 
of other cholesterol-lowering drugs have not been estab- 
lished in children and adolescents, and therefore their use is 
discouraged in this patient population. 

Most FH homozygotes are resistant to drug therapy. 
Several alternative treatments that have been used are (1) 
plasmapheresis every 2 weeks, (2) partial ileal bypass or por- 
tacaval shunt to lower total and LDL cholesterol in these 
patients, and (3) liver transplantation, using livers from 
donors with functional LDL receptors. Five FH homozygote 
patients have already received liver transplants. Although 
LDL cholesterol has been normalized after surgery, this 
treatment has many side effects and the patients must 
receive immunosuppressive therapy indefinitely. A direct 
gene therapy in which a normal LDL gene is inserted in 
the patient’s hepatocytes might prove to be a viable treat- 
ment option for these patients’ but such an approach is 
not available at present. 


Management of Hypertriglyceridemia 

Since recent evidence-based findings have shown triglyc- 
erides to be an independent risk factor for CHD in both men 
and women, more emphasis on the measurement of this 
marker and management of those with increased triglyc- 
erides is seen in ATP III compared with earlier reports.” | 


Measure nonfasting total and HDL cholesterol 
Assess other nonfipid CHD risk factors. 
Desirable total cholesterol 


HDL = 35 mg/dL and two risk factors 
Borderline-high total cholestero} 
200 to 239 mg/dL 
HDL < 35 mg/dL and two risk factors 


‘a Perform fasting lipoprotein analysis. 
Hi holesterol = 240 m 
lon totaienoiesigro omg Repeat total and HDL cholesterol 
measurements within 5 years. 
Desirable LDL cholesterol 
< 130 mg/dL. 


Provide general dietary and risk 
factor education. 
Borderline-high-risk LDL cholesterol 
130 to 159 mg/dL and less than 
two risk factors 


130 to 159 mg/d* and two or more 
risk factors 


Repeat total and HDL cholesterol 
measurements within 5 years. 
Provide general dietary and risk 
factor education. 


Provide general dietary and risk 
factor education. 
Reevaluate patient in 1 to 2 years. 
Repeat total and HDL cholesterol 
measurements. 
Reinforce nutrition and physical 
activity education. 


Provide information on the Step-One 
diet and physical activity. 
Reevaluate patient status annually 
including risk factor reduction 
Repeat lipoporotein analysis. 
Reinforce nuirition and physical 
activity education. 


Initiate therapy. 


SJOP YSN UEINISPAOIPUED JOYIO pur ‘suajoidodyody ‘sursjosdodry 'spidq gg soadeyD 


Perform clinical evaluation, 
Evaluate for secondary causes. 
Evaluaie for familial disorders. 

Consider influences of age, sex, and 

other CHD risk factors. 


High-risk LDL cholesterol =160 mg/dL 


*On the basis of the average of two determinations. If the first two LDL-cholesterol test results differ by more than 30 mg/dL, a third test result should 
be obtained within 1 to 8 weeks and the average value of the three tests used. 


Figure 26-25 Risk assessment flowchart as recommended by the National Cholesterol Education Program Expert Panel on Blood Cholesterol Levels in Children and 
Adolescents. (From The Report of the Expert Panel on Blood Cholesterol Levels in Children and Adolescents, National Cholesterol Education Program, Lipid Metabolism Branch, Division of 
Heart, Lung, and Blood institute. NIH Publication No. 91-2732. U.S. Department of Health and Human Services, Public Health Service, National Institutes of Health. Bethesda MD: National 
Institutes of Health, 1991.) 


LE6 


938 Section IV Analytes 


Furthermore the definition of a normal triglyceride level 
was changed from <200 to <150 mg/dL; values of 150 to 
199 mg/dL are considered borderline high, 200 to 499 mg/dL 
high, and values 2500mg/dL very high. In the general 
population, several factors are associated with increased 
triglyceride concentrations, including obesity, cigarette 
smoking, physical inactivity, excess alcohol intake, and 
several diseases (e.g., type 2 diabetes and chronic renal 
failure), drugs (e.g, corticosteroids, estrogens, and 
retinoids), and genetic disorders (e.g., FCHL and FHTG). In 
clinical practice, hypertriglyceridemia is often associated 
with the metabolic syndrome. Triglyceride-rich lipoproteins 
or remnant lipoproteins are currently recognized to be 
atherogenic. In practice, VLDL cholesterol is used as a 
measure of these atherogenic lipoproteins. Therefore the 
ATP IH suggested the addition of non-HDL cholesterol 
(total cholesterol-HDL cholesterol) as an indicator for all 
atherogenic lipoproteins (mainly LDL and VLDL).” The 
non-HDL-C is used as a secondary target of therapy in 
persons with triglycerides 2200mg/dL. The goal for non- 
HDL cholesterol in those with increased triglycerides is 
30 mg/dL above that set for LDL cholesterol. The treatment 
of hypertriglyceridemia depends on the cause of the increase 
and severity. Those with triglycerides <200 mg/dL are treated 
with weight reduction and increased physical activity; for 
those at 200 to 499mg/dL drug therapy is also considered 
(fibrate, nicotinic acid, and niacin). In the latter group, the 
non-HDL-C goal becomes a secondary target of therapy 
(Table 26-22). Those with triglycerides >500mg/dL are 
usually at increased risk of pancreatitis and treated with 
low-fat diets (<15% of calorie intake), weight reduction, 
increased. physical activity, and triglyceride-lowering drugs. 


TABLE 26-22 Comparison of LDL Cholesterol and 
Non-HBL Cholesterol: Goals for Three 


Risk Categories 


LDL Goal 
(mg/dL) 


CHD and CHD ©» <100... 
~~ risk equivalent - 
(0-year risk o i 
T for CHD: >20% A A A 
Multiple (2+) risk K130 A E K 
OS ofactors andi TAAA E E 
10-year 
risk <20% 
0-1 Risk factor <160 <190 


Non-HDL Goal 
(mg/dL) 


e 


Risk Category 


Modified from executive summary of the third report of the National 
Cholesterol Education Program (NCEP) Expert Panel on Detection, 
Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult 
Treatment Panel ITI). JAMA 2001;285:2486-97. 

LDL, Low-density lipoprotein; HDL, high-density lipoprotein; CHD, 
coronary heart disease. 


Although nicotinic acid and niacin are usually the drugs of 
choice, a combination therapy such as gemfibrozil and resins 
or gemfibrozil and an HMG-CoA reductase inhibitor can 
also be used.” 


MEASUREMENT OF LIPIDS, LIPOPROTEINS, - 
AND APOLIPOPROTEINS 


The lipoproteins and their lipid and apolipoprotein con- 
stituents have become increasingly important in character- 
izing the risk of cardiovascular diseases and in the diagnosis 
and management of disorders of lipoprotein metabolism. In 
recent decades, our knowledge of such disorders has evolved 
from an essentially descriptive association between elevated 
plasma lipids and increased risk for premature cardiovascu- 
lar disease morbidity and mortality to a much broader 
understanding of the underlying biochemistry, physiology, 
and genetic interactions. An area of remarkable advance has 
been in understanding the contribution of the lipoproteins 
in the development and progression of arterial lesions. 
Advances have also been made in the analytical techniques 
and methods for measuring lipids, lipoproteins, and 
apolipoproteins. In this section, we begin with a brief his- 
torical perspective on the development of the measurement 
technology followed by more detailed discussion of the per- 
tinent methods. 


HISTORICAL PERSPECTIVE AND BACKGROUND 


The causal relationship between increased plasma concen- 
trations of LDL and the risk of CHD and the efficacy of LDL 
lowering to reduce risk was widely acknowledged by the 
mid-1980s*; Awareness of the importance of intervention 
emphasized the necessity for uniform means of defining 
hyperlipidemia and CHD risk. Previous practice had been to 
use arbitrarily defined cutoffs based on prevailing lipid and 
lipoprotein concentrations, either in the general population 
or in local populations of “normal patients.” Because of the 
relative nonspecificity of the early chemical methods for 
cholesterol measurement, and the different kinds of methods 
then in use, significant biases existed between values 
obtained in different laboratories, and it was not uncommon 
for “normal” reference intervals to be laboratory specific. 
Quantitation of the relationships between total or LDL 
cholesterol concentration and risk for CHD, the demonstra- 
tion of the efficacy of treatment, and the development of 
reference methods and Centers for Disease Control and 
Prevention (CDC) standardization programs for lipids 
and lipoproteins,'* however, made possible the use of risk- 
related cut-off points (see Tables 26-15 and 26-18). This led 
to the necessity for uniform definitions of hyperlipidemia 
based on commonly accepted risk-based lipid and lipopro- 
tein cutoffs and the availability of accurate lipid and lipopro- 
tein measurements, 
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Formation of Expert Panels 


To address the issues discussed previously in this chapter, the 
NCEP convened expert panels to consider various aspects of 
diagnosis and treatment of hypercholesterolemia””””" and 
develop guidelines for reliable lipid and lipoprotein mea- 
surements.” Two separate laboratory panels considered 
issues related to blood lipid and lipoprotein measurement. 
The first, the NCEP Laboratory Standardization Panel, was 
concerned with the measurement of total cholesterol,” and 
the second, the NCEP Working Group on Lipoprotein Mea- 
surement, addressed the measurement of triglycerides, HDL 
cholesterol, and LDL cholesterol.” The recommendations 
of both panels include extensive reviews of lipid and lipopro- 
tein methodology, and the interested reader is referred to the 
original reports for details.” Here we summarize the 
principal considerations and recommendations for clinical 
lipid and lipoprotein measurements. 


Basic Issues 


In developing recommendations for lipid and lipoprotein 
measurement, the NCEP panels considered several basic 
Issues. 

First, in most of the large-scale clinical and epidemiolog- 
ical studies that established the (1) relationships between 
lipids, lipoproteins, (2) risk for CHD, and (3) efficacy of cho- 
lesterol lowering, the measurements were made in standard- 
ized laboratories in which the accuracy of the measurements 
was traceable to CDC reference methods, This included 
studies such as the National Diet Heart Study in the 1960s, 
the various LRC program studies (early 1970s to 1990), 
Specialized Centers of Research in Atherosclerosis (early 
1970s to present), and several NHANES studies conducted 
between 1960 and 1994, 

Second, the various methods used in laboratory or non- 
laboratory settings should be capable of similar accuracy 
(ie. the reliability of the measurements should be indepen- 
dent of how, where, or by whom they are made). Ideally, it 
should be possible to consider all lipid measurements made 
in the United States (and eventually globally) as if they had 
been made in a single laboratory. This premise does not 
require that all laboratories use the same methods; it requires 
only that all methods be capable of giving values equivalent 
to those on which the relationships between lipids, lipopro- 
teins, and the risk for CHD were established. 

Third, as new methods are developed, particularly those 
that may be more accurate and precise for the various 
lipoproteins or lipoprotein subfractions, the particular 
lipoprotein included in the measurement should be speci- 
fied. This is to ensure that new methods could be linked to 
those that were used to establish the known lipoprotein- 
CHD risk relationships. 

To achieve these aims, development of reference methods 
was required as accuracy targets for lipid and lipoprotein 
measurements and guidelines were established for analytical 
performance. 


Analytical Challenges 

Plasma lipoproteins, as macromolecular complexes that vary 
considerably in size, composition, and function, present con- 
siderable analytical challenge (see Table 26-4). For clinical 
purposes, lipoprotein concentrations have been traditionally 
expressed in terms of their cholesterol content, because they 
carry virtually all of the cholesterol that circulates in the 
plasma. This simplifies the methods used to measure 
lipoproteins because the lipoprotein fractions of interest 
have only to be separated from each other; the other plasma 
proteins do not have to be removed. 

Analytically, cholesterol can be accurately and precisely 
measured with appropriate chemical or biochemical 
methods. Triglycerides, and the lipoprotein themselves, 
however, are not unique chemical entities. Triglycerides 
consist of three of many possible fatty acyl groups covalently 
attached to a glycerol backbone through ester linkages (see 
Figure 26-13). 

Fatty acyl groups vary in chain length and degree of 
saturation, leading to a mixture of triglycerides of some- 
what different molecular weights. Consequently, triglyceride 
methods usually measure the glycerol backbone, and triglyc- 
eride concentration is then stated only in terms of molar 
concentration. In the United States, however, lipids have 
been traditionally expressed in terms of mass concentration 
(milligrams per deciliter), which is an approximation requir- 
ing an assumption about the average molecular weights of 
the triglyceride mixture, Because palmitate, stearate, and 
oleate are the major fatty acids in plasma triglycerides and 
have similar molecular weights, the conversion between 
molar and mass concentration usually assumes an average 
triglyceride molecular weight of 885 Da, the molecular 
weight of tri-oleyl glycerol (olein). 

The situation is even more complicated for LDL and 
HDL. For example, LDL consists of a population of particles 
varying in size and lipid composition, each containing apo 
B-100 as essentially the only apolipoprotein component. 
Thus LDL has neither a unique molecular weight nor con- 
sistent cholesterol composition. Similarly, HDL consists of 
two major subclasses, HDL, and HDL,, differing in both 
their lipid and apolipoprotein compositions, and each sub- 
class can be further separated into a number of individual 
subpopulations.” Because of these characteristics, the exact 
concentration and composition of a fraction identified as 
LDL or HDL vary depending on how the fraction is iso- 
lated. Once isolated, however, the cholesterol content can be 
measured accurately. A major consideration, therefore, was 
to define the lipoproteins in a uniform way to afford a 
common basis for standardization and the assessment of 
accuracy without inhibiting the development of new 
methods or necessitating the use of the same methods in all 
laboratories. 


Analytical Approach 


For more than 20 years, the CDC had maintained reference 
methods for cholesterol, triglycerides, and HDL cholesterol 
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and had operated standardization programs’ targeted for 
the research laboratories. In addition, these reference 
methods have been used to establish the accuracy of lipid 
and lipoprotein measurements in a number of population 
studies, including the LRC prevalence and CPPT 
studies,’*"* several NHANES studies conducted by the 
National Center for Health Statistics since the 1960s,!*4 and 
others. From these studies, cut points for the risk character- 
ization in patients were derived. Consequently, and because 
the standardization ‘programs were already accepted as 
authoritative by the general laboratory and research com- 
munities, the NCEP laboratory panels recommended the 
CDC reference methods as the basis for defining “accuracy” 
in the context of recommendations for reliable lipid and 
lipoprotein measurements. 

Using this approach had several advantages. First, it estab- 
lished the same basis for accuracy that had been used in 
developing the relationships between lipid and lipoprotein 

‘concentration and CHD, and second, it provided a reference 
point by which the accuracy of existing or newly developed 
methods could be assessed. 


LIPIDS AND LIPOPROTEINS 

Various technologies have been used to measure plasma 
lipids and lipoproteins and lipoprotein subfractions, includ- 
ing enzymatic, immunochemical, and chemical precipitation 
reagents, and physical methods, such as ultracentrifugation, 
electrophoresis, column chromatography, and others. Such 
methods have been reviewed extensively.'*** As mentioned 
earlier, however, the cholesterol content of any particular 
lipoprotein class can vary somewhat from individual to indi- 
vidual. Moreover, although different methods of lipoprotein 
separation may produce similar lipoprotein fractions, they 
usually do not produce identical fractions, giving rise to sys- 
tematic biases between methods that purport to measure the 
same component. The present discussion focuses primarily 
on methods and procedures commonly used in clinical prac- 
tice for lipid and lipoprotein measurements. 


Reference Methods 


Reference methods are the “gold standards” or accuracy 
targets that have been developed for the more common 
analytes, such as cholesterol, triglycerides, LDL, and HDL 
cholesterol.” The reference method for cholesterol is fully 
validated and credentialed through the National Reference 
System for the Clinical Laboratory. The other methods, 
although not formally credentialed, have been accepted by 
consensus. 


Cholesterol 


The CDC reference method for cholesterol” is based on 
a chemical method devised by Abell et al. In the CDC version 
of this method,” a 0.5-mL aliquot of serum is treated with 
5.0mL of alcoholic KOH (0.36 mol/L) to hydrolyze the cho- 
lesteryl esters. Total cholesterol is then extracted from the 
mixture with 10 mL of hexane for 15 minutes. An aliquot of 


the extract is dried in vacuo, and the dry residue is treated 
with 3.2mL of a mixture of acetic acid, acetic anhydride, 
and sulfuric acid (Liebermann-Burchard reagent) for color 
development. After 30 minutes, absorbance is read at 620nm 
using pure cholesterol as the calibrator. This method is oper- 
ated according to a strict protocol requiring replicate mea- 
surements in multiple analytical runs. The method exhibits 
an approximate 1.6% positive bias compared with isotope 
dilution mass spectrometry, which, considered to be the 
definitive method for cholesterol, was developed and applied 
by the National Institute of Standards and Technology.” 
Cholesterol is expressed either in terms of molar (millimoles 
per liter) or mass (milligrams per deciliter) concentration. 
Molar concentration is converted to mass concentration 
using the following equation: 


mg/dL = mmol/L x 38.7 (1) 


The reference method, demonstrated to be readily transfer- 
able to other laboratories, has been widely adopted by other 
reference laboratories and diagnostic manufacturers as the 
accuracy target and the basis for calibration in cholesterol 
measurements, 


Triglycerides 

In the CDC reference method for triglycerides, 
triglycerides are first extracted quantitatively with chloro- 
form to remove water-soluble interfering substances, such as 
glucose and glycerol, from the serum. The extract is treated 
with silicic acid to remove phospholipids, and the triglyc- 
erides in the extract are subjected to alkaline hydrolysis to 
produce unesterified fatty acids and glycerol. The glycerol 
produced is oxidized to produce formaldehyde, which is then 
reacted with chromotropic acid for color development. The 
absorbance of the chromogen in the reaction mixture is 
measured at 570nm. 


Triglycerides + KOH — fatty acids + glycerol (2) 


198,238 
197, th e 


Glycerol + periodate > formic acid + formaldehyde (3) 


Formaldehyde + chromotropic acid —> chromogen (4) 


The results are expressed either in terms of molar con- 
centration (millimoles per liter) or mass concentration (mil- 
ligrams per deciliter). The following equation is used to 
convert mmol/dL to mg/dL: 


mg/dL = mmol/L x 88.5 (5) 


The equation assumes an average molecular weight of 885 
gimole (triolein) for plasma triglycerides. In addition, 
because of the preliminary extraction and adsorption steps, 
the CDC reference method measures only the glycerides, and 
does not include free glycerol, the so-called triglyceride 
blank. 

Because this assay is so complex, sensitive, and tedious, 
it has not been readily transferred to other laboratories. As 
an expedient to facilitate standardization of triglyceride 


Chapter 26 Lipids, Lipoproteins, Apolipoproteins, and Other Cardiovascular Risk Factors 94 


measurements, a designated comparison method (DCM) 
has been developed by the Cholesterol Reference Method 
Laboratory Network, involving similar extraction steps 
followed by more robust enzymatic quantitation of the 
triglyceride-derived glycerol.” This DCM, established in 
other reference laboratories, is expected to become the 
secondary accuracy target for triglycerides. 


High-Density Lipoprotein Cholesterol 
Both a reference method and a designated comparison 
method have been developed to measure HDL cholesterol. 

Reference Method. Because HDL consists of several 
populations of particles that vary somewhat in their choles- 
terol content, HDL is commonly defined in terms of the 
method used to prepare the HDL-containing fraction. The 
CDC reference method” uses a combination of ultracen- 
trifugation and polyanion precipitation to prepare the HDL- 
containing fraction. The cholesterol in this fraction is then 
quantitated using the CDC reference method for cholesterol. 
The method is as follows: VLDL and chylomicrons, if 
present, are first removed by ultracentrifugation of an accu- 
rately measured volume of serum for 18 hours at 105,000 
x g. Under these conditions, VLDL and any chylomicrons 
accumulate as a floating layer at the top of the ultracen- 
trifuge tube (d = 1.006g/mL). A tube-slicing technique is 
used to remove the VLDL fraction.’ The infranatant, 
which contains IDL, LDL, Lp(a), HDL, and the other serum 
proteins, is recovered quantitatively. The apo B-100- 
containing lipoproteins in this fraction are then precipitated 
with heparin sulfate (1.3 mg/mL) and MnCl, (0.046 mol/L). 
The precipitate is removed by centrifugation,’“"'” and 
cholesterol in the clear supernatant is measured. HDL 
cholesterol is expressed either in molar or mass concen- 
tration; molar concentration is converted to mass concentra- 
tion using equation (1). 

Heparin-MnCl, was selected as the precipitation reagent 
primarily for historical reasons because it was the method 
most commonly used in early studies to establish the rela- 
tionship between HDL cholesterol concentration and the 
risk for CHD. The ultracentrifugation step was included 
to prevent interference with sedimentation of the apo 
B-100-containing lipoproteins by the lighter triglyceride- 
rich lipoproteins, VLDL, and chylomicrons. 

Designated Comparison Method. Only a few laborato- 
ries have an ultracentrifuge and the experience required 
to reliably perform the CDC reference method for HDL 
cholesterol. Furthermore, ultracentrifugation is expensive 
and necessitates obtaining an impractically large specimen 
volume, typically 5.0mL. As an practical alternative, the 
Cholesterol Reference Method Laboratory Network 
(CRMLN) laboratories developed and validated a modified 
dextran sulfate (50,000 Da) procedure as a DCM to provide 
results approximately equivalent to those of the CDC RM 
but avoiding ultracentrifugation."° The MgCl, concentra- 
tion in the precipitant reagent was decreased slightly from 
that used in the previously published primary method to 


increase the HDL cholesterol values slightly, achieving closer 
agreement with the CDC reference method. 


Low-Density Lipoprotein Cholesterol 


The CDC has also defined a reference method for LDL cho- 
lesterol based on the same techniques described above for 
HDL cholesterol.’” After ultracentrifugation to remove the 
VLDL and any chylomicrons present, the bottom fraction 
(d> 1.006) is subjected to precipitation by heparin and man- 
ganese as described previously. After measurement of cho- 
lesterol in the d > 1.006 fraction and in the heparin-Mn”* 
supernatant solution, LDL cholesterol is calculated by dif- 
ference. It should be noted that the LDL fraction as measured 
by this reference method is a so-called “broad-cut” fraction 
including any IDL and Lp(a). 


Application of the Reference Methods to Standardization 

Background 

Early efforts in the mid1980s to achieve general standard- 
ization of methods used by clinical laboratories began with 
a fairly traditional approach with secondary reference mate- 
rials provided to the laboratory community. The reference 
materials consisted of lyophilized serum pools with target 
values assigned based on replicate measurements using the 
reference methods. However, problems were recognized with 
this approach, primarily from the confounding effects of 
matrix changes in the reference materials.” In practice, con- 
ventional reference materials prepared from pooled serum, 
often deteriorated, sometimes spiked with artificial analytes, 
and subjected to freezing and freeze drying, did not assay 
like fresh patient specimens with most routine methods. 
In several notable cases diagnostic manufacturers used the 
secondary reference materials to assign presumably reliable 
targets to their calibrators, but subsequently found that 
results on patient specimens became quite inaccurate. The 
problem was compounded by national proficiency testing 
programs, which in an attempt to improve accuracy began 
reporting reference method target values with similarly pre- 
pared survey materials. Laboratories were adjusting calibra- 
tion to achieve apparent accuracy on the survey materials; 
however, in some instances results on actual patient speci- 
mens were made inaccurate. 

Recognition of these problems focused attention on the 
issues of “analyte” and “matrix” effects in reference materi- 
als." Common procedures used in preparing secondary 
reference materials were inducing changes in the analytes 
themselves and in the other constituents and fluids sur- 
rounding the analytes that made their analyses no longer 
comparable with measurements in authentic fresh patient 
specimens. After considerable study and deliberation, the 
conclusion was reached that the only universally reliable 
means of transferring accuracy from the reference methods 
to diagnostic manufacturers and individual laboratories was 
through direct comparison studies on fresh, representative 
patient specimens.” As a consequence, the CDC and other 
groups cooperated to organize a network of reference labo- 
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ratories providing the reference methods and fresh sample 
comparison studies. 


The Cholesterol Reference Method Laboratory Network 


Because the CDC standardization laboratory maintaining 
the reference methods did not have the capacity to perform 
all of the necessary comparison studies directly, it was 
obvious that the reference laboratory capability would have 
to be expanded to accommodate the needs of the industry 
and laboratory community. To this end, the CDC‘and a 
number of other interested laboratories cooperated to estab- 
lish the CRMLN. Each participating network laboratory 
underwent stringent protocols to transfer the CDC reference 
methods and to maintain comparability with the CDC. 
In turn the network laboratories performed comparison 
studies using fresh patient sera with the diagnostic manu- 
facturers and with individual laboratories, Throughout the 
1990s the network was large and quite active to accommo- 
date the demands of comparison studies. As standardization 
has steadily improved in subsequent years, the level of activ- 
ity has declined and the number of domestic U.S. network 
laboratories has decreased. However, at the same time the 
network laboratory program has expanded to include more 
international laboratories. 

In 2004 the CRMLN included four experienced U.S. 
laboratories and seven international partner laboratories in 
Canada, Europe, Asia, and South America (Boxes 26-3 and 
26-4). The network offers protocols, based on National 
Committee on Clinical Laboratory Standards guidelines,” 
whereby diagnostic manufacturers ensure accuracy by 
completing comparison studies with the reference 
method.!” A system qualifies for certification by demon- 
strating agreement within specified limits for total, HDL, 
and LDL cholesterol and for triglycerides. Based on com- 
parison results, calibrator set points are adjusted if necessary 
to bring performance into agreement with the reference 
methods. Diagnostic manufacturers and distributors and 
instrument partners are encouraged to certify their systems 
at least every 2 years and to ensure that every production lot 
is calibrated to maintain accuracy consistent with the accu- 
racy targets, which can be accomplished by ongoing par- 
ticipation in the CDC and/or CRMLN program. The CDC 
website — (http://www.cdc.gov/nceh/dls/crmin/crmln.htm) 
provides details of the program, protocols for comparison 
studies, contact information for the CDC and/or CRMLN, 
and a listing of the commercial methods that have qualified 
for certification. 

Clinical laboratories can promote standardization by 
encouraging their kit suppliers to participate in the CRMLN 
comparison process. In addition, individual laboratories 
can also make arrangements with a CRMLN laboratory to 
participate in an abbreviated certification protocol for total 
cholesterol and complete comparison studies for the other 
analytes, especially useful in the case of new or modified 
systems. The CRMLN program is supported by modest user 
fees. 


State Laboratory of Hygiene 
University of Wisconsin 
Center for Health Sciences 
465 Henry Mall 

Madison, WI 53706 

David Hassemer, M.S. 
hassemer@mail.slh.wisc.edu 
(608) 265-1100 (x102) Phone 
(608) 265-1114 Fax 


Wadsworth Center for 

Laboratories and Research 

New York State Department of Health 
Empire State Plaza 

Albany, NY 12201 

Robert Rej, Ph.D. 
clinchem@wadsworth.org 

(518) 474-5101 Phone 

(518) 474-9145 Fax 


Northwest Lipid 
Research Laboratories 
Core Laboratory 

2121 N. 35th Street 
Seattle, WA 98103 
Santica Marcovina, Ph.D. 
smm@u.washington.edu 
(206) 685-3331 Phone 
(206) 685-3279 Fax 


Pacific Biometrics 

Research Foundation 

220 West Harrison Street 
Seattle, WA 98119 

Elizabeth Teng Leary, Ph.D. 
etl@pacbio.com 

(206) 298-0068 {x208) Phone 
(206) 298-9838 Fax 


Routine Methods 


Reference methods are complex, time consuming, at least 
partially manual, and require a high level of expertise for 
reliable operation. Consequently, simpler and more practi- 
cal methods have evolved for routine clinical use. 


Cholesterol 


Enzymatic methods for cholesterol measurement are precise, 
accurate when calibrated appropriately, and easily adapted 
for use on modern analyzers. Commercially available 
cholesterol reagents commonly combine all of the enzymes 
and other required components into a single photometric 
reagent. The reagent usually is mixed with a 3- to 10-uL 
aliquot of serum or plasma, incubated under controlled 
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University Medical Center Rotterdam 
Lipid Reference Laboratory 

3015 GD Rotterdam, The Netherlands 
Jan Lindemans, Ph.D. 
lindemans@ckcl.azr.nl 

31-10-463 4509 Phone 


31-10 436 7894 Fax 


Institute of Biochemistry 

Department of Pathological Biochemistry 
Glasgow Royal Infirmary 

4th Floor Alexandra Parade 

Glasgow G31 2ER, Scotland 

Chris J. Packard, Ph.D. 

44-141-221-4979 (or 4322) Phone 
44-141-553-2558 Fax 


H. S. Raffaele 

Laboratorio Analisi Cliniche 

Via Olgettina 60 

20132 Milano, Italy 

Ferruccio Ceriotti, M.D. 
Ferruccio.ceriotti@.hsr.it 
39-2-2643-2315 (or 2313) Phone 
39-2-2643-2640 Fax 


Osaka Medical Center for Health Science and Promotion 
Lipid Reference Laboratory 

3 Nakamichi 1-chome 

Higashinari-ku 

Osaka 537-0025, Japan 

Masakazu Nakamura, Ph.D. 
xnakamura@kenkoukagaku.jp 

81-6-6973-5582 Phone 

81-6-6973-3574 Fax 


Ce: i aoe e 


Canadian External Quality 
Assessment Laboratory 

307-2083 Alma Street 

Vancouver 

British Columbia V6R 4N6, Canada 
David W. Seccombe, M.D., Ph.D. . 
dseccombe@ceqal.com 

(604) 222-1355 Phone 

(604) 222-1373 Fax 


Fundacion Bioquímica Argentina 

Laboratorio de Referencia y Estandarización en 
Bioquímica Clinica (LARESBIC) 

Calle 6 N° 1344 

La Plata 1900 

Argentina 

Daniel Mazziotta, M.D. 
dmpeec@netverk.com.ar 

54-221-4231150 Phone 

54-221-4232021 Fax 


Beijing Institute of Geriatrics 
Beijing Hospital 

1 Dahua Road, Post Code 100730 
Beijing 

P.R. China 

Wenxiang Chen, M.D., M.Sc. 
chenwenxiang@263.net 
86-10-6513-0302 Phone 
86-10-6513-2969 Fax 


conditions for color development, and absorbance measured 
in the visible portion of the spectrum, generally at about 
500nm, The reagents typically use a bacterial cholesteryl 
ester hydrolase to cleave cholesteryl esters. 


Cholestery] ester hydrol 
Cholesteryl ester + H,Q =e’ 


cholesterol + fatty acid (6) 


The 3-OH group of cholesterol is then oxidized to a ketone in 
an oxygen-requiring reaction catalyzed by cholesterol oxidase, 


Cholestero! oxidase 


Cholesterol + O3 
cholest-4-en-3-one + H20, (7) 
H,0,, one of the reaction products, is measured in a perox- 


idase catalyzed reaction that forms a colored dye. 


H,O, + phenol + 4-aminoantipyrine 2", 


quinoneimine dye + 2H2O (8) 


These methods are subject to interference from other 
colored compounds or those that compete with the oxida- 
tion reaction, such as bilirubin, ascorbic acid, and hemoglo- 
bin. Assays are usually linear up to about 600 or 700 mg/dL. 
Reagents have been refined by adding substances such as 
bilirubin oxidase and dual wavelength readings to minimize 
the effects of hemolysis, and interference from bilirubin 
is generally not an issue now in concentrations below 
5 mg/dL. Enzymatic reagents are not entirely specific 
for cholesterol, because B-hydroxy sterols and plant sterols 
(e.g. B-sitosterol) can also react. In human serum or plasma, 
however, this is not a major problem because these inter- 
fering sterols are generally at very low concentrations. 

In practice, reagent formulations vary from manufacturer 
to manufacturer. In most cases, the reagent from a particu- 
lar manufacturer will have been optimized for use with one 
or several specific instruments and calibration materials, 
usually those sold by that manufacturer. In the past few 
years, most manufacturers have been supplying calibration 
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materials with assigned values that are traceable to the CDC 
reference method, which has helped reduce interlaboratory 
variation. Thus cholesterol methods are best thought of as 
“measurement systems” composed of reagent, calibrator 
(cholesterol standard), and instrument. When a reagent- 
calibrator-instrument system from a single manufacturer is 
used, cholesterol measurements within a laboratory usually 
are accurate within 1% to 3% of reference values, and such 
systems are routinely operated with coefficients of variation 
of 1.5% to 2.5%, In some-cases, however, a reagent from one 
manufacturer might be used with an instrument from 
another. In this instance, the responsibility is on the user 
rather than the manufacturer to ensure that reagent and 
sample volumes, time and temperature of incubation, and 
the calibration produce precise and accurate measurements. 
Although the cholesterol oxidase reagent described previ- 
ously in this chapter is by far the most common, reagents 
have been developed using a cholesterol dehydrogenase 
sequence, which may have advantages in some instances," 
In addition, highly sensitive enzymatic methods have been 
described for specialized applications.” Free or unesterified 
cholesterol can be readily quantified by deleting the choles- 
terol esterase from the reagent. 


Triglycerides 

Triglycerides also are now commonly measured with enzyme 
reagents directly in plasma or serum, Reagents combining all 
the required enzymes, cofactors, and buffers are available 
from various manufacturers, and as for cholesterol, such 
reagents are optimized for use with particular instrument- 
calibrator systems. Several different enzyme sequences have 
been used. In all of the methods, the first step is the lipase- 
catalyzed hydrolysis of triglycerides to glycerol and fatty acids, 
Triglyceride + 3 H20 ms, glycerol + 3 fatty acids (9) 
Glycerol is then phosphorylated in an ATP-requiring reac- 
tion catalyzed by glycerokinase. 


Glycerol + ATP —“vceokinese_, 


glycerophosphate + adenosine diphosphate (ADP) (10) 


In the most commonly used methods, glycerophosphate is 
oxidized to dihydroxyacetone and H,O, in a glycerophos- 
phate oxidase-catalyzed reaction, 


Glycerophosphate oxidase 


Glycerophosphate + O2 
dihydroxyacetone + H20, (11) 


and the H,O, formed in the reaction is measured as 
described in reaction (8). 

Alternatively, glycerophosphate is measured in a reduced 
form of nicotinamide-adenine dinucleotide (NADH)- 
producing reaction and the NADH measured by a spec- 
trophotometer set at 340nm or in a diaphorase-catalyzed 
reaction to form a reaction product whose absorbance is 
measured at 500 nm. 


Glycerophosphate + nicotinamide-adenine 
dinucleotide (NAD) 
dihydroxyacetone phosphate + NADH + Ht (12) 


Glycerophosphate dehydrogenase N 


Diaphorase 


NADH + tetrazolium dye —*~——> formazan + NAD+ 


(13) 
Other methods measure the ADP produced in reaction (10), 
as shown in equations (14) and (15): 


Pyruvate kinase 


ADP + phosphoenol pyruvate 
ATP + pyruvate (14) 


Lactate dehydrogenase 


Pyruvate + NADH + Ht 
lactate + NAD+ (15) 


The loss of NADH is measured by a photometer at 340 nm. 

Enzymatic triglyceride methods are fairly specific in that 
they do not detect glucose or phospholipids. They are linear 
in the concentration range up to about 700mg/dL, and 
when automated are operated with coefficients of variation 
in the range of approximately 2% to 3%. The methods are 
usually calibrated with reference solutions of pure glycerol 
or with serum-based secondary calibrators. However, 
because all of these methods measure the glycerol compo- 
nent, any free glycerol in the sample contributes to the 
apparent amount of triglyceride. Thus assessment of bias in 
triglyceride measurements is not as straightforward as for 
cholesterol because the CDC reference method includes 
only the triglyceride-derived glycerol. With routine methods, 
the decision must be made whether to correct for free 
glycerol by using a method that corrects for the free glycerol 
blank. 

Triglyceride Blanks (Correction for Endogenous 
Glycerol). Glycerol concentrations in freshly collected 
serum or plasma are usually in the range of about 1 mg/dL, 
contributing about 5 to 10mg/dL to the apparent triglyc- 
eride concentration. Because this small amount is medically 
insignificant, the triglyceride blank is usually ignored. 
However, blanks can be higher in samples with increased 
triglyceride concentrations and from patients with condi- 
tions such as diabetes or those receiving total parenteral 
nutrition, but even those conditions would generally not 
substantially affect the interpretation. However, blanks can 
be increased by fiftyfold to 100-fold in the rare disorder 
hyperglycerolemia, which results from a deficiency of glyc- 
erokinase.’” In this case, apparent triglyceride concentra- 
tions is extremely and artifactually high unless a triglyceride 
blank is analyzed. 

Although triglyceride blanks can in most cases be ignored 
in clinical measurements, they can dramatically affect 
conclusions about method accuracy, important in calibra- 
tion or in standardization of triglyceride measurements.” 
For example, participation in the CDC standardization 
program requires use of a blanking method, several of which 
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are commercially available. Triglyceride blanking usually 
requires a separate analysis of glycerol, expressed in terms of 
equivalent triglyceride concentration, and the measured 
blank value is subtracted from the total triglyceride mea- 
surement.” Free glycerol is measured enzymatically using 
reactions such as shown in equations (10) and (11), using a 
reagent that is identical to the triglyceride reagent but lacking 
lipase, an approach designated two-cuvette blanking. Such a 
reagent has been available from the Bayer Corporation 
(Tarrytown, N.Y.). In an alternative two-step approach in a 
single cuvette, any free glycerol in the sample is consumed 
to produce a colorless product in a preliminary reaction 
before a lipase enzyme is added to cleave and measure the 
triglyceride-derived glycerol. Such a reagent is available 
from Roche Diagnostics (Indianapolis), but can be used only 
with analyzers capable of adding reagents sequentially. 

Triglyceride blanking by either of these approaches can 
add considerably to the time and cost of triglyceride analy- 
sis, Another more practical alternative for routine practice, 
designated calibration blanking and used by some manufac- 
turers, involves adjusting calibrator set points to compensate 
for the average amount of free glycerol in specimens. This is 
accomplished through a comparison study on actual patient 
specimens versus the reference method or an accurate equiv- 
alent. The calibration blanking approach will underestimate 
the blank in a few specimens but will give a better and rea- 
sonably reliable estimation for most specimens. 

An ad hoc panel convened to consider the necessity for 
glycerol blanking in routine practice recommended blank 
corrections for specimens from inpatients but not outpa- 
tients because of the increased likelihood of free glycerol 
increases in the former.” In practice, however, blanking is 
usually practiced only by research laboratories and those 
supporting lipid clinics, particularly to facilitate participa- 
tion in the CDC standardization program. 


Phospholipids 

Quantitative measurement of phospholipids is rare in 
routine clinical practice but more common in research (e.g. 
in studies of dietary influences), The choline-containing 
phospholipids lecithin, lysolecithin, and sphingomyelin, 
which account for at least 95% of total phospholipids in 
serum, are readily measured by an enzymatic reaction 
sequence using phospholipase D, choline-oxidase, and 
horseradish peroxidase.” Kit methods with this enzy- 
matic sequence are available commercially. Before the avail- 
ability of enzymatic reagents, the common quantitative 
method involved extraction and acid digestion with analysis 
of the total lipid-bound phosphorus.” 


High-Density Lipoprotein Cholesterol 

Under current recommendations for characterizing the car- 
diovascular disease risk in patients, measurement of the two 
major cholesterol-carrying lipoproteins, HDL and LDL, are 
most important. Characterization of the beta- VLDL charac- 
teristic of the uncommon type HI or dysbetalipoproteinemia 


may be appropriate in a few patients. Measurement of 
lipoprotein subclasses including IDL or remnant lipopro- 
teins is useful in research and can be helpful in some cases 
in managing patients. 

HDL is classically defined in terms of its density range 
(1.063 to 1.21 g/mL) obtained by ultracentrifugation, which 
has been used as the standard by which the accuracy of other 
HDL methods is judged. However, the density range of Lp(a) 
(1.04 to 1.08 g/mL) overlaps that of HDL (see Table 26-4), 
so in patients with high Lp(a) concentrations ultracentrifu- 
gation at 1.063g/mL would overestimate the true HDL 
concentration. As a consequence, the reference method, 
described previously, uses precipitation to separate HDL, 
similar to the approach commonly used for routine 
determinations.” 

Precipitation Methods. HDL cholesterol has been most 
commonly measured (Box 26-5) in the supernatant solution 
after the precipitation of the apo B-100-containing lipopro- 
tein directly from plasma or serum using agents such as 
polyanions in the presence of divalent cations.” The apo B- 
100—containing lipoproteins include VLDL, IDL, Lp(a), 
LDL, and, when present, chylomicrons (see Table 26-4). As 
indicated earlier, LDL and HDL are the largest contributors 
to total cholesterol in normal people, with LDL accounting 
for about two thirds and HDL for about one third of the total 
cholesterol. On average, IDL and Lp(a) each account for 
only about 2 to 3 mg/dL of the total cholesterol, although 
their concentrations can be considerably higher in some 
individuals. 


Precipitation (Ist generation) 
Heparin-Mn** 
0.46 mmol/L (LRC method)” 
0.92 mmol/L (recommended for EDTA plasma 
Dextran Sulfate (50 kDa) Mg”! (AACC Selected Method 
and DCM) 
Phosphotungstate-Mg” 


z” 


+136 


Facilitated Separation (2nd generation) 
Magnetic with/dextran sulfate-Mg*'” 


Homogeneous (3rd generation) 

Antibody four-reagent method™ (International Reagents 
Corp) 

Polyethylene glycol modified enzymes w/cyclodextrin'® 
(Kyowa Medex) 

Synthetic polymer/detergent'* (Daiichi) 

Antibodies!” (Wako) 

Catalase™ (Denka Seiken) 
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Polyanions react with positively charged groups on 
lipoproteins; their action is facilitated in the presence of 
divalent cations, which interact with negatively charged 
groups, causing aggregation and a cloudy precipitate. Pre- 
cipitation is usually complete within 10 to 15 minutes at 
room temperature; at 2 °C to 4 °C a 30-minute incubation 
period is preferred. The precipitate is then sedimented by 
centrifugation typically for 45,000 g-min (i.e., the equivalent 
of 1500xg for 30 minutes). Centrifugation at higher g 


forces, e.g, 10,000xg accelerates sedimentation and can- 


actually improve complete precipitation of apo-B- 
containing particles. HDL cholesterol is then measured in 
the clear supernatant. 

Several polyanion-divalent cation combinations have 
been used. Initially, heparin sulfate with MnCl, was adopted 
by the National Institutes of Health (NIH) and became 
common in research laboratories, which provided the ratio- 
nale for employing this combination in the CDC RM. With 
the transition to enzymatic cholesterol assay methods, resid- 
ual Mn** was found to interfere, giving artifactually high 
results. Techniques were devised to reduce this interference 
but necessitated additional manipulations, making them 
inconvenient for routine use. One approach was to add the 
chelator ethylenediaminetetraacetic acid (EDTA) to the cho- 
lesterol reagent to complex residual manganate.”” Another 
was to add carbonate in a second precipitation step to pre- 
cipitate excess Mn” from the heparin-Mn™ supernatant.” 
Most laboratories avoided these tedious approaches, adopt- 
ing methods using other precipitants to prevent interference 
by Mn” altogether. In time, variations of dextran sulfate or 
phosphotungstate with Mg” became most common.’”?* A 
method using dextran sulfate with a molecular weight of 
50kDa was validated as a selected method and became the 
most common precipitation reagent in the United States. 

There are several key issues in applying precipitation 
reagents to measure HDL cholesterol. First, the precipitabil- 
ity of lipoproteins with polyanions and divalent cations 
depends on the lipid and protein compositions of the mol- 
ecules.” The greater the compositional differences, the more 
easily the lipoproteins are separated. Thus apo B-100- 
containing lipoproteins are more easily separated from HDL 
than they are from each other, and it is for this reason that 
precipitation methods have been more widely and success- 
fully used for HDL analysis than for LDL or VLDL 
measurement. 

Second, the various precipitants differ in their abilities to 
precipitate apo B-100—containing lipoprotein completely 
while leaving most species of HDL in solution,” resulting 
in the potential for biases between precipitation methods. 
With modern reagent-instrument-calibrator systems, con- 
ditions are generally optimized to produce values that 
closely approximate and are traceable to reference method 
values, But method-to-method biases are observed; however, 
they appear to be decreasing with experience, although 
significant discrepancies may be observed on individual 
specimens. 


Third, the precipitation methods can be inaccurate under 
certain conditions. For example, precipitation of apo B-100- 
containing lipoprotein can be incomplete in samples with 
high concentrations of triglyceride-rich lipoproteins. The 
lipoprotein precipitate should be tightly packed after cen- 
trifugation, and the HDL-containing supernatant should 
be optically clear. Any turbidity at all indicates inadequate 
sedimentation of the apo B-100-containing lipoprotein, 
and even a small amount of unsedimented precipitate can 
produce a significant error in the HDL cholesterol mea- 
surement. Samples with high triglyceride concentrations 
(generally those above 400mg/dL) frequently produce 
turbid supernatants because the triglycerides can reduce the 
density of the lipoprotein-precipitating reagent complex to 
the point that some of the complex remains unsedimented. 
In cases of extremely high triglyceride concentrations, some 
of the precipitate may even form a floating layer over a clear 
or turbid supernatant, in addition to the usual precipitate at 
the bottom of the centrifuge tube. 

There are several ways to address this problem in hyper- 
triglyceridemic specimens. First, the sample can be ultra- 
centrifuged and the triglyceride-rich lipoprotein removed 
before precipitation as described for the reference method. 
Second, a sample with a turbid supernatant can sometimes 
be cleared by centrifuging for a longer time or at higher 
g-forces”” Third, the sample can be diluted to reduce the 
concentration of triglyceride-rich lipoproteins before the 
precipitant is added. In general, a dilution greater than 
twofold should not be used because higher dilutions can 
cause large dilution errors. This is a particular concern 
because hypertriglyceridemic patients tend to have low HDL 
cholesterol levels. A fourth approach is to pass the turbid 
supernatant through a 0.45-um filter to remove the un- 
sedimented precipitate before measuring cholesterol in the 
filtrate.” 

Finally, matrix effects can influence the results. Matrix 
effects can arise from the nature of the. sample itself or 
from the addition of anticoagulants or preservatives." For 
example, HDL cholesterol measurements can be inaccurate, 
and usually are more variable when obtained from 
lyophilized samples than from fresh or frozen sera. 

Additives including anticoagulants such as citrate and flu- 
oride can have large osmotic effects that cause water to shift 
from the cells to the plasma. This dilutes the lipoprotein by 
10% or more and produces erroneously low values. EDTA, 
traditionally the preferred anticoagulant for lipoprotein 
measurements, causes a slight dilution, but has been used 
because it also inhibits certain oxidative and other changes 
that can affect some lipoprotein or apolipoprotein measure- 
ments. Lipid and lipoprotein concentrations in EDTA 
plasma tend to be about 3% lower than in serum, an effect 
that may not be readily noticeable in HDL cholesterol mea- 
surements. EDTA, however, complexes some of the Mn” in 
the heparin-Mn* method, and it has been found necessary 
to use a higher concentration of MnCl, (0.092 mol/L, final 
concentration in the reaction system) when the procedure is 
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used with EDTA plasma than with serum (0.046 mol/L).’°°” 
Heparin, by virtue of its high molecular weight and when 
present in concentrations used for anticoagulation, has no 
measurable effect on lipid or lipoprotein concentration, and 
does not affect HDL cholesterol measurements. 

Second Generation Methods. A second generation 
dextran sulfate method (Box 26-5) reduces the interference 
associated with increased triglycerides (POLYMEDCO, 
Cortlandt Manor, N.Y.). With it, the dextran sulfate precip- 
itant is complexed with magnetic particles, allowing the 
lipoprotein-precipitant-magnetic particle complex to be 
removed rapidly by placing the reaction vessel on a magnetic 
disk, HDL cholesterol is then measured in the usual way. The 
method can also be adapted for use in an automated 
clinical chemistry analyzer, allowing the supernatant to be 
analyzed without the necessity for removing it from the 
sedimented complex. The method was reported to have a 
bias of about 4% to 7% in the concentration range 30 to 
50mg/dL compared with ultracentrifugation combined 
with polyanion precipitation using a conventional dextran 
sulfate-Mg”* method, and a coefficient of variation (CV) 
under 4%, similar to the usual dextran sulfate-Mg”* 
method. '°%?% 

Homogeneous Assays. A major breakthrough in HDL 
assays was reported in 1994," with the introduction of the 
first of a series of so-called “homogeneous” immunoassay 
methods for lipoproteins (Box 26-5), Compared with the 
earlier precipitation methods requiring manual pretreat- 
ment steps, the homogeneous methods substantially 
improve workflow in the modern clinical laboratory, making 
sample handling as simple as placing a bar-coded specimen 
tube on the automated analyzer. Elimination of the manual 
steps provides cost savings with generally higher reagent 
costs offset by decreased labor costs. The fully automated 
methods also improve precision through more consistent 
pipetting of smaller specimen volumes and precise temper- 
ature control and reaction timing, which facilitate achieving 
the NCEP analytical performance goals. Evaluation studies 
have typically demonstrated substantially better precision, 
with CVs about half those of conventional pretreatment 
methods. 

The first homogeneous assay for HDL cholesterol 
required four successive reagent additions (International 
Reagents Corp., Kobe, Japan). The first reagent contained 
polyethylene glycol, which causes aggregation of the apo 
B-100-containing chylomicrons, VLDL, and LDL. The 
second reagent protected or blocked the aggregated lipo- 
proteins with antibodies to apo B-100 and apo C. The 
cholesterol reaction enzymes (cholesterol esterase, choles- 
terol oxidase, and peroxidase) were added in the third 
reagent, which acted upon only the unprotected HDL cho- 
lesterol. The fourth reagent stopped the color reaction and 
solubilized the aggregates with guanidine salts, clearing the 
reaction mixture for measurement of color. This break- 
through method, even though not suited for all analyzers 
because of the multiple reagent additions, was capable of full 


automation, paving the way for subsequent, two-reagent 
homogeneous methods. 

In 1995, a second homogeneous method became available 
(Kyowa Medex Co., Tokyo”; Roche Diagnostics, Indianapo- 
lis) that used sulfated alpha-cyclodextrins together with 
Mg” to selectively block but not precipitate chylomicrons 
and VLDL, providing selectivity without the necessity for 
precipitation. Secondly, covalently linked polyethylene glycol 
molecules enhanced the specificities of the enzymes choles- 
terol esterase and cholesterol oxidase toward the cholesterol 
in HDL. Polyethylene glycol having an MW of 6000 Da is 
thought to optimize the specificities at concentrations 
lower than those used previously to precipitate lipoproteins, 
implying that the modified enzymes were able to distinguish 
the lipoprotein classes based on their size and/or charge. The 
result was a fully automated homogeneous assay with only 
two reagent additions that is applicable for use with many of 
the common chemistry analyzers. The original kit included 
the second enzyme-containing reagent in lyophilized form, 
necessitating reconstitution, but a modification introduced 
in mid1998 included both reagents in liquid form.’ A third 
modification decreased the Mg” concentration, apparently 
to reduce carryover in pipetting. 

A synthetic polymer together with a polyanion to block 
the non-HDL lipoproteins is used in a third homogeneous 
assay (Daiichi Pure Chemicals Co., Tokyo /Genzyme Corp., 
Cambridge, Mass.).'°7' A detergent is then added that 
exposes only cholesterol in HDL to the enzymes, giving 
specificity for HDL-C. This method also requires two reagent 
additions, the first with the polyanion and polymer- 
blocking agents and the second with detergent, enzymes, 
and substrates. A subsequent modification provided both 
reagents in liquid form with other changes to improve spe- 
cificity and decrease potential interference, "®t A third 
modification without Mg” has been reported. 

A fourth homogeneous assay is based on immunoinhi- 
bition and includes two reagents (Wako Pure Chemicals 
Industry, Osaka, Japan).’°"**’” The first reagent contains an 
antibody to human apo B-100 that reacts with the apo B- 
100-containing lipoproteins, chylomicrons, VLDL, and LDL, 
blocking their reaction with the enzymes that are added in 
the second reagent. The current formulation includes both 
reagents in liquid form. 

A fifth homogeneous method (Denka Seiken Co., Niigata, 
Japan/Polymedco Inc., Cortlandt Manor, N.Y./Randox 
Laboratories Limited, Crumlin, UK) allows cholesterol 
esterase and oxidase to react with lipoproteins other than 
HDL, generating peroxidase, which, in turn, is scavenged 
by the enzyme catalase.’ An inhibitor of catalase and a 
surfactant in a second reagent specifically react with HDL 
cholesterol, producing color through the usual peroxidase 
sequence, 

At least one instrument application for each of the homo- 
geneous assays discussed previously in this chapter has qual- 
ified for certification by the CRMLN, implying at least the 
capability to achieve agreement with the RM. However, con- 
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ditions and especially calibration may be different on various 
instrument applications and many have not been evaluated. 
Thus certification for the reagents cannot be considered 
universally applicable to all distributor versions, instrument 
applications, and lots. Similarly, published evaluation studies 
have confirmed that the methods can be accurate but may 
not be so in every commercial application.’ Laboratories 
choosing to adopt homogeneous assay applications that have 
not been certified by the CRMLN are encouraged to confirm 
that their particular systems are accurate. In addition, several 
more recent evaluations have noted that some homogeneous 
reagents may lack specificity or ruggedness, especially on 
specimens with unusual lipoprotein composition.” 

Specificity and interference. The accuracy of measur- 
ing HDL cholesterol in each individual specimen is a fanc- 
tion not only of bias or overall inaccuracy related to 
calibration, but also of the ruggedness of the assays, their 
specificity for HDL cholesterol, and absence of interference 
by other lipoproteins and constituents of the specimen 
matrix. Laboratories supporting research studies and lipid 
clinics with a high proportion of atypical specimens must be 
especially concerned about this issue. The CRMLN certifi- 
cation studies and many published evaluation studies, 
assessing accuracy, include only samples from relatively 
normal subjects. Most studies did not determine perfor- 
mance in samples from patients with extreme hyperlipi- 
demias, such as type HI or other conditions, such as liver and 
kidney disease, which often result in unusual lipoproteins 
with atypical separation characteristics. Only a few studies 
have included such extreme specimens and have raised 
questions about the specificity of the homogeneous 
reagents, ”119142280,319 

Most studies of interference have been fairly traditional 
and relatively modest. "+10919244205 Evaluations indicate that 
triglycerides below 900mg/dL do not generally interfere 
with any of the methods and some methods are reportedly 
free of interference to nearly 2000mg/dL. Hemoglobin 
below 2g/L and bilirubin below 10 mg/dL do not interfere 
appreciably with any of the homogeneous methods. 

Considerations in Choosing an High-Density Lipo- 
protein Method. Laboratories have had to consider the 
alternatives in deciding whether to replace a conventional 
pretreatment method with a homogeneous reagent: improved 
efficiency on the one hand versus occasional discrepant results 
on the other. Routine clinical laboratories tend to choose 
the fully automated methods, often because of unavoidable 
pressures to improve efficiency. Laboratories performing 
research and supporting lipid clinics, on the other hand, often 
choose to retain a conventional precipitation method. An 
important factor in the latter choice is that a laboratory 
supporting long-term studies cannot tolerate the potential 
changes and shifts in results that have occurred because of the 
frequent modifications in the homogeneous reagents. 


Low-Density Lipoprotein Cholesterol 


Methods for LDL cholesterol generally quantitate a so-called 
“broad-cut fraction” including not only the primary LDL 


OG 


Beta-quantification 
Ultracentrifugation at density 1.006 Kg/L to float VLDL 
Precipitation with polyanion/cation for HDL 
LDL calculated as density >1.006 - HDL 
Most commonly used by specialty lipid laboratories 


Calculation using Friedewald formula 
[LDE chol] = [Total chol] ~ [HDL chol] — [Triglyceride]/5 
Originally proposed for epidemiology studies 
Became the most common method in routine clinical labs 


Homogeneous Reagents 
LDL solubilization (Kyowa Medex) 
LDL protected/deprotected by surfactants (Daiichi) 
LDL protected/catalase (Wako) 
Non-HDL catalase/LDL azide (Denka Seiken) 
LDL protected by Calixarene/cholesterol dehydrogenase 
(International Reagents Corp) 


species in the 1.019 to 1.063 kg/L density range, but also IDL, 
density 1.006 to 1.019kg/L, and Lp(a).”* Therefore the usual 
convention based on the following formula is an approxi- 
mation accepted for convenience: 


Total cholesterol (chol) = VLDL chol + 
LDL chol + HDL cho! (16) 


LDL cholesterol can be measured using both indirect and 
direct methods, and either approach has been used in major 
studies that established the relationship between LDL cho- 
lesterol concentration and the risk for CHD. 

Indirect Methods. Indirect methods for measuring 
LDL cholesterol are based on measuring a number of lipid- 
related analytes followed by their use in calculating the 
LDL cholesterol content of a specimen. This includes the use 
of the Friedewald equation and the beta-quantification 
method. 

The Friedewald Equation. in the most widely used indi- 
rect method (Box 26-6), cholesterol, triglyceride, and HDL 
cholesterol are measured and LDL cholesterol is calculated 
from the primary measurements using the empirical equa- 
tion of Friedewald and colleagues“ 


{LDL chol] = [Total chol] ~ [HDL chol] — 
[Triglyceride]/ 5 (17) 


where all concentrations are given in milligrams per deciliter 
(triglyceride/2.22 is used when LDL cholesterol is expressed 
in millimoles per liter). The factor [triglyceride]/5 is an 
estimate of VLDL cholesterol concentration, and is based on 
the average ratio of triglyceride to cholesterol in VLDL. 
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Several investigators have evaluated the accuracy of LDL 
cholesterol estimated with equation (17). For example, 
DeLong and colleagues recommended the use of the expres- 
sion 0.16 x [triglyceride] as a better estimate of VLDL cho- 
lesterol, and consequently, the factor [triglyceride]/6 is used 
in a few laboratories.” Other factors have been suggested for 
particular populations,” but no single factor was accurate 
under all circumstances. However, when the original factor 
[triglyceride]/5 was compared with a combined ultracen- 
trifugation-polyanion precipitation method in about 5000 
samples, the errors in LDL cholesterol estimated with equa- 
tion (17) were found to be symmetrically distributed about 
zero.” On balance, the NCEP recommended the use of the 
original factor [triglyceride/5] for estimating LDL choles- 
terol with equation (17). 

In practice, the Friedewald calculation is reasonably accu- 
rate, but there are several well known circumstances under 
which the Friedewald equation cannot be used. First, calcu- 
lation is precluded in samples that have triglyceride concen- 
trations above 400mg/dL or in those that contain great 
amounts of chylomicrons (nonfasting specimen). At high 
triglyceride concentrations, the factor |triglyceride]/5 as an 
estimate of VLDL cholesterol concentration is not appropri- 
ate because such samples can also contain chylomicrons, 
chylomicron remnants, or VLDL remnants, all of which have 
higher triglyceride/cholesterol ratios. Under these circum- 
stances, the use of the factor [triglyceride]/5 would overesti- 
mate VLDL cholesterol and therefore underestimate LDL 
cholesterol. The Friedewald equation has been found to be 
most accurate in samples with triglyceride levels below 
200mg/dL,™ but the error becomes unacceptably large 
(i.e, >10%) at triglyceride concentrations greater than 
400 mg/dL. 

The opposite error can occur if the Friedewald equation 
is used in patients with type IH hyperlipoproteinemia. Type 
UI hyperlipoproteinemia is characterized in part by the pres- 
ence of B-VLDL, not normally present in the blood. Bio- 
chemically, B-VLDL occurs in the VLDL, density range, but 
is much richer in cholesterol than normal VLDL with a ratio 
of triglyceride/cholesterol on the order of 3:1. Application 
of the factor [triglyceride]/5 in type IIs would underesti- 
mate VLDL cholesterol and in turn overestimate LDL cho- 
lesterol. Thus a patient with type IH hyperlipoproteinemia 
may appear to have an artifactually high LDL cholesterol 
concentration. 

Fortunately, both of these conditions are uncommon. The 
95th percentile for fasting plasma triglycerides in the United 
States is below 300mg/dL, indicating that only a small 
percentage of specimens will exceed the 400 mg/dL cutoff. 
Plasma from fasting subjects does not normally contain 
chylomicrons, and even if present, chylomicrons can be 
observed visually as a floating “cream” layer in samples that 
have been allowed to stand undisturbed at 4 °C overnight. 
Finally the prevalence of type III hyperlipoproteinemia is 
only about 1 to 2 per 1000 persons in the general popula- 
tion. Thus the Friedewald calculation will be reasonably 
reliable in the majority of patients. 


Beta-Quantification (Uliracentrifugation-Polyanion Pre- 
cipitation). This method is the precursor to the HDL and 
LDL reference methods and is often used in samples for 
which the Friedewald equation is inappropriate. It follows 
the procedure used in the LRC Program and combines 
preparative ultracentrifugation and polyanion precipita- 
tion." To use the assay, an accurately measured aliquot of 
plasma is first ultracentrifuged at 105,000xg for 18 hours at 
10 °C to a density of 1.006g/mL (plasma density). Under 
these conditions, VLDL and, if present, chylomicrons and 
B-VLDL, accumulate in a floating layer, with the infranatant 
containing primarily LDL and HDL (Figure 26-26) plus any 
IDL and Lp(a) that may be present. The floating layer, 
removed with the aid of a tube slicer, is sometimes analyzed 
as a check on recovery and may be saved for electrophoretic 
analysis. The infranatant solution is remixed, reconstituted 
to known volume, and its cholesterol content measured. 
HDL cholesterol is usually measured in a separate aliquot of 
plasma, but when necessary, an aliquot of the d 1.006 g/mL 
infranatant can be treated to remove the apo B-100— 
containing lipoproteins (IDL, LDL, and Lp(a)], and the HDL 
cholesterol then measured in the clear supernatant. VLDL 
and LDL cholesterol are calculated as follows: 


[VLDL chol] = [Total chol] — [d > 1.006 g/mL chol] (18) 
[LDL chol] = [d > 1.006 g/mL chol] — [HDL chol] (19) 


LDL cholesterol measured in this way is unaffected by the 
presence of either chylomicrons or other triglyceride-rich 
lipoproteins, or by B- VLDL. VLDL cholesterol is usually cal- 
culated from equation (18) rather than measured directly in 
the ultracentrifugal supernatant because it can be difficult to 
recover this fraction quantitatively, particularly when triglyc- 
eride concentrations are high. 

Lipoproteins Included in the “LDL Cholesterol” Measure- 
ment. From the preceding discussion, it is obvious that in 
both methods, the term “LDL cholesterol” includes the con- 
tributions of cholesterol in the IDL and Lp(a) fractions and 
that in the core LDL. Although IDL and Lp(a) cholesterol 
usually contribute only a few milligrams per deciliter to the 
“total LDL cholesterol” measurement, their contributions 
can be significant in patients with high IDL or Lp(a) con- 
centrations. For example, assuming that cholesterol (i.e. 
sterol nucleus) constitutes about 30% of the mass of Lp(a), 
it can be calculated that the Lp(a) cholesterol concentration 
would contribute about 12 mg/dL, or about 12%, to the LDL 
cholesterol measurement in a patient with an Lp(a) concen- 
tration of 40mg/dL and an apparent LDL cholesterol con- 
centration of 100 mg/dL. It has been suggested that a more 
specific measure of LDL cholesterol could be obtained by 
correcting the measured LDL cholesterol value for the con- 
tribution of Lp(a) cholesterol,’ and a similar argument 
might be made for IDL. Increased concentrations of both 
IDL and Lp(a) appear to be related to the increased risk for 
CHD [see later section on Lp(a)], however, and although 
such corrections might increase the specificity of the 
methods for LDL cholesterol, per se, they might also give 
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Figure 26-26 Agarose gel electrophoresis of plasma lipoprotein. In each photograph, the 
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samples were applied in the following order, reading left to right: unfractionated plasma, 
ultracentrifugal density |.006 g/mL supernatant solution, ultracentrifugal infranatant solution. 

A, Pattern seen in normal samples and samples with high LDL cholesterol concentrations. 

B, Type IIl hyperlipoproteinemia pattern. C, Severe hypertriglyceridemia, triglyceride = 3840 
mg/dL. Note chylomicrons at origin. D, Pattern observed in samples with moderately elevated 
triglyceride, triglyceride = 281 mg/dL, LDL cholesterol = 145 mg/dL. Note absence of 
chylomicrons. E, Pattern observed in patients with high concentrations of Lp(a). Note presence 
of Lp(a) found in infranatant solution. This sample had an Lp(a) concentration of 77 mg/dL. 

LDL, Low-density lipoprotein; VLDL, very low-density lipoprotein; Lp(a), lipoprotein(a); HDL, 


high-density lipoprotein. 


LDL cholesterol values that underestimate cardiovascular 
risk because they exclude some of the atherogenic lipopro- 
teins. Moreover, this might occur more frequently with 
patients with CHD or who are at risk for CHD based on their 
“LDL cholesterol” concentrations. Consequently, the NCEP 
Working Group on LDL cholesterol measurement suggested 
that LDL cholesterol values should not be corrected for the 
contribution of other atherogenic lipoproteins, and also rec- 
ommended that further research be conducted to establish 
the individual contributions of IDL, Lp(a), and LDL choles- 
terol to the CHD risk as reflected in current LDL cholesterol 
measurements that include all three lipoprotein classes. The 


most recent guidelines from the NCEP expand on this 
concept by introducing the term “non-HDL cholesterol,” 
which includes all of the apo B-100-containing atherogenic 
lipoproteins including not only Lp(a) and IDL but also 
VLDL cholesterol.” 

Diagnosis of the Type Ili Lipoprotein Pattern. The ratio 
of VLDL cholesterol to plasma triglyceride, expressed in 
terms of mass, is 0.2 or lower in normal samples and in 
those from patients with lipoprotein disorders other than 
type IH hyperlipidemia. In type HI hyperlipoproteinemia, 
the ratio is 0.3 or higher because of the presence of B-VLDL, 
and the elevated ratio can persist even after treatment. 
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In addition, B-VLDL can also be observed directly by sub- 
jecting the VLDL fraction to agarose gel electrophoresis, 
where it migrates electrophoretically with LDL rather than 
VLDL (see Figure 26-26). The combination of a VLDL 
cholesterol/plasma triglyceride ratio of 0.3 or higher and the 
observation of B-VLDL in the ultracentrifugal supernatant 
establishes the type II lipoprotein pattern. 

Direct Methods. Selective precipitation and homoge- 
neous immunoassay methods have been used to measure 
LDL cholesterol directly. ` 

Selective Precipitation. Several direct methods have been 
used for LDL cholesterol measurement that are based on 
selective precipitation with polyvinyl sulfate or heparin at 
low pH.” LDL cholesterol is then calculated as the dif- 
ference between total cholesterol and that in the supernatant, 
or in another variation, directly in the LDL precipitate. It is 
not clear whether atherogenic lipoproteins other than LDL 
itself are also detected, and these methods might be expected 
to be subject to similar sources of error as those encountered 
with precipitation methods for HDL separation. A more spe- 
cific method used a mixture of polyclonal antibodies to apo 
A-F and apo E linked to a resin to bind VLDL, IDL, and HDL, 
with LDL cholesterol measured in a filtrate by the usual 
methods. The method was reasonably precise and in good 
agreement with ultracentrifugation-polyanion precipita- 
tion, "01186230 The reagent was in commercial distribution 
for several years but, requiring a separate pretreatment step, 
was eventually superseded by a new class of direct homoge- 
neous reagents patterned after the homogeneous reagents for 
HDL cholesterol. 

Homogeneous Assays. Following the approach similar 
to those used with the homogeneous methods for HDL 
cholesterol,” homogeneous assays have been developed to 
measure LDL cholesterol, For example, five homogeneous 
LDL methods are commercially available (Box 26-6) and 
differ by containing different detergents and other chemi- 
cals, which allow specific blocking or solubilization of 
lipoprotein classes to achieve specificity for LDL cholesterol. 
All suppliers offer kits with two reagents, readily adaptable 
to most clinical chemistry analyzers. 

Sugiuchi and colleagues developed the first homogeneous 
method for measuring LDL cholesterol”; the reagent is dis- 
tributed by Kyowa Medex, Tokyo and Roche Diagnostics, 
Indianapolis. With this method, LDL is directly measured by 
suppressing the other lipoproteins (the other four methods 
suppress LDL first and react with other lipoproteins before 
determining LDL cholesterol). The method is formulated in 
two reagents. The first has MgCl,, dye, buffer (pH 6.75), and 
the o-cyclodextrin sulfate,” which has a highly concen- 
trated negative charge to mask cholesterol in chylomicrons 
and VLDL in the presence of magnesium ions.” The second 
reagent includes the enzymes cholesterol oxidase and cho- 
lesterol esterase, peroxidase, dye, buffer (pH 6.75), and a 
polyoxyethylene-polyoxypropylene polyether (POE-POP) to 
block cholesterol, especially in HDL.” The molecular 
mass of the POP in the POE-POP molecule and the 


hydrophobicity index determine selectivity to LDL; 3850 Da 
was demonstrated to be optimum.” 

A second method also is formulated in two reagent 
variations (Daiichi Pure Chemicals Co., Tokyo; Genzyme 
Diagnostics, Cambridge, Mass.). The first reagent contains 
ascorbic acid oxidase, 4-aminoantipyrine, peroxidase, cho- 
lesterol oxidase, cholesterol esterase, buffer (pH 6.3), and 
a detergent, which solubilizes all non-LDL lipoproteins, 
allowing reaction of their cholesterol with the esterase and 
oxidase enzymes, forming a colorless product. The second 
reagent contains N,N-bis-(4-sulfobutyl)-m-toluidine Na, 
(DSBmT), buffer (pH 6.3), and a detergent to specifically 
release LDL cholesterol, The resulting hydrogen peroxide 
reacts with N,N’-bis-(4-sulfobutyl)-M-toluidine disodium 
salt to generate a colored product. 

A third method (Wako Chemicals, Osaka, Japan) includes 
a reagent with Good’s buffer (pH 6.8), (N-(2-hydroxy-3- 
sulfopropyl)-3,5-dimethoxyaniline, sodium salt), cholesterol 
esterase, cholesterol oxidase, catalase, polyanions, and am- 
photeric surfactants, the latter selectively protecting LDL from 
enzymatic reaction. The non-LDL cholesterol reacts with 
esterase and oxidase, producing hydrogen peroxide, which is 
consumed by catalase. The second reagent includes Good’s 
buffer (pH 7.0), 4-aminoantipyrene, peroxidase, sodium 
azide, and a de-protecting reagent, which removes the protect- 
ing agent from LDL, enabling the specific reaction of choles- 
terol esterase and cholesterol oxidase with its cholesterol, 
producing hydrogen peroxide and a blue color complex.””"” 

Non-LDL cholesterol is removed in a fourth method 
(Denka Seiken, Niigata, Japan/Polymedco Inc., Cortlandt 
Manor, N.Y.) via a selective reaction with cholesterol oxidase 
and cholesterol esterase with the resulting peroxide byprod- 
uct eliminated by reaction with catalase (CAT). In this two 
reagent method, the first reagent contains MgCL,, cholesterol 
esterase, cholesterol oxidase, catalase, and N-(2-hydroxy-3- 
sulfopropyl)-3,5-dimethoxyaniline sodium salt, Emulgen 66 
(polyoxyethylene compound; Kao), and Emulgen 90, both 
nonionic surfactants, in Good’s buffer (PIPES; 100 mmol/L; 
pH 7.0). Its second reagent contains peroxidase, 4~aminoan- 
tipyrine, sodium azide (to inhibit the catalase), and Triton 
X-100 in Good’s buffer. The hydrophilic/lipophilic balance 
of the detergents is chosen to obtain appropriate selectivity 
to the lipoproteins.” 

In a fifth method (International Reagents Corp., Kokusai- 
Kobe, Japan), its first reagent contains the detergent cal- 
ixarene that converts LDL to a soluble complex. Cholesterol 
esters of HDL-C and VLDL-C are preferentially hydrolyzed 
by a cholesterol esterase (chromobacterium), cholesterol 
oxidase, and hydrazine, which divert the accessible choles- 
terol to cholestenone hydrazone. A second reagent with 
deoxycholate breaks up the LDL-calixarene complex, allow- 
ing LDL-C to react with the esterase, a dehydrogenase, and 
B-NAD to yield cholestenone and 8-NADH, the latter mea- 
sured by a spectrophotometer. 

Analytical Performance of LDL Methods. Evaluations 
of the LDL homogeneous assays indicate that CVs are gen- 
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erally <3% and consistently within the NCEP performance 
target of <4% CV (Table 26-23). By contrast, CVs for the 
Friedewald calculation have been estimated to approximate 
4% in expert laboratories and as high as 12% in routine 
clinical laboratories, estimated from proficiency surveys.” 

With regard to accuracy, all of the homogeneous assays 
have qualified for certification through the CRMLN pro- 
gram, suggesting agreement with the reference methods 
at least in relatively normal specimens. Nevertheless, as indi- 
cated previously for HDL cholesterol methods, there are 
many instrument applications and not all have been evalu- 
ated for bias. Factors such as lot-to-lot differences, unique 
calibrations by distributors, different calibrations from 
country to country, and reformulations of reagents might 
affect actual biases.” In a 2002 study, four homogeneous 
assays were compared with the LDL RM; unacceptable total 
error was found and the authors recommended caution in 
adopting the methods.'” 

In addition to overall accuracy, primarily a function of 
calibration, methods should be specific for the LDL-C frac- 
tion; this is of particular concern considering the hetero- 
geneity of the lipoproteins. Published studies suggest that the 
homogeneous assays interact unequally with the different 
components of the “broad-cut LDL”: LDL subclasses, IDL, 
Lp(a), and Lp-X.* A 2002 study of two homogenous reagents 
using isolated lipoprotein fractions confirmed the lack of 
specificity for VLDL and LDL subclasses.” The two homo- 
geneous methods included about 20% of isolated VLDL. 
Also the reagents missed about 30% of IDL and up to 50% 
of the isolated LDL fractions, especially the important 
smaller and more atherogenic subclasses. The inclusion 
of some VLDL will offset the loss of LDL fractions, so the 
lack of specificity may not be obvious in relatively normal 
specimens. However, the lack of specificity for lipoprotein 
subclasses and differences among reagents may make the 
measured results for each individual different depending on 
the particular lipoprotein profile and the reagent. Obviously 
the homogeneous LDL cholesterol assays have to be more 
rigorously evaluated in other than normal specimens before 
they can be recommended with confidence. 


*References 75, 78, 118, 218, 259, 266, 296. 
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bias (%) _ bias (mg/L) 


0.8-11.2 60 to -80 
39-51 =48 to 80 
0.4 =15 


Conventional interference studies have demonstrated 
that the methods are not subject to significant interference 
from bilirubin and hemoglobin. However, higher levels of 
triglycerides have been shown to interfere, increasing appar- 
ent LDL cholesterol values, not surprising considering the 
reported lack of specificity for VLDL.""*"*?"* Alternately the 
sulfated o-cyclodextrin used in the Sugiuchi assay to block 
VLDL cholesterol appeared to cause underestimation of the 
LDL cholesterol, 56 

A major potential advantage of the homogeneous 
methods over the Friedewald calculation is the ability to use 
nonfasting specimens, convenient in managing patients. 
Results, judged by mean differences between paired fasting 
and nonfasting specimens, were promising, but patient clas- 
sification was poorer with nonfasting specimens.?0718335 
Lipoprotein composition is affected by recent diet; changes 
have been observed even with the more robust ultracen- 
trifugation method. However, the changes in vivo are small 
and the convenience of being able to use nonfasting speci- 
mens may offset minor effects on accuracy. Nevertheless, 
until the use of nonfasting specimens is validated by more 
comprehensive studies, laboratories are encouraged to 
specify fasting. 

Other Considerations in Adopting a Homogeneous 
LDL Method, Clinical laboratories are faced with the deci- 
sion whether to implement the fully automated homoge- 
neous methods for LDL cholesterol, either replacing or 
supplementing the traditional Friedewald calculation. The 
considerations are certainly not as compelling for the homo- 
geneous LDL methods as for HDL, Even given the technical 
disadvantages of the Friedewald method: (1) the necessity 
for fasting, (2) the poor precision from the cumulative vari- 
ations in the three underlying measurements, and (3) the 
well-known limitations in certain patients, it is firmly 
entrenched in routine practice and will likely be displaced 
only if the homogeneous methods can demonstrate clear 
advantages, for example, substantially better analytical per- 
formance or overall improved cost effectiveness in charac- 
terizing or monitoring patients, advantages that have yet to 
be shown. A 2002 review suggests that the homogeneous 
assays can only be recommended to supplement calculation 
for those patients with elevated triglycerides or other condi- 
tions precluding calculation." 
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Oxidized LDL 

In 1983 Brown and Goldstein reported that circulating 
LDL must undergo some structural modification before 
it becomes fully proatherogenic.* Patients who completely 
lack LDL receptors accumulate large amounts of cholesterol 
in their macrophages and form foam cells. The receptors, 
which recognize the modified LDL, were termed “the 
scavenger receptors.”* Currently, several modifications that 
enhance the uptake of LDL by macrophages in vitro have 
been described, such as glycation, self-aggregation, immune 
complex formation, hydrolysis, and oxidation, with the latter 
receiving the greatest attention.””! 

LDL is oxidized in microdomains in the arterial wall 
where it is sequestered by proteoglycans and other extra- 
cellular matrix constituents and protected from plasma 
antioxidants. This process is a free-radical—driven lipid per- 
oxidation chain reaction that is initiated by the free radical 
attacking the double bond associated with PUFA, leading to 
the generation of malonedialdehyde and 4-hydroxynonenal.’ 
These intermediate compounds then bind to apo B-100, 
giving it an increased net negative charge and rendering it 
unrecognizable by native LDL receptors. 

Oxidized LDL (oxLDL) has several proatherogenic 
properties including the rapid uptake by macrophages to 
form foam cells, chemoattraction for circulating monocytes, 
promotion of the differentiation of monocytes into tissue 
macrophages, and inhibition of the motility of resident 
macrophages.” It is also cytotoxic to several types of cells 
and immunogenic. Laboratory, clinical, and epidemiological 
studies have shown that this oxidation does also occur in 
vivo. Extracted LDL from human atherosclerotic lesions was 
shown to be oxidatively modified; circulating anti-oxLDL 
antibodies were detected in serum, with the titers correlat- 
ing with progression of atherosclerotic lesions; and the use 
of various antioxidants (vitamin E and probucol among 
others) delayed the progression of atherosclerotic lesions. 

A commercial enzyme-linked immunosorbent assay 
(ELISA) method for the determination of oxLDL is currently 
available (Mercodia)."° However, at the present time the 
clinical relevance of oxLDL has not been established and 
therefore its routine measurement is not recommended. 


Total Lipoproteins and Lipoprotein Subclasses 

Several approaches have been used to quantitate all of the 
lipoproteins, and in some cases lipoprotein subclasses, in a 
single procedure. Nuclear magnetic resonance (NMR) spec- 
troscopy is one of the more efficient methods,” detecting 
lipoprotein-associated fatty acyl methyl and methylene 
groups. The signals from subfractions of VLDL, LDL, and 
HDL can be resolved mathematically with values reported in 
terms of lipoprotein cholesterol concentrations based on 
assumptions about the average cholesterol compositions of 
the various classes of lipoproteins. A sample can be analyzed 
quickly using a small volume of serum by the method, which 
can be automated. A disadvantage of NMR is the inability to 
distinguish Lp(a) from LDL particles of the same size. Fur- 


thermore, the requirement for expensive specialized equip- 
ment and expertise limits application. 

Density gradient ultracentrifugation is used to measure 
lipoprotein subclasses; it is performed in a vertical rotor with 
measurement of cholesterol continuously in the fractions 
eluted from the gradient. 76 Mathematical curve reso- 
lution derives the component lipoprotein profiles and allows 
calculation of their cholesterol concentrations. The method 
can determine concentrations of VLDL, IDL, LDL, Lp(a), 
and HDL cholesterol. LDL cholesterol subclasses can be 
expressed separately or combined to give a measurement 
similar to that provided by the Friedewald equation or beta- 
quantification. A disadvantage is that the procedure is tech- 
nically demanding and requires instrumentation not usually 
available in clinical laboratories. 

Lipoproteins have also been fractionated by gradient gel 
electrophoresis with several commercial applications. The 
electropherogram is scanned densitometrically and the areas 
under the various lipoprotein peaks are integrated and con- 
verted to equivalent lipoprotein cholesterol concentrations 
using assumed average cholesterol compositions for the 
lipoprotein. Resolution of the lipoprotein classes is better 
with gradient gel electrophoresis than with conventional 
agarose electrophoresis, but electrophoretic quantitation of 
lipoproteins in unfractionated samples has not gained wide 
acceptance because of the inherent limitations of such 
methods,” including the incomplete resolution of VLDL 
and LDL, the comigration of B-VLDL with LDL and Lp(a) 
with VLDL, differences in staining intensity of the lipopro- 
teins, and other methodological challenges. The use of 
gradient gel electrophoresis for quantitative measurements 
has been useful in research but not widely used in routine 
practice. 

None of the lipoprotein methods described in this section 
has been used widely enough to have been validated in inde- 
pendent studies to the same extent as have been the Friede- 
wald and beta-quantification methods. In most cases, the 
identities of the lipoprotein contributing to the “LDL cho- 
lesterol” measurement have not been adequately established. 
Further evaluations should better define the relationships 
between these new methods and current reference and 
routine methods. 


Intermediate-Density (Remnant) Lipoproteins 


Remnant lipoproteins include the lipolytic products of 
catabolism of the triglyceride-rich lipoproteins, VLDL and 
chylomicrons, occurring in the VLDL and LDL ranges. A tra- 
ditionally defined fraction at the lighter end of the LDL 
density range, the IDL portion comprises the 1.006 to 1.019 
g/mL fraction, which is obtained by sequential ultracen- 
trifugation for quantitation, generally in terms of cholesterol 
content. 

Clinically, remnant lipoproteins have been shown to be 
predictive of the CHD risk.’ A method for measuring a 
remnant fraction designated RLP cholesterol for remnant- 
like particles (RLP) has become commercially available, 
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using specific antibodies to separate a fraction of lipoprotein 
remnants. This fraction seems to be particularly indicative 
of conditions conferring increased CHD risk." 


Desktop Analyzer Methods 


Portable analyzers, also called “desktop analyzers,” “physi- 
cian’s office analyzers,” or “point-of-care (POC) analyzers,” 
have been developed for use in nonlaboratory settings (see 
Chapters 4, 10, and 11). Several such devices are capable of 
measuring cholesterol and most also quantify triglycerides 
and HDL cholesterol, with calculation of LDL cholesterol, in 
a few microliters of whole blood, serum, or plasma within a 
few minutes. 


SOURCES OF VARIATION IN LIPID AND LIPOPROTEIN 
MEASUREMENTS 


Lipid and lipoprotein concentrations vary within indivi- 
duals when measured on several occasions over time. The 
sources of variation can be broadly categorized as analytical 
and physiological. Analytical variations are inherent in 
the measurements themselves and arise from variations 
in sample collection procedures, volume measurements, 
instrument function, reagent formulations, uncertainties in 
the assignment of values to calibration materials, and other 
such factors. Normal physiological variation occurs inde- 
pendently of analytical error and reflects the actual changes 
in concentration that occur through the course of normal, 
day-to-day living. Such variations result from factors such 
as change in posture, which causes the redistribution of 
water between the vascular and nonvascular space, thereby 
changing the concentrations of nondiffusible plasma com- 
ponents.’*' Recent food intake produces transient increases 
in plasma triglycerides of 50% or more and decreases of up 
to 10% or 15% in LDL and HDL cholesterol depending on 
the fat content of the meal. The shifts result from 
changes in the lipid composition of the lipoproteins that 
occur as chylomicrons are metabolized. Seasonal changes 
have also been observed, probably resulting from changes in 
dietary and exercise patterns throughout the year.**” 
Normal physiological variations tend to occur in both direc- 
tions, causing the lipid or lipoprotein concentration to vary 
somewhat about a mean value for a particular patient. Other 
kinds of physiological conditions cause changes from the 
patient’s usual steady-state concentrations, for example, 
acute illness or stress, pregnancy, dietary changes that result 
in weight loss or gain, changes in saturated fat intake, or the 
effects of treatment with lipid-lowering medications. In 
these cases the changes tend to be in one direction, and they 
are not considered normal physiological fluctuations. 
Lipoprotein concentrations eventually return to the original 
steady-state levels when the patient recovers, or a new 
steady-state level is achieved. 

Because normal physiological variations occur, it is diffi- 
cult to evaluate a patient based on a single measurement 
because it applies only to the current sample. It is more 
appropriate to consider the patient’s usual range of concen- 


trations, or his or her average steady-state concentration. 
This distinction is more than academic because it is the basis 
of a twofold goal of lipid and lipoprotein measurement. 
From the laboratory’s standpoint, the aim is to provide accu- 
rate measurements in the particular sample being measured. 
For this reason, the laboratory is primarily concerned with 
minimizing analytical error. From the physician’s stand- 
point, however, the goal is to establish the patient’s usual 
range of concentration for purposes of diagnosis and 
judging the effects of treatment. This aim is affected pri- 
marily by physiological variation because physiological 
variation contributes the larger proportion of the specimen- 
to-specimen. variation observed in serial samples from the 
same patient. Some sources of physiological variation, such 
as posture during blood sampling, can be controlled and 
other factors that cannot be controlled, such as pregnancy, 
have to be considered in interpreting laboratory results. 


Analytical Variation 


Table 26-24 illustrates the current overall variation of lipid 
and lipoprotein measurements in about 4500 laboratories 
participating in a large, ongoing proficiency survey in 2003. 
The laboratories used a variety of methods and instruments. 
For total cholesterol measured with all methods in all labo- 
ratories, the average bias was in the range of 0.5% to —2.7% 
and the CVs were about 3.5%. These numbers represent the 
total of within- and among-laboratory components of 
variation, and suggest that reliable cholesterol measurements 
can be provided by most clinical laboratories. Similarly, 
the average bias for HDL cholesterol ranged from —3.9% 
to +4.4%, with overall CVs of about 6%. These results 
are remarkable because at HDL cholesterol concentrations 
above 42 mg/dL, they conform to current NCEP recommen- 
dations for acceptable HDL cholesterol measurements in 
single laboratories,” and for total cholesterol they meet 
NCEP criteria for acceptable measurements in single 
laboratories.” 

The overall CVs are slightly higher for triglycerides, prob- 
ably because of the contribution of triglyceride blanks and 
the inherent greater variability in triglyceride methods, but 
the bias has improved considerably in recent years. The 
performance in the calculated LDL cholesterol values is 
encouraging and reflects the improvement in the reliability 
of the primary measurements. Data are also now available 
for the measured LDL cholesterol. Both the overall CV and 
bias for the measured LDL cholesterol are inferior to those 
of the calculated values. 


Physiological Variation 

The normal physiological component of variation is cal- 
culated from the total variation of measurements in serial 
specimens from the same patients, after adjusting for 
analytical variation. 071774 Such estimates differ some- 
what from study to study, but after an extensive review of the 
literature,” the NCEP panels concerned with lipid and 
lipoprotein measurement assumed average physiological 
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TABLE 26-24 Analytical Variation of Lipid and Lipoprotein Measurements 


Data from College of American Pathologists Comprehensive Chemistry Survey, Northfield, IL, 2003. 
CV, Coefficient of variation; CDC, Centers for Disease Control and Prevention; HDL, high-density lipoprotein; LDL, low-density lipoprotein. 


*Bias calculated as: (Laboratory mean—CDC value/CDC value) x 100 
tBlanked and unblanked combined. 


*Combined data for all methods are not provided by College of American Pathologists. Data shown are for all methods using phosphotungstate-Mg™* and 


enzymatic cholesterol measurement. 


SPriedewald equation using [trigtyceride/5] as an estimate of very low-density lipoprotein cholesterol concentration. 


CVs (Table 26-25). A wide variety of factors contribute to 
the physiological variations (Table 26-26). The physiological 
variations observed for cholesterol, HDL cholesterol, and 
LDL cholesterol are similar. Physiological variation for 
triglyceride is considerably higher because fasting triglyc- 
eride concentrations can vary widely within an individual. 
Coefficients of analytical variation in a well-controlled lab- 
oratory are considerably smaller, generally about 2% to 3% 
for cholesterol and triglycerides, and 4% to 5% for LDL and 
HDL cholesterol. It can be calculated that, on average, phys- 


iological variations contribute about 70% to 98% of the 
overall variance of lipid and lipoprotein concentrations in 
people sampled on several occasions (see Table 26-25). For 
this reason, a patient’s usual lipid or lipoprotein concentra- 
tion cannot be reliably established from a single measure- 
ment. NCEP guidelines recommend that for cholesterol, the 
average of measurements in two serial samples obtained at 
least 1 week apart be used; two to three serial specimens are 
recommended if feasible for triglyceride and HDL and LDL 
cholesterol.” 
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TABLE 26-25. Physiological Variation of Lipid and 
Lipoprotein Concentrations in Serial 
Specimens from the Same Individuals 


" Percenta 


Physiological C 
= Variation oe 


(CY) 


CV, Coefficient of variation; HDL, high-density lipoprotein; LDL, low- 
density lipoprotein. 

*Assuming the following analytical CVs: total cholesterol, 2%; 
triglyceride, 3%; HDL cholesterol, 5%; LDL cholesterol, 4%. 


NCEP Recommendations for Lipid and Lipoprotein 
Measurements 


The following information has been summarized from 
the NCEP recommendations for lipid and lipoprotein 
measurement.” 


1. 


Database linkage. Laboratories that provide lipid and 
lipoprotein measurements should maintain linkage with 
the existing epidemiological databases relating lipid and 
lipoprotein concentration to the risk for CHD. Because 
these databases have been established largely based on 
CDC standardized methods, the methods used for 
cholesterol, triglycerides, HDL cholesterol, and LDL 
cholesterol should give results equivalent to those used 
to establish those databases. Accordingly, CDC reference 
methods for cholesterol, triglycerides, and HDL choles- 
terol serve as the basis for judging the accuracy of other 
methods. 


. Reference methods. Reference methods should provide 


serum equivalent values. 


. Routine methods. In most cases, lipid and lipoprotein 


measurements can be made using specimens of either 
serum or plasma. Measurements in EDTA plasma can be 
converted to serum-equivalent values using the following 
equation: 


Equivalent serum value = Plasma value x 1.03 (20) 


. Cholesterol measurements. In practice, either a fasting or 


nonfasting sample is used for cholesterol measure- 
ments. Triglycerides, HDL cholesterol, and LDL choles- 
terol measurements should preferably be made in 
samples collected after a 12-hour fast. As a convenience 
to the patient, such measurements are made after a 9- 
hour fast without introducing unduly large errors into 
the measurements. 


. Blood samples. Blood samples should be standardized to 


be taken in the seated position whenever possible. If this 
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is not feasible, the patient should be sampled in the same 

position on each occasion. 

6. Specimen storage. Serum or plasma should be removed 
from cells within 3 hours of venipuncture. Specimens can 
be stored for up to 3 days at 4 °C; up to several weeks at 
—20 °C in a nonself-defrosting freezer; and at —70 °C or 
lower for longer periods. 

7. Serial samples. Using the mean of several serial measure- 
ments for clinical decisions averages out the effects of 
physiological and analytical variation. Measurements 
should therefore be made in at least two serial samples 
collected at least 1 week apart with the values averaged. 
Three serial samples are preferred for triglycerides, HDL 
cholesterol, and LDL cholesterol measurements, but two 
serial specimens can be used if necessary. 

8. Glycerol blanking. The NCEP Working Group on Lipopro- 
tein Measurement endorses the following recommenda- 
tions, adapted from the Lipids and Lipoproteins Division 
of the American Association for Clinical Chemistry: 

e All laboratories should offer a glycerol-blanked triglyc- 

eride analysis, even though it may be performed only 
when requested, Any specimen with triglycerides 
>200 mg/dL (2.26mmol/L) should be glycerol blanked 
using a “reflex” ordering system. 
Reports from the laboratory should clearly state whether 
the triglyceride analysis was glycerol blanked (e.g., 
designated as “Blanked Triglyceride” or “Unblanked 
Triglyceride”), Physicians need to be educated as to how 
the inclusion of a glycerol blank may alter the meaning 
of the results, 
Glycerol blanking of triglyceride measurements must 
be done in laboratories participating in the CDC 
Lipoprotein Standardization Program and is recom- 
mended for laboratories that specialize in assessment of 
lipid status, have large populations of hyperlipidemic 
subjects, or participate in clinical or basic research, 
Glycerol blanking of triglyceride analyses does not have 
to be routinely conducted on outpatient samples unless 
economically feasible. However, because of the poten- 
tial for higher glycerol concentrations in hospital inpa- 
tient specimens, all inpatient specimens should be 
routinely glycerol blanked. 

9. Goals for analytical performance. The NCEP goals for ana- 
lytical performance differ slightly from CDC standard- 
ization criteria because NCEP goals are stated in terms of 
total error, which reflects both bias and imprecision,” 
whereas CDC standardization criteria consider each sep- 
arately. NCEP recommendations for total error are shown 
in Table 26-27. 

These guidelines were established after considering levels 
of accuracy and imprecision that are achievable in well- 
controlled research and clinical laboratories.” A laboratory 
can approximate its conformance to the total error recom- 
mendations using the following equation: 


Total error = % Bias + 1.96 (CVa) (21) 
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TABLE 26-26 Representative Preanalytical Sources of Va 


oking 
rcise (strenuous) 


ulin resistance) °°). 
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on. (Including Biological) 


From Cooper GR, Myers GL, Smith SJ, Schiant RC. Blood lipid measurements: Variation and practical utility. JAMA 1992; 267:1652-60. Copyright 1992, 


American Medical Association. 


TC, Total cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; +, minimal to moderate 
increase; +, moderate to high increase; — minimal to moderate decrease; —, moderate to high decrease; NC, essentially no change or trend. 


where % bias is the mean laboratory difference between the 
measured value for a serum control pool and the reference 
value for the pool, and CVa is the overall analytical CV for 
the pool, including within and among run variations, and 
calculated as: 


Standard deviation 
— y 100 (22) 
Laboratory mean 


Bias should be calculated as the difference from reference 
values rather than from manufacturers’ stated values when 
these differ. 

The individual biases and CVs shown in Table 26-27 
should be viewed as examples of conditions under which the 
total error criteria can be met. A laboratory with less bias can 
tolerate slightly greater imprecision without exceeding the 
total error criteria. Conversely, imprecision must be lower if 
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TABLE 26-27. National: Cholesterol: Education Program 
Recommendations for Analytical 
Performance of Lipid and Lipoprotein 
Measurements 


_ CONSISTENT WITH 


Total Error. = = : 

(%) Bias (%) CV (%) 
Cholesterol 89 <33 : 
Triglycerides <15- s45 Ss) 
HDL cholesterol <13. St5 <A 
LDL cholesterol <12 sa 4 


CV; Coefficient of variation; HDL, high-density lipoprotein; LDL, low- 
density lipoprotein. f 


TABLE 26-28 CDC Standardization Criteria for Lipid 
and: Lipoprotein Measurement 


N 


Cholesterol s33 
Triglyceride s5 
DL cholesterol! Hoost 


CV, Coefficient of variation; CDC, Centers for Disease Control and 
Prevention; HDL, high-density lipoprotein. 

*With respect to reference values. 

‘Maximum allowable. 

*CVs shown apply at HDL cholesterol concentrations greater than 40 
mg/dL. At lower concentrations, the precision criteria are based on 
standard deviation. Acceptable standard deviation is 2.0 mg/dL by July, 
1997 and 1.7 mg/dL by 1998. 


bias increases. For example, a laboratory operating with a 
bias of 3% and a CV of 3% for cholesterol would have a total 
error of 3% + (1.96 x 3%), or 8.9%. If, however, bias is only 
1%, the CV could be as high as 4% without exceeding the 
criteria for total error [1% + (1.96 x 4%) = 8.8%]. (In prac- 
tice, many laboratories can achieve total errors under 6%, 
assuming a bias of 2% and CV of 2%.) 

It is important to note that the NCEP panels considered 
that the physician usually does not distinguish between lipid 
and lipoprotein measurements on the basis of the method- 
ology used to make the measurements. For this reason, the 
NCEP guidelines do not distinguish between measurements 
made in the laboratory or those made in alternative settings 
with desktop analyzers or other methods. 

As mentioned previously, CDC standardization criteria 
consider bias and imprecision separately. For this reason, 
each of the two criteria must be met to achieve standard- 
ization. Current CDC standardization criteria are shown in 
Table 26-28. 

The NCEP guidelines as summarized previously are 
directed primarily to laboratories and users of the laboratory 


measurements, The reader is referred to the original reports 
for more extensive discussions of these issues.””** The 
NCEP panels have also made a number of other recom- 
mendations to improve lipid and lipoprotein measurements, 
only several of which are mentioned here. First, it was 
recommended that manufacturers of calibration materials, 
control pools, and analytical systems calibrate their materi- 
als and methods to provide RM equivalent values. Many 
manufacturers are now doing this, which probably accounts 
for the relatively small interlaboratory biases for total and 
HDL cholesterol, as reflected in Table 26-24, 


Lipoprotein Separation Procedures 

Several methods for separating lipoprotein fractions for 
subsequent analysis are included in the Evolve site that 
accompanies this book at http://evolve.com/Tietz/textbook. 


APOLIPOPROTEINS 


Apolipoproteins are measured by a wide variety of 
immunoassays, including radioimmunoassay (RIA), ELISA, 
radial immunodiffusion (RID), immunoturbidimetric 
assay, and immunonephelometric assay. The concentra- 
tion of a particular apolipoprotein usually determines the 
immunotechnique used for its measurement. 


Apolipoproteins A-I and B-100 
Immunoturbidimetry and immunonephelometry are widely 
used to measure apo A-I and apo B-100, which are present 
at relatively high concentrations. According to the College of 
American Pathologists Proficiency Testing Survey, all clini- 
cal laboratories in the United States that are involved in the 
measurement of apo A-I and apo B-100 use one of these two 
approaches.” Alternatively, more sensitive techniques, such 
as ELISA and RIA, are perhaps more suitable for those 
apolipoproteins present at much lower concentrations, such 
as apo C-I and apo C-H. Additional information about the 
various analytical techniques used in the determination of 
apolipoprotein concentrations is provided later. 

The following paragraphs discuss some unique analytical 
issues that pertain to apolipoprotein testing.” 


Presence of a Given Apolipoprotein on Different 
Lipoproteins 

Apolipoprotein B-100, for example, is present on LDL, IDL, 
VLDL, and Lp(a) particles, which vary significantly in size 
and composition. To determine the concentration of total 
apo B-100 concentration correctly, the anti-apo B-100 anti- 
body used must be able to recognize apo B-100 present on 
the various lipoprotein classes equally and display similar 
kinetic patterns with all of them.”” 


“Masking” Phenomenon 


Unlike other plasma proteins, such as transferrin and preal- 
bumin, apolipoproteins circulate in the bloodstream as part 
of the lipoprotein complex. As discussed earlier, lipoprotein 
particles are heterogenous spheres consisting of lipids and 
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apolipoproteins. The antigenic sites of these proteins are 
often covered by lipids.’ To have a maximal antigen- 
antibody interaction, these epitopes must be unmasked. 
Nonionic detergents such as Tween 20 or Tween 80 are 
usually added to the assay buffer to disrupt the lipoprotein 
particles and make all antigenic sites on the apolipoproteins 
accessible to the antibodies.’ 


Suitable Antibodies (Polyclonal Versus Monoclonal) 


Polyclonal antibodies are widely used in clinical laboratories 
for the measurement of plasma protein concentrations. 
However, immunoassays are often sensitive to the nature of 
the antibody used.” The development of polyclonal anti- 
bodies is affected by several factors, such as the purity and 
dose of the antigen used, the species of host animal, and the 
immunization procedure. Monoclonal antibodies are viewed 
as a viable alternative to alleviate these problems. However, 
the expression of particular epitopes varies with the lipo- 
protein particles and among individuals; in addition, the 
apolipoproteins themselves are polymorphic in nature. 
Therefore the use of a single monoclonal antibody might not 
detect a particular variant. If a monoclonal antibody is used 
in the determination of an apolipoprotein, it should be 
directed to an epitope that is expressed on all polymorphic 
forms of that particular apoprotein. Furthermore, the 
epitope should be equally reactive to the antibodies regard- 
less of which lipoprotein class contains it. Alternatively a 
mixture of monoclonal antibodies directed at different epi- 
topes of the apolipoprotein may also be used. Such mixtures 
are referred to as “panmonoclonal” antibodies. 


Availability of Primary Calibrators 

In general, to standardize a particular protein, a purified 
form of that protein is used as a primary calibrator (see 
Chapter 20). The purified preparation must, however, 
express the same immunoreactivity as the native protein. 
Unfortunately, once removed from its natural milieu, apo 
B-100 is insoluble in aqueous buffers.” This phenomenon 
is attributed to the very hydrophobic nature of apo B-100. 
An LDL preparation with density of 1.030 to 1.050g/mL, 
often referred to as “narrow-cut” LDL, is generally used as 
the primary standard for apo B-100. The protein concentra- 
tion of the purified preparation is determined by amino acid 
analysis. In contrast, freshly purified apo A-I is soluble in 
aqueous buffers and is suitable as a primary standard. 

As indicated earlier, several immunotechniques are used 
for the quantification of apo A-I and apo B-100. These tech- 
niques are affected differently by the analytical issues dis- 
cussed previously. RIA and ELISA, for example, are normally 
used for the determination of analytes present at these very 
low concentrations (nanograms per milliliter). Therefore 
large dilutions (up to 40,000-fold) are required when these 
techniques are applied to apo A-I or apo B-100 measure- 
ment, which can result in a substantial analytical error. In 
addition, these assays are relatively time consuming and not 
easily automated, and RIA requires the use of isotopes. 


However, these techniques permit the use of monoclonal or 
polyclonal antibodies and primary or secondary calibrators, 
and are less affected by the matrix of the specimen, thus per- 
mitting the determination of protein concentration in the 
presence of lipemia. RID is a slow technique. For example, 
it takes up to 3 days for VLDL to complete migration 
through the gel. It is also less precise than automated assays 
and yields lower apo B-100 values than those obtained by 
other techniques,” possibly in part because of the relative 
selectivity of RID for smaller apo B-containing particles. 
Either polyclonal or monoclonal antisera may be used with 
RID. Immunoturbidimetric and immunonephelometric 
assays are fully automated, highly precise, and can use poly- 
clonal or multiple monoclonal antibodies. However, they can 
be affected by the background turbidity of the specimen 
(e.g., in samples with high triglyceride concentrations). The 
addition of detergents to the assay buffers reduces the non- 
specific light scattering, which has helped to diminish this 
problem. 

Considerable effort has been expended over the past 
decade by national and international organizations in over- 
coming the problems of apo A-I and B-100 standardiza- 
tion.” The lack of internationally available secondary serum 
reference materials had been a major stumbling block in the 
standardization of these apolipoproteins. The Committee on 
Apolipoproteins of the IFCC embarked on an ambitious 
international collaborative study aimed at developing sec- 
ondary serum reference materials that can be used, without 
fear of matrix interaction, as master calibrators for all 
current commercial assays.'’ This program has been suc- 
cessfully completed.’!” A lyophilized serum preparation 
for apo A-I, designated SP1-01, and a liquid-stabilized serum 
preparation for apo B-100, designated SP3-07, have been 
approved as international reference reagents by the World 
Health Organization (WHO). An apo A-I value of 150 
mg/dL was assigned to SP1-01 by a highly standardized RIA 
calibrated with purified apo A-I for which the mass value had 
been determined by amino acid analysis. An accuracy- 
based apo B-100 value of 122 mg/dL was assigned to SP3-07 
using a nephelometric method that was calibrated with 
freshly isolated LDL for which the apo B-100 mass value was 
determined by a standardized sodium dodecyl sulfate- 
Lowry protein procedure." 

The WHO and the IFCC have appointed the CDC to be 
the repository for the WHO-IFCC First International Refer- 
ence Reagents for Apolipoproteins A-I and B-100. Dr. 
Santica Marcovina of Northwest Lipid Research Laborato- 
ries (NWLRL) in Seattle, who is the former Chair of the 
IFCC Apolipoprotein Working Group, conducts the stan- 
dardization and distribution program for manufacturers of 
instruments and reagents using an IFCC calibration proto- 
col. This protocol involves establishing the linearity of 
dose response, the parallelism of the kinetic responses of 
standards and calibration sera, and the equality of the inter- 
cepts for the reference materials and an analysis of fresh- 
frozen sera. NWLRL can be contacted for standardization 
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services and the distribution of apolipoprotein reference 
materials. These reference reagents are also available for ref- 
erence laboratories in countries where standardized com- 
mercial methods are not readily available. It has been shown 
that through the use of these international reference materi- 
als, the analytical performance of apo A-I and.apo B-100 
measurement, in terms of accuracy and precision, is supe- 
rior to that of HDL and LDL cholesterol.’ This effort has 
demonstrated that the use of certified reference materials can 
significantly reduce the bias of apo A-I and apo B-100 
measurements by different immunotechniques. However, 
an external quality assurance program using fresh or fresh- 
frozen samples and WHO-IFCC-based value assignments 
is indispensable in monitoring the performance of clin- 
ical chemistry laboratories and manufacturers to ensure 
that accurate apolipoprotein measurements are made. The 
NWLRL conducts a quarterly standardization program or 
Reference Lipoprotein Analysis Basic Survey that provides 
the accuracy base for cholesterol, triglyceride, HDL, and LDL 
cholesterol, and apo A-I and apo B-100. To minimize matrix 
effects, the survey uses fresh human serum and leads to cer- 
tification of traceability to the National Reference System for 
cholesterol and to the WHO-IFCC International Reference 
Reagents for apo A-I and apo B-100. 

Apolipoprotein measurements have been shown to 
further aid in the detection of the CHD risk and the diag- 
nosis of hyperlipoproteinemia. For example, the measure- 
ment of apo B-100 provides a reliable clinical tool to identify 
subjects with an increased risk for CHD who may not 
be readily identified by the conventional cholesterol or 
lipoprotein cholesterol measurements (e.g., subjects with a 
borderline elevation of LDL cholesterol, or subjects with 
hypertriglyceridemia without an LDL cholesterol elevation). 
In addition, apo B-100 measurements can assess whether 
lipid-lowering drugs are effective in lowering the number of 
atherogenic apo B-containing lipoproteins. However, for 
apolipoprotein measurements to be used in routine clinical 
practice, clinically meaningful cut-off values for clinical 
decision making need to be established, and more informa- 
tion regarding their clinical utility is needed. The use of cut- 
off values for apo A-I and apo B-100 similar to those 
recommended by the NCEP for HDL and LDL cholesterol, 
respectively, has been suggested." An apo A-I concentra- 
tion of <120 mg/dL may be associated with an increased risk 
of CHD, whereas apo A-I 2160mg/dL may be protective. 
The apo B-100 cut points of 100 and 120mg/dL approxi- 
mately correspond to the LDL cholesterol cut points of 130 
and 160mg/dL, which fall at approximately the 50th and 
75th percentiles, respectively. Therefore Sniderman and 
Cianflone have suggested that apo B-100 values greater than 
the 75th percentile should be regarded as high risk, and a 
value greater than the 50th percentile as moderate risk.” 


LIPOPROTEIN(A) 


The structural heterogeneity of Lp(a) as a consequence of 
the apo(a) size heterogeneity has important implications 


for the accurate measurement of Lp(a} in human 
plasma.'°'7*!”17189 Repeated antigenic determinants are 
present in variable numbers in different Lp(a) particles, and 
the immunoreactivity of the antibodies directed to these 
repeated epitopes can vary as a function of apo(a) size. As a 
consequence, immunoassays using polyclonal antibodies or 
monoclonal antibodies specifically directed to kringle 4 type 
2 epitopes will tend to underestimate apo(a) concentration 
in samples with apo(a) of smaller size than the apo(a) 
present in the assay calibrator, and overestimate the apo(a) 
concentration in samples with larger apo(a). A detailed 
evaluation of the effect of apo(a) size heterogeneity on the 
measurement of Lp(a) has been reported.'” Monoclonal 
antibody—based. assays have the theoretical advantage that 
the antibodies can be immunochemically characterized and 
preselected on the basis of their specificity to single epitopes 
(e.g, those not located in kringle 4 type 2 domain). However, 
the characterization of monoclonal antibodies is a rather 
complex procedure, and none of the monoclonal antibodies 
currently used in commercially available assays has been 
characterized in terms of epitope specificity. An additional 
disadvantage of monoclonal antibodies is that they cannot 
be easily used in immunoassays that require the precipita- 
tion of the antigen-antibody complex. 

Turbidimetric, nephelometric, radiometric, and enzy- 
matic methods are currently used for Lp(a) measurement. 
Most of these assays, except the enzyme immunoassays 
(ELISA), are based on the use of polyclonal antibodies from 
various animal species. Commercially available, direct- 
binding, sandwich type ELISAs are usually based on the 
use of a combination of monoclonal and polyclonal anti- 
bodies. One approach takes advantage of the presence of 
both apo(a) and apo B in Lp(a) particles. In this approach, 
Lp(a) particles are “captured” using a polyclonal or mono- 
clonal antibody to apo(a), and an enzyme-conjugated. anti- 
body to apo B-100 used as the detection antibody. An 
ELISA method based on this approach has been described 
and is commercially available.” In another approach, 
both the capture and detection antibodies are specific for 
apo(a). At present, it is not clear which approach would be 
better with respect to estimating the risk for CHD or stroke 
because the pathogenic mechanisms involved have not yet 
been elucidated. Thus it is not known whether the risk is 
associated simply with an increased number of Lp(a) par- 
ticles in the circulation (as measured using an anti-apo B 
antibody) or also related to the presence of particular size 
polyforms [as might be detected more readily with anti- 
apo(a) detection antibodies]. It is likely that both factors 
influence the risk. 

Historically, Lp(a) concentrations have been reported in 
terms of total Lp(a) particle mass,’ or alternatively in terms 
of Lp(a) protein.” If the aim is to provide Lp(a) values that 
are independent of apo(a) size, it is recommended that the 
Lp(a) assay use antibodies directed to an apo(a) domain 
other than kringle 4 type 2, or to the apo B-100 component 
of Lp(a). This would allow the values to be expressed in 
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nanomoles per liter.’ Panmonoclonal mixtures of antibodies 
to kringle 4 type 2 may be preferred if particular sizes of 
polyforms contribute to the risk. 

At present, Lp(a) measurements are not standardized, and 
most of the Lp(a) assays have not been evaluated for their 
apo(a) size sensitivity. As a result, Lp(a) values reported in 
clinical studies are difficult to compare. Despite this, a value 
of about 30mg/dL of total Lp(a) particle mass has tradi- 
tionally been used as a cutoff above which elevated levels of 
Lp(a) are associated with an increased risk of CHD. Lp(a) 
concentrations can also be expressed in terms of particle 
number, the mass of apo(a), apo B-100, or Lp(a) cholesterol. 
Which approach will best predict the risk for CHD has yet 
to be determined. At present, Lp(a) values are most com- 
monly expressed in terms of total Lp(a) mass, but this should 
be confirmed with the laboratory making the measurements. 
In view of the current lack of RMs or standardization pro- 
cedures for Lp(a), it is difficult to define precise cutoffs that 
can be used to make clinical decisions. Although less than 
ideal, one approach would be to establish a reference inter- 
val for each assay, and report individual results in terms of 
percentile values within these intervals. In whites, patients 
with Lp(a) values above the 80th percentile can be con- 
sidered at an increased risk for coronary atherosclerosis. 
However, because Lp(a) values can vary among ethnic 
groups, reference values need to be population based. Fur- 
thermore, such cutoffs may also have to be racially specific. 
For example, African Americans in general have significantly 
higher Lp(a) concentrations than whites,’*’ but do not man- 
ifest a higher incidence of CHD. An IFCC committee, along 
lines similar to the apo A-I and B-100 committee, has devel- 
oped reference materials to be used with all commercially 
available Lp(a) methods.*" As expected, the use of a 
common calibrator led to harmonization of Lp(a) results 
but not total standardization.” Only when appropriate 
antibodies are used can standardization be achieved. 

Virtually all retrospective case-control studies in whites 
have reported a strong association between increased Lp(a} 
and the risk of CHD. In contrast, prospective studies have 
provided contradictory results, with four of them finding an 
association between high Lp(a) concentrations and CHD 
and three not finding any association. Interestingly, the few 
clinical studies in which Lp(a) was evaluated as a CHD risk 
factor in African Americans suggest that elevated Lp(a) is not 
as important a risk factor in this group. 

Several studies have suggested that apo(a) size isoforms 
may be related to a high prevalence of CHD (see earlier 
discussion). The procedure with the highest resolution 
and sensitivity for determination of apo(a) phenotypes 
involves separation of apo(a) on agarose gel electrophoresis, 
immunoblotting with a specific antibody, and detection with 
251 labeled protein A. This approach identifies at least 34 
apo(a) polymorphs. It can be used to express apo({a) size in 
terms of kringle number, and is consistent with observations 
on the size variation of the apo(a) gene obtained by pulsed- 
field gel electrophoresis and genomic blotting.” 


APOLIPOPROTEIN E 


As discussed earlier, homozygosity for apo E, is characteris- 
tic of type IH familial hyperlipoproteinemia. Homozygosity 
for apo E, is a necessary but not sufficient condition for 
expression of the type HI hyperlipoproteinemia; a second 
gene defect or condition appears to be required to cause the 
characteristic hyperlipidemia. Heterozygosity for some rare 
apo E mutants may also be associated with type HI hyper- 
lipoproteinemia.*" The study of apo E variants has assumed 
greater importance in the last few years because of the asso- 
ciation between the apo E, allele and Alzheimer’s disease and 
dementia.” How apo E; is related to these disorders is 
unknown. 

Traditionally the determination of apo E isoforms was 
assessed by isoelectric focusing (IEF) techniques that permit 
identification of charge variations of the different isoforms. 
In the early studies, IEF was performed on VLDL that had 
been extracted to remove the lipids. The separated proteins 
were then stained for protein.” This approach is not used 
as frequently today because it requires a relatively large 
volume of plasma and the expensive and time-consuming 
step of ultracentrifugation to isolate VLDL. Apo E pheno- 
types are now assessed by IEF of a small volume of plasma 
followed by immunoblotting with specific antibodies to apo 
E. This approach can be applied in the clinical laboratory 
and is well adapted to large-scale population studies. 
However, it is important that the samples are analyzed fresh, 
or if stored, that they are kept at -70 °C before analysis to 
minimize the introduction of artifacts. Misclassification can 
occur because of posttranslational modifications or nonen- 
zymatic glycation of apo E, the presence of rare variants that 
have the same charge as the common isoforms, overlooked 
faint apo E, bands, and false-positive apo E, bands. The 
interpretation of the patterns requires significant experience 
in the use of the technique. 

The availability of techniques based on the polymerase 
chain reaction (PCR) permits an analysis of the variation in 
the nucleotide sequence of the apo E gene (Figure 26-27). 
One approach for apo E genotyping uses oligonucleotides to 
amplify apo E gene sequences containing amino acid posi- 
tions 112 and 158; the amplified products are digested with 
Hhal and subjected to electrophoresis on polyacrylamide 
gels. Alternatively, allele-specific oligonucleotide (ASO) 
primers can be used to specifically amplify E, E» and Ex 
polymorphic sequences of the apo E gene.” Another 
approach, the amplification refractory mutation system 
(ARMS), is based on the strictness of the PCR primer for the 
3’ end mismatch and is simple, rapid, and nonisotopic. The 
reagent costs for the ARMS assay are, however, higher than 
for the restriction isotyping assay. The single-strand confor- 
mation polymorphism (SSCP) method has also been used 
for apo E genotyping.” It can detect unknown apo E muta- 
tions but is not very convenient because it requires radio- 
labeled primers. Because restriction isotyping is rapid, 
requiring only 1 hour to digest the PCR product and several 
hours for electrophoresis, and does not require radioactive 
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reagents, it may be the most practical method for apo E 
genotyping in the diagnostic clinical laboratory. Good- 
quality deoxyribonucleic acid (DNA) ensures proper ampli- 
fication and prevents the presence of artifactual bands. 
Because of potential errors in interpretation or unpre- 
ventable artifacts in the apo E phenotype method, apo E 
genotyping is more reliable for determining the common 
apo E alleles and would be the method of choice if DNA or 
whole blood is available. However, most apo E genotyping 
methods do not detect rare mutations. Discrepancies of 5% 
to 20% between the results of phenotyping and genotyping 
have been reported. 


OTHER CARDIAC RISK FACTORS — 


Despite the strong association of lipid concentrations with 
a CHD risk, it has been long recognized that half of all 
myocardial infarctions occur among individuals without 
overt hyperlipidemia. In the Women’s Health Study (WHS), 
for example, 77% of future cardiovascular events occurred 
among those with LDL cholesterol concentrations <160 
mg/dL, and 46% occurred among those with LDL choles- 
terol <130 mg/dL.” Furthermore, in a 2003 study analysis 
of more than 120,000 patients, approximately 20% of all 
coronary events occurred in the absence of any of the major 
classical risk factors: hyperlipidemia, hypertension, diabetes, 
and smoking.” Another large study showed that 85% to 
95% of participants with CHD had at least one conventional 
risk factor, but so too did those participants without CHD, 
despite follow-up for as long as 30 years.” These observa- 
tions raise the question whether only traditional risk factors 
are adequate to identify all individuals at an increased risk 
of CHD. 


A wide variety of nonlipid biochemical markers have 
been suggested in an effort to better identify those individ- 
uals at an increased CHD risk, including markers of fibri- 
nolytic and hemostatic function (tissue type plasminogen 
activator antigen, plasminogen activator inhibitor-1, fi- 
brinogen, von Willebrand, D-dimer, thrombin- 
antithrombin HI complex, and factors V, VII, and VII), 
homocysteine, and markers of inflammation (high- 
sensitivity C-reactive protein (hsCRP), serum amyloid A, 
interleukins, adhesion molecules, heat shock proteins, and 
matrix metalloproteases). Clinically the use of most of these 
markers in screening is of limited value for one or more of 
the following reasons: 

1. Lack of standardization among available methods 

(e.g. fibrinogen) 

2. Inconsistent findings from prospective epidemiologi- 
cal studies regarding their ability to independently 
predict a future CHD risk (see discussion on homo- 
cysteine later in this chapter) 

3, Inability to significantly improve prognostic value 
when added to traditional lipid screening or existing 
global risk prediction algorithms, such as the Fram- 
ingham risk score (e.g, tissue type plasminogen 
activator) 

In this section, hsCRP and homocysteine are discussed in 

more detail. 


HIGH-SENSITIVITY C-REACTIVE PROTEIN 

Tillet and Francis in 1930 described a substance that was 
present in the sera of acutely ill patients and able to bind the 
cell wall C-polysaccharide of Streptococcus pneumoniae and 
agglutinate the organisms. In 1941 the substance was shown 
to be a protein and given the name C-reactive protein (CRP). 
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Figure 26-27 Different methods for investigating apolipoprotein E polymorphism at the 
genomic level. PCR, polymerase chain reaction; ASO, allele-specific oligonucleotide. (From Siest G, 
Pillot T, Regis-Bailly A, et al. Apolipoprotein E: An important gene and protein. to aha in laboratory 


medicine. Clin Chem 1995;41:1068-86.) 
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CRP was subsequently shown to be an acute phase reactant 
and important in the nonspecific host defense against 
inflammation, especially infection (see Chapter 20) and is 
routinely monitored as an indication of infection and 
autoimmune diseases using methods having detector limits 
of 3 to 8 mg/L. 

Chronic inflammation is an important component in 
the development and progression of atherosclerosis, and 
numerous epidemiological studies have demonstrated, that 


increased serum CRP concentrations are positively associ- — 


ated with a risk of future coronary events, such as coronary 
artery disease, cerebrovascular disease, or peripheral arterial 
disease.'°4"” Jt has also been shown to be predictive of 
future events in patients with acute coronary syndromes and 
in patients with stable angina and coronary artery stents.“ 

The use of CRP for these purposes requires the use of 
hsCPR assays having detection limits less than 0.3 mg/L.” A 
number of automated immunoturbidimetric and immuno- 
nephelometric assays are commercially available and capable 
of sensitive and precise measurements at low concentrations 
of CRP. The analytical performance of nine of these assays 
has been evaluated.” 

In this section, we summarize the basic biochemistry, 
clinical significance, and analytical considerations of the 
measurement of hsCRP. Additional information is presented 
in Chapter 20. 


Biochemistry 


CRP consists of five identical, nonglycosylated polypeptide 
subunits noncovalently linked to form a disk-shaped cyclic 
polymer with a molecular weight of ~115kDa. It contains 
little or no carbohydrate and is synthesized in the liver. Its 
production is controlled by interleukin-6 and it binds to 
polysaccharides present in many bacteria, fungi, and proto- 
zoal parasites and polycations, such as histones. 


Clinical Significance 


Of the markers mentioned previously in this chapter, only 
hsCRP has fulfilled the required criteria for a novel marker 
of CHD risk, and national guidelines for its measurement in 
the primary prevention of CHD have recently been issued 
jointly by the American Heart Association (AHA) and the 
CDC (AHA/CDC).”” Here we discuss the roles of hsCPR in 
CHD, the metabolic syndrome, diabetes, and hypertension, 
and its possible role in atherogenesis. We conclude with a 
discussion of possible preventive measures in those individ- 
uals with increased levels of hsCRP. A comprehensive review 
on this subject has been published.” 


Cardiovascular Disease 


Prospective epidemiological studies have consistently shown 
that a single hsCRP measurement is a strong predictor of 
myocardial infarction, “63 stroke,’ peripheral 
vascular disease?" and sudden cardiac death® in individ- 
uals without a history of heart disease. The association 
between hsCRP and future CHD reflects the current under- 


standing of vascular biology because it is known that chronic 
inflammation plays a pivotal role in atherogenesis. This asso- 
ciation has been observed in the United States and Europe, 
in the middle aged and elderly, and in high- and usual-risk 
populations.*""* The association is apparent even in 
studies with follow-up periods up to 20 years, as seen in the 
Honolulu Heart Study.° In a direct comparison of tradi- 
tional and novel biochemical markers of CHD risk, hsCRP 
was the strongest predictor of future coronary events.” 

In general, those individuals with baseline hsCRP values 
in the top quartile of the sample distribution are 2 to 3 times 
more likely to experience a future vascular event than those 
in the bottom quartile. The association between hsCRP and 
future vascular events is linear and is independent of age, 
smoking, hypertension, dyslipidemia, and diabetes. For 
example, 8-year follow-up data from the Physicians’ Health 
Study and the WHS showed that after adjustment for tradi- 
tional risk factors, there was an increase in a future cardio- 
vascular risk of 26% for men and 33% in women for each 
quintile increase in baseline hsCRP.” 

Although most of the available data on hsCRP and 
incident CHD have been derived from nested case-control 
studies, event-free survival data from large cohorts have been 
published™™ thus enabling the estimation of absolute risks 
rather than relative risks of disease. Data from the WHS 
showed hsCRP to be a stronger predictor of the risk than 
LDL cholesterol (Figure 26-28) and demonstrated that 
event-free survival was poorest for persons with increases in 
both LDL cholesterol and hsCRP, and the best survival was 
observed for those with low values of both measures.” 
Event-free survival was significantly worse for those with 
high hsCRP and low LDL cholesterol as compared with those 
with high LDL cholesterol and low hsCRP (Figure 26-29). 


Reiative Risk 


Quintile 


Figure 26-28 Head-to-head comparison of LDL cholesterol 
and hsCRP in their ability to predict future vascular events. LDL 
Low-density lipoprotein cholesterol; hsCRP high-sensitivity 
C-reactive protein. (From Ridker PM, Rifai N, Rose L, Buring JE, 
Cook NR. Comparison of C-reactive protein and low-density 
lipoprotein cholesterol levels in the prediction of first cardiovascular 
events. N Engl J Med 2002;347:1557-65.} 
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Figure 26-29 Cardiovascular event-free survival according to 
baseline levels of hsCRP and LDL cholesterol. (From Ridker PM, 
Rifai N, Rose L, Buring JE, Cook NR. Comparison of C-reactive protein 
and low-density lipoprotein cholesterol levels in the prediction of first 
cardiovascular events, N Eng! } Med 2002;347:1557-65.) 


Since hsCRP values minimally correlate with lipid con- 
centrations and lipid parameters account for <3% to 5% of 
the variance in hsCRP measurement, the measurement of 
hsCRP does not replace but instead complements the eval- 
uation of lipids and other classical CHD risk factors in 
primary prevention settings.’ Data from the WHS 
demonstrated that hsCRP adds prognostic information not 
only at all levels of the risk defined by current LDL cut points 
of the NCEP but also at all levels of the risk specified by the 
Framingham risk score algorithm.” 


Metabolic Syndrome, Diabetes, and Hypertension 


Studies have demonstrated a significant association between 
hsCRP and the future risk of metabolic syndrome,” dia- 
betes, and hypertension, conditions that confer an increased 
cardiovascular risk. The hsCRP values are positively corre- 
lated not only with components of the metabolic syndrome 
that are commonly assessed in clinical practice, such as 
increased triglycerides, reduced HDL cholesterol, obesity, 
high blood pressure, and high fasting glucose, but also with 
other components that are not easily captured in such 
settings, such as fasting insulin, microalbuminuria, and 
impaired fibrinolysis.” Data from the WHS showed that 
hsCRP measurement improves the cardiovascular risk pre- 
diction beyond that of the metabolic syndrome status as 
assessed in clinical practice; those women with metabolic 
syndrome and hsCRP >3mg/L were at twice the risk of 
future coronary events compared with those with metabolic 
syndrome and hsCRP <3 mg/L. Similar results were observed 
in the West of Scotland Coronary Prevention Study 
(WOSCOPS).* 

Increased hsCRP concentrations have also been impli- 
cated in the development of type 2 diabetes mellitus. 
Prospective studies have found strong, graded relationships 
between hsCRP and incident diabetes, which in many 
instances persisted after adjustment for body mass index and 
other covariates.” In WOSCOPS, the top quintile of hsCRP 


High CRP, High LDL 


was associated with a threefold risk of incident diabetes over 
a 5-year period compared with the lowest quintile’ and in 
the WHS, the top quartile of hsCRP was associated with a 
fourfold risk during 4 years of follow-up compared with the 
lowest quartile.’ These data support the hypothesis that 
inflammation, atherothrombosis, and diabetes are tightly 
interrelated disorders of the innate immune system. 

Accumulating data also suggest a link between blood 
pressure and vascular inflammation, perhaps mediated by 
angiotensin II.’*' For example, angiotensin H infusion acti- 
vates nuclear factor KB and leads to increased interleukin-6 
expression in human vascular smooth muscle cells.” More- 
over, cross-sectional studies demonstrate graded linear rela- 
tionships between interleukin-6 and intercellular adhesion 
molecule-1 and both systolic and diastolic blood pressure.” 
The relationship between blood pressure, hsCRP, and inci- 
dent cardiovascular events was assessed in the WHS.” 
Despite their strong correlation, hsCRP and blood pressure 
were independent determinants of future cardiovascular 
events during an 8-year follow-up period, and hsCRP 
retained incremental prognostic value at all levels of blood 
pressure. Compared with women with blood pressures of 
less than 120/75 mm Hg and hsCRP values of <3 mg/L, those 
with blood pressures of 160/95 mm Hg and hsCRP values of 
23 mg/L were more than 8 times as likely to experience a 
future cardiovascular event. The hsCRP also predicts inci- 
dent hypertension itself. In the same cohort, after adjust- 
ment for multiple potential confounders, those women in 
the highest quintile of hsCRP were at a 50% higher risk of 
developing hypertension compared with those in the lowest 
quintile.” Moreover, high hsCRP concentration was associ- 
ated with an increased risk of incident hypertension at all 
baseline blood pressures and among individuals without 
traditional CHD risk factors. On the basis of these data, it 
has been hypothesized that hsCRP may play a critical role in 
the development of hypertension. Whether or not blood 
pressure reduction leads to reduced hsCRP.values is uncer- 
tain and is being tested in an ongoing clinical trial. 


Possible Role of CRP in Atherogenesis 


It is not clear at present whether CRP is a marker that reflects 
systemic or vascular inflammation or is an actual participant 
in atherogenesis. However, findings from pathological and in 
vitro studies are increasingly supporting the latter. Recent 
reports have shown CRP to enhance expression of local 
endothelial cell surface adhesion molecules,’ monocyte 
chemoattractant protein-1,’” endothelin-1,"* and endothe- 
lial plasminogen activator inhibitor-1%; reduce endothelial 
nitric oxide bioactivity’; increase the induction of tissue 
factor in monocytes” and LDL uptake by macrophages™*; 
and co-localize with the complement membrane attack 
complex within atherosclerotic lesions.” In addition, it has 
been demonstrated that the expression of human CRP in 
CRP-transgenic mice directly enhances intravascular throm- 
bosis in both arterial injury and photochemical injury 
models of endothelial disruption.™ 
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Role in Disease Intervention 


Although many behavioral and pharmacological interven- 
tions known to reduce the risk of clinical cardiovascular 
events have been linked to lower hsCRP values, it is not 
definitely known at present whether the lowering of hsCRP 
will necessarily lead to a reduction in vascular events. For 
example, a reduction not only in hsCRP but also in several 
proinflammatory cytokines and adhesion molecules was 
seen in obese premenopausal women assigned to a weight- 
loss program as compared with women in the control 
group.’ Whether these effects translate into a reduced 
risk of subsequent cardiovascular events has not yet been 
elucidated. 

Although no specific drugs are known to lower hsCRP 
concentrations, several pharmacological agents have demon- 
strated cardioprotective ability, such as aspirin and statins, 
with the latter being able to reduce hsCRP values. In the 
Physicians’ Health Study, a large primary prevention trial, 
the reduction in the risk of future myocardial infarction 
associated with assignment to aspirin was 56% among those 
with baseline hsCRP concentrations in the highest quartile 
and declined proportionately with hsCRP values such that 
there was a reduction of only 14% among those in the lowest 
quartile, suggesting that aspirin may prevent ischemic events 
through antiinflammatory and antiplatelet effects.“ The 
effect of aspirin on lowering hsCRP concentrations is uncer- 
tain at present. 

The ability of statins to lower hsCRP was first described 
for pravastatin using data accumulated in the Cholesterol 
and Recurrent Events (CARE) trial.”*"?5? These data were ini- 
tially highly controversial because they suggested that statins 
have both lipid-lowering and antiinflammatory effects. 
However, confirmatory work rapidly showed the effect of 
statins on hsCRP to be a consistent and important class 
effect. Studies of atorvastatin, cerivastatin, lovastatin, prava- 
statin, and simvastatin have shown that, on average, median 
hsCRP concentrations decline 15% to 25% as early as 6 
weeks after initiation of therapy.” Importantly the magni- 
tude of LDL cholesterol reduction caused by statin therapy 
is minimally correlated with the magnitude of hsCRP 
reduction.” 

Data from two large 5-year randomized trials suggest 
that the cardiovascular risk reduction attributable to statin 
therapy may be most marked for those with increased hsCRP 
concentrations at baseline, In the CARE trial, the proportion 
of recurrent events prevented by pravastatin was 54% among 
persons with increased hsCRP values but only 25% among 
persons with lower hsCRP values, even though baseline lipid 
concentrations were nearly identical in those with and 
without evidence of inflammation.”” Similarly, in the Texas 
Air Force Coronary Atherosclerosis Prevention Study, lova- 
statin therapy was associated with a 42% reduction in first 
cardiovascular events among participants with low LDL cho- 
lesterol concentrations (<149 mg/dL) but high hsCRP values 
(>1.6mg/L).”” As a result of these provocative findings, 
JUPITER—a clinical trial specifically designed to test the 


efficacy of statins in reducing clinical cardiovascular events 
among persons with the high hsCRP/low LDL phenotype, 
who comprise an estimated 25% of the U.S. population— 
has recently been launched. 


Analytical Considerations 

As discussed in Chapter 20, historically, CRP has been mea- 
sured in clinical laboratories to monitor active infection. 
Although such assays are automated and reproducible, they 
have a lower detection limit of 3 to 8mg/L and thus are not 
sensitive enough to detect the low-end variations required 
for prediction of the vascular risk. Therefore high- 
sensitivity methods had to be developed for this clinical 
application. Of various techniques used by investigators and 
manufacturers to improve the sensitivity of CRP assays, the 
most successful approach has been to amplify the light- 
scattering properties of the antigen-antibody complex by 
covalently coupling latex particles to a specific antibody, a 
procedure that is easily automated using standard laboratory 
instrumentation. More than 30 types of hsCRP assays, most 
of which use this approach, are now commercially avail- 
able." In a study of nine such assays, all achieved a lowest 
detection limit of $0.3 mg/L, and five had within-laboratory 
analytical imprecision of <10% (ie. reproducibilities 
>90%).’** However, hsCRP assays from different laboratories 
show significant discrepancies in reported results, under- 
scoring the need for additional standardization, 


Standardization 


Agreement among hsCRP methodologies is essential 
because an individual patient’s result will be interpreted 
within the context of nationally established cut points. A 
standardization program led by the CDC has been initiated 
to address this issue.'** Phase I, which has been completed, 
had identified a suitable common calibrator. The European 
Community Bureau of Reference Certified Reference Mate- 
rial 470 (CRM 470) Phase II, which is ongoing, will verify 
whether the use of this standard leads to a harmonization of 
patients’ results. 


Biological Variability of CRP 

Despite being an acute phase reactant, hsCRP exhibits a rel- 
atively low degree of intraindividual variability in clinically 
stable patients. In a study of such patients, the use of 
two independent measurements of hsCRP taken 90 days 
apart enabled the classification of 90% of participants 
into the exact or immediately adjacent biomarker tertile, a 
percentage comparable with that observed for cholesterol 
(Figure 26-30).'*"” Furthermore, the age-adjusted correla- 
tion between two hsCRP measurements from blood samples 
drawn 5 years apart was 0.6, a value comparable with that of 
cholesterol and other lipid parameters.” Other groups of 
investigators reported a 3-year, age-adjusted reliability coef- 
ficient of 0.52." Although findings from this epidemiolog- 
ical study of initially healthy middle-aged men suggest that 
three independent measurements be taken to maximize the 
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biomarket’s predictive ability,""' whether serial assessment of 


hsCRP provides incremental clinical benefit is uncertain. 
Provided that a value of <l0mg/L is obtained, the 
AHA/CDC panel recommends the use of two hsCRP mea- 
sures taken 2 or more weeks apart, with the average value 
used to estimate the vascular risk.’ Since they may reflect 
subclinical infection, hsCRP values >10 mg/L should initially 


Percent 


Agreement Between First and Second Measures 


Figure 26-30 Within-person variability: comparison of hsCRP 
with total cholesterol (Ledue and Rifai 2003). (From Ledue TB, 
Rifai N. Preanalytic and analytic sources of variations in C-reactive 
protein measurement: implications for cardiovascular disease risk 
assessment. Clin Chem 2003;49:1 258-71.) 


TABLE 26-29 Population Distributions of CRP mg/L 


be disregarded and the test repeated when the patient has 
stabilized. Furthermore, since hsCRP values are unaffected 
by food intake and exhibit almost no circadian varia- 
tion,*#"” measurements can be made without regard for 
fasting status or time of day. 


Reference Values 


Data from several large U.S. and European cohorts indicate 
that the distribution of circulating hsCRP concentrations 
appears comparable among men and women not using post- 
menopausal hormone replacement therapy (HRT),'’* 
with the 50th percentile for both genders being about 1.5 
mg/L (Table 26-29). hsCRP concentrations are higher in 
women who use oral HRT than in women who do not,” 
which suggests that the increased hsCRP may be at least 
partly responsible for the increased risk of thrombotic events 
associated with oral HRT use observed in randomized trials, 
such as the WHS.'” 

Information on the distribution of hsCRP concentrations 
in nonwhite populations is sparse. In the nationally repre- 
sentative NHANES dataset, there were no significant differ- 
ences in the distributions of hsCRP concentrations among 
white, African-American, and Mexican-American men” 
(Table 26-30}. Moreover, a comparable hsCRP distribution 
was seen in Japanese men.*” Although additional studies on 


“PERCENTILE. 


Population 5th loth 


25th 


50th 75th 90th 95th | 


American women! ° 0.2 0.3 0.6 
American men 0:3 0.4 0.8 
European women! 0.3 0.4 0:9 
European men 0.3 0.6 0.8. 


1,5 3.5 6.6 9:1 
1.5 Bide: 642: 8.6 
1:7 3:4 6.2: 8:8 
1.6 3.3 6552 8.6 


Data from Rifai N, Ridker PM. Population distributions of C-veactive protein in apparently healthy men and women in the United States: implication for 
clinical interpretation. Clin Chem 20033;49:666-9; Imhof A, Frohlich M, et al. Distributions of C-reactive protein measured by high-sensitivity assays in 
apparently healthy men and women from different populations in Europe. Clin Chem 2003;49:669-72, 


‘Only women not taking hormone replacement therapy 


TABLE 26-30 Distributions of CRP (mg/L) Among Men 


5th © 10th 


White: American 0.2 0:4 0.7 
African American 0.1 0.2 0.7 
Mexican: American 0.2 0,4 0.6 
Japanese — <0.3 0.4 


‘Sth — 90th — 95th 
34o 6.7 ees.) 


3.9 8.2. 13.2 
32 6.3 9.8 


3.5 7.8. = 


Data from Ford ES, Giles WH, et al, Population distribution of high-sensitivity C-reactive protein among US men: findings from National Health and 
Nutrition Examination Survey 1999-2000. Clin Chern 2003;49:686-90; Yamada S, Gotoh T, et al. Distribution of serum C-reactive protein and its 
association with atherosclerotic risk factors in a Japanese population: Jichi Medical School Cohort Study. Am J Epidemiol 2001;153:1183-90. 
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the distribution and prognostic ability of CRP in nonwhite 
populations are clearly necessary, existing data is insufficient 
to support the exclusion of any racial or ethnic group from 
current guidelines for CRP testing. 

Most studies have reported only a modest relationship 
between age (range, 18 to 88 years) and serum hsCRP con- 
centrations.” ™® In the WHS, for example, median hsCRP 
concentrations for individuals aged 45 to 54, 55 to 64, 65 to 
74, and 75 years or older were 1.31, 1.89, 1.99, and 1.52 mg/L, 
respectively." 

Reference values of less than 1, 1 to 3, and greater than 
3mg/L, which correspond to approximate tertiles of the 
CRP distribution in healthy adults, are recommended for 
classification of individuals into low-, moderate-, and high- 
cardiovascular risk groups in primary prevention settings 
by the AHA/CDC panel.’ Because of the prognostic addi- 
tive effect of hsCRP to the lipid screen, an algorithm com- 
bining hsCRP and LDL cholesterol using the NCEP cut 
points has been proposed (Figure 26-31).”” According to the 
AHA/CDC recommendation, hsCRP should be part of the 
global risk assessment of CHD in the primary prevention 
setting, and individuals with moderate risk as determined 
by the Framingham risk score will benefit the most from 
its measurement.” 


HOMOCYSTEINE 

Many disorders are associated with increased levels of total 
homocysteine.” In this section, the basic biochemistry, 
clinical significance, and measurement of total homocysteine 
(tHcy) are summarized. 


Basic Biochemistry 

Homocysteine is a sulfur-containing amino acid with each 
molecule of homocysteine containing one atom of sulfur. It 
is formed during the metabolism of methionine and requires 
folic acid as a cofactor (see Figure 26-32). At low concentra- 
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Figure 26-31 Algorithm for risk assessment of CHD risk 
employing CRP and LDL cholesterol. (From Rifai N, Ridker PM. 
Population distributions of C-reactive protein in apparently healthy 
men and women in the United States: implication for clinical 
interpretation. Clin Chem 2003;49:666-9.) 


tions, homocysteine is either anabolized back to methionine 
in a cycle that involves tetrahydrofolate or catabolized to 
cysteine by enzymes that require vitamin B as a cofactor. 
Consequently a deficiency of folic acid or vitamins Bs and 
B can result in increased levels of homocysteine (see 
Chapter 30).'°*? Homocysteine does not normally accu- 
mulate in plasma because it is very unstable in aqueous 
solution and, when present in excess, undergoes oxidation to 
homocystine, 


Clinical Significance 

Numerous studies have suggested an association between 
elevated levels of circulating homocysteine and various 
vascular and cardiovascular disorders.* In addition, tHcy 
levels also are related to birth defects,”* pregnancy com- 
plications," psychiatric disorders,” and mental impair- 
ment in the elderly.”' Clinically the measurement of tHcy 
is considered important (1) to diagnose homocystinuria, 
(2) to identify individuals with or at a risk of developing 


*References 29, 66, 116, 193, 216, 228, 242. 
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cobalamin or folate deficiency, and (3) to assess tHcy as 
a risk factor for cardiovascular disease (CVD) and other 
disorders, 104541320 

Although numerous studies have demonstrated a causal 
relationship between tHcy and CVD, there is still controversy 
about the clinical significance of this relationship as (1) the 
MTHER 677CT polymorphism is a strong risk factor for 
increased tHcy but not for CVD; (2) there is an apparent dis- 
crepancy between prospective and retrospective case-control 
studies; and (3) there is a lack of data from controlled clin- 
ical trials.” 

Because of this concern over the clinical significance of 
the causal relationship between tHcy and CVD*5%168239788 
Refsum and colleagues developed the following 
recommendations™: 

e Measurement of tHcy in the general population to 
screen for CVD risk is not recommended. 

In young CVD patients (<40 years), tHcy should be 
measured to exclude homocystinuria. 

In patients with CVD or persons with a high risk of 
CVD events, a high tHcy concentration should be used 
as a prognostic factor for CVD events and mortality. 
CVD patients with tHcy >15 umol/L belong to a high- 
risk group; it is especially important for them to follow 
a healthy life-style and to receive optimal treatments for 
known causal risk factors. 

Increased tHcy combined with low vitamin concen- 
trations should be handled as a potential vitamin 
deficiency. Other causes of increased tHcy should be 
considered. 


Measurement of Total Homocysteine 

Physiologically, homocysteine exists in reduced, oxidized, 
and protein-bound forms.'’” Methods for tHcy were first 
introduced in the mid1980s that resolved the problems 
related to the presence of multiple unstable Hcy species in 
plasma by converting all Hcy species into the reduced form, 
HcyH, which is measured as an indication of tHcy 
content, 287 Consequently, modern methods require pre- 
treatment of plasma or serum specimens with a reducing 
agent, such as dithioerythritol, dithiothreitol, mercap- 
toethanol, tributyl phosphine, and tris(2-carboxyl-ethyl) 
phosphine that converts all Hcy species into the reduced 
form, HcyH, which is measured as an indication of tHcy 
content. 

Modern tHcy methods include enzyme immunoassays 
and chromatographic-based methods,” In practice, 
immunoassays” are most often used for routine purposes 
(e.g. fluorescence polarization immunoassay [FPIA] as 
run on Abbott’s Mx and AxSYM platforms)?" Chro- 
matographic assays include amino acid analysis; high- 
performance liquid chromatography (HPLC) with ultra- 
violet, fluorescence, or electrochemical detection®”°77 9", 
capillary electrophoresis with fluorescence detection; gas 
chromatography-mass spectrometry (GC-MS); and liquid 
chromatography with tandem MS (MS-MS).*%70231308 


The different tHcy methods give comparable 
results?” but there is a necessity for standardization of 
the tHcy assay.” A certified reference material is not cur- 
rently available, but an IFCC working group is preparing 
such reference materials. 

To obtain accurate results, it is recommended that speci- 
mens be refrigerated and quickly centrifuged.’” If specimens 
are allowed to stand at room temperature, glycolysis can 
double homocysteine levels. Addition of fluoride or specific 
S-adenosylhomocysteine hydrolase inhibitors will prevent 
problems caused by glycolysis.’ The short-term and long- 
term variability of plasma homocysteine measurements has 
been discussed." 

Reference intervals for fasting homocysteine levels have 
been reported to be 13 to 18 mol/L for serum?" and 10 
to 15umol/L for plasma.” The reference interval for total 
homocysteine in pediatric patients has been reported to be 
3.7 to 10.3 pmol/L” 
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aintenance of water homeostasis is paramount to 
M" for all organisms. In mammals, the mainte- 

nance of osmotic pressure and water distribution 
in the various body fluid compartments is primarily a func- 
tion of the four major electrolytes, Na*, K*, CF, and HCO3. 
In addition to water homeostasis, these electrolytes play an 
important role in the maintenance of pH, proper heart and 
muscle function, oxidation-reduction reactions, and as 
cofactors for enzymes, Indeed, there are almost no metabolic 
processes that are not dependent on or affected by elec- 
trolytes. Abnormal concentrations of electrolytes may be 
either the cause or the consequence of a variety of disorders. 
Thus determination of electrolytes is one of the most impor- 
tant functions of the clinical laboratory. Interpretation of 
abnormal osmolality and acid-base values requires specific 
knowledge of the electrolytes. Because of their physiological 
and clinical interrelationship, this chapter discusses deter- 
mination .of electrolytes, osmolality, acid-base status, and 
blood oxygenation. 


ELECTROLYTES — 


Electrolytes are classified as either anions, negatively charged 
ions that move toward an anode, or cations, positively 
charged ions that move toward a cathode. Physiological elec- 
trolytes include Nat, K*, Ca”, Mg”, Cl, HCO3, H,PO;, 
HPO{, and SOF and some organic anions, such as lactate. 
Although amino acids and proteins in solution also carry an 
electrical charge, they are usually considered separately from 
electrolytes. Hydrogen ion (H*) concentration is routinely 
measured. as pH, but its concentration is so low relative to 
other ions (10° versus 10° mol/L) in body fluids that it is 
not considered an electrolyte per se. The major electrolytes 
{Na*, K*, Cl’, HCO) occur primarily as free ions, whereas 
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significant amounts (>40%) of Ca", Mg”, and trace ele- 
ments are bound by proteins, such as albumin. 

Determination of body fluid concentrations of the four 
major electrolytes (Na*, K*, CF, and HCO3) is commonly 
referred to as an “electrolyte profile.” Other electrolytes that 
have special functions in particular contexts are discussed 
elsewhere: Ca**, magnesium, and phosphates in Chapter 49; 
iron in Chapter 31; trace elements in Chapter 30; and amino 
acids in Chapter 20. 


SPECIMENS FOR ELECTROLYTE DETERMINATIONS 


Serum and plasma, obtained from blood collected by 
venipuncture into an evacuated tube, are the usual speci- 
mens analyzed for Na’, K*, Cl, and HCO. Capillary blood, 
collected in either microsample tubes, capillary tubes, or 
applied directly from a finger stick to some point-of-care 
devices, is also a common sample analyzed. Heparinized 
whole blood arterial or venous specimens obtained for blood 
gas and pH determinations may also be used with direct 
ion-selective electrodes (ISEs). Differences of values between 
serum and plasma and between arterial and venous samples 
have been documented for these electrolytes (see Tables 2-3 
and 2-4), but only the differences between serum and plasma 
K* can be considered clinically significant. Heparin, either 
the lithium or ammonium salt, is required if plasma or 
whole blood is assayed. Use of plasma or whole blood has 
the advantage of shortening turnaround time, because it is 
not necessary to wait for the blood to clot.” Furthermore, 
plasma or whole blood has a distinct advantage in deter- 
mining K* concentrations, which are invariably higher in 
serum depending on platelet count.” 

Specimen tubes should be centrifuged unopened, and the 
serum or plasma separated promptly. Grossly lipemic blood 
can be a source of analytical error with some methods (see 
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later section on Electrolyte Exclusion Effect}, making ultra- 
centrifugation of serum or plasma before analysis necessary 
for lipemic samples. Hemolysis causes erroneously high K* 
results and this problem is often undetected when analyzing 
whole blood. In addition, unhemolyzed specimens that are 
not promptly processed may have increased K* concentra- 
tions because of K* leakage from red blood cells when whole 
blood is stored at 4 °C. These concerns and others regarding 
specimen collection and handling are addressed in the fol- 
lowing pages with respect to individual analytes. 

Urine collection for Na‘, K*, or Cl assay should be 
made without the addition of preservatives. Feces and aspi- 
rates and drainages from different portions of the gastroin- 
testinal tract may also be submitted for electrolyte analysis. 
Collection and analysis of sweat are described later in this 
chapter. 


SODIUM 


Sodium is the major cation of extracellular fluid. Because it 
represents approximately 90% of the ~154mmol of inor- 
ganic cations per liter of plasma, Na* is responsible for 
almost one half the osmotic strength of plasma. It therefore 
plays a central role in maintaining the normal distribution 
of water and the osmotic pressure in the extracellular fluid 
compartment. The normal daily diet contains 8 to 15g (130 
to 260mmol) of NaCl, which is nearly completely absorbed 
from the gastrointestinal tract. The body requires only 1 to 
2mmol/day, and the excess is excreted by the kidneys, which 
are the ultimate regulators of the amount of Na* (and thus 
water) in the body. 

Sodium is freely filtered by the glomeruli. Seventy to 80% 
of the filtered Na* load is then actively reabsorbed in the 
proximal tubules, with Cl” and water passively following in 
an isoosmotic and electrically neutral manner. Another 20% 
to 25% is reabsorbed in the loop of Henle along with CF and 
more water. In the distal tubules, interaction of the adrenal 
hormone aldosterone with the coupled Na*-K* and Na*-H* 
exchange systems directly results in the reabsorption of Na’, 
and indirectly of CI, from the remaining 5% to 10% of the 
filtered load. It is the regulation of this latter fraction of fil- 
tered Na* that primarily determines the amount of Na* 
excreted in the urine. These processes are discussed in detail 
in Chapter 45, 


Specimens 

Serum, heparinized plasma, whole blood, sweat, urine, feces, 
or gastrointestinal fluids may be assayed for Na*. Timed col- 
lections of urine, feces, or gastrointestinal fluids are pre- 
ferred to allow comparison of values with reference intervals 
and to determine rates of electrolyte loss. Serum, plasma, 
and urine may be stored at 2 °C to 4 °C or frozen. Erythro- 
cytes contain only one tenth of the Na* present in plasma, so 
hemolysis does not cause significant errors in serum or 
plasma Na* values. Lipemic samples should be ultracen- 
trifuged and the infranatant analyzed unless a direct ISE is 
used, 


Fecal and gastrointestinal fluid specimens require prepa- 
ration before assay. Only liquid stools justify the trouble of 
analysis, because it is only when liquid feces occur that losses 
of electrolytes are significant. Immediately after collection, 
liquid stool specimens should be clarified of particulate 
matter by filtration through gauze or filter paper and by cen- 
trifugation. Because the risk of bacterial contamination of 
the automated instrument sampling systems is high with 
fecal samples, special cleaning and flushing procedures 
should follow analysis. Another difficulty with these speci- 
mens is their unpredictable concentration, which may neces- 
sitate a number of different dilutions to bring the 
concentration within the analytical range of the method. If 
not analyzed immediately, fecal and gastrointestinal fluids 
should be stored frozen to prevent microbial growth. 


Determination of Sodium in Body Fluids 


Sodium may be determined by atomic absorption spec- 
trophotometry (AAS), flame emission spectrophotometry 
(FES), electrochemically with an Na*-ISE, or spectrophoto- 
metrically. Of these methods, ISE methods are by far the 
most common. Excellent accuracy and coefficients of varia- 
tion of less than 1.5% are readily achieved with modern 
equipment, reliable calibrators, and a good quality assurance 
program. Because sodium and potassium are routinely 
assayed together, methods for their analysis are described 
together later in this chapter. 


Reference Intervals™!™! 


The interval for serum Na* is 136 to 145 mmol/L from infancy 
throughout life in one reference’! and 135 to 145 mmol/L in 
another.” The interval for premature newborns at 48 hours 
is 128 to 148 mmol/L, and the value for umbilical cord blood 
from full-term newborns is ~127 mmol/L. 

Urinary sodium excretion varies with dietary intake, 
but for people on an average diet containing 8 to 15 g/day, 
an interval of 40 to 220mmol/day is typical.™ There is a 
large diurnal variation in Na* excretion, with the rate of Na* 
excretion during the night being only 20% of the peak rate 
during the day. The Na* concentration of cerebrospinal fluid 
is 136 to 150mmol/L. Mean fecal Na* excretion (for eight 
healthy subjects) has been reported as 7.8 + 2.0mmol/day 
(standard error) in one study,” and less than 10 mmol/day 
in another.” 


POTASSIUM 


Potassium is the major intracellular cation. In tissue cells, its 
average concentration is 150mmol/L, and in erythrocytes, 
the concentration is 105mmol/L (~23 times its concentra- 
tion in plasma). High intracellular concentrations are main- 
tained by the Na*, K* adenosine triphosphate (ATP)ase 
pump, which is fueled by oxidative energy and continually 
transports K* into the cell against the concentration gradi- 
ent. This pump is a critical factor in maintaining and adjust- 
ing the ionic gradients on which nerve impulse transmission 
and contractility of cardiac and skeletal muscle depend. Dif- 
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fusion of K* out of the cell into the plasma exceeds pump- 
mediated K* uptake whenever pump activity is decreased 
because of (1) depletion of metabolic substrates, such as 
glucose, for ATP production; (2) competition for ATP 
between the pump and other energy-consuming activities of 
the cell; or (3) when cellular metabolism is slowed {as occurs 
with refrigeration). The importance of these considerations 
on sample integrity for analysis of K* is discussed later in this 
chapter. 

The body requirement’ for K* is satisfied bya dietary 
intake of 50 to 150 mmol/day. Potassium absorbed from the 
gastrointestinal tract is rapidly distributed, with a small 
amount taken up by cells and most excreted by the kidneys. 
Potassium filtered through the glomeruli is almost com- 
pletely reabsorbed in the proximal tubules and is then 
secreted in the distal tubules in exchange for Na* under the 
influence of aldosterone. Aldosterone enhances K* secretion 
and Na* reabsorption in the distal tubules by an Na*-K* 
exchange mechanism. The kidneys respond almost immedi- 
ately to K* loading with an increase in K* output, so that 
urine collected during or after a period of high intake may 
have a K* concentration as high as 100 mmol/L. In contrast, 
the tubular response to conserve K* in instances of depletion 
is very slow in the initial stages, with the normal kidney con- 
tinuing to excrete K* at a rate of 20 to 30 mmol/day. Unlike 
the prompt response of the tubules to conserve Na* in deficit 
states, it can take up to 1 week for the tubules to reduce K* 
excretion to 5 to 10 mmol/day. 

Factors that regulate distal tubular secretion of K* are 
intake of Na* and KŻ, plasma concentration of mineralocor- 
ticoids, and acid-base balance. Because renal conservation 
mechanisms are slow to respond, K* depletion can be an 
early consequence of restricted K* intake or losses of K* by 
extrarenal routes. Diminished glomerular filtration rate is 
typical of renal failure, and the consequent decrease in distal 
tubular flow rate is an important factor in the retention of 
K* seen in chronic renal failure. Renal tubular acidosis and 
metabolic and respiratory acidoses and alkaloses also affect 
renal regulation of K* excretion. These topics are discussed 
in much greater detail in Chapters 45 and 46. 


Specimens 

Comments made earlier on specimens for Na* analysis are 
generally applicable to those for K* analysis. However, some 
additional points must be considered. 

Potassium concentrations in plasma and whole blood are 
0.1 to 0.7 mmol/L lower than those in serum and stated ref- 
erence intervals for serum K* are 0.2 to 0.5 mmol/L higher 
than those for plasma K*. The extent of this difference 
depends, however, on the platelet count, because the addi- 
tional K* in serum is primarily a result of platelet rupture 
during coagulation." This variability in the amount of 
additional K* in serum makes plasma the specimen of choice 
and emphasizes the necessity of noting on reports whether 
serum or plasma was assayed and using the appropriate ref- 
erence intervals. 


Specimens for determining K* concentrations in serum 
or plasma must be collected by methods that minimize 
hemolysis, because release of K* from as few as 0.5% of the 
erythrocytes can increase K* values by 0.5mmol/L. An 
increase in K* of 0.6% has been estimated for every 10 mg/dL 
of plasma hemoglobin (Hb) caused by hemolysis.” Thus 
slight hemolysis (~50 mg Hb/dL) can be expected to raise K* 
values ~3%, marked hemolysis (~200 mg Hb/dL) 12%, and 
gross hemolysis (>500 mg Hb/dL) as much as 30%. There- 
fore it is imperative that any visible hemolysis be noted with 
reported K* values and include a comment that results are 
falsely elevated. If K* concentrations are determined by ISE 
on whole blood specimens using a blood gas instrument or 
a point-of-care device, increases in actual K* concentrations 
caused by hemolysis may be easily overlooked. Whenever 
hemolysis is suspected, a portion of the specimen should be 
centrifuged and visually inspected. 

Clinically significant preanalytical errors can occur in K* 
determinations if blood samples are not processed expedi- 
ently.“ As mentioned earlier, maintenance of the intracellu- 
lar-extracellular K* gradient depends on the activity of the 
energy-dependent Na*,K* ATPase. If a whole blood speci- 
men is chilled before separation, glycolysis is inhibited and 
the energy-dependent Na*,K* ATPase cannot maintain this 
gradient and increases in plasma K* will occur as a result of 
K* leakage from erythrocytes and other cells. The increase of 
K* in serum is of the order of 0.2mmol/L in 1.5 hours at 
25 °C, whereas at 4 °C, the increase is considerably greater, 
and has been reported to be as much as a 2-mmol/L increase 
after 4 hours at 4 °C.“ 

The opposite effect, namely a falsely decreased K* value, is 
initially observed if an unseparated sample is stored at 37 °C 
because glycolysis occurs and K* shifts intracellularly. Even 
at room temperature, leukocytosis can initially cause falsely 
decreased K* concentrations. The extent of this decrease 
depends on leukocyte count, temperature, and glucose 
concentrations, but has been reported to: be as much as 
0.7mmol/L at 37 °C.” This effect is, however, biphasic. 
Initially, plasma K* decreases as a result of glycolysis, but after 
the glucose substrate is exhausted K* will leak from cells.’ 
When the leukocyte count is greater than 100,000/uL and 
hypokalemia is already a characteristic of the disease (as in 
acute myeloid leukemia), glycolysis at room temperature may 
cause the K* deficit to seem greater than it actually is. Taking 
together the effects of glycolysis causing an initial intracel- 
lular shift of K* followed by K* leakage from cells because 
of glucose exhaustion or inhibition of glycolysis by refrigera- 
tion, the recommendation for the most reliable K* determi- 
nations is to collect blood with heparin to maintain it 
between 25 °C and 37 °C, and to separate the plasma within 
minutes by high-speed centrifugation without cooling. 
However, in practical terms, separation within 1 hour when 
samples are maintained at room temperature is unlikely to 
introduce great error in the majority of instances. 

Finally, skeletal muscle activity causes K* efflux from 
muscle cells into plasma and can cause a marked elevation 
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in plasma K* values. One particular, but common, example 
occurs when an upper arm tourniquet is not released before 
beginning to draw blood after a patient clenches his fist 
repeatedly. The plasma K* values can artifactually increase as 
much as 2 mmol/L because of the muscle activity.” 


Determination of Potassium in Body Fluids 

Like sodium, potassium may be determined by spectropho- 
tometry, AAS, FES, or electrochemically with a K*-ISE. The 
ISE method is currently the most common by far. In the 
physiological range, it should be possible with modern 
equipment and good quality assurance to achieve coeffi- 
cients of variation of less than 2% for plasma, Details are 
described later in this chapter along with the methods for 
Nat. 


Reference Intervals" 


Reported reference intervals for the serum of adults vary 
from 3.5 to 5.1 and 3.5 to 5.0 mmol/L, and 3.7 to 5.9 for new- 
borns. For plasma, frequently cited intervals are 3.5 to 4.5 
and 3.4 to 4.8mmol/L for adults. Cerebrospinal fluid con- 
centrations are ~70% of plasma.’ Urinary excretion of K* 
varies with dietary intake, but a typical range observed in an 
average diet is 25 to 125mmol/day. Gastric juice contains 
K* at ~10 mmol/L. Fecal excretion has been reported as 
18.2 + 2.5mmol/day in one instance’? and ~5 mmol/day in 
another." In severe diarrhea, gastrointestinal loss may be as 
much as 60 mmol/day. 


Methods for the Determination of Sodium 
and Potassium 


Although AAS, FES, or spectrophotometric methods may be 
used for Na* and K* analysis, most laboratories now use ISE 
methods. Of approximately 5400 laboratories reporting 
College of American Pathologists (CAP) proficiency data for 
Nat and K*, >99% were using ISE methods in 2003.” The 
principles of each of these approaches (which are discussed 
in detail in Chapters 3 and 4) are the same whether the 
instrumentation is dedicated or integrated into a multi- 
channel system. 


Flame Emission Spectrophotometry 


Reference methods using flame photometry for serum have 
been proposed for both sodium and potassium.” Although 
at one time the most common method for Na* and Kt 
analysis, FES is no longer a common laboratory method. 
Advances in electrochemistry combined with the high 
amount of maintenance and safety procedures for FES have 
essentially led to the demise of this method for electrolyte 
analysis. 

Principle. Samples are diluted in a diluent containing 
known amounts of lithium (or cesium, if lithium itself is 
being measured) and aspirated into a propane-air flame. 
Sodium, potassium, lithium, and cesium ions, when excited, 
emit spectra with sharp, bright lines at 589, 768, 671, and 852 
nm, respectively. Light emitted from the thermally excited 


ions is directed through separate interference filters to cor- 
responding photodetectors. The Li* or Cs* emission signal is 
used as an internal standard (usually 15 mmol/L) against 
which the Na* and K* signals are compared. The system is 
calibrated relative to low and high concentrations of each 
analyte, and the relation of signal to concentration is defined 
by a microprocessor (see also Chapter 3). Details about 
reagents, procedures, and laboratory safety issues for flame 
photometry can be found in the third edition of this text (pp. 
1059-1060). 


Ion-Selective Electrodes" 


Analyzers fitted with ISEs usually contain Na* electrodes 
with glass membranes and K* electrodes with liquid ion- 
exchange membranes that incorporate valinomycin. (Typical 
electrodes and the principles of potentiometry are described 
in detail in Chapter 4.) Simply stated, potentiometry is 
the determination of change in electromotive force (E, 
potential) in a circuit between a measurement electrode (the 
ISE) and a reference electrode, as the selected ion interacts 
with the membrane of the ISE. In instrument applications, 
the measuring system is calibrated by introduction of cali- 
brator solutions containing defined amounts of Na* and K*. 
The potentials of the calibrators are determined, and the 
AE/A log concentration is stored in microprocessor memory 
as a factor for calculating unknown concentration when E of 
the unknown is measured. Frequent calibration, initiated 
either by the user or by automated, microprocessor- 
controlled uptake of sample from a reservoir of calibrator, 
is characteristic of most systems. Some instruments are 
designed to measure Na* and K* in whole blood, particularly 
point-of-care testing (POCT) devices and newer blood gas 
analyzers. 

Two types of ISE methods must be distinguished. In the 
indirect ISE methods, the sample is introduced into the mea- 
surement chamber after mixing with a rather large volume 
of diluent. Examples include the Beckman Coulter Synchron 
CX and LX systems, the Roche Diagnostic Hitachi Modular 
systems, and the Olympus Diagnostics AU systems. Indirect 
methods were developed earlier in the history of ISE 
technology when dilution was necessary to present a small 
sample in a volume large enough to adequately cover a large 
electrode and to minimize the concentration of protein at 
the electrode surface. In the direct ISE methods, the sample 
is presented to the electrodes without dilution. This 
approach became possible with the miniaturization of elec- 
trodes. Examples of direct ISEs include those on blood 
gas analyzers, such as the Radiometer ABL series, the 
Instrumentation Laboratories GEM series, and the Bayer 
Diagnostics Rapid Lab series. Single-use, thin-film ISEs for 
Na*, K*, and CF are unique applications of a direct ISE 
method that are used by the Ortho Diagnostic’s Vitros 
analyzers.” In 2003, of the 5400 laboratories reporting CAP 
proficiency sample results for Na* and K*, ~two thirds used 
indirect ISEs and one third used direct ISE methods.” 
Important differences in direct and indirect methods that 
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can cause significant differences in analytical results are dis- 
cussed in the later section on the electrolyte exclusion effect. 

Errors observed in the use of ISEs fall into three cate- 
gories. First are errors caused by lack of selectivity. For 
instance, many CI electrodes lack selectivity against other 
halide ions. Second are errors introduced by repeated protein 
coating of the ion-sensitive membrane, or by contamination 
of the membrane or salt bridge by ions that compete or react 
with the selected ion and thus alter electrode response. These 
necessitate periodic changes of the membrane as part of 
routine maintenance. Finally, the “electrolyte exclusion 
effect,” which applies only to indirect methods and is caused 
by the solvent-displacing effect of lipid and protein in the 
sample, results in falsely decreased values’ (see the section on 
the electrolyte exclusion effect later in this chapter). 


Spectrophotometric Methods 


Spectrophotometric methods fall into three categories: 
those based on enzyme activation, those that detect the 
spectral shift produced when either Na* or K* binds to a 
macrocyclic chromophore, and fluorescent sensors. Both 
approaches have been applied to smaller automated instru- 
ments. However, the high cost of reagents for these methods 
and the fact that few problems exist with ISE methods has 
resulted in small “niche” use of these methods, primarily in 
some smaller instruments used in physicians’ offices or 
clinics, 

Kinetic spectrophotometric assays for Na* are based on 
activation of the enzyme [-galactosidase by Na* to hydrolyze 
o-nitrophenyl-f-p-galactopyranoside (ONPG).”* The rate 
of production of o-nitrophenol (the chromophore) is mea- 
sured at 420nm. 


R Pa = ® Galactose 
Na 
og F 
H H BGalactosidase 
o-Nitrophenol 
o-Nitropheny1--D-gafactopyranoside (Amax = 420 nm) 


K*-specific enzyme activation assays are illustrated by 
methods .using tryptophanase,” one of a number of K*- 
enhanced enzymes.* Accuracy and.precision of the method 
have beén reported “to compare favorably with those 
achieved with flame photometry.” Bilirubin and hemoglo- 
bin and other cations are said to have little effect as inter- 
ferants, but lipemic samples could not be analyzed.” 

Macrocyclic ionophores are molecules whose atoms are 
organized to form a cavity into which metal ions fit and bind 
with high affinity. Such compounds are also called polycyclic 
ethers, crown ethers, cryptands, or cryptahemispherands., 
Different macrocyclics can be made with cavities tailored to 
fit the ionic radii of different elements. When chromogenic 
properties are imparted to these ionophores, spectral shifts 


occur when the cation is bound. The specificity of many of 
these ionophores is clearly sufficient for clinical purposes.” 

One proprietary chromogenic ionophore, ChromoLyte, a 
trinitroanilino-cryptahemispherand, is selective for Na* and 
has been used in some instruments (Bayer Diagnostics, 
Tarrytown, N.Y.), whereas others are used on smaller, physi- 
cian’s office type of instruments, such as the Abbott Vision 
(Abbott Laboratories) or Bayer Seralyzer (Bayer Diagnostics, 
Elkhart, Ind.). These methods give results comparable with 
methods ‘using ISEs.* Potassium can be measured with the 
same method but using an ionophore with a different cavity 
size.” In fact, an early clinical application of the macrocyclic 
ionophore principle is the valinomycin ISE for K* (see 
Chapter 4). The Reflotron analyzer (Roche Diagnostics) uses 
valinomycin in conjunction with a pH indicator to deter- 
mine serum K* concentration. If the cyclic compound has a 
high binding constant for K* and the properties of a chro- 
mophore, the process of binding K* causes a spectral shift as 
the molecular structure or ionic form (or both) of the chro- 
mophore adjusts to the presence of K* in the cavity. Although 
unsuitable for urine because NH} is an interferant, results 
for K* in the serum appear to correlate well with those of 
flame photometric and direct and indirect ISE methods.” 
Finally, fluorescent sensor molecules whose fluorescence is 
altered by specific binding of electrolytes is the principle of 
measurement in the OPTI critical care analyzer for POCT 
from Osmetech, Inc. 


ELECTROLYTE EXCLUSION EFFECT? 


The electrolyte exclusion effect is the exclusion of elec- 
trolytes from the fraction of the total plasma volume that is 
occupied by solids, The volume of total solids (primarily 
protein and lipid) in an aliquot of plasma is approximately 
7% so that ~93% of plasma volume is actually water. The 
main electrolytes (Na*, K*, Cl, HCOs) are essentially con- 
fined to the water phase. When a fixed volume of total 
plasma (e.g., 10uL) is pipetted for dilution before flame 
photometry or indirect ISE analysis, only 9.34L of plasma 
water containing the electrolytes is actually added to the 
diluent. Thus a concentration of Na* determined by flame 
photometry or indirect ISE to be 145 mmol/L is the concen- 
tration in the total plasma volume, not in the plasma water 
volume. In fact, if the plasma contains 93% water, the con- 
centration of Na* in plasma water is 145 x (100/93), or 
156mmol/L. This negative “error” in plasma electrolyte 
analysis has been recognized for many years.’ Even though 
it is the electrolyte concentration in plasma water that is 
physiological, it is tacitly assumed that the volume fraction 
of water in plasma is sufficiently constant that this difference 
could be ignored. In fact, all electrolyte reference intervals 
are based on this assumption and actually reflect concentra- 
tions in total plasma volume and not in the water volume. 
Indeed, virtually all concentrations measured in the clinical 
chemistry laboratory are related to the total sample volume 
rather than to the water volume. This electrolyte exclusion 
effect becomes problematic when pathophysiological condi- 
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VOLUME 


Direct Potentiometry 100 100 100 

Flame photometry 100 90 80 

Indirect Potentiometry 
Figure 27-1 Predicted influence of water content on sodium 
measurements for a 100 mmol/L NaCl solution by direct ion- 
selective electrode (ISE versus flame emission photometry or 
indirect ISE). Hatched areas represent nonaqueous volumes, 
which could consist of lipids, proteins, or even a slurry of latex 
or sand particles. (From Apple FS, Koch DD, Graves S, Ladenson JH. 
Relationship between direct-potentiometric and flame-photometric 
measurement of sodium in blood. Clin Chem 1982;28:193 1-5.) 


tions are present that alter the plasma water volume, such 
as hyperlipidemia or hyperproteinemia. In these settings, 
falsely low electrolyte values are obtained whenever samples 
are diluted before analysis, as in flame photometry or indi- 
rect ISE° (Figure 27-1). 

Indirect ISE methods dilute the sample in a diluent of 
fixed high ionic strength so that for Na’, the activity coeffi- 
cient approaches a value of 1. Under these circumstances, the 
measurement of activity, a (where a='y xX concentration, 
and y is the activity coefficient), is tantamount to measure- 
ment of concentration. Flame photometry measures emis- 
sion of a specific ion after dilution in solutions of high 
reference ion concentration so that specific emission is also 
tantamount to the measurement of concentration of the spe- 
cific ion in total plasma volume. It is the dilution of total 
plasma volume and the assumption that plasma water 
volume is constant that render both indirect ISE and flame 
photometry methods equally subject to the electrolyte exclu- 
sion effect. In certain settings, such as ketoacidosis with 
severe hyperlipidemia® or multiple myeloma with severe 
hyperproteinemia,” the negative exclusion effect may be so 
large that laboratory results lead clinicians to believe that 
electrolyte concentrations are normal or low when, in fact, 
the concentration in the water phase may be high or normal, 
respectively. 

The direct ISE methods still determine the concentration 
relative to activity but do not require sample dilution. 
Because there is no dilution, activity is directly proportional 
to the concentration in the water phase, not the concentra- 
tion in the total volume. To make results from direct ISEs 
equivalent to flame photometry and indirect ISEs, most 
direct ISE methods operate in what is commonly referred to 


TABLE 27-1 Methods Measuring the Concentration in 
the Whole Sample Volume and Thus 
Subject to Electrolyte Exclusion Effect 


Method  Analytes __ 


Flame photometry ee Na’, 


Atomic absorption 
spectrometry 
Amperometry/coul 


: Cat; Mg and others 


as the “flame mode.” In this mode, the directly measured 
concentration in plasma water is multiplied by the average 
water volume fraction of plasma (0.93). Although the latter 
may vary widely, as long as the activity of the specific ion is 
constant, the concentration of the ion in the water phase 
becomes independent of the relative proportions of water 
and total solids if the ion is not bound by proteins, as is the 
case for Ca™. Therefore direct ISE methods are free of the 
electrolyte exclusion effects, and the values determined by 
direct ISE methods—even in the flame mode—are directly 
proportional to activity in the water phase and define elec- 
trolyte concentrations in a more physiological and physico- 
chemical sense. 

Most clinical chemists and physicians have reached a con- 
clusion that direct ISE methods for electrolyte analysis are 
the methods of choice. They base their conclusion on the fact 
that great changes in plasma lipid, protein, and other solids 
can be expected in relatively common clinical conditions and 
in therapies such as parenteral alimentation with lipid emul- 
sions. They emphasize further that even in the absence of 
great changes in the volume fraction of solids, results by 
direct methods most realistically reflect clinical status and 
are therefore more effectively used in diagnosis and man- 
agement. However, it is clear that results from direct 
methods will continue to be converted to total plasma 
volume concentrations by use of the “flame mode,” and 
indeed this is the recommendation of the National 
Committee for Clinical Laboratory Standards (NCCLS), 
This is also a good recommendation since two thirds of Jab- 
oratories still use indirect ISE methods” and since some 
reviewers mistakenly believe that modern clinical laborato- 
ries are no longer subject to this cause of falsely decreased 
electrolyte values. Tables 27-1 and 27-2 summarize 
methods that are and are not subject to the electrolyte exclu- 
sion effects, respectively. 

The most common causes of the electrolyte exclu- 
sion effect leading to pseudohyponatremia or pseudohy- 
pokalemia are hyperlipidemia” and hyperproteinemia.” In 
severe hypoproteinemia, the effect works in reverse, result- 
ing in a falsely high (2% to 4%) Na* or K* value. Several 
approaches have been proposed to improve the physiologi- 
cal accuracy of electrolyte values determined by methods 


Chapter 27 Electrolytes and Blood Gases 989 


TABLE 27-2 Methods Measuring: the Activity, Molality, 
or. Concentration in the Water Phase and 
Thus Not Subject to: Electrolyte 
Exclusion: Effect 


| H' (pH), Ne’ Cat CL Lit 


ISEs with undiluted: 
sample 

Gas electrodes: COs (PCO,), O; (PO) : 

- HCO; (calculated from pH and 

es PCO) 

Freezing point — ILO (osmolality) 
depression : n eee 


subject to the electrolyte exclusion effect. For lipemic 
samples, centrifugation at 100,000 xg and analysis of the 
chylomicron-poor infranatant is the most common 
approach.* When triglyceride concentrations are less than 
1500 mg/dL the error is less than 3%, and it is less than 5% 
for triglyceride concentrations less than 2500 mg/dL. 

In situations in which both lipid and protein content are 
altered, presenting plasma electrolyte values along with con- 
current estimates of plasma water has been suggested. One 
approach to estimate plasma water is Waugh’s empirical 
equation; 


Plasma water [g/dL] = 99.1 — 0.73(P,) — 1.03(L,) 


where P, is serum total protein and L, is serum total lipid, 
both in grams per deciliter. Determination of plasma water 
by an osmometry-based method‘ is also possible, but cum- 
bersome. A simple, though time-consuming, estimate of 
serum water can be done by gravimetry. A measured aliquot 
of serum is weighed, evaporated to dryness, and reweighed, 
the decrement in weight being the measure of the water frac- 
tion. In a practical sense, however, these steps are seldom 
done, and it is paramount that clinical chemists be aware of 
the electrolyte exclusion effect and be able to invoke special 
procedures in these cases to mitigate these errors. Alterna- 
tively, the best solution is to use a direct ISE method. 


CHLORIDE 


Chloride is the major extracellular anion, with median 
plasma and interstitial fluid concentrations of ~103 mmol/L. 
This represents by far the largest fraction of the total 
inorganic anion concentration of ~154mmol/L. Together, 
sodium and chloride represent the majority of the osmoti- 
cally active constituents of plasma. Therefore chloride is sig- 
nificantly involved in the maintenance of water distribution, 
osmotic pressure, and anion-cation balance in the extracel- 
lular fluid (ECE). In contrast to its high ECF concentrations, 
the concentration of Cl in the intracellular fluid of ery- 
throcytes is 45 to 54mmol/L, and in the intracellular fluid of 
most other tissue cells it is only ~1 mmol/L. In both gastric 


and small and large intestinal secretions, CF is the most 
abundant anion. 

Chloride ions in food are almost completely absorbed 
from the intestinal tract. They are filtered from plasma at the 
glomeruli and passively reabsorbed, along with Nat, in the 
proximal tubules. In the thick ascending limb of the loop of 
Henle, Cl” is actively reabsorbed by the chloride pump, 
whose action promotes passive reabsorption of Na*. Loop 
diuretics such as furosemide and ethacrynic acid inhibit the 
chloride pump. Surplus CI’ is excreted in the urine and is 
also lost in the sweat, especially in hot environments. 


Methods for Determination of Chloride in Body Fluids 


Chloride may be determined by mercurimetric titration, 
spectrophotometry, coulometric-amperometric titration, or, 
most commonly today, ISE. 


Specimens 


Chloride is most often measured in serum or plasma, urine, 
and sweat. CI is quite stable in serum and plasma. Even gross 
hemolysis does not significantly alter serum or plasma CI 
concentration because the erythrocyte concentration of CI 
is approximately half of that in plasma. Because very little 
CF is protein bound, changes in posture, stasis, or use of 
tourniquets also have little effect on its plasma concen- 
tration. Measurement of CF lost in gastric aspirates or 
intestinal drainages is an adjunct to parenteral replacement 
therapy. Fecal Cl determination may be useful for the 
diagnosis of congenital hypochloremic alkalosis with hyper- 
chloridorrhea (increased excretion of CI” in stool). In this 
condition, the concentration of Cl in feces may reach 
180mmol/L, with almost no CY being found in urine. 


Mercurimetric Titration 


One of the earliest methods for determining CI in biologi- 
cal fluids is mentioned here for historical purposes.” A 
protein-free filtrate of specimen is titrated with mercuric 
nitrate solution in the presence of diphenyicarbazone as an 
indicator, Free Hg” combines with CF to form soups but 
essentially nonionized mercuric chloride: 


2C17 + Hg(NO3), > HgCl, + 2NOZ 


Excess Hg” reacts with diphenylcarbazone to form a 
blue-violet color complex. A more detailed description 
can be found in the first edition of this textbook (pp. 
1184-1185). 


Spectrophotometric Methods 


Spectrophotometric methods based on the reaction of CI 
with mercuric thiocyanate used to be common on many 
automated analyzers. The principle is illustrated in the fol- 
lowing equations: 


Hg(SCN), + 2C17 —> HgCl, + 28CN7 
3(SCN) + Fet — Fe(SCN), 
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Chloride ions react with undissociated mercuric thio- 
cyanate to form undissociated mercuric chloride and free 
thiocyanate ions. The thiocyanate ions react with ferric ion 
(Fe**) to form the highly colored, reddish complex of ferric 
thiocyanate with an absorption peak at 480nm. Perchloric 
acid increases the intensity of the red color. High concen- 
trations of globulins in the serum interfere in these methods 
because turbidity develops. This reaction is also very tem- 
perature sensitive. 

Mercurimetric automated methods applied to high- 
volume testing presented the problem of disposal of reagent 
waste containing a significant amount of toxic mercury. The 
mercuric thiocyanate and nitrate methods constituted about 
3% of the laboratories reporting CI results in a 1996 CAP 
survey report but none of ~5400 laboratories used these 
methods according to a 2003 CAP report” The ferric per- 
chlorate method eliminates the mercurial reagent entirely.” 
Ferric perchlorate and CI react in dilute perchloric acid to 
form a color complex with absorption maxima at 344 and 
562 nm. The absorbance-concentration relationship is linear, 
and the reaction is more specific for CF than many other 
spectrophotometric methods. However, this method is also 
no longer reported as being used in a 2003 CAP survey.” 


Coulometric-Amperometric Titration 


The reactions in coulometric-amperometric determinations 
of CF depend on the generation of Ag* from a silver elec- 
trode at a constant rate and on the reaction of Ag* with Cl 
in the sample to form insoluble silver chloride™*: 


Agt + Cl” > AgCI 


After the stoichiometric point is reached, excess Ag* in the 
mixture triggers shutdown of the Ag* generation system. A 
timing device records the elapsed time between the start and 
stop of the Ag* generation. (A more detailed description of 
this principle can be found in Chapter 4.) Because the time 
interval is proportional to the amount of CI” present in the 
sample, the concentration of CI can be calculated: 


time undnown — timepiank 


Chloride (mmol/L) = Calibrator 


time calibrator — timebtank 


where Ceaibrator IS the concentration of calibrator. 
Applications of the coulometric-amperometric principle 
(often called a Cotlove chloridometer™) are the most precise 
methods for measuring Cl over the entire range of concen- 
trations displayed in body fluids. CAP surveys from 1996 
showed coefficients of variation of +1.3% to 1.5% (n = 42) 
for the Beckman ASTRA method and less than 2.2% for the 
Corning Titrator (Chiron Diagnostics) over the concentra- 
tion range of 102 to 119 mmol/L. Calibrator concentrations 
should, however, be chosen to correlate with the concentra- 
tion range of unknowns. The method is subject to interfer- 
ences by other halide ions, by CN” and SCN” ions, by 
sulfhydryl groups, and by heavy metal contamination. 
Because samples are prediluted before analysis, these 
methods are also subject to the electrolyte exclusion effect. 


Maintenance of the systems is crucial to proper operation; 
electrodes and reaction vials or chambers must be kept 
scrupulously clean and the proper shape and size of the Ag*- 
generating electrodes must be maintained. Only 12 of 5400 
laboratories reported in the 2003 CAP survey reported Cl 
results using coulometry.” However, some laboratories 
still maintain these instruments as backups and for sweat 
analysis. 


Ion-Selective Electrode Methods 


Solvent polymeric membranes that incorporate quaternary 
ammonium salt anion-exchangers, such as tri-n-octylpro- 
pylammonium chloride decanol, are used to construct CF- 
selective electrodes in clinical analyzers.” Although by far the 
most common method for measuring CI in clinical labora- 
tories, these electrodes have been described to suffer from 
membrane instability and lot-to-lot inconsistency in selec- 
tivity to other anions.’ Anions that tend to be problematic 
are other halides and organic anions, such as SCN’, which 
can be particularly problematic because of their ability to 
solubilize in the polymeric organic membrane of these 
electrodes. 

Approximately 68% of 5394 laboratories reporting in a 
2003 CAP proficiency test survey for CF used indirect ISE 
methodology.” Instruments using the indirect ISE method 
for Cl on serum or plasma include the Dade Behring 
Dimension Series, the Roche Diagnostics Hitachi Modular 
System, the Beckman Coulter Synchron series, the Abbott 
Aeroset, and the Olympus AU series of analyzers. In 2003, 
1646 of 5394 laboratories (32%) participating in a CAP pro- 
ficiency survey used direct ISEs, and most of those were the 
Ortho Diagnostics Vitros series of dry slide analyzers, and 
blood gas analyzers with direct ISEs. 


Reference Intervals” 


Reported reference intervals for CI in the serum or plasma 
range from 98 to 107mmol/L to 100 to 108mmol/L. 
For neonates, the upper limit of the interval extends to 
110mmol/L, The serum values vary little during the day. 
The spinal fluid Cl concentrations are ~15% higher than in 
the serum." Urinary excretion of CF varies with dietary 
intake, but an interval of 110 to 250mmol/day is typical. 
Fecal excretion of CF (for eight healthy subjects) has been 
reported as 3.2+0.7mmol/day (SEM)” and elsewhere as 
~2 mmol/day.'"' 


BICARBONATE (TOTAL CARBON DIOXIDE) 


Total carbon dioxide is used here to describe the quantity 
that is measured most often in automated analyzers by acid- 
ification of a serum or plasma sample and measurement of 
the carbon dioxide released by the process, or by alkaliniza- 
tion and measurement of total bicarbonate. Under certain 
conditions of collection and specimen handling, total carbon 
dioxide values determined in this manner may be almost 
identical with values for the calculated concentration of total 
carbon dioxide obtained in blood gas analysis (see later 
section in this chapter on blood gas methods). The patho- 
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physiology of bicarbonate in acid-base disorders is discussed 
in detail in Chapter 46, 


Specimens 

Either serum or heparinized plasma may be assayed. The 
usual specimen is venous blood drawn into an evacuated 
tube, although capillary blood taken in microtubes or capil- 
lary tubes may also be presented for analysis. Given a speci- 
men in a vacuum-draw tube, the concentration of total CO, 
is most accurately determined when the assay is done imme- 
diately after opening the tube and as promptly as possible 
after collection and centrifugation of the blood in the 
unopened tube. Ambient air contains far less CO, than does 
plasma, and gaseous dissolved CO, will escape from the 
specimen into the air, with a consequent decrease in the CO, 
value of up to 6mmol/L in the course of 1 hour. ® In prac- 
tical terms, the logistics of high-volume processing and auto- 
mated analysis of specimens almost ensures that most CO, 
measurements are done on specimens that have lost some 
dissolved gaseous CO, simply because preservation of 
anaerobic conditions is not practical between the time 
plasma is placed on an instrument and the time it is sampled. 
Thus the term “bicarbonate” may actually be preferable to 
“total CO,” On the other hand, it is probable that the result 
of a stat specimen, which is rapidly processed and promptly 
analyzed, has a much smaller error. 


Methods for Determination of Serum or Plasma Total 
Carbon Dioxide 

One of the earliest methods for determining total CO, was 
the manometric method for total CO, content, using the 
Natelson microgasometer. This has been supplanted in clin- 
ical laboratories by automated methods. This method is 
described in some detail in an earlier edition of this text.’ 

The first step in automated methods is acidification or 
alkalinization of the sample. Acidifying the sample converts 
the various forms of CO, in plasma to gaseous CO, by dilu- 
tion with an acid buffer. Alkalinizing the sample converts all 
CO, and carbonic acid to HCO3.” The oldest automated 
methods were those used in continuous-flow systems in which 
the gaseous CO, diffused across a silicone membrane into a 
recipient solution buffered at pH 9.2 and containing the pH 
indicator phenolphthalein. The change in color over the 
baseline was determined by a photometer and is propor- 
tional to the amount of CO, released from the sample. These 
methods suffered from considerable baseline drift. Also, fre- 
quent reagent preparation and recalibration were necessary 
to keep the method in control. Air lines that supplied 
bubbles to the sample and reagent streams in these methods 
were fitted with a CO,-absorbing trap, which had a short 
effective life. This method, although a mainstay of the 1960s 
and 1970s, is not used today. 

Methods for total CO, measurement in today’s auto- 
mated instruments are either electrode based or enzymatic. 
In indirect electrode-based methods, such as the Beckman 
Coulter Synchron and Dade Behring Dimension series of 
analyzers, the released gaseous CO, after acidification is 


determined by a PCO, electrode (discussed in Chapter 4) in 
the reaction chamber of the CO, module. About 47% of 
5211 laboratories reporting CAP data used an indirect ISE 
method in 2003.” These methods tend to be linear between 
~5 and ~45 mmol/L. Direct ISE methodology for total CO, is 
not common on automated analyzers, with only 3% of lab- 
oratories from the 2003 CAP using this approach. Direct 
methods have had some problems with specificity. For 
instance, one direct total CO, electrode reacts almost equiv- 
alently with nitrate.” 

An enzymatic method for CO, is illustrated by the 
methods used in the Abbott Aeroset, Bayer Advia, Roche 
Diagnostics Hitachi Modular, and most Ortho Diagnostics 
Virtos analyzers. The specimen is first alkalinized to convert 
all CO, and carbonic acid to HCO}. The enzymatic reactions 
are as follows: 
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Decrease in absorbance of NADH at 340 nm is proportional 
to the total CO, content. 

In 2003, these enzymatic methods are used by about 50% 
of all hoomou reporting total CO, values on CAP 
surveys,” 


Reference Intervals” 


Reference intervals generally are instrument dependent, and 
manufacturers’ manuals should be consulted in specific 
cases. The following are reference intervals published in a 
compendium. 
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Anaerobic Samples _ 
Whole blood, venous 
Whole blood, arteria 


Plasma/ serum, ve u: 
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PLASMA AND URINE OSMOLALITY 


Determination of plasma and urine osmolality can be useful 
in the assessment of electrolyte and acid-base disorders. 
Comparison of plasma and urine osmolalities can determine 
the appropriateness and status of water regulation by the 
kidneys in settings of severe electrolyte disturbances, as 
might occur in diabetes insipidus or the syndrome of inap- 
propriate antidiuretic hormone (SLADH) (see Chapters 45 
and 50). The major osmotic substances in normal plasma are 
Na‘, CI, glucose, and urea; thus expected plasma osmolality 
can be calculated from the following empirical equation: 


mOsmol/kg = 1.86(Na* [mmol/L] 
+ glucose [mmol/L] 


+ urea [mmol/ L] 
+9 
or 
mOsmol/kg = 1.86 (Na* [mmol/L]}) 
+ glucose [mg/dL ]/18 
+ urea N [mg/dL ]/2.8 
+9 


The 9mOsmol/kg added to the above equation represents 
the contribution of other osmotically active substances in 
plasma, such as K*, Ca”, and proteins, and 1.86 is two times 
the osmotic coefficient of Na’, reflecting the contributions of 
both Na* and CF. The reference interval for plasma osmo- 
lality is 275 to 300mOsmol/kg. Comparison of measured 
osmolality with calculated osmolality can help identify the 
presence of an “osmolal gap,” which can be important in 
determining the presence of exogenous osmotic substances. 
Comparison of calculated and measured osmolalities can also 
confirm or rule out suspected pseudohyponatremia caused 
by the previously discussed electrolyte exclusion effect. 


PRINCIPLES OF OSMOTIC PRESSURE AND OSMOSIS 
Osmometry is a technique for measuring the concentration 
of solute particles that contribute to the osmotic pressure of 
a solution. Osmotic pressure governs the movement of 
solvent (water in biological systems) across membranes that 
separate two solutions. Different membranes vary in pore 
size and thus in their ability to select molecules of different 
size and shape. Examples of biologically important selective 
membranes are those enclosing the glomerular and capillary 
vessels that are permeable to water and to essentially all small 
molecules and ions, but not to large protein molecules. Dif- 
ferences in the concentrations of osmotically active mole- 
cules that cannot cross a membrane cause those molecules 
that can cross the membrane to move to establish an osmotic 
equilibrium. This movement of solute and permeable ions 
exerts what is known as osmotic pressure. 

As an example, consider an aqueous solution of sucrose 
placed within a sac made up of a membrane permeable only 
to water, with an open vertical glass tube (a crude manome- 


ter) attached to the sac. If the sac is placed into a beaker of 
distilled water, water will move from the beaker across the 
membrane into the sucrose solution. The pressure of this 
solvent movement will cause the sucrose solution to rise 
some distance up the tube. At equilibrium, the gravitational 
pressure of the column of solution in the tube equals the 
osmotic pressure and prevents further net movement of 
water from the beaker. The height of the rise of the sucrose 
solution in the manometer tube is a measure of the osmotic 
pressure of the sucrose solution. This is the pressure that 
would have to be exerted on the sucrose side of the mem- 
brane to prevent the flow of water across the membrane. 

Osmosis’ is the process that constitutes the movement 
of solvent across a membrane in response to differences in 
osmotic pressure across the two sides of the membrane, 
Water migrates across the membrane toward the side con- 
taining more concentrated solute. 

If the sucrose solution in the aforementioned membrane 
sac were replaced with a sodium chloride solution of the 
same molarity, the solution in the manometer would reach 
equilibrium at a point almost twice as high as that observed 
with sucrose because sodium chloride dissociates into two 
ions per molecule. If ion activity is unrestricted, the sodium 
chloride solution would have twice as many osmotically 
active particles (osmoles) for the same molecular concen- 
tration as the sucrose solution. In reality, the number of 
active particles is less than this (0.93 for NaCl), as explained 
later in this chapter, The total number of individual (solute) 
particles present in a solution per given mass of solvent, 
regardless of their molecular nature (i.e., nonelectrolyte, ion, 
or colloid), determines the total osmotic pressure of the 
solution. In blood plasma, for example, nonelectrolytes such 
as glucose and urea and even proteins contribute to the 
osmotic pressure of this body fluid. 


Colligative Properties 


In addition to increasing osmotic pressure when the solute 
is added to the solvent, the vapor pressure of the solution is 
lowered below that of the pure solvent. As a result of the 
change in vapor pressure, the boiling point of the solution is 
raised above that of the pure solvent, and the freezing point 
of the solution is lowered below that of the pure solvent. 
These four properties of solutions—(1) increased osmotic 
pressure, (2) lowered vapor pressure, (3) increased boiling 
point, and (4) decreased freezing point—are called colligative 
properties. They all are directly related to the total number of 
solute particles per mass of solvent. For instance, a 1-molal 
solution in water boils at a temperature 0.52 °C higher and 
freezes at a temperature 1.858 °C lower than pure water. The 
vapor pressure of this solution is 0.3 mm Hg lower than the 
vapor pressure of pure water, which is 23.8 mm Hg at 25 °C. 
The osmotic pressure of the same solution is increased 
from zero to 17,000 mm Hg (22.4 atmospheres). The term 
osmolality expresses concentrations relative to mass of the 
solvent (1 osmolal solution is defined to contain 1 Osmol/kg 
H,O), whereas the term osmolarity expresses concentrations 
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per volume of solution (1 osmolar solution is defined to 
contain 1 osmol/L solution). Osmolality (Osmol/kg H,O) is a 
thermodynamically more exact expression because solution 
concentrations expressed on a weight basis are temperature 
independent, whereas those based on volume will vary with 
temperature. Although the term “osmolarity” is often used in 
medical literature, osmolality is what the clinical laboratory 
measures and is a more informative term. 

An electrolyte in solution dissociates into two (in the case 
of NaCl) or three (in the case of CaCl,) particles, and there- 
fore the colligative effects of such solutions are multiplied 
by the number of dissociated ions formed per molecule. 
However, because of incomplete electrolyte dissociation and 
associations between the solute and solvent molecules, many 
solutions do not behave in the ideal case, and a 1-molal solu- 
tion may give an osmotic pressure lower than theoretically 
expected. The osmotic activity coefficient is a factor used to 
correct for the deviation from the “ideal” behavior of the 
system: 


Osmolality = osmol/kg H20 = nC 


where 

@ = osmotic coefficient 

n = number of particles into which each molecule in the 

solution potentially dissociates 

C= molality in mol/kg H,0. 

A table of osmotic coefficients of most solutes of biological 
interest has been compiled.’ 

Glucose and ethanol have osmotic coefficients of 1.00, 
whereas the » for sodium chloride is 0.93 at the concentra- 
tions found in serum—thus the derivation of 1.86 x Na* 
(mmol) in the formula to calculate plasma osmolality (NaCl 
potentially contributes 2 osmotically active particles times 
0.93 = 1.86). The total osmolality or osmotic pressure of a 
solution is equal to the sum of the osmotic pressures or 
osmolalities of all solute species present. The electrolytes 
Na*, Cl’, and HCO3, which are present in relatively high con- 
centration, make the greatest contribution to serum osmo- 
lality. Nonelectrolytes such as glucose and urea, which are 
present normally at lower molal concentrations, contribute 
less, and serum proteins contribute less than 0.5% of the 
total serum osmolality because even the most abundant 
protein is present at millimolar concentrations. 

Theoretically, any of the four colligative properties (vapor 
pressure, boiling point, freezing point, or osmotic pressure) 
could be used as a basis for the measurement of osmolality. 
However, the freezing point depression is most commonly 
used in clinical laboratories because of its simplicity. 
Furthermore, freezing point depression is independent of 
changes in ambient temperature, unlike vapor pressure. (The 
vapor pressure of water is 17.5mm Hg at 20 °C, 23.8mm Hg 
at 25 °C, and 47.1 mm Hg at 37 °C.) 


Freezing Point Depression Osmometer 


The instrument used is a freezing point depression osmome- 
ter’, but it is often referred to simply as an osmometer. The 


Figure 27-2 Block diagram of a freezing point depression 
osmometer, !, Cooling fluid; 2, stirring rod; 3, thermistor; 4, 
galvanometer; 5, potentiometer with direct readout. The test 
tube is shown above the liquid in the cooling bath (solid line) and 
inside the cooling liquid (dashed line). 


components of a freezing point depression osmometer 

(Figure 27-2) are as follows: 

1. A thermostatically controlled cooling bath or block main- 
tained at —7 °C. 

2. A rapid stir mechanism to initiate (“seed”) freezing of the 
sample. 

3. A thermistor probe connected to a circuit to measure the 
temperature of the sample. (The thermistor is a glass bead 
attached to a metal stem whose resistance varies rapidly 
and predictably with temperature.) 

4. A galvanometer that displays the freezing curve and that 
is used as a guide when the measuring potentiometer is 
used. 

5, A measuring potentiometer (variable resistor) is used to 
null the current in the circuit. 

In most instruments, components 4 and 5 are replaced by a 

light-emitting diode (LED) display that indicates the time 

course of the freezing curve and the final result. 

During analysis, the following steps occur. The sample, in 
which the thermistor probe and stirring wire are centered, is 
lowered into the bath and, with gentle stirring, is super 
cooled to a temperature several degrees below its freezing 
point (-7 °C), When the galvanometer (or LED display) 
indicates that sufficient super cooling has occurred, the 
sample is raised to a point above the liquid in the cooling 
bath, and the wire stirrer is changed from a gentle rate of stir 
to amomentary vigorous amplitude, which initiates freezing 
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of the super-cooled solution. This freezing is only to the 
slush stage, with about 2% to 3% of the solvent solidifying. 
The released heat of fusion initially warms the solution and 
then the temperature plateaus and remains stationary, indi- 
cating the equilibrium temperature at which both freezing 
and thawing of the solution are occurring. At the end of the 
equilibrium temperature plateau, the galvanometer again 
indicates decreasing temperature as the sample freezes 
further toward a complete solid, 

An example of the calculation to obtain osmolality is: if 
the observed freezing point is -0.53 °C; then 


mOsmol/kg H20 = 


0.53 
x 1000 = 285 
—1.86 
where —1.86 °C is the molai freezing point depression of pure 
water. 

Day-to-day precision of t2mOsmol/kg H,O should be 
obtainable by today’s osmometers. More than 98% of the 
laboratories in the 2003 CAP surveys use freezing point 
depression osmometers, with the automated instrument 
from Advanced Instruments (Norwood, Mass.) being the 
most common.” 


Vapor Pressure Osmometer 

Another type of osmometer is the vapor pressure osmome- 
ter. In reality, osmolality measurement in these instruments 
is not related directly to a change in vapor pressure (in 
millimeters of mercury), but to the decrease in the dew 
point temperature of the pure solvent (water) caused by the 
decrease in vapor pressure of the solvent by the solutes. In 
this instrument, temperature is measured by means of a 
thermocouple, which is a device consisting of two dissimilar 
metals joined so that a voltage difference generated between 
the points of contact (junctions) is a measure of the tem- 
perature difference between the points. 

In clinical laboratories, the vapor pressure osmolality 
technique has been reported to be less precise than the 
freezing point depression method.” For serum samples, the 
coefficients of variation obtained for the vapor pressure 
osmometer are about twice those obtained for the freez- 
ing point depression osmometer. The lesser degree of preci- 
sion is related to the lower slope of dew point decrease 
compared with freezing point decrease (i.e., 0.303 °C versus 
1.86 °C per osmol/kg H,O). 

An important clinical difference between the vapor pres- 
sure technique and the freezing point depression osmometer 
is the failure of the former to include in its measure- 
ment of total osmolality any volatile solutes present in the 
serum. Substances such as ethanol, methanol, and iso- 
propanol are volatile, and thus escape from the solution and 
increase the vapor pressure instead of lowering the vapor 
pressure of the solvent (water). This makes use of vapor pres- 
sure osmometers impractical for identifying osmolal gaps 
in acid-base disturbances (see Chapter 46). Thus use of this 
type of osmometer cannot be recommended for most clinical 
laboratories. 


Colloid Osmotic Pressure 


Because of their large molecular weight, proteins contribute 
only about 1 mOsmol/kg H,O to the total serum osmolality 
measured by freezing point depression. Occasionally, one 
may be asked to determine the contribution of macromole- 
cules to the serum osmolality. Colloid osmotic pressure 
(COP) is a direct measure of the contribution of macro- 
molecules (primarily proteins) to the serum osmolality. It is 
used primarily in the assessment of pulmonary edema or 
other abnormalities of water balance and serum protein 
concentrations.” However, its utility has been questioned” 
and the method is seldom used. Previous editions of this 
textbook describe the principles of a COP osmometer.’*” 


SWEAT TESTING 


The analysis of sweat for increased electrolyte concentration 
is used to confirm the diagnosis of cystic fibrosis (CF). CF is 
recognized as a syndrome with a wide spectrum of clinical 
presentations associated with a defect in the cystic fibrosis 
transmembrane conductance regulator protein (CFTR), a 
protein that normally regulates electrolyte transport across 
epithelial membranes. (For a more detailed discussion of CF, 
see Chapter 40.) Several hundred mutations of CFTR have 
been identified. Although mutational analysis is available, it 
is not informative in all cases, and the sweat test remains the 
standard for diagnostic testing.” 

The United States Cystic Fibrosis Foundation (CFF) states 
that the diagnosis of CF is based on the following criteria®: 
1. The presence of one or more characteristic phenotypic 

features 
2. Ora history of CF in a sibling 
3. Plus laboratory evidence of a CFTR abnormality as doc- 

umented by elevated sweat chloride concentrations or 
identification of two CF mutations or in vivo demon- 
stration of characteristic abnormalities in ion transport 
across the nasal epithelium 

To provide appropriate care for CF patients and genetic 
counseling to their families, it is important that the diagno- 
sis of CF be made accurately and promptly. In the United 
States, 70% of all CF patients are diagnosed by age 1. 
However, 8% of patients are diagnosed later than age 10, and 
more and more patients are being diagnosed as adults.” In 
addition to variable clinical presentation, the diagnosis of CF 
can be complicated by erroneous sweat-testing results. Unre- 
liable methods, technical errors, and errors in interpretation 
can all lead to false results. In an effort to standardize 
testing, the National Committee for Clinical Laboratory 
Standards (NCCLS) developed the guidelines document 
C34-A2: “Sweat Testing: Sample Collection and Quantitative 
Analysis”? The NCCLS document has been adopted by the 
CFF for use in its accredited care centers.” To encourage 
acceptable performance of the sweat test, the CAP 
Laboratory Accreditation Program has incorporated sweat 
collection and analysis into the Special Chemistry checklist. 
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TABLE 27-3 Methods of Sweat Analysis 


46 (8.0%). 
176.0%) 
36 (6.3%) 


Manual titrat 
Test patch. 


206 (63.4%) 
60. (18.5%). 
59. (18.1%) 


Osmolality (N = 64) 
Vapor} ure osmomieter fee 
_ Freezing point depression osmometer 
From LeGrys VL, Burnett RW. Current status of sweat testing in North 
America. Arch Patho] Lab Med 1994;118:865-7. Copyright 1994, 


American Medical Association. 
ISE, Ion-selective electrode. 


The sweat test occurs in three phases: sweat stimulation 
by pilocarpine iontophoresis; collection of the sweat onto 
gauze, filter paper, coil, patch, or capillary tube; and qualita- 
tive or quantitative analysis of sweat chloride, sodium, con- 
ductivity, or osmolality. A survey of 753 laboratories (Table 
27-3) performing sweat testing revealed that 47% analyze 
chloride, 46% analyze conductivity, and less than 7% analyze 
sodium or osmolality.” 


QUALITATIVE SCREENING TESTS 


Screening tests may or may not measure the amount of sweat 
collected and may report a result as positive, negative, or bor- 
derline, or give an actual concentration of sweat analytes. 
Patients having a positive or borderline screening result 
should have quantitative sweat testing. The use of reliable 
screening tests may have a role in smaller hospital laborato- 
ries where testing frequency does not lend itself to the 
maintenance of proficiency with quantitative analytical 
techniques. The CFF forbids accredited CF care centers from 
using screening sweat tests but rather requires those centers 
to perform quantitative analysis of sweat chloride.” Exam- 
ples of qualitative screening sweat tests currently in use are 
the Wescor Sweat-Chek and Nanoduct conductivity analyz- 
ers (Wescor, Logan, Utah), the Advanced Instruments con- 


ductivity analyzer (Advanced Instruments), the Orion skin 
electrode for chloride (Orion Research, Cambridge, Mass.), 
the CF Indicator System chloride patch (Polychrome 
Medical, Brooklyn, Minn.) and sweat ostholality measure- 
ments. The Nanoduct instrument (Wescor) combines pilo- 
carpine iontophoresis with a disposable conductivity cell. 
Although there are a variety of systems in use for sweat 
testing, several of the methods have documented problems, 
making them inappropriate for clinical use. For example, the 
Orion Skin Measuring System and older conductivity ana- 
lyzers using unheated collection cups are not recommended 
as diagnostic procedures because problems have been 
reported with sample evaporation and condensation and the 
ability to quantify sweat samples adequately.°"' 

The CFF has approved the Wescor Macroduct 
Sweat-Chek for screening at clinical sites, such as community 
hospitals, using the criteria that a patient having a sweat 
conductivity 250 mmol/L should be referred to an accredited 
CF care center for a quantitative sweat chloride test.” 
Wescor’s recommended decision level is higher than that of 
the CFF, which can lead to confusion between the laboratory 
and physician as to the appropriate decision level.'“**""' The 
CFF medical advisory committee, in setting the decision 
limit at 50 mmol/L, did so cautiously, realizing that the goal 
of screening tests is to tolerate some false-positive results and 
minimize or prevent false-negative results. Situations with 
false-positive test results are resolved on further testing, but 
it would be unacceptable to miss a CF patient. When evalu- 
ating sweat conductivity results, it should be noted that 
values from sweat conductivity methods are approximately 
15mmol/L higher than sweat chloride concentration. The 
difference is most likely caused by the presence of unmea- 
sured anions, such as lactate and bicarbonate.“ Because of 
this difference, laboratories must be clear in reporting that 
the screening test result represents conductivity, not chlo- 
ride, and must include appropriate sweat conductivity refer- 
ence intervals. Confusion, anxiety, and the potential for 
misdiagnosis arise in patients and their families when a sweat 
conductivity is mistakenly evaluated using sweat chloride 
reference intervals. Sixty-eight percent of laboratories per- 
forming sweat conductivity had errors in result reporting 
that included using inappropriate decision levels, reporting 
conductivity as chloride, and using conductivity as a diag- 
nostic, not screening test.” 


QUANTITATIVE CONEIRMATORY TESTS 


According to the NCCLS C34-A2 document,” a quantitative 
sweat test consists of collecting sweat into gauze, filter paper, 
or Macroduct coils; evaluating the amount collected either 
in weight (milligrams) or volume (microliters) and then 
measuring the sweat chloride concentration. Chloride pro- 
vides the greatest discrimination in diagnosis compared with 
sodium, and is the preferred analyte.” For diagnostic pur- 
poses, the CFF requires laboratories to perform a quantita- 
tive analysis of sweat chloride following the techniques 
described in the NCCLS document C34-A2.°” Chloride 
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concentration can be determined by either coulometric 
titration using a chloridometer or manual titration using 
mercuric nitrate. If a laboratory chooses to quantitate sweat 
chloride using an automated analyzer that employs an ISE, 
these methods must be systematically validated for accuracy, 
precision, and, particularly, the lower limit of the analytical 
measurement range. Instrumentation used for measuring 
sweat chloride concentration should be able to detect as low 
as 10mmol/L on unadulterated sweat. Analysts should not 
attempt to boost the analytical sensitivity by adding ‘extra- 
neous chloride standard to patients’ specimens. 


REFERENCE INTERVALS FOR SWEAT CHLORIDE 

Tn the context of clinically significant findings, a sweat chlo- 
ride >60mmol/L is consistent with CF; concentrations 
between 40 and 60mmol/L are considered borderline, and 
values <40 mmol/L are in general considered normal.” The 
functional upper limit for sweat chloride is 160mmol/L.” 
Sweat chloride concentrations greater than 160 mmol/L are 
not physiologically possible and can represent specimen 
contamination or analytical error.” The chloride concentra- 
tion should be interpreted in the context of the patient’s clin- 
ical presentation, family history, and age. Some mutations of 
the CF gene are associated with borderline or normal sweat 
chloride concentrations.” 

According to the CFF disease registry, 1.7% of CF patients 
had sweat chloride concentrations less than 60mmol/L 
(mean of 45.1mmol/L) and 0.5% had sweat chloride con- 
centrations <40 mmol/L. These patients were diagnosed with 
CF on the basis of genotyping, nasal transepithelial poten- 
tial difference studies, and clinical presentation.” 


Decision Limits for Sweat Conductivity 


There is a lack of consensus on the appropriate decision limit 
for sweat conductivity. The CFF states that a patient with a 
sweat conductivity 250 mmol/L should be referred for a con- 
firmatory sweat chloride test, and Wescor recommends that 
conductivity values up to 60mmol/L can be considered 
normal, and concentrations >80mmol/L are positive for 
CR 


SWEAT STIMULATION AND COLLECTION 


Localized sweating is produced by iontophoresis of the 
cholinergic drug pilocarpine nitrate into an area of the skin. 
Iontophoresis uses a small electric current to deliver pilo- 
carpine into the sweat glands from the positive electrode, 
and an electrolyte solution at the negative electrode com- 
pletes the circuit. The current source should be battery 
powered and regularly inspected according to hospital 
guidelines by qualified personnel for voltage leak and current 
control.” After iontophoresis, sweat is collected onto 
preweighed gauze pads or filter paper or into Macroduct 
coils, using techniques to minimize evaporation and 
contamination. The Occupational Safety and Health 
Administration (OSHA) does not list sweat as a potentially 


infectious material unless it is visibly contaminated with 
blood.” However, laboratory personnel should practice the 
same universal precautions they would use with any other 
body fluid. 

Because of transient increases in sweat electrolytes shortly 
after birth, patients should be at least 48 hours old before 
a sweat test is performed.” The patient should be physio- 
logically and nutritionally stable, well hydrated, free of acute 
illness, and not receiving mineralocorticoids. The inner 
flexor surface of the forearm is the preferred site for sweat 
testing. Either the right or left arm is acceptable. If the arms 
are unavailable, sweat testing can be performed on the 
patient’s upper leg. Never allow the current to cross the 
patient’s chest. The skin should be free of cuts, rashes, and 
inflammation so as to prevent contamination of the sweat 
sample with serous fluid. For example, sweat testing should 
never be performed over an area of eczema." The sweat test 
can be performed on a patient receiving intravenous fluid, 
as long as good contact between the skin and the electrode 
is possible, collection techniques do not interfere with 
venous flow, and the intravenous fluids do not contaminate 
the collection area. Iontophoresis should not be performed 
on a patient receiving oxygen by an open delivery system, 
Often such patients can temporarily receive oxygen by 
way of a face mask or nasal cannula, permitting sweat 
testing. 

If sweat is collected onto gauze or filter paper, the elec- 
trodes are usually made of copper and are slightly smaller 
than the stimulation and collection area. Reagents include 
United States Pharmacopeia (USP) grade 0.2% to 0.5% pilo- 
carpine nitrate solution, a dilute electrolyte solution, and 
type I distilled water. The composition of the electrolyte 
solution should be selected to prevent contamination with 
the sweat sample. A supply of gauze pads, low in electrolyte 
content, is necessary for cleansing and drying the skin. 
Before collection, the gauze or filter paper used for sweat 
collection should be placed into a weighing vial with a secure 
sealing lid, and the vial should be labeled and weighed using 
an analytical balance. To minimize contamination, the 
collection gauze or filter paper and the preweighed vial 
containing them should never be handled directly. The 
analyst should always use forceps or powder-free gloves. For 
a detailed procedure for stimulation and collection, refer to 
NCCLS document C34-A2.” 

Alternatively, for sweat stimulation, the electrodes 
and current source can be integrated as in the Wescor 
Macroduct system, which uses gel reagents containing pilo- 
carpine. The battery-powered iontophoresis system delivers 
a current of 1.5 mA for 5 minutes. Type I distilled water and 
gauze pads or tissues are necessary for cleaning the skin. 
Using this stimulation system, sweat is collected into a dis- 
posable microbore tubing coil collector. After sufficient 
sweat has been collected, it is transferred from the coil into 
a sealable microsample cup. When using the Macroduct col- 
lection system, the analyst should not touch or otherwise 
contaminate the concave collecting surface. For specific pro- 
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cedures using the Macroduct collection system, refer to the 
manufacturer’s instructions. 

To standardize and simplify the collection process, it is 
recommended that the size of the electrodes, reagent pads, 
and collection material be approximately the same. For 
example, using a 2 x 2-inch gauze or filter paper. collection 
pad, the electrodes should be slightly smaller, about 1.5 x 1.5 
inches, and the area of stimulation, represented by the size 
of reagent pads, should be the same size as the collection 
pads, 2 x 2 inches. When using the Wescor Macroduct stim- 
ulation system and Pilogel, sweat should be collected into the 
coils designed with the system. 


Critical Issues Associated With Sweat Collection 


The analyst must address several important issues when col- 
lecting sweat. These include adequate patient education, 
using appropriate stimulation and collection systems, pre- 
venting evaporation and contamination, collecting a suffi- 
cient sample, and minimizing skin reactions. 


Patient Education 


Sweat testing is one of the few clinical chemistry tests involv- 
ing direct patient contact. Patients often have questions 
about the sweat test that their physicians may not have 
answered. Patient educational materials on sweat testing 
have been produced by the CFF in English and Spanish and 
include both written and video material. 


Appropriate Stimulation and Collection Systems 


Sweat should be collected in association with compatible 
stimulation equipment and not be hybridized. For example, 
laboratories using Wescor Pilogel iontophoresis should 
collect sweat only into the Macroduct coils and not onto 
gauze or filter paper.” Hybridizing the Wescor Pilogel ion- 
tophoresis system with gauze or filter paper collection can 
dramatically alter the minimum collection volume or weight 
required to ensure adequate sweat gland stimulation and 
affect the validity of the sweat electrolyte determination. 


Evaporation and Contamination 


Testing procedures should minimize the opportunity 
for evaporation and contamination of the sweat sample. 
Detailed instructions on minimizing evaporation and 
contamination can be found in the NCCLS sweat testing 
document.” 


Specimen Weight and Collection Time 


To have a valid sweat testing result, determination of and 
adherence to a minimum sweat weight or volume are criti- 
cal, The requirement for a minimum amount is physiologi- 
cal, to ensure an appropriate sweat rate and sweat electrolyte 
concentration. It is independent of the instrumentation used 
to measure sweat electrolytes. Unfortunately, this is poorly 
understood, leading to false-positive and false-negative sweat 
test results, which have a significant implication for patient 
care. Sweat electrolyte concentration is related to sweat rate. 


At low sweat rates, sweat electrolyte concentration decreases 
and the opportunity for sample evaporation is increased.” 
To ensure a valid result, the average sweat rate should exceed 
1g/m’/min. The minimum acceptable volume or weight 
depends on the size of the electrode and stimulation area, 
the type and size of collecting devices, and the length of 
time the sweat is collected.” If a laboratory deviates from 
standard parameters, the minimum acceptable sweat volume 
or weight will change. The stimulation and/or collection 
requirement applies to each site independently, so insuffi- 
cient samples must not be pooled for analysis. 

Applying the acceptable rate to the parameters described 
in the NCCLS document, the minimum acceptable sample 
for analysis from a single site using 2 x 2-inch gauze or filter 
paper for stimulation and collection is 75mg of sweat col- 
lected within 30 minutes. Using the Macroduct system, the 
electrodes and stimulation area are smaller, and the 
minimum acceptable sample is 154L collected within 30 
minutes. Sweat should be collected for only 30 minutes. If 
the collection time exceeds 30 minutes, the requirement for 
the amount of sweat necessary to ensure adequate stimula- 
tion would have to be increased. Extending the collection 
time can allow additional opportunity for sweat evaporation 
and practically does not significantly increase the sweat 
yield.” 


Sufficient Sample Collection 


Acquiring the minimum sample should not be a problem if 
the laboratorian follows both the procedure in the NCCLS 
document and the manufacturer’s recommendations. On 
average, the percentage of insufficient samples should not 
exceed 5% for patients more than 3 months old.” The 
average amount of sweat collected on 2 x 2-inch gauze pads 
at one CF center is 282mg and in Macroduct coils is 
65 L.“*™ Insufficient sweat samples can be due to several 
factors, such as age, race, skin condition, and collection 
system. Although it may seem to be more difficult to obtain 
an adequate sweat sample in very young infants, studies have 
shown no statistically significant difference in the propor- 
tion of insufficient samples in patients younger than 6 weeks 
when compared with patients older than 6 weeks.” Collec- 
tion systems vary with regard to insufficient samples, espe- 
cially in young infants (e.g., there is a higher failure rate 
associated with collection using Macroduct coils than with 
collection onto gauze or filter paper).” If an adequate sweat 
sample is not obtained, the test can be repeated as soon as is 
practical because the rate of sweating can vary from day to 
day. To ensure adequate sweat production, the analyst should 
check that the reagents are within the expiration date and 
that the size of the stimulation area corresponds to the size 
of the collection surface. 


Skin Reactions 

Burns to the patient’s skin after iontophoresis are extremely 
rare but can occur at either electrode. If the burn occurs at 
the site of pilocarpine stimulation, sweat should not be col- 
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lected. Pilocarpine urticaria associated with sweat testing is 
also rare but has been reported.“ 

To minimize the potential for burns, the analyst should: 

1. Keep the electrode surfaces clean. Copper electrodes 
should be cleaned after every use with emery cloth to 
remove surface oxidation. 

2. Attach the electrodes firmly. Maintain a wet interface 
with the skin during iontophoresis. When using liquid 
reagents on gauze or filter paper, ensure that they are 
thoroughly saturated. When using gel reagents, a drop 
of type I distilled water can be applied to the gel 
surface, 

3. Prevent bare metal of the electrode from touching the 
skin. The gauze or filter paper pads should be slightly 
larger than the electrodes. When using gel reagents, do 
not use Pilogel disks that have a crack or structural 
defect in them. 

4, Limit iontophoretic current. At the beginning of ion- 
tophoresis, slowly raise the current, and do not exceed 
4.0mA current. 


SOURCES OF ERROR IN SWEAT TESTING 


Unreliable methodology, technical errors, and errors in 
interpretation can all lead to erroneous sweat test results. 
Methods that do not quantitate sweat collected or do not 
have an established minimum sample volume or weight are 
subject to false-negative results because an adequate sweat 
rate cannot be ensured. 

Other problems with sweat testing include errors of evap- 
oration, contamination, and errors in dilution, instrument 
calibration, sample identification, and result reporting. 
These errors occur more frequently in institutions perform- 
ing relatively few tests.” Laboratories with a low testing 
volume for sweat analysis should consider discontinuing the 
test and referring patients to accredited CF care centers for 
testing and evaluation. Interpretation errors with the sweat 
test include lack of knowledge about the laboratory method, 
failure to repeat borderline and positive results, failure to 
repeat negative test results when inconsistent with the clini- 
cal picture, and failure to repeat testing in patients diagnosed 
as CF who do not follow the expected clinical course. Mal- 
nutrition, dehydration, eczema, and rash can increase sweat 
electrolytes, whereas edema and the administration of min- 
eralocorticoids can decrease sweat electrolytes.” 


SWEAT TESTING QUALITY ASSURANCE 

High-quality sweat testing includes selecting appropriate 
methodology, having a sufficient testing volume to ensure 
familiarity with the test, and limiting the testing personnel 
to a small number of well-trained individuals. An effective 
quality assurance program for sweat analysis encompasses 
preanalytical, analytical, and postanalytical factors. 


Preanalytical Quality Assurance 
Physicians should be aware of the clinical spectrum of CF 
and appropriately order a sweat test on patients suspected 


of the disorder. Because of the significant preanalytical 
variation associated with sweat testing, duplicate testing 
from two body sites is recommended.” Most sweat chloride 
concentrations agree within 5mmol/L on bilateral testing. 
Each laboratory should establish a required level of agree- 
ment for bilateral results. It has been suggested that when 
the sweat chloride concentration is less than 60 mmol/L the 
duplicate tests should agree within 10mmol/L, and when 
the chloride concentration exceeds 60mmol/L the tests 
should agree within 15 mmol/L.” Stimulation and collection 
procedures should minimize the opportunity for evapora- 
tion and contamination of the sweat sample. The patient's 
skin at the collection site should be free of inflammation or 
rash. 


Analytical Quality Control 

To monitor the accuracy and precision of the analytical 
process, two levels of controls should be performed every day 
when patient samples are analyzed. One control should 
reflect the concentration of sweat chloride concentration in 
a non-CF patient and the other contro! should reflect the 
concentration of sweat chloride found in a CF patient. The 
controls should be performed in parallel with patient 
samples and the results should fall within a predetermined 
range before patient results can be reported. Both short- and 
long-term quality control should be monitored. 

An important part of a quality assurance plan includes 
the external validation of sweat analysis accuracy through 
participation in proficiency testing. The CAP offers a 
proficiency testing program consisting of six specimens 
per year. Participants receive feedback concerning their 
performance on these specimens relative to others in their 
peer group. 


Postanalytical Quality Assurance 


The results of the sweat test must be interpreted in light of 
the patient’s clinical presentation by a physician knowledge- 
able about CE There are several conditions other than CF 
that are associated with elevations in sweat electrolytes 
(Box 27-1). These conditions usually are distinguishable 
from CF based on the patient’s clinical presentation. 


BLOOD GASES AND pH 


Clinical management of respiratory and metabolic disorders 
often depends on rapid, accurate measurements of oxygen 
and carbon dioxide in blood. Vigorous measures to support 
life in patients with cardiopulmonary impairment depend 
largely on assisted ventilation using mixtures of gases that 
are tailored in response to laboratory blood gas and acid- 
base results. Determination of blood gases also plays an 
important part in the detection of acid-base imbalance and 
in monitoring therapy. Modern instruments for blood gas 
determinations are simple to operate and, with meticulous 
maintenance and quality control, are capable of rapid turn- 
around of very reliable laboratory data. Details of the patho- 
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Anorexia nervosa 


Atopic dermatitis 

Autonomic dysfunction 

Ectodermal dysplasia 

Environmental deprivation 

Familial cholestasis 

Fucosidosis 

Glucose-6-phosphate dehydrogenase deficiency 
Glycogen storage disease: type 1 
Hypogammaglobulinemia 
Klinefelter’s syndrome 

Long-term prostaglandin E, infusion 
Mauriac syndrome 
Mucopolysaccharidosis type 1 
Nephrogenic diabetes insipidus 
Nephrosis 

Protein calorie malnutrition 
Pseudohypoaldosteronism 
Psychosocial failure to thrive 
Untreated adrenal insufficiency 
Untreated hypothyroidism 


From National Committee for Clinical Laboratory Standards: Sweat 
Testing: Sample Collection and Quantitative Analysis: Approved 
Guideline. NCCLS Document €34-A2. Villanova, PA, National 
Committee for Clinical Laboratory Standards, 2000, p. 30. 


physiology of blood gases in relation to respiration and acid- 
base disorders are discussed in detail in Chapter 46. 

The recommended nomenclature in this area of analysis 
has been finalized by the NCCLS,” but because alternative 
nomenclatures exist" and are in common use, some of these 
are also summarized in Box 27-2. 


BEHAVIOR OF GASES 


Determination of gas pressures in expired air or blood 
depends on the application of certain physical principles 
(Table 27-4). The partial pressure of a gas dissolved in blood. 
is by definition equal to the partial pressure of the gas in an 
imaginary ideal gas phase in equilibrium with the blood. At 
equilibrium, the partial pressure (tension) of a gas is the 
same in erythrocytes and plasma, so that the partial pressure 
of a gas is the same in whole blood and plasma. The partial 
pressure of a gas in a gas mixture is defined as the substance 
fraction of gas (mole fraction) times the total pressure. The 
tension of a gas in a liquid is, in fact, a measure of the chem- 
ical activity of the gas in the liquid. In the physicochemical 
literature, it is called the fugacity. 

Various spaces where gases are present include the 
ambient environment (room air), the bronchial tree and 
alveoli of the patient, and the measuring chamber of a lab- 
oratory instrument. In all these spaces, atmospheric (baro- 


Conversion Factors 


1 mm Hg = 0.133 kPa 

1kPa = 7.5mm Hg 

kPa: 1 kilopascal = 1000 pascal. The pascal is the SI derived 
unit of pressure; it equals 1 Newton/m’ (see also Chapter 1) 


General Prefixes 
P: partial pressure or tension 
Usage: PO, PCO, PHO 
Alternative: pO, 
S: saturation fraction 
Usage: SO, 
Alternative: sO, 
c: substance concentration 
Usage: ctO, for concentration of total O, 
Usage: ctCO, for concentration of total CO, 
Usage: CHCO; for concentration of bicarbonate 
d: dissolved gas, used with substance concentration (c) 
t: total, used with substance concentration (c), thus ctCO, = 
HCO; + cdCO, 
Specimen origin is indicated by lower case letters. Whole blood 
and plasma are distinguished by capitals. 
a: arterial B: blood 
v: venous P: plasma 
c: capillary 
Usage: PO,(aB), for partial pressure of O, in arterial blood 


Prefixes Associated with External Respiration 

V: volume of air or blood (unit, L) 

V: volume rate (unit, L/min) 

F: substance fraction, also called mole fraction 

E: expired air 

r: inspired air 

A: alveolar air 

Usage: V(a) means alveolar ventilation; and V(B) cardiac 
output; FO,(1) fraction of O; in inspired air; PO,(a) partial 
pressure of O, in alveolar air; and PCO,(z) partial pressure 
of CO, in expired air. 


Other Descriptors 

BTPS: Body Temperature (37 °C or 310.16K) and ambient 
Pressure, fully Saturated (PH,O = 47 mm Hg or 6.25 kPa) 

STPD: Standard Temperature (0 °C or 273.16K) and standard 
Pressure (760 mm Hg or 101.08 kPa) of Dry gas 

Amb: ambient atmosphere (unit is atm, atmosphere) 

B: barometric (atmospheric) 

BTPS: Usage: P(amb}, P(Amb) 

SVP: Saturated Vapor Pressure, the vapor pressure of water. 
SVP; means SVP at a specified temperature, e.g., SVP37«¢ = 
47 mm Hg; PH,O(saturated) 

ATPS: Ambient Temperature and Pressure, Saturated with 
water vapor 


*This list is not complete, but is presented to facilitate interpretation of 
terms used in the text and to illustrate various forms that may be 
encountered in the literature. 
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TABLE 27-4 :Physical eemeies Applied: in: Blood Qas Pleasurements 


absolute temperature. 


Avogadro's. hypothesis: Equal volumes of different ideal g g at the same temperature adr pressure 


_ contain the same number of mole ule : 


Te of the gas over the liquid. 


metric) pressure, P(Amb), is the prevailing pressure, and 
partial pressures of each of the gases present in these spaces 
must add up to the value of P(Amb), which will vary with 
altitude and barometric pressure. Scientific convention 
reduces measurements of gas volumes made at P(Amb) 
to standard temperature (0 °C or 273.16K) and pressure 
(760mm Hg or 101.325kPa) for dry gas (STPD) to make 
experimental data transferable. However, in blood gas work, 
the standard is that measurements of partial pressure are 
always made at body temperature (usually 37 °C), at 
P(Amb), and in the presence of saturated water vapor (PH,O 
= 47mm Hg). Use of this BTPS convention (see Box 27-2) 
has the following practical effects: 

1. It relates laboratory data for blood gases strictly to the 
geographical location of the patient, so that reference 
intervals become altitude dependent. 

2. It assumes a standard body temperature of 37 °C and 
that the measuring device also holds the sample of 
blood at exactly 37 °C. This assumption requires 
special concern for thermal stability of the instrument. 
Just as important, it implies that in circumstances such 
as imposed hypothermia, when a patient’s temperature 
is not 37 °C, blood gas values determined at 37 °C 
might need to be corrected to the actual body tem- 
perature to obtain an estimate of blood gas partial 
pressures in the patient. Temperature corrections are 
addressed later in this section. 

3. It recognizes that the partial pressures of measured 
gases in the blood coexist with a constant and standard 
saturated vapor pressure (SVP), which is identical for 
both the calibration conditions of the instrument and 
measurement conditions of the blood sample. 

Boyle’s and Charles’ laws and Avogadro’s hypothesis are 

combined in what is called the general gas equation: 


P =(nRT)/V 


where 
P = pressure in units of millimeters of mercury (mm Hg) 
n = Hg or kilopascals (kPa) 
V = volume in liters in which an ideal gas is contained 


to the partial 


T = temperature in degrees kelvin (0 °C = 273.16K) 

n= number of moles of gas, and 

R= gas constant 
The SI unit of P is the pascal (Pa). However, millimeters 
of mercury (also called torr) has continued to remain 
popular (see Box 27-2 for conversion factors). Use of SI units 
does have a practical advantage in that 1 atm almost equals 
100kPa (1 atm = 101.325 kPa). Partial pressures expressed in 
kilopascals are therefore very close estimates of percentages 
of the gases in the mixture at 1 atm. Pressure, P (or p), may 
mean either total pressure, as in the expression P(Amb) for 
the mixture of gases in ambient air, or partial pressure in 
blood, as in PO,{aB). Numerical value and units of R differ 
depending on the units used for B so that: 


R = 62.36 mm Hg x L x °K! x mol! 
or 
R = 8.31kPa x L x °K x mol? 


After rearranging terms and evaluating n as 1 mol and P 
as 760mm Hg, the volume of 1 mol of a pure ideal gas at 
0 °C (no water vapor) is 22.4L. The general gas equation is 
the justification for accepting partial pressures of gases in 
blood as estimators of their concentrations. However, PO, is 
related only to the concentration of dissolved O, (cdO,.) in 
the blood and PCO, to the concentration of dissolved CO, 
(cdCO,) in the blood (see Henry’s law, Table 27-4.) In fact, 
the total concentration of O, in blood ctO, is the sum of con- 
centrations of dissolved O, and of O, bound to hemoglobin, 
with dO, being a small component of tO, (see Hemoglobin 
Saturation section later in this chapter). The total concen- 
tration of CO, (ctCO,) is defined operationally as the sum 
of concentrations of dissolved CO,, carbonic acid, HCO;, 
undissociated bicarbonate, and carbonate ion. 

Dalton’s law (see Table 27-4) may be written for room air 
as 


P(Amb) = PO, + PCO, + PN; + PHO + PX 


where PX is that of any other gas in the air sample. 
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However, for gases in solution, Dalton’s law does not 
apply. That is, the sum of partial pressures of all the dissolved 
gases may be lower than, equal to, or higher than the mea- 
sured pressure of the solution. For instance, if the sum of gas 
tensions is significantly higher than the pressure of the solu- 
tion, bubbles may form, as they can in the blood of divers 
surfacing from the deep (giving rise to a condition known as 
“the bends”) or in a cold blood sample being warmed for 
analysis. Dalton’s law of partial pressures remains important, 
however, for calibration and control of the measuring 
devices. , 

Consider a calibrator gas certified to contain 15% O, (L/L 
or mol/mol) and 5% CO,, the remainder being N}. The mole 
fractions (or F} of the gases in the dry mixture are 0.15, 0.05, 
and 0.80, respectively. This mixture, after saturation with 
water vapor at 37 °C (to mimic a patient’s blood or alveolar 
air), is introduced into a blood gas instrument’s measuring 
chamber (held at 37 °C to mimic a patient’s body temper- 
ature) for the purpose of calibrating the instrument for 
subsequent measurements of gases in patients’ samples. If 
the local barometric pressure, P(Amb), on this occasion is 
747 mm Hg, then the humidified calibrator gas is present in 
the chamber at ambient, barometric pressure, such that 


P(Amb) = 747 mm Hg = PO, + PCO, + PN2 + PH,O 


To set the instrument to the PO, and PCO, of the calibrator 
gas, we must first account for PH,O at 37 °C, which is equal 
to SVP of water, 47 mm Hg. Therefore 


P(Amb) — PHO = PO: + PCO, + PN: 
= 747 — 47 = 700 mm Hg 
If P(Amb) corrected for PH,O represents the sum of 
partial pressures for the dry gases whose mole fractions we 
know, we can calculate the exact PO, and PCO, values for 
the calibrator gas, under the circumstances of measurement, 
and then enter these calibrator values into the instrument: 
PO, = 700 x 0.15 = 105 mm Hg 
PCO, = 700 x 0.05 = 35 mm Hg 


The law of partial pressure is also applied in defining gas 
mixtures used to determine PO,(0.5) or Ps) and other 


derived quantities and to control instrumentation with 


tonometered samples. 

Henry’s law predicts the amount of dissolved gas in a 
liquid in contact with a gaseous phase (see Table 27-4), The 
concentration (mol/L) of free dissolved gas (dG) in blood 
(B) is calculated: 


cdG(B) = aG(B) x PG(B) 


where &G(B) is the coefficient of solubility for the gas in 
blood at 37 °C. 

The coefficient for ©, in blood, œO, is 0.00140 
(mol/L)/mmHg (the corresponding coefficient for the 
volume-volume relationship is 31 uL/L/mm Hg). Therefore 
when arterial PO, is normal (100mm Hg) the concentration 


of dissolved O, in arterial blood, cdO,, is 0.140 mmol/L, 
which is a very small proportion of the ctO, content in blood 
(~9mmol/L), the bulk of which is O, bound by hemoglobin. 
Increasing the O, fraction of inspired air to 100% or increas- 
ing the pressure of inspired air, as in a hyperbaric chamber, 
forces more O, into a solution. In therapy with pure O,, 
when PO, may rise to 640 mm Hg, the edO, could be as high 
as 0.9mmol/L. In hyperbaric treatment, an arterial PO, of 
2500 mm Hg (~3.2 atm) is equivalent to cdO, of 3.5 mmol/L. 
Prediction of concentrations of cdO, in these therapies is 
useful because tissue oxygenation by dissolved O, becomes 
increasingly important when hemoglobin-mediated O, 
delivery is impaired. 

The cdCO, can be calculated in the same way: œ&CO, at 
37 °C in plasma = 0.0306 mmol/L/mm Hg. Thus at a PCO, 
of 40mm Hg, the cdCO, = 40 x 0.0306 = 1.224mmol/L. In 
the determination of blood gases, PCO, is determined along 
with blood pH. As will be subsequently explained, these two 
parameters in conjunction with the Henderson-Hasselbalch 
equation permit the calculation of HCO, as follows: 


log CHCO3 = pH — pK’ + log[PCO2 x aCO,(P)] 
The antilog is then taken to derive CHCO3. 


APPLICATION OF THE HENDERSON-HASSELBALCH 
EQUATION IN BLOOD GAS MEASUREMENTS 

Carbon dioxide and water react to form carbonic acid, which 
in turn dissociates to hydrogen ions and HCO;. 


Ky ydration 


K dissociation © 
COz + H0 Se HCO; 


H® + HOS 


Thus the total concentration of CO, (ctCO,), the con- 
centration of bicarbonate (cHCO;), the concentration of 
dissolved CO, (cdCO,), and H* ion concentration (cH*) are 
interrelated. The constant K for the hydration reaction is 
2.29 x 10° (pK = 2.64 at 37 °C), whereas the constant K for 
the dissociation of carbonic acid is 2.04 x 10“ (pK = 3.69). 

In the classical formulation, Henderson (1908), using 
concentrations for bicarbonate, CO, and H* and assuming 
the concentration of water to be constant, combined these 
two reactions and incorporated the constant K’ with a value 
of 4.68 x 107, and thus a pK’ of 6.33 at 37 °C: 


K’ = cH* x cHCO;/cdCO, 


The concentration of dissolved CO, includes the small 
amount of undissociated (dissolved) carbonic acid. It can be 
expressed as cdCO, =a x PCO, where œ is the solubility 
coefficient for CO,. cHCO; then represents ctCO, minus 
cdCO,, which includes carbonic acid. The “bicarbonate” 
concentration by this definition includes undissociated 
sodium bicarbonate, carbonate (NaCO;) and carbamate 
(carbamino-CO,; RCNHCOO’), which are present in 
exceedingly small amounts in plasma. 

If the Henderson equation is rearranged and cdCO, is 
replaced by œ x PCO,, the following equation results: 
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cH* = K’ x 0. x PCO,/cHCO; 


In 1916 Hasselbaich showed that a logarithmic trans- 
formation of the equation was a'more useful form, and 
used the symbols pH (= -og cH") and pK’ (= -log K’). pH 
is defined as the negative log of the activity of H* (aH'), 
which is the entity actually measured with pH meters. The 
resulting Henderson-Hasselbaich equation becomes 


pH = pK’ + log [cHCO3 /(a x PCO2)| 
or 
pH = pK’ + log {[ctCO, — (a x PCO2)I/(a@ x PCO,)} 


K’ is the apparent, overall (combined) dissociation con- 
stant for carbonic acid. It is apparent because concentrations 
are used rather than activities and overall because both the 
cdCO, and the concentration of carbonic acid are used. K’ 
depends not only on the temperature but also on the ionic 
strength of the solution. 

For blood at 37 °C, the normal mean value is pK’(P) = 
6.103, with a normal biological standard deviation (SD) of 
about -£0.0015, mainly caused by variations in ionic strength. 
The solubility coefficient for CO, gas, a, also varies with the 
composition of the solution. For pure water at 37 °C, 
the solubility coefficient & = 0.0329 mmol x L” x mmHg”, 
and for normal plasma at 37 °C it is 0.0306 mmol x L`” x 
mmHg", with a biological SD of about +0.0003 mmol x 
L' x mmHg”. 

Inserting pK’ and © for normal plasma at 37 °C, the 
Henderson-Hasselbalch equation takes the following form: 


cHCO3 


pH = 6.103 + log ———— = — 
0.0306 x PCO, 
or 


ctCO, ~ 0.0306 x PCO, 
0.0306 x PCO, 


pH = 6.103 + log 


where PCO, is measured in millimeters of mercury and 
cHCO; and ctCO, are measured in millimoles per liter. 
Taking the antilogarithm, combining the constants, and 
expressing [H] in nmol/L, the equation becomes 


PCO, 
cHCO3 


cH* = 24.1 x 


If normal values are substituted in the equation, 


40 
cH? = 24.1 x 55g nmol/L = 38.0nmol/L 


Clearly, by measuring any two of the four parameters, 
PCO,- or edCO,, pH, ctCO,, or cHCO;, and using the 
Henderson-Hasselbaich equation with the above appro- 
priate values for pK’ and «, the other two parameters may 
be calculated. Although used as constants, these values must 


be recognized as means and susceptible to biological varia- 
tion. Changes in ionic strength of +20% cause changes in 
pK’ between 6.08 and 6.12. Variations in pK’ of plasma also 
occur with temperature (pK will decrease 0.0026 per 1 °C 
increase and decrease slightly with increasing pH). For most 
clinical purposes, these variations of pK’ can be ignored. 
However, in pathological cases with markedly deviant ionic 
strength, the change in pK’ may be significant. The value of 
& is affected by the presence of increased salts or proteins in 
solution (value decreases) or lipids (value increases). For 
instance, in lipemic plasma, the value of œ may be 0.033 or 
even higher. Thus parameters calculated on the assumption 
that pK’ and © are invariant may have significant error under 
certain pathological circumstances, and several authors 
suggest caution in using values calculated from blood gas 
analyzers in extremely ill patients and in children.” For 
instance, one study showed that in 17 of 51 adult intensive 
care unit patients, the calculated and measured tCQ, values 
differed by >10%,” whereas another showed differences 
>20% in 27 of 107 pediatric intensive care unit patients.” 
Nevertheless, with both pH and PCO, measured electro- 
chemically, CHCO;, cdCO,, and ctCO, are routinely calcu- 
lated by algorithms in the microprocessors of most blood gas 
instruments. One advantage of such a calculated value is that 
it essentially reflects the activity of HCO} (i.e., bicarbonate 
concentration is reported as if measured with an ISE) in the 
water phase of plasma, and thus it is not affected by the elec- 
trolyte exclusion effects, as other nondirect measurements of 
HCO; may be. 


OXYGEN IN BLOOD 


The total O, content (ctO,} of a blood sample is the sum of 
the concentrations of hemoglobin-bound O, and of dis- 
solved O,, At a blood ctO, of 9mmol/L, the cdO, is only 
approximately 0.14mmol/L, and the rest of the O; is associ- 
ated with hemoglobin as oxyhemoglobin (O,Hb). The O,Hb 
is defined as erythrocyte hemoglobin with O, reversibly 
bound to Fe” of its heme group. Each mole of hemoglobin- 
Fe* binds 1 mol of O,. In erythrocytes, hemoglobin exists as 
a tetramer (64,456 g/mol), but when expressing Hb concen- 
tration in moles per liter, it is reported as the concentration 
of monomer (16,114¢g/mol). Thus 1L of blood with a 
normal hemoglobin concentration (cHb) of 9.3mmol/L 
{~15 g/dL or 150 g/L) carries 9.3 mmol of O, at STPD if all 
hemoglobin is in the form of O,Hb. 

Thus 1g of hemoglobin is capable of binding 1.39mL 
(0.062 mmol) of O, at STPD. This value is referred to as the 
specific O, binding capacity of hemoglobin A (Hb A, the 
normal adult gene product). Hb A reversibly binds O, at its 
heme moiety and also binds biological effectors at other 
allosteric sites on the molecule. Methemoglobin (MetHb), 
carboxyhemoglobin (COHb), sulfhemoglobin (SulfHb), and 
cyanmethemoglobin are forms of hemoglobin that are not 
capable of reversible binding of O, caused by chemical 
alterations of the heme moiety (see Chapter 31). These 
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chemically altered hemoglobins are collectively termed. 
dyshemoglobins. Another group of abnormal hemoglobins 
have genetically determined changes in their amino acid 
sequence that can alter the allosteric binding properties of 
the molecule and thus affect O, affinity. These hemoglobins 
are collectively referred to as hemoglobin variants or hemo- 
globinopathies. More than 500 hemoglobin variants have 
been described,””’ with sickle cell hemoglobin (Hb S) as just 
one example. ; 

Uptake of O, by the blood in the lungs is governed pri- 
marily by the PO, of alveolar air and bythe ability of O, to 
diffuse freely across the alveolar membrane into the blood. 
At the PO, normally present in alveolar air (~102 mm Hg) 
and with a normal membrane and normal hemoglobin A, 
more than 95% of hemoglobin will bind O,. At a PO, > 110 
mm Hg, more than 98% of normal hemoglobin A binds ©). 
When all hemoglobin is saturated with O,, further increase 
in the PO, of alveolar air simply increases the concentration 
of dO, in the arterial blood. 

Delivery of O, by the blood to the tissue is governed by 
the large gradient between PO, of the arterial blood and that 
of the tissue cells, and by the dissociation of O,Hb in the ery- 
throcytes at the lower PO, of the blood—tissue cell interface. 

Three properties of the arterial blood are essential to 
ensure adequate O, delivery to the tissue: 

1. Arterial PO, must be sufficiently high (~90mm Hg) to 
create a diffusion gradient from the arterial blood to the 
tissue cells. Low arterial PO, (hypoxemia) results in tissue 
hypoxia (O, starvation). 

2. The O,-binding capacity of the blood must be normal 
(ie., the concentration of hemoglobin capable of binding 
and releasing O, must be normal). Decreased Hb con- 
centration may cause so-called anemic hypoxia. 

3. The hemoglobin must be able to bind O, in the lungs yet 
release it at the tissue. In other words, the affinity of 
hemoglobin for O, must be normal. Too great an affinity 
of hemogiobin for O, may cause “affinity-based” tissue 
hypoxia, in which O, is not released at the capillary-tissue 
interface (see later in this chapter). 

The PO, at the venous end of the capillaries should stay 

around 38 mm Hg, and thus the normal arteriovenous differ- 

ence in PO, is 50 to 60mm Hg. This corresponds to a normal 
delivery of 2.3 mmol of O, to the tissue per liter of blood. 


Hemoglobin Oxygen Saturation 
Before discussing the factors that affect Hb affinity for O,, it 
is important to define the concept of hemoglobin oxygen 
saturation (SO,): 
_ Oxygen content 
~ Oxygen capacity 

This is the fraction (percentage) of the functional hemo- 
globin that is saturated with oxygen and is essentially an 
indirect means of estimating the PO,. However, at least three 
different approaches exist for determining oxygen “satura- 


SO2 


tion,” and although each is distinct, they are often used inter- 
changeably to determine “oxygen saturation.” These three 
terms, hemoglobin oxygen saturation (SO,), fractional oxy- 
hemoglobin (FO,Hb), and an estimated oxygen saturation 
(O,Sat), have distinct definitions set by the NCCLS.” The 
ambiguous use of these three terms is due to the fact that in 
healthy subjects with normal amounts of normal hemoglo- 
bin, the values for all three entities are very similar. However, 
the assumptions made for normal, healthy subjects can lead 
to erroneous conclusions in seriously ill patients and those 
with dyshemoglobins or hemoglobin variants when these 
values are used interchangeably. 

Spectrophotometric methods are used to determine 
O,Hb and HHb,” and SO, is calculated according to 


cO.Hb 
SO cece es 
> cO,Hb + cHHb 


where cO,Hb is the concentration of oxyhemoglobin, cHHb 
the concentration of deoxyhemoglobin, and the sum of oxy- 
hemoglobin and deoxyhemoglobin represents all hemoglo- 
bin capable of reversibly binding O,. SO, is usually expressed 
as a percent in the United States, but may also be expressed 
as a decimal fraction of 1.00. 

SO, is most often determined by simple pulse oximetry, 
a spectrophotometric approach that can determine oxyhe- 
moglobin and reduced hemoglobin (HHB) but not COHb, 
MetHb, or SulfHb. These devices measure absorbance at 
660 and 940nm for which O,Hb and HHb have unique 
absorbance patterns. These are usually bedside monitors 
used for monitoring HbO, saturation and serve this purpose 
extremely well. However, use of SO, in the initial evaluation 
of a patient with dyshemoglobins or other abnormal hemo- 
globins can be very misleading. For instance, in a comatose 
patient with 15% COHb, the SO, by simple pulse oximetry 
might read 0.95, whereas the fraction of oxyhemoglobin 
would in reality only be 0.80. Thus it seems reasonable to 
assess for the presence of dyshemoglobins before using SO, 
for clinical purposes. The reference interval for SO, from 
healthy adults is 0.94 to 0.98 (94% to 98%).'" 

Another expression of oxygen “saturation” is the frac- 
tional oxyhemoglobin (FO,Hb), which is calculated as: 


cO2.Hb 


FO,Hb = 
2 ctHb 


where the concentration of total hemoglobin ctHb equals the 
sum of O,Hb, HHb, COHb, MetHb, and SulfHb. This value 
requires determination of all hemoglobin species and can be 
performed on a co-oximeter or on some modern blood gas 
analyzers, such as those from Instrumentation Laboratories 
or Radiometer. These instruments prepare a hemolysate 
from whole blood by sonication and by spectrophotometer 
determine the total amount of hemoglobin and the percent 
of each of the aforementioned species, This is accomplished 
by using monochromatic light at 6 to 128 fixed wavelengths 
between 535 and 670 nm and measuring absorbance at each 
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of the wavelengths. Newer co-oximeters from Bayer 
Diagnostics and AVL use a diode array and the Radiometer 
ABL 700 series uses 128 wavelengths. Because each species 
of hemoglobin has its own absorbance pattern, a micro- 
computer can calculate the percent of each one, The refer- 
ence interval for FO,Hb is 0.90 to 0.95 (90% to 95%). 

The microprocessors of blood gas instruments sometimes 
estimate the oxygen saturation (SO,) from measured pH, 
PO,, and hemoglobin with the use of empirical equations.” 
If used at all, this value should be clearly referred to as an 
estimated SO,, but it is frequently reported as and referred 
to as “O,Sat.” Calculated values such as “O,Sat” should be 
interpreted with reservation because the algorithmic 
approach assumes normal O, affinity of the hemoglobin, 
normal 2,3-diphosphoglycerol (2,3-DPG) concentrations, 
and the absence of dyshemoglobins. Such calculated esti- 
mates have been found to vary as much as 6% saturation 
from measured values.” Because of this, the NCCLS has dis- 
couraged the use of estimated values.” 

Decreases in arterial FO,Hb indicate either a low arterial 
PO, or an impaired ability of hemoglobin to bind O,. The 
amount of O, that the blood can carry is determined by three 
major factors: the PO, which reflects how much O, is 
dissolved in the blood; the amount of normal (effective) 
hemoglobin available in erythrocytes; and the affinity of the 
available hemoglobin for O,. Decreases in PO, indicate a 
reduced ability of O, to diffuse from alveolar air into the 
blood. This can be due either to hypoventilation or to 
increased venoarterial shunting that is secondary to cardiac 
or pulmonary insufficiency. In either case, the result is a right- 
to-left shunting of blood that has not reached equilibrium 
with the alveolar air. This results in a decreased PO, and an 
increased PCO,. Decreases in the concentration of total 
hemoglobin can result from a decreased number of erythro- 
cytes that contain a normal concentration of hemoglobin 
(normochromic anemia) or a decreased mean cell concentra- 
tion of hemoglobin in the erythrocytes (hypochromic 
anemia). Decreased FO,Hb hemoglobin can also occur as a 
result of poisonings that convert part of the hemoglobin into 
the species COHb, MetHb, SulfHb, or cyanmethemoglobin, 
which cannot properly bind or exchange ©). Clinically, it is 
important to distinguish between arterial hypoxemia (de- 
creased arterial PO, and decreased SO, or FO,Hb because 
of decreased availability of O,) and cyanosis (decreased 
FO,Hb because of abnormally high concentrations of 
reduced hemoglobin or chemically altered hemoglobin 
incapable of carrying O,). Note that in the cyanosis setting, 
measurement of SO, or an estimated SO, (“O,Sat”) could be 
normal if the cyanosis is due to the presence of metHb or 
COHb. 

The oxygen concentration of blood (ctO,) is the sum of 
O, bound to hemoglobin and cdO,. Originally, ctO, was 
determined by blood collected anaerobically and treated 
with ferricyanide reagent to liberate O, from hemoglobin 
under negative pressure to release all free O, from solution. 
The oxygen binding capacity was the amount of O, in the 


same sample determined in the same manner after the blood 
had been equilibrated with a gas mixture sufficiently rich in 
O, to saturate the blood with O,. Blood gas analyzers deter- 
mine ctO, by the following calculation”: 


ctO2(mL/dL) = FO2Hb x bO, x ctHb(g/dL) + 
(x02) x (PO) 


where bO, equals 1.39mL/g and oO,, the solubility coeffi- 
cient of O, at 37 °C and STPD, equals 0.0031 (mL/dL)/mm 
Hg = 0.00140 (mmol/L)/mm Hg. Note that this calculation 
is based on FO,Hb and ctHb. If SO, is used, it is necessary 
to use the effective hemoglobin concentration (i.e., to sub- 
tract the concentration of any dyshemoglobins present from 
the concentration of ctHb). Thus on initial patient presen- 
tation, determination of any dyshemoglobins may be neces- 
sary to obtain an accurate value for ctO, for its use in 
subsequent calculations. 


Hemoglobin-Oxygen Dissociation 


The degree of association or dissociation of O, with hemo- 
globin is determined by PO, and the affinity of hemoglobin 
for Oz. When the SO, of blood is determined over a range of 
PO, and plotted against PO,, a sigmoidal curve called the O, 
dissociation curve is obtained. The shape of the curve arises 
from the increasing efficiency with which HHb molecules 
bind more O, once some O, has been bound (“cooperativ- 
ity”; see also Chapter 31). The location of the curve relative 
to the PO, required to achieve a particular concentration of 
SO, in the blood is a function of the affinity of the hemo- 
globin for O,, 

The affinity of hemoglobin for O, depends on five factors: 
temperature, pH, PCO,, concentration of 2,3-DPG, and the 
presence of minor hemoglobins, such as COHb and metHb. 
Dissociation of O, in relation to 2,3-DPG concentration and 
abnormal hemoglobin proteins, such as fetal hemoglobin 
(Hb F), thalassemias, and other hemoglobinopathies, is dis- 
cussed in Chapter 31. Note that Figure 46-7 illustrates the 
effect of different concentrations of 2,3-DPG on the SO,- 
PO, relationship. This chapter describes the effects of tem- 
perature, pH, and PCO, on dissociation behavior. 

The graph in Figure 27-3 illustrates the effect of plasma 
pH on the O, dissociation curve (the Bohr effect). Similar 
graphs can be made for variations of PCO), 2,3-DPG, and 
temperature. The shifting locations of the curves are 
described in the third column of the chart in Figure 27-3, 
with increasing affinity for O, shifting the curve to the left. 
These sigmoidal curves, however, are difficult to use when 
quantitative estimates of the amount of shift are desired, 
when calculating the PO, at which 50% of Hb is binding O, 
(Ps). The Hill logit-log transform (illustrated as the Hill 
plot, Figure 27-3, B) converts the curvilinear dissociation 
function into a linear function. The slope of the linear func- 
tion, called the Hill slope, is essentially constant at 2.7 for an 
SO, between 40% and 80%. 
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pH(P) > 7.4 a t Alog PO, _ _ 
pH(P) < 7.4 -> l ApHe) °° 
Temperature j 
>37 °C ad Alog PO. _ 
<37 °C Ca t AT = +0.024 K` 
PCO, > 40 mm Hg is Alog PO. _ 1 999 
PCO, < 40 mm Hg t Alog PCO, 
cDPG(E) i 
>normal ad Alog PO, 
HSE AL = +0, 
<normal = t A(cDPG(E)/c*) 
Figure 27-3 A, Oxygen dissociation curves for human blood with different plasma pH, but 
constant PCO, of 40 mmHg, a 2,3-diphosphoglycerol concentration in erythrocytes of 
5.0mmol/L, and temperature at 37 °C. B, A Hill plot. Conditions are the same as in A. DPG, 
2,3-diphosphoglycerol. 
*The coefficients given in this chart are the basis for the correction of measured PO»; their appli- 
cation to Ps correction is discussed in the text contained on the Evolve site that accompanies this 
book. The effect of pH(P) to shift the dissociation curve is called the Bohr effect; the coefficient 
above for Alog PO./ApH(P) applies to conditions when the PCO, is 40 mm Hg and changes in pH(P) 
are due to changes in concentrations of noncarbonic acids and bases. If, however, the changes in 
pH({P) are being caused by changes in PCO), then the absolute value of the coefficient is greater, 
i.e., Alog PO./ApH(P) = —0.49. The coefficients for the Bohr effect are specified for PO, of whole 
blood but use the pH of plasma, pH{(P). The coefficient for DPG effect is based on the DPG con- 
centration in the erythrocytes cDPG(E). 
c* = | mmol/L. 
The linear transforms of the dissociation curves have lines on the Hill plot. These coefficients find application, 
allowed linear coefficients of change (fourth column of the singly or in combination, for correcting measured PO, or 
chart in the legend to Figure 27-3) to be determined for each calculated Ps» for the effects of different temperature, PCO, 


of the factors that shift dissociation curves, and hence the pH, and 2,3-DPG concentrations. 
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Determination of Pze 

Ps, is defined as the PO, for a given blood sample at which 
the hemoglobin of the blood is half saturated with O,. The 
measured value of Ps, differs from the standard value of Psp 
by some amount determined by the extent that pH differs 
from 7.40, PCO, differs from 40 mm Hg, temperature differs 
from 37 °C, and 2,3-DPG differs from 5.0 mmol/L. The value 
of Ps therefore becomes a measure of change of the hemo- 
globin affinity because of the factors that affect it. A proce- 
dure for determining Ps) is available on the Evolve site that 
accompanies this book.”°°*'*"! The procedure uses the 
principle that: 


log Fso = log PO- — logit SO2 /2.7 


where logit SO, = log[SO./{1 — SO,)}} and 2.7 is the Hill slope. 

The Psy reference intervals for adults, measured at 37 °C 
and corrected to pH(P) of 7.4, are 25 to 29mmHg. For 
newborn infants, the interval is 18 to 24mm Hg because of 
the presence of fetal Hb (Hb F). 


Clinical Significance 

Increased values for Ps» indicate displacement of the O, dis- 
sociation curve to the right (i.e., a decreased affinity of the 
hemoglobin for O,). The chief causes are hyperthermia, 
acidemia, hypercapnia, high concentrations of 2,3-DPG, or 
presence of a hemoglobin variant with decreased O, affinity. 
The physiological effects of decreased affinity of hemoglo- 
bin are small. In general, the affinity is still sufficient to allow 
the hemoglobin to bind adequate amounts of O, in the 
lungs. Low affinity facilitates dissociation of O,Hb at the 
peripheral tissue cell. Indeed, in anemia, low affinity (as a 
result of increases in 2,3-DPG) is a desirable compensatory 
mechanism. 

Low values for Psp signify displacement of the O, dissoci- 
ation curve to the left (i.e., increased affinity of hemoglobin). 
The main causes are hypothermia, acute alkalemia, hypocap- 
nia, low concentration of 2,3-DPG, increased COHb and 
MetHb, or a hemoglobin variant. Decreases of 2,3-DPG are 
commonly observed in acid states that have persisted for 
more than a few hours. The initial increase in Ps caused by 
the acidemia is gradually compensated for by a decrease in 
2,3-DPG so that Psy then falls to lower than normal values. 
The physiological consequence of increased affinity of 
hemoglobin for O, is less efficient dissociation of O,Hb at 
the peripheral tissue and lower tissue PO). 


TONOMETRY 


Tonometry is the process of exposing a liquid to a gas phase 
in such a way that each gas in the gaseous phase partitions 
to an equilibrium between the liquid and gas. This equili- 
bration, in effect, imparts the PCO, and PO, of the equili- 
brating gas to the blood to which it is exposed within the 
tonometer. Equilibration by tonometry uses gases of known 
fractional composition, humidified at 37 °C to give a satu- 
rated water vapor pressure of 47 mmHg. The PCO, or PO, 
of such gases is calculated according to Dalton’s law (see 


section on behavior of gases). Tonometry is used to treat 
blood samples for various special studies that are requested 
only rarely in most hospital settings and for preparing 
quality control material in whole blood. Direct determina- 
tion of Ps) and of standard bicarbonate are two applications 
of tonometry. 

Tonometry may be achieved by simple homemade assem- 
blies or by commercially available equipment. Some com- 
mercially available tonometers use a thin-film technique. It 
consists of a glass or plastic cup fitted on a shaft and enclosed 
in a humidified chamber whose temperature is maintained 
at 37 °C. A few milliliters of blood is placed in the cup, and 
gas flow is initiated to continuously flush the inside surface 
of the cup with the humidified gas. A controller unit causes 
the cup to rotate rapidly and periodically in short bursts, so 
that the blood in the cup is thrown in a thin layer over the 
inside walls. Another form of tonometry is the bubble tech- 
nique. It uses a syringe that is specially constructed to allow 
gas to be introduced and humidified through the plunger. 
During tonometry, the syringe is laid in a thermostatically 
controlled aluminum heat block. Additional detail on 
tonometry and its applications can be found in a previous 
edition of this textbook. Reference conditions for tonome- 
try have been recommended by a committee of the Interna- 
tional Federation of Clinical Chemistry and Laboratory 
Medicine (IFCC).” 


DETERMINATION OF PCO, PO, AND PH 


The instruments used for determination of PCO,, PO,, and 
pH are highly automated. Proper specimen collection and 
handling are critical for accurate determinations. 


Specimens 


Whole blood is the most likely specimen for a clinical labo- 
ratory to receive for gas analysis and may be obtained from 
any site accessible to vascular catheterization or entry. These 
sites commonly are the vessels of the extremities, but special 
studies may require access to the chambers of the heart and 
great vessels of the chest. Analysts should recognize that 
some specimens are difficult to obtain and should be 
handled with utmost care. Sometimes the volume of the 
specimen collected for analysis, particularly from premature 
neonates, has to be as small as possible without sacrificing 
specimen quality and analytical accuracy. 

Differences in measured blood gas values between arter- 
ial and venous are most pronounced for PO). In fact, PO, is 
the only clinical reason for the more difficult arterial collec- 
tions. PO, is generally 60 to 70 mm Hg lower in venous blood 
after O, is released in the capillaries, whereas PCO, is 2 to 
8mm Hg higher in venous blood. pH is generally only 0.02 
to 0.05 pH units lower in a venous sample. 

Quality assurance of blood analysis for gases and pH is 
dependent on control of preanalytical error (i.e., on proper 
collection and handling of the specimen) and on control of 
the analytical instrument and testing process. Because labo- 
ratory personnel do not always control collection of arterial 
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or venous specimens, they must work closely and coopera- 
tively with physicians, nurses, respiratory therapists, and 
other personnel who obtain these samples. Guidelines for 
controlling preanalytical errors have been published by the 
NCCLS.” 

Arterial puncture carries a slight medical risk and under 
no circumstances should it be undertaken by anyone who 
has not been properly trained to perform it. Arterial punc- 
ture is always done with a syringe and needle. No tourniquet 
is used, and no pull or very gentle pull is applied to the 
plunger of the syringe as the arterial blood pressure pushes 
blood into the syringe. An NCCLS-approved standard, 
H-11A3, describes appropriate procedures. 

Venous blood for measuring blood gases and pH is best 
collected with a needle and syringe, although some labora- 
tories also accept specimens drawn to a complete fill of an 
evacuated tube containing a dry heparin salt. In the collec- 
tion of venous blood from an arm vein, the specimen should 
be obtained after release of a tourniquet, and the patient 
should not be allowed to flex the fingers or clench the fist. 
Prolonged application of a tourniquet and/or muscular 
activity will decrease venous PO, and pH. Placement of 
indwelling catheters with heparin locks for short- and long- 
term intravenous therapies is common and the catheter can 
serve as a port for the specimen collection if it is thoroughly 
flushed with blood (usually 5x the catheter volume) before 
the specimen is drawn. Failure to flush the lock properly has 
unpredictable effects on measured quantities and is fre- 
quently indicated by bizarre, nonphysiological results. 

Arterial or venous specimens are best collected anaero- 
bically with lyophilized heparin anticoagulant in sterile 
syringes with capacities of 1 to 5mL, Although in theory 
glass syringes are preferred to prevent the exchange of gases 
through the syringe wall, most blood gas syringes today are 
plastic and the exchange of gas that occurs within 1 hour is 
trivial. Lyophilized heparin is preferable to liquid heparin 
because the liquid heparin, which has atmospheric PO, and 
PCO, values, dilutes the sample, with the effect being great- 
est when the syringe is not completely filled. If liquid heparin 
is used, the size of the syringe, the concentration and volume 
of liquid heparin, and the volume of blood drawn into the 
syringe are important. Adequate anticoagulation (~0.05 mg 
heparin/mL blood) can be achieved by drawing enough 
liquid heparin solution into the syringe in such a way as to 
wet the interior of the barrel over the maximum inner 
surface area of the syringe and ejecting air and excess heparin 
in such a way as to leave the dead space of the syringe filled 
with heparin. The syringe dead space is roughly 0.1 mL, and 
thus when a sterile heparin solution of 500 U/mL (5 mg/mL) 
is used, the dead space will hold 0.5mg of heparin. In a 
1-mL syringe, or if only I mL of blood is drawn into a 3- or 
5-mL syringe, the blood will be diluted with up to 10% 
heparin solution. An increasing ratio of heparin to blood 
(Table 27-5) can have an increasingly marked effect on mea- 
sured PCO, and the parameters calculated from it.” In one 
study, dilution with 10% heparin having an atmospheric 


TABLE 27-5: Changes in pH, PCO,, Base Excess, PO), 
and Actual Bicarbonate With Different 
Volumes of Heparin Solution in Venous 
Samples 


PERCENTAGE VOLUME OF ` 

EPARIN SOLUTION IN BLOOD 
a l 20 
pH DBT DBD TBD 736 
PCO, (mmig) 51.0 48.8% = 44.2* 39.0". 
PO (mmHg) 322 35.22 36.8... -38:2 
Actual HCO; o o 29o 2825 oo aot 
(nmol/l) BE AES 


From Hutchison AS, Ralston SH, Dryburgh FJ, et al. Too much heparin: 
Possible source of error in blood gas analysis. Br Med J 1983;287:1131-2. 
Significance of difference from percentage volume of 2: *p < 0.01; tp < 
0.001; *p < 0.05. 


PCO, of 0.25mm Hg led to a 10- to 20-mm Hg decrease in 
blood PCO,.” Before analysis, mixing of the sample by 
simple but vigorous rolling of the syringe between the palms 
is usually adequate to establish the desired homogeneity 
whether liquid or lyophilized heparin is used. 

Anaerobic technique for collection means no or minimal 
exposure of blood to atmospheric air. The PCO, of dry air 
is about 0.25 mm Hg, which is much less than that of blood 
(-40mm Hg). Thus the CO, content and PCO, of blood 
exposed to air will decrease, and blood pH, which is a func- 
tion of PCO,, will rise. The PO, of atmospheric air (~155 
mmHg) is approximately 60mm Hg higher than that of 
arterial blood and approximately 120mm Hg higher than 
that of venous blood. Therefore blood from patients breath- 
ing room air that is exposed to atmospheric air gains O,. In 
contrast, blood with PO, exceeding 150mm Hg, as will occur 
in patients undergoing O, therapy, loses O, on exposure to 
air. Even with care in sample handling, blood can be exposed 
to air simply from the air in the needle and the syringe hub 
dead space. Error will be minimal if the resulting bubble is 
ejected immediately upon removing the needle from the 
puncture site. The potential effect of small bubbles on blood 
gas results was clearly demonstrated in one study in which a 
100-uL bubble of room air was added to 10, 2-mL blood 
samples with PO, values between 25 and 40 mm Hg. In these 
samples, PO, increased an average of 4mmHg in only 2 
minutes, whereas PCO, decreased 4mm Hg.” Numerous 
small air bubbles have similar effects. Thus when a full 
syringe is disconnected from a needle or cannula, it should 
be held tip up, a drop of blood ejected from it, and a tightly 
fitting cap placed on the tip of the hub. 

Arterialized capillary blood is sometimes an acceptable 
alternative to arterial blood when blood losses need to be 
minimized, when an arterial cannula is not available, or to 
prevent repeated arterial puncture. Freely flowing cutaneous 
blood originates in the arterioles and corresponds closely to 
arterial blood in composition. However, arterialized capil- 
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lary blood is not acceptable when systolic blood pressure is 
less than 95mm Hg, in cases of vasoconstriction, from 
patients on O; therapy, from newborns during the first few 
hours after birth, or in newborns with respiratory distress 
syndrome. These situations pose a particular risk of admix- 
ture with blood from the venules, resulting in erroneously 
low PO, values. Capillary puncture should be preceded by 
warming the selected skin puncture site for 10 minutes to 
achieve vasodilation and adequate blood flow through local 
capillaries. For collection-from the finger of a child or adult 
or from an infant’s heel, warming may be accomplished by 
immersing the arm or leg in water warmed to 45 °C. The first 
blood drop to appear should be wiped away, and subsequent 
free-forming drops taken up in a capillary collection tube 
containing lyophilized heparin. Only free-flowing blood 
provides a satisfactory sample, and taking up the drops as 
soon as they form minimizes aerobic exposure. Appropriate 
capillary tubes hold 70 to 300UL of blood, and the larger- 
diameter tubes require mixing. A flea (a slender wire approx- 
imately 5mm in length) is immediately inserted after filling, 
and a magnet is used to move the flea back and forth. 

Transport and analysis of specimens should be prompt. 
Physicians who use blood gas and pH measurements in acute 
care management usually require very rapid turnaround 
times between specimen acquisition and reporting of results. 
Ideally, specimens shouid never be stored before analysis. 
However, delayed analysis of up to 1 hour will have a 
minimal effect on reported values from most samples. The 
pH of freshly drawn blood decreases on standing at a rate of 
0.04 to 0.08 pH unit/hr at 37 °C, 0.02 to 0.03/hr at 22 °C, 
and <0.01/hr at 4 °C. The decrease in pH is accompanied by 
a corresponding decrease in glucose and an equivalent 
increase in lactate. PCO, increases by ~5 mm Hg/hr at 37 °C, 
1 mm Hg/hr at 22 °C, and only ~0.5 mm Hg/hr at 2 °C to 
4 °C. The primary cause of these changes is glycolysis by 
leukocytes, platelets, and reticulocytes. In freshly drawn 
blood with a normal PO, that is maintained anaerobically, 
cell respiration causes PO, to decrease at a rate of ~2mm 
Hg/hr at room temperature but 5 to 10mm Hg/hr at 37 °C. 
Adverse effects of glycolysis and respiration on pH, ctCO,, 
PO,, and PCO, of blood can best be prevented by analysis 
within 30 minutes after collection. If analysis must be 
delayed or if circumstances create a risk of delay, the syringe 
or tube containing the blood should be immersed in a 
mixture of ice and water until analysis is possible. Under 
these conditions, changes are negligible because glycolysis 
is inhibited. However, if plastic syringes are stored in ice 
water there is a risk of significant increases in PO,, when the 
actual blood PO, is low, because of diffusion of the gas 
through the plastic. With state-of-the-art blood gas instru- 
mentation, introduction of a chilled sample carries little risk 
of low-temperature effect on measurements because the 
thermal equilibration of the sample to 37 °C is rapid and 
complete. 

The aforementioned small changes in values that can be 
expected with delays in analysis are true only when the white 
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Figure 27-4 Diagram of blood gas instrumentation. 

H, Humidification device; V, valve; C, chamber; B, constant 
temperature bath at 37 °C; W, waste; M, microprocessor; D/P, 
display/printer. E (electrodes) where E, is PO,, E, PCO, E; pH, 
and E, reference for pH. 


blood cell count (WBC) is normal or only slightly elevated. 
Glycolysis and the resulting effects on pH, PO, and PCO, 
increase dramatically with markedly elevated WBC, such as 
occurs in leukemia. Experiments have shown that PO, 
decreases 20 mm Hg in just 2 minutes and 40 mm Hg in only 
5 minutes with WBC values greater than 100,000/uL.™* 
Indeed, with these types of WBC values, it is virtually impos- 
sible to overcome this effect. Even after immersing the 
sample in ice, thermal equilibrium takes at least 3 to 5 
minutes, allowing significant PO, loss before the contents 
reach 2 °C. The only alternative to obtain accurate blood gas 
values on such patients is immediate on-site analysis by use 
of a point-of-care device or by taking the blood gas analyzer 
to the patient. 


Instrumentation 


Reference methods for blood gas and electrolyte determina- 
tions have been described in detail by the IFCC.” A 
schematic diagram characteristic of a typical instrument is 
shown in Figure 27-4, Electrochemical principles and struc- 
tural features of electrodes are discussed in Chapter 4. 
Prominent manufacturers of blood gas equipment include 
Roche Scientific Corp., Bayer Diagnostics, Instrumentation 
Laboratory, Nova Biomedical, and Radiometer America, Inc. 
Readers are referred to these manufacturers for details and 
operational features of specific instruments. 

Recent developments in instrumentation have included 
“stat. profile” equipment for point-of-care or bedside 
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testing." Almost all manufacturers now produce small, 
portable, stand-alone, easy-to-operate instruments designed 
for “satellite lab” operations, and some hand-held devices 
that use disposable electrodes, such as the I-STAT instru- 
ment, are also available.” Such instruments often combine 
measurement systems for blood gases and pH with ISEs for 
electrolytes, glucose, urea nitrogen, and hematocrit or hemo- 
globin. Although design and construction may differ signif- 
icantly from those used in laboratory instrumentation, the 
principles of analysis, especially for blood pH and gases, are 
not novel. Readers are referred to the manufacturers’ litera- 
ture and to Chapter 12 for a discussion of POCT. 

The operation of a traditional blood gas instrument 
begins with the operator presenting a blood specimen at the 
sample probe. A keyboard-entered command to sample a 
specimen initiates uptake of the sample through the probe 
by a peristaltic pump that loads the chamber with 60 to 
150uL of the fluid sample. The pump is under micro- 
processor control to pause after admission of the sample to 
let the sample reside in the chamber long enough to allow 
thermal equilibration and for the measurements to be com- 
pleted. On completion of measurement, the pump pushes 
the sample to waste, while output is being made available on 
a display, a printed tape, and often to a laboratory informa- 
tion system through an interface. 

The instrument (see Figure 27-4) is designed so that a 
manually or microprocessor actuated valve (V) admits cali- 
brator gases, standard buffers, or a sample to a small 
chamber (C) maintained by a fluid or metal bath (B) to a 
constant temperature of 37 °C + 0.1 °C. Measuring and ref- 
erence electrodes (E) protrude into this chamber. In the pH 
calibration phase of the instrument, high pH standard buffer 
and low pH standard buffer are alternately admitted into the 
chamber and electronic responses of the upper and lower 
limits of a linear pH curve are established. In the gas cali- 
bration phase, gas mixtures with high and low fractional 
concentrations of O, and CO, are alternately admitted into 
the chamber and electronic responses of the upper and lower 
limits of linear PO, and PCO, curves are set. In the mea- 
surement phase, an anaerobically collected blood sample is 
admitted. 

Most instruments are designed to be self-calibrating. 
Under the command of the microprocessor, calibrator gases 
and buffers are cycled at short intervals through the 
chamber, and electronic responses are continually moni- 
tored and reset to the constants initially entered for high and 
low PCO, and PO, and high and low pH of the calibrator 
materials. In the United States, the regulations written for the 
Clinical Laboratory Improvement Amendments of 1988 
(CLIA ’88) mandate one point calibration every 30 minutes 
or within 30 minutes of every patient’s sample and two point 
calibrations every 8 hours. 


Electrodes 


The tip of the pH measuring electrode is made of H*-sensi- 
tive glass (see Chapter 4), and aside from specialized con- 


struction and miniaturization for application in the blood 
gas chamber, most pH measuring and reference electrodes 
differ little from those of free-standing pH meters. 

Construction of PCO, and PO, electrodes is shown in 
Figures 4-4 and 4-8. The gas electrodes are fitted at the tip 
with gas-permeable membranes held in place with O-rings. 
Inside these membranes are electrolyte solutions in contact 
with the measuring and reference elements of the electrode. 
The membrane of the PCO, electrode usually consists of 
Teflon or silicone rubber approximately 251m thick. The 
electrolyte solution is a thin film containing sodium bicar- 
bonate at 0.005mol/L and sodium chloride (NaCl) at 
0.1mol/L saturated with AgCI. A spacer of nylon net or 
cellophane lies between the solution and the H’-sensitive 
glass of the measuring element proper. As CO, diffuses from 
the sample into the electrolyte solution, the slight rise in [H] 
from its hydration reaction is measured as ApH by an espe- 
cially sensitive potentiometer and is transformed to Alog 
PCO, electronically. 

The membrane of a PO, electrode in a standard blood gas 
analyzer is usually ~20-um thick polypropylene. The elec- 
trolyte solution is a thin film of phosphate buffer saturated 
with AgCI but also containing KCl, and is in contact with the 
polarized platinum cathode and the Ag/AgCl anode, As O, 
diffuses into the electrolyte, it reacts with the cathode to 
cause current to flow; the generated current is measured. The 
sensitivity (AI/APO,, change in current per millimeter of 
mercury) of a PO, electrode with a polypropylene mem- 
brane is around 20 pA/mm Hg. Most point-of-care analyzers 
use disposable electrodes, eliminating the necessity to change 
membranes. 


Optical Approaches to Blood Gas Measurement 


Optical approaches to measuring pH and blood gas para- 
meters have recently been used in some newer point-of-care 
devices. These devices use single-use, dry chemistry car- 
tridges to determine pH, PO,, PCO,, and in some cases elec- 
trolytes. The OPTI Critical Care Analyzer device from 
Osmetech, Inc. uses a series of fluorescent sensor molecules 
that are specific for the different gases, electrolytes, or 
glucose. The NPT7 from Radiometer is another point-of- 
care device that uses optical technologies for pH and blood 
gas measurement.’ PCO, is determined by infrared 
absorbance at three wavelengths, 4228, 4268 and 4308 nm, 
with 4268 nm being the peak absorbance for CO, in plasma. 
The PO, sensor in this device uses a phosphorescent dye dis- 
solved in a polyvinyl chloride (PVC) membrane. The dye is 
a Pd complex of a porphyrin molecule, and the instrument 
detects quenching of the phosphorescence by O, (see Figure 
27-5). Finally the NPT7 measures pH with a pH-sensitive 
dye and performs co-oximetry with a 128 wavelength spec- 
trophotometer.” It is likely that these types of single-use, dry 
chemistry approaches will become more popular in POCT. 
The challenges inherent to this or other types of POCT are 
discussed in Chapter 12. 
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Figure 27-5 The optical system for measurement of PO. The 
optical system for PO, is based on the ability of O, to reduce 
the intensity and lifetime of phosphorescence from a 
phosphorescent dye that is in contact with the sample. The 
optical system comprises a green (519-nm peak) light-emitting 
diode (LED, that emits light, which is reflected by a dichroic 
mirror onto the PO, sensor. Because of the phosphorescence, 
red light (672-nm peak) is emitted back through the dichroic 
mirror and onto a photodetector. (From Boalth N, Wandrup J, 
Larsson L, et al. Blood gases and oximetry: calibration-free new dry 
chemistry and optical technology for near-patient testing. Clin Chim 
Acta 2001 ;307:225-33.) 


Significant Figures of Results 


Contemporary instruments commonly display pH readings 
to three decimal places and PCO, and PO, readings to one 
decimal place. The pH should be reported to two decimal 
places, and PCO, and PO, as integers (when the unit is 
mm Hg). 


Calibration 
Because electrodes are not stable over long periods of time, 
frequent calibration of pH, PCO, and PQ, is required. 

The pH measurement system is calibrated against 
primary standard buffers admitted either manually or auto- 
matically into the sample chamber. The buffers are phos- 
phate solutions that should meet National Institutes of 
Standards and Technology (NIST) specifications. Calibra- 
tion buffers meeting NIST specifications are available from 
the manufacturer of an instrument, usually in containers of 
appropriate size and shape for mounting as a reservoir on 
the instrument. The pH values of the low and high calibra- 
tor buffers are set by the manufacturer but always lie close 
to 6.8 and 7.4 at 37 °C. The tolerance of the specified values 
should be less than or equal to an SD of £0.003 to achieve 
SDs of +0.005 to £0.01 in measuring blood pH. Unopened 
containers should be stored at room temperature. When 
visual observation or an instrument display warns of low 
concentrations in the reservoir, recommended practice is to 
replace the reservoir with a newly opened container rather 
than to replenish fluid in the current one. Pooling several 
almost empty containers is not recommended. 


PCO, and PO, 

Calibration of the gas measurement systems is made against 
gases of known O, and CO, composition, admitted into the 
sample chamber. Compressed. gases, with a certificate of 
analysis provided by the manufacturer, are most used as 
primary standards. Pure O,, CO,, and N, may be obtained 
in individual tanks and mixed as desired with a precision gas 
mixer in the blood gas laboratory, but this is seldom done 
today. The “low gas” mixture for calibration usually has a 
fractional composition of 5% CO), 0% O, and 95% N). The 
“high gas” mixture has a fractional composition of 10% CO), 
20% O,, and 70% N, These compositions correspond 
roughly to a calibration range of 38 to 76mm Hg for PCO, 
and 0 to 152 mmHg for PO. 

The mode of calibration is determined by the design of 
the instrument. Most instruments contain a barometer 
or a transducer responsive to P(Amb) so that barometric 
pressure is always known to the microprocessor. With such 
instruments, only a keyboard entry of the fractional 
composition of O, and CO, in low and high calibrator gas 
mixtures needs to be made. Today, most analyzers auto- 
calibrate without the necessity for user input. The micro- 
processor will calculate the values for PO, and PCO, 
(according to Dalton’s law) for gases saturated with water 
vapor at 37 °C, 


Liquid-Gas Difference of a PO, Electrode 


When calibration gases are used to standardize a systern, a 
particular property of the PO, electrode needs to be consid- 
ered. This property is called the liquid-gas or blood-gas 
difference. 

PO, and PCO, electrodes are alike in that gas diffusing 
from a liquid or gaseous sample passes through a gas-per- 
meable membrane into an enclosed electrolyte solution that 
is in contact with measuring and reference elements. In both 
electrodes, the rate of diffusion of a gas through the mem- 
branes is slower from a liquid phase than from a gaseous 
phase. However, PCO, and PO, electrodes use different prin- 
ciples of measurement. Because CO, is not consumed by the 
PCO, electrode, the rate of its diffusion through the mem- 
brane is not limiting, and equilibrium is achieved between 
the PCO, of the sample and the inner bicarbonate solution. 
Thus the PCO, electrode senses PCO, to the same extent 
whether the sample is liquid and diffusion is slow or the 
sample is gaseous with faster diffusion. 

By contrast, O, passing the membrane of a PO, electrode 
enters an irreversible reaction at a polarized cathode so that 
current generated by the reaction is proportional to the 
amount of O, reduced. The amount of O, available for con- 
sumption depends on the rate of diffusion of O, through the 
membrane. A steady state is achieved when the rate of dif- 
fusion equals the rate of reduction. Thus the electrode 
responds to a greater degree to O, diffusing from a gaseous 
phase than from a liquid phase. 

The liquid-gas difference for a PO, electrode becomes sig- 
nificant when an electrode is calibrated with gas but used to 
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measure PO, in blood. The difference is usually expressed as 
a ratio of PO, (gas sample) to PO, (liquid sample). For most 
electrodes, the ratio is commonly 1.02 to 1.06. For routine 
clinical work, a ratio of 1.04 is frequently assumed rather 
than determined. For the highest accuracy of blood PO, 
analysis, the ratio for a particular electrode can be deter- 
mined with tonometered blood versus the same gaseous 
mixture and applied as a correction factor to measured PO). 


Quality Assurance 


The elements of good quality assurance of blood gas and pH 
measurements include proper maintenance of the instru- 
ment, use of control materials, verifying electrode linearity, 
checking barometer accuracy, and accurately measuring 
temperature. 


Maintenance of Instrumentation 

Sophistication of contemporary equipment and availability 
of high-quality calibrator materials have made reliable and 
accurate determination of blood pH and gases primarily a 
matter of meticulous maintenance and control of the equip- 
ment and proper collection and handling of specimens. Soft- 
ware programs of the instrument’s microprocessor often 
provide display warnings and diagnostic routines that alert 
the operator and assist in the trouble-shooting process. Nev- 
ertheless, regular maintenance and close adherence to the 
manufacturer’s recommended procedures are essential for 
satisfactory operation. The frequency with which mainte- 
nance should be scheduled is in direct proportion to 
the volume of analyses performed in the laboratory. The 
manufacturer’s suggested schedule should be considered a 
minimum guideline, with experience relied on to indicate 
maintenance frequency. 

Cleanliness of the sample chamber and path is especially 
important. Automatic flushing to cleanse the sample 
chamber and path after each blood sample measurement is 
a feature of most instruments without disposable electrodes. 
When it is not, then manual modes of flushing recom- 
mended by the manufacturer should be faithfully practiced. 
Despite proper flushing, however, complete or partial clog- 
ging of the chamber or path or both may occur. Frequency 
of clogging is often related to the number of heparinized 
capillary blood samples that are analyzed. Fibrin threads and 
small clots may be present in the specimen or may form 
while the sample resides in the warm chamber. If allowed to 
remain, they can affect subsequent measurements or cali- 
brations by interfering with the contact of blood, buffers, or 
gases with electrode membranes. Visibility of the path 
through the heat sink is helpful for detecting clogs, dirt, and 
bubbles. Bubbles that fail to rinse out can be a particular 
problem if they settle on an electrode. 

Prompt and reliable service by the manufacturer or an in- 
house biomedical engineer is essential for a laboratory per- 
forming many analyses per day. Also important is ready 
availability of goods from the manufacturer or from labora- 
tory supply houses, such as calibrator materials (pH buffers 


and gases of certified quality), replacement membranes, and 
small parts for the maintenance of electrodes. 

Proficiency testing mandated by federai law in the United 
States (CLIA ’88) has assumed new importance for quality 
control of blood gas analysis. These rules became effective in 
January, 1991, and set criteria for satisfactory interlaboratory 
performance as follows: pH, target value +0.04; PO,, target 
value +3 SD; and PCO., target value +8% or +5 mm Hg, 
whichever is greater. The risks of failure in a testing event are 
greatest for PCO,, according to a computer model.” The sig- 
nificance of proficiency testing and the penalties for failure 
place a new incentive on faithful performance of internal 
control measures and effective response to failures of quality 
control. At the same time, pressures to control costs have 
raised the question of how often and how many concentra- 
tions of control materials are necessary to monitor intralab- 
oratory performance effectively. The facile answer is as often 
and as many concentrations as it takes to maintain confi- 
dence in the measurement systems. The regulatory answer 
per CLIA ’88 is one concentration of control every 8 hours, 
with the entire range of control concentrations covered in 
every 24-hour period. The CAP requires at least two con- 
centrations of controls every 8 hours. In many laboratories, 
however, the practical answer is to run on every instrument 
in use, at least once per shift, three concentrations of control 
for pH, PO, and PCO,, and always on completion of main- 
tenance and troubleshooting procedures. 

Newer analyzers, particularly the smaller satellite lab and 
point-of-care instruments, frequently have an “auto quality 
control (QC)” feature or use “electronic QCs.”"” Auto QC 
consists of on board QC material that is automatically ana- 
lyzed by the instrument at designated intervals that fulfill 
regulatory requirements. Electronic QC is most common in 
devices with disposable electrode cartridges and consists of 
cartridges that verify the electronic specification of the 
instruments. To be acceptable to most regulatory agencies 
these electronic QC systems must provide a quantitative 
result rather than just a qualitative “ok” or “not ok.” 
Although both of these features are very user friendly, ensure 
proper instrument performance, and are approved by regu- 
latory agencies, there is debate as to how well they can ensure 
the quality of the entire analytical performance. Such 
approaches do not assess operator performance or sample 
handling conditions that can affect blood gas results. The 
NCCLS has recently published a guideline for electronic QC 
and other alternative QC approaches for devices that use 
disposable electrodes.” For further discussion of these 
issues see Chapter 12 on POCT. 


Control Materials 


Traditionally, QC materials can be commercial blood-based 
fluids or aqueous fluids. Alternatively, independent standard 
buffers can be used for pH control and tonometered whole 
blood for PCO, and PO, control. 

Blood-Based and Fluorocarbon-Based Control Mate- 
rials. Commercial blood-based control material usually 
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consists of tanned human erythrocytes suspended in 
buffered medium and sealed in vials with a gas mixture of 
known O, and CO, content. Nonblood fluorocarbon mate- 
rials with O,-carrying properties similar to those of blood 
are also available. These products usually are made at three 
concentrations of pH, PCO,, and PO, Unopened, these 
types of control material have the advantages of a long shelf 
life in the refrigerator; 20 to 28 days for the tanned erythro- 
cytes and even longer for the others. The buffered medium 
allows for control of pH along with that of PO, and PCO,. 
Within-day and day-to-day consistency in the lifetime of a 
given lot have been reported to be excellent; within-day coef- 
ficients of variation over the range of concentrations were 
1% to 2% for pH, PCO,, and PO,, 

Aqueous Fluid Controli Materials. These materials 
consist of a buffered medium sealed in vials with gas mix- 
tures; the fluid is equilibrated with the gas by vigorous 
shaking by hand for a prescribed length of time immediately 
before the vial is opened, and a sample is admitted to the 
instrument. Coefficients of variation of 0.1% for pH, 2.5% 
for PCO,, and 3.2% for PO, are common for these types of 
materials. The disadvantages of aqueous controls stem from 
their dissimilarity to blood. Lower viscosity and surface 
tension confer different washout characteristics and impair 
their ability to reflect clogging. Greater electrical conductiv- 
ity reduces their effectiveness to detect inadequate ground- 
ing, and lower thermal coefficients make them slower to 
detect failures of temperature control. These disadvantages 
are most apparent with respect to PO,, where a fluorocar- 
bon-based matrix is superior. Nevertheless, aqueous com- 
mercial controls are far and away the most commonly used. 
In some laboratories, tonometered controls are used as 
adjuncts to commercial controls, but this is becoming rare 
because of the reliability and ease of use of modern blood 
gas analyzers. 

Tonometered Whole Blood. Quality control of PO, and 
PCO, by tonometered blood is considered the method of 
choice because the control material most nearly approxi- 
mates patients’ samples in its interaction with gas electrodes. 
Tonometered blood is acknowledged to have greater sensi- 
tivity for detecting deterioration of the gas-permeable mem- 
branes of electrodes than do aqueous fluid controls. The 
substantial disadvantages are the time required for tonome- 
try, particularly if two or three concentrations of control are 
desired; difficulties in frequently obtaining fresh, normal 
blood samples; the necessity for repeated calculation (and 
risk of miscalculation) of PCO, and PO, of the equilibrating 
gases; the necessity to keep special gas mixtures; and its inap- 
plicability to control pH measurement. To prepare tonome- 
tered (gas-equilibrated) samples for use as controls, NCCLS 
Document C46-A recommends a fresh, single-source blood 
specimen.” Because of the difficulties in obtaining and 
measuring tonometric samples, the NCCLS recommends for 
laboratories where tonometry is not directly available that 
there be an arrangement with nearby laboratories or the 


manufacturer to make tonometric samples available when 
necessary.” 

Quality Control Data. Data obtained from assays of 
blood gas and pH control materials may be handled in the 
same way as data from other clinical chemistry determina- 
tions (i.e., mean, SD, and coefficient of variation, and control 
and confidence limits for construction of Levey-Jennings 
plots). As stability of commercial aqueous control materials 
is generally several months, vendors often provide data 
reduction programs that standardize and simplify docu- 
mentation. However, the resulting reports are temporally 
delayed and are most useful for meeting accreditation 
requirements as opposed to real-time corrective or preven- 
tive action. They are however useful to compare long-term 
performances with other laboratories. Equally important 
features of quality assurance to an active blood gas service 
are the “sixth sense” of practiced operators for detecting 
subtle manifestations of deterioration of instrument perfor- 
mance and the suspicion of trouble expressed by clinicians. 


Barometer 


A barometer, whether built into the instrument or free 
standing, should periodically be checked for accuracy. 
Because the classic mercury-filled barometer has become a 
rarity in clinical laboratories, the most reliable reference is 
local P(Amb) as recorded by the nearest official meteoro- 
logical station, obtained by a phone call or via the Internet, 
and corrected for any altitude difference. 


Temperature Control 


Because an exact temperature of 37 °C is essential for the 
accurate measurement of blood gases and pH, state-of-the- 
art instrumentation is furnished with thermal sensors 
embedded in the heat sink around the measuring chamber 
and communicating to the microprocessor. Audible or 
visible alarms signal deviation of temperature outside of 
preset tolerances (usually 37 °C + 0,1 °C). Also of value is to 
use temperature-sensitive buffers, such as HEPES or TES, in 
pH quality assurance procedures. 


Sources of Analytical Error 

General causes of analytical error are calibration of the 
instrument with incorrect set points for pH buffers or cali- 
brator gases, degraded calibration materials, failure of tem- 
perature control of the measurement chamber, or a dirty 
sample chamber or path. Incorrect calibration may arise 
from wrong entries made for buffer or gas values into the 
microprocessor, from incorrect manual calculations of PCO, 
and PO, values by Dalton’s law for calibrator gases, or from 
using gases that are dry because the humidification device is 
not working properly. 

A source of error for the PO, electrode is using it in a 
range above 500 mm Hg when it has not been calibrated for 
use in this range. Measurements of PO, are particularly sen- 
sitive to temperature error. To keep systematic error to 1% 
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to 2%, the temperature control at 37 °C must be within 
0.1 °C. The PO, electrode liquid gas difference can intro- 
duce a 2% to 6% error. This error will be less when a liquid- 
gas correction factor is incorporated into the algorithm that 
generates results. Gases other than O, present in a blood 
sample may affect performance of the PO, electrode. The 
anesthetic gases halothane and nitrous oxide have a direct 
effect because both can be reduced at the polarized cathode 
in competition with O, Under most circumstarices, 
however, these effects are small and can be ignored. 


Reference Intervals" 


Reference intervals for arterial blood PO,, SO,, PCO,, and 
pH are extensively described in Chapter 56. Arterial blood 
PO, low at birth, rises to an adult concentration of 83 to 
108mm Hg. An empirical relationship of age to PO, is given 
by the following equation: 


PO,,mm Hg = (—0.27 x age [y]) + 104 


The cause of the fall in PO, with age is a gradual increase 
in pulmonary venoarterial shunting. Values for PO, and 
PCO, will decrease with increasing altitude but compen- 
satory mechanisms keep pH values the same. Saturation 
fraction, SO,(aB), may be as low as 0.40 at birth but there- 
after is 0.95 to 0.98. The FO, is 0.90 to 0.95 in healthy adults. 
The Ps) corrected to pH 7.40 is 18 to 24mm Hg for newborns 
and 24 to 29mm Hg for adults. 

Arterial blood PCO, ranges at sea level are somewhat 
lower for infants than for adults. The range for adults is 35 
to 45mm Hg. Values decrease with altitude above sea level at 
a rate of 3mmHg/km (5mm Hg/mile). A physiological 
change occurs with change in posture; PCO, is 2 to 4mm Hg 
higher for a sitting or standing person than for one in the 
supine position, During pregnancy, PCO, falls gradually to 
a mean of about 28mm Hg just before term. 

Arterial blood pH, in the first few hours of life, may vary 
over a range of 7.09 to 7.50, but thereafter is 7.35 to 7.45. 
The pH of arterial plasma, separated anaerobically at 37 °C, 
is 0.01 to 0.03 units greater than that of a corresponding 
whole blood sample, but the difference is not physiological. 
It arises instead from the effect of erythrocytes on the junc- 
tion potential of the pH electrodes. 


TEMPERATURE CORRECTION OF MEASURED PH, PCO,, 
AND PO, 

In the Henderson-Hasselbalch equation, pK’ and œ are used 
as constants for a temperature of 37 °C. The temperature- 
controlled sample chamber of an instrument is specified to 
be 37 °C £ 0.1 °C, and it is at that temperature that all mea- 
surements of pH and partial pressure of gases are made, The 
body temperature of a febrile patient may be elevated to 
40 °C to 41 °C, or a patient may be made hypothermic for 
cardiopulmonary bypass surgery and have a temperature as 
low as 23 °C. Most blood gas instruments, on keyboard entry 
of a patient’s actual temperature, can calculate and present 


TABLE 27-6 Temperature Correction Formulas 
Recommended by the NCCLS” 


+ [20.0147 + 0.0005(7.4—pH,)] 


SSF 0.01937). 2 ES 
„m10 tan huy 


(549 X 10-11 POR) + 001] 
— - ee Et BZ) 
(9.72 x:10°° POs} + 2.30 


temperature-corrected pH and PCO, and calculated values 
derived from the temperature-corrected primary data. Algo- 
rithms used by some manufacturers in their instruments 
have been listed,° and these are very similar or identical to 
the algorithms shown in Table 27-6 and specified by the 
NCCLS.” 

Correction of pH and PCO, to the actual temperature of 
the patient is usually omitted in states of hyperthermia. The 
magnitude of correction for 40 °C (104 °F) would be +0.045 
for pH, and +13% for PCO,. Therefore correction of PCO, 
can be important if the value is to be used in pulmonary gas 
exchange studies such as shunt calculations, but unneces- 
sary for the clinical management of assisted ventilation. 
However, significant disagreement exists with respect to 
hypothermic states. There are two basic strategies used by 
anesthetists for managing hypothermia patients. In the pH- 
stat. method, the measured pH is corrected to the actual 
body temperature of the patient and then maintained as 
close to 7.4 as possible by introducing 3% to 5% CO, in the 
inhaled ventilator gas. Alternatively, in the o.-stat. strategy, 
uncorrected values are used to keep the pH and PCO, close 
to the 37 °C reference value.” In most situations, the o.-stat. 
method is used, primarily since it is technically easier to 
perform and may be slightly safer.” However, in children 
undergoing deep hypothermia and circulatory arrest, the 
pH-stat. strategy has been shown to be more effective at pro- 
tecting the brain, and is the recommended strategy.” 

The equation shown in Table 27-6 illustrates the com- 
plexity of the calculation to correct PO, to the patient’s body 
temperature. Complexity is unavoidable because at PO, less 
than 100mm Hg (SO, < 0.95), the hemoglobin-O, dissocia- 
tion curve is shifted to the left by the decrease in tempera- 
ture and by the concomitant rise in pH (see Figure 27-3). 
For temperature corrections of PO, between 100 and 
400mm Hg, accurate formulas become even more com- 
plicated.? The most accurate calculation of the temperature 
variation of PO, is made by iterative calculations when the 
only necessary parameters are the temperature coefficients 
of the Ps) and the solubility coefficient of O, (0:02). Several 
analyzers perform such calculations. 

As an example of the impact of body temperature on PO, 
values, the following is given as an example. If at 37 °C and 
an SO, of 95% a patient's PO, is 75mm Hg, the PO, would 
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be 28mm Hg at 22 °C. Despite the dramatic and seemingly 
clinically significant difference, the total oxygen content of 
the blood obviously does not change with temperature. Fur- 
thermore, Severinghaus has shown that SO, changes by less 
than 2% between 0 °C and 42 °C™ depending on the initial 
SO,. Thus it has been recommended that PO, be reported at 
37 °C and not temperature corrected except when the values 
are to be used in pulmonary gas exchange studies.’ Others 
prefer to refer all values, along with temperature-specific ref- 
erence intervals, to the patient temperature. 

Taken together, prudent policy for the laboratory might 
be to generate and report temperature-corrected results for 
pH and PCO, only on the specific request of the physician. 
Furthermore, as per NCCLS recommendation, temperature- 
corrected results should never be reported without the orig- 
inal results measured at 37 °C.” 


CONTINUOUS AND NONINVASIVE MONITORING OF 
BLOOD GASES 


Obtaining arterial, venous, or capillary blood is an invasive 
procedure, and test results reflect conditions pertaining only 
to a single point in time. Repetitive sampling in intensive or 
acute care management carries risks, including infection 
and vascular complications. In premature infants particu- 
larly, repeated sampling imposes an undesirable blood loss. 
Decisive action during intensive cardiopulmonary care or 
cardiac surgery often demands either continuous monitor- 
ing or discrete real-time data for blood gases. 

Extensive discussion of noninvasive and continuous 
modes of monitoring is beyond the purview of this text. 
However, laboratorians must be aware of them, because 
blood samples and standard analytical equipment remain 
the reference for monitoring the effectiveness of such 
devices, and because responsibility for quality assessment 
and review for them is often assigned to the clinical labora- 
tory. Indeed, some regulatory agencies, such as the CAP, have 
developed guidelines for laboratory oversight of “alternative 
test systems” that include transcutaneous and in vivo mon- 
itoring devices. Such guidelines state that “in some cases tra- 
ditional approaches to management, quality control, etc. 
may not be directly applicable but that systems must be in 
place to ensure that accurate results are generated.” 

Pulse oximeters that continuously monitor SO,Hb are 
common and generally reliable.” Older pulse oximeters were 
susceptible to error depending on placement and motion but 
newer technology has made these devices very reliable.” 
Transcutaneous monitoring of PCO, and PO, is a noninva- 
sive continuous monitoring approach that has been around 
for more than 30 years and has had particular value and 
general success in neonatal and pediatric care.'*°*” These 
devices consist of gel-encased self-adhesive electrodes that 
heat the skin to 43 °C to 44 °C to arterialize the capillaries 
and facilitate diffusion of O, through the skin.” Although 
the electrodes differ considerably in appearance from those 
used on blood gas instrumentation, they operate on exactly 
the same electrochemical principle. 


Transcutaneous monitoring of PO, can vary widely 
depending on whether the site of application reflects arter- 
ial, capillary, or venous blood flow. However, because there 
is little difference between arterial and venous PCO,, trans- 
cutaneous monitoring of PCO, is less problematic and 
pulse oximeters can often serve as a surrogate for PO). 
Transcutaneous monitoring works best in areas of thin skin 
thus its popularity in neonates, and in settings of normo- 
volemia. Decreased tissue perfusion and hypovolemia can 
make these devices unreliable. Nevertheless, their correla- 
tions with arterial blood gases are reasonable (r values 
ranging from 0.7 to 0.8) and they have been recommended 
for trending and monitoring. However, it is recommended 
that baseline arterial values be obtained before commencing 
noninvasive monitoring. Transcutaneous monitoring can 
also be used to monitor local tissue perfusion after certain 
surgical procedures and trauma.*®”* 

Transcutaneous PCO, values can be up to 80% higher 
than corresponding capillary or arterial blood values” of 
which 40% to 50% of the difference can be explained by 
the difference in the temperatures of measurement (44 °C 
versus 37 °C). Guidelines for transcutaneous measurement 
of PO, and PCO, have been published by a committee of the 
Ipcc.” 

In addition to monitoring PO, and PCO,, new inline 
devices that also monitor pH, electrolytes, and hematocrit 
have recently been introduced to the market.’ The VIA LVM 
Monitor (Metracor Technologies) is one of these and con- 
sists of a single-use inline cartridge consisting of six con- 
ventional electrodes. The cartridge is attached to an arterial 
line and upon operator command withdraws ~1.5mL of 
blood into the cartridge where analysis takes place. The ana- 
lytical time is about 60 seconds after which the blood is 
returned via the arterial line. Cartridges undergo a two-point 
calibration before being placed in service and a single-point 
calibration is used to flush the sensors after each analysis. 
Analysis can be repeated every five minutes and it is claimed 
that cartridges can be used for up to 72 hours. In a multi- 
center study results from 1414 paired sample measurements 
showed good agreement and correlation for results from 
an inline monitor compared with traditional laboratory 
methods.” A similar continuous inline analyzer that uses 
fiber optic technology is the Paratrend 7 from Agilent 
Technologies. The future of such devices will likely depend 
on cost versus benefits to patient care and outcomes. 
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Michael Kleerekoper, M.D., F.A.C.E., EA.C.B. 


hormone is a chemical substance produced in the 
A body by an organ, cells of an organ, or scattered cells, 

having a specific regulatory effect on the activity of 
an organ or organs. They are produced at one site in the 
body and exert their action(s) at distant sites through what 
is called the endocrine system. It is increasingly recognized 
that many hormones exert actions locally through what is 
termed the paracrine system. Finally, some hormones exert 
their action on the cells of origin, regulating their own syn- 
thesis and secretion via an autocrine system. The classic 
endocrine hormones include insulin, thyroxine, and cortisol. 
Neurotransmitters and neurohormones are examples of the 
paracrine system, and certain growth factors that stimulate 
synthesis and secretion of true hormones from the same cell 
are examples of an autocrine system. 

Table 28-1 lists hormones that are commonly measured. 
in clinical practice plus a few others to illustrate concepts. 
Biochemical, clinical, and analytical information for specific 
hormones and cytokines may be found in Chapters 22, 25, 
and 48 to 54. 
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CLASSIFICATION 


Hormones are classified as (1) polypeptides or proteins, (2) 
steroids, or (3) derivatives of amino acids. 


POLYPEPTIDE OR PROTEIN HORMONES 

Adrenocorticotropic hormone (ACTH), insulin, and 
parathyroid hormone (PTH) are examples of polypeptide 
or protein hormones. They are generally water soluble and 
circulate freely in plasma as the whole molecule or as active 
or inactive fragments. The half-life of these hormones in 
plasma is quite short (10 to 30 minutes or less), and wide 
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Hormones* 


fluctuations in their concentration may be seen in several 
physiological and pathological circumstances. These hor- 
mones initiate their response by binding to cell membrane 
receptors (on or in the membrane) and exciting a “second 
messenger” system, which continues the specific actions of 
these hormones. 


STEROID HORMONES 


Steroid hormones (e.g., cortisol and estrogen) are hydro- 
phobic and insoluble in water. These hormones circulate in 
plasma, reversibly bound to transport proteins (e.g., corti- 
sol-binding globulin and sex-hormone binding globulin) 
with only a small fraction free or unbound available to exert 
physiological action.*®" The half-life of steroid hormones is 
30 to 90 minutes. Free steroid hormones, being hydrophobic, 
enter the cell by passive diffusion and bind with intracellu- 
lar receptors either in the cytoplasm or the nucleus.’ 


AMINO ACID—RELATED HORMONES 


Thyroxine and catecholamine are examples of hormones 
that are derived from amino acids; they are water soluble and 
circulate in plasma either bound to proteins (thyroxine) or 
free (catecholamines). Thyroxine binds avidly to three 
binding proteins and has a half-life of about 7 to 10 days, 
and the free and unbound catecholamines such as epineph- 
rine have a very short half-life of a minute or less. As do the 
water-soluble peptide and protein hormones, these hor- 
mones interact with membrane-associated receptors and use 
a second messenger system. 


RELEASE AND ACTION OF HORMONES 


The physiological functions of hormones have been broadly 
categorized into those that (1) affect growth and develop- 
ment, (2) exert homeostatic control of metabolic pathways, 
and (3) regulate the production, use, and storage of energy. 
The descriptions below illustrate examples of these functions 
and mechanisms of control of hormone secretion. 
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TABLE 28- I Selected Hormones and Frequently Measured Hormone Precursors and q Oyrolsnes 


doc ne Organ ; ‘Chemical Nature l ones es Rae eg eee 
and. ormone -` of Hormone ©. Major Sites of Action “Principal Actions 000 


Hypothalamus : l : ae ee eae 
Thyrotropin-releasing _ >, Peptide. +... = 2° Anterior pituitary z 

hormone (TRH). ` -0 . Baa, Glu-His-Pro)* suas pals 
Gonadotropin clean: fs Peptide oo. Anterior pituitary <> 

< hormone. (Gn-RH) ¢ oF “(10 aa) : 

luteinizing hormone- ie 

releasing hormone. 

LHRH) - ares ar : 
Canton releasing Peptide Anterior pituitary. 

hormone (CRH) . . 3 -(41aa) =: Bat A rt A as 
Growth Bade. oA Peptides . TE Anterior pituitary 05n 
sshormone.(GH=RH) $: i (40, 4an) (24 E E 
‘Somatostatin? (SS) or growth o- Peptides 00) 0. Anterior pituitary E 
ii hormone mhibiting. en el ANd 28 da) ii og ie cos een 


‘Prolactin-releasing peptide Peptide (20aa) | Anterior pituitary a of PRL | 
Prolactin releasing/inhibiting .. Dopamine. veces ss Anterior pituitary. 002 Suppression of a and. 
ie factor ae peepee Seas en secretion of PRL 


Anria Pituitary Lobe A E E a E : A 
$i I yrotropin or Glycoprotein oi. Thyroid gland. ae Stimulation of thyroid hormone oe 
_ thyroid- -stimulating heterodimer‘. gai i ee ees poe . formation and secretion Be 
“hormone (TSH) (œ 92.aa; B, 1122a) A ae ee A oe ; 
Follicle- “ipulating hormone: `; Glycoprotein, ins a Ovary a OS A Growth of follicles with LH, 
OD Beane s heterodimer icy.) Sra ohi i aye os secretion OF estrogens, and 
aa (a, 92aa; B, 117aa) “kes eno ovulation =. 
. Development of tinea 
‘tubules; $ spermatogenesi 
Ovulation; formation ‘of ‘corpora P 
lutea; : secretion of] f progesterone ; 


Tis 


Luteinizing hormone (LH) Glycoprotein, = Ovary 
Ri gaon gia has heterodimers 2.02 T e) 
(0,9220; B, 12120) 


Testis ©- : E Stimulation o of interstitial tissues eae 


PRL : es Mammary gland 


Liver 
<> Liverand peripheral 
tissues 
Adrenal cortex 


Growth heron (GH 


ao Brains o 


_17-Hydroxyprogesterone > 
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Arterioles 
Renal tubules 
Smooth muscles 


: GH secretion: induction of slee 
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TABLE 28-1 Selected Hormones and Frequently Measured Hormone Precursors and Cytokines— Continued 
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TABLE 28-1: Selected Hormones and Frequently Measured Hormone Precursors and Cytokines——Continued _ 
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TABLE 28-1 Selected Hormones and Frequently Measured Hormone Precursors and. Cytokines—Continued 
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TABLE 28-1 Selected Hormones and Frequently. Measured Hormone Precursors and Cytokines—Continued 


Major Sites of ction. 


“Prin ipal Actions : 


"Kidney, bone 


mor necrosis factor 


*aa, Amino acid residues. 
tAlso produced by gastrointestinal tract and pancreas. 


ane growth; other 


‘Glycoprotein hormones composed of two dissimilar peptides. The -chains are similar in structure or identical; the B-chains differ among hormones and 


confer specificity. 

4Androstenedione is also produced in the ovary and testis. 
‘Each activin and inhibin is found in multiple forms. 

fTwo chains linked by two disulfide bonds: œ, 24aa; B, 29 aa. 
®Two chains linked by two disulfide bonds: œ, 21 aa; B, 30aa. 
Also produced in the brain. 


GROWTH AND DEVELOPMENT 


Normal growth and development of the whole human 
organism is dependent on the complex integrative function 
of many hormones including gonadal steroids (estrogen and 
androgen), growth hormone, cortisol, and thyroxine. Several 
pituitary hormones are responsible specifically for the 
growth and development of endocrine glands themselves 
and thus are responsible for control of synthesis and secre- 
tion of other hormones. Those other hormones can provide 
negative feedback on secretion of the pituitary hormones. 
Other regulators of the secretion of the pituitary hormones 
include circadian rhythms and a hypothalamic pulse gener- 
ator that controls the pulsatile secretion of gonadotropins. 
Examples of hormones of the anterior pituitary gland 
include the following: 

° Gonadotropins (luteinizing hormone [LH] and follicle- 
stimulating hormone [FSH]) that regulate the develop- 
ment, growth, and function of the ovary and testis (see 
Chapter 53). The ovarian and testicular hormones in 
turn regulate pubertal growth; the development and 
maintenance of secondary sex characteristics; the 
growth, development, and maintenance of the skeleton 
and muscles; and distribution of body. fat. : 

© ACTH that regulates the growth of the adrenal glands 
and the synthesis and secretion of adrenal gland hor- 
mones (see Chapters 50 and 51). 


° Thyroid-stimulating hormone (TSH) that regulates the 
growth of the thyroid gland and the iodination of 
amino acids to produce the thyroid hormones tri- 
iodothyronine and thyroxine (see Chapter 52).' 


HOMEOSTATIC CONTROL OF METABOLIC PATHWAYS 


The metabolic pathways under hormonal control are diverse 
and complex. The following important examples illustrate 
the feedback control of hormone secretion, which is critical 
for homeostasis: 

* Regulation of blood glucose: In response to a glucose 
load, there is prompt release of insulin from the pan- 
creas, which regulates the dispersal of glucose into cells 
(fat, muscle, liver, and brain) for the metabolism nec- 
essary to produce energy from glucose (see Chapter 
25). As circulating glucose concentrations thus return 
to preload levels, insulin secretion slows. A number 
of counter-regulatory hormones come into play to 
further regulate this process to ensure that blood 
glucose levels do not become too low. These include 
glucagon, cortisol, epinephrine, and growth hormone. 

e Regulation of serum calcium (see Chapter 49): The 
‘calcium-sensing receptor (CaSR) on the parathyroid 
gland recognizes the ambient concentration of ionized 
calcium, which in turn regulates synthesis and secre- 
tion of PTH. When ionized calcium concentrations fall 
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(so imperceptibly that most analytical methods could 
not detect the change), PTH synthesis and secretion are 
stimulated. This additional PTH will attempt to restore 
serum ionized calcium by enhancing renal tubular 
reabsorption of calcium and also calcium efflux from 
the skeleton. PTH also catalyzes the synthesis of the 
renal hormone calcitriol (1,25-dihydroxycholecalci- 
ferol), which acts on the gut to increase intestinal 
absorption of calcium. These very rapid responses. of 
PTH and calcitriol quickly restore ionized calcium con- 
centration to a level where the CaSR is no longer acti- 
vated and both PTH and calcitriol synthesis and 
secretion return to basal levels. 

e Water and electrolyte metabolism is regulated by 
aldosterone from the adrenal gland, renin from the 
kidney, and vasopressin (antidiuretic hormone [ADH]) 
from the posterior pituitary gland (see Chapters 45 
and 46). 


REGULATION OF THE PRODUCTION, USE, AND STORAGE 
OF ENERGY 


Under normal conditions, regulation of energy production, 
use, and storage is under tight hormonal control. Under 
conditions of changing demands that require more energy 
(e.g., exercise, starvation, infection or trauma, and emotional 
stress), many hormones are up regulated to control not only 
circulating levels of nutrients but also the metabolism of 
these nutrients into necessary energy. This very complex 
activity, which may involve hormones from different organs 
as already alluded to in the preceding section, is also under 
neurological control, with a number of neuroendocrine 
hormones participating actively in this integrative meta- 
bolic process, which affects most organs in the body and 
modulates, for example, heart rate, sweating, fertility, and 
reproduction. 


ROLE OF HORMONE RECEPTORS 


The “unique” or specific action of a hormone on its target 
tissue is a function of the interaction between the hormone 
and its receptor. As discussed above, there are several types of 
hormone-receptor interaction.*°*!” The hormone-receptor 
complex provides the very high specificity of the action of 
the hormone, allowing the target tissue to accumulate the 
hormone from among all the molecules to which it is exposed. 
This is essential since hormones generally circulate in pico- 
molar or nanomolar concentrations (10° to 10°" mol/L). 

Hormone receptors may be on the cell surface or intra- 
cellular within the cytoplasm or nucleus. 


CELL-SURFACE RECEPTORS 


Peptide hormones bind to cell-surface receptors and the con- 
formational change resulting from this binding activates an 
effector system, which is in turn responsible for the down- 
stream actions of the hormone (Figure 28-1).'"? For most 
peptide hormones, the intracellular effector that is activated 


Progesterone 
0 


Biological Responses 
Figure 28-1 Hormonal signaling by cell-surface and intracellular 
receptors. Fhe receptors for the water-soluble polypeptide 
hormones, LH, and insulin-like growth factor (IGF)-l, are integral 
membrane proteins located at the cell surface. They bind the 
hormone using extracellular sequences and transduce a signal by 
the generation of second messengers, cAMP for the LH 
receptor, and tyrosine-phosphorylated substrates for the IGF-I 
receptor, Although effects on gene expression are indicated, 
direct effects on cellular proteins (e.g., ion channels), are also 
observed. In contrast, the receptor for the lipophilic steroid 
hormone progesterone resides in the cell nucleus. It binds the 
hormone, and becomes activated and capable of directly 
modulating target gene transcription. Tf, Transcription factor; 
R, receptor molecule. (From Conn PM, Melmed S. Textbook of 
endocrinology. Towanta NJ: Humana Press; 1997.) 


by the hormone-receptor interaction is a specific G-protein 
(guanyl-nucleotide-binding protein)*'*'*"* and the receptors 
are called G-protein—coupled receptors (GPCR, Figure 
28-2). GCPRs are heptahelical molecules with seven mem- 
brane-spanning domains. The amino terminus is extracel- 
lular and the carboxy terminus is intracellular. The major 
structural classes of GPCRs have been identified, each con- 
taining receptors for specific subsets of hormones (Figure 
28-3). Group I is the largest group containing receptors for 
many peptide hormones and catecholamines. Group IJ con- 
tains receptors for the family of gastrointestinal hormones 
(secretin, glucagons, and vasoactive intestinal polypeptide). 
Group III contains the CaSR and the glutamate receptor. 
Stimulation of a G-protein initiates the intracellular 
processes of signal transduction that characterize the specific 
action of the hormone. G-proteins are composed of œ, B, and 
y subunits and are classified according to the & subunit, of 
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Figure 28-2 Signal transduction by cell-surface receptors that are coupled to G-proteins. Two 
seven-transmembrane domains, coupled to different G-proteins (Gs, and G,) are shown. 
Activation of Gs leads to stimulation of the effector enzyme adenylate cyclase and the 
production of a cAMP second messenger, causing the activation of protein kinase A (PKA) and 
the initiation of potential phosphorylation cascades. Activation of G, leads to stimulation of the 
effector enzyme phospholipase C-B and the production of IP3 and diacylglycerol (DAG) second 
messengers, one effect of which is to activate protein kinase C (PKC) and initiate a potential 
phosphorylation cascade. (From Conn PM, Melmed S, eds. Textbook of endocrinology. Towanta NJ: 


Humana Press; 1997.) 


which 20 have been identified to date (Figure 28-3). 
G-proteins may stimulate adenylate cyclase (G, type of 
G-proteins) or inhibit adenylate cyclase (G; type). The many 
classes of GPRCs and G-proteins briefly described in this 
section provide some beginning insight into the mechanisms 
responsible for the specificity of hormone action. Some non- 
peptide hormones also use cell-surface receptors. 


INTRACELLULAR RECEPTORS 


Lipid-soluble hormones are transported in plasma bound to 
carrier proteins with only a small fraction of the hormone 
being in the free or unbound state. The free hormone enters 
the cell via passive diffusion and binds to intracellular 
receptors in the cytoplasm or, more often, the nucleus 
(Figure 28-1). These receptors are characterized by a 
hormone-binding domain, a deoxyribonucleic acid (DNA)- 
binding domain, and an amino-terminal variable domain. 
Just as the interaction of protein or polypeptide hormones 
with cell-surface receptors changes the conformation of the 
receptor protein, the binding of a lipid-soluble hormone 


with its specific hormone-binding domain on the intracel- 
lular receptor changes the molecular conformation of the 
intracellular receptor. This conformational change, or acti- 
vation of the receptor, enables the hormone-receptor 
complex to bind to specific regulatory DNA sequences of a 
target gene, permitting control of specific gene expression 
(Figure 28-2).’ 


POSTRECEPTOR ACTIONS OF HORMONES 


Cellsurface and intracellular receptors have different post- 
receptor actions. 


CELL-SURFACE RECEPTORS 


Once GPCRs are occupied by a hormone, the G-protein sub- 
units begin a cascade of activation of specific enzymes that 
generate molecules that serve as second messengers to effect 
the hormone response. The best known of these are adeny- 
tyl cyclase, which generates cyclic adenosine monophosphate 
(cAMP), and phospholipase C, which generates both 
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G Protein-Coupled Receptor Superfamily 
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Olfactory, Adenosine, Melanocortin Rs Group I: Alpha Factor Pheromone Rs 
Adrenergic, Muscarinic, Serotonin, DA Rs 

Neuropeptide Rs and Vertebrate Opsins 

Bradykinin R and Invertebrate Opsins Family E: Receptors Related to the STE3 
Peptide and GP Hormone, Chemokine Rs Pheromone Receptor 
Melatonin and Orphan Rs 


Group I: A Factor Pheromone Rs 


Receptors Related to the Calcitonin ; 

and Parathyroid Hormone Receptors Family F: Receptors Related to the cAMP 
Receptor 

Calcitonin, Calcitonin-like, CRF Rs i 

PTH and PTHrP Rs Group l: Dictyostelium cAR1-4 Rs 

Glucagon, Secretin, VIP, GHRH Rs 


Receptors Related to the Metabotropic 
Glutamate Receptors 

Metabotropic Glutamate Rs 
Extracellular Caicium ton Sensor Rs 


Glycosylation 


Q 
y TMD2 


PKA Phosphorylation 


Required for Catecholamine 
Binding and Activation 
Å Asp 113 E Ser 204, 207 


G-Protein Coupling 


COOH -O08000 O00000 08000. 
Yh ee j 


B BARK Phosphorylation 


Figure 28-3 Classification and basic architecture of cell-surface receptors that couple to G- 
proteins. Panel A lists the major families and groups of GPCRs. The mammalian receptors are 
confined to families A, B, and C. Family A is the largest and includes the diverse odorant 
receptors and prototypic: GPCRs, such as rhodopsin and the B-adrenergic receptor. Panel B 
shows a schematic structure of one of the most extensively characterized GPCRs, the B- 
adrenergic receptor. Major structural features are indicated and are expanded on in the text. 
(From Conn PM, Melmed S. eds. Textbook of endocrinology. Towanta Nj: Humana Press; 1997.) 
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Figure 28-4 Signaling by Gs. (From Conn PM, Melmed S, eds. 
Textbook of endocrinology. Towanta Nj: Humana Press; 1997.) 


inositol 1,4,5 trisphosphate (IP;) and diacylglycerol. The 
production of second messengers, and the subsequent mag- 
nitude of the effect of the hormone, is a function of the 
amount of hormone bound to the GPRC. The binding of a 
small number of hormone molecules on the cell surface 
leads to the production of many molecules of the second 
messenger, thus amplifying the signal sent by the hormone 
(which can be thought of as the first messenger). 

cAMP-dependent protein kinases are a family of enzymes 
that, in the presence of cAMP, phosphorylate a number of 
intracellular enzymes and other proteins to activate or inac- 
tivate the function of these enzymes and proteins thereby 
regulating their function. As a further means of regulating 
hormone action, these cAMP-dependent kinases consist of 
two catalytic and two regulatory subunits (Figure 28-4). The 
regulatory subunits exist as a dimer that can bind two mol- 
ecules of cAMP, and the binding of cAMP releases the cat- 
alytic subunits, which are then activated as phosphorylating 
enzymes. When cAMP is removed from the regulatory 
subunit, this dimer is not able to associate two catalytic 
subunits and amplify the signal of the hormone. 

Phospholipase C acts on inositol phospholipids within 
the cell membrane to produce IP;, which opens up ion chan- 
nels to facilitate entry of calcium into the cytoplasm where 
it acts as a messenger, and diacylglycerol, which modulates 
protorn kinase C activity. 

The insulin receptor represents a somewhat different class 
of cell-surface receptors that contain intrinsic hormone- 
activated tyrosine kinase activity and do not otherwise 
involve a second messenger.“ The insulin receptor is the pro- 
totype of this type of receptor and consists of two @ and two 
B subunits joined by disulfide bridges. The extracellular, 
hormone-binding domains are the a subunits, and the B 
subunits are intracellular. They contain an ATP binding site 


Ligand 


Figure 28-5 The G-protein cycle. (From Conn PM, Melmed S, 
eds. Textbook of endocrinology. Towanta Nj: Humana Press; 1997.) 


and a catalytic kinase domain through which tyrosine 
kinase is activated immediately upon insulin binding to the 
receptor. 

Since hormones largely serve a regulatory function, there 
are of necessity many self-limiting steps in the above 
processes. Without these self-limiting processes, hormone 
action would continue unabated. For cAMP, cessation of 
hormone action involves the inactivation of G-protein stim- 
ulation of adenylate cyclase by guanosine triphosphate 
(GTPase (Figure 28-5). In the absence of hormone interac- 
tion with the GPCR (basal or unstimulated state) G, is 
bound to guanosine diphosphate (GDP). Once the hormone 
is bound to the receptor, GDP is released from G, and 
replaced by GTP and the G,-GTP complex activates adeny- 
late cyclase. The G,-GTP complex is inactivated by GTPase, 
restoring the G,-GDP state, which cannot stimulate forma- 
tion of cAMP until further hormone binding to the GPCR 
takes place. Within a few minutes (or less) of the hormone- 
GPCR interaction and the initiation of hormone action, the 
receptor is phosphorylated. by protein kinase A and protein 
kinase C. This phosphorylation of the hormone receptor 
permits internalization of the complex from the cell surface 
into the cytoplasm where dephosphorylation occurs, per- 
mitting degradation of the hormone and recycling of the 
GPCR to its original transmembrane location, awaiting 
coupling with more hormone. 


INTRACELLULAR RECEPTORS 


As noted, lipid-soluble hormones bind to the hormone- 
binding domain of cytosolic or nuclear receptors.''"? This 
results in a conformational change that enables the 
hormone-receptor complex to bind to specific regulatory 
DNA sequences in the 5’ end of the target gene.’ The binding 
specificity of the (hormone-bound) receptor for specific 
regions of the DNA of the target gene is determined by zinc 
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finger structures in the receptor’s DNA-binding domain. It 
is the binding of the hormone-receptor complex to DNA 
regulatory elements that either enhances or represses gene 
transcription. The messenger ribonucleic acid (RNA) that is 
either enhanced or diminished by the hormone-receptor 
binding to the target gene regulates the synthesis of specific 
proteins that mediate the hormone’s physiological actions. 
The system is further regulated by the presence or absence 
of co-activators or co-repressors of gene expression. In 
addition, many actions of hormones that bind to intracellu- 
lar receptors are rapid and do not depend on synthesis of 
protein, suggesting that these hormone-receptor complexes 
exert actions by mechanisms different from binding to 
DNA. 

From these descriptions, one can begin to deduce both 
the complexity and specificity of hormone action both in 
terms of an “on and/or off” concept and in terms of an 
“effect-size” concept. 


CLINICAL DISORDERS OF HORMONES 


Although several chapters of this textbook detail a variety 
of endocrine disorders, a brief introduction is appropriate 
here. In general, endocrine diseases result from either a defi- 
ciency or an excess of a single hormone or several hormones, 
or from resistance to the action of hormones. Hormone defi- 
ciency can be congenital or acquired and hormone excess 
can be from endogenous overproduction (from within the 
body) or exogenous overmedication. Hormone resistance 
can occur at several levels, but can most simply be charac- 
terized as receptor mediated, postreceptor mediated, or at 
the level of the target tissue. The clinical manifestations will 
depend on the hormone system affected and the type of 
abnormality. 

Diabetes mellitus (DM) is an example of an endocrine 
disorder; it is the most common endocrine disorder in the 
United States (see Chapter 25). It is classified as either type 
1 or type 2. DM type 1 results from a failure of the pancreas 
to secrete insulin even though the pancreas is otherwise 
normal. Type 2 is the most common form of DM and results 
from end-organ resistance to the action of insulin that, in 
this case, is secreted from the pancreas in abundant amounts 
and circulates at high concentrations. Secondary DM occurs 
when a nonendocrine disease, such as pancreatitis, destroys 
the pancreas including the insulin secreting cells, The bio- 
chemical hallmark of DM is hyperglycemia. 

In contrast to diabetes, there are uncommon, insulin- 
producing tumors of the pancreas (insulinomas) in which 
the production of insulin is not regulated by the blood 
glucose concentration and the biochemical hallmark of 
the tumors is hypoglycemia. Thus hyperglycemia can be 
present when there is either insulin deficiency or insulin 
excess, and insulin excess can accompany both hyper- 
glycemia and hypoglycemia. This simple illustration under- 
scores the homeostatic and/or regulating nature of the 
endocrine system. 


MEASUREMENTS OF HORMONES AND _ 
RELATED ANALYTES 


Hormones are measured by a variety of analytical techniques 
including bioassay, receptor assay, immunoassay, and instru- 
mental techniques, such as mass spectrometry interfaced 
with either liquid or gas chromatography. A general overview 
of these techniques is given here. Analytical details for indi- 
vidual hormones using such techniques are found in the dis- 
cussion of the individual hormones in their respective 
chapters. 


BIOASSAY TECHNIQUES 


Bioassays are based on observations of physiological 
responses specific for the hormone being measured. In vivo 
bioassays usually involve the injection of test materials (such 
as blood or urine from a patient) into suitably prepared. 
animals; target gland responses, such as growth or steroido- 
genesis, are then measured, In vitro bioassays involve the 
incubation of tissue, membranes, dispersed cells, or perma- 
nent cell lines in a defined culture medium, with subsequent 
measurement of an appropriate hormone response. Most in 
vitro bioassays measure responses proximal or distal to a 
second messenger, such as stimulation of cAMP formation. 
Bioassays tend to be imprecise and are rarely necessary in 
clinical medicine. 


RECEPTOR-BASED ASSAYS 


Receptor assays depend on the in vitro interaction of a 
hormone with its biological receptor. In this type of assay, 
unlabeled hormone displaces trace amounts of radioactively 
labeled hormone from receptor sites. A second approach is 
to measure a response, such as production of cAMP, when a 
test sample is added to a preparation that includes the recep- 
tor and necessary cofactors. In general, receptor assays are 
simpler to perform and have greater sensitivity than bioas- 
says. Receptor assays also have an advantage over immunoas- 
says in that they reflect the biological function of a hormone, 
namely the capacity to combine with specific receptor sites. 
By contrast, immunoassays may measure active hormone 
and inactive prohormone, hormone polymer, and metabo- 
lites when all share a common antigenic determinant or set 
of determinants. In general, receptor assays are not as sensi- 
tive as immunoassays, and enzymes in the biological speci- 
men may degrade the receptor or destroy the labeled tracer. 
The added complexity and lability of receptor preparations 
also contribute to the limited application of these assays in 
the routine clinical laboratory. 


IMMUNOASSAY TECHNIQUES 


Immunoassays employing antibodies are widely used 
to quantify hormones (see Chapter 9). Currently, labeled- 
antibody (immunometric) assays with nonisotopic labels 
are the method of choice for measuring most hormones, 
especially peptides and proteins. Immunometric assays use 
saturating concentrations of two or more antibodies (often 
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monoclonal) that are prepared against different epitopes of 
the protein molecule. One of the two antibodies is usually 
attached to a solid phase separation system and extracts the 
hormone from the serum specimen. The second antibody is 
linked to a signal molecule, which is then measured. The 
resultant signal is used to quantify the bound hormone. 


INSTRUMENTAL TECHNIQUES 

Mass: spectrometers (see Chapter 7) coupled. with gas and 
liquid chromatographs (see Chapter 6) ate’ powerful quali- 
tative and quantitative analytical tools that are widely used. 
to measure hormones.” Technical advancements i in mass 
spectrometry have résulted.in the development of matrix- 
assisted laser desorption/ionization (MALDI). and: electro- 
spray ionization techniques that allow sequencing of 
peptides and mass determination of piconiale ei of 
analytes. 

Compared with older methods, tandem mass sp éctrom: 
etry offers greater analytical sensitivity, accuracy, and speed, 
and may allow simultaneous determination of multiple hor- 
mones related to a clinical condition.” 
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that serve as transmitters of neuronal or hormonal 

signals in a wide range of physiological processes. 
Epinephrine, norepinephrine, and dopamine are naturally 
occurring catecholamines that play important roles as neu- 
rotransmitters in the central nervous system or as peripheral 
neurotransmitters and hormonal signals in the sympatho- 
adrenal medullary system. Epinephrine is critical, along with 
norepinephrine and dopamine, in maintaining the body’s 
homeostasis and in responding to acute and chronic stress, 
through an orchestration of cardiovascular, metabolic, glan- 
dular, and visceral organ activities. Serotonin also serves 
as a neurotransmitter in the central nervous system and a 
modulator of vascular and gastrointestinal functions in the 
periphery. Abnormal production of catecholamines or sero- 
tonin may occur in a number of neuroendocrine tumors 
where clinical signs and symptoms reflect the pharmacologi- 
cal properties of the secreted amines. Clinical measurement 
of the biogenic amines or their metabolites aids in tumor 
detection and monitoring, and analytical advances have pro- 
duced sensitive and specific laboratory methods that are 
available for clinical practice. In this chapter, we provide an 
overview of important aspects of biochemistry, pathophy- 
siology, and analytical methodology for clinical assessment 
of catecholamines, serotonin, and their metabolites, 


(Cire and serotonin are biogenic amines 


CHEMICAL STRUCTURE 


Chemical structures of catecholamines produced naturally 
in humans are shown in Figure 29-1. Epinephrine (adrena- 
line), norepinephrine (noradrenaline), and dopamine are 
phenylethylamines with hydroxylation on positions three 
and four of the benzene ring and with an ethylamine moiety 
on position one. Hydroxyl and methyl substitution on the 
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CHAPTER 29 


Catecholamines 
and Serotonin 


ethylamine side chain distinguishes the individual cate- 
cholamines both in structure and function. The cate- 
cholamines demonstrate varying degrees of alkaline 
instability in biological fluids and their dihydroxybenzene or 
catechol structure is sensitive to oxidative formation of 
quinones in the presence of air and light. A number of phar- 
maceutical and designer drugs with the basic phenylethy- 
lamine structure, but lacking dihydroxylation, also have 
effects on the sympathetic nervous system and are called 
sympathomimetic agents. 

Serotonin with its indoleamine structure, as also shown 
in Figure 29-1, is distinct from the catecholamines but is also 
an important naturally occurring biogenic amine. Serotonin 
is produced widely in animal and plant kingdoms and is 
structurally related to melatonin, the principal indoleamine 
produced by the pineal gland. A number of natural or syn- 
thetic congeners of serotonin have biological effects ranging 
from cerebral vasoconstrictors (e.g, sumatriptan) to hallu- 
cinogens (e.g., N,N-dimethyltryptamine). 

Although structurally distinct, the catecholamines and 
serotonin have related biometabolism, as described in the 
next section, and each serves as an important monoamine 
neurotransmitter or neurohormone in health and disease. 


BIOSYNTHESIS, RELEASE, AND METABOLISM 


The catecholamines and serotonin share similar pathways 
of biosynthesis and metabolism, including in some steps, 
the same enzymes. Catecholamines and serotonin are 
sequestered and stored in vesicular granules from where 
they are released into the extracellular environment by 
calcium-dependent exocytosis. Termination of the physio- 
logical effects of both the catecholamines and serotonin is 
dependent on active uptake processes, facilitated by specific 
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Figure 29-1 Chemical structure of the catecholamines and 
serotonin. 


plasma membrane transport proteins. Irreversible inactiva- 
tion occurs after cellular uptake by metabolism, mainly by 
deamination and O-methylation for catecholamines, and by 
deamination for serotonin. 


BIOSYNTHESIS 


Catecholamines are synthesized from the amino acid tyro- 
sine, and serotonin from tryptophan as shown in Figure 29-2. 
The rate-limiting step in catecholamine biosynthesis involves 
conversion of tyrosine to 3,4-dihydroxyphenylalanine 
(L-dopa) by the enzyme, tyrosine hydroxylase.” A related 
enzyme, tryptophan hydroxylase, catalyzes conversion of 
tryptophan to 5-hydroxytryptophan in the first step of 
serotonin synthesis. 

Tissue sources of catecholamines are principally depen- 
dent on the presence of tyrosine hydroxylase, which is largely 
confined to dopaminergic and noradrenergic neurons of the 
central nervous system, and to sympathetic nerves and chro- 
maffin cells of the adrenal medulla and paraganglia in the 
periphery. Similarly, sources of serotonin are largely depen- 
dent on the presence of tryptophan hydroxylase in central 
nervous system serotonergic neurons, the pineal gland, and 
some peripheral endocrine tissue, particularly enterochro- 
maffin cells of the digestive tract. Platelets also contain large 
amounts of serotonin, but this is derived from serotonin 
synthesized in enterochromaffin cells of the gastrointestinal 
tract.” 

Both tyrosine and tryptophan hydroxylases belong to a 
small family of monooxygenases, that also includes phenyl- 
alanine hydroxylase; all three enzymes require tetrahydro- 
biopterin as a substrate to drive the hydroxylation reaction.” 
Deficiencies in the enzymes responsible for formation and 
recycling of tetrahydrobiopterin result in variant forms of 
phenylketonuria and hyperphenylalaninemia characterized 
by low levels of monoamine neurotransmitters and severe 
neurological abnormalities.” 

Conversion of .-dopa to dopamine and of 5- 
hydroxytryptophan to serotonin are both catalyzed by 
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Figure 29-2 Biosynthesis of catecholamines and serotonin, and 
metabolism of serotonin to melatonin. 


aromatic-t-amino acid decarboxylase (Figure 29-2), an 
enzyme with a wide tissue distribution and broad substrate 
specificity for aromatic amino acids. The enzyme requires 
pyridoxal-5-phosphate as a cofactor. The dopamine and 
serotonin formed in the cytoplasm by aromatic-L-amino 
acid decarboxylase are then transported into vesicular 
storage granules where the amines are available for exocy- 
totic release as the principal neurotransmitters of central 
nervous system dopaminergic and serotonergic neurons. 
The dopamine formed in noradrenergic neurons and 
chromaffin cells is further converted to norepinephrine by 
dopamine B-hydroxylase, a copper-containing enzyme that 
requires molecular oxygen and ascorbic acid for activity. The 
enzyme has a unique presence in vesicular storage granules, 
either bound to the vesicular membrane or present in the 
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soluble matrix core. The noradrenergic neurochemical phe- 
notype of central noradrenergic neurons and peripheral 
sympathetic nerves depends on both translocation of 
dopamine into storage granules and the presence of 
dopamine B-hydroxylase. 

The additional presence of phenylethanolamine 
N-methyltransferase in adrenal medullary chromaffin cells 
leads to further conversion of norepinephrine to epineph- 
rine (Figure 29-2). Since phenylethanolamine 
N-methyltransferase is a cytosolic enzyme, this step depends 
on leakage of norepinephrine from vesicular storage 
granules into the cell cytoplasm and the transfer of a methyl 
group from S-adenosylmethionine to norepinephrine. 
Epinephrine is then translocated into chromaffin granules 
where the amine is stored, awaiting release. 

Melatonin is synthesized from serotonin in the pineal 
gland by two highly specific enzymes, the first step catalyzed 
by serotonin-N-acetyltransferase and the second by 
hydroxyindole-O-methyltransferase. Synthesis of melatonin 
in the pineal gland is regulated by the 24-hour light-dark 
cycle, resulting in pronounced diurnal fluctuations in pro- 
duction, with higher melatonin levels at night associated 
with induction of sleep. 

Conversion of tyrosine to L-dopa by tyrosine hydroxylase 
and of tryptophan to 5-hydroxytryptophan by tryptophan 
hydroxylase represents pivotal points for regulating synthe- 
sis and maintaining stores of catecholamines and serotonin 
in response to changes in monoamine turnover associated. 
with variations in exocytotic release. Rapid activation of 
tyrosine hydroxylase is achieved by phosphorylation of 
serine residues at the regulatory domain, under the control 
of multiple Ca** and cyclic adenosine monophosphate 
(cAMP)-dependent pathways influenced by changes in 
nerve activity and actions of peptides and other coactiva- 
tors.’ Feedback inhibition by catecholamines provides a 
further mechanism for short-term regulation of enzyme 
activity. Long-term regulation involves induction of synthe- 
sis of the enzyme at the transcriptional level. Similar though 
less well understood mechanisms are involved in the regula- 
tion of tryptophan hydroxylase.’® Synthesis of serotonin is 
also controlled by the availability of tryptophan precursor 
derived exclusively from the diet.” Tyrosine, in contrast, has 
dietary sources and is also formed by hydroxylation of 
phenylalanine. 

Administration of catecholamine metabolic precursors 
and drugs that block catecholamine biosynthetic pathways 
has several therapeutic uses. Alpha-methyl-1-tyrosine or 
metyrosine (Demser) is an analog of tyrosine that inhibits 
tyrosine hydroxylase, thereby decreasing catecholamine 
stores. The drug is used to control high blood pressure in 
patients with pheochromocytoma, particularly those with 
extensive metastatic disease, or preoperatively in patients 
with farge or highly active tumors. Alpha-methyl-1-dopa 
(Aldomet) is an analog of L-dopa and a prodrug that is 
converted to alpha-methyl-dopamine and alpha-methyl- 
norepinephrine. The antihypertensive actions of the agent 


appear to result from central nervous system—mediated inhi- 
bition of sympathetic outflow. L-dopa is used to treat 
Parkinson’s disease and is usually co-administered with an 
inhibitor of peripheral L-aromatic amino acid decarboxy- 
lase, such as carbidopa or benserazide. 


STORAGE AND RELEASE 


Storage of catecholamines and serotonin in vesicular gran- 
ules is facilitated by two vesicular monoamine transporters, 
both of which are expressed in endocrine cells and one only 
in neurons.” Both transporters have a wide specificity for 
different monoamine substrates, 

The driving force for vesicular monoamine transport is 
provided by an adenosine triphosphate (ATP)—dependent 
vesicular membrane proton pump, which maintains an H* 
electrochemical gradient between cytoplasm and granule 
matrix.” Disruption of this gradient in situations of energy 
depletion and lowered intracellular pH, such as occurs with 
ischemia, anoxias or cyanide poisoning, result, in a rapid and 
massive loss of monoamines from storage vesicles into the 
neuronal cytoplasm. 

Contrary to usual depictions, vesicular stores of cate- 
cholamines and serotonin do not exist in a static state until 
exocytotic release. Rather, vesicular stores of monoamines 
exist in a highly dynamic equilibrium with the surrounding 
cytoplasm, with passive outward leakage of monoamines 
into the cytoplasm counterbalanced by inward active trans- 
port under the control of vesicular monoamine transporters 
(Figure 29-3). The magnitude and highly dynamic nature of 
this process can be appreciated by consideration of the 
effects of the drug reserpine, which blocks the ability of 
vesicular monoamine transporters to move monoamines 
from the cytoplasm into vesicles. Leakage of monoamines 
from vesicles is then no longer counterbalanced by vesicular 
translocation and stores of monoamines are rapidly 
depleted. 

Monoamines share the acid environment of the storage 
granule matrix with ATP, peptides, and proteins, the most 
well known of which are the chromogranins.'"” The chro- 
mogranins are ubiquitous components of secretory vesicles 
and their widespread presence among endocrine tissue has 
led to their measurement in plasma as useful albeit relatively 
nonspecific markers of neuroendocrine tumors, including 
pheochromocytomas and carcinoid tumors.” 

Catecholamines are stored in several types of vesicular 
granules that differ in size and type of protein and peptide 
components. In rat and bovine adrenal medulla there are 
two populations of chromaffin cells with morphologically 
distinct vesicles that preferentially store either norepineph- 
rine or epinephrine and that release the two catecholamines 
differentially in response to different stimuli.”” In sympa- 
thetic nerves there are large and small dense core vesicles, the 
latter believed to be formed by retrieval of membranes of 
large dense core vesicles after exocytosis.” 

The process of exocytosis occurs at specialized locations 
on nerve endings or sympathetic varicosities dictated by the 
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Figure 29-3 Schematic diagram illustrating the dynamics of 
synthesis, exocytotic release (R), neuronal reuptake (NU), 
extraneuronal uptake (EU), vesicular leakage (VL), vesicular 
sequestration (VS), and metabolism of norepinephrine (NE) in 
sympathetic nerve endings in relation to extraneuronal tissue 
and the bloodstream. Relative magnitudes of the various 
processes are reflected by the relative sizes of arrows. TH, 
Tyrosine hydroxylase; MAO, monoamine oxidase; COMT, 
catechol-O-methyltransferase; TYR, tyrosine; dopa, 3,4- 
dihydroxyphenylalanine; DA, dopamine; DHPG, 3,4- 
dihydroxyphenylglycol; NMN, normetanephrine; MHPG, 
3-methoxy-4-hydroxyphenylglycol. 


cell-surface expression of specialized docking proteins that 
interact with other proteins on the surface of secretory vesi- 
cles.”' The process is stimulated by an influx of Ca”*, which 
in neurons is primarily controlled by nerve impulse- 
mediated membrane depolarization, and in adrenal 
medullary cells by acetylcholine release from innervating 
splanchnic nerves. The wide range of voltage-, receptor-, 
G-protein-, and second messenger—operated Ca* channels 
provides numerous points for regulation of Ca’‘-triggered 
exocytosis. Consequently a variety of peptides, neurotrans- 
mitters, and humoral factors provide additional mechanisms 
for stimulation of exocytosis or may act to modulate nerve 
impulse-stimulated release of monoamines. Dopamine, 
norepinephrine, and serotonin also modulate their own 
release through occupation of autoreceptors. Regulation of 
monoamine release and synthesis is closely coordinated, 
thereby ensuring that there is appropriate replenishment of 
the amines lost because of exocytosis. ® 

Neuronal release of catecholamines and serotonin may 
also occur by calcium-independent nonexocytotic processes 
involving increased loss of monoamines from storage vesi- 


cles into the cytoplasm and reversal of the normal inward 
carrier-mediated transport to outward transport of 
monoamines into the extracellular environment. Examples 
of this process include the release of catecholamines induced 
by tyramine and amphetamine. Excessive release of cate- 
cholamines that accompanies hypoxic ischemia in part 
occurs by a similar mechanism. 


UPTAKE AND METABOLISM 


Since the enzymes responsible for metabolism of cate- 
cholamines have intracellular locations, the primary mech- 
anism limiting the lifespan of catecholamines in the 
extracellular space is uptake by active transport, not metab- 
olism by enzymes (Figure 29-3), Uptake is facilitated by 
transporters that belong to two Jarge families of proteins 
with mainly neuronal or extraneuronal locations.” Neuronal 
uptake of monoamines involves the dopamine transporter at 
dopaminergic neurons, the norepinephrine transporter at 
noradrenergic neurons, and the serotonin transporter at 
serotonergic neurons. These same transporters are also 
present at some nonneuronal locations, including adrenal 
chromaffin cells, endothelial cells of the lungs, specialized 
cells of the gastrointestinal tract, and on some blood cells, 
such as platelets. However, most uptake of monoamines at 
nonneuronal locations is facilitated by a second set of pro- 
teins belonging to the organic cation transporter family. 
These latter transporters are expressed exclusively at extra- 
neuronal locations and act on a broader range of substrates 
than the plasma membrane monoamine transporters 
expressed at neuronal locations. 

The neuronal monoamine transporters provide the 
principal mechanism for rapid termination of the signal in 
neuronal transmission, whereas the transporters at extra- 
neuronal locations are more important for limiting the 
spread of the signal and for clearance of catecholamines 
from the bloodstream. For the norepinephrine released by 
sympathetic nerves, about 90% is removed back into nerves 
by neuronal uptake, 5% is removed by extraneuronal uptake, 
and 5% escapes these processes to enter the bloodstream. 
In contrast, for the epinephrine released directly into the 
bloodstream from the adrenals, about 90% is removed by 
extraneuronal monoamine transport processes that are par- 
ticularly important in the liver. The presence of these highly 
active transport processes means that monoamines are 
rapidly cleared from the bloodstream with a circulatory 
half-life of less than 2 minutes. 

In addition to terminating the actions of released 
monoamines, the plasma membrane monoamine trans- 
porters present at neuronal locations function in sequence 
with vesicular monoamine transporters to recycle cate- 
cholamines for rerelease (Figure 29-3), Thus most of the 
norepinephrine released and recaptured by sympathetic 
nerves is sequestered back into storage vesicles, thereby sub- 
stantially reducing the requirements for synthesis of new 
transmitter. 

Plasma membrane monoamine transporters also func- 
tion as part of metabolizing systems, requiring the additional 
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Figure 29-4 Pathways of metabolism of catecholamines. Enzymes responsible for each pathway 
are shown at the head of arrows. Solid arrows indicate the major pathways whereas dotted 
arrows indicate pathways of negligible importance. Pathways of sulfate conjugation—which are 
particularly important for metabolism of dopamine, normetanephrine, metanephrine, 3- 
methoxytyramine, and 3-methoxy-4-hydroxyphenylglycol—are not shown. DBH, Dopamine 
B-hydroxylase; PNMT, phenylethanolamine-N-methyltransferase; MAO, monoamine oxidase; COMT, 
catechol-O-methyltransferase; AR, aldose or aldehyde reductase; AD, aldehyde dehydrogenase; 
ADH, alcohol dehydrogenase; DOPET, 3,4-dihydroxyphenylethanal; DOPAC, 3,4-dihydroxy- 
phenylacetic acid; MOPET, 3-methoxy-4-hydroxyphenylethanol; HVA, homovanillic acid; DHPG, 
3,4-dihydroxyphenylglycol; DHMA, 3,4-dihydroxymandelic acid; MHPG, 3-methoxy-4-hydroxy- 


phenylglycol; VMA, vanillylmandelic acid. 


actions of enzymes for irreversible inactivation of the 
released amines. For both neuronal and extraneuronal 
metabolizing systems, inactivation of catecholamines and 
serotonin occurs in a series arrangement with uptake fol- 
lowed by metabolism. 

Metabolism of catecholamines occurs by a multiplicity 
of pathways catalyzed by an array of enzymes resulting in 
a wide variety of metabolites (Figure 29-4).°° Deamination 
of catecholamines by monoamine oxidase (MAO) yields 
reactive aldehyde intermediate metabolites that are further 
metabolized to either deaminated acids by aldehyde 
dehydrogenase, or to deaminated glycols by aldehyde or 
aldose reductase. The aldehyde intermediate formed from 
dopamine is a good substrate for aldehyde dehydrogenase, 
but not aldehyde or aldose reductase. In contrast, the alde- 
hyde intermediate formed from the B-hydroxylated cate- 
cholamines norepinephrine and epinephrine is a good 
substrate for aldehyde or aldose reductase, but is a poor sub- 
strate for aldehyde dehydrogenase. Therefore norepineph- 
rine and epinephrine are both preferentially deaminated to 
3,4-dihydroxyphenylglycol (DHPG), the alcohol metabolite. 


Deamination to ‘the deaminated acid metabolite, 
3,4-dihydroxymandelic acid (DHMA), is not a favored 
pathway. 

Catechol-O-methyltransferase (COMT) is responsible for 
the second major pathway of catecholamine metabolism, 
catalyzing O-methylation of dopamine to methoxytyramine, 
norepinephrine to normetanephrine, and epinephrine to 
metanephrine. COMT is not present in monoamine-pro- 
ducing neurons, which contain exclusively MAO, but is 
present along with MAO in most extraneuronal tissue. The 
membrane-bound isoform of COMT, which has high affin- 
ity for catecholamines, is especially abundant in adrenal 
chromaffin cells. As a result of the preceding and other 
differences in the expression of metabolizing enzymes, 
catecholamines produced at neuronal and adrenal medullary 
locations follow different neuronal and extraneuronal path- 
ways of metabolism (Figure 29-5). 

Neuronal pathways are quantitatively far more important 
than extraneuronal pathways for metabolism of the cate- 
cholamines synthesized at neuronal locations, such as the 
norepinephrine produced in sympathetic nerves. The 
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Figure 29-5 Schematic diagram illustrating the regional 
pathways of norepinephrine and epinephrine metabolism. Most 
norepinephrine is released and metabolized within sympathetic 
nerves, including up to one half produced in sympathetic nerves 
of mesenteric organs. Sulfate conjugation of catecholamines and 
catecholamine metabolites, particularly 3-methoxy-4- 
hydroxyphenylglycol (MHPG), occurs mainly in mesenteric 
organs, whereas production of vanillyimandelic acid (YMA) 
occurs mainly in the liver. MAO, Monoamine oxidase; COMT, 
catechol-O-methyltransferase; SULT/A3, sulfotransferase type 
1A3; NE, norepinephrine; EPI, epinephrine; NMN, 
normetanephrine; MN, metanephrine; DHPG, 3,4-dihydroxy- 
phenyiglycol; MHPG, 3-methoxy-4-hydroxyphenylglycol; VMA, 
vanillylmandelic acid; NMN-SO,, normetanephrine sulfate; 
MN-SO,, metanephrine sulfate; MHPG-SO,, 3-methoxy-4- 
hydroxyphenylglycol sulfate. 


reasons for this are twofold. First, much more norepineph- 
rine released by sympathetic nerves is removed by neuronal 
uptake than by extraneuronal uptake. Second, under resting 
conditions, much more of the norepinephrine metabolized 
intraneuronally is derived from transmitter leaking from 
storage vesicles than from transmitter recaptured after exo- 
cytotic release. Thus most of the norepinephrine produced 
in the body is metabolized initially to DHPG, mainly from 
transmitter deaminated intraneuronally after leakage from 
storage vesicles or after release and reuptake. Most circulat- 
ing DHPG is derived from sympathetic nerves, with rela- 


tively small contributions from the brain (<5%) and 
adrenals (<7%). 

DHPG is further O-methylated by COMT in nonneu- 
ronal tissue to 3-methoxy-4-hydroxyphenylglycol (MHPG), 
a metabolite also produced to a limited extent by deamina- 
tion of normetanephrine and metanephrine (Figure 29-5). 
Compared with DHPG, the latter O-methylated metabolites 
are produced in small amounts, and only at extraneuronal 
locations, with the single largest source representing 
adrenal chromaffin cells, accounting for more than 90% of 
circulating metanephrine and 24% to 40% of circulating 
normetanephrine.™ Within the adrenals, normetanephrine 
and metanephrine are produced similarly to DHPG in 
sympathetic nerves, from norepinephrine and epinephrine 
leaking from storage granules into the chromaffin cell 
cytoplasm. 

The MHPG produced from DHPG and metanephrines is 
either sulfate conjugated or metabolized to vanillylmandelic 
acid (VMA) by the sequential actions of hepatic alcohol 
dehydrogenase and aldehyde dehydrogenase. At least 90% of 
the VMA formed in the body is produced in the liver, mainly 
from hepatic uptake and metabolism of circulating DHPG 
and MHPG.” 

In contrast to production of VMA, production of 
homovanillic acid (HVA) from dopamine depends mainly 
on O-methylation of the deaminated metabolite of 
dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), and to 
a lesser extent on deamination of methoxytyramine, the 
O-methylated metabolite of dopamine (Figure 29-4). As a 
result, HVA is formed in multiple tissues, with about 30% of 
circulating and urinary HVA arising from mesenteric organs 
and up to 20% from the brain. 

With the exception of VMA, all the catecholamines and 
their metabolites are metabolized to sulfate conjugates by a 
specific sulfotransferase isoenzyme (SULT1A3), In humans, 
a single amino acid substitution confers the enzyme 
with particularly high affinity for dopamine and the 
O-methylated metabolites of catecholamines, including nor- 
metanephrine, metanephrine, and methoxytyramine.” 
The SULT1A3 isoenzyme is found in high concentrations in 
gastrointestinal tissues, which therefore represent a major 
source of sulfate conjugates. 

In humans, VMA and the sulfates and glucuronide 
conjugates of MHPG represent the main end products of 
norepinephrine and epinephrine metabolism (Table 29-1). 
HVA and conjugates of HVA are the main metabolic end 
products of dopamine metabolism. These end products 
and the other conjugates are eliminated mainly by urinary 
excretion. As a result, their circulatory clearance is slow 
and plasma concentrations high relative to those of the 
precursor amines. 

Serotonin is not a substrate for COMT and follows 
simpler pathways of metabolism than those for cate- 
cholamines (Figure 29-6). Deamination of serotonin to the 
aldehyde intermediate is preferentially followed by oxida- 
tion to 5-hydroxyindoleacetic acid (5-HIAA) catalyzed by 
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TABLE 29-i Average Urinary Excretion of Catecholamines and Metabolites* 


Amount Excreted, 
Hmoliday (g/day) 


75 eS | 


37.9. (6900) 


* Average values in human subjects. Modified from data in references 144, 151, and 233. 
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Figure 29-6 Metabolism of serotonin to 5- -hydroxyindoleacetic 
acid (5-HIAA) and 5-hydroxytryptophol. 


5-Hydroxytryptophol 


aldehyde dehydrogenase. Reduction to 5-hydroxytryptophol 
(5-HTOL) normally represents a relatively minor pathway, 
so that the major urinary excretion product of serotonin 
metabolism is 5-HIAA. Metabolism through these pathways 
is altered by consumption of ethyl alcohol, which through 
changes in the redox state leads to increased formation of 


5-HTOL. Increases in ratios of S-HTOL to 5HIAA in urine 
therefore provide a useful marker of alcohol abuse. 


PHYSIOLOGY OF CATECHOLAMINE AN DU 
SEROTONIN SYSTEMS 


The physiological and behavioral actions of catecholamines 
and serotonin provide a foundation for understanding 
disorders of monoamine excess or deficiency. Major sites of 
catecholamine and serotonin synthesis and action are listed 
in Table 29-2 for both central and peripheral nervous 
systems. The table provides an anatomic framework showing 
the location of adrenergic, dopaminergic, and serotonergic 
systems and the varying modes of signal transmission by the 
monoamines. 

Catecholamines and serotonin regulate physiological 
events at the cellular level by interaction with families of 
cell-surface receptors. Adrenergic receptors, classified as œ 
(subtypes Oana), O2 (subtypes Oy...) Bis Bo and Bs subcate- 
gories, initiate cellular events in response to epinephrine and 
norepinephrine.” Compared with norepinephrine, epineph- 
rine demonstrates greater or equal affinity for o, and 03 
receptors, and equivalent potency with B, receptors. For B 
receptor activation, epinephrine is tenfold to fiftyfold more 
potent than norepinephrine, and norepinephrine is tenfold 
more active toward B; receptors.’ Dopamine has known 
pharmacological reactivity with œ and 0, adrenergic recep- 
tors but transmits central and peripheral nerve signals pri- 
marily by selective interaction with a family of dopaminergic 
receptors designated as D,, Da» D3, Dy, and D; subtypes.” 
An even larger family of serotonergic receptors subtypes 
(5-HTiasnee 5-HDao 5-HT;, 5-HT, 5-HTsan, 5-HTo 
5-HT;) has been identified by histological and molecular 
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TABLE 29-2 Location of Monoamine Production and Action: in: the Body. 


Site of Monoamine 


T sue Location of Monoamine. 


-Neuroeffector cell 


junction 


Hormonal 


Neuronal synapse 


— Neuronal synapse 


techniques.'” Receptors, including o-adrenergic, 5-HT\,, 


5-HTıp and 5-HT\p, may serve as autoreceptors by turning 
off the release of their respective neurotransmitters via a 
negative feedback mechanism. The major physiological 
effects of catecholamines and serotonin, as outlined in the 
next section, are explained in part by these diverse receptor 
interactions that occur in function-specific locations 
throughout the vasculature and organ systems of the body. 


CENTRAL NERVOUS SYSTEM 


Norepinephrine, dopamine, and serotonin represent only 
about 1% to 2% of the total neurotransmitters in the brain 
but serve an important role in autonomic (involuntary), 
somatic (voluntary), and information processing func- 
tions. As neurotransmitters, they are produced primarily 
in regions of the brainstem (medulla oblongata, pons, and 
midbrain) by neurons with axons that project to defined, 
and sometimes widespread, areas of the brain or spinal 
cord. Although our understanding of central adrenergic, 
dopaminergic, and serotoninergic systems is incomplete, 
their role in central nervous system function and dysfunc- 
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Widespread CNS neuronal 
connections 
<+ Gastrointestinal smooth muscle - abe 
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tion is increasingly evident with important diagnostic and 
therapeutic implications. 

Most norepinephrine synthesis in the ore takes place in 
the locus caeruleus of the pons and in the reticular forma- 
tion of the medulla oblongata. About half of the norepi- 
nephrine is produced in the locus caeruleus by only a small 
nucleus of neurons that may respond in unison to sensory 
input signals. The norepinephrine-producing neurons 
in the lower brainstem send diffuse axonal projections 
throughout the brain as high as the cerebral cortex. They also 
send descending fibers to the spinal cord where they synapse 
with preganglionic sympathetic neurons that communicate 
with the peripheral sympathetic nervous system. The nor- 
epinephrine-producing neurons of the brainstem process 
incoming sensory signals. They participate in regulating the 
activity of the sympathetic nervous system and the overall 
state of attention and vigilance. A predominant function of 
norepinephrine systems in the brain is response to stress. 
Stress-induced stimuli activate the brainstem production of 
norepinephrine with synaptic release and neuroactivation 
throughout many areas of the brain and spinal cord. 
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Dopamine is also an important neurotransmitter in the 
central nervous system. Dopamine accounts for more than 
half of the catecholamine production of the brain but its 
distribution and function are markedly different from 
norepinephrine. Dopamine neurotransmission is involved in 
processing sensory signals and in regulating hormonal 
release. Dopaminergic neurons in the retina and olfactory 
bulb have ultrashort projections that transmit signals within 
these neuronal centers for vision and smell. Neurons in the 
arcuate nucleus of the hypothalamus have projecting fibers 
that release dopamine in the portal vessels, exerting a 
key neuroendocrine inhibition on prolactin and thyroid- 
stimulating hormone release and as effects on other hor- 
mones of the pituitary gland.” 

Dopamine is also produced by neurons in the substantia 
nigra and ventral tegmentum. The ventral tegmental area 
modulates diverse forebrain functions such as cognitive 
activity through axonal projection to the prefrontal cortex 
and reward seeking behavior via axonal fibers sent to limbic 
structures of the brain.”* Consequently, disturbances in 
dopamine production and release from these areas of the 
brain are involved in a number of important neurological 
and psychiatric disorders, with dopamine receptors serving 
as key pharmacological targets for antipsychotic drug 
development.” In addition, dopaminergic neurons in the 
substantia nigra project into the corpus striatum to form an 
important nigrostriatal system, which regulates the initiation 
and maintenance of motor function. Control by this system 
over extrapyramidal (involuntary) movement is evidenced 
by the loss of motor control when nigrostriatal neurons 
degenerate in Parkinson’s disease." 

Serotonin, like norepinephrine, is produced by small clus- 
ters of neurons in the brainstem regions but serves a diverse 
range of behavioral and physiological functions.” Neurons 
in the raphe nuclei of the pons and upper brainstem are a 
primary source of brain serotonin and project axonal fibers 
throughout the brain and spinal cord. Physiological and 
behavioral processes that may be influenced by this exten- 
sive serotonergic system include memory, learning, feeding 
behavior, sleep patterns, thermoregulation, pain modula- 
tion, cardiovascular function, and hypothalamic regulation 
of pituitary hormones. Each of the 14 known subtypes of 
serotonin receptors has distinct patterns of distribution in 
the brain and accounts for the diverse cognitive, behavioral, 
and physiological responses.° Raphe projections to the sub- 
cortical regions of the cerebral hemisphere (amygdala and 
hippocampus) activate receptors that influence mood and 
anxiety. The success in pharmacological manipulation of 
serotonin levels and selective receptor responses in the brain 
clearly indicates the importance of the central serotonergic 
system.” Buspirone, for example, reduces anxiety behavior 
by activation of serotonin autoreceptors in the subcortical 
areas of the brain, thus reducing serotonin release, Hypoac- 
tivity of the serotonergic system, on the other hand, plays an 
important role in depression. Selective serotonin reuptake 
inhibitors such as fluoxetine, paroxetine, and sertraline are 


effective agents in the treatment of this form of central sero- 
tonergic deficiency.” 

Serotonin is also involved in hormonal regulation. 
Serotonin-releasing nerve fibers that originate in raphe 
nuclei and terminate in the hypothalamus exert a circadian 
influence on pituitary-adrenal function by stimulating 
hypothalamic corticotropin-releasing hormone and signal- 
ing other hormonal events mediated by enhanced prolactin 
and growth hormone release.” Serotonin also influences 
overall blood flow to the brain as evidenced by serotonin’s 
vasoconstrictive effects on carotid vasculature and the 
beneficial pharmacological effect of a serotonergic agonist, 
sumatriptan, in the treatment of migraine. 

Serotonin and catecholamine functions in the central 
nervous system are both diverse and complex, and direct 
assessment of central neurotransmitters by clinical labora- 
tory methods is currently limited. The effects, however, of 
central serotonergic, dopaminergic, and serotonergic 
systems on metabolic and hormonal function are routinely 
measured in the clinical laboratory, and many of the thera- 
peutic and illicit drugs that modulate central monoamine 
neurotransmission are monitored by laboratory techniques 
in a wide range of clinical settings. 


SYMPATHETIC NERVOUS SYSTEM 


In the peripheral nervous system, norepinephrine is an 
important neurotransmitter in the sympathetic branch of 
the autonomic system. Sympathetic nerve transmission 
operates below the level of consciousness in controlling 
physiological function of many organs and tissues of the 
body. The sympathetic system plays a particularly important 
role in regulating cardiovascular function in response to 
postural, exertional, thermal, and mental stress. With 
sympathetic activation, the heart rate is increased, peripheral 
arterioles are constricted, skeletal arterioles are dilated, and 
the blood pressure is elevated. In addition, sympathetic 
nerve stimulation dilates pupils; inhibits smooth muscles of 
the intestines, bronchi, and bladder; and closes the sphinc- 
ters. Sympathetic signals work in balance with the parasym- 
pathetic portion of the autonomic nervous system to 
maintain a stable internal environment. 

The hypothalamus, which integrates autonomic and 
neuroendocrine systems, has a controlling influence over 
sympathetic outflow from brainstem centers and the spinal 
cord. Afferent or incoming sensory signals originate from 
pressure, stretch, chemical, pain, and temperature receptors 
located in visceral organs and vessels. Afferent nerve im- 
pulses enter the central nervous system either to form the 
efferent component of local reflex arcs within the spinal cord 
or to ascend to higher centers such as the hypothalamus, 
where afferent signals are integrated with other neural 
pathways. Efferent or outgoing responses are transmitted by 
preganglionic sympathetic neurons that exit the spinal cord 
between the first thoracic and second lumbar segments. The 
exiting fibers converge on sympathetic ganglia chains along 
the spinal column or in visceral ganglia and activate multi- 


1042 Section IV Analytes 


ple postganglionic neurons by releasing the neurotransmit- 
ter acetylcholine. The terminal branches of the postgan- 
glionic fibers that project from these ganglia into target 
organs have varicosities that form a rich ground plexus for 
synaptic contact with a large number of effector cells in 
glands and muscle fibers. 

Most sympathetic postganglionic nerves liberate norepi- 
nephrine as their neurotransmitter. In limited locations, 
sympathetic nerve endings release acetylcholine, such as 
some sweat glands that undergo a noradrenergic to cholin- 
ergic switch during development.” In addition, dopamine 
is an important neurotransmitter in renal, coronary, mesen- 
teric, and cerebrovascular beds.” Preganglionic sympathetic 
fibers also innervate the adrenal medulla, stimulating release 
of epinephrine from chromaffin cells as a circulating 
hormone. 

The relative contribution of individual organs to overall 
sympathetic activity has been inferred from data on the 
release of norepinephrine into plasma.***” Plasma norepi- 
nephrine is derived primarily from postganglionic sympa- 
thetic neurons with little contribution from the central 
nervous system or hormonal release from the adrenal 
medulla. In the resting state, the overall rate of norepineph- 
rine spillover to the systemic circulation is in the order of 
200 to 600ng/min. Because of intervening neuronal and 
extraneuronal removal processes, this spillover represents 
less than 10% of the total norepinephrine released by sym- 
pathetic nerves. Turnover of norepinephrine, representing a 
loss mainly caused by metabolism, is driven primarily in the 
resting state by leakage of norepinephrine from vesicles into 
the neuronal axoplasm. Major contributors to basal sympa- 
thetic outflow, based on spillover measurements, include 
the gastrointestinal (GI) tract (~37%), kidney (~25%), and 
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skeletal muscle (~1 1%), The heart, liver, lungs, and skin each 
contribute less than 10%. Alterations in norepinephrine 
spillover occur in response to physiological and pathological 
states. Exercise, overeating, low salt intake, upright posi- 
tion, mental stress, and aging increase sympathetic outflow. 
Increased spillover is also found in disorders such as cardiac 
failure, hypertension, and depression. Reduction in baseline 
norepinephrine overflow from the heart has also been shown 
in autonomic insufficiency and syncope, consistent with 
sympathetic denervation or depressed sympathetic activity 
in these disorders. 

The physiological response to sympathetic activity in 
individual organs is dependent not only upon the rate of 
neurotransmitter release from postganglionic nerve vari- 
cosities but also the type of adrenergic receptors and their 
location in tissue. Vascular and organ-specific responses are 
classified in Table 29-3 by subcategory of interaction with 
adrenergic receptors. In peripheral target organs, œ, and B; 
adrenergic receptors appear strategically located in the 
immediate vicinity of nerve terminals for rapid postsynap- 
tic smooth muscle, secretion, and endocrine activation via 
sympathetic signals from the brain. Postsynaptic B, adrener- 
gic receptors in the heart also allow rapid sympathetic 
neuroactivation. Extrajunctional œ, and B, receptors that 
are remote from sympathetic nerve terminals in vascular 
smooth muscle or platelets may be preferentially influenced 
by circulating catecholamines, such as epinephrine produced 
by the adrenal gland.' 

An earlier concept of the sympathetic nervous system 
functioning primarily as an all-or-none responder to fight or 
flight has been challenged by studies indicating more specific 
organ responses to sympathetic activation. ">!" Thermal and 
pain sensors, for example, result in a sympathetic response 
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that differs markedly from the physiological response to the 
baroreceptor signals produced by changes in blood pressure. 
An increase in environmental temperature reduces sympa- 
thetic tone in peripheral vascular beds, thereby resulting in 
vasodilation and increased heat losses by radiation from the 
surface of the body. Pain receptor stimulation from surgical 
incision in anesthetized humans causes a proportionate 
increase in cutaneous vasoconstriction.”* In a postural 
change from supine to upright, however, baroreceptors 
signal both cardiac and vascular responses via the sympa- 
thetic nerves. In the heart, sympathetic release of norepi- 
nephrine increases the rate and force of cardiac muscle 
contractions, ultimately increasing cardiac output. In skin 
and mucosa, sympathetic activation causes vasoconstric- 
tion with a resultant increase in blood pressure and redis- 
tribution of blood to visceral organs. Therefore although 
global sympathetic activation clearly operates in extreme 
conditions of stress, the differential control of sympathetic 
output is continually adapting cardiovascular and other 
organ functions in support of behavioral and environmen- 
tal changes. 


ADRENAL MEDULLARY SYSTEM 


Although often considered a part of the sympathetic nervous 
system, the adrenal medulla produces and secretes a differ- 
ent catecholamine, epinephrine, with different functions 
from the norepinephrine secreted by sympathetic nerves.” 
The adrenal medulla and sympathetic nerves are also regu- 
lated separately, often in divergent directions in response to 
different forms of stress. 

The human adrenal glands overlie the superior poles 
of the kidneys. Each gland consists of an outer part, the 
lipid-rich cortex, and a thin inner central medulla contain- 
ing chromaffin cells. The adrenal medulla is up to 2mm 
thick and takes about one tenth of the entire weight of the 
gland. Blood is supplied to the adrenal medulla by direct 
arterial supply and from vessels draining from the cortex 
to the medulla. The latter supply provides an important 
source of adrenocortical steroids for regulation of adrenal 
medullary function. The neural input to the adrenal medulla 
includes direct innervation by cholinergic fibers that pass 
through the sympathetic paravertebral chain from pregan- 
glionic sympathetic cell bodies of the spinal cord. 

A characteristic feature of adrenal medullary chromaffin 
cells is the presence of numerous catecholamine storage 
granules ranging in size from 100 to 300nm in diameter. 
These granules turn brown when exposed to potassium 
bichromate solutions, ammoniacal silver nitrate, or osmium 
tetroxide because of the oxidation and polymerization of 
epinephrine and norepinephrine. This process is known as 
the “chromaffin reaction,” hence the terms chromaffin cells 
and chromaffin granules. At least two kinds of adrenal 
medullary chromaffin cells have been identified in most 
animal species based on differences in chromaffin granules. 
Norepinephrine-producing chromaffin cells possess dense- 


core granules eccentrically located in the vesicle, and cells 
storing epinephrine have less electron-dense homogenous 
granules, 

The human adrenal medulla produces mainly epineph- 
rine, which as a hormone, is secreted directly into the 
bloodstream to act on cells distant from sites of release. As 
outlined previously, epinephrine and norepinephrine have 
overlapping but also different potencies of effect on œ- and 
f-adrenergic receptors. The proximity of sites of norepi- 
nephrine and epinephrine release to adrenoceptors also 
determines differences in adrenoceptor-mediated responses 
to the two catecholamines. Because of these factors, 
epinephrine exerts its effects on different populations 
of adrenoceptors than norepinephrine. As a circulating 
hormone, epinephrine acts potently on B,-adrenergic recep- 
tors of the skeletal muscle vasculature, causing vasodilation. 
In contrast, norepinephrine released locally within the vas- 
culature causes 0,-adrenoceptor—mediated vasoconstric- 
tion. Increases in circulating epinephrine during stress may 
contribute to skeletal muscle vasodilatory responses, but 
appear to play little role in other cardiovascular changes, 
including increases in heart rate. Thus despite the potent 
hemodynamic actions of epinephrine, the adrenal medulla 
appears to play a minimal role in cardiovascular regulation 
compared with sympathetic nerves. 

Epinephrine released from the adrenal glands is more 
important as a metabolic than as a hemodynamic regulatory 
hormone.” In particular, epinephrine stimulates lipolysis, 
ketogenesis, thermogenesis, and glycolysis and raises plasma 
glucose levels by stimulating glycogenolysis and gluconeo- 
genesis. Epinephrine also has potent effects on pulmonary 
function, causing B,-adrenoceptor—mediated dilation of 
airways. Circulating norepinephrine, in minor part derived 
from the adrenal medulla and functioning as a hormone, 
may have additional metabolic actions, but appears to have 
little importance for cardiovascular regulation compared 
with the higher concentrations of the amine at sympa- 
thoneuroeffector sites. 

Despite the apparent importance of the adrenal medulla 
in homeostasis, particularly regulation of metabolism, the 
medulla in contrast to the adrenal cortex is not vital for 
survival. Studies in adrenalectomized subjects clearly show 
that both hemodynamic and glucose-counter-regulatory 
responses to insulin-hypoglycemia, exercise, and other 
manipulations remain intact despite absence of epinephrine 
responses.‘*! This contrasts with the severe disturbances of 
blood pressure regulation accompanying loss of sympathetic 
nerves. 

Compared with the sympathetic nervous system, the 
adrenal medulla makes a relatively minor contribution to 
the overall production and turnover of catecholamines 
(Table 29-4). 

However, because  phenylethanolamine-N-methyl- 
transferase (PNMT) is expressed mainly in adrenal 
chromaffin cells, more than 90% of circulating epinephrine 
is derived from the adrenal medulla. This contrasts with 
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TABLE 29-4 Contribution of the Adrenals to Circulating: C 


Adrenals 


circulating norepinephrine, more than 90% of which is 
derived from sympathetic nerves. 

Apart from catecholamines, adrenal medullary chro- 
maffin cells produce, store, and secrete a wide array of 
neuropeptides and proteins. Peptides include enkephalins, 
B-endorphin, neuropeptide Y, substance P, vasoactive 
intestinal peptide, neurotensin, galanin, atrial natriuretic 
peptide, pituitary adenylate cyclase-activating peptide, 
adrenomedullin, and corticotrophin. These peptides are 
secreted together with the catecholamines and may be 
involved in a local autocrine or paracrine regulation 
of adrenal medullary and cortical function. The major 
soluble proteins within chromaffin vesicles belong to the 
family of granins, which consist of several secretory acidic 
glycoproteins, the major representative being chromo- 
granin A. 


PERIPHERAL DOPAMINERGIC SYSTEM 


Dopamine is usually thought of as a neurotransmitter in the 
brain or as an intermediate in the production of norepi- 
nephrine and epinephrine in the periphery. It has been pre- 
sumed that these sources account for the large amounts of 
dopamine and dopamine metabolites excreted in urine. The 
contribution of the brain to circulating levels and urinary 
excretion of dopamine metabolites is, however, now known 
to be relatively minor. Also, in sympathetic nerves and the 
adrenal medulla most dopamine is converted to norepi- 
nephrine. Therefore other sources and functions of 
dopamine in the periphery must be considered. Emerging 
evidence suggests the presence of a third peripheral cate- 
cholamine system, in which dopamine functions not as a 
neurotransmitter or circulating hormone, but as an 
autocrine or paracrine substance.”! 

In the kidneys, dopamine is now an established autocrine 
and/or paracrine effector substance contributing to the 
regulation of sodium excretion.” Unlike neuronal cate- 
cholamine systems, production of dopamine in the kidneys 
is largely independent of local synthesis of L-dopa by tyro- 
sine hydroxylase. Thus renal denervation does not affect 
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urinary dopamine excretion. Instead, production of 
dopamine in the kidneys depends mainly on proximal 
tubular cell uptake of L-dopa from the circulation. The 
L-dopa is then converted to dopamine by aromatic amino 
acid decarboxylase, the activity of which is up regulated by 
a high-salt diet and down regulated by a low-salt diet. 

The presence of a renal dopamine paracrine-autocrine 
system explains the considerable amounts of free dopamine 
excreted in the urine.” Most derives from renal uptake and 
decarboxylation of circulating t-dopa and reflects the 
plasma levels of this amino acid and the function of the renal 
dopamine paracrine-autocrine system. 

Although the kidneys represent the major source of 
urinary free dopamine, this source does not account for the 
larger amounts of excreted dopamine metabolites, such as 
HVA and dopamine sulfate. Findings of large arterial- 
to-portal venous increases in plasma concentrations of 
dopamine and its metabolites have indicated that substan- 
tial amounts of dopamine are produced and metabolized in 
the GI tract and other mesenteric organs.” 

The substantial production and metabolism of dopamine 
in the human GI tract appear to reflect functions of 
dopamine as an enteric neuromodulator or paracrine and/or 
autocrine substance. Dopamine and dopamine receptor ago- 
nists stimulate bicarbonate secretion and protect against 
ulcer formation, whereas dopamine antagonists augment 
secretion of gastric acid and promote ulcer development.” 
Dopamine also appears to influence GI motility, sodium 
transport, and gastric and intestinal submucosal blood 
flow. In the pancreas, dopamine may modulate secretion of 
digestive enzymes and bicarbonate. 

Morphological studies have demonstrated the presence of 
cells in the GI tract that contain dopamine and express com- 
ponents of dopamine signaling pathways, including cate- 
cholamine biosynthetic enzymes and specific dopamine 
receptors and transporters.” In the stomach, tyrosine 
hydroxylase is expressed in epithelial cells, including acid- 
secreting parietal cells. In the small intestine, cells of the 
lamina propria, including immune cells, also express tyro- 
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sine hydroxylase. The enzyme is additionally found in 
pancreatic exocrine cells. 

The high rates of dopamine production by mesenteric 
organs cannot be accounted for by local extraction and 
decarboxylation of circulating L-dopa. Thus unlike the 
kidneys, where dopamine is produced mainly from circulat- 
ing L-dopa, in the GI tract, production of dopamine requires 
the presence of tyrosine hydroxylase or other sources of 
L-dopa. , ; 

Consumption of food increases plasma concentrations 
of t-dopa, dopamine, and dopamine’ metabolites, parti- 
cularly dopamine sulfate, indicating that dietary constituents 
may also represent an important source of peripheral 
dopamine.” Such a source does not, however, account for 
the substantial amounts of dopamine produced in peri- 
pheral tissue outside of the digestive tract, or of that pro- 
duced in digestive tissue of fasting individuals. In particular, 
plasma concentrations of both L-dopa and dopamine sulfate 
remain high even after a 3-day fast. It is now clear that 
dopamine sulfate is mainly produced in the GI tract from 
both dietary and locally synthesized dopamine. This is 
consistent with findings that the GI tract contains high 
concentrations of the SULT1A3. Production of sulfate con- 
jugates in the digestive tract appears to provide an enzymatic 
“gut-blood barrier, for detoxifying dietary biogenic amines 
and delimiting physiological effects of locally produced 


dopamine. 


ENTERIC NERVOUS SYSTEM 


The enteric nervous system (ENS) is defined as an indepen- 
dent and integrated system of neurons and supporting cells 
located in the GI tract, gallbladder, and pancreas. It is the 
largest division of the autonomic nervous system and con- 
tains about the same number of neurons as the spinal cord. 
The ENS is composed of two networks or plexuses of intrin- 
sic neurons, the myenteric plexus and the submucous plexus. 
Both are imbedded in the wall of the gut and extend from 
the esophagus to the anus. These networks contain more 
than 100 million sensory neurons, interneurons, and motor 
neurons. The myenteric plexus lies between the longitudinal 
and circular layers of intestinal smooth muscle and controls 
propulsive movements (peristalsis). The submucous plexus 
innervates glandular epithelium, intestinal endocrine cells, 
and submucosal blood vessels. This network senses the envi- 
ronment within the lumen, regulates local blood flow, and 
controls epithelial cell secretion. 

The ENS is connected to the central nervous system by 
extrinsic parasympathetic and sympathetic motor neurons, 
and by extrinsic spinal and vagal sensory neurons. Through 
these bidirectional connections, the ENS can be monitored 
and modified.” Despite the presence of these extrinsic 
nerve connections, the ENS can also function autonomously 
in some intestinal regions. Neural transmission within the 
ENS is controlled by a large variety of neurotransmitters and 
neuromodulatory peptides, such as serotonin, norepineph- 
rine, acetylcholine, ATP, and nitric oxide.’ Most of these 


substances are also found in the brain. In addition to its 
function as a neurotransmitter within the ENS, serotonin 
also acts as a local paracrine molecule, participating in 
mucosal sensory transduction. More than 95% of the body’s 
serotonin is located within the GI tract, with most being 
synthesized and stored in enterochromaffin cells in the gut 
mucosa. Serotonin is released from these cells in response to 
mechanical or chemical stimuli such as the passage of food, 
which in turn stimulates both intrinsic (via 5-HT,p and 
5-HT, receptors) and extrinsic (via 5-HT;) vagal sensory 
nerve fibers.” Intrinsic sensory neurons activated by sero- 
tonin stimulate the peristaltic reflex and secretion, whereas 
extrinsic sensory neurons initiate bowel sensations such as 
nausea, vomiting, abdominal pain, and bloating. The 
paracrine actions of serotonin are terminated by uptake into 
epithelial cells by the same serotonin transporter used in 
serotonergic neurons, 

Serotonin modulates numerous physiological and 
behavioral systems in the human body and is involved in a 
wide variety of clinical disorders. In the ENS, for example, 
serotonin plays pivotal roles in the pathogenesis of the 
carcinoid syndrome and the irritable bowel syndrome.'” 
Differences in serotonin receptor subtypes provide a strong 
rationale for using pharmaceutical agents that selectively 
act on serotonin receptors in the treatment of these clinical 
disorders.' 


CLINICAL APPLICATIONS | 


Catecholamines and serotonin have an important role in 
health and disease. For example, excess catecholamines are 
associated with stress, a fall in blood pressure or blood 
volume, thyroid hormone deficiency, congestive heart failure, 
and arrhythmias, and low levels of catecholamines are seen in 
idiopathic postural hypotension. Increased concentrations of 
circulating serotonin have been implicated in several patho- 
logical conditions, including chronic tension headache, 
hypertension, schizophrenia, Duchenne’s muscular dystro- 
phy, and preeclampsia. Although investigational measure- 
ment of catecholamines, serotonin, and their metabolites has 
been used in a range of pathophysiological processes, clinical 
laboratory measurement of the amines and their metabolites 
is primarily used in the diagnosis of neuroendocrine 
tumors. Catecholamine-secreting neurochromaffin tumors 
include pheochromocytomas, paragangliomas, and neuro- 
blastomas; carcinoids are serotonin-secreting tumors. 
Measurement of catecholamines is also useful in the diagno- 
sis of a number of autonomic and genetic disorders that will 
also be covered in this section. 


PHEOCHROMOCYTOMA 


Pheochromocytomas are catecholamine-producing tumors 
that arise from chromaffin cells of the adrenal medulla. 
Excluding neuroblastomas, about 10% of catecholamine- 
producing tumors arise from extraadrenal sympathochro- 
maffin tissue, usually in the abdomen, and are known as 
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paragangliomas. Most other paragangliomas arise from 
parasympathetic tissue in the chest and neck and do not 
produce appreciable amounts of catecholamines.” 

Pheochromocytomas and  catecholamine-producing 
paragangliomas are treacherous tumors that will almost 
invariably cause devastating cardiovascular complications 
and death if not recognized and properly treated. Thus once 
such a tumor is suspected, it is imperative that appropriate 
biochemical tests are employed for accurate diagnosis. 

The presence of a pheochromocytoma is usually sus- 
pected because of signs and symptoms that reflect the 
biological effects of catecholamines released by the tumor. 
Hypertension is the most common sign and can be sustained 
or paroxysmal. Symptoms include headache, palpitations, 
diaphoresis, pallor, dyspnea, nausea, attacks of anxiety, and 
generalized weakness. Although headache, palpitations, and 
sweating are nonspecific symptoms, their presence with 
hypertension should arouse immediate suspicion of the 
tumor. Signs and symptoms that occur in paroxysms reflect 
episodic catecholamine secretion. Paroxysmal attacks usually 
last less than an hour with intervals between attacks varying 
widely and as infrequent as once every few months. Pro- 
nounced but transient symptoms usually accompany such 
attacks, whereas symptoms are usually less pronounced. 
when hypertension is sustained, For more detail on the clini- 
cal presentation and other aspects of pheochromocytoma, 
the reader is referred to the text of Manger and Gifford.’” 
Pheochromocytomas are rare, occurring in less than 0.2% of 
patients with hypertension. However, because of the high 
prevalence of hypertension and the wide spectrum of symp- 
toms produced by pheochromocytomas, many of which 
occur in other clinical conditions, pheochromocytomas 
must be considered in many patients with and without 
hypertension. Patients with a high risk for pheochromocy- 
toma, in whom testing may be carried out independently of 
the presence of signs and symptoms, include those with a 
family or previous history of the tumor, or the finding of an 
adrenal incidentaloma. 

Most pheochromocytomas are sporadic, but a significant 
proportion, perhaps as many as 25%, occur in several famil- 
ial tumor syndromes.’ Pheochromocytomas in multiple 
endocrine neoplasia type 2 (MEN 2a or 2b) result from 
mutations of the ret protooncogene. In MEN 2a, there is 
often coexistence of medullary thyroid cancer or C-cell 
hyperplasia and parathyroid adenoma or hyperplasia. In 
MEN 2b, hyperpatathyroidism is rare, but patients often 
present with mucosal neuromas, thickened corneal nerves, 
and alimentary tract ganglioneuromatosis. In von Hippel- 
Lindau syndrome (VHL), family-specific mutations of the 
VHL tumor suppressor gene determine the varied clinical 
presentation of tumors, including retinal angiomas, central 
nervous system hemangioblastomas, pheochromocytomas, 
and tumors in the kidneys, pancreas, and testis. Familial 
paragangliomas (some catecholamine producing) occur 
secondary to mutations of genes for several succinate 
dehydrogenase enzymes. In addition to paragangliomas, 


these familial conditions also include a predisposition to 
adrenal pheochromocytomas. Neurofibromatosis type 1 is 
the most common familial condition coexisting with 
pheochromocytoma, which occurs in about 1% of patients 
with the condition. Periodic testing for pheochromocytomas 
in patients with the first 3 of the above 4 familial syndromes 
is now recommended as part of a routine screening and sur- 
veillance plan. 

Although mostly benign, about 10% to 15% of 
pheochromocytomas are malignant. There is a higher risk of 
malignant pheochromocytomas in patients with large or 
extraadrenal primary tumors.” Diagnosis of a malignant 
pheochromocytoma is not possible based on histopatholog- 
ical features, but instead requires evidence of metastatic 
lesions (e.g., in liver, lungs, lymphatic nodes, and bones). 
Metastases can occur more than 20 years after removal of an 
apparently benign solitary tumor. Therefore all patients with 
a previous history of the tumor are at risk for recurrent or 
malignant disease and should undergo periodic screening 
for the tumor. 

Adrenal masses are present in 6% or more of the older 
population. Most are benign adenomas, but up to 10% rep- 
resent pheochromocytomas. With escalation in the use of 
computed tomography and magnetic resonance imaging, 
there has been an increasing frequency in incidental findings 
of adrenal masses during imaging procedures for unrelated 
conditions. These adrenal incidentalomas represent another 
situation in which biochemical testing for pheochromocy- 
tomas is now recommended, irrespective of the presence of 
the usual signs and symptoms of the tumor.” 

Biochemical evidence of excessive catecholamine pro- 
duction is crucial for diagnosis of pheochromocytoma, 
and has traditionally relied on measurements of urinary 
catecholamines, metanephrines, and VMA.” Most patients 
with hypertension and symptoms caused by active 
pheochromocytomas have large increases in these analytes, 
making the tumor relatively easy to diagnose. Problems 
occur in those patients in whom hypertension is paroxysmal 
and where there may be negligible catecholamine secretion 
between episodes. False-negative test results are, however, 
more commonly encountered in patients with “silent 
pheochromocytomas” in whom testing is carried out, not 
because of signs or symptoms, but because of an adrenal 
incidentaloma or as part of a routine surveillance plan for 
recurrent or hereditary pheochromocytomas. In one study 
involving 35 patients with hereditary pheochromocytomas, 
rates of false-negative results for plasma and urinary cate- 
cholamines, urinary total metanephrines, and urinary VMA 
ranged from 29% to 53%; six patients (17%) had normal 
results for all four tests.™ 

Another problem common to biochemical tests used for 
diagnosis of a pheochromocytoma is that a positive result 
does not necessarily establish a tumor. False-positive results 
must always be expected when the upper reference limit for 
a test is set at anything less than the 100% confidence inter- 
vals of a reference population. 
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The above limitations in sensitivity and specificity of bio- 
chemical tests are compounded by the large numbers of 
patients commonly tested for pheochromocytomas, very few 
of whom have the tumor. The low pretest prevalence of 
pheochromocytomas means that false-positive biochemical 
results usually far outnumber true-positive results, making 
it difficult to unequivocally confirm the tumor in the vast 
majority of patients with positive results. 

With issues of sensitivity and specificity in mind and con- 
sideration of the potential dangers and rarity of a pheochro- 
mocytoma, the most important consideration in choice of 
biochemical tests is their reliability for detecting and exclud- 
ing the tumor. In a pheochromocytoma, a missed diagnosis 
caused by false-negative results can have catastrophic conse- 
quences for the patient. In contrast, false-positive results can 
be refuted by further tests. Therefore suitably sensitive bio- 
chemical tests remain the first choice in the initial workup 
of a patient suspected of harboring a pheochromocytoma. 

Findings that none of the traditionally used biochemical 
tests could reliably detect all cases of pheochromocytomas 
led to recommendations that biochemical testing should 
include a combination of measurements of catecholamines 
and catecholamine metabolites. VMA is excreted in urine in 
large amounts, which makes measurement of this metabo- 
lite a simple, easy to implement, and time-honored test for 
diagnosis of pheochromocytomas. Numerous studies have 
now made it clear, however, that measurements of urinary 
VMA provide a relatively insensitive diagnostic test with 
limited value for initial testing for pheochromocytomas. 
Therefore the usual recommendation has been that bio- 
chemical testing should include measurements of urinary or 
plasma catecholamines and urinary metanephrines. 

With the development of liquid chromatographic 
methods sensitive enough to measure the low levels of free 
metanephrines in plasma there has been increased emphasis 
on these measurements for diagnosis of pheochromo- 
cytomas.’°”? Studies from three independent groups 
have now shown that measurements of plasma free 
metanephrines provide a superior method for diagnosis of 
pheochromocytomas than other commonly used tests of cat- 
echolamine excess.'°”7!”?! In the largest of these studies,” 
involving biochemical testing in more than 1000 patients, 
including 214 with pheochromocytomas, measurements of 
plasma free metanephrines and urinary fractionated 
metanephrines provided the highest diagnostic sensitivities, 
but the plasma test provided higher diagnostic specificity 
than the urine test. Receiver-operating characteristic curves 
showed that a single test of plasma free metanephrines 
provided higher diagnostic efficacy than all other tests, 
even when carried out in combination. Based on these 
findings it was proposed that a single test of plasma free 
metanephrines is sufficient for initial testing, and prevents 
the increased chance of false-positive results associated with 
multiple tests. Measurements of plasma free metanephrines 
have also been recommended for all patients with adrenal 
incidentaloma.” 


The basis for the high diagnostic efficacy of plasma free 
metanephrines is explained by several factors: (1) plasma 
free metanephrines are produced by metabolism of cate- 
cholamines within pheochromocytomas, a process that 
occurs continuously and independently of variations in 
catecholamine release by tumors; (2) normally only 
small amounts of metanephrines are produced in the body, 
and these are relatively unresponsive to sympathoadrenal 
activation compared with the parent amines”; and (3) VMA 
and the metanephrines commonly measured in urine are 
different metabolites from the free metanephrines measured 
in plasma, and are produced in different parts of the body 
by metabolic processes not directly related to the tumor 
itself. 

Urinary metanephrines are usually measured after a 
deconjugation step and largely reflect levels of sulfate- 
conjugated metanephrines produced outside of tumor 
tissue. The sulfate conjugates of normetanephrine and 
metanephrine are present in plasma at twentyfold to thirty- 
fold higher concentrations than the free metanephrines, and 
are the main form eliminated in urine. Plasma and urinary 
concentrations of deconjugated metanephrines are therefore 
easier to measure than the free metanephrines. Provided that 
liquid chromatographic steps for fractionated measurement 
of normetanephrine and metanephrine are used, measure- 
ment of the deconjugated metabolites provide diagnostic 
sensitivity that approaches that of measurement of plasma 
free metanephrines. The main drawback appears to be lower 
diagnostic specificity. This is particularly problematic in 
patients with renal insufficiency, in whom plasma con- 
centrations of the deconjugated metanephrines are strongly 
elevated.” In contrast, since the circulatory clearance of free 
metanephrines by extraneuronal uptake is a rapid process 
largely independent of renal function, false-positive test 
results for the free metabolites are less of a problem. 

The high diagnostic sensitivity of measurements of 
plasma free or urinary fractionated normetanephrine and 
metanephrine makes these tests the most suitable choice for 
the initial work up of a patient with a suspected pheochro- 
mocytoma. Negative results by these tests virtually exclude a 
pheochromocytoma, whereas negative results by other tests 
do not. Exceptions include small or microscopic (<1 cm) 
tumors encountered during routine screening or tumors that 
do not synthesize norepinephrine and epinephrine. 

Increases in plasma free or urinary fractionated 
metanephrines, such as normetanephrine and meta- 
nephrine, are usually high enough to conclusively establish 
the presence of most cases of pheochromocytomas. 
However, where increases are of smaller magnitude, false- 
positive results remain difficult to distinguish from true- 
positive results and additional biochemical testing is neces- 
sary. Ideally, such testing should conclusively establish the 
presence of a pheochromocytoma before imaging studies are 
undertaken and the patient is committed to surgery. 

Before further biochemical testing is initiated, considera- 
tion should be given to eliminating possible causes of false- 
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positive results. These may occur because of inappropriate 
sampling conditions (e.g, blood sampling in nonfasting 
states or without a preceding 20 minute period of supine 
rest) or because of medications. The latter may involve direct 
analytical interference, such as co-chromatography of 
acetaminophen in high-performance liquid chromatog- 
raphy (HPLC) measurements of plasma normetanephrine. 
Usually, however, such sources of interference can be 
detected by careful inspection of chromatograms. More 
common causes of false-positive results are drugs that 
activate the sympathoadrenal system: or influence the 
disposition of catecholamines. Tricyclic antidepressants and 
phenoxybenzamine (Dibenzyline) are particularly problem- 
atic, in one study accounting for 41% of all false-positive 
elevations of plasma normetanephrine and 44% to 45% of 
false-positive elevations of urinary and plasma norepine- 
phrine.” Tricyclic antidepressants presumably increase 
levels of norepinephrine and normetanephrine by blocking 
reuptake of norepinephrine, thereby increasing the 
amounts available for O-methylation and that escape into 
the circulation. Phenoxybenzamine is a nonselective alpha- 
adrenergic blocking agent commonly used to treat patients 
with a pheochromocytoma. Presumably the drug elevates 
norepinephrine and normetanephrine by  attenuat- 
ing alpha,-adrenoceptor—mediated feedback inhibition of 
norepinephrine release, possibly combined with reflexive 
sympathetic activation. 

After the potential confounding influence of medications 
or other causes of false-positive results have been eliminated, 
some consideration should be given to the choice of addi- 
tional biochemical tests and patterns of results necessary for 
more firmly establishing or refuting the diagnosis of a 
pheochromocytoma. When initial testing yields elevations in 
plasma normetanephrine, metanephrine, or both amines, 
this may be corroborated by a similar pattern of results 
after additional measurements of urinary normetanephrine 
and metanephrine. Conversely, when initial testing yields 
positive results for urinary fractionated metanephrines, 
additional measurements of plasma free metanephrines are 
useful. 

Patterns of increases in plasma free metanephrines and 
catecholamines can also be useful for confirming pheo- 
chromocytomas in patients in whom initial tests of free 
metanephrines are positive but insufficiently elevated for a 
firm diagnosis.” More specifically, patients with a pheo- 
chromocytoma usually have larger relative increases in 
metanephrines than of the parent catecholamines, whereas 
patients with false-positive results caused by sympatho- 
adrenal activation usually have larger increases in cate- 
cholamines than metanephrines. 

The clinical presentation of the patient is also important 
to consider when interpreting patterns of biochemical 
results. Patients with tumors that produce large amounts of 
epinephrine (and also metanephrine) may present with 
hyperglycemia, dyspnea, and pulmonary edema, signs and 
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symptoms reflecting the potent actions of epinephrine on 
glucose metabolism and pulmonary physiology. Such 
patients are also more likely to present with alternating 
hypotension and hypertension and to have symptoms that 
occur paroxysmally compared with patients with tumors 
that produce only norepinephrine (and hence also only 
normetanephrine). Pheochromocytomas associated with 
VHL disease produce exclusively norepinephrine and 
normetanephrine, whereas those occurring in patients with 
MEN 2 produce epinephrine and are best detected by 
increases in plasma free metanephrine, with or without 
accompanying increases in normetanephrine.® 

Increases in plasma or urinary concentrations of L-dopa, 
dopamine, and methoxytyramine are not sensitive or spe- 
cific markers of pheochromocytomas. However, when such 
increases accompany large increases in norepinephrine and 
normetanephrine, the pattern suggests metastatic disease. 
Pheochromocytomas that produce exclusively dopamine 
are extremely rare, but can be found in patients with para- 
gangliomas, particularly where these have metastasized. 

When biochemical testing continues to yield equivocal 
results, the clonidine suppression test may be useful for 
further confirming or excluding pheochromocytomas. 
As originally introduced by Bravo et al,” this test was 
designed to distinguish patients with increases in plasma 
catecholamines caused by pheochromocytomas from those 
with increases caused by sympathetic activation. By activat- 
ing alpha,-adrenoceptors in the brain and on sympathetic 
nerve endings, clonidine suppresses norepinephrine release 
by sympathetic nerves. Decreases in elevated plasma 
norepinephrine after clonidine therefore suggest sympa- 
thetic activation, whereas lack of decrease suggests a 
pheochromocytoma. 

A problem with the clonidine suppression test is that 
patients with normal or mildly increased plasma levels of 
norepinephrine may have clonidine-induced decreases in 
plasma norepinephrine, despite the presence of a pheochro- 
mocytoma.”*”*" This is particularly troublesome since 
such patients represent those in whom it is most difficult to 
conclusively diagnose a pheochromocytoma. Additional 
measurements of plasma normetanephrine before and after 
clonidine have therefore been proposed to offer a useful 
method to overcome this limitation.” In a study involving 
48 patients with and 49 patients without pheochromo- 
cytomas, lack of decrease and elevated plasma levels of 
norepinephrine or normetanephrine after clonidine con- 
firmed pheochromocytomas with high specificity (98% to 
100%). However, of 48 patients with pheochromocytomas, 
16 had normal levels or decreases of norepinephrine after 
clonidine. In contrast, plasma normetanephrine remained 
elevated after clonidine in all but 2 patients, indicating higher 
sensitivity (96% versus 67%) and more reliable diagnosis 
using normetanephrine than norepinephrine responses to 
clonidine, Box 29-1 outlines the clonidine suppression test 
protocol with these added testing recommendations. 


Chapter 29 Catecholamines and Serotonin 1049 


a SE AAE ar oe 


Principle: Clonidine activates 0,-adrenergic receptors in the 
brain and sympathetic nerve endings to suppress 
norepinephrine release by sympathetic nerves without effect on 
catecholamine release from pheochromocytomas. 

Indication: The test is used to discriminate patients with 
pheochromocytomas from patients with false-positive test . 
results for catecholamines or metabolites in either plasma or 
urine. 

Procedure; The test is best performed in the morning after an 
overnight fast. The patient remains recumbent throughout the 
entire procedure. A forearm venous cannula is placed for 
baseline and 3-hour blood sampling during the procedure. 
After at least 20 minutes of supine rest, a baseline blood. 
sample is drawn in a heparinized tube. Clonidine, 4.3 g/kg of 
body weight, is then given orally, and a repeat blood sample is 
drawn 3 hours later. The samples are analyzed for plasma 
catecholamines, with plasma normetanephrine measurement 
also recommended. 

Interpretation: For optimum clinical specificity, a positive result 
highly suggestive of a pheochromocytoma includes an 
elevation of norepinephrine and normetanephrine at 3 hours 
and a failure to suppress norepinephrine more than 50% and 
normetanephrine more than 40 % below the baseline plasma 
level. 


Modified from Bravo EL, Tarazi RC, Fouad FM, Vidt DG, Gifford RW, Jr. 
Clonidine-suppression test: a useful aid in the diagnosis of 
pheochromocytoma. N Engl J Med 1981;305:623-6, with additional 
recommendations for normetanephrine testing and interpretation from 
Eisenhofer G, Goldstein DS, Walther MM, Friberg P, Lenders JW, Keiser 
HR, Pacak K. Biochemical diagnosis of pheochromocytoma: How to 
distinguish true- from false-positive test results. J Clin Endocrinol Metab 
2003;6:2656-66, 


NEUROBLASTOMA 


A neuroblastoma is a malignant neoplasm characterized in 
most cases by overproduction of catecholamines and their 
metabolites. It is a tumor of postganglionic sympathetic 
neurons and, like a pheochromocytoma, is of neural crest 
origin. Unlike pheochromocytomas, neuroblastomas rarely 
occur in adults and are almost exclusively a pediatric 
cancer. Neuroblastomas account for approximately 7% of 
cancer in childhood and are the most common malignancy 
diagnosed in the first year of life.” The incidence of 
neuroblastomas is approximately 10 cases per million 
children, resulting worldwide in about 10,000 new cases 
per year.’ Although familial cases have been reported," 
the vast majority of neuroblastomas appear to develop 
sporadically. 

The anatomic location of the primary tumor in neuro- 
blastomas parallels the sympathetic nervous system, as pre- 
dicted from its neuronal origin. The majority of tumors are 
intraabdominal, arising in the adrenal gland or the upper 


abdomen, and less frequent locations include the chest, neck, 
or pelvis regions. Approximately 60% of neuroblastomas are 
extra adrenal, compared with only about 10% of pheochro- 
mocytomas. Metastases in disseminated neuroblastomas 
may involve bone marrow, bone, lymph nodes, liver, and less 
frequently the skin, testis, and intracranial structures, 

The biological behavior of a neuroblastoma ranges from 
regression and maturation to an aggressive course with an 
unfavorable outcome. Neuroblastomas are most notable for 
a subset of cases with complete regression or maturation to 
ganglioneuroma, a benign neoplasm. The high rate of neu- 
roblastoma detection in infant screening programs com- 
pared with clinically diagnosed cases has also been explained 
by spontaneous tumor maturation.™® The majority of clini- 
cally diagnosed tumors, however, are aggressive and have an 
unfavorable outcome. 

The clinical stage of the disease (localized versus dissem- 
inated) is an important prognostic factor. Patients with 
early more localized stages of disease, or infants less than 
age 1 with a localized primary tumor and dissemination 
limited to skin, liver, and/or bone marrow, are considered 
to have a better prognosis than other stages.” Age at 
diagnosis is also important in predicting the course of the 
disease, with infants diagnosed with neuroblastomas in 
the first year of life having better survival rates.” Other 
factors, including expression of the N-myc (also known 
as MYCN) proto-oncogene and unfavorable histological 
classification, have been associated with an aggressive course 
of the disease. Unfortunately the overall incidence of 
metastatic neuroblastoma at the time of diagnosis is 
approximately 60%, and the need for earlier detection of 
children with the progressive disseminating tumors remains 
a diagnostic challenge. 

Hypertension and other signs of sympathetic overactiv- 
ity are uncommon in a neuroblastoma, in contrast with 
the sustained or paroxysmal hypertension associated with 
a pheochromocytoma. Patients commonly present with a 
tumor mass and clinical signs from compression effects on 
neighboring structures or hematological abnormalities from 
bone marrow involvement. The low incidence of hyperten- 
sion and other signs of sympathetic overactivity may be 
attributed to the characteristic pattern of tumor storage and 
release of catecholamine and their metabolites. Cate- 
cholamine storage capacity in neuroblastoma cells is limited, 
as evidenced by electron microscopic findings of few secre- 
tory granules in comparison with pheochromocytoma 
cells.'"* Inefficient storage, coupled with excess production 
of catecholamines, may lead to an increase in the intracellu- 
lar metabolism of the catecholamines and the release of 
mainly inactive metabolites. Hypertension, although rare, 
does occur in some patients with neuroblastomas, and an 
abundance of secretory granules has been noted in neuro- 
blastoma tissue from some tumors.'°”"* 

Laboratory evidence of a functional catecholamine- 
producing tumor is important in the clinical evaluation 
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when a neuroblastoma is suspected. The catecholamine and 
metabolite secretion patterns, however, may differ markedly 
among patients with the tumor. Neuroblastoma cells have 
the capacity to synthesize dopamine and norepinephrine, 
depending upon their degree of metabolic maturity, but like 
postganglionic sympathetic neurons, lack phenylethanol- 
amine N-methyltransferase and do not produce epineph- 
rine. Because of variability in catecholamine production and 
metabolism in neuroblastomas there is no single reliable 
marker of catecholamine: overproduction, and a combina- 
tion of catecholamine and/or metabolités is often measured 
in the diagnostic evaluation. 

VMA and HVA are the most widely used determinations 
in both the clinical setting and in screening programs for 
diagnosis of a neuroblastoma, Elevated urinary excretion of 
HVA and VMA is the result of excess tumor production 
of dopamine and norepinephrine, respectively. A small 
diurnal variation in HVA and VMA excretion and a positive 
correlation between random and 24-hour urine test results 
allow the convenient use of random wrine specimens, with 
results expressed as the ratio of catecholamine metabolites 
to creatinine excretion. Clinical sensitivity in the range of 
90% has been reported for urinary HVA and VMA testing 
by some centers.’*”’* Others have, however, reported a lower 
rate of neuroblastoma detection. In a large neuroblastoma 
screening program, in which the population with negative 
screening results was tracked for occurrence of neuroblas- 
tomas, an elevation in VMA, HVA, or both acid metabolites 
detected only 73% of the tumors.” Patients with early stage 
disease have the highest rate of false-negative test results,” 
and screening programs have been generally unsuccessful 
in reducing the rate of metastatic neuroblastoma in the 
population." 

Additional markers of catecholamine overproduction 
have been employed to improve the biochemical detection 
of neuroblastomas. Free dopamine may be abnormal in 
urine from neuroblastoma patients with VMA and HVA 
excretion, 6? Combined testing for VMA, HVA, and 
dopamine may therefore improve tumor detection, and 
in 1993 an international consensus report on neuro- 
blastoma diagnosis added dopamine to the list of accept- 
able measurements to document the adrenergic nature of 
the tumor.” Plasma measurements of dopamine and 
L-dopa, the amino acid precursor of dopamine, may 
also have clinical value and allow the alternate use of 
plasma.%”*'” Measurement of methylated metabolites, 
especially normetanephrine, has also been explored.” When 
urinary normetanephrine, metanephrine, methoxytyra- 
mine, dopamine, norepinephrine, VMA, and HVA were 
measured, clinical sensitivity for detection of neuroblas- 
tomas was 97% to 100% when results of normetanephrine 
testing were coupled either with VMA in the infants or with 
HVA in children greater than age 1.'® Even with an extended 
panel of catecholamines and metabolite measurements, a 
low incidence of nonsecreting tumors continues to be iden- 
tified and should be considered in the interpretation of a 
negative test result. 


The pattern of catecholamine metabolism is associated 
with important biological and genetic prognostic factors 
in neuroblastomas. Lower excretion rates of VMA, HVA, 
dopamine, and norepinephrine are found more often in 
infants with early stages of the disease, which may explain 
the lower clinical sensitivity of VMA and HVA testing 
reported in patients with an early stage neuroblastoma. Ele- 
vated levels of catecholamines and their metabolites in urine, 
on the other hand, are related to aggressive behavior.”™ The 
prognostic value of VMA and HVA levels, however, has been 
studied; when disease stage and age at diagnosis are taken 
into account, the level of VMA and HVA did not have any 
additional prognostic significance.” 

The relative excretion of catecholamines and their 
metabolites may also point to an unfavorable outcome in 
neuroblastomas, Immature metabolic patterns have been 
observed in neuroblastoma tumor tissue, based on excretion 
of dopamine or HVA relative to norepinephrine or VMA. A 
high ratio of HVA/VMA, dopamine/VMA, or dopamine/ 
norepinephrine indicates a relative deficiency in beta 
hydroxylation with a reduction in tumor cell conversion of 
dopamine to norepinephrine. The immature metabolic 
pattern has been associated with aggressive tumor behavior 
and other unfavorable prognostic factors, 4 but the 
clinical application of metabolic patterns has not been 
established. 

Finally, clinical specificity in detecting neuroblastomas 
with catecholamine and metabolite measurements may be 
influenced by the choice of laboratory methods, dietary 
interference, and other catecholamine-overproduction con- 
ditions. Significant advances in the analytical specificity 
of laboratory methods have reduced much of the exogenous 
interference, and histopathology remains the ultimate 
diagnostic criterion for distinguishing neuroblastomas from 
pheochromocytomas or other catecholamine-producing 
neurogenic tumors, such as ganglioneuromas and ganglio- 
neuroblastomas. 


DYSAUTONOMIAS AND GENETIC DISORDERS 


Dysautonomias are conditions in which altered function of 
the autonomic nervous system adversely affects health.” 
Such conditions range from more common transient 
episodes in otherwise healthy people (e.g., neurocardiogenic 
syncope), to progressive neurodegenerative diseases (e.g., 
multiple system atrophy), and to even more rare genetic 
disorders, such as dopamine {-hydroxylase deficiency 
(Table 29-5). 

Dysautonomias also range from mechanistically straight- 
forward disorders in which altered autonomic function plays 
a primary pathophysiological role (e.g., pure autonomic 
failure), to conditions in which altered autonomic function 
worsens an independent pathophysiological state (e.g., 
cardiac failure), and to more mysterious disorders in which 
the involvement of the autonomic nervous system is less 
clear (e.g., chronic fatigue syndrome). Abnormalities of 
blood pressure control represent the common presenting 
clinical features of the dysautonomias. In those involving 
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TABLE 29-5: Dysautonomias Featuring Altered 
Sympathetic Nervous Function; Disorders 
of Adrenal ‘Medullary: Function, and 
Genetic Disorders of Catecholamine 
Systems 


Interruption — ; a Activation ; 


Dysautonomias ; 
- Neurocardiogenic 
syncope ; 
Diabetic autonomic- 
neuropathy 
Parkinson's disease 
Hyperthyroidism 
Multiple system 
atrophy 
_ Quadriplegia 
myloidosis 
re autonomic 


‘Common Obesity. 
Essential hypertension 
‘Congestive heart. 
failure 
- Postural tachycardia 


cee ntracranial bleeding 
< Ren Vascular. 


deficiency : 
_ B-hydroxylase eee 
“deficiency. 


Adrenal medullary. 
-= -dysfunction 
- Obesity 
‘Diabetes ; i synco 


Gommon Neurocardiogenic aeei 


= Panic diso an 
TE ; 
Adrenal medu 


ddison’s disease 


Genetic disorders (not included above): tyrosine hydroxylase deficiency; 
dopa-responsive dystonia; dihydropteridine reductase deficiency; aromatic 
L-amino acid decarboxylase deficiency; Menkes’ disease; monoamine 
oxidase deficiency. 


inhibition or interruption of sympathetic outflow, the pre- 
senting clinical feature is usually hypotension, particularly 
orthostatic hypotension. In those involving sympathetic 
activation, there is often hypertension—and in some, exces- 
sive increases in heart rate upon standing. 

In most dysautonomias, altered or deranged sympathetic 
nervous function is evident from measurements of plasma 
or urinary levels of norepinephrine or norepinephrine 
metabolites. The most well-known dysautonomias, in which 
measurements of norepinephrine provide useful and even 
crucial information for diagnosis, involve the autonomic 
failure syndromes, particularly pure autonomic failure and 
multiple system atrophy.’ The most important debilitating 
clinical manifestation in both conditions is orthostatic 


hypotension. In their most severe forms, patients are unable 
to remain in the upright posture for even a few minutes. The 
basis of the disorder involves failure of neurogenic vasocon- 
strictor responses secondary to defective sympathoneural 
release of norepinephrine. In pure autonomic failure, the 
lesion is postganglionic, involving degeneration of sympa- 
thetic nerves and lack of norepinephrine release, whereas in 
multiple system atrophy, the lesion is preganglionic and 
sympathetic nerves are present but do not release norepi- 
nephrine appropriately. The two syndromes can therefore be 
diagnosed based on measurements of catecholamines. In 
both there are usually absent or significantly attenuated 
increases in plasma concentrations of norepinephrine in 
response to assumption of upright posture. In pure auto- 
nomic failure, levels of norepinephrine and its metabolites 
are usually severely decreased, reflecting loss of sympathetic 
nerves. In contrast, in multiple system atrophy resting levels 
of catecholamines and catecholamine metabolites may be 
normal or even increased. 

In addition to altered sympathetic function in dysau- 
tonomias, there are also clinical conditions involving dys- 
function of the adrenal medulla (Table 29-5). According to 
a view promulgated by Canon,” the sympathetic and adrenal 
medullary systems function as a single emergency system. It 
has now, however, become increasingly clear that sympa- 
thetic and adrenal medullary systems are regulated sepa- 
rately and often in divergent directions.” This is illustrated 
by the relatively common clinical conditions of obesity and 
neurocardiogenic syncope. Sympathetic nervous activation 
in obesity is implicated to contribute to obesity-related 
hypertension, whereas decreased epinephrine release may 
participate in the changes in fatty acid metabolism and 
energy metabolism that accompany and contribute to 
weight gain. In neurocardiogenic syncope, B-adrenoceptor— 
mediated vasodilation—resulting from increased circulating 
epinephrine—combined with reduced o-adrenoceptor— 
mediated vasoconstriction, caused by withdrawal of sym- 
pathetic tone, are both implicated in contributing to ortho- 
static hypotension. 

With the exception of pure autonomic failure and 
pheochromocytomas, abnormalities in plasma or urinary 
levels of catecholamines in most of the above disorders, par- 
ticularly those that are more common, are usually subtle and 
not easily interpreted. Plasma or urinary levels of cate- 
cholamines and catecholamine metabolites in such con- 
ditions have mainly been measured for purposes of research, 
to better characterize and understand the particular dis- 
order. Resulting improved understanding of such disorders, 
combined with advances in measurement techniques and 
improved ability to interpret different patterns of neuro- 
chemical results, will likely lead to increasing use of measure- 
ments of catecholamines and catecholamine metabolites for 
routine diagnostic and prognostic purposes. This is becom- 
ing particularly apparent for the conditions that have a 
hereditary basis or are due to de novo mutations of specific 
genes, in which advances in molecular genetics are enabling 
precise identification of the genetic abnormality.” 
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Familial dysautonomia, dopamine B-hydroxylase defi- 
ciency, norepinephrine transporter deficiency, and congeni- 
tal adrenal hyperplasia include dysautonomias or conditions 
associated with adrenal medullary dysfunction in which the 
specific genetic abnormalities have been identified, There are 
also other disorders involving mutations of genes coding for 
proteins involved in catecholamine synthesis and metabo- 
lism in which the clinical manifestations do not clearly 
involve the sympathoadrenal systems or may be so globally 
severe that abnormalitiés of autonomic or adrenal medullary 
function are obscured (Table 29-5). 

Deficiencies of tyrosine hydroxylase or of enzymes 
involved in production of tetrahydrobiopterin cofactor (e.g., 
dopa-responsive dystonia) usually result in presentation of 
severe neurological abnormalities in early childhood. 
Depending on the exact mutation, deficiencies of tyrosine 
hydroxylase can involve moderate to severe loss of enzyme 
activity, most accurately diagnosed by low cerebrospinal 
fluid levels of catecholamine metabolites, such as MHPG and 
HVA, but normal levels of 5-HIAA.’*”° In the autosomal 
dominant form of dopa-responsive dystonia (Segawa 
disease), failure to synthesize tetrahydrobiopterin cofactor 
leads to a similar clinical and neurochemical phenotype as 
in the rarer tyrosine hydroxylase deficiency syndrome.” In 
contrast to classical forms of tetrahydrobiopterin deficiency, 
characterized by phenylketonuria (e.g., dihydropteridine 
reductase deficiencies), deficiencies of guanosine triphos- 
phate (GTP) cyclohydrolase responsible for dopa-responsive 
dystonia are not accompanied by hyperphenylalaninemia 
and require diagnosis by measurements of pterins and pterin 
metabolism, in addition to measurements of catecholamine 
metabolites, '* 

Patients with aromatic L-amino acid decarboxylase defi- 
ciency present with clinical and biochemical manifestations 
that overlap those of the tyrosine hydroxylase deficiency 
states described previously. However, this deficiency state is 
characterized by additional decreases in CSF and urinary 
levels of 5-HIAA."" Also, levels of Ł-dopa in urine, plasma, 
and cerebrospinal fluid are increased, and not decreased as 
in the other deficiency states. Levels of 5-hydroxytryptophan 
are similarly increased. 

The major clinical feature of patients with deficiency of 
dopamine }-hydroxylase is orthostatic hypotension caused 
by reduced synthesis and release of norepinephrine by 
sympathetic nerves.’ The deficiency is characterized neuro- 
chemically by decreased levels of norepinephrine and nor- 
epinephrine metabolites and increased levels of dopamine 
and dopamine metabolites. Diagnosis is best achieved from 
an increased ratio of plasma dopamine to norepinephrine. 
Copper deficiency in Menkes’ disease is due to defects in 
the gene coding for a copper-transporting adenosine 
triphosphatase.’ Because dopamine B-hydroxylase is a 
copper-dependent enzyme, the deficiency is associated with 
decreased activity of the enzyme and reduced production 
of norepinephrine from dopamine. Prompt diagnosis at 
childbirth is essential for copper-replacement therapy, and 


is best achieved from measurements of ratios of plasma 
concentrations of DOPAC or L-dopa to DHPG. 

Congenital adrenal hyperplasia is a relatively common 
genetic disorder that occurs secondary to deficiencies of 
certain enzymes, usually 21-hydroxylase, responsible for 
synthesis of cortisol.’ The disorder is characterized clini- 
cally by adrenal insufficiency with or without salt wasting, 
virilization, and in girls genital ambiguity resulting from 
increased androgen levels. As a result of the importance of 
adrenocortical steroids for adrenal medullary function and 
for maintaining activity of phenylethanolamine N-methyl- 
transferase, the disorder is also characterized by adrenal 
medullary hypofunction and decreased epinephrine release 
and intraadrenal metabolism to metanephrine. Decreased 
plasma levels of metanephrine provide a biomarker of 
disease severity that may be useful for prognosis and direct- 
ing therapy.” 

Isolated deficiencies of MAO A and B are extremely rare 
and are associated with distinct clinical and neurochemical 
phenotypes.’ Deficiency of MAO A is associated with a 
behavioral disorder characterized by increased aggressive- 
ness. Plasma and urinary levels of deaminated metabolites 
of catecholamines are severely decreased, whereas levels of 
normetanephrine and metanephrine are increased. An 
increased ratio of plasma normetanephrine to DHPG has 
therefore been proposed to provide a sensitive marker 
for the deficiency state, In contrast, deficiency of MAO B is 
associated with a mild phenotype, the only bioche- 
mical alteration is increased urinary excretion of 
phenylethylamine. 


CARCINOID 


Carcinoids are the most common tumors arising from the 
diffuse neuroendocrine system of the GI tract and pancreas. 
Derived primarily from enterochromaffin cells, these tumors 
are widely distributed in the body but found with greatest 
frequency in the GI tract (74%) and respiratory tract (25%). 
Carcinoids are often classified as APUDomas (amine pre- 
cursor uptake and decarboxylation) because of the ability of 
enterochromaffin cells to take up and decarboxylate amino 
acid precursors of biogenic amines. In this regard, carcinoid 
tumors share certain pathological and biological similarities 
with pheochromocytomas. 

The usual carcinoid tumor is solid and yellow-tan in 
appearance. Tumor cells exhibit a monotonous morphology, 
with pink granular cytoplasm and round nuclei with infre- 
quent mitoses. Most carcinoids can be recognized by their 
reactions to silver stains and to neuroendocrine cell markers, 
such as chromogranin and neuron-specific enolase. Ultra- 
structurally, carcinoids possess numerous membrane- 
bound, electron-dense neurosecretory granules. These 
granules contain peptide hormones and bioactive amines, 
which can occasionally be identified by immunocytochemi- 
cal techniques. 

Carcinoid tumors are traditionally classified according 
to their presumed origin from the embryonic foregut 
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(bronchus, lung, stomach, duodenum, and pancreas), 
midgut (ileum, jejunum, appendix, and proximal colon), or 
hindgut (rectum and distal colon). The most common 
sites for these tumors are the bronchus and/or lung (33%), 
ileum and/or jejunum (20%), rectum (10%), and appendix 
(8%).'” A new classification system has also been proposed 
that takes into account variations in histopathological 
characteristics.*' The overall incidence of clinically signifi- 
cant carcinoids in the United States has been estimated to be 
1 to 2 cases per 100,000 persons. Carcinoid tumors may 
develop in all age groups, but they appear most frequently 
in adults, with a mean age of 63 for tumors of the small intes- 
tine and respiratory tract.’ Clinically, most patients are 
asymptomatic until metastases are present. Bowel obstruc- 
tion and abdominal pain are the most frequent presenting 
symptoms. 

Carcinoid tumors show aggressive malignant behavior 
depending on the origin, depth of penetration, and size of 
the primary tumor.’” Most rectal carcinomas are found 
incidentally at endoscopy. They are often less than 1 cm and 
have a low rate of metastasis, even though they may show 
extensive local spread. Carcinoids of the appendix are seen 
in about 1 in every 300 appendectomies. Almost all are less 
than 1cm, and distant metastasis is rare. By contrast, 90% of 
intestinal carcinoids that penetrate halfway through the 
muscle wall will have spread to lymph nodes and distant sites 
at the time of diagnosis. More than 70% of intestinal carci- 
noids 1 to 2cm in diameter metastasize to the liver. Fortu- 
nately, most carcinoid tumors grow slowly, and patients may 
live for many years. The 5-year survival rate of patients with 
carcinoids of the appendix is about 99%. Patients with car- 
cinoids in the small intestine have a 5-year survival rate of 
about 50%. 

As with normal gut endocrine cells, carcinoids synthesize, 
store, and release a variety of hormones and biogenic 
amines. One of the best characterized of these substances 
is serotonin. Carcinoid tumors also produce and secrete 
other biologically active substances, including histamine, 
kallikrein, bradykinins, tachykinins, prostaglandins, dopa- 
mine, and norepinephrine. Production of these substances 
varies in relation to the tissue origin of the tumor," For 
example, midgut carcinoids release large quantities of 
serotonin into the circulation, whereas tumors derived from 
the foregut secrete primarily 5-hydroxytryptophan (5-HTP) 
{a serotonin precursor) and histamine rather than sero- 
tonin.” Primary hindgut carcinoids usually show no secre- 
tory activity. In some instances, carcinoid tumors may 
coexist with other endocrine tumors that produce gastrin, 
insulin, adrenocorticotropic hormone (ACTH), and cate- 
cholamines. Gastric foregut carcinoids may be associated 
with MEN 1.” 

Secretion of vasoactive substances into the systemic cir- 
culation plays an important role in the development of the 
carcinoid syndrome. The full-blown syndrome associated 
with the humoral manifestations of these tumors is striking 
but uncommon, usually occurring only after metastasis to 


the liver and release of these substances directly into the sys- 
temic circulation. The classic clinical presentation of the car- 
cinoid syndrome includes pronounced flushing (especially 
on the face and neck), diarrhea, bronchoconstriction, and 
eventual right-sided valvular heart failure. Overproduction 
of serotonin is found in 90% to 100% of patients with the 
carcinoid syndrome and is thought to be responsible for the 
diarrhea by its known effects on gut motility and fluid secre- 
tion. Serotonin receptor antagonists relieve the diarrhea in 
most cases, The pathophysiology of carcinoid flushing is not 
yet known, but tachykinins, bradykinins, and histamine may 
be mediators. Somatostatin analogues reduce circulating 
levels of these vasodilators. The causative agents of bron- 
choconstriction are also unknown, but tachykinins and 
bradykinins are likely mediators. 

The clinical chemical evaluation of the carcinoid syn- 
drome relies on measurements of serotonin and its metabo- 
lites in body fluids and tissue.” In patients with the typical 
carcinoid syndrome, 5-HTP is converted to serotonin and 
stored in tumor secretory granules and in platelets. A 
small amount of serotonin remains in plasma, but most 
is converted to 5-HIAA, which is excreted in urine. These 
patients have increased blood and platelet serotonin levels 
and increased urinary 5-HIAA. However, some foregut 
carcinoid tumors lack the aromatic L-amino acid decar- 
boxylase and secrete 5-HTP rather than serotonin into the 
bloodstream.'” Patients with these tumors have normal 
serotonin concentrations in blood and in platelets, but 
urinary levels are increased because 5-HTP is converted to 
serotonin in the kidney; urinary 5-HIAA levels may be 
slightly elevated. 

Patients with serotonin-producing carcinoid tumors 
usually have striking increases in urinary 5-HIAA excretion 
(at least tenfold), but occasionally elevations are smaller. 
False-positive elevations can occur if the patient ingests 
serotonin-rich foods or medications, such as bananas, 
pineapples, chocolate, walnuts, pecans, kiwi fruit, plums, 
avocados, and cough medicines containing guaifenesin.” 
Conversely, alcohol, aspirin, and other drugs can suppress 
5-HIAA levels. Patients should avoid these agents during 
24-hour urine collections. Incomplete or excess 24-hour 
urine collections may be more accurately assessed in 
terms of a creatinine ratio. Fasting plasma 5-HIAA has 
been proposed as a convenient replacement for urine 
collections.” 

The upper limit of the normal reference interval for 
urinary 5-HIAA excretion is variably defined and may be as 
low as 6mg/day (30pumol/day) if dietary and medicinal 
intake are controlled, or as high as 15 mg/day (80 umol/day) 
to reduce false-positive results.'*' At an intermediate value of 
10.7 mg/day (56 mol/day), urinary 5-HIAA has a reported 
77% sensitivity and 97% specificity for carcinoid disease.” 
To exclude the presence of a carcinoid tumor, lower cutoff 
values may be preferred (higher sensitivity); to confirm the 
presence of a carcinoid tumor, higher cutoff values (higher 
specificity) would be indicated. 
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Most physicians rely on the measurement of 5-HIAA to 
diagnose carcinoid syndrome. But when a patient strongly 
suspected for carcinoid syndrome shows normal or border- 
line increases in urinary 5-HIAA, documentation of elevated 
serotonin levels in platelets, plasma, whole blood, or urine 
may help establish the diagnosis.’* Platelet serotonin has 
been reported to be more sensitive than urinary 5-HIAA for 
detecting carcinoids that produce small or moderate 
amounts of serotonin, such as foregut and hindgut carci- 
noids and midgut carcinoids with a low tumor volume.” 
Also, platelet serotonin levels are not affected by the patient’s 
diet. Platelets can be saturated at high serotonin secretion 
rates, however, and 5-HIAA is often preferred for monitor- 
ing high serotonin production. 

Attempts are being made to identify more sensitive and 
specific markers for carcinoids. For example, measurement 
of chromogranin A in serum is reported to be more sensi- 
tive than urinary 5-HIAA in detecting carcinoid tumors and 
may reflect tumor size, but specificity is lower.” Plasma 
levels of neuron-specific enolase, neuropeptide K, and 
substance P have also been suggested as diagnostic and 
prognostic markers in carcinoid tumors. 


ANALYTICAL METHODOLOGY 


Numerous methods have been proposed for the determina- 
tion of catecholamines, serotonin, and their metabolites in 
biological fluids. In clinical practice, laboratory determina- 
tions are performed primarily for diagnosis and follow-up 
of patients with catecholamine- or serotonin-secreting 
tumors. Most laboratories measure urinary free cate- 
cholamines, metanephrine, normetanephrine, and VMA in 
the evaluation of pheochromocytomas, and plasma cate- 
cholamine measurements are used in some medical centers 
and plasma metanephrines have been applied more recently. 
For detection of neuroblastomas, urinary HVA and VMA are 
most commonly ordered in clinical practice, but other cate- 
cholamine metabolites and dopamine are also measured. 
Diagnostic evaluation of patients with carcinoid tumor 
routinely involves the measurement of 5-HIAA, and the 
measurement of serotonin in platelets and urine has been 
advocated. In this section, we focus on current clinical lab- 
oratory methods with attention to sample preparation, 
current analytical techniques, and reference intervals. 
Protocols for selected methods used in current practice are 
available on this book’s accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook.”!” Earlier fluoro- 
metric, spectrophotometric, and radioenzymatic methods 
are briefly addressed, with more extensive coverage in an 
earlier work by Rosano and co-workers.” 


CATECHOLAMINES AND METABOLITES 

HPLC, coupled with electrochemical or fluorometric detec- 
tion, now provides the most widely used assay method for 
measurements of urinary or plasma catecholamines in the 
routine clinical laboratory. ™ 3 Once equipment is pur- 


chased and trained staff are in place, the technique can 
provide reliable, reproducible, and relatively rapid measure- 
ments of large numbers of samples at minimum cost per 
sample. Problems with interference from drugs or dietary 
constituents are relatively easy to identify by careful inspec- 
tion of chromatograms. Consistent sources of interference 
are usually remedied by simple changes to chromatographic 
conditions. A large number of different HPLC methodolo- 
gies have been described, each requiring a preanalytical 
extraction step to concentrate (plasma) and cleanup (plasma 
and urine) the sample. 

In contrast to the catecholamines, measurements of 
urinary metanephrines and VMA are still based in some 
routine laboratories on the early spectrophotometric assays 
developed by Pisano, Crout, and others in the late 1950s 
and early 1960s.” Despite subsequent development of a 
variety of preanalytical cleanup and extraction procedures, 
these assays remain susceptible to analytical interference. 
They are also restricted to measurements in urine. Another 
limitation for spectrophotometric or fluorometric assays of 
urinary metanephrines is that these methods do not allow 
separate (fractionated) measurements of normetanephrine 
and metanephrine. 

Tests of urinary total metanephrines, as measured by 
spectrophotometric assays, are best abandoned in favor of 
measurement methods that incorporate a chromatographic 
step to fractionate normetanephrine and metanephrine and 
allow their separate measurement. Since significant numbers 
of pheochromocytomas produce mainly or solely only one 
of the two metabolites, separate measurements help to 
ensure that small or mild increases in one metabolite are not 
diluted by the normal levels of the other. Additionally the 
chromatographic step provides an additional level of selec- 
tivity, thereby minimizing analytical interference. Although 
HPLC with electrochemical detection provides the most 
widely available measurement method for urinary fraction- 
ated metanephrines, newer methods involving mass spec- 
trometry are likely to offer further improvement. These 
methods, including gas chromatography—mass spectrometry 
and liquid chromatography-tandem mass spectrome- 
try," should provide higher analytical specificity than 
HPLC methods, which with continuing improvements in 
instrumentation and cost should become more widely 
applicable for diagnostic purposes. 


Collection and Storage of Samples 


The conditions under which plasma or urine samples are 
collected can be crucial to the reliability and interpretation 
of test results. Many clinicians prefer 24-hour collections of 
urine over blood sampling since the former avoids many of 
the rigid sampling conditions associated with blood collec- 
tions and is more convenient for clinical staff to implement. 
However, 24-hour collections of urine are not always easily, 
conveniently, or reliably collected by patients, particularly 
pediatric patients. Also, influences of diet and sympatho- 
adrenal activation associated with physical activity or 
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changes in posture are not as easily controlled for as they are 
for blood collections. 

Because of the possible errors resulting from incomplete 
24-hour urine collections or uncontrolled influences of 
physical activity, some investigators advocate spot or over- 
night urine collections.’*'”” Correction for differences 
in duration of collection is achieved by normalizing cate- 
cholamine or catecholamine metabolite excretion against 
urinary creatinine excretion. Additional considerations 
for urine collected under these conditions include dietary 
protein, muscle mass, level of physical activity, and time of 
day, all of which impact creatinine excretion and may further 
confound interpretation of results, ””718252 

Studies on the stability of catecholamines in urine and 
plasma have yielded mixed results with variable recommen- 
dations on appropriate preservatives and methods of collec- 
tion.* Elaborate techniques for sample preservation as 
recommended in earlier years now appear to be largely 
unnecessary. Variable findings may be explained by auto- 
oxidation, particularly at alkaline pH, or deconjugation, par- 
ticularly at low pH—two processes with opposing effects on 
levels of free amines. The general recommendation is that 
catecholamines in urine samples are best preserved with 
hydrochloric acid (HCl) to maintain urine acid. Aliquots are 
best stored frozen over protracted periods of time at —80 °C 
to further minimize autooxidation and deconjugation. Sim- 
ilarly, blood samples are best collected into tubes containing 
heparin or ethylenediaminetetraacetic acid (EDTA) as an 
anticoagulant and stored on ice before centrifugation at 4 °C, 
with separation of plasma for further storage at -80 °C. 


Interferences from and Influences of Diet and Drugs 


Dietary constituents or drugs can either cause direct analyt- 
ical interference in assays or influence the physiological 
processes that determine plasma and urinary levels of 
catecholamines and catecholamine metabolites. In the 
former circumstances, the interference can be highly variable 
depending on the particular measurement method. In the 
latter circumstances, interference is usually of a more general 
nature and independent of the measurement method 
(Table 29-6). 

Development of new drugs, variations in assay tech- 
niques, and continuing improvements in analytical proce- 
dures often make it difficult to identify which directly 
interfering medications should be avoided for a given 
analytical test. More readily identifiable and generalized 
sources of interference that are independent of the partic- 
ular assay method tend to be associated with drugs that have 
primary actions on catecholamine systems. Because of the 
importance of these systems as therapeutic targets, such 
drugs represent a relatively common source of false-positive 
results. 

Tricyclic antidepressants in particular are a major source 
of false-positive results for measurements of norepinephrine 


*References 16, 18, 175, 203, 220, 255. 


and normetanephrine in plasma or urine.” Presumably this 
is due to the primary inhibitory actions of these agents on 
monoamine reuptake. The result is an increased escape of 
norepinephrine from sympathetic nerve terminals into the 
bloodstream." 

Other medications that can cause significant interference 
but that are less commonly encountered during testing 
for pheochromocytomas include L-dopa, Sinemet, alpha- 
methyldopa (Aldomet), and MAO inhibitors. L-dopa that is 
used alone or as carbidopa (Sinemet) for the treatment of 
Parkinson’s disease is an alumina-extractable catechol and 
the direct precursor of dopamine. The drug can therefore 
interfere directly with catecholamine assays and is also con- 
verted by catecholamine synthesizing and metabolizing 
enzymes to catecholamine products and metabolites with 
additional interfering actions." Similarly the antihyper- 
tensive agent alpha-methyldopa is metabolized by cate- 
cholamine biosynthetic and metabolizing enzymes to 
alpha-methyldopamine, alpha~methylnorepinephrine, and 
other products, which in some but not all assays can result 
in significant interference.” Because active cellular uptake 
and not metabolism is the main determinant of cate- 
cholamine clearance, inhibitors of MAO have little effect on 
plasma or urinary catecholamines.” However, by blocking 
the main pathway for catabolism of the O-methylated cate- 
cholamine metabolites, MAO inhibitors can cause substan- 
tial increases in plasma levels and urinary excretion of 
normetanephrine and metanephrine.””" 


Reference Intervals 


Interpretation of a biochemical test result as normal or 
abnormal depends on availability of valid reference intervals 
(see Chapter 16). For tests of a single analyte, such as VMA, 
it can be expected that at least 2.5% of patients without 
pheochromocytomas will have values for the analyte above 
the upper reference limit and 2.5% below the lower reference 
limit. Up to a 5% incidence of false-positive results might be 
expected for tests of pairs of analytes, such as norepine- 
phrine and epinephrine in tests of urinary or plasma cate- 
cholamines or normetanephrine and metanephrine in tests 
of plasma free or urinary fractionated metanephrines. 
False-positive rates usually, however, tend to be higher than 
expected; this is likely due to reduced control over sampling 
conditions and sources of interference or differences in 
clinical characteristics of reference and patient populations. 

Use of appropriately matched reference populations 
can be important for effective diagnosis of monoamine- 
producing tumors among different populations of patients 
tested for such tumors. Urinary and plasma levels of cate- 
cholamines and metanephrines show different ranges in 
hypertensives or hospitalized patients compared with 
normotensive healthy volunteers, children compared 
with adults, and males compared with females.°”” 
Also, levels of catecholamines and metanephrines in 24-hour 
urine specimens and plasma are not normally distrib- 
uted. ™®?? Normalization of distributions, usually achiev- 
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able by logarithmic transformation, is therefore useful for 
establishment of valid reference intervals. 

Patients with hypertension tend to have higher plasma 
and 24-hour urinary levels of catecholamines and 
metanephrines than normotensives. "> Use of refer- 
ence intervals established in hypertensive rather than nor- 
motensive populations therefore minimizes the likelihood of 
false-positive results in patients tested for pheochromocy- 
tomas because of signs and symptoms. However, these same 
reference intervals are not necessarily appropriate for 
patients with pheochromocytomas who are normotensive 
and asymptomatic and tested for the tumor because of a 
hereditary predisposition or a finding of an adrenal inci- 
dentaloma. In some of these patients, the tumor may be too 
small to produce large enough amounts of catecholamines 
or catecholamine metabolites for a positive test result using 
reference intervals established in hypertensive or hospital 


-6 Drug-Induced Increases in 


Tricyclic antidepressants 
-Amitriptyline (Elavil), imipramine (Tofranil), 
“nortriptyline (Aventyl) 
Blockers (nonselective) 

_ Phenoxybenzamine (Dibenzyline) 
pA -Blockers (c,-selective) 
ee Doxazosin (Cardura), terazosin (Hytrin), . 
prazosin (Minipress) 


~ Hydralazine ( Aer alae isosorbide sordil Dilatrate), 
‘minoxidil (Loniten) 
Monoamine oxidase inhibitors 
Phenelzine (Nardil), isenyleypromine (Par are), 
‘selegiline (Eldepryl) 
Sympathomimetics 
Ephedrine, i asec (Sudafed), 
i amphetamines, albuterol (Proveanib 
Stimulants s San SaS chs 
F ine coffee," tea), nicotine (Tobacco), ee. 


patient populations, For these patient populations, use of 
reference intervals established in normotensive healthy 
volunteers may be more appropriate. 

Reference intervals for plasma and urinary cate- 
cholamines and catecholamine metabolites also differ 
according to sex and age. Females have lower plasma con- 
centrations of epinephrine and metanephrine than males.” 
Similarly, 24-hour urinary outputs of catecholamines and 
metanephrines are lower in women than men”"*; for epi- 
nephrine this difference remains significant when values 
are normalized for creatinine excretion.” Plasma levels of 
norepinephrine and normetanephrine increase with advanc- 
ing age in adults, whereas plasma levels of epinephrine and 
metanephrine are little affected.” Age-related increases 
in 24-hour urinary outputs of norepinephrine and 
normetanephrine have also been reported,'*"* but not 
consistently by all studies.” In general, the influences of age 


A : 


+++, substantial increase; ++, moderate increase; +, mild increase if any; —, little or no increase. 
*Indicates a drug that can also cause direct analytical interference with some methods. Adapted in part from references 59 and 263. 
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and sex on adult reference intervals are minor and perhaps 
only relevant to consider for patients with borderline norma! 
or abnormal biochemical test results. 

Of greater importance than the age- and sex-related dif- 
ferences in adults are the much larger differences in plasma 
concentrations and urinary outputs of catecholamines and 
their metabolites in children compared with adults. Because 
of the dynamic changes that occur throughout childhood, 
and also because of.the difficulty of obtaining complete 
urine collections, a standard practice for biochemical testing 
in children is to normalize excretion of catecholamines and 
metanephrines to that of creatinine. When this is done, 
ratios of urinary catecholamines or metanephrines to crea- 
tinine show a decrease with age through childhood." 
It is therefore imperative that age-appropriate reference 
intervals be used for biochemical testing in children. 

Another patient population in which the usual reference 
intervals are often invalid and in which diagnosis of a 
catecholamine-producing tumor can prove particularly 
difficult involves patients with renal failure.'*”** In end-stage 
renal failure, urine collections may be impossible, and even 
in less severely affected patients results of 24-hour urine 
testing are difficult to interpret.” Impaired renal function 
results in dramatic increases in plasma concentrations of 
VMA and _ sulfate-conjugated metanephrines, rendering 
these tests invalid." In contrast, since the circulatory 
clearance of plasma catecholamines and free metanephrines 
is largely independent of renal function, measurements of 
these analytes in plasma represent the most appropriate tests 
for diagnosis of pheochromocytomas in renal failure.™ 
Nevertheless, plasma levels of catecholamines and free 
metanephrines tend to be elevated more in patients with 
renal failure than in normal and hypertensive populations. 
Also, dietary and medication-associated interferences with 
chromatographic analysis tend to be much more pro- 
nounced in patients with renal failure, making it difficult to 
obtain reliable results. 


Plasma Catecholamines 


Highly sensitive, specific, and reliable assay methods are 
required for measuring the normally very low concentra- 
tions of epinephrine, norepinephrine, and dopamine in 
plasma. Both unconjugated (free) and sulfoconjugated cate- 
cholamines circulate in human plasma and are increased in 
plasma from patients with pheochromocytomas.” Clinical 


measurement of the active free form is preferred because of 
the potential influence of diet on the conjugated fraction. 

The earliest chemical assays were fluorometric methods, 
but radioenzymatic, radioimmunoassay (RIA), enzyme 
immunoassay (EIA), HPLC, and gas-liquid chromatography 
(GLC) methods with flame ionization, electron capture, or 
mass spectrometric detection have also been reported. 
Currently, HPLC assays are commonly employed for the 
determination of epinephrine and norepinephrine in 
plasma.'”"** However, HPLC methods do require prelim- 
inary extraction and concentration of plasma to measure the 
very low levels of catecholamines found in normal subjects. 
The most common pretreatment involves alumina extrac- 
tion, with or without a cation-exchange step; boric acid gels 
provide an alternate approach for selective adsorption of 
catecholamines. Organic solvents, acid deproteinization, 
ultrafiltration, and other solid phase extraction procedures 
can also be used to pretreat samples.” Many HPLC 
procedures analyze the plasma extract using reversed-phase 
chromatography with ion-pairing reagents; others use 
cation-exchange HPLC columns to separate the extracted 
amines. Electrochemical detection using amperometric or 
coulometric measurement is commonly used to quantify the 
catecholamines; detection limits are similar to those of 
radioenzymatic methods. HPLC separation can also be 
coupled to fluorescence detection, but precolumn or post- 
column derivatization techniques are required to enhance 
sensitivity and specificity. Automated procedures have been 
described that are sensitive, precise, and suitable for routine 
clinical applications; manual pretreatment may or may not 
be required, 706 

A method for measuring plasma free catecholamines 
based on HPLC with amperometric detection is available 
on this book’s accompanying Evolve site and representative 
adult reference intervals’ for plasma catecholamines are 
shown in Table 29-7. 


Plasma Metanephrines 


The metanephrines, normetanephrine and metanephrine, 
and the O-methylated metabolite of dopamine, methoxy- 
tyramine, are present in plasma in free and sulfate or glu- 
curonide conjugated forms. Plasma concentrations of the 
conjugates are twentyfold to thirtyfold higher than those of 
the free metabolites. Rather than reflecting differences in 
rates of formation, the higher plasma levels of conjugated 


TABLE 29-7 Plasma Catecholamine Reference Intervals for Adults 
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metabolites reflect their relatively slow circulatory clearance 
by renal extraction and elimination in the urine. This 
contrasts with the free metabolites, which are cleared 
rapidly from the bloodstream by active extraneuronal uptake 
mechanisms throughout tissue of the body. 

The free O-methylated amine metabolites are present in 
plasma at picomolar concentrations that have made their 
accurate measurement technically difficult. Measurements 
of plasma metanephrines therefore represent relatively 
recent developments. The. first method enabling accurate 
measurement of plasma free normetanephrine involved a 
radioenzymatic assay in which normetanephrine was con- 
verted to *H-labeled metanephrine using preparations of 
the enzyme phenylethanolamine-N-methyltransferase, 
incubated with *H-methyi-labeled S-adenosylmethionine,”*! 
This method, however, did not allow measurements of 
metanephrine or methoxytyramine, and therefore had 
limited clinical utility. 

The first HPLC methods for measuring plasma 
metanephrines in the early 1990s featured an acid-hydroly- 
sis step similar to that used for routine measurements of 
urinary metanephrines.'*’ These measurements of plasma 
deconjugated (free plus conjugated) metanephrines indi- 
cated promise for diagnosis of pheochromocytomas. Very 
high levels of the deconjugated metabolites were also found 
in patients with renal failure. 

An HPLC method for the more difficult measurement of 
plasma free metanephrines was first described in 1993.” 
This method, like those involving measurements of plasma 
or urinary deconjugated metanephrines, requires a preana- 
lytical cation-exchange extraction and purification step. 
The low plasma concentrations of free metanephrines 
present several technical challenges. In particular, low levels 
of interfering substances, such as acetaminophen, tend to 
be more troublesome to measurements of plasma concen- 
trations of the free metabolites than to the higher decon- 


jugated metabolites. Consequently, there is a necessity for a 
more rigorous preanalytical extraction and purification 
procedure than required for the deconjugated metabolites. 
The requirement for high analytical sensitivity also requires 
a specialized electrochemical detection system and relatively 
pulse-free solvent delivery system. Optimal separation of 
the O-methylated amines from potentially interfering sub- 
stances is best achieved using relatively long chromato- 
graphic run times of up to 40 minutes, a limiting factor for 
sample throughput. 

Despite the above difficulties and limitetions; the original 
HPLC method for measurement of plasma free meta- 
nephrines has been reproduced and improved upon in 
numerous clinical laboratories. Improvements include a 
method that is free from interference from the commonly 
used pain medication acetaminophen.” Such developments 
have been driven by increasing recognition of the high diag- 
nostic sensitivity of measurements of plasma free meta- 
nephrines for detection of pheochromocytomas. There 
remains a continuing necessity for further improvements in 
assay technology that will increase robustness of the method 
and more widely advance portability of the method to the 
routine clinical chemistry laboratory. This need is being met 
by commercial development of HPLC kit methods and tech- 
nical advances in measurement methods. Liquid chromato- 
graphy coupled with tandem mass spectrometry represents 
one such advance offering considerable promise for analy- 
tically specific, high-throughput measurements suitable for 
the routine clinical chemistry laboratory.” Improvements in 
detection sensitivity have already extended application of this 
method from measurements of urinary deconjugated meta- 
nephrines™ to the much lower levels of free metanephrines 
in plasma. Representative reference intervais for plasma con- 
centrations of free and deconjugated (free plus conjugated) 
metanephrines in normotensive and hypertensive adults and 
in normotensive children are shown in Table 29-8. 


TABLE 29-8 Reference Intervals for Plasma Free and Deconjugated Metanephrines in Normotensive and Hypertensive 


Adults and in Normotensive Children 


FREE METANEPHRINES _ 


0.10-0.55 


22-83. 
0.12-0.45 


_ DECONJUGATED METANEPHRINES 


Mesnneoh n 


327-2042 62 
17- 104 pamit 


328-1837 
1793 


380-1995 
L9-101 
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Plasma L-dopa, DOPAC, and DHPG 


HPLC measurements of plasma catechols are usually limited 
to dopamine, norepinephrine, and epinephrine. However, 
with an alumina adsorption extraction procedure it is also 
possible to simultaneously measure several other catechols 
by HPLC” or microchip electrophoresis.“ These catechols 
include DHPG, the deaminated metabolite of norepineph- 
rine and epinephrine; DOPAC, the deaminated metabolite 
of dopamine; and 3,4-dihydroxyphenylalanine (L-dopa), the 
immediate precursor of dopamine. All are present in plasma 
at concentrations many fold higher than the catecholamines, 
making their detection relatively simple once appropriate 
chromatographic separation is achieved. 

Each of the above catechols can provide unique and 
useful clinical information about the function of peripheral 
catecholamine systems.” DHPG in plasma is almost 
exclusively derived from deamination of norepinephrine 
in sympathetic nerves. These measurements therefore 
provide information about the activity of MAO. Decreases 
in plasma DHPG combined with reciprocal increases 
in normetanephrine, as assessed by plasma DHPG/ 
normetanephrine ratios, provide a particularly useful 
method for identifying patients with deficiencies of MAO. 
DHPG is derived in part from deamination of the norepi- 
nephrine recaptured by sympathetic nerves and in part from 
leakage of the transmitter from storage vesicles into the sym- 
pathetic axoplasm. Provided appropriate procedures are 
employed to distinguish the two sources, measurements of 
DHPG can therefore be used to evaluate norepinephrine 
transporter function and assess the state of sympathoneural 
transmitter stores. 

Since DHPG is derived almost exclusively from sympa- 
thetic nerves, it has also been proposed that these measure- 
ments might be useful for distinguishing patients with 
high plasma norepinephrine concentrations caused by 
sympathetic activation from those with high norepinephrine 
concentrations caused by a pheochromocytoma.” Unfor- 
tunately, because some pheochromocytomas produce sig- 
nificant quantities of DHPG,”* use of plasma norepineph- 
rine/DHPG ratios has turned out to have limited value for 
diagnosis of pheochromocytomas. 

Approximately 8% of the r-dopa synthesized in sympa- 
thetic nerves is not converted to dopamine, but instead 
escapes into the bloodstream. Plasma concentrations of 
L-dopa therefore provide information about the activity of 
tyrosine hydroxylase, the rate-limiting enzyme in cate- 
cholamine synthesis.” Changes in plasma L-dopa also occur 
in a variety of disorders that feature derangements in cate- 
cholamine synthesis. Patients with neuroblastomas can have 
extremely high plasma L-dopa levels. Elevated plasma 
L-dopa concentrations occasionally also occur in patients 
with pheochromocytomas, particularly patients with malig- 
nant disease.” Small amounts of circulating L-dopa also 
appear to be derived from melanocytes, where the amino 
acid is produced during phase I melanogenesis. Thus highly 
elevated plasma L-dopa levels can occur in patients with 


melanoma, particularly where this is associated with devel- 
opment of metastases. Increases in plasma L-dopa also 
occur in patients with deficiencies of aromatic L-amino acid 
decarboxylase, and decreases occur in inherited disorders 
featuring impaired tyrosine hydroxylase activity. 

Although simultaneous measurements of plasma L-dopa, 
DHPG, and the catecholamines offer considerable clinical 
utility, adoption of the method in the routine clinical chem- 
istry laboratory is limited by several technical problems. 
First, separation of all the catechols and of DHPG from the 
solvent front requires relatively low mobile phase concen- 
trations of organic modifiers. This consequently leads to 
long chromatographic run times that limit high throughput 
of more of the commonly requested catecholamines. Second, 
interference from uric acid presents a problem to measure- 
ment of DHPG by most amperometric detectors. This 
problem can be overcome using a coulometric electrode 
system for irreversible oxidation of uric acid with detection 
of catechols at a reducing instead of the more commonly 
used oxidizing potential. Third, recoveries of DHPG, 
L-dopa, and DOPAC from alumina tend to be lower than for 
the catecholamines, presenting some problem to their accu- 
rate measurement. This latter problem can be resolved by use 
of minimum quantities of alumina, close attention to types 
and strengths of acids used in the elution of catechols from 
the alumina, and additional correction for differences in 
recoveries from the internal standard." 

Alternatives to simultaneous measurements of the 
various plasma catechols include methods for individual 
measurements more suitable for specific applications. 
Examples include HPLC measurements of L-dopa and 
3-O-methyldopa in Parkinson’s disease or malignant 
melanoma,®!*!* 

Representative reference intervals for plasma concentra- 
tions of L-dopa, DOPAC, and DHPG in normotensive adults 
are shown in Table 29-9, 


Urinary Free Catecholamines 


Urinary catecholamines represent a quantitatively small but 
diagnostically important component of the catecholamine 
excretion products. Catecholamines are excreted in the urine 
as free amines and as glucuronide and sulfate conjugates. As 
with plasma measurements, total urinary catecholamines 
(conjugated and unconjugated forms) may be measured by 


TABLE 29-9. Reference Intervals for Plasma 
Concentrations of L-Dopa, DOPAG, and 
DHPG in Normotensive Adults 


DOPAC DHPG 


2366 pglml, 674-2636 pg/ml. 797-1208 pg/mL. 
2.0 nmol/L) (4.0-15.7 nmol/L) (4.7-7.1 nmol/L) 
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TABLE 29-10 Urinary Catecholamine Reference Intervals 


Dopamine 


0-85 (0-555) 


Epinephrine 
0-2.5 (0-14) 


Norepinephrine 


Daily Excretion. 0-10 (0-59). 


ld (nmol/d) = 


hydrolyzing the sample before assay, but free amines are 
routinely measured because they are least affected by dietary 
catechols.' 

Earlier fluorometric methods for analysis of urinary free 
catecholamines have been replaced by HPLC methods that 
allow selective quantitation of epinephrine, norepinephrine, 
and dopamine. Preliminary extraction of urine is still 
required and numerous preanalytical cleanup techniques 
are available. An alumina extraction procedure is typically 
coupled with ion-exchange or adsorption chromatography. 
Alumina pretreatment usually involves a batch extraction 
technique in which catechols are first adsorbed at pH 8.6 
and then eluted with boric acid, which forms a complex with 
cis-diol groups. Purification on boric acid affinity gels pro- 
vides an alternative procedure for selective adsorption of 
catecholamines. 

Electrochemical detection with ion-pairing adaptations of 
reversed-phase chromatography is the most common 
methodology, and ion pairing with alkyl sulfonates or sul- 
fates is generally used to enhance retention of cationic amine 
moieties on lipophilic stationary phases.*'* Potential 
analytical interference, depending upon chromatographic 
conditions, has been reported with o-methyldopa,’*” 
acetaminophen,” labetalol,” and captopril.” By varying 
the sample preparation procedures, metanephrines and 
VMA” may be co-analyzed along with the catecholamines. 
Alternate use of ion-exchange chromatography coupled with 
electrochemical detection offers separatory and sensitivity 
advantages, especially in detecting small tumors that prefer- 
entially secrete epinephrine.'’!”’” More recently, tandem 
mass spectrometry methodology has been developed with 
high throughput capability and the added specificity result- 
ing from tandem mass spectral detection. 

Representative reference intervals for unconjugated cate- 
cholamines, based on 24-hour outputs”? and creatinine 


03.5 (0-19) 


- 10-140 (65-914) 


65-400 (424-2612) 
65-400 (424-2612) ` 


up.to:1.29 
up. to 1.22 


excretion,’ in normotensive children and adults are shown 
in Table 29-10. Diagnostic testing based on overnight rather 
than on 24-hour urine collection has been suggested as a 
sensitive diagnostic index of autonomous catecholamine 
secretion by a pheochromocytoma.” However, reference 
intervals must be established for these studies because excre- 
tion of catecholamines varies during the sleep-wake cycle." 


Urinary Fractionated Metanephrines 


Normetanephrine and metanephrine are metabolic products 
of norepinephrine and epinephrine, respectively, and are 
formed by the action of catechol-O-methyltransferase 
without deamination. As a result of active neuronal reuptake 
and deamination of norepinephrine, normetanephrine 
normally represents <5% of the total norepinephrine 
excretion products in urine. Metanephrine, however, 
even with its lower urinary concentration relative to 
normetanephrine, represents a major excretion product 
of epinephrine.“* The metanephrines are excreted in both 
conjugated and unconjugated forms.” Unlike the cate- 
cholamines, total metanephrine excretion is not significantly 
influenced by diet.'” As a result, the total metanephrines 
are routinely measured after acid hydrolysis or sulfatase 
pretreatment. 

Selective quantitation of metanephrine and normeta- 
nephrine by HPLC techniques?” is preferred and 
should be used in place of earlier spectrophotometric 
methods. Isolation of metanephrines from the urine is 
usually accomplished with ion-exchange chromatography. 
Weak cation-exchange resins are primarily used, although 
some procedures use a combination of strong and weak 
cation exchange to enhance recovery. Differential solvent 
extraction methods (e.g, using ethyl acetate and cyclo- 
hexane) can also be applied to remove potential interference. 
Although native fluorescence and ultraviolet absorption can 
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TABLE 29-11; Urinary. Metanephrine and Normetanephrine: Reference Intervals 


ug/g Creatinine 


be used to detect the metanephrine concentrations, most 
HPLC procedures are based on electrochemical detection. 
Column conditions and stationary phases vary; typical 
applications include reversed-phase chromatography with 
ion-pairing reagents and silica-based cation-exchange 
chromatography. Drug interference, which may falsely 
increase the HPLC-based estimation of normetanephrine, 
has been reported for viloxazine’® and acetaminophen.” 
Labetalol and buspirone (BuSpar) may also interfere with 
metanephrine analysis,” and treatment with a-methyldopa 
results in additional chromatographic peaks.“°”'”° A frac- 
tionated metanephrine method, performed by HPLC 
coupled with tandem mass spectrometry, offers the advan- 
tages of short chromatographic run time, high sample 
throughput, and elimination of drug interference.” 

Table 29-11 shows representative reference intervals for 
metanephrine and normetanephrine in children and 
adults.“* One-hour excretion of metanephrines has also 
been used in the detection of pheochromocytomas but 
diurnal variation in metanephrine excretion?’ must be 
considered when short collection intervals are used. 


Urinary Vanillylmandelic Acid 
Vanillylmandelic Acid (VMA) is a major catecholamine 
metabolite formed by the actions of catechol-O-methyl- 
transferase and MAO. It is excreted by the kidney and rep- 
resents an average of 40% to 50% of the urinary excretion 
production of norepinephrine and epinephrine. Norepi- 
nephrine is the major source of VMA, with metabolism 
through MHPG as the major pathway.“ VMA is not sig- 
nificantly conjugated and therefore is measured without a 
hydrolysis step. VMA was first isolated and identified in the 
urine of a patient with a pheochromocytoma,” and its analy- 
sis is commonly performed to detect the presence of 
pheochromocytomas and neuroblastomas. 

Earlier spectrophotometric methods for determination of 
VMA are relatively nonspecific and have been replaced by 
gas chromatography or more commonly by HPLC methods. 


-NORMETANEPHRINE — 


Imur 
= 350-1275. 


Gas chromatographic methods with flame ionization or 
mass spectrometric detection that have been applied to the 
determination of VMA are highly specific and can simulta- 
neously determine VMA and HVA.” HPLC is, however, 
the most frequently used chromatographic method, featur- 
ing isocratic reversed-phase separation with electrochemical, 
spectrophotometric, fluorometric, or postcolumn detec- 
tion.””’ Anion-exchange chromatography has been used 
effectively to isolate VMA from urine before HPLC analy- 
sis. HPLC applications are relatively free of interference 
and may provide simultaneous measurement of VMA and 
other metabolites.” A liquid chromatography—tandem 
mass spectrometry method for determination of VMA has 
been developed and introduced into clinical laboratory 
practice,’ 

Representative reference intervals for VMA excretion in 
normotensive children and adults,”” based on both 24-hour 
urine and creatinine output, are listed in Table 29-12, 


Urinary Homovanillic Acid 

Homovanillic acid (HVA) is the principal urinary metabolite 
of L-dopa and dopamine. It has particular relevance to the 
diagnosis and management of neuroblastomas. HVA can be 
assayed using several spectrophotometric and chromato- 
graphic methods. Most of the earlier photometric procedures 
were based on the nonspecific reaction of nitrosonaphthol 
with biogenic amines. However, many compounds interfere 
with these assays, and earlier spectrophotometric methods 
have been replaced by chromatographic methods, such as gas 
chromatography,” gas chromatography—mass spectrome- 
try,” and HPLC. HPLC methods are the most popular and 
most applications employ reversed-phase column chro- 
matography and detection of the HVA peak by ultraviolet, 
fluorescence spectrometry,” or amperometry'”!>”8** tech- 
niques. HPLC methods with electrochemical detection 
are sensitive, show little interference from endogenous or 
exogenous organic acids, and may provide simultaneous 
measurement of VMA and other metabolites. 
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TABLE 29-12 Urinary VMA Reference Intervals : 


mgid ng/g creatinine _ 


moll 


1.0-2.6 Ce eae 
2.0-3.2 OERE 
2.3-5;2 OE VASI PA 
1.4-6.5 ASS AE 8 


TABLE 29-13 Urinary HVA Reference Intervals 
; Age (y). So 


mg/d 
1.4-4.3 


- pmol/d 
2o B4 
12-26 


214.7 5i ) 
W162 inin T 248.7 13-48 
16283 0 aT i JA88. | 8-48 


Representative reference intervals for HVA,” based on 
24-hour urine and creatinine excretion in normotensive 
children and adults, are listed in Table 29-13. 


SEROTONIN AND METABOLITES 
Serotonin 


A variety of analytical methods have been used for the deter- 
mination of serotonin in body fluids and tissue.” The oldest 
assays involved the extraction of serotonin from interfering 
compounds and quantitation by spectrofluorometric proce- 
dures using the native fluorescence of serotonin (Aex = 300 
nm, Aem = 340 nm at neutral pH). Derivatization with Nin- 
hydrin or o-phthalaldehyde increased the sensitivity and 
selectivity of these fluorometric methods. More specific and 
precise methods have subsequently been introduced, includ- 
ing radioenzymatic assay, RIA, EIA, gas chromatography, 
and HPLC. Reagent and/or test kits based on some of these 
techniques are available commercially. 

HPLC with either fluorometric?**' or electrochemi- 
cal" detection is the most frequently used chromato- 
graphic method. HPLC techniques have been developed for 
measuring serotonin separately or adapted for simultaneous 
measurement of metabolically related indoles, such as 
5-HTP and 5-HIAA. Preliminary extraction and depro- 
teinization are required before analysis, and several choices 
are available. Organic solvent extraction was one of the first 
methods used to isolate serotonin, but solvent partition has 
been largely replaced by procedures that employ cation- 
exchange resins. Other solid phase extraction procedures 
have also been employed, such as reversed-phase chro- 
matography using disposable cartridges of ODS-silica. A 
number of methods simply deproteinize with perchloric acid 
or trichloroacetic acid before injecting the sample directly 
onto the HPLC column. 


mmol/mol creatinine © 


mg/g creatinine — mmol/mol cr atinine | 


5.4-15.5 
4.4-11.5 
3.3-10.3 


Most HPLC assays employ octadecylsilyl (C18) reversed- 
phase columns, although strong cation-exchange columns 
have also been used. The chromatography is usually per- 
formed with an isocratic mobile phase at an acid pH that 
contains an organic modifier and perhaps an ion-pair 
reagent.'® Serotonin is protonated in the pH range of 3 to 
6, and addition of an anionic ion-pair reagent creates an 
uncharged conjugate, which enhances the affinity of sero- 
tonin for the hydrophobic stationary phase. For measure- 
ments of very small amounts of serotonin or for specialized 
projects, HPLC with amperometric or coulometric detection 
is often favored over fluorometric detection. Serotonin is 
readily oxidized electrochemically, and the current that 
flows is proportional to concentration. For serotonin, the 
oxidation potential is below 0.6 V, which reduces the risk of 
electrochemical interference by other compounds. If 
other tryptophan metabolites are analyzed simultaneously, 
however, higher oxidation potentials are required. The lower 
limit of detection, defined as the lowest injected amount that 
produces a signal-to-noise ratio of 3, is typically 20 nmol/L 
for whole blood serotonin and Inmol/L for platelet-free 
plasma serotonin.” Interassay reproducibility, expressed as 
a coefficient of variation, is about 6% at a serotonin level of 
1140 nmol/L. 

To enhance analytical sensitivity, some HPLC procedures 
incorporate precolumn derivatization with fluorescent” 
and chemiluminescent” reagents, thereby achieving detec- 
tion limits in the femtomole range. Completely automated. 
analyses of serotonin have been described, and some systems 
incorporate direct injection and online solid phase extrac- 
tion.” For laboratories that may not have the equipment, 
staff, or experience to measure serotonin by HPLC, alterna- 
tive technologies based on RIA and EIA are available as com- 
mercial test kits. These procedures are highly sensitive and 
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TABLE 29-14 Serotonin Reference Intervals 


< Conversion 
Factor 
50-200ngmL ss XS.68 
88-1230 ng/10° platelets x0.00568 
30-200 ng/mL. x5.68 
60-167 Ug/day. 25 68 
-. 38-101ug/g creatinine —=—-—-X0.653 
< 10-2.1ngimL X568 
670 + 150 ng/10° platelets x0,00568. 
620 + 233 ng/10” platelets x0.00568 _ 
0. 93. .0.67ng/mL 5.68 


Mass Units Me ar Units: 
2S 280- 1140 nmol/L 
0.5-7. Onmol, 10° platelets 
170- -1140 nmol/L. 
340-950 nmol/24 hr 
25-66 {mol/mol creatinine 
- 5.7-12.0nmol/L_ lB 
3.81 £0. 87 nmol/10° platelets ae 
3.52 + 1.32nmol/10° 0 piatelers 
5.3.43. 8nmol/L 


Reference 


Platelet-rich plasma ss 
Isolated platelets. =- 
Platelet-poor plasma 


can measure low concentrations of serotonin in different 
specimens," 

Serotonin can be measured in whole blood, serum, 
platelet-rich plasma, platelet-poor plasma (i.e., platelet-free 
plasma), isolated platelet pellets, urine, and CSF. Most blood 
serotonin is stored in the platelets and is easily released 
during sample preparation. For whole blood serotonin, 
venous blood (10 mL) is drawn into a tube containing potas- 
sium EDTA as an anticoagulant, gently mixed, placed on ice, 
and transferred to a storage tube. An aliquot of blood is then 
removed for a platelet count; alternatively, a simultaneous 
EDTA blood sample can be collected. Antioxidants such as 
ascorbic acid or metabisulfite are conveniently added to the 
storage tube when a fluorometric detection system is used. 
Blood serotonin samples are stored frozen at —20 °C, prefer- 
ably within 2 hours after collection. 

Platelet-rich plasma samples are prepared from whole 
blood by centrifuging at 120g for 30 minutes at 4 °C"! or at 
200g for 15 minutes at room temperature.” To prevent low- 
ering the serotonin concentration, platelet-rich plasma is 
prepared within 1 hour after the blood is collected and 
placed. on ice. An aliquot of platelet-rich plasma is removed 
for a platelet count. Platelet-poor plasma and platelet pellets 
are prepared from measured aliquots of the platelet-rich 
sample plasma by centrifuging at 4500g for 10 minutes at 
4 °C™ (or at 1000g for 30 minutes at room temperature). 
To reduce the probability of platelet rupture, samples should 
never be frozen before the cell-free plasma is obtained. 
Plasma and pellets are stored frozen at —20 °C and analyzed 
within 1 to 2 weeks after collection. 

Serum samples are conveniently collected in serum sepa- 
ration tubes (SST) tubes. Blood clotting releases serotonin 
from platelets; samples should be centrifuged within 1 hour 
after collection and stored frozen at —20 °C. Twenty-four- 
hour urine samples are collected in 2-L brown polypropy- 
lene bottles containing 250 mg each of sodium metabisulfite 
and EDTA as preservatives. Samples are acidified to pH 4 
with acetic acid before freezing. 

Whole blood measurement of serotonin is popular 
because time-consuming isolation of platelets is not 


required. In general, serotonin levels in whole blood, col- 
lected with EDTA anticoagulant, better represent peripheral 
blood concentrations than serum serotonin, although the 
latter are often recommended for pediatric patients. Whole 
blood serotonin concentrations, expressed in nmol/L, are 
higher while standing than supine because of an increase 
in platelets.“ For meaningful comparisons, whole blood 
serotonin determinations should be corrected for platelet 
count. Several types of anticoagulants have been studied 
for their ability to prevent release of serotonin from platelets; 
potassium EDTA gave better results than citrate in platelet- 
free plasma.’ Unlike 5-HIAA, serotonin measurements 
are not significantly influenced by short-term ingestion 
of serotonin-rich foods.’ Platelet serotonin is age depen- 
dent; elderly subjects have higher values than newborns 
but lower values than children and adults.” Representative 
reference intervals are shown in Table 29-14 for biological 


fluids. 


5-Hydroxyindoleacetic Acid (5-HIAA) 

Qualitative and quantitative analyses of 5-HIAA in urine 
were first described in 1955. Historically, two photometric 
methods for qualitative screening were used. The nitroso- 
naphthol-nitrous acid procedure” was more specific and 
widely used than the dimethylaminobenzaldehyde (Ehrlich’s 
aldehyde) procedure. These qualitative screening tests, 
however, are no longer recommended since they are insen- 
sitive and susceptible to interference. 

Like serotonin, 5-HIAA is strongly fluorescent, and a 
number of fluorometric procedures have been developed for 
quantitative analysis. Fluorescence can then be measured 
directly or after derivatization with o-phthalaldehyde. 

Rapid developments in analytical techniques have led to 
the introduction of more selective and sensitive methods for 
quantitating 5-HIAA in urine and plasma, including gas 
chromatography, immunoassay, HPLC, and liquid chro- 
matography—tandem mass spectrometry (LC-MS-—MS). At 
present, HPLC is the most widespread method for measur- 
ing 5-HIAA in the clinical laboratory and has largely 
replaced the photometric and fluorometric methods. 
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TABLE 29-15 Adult Reference Intervals for Plasma and Urinary 5-HIAA 


Mass Units : 
<-7meld- = 
0-6.6 mg/g creatinine 
5.2-13.4ng/b 


Numerous HPLC methods have been described for measur- 
ing 5-HIAA, either separately or in combination with other 
clinically interesting substances.” Most procedures employ 
reversed-phase, paired-ion separations under optimized 
isocratic conditions, Alkyl-bonded silica, such as octadecy- 
silyl (C18), is often used as the hydrophobic stationary 
phase, and an organic-aqueous buffer mixture at an acid pH 
is frequently used as the polar mobile phase. 

Electrochemical detection using amperometric or coulo- 
metric measurement is preferred for specific measurement 
of small quantities of 5-HIAA; a modification of the method 
developed by Chou and Jaynes” is is available on this book’s 
accompanying Evolve site. Like serotonin, the oxidation 
potential for 5-HIAA is below 0.6 V and must be optimized 
for each application. Very few interfering compounds are 
electrochemically active at such low voltage potentials. But if 
detection of 5-HIAA with other indoles and catecholamines 
is desired, then hydrodynamic voltammograms for each 
analyte should be studied to select the minimum potential 
that achieves maximum specificity. Some HPLC systems 
use fluorometric detection, with or without derivatization, 
for a less demanding measurement of 5-HIAA.”' A method 
combining fluorometric and electrochemical detection has 
also been described.” 

Preliminary extraction of 5-HIAA may be used as an 
initial purification step before HPLC analysis. Organic sol- 
vents, anion-exchange resins, and other solid phase extrac- 
tion procedures have all been used.” For many systems, 
direct injection of urine onto the analytical column is a 
common practice, ™®™ and samples are often merely diluted 
with a buffer to protect the HPLC system from contamina- 
tion. Methods that analyze 5-HIAA without prior sample 
cleanup rely on the selectivity of the HPLC separation 
combined with fluorescence or electrochemical detection to 
provide the requisite specificity. 

For measurement of 5-HIAA in plasma, HPLC methods 
with electrochemical” or fluorescence detection” have been 
described. The latter uses diethyl ether for preliminary 
extraction of heparinized plasma. The internal standard and 
5-HIAA are then separated by gradient elution on a C18 
column and detected with a spectrofluorometer (excitation 
wavelength, 280nm; emission wavelength, 345nm). This 
method is linear to 190ng/L, and the interassay precision, 
expressed as a coefficient of variation, is less than 6% at a 
5-HIAA concentration of 30 ng/L. 

Alternative technologies based on immunoassay and 
tandem mass spectrometry are available for quantitating 


Reference 


6-37 mol/day 217 
-0-3,9pmol/mmol creatinine 231 
8 528 


5-HIAA. A ready-to-use competitive EIA kit has been devel- 
oped for measuring chemically derivatized 5-HIAA."” In 
this procedure, dichloromethane is used to convert 5-HIAA 
to its methyl ester during sample preparation. This methy- 
lated derivative competes with biotin-labeled 5-HIAA for a 
limited number of binding sites of an antibody immobilized 
on microtiter plates. After incubation, the wells are washed 
to remove unbound biotin-labeled HIAA and then incu- 
bated with antibiotin alkaline phosphatase before a 
p-nitrophenyl phosphate substrate is added. The amount of 
biotinylated HIAA bound to the antibody is inversely pro- 
portional to the 5-HIAA concentration. This EIA method 
shows excellent correlation with HPLC, and interassay 
reproducibility coefficient of variation (CV) is about 7% at 
a 5-HIAA level of 7.5 mg/L. 

LC-MS~MS methods for the determination of 5-HIAA 
in urine have been developed." one of which uses an 
automated solid phase extraction, isocratic LC elution, and 
quantification against a stable isotope-labeled internal 
standard," With these procedures, sample preparation is 
automated, chromatographic interferences are eliminated, 
and analytical time is reduced (2 minutes per sample). 

Sample collection and storage protocols are an important 
consideration in testing plasma or urine by the instru- 
mental techniques discussed above. For determination of 
5-HIAA in plasma, a blood specimen is collected with 
heparin as an anticoagulant after an overnight fast. The 
separated plasma is stored frozen at —20 °C until analysis, 
since plasma stored at 4 °C for 7 days showed an 8% average 
increase in 5-HIAA concentration.” For urinary measure- 
ment of 5-HIAA, a 24-hour specimen is recommended, since 
5-HIAA concentrations in random urine are extremely vari- 
able. Shorter (or longer) collection times may be acceptable 
provided results are expressed per milligram of creatinine. 
Because 5-HIAA is light sensitive, urine should be collected 
in a 2-L brown polypropylene container. As 5-HIAA is unsta- 
ble at alkaline pHs,’ a stabilizing preservative is recom- 
mended to prevent urine from becoming alkaline (e.g., 0.5g 
boric acid; 10mL HCl, 6mol/L; 25mL glacial acetic acid). 
Most importantly, the specimen should be refrigerated 
during collection. On receipt in the laboratory, the urine 
specimen is thoroughly mixed and the total volume mea- 
sured and recorded. If the specimen is not collected with an 
acid preservative, then the pH of the urine may now be 
adjusted to between 2 and 3 by addition of HCI, 6mol/L. 
Acidified urine can be stored at 4 °C for 2 to 4 weeks and for 
longer periods of time at —20 °C. 
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Dietary instruction for the patient may reduce potential 
exogenous interferences. For example, dietary sources of 
5-hydroxyindoles (e.g., walnuts, bananas, avocados, egg- 
plants, pineapples, plums, and tomatoes) should be 
restricted 3 to 4 days before and during urine collection. If 
possible, patients should abstain from all known medica- 
tions that may cause an apparent increase (glycerol guaiaco- 
late, mephenesin, phenacetin, and acetaminophen) or 
decrease in 5-HIAA levels (methenamine, phenothiazine 
tranquilizers, homogentisic acid, acetic acid, and levodopa). 
Whereas serotonin-containing foods clearly alter urinary 
5-HIAA results, fasting plasma 5-HIAA results are not 
affected by foods high in hydroxyindole content. Representa- 
tive reference intervals used in the interpretation of 
plasma and urinary 5-HIAA are shown in Table 29-15. 
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extremely critical in maintaining the health and 

development of humans. These nutrients occupy the 
attention of those concerned with the physical well being of 
a public made increasingly aware of the need for the quality 
and the quantity of their dietary intake. The general princi- 
ple regarding assessment of nutritional status is to determine 
the extent to which the metabolic demand for nutrients has 
been or is currently being met by the supply. In clinical prac- 
tice, this requires balancing supply and demand. 

Accurate assessment of supply and intake is a complex 
procedure. In practice, a crude estimate of intake can be 
obtained from a careful clinical history taken by an experi- 
enced practitioner or from a food frequency questionnaire 
that summarizes the content of the individual’s diet over 
several days, depending on how frequently particular typical 
foods are consumed.” A more accurate quantitative assess- 
ment usually requires a minimum of three days recording of 
a complete dietary diary, which is subsequently analyzed 
using a computer program with reference tables of the nutri- 
tional contents of most foods.‘"* Unfortunately, estimates of 
the portion size, amounts consumed, and actual nutritional 
composition of the food consumed may be inaccurate. In 
addition, the disease process also affects the amount actually 
consumed and absorbed, further reducing the accuracy of 
the estimate of nutritional intake. 

Currently, the requirements for most nutrients to main- 
tain health are now fairly well characterized and available in 


A dequate supplies of vitamins and trace elements are 


“The authors gratefully acknowledge the original contributions of 
Donald B. McCormick, Harry L. Green, George G. Klee, and 
David B. Milne, on which portions of this chapter are based. 
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Trace Elements* 


reports from the Institute of Medicine (IOM) of the National 
Academies (http://www.iom.edu).!”""4 However, the effects 
of disease may increase demands. For example, hyperme- 
tabolism, as a result of trauma or infection, increases the 
need for protein and energy’? and for the vitamin and 
trace element cofactors necessary for their metabolism.” 
Increased losses from the gut, kidney, skin, or dialysis also 
may increase the overall demand for these nutrients. 

An estimate of supply also is obtained from a careful 
dietary history, especially if performed by a dietician, 
together with knowledge of any artificial nutritional supple- 
ments or therapy that may have been provided enterally or 
intravenously. Table 30-1 summarizes the Recommended 
Dietary Allowance (RDA) made in the United States and the 
Population Reference Intakes (from the European commu- 
nity) for vitamins and trace elements. These levels are 
expected to be present in the normal diet of healthy adults. 
Table 30-1 also summarizes the range of amounts present in 
2000 kcal of most tube feeds used in nutritional support. It 
is clear that the amounts used enterally are greater than the 
oral amounts recommended in health to meet the increased 
needs resulting from the preexisting deficiencies and 
increased ongoing requirements as a result of disease. The 
amounts recommended for supply during intravenous 
nutrition are also summarized in Table 30-1. For the trace 
elements, these amounts are generally less than the oral 
and/or enteral requirements to allow for the reduced absorp- 
tion enterally. For the vitamins, these levels are usually 
greater than the oral and/or enteral requirements to allow 
for the effects of disease. 

In an attempt to improve accuracy of assessment of nutri- 
tional status, clinicians often turn to the laboratory to 
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TABLE 30-1. Oral and intravenous Micronutrient Intakes for Adults 


RDA (USA) PRI (Europe) 


“Vitamins 
Aug 900 700 
D ug 5-15 0-10 
E mg aes 6) 0.4/g PUFA 
Kug 120 100-200. 
Thiamine mg 1.2 ; 1.1L 
Riboflavin:mg 13 1.6 
Pyridoxine mg 1:3 1,5 
Niacin mg 16 18 
Folate: ug 400 200 
By Ug 2 1,4 
Pantothenic acid ug .-5* Bol Qh: 

“Biotin: wg BOF. 15-100 

Ascorbic acid mg 90. 5 


2 Zineme oo ML 


 Coppermg 09 
© Selenium pg 55. 
Chromium yg 25 


Molybdenum pg: 45* 
< Manganese mg 2-3". 


Reference intakes for infants and children are age and weight dependent and are summarized in various sources. 


Amount in 2000 Kcal E 
Tube Feed*?! IV Intake?!223519 


1000-2160 1000 
8.5-14.6 5 
20-64 10 
150 

1.4-3.4 6 
2+6 3.6 
2-13.8 6 
18-45 40 
340-880 : 500 
3215 $ 5 
7-20 : 15 
100-660 Go 60 


~ 100-300 A -200 


170,172,174,207,530 


RDA, Recommended dietary allowance (U.S.)'""””'4, PRI, population reference intake (Europe);*” PUFA, polyunsaturated fatty acids. 


* Adequate intake. 
TAcceptable range. 


provide a result that may reflect the net balance of supply 
and demand.'*°*°”6 Clinical laboratorians need to be aware 
of where such tests are useful and how to place the results of 
laboratory tests into the context of the clinical situation 
of the patient.* It is important to be aware of the limitations 
of laboratory tests, especially in acutely ill patients. 


NUTRITIONAL ASSESSMENT AND MONITORING 


In this brief overview, the nutrients used in nutritional 
assessment and in monitoring will be briefly discussed.* 


*A discussion of the Laboratory’s role in nutritional assessement 
plus a number of case studies are available on this book’s 
accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/. 

TA number of anthropometric and biochemical techniques and 
methods are used to assess nutritional status, They are discussed 
in an earlier edition of this textbook. (Veldee MS. Nutritional 
assessment, therapy, and monitoring. In; Burtis CA, Ashwood ER, 
eds, Tietz textbook of clinical chemistry, 3rd edition. Philadel- 
phia: WB Saunders, 1999:1380-88.) 


PROTEIN-ENERGY STATUS 


In clinical practice, only a few laboratory tests are of value 
in the assessment of protein-energy status.” It is partic- 
ularly important to recognize that serum protein concentra- 
tions are not helpful in sick patients with any form of 
inflammatory process (see Chapter 20). Although serum 
albumin is often measured and reported as an indicator of 
protein-energy status, factors such as increased transcapil- 
lary escape’ and reduced hepatic synthesis make it of little 
value as a nutritional marker. Serum albumin is, however, a 
valuable prognostic marker and is frequently used as part of 
prognostic indices. Short half-life proteins, such as 
transthyretin (prealbumin) also may be of some limited 
value in patients with no inflammatory response.’ 
Assessment of nitrogen balance may be used to provide 
information on recent protein-energy status. This requires 
careful 24-hour urine collection and estimation of total 
nitrogen content’**” or urea nitrogen (from which total 
nitrogen can usually be approximately estimated).'*' With a 
reasonable calculation of protein (nitrogen) intake, intake 
minus urine output (together with some unmeasured losses) 
gives an estimate of nitrogen balance. In practice, however, 
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such measurements are now rarely required except when 
(1) patients appear to have excessive losses, (2) they are 
failing to respond to what appears to be adequate nutritional 
support therapy, or (3) a novel therapy is being evaluated 
for its effectiveness in limiting catabolism or stimulating 
anabolism. 


VITAMIN AND TRACE ELEMENT STATUS 

The measurement of vitamin and trace element levels is 
frequently helpful in nutritional assessment. The relative 
value of such tests is increased by the fact that clinical assess- 
ment of their status is often poor. 

Although requirements for vitamins and trace elements 
are known in health (Table 30-1), the effects of illness on 
these requirements are poorly understood and quantified. 
However, it is now apparent that as an individual develops 
progressively more severe depletion in vitamin or trace 
element status, the person passes through a series of stages 
with biochemical or physiological consequences. The meta- 
bolic or physiological penalty of such suboptimal nutritional 
status is usually not clear, but the assumption remains that 
the suboptimal metabolism is likely to have detrimental 
effects (e.g, subclinical deficiency of folic acid is associated 
with an increase in serum homocysteine concentration, 
which is an independent risk factor for coronary artery 
disease—see Chapter 26). Similarly, subclinical deficiency 
of chromium may be associated with impaired glucose tol- 
erance in certain types of diabetes.” 

The time course for the development of a subclinical defi- 
ciency state varies for each individual vitamin and trace 
element and depends on the nature and amount of body 
stores. Moreover, the extent of depletion necessary before 
there are significant biochemical, physiological, or histolog- 
ical changes is poorly characterized. The consequences of an 
inadequate intake are more clearly delineated in Figure 
30-1. There is progression from optimal tissue status 
through a period of initial depletion until a period of sub- 
clinical deficiency is reached with a variety of biochemical 
and nonspecific physiological effects. In some cases there 
may also be certain nonspecific histological changes that may 
put the individual at risk of tissue damage or neoplastic 
change. It is only when there is a persistent mismatch of 
intake and demand that eventually a full-blown clinical 
deficiency state develops. 


ENZYMES OR METABOLITES 


Determination of the effective functioning of particular 
enzymes or metabolic pathways potentially may be useful in 
demonstrating adequacy of provision. Enzymes in plasma 
that may be helpful in this regard are glutathione peroxidase 
as an index of selenium status, and red cell enzymes, such as 
transketolase (thiamine), glutathione reductase (riboflavin) 
or transaminase (pyridoxine), or glutathione peroxidase 
(selenium) are all widely used. Methyltetrahydrofolate 
reductase is involved in metabolism of homocysteine, hence 
assessment of plasma homocysteine is a useful measure of 


Optimal tissue 
function with 
body stores 

(if any) replete 

4 


Mobilization of 
stores (if any) 


Initial depletion > Compensation (if possible} 
s - increased absorption from gut 
L - reduced renal excretion 


- reduced growth velocity (zinc) 


intracellular 
content reduced 
4 
Impaired 
biochemical > Reduced intracefiular 
functions enzyme activity 
- metabolic effects 
- antioxidant systems 
L Gene expression/regulation 
Nonspecific 


functional effects = 


ee 


L Long term: Free radical damage to 
DNA/celi membranes 


Short term: Cognitive effects 
Fatigue/work capacity 
immunological function 


Clinical > Typical for each trace element or vitamin 
disease - complicated if multiple deficiencies 
4 
Death 


Figure 30-1 Consequences of inadequate mineral or trace 
element intake. (From Shenkin A, Allwood MC. Trace elements and 
vitamins in adult intravenous nutrition. In: Rombeau JL Rolandelli RH, 
eds. Clinical nutrition: Parenteral nutrition. Philadelphia: WB Saunders 
Co, 2001 :60-79.) 


folate status through the indirect assessment of the action of 
this enzyme system. 


MARKERS OF ANTIOXIDANT STATUS 

As it is practically impossible to measure all the biologically 
active antioxidants in human samples, the concept of a 
“global” assessment of antioxidant capacity has proved 
attractive.” A number of methods have therefore been 
developed to assess this capacity and for use in clinical 
research. Most of the methods use one of two main 
approaches to the measurement, either the quenching 
or delayed production of a stable, measurable radical 
species, or the reductant properties of the antioxidants 
against a radical cation or a metal ion.” These are usually 
standardized with the water-soluble vitamin E analogue 
Trolox. An example of the former is the total radical- 
trapping antioxidant parameter (TRAP) assay, which uses the 
stable radical species 2,2’-azinobis(3-ethylbenzthiazo- 
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linesulfonate) (ABTS*) and an example of the latter is the 
ferric reducing ability of plasma (FRAP) assay.” Because 
these methods use different reaction principles, the same 
antioxidant can have different contributions to each assay, 
and it is for this reason that the use of more than one method 
is recommended for any study.“ Vitamins that can con- 
tribute to plasma antioxidant capacity are ascorbate (up to 
24% of the measured capacity), a-tocopherol (up to 10% of 
measured capacity), and B-carotene, though at typical 
plasma concentrations of around 0.5 mol/L, the contribu- 
tion of B-carotene—as with most fat-soluble vitamins—to a 
total antioxidant capacity of around 1000 mol/L is minimal. 

A disadvantage of many methods of total antioxidant 
capacity measurement is the variable contribution of 
common plasma constituents, particularly albumin and 
urate, to the measured concentration.” Changes in circu- 
lating concentrations of these molecules caused by acute 
phase changes or changes in renal function can alter mea- 
sured values without reflecting changes in antioxidant 
vitamin concentration. This problem can be largely over- 
come by the use of the “antioxidant gap,” a derived value that 
subtracts the Trolox equivalence of albumin and urate from 
the measured total antioxidant capacity.” 

In an attempt to assess the functional adequacy of vita- 
mins and trace elements involved in antioxidant pathways, 
products of oxidative metabolism can be measured. Those 
frequently used are malondialdehyde or F, isoprostanes, 
both of which give an indication of oxidation of polyunsat- 
urated fatty acids within cells.” Increasing the provision of 
individual antioxidants or cocktails of vitamins and trace 
elements can lead to a reduction in production of these 
metabolites that can be measured in serum or urine. Such 
tests have not yet reached widespread application primarily 
because the interpretation of results is difficult. Also, knowl- 
edge of the appropriate amount of oxidative activity that is 
linked to particular outcomes has not yet been identified. 
This is especially important since there have been few clini- 
cal studies demonstrating benefit from provision of 
increased amounts of antioxidants.) 


ANALYTICAL FACTORS 


A number of analytical factors must be considered when 
assessing the status of each nutrient. They include reference 
intervals, concentrations of markers in plasma and tissue, 
and their measurement in urine. 


Reference Intervals 


As for all laboratory tests, interpretation of tests of nutri- 
tional status requires access to relevant reference intervals 
and an understanding of the factors that may alter them. 
Ethnic origin and geographic variation might affect the 
typical diet and its chemical composition, and the fiber or 
phytate content may alter the bioavailability of minerals. In 
early infancy, the liver matures, leading to an increase in 
serum copper, whereas dietary changes in milk and weaning 
are associated with changes in plasma selenium. Seasonal 


variations may alter the reference intervals of vitamins, espe- 
cially vitamin D. Time of sampling is also important, since 
zinc and iron concentrations tend to be higher in fasting 
than fed individuals and are therefore usually lower in the 
afternoon. 


Plasma Concentrations 


Concentrations of vitamins and trace elements are measured 
most often in plasma or serum; this provides a reliable 
index of status for only a few of them (e.g., vitamin B, or 
vitamin D). For others (e.g., folate or selenium), their 
concentrations only may reflect the adequacy of recent 
intake. An excessive provision of elements such as man- 
ganese and chromium may also be detected by high serum 
concentrations,” 

For some vitamins or trace elements, serum measurement 
is limited in value, especially in seriously ill patients. This is 
partly a result of the lack of correlation between the amount 
of nutrient in the plasma compartment with the amount 
within the intracellular compartment in most body tissue. 
For example, there may be substantial stores of particular 
vitamins or trace elements in individual tissue (e.g., vitamin 
A in the liver), but mobilization into the plasma is affected 
by the availability of the appropriate binding proteins or by 
metabolism. Also, there are differences in the content of indi- 
vidual vitamins or trace elements between tissues, and the 
serum concentration will not reflect these differences, Fur- 
thermore, and particularly important, is the fact that the 
concentration in plasma can alter rapidly when an acute 
phase response (APR) to trauma or infection leads to redis- 
tribution of metals between body compartments”; there is 
increased synthesis of metallothionein, leading to the uptake 
of zinc into the liver, and increased synthesis of ferritin 
causing uptake of iron.'”*” The result is a fall in plasma con- 
centration of both zinc and iron. These changes in plasma 
concentration clearly do not reflect changes in whole body 
status, 

There are also changes in the binding proteins in plasma 
as a result of the disease process. Since serum albumin 
falls in association with any acute illness, this inevitably leads 
to a fall in plasma zinc concentration. Similarly a reduction 
in retinol-binding-protein concentration as part of the 
APR or protein malnutrition also leads to a fall in serum 
retinol levels, whatever the amount of retinol stores within 
the liver. 

Some patients may be relatively stable, with little APR to 
injury, infection, or other inflammatory disease. If this is the 
case, it may be possible to interpret the plasma concentra- 
tions of elements such as zinc, copper, and iron, or vitamins 
such as vitamin C or B, that would all be affected by an 
APR.” Of particular relevance is the trend in concentration 
of a trace element or vitamin in relation to the magnitude 
of the APR changes. Repeated measurements of a rapid 
response acute phase protein, such as C-reactive protein 
(CRP), together with trace elements, may therefore De 
helpful as part of the nutritional assessment. 
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Tissue Concentrations 


Tissue concentrations of vitamins or trace elements are 
rarely measured in nutritional assessments because of the 
lack of availability of suitable tissue; however, where such 
tissue is available, measurement may be helpful (e.g., copper 
analysis on liver biopsy of patients with suspected Wilson’s 
disease). 

More commonly, certain types of cells from blood 
samples may be obtained and can provide useful informa- 
tion. For example, red cell folate is commonly used as a 
marker of folate status, and leukocyte vitamin C is a better 
marker of vitamin C status than plasma concentration.” 
Because of the difficulty of preparation of pure populations 
of cells, cellular measurements are usually only used within 
a research environment. 


Urine Measurements 


For most vitamins and trace elements, their measurement in 
urine is rarely helpful since most are not under homeostatic 
control, and excretion may be a direct reflection of intake 
rather than active retention in the face of whole body defi- 
ciency. High levels of excretion of certain water-soluble vi- 
tamins or trace elements may indicate ingestion of large 
amounts of supplements. 


VITAMINS 


Vitamins are organic compounds required in trace amounts 
(in microgram to milligram quantities per day) in the diet 
for health, growth, and reproduction. It is commonly under- 
stood that vitamins are natural materials that can be isolated 
from organisms (such as plants that can synthesize most of 
these compounds) or that can be chemically synthesized. 
Additionally, there are synthetic analogues and derivatives of 
vitamins designed to serve as inhibitors (e.g., amethopterin 
as an antifolate) and others that substitute in part for the 
natural vitamin (e.g., 8-ethylriboflavin for riboflavin). Only 
small amounts of vitamins are required for the functional, 
often catalytic (co-enzymatic) roles they serve, in contrast to 
the relatively large amounts of such macronutrients as 
protein, lipid, and carbohydrate, which constitute the bulk 
of the ingesta that serve primarily as sources for energy and 
reconstitution of body mass. 

Historically, vitamin groups such as A, B, and D bear an 
Arabic subscript number following the letter either to desig- 
nate structural and functional similarity (e.g., A, [retinol] 
and A, [3-dehydroretinol]) or to indicate the approximate 
order in which they are identified as the members of the so- 
called B-complex (e.g., Bı [thiamine] and B, [riboflavin]). 
Common chemical names, which are receiving greater use, 
give a better indication of the types of compounds involved. 
These often reflect the presence of some specific atom 
(thiamine), prime functional group (pyridoxamine), or 
even a larger portion of the molecular structure (phyllo- 
quinone). Parts of some names reflect functional properties 
(cholecalciferol). 


Another classification pertains to the relative solubility of 
vitamins. Those of the “fat-soluble” group (A, D, E, and 
K} are more soluble in organic solvents, whereas the 
B-complex group vitamins and vitamin C are “water 
soluble.” This general separation based on solubility is useful 
not just for purposes of noting gross physical properties but 
also as a reminder that the fat-soluble vitamins are absorbed, 
transported, and stored for longer periods of time and in a 
manner generally similar to that for fats. Most water-soluble 
vitamins share the fate of other solutes more compatible 
with an aqueous, physiological medium; this includes a 
lesser tendency to be retained for long periods of time in the 
body and a greater loss by way of urinary excretion. Addi- 
tionally a general functional difference also exists, since the 
water-soluble vitamins function as coenzymes for several 
important enzymatic reactions in both mammals and 
microorganisms. By contrast, the fat-soluble vitamins gen- 
erally do not function as coenzymes and are rarely used by 
microorganisms. l 

Table 30-2 provides a list of 13 known vitamins and vita- 
meric groups essential to humans. 


VITAMIN À 


Vitamin A serves many important functions in the body, 
with its role in vision being of particular significance. 


Chemistry 


Vitamin A is the nutritional term for the group of com- 
pounds with a 20-carbon structure containing a methyl- 
substituted cyclohexenyl ring (B-ionone ring) and an 
isoprenoid side chain (Figure 30-2), with either a hydroxyl 
group (retinol), an aldehyde group (retinal), a carboxylic 
acid group (retinoic acid), or an ester group (retinyl ester) 
at the terminal C15. 

Retinol, the principal vitamin A vitamer, can be oxidized 
reversibly to retinal—which shares all the biological activity 
of retinol—or further oxidized to retinoic acid, which shows 
some of its biological activity. The principal storage forms of 
vitamin A are retinyl esters, particularly palmitate. The term 
retinoids refers to retinol, its metabolites, and synthetic ana- 
logues with similar structure. Included in the vitamin A 
family are some dietary carotenoids (C40 polyisoprenoid 
compounds) that are classified as provitamin A because they 
are cleaved biologically to yield retinol. Although around 
1000 compounds with carotenoid structure have been iden- 
tified,*® only around 50 possess provitamin A activity, with 
the principal dietary compounds being ßB-carotene, 
a-carotene, and B-cryptoxanthin, Vitamin A compounds are 
yellowish oils or low-melting-point solids (depending on 
isomeric purity) that are practically insoluble in water but 
soluble in organic solvents and mineral oil. Vitamin A is sen- 
sitive to oxygen and ultraviolet light, which induces a green- 
ish fluorescence with an absorbance peak at 325nm. The 
structure for the most common and effective provitamin A, 
B-carotene, is also given in Figure 30-2. This compound is an 
orange-to-purple, water-insoluble solid that is oxidized in 
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TABLE 30-2 Vitamins Required by the Human 


calcification of 
bone and teeth 


Menaquinones. 


Le Fluorimetrie transketolase, 
APLC : 


Riboflavin = Oxidation-reduction Angular stomatitis, - Fluorimetric, HPLC, 
| : orn teta: glutathione reduct: 


mino acid 


: Amino acid and iS. a 

branched-chain keto. megaloblasti 

acid metabolism anemia, neu: 
Carboxylation. ti 


HPLC, High-performance liquid chromatography; RIA, radioimmunoassay; CPB, competitive protein binding; PIVKA Test, proteins induced by or involved 
in vitamin K antagonism or absence, 
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Retinols 
R= CH,OH 


Retinals 


R= CHO 


Retinoic acids 
R= COOH 


CH; 


Figure 30-2 Vitaminic forms of A, Ao, and B-carotene. 


air to inactive products. The other carotenes, cryptoxanthin 
and B-apocarotenals, are asymmetrical with only one 
§-ionone ring and yield less vitamin A activity. 


Dietary Sources 


Preformed vitamin A is obtained from animal-derived foods 
such as liver, other organ meats, and fish oils. Other sources 
are full cream milk, butter, and fortified margarines. The 
provitamin A carotenoids are obtained from yellow to 
orange pigment fruits and vegetables, and green leafy veg- 
etables. Good sources are pumpkin, carrots, tomatoes, apri- 
cots, grapefruit, lettuce, and most green vegetables.*” The 
U.S. National Health and Nutrition Examination Survey 
(NHANES-II) indicated that approximately 25% of the 
vitamin A requirement was provided by carotenoids and 
about 75% by preformed retinol.” 


Absorption, Transport, Metabolism, and Excretion 
Preformed vitamin A, most often in the form of retiny] ester, 
or carotenoids are subject to emulsification and mixed 
micelle formation by the action of bile salts before being 
transported into the intestinal cell. Here the retinyl esters are 
moved across the mucosal membrane and hydrolyzed to 
retinol within the cell to then be reesterified by cellular 
retinol-binding protein If and packaged into chylomicra, 
which then enter the mesenteric lymphatic system and pass 
into the systemic circulation. A small amount of the 
ingested retinoid is also converted into retinoic acid in the 
intestinal cell. The efficiency of absorption of preformed 
vitamin A is high at between 70% and 90%." 

Carotenoids, also in micellular form, are absorbed into 
the duodenal mucosal cells by passive diffusion. The effi- 
ciency of absorption of carotenoids is much lower than for 
vitamin A, between 9% and 22%,” and is subject to a large 
number of variables, including carotenoid type, the amount 
in the meal, matrix properties, nutrient status, and genetic 
factors.°” Once inside the mucosal cell, B-carotene is princi- 
pally converted to retinal by the enzyme f-carotene-15, 15’- 
dioxygenase, the retinal being converted by retinal reductase 
to retindl and esterified, though it can also be cleaved eccen- 


trically to B-apocarotenals, which can be further degraded to 
retinal or retinoic acid. The newly synthesized retinyl esters, 
from both preformed vitamin A and carotenoids, along with 
exogenous lipids and nonhydrolyzed carotenoids then pass 
with chylomicrons via the lymphatic system to the liver, 
where uptake by parenchymal cells again involves hydroly- 
sis. In the liver, retinol is bound with retinol-binding pro- 
tein (RBP, MW ~ 21,000 Da) and transthyretin (thyroxine- 
binding prealbumin) (MW ~ 55,000 Da) ina 1:1: 1 complex 
of sufficient size to prevent loss by glomerular filtration and 
returned to the circulation, or it is stored as esters in the stel- 
late cells. Delivery of retinol to the tissue is controlled by the 
availability of the vitamin A—protein complex in the circula- 
tion, though this control mechanism can be bypassed by 
large doses of retinol. 

Retinoic acid from the intestinal mucosa is transported 
bound to serum albumin via the portal vein. Retinoic acid 
cannot be significantly reduced to retinal but is rapidly 
metabolized in tissue, such as liver, to yield more polar 
catabolites (e.g., 5,6-epoxyretinoic acid) and conjugates, 
such as retinoyl B-glucuronide, that are excreted. A small 
amount of retinoic acid undergoes enterohepatic circulation 
after intestinal hydrolysis of the glucuronide is excreted in 
the bile. 


Functions 


The participation of retinal in vision is considered the most 
important physiological function of vitamin A, AH- 
trans-retinol is the predominant circulating form of vitamin 
A, Cells of the retina isomerize this to the 11-cis alcohol that 
is reversibly dehydrogenated to 11-cis retinal. This sterically 
hindered geometrical isomer of the aldehyde combines as a 
lysyl-linked Schiff base with suitable proteins (e.g., opsin) to 
generate photosensitive pigments such as rhodopsin. Ilu- 
mination of such pigments causes photoisomerization and 
the release of all-trans-retinal and the protein, a process that 
couples the large conformational change to ion flux and 
optic nerve transmission. The all-trans-retinal is isomerized 
to the 11-cis isomer, which again combines with the liber- 
ated protein to reconstitute the photo pigment in a visual 
cycle shown in Figure 30-3. The pyridine nucleotide- 
dependent dehydrogenase (reductase) can also reduce the 
all-trans-retinal to all-trans-retinol. 

Other functions of vitamin A include its role in repro- 
duction, growth and embryonic development, and immune 
function, many of them mediated through the binding of 
retinoic acid to specific nuclear receptors that regulate 
genomic expression. In normal growth, and in the mainte- 
nance of the integrity of epithelial cells, retinoic acid acts 
through the activation of retinoic acid receptors (RAR) and 
retinoid X receptors (RXR) in the nucleus to regulate various 
genes that encode for structural proteins, enzymes, extracel- 
lular matrix proteins, and RBPs and receptors.*” In verte- 
brate embryonic development, vitamin A requirement 
(mediated via RARs and RXRs) begins at the time of for- 
mation of the primitive heart circulation and specification 
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Figure 30-3 Participation of A vitamers in the visual cycle. 


of the hindbrain,®” and is later required for normal devel- 
opment of the limbs, heart, eyes, and ears.’ Vitamin A defi- 
ciency impairs innate immunity by impeding normal 
regeneration of mucosal barriers damaged by infection, and 
by diminishing the function of neutrophils, macrophages, 
and natural killer cells. It is also required for adaptive immu- 
nity and plays a role in the development of both T-helper 
cells and B cells. Retinol, its metabolites and synthetic 
retinoids, have protective effects against the development of 
certain types of cancer by blocking tumor promotion, by 
inhibiting proliferation, by inducing apoptosis, by inducing 
differentiation, or by a combination of these actions.” 
Finally, synthetic retinoids have been used successfully, both 
topically and systemically, to treat severe acne and other skin 
disorders of abnormal keratinization. 

Some caution is required, however, regarding the use of 
vitamin A or B-carotene supplements since they appear to 
be of no benefit in reducing the incidence of gastrointesti- 
nal cancer and indeed may increase the incidence of lung 
cancer and mortality in certain other cancers,°*4*6% 


Requirements and Reference Nutrient Intakes 


Historical studies in adult humans have suggested that 
intakes of retinol of 500 to 600 ug/day are required to main- 
tain adequate blood concentrations and to prevent all defi- 
ciency symptoms, The relative contribution of B-carotene 
and other provitamin A carotenoids to achieving this goal 
has undergone much revision as our knowledge has devel- 
oped. In the older system of international units (IU), now 
largely redundant, a ratio for equivalence of activity of 
1:2:4 for retinal: B-carotene: other provitamin A caro- 
tenoids was used, but this was superseded in 1967 by the 
retinol equivalent (RE), devised by a Food and Agriculture/ 
World Health Organization (WHO) Expert Committee and 
proposing an equivalence ratio of 1:6:12. However, a 1999 
study using stable isotopes of B-carotene*™ and a subsequent 
2003 study” led the Food and Nutrition Board of the U.S. 


Institute of Medicine to recommend the retinol activity 
equivalent (RAE) as the basis of calculation of retinol intake. 
In this system, a ratio equivalence of 1:12:24 is recom- 
mended (i.e., 121g B-carotene or 24g mixed carotenoids 
has the same biological activity as lug retinol). Using this 
system, current RDAs for vitamin A are 900 ug RAE for men 
19 years and older; 700ug RAE for women 19 years and 
older, with up to 770g RAE/day in pregnancy and up to 
1300ug RAE/day in lactation; 300 to 900,1g RAE for chil- 
dren 1-to 18 years, dependent upon age and sex; and for 
infants an adequate intake (AI) of 400g RAE at 0 to 6 
months and 500g RAE from 7 to 12 months.’ 


Intravenous Supply 


The recommended provision of vitamin A to adults during 
intravenous nutrition (IVN), whether this is partial or total 
parenteral nutrition (TPN), is 1000 ug retinol. This is usually 
provided as retinol palmitate and is supplied either with 
other fat-soluble vitamins in a mixture dissolved in a fat 
emulsion for intravenous feeding or is designed to be com- 
patible with a mixture of all vitamins suitable for addition 
to other water-soluble nutrients. 


Deficiency 


Vitamin A deficiency primarily affects infants and children, 
and its prevalence is subject to WHO surveillance.” Risk 
factors include poverty, low birth weight, poor sanitation, 
malnutrition, infection, and parasitism. Because hepatic 
accumulation of vitamin A occurs during the last trimester 
of pregnancy, preterm infants are relatively vitamin A defi- 
cient at birth. Providing a daily oral intake of vitamin A that 
meets the RDA of 400 ug RAE is therefore important. Infants 
with birth weights of less than 1500 g (those under 30 weeks 
gestation) have virtually no hepatic vitamin A stores and are 
at risk of vitamin A deficiency. Shenai and co-workers™® 
and others have observed that (1) bronchopulmonary 
dysplasia (BPD), a debilitating, chronic lung disease that 
mimics some histological features of vitamin A deficiency, is 
common; (2) intramuscular injections of 630 ug RAE every 
2 days can reduce the incidence of BPD; (3) vitamin A 
(retinol) delivered in TPN solutions may be adsorbed into 
the inner walls of the plastic administration sets; however, 
this loss can be minimized by the use ethylene vinyl acetate 
rather than polyvinyl chloride; (4) blood levels of vitamin A 
decline during TPN, often reaching concentrations of 10 to 
15ug/dL (normal, 20 to 65ug/dL) unless adequate supple- 
ments are given. 

Fat malabsorption, particularly caused by celiac disease or 
chronic pancreatitis, and protein-energy malnutrition 
predispose to vitamin A deficiency. Liver disease diminishes 
RBP synthesis, and ethanol abuse leads both to hepatic 
injury and to a competition with retinol for alcohol 
dehydrogenase, which is necessary for the oxidation of 
retinol to retinal and retinoic acid. ”® Vitamin A deficiency 
may lead to anemia, though the precise mechanism is not 
known.” 
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The clinical features of vitamin A deficiency are degener- 
ative changes in eyes and skin, and poor dark adaptation or 
night blindness (nyctalopia) followed by degenerative 
changes in the retina. Xerophthalmia, in which the conjunc- 
tiva becomes dry with small gray plaques with foamy sur- 
faces (Bitot’s spots), develops. These lesions are reversible 
with vitamin A administration. More serious effects of defi- 
ciency are known as keratomalacia and cause ulceration and 
necrosis of the cornea that lead to perforation, prolapse, 
endophthalmitis, and blindness. Usually, there are associated 
skin changes, which include dryness, roughness, papular 
eruptions, and follicular hyperkeratosis. The general change 
is atrophy of certain specialized epithelia, followed by meta- 
plastic hyperkeratinization. 


Toxicity 

Although vitamin A metabolism is tightly regulated, toxic 
effects of hypervitaminosis A can occur as a result of inges- 
tion of excess vitamin or as a side effect of inappropriate 
therapy.” Hypervitaminosis A occurs after the liver storage 
of retinol and its esters exceeds 3000 ug/g tissue, after inges- 
tion of greater than 30,000 ug/day for months or years, or if 
plasma vitamin A levels exceed 140t1g/dL (4.9 umol/L). The 
elderly are more susceptible to vitamin A toxicity at lower 
doses, as exposure to retinyl esters is longer because of 
delayed postprandial clearance of lipoproteins.” Symptoms 
of acute toxicity from a single massive dose present as 
abdominal pain, nausea, vomiting, severe headaches, dizzi- 
ness, sluggishness, and irritability, followed within a few days 
by desquamation of the skin and recovery. Chronic toxicity 
from moderately high doses taken for protracted periods is 
characterized by bone and joint pain, hair loss, dryness and 
fissures of the lips, anorexia, benign intracranial hyperten- 
sion, weight loss, and hepatomegaly. The administration of 
doses up to threefold the RDA for several years resulted in 
classic histological changes of hepatotoxicity in 41 
patients.” Infants given excess vitamin A over months to 
years can develop intracranial features, typically bulging 
fontanelle, and skeletal abnormalities at doses of 5500 to 
6750 g/day.” 

Epidemiological and experimental evidence has sup- 
ported the view that high vitamin A intake in humans, acting 
via 13-cis-retinoic acid, is teratogenic.’ The critical period 
of susceptibility is the first trimester of pregnancy, and the 
primary abnormalities derive from the cranial neural crest 
(CNC) cells. A 1995 study of almost 23,000 pregnant women 
found that those who ingested more than 4500 [g/day of 
preformed vitamin A were at greater risk of delivering 
infants with malformations of CNC cell origin than women 
consuming less than 1500pg/day.*” A further intriguing 
association, supported in part by epidemiological studies, is 
that between excessive vitamin A intake and reduction in 
bone mineral density (BMD). Two studies of 175 Scandina- 
vian women showed that a consistent loss in BMD at 4 sites 
was associated with increased preformed vitamin A 
intake.” Intake levels of vitamin A exceeding 1500 g/day 


were associated with these changes, although 2 U.S. studies 
showed no increased bone mineral loss at preformed vitamin 
A intakes of up to 2000 g/day. 

The findings of these and other studies have led the Food 
and Nutrition Board of the U.S. Institute of Medicine to rec- 
ommend a tolerable upper intake level of 3000 g/day of pre- 
formed vitamin A for men of 19 years and older, with lower 
levels for women of child-bearing age, infants, children, and 
adolescents, Carotenemia results from a chronic excessive 
intake of carotene-rich foods, principally carrots. This con- 
dition, in which yellowing of skin is observed, is benign, 
because the excess carotene is deposited rather than con- 
verted to vitamin A. 


Laboratory Assessment of Status 


Although measurement of the plasma concentration of 
vitamin A is the most convenient and widely used assessment 
of vitamin A status, it is not an ideal indicator because it does 
not decline until liver stores become critically depleted, 
which is thought to be at a concentration of approximately 
20 ug/g liver. Early chemical methods, which may remain in 
use if high-performance liquid chromatography (HPLC) is 
not available, include the Carr-Price photometric method, 
which uses antimony trichloride in chloroform as the 
reagent, and the later Neeld-Pearson method, which uses tri- 
fluoroacetic acid to produce a blue pigment with the conju- 
gated double bonds of vitamin A (and the carotenoids). Both 
methods use volatile or corrosive reagents, are nonspecific 
for vitamin A, are time consuming and difficult to automate, 
and require large sample volumes. To improve specificity and 
sensitivity, later methods used solvent extraction and other 
separation techniques, with fluorometric or spectrophoto- 
metric measurement.’ HPLC has brought enhanced 
(1) specificity, (2) lowered limit of detection (less than 
0.07 mol/L}, (3) accuracy (using primary standards, refer- 
ence materials, and quality assurance schemes), and (4) 
reproducibility (between batch coefficients of variation of 
10% or better).°” Both normal-phase and reverse-phase 
techniques have been used.” 

In the normal-phase HPLC, compounds to be separated. 
are adsorbed to microparticulate silica gel and eluted in the 
order of least polar to most polar. Acceptable separation and 
quantitative yields of neutral and charged retinoids are 
obtained. Reverse-phase HPLC is preferable for acid- 
sensitive compounds such as 5,6-epoxyretinoic acid. Photo- 
metric, electrochemical, and mass spectrophotometric 
detectors have been used. 

As retinol circulates in plasma as a 1:1:1 complex with 
RBP and transthyretin, both of these hepatically produced 
proteins have been measured as an indicator of vitamin A 
status. RBP has been measured by radial immunodiffusion 
or nephelometry (see Chapter 20), but its circulating con- 
centration may be limited by inadequate dietary protein, 
energy, or zinc, all of which are necessary for RBP synthesis. 
Another confounding factor in the assessment of vitamin A 
status is the effect of the APR. Both RBP and transthyretin 
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are negative acute phase proteins and thus inflammatory 
changes will result in transient falls in both proteins and in 
plasma retinol. To distinguish inflammatory from nutri- 
tional causes of reduced plasma retinol concentrations, it 
may be necessary to measure high-sentivity CRP." 

Because circulating retinol concentrations do not always 
correlate with total body stores of vitamin A, indirect tests 
have been employed to assess these stores. The relative- 
dose-response test, described first by Loerch et al,’ requires 
2 blood samples to bė collected, one before and one 5 hours 
after a physiological dose of vitamin. A. In vitamin A- 
depleted subjects there is a rapid, large, and sustained rise in 
serum retinol concentration, which contrasts with a lower, 
more shallow rise in vitamin A-sufficient subjects. A 
modified-relative-dose-response test (using 3,4 didehy- 
droretinyl [DR] acetate rather than retinyl acetate and 
measuring the DR/retinol ratio after 5 hours) has been 
used by other workers to assess the vitamin A status of 
preschool Indonesian children” of lactating and nontlactat- 
ing Indonesian women’? and also in a population of 
well-nourished American children.” Quantitative assess- 
ment of total body stores may be made by using deuterated- 
retinol-dilution techniques, but these require long 
periods (about 3 weeks) for equilibration. In 2003 Ribaya- 
Mercado and colleagues developed a predictive mathemati- 
cal formula that does not require serum isotope 
equilibration, allowing blood sampling to be made 3 days 
after isotope dosing.“ 


Reference Intervals 


Guidance reference intervals for serum vitamin A are 20 to 
40 ug/dL (0.70 to 1.40 umol/L) for 1- to 6-year-old children; 
26 to 49p1¢/dL (0.91 to 1.71 pmol/L) for 7- to 12-year-old 
children; 26 to 72ug/dL (0.91 to 2.51 umol/L} for 13- to 
19-year-old adolescents; and 30 to 80pg/dL (1.05 to 
2.80,1mol/L) for adults.” Values above 30ug/dL 
(1.05 Umol/L) are associated with appreciable reserves in the 
liver and correlate well with vitamin A intake. Within the ref- 
erence interval, values for men are generally about 20% 
higher than those for women. 

By HPLC, the reference interval for serum f}-carotene is 
10 to 85peg/dL (0.19 to 1.58 pmol/L). Elevated levels are 
found in hypothyroid patients in whom conversion to 
vitamin A is decreased and in patients with hyperlipemia 
associated with diabetes mellitus. 


VITAMIN D 


Vitamin D plays an essential role as a hormone in the control 
of calcium and phosphorus metabolism. It is discussed in 
detail in Chapter 49. 


VITAMIN E 
Vitamin E in an antioxidant that acts as a scavenger for mo- 
lecular oxygen and free radicals. It also has a role in cellular 
respiration. 


Chemistry 

Vitamin E is the nutritional term for the group of naturally 
occurring tocopherols and tocotrienols that have biological 
activity similar to RRR-a-tocopherol (formerly d-o- 
tocopherol). Both groups have a common 6-chromanol 
nucleus substituted with methyl groups at positions 2 and 8 
and with a phytyl tail of isoprenoid units at position 2. The 
isoprenoid chain is saturated in the tocopherols, but unsat- 
urated at positions 3’, 7’, and 11’ for tocotrienols (Figure 30- 
4). The Greek letter prefixes ot, B, y, and 6 indicate the 
presence or absence of methyl groups at positions 5 and 7. 
The tocopherols have three asymmetric carbon atoms in the 
isoprenoid chain, giving eight optical isomers. The naturally 
occurring tocopherols occur as the RRR forms, whereas the 
synthetic compounds are of the racemic SR forms. Synthetic 
vitamin E contains about 12.5% of RRR-G-tocopherol 
together with seven other tocopherol isomers that are 
less biologically active. Tocopherol and tocotrienols are 
viscous oils at room temperature, soluble in fat solvents, 
and insoluble in aqueous solutions although there exists a 
water-soluble analogue (Trolox-6-hydroxy-2, 5, 7, 8-tetra- 
methylchroman-2-carboxylic acid). Also, tocopherol and 
tocotrienols are stable to acid and heat in the absence of 
oxygen, but labile to oxygen in alkaline solutions and to 
ultraviolet light. 


Dietary Sources 

The principal sources of dietary vitamin E are oils and fats, 
particularly wheat germ oil and sunflower oil, grains, and 
nuts.” Meats, fruits, and vegetables contribute little vitamin 
E. Gamma-tocopherol is the major form of vitamin E in 
many plant seeds in the U.S. diet, but is present at only one 
quarter to one tenth of the concentration of o.-tocopherol in 
human plasma,” 


Absorption, Transport, Metabolism, and Excretion 

In the presence of bile, vitamin E is absorbed from the small 
intestine.” Most forms of vitamin E are absorbed nonse- 
jectively and are secreted in chylomicron particles along with 
triacylglycerol and cholesterol. Some of this chylomicron- 


Figure 30-4 Vitaminic forms of vitamin E. 
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bound vitamin E is transported and delivered to the periph- 
eral tissue (mainly adipose tissue) with the aid of lipopro- 
tein lipase. The liver takes up the chylomicron remnants 
where the a-tocopherol is incorporated into very low- 
density lipoprotein (VLDL)s by a-tocopherol transfer 
protein (&-TTP), enabling further distribution of a-toco- 
pherol throughout the body. Plasma vitamin E is further 
delivered to the tissue by low-density lipoprotein (LDL) and 
high-density lipoprotein (HDL).”° The specificity of o-T'TP 
for «-tocopherol is probably responsible for its preferential 
storage in most tissue. Vitamin E is excreted via the bile, in 
the urine as tocopheronic acid and its B-glucuronide conju- 
gate, as carboxyethyl hydroxychromans (CEHC), and by 
unknown routes.” Degradation of vitamin E has been 
reviewed by Brigelius-Flohe and colleagues.” 


Functions 

Historically, vitamin E has been recognized as necessary for 
neurological and reproductive functions, for protecting the 
red cell from hemolysis, and for prevention of retinopathy 
in premature infants.” Inhibition of free-radical chain reac- 
tions of lipid peroxidation is the most thoroughly defined 
role of vitamin E.” This occurs mainly within the polyun- 
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saturated fatty acids of membrane phospholipids. Toco- 
pherols and tocotrienols inhibit lipid peroxidation largely 
because they scavenge lipid peroxyl radicals faster than the 
radical can react with adjacent fatty acid side chains or mem- 
brane proteins. The resultant tocopheryl or tocotrienyl rad- 
icals may then react with further peroxyl radicals to produce 
tocopherones (nonradicals), or be regenerated by transfer- 
ring an electron to ascorbate to form the ascorbyl radical. 
Thus vitamins E and C act synergistically to reduce lipid per- 
oxidation. (Figure 30-5)." Many epidemiological surveys 
have shown an association between reduced vitamin E intake 
(and other dietary factors) and increase in chronic disease 
incidence, particularly cardiovascular disease and 
cancer, ‘18% though intervention studies have produced 
mixed results. The Cambridge Heart Antioxidant Study” 
showed a significant 47% reduction in nonfatal myocardial 
infarction (MI) in the vitamin E treatment (400 or 800IU 
per day) arm of a placebo-controlled study involving sub- 
jects with existing heart disease, whereas the Gruppo Italiano 
Studio Sopravvivenza Infarcto (GISSI) trial,” also involving 
secondary prevention, produced only a small but insignifi- 
cant reduction in risk of death, nonfatal MI, or stroke in 
those given 300 mg per day of synthetic vitamin E versus the 
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Figure 30-5 Lipoperoxidation and synergistic action of vitamin E and ascorbate. 
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control group. In 2002 the UK Heart Protection Study of 
20,536 subjects with existing coronary disease, other occlu- 
sive disease, or diabetes showed that supplementation with 
vitamin E (600mg), vitamin C (250mg), and B-carotene 
(20mg) during a period of 5 years produced no significant 
reduction in any type of vascular disease, cancer, or 
other major outcome, when compared with placebo.” A 
meta-analysis of clinical trials suggests that the response to 
vitamin E may be dose dependent—trials using 400mg or 
less showed very slight or no benefit, whereas those using 
more than 400mg per day showed a significant increase in 
all cause mortality. Any influence of vitamin E on 
disease progression may therefore be in primary prevention 
rather than secondary intervention, but there is also 
growing concern about possible harmful effects of high dose 
supplements. 

Beyond its antioxidant properties, @-tocopherol inhibits 
protein kinase C and 5-lipoxygenase and activates protein 
phosphatase 2A and diacylglycerol kinase at the posttransla- 
tional level. Some genes (coding for CD36, a-TTP, 
@-tropomyosin, and collagenase) are affected by a- 
tocopherol at the transcriptional level. «-Tocopherol also 
induces inhibition of cell proliferation, platelet aggregation, 
and monocyte adhesion, which are thought to be due to 
direct interaction of «-tocopherol with cell components.”**°” 
Properties independent of o-tocopherol have been ascribed 
to y-tocopherol. These include the inhibition of cyclooxyge- 
nase activity, thus conferring antiinflammatory properties, 
and the natriuretic property of its main metabolite, y-CEHC 
(2,7,8-trimethyl-2-(B-carboxyethyl)-6-hydroxychroman), 
not shared by o-CEHC.”* 


Requirements and Reference Nutrient Intakes 


The requirement for vitamin E is related to the polyunsatu- 
rated fatty acid content of cellular structures and therefore 
depends on the nature and quantity of dietary fat that affect 
such composition. Hence the minimum adult requirement 
for vitamin E is not certain but is probably not more than 3 
to 4mg (4.5 to 61U) for RRR-a-tocopherol per day for those 
who ingest a diet containing the minimum of essential fatty 
acids (3% of calories),'” Because vitamin E activity is 
derived from a series of tocopherols and tocotrienols in usual 
mixed diets, calculations based on their abundance and 
activity relative to the biologically most active RRR-0-toco- 
pherol are used. The milligrams of -tocopherol are multi- 
plied by 0.5, those of y-tocopherol by 0.1, and those of 
a-tocotrienol by 0.3. Their sum plus milligrams of 
c-tocopherol accounts for the milligrams of o:-tocopherol 
equivalents. It has been estimated that a range of 7 to 13 mg 
of a-tocopherol equivalents (10 to 20IU) can be expected in 
balanced diets supplying 1800 to 3000 kcal. This intake will 
maintain plasma concentrations of total tocopherols within 
the reference interval of 0.5 to 1.2 mg/dL, which also ensures 
an adequate concentration in all tissue.” Some investigators 
claim that the ratio of circulating a-tocopherol to total lipids 
(or triglycerides or B-lipoproteins) is a more accurate indi- 


cator of tissue vitamin E status than circulating a-tocopherol 
alone. 

RDA for vitamin E was increased in the year 2000 by 50% 
from 10 to 15 mg/day for adults by the U.S. Food and Nutri- 
tion Board.'” Most European reference intakes are related to 
the polyunsaturated fatty acid intake." The changes in the 
United States were accompanied by some debate, critics 
arguing that this amount could not be met by the usual 
North American diet.” For infants up to 6 months, an AI 
of 4mg/day was proposed, for infants 7 to 12 months an AI 
of 5mg/day and the RDA for children 1 to 18 years was set 
at 6 to 15 mg/day, dependent upon age.'” Another departure 
in the newer recommendations was that the daily require- 
ment be met by RRR-a-tocopherol alone as the other forms 
of vitamin E are not converted to a-tocopherol and are 
poorly recognized by the o-tocopherol transfer protein in 
the liver. 


Intravenous Supply 

The recommended amount of vitamin E to be supplied 
intravenously to adults is 10mg as a-tocopherol.’ This is 
rather lower than the oral provision, but takes into account 
the fact that it is completely delivered into the blood stream. 


Deficiency 


Premature and low birth weight infants are particularly sus- 
ceptible to development of vitamin E deficiency, because pla- 
cental transfer is poor and infants have such limited adipose 
tissue where much of the vitamin is normally stored.” Signs 
of deficiency include irritability, edema, and hemolytic 
anemia. The anemia reflects the shortened life span of ery- 
throcytes with fragile membranes; it does not respond to 
iron therapy, which may aggravate the condition. Although 
symptoms of vitamin E deficiency are rare in children and 
adults, deficiency can occur in some conditions. Fat malab- 
sorption states, such as cystic fibrosis and chronic cholesta- 
sis in children, can cause neuropathy” and hemolytic 
anemia™ as can the genetic disorder abetalipoproteinemia 
(within which vitamin E is transported).** Mutations of the 
gene coding for 0.-T TP lead to very low plasma «-tocopherol 
concentrations and cause neurological symptoms, including 
cerebellar ataxia." Plasma concentrations may only be nor- 
malized by administering large amounts (up to 2¢/day) of 
vitamin E. 


Toxicity 

Excess vitamin E intake is usually only achieved by dietary 
supplementation. Such supplementation is contraindicated 
in subjects with coagulation defects caused by vitamin K 
deficiency or those receiving anticoagulant drugs. The U.S. 
Food and Nutrition Board has recommended a tolerable 
upper limit of 1000 mg/day of vitamin E for adults of 19 
years and older, based on the absence of hemorrhagic toxi- 
city in animal models,'” though this has been challenged on 
the grounds that in those regularly taking aspirin this intake 
may be associated with an increased risk of bleeding.” A 
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1992 comprehensive review of tolerance and safety of 
vitamin E suggested that intakes of up to 3000 mg/day were 
safe; reversible side effects of gastrointestinal symptoms, 
increased creatinuria, and impairment of blood coagulation 
are seen at intakes of 1000 to 3000 mg/day.” However, as 
noted above, long term use of intakes of more than 400 mg 
per day may cause increased mortality. 


Laboratory Assessment of Status 


Assessment of vitamin E status has been achieved by func- 
tional methods, such as protection of erythrocyte hemolysis 
on addition of peroxide” or the inhibition of lipid peroxi- 
dation products (malondialdehyde, thiobarbituric acid- 
reactive substances, ethane, or pentane)’ or by direct 
measurement of vitamin E concentration in tissue (erythro- 
cytes, lymphocytes, or platelets) or serum. Early direct 
methods used photometric or fluorometric measurement 
often based on the Emmerie-Engel procedure in which toco- 
pherol is oxidized to tocopheryl quinone by FeCl, and the 
resultant Fe” coupled with o,c’-dipyridyl to form a red 
color. Later, chromatographic methods were used, including 
thin layer and gas liquid, which had the ability to separate 
the tocopherols and tocotrienols, but these were labor inten- 
sive and time consuming. HPLC is presently the method of 
choice for quantitation of tocopherols in serum as it has the 
advantage of accuracy (by the use of primary standards) and 
reproducibility (between-batch coefficients of variation of 
7% or better) and the ability to quantitate multiple analytes, 
including vitamin A and some carotenoids, in a single ana- 
lytical run.” Both æ- and y-tocopherols are the principal 
vitamers seen, though others may be detected with minor 
modifications to the analytical conditions. 


Reference Intervals 


Guidance reference intervals for serum or plasma (heparin) 
vitamin E are 0.1 to 0.5mg/dL (2.3 to 11.6umol/L) for pre- 
mature neonates”; 0.3 to 0.9mg/dL (7 to 21 umol/L) for 
children (1 to 12 years)*”; 0.6 to 1.0 mg/dL (14 to 23 umol/L) 
for adolescents (13 to 19 years); and 0.5 to 1.8mg/dL (12 to 
42 umol/L) for adults.” 


VITAMIN K 


Vitamin K promotes clotting of the blood and is required for 
the conversion of several clotting factors and prothrombin, 
and is of growing interest in bone metabolism. 


Chemistry 

Compounds in the vitamin K series are 2-methyl-1,4- 
napthoquinones, which are substituted with side chains at 
carbon 3. Phylloquinone (K; type) synthesized in plants and 
the menaquinones (K, type) of bacterial origin are the two 
principal natural classes of vitamin K (Figure 30-6). The 
principal vitamin K, (phylloquinone) bears a saturated, 
phytol, 20-carbon side chain derived from 4 isoprenoid 
units; this is the main K vitamin produced by plants and is 
the major dietary form for humans.*” K, shows greater vari- 


CH, K, type (phylioquinones) 
e.g. Kigo when n = 4 


CH, 
n-t 


CH3 CH 


CH3 K, type (menaquinones) 
e.g. Kags) when n = 7 


O CH3 
Figure 30-6 Vitaminic forms of vitamin K. 


ation, but an all-trans-farnesylgeranylgeranyl, 35-carbon 
chain of 7 isoprenoid units is typical; these are produced in 
humans by the large bowel bacterial mass, though their con- 
tribution to vitamin K status remains a matter of dispute. 
Several synthetic analogues and derivatives have been used 
in human nutrition; most relate to or derive from menadione 
(K), which lacks a side-chain substituent at position 3, but 
which can be converted to menaquinone (MK) (e.g., MK-4, 
where 4 is the number of isoprenoid side chains) by addi- 
tion of the side chain in the liver. The K vitamins are insol- 
uble in water but dissolve in organic fat solvents. They are 
destroyed by alkaline solutions and reducing agents and are 
also sensitive to ultraviolet light. 


Dietary Sources 

The main dietary sources of the phylloquinones are green 
vegetables, margarines, and plant oils, whereas some 
menaquinones are obtained from cheese, other milk pro- 
ducts, and eggs.” 


Absorption, Transport, Metabolism, and Excretion 


The absorption of natural vitamin K from-the small intes- 
tine into the lymphatic system is facilitated by bile, as is true 
for other fat-soluble materials.’ Efficiency of absorption 
varies from 15% to 65% as reflected by recovery in lymph 
within 24 hours. Vitamins K, and K, are bound to chylomi- 
crons for transport from mucosal cells to the liver. Mena- 
dione (K;) is more rapidly and completely absorbed from the 
gut before entering the portal blood. In liver, intracellular 
distribution is mostly in the microsomal fraction, where 
phenylation of menadione to form K, occurs. Release of 
vitamin K to the blood stream allows association with cir- 
culating B-lipoproteins for transport to other tissue. Signif- 
icant levels of vitamin K have been noted in the spleen and 
skeletal muscle. 

Within metabolically active and vitamin K—using tissue, 
especially liver, a microsomal vitamin K cycle exists (Figure 
30-7). The vitamin (quinone) is normally reduced by a 
thiol-sensitive flavoprotein system to the hydroquinone, 
which then can couple to the oxygen- and carbon dioxide- 
using ‘y-carboxylation of glutamyl residues in specific pro- 
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Figure 30-7 Metabolic cycling of vitamin K, the effect of warfarin, and the formation of Gla 
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teins (e.g, prothrombin). The 2,3-epoxide of vitamin K 
that is subsequently formed is reduced to the starting 
vitamin K quinones, a process that can be antagonized by 
such vitamin K antagonists as warfarin. 

Only traces of urinary metabolites of vitamins K, and K; 
appear in urine a considerable portion of vitamin K; (mena- 
dione) is conjugated at the hydroquinone level to form 
B-glucuronide and sulfate esters, which are excreted. 


Functions 


The essential and most thoroughly defined role of vitamin 
K is as a cofactor to vitamin K-dependent carboxylase, 
an enzyme necessary for the posttranslational conver- 
sion of specific glutamyl residues in target proteins to 
y-carboxyglutamyl (Gla) residues. This ‘y-carboxylation 
increases the affinity of these proteins for calcium. The 
antihemorrhagic function of vitamin K depends upon 
the formation of the Gla proteins prothrombin (factor II), 
proconvertin (factor VII), plasma thromboplastin compo- 
nent (factor IX), and Stuart factor (factor X}, which together 
with two other hemostatic vitamin K—dependent proteins, 
proteins C and S and Ca”, initiate a process to form 


thrombin that then catalyzes the conversion of fibrinogen to 
a fibrin clot.” 

Proteins that contain y-carboxyglutamyl are also abun- 
dant in bone tissue, with osteocalcin accounting for up to 
80% of the total y-carboxyglutamyl content of mature bone. 
Many epidemiological studies, such as the 1999 Nurses’ 
Health Study’ and a 2000 study,” have shown an associa- 
tion between low vitamin K intakes and hip fracture risk, but 
not bone mineral density (BMD) measurements. Interven- 
tion studies have shown that vitamin K can increase BMD 
in osteoporotic subjects and reduce fracture rates,” though 
these studies have used menaquinone-4 in pharmacological 
rather than physiological doses, The improvement in bone 
markers was accompanied by a significant fall in the con- 
centration of undercarboxylated osteocalcin in the treated 
groups. There is also evidence that vitamins K and D may 
act synergistically in maintaining bone density.” 

A further major Gla protein, matrix Gla protein 
(MGP)—containing 5 residues of y-carboxyglutamic acid— 
is found in vascular smooth muscle, bone, and many soft 
tissues (heart, kidney, and lungs). It is thought that MGP 
accumulates at sites of calcification, including calcified aortic 
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valves and bone, and is a potent inhibitor of calcification. In 
experimental studies with mice lacking the gene coding for 
MGP, calcification of the arteries was observed that led to 
hemorrhagic death of the animals as a result of blood vessel 
rupture.” Results from studies such as these have led to 
suggestions that vitamin K could play a role in vascular 
disease, though as yet clinical evidence is sparse. 


Requirements and Reference Nutrient Intakes 


Although the human gut bacteria synthesize large amounts 
of menaquinones, and such compounds are found in the liver 
in concentrations up to 10 times those of phylloquinones, the 
absorption of these compounds has been difficult to demon- 
strate and dietary restriction of vitamin K does lead to evi- 
dence of inadequacy, as demonstrated by undercarboxylation 
of vitamin K—dependent proteins.’® Thus dietary reference 
intakes for vitamin K have recently been revised by the Food 
and Nutrition Board of the U.S. Institute of Medicine. 
Current recommendations are 120 g/day for men over 18 
years; 90 ug/day for women older than 18 years, including 
those pregnant or lactating; 30 to 75 g/day for children 1 to 
18 years, dependent upon age; 2.0 g/day for infants up to 6 
months; and 2.5 ug/day for infants between 7 and 12 months, 
the latter requirements being met by mature breast milk.!” 
The dietary intake of phylloquinone in North American and 
most European populations studied has been estimated at 
around 150 g/day for subjects over 55 years and around 80 
ug/day for younger subjects, though intakes in the Nether- 
lands have been reported to be 2 to 3 times higher than these 
estimates.” 


Intravenous Supply 

In the United States, whether vitamin K should be included 
in preparations of vitamins for use in TPN is controversial. 
Although this has been standard in Europe for many years,” 
the long-standing recommendation from the American 
Medical Association was not to include vitamin K, since this 
would complicate the provision of adequate warfarin 
therapy in those patients who require anticoagulation.’ 
However, 2003 requirements of the Food and Drug Admin- 
istration (FDA) have specified that vitamin K should be 
included in vitamin supplements for both infants and adults, 
making the judgment that the physiological and practical 
benefits of regular provision outweigh any problems in re- 
adjusting warfarin dosage.” The adult recommended intra- 
venous (IV) dose is 150ug/day, which is provided as 
phytonadione. 


Deficiency 

Although vitamin K deficiency in the adult is uncommon, 
the risk is increased for fat malabsorption states (bile duct 
obstruction, cystic fibrosis, and chronic pancreatitis) and 
liver disease.’ Risk is also increased by the use of drugs that 
interfere with vitamin K metabolism, such as the coumarin 
anticoagulants (e.g., warfarin) and antibiotics containing the 
N-methylthiotetrazole side chain (e.g, cephalosporin).”* 


Other at-risk groups are hospitalized patients with poor 
nutrient intakes or those receiving TPN, when fat-soluble 
vitamin supplements may not fully meet requirements. Con- 
versely, ingestion of supraphysiological doses of vitamins A 
and E has also been reported to induce vitamin K defi- 
ciency, probably by competitive mechanisms.*” Defective 
blood coagulation and demonstration of abnormal noncar- 
boxylated prothrombin are at present the only well- 
established signs of vitamin K deficiency. 

Hemorrhagic disease of the newborn can develop readily 
because of (1) poor placental transfer of vitamin K, 
(2) hepatic immaturity leading to inadequate synthesis of 
coagulation proteins, and (3) the low vitamin K content of 
early breast milk. Prothrombin levels during this period are 
only about 25% of the adult levels. Severe diarrhea and 
antibiotics used to suppress diarrhea readily exacerbate the 
situation, so prothrombin levels can drop below 5% of 
the adult level and bleeding can occur. This condition is 
routinely prevented by the prophylactic administration of 
0.5 to 1.0mg of phylloquinone intramuscularly, or 2.0mg 
given orally immediately after birth. 


Toxicity 

The use of high doses of naturally occurring vitamin K (K, 
and K,) appears to have no untoward effect; however, mena- 
dione (K;)} treatment can lead to the formation of erythro- 
cyte cytoplasmic inclusions known as Heinz bodies and 
hemolytic anemia.“ With severe hemolysis, increased 
bilirubin formation and undeveloped capacity for its con- 
jugation may produce kernicterus in the newborn. 

As no adverse effects associated with vitamin K con- 
sumption from food or supplements have been reported in 
humans or animals, the U.S. Institute of Medicine has 
reported that a quantitative risk assessment cannot be per- 
formed, and thus a UL cannot be derived for vitamin K.”* 


Laboratory Assessment of Status 

Because of its relatively low plasma concentration (approxi- 
mately 50 times lower than vitamin D and at least 10° times 
lower than vitamins A or E), vitamin K has long presented 
an analytical challenge. For this reason, vitamin K status has 
traditionally been assessed by functional methods, primarily 
by its effect on clotting time. The “prothrombin time” (PT) 
is assessed by adding to recalcified plasma a portion of tissue 
thromboplastin and measuring the clotting time against a 
normal control sample. In vitamin K deficiency, the PT may 
rise above 30 seconds (normal: 10 to 14 seconds), and at least 
2 seconds beyond the control time. Attempts at cross- 
laboratory standardization have led to the introduction of 
the Internationalized Normal Ratio (INR), where the PT is 
expressed as a fraction of the control time. A more sensitive 
(1000-fold) assessment of vitamin K status with respect to 
prothrombin can be made by the immunoassay of des-y- 
carboxy prothrombin, or undercarboxylated prothrombin, 
PIVKA-II (protein induced by vitamin K absence or antag- 
onism).* Concentrations of PIVKA-II of greater than 
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2ng/mL have been considered to indicate vitamin K defi- 
ciency.” A newer measurement of deficient y-carboxylation, 
plasma undercarboxylated osteocalcin, was developed in 
1995°” and has been shown to correlate individually with 
PIVKA-II and plasma phylloquinone concentrations and has 
a better correlation with plasma phylloquinone than PIVKA- 
I." In this 1995 study of biochemical indices of vitamin K 
nutritional status in a healthy adult population, and a later 
one looking at changes in response to dietary phylloqui- 
none,” the urinary ‘y-carboxyglutamic acid/creatinine ratio 
was measured by derivatization, HPLC separation, and flu- 
orometric detection” and also shown to be sensitive to 
changes in dietary phylloquinone intake. This marker may 
have advantages in epidemiological surveys as a less invasive 
sample. 

The direct measurement of plasma phylloquinone is 
probably the best indicator of vitamin K status and has been 
shown to correlate well with intake.” HPLC methods have 
been reviewed," and typically require 0.5 to 2.0mL of 
serum or plasma. Protein precipitation and lipid extraction 
(often into hexane), followed by solvent evaporation; 
preparative HPLC (to isolate vitamin K from other lipids); 
reevaporation of the vitamin K-rich fraction; dilution in 
the mobile phase; and further HPLC, with either electro- 
chemical or fluorometric detection”! often after postcolumn 
reduction, are required. Typical between-batch imprecision 
values are coefficient of variation (CV)s of 11% to 18% 
with limits of detection of lower than 50pmol/L. An 
external quality assessment scheme (EQAS) is available in 
the UK. 


Reference Interval 


A guidance reference interval for plasma vitamin K is 0.13 
to 1.19ng/mL (0.29 to 2.64nmol/L),*" 


VITAMIN B,—THIAMINE 


Thiamine, also known as vitamin B,, forms the coenzyme 
thiamine pyrophosphate (TPP). It is required for the essen- 
tial decarboxylation reactions catalyzed by the pyruvate and 
2-oxoglutarate complexes. 


Chemistry 


The structure of thiamine (vitamin B,) (3-[4-amino- 
2-methyl-pyrimidyl-5-methy]]-4-methyl-5-[B-hydroxy- 
ethyl}thiazole) is that of a pyrimidine ring, bearing an 
amino group, linked by a methylene bridge to a thiazole ring 
(Figure 30-8). The thiazole has a primary alcohol side chain 
at C5, which can be phosphorylated in vivo to produce thi- 
amine phosphate esters, the most common of which is thi- 
amine pyrophosphate (TPP) (also known as thiamine 
diphosphate, cocarboxylase). Monophosphate and triphos- 
phate esters also occur. The basic vitamin is isolated or syn- 
thesized and handled as a solid thiazolium salt (e.g., 
thiamine chloride hydrochloride). Thiamine is somewhat 
heat labile, particularly in alkaline solutions, where base 
attack occurs at C2 of the thiazolium ring. 
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Figure 30-8 Thiamine and the pyrophosphate coenzyme. 


Dietary Sources 

Small amounts of thiamine and its phosphates are present in 
most plant and animal tissue, but more abundant sources are 
unrefined cereal grains, liver, heart, kidney, and lean cuts of 
pork. The enrichment of flour and derived food products, 
particularly breakfast cereals, has considerably increased the 
availability of this vitamin. 


Absorption, Transport, Metabolism, and Excretion 
Thiamine absorption occurs primarily in the proximal small 
intestine” by both a saturable (thiamine transporter) 
process at low concentration (1 umol/L, or lower) and by 
simple passive diffusion beyond that, though percentage 
absorption diminishes with increased dose. The absorbed 
thiamine undergoes intracellular phosphorylation, mainly to 
the pyrophosphate, but at the serosal side 90% of the trans- 
ferred thiamine is in the free form.*” Thiamine uptake is 
enhanced by thiamine deficiency and reduced by thyroid 
hormone, diabetes, and ethanol ingestion. The gene for the 
specific thiamine transporter has been identified, and the 
transporter cloned.’ Thiamine is carried by the portal 
blood to the liver. The free vitamin occurs in the plasma, but 
the coenzyme, TPP, is the primary cellular component. 
Approximately 30 mg is stored in the body with 80% as the 
pyrophosphate, 10% as triphosphate, and the rest as thi- 
amine and its monophosphate. About half of the body stores 
are found in skeletal muscles, with much of the remainder 
in heart, liver, kidneys, and nervous tissues (including the 
brain, which contains most of the triphosphate). 

The three tissue enzymes known to participate in forma- 
tion of the phosphate esters are (1) thiaminokinase (a pyro- 
phosphokinase), which catalyzes formation of TPP and 
adenosine monophosphate (AMP) from thiamine and 
adenosine triphosphate (ATP); (2) TPP-ATP phosphoryl- 
transferase (cytosolic 5’-adenylic kinase),”” which forms the 
triphosphate and adenosine diphosphate from TPP and 
ATP; and (3) thiamine triphosphatase, which hydrolyzes 
TPP to the monophosphate. Although thiaminokinase is 
widespread, the phosphoryl transferase and membrane- 
associated triphosphatase are mainly in nervous tissue. 

Using radio-labeled thiamine probes, a study of thiamine 
metabolism at normal loads produced an estimated half-life 
of thiamine of 9.5 to 18.5 days, and showed a large number 
of breakdown products in the urine.” Several of these 
urinary catabolites are shown in Figure 30-9. 
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Figure 30-9 Principal urinary catabolites of thiamine. 


Functions 

Thiamine is required by the body as the pyrophosphate 
(TPP) in two general types of reaction, the oxidative decar- 
boxylation of a-keto acids catalyzed by dehydrogenase com- 
plexes and the formation of o-ketols (ketoses) as catalyzed 
by transketolase, and as the triphosphate (TTP) within the 
nervous system. TPP functions as the Mg’*-coordinated 
coenzyme for so-called “active aldehyde” transfers in mul- 
tienzyme dehydrogenase complexes that affect decarboxyla- 
tive conversion of o-keto (2-oxo) acids to acyl-coenzyme A 
(acyl-CoA) derivatives, such as pyruvate dehydrogenase and 
o-ketoglutarate dehydrogenase. These are often localized in 
the mitochondria, where efficient use in the Krebs tricar- 
boxylic acid. (citric acid) cycle follows. 

Three types of subunit proteins constitute such deby- 
drogenase complexes: (1) a TPP-dependent decarboxylase, 
which converts the o-keto acid to an &-hydroxyalkyl-TPP 
complex; (2) a transacylase core, which contains lipoyl 
residues that are acylated by the a-hydroxyalkyl-TPP; and 
(3) a flavin adenine dinucleotide (FAD)—dependent dihy- 
drolipoyl dehydrogenase, which reoxidizes the reduced lipoyl 


residues produced after transfer of their acyl functions to 
reduced CoA. In addition to energy and an ultimate ATP 
supply derived from reactions in the Krebs cycle, the initial 
pyruvate dehydrogenase—catalyzed step provides acetyl-CoA 
as a biosynthetic precursor to other essential compounds, 
such as lipids and acetylcholine of the parasympathetic 
nervous system. 

Transketolase is a TPP-dependent enzyme found in the 
cytosol of many tissues, especially liver and blood cells, in 
which principal carbohydrate pathways exist. In the pentose 
phosphate pathway, which additionally supplies reduced 
nicotinamide-adenine dinucleotide phosphate (NADPH) 
necessary for biosynthetic reactions, this enzyme catalyzes 
the reversible transfer of a glycoaldehyde moiety from the 
first two carbons of a donor ketose phosphate to the alde- 
hyde carbon of an aldose phosphate. 

Although thiamine as its pyrophosphate contributes to 
nervous system composition and function in such essential 
reactions as energy production and biosynthesis of lipids 
and acetylcholine, a further specific, noncofactor role for thi- 
amine has been proposed in excitable cells. Here, TTP is 
thought to be involved in the regulation of ion channels, 
specifically chloride channels of large unitary conductance, 
the so called maxi-Cl channels.® TTP may also act as a phos- 
phate donor for the phosphorylation of proteins, suggesting 
a potential role in cell signaling.’ A subacute necrotizing 
encephalomyelopathy is seen in patients with Leigh syn- 
drome, resulting from the presence of an inhibitor of TPP- 
ATP phosphoryl transferase,” and consequent reduction in 
TTP concentration. 


Requirements and Reference Nutrient Intakes 


Because thiamine is necessary mainly for the metabolism of 
carbohydrates, fats, and alcohol, there is a direct correlation 
of need with the amount of metabolizable food intake. There 
is a greater requirement under situations in which metabo- 
lism is increased (e.g., in the normal conditions of increased 
muscular activity, pregnancy, and lactation, or in the abnor- 
mal cases of protracted fever, posttrauma, and hyperthy- 
roidism.)°” Clinical signs of deficiency in adults can 
be prevented with intakes of thiamine above 0.15 to 
0.2 mg/1000 kcal, but 0.35 to 0.4mg/1000 kcal may be closer 
to a level necessary to maintain urinary excretion and TPP- 
dependent erythrocyte transketolase activity within normal 
reference intervals.'” With further considerations of average 
caloric intakes and activities in different age groups, the 
most recent recommendations of RDA, expressed as mg/day, 
are 1.2 mg/day for males 19 years and older and 1.1 mg/day 
for females 19 years and older.” The requirement for 
pregnant women increases early in pregnancy and then 
remains constant; an additional allowance of 0.3 mg/day 
is recommended. The lactating woman secretes 0.1 to 
0.2mg of thiamine per day in milk, so an additional 0.3- 
mg/day allowance is suggested. Based on the thiamine 
content of human milk and with an increment considered 
to provide a margin of safety, 0.2 mg/day is the allowance 
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for infants up to 6 months, and 0.3 mg/day for infants 7 to 
12 months. Increases above this are suggested for growing 
children. 


Intravenous Supply 


Traditionally the intravenous recommendation was for 
3 mg/day for adults, usually provided as thiamine hydrochlo- 
ride, but also as thiamine mononitrate or tetrahydrate. In the 
2000 FDA recommendations, this has been increased. to 
6 mg/day,” recognizing the likelihood of increased demands 
for thiamine caused by the hypercatabolism in such patients, 
and the very serious potential complications of deficiency.” 


Deficiency 

The causes of thiamine deficiency include inadequate 
intake caused by diets largely dependent on milled, nonen- 
riched grains, such as rice and wheat, or by the ingestion 
of raw fish containing microbial thiaminases,' which 
hydrolytically destroy the vitamin in the gastrointestinal 
tract. Tea may contain antithiamine factors that have been 
detected in certain other plant extracts. Chronic alcoholism 
often leads to thiamine deficiency caused by reduced intake, 
impaired absorption, impaired use, and reduced storage”? 
and may lead clinically to the Wernicke-Korsakoff syndrome. 
Other at-risk groups include those receiving parenteral 
nutrition without adequate thiamine supplementation,“**”* 
elderly patients taking diuretics,’ and patients undergoing 
long-term renal dialysis.”” 

Beriberi is the disease resulting from thiamine deficiency. 
Clinical signs of thiamine deficiency primarily involve the 
nervous and cardiovascular systems.”*°** In the adult, symp- 
toms most frequently observed are mental confusion, 
anorexia, muscular weakness, ataxia, peripheral paralysis, 
ophthalmoplegia, edema (wet beriberi), muscle wasting (dry 
beriberi), tachycardia, and an enlarged heart. In infants, 
symptoms appear suddenly and severely, often involving 
cardiac failure and cyanosis. Commonly the distinction 
between wet (cardiovascular) and dry (neuritic) manifesta- 
tions of beriberi relates to duration and severity of the defi- 
ciency, the degree of physical exertion, and caloric intake. 
The wet or edematous condition results from severe physi- 
cal exertion and high carbohydrate intake, whereas the dry 
or polyneuritic form stems from relative inactivity with 
caloric restriction during the chronic deficiency. The three 
major physiological derangements that typically involve the 
cardiovascular system are peripheral vasodilatation leading 
to a high-output state, biventricular myocardial failure, and 
retention of sodium and water, leading to edema. Nervous 
system involvement includes peripheral neuropathy, Wer- 
nicke’s encephalopathy, and the amnesic psychosis of Kor- 
sakoff’s syndrome. More rarely, but especially in seriously ill 
patients in hospitals, an acute form of cardiac failure has 
been described (Shoshin beri-beri), which may be fatal, but 
is successfully and rapidly reversed with high-dose intra- 
venous thiamine.” 

There are several thiamine-responsive disorders caused 
by genetic mutation. In thiamine-responsive megaloblastic 


anemia (TRMA), the gene has been mapped and cloned and 
designated “SLC19A2” as a member of the solute carrier gene 
super family. Mutations of this gene, the product of which is 
a membrane protein that transports thiamine with submi- 
cromolar affinity, have been found in all TRMA kindreds 
studied.“ Thiamine-responsive pyruvate dehydrogenase 
complex deficiency, presenting with lactic acidosis, can be 
caused by a point mutation within the thiamine pyro- 
phosphate-binding region,” and a thiamine-responsive 
branched-chain keto acid dehydrogenase complex defi- 
ciency, presenting as a form of maple syrup urine disease, is 
caused by mutations in the E1 alpha subunit of the enzyme 
complex. Therapeutic doses of 5 to 20mg of thiamine 
daily have proved beneficial in these cases. 


Toxicity 

As there are no reports of adverse effects from consumption 
of excess thiamine from food and supplements (supplements 
of 50 mg/day are widely available without prescription), and 
the data are inadequate for a quantitative risk assessment, no 
UL has been defined for thiamine. However, as stimulators 
of transketolase enzyme synthesis such as thiamine support 
a high rate of nucleic acid ribose synthesis necessary for 
tumor cell survival, chemotherapy resistance, and prolifera- 
tion, some concern has been expressed that thiamine sup- 
plementation of common food products may contribute to 
increased cancer rates in the Western world.“ There is, 
however, little evidence to support this assumption. Rarely, 
individuals given high-dose intravenous thiamine in treat- 
ment of beriberi have developed anaphylaxis, the frequency 
being about 1: 100,000. 


Laboratory Assessment of Status 


As a thiamine deficiency develops, there is a rather rapid loss 
of the vitamin from all tissue except the brain. The decrease 
of TPP in the erythrocyte roughly parallels the decrease of 
this coenzyme in other tissue. During this time, thiamine 
levels in urine fall to near zero; the urinary metabolites 
remain high for some time before decreasing. 

Historically, assessment of thiamine status was by animal 
bioassay (the correction of bradycardia in thiamine-deficient 
rats) and later by microbiological assays using the fungus 
Phycomyces blakesleeanus, yeast fermentation, or bacteria of 
the Staphylococcus, Streptococcus, or Lactobacillus species. 
Some bacterial microbiological assays are still in use in the 
food industry. Early chemical methods were often based 
upon the production of a fluorophore, thiochrome, when 
thiamine is oxidized with ferricyanide in alkaline solution, a 
property that is used in some modern chromatographic 
methods. 

Because the basic biological function of thiamine is to act 
as the pyrophosphate cofactor in a number of enzyme 
systems, two differing approaches to assessment of status 
became available, The analyte, either free or phosphorylated, 
can be measured directly in a suitable body fluid or tissue or 
its properties as an enzymatic cofactor can be exploited in a 
functional assay. Both approaches have their advantages and 
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disadvantages, and a consensus as to which is the more useful 
has not been achieved; the two are probably complementary, 
each supplying some, but not all, of the information neces- 
sary to assess thiamine adequacy (Table 30-3). 

The most commonly used enzyme for the functional 
assay is transketolase. Transketolase catalyzes two reactions 
in the pentose phosphate pathway (Figure 30-10). As an 
enzyme within the erythrocyte, transketolase is independent 
of nonspecific changes in the extracellular plasma. As 
vitamin B, deficiency becomes more severe, (1) thiamine 
becomes limiting in the body cells, (2) the amount of the 
coenzyme is depleted, and (3) the transketolase activity sub- 


TABLE 30-3 Relative Merits.of Direct (Erythrocyte 
Thiamine Pyrophosphate).‘or. Functional. (Erythrocyte 
Transketolase). Measurements: in ‘Assessing 
Thiamine ‘Status 

Erythrocyte — 
_Transketolase 


P yrophosphate Activation 


Advantages ; 
= e Pure standard 
-available 
=+ Precise and robust 
ae methodology 
More stable when 


Advantages 
“8 May correlate. better. on 
with clinical conditior s 
in repleted patients 
+ Large database. 
established). 


Methodology (HPLC) 
allows measurement 
~~ of other forms of 
Can detect tissue 
accumulation 


Disadvantages 


Disadvantages . 
May. normalize very + Depletion of 


early with parenteral 
treatment 


apoenzyme may be 
nonnutritional (e.g., 
“liver: disease; diabetes) 
+ Variants may have 
-abnormal binding 
“May be influenced. by. 
cofactor deficiencies 
(egi magnesium) 
Difficult to: 
standardize, le robust. 
Derived activation” = 
coefficient. reduces _ : 
precision ae 


sequently diminishes. The “TPP effect” measures the extent 
of depletion of the transketolase enzyme for coenzyme by 
assaying enzyme activity before and after TPP supplementa- 
tion. The percent increase in activity is defined as the 
TPP effect or activation coefficient. Several methods are 
available to measure transketolase activity. In the Brin pro- 
cedure,” activities of holo forms and apo forms of trans- 
ketolase in erythrocyte hemolysates are measured before and 
after addition of TPP, by photometric determinations of 
the amount of ribose-5’-phosphate used or hexose-6- 
phosphate formed. This method is reliable but time consum- 
ing. In an alternative method, the rate of formation of 
glyceraldehyde-3-P is measured indirectly by a coupled reac- 
tion in a system containing excess triosephosphate isom- 
erase (TIM), glycerolphosphate dehydrogenase (GD), and 
NADH. Glyceraldehyde-3-P is converted by TIM to 
dihydroxyacetone-P, which in the presence of GD and 
NADH is reduced to glycerol-1-P. The rate of NADH oxi- 
dation, measured. at 340nm, is proportional to the trans- 
ketolase activity. Kinetic methods such as these have been 
automated with consequent improvements in throughput 
and precision. 

The transketolase activation test is in reality two tests: one 
a measurement of basal activity and the other the degree to 
which the basal activity can be increased by exogenous thi- 
amine pyrophosphate, and each may be influenced by dif- 
ferent factors. There is evidence that chronic deficiency states 
of thiamine may down regulate synthesis of the apoen- 
zyme.‘ In comparison studies against erythrocyte TPP con- 
centrations, better correlations were obtained with basal 
activity rather than the activation coefficient.” 

Other potential disadvantages of the transketolase test are 
reductions in apoenzyme synthesis in diseases other than 
thiamine deficiency (diabetes,'*' liver disease), reduced 
apoenzyme to coenzyme binding with apotransketolase vari- 
ants,’ lack of stability relative to TPP on processing and 
storage,” lack of a standard or EQAS, and variations in pub- 
lished upper limits for the activation coefficient from 15.5% 
to 40%. The main advantages of the transketolase test are 
that it is widely used, has a relatively large database and body 
of experience, and is claimed to correlate better with clini- 
cal conditions in alcoholic patients being repleted with 
thiamine.” 

Direct measurement of circulating thiamine concentra- 
tion may be made in plasma, erythrocytes, or whole blood. 
The plasma (or serum) concentration is thought to reflect 
recent intake and is mainly unphosphorylated thiamine at 
low concentration (around 10 to 20nmol/L). Because the 
erythrocyte contains approximately 80% of the total thi- 
amine content of whole blood,” mainly as the pyrophos- 
phate, and erythrocyte thiamine stores deplete at a similar 
rate to other major organs,” HPLC measurement of TPP in 
erythrocytes is a good indicator of body stores, Typical 
HPLC methods include a protein precipitation step, pre- 
column or postcolumn formation of the fluorophore; 
thiochrome, usually with alkaline ferricyanide; and isocratic 
separation." The method is easily standardized with pure 
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thiamine pyrophosphate, has good precision (interbatch 
CVs of 5% to 8%), acceptable limits of detection (around 
10nmol/L), and the analyte is stable at -70 °C for at least 
7 months and at room temperature for 48 hours. Whole 
blood samples may be analyzed in a manner similar to 
washed erythrocytes and have the advantage of simpler 
sample handling, but are subject to vatiable plasma dilution. 
However, a good correlation has been obtained between ery- 
throcyte and whole blood TPP concentrations, particularly 
when whole blood TPP included a correction for hemoglo- 
bin (Hb). At the time of writing, no EQAS are available for 
thiamine analysis. 

Determination of the urinary excretion of thiamine 
in a 4-hour specimen, especially with comparison of 
excretion before and after a test load, is helpful in differen- 
tiating among extremes of thiamine status. However, as 
with most assessments based on amount of water-soluble 
vitamins in urine, excretion can be influenced considerably 
by dietary intake, absorption, and other factors. Measure- 
ments of certain urinary metabolites, notably thiamine 
acetic acid, have also been suggested as reflecting thiamine 
status.*” 


Reference Intervals 


Reference intervals for thiamine and its esters depend upon 
whether (1) erythrocytes, whole blood, or plasma are used 
as a sample; (2) cellular concentrations are expressed per liter 
of packed red cells or grams of Hb; and (3) mass or SI units 
are used. Some guidance intervals are, for erythrocyte trans- 
ketolase activity 0.75 to 1.30U/g Hb (48.4 to 83.9kU/mol 
Hb) and for percent TPP effect (activation), 0 to 15% is 
normal, 16% to 25% marginally deficient and >25% severely 
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deficient with clinical signs. For direct TPP concentration 
measurements, typical intervals are 173 to 293nmol/L ery- 
throcytes and 90 to 140nmol/L whole blood,'® or 280 to 
590 ng/g Hb in erythrocytes and 275 to 675 ng/g Hb in whole 
blood.** 


VITAMIN B,—-RIBOFLAVIN 


Riboflavin, also known as vitamin B,, is an essential compo- 
nent of FAD and flavin mononucleotide (FMN)—coen- 
zymes that are involved in many redox reactions. 


Chemistry 


Vitamin B, refers to riboflavin and its related metabolites, 
which act as cofactors to several reduction-oxidation 
enzymes. The parent compound—riboflavin, 7,8-dimethyl- 
10-[1’-p-ribityl]isoalloxazine)\—is a yellow fluorescent 
compound whose major physiological role is to act as a pre- 
cursor for FMN (riboflavin-5’-phosphate) and FAD. FMN is 
formed from riboflavin by flavokinase-catalyzed phosphory- 
lation, and FAD is formed from FMN and ATP by the 
action of FAD synthetase, also called pyrophosphorylase 
(Figure 30-11).“ FAD is further converted by covalent 
bonding to form various tissue flavoproteins.*™ Flavins are 
stable during exposure to heat but are decomposed by light, 
which causes photodegradation of the p-ribitol side chain 
at position 10 of the isoalloxazine ring system to ultimately 
yield lumiflavin (7,8,10-trimethylisoalloxazine) under alka- 
line conditions and lumichrome (7,8-dimethylalloxazine) 
at all pH values, especially in neutral-to-acidic solutions. 
Flavins are chemically and biologically reduced to nearly 
colorless compounds that rapidly reoxidize on exposure to 
air (oxygen). 
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Figure 30-10 The transketolase reaction. 
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Dietary Sources 


Rich sources of the coenzyme forms of the vitamin are liver, 
kidney, and heart. Many vegetables are also good sources, but 
cereals are rather low in flavin content. However, current 
practices of fortification and enrichment of cereal products 
have made these significant contributors to the daily require- 
ment. Milk, from cows“ and humans,” is a good source of 
the vitamin, but considerable loss can occur from exposure 
to light during pasteurization and bottling or as a result of 
irradiation to increase the vitamin D content. 


Absorption, Transport, Metabolism, and Excretion 

Most dietary riboflavin is taken in as a complex of food 
protein with the coenzymes FMN and FAD. These coen- 
zymes are released from noncovalent attachment to proteins 
as a consequence of gastric acidification. Nonspecific action 
of pyrophosphatase and phosphatase on the coenzyme 
occurs in the upper gut.” The vitamin is primarily absorbed 
in the proximal small intestine by a saturable transport 
system that is rapid and proportional to intake before level- 
ing off at doses near 27 mg riboflavin per day.®ć Bile salts 
appear to facilitate the uptake, and a modest amount of the 
vitamin circulates via the enterohepatic system.” Active 
transport at lower levels of intake was thought to be sodium 
ion—dependent and involve phosphorylation, though later 
work has suggested that uptake is independent of sodium 
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Figure 30-11 Riboflavin and FMN as components of FAD, 
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Figure 30-12 Cellular interconversions of flavins. 
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ions.“ The transport of flavins in human blood involves 
loose binding to albumin and tight binding to a number of 
globulins, with the major binding being to several classes of 
immunoglobulins (IgA, IgG, and IgM)?” Pregnancy 
increases the concentration of carrier protein for 
riboflavin,”’ which results in a higher rate of riboflavin 
uptake at the maternal surface of the placenta.” The uptake 
of riboflavin into the cells of organs, such as liver, is facili- 
tated, possibly requiring a specific carrier, at physiological 
concentrations, but can be by diffusion at higher concentra- 
tions.” Metabolic interconversions of flavins at the cellular 
level are outlined in Figure 30-12. Conversion of riboflavin 
to coenzymes occurs within the cellular cytoplasm of most 
tissue but particularly in the small intestine, liver, heart, and 
kidney. The obligatory first step is the ATP-dependent phos- 
phorylation of the vitamin catalyzed by flavokinase. The 
FMN product can be complexed with specific apoenzymes 
to form several functional flavoproteins, but the larger quan- 
tity is further converted to FAD in a second ATP-dependent 
reaction catalyzed by FAD synthetase (pyrophosphorylase). 
Biosynthesis of flavocoenzymes, particularly at the flavo- 
kinase step, is probably tightly regulated. Thyroxine and 
triiodothyronine stimulate FMN and FAD synthesis in 
mammalian systems.’ FAD is the predominant flavocoen- 
zyme present in tissue where it is mainly complexed with 
numerous flavoprotein dehydrogenases and oxidases, Some 
FAD (less than 10%) can also become covalently linked to 
any of 5 specific amino acid residues of a few important 
apoenzymes.'” Examples include the 84-N(3)-histidyl FAD 
within succinate dehydrogenase and 80-S-cysteiny! FAD 
within monoamine oxidase, both of mitochondrial localiza- 
tion, Turnover of covalently attached flavocoenzymes 
requires intracellular proteolysis, and further degradation of 
the coenzymes involves nonspecific pyrophosphatase cleav- 
age of FAD to FMN and AMP, and further action by non- 
specific phosphates on FMN and AMP. Because there is little 
storage of riboflavin as such, the urinary excretion reflects 
dietary intake, Milk contains reasonable quantities of the 
vitamin and lesser amounts of coenzyme, principally FMN. 
Smaller amounts of side-chain degradation products, 
such as lumichrome, 10-formylmethylflavin, and 10-(2’- 
hydroxyethyl)flavin, and ring-altered compounds are also 
excreted and may largely result from the action of intestinal 
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microorganisms,” Traces of 80-flavin peptides and catabo- 
lites are found in urine and feces, 


Functions 

Riboflavin, as its coenzyme derivatives, is involved in a large 
variety of chemical reactions. These derivatives are capable 
of both one- and two-electron transfer processes, and play a 
pivotal role in coupling the two-electron oxidation of most 
organic substrates to the one-electron transfer of the respi- 
ratory chain, thus being involved in energy production. 
They also function as electrophiles and nucleophiles, with 
covalent intermediates of flavin and substrate frequently 
being involved in catalysis. Flavoproteins catalyze dehydro- 
genation reactions, hydroxylations, oxidative decarboxyla- 
tions, deoxygenations, and reductions of oxygen to hydrogen 
peroxide.*” The chemical versatility of the flavoproteins is 
clearly controlled by specific interactions with the proteins 
with which they are bound. Other major functions of 
riboflavin include drug metabolism in conjunction with the 
cytochrome P-450 enzymes and lipid metabolism. 

Flavins also have both prooxidative and antioxidative 
functions. They are thought to contribute to oxidative stress 
through the ability to produce superoxide and to catalyze 
the production of hydrogen peroxide. As an antioxidant, 
FAD is a coenzyme to glutathione reductase in the regener- 
ation of reduced glutathione from oxidized glutathione, nec- 
essary for the removal of lipid peroxides. Riboflavin 
deficiency is associated with increased lipid peroxidation." 
Flavins have also been linked with apoptosis and have 
homocysteine-lowering properties, FAD being a cofactor to 
methylenetetrahydrofolate reductase in the remethylation of 
homocysteine.’ Newer therapeutic uses of riboflavin are in 
the prophylaxis of migraine attacks? and in the treatment 
of lactic acidosis caused either by the use of nucleoside 
reverse transcriptase inhibitors in patients with the acquired 
immunodeficiency syndrome” or by genetic defects in the 
mitochondrial respiratory chain, such as in Leigh disease.” 


Requirements and Reference Nutrient Intakes 

Assessment of riboflavin status has been made on the basis 
of the relationship of dietary intake to overt signs of hypo- 
riboflavinosis, urinary excretion of the vitamin, erythrocyte 
riboflavin content, and erythrocyte glutathione reductase 
activity.'” Calculations have been based on protein 
allowances, energy intakes, and metabolic body size, but 
these do not differ significantly because they are interde- 
pendent. At least 0.5mg of riboflavin per 1000kcal is 
required by the adult, and 0.6 mg/1000kcal constitutes the 
allowance suggested for all ages. Based on considerations 
such as these, the current RDA has been set at 1.3 mg/day for 
men of 19 to 70 years of age and older, and 1.1 mg/day for 
women in the same age group. Children 1 to 3 years old have 
an RDA of 0.5 mg/day, increasing to 0.6mg/day up to age 8. 
From 8 to 18 years, RDAs progressively approach adult levels. 
Because pregnant women tend to excrete less riboflavin as 
pregnancy progresses and additionally exhibit FAD stimula- 


tion of erythrocyte glutathione reductase activity, recom- 
mended allowances call for an additional 0.3 mg/day during 
pregnancy, During lactation, between 18 and 80ug of ri- 
boflavin are secreted daily into every 100 mL of human milk. 
Assuming that an infant will ingest an average of 750mL 
of milk per day during its first 6 months and 600 mL/day for 
the next 6 months, this secretion rate translates into an 
ingestion of between 100 and 600 ug of riboflavin per day. 
Further assuming that 70% of maternally ingested riboflavin 
is used for milk production, these data suggest that the 
present RDA for lactating women should be increased by 
an additional 400 to 500jg/day. Accordingly the RDA for 
lactating women has been set at 1.6mg/day.'” 


Intravenous Supply 

The recommended intravenous supply of riboflavin in adults 
is 3.6 mg/day.’ Riboflavin in TPN mixtures may be subject to 
degradation under exposure to ultraviolet light, so bags con- 
taining riboflavin should either contain fat emulsion or be 
covered to provide protection from light.>” 


Deficiency 

Although riboflavin has a wide distribution in foodstuffs, 
many people live for long periods on low intakes, and con- 
sequently, minor signs of deficiency are common in many 
parts of the world. In addition to poor intake, functional 
deficiency can be induced by diseases such as hypothy- 
roidism and adrenal insufficiency that inhibit the conversion 
of riboflavin to its coenzyme derivatives and by drugs such 
as chlorpromazine, imipramine, and amitriptyline that have 
a similar tricyclic structure to riboflavin—the anticancer 
drug doxorubicin and the antimalarial quinacrine. 
Excess ethanol ingestion interferes with both the digestion 
and absorption of riboflavin. 

Because flavin coenzymes are widely distributed in inter- 
mediary metabolism, the consequences of deficiency may be 
widespread. Because riboflavin coenzymes are involved in 
the metabolism of folic acid, pyridoxine, vitamin K, and 
niacin,“ deficiency will affect enzyme systems other than 
those requiring flavin coenzymes, With increasing riboflavin 
deficiency, tissue concentrations of FMN and FAD fall, as 
does flavokinase activity, thus further decreasing FMN con- 
centrations. FMN concentrations are decreased proportion- 
ally more than FAD concentrations. Decreases in the 
activities of enzymes requiring FMN generally follow the fall 
in tissue concentrations, whereas the FAD-dependent 
enzymes are more variably affected.” 

The deficiency syndrome is characterized by sore throat, 
hyperemia, edema of the pharyngeal and oral mucous 
membranes, cheilosis, angular stomatitis, glossitis 
(magenta tongue), seborrheic dermatitis, and nor- 
mochromic, normocytic anemia associated with pure red 
blood cell aplasia of the bone marrow. However, some of 
these symptoms, such as glossitis and dermatitis, when 
encountered in the field may have resulted from other com- 
plicating deficiencies. 
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Toxicity 

Probably as a result of its limited solubility and limited 
gastric absorption, no adverse effects have been associated 
with ingestion of riboflavin appreciably above RDA levels. 
One study reported no short-term side effects in 49 patients 
treated with 400 mg/day of riboflavin with meals for at least 
3 months.™ Because of a lack of data for risk assessment, no 
tolerable upper intake level has been proposed for 
riboflavin.'” 


Laboratory Assessment of Status 


Riboflavin status is assessed by (1) determination of urine 
riboflavin excretion, (2) a functional assay using the activa- 
tion coefficient of stimulation of the enzyme glutathione 
reductase by FAD, or (3) direct measutement of riboflavin 
or its metabolites in plasma or erythrocytes. The advantages 
and disadvantages of functional or direct methods have been 
discussed in the section on thiamine. 

Urinary riboflavin can be measured using fluorometric 
and microbiological procedures, but for specificity, HPLC 
combined with fluorometric detection is the method of 
choice." Under conditions of adequate intake, the amount 
excreted per day is more than 120 ug or 80 ug/g creatinine. 
The rate of excretion expressed as ug/g creatinine is greater 
for children than for adults. Conditions causing negative 
nitrogen balance and the administration of antibiotics and 
certain psychotropic drugs (phenothiazine derivatives) 
increase urinary riboflavin as a consequence of tissue depie- 
tion and displacement. A load return test may augment the 
reliability, but is more cumbersome. 

A commonly used method for assessing riboflavin status 
uses the determination of FAD-dependent glutathione 
reductase activity in freshly lysed erythrocytes.” This 
enzyme-based. assay has been chosen for the majority of 
surveys of riboflavin status. Most methods measure the rate 
of change of absorbance at 340 nm caused by the oxidation 
of NADPH and have been automated to give rapid through- 
puts and CVs of less than 2% within run, though some have 
used fluorescence detection with increased sensitivity.” 
Potential problems are that in long-standing riboflavin 
deficiency the apoenzyme activity may be reduced, possibly 
leading to a misleading activation coefficient calculation, 
and that in patients with glucose-6-phosphate deficiency, a 
misleadingly low activation coefficient may be measured, 
possibly caused by enhanced binding of FAD to the 
apoenzyme.*”’ 

Direct measurement of riboflavin, FMN, and FAD in 
plasma or erythrocytes may be made by HPLC, usually with 
fluorescence detection after protein precipitation” or by cap- 
illary zone electrophoresis with laser-induced fluorescence 
detection (CZE-LIF).** In a study of riboflavin status and 
FMN and FAD concentrations in plasma and erythrocytes 
from elderly subjects at baseline and after low-dose 
riboflavin supplementation, using both activation coefficient 
measurements and CE-LIR it was concluded that concen- 
trations of all B, vitamers except plasma FAD are potential 


indicators of vitamin B, status, and that plasma riboflavin 
and erythrocyte FMN may be useful in the assessment of 
vitamin B; status in population studies.”” 


Reference Intervals 

The reference interval for erythrocyte riboflavin using 
a fluorometric method*' is 10 to 50pg/dL (266 to 
1330 nmol/L).”* The reference interval for serum or plasma 
levels of riboflavin is 4 to 24 {g/dL (106 to 638 nmol/L).'*°°”* 
Guidance reference intervals for the activation coefficient 
of erythrocyte glutathione reductase by FAD are 1.20 (ade- 
quacy), 1.21 to 1.40 (marginal deficiency), and 1.41 and 
above (deficiency).” 


VITAMIN B,—PYRIDOXINE, PYRIDOXAMINE, 

AND PYRIDOXAL 

Pyridoxine (pyridoxol), pyridoxamine, and pyridoxal are the 
three natural forms of vitamin Bs. They are converted to 
pyridoxal phosphate, which is required for the synthesis, 
catabolism, and interconversion of amino acids. 


Chemistry 


The vitamin B, group comprises three natural forms: pyri- 
doxine (pyridoxol) (PN), pyridoxamine (PM), and pyridoxal 
(PL) which are 4-substituted 2-methyl-3-hydroxyl- 
5-hydroxymethyl pyridines (Figure 30-13). During meta- 
bolic conversions, each vitamer becomes phosphorylated. at 
the 5-hydroxymethyl substituent. Although both pyridox- 
amine-5’-phosphate (PMP) and pyridoxal-5’-phosphate 
(PLP, P-5’-P) interconvert as coenzyme forms during amino- 
transferase (transaminase)-catalyzed reactions, PLP is the 
coenzyme form that participates in the large number of 
B,-dependent enzyme reactions. 


Dietary Sources 

Vitamin B, is widely distributed in animal and plant tissues 
where the phosphorylated forms, and particularly PLP, pre- 
dominate. Meats, poultry, and fish are good sources, as are 
yeast, certain seeds, bran, and bananas; somewhat more 
limited sources are milk, eggs, and green leafy vegetables.” 
In the United States and some other countries, fortified 
ready-to-eat cereals are the main dietary source of vitamin 
Bs. The common commercial form of the vitamin is pyri- 
doxine hydrochloride, which is a water-soluble, white, crys- 
talline solid. Solutions of the Bs vitamers are decomposed. 
by light, especially in the ultraviolet region at neutral to 
alkaline pH. The reactive aldehyde function of PLP leads to 
significant loss during thermal processing of foods.”"° 
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Figure 30-13 Free and phosphorylated forms of vitamin Be. 


R = CHOH for pyridoxine, CH,NH, for pyridoxamine, and 
CHO for pyridoxal. 
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Absorption, Transport, Metabolism, and Excretion 

Food sources of animal origin contain mainly PLP with 
some PMP, whereas plant sources also contain pyridoxine- 
5’-glucoside, which is absorbed in a different manner. The 
phosphorylated sources are hydrolyzed by the intraluminal 
action of intestinal alkaline phosphatase, but pyridoxine-5’- 
glucoside is less effectively hydrolyzed by nonspecific gly- 
cosidase within cells, and some pyridoxine-5’-glucoside can 
be absorbed intact and hydrolyzed in various tissues.”*! The 
nonphosphorylated vitamers are readily absorbed by the 
mucosal cells by a process of passive diffusion, which does 
not appear to be limited by load.” Here, as in other cells 
requiring vitamin B,, the unphosphorylated vitamers may be 
“metabolically trapped” as the phosphorylated forms by 
cytoplasmic pyridoxal kinase responsible for catalyzing the 
ATP-dependent phosphorylation of all three vitamin forms. 
Transport to the liver via the portal vein is by the unphos- 
phorylated form. 

Figure 30-14 shows the intracellular metabolism of 
vitamin Be. Most cells contain a cytosolic FMN-dependent, 
pyridoxine (pyridoxamine)-5’-phosphate oxidase responsi- 
ble for catalyzing the oxygen-dependent conversion of pyri- 
doxine phosphate and pyridoxamine phosphate to PLP (and 
hydrogen peroxide).*” PLP can enter directly into subcellu- 
lar organelles, such as hepatocyte mitochondria,**! and can 
bind for catalytic function with numerous specific 
apoenzymes throughout the cell. The erythrocyte, in 
addition, traps PLP as a conjugate Schiff base with hemo- 
globin.” Vitamin B, in muscle accounts for 80% of body 
stores, mostly as PLP bound to glycogen phosphorylase.” 
Total body stores of vitamin Bę are thought to be about 
1 mmole, 

Release of free vitamin, mainly pyridoxal, occurs when 
physiological nonsaturating levels of vitamin are absorbed. 
Here the phosphates are hydrolyzed by nonspecific alkaline 
phosphatase located on the plasma membrane of cells. Some 
PLP is also released into the circulation by the liver.” 
Because the reactive aldehyde is capable of forming Schiff 
bases with amino groups, PLP in plasma is more tightly com- 
plexed to proteins—mostly albumin—than is pyridoxal, 
which forms an intramolecular hemiacetal between the 
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4-formyl and 5-hydroxymethyl functions. Although PLP is 
the principal tissue form of vitamin B, and pyridoxal con- 
stitutes much of the circulating vitamin, the main catabolite 
excreted in urine is 4-pyridoxic acid (4-PA), which is formed 
by the action of the FAD-dependent general liver aldehyde 
oxidase and especially by NAD-specific aldehyde dehydroge- 
nase, which is found in most tissue. 


Functions 


As coenzyme PLP, vitamin B, functions in more than 100 
reactions that embrace the metabolism of macronutrients, 
such as proteins, carbohydrates, and lipids.”*® Especially 
diverse are PLP-dependent enzymes that are involved in 
amino acid metabolism. By virtue of the ability of PLP to 
condense its 4-formyl substituent with the @-amino group 
of an amino acid to form an azomethine (Schiff base) 
linkage, a conjugated double-bond system, extending from 
the a-carbon of the amino acid to the pyridinium nitrogen 
in PLP, results in reduced electron density about the 
a-carbon. This configuration potentially weakens each of 
the bonds from the amino acid a-carbon to the adjoined 
hydrogen, carboxyl, and side-chain functions. A given 
apoenzyme then locks in a particular configuration of the 
coenzyme-substrate compound, such that maximal overlap 
of the bond to be broken will occur with the resonant, copla- 
nar, electron-withdrawing system of the coenzyme complex. 
Aminotransferases affect rupture of the a-hydrogen bond 
with the ultimate formation of an o-keto acid and pyridox- 
amine-5’-phosphate; this reversible reaction provides an 
interface between amino acid metabolism and that of keto- 
genic and glucogenic reactions (see Chapter 21). 

Other examples of PLP-requiring enzymes are the amino 
acid decarboxylases that lead to formation of amines, includ- 
ing several that are functional in nervous tissue (e.g., epi- 
nephrine, norepinephrine, serotonin, and y-aminobutyrate); 
cysteine desulfhydrase and serine hydroxymethyltransferase, 
which use PLP to effect the loss or transfer of amino acid 
side chains; phosphorylase, which catalyzes phosphorolysis 
of the a-1,4-linkages of glycogen; and cystathione beta- 
synthase in the transsulfuration pathway of homocysteine. 
Additionally the biosynthesis of heme depends on the early 
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formation of 5-aminolevulinate from PLP-dependent con- 
densation of glycine and succinyl-CoA, followed by decar- 
boxylation, and an important role in lipid metabolism is the 
PLP-dependent condensation of t-serine with palmitoyl- 
CoA to form 3-dehydrosphinganine, a precursor of sphin- 
gomyelins. Therapeutically, vitamin B, has been used in the 
treatment of some intractable seizures in neonates and 
infants, in other vitamin B,-responsive inborn errors of 
metabolism,“ and in the carpal tunnel syndrome.” 


Requirements and Reference Nutrient Intakes 

Requirements for vitamin Bs are complicated by (1) differ- 
ences in protein intake, (2) the probable provision of a frac- 
tion of the necessary quantity through bacterial synthesis in 
the intestinal tract, (3) the use of alcohol and oral contra- 
ceptives, and (4) the infrequent cases in which extra require- 
ments are apparent. ®®? Estimates of requirements with 
some margin of safety have been based on the production 
and cure of clinical signs of deficiency but more often on 
biochemical parameters. The latter include the determina- 
tion of the urinary excretion of vitamin B, and 4-PA or xan- 
thurenic acid after a tryptophan load test, the plasma levels 
of PLP, and red blood cell transaminase activity.'” A ratio 
of 0.016mg of vitamin B,/g of protein intake has been 
suggested for normal adults and may be extrapolated to 
children and adolescents. Recommendations (1998) have 
proposed RDAs of 0.5mg/day for children 1 to 3 years, 
0.6 mg/day for children 4 to 8 years, 1.0 mg/day for children 
9 to 13 years, 1.3 mg/day for boys 14 to 18 years, 1.3 mg/day 
for men to age 50 years, and 1.7mg/day for men over 50 
years. Girls 14 to 18 years have an RDA of 1.2 mg/day; 
women 19 to 50 years, 1.3mg/day; and women over 50 
years, 1.5 mg/day.’” An addition of 0.6 mg B, per day is sug- 
gested for pregnant women to match the increased protein 
allowance during gestation. During lactation, an additional 
0.5mg/day is recommended to accommodate for extra 
protein intake and provide a level of 0.10 to 0.25 mg/L of the 
vitamin in milk, which is adequate for the breast-fed infant. 


Intravenous Supply 


The recommended intravenous supply of vitamin B, has 
been increased from 4mg/day to 6mg/day for adults to 
ensure adequate amounts in patients who are sometimes 
receiving quite large amino acid intakes.’ This is usually 
provided as pyridoxine hydrochloride. 


Deficiency 


A deficiency of vitamin B, alone is uncommon, and it is 
more usual to expect the problem to occur in association 
with deficits in other vitamins of the B-complex. As with 
other water-soluble vitamins that function as coenzymes, the 
relative affinity of the coenzyme for a given apoenzyme and 
the extent to which a particular holoenzyme-catalyzed reac- 
tion is essential are reflected in the progressive symptoma- 
tology of deficiency of the vitamin. Investigations of the 
consequences of vitamin B, deficiency in the human use 


diets deficient in the vitamin and/or diets containing 
an antagonist, usually 4’-deoxypyridoxine.’” There are, 
however, instances in which drug interactions have led to 
hypovitaminosis of Bs.” The antituberculosis drug isoniazid 
{isonicotinic acid hydrazide) forms hydrazones with pyri- 
doxal and PLP. As with other “carbonyl reagents,” such com- 
pounds not only cause loss by displacement and urinary 
excretion, but the Schiff bases formed with pyridoxal inhibit 
pyridoxal kinase,” and the PLP Schiff bases may addition- 
ally inhibit some PLP-dependent enzymes.” Penicillamine 
(B-dimethyl cysteine), used in treatment of patients with 
Wilson’s disease in an attempt to decrease the damaging 
levels of copper found in liver, inactivates PLP by forming a 
thiazolidine derivative.” Other drugs that can cause vitamin 
Be deficiency include the antiparkinsonian drugs benserazide 
and carbidopa, which react by forming hydrazones,” and 
theophylline.” 

There are several vitamin B,-responsive inborn errors of 
metabolism” that include (1) cases of infantile convulsions 
in which the apoenzyme for glutamate decarboxylase has a 
poor affinity for the coenzyme; (2) a type of chronic anemia 
in which the number but not morphological abnormality of 
erythrocytes is improved by pyridoxine supplementation; 
(3) xanthurenic aciduria in which affinity of the mutant 
kynureninase for PLP is decreased; (4) primary cystathion- 
inuria caused by similarly defective cystathionase; and 
(5) homocystinuria in which there is less of the normal cys- 
tathionine synthetase.” In these cases increased levels (200 
to 1000 mg/day) of administered vitamin B, are required for 
life.” Low vitamin B, status (together with low vitamin Bz 
and folate status) in humans has been linked to hyperho- 
mocysteinemia and as an independent risk factor for car- 
diovascular disease. S 

Biochemical markers of vitamin B, deficiency occur early 
and become more marked as the deficiency pro- 
gresses,”?”"> Plasma levels of PLP and urinary output of 
Bs and 4-PA decrease within 1 week of removal of vitamin 
from the diet. Because liver kynureninase activity is 
decreased, there is increased xanthurenic acid in urine. 
Aminotransferase activity in serum and red blood cells also 
decreases. Clinically, electroencephalographic abnormalities 
appear within 3 weeks and epileptiform convulsions are a 
common finding in young vitamin B,—-deficient subjects. In 
addition, skin changes occur, including dermatitis with 
cheilosis and glossitis. Hematological manifestations may 
include a decrease in the number of circulating lymphocytes 
and possibly a normocytic, microcytic, or sideroblastic 
anemia. 


Toxicity 

Although no adverse effects have been observed with high 
intakes of vitamin B, from food sources, high oral supple- 
mental doses can have neurotoxic and photosensitive effects. 
The first reported cases in humans were a series of 7 patients 
who had taken between 2 and 6g of pyridoxine per day for 
up to 40 months. Four of these patients were unable to walk 
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and all showed severe sensory neuropathy of the extremities, 
though the majority of the symptoms were reversed on stop- 
ping the pyridoxine.” None of the subsequent studies 
showed any evidence of sensory nerve damage at intakes 
below 200 mg/day. Based on the end point of development 
of sensory neuropathy, 1998 recommendations have set a 
tolerable upper intake level of 100 mg/day for adults.” 


Laboratory Assessment of Status 

As with the other B vitamins that act as coenzymes,’ bio- 
chemical assessment of vitamin B, can be made by direct 
chemical analysis of the vitamer or its metabolites, or by 
functional means. Measurements that have been used are 
PLP in plasma or red cells, its metabolite 4-PA in urine or 
plasma, the activity and activation coefficient of the red cell 
aminotransferases (aspartate and alanine), and the trypto- 
phan load metabolite excretion test.” As no single marker 
adequately reflects status, a combination of these markers 
offers the best approach. 

Direct assessment was originally made by microbiologi- 
cal techniques using specific strains of Saccharomyces carls- 
bergensis for all 3 natural vitamers, Enterococcus faucium for 
pyridoxal and pyridoxamine, and Lactobacillus casei for pyri- 
doxal. Levels of 20 ug of vitamin Bs per gram creatinine in 
urine are considered indicative of marginal or inadequate 
dietary intake of the vitamin. Plasma PLP and plasma or 
urine 4-PA are most commonly measured by HPLC, PLP 
with fluorescence detection following precolumn fluo- 
rophore formation either as a semicarbazone,™ or a pyri- 
doxic acid phosphate” and 4-PA with its natural 
fluorescence. During deficiency, the level of 4-PA will drop 
well below the normal level of at least 0.8 mg/day in urine. 
Using ion-pair reversed-phase chromatography,” plasma 
vitamin B, vitamers (PLP, PL, PN, PMP, PM, and 4-PA) were 
measured in 90 patients undergoing coronary angiography 
before and after treatment with pyridoxine, 40 mg daily for 
up to 84 days. PLP, 4-PA, and to a lesser degree PL were 
found to be the predominant B, metabolites in pretreatment 
plasma. After treatment, PN was also detectable, and PN and 
PL showed the largest increases in concentration. Increases 
in plasma concentrations of PLP, PL, and 4-PA occurred 
within 3 days of supplementation and were steady for the 
remainder of the study period. Other direct measurements 
have used recombinant enzyme technology. A homogenous, 
nonradioactive recombinant enzymatic method for PLP has 
been described that uses 5 uL of plasma, has a detection limit 
of 5nmol/L, and may be applicable to adaptation to an auto- 
mated analyzer.” 

Functional assessment of vitamin B, status may be made 
by measuring the activity of red cell aspartate (or alanine) 
aminotransferase, and its activation coefficient on incuba- 
tion with PLP, though as the apoenzyme is highly unsatu- 
rated with PLP, the results obtained have more variability 
than corresponding methods for vitamins B; and B, and are 
thus considered less useful. Activation coefficients of less 
than about 1.5 for aspartate aminotransferase and 1.2 for 


alanine aminotransferase are considered normal but may 
depend somewhat on the assay method used. Measurement 
of urinary tryptophan metabolites, particularly xanthurenic 
acid, following an oral load (2 to 5g) of L-tryptophan, is one 
of the most common indices used in studies of vitamin B, 
nutriture, because changes can be recognized early and mea- 
surements are relatively easy. Amounts of xanthurenate well 
above the normal (about 25 mg/day) are seen in vitamin B, 
deficiency. Levels of other metabolites, such as kynurenic 
acid and 3-hydroxykynurenine, are also increased. 


Reference Intervals 

A guidance reference interval for plasma PLP is 5 to 30ng/mL 
(20 to 121nmol/L).** Plasma levels less than Sng/mL 
(20nmol/L) are judged deficient. Guidance values for other 
vitamin B, metabolites have been published elsewhere.“ 


VITAMIN B,,—CYANOCOBALAMIN 

Vitamin Bı» also known as cyanocobalamin, is a water- 
soluble hematopoietic vitamin that is required for the mat- 
uration of erythrocytes. 


Chemistry 


Vitamin B, is one of the most structurally complex small 
molecules produced by nature, whose biosynthetic pathway 
has been extensively studied and elucidated.’ The generic 
term vitamin B, refers to a group of physiologically active 
substances chemically classified as cobalamins or corrinoids. 
They are composed of tetrapyrrole rings surrounding central 
cobalt atoms and nucleotide side chains attached to the 
cobalt. The cobalamin tetrapyrrole ring, exclusive of cobalt 
and other side chains, is called a corrin. All compounds con- 
taining this corrin nucleus are corrinoids. The cobalt-corrin 
complex is termed. cobamide. In cobalamins, 5,6-dimethyl- 
benzimidazole riboside is bound to the cobalt atom by one 
of its imidazole nitrogens and its 2’-ribose carbon is linked 
with an ester of aminoisopropanol and propionic acid to the 
corrin ring (Figure 30-15). 

Cobalamins differ in the nature of additional side groups 
bound to cobalt. Examples are methyl (methylcobalamin), 
5’-deoxyadenosine (deoxyadenosyl [short form, adenosyl] 
cobalamin, or coenzyme B,,), hydroxyl (hydrexocobalamin), 
H,O (aquocobalamin, or vitamin By), and cyanide 
(cyanocobalamin). Cyanocobalamin is a stable compound 
that forms dark red, needlelike crystals; it is the reference 
compound for measuring serum cobalamin concentration. 
Less stable serum cobalamins may be converted to this com- 
pound for quantitation. The predominant physiological 
form of cobalamin in serum is methylcobalamin, whereas 
that in cytosols is adenosylcobalamin. It is recommended 
that the term vitamin Bız be used as the generic descriptor 
for all corrinoids exhibiting qualitatively the biological activ- 
ity of cyanocobalamin.’* Cyanocobalamin has a molecular 
weight of 1355Da and a solubility of 12g/L in water at 
20 °C. It is also soluble in lower alcohols and aliphatic acids, 
but is insoluble in acetone, ether, and chloroform. It is grad- 
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Figure 30-15 The structure of 5’-deoxyadenosyl cobalamin. 
(Modified from Chanarin I:The megaloblastic anemias, 2nd edition, 
Oxford: Blackwell Scientific, 1979.) 


ually destroyed on exposure to light.” Aqueous solutions of 
cyanocobalamin exhibit a distinctive absorption spectrum 
with maxima at 278, 361, and 550nm, with absorptivity 
coefficients of 115, 207, and 63 at these maxima, respectively. 
The spectrum is independent of pH but changes when 
cyanocobalamin binds to intrinsic factor (IF). Because of its 
stability in aqueous solutions and its distinct absorption 
spectrum, accurate concentrations of cyanocobalamin can 
be prepared and used as calibrators for the measurement of 
serum cobalamin levels. 


Dietary Sources 

All vitamin By is ultimately the product of microbial syn- 
thesis, and because plants do not use the vitamin, the main 
dietary sources are meat and meat products, dairy products, 
fish and shellfish, and fortified ready-to-eat cereals.’”” 


Absorption, Transport, Metabolism, and Excretion 

The uptake of vitamin B,, from the intestine into the circu- 
lation is a complex mechanism, involving five separate 
vitamin B,.~binding molecules, receptors, and trans- 
porters.“ The vitamin B,, released from food in the stomach 
is bound to haptocorrin (R protein, a salivary protein), and 
travels with it into the intestine where the haptocorrin is 
digested by pancreatic enzymes. The liberated vitamin Bz 
then binds to IE, a glycoprotein with a molecular weight of 
approximately 50kDa, which is produced by the gastric 
mucosa. When the vitamin B,.-IF complex reaches the distal 
ileum, it is bound by receptors on the surface of mucosal 
epithelial cells and then enters the cells. Within the mucosal 
epithelial cells, the vitamin B,,-IF complex is dissociated 
with the vitamin Bi» then binding with transcobalamin II 
(TcII). The B-TcH complex is then transported across the 
cell membrane bound to a Tcll-receptor and then released 
into the plasma of the mucosal capillaries and subsequently 
to the blood in the portal vein.” Almost all of the vitamin 


B» is taken up by hepatocytes as the blood in the portal vein 
passes through the liver. It is stored in the liver and released 
to plasma to meet physiological demands. If the quantity of 
vitamin Bı exceeds the capacity of hepatocyte receptors, 
most of the excess is excreted by the kidneys. Normally, 
approximately 1 mg of vitamin B» is stored in the liver, a 
quantity equivalent to the daily metabolic requirement for 
2000 days. Thus when the dietary supply of vitamin B, is 
interrupted or mechanisms of absorption are impaired, 
vitamin Bp deficiency does not become evident for 5 years 
or more. 

IF is a glycoprotein with a molecular weight of approxi- 
mately 50 kDa, secreted by the parietal cells of the stomach. 
Many other substances can bind vitamin B,,, but no other 
known substance has the property of transporting it across 
the intestinal wall. One molecule of IF binds one molecule 
of vitamin Bız. The gastric secretion of IF is stimulated by 
food, histamine, and gastrin; it is inhibited by vagal block- 
ade. The ileal receptor for the IF—vitamin B; complex has an 
association constant of approximately 5 x 10° mol/L between 
pH 6.4 and 8.4. The binding does not appear to be specific 
for the configuration of the vitamin B molecule, because 
complexes of IF with various analogues of vitamin B, bind 
equally well to the ileal receptors. 

The most important vitamin Bp transport protein in 
plasma is TclI, a B-globulin. It is synthesized mainly in the 
liver but also in other tissue. TcII is a polypeptide with a 
molecular weight of approximately 43 kDa; it has a single 
vitamin B,, binding site per molecule.” TcH is less specific 
for vitamin B, than is IF; it also binds cobalamins that are 
physiologically inactive. TcH transports vitamin B,, to recep- 
tors on cell membranes throughout the body. Binding is 
very rapid: if Tcli—vitamin B,, is injected intravenously, it is 
almost completely cleared in one passage through 
tissue, mostly by the liver.” The TclI-vitamin Bız complex 
enters the cell by pinocytosis. Lysosomal proteolysis degrades 
Tcll and releases the vitamin By. Unbound vitamin B,, 
can also enter the tissue cells, but the process is much less 
efficient” 

Two types of vitamin By binders are found in human 
gastric juice, one with slow (S) and one with rapid (R) 
mobility in zone electrophoresis. The slow component is IF, 
and the rapid component is R protein. Inmmunologically 
identical R proteins are found in plasma, amniotic fluid, 
milk, saliva, ascitic fluid, and granulocytes. However, this 
granulocyte-derived protein can be differentiated from the 
other R proteins electrophoretically. It is called transcobal- 
amin HI, whereas the R protein from other sources is desig- 
nated transcobalamin I. Collectively, these two binders are 
called cobalophilins. They are glycoproteins with molecular 
weights between 60 and 150kDa. Heterogeneity of R pro- 
teins may be due to variations in the carbohydrate moieties 
{sialic acid residues) rather than in the apoproteins. They 
have one binding site per molecule and bind vitamin B,, 
analogues to some extent. In gastric juice at pH 2, the 
cobalophilins have much greater affinity than IF and bind 
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almost all vitamin By. It has been postulated that cobalo- 
philins aid in host defense against bacteria by depriving them 
of access to vitamin By. However, the physiological function 
of these proteins is unknown. 

Vitamin B, is continually secreted in the bile, but most 
of this is reabsorbed and available for metabolic functions. 
If circulating vitamin B,, concentrations exceed the binding 
capacity of the blood, the excess will be excreted in the urine, 
but in most circumstances the highest losses of vitamin By 
occur through the feces. | ' 


Functions 

Vitamin B,. is required in coenzyme form for more than 12 
different enzyme systems.” In humans it is required in (1) 
adenosylcobalamin, coenzyme to 1-methylmalonyl-CoA 
mutase in the conversion of t-methylmalonyl CoA to 
succinyl-CoA; and (2) methylcobalamin, coenzyme to me- 
thionine synthase in the conversion of homocysteine to 
methionine. In the former reaction (Figure 30-16), the 
mutase is a mitochondrial matrix enzyme that binds 2mol 
of adenosyi-cobalamin (Cbl) per dimer™ and participates in 
a complex reaction using radical chemistry.” The conversion 
of t-methylmalonyl-CoA to succinyl-CoA links propionyl- 
CoA, which is formed from amino acids, such as valine, 
isoleucine, and methionine, and odd-chain fatty acids with 
the tricarboxylic acid (TCA) cycle. Congenital defects of the 
mutase synthesis or inability to synthesize adenosyl-Cbl 
result in life-threatening methylmalonic aciduria and meta- 
bolic ketoacidosis. In the latter reaction (Figure 30-16), 
methylcobalamin serves as an intermediate in the transfer of 
a methyl group from 5-methyltetrahydrofolate to homocys- 
teine for the formation of methionine. Methionine is 
required for the protein synthesis and as the methyl donor, 
S-adenosylmethionine. Congenital defects in methionine 
synthase or the synthesis of methyl-Cbl result in severe 
hyperhomocysteinemia. 


Requirements and Reference Nutrient Intakes 

The total body stores of vitamin B, are estimated to be 
between 2 and 5 mg in the adult man,‘ of which about 1 mg 
is in the liver and a smaller amount in the kidney. There is 
thought to be a daily obligatory loss of vitamin Bız of about 
0.1% of body pool, irrespective of size,™ suggesting that a 
daily requirement to maintain stores would be 2 to 5ug. The 
daily diet of Western countries contains between 5 and 30g 


1. Adenosylcobalamin-dependent, L-methylmalonyl-CoA mutase reaction 
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2. Methylcobalamin-dependent, methionine synthase reaction 


of vitamin Bı» with average ingestion being 7 to 8 g/day by 
adult men and 4 to 5jig/day by adult women. Additional 
small amounts may be available from vitamin B}, synthesis 
by intestinal microorganisms. Of the amount ingested, 
between 1 and 5ug is absorbed. 

The RDA for vitamin B; is based on the amount neces- 
sary for the maintenance of hematological status and normal 
serum vitamin Bp concentrations, and assumes 50% 
absorbance of ingested vitamin Bı». The RDA for adults (19 
to 50 years) has been set at 2.4ug/day, with an increase to 
2.6 ug/day in pregnancy and to 2.8 jig/day in lactation. RDAs 
for children are 0.9 g/day at 1 to 3 years, 1.2 ug/day at 4 to 
8 years, 1.8 ug/day at 9 to 13 years, and 2.4jig/day at 14 to 18 
years, Because 10% to 30% of older persons may be unable 
to absorb naturally occurring vitamin B}, it is recommended 
that those older than 50 years meet their RDA mainly by con- 
suming foods fortified with vitamin B}, or with a vitamin 
B,,-containing supplement.’” 


Intravenous Supply 

The recommended intravenous intake for adults is 5 g/day 
as cyanocobalamin, an amount in excess of the oral recom- 
mendation that will more than meet requirements.’ 


Deficiency 

Deficiency of vitamin B, in humans is associated with mega- 
loblastic anemia and neuropathy. The most common cause 
of vitamin By deficiency is pernicious anemia, an autotm- 
mune disease in which chronic atrophic gastritis results from 
antibodies to gastric parietal cells and IF, directed against 
gastric parietal cell H*/K*-ATPase.”” A 1996 population 
study showed that 1.9% of persons over 60 years old have 
undiagnosed pernicious anemia, though the diagnosis is 
made most commonly in young to middle-aged black 
women (mean age 53 years) and in middle-aged to elderly 
whites.” Pernicious anemia may also occur in children 
because of either failure of IF secretion or secretion of bio- 
logically inactive IF. Other groups at risk of vitamin By defi- 
ciency include those (1) older than 65 years of age; (2) with 
malabsorption; (3) who are vegetarians; (4) with autoim- 
mune disorders; (5) taking prescribed medication known to 
interfere with vitamin absorption or metabolism, including 
nitrous oxide, phenytoin, dihydrofolate reductase inhibitors, 
metformin, and proton pump inhibitors; and (6) infants 
with suspected metabolic disorders. 


Figure 30-16 Participation of cobalamin 
coenzymes in human metabolism. 


CH,-Cob(IIalamin + homocysteine —> Cob(lalamin + methionine 


Cob(I)alamin + 5-methyttetrahydrofolate + CH,-Cob(Ili)alamin + tetrahydrofolate 
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Intestinal malabsorption of vitamin B,, may be caused by 
gastrectomy or ileal resection, with an inverse relationship 
between the length of ileum resected and the absorption of 
vitamin B, Other causes of malabsorption are tropical 
sprue, inflammatory disease of the small intestine, intestinal 
stasis with overgrowth of colonic bacteria, which consume 
the vitamin B}, ingested by the host, and HIV infection. 
Another cause of vitamin B, malabsorption is failure to 
extract cobalamin from food. Some patients fail to absorb 
cobalamin bound to food, whereas absorption of nonfood- 
bound cobalamin in the Schilling test is unimpaired. This is 
particularly a problem in patients with compromised gastric 
status” or early in the course of development of pernicious 
anemia. 

Vegetarians have a lower intake of vitamin By than omni- 
vores, and though clinical signs of deficiency are uncom- 
mon, biochemical markers of status indicate functional 
vitamin B,, deficiency. In a study of 66 lactovegetarians or 
lacto-ovo vegetarians, 29 vegans, and 79 omnivores, the inci- 
dence of low holotranscobalamin II was 77%, 92%, and 
11%, respectively, in the 3 groups; of elevated methylmalonic 
acid, 68%, 83%, and 5%; and of elevated total homocysteine, 
38%, 67%, and 16%. Consequently, these results indicate 
that the health aspects of prolonged hyperhomocysteinemia 
may have to be addressed.” 

A large number of disorders are associated with cobal- 
amin deficiency in infancy or childhood. Of these, the most 
commonly encountered is the Imerslund-Graesbeck syn- 
drome, a condition that is characterized by inability to 
absorb vitamin B,,., with or without IF, and proteinuria. It 
appears to be due to an inability of intestinal mucosa to 
absorb the vitamin BIF complex. The second most 
common of these is congenital deficiency of gastric secretion 
of TE. Very rarely, congenital deficiency of vitamin B, in a 
breast-fed infant is due to deficiency of vitamin B,, in mater- 
nal breast milk as a result of unrecognized pernicious anemia 
in the mother. This is rare because most women with undi- 
agnosed and untreated pernicious anemia are infertile. Addi- 
tionally, there are some rare methylmalonic acidemias 
(acidurias) caused by inborn errors in homocysteine and 
methionine metabolism that are responsible for disorders in 
vitamin B, status.” 

The hematological effects of vitamin B, deficiency are 
indistinguishable from those of folate deficiency. The classi- 
cal morphological changes in the blood, in approximate 
order of appearance are: hypersegmentation of neutrophils, 
macrocytosis, anemia, leukopenia, and thrombocytopenia, 
with megaloblastic changes in bone marrow accompanying 
the peripheral blood changes. The cause of the hematologi- 
cal abnormalities is thought to be the imbalance of decreased 
deoxyribonucleic acid (DNA) synthesis and adequate 
ribonucleic acid (RNA) synthesis caused by the secondary 
block in folate metabolism caused by the vitamin B,, defi- 
ciency.’ Many immature cells die in the bone marrow, pos- 
sibly by apoptosis, leading to a release of bilirubin and lactate 
dehydrogenase (LD) into the blood. This is termed ineffec- 


tive erythropoiesis. All of the bone marrow lesions can be 
reversed by vitamin B,, treatment. 

In addition to hematological changes, vitamin B defi- 
ciency can lead to a demyelinating disorder of the central 
nervous system in man. Serious and often irreversible neu- 
rological disorders can occur, such as burning pain or loss of 
sensation in the extremities, weakness, spasticity and paral- 
ysis, confusion, disorientation, and dementia. This condition 
has been given the name subacute combined degeneration of 
the spinal cord. Neurological symptoms may occur without 
any discernible hematological changes in the blood, and 
indeed an intriguing inverse relationship between the hema- 
tological and the neurological has been observed.”” The inci- 
dence of neurological complications is between 75% and 
90% of all individuals with clinically observable vitamin B,, 
deficiency, and may in about 25% of cases be the only clin- 
ical manifestation of deficiency. The mechanism of the dis- 
order is uncertain though there is some indirect evidence 
that suggests that disorders of both enzyme systems requir- 
ing vitamin Bız coenzymes are necessary before neurological 
symptoms occur.’ The response of neurological symptoms 
to vitamin Bı replacement is often dependent upon the 
duration of the symptoms. Vitamin B,, deficiency may 
also be associated with other mainly gastrointestinal com- 
plications, such as glossitis of the tongue, appetite and 
weight loss, flatulence and constipation, mental changes, and 
infertility.” 


Toxicity 

No adverse effects have been associated with excess vitamin 
By intake from food or supplements in healthy people. 
Daily oral doses of up to 2mg of cyanocobalamin can be 
used for treatment of deficiency in those who can tolerate 
oral supplementation.” There are insufficient data in the 
literature to propose a tolerable upper intake level for 
vitamin B,./” 


Laboratory Assessment of Status 

Both direct and indirect (functional) methods are available 
for assessing vitamin B, status. The indirect tests include 
assays for urinary and serum concentrations of methyl- 
malonic acid, plasma homocysteine, the deoxyuridine 
suppression test, and the vitamin B,, absorption test. Cyto- 
chemical staining of red blood cell (RBC) precursors and the 
test for IF blocking antibodies are also ancillary methods for 
assessing vitamin B}, status. 

Microbiological, competitive protein binding (CPB), and 
immunometric assays have been used for the quantitation of 
serum vitamin By. The microbiological assays have largely 
been replaced by the other, more convenient and precise 
methods though they remain reference methods for the 
determination of biologically active vitamin B2. The most 
widely used procedures use either Euglena gracilis, Lacto- 
bacillus leishmannii, or a mutant of Escherichia coli, though 
each of these organisms is susceptible to growth inhibition 
by antibiotics or other drugs, such as methotrexate, that may 
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be in a patient’s serum. Furthermore, these assays require at 
least 24 hours to establish adequate growth of the microor- 
ganism. However, the use of microtiter enzyme-linked 
immunosorbent assay (ELISA) plate technology has in- 
creased the utility of some microbiological assays.” 

Commercial kits are available for the CPB assays of 
vitamin B,,. The vitamin B,, binder used is often nonhuman 
IF, usually obtained from hog stomach, If the IF is not highly 
purified, it may contain R proteins, which bind not only 
vitamin By but also related metabolically inactive com- 
pounds, giving higher values. IF must: therefore be either 
highly purified or have cobinamide (a vitamin Bı analogue) 
added to the IF to saturate all binding sites on the R pro- 
teins. Cobinamide is not bound by IF. 

In a widely used CPB assay, vitamin B, (cobalamin) com- 
petes with *’Co-labeled cobalamin for a limited number of 
binding sites on IR. Some assays require a preliminary step 
in which the specimen is boiled in a buffered solution con- 
taining dithiothreitol, KCN, and *’Co-labeled tracers to 
release vitamin B,, from endogenous binding proteins. Alter- 
natively, other procedures irreversibly denature endogenous 
binding proteins by increasing the pH from 12 to 13 and 
then readjusting the pH to 9.3 before the binding reagent is 
added. Subsequent separation of bound and free folate and 
vitamin By, is achieved by contact with dextran-coated char- 
coal, which absorbs the free (unbound) molecules, leaving 
protein-bound vitamin Bp in the solution. 

Most immunometric methods use solid phase separation 
by immobilizing the IF binder on beads or magnetic parti- 
cles. The free vitamin B,, then remains in the supernatant, 
and the bound analytes become part of the solid phase sus- 
pension. For simultaneous folate/vitamin Bı, measurement, 
a gammia-scintillation counter that discriminates between 
the energy levels of ”Co (for vitamin B,.) and ™I (for folate) 
must be used. 

Multiple automated and semiautomated systems are 
available for measuring vitamin B, and folate, using, for 
example, chemiluminescence as a signal. The assays are stan- 
dardized with a 7.5-minute incubation, magnetic particle 
separation, and acridium ester signal. The precision of auto- 
mated systems allows specimens to be analyzed in singlet 
while maintaining CVs less than those found for the mean 
of duplicates of radioimmunoassays. 

Indirect tests assess the functional adequacy of vitamin 
By. Serum methylmalonic acid concentration is increased 
when a lack of adenyl-Cbl causes a block in the conversion 
of methylmalonyl-CoA to succinyl-CoA. It is a sensitive test 
of status, being often the first analyte to be raised in sub- 
clinical vitamin Bn deficiency.“ It has a further advantage 
in that it is unaffected by folate deficiency, Early methods for 
methylmalonic acid lacked sensitivity and specificity, a situ- 
ation that has been resolved by the adoption of gas chro- 
matographic-mass spectrometric methods,’ though these 
require specialized handling. Plasma total homocysteine 
concentration is a sensitive indicator of vitamin B status, 
because methyl-Cbl is required for the remethylation of 


homocysteine to methionine, but is not specific, being ele- 
vated in deficiency of folate and vitamin B, and vitamin B,- 
Plasma concentrations of total homocysteine can be reliably 
measured by HPLC with fluorescent or electrochemical 
detection, and enzymatic and capillary gas chromatography— 
mass spectroscopy methods.*” Plasma samples for homo- 
cysteine analysis must be obtained soon after venipuncture 
to reduce preanalytical increases that occur on standing, 
though these can be minimized by the use of a fluoride- 
ethylenediaminetetraacetic acid (EDTA) tube. The increased 
screening of plasma total homocysteine concentrations as an 
independent risk factor for cardiovascular disease (see 
Chapter 26) may lead to the recognition of further cases of 
subclinical vitamin B,, deficiency. 

The measurement of holotranscobalamin H is potentially 
useful as a specific marker of biologically available vitamin 
Bı» because only cobalamin bound to Tell is specifically 
available for uptake by all cells. Other methods have been 
described for the measurement of holotranscobalamin in 
serum, one using an immobilized monoclonal antibody to 
human transcobalamin, followed by measurement of 
released cobalamin by CPB. This method is currently 
available as a commercial kit. The other method uses 
magnetic beads coated with cobalamin to precipitate 
apotranscobalamin followed by measurement of the 
holotranscobalamin in the supernatant by ELISA.“” Though 
these methods are claimed to be precise and simple to 
perform, there remains doubt over the interpretation of the 
measured concentrations,” and over their sensitivity and 
specificity in the diagnosis of vitamin B}, deficiency.*” 

The deoxyuridine suppression test measures the effect 
of prior addition of deoxyuridine on the uptake of 
radiolabeled thymidine into the DNA of cultured bone 
matrow cells, peripheral blood lymphocytes, or whole blood. 
Normal samples that contain vitamin By can convert 
deoxyuridine to thymidine and therefore do not take up as 
much thymidine. Samples from patients who are deficient 
in vitamin Bı show less suppression than in normal 
patients. Because it is relatively time consuming, the 
deoxyuridine suppression test is not widely available for use 
as a diagnostic test.” 

The Schilling test is primarily a test of vitamin B, absorp- 
tion and not of status, but it permits differentiation of causes 
of vitamin By deficiency (pernicious anemia or intestinal 
malabsorption). The proportion absorbed from orally 
administered Co- or “Co-labeled vitamin B,. is measured 
by determining the radioactivity in feces, urine, or serum 
or by externally scanning the liver. The usual procedure 
is to measure radioactivity in a 24-hour urine sample, 
which is collected after oral administration of 0.5ug of 
radioactive Co-labeled vitamin B}; after an overnight fast. In 
normal individuals, 8% or more of the dose administered is 
excreted in the urine, whereas in people with pernicious 
anemia, less than 7% (often 0% to 3%) is excreted. A 
confirmatory test for lack of IF requires ingestion of vitamin 
B and IE” 


Chapter 30 Vitamins and Trace Elements 1105 


Reference Intervals 


Depending on the laboratory and the procedure used, refer- 
ence intervals can vary widely. The WHO, in their report in 
1968, defined a serum vitamin B, concentration of less 
than 150ng/L (110 pmol/L) as deficient, and one of 201 ng/L 
(147 pmol/L) or higher®" as acceptable. A dietary and nutri- 
tional survey of British adults in 1990 published a reference 
interval of 206 to 678ng/L (151 to 497pmol/L).”” The 
changes in serum vitamin B, concentration as a function of 
age in healthy adults have been the subject of contradictory 
reports. Data from a study population in the United States 
(Framingham Study) showed an increased prevalence 
{40.5% of 222 subjects) of low serum vitamin B, concen- 
tration (<258 pmol/L) in elderly subjects than in a control 
group of younger subjects (17.9% incidence). Vitamin B,, 
concentrations within the reference interval may not neces- 
sarily reflect adequate vitamin B}; status, because serum con- 
centrations may be maintained at the expense of tissue 
stores. Conversely, low serum vitamin B, concentrations 
may not be indicative of vitamin B, deficiency. Most of the 
vitamin By in serum is bound to Tcl, which is released by 
granulocytes and has no functional role in transport of 
vitamin B,, to cells. Low serum vitamin By concentration 
may be due to a reduction in Tcl as a consequence of low 
total granulocyte mass. This has been observed in benign 
neutropenia, multiple myeloma, and leukemic reticuloen- 
dotheliosis and may be expected in other conditions in 
which the bone marrow is hypoplastic, aplastic, or replaced 
by malignant cells. 

Serum methylmalonic acid concentrations below 
376nmol/L have been considered acceptable in an elderly 
U.S. population,*® as have concentrations below 320 nmol/L 
in a group of older Dutch subjects.” 


VITAMIN C-—-ASCORBIC ACID 


Vitamin C (L-ascorbic acid) serves as a reducing agent in 
several important hydroxylation reactions in the body. 


Chemistry 


As shown in Figure 30-17, the term vitamin C refers to all 
molecules that exhibit antiscorbutic properties in humans 
and includes both ascorbic acid and its oxidized form, dehy- 
droascorbic acid (DHA). The vitamin C redox system com- 
prises these molecules and the free radical intermediate, 
monodehydroascorbic acid,” the product of one-electron 
oxidation of ascorbic acid. L-ascorbic acid is the enol form 
of 2-oxo-L-gulofuranolactone, the enolic hydroxyl on ring 
carbon 3 having a pK, of 4.2 and conferring its acidic nature. 
The vitamin is a white, crystalline solid that is readily soluble 
in water. Acidic solutions (below pH 3) show absorption 
maximum at 245 nm, whereas solutions of the ionized mate- 
rial (above pH 5) have an absorption peak at 265 nm. Ascor- 
bic acid is a relatively strong reductant with an Es (pH 7) of 
+0.58 volt. The dehydro form is more labile than the reduced 
form to hydrolytic ring opening to yield 2,3-diketo-1- 
gulonic acid, which is not antiscorbutic, 
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Figure 30-17 L-ascorbic and dehydroascorbic acids. (Modified 
from Row PB: Inherited disorders of folate metabolism. In Stanbury JB, 
Wyngaarden DS (eds): The metabolic bases of inherited disease, 5th 
edition, New York: McGraw-Hill, 1983.) 


Dietary Sources 

Plants and most animals possess the ability to synthesize 
the vitamin from p-glucose via the lactones of p-glucuronic 
and u-gulonic acids; however, some mammals, including 
the human, lack t-gulonolactone oxidase, the enzyme 
that catalyzes the formation of 2-keto-L-gulonolactone, 
which spontaneously tautomerizes to L-ascorbic acid. 
Excellent sources of the vitamin are citrus fruits, berries, 
melons, tomatoes, green peppers, broccoli, brussels 
sprouts, and leafy green vegetables. Losses during process- 
ing, especially with heat and aerobic conditions, can be 
considerable. 


Absorption, Transport, Metabolism, and Excretion 

Gastrointestinal absorption of ascorbic acid occurs by a 
combination of sodium-dependent active transport at low 
concentrations and by simple diffusion at high concentra- 
tions.’ Between 70% and 90% of a usual dietary intake of 
ascorbic acid (up to 180 mg/day) is absorbed, falling to 50% 
or less at loads greater than 1 g/day.” The absorbed ascor- 
bic acid moves rapidly from the intestinal cell into blood by 
a process of facilitated diffusion.” Ascorbate uptake by cells 
is mediated by specific transporters, ascorbate by the 
sodium-dependent transporters SVCT 1 and SVCT 2 and 
DHA via the facilitated-diffusion glucose transporters GLUT 
1, 3, and 4.” Vitamin C is found in most tissues, but glan- 
dular tissues, such as the pituitary, adrenal cortex, corpus 
luteum, and thymus, have the highest amounts and the 
retina has 20 to 30 times the plasma concentration. DHA, 
once transported intracellularly, is reduced to ascorbate, and 
in plasma vitamin C exists predominantly as the ascorbate 
ion. Many cells, particularly the hepatic cells, neutrophils, 
mononuclear phagocytes, osteoblasts, and erythrocytes, are 
capable of DHA uptake and recycling to ascorbate, which 
maintains a human body pool of up to 2 g.”” The biological 
half-life of vitamin C in an individual ranges from 8 to 40 
days, with an average of about 16 days. Vitamin C is con- 
served during periods of low intake, absorption becoming 
maximum with minimum urinary excretion. Excretion of 
unchanged ascorbate occurs increasingly with increased 
dosage, with almost all of an injected dose more than 500 mg 
being excreted over 24 hours.*' DHA that is not recycled 
may be irreversibly delactonized to 2,3-diketogulonic acid 
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and further degraded to oxalic acid for urine excretion. 
Other catabolic products of 2,3-diketogulonic acid are 
L-lyxonic acid, L-xylose, and 1-threonic acid. 


Functions 

Ascorbic acid acts as a cofactor for a number of mixed func- 
tion oxidases in processes in which it promotes enzyme 
activity by maintaining metal ions in their reduced form 
(particularly iron and copper). Its most clearly established 
and critical functional role is as a cofactor for protocollagen 
hydroxylase, the enzyme responsible for hydroxylation of 
prolyl and lysyl residues within nascent peptides in connec- 
tive tissue proteins.” Among these are collagen and related 
proteins, which comprise intercellular material of cartilage, 
dentin, and bone. Ascorbate is also involved in (1) carnitine 
biosynthesis serving as a cofactor to 6-N-trimethyl-t-lysine 
hydrolase; (2) y-butyrobetaine hydrolase, which converts 
y-butyrobetaine to carnitine; (3) the degradation of tyrosine 
via 4-OH phenylpyruvate dioxygenase; (4) the synthesis of 
adrenal hormones via dopamine B-hydroxylase; (5) the 
biosynthesis of corticosteroids and aldosterone; (6) the 
hydroxylation of cholesterol in the formation of bile acids; 
and (7) folate metabolism and leukocyte functions. 
Nonheme iron absorption, as Fe”, is also enhanced by simul- 
taneous ingestion of the vitamin.” 

Ascorbic acid is one of the most effective water-soluble 
antioxidants in biological fluids” and can scavenge physio- 
logically important reactive oxygen species and reactive 
nitrogen species. Both ascorbate and the ascorbyl radical 
have low reduction potentials” and react with most other 
biologically relevant radicals. The ascorbyl radical is rela- 
tively stable because of resonance stabilization of the 
unpaired electron. Ascorbate can regenerate other small 
molecule antioxidants, including o-tocopherol, reduced glu- 
tathione, urate, and f}-carotene from their respective radical 
species, and may therefore prevent oxidative damage to bio- 
logical macromolecules, including DNA, lipids, and pro- 
teins. There has been concern that in certain situations 
of vitamin supplementation ascorbic acid acts as a pro- 
oxidant.“ However, this has been disputed by other 
workers.” It has also been recognized that dehydroascorb- 
ate has important intracellular properties that are differ- 
ent from, but sometimes complementary to, those of 
ascorbate. %6% 


Requirements and Reference Nutrient Intakes 


The amount of vitamin C sufficient to alleviate and cure the 
clinical signs of scurvy is only 10 mg/day, which is probably 
near the minimum requirement in man. This amount, 
however, is not adequate to maintain near saturation of 
tissue in the adult human male, who has a body pool of 1.5 
to 2g and shows clinical symptoms of deficiency when this 
total pool falls below about 300 mg.”””’ Acknowledgment of 
functions of vitamin C beyond the antiscorbutic, particu- 
larly the antioxidant function, has led to the development 
of the concept of the optimal nutrition state, and the intake 


required to achieve this. Current recommendations of the 
U.S. Institute of Medicine about estimated average require- 
ments and RDAs has reflected this approach.” The RDA for 
adult males, older than 19 years and beyond 70 years, has 
been set at 90mg/day, and the corresponding RDA for 
women at 75mg/day. To provide for fetal needs, an addi- 
tional 10 mg/day is recommended for the pregnant woman 
to offset the decrease in plasma vitamin C level during preg- 
nancy. A lactating woman should receive an additional 45 to 
50 mg/day, because an average of 18 to 22 mg may be secreted 
in 600 to 700 mL of milk. Children 1 to 3 years have an RDA 
of 15 mg/day; those 4 to 8 years, an RDA of 25 mg/day; boys 
aged 9 to 13, an RDA of 45 mg/day; and those 14 to 18 years, 
an RDA of 75 mg/day. Corresponding values for girls are 45 
and 65 mg/day, respectively. No RDA is given for infants up 
to 1 year old; instead AI levels of 40 mg/day up to 6 months 
and 50mg from 7 to 12 months are recommended. Some 
special groups, such as smokers, should take an additional 
35 mg/day.” 


Intravenous Supply 


The recommended IV intake for adult patients receiving 
TPN was 100mg for many years,’ but this has now been 
increased to 200mg/day.® This reflects the expected 
increased requirements for wound healing and for antioxi- 
dant activity. 


Deficiency 

Protracted deficiency of vitamin C leads to the classic disease 
of scurvy, which still occurs in developed countries. Those 
most at risk of the disease include (1) elderly men, particu- 
larly those who live alone; (2) those with alcohol dependence 
and smokers; (3) those taking unbalanced diets; (4) 
some mentally ill patients; (5) renal failure patients under- 
going peritoneal dialysis or hemodialysis; and (6) some 
patients with cancer.’ The lack of vitamin C causes an 
inability to form adequate intercellular substance in connec- 
tive tissue and is reflected in swollen, tender, and often 
bleeding or bruised loci at joints and in other areas 
where structurally weakened tissue cannot withstand stress. 
Infantile scurvy, also known as Barlow’s disease, exhibits a 
bayonet-rib syndrome. The gums are livid and swollen, 
cutaneous bleeding often begins on the lower thighs as 
perifollicular hemorrhages, and large spontaneous bruises 
(ecchymoses) may arise almost anywhere on the 
body. Ocular hemorrhages, drying of salivary and lacrimal 
glands, parotid swelling, femoral neuropathy, edema of the 
lower extremities, and psychological disturbances have also 
been described. Some scorbutic patients may develop 
anemia, display radiological changes characteristic of osteo- 
porosis, or die suddenly from heart failure. Diseases of 
vitamin C deficiency that might reflect its role as an antiox- 
idant include an increased risk of coronary heart disease, as 
demonstrated in a cohort of Finnish men,” and an 
increased risk of death by stroke in a cohort of elderly British 
people.” 
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Toxicity 

Vitamin C is generally well tolerated by healthy subjects, and 
ingestion of supplements of 2 to 4g/day—as taken by some 
for the prevention or amelioration of the common cold—is 
usually without hazard, though gastrointestinal irritation 
has been experienced.” Other potential but rare adverse 
effects include increased oxalate excretion and kidney stone 
formation, increased uric acid excretion, excess iron absorp- 
tion, lowered vitamin B}; levels, systemic conditioning and 
“rebound” scurvy, and prooxidant effects in the presence of 
free Fe** or Cu” ions.” Ingestion of amounts of vitamin C 
above 200 mg/day shows little increase in plasma steady-state 
concentrations and suggests that overload of vitamin C is 
unlikely. Consideration of such data has led the Food and 
Nutrition Board of the U.S. Institute of Medicine to propose 
a tolerable upper intake level for vitamin C to be 2 g/day for 
adults older than 19 years.” 


Laboratory Assessment of Status 

There are at present no useful functional tests of vitamin C 
adequacy, thus laboratory assessment of status is made by 
direct measurement of plasma, urine, or tissue concentra- 
tions of ascorbic acid, total vitamin C, or (rarely) metabo- 
lite, Because ascorbic acid is readily oxidized by dissolved 
oxygen at a neutral pH, plasma samples should be treated 
with a metal-chelating and protein-precipitating acid, such 
as metaphosphoric acid, soon after a phlebotomy. Samples 
so treated may be stored at —80 °C for several years.” Plasma 
ascorbate concentration is considered to be a reliable indi- 
cator of ascorbate intake” and has been measured photo- 
metrically by oxidation with 2,4-dinitrophenylhydrazine to 
form the red bis-hydrazone or with 2,4-dichlorophenol- 
indophenol, which is reduced to a colorless form.** A more 
specific approach is to use the enzyme ascorbate oxidase to 
convert ascorbate to dehydroascorbate, which is then 
coupled with o-phenylene diamine to form a product that is 
measured fluorometrically™ or at 340nm on an automated 
analyzer.” HPLC methods have the potential advantage of 
specificity, but are generally more time consuming. Detec- 
tion may be by precolumn derivatization to the fluorescent 
quinoxaline, or by electrochemical or coulometric 
means. Care must be taken during the analysis to prevent 
oxidation of the ascorbate before detection, because a 
sulfhydryl donor, such as dithiothreitol or homocysteine, 
should be added to the sample and mobile phase.” With 
suitable sample preparation, both ascorbic acid and total 
vitamin C, and by difference, DHA may be measured 
together by HPLC or gas chromatography—mass spec- 
trometry." Leukocyte ascorbic acid is considered to be a 
better indicator of body stores than plasma ascorbate, but 
has not been widely adopted because of the large sample 
volume requirement, the difficulty of automating the analy- 
sis, the influence of fluctuating leukocyte numbers, and the 
relative difficulty of the analysis. Urinary excretion and RBC 
concentrations have not been found to be specific and useful 
indices of vitamin C status; however, urinary levels of ascor- 


bic acid, especially following a load test, can be helpful in the 
clinical diagnosis of scurvy. 


Reference Intervals 


With adequate intake of vitamin C, plasma concentrations 
of total vitamin (ascorbic acid plus dehydroascorbic acid) 
are between 0.4 and 1.5 mg/dL (23 to 85 umol/L). The lower 
limit value may be seen in some cases with subclinical 
vitamin C deficiency and in older individuals. A value lower 
than 0.2mg/dL (11pmol/L) is considered deficient. The 
guidance reference interval for vitamin C levels in leukocytes 
is 20 to 53 ug/10° leukocytes (1.14 to 3.01 fmol/leukocyte). A 
value in leukocytes of less than 10ug/10° leukocytes 
(0.57 fmol/leukocyte) is considered deficient. 


BIOTIN 


Biotin (also known as vitamin H) is the prosthetic group for 
a number of carboxylation reactions (e.g., pyruvate, acetyl- 
CoA, propionyl Co-A, and decarboxylases). 


Chemistry 

Biotin is cis-tetrahydro-2-oxothieno[3,4-d]-imidazoline-4- 
valeric acid (Figure 30-18). The vitamin in most organisms 
occurs mainly bound to protein. The -amino group of the 
lysyl side chain of protein is linked via an amide function, 
involving the carboxyl group of the valeryl side chain of 
biotin. In addition, some biotin is linked noncovalently as a 
complex with avidin, a protein in egg white. 


Dietary Sources 


Good sources of biotin include liver, kidney, pancreas, eggs, 
yeast, and milk. Cereal grains, fruits, most vegetables, and 
meat are poor sources.’ The ureido ring and the ionizable 
carboxyl group of biotin allow modest solubility of the white 
crystalline solid in aqueous solution, especially at an alkaline 
pH. Oxidizing agents convert the thioether to sulfoxides and 
sulfones, which do not have biotin activity. - 


Absorption, Transport, Metabolism, and Excretion 


Biotin in the diet is largely protein bound, and digestion of 
these proteins by gastrointestinal enzymes produces biotiny] 
peptides, which may be further hydrolyzed by intestinal bio- 
tinidase to release biotin. Avidin, a protein found in raw egg 
whites, binds biotin tightly and prevents its absorption. The 
peptide biocytin (e-N-biotinyl lysine) is resistant to hydrol- 
ysis by proteolytic enzymes in the intestinal tract but 
together with biotin is readily absorbed.®” A biotin carrier, 
the sodium-dependent multivitamin transporter (SMVT) 
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Figure 30-18 Biotin. 
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for which pantothenic acid and lipoate compete,” is located 


in the intestinal brush border membrane and transports 
biotin against a sodium ion concentration gradient. The 
enzyme biocytinase (biotin amidohydrolase) in plasma and 
erythrocytes catalyzes the hydrolysis of biocytin to yield free 
biotin. Biotin is cleared from the circulating blood more 
rapidly in deficient than in normal mammals; it is taken up 
by such tissues as liver, muscle, and kidney and is localized 
in cytosolic and mitochondrial carboxylases. Covalent 
attachment of biotin -to apoenzymes involves ATP- 
dependent conversion of the vitamin to biotinyl-5’- 
adenylate followed by condensation of the biotinyl moiety 
with €-amino groups of specific lysyi residues in apoen- 
zymes preformed from subunits. The enzymes responsible 
for catalyzing the formation of the ¢-N-biotinyl-1-lysyl 
(biocytinyl) moiety of proteins are holoenzyme synthetases. 

About half of the absorbed biotin is excreted as the 
metabolites bisnorbiotin, occurring from B-oxidation of the 
valeric acid side chain, and biotin sulfoxide, occurring from 
the oxidation of the sulfur in the heterocyclic ring.®° The cir- 
culating plasma and urinary excretion patterns show a ratio 
of 3:2:1 for biotin, bisnorbiotin, and biotin sulfoxide. Minor 
metabolites are bisnorbiotin methyl ketone and biotin 
sulfone. Careful balance studies in humans, where perhaps 
only 1 mg is the total body content, showed that urinary excre- 
tion of biotin often exceeded dietary intake, and that in all 
cases, fecal excretion was as much as three to six times greater 
than dietary intake because of microfloral biosynthesis. 


Functions 


The principal biochemical function of biotin in man is as a 
cofactor for carboxylation reactions. Five carboxylases are 
currently found in human tissue“; one of these, an acetyl- 
CoA carboxylase, is inactive and may act as a storage vehicle 
for biotin.*” The others are carboxylases for acetyl-CoA, 
propionyl-CoA, B-methylcrotonyl-CoA, and pyruvate. These 
enzymes operate via a common mechanism, which involves 
phosphorylation of bicarbonate by ATP to form carbonyl 
phosphate, followed by transfer of the carboxyl group to the 
sterically less hindered nitrogen of the biotin moiety. The 
resulting N{1)-carboxybiotinyl enzyme can then exchange 
the carboxylate function with a reactive center in a substrate. 
With cytosolic acetyl-CoA carboxylase, the product is 
malonyl-CoA, used for fatty acid biosynthesis, In mitochon- 
dria, pyruvate carboxylase catalyzes formation of oxaloac- 
etate, which together with acetyl-CoA forms citrate. The 
other carboxylases are involved in the metabolism of odd- 
numbered fatty acids and branched-chain fatty acids.®” 
Research showing altered gene expression during biotin 
deficiency and new enzymatic activities of the enzyme bio- 
tinidase is confirming earlier suggestions of a role for biotin 
in the regulation of gene expression.” 


Requirements and Reference Nutrient Intakes 


At present there are insufficient scientific data to make rec- 
ommendations of RDAs for biotin. Intestinal microflora 


make a significant contribution to the body pool of available 
biotin, making determination of the dietary requirement dif- 
ficult. Mean urinary excretion, reflective of dietary intake, 
ranges from 6 to 50jg/day for adults who ingest 28 to 
100 g/day. Consideration of urinary excretion of both 
biotin and the metabolite 3-hydroxyisovalerate*” has led to 
recommendations on AI, rather than requirements.'’” The 
suggested AI for adults 19 years and older is 30ug/day; for 
adolescents 14 to 18 years, 25ug/day; for children 9 to 13 
years, 20 g/day; for children 4 to 8 years, 12 g/day; for chil- 
dren 1 to 3 years, 8 ug/day; and for infants less than 1 year, 
0.7 g/kg of body weight. An additional 5ug/day is recom- 
mended for the lactating mother. Those receiving hemodial- 
ysis or peritoneal dialysis, or with a biotinidase deficiency, 
would require more. 


Intravenous Supply 


The recommended supply of biotin to adults during TPN is 
60 ug/day.? 


Deficiency 


Biotin deficiency is uncommon but may be seen (1) with 
prolonged consumption of raw egg whites, (2) in TPN 
without biotin supplementation, and (3) in patients with a 
genetic deficiency of biotinidase. The first two situations may 
be complicated by effects on gut flora that produce biotin,” 
Symptoms include anorexia, nausea, vomiting, glossitis, 
pallor, depression, and a dry scaly dermatitis.” Based on 
urinary excretion patterns of 3-hydroxyisovaleric acid, 
(Figure 30-19) concern has been expressed about marginal 
biotin deficiency in pregnancy, because this has been shown 
to be teratogenic in several mammalian species.” Signifi- 
cantly lowered urinary excretion or circulating blood levels 
have also been found in alcoholics, patients with achlorhy- 
dria, and among the elderly and some athletes.“ Finally, 
there are rather rare genetic enzyme defects, such as in 
holoenzyme synthetase (reflected in inadequate conversion 
of apocarboxylases to holocarboxylases) and propionyl-CoA 
carboxylase (reflected in a distinguishing acidemia). 


Toxicity 

No adverse effects of biotin in doses of up to 300 times a 
normal dietary intake have been reported, as in patients with 
biotinidase deficiency. Tolerable upper intake levels for 
biotin have not been set, because there are insufficient data.'” 


Laboratory Assessment of Status 


Traditionally, biotin has been measured in biological samples 
by microbiological assay, where whole blood is first digested 
with papain or acid hydrolysis to release free biotin, samples 
of which are then added to a biotin-deficient medium inoc- 
ulated with a test organism, such as Lactobacillus plan- 
tarum? Other methods for unbound biotin include 
avidin-binding assays, where a competitive protein-binding 
radioassay is set up with *H-labeled biotin, or a nonradioac- 
tive enzyme-linked sorbent assay using streptavidin as the 
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Figure 30-19 Formation of 3-hydroxyisovaleric acid under conditions of biotin deficiency. 


binding agent." Generally, biotin content of red cells is 
similar to that of plasma for a given method, but there is 
often poor agreement between methods, which may relate to 
the specificity of the methods employed.” Urinary excretion 
of biotin and 3-hydroxyisovaleric acid appears to be a better 
indicator of biotin status than blood concentrations. This 
was shown in a study of experimental biotin deficiency, 
when both urinary biotin and metabolites, measured by 
HPLC separation followed by an avidin-binding assay, and 
urinary 3-hydroxyisovaleric acid, measured by gas chro- 
matography—mass spectrometry, showed significant changes 
whereas serum biotin concentration did not.*” Functional 
markers of biotin status are being increasingly investigated. 
Lymphocyte propionyl-CoA carboxylase, measured by an 
optimized assay that is based on the incorporation of labeled 
HCO, has been shown to be an early and sensitive indica- 
tor of biotin deficiency in a rat model,” in patients 
on prolonged TPN without biotin,” and in children with 
protein-energy malnutrition.” 


Reference Intervals 


Typical reference interval values for whole blood biotin by a 
microbiological method are 0.5 to 2.20nmol/L, mean 
1.3inmol/L. Deficiency is considered likely below 0.5 
nmol/L.” Reference values for other metabolites and fluids 
have been published elsewhere.” 


FOLIC ACID 


Folic acid serves as a carrier of one-carbon groups in many 
metabolic reactions. It is required for the biosynthesis of 
compounds such as choline, serine, glycine, purines, and 
deoxythymidine monophosphate (dTMP). 


Chemistry 


Folate and folic acid are generic terms for a family of com- 
pounds that function as coenzymes in the processing of one- 
carbon units and that are derived from pteroic acid (Pte), 
to which one or more molecules of glutamic acid are 
attached. Pteroic acid is composed of a pteridine ring joined 
to a p-aminobenzoic acid residue (Figure 30-20). In basic 
solution, this substance has absorption maxima at 256, 282, 
and 365nm and is fluorescent. When pteroic acid is conju- 


gated with one molecule of t-glutamic acid, pteroylglutamic 
acid (PteGlu) is formed, and this can be reduced to dihy- 
drofolic acid (H,PteGlu or DHE/FH,,) with hydrogens in 
positions 7 and 8, or to tetrahydrofolate (H,PteGlu or 
THF/FH,) with hydrogens in positions 5, 6, 7, and 8. Only 
the reduced forms are biologically active. Other folate deriv- 
atives have multiple glutamic acid residues (H,PteGlu,), 
when n, the number of glutamate residues, may be 1 to 7. 
Biochemically, these polyglutamates are similar to monoglu- 
tamates, but the former function as the natural coenzymes. 
Multiple forms of folic acid occur with substitutions of func- 
tional groups, such as methyl, formyl, methylene, hydrox- 
ymethyl, and others at nitrogen atoms in the pteroic acid 
residue, usually N* or bridging N° and N". Although various 
forms of folic acid are normally present in human serum and 
other body fluids, the principal form is 5-methyltetrahydro- 
folate. This is slowly oxidized in alkaline solution, but this is 
reversed by adding ascorbic acid. It is relatively stable in acid 
solutions but unstable when exposed to light. 


Dietary Sources 


The principal food sources of folate are liver, spinach, and 
other dark green leafy vegetables, legumes, such as kidney 
and lima beans, and orange juice, although in countries 
where cereal fortification with folate is established, this is 
often the major source of dietary folate.’™® Since the U.S. 
FDA program of fortification of all enriched grain products 
with folic acid (140g per 100g) began in 1996, study pop- 
ulations have shown a doubling of mean plasma folate con- 
centrations and significant falls in total homocysteine 
concentration, though data are not available as yet to show 
if the incidence of neural tube defects (NTDs), the primary 
purpose of the fortification, has been reduced.” 


Absorption, Transport, Metabolism, and Excretion 

Folate is absorbed from dietary sources, such as those listed 
above, mainly as reduced methyl- and formyl-tetrahy- 
dropteroylpolyglutamates. The bioavailability of folate from 
food sources is variable and dependent upon factors such as 
incomplete release from plant cellular structure, entrapment 
in food matrix during digestion, inhibition of degiutamation 
by other dietary constituents, and possibly the degree of 
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polyglutamation.”™™®! The bioavailability of supplemental 
folic acid is greater than that of food folate, and may be as 
high as 100% for folic acid supplements taken on an empty 
stomach compared with about 50% for food folates.’” 
Polyglutamate forms of folate present in food are first con- 
verted to monoglutamates, by pteroylpolyglutamate hydro- 
lase, in the intestinal mucosa. Absorption of the 
monoglutamyl folates at low concentration occurs by a sat- 
urable transport process with an acidic pH optimum (pH 
around 5), with an additional apparently nonsaturable 
absorption mechanism when intestinal folate concentrations 
exceed 5 to 10umol/L.°® After cellular uptake, most of the 
folate is reduced and methylated and enters the circulation 
as 5-methyltetrahydrofolate (5-MTHB), circulating loosely 
bound to albumin or to a lesser degree to a high-affinity 
folate-binding protein. Uptake by certain cells (kidney, pla- 
centa, and choroid plexus) occurs by membrane-associated 
folate-binding proteins that act as folate receptors, and the 
reduced folate carrier, a member of the SLC19 family, facil- 
itates uptake by most tissue.*® Once within the cell, 5-MTHF 
is demethylated and converted to the polyglutamyl form 
by folylpolyglutamate synthase, which helps to retain 
folate within the cell, because it is unable to cross cell 
membranes. For release into the circulation, the polygluta- 
mates are reconverted to monoglutamates by polyglutamate 
hydrolase. 

Folic acid and vitamin B, metabolism are linked by the 
reaction that transfers a methyl group from 5-MTHF to 
cobalamin. In cases of cobalamin deficiency, folate is 
“trapped” as 5-MTHE and is “metabolically dead.” It cannot 


2-NH,-4-OH p-Amino- L-Glutamic acid 
pteridine benzoic acid 
Pteroic acid 
Folic acid 


be recycled as tetrahydrofolate (THF) back into the folate 
pool to serve as the main one-carbon unit acceptor for many 
biochemical reactions. Eventually, cellular depletion of 
MTHF ensues, causing a reduction in thymidylic acid syn- 
thesis, which in turn results in megaloblastic anemia and 
neuropathies. This concept is supported by the fact that 
THF corrects the megaloblastic anemia in patients with 
congenital methylmalonic aciduria and homocystinuria, 
whereas it is not corrected with methyltetrahydrofolate. 
However, some investigators have suggested that vitamin B,, 
is required for the conversion of folic acid to the formyl form 
and that formyltetrahydrofolates are the natural substrates 
for forming folate polyglutamates. 

Protein-free plasma folate is filtered at the glomerulus 
and most is reabsorbed by the proximal renal tubules. Con- 
sequently, intact urinary folate is only a small percentage of 
intake. Folate is predominantly excreted by catabolism 
following cleavage of the C9-N10 bond to produce p- 
aminobenzoylpolyglutamates, which are then hydrolyzed to 
monoglutamates and N-acetylated before excretion. Biliary 
excretion of folate has been estimated at about 100 ug/day, 
but much of this is reabsorbed in an enterohepatic circula- 
tion. Fecal losses have been studied by radiolabeling and have 
been found to be similar in type and quantity to urinary 
losses.*!° 


Functions 


Folate coenzymes, together with coenzymes derived from 
vitamins Bi» Bo and B, are essential for one-carbon metab- 
olism. Biochemically, a carbon unit from serine or glycine is 
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Figure 30-20 Structure and relationships of folic acid and its derivatives. 
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transferred to THF to form methylene-THE, which is then 
(1) used in the synthesis of thymidine (and incorporation 
into DNA), (2) oxidized to formyl-THF for use in the syn- 
thesis of purines (precursors of RNA and DNA), or (3) 
reduced to methyl-THE, which is necessary for the methyla- 


nine is converted to S-adenosylmethionine, a universal 
donor of methyl groups to DNA, RNA, hormones, neuro- 
transmitters, membrane lipids, and proteins.*” Some of 
these reactions are illustrated in Figure 30-21. Different 
folates are involved in these reactions, depending on the 
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no 


Methylene CCH) __ 
Formimino (-CHNH) _ 
Methylene Glee 


ormyl (-CHO) 


1. Serine-Glycine Metabolism 
H4PteGlu N°N!° methylene H4PteGlu 


Serine glycine 


2. Histidine Catabolism H,PteGlu HN=CH—H,PteGlu 
NS ee Formiminog]utamic mo Aes 
Histidine —-~~~- Urocanic acid ———> acid (FIGLU) aa glutamic acid 
Formimino- 
transferase 


3. Thymidylate Synthesis 


Deoxyuridine 
monophosphate 


CHy— Hy PteGlus ia 


H,PteGlu ' 


Pe: Dihydrofolate 
H,PteGlus reductase 


Thymidylate 
synthetase 


Deoxythymidine 


monophosphate 


Figure 30-21 The 5 major metabolic functions of 4 Methionine Synthesis 
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The interconversion of these forms of folic acid takes 
place through various electron transfer reactions facilitated 
by specific enzyme systems and coenzymes, such as the 
reduced forms of flavin-adenine dinucleotide (FADH)) and 
NADPH. The conversion between the N°-, N’°-methylene 
form and N"-formyl forms is readily reversible, but the 
reduction of methylene to methyl and reduction of free THF 
to formyltetrahydrofolate is essentially irreversible. Conver- 
sion of N*-methyltetrahydrofolate back to free THF may 
require cobalamin. _ l 

The role of folic acid in the metabolism of homocysteine 
has received increased interest recently.®' Elevations of 
plasma homocysteine concentrations have been shown to be 
independent risk factors for coronary artery disease“ and 
probably cerebrovascular disease (see Chapter 26).°” The 
involvement of folate in its coenzyme forms with homocys- 
teine and methionine metabolism is summarized in Figure 
30-22. Folate is the principal micronutrient determinant of 
homocysteine status,” and supplementation with folate has 
been used as a treatment modality to reduce circulating 
homocysteine concentrations. Primary (fasting) homo- 
cystinemia can be treated with 0.5 to 5.0mg/day of folic 


acid,” with an expectation of an approximate 25% fall in 
baseline concentration.” 


Requirements and Reference Nutrient Intakes 


Based on folate concentrations in liver biopsy samples, and 
assuming that the liver contains about half of all body stores, 
total body stores of folate are estimated to be between 12 and 
28mg." Kinetic studies that show both fast-turnover and 
very-slow-turnover folate pools indicate that about 0.5% to 
1% of body stores are catabolized or excreted daily,” sug- 
gesting a minimum daily requirement of between 60 and 
28041g to replace losses, In calculating nutritional require- 
ment, the concept of dietary folate equivalents (DFE) has 
been used to adjust for the nearly 50% lower bioavailability 
of food folate compared with supplemental folic acid, such 
that lug DFE = 0.6 ug of folic acid from fortified food = 1 
ug of food folate = 0.5 ug folic acid supplement taken on an 
empty stomach.’” Before the fortification program of cereal 
grains with folic acid conducted between 1988 and 1994, the 
median intake of folate from food in the United States was 
approximately 250 ug/day; this figure is expected to increase 
by about 100ug/day after fortification. Recommendations 
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Figure 30-22 Metabolism of homocysteine and methionine. 
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on dietary reference intakes by the U.S. Institute of Medicine 
made in 1998 have shifted the emphasis away from preven- 
tion of deficiency and toward the concept of optimal 
health.’” There is also an increased awareness of the contri- 
bution of micronutrient intake to genomic stability.’ 
Current RDAs of the U.S. Institute of Medicine are 
400 ug/day DFE for adults 19 years and older, and also for 
adolescents between 14 and 18 years; 300 ug/day DFE for 
children 9 to 13 years;. 200 ug/day DFE for children 4 to 8 
years; and 150 ug/day DFE for children 1 to 3 years. An ade- 
quate intake for infants of 0 to 6 months is set at 65 g/day 
DFE and at 80 g/day DFE for infants 7 to 11 months. Based 
on maintenance of erythrocyte folate concentrations during 
pregnancy, the RDA for pregnant women of all ages is set at 
600 g/day DFE, and at 500 ug/day DFE for lactating women 
of all ages,” 


Intravenous Supply 


The previous adult recommendation for intravenous supply 
of folic acid of 400 g/day has been increased to 600 ug/day, 
as part of the requirements set by the FDA.” 


Deficiency 

Deficiency of folate may result from (1) the absence of 
intestinal microorganisms (gut sterilization), (2) poor 
intestinal absorption (e.g., after surgical resection or in celiac 
disease or sprue), (3) insufficient dietary intake (including 
chronic alcoholism), (4) excessive demands (as in pregnancy, 
liver disease, and malignancies), (5) administration of 
antifolate drugs (e.g., methotrexate), and (6) anticonvulsant 
therapy (that can increase folate requirements, especially 
during pregnancy).’™ Inadequate folate intake leads first to 
decreased serum folate concentration, then a decrease in ery- 
throcyte folate concentration, an increase in plasma homo- 
cysteine, and then megaloblastic changes in the bone 
marrow and other tissue.’ Megaloblastic anemia (charac- 
terized by large, abnormally nucleated erythrocytes in the 
bone marrow) is the major clinical manifestation of folate 
deficiency, although sensory loss and neuropsychiatric 
changes may also occur. Deficiency of folate and iron may 
coexist in malnourished people, in which case the macrocy- 
tosis of RBCs, otherwise typical of folic acid deficiency, is not 
observed. 

Pregnancy brings increased demand upon folate stores 
because of increased DNA synthesis and one-carbon trans- 
fer reactions and low serum folate concentrations in preg- 
nancy are associated with adverse outcomes, including 
preterm delivery, infant low birth weight, and fetal growth 
retardation.” Additionally, many observational studies have 
confirmed a reduction in risk of NTDs with periconceptual 
folic acid supplementation.” In a large controlled interven- 
tion trial conducted in two regions of China and involving 
approximately 250,000 women, a daily supplement of 400 ug 
of folic acid taken at least 80% of the time was associated 
with an 85% risk reduction of NTDs in an area of high 
baseline frequency and a 40% reduction in an area of low 


baseline frequency.” Current suggestions are that women 
planning pregnancy should take at least 400 g/day, although 
an intake of 5mg of folic acid daily is recommended, espe- 
cially for those with a previous history of NTD.°” Although 
the etiology of NTDs is probably multifactorial, involving 
more than one aspect of folate use,” one factor that con- 
tributes to this and other folate-requiring conditions is 
genetic polymorphism. 

The most extensively studied polymorphic alleles are 
those of 5,10-methylenetetrahydofolate reductase (MTHFR), 
the enzyme responsible for the irreversible reduction of 
5,10-MTHEF to 5-methyltetrahydrofolate (5-MTHF), the 
methyl donor of homocysteine to methionine. A single point 
C to T mutation at base pair 677 (C6777), causing a substi- 
tution of valine for alanine, leads to a thermolabile protein 
with reduced enzymatic activity. The homozygous T/T 
enzyme has an incidence of around 12% in Asian and Cau- 
casian populations, and a loss of enzyme activity of about 
50%, and the heterozygous C/T variant can have an inci- 
dence of up to 50% in some populations, with a lesser degree 
of enzyme inactivity. 

This variant, and a second with an A to C substitution at 
base pair 1298 (A1298C), with its effects on folate metabo- 
lism and intracellular folate availability, may increase the risk 
of chromosomal aberrations, and its link with leukemia has 
been reviewed.*” A further enzyme involved in folate metab- 
olism, methionine synthase, has also been shown to have at 
least two relatively prevalent polymorphisms, though these 
are thought to be benign.” The absorption of folate from 
polyglutamyl folate food sources is thought to be reduced by 
a variant of glutamate carboxypeptidase H because of a 
H475Y substitution.’ 

Lower than normal serum folate concentrations have 
been reported in patients with psychiatric disorders. In two 
studies, about one third of psychiatric patients had low RBC 
folate levels, with most of the low values being in depressed 
patients. Another study reported an inverse correlation 
between serum folate levels and the duration of depressive 
illness. Limited evidence suggests that folate may have a role 
as a supplement to other treatments for depression. 


Toxicity 

No adverse effects have been reported from the consump- 
tion of folate-fortified foods, thus any signs of toxicity are 
associated with supplemental folate. Most of the limited evi- 
dence suggests that excessive folate supplementation, typi- 
cally in doses up to 10 mg/day, though some have gone to 
500 mg/day, can precipitate or exacerbate neuropathy in 
vitamin B,.—deficient subjects, and it is this endpoint that 
has been used to set a tolerable upper intake level of 
Img/day from fortified food or supplements for adults.'” 
One recognized complication of folate supplementation 
is to “mask” vitamin B,, deficiency, because the associated 
anemia responds to folate alone. This may delay treatment 
of the deficiency, allowing neurological abnormalities to 
progress, 
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Laboratory Assessment of Status 

Folate status may be reliably assessed by direct measurement 
of serum and erythrocyte or whole blood concentrations, 
and its metabolic function as coenzyme assessed by metabo- 
lite concentrations, such as plasma homocysteine (see Chap- 
ters 20 and 26). Serum folate concentrations are considered 
indicative of recent intake and not of tissue stores, but serial 
measurements have been used to confirm adequate intake. 
Whole blood or erythrocyte folate concentrations are more 
indicative of tissue stores and have been shown to have a 
moderate correlation with liver folate concentrations taken 
through a biopsy.’” Because folate is taken up only by the 
developing erythrocyte in the bone marrow and not by the 
mature cell, erythrocyte concentrations reflect folate status 
over the 120-day lifespan of the cell. Urine folate excretion 
is not considered to be a sensitive indicator of folate status.’ 

CPB assays have now largely replaced microbiological 
procedures for the measurement of serum, whole blood, or 
erythrocyte folate, though the use of microtiter 96-well 
plates has enabled microbiological assay using Lactobacillus 
casei to be partly automated.” The binder used in the CPB 
folate assay is a protein that occurs naturally in milk, called 
B-lactoglobulin or milk folate binder, commonly used 
together with a radioactive *I-folate label, though noniso- 
topic fluorescence and bioluminescence labels are becoming 
more popular. One commercial assay uses selective protein 
binding coupled to ion capture, followed by fluorescence 
assay. However, because problems of standardization and 
intermethod agreement persist with CPB assays, more spe- 
cific analytical techniques have been developed, includ- 
ing HPLC with electrochemical or mass-spectrometric 
detection.” 

Several analytes are known to be indicative of folate 
metabolism. Plasma total homocysteine increases when 
there is a deficiency of 5-MTHE, such that the methylation 
of homocysteine to methionine is compromised. However, 
though plasma homocysteine is considered to be a sensitive 
functional indicator, it is not specific because its concentra- 
tion can be influenced by deficiency of other vitamins (Be 
and B,,) involved in the metabolism of homocysteine. Sim- 
ilarly the methylation of DNA is dependent upon adequate 
5-MTHE A sensitive new method for the rapid detection of 
abnormal methylation patterns in global DNA patterns has 
been reported and may have promise as a functional 
marker,“ as may the measurement of the degree of uracil 
incorporation into DNA, 5,10-methylene THF being 
required for the conversion of deoxyuridine monophosphate 
(dUMP) to dTMP by thymidylate synthetase. 


Reference Intervals 


Because of methodological differences, reference values for 
folate are method dependent. The data collected from the 
NHANES of 1988 to 1994 in the United States, in which 
almost 3000 blood samples were analyzed, produced refer- 
ence intervals of 2.6 to 12.2ug/L (6.0 to 28.0nmol/L) for 
serum folate and 103 to 411 ug/L (237 to 945nmol/L) for 


erythrocyte folate. Biochemical deficiency has been defined 
as a concentration of <l.4pg/L (<3.2nmol/L) for serum 
folate and <110 ug/L (<253 nmol/L) for erythrocyte folate.* 


NIACIN AND NIACINAMIDE 

Niacin and niacinamide (nicotinamide and nicotinic acid 
amide) are converted to the ubiquitous redox coenzymes 
nicotinamide-adenine dinucleotide (NADY and nicotin- 
amide-adenine dinucleotide phosphate (NADP)*. 


Chemistry 

The term niacin refers to nicotinic acid (pyridine-3- 
carboxylic acid), its amide nicotinamide, and derivatives that 
show the same biological activity as nicotinamide. A dis- 
tinction between the two primary vitamin forms has to be 
considered, however, when considering some aspects of their 
metabolism and especially their different pharmacological 
actions at high doses. Structures of both vitamers and the 
two coenzyme forms containing the nicotinamide moiety 
are given in Figure 30-23. 


Dietary Sources 

Nicotinamide-adenine dinucleotide (NAD; diphosphopyri- 
dine nucleotide) and nicotinamide-adenine dinucleotide 
phosphate (NADP; also termed  triphosphopyridine 
nucleotide) represent most of the niacin activity found in 
good sources that include yeast, lean meats, liver, and 
poultry.” Milk, canned salmon, and several leafy green veg- 
etables contribute lesser amounts but are still sufficient to 
prevent deficiency. Additionally, some plant foodstuffs, 
especially cereals such as corn and wheat, contain niacin 
bound to various peptides and sugars in forms nutritionally 
not readily available (niacinogens or niacytin).”* Because 
tryptophan is a precursor of niacin, protein provides a 
considerable portion of niacin equivalent. As much as two 
thirds of niacin required by adults can be derived from 
tryptophan metabolism via nicotinic acid ribonucleotide 
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Figure 30-23 Niacin, niacinamide, and coenzyme. 
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to NAD and NADP. It has been found that 60mg of 
tryptophan can provide the equivalent of 1 mg of niacin in 
the adult. In countries where fortification of processed 
cereals is practiced, this may provide up to 20% of niacin 
intake.” 

Free forms of the vitamin are white, stable solids that are 
quite soluble in water. The oxidized coenzymes are labile to 
alkali, whereas the reduced (dihydro) coenzymes are labile 
to acid. Reduction of the oxidized coenzymes commonly 
occurs by addition of a hydride ion to the para (4) position 
of the nicotinamide ring, with simultaneous forrnation of a 
solvated proton. NADH and NADPH (but not NAD and 
NADP) absorb light in the near ultraviolet region (339 nm). 
This forms the basis for many biochemical assays. 


Absorption, Transport, Metabolism, and Excretion 
Dietary NAD and NADP are hydrolyzed by enzymes, such as 
NAD glycohydrolase, in the intestinal mucosa to release 
nicotinamide, which together with any nicotinic acid is 
rapidly absorbed in both the stomach and intestine by an 
Na*-dependent facilitated diffusion at low concentrations 
and passive diffusion at higher concentrations.” Nicoti- 
namide is the main circulating form in the plasma, either 
postabsorption or by release from hydrolyzed liver NAD, and 
this can be taken up by most tissue requiring NAD by simple 
diffusion, though there is evidence of a facilitated transport 
in the erythrocyte." 

Once inside blood, kidney, brain, and liver cells both nico- 
tinic acid and nicotinamide are converted to the coenzyme 
forms. The first step involves the cytosolic phosphoribosyl- 
transferase-catalyzed reaction of nicotinate or nicotinamide 
with 5-phosphoribosyl-1-pyrophosphate to form pyrophos- 
phate and nicotinic acid ribonucleotide or nicotinamide 
ribonucleotide, respectively.°” An additional source of nico- 
tinic acid ribonucleotide is from the action of quinolate 
phosphoribosyltransferase on quinolinate formed from 
tryptophan. The efficiency of this pathway is under nutri- 
tional and hormonal regulation, with deficiency of vitamin 
B, (riboflavin) and iron slowing the conversion—and 
protein, tryptophan, energy, and niacin restriction increas- 
ing the efficiency.” Nicotinic acid ribonucleotide from 
whatever source is converted to deamido-NAD by an adeny- 
lyltransferase catalyzed attachment of the AMP moiety from 
ATP, and the deamido compound subsequently reacts with 
glutamine and a cytosolic ATP-dependent synthetase step to 
yield NAD, glutamate, and phosphate. Nicotinamide 
mononucleotide is directly converted by the adenylyltrans- 
ferase to NAD. NADP is formed by a kinase-catalyzed phos- 
phorylation of NAD. In the tissue, most of the vitamin is 
present as nicotinamide in NAD and NADP, although the 
liver may contain a significant fraction of the free vitamin. 
There is little storage of niacin as such. 

Excess niacin is excreted mainly as the N-methylnico- 
tinamide (NMN), after methylation in the liver, and the two 
oxidation products of NMN, N-methyl-2-pyridone-5- 
carboxamide, and N-methyl-4-pyridone-carboxamide.*” 


Functions 

Niacin is essential as the coenzymes NAD and NADP in 
which nicotinamide acts as an electron acceptor or hydrogen 
donor in a large number of redox reactions. Many of the 
enzymes function as dehydrogenases and catalyze such 
diverse reactions as the conversion of alcohols (often sugars 
and polyols) to aldehydes or ketones, hemiacetals to lactones, 
aldehydes to acids, and certain amino acids to keto acids.” 
The common mechanism of operation involves the ster- 
eospecific abstraction of a hydride ion from substrate, with 
para addition to one or the other side of carbon 4 in the pyri- 
dine ring of the nucleotide coenzyme. The second hydrogen 
of the substrate group oxidized is concomitantly removed as 
a proton and ultimately exchanges as a hydronium ion. 
Most dehydrogenases using NAD or NADP function 
reversibly. Glutamate dehydrogenase, for example, favors the 
oxidative direction, whereas others, such as glutathione 
reductase, preferentially catalyze reduction. In addition to 
redox reactions, NAD is also a substrate for three classes of 
enzymes that cleave the B-N-glycosylic bond of NAD to free 
nicotinamide and catalyze the transfer of adenosine diphos- 
phate (ADP)-ribose.* One such enzyme, poly(ADP-ribose) 
polymerase-1 (PARP-1), is involved in base excision repair 
and is thought to be important for genomic stability.” Nico- 
tinic acid, when used as a pharmaceutical agent, has im- 
portant antiatherogenic properties. It effectively lowers 
triglycerides, raises HDL cholesterol, and shifts LDL parti- 
cles to a less atherogenic phenotype.” 


Requirements and Reference Nutrient Intakes 


Requirements for niacin are expressed as niacin equivalents 
(NE), which take account of the contribution of tryptophan 
derived from protein. Earlier estimates of niacin require- 
ments were based on energy expenditure, reflecting the bio- 
logical function of the niacin coenzymes in the oxidation of 
fuel molecules. However, current recommendations merely 
reflect the fact that different age groups and sexes have, on 
average, different energy expenditure and that no directly 
relevant studies have linked energy intake or expenditure 
with niacin requirement.’” The median intake of preformed 
niacin from food in the United States is 28 mg for men and 
18mg for women. A study of two Canadian populations 
showed corresponding values of 41mg and 28mg per day. 
Additionally the average U.S. diet supplies between 0.7 and 
1.1g of tryptophan per day.*® Based on niacin metabolite 
excretion data, current RDA for males 19 years to more than 
70 years are 16 mg/day of NE, and for women of the same 
age, 14mg/day. An increase of 4 NE per day during preg- 
nancy is recommended and an increase of 3 NE daily for lac- 
tation will offset the preformed niacin lost in milk. Human 
milk contains approximately 0.17 mg of niacin and 22 mg of 
tryptophan/dL or 70kcal, and these amounts are adequate 
to meet niacin needs of the infant. Adequate intakes of 
2mg/day of preformed niacin and 4mg/day NE have been 
extrapolated from adult requirements for infants of 0 to 6 
months and 7 to 12 months, respectively. RDAs are set at 
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6 mg/day for children 1 to 3 years, 8 mg/day for children 4 to 
8 years, 12 mg/day for boys and girls 9 to 13 years, 14 mg/day 
for girls 14 to 18 years, and 16mg/day for boys 14 to 18 


years," 


Intravenous Supply 


The recommended supply to adult patients receiving TPN is 
40 mg/day in the form of nicotinamide.’ This increase above 
the oral recommendations will ensure an adequate intake to 
match increased energy expenditure. 


Deficiency 


Pellagra is the classic deficiency disease of the human that 
has been most often found among those who subsist chiefly 
on corn (maize), which is low in both niacin and trypto- 
phan.” Although its pathogenesis has been attributed to a 
deficiency of these two factors, other associated complicat- 
ing factors are a lack of pyridoxal-5-phosphate, FAD, and 
iron, which are functional in the conversion of tryptophan 
to niacin and the presence of mycotoxins elaborated by mold 
infestations, mainly by Fusarium.” Pellagra is also an occa- 
sional secondary manifestation of carcinoid syndrome, in 
which up to 60% of tryptophan is catabolized to 5-OH tryp- 
tophan and serotonin; Hartnup disease, an autosomal reces- 
sive disorder in which several amino acids, including 
tryptophan, are poorly absorbed; and in treatment with the 
antituberculous drug isoniazid, which competes with pyri- 
doxal-5-phosphate. 

The typical presentation of pellagra is that of a chronic 
wasting disease associated with dermatitis, dementia, and 
diarrhea. The characteristic erythematous dermatitis is bilat- 
eral and symmetrical and occurs on skin areas exposed to 
sunlight. Mental changes include fatigue, insomnia, and 
apathy, which precede an encephalopathy characterized by 
confusion, disorientation, hallucination, loss of memory, 
and eventually frank organic psychoses. The diarrhea, when 
it occurs, reflects a widespread inflammation of the intesti- 
nal mucous surfaces, including a bright red tongue; other 
gastrointestinal manifestations include achlorhydria, glossi- 
tis, stomatitis, and vaginitis. 


Toxicity 

Although no toxic effects have been associated with niacin 
intake from naturally occurring foods, the use of supple- 
ments and pharmacological doses of niacin has produced 
adverse effects in some subjects. In disorders of reduced tryp- 
tophan availability, such as Hartnup syndrome and carcinoid 
syndrome, daily niacin doses of 40 to 200mg may be 
required, and in the treatment of dyslipidemias nicotinic acid 
in doses up to 6g daily may be used. Such doses are com- 
monly associated with vascular dilation or “flushing,” a 
burning, tingling sensation of the face (that may be red- 
dened), arms, and chest, and is thought to be mediated by 
prostaglandins. This may be modulated by gradual incre- 
ments of the drug and by taking with meals. Other side effects 
of high-dose niacin treatment are pruritus, nausea, vomiting, 


and diarrhea, though these symptoms often abate with con- 
tinued therapy. Additional effects are abnormal glucose toler- 
ance, hyperuricemia, peptic ulcer, hepatomegaly, jaundice, 
and increased serum aminotransferases. In a study of 814 
patients on a combination extended-release niacin prepara- 
tion (maximum dose, 2g), flushing caused intolerance in 
10% of those studied, hepatotoxicity was seen in 0.5%, and 
myopathy was not reported.” The symptoms of flushing 
have been taken as an end point sign in the formulation of a 
tolerable upper intake level for niacin. This has been set at 
35 mg/day for adults of 19 years and older, with lower levels 
for children and adolescents.” 


Laboratory Assessment of Status 

At present, no blood markers are commonly used as indica- 
tors of niacin status. Most assessments of niacin nutriture 
have been based on measurement of the 2 urinary metabo- 
lites, N’-methylnicotinamide and N’-methyl-2-pyridone-5- 
carboxamide. Normally, adults excrete 20% to 30% of their 
niacin in the form of methylnicotinamide and 40% to 60% 
as the pyridone. An excretion ratio of pyridone to methyl- 
nicotinamide of 1.3 to 4.0 is thus normal, but latent niacin 
deficiency is indicated by a value below 1.0. As depletion 
occurs, the pyridone is absent for weeks before clinical signs 
are noted, and the methylnicotinamide excretion falls to a 
minimum at about the time that clinical signs are evident.” 
HPLC methods are currently the methods of choice,” 
though some capillary electrophoresis methods have been 
developed.” However, the measurement of 2-pyridone and 
N’-methylnicotinamide concentrations in plasma may 
provide a more reliable metabolite ratio than urine mea- 
surements. A newer approach that may prove valuable is the 
ratio of NAD/NADP in erythrocytes and plasma tryptophan. 
A ratio of NAD/NADP below 1.0 would be indicative of a 
risk of developing niacin deficiency.'” 


Reference Intervals 


A guidance reference interval for the excretion rate of 
N'-methylnicotinamide is 2.4 to 6.4mg/day (17.5 to 
46.7 umol/day) or 1.6 to 4.3mg/g creatinine (11.7 to 
31.4 umol/g creatinine). 7 


PANTOTHENIC ACID 


Pantothenic acid is a component of coenzyme A (CoA) and 
is required for the metabolism of fat, protein, and carbohy- 
drate via the citric acid cycle. 


Chemistry 


Pantothenic acid is of ubiquitous occurrence in nature, 
where it is synthesized by most microorganisms and plants 
from pantoic acid (p-2,4-dihydroxy-3,3-dimethylbutyric 
acid) derived from t-valine, and B-alanine derived from 
L-aspartate. Addition of cysteamine at the C-terminal end 
and phosphorylation at C4 of pantoic acid forms 4’- 
phosphopantetheine, which serves as a covalently attached 
prosthetic group of acyl carrier proteins, and, when attached 
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Figure 30-24 Pantothenate and 4’-phosphopantetheine as 
components of CoA, 


to ribose 3’-phosphate and adenine, CoA as shown in Figure 
30-24. Pantothenic acid is a hygroscopic, viscous oil, which is 
easily destroyed by heat, especially at extremes of pH. The 
most common commercial synthetic form is the calcium salt. 


Dietary Sources 


Pantothenic acid is widely distributed in foods, mostly 
within CoA-containing compounds, and is particularly 
abundant in animal sources, legumes, and whole grain 
cereals. Excellent food sources (100 to 200 ug/g dry weight) 
include egg yolk, kidney, liver, and yeast. Fair sources (35 to 
100 ug/g) include broccoli, lean beef, skimmed milk, sweet 
potatoes, and molasses. More than one half of the pan- 
tothenate in wheat may be lost during manufacture of flour, 
and up to one third is lost during cooking of meat.’** 


Absorption, Transport, Metabolism, and Excretion 


Pantothenic acid is taken in as dietary CoA compounds and 
4’-phosphopantetheine and hydrolyzed by pyrophosphatase 
and phosphatase in the intestinal lumen to dephospho-CoA, 
phosphopantetheine, and pantetheine. This is further 
hydrolyzed to pantethenic acid. The vitamin is primarily 
absorbed. as pantothenic acid by a saturable process at low 
concentrations and by simple diffusion at higher ones. The 
saturable process is facilitated by a sodium-dependent mul- 
tivitamin transporter, for which biotin and lipoate 
compete.” After absorption, pantothenic acid enters the cir- 
culation and is taken up by cells in a manner similar to its 
intestinal adsorption. The synthesis of CoA from pan- 
tothenate is regulated by pantothenate kinase, which itself is 
subject to negative feedback from the products CoA and 
acyl-CoA.™ The steps involved were outlined above. Pan- 
tothenic acid is excreted in the urine after hydrolysis of CoA 
compounds by enzymes that cleave phosphate and the cys- 
teamine moieties. Only a small fraction of pantothenate is 
secreted into milk and even less into colostrum. 


Functions 


Pantothenic acid has two major metabolic roles, the first as 
part of CoA and the other as the prosthetic group of the acyl- 


carrier protein (ACP). In the former role, CoA is primarily 
involved in acetyl and acyl transfer reactions in catabolic 
processes of carbohydrate, lipid, and protein chemistry. 
Examples of these are the acetylation of sugars, phospho- 
lipid, isoprenoid, and steroid biosynthesis and protein acety- 
lation.’ Acetyl-CoA that derives from the metabolism of 
carbohydrates, fats, and amino acids can acetylate com- 
pounds, such as choline and hexosamines to produce essen- 
tial biochemicals; it can also condense with other 
metabolites, such as oxaloacetate, to supply citrate and cho- 
lesterol. As the 4’-phosphopantetheine moiety of ACP, the 
phosphodiester-linked prosthetic group uses the sulfhydryl 
terminus to exchange with malonyl-CoA to form an ACP-S 
malonyl thioester, which can chain elongate during fatty acid 
biosynthesis.** In a 1998 study, pantothenic acid was found 
to protect rats against some deleterious effects of gamma 
radiation.” In a 2001 study, it was found to have antioxi- 
dant properties, thereby protecting lymphocytes against 
ultraviolet light-induced apoptosis.” Pantothenic acid used 
pharmaceutically may have benefits of lowering cholesterol, 
enhancing athletic performance, and relieving the symptoms 
of rheumatoid arthritis. 


Requirements and Reference Nutrient Intakes 


A number of studies have estimated the dietary intake of 
pantothenic acid in humans to be 4 to 7 mg/day, which seems 
sufficient for normal health.” Urinary excretion of pan- 
tothenic acid on a typical American diet averages 
2.6mg/day,"™ but may range from 2 to 7mg/day in adults 
consuming 5 to 7mg/day and is strongly dependent on 
intake; another 1 to 2 mg/day is lost in feces. The primary 
criterion used to estimate an AI for pantothenic acid is 
whether its intake is adequate to replace urinary excretion. 
It has been set at 5 mg/day for adolescents 14 years to 18 years 
and for adults.” Children 1 year to 13 years have Als ex- 
trapolated from adult values, and infants have Als reflecting 
intake from human milk, which contains approximately 
2mg/L. An additional 1 mg/day is suggested in pregnancy 
and an additional 2mg/day is suggested for lactating 
mothers. 


Intravenous Supply 


The recommended intravenous supply for adults is 
15 mg/day of dexpanthenol.’ 


Deficiency 

The widespread availability of pantothenic acid in food is 
commensurate with its many roles and makes an uncompli- 
cated dietary deficiency of pantothenate unlikely in humans. 
Symptoms have been produced in a few volunteers who have 
received @-methylpantothenic acid as an antagonist”! and 
in people fed semisynthetic diets virtually free of pan- 
tothenate.'® Subjects became irascible and developed pos- 
tural hypotension and rapid heart rate on exertion, 
epigastric distress with anorexia and constipation, numbness 
and tingling of the hands and feet, hyperactive deep tendon 
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reflexes, and weakness of finger extensor muscles. The 
eosinopenic response to adrenocorticotropic hormone was 
impaired. More severe deficiency in animals leads to adreno- 
cortical failure. Historically, pantothenic acid deficiency has 
been associated with the syndrome of “burning feet,” expe- 
rienced by prisoners in the second World War in Asia, and 
relieved only by pantothenic acid supplementation, and not 
by other B-group vitamins," 


Toxicity 

There are no reports of adverse effects, with the exception of 
occasional mild diarrhea, with oral pantothenic acid in doses 
as high as 20 g/day.“ In the absence of evidence of toxic- 
ity, a tolerable upper intake level cannot be derived for pan- 
tothenic acid. 


Laboratory Assessment of Status 


There are no convenient or reliable functional tests of pan- 
tothenic acid status, thus assessment is made by direct mea- 
surement of whole blood or urine pantothenic acid 
concentrations. Urine measurements are perhaps the easiest 
to conduct and interpret, and concentrations are closely 
related to dietary intake.“ Whole blood measurements are 
preferred to plasma, which contains only free pantothenic 
acid and is insensitive to changes in pantothenic acid intake. 
Concentrations of pantothenic acid in all of the above fluids 
can be measured by microbiological assay, most commonly 
using Lactobacillus plantarum. Whole blood must first be 
treated with an enzyme preparation to release pantothenic 
acid from CoA.” Other techniques that have been used to 
measure pantothenic acid in human samples include 
radioimmunoassay and gas chromatography.’ Other 
techniques that have been developed include gas chro- 
matography—mass spectrometry” and a stable isotope dilu- 
tion assay.“ CoA and ACP can be measured by enzymatic 
methods.” 


Reference Intervals 


Urinary excretion of pantothenic acid of less than 1 mg/day 
is considered abnormally low. Suspicion of inadequate 
intake is further supported if whole blood levels are less than 
LO0pg/L. A guidance reference interval for pantothenic acid 
in whole blood or serum is 344 to 583ug/L (1.57 to 
2.66 umol/L),™" and for urinary excretion is 1 to 15 mg/day 
(5 to 68 tmol/day).” 


TRACE ELEMENTS 


The term “trace element” was originally used to describe the 
residual amount of inorganic analyte quantitatively deter- 
mined in a sample. Increased analytical sensitivity now 
allows the accurate determination of most inorganic 
micronutrients present at very low concentrations in body 
fluids and tissue. Those present at (g/dL) in body fluids and 
in tissue (mg/kg) are however still widely referred to as 
“trace elements” and those found at ng/dL or pg/kg as the 


“ultratrace elements.” The corresponding dietary require- 
ments are quoted in mg/day or ug/day, respectively. 

The biological effects of deficiency disease define the 
essential trace elements, For example, an element is consid- 
ered essential when the signs and symptoms induced by a 
deficient diet are uniquely reversed by an adequate supply of 
the particular trace element under investigation.’**” 

For iron, iodine, cobalt (as cobalamins), selenium, 
copper, and zinc there are clinical examples of reversible 
deficiency disease. For these elements there is enough known 
about their biochemical functions to explain their impor- 
tance in human nutrition. For others, such as manganese, 
chromium, molybdenum, and vanadium, their importance 
remains to be fully accepted in clinical practice. Still other 
elements such as bromine, fluorine, cadmium, lead, stron- 
tium, lithium, and tin have been claimed by at least one 
investigator to be essential for one or more animal species as 
demonstrated by dietary deprivation studies. 


CLASSIFICATION 


This wide range of biologically active elements has led to a 
suggestion for classification beyond “essentiality” into the 
additional categories pharmacologically beneficial and 
nutritionally beneficial or possibly essential.” 


Pharmacologically Beneficial 

Trace elements in this category would include fluoride used 
for protection against dental caries and lithium salts used in 
the treatment of manic depression. The dosages required for 
a beneficial pharmacological effect greatly exceed the 
amounts of these elements normally found in food. 


Nutritionally Beneficial or Possibly Essential 

For some trace elements, continued suboptimal dietary 
intake—in the presence of physiological, nutritional, or 
other metabolic stress—may eventually have a detrimental 
effect. Then additional dietary supplementation may have a 
“health restorative” effect. Such effects are most clearly 
demonstrated in experimental animals. Examples include 
the effects of boron in the presence of vitamin D depletion,”” 
or the need for increased vanadium when there is either an 
experimentally induced deficient or excess supply of dietary 
iodine.** 


DOSE-EFFECT RELATIONSHIPS 


At low intakes of the recognized essential trace elements, 
deficiency disease may be seen, and then with increasing 
dietary supply a plateau region of optimal supply is reached. 
Still higher intakes will result in adverse toxic effects. The 
concentration window separating beneficial dietary intake 
from toxic intake varies depending upon the element in 
question, and on the nature of the chemical species present 
in the diet. This is similar to the dose-effect relationship 
described for the organic micronutrients (Figure 30-25). 
Therefore the RDA is set at amounts that are sufficient to 
prevent deficiency. A tolerable upper intake value that will 
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Figure 30-25 Model of the relationship between tissue 
concentration and intake of an essential nutrient and dependent 
biological function. 


prevent toxicity is also proposed for the inorganic micronu- 
trients of known importance to human health. ”* 

Reversal of clinical signs and symptoms by supplementa- 
tion with a single trace element or with micronutrient mix- 
tures has been used as indirect evidence of a preexisting 
deficiency. Growth velocities in children, regain of lean body 
mass, rate of wound healing, resistance to infection, and 
alterations in cognitive function can be assessed. However, 
many confounding factors, in particular the presence of 
disease or of other nutritional deficits, can affect the inter- 
pretation of changes in these indices. 

Reductions of metalloenzyme activity induced by the 
deficiency may be partially or wholly restored by effective 
treatment. Reversal of hematological and immune function 
laboratory abnormalities can also be used, as can hormonal 
changes induced by the deficiency. 


CHEMISTRY 


Trace elements interact with available ligands, mainly the 
electron donors nitrogen, sulfur, and oxygen to form a wide 
variety of chemical complexes or species. Some metals such 
as Fe, Cu, Mo, and Cr are stable in more than one valence 
state and participate in biologically important oxidation- 
reduction reactions.’ The transition metals with an incom- 
pletely filled 3d-orbital (Fe, Cu, and Co) coordinate with a 
large number of groups to form stable complexes. Zinc lies 
at the end of the first transition series in the periodic table. 
Zn”, with a complete 3d electron shell, is a particularly stable 
ion with unique biological functions. Reviews of the biolog- 
ical chemistry of the essential elements are available.’ 


BIOCHEMISTRY/ HOMEOSTASIS 


Most aspects of intermediary metabolism require essential 
trace elements in the form of metalloenzymes that have a 
range of catalytic properties. Specific metalloproteins are 
required for the transport and safe storage of very reactive 
metal ions, such as Fe** or Cu’*, Examples are metallo- 
thionein (Cu, Zn), transferrin, ferritin and hemosiderin (Fe), 
and ceruloplasmin (Cu). i 


Homeostatic controls are required to regulate the supply 
of essential trace elements to tissue cells in the face of varying 
dietary intakes. These involve regulation of intestinal 
absorption, specific transport systems in peripheral blood, 
uptake and storage mechanisms in tissue, and control of 
excretion. The principal excretory route for some important 
trace metals (Zn, Cu) is in feces both by regulation of initial 
absorption and by resecretion into the intestinal tract in bile 
and other intestinal fluids. For the halides (iodide and fluo- 
ride) excess intake is primarily excreted in urine. For others 
(Se, B, Mo, and Cr) urinary output is also important. Losses 
of trace elements by other routes, through hair and/or nails, 
skin cell desquamation, and in sweat, are generally minor, 
although studies have been published measuring such 
losses.” Similarly menstrual iron loss or seminal fluid zinc 
loss could be important in specialized studies. 

Combinations of poor dietary supply, intestinal malab- 
sorption because of the antagonistic effects of other trace 
elements, or blockage of uptake by substances like phytate— 
together with increased excretory losses as a result of disease, 
injury, and infection—can result in overt, symptomatic trace 
element deficiency disease.” Liver disease, inflammatory 
bowel disease, and renal disease will affect trace element 
absorption and excretion to a variable extent and may cause 
an acquired deficiency disease. 

Catabolic responses to injury, infection, and malignant 
disease can result in increased essential trace element losses 
in feces and in urine, and burn injury causes extensive losses 
in exudates through the damaged skin.“ 

If postsurgical patients, especially those with short bowel 
syndrome, require prolonged periods of nasogastric tube 
feeding or intravenous feeding and are treated with nutrient 
regimens lacking sufficient inorganic micronutrients, they 
will develop symptomatic deficiency disease. Clinical cases 
of trace element deficiency have been described for copper, 
zinc, selenium, and chromium.” 


INBORN ERRORS 


Although genetic defects in the metabolism of trace elements 
are rare, they are nonetheless important because of the 
information they have provided as to homeostatic control 
mechanisms. This in turn has led to development of effec- 
tive therapeutic strategies. The most commonly investigated 
disorders are those affecting iron (hemochromatosis), 
copper (Wilson’s disease and Menkes’ syndrome), zinc (acro- 
dermatitis enteropathica), and molybdenum (molybdenum 
cofactor disease). 


INTERACTIONS 


The physiological interaction between different essential 
trace elements and also with the other essential major min- 
erals can have significant effects on health. Such interactions 
are mostly considered as affecting the intestinal bioavailabil- 
ity of nutrients from various diets. The complex interactions 
that were investigated systematically in animal studies have 
been important in trying to understand the mechanisms of 
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absorption by the intestinal mucosal cells, an area that is 
still poorly defined. Both synergistic and antagonistic 
effects on bioavailability have been given a theoretical basis 
by the observation that ions with similar electronic 
configurations in their outer orbit are likely to imteract 
competitively. For example, there is strong interaction 
between zinc and copper and also between molybdenum and 
tungsten,” 

The ability of zinc ions to block copper absorption, pos- 
sibly by formation of. intestinal metallothionein that 
strongly binds copper, has led to its use'in pharmacological 
doses in the management of Wilson’s disease.” Similarly 
molybdate ion can form insoluble copper-molybdate com- 
plexes in the intestine that limit copper absorption. The 
detrimental effects of organic phosphate (phytic acid) in 
limiting zinc absorption are aggravated by excess dietary 
calcium, probably by formation of a highly insoluble Ca-Zn- 
phytate complex. The subject of these and other interactions 
has been reviewed.”* 

Synergistic interactions occur in other tissues and can 
have important biological and clinical consequences. For 
example, the interaction between selenium and iodine has 
been investigated.” It is known that deiodinases are seleno- 
proteins and that they remove iodine from T; to produce the 
biologically active T;. Also the selenoprotein glutathione per- 
oxidase is active in the thyroid in the destruction of excess 
hydrogen peroxide and is therefore important in thyroid 
hormone production. In certain areas of the world, com- 
bined selenium and iodine deficiency can occur and affect 
treatment; provision of selenium may be necessary to correct 
hypothyroidism, but also may precipitate its onset.’ 

Selenium deficiency in experimental animal studies is 
exacerbated by vitamin E depletion. The antioxidant prop- 
erties of tocopherol and glutathione peroxidase are similar 
and can to some extent overlap, although this is highly 
species dependent.” 

Zinc and vitamin A are also interrelated, and it appears 
that zinc depletion limits the bioavailability of vitamin A. 
Controlled studies found that combined zinc and vitamin A 
supplementation is more clinically effective than vitamin A 
alone or zinc alone in controlling diarrhea and minimizing 
respiratory infections.” 

Experimentally, it is usual to conduct animal and human 
studies using depletion of one essential element at a time. It 
is likely that in vivo the circumstances causing depletion of 
one essential element will be accompanied by varying 
degrees of depletion of other micronutrients, and that the 
possibility of interactions and synergistic effects should be 
considered when designing therapies. 


LABORATORY ASSESSMENT OF TRACE ELEMENT STATUS 

As understanding of underlying biochemical intracellular 
mechanisms increases for a particular trace element, the 
determination of the active species becomes of increased 
importance.” For iodine, assay of the thyroid hormones 
and of their control and feedback systems has largely 
replaced direct determination of the element. Cobalamin 


(vitamin Bız) is measured in body fluids by immunoassay 
rather than by a nonspecific cobalt determination. This 
process is gradually extending to other trace elements, 
because metalloenzymes and protein species are proposed as 
indices of Fe, Zn, Cu, and Se status. 

For several of the “ultratrace” elements (Cr, Mo, and V), 
insufficient information is currently available as to the crit- 
ical molecular species underlying their biological actions. 
Direct methods for determining total trace element concen- 
trations in biological samples are therefore required. This 
can pose severe analytical difficulties, and may require spe- 
cialist laboratory facilities, with appropriate techniques 
employed to reduce sample contamination.*” 

Dietary intakes of trace elements can be assessed for indi- 
vidual patients or population groups by direct dietary analy- 
sis and by taking dietary histories. The estimated intakes can 
then be compared with the current dietary reference values. 

Direct measurement of total dietary intake over several 
days together with measurement of all outputs in urine, 
feces, or by other routes can be used to estimate positive or 
negative balances. Because of the intrinsic difficulty of 
ensuring complete collection of all materials with minimal 
contamination, metabolic balance studies can have system- 
atic errors. 

The net intake can be also be estimated by using exoge- 
nous and endogenous labeling of representative diet with 
radio or stable isotopes of the trace element under investi- 
gation. These research methods can give valuable insights as 
to the bioavailability of nutrients and the efficiency of uptake 
by the intestinal tract from particular diets.“ 


ANALYTICAL CONSIDERATIONS 


Analytical factors that have to be considered in the mea- 
surement of trace elements include (1) specimen require- 
ments, (2) preanalytical factors, (3) collection equipment, 
and (4) analytical methodology. 


Specimen Requirements 


Direct determination of trace elements is made in many 
types of specimens including whole blood, blood plasma or 
serum, leukocytes, urine, saliva, cerebrospinal fluid (CSB), 
breast milk, and sweat. Tissue samples may be obtained by 
needle biopsy (liver, bone,) or following an autopsy. Hair and 
nail samples offer a noninvasive means of sampling tissue 
and are used to assess toxic metal exposure. Measurements 
of hair and nails for essential elements may be of value on a 
group basis during studies of severely depleted populations 
but are of limited value in the investigation of individual 
hospital patients. Problems of external contamination from 
environmental pollution, cosmetics, shampoos, and other 
sources are difficult to control.” 

The most commonly submitted samples for direct trace 
element analysis are of whole blood, blood plasma, or serum. 
Plasma protein levels of the relevant carrier proteins trans- 
ferrin (Fe), albumin (Zn), ceruloplasmin (Cu), and seleno- 
protein P (Se) can give useful additional information. 
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The concentration of essential trace elements in nucleated 
cells can be determined in various types of leukocytes and 
in platelets; this is a direct measure of intracellular trace 
element levels. However, separation of different types of 
white cells and platelets in whole blood is subject to serious 
problems of contamination before trace element analysis.°” 

Problems from prolonged storage of samples can arise 
and short-term storage at 4 °C to 10 °C with a rapid turn- 
around analytical time is good practice. Repeated freezing 
and thawing of blood plasma and other types of material can 
lead to precipitation of proteins and nonhomogeneous 
samples. 


Preanalytical Factors 

There are numerous variables that can affect trace element 
determinations before the analysis of the sample is under- 
taken and these require careful control. Guidelines giving 
details of sample collection procedures, and procedures for 
limitation of contamination in a range of sample types, are 
available for essential and toxic trace elements.***” Age, sex, 
ethnic origin, time of sampling in relation to food intake, 
time of day and year, history of medication, tobacco usage, 
and other factors should be recorded when establishing ref- 
erence intervals from healthy control populations, 

For hospital patients with infections, and after accidental 
injury or postsurgery, the systemic inflammatory response 
will affect the concentration of essential elements in circu- 
lating blood independently of nutritional status. For 
example, the APR causes increased permeability of capil- 
laries and transfer of certain plasma carrier proteins and 
their trace metals into interstitial space. Hepatic synthesis of 
some plasma proteins, the so-called acute phase proteins, is 
also induced, so that these proteins increase in concentration 
in plasma, together with any metals that they carry (e.g., 
ceruloplasmin and copper). Moreover, there are marked 
changes in the kinetics of elements, with altered rates of 
transfer to and from the tissue. Knowledge of the effect 
of disease on metal kinetics and distribution is therefore 
essential.” 


Collection Equipment 
The choice of container for samples is important, since con- 
tamination from rubber, cork, and colored plastics can be a 
problem. For blood plasma, collection plastic tubes with 
lithium heparin as an anticoagulant are suitable for most 
analyses. For blood serum, plain glass containers can be used. 
For the ultratrace metals (Mn, Cr), special arrangements have 
to be made to collect blood via plastic cannulae or silanized 
steel needles, and then the sample is placed into acid-washed 
containers. “Trace metal” vacutainers are available commer- 
cially. It is good practice to run dilute acid blanks through all 
the containers and collection systems to ensure that all 
batches remain as free from contamination as possible. 

For random urine samples and for tissue biopsy samples, 
a plain plastic container is preferable with no added preser- 
vative. For 24-hour urine collections, polyethylene bottles 
should be used with glacial acetic acid as the preservative. It 


is important that the urine collections should not be made 
into disposable fiber or stainless steel containers. 

For further details and advice, specialist laboratories 
should be consulted (e.g., in the United States, the United 
States Department of Agriculture (USDA), Beltsville Agri- 
cultural Research Center (BARC), Washington D.C., or the 
U.S. Department of Agriculture, Agriculture Research 
Service Human Nutrition Research Center, Grand Forks, 
N.D.*” UK and European readers may wish to consult the 
Supra Area Assay Service® or the Scottish Trace Element 
and Vitamin Laboratory).°” These sites have links to other 
specialist laboratories. 


Analytical Methodology 


An analytical method used for the determination of trace 
and ultratrace elements in biological specimens must be 
(1) sensitive, (2) specific, (3) precise, (4) accurate, and (5) 
relatively fast. The detection limits of such methods are very 
important because concentrations of trace or ultratrace ele- 
ments in some samples are in the nanogram per gram to 
microgram per gram range. In practice, the concentration of 
a trace or ultratrace element should be about at least 10 times 
the detection limit of the method, thus ensuring sufficient 
accuracy and precision. 

Analytical techniques used for clinical trace metal analy- 
sis include photometry, atomic absorption spectrophotom- 
etry (AAS), inductively coupled plasma optical emission 
(ICP-OES), and inductively coupled plasma mass spectrom- 
etry (ICP-MS). Other techniques, such as neutron activation 
analysis (NAA) and x-ray fluorescence (XRF), and electro- 
chemical methods, such as anodic stripping voltammetry 
(ASV), are used less commonly. For example. NAA requires 
a nuclear irradiation facility and is not readily available and 
ASV requires completely mineralized solutions for analysis, 
which is a time-consuming process. 


Photometry 


The principals of photometric measurements are discussed 
in Chapter 3. When applied to the analysis of trace elements, 
photometric methods are based on the use of a .color- 
forming reagent; however, they are not specific fora partic- 
ular metal. Interferences also occur in hemolyzed, lipemic, 
and icteric samples. In practice, the technique lacks sufficient 
sensitivity for all but the more abundant trace elements, such 
as iron, zinc, and copper. Many photometric methods for 
zinc and copper have been described'”!** and kits for 
them are available commercially. 


Atomic Absorption Spectrophotometry 


AAS is a widely used method for the determination of Zn 
and Cu in serum and has largely replaced less specific pho- 
tometric methods. (The principles of AAS are detailed in 
Chapter 3 and elsewhere,” and Delves has written a useful 
review on the application of AAS to clinical pathology.)'* 
Unfortunately the technique lacks the sensitivity to 
measure Cu in urine and the more sensitive but technically 
more demanding electrothermal atomization atomic absorp- 
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tion spectrometry (ETA-AAS) is required. In this technique, 
sample volumes as small as 1011 are sequentially volatilized 
and atomized in a. graphite tube. This technique is useful 
in situations in which the sample volume is limiting (e.g., 
premature babies) or for elements in which increased analy- 
tical sensitivity is required, such as selenium or manganese. 
Significant analytical errors can result from nonspecific 
optical absorption in the graphite tube and are caused by 
matrix components being volatilized along with the analyte 
atoms. Optical background correction systems using a deu- 
terium lamp or employing the Zeeman effect are now 
standard components in ETA-AAS instrumentation (see 
Chapter 3). Flame and electrothermal AS are therefore widely 
used, but these are single element techniques and as such the 
methods for different elements have to be run sequentially, 
which can be wasteful in terms of time and sample. 


Inductively Coupled Plasma-Optical Emission 
Spectrometry (ICP-OES) 

ICP-OES is replacing AAS in some laboratories. Major 
changes to ICP-OES instrumentation that have led to this 
trend in replacement include (1) use of conventionally or 
radially viewed plasmas, which can now be viewed axially 
thereby greatly improving sensitivity; (2) replacement of 
monochromators with echelle spectrometers; (3) replace- 
ment of photomultiplier detectors with charge-coupled 
detectors (CCD), which have the ability to capture the whole 
echellogram and thereby deliver truly simultaneous analysis 
over the entire spectrum; and (4) use of vacuum or argon 
purged optics, allowing measurement down to and includ- 
ing the primary aluminum line at 167 nm. 

With up-to-date ICP-OES, the elements Ca, Mg, Zn, Cu, 
Fe, and Al can be determined in a single analysis." Apart 
from its multielement capabilities and increased sensitivity, 
ICP-OES also offers a wide dynamic range (e.g., three orders 
of magnitude for most elements) that allows simultaneous 
analyses to be obtained on a single diluted aliquot of sample. 
The high temperature of the plasma, 7500 °C, renders the 
technique largely free of chemical interferences, but matrix 
effects, background, and spectral interferences are greater 
than those in AAS. This is especially true of the axially 
viewed plasma in which emission from metal oxides may be 
observed. However, it is expected that sophisticated algo- 
rithms built into the software of modern instruments will 
overcome most problems. Axially and radially viewed ICP 
has been compared with respect to signal/background ratio, 
matrix effects, and sodium and calcium interferences, ™? 


Inductively Coupled Plasma-Mass Spectrometry 

(ICP-MS) 

This technique is more sensitive than either ETA-AAS or 
ICP-OES and is now the method of choice for ultratrace ele- 
ments. The spectra are simpler than those of ICP-OES, but 
isobaric and polyatomic interferences do occur. Polyatomic 
interferences are more likely at masses <80. As ICP-MS can 
also be used to measure stable isotopes, it is used for con- 


ducting stable isotope tracer experiments and isotope dilu- 
tion analysis. The principles of mass spectrometry are dis- 
cussed in Chapter 7 and several textbooks are available on 
ICP-MS.” Clinical applications of ICP-MS have been 
described and reviewed,*” 


Quality Assurance Considerations 


Because methods for trace element analyses are not stan- 
dardized and are disposed to matrix effects and contamina- 
tion problems, quality assurance measures must be 
incorporated into trace element analysis schemes. An effec- 
tive quality assurance scheme for trace or ultratrace element 
analyses requires incorporation of the following into each 
batch of analysis: (1) reagent blanks, (2) replicate analyses to 
assess precision, (3) calibrators of the trace elements of inter- 
est in the expected concentration range of the specimens 
analyzed, and (4) a control or reference solution with known 
or certified concentrations of the trace elements to be deter- 
mined to assess accuracy and batch-to-batch precision. The 
reference material should be of the same matrix type and 
contain approximately the same amounts of analyte as the 
specimens. Many different control or reference materials that 
contain certified amounts of trace elements are available. For 
quality control of trace element determinations in tissue 
specimens, reference materials of different biological matri- 
ces that have certified values for most macro and trace ele- 
ments are available from the National Institute of Standards 
and Technology, Office of Standard Reference Materials in 
Washington, D.C. and from the Institute for Reference Mate- 
rials and Measurements (IRMM) in Geel, Belgium (see 
Chapter 1). 

A specimen pool that has been characterized by more 
than one laboratory can be conveniently and reliably used 
for quality control. Aliquots of such a pool should be stored 
frozen in tightly capped polypropylene tubes, with a 
minimum of headspace. No changes in zinc or copper con- 
centrations were seen in serum samples frozen for up to 50 
days.’ Frozen pool samples can also be used to assess day- 
to-day precision of methods. Thawed specimens should be 
well mixed before sampling because analytical errors are 
caused by metal concentration gradients in unmixed thawed 
specimens. Recovery studies of elements from samples con- 
taining known quantities of added analyte are useful at inter- 
vals, for assessing accuracy and linearity, but such studies do 
not have to be performed daily. It is also recommended that 
trace elements participate in one or more EQAS. Organiza- 
tions providing such schemes are listed in Box 30-1 and 
compilations of reference intervals have been published.’ 


INDIVIDUAL TRACE ELEMENTS 


Trace elements include chromium, cobalt, copper, fluoride, 
iron, manganese, molybdenum, selenium, and zinc. 


Chromium 


Chromium (Cr), which occurs naturally in various crustal 
materials, is a transitional element with many industrial 
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uses and is discharged into the environment as industrial 
waste, 


Chemistry 


Chromium (atomic number 24, atomic weight 51.99) is a 
transition metal that occurs in biology with valence 3* or 6*, 
each having markedly different properties. Trivalent Cr” is 
a d cation, which usually forms octahedral complexes with 
slow ligand exchange. The element has no redox or acid-base 
properties.” It is considered an essential trace element that 
enhances the action of insulin.*” Hexavalent Cr® is a strong 
oxidant and can cause tissue damage,*” although the toxic 
Cr“ ion is normally rapidly reduced to Cr* during contact 
with foodstuffs and gastric contents. 

The molecular composition of a biologically active form 
of Cr” found in brewer’s yeast, known as glucose tolerance 
factor (GTF), is not established. The structure of the 
Cr” bioactive molecule is thought to be the octahedral 


chromium complex, with two molecules of nicotinic acid 
having four coordination sites linked to glutamic acid, 
glycine, and cysteine, but attempts to isolate and purify the 
substance have not been successful. It is not clear whether 
GTF in brewer’s yeast is better used than inorganic 
chromium in relation to insulin activation.” 


Dietary Sources 


Estimates of the amount of chromium in foodstuffs vary, 
partly because of analytical difficulties, but also because of 
contamination during contact with stainless steel during 
food processing, storage, and cooking. Processed meats, 
whole grain products, green beans, broccoli, and some spices 
are relatively good sources, but fruit and dairy products are 
not. Foodstuffs with high amounts of sucrose or fructose are 
intrinsically low in chromium and furthermore these sugars 
may promote urine loss. The estimated dietary intake for 
adults in the United States varies from 20 to 30 ug/day. Sup- 
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plements containing chromium are taken by about 8% of 
adults in the United States and the NHANES III survey esti- 
mated that this added 23 ug Cr per day.'” 


Absorption, Transport, Metabolism, and Excretion 


Intestinal absorption of Cr* is low, ranging from 0.4% to 
2.5%, so fecal output is mainly unabsorbed dietary 
chromium. Absorption is increased marginally by ascorbic 
acid, amino acids, oxalate, and other dietary factors. After 
absorption, chromium binds to plasma transferrin with an 
affinity similar to that of iron.”*' It then concentrates in 
human liver, spleen, other soft tissue, and bone.*” Urine 
chromium output is around 0.2 to 0.3 ug/day, the amount 
excreted being to some extent dependent upon intake. Para- 
doxically, urine output appears to be relatively increased at 
low dietary levels. Thus 2% is lost in urine at an intake of 
l0ug/day, but only 0.5% at an intake of 40ug/day.'* Both 
running and resistive exercise increases urine chromium 
excretion. "5 


Functions 


Severely chromium-deficient rats have impaired growth, 
reduced lifespan, corneal lesions, and alterations in carbo- 
hydrate, lipid, and protein metabolism. Supplementation 
with inorganic chromium restored glucose tolerance in these 
animals. Repetition of laboratory studies on experimental 
animals by other groups gave inconsistent results. Claims of 
benefits from chromium supplementation in diabetic 
patients, the elderly, and malnourished children were pub- 
lished but also not confirmed by others. It was later realized 
that analytical methods for chromium determination used 
in some of the earlier studies were orders of magnitude too 
high because of contamination of samples before analysis. 
Also, ineffective background optical correction was used in 
the graphite furnace AAS systems then available.” 
However, many of the important biological observations 
made in those early investigations have since been confirmed 
using more accurate analytical techniques.**! 

The biochemical mechanism that allows chromium to 
potentiate the actions of insulin receptors on cell mem- 
branes has been intensively investigated.™ It is now sug- 
gested that a low molecular weight intracellular octapeptide 
(LMWCr), also known as chromodulin, binds Cr** and 
enhances the response of insulin receptors. Chromodulin 
binds four Cr* ions and then locates on cell membranes near 
to the site of insulin receptors. The structure of chromod- 
ulin has been examined by a variety of advanced spectro- 
scopic techniques and the complex shown to possess a 
unique type of multinuclear assembly, with the chromium 
centers having an octahedral coordination with oxygen- 
based ligands.”” 

Chromodulin, first described in the 1980s, has been iso- 
lated from liver, kidney, and other tissues in several species of 
experimental animals. Its proposed mode of action is (1) the 
inactive insulin receptors on cell membranes are converted to 
an active form by binding circulating insulin; (2) this binding 


stimulates the movement into cells of chromium bound to 
plasma transferrin; (3) chromium then binds to apoLMWCr, 
converting it to an active form that then binds to the insulin 
receptors and potentiates kinase activity; (4) as plasma 
glucose and insulin fall to normoglycemic levels, the LMWCr 
factor is released from the cell to terminate its effects. It is 
thought that the released chromodulin is the naturally occur- 
ring form of chromium in urine. 


Requirements and Reference Nutrient Intakes 


Because there has not been sufficient evidence to set an esti- 
mated average requirement (EAR), an AI based on estimated 
intakes has been set at 35 ug Cr per day for men and 25 ug 
Cr per day for women. No tolerable upper limit was set for 
dietary Cr” intake.’ 


Intravenous Supply 


It is now advised that patients on short-term TPN (<1 to 3 
months) receive 10 to 20g Cr per day. Those on long-term 
TPN who are clinically and biochemically stable may be 
receiving enough chromium via contamination of their 
nutrients." 

Commercial multielement intravenous additives will 
usually contain about 10 to 30ug Cr. When high concentra- 
tions of glucose (20% to 50%) are given intravenously as the 
main energy source, increased losses of chromium in urine 
may occur. Urinary losses could be monitored (although this 
is rarely done) and input increased especially if signs of 
unexplained glucose intolerance are seen. However, there 
also have been reports that excessive amounts of chromium 
may have been given to children and adults during TPN, 
with possible detrimental effects on renal function.” ™” 


Deficiency 

Clinical signs of human chromium deficiency were first 
clearly described in patients receiving parenteral nutrition 
for a prolonged period using a nutritional.regimen that did 
not supply sufficient chromium." Only a few case histories 
been have published.*""** All had similar presentations, 
with previously stable patients developing insulin-resistant 
glucose intolerance, weight loss, and in some cases neuro- 
logical deficits. Addition of substantial amounts of Cr** to 
the intravenous regimen (150 to 200pg/day} reversed 
glucose intolerance and reduced insulin requirements with 
eventual improvement in the neurological disorders. 

It was later noted that a patient on TPN who developed 
glucose intolerance and neuropathy also had been receiving 
metronidazole. Baseline serum chromium concentrations 
were seemingly increased. Yet treatment with 250ug 
chromium chloride intravenously for 2 weeks resulted in 
rapid clinical remission, and normal nerve conduction was 
restored within 3 weeks. 

These cases, although rare, influenced the U.S. Food and 
Nutrition Board to designate chromium as an essential trace 
element.’” It is not clear why there have been so few cases of 
clinical chromium deficiency in comparison with zinc, 
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copper, and selenium, but this might relate to chromium 
contamination of infusion fluids, especially in the amino 
acid mixture,” 


Clinical Significance 
Chromium is thought to play a role in impaired glucose tol- 
erance, diabetes, and cardiovascular disease. 

Impaired Glucose Tolerance and Diabetes. More than 
15% of adults aged 40 to 74 are thought to have impaired 
glucose tolerance and it’ has been suggested that poor 
chromium nutritional status may be a factor. However, the 
variability of dietary chromium intake and the lack of an 
easily usable laboratory or clinical marker to identify those 
patients with poor chromium status create difficulties. A 
metaanalysis investigated 15 randomized controlled trials 
that reported adequate data on the effect of chromium on 
glucose, insulin, and glycated Hb A,.. Of the 618 partici- 
pants, 193 had type 2 diabetes and 425 of the subjects were 
either in good health or had only impaired glucose toler- 
ance. The authors concluded that there was no effect from 
chromium on glucose or insulin in nondiabetic participants 
and that the data for persons with diabetes are inconclusive. 
Consequently, large scale trials are required. 

A controlled trial of higher doses (250g and 1000 ug of 
chromium) as chromium picolinate was conducted in China 
on 180 type 2 diabetic subjects. This trial did find improve- 
ments in glucose handling and reduction in glycosylated 
hemoglobin.” Benefit was also found in previous studies on 
populations of malnourished children in Jordan, Nigeria, 
and Turkey. It is possible that other interacting dietary 
depletions may aggravate chromium deficiency in these 
populations.*” 

It has now been suggested that short-term dosage of 
<1000ug Cr per day may be a useful additional treatment 
for type 2 diabetes. Monitoring of kidney function and 
clinical assessment of any dermatological changes are 
advised.“ Anderson maintains that chromium supplemen- 
tation has been shown to improve glucose handling in all the 
main types of diabetes.” The dosages used suggest a 
pharmacological role for chromium and potential toxicity 
has to be considered and therapeutic benefit.” Chromium 
therapy in the control and prevention of diabetes is 
therefore of considerable interest and the subject of much 
controversy.” 

Glucose Intolerance in the Elderly. Glucose intolerance 
is age related and chromium supplementation trials in the 
elderly have been conducted with variable results.” The 
inability to determine which of the elderly trial subjects was 
initially chromium depleted makes it difficult to interpret 
the findings. If the observations can be confirmed and there 
is an age-related decrease in the chromium concentration in 
hair, sweat, and blood serum, then there is a necessity for 
further studies in the elderly.” 

Cardiovascular Disease. Chromium depletion has long 
been thought to be associated with an increased cardiovas- 
cular risk” A double-blind 12-week study of 23 healthy 


adult men showed that 200g chromium (as chromium 
chloride) increased HDL cholesterol and decreased insulin 
levels.“ Other reports of favorable lipid responses to 
chromium supplementation have also been published.“ 
Abnormal lipid profiles are found in patients with type 2 dia- 
betes and may be associated with an increased risk of car- 
diovascular disease. However, additional larger-scale studies 
are necessary to confirm the effects of chromium on risk 
factors for cardiovascular disease.” 


Toxicity 
Hexavalent chromium (6°) is a recognized carcinogen, and 
industrial exposure to fumes and dusts containing this metal 
is associated with increased incidence of lung cancer, der- 
matitis, and skin ulcers. Environmental health risks arise 
from soil contamination by Cr waste disposal sites left by 
the leather tanning and dyestuff industries.’ Crê is more 
efficiently absorbed than Cr’* and its toxicity and carcino- 
genic effects involve reduction to Cr*‘and Cr™ by cysteine, 
with the formation of intracellular DNA adducts.* 
Cr’*species are relatively nontoxic partly because of their 
poor intestinal absorption and rapid excretion in urine. 
However, chromium picolinate is a widely used dietary 
supplement and this compound has been reported to cause 
renal and hepatic damage when used at high doses.’” 
Patients with preexisting renal or liver disease may be at par- 
ticular risk from adverse effects, Vincent™ has found that 
chromium picolinate has a different intracellular pathway 
from other forms of Cr*. There may be benefits from 
chromium picolinate in relation to diabetes control,” but the 
claims that this supplement can promote body fat loss and 
muscle mass gain have not been substantiated.™ 


Laboratory Assessment of Status 


A beneficial response of glucose-intolerant patients to 
chromium supplementation is presently the only means of 
confirming chromium deficiency. No practicable method of 
assessing intracellular chromium depletion is yet available 
and there is no consistently reliable animal model for 
chromium deficiency. Furthermore, it has been known from 
early animal experiments that circulating chromium is not 
in equilibrium with physiologically important reserves. It 
has been shown in late pregnancy that serum chromium 
concentration does not correlate with glucose intolerance, 
insulin resistance, or serum lipids.”** 

A possibly useful test has been proposed that uses 
radioactive *'Cr® to label red cells. The ion is then reduced 
to Cr™ and the amount bound to cell membranes is depen- 
dent upon the initial amount of Cr** present, which in turn 
is a reflection of the adequacy of chromium nutritional 
status. The test was applied to 25 type 2 diabetes patients and 
35 controls. No difference was found, and it was concluded 
that chromium nutrition has only a minor role in this 
condition.” 

Direct determination of chromium in diet, in oral and 
intravenous nutritional support regimens, and in blood 
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plasma or serum can only be carried out if great care is taken 
to prevent contamination before and during analysis.” 
Sample collection procedures have to avoid any contact with 
stainless steel, so all-plastic phlebotomy systems or sili- 
conized steel needles should be used, and samples should be 
stored in acid washed containers. Acid digestion of diet 
samples in sealed pressure vessels using microwave heating 
may be necessary to reduce background effects and also to 
prevent losses of volatile chromium compounds. Specialist 
trace element laboratories employing ICP-MS and stable 
chromium isotopes“? now offer improved analytical sensi- 
tivity and allow tracer methods for metabolic studies.“ 

The detection of increased amounts of chromium in 
urine is a confirmation of recent occupational or environ- 
mental exposure to excess chromium. It also may be useful 
to monitor urine chromium in trials that use pharmacolog- 
ical dosages of chromium, both to confirm compliance and 
to detect potential toxicity. This is possible using available 
graphite furnace AAS instrumentation. 


Reference Values 


Very low values are now considered as normal for serum (0.1 
to 0.2 ug/L, 2 to 3mmol/L) and for urine <0.2 ug Cr per L (<3 
nmol/L). Thus the detection of deficiency by direct analysis 
is difficult.“ 


Cobalt 


Cobalt (Co) is essential for humans only as an integral part 
of vitamin Bı; (cobalamin). No other function for cobalt in 
the human body is known. Details of vitamin Bi biochem- 
istry and function are discussed above. Microflora of the 
human intestine cannot use cobalt to synthesize physiologi- 
cally active cobalamin. The human vitamin B, requirement 
must be supplied by the diet. Free (nonvitamin Bn) cobalt 
does not interact with the body vitamin By pool. 


Copper 


Copper (Cu) is an important trace element and is associated 
with a number of metalloproteins. It is present in biological 
systems in both the 1* and 2* valence states. 


Chemistry 


Copper (atomic number 29, atomic weight 63.54) has Cu” 
and Cu” oxidation states in biological systems; the facile 
exchange between these ions gives the element important 
redox properties. Because of their high electron affinities, 
these ions are the most strongly bound to organic molecules 
of all the essential trace metals. Copper in biological mater- 
ial is complexed with proteins, peptides, and other organic 
ligands. An elaborate series of binding and transport pro- 
teins inside cells protects the genome from copper-generated 
free radical attack. This keeps the concentration of free 
copper in the cytoplasm very low (around 10° mol/L.) 
Copper bioinorganic chemistry evolved concurrently with 
that of molecular oxygen. Numerous blue-colored copper- 
containing proteins, most of which are oxidases, are located 


outside the cytoplasm on the surface of cell membranes or 
in vesicles. However, the copper metalloenzyme superoxide 
dismutase (SOD) protects against random free radical 
damage both in the cytoplasm and in blood plasma. Para- 
doxically, it was the ability of copper ions to generate free 
radicals that led to the evolutionary development of the 
extracellular matrix by polymerization and cross-linking of 
low molecular weight substrates. This allowed the formation 
of collagen, chitin, and other structural proteins essential for 
the development of multicellular life forms.’ 


Dietary Sources 


The copper content of food is variable and can be affected 
by applications to crops of copper-containing fertilizers and 
fungicidal sprays. Also the use of copper-containing cooking 
vessels contributes to total intake. The metal is most plenti- 
ful in organ meats, such as liver and kidney, with relatively 
high amounts also being found in shellfish, nuts, whole grain 
cereals, bran, and all cocoa-containing products. Lower 
amounts of copper are found in white meats and in dairy 
products, especially cow’s milk. The median intake of copper 
in the United States is around 1.0 to 1.6mg/day.'” 


Absorption, Transport, Metabolism, and Excretion 

Copper absorption mainly occurs in the small intestine, 
although gastric uptake has been shown to occur to a smaller 
extent. Some copper may also be incorporated by inhalation 
and skin absorption. The extent of intestinal copper absorp- 
tion varies with dietary copper content and is around 50% 
at low copper intakes (<1 mg Cu per day) but only 20% at 
higher intakes (>5mg Cu per day).* Copper intestinal 
uptake is pH dependent and relatively efficient. Absorption 
is reduced by other dietary components, such as zinc (via 
metallothionein), molybdate, and iron, and increased by 
amino acids and by dietary sodium.” 

Absorbed copper is transported to the liver in portal 
blood bound to albumin, where it is incorporated by the 
hepatocytes into cuproenzymes and other proteins and then 
exported in peripheral blood to tissue and organs. Although 
two thirds of the 80 to 100mg total body copper content is 
located in the skeleton and muscle, the liver is the key organ 
in copper homecstasis.“” More than 90% of the copper 
exported from the liver into peripheral blood is in the form 
of the glycoprotein ceruloplasmin, which has a blue color 
when separated from other plasma proteins. Its structure can 
be studied by electron paramagnetic resonance spectroscopy 
and other spectroscopic techniques.*” It is a positive acute 
phase reactant and increases during infection and after tissue 
injury. Cerwloplasmin also increases in pregnancy and 
during use of oral contraceptives, leading to a rise in serum 
copper concentration. A smaller amount of copper in plasma 
(<10%) is bound to albumin by specific peptide sequences 
and this copper is in equilibrium with plasma amino acids. 
This fraction may be important for cellular uptake. 

An overview of copper metabolism is illustrated in Figure 
30-26.” 
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Figure 30-26 Metabolism of copper. (Modified from Harris ED. Copper. In: O’Dell BL, Sunde RA, 
eds. Handbook of nutritionally essential mineral elements. New York: Marcel Dekker, 1997:23 1-73.) 


Between 0.5 and 2.0 mg of copper per day is excreted via 
bile into feces. Patients with cholestatic jaundice or other 
forms of liver dysfunction are therefore at risk of copper 
accumulation caused by failure of excretion. Copper losses 
in urine and sweat are <3% of dietary intake. Urine copper 
output is normally less than 60 ug/day. 


Functions 


Copper is a catalytic component of numerous enzymes and 
is also a structural component of other important proteins 
in humans, animals, plants, and microorganisms." 
Some of those considered of potential importance in human 
biochemistry are briefly described below. 

Energy, Production. Cytochrome c oxidase is a multi- 
subunit complex containing copper and iron. Located on the 
external face of mitochondrial membranes, the enzyme cat- 
alyzes a four-electron reduction of molecular oxygen, estab- 
lishing a high-energy proton gradient across the inner 
mitochondrial membrane, which is necessary for ATP pro- 
duction. Cytochrome c and cytochrome c oxidase are essen- 
tial for oxidative phosphorylation that is the basis of 
intracellular energy production. 

Connective Tissue Formation. Protein-lysine 6-oxidase 
(lysyl oxidase) is a cuproenzyme that is essential for stabi- 
lization of extracellular matrixes, specifically the enzymatic 
cross-linking of collagen and elastin. Complex mechanisms 
involve the deamination of lysine and hydrolysine residues 
at specific extracellular sites. The enzyme is highly associated 
with connective tissue and located in the aorta, dermal con- 


nective tissue, fibroblasts, and the cytoskeleton of many 
other cells. 

tron Metabolism. Copper-containing enzymes—namely 
ferroxidase I (ceruloplasmin) and ferroxidase H, and the 
recently described hephaestin in the enterocyte—oxidize 
ferrous iron to ferric iron. This allows incorporation of 
Fe” into transferrin and eventually into hemoglobin. Fer- 
roxidase II is a yellow protein, the importance of which 
in iron metabolism is not as well characterized as that of 
ceruloplasmin. 

Central Nervous System. Dopamine monooxygenase 
(DMO) is an enzyme that requires copper. as a cofactor and 
uses ascorbate as an electron donor. This enzyme catalyzes 
the conversion of dopamine to norepinephrine, the impor- 
tant neurotransmitter. There are soluble and membrane- 
bound forms of the enzyme, the latter being found in the 
chromaffin granules of the adrenal cortex. Monoamine 
oxidase, one of the numerous amine oxidases, is a copper- 
containing enzyme that catalyzes the degradation of sero- 
tonin in the brain and is also involved in the metabolism of 
the catecholamines, 

The formation of the phospholipids necessary for myelin 
sheath formation is affected by cytochrome c oxidase deple- 
tion. It is now known that the prion protein (PrP) binds Cu 
Il and may be involved in copper regulation within the 
brain.“ 

Melanin Synthesis. Tyrosinase is a copper-containing 
enzyme that is present in melanocytes and catalyzes the syn- 
thesis of melanin. Starting with L-dopa as a substrate, tyrosi- 
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nase catalyzes multiple oxidative steps to produce the 
melanin biopigments pheomelanin and eumelanin. 

Antioxidant Functions, Both intracellular and extracel- 
lular SODs are copper- and zinc-containing enzymes, able 
to convert superoxide radicals to hydrogen peroxide, which 
can be subsequently removed by catalase and other antioxi- 
dant defenses. The plasma protein ceruloplasmin also binds 
copper ions and thus prevents oxidative damage from free 
copper ions, which can generate hydroxyl radicals. 

Regulation of Gene Expression and Intracellular 
Copper Handling. Copper-dependent proteins act as tran- 
scription factors for specific genes, such as those regulating 
SOD and catalase. Metallothionein synthesis is controlled by 
copper-responsive transcription factors, and this protein is 
important in regulating the intracellular distribution of 
copper.’ Additional specialized proteins act as “copper 
chaperones” to deliver copper to intracellular sites and 
prevent oxidative damage by free copper ions.’ 

Inborn Errors of Copper Metabolism. Menkes’ syn- 
drome is caused by a defective gene that regulates the metab- 
olism of copper in the body. Wilson’s disease is inherited as 
an autosomal recessive trait having a defect in the metabo- 
lism of copper, with accumulation of copper in the liver, 
brain, kidney, cornea, and other tissues. Investigation of 
these rare genetic defects has been of great value in uncov- 
ering details of the control of copper transport. Copper- 
transporting P-type ATPases, known as ATP7A and ATP7B, 
are essential factors in maintaining copper balance.” 
Impaired intestinal transport of copper caused by a muta- 
tion in the ATP7A gene leads to the severe copper deficiency 
disease seen in Menkes’ syndrome. Defects in the ATP7B 
gene affect both incorporation of copper into ceruloplasmin 
and copper excretion via bile. This results in a toxic accu- 
mulation of copper and is the basis of Wilson’s disease. 

Another genetic defect results in failure of hepatic syn- 
thesis of ceruloplasmin (aceruloplasminemia), which is a 
neurodegenerative disease. Retinal damage, secondary iron 
overload, and insulin-dependent diabetes present in the 
fourth to fifth decade of life,’ 


Requirements and Reference Nutrient Intakes 

The recommended dietary intake for adults is 0.9 mg/day. 
This is close to the lower limit of 1.0 mg/day found in dietary 
surveys and has led to suggestions that marginal copper 
depletion could be found in the U.S. population.” The tol- 
erable upper limit is 10 mg/day.” 


Intravenous Supply 

The usual adult supply of copper intravenously varies from 
0.3 to 1.3mg/day (5 to 20umol/day), the higher amounts 
being required in those patients with preexisting depletion or 
biliary losses and lower amounts in those with cholestasis. 


Deficiency 
Mainourished infants. When malnourished infants with 
a history of chronic diarrhea were rehabilitated using a 


formula based upon cow’s milk, they developed an iron- 
resistant anemia, neutropenia, and other hematological 
disorders and bone lesions.” Copper supplementation of 
milk feeds reversed these abnormalities and addition of 
2.5mg Cu per day is now advised.” 

Premature infants. Most of the accumulation of copper 
in the fetal liver occurs in the last 3 months of pregnancy, 
and premature infants fed formula lacking sufficient copper 
are at risk of deficiency disease since they lack adequate liver 
copper stores. Hematological abnormalities and easily 
fractured brittle bones have been described.” The radio- 
graphic changes in infants with copper deficiency include 
osteopenia and metaphyseal spurs.” As noted above, for- 
mulas based on cow’s milk require copper supplementation. 
Monitoring of plasma copper is advisable and results should 
be related to postnatal age; at 4 weeks mean values are 
42ug/dL (6.6umol/L), rising to 55 g/dL (8.7 umol/L) by 
14 weeks.” 

Nutritional Support. Adults and children fed intra- 
venously without addition of sufficient copper to the nutri- 
ent regimen develop symptomatic copper deficiency. The 
hematological changes of hypochromic anemia and neu- 
tropenia are reversed by copper supplementation.’ 
Similar effects have been reported during prolonged enteral 
feeding via jejunostomy.” Children may also develop the 
typical bone changes mentioned above. 

Menkes’ Syndrome. The history and aspects of the diag- 
nosis and therapy of this condition have been reviewed.” It 
is a rare condition (1/100,000 live births), the mutation is 
X-linked, and typically occurs in male infants at 2 to 3 
months. They present with loss of previously normal devel- 
opment, hypotonia, seizures, and failure to thrive. Physical 
changes in the hair (pili torti), in facial appearance, and neu- 
rological abnormalities suggest the diagnosis. Low levels of 
copper in plasma, liver, and brain occur because of impaired 
intestinal copper absorption. Local first line tests would 
be finding plasma copper of <l0umol/L, ceruloplasmin 
<220 mg/L, and demonstration of pili torti by microscopic 
examination of hair. Further tests can demonstrate failure of 
isotopic copper egress from cultured fibroblasts and show 
plasma catecholamine abnormalities. Placental copper mea- 
surement and direct mutation analysis are additional inves- 
tigative procedures. Deficiency of the copper enzyme DMO 
in CSF is thought to be an important finding that allows 
early diagnosis. The effectiveness of therapy with parenteral 
copper histidine is debatable, although success has been 
claimed in less severely affected cases, especially if treatment 
is started early. 

Malabsorption Syndromes. Patients at risk include 
those with celiac disease, tropical sprue, cystic fibrosis, and 
short bowel syndrome. Excessive intake of oral zinc supple- 
ments can cause anemia and hematological abnormalities in 
the absence of occult blood loss.” The copper deficiency 
is caused by zinc induction of metallothionein in the intesti- 
nal mucosa, which then sequesters dietary copper, blocking 
its absorption, 
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Cardiovascular Disease. Animal studies show that 
severe copper deficiency causes cardiac damage, but the 
abnormality differs from that seen in human cardiovascular 
disease. The myocardium is hypertrophied and may rupture 
in animal models. Coronary artery pressure is decreased, but 
in human ischemic disease it is increased." The role of 
copper in human cardiovascular disease is controversial, 
although much supporting evidence for a positive link with 
low dietary copper intake has been published.*” 

Epidemiological surveys have also shown that increased 
plasma copper values are a positive cardiovascular risk 
factor. A U.S. study of 4400 adult men and women found 
that those with plasma copper values in the two highest 
quartiles had the greatest risk of dying from cardiovascular 
disease.” An increase in plasma ceruloplasmin and hence 
plasma copper may be a nonspecific response to the inflam- 
mation of arteries found in arteriosclerosis. It is known that 
the ceruloplasmin hepatic messenger RNA (mRNA) 
increases during inflammation and that this is induced by 
interleukin 6. Insulin is now also known to be involved 
in the transcriptional regulation of ceruloplasmin 
synthesis. 5 


Toxicity . 

As mentioned above, Wilson’s disease is a genetic disorder of 
copper metabolism that causes an increase in copper to toxic 
levels." The problems of diagnosis and appropriate lab- 
oratory investigations have been reviewed.'?"* 

The incidence of Wilson’s disease is estimated to be 
1/30,000 live births with a carrier frequency of 1/90 in the 
general population. The presentation is highly variable, so 
adolescents or young adults with otherwise unexplained liver 
disease or neurological symptoms should be screened, espe- 
cially where there is a family history of suspected Wilson’s 
disease. Initial local investigations would include plasma 
copper and ceruloplasmin, which will usually be low (less 
than 50 g/dL, 8 umol Cu per L, and less than 200 mg/L ceru- 
loplasmin). Although the total plasma copper is decreased, 
the nonceruloplasmin bound fraction is increased, allowing 
deposition of copper in the brain, eyes, and kidneys. 

Slit lamp eye examination may detect copper deposits in 
the eye (Kayser-Fleischer rings) and there may be abnor- 
malities in liver function tests with an increased urine copper 
output (>500 ug Cu per L). Liver biopsy for copper analysis 
is useful in suspected cases and results above 250 ug/g Cu dry 
weight are usually found (normal 8 to 40ug Cu per g dry 
weight). Failure of copper incorporation into plasma ceru- 
loplasmin can also be demonstrated using an oral dose of 
stable Cu isotope.“ This may be helpful in excluding 
Wilson’s disease when other tests are equivocal. Gene track- 
ing and mutation detection are now possible, but since 
several hundred mutations exist this may not be informative. 

Diagnosis can be difficult in the Wilson’s disease cases 
presenting with acute liver failure.” Prompt diagnosis is 
important since urgent liver transplantation may be 
required.” In these cases, a greatly increased plasma copper 


will be found but without an appropriately increased ceru- 
loplasmin. The unbound plasma copper fraction can 
increase to more than 80% of the total plasma copper 
(normal 5% to 10%). The excess copper is released from the 
necrotic liver and causes intravascular hemolysis and renal 
failure.” 

The chronic form of Wilson’s disease is treated by oral 
chelating agents, such as penicillamine and trientine, that 
remove excess copper from tissue and increase urine copper 
excretion. Oral administration of zinc salts or ammonium 
molybdate, which block copper intestinal absorption, has 
also been successful.” 

Toxicity can also arise directly from copper contamina- 
tion of diet and water supplies. Acute poisoning has been 
recorded following accidental or intentional ingestion of 
copper sulfate. Guidelines for the maximum copper content 
of drinking water have been suggested and they vary from 
about 1 to 3mg Cu per L. Children may be genetically sen- 
sitive to copper in drinking water and develop chronic liver 
disease,“ as is found in Indian children exposed to a copper- 
contaminated diet.*” Environmental aspects of copper tox- 
icity and the impact upon human health have been 
reviewed, 47! 


Laboratory Assessment of Status 

Several well-controlled dietary deprivation studies have 
demonstrated the utility of the clinical laboratory in pro- 
viding measures of copper status. For example, plasma 
copper and ceruloplasmin assays are convenient and widely 
used to confirm severe copper deficiency. However, they are 
not sensitive indicators in marginal copper depletion. 

Since about 90% of plasma copper is bound to cerulo- 
plasmin, factors that increase the hepatic synthesis of ceru- 
loplasmin, such as an APR or the oral contraceptive pill, will 
increase plasma copper independently of dietary copper 
intake.” In premature infants with liver immaturity and low 
ceruloplasmin synthesis, plasma copper values below 30 ug/L 
(<5umol Cu per L) suggest the necessity for increased 
copper input. 

Dietary depletion studies using low copper diets have 
demonstrated a decrease in plasma copper and then a return 
upon dietary supplementation; however, plasma copper 
values remained largely within the reference interval. It is 
suggested that the ratio of immunologically to enzymatically 
measured ceruloplasmin may be a useful index of marginal 
copper depletion. This ratio, which is the specific activity of 
ceruloplasmin, will be low in marginal copper depletion. 
Apoceruloplasmin increases in blood serum during copper 
depletion and this will contribute to the total ceruloplasmin 
assay. The enzymatic activity decreases even in marginal 
copper depletion. The specific activity of ceruloplasmin is 
therefore sensitive to copper status and is not affected by age, 
sex, or hormonal influences.*” In a study of copper deple- 
tion, a low copper diet (0.57 mg/day) was fed to 12 post 
menopausal women for 35 days followed by supplementa- 
tion for 35 days (2 mg/day).”! Responsive markers were red 
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cell SOD, platelet cytochrome oxidase, red cell glutathione 
peroxidase, and clotting factor VII. Although of potential 
value for detecting marginal copper depletion, these mea- 
surements are not in widespread use because of sample 
instability and lack of standardized methods.” 

Urine copper decreases during dietary deprivation, but 
the change from an already low basal value is small, and dif- 
ficulties in reliable collection and with sample contamina- 
tion make this of limited use. 

Clinically, copper status should therefore be investigated 
initially by measurement of serum copper and assessment of 
the APR and interpreted in the light of clinical and drug 
information. 


Reference Intervals 


For adults plasma copper is usually in the interval 70 to 
140ug/dL (10 to 22 mol/L). Values in women of childbear- 
ing age and especially in pregnancy are higher. For adults a 
plasma copper below 50ug/dL (8umo/L) and for infants 
below 30 [g/dL (5 mol/L) indicates probable copper deple- 
tion. Urine copper output is normally less than 601/24 hr 
(<1.0umol/24hr) and values above 200 ug/24hr (3 umo/L} 
are found in Wilson’s disease. A copper concentration in a 
liver biopsy sample of >250 ug Cu per g dry weight (normally 
8 to 40 ug/g dry weight) is indicative of Wilson’s disease, in 
the absence of other causes of cholestatic disease. 


Manganese 

Manganese (Mn) is present in biological systems bound to 
protein in either the 2* or 3* valence state. It is associated 
mainly with the formation of connective and bony tissue, 
with growth and reproductive functions, and with carbohy- 
drate and lipid metabolism. 


Chemistry 


Manganese (atomic number 25, atomic weight 54.94) is a 
first transition series metal (3 d’s”) and is next to iron in the 
periodic table. Of the 11 oxidation states available chemically 
to manganese, only Mn** and Mn* are found in biological 
systems, mostly bound to protein. The Mn” ion with an 
unpaired electron is paramagnetic and can be detected in 
tissue by magnetic resonance imaging. The bioinorganic 
chemistry of manganese is complex and detailed accounts 
have been published.'*°? 


Dietary Sources 


Manganese-rich sources include whole grain foods, nuts, 
leafy vegetables, soy products, and teas. Average intake in the 
United States is about 2 mg/day, with median values for adult 
men being 2.2mg/day, range 0.3 to 8.3 mg/day; and for 
women median 1.8mg/day, range 0.3 to 5.9mg/day 
(NHANES HI). Vegetarian diets containing high amounts of 
whole grains and nuts can supply more than 10 mg/day.'” 


Absorption, Transport, Metabolism, and Excretion 


Dietary manganese is absorbed from the small intestine by 
mechanisms that may have a pathway common to that of 


iron. Manganese absorption increases at low dietary 
intakes and decreases at higher intakes, with tracer studies 
suggesting absorption efficiencies of 2% to 15%. Diets high 
in iron, calcium, magnesium, phosphates, fiber, phytic acid, 
oxalate, and tannins from tea can reduce the absorption of 
manganese. 

Once absorbed, manganese is transported in portal blood 
to the liver bound to albumin and then exported to other 
tissue bound to transferrin and possibly to œ, macroglob- 
ulin, Excretion of manganese is primarily via bile into feces, 
with urine output being very low and not sensitive to dietary 
intake.” 


Functions 


Manganese is a constituent of many important metalloen- 
zymes and also acts as a nonspecific enzyme activator. Mn”* 
ions can be replaced by Mg”, Co”, and other cations during 
the activation of some enzymes.” Some important man- 
ganese-dependent enzymes are discussed below. 

Superoxide Dismutase (SOD). Manganese-dependent 
SOD is a mitochondrial enzyme and is an important factor 
in limiting oxygen toxicity; it is one of the most studied 
enzymes in human biochemistry. The enzyme catalyzes the 
breakdown of the superoxide radical Oj to H,O,, which is 
then removed by catalase and glutathione peroxidase. The 
half-life of this enzyme in blood serum is longer than that 
of the cytoplasmic Cu, Zn SOD. 

Pyruvate Carboxylase. This enzyme has manganese 
firmly in its structure and acts together with phosphoenol 
pyruvate (PEP) carboxykinase, an enzyme that is activated 
by manganese ions. These enzymes are required to catalyze 
the formation of PEP from pyruvate, a key reaction in the 
hepatic synthesis of glucose. 

Arginase. Arginase is the terminal enzyme in the urea 
cycle, hydrolyzing L-arginine to urea and ornithine, com- 
pleting the deamination of amino acids. Arginase is most 
concentrated in the liver, but is also found in other tissues. 
The structure of the enzyme isolated from rat liver shows it 
to have a unique binuclear manganese cluster.” The activ- 
ity of arginase affects the production of nitric oxide by lim- 
iting the availability of -arginine required for the synthesis 
of nitric oxide synthetase. This relationship has been inves- 
tigated in a number of diverse diseases, including asthma 
and schizophrenia. 

Glycosyl Transferases. These enzymes are responsible 
for the sequential addition of carbohydrate molecules to 
proteins to form proteoglycans, and ultimately connective 
tissue and cartilage. They are therefore important for the 
structural integrity of bone and skin, and for normal wound 
healing, 


Requirements and Reference Nutrient Intakes 

Because of lack of information on manganese dietary 
requirements, the Food and Nutrition Board has set 
an AI level for adults at 2.3mg/day for males and 
1.8mg/day for females. A tolerable upper intake limit of 
11 mg/day was set for adults based on no observed effect for 
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Western diets. For infants the UL could not be set because 
of Jack of data. There is concern about the potential toxicity 
of manganese for infants whose immature hepatic develop- 
ment reduces the biliary excretion of excess manganese. 
Therefore, the only dietary source of manganese in the age 
group 0 to 12 months should be from normal diet or from 
a formula.” 


Deficiency 

Overt manganese deficiency has not been documented in 
humans eating natural diets. However, in numerous animal 
studies, signs of experimentally induced manganese defi- 
ciency include impaired growth and reproductive function, 
skeletal abnormalities, impaired glucose tolerance, and 
impaired cholesterol synthesis.*” A child on long-term TPN 
lacking in manganese developed signs of bone demineral- 
ization and impaired growth that were reversed by supple- 
mentation.” A volunteer male was deprived of vitamin K 
and inadvertently of manganese when fed a diet with only 
0.34mg Mn per day for 6.5 months. Effects included a low 
plasma cholesterol, dermatitis, color changes in hair, and 
reduced blood-clotting function not responsive to vitamin 
K. Supplementation with manganese gradually reversed 
these symptoms.” Seven young men fed experimental diets 
low in manganese developed skin lesions and low plasma 
cholesterol.” 

Prolidase deficiency in infants is a rare genetic disorder 
that causes (1) skin ulceration, (2) mental retardation, 
(3) increased urinary excretion of iminodipeptides, 
(4) recurrent infections, and (5) splenomegaly; it is known 
to be associated with abnormalities of manganese bioche- 
mistry. Red cells have an increased amount of manganese 
although serum manganese is normal. Red cell arginase 
activity is less than half of normal, suggesting a defect in the 
supply of manganese for enzyme activation." 

Various unrelated medical conditions have been observed 
to be associated with lowered serum or whole blood man- 
ganese. These include osteoporosis, diabetes mellitus, and 
epilepsy.” The clinical relevance of such observations is 
uncertain. 


Toxicity 

The occupational health hazard from prolonged exposure to 
manganese-containing dust or fumes is well recognized (see 
Chapter 35). Neurological symptoms resembling Parkinson’s 
disease develop slowly over a period of months or years. The 
health risks from long-term, low-level manganese exposure 
have been reviewed.” 

Of concern is the possibility that patients with severe liver 
disease may have neurological and behavioral signs of man- 
ganese neurotoxicity because of failure to excrete manganese 
in bile. Manganese deposition in the globus pallidus during 
liver failure results in T|-weighted magnetic resonance signal 
hypersensitivity. By causing deficits in neurotransmitter pro- 
duction, manganese ions may be partially responsible for the 
symptoms of postsystemic hepatic encephalopathy.” Depo- 
sition of manganese in the brain has been demonstrated 


in children with biliary atresia®’ and in adult cirrhotic 
patients," 

Patients receiving manganese intravenously during TPN 
have also shown evidence of manganese retention and depo- 
sition in the midbrain and brainstem, especially those with 
cholestasis. Typical symptoms are of a parkinsonian-like 
tremor and abnormalities of gait." Children have also been 
observed to accumulate manganese in the globus pallidus 
and brainstem, although with nonspecific symptoms.*” A 
study on adults compared the effects of increasing doses of 
manganese of 0, 1, 2, and 20p1mol/day in patients receiving 
home parenteral nutrition.** A high correlation was found 
between blood manganese, magnetic resonance imaging 
(MRI) intensity, and T, values in the globus pallidus. A dose 
of 1 pmol/day (55 ug/day)} caused no abnormalities in MRI 
measurements and blood manganese remained within the 
reference interval. 

In a study of 30 patients receiving long-term home IV 
nutrition, whole blood manganese was increased (>3.8 ug/L, 
210nmo/L) in 26 patients and plasma manganese in 23 
(>4ug/L, 23 nmol/L) patients. None of the patients had signs 
of neurological disease. In a control group of patients with 
cholestatic disease, but not receiving IVN, whole blood man- 
ganese was within the reference interval. This suggests that 
cholestasis alone will not lead to increased blood manganese, 
and the main reason for high blood concentrations in 
patients on IV nutrition is excess provision, with this being 
made worse if cholestasis also exists. Infants (0 to 12 months) 
requiring IVN are at particular risk because of immature 
hepatic function. In a group of 57 children receiving [VN,'™ 
11 had both cholestasis and increased blood manganese and 
one had a movement disorder. Four of these 11 patients died 
and whole blood manganese was very high (11 to 33.5 ug/L, 
615 to 1840 nmol/L) in the 7 survivors. Manganese supple- 
ments were reduced or withdrawn, and after 4 months blood 
manganese had declined to 11.6 ug/L (643 nmol/L). During 
the same period, serum bilirubin also declined significantly. 
The long-term outcome of manganese deposition has been 
investigated in two children on long-term TPN who initially 
had MRI scan abnormalities and raised whole blood man- 
ganese.””’ After reduction of manganese input, they were fol- 
lowed for a 3-year period with improvement in MRI scan 
abnormalities and a fall in whole blood manganese. No neu- 
rological signs were found, and the children developed nor- 
mally, It is now recommended that only 14g Mn per kg 
(18nmol/kg) be administered during TPN in infants and 
no more than 1 to 2umol/day (55 to 110 ug/day) in adults. 

All patients requiring prolonged IVN, especially those 
who have cholestasis, should be monitored for evidence of 
manganese retention. , 


Laboratory Assessment of Status 


There is a necessity to balance the need for adequate man- 
ganese nutrition against the potential risk from toxicity.” 
This necessitates monitoring of manganese status in at-risk 
patients. Whole blood manganese levels are not responsive 
to dietary depletion, but measurement of serum manganese, 
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lymphocyte Mn SOD activity, and blood arginase are poten- 
tially useful when assessing possible nutritional depletion, 
although these are rarely performed in clinical practice. 
Whole blood manganese and serum manganese in combi- 
nation with brain MRI scans and neurological assessment 
are used to detect excessive exposure. Manganese in whole 
blood and plasma or serum is determined by standard 
graphite furnace AAS methods,*** 

Plastic cannulae should be used for phlebotomy, and 
hemolysis should be prevented during sample separation. 
Whole blood has about 10 times as much manganese as 
plasma or serum and is not as affected by contamination 
from steel needles during sample collection. This makes 
measurement of whole blood manganese the most widely 
used method in clinical laboratory practice for monitoring 
manganese status. 


Reference Intervals 


The reference interval for serum manganese is 0.5 to 1.3 ug/L 
(9 to 24nmol/L). The reference interval for whole blood 
manganese is 5 to 15ug/L (90 to 270nmol/L). Increases in 
serum manganese to >5,4ug/L (>30 nmol/L) or blood man- 
ganese to >20 ug/L (>360nmol/L) are indices of manganese 
retention. 


Molybdenum 


The essential need for molybdenum (Mo) by animals and 
humans is based on its incorporation into metalloenzymes, 


Chemistry 

Molybdenum (atomic number 42, atomic weight 95.94) is a 
metal in the second transition series. The element can have 
a number of oxidation states but the most stable in biologi- 
cal systems is Mo as found in molybdate (MoO7 ). Molyb- 
denum has the highest atomic number of the essential trace 
metals. There is a close parallel between molybdenum, tung- 
sten, and vanadium chemistry. Molybdenum enzymes are 
ecologically vital, facilitating important carbon, nitrogen, 
and sulfur cycles.” 


Dietary Sources 


Legumes, such as peas, lentils, and beans, are good 
sources along with grains and nuts, whereas meats, fruits, 
and many vegetables are relatively poor sources.'“ The 
average dietary intake is 76 to 109g Mo per day for U.S. 
adults. 


Absorption, Transport, Metabolism, and Excretion 


Molybdenum is efficiently absorbed over a wide range of 
dietary intakes mainly as molybdate, although competitive 
inhibition of absorption by sulfate reduces intestinal up- 
take. Concentrations in whole blood are about 1.0ug/L 
(10 nmol/L) and some 80% to 90% or more of molybdenum 
in whole blood is bound to red cell proteins, Transport of 
the smaller amount in blood plasma may involve 
o,-macroglobulin.'* Urine output directly reflects the 


dietary intake of molybdenum, stable isotope studies at high 
and low levels of intake indicating renal homeostatic 
regulation,””""* 


Functions 

Several important mammalian enzymes, such as sulfite 
oxidase, xanthine dehydrogenase, and aldehyde oxidase, 
require molybdenum as a cofactor. This organic component 
is a molybdopterin complex.” Sulfite oxidase is probably the 
most important enzyme in relation to human health. This 
enzyme catalyzes the last step in the degradation of sulfur 
amino acids, oxidizing sulfite to sulfate and transferring elec- 
trons to cytochrome c. Xanthine dehydrogenase and alde- 
hyde oxidase hydroxylate a number of heterocyclic 
substances, such as purines, pteridines, and others.”*” 


Requirements and Reference Nutrient Intakes 


The RDA for Mo has been set at 45 ug Mo per day for adults, 
which is below the estimated average dietary intake.'” 


Deficiency 

Molybdenum deficiency has not been observed in healthy 
people consuming a normal diet. A single case report’ 
described a patient receiving prolonged parenteral nutrition 
during treatment for severe Crohn’s disease who developed 
an intolerance to intravenous amino acids, especially 
L-methionine. Clinical signs included tachycardia, visual 
defects, neurological irritability, and eventually coma. The 
symptoms improved on discontinuing amino acid infusion. 
Biochemical abnormalities included high plasma methio- 
nine and low plasma uric acid levels. There was an increased 
urinary sulfite, thiosulfate, and other abnormalities of 
urinary sulfur output, with a low excretion of uric acid and 
xanthine metabolites, suggesting defects in sulfite oxidase 
and xanthine oxidase. Treatment with ammonium molyb- 
date (300ug/day) improved the clinical and biochemical 
abnormalities. , 

The lack of further reports of this nature suggests that for 
most patients there is sufficient molybdenum present as a 
contaminant in the TPN fluids. Nonetheless, it is now 
common to include a small amount of molybdenum 
(19ug/day, 0.2 umol/day) in trace element additive mixtures. 

There are also very rare recessive inherited diseases 
that result from defects in the biosynthesis of molybdenum 
cofactor; in most cases they result in early childhood death. 
First symptoms are failure to thrive and seizures; in later 
stages lens dislocations are noted together with cerebral 
atrophy. Disease-causing mutations have been located, and 
the possibility of gene therapy is being investigated.“°“” 

Biochemical diagnosis can be made by detection of excess 
sulfite in urine using the Merckoquant sulfite dipstick test 
(Merck KGaA, Darmstadt, Germany). Samples should not 
be evaluated until at least 10 days after birth and should 
be tested within 10 minutes of collection. Another type 
of molybdenum cofactor deficiency can be confirmed 
by finding a low plasma uric acid. Specialized centers 
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can offer biochemical prenatal diagnosis on chorionic villi 
samples.°” 


Toxicity 

Molybdenum compounds have low toxicity in humans. 
There are some reports of increased blood uric acid in occu- 
pational exposures and also in Armenian populations that 
have an abnormally high dietary intake (10 to 15mg Mo per 
day). A single report of acute toxicity from self-administra- 
tion of 300 to 800 ug Mo per day was not confirmed by later 
studies on healthy men given as much as 1500 ug Mo per day 
for 24 days.” 

Excess molybdenum intake induces copper deficiency in 
ruminants by blockading copper absorption through for- 
mation of an insoluble thiomolybdate-copper complex. This 
has suggested the use of ammonium molybdate in the man- 
agement of Wilson’s disease.” There is also speculation that 
the blockade of copper absorption using molybdate may 
influence new blood vessel formation (angiogenesis) during 
tumor growth.” 


Laboratory Assessment of Status 


Whole blood and serum or plasma molybdenum concentra- 
tions are too low to be used for the detection of deficiency. 
However, urinary output is responsive to increases or 
decreases of input. Measuring urate or sulfite in the urine is 
the most available means of confirming molybdenum cofac- 
tor disorders or possible molybdenum deficiency by detect- 
ing changes in sulfur and purine metabolism. Until recently 
only neutron activation analysis (NAA) had sufficient sensi- 
tivity to measure molybdenum in biological samples. With 
the availability of ICP-MS, studies using stable molybdenum 
isotopes are now possible, and this has been used to investi- 
gate absorption and excretion of molybdenum during deple- 
tion and repletion studies.°” 


Reference Intervals 

There is about 0.5g Mo per L (Snmol/L) in plasma or 
serum and about ljig Mo per L (10nmol/L) in whole 
blood. Urine molybdenum values determined by ICP-MS 
vary from 40 to 60 ug/L, the amount determined being influ- 
enced by recent dietary intake.” 


Selenium 


Selenium (Se) is an essential element for humans, being a 
constituent of the enzyme glutathione peroxidase and 
believed to be closely associated with vitamin E in its 
functions. 


Chemistry 


Selenium (atomic number 34, atomic weight 78.96) is a 
nonmetal and has several chemical forms and valences. Sele- 
nium is in group VI of the periodic table, and therefore it 
has a bioinorganic chemistry that is related to sulfur.’ 
The most important biologically active compounds contain 
selenocysteine, where selenium is substituted for sulfur in 


cysteine. Now considered to be the twenty-first amino acid, 
selenocysteine is incorporated into proteins by the specific 
codon UGA, which was previously thought to be solely a 
stop codon.”* Selenomethionine is synthesized by plants but 
not in animals or humans. Since it is biologically identical to 
methionine sharing the same metabolic pathways, seleno- 
methionine is nonspecifically incorporated into the general 
protein pool and is present in major proteins, such as 
albumin and hemoglobin. Selenium in selenomethionine 
makes up about half of the total dietary intake and is made 
available for selenocysteine synthesis when the methionine 
pathways catabolize selenomethionine. Ingested selenium 
compounds selenate, selenite, selenocysteine, and selenome- 
thionine are metabolized largely via selenide that may be 
associated with a chaperone protein before being converted 
to selenophosphate, which is an important precursor in the 
synthesis of selenocysteine proteins (Figure 30-27)” 


Dietary Sources 


Selenium enters the food chain mainly as selenomethionine 
from plants that take the element up from the soil but do 
not appear to use it. The soil content of selenium is highly 
variable and can be low in volcanic soils when soluble salts 
are leached out by ground water. Soils in parts of China and 
New Zealand are particularly low in selenium. Acid soils, 
where insoluble selenium complexes can be formed with 
iron and aluminum, occur in some parts of Europe, result- 
ing in low available soil selenium. The geographical source 
of plant and animal foodstuffs determines the level of dietary 
intake. In the United States and Canada, wheat and other 
cereal products are a good source of selenium; average 
intakes in North America range from 80 to 220 ug Se per day, 
whereas in the UK dietary intake is about 30 to 60 ug/day.” 
Intakes in China are as low as 11 g/day and in New Zealand 
28 ug/day.™ 


Absorption, Transport, Metabolism, and Excretion 
Intestinal absorption of the various dietary forms of sele- 
nium is efficient but is not regulated. The inorganic salts 
selenite and selenate used as dietary supplements and in food 
fortification are almost completely absorbed, but much of 
the selenate ion is rapidly excreted in urine.’ Selenium 
from inorganic salts is more rapidly incorporated into glu- 
tathione peroxidase and other selenoproteins than selenium 
from organic sources containing selenomethionine. 
However, selenium-enriched yeast containing the organic 
forms is considered less toxic and is widely used as a dietary 
supplement.'” 

Whole body selenium is about 15mg, as estimated by 
direct tissue analysis and radioisotope techniques, with the 
tissue concentration of selenium being highest in the kidney 
and the liver followed by the other organs. Radioisotope- 
labeled selenium accumulates initially in the liver, kidneys, 
and lungs. Selenium present in some selenocysteine proteins 
appears to be a functional reserve. When dietary selenium is 
limited, synthesis of glutathione peroxidase (GSHP)x-1 is 


i134 Section IV Analytes 


{Se]Cys-specific proteins 


oN 


_ [Se]Cys 
om 
Selenate Selenite _——p [Se]Met-sp: 
(Se 6") (Se 4*) ea protein 
f a : Selenium _ Figure 30-27 Metabolic pathways 
Metabolic pathways of on ——> binding of selenium. l 
A [resin 
translational selenocysteine 
insertion, mediated by tRNAS*, — Selenophosphate 


whereas pathway 2 incorporates 
selenocysteine using (RNA. 


r Serine 


[Se]Cys-tRNA 


op 


Se specific selenoproteins 


down regulated, making selenium available for synthesis of 
other proteins.” 

The concentrations of selenium in whole blood and in 
plasma and/or serum are related to dietary intake. About 
50% to 60% of the total plasma selenium is present as the 
protein selenoprotein P, a highly basic protein having mul- 
tiple histidine residues and about 10 atoms of selenium per 
molecule.” Around 30% of plasma selenium is present as 
glutathione peroxidase (GSHPx-3) and the remainder is 
incorporated into albumin as selenomethionine.*™ 

Urinary output of selenium is the major route of excre- 
tion and reflects recent dietary intake. The amounts excreted 
vary widely ranging from less than 20 ug Se per L to above 
1000 ig Se per L, depending upon the geographical origins 
of the food.® 


Functions 

Thirty or more biologically active selenocysteine-containing 
proteins are now identified. More than 15 have been puri- 
fied and their biological function investigated,” Some of 
the most important ones are listed below. 

Glutathione Peroxidase (GSHPx). This enzyme has 
four isoforms, GSHPx-1 in red cells, GSHPx-2 in gastroin- 
testinal mucosa, blood plasma GSHPx-3, and the cell mem- 
brane located GSHPx-4. These enzymes use the reducing 
power of glutathione to remove an oxygen atom from hydro- 
gen peroxide and lipid hydroperoxides. They may also be 
involved in regulation and formation of arachidonic 
metabolites derived from hydroperoxides," 

lodothyronine Deiodinase. Type I, II, and HI isoforms 
of this enzyme are responsible for conversion of the precur- 
sor hormone T, to the active hormone T;.” Type I, thyrox- 


ine-5-deiodinase, is located in the liver, kidney, and muscle 
and is responsible for more than 90% of plasma T; produc- 
tion. Pituitary, brain, and brown adipose tissue contain the 
Type II and III deiodinases.*” 

Thioredoxin Reductases. Three isoforms catalyze the 
NADPH-dependent reduction of thioredoxin and are 
important in maintaining the intracellular redox state. 

Selenophosphate Synthetase. This enzyme is required 
for the intracellular synthesis of selenoproteins via a mono- 
selenium phosphate intermediate. 

Selenoprotein P. This protein is the major selenium- 
containing protein in blood plasma, may be a transport 
protein for the element, and has an antioxidant function.® 

Selenoprotein W. This is a selenoprotein found in skele- 
tal muscle that is reduced in concentration in white muscle 
disease in animals.” Deficiencies in the production of these 
selenoproteins, especially the glutathione peroxidases, are 
likely to be related to signs and symptoms of selenium defi- 
ciency disease. 


Requirements and Reference Nutrient Intakes 


It is now proposed,” after review of Chinese and New 
Zealand supplementation studies, that the RDA for selenium 
is set at 55ug/day for adults. On this basis, dietary surveys 
in North America do not indicate that selenium deficiency 
is likely in the general population. However, in many coun- 
fries in Europe, intakes are now close to or below 55 g/day, 
and selenium dietary provision may now be suboptimal.** 


Intravenous Supply 


There is uncertainty about the most appropriate intake, 
but given the above figures for dietary requirement, intra- 
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venous requirement is unlikely to be less than 40 ug/day 
(0.5pmol/day), and in many adult patients, especially the 
more seriously ill, it may be 100 ug/day (1.3 umol/day} or 
more. 


Deficiency 

The role of selenium in human medicine has been 
reviewed.""** Animal studies in the 1950s demonstrated the 
nutritionally beneficial effects of selenium by showing that 
there was a selenium-responsive liver necrosis in vitamin E- 
deficient rats. There are important selenium-dependent dis- 
eases in farm animals, such as white muscle disease in sheep 
and cattle, and myopathy of cardiac and skeletal muscle in 
lambs and calves. In these animals, some cause of oxidative 
stress, such as increased physical activity or vitamin E defi- 
ciency—together with dietary selenium deficiency—is 
required to elicit the disease. 

Severe Deficiency. Symptomatic selenium deficiency 
has been well characterized in Keshan disease and nutritional 
depletion in hospital patients. 

Keshan Disease. Conclusive evidence for a role for sele- 
nium in human nutrition came with publication of the 
results of large-scale trials in China that show the protective 
effect of selenium supplementation on children and young 
adults suffering from an endemic cardiomyopathy. This was 
observed in areas of the country (Keshan region) with low 
soil selenium levels.*” 

Kashin-Beck Disease. A type of severe arthritis is 
described in parts of China and neighboring areas of Russia 
where soil selenium is particularly low. However, trials of 
selenium supplementation were not conclusive and other 
unidentified factors may be present. 

Nutritional Depletion in Hospital Patients. Selenium was 
one of the last essential trace elements to be accepted as 
nutritionally important, with more attention being given to 
its potential toxicity. There was initially inadequate selenium 
provision in specialized diets used to treat inborn errors*” 
and during long-term parenteral nutrition,” leading to 
cases of deficiency. Symptomatic cases continue to be 
reported, although the need for selenium supplementation 
during nutritional support is well established. Symptoms of 
severe deficiency include muscle weakness.” Cases involv- 
ing cardiomyopathy, which is usually fatal and resembles 
Keshan disease,” and macrocytosis and pseudoalbinism 
in children have been described. 

Marginal Deficiencies. Marginal selenium deficiencies 
are thought to be involved in thyroid function, immune 
function, reproductive disorders, mood disorders, inflam- 
matory conditions, cardiovascular disease, viral virulence, 
and cancer chemoprevention. 

Thyroid Function. Selenium and other trace elements are 
necessary for normal thyroid function since the important 
deiodinase enzymes are selenoproteins.” Three children 
with biochemical and clinical signs of hypothyroidism were 
successfully treated by oral selenium therapy.“ Although the 
deiodinases are not thought to be significantly affected in 


marginal selenium depletion, it has been observed that 
endemic goiter in Sri Lanka, which is resistant to iodine 
supplementation, occurs in areas with low soil selenium.” 
Similarly, endemic thyroid disease in Zaire may be related to 
the combination of iodine and selenium depletion. Care 
must be taken since the stimulation of thyroid hormone 
metabolism may induce hypothyroidism. 

The low T; syndrome observed after major trauma may 
also be related to changes in selenium status affecting the 
activity of iodothyronine deiodinase, with selenium supple- 
ments reversing most of the biochemical abnormalities 
found in thyroid function tests. 

Immune Function. Deficiency of selenium is accompa- 
nied by loss of immunocompetence and this is related to the 
reduction of selenoproteins in the liver, spleen, and lymph 
nodes. Both cell-mediated immunity and B-cell function are 
impaired. 

Considerable selenium losses in wound exudates follow- 
ing severe burns have been recorded, and supplementation 
of a mixture of selenium, zinc, and copper leads to a reduc- 
tion in respiratory infections.” Supplementation, even in 
apparently selenium-adequate individuals, has some 
immune function stimulatory effects, including improve- 
ment in natural killer cell activity and increases in IL-2 
receptor expression.“ It has been speculated that the 
increased infection rates in acquired immunodeficiency syn- 
drome (AIDS) patients may be related to selenium depletion 
and this may even influence the progression from human 
immunodeficiency virus (HIV) positivity to the AIDS syn- 
drome.” 

Reproductive Disorders, Adequate selenium supply is 
necessary for successful reproduction in a variety of farm 
animals. Various studies have looked at the situation in 
humans. Male fertility could be affected by selenium deple- 
tion insofar as it is necessary for testosterone synthesis and 
to maintain sperm viability." 

Mood Disorders. The brain is reported to receive a pri- 
ority supply of selenium during dietary depletion and/or 
repletion studies in animals and the turnover of neuro- 
transmitters is altered. This has led to extensive studies of the 
role of selenium and other antioxidants in senility of the 
elderly, in epilepsy in children, and in Alzheimer’s disease. 
Marginal selenium depletion has been associated with 
anxiety, confusion, and hostility, and improvements have 
been claimed following supplementation.“ 

inflammatory Conditions. Many conditions associated 
with inflammation and increased oxidative stress could be 
influenced by selenium status." Positive effects from sup- 
plementation studies in arthritis and in pancreatitis have 
been reported, Low serum selenium values are found in 
asthma, and some limited clinical trial studies show benefits 
from supplementation." In a small trial in patients in inten- 
sive care with systemic inflammatory response syndrome 
(SIRS), high-dose selenium supplements over 9 days were 
associated with reduced incidence of renal failure and 
reduced mortality in the most severely ill.’ 
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Cardiovascular Disease. The protective role of selenium 
against cardiovascular disease has been extensively investi- 
gated, but with no conclusive findings.'** The low soil sele- 
nium concentration in Finland resulted in locally grown 
food having low selenium content. This together with con- 
cerns about the high incidence of coronary disease in parts 
of the country led to selenium fortification of agricultural 
fertilizers.’ Although an impressive decline in coronary 
disease mortality was found between 1972 and 1992, the 
benefits were linked primarily to other major diet and life- 
style changes.“ 

Viral Virulence. It is now considered possible that an 
unusually virulent strain of the Coxsackie virus is part of the 
cause of cardiomyopathy in selenium-depleted regions of 
China. This is consistent with the marked seasonal variations 
in the incidence of the disease. 

It is known that nutritional depletion will impair the 
immune responses and increase the lethalness of viruses and 
other infectious agents. A series of experimental studies on 
mice have shown that a nonlethal form of Coxsackie B (CVB 
3/0) converted to a virulent strain when inoculated into 
selenium-deficient mice.” Inoculation of selenium-adequate 
mice with the mutated virus then caused myocarditis. 
Sequencing the DNA from the altered virus showed that 
there were 6 nucleotide changes that corresponded to 
nucleotide sequences in the genome of a virulent strain of 
the virus. Further evidence came from experiments with 
GSPHx knockout mice. More than half of these mice 
infected with the nonlethal CVB/30 virus developed 
myocarditis but none of the wild type controls were affected. 
The virus recovered from these affected mice showed 
genome changes similar to those found in virulent strains of 
the virus. It is thought that the selenium-deficient host 
altered the viral pathogen, probably involving oxidative 
stress in the tissue of the depleted animals. Further animal 
studies” have demonstrated that a mild strain of influenza 
virus exhibits increased virulence when given to selenium- 
deficient mice. New viruses continue to appear through the 
evolution of existing viruses and these may be lethal strains. 
RNA viruses are known to mutate easily and lack proof- 
reading systems and repair mechanisms.°”°*** 

There is speculation that a similar process can occur in 
regions of the world, such as parts of Africa, where the 
human population has depletions of selenium and other 
micronutrients and is intermittently exposed to viral dis- 
eases. There is as yet no direct evidence that similar processes 
do occur in human populations. However, an epidemic of 
optic and peripheral neuropathy in Cuba that affected more 
than 50,000 individuals was shown to be associated with 
deficiencies of several micronutrients, including selenium. 
Supplementation of the population with a multicomponent 
micronutrient mixture coincided with the subsidence of the 
disease.” 

Cancer Chemoprevention. Although not primarily a 
nutritional issue, there is interest in the role of selenium sup- 
plementation in the prevention of certain types of cancer. 


Experimental work on animals shows that chemical car- 
cinogenesis is modified by selenium. Also, epidemiological 
surveys have found a link between cancer incidence and soil 
selenium content, suggesting a higher incidence of certain 
cancers in individuals with a low selenium intake.''® Large- 
scale trials in China, conducted on more than 130,000 indi- 
viduals, compared one township (20,847 people) having a 
high risk for viral hepatitis B and liver cancer with four 
control townships in the same area. The high-risk popula- 
tion received selenium-enriched table salt and in an 8-year 
follow-up the average incidence of liver cancer was reduced. 
by 35%. There was no reduction in incidence in the control 
populations. Studies on 226 people with chronic hepatitis B 
found that a controlled trial of selenium-enriched yeast 
reduced. the development of liver cancer during a 2-year 
follow-up period.®” 

It now seems likely that selenium supplementation above 
the minimum dietary requirement has a role in cancer pre- 
vention, particularly in relation to prostatic cancer.’ The 
mechanism is not established, but in selenium-adequate 
subjects the excess selenium may produce a low molecular 
weight methylated selenium compound that has chemopre- 
ventive properties.''="* A large selenium and vitamin E 
cancer prevention study, known as the Selenium and 
Vitamin E Cancer Prevention Trial (SELECT) study, will 
carry out controlled trials on more than 32,000 men to 
establish if there is a beneficial effect. 


Toxicity 

Areas of China and the United States have high amounts of 
selenium in soil, and locally produced food contains excess 
selenium. Clinical signs of selenosis are garlic odor in the 
breath, hair loss, and nail damage.’” The tolerable upper 
limit has been set at 400 ug/day for adults and less for chil- 
dren. There have been reported cases of toxicity from self- 
administered dosages. Because of a manufacturing error, 
13 individuals taking supplements containing 27.3mg 
(27,300 ug) per tablet showed clinically significant selenium 
toxicity.” 


Laboratory Assessment of Status 

Early animal studies and human population surveys used 
whole blood as the main indicator of selenium status, Whole 
blood selenium can be determined after acid digestion using 
a fluorometric method.” The more convenient carbon 
furnace atomic absorption spectroscopy (CFAAS) assay for 
plasma and/or serum selenium is now the most widely used 
procedure.” The main components of plasma selenium are 
extracellular glutathione peroxidase (GSHPx-3) and seleno- 
protein P. 

Red cell GSPHx-1 and plasma GSPHx-3 are assayed by 
enzymatic methods using a variety of peroxide substrates,” 
with tertiary-butyl peroxide being a commonly used sub- 
strate since it is not as affected by catalase as is hydrogen per- 
oxide.*! The values obtained are dependent on the substrate 
used and the reaction conditions. During selenium supple- 
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mentation studies, the plateau reached in plasma GSPHx-3 
activity has been used to assess minimum dietary 
requirements.” 

The effects of different forms of inorganic and organic 
selenium supplementation upon GSPHx activity in blood 
lymphocytes, granulocytes, platelets, and erythrocytes have 
been described in a trial on 45 human volunteers.® Some 
changes were acute and transient, whereas cytosolic GSHPx 
activity (GSHPx-1) increased gradually in both treatment 
groups over 28 days. 

In patients receiving TPN at home, the time course for 
development of deficiency and repletion of enzyme activity 
has been studied." After 1 year on TPN without selenium 
supplements, all patients had low plasma selenium and red 
cell GSHPx, and cellular metabolism of exogenous hydrogen 
peroxide was also impaired. With replacement of selenium 
as selenious acid, there was a rapid increase in GSHPx-3 
within the first 24 hours, reaching normal levels within 1 to 
2 weeks. Platelet GSHPx also returned to normal in 1 to 2 
weeks, whereas polymorph GSHPx was more variable but 
norinalized in about 3 weeks. Red cell GSHPx took 3 to 4 
months to recover, consistent with the need for formation of 
these cells in the presence of selenium. 

The major selenium-containing plasma protein seleno- 
protein P can be determined by immunological methods.’ 
The production of monoclonal antibodies to selenoprotein 
P has been described” and used to study the structure and 
function of the protein and to quantify it. It is also possible 
to separate selenoprotein P from other plasma proteins by 
heparin affinity chromatography followed by CFAAS sele- 
nium analysis.” Selenoprotein P concentration in plasma 
responds rapidly to supplementation and has been used in 
nutritional studies of Chinese populations to confirm the 
adequacy of intake.” 

Plasma selenoprotein P, plasma GSPHx-3, and total 
plasma selenium concentration are all lowered by the APR 
to injury or infection.”* This effect should be considered 
when interpreting plasma selenium values in postopera- 
tive patients or those with infection or inflammatory 
disease. 

Hair and nail selenium analysis can be useful as a measure 
of long-term dietary selenium intake. Selenium being a sulfur 
analogue, it is incorporated into the sulfur-rich keratin of 
hair and nails. One study showed a correlation between 
toenail selenium, blood selenium, and dietary intake.*“ In a 
study of a 10-year old child receiving TPN who developed 
selenium-responsive muscle weakness, hair analysis was used 
to help assess selenium dosage. An analytical method using 
microwave-assisted acid digestion of hair and nails, followed 
by CFAAS selenium analysis, has been described.” In a small 
study using this procedure, values for hair and nail selenium 
in healthy UK people were found to be 0.32 to 0.76 ug/g (n = 
25) and 0.17 to 0.66 ug/g (n = 27), respectively. However, for 
population studies, use of selenium-containing hair prepara- 
tions will affect the hair selenium results and this would have 
to be carefully assessed and controlled. 


Urine selenium output is mainly a reflection of the recent 
dietary input and has not been extensively employed in pop- 
ulation surveys. 

In summary, there are many possible markers for sele- 
nium status. In practice, measurement of plasma selenium 
or GSHPx provides a good estimate of status and in 
particular the adequacy of recent intake, provided they are 
interpreted in the knowledge of changes in the APR. For 
a better index of long-term intake, platelet, red cell, or 
neutrophil GSHPx, or hair or nail selenium can also be 
measured. 


Reference Intervals 

The reference interval for selenium in whole blood, plasma 
or serum, hair, and nails should be established locally, since 
these indices are affected by dietary selenium intake. Plasma 
selenium adult values lie in the interval 63 to 160ug/L 
(0.8 to 2.0pmol/L). Values of less than 40ug Se per L 
(0.5 pmol/L) indicate probable selenium depletion. 

Values in children are lower and in the UK are’? 16 ug/L 
to 7lug/L (0.2 to 0.9umo/L) for <2-year-olds; 40 ug/L to 
103 ug/L (0.5 to 1.3pmol/L) for 2- to 4-year-olds; and 
55pg/L to 134ug/L (0.7 to 1.7 umol/L) for 4- to 16-year- 
olds. Cut-off values of less than 8ug/L (0.1pumol/L) in 
neonates are strongly suggestive of selenium depletion. 
Increased plasma values are found in suspected selenium 
toxicity and results above 5tmol/ (400 ug/L) are an indica- 
tion of excess intake. 

Red cell glutathione peroxidase activity (GSHPx-1) in 
adults varies from 13 to 25U/g Hb, whereas values in chil- 
dren are slightly lower.” Local age-related reference inter- 
vals are again required. 


Zinc 

The discovery of a variety of zinc (Zn) related clinical dis- 
orders has directly demonstrated the importance of zinc in 
human nutrition. It is second to iron as the most abundant 
trace element in the body. 


Chemistry 

Zine (atomic number 30, atomic weight 65.39) lies at the end 
of the first transition series. Zn™ with a filled 3d electron 
shell is a particularly stable ion. The bioinorganic chemical 
features of zinc, which underlie the very diverse biological 
functions of this trace metal, include its relatively high abun- 
dance compared with other trace elements. Zinc has fast 
ligand exchange kinetics and flexible coordination geometry, 
and is a good electron acceptor (strong Lewis acid), with no 
redox reactions. There is a hypothesis that zinc ions, present 
in the cytoplasm at 10™ mol/L and in equilibrium with 
numerous zinc metalloenzymes and transcription factors, 
can act as a “master hormone,” particularly in relation to cell 
division and growth." There are no naturally colored zinc 
complexes and this may have delayed the recognition of the 
biological importance of zinc until the development of suit- 
able atomic spectroscopic methods that could be applied to 
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biological samples and used as probes to identify and study 
metalloproteins.”° 


Dietary Sources 


Zinc is widely distributed in food mainly bound to proteins. 
The bioavailability of dietary zinc is dependent upon the 
digestion of these proteins to release zinc and allow it to bind 
to peptides, amino acids, phosphate, and other ligands 
within the intestinal tract. The most available dietary sources 
of zinc are red meat and fish, whereas white meats and flesh 
from young animals provide less zinc. Wheat germ and 
whole bran are good sources but their zinc content is 
reduced by milling and food processing. The median intake 
for men in the United States is about 14mg/day and for 
women 9 mg/day.'”4 


Absorption, Transport, Metabolism, and Excretion 


Regulation of the net intestinal uptake of zinc is by control 
of absorption efficiency in the face of variable dietary zinc 
input and ranges from 20% to 50% of the dietary content. 
At an intake of 12.2 mg Zn per day, the fractional absorption 
was 26%, but at the very low intake of 0.23mg Zn per day 
this increased to 100%. These and other measurements were 
made on 12 male volunteers using stable “Zn tracer to assess 
zinc homeostasis and plasma zinc kinetics.* Estimates of 
zinc absorption have also been compared using four differ- 
ent stable isotope techniques.” It was concluded that a 
double isotopic tracer ratio method is accurate and is rec- 
ommended as a practicable procedure. Using this method, 
the fraction of dietary zinc absorbed was equivalent to 30% 
+ 10%. Fine control of net absorption is by secretion of 
endogenous zinc into the intestinal lumen from pancreatic 
fluid and other intestinal fluids.” Such losses range from 
less than 1 mg/day on a low zinc diet to more than 5 mg/day 
on a zinc-rich diet. The ability to conserve dietary zinc by 
limiting intestinal loss can allow a positive metabolic balance 
even at low dietary zinc intakes. Interaction with other 
dietary constituents such as phytate, calcium, and 
iron reduce, the net absorption of zinc significantly so that 
diets high in phytate and calcium reduce the growth rate of 
young rats. 

In human diets, leavening of bread and exposure of 
cereals to wet heat lower the phytate content, increasing zinc 
availability. Other factors, such as dietary fiber and a con- 
stituent of beans, can also lower zinc intestinal absorp- 
tion but to a lesser extent.’ Iron at supplemental dosages 
(up to 65mg/day) may decrease zinc absorption so that 
pregnant and lactating women taking iron may require zinc 
supplementation.” 

Absorbed zinc is transported to the liver by the portal cir- 
culation where active incorporation into metalloenzymes 
and plasma proteins such as albumin and o-macroglobulin 
occurs. Blood plasma contains less than 1% of the total 
body content of zinc and lies within a narrow concentration 
interval 80 to 120 ug/dL (12 to 18umol/L). About 80% of 
plasma zinc is associated with albumin and most of the rest 


tightly bound in the high molecular protein o,-macroglob- 
ulin.’ The zinc on albumin is in equilibrium with plasma 
amino acids (mostly histidine and cysteine) and this small 
{<1%) ultrafilterable fraction may be important in cellular 
uptake mechanisms (Figure 30-28).'° 

Total adult body content of zinc is about 2 to 2.5g and 
the metal is present in the cells of all metabolically active 
tissue and organs. About 55% of the total is found in muscle 
and approximately 30% in bone.’ The prostate, semen, and 
the retina have particularly high local concentrations of zinc. 
Almost all zinc in a red cell is in the form of carbonic anhy- 
drase so that red cell zinc concentration is about 10 times 
higher than plasma. Hemolysates normally have about 50 ug 
Zn per g Hb, and total leukocyte zinc is normally about 100 
+ 259/10" cells. 

Fecal excretion includes both unabsorbed dietary zinc 
and zinc resecreted into the gut. The total amount normally 
equals the total dietary intake and is of the order of 10 to 
15 mg/day in healthy populations. In contrast, urine output 
of zinc is normally only about 0.5mg/day, but this can 
increase markedly during catabolic illness. The release of 
intracellular contents from skeletal muscle has been estab- 
lished as the source of the excess urinary zinc in the postop- 
erative period, using zinc radiotracer labeling. Two patients 
took an oral dose of 5uCi radioactive “Zn about a month 
before elective surgery for total hip replacement, allowing 
incorporation of the tracer into skeletal muscle. Urine 
output of radioactive zinc, total zinc, and total nitrogen was 
measured before operation and daily for 3 weeks after 
surgery. There was a large increase in the excretion of all of 
these, the peaks occurring at 10 days. There was a good cor- 
relation between radioactive zinc and total zinc in the urine 
of both patients, suggesting skeletal muscle as the source.” 
Urine zinc also increases more than threefold during short- 
term total starvation, as a result of release from skeletal 
muscle and excretion of ketone bodies.'“ 


Functions 


More than 300 zinc metalloenzymes occur in all six cate- 
gories of enzyme systems. Important examples in human 
tissue include carbonic anhydrase, alkaline phosphatase, 
RNA and DNA polymerases, thymidine kinase carboxypep- 
tidases, and alcohol dehydrogenase. The key roles of zinc in 
protein and nucleic acid synthesis explain the failure of 
growth and impaired wound healing observed in individu- 
als with zinc deficiency. In some enzymes, such as Cu and 
Zn SOD, structural stability is ensured by zinc protein 
binding and the catalytic activity of the enzyme by the active 
copper site. Classifications of zinc enzymes, their structure 
and mode of action have been detailed in various texts"! 
Proteins can form domains able to bind tetrahedral zinc 
atoms by coordination with histidine and cysteine to form 
folded structures that have become known as “zinc fingers?“ 
These biologically active molecules have important roles in 
gene expression by acting as DNA-binding transcription 
factors and play a key role in developmental biology and also 
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in the regulation of steroid, thyroid, and other hormone syn- 
thesis.'°°" Zinc binding to the metal response factor MTF1 
activates metallothionein (Mt) expression. This multifunc- 
tional, low molecular weight protein (9000 to 10,000 Da) has 
a high content of cysteine and reversibly binds zinc. Mt 
is important in intracellular zinc trafficking and helps to 
maintain intracellular zinc concentrations. Hepatic syn- 
thesis of Mt is induced by interleukin-1, interleukin-6, and 
glucocorticoids in response to infection, trauma, and other 
stressors, °° 


Requirements and Reference Nutrient Intakes 

In the United States, the Dietary Reference Intake (DRI) for 
zinc is 11 mg/day for men and 8 mg/day for women. Infants 
and young children need smaller amounts. Increased 
amounts are required during pregnancy and lactation. Strict 
vegetarians may need as much as 50% more zinc per day 
because of the increased phytic acid and fiber in their diet.’ 


Intravenous Supply 

Stable adult patients require 2.5 to 4.0mg/day (40 to 
60ymol/day), but in those who are depleted or who have 
increased gastrointestinal losses, the requirement is about 
6mg/day (100 umol/day). 


Clinical Deficiency 
As might be expected from the multiple biochemical func- 
tions of zinc, the clinical presentation of deficiency disease 


is varied, nonspecific, and related to the degree and duration 
of the depletion.””%°“* Signs and symptoms include 
depressed growth with stunting; increased incidence of 
infection, possibly related to alterations in immune function; 
diarrhea; altered cognition; defects in carbohydrate use; 
reproductive teratogenesis; skin lesions; alopecia; eyesight 
defects; and other adverse clinical outcomes. 

Effects on Growth. It has been claimed that dietary zinc 
deficiency is prevalent in countries worldwide where a 
cereal-based diet high in phytate and fiber but low in animal 
protein is common.” This could affect as many as 2 billion 
people and may be a major public health issue comparable 
with the recognized deficiencies of iron and iodine. In chil- 
dren, reduced growth and other developmental abnormali- 
ties are reversible by zinc supplementation. A meta-analysis 
of some 37 intervention trials shows that zinc supplementa- 
tion has a significant effect upon linear growth and weight 
regain.” Studies have also shown that lean tissue retention 
and protein synthesis are increased if zinc is added to ther- 
apeutic regimens used in famine relief, especially when soya- 
based formulations with a high phytate content were being 
used as a protein source.”” 

It is known that the zinc in human breast milk is effi- 
ciently absorbed because of the presence of factors such as 
picolinate and citrate. However, the total quantity of zinc in 
breast milk is related to maternal nutritional status, and 
there is a physiological decline in the zinc content of “mature 
milk” after about 6 months lactation. Although cases of 
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symptomatic zinc deficiency have been reported in breast- 
fed infants,’ the need for zinc supplementation for 
women in low-income countries during pregnancy is con- 
troversial. Reduction of neonatal morbidity and incidence of 
infections is reported in some studies, but the large-scale 
introduction of the zinc supplementation of pregnant 
women necessitates more controlled trials.” 

Acrodermatitis Enteropathica. Acrodermatitis entero- 
pathica (AE) is characterized by periorificial and acral der- 
matitis, alopecia, and diarrhea. Patients with this disorder 
have abnormally low blood zinc levels (<30\g/dL); symp- 
toms are reversed by oral zinc supplementation, with this 
being diagnostic.” This formerly fatal condition is an auto- 
somal recessive inborn error affecting zinc absorption from 
the intestinal mucosa, but the location of the gene defect has 
not yet been identified. 

Parenteral Nutrition. When clinical techniques were 
developed for TPN in the 1960s and 1970s, the early sources 
of amino acids were based on whole protein hydrolysates 
that had zinc and other trace elements present as contami- 
nants. When these were replaced with mixtures of synthetic 
amino acids in the 1980s, this necessitated the addition of 
trace element additives. Some patients requiring intravenous 
feeding after surgery are likely to be significantly zinc 
depleted because of poor oral intake before and after surgery. 
They may also have increased zinc losses from the intestinal 
tract via diarrhea and in urine from catabolism of muscle 
during periods of negative nitrogen balance. Diarrhea, 
mental depression, dermatitis, delayed wound healing, and 
alopecia are seen during the anabolic period of weight regain 
when there is insufficient zinc in the nutritional regimen to 
support tissue repair. Provision of adequate zinc intra- 
venously to achieve a positive zinc balance is associated with 
improvement in nitrogen balance.” Routine provision of 
100 umol/day (6.5 mg) in the IVN regimen is normally ade- 
quate in stable patients,”’ but increased amounts of zinc and 
other micronutrients are required in the most severely 
injured patients. 

Infectious Disease. Zinc depletion impairs immunity“ 
and has a direct effect on the gastrointestinal tract,*” which 
increases the severity of enteric infections. A placebo- 
controlled trial of zinc supplementation (10 to 20 mg/day) 
of 1240 children ages 6 to 30 months was conducted in 
North India. There was a substantial reduction in the inci- 
dence of both severe and prolonged diarrhea in the treated 
group.” A review of controlled trials of zinc supplementa- 
tion of children in low-income countries found significant 
clinical benefits.” Six out of nine trials in cases of persistent 
diarrhea claimed improvement; in five trials in respiratory 
disease, there was a lower rate of infection. Some caution is 
required with the doses of zinc employed. In a study of 
severely malnourished children, those treated with doses 
of 3 to 6mg Zn per kg had a significantly increased mortal- 
ity compared with those given 1.0 to 1.5mg Zn per kg.” 
Interaction with vitamin A is important, since in popula- 
tions at risk of zinc and vitamin A deficiency, provision of 


zinc alone increased the incidence of respiratory infection, 
but when vitamin A was also added, respiratory infections 
were decreased." 

Other Conditions. Other groups of individuals are con- 
sidered to be at risk either from a marginal dietary deficiency 
or from an acquired deficiency secondary to disease. These 
groups would include female adolescents during pregnancy 
and lactation. Also affected may be patients with malab- 
sorption syndrome, inflammatory bowel disease, alcoholic 
liver disease, and anorexia nervosa.” A significant pro- 
portion of cases of sickle cell anemia have clinical signs 
and symptoms and some laboratory abnormalities 
of zinc deficiency. These patients respond well to zinc 
supplementation.” 


Subclinical Effects of Deficiency 


When zinc deficiency is not severe enough to cause clinical 
signs and symptoms, it may still have a subclinical effect on 
immune function, the synthesis and action of hormones, 
and neurological function. 

Immune Function. Patients with zinc deficiency in the 
Middle East were known to die before the age of 25 because 
of various infections and parasitic disease. In zinc deficiency, 
there is a reduction in the activity of serum thymulin, the 
thymus-specific hormone that is involved in T-cell function, 
and an imbalance develops between Th1 and Th2 helper 
cells. The lytic activity of natural killer cells also decreases. 
Moreover, zinc is also necessary for intracellular binding of 
tyrosine kinase to the T-cell receptors CD-4 and CD-8, 
which are required for T-lymphocyte activation. These 
complex changes result in an impairment of cell-mediated 
immunity and may be the basis for increased infection rates 
seen in marginal zinc depletion.” 

There have been suggestions that zinc supplements may 
be beneficial in reducing the severity or duration of the 
common cold. Studies have been inconsistent, putative ben- 
efits small, and given the doses of zinc used, a high incidence 
of side effects was encountered. 

Hormones. Zinc is thought to have a role in the synthe- 
sis and actions of many hormones, via zinc transcription 
factors. Zinc depletion is associated with low circulating con- 
centrations of testosterone, free T,, insulin-like growth factor 
(IGF)-1, and thymulin.“° Both plasma IGF-1 and growth 
velocity increase in zinc-supplemented children,” 

Neurological Effects. Severe zinc deficiency is known to 
affect mental well-being, with varying degrees of confusion 
and depression being consistent with zinc enzymes having 
important activity in brain development and function. The 
history of zinc in relation to the brain and possible relevance 
to human disease has been reviewed." 


Toxicity 

Clinical effects of ingestion of a zinc-contaminated diet are 
abdominal pain, diarrhea, nausea, and vomiting (see 
Chapter 35). Single doses of 225 to 450 mg of Zn can induce 
vomiting, with milder forms of gastrointestinal upset being 
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reported at 50 to 150 mg Zn/day, (dosages that were initially 
used in therapy). More than 60mg Zn per day can result in 
copper depletion by causing intestinal blockade of intestinal 
absorption. The U.S. Nutrition Board has set the tolerable 
upper level of intake for adults at 40 mg/day.’ 


Laboratory Assessment of Status 

Although plasma zinc determination is insensitive to dietary 
zinc intake and subject to a variety of influences, it remains 
the most widely used laboratory test to confirm severe defi- 
ciency and to monitor adequacy of zinc provision, especially 
if interpreted together with changes in serum albumin and 
the APR. No feasible laboratory procedures are established 
for clearly identifying populations with marginal zinc deple- 
tion. The clinical and biochemical responses to zinc supple- 
mentation are therefore used to postulate a marginally 
zinc-depleted state. 

Plasma Zinc. Plasma samples are preferred to serum for 
zinc analysis because of possible zinc contamination from 
erythrocytes, platelets. and leukocytes during clotting and 
centrifugation. Plasma zinc levels are most commonly mea- 
sured by FAAS, although photometric methods are available. 

A study using stable zinc isotope tracers during experi- 
mental induction of acute zine depletion (0.23mg Zn per 
day) found that the plasma zinc level took 5 weeks to decline 
to 65% of the baseline values, and that the observed fall was 
caused by a reduction in zinc release from the most slowly 
turning over zinc pool.” Care has to be taken in controlling 
numerous preanalytical factors that will lower plasma zinc 
independently of dietary intake. These include collection of 
sample in relation to meals, time of day, and use of steroid- 
based medications, such as the contraceptive pill. Any cause 
of hypoalbuminemia will also lower plasma zinc. Plasma 
albumin is a negative acute phase reactant and is redistrib- 
uted into interstitial spaces from the plasma pool during 
infection, after trauma, and in chronic disease. The induc- 
tion of hepatic Mt synthesis during the APR, and subsequent 
sequestering of zinc, further lowers the plasma level.” It is 
therefore essential to consider plasma zinc results along with 
plasma albumin and plasma CRP or another marker of the 
APR. 

Blood Cell Zinc. Some investigators have suggested that 
the zinc content of white cells and platelets better reflects 
tissue zinc.”™® The zinc content of neutrophils, lympho- 
cytes, and platelets has been shown to decline more rapidly 
than plasma zinc in experimental studies of zinc depletion 
in humans.“ However, the relatively large volume of blood 
required and problems with contamination make large-scale 
application to patients in the hospital or to population 
surveys difficult, especially in studies involving children. 

Zinc in Hair. Low hair zinc has been associated with poor 
growth in children, and has been used as a criterion for ini- 
tiating supplementation studies.’* However, variables such 
as hair growth rate and external contamination from hair 
dyes and cosmetics can cause inconsistent results. Results 
from individual patients are difficult to interpret. 


Zinc-Dependent Enzymes. Despite the large number of 
zinc metalloenzymes that have been identified, no single 
enzyme assay has yet found acceptance as an indicator of 
zinc status. This may be due to avid retention of zinc by these 
enzymes, even in the face of dietary zinc depletion, and to 
difficulties with reproducible measurements of activity. 
However, bone-specific alkaline phosphatase, extracellular 
SOD, lymphocytes, and plasma 5-nucleotidase appear to be 
responsive to zinc intake.” 

Metallothionein. The determination of Mt in red cells 
and MT mRNA in circulating monocytes is considered of 
probable value since Mt falls in zinc deficiency. However, the 
clinical use of these measurements is not yet confirmed by 
large-scale investigations of depleted populations.” 

Urine Zinc. There is a slight fall in the urinary excretion 
of zinc during dietary deficiency. Difficulties of sample con- 
tamination during collection make this of limited practical 
value. Increases in urine zinc are, however, an important 
source of loss in the severely injured catabolic patient, 
although measurement is rarely required except in research 
studies. 


Reference Intervals 

Serum zinc concentrations are generally 5% to 15% higher 
than plasma because of osmotic fluid shifts from the blood 
cells when various anticoagulants are used. Plasma zinc con- 
centrations exhibit both circadian and postprandial fluctua- 
tions. Concentrations decrease after food and are higher in 
the morning than in the evening. 

A reference interval, for clinical guidance, is 80 to 
120ug/dL (12 to 18 umol/L). 

Fasting morning values of plasma zinc below 70ug/dL 
(10.7 mol/L) on more than one occasion require further 
investigation. Results below 30jig/dL (5jtmol/L) suggest 
likely deficiency. Urine zinc excretion lies in the range from 
0.2 to 1.3 mg/24hr (3 to 21 wmol/24 hr). 


OTHER POSSIBLY ESSENTIAL ELEMENTS 


More than 15 additional trace elements are considered by 
some investigators to have a potentially important role in 
human medicine. A review by Nielsen considers these in 
detail and discusses emerging concepts of “essentiality.’*” 
For some such as lead, cadmium, arsenic, aluminum, and 
nickel, the clinical laboratory will primarily consider them 
as toxic elements (see Chapter 35). Others, such as lithium 
and fluoride, are classified as pharmacologically beneficial 
and monitoring of dosage may be required. Some elements 
can be considered “nutritionally beneficial” and are reported 
to produce “restorative health effects” at lower dosages. Evi- 
dence comes mainly from animal studies when dietary 
depletion of the element is combined with other metabolic, 
hormonal, or physiological “stressors.” 

For a few elements (boron, silicon, and vanadium), the 
circumstantial evidence is considered to be strong, although 
no agreed biochemical mechanism is established. For this 
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reason the DRI report,'* which considered in detail the 
nutritional aspects of arsenic, boron, nickel, silicon, and 
vanadium, was unable to establish dietary recommenda- 
tions. For boron, silicon, and vanadium, it was noted that 
measurable responses in humans have been observed during 
variations in the dietary intake of these elements. There is 
promotion of these and other elements by the supplement 
industry and the clinical chemist may be asked for advice 
and possibly for monitoring of dosage in cases of suspected. 
toxicity. AAS, ICP-OES, and ICP-MS methods can be applied 
to the determination of most of these elements in biological 
samples.” 

The contamination of TPN solutions by small amounts 
of metals, such as Al, Pb, Cd and Ni, could also be a problem, 
as could the Jack of others, such as Si, B, and V, when very 
long-term nutritional support is required. 


Fluoride 


Fluoride (Fl) is the most widely used of the “pharmacologi- 
cally beneficial trace elements” in the area of public health. 
Dental caries has been described as the last major epidemic 
of preventable bacterial disease and dental decay leads to 
tooth loss, nutritional problems, and systemic infections.” 


Dietary Sources 


Many studies over the last 50 years have established that 
addition of fluoride to drinking water reduces the incidence 
of tooth decay, and more than 60% of the U.S. population 
now uses fluoridated water. Clinical studies from 1950 to 
1980 in 20 different countries found that adding fluoride 
to community water supplies, within the interval 0.7 mg to 
1.2 mg/L, reduced the incidence of caries by 40% to 50% 
in primary (infant) teeth and by 50% to 60% im permanent 
teeth.'”? The subject is controversial and there is opposition 
to “mass medication” with fluoride. Reviews of the 
benefits and the risks associated with the use of fluoride are 
avail abl e 37-99; 247,400 

Fluoride supplementation of salt, sugar, and milk has also 
been used in areas where fluoride is not added to water 
supplies. 


Function 


The fluoride ion can exchange for hydroxyl in the crystal 
structure of apatite, a main component of skeletal bone and 
teeth. This stabilizes the regenerating tooth surface, Fluoride 
is available from saliva and may also be released from dental 
plaque at low pH.” Initially, benefit was considered solely to 
be for the erupting teeth of children, but topical effects on 
adult teeth are now also thought to reduce decay. There is 
some initial evidence from small studies that pharmacolog- 
ical doses of fluoride may reduce the incidence of bone frac- 
ture in patients with osteoporosis. However, a metaanalysis 
of fluoride therapy from 11 controlled studies on 1429 sub- 
jects found that although this increased lumbar bone 
density, the incidence of vertebral fractures was not signifi- 
cantly decreased.” 


Absorption, Transport, Metabolism, and Excretion” 
Fluoride ions are absorbed from both the stomach and the 
small intestine. The soluble salts are efficiently absorbed, and 
the peak increase of fluoride in blood plasma is within 1 
hour of ingestion. Ions are rapidly cleared from plasma into 
tissue in exchange with anions, such as hydroxyl, citrate, and 
carbonate. At least 95% of the 2.6g of total body fluoride is 
located in bones and teeth. Almost 90% of excess fluoride is 
excreted in urine. 


Toxicity 

Dental fluorosis is the mottling of enamel in the erupting 
teeth of children and it is now estimated to affect around 
20% of the population. This can be a disfiguring condition 
and occurs in a higher proportion of children than initially 
expected.°” This is possibly due to the ingestion of fluoride- 
containing toothpaste by children. It is suggested that “pedi- 
atric” toothpastes with lower fluoride content be made 
available in areas where there is existing fluoridation of the 
water supply.” 

Occupational exposure to inhaled fluoride dusts in cryo- 
lite workers during aluminum refining has resulted in severe 
bone abnormalities, but safety equipment now limits such 
exposure. No cases of skeletal fluorosis are attributed to use 
of controlled fluoridation of water supplies.” However, 
skeletai fluorosis may occur in areas of the world where nat- 
urally occurring drinking water has high levels of fluoride, 
such as China and the Indian subcontinent. It is thought 
that exposure to fluoride intakes of 10 to 25mg/day for 10 
years or more may result in skeletal fluorosis, but other 
nutritional factors may make these populations more 
susceptible.” 

A number of diverse adverse effects have been attributed 
to water fluoridation. Investigators have found no convinc- 
ing evidence of increased rates of cancer, heart disease, 
kidney disease, liver disease, presenile dementia, birth 
defects, or Down syndrome.” 


Laboratory Assessment of Status 


Laboratory analysis of drinking water may be required to 
assess possible fluoride excess in natural well waters and may 
also be necessary during incidents of failure of the equipment 
used to treat drinking water. The determination of fluoride in 
urine can be used to assess exposure to different sources of 
fluoride.” For drinking water and urine, direct determina- 
tion using a fluoride-specific electrode is employed. For food, 
feces, and tissue, prior separation of fluoride from the sample 
matrix is required using a Conway diffusion procedure.” The 
combination of the fluoride-electrode with flow injection has 
allowed a rapid and sensitive method to be used for serum 
and urine fluoride analysis.” 


Reference Intervals 

Concentrations of fluoride in body fluids and tissue will vary 
widely depending upon the fluoride content of drinking 
water and input from diet, toothpaste, and mouth rinses. For 
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urine, a guideline interval is 0.2mg to 3.2mg/L (10.5 to 
168 umol/L). 


Boron 


Boron {B) may be the next element to be recognized as 
essential in human nutrition. The evidence is largely cir- 
cumstantial because there is no clear biological function for 
boron in humans. 


Function 


Responses to dietary deprivation of boron have been 
described with alterations in calcium metabolism, brain 
function, and energy production.” The responses from a 
low dietary boron intake (0.25 mg/2000 kcal) for 63 days and 
the effects of supplementation with 3.0mg/day included 
increases in 25-hydroxycholecalciferol, decreases in calci- 
tonin, decreased serum glucose, and increased serum triglyc- 
erides among other biochemical changes.” Some of the 
effects were more evident when dietary copper was marginal 
and magnesium inadequate. There is a necessity for further 
research to clarify the role of boron in human and animal 
physiology and to establish a dietary requirement.’” 


Dietary Sources 


It is thought that the acceptable safe range of boron intake 
is from 1 to 13mg/day, and there is evidence that some 
people are consuming less than 1 mg/day. Plant foods, espe- 
cially fruits, leafy vegetables, nuts, and legumes, are good 
sources, whereas meat, fish, and dairy products are not.” 


Absorption, Transport, Metabolism, and Excretion 

More than 90% of dietary boron is absorbed as boric acid, 
B(OH), and transported in blood in this neutral form, 
which may be readily excreted in urine. 


Laboratory Assessment of Status 


Problems with contamination and losses of volatile boron 
compounds during sample preparation have limited the reli- 
able documentation of boron concentrations in human 
tissue and body fluids.’* A complex technique involving a 
porous graphite column—inductively coupled plasma- 
atomic emission spectrophotometry (ICP-AES)—and an 
ICP time of flight mass spectrometer (TOF-MS) has been 
developed for investigations of boron neutron capture in 
cancer therapy.*” Adaptation of this method to nutritional 
studies of boron should be possible. 
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that collectively may be viewed in terms of a man- 

ufacturing process in which the raw material (iron) 
is incorporated with other raw materials in a multistage 
complex process leading to a finished product (Hb). This fin- 
ished product has a limited lifespan after which degradation 
into the waste product (bilirubin) occurs. Within this 
process many exquisite biochemical control, conservation, 
and synthesis mechanisms are found. This process may be 
disrupted by a deficiency in the supply of raw material, lack 
of control or synthesis mechanisms, excessive loss of finished 
product, or excessive conversion to or deficiency in the elim- 
ination of waste products. These disruptions are manifest in 
the clinical disorders of iron deficiency anemias, liver 
disease, and various genetic diseases—including Crigler- 
Najjar and Gilbert syndromes, hemoglobinopathies, and 
thalassemias. 

Reliable analytical methods for the measurement of these 
analytes were among the first to be developed for routine use 
in the clinical laboratory. Laboratory analysis has con- 
tributed significantly to our understanding of the physio- 
logical role of these analytes and continues to be crucial in 
the diagnosis of diseases associated with disruptions in 
supply, synthesis, and elimination of these parameters. 


Hess (Hb), iron, and bilirubin are analytes 


HEMOGLOBIN 


Hb is a hemoprotein whose primary function is to transport 
oxygen from the lungs to the body tissue. It was first isolated 


*The authors gratefully acknowledge the original contributions of 
Virgil F, Fairbanks and George G. Klee (hemoglobin and iron) 
and Keith G. Tolman and Robert Rej (bilirubin) upon which 
portions of this chapter are based. 
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Hemoglobin, Iron, 
and Bilirubin* 


in 1849 and was the first oligomeric protein to be character- 
ized by ultracentrifugation and to have its (1) molecular 
mass accurately determined; (2) physiological function 
described; and (3) following the 25-year study of Max Perutz 
and colleagues in Cambridge, its structure defined by x-ray 
crystallography. ™® In 1949 Linus Pauling and H. Itano!® 
showed that the Hb from patients with sickle cell disease 
differed from normal Hb by having two to four more net 
positive charges. From 1956 to 1959 Vernon Ingram pub- 
lished a series of four papers that identified the reasons 
for the charge difference by locating the single amino 
acid difference between Hb from normal individuals and 
those with sickle cell disease and so described the first 
hemoglobinopathy.** 

Thalassemias and hemoglobinopathies are clinical disor- 
ders related to Hb pathophysiology. Regarding the former, 
inadequate production of o- or B-globin chains results in 
&- or B-thalassemia, respectively. Modifications in the amino 
acid sequence of either the œ- or B-chains results in 
hemoglobinopathies. 


BIOCHEMISTRY 


Hemoglobin is a globular protein with a diameter of 6.4nm 
and a molecular weight of approximately 64,500Da. As 
shown in Figure 31-1, Hb consists of four globin subunits 
arranged to resemble a thick-walled shell with a small central 
cavity. Each globin chain is looped about itself to form a 
pocket or cleft in which the heme group nestles. Normally, 
this heme pocket is formed entirely by nonpolar (hydropho- 
bic) amino acids. The heme moiety is suspended within this 
pocket by an attachment of its iron atom to the imidazole 
group of the proximal histidine (position 92 of the B-chain 
[B92] or position 87 of the œ-chain [087]). The imidazole 
group of the distal histidine (863 or 058) is also in contigu- 
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Figure 31-1 Model of the Hb tetramer with the B-chain 
subunits facing the reader. Amino acids are represented as 
spherules. Those that are shaded affect Hb mobility in citrate 
agar gel. Spherules labeled d, j, k, and J in the upper panel 
constitute the 2,3-diphosphoglycerate binding site and are 
important in regulation of the oxygen affinity of Hb. The lower 
panel is a stereo pair for three-dimensional viewing. To obtain 
the three-dimensional effect, hold the illustration at arm’s length. 
The f-globin chains appear to be between the reader and the 
more distant o-chains. On the right, some of the segments of 
the B-globin chain have been outlined, and segments and critical 
components have been marked. B146 is the COO” end of the 
B-chain; 86 is the site of amino acid substitutions responsible for 
Hbs S and C. (From Winter WP Yodh }. Interaction of human 
hemoglobin and its variants with agar. Science 1983;221:175-8. 
Copyright 1983 by the American Association for the Advancement of 
Science.) 


ity with the iron of heme, but it appears to swing in and out 
of this position to permit the passage of O, into and out of 
the Hb molecule. The four iron atoms are in the divalent 
state, whether Hb is oxygenated or deoxygenated. 


Globin Structure of Normal and Fetal Hemoglobin 
In normal human adults, Hb A is composed of two normal 
a- and two normal B-polypeptide chains and is represented 
symbolically as o,,; it represents at least 96% of the total 
Hb contained in a sample of whole blood. Hb A; is typically 
about 2.5% to 3.0% of total Hb; it contains two @- and two 
5-chains and is designated as 0,6). Fetal Hb (Hb F) pre- 
dominates during fetal life but rapidly diminishes during the 
first year of postnatal life. In normal adults, less than 1% of 
Hb is Hb E It consists of two œ- and two y-chains (0p). 
In early embryonic life, the yolk sac produces the globin 
chains zeta (€) and epsilon (£). These globin chains combine 
to form the major embryonic hemoglobins Hb Gower 
1(Ce,) and 2(o,€,) and Hb Portland 1(C,y,) and 2(C,f,). 
Production of the €-chain ceases at a gestational age of 
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Figure 31-2 Changes in relative proportions of globin chains at 
various stages of embryonic, fetal, and postnatal life. (Reprinted 
from Huehns ER, Dance N, Beaven GH, Hecht F Motulsky AG. 
Human embryonic hemoglobins. Cold Spring Harbor Symp Quant Biol 
1965;29:327-33 1.) 


approximately 4 months (Figure 31-2). Production of &- and 
y-chains start at about 6 weeks gestation, with Hb F (fetal 
hemoglobin, «,2) increasing in concentration to become the 
major Hb found in the fetus. Glycine or alanine may be 
found at position 136 of the y-chain in the fetus, giving rise 
to two distinct y-chains designated °y and ^y, respectively. 
Formation of Hb A (a,,.) commences at about 28 weeks 
gestation and at birth can form up to 15% of the total Hb, 
with the remainder of the Hb consisting mainly of Hb F with 
avery small amount of Hb A2. The production of the y-chain 
declines after birth, and normal adult Hb F values are usually 
obtained by 1 year of age but may be elevated until 2 years 
of age. 


Protein Structure 


As with ali proteins, the function of Hb is dictated by its 
primary, secondary, tertiary, and quaternary structure. 

Primary Structure. The œ- and non-o-globin chains of 
Hb are 141 and 146 amino acid residues in length, respec- 
tively. There is some sequence homology, with 64 individual 
amino acid residues in identical positions in both o- and B- 
chains. The B-chain differs from the ô- and y-chains by 39 
and 10 residues, respectively. The amino terminal of the 
B-globin chain is the site of attachment of glucose (Hb A,.), 
urea, and salicylate.” The carboxy terminal amino acid of the 
B-chain is tyrosine and can function as a part of salt bridges. 
Although there are no disulfide bonds, there are six ~-SH 
groups (from cysteine at positions &104, 893, and 112). The 
y-chain has a glycine amino terminal and the alkali resistance 
of Hb F is attributed to the presence of threonine and tryp- 
tophan at positions 112 and 130 of the y-chain, respectively. 
The y-chain is unique in that it is the only globin chain to 
be susceptible to acetylation and acetylated Hb F is a promi- 
nent feature in cord and neonatal blood and may form as 
much as 25% of the total Hb. 
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Figure 31-3 Structure of the Hb subunit. Chains of amino acids 
in spiral or helical segments are linked by short, nonhelical 
segments. The helical segments are designated A through H. In 
this illustration, amino acids are designated in accordance with 
the helical or nonhelical segment in which they occur. (From 
Dickerson RE. X-ray analysis and protein structure. In: Neurath H, Ed. 
The Proteins: composition, structure and function. 2nd ed. Vol, 2. New 
York: Academic Press, | 964:603-778,} 


Secondary Structure. Approximately 75% to 80% of 
the polypeptide chains of the œ- and non-o-chains are 
arranged in helices, with the remainder forming non-helical 
turns. The B-chain of Hb A is arranged into eight helices 
identified as A through H (Figure 31-3). In contrast, the 
a-chain is missing an equivalent of the D helix and so has 
only seven helices. Nomenclature within the helices identi- 
fies the helix and position within the helix of the amino acid 
residue (e.g., F3 is the third amino residue in the F helix). 
Amino acid residues in the peptide chains that join adjacent 
helices are described by the identification of the two adja- 
cent helices and position of the residues within the joining 
peptide. For example, EF3 would be the third residue in the 
peptide joining the E and F helices. 

Tertiary Structure. The tertiary structure of Hb refers 
to the arrangement of the helices into a three-dimensional, 
pretzel-like structure. The heme group, located in a crevice 
between the E and F helices, is attached to histidine residues 
in each globin chain. This attachment is essential to 
maintaining the secondary and tertiary structure of the 
globin chains. 

Quaternary Structure. The quaternary structure of Hb 
results from the attachment of the four globin chains to each 
other. Strong 0B, and 08, dimeric bonds hold the mole- 
cule in a stable form. The tetrameric 08, and 0B, bonds 
make significant contributions to the stability of the struc- 
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Figure 31-4 Spectrophotometric absorption curves for 
oxyhemoglobin, methemoglobin, and cyanmethemoglobin 
(authors’ data). Oxyhemoglobin and cyanmethemoglobin are 
used in measuring the Hb concentration. The peak at 630nm, 
which is distinctive for methemoglobin, is abolished by addition 
of cyanide, and the resultant decrease in absorbance is directly 
proportional to the methemoglobin concentration. All heme 
proteins exhibit their maximum absorbance in the Soret band 
region of 400 to 440nm. Because the absorbance of Hb in the 
Soret region is approximately 10 times the absorbance at 
540nm, the Soret peaks have been omitted from this diagram. 
The absorbance curve for methemoglobin is greatly influenced 
by small changes in pH. The curve given here was obtained at a 
PH of 6.6. 


ture. The shifting, rotation, and sliding in the quaternary 
structure result in a number of physiological effects, includ- 
ing the sigmoid oxygen dissociation curve and the Bohr 
effect, 


Modified Hemoglobins 


In addition to the Hbs discussed above, carboxyhemoglobin, 
methemoglobin, and sulfhemoglobin are other Hbs whose 
structure has been environmentally or chemically modified. 
Each of the modified Hbs has a characteristic spectral 
pattern as shown in Figure 31-4. These spectral characteris- 
tics form the basis of analysis in the many co-oximeters and 
blood gas analyzers that provide, in a single analysis, the 
simultaneous quantitative measurement of carboxyhemo- 
globin, methemoglobin, and sulfhemoglobin. The spectral 
scans are performed using multidiode arrays covering a wide 
range of wavelengths followed by patented calculations that 
discriminate between the normal and modified Hbs. 


Carboxyhemoglobin 


Carboxyhemoglobin is formed by the preferential 
attachment of carbon monoxide over oxygen to Hb. Car- 
boxyhemoglobin concentrations (usually expressed as a 
carboxyhemoglobin saturation) have been known to reach 
20% in individuals who are exposed to significant workplace 
concentrations of carbon monoxide. For example, police 
directing traffic at busy intersections and workers in radia- 
tor and welding shops have high carboxyhemoglobin con- 
centrations at the end of the working day. The ability to 
perform heavy manual work or complex tasks is impaired at 
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carboxyhemoglobin concentrations of 10% or less.” Faulty 
home furnaces and automobile exhaust systems can produce 
large amounts of carbon monoxide, sometimes with tragic 
results. Carboxyhemoglobin saturation levels in the range of 
15% to 25% may be associated with dizziness, headaches, 
and nausea, and greater than 50% saturation is considered 
life threatening.” Following removal of the exposed indi- 
vidual from the carbon monoxide source, there is a slow 
decline in carboxyhemoglobin concentration in keeping 
with the half-life of 4 to 5 hours at sea level.’ 


Methemoglobin 


The iron of heme is normally in the reduced ferrous state 
(Fe), Under alkaline conditions, the iron is oxidized to the 
ferric state (Fe**) by toxic agents, such as nitrates (found in 
some well waters), aniline dyes, chlorates, drugs—such as 
quinones, phenacetin, sulfonamides—or local anesthetics, 
such as procaine, benzocaine, and lidocaine. This oxidation 
converts the heme to hematin'® and the Hb to methemo- 
globin. Patients with methemoglobin are cyanotic, since 
methemoglobin is unable to reversibly bind oxygen. Methe- 
moglobin is normally reduced to Hb in the cell by the 
reduced form of nicotinamide-adenine dinucleotide 
(NADH)-cytochrome reductase system. 

Hereditary methemoglobinemia is a rare condition first 
described in Europeans but later found in individuals of 
many racial backgrounds. Familial methemoglobinemia in 
an autosomal recessive mode of transmission is due to a defi- 
ciency in the enzyme NADH-cytochrome b5 reductase. 
Hb variants that stabilize the ferric iron state are associated 
with an autosomal dominant familial methemoglobinemia. 
Methemoglobinemia is treated by the administration of 
ascorbic acid or methylene blue. 


Sulfhemoglobin 


Sulfhemoglobin is produced by the reaction of sulfur- 
containing compounds with heme to form an irreversible 
chemical alteration and oxidation of Hb by the introduction 
of sulfur in one or more of the porphyrin rings. The most 
common cause of sulfhemoglobinemia is exposure to 
drugs’’—such as phenacetin and sulfonamides with H,S, the 
foul smelling component of sour gas—as a secondary cause. 
Sulfhemoglobin cannot transport oxygen, and cyanosis is 
noted at low concentrations. 


Biosynthesis 
The biosynthesis of Hb requires the biosynthesis of both 
heme and the globin polypeptide chains. 


Heme Biosynthesis 

Heme, ferrous protoporphyrin IX, consists of four pyrrole 
rings surrounding an iron atom with four of the six electron 
pairs of iron attached to the nitrogen atoms in the pyrrole 
rings (see Chapter 32). One of the remaining electron pairs 
attaches to a histidine residue in a globin chain, and the other 
pair is available for binding and transporting an oxygen mol- 


ecule. The latter electron pair is protected from oxidation by 
the surrounding nonpolar amino acid residues of the globin 
chain. Hemin results from the relatively easy oxidation of the 
iron of heme from the ferrous to the ferric state.’ To remain 
electrically neutral, a halide molecule, usually chloride, 
becomes attached to hemin. In alkaline solution hematin is 
formed by the replacement of the halide atom of hemin by 
a hydroxyl group. 

The biosynthesis of heme, shown schematically in Figure 
31-5, takes place primarily in the bone marrow and the liver 
and is an eight-step process“ with each step involving a dif- 
ferent genetically controlled enzyme. Details of this process 
are given in Chapter 32. 

Heme synthesis is controlled by a regulatory negative 
feedback loop in which heme inhibits the activity of fer- 
rochelatase and acquisition of iron from the transport 
protein transferrin. The decrease in iron acquisition leads to 
a decrease in iron uptake into the cell with subsequent 
decrease in 5-aminolevulinic acid and heme production. 
Iron deficiency and increased erythropoietin synthesis lead 
to the combination of the iron regulatory proteins with the 
iron-responsive elements in the transferrin receptor protein 
messenger ribonucleic acid (mRNA). This combination in 
turn leads to protection of the mRNA from degradation with 
subsequent increased uptake of iron into erythroid cells 
because of the increased expression of transferrin receptors 
on the cell membrane. 


Globin Synthesis 


The genes that control the o-like and €-globin chains are 
located in a cluster on chromosome 16 at position 16p13.3, 
which is near to the chromosome 16 telomere (Figure 31-6). 
The o-like gene extends over 28kb and contains, reading 
from the upstream (5’) end to the downstream (3°) end of 
the DNA segment, an embryonic o-like €-globin gene, a 
hypervariable region (HVR), a pseudo—C-gene, a pair of 
pseudo-c-genes, a pair of functional o-globin genes, an 
unexpressed &-like 6 gene, and finally another hypervariable 
region. Alpha-thalassemia arises from the deletion of one or 
more a-globin genes. Deletion of all four genes and subse- 
quent production of Hb Bart’s is incompatible with life. 

The B-, y-, and 8-globin genes are clustered closely 
together on chromosome 11 (Figure 31-6). Reading from the 
5’ end, the gene sequence is an ¢-gene followed by a two 
y-genes (designated Gy and Ay, respectively), a pseudo- 
wB-gene, a 6-gene, and another B-gene. Therefore two genes 
determine the y-chain, with one gene each determining the 
ô- and B-chains. There is substantial variability between 
individuals and groups in the œ- and B-genes, with the most 
frequent being multiples of the C-, wC-, and a-genes. 

In common with all genes, the globin genes consist of - 
exons (coding sequences) and introns (intervening noncod- 
ing sequences), with codons (triplets of nucleotides) coding 
for specific amino acids. The globin genes have three exons 
and two introns with a promoter region (specific for the 
globin chain) at the 5’ end of each gene. The transcription 


Chapter 31 Hemoglobin, iron, and Bilirubin l 1169 


Transferrin 
© Transferrin receptor 
e tron 
» Inhibition 
— > Facilitation 


Figure 31-5 Heme synthesis. (From Bain BJ: Haemoglobinopathy diagnosis. London: Blackwell, 2001.) 


and translation processes are the same as in any other syn- 
thesis of amino acid chains (Figure 31-7). 


PHYSIOLOGICAL ROLE 


The iron of heme is in the ferrous state and is able to 
combine reversibly with oxygen to act as the major oxygen- 
carrying moiety. The term cooperativity is used to describe 
the interaction of globin chains in such a way that oxygena- 
tion of one heme group enhances the probability of oxy- 
genation of the other heme group. The Bohr effect refers to 


the reduction of oxygen affinity with a decrease in pH from 
the physiological range (7.35 to 7.45) to 6.0 and is another 
result of this cooperativity. As the pH of the tissue decreases 
as a result of the presence of the end products of anaerobic 
metabolism, CO, and carbonic acid, the delivery of oxygen 
to the exercising tissue is enhanced. The influence of pH on 
the oxygen dissociation of oxygen is shown in Figure 31-8. 
Carbon dioxide reversibly combines with the amino termi- 
nal groups of Hb to form carbamated Hb, facilitating the 
removal of about 10% of the CO, formed as a result of 
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Figure 31-6 œ- and B-gene globin clusters. (From Bain Bj: 
Haemoglobinopathy diagnosis. London: Blackwell, 2001.) 
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metabolism in the tissue to the lungs. The removal and 
transport of CO, from the tissue are enhanced by the pref- 
erence for the attachment of more CO, by carbamated Hb. 


ANALYTICAL METHODOLOGY 


The laboratory plays a crucial role in the detection and char- 
acterization of the hemoglobinopathies and thalassemias 
discussed in the next sections.‘ There have been several rec- 
ommendations for the laboratory investigation of abnormal 
Hbs and thalassemias.”*”” For example, the 1978 Interna- 
tional Committee for Standardization in Hematology expert 
panel on abnormal Hbs has prepared recommendations for 
the laboratory investigation of these conditions.” In its 
initial investigation, (1) a complete blood count (CBC), (2) 
electrophoresis at pH 9.2, (3) tests for solubility and sickling, 


Figure 31-7 An abbreviated scheme of transcription, 
processing, and translation of mRNA. This complicated 
process involves excision of long intervening segments 
{introns) of “heterogeneous” RNA, with a stepwise 


Processing reduction in length of the transcribed ribonucleic acid 


(RNA) to the 444 nucleotides (nt) of the final mRNA. 
The mRNA is capped at the 5’ end and polyadenylated 
at the 3’ end to stabilize it, then it is released into 


Tranelation cytosol, where ribosomes read the code and assemble 


the globin chains. 


Figure 31-8 Normal oxygen dissociation curve of Hb. 
Changes in 2,3-diphosphoglycerate (2,3-DPG) 
concentration in the erythrocyte greatly influence the 
position of the curve.As the concentration of 2,3-DPG 
increases, the curve shifts to the right. (From Duhm J. The 
effect of 2,3-DPG and other organic phosphates on the Donnan 
equilibrium and the oxygen affinity of human blood. In. Roth M, 
Astrup P. Eds. Oxygen affinity of hemoglobin and red cell acid 
base status [Alfred Benzon Symposium, IV], Copenhagen, 
Denmark: Alfred Benzon Foundation, 1972.) 
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and (4) the quantification of Hb A, and Hb F were recom- 
mended. If an abnormal Hb was found as a result of these 
initial tests, further tests including electrophoresis at pH 6.2, 
globin chain separation, and isoelectric focusing were rec- 
ommended by the panel. If the presence of an unstable Hb 
or Hb with altered oxygen affinity was suspected, then heat 
and isopropanol stability tests were recommended, Although 
new techniques have replaced some of these tests, the 
approach of using multiple assays in the initial investigation 
of hemoglobinopathies and thalassemias has shown merit 
and is used in many laboratories involved in the investiga- 
tion of these disorders. In addition to the above tests, the iron 
status of the patient should be known either by measure- 
ment of ferritin or by iron/total iron binding capacity/ 
saturation index. Information on the ethnicity and/or 
nationality of the patient, when allowed under patient 
confidentiality rules, may provide useful information since 
thalassemias (e.g., B-thalassemia in individuals of Mediter- 
ranean origin) and certain hemoglobinopathies (e.g., Hb S 
trait and homozygous § in African-Americans) are associ- 
ated with certain ethnic and/or national groups. 

Red blood cells (RBCs) and their indices, Hb, and related 
compounds are measured by several different types of ana- 
lytical techniques and methods. 


Preferred Specimen 


The preferred blood sample is one collected with either K or 
Na salts of ethylenediaminetetraacetic acid (EDTA) as the 
anticoagulant. To minimize the formation of degradation 
products, which are especially noticeable as small bands 
eluting with similar retention time as Hb A,, and Hb F on 
high-performance liquid chromatography (HPLC) analysis, 
testing should be performed within 5 days of collection and 
samples should be stored at 4 °C. 


Analytical Techniques 

Analytical techniques used to measure RBCs and their 
indices, Hb, and related compounds include determining a 
CBC, electrophoresis, immunoassay, molecular techniques, 
and sensitive separation techniques, such as HPLC, capillary 


electrophoresis, mass spectrometry, and deoxyribonucleic 
acid (DNA) analysis. 


Complete Blood Count 


The complete blood count (CBC) (1) counts RBCs, white 
blood cells, and platelets; (2) measures Hb; (3) estimates the 
red cells’ volume, and (4) sorts the white blood cells into sub- 
types. Knowledge of red cell indices and the appearance of 
the peripheral blood film are vital to the diagnosis of both 
ot- and B-thalassemias. Hemoglobinopathies have a lesser 
impact on the red cell indices but may present abnormal 
red cell morphology on the peripheral blood film. In thal- 
assemias, the Hb concentration and the mean corpuscular 
volume (MCV), an index of cell size, are decreased, some- 
times markedly, whereas in hemoglobinopathies both are 
often normal. One study recommends that an MCV of less 


than 72fL (reference interval ~80 to 100fL)” is maximally 
sensitive and specific for the presumptive diagnosis of thal- 
assemia. However, the use of an MCH (mean corpuscular 
hemoglobin) value less than 27 pg (reference interval ~26 to 
35 pg)'” has been recommended as the decision point to 
further investigate for iron deficiency anemia and thal- 
assemia. The rationale for the selection of MCH over MCV 
as the decision point for further investigation is the poten- 
tial increase of up to 5fL in MCV in samples more than 24 
hours old. 

The RBC is either in the upper half of or above the 
reference interval in thalassemias but within the reference 
interval in most hemoglobinopathies without a coinherited 
thalassemia. In contrast the RBC is low in iron deficiency 
anemias and anemia of chronic disease and is proportion- 
ally related to the decrease in Hb concentration. The red cell 
distribution width (RDW), a measure of the variation in the 
size of the RBC (anisocytosis), tends to be above the refer- 
ence interval in iron deficiency anemias and other micro- 
cytic anemias. The RDW in thalassemias is usually within the 
reference interval, reflecting the uniformity of the red cell 
size. However, in Hb H disease and 6$-thalassemia the RDW 
is moderately increased. 

In thalassemias the RBCs in the peripheral blood smear 
are hypochromic and microcytic. The characteristic sickle or 
crescent-shaped RBCs are seen (Figure 31-9) in the periph- 
eral blood smear of patients who are homozygous for Hb S 
(sickle cell disease) and target cells are seen in blood smears 
from patients who are homozygous for Hb E (Figure 31-9) 
and Hb C. In addition, lip cells and crystalline inclusions 
(Hb C cells) may be found in peripheral blood smears from 
individuals who are homozygous for Hb C. These findings 
are less uniformly present than the typical morphological 
features of sickle cell disease. 

There are several formulas, using parameters from the 
CBC, to calculate a thalassemic index used to differentiate 
iron deficiency from thalassemia.” Although none have 
proved to be totally satisfactory in all clinical situations and 
may not add significant information over the use of the 
MCV alone in selecting cases for further investigation, many 
laboratories use these calculations as an adjunct to the CBC 
parameters. One such formula” is 


RDW 
Hb 


Discriminant Factor (DF) = (MCV x MCV) x x 100 


A DE of <65 is associated with thalassemia minor and a value 
>75 is associated with iron deficiency anemia. Values 
between 65 and 75 are classified as equivocal and may indi- 
cate a combined iron deficiency anemia with an underlying 
thalassemia. 

The CBC parameters are very often the first indication 
that the patient might have either a thalassemia or a hemo- 
globinopathy however, these data are not sufficient to make 
even a presumptive diagnosis. In addition; the iron status of 
the patient, as measured with either ferritin or iron/iron 
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Figure 31-9 Peripheral blood smear from patients with homozygous Hb E (a) and homozygous Hb S (b). 


binding/saturation index tests (see the next section), can 
help in differentiating iron deficiency anemia from anemia 
of chronic disease and thalassemia. However, ferritin is ele- 
vated in acute phase reactions, and iron deficiency can mask 
an underlying thalassemia. 

An algorithm’ based on the MCV, MCH, Hb Ag, and 
Hb F quantifications has been advocated to better discrimi- 
nate between f-thalassemia minor, iron deficiency, 
5B-thalassemia, and hereditary persistence of fetal hemo- 
globin (HPFH).”™" 


Electrophoresis 


Electrophoresis (see Chapter 5) under alkaline conditions 
(pH 9.2) is the most common initial screening method for 
the detection and preliminary identification of hemoglo- 
binopathies. Several media, including paper and cellulose 
acetate, have been used although agarose’? is now the 
medium of choice and the one usually supplied commer- 
cially. A pH 9.2 barbital buffer is the most common buffer 
system. Visualization of the separated Hb bands is achieved 
by using a protein-binding stain, such as Amido Black or 
Ponceau S. Hemoglobin bands stain blue with Amido Black 
and reddish pink with Ponceau S. Following clearing of 
excess stain, the Hb bands on the agarose media are clearly 
seen against the clear background. Figure 31-10 shows an 
alkaline electrophoresis gel stained with Amido Black. Quan- 
tification by densitometry of the Hb A, and F bands on alka- 
line electrophoresis, although commonly performed by 
laboratories, is not recommended by the College of Ameri- 
can Pathologists in the hemoglobinopathy survey critiques” 
because of high analytical imprecision resulting from limi- 
tations of densitometry in measuring low levels of staining. 

The Hbs migrate according to electrical charge, with Hb 
H moving the fastest (closest to the anode). The order of 
migration (fastest to slowest) is Hb H, Hb N, Hb I, Hb J, Hb 
A, Hb F, Hb S, and Hb C. Hemoglobins D and G co-migrate 
with Hb S, and Hbs E, O, and A, co-migrate with Hb C. 
Hemoglobin Constant Spring migrates slightly toward the 
cathode. 


Figure 31-10 Alkaline and acid electrophoresis of various 
hemoglobinopathies. Lane 1, Hb S, Hb FA control; Lane 2, HB S, 
Hb F, HbCA control; Lane 3, transfused SC disease; Lane 4, SC 
disease; Lane 5, Hb A (normal); Lane 6, Hb Presbyterian; Lane 7, 
Hb S; Lane 8, raised Hb A, (6-thalassemia trait); Lane 9, Hb | 
Baltimore; Lane 10, Hb C. 


Electrophoresis at pH 6.4 using a citrate buffer is per- 
formed when an abnormal band is noted on alkaline Hb 
electrophoresis. Agarose is the preferred medium, with Acid 
Violet the preferred stain. Figure 31-10 shows the same 
Hb variants performed on agarose electrophoresis at pH 6.4 
and stained with Acid Violet. The order of migration 
{cathode to anode, fastest to slowest) is Hb F, Hb A, Hb S, 
and Hb C. Hemoglobins D, G, I, J, O, Az, and E co-migrate 
with Hb A. 

Based on positions of the bands in acid and alkaline elec- 
trophoresis, a presumptive identification of the Hb variant 
may be made. For example, bands are found on alkaline elec- 
trophoresis in both A and C positions. On acid elec- 
trophoresis if bands are found in the A and C positions, then 
a presumptive identification of Hb C trait may be made, as 
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this pattern is characteristic. However, if a band is found only 
in the A position on acid electrophoresis, then a presump- 
tive identification of Hb E may be made. If bands are found 
in the C position on alkaline electrophoresis and between the 
S and A positions on acid electrophoresis, then a presump- 
tive identification of Hb O may be made. Further testing is 
required to determine if the Hb O is Hb O Arab, O Indone- 
sia, or O Padova. Fairbanks” described a numbering system 
for the most common Hb bands on alkaline electrophoresis 
(Hb H = 1, Hb A=5, Hb S=9, Hb C = 13) that allowed the 
position of a band to be described more exactly than the 
commonly used descriptive term “between S and A posi- 
tions.” Unfortunately, this system has not found universal 
acceptance. Laboratories should keep a bank of elec- 
trophoretic data obtained to help in future identification of 
unusual Hb variants 

Specific types of electrophoresis that are used for Hb 
analysis include isoelectric focusing, electrophoresis, and 
capillary electrophoresis, 

isoelectric Focusing Electrophoresis. Isoelectric focus- 
ing electrophoresis (IEF)**’” has. higher resolving power 
than conventional electrophoresis, but is more expensive, 
time consuming, and technique dependent to perform (see 
Chapter 5). Commercial IEF gels are made of cellulose 
acetate or polyacrylamide with the pH gradient produced by 
the inclusion of amphoteric materials of different pH values 
in bands in the gel. Locations of the Hb bands are identified 
using stains similar to those used in conventional elec- 
trophoresis. The bands or zones produced by IEF (Figure 31- 
11) are better defined than conventional electrophoresis, and 
reliable quantification of the separated Hbs at high concen- 
trations using densitometry may be made. Quantification of 
Hb A, and Hb F at low concentrations, however, is impre- 
cise and not recommended. The Hb elution pattern in IEF 
is similar to that of alkaline Hb electrophoresis except that 


Hb D and Hb G are resolved from each other and from Hb - 


S. Historically, IEF has been used extensively to identify and 
characterize Hb variants; however, it is less used now because 
of the previously mentioned limitations, 

Capillary Isoelectric Focusing Electrophoresis. Capil- 
lary isoelectric focusing electrophoresis‘ combines the 
detection sensitivity of capillary electrophoresis (see Chapter 
5) with the resolution qualities and existing extensive data 
on Hb variant separation by immunoelectrophoresis (IEP) 
and the automated sampling and digital data acquisition 
techniques developed for chromatography. With it, the 
hemolysate is introduced into the capillary chamber using 
low pressure injection and then focused at high voltage (typ- 
ically ~30kV and 0.5 to 1.541A) during which it is essential 
to maintain adequate cooling. The separated Hbs are then 
eluted, using low-pressure and simultaneous voltage, 
past either a single wavelength spectrophotometric detector 
set to read at 415m or a dual wavelength detector set at 
415 and 450nm. In routine use, the Hbs are typically sepa- 
rated within 15 minutes, but the elution time may be 


*References 45, 70, 77, 78, 113, 158a, 165, 167a. = 
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Figure 31-11 A diagram of isoelectric focusing patterns for a 
variety of Hb variants. The conditions shown represent 
heterozygotes (traits) unless otherwise indicated. The width of 
the bars approximates the relative density of the bands 
observed. The acid anodic (pH 6) side is to the right, and the 
alkaline cathodic (pH 8) side is to the left. The same pattern is 
observed in homozygous patients with Hb S disease who have 
received Hb A by transfusion. 


extended if the presence of abnormal Hb is suspected. 
Hb variants” are identified by comparison of the isoelectric 
point (pI) values and migration times of the unknown, 
using Hb A as the reference peak, with known: controls 
and published data. Quantification is based on the in- 
tegration of the measured absorbance of the bands, 
and accurate results have been obtained for Hb A, and Hb F 
concentrations. 


High-Performance Liquid Chromatography 

HPLC using a column packed with cation-exchange 
resin®P*1945.1 provides, in a single analytical protocol, the 
quantification of Hbs F and A, (see Chapter 6 for a detailed 
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discussion of HPLC). With it, the initial identification of an 
Hb variant on the basis of the elution time may be made. It 
has also been used to detect -thalassemia phenotypes. 
After injection and subsequent adsorption onto the par- 
ticles of cation-exchange resin, molecules of Hb are eluted 
using gradient elution. Detection of the eluted Hbs is 
achieved by monitoring the effluent solvent stream using a 
dual wavelength photometer (usually set to measure at wave- 
lengths of 415 and 690nm). The technique is precise for the 
quantification of both Hb F and Hb A,, and presumptive 
identification of the common Hb variant may be made. 
These features have made HPLC the method of choice for 
hemoglobinopathy and thalassemia screening for many lab- 
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oratories including those performing neonatal hemoglo- 
binopathy screening. Figure 31-12 shows the separation on 
a commercial system of several Hb variants. 

Several commercial methods are available but lack the 
resolution achieved by noncommercial methods. A non- 
commercial HPLC method has been described with the 
retention time and relative concentration of 40 common Hb 
variants listed.” This system requires a longer time of analy- 
sis, provides superior resolution, and overcomes the problem 
of co-elution of several Hb variants that occurs with 
commercial systems. For example, with one commercial 
system, Hbs E, Osu-Christianborg, G-Coushatta, Lepore, 
and G-Copenhagen co-elute with Hb A, making Hb A, 
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Figure 31-12 HPLC chromatograms obtained on the Bio-Rad Variant B-Thal short program for a, Hb Bart's; b, B°-thalassemia major; 
c, B*-thalassemia homozygous E; d, Hb H; e, homozygous S; f; S trait; g, homozygous C; h, C trait; i Hb S-Hb G Philadelphia. (From 
Clarke GM, Trefor N, Higgins TN. Laboratory Investigation of Hemoglobinopathies and Thalassemias: Review and Update. Clin Chem 2000;46: 


1284-90.) 
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quantification and definitive identification of the Hb vari- 
ants impossible.“ 

Other chromatographic problems, such as a rising base- 
line, have resulted in Hb A, concentration being falsely low 
in Hb D patients.“ However, this may be corrected math- 
ematically to produce a more accurate result. Patients with 
Hb S have falsely increased Hb A, concentrations caused by 
the co-elution of glycated Hb S with Hb A,“ Diagnosis of 
co-inheritance of B-thalassemia with Hb S, a combination 
that is not unusual, may be compromised by this false 
increase in Hb Aj. However, knowledge of the concentration 
of Hb A; is not essential in making the diagnosis of B°- or 
B*-thalassemia in these patients. In a case of B° thalassemia 
(6-thalassemia major) no 5-globin chain is produced, and 
the electrophoretic pattern and HPLC closely resemble those 
of a homozygous Hb S patient (large Hb F and Hb S peaks 
with no Hb A peak). In B*-thalassemia (f-thalassemia inter- 
media), the concentration of Hb S is greater than that of Hb 
A, a situation that is only seen otherwise in recently trans- 
fused patients who have sickle cell disease. Co-inheritance of 
B-thalassemia minor and Hb S may be diagnosed in these 
patients by setting the upper limit of the reference interval 
at 5.0%." Capillary zone electrophoresis and microcolumn 
methods have been described that eliminate the interference 
of glycated Hb S with Hb A, quantification. 

The use of relative elution time rather than absolute 
elution time in initial identification of an unknown Hb 
variant is useful and recommended.” The reference Hb 
ideally is one that is found in low concentrations in most indi- 
viduals. In this regard Hb A, is probably the most useful as a 
reference point despite the number of co-eluting Hb variants. 

The elution time of the Hb may change slightly with 
increasing Hb variant concentration. For example, Hb F 
concentrations obtained by HPLC are often lower than those 
from the alkaline denaturation and/or spectrophotometric 
methods that are often quoted in standard hematology texts 
and used for the diagnosis of juvenile myelomonocytic 
leukemia (JMML) and monosomy 7 syndrome. However, 
caution should be used in interchanging Hb F concentra- 
tions obtained by HPLC with other methods. 

It should be noted that hemoglobinopathies may inter- 
fere with glycated hemoglobin (GHb) analysis, as results may 


be falsely increased or decreased, depending on the particu- . 


lar method and the hemoglobinopathy.””’* Hemoglobin 
variants that cannot be separated from Hb A or Hb A, will 
produce spuriously increased or decreased results by ion- 
exchange HPLC, 


Electrospray Mass Spectroscopy 


Electrospray mass spectrometry (see Chapter 7) is becom- 
ing the method of choice for the complete characterization 
of newly discovered Hb variants. ”?™® With it, the mass of 
the variant, whether the variant is an a- or B-chain variant, 
the possible location and identity of the amino acid residue 
substitution, and the quantity of variant present may be 
derived. 


To analyze a sample with this technique, the globin chains 
are first separated by conventional methods and then iso- 
lated by semipreparative HPLC. The isolated fractions are 
further concentrated using a variety of techniques including 
membrane filtration. The fraction containing the mutant 
globin chain is digested using specific endopeptidases that 
selectively cut at certain amino acid residues of the globin 
chain. The resultant digested peptide fragments are further 
separated by preparative HPLC and the mutant peptide 
sequenced using Edman degradation. Another portion of the 
digested globin chains is entered into the electrospray mass 
spectrometer, and the resultant mass spectrum provides 
information on the mass of the mutant globin chain, which 
can be then used to provisionally identify the substituted 
amino acid. For Hb Rambam,” the mass spectrum of the 
B-globin chains shows the mass of the normal B-chain to 
be 15,867 Da and the mass of the mutant B-chain to be 
15,925 Da. The increase in mass of 58 in the mutant B-globin 
chain may be attributed to a change in amino acid residue 
from glycine (MW 75 Da) to aspartic acid (MW 133 Da). 


DNA Analysis 


DNA analysis is used in the investigation of thalassemias and 

hemoglobinopathies to identify, in populations with a 

known high incidence of disease, those specific individuals 

at risk and who may benefit from genetic counseling. For 
example, DNA analysis has been used to: 

1. Diagnose o°- and o*-thalassemia®”®!”” 

2. Investigate potentially life-threatening disorders of Hb 
synthesis in the fetus and is performed at less than 10 
weeks gestation on chorionic villus'”* samples 

3, Characterize the B-thalassemia genotype* 

4, Screen at-risk populations for clinically significant Hb 
variants” 

5. Distinguish between conditions that have similar, labo- 
ratory, and clinical presentation but are due to different 
genetic conditions’? 

The Southern blot analysis of genomic DNA using o- 
and -primers is widely used in the investigation of 
c-thalassemias, especially in the identification of individuals 
with o-thalassemia. Polymerase chain reaction (PCR), using 
allele-specific primers, is used by reference laboratories in 
the identification of common -thalassemia mutations and 
some hemoglobinopathies.. Gene sequencing information 
may supplement these techniques in some cases. 


Specific Tests 


Tests that are used to measure Hbs and related analytes 
include those for Sa H, Hb S, unstable Hbs, and globin 
chains. 


Determining Hemoglobin H 
Hb H is an insoluble tetramer consisting of four B-globin 
chains and arises in o-thalassemia in which there is a 


*References 69, 79, 83, 105, 157, 176. 
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decreased production of o-globin chains caused by nonex- 
pression of three of the four o-globin genes and a subse- 
quent excess of B-globin chains. If these tetramers are 
oxidized, precipitation occurs, which may be viewed micro- 
scopically. In the laboratory, this oxidation is achieved by 
staining unfixed cells with new methylene blue or brilliant 
cresyl blue at 37 °C. The inclusion of positive and negative 
controls with each batch of Hb H preparations is essential 
because there is substantial batch-to-batch variability in the 
dye.” There is controversy on the necessity to perform this 
test on freshly collected blood and whether the test should 
be performed on all suspected o.-thalassemia cases, 

In Hb H disease, 30% to 100% of the red cells contain 


inclusions, which have been described as looking like “golf ` 


balls” (Figure 31-13). In a-thalassemia minor (one func- 
tional a-gene) as few as 1 cell with inclusions per 1000 to 
10,000 red cells may be seen, and the diagnosis of o-thal- 
assemia minor cannot be definitively made in the absence 
of Hb H inclusions. The presence of Hb H inclusions may 
serve as confirmation of a presumptive diagnosis of o°-thal- 
assemia (0-thalassemia major) or Hb H disease. 

Precipitate patterns resembling Hb H inclusions may 
arise from staining of reticulin and Howell-Jolly bodies and 
other protein and nucleic acid entities. Hb H inclusions may 
also be very rare and difficult to detect when there is 
increased reticulocytosis. 

Hb H detection by this method is laborious to perform 
and is quite subjective. However, for the detection of the two 
a-gene cis deletion (-/am) of a’-thalassemia, the test is 
reported to have a clinical sensitivity of 0.47 and a specificity 
of 0.99.1 


Sickling Tests 

Sickding tests are useful in confirming the presence of Hb S 
in a sample following initial electrophoresis at alkaline pH. 
When fully oxygenated Hb S is fully soluble but when deoxy- 
genated, polymerization occurs, forming insoluble tactoids, 
which deform the red cells in a characteristic rigid sickle 


Figure 31-13 Peripheral blood smear of an individual with 
B°-thalassemia. (Courtesy Dr. G. Clarke, Dynacare Kasper Medical 
Laboratories.) 


shape. In the laboratory, deoxygenation and lysis of the 
RBCs is achieved by the use of a solution of sodium 
metabisulfite in a phosphate buffer. The addition of the 
sodium metabisulfite reagent to an Hb S—containing blood 
sample causes turbidity. This turbidity is visualized by 
holding a lined card or a card with writing on it behind the 
reaction test tube (Figure 31-14). In positive samples lines or 
letters cannot be seen whereas in negative samples lines or 
letters are clearly visible. Both a positive and negative control 
should be performed with each test. The hematocrit of the 
blood sample to be tested should be measured and if less 
than 15% the amount of blood used in the test should be 
doubled because a low Hb concentration is a demonstrated 
cause of falsely negative sickling screens. Lipemic samples 
and samples with a monoclonal protein (M-protein) may 
give a false-positive result. Hb C Harlem and Hb Memphis 
(0.23(B4)“"°") also give a positive result in this procedure 
and therefore it is essential to identify the Hb present in all 
positive tests by other techniques. The test is quite subjective 
and the combination of two identification techniques, such 
as HPLC and alkaline electrophoresis, may eliminate the 
necessity to perform this test on a routine basis. 


Tests for Unstable Hemoglobins 

These tests use either heat or isopropanol to precipitate the 
unstable Hb and must be performed on fresh blood. There 
are more than 100 unstable Hbs resulting mainly from the 
interchange of nonpolar amino acid residues for polar 
amino acid residues in positions in either the æ- or B-globin 
chain associated with the heme cleft. Hb Hasharon 
(047(CD)? >), an Hb variant found in Ashkenazi Jews, 


Figure 31-14 Solubility test for Hb S. Deoxyhemoglobin S (left 
tube) is insoluble in 2.3 mol/L phosphate buffer. By contrast, 
normal hemolysate (right tube) is sufficiently transparent that 
print can easily be read through it. l 
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results from the substitution of the nonpolar amino acid 
residue histidine for the polar aspartic acid residue at 
position 47 of the o-chain. In conventional nomenclature, 
Hb Hasharon should be written as @47(CE5)*? 7". however, 
to maintain uniformity with the B-, y-, and 6-globin chains 
the term CD is used to designate the corresponding inter- 
helical segment of the a-chain, which does not have a D 
segment. 

Nonpolar isopropanol weakens the internal bonds within 
Hb, decreasing the stability of the Hb molecule. Normal 
hemoglobin (Hb A) precipitates within 40 minutes at 37 °C 
in the presence of a 17% solution of isopropanol in a pH 7.4 
TRIS buffer. Unstable Hbs usually precipitate within 5 
minutes under these conditions. Both a positive and nega- 
tive control should be included with each analysis, although 
a positive control may not always be readily available. An 
umbilical cord blood or neonatal sample, not fresh, may be 
an acceptable alternative as a positive control. At the time of 
reading, the negative control should be clear, and the posi- 
tive control should have some flocculation. 

Normal Hb is stable when heated to 50 °C. However, 
unstable Hbs precipitate to varying extents when similarly 
treated. A hemolysate of the sample in a pH 7.4 TRIS- 
phosphate buffer is divided into two aliquots. One is stored 
at 4 °C, the other is heated at 50 °C for 2 hours. Both samples 
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are then centrifuged and Hb quantification is performed on 
each supernatant. The quantification of the unstable Hb is 
calculated using the following formula: 

Hb(4 °C) - Hb(50 °C) 


% Unstable hemogobin = HbA) x100 


Frequently, both heat and isopropanol stability tests 
are performed when a suspected unstable Hb variant is 
investigated. Unstable Hb variants may not appear on 
HPLC or electrophoresis, especially if the variant is 
unstable enough to precipitate before analysis by these 
techniques. 


Globin Chain Analysis 


In this analysis, the globin chains and heme in a red cell 
lysate are first dissociated using urea and dithiothreitol. The 
dissociated globin chains are then separated electrophoreti- 
cally at both an alkaline and acid pH (Figure 31-15). 
HPLC may also be used for separation. Globin chains are 
identified by comparison of retention times and/or elec- 
trophoretic mobility with known reference materials or pub- 
lished data. Globin chain analysis is an adjunct to methods 
described earlier and in many laboratories has been discon- 
tinued and replaced with either HPLC or capillary isoelec- 
tric focusing, 
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Figure 31-15 Comparison of electrophoretic mobilities of globin chains derived from Hb variants in urea buffers, 8 mol/L. The left 
panel shows separation at pH 6.3, and the right panel shows separation at pH 8.9. Results are shown for all common and some 
uncommon Hb variants. Because most of the variants are in specimens from people who are heterozygotes, the normal B^- and 
o:*-globin chains are also present and serve as position markers. 
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CLINICAL SIGNIFICANCE 


The thalassemias and hemoglobinopathies are clinical disor- 
ders related to Hb pathophysiology. Although they may have 
similar clinical manifestations,“ such as anemia of varying 
severity, they form two distinct disease groups of genetic 
origin. For example, the thalassemias originate from insuffi- 
cient globin chain production instigated by a variety of causes, 
including gene deletion, nonsense mutations, or from muta- 
tions that affect the transcription or stability of mRNA pro- 
ducts. The name thalassemia is derived from the Greek word 
for sea, thalassa, because all the early cases of B-thalassemia 
were described in children of Mediterranean origin. 

Hemoglobinopathies, the most common single gene dis- 
order in the world, are structural Hb variants arising from 
mutations in the globin genes, which result in substitutions 
or disruptions in the normal amino acid residue sequence in 
one or more of the globin chains of Hb. 


Thalassemias 


Thalassemias are identified by the globin chain in which 
there is a production deficiency. For example, a- and 
B-thalassemias result from a deficiency in œ- and B-globin 
chain production, respectively. They are further classified 
depending on the extent of globin chain production and the 
resultant severity of the anemia. 


o- Thalassemias 
The o-thalassemias arise from deficiencies in the production 
of the o-globin chains and are caused by deletions or 
{less frequently) point mutations in one or more of the 
four o-globin genes. By convention, the term o- 
thalassemia is used when the two deleted a-globin chain 
genes are in the same gene cluster. This is sometimes 
described as a cis deletion and is written as (—/ao). The term 
o'-thalassemia is used when the two deleted o-globin chain 
genes are on opposite gene clusters. It is sometimes described 
as a trans deletion and is written (—o/—-«). A single a-gene 
deletion (ao/-a) is called o-thalassemia trait or 
a-thalassemia minor. Point mutations are much less fre- 
quent, currently numbering less than 40. The conventional 
nomenclature for these point mutations o-thalassemias is 
aa or aa”. The o-thalassemias range in clinical presenta- 
tion from conditions that are incompatible with life to slight 
anemia or clinically and hematologically single-gene silent 
deletions. The severity of the anemia reflects the number of 
deleted. genes. The o.-thalassemias occur worldwide and are 
particularly prevalent in South East Asia, Southern China, 
Mediterranean countries (particularly Greece and the Greek 
Cypriot part of Cyprus), India, the Middle East, and the 
islands of the South Pacific. 

Individual types of a-thalassemias are discussed below. 

Hb Bart’s. Hb Bart’s results from deletion of all four 
o-globin genes with the subsequent inability to produce any 
o-globin chains that leads to failure of synthesis of Hbs A, 
F, or Az In the fetus there is an excess of y-globin chains 
that join together to form unstable tetramers known as Hb 


Bart’s (y*). Mothers carrying a fetus with Hb Bart’s usually 
present clinically between 20 and 26 weeks gestation with 
pregnancy-induced hypertension and polyhydramnios. 
Ultrasound of the fetus shows hydrops. Severe anemia (Hb 
usually <80g/L) is noted on a fetal blood sample obtained 
by cordocentesis. It is important to rule out other causes 
for the hydropic fetus by performing TORCH (texoplasmo- 
sis, rubella, cytomegalovirus, and herpes simplex) testing. 

HPLC analysis of a cordocentesis blood sample shows one 
or two. very sharp and narrow peaks at the injection point 
on the chromatogram (Figure 31-12, a). The major band is 
Hb Bart’s with a smaller band attributed to Hb Portland. 
There is a complete absence of Hb F. Alkaline electrophore- 
sis shows a band migrating at or close to the solvent front 
(Hb Bart’s) with another band in the Hb A position (Hb 
Portland). 

Hb Bart’s hydrops fetalis is almost invariably fatal,“ with 
some fetuses dying in utero and others surviving a few hours 
after birth. Treatment using intrauterine transfusion has had 
very limited success, with potential complications in the 
children of growth retardation and severe brain damage, 
which may possibly be related to long-standing intrauterine 
anemia. 

Laboratory investigation of the parents of fetuses with Hb 
Bart’s shows a normal HPLC pattern with normal Hb F and 


. A, quantification. Parental analysis typically shows a 


decreased level of Hb, decreased MCH, and MCV with the 
blood smear showing hypochromic, microcytic red cells. The 
Hb H test may be positive in one or both parents. A two 
c-gene cis-deletion (—/&Q)} or three gene deletion (—/-c) is 
seen in genetic testing of both parents. This requirement 
restricts the incidence of Hb Bart’s to a much smaller pop- 
ulation than would be expected based on the worldwide dis- 
tribution of two a-gene deletions, as the presence of trans 
deletions in both parents would not give rise to a four gene 
deletion in the offspring. Hb Bart’s is relatively common in 
South East Asia, particularly in Thailand, the Philippines, 
and Hong Kong where there is a high prevalence of the -=^ 
deletion. 

Hb H Disease. This disorder is usually caused by a three 
a-globin gene deletion (—/-o) and is characterized by a 
chronic anemia of variable severity. Individuals with the 
nondeletional Hb H disease (a'a/—) are usually more 
severely affected and are more likely to require transfusion 
therapy than those with the deletional Hb H disease. There 
is a significant underproduction of o.-globin chains and sub- 
sequent joining of free B-globin chains to form the insolu- 
ble B-globin chain tetramer Hb H. HPLC analysis of a 
hemolysate from an individual with Hb H disease shows two 
bands with low retention times forming a doublet together 
with a normal Hb A band. Hb F and Hb A, concentrations 
are within the reference interval (Figure 31-12, d). Elec- 
trophoresis at alkaline pH shows a fast moving band together 
with a band in the Hb A position that possibly has reduced 
staining when compared with other samples run concur- 
rently. The CBC shows a moderately reduced level of Hb, and _ 
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Figure 31-16 Hb H preparation showing punctate inclusions 
on a patient with Hb H disease. 


markedly reduced MCV and MCH with slightly raised RBC 
count. Iron studies are normal although the ferritin may be 
raised. The Hb H preparation is positive, with many cells 
with typical punctate inclusions (Figure 31-16). 

Iron therapy is not indicated, and transfusion therapy is 
usually unnecessary except in acute illness, in pregnancy, and 
with exposure to oxidant drugs, which destabilizes Hb H, 
causing precipitation of the somewhat insoluble protein. 
Genetic counseling is recommended to prospective parents 
who have Hb H disease. 

oThalassemia Major. o-Thalassemia major is the result 
of a two a-chain gene deletion. These deletions may be on 
the same gene (—/o.o, @°-thalassemia) described as a cis 
deletion or on different genes (-c/-a, o'-thalassemia) 
described as a trans deletion. The CBC of affected indivi- 
duals shows a mildly reduced level of Hb with low MCV and 
MCH. HPLC analysis shows no abnormal Hb peaks and the 
Hb F and Hb A, concentrations are within the reference 
interval. Hb H preparation may show a rare cell with punc- 
tate inclusions. Iron studies are normal. In the routine clin- 
ical laboratory, the diagnosis of o.-thalassemia major is based 
on exclusion criteria rather than definitive tests. The pres- 
ence of thalassemic indices in a patient with normal Hb A, 
and Hb F quantifications is very often the only basis for 
many diagnoses of o-thalassemia major, particularly in the 
setting of a positive family history. A photometric enzyme- 
linked immunosorbent assay (ELISA) for the identification 
of adult carriers of the (—7*) a°-thalassemia deletion has 
been described. This method is based on the measurement 
of minuscule amounts of embryonic ¢-cells present in these 
adult carriers. Not all o-thalassemia deletions have contin- 
ued €-chain production and so a negative test is not diag- 
nostic of o-thalassemia major. This test could be useful in 
screening individuals at risk for giving birth to a fetus with 
Hb Bart’s hydrops fetalis. 

o-Thalassemia Trait. o.-Thalassemia trait describes a 
single o-globin chain gene deletion (-a/am). A single 
o-globin gene deletion is frequently clinically and hemato- 
logically silent. A CBC of an individual with this trait shows 


a normal or marginally decreased Hb level, MCV, and MCH. 
Iron studies are normal, and no abnormal Hb peaks are seen 
on HPLC analysis. 


B-Thalassemias 


The B-thalassemias result from a reduction in the synthesis 
of the B-globin chain” and are commonly found in the 
Mediterranean region, Africa, the Middle East, South East 
Asia—especially the Southern provinces of China including 
Hong Kong, the Indian subcontinent, the Malay peninsula, 
Burma, and Indonesia.” Frequency of gene distribution is 
estimated at 3% to 10% in some populations. The high fre- 
quency of -thalassemia in the tropics is thought to reflect 
an advantage of heterozygotes against Plasmodium falci- 
parum malaria. More than 200 B-thalassemia mutations 
have been described; however, in each ethnic group a rela- 
tively small number of mutations account for the majority 
of cases (the ratio most often quoted is 20 or fewer muta- 
tions account for 80% or more of the cases). Clinical mani- 
festations of §-thalassemia range from mild anemia to severe 
life-threatening disease requiring lifelong transfusions. 

B°-Thalassemia (8-Thalassemia Major). Sometimes 
called Cooley’s anemia after the physician’ who in 1925 first 
described the condition in the children of Italian and Greek 
immigrants in New York by noting that these children failed 
to grow, had frequent infections, appeared pale and mal- 
nourished, had splenomegaly, and had facial bone changes. 

B-Thalassemia major results from mutations that inter- 
fere with translation or are involved in the initiation, elon- 
gation, or termination of globin chain synthesis. Mutations 
that interfere with translation account for almost 50% of all 
the B-thalassemia mutations. Included in this are frame shift 
or nonsense mutations that produce premature termination 
codons that result in incomplete translation of the B-globin 
gene and nonproduction of the B-globin chain resulting in 
B°-thalassemia. 

Clinical presentation is usually at less than 1 year of age 
with features that include small size for age, abdominal girth 
expansion, and failure to thrive. Physical examination of the 
subject may reveal frontal bossing“ (a rounded eminence 
on the forehead) caused by thickening of the cranial bones, 
pallor, and prominence of the cheek bones, which, in older 
children, obscures the base of the nose and exposes the teeth. 
These features are a result of marrow expansion (up to a thir- 
tyfold increase) caused by ineffective erythropoiesis with 
production of highly unstable o-globin tetramers leading 
to increased plasma volume and the formation of 
extramedullary erythropoietic tissue, especially in the thorax 
and paraspinal region. The spleen, liver, and heart may be 
enlarged also because of extramedullary hematopoiesis. 

Typical CBC results include severe anemia with the Hb 
concentration between 30 and 65 g/L, MCV 48 to 72fL, and 
the mean corpuscular hemoglobin concentration (MCHC) 
230 to 320g/L. On the peripheral blood smear, a character- 
istic markedly abnormal RBC morphology is noted, which 
includes a large number of microcytes, numerous target 
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cells, which may have a bridge joining the central and 
peripheral pigment zones, polychromasia and occasional 
spherocytes, schistocytes, and nucleated red cells. Anisocyto- 
sis is noted, the diameter of the RBC ranges from 3 to 15 um 
with little pigment, and there is shape distortion. Prominent 
basophilic stippling is noted. RBC osmotic fragility is fre- 
quently observed. A typical peripheral blood on a patient 
with B° thalassemia is shown in Figure 31-16. 

The white blood cell (WBC) and platelet counts are 
usually normal. Ferritin is usually within the upper half of 
the reference interval, and the total bilirubin is mildly ele- 
vated with a borderline elevation in the conjugated fraction. 
Urinalysis frequently shows increased urobilinogen or uro- 
bilin concentration and is often colored dark brown to 
black because of the presence of dipyroles and mesobili- 
fuscin. The latter features reflect ineffective hematopoiesis 
with intramedullary red cell destruction. HPLC analysis 
(Figure 31-12, b) shows a major Hb F peak with an absence 
of an Hb A peak and variable Hb A, (range 1% to 5.9%, 
mean 1.7%) peak. Electrophoresis at alkaline and acid 
pH shows a dominant band in the F position on both 
gels.’ 


Family studies on both parents and siblings should be 
performed and the classical B-thalassemia minor pattern 
described later in the chapter should be found in the parents. 
The siblings may be either normal or have [-thalassemia 
minor. A family case history is seen in Figure 31-17. 

Transfusion together with iron chelation is the only 
therapy, and splenectomy is frequently performed. Follow- 
ing splenectomy inclusion, bodies consisting of denatured 
c-chains can be observed in the blood smear following stain- 
ing with methyl violet. Puberty is often delayed, incomplete, 
or completely absent. In boys there may be active spermato- 
genesis, and Leydig cell function is normal. In the older 
chronically transfused patient, iron overload is a common 
feature. Diabetes mellitus and hypoparathyroidism are fre- 
quent sequelae. Numerous cardiopulmonary conditions, 
including pericarditis and myocardial hemosiderosis, are the 
leading causes of death in transfused patients, and are fre- 
quently associated with B°-thalassemia. 

~ Thalassemia (B-Thalassemia Intermedia). With this 
disorder, there is a significant reduction in the production of 
B-globin chain with subsequent reduction in the quantity of 
Hb A present, which is attributed to a wide variety of geno- 
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Figure 31-17 HPLC chromatograms and CBC results from a family study of a child with B°-thalassemia. (From Berendt HL, Blakney GB, 
Clarke GM, Higgins TN.A case of Bthalassemia major detected using HPLC in a child of Chinese ancestry Clin Biochem 2000;33:3 1 1-13.) 
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types. There are many different causes for B*-thalassemia, 
with variations in one or two B-globin genes, The clinical 
severity in individuals with variations in two §-globin chains 
is much less than when there is a variation in only one gene, 
a condition sometimes called dominant f-thalassemia. 
There is a reduction in the severity of the clinical features 
with the coinheritance of o-thalassemia. B*-thalassemia is 
found in Mediterranean countries, especially in the Eastern 
Mediterranean. 

Clinical presentation varies from symptoms similar to 
B°-thalassemia to those associated with B-thalassemia trait. 
Transfusions are usually not necessary, and hydroxyurea 
therapy is frequently used to increase the production of Hb 
F and to mitigate disease symptoms. 

HPLC analysis shows a large Hb F peak with a reduced 
Hb A peak. Hb A, is above the reference interval at concen- 
trations greater than those associated with B-thalassemia 
minor. Bands in the A and F positions are seen on elec- 
trophoresis at both alkaline and acid pH. The Hb is signifi- 
cantly reduced (60 to 100 g/L). The peripheral blood smear 
shows the same features as $°-thalassemia, including aniso- 
cytosis, hypochromia, target cells, basophilic stippling, and 
nucleated RBCs. 

B-Thalassemia Minor (B-Thalassemia Trait), Patients 
with B-thalassemia minor are very often asymptomatic 
except at times of hematopoietic stress, such as infections 
or pregnancy, when they may require, in extreme 
situations, blood transfusions because of the development 
of anemia. The CBC on patients with B-thalassemia trait 
shows low normal or decreased Hb level and hematocrit, 
decreased MCV (<72fL) and MCH (<27pg), and 
normal RDW. The discriminant factor is <60 pg, However, 
for patients with liver disease and f-thalassemia, the 
MCV and MCH may be in the low end of the reference 
interval. 

The peripheral blood smear shows microcytic RBCs 
with occasional hypochromia, poikilocytosis, and target 
cells. 

The diagnosis of §-thalassemia minor, with appropriate 
indices in the CBC, is dependent on the finding of a raised 
Hb A, concentration (>3.5%). Iron deplete individuals 
should become iron replete before a definitive diagnosis of 
B-thalassemia is made as the Hb A, may be falsely low.” 
HPLC is the preferred method for this quantification since 
densitometric scanning of the Hb A, band on an alkaline 
electrophoresis gel is not recommended because of poor 
precision and accuracy. In 30% to 40% of all cases of 
B-thalassemia minor, the Hb F will also be raised (>1.0%). 
The lifespan of the RBC may be reduced, and diabetics may 
show a lower Hb A,, compared with normal individuals with 
equivalent glycemic control. The §-thalassemia mutation 
may be identified either by Southern blot using mutation 
specific probes or by gap-PCR. 

5p-Thalassemia. Deletion of both 5- and B-genes results 
in 6B-thalassemia. Both heterozygous and homozygous con- 
ditions have been described. It is found in a variety of ethnic 


groups but is most prevalent in countries of the Eastern 
Mediterranean, especially Greece and Italy, and is the result 
of one of eight mutations that have been described to date. 
CBC analysis shows a reduced level of Hb (80 to 135 g/L) 
with low normal or marginally reduced MCV and MCH. 
HPLC analysis shows an Hb A peak with a reduced Hb A, 
concentration and raised Hb F concentration. 

The exception to the preceding description is the Sardin- 
ian type of 5B-thalassemia in which there are thalassemic 
indices on the CBC (low MCV and MCH, normal RDW) 
with a normal Hb A, concentration and an Hb F concentra- 
tion between 15% and 20%. Hb Lepore is sometimes classi- 
fied as a 6$-thalassemia because of a reduction in the 
production of both 6- and B-globin chains or as an Hb 
variant because of the presence of an abnormal globin chain. 

Hereditary Persistence of Fetal Hemoglobin 
(HPFH). The term hereditary persistence of Hb F is used to 
describe a group of genetic conditions in which the concen- 
tration of Hb F is increased above the upper limit of the ref- 
erence interval because of the reduction of B-globin 
synthesis and a compensatory increase in 6-globin synthesis. 
Two major classes, heterocellular and deletional, of HPFH 
have been described. Several deletional variants of HPFH 
have been described, including Greek, Indian, Italian, Corfu, 
and black. 

In black HPFH the Hb F is raised to between 10% and 
36% of the total Hb with normal Hb A, concentrations. The 
Hb, MCV, and MCH are within the reference intervals. It is 
clinically innocuous and asymptomatic. Similarly, there are 
no clinical abnormalities associated with Greek HPFH 
although the concentration of Hb F is in the range of 15% 
to 25%. 

Nondeletional HPFH, sometimes named heterocellular 
HPFH, describes a group of presentations in which the 
increase of Hb F is distributed heterogeneously among the 
red cells in otherwise normal individuals. The Hb F concen- 
tration varies between 1% and 13% of the total Hb het- 
erozygotes and 19% to 21% in homozygotes. There are no 
clinical or hematological abnormalities. 


Hemoglobinopathies 

Although more than 900 hemoglobinopathies have been 
described, only 9 have some clinical significance. Recent 
immigration from regions with a high frequency of hemo- 
globinopathies (South East Asia or Africa) to regions 
(Western Europe, Central and South America, and Canada) 
that had low frequencies has increased the incidence of 
hemoglobinopathies in these areas. The incidental and for- 
tuitous finding of a hemoglobinopathy in the HPLC analy- 
sis for the quantification of Hb A,, has increased both the 
number and incidence of Hb variants.* Several Hb variants 
(e.g, Hb Rambam, Niigata, and Camden) interfere with 
HPLC methods for quantifying Hb Aje 


*References 36, 41, 81, 156, 175, 178. 
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Nomenclature 

Hb variants are named using letters (Hbs S, D, E, etc.), 
the family name of the index case (Hb Lepore), the place of 
discovery of the variant or place of origin of the propositus 
(Hb Edmonton) or the name of the river (Hb Saale)?! 
flowing through the city in which the propositus lived. In 
some cases both a letter and name are used as in Hb 
J-Baltimore, indicating the Hb is classified as having elec- 
trophoretic mobility similar to other J Hbs but differs from 
them in amino acid sequence and was originally discovered 
in Baltimore. The term AS trait (sometimes abbreviated to S 
trait) is used to describe a heterozygous state in which one 
of the B-globin chains is S and the other is A. In instances in 
which no normal B-globin chain is present (e.g., Hb SD) the 
B-globin chain present in the higher concentration is usually, 
although not always, placed first. A systematic nomenclature 
system is now used alongside the variant name to describe 
the affected chain and location on the chain and the amino 
acid substitution. For example, Hb Spanish Town 
(027(B8)S""™), a Hb variant named after a district in 
Kingston, Jamaica and found in Jamaicans of African 
descent, results from a substitution of valine for glutamic 
acid in position 27 of the a-globin chain, which is located in 
position 8 of the B helix of the o-chain. 


Classification of Hemoglobin Variants 


Hb variants are classified according to the type of muta- 
tion. Single point mutations in o-globin chain give rise to a 
substitution of one amino acid residue. As an example Hb 
San Diego (B109(G11)"°™") has a methionine residue 
instead of the normal valine at position 109 of the B-chain. 
Hemoglobin C Harlem (B6(A3)°"?™";B73(E17)4""") is an 
example of an Hb variant in which two amino acid residues 
are substituted, namely valine replacing glutamic acid at 
position 6 and asparagine replacing aspartic acid at position 
73 of the B-chain. Hemoglobin C Harlem is electrophoreti- 
cally similar to Hb C but behaves like Hb S in every other 
aspect including clinical manifestation. Deletion Hb variants 
arise from the deletion of one to five amino acid residues in 
the globin chain. Hb Vicksburg (B75(E19)'"°) is an 
example in this category of Hb having a deletion of leucine 
in position 75 of the B-chain. Insertion Hbs arise from an 
insertion of one to three amino acid residues into the globin 
chain. Hemoglobin Grady is an example in this category 
having an insertion of a three amino acid residue sequence 
(glutamine-phenylalanine-threonine) between positions 118 
and 119 of the a-chain. Deletion-insertion Hbs arise from the 
deletion of a portion of the normal amino acid residue 
sequence and the insertion of another sequence with resul- 
tant lengthening or shortening of the globin chain. An 
example of this type of Hb variant is Hb Montreal in which 
the three normal amino acid residues between positions 72 
and 76 of the B-globin chain are replaced with a four amino 
acid residue sequence. Elongation Hbs result from a single 
base pair mutation or frameshift at the 3’ end of exon 3 or 
the 5’ end of exon 1 of the œ- or the B-globin chain. The 


elongation hemoglobin, Hb Constant Spring (named after 
an ethnic Chinese family from the Constant Spring district 
of Jamaica), has an additional 31 amino acid residues joined 
at position 142 (the carboxy terminal) of the o-chain. Fusion 
Hbs result from the fusion of either an &- or B-globin chain 
with a portion of another globin chain. Hemoglobin Lepore- 
Hollandia results from the fusion of the first 22 amino acid 
residues of the $-chain, with the amino acid sequence from 
position 50 onward of normal B-globin. For the latter four 
categories, the systematic name is long and cumbersome, 
prompting the universal use of the variant name rather than 
the systematic nomenclature. 


Types of Hemoglobin Variants 

In o-chain variants, the variant usually forms less than 25% 
of the total Hb since the mutation typically occurs only in 
one of the four genes that code for the o-globin chain. For 
B-chain variants in the heterozygous state, the variant forms 
greater than 25% but less than 50% of the total Hb. Based 
on the mutation of only one of the B-globin chain genes, the 
B-chain variant should form 50% of the total Hb. However, 
the formation of Hb A is favored in almost all cases over the 
variant Hb. This information can be used to categorize an 
unknown Hb variant as either an œ- or B-globin chain 
variant. 

Hb VarDatabase is a relational database of Hb variants 
and thalassemia mutations and may be accessed at the web 
site http://globin.cse.psu.edu/hbvar/menu.html. 

Hemoglobin S (b6(A3)%"*""). Hb S, either in the het- 
erozygous or homozygous state, is the most widespread of 
the Hb variants and arises from a substitution of valine for 
glutamic acid at position 6 in the A helix of the B-globin 
chain. Hb S is found in high frequency in West and North 
Africa, the Middle East (especially Saudi Arabia), and the 
Indian subcontinent. Approximately 8% of African-Ameri- 
cans are heterozygous for Hb S, and homozygous Hb S is 
found in 1 in 500 newborns in this group. Four haplotypes 
originating from different geographic locations have been 
described. The widespread distribution of the single point 
gene mutation responsible for the synthesis of Hb S in areas 
where P. falciparum malaria is endemic is due to the protec- 
tion of Hb S heterozygotes from the worst manifestations of 
the malaria. 

Homozygous Hemoglobin S$ (HbSS). In homozygous 
Hb S, a valine for glutamic acid substitution occurs on both 
B-globin chains because of the inheritance of mutated 
B-globin chain genes from both parents. The condition is 
described as “sickle cell anemia or sickle cell disease” because 
of the sickle shaped RBCs that occur when there is a “sickle 
cell crisis” and is sometimes written as B°B*."* 

HPLC analysis (Figure 31-12, e) of a hemolysate of an 
individual homozygous for Hb S shows no Hb A peak with 
a small Hb A, peak. The apparent Hb A, concentration may 
be falsely increased because of the presence of glycated Hb 
S. Hemoglobin S forms 85% to 90% of the total Hb. The Hb 
F concentration is variable, with females having higher con- 
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centrations than men and is somewhat, although not exclu- 
sively, haplotype dependent. The highest Hb F concentra- 
tions (10% to 25%) are found in individuals from the 
Middle East and the Indian subcontinent with the Arab- 
Indian haplotype. Low Hb F concentrations (5% to 6%) are 
found in the West African Cameroon (sometimes called 
Senegal) haplotype. The remaining haplotypes, the Benin 
and Bantu, have Hb F concentrations in the range of 6% to 
7%. Increased concentrations of Hb F mitigate to some 
extent the clinical manifestations of sickle cell anemia. Elec- 
trophoresis (Figure 31-10) at both alkaline and acid pH 
shows a single large band in the Hb S position with small 
bands at the Hb A, and Hb F positions. The sickle cell screen 
test is positive. 

CBC analysis of an individual homozygous for Hb S indi- 
cates a moderate to a major decreased Hb level (60 to 
100 g/L) with a normal to increased MCV and MCH. In indi- 
viduals with a concurrent thalassemia, the Hb is further 
decreased and both the MCV and MCH are lowered. In the 
neonate the peripheral blood smear shows the occasional 
sickle and target cells and Howell-Jolly bodies. As a patient’s 
age increases, these features of hyposplenism become 
increasingly evident. In the adult the percentage of sickle 
cells observed can be as much as 30% to 40%. In the setting 
of a sickle cell crisis, fewer sickle cells may be present 
than when the individuals are clinically well. Howell-Jolly 
bodies, target cells, Pappenheimer bodies, boat-shaped cells, 
and nucleated RBCs are noted. The platelet count and 
neutrophil counts are elevated. Sometimes blister cells in 
which the Hb appears to be present in only one half of the 
cell is observed. 

Heterozygous Hemoglobin S (HbS Trait). HPLC analy- 
sis (Figure 31-12, f) of a hemolysate of a blood sample from 
an individual who is heterozygous for Hb S shows peaks in 
the Hb A and S positions, with 40% of the total Hb found 
in the Hb S peak. Hb S concentrations <30% are suggestive 
of a co-inheritance of o-thalassemia. Hb F concentration is 
variable. Electrophoresis (Figure 31-10) at both alkaline and 
acid pH shows bands in the A and S$ positions 

CBC analysis from an individual who is heterozygous for 
Hb S shows a slightly decreased level of Hb, and typically 
sickle cells are not seen on the peripheral blood film. Patients 
are often asymptomatic, and the first time an individual is 
diagnosed as heterozygous for Hb S (sickle cell trait) is often 
when an Hb A, analysis is requested on the individual or 
when a family study is initiated for genetic counseling. In the 
United States there are neonatal screening programs 
designed specifically to detect both heterozygous and 
homozygous Hb S in newborns. Although individuals with 
sickle cell trait are clinically asymptomatic, genetic counsel- 
ing should be considered because co-inheritance of two 
B-globin gene abnormalities may contribute to a sickle cell 
disorder. Both a- and §-thalassemia can be co-inherited 
with heterozygous Hb S. 

Hemoglobin SC (Hb SC Disease). SC disease arises 
when both B-globin chains are substituted at position 6 with 


either valine (Hb S) or lysine (Hb C). On HPLC analysis 
peaks are noted in the S and C positions, with the S peak 
forming the majority of the Hb present. 

Electrophoresis (Figure 31-10) at both alkaline and acid 
pH shows bands in the S and C positions, and the sickling 
test is positive. 

Hemoglobin SD. Hb S may be coinherited with Hb D 
(SD disease). Individuals with this disease have similar but 
milder clinical presentation when compared with that of 
sickle cell disease (Hb SS). HPLC analysis shows two peaks, 
one in the Hb S position forming approximately 38% to 42% 
of the total Hb and the other in the Hb D position forming 
43% to 45% of the total Hb. The Hb F concentration is 
usually within the reference interval although concentra- 
tions as high as 14% have been observed in some individu- 
als with SD disease. Alkaline electrophoresis shows a band in 
the S position. Acid electrophoresis shows bands in the $ and 
A positions. The sickling test is positive. CBC analysis shows 
a greatly decreased level of Hb with normal to slightly ele- 
vated MCV. Target, boat-shaped, nucleated, red, and sickle 
cells—together with anisocytosis and poikilocytosis—are 
noted on the peripheral blood smear. 

Hemoglobin S/O Arab. Co-inheritance of Hb S and Hb 
O Arab presents a similar or somewhat milder clinical pre- 
sentation to sickle cell disease and is found in the Middle 
East and North Africa. 

One or more abnormal o-globin chains can combine 
with Hb S. In African-Americans and West Africans the com- 
bination of Hb G Philadelphia (068(E17)4"°™) with Hb S 
is prevalent. HPLC analysis (Figure 31-12, i) on blood 
samples from these individuals shows at least two major 
peaks and two smaller peaks. The two major peaks are due 
to the combination of the normal o-chain with the normal 
B-chain and the abnormal o-chain with the normal B-chain. 
The two smaller peaks are due to the combination of the 
normal o-chain with the abnormal B-chain and the abnor- 
mal -chain with the abnormal B-chain. Electrophoresis at 
alkaline pH shows major bands in the A and S positions 
with a minor band in the C position. At acid pH, bands 
are seen in the A and S positions. CBC analysis gives a 
slightly decreased Hb level with normal MCV and MCH. 
æ- or B-thalassemia can be co-inherited with Hb G Philadel- 
phia and Hb S. In these cases, CBC analysis results in 
markedly decreased MCV and MCH with reduced Hb 
concentration. - 

Hemoglobin C (b6(A3)S"°"*), Hb C arises from a 
substitution of lysine for glutamic acid at position 6 of 
the B-globin chain. Hb C may be found in the homozygous 
(Hb C disease, B°B°) or heterozygous (Hb C trait) states. Hb 
C is commonly found in West Africa and the Caribbean. It 
is the second most commonly studied, after Hb S, of all Hb 
variants. HPLC analysis (Figure 31-12, g) on samples from 
individuals with homozygous Hb C shows a large peak in the 
C position, with Hb C forming 90% to 95% of the total Hb. 
Hb F concentrations are variable. Glycated Hb C is found as 
a small peak eluting before the Hb C peak. The ratio of the 
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elution times of glycated Hb C to Hb C is the same as that 
of Hb A,, and Hb A. Electrophoresis at alkaline and acid pH 
shows a single band in the C position. 

Mild to moderate anemia is the most common clinical 
presentation. CBC analysis shows normal or slightly 
decreased Hb levels with a normochromic and normocytic 
red cell morphology. An increase in polychromasia may be 
present, and the reticulocytes may contribute to an increase 
in the MCV. The peripheral blood smear shows numerous 
target cells with occasional nucleated RBCs and charac- 
teristic irregular contracted red cells (sometimes called 
pyknocytes). Hb C crystals may be seen, and bilirubin con- 
centrations may be slightly elevated. Red cell survival and 
osmotic fragility are decreased. 

Heterozygous Hemoglobin C (Hb C Trait). HPLC 
analysis (Figure 31-12, h) and electrophoresis at both alka- 
line and acid pH (Figure 31-10) on blood samples from indi- 
viduals who are heterozygous for Hb C show bands in the A 
and C positions with Hb C forming 30% to 40% of the total 
Hb. CBC analysis may show target cells and is generally nor- 
mochromic with the MCV near the lower limit of the refer- 
ence interval. 

Heterozygous Hb C individuals are usually asympto- 
matic. Genetic counseling may be useful where prospective 
parents have abnormalities in the B-globin gene. 

Hb C may be co-inherited with both œ- and §-thal- 
assemia, and the concentration of Hb C is related to the 
number of functioning o-genes. With only two functioning 
a-genes, the Hb C concentration can fall to 32% of the total 
Hb. Co-inheritance of Hb C with either B% or B*- 
thalassemia results in moderately severe anemia with 
splenomegaly. The Hb F concentration is increased. 

Hemoglobin BD Punjab (bI21(GH4)S"°S"), Hb D 
Punjab is an Hb variant in which glutamic acid at position 
121 of the B-globin chain is replaced with glutamine. The 
names Hb D Los Angeles or Hb D Punjab are used to 
describe this variant, with the former name used more in 
North America and the latter in the United Kingdom. Hb D 
Punjab is found in the Punjab region of the Indian subcon- 
tinent especially in Sikhs of the Lycus Valley. Large scale 
immigration from this area to the United Kingdom, the 
United States and Canada has widened the distribution of 
Hb D Punjab. Hb D Punjab is also found in Caucasians 
whose foreparents lived in the Indian subcontinent in the 
time of the British Raj. Hemoglobin D Punjab is found in 
the heterozygous (Hb D Punjab trait) and homozygous (Hb 
D Punjab disease, BPPP) states. 

HPLC analysis of blood from an individual with homozy- 
gous Hb D Punjab shows normal or marginally raised Hb F 
and Hb A, peaks with a large peak in the Hb D position 
forming >90% of the total Hb. Electrophoresis at alkaline pH 
shows a band in the S position, which migrates to the A posi- 
tion in acid electrophoresis. CBC analysis shows a mild 
decrease in Hb levels, MCV, and MCH with target cells 
observed in the blood smear. Patients present clinically with 
mild anemia. 


HPLC analysis on individuals with Hb D Punjab trait 
shows two peaks, one at the A position and the other at the 
D position, with Hb D forming 30% to 40% of the total Hb. 
The Hb F and Hb A, concentrations are within or slightly 
above the reference intervals. Electrophoresis at alkaline pH 
shows two bands, one in the A position and the other in the 
S position. On electrophoresis at acid pH, a single band in 
the A position is noted. HPLC is the preferred method for 
identification of Hb D, because a similar electrophoretic 
pattern, on both alkaline and acid pH, is seen with Hb G. 
CBC analysis is unremarkable except for the presence of 
target cells on the blood smear. 

Individuals with Hb D Punjab trait are clinically 
asymptomatic. 

Co-inheritance of Hb D Punjab (both heterozygous and 
homozygous states) with B-thalassemia is common. CBC 
analysis on these patients shows decreased levels of Hb with 
markedly decreased MCV and MCH. Target and irregular 
contracted cells together with hypochromia and anisocyto- 
sis are seen on the blood smear. The quantification of Hb A, 
in individuals with coinheritance of Hb D Punjab and 
B-thalassemia presents a challenge to the laboratory since 
HPLC analysis underestimates the Hb A, concentration 
because of an unstable rising baseline in these individuals. 
Although not normally recommended, quantification of Hb 
A, by densitometry on alkaline electrophoresis may be the 
only method available to many laboratories. CBC analysis 
shows a greatly decreased level of Hb with low MCV and 
MCH. The blood smear shows target and contracted cells 
with hypochromia and anisocytosis. 

Individuals with coinheritance of Hb D Punjab and 
B-thalassemia present with a notable compensated anemia. 

Hemoglobin D Iran (b22(B4)%"°S"), Hb D Iran is a 
B-globin chain variant in which glutamine replaces glutamic 
acid at position 22 of the B-globin chain. 

On HPLC analysis peaks are seen in the A and A, posi- 
tions with the quantification for HbA, far above that nor- 
mally expected. Alkaline electrophoresis shows two bands, 
one in the A position and the other in the S position. On acid 
electrophoresis a single band in the A position is noted. 

Individuals with Hb D Iran are asymptomatic. 

Hemoglobin E (b26(B8)S"""). Hb E is a B-chain 
variant with lysine replacing glutamic acid at position 26 of 
the B-globin chain. More individuals have the Hb variant 
Hb E than any other variant. Hb E is found in both the 
homozygous and heterozygous states and combined with 
B-thalassemia. It is widespread in the Far East including 
Southern China, Cambodia, Thailand, and Laos. Hb E is 
increasingly found in the United States and Canada caused 
by immigration from this area. 

HPLC analysis of blood from individuals with homozy- 
gous Hb E (Hb E disease, B"8*) shows a single peak (>90% 
of the total Hb) co-eluting with Hb A,. Hemoglobin F is 
within or marginally above the reference interval. On alka- 
line electrophoresis a single band is noted in the C position, 
which migrates to the A position in acid electrophoresis. 
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CBC analysis shows normal to marginally decreased Hb 
levels with low MCV and MCH. Target cells are noted in the 
peripheral blood smear. Iron studies are normal. 

Homozygous Hb E individuals are usually asymptomatic 
although slight anemia may be present, 

HPLC analysis of blood from individuals with heterozy- 
gous Hb E shows two peaks, one in the A position and the 
other in the A, position. Hb E forms approximately 30% of 
the total Hb. CBC analysis shows normal Hb levels and occa- 
sionally low MCV. Target cells are noted in the peripheral 
blood smear. Iron studies are normal. ` 

Heterozygous Hb E individuals are usually asymptomatic 
although slight anemia may be present, 

The co-inheritance of Hb E and thalassemia produces an 
anemia of variable severity. The HPLC on a patient with 
co-inheritance of §-thalassemia and homozygous E is shown 
in Figure 31-12, c. Co-inheritance of homozygous Hb E and 
B-thalassemia leads to a severe anemia with greatly reduced 
Hb levels, MCV, and MCH with increased Hb F concentra- 
tion. Numerous target cells are noted on the peripheral 
blood smear together with microcytosis, anisocytosis, 
hypochromia, and a few nucleated red cells. Iron studies are 
normal. In the most severe cases, the clinical presentation is 
similar to that of B°-thalassemia, and transfusion may be the 
only therapy. Co-inheritance of heterozygous Hb E with 
o-thalassemia produces a less severe anemia with low Hb 
and MCV and MCH. Target cells are noted on the peripheral 
blood smear together with microcytosis and hypochromia. 
Patients who are pregnant may need to be monitored closely 
although transfusion is not usually required. 

The quantification of Hb A,, which is important in the 
diagnosis of possible coinheritance of 6-thalassemia with 
Hb E, provides a challenge to the laboratory since Hb E 
and Hb A, co-elute. Molecular studies are the only satis- 
factory method to establish coinheritance of Hb E and 
B-thalassemia, although the severity of the disease, family 
studies, and an increased Hb F may lead to a suspicion of 
coinheritance. 

Hemoglobin O Arab (bI21(GH4)™"™), Hb O Arab 
is a B-chain variant with lysine replacing glutamic acid at 
position 121 of the B-globin chain. Hb O Arab is found in a 
wide variety of ethnic groups in North Africa and Eastern 
Europe and is not confined, nor is it even common, among 
Arab populations. Hb O Arab has been found in both the 
heterozygous and homozygous states. 

HPLC analysis of blood from an individual with 
homozygous Hb O Arab shows a single band between the $ 
and C positions, with Hb O Arab forming >90% of the 
total Hb. Electrophoresis at alkaline pH shows a band close 
to the C position. On electrophoresis at acid pH, a band 
between the A and S positions (but closer to A) is seen. 
CBC analysis shows a normal or marginally low Hb level, 
MCV, and MCH. The peripheral blood smear shows slight 
microcytosis. 

There are no unusual hematological features on individ- 
uals with heterozygous Hb O Arab, HPLC analysis on blood 


from these individuals shows two peaks, one in the A posi- 
tion and the other eluting close to the C position and 
forming 30% to 40% of the total Hb. Electrophoresis at alka- 
line electrophoresis shows bands in the A and close to the C 
position. On acid electrophoresis, two bands are noted: one 
in the A position and the other in a position between the A 
and S positions. 

Hybrid Hemoglobins. Hybrid Hbs, or crossover 
Hbs, describe a group of Hb variants in which one of the 
globin chains is a hybrid of amino acid sequences of 
two other globin chains. The term crossover Hb is some- 
times used because there is a point in the amino acid 
sequence in which there is a crossover from the amino acid 
sequence of one globin chain to another globin chain. Indi- 
viduals with these hybrid Hb variants present with the clin- 
ical features and laboratory findings, particularly in their 
CBC, that are similar to thalassemia. The production of the 
hybrid globin chain is reduced. Hb Lepore is the prototypi- 
cal hybrid Hb. 

Hemoglobin Lepore. Hb Lepore is classified as a Òb- 
hybrid Hb variant on the basis that the non—a-chain is a 
hybrid of 6- and B-globin chains. It is unique in that it is the 
only hemoglobinopathy named after the family name of the 
index case. Delta-beta hybrid Hbs arise because there are 
deletions of part of the 3’ portion of the 6-globin gene and 
in the 5’ portion of the B-globin chain with a resultant for- 
mation of a 6B-fusion gene. Three distinct variations of Hb 
Lepore have been described. In Hb Lepore-Hollandia (88- 
hybrid {ð through 22; ß from 50]), a variant found in Canada 
and Papua New Guinea, there is fusion of the first 22 amino 
acid residues of the 6-globin chain with the amino acids 
from position 50 onwards of the B-globin chain. In Hb 
Lepore-Baltimore (ôß-hybrid [6 through 50: B from 86]), 
found mainly in individuals of Spanish ancestry, the first 50 
amino acid residues of the 6-globin chain are fused with the 
amino acid residues from position 86 of the R-globin chain. 
In Hb Lepore-Boston-Washington (ôß-hybrid [8 through 
87; B from 116]), the most common Hb Lepore, the first 87 
amino acid residues of the 6-globin chain are fused with the 
amino acid residues from position 116 onwards of the B- 
globin chain. Hb Lepore-Boston-Washington, sometimes 
called Hb Lepore-Boston, is found mainly in individuals of 
Italian descent although it has been found in individuals 
from Eastern Europe. 

HPLC analysis of blood from individuals with Hb Lepore 
shows a greatly raised Hb A; level with a marginally reduced 
Hb A concentration. The Hb A, concentration is usually 
greater than 10% of the total Hb and is falsely increased 
because of the co-elution of Hb A, and Hb Lepore. Elec- 
trophoresis at alkaline pH shows a band in the S position for 
Hb Lepore-Boston-Washington and in a position between 
the A and S positions for the other Hb Lepore variants. At 
acid pH there is a single band in the A position for all Hb 
Lepore variants. 

CBC analysis shows a greatly reduced level of Hb, MCV, 
and MCH for homozygotes for Hb Lepore. The hematolog- 
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ical findings are very similar to -thalassemia major or inter- 
media. CBC analysis on heterozygotes shows a slightly 
reduced MCV and MCH. The hematology findings are very 
similar to B-thalassemia trait. Iron studies are normal in 
both heterozygotes and homozygotes. The similarity of the 
hematology in Hb Lepore and -thalassemia. makes the 
careful review of the HPLC and electrophoretic analysis 
essential to distinguish the two. The two key pieces of evi- 
dence to distinguish between the two are the finding of a 
greatly raised Hb A, on HPLC analysis and a small band in 
the S position on electrophoresis at alkaline pH. 

Elongation Hemoglobins. Elongation Hbs, of which 
there are 13, include seven &-chain and six B-chain variants, 
result from the lengthening of either the C or N terminus of 
either globin chain. The most important, from a clinical per- 
spective, are the five C terminal o-chain variants in which 
the terminal codon TAA is changed and there is an addition 
of an amino acid sequence. The prototypical elongation Hb 
is Hb Constant Spring. In this variant the C terminal TAA 
codon is changed to CAA in the o,-gene and there is an addi- 
tion of a 31 amino acid sequence at the C terminal end to 
give an o-globin chain length of 173 amino acid residues 
rather than the normal 142 residue length. This increase in 
the length results in instability of the Hb variant, and syn- 
thesis of this elongated globin chain is reduced. Hemoglobin 
Constant Spring is found in South East Asia especially in 
Vietnam, Cambodia, and Laos and is found in both the het- 
erozygous and homozygous states. 

Patients with Hb Constant Spring present with slightly 
reduced Hb, MCV, and MCH with hypochromia and micro- 
cytosis in the peripheral blood smear. Iron studies are often 
normal. 

The instability of Hb Constant Spring presents a chal- 
lenge to the laboratory diagnosis of this variant. The blood 
used for analytical procedures should be as fresh as possible, 
and samples greater than 24 hours old should not be used. 
HPLC analysis of blood from individuals with Hb Constant 
Spring shows a small peak in the C position, which forms 
approximately 4% to 6% of the total Hb in the homozygote 
and 1% to 3% in the heterozygote. On electrophoresis at 
alkaline pH, a small band migrating cathodally to the appli- 
cation point may be seen. This electrophoretic mobility is 
unique in that it is the only Hb variant that moves toward 
the cathode rather than the anode. 

Hemoglobin Constant Spring is commonly found in 
combination with o’-thalassemia especially the * muta- 
tion. The clinical presentation of this combination results in 
a severe form of Hb H disease. 


Normally, very small quantities of iron are present in most 
cells of the body, in plasma, and in other extracellular fluids, 
and the body rigorously conserves its iron supply, so that less 
than 0.1% of the body iron content is lost daily, mostly in 
desquamated cells. 


BIOCHEMISTRY 
Distribution 


Body iron is distributed into a number of different com- 
partments that include Hb, storage iron, tissue iron, myo- 
globin, and a labile pool. The average amount of iron in these 
compartments is summarized in Table 31-1. 


Hemoglobin 


One mL of erythrocytes contains 1mg of iron. In a 70-kg 
male the red cell mass is about 2 L, therefore it contains about 
2g of Hb iron.” 


Storage Iron 
Iron is stored in the body in the form of ferritin and hemo- 
siderin. 

Ferritin. Ferritin consists of a protein shell surrounding 
an iron core,”>”° and hemosiderin is formed when ferritin is 
broken down in secondary lysosomes. Hemosiderin 
therefore appears to represent the end point of the intracellu- 
lar storage iron pathway. Ferritin consists of an apoferritin 
shell and an interior ferric oxyhydroxide (FeOOH), crys- 
talline core. The apoferritin shell is composed of 24 subunits, 
which are either L (light) or H (heavy) ferritin chains. The 
proportion of light chains to heavy chains differs from tissue 
to tissue (Figure 31-18). The shell is 12 to 13 nm in diameter, 
and its interior cavity is 7 to 8nm in diameter. Only ferrous 
iron is taken up by ferritin, and it is oxidized by a catalytic site 
on the H chain. The H chains contain small intrasubunit 
channels, which may be used by iron entering the cavity. The 
exact composition of the FeOOH core crystal is somewhat 
different in different species and contains different amounts 
of phosphates. In humans it is a ferrihydrite (5 Fe,O;-9 H,O). 
Release of iron from ferritin is probably nonenzymatic and 
may involve reduction by reduced flavin mononucleotide or 
other reducing substances. The resultant Fe” leaves the 
crystal and diffuses out through a pore of the ferritin shell. 


TABLE 31-1 Average Iron Content of 

Compartments in an Average 70-kg Male (Based on 

Estimates) 

tron Content. Total Body 
(mg) Iron (%) 

Hb iron 2000 aS Ole: 

Storage iron ce 8 L008 ees 27. 
(ferritin, ee ee oe 

- hemosiderin) 


Compartment 


From Fairbanks VE, Beutler E. Iron metabolism. In: Beutler E, Lichtman 
MA, Caller BS, Kipps TI, Seligsohn U, eds. Williams hematology. New 
York: McGraw-Hill, 2001:295-304. 
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Ferritin is found in nearly all cells of the body. In hepa- 
tocytes of the liver and in the macrophages of the marrow 
and other organs, ferritin provides a reserve of iron readily 
available for formation of Hb and other heme proteins, in a 
form in which the iron is shielded from body fluids, so that 
it is unable to produce oxidative damage, as would be the 
case if it were in ionic form. In men the total body content 
of stored iron, mostly as ferritin, is approximately 800 mg; in 
healthy women, it ranges up to 200 mg. Minute quantities of 
ferritin are also present in serum in concentrations propor- 
tional to total body stored iron. This ferritin differs from 
tissue ferritin in that it is glycosylated, contains mostly L 
chains, and is poor in iron, representing mostly apoferritin. 
Liver injury and a large number of pathological processes 
result in release of relatively large amounts of ferritin into 
plasma. 

Hemosiderin. Hemosiderin is aggregated, partially 
deproteinized ferritin. In contrast to ferritin, hemosiderin is 
insoluble in aqueous solutions, a difference that has tradi- 
tionally been used to distinguish these two iron storage com- 
pounds. Iron is only slowly released from hemosiderin, 
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Figure 31-18 Schematic representation of the subunit 
structure of ferritins from various tissues. (From Harrison PM, 
Arosio P. The ferritins: molecular properties, iron storage function and 
cellular regulation. Biochim Biophys Acta 1996;1275:16 1-203.) 


possibly because it occurs in relatively large aggregates and 
therefore has a much smaller surface/volume ratio. Like fer- 
ritin, hemosiderin normally is found predominantly in cells 
of the liver, spleen, and bone marrow. 


Tissue Iron 


Numerous cellular enzymes and coenzymes require iron, 
either as an integral part of the molecule or as a cofactor. 
Notable are the peroxidases and cytochromes, all of which, like 
Hb, are heme proteins. Other enzymes, such as aconitase and 
ferredoxin, have iron that is coordinated with sulfur in a so- 
called iron-sulfur cluster. Nearly half of the enzymes of the 
Krebs cycle contain iron. These enzymes and coenzymes, 
which appear in all nucleated cells of the body, are referred 
to collectively as the tissue iron compartment. The tissue iron 
compartment normally amounts to approximately 8 mg. 
Although a small compartment, it is metabolically critical, 
Some iron enzyme activities diminish early in the course of 
iron deficiency.” 


Myoglobin 

Myoglobin very closely resembles a single Hb subunit. 
Because myoglobin does not form tetramers, it lacks the 
allosteric properties of Hb. 


Labile Pool 


Approximately 80 mg of iron is found in the labile pool. This 
compartment has no clear anatomical location; rather it is a 
concept derived from kinetic measurements with radio- 
labeled iron.” 


Transport 


Iron is transported from one organ to another by a plasma 
iron transport protein, apotransferrin. This B,-globulin with 
a molecular weight of 75,000 Da has two iron binding sites 
per molecule. Each of these sites may bind one Fe”™ ion 
together with one ion of HCO}. The apotransferrin-Fe* 
complex is called transferrin. Normally, there is a total of 
approximately 2.5mg of iron in plasma. Particularly under 
abnormal conditions, such as in patients with thalassemia, a 
small amount of iron that is not bound to apotransferrin is 
found in the plasma.”** When transferrin binds to the trans- 
ferrin receptor of cells the transferrin-receptor complex is 
internalized into a vacuole that becomes acidified, releasing 
the iron from transferrin. The apotransferrin is then trans- 
ported back to the cell surface, ready to transport another 
transferrin molecule to the interior of the cell. This series of 
reactions has been designated the transferrin cycle. The trans- 
ferrin receptor forms a complex with the HFE protein, pro- 
ducing minor kinetic changes in transferrin binding.’°™ 
The significance of this association in the regulation of iron 
homeostasis is not fully understood. 


Regulation of Iron Homeostasis 


The amount of iron loss from the body depends only mini- 
mally upon the iron burden; regulation of body iron content 
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is therefore achieved almost entirely by modulating the 
amount of iron absorbed from the upper intestinal tract. 


Normal Iron Balance 


The average American diet provides 10 to 15 mg of iron daily, 
mostly in the form of the heme proteins, Hb, and myoglo- 
bin, in meat. In the past, a significant component of iron in 
the diet consisted of inorganic iron leached from iron uten- 
sils. Normally, approximately 1 mg of iron is absorbed each 
day. Absorption occurs principally in the duodenum. Heme 


is absorbed directly as such. To be absorbed, inorganic iron ` 


must be in the ferrous state (Fe). 


Proteins That Affect Iron Homeostasis 

In spite of extensive research efforts, the mechanism by 
which the body normally regulates its iron content remains 
a mystery. However, a considerable number of proteins that 
appear to play a role in iron homeostasis have been discov- 
ered; mutations of these proteins in humans and/or their tar- 
geted disruption or overproduction in mice can be shown to 
result either in iron overload or in iron deficiency, Table 


31-2 summarizes the effects of some of these proteins on 
iron homeostasis. The exact role of each of these proteins is 
not fully understood, but a widely adopted schema of the 
participation of some of them in iron transport across the 
intestinal mucosal cell is illustrated in Figure 31-19. 


ANALYTICAL METHODOLOGY 


A number of methods are used to measure iron and related 
analytes. These include methods for serum iron, iron 
binding capacity, transferrin saturation, and serum ferritin. 


Methods for Serum Iron, [ron Binding capac: and 


Transferrin Saturation” 


Principle 

With serum iron assays, iron is (1) released from transferrin by 
decreasing the pH of the serum, (2) reduced from Fe* to Fe”, 
and (3) complexed with a chromogen such as bathophenan- 
throline or ferrozine. Such iron-chromogen complexes have an 
extremely high absorbance at the appropriate wavelength, 
which is proportional to iron concentration. 


TABLE 31-2 Proteins That Affect lron Homeostasis and Man and Mouse 


Effect of 
De ficiency 


Increased Fe 59 


Increased Fe 


215 


Human: Data 


REFERENCES 


Murine Data 
9,107,188. 


~ Unknown a 


66,125,150. 


Fe increased: 


ae Dominant t inheritance ofi iron : 
os overload: l : 

' Sex-linked gene e deletion i is 
~-eause of sla mouse. 
Deficiency increases. 

~ susceptibility to inf acti 

Hatin mice! Si: 

The naturally occurrin; 

<< mutations found in: 

< mouse and the Belgrade 
"rat are the same: 
<-> Brain accumulation a 
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Optical characteristics of bathophenanthroline, of ferro- 
zine, and of alternative chromogens are shown in Table 31-3. 
The assay may be performed manually or in an automated 
fashion by any of several commercially available methods. 

The serum unsaturated iron binding capacity and total 
iron binding capacity (TIBC) are determined by addition of 
sufficient Fe” to saturate iron binding sites on transferrin. 
The excess Fe” is removed (e.g., by adsorption with light 
magnesium carbonate [MgCO,] powder), and the assay for 
iron content is then repeated. From this second measure- 


reductase 


DMT-1 
Ferritin 


CIRCULATION 


Figure 31-19 Schematic representation of some of the steps 
that may occur when iron is transported from the intestinal 
lumen to the blood. Heph, Hephaestin; SFT, stimulator of iron 
transport; DMT-1, divalent metal transporter-1. 


ment, the TIBC is obtained. Transferrin saturation is calcu- 
lated as follows: 


100 x serum iron 


Transferrin saturation (%) = 
TIBC 


Reference Intervals 


Normal reference values differ by as much as 35% between 
commercial methods. Therefore a generic reference 
interval can no longer be stated. Many of the commercially 
available methods appear to underestimate the true value of 
serum iron concentration by 25% or more, and some 
appear to be unreliable at concentrations of serum iron less 
than 30}ig/dL (5umol/L). Methods that include deprotein- 
ization, either by precipitation or by dialysis, consistently 
appear to provide results that are substantially higher than 
those results obtained by methods that do not include a 
step of deproteinization, From a practical standpoint, if 
an automated commercial method is used, it is advised 
that a laboratory independently define its own reference 
intervals. 


Clinical Relevance 


The serum iron concentration refers to the Fe** bound to 
serum transferrin and does not include the iron contained 
in serum as free Hb. The serum iron concentration is 
decreased in many but not all patients with iron deficiency 
anemia and in chronic inflammatory disorders such as acute 
infection, immunization, and myocardial infarction (Table 
31-4). Serum iron concentration diminishes especially in 
patients who are beginning to respond to specific hematinic 
therapy for anemias of other causes such as treatment of 
pernicious anemia with cyanocobalamin. Acute or recent 
hemorrhage, including that caused by blood donation, 
results in low serum iron concentration. Serum iron con- 


TABLE 31-3 Characteristics of Some Chromogens Used in Iron Assays 


: Common Name Chemical Name.: 


71)-5,6-bis(4- 


phenyl sulfonic acid) 1,2,4 


= triazine, sodium salt 


Terosite ae _2,6-bis(4-phenyl-2,2- 


-._pyridyl)-4-phenyl pyridine 


Molar Absorbance - 
of Fe?! Complex 


22:14 x 10° 


226x10 


Modified from Carter P. Spectrophotometric determination of serum iron at the submicrogram level with a new reagent (ferrozine). Anal Biochem 


1971;40:450-8. 
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centration decreases during menstruation. Use of hormonal 
contraceptives raises serum iron concentration, but on ces- 
sation of contraceptive hormone intake, serum iron concen- 
tration decreases as much as 30% concurrently with uterine 
bleeding. 

Greater than normal concentrations of serum iron occur 
in iron loading disorders such as hemochromatosis, in 
patients with aplastic anemia, in acute iron poisoning in chil- 
dren, and after oral ingestion of iron medication or par- 
enteral iron administration or acute hepatitis. For example, 
one 0.3-g tablet of ferrous sulfate ingested by an adult may 
raise the serum iron concentration by 300 to 500jg/dL (50 
to 90 umol/L ). 

Because normally only about one third of the iron 
binding sites of transferrin are occupied by Fe”, serum 
transferrin has considerable reserve iron binding capacity. 
This is called the serum unsaturated iron binding capacity. 
The TIBC is a measurement of the maximum concentration 
of iron that transferrin can bind. The serum TIBC varies 
in disorders of iron metabolism. It is often increased in 
iron deficiency and decreased in chronic inflammatory 
disorders or malignancies, and it is often decreased also in 
hemochromatosis. 


Comments and Precautions 


i. Except when atomic absorption spectroscopy is used, 
hemolysis has very little effect on the serum iron assay 
results because Hb iron is not released from heme by acid 
treatment. However, when serum specimens show 
marked hemolysis, a small amount of iron may be liber- 
ated from Hb. Such sera should be rejected. 

2. Many factors influence serum iron concentration and 
TIBC. Changes that may be observed in various physio- 
logical or pathological conditions are listed in Table 
31-4, Day-to-day variation is quite notable in healthy 
people. A distinct diurnal variation results in serum iron 
concentrations being lower in the afternoon than 
morning and quite low in the evening (as low as 10 to 
20ug/dL [2 to 4umol/L] in healthy people). Because 
of the numerous causes of low serum iron concentration, 
results must be interpreted with caution. Furthermore, 
many people with mild iron deficiency have normal 
values for serum iron concentration and TIBC. 

3. Because of the great quantities of iron in the environ- 
ment, scrupulous care is necessary to ensure that glass- 
ware, water, and reagents do not become contaminated 
with iron, 


TABLE 31-4 Conditions Known to Affect Serum Iron Concentration, Total Iron Binding Capacity, and Transferrin 


Saturation 


From Fairbanks VF. ee testing for iron status. Hosp Pract 1991;26:19. 


at: acreased TIBC 


SI, Serum iron concentration; TIBC, total iron binding capacity; Tsat, transferrin saturation. 
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4. Serum transferrin concentration may be estimated from 
the TIBC by the following relationship: 


Serum transferrin (g/L) =0.007 x TIBC (ug/dL) 


The relationship is not entirely linear because a small 
portion of iron in serum is bound to other proteins. There- 
fore the calculated TIBC values are slightly higher than the 
amount of transferrin-bound iron. These small differences, 
however, are of no practical consequence. Immunoassays are 
available for assay of serum transferrin concentration. 
Results of the immunological measurement of transferrin 
concentration correlate with those of the TIBC assay. A slight 
advantage for the immunoassay of transferrin is that the 
required volume per specimen is much smaller. 


Methods for Serum Ferritin 

Principle 

Serum ferritin assay may be performed by any of 
several methods, including immunoradiometric assay, 
ELISA, and immunochemiluminescent and immunofluoro- 
metric methods. Reagents for this assay are available in kit 
form and in automated immunoassay instruments from 


several manufacturers. The manufacturers’ instructions 
should be followed. 


Reference Intervals 

Reference intervals for serum ferritin levels are summarized 
in Table 31-5, However, considerable variation in reference 
values has been observed with different methods for serum 
ferritin assay. Consequently, reference intervals must be 
determined for each laboratory. 


Clinical Relevance 


Ferritin is present in the blood in very low concentration. 
Although it is an acute phase protein, under normal condi- 
tions it roughly reflects the body iron content. The circulat- 
ing protein is iron poor and largely consists of iron-poor, 
glycosylated L chains; it is largely apoferritin. The plasma fer- 


-5 Reference Intervals for Serum 


naira p ; 


25-200 
200-600 = 
50-200 
9-140: 
20-250 
20-200. 


>400 
 >200 


Philadelphia: WB Saunders Co, 1995, 


ritin concentration declines very early in the development of 
iron deficiency, long before changes are observed in blood 
Hb concentration, RBC size, or serum iron concentration. 
Thus measurement of serum ferritin concentration can serve 
as a very sensitive indicator of iron deficiency that is uncom- 
plicated by other concurrent disease. Alternatively a large 
number of chronic diseases result in increased serum ferritin 
concentration.’ These diseases include chronic infections; 
chronic inflammatory disorders, such as rheumatoid arthri- 
tis or renal disease; heart disease; and numerous malignan- 
cies, especially lymphomas, leukemias, breast cancer, and 
neuroblastoma. In patients who have any of these chronic 
disorders together with iron deficiency, serum ferritin con- 
centration is often normal. An increase in plasma ferritin 
concentration occurs in viral hepatitis or after toxic liver 
injury as a result of release of ferritin from damaged liver 
cells. Plasma ferritin concentration is also increased in 
patients with iron storage disease and is used to gauge the 
effectiveness of phlebotomy therapy. However, as a screen- 
ing test for detection of early iron overload, measurement of 
serum ferritin concentration appears to be less sensitive than 
measurement of serum iron concentration, TIBC, and 
percent transferrin saturation. 


Comments and Precautions 


1. Replicate same-day assays on the same specimen should 
have a coefficient of variation (CV) of + 4% for ferritin 
concentrations of 100 to 300 ug/L and +10% for ferritin 
concentrations of 10 to 20 ug/L. 

2. Because precision decreases at very high serum ferritin 
concentration, all specimens with results exceeding 
80 ug/L should be diluted with diluting sera to the 200- 
to 400-ug/L range and repeated. Any specimen with 
greater than a 7% difference between duplicate assay 
results should be reassayed. 

3. A high-dose hook effect that is similar to a prozone phe- 
nomenon formerly complicated interpretation of serum 
ferritin assays; specimens with actual ferritin concentra- 
tion exceeding 1000 ug/L could exhibit count rates that 
would be obtained at normal serum ferritin concentra- 
tion. Fortunately, currently available reagents no longer 
result in the hook effect when serum ferritin concentra- 
tion is high. 


Method for Red Cell Volume and Hemoglobin Content 
MCV and MCHC are the red cell indices used to characterize 
the blood of patients with anemia (see Chapter 11). Laser light 
scattering is used to measure the hemoglobin content and 
concentration of individual red cells." This is an early indi- 
cator of iron deficiency. Its usefulness is limited in patients 
with MCV values of >100 fL, but in others it compares favor- 
ably with other measurements of iron status, 7404161 


Method for Serum Transferrin Receptor 

The cell membranes of the developing RBC precursors in 
bone marrow are very rich in transferrin receptors, to which 
the iron-transferrin complex binds before it is internalized 
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and the iron is released from transferrin in the cytosol. The 
number of transferrin receptors increases in the presence of 
iron deficiency and decreases in iron excess. These variations 
in the quantity of transferrin receptors in erythropoietic 
tissue are also reflected in changes in serum transferrin 
receptor, but to a large extent the serum transferrin receptor 
levels reflect the amount of erythropoietic activity, regard- 
less of the iron status of the patient. 


CLINICAL SIGNIFICANCE 


Iron deficiency and iron overload are the major disorders of 
iron metabolism. There are, in addition, many diseases in 
which abnormal distribution of iron may play primary or 
secondary roles. Included are such disorders as hyperfer- 
ritinemia with cataracts,'* aceruloplasminemia, GRACILE 
syndrome,"  neuroferritinopathy,® atransferrinemia, 
and possibly neurodegenerative disease such as Parkin- 
sonism, Hallervorden-Spatz syndrome, and Alzheimer’s 
disease.’ These latter disorders will not be discussed further 
here. 


Iron Deficiency 


Iron deficiency is one of the most prevalent disorders of 
humans.” It is particularly a disease of children, of young 
women, and of older people, but it occurs in people of all 
ages and all social strata. In children it is frequently caused 
by dietary deficiency, because milk has a low iron content. In 
adults it is almost always the result of chronic blood loss or 
childbearing.” 

Many different measurements have been advocated for the 
diagnosis of iron deficiency. Originally, emphasis was placed 
upon the red cell indices; hypochromic anemia was generally 
considered a synonym for iron deficiency in the first half of 
the twentieth century. Subsequently the staining of the 
marrow for iron measurement of the serum iron and the iron 
binding capacity, serum ferritin, and erythrocyte protopor- 
phyrin became practical, and were used and studied exten- 
sively for their ability to diagnose iron deficiency. Circulating 
transferrin receptor and reticulocyte Hb levels also have been 
found to have diagnostic value. Of all of these tests, the 
marrow iron is probably the most reliable but the least prac- 
tical for any but patients with complex diagnostic problems. 
However, even it can be misleading (1) when the sample size 
or observer skill is insufficient,’ (2) in patients who have been 
treated with iron by the parenteral route, (3) where stainable 
iron may be present in the face of deficiency,” and (4) in 
patients with myeloproliferative disease." 

Although most methods very readily identify severe, 
uncomplicated iron deficiency, the large number of tests that 
have been advocated for the diagnosis of iron deficiency is a 
reflection of the fact that none by itself is sufficient to detect 
mild iron deficiency or iron deficiency in a clinically complex 
setting. Receiver operator characteristic curves (ROC) 
confirm that no one method is superior, and that different 
studies differ in the conclusions that they draw regarding 
advantages of one method over another, 814267172 


Tron Overload 


Hemosiderosis, hemochromatosis, and some anemias are 
conditions associated with iron overload and iron storage 
diseases. 


Hemosiderosis 


Hemosiderosis is a term used to imply iron overload without 
associated tissue injury. It occurs locally in sites of bleeding 
or inflammation, and may be widespread in persons who 
have been given large amounts of iron, either as iron med- 
ication or as blood transfusions. 


Hemochromatosis 


Hemochromatosis is a condition in which the body accu- 
mulates excess amounts of iron; it is one of the most 
common genetic diseases in humans. The symptoms of 
hemochromatosis include the “classic triad” of bronzing of 
the skin, cirrhosis, and diabetes. Other manifestations 
include cardiomyopathies and arrhythmias, endocrine defi- 
ciencies, and possibly arthropathies. 

Secondary hemochromatosis is the consequence of the 
increased administration and absorption of iron. The 
administration of iron includes that given with the transfu- 
sions that are required in certain anemic patients and the ill- 
advised and unfortunate administration of iron to anemic 
patients who are not actually iron deficient. The most 
common causes of secondary hemochromatosis are thal- 
assemia major and acquired myelodysplastic states, but 
there are many other circumstances in which secondary iron 
overload occurs, including pyruvate kinase deficiency and 
congenital dyserythropoietic anemias. 

Hereditary hemochromatosis is the most common hered- 
itary form of hemochromatosis. It results from hereditary 
abnormalities of proteins that regulate iron hemostasis. In 
recent years, the genetic lesions responsible for many forms 
of the disease have been discovered. It is an adult onset dis- 
order, formerly called primary hemochromatosis or idiopathic 
hemochromatosis, which is linked to the HLA loci on chro- 
mosome 6. 

Other forms of hemochromatosis include a severe, early 
onset form, designated juvenile hemochromatosis, and an 
iron storage disease in which storage takes place largely in 
macrophages, African iron overload and ferroportin defi- 
ciency. An effort has been made recently to classify heredi- 
tary forms of hemochromatosis as types 1 through 5, but this 
does not serve to clarify our understanding of the disorders 
and inaccurately groups iron storage disease with different 
etiologies into the same “type.” This classification will there- 
fore not be employed here. 

Hereditary Hemochromatosis. Hereditary hemochro- 
matosis is the classical disorder of iron overload.” It is due 
to an inborn error of iron absorption; the precise mecha- 
nism remains unknown. Approximately 80% of whites of 
Northern European origin are homozygotes for a common 
mutation of the HFE gene. This mutation (845 G> A; 
C282Y) isa common polymorphism in Northern Europe. 
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Some 10% to 15% of Northern Europeans are heterozygous 
for this mutation and therefore about 5/1000 are homozy- 
gotes. Although it has been shown to associate with the 
transferrin receptor, the mechanisms by which it causes 
increased iron absorption are not understood. The bio- 
chemical penetrance of the homozygous state for the major 
(C282Y) mutation is fairly high; more than 50% of such 
individuals have elevated transferrin saturations and/or fer- 
ritin levels™? and about 10% have elevated serum glutamic 
oxaloacetic transaminases levels. Although some investiga- 
tors have maintained that many or most homozygotes are 
seriously affected”! numerous recent studies show that the 
clinical penetrance of the homozygous state is very low, 
probably of the order of 1%, and there is no signifi- 
cant effect on lifespan.” Rarely, hereditary hemochromato- 
sis results from mutations in the transferrin receptor-2 
gene.” This type of hemochromatosis is indistinguishable 
from classical hereditary hemochromatosis caused by a 
mutation in the HFE gene. 

Juvenile Hemochromatosis. Juvenile hemochromatosis 
is a rare disorder that resembles hereditary hemochromato- 
sis clinically, but that has a much earlier average age of onset 
and a greater tendency to develop endocrine and cardiac 
manifestations than does hereditary hemochromatosis. It 
too is inherited, although the mutation is not in the HFE 
gene, but rather in an as-yet-unidentified gene on chromo- 
some 1q’” or in hepcidin.’*! 

A dominantly inherited form of iron storage disease 
results from mutations in ferroportin (SLC11A3).27°041 
Here iron storage occurs primarily in macrophages, not in 
liver parenchyma. Iron accumulation appears to be more 
common in Africans than Europeans, and although diet may 
play a major role, it is thought that there is also a genetic pre- 
disposition that may account for the increased iron burden.” 


Anemias With Iron Storage 


The most common cause of iron overload is thalassemia, 
particularly in the parts of the world where it is prevalent 
(see earlier section). Indeed, the cardiac complications 
of iron overload are among the most common causes of 
death in §-thalassemia major. Sideroblastic anemias are a 
group of iron-loading disorders, many of which are of 
unknown cause. In a hereditary type of this disorder, there 
is deficiency of erythroid specific 5-aminolevulinic acid 
synthetase in RBC precursors because of mutations involv- 
ing the X-linked gene that encodes this enzyme.” 
Iron storage is common in patients with congenital dysery- 
thropoietic anemia'’’* and may be found in patients with 
red cell enzyme deficiencies, particularly pyruvate kinase 
deficiency.” 


Bilirubin is the orange-yellow pigment derived from senes- 
cent red blood cells. It is extracted and biotransformed 
mainly in the liver, and excreted in bile and urine. The chem- 


istry, biochemistry, and analytical methodology for bilirubin 
and related compounds are reviewed in this section. 


CHEMISTRY 


Bilirubin was discovered by Virchow in 1849 in blood 
extravasates; he called the yellow pigment “hematoidin.” The 
term “bilirubin” was coined by Stadeler in 1864, and in 1874 
Tarchanoff demonstrated the direct association of bile pig- 
ments to Hb. In 1942 Fisher and Plieninger synthesized 
bilirubin: IX and proposed the structure shown in the 
upper portion of Figure 31-20. This linear tetrapyrrolic 
structure of the bilirubin molecule was accepted for more 
than 30 years. However, an important and puzzling chemi- 
cal property of the bilirubin molecule is its insolubility in 
water and its solubility in a variety of nonpolar solvents. The 
solubility of bilirubin in nonpolar, lipid solvents is not pre- 
dicted from this linear tetrapyrrole structure, because the 
two propionic acid side chains would be expected to make 
the bilirubin molecule highly polar and therefore water 
soluble. 

The overall chemical structure of bilirubin was estab- 
lished by x-ray crystallography. According to this work, 
bilirubin assumes a ridge-tiled configuration stabilized by six 
intramolecular hydrogen bonds. Two additional important 
structural features have also been noted: (1) a so-called Z-Z 
(trans) conformation for the double bonds between carbons 
4 and 5 and 15 and 16, and (2) an involuted hydrogen- 
bonded structure in which the propionic acid—carboxylic 
acid groups are hydrogen bonded to the nitrogen atoms of 
the pyrrole rings (Figure 31-20, bottom). These bonds sta- 
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Figure 31-20 Bilirubin Xo structure. Top, The unfolded or 
linear tetrapyrrole structure showing the Z bonds. Bottom, The 
folded conformation showing extensive internal hydrogen 
bonding. (Reprinted by permission of Elsevier Science Publishing Co., 
Inc., from Schmid, R. Bilirubin metabolism: State of the art. 
Gastroenterology !978;74:1307-12, with permission from the 
American Gastreenterological Association.) 
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bilize the Z-Z configuration of bilirubin and prevent its 
interaction with polar groups in aqueous media. When 
exposed to light, the Z-Z configuration is converted to the 
E-E (cis) conformation and to other combinations, namely 
4E-15Z and 4Z-15E. The E-E conformation and other 
E-containing isomers do not permit the degree of internal 
hydrogen bonding that occurs in the Z-Z conformation and 
are therefore more water soluble than in the Z-Z conforma- 
tion. Thus light-exposed forms of bilirubin are more water 
soluble and readily excreted in the bile. This is the rationale 
for irradiating jaundiced newborns with 450 nm light.’”” 
The bilirubin molecule in the crystalline state takes, as 
mentioned above, the form of a ridge tile rather than a linear 
tetrapyrrole, with the ridge being along the line C8-C10- 
C12. In this configuration, rings A and B lie in one plane and 
rings C and D in another, with a 98° angle between the two 
rings. The preferred conformation of bilirubin in aqueous 
solution at pH 7.4 is not known, but the occurrence of a 
hydrogen-bonded structure in aqueous solution would 
explain some of the unique chemical properties of bilirubin 
IXa. For example, the addition of hydrogen bond—breaking 
chemicals—such as caffeine, methanol, ethanol, urea, or 
surface active agents—is required for unconjugated biliru- 
bin to react with diazo reagent. These reagents likely act by 
breaking internal hydrogen bonds of the bilirubin molecule, 
allowing it to react with diazotized sulfanilic acid or other 


diazo compounds. In contrast, bilirubin IXa monoglu-. 


curonide and diglucuronide are quite soluble in water and 
react readily with diazo reagents. The bulky glucuronic acid 
moiety precludes conjugated bilirubin from undergoing 
internal hydrogen bond formation. Bilirubin glucuronides, 
being water soluble, are readily excreted in the bile and urine, 
whereas unconjugated bilirubin is not. 

Bilirubin deriving from natural sources consists almost 
entirely (99%) of the IXa. Bilirubins IXP and IX6, arising 
from the cleavage of the B- and 6-methene bridges, consist 
of less than 0.5% of bilirubin isolated from bile. However, 
bilirubin reference materials available from commercial 
sources, and from the National Institute of Standards and 
Technology (Standard Reference Material 916a) contain 
variable amounts of IIIa and XIIIa isomers.’ The two 
isomers are formed by cleavage of bilirubin IXa at the 
central methylene bridge; subsequent recombination of the 
two different dipyrrole units gives a mixture of the three 
isomers, This isomerization of bilirubin occurs in aqueous 
solution at acidic or neutral pH, but not when bilirubin is 
bound to albumin," 


BIOCHEMISTRY 


Bilirubin [Xa is produced from the catabolism of protopor- 
phyrin IX by a microsomal heme oxygenase. The 
tetrapyrrolic product of the ring opening at the a-methene 
bridge is the green pigment biliverdin, which is subsequently 
reduced to bilirubin by the reduced form of nicotinamide 
adenine dinucleotide phosphate (NADPH)—dependent, 
cytosolic enzyme biliverdin reductase (Figure 31-21). For 
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Figure 31-21 Catabolism of heme to bilirubin Xa. (From 
Berlin, N.I., Berk, PD.: Quantitative aspects of bilirubin metabolism for 
hematologists. Blood, 57:983-999, 1981.) 


each mole of heme catabolized by this pathway, one mole 
each of carbon monoxide, bilirubin, and ferric iron is pro- 
duced. Daily bilirubin production from all sources in man 
averages from 250 to 300 mg. Approximately 85% of the total 
bilirubin produced is derived from the heme moiety of 
Hb released from senescent erythrocytes that are destroyed 
in the reticuloendothelial cells of the liver, spleen, and 
bone marrow. The remaining 15% is produced from RBC 
precursors destroyed in the bone marrow (so-called ineffec- 
tive erythropoiesis) and from the catabolism of other heme- 
containing proteins, such as myoglobin, cytochromes, and 
peroxidases. 

In blood, bilirubin is bound to albumin (K; ~ 10° mol/L) 
and transported to the liver. Bilirubin then dissociates from 
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Figure 31-22 Bilirubin uptake, 
metabolism, and transport in the 
hepatocyte. (From Gollan. JL, Schmid 
R. In Popper H, Schaffner F Eds. | 
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Progress in liver diseases, Vol. 7, 
Chapter | 5. Philadelphia: WB 
Saunders Company, 1982.) 
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albumin by an unknown process at the sinusoidal membrane 
of the hepatocyte. It is then transported across the mem- 
brane (Figure 31-22). Once inside the liver cells, bilirubin is 
reversibly bound to soluble proteins known as ligandins or 
protein Y. Ligandins are cytosolic proteins of the glu- 
tathione-S-transferase gene family and constitute ~5% of 
the total protein of human liver cytosol. Ligandin also binds 
a variety of other compounds, such as steroids, bromsulf- 
thalein (BSP), indocyanine green, and some carcinogens. 
Ligandin likely plays an important role in the processing of 
these compounds; it may increase the net efficiency of 
uptake by retarding the reflux of these substances back to 
plasma. 

Inside the hepatocytes, bilirubin is rapidly conjugated 
with glucuronic acid to produce bilirubin monoglucuronide 
and dighicuronide, which are then excreted into bile (see 
Figure 33-22). The microsomal enzyme bilirubin uridine 
diphosphate (UDP)~glucuronyltransferase (EC 2.4.1.17) 
catalyzes the formation of bilirubin monoglucuronide. It is 
not certain whether the conversion of the monoglucuronide 
to the diglucuronide is catalyzed by the same enzyme or by 
another enzyme located in or near the canaliculus. The 
excretion of conjugated bilirubin into bile against a marked 
concentration gradient is thought to be an energy- 
dependent, active-transport process. 

In adults, virtually ali bilirubin excreted in bile is in the 
form of glycosidic conjugates; glucuronides account for 
~95% of them and glucosides and xylosides constitute the 
remainder. Of the glucuronides, diglucuronide is the major 
fraction (~90%) and monoglucuronide the minor fraction 
(~10%). 

Bilirubin glucuronides are not substantially reabsorbed in 
the intestine. Rather, they are hydrolyzed by the catalytic 
action of -glucuronidase from the liver, intestinal epithelial 
cells, and bacteria. This unconjugated bilirubin is then 
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reduced by anaerobic intestinal microbial flora to form a 
group of three colorless tetrapyrroles collectively called uro- 
bilinogens. In each of these three bilirubin reduction prod- 
ucts, all bridge carbons are in the saturated (methylene) 
form. The urobilinogens differ from one another in the 
degree of hydrogenation of the vinyl side chains and in the 
two end pyrrole rings; urobilinogens contain 6, 8, or 12 more 
hydrogen atoms than does bilirubin and are named sterco- 
bilinogen, mesobilinogen, and urobilinogen, respectively. Up 
to 20% of the urobilinogen produced daily is reabsorbed 
from the intestine and enters the enterohepatic circulation. 
Most of the reabsorbed urobilinogen is taken up by the liver 
and is reexcreted in the bile; a small fraction (2% to 5%) 
enters the general circulation and appears in urine. In the 
lower intestinal tract, the three urobilinogens spontaneously 
oxidize at the middle methylene bridge to produce the cor- 
responding bile pigments stercobilin, mesobilin, and uro- 
bilin, which are orange-brown and the major pigments of 
stool. Approximately 50% of the conjugated bilirubin 
excreted in bile is metabolized to products other than the 
urobilinogens. The detailed structure of these metabolites 
has not been characterized. 


ANALYTICAL METHODOLOGY 


Several analytical techniques are used to measure bilirubin 
and metabolites in serum, urine, and feces.* 


Serum Bilirubin 


The reaction of bilirubin with diazotized sulfanilic acid, 
known as the diazo reaction, discovered: by Ehrlich in 1883 


*Methodologal details for methods discussed in this section are 
included in this book’s accompanying Evolve site, found at 
http:/evolve.elsevier.com/Tietz/textbook/, 
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and applied to the measurement of bilirubin in serum and 
bile by van den Bergh and Muller in 1916, is the basis of the 
most widely used methods for measuring bilirubin. The 
observation that in sera from jaundiced infants the reaction 
was slow and required an accelerator to proceed and it was 
fast in bile and in adult sera without addition of ethanol led 
to the terms “direct” and “indirect” bilirubin. The chemical 
nature of direct and indirect bilirubins was elucidated by 
Billing, Cole, and Lathe in the mid-1950s."* They isolated by 
an open column reversed phase chromatography on sili- 
conized kieselguhr (cellite or diatomaceous earth) three 
bilirubin fractions, unconjugated bilirubin (indirect reacting 
fraction), and bilirubin monoglucuronide and diglu- 
curonide (direct reacting fractions). Kuenzle and colleagues” 
were the first to successfully use an open-column chro- 
matography technique that did not involve a deproteiniza- 
tion step. Four bilirubin fractions were obtained: 
unconjugated bilirubin (c-bilirubin), monoconjugated 
bilirubin (B-bilirubin), diconjugated bilirubin (y-bilirubin), 
and a fraction bound strongly to protein (6-bilirubin). The 
last fraction was clearly distinct from the albumin-bilirubin 
complex that exists in serum. 


Diazo Methods 


The most widely used chemical methods for bilirubin mea- 
surement are those based on the diazo reaction." In this 
reaction, diazotized sulfanilic acid (the diazo reagent) reacts 
with bilirubin to produce two azodipyrroles (azopigments) 
(Figure 31-23), which are reddish purple at neutral pH and 
blue at low or high pH values. Van den Bergh and Muller!” 
applied this reaction to the quantitation of bilirubin in 
serum. They described the fraction of bilirubin that reacted 
with the diazo reagent in the absence of alcohol as the direct 
bilirubin fraction and used the term indirect bilirubin for 
the difference between total bilirubin (found after the 
addition of alcohol to the reaction mixture) and the direct 
bilirubin fraction. Numerous variations of the van den 
Bergh method have been developed. All use one of a variety 
of “accelerators,” which like alcohol, facilitate the reaction of 
unconjugated (indirect) bilirubin with the diazo reagent; 
the most commonly used accelerators are caffeine,” 
dyphylline,"* and a number of surface active agents. The 
diazo method of Malloy and Evelyn,'” which uses methanol 
as an accelerator, has substantial matrix effects, negative 
interference by Hb, turbidity due to protein precipitation by 
methanol, and a relatively long reaction time.” This method, 
which has been virtually abandoned, is mentioned here for 
historical reasons only. 

The diazo method described by Jendrassik and Grof in 
1938” and later modified by Doumas and colleagues’” gives 
results for serum total bilirubin that are reproducible and 
reliable. In this procedure, an aqueous solution of caffeine 
and sodium benzoate serves as the accelerator. Studies on the 
mechanism by which the caffeine-benzoate solution facili- 
tates the reaction of unconjugated bilirubin with the diazo 
reagent have provided strong, albeit indirect, evidence that 
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caffeine, and perhaps benzoate, displaces unconjugated 
bilirubin from its association sites on albumin. This occurs 
by (1) formation of hydrogen bonds between bilirubin and 
caffeine,” thus making bilirubin water soluble, or (2) 
complex formation and disruption of the bilirubin internal 
hydrogen bonds. By use of samples prepared by addition of 
unconjugated bilirubin and authentic human diconjugated 
bilirubin to low-bilirubin pooled sera—and a nuclear mag- 
netic resonance technique—Lo and Wu’ have shown that 
the modified Jendrassik-Grof total bilirubin assay detects 
unconjugated and diconjugated bilirubin quantitatively (as 
unconjugated bilirubin equivalents). This method has 
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acceptable transferability among laboratories and is cur- 
rently the method of choice. 

Other methods for determining bilirubin include direct 
spectrophotometric measurement of total bilirubin in serum 
using analysis of a two-component system (i.e., measuring 
absorbance at two wavelengths and solving a system of two 
simultaneous equations). This approach is applicable to 
sera from healthy neonates because only unconjugated 
bilirubin is present in such sera. Correction for oxyhemo- 
globin is necessary, because it is invariably present in sera 
from neonates (For further details see Analytical Methods in 
this books accompanying Evolve site, found at 
http:/evolve.elsevier.com/Tietz/textbook/. 


High-Performance Liquid Chromatography 
HPLC methods have also been developed that allow for rel- 
atively rapid separation and quantification of the four biliru- 
bin fractions. HPLC has been helpful in detecting and 
separating the various bilirubin photoisomers produced 
during phototherapy in newborns and thus in elucidating 
the mechanism by which phototherapy lowers the concen- 
tration of bilirubin in the newborn blood.’ There are 
several versions of HPLC for analysis of bilirubin fractions. 
In the method of Blanckaert,” bilirubin conjugates, but not 
unconjugated bilirubin, are converted to the corresponding 
bilirubin methyl esters by base-catalyzed transesterification 
in methanol followed by extraction with chloroform. With 
this procedure, the a-, B-, and y-bilirubin fractions are 
recoverable, but the 6-fraction (delta-bilirubin) remains in 
the denatured protein pellet that is produced by the chloro- 
form extraction. In the HPLC method of Lauff and co- 
workers,” all four bilirubin fractions remain in solution 
after a step that involves salting out globulins with sodium 
sulfate. Both methods require the use of dim incandescent 
or yellow light to minimize photodegradation of the various 
bilirubin species. A simple and fast HPLC method has been 
published by Adachi et al’; the method uses a Micronex 
RP-30 column, which does not require salting out of globu- 
lins or chemical transformation of the bilirubin conjugates. 
This method separates serum bilirubin into five fractions; 
the fifth fraction eluted between the monoglucuronide and 
the unconjugated bilirubin is the Z,E or the E,Z photoiso- 
mer. The elution sequence is the same as in the procedure of 
Lauff.'® 

Additional studies indicated that the 5-bilirubin fraction 
consists of one or more bilirubin species that are covalently 
bound to albumin. Existence of covalent linkage is sup- 
ported by the fact that the associated bilirubin species are 
not released from the albumin fraction by treatment with 
strong acid or base or a variety of strong denaturing agents, 
by hydrolysis with proteolytic enzymes, or by boiling in 
methanol. The -bilirubin reacts directly with diazotized sul- 
fanilic acid. The discovery of 6-bilirubin has solved the 
mystery of the persisting high bilirubin concentrations, 
mostly direct reacting, in patients with intrahepatic or 
obstructing jaundice long after hepatitis has subsided or 


obstruction has been relieved. It is the slowest fraction to 
clear from serum because it follows the catabolism of 
albumin, which has a half-life of approximately 19 days. 

From HPLC analyses of a large number of sera from 
patients with various liver disorders, Wu and colleagues’ 
found the following proportions of the four bilirubin frac- 
tions in cholestatic sera: 27% (8% to 55%) unconjugated 
bilirubin, 24% (8% to 37%) monoconjugated bilirubin, 13% 
(7% to 21%) diconjugated bilirubin, and 37% (1% to 77%) 
8-bilirubin. 

HPLC has been very helpful in elucidating the nature of 
the bilirubin species occurring naturally in blood or formed 
during phototherapy. Clinically, it offers little, if any, aid to 
the physician in the differential diagnosis of jaundice, 
because knowing the percentage of each of the bilirubin frac- 
tions in blood is of no diagnostic value. It cannot be con- 
sidered as a reference method for measuring total bilirubin 
in blood, because its accuracy and precision are inadequate. 
The method is calibrated with unconjugated bilirubin with 
the untested assumption that the other three bilirubin frac- 
tions have molar absorptivities identical to that of the cali- 
brator,'” when in fact this is not known. Furthermore, errors 
in the measurement of the four species may be cumulative 
and may result in a large total error, and the method is 
insensitive at total bilirubin concentrations below 1 mg/dL 
(17 mol/L) and too laborious for routine clinical analysis. 
Some of the 5-bilirubin may be lost during pretreatment of 
samples. 

A capillary electrophoresis method for measuring the dif- 
ferent types of bilirubin has been developed by Wu and his 
associates.'** 


Enzymatic Methods 

Enzymatic methods for total and direct bilirubin and for 
bilirubin conjugates with glucuronic acid are based on the 
oxidation of bilirubin with bilirubin oxidase to biliverdin 
with molecular oxygen.’”' Near pH 8 and in the presence of 
sodium cholate and sodium dodecylsulfate, all four bilirubin 
fractions are oxidized to biliverdin, which is further oxidized 
to purple and finally colorless products. The decrease in 
absorbance, at 425 or 460nm, is proportional to the con- 
centration of total bilirubin. Results by the bilirubin oxidase 
method were in good agreement with those obtained by the 
Jendrassik-Grof procedure.'” Direct bilirubin is measured at 
pH 3.7 to 4.5; at this pH range, the enzyme oxidizes biliru- 
bin conjugates and §-bilirubin, but not unconjugated biliru- 
bin. At pH 10 the enzyme oxidizes selectively the two 
glucuronides.**** §-bilirubin is not oxidized at all, and 
only 5% of the unconjugated bilirubin is measured as 
conjugates.” 


Transcutaneous Measurement of Bilirubin 


This noninvasive approach for measuring bilirubin was 
introduced by Yamanouchi et al.’ The first bilirubinometer 
(icterometer) was a reflectance photometer, which used two 
filters to correct for the color of Hb and required measure- 
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ments at eight body sites. Efforts to improve the accuracy of 
such measurements have been successful and led to the 
development of devices of acceptable performance. Recent 
reports indicate that at least one of these devices (BiliCheck 
(SpectR, Inc., Norcross, Ga.) provides results that are within 
t2me/dL of those obtained by a diazo procedure.’*'*” 
Another study found that the BiliCheck underestimated 
serum bilirubin when its concentration was >10mg/dL 
(170 pmol/L). 

Although transcutaneous bilirubin measurements may 
not substitute for laboratory quantitative determinations, 
they provide instantaneous information, reduce the neces- 
sity for serum bilirubin determinations, spare infants the 
trauma of heel sticks, and save money.'"’ Furthermore, they 
are useful in determining whether in a jaundiced infant it is 
necessary to draw blood to guide treatment, such as pho- 
totherapy or exchange transfusion. Another application is 
predicting those babies that require follow-up according to 
the “hour-specific” serum bilirubin nomogram by Bhutani 
et al.” 


Urine Bilirubin 


Because only conjugated bilirubin is excreted in urine, its 
presence indicates conjugated hyperbilirubinemia. The most 
commonly used method for detecting bilirubin in urine 
involves the use of a dipstick impregnated with a diazo 
reagent. Dipstick methods can detect bilirubin concentra- 
tions as low as 0.5 mg/dL. 

A fresh urine specimen is required because bilirubin is 
unstable when exposed to light and room temperature, and 
it may be oxidized to biliverdin (which is diazo negative) at 
the normally acidic pH of the urine. If the test is delayed, 
the sample must be protected from light and stored at 2 °C 
to 8 °C for no longer than 24 hours. The reagent strip 
(Chemstrip, Roche Diagnostics; Multistix, Bayer Corp.) is 
immersed into the urine specimen for no longer than 1 
second and is read 60 seconds later. During this time 
bilirubin reacts with a diazo reagent, yielding a pink to 
red-violet color, the intensity of which is proportional to the 
bilirubin concentration. The reaction mechanism for 
urinary conjugated bilirubin is the same as that described 
in Figure 31-23 except that 2,6-dichlorobenzene-diazonium- 
tetrafluoroborate is substituted for diazotized sulfanilic acid 
in the Chemstrip, and 2,4-dichloroaniline diazonium salt in 
the Multistix. Another commonly used test, more sensitive 
than the Multistix, is the Ictotest reagent tablet (Bayer 
Corporation); in this semiquantitative procedure the diazo 
reagent is p-nitrobenzenediazonium-p-toluenesulfonate. 

The Chemstrip and Multistix strips for bilirubin in urine 
are highly specific tests and have a low incidence of false- 
positive results. However, medications that color the urine 
red or that give a red color in an acid medium, such as 
phenazopyridine, can produce a false-positive reading. Large 
quantities of ascorbic acid or of nitrite also worsen the detec- 
tion limit of the test. In practice, bilirubin is rarely measured 
in urine. 


Urobilinogen in Urine and Feces 


An increase in urobilinogen in the urine occurs whenever 
hepatocellular function is decreased or there is an excess of 
urobilinogen in the gastrointestinal (GI) tract that exceeds 
the liver’s capacity to reexcrete it. Examples of such condi- 
tions are viral hepatitis, cirrhosis, and hemolysis. In contrast, 
when biliary excretion of bilirubin (e.g., cholestasis) is 
impaired, urinary excretion of urobilinogen decreases owing 
to the limited delivery of bilirubin to the gut. The clay- 
colored or chalky white stool of patients with cholestatic 
jaundice results from decreased bilirubin reaching the GI 
tract and the subsequent low quantities of metabolites pro- 
duced. These disturbances of urobilinogen excretion are the 
basis for the historical use of urobilinogen analysis in urine 
and feces as an index of liver disease. However, urobilinogen 
measurement is of little help in the modern evaluation of 
liver disease, because it does not add to the diagnostic infor- 
mation obtained from the commonly performed tests 
described in the section on diagnostic strategy. A brief 
description of the measurement of urobilinogen in urine 
and feces can be found in the 3rd edition of this textbook on 
page 1137. 


CLINICAL SIGNIFICANCE 


Defects in bilirubin metabolism resulting in jaundice can 
occur at each step of the metabolic pathway (see Figure 31- 
22). The disorders are usually classified as (1) inherited dis- 
orders of bilirubin metabolism and (2) jaundice of the 
newborn. All of these disorders are characterized by pre- 
dominant elevations in either conjugated or unconjugated 
bilirubin in the absence of other abnormal liver tests. It is 
only in these disorders that bilirubin fractionation is clini- 
cally useful. 

Patients are occasionally seen with isolated elevations in 
bilirubin concentration. In most cases this is due to inher- 
ited disorders of bilirubin metabolism, familial hyperbiliru- 
binemia, or hemolysis. It is not difficult to distinguish 
hemolysis severe enough to cause hyperbilirubinemia, 
because the patient with hemolysis will have many other 
disease manifestations. An algorithm for differentiating the 
familial causes of hyperbilirubinemia is presented in Figure 
31-24. Isolated hyperbilirubinemia was discussed in a previ- 
ous section on disorders of bilirubin metabolism. 


Inherited Disorders of Bilirubin Metabolism 


Inherited disorders of bilirubin metabolism include 
Gilbert’s, Crigler-Najjar (Type I), Crigler-Najjar (Type II), 
Lucey-Driscoll, Dubin-Johnson, and Rotor’s syndromes. 


Gilbert Syndrome 


Gilbert syndrome is a benign condition manifested by mild 
unconjugated hyperbilirubinemia. This abnormality, affect- 
ing 3% to 5% of the population, is clinically important, 
because it is often misdiagnosed as chronic hepatitis. The 
serum concentration of bilirubin fluctuates between 1.5 and 
3mg/dL (26 and 51umol/L) and tends to increase with 
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fasting. Hepatic glucuronyltransferase activity is low as a con- 
sequence of a mutation in the bilirubin-UDP-glucuronosyl- 
transferase (UGT1A]1) gene. In the vast majority of patients, 
this mutation is a repeat in the promoter, so that there are 
seven rather than the “normal” six ATs.” Occasionally, sub- 
jects with only five and as many as eight repeats are encoun- 
tered; the transcription of the gene is inversely proportional 
to the number of repeats, so that bilirubin levels tend to be 
higher in those patients with the largest number of repeats in 
the promoter. In Asia, Gilbert syndrome has sometimes been 
found to be caused by a single point mutation in exon 1 of the 
UGTIAI gene.” Gilbert syndrome is easily distinguished 
from chronic hepatitis by the absence of anemia and biliru- 
bin in urine, and by normal liver function tests. The condi- 
tion is probably inherited as an autosomal recessive trait. 
Despite the fact that total biliary bilirubin is reduced, there is 
an increase in the ratio of bilirubin monoglucuronide to 
diglucuronide, suggesting that there is also a defect in the 
conversion of bilirubin monoglucuronide to dighucuronide. 

Patients with Gilbert syndrome may be predisposed to 
acetaminophen toxicity since acetaminophen is primarily 
metabolized by glucuronidation. The diagnosis is usually 
made by chance on routine medical examination or when 
jaundice occurs following an intercurrent infection or 
fasting. Special diagnostic tests are occasionally necessary 
and include demonstrating a rise in bilirubin on fasting and 
a fall in bilirubin upon taking phenobarbital. No treatment 
is needed, but patients must be reassured that they do not 
have liver disease. 


Crigler-Najjar Syndrome (Type I) 

Crigler-Najjar syndrome type I is a rare disorder caused by 
complete absence of UDP-glucuronyltransferase and mani- 
fested by very high levels of unconjugated bilirubin (25 to 
50 mg/dL). It is inherited as an autosomal recessive trait. 
Most patients die of severe brain damage caused by ker- 


nicterus (encephalopathy related to increased bilirubin that 
leads to permanent brain damage) within the first year of 
life. Phlebotomy and plasmapheresis can reduce the serum 
bilirubin, but encephalopathy usually develops. Early liver 
transplantation is the only effective therapy. 


Crigler-Najjar Syndrome (Type I) 

This is a rare autosomal dominant disorder characterized by 
a partial deficiency of UDP-glucuronyltransferase. Unconju- 
gated bilirubin is usually 5 to 20 mg/dL (85 to 340 mol/L). 
Unlike the Crigler-Najjar syndrome type I, type H responds 
dramatically to phenobarbital and a normal life can be 
expected. 


Lucey-Driscoll Syndrome 

Lucey-Driscoll syndrome is a familial form of unconjugated 
hyperbilirubinemia caused by a circulating inhibitor of 
bilirubin conjugation. The hyperbilirubinemia is mild and 
lasts for the first 2 to 3 weeks of life. 


Dubin-Johnson Syndrome 

Dubin-Johnson syndrome is a benign, autosomal recessive 
condition characterized by jaundice with predominantly ele- 
vated conjugated bilirubin and a minor elevation of uncon- 
jugated bilirubin. Excretion of various conjugated organic 
anions and bilirubin, but not bile salts, into bile is impaired, 
reflecting the underlying defect in canalicular excretion. 
Intravenous cholangiography does not show the gallbladder, 
but a °"Tc-hepatobiliary iminodiacetic acid (HIDA) scan 
does. There is a derangement in the excretion of urinary 
coproporphyrin; the normal ratio of coproporphyrin I to HI 
is reversed. The liver has a characteristic greenish black 
appearance and liver biopsy reveals a dark brown pigment 
in hepatocytes and Kupffer’s cells that looks like lipofuscin 
but is probably melanin. Serum alanine aminotransferase 
and alkaline phosphatase are usually normal, and pruritus is 
absent. The condition is benign, although patients may 
develop jaundice during pregnancy or while taking oral 
contraceptives. 


Rotor Syndrome 

Rotor syndrome is another form of conjugated hyper- 
bilirubinemia similar to Dubin-Johnson syndrome but 
without pigment in the liver. The gallbladder is seen on 
intravenous cholecystography. Total urinary copropor- 
phyrins are elevated, with about two thirds being copropor- 
phyrin I. The prognosis is excellent. 


Jaundice in the Neonate 


Disorders that cause jaundice in the neonate are classified as 
either unconjugated or conjugated hyperbilirubinemia (see 
Box 31-1)" 


Unconjugated Hyperbilirubinemia 


Unconjugated hyperbilirubinemia poses a risk for develop- 
ment of kernicterus (acute bilirubin encephalopathy), espe- 
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cially in low-birth-weight infants. Kernicterus refers to a 
neurological syndrome that results in brain damage owing 
to deposition of bilirubin in the basal ganglia and brainstem 
nuclei. In term infants the early symptoms of kernicterus are 
poor feeding, lethargy, and vomiting; later opisthotonos 
(backward arching of the trunk), seizures, and death may 
follow. Seventy percent of affected infants die within the first 
week and the remaining have severe brain damage. This syn- 
drome can be prevented by phototherapy and exchange 
transfusion in infants with elevated unconjugated bilirubin 
concentrations. 

Causes of unconjugated hyperbilirubinemia in the 
neonate are physiological jaundice of the newborn, 
hemolytic disease, and breast milk hyperbilirubinemia. 

Physiological Jaundice of the Newborn. Babies fre- 
quently become jaundiced within a few days of birth, a con- 
dition known as physiological jaundice of the newborn. 
Bilirubin levels reach a peak within 3 to 5 days of birth and 
remain elevated for less than 2 weeks. Bilirubin is usually less 
than 5 mg/dL, with 90% unconjugated. Factors contributing 
to physiological jaundice are (1) an increased bilirubin load 
in the newborn because the RBCs have a shortened lifespan, 
{2) the appearance of “shunt” bilirubin, which is bilirubin 
derived from ineffective erythropoiesis or non-RBC sources, 
(3) decreased conjugation of bilirubin owing to a relative 
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lack of glucuronyl transferase (conjugating enzyme) in the 
first few days following birth, (4) increased absorption of 
bilirubin in the intestine owing to beta-glucuronidase in 
meconium, which hydrolyzes bilirubin conjugates to uncon- 
jugated bilirubin that can be passively reabsorbed, and (5) 
exposure of breast-feeding infants to pregnanediol, nones- 
terified fatty acids, and other inhibitors of bilirubin conju- 
gation present in the breast milk. 

Bilirubin concentrations of 13mg/dL (222umol/L) or 
greater occurred in 6% of 2297 infants who weighed more 
than 2500g.'" Physiological jaundice is generally not 
harmful, but bilirubin levels above 10mg/dL (170pmol/L) 
coupled with prematurity, low serum albumin, acidosis, and 
substances that compete for the binding sites of albumin 
(e.g. ceftriaxone, sulfisoxazole, and aspirin) may increase the 
risk for kernicterus. Physiological jaundice of the newborn 
is treated with phototherapy; the infant is exposed to light 
of approximately 450nm that disrupts the intramolecular 
hydrogen bonds in the bilirubin molecule and yields a 
number of photoisomers that are more water-soluble than 
the Z,Z-isomer and thus excreted in the bile.” Exchange 
transfusions are rarely necessary. 

Hemolytic Disease. Hemolytic disease in the newborn 
results from maternal-fetal incompatibility of Rhesus blood 
factors in which the maternal Rh-negative blood becomes 
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sensitized by either a previous pregnancy with an Rh- 
positive fetus or an Rh-positive blood transfusion. The 
infant becomes jaundiced with unconjugated bilirubin in the 
first or second day of life and is susceptible to kernicterus. 
The diagnosis is confirmed by a Coombs’ test in the infant, 
an Rh-positive blood in the infant and Rh-negative blood in 
the mother. Other rare inherited hemolytic anemias, such as 
glucose-6-phosphate dehydrogenase (G6PD) deficiency, 
may also lead to unconjugated hyperbilirubinemia. 

Breast Milk Hyperbilirubinemia. This type of hyper- 
bilirubinemia affects about 30% of breast-fed newborns. It 
is due to a-glucuronidase in breast milk, which hydrolyzes 
conjugated bilirubin in the intestine. The unconjugated 
bilirubin, being more lipophilic, is passively absorbed. The 
condition lasts for a few weeks and is treated by discontinu- 
ing breast feeding. 


Conjugated Hyperbilirubinemias 
These syndromes are characterized by hyperbilirubinemia in 
which the conjugated bilirubin exceeds 1.5mg/dL (24 
umol/L). The most important are idiopathic neonatal 
hepatitis and biliary atresia. Diagnosing the cholestatic syn- 
dromes may be difficult. The family history may be helpful 
in diagnosing 0,-antitrypsin deficiency, cystic fibrosis, galac- 
tosemia, hereditary fructose intolerance, and tyrosinosis. 
Serum tyrosine and q,-antitrypsin levels should be obtained. 
Urinary nonglucose-reducing substances are obtained if 
galactosemia is suspected; the diagnosis is confirmed by the 
absence of the enzyme UDP galactose-1-phosphate uridyl 
transferase in cells and tissues, such as RBCs and liver. Sero- 
logical tests may be necessary for hepatitis A, B, and C, and 
for adenovirus, coxsackievirus, cytomegalovirus, herpes 
simplex, rubella, and Toxoplasma. Liver biopsy may be per- 
formed, but the liver tends to look similar, with giant cells 
and extramedullary erythropoiesis dominating in both 
hepatitis and cholestatic syndromes. The typical features of 
periportal red hyaline globules seen with periodic acid-Schiff 
(PAS) stain that are characteristic for o,-antitrypsin defi- 
ciency are usually not seen early in the course of the dis- 
order. An HIDA isotope scan is essential for determining the 
patency of the biliary tree. Percutaneous or endoscopic 
cholangiography may be done in patients with equivocal 
HIDA scan results. 

Conjugated hyperbilirubinemia is seen fairly often in the 
newborn as a complication of parenteral nutrition. 


Idiopathic Neonatal Hepatitis 

About 75% of cases of hepatitis in the neonate are idiopathic 
giant cell hepatitis, a disorder of unknown etiology charac- 
terized by cholestatic jaundice. There is a familial trend that 
may reflect an autosomal recessive inheritance. Jaundice 
appears within the first 2 weeks. The child initially appears 
well and gains weight. The liver and spleen then become 
enlarged and stools become pale. Serum aminotransferases 
are usually >400 U/L; the prothrombin time is prolonged. 
Liver biopsy reveals characteristic giant cells with hepatocyte 


acinar formation. Cholestasis is prominent. It is important 
to rule out extrahepatic biliary obstruction, such as occurs 
in biliary atresia, with an HIDA scan. 

The treatment is supportive, with adequate nutrition and 
correction of hypoprothrombinemia. The prognosis is favor- 
able, with 90% of infants surviving without sequelae. 


Biliary Atresia 

Biliary atresia is a heterogeneous group of acquired disor- 
ders that involve either the extrahepatic or intrahepatic bile 
ducts. Possible etiologies include cytomegalovirus, reovirus 
IM, Epstein-Barr virus, rubella virus, 0,-antitrypsin defi- 
ciency, Down syndrome, and trisomy 17 or 18. 

Extrahepatic biliary atresia may involve all or part of the 
extrahepatic biliary tree. The gallbladder is usually absent. 
Involvement of the hepatic or common duct leads to the 
characteristic syndrome of severe cholestatic jaundice. It 
occurs in 1 in 10,000 births, with females more commonly 
affected than males. Jaundice and pruritus usually appear in 
the first week. Stools are pale and the urine is tea colored. 
Jaundice is deep, but the aminotransferases are only mildly 
elevated. If jaundice persists beyond 14 days of age, a direct 
or conjugated bilirubin measurement must be performed to 
exclude biliary atresia. If it is elevated, the urine should be 
tested for bile and the stool color inspected; if the color is 
not green or yellow, biliary atresia is likely. Early identifica- 
tion of this condition is essential if these infants are to benefit 
from the operation of portoenterostomy, which should be 
performed no later than 60 days after birth.“ If portoen- 
terostomy is not successful, liver transplantation is the treat- 
ment of choice. Children rarely live beyond 3 years unless 
the lesion is surgically correctable. 

Intrahepatic biliary atresia is characterized by a paucity of 
intrahepatic bile ducts. Jaundice usually appears within the 
first few days of life. Serum bilirubin is elevated and serum 
cholesterol may be very high and lead to, the formation of 
xanthomas, The hepatic histology is nonspecific, showing 
bile duct paucity, giant cells, inflammation, and fibrosis. Sur- 
vival into adolescence is common, although growth is 
usually retarded. 

A syndromatic variant, Alagille syndrome, has similar fea- 
tures but is an autosomal dominant condition with a char- 
acteristic triangular face, skeletal abnormalities, retinal 
pigmentation, and pulmonary stenosis. 

Treatment of intrahepatic biliary atresia is symptomatic, 
with intramuscular replacement of vitamins A, D, and E. 
Medium chain triglycerides that do not need bile acids for 
absorption provide calories in patients with partial atresia. 
Cholestyramine may relieve pruritus. Ursodeoxycholic acid 
reduces serum enzyme activities and relieves pruritus in 
some patients. 
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CHAPTER 32 


Porphyrins and Disorders 
of Porphyrin Metabolism* 


Allan C. Deacon, B.Sc., Ph.D., Dip.C.B., ER.C.Path., 
Sharon D. Whatley, Ph.D., and George H. Elder, M.D. 


is deficiency in one of the enzymes of heme biosyn- 

thesis leading to the overproduction of intermediates 
of the pathway.’ These intermediates are excreted in exces- 
sive amounts in urine, feces, or both. The clinical conse- 
quences depend on the nature of the heme precursors that 
accumulate. In the acute porphyrias, excess porphyrin pre- 
cursors (5-aminolevulinic acid [ALA] and porphobilinogen) 
are associated with potentially fatal acute neurovisceral 
attacks, which are often provoked by a range of commonly 
prescribed drugs, hormonal factors, alcohol, starvation, 
stress, or infection. In the nonacute porphyrias, and in those 
acute porphyrias in which the skin may be affected, accu- 
mulation of porphyrins results in photosensitization and 
skin lesions. Diagnosis depends on laboratory investigation 
to demonstrate the pattern of heme precursor accumulation 
specific for each type of porphyria and requires examination 
of appropriate specimens for the key metabolites using ade- 
quately sensitive and specific methods. 

Technical advances in the field of molecular genetics 
make it possible to investigate many porphyrias at the mo- 
lecular level. Although not essential for diagnosis of symp- 
tomatic cases, these techniques are becoming increasingly 
valuable for the investigation of families with porphyria. 


T: porphyrias are a group of diseases in which there 


Before discussing the porphyrin synthesis and disorders of 
porphyrin metabolism, porphyrin structure, nomenclature, 
and chemical characteristics are reviewed. 


*The authors gratefully acknowledge the original contributions of 
Drs. Robert E Labbe and Kern L. Nuttall, on which portions of 
this chapter are based. 


STRUCTURE AND NOMENCLATURE 


The basic porphyrin structure consists of four monopyrrole 
rings connected by methene bridges to form a tetrapyrrole 
ring (Figure 32-1). Many porphyrin compounds are known 
but only a limited number are of clinical interest. The por- 
phyrin compounds of relevance to the porphyrias (Table 
32-1) differ in the substituents occupying the peripheral 
positions 1 through 8. Variation in the distribution of the 
same substituents around the peripheral positions of the 
tetrapyrrole ring gives rise to porphyrin isomers, which are 
usually depicted by Roman numerals (i.e., I, H, HI etc.). The 
reduced form of a porphyrin is known as a porphyrinogen 
(see Figure 32-1) and differs by the absence of six hydrogens 
(four from the methylene bridges and two from ring nitro- 
gens). Porphyrinogens are unstable in vitro-and are sponta- 
neously oxidized to the corresponding porphyrins. Under 
the lower oxygen tension of the cell, porphyrinogens are 
stable and form intermediates of the heme biosynthetic 
pathway; aromatization to protoporphyrin at the penulti- 
mate step requires an enzyme. 


CHELATION OF METALS 

The arrangement of four nitrogen atoms in the center of the 
porphyrin ring enables porphyrins to chelate various metal 
ions. Protoporphyrin that contains iron is known as heme; 
ferroheme refers specifically to the Fe’* complex and ferri- 
heme to Fe”. Ferriheme associated with a chloride counter 
ion is known as hemin, or hematin when the counter ion is 
hydroxide. 


SPECTRAL PROPERTIES 

Porphyrins were named from the Greek root for “purple” 
(porphyra) and owe their color to the conjugated double- 
bond structure of the tetrapyrrole ring. The porphyrinogens 
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have no conjugated double bonds and are therefore color- 
less. Porphyrins show a particularly strong absorbance near 
400nm, often called the Soret band. When exposed to light 
in the 400-nm region, porphyrins display a characteristic 
orange-red. fluorescence in the range of 550 to 650mm. 
Absorbance and fluorescence are altered by substituents 
around the porphyrin ring and by metal binding. Zinc 
chelation shifts the fluorescence peak of protoporphyrin to 
shorter wavelengths and reduces the fluorescence intensity. 
The strong binding of iron alters the character of protopor- 
phyrin to the extent that heme lacks significant fluorescence. 


SOLUBILITY 


Porphyrins are only marginally soluble in water. The differ- 
ing solubilities of individual porphyrins are of importance 


Porphyrin Porphyrinogen 


Figure 32-1 Porphyrin and porphyrinogen structures; numbers 
| to 8 represent various substituents, the nature and order of 
which determine the type of porphyrin or porphyrinogen (Table 
32-1}. Numbering system and ring designations are based on the 
Fischer system. A revised system formulated by the International 
Union of Pure and Applied Chemistry-International Union of 
Biochemistry (IUPAC-IUB} Joint Commission on Biochemical 
Nomenclature is appropriate for more complex needs.!'™ 


not only in the design of analytical methods for their extrac- 
tion and/or fractionation but in determining the route of 
excretion from the body. At pH 7, the carboxyl groups are 
ionized, and the molecule has a net negative charge. Below 
pH 2 the pyrrole nitrogens and the carboxyl groups become 
protonated so that the molecule has a net positive charge. 
At physiological pH, the solubility of a given porphyrin is 
determined by the number of substituent carboxyl groups. 
Uroporphyrin has eight carboxylate groups and is the most 
soluble. porphyrin in aqueous media. Protoporphyrin has 
only two carboxylate groups and is essentially insoluble in 
water, but dissolves readily in lipid environments and binds 
readily to the hydrophobic regions of proteins, such as 
albumin. Coproporphyrin, with four carboxylate groups, has 
intermediate solubility. 

Traditional extraction methods for porphyrins have two 
steps: first, extraction into an acidified organic solvent, fol- 
lowed by a second or back extraction into aqueous acid. The 
initial extraction takes advantage of the fact that at pH 3 to 
5 (near to their isoelectric point) porphyrins are less soluble 
in aqueous media and move into the organic phase. Copro- 
porphyrin and protoporphyrin are readily extracted into 
diethyl ether, but the more highly carboxylated porphyrins 
{uroporphyrin and heptacarboxylate porphyrin) require the 
use of a more hydrophilic solvent, such as cyclohexanone or 
butanol. The back extraction induces porphyrin compounds 
to move back into the aqueous solution by decreasing the pH 
to less than 2. This pH shift causes the protonation of the 
pyrrolenine nitrogens and carboxylate groups, thereby 
reversing the solubility characteristics of porphyrins. Com- 
pounds such as heme and chlorophyll in which the pyrrole 
nitrogens are tightly bound to iron and magnesium, respec- 
tively, remain uncharged at low pH and trapped in the 
organic layer. 


TABLE 32-1. Substituents Around the pacoose i in Forphyrins of Clinical Importance 


Heptacarboxylate porphyrin-iit ii 
Hexacarboxylate p ; 
Pentacarboxylate 


Ga iiaea (—CH;COOH); Ca carboxyethyl (COOH Me, methyl ed Et, ethyl (CHCH); Vn, vinyl (—CH, = CH). 
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HEMEBIOSYNTHESIS tS 


The complex tetrapyrrole ring structure of heme is built up 
in a stepwise fashion from the very simple precursors suc- 
cinyl-CoA and glycine (Figure 32-2). The pathway is 
present in all nucleated cells, From measurements of total 
bilirubin production,’ it has been estimated that daily syn- 
thesis of heme in humans is 5 to 8 mmol/kg body weight. Of 
this, 70% to 80% occurs in the bone marrow and is used for 
hemoglobin synthesis. Approximately 15% is synthesized in 
the liver and is used to produce cytochrome P-450, mito- 
chondrial cytochromes, and other hemoproteins. The 
pathway is compartmentalized, with some steps occurring in 
the mitochondrion and others in the cytoplasm. Little is 
known about the transport of intermediates across the mito- 
chondrial membrane, and no transport defect has yet been 
reported in the porphyrias. 


ENZYMES OF HEME BIOSYNTHESIS 

The genes for all the enzymes of human heme biosynthesis 
have been characterized (Table 32-2), and the structures of 
5-aminolevulinic acid dehydratase (ALAD), hydroxymethyl- 
bilane synthase (HMBS), uroporphyrinogen-III synthase 
(UROS), uroporphyrinogen decarboxylase (UROD), and 
ferrochelatase (FECH) have been determined by x-ray crys- 
tallography. 2*7 53,158 


5-Aminolevulinate Synthase (EC 2.3.1.37), ALAS 


ALAS is the initial enzyme of the pathway and catalyzes the 
formation of ALA from succinyl-CoA and glycine. The 
enzyme is mitochondrial and requires pyridoxal phosphate 
as a cofactor, which forms a Schiff base with the amino 
group of glycine at the enzyme surface. The carbanion of the 
Schiff base displaces Co enzyme A from succinyl-CoA with 
the formation of &-amino-B-ketoadipic acid, which is then 


decarboxylated to ALA. The activity of ALAS is rate limiting 
as long as the catalytic capacities of other enzymes in the 
pathway are normal. 


5-Aminolevulinic Acid Dehydratase (EC 4.2.1.24), ALAD 


ALAD (also known as porphobilinogen synthase) is a cyto- 
plasmic enzyme that catalyzes the formation of the mono- 
pyrrole porphobilinogen (PBG) from two molecules of ALA 
with elimination of two molecules of water. The enzyme 
requires zinc ions as a cofactor and reduced sulfhydryl 
groups at the active site and is therefore susceptible to inhi- 
bition by lead. 


Hydroxymethylbilane Synthase (EC 2.5.1.61), HMBS 
HMBS (also known as porphobilinogen [PBG] deaminase) 
is a cytoplasmic enzyme that catalyzes the formation of one 
molecule of the linear tetrapyrrole 1-hydroxymethyibilane 
(HMB; also known as preuroporphyrinogen) from four 
molecules of PBG with the release of four molecules of 
ammonia.” The former enzyme committee designation for 
HMBS was EC 4.3.1.8, but in 2003 the enzyme was redesig- 
nated as EC 2.5.1.61. The enzyme has two molecules of its 
own substrate: PBG, attached covalently to the apoenzyme 
as a prosthetic group.” The enzyme is susceptible to 
allosteric inhibition by intermediates further down the heme 
biosynthetic pathway, notably coproporphyrinogen-III and 
protoporphyrinogen-IX."! 


Uroporphyrinogen-II Synthase (EC 4.2.1.75), UROS 

UROS is a cytoplasmic enzyme that rearranges and cyclizes 
HMB to form uroporphyrinogen-II1.'” Each pyrrole ring of 
HMB contains a methylcarboxylate and an ethylcarboxylate 
substituent, which are in the same orientation. By the rota- 
tion of none, one, or two alternate or two adjacent pyrrole 
rings it is possible to arrive at four different isomers. Apart 


TABLE 32-2 Human Enzymes and Genes of Heme Biosynthesis 


“Chromosomal. 
Location of Gene 
3p21.1 
Xp11.21 
9q34 


= 11q24.1-24.2 


10q25.2-26.3 


Gene 


Size (kb) Expression z 


17 Ubiquitous 


22 Erythroid cells 
Ubiquitous and erythroid- 
“specific mRNAs. > 
- Ubiquitous and erythroid- 
“specific isoforms 
` Ubiquitous and erythroid- 
<o specificmRNAs =. 
= Ubiquitous 
“Ubiquitous 
~ Ubiquitous 
Ubiquitous 


*ALAD is a homooctamer, HMBS and UROS are monomers, all other enzymes are homodimers. 
*Molecular weights for ALAS1, ALAS2, CPO, and FECH include presequences that are cleaved during mitochondrial import. 
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from closing the ring structure, the enzyme rotates the D- 
ring via a spirane intermediate,’ producing the type-II 
isomer—this is vital since only this isomer contributes to 
heme biosynthesis. HMB is unstable and in those porphyr- 
ias in which excess HMB accumulates, cyclization occurs 
nonenzymatically with the formation of the type-I isomer. 
Normally, only minimum amounts of uroporphyrinogen-I 
are formed. 


Uroporphyrinogen Decarboxylase (EC 4.1.1.37), UROD 

This is the last cytoplasmic enzyme in the pathway and cat- 
alyzes the decarboxylation of all four carboxymethyl groups 
to form the tetracarboxylic coproporphyrin. The enzyme 
will use both the I and III isomers of uroporphyrinogen as 
substrate. Decarboxylation commences on ring D and pro- 
ceeds stepwise through rings A, B and C with formation of 
heptacarboxylate, hexacarboxylate, and pentacarboxylate 
intermediates at a single active site.“ A UROD deficiency 
causes accumulation of these intermediates in addition to its 
substrate, uroporphyrinogen. At high substrate concentra- 
tions, decarboxylation occurs by a random mechanism.” 


Coproporphyrinogen Oxidase (EC 1.3.3.3), CPO 

CPO is situated in the intermembrane space of mitochon- 
dria and catalyzes the sequential oxidative decarboxylation 
of the 2- and 4-carboxyethyl groups to vinyl groups to 
produce the more lipophilic protoporphyrinogen-IX, with 
formation of a tricarboxylic intermediate, harderopor- 
phyrinogen.* Oxygen is required as the oxidant. The enzyme 
requires sulfhydryl groups for activity, making it a target for 
inhibition by metals.’ The enzyme is specific for the type- 
III isomer, so that metabolism of the I-series of porphyrins 
does not occur beyond coproporphyrinogen-I. The product 
of the enzyme differs from the substrate in that the replace- 
ment of two of the carboxyethyl groups by vinyl groups has 
introduced a third substituent into the molecule. Therefore 
the number of possible isomeric forms increases, and con- 
ventionally the numbering system changes so that the IH 
isomer becomes the IX isomer. Because of increasing com- 
plexity, this Roman numeral designation is no longer rec- 
ommended above IV." In UROD-deficient states, one of the 
ethylcarboxylate groups of the accumulated pentacarboxy- 
late porphyrinogen is decarboxylated by an unknown mech- 
anism to form the isocoproporphyrin series of porphyrins. 


Protoporphyrinogen Oxidase (EC 1.3.3.4), PPOX 

PPOX is a flavoprotein located in the inner mitochondrial 
membrane and catalyzes the removal of six hydrogens (four 
from methylene bridges and two from ring nitrogens) to 
form protoporphyrin-IX. This involves a three-step, six- 
electron flavin adenine dinucleotide (FAD)—dependent oxi- 
dation that consumes molecular oxygen.“ Nonenzymatic 
oxidation also occurs in vitro. However, under the oxygen 
tension in the cell, PPOX is essential for the oxidation to 
occur, The protoporphyrin produced is the only porphyrin 
that functions in the heme pathway. Other porphyrins are 


produced by nonenzymatic oxidation and represent por- 
phyrinogens that have irreversibly escaped from the pathway. 


Ferrochelatase (EC 4.99.1.1), FECH 


FECH (also known as heme synthase) is an iron-sulfur 
protein’ located in the inner mitochondrial membrane. 
This enzyme inserts ferrous iron into protoporphyrin to 
form heme: During this process, two hydrogens are displaced. 
from the ring nitrogens. Other metals in the divalent state 
will also act as substrate,” yielding the corresponding chelate 
(e.g. incorporation of Zn’ into protoporphyrin to yield zinc 
protoporphyrin). In iron-deficient states Zn** successfully 
competes with Fe” in developing red cells so that the con- 
centration of zinc protoporphyrin in erythrocytes increases. 
Furthermore, other dicarboxylic porphyrins will also serve 
as substrates (e.g., mesoporphyrin). 


EXCRETION OF HEME PRECURSORS ~ 


Normally, only minute amounts of heme precursors accu- 
mulate. The route of excretion largely depends on solubility. 
The porphyrin precursors ALA and PBG are water soluble 
and are excreted almost exclusively in urine. Uropor- 
phyrinogen, with eight carboxylate groups, is readily water 
soluble and is also excreted via the kidney. The last interme- 
diate of the pathway, protoporphyrin (and also protopor- 
phyrinogen), which has only two carboxylate groups, is 
insoluble in water and is excreted in the feces via the biliary 
tract. The other porphyrins are of intermediate solubility 
and appear in both urine and feces. Coproporphyrinogen-I 
is taken up and excreted by the liver in preference to the III 
isomer so that coproporphyrinogen-I predominates in feces 
and coproporphyrinogen-III in urine. All porphyrinogens in 
the urine or feces are slowly oxidized to the corresponding 
porphyrins. Reference intervals for porphyrins and their pre- 
cursors in urine, feces, and blood are given in Table 32-3. 
Once in the gut, porphyrins are susceptible to modifica- 
tion by gut flora. The two vinyl groups of protoporphyrin are 
reduced to ethyl groups, hydrated to hydroxyethyl groups, or 
removed, giving rise to a variety of secondary porphyrins. 
Gut flora can also metabolize heme (whether of dietary 
heme, as components from cells sloughed off from the lining 
of the gut, or resulting from gastrointestinal bleeding) to 
produce a variety of dicarboxylic porphyrins.® Furthermore, 
some bacteria are capable of de novo synthesis of porphyrins. 


REGULATION OF HEME BIOSYNTHESIS 


Heme supply in all tissue is controlled by the activity of 
mitochondrial ALAS, the first enzyme of the pathway. There 
are two isoforms of ALAS. The ubiquitous isoform, ALAS1, 
is encoded by a gene on chromosome 3p21 and expressed 
in all tissue. Since it has a half-life of only about an hour, 
changes in its rate of synthesis produce short-term alter- 
ations in enzyme concentration and cellular ALAS activity. 
Synthesis of ALASI is under negative feedback control by 
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TABLE 32-3 Adult Reference: Intervals 


‘Total porphyrin oe 


Uroporphyrin 


. Heptacarboxylate porphyrin a ; = 2209 


< Coproporphyrin-I 
Coproporphyrin-Ill 


. %Coproporphyrin-IIl* 


‘Total porphyrin 
Coproporphyrin-I 
_Coproporphyrin-II 


-%Coproporphyrin-III* : 
otal dicarboxylate porphyrin ae 


“Erythrocytes. Total porphyrin 


*%Coproporphyrin-Il, (coproporphyrin-IH]/coproporphyrin [I + IO]) x 100% 


‘Reference interval — 


~-<10pmol/L* 
<1.5mol/mmol creat 


83:1 umol/mm< 1 
ol/mmol creatinine’ 
7 mol/mmol creatinine? 


mmol creatinine’ 


bans 4-1. 7umol/L erythrocytes” eee 


Urinary porphyrin: creatinine ratios are higher in children weighing less than 30kg or less than 9 years old." 


heme.” In the liver, but not most other tissue, ALASI is 
induced by a wide range of drugs and chemicals that induce 
microsomal cytochrome P-450 dependent oxidases (CYPs). 
This effect is probably mediated mainly by direct transcrip- 
tional activation by drug-responsive nuclear receptors” 
rather than being secondary to depletion of an intracellular 
regulatory heme pool as a consequence of use of heme for 
CYP assembly. Induction of ALAS1 is prevented by heme, 
which acts by destabilizing messenger ribonucleic acid 
(mRNA) for ALASI, by blocking mitochondrial import of 
pre-ALAS1, and possibly by inhibiting transcription.” 

The erythroid isoform, ALAS2, is encoded by a gene on 
chromosome Xq21-22 and is expressed only in erythroid 
cells. Its activity is regulated by two distinct mechanisms.'” 
Transcription is enhanced during erythroid differentiation 
by the action of erythroid-specific transcription factors, and 
mRNA concentrations are regulated by iron. Iron deficiency 
in erythroid cells promotes specific binding of iron regula- 
tory proteins to an iron-responsive element in the 5’ 
untranslated region (UTR) of ALAS2 mRNA with conse- 
quent inhibition of translation. 


ABNORMALITIES OF PORPHYRIN METABOLISM 


Abnormalities of porphyrin metabolism are caused by 
inherited defects in the genes of the biosynthetic pathway 
enzymes, diseases called the porphyrias, or by conditions 
(e.g lead toxicity) that affect the enzymatic activity in 
subjects with normal heme synthesis genes. 


THE PORPHYRIAS 


The porphyrias are a group of metabolic disorders that result 
from partial deficiencies of the enzymes of heme biosynthe- 


sis' (Table 32-4). All are inherited in monogenic patterns, 
apart from some forms of porphyria cutanea tarda (PCT) 
and rare types of erythropoietic porphyria. Each type of por- 
phyria is defined by the association of characteristic clinical 
features with a specific pattern of accumulation of heme 
precursors that reflects increased formation of substrates 
for the enzyme that is deficient in that type of porphyria 
(Table 32-5). 

The porphyrias are characterized clinically by two main 
features: skin lesions on sun-exposed areas and acute neu- 
rovisceral attacks, typically comprising abdominal pain, 
peripheral neuropathy, and mental disturbance. The skin 
lesions are caused by porphyrin-catalyzed photodamage of 
which singlet oxygen is the main mediator.’ Acute attacks 
are associated with increased formation of ALA from 
induced activity of hepatic ALAS1 and partial hepatic heme 
deficiency, often in response to induction of hepatic 
cytochrome P450s (CYPs) by drugs and other factors. The 
relationship of these biochemical changes to the neuronal 
dysfunction that underlines all the clinical features of the 
acute attack is uncertain. ® ALA may act as a neurotoxin; 
heme deficiency in the liver may interfere with the synthesis 
of neurotransmitters, the action of heme-dependent 
enzymes in the nervous system may be impaired, or one or 
more of these effects may act together. 

In Table 32-4 the porphyrias are divided into the acute 
porphyrias, in which acute neurovisceral attacks occur, and 
the nonacute porphyrias. Other classifications include divi- 
sion into hepatic (acute intermittent porphyria [AIP], hered- 
itary coproporphyria [HCP], variegate porphyria [VP], and 
PCT) and erythropoietic (congenital erythropoietic por- 
phyria [CEP], erythropoietic protoporphyria [EPP]) por- 
phyrias according to the main site of overproduction of 
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TABLE 32-4 The Main Types of Human Popri 


Defectiv SESS i Si Neurovisceral >: Skin =` 
Enzyme. Prevalence* Crises. 


Lesions Inheritance -` 


‘Kaute Porphyria 


ALA dehydratase deficiency ALAD: + 
porphyria ( (ADP) Ge ee 2 

AID oso ee AIMBS ~ 1-2: 100,000 + 

HCP ae CPO Se 122108 

VP ee  PPOK ee 12950,000 F 

Nonacute Porphyrias 0 o ; } e ghee GEO 

CEP. oee ROS, 1: 10° = 20001 cAR Ss: 

PCT ee RODE eh 25,000 = SE Compe 

SEPP ee SS FECH: o 1130,00 53) oe AR (20% AD) Compe 
ae OS E20 “(mainly AD) 


*Estimated prevalence of clinically overt disease in the United Kingdom. 
‘Skin lesions and neurovisceral crises may occur alone or together. 
*Fragile skin, bullae. 

SAcute photosensitivity without fragile skin, bullae. 

AR, Autosomal recessive; AD, autosomal dominant. 


TABLE 32-5 The Porphyrias: Patterns of Overproduction of Heme Precursors During Clinically Overt Phase of 
Disease 
: ee ns Plasma an 
Urine os Erythrocyte Fluorescence — 
PBG/ALA ine Porphyrins scal Porphyrins  Porphyrins _ Emission Peak © 


| i T ; E = Toon 
PBG:>:ALA:: inly ) No i Not increased 


Not increased. Urol, Coprol.= = Gopro 1 A proto, Proto, 
ae seh mh aisle prol, Urol ee 
Isocopro, Hepta ased: 615:6200nm: 
Copro Th... N ease 1 


Gopro Proto IX > Gopro: Not increased 624-6280m: 
uroporphyrin from ILL X-porphyrin. E cn te tas Sas eget 
ate E E 
EPP =o Notincreased. Not increased +/-Proto® es 626-634nmi 


“Total porphyrin may be increased because of presence of excess uroporphyrin.’”’ 

Not always increased during acute attack, 

‘Other methylcarboxylate substituted porphyrins are increased to a smaller extent; uroporphyrin is a mixture of type I and III isomers; heptacarboxylate 
porphyrin is mainly type III. 

¢PBG and ALA may be normal when only skin lesions are present. 

‘Not increased in about 40% of patients. 

‘Protoporphyrin bound to globin (if there is hemolysis in the sample) has a peak at 626-628 nm. 
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heme precursors, or into cutaneous and acute porphyrias, 
but both of these classifications make some porphyrias 
difficult to place. 


Acute Porphyrias 

The acute porphyrias include ALA dehydratase deficiency 
porphyria (ADP), AIP, VP, and HCP. These disorders are 
autosomal dominant except for ADP, which is autosomal 
recessive. 


Biochemistry and Molecular Genetics 

The inherited defect in each of the autosomal dominant acute 
porphyrias (AIP, VP, and HCP, Table 32-4) is a mutation 
leading to complete or near complete inactivation of one of 
the pairs of allelic genes that encode the enzyme whose partial 
deficiency causes the disorder. Enzyme activities are therefore 
half of normal in all tissue in which they are expressed, reflect- 
ing the activity of the normal gene trans to the mutant allele, 
Heme supply is maintained at normal or near normal levels by 
up regulation of ALAS, with a consequent increase in the sub- 
strate concentration for the defective enzyme. These compen- 
satory changes vary between tissues, being most prominent in 
the liver and undetectable in most other organs, and between 
individuals. Thus in all autosomal dominant acute porphyr- 
ias, some individuals show no evidence of overproduction of 
heme precursors, and others have biochemically manifest 
disease with or without clinical symptoms. 

Low clinical penetrance is a prominent feature of all the 
autosomal dominant acute porphyrias. Family studies indi- 
cate that about 80% of affected individuals are asympto- 
matic throughout life. Surveys of blood donors suggest that 
the AIP gene may be present in as many as 1 in 1500 of the 
population.” For all three disorders, the gene frequency is 
sufficiently high for rare “homozygous” variants of AIP, HCP, 
or VP to occur in individuals who are homozygotes or com- 
pound heterozygotes for disease-specific mutations’ and 
for the same person to have two separate types of porphyria. 

All the autosomal dominant acute porphyrias show 
extensive allelic heterogeneity.*“°*" More than 200 
disease-specific mutations have been identified in AIP and 
more than 120 in VP (Human Gene Mutation Database: 
www.hgmd.org). About 3% of families with AIP have HMBS 
mutations that impair expression of the ubiquitous isoform 
and therefore do not decrease activity in erythroid cells, All 
other mutations in the autosomal dominant acute porphyr- 
ias affect all tissue. Most are restricted to one or a few fam- 
ilies, but founder mutations are present in some populations 
and explain the high frequency of VP in South Africans of 
Dutch descent and of AIP in Sweden.” 

About 25% of patients with overt acute porphyria have 
no family history of the disease. Such sporadic presentation 
is a reflection of the high prevalence of mutations in the pop- 
ulation; acute porphyria caused by de novo mutation is 
uncommon. 

Unlike the other acute porphyrias, ADP is an autosomal 
recessive disorder. Patients are compound heterozygotes or 


homozygotes for a range of mutations in the ALAD gene. 
The prevalence of heterozygous carriers may be as high as 
2% in some populations.” 


Clinical Features 


The life-threatening, acute neurovisceral attacks that occur 
in AIP, VP, and HCP are clinically identical.” Acute 
attacks are more common in women, usually occurring first 
between the ages of 15 and 40, and are very rare before 
puberty: Their main clinical features are summarized in 
Table 32-6. The clinical features of ADP, which has been 
reported in only six families, are similar but may start in 
childhood.'” 

Acute attacks almost always start with abdominal pain 
that rapidly becomes very severe but is not accompanied by 
other signs of an acute surgical condition. Pain may also be 
present in the back and thighs and may occasionally be most 
severe in these regions. Signs of autonomic neuropathy, such 
as vomiting, constipation, tachycardia, and hypertension, are 
frequent. When convulsions occur, they are often caused by 
hyponatremia. Pain may dissipate within a few days, but in 
severe cases a predominant motor neuropathy develops that 
may progress to flaccid quadriparesis. Persistent pain and 
vomiting may lead to weight loss and malnutrition. The 
acute phase may be accompanied by mental confusion with 
abrupt changes in mood, hallucinations, and other psychotic 
features. However, these mental disturbances disappear with 
remission. Persistent psychiatric illness is not a feature of the 
acute porphyrias, though mild anxiety or depression may be 
present in some patients." Abdominal pain usually resolves 
within 2 weeks, but recovery from neuropathy may take 
many months and is not always complete. Most patients have 
one or a few attacks followed by complete recovery and pro- 
longed remission. About 5% have repeated acute attacks, 
which in women may be premenstrual. 


TABLE 32-6 Clinical Features of an Acute 
Neurovisceral Attack: of Porphyria 


Percent of 
Acute Attacks 


Symptom/Sign 
Abdominal pain = 
Nonabdominal pain = siti 
Vomiting ee 
Constipation = 

Psychological sym 

Convulsions _ 

Muscle weakness 


Hyponatremia (< 135 nmol/L) a7 


Data from Elder GH, Hift RJ. Treatment of acute porphyria. Hosp Med 
2001;62:422-8. 
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Precipitating factors can be identified in about two thirds 
of patients who present with acute attacks. The most impor- 
tant are drugs, alcohol—especially binge drinking—the 
menstrual cycle, pregnancy, calorie restriction, infection, and 
stress. Drugs known to provoke acute attacks include barbi- 
turates, sulfonamides, progestogens, and most anticonvul- 
sants, but many others have been implicated in the 
precipitation of acute attacks.’””*? Many of these precipitat- 
ing factors induce hepatic CYPs. 

Skin lesions similar to those of PCT and other bullous 
porphyrias are present in about 80% of patients with clini- 
cally manifest VP (Table 32-4). About 60% of patients with 
this condition present with skin lesions alone.” The skin is 
less commonly affected in HCP; skin lesions without an 
acute attack are uncommon and usually provoked by inter- 
current cholestasis.” 

Long-term complications of acute porphyria include 
chronic renal failure, hypertension, and hepatocellular car- 
cinoma.” 


Treatment 


As soon as an attack of acute porphyria is suspected as the 
cause of iliness, drugs and other potential provoking agents 
should be withdrawn and supportive treatment started using 
drugs that are known to be safe. Opiates are usually 
required to control pain. Addition of chlorpromazine or pro- 
mazine may help to reduce the requirement for analgesics. 
Patients are prone to severe hyponatremia, and careful 
administration of any intravenous fluids, with avoidance of 
hypotonic solutions, is essential. If hyponatremia develops, 
it should be corrected slowly because patients with acute 
porphyria are particularly susceptible to cerebral edema and 
osmotic demyelination. Adequate caloric intake must be 
maintained, preferably by giving carbohydrate-rich supple- 
ments orally or if necessary via a nasogastric tube. When 
vomiting prevents enteral administration, 100g of dextrose 
per day given intravenously as a 5% solution in normal saline 
should suffice. 

Unless the attack is mild and clearly resolving, specific 
treatment with intravenous heme should be started as soon 
as the diagnosis has been established.” This treatment 
increases the concentration of heme in the liver, thus 
decreasing the activity of ALASI and the formation of ALA 
and PBG., The effect of treatment may be monitored by mea- 
suring these metabolites, but this is not essential because 
clinical improvement is the required end point. Heme 
administration will not reverse an established neuropathy. If 
heme preparations are not available, hepatic ALA synthase 
activity can be decreased by carbohydrate loading,” but this 
treatment is less effective than intravenous heme and more 
difficult to administer. 

Repeated attacks are difficult to control. Cyclical pre- 
menstrual attacks in women may be prevented by suppres- 
sion of ovulation with gonadorelin analogues,” but most 
patients require repeated courses of intravenous heme. In 
one patient with AIP, orthotopic liver transplantation led to 


immediate and prolonged remission with restoration of PBG 
excretion to normal.’ 


Management of Families 

Diagnosis of autosomal dominant acute porphyria should be 
followed by investigation of the patient’s family to identify 
affected, often asymptomatic, relatives so that they can be 
advised to avoid factors known to provoke potentially fatal 
acute attacks. Presymptomatic diagnosis also has the benefit 
that specific treatment can be started promptly if an attack 
does develop without delay while a diagnosis is sought. 
Though attacks are very rare before puberty, children should 
be tested at as young an age as is practicable to ensure that 
their status is known by the time they reach puberty and to 
enable the very low risk for affected children to be further 
reduced. Counseling to reduce the risk of an acute attack 
should include comprehensive information about the 
disease, including specific advice to guide selection of safe 
drugs, and provision of jewelry or some other means to iden- 
tify the individual as having an acute porphyria. 


Nonacute Porphyrias 
The nonacute porphyrias include PCT, CEP, and EPP. 


Porphyria Cutanea Tarda 

PCT is by far the most common porphyria.“ The annual 
incidence of new cases in the United Kingdom is between 2 
and 5 per million of the population.” The disease occurs at 
all ages in both sexes with onset usually during the fifth and 
sixth decades. 


Clinical Features 


Lesions on sun-exposed skin, particularly the backs of the 
hands, forearm, and face, are present in all patients. These 
lesions are identical to those seen in the other bullous por- 
phyrias (Table 32-4). Increased mechanical fragility of the 
skin, with trivial trauma leading to erosions, is present in 
virtually all patients. Subepidermal bullae, hypertrichosis 
of the face, and patchy pigmentation are also common. 
Erosions and bullae heal slowly to leave atrophic scars, milia, 
and depigmented areas. Patchy or diffuse sclerodermatous 
changes are less common and, unlike the other skin lesions, 
may affect areas of the trunk that are not exposed to sun. 

The skin lesions are often the first sign of underlying liver 
cell damage. Clinically, overt liver disease is uncommon, but 
minor alterations in biochemical tests of liver function are 
present in more than 50% of patients. Needle biopsy of the 
liver reveals hepatic siderosis in most patients, usually 
accompanied by minor histopathological abnormalities: 
mild fatty infiltration, focal necrosis of hepatocytes, and 
inflammation of portal tracts. Cirrhosis is unusual, being 
present in less than 15% of patients, but carries a high risk 
of hepatocellular carcinoma. 

The combination of skin lesions with liver damage is 
strongly associated with alcohol abuse, estrogens, infection 
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with hepatotropic viruses, particularly hepatitis C (HCV), 
and mutations in the hemochromatosis (HFE) gene.'*”* 
Hepatic iron overload and at least one of the other associ- 
ated factors are present in almost all patients. Between 8% 
and 79% of patients have antibodies to HCV, the prevalence 
being highest in the United States and southern Europe and 
lowest in Western Europe. About 20% of patients of North- 
ern European descent are homozygous for the C282Y muta- 
tion in the HFE gene, but in spite of having the genotype of 
genetic hemochromatosis, very few show clinical evidence of 
iron overload, However, increased serum ferritin concentra- 
tions and other biochemical indicators of iron overload are 
common in PCT irrespective of the HFE genotype, suggest- 
ing that the origin of hepatic iron overload is multifactorial. 
PCT may also occur in association with other disorders, 
notably chronic renal failure, systemic lupus erythematosus, 
and hematological malignancies. In addition, rare cases of a 
PCT-like syndrome resulting from production of porphyrins 
by primary hepatic tumors have been described." 


Pathogenesis and Molecular Genetics 


PCT results from a decrease in activity of UROD in the liver, 
which leads to overproduction of uroporphyrin and other 
carboxymethyl-substituted porphyrinogens. These auto- 
oxidize to porphyrins, which accumulate in the liver and skin 
where they act as photosensitizers and are excreted in urine 
and bile. Two main types of PCT can be identified by mea- 
surement of UROD activity in liver and extrahepatic tissue, 
and analysis of the UROD gene. About 80% of patients have 
the sporadic (type-I) form of PCT in which the enzyme 
defect is restricted to the liver, and the UROD gene appears 
to be normal. Typically, there is no family history of PCT, 
but rare cases are clustered in families (type-II PCT). The 
rest have familial (type-II) PCT. In this form, mutation of 
one UROD gene leads to half of normal UROD activity in 
all tissue, which is inherited in an autosomal dominant 
manner.’ As with the other autosomal dominant porphyr- 
ias, clinical penetration of familial PCT is low and there is 
considerable allelic heterogeneity, with each of the more than 
50 mutations described being present in only one or a few 
families. A rare variant of familial PCT, hepatoerythropoi- 
etic porphyria (HEP), in which UROD mutations, some of 
which have also been found in familial PCT, are present on 
both alleles, has been described.***' PCT may also be caused 
by exposure to certain polyhalogenated aromatic hydro- 
carbons, such as hexachlorobenzene” and 2,3,7,8-tetra- 
chlorodibenzo-p-dioxin.* 

In families with familial PCT, half-normal enzyme activ- 
ity is not by itself sufficient to cause clinically overt disease. 
Further inactivation of UROD in the liver seems to be 
required, and the process responsible for this inactivation 
appears also to be responsible for inactivation of hepatic 
UROD in sporadic PCT and in toxic PCT caused by chem- 
icals.**“ The inactivation process decreases catalytic activity 
without impairing immunoreactivity, is iron dependent, and 
is reversible. Current evidence from experimental models of 


PCT suggests that UROD is inactivated by an inhibitor that 
is produced by iron-dependent oxidation of a substrate of 
the UROD reaction, possibly mediated by hepatic CYPs, par- 
ticularly CYP1A2. The putative inhibitor has not yet been 
identified. 


Treatment 


In addition to protection of the skin from sunlight, there are 
two specific treatments for PCT: depletion of hepatic iron 
stores by repeated phlebotomy or other means, and low-dose 
oral chloroquine.” In patients with chronic renal failure and 
PCT, hepatic iron stores can be decreased by erythropoietin 
with or without phlebotomy. 


Congenital Erythropoietic Porphyria 

CEP is the least common but most severe of the cutaneous 
porphyrias,”*'” The prevalence is less than one per million 
in the United Kingdom. This disorder is also known as 
Günther disease. 


Clinical Features 


The clinical features range in severity from hydrops fetalis 
with death in utero—through the onset in infancy of severe 
skin lesions with transfusion-dependent hemolytic 
anemia—to mild skin lesions, resembling PCT, that do not 
start until adult life. Late-onset cases may also develop in 
association with hematological malignancy, particularly 
myelodysplasia.” 

Most patients present in early infancy. Blisters on skin 
exposed to the sun or other sources of ultraviolet A (UVA) 
radiation, and reddish-brown staining of diapers by urinary 
porphyrins, are common early signs. The skin lesions 
resemble those of PCT but are more severe and persistent 
throughout life. With age, progressive scarring, particularly 
if erosions become infected, and atrophic changes lead to 
photomutilation with erosions of the terminal phalanges; 
destruction of ears, nose, and eyelids; and alopecia. Accu- 
mulation of porphyrin in bone is visible as erythrodontia— 
brownish-red teeth that fluoresce in UVA light. The skin 
changes are usually accompanied by hemolytic anemia and 
splenomegaly. Hemolysis may be fully compensated or mild 
but, in some patients, anemia is severe enough to require 
repeated transfusion. 


Molecular Pathology 
CEP is an autosomal recessive disease, Patients are homoal- 
lelic or heteroallelic for mutations in the UROS gene that 
decrease UROS activity (Table 32-2). Decreased UROS activ- 
ity leads to massive overproduction of uroporphyrinogen-] 
and other isomer-I series of porphyrins, mainly in the bone 
marrow. Porphyrins accumulate in erythrocytes, and their 
precursors are released into the plasma as these cells die. 
Most patients are heteroallelic unless their parents are 
consanguineous. More than 30 separate mutations have been 
identified; C73R is at a mutation “hot spot” in the gene and 
has been found on 34% of alleles investigated to date. Geno- 


Chapter 32 Porphyrins and Disorders of Porphyrin Metabolism 1219 


type and/or phenotype comparisons show some correla- 
tion.” Patients who are homozygous for C73R have particu- 
larly severe disease; in compound heterozygotes, the effect of 
C73R is modified by the nature of the mutation on the other 
allele. Other mutations are associated with mild disease. 


Treatment 


Protection against sunlight and prevention of skin infections 
are essential. Sunscreen ointments may occasionally provide 
some benefit, but physical avoidance of UVA radiation is 
usually necessary. Hypertransfusion and activated charcoal 
to decrease the enterohepatic circulation of porphyrin, 
hydroxyurea, intravenous heme, and antioxidant prepara- 
tions have also been used to suppress erythropoiesis and 
porphyrin formation or to ameliorate the effects of por- 
phyrin accumulation but none has been shown to have a reli- 
able, long-term effect.***'*” Hemolytic anemia may require 
repeated transfusion and infusion of deferoxamine to 
prevent iron overload. 

At present the only curative treatment is allogeneic bone 
marrow transplantation. Gene therapy by introduction of a 
normal UROS gene into the patient’s hematopoietic stem 
cells remains under development." 


Erythropoietic Protoporphyria 

EPP is characterized by life-long acute photosensitivity 
caused by accumulation of protoporphyrin-IX in the 
skin.” The absence of fragile skin, subepidermal bullae, 
and hypertrichosis distinguishes it clinically from all other 
cutaneous porphyrias. 


Clinical Features 


Patients present with acute photosensitivity, normally 
between the ages of 1 and 6, and both sexes are equally 
affected. Once a child within an EPP family reaches the age 
of 14, the risk of developing acute photosensitivity becomes 
very low. Onset during adult life is very rare; most cases have 
been associated with myelodysplasia.’ 

Exposure to sun is followed, usually within 5 to 30 
minutes, by an intensely painful, burning, prickling, itching 
sensation in the skin, most frequently on the face and backs 
of the hands. Symptoms persist for several hours or occa- 
sionally days and are not relieved by shielding the skin from 
light. Patients characteristically seek relief by plunging their 
hands into water or covering their skin with wet towels. 
Young children may become very distressed by the pain. The 
skin may appear normal throughout although there is often 
erythema, which may be followed by edematous swelling 
with crusting. These changes usually subside within a few 
hours so that by the time the child reaches the physician 
there is nothing to be seen, and the episode may be dismissed 
as severe sunburn. Subsequent exposure to sunlight provokes 
a similar reaction. Recurrent episodes lead to chronic skin 
changes that are often minor and hard to detect. Typical 
lesions are shallow linear scars over the bridge of the nose 
and elsewhere on the face, and the skin may become thick- 


ened and waxy, especially over the knuckles. Symptoms tend 
to be more severe during spring and summer and may 
improve during pregnancy. 

The most severe complication of EPP is progressive 
hepatic failure that is caused by accumulation of protopor- 
phyrin in the liver.” About 20% of patients have abnor- 
mal biochemical tests of liver function, particularly increased 
aspartate aminotransferase, but only 2% to 5% of patients 
develop liver failure. EPP may also increase the risk of 
cholelithiasis, the formation of gallstones being promoted by 
high concentrations of protoporphyrin in the bile. 

Clinically significant anemia is unusual. About 25% 
of patients have a mild, hypochromic, microcytic anemia, 
which may be accompanied by sideroblastic changes in ery- 
throid precursor cells. 


Molecular Pathology and Genetics 

The primary biochemical abnormality in EPP is decreased 
FECH activity. Although this decrease is present in all tissue, 
the excess protoporphyrin is formed mainly in erythroid 
cells. Accumulation of protoporphyrin in the liver is the 
result of failure of the liver to excrete the increased load it 
receives from release of protoporphyrin from erythrocytes 
and their immediate precursors. 

The mode of inheritance of EPP is complex but has 
recently been clarified by enzymatic and molecular studies 
of families. Molecular analysis has identified more than 60 
disabling mutations of the FECH gene that are inherited in 
EPP families in an autosomal dominant pattern. Within 
these families, FECH activities in patients with overt disease 
are lower than the half-normal activities in their asympto- 
matic relatives with the same mutation. Thus a decrease in 
FECH activity to less than 50% of normal appears to be 
essential for development of sufficient overproduction of 
protoporphyrin to produce symptoms. In most families, this 
further decrease is produced by inheritance of a low expres- 
sion FECH allele trans to the severe mutation.” The low 
expression allele is a polymorphic FECH variant present in 
about 10% of the Western European population. Substitu- 
tion of a T nucleotide by a C nucleotide at a polymorphic 
site in intron 3 (IVS3-48C/T) enhances use of an alternative 
splice site, leading to increased formation of an unstable, 
untranslated mRNA and reduction of FECH expression by 
about 25%. This pattern of inheritance has been described 
as autosomal dominant with modulation by expression of 
the wild type of FECH allele.” Uncommon autosomal reces- 
sive cases of EPP have also been reported.” 

At present, genetic analysis does not enable patients at 
risk from liver disease to be identified with certainty. Patients 
with null mutations or autosomal recessive disease may be 
at greater risk than those with missense mutations trans to a 
low expression allele.” 


Treatment 


Acute photosensitivity can be controlled by avoidance of 
sunlight, suitable clothing, and reflectant sunscreens, if these 
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are cosmetically acceptable. Some patients are helped by 
production of a photoprotectant tan by measures such as 
narrowband ultraviolet B (UVB) phototherapy or dihy- 
droxyacetone ointment. Oral B-carotene, which acts as a 
singlet oxygen quencher, is effective in some patients. Doses 
should be sufficient to maintain a plasma concentration of 
6 to 8 ug/L.“ 

At present there is no reliable method for predicting liver 
failure in EPP. All patients should have at least annual bio- 
chemical tests of liver function. Persistent abnormalities 
should be investigated by liver biopsy and further treatment 
considered if even mild hepatocellular necrosis and fibrosis 
are present. Once liver failure develops, liver transplantation 
becomes the only treatment but protoporphyrin may reac- 
cumulate in the transplanted liver.” 


ABNORMALITIES OF PORPHYRIN METABOLISM NOT 
CAUSED BY PORPHYRIA 


Abnormalities of porphyrin metabolism, excretion, or both 
may occur in the absence of porphyria caused by a number 
of other diseases that need to be considered when interpret- 
ing data from patients in whom porphyria is suspected.°“ 


Lead Toxicity 

Lead exposure increases urinary ALA and coproporphyrin- 
II excretion and causes accumulation of Zn-protoporphyrin 
in erythrocytes. The definitive test for lead toxicity is mea- 
surement of blood lead, but occasionally lead exposure is 
responsible for porphyria-like symptoms and may be an 
unexpected finding when investigating patients for sus- 
pected porphyria.” 

Increased ALA excretion is secondary to inhibition of 
ALAD caused by lead displacing zinc at its catalytic center. 
Two isoenzymes (ALAD1 and ALAD2) are produced from 
the ALAD gene by alternative splicing activated by two non- 
translated codominant alleles 1 and 2.” The ALAD2 isoen- 
zyme is more electronegatively charged than ALAD1 so that 
its affinity for lead is higher.” As a consequence, individu- 
als with the ALAD2 genotype are more susceptible to lead 
toxicity. Furthermore, individuals who are heterozygous 
for ALAD deficiency appear to be at increased risk from lead 
exposure.” 

Lead also leads to the increased excretion of copropor- 
phyrin-HI in urine. CPO requires sulfhydryl groups for 
activity and so is potentially a target for inhibition by lead. 
The increased levels of red cell zinc-protoporphyrin (ZPP) 
associated with lead exposure are probably not caused by 
inhibition of FECH because inhibition of this enzyme 
requires higher lead concentrations than those usually 
encountered. following lead exposure. The current view is 
that lead exposure creates an intracellular iron deficiency 
(perhaps by affecting iron transport into the cell or inhibi- 
tion of iron reductase) so that zinc replaces iron as a sub- 
strate for FECH. Once formed, erythrocyte ZPP remains 
elevated for the life of the red cell. Since the half-life of an 
erythrocyte is longer than that of blood lead, monitoring of 


lead workers requires both whole-blood lead and ZPP 
testing. ZPP measurement also has the advantage that there 
is no interference from lead contamination via the skin when 
the blood sample is collected, especially if a finger-prick 
sample is used. 


Other Toxic Exposures 


Secondary coproporphyrinuria has also been described 
because of the toxic effects of alcohol,” arsenic,” and other 
heavy metals.” 


Hereditary Tyrosinemia Type-I 

Succinylacetone, which accumulates in this disease, has a 
structural resemblance to ALA and is therefore a competi- 
tive inhibitor of ALAD. Consequently, its substrate 
ALA accumulates and excess amounts are excreted in urine. 
Patients with hereditary tyrosinemia suffer neurological 
crises very similar to attacks of acute porphyria.” They can 
be treated with heme infusions.’”! 


Renal Disorders 


Impaired glomerular function reduces the clearance of those 
water-soluble porphyrins normally excreted in the urine. 
Furthermore, these porphyrins are poorly cleared by dialy- 
sis and, as a consequence, plasma porphyrins are raised in 
end-stage renal failure.” 


Hepatobiliary Disorders 


In obstructive jaundice, cholestatic jaundice, hepatitis, and 
cirrhosis there is an increased excretion of predominantly 
coproporphyrin-I, because liver disease causes a diversion of 
the secretion of coproporphyrin-I from the biliary to the 
renal route.” 

In the Dubin-Johnson syndrome there is increased 
urinary excretion of coproporphyrin-I and a reduced excre- 
tion of coproporphyrin-III.” In Rotor’s syndrome, urinary 
excretion of coproporphyrin-I is increased with normal 
coproporphyrin-III excretion, ™™ and in Gilbert’s disease 
there is increased urinary excretion of both isomers. 


Hematological Disorders 

In iron deficiency anemia, zinc acts as an alternative sub- 
strate for FECH, leading to increased ZPP. Increased red cell 
protoporphyrin (mostly ZPP) may also occur in sideroblas- 
tic, megaloblastic, and hemolytic anemias.’” 


Diet, Bacteria, and Gastrointestinal Bleeding 


The dicarboxylic porphyrin fraction of feces contains proto- 
porphyrin and other dicarboxylic porphyrins derived from 
it by bacterial reduction or removal of vinyl side groups. 
Additional protoporphyrin and other dicarboxylic por- 
phyrins may be formed by the action of gut flora on heme- 
containing proteins derived from the diet or gastrointestinal 
hemorrhage.*'” Even minor gastrointestinal hemorrhage, 
particularly if occurring high in the gut, which may not give 
rise to a positive occult blood test, can markedly increase the 
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concentration of dicarboxylic porphyrins in feces.'” Confu- 
sion with EPP may occur when associated iron deficiency 
increases erythrocyte total porphyrin and when skin lesions 
from some other cause are present, or with VP when coex- 
isting liver disease causes coproporphyrinuria. Porphyria can 
be excluded when no porphyrin fluorescence is detectable on 
fluorescence emission spectroscopy of plasma. Porphyrins 
may also come directly from the diet and there is one report 
of consumption of brewer's yeast producing a fecal por- 
phyrin profile indistinguishable from VP.” 


PSEUDOPORPHYRIA 


The term “pseudoporphyria” was originally applied to 
patients with PCT-like skin lesions in whom no abnormal- 
ity of accumulation or excretion of porphyrins could be 
demonstrated.” Many drugs are potent photosensitizers 
and may produce porphyria-like lesions.” Plasma porphyrin 
concentrations are often raised in dialysis patients without 
porphyria because of impaired excretion of these molecules 
and inefficient clearance by dialysis. Even in the absence 
of biochemical evidence of porphyria, dermatological prob- 
lems commonly affect dialysis patients and often share 
common features of PCT ({melanosis, actinic elastosis, 
fragility, and bullae).**'”” The levels of plasma porphyrin 
seen in dialysis patients are often much higher than normal 
but rarely approach those found in patients with active skin 
lesions caused by PCT.” Nevertheless, the term “dialysis por- 
phyria” has been coined for these patients even though it is 
unlikely that raised porphyrins are responsible for the skin 
lesions. Genuine PCT may occur in dialysis patients, and 
some of the cases of dialysis porphyria in the literature have 
not been adequately investigated to exclude PCT. These 
patients are often anuric, and without the benefit of urinary 
analysis, careful evaluation of plasma and fecal porphyrins” 
is necessary to distinguish pseudoporphyria from PCT and 
acute porphyrias in which skin lesions may occur. 


LABORATORY DIAGNOSIS OF PORPHYRIA _ 


A number of clinical situations exist that benefit from labo- 
ratory testing for heme precursors. These include patients 
with symptoms of acute porphyria, typical cutaneous 
lesions, and relatives of patients known to have porphyria. 


PATIENTS WITH SYMPTOMS OF PORPHYRIA 

The clinical features of the porphyrias are insufficiently 
specific to enable their diagnosis without laboratory in- 
vestigation. In patients with current symptoms caused by 
porphyria, it is always possible to demonstrate excessive pro- 
duction of heme precursors. Diagnosis depends on demon- 
strating specific patterns of overproduction of heme 
precursors (Table 32-5) and is usually straightforward pro- 
vided appropriate specimens are examined for the relevant 
intermediates using adequately sensitive techniques, 5144 
Acute attacks of porphyria are always associated with excess 
excretion of PBG, ALA, or both. Patients having cutaneous 


symptoms caused by porphyria always have an excessive pro- 
duction of porphyrins. DNA and enzyme studies give no 
information about disease activity, are rarely necessary to 
confirm the diagnosis in clinically overt porphyria, and are 
mainly of use for family studies. 


Patients With Acute Neurovisceral Symptoms 

Three strategies exist when testing patients with acute neu- 
rovisceral symptoms that depend on the clinical setting: 
(1) investigating the acute attack, (2) diagnosing the cause, 
and (3) investigating possible acute porphyria when the 
patient is in remission. 


Investigation During a Suspected Acute Attack 


The one essential investigation in patients with suspected 
acute porphyria is an adequately sensitive test for excess 
urinary PBG.*” Failure to correctly diagnose an attack of 
acute porphyria not only delays appropriate life-saving treat- 
ment but may result in the patient being subjected to the risk 
of unnecessary surgery or administration of porphyrino- 
genic drugs, which may further aggravate the attack with 
potentially fatal consequences. On the other hand, a false 
diagnosis of porphyria may be just as serious by delaying 
vital surgery or other treatment and may also lead to anal- 
gesic (including opiate) misuse and dependency. 

Measurement of urinary total porphyrin by itself is 
unhelpful and may be misleading. Concentrations are 
usually increased when PBG is present in excess, owing to in 
vitro polymerization of PBG to uroporphyrin. But increases 
in hepatobiliary disease, alcohol abuse, and other disorders 
are common.” During an attack, PBG excretion is grossly 
elevated, and the increase is usually in excess of 10 times the 
upper reference limit. Normal PBG, at a time when symp- 
toms are present, excludes all acute porphyrias, except the 
very rare ADP, as their cause. In AIP, PBG usually remains 
elevated for weeks or even months after an attack. However, ` 
in VP or HCP, PBG may rapidly return to normal (some- 
times within days) once the attack starts to resolve. There- 
fore if a suspected attack is entering remission or if clinical 
suspicion of acute porphyria persists, analysis of fecal and 
plasma porphyrins, with measurement of ALA if these are 
normal, is advisable even if PBG excretion is normal. 
Increased urinary PBG requires careful evaluation, since 
although the patient clearly has an acute porphyria, the 
disease may not be the cause of current symptoms. Some 
patients with AIP have very high rates of PBG excretion in 
the absence of symptoms, and there is poor correlation 
between urinary PBG and symptoms, with no “threshold” 
above which symptoms appear. PBG excretion increases 
during an acute attack, but detection of this change requires 
information about the patient’s baseline excretion, Even 
though a high urinary PBG excretion increases the likeli- 
hood that porphyria is responsible for symptoms, the final 
diagnosis must always be made on clinical grounds. 

If increased urinary PBG was found by a qualitative 
and/or semiquantitative screening test, then this finding 
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must be confirmed by a specific, quantitative method to 
eliminate the possibility of a false-positive test result.” This 
is best done on the original urine specimen (ideally stored 
frozen) since by the time a repeat is obtained, PBG may have 
returned to normal. 

Testing for ALA is often performed along with PBG. Both 
are typically elevated in the acute porphyrias, although ALA 
is increased to a lesser extent. Inclusion of ALA allows lead 
poisoning and ADP to be detected, but the risk of missing 
these conditions is very low if total urinary porphyrin is 
measured in addition to PBG. Furthermore, measurement of 
ALA is more susceptible to interference.” 


Differentiation Between the Acute Porphyrias 

The management of the attack is the same regardless of the 
type of porphyria, so further investigation is not a matter of 
urgency. Differentiation between the acute porphyrias is 
essential for the selection of appropriate tests to use for 
family studies; the absence of skin lesions does not exclude 
VP or HCP (Table 32-4). If total fecal porphyrin is normal, 
then VP and HCP are excluded and the patient must have 
ATP. Assay of red cell HMBS activity is not essential and may 
mislead. If total fecal porphyrin is raised, porphyrins should 
be fractionated by a high-performance liquid chromatogra- 
phy (HPLC) technique capable of resolving coproporphyrin 
isomers.” In HCP, coproporphyrin-III is grossly elevated 
and protoporphyrin-IX minimally raised or normal. In VP, 
protoporphyrin-IX (and other dicarboxylate porphyrins) 
are raised, and there is a smaller increase in coproporphyrin 
(with the type-II isomer predominating) (Table 32-5). It is 
important to remember that protoporphyrin-IX and other 
dicarboxylate porphyrins may arise by the action of gut flora 
on heme‘ (whether the heme is of dietary origin or the result 
of gastrointestinal bleeding) and directly from the diet. 
There has been a report of excess consumption of brewer’s 
yeast resulting in a fecal porphyrin profile indistinguishable 
from VP.” Therefore if the fecal porphyrin pattern resembles 
VP, plasma should be examined by fluorescence emission 
spectroscopy for the characteristic fluorescence maximum at 
624 to 628nm (Table 32-5).'” If the fecal porphyrins (sup- 
plemented by plasma fluorescence emission spectroscopy) 
do not confirm VP or HCP (i.e., the raised fecal porphyrins 
are of dietary origin) then again the patient must have AIP. 
Assay of leukocyte coproporphyrinogen oxidase or proto- 
porphyrinogen oxidase (the enzymes deficient in HCP and 
VP, respectively) is technically difficult, unnecessary, and 
may mislead. Analysis of urinary porphyrins is unhelpful in 
differentiating between the acute porphyrias. 


Investigation During Clinical Remission 


Sometimes the laboratory is asked to make a retrospective 
diagnosis of porphyria after the patient has fully recovered 
from an attack or as the cause of a chronic neuropsychiatric 
disorder some time after the onset of the illness. The first 
step is to quantify urinary PBG: screening tests are too 
insensitive for this purpose. Fecal porphyrin is measured 


(to exclude HCP) and plasma fluorescence emission spec- 
troscopy performed (to exclude VP). If all of these tests are 
negative, it is very unlikely that symptoms are and/or were 
due to porphyria. However, it is difficult to exclude por- 
phyria after long periods (i.e., several years) of clinical remis- 
sion. Depending upon the degree of clinical suggestion, 
enzyme and DNA studies may be pursued but are often 
unrewarding, 


Patients With Cutaneous Symptoms 


The skin lesions of the cutaneous porphyrias are always 
accompanied by overproduction of porphyrins. The route of 
investigation should be dictated by the clinical presentation 
(Table 32-4), 


Patients Complaining of Acute Photosensitivity 

For suspected EPP, the essential investigation is measure- 
ment of whole blood (or erythrocyte) porphyrin using a sen- 
sitive fluorometric method. Screening tests using solvent 
extraction of blood or fluorescence microscopy of erythro- 
cytes’? are unreliable and should not be used.” If the ery- 
throcyte and/or whole blood porphyrin concentration is 
within normal limits, EPP is excluded. If the concentration 
is increased, it is important to determine whether the 
increase is caused by free protoporphyrin, as in EPP, or ZPP, 
as in iron deficiency and lead toxicity. This requires extrac- 
tion with a neutral solvent, such as ethanol” or acetone, to 
prevent the demetalation caused by strong acids, followed 
by fluorescence spectroscopy or HPLC to distinguish free 
protoporphyrin from ZPP (fluorescence emission maxima 
630nm and 587nm, respectively). Measurement of fecal 
protoporphyrin has no place in the diagnosis of EPP. Even if 
raised, erythrocyte porphyrin analysis is essential to exclude 
an increase caused by the action of gut flora on heme from 
the diet or from gastrointestinal bleeding. 


Patients With Bullae/Fragility/Scarring 

There are four main porphyrias in which clinically indistin- 
guishable skin lesions occur (Table 32-4), The porphyrins 
that accumulate vary in solubility, and therefore testing both 
urine and feces is useful. Total urinary and fecal porphyrin 
should be measured by a spectrophotometric®” or fluoro- 
metric” method, with adequate sensitivity and plasma 
porphyrins determined by fluorescence emission spec- 
troscopy.”** In practice, fecal analysis is often unnecessary 
because the two most common bullous porphyrias, PCT 
and VP, can be identified by analysis of urine and plasma 
(Table 32-5). If these tests are normal, then porphyria is 
excluded as the cause of any active skin lesions. Any increase 
in total urinary or fecal porphyrin should be further 
investigated by determination of individual porphyrins 
using a technique capable of resolving all porphyrins of 
clinical interest—including isomers.” Older separation 
methods based on solvent fractionation are unreliable.” 
The pattern observed in each of these porphyrias is unique 
(Table 32-5), 
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In PCT, excretion and plasma porphyrin concentrations 
return to normal during remission, with the proportions of 
individual porphyrins in urine and feces remaining abnor- 
mal for longer than total porphyrin concentrations. Thus in 
a patient whose skin lesions have healed, and whose total 
urinary and fecal porphyrin concentrations are normal, 
determination of individual porphyrins may reveal the 
diagnosis. The plasma fluorescence scan in VP and fecal 
coproporphyrin-IH excretion in HCP remain abnormal 
for many years after clinical remission. 


RELATIVES OF PATIENTS WITH PORPHYRIA 


Depending on the type of porphyria, screening relatives may 
be indicated. 


Presymptomatic Diagnosis of Autosomal Dominant 
Acute Porphyrias 

Screening family members to identify asymptomatic indi- 
viduals who have inherited AIP, VP, or HCP, and are 
therefore at risk for acute attacks, is an essential part of 
management of families with these disorders. Screening may 
be carried out by metabolite measurement, enzyme assay, 
DNA analysis, or a combination of these approaches. The 
most sensitive metabolite assays for the presymptomatic 
diagnosis of each disorder are listed in Table 32-7.” 
These tests are almost always normal before puberty and 
therefore are not suitable for the investigation of children. In 
addition, urinary PBG excretion in AIP and the plasma flu- 
orescence scan in VP may often be normal in asymptomatic 
adults shown by DNA analysis to be affected (Table 32-7), 
Measurement of the activity of the defective enzyme is more 
sensitive, but both sensitivity and specificity are limited by 
the overlap between activities in disease and in the normal 
population.”’”” Erythrocyte HMBS assay is widely used for 
the presymptomatic diagnosis of AIP.” 

Mutation detection by DNA analysis is specific and much 
more sensitive than biochemical methods.?”*””*""™ It is there- 
fore fast replacing other methods, particularly since it has the 
additional advantage of enabling asymptomatic disease to be 
excluded with certainty, However, it depends on prior identifi- 
cation of a disease-specific mutation in the family under inves- 
tigation. In the 5% or so of families in which a mutation cannot 


be identified, gene tracking using intragenic single nucleotide 
polymorphisms (SNPs) may be helpful but requires at least 
two unequivocally affected family members.” 


Other Porphyrias 


Family investigation has a more limited role in the clinical 
management of other porphyrias. In PCT, the autosomal 
dominant familial form can be identified by erythrocyte 
UROD assay or mutational analysis, ™®! but there is as 
yet no évidence that family studies are necessary unless 
requested by anxious relatives.“ However, patients of North- 
ern European origin should be tested for the C282Y muta- 
tion in the hemochromatosis (HFE) gene and the families of 
homozygotes investigated for hemochromatosis. In EPP, 
testing the unaffected parent for the presence of the IVS3- 
48C low expression FECH allele is helpful for assessing the 
risk that a future child will have clinically overt disease. 
Asymptomatic individuals from EPP families may wish to 
know whether they have inherited a severe FECH mutation, 
and thus have the potential to transmit the disease. FECH 
assay and/or mutation identification is required for this 
purpose; erythrocyte protoporphyrin concentrations are 
rarely unequivocally abnormal in such individuals. 

In the autosomal recessive porphyrias, CEP and ADP, 
screening families for asymptomatic carriers is not normally 
helpful, because the low carrier frequency in the general 
population makes the risk of transmission to the next 
generation very low. For severe homozygous or compound 
heterozygous porphyrias, such as CEP, ADP, HEP, and 
homozygous AIP, prenatal diagnosis may be indicated and 
has been reported for CEP* and HEP.” 


ANALYTICAL METHODS 


The analytical methods used in conjunction with por- 
phyrias are described here briefly. Full descriptions are 
available on this book’s accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/. 


METHODS FOR METABOLITES 


The metabolite methods include those for ALA, PBG, and 
urinary, fecal, plasma, and blood porphyrins. 


TABLE 32-7 Presymptomatic Diagnosis of Autosomal Dominant Acute Porphyrias: Metabolite Measurements in 
Asymptomatic Individuals VVith Porphyria Proven by Mutational Analysis 


Porphyria. 


*Greater than 10.2 mol/L. 
‘Aged 15 years or more. 
*Aged 7 years or more. 


No. Individuals 
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Specimen Collection and Stability 


All samples must be protected from light; urinary porphyrin 
concentrations can decrease by up to 50% if kept in the light 
for 24 hours. Urinary porphyrins and PBG are best analyzed 
in fresh, random (10 to 20mL) samples collected with- 
out preservative. Very dilute urine (creatinine less than 
4mmol/L) is unsuitable for analysis. 

Although, with the exception of CEP, urine is often of 
normal color in the nonacute porphyrias, during the acute 
attack urine may be a reddish color because of the nonen- 
zymatic condensation of PBG to uroporphyrins and other 
pigments. 

Twenty-four-hour collections offer little advantage, delay 
diagnosis, and increase the risk of losses during the collec- 
tion period. PBG and porphyrins are stable in urine in the 
dark at 4 °C for up to 48 hours and for at least a month at 
—20 °C. Specimens for ALA estimation should be promptly 
refrigerated. Urine specimens can be stored at 4 °C in the 
dark for at least 2 weeks without significant loss of ALA,” 
and frozen specimens are stable for weeks.'? Whereas PBG is 
more stable around pH 8 to 9, ALA is more stable around 
pH 3 to 4, although more acidic environments notably 
reduce ALA stability. 

About 5 to 10g wet weight of feces is adequate for por- 
phyrin measurements. Diagnostically, important changes 
in concentration are unlikely to occur with 36 hours at 
room temperature and samples are stable for many months 
at —20 °C. 

Blood, anticoagulated with ethylenediaminetetraacetic acid 
(EDTA), shows no loss of protoporphyrin for up to 8 days at 
room temperature and for at least 8 weeks at 4 °C in the dark. 


Available Methods for Porphyrin Precursors 


PBG and ALA are water soluble and concentrate in the urine, 
and are therefore measured almost exclusively in the urine 
in the clinical laboratory. PBG is in general the more impor- 
tant of the precursors, whereas ALA is used more as a sup- 
plemental test. 


Porphobilinogen 

Most methods for PBG are based on the reaction of Ehrlich’s 
reagent (dimethylaminobenzaldehyde in acidic solution) 
with the oi-methene carbon of the pyrrole ring to form a 
colored product variously described as “rose red” or 
“magenta,” which has a characteristic absorption spectrum 
with a peak at 553nm and a shoulder at 540 nm. Porphyrins 
do not contain any o-methene hydrogens and so do not 
react. Some other substances in urine either react with the 
reagent to give red products, notably urobilinogen, inhibit 
the reaction, or are pigmented themselves and so mask the 
red chromogen.*'® All need to be removed. This is best 
achieved by ion-exchange chromatography (first described 
by Mauzerall and Granick”’) but methods for accurate 
quantification of PBG based on this procedure are time 
consuming. More sensitive methods based on HPLC” and 
tandem-mass spectrophotometry (MS)* are available. 


Qualitative screening tests in which urine is reacted di- 
rectly with Ehrlich’s reagent and assessed visually for the for- 
mation of the red chromogen {(e.g., the Watson-Schwartz'” 
and Hoesch” tests) are convenient but have been criticized 
for poor detection limits and interferences, even when 
solvent extraction has been used to separate the PBG-Ehrlich 
compound from the urobilinogen-Ehrlich complex. "6775 

The Mauzerali-Granick method has been modified in 
attempts to produce an alternative that is acceptable for 
screening purposes. Buttery et al’*!? avoided the use of 
columns by employing batchwise treatment with resin, and 
visually compared the final color with that of a surrogate cal- 
ibrator. Blake et al’ eliminated the centrifugation steps by 
using resin-filled syringes with detachable filters and com- 
pared the final color with a range of artificial calibrators. 
These modifications reduced the time taken to perform the 
test to 10 minutes and produced a semiquantitative result. A 
commercial kit based on Blake’s method is available (Trace 
PBG Kit; Alpha Laboratories, Eastleigh, Hampshire, UK) and 
appears to be more analytically sensitive and specific for 
initial screening than qualitative, solvent extraction proce- 
dures.” A 2002 innovation uses resin-filled nylon sacs." 

If a qualitative screening test is used, it is essential to 
include appropriate controls and confirm all positive test 
results using a specific quantitative method.” 


5-Aminolevulinic Acid 
ALA can be measured directly” but is converted more 
usually into an Ehrlich’s-reacting pyrrole by condensation 
with a reagent such as acetylacetone after separation from 
PBG by two-stage anion exchange chromatography. A 
method for the measurement of PBG and ALA, based on that 
of Mauzerall and Granick, is available commercially (Bio- 
Rad Laboratories, Hercules, Calif.). An alternative photo- 
metric method has been proposed” for more rapid testing. 
Compared with PBG procedures, interferences are much 
more common with ALA. For example, the acetylacetone 
derivatization step can form a compound with penicillin that 
reacts with Ehrlich’s reagent.” 


Method for the Determination of Porphobilinogen 

in Urine 

The PBG procedure described on the Evolve site that accom- 
panies this book uses commercially available ion-exchange 
columns, but some laboratories might prefer to prepare an 
ion-exchange resin themselves.'*’*”* PBG in the resin eluate 
reacts with Ehrlich’s reagent to form a colored product that 
is scanned in a spectrometer. 

Reference intervals are given in Table 32-3. Scanning the 
spectrum of the product is essential if interferences are to be 
identified. Imipenem, for example, often gives a peak at 
580 nm with Ehrlich’s reagent. The coefficient of variation 
at the cutoff of 9umol/L is approximately + 10%, but 
becomes considerably less precise at lower concentrations. 
For this reason, very dilute urines (creatinine <1.5 mol/L) 
are unsuitable. 
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Urinary PBG that is raised at least 2 to 3 times the upper 
reference limit is diagnostic of an acute porphyria. However, 
porphyria is not necessarily the cause of symptoms (see dis- 
cussion in the section on investigation of acute porphyria). 
Further investigation is necessary to identify the type of por- 
phyria. Normal PBG excretion in the presence of symptoms 
provides very strong evidence against those symptoms being 
caused by acute porphyria. 


Analysis of Porphyrins in Urine and Feces 

Methods for porphyrin fractionation are complex and time 
consuming and not available in every laboratory. For this 
reason, simple qualitative screening tests are often used to 
exclude the majority of specimens that do not require 
further investigation from the few that justify fractionation 
of the individual porphyrins. Screening tests in which 
extracts of urine or feces are examined visually for typical 
red-pink fluorescence of porphyrins lack sensitivity and 
should not be used.” Methods based on spectrophoto- 
metric scanning of acidified urine or fecal extracts for the 
presence of the Soret band are recommended and yield 
semiquantitative information.” Quantitative fluorometric 
methods are also ayailable.* 

All methods for the fractionation of porphyrins are based 
on the different solubilities of individual porphyrins caused 
by their different B-substituents and to a lesser extent on the 
substituent order around the macrocycle. Thus methods 
include differential extraction with solvents, paper and thin 
layer chromatography, and HPLC.” Solvent extraction 
methods should not be used, because they yield only limited 
and sometimes misleading information.” Reversed-phase 
HPLC is the current method of choice and separates all por- 
phyrins of clinical interest, including isomers and metal 
chelates, without the need for prior methylation.*’*"* Spec- 
trophotometric or fluorometric detection can be used; the 
latter has superior sensitivity and specificity is preferred. 


Semiquantitative Method for Total Porphyrin in Urine 
This simple method for total urine porphyrins uses scanning 
spectrometry and is described fully on the Evolve site that 
accompanies this book A typical spectrum is shown in 
Figure 32-3. 

Reference values are given in Table 32-3, The method is 
reproducible but only semiquantitative. The detection limit 
depends on the amount of background absorbance but con- 
centrations of approximately 50nmol/L should be detected 
in urine of normal color. Ideally, concentrations should be 
expressed as a ratio to creatinine concentration to correct for 
urine concentration. 

Very occasionally, urine contains substances that produce 
a very high background absorbance, making identification 
of any peak in the 400-nm region difficult. Such samples 
require analysis by alternative methods, such as HPLC. 

Increased concentrations require further investigation to 
identify individual porphyrins; porphyria should not be 
diagnosed on the basis of increased total porphyrin alone. 
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Figure 32-3 Absorption spectrum of acidified urine showing 


the procedure for the measurement of corrected absorbance 
(A) of the porphyrin peak. 


Semiquantitative Method for Total Porphyrin in Feces 


This simple method for total fecal porphyrins uses scanning 
spectrometry after extraction” and is described fully on 
the Evolve site that accompanies this book. 

Reference values are given in Table 32-3. The expression 
of concentration on a dry weight basis corrects for the mois- 
ture content of feces. Total fecal porphyrin determined by 
this method, unlike most tests based on solvent extraction, 
includes uroporphyrin.’”” 

Very occasionally, feces contain substances that produce 
a very high background absorbance, making identification 
of any peak in the 400-nm region difficult. Such samples 
require analysis by alternative methods, such as HPLC. 

Increased total fecal porphyrin concentration requires 
further investigation by fractionation, identification, and 
quantification of individual porphyrins using a technique, 
such as HPLC, that resolves coproporphyrin I and HI 
isomers. Porphyria should never be diagnosed on the basis 
of raised total fecal porphyrin alone. 


HPLC Fractionation of Porphyrins in Urine and Feces 

This complex method for urine and fecal porphyrins uses 
sample preparation, HPLC separation, and fluorometric 
detection.” It is described in detail on the Evolve site that 
accompanies this book. The samples are assayed with and 
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without addition of calibrator to assist with fluorometric 
peak identification. 

Figure 32-4 shows typical profiles from patients with 
various types of porphyria. 

In addition to the biosynthetic porphyrins, several isoco- 
proporphyrins may be found in feces of patients with PCT,” 
some of which may not be completely resolved. 

For diagnostic purposes, quantification of individual por- 
phyrins is rarely necessary, particularly if the concentrations 
are clearly elevated. Table 32-5 shows expected findings in 
the various types of porphyria, and reference values for indi- 
vidual porphyrin fractions are given in Table 32-3. There is 
considerable variation in the reference values quoted in the 
literature,‘ probably a consequence of the difficulties in cal- 
ibration. 

The extraction method for fecal porphyrins results in 
some interference with the chromatography caused by a pro- 
portion of the diethyl ether dissolving in the aqueous phase. 
As a result an extra peak elutes just before the uroporphyrin 
position. This peak contains any uroporphyrin in the 
sample, up to 50% of the heptacarboxylate porphyrins and 
smaller amounts of hexacarboxylate and pentacarboxylate 
porphyrins. 


METHODS FOR BLOOD PORPHYRINS 


The methods described below require a spectrofluorometer 
fitted with a red-sensitive photomultiplier. If such equip- 
ment is not available locally, samples should be referred to a 
specialized laboratory because erythrocyte and plasma mea- 
surements are required rarely for the urgent assessment of 
acutely ill patients. 


Determination of Erythrocyte Total Porphyrin 

This method for erythrocyte total porphyrin uses double 
extraction and fluorometry.®*""* It is described in detail on 
the Evolve site that accompanies this book. 

Reference intervals are given in Table 32-3. Total erythro- 
cyte porphyrin concentrations are increased in EPP, CEP, the 
rare homozygous variants of the autosomal dominant 
porphyrias, iron deficiency, hemolytic anemia, some other 
forms of anemia, and lead poisoning. A normal total 
porphyrin concentration excludes the diagnosis of EPP. 
Distinction between EPP and other causes of increased 
erythrocyte total porphyrin concentration requires differen- 
tiation between protoporphyrin and its zinc chelate because 
the acidic condition of this assay dissociates the zinc chelate 
and provides only a measure of total porphyrin. 


Qualitative Determination of Zinc-Protoporphyrin and 
Protoporphyrin 
This qualitative method for ZPP and protoporphyrin uses 
extraction and fluorometry.” It is described in detail on the 
Evolve site that accompanies this book. 

Emission peaks for ZPP and free protoporphyrin are 
587nm and 630nm, respectively. If the main peak is at 
587nm, EPP is excluded, whereas a pronounced predomi- 


nance of the peak at 630nm confirms the diagnosis of EPP 
(see Figure 32-5). With experience, this test can be used to 
screen for EPP without the necessity for quantitative analy- 
sis. It is possible to quantify both ZPP and protoporphyrin 
by measuring the peak heights at 587mm and 630nm 
above a constructed baseline if calibrator solutions of 
both protoporphyrins are prepared, providing allowance is 
made for a contribution of fluorescence from ZPP at the 
maximum for free protoporphyrin.” A limitation of this 
method is that the efficiency of the extraction of ZPP is only 
about 50%.” 


ANALYSIS OF PLASMA PORPHYRINS 


Plasma porphyrins may be determined by fluorescence emis- 
sion spectroscopy of saline-diluted plasma?" or depro- 
teinized extracts,” or by HPLC.” The first of these methods 
has the advantages of simplicity and including porphyrins 
that are bound covalently to plasma proteins and is detailed 
below. 


Fluorescence Emission Spectroscopy of 

Plasma Porphyrins 

This method detects the fluorescent emission of plasma por- 
phyrins when excited at 405 nm.**'” It is described in detail 
on the Evolve site that accompanies this book. 

Figure 32-6 shows typical fluorescence emission 
maximum wavelengths for the cutaneous porphyrias. The 
plasma in VP contains porphyrin covalently bound to 
protein with a fluorescence emission maximum at 624 to 
628nm."”” In other porphyrias, porphyrin is noncovalently 
bound to albumin and hemopexin.® A normal fluorescence 
emission scan in plasma from a patient with clinically active 
skin lesions excludes all cutaneous porphyrias as their 
cause,”** The scan may become normal in PCT and HCP as 
skin lesions heal, and the diagnosis may be missed unless 
individual porphyrins are also measured in urine and feces 
from such patients. In addition, the scan may be abnormal 
during an acute attack of AIP or HCP in the absence of skin 
lesions and is always abnormal in clinically manifest VP, 
whether skin lesions are present or not (Table 32-5). 

The plasma porphyrin concentration may be increased in 
conditions in which porphyrin excretion is impaired, such 
as renal failure and cholestasis. Although plasma porphyrin 
concentrations are usually higher in chronic renal failure 
with PCT than in renal failure alone," unequivocal diagno- 
sis of PCT in this situation is best achieved by fecal por- 
phyrin analysis® or fractionation of plasma porphyrins by 
HPLC.” 


ENZYME MEASUREMENTS 


Assay of the individual enzymes of the heme biosynthetic 
pathway is rarely required for the investigation of patients 
with symptoms of porphyria. However, measurement of 
enzyme activities is useful for family studies when the indi- 
vidual mutation cannot be identified or when DNA analysis 
is not available, and for the identification of subtypes such 
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Figure 32-4 Representative HPLC chromatograms for (a) working standard; b, normal feces; c, normal urine; d, feces—hereditary 
coproporphyria; e, urine—congenital erythropoietic porphyria; f, feces—variegata porphyria; g, urine—porphyria cutanea tarda; 

and h, feces—porphyria cutanea tarda chromatographic conditions as described in the appendix on the Evolve site that accompanies 
this book. Peaks are: f, uroporphyrin-l; 2, uroporphyrin-IH; 3, heptacarboxylate porphyrin-|; 4, heptacarboxylate porphyrin-lll; 5, 
hexacarboxylate porphyrin; 6, pentacarboxylate porphyrin; 7, coproporphyrin-l; 8, coproporphyrin-llk 9, deuteroporphyrin-[X; 

10, mesoporphyrin-IX; } 1, protoporphyrin-IX; 12, hydroxyisocoproporphyrin; 13, isocoproporphyrin; 14, pemptoporphyrin-IX, 
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Figure 32-5 Fluorescence emission spectra (excitation at 405 nm) of ethanolic extracts of erythrocytes from a normal individual and 
patients with EPP or iron deficiency. Note that different scales are used. 
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Figure 32-6 Fluorescence emission spectra (excitation 405 nm) 
of dilutions in phosphate buffered saline (PBS) of plasma from a 
normal individual and patients with various porphyrias. 


as nonerythroid AIP and “homozygous” forms of autosomal 
dominant porphyrias. Erythrocytes are a convenient source 
of cytoplasmic enzymes (ALAD, HMBS, UROS, and 
UROD)***!" but assay of the mitochondrial enzymes 
(CPO, PPOX, and FECH)****8 requires nucleated cells, such 
as leukocytes or cultured fibroblasts.” Assays for enzymes 
that use porphyrinogens as substrates are particularly diffi- 


cult because the substrate is unstable, has to be prepared in 
situ and, particularly with protoporphyrinogen, undergoes 
nonenzymatic oxidation during the assay. However, ery- 
throcyte HMBS measurement is relatively straightforward 
and will be described in detail. 


Assay of Erythrocyte Hydroxymethylbilane 

Synthase Activity 

This enzymatic assay determines the amount of por- 
phyrinogens formed from an excess of added PBG over the 
course of 30 minutes. It is described in detail on the Evolve 
site that accompanies this book. 

The reference interval for this method'” (mean + 2 stan- 
dard deviation {SD]) is 20 to 42 nmol uroporphyrin per mil- 
liliter of erythrocytes per minute at 37 °C. 

HMBS activity is usually below the reference interval in 
AIP, except in the uncommon nonerythroid form; but there 
is overlap between activities in AIP and normal indivi- 
duals.” After exclusion of families with nonerythroid AIP, 
HMBS activity has been reported to have a sensitivity of 84% 
and a specificity of 77% for detection of AIP in patients 
without symptoms.” In France the prevalence of abnormally 
low HMBS activities in the general population is about 1 in 
800.1" 

For family studies, where the incidence of AIP is quite 
high, the predictive values of positive and negative test 
results are reasonable, and HMBS assay is helpful, although 
not foolproof, in assigning AIP status. In the general popu- 
lation, where the incidence of disease-specific mutations in 
the HMBS gene is in the order of 1 in 15,000, the predictive 
values are too low for the test to be of any value. 

HMBS activity falls markedly as red cells age, so that any 
shift in their age distribution will be reflected in measured 
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activity. Increased erythropoiesis may raise activity suffi- 
ciently to mask an inherited deficiency. Measurement of ery- 
throcyte HMBS activity is therefore not reliable for the 
presymptomatic detection of AIP in subjects who are hema- 
tologically abnormal, have received a recent blood transfu- 
sion, or are less than 1 year old. Activity may also be 
increased in liver disease and in chronic alcohol abuse. 


DNA ANALYSIS 

Screening families for porphyria by DNA analysis is a two- 
stage process. First, the mutation that causes porphyria in the 
family under investigation needs to be identified by analysis 
of DNA from a family member in whom the diagnosis of a 
specific type of porphyria has been established unequivo- 
cally. Second, that patient’s relatives are then screened for the 
mutation. The first part of this process is the more complex. 
Because most mutations are restricted to one or a few fam- 
ilies, identification of a mutation in a new family almost 
always requires analysis of the entire gene or at least all exons 
with their flanking intronic sequences and the promoter 
region. Initial testing for a single mutation is worthwhile 
only in those countries where founder mutations predomi- 
nate, for example, VP in South Africa and AIP in Sweden. 


Mutation Detection 


Two main approaches are used to analyze a gene for the pres- 
ence of a mutation (see also Chapter 37). The gene may 
either be screened to find the region that contains the muta- 
tion, and then only that region sequenced to identify the 
mutation, or all regions of the gene likely to contain the 
mutation may be sequenced directly. Prior screening con- 
siderably decreases the amount of sequencing that is 
required, but this is becoming a less important. consideration 
as DNA sequencing becomes cheaper and more straightfor- 
ward with development of ever better automated fluores- 
cence sequencers. 

Denaturing gradient gel electrophoresis (DGGE), single- 
strand conformational polymorphism (SSCP) analysis, het- 
eroduplex analysis, and denaturing HPLC have all been used 
to screen the HMBS and other porphyria genes for muta- 
tions.* DGGE is currently the most widely used technique 
and is very sensitive! but requires gradient gels and poly- 
merase chain reaction (PCR) primers with guanine cytosine 
(GC) extensions. Denaturing HPLC, though still requiring 
amplification of the gene in small fragments (about 
500 bp), is rapid, simple, and robust. It has been shown to 
have high sensitivity for detection of mutations in many 
genes’ and has the potential to replace DGGE as the 
method of choice. 

Once the mutation that causes porphyria in a family has 
been identified, relatives are then screened for its presence 
either by using one of the screening methods listed above, by 
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direct sequencing of the region containing the mutation, or 
by some other mutation-specific method (see Chapter 37). 

A method for identifying mutations in the human HMBS 
gene by direct sequencing is described later in this chapter. 
The method can be adapted for other porphyria genes by 
using the appropriate amplification and sequencing primers. 
Primer sequences have been published for the PPOX,™ 
CPO", UROD™, FECH™”, and UROS” genes. 


Mutation Analysis of the Human HMBS Gene by 

Direct Sequencing 

PCR is used to amplify some of the exons of the HMBS gene, 
which are then sequenced using the Sanger method. If no 
mutations are found, the remaining exons and the 5’ intron 
are evaluated. If a mutation is found in an exon, it is re- 
sequenced in the reverse direction. 

In a prospective study of 198 unrelated patients with 
proven AIP, this method detected a mutation in 97% of 
patients. Almost all mutations were detected by sequencing 
in one direction only; only rarely was sequencing in the 
opposite direction required to reveal an abnormality. 
Because amplified genomic DNA is sequenced directly, 
without subcloning, the risk of PCR artifacts is very low and 
is essentially eliminated by sequencing a new PCR product 
in the opposite direction to confirm each mutation. Com- 
plete gene deletions and large partial deletions that prevent 
the binding of primers are not detected by this method, 
because only the normal allele will be amplified for sequenc- 
ing. Such deletions or mutations that lie outside the regions 
that are sequenced may explain the failure to find an abnor- 
mality in all patients. 

In most countries, about one third of the mutations that 
are identified will not have been reported previously in AIP 
and may represent rare polymorphisms rather than disease- 
specific mutations. Criteria that suggest that such novel 
mutations cause disease include production of a frameshift 
or stop codon, the absence of any other sequence abnor- 
mality in the gene, segregation with disease, and nonconser- 
vative change of an amino acid residue that is conserved 
between species and/or known to have a functional role in 
catalysis, Mutations of consensus bases in splice sites are also 
likely to be disease specific, but ideally all putative splicing 
defects should be confirmed by analysis of mRNA. Proof that 
a missense mutation causes disease may require expression 
and characterization of the mutant enzyme in a prokaryotic 
or eukaryotic vector. 


Identification of a Functional Polymorphism in 
FECH Gene 


The method is described in detail on the Evolve site that 
accompanies this book. It tests for the presence of the IVS3- 
48C FECH allele. This allele causes decreased expression of 
FECH because substitution of the T nucleotide at IVS3-48 
by a C nucleotide leads to enhanced use of an alternative 
splice site with increased formation of an unstable mRNA 
for FECH.® 
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The IVS3-48C allele is carried by about 12% of the 
Western European population. If it is not present in the 
partner of a patient with overt EPP, and they have not pre- 
viously had a child with overt EPP, the risk that the couple 
will have a child with overt EPP is less than 1 in 50, whereas 
if it is present, the risk is about 1 in 4. Investigation for 
the presence of the [VS3-48C allele in the parents of a child 
with overt EPP is usually not helpful because in such fami- 
lies the risk of overt EPP in subsequent children is 1 in 4, 
irrespective of whether the unaffected partner carries the low 
expression allele. Testing a newborn child for the low expres- 
sion allele may also be useful for predicting the child’s risk 
of later developing symptoms. 
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Therapeutic Drugs and 
| Their Management 
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plined clinical activity initiated by the physician 

ordering laboratory quantification of drug concen- 
tration in a biological fluid to assess therapeutic compliance, 
efficacy, or to elucidate—the cause of drug-induced toxicity. 
The medical professionals involved in TDM include the 
ordering physician, clinical laboratorian, clinical pharmacol- 
ogist, and nurses involved in medication delivery. 

The limitations of empirical drug dosing such as stan- 
dard or fixed dose regimens have long been recognized by 
physicians, who have responded with all of their clinical 
skills and knowledge of basic pharmacology to individualize 
each patient’s drug dosage. TDM offers the physician a sci- 
entific rather than empiric approach to selecting a drug 
regimen to optimize therapy. The practice of TDM facilitates 
improved response to therapy by providing the prescribing 
physician with objective information about drug disposi- 
tion; TDM describes a patient’s pharmacokinetic status at 
the moment of specimen collection. 

Pharmacokinetics is the science that describes the rela- 
tionship between drug dose and the time course of drug 
absorption, distribution, and elimination that results in a 
specific drug concentration in biological systems.”"!*!° 
Clinical pharmacokinetics involves the application of math- 
ematical relationships to predict whether a drug concentra- 
tion quantified at a specific time reflects normal or abnormal 
distribution and metabolism in a unique patient. Abnormal 
evaluation derived by this exercise may be the result of sig- 
nificant factors such as genetics, drug-drug interaction, 
organ failure, or patient noncompliance. Clinical pharmaco- 
kinetics can also be applied to predict appropriate change in 
dose or dosing interval to allow for safe and effective treat- 
ment and to attain optimal response to the drug as quickly 
as possible. It is important therefore for the clinician and lab- 
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oratorian to understand not only how to quantify drugs in 
biological specimens but how these results are used to 
achieve effective drug therapy. As mentioned earlier, TDM is 
a multidisciplinary approach that relies on the cooperative 
efforts of the physician, nurse, pharmacologist, pharmacist, 
and clinical laboratorian. 

To be effective, TDM requires the acquisition of a valid 
specimen followed by timely determination of the drug con- 
centration in the specimen and interpretation of results in 
the context of dose, time of last dose, and other drugs 
present. Results should be reported or collated with the 
dosing schedule so that they may be interpreted in a phar- 
macokinetic context. 

Knowledge of the impact of genetics on drug disposition 
developed rapidly in the late 1990s and continues to develop 
in the early 2000s. This knowledge field as it relates to drug 
disposition has become known as pharmacogenomics. TDM 
and pharmacogenomics are highly interactive disciplines 
used in conjunction to elucidate the overall pharmacokinetic 
status of an individual patient. While the basic concepts of 
pharmacogenomics are outlined elsewhere in this text 
(Chapter 43), the specific aspects of the discipline that relate 
to the interpretation of TDM results are included in this 
chapter. Reviews by O’Kane™ and Weinshilboum,'” and the 
Internet website offered by Flockhart” are good sources for 
additional information. 

This chapter focuses on the laboratory’s role in the disci- 
pline of TDM. Excellent descriptions of the roles of the 
physician and consulting pharmacologist are presented in 
Melmon and Morrelli’s Basic Principles in Therapeutics,” 
Goodman and Gilman’s The Pharmacological Basis of 
Therapeutics,” and Mandell and colleagues’ Principles and 
Practice of Infectious Diseases.”* The Physicians’ Desk 
Reference (PDR), published annually by Medical Economics 
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of Montvale, New Jersey, is also an excellent source of 
dosing guidance and pharmacokinetic information. 


Pharmacology comprises that body of knowledge surround- 
ing chemical agents and their effects on living processes. This 
is a broad field, and it has traditionally been confined to 
those drugs that are useful in the prevention, diagnosis, and 
treatment of disease. Pharmacotherapeutics is that part of 
pharmacology concerned primarily with the application or 
administration of drugs to patients for the purpose of pre- 
vention and treatment of disease. For this aspect of medical 
practice to be effective, the pharmacodynamic and pharma- 
cokinetic properties of drugs should be understood. 

Pharmacodynamics encompasses the processes of interac- 
tion of pharmacologically active substances with target sites, 
and the biochemical and physiological consequences leading 
to therapeutic or adverse effects.” For many drugs, the ulti- 
mate effect or mechanism of action at the molecular level is 
understood poorly, if at ali. However, effects at the cellular 
or organ system level or in the whole body are relatively well 
understood and can usually be related to dose of the drug. 

Pharmacokinetics describes the processes of the uptake of 
drugs by the body, the biotransformations they undergo, the 
distribution of the drugs and their metabolites in tissue, and 
the elimination of the drugs and their metabolites from the 
body. Clinical pharmacokinetics is the discipline that applies 
the principles of pharmacokinetics to safe and effective ther- 
apeutic management of an individual patient. It is this aspect 
of pharmacology that most strongly influences the interpre- 
tation of TDM results and that is dealt with in more detail 
in this chapter. 

Note that the term “pharmacology” relates to the broad 
knowledge of the systemic effects of a drug; “pharmacody- 
namics” refers to the interaction of a drug at its site of action; 
and “pharmacokinetics” is a mathematical description of 
drug disposition. These terms are quite different and should 
not be used interchangeably. 

Figure 33-1 illustrates the conceptual relationship 
between pharmacodynamics and pharmacokinetics. The 
former relates drug concentration at the site of action to the 
observed magnitude of the effect. Pharmacokinetics, on the 
other hand, relates dose, dosing interval, and route of admin- 
istration (regimen) to drug concentration in the blood. For 


pharmacodynamics and pharmacokinetics. 


more complete discussions of these basic concepts, the 
reader is encouraged to review standard textbooks of phar- 
macology. "88788119 

Toxicology is the subdiscipline of pharmacology con- 
cerned with adverse effects of chemicals on living systems. 
Toxic effects and mechanisms of action may be different 
from therapeutic effects and mechanisms for the same drug. 
Similarly, at the high dose of drugs at which toxic effects may 
be produced, rate processes are frequently altered compared 
with those at therapeutic doses. For these reasons, the terms 
toxicodynamics and toxicokinetics are now applied to these 
special situations. 


BASIC CONCEPTS 


The pharmacological effect of a drug is elicited by direct 
interaction of the drug with a receptor controlling a specific 
function or by a drug-mediated alteration of the physiolog- 
ical process regulating the function; this is known as the 
mechanism of action. In a given tissue, the site at which a 
drug acts to initiate events leading to a specific biological 
effect is called the site of action of the drug. For most drugs, 
the intensity and duration of the observed pharmacological 
effect are proportional to the concentration of the drug at 
the receptor, predicted by pharmacokinetics. 


MECHANISM OF ACTION 


The mechanism of action of a drug is the biochemical or 
physical process occurring at the site of action to produce 
the pharmacological effect. Drug action is usually mediated 
through a receptor. Cellular enzymes and structural or trans- 
port proteins are important examples of drug receptors. 
Nonprotein macromolecules may also bind drugs, resulting 
in altered cellular functions controlled by membrane per- 
meability or DNA transcription. Some drugs are chemically 
similar to important natural endogenous substances and 
may compete for binding sites. In addition, some drugs may 
block formation, release, uptake, or transport of essential 
substances. Others may produce an effect by interacting with 
relatively small molecules to form complexes that actively 
bind to receptors. These and other examples of receptor 
binding are more completely discussed in pharmacology 
texts.* 


*References 51, 81, 87, 88, 93, 119. 


Chapter 33 Therapeutic Drugs and Their Management 1239 


Maximal effect — 


Intensity of effect 


(log) Dose 


Figure 33-2 The log dose-effect relationship. The plateau 
(maximum effect) is likely due to saturation at the receptor. 


Although the exact molecular interactions that describe 
the mechanism of action remain obscure for many drugs, 
theoretical models have been developed to explain them. 
One concept postulates that a drug binds to intracellular 
macromolecular receptors through ionic and hydrogen 
bonds and van der Waals forces. This theoretical model 
further postulates that if the drug-receptor complex is 
sufficiently stable and able to modify the target system, an 
observable pharmacological response will occur. As 
Figure 33-2 illustrates, the response is dose dependent until 
a maximum effect is reached. The plateau may be due to 
saturation at the receptor or overload of a transport process. 

The utility of monitoring drug concentration is based 
on the premise that pharmacological response correlates 
with the concentration of the drug at the site of action 
(receptor). Measurement of the concentration at the recep- 
tor site in a patient is technically impractical, if not impos- 
sible. However, studies have shown that for many drugs a 
strong correlation exists between the serum drug concentra- 
tion and the observed pharmacological effect. In addition, 
years of relating blood concentrations to drug effects have 
demonstrated the clinical utility of drug concentration 
information. One must nevertheless always keep in mind 
that a serum drug concentration does not necessarily equal 
the concentration at the receptor; it merely reflects it. 
However, for pharmacokinetic studies it is assumed that 
changes in drug concentration in blood (or serum) versus 
time are proportional to changes in local concentrations at 
the receptor site or in body tissue. This assumption is some- 
times called the property of kinetic homogeneity and is applic- 
able to all pharmacokinetic models in postabsorptive and 
postdistributive phases of the time course. Figure 33-3 illus- 
trates that property for a hypothetical compound. Parallel 
concentrations (log C) are expected in blood at the receptor 
and in tissue as time passes. Figure 33-3 is hypothetical; the 
absolute concentration of a drug in various tissues is highly 
variable from drug to drug. 

The property of kinetic homogeneity is an important 
assumption in TDM because it is the basis on which all ther- 
apeutic and toxic concentration reference values are estab- 
lished. Measurable concentration ranges collectively define a 
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Figure 33-3 Property of kinetic homogeneity. Blood 
concentration of drug correlates with, but may not be equal to, 
the concentration in tissue and at the receptor site. 
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Figure 33-4 The peak, median, and trough drug concentrations 
increase with multiple identical doses administered once each 
half-life until they reach steady state. For most drugs, it takes 
five to seven half-lives to reach steady state. At steady state, 
optimal peak and trough concentrations are less than the MTC 
and greater than the MEC.The range of values between MEC 
and MTC is referred to as the “therapeutic range.” Cross and 
Criss Maximum and minimum steady-state concentrations; C, 
average steady-state concentration; T, dosing interval; D, dose; 
MTC, minimum toxic concentration; MEC, minimum effective 
concentration. (Modified from Gilman AG, Goodman L, Gilman A, 
Eds. The pharmacological basis of therapeutics, 6th ed. New York: 
Macmillan, 1980. Reproduced with permission of The McGraw-Hill 
Companies.) 


therapeutic range (Figure 33-4) that represents the relation- 
ship between minimum effective concentration (MEC) and 
minimum toxic concentration (MTC). In the optimal dosing 
cycle, the trough blood concentration (the lowest concentra- 
tion achieved just before the next dose) should not fall below 
the MEC, and the peak blood concentration (the highest con- 
centration achieved within the dosing cycle) should not rise 
higher than the MTC. This is usually achieved by adminis- 
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Figure 33-5 Factors affecting plasma 
drug concentration. Absorption: Drug 
must be formulated to ensure 
bioavailability for absorption from the 
gastrointestinal tract or other 
administration site. Metabolism: Drug is 
converted to a more soluble compound 
(metabolite), which may be 
pharmacologically active or inactive. 
Metabolism may occur in tissue other 
than the liver. Excretion: The more water- 
soluble drugs and their metabolites are 
usually excreted in urine. Excretion may 
also occur via bile, feces, saliva, and 
expired air. Tissue storage: The drug may 

Urine be stored in tissue that exhibits no 
pharmacological response to it; side 
effects may occur from drug interaction 
with a specific physiological system. Site 
of action: Free drug binds to the receptor 
and produces pharmacological response. 
The number and type of receptors to 
which the drug is bound determine the 
intensity and duration of the observed 
response. (Modified from Pippenger CE. 
TDM: Principles of drug utilization. Syva 
Monitor. San Jose: Syva Co. November, 
1978:1,3-5.) 
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tering the drug once every half-life, denoted by t in Figure 
33-4. Multiple dosing regimens should achieve steady-state 
serum drug concentrations consistently greater than the 
MEC and less than the MTC within the therapeutic range. 
Steady state is the point at which the body concentration of 
the drug is in equilibrium with the rate of dose administered 
and the rate of elimination. Blood concentrations greater 
than the MTC put patients at risk for toxicity; concentra- 
tions less than the MEC put them at risk for the disorder that 
the drug is supposed to treat. MTC and MEC are useful 
guidelines in therapy; this concept is incorporated into tables 
presented later in this chapter summarizing specific drug 
data. Doses must be planned to achieve therapeutic concen- 
trations, and these must be monitored to guide adjustment 
of dose if necessary. The smaller the difference between MEC 
and MTC, the smaller the therapeutic index and the more 
likely TDM will be necessary. The key concept to remember 
is that the MEC and MTC define the therapeutic range for 
most drugs. 


PHARMACOKINETICS 

As defined previously, pharmacokinetics is the study of the 
rate processes of absorption, distribution, biotransforma- 
tion, and excretion of drugs, poisons, and chemicals of both 
exogenous and endogenous origin. Figure 33-5 depicts in 
detail the many factors affecting drug concentration and 
pharmacological response. 

In pharmacokinetics, mathematical approaches are used 
to predict or describe certain events, usually for calculating 
a dosing regimen or predicting the serum drug concentra- 
tion after a given drug dose. The mathematical tools most 
often used in clinical pharmacokinetics are compartmental 
models and model-independent relationships. 


Compartmental Models 

Compartmental models have been the foundation of phar- 
macokinetic data analysis. The compartmental approach is 
presented here to facilitate definition of important pharma- 
cokinetic parameters. Compartmental models are determin- 
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Figure 33-6 A one-compartment pharmacokinetic model. 


Figure 33-7 A two-compartment pharmacokinetic model. 


istic in nature; drug concentration and time determine or 
define the model. The number and values of compartments 
assigned to the model have no true physiological meaning or 
anatomical reality. The intravascular fluid compartment 
(blood) usually is the anatomical reference compartment. 
The advantage of intravascular fluid as the reference com- 
partment is the ease with which it may be sampled to provide 
a definitive profile of blood concentration of drug versus 
time. The actual number of compartments can be quite 
extensive. However, for the sake of simplicity, one-, two-, and 
three-compartment models are used most often. 

In a one-compartment model, the body is considered as 
a single compartment (Figure 33-6). It is assumed that 
after introduction of a drug, the substance is rapidly and 
uniformly distributed throughout the body. Such a model is 
frequently applied to water-soluble antibiotics, such as 
gentamicin. In contrast, the two-compartment model 
(Figure 33-7) accounts for an initial decline of drug con- 
centration in the reference compartment because of distri- 
bution from the plasma into vascularized tissue (the second 
compartment). The three-compartment model mimics a 
system like the two-compartment model with a third reser- 
voir, such as adipose tissue or cellular nuclei, in which the 
drug resides over the long term. In Figures 33-6 and 33-7, Xo 
represents the drug dose given and therefore the amount of 
drug in the system at zero time; X, the amount of drug in 
the central or reference compartment; and X, the amount of 
drug in the peripheral compartment in the case of the two- 
compartment model. The ks are first-order rate constants; k 
and kı are elimination rate constants, because they describe 
the rates at which the drug leaves the reference compartment 
and is lost from the system. kı, and k, are transfer rate 
constants describing, for the two-compartment model only, 
rates at which the drug is exchanged between compartments 
within the system. Figure 33-8 illustrates graphically the 
relationship between log of concentration and time for 
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Figure 33-8 Drug concentration in plasma after intravenous 


administration of a single dose. The data show mono- 
exponential decline, which describes a one-compartment model. 


the one-compartment model. The curve in Figure 33-8 is 
described by the following equation: 


C, = Ce ™ (1) 


where G is the initial plasma concentration of the drug; C, 
is the blood concentration of the drug as a function of time; 
and k is the first-order elimination rate constant. Cy is esti- 
mated by extrapolating the line shown in Figure 33-8 to zero 
time. From knowledge of C, and k, one can theoretically 
predict C at any time (C,), or one can determine k, and Co, 
and G, either graphically or mathematically. As shown later, 
most drugs are administered in repetitive doses rather than 
in a single bolus. 

Figure 33-9 illustrates the more complex kinetics demon- 
strated by the two-compartment model. The curve is 
described by the following equation: 


C, = Ae + Be™ (2) 


where the rate constant alpha («) is the slope of the curve 
during the phase in which the drug is being distributed, 
referred to as the distribution phase. Beta (B) is the slope of 
the curve during the phase in which the drug is being elim- 
inated by metabolism and excretion (assuming that distri- 
bution is complete} and is derived by extrapolating the 
elimination phase of the curve in Figure 33-9 to time = 0, 
which would have existed if distribution had been immedi- 
ate and complete. A is an estimate, using the method of 
residuals, of the theoretical plasma concentration at time = 
0 made immediately after intravenous injection of a bolus of 
drug. B is derived by extrapolation of the terminal slope line 
to time =0. The method of residuals merely corrects the 
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Figure 33-9 Decline of plasma concentration versus time after 
intravenous administration of a drug best characterized by a 
two-compartment model. 


measured plasma level for the amount of drug distributed 
into tissue (as estimated on the extrapolated slope). 

For simplicity, the intravenous bolus one-compartment 
model is used for illustrative purposes. After introduction of 
an intravenous bolus dose (Do) into the single compartment, 
the drug is assumed to distribute instantaneously through all 
fluids and tissues of the body. The property of kinetic homo- 
geneity is also assumed. 

In TDM, it is preferable to work with concentrations of a 
drug in this homogeneous compartment, so D, (amount of 
drug in the compartment) is divided by a volume term. This 
volume term is called apparent volume of distribution, or Va. 
It is not a real volume in the physiological sense, but instead 
is a proportionality constant to translate the absolute 
amount of drug present in the compartment into its con- 
centration relative to a volume. 

The V, can be determined easily for the one- 
compartment model. When t= 0 (the time the drug bolus 
is introduced), Də the amount of drug given and cor- 
rected for bioavailability (f), is equal to the amount of drug 
in the compartment; the blood concentration (Cp) is 


_Dxf 


C 
0 Vi 


(3) 
Reorganization of this relationship provides the mathe- 
matical description of volume of distribution 


Do x 
yee 


7 (4) 


The units of V4 are usually liters (L) or liters per kilogram 
of body weight (L/kg). Although V, is a mathematical term 
and not a real physiological parameter, it is useful for con- 


trasting degrees to which different types of drugs distribute. 
For instance, the polar hydrophilic drug gentamicin has 
a V,=0.2L/kg, whereas the nonpolar lipophilic drug 
digoxin has a V,= 10L/kg. Gentamicin is concentrated in 
the blood, whereas digoxin is predominantly distributed into 
tissue. 

Using the same assumptions, the first-order elimination 
rate constant can be determined. Referring to Figure 33-8, 
note that the relation between C, and time is a natural loga- 
rithmic function where 


InC, = InCo — kt (5) 


Given a zero time blood drug concentration (Co), a 
nonzero time concentration (C,), and a defined time (t), then 
k can be readily determined either algebraically, graphically, 
or with appropriate software. For example, in a graphical 
plot of In C, versus ż, the slope of the linear relationship is 
~k. The elimination rate constant k represents the fraction 
of drug removed per unit of time and has units of recip- 
rocal time (min, h’, day’). The overall elimination rate 
constant (k) includes the renal constant (kcr), the biliary 
constant (kcg), the metabolic constant (kem), and others such 
that k = ker + kes + kcm. 

The elimination rate constant (k) can be related to 
another parameter, half-life (t), by the following equation: 

0.693 ; 

T2 = k ( ) 
Half-life (t) is usually defined as the time required for the 
amount of drug in blood to decline to one half of a mea- 
sured value. Figure 33-8 demonstrates how the half-life can 
be rapidly determined from a semilog plot of drug concen- 
tration versus time. Two or more successive concentrations 
collected at times f and t, are required for the estimate of k 
used in the calculation of half-life 


ox Inc,, — Inc, 
mae eee 


k (7) 
If the measured half-life differs markedly from reported 
values for the drug in question, a component of elimination 
is likely to be the cause (i.e., decreased kcr in renal impair- 
ment or decreased kcg or key in liver dysfunction). 

Total body clearance (Cl,) is defined as the theoretical 
total volume of blood, serum, or plasma completely cleared 
of drug per unit of time. It is usually expressed in units of 
mL/min, L/hr, mL/min/kg, or L/hr/kg, Like the elimination 
rate constant, Cly is the sum total of all the clearances con- 
tributed by each elimination route (i.e., Clr = Cler + Clen + 
Clom+...). Clearance is a most important parameter, 
because it provides a better representation than does k of the 
body’s ability to eliminate a drug. In addition, Cl; has more 
physiological meaning and is readily used to relate the dosing 
rate to steady-state concentration. 

Clearance is mathematically related to V, and k as 


Clr = Vak (8) 
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Actual calculation of clearance is made using the phar- 
macokinetic approach of deriving the area under the curve 
(AUC) from the time versus concentration curves shown in 
Figures 33-8 and 33-9. Clearance is described by 


D 
GPO 
AUC 


(9) 


where AUC is the area under the curve described by the 
plasma concentration versus the time histogram and inte- 
grated over time from zero to infinity. 

In TDM, we are rarely concerned with a drug adminis- 
tered as a single, one-time intravenous bolus. Drugs admin- 
istered repetitively pose the usual therapeutic situations. 
Figure 33-3 shows that a drug repetitively administered at a 
fixed dosing interval will accumulate in the body until a 
steady-state condition exists. Note that the normal dosing 
cycle is once each half-life (T). Steady state is defined: as that 
point in the dosing scheme when the amount entering the 
circulation (governed by the dosing rate) equals the amount 
eliminated (governed by the elimination rate). 

Assuming first-order elimination, five to seven half-lives 
of a drug are required to reach 97% to 99% of a steady-state 
value. At steady state, assuming T is constant, the profiles of 
concentration versus time should be superimposable from 
dose to dose. 

Steady-state drug concentration (C,,) at any time during 
a dosing interval is described by equation (10) 

(Dp x f Je 
Css = Tag eK (10) 
Vall- e”) 
In TDM, the maximum (Cma-s) and minimum (Cins) 
steady-state concentrations are often of primary interest 
{see Figure 33-3). Hence, the following equations are more 
useful: 


Do x f 
Cmaxss = ———— 11 
s= gae) (11) 
(Do x fle™ 
Cminss = eae 12 
s= Ge") (12) 


Again, recall that equations (10) through (12) apply only 
to dosing by repeated intravenous bolus. They are useful 
only when Do f; Va k, t, and t (dosing intervals) are known. 


Model-Independent Relationships 


Model-independent relationships are frequently used in 
evaluation of clinical pharmacokinetics, because there are 
fewer relationships to remember, fewer restrictive assump- 
tions, a more general insight into elimination mechanisms, 
and easier computations. However, model-independent rela- 
tionships are not without their disadvantages; conceptual- 
ization of compartments or physiological spaces may be lost, 
specific information that may be clinically relevant or perti- 
nent to mechanisms of distribution or elimination can be 
lost, and the difficulty can be increased in constructing pro- 
files of concentration versus time. 


The most frequently used model-independent approach 
applies the concept of median blood concentration, C (see 
Figure 33-3) and is described by 


Do x f 
C =~ 13 
Clr xaT (13) 
This equation may be used for any drug. The equation is 
most useful when the half-life of a drug is much greater than 
t, the dosing interval. 


DRUG DISPOSITION 

Many factors have a profound influence on the phar- 
macokinetics of drugs and consequently on a patient’s 
pharmacological response (Box 33-1). For example, the con- 
sideration of the patient’s history, with particular emphasis 
on their :pathophysiological state and adjunct drug therapy, 
is essential at the initiation of drug therapy and TDM. Other 
important factors include how a drug is absorbed, distri- 
buted, metabolized, cleared by the liver, biotransformed, and 
excreted. 


Absorption 


Most drugs administered continually to patients over a long 
period of time are administered extravascularly. Although 
intramuscular and subcutaneous routes are used, the oral 
route accounts for administration of most of the extravas- 
cular doses. The absorption process depends on the drug 
dissociating from its dosing form, dissolving in gastroin- 
testinal fluids, and then diffusing across biological mem- 
brane barriers into the bloodstream. The rate and extent of 
drug absorption may vary considerably depending on the 
nature of the drug itself (e.g., solubility, pK,), on the matrix 
in which it is present, and on the physiological environment 
(e.g pH, gastrointestinal motility, vascularity). 

The fraction of a drug that is absorbed into the systemic 
circulation is referred to as its bioavailability. The bioavail- 
ability (f ) of a given drug is usually calculated by compar- 
ing, in the same subjects, the area under the plasma 
concentration-time curve (AUC) of an equivalent dose of 
the intravenous form and oral form 


_ AUCont 


f AUC 


(14) 


The bioavailability of a particular drug, if the drug is to 
be useful, must be great enough so that the active compo- 
nent will pass in sufficient amount and in a desirable time 
from the gut into the systemic circulation. Bioavailability is 
typically greater than 70% for drugs to be orally useful. An 
exception would be a case in which the lumen of the gas- 
trointestinal tract is the site of drug action (e.g., antibiotics 
used to sterilize the gut). Low bioavailability would then be 
considered advantageous. 

Some drugs that are rapidly and completely absorbed 
nevertheless have low bioavailability to the systemic circula- 
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Demographic Factors 
Age category (premature infant, neonate, infant, prepubescent 
and postpubescent child, adult, elderly adult) 
Weight 
Gender 


Race 
Genetic constitution 


Disease-Related Factors 
Liver disease (cirrhosis, hepatitis, cholestasis) 
Kidney disease 
Thyroid disorders (hypothyroidism or hyperthyroidism) 
Cardiovascular disease (arrhythmias, congestive heart failure) 
Gastrointestinal disease or disorder (sprue or other 

malabsorption syndromes, peptic ulcer, colitis) 

Cancer 
Surgery 
Burns 
Nutritional status (cachectic or anorexic states) 


Extracorporeal Factors 
Hemodialysis 
Peritoneal dialysis 
Cardiopulmonary bypass 
Hypothermia or hyperthermia 


Chemical and Environmental Factors Influencing: 
Absorption of Drug 
Food or co-administered drug affecting extent and rate of 
absorption 


Distribution of Drug 
Co-administered drug affecting binding to plasma proteins or 
tissue receptors 


Metabolism of Drug 
Food intake (carbohydrates, proteins, lipids) competing for 
metabolizing systems 
Co-administration of drug that induces metabolizing enzymes 
(e.g. phenobarbital) 
Co-administration of drug that inhibits metabolizing enzymes 
(e.g. cimetidine) 


Excretion of Drug 
Co-administration of drug that competes for renal tubular 
secretory paths (e.g., probenecid or penicillin) 
Changes in urinary flow rate 
Co-administration of compounds that enhance tubular 
reabsorption (e.g., sodium bicarbonate or phenobarbital} 


tion. This is true of drugs with a high hepatic extraction rate. 
After oral administration, drugs that are absorbed in the 
lumen of the small intestine are carried by the portal vein 
directly to the liver. A drug with a high hepatic extraction 
rate may be extensively metabolized by the liver before it 


reaches the systemic circulation. This phenomenon is called 
the first-pass effect. 

In addition to the extent of absorption, the rate of absorp- 
tion is important. The absorption of a drug is generally con- 
sidered a first-order process, and the absorption rate 
constant of a drug is usually much greater than its elimina- 
tion rate constant. By manipulating their formulations (e.g., 
theophylline, quinidine) to produce “slow-” or sustained- 
release products, the apparent rate of absorption of many 
drugs can be controlled. For example, formulations that 
provide sustained release permit drugs taken orally to be 
taken at less frequent intervals. Conditions that may influ- 
ence the extent or rate of drug absorption include abnormal 
gastrointestinal motility; diseases of the stomach, and the 
small and large intestine; gastrointestinal infections; radia- 
tion; food; and interaction with other substances in the 
gastrointestinal tract. One should be particularly aware of 
co-administered drugs that directly affect gut absorption, 
such as antacids, kaolin, sucralfate, cholestyramine, and 
antiulcer medications, and co-administration of morphine, 
which slows gut motility. 


Distribution 


After a drug enters the vascular compartment, it interacts 
with various blood constituents and is carried by various 
transport processes to different body organs and tissues. The 
overall process is referred to as distribution. The factors 
determining the distribution pattern of a drug are: (1) 
binding of the drug to circulating blood components, {2) 
binding to fixed receptors, (3) passage of the drug through 
membrane barriers, and (4) the ability to dissolve in struc- 
tural or storage lipids. Molecular weight, pKa lipid solubil- 
ity, and other physical and chemical properties of the drug 
also are important determinants of distribution. 

Once a drug enters the systemic circulation, it distributes 
and comes to equilibrium with many of the blood compo- 
nents. One of these clinically significant groups is plasma 
proteins. An equilibrium exists between a free and protein- 
bound drug. It is generally believed that only the free frac- 
tion of the drug is available for distribution and elimination. 
In addition, only the free drug is available to cross cellular 
membranes or to interact with the drug receptor to elicit a 
biological response. Therefore changes in the protein- 
binding characteristics of a drug can have a profound influ- 
ence on the distribution and elimination of a drug and on 
the manner in which steady-state concentrations are inter- 
preted. Each drug has its own characteristic protein-binding 
pattern that depends on its physical and chemical properties. 
As a general rule, however, acidic drugs are bound primar- 
ily to albumin, and basic drugs primarily to globulins, par- 
ticularly o,-acid glycoprotein (AAG). Some drugs bind to 
both albumin and globulins. 

Depending on its affinity for plasma proteins, a drug may 
be either tightly or loosely bound. A weakly bound drug can 
be displaced from its protein sites by a drug with a greater 
affinity for the plasma protein-binding sites. For example, 
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phenytoin and valproic acid, drugs that are frequently co- 
administered for epilepsy, compete with each other as they 
bind to albumin. Because valproic acid is present at higher 
concentration, its mass causes a significant shift of pheny- 
toin from bound to free form. Protein binding of a drug also 
depends on the physical characteristics of the plasma pro- 
teins and on the presence or absence of fatty acids or other 
drugs in the blood. Fatty acids can displace a drug from its 
protein-binding sites; tightly bound drugs are not displaced, 
but a weakly bound drug can be displaced quite rapidly by 
free fatty acids present in increased concentrations. It is 
important to recognize that even though the total drug con- 
centration may remain unchanged, displacement of a drug 
from its plasma protein-binding sites elevates free drug con- 
centrations and can result in clinical toxicity. 

Anything that alters the concentration of free drug in the 
plasma ultimately alters the amount of drug available to 
enter tissue and interact with specific receptor systems. 
Disease states can alter free drug concentrations. For 
example, the composition of plasma is altered by an increase 
in nonprotein nitrogen compounds in uremia, by acid-base 
and electrolyte imbalances, and often by a decrease in 
albumin; free drug concentrations are frequently elevated. 
Patients may experience adverse effects that are a direct con- 
sequence of the increased free drug concentrations. If one 
monitors total plasma drug concentration in these patients, 
little change might be noted because the total concentration 
remains unchanged, or may even decrease, while the free 
fraction may increase significantly, Marked alterations of 
free drug concentration are not detected because the total 
drug concentration may not be dramatically different from 
that observed in healthy patients. For example, phenytoin is 
90% bound and 10% free in healthy subjects. In uremic 
patients, 20% to 30% of the total plasma concentration of 
phenytoin may be free. If one considers a healthy patient 
who has a total plasma phenytoin concentration of 
15jig/mL, the free phenytoin concentration is likely to be 
1.5 pg/mL. If a uremic patient has a total concentration of 
15 g/mL, the free drug concentration may be 4.5 ug/mL, A 
free phenytoin concentration of 4.5}tg/mL is sufficient to 
precipitate severe phenytoin side effects, including lethargy 
and increased seizure frequency. Therefore, in uremic 
patients, it is advisable to quantify free phenytoin concen- 
trations and adjust the drug dose to maintain free phenytoin 
concentration at approximately 2.0 pg/mL. 

Alteration of protein concentration in response to acute 
stress can alter free drug concentration. For example, after 
myocardial infarction, there is a rapid rise in AAG concen- 
tration. Lidocaine is used to control arrhythmias because of 
the infarction, but lidocaine is a basic drug that is highly 
bound to AAG. Doses of lidocaine adequate to control 
arrhythmia immediately after infarction are likely to become 
ineffective 48 to 72 hours later because the higher concen- 
tration of AAG that occurs after infarction diminishes the 
amount of free drug available to tissue. The arrhythmia reap- 
pears and because the total lidocaine plasma concentration 


necessary to control the arrhythmia seems to be in 
the toxic range, the lidocaine dose is decreased when in 
reality it should be increased to maintain the optimal free 
concentration. 

Some drugs exhibit saturation of the available plasma 
protein-binding sites at optimal total drug concentrations. 
For example, disopyramide binding is concentration 
dependent and varies widely from patient to patient. 
Consequently, its total concentration and the observed 
clinical responses vary markedly from patient to patient. 
Valproic acid is also a drug that shows saturation at con- 
centrations greater than 100ug/mL. Thus, an increase 
of total plasma valproic acid concentration from 100 to 
125ug/mL represents a significant increase in the free val- 
proic concentration. 

Any change in normal physiological status can alter free 
drug concentrations and thus change the distribution of 
drugs between plasma and tissue. Geriatric patients often 
exhibit hypoalbuminemia with a notable decrease in 
protein-binding sites for drugs. In the elderly, the classical 
signs of drug intoxication are not usually apparent; instead, 
the clinical symptoms of drug intoxication are manifested as 
impaired cognitive function—particularly confusion. 
Elderly patients may be considered senile when in reality an 
increased free drug concentration is affecting their cognitive 
ability. Reduction of drug dose to decrease the free drug con- 
centrations may result in dramatic improvements in these 
patients’ personalities. 

Estimation of the free drug concentration will continue 
to be of interest to TDM. Ultrafiltration techniques are 
useful in satisfying this need. However, it should be remem- 
bered that laboratory measurements now only estimate the 
free drug concentration in circulating blood. Artifacts intro- 
duced in drawing, processing, and storing blood can modify 
dissociation equilibria for some drugs. Despite these 
drawbacks, free drug estimations by ultrafiltration are supe- 
rior to estimations of free drug concentration based on mea- 
surements in saliva. Few drugs show a strong correlation 
between salivary concentration and free drug concentration 
in plasma. In addition, collection of saliva from acutely ill 
patients is difficult. 


Metabolism 


The rate of the enzymatic process to metabolize a drug can 
be estimated using the Michaelis-Menten equation 


dC = Vmax XC 


‘dt KmxC uy 


where Vmax is the maximum velocity of the reaction; Km the 
Michaelis-Menten constant is the drug concentration at 
which the rate of metabolism is one half of the maximum; 
and C is the blood drug concentration. 

Drugs are usually administered to achieve concentrations 
in the blood considerably below the K,, of a particular drug. 
Therefore if K,,, is much greater than C, equation (15) can be 
simplified to 
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SERUM STEADY STATE 
CONCENTRATION 


DAILY DOSE 


Figure 33-10 Dose-response curves. Line A illustrates the linear 
relationship between serum drug concentration and total daily 
dose of a drug that displays first-order kinetics typical of most 
drugs. Line B illustrates the dose-response relationship for a drug 
that displays capacity-limited kinetics because of a saturable 
enzyme or transport mechanism; in this situation, serum 
concentration becomes independent of total daily dose, and the 
relationship of drug concentration to dose becomes nonlinear. 
(Modified from Pippenger CE. Practical pharmacokinetic applications. 
Syva Monitor, San fose:Syva Co, January, 1979:1-4.) 


dC Vinx XC 


dt K (16) 


and Vina/K,, can be written as the constant, k, such that 


dC 
a kC (17) 
where kis a simple first-order rate constant for the metabolic 
elimination. In other words, the rate of metabolism is pro- 
portional to the concentration of a drug. First-order kinetics 
are characteristic of the metabolism of most drugs. 

In the event that the rate of metabolism approaches Vinx; 
the rate becomes independent of concentration and thus 
descriptive of a zero-order process. Several drugs, notably 
phenytoin, salicylate, ethanol, and theophylline, cannot be 
characterized by simple first-order kinetics. Instead, the rate 
of metabolism of these compounds is said to be capacity- 
limited or nonlinear, meaning clearance or the apparent half- 
life changes with changes in concentration, Figure 33-10 
(curve B) shows how a dose-response curve may be linear 
(first order) until the capacity of some pathway is reached; 
it then becomes nonlinear. Equations (10) and (13) have 
shown the relationship between plasma concentration, total 
body clearance, half-life, and dose. Therefore, important 
clinical considerations arise when a patient is treated with a 
drug that displays nonlinear kinetics. First, changes in dosing 
result in disproportionate changes in steady-state drug con- 
centrations so that titration to appropriate serum levels must 
be approached conservatively. Secondly, because both clear- 
ance and apparent half-life of the drug change with increas- 
ing drug concentration, the length of time required to reach 
a new steady-state concentration is prolonged. 


All of the equations previously described for predicting 
dose or concentration assume linear kinetic systems; they are 
therefore not adaptable to treatment with drugs that display 
nonlinear kinetics. Using a linearized Michaelis-Menten 
equation, methods for predicting phenytoin dose and con- 
centration have been developed and applied to individual 
drug dosing regimens. 


Hepatic Clearance 


For those drugs dependent solely on hepatic elimination, 
total body clearance (Clr) equals hepatic clearance (Cly). 
When the liver is considered from a purely physiological per- 
spective, the hepatic clearance is determined by the hepatic 
blood flow (Q) and the hepatic extraction fraction (E). 


Cly =QXE (18) 


The hepatic extraction fraction of a drug reflects the 
affinity of a particular drug for hepatic microsomal enzymes; 
E can be found experimentally or calculated by the follow- 
ing equation: 


E = — (19) 


where C, is the concentration of the drug in blood entering 
the liver, and C, is the concentration of the drug in the 
hepatic venous effluent. For drugs that possess a high extrac- 
tion fraction, hepatic clearance approaches hepatic blood 
flow (Q). The total body clearance of highly extracted 
drugs primarily depends on hepatic blood flow for their 
elimination. These drugs usually have low bioavailability 
because of the first-pass effect described earlier. Lidocaine is 
an example of such a drug. The clearance of low-extracted. 
drugs is less dependent on blood flow and more dependent 
on the quantity and quality of the hepatic microsomal 
enzymes. Total body clearance of these drugs is affected by 
hepatic function, enzyme inducers and inhibitors, and 
changes in free drug concentration. A review on this subject 
is available. "° 


Biotransformation 
The liver is the principal organ responsible for xenobiotic 
metabolism. One of its major roles is to convert lipophilic 
nonpolar molecules to more polar water-soluble forms. The 
drug molecule (a xenobiotic) can be modified by phase I 
reactions, which alter chemical structure by oxidation, 
reduction, or hydrolysis; or by phase H reactions, which con- 
jugate the drug (glucuronidation or sulfation) to create more 
water-soluble forms. Typically, both phase I and phase II 
reactions occur. Most drug metabolism takes place in the 
microsomal fraction of the hepatocytes, where many envi- 
ronmental chemicals and endogenous biochemicals {xeno- 
biotics) are also processed by the same mechanisms. 
Enzymes of the hepatic microsomal system can be 
induced or inhibited. Enzyme induction and inhibition have 
greatest significance for drugs with low to moderate hepatic 
extraction fractions. 
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Microsomal enzyme induction leads to an increase in the 
activity of enzymes present, most commonly through 
increases in the mass quantity of the oxidizing enzymes. The 
many isoenzymes of cytochrome P4sy are affected variably by 
different enzyme-inducing drugs. For example, phenobar- 
bital and theophylline and polycyclic hydrocarbons induce 
enzyme activity differently. Two classical and clinically rele- 
vant enzyme inducers can be contrasted. 


Phenobarbital Induction — 


Phenobarbital represents the type of enzyme inducer with 
broad induction effects. After a latency period, production 
of cytochrome Paso cytochrome P49 reductase, and related 
enzymes is increased. In addition, liver weight, hepatic blood 
flow, bile flow, and production of hepatic proteins also all 
increase. This induction apparently increases the P45» isoen- 
zyme mass for which debrisoquin is a substrate, because the 
hepatic clearance of debrisoquin is increased after pheno- 
barbital administration. This enzyme is referred to as 
cytochrome P4s9-2D6 (Cyp 2D6). Phenobarbital induction 
has little effect on theophylline clearance, suggesting a dif- 
ferent isoenzyme for theophylline metabolism. 


Theophylline and Polycyclic Hydrocarbons Induction 
Theophylline and polycyclic hydrocarbons in tobacco 
smoke (3-methylcholanthrene) represent a second type of 
enzyme inducer with broad induction effects. They induce 
CyP 1A in which no change in Pasa reductase occurs and a 
different terminal oxidase appears. After this type of induc- 
tion, the clearance of theophylline but not that of antipyrine 
is increased. These substances have served as prototypes for 
the classification of enzyme inducers. Obviously, when 
patients are on a drug with a narrow therapeutic index, their 
dosing regimen would need to be adjusted should a known 
enzyme-inducing drug be added to or deleted from their 
therapy. 

Because the drug-metabolizing enzymes of the liver and 
gastrointestinal tract are nonspecific and interact with a wide 
variety of endogenous and exogenous substances, it is not 
surprising that the presence of one drug inhibits the metab- 
olism of a second drug that is co-administered. Several 
general mechanisms have been proposed to describe these 
events, They include substrate competition, competitive or 
noncompetitive inhibition, product inhibition, and repres- 
sion (where the amount of enzyme is reduced. by either 
decreased synthesis or increased degradation). Most drug- 
drug interactions probably fall into the categories of sub- 
strate competition or competitive or noncompetitive 
inhibition. Examples of xenobiotics that have been shown to 
significantly inhibit drug metabolism include antiretrovirals, 
cimetidine, erythromycin, fluconazole, grapefruit juice, and 
verapamil. As with enzyme inducers, the addition or dele- 
tion of an inhibitory drug in a patient’s drug therapy requires 
appropriate TDM and dose adjustment of the affected drug. 
TDM allows one to monitor these processes and adjust 
dosing accordingly. 


The role of TDM becomes particularly apparent for drugs 
that undergo hepatic or gastrointestinal metabolism. Wide 
variability in the rate of metabolism of any given drug exists 
not only in different patients in the general population but 
also in the same patient at different times and in different 
circumstances. This variability is due to factors such as age, 
weight, gender, genetics, exposure to environmental sub- 
stances, diet, co-administered drugs, and disease. Further- 
more, there is no acceptable, endogenous, biochemical 
marker by which hepatic or gastrointestinal function, and 
consequently hepatic or gastrointestinal capability for drug 
clearance, can be routinely assessed before drug therapy is 
initiated. 

The biotransformation of drugs may produce metabolites 
that are pharmacologically active. In such instances, the 
metabolite should also be measured because it is contribut- 
ing to the effect of the.drug on the patient. Primidone and 
procainamide are examples of such drugs. If the metabolite 
is inactive, it need not be measured, but steps should be 
taken to ensure that it does not interfere in the analytical 
process. 


Excretion 


Excretion of drugs or chemicals from the body can occur 
through biliary, intestinal, pulmonary, or renal routes. 
Although each of these represents a possible mechanism of 
drug elimination, renal excretion is a major pathway for the 
elimination of most water-soluble drugs or metabolites and 
is important in TDM. Alterations in renal function may have 
a profound effect on the clearance and apparent half-life of 
the parent compound or its active metabolite(s); decreased 
renal function causes elevated serum drug concentrations 
and increases the pharmacological response. 

Kidney function, in contrast to liver function, is readily 
and reliably evaluated by estimation of creatinine clearance 
(see Chapter 24). Creatinine is a metabolic product of 
muscle metabolism and is produced at a constant rate by 
the body. It is primarily eliminated from the body by the 
kidneys through the glomerular filtration mechanism. Renal 
clearance of creatinine at 120mL/min approximates the 
glomerular filtration rate of 90 to 130mL/min. Therefore 
measurement of creatinine clearance on a routine basis 
provides an effective tool to evaluate kidney function. A 
strong correlation has been shown to exist between creati- 
nine clearance and the total body clearance or elimination 
rate constant of those drugs primarily dependent on the 
kidneys for their elimination. Examples of drugs whose 
therapeutic use is adjusted to account for changes in cre- 
atinine clearance include amikacin, digoxin, gentamicin, 
tobramycin, and vancomycin. 


CLINICAL UTILITY 


TDM is most valuable when the drug in question is used 
chronically and has a narrow therapeutic index. A number 
of advantages can be realized by a TDM program. 
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1. Noncompliance can be recognized. Many patients, espe- 
cially those with chronic disease, require prolonged drug 
therapy. The problem of compliance is particularly 
evident with patients who are characteristically free of 
pain or in unusual discomfort as with epilepsy, asthma, 
hypertension, mild heart disease, and transplantation. 
Patients may develop a sense that their disease has been 
cured and they no longer need the drug. The end results 
of noncompliance are exacerbation of the existing disor- 
der and treatment failure. Greenstein reported in‘ 1998 
the results of a large, multicenter study that estimated 
23% noncompliance with chronic therapy for a life- 
threatening disorder.“ Shemesh has reported that the 
best means to document noncompliance is the assess- 
ment of blood concentration.” Drug concentration 
values provide positive feedback to physicians regarding 
patient compliance, allowing for identification of the 
noncomplying patient. 

2. Patients undergoing changes in drug disposition charac- 
teristics can be recognized. Occasionally, the disposition 
pattern of drugs in particular individuals may change 
from the average patient population parameters. Aber- 
rant disposition may be attributable to an effect of a drug 
or disease state not previously recognized. The clinical 
condition and individual metabolism of patients may not 
only differ fom one to another but may change in the 
same patient during treatment. Both the pharmacoki- 
netic disposition and the pharmacodynamic response to 
a given drug dose in individual patients may vary widely 
as a direct consequence of genetic influences. Studies of 
these genetic factors (pharmacogenetics) have clearly 
demonstrated that all aspects of pharmacokinetics and 
pharmacodynamics are under genetic control. One of the 
frequent examples of such a change can be seen when 
adolescents progress through puberty—most drug dispo- 
sition parameters change, requiring frequent dose and 
dosing interval adjustment, guided by TDM. 

3. Therapeutic drug regimens can be adjusted during 
periods of continuous physiological change. Normal 
alterations in physiological state, as in pregnancy or 
aging, or continuous pathophysiological or hemody- 
namic changes as consequences of disease, surgical treat- 
ment of disease, and the healing process complicate 
assessment of drug dose needs. 

4, Baseline concentrations associated with an optimal ther- 
apeutic regimen can be identified. After a patient has 
undergone an extensive workup to define an appropriate 
therapeutic regimen, a physician can establish a baseline 
drug concentration at which the patient responds well. 
Should the patient’s response change significantly in the 
future, the physician can rapidly document whether the 
patient has been compliant or whether a new disease state 
may be altering the pharmacodynamics or pharmaco- 
kinetics of a drug. 

5, The most appropriate drug-dosing regimens can be 
initiated and maintained for a particular patient. 


The evolution of TDM has been facilitated by the develop- 
ment of rapid, sensitive, and specific analytical techniques. 
These technical advances have driven the growth of the fields 
of pharmacology, biopharmaceutics, and pharmacokinetics. 


ANALYTICAL TECHNIQUES 


Analytical techniques that are used to measure therapeutic 
drugs includes immunoassay and instrumental techniques, 
such as chromatographic and electrophoretic procedures, 
and the so-called “hyphenated techniques,” where chro- 
matographs are coupled with a mass spectrometer.* 


Immunoassay 


Radioimmunoassay (RIA) techniques permit quantification 
of drug concentration in microliter volumes of serum at 
nanograms per milliliter concentrations. However, the com- 
plexity of this technique, long turnaround time, problems, 
with waste disposal, and lack of RIA for a wide variety of 
drugs have prevented its widespread adoption for routine 
drug assays. Few RIAs now are used for TDM. 

Proliferation of TDM to all laboratories and physicians 
was achieved with the development of the nonisotopic 
immunoassay (see Chapter 9). Numerous systems have 
evolved to provide this technology in both the clinical labo- 
ratory and physician’s office. The major advantages of these 
systems are their microcapability, specificity, rapidity, ease of 
performance, and adaptation to automated analyzers (see 
Chapter 11). 


Instrumental Methods 

Gas-liquid chromatography (GLC) permits separation of 
parent drug from metabolite(s) and differentiation from 
co-administered drugs and endogenous compounds. It has 
the ability to separate and quantify several drugs within a 
given class of drugs.” Disadvantages of GLC include the 
need for (1) a relatively large volume of sample to achieve 
biologically important sensitivity and (2) chemical derivati- 
zation to ensure that the analytes have the prerequisite 
volatility. Advances in the development of mass spectrome- 
ter detectors (GC/MS) and application of capillary columns 
have increased the sensitivity of the instruments to such an 
extent that drug analysis can now be routinely performed on 
microliter (uL) volumes of sample. 

High-performance liquid chromatography (HPLC) tech- 
niques offer versatility with minimal sample preparation. Its 
specificity and sensitivity, relatively small sample require- 
ments, and the ease of operation make HPLC a practical 
alternative to GLC. HPLC has also been adapted to the 
simultaneous quantification of a large variety of drugs and 


*Several analytical methods and case studies for therapeutic drugs 
are found on this book’s accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/. 
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their metabolites (see Chapter 6 and a review by Sadeg and 
colleagues’ for a discussion of chromatographic tech- 
niques). Capillary electrophoresis, a relatively new technique 
(see Chapter 5), has been used to measure a variety of 
drugs, ”*"7 including caffeine,"* various cardiac drugs,” 
felbamate,'” and gabapentin.” 

The combination of HPLC with tandem mass spec- 
trometers (LC/MS/MS) has revolutionized the analytical 
approach to TDM. This technology allows for direct analysis 
of biological specimens with minimal sample preparation, 
high sensitivity, specificity, precision, and high throughput. 


ISSUES OF CONCERN 

Analytical issues of continuing concern for a TDM service 

include the following: 

1, Assay methods used for TDM should be accurate and 
reproducible. AH clinical laboratories with a TDM service 
should be actively involved in an internal quality control 
and external proficiency testing program. In addition, 
sample volume and assay turnaround time should be 
considered in selecting the most appropriate analytical 
method, 

2. Each laboratory should inform the medical staff about 
therapeutic and toxic concentration ranges, analytical 
method (when appropriate), action values, required 
sample volume, and collection tube specifications. 

3. Guidelines should be available for ideal sample schedules 
for each individual drug monitored. Steady-state trough 
concentrations usually are most desirable; however, other 
sample schedules may be appropriate, depending on the 
properties of the drug or the individual needs of the 
patient. 

4. The time and date of collection of the drug sample and 
of the last dose should be noted. To assess steady-state 
conditions, the length of time a patient has been on a par- 
ticular regimen should be known. In vitro conditions 
affecting stability of the drug in a sample (e.g., penicillin 
or heparin and aminoglycoside antibiotics) or the assay 
specificity (e.g., presence of hemolysis) should be consid- 
ered for sample handling procedures. 

5. Because laboratory reports become part of a patient’s 
chart, it is useful to devise a reporting format that incor- 
porates all of the data necessary for interpretation (drug 
formulation, frequency and amount, plasma concentra- 
tion, time of dose, time of draw, and other drugs co- 
administered). 


SPECIFIC DRUG GROUPS 


Drugs that are routinely monitored are conveniently classi- 
fied by the kind of therapy they support (e.g., antibiotics, 
control of epilepsy, management of respiratory or cardiac 
function, suppression of immune response). An analytical 
method for one drug in a grouping is often applicable to 
other drugs in the same grouping. The following discussion 
is organized in accordance with classifications commonly 


recognized. Note that some drugs, such as salicylate and 
nitroprusside (assessed by the quantification of thiocyanate), 
are discussed in Chapter 34, 


ANTIEPILEPTIC DRUGS 


Many antiepileptic drugs are used to treat seizures (Table 
33-1). Most are analyzed collectively. by either GLC or 
HPLC® or individually analyzed by immunoassay. The 
advantage of HPLC or GLC is that simultaneous analyses can 
be accomplished. Immunoassay procedures are less labor 
intensive and are usually quicker than HPLC or GLC for a 
single analyte; however, analysis of multiple antiepileptics or 
metabolites requires additional assays. For example, GLC” 
and HPLC” methods allow for the simultaneous measure 
of several common anticonvulsants. Immunoassay, however, 
is the mainstay of monitoring these drugs in most clinical 
laboratories. 


Carbamazepine 

Carbamazepine, proprietary name Tegretol, is used in the 
treatment of generalized. tonic-clonic, partial, and partial- 
complex seizures. It is also used for the treatment of pain 
associated with trigeminal neuralgia. Like phenytoin, carba- 
mazepine modulates the synaptic sodium channel, which 
prolongs inactivation, reducing the ability of the neuron to 
respond at high frequency.” The physiological effect of this 
action is reduction in central synaptic transmission, aiding 
in control of abnormal neuronal excitability. Carbamazepine 
also has an antidiuretic effect, reducing concentrations of 
antidiuretic hormone. 

After oral administration, carbamazepine is slowly but 
erratically absorbed with wide individual variability. Over 
80% of the drug is protein bound.. The elimination half-life 
early in therapy is approximately 24 hours. With chronic 
therapy, the enzyme cytochrome Paso 3A4 (CyP 3A4) and 
its associated drug transporter P-glycoprotein (Pg)— 
responsible for metabolism—are induced, and the elimina- 
tion half-life is reduced to 15 to 20 hours. Because hepatic 
metabolism is the principal means by which plasma con- 
centration is reduced, any reduction in liver function results 
in drug accumulation. 

The therapeutic concentration range for optimal phar- 
macological effect of carbamazepine is 4 to 12 ug/mL. Toxi- 
city associated with excessive carbamazepine ingestion 
occurs at plasma concentrations in excess of 15 ug/mL and 
is characterized by symptoms of blurred vision, paresthesia, 
nystagmus, ataxia, drowsiness, and diplopia. Side effects 
unrelated to plasma concentration include development of 
an urticarial rash, which usually disappears on discontinua- 
tion of the drug, and hematological depression (leukopenia, 
thrombocytopenia, and aplastic anemia). 

The active metabolite of carbamazepine is carba- 
mazepine-10,11-epoxide formed by action of CyP 3A4. This 
metabolite has been found to accumulate in children to con- 
centrations equivalent to carbamazepine. It may contribute 
to symptoms of intoxication in children who have a thera- 
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TABLE 33-1 Pharmacokinetic Parameters of Antiepileptic 
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peutic plasma concentration of the parent drug. Because car- 
bamazepine is metabolized by CyP 3A4, drugs that induce 
this enzyme (erythromycin, oxcarbazepine, phenytoin, 
and St. John’s Wort) increase the rate of clearance of 
carbamazepine, 

Co-administration of erythromycin, phenytoin, or val- 
proic acid increases the rate of metabolism of carba- 
mazepine, reducing the blood concentration. Itraconazole 
and grapefruit juice interfere with CyP 3A4, increasing car- 
bamazepine levels. 

Because of carbamazepine’s relatively long half-life, the 
specimen yielding the most useful information is the one 
representing the trough concentration, although in the case 
of suspected mild intoxication, the peak value of the plasma 
concentration correlates more closely with toxicity. The peak 
specimen should be collected 4 to 8 hours after the oral dose. 


Ethosuximide 


Ethosuximide, proprietary name Zarontin, is used for the 
treatment of absence seizures characterized by brief loss of 
consciousness. Ethosuximide reduces the flow of calcium 
through T-type calcium channels in the synapse of thalamic 
neurons; because thalamic neurons are the main source of 
3-Hz spike-wave rhythms in absence seizures, reduction 
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of calcium flow slows the rate of these seizure-inducing 
pulses, 

Ethosuximide is readily absorbed from the gastrointes- 
tinal tract. In children its half-life is approximately 33 hours, 
although this may be prolonged in adults. The drug is cleared 
mainly by metabolism as the hydroxyethyl metabolite and the 
glucuronide ester (metabolized by UDP-glucuronosyl- 
transferase—UGT, or sulfate ester metabolized by sulfotrans- 
ferase—ST) of the hydroxyethyl metabolite; the exact 
cytochrome enzyme isomer has not been identified. The 
trough specimen yields the most useful information regard- 
ing therapeutic efficacy. The optimal therapeutic concentra- 
tion of ethosuximide is 40 to 100 [g/mL. Toxicity related to 
an excessive blood concentration of ethosuximide is rare. 
Symptoms of gastrointestinal distress, lethargy, dizziness, 
and euphoria may be encountered early in therapy, but 
patients usually become tolerant to these symptoms. 


Levetiracetam 

Levetiracetam (Keppra) is approved for adjunctive therapy 
and treatment of partial onset seizures in adults with 
epilepsy. Levetiracetam is 100% bioavailable. Once absorbed, 
it is <10% bound to protein and has a volume of distribu- 
tion of 1.0 L/kg. Following an oral dose, it reaches maximum 
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concentration in 1 hour. The clearance half-life is 7 + 1 hour 
and clearance is 0.96mL/min/kg predominantly by renal 
elimination of the parent drug. Twenty-four percent of the 
parent drug undergoes hepatic metabolism by CyP 2C19 to 
an inactive carboxylic acid metabolite. Levetiracetam is 
cleared predominantly by renal function. A 40% reduction 
in levetiracetam clearance is expected is expected if the cre- 
atinine clearance is <30 mL/min, Prepubescent children clear 


levetiracetam 40% faster than adults. There are no pharma- - 


cokinetic interactions between levetiracetam and other 
antiepileptic drugs. 

In adults, maximum blood concentration correlates with 
dose. The minimal effective serum concentration for seizure 
control is 3 ug/mL. Peak therapeutic serum concentrations 
of 10 to 63ug/mL occur 1 hour after dose. Trough thera- 
peutic concentrations occurring just before the next dose 
range from 3 to 34ug/mL.$ 

Toxicity effects known to be associated with levetiracetam 
use include decreased RBC count and hematocrit, decreased 
neutrophil count, somnolence, asthenia, and dizziness. 
These toxicities may be associated with blood concentrations 
in the therapeutic range. Co-administration of cimetidine 
will interfere with the test, producing artifactually increased 
measurements of levetiracetam. The laboratory can identify 
the presence of cimetidine, and laboratory reports will reflect 
cimetidine interference if it is detected. 


Oxcarbazepine 

Oxcarbazepine (OCBZ—Trileptal) has been approved for 
therapy of partial seizures with and without secondarily 
generalized seizures in adults and as adjunctive therapy 
for partial onset seizures in children ages 4 to 16. OCBZ 
is a prodrug that is almost immediately and completely 
metabolized to 10-hydroxy-10,11-dihydrocarbamazepine 
known as monohydroxycarbamazepine (MHC), the 
metabolite responsible for OCBZ’s therapeutic effect. Reduc- 
tase enzymes not subject to induction catalyze the conver- 
sion of OCBZ to MHC. MHC is cleared as the glucuronide 
conjugate formed by action of UGT. MHC selectively 
induces CyP 3A4 enzymes responsible for the metabolism of 
estrogens, immunosuppressants, and the dihydropyridine 
calcium-channel blockers. Carbamazepine activates UGT, 
enhancing the rate of clearance of MHC. 

The metabolism of OCBZ is extensive; about 96% of the 
dose is excreted in the urine as metabolites, less than 1% as 
unchanged drug, and about 27% as free MHC. The major- 
ity of the dose is recovered as the glucuronide ester of either 
OCBZ or MHC, approximately 9% and 49%, respectively. 
The apparent volume of distribution of MHC is 0.8L/kg. 
Approximately 40% of MHC is bound to serum proteins, 
predominantly to albumin. The elimination half-life is 1.0 to 
2.5 hours for OCBZ and 8 to 10 hours for MHC. MHC 
shows a linear and dose-proportional increase (based on 
OCBZ dose) in the range of 300 to 2700 mg/day. Since MHC 
is cleared predominantly by the kidney, the daily dosage 
of OCBZ given to patients with creatinine clearance 


<30mL/min should be half that given to patients with 
normal renal function.” 

Steady-state MHC concentrations in a trough specimen 
collected just before the next dose correlate with the OCBZ 
dose, Trough monitoring is recommended for assessment of 
compliance or to verify dose adequacy. Optimal response to 
OCBZ occurs when trough MHC concentration is in the 
range of 6 to 10pg/mL.” Peak plasma concentration of 
MHC occurs 4 to 6 hours after dose. Because carbamazepine 
activates UGT, patients taking carbamazepine concomitantly 
with OCBZ have significantly lower MHC concentrations 
than patients not receiving carbamazepine. Toxicity effects 
associated with OCBZ includes hyponatremia, dizziness, 
somnolence, diplopia, fatigue, nausea, vomiting, ataxia, 
abnormal vision, abdominal pain, tremor, dyspepsia, and 
abnormal gait. These toxicities may be observed when blood 
concentrations are in the therapeutic range. Serum sodium 
concentration below 125mmol/L and decreased T4 have 
been seen in patients treated with MHC. 


Phenobarbital 


Phenobarbital is used in the treatment of all seizures except 
absence seizures, and is known by a wide variety of pro- 
prietary names and found in combination with many other 
drugs. It is used for treatment of generalized tonic-clonic, 
partial, focal motor, temporal lobe, and febrile seizures. It is 
also known to reduce synaptic transmission, resulting in 
decreased excitability of the entire nerve cell, inducing seda- 
tion. Phenobarbital potentiates synaptic inhibition through 
action on the y-aminobutyric acid-A (GABA,) receptor by 
increasing the duration of chloride flow into the synapse.” 
The end result is an increase in seizure threshold and 
inhibition of the spread of discharges from the epileptic foci. 

Absorption of oral phenobarbital is slow but complete. 
The time at which peak plasma concentrations are reached 
is widely variable and ranges from 4 to 10 hours after the 
dose. Phenobarbital is 40% to 60% bound to plasma pro- 
teins. CyP 2C19 is the primary hepatic enzyme involved in 
metabolism, producing an elimination half-life of 70 to 100 
hours; metabolism is age dependent (children average 70 
hours, geriatric patients 100 hours). Because hepatic metab- 
olism is the primary organ of elimination, reduced. liver 
function results in prolonged half-life. 

The optimally effective therapeutic concentration of phe- 
nobarbital is between 15 and 40ug/mL.” The predominant 
side effect observed in adults at blood concentrations greater 
than 40 ug/mL is sedation, although tolerance to this effect 
develops with chronic therapy. 

Phenobarbital is metabolized by CyP 2C19 to p-hydroxy- 
phenobarbital, which is largely excreted as the glucuronide 
(by UGT). When renal and hepatic function are decreased, 
patients experience decreased clearance of the drug. Alcohol, 
carbamazepine, other barbiturates, and rifampin induce 
oxidative enzymes (CyP 2C19 and 2C9); this induction 
results in increased metabolism of phenytoin, reduced serum 
concentration of phenobarbital, and a reduced pharmaco- 
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logical effect. Drugs such as chloramphenicol, cimetidine, 
disulfiram, isoniazid, omeprazole, and topiramate compete 
with phenobarbital metabolism. Elimination of phenobar- 
bital may be decreased in the presence of valproic acid and 
salicylate if reduction in urinary pH occurs. During chronic 
administration of either valproate or salicylate, the concen- 
tration of phenobarbital may increase 10% to 20%, and a 
dose adjustment may be necessary to avoid intoxication. 
Phenobarbital induces mixed-function oxidative enzymes 
(CyP 2B6), resulting in increased metabolism of other xeno- 
biotics after approximately 1 to 2 weeks of therapy. 

Because of the long elimination half-life of phenobarbi- 
tal, the blood concentration does not change rapidly. There- 
fore a serum specimen collected late in the dose interval 
(trough) is representative of the overall effect. Results from 
specimens collected 2 to 4 hours after the dose can be mis- 
leading, because they may be construed to be the peak con- 
centration when in actuality they precede the peak. Table 
33-1 summarizes pharmacokinetic data of the anticonvul- 
sant drugs. 


Phenytoin 

Phenytoin (diphenylhydantoin), most commonly available 
as Dilantin but also available in generic form, is used in 
the treatment of primary or secondary generalized tonic- 
clonic seizures, partial or complex-partial seizures, and 
status epilepticus. The drug is not effective for absence 
seizures, Phenytoin acts by modulating the synaptic sodium 
channel by prolonging inactivation, which reduces the 
ability of the neuron to respond at high frequency." The 
physiological effect of this action is reduction in central 
synaptic transmission, aiding in control of abnormal neu- 
ronal excitability. 

Phenytoin is not readily soluble in aqueous solutions, 
When administered by intramuscular injection, most of the 
dose precipitates at the site of injection and is then slowly 
absorbed. A prodrug called fosphenytoin (Cerebyx) allows 
intramuscular injection of phenytoin and has increased 
aqueous solubility for intramuscular injection.'” After injec- 
tion, it is rapidly converted to phenytoin. Absorption of oral 
phenytoin is slow and sometimes incomplete. Variations 
in the drug preparation have been blamed for low bioavail- 
ability. Once absorbed, the drug is tightly bound to protein 
(90% to 95%). As with all drugs, the pharmacological effect 
of phenytoin is directly related to the amount present in the 
free (unbound) state. Only free phenytoin is available to 
cross biological membranes and interact at biologically 
important binding sites. The degree of protein binding can 
be reduced by the presence of other drugs, anemia, and 
hypoalbuminemia, which occurs regularly in the elderly. In 
these conditions, an increased effect is observed at the same 
total drug concentration as in plasma from normal patients. 

The optimal therapeutic concentration for seizure control 
without side effects is 10 to 20j1g/mL. In a large population 
study, Buchthal and colleagues found a 50% response rate in 
patients with plasma concentrations greater than 10ug/mL 


and an 86% suppression of seizure activity at concentrations 
exceeding 15ug/mL.? These concentrations also serve as 
reasonable guidelines when the drug is used as a cardiac 
antiarrhythmic agent. Free phenytoin concentrations of 1 to 
2ug/mL are optimal. Total phenytoin concentrations in 
excess of 20 ug/mL do not usually enhance seizure control 
and are often associated with nystagmus and ataxia. Total 
phenytoin plasma concentrations in excess of 35 g/mL have 
been shown to actually precipitate seizure activity. A side 
effect of phenytoin not related to plasma concentration is 
development of gingival hyperplasia. 

Phenytoin is metabolized by hepatic microsomal hydrox- 
ylating enzymes by CyP 2C19 and 2C9. The principal 
metabolite is 5-(p-hydroxyphenyl)-5-phenylhydantoin, 
which is excreted principally as a glucuronide ester (by 
UGT). Other minor metabolites are of minimal clinical 
importance. Hepatic metabolism of phenytoin may become 
saturated within the therapeutic range. Once metabolism is 
saturated, small dose increments result in large changes in 
blood concentration (see Figure 33-10}; this phenomenon 
partially explains the wide variation in dose among patients 
that is required to accomplish a therapeutic effect. Because 
of this saturation phenomenon, first-order kinetics do not 
apply to phenytoin at blood concentrations in excess of 
5 pg/mL. 

The time to collect the specimen is determined by the 
reason for monitoring. If a patient displays any symptoms of 
intoxication, then the peak blood concentration is of inter- 
est. This specimen is collected 4 to 5 hours after the dose, 
although the peak level may be delayed up to 8 hours if the 
drug is given in conjunction with food or drugs that increase 
stomach acidity. If the principal question at hand is adequate 
therapy, then the trough concentration is more useful; that 
specimen is collected just before the next dose is given. 

A number of drug interactions result in alteration of the 
disposition of phenytoin. Alcohol, carbamazepine, other 
barbiturates, and rifampin induce oxidative enzymes (CyP 
2C19 and 2C9); this induction results in increased metabo- 
lism of phenytoin, reduced serum concentration of both 
total and free phenytoin, and reduced pharmacological 
effect. Drugs such as chloramphenicol, cimetidine, disulfi- 
ram, isoniazid, omeprazole, and topiramate compete with 
phenytoin metabolism, resulting in an increase of both total 
and free phenytoin concentrations and enhancement of the 
pharmacological effect. Salicylate, valproic acid, phenylbuta- 
zone, sulfisoxazole, and sulfonylureas compete with pheny- 
toin for serum protein-binding sites. The end result is 
diminished total serum concentration of phenytoin while 
the free phenytoin concentration and pharmacological effect 
remain approximately the same. The interest in monitoring 
the free phenytoin concentration is in response to these 
altered protein-binding states. 


Primidone 
Primidone, proprietary name Mysoline, is effective in the 
treatment of tonic-clonic and partial seizures. The mecha- 
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nism of action of this drug is similar to that described for 
phenobarbital, and the therapeutic effect is due partially to 
the accumulation of its major metabolite, phenobarbital, 
created by the action of CyP 2C19. A second metabolite of 
primidone, phenylethylmalonamide, created by the action of 
CyP 2C9 also has some antiepileptic activity. 

Primidone is rapidly and completely absorbed after oral 
administration. Once absorbed, it is not highly protein 
bound and it has a half-life of approximately 10 hours. Dis- 
position of the drug is known to be affected by the drugs that 
alter CyP 2C19 and 2C9 metabolism and by diseases that 
alter phenobarbital disposition. 

The optimal therapeutic concentration of primidone has 
been established as 5 to 12 ug/mL. Because phenobarbital is 
an active metabolite of primidone, concurrent analysis of 
phenobarbital is required for complete result interpretation. 
The previously defined therapeutic range for phenobarbital 
applies to adequate primidone therapy. The phenobarbital 
concentrations rise gradually over a period of 1 to 2 weeks 
after therapy is initiated. Toxicity due to accumulation of 
primidone occurs at serum concentrations in excess of 15 
ug/mL and is usually associated with symptoms of sedation, 
nausea, vomiting, diplopia, dizziness, ataxia, and a pheno- 
barbital concentration greater than 40ug/mL. Specimen 
collection is dictated by the same rules that apply to 
phenobarbital; the trough concentration is most useful. 

Co-administration of acetazolamide with primidone 
results in decreased gastrointestinal absorption of primidone 
and subsequent diminished plasma concentrations. Primi- 
done administered in association with phenytoin produces 
a modest elevation of the phenobarbital/primidone ratio 
because phenytoin competes with the hepatic hydroxylating 
enzymes associated with phenobarbital’s metabolism. Co- 
administration of valproic acid, for the same reasons out- 
lined for phenobarbital, causes a modest increase in both 
primidone and phenobarbital serum concentrations. 


Topiramate 

Topiramate (Topamax) is a broad spectrum, antiepileptic 
drug. It has sodium channel blocking activity and it poten- 
tiates the activity of gamma-aminobutyric acid (GABA), and 
inhibits the potentiation of the glutamate receptor. Because 
of this range of activities, topiramate blocks seizure spread 
rather than raising seizure potential. 

Topiramate is routinely administered orally, absorbed 
rapidly, and metabolized minimally, but its disposition is 
affected by CyP 2C19. Serum concentrations of other anti- 
convulsant drugs are not significantly affected by the con- 
current administration of topiramate, with the exception in 
individual patients on phenytoin who exhibit increased 
phenytoin plasma concentrations after addition of topira- 
mate. Co-administration of phenytoin or carbamazepine 
decreases topiramate serum concentrations. Changes in co- 
therapy with phenytoin or carbamazepine (e.g., addition or 
withdrawal) for patients stabilized on topiramate therapy 
may require topiramate dose adjustment. As with other 


renally eliminated anticonvulsant drugs, patients with 
impaired renal function exhibit decreased renal clearance. 
Peak serum blood concentration of topiramate is 
achieved 2 to 3 hours after dosing. Peak concentrations in 
the range of 9.0 to 12 g/mL indicate that the dose is appro- 
priate to achieve optimal antiepileptic activity. The 
minimum blood concentration, achieved just before the next 
dose, should be >2.0 ug/mL to ensure adequate antiepileptic 
protection. Concentrations <2.0lig/mL indicate that the 
dose is either suboptimal or administered too infrequently.” 
Topiramate may be quantified by immunoassay or GLC-FID, 


Valproic Acid 

Valproic acid, brand name Depakene or Depakote, is used for 
treatment of absence seizures. It has also been shown to be 
useful against tonic-clonic and partial seizures when used in 
conjunction with other antiepileptic agents, such as pheno- 
barbital or phenytoin. The drug inhibits the enzyme GABA 
transaminase, resulting in an increase in the concentra- 
tion of GABA in the brain, GABA is a potent inhibitor 
of presynaptic and postsynaptic discharges in the central 
nervous system. Valproic acid also modulates the synaptic 
sodium channel by prolonging inactivation, which reduces 
the ability of the neuron to respond at high frequency. 
This action gives it some activity against tonic-clonic 
seizures.”! 

Valproic acid is rapidly and almost completely absorbed 
after oral administration, Peak concentrations occur 1 to 4 
hours after an oral dose. The principal metabolite, 2-n- 
propyl-3-ketopentanoic acid, is created by action of CyP 
2C19 and has anticonvulsant activity comparable to that of 
valproic acid, although this metabolite does not accumulate 
in plasma; the exact cytochrome enzyme isomer involved in 
metabolism has not been identified, The single-dose half-life 
is 16 hours in healthy adults, but this decreases to 12 hours 
on chronic therapy and may be as short as 8 hours in chil- 
dren, In neonates and in hepatic disease, when metabolism 
is reduced, the half-life becomes prolonged. Valproic acid is 
highly protein bound (93%). In circumstances when com- 
petition for protein binding increases, such as in uremia, 
cirrhosis, or concurrent drug therapy, the percent of free 
valproic acid increases. 

The minimum effective therapeutic concentration of 
valproic acid is 50ug/mL. Concentrations in excess of 
100 ug/mL have been associated with hepatic toxicity and 
acute toxic encephalopathy. Glycine has been observed to 
accumulate in patients on valproic acid therapy. 

Clearance of valproic acid is rapid, presenting a dosing 
dilemma. The dose must be adequate to provide a plasma 
concentration >40ug/mL while avoiding concentrations in 
excess of 100ug/mL. The ideal specimen for monitoring 
blood concentration is the one drawn just before the next 
dose, usually early in the morning to confirm that an ade- 
quate dose has been prescribed before bedtime. Dosing is 
particularly problematic in young children who might sleep 
for more than one complete half-life of the drug. 
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Valproic acid modulates the action of various other 
common antiepileptic drugs. It inhibits the nonrenal clear- 
ance of phenobarbital, resulting in elevated phenobarbital 
levels. It competes with phenytoin for protein-binding sites, 
The free phenytoin concentration remains approximately 
the same, but the total phenytoin in the plasma decreases. 
Because the free phenytoin concentration remains 
unchanged, the pharmacological effect is retained. Other 
common antiepileptic drugs that induce hepatic oxidative 
enzymes result in increased valproic acid clearance; this 
increased clearance rate requires a higher dose to maintain 
effective therapeutic levels. 


y-Aminobutyric Acid Analogs/Agonists 

Studies of benzodiazepines that occurred in the 1970s led 
to knowledge of the GABA receptor, a membrane-bound 
protein complex on the surface of dedicated neural and glial 
cells that operate as inhibitory neurotransmitters. Activation 
of these cells serves to restrain neuronal excitation. Absence 
of or decreased GABA control of neurotransmission is one 
cause of seizure activity. These studies led to the develop- 
ment of drugs that act to increase the activity of GABA 
receptors, either by increasing GABA concentration or by 
directly interacting with the GABA receptor. Felbamate, 
gabapentin, lamotrigine, tiagabine, and zonisamide are 
examples of such drugs. 


Felbamate 


Felbamate, proprietary name Felbatol, was approved for 
primary or adjunctive therapy of partial seizures. Its use is 
limited to those patients who fail other drug treatments, 
because felbamate carries with it a substantial risk of 
aplastic anemia and liver failure that is not related to the 
blood level. Biweekly monitoring of complete blood count, 
serum aminotransferases, and bilirubin is recommended 
to detect early onset of these side effects. Felbamate is 
particularly effective in control of Lennox-Gastaut 
syndrome. 

Felbamate is completely absorbed from the gastrointesti- 
nal tract. The drug is 30% bound to plasma proteins, and 
optimal blood concentrations for felbamate range from 40 
to 120 g/mL.” It is eliminated by hepatic metabolism (CyP 
2D6), with its half-life ranging from 14 to 21 hours.”* Felba- 
mate saturates metabolism when the concentration exceeds 
120 g/mL; at that concentration, metabolism converts from 
first order to zero order. HPLC is commonly used for felba- 
mate analysis," 


Gabapentin 


Gabapentin, proprietary name Neurontin, is a chemical 
analog of GABA that promotes the release of GABA. It does 
not interact directly with the GABA receptor, nor does it 
inhibit glutamic acid decarboxylase, the enzyme that usually 
controls cellular concentration of GABA. Gabapentin has 
been proven effective for treatment of drug-resistant partial 
seizures.” 


Absorption of oral gabapentin is complete, Gabapentin is 
10% bound to plasma proteins, and its elimination half-life 
is 5 to 9 hours. The optimally effective therapeutic concen- 
tration of gabapentin is between 2 and 12 pg/mL. ®® Side 
effects observed in adults at blood concentrations greater 
than 12 ug/mL are somnolence, ataxia, dizziness, and fatigue. 
The drug does not undergo hepatic metabolism, and it does 
not activate any metabolic enzymes, so co-administration of 
gabapentin with other drugs does not affect their concen- 
trations. Co-administration with antacids is known to 
reduce absorption of gabapentin by approximately 20%. 
HPLC is used to quantify gabapentin.” 


Lamotrigine 


Lamotrigine, proprietary name Lamictal, is not a GABA 
analog, but binds to the GABA receptor; it is therefore 
considered a GABA agonist. Lamotrigine acts like phenytoin 
and carbamazepine, blocking repetitive nerve firings 
induced by depolarization of spinal cord neurons. The FDA 
approved lamotrigine for adjunctive therapy of partial 
seizures. 

Lamotrigine is satisfactorily tolerated and completely 
absorbed from the gastrointestinal tract after oral adminis- 
tration. It is 60% bound to plasma proteins. Optimal 
response occurs when the trough blood level is between 
1 and 2ug/mL, and the peak level ranges from 5 to 
8ug/mL.*”* Half-life ranges from 20 to 30 hours. Elimina- 
tion occurs through metabolism by UGT; the metabolite 
is the glucuronide ester. Co-administration with CyP 2C19— 
inducing drugs such as phenobarbital, phenytoin, or carba- 
mazepine results in reduced lamotrigine concentration— 
dosage increases of approximately 30% are required to 
maintain optimal blood concentration. 

Lamotrigine is a potent inhibitor of dihydrofolate reduc- 
tase. Folate concentrations are decreased when this drug is 
administered. If folate replacement is not implemented, rash 
and anemia may be experienced when lamotrigine is at its 
therapeutic concentration. Lamotrigine has also been asso- 
ciated with development of severe rash (Stevens-Johnson 
syndrome) in approximately 1% of patients receiving 
lamotrigine. These side effects are not drug concentration 
related. 

Dizziness, ataxia, diplopia, blurred vision, nausea, and 
vomiting are signs of toxicity that occur when the blood level 
exceeds 10ug/mL. A chromatographic method for analysis 
of lamotrigine has been reported.” 


Tiagabine 

Tiagabine, proprietary name Gabitril, is indicated as adjunc- 
tive therapy in adults and children for treatment of partial 
seizures. It is frequently administered to patients receiving at 
least one concomitant antiepileptic drug. Tiagabine is a 
selective blocker of GABA uptake into presynaptic neurons. 
Tiagabine binds to recognition sites associated with the 
GABA uptake carrier. By this action, tiagabine blocks GABA 
uptake into presynaptic neurons, permitting more GABA to 
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be available for receptor binding on the surface of postsy- 
naptic cells. 

Tiagabine has an elimination half-life of 7 to 9 hours. In 
patients receiving CyP 3A4 inducing anti-epileptic drugs 
(AEDs), the elimination half-life decreases to 4 to 7 hours. 
Phenytoin, phenobarbital, and carbamazepine are CyP 3A4 
inducers. Valproic acid and gabapentin are not. Tiagabine is 
not considered to be a CyP 3A4 inducer. 

Tiagabine reaches peak serum concentration approxi- 
mately 45 minutes following an oral dose in the fasting state. 
Pediatric patients reach peak concentration at approximately 
2.4 hours.” Tiagabine is well absorbed, with food slowing 
the absorption rate but not altering the extent of absorption 
(high fat diet prolongs peak serum concentrations to about 
2.5 hours). Tiagabine is >95% absorbed, with oral bioavail- 
ability of about 90%. Tiagabine pharmacokinetics are linear 
over the typical dose range of 2 to 24mg. Tiagabine is 96% 
bound to human plasma proteins, mainly to serum albumin 
and alpha-1-acid glycoprotein. Co-administration with val- 
proic acid reduces protein binding to 94%, increasing the 
free fraction of tiagabine by 40%.* 

Trough tiagabine serum concentrations vary from 5 to 
35ng/mL in most patients receiving therapeutic doses and 
are proportional to dose. A single 4mg dose administered to 
a child produced a peak serum concentration in the range of 
52 to 108ng/mL. At steady state, an adult receiving 40 mg per 
day is expected to have peak serum concentration in the 
range of 110 to 260ng/mL, and an adult receiving 80mg 
per day is expected to have peak serum concentration in 
the range of 220 to 520ng/mL. Serum concentrations 
>800ng/mL indicate excessive dosing associated with 
adverse effects such as asthenia, ataxia, difficulty concentrat- 
ing, and depression. 


Zonisamide 

Zonisamide, proprietary name Zonegran, is a sodium and 
calcium channel blocker. It also binds to the GABA receptor, 
but does not produce a chloride influx. Approved for adjunct 
treatment of partial seizures that do not respond to a single 
drug, zonisamide is satisfactorily tolerated but not com- 
pletely absorbed from the gastrointestinal tract after oral 
administration; bioavailability averages 50%. It is 50% 
bound to plasma proteins. Optimal response occurs when 
the peak level ranged from 10 to 30ug/mL.” Half-life 
ranges from 50 to 70 hours. Elimination occurs through 
metabolism by Cyp 2C19. Co-administration with CyP 
2C19-inducing drugs such as phenobarbital, phenytoin, 
or carbamazepine results in reduced zonisamide concentra- 
tion.” Chromatographic methods for analysis of zonisamide 
have been reported, 


Miscellaneous, Infrequently Used Antiepileptic Drugs 
Benzodiazepines, mephobarbital, and succinimides have 
antiepileptic activity. However, they are infrequently pre- 
scribed for this purpose. 


Benzodiazepines 

Benzodiazepines interact at the GABA, receptor to increase 
the duration of chloride flow into the synapse.*' The end 
result is an increase in seizure threshold and inhibition of the 
spread of discharges from the epileptic foci. 

Diazepam, proprietary name Valium, is frequently used 
in emergency situations to gain control in status epilepticus. 
Unfortunately, tolerance to diazepam at the GABA receptor 
develops rapidly, and diazepam becomes ineffective within 
2 to 3 days. Diazepam is therefore not used for long-term 
control of seizure disorders. 

Clonazepam, proprietary name Clonopin, is a benzodi- 
azepine with chemical structure closely related to diazepam. 
The mechanism of action is the same as described for 
diazepam, but tolerance does not develop as rapidly as with 
diazepam. Clonazepam is currently approved for use in 
absence seizures, infantile spasms, akinetic seizures, and 
Lennox-Gastaut syndrome. Plasma concentrations associ- 
ated with maximal effectiveness of the drug range from 15 
to 60ng/mL. At concentrations higher than 80ng/mL, no 
additional seizure protection is observed, and toxicity 
(drowsiness and ataxia) ensues. The most suitable methods 
adaptable to routine analysis are based on GLC with electron 
capture detection,” although HPLC methods also are 
effective.’ 


Mephobarbital 


The antiepileptic activity of mephobarbital, proprietary 
name Mebaral, is due to its principal metabolite, phenobar- 
bital. Metabolism is through hepatic CyP 2C19, induced by 
phenobarbital. Thus long-term therapy results in multipha- 
sic elimination profiles of the drug. Early in therapy, high 
concentrations (>5ug/mL) of mephobarbital and low con- 
centrations (<10 g/mL) of phenobarbital may be observed. 
After enzymatic induction, the pattern shifts to one in which 
phenobarbital predominates (20 to 40 ug/mL) and mepho- 
barbital is a minor constituent (1 to 3 ug/mL) at equilibrium. 
Effective therapeutic monitoring can be accomplished only 
after a steady state has been achieved by administering a 
constant dose for at least 21 days. Mephobarbital concentra- 
tion is usually determined by chromatography as described 
for phenobarbital methods. It should be noted that mepho- 
barbital in most immunoassays cross-reacts to some degree 
with phenobarbital. 


Succinimides 
Three succinimides have proved useful in the control of 
absence seizures: ethosuximide (proprietary name Zaron- 
tin), methsuximide (proprietary name Celontin), and phen- 
suximide (proprietary name Méilontin). Ethosuximide is 
widely used and is reviewed elsewhere in this chapter. Meth- 
suximide and phensuximide are less commonly used and 
monitored. 

Both methsuximide and phensuximide are active in 
control of absence seizures and seizures of temporal lobe 
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TABLE 33-2 Pharmacokinetic Parameters of Cardioactive Drugs 
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origin, but phensuximide has been found to be less effective 
because of its short half-life. Methsuximide is effective 
because it is metabolized to an active metabolite that is stable 
and has a long half-life. Steady-state serum concentrations 
of methsuximide and normethsuximide on a standard adult 
dose of 900 mg/d range from 0.01 to 0.040 ug/mL and 10 to 
40 g/mL, respectively. 


CARDIOACTIVE DRUGS 


Pharmacokinetic parameters of digoxin and other cardioac- 
tive drugs are summarized in Table 33-2. Digoxin, disopyra- 
mide, lidocaine, procainamide, and quinidine are usually 
quantified by immunoassay. HPLC methods to quantify the 
other cardioactive drugs are reviewed in a previous edition 
of this chapter.” 


Amiodarone 


Amiodarone, proprietary name Cordarone, is used to control 
supraventricular and ventricular tachyarrhythmias. The 
drug is of interest as a substitute for other class I antiar- 
rhythmics, such as procainamide or quinidine, because it has 
a very long elimination half-life (45 days). The effective 
serum concentration of the drug, measured 24 hours after a 
single daily dose, ranges from 1.0 to 2.0pig/mL.'"” The drug 
is indicated for control of ventricular tachycardia and fibril- 
lation resistant to other forms of therapy. Amiodarone is 
extensively metabolized by the CyP 3A4 system; its metabo- 
lism is significantly affected by co-administration with car- 
bamazepine, erythromycin, phenytoin, rifampin, and St. 
John’s Wort. In addition, the presence of amiodarone will 
prolong metabolism of several drugs including cyclosporine, 
digoxin, protease inhibitors, sirolimus (Siro), tacrolimus 
(Tac), and verapamil. 


Amiodarone is a structural analog of thyroxine, and 
much of its toxicity is related to interactions that occur at 
thyroid hormone receptors. Pulmonary fibrosis is a frequent 
adverse effect that is related to dose, and drug level doses 
<200 mg/day and maintenance of peak levels <2 ug/mL can 
help avoid this life-threatening side effect. 


Digoxin 

Digoxin, proprietary name Lanoxin, is one of a group of 
cardiac glycosides obtained from digitalis plants (e.g., Digi- 
talis lanata}. It restores the force of cardiac contraction in 
congestive heart failure and is also used in the management 
of supraventricular tachycardias. The drug binds to the 
extracytoplasmic side of the &-subunit of membrane-bound 
Na*-K*-ATPase, inhibiting both cellular Na* efflux, and K* 
influx in myocardial cells. This reduces the sodium/potas- 
sium gradient in the Purkinje’s fibers of the atrial, junctional, 
and ventricular myocardium, resulting in a decreased 
transmembrane potential. Inhibition of Na*-K*-ATPase is 
postulated to enhance movement of calcium ions in the 
cell, increasing calcium ion availability and improving 
cardiac contractility. 

At low concentrations, digoxin causes the atrium to be 
less electrically excitable. Moderate concentrations of 
digoxin are required to reduce the rate of depolarization in 
the spontaneously depolarizing conductive fibers (Purkinje’s 
fibers), and toxic concentrations of digoxin are necessary to 
diminish depolarization of the ventricular myocardium. 
Disagreement over the clinical value of digoxin measure- 
ments and the failure of the digoxin concentration to corre- 
late with clinical toxicity are usually related to aberrations in 
serum and tissue concentrations of sodium, potassium, mag- 
nesium, and calcium. Increased sensitivity to digoxin is 
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noted in states of hypokalemia, hypomagnesemia, and 
hypercalcemia, which make establishment of the true 
therapeutic concentration of digoxin difficult because all 
parameters are interactive. 

Absorption of digoxin is variable and dependent on the 
drug formulation. The U.S. Pharmacopeia requires more 
than 65% of digoxin in tablet form to dissolve in 60 minutes. 
In plasma, digoxin is 25% protein bound. Digoxin is con- 
centrated in tissue. In a steady state, the concentration, of 
digoxin in cardiac tissue is ‘15 to 30 times that of plasma. 
Accumulation of digoxin in tissue lags behind the plasma 
concentration. For example, although the peak plasma con- 
centration is reached 2 to 3 hours after the oral dose, the peak 
tissue concentration occurs 6 to 10 hours after an oral dose. 
Although pharmacological effects and toxicity correlate with 
tissue concentration rather than plasma concentration, the 
effective and safe therapeutic plasma concentration of 
digoxin ranges from 0.8 to 2.0ng/mL.'” (However, this range 
has recently been questioned, with a suggestion that main- 
tenance of digoxin in the range of 0.5 to 0.8ng/mL is most 
efficacious.)'"* Clinically, the effective range for digoxin is 
not determined at the peak plasma concentration but rather 
at the time of peak tissue concentration. Thus to ensure a 
correlation between plasma concentration and tissue con- 
centration, the appropriate time to collect the specimen is 
8 hours or more after the dose. Results from specimens 
collected earlier than 8 hours after the dose are misleading, 
because they do not correlate with tissue concentrations. 

Digoxin toxicity is characterized by nonspecific symptoms 
of nausea, vomiting, anorexia, and predominance of 
green/yellow visual distortion. Cardiac symptoms of intoxi- 
cation include multiform premature ventricular contrac- 
tions (PVCs), ventricular bigeminy, ventricular tachycardia, 
and ventricular fibrillation. Combinations of decreased con- 
duction and increased automaticity may result in paroxys- 
mal atrial tachycardia with atrioventricular node block and 
nonparoxysmal junction tachycardia. These symptoms are 
frequently observed when the blood concentration exceeds 
2ng/mL in adults. Children tolerate higher concentrations 
and do not usually exhibit toxicity until the digoxin concen- 
tration exceeds 4ng/mL. The relationship between the blood 
level of digoxin and clinical and toxic response is presented 
in Figure 33-11.” 

Elimination of digoxin follows first-order kinetics; 50% 
to 70% is excreted unchanged or in the form of digoxigenin 
monosaccharides or disaccharides in the urine. A small 
amount is metabolized to dihydrodigoxin and also excreted 
by the kidneys. The remainder is found in the stool as digox- 
igenin and its saccharides. As a result, digoxin toxicity devel- 
ops more frequently and lasts longer in patients with renal 
impairment. Dose requirements are decreased in patients 
with renal disease. In 1979, Bresnahan and Vlietstra pre- 
sented a simple method for calculating dosage based on cre- 
atinine clearance and uses the concepts outlined in equation 
(13)." Digoxin is metabolized by CyP 3A4 and is transported 
out of cells via the P-glycoprotein transporter (Pg); co- 
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Figure 33-11 Relationship between digoxin concentration and 
response, showing that the therapeutic effect occurs at low 


concentration, whereas the onset of toxicity occurs 
exponentially as the concentration increases. 


administration of cyclosporine, protease inhibitors, quini- 
dine, Siro, Tac, or verapamil prolongs the rate of clearance 
of digoxin, requiring dose adjustment. 

Decreased gastrointestinal absorption of digoxin occurs 
with sprue and small intestinal resections, high-fiber diets, 
hyperthyroidism, and situations of increased gastrointestinal 
motility. A more dangerous situation develops secondary to 
the interaction of quinidine and digoxin,” resulting in an 
increase in the digoxin concentration. 

Nonisotopic immunoassays (see Chapter 9) are the stan- 
dard for measuring and monitoring digoxin levels. Accurate 
results have been obtained with small sample sizes (e.g., 10 
to 50uL serum) and short incubation times (e.g., 8 to 30 
minutes). In the typical immunoassay, patient samples, con- 
trols, and calibrators containing digoxin are placed in assay 
tubes with a constant amount of immobilized digoxin anti- 
body. During an incubation period, the digoxin from the 
specimen binds to the antibodies. In most assays, the 
remaining unbound digoxin antibodies left after the prelim- 
inary incubation are washed and then reacted with a labeled 
digoxin analog followed by a short, fixed-time incubation. 
The amount of label bound to the immobilized antibody 
decreases in proportion to the increasing amounts of unla- 
beled digoxin from the original specimen. Levels of digoxin 
in the samples are then determined by relating the amount 
of bound label in each tube to a calibration curve con- 
structed from appropriate calibrators. For more detailed 
instructions on these techniques, the protocol for the spe- 
cific procedure used should be consulted. 

Note: Digitoxin is infrequently prescribed; however, 
serum levels should be evaluated in patients suspected of 
having digitalis intoxication with nondetectable digoxin 
levels. Digoxin immunoassay procedures cross-react only 
minimally with digitoxin, requiring that a digitoxin-selective 
antibody be substituted in the assay. 
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Disopyramide 

Disopyramide, proprietary name Norpace, is used for main- 
tenance of sinus rhythm in patients with atrial flutter and 
atrial fibrillation and for prevention of ventricular tachycar- 
dia and fibrillation. The mechanism of action of disopyra- 
mide is similar to that of quinidine, and the drug can be used 
as replacement therapy for quinidine when quinidine side 
effects are intolerable. 

Disopyramide is nearly completely absorbed, and a small 
fraction undergoes first-pass hepatic metabolism. In the 
blood, disopyramide binds to plasma proteins. Binding is 
highly variable among individuals and also depends on the 
concentration of disopyramide; the higher the concentra- 
tion, the greater the free fraction. Thus toxicity develops 
rapidly as the drug concentration increases. The elimination 
half-life is 4 to 8 hours. Elimination is by renal clearance and 
hepatic metabolism. Metabolism has a minor role in elimi- 
nation, but with renal insufficiency, clearance is prolonged, 
causing accumulation of disopyramide. 

Optimal antiarrhythmic effect is accomplished at plasma 
concentrations of 2.0 to 5.0 g/mL. The relationship between 
clinical response and optimal therapeutic concentration is 
confused by a decrease in protein binding, which occurs as 
plasma concentration of disopyramide rises.“ Disopyramide 
binds variably to serum proteins; binding ranges from 45% 
to 70% at 2ug/mL total serum concentration and 30% to 
45% at 5ug/mL. 

Disopyramide is metabolized to nordisopyramide 
(monodealkyiated) by the action of CyP 2D6; nordisopyra- 
mide has antiarrhythmic activity approximately 25% that of 
disopyramide. Under normal circumstances, nordisopyra- 
mide accumulates to concentrations ranging from 0.2 to 
1.0ug/mL, and the compound does not accumulate out of 
proportion to disopyramide in situations of reduced hepatic 
or renal function. Therefore little additional therapeutic 
information is gained by monitoring nordisopyramide. 

The predominant side effects of disopyramide are anti- 
cholinergic and include dry mouth, urinary hesitancy, and 
constipation. These symptoms occur at plasma concentra- 
tions exceeding 4.5 g/mL. Cardiac toxicity is usually associ- 
ated with blood concentrations greater than 10ug/mL and 
is characterized by atrioventricular node blockage, brady- 
cardia, and asystole. Because of the wide degree of variabil- 
ity of protein binding, interindividual differences in the 
blood concentration at which these symptoms develop are 
great. Disopyramide is analyzed by HPLC or immunoassay. 


Flecainide 


Flecainide, proprietary name Tambocor, is a sodium channel 
blocker with cardiac activity like disopyramide. The drug has 
significant toxicity in patients with myocardial infarction 
and has therefore fallen out of favor. For those patients who 
fail to respond to other sodium channel blockers, it might be 
a drug of last resort. 

Flecainide is completely absorbed. It has an elimination 
half-life of 10 to 17 hours. Elimination occurs by hepatic 


metabolism (CyP 2D6) and renal clearance. Drugs affecting 
the CyP 2D6 will interfere with flecainide metabolism. 
Optimal response occurs when serum levels are in the range 
of 200 to 1000ng/mL.** HPLC methods for measuring fle- 
canide have been developed.” 


Lidocaine 


Lidocaine, proprietary name Xylocaine, is the drug of choice 
for the initial therapy of PVCs and the prevention of ven- 
tricular arrhythmias. Lidocaine is contraindicated when 
bradycardias and severe atrioventricular node block appear 
after myocardial infarction. Lidocaine shortens the action 
potential refractory period in these fibers and does so at 
concentrations less than those required to exert phar- 
macological effects at other sites, such as the ventricular 
myocardium. 

Because lidocaine undergoes nearly complete first-pass 
hepatic metabolism by CyP 3A4 and 2D6 when administered 
orally, it is administered only as an intravenous or intra- 
muscular injection. Once in the blood, it is 50% bound to 
protein, mainly to AAG and albumin. Clearance of lidocaine 
is very rapid. The distribution half-life is ~0.5 hour, and the 
elimination half-life is 1 to 1.5 hours. Reduced hepatic func- 
tion impairs clearance and causes prolonged elimination and 
accumulation of the drug. This is due both to reduced blood 
flow to the liver (seen in heart failure) and to decreased 
metabolism of lidocaine. The end effect is lidocaine intox- 
ication if the dose is not adjusted to account for this 
decreased metabolic rate. 

The relationship between optimal blood concentration of 
lidocaine and its clinical effect is best interpreted in light of 
the greatest likelihood of therapeutic success, therapeutic 
failure, or toxicity for selective concentration increments. 
Blood concentrations less than 1.5 ug/ml are rarely effective. 
Concentrations ranging from 1.5 to 6.0ug/mL are usually 
effective and are rarely associated with any form of central 
nervous system or cardiovascular toxicity. Concentrations 
ranging from 4 to 6[tg/mL may be needed for suppressing 
arrhythmias but may be associated with mild central nervous 
system depression and slight QRS widening on the electro- 
cardiogram. Concentrations ranging from 6 to 8ug/mL are 
acceptable only if alternative therapy is not possible, because 
these levels have been associated with significant central 
nervous system depression and atrioventricular node block- 
age. Concentrations exceeding 8 |ig/mL are commonly asso- 
ciated with seizure activity, significant hypotension, and 
life-threatening decreased cardiac output. 

Lidocaine has two metabolites formed by action of Cyp 
2D6 and 3A4 that are detected in plasma, monoethyl- 
glycinexylidide (MEGX) and glycinexylidide (GX). MEGX 
and lidocaine have nearly identical toxic equivalency, and the 
sum total of lidocaine and MEGX concentration averaged 
18.7 ug/mL (ranging from 17.9 to 28.0ug/mL) in patients 
experiencing lidocaine-induced convulsions. Substitution of 
MEGX for lidocaine resulted in the same mean concentra- 
tion for the equivalent convulsive activity. 
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Because lidocaine is most commonly administered as a 
constant infusion after a loading dose, the time to collect the 
specimen is determined by the reason for monitoring. If the 
blood concentration is intended to document an adequate 
concentration early in therapy, the specimen should be col- 
lected 30 minutes after the loading dose, or 5 to 7 hours after 
therapy is initiated if no loading dose is given (five half-lives 
after start of therapy). If a patient shows diminished mental 
status, QRS widening, or other toxic symptoms, the speci- 
men should be collected as close to the episode as possible 
and analysis performed immediately, because these symp- 
toms present a potentially life-threatening situation (onset 
of severe lidocaine Intoxication). 

The total plasma concentration of lidocaine is a result of 
clearance of the drug and is modulated by hepatic function. 
There is little impact on clearance in renal disease. In situa- 
tions of decreased organ perfusion, clearance is reduced and 
increased blood concentrations of lidocaine should be 
expected; reduced dosing is appropriate in these circum- 
stances. The principal binding protein of lidocaine, AAG, 
has been demonstrated to accumulate after myocardial 
infarction. The result of accumulation of this protein is 
reduction of free lidocaine, which reduces the pharmaco- 
logical effect of the drug. Lidocaine is usually analyzed by 
immunoassay, and MEGX and GX by HPLC. 


Mexiletine 

Mexiletine, proprietary name Mexitil, is used for control of 
ventricular dysrhythmias. It undergoes hepatic metabolism 
by CyP 2D6. The therapeutic concentration varies from 
0.7 to 2.0ug/mL. The drug exhibits a high degree of oral 
bioavailability, is approximately 60% protein bound, and is 
predominantly cleared by the kidneys. Mexiletine has a large 
volume of distribution (5L/kg), indicating that it is highly 
tissue bound. Myocardial infarction and uremia reduce renal 
clearance, resulting in an increase in half-life, Mexiletine 
toxicity occurs at concentrations greater than 2pug/mL 
and is characterized by tremor, dizziness, ataxia, dysarthria, 
diplopia, nystagmus, confusion, and hypotension. 


Procainamide 


Procainamide, proprietary name Pronestyl, is used for 
therapy of PVCs, ventricular tachycardia, atrial fibrillation, 
and paroxysmal atrial tachycardia. Its mechanism of action 
is similar to that of quinidine in that it increases the thresh- 
old membrane potential by blocking potassium outflow, 
reducing excitability and contraction velocity in Purkinje’s 
fibers and ventricular muscle. 

Absorption of procainamide is rapid and complete. Peak 
plasma concentrations after oral administration are reached 
within 0.75 to 1.5 hours if the drug is given in capsule form 
or within 1 to 3 hours if given in tablet form. Once absorbed, 
procainamide is about 20% bound to plasma proteins. 
Excretion of procainamide depends on hepatic metabolism 
by N-acetyltransferase (NAT1) and renal clearance; there- 
fore alteration in either organ function leads to accumula- 


tion of procainamide and its metabolites. The half-life is 3 
to 4 hours in healthy adults. 

The concentration at which procainamide blocks PVCs 
and inhibits ventricular tachycardia ranges from 4 to 
12jig/mL, although patients are able tolerate concentrations 
higher than this for short periods of time. Studies by Meyer- 
burg” suggest that patients experiencing chronic PVCs can 
tolerate blood concentrations as high as 16 ug/mL to reduce 
PVCs to a reasonable number. Minimum plasma concentra- 
tions of 8ug/mL were required for protection against sus- 
tained ventricular tachycardia. 

The issue of the ideal therapeutic concentration for 
procainamide is complicated by one of its metabolites, 
N-acetylprocainamide (NAPA), having antiarrhythmic 
activity similar to procainamide. This compound has been 
shown to accumulate in patients with impaired renal func- 
tion and fast acetylators.” The optimal therapeutic concen- 
tration of NAPA is not well defined. The drug is used in 
Europe, where the maximum tolerable concentration of 
NAPA in the absence of procainamide is 30ug/mL. Co- 
analysis of NAPA is necessary to provide a complete assess- 
ment of therapy or define metabolic status, Fast acetylators 
have concentrations of NAPA equal to or exceeding those of 
procainamide in a specimen collected 3 hours after admin- 
istration, whereas slow acetylators have procainamide 
present at greater than twice the NAPA concentration in a 
specimen collected during the same time interval. Because 
the effects of procainamide and NAPA are cumulative, peak 
plasma concentrations of procainamide should be limited to 
8 to 12ug/mL, and peak concentrations of procainamide 
plus NAPA should not exceed 30 ug/mL. Interpretation of 
results requires knowledge of a patient’s cardiac status. Given 
concentrations may be intolerable in some patients, whereas 
others may require higher levels for control of PVCs. 

Symptoms of intoxication include (1) bradycardia, (2) 
prolongation of the QRS interval, (3) atrioventricular block, 
and (4) induced arrhythmias. These symptoms occur at 
blood concentrations of procainamide and NAPA exceeding 
30ug/mL. Hypotension sometimes encountered in pro- 
cainamide therapy is not related to excessive plasma 
concentration. The development of systemic lupus erythe- 
matosus associated with procainamide therapy is not related 
to plasma concentration but is associated with the acetyla- 
tor status of the patient; slow acetylators predominate in the 
group in whom the syndrome develops. 


Propafenone 


Propafenone, proprietary name Rythmol, is an antiarrhyth- 
mic drug that has a-adrenergic receptor blocking properties 
and minor calcium antagonistic activity. It undergoes exten- 
sive first-pass metabolism by CyP 2D6 with a half-life of 
approximately 6 hours. Its clinical efficacy is maintained 
through formation of metabolites (primarily 5-hydroxy- 
propafenone) that are more pharmacologically active than 
the parent drug and have longer plasma half-lives (11 to 24 
hours). It is occasionally useful to measure the serum con- 
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centration of propafenone to document patients’ compli- 
ance. Normal response to the drug occurs when the serum 
concentration is in the range of 0.2 to 1.0 ug/mL." Toxicity 
related to propafenone occurs when the blood concentration 
exceeds 2ug/mL and is expressed as gastrointestinal upset, 
central nervous system irritability, and skin reactions, 


Propranolol 

Propranolol is used in the treatment of arrhythmias of 
atrial and ventricular origin, angina pectoris, myocardial 
infarction, and hypertension. It is a nonselective B-blocker 
with action on cardiac receptors ($) and on vascular 
and bronchial smooth muscle receptors (B). Propranolol’s 
principal effect is to reduce the heart rate, thus relieving 
angina, and to slow conduction at the atrioventricular 
node, reducing the ventricular rate in patients with atrial 
fibrillation. It is included here as representative of other 
B-blockers, such as acebutalol, prindolol, esmolol, flestolol, 
metoprolol, nadolol, and sotalol, which are like propranolol. 

Although propranolol is well absorbed, it undergoes such 
a high degree of first-pass hepatic metabolism that its final 
bioavailability is low (20% to 40%), widely variable between 
individuals, and dose dependent (the higher the dose, the 
greater the bioavailability). In-the plasma, propranolol is 
highly protein bound (95%) to albumin and AAG. Elimina- 
tion half-life is 3-to 4 hours. Elimination is predominantly 
by CyP 1A2 and 2D6 metabolism; therefore, reduced hepatic 
function or reduced blood flow to the liver causes accumu- 
lation of propranolol. 

There is a close relationship between slowing of the heart 
rate and blood concentration.” In specimens collected 2 
hours after dosing for 2 days with 40 mg of drug four times 
daily, complete B-adrenergic blockade (equated with sup- 
pression of the adrenergic component of exercise-induced 
tachycardia) correlated with a blood concentration of 
100ng/mL, Blood concentrations in specimens collected 8 
hours after the dose, associated with approximately 60% 
B-adrenergic blockage, ranged from 10 to 40ng/mL. The 
same study also documented a close correlation between the 
blood concentration and the degree of heart rate slowing, 
suggesting that observation of the heart rate serves as an ade- 
quate means to monitor the therapeutic efficacy, precluding 
blood measurements in most patients, There is virtually no 
relationship between plasma concentration of propranolol 
and the hypotensive effect of the drug. 

Propranolol and other B-blockers have been analyzed by 
HPLC using the native fluorescence of the molecule for 
detection. 


Quinidine 

Quinidine, available as either quinidine sulfate or quinidine 
gluconate, is used in the treatment of atrial premature 
contraction, paroxysmal supraventricular tachycardia, 
supraventricular tachyarrhythmia, PVCs, and ventricular 
tachycardia and in prophylactic treatment after myocardial 
infarction. It is also used with care in the treatment of atrial 


fibrillation and atrial flutter, although this treatment is 
commonly accompanied by the administration of either 
digoxin or a B-blocker (propranolol) to provide atrioven- 
tricular node blockade. These pharmacological responses 
appear to be based on a mechanism of action involving 
blockade of cholinergic neurotransmission, which results 
in depression or abolition of ectopic impulse generation, 
an increase in the duration of action potential of sinoatrial 
node cells, and most important, prolongation of the effec- 
tive refractory period of atrial, ventricular, and Purkinje’s 
fibers. 

Absorption of quinidine is complete and rapid. Peak 
serum concentrations are reached in 1.5 to 2 hours after oral 
intake, unless the slow-release preparation (quinidine glu- 
conate) is used. Peak plasma concentrations are attained 4 to 
5 hours after quinidine gluconate administration, and the 
trough concentration occurs 1 to 2 hours after the next 
administration. Once absorbed, quinidine is 80% protein 
bound. Metabolism of quinidine is by CyP 3A4. Clearance 
of quinidine depends on adequate hepatic and renal func- 
tion. Reduction of either of these two functions results in 
accumulation of the drug. Renal clearance is a function of 
urine pH. If the urine is alkaline or if a patient has renal 
tubular acidosis, clearance is reduced. 

A strong correlation has been shown to exist between 
blood concentration of quinidine and optimal pharmaco- 
logical response.” The optimal therapeutic concentration 
for quinidine is 2 to 5ug/mL. Quinidine toxicity is usually 
observed at concentrations exceeding 8ug/mL and is char- 
acterized by symptoms of cinchonism, tinnitus, lighthead- 
edness, giddiness, and cardiovascular toxicity, including 
PVCs and atrioventricular node block. The predominant 
toxic effect is gastrointestinal distress, including nausea, 
vomiting, anorexia, and abdominal discomfort. Hypersensi- 
tivity reactions associated with quinidine are not related to 
blood concentration. 

Clearance of quinidine depends on CyP 3A4. Induction 
of this system by drugs such as carbamazepine, phenytoin, 
and St. John’s Wort leads to enhanced clearance of quinidine. 
Diminished organ perfusion, CyP 3A4 inhibition by grape- 
fruit juice or erythromycin, or co-administration with pro- 
tease inhibitors results in decreased clearance. Quinidine 
itself has been reported to dilate peripheral blood vessels, 
resulting in mild to moderate hypotension and reduced 
clearance over the short term. Quinidine affects the rate of 
clearance of digoxin. Quinidine is analyzed by either HPLC 
or immunoassay. Fluorescence techniques should be con- 
sidered obsolete. 


Tocainide 

Tocainide, proprietary name Tonocard, has electrophysiolog- 
ical properties similar to lidocaine. It is useful in the man- 
agement of ventricular arrhythmias typified by a prolonged 
QT interval. Tocainide has the advantage over lidocaine 
in that it can be taken orally, and it has a relatively long 
half-life (13 to 16 hours). Optimal response to tocainide 
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TABLE 33-3 Pharmacokinetic Parameters of Bronchodilator Drugs 


“Minimum 
Effective 
“Concentration 
(MEC) 
(gimt) 


Minimum? 
Concentrati ane 
: “Average 
Drug 


‘Volume of. 


-Half-Life (hr) 


Caffeine 288 Rea Dearne 
a : : 30 (neonates) 


Theophylline 8 7-10 (adults) 


3-5:(children) 


occurs when the blood concentration is in the range of 6 to 
15 pg/mL.” At therapeutic concentrations, tocainide is 10% 
protein bound, does not undergo significant first-pass 
metabolism, but is metabolized by CyP 2D6. It has a volume 
of distribution of 3 L/kg, but undergoes significant hepatic 
metabolism and renal clearance. Toxicity associated with 
tocainide occurs at concentrations in excess of 15 g/mL and 
is characterized by gastrointestinal disturbance, central 
nervous system irritability culminating in convulsions, and 
cardiopulmonary depression. HPLC is the method most 
commonly used for tocainide quantification, 

Congestive heart failure and uremia reduce renal clear- 
ance and the volume of distribution and increase the clear- 
ance half-life. Tocainide is not highly protein bound, so it 
does not exhibit the protein-binding phenomenon described 
for lidocaine after myocardial infarction, Clinically, the dose 
should be reduced proportionally to glomerular filtration to 
maintain therapeutic levels. 


Verapamil 


Verapamil, proprietary name Calan, is a calcium channel 
blocker that is effective in the treatment of various cardio- 
vascular disorders, including angina (classical and variant), 
arrhythmias (paroxysmal supraventricular tachycardia), 
atrial flutter, atrial fibrillation, hypertrophic cardiomyopathy 
(idiopathic hypertrophic subaortic stenosis), hypertension, 
congestive heart failure, and Raynaud’s phenomenon, along 
with the preservation of ischemic myocardium and the treat- 
ment of migraine headaches. 

There is a good correlation between cardiac responsive- 
ness and blood concentration.” The effective blood concen- 
tration of verapamil ranges from 50 to 250ng/mL. CyP 3A4 
and 1A2 metabolize verapamil; it is a potent inhibitor of CyP 
3A4. Sinus bradycardia and heart block occurring at blood 
concentrations exceeding 250ng/mL characterized toxic 
symptoms. All subjects studied showed atrioventricular 
block at concentrations exceeding 450ng/mL. HPLC is the 
method used for quantification of this drug. 


Other Cardioactive Drugs 

Diuretics and angiotensin-converting enzyme inhibitors are 
being used to treat cardiac problems." In general, pharma- 
cological effects of these new diuretics and angiotensin- 


Average. ` 
: Average : 
Protein 


Distribution — ETO! skis 
Binding ( 


(Likg) 
0.6 


0.5 


converting enzyme inhibitors are monitored by physiologi- 
cal function rather than by measuring blood levels. 


BRONCHODILATORS 


Drugs used as bronchodilators include the B-adrenergic ago- 
nists, caffeine, and theophylline. Pharmacokinetic details of 
some bronchodilators are summarized in Table 33-3. 


B-Adrenergic Agonists 

B-Adrenergic agonists, such as albuterol, bitolterol, isopro- 
terenol, metaproterenol, pirbuterol, and terbutaline in the 
inhaled form, have become the treatment of choice for a 
short-acting approach. to relief of asthma. These drugs are 
very effective at providing rapid bronchodilation without 
significant cardiac or systemic effects. Because they are 
administered in the vapor form, have short time of action, 
and produce little toxicity, measurement of blood levels 
offers little clinical benefit; patient response provides a con- 
venient form of monitoring therapy. 


Caffeine 


A minor metabolite of theophylline in adults, caffeine has 
been shown to accumulate to significant concentrations in 
neonates. Caffeine itself is an effective inhibitor of apnea, 
which may explain the lower therapeutic concentration 
required for control of neonatal apnea. Therapy with caf- 
feine alone has also been demonstrated as effective in the 
treatment of neonatal apnea; it is gaining popularity because 
of caffeine’s long half-life in neonates (>30 hours). Caffeine 
is metabolized by CyP 1A2; this enzyme is not active in 
neonates, The optimal therapeutic concentration of caffeine 
in this situation ranges from 8 to 14{g/mL. Caffeine is mea- 
sured by HPLC or immunoassay. 


Theophylline 

Theophylline, available under many proprietary names, 
relaxes bronchial smooth muscles to relieve or prevent 
asthma. The therapeutic effect of theophylline is likely due 
to antagonism of adenosine receptors in smooth muscle, 
whereas the toxic effects are due to inhibition of cyclic 
nucleotide phosphodiesterase. With increased use of 
B-adrenergic agonists, and because of the considerable 
toxicity associated with it, theophylline is now considered 
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TABLE 33-4 Pharmacokinetic Parameters of Commonly Monitored Antibiotic Drugs 


Minimum = 


Ciprofloxacin = < 
Chloramphenicol: 
Gentamicin 
Kanamycin 
Sulfonamides, all. 
Tobramycin.. 
Vancomycin. 


Average : a 
Average Volume of Average Oral 
Half-Life Distribution. Bioavailability 
(hr) (keg) ss (%) : 


*Organism sensitivity studies (minimum inhibitory concentration; see text) define the minimum effective concentration. 


an alternative therapy used. only in treatment of persistent 
asthma when albuterol or its analogs are not effective.’ 

Theophylline is readily absorbed after oral, rectal, or par- 
enteral administration. If the drug is taken orally without 
food, the blood concentration peaks within 2 hours. If it is 
administered with food or as the slow-release formula, peak 
concentrations occur 3 to 5 hours after the dose. Once 
absorbed, it is 50% protein bound. Theophylline is metabo- 
lized by CyP 1A2, which is highly active in children and in 
adults who smoke. In these people, the half-life ranges from 
3 to 4 hours.. Nonsmoking adults in good health have an 
elimination half-life averaging 9 hours. The half-life in 
neonates and in adults with congestive heart failure can be 
prolonged to 20 to 30 hours, depending on the degree of liver 
immaturity or loss of liver function. Co-administration of 
cimetidine, ciprofloxacin, and ticlopidine will reduce the 
clearance of theophylline. 

The relationship between serum concentration and pre- 
vention of symptoms of chronic asthma has been docu- 
mented.” There is a proportional relationship between 
forced expiratory volume and theophylline concentration, 
with the optimum therapeutic effect occurring at con- 
centrations ranging from 8 to 20ug/mL. Suppression of 
exercise-induced bronchospasm in asthmatic patients 
occurs at concentrations exceeding 10 ug/mL and is optimal 
at 15ug/mL. Neonatal apnea treated with theophylline 
responds to slightly lower concentrations, ranging from 5 to 
10 ug/mL. Relaxation of bronchial smooth muscle is directly 
proportional to blood concentration and continues at 
concentrations greater than 20pg/mL. When the blood 
level exceeds 20ug/mL, the secondary side effects become 
significant. 

Theophylline clearance is a function of a metabolic 
process that is dose dependent. At serum concentrations 
greater than 20 ug/mL, small dose increases lead to dispro- 
portionately large increases in serum concentration and 


intoxication. Symptoms of theophylline toxicity include 
nausea, vomiting, headache, diarrhea, irritability, and 
insomnia. Transient central nervous system stimulation 
occurring at initial administration is not directly related to 
blood concentration. This effect diminishes with chronic 
use. Serious toxicity characterized by cardiac arrhythmias 
and seizures is usually associated with serum concentrations 
in excess of 30 Ug/mL. Once seizure activity begins, the final 
prognosis is very poor. Morbidity is reported in nearly all 
patients, and mortality can be as high as 50%,'” 

Immunoassay is the standard method for the determina- 
tion of theophylline. Theophylline, caffeine, and dyphylline 
have been simultaneously quantified by HPLC, 


ANTIBIOTICS 

Antibiotics that require TDM include aminoglycosides, 
chloramphenicol, sulfonamides, vancomycin, trimethoprim, 
B-lactams, and tetracyclines. Pharmacokinetic details of 
these antibiotics are summarized in Table 33-4. Aminogly- 
cosides and vancomycin are quantified by immunoassay. 
Other antibiotics have been measured by HPLC. 


Aminoglycosides 

Aminoglycosides are polycationic agents that kill aerobic 
gram-negative bacteria. They act by binding to the 30S ribo- 
somal subunit of bacterial mRNA, thereby inhibiting protein 
synthesis. They are inactive under anaerobic conditions 
because an oxygen-dependent active transport mechanism is 
involved in the transfer of aminoglycosides across the bacte- 
rial cell wall. The aminoglycoside class of drugs includes 
amikacin, gentamicin, kanamycin, neomycin, netilmicin, 
sisomicin, streptomycin, and tobramycin. 

The aminoglycosides are a very polar group of com- 
pounds and are thus poorly absorbed from the intestinal 
tract. They are routinely administered intravenously or 
intramuscularly to achieve a high degree of bioavailability. 
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TABLE 33-5 Minimal Inhibitory Concentrations of Antibiotics* 


Susceptible (ug/ml) 


<8 
<4: 


Tobramycin: oe ae A EE 
Vancomycin: SA 


Data from Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically. 4th ed. M7-A4. Approved Standard. Wayne, PA: 


National Committee for Clinical Laboratory Standards, 1997. 


Intermediate (g/mL) 


Resistant (g/mL) ; 


>64 

82 

>a PA 

oo 7A 
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*Values are for organisms other than Haemophilus spp, Neisseria gonorrhoeae, and Streptococcus spp. 


TABLE 33-6 Normal Effective Concentrations of Antibiotics 


ee Peak 


(itg/mL) 


m 3 


hi amphenicol 


Sulfonamides 

“Tobramycin 

‘Trimethoprim 

Vancomycin 20-40 


NA, Not applicable. 
*Note: Does not apply to pulse dosing. 


When administered directly into the blood, they rapidly dis- 
tribute to the extracellular fluid but do not cross cell mem- 
branes or bind to plasma proteins; this behavior is consistent 
with their unusually low volume of distribution. Most tissues 
and nonrenal or hepatic secretions contain very small con- 
centrations of aminoglycosides, the exceptions being the 
renal cortex, where the drug is concentrated, and bile 
because of active hepatic secretion. The drugs are mainly 
excreted by glomerular filtration. Elimination half-lives are 
short, ranging from 2 to 3 hours. Because clearance is highly 
dependent on renal function, any impairment of glomeru- 
lar filtration causes accumulation of these drugs. 

Therapy with antimicrobial agents differs from the 
approach used for most other drugs discussed in this 
chapter. With them, the goal is to achieve a concentration in 
plasma such that the bacteria are killed but the host remains 
undamaged. Because the organisms treated are variable and 
can become resistant to certain drugs, treatment with spe- 
cific aminoglycoside agents should always be directed by 
susceptibility testing. Effective minimal inhibitory concen- 
trations of these drugs are listed in Table 33-5. 


A limit to the blood concentration of aminoglycosides has 
been recommended, although considerable variability is 
reported regarding the relationship of blood concentration 
to later onset of toxicity.” Renal tubular necrosis and degen- 
eration of the auditory nerve are the side effects most fre- 
quently experienced after exposure to high concentrations of 
aminoglycosides. Both peak and trough specimens are 
required to monitor toxicity. Table 33-6 identifies target 
maximum peak and trough serum concentrations; in this 
mode of monitoring, the intent of therapy should be to dose 
the patient in such a manner that the peak concentration 
does not exceed these limits. In a large surgical patient survey 
in which dosing was carried out under controlled condi- 
tions, limited nephrotoxicity was experienced when the peak 
serum concentration of gentamicin was maintained below 
8ug/mL.'° 

Dose corrections must be made in patients with com- 
promised renal function because these patients have pro- 
longed half-life and slower elimination. Guidelines have 
been prepared (Table 33-7) that allow application of creati- 
nine clearance to estimate adequate initial dose.'*! This 
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TABLE 33-7 Useful Guidelines for Gentamicin Dose Calculated from Lean Body Weigh and Creatinine Clearance 


: Expected Peak Serum oe el E 
-Based on. 30-min IV. Infusion, (ugimL). 


From Hull JH, Sarubbi FA. Gentamicin serum concentrations; Pharmacokinetic predictions. Ann Intern Med 1976; 85:188. 


*Recommended for most moderate to severe systemic infections. 
‘Shaded areas indicate suggested dosage intervals. 


should then be followed up by quantification of the blood 
concentration and dose adjustment following the method 
outlined by Gilbert.” 

Toxicity associated with aminoglycosides manifests as 
delayed-onset vestibular and cochlear sensory cell destruc- 
tion and acute renal tubular necrosis. The degree and sever- 
ity of cell damage are variable among the various drugs, but 
they all cause cell damage if the concentrations exceed the 
limits listed in Table 33-4. Unfortunately, the guidelines 
identified in Table 33-6 do not guarantee the avoidance of 
toxicity; a small number of patients experience toxic effects 
regardless of the concentration. Fortunately, most patients 
reverse the toxic effects without direct intervention if the 
toxicity is associated with reasonable blood concentrations 
(see Table 33-7). Irreparable loss of vestibular, cochlear, or 
renal function usually correlates with administration of one 
of the aminoglycosides at elevated blood concentrations for 
periods longer than 2 weeks. 


Aminoglycosides display peak concentration—dependent 
killing of microorganisms. Clinically, the therapeutic goal is 
to achieve peak concentrations 10 times the minimum 
inhibitory concentration (MIC) of the organism. Once per 
day dosing of two or more times the usual 48-hour dose 
(known as pulse dosing) may minimize the development of 
adaptive resistance, and nephrotoxicity may be decreased or 
delayed. Target peak concentrations are typically more than 
twice the target concentrations for the usual 48-hour dosing 
regimen (see Table 33-6). Reports of reactions similar to 
endotoxemia (chills, rigors, fever, hypotension, tachycardia, 
and respiratory distress) have been associated with once 
daily therapy. Most studies with pulse dosing of aminogly- 
cosides have been performed in patients with low failure 
rates in urinary tract infections or abdominal and/or pelvic 
infections. These patient groups may be good candidates for 
pulse dosing. Patients who are critically ill or who are sus- 
pected to have considerably higher than normal volumes of 
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distribution may not achieve desired peak concentrations. 
Quantification of the drug concentration at 2 hours after the 
end of a 1 hour infusion and an 8 to 12 hour concentration 
after the first dose can be used to calculate individual patient 
pharmacokinetic parameters (e.g, extrapolated peak and 
trough, half-life, etc.) and the dose optimized. See Case Study 
No. 3 on this book’s accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/ for an example of 
how to perform these calculations. 

Heparin has been implicated as a deactivator of genta- 
micin by formation of an inactive complex. This complex, 
although biologically inactive, retains some structural 
resemblance to the initial aminoglycoside and cross-reacts 
with antibodies to the specific aminoglycoside. Heparin con- 
centrations encountered in therapeutic antithrombotic 
therapy are less than 3 units/mL, making an in vivo com- 
plication unlikely. However, specimen collection tubes 
containing heparin (1000 units/mL) may lead to complex 
formation, a phenomenon that could interfere with some 
immunoassay procedures. In practice, aminoglycoside 
antibiotics are measured by immunoassay. 


Chloramphenicol 

Chloramphenicol, proprietary name Chloromycetin and 
others, is used as a bactericidal agent. It acts by binding 
to the 50S ribosomal subunit of bacteria mRNA, and inhibits 
protein synthesis in prokaryotic organisms. Use of this 
drug depends on its relative toxicity against the micro- 
organism versus the host. The drug is used against gram- 
negative bacteria such as Haemophilus influenzae, Neisseria 
meningitidis, Neisseria gonorrhoeae, Salmonella typhi, all 
Brucella species, Bordetella pertussis, Vibrio cholerae, and 
Shigella. These organisms all are susceptible to a serum 
concentration of 6Ug/mL. Organisms that are susceptible to 
a concentration of 12ug/mL are Escherichia coli, Klebsiella 
pneumoniae, Pseudomonas pseudomallei, Chlamydia, and 
Mycoplasma. 

Chioramphenicol is rapidly absorbed in the gastro- 
intestinal tract. Peak serum concentrations occur 1 to 2 
hours after the oral dose. In plasma, chloramphenicol is 
approximately 50% protein bound and is cleared with a 
half-life of 2 to 3 hours. Peak serum concentrations after 
administration of chloramphenicol palmitate or succinate 
occur 4 to 6 hours after the dose. Chloramphenicol distri- 
butes to all tissues, and it concentrates in the cerebrospinal 
fluid. The drug is actively metabolized by the liver by NAT1 
and UGT. Thus chloramphenicol accumulates in cases of 
hepatic disease. Renal disease does not dramatically reduce 
clearance. 

Toxicity associated with chloramphenicol therapy 
includes blood dyscrasias and cardiovascular collapse; both 
show a modest relationship to blood concentration. Other 
blood concentration—related toxicities include anemia, char- 
acterized by maturation arrest in the marrow; cytoplasmic 
vacuolation of early erythroid and myeloid cells; reticulocy- 
topenia; and increases in both serum iron and serum iron- 
binding capacity. These symptoms all are associated with 


serum concentrations in excess of 25ug/mL. Development 
of aplastic anemia is not related to dose or blood concen- 
tration. Cardiovascular collapse, which occurs primarily in 
newborns, has been related to a total serum chlorampheni- 
col concentration in excess of 50jg/mL. An oral dose of 50 
mg/kg/d results in an optimal peak serum concentration of 
10 to 25ug/mL in a healthy adult. 

Procedures for the determination of chloramphenicol 
concentrations in blood serum include HPLC and 
immunoassay. Methods for chloramphenicol determina- 
tion must be able to differentiate between the prodrug 
forms, chloramphenicol palmitate or succinate, and their 
active metabolite, chloramphenicol. (An HPLC method for 
measuring chloramphenicol is included on this book’s 
accompanying Evolve site, found at http://evolve. 
elsevier.com/Tietz/textbook/.) 


Fiuoroquinolones 

Fluoroquinolones, characterized by ciprofloxacin, gati- 
floxacin, levofloxacin, and moxifloxacin (Figure 33-12), have 
antibiotic activity against gram-positive (Streptococcus pneu- 
moniae and pyogenes, Staphylococcus aureus, and Enterococ- 
cus faecalis); gram-negative (Escherichia coli, Haemophilus 
influenzae, Moraxella catarrhalis, Klebsiella pneumoniae, and 
Pseudomonas aeruginosa); and atypical pathogens (Chlamy- 
dia pneumoniae, Mycoplasma pneumoniae, and Legionella 
pneumophila). They are administered orally at doses varying 
from 200 to 800mg twice per day. Maximum serum con- 
centrations are attained 1 to 2 hours after oral dosing, Peak 
serum concentrations after a standard dose average 1 to 
4ug/mL. Trough concentrations at 12 hours after dose are 
>0.2 pg/mL. 

Fluoroquinolones distribute into most tissues with an 
apparent volume of distribution of 1.5 to 2L/kg, They 
have serum half-lives of ~4 hours and renal clearance of 
~6mL/min/kg; clearance is reduced in renal failure. They 
are ~40% protein bound and metabolized by hepatic con- 
jugation (UGT); they undergo little phase I metabolism. 
Symptoms of toxicity include restlessness, diarrhea, and 
gastrointestinal upset. Skin rash may be a sign of sensitivity 
to fluoroquinolones. 

Because fluoroquinolones have a wide therapeutic index 
and dose-dependent toxicity, routine drug monitoring is not 
indicated. Monitoring fluoroquinolone concentration is 
indicated in renal failure, which will cause fluoroquinolones 
to accumulate. Optimal response occurs when serum con- 
centration exceeds 1.5ug/mL. Activity is maintained 
as long as the trough concentration is >0.2,1g/mL. Co- 
administration with antacids, ferrous sulfate, food, or sucral- 
fate reduces absorption by 30% to 60%. Co-administration 
with morphine reduces absorption by >50%. 


Sulfonamides 

Sulfonamides act by competitively antagonizing bacterial use 
of p-aminobenzoic acid, which is important in the synthesis 
of folic acid. Therefore, organisms dependent on self- 
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Figure 33-12 Chemical structures of fluoroquinolones. 


synthesized folic acid for growth are susceptible to sulfon- 
amides. Sulfonamides are used against common urinary 
tract pathogens such as E, coli, Klebsiella, Enterobacter, 
Proteus mirabilis, and indole-positive Proteus species. 
They are not used for infections caused by Pseudomonas 
aeruginosa. The sulfonamides are active against H. 
influenzae, Streptococcus pneumoniae, Shigella flexneri, and 
Shigella sonnei isolated from the middle ear or bronchial 
secretions. 

The sulfonamides are nearly completely absorbed from 
the gastrointestinal tract. Once absorbed they are bound to 
protein (60% to 90%), mainly to albumin, and are distrib- 
uted to all tissue. Metabolism is by N-acetylation, with the 
products having no antimicrobial activity. 

Blood dyscrasias associated with sulfonamide use are not 
related to dose or blood concentration of the drug. The 
predominant toxicity associated with sulfonamide use is 
the formation and deposition of crystalline aggregates in 
the kidney, ureter, and bladder. The safe and effective peak 
concentration of these drugs in serum (75 to 125 g/mL) is 
well separated from the serum concentration at which 
crystallization in the urinary tract occurs. Serum concentra- 
tions in excess of 300Ug/mL maintained for prolonged 
periods of time have been associated with such crystal 
formation. The method of choice for quantification of 
sulfonamides is HPLC.” 


Vancomycin 

Vancomycin is a glycopeptide that has bactericidal action 
against gram-positive bacteria and some gram-negative 
cocci. Vancomycin is used because of its activity against 
methicillin-resistant staphylococci and corynebacteria. It has 
thus become popular for treatment of endocarditis and 
sepsis caused by these organisms. 


Although the drug is poorly absorbed when given orally, 
a 1-g dose given intravenously every 12 hours accomplishes 
a peak blood concentration of 20 to 40jg/mL and a trough 
concentration of 5 to 10ug/mL. It has an average elimina- 
tion half-life of 5 to 6 hours. Blood concentration—related 
toxicity involves the auditory nerve. Concentrations less than 
30ug/mL are rarely associated with this development. Toxi- 
cities not related to dose or blood concentration are rare and 
include fever, phlebitis, and pain at the infusion site. In 
patients with impaired renal function, the serum concentra- 
tion may increase to toxic levels because of reduced clear- 
ance. Immunoassay is the standard technique for monitoring 
concentration. 


Miscellaneous Antibiotic Drugs 


Trimethoprim is administered as a combination drug with 
sulfamethoxazole. The drug is excreted in proportion to sul- 
famethoxazole; it is not toxic and therefore is not commonly 
monitored. Sulfa determination may be used to establish 
compliance. 

Adverse reactions to 6-lactams (penicillins and 
cephalosporins) are not related to dose or blood concentra- 
tions. They are commonly administered in doses 10 to 100 
times greater than necessary to inhibit organism growth, and 
appropriate dosing may be guided by susceptibility testing. 
Patient compliance and evaluation of patients with renal 
impairment are the most likely reasons to monitor the blood 
concentration. 

Tetracyclines are broad-spectrum antibiotics. They are not 
highly toxic, and therefore, like the B-lactams, the need to 
monitor their serum concentrations is limited to monitor- 
ing patient compliance and adjusting dose in patients with 
impaired renal function. 

Table 33-8 lists pharmacokinetic data for other antibiotics.” 
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33-8 Pharmacokinetic Data for Other Antibiotics 
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Data from Mandell GL, Bennett JE, Dolin R, Eds. Principles and practice of infectious disease, 4th ed. New York: Churchill Livingstone, 1995. 
TV, Intravenous; IM, intramuscular; po, oral; NA, data not available. 
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ANTIRETROVIRALS 


Successful treatment of human immunodeficiency virus 
(HIV-1) infection has been achieved through successful 
implementation of highly active antiretroviral therapy, 
frequently referred to as HAART. This involves simultaneous 
administration of both nucleoside and nonnucleoside 
reverse transcriptase inhibitors and one or more protease 
inhibitors. The common nucleoside reverse transcriptase 
inhibitors are the thymidine analogs didanosine (ddI), 
lamivudine (3TC), and zalcitabine (ddC); and the non- 
thymidine analogs abacavir (Ziazen), stavudine (d4T), and 
zidovudine (AZT). The nonnucleoside reverse transcriptase 
inhibitors include delavirdine, efavirenz, and nevirapine. 
The protease inhibitors include indinavir, nelfinavir, riton- 
avir, and saquinavir. Response to therapy is monitored by 
quantification of HIV-RNA copies (viral load) and CD-4+ 
T-lymphocyte count. Successful therapy is indicated when 
viral load is reduced to <50 copies/mL and CD-4+ count 
>500 per mL. 

Because treatment success is highly dependent upon 
adherence to therapy and development of viral resistance is 
potentiated by noncompliance, patients must be continu- 
ously reminded to adhere to their dosing schedules at all 
times. Drug monitoring is used as a tool to assess patient 
compliance. Aggressive counseling would be indicated if the 
blood concentration of the prescribed drugs becomes non- 
detectable. Pharmacokinetic parameters of antiretrovirals 
are outlined in Table 33-9. A method to quantify antiretro- 
virals, with recommended reference intervals, has been pub- 
lished.” Tandem MS is becoming the method of choice for 
monitoring HAART because it is less prone to interference 
by the common multidrug combinations.” 
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ANTIPSYCHOTIC DRUGS 


Drugs used in psychiatric care that are commonly monitored 
include antidepressants, some neuroleptics, and lithium, 
Pharmacological parameters of these antipsychotic drugs are 
shown in Table 33-10. 


Antidepressants 


Antidepressants are used to treat endogenous depression 
characterized by depressed mood, feelings of guilt, appetite 
suppression, insomnia, weight change, diminished ability to 
concentrate, loss of interest or pleasure in usual activities, 
and decreased sexual drive. In more severe cases, deperson- 
alized behavior, paranoid behavior, obsessive-compulsive 
behavior, and suicidal tendencies are obvious. The anti- 
depressants include (1) amino ketones (bupropion [Well- 
butrin]), cyclohexanols (venlafaxine [Effexor]), (2) 
dibenzoxazepines (amoxapine [Asendin]), (3) diphenyl- 
amines (fluoxetine [Prozac]), (4) naphthalenamines (sertra- 
line [Zoloft}), (5) tetracyclics (maprotiline [Ludiomil]), (6) 
triazoles (paroxetine [Paxil], and trazodone [Desyrel]), and 
(7) tricyclics {amitriptyline [Elavil], clomipramine 
[Anafranil], desipramine [Norpramine], doxepin [Sinequan], 
imipramine [Tofranil], nortriptyline [Pamelor], protriptyline 
[ Vivactil], and trimipramine [Surmontil]). 

Endogenous depression implies that there is no apparent 
organic or societal cause of these behavior changes. Treat- 
ment of depression with the tricyclic or tetracyclic depres- 
sants results in pharmacological activity through inhibition 
of the reuptake of catecholamines in the central nervous 
system. The end result is a positive effect on mood. The 
optimal therapeutic concentrations and important pharma- 
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TABLE 33-10 Pharmacokinetic Parameters of Antipsychotic Drugs 


Minimum 
Effective: ooo: 
Concentration... 


‘imipramine ` 
Venlafaxine 


*NA, Not applicable. 


cokinetic parameters of antidepressants are listed in Table 
33-10. 


Tricyclic Antidepressants 


Tricyclic antidepressants are nearly completely absorbed 
from the gastrointestinal tract but undergo first-pass hepatic 
metabolism, so their ultimate bioavailability is variable. 
Because these drugs slow gastrointestinal activity and gastric 
emptying, their absorption may be delayed. Once absorbed, 
they are highly protein and tissue bound, resulting in large 
apparent volumes of distribution. Peak plasma concentra- 
tions are reached from 2 to 12 hours after the oral dose. 
Metabolism is by CyP 2C19, 2D6, and 3A4 N-demethylation 
and aromatic ring hydroxylation, followed by conjugation 
(UGT). If the drug administered is the tertiary tricyclic 
amine (amitriptyline, doxepin, and imipramine), metabo- 
lism causes accumulation of the respective secondary amine 
(nortriptyline, nordoxepin, and desipramine). These sub- 
stances have generally equal pharmacological activity and 
accumulate to concentrations approximately (but variably) 
equal to the parent drug. The hydroxylated metabolites have 
little pharmacological activity. Taking factors such as vari- 
able bioavailability, high volume of distribution, variable 
metabolic activity, and generation of pharmacologically 
active metabolites into consideration, it is not surprising that 
patient response to these drugs is widely variable. Deter- 
mining the serum concentration gives the physician the 
assurance that a patient has been properly dosed. 

Drugs such as cimetidine, chloramphenicol, haloperidol, 
methylphenidate, and phenothiazines generally inhibit 


; ; Average $ 


“Average Oral Protein 


‘19, 2D6, 3A4, Pg 
»2D6 i 


CyP 2C19, 2D6, 
CYP. 2C19, 2D6, 3A4, 
CyP2D6,Pg 


hepatic oxidative enzymes. Inhibition of end-product 
metabolism of the tertiary tricyclic antidepressants results in 
a greater accumulation of the secondary amine metabolite 
(amitriptyline is metabolized to nortriptyline, doxepin to 
nordoxepin, imipramine to desipramine), because conver- 
sion to the aromatic ring hydroxylated metabolites is 
blocked. Co-administration of perphenazine with a tricyclic 
antidepressant causes accumulation of the secondary amine 
to concentrations two to four times normal, with onset of 
toxicity occurring at the expected blood concentrations. 
Tricyclic antidepressants show a good correlation 
between therapeutic response and serum concentration. A 
linear relationship between clinical improvement and serum 
concentration is noted for most of these drugs, the excep- 
tion being nortriptyline, which has a specific therapeutic 
window. A serum concentration of nortriptyline below or 
above the concentration range of 50 to 150 ng/mL correlates 
with worsening of moods. The other antidepressants do not 
display this effect; the upper limit of the optimum blood 
concentration for these other antidepressants is limited by 
the onset of toxicity. Toxicity is expressed as dry mouth and 
perspiration, signs that may also occur with depression. Thus 
it is difficult to differentiate between mild toxicity caused by 
the drug and the disease that is being treated. More serious 
toxicity is expressed as atrioventricular node block, charac- 
terized by a widening of the electrocardiographic QRS inter- 
val. Onset occurs at serum concentrations ranging from 800 
to 1200ng/mL, and the severity of intoxication is related to 
the serum concentration. The relationship between serum 
concentration and cardiac toxicity diminishes with time 
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after intoxication as the drug is absorbed into tissues. Despite 
this toxicity, the tricyclic antidepressants remain very impor- 
tant drugs in the treatment of depression. 

Numerous methods have been published for analysis of 
tricyclic antidepressants. These drugs present various prob- 
lems to the clinical laboratory: (1) the therapeutic serum 
concentration is 10 to 100 times lower than that of other 
commonly monitored drugs, and thus to be clinically useful, 
the method must be able to measure serum concentrations 
<50 ng/mL; (2) these drugs have metabolites that must also 
be measured; and (3) these drugs are structurally similar to 
comimon sleep inducers, antihistamines, and many over- 
the-counter medications used for appetite suppression, 
which are potential interferences. Of the many hundreds of 
methods published, only a few have satisfactorily overcome 
these obstacles. 

Analysis by gas chromatography-mass spectrometry 
(GC/MS) using selected ion monitoring is the reference 
method.’ Methods for trazodone™ and amoxapine”! are also 
available. HPLC has been successfully used for analysis of tri- 
cyclic antidepressants, although separation and selectivity 
are problems with this technique.” 


Selective Serotonin Reuptake Inhibitors 


Selective serotonin reuptake inhibitors (SSRIs) are fre- 
quently prescribed medications, Their therapeutic actions 
are diverse, ranging from efficacy in depression to obsessive- 
compulsive disorder, panic disorder, bulimia, and other con- 
ditions.’ They include bupropion, fluoxetine, nefazodone, 
paroxetine, and miscellaneous other drugs. 

Bupropion. Bupropion is a weak blocker of serotonin, 
norepinephrine, and dopamine. Bupropion is rapidly 
absorbed, reaching peak level within 2 hours of oral admin- 
istration. It is thought to undergo considerable first-pass 
metabolism, although studies have not been done to confirm 
this because the drug is not available in intravenous form, It 
is estimated that bioavailability ranges from 5% to 20%. 
Bupropion is metabolized by CyP 3A4, 2B6, and 2D6. Major 
metabolites include the hydroxylated morphinol-metabolite 
and the threo-amino alcohol metabolite. The half-life of 
bupropion ranges from 8 to 24 hours. On a typical daily dose 
(100 to 250mg), bupropion serum levels correlate with dose 
and are in the range of 25 to 100 ng/mL. Methods to measure 
serum concentration have been developed. 

Fluoxetine. Fluoxetine (and other nontricyclic antide- 
pressants) acts by inhibiting serotonin uptake in the central 
nervous system. The drug has fewer antagonistic effects on 
muscarinic, histaminic, and a-adrenergic receptors than the 
tricyclic antidepressants, allowing it to be used with fewer 
side effects. Fluoxetine is metabolized by CyP 3A4, 2D6, and 
2C19. Fluoxetine has a very long half-life (48 hours), and its 
active metabolite, norfluoxetine, is eliminated with a half-life 
of 180 hours. Optimal response to fluoxetine occurs when 
the plasma concentration is in the range of 90 to 
300ng/mL." Norfluoxetine is usually present at approx- 
imately the same concentration as fluoxetine. The drug 


undergoes significant hepatic metabolism, and blood levels 
are affected by liver disease. Compromised renal function 
has little effect on the excretion rate of fluoxetine, 

Nefazodone. Nefazodone is an antidepressant that 
inhibits neuronal uptake of serotonin and norepinephrine. 
Nefazodone is a 5-HT, antagonist that is rapidly absorbed 
and has low bioavailability (20%) because it undergoes first- 
pass metabolism. In March of 2004, the U.S. FDA issued a 
Public Health Advisory that called attention to reports of 
both suicidal ideation and suicide attempts in children 
taking antidepressant drugs such as nefazodone for the treat- 
ment of major depressive disorder (MDD). Because of 
several cases of liver toxicity, nefazodone (Serzone) was 
taken off the market in June of 2004. An HPLC method 
with electrochemical detection has been published for the 
analysis of nefazodone.”* 

Paroxetine. Paroxetine is a selective serotonin reuptake 
inhibitor with demonstrated clinical utility as an antide- 
pressant. Paroxetine is completely absorbed after oral inges- 
tion and reaches peak steady-state levels of 30 to 70ng/mL 
in approximately 5 hours. It undergoes hepatic metabolism 
by Cyp 2D6, has a half-life of 21 hours, and metabolites 
are inactive. Steady-state concentrations of paroxetine on a 
typical dose of 20mg/day are achieved in 10 days. Clinical 
response appears to be related to serum concentration'” and 
a chromatographic method is available.“ 

Other SSRIs. The antidepressants amoxapine, fluoxe- 
tine, sertraline, trazodone, and venlafaxine do not have the 
same degree of cardiac toxicity that plagues the tricyclic and 
tetracyclic antidepressants. Treatment with doses slightly 
greater than normal does not predispose the patient to major 
toxicity. Therefore monitoring levels of these drugs is not 
required to avoid toxic side effects. However, if the patient is 
not responding to the drug as expected, monitoring the level 
may be useful in demonstrating noncompliance. A variety of 


methods are available for measuring these antidepressants in 
body fluids. 


Lithium 

Lithium, whose proprietary names include Eskalith, Lithane, 
Lithonate, and others, is administered as lithium carbonate 
and used for treatment of the manic phase of affective dis- 
orders, mania, and manic-depressive illness. It is postulated 
to act by enhancing reuptake of catecholamines, thereby 
reducing their concentration in the neuronal junction. This 
produces a sedating effect on the central nervous system. 
Lithium also modulates the distribution of sodium, calcium, 
and magnesium in nerve cells, which reduces the rate of 
glucose metabolism that effects nerve function. The actual 
mechanism of action of lithium in affecting mania remains 
theoretical. 

Absorption of lithium from the gastrointestinal tract 
is complete, with peak plasma concentration reached 2 to 
4 hours after an oral dose. This cation does not bind to 
protein. Lithium elimination is biphasic; during the first 
phase, 30% to 40% of the dose of lithium is cleared, with an 
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apparent half-life of 24 hours. During the second phase, the 
remainder of lithium incorporated into the cellular ion pool 
is cleared, exhibiting a half-life of 48 to 72 hours. Clearance 
is predominantly a function of the kidneys, where active 
reabsorption occurs. Reduced renal function causes pro- 
longed clearance times. 

The optimal therapeutic response to lithium has not been 
related to a specific serum concentration. However, toxicity 
is related to serum concentration and consequently serum 
lithium concentrations. are monitored to ensure patient 
compliance and to avoid intoxication. It has been recom- 
mended that a standardized 12-hour postdose serum lithium 
concentration be used to assess adequate therapy.” The 
interval of 1.0 to 1.2 mmol/L was identified as the optimal 
trough therapeutic concentration. Concentrations of 1.2 to 
1.5mmol/L signified a warning range, and a concentration 
in excess of 1.5mmol/L in a specimen drawn 12 hours after 
the dose indicates a significant risk of intoxication. Early 
symptoms of intoxication include apathy, sluggishness, 
drowsiness, lethargy, speech difficulties, irregular tremors, 
myoclonic twitchings, muscle weakness, and ataxia. These 
symptoms, although not life threatening, are uncomfortable 
for patients and indicate that the onset of life-threatening 
seizures is imminent. 

Lithium excretion parallels that of sodium. It readily 
passes the glomerular membrane and is reabsorbed in the 
proximal convoluted tubules. In situations in which patients 
are vulnerable to dehydration (fever, watery stools, vomiting, 
loss of appetite, and hot weather), the potential for lithium 
intoxication is increased. In dehydration, the proximal 
tubular response to reabsorption of sodium (and lithium) is 
reduction of clearance. Increased reabsorption of lithium 
leads to increased blood concentration of lithium. Severe 
intoxication, characterized by muscle rigidity, hyperactive 
deep tendon reflexes, and epileptic seizures, is usually asso- 
ciated with lithium concentrations in excess of 2.5 mmol/L. 

The concentration of lithium in serum, plasma, urine, 
or other body fluids has been determined by flame emission 
photometry, atomic absorption spectrometry, or electro- 
chemically using an ion-selective electrode. Serum analysis, 
the most useful specimen for lithium monitoring, is most 
commonly quantified by automated spectrophotometric 
assay. 


Other Antipsychotic Drugs 
Psychotic patients are most often treated with clozapine, 
haloperidol, lithium, olanzapine, or one of the phenothi- 
azines, or a combination of these drugs. Because response 
to these drugs is unpredictable and patients are difficult to 
control, monitoring serum concentration may aid in adjust- 
ing therapy. Numerous methods to measure the serum con- 
centration of the various neuroleptic agents have been 
reported.” 

Quantitative procedures for haloperidol and phenothi- 
azines suffer from a major drawback: they are too specific. 
The major problem encountered with monitoring these 


drugs is the number of active metabolites of each. Numer- 
ous metabolites have been reported for the common phe- 
nothiazines, most of which have some pharmacological 
activity." Thus therapeutic monitoring of these drugs 
requires co-analysis of numerous metabolites, an option that 
is analytically problematic, and reference materials for most 
of the metabolites are not available. 


Clozapine 

Clozapine, proprietary name Clozaril, is an effective antipsy- 
chotic drug that inhibits dopamine binding at the D-1 and 
D-2 receptors, and more actively binds at limbic binding 
sites than at striatal sites. Clozapine undergoes hepatic 
metabolism by CyP 3A4 and 1A2 to yield numerous, inac- 
tive metabolites; the serum half-life of clozapine is 4 to 12 
hours. On a typical daily dose (100mg bid), clozapine is 97% 
bound to plasma proteins. Patients respond to the drug 
when trough serum concentrations of clozapine are in the 
range of 100 to 600ng/mL, and methods of analysis have 
been described.” 

Clozapine is likely to produce agranulocytosis in approx- 
imately 1% of patients who receive the drug. This toxicity is 
an exposure-related event that occurs regardless of blood 
level. For this reason, use of clozapine is limited to schizo- 
phrenic patients who do not respond to conventional treat- 
ment. Biweekly monitoring of white cell count is required in 
all patients prescribed this drug. 


Olanzapine 

Olanzapine, a thienobenzodiazepine with proprietary name 
Zyprexa, is a serotonin and dopamine antagonist with 
antimuscarinic activity. It also blocks histamine receptors. It 
is completely absorbed to reach peak concentrations in the 
range of 1000ng/mL in 6 hours. Olanzapine has a half-life 
averaging 35 hours. It is 93% protein bound. Olanzapine is 
cleared by CyP 1A2 metabolism to inactive desalkyl amine 
and by UGT to N-glucuronide metabolites. An HPLC 
method with electrochemical detection for measuring olan- 
zapine has been published.'® 


Quetiapine 

Quetiapine, a dibenzothiazepine with proprietary name 
Seroquel, is an antipsychotic drug similar to clozapine; it 
inhibits dopamine binding at the D-1 and D-2 receptors. It 
is completely absorbed to reach peak concentrations in the 
range of 1000ng/mL in 6 hours. Quetiapine has a half-life 
averaging 5 hours. It is 80% protein bound. Quetiapine is 
cleared by CyP 2C9 and 2C19 metabolism to inactive 
desalkyl amine metabolites, Quetiapine is likely to produce 
liver function abnormalities in a small number of patients 
who receive the drug; evaluation of liver function should be 
performed regularly on patients prescribed quetiapine. 


ANTIMETABOLITES 


Methotrexate and thiopurines are antimetabolites and rep- 
resentative of several drugs that interrupt cell cycling that 
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TABLE 33-11 Key Pharmacokinetic Parameters of Methotrexate 
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are used to treat neoplastic diseases; their use may require 
TDM. 


Methotrexate 


Methotrexate has proved useful in the (1) management of 
acute lymphoblastic leukemia in children; (2) management 
of choriocarcinoma and related trophoblastic tumors in 
women™%; (3) management of carcinomas of the breast, 
tongue, pharynx, and testes; (4) maintenance of remission in 
leukemia; and (5) treatment of severe, debilitating psoriasis. 
High-dose methotrexate administration followed by leuco- 
vorin rescue is effective in treatment of carcinoma of the 
lung and osteogenic sarcoma. Intrathecal administration is 
effective in treating meningeal leukemia or lymphoma. Table 
33-11 lists pharmacokinetic parameters for methotrexate. 

Methotrexate inhibits DNA synthesis by decreasing avail- 
ability of pyrimidine nucleotides. Methotrexate competi- 
tively inhibits the enzyme dihydrofolate reductase, thus 
decreasing the concentrations of the tetrahydrofolate essen- 
tial to the methylation of the pyrimidine nucleotides and 
consequently the rate of pyrimidine nucleotide synthesis. 
Leucovorin, a folate analog, is used to rescue host cells 
from methotrexate inhibition; as a synthetic substrate for 
dihydrofolate reductase, leucovorin administration allows 
resumption of tetrahydrofolate-dependent synthesis of 
pyrimidines and reinitiation of DNA synthesis. Methotrex- 
ate is a nonspecific cytotoxin, and prolongation of blood 
levels appropriate to killing tumor cells may lead to severe, 
unwanted cytotoxic effects such as myelosuppression, gas- 
trointestinal mucositis, and hepatic cirrhosis. 

Serum concentrations of methotrexate are commonly 
monitored during high-dose therapy (>50 mg/m’) to iden- 
tify the time at which active intervention by leucovorin 
rescue should be initiated. Criteria for blood concentrations 
indicative of a potential for toxicity after single-bolus, high- 
dose therapy are as follows: 

1. Methotrexate concentration greater than 10umol/L 

24 hours after dose. 

2. Methotrexate concentration greater than 1mol/L 

48 hours after dose. 

3. Methotrexate concentration greater than 0.1umol/L 

72 hours after dose. 

Characteristically, blood concentrations are monitored at 
24, 48, and 72 hours after the single dose, and leucovorin is 
administered when methotrexate levels are inappropriately 
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high for a postdose phase. The route of elimination for 
methotrexate is primarily renal excretion. During the period 
of high blood levels, particular attention must be paid to 
maintaining output of a large volume of alkaline urine. The 
pK, of methotrexate is 5.5; thus small decreases in urine pH 
result in significant reduction in its solubility, Keeping 
urinary pH alkaline diminishes the risks of intratubular pre- 
cipitation of the drug and obstructive nephropathy during 
the treatment period. Monitoring blood levels therefore 
provides the basis for decisions for timing of initiation 
and continuance of leucovorin treatment and for managing 
urinary pH. 

Methotrexate has been measured in biological specimens 
using a wide variety of techniques. RIA and the folate reduc- 
tase inhibition techniques have been used, but nonisotopic 
immunoassays are now the method of choice.’ Liquid chro- 
matographic procedures have also been developed to allow 
for co-analysis of the drug and its metabolites,’ 


Thiopurines 

The thiopurine drug mercaptopurine, and its prodrug aza- 
thioprine, are used as to treat neoplasias such as leukemia. 
Thiopurines are metabolized by thiopurine S-methyltrans- 
ferase (TPMT) to form S-methylthiopurines, which are 
further metabolized to S-methylthiopurine nucleosides, the 
very short-lived active agent. Approximately 1% of Cau- 
casians are homozygous for an allele variant of TPMT that 
expressed no activity. Patients expressing minimal TPMT 
activity shunt thiopurine to an alternate metabolic pathway, 
resulting in accumulation of thiopurine nucleosides, which 
cause cytotoxicity. Patients at risk for thiopurine intoxication 
can be identified by monitoring TPMT phenotypic enzy- 
matic activity,'“° genotype,” or thiopurine nucleotide con- 
centration.’ Table 33-11 lists pharmacokinetic parameters 
for thiopurines. 


Other Antimetabolites 


For various reasons, purine and pyrimidine drugs have not 
been routinely monitored outside of clinical trials. Cytosine 
arabinoside; 5-fluorouracil; 5-fluorodeoxyuridine and its 
monophosphate, 5-azacytidine; and 2,2 difluorodeoxycyti- 
dine, which are all antimetabolites like methotrexate, have 
been extensively studied. Analytical methods have also been 
developed, but little relationship between circulating blood 
level and therapeutic efficacy has been found to justify 
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routine monitoring. Alkylating agents such as cyclophos- 
phamide are metabolically converted to active compounds 
with lifespans of only seconds before they interact with tissue 
and are destroyed. Measurement of active metabolite would 
be extremely useful but is obviously impractical. Actino- 
mycin and doxorubicin have toxic effects (bone marrow sup- 
pression and dermatitis) that are both immediate and long 
acting and that appear to relate not to a circulating blood 
concentration but to dose mass and length of exposure. 
Definition of specific dosing regimens for these drigs is 
currently of more concern than is control of circulating 
concentration. Cisplatin, easily measurable by platinum 
analysis, causes renal toxicity that may be related to both 
blood levels and length of exposure, although monitoring is 
not common. 


IMMUNOSUPPRESSANTS 


Immunosuppressants are drugs capable of suppressing 
immune responses. They are used to treat autoimmune 
disease, allergy, multiple myeloma, and chronic nephritis, 
and in organ transplantation. For example, immunosup- 
pressants that are used to provide maintenance immuno- 
suppression in solid organ and bone marrow transplant 
patients include cyclosporine, everolimus (Ever), mycophe- 
nolic acid (MPA), Siro, and Tac (Figure 33-13). 


History of Immunosuppressant Therapy 
Patterns of use of immunosuppressive drugs in transplant 
patients have changed through the decades.'? From 1954 to 
1962, referred to as the “Experimental Era,” there were few 
transplants performed; the incidence of acute rejection 
during the first year following transplant surgery was 80% 
and the 1-year graft survival was 40%, and the search was on 
to find acceptable immunosuppression techniques. The suc- 
cessful use of azathioprine combined with corticosteroid 
from 1962 to 1983, the “Azathioprine Era,” made widespread 
kidney transplantation possible. The rates and severity of 
acute rejection (65% acute rejection) were high, as was the 
graft loss rate (60% with 1-year survival). The “Cyclosporine 
Era” (1983 to 1995) provided for significant improvement of 
outcomes (45% acute rejection, 85% with 1-year survival), 
and routine transplantation of organs other than kidneys 
was instituted with a relatively fixed drug regimen. The 
recognition, in early clinical trials, that cyclosporine has a 
narrow therapeutic index and highly variable pharmacoki- 
netics in renal transplant patients led to the development of 
immunoassay" and HPLC methods for quantification.” It 
was during this era that therapeutic drug monitoring of 
cyclosporine became a standard of practice, and set the stage 
for the evolution of this practice for the other major main- 
tenance immunosuppressants. Introduction of Tac in 1994 
and mycophenolate mofetil in 1995 opened the most recent 
era. The introduction of Siro in 1999 and Ever in 2004 pro- 
vided a major addition to this era. 

Drug regimens used in the current era for maintenance 
immunosuppression vary widely according to the trans- 


planted organ, especially the choice and dosing strategy for 
calcineurin inhibitors (cyclosporine or Tac) 75565886 In 
2002 the United Network for Organ Sharing (UNOS) 
reported that the following combinations of maintenance 
immunosuppressants were used in newly transplanted 
patients: (1) Tac + MPA + corticosteroids; (2) cyclosporine + 
Siro + corticosteroids; (3) cyclosporine + MPA + corticos- 
teroids; and (4) Tac + Siro + corticosteroids. (It is antici- 
pated that Ever can be substituted for Siro.) All of these drugs 
have narrow therapeutic indices and their pharmacokinetics 
are highly variable in transplant patients, particularly in the 
early posttransplant period. They require close supervision 
with TDM guiding dosage adjustments to minimize the risks 
of opportunistic infections, lymphoproliferative disease, and 
serious drug-specific toxicities from excessive immunosup- 
pression and rejection from too little immunosuppression. 

Corticosteroids are dosed according to empiric guidelines 
whereas cyclosporine, Tac, MPA, Siro, and Ever are dosed to 
achieve and maintain target concentrations in blood 
(cyclosporine, Tac, Siro, Ever) or plasma (MPA). In today’s 
practice—which often includes reduction of the calcineurin 
inhibitor, dosing, and target concentrations or elimination 
of corticosteroid within the first posttransplant year—the 
demand for tighter and better control of immunosuppres- 
sant concentrations is heightened requiring more involve- 
ment of laboratorians to help in the demanding process to 
provide optimal immunosuppression. 


Cyclosporine 

Cyclosporine, proprietary names Sandimmune (cyclo- 
sporine) and Neoral, is a cyclic peptide composed of 
11 amino acids, some of novel structure, isolated from the 
fungus Trichoderma polysporum (Figure 33-13). The com- 
pound has been shown effective in suppressing acute 
rejection in recipients of allograft organ transplants. 
Cyclosporine is approved for use in renal, cardiac, hepatic, 
pancreatic, and bone marrow transplants. 

The activation and proliferation of T lymphocytes are 
considered to be the basic cellular immune responses leading 
ultimately to rejection of transplanted tissue in the absence 
of effective immunosuppression. An important effect of 
T cell activation is production of the Ca*/calmodulin- 
activated form of the serine/threonine phosphatase cal- 
cineurin. The latter is responsible for the activation and 
nuclear translocation of a number of transcription factors, 
such as nuclear factor of activated T (NEAT) cells. 

Cyclosporine provides maintenance immunosuppression 
by inhibition of the activation of T lymphocytes via a mul- 
tifaceted mechanism.’ The drug, a fat soluble 11 amino acid 
cyclic polypeptide, crosses the lymphocyte membrane freely 
where it forms a pharmacologically active complex with the 
intracellular immunophilin receptor cyclophilin. This 
complex, but not cyclosporine by itself, inhibits the 
Ca”/calmodulin-activated form of serine/threonine phos- 
phatase calcineurin, thereby inhibiting the activation of 
NFAT cells, The latter action is considered to be the key step 
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Figure 33-13 Chemical structures of cyclosporine, sirolimus, tacrolimus, and everolimus. 


that leads to several important effects of cyclosporine on the 
activated T lymphocytes. Although cyclosporine inhibits the 
peptidylproly] isomerase activity of cyclophilin, this action 
has not been shown to affect T cell activation.’ 

Inhibition of activation of NFAT mediated by 
cyclosporine leads to the downregulation of transcription 
of cytokine genes for cytokines such as IL-2, IL-3, IL-4, and 
IL-12; inflammatory mediators such as TNFa; and growth 
factors such as granulocyte and/or macrophage colony stim- 
ulating factor (see Chapter 22). Inhibition of calcineurin by 
the cyclosporine/cyclophilin complex produces other im- 
portant intracellular effects that contribute to the overall 
immunosuppressive effect. The intracellular mechanism(s) 
by which cyclosporine produces side effects—such as the 


acute nephrotoxic effects including reduced renal blood 
flow, afferent arteriolar vasoconstriction, decreased 
glomerular filtration rate, and increased renal vascular resis- 
tance—remains unknown. It is likely that inhibition by 
cyclosporine/cyclophilin of calcineurin-mediated processes 
in kidney tissue is responsible for these effects. 

Absorption of cyclosporine in the form of Sandimmune is 
highly variable, ranging from 5% to 40%. Whole-blood 
concentration correlates with the degree of immunosuppres- 
sion and toxicity, but there is a poor relationship between 
dose and blood concentration. A microemulsion form of 
cyclosporine, Neoral, has more reproducible absorption— 
averaging 40%—and exhibits better correlation between 
dose, blood level, and clinical response.” In addition to 
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Neoral and Sandimmune, there are three generic forms of 
cyclosporine approved for use by the U.S. Food and Drug 
Administration (FDA). Although considered therapeutically 
equivalent to Neoral, the excipients differ from that of Neoral 
or Sandimmune. The chemical structure of these is equiva- 
lent to that of cyclosporine; however, close therapeutic drug 
monitoring is recommended when switching from one for- 
mulation to another in view of the very limited availability of 
peer-reviewed, published data on the generics. 

Immunosuppression requires trough whole-blood con- 
centrations of at least 100ng/mL. A consensus report 
notes that trough whole-blood concentrations exceeding 
600 ng/mL were associated with hepatic, renal, neurological, 
and infective complications.” Strategies for reducing the 
toxicity of cyclosporine and other immunosuppressive 
drugs have been published that suggest that therapeutic 
trough blood concentrations of cyclosporine for renal trans- 
plants are 100 to 300ng/mL, whereas 200 to 350ng/mL is 
used as the target concentration for cardiac, hepatic, and 
pancreatic transplants.’ Simultaneous immunosuppression 
with low-dose prednisone and either MPA or Siro allows the 
patient to enjoy a good response to cyclosporine at lower 
concentration; some renal transplant patients obtain a 
satisfactory response with trough cyclosporine levels of 
70 ng/mL.” 

The limitations of trough concentration monitoring of 
cyclosporine were recognized by Kahan, who showed that 
the dose interval AUC of the drug provided a more precise 
estimate of drug exposure and better predictive performance 
for estimation of risks for acute rejection or toxicity.” 
However, the impracticality of measurement of a full AUC 
using a series of samples collected over the 12-hour dose 
interval prevented this more accurate and precise determi- 
nation of cyclosporine exposure from ever becoming a 
widely used monitoring test. A new approach is based on 
the association of most of the variability in cyclosporine 
pharmacokinetics during the first few hours following 
oral administration. This approach measures either the area 
under the blood cyclosporine concentration-time curve 
in the first 4 hours postdose* or measures the blood 
cyclosporine concentration at 2 hours postdose, known as 
C2 monitoring.” The latter approach promises to provide 
for more precise targeting of cyclosporine exposure.” 

Cyclosporine is slowly absorbed, and peak concentrations 
are reached in 4 to 6 hours. Cyclosporine is 90% protein 
bound and concentrated in erythrocytes.” The degree of 
concentration in erythrocytes is temperature dependent in 
vitro; for this reason, measurement of plasma concentration 
is not recommended.™ The optimal specimen for analysis is 
whole blood. The elimination profile of cyclosporine is 
biphasic. An early elimination phase with an apparent half- 
life that typically ranges from 3 to 7 hours is followed by a 
slower elimination phase with an apparent half-life ranging 
from 18 to 25 hours. The volume of distribution is 17 L/kg. 
Cyclosporine undergoes extensive metabolism by CyP 3A4. 
Many of the 31 known metabolites of cyclosporine are inac- 
tive"! One of the major metabolites, hydroxylated at the 


number I amino acid, retains approximately 10% of the 
immunosuppressive activity of the parent compound, 

Many drugs alter the disposition of cyclosporine. Drugs 
that inhibit cytochrome P450 3A enzyme activity and block 
P-glycoprotein (Pg) have been found to decrease 
cyclosporine metabolism and reduce the barrier to absorp- 
tion from the gastrointestinal tract, thereby causing 
increased blood concentration. The latter was recognized in 
1999 as very important, together with CyP 3A, as a natural 
barrier. to absorption of xenobiotics.**” Examples include the 
calcium channel blockers verapamil, diltiazem, and 
nicardipine; azole antifungal drugs fluconazole, itraconazole, 
voriconazole, and ketoconazole; and antibiotics, such as ery- 
thromycin. All prolong metabolism of cyclosporine and 
reduce the barrier to absorption sufficiently to increase the 
risk of nephrotoxicity.” Co-administration of phenytoin, 
phenobarbital, carbamazepine, and rifampin results in 
induction of CyP 3A enzymes and Pg, which, respectively, 
increase the rate at which cyclosporine is metabolized in the 
gastrointestinal tract and liver, and the countertransport of 
the drug, thereby reducing significantly the bioavailability of 
the parent drug.” Intravenous administration of sulfadimi- 
dine and trimethoprim decreases cyclosporine con- 
centrations. 

The first procedure available for analysis of cyclosporine 
was an RIA developed by Sandoz Pharmaceuticals, the pro- 
ducer of cyclosporine. This immunoassay exhibits approxi- 
mately 30% cross-reactivity with inactive metabolites, and 
the test is now considered obsolete. Nonisotopic immunoas- 
says have been developed for whole-blood analysis.” 
HPLC methods have been developed and are used now by 
many laboratories.” A practical HPLC tandem mass spec- 
trometry method is included on this book’s accompanying 
Evolve site, found at http://evolve.elsevier.com/Tietz/ 
textbook/, 


Everolimus 


Ever, proprietary name Certican and also known as SDZ 
RAD, is a rapamycin analog with potent immunosuppressive 
activity when used in conjunction with CyA. Structurally, 
Ever is a semisynthetic lipophilic macrocyclic lactone 
macrolide (Figure 33-13). Like Siro (see below), Ever forms 
a complex with intracellular immunophilin FK-BP12 that 
modulates the immune response by combining with the spe- 
cific cell-cycle regulatory protein mTOR and inhibiting 
its activation, This inhibition results in suppression of 
cytokine-driven T lymphocyte proliferation, inhibiting the 
progression from the G; to the S phase of the cell cycle. Ever 
is metabolized through oxidation by CyP 3A in the gas- 
trointestinal tract and liver. At least 20 metabolites have 
been identified.” 

Cyclosporine inhibits the metabolism of Ever, requiring 
Ever dose reduction when co-administered with CyA; simul- 
taneous administration of CyA and Ever is expected to be 
the usual approach to immunosuppression. Ever does not 
affect CyA metabolism. The primary side effect of concern 
with Ever therapy is hyperlipidemia.” 
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Ever is administered orally as an oral microsuspension. 
Ever is rapidly absorbed from the gastrointestinal tract, with 
the average time to reach maximal concentration in whole 
blood of about 3 hours.” Low bioavailability is predicted by 
extensive intestinal and hepatic metabolism by CYP3A and 
countertransport by the multidrug efflux pump Pg in the 
gastrointestinal tract. This absorption barrier varies consid- 
erably from patient to patient and within-patient and is the 
site of clinically important drug-drug and drug-food inter- 
actions. The apparent elimination half-life of Ever is 24 
hours. Proportionality between dose and blood concentra- 
tion increases with a greater dose,*! and higher dosing 
appears to increase bioavailability. Steady-state trough blood 
concentration on a 3 mg/day dose in an adult is likely to be 
in the range of 3 to 20ng/mL.™” A detailed description of 
an HPLC/MS/MS method to quantify Ever blood concen- 
tration is included on this book’s accompanying Evolve site, 
found at http://evolve.elsevier.com/Tietz/textbook/. 


Mycophenolate Mofetil 

Mycophenolate mofetil (MMF), proprietary name CellCept, 
is the 2-morpholinoethyl ester prodrug form of the active 
immunosuppressant MPA (Figure 33-14). The latter is a 
fermentation product of several Penicillium species that 
has antifungal, antibacterial, antitumor, and immunosup- 
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pressive activity in animal models," Following the demon- 
stration of its immunosuppressive efficacy in human renal 
transplant patients and in combination with cyclosporine 
and corticosteroids, formal clinical trials were conducted. In 
1995 MMF was approved by the U.S. FDA for this use. 

MPA is a reversible and uncompetitive inhibitor of 
inosine monophosphate dehydrogenase (IMPDH). A very 
important characteristic of proliferating lymphocytes is the 
greatly increased rate of de novo purine biosynthesis. The 
sustained and markedly increased rate of guanine nucleotide 
production catalyzed by IMPDH is the rate limiting step in 
de novo purine biosynthesis that cannot be provided by the 
salvage pathway in proliferating lymphocytes.” Thus the 
proliferative response of activated T cells is dependent on a 
continuous and increased supply of intracellular guanine 
nucleotide pool. T cell proliferation is arrested by the sup- 
pression of guanine nucleotide production when IMPDH is 
inhibited by MPA. The mechanism of action whereby MPA 
produces its immunosuppressive effect in proliferating T 
lymphocytes is thus clearly distinct from that of the cal- 
cineurin inhibitors: cyclosporine or Tac, and Siro. 

MMF is rapidly hydrolyzed by widely distributed 
esterases in blood and tissues to produce MPA. The rate lim- 
iting step in the clearance of MPA is its conversion to the 
phenolic glucuronide metabolite MPAG (Figure 33-14) via 
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Figure 33-14 Chemical structures and metabolic pathways of mycophenolate mofetil (MMF), 
mycophenolic acid (MPA), and mycophenolate glucuronide (MPAG). 
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the catalytic action of UGT in the liver, gastrointestinal tract, 
and possibly other tissues, such as kidney. MPAG is the 
primary metabolite of MPA and is pharmacologically inac- 
tive.” The acyl glucuronide and 7-O-glucoside are metabo- 
lites that are produced in much smaller quantities than either 
MPA or MPAG.” The glucoside metabolite has no pharma- 
cological activity, but the acyl glucuronide is under evalua- 
tion for its potential toxic effects.'“* MPAG is cleared by the 
kidney and accumulates to as much as several hundred—fold 
higher plasma concentration as the steady-state trough con- 
centration of MPA in uremic patients.” 

MPA usually reaches maximal concentrations within an 
hour of the time of oral administration of MME.” Distri- 
bution of the drug is rapid and essentially complete in most 
patients within 2 to 3 hours of administration.” In whole 
blood, >99.9% of the drug is in the plasma compartment.'” 
MPA’s clearance is affected by (1) glucuronidation, (2) 
enterohepatic circulation (EHC), and (3) the quantity of its 
free fraction. EHC is considered to be a significant contrib- 
utor to the dose interval kinetics of MPA, especially the post- 
distribution phase of the concentration-time curve. The 
contribution of EHC to the MPA AUC is about 37%, ranging 
from 10% to 61%, based on the effect of concomitant 
administration of cholestyramine.’ The appearance of a 
secondary MPA concentration peak anywhere from 4 to 
12 hours following the morning dose of MMF is believed 
to result from EHC. 

MPA is avidly and extensively bound to human serum 
albumin. In stable transplant patients, the MPA free fraction 
ranges from 1% to 3%." When one or more of the follow- 
ing conditions are present, the MPA free fraction will 
increase significantly: 

. Early poor kidney function in renal transplant patients 
. Chronic renal failure 
. Low serum albumin concentration 
. Hyperbilirubinemia 
. Liver transplant patients in the early posttransplant 
period 
Increased free fraction will cause an increased clearance 
of MPA, resulting in lower total MPA concentrations that 
return to baseline values when the condition that caused the 
change in free fraction becomes normal.'* In chronic renal 
failure, however, the total MPA concentration is often within 
the guidelines for effective immunosuppression, but the free 
concentrations can be substantially elevated—placing the 
patient at increased risk for overimmunosuppression.**™ 
It is hypothesized that chronic uremia causes reduction in 
the intrinsic clearance that results in zero order kinetics for 
MPA clearance. 

The primary sites and effects of drug-drug interactions 
involving other medications and MPA are likely to be 
decreased absorption in the gastrointestinal tract, inhibition 
of enterohepatic cycling, and inhibition of transport of the 
primary phenolic glucuronide metabolite. Meal consump- 
tion just before oral intake of MMF delays absorption, 
causing a reduction in the maximal concentration by about 
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25%, Administration of antacids containing magnesium and 
aluminum hydroxides has been reported to reduce peak con- 
centration of MPA by 33% and AUC by 17%. The two inter- 
actions with the greatest reported effects are cholestyramine 
and ferrous sulfate. Cholestyramine produces a 40% 
reduction in the MPA AUC when co-administered with 
MME. The common iron supplement ferrous sulfate lowers 
the MPA AUC by about 90%. Long-term effects of this drug 
interaction are under investigation. It has been suggested 
that corticosteroids cause enhanced clearance of MPA via 
induction of UGT activity." This is based on the observed 
33% increase in the dose-corrected MPA trough concentra- 
tion in a cohort of stable renal transplant patients at 12 
months, following corticosteroid withdrawal, compared 
with the value at 6 months during maintenance therapy with 
corticosteroids.” Further investigation will be required to 
establish whether or not there is a direct cause-effect rela- 
tionship in transplant patients. Corticosteroids have been 
shown to induce UGT activity in animal models. Inhibition 
of transport of MPAG from liver into bile is the presumed 
mechanism for the significant lowering of MPA concentra- 
tion and raising of MPAG concentration by concomitant 
cyclosporine.” This drug-drug interaction results in MPA 
AUC values, adjusted for MMF dose, that are approximately 
45% higher in patients on concomitant Tac versus those on 
concomitant cyclosporine, 

HPLC methods with UV detection for MPA quantifica- 
tion are in common use in clinical pharmacokinetic studies 
and in clinical laboratories.*'* An immunoassay has been 
developed and is in routine use in centers outside the United 
States.“ Validated HPLC assays with mass spectrometric 
detection have been developed and are particularly useful for 
the accurate measurement of free MPA concentration.” A 
new method that uses IMPDH, the natural target receptor 
of MPA, is in development.” Inhibition of IMPDH activity 
by MPA in an aliquot of patient serum or plasma is the basis 
for this method. 


Sirolimus 
Siro, proprietary name Rapamune, and formerly known as 
Rapamycin, is a macrocyclic antibiotic with immunosup- 
pressive activity.” It is a fermentation product of the actin- 
omycete Streptomyces hygroscopicus, which was isolated from 
soil samples collected on Rapa Nui (Easter Island) following 
a search for novel antifungal agents. Structurally, Siro is a 
lipophilic macrocyclic lactone composed of a 31-membered 
macrolide ring (Figure 33-13). It was shown to possess 
antifungal, antitumor, and immunosuppressive activity in 
animal model studies.” Subsequently, following discovery 
of its efficacy for the prophylaxis of acute rejection in renal 
transplant patients, formal clinical trials were undertaken; 
in 1999 Siro was approved for this indication by the U.S. 
FDA. 

The complex of Siro and the intracellular immunophilin 
FK-BP12 modulates the immune response by combining 
with the specific cell-cycle regulatory protein mTOR and 


Chapter 33 Therapeutic Drugs and Their Management 1279 


inhibiting its activation. This inhibition results in suppres- 
sion of cytokine driven T lymphocyte proliferation, inhibit- 
ing the progression from the G, to the S phase of the cell 
cycle.” Metabolism of Siro by the human body is driven by 
oxidative metabolism by CyP 3A in the gastrointestinal tract 
and liver. There are at least 7 metabolites characterized as 41- 
O- and 7-O-demethyl, several hydroxy, hydroxy-demethy- 
lated, and didemethylated Siro. 


Siro is administered orally as an oral solution in a vehicle. 


containing a combination of phosphatidylcholine, propylene 
glycol, monoglycerides, ethanol, soy fatty acids, ascorbyl 
palmitate, and polysorbate 80 with a Siro concentration of 
lmg/mL. A 1 mg tablet formulation was recently approved, 
but this formulation is not bioequivalent to the oral solu- 
tion. However, the two are clinically equivalent at a 2-mg 
dose based on comparable rates of efficacy failure graft loss 
or death. Siro is rapidly absorbed from the gastrointestinal 
tract, with the average time to reach maximal concentration 
in whole blood of about 2 hours.’ The average bioavail- 
ability of Siro is 15%." The low bioavailability is attribut- 
able to extensive intestinal and hepatic metabolism by 
CYP3A and to countertransport by the multidrug efflux 
pump Pg in the gastrointestinal tract.” This absorption 
barrier varies considerably from patient to patient and 
within-patient and is the site of clinically important drug- 
drug and drug-food interactions. 

Siro distributes primarily into blood cells (95%), with 
only 3% and 1% distributing into plasma, lymphocytes, and 
granulocytes, respectively.” The extensive and avid binding 
of Siro to the ubiquitously distributed intracellular FK- 
binding proteins accounts for the high blood to plasma Siro 
concentration ratio. Approximately 2.5% of the Siro within 
the plasma fraction is unbound.” 

The relationship between Siro whole blood trough 
concentrations has been investigated in renal transplant 
patients who received concomitant full dose cyclosporine 
and corticosteroid therapy. According to this study, the 
minimum effective Siro concentration—below which there 
is a significant increase in risk for acute rejection—is 4 to 
5ng/L.° The threshold concentration of 13 to 15 ng/L was 
identified, above which the risks for the concentration- 
related side effects of thrombocytopenia (<100,000 platelets/ 
mm’), leukopenia (<4000 leukocytes/mm), and hyper- 
triglyceridemia (>300mg/dL serum triglycerides) are 
increased. 

HPLC methods with MS, MS/MS, and UV detection have 
been validated. and are in use in laboratories worldwide. 
An immunophilin binding assay was developed for Siro 
measurement” and an investigational microparticle enzyme 
immunoassay was used in two phase III clinical trials.” 
Currently, there is no available automated immunoassay, 
although assays of this type are in development. 


Tacrolimus 


Tac, proprietary name Prograf and formerly known as 
FK506, is a macrolide lactone isolated from Streptomyces 


tsukubaensis in 1984 and is a potent immunosuppressant, 
which consists of a 23-membered carbon ring and a hemi- 
ketal-masked «8 -diketoamide function (Figure 33-13). 


. Tacis approved for prophylaxis of organ rejection in patients 


receiving allogeneic liver transplants and for use as an 
immunosuppressant in kidney transplantation. This potent 
immunosuppressant has been used effectively in other solid 
organ transplant patients for prevention of graft-versus- 
host-disease in allogeneic stem cell transplant recipients and 
in pancreatic islet transplantation. 

As with cyclosporine and Siro, Tac exerts its immuno- 
suppressive effect following the formation of a complex 
with immunophilins. The complex of Tac and FK-BP12 in 
lymphocytes suppresses the synthesis of cytokines and 
inflammatory mediators by the same mechanisms (see 
Cyclosporine section for details and references), 

Cytochrome P450 3A is primarily responsible for Tac 
metabolism and nine metabolites have been isolated from 
human blood and rat bile, or produced in vitro by human 
or animal liver microsomes. Tac metabolites in the blood 
of liver and kidney transplant patients totaled 42% to 45% 
of the Tac concentration. All of the metabolites, except 
for 31-O-desmethyl Tac, a minor Tac metabolite, have little 
immunosuppressive activity. The latter has in vitro immuno- 
suppressive activity comparable with that of the parent drug. 
The total immunosuppressive activity of the metabolites is 
therefore negligible in transplant patients. However, in liver 
transplant patients with hyperbilirubinemia, there can be 
significant high bias in the immunoassay results because of 
metabolite accumulation that results from impaired bile 
clearance.” 

Tac is most often administered by the oral route in cap- 
sules as a solid dispersed in hydroxypropylmethylcellulose. A 
solution for injection is available. The absorption from the 
small intestine is generally low, averaging 25%—but highly 
variable from patient to patient, ranging from 4% to 93%— 
and changes with time following transplant surgery.“ Low 
Tac bioavailability, such as cyclosporine and Siro, is due to 
the presence of CyP 3A4/5 and the multidrug efflux pump 
Pg in the small intestinal enterocytes. The combination of 
this drug metabolizing enzyme and the drug efflux pump 
are thought to form a natural barrier to the absorption of 
xenobiotics in the gastrointestinal tract. The extensive 
interpatient range of bioavailability is likely due to the 
wide range of CYP3A4/5 catalytic activity and the amount 
of Pg per unit of weight of small intestine. Since many 
other drugs are substrates for these two systems, the gas- 
trointestinal tract is an important site for many drug-drug 
interactions involving Tac.” 

The distribution in blood is characterized by an extensive 
uptake by cells. The whole blood-to-plasma ratio varies 
from 15 to 35. The high affinity of Tac for FK-binding pro- 
teins and their rich presence in blood cells account for this 
distribution. Approximately 99% of Tac in plasma is bound 
to proteins, primarily o-acid glycoprotein, lipoproteins, 
albumin, and globulins.'* The major route of elimination is 
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fecal excretion of metabolites. Elimination half-life of Tac 
is variable. Average half-life values of 12 hours and 19 hours 
have been reported in liver and renal transplant patients. 
Tac pharmacokinetic parameters are summarized in Table 
33-12. 

As for cyclosporine and Siro, many drugs interact with 
Tac by either inducing the production of CyP 3A4/5 and 
Pg or by competitively blocking the Tac binding site on 
these. A comprehensive review on this subject has been 
published.” 

The relationship between Tac dose, trough blood 
concentration, and clinical outcomes—including acute 
rejection, nephrotoxicity, and toxicity requiring dose 
reduction—was investigated in a prospective multicenter 
study in liver transplant patients.” A significant inverse 
correlation between Tac trough blood concentration and 
the risk of acute rejection during the first week following 
liver transplantation was shown using logistic regression 
analysis. Nephrotoxicity and other side effects were also 
significantly correlated with increasing Tac trough blood 
concentrations during this time period. Receiver operator 
characteristic curve analyses showed that Tac trough blood 
concentrations could differentiate between toxicity and 
nonevents.”® 

A number of specific and sensitive HPLC/MS methods 
have been developed.*!””"*> An immunoassay for Tac 
measurement is also available. 


CLINICAL APPLICATIONS | 


Three case studies that apply the clinical principles and the 
pharmacology data described in this chapter are presented 
on this books accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/. They present 
typical problems the clinician and clinical laboratorian are 
faced with in daily practice. 
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CHAPTER 34 


- Clinical Toxicology* 


William H. Porter, Ph.D. 


goal is to determine the effects of chemical agents 

on living systems. Clinical toxicology is a division of 
toxicology and is defined as the analysis of drugs, metals, and 
other chemical agents in body fluids and tissue for the 
purpose of patient care. Such analyses are often necessary for 
the diagnosis and management of acute drug overdose and 
acute exposure to chemicals of unknown origin from the 
patient’s environment. 

This chapter focuses primarily on the analytes a labora- 
torian encounters in clinical toxicology and on analytical 
techniques used to measure them. Because a comprehensive 
discussion of all the aspects of toxicology is beyond the scope 
of this chapter, the clinical significance and toxicity of only 
a select number of common drugs, drugs of abuse, and other 
chemicals are discussed. For additional information, readers 
are referred to several excellent texts on toxicology, includ- 
ing Clinical Management of Poisoning and Drug Overdose,” 
Ellenhorn’s Medical Toxicology: Diagnosis and Treatment of 
Human Poisoning,”° Casarett and Doull’s Toxicology: The 
Basic Science of Poisons,” Clinical Toxicology of Commercial 
Products,” Goodman and Gilman’s The Pharmacologic Basis 
of Therapeutics,” and Goldfrank’s Toxicologic Emergencies, 
and to Chapters 30 and 35 where some of the more toxic 
metals are discussed.” 


Ten is a broad, multidisciplinary science whose 


BASIC INFORMATION — 


In practice, it is not possible nor necessary to test for all of 
the hundreds or thousands of clinical toxins that may be 
encountered. In reality up to 24 drugs or agents account for 
80% or more of intoxication treated in most emergency 
departments.””*“”' Moreover, some drugs are encountered 


*The author gratefully acknowledges original contributions by 
Dr. Tom P. Moyet, upon which portions of the chapter are based. 
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very infrequently in some locations but with relatively high 
frequency in others. For example, phencyclidine (PCP) use 
is almost nonexistent in some areas but is responsible for a 
relatively high number of intoxications in a few large met- 
ropolitan cities. Thus the scope of clinical toxicology testing 
provided by the laboratory will depend on the pattern of 
local drug use and on the available resources of the institu- 
tion and should be developed in consultation with the 
appropriate clinical staff?” 

The value of drug and/or substance testing (screening) is 
well established (1) in the workplace, (2) for some athletic 
competitions, (3) to monitor drug use during pregnancy, (4) 
to evaluate drug exposure and/or withdrawal in newborns, 
(5) to monitor patients in pain management and drug abuse 
treatment programs, and (6) to aid in the prompt diagnosis 
of toxicity for a select number of drugs or agents for which 
a specific antidote or treatment modality is required (Table 
34-1). In many other instances of drug toxicity, the value of 
drug screening, especially on an emergency basis, is more 
controversial.°'??79314388 Tt is argued that often drug toxic- 
ity is recognizable based on history and clinical signs and 
symptoms (see section on Toxic Syndromes), that treatment 
is general and supportive (Box 34-1) and therefore not influ- 
enced by results of drug screens, and that drug screen results 
often are not available soon enough to add valuable infor- 
mation. However, the clinical history is not always available 
or reliable, not all patients present with symptomatology 
clearly recognizable as drug or substance intoxication, and 
symptomatology may be complicated and confusing in 
instances of multiple drug overdose.'*??° Moreover, it 
is clearly important to rule in or rule out drug toxicity as a 
possible etiology for patients with altered mental status or 
coma of unknown origin or for patients with seizures. For 
instance, a negative drug screen is helpful in the differential 
evaluation of a comatose patient eventually diagnosed with 
meningitis. For other patients, the results of drug testing may 
confirm the diagnosis or be valuable for follow-up counsel- 
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TABLE 34-1 Antidote or peen c Treatment for Intoxication 


Acetaminophen. 
Aluminum : 23000: 
Anticholinergic agents 
‘Arsenic 
Barbiturates 


Benzodiazepines 
Beta-blockers 
Calcium channel blockers 
Carbamazepine 
Carbon ‘monoxide 
Cyanide 
Digoxin 
Ethylene glycol, methanol 
iiron 
‘Isoniazid: 
_Isopropanol. 


os Antidote/Treatment 


N- -Acetylcysteine (Mucomyst) 

Deferoxamine 

Physostigmine 

Dimercaprol, 2,3- dimercaptosuccinic acid, p-penicillamine 


Charcoal hemoperfusion, multiple-dose oral activated charcoal, alkaline 


‘diuresis (phenobarbital only) 
Flumazenil 
Glucagon 
Calcium 
Multiple-dose oral activated charcoal; charcoal:hėmoperfusion 
Oxygen: (normobaric or-hyperbaric) 
Amyl nitrite, sodium nitrite, sodium ‘thiosulfate 
Digibind: (Fab fragments) 
Ethanol, hemodialysis, fomepizole (4- maetbyipyrszol 
Deferoxamine: 
Pyridoxine 


carbamate insecticide ` 


Data from references 9, 43, 137, 155, 268, 404. 


1. Maintain airway, adequate ventilation, and oxygenation; 
provide tracheal intubation if required. 

2. Maintain adequate cardiovascular function—intravenous 
crystalloid solutions and vasopressors (e.g., dopamine, 
norepinephrine) if required, 

3. If comatose, administer glucose, thiamine, naloxone, and 


oxygen. 
4. For seizures, administer diazepam, phenytoin. 


5. Decontaminate gastrointestinal system—perform gastric 
lavage; induce vomiting if appropriate (syrup of ipecac); 
administer activated charcoal; administer cathartic (sodium 
sulfate, magnesium sulfate, or sorbitol); perform whole-bowel 
irrigation (isotonic polyethylene glycol electrolyte solution). 


Data from references 43, 141, 155, 268, 404. 


ing or treatment; in the latter instances, drug screens may 
not be required emergently. 

Approaches to drug testing range from the provision of 
just a few specific tests (e.g., acetaminophen, salicylate, 
ethanol, digoxin, and iron) to additional targeted groups of 
drugs (e.g., stimulant panel and coma panel) or to a more 


ota an 


comprehensive general drug screen that might include 100 
or so drugs and/or substances. For all of these situations, it 
is important that the laboratory communicate with the 
physician concerning the scope (and limitation) of the 
service and the proper timing and selection of specimens; 
when possible, the laboratory should assist with interpreta- 
tion of results. At a minimum, the laboratory request slip 
should clearly state the drugs that it has the capability of 
detecting. Otherwise, the report of a “negative” result for a 
drug screen could be misleading. 


CLINICAL CONSIDERATIONS 


To operate effectively, the laboratory requires a prerequisite 
amount of clinical information to guide ordering of the 
correct tests and to ensure that interpretation of results is 
complete and accurate. For example, the physician should 
provide the following information with the laboratory 
request: 

1. The time and date of the suspected exposure and any 
indications from the patient or patient's family that might 
aid in identification of the toxin. The laboratory person- 
nel must also have knowledge of the time that the speci- 
mens wete collected. 
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2. Assessment of the physical state of the patient at the time 
of presentation, which should include the following: 

a. Vascular status (including measurement of blood 
pressure and pulse rate) 

b. Respiratory status (hypoventilation or hyper- 
ventilation) 

c. Temperature (presence of hypothermia or hyper- 
thermia) 

d. Neurological status (determination of whether the 
patient is alert, comatose, or hyperactive or has neu- 
ropathy, cholinergic activity, or Babinski’s sign) 

e. Cardiac status (determination of heart rate, electro- 
cardiogram pattern, and QRS interval) 

f. Gastrointestinal (GI) status (presence of severe GI dis- 
tress, vomiting, or diarrhea) 

As described in the section Toxic Syndromes and dis- 
cussed later in this chapter, each of these symptoms suggests 
a certain group of toxins. Such information is useful to 
guide test selection and interpretation of results. Realis- 
tically, physicians do not always have time or are not willing 
to provide such information. This clinical information is 
not necessary for test selection if the laboratory provides 
solely a broad-spectrum drug screen or provides symptom- 
related drug screens (coma panel and stimulant panel) 
selectable by the physician. However, such information 
still aids test interpretation. Because toxidrome assessment 
may be flawed by clinical inexperience, multidrug over- 
dose, or delayed onset of action, an expert toxicology com- 
mittee of the National Academy of Clinical Biochemistry 
discourages establishment of toxidrome-based drug screen 
panels.” 


ANALYTICAL CONSIDERATIONS 


Because of the wide range of drugs of interest, no single ana- 
lytical technique is adequate for broad-spectrum drug detec- 
tion. Therefore several analytical approaches in combination 
are generally required. These may include simple, inexpen- 
sive, and rapid spot tests; immunoassays (see Chapter 9); and 
chromatographic and/or mass spectrometric techniques (see 
Chapters 6 and 7), including thin-layer chromatography 
(TLC), high-performance liquid chromatography (HPLC), 
gas chromatography (GC), gas chromatography-mass 
spectrometry (GC-MS or GC-MS-MS), and liquid 
chromatography-mass spectrometry (LC-MS or LC- 
MS-MS).“ Moreover, because of the innumerable drugs, 
metabolites, and endogenous substances that may be 
encountered, positive identification based on the results of 
a single analytical technique is generally not sufficiently 
definitive. Sound laboratory practice dictates the use of a 
second or confirmatory procedure that preferably is based 
on different analytical principles. Currently, GC-MS is the 
most widely used definitive confirmatory procedure. Con- 
firmatory testing is mandatory for forensic drug testing (e.g., 
workplace drug testing). 

Speed of analysis, or turnaround time (TOT), is a critical 
issue in clinical toxicology. A drug analysis that requires 
several hours to complete or that is not available at all hours 


of the day is of little value in a clinical emergency. On the 
other hand, a rapid test that provides false information could 
result in erroneous diagnostic and therapeutic decisions. 
Quantitative determinations in serum are important for 
acetaminophen, salicylate, ethanol, methanol, isopropanol, 
ethylene glycol, carbamazepine, phenytoin, valproic acid, 
phenobarbital, iron, transferrin (or unsaturated iron binding 
capacity), lithium, theophylline, and digoxin, and in whole 
blood for carboxyhemoglobin and methemoglobin. Results 
for these determinations should be available within 1 hour 
of specimen receipt.’ For many other drugs, their serum 
concentration and the severity of toxicity do not correlate 
sufficiently to warrant obtaining quantitative information. 
In these cases, qualitative identification in urine is generally 
sufficient. 

The proper selection of analytical methods and the inter- 
pretation of results requires a knowledge of the pharmacol- 
ogy and pharmacokinetics of the toxins of interest. For 
example, the potential hepatotoxicity of acetaminophen is 
related to the concentration of unmetabolized drug. There- 
fore, appropriate analytical methods for acetaminophen 
should measure only parent drug and not inactive metabo- 
lites. Moreover, quantitation of serum acetaminophen or sal- 
icylate before completion of the absorptive phase may be 
misleading in instances of overdose. Morphine is excreted in 
urine largely as morphine-3-glucuronide. The most sensitive 
detection of morphine necessitates a prior hydrolysis (acid 
or enzymatic) or methods that will directly measure the con- 
jugate (e.g., immunoassay). Detection of the unique heroin 
metabolite, 6-monoacetylmorphine, distinguishes heroin 
use from ingestion of poppy seeds as the cause of a positive 
urine test for morphine. 


TOXIC SYNDROMES 


Toxic syndromes (“toxidromes”) are clinical syndromes that 
are essential for the successful recognition of poisoning pat- 
terns. A toxidrome is the constellation of clinical signs and 
symptoms that suggests a specific class of poisoning. The 
most important toxidromes are (1) anticholinergic, (2) 
cholinergic, (3) opioid and opioid withdrawal, (4) sedative- 
hypnotic and sedative-hypnotic withdrawal, and (5) sympa- 
thomimetic. Symptoms for these toxidromes are listed in 
Table 34-2. 


Autonomic Nervous System 


Many drugs commonly ingested in overdose cause dysfunc- 
tion (agonistic or antagonistic) of the autonomic nervous 
system, the clinical consequences of which provide impor- 
tant clues to the clinician for diagnosis and treatment and 
also help guide the laboratory in the selection of appropri- 
ate tests, 12:796276:328,404 

Biologically, the autonomic nervous system controls 
many physiological functions, including respiration, circula- 
tion, metabolism, digestion, secretions, and body tempera- 
ture.” The sympathetic and parasympathetic systems are the 
two major divisions of the autonomic nervous system. In 
general, they are antagonistic (one stimulates while the other 
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TABLE 34-2 Symptoms of the Important Toxidromes 


Anticholinergic : 


Cholinergic 


Opioid. ion 


Blurred vision Le 
X : < Choreoathetosis ; RGR 
= Decreased. bowel sounds aes 


sy Seizures iii to ee Ge 
Tachycardia. ee 


.. Miosis.-.: 


oe TE ae Slow. respiratory rat fsa seein hs 
Opioid withdrawal 3 

es ie 9 "Digphoresia sears 
ny ‘Diarrhea with increased bowel 


Z “Hypertension 
‘Irritability 
< Lacrimation.. 
foe Muscle ache aad spasm 


; ‘Symptom R 


ce -t Rhinorrhea `: =. 
ee ‘Tachycardia = 


Agitation... 


Sedative-hypnotic 


Urinary retention, pa 
Bradycardia - 
Bronchorrhea Ente 
Defecation . ae 
Emesis OA eer 
Gastr ointestinal distress ee 

(diarrhea). ` < 


er Slurred speech. : 
_ Agitation pant 
- Anxiety 
Confusion 
Lacrimation: Diaphoresis 
Salivation :`. E ere cee cae Dysphoria 
Urination -h hoa eee ee inato u Fever ss 
Bradycardia <. Samer ronte GRS : Hallucinations ~. 
Decreased bowel sounds. aie ee ‘Hypertension 
Hypotension . Insomnia 
Hypothermia : Irritability: 
Lethargy/coma:: «z4 Muscle spasm : 
<- Nausea. and vomiting 
- Restlessness ; 


ethanol withdrawal 


Shallow ae : oo e 


Anxiety. 


` Sympathomime 
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inhibits), and most organs are enervated by both, although 
not with equal tone. Norepinephrine is the neurotransmit- 
ter for postganglionic sympathetic fibers (adrenergic) that 
enervate skin, eyes, heart, lungs, GI tract, exocrine glands, 
and some neuronal tracts in the central nervous system 
(CNS). Physiological responses to activation of the adrener- 
gic system are complex and depend on the type of receptor 
(0, O» Bo Bz) activated, some of which are excitatory and 
others that have opposing inhibitory responses. These 
membrane-spanning adrenergic receptors are coupled to 
cytoplasmic surface GTP-binding regulatory proteins 
(G-proteins). Receptor activation results in GTP-mediated 
G-protein activation. The activated G-protein reacts with 
cell effectors, which may be enzymes such as adenyl cyclase 
or phospholipase C, or with multimeric transmembrane ion 
channels selective for Ca”* or K*. The resultant alterations 
(increase or decrease) in intracellular cAMP, Ca”, or K* 
ions leads to membrane hyperpolarization (inhibitory), 
depolarization (excitatory), or—for example—smooth 
muscle contraction. Other sympathetic neurotransmitters 
are dopamine, present in the extrapyramidal tracts in the 
CNS, and epinephrine, present in the adrenal medulla. 
Stimulation of the sympathetic nervous system produces 
CNS excitation (agitation, anxiety, tremors, delusions, and 
paranoia), headache, seizures, hypertension, mydriasis 
(dilated pupils), hyperpyrexia, and diaphoresis. In severe 
cases, hypotension, cardiac arrhythmias, and coma may 
occur. Examples of drugs that cause a sympathomimetic 
response include amphetamine, methhamphetamine, 3,4- 
methylenedioxymethamphetamine (MDMA), cocaine, PCP, 
lysergic acid diethylamide (LSD), ephedrine, pseu- 
doephedrine, phenylpropanolamine, and caffeine. Some lab- 
oratories provide a stimulant drug screen panel designed to 
detect several of these drugs. 

Acetylcholine is the neurotransmitter active in parasym- 
pathetic neurons (CNS and postganglionic peripheral), in 
autonomic ganglia (both sympathetic and parasympa- 
thetic), and in peripheral somatic nerves that enervate skele- 
tal muscle (neuromuscular junction), Cholinergic responses 
may be subdivided into muscarinic (activated by muscarine) 
and nicotinic (activated by nicotine), depending on acetyl- 
choline receptor type. Muscarinic receptors are G-protein 
coupled and are present in all autonomic ganglia, in post- 
ganglionic parasympathetic synapses, and in cortical and 
subcortical neurons. Muscarinic receptors are blocked by 
atropine. Nicotinic receptors are pentameric membrane- 
spanning ligand-gated Na* and Ca‘ ion channels and are 
prominent in all autonomic ganglia and at the neuromus- 
cular end plate; they are blocked by tubocurarine but 
not atropine. Substances that activate muscarinic and/or 
nicotinic receptors are referred to as parasympathomimetic, 
cholinergic, or cholinomimetic. Activation of muscarinic 
receptors results in miosis, salivation, lacrimation, nausea 
and vomiting, bradycardia, increased GI motility, micturi- 
tion, increased bronchial secretions and bronchocon- 
striction, hypotension, and diaphoresis. Two mnemonics 


have been developed to help recall muscarinic symptoms: 
DUMB BELS (diarrhea, urination, miosis, bradycardia, 
and bronchorrhea-bronchoconstriction, emesis, lacrima- 
tion, sweating-salivation)'’*® and SLUDGE (salivation, 
lacrimation, urination, defecation, GI distress, emesis-eye 
findings, miosis).” 

Agents that cause these symptoms include organo- 
phosphate and carbamate insecticides (cholinesterase 
inhibitors), pilocarpine, physostigmine, and certain 
species of mushrooms that contain muscarine. 

Activation of nicotinic receptors initially stimulates 
postjunctional response but at high dose produces inhibi- 
tion. Symptoms of activation of nicotinic cholinergic 
receptors at the neuromuscular junction include muscular 
twitching, weakness, and paralysis; stimulation of nicotinic 
receptors at sympathetic ganglia causes hypertension, 
tachycardia, and mydriasis. Agents that result in symptoms 
of both muscarinic and nicotinic cholinergic stimulation 
include organophosphate, carbamate, and nicotine- 
containing insecticides. 


Anticholinergic Induced 


Anticholinergic agents produce a syndrome somewhat similar 
to that associated with stimulation of sympathetic neurons 
(inhibition of cholinergic response leads to unopposed sym- 
pathomimetic activity). These symptoms include agitation, 
delirium, coma, tachycardia, hypertension, elevated temper- 
ature, and mydriasis. Important additional anticholinergic 
symptoms that distinguish this syndrome from the sympa- 
thomimetic syndrome are urinary retention; decreased 
bowel sounds; dry, flushed skin; and dry mouth. A 
mnemonic phrase will help the reader remember these 
symptoms: “red as a beet, dry as a bone, mad as a hatter, hot 
as stone, bowel and bladder lose their tone, and the heart 
runs alone.” Substances that cause the anticholinergic syn- 
drome include antihistamines, atropine, cyclic antidepres- 
sant drugs, phenothiazines, anti-Parkinson’s drugs, skeletal 
muscle relaxants, scopolamine, and several plants that 
contain so-called belladonna alkaloids (atropine or sco- 
polamine), such as jimsonweed. 


Opioid Induced 


Another important toxic syndrome is that caused by opioids. 
This toxidrome includes coma, respiratory depression, 
bradycardia, hypotension, hypothermia, miosis, pulmonary 
edema, decreased bowel sounds, and decreased reflexes. 
Common causes of this syndrome, in which CNS depression 
is a cardinal sign, include morphine, codeine, oxycodone, 
hydrocodone, hydromorphone, propoxyphene, pentazocine, 
methadone, and meperidine. The toxidrome caused by 
sedative-hypnotic drugs and ethanol is similar to that for the 
opioids, except that sedative-hypnotic drugs generally 
produce miosis initially but then in later stages of coma 
cause mydriasis. Ethanol intoxication typically causes 
mydriasis. Included in this category of drugs are the 
benzodiazepines, barbiturates, ‘y-hydroxybutyrate (GHB), 
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meprobamate, ethchlorvynol, glutethimide, methaqualone, 
and ethanol. Some laboratories provide a drug screen panel, 
variously known as a coma panel, narcotic panel, or 
sedative-hypnotic panel, designed to detect many drugs 
that produce these symptoms. 


ABSTINENCE SYNDROMES 


Chronic use of certain drugs results in tolerance to some of 
their pharmacological effects and thus to accelerated doses 
to achieve desired responses. Abrupt discontinuance of 
drugs in individuals who have developed tolerance may lead 
to an abstinence or withdrawal syndrome, which tends to be 
opposite to the original effects produced by the drugs. For 
example, symptoms of sedative-hypnotic and alcohol 
withdrawal include dilated pupils, sweating, tachycardia, 
increased blood pressure, nausea, vomiting, muscle spasm, 
insomnia, anxiety, irritability, increased temperature, 
tremor, hallucinations, and seizures. With the exception of 
seizures and hallucinations, opioid withdrawal shares other 
features of alcohol or sedative-hypnotic withdrawal. Addi- 
tional features characteristic of opioid withdrawal include 
yawning, lacrimation, rhinorrhea, piloerection, diarrhea, 
and muscle ache. Withdrawal from chronic cocaine use 
causes dysphoria, somnolence, fatigue, depression, and 
bradycardia.” Elicitation of a withdrawal response is evi- 
dence of physical drug dependence. Barbiturate or ethanol 
withdrawal may be so severe as to be life-threatening. 
Laboratory confirmation of the nature of the withdrawal 
syndrome may help initiate proper treatment. 

Other toxic syndromes will be discussed in subsequent 
sections of the chapter. 


SCREENING PROCEDURES FOR DETECTION 
OF DRUGS 


Screening procedures are designed for the relatively rapid 
and generally qualitative detection of drugs or other toxic 
substances. In general, screening tests have adequate sensi- 
tivity but may not be highly specific. Thus a negative result 
yielded by a screening procedure rules out the presence of 
clinically significant concentrations of a particular analyte 
with reasonable certainty. Because of possible interferences, 
a positive result should be considered “presumptive positive” 
and should be confirmed by an alternate procedure of 
greater specificity. Screening procedures may be designed to 
detect a particular drug or drug class. Tests for such purposes 
include simple visual color tests (spot tests), determination 
of serum osmol gap, and immunoassays. Screening proce- 
dures capable of detecting a broad range of drugs and 
metabolites generally involve the use of some type of a sep- 
aration technique, such as planar chromatography (TLC), 
GC, or HPLC. 


SPOT TESTS 


Spot tests are rapid, easily performed, noninstrumental qual- 
itative procedures that provide presumptive evidence for the 


presence of tested drugs. Any positive response must be fol- 
lowed by testing with a more specific method. They are valu- 
able to rule out the presence of drugs or to suggest (but not 
prove) the presence of a drug of a particular group. Spot tests 
are now less frequently employed, some largely replaced by 
rapid immunoassays that may be performed at the point-of- 
care or in the central laboratory.) Methods for the spot test 
detection of acetaminophen,” salicylate,” **? phenoth- 
iazines,® and ethchlorvynol’” are found in the Chapter 34 
Appendix that is located on this book’s accompanying Evolve 
site, found at http://evolve.elsevier.com/Tietz/textbook/. A 
more extensive list of spot tests can be found in a previous 
edition of this textbook.” 


DETERMINATION OF VOLATILES BY SERUM OSMOL GAP 

The principal osmotically active constituents of serum are 
Na*, CF, HCO}, glucose, and urea. Several empirical formu- 
las based on the measurement of these substances have been 


used to calculate the serum osmolality. One commonly used 
formula is'”**; 


kongs 1.86 Nat (mmol/L) + asec 


18 
, urea N (mg/dL) 
2.8 


+ 0,93 


The difference between the actual osmolality, measured 
by freezing-point depression, and the calculated osmolality 
is referred to as delta-osmolality, or the osmol gap. Normally, 
the osmol gap is <l0mOsm/kg. Alcohols, acetone, and 
ethylene glycol, when present at significant concentrations, 
increase actual serum osmolality and would thus result in an 
increased osmol gap (>10 mOsm/kg). Volatile substances are 
not detected when osmolality is measured with a vapor 
pressure osmometer. Therefore for the purpose of deter- 
mining the osmol gap, only osmolality measurements based 
on freezing-point depression are acceptable. The determina- 
tion of the osmol gap is a rapid means to detect exogenous, 
nonionized osmolutes present at milligram-per-deciliter 
concentrations. 

Each 100mg/dL of ethanol in serum results in a delta- 
osmolality of 21.7mOsm/kg.*” By considering this pre- 
dictable effect of ethanol on the serum osmolality, it is 
possible to determine what portion of an increased osmol 
gap is due to ethanol. A significant residual osmol gap 
(>10mOsm/kg) would suggest the possible presence of 
isopropanol, methanol, acetone, or ethylene glycol. A nomo- 
gram that relates serum ethanol concentration and osmol 
gap is available to assist with this interpretation.” Alterna- 
tively, the contribution of ethanol to the measured osmolal- 
ity can be calculated (ethanol, mg/dL+4.6) and included in 
the preceding formula for delta osmolality calculation; these 
calculations may be programmed on a calculator or mini- 
computer.” This information, in conjunction with the pres- 
ence or absence of metabolic acidosis or serum acetone, can 
be helpful to the clinician if specific measurements of alco- 
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TABLE 34-3 Laboratory. Findings © Characteristic. of Ingestion:of Alcohols 


-Alcoh 


ES Osmol Gap : 
‘Ethanol s ee Cope ae 


Isopropanol. SRC n 
Ethylene glycol ; + 


hols other than ethanol and of ethylene glycol are not avail- 
able on an emergency basis (Table 34-3). It must be realized 
that substances administered to patients such as mannitol 
{osmotic diuretic) and propylene glycol (solvent for 
diazepam and phenytoin) may increase serum osmolality. 
Moreover, this screening method is insensitive to low yet 
clinically significant concentrations of ethylene glycol 
(<50me/dL) and methanol (<30 mg/dL). After ingestion 
of methanol, some patients may have increased osmol gaps 
not entirely accounted for by the presence of methanol,” 


IMMUNOASSAY 


Different types of immunoassay are useful methods to screen 
specimens for drugs (see Chapters 9 and 33). They include 
enzyme-multiplied immunoassay technique (EMIT), fluo- 
rescence polarization immunoassay (FPIA), cloned enzyme 
donor immunoassay (CEDIA), kinetic microparticle 
immunoassay (Abuscreen Online), and radioimmunoassay 
(RIA). In some cases, these assays are relatively specific for a 
single drug (e.g., PCP or propoxyphene), but in others, 
several drugs of a similar class are detected (e.g., opiates, bar- 
biturates, B-phenylethylamines [“amphetamines”]). The 
detection limit for various members of a class of drugs (e.g., 
opiates} or the degree of cross-reactivity for similar drugs 
(e.g., sympathomimetic amines) varies, and each manufac- 
turer of immunoassay reagents should be consulted for spe- 
cific information. These assays are easy to perform, the 
results are “semi-quantitative” (higher or lower than a pre- 
determined. calibrator cut-off concentration) rather than 
subjective (e.g., TLC), and they generally have low detection 
limits (0.02 to 1.0ug/mL), Several nonisotopic immuno- 
assays (e.g, EMIT, CEDIA, Online, and FPIA) have been 
automated (see Chapter 11). A number of portable, 
noninstrumental immunoassay-based drug detection 
devices are available for nonlaboratory, point-of-care (POC) 
use (see section On-Site Drug Testing). Test principles for 
these devices include solid phase enzyme immunoassay, 
microparticle capture immunochromatography, latex 
agelutination-inhibition, or gold microparticle capture 
immunoassay, 

For comprehensive clinical (emergency) drug screening, 
immunoassays complement chromatographic procedures 
(TLC and GC), because they detect the drugs that would 
require hydrolysis before chromatography (e.g., morphine- 
3-glucuronide and oxazepam glucuronide), that may require 


Metabolic Acidosis” 
ae Anion Gap 


: Seru Acetone Urine Oxalate 


a separate extraction (e.g., benzoylecgonine), or that have 
high TLC detection limits (e.g., PCP). 

For drug abuse detection, immunoassays are the methods 
of choice for initial screening (see later section on Drugs of 
Abuse). 


PLANAR CHROMATOGRAPHY 


Planar chromatography, commonly known as thin-layer 
chromatography (TLC), is a versatile procedure that requires 
no instrumentation and thus is operationally relatively 
simple and inexpensive (see Chapter 6). However, its applica- 
tion to drug screening requires considerable experience and 
skill to recognize drug and metabolite patterns and the 
various detection color hues. With this technique, a large 
number of drugs may be detected; it may be applied to the 
analysis of serum, gastric contents, or urine. Urine, however, 
is the specimen of choice, because most drugs and drug 
metabolites are present in urine in relatively high concen- 
trations. Although the detection limit varies for each drug 
and with the conditions of extraction and detection, it is 
generally on the order of 0.5 to 4.0 g/mL. Procedures for 
drug screening using conventional TLC plates have been 
described.??**””"? Most TLC plates used for drug detection 
are coated with silica gel. Although these plates may be pre- 
pared in the analyst’s laboratory, most find it advantageous to 
purchase commercial precoated plates, After extraction and 
specimen spotting, the TLC plates are developed with appro- 
priate solvents to achieve chromatographic resolution. The 
drugs and metabolites are then visualized as spots by their 
fluorescence or ultraviolet absorbance and by their color 
development with a combination of reagent sprays or dip 
solutions. Identification is made by co-chromatographing 
reference compounds with the unknowns followed by 
comparison of their relative migration distances (known 
as Ry values) and detection characteristics with those of the 
unknowns. 

Although some laboratories use a single TLC plate for 
drug screening, it is advantageous to use as many as three 
separate plates per urine specimen.” Different developing 
solvents may then be used to separate drugs more effectively 
in the acidic-neutral and the basic drug classes. In addition, 
the sequential application of multiple spray reagents to a 
single TLC plate results in diffusion of spots and increases 
the complexity of interpretation. Some commonly used drug 
detection reagents and their preparation are: 
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Ninhydrin. Reacts with drugs that contain primary or sec- 
ondary amines, such as amphetamine and other sympa- 
thomimetic amines. Dissolve 100mg ninhydrin in 100mL 
of acetone. Prepare fresh reagent for each test. 

Mercuric sulfate. Forms white precipitate with barbiturates, 
glutethimide, and phenytoin. Suspend 5g of mercuric 
oxide in 100mL of water. Add, while mixing, 20mL of 
concentrated sulfuric acid. Cool and dilute to 250mL 
with water. This reagent is stable indefinitely at room 
temperatures in a closed container. 

Diphenylcarbazone. Reacts with barbiturates, MA 
and phenytoin to form blue or purple spots. Dissolve 
10mg of diphenylcarbazone in 50:50 chloroform: 
acetone. Reagent will remain stable for 1 month at room 
temperature when stored in a brown bottle. 

Iodoplatinate. Forms various colors with tertiary amine 
compounds. Dissolve 1.0g platinic chloride in about 
50 mL of water. Dissolve 10 g of potassium iodide in about 
200mL of water. Add the potassium iodide solution to 
the platinic chloride solution and dilute to 500 mL with 
water. Store in a dark bottle. Solution will remain stable 
for 6 months. 

Dragendorff’s reagent. Methaqualone forms an orange 
color; most drugs form a brown color. Dissolve 2.2g of 
bismuth subnitrate in 25 mL of glacial acetic acid and add 
100 mL of water. Dissolve 50 g of potassium iodide in 125 
mL of water. Combine 10 mL of each of these solutions 
with 20mL of glacial acetic acid and 100mL of water. 
Store in dark bottle. Reagent will remain stable for 6 
months, 

Absorption of ultraviolet light (254mm). For deter- 
mination of benzodiazepines, barbiturates, and 
methaqualone. 

Fluorescence of long ultraviolet light (366 nm). For deter- 
mination of benzodiazepines, quinine, and quinidine. 
The TLC plates most commonly used in clinical toxi- 

cology laboratories are designed for convenient and rapid 

specimen application, solvent migration, and detection. 

The example presented here is the commercially available 

Toxi-Lab system manufactured by Varian (Lake Forest, 

Calif.), The plates are made of glass microfibers impregnated 

with silicic acid. Specimen application is facilitated by the 

rapid evaporation of the solvent in the extract in the pres- 
ence of a glass fiber disk. During evaporation, the specimen 
is absorbed onto the disk, which is then placed in a pre- 
punched hole on the TLC strip. Thus time-consuming 
specimen spotting is avoided. Moreover, disks containing 
reference drugs are already in place on the TLC strips. 

Extraction tubes prefilled with buffer salts and solvents 
are provided. It is necessary only to add ~5 mL of urine and 
extract by mixing. Acid and neutral drugs are extracted at 
pH 4.5 and basic-neutral drugs at pH 9.0. Each extract is 
concentrated onto a specimen application disk. 

The chromatographic strip for acidic-neutral drugs 
contains application disks that have 11 reference drugs 


already preabsorbed into them (Figure 34-1, A and Color 
Plate 1). After placing the disk containing the absorbed 
unknown specimen in the precut hole, the strip is developed 
in chloroform: ethyl acetate (60:40) that contains a trace of 
ammonium hydroxide. The strips are dried and then dipped 
into three color development solutions: diphenylcarbazone, 
silver nitrate, and mercuric sulfate. Barbiturates, phenytoin, 
glutethimide, and ethinamate appear as blue spots. When 
observed under long ultraviolet light (366 nm), the barbitu- 
rates absorb light (form a dark spot), whereas diazepam 
fluoresces. Identification is made by direct comparison of the 
properties of the unknown spots with those of the reference 
drugs. 

The chromatographic strips for basic drugs contain a ref- 
erence disk that has a total of 26 preabsorbed reference drugs 
(see Figure 34-1, B and Color Plate 1). The disk containing 
extracted and absorbed drugs from the unknown is placed 
on the chromatographic strip, which is then developed with 
methanol: water: ethyl acetate solution (2:1:58) containing 
a trace of ammonium hydroxide. After drying, the strip is 
saturated with formaldehyde vapor and then dipped into 
sulfuric acid. Many basic drugs form a variety of colors, 
Upon dipping the plate in water, the color for some drugs 
disappears, some drugs change color, and some drugs form 
a color for the first time. The plate is then viewed under long 
ultraviolet light (366nm), and fluorescent spots are noted. 
Finally the plate is dipped into a modified Dragendorff’s 
reagent, which produces a brown color for most drugs. The 
R, values and color development or fluorescence at each of 
the four stages are compared for the reference drugs and the 
unknown(s). Important information on expected metabo- 
lite patterns for many drugs is provided by the manufacturer. 
The entire procedure may be completed in approximately 30 
to 40 minutes. 


GAS CHROMATOGRAPHY 


Also known as gas liquid chromatography, GC is relatively 
rapid, is capable of resolving a broad spectrum of drugs, 
and is widely used for qualitative and quantitative drug 
analysis.’ Capillary columns, because of their high eff- 
ciency, have become the most commonly used analytical 
columns for drug detection by GC (see Chapter 6). In many 
instances, nonderivatized drugs have good GC properties 
when capillary columns are used; in some instances, deriva- 
tization to a less polar or more volatile compound is 
necessary. Common detectors for drug detection by GC 
are flame ionization and alkali flame ionization (nitrogen 
phosphorus) detectors and mass spectrometers, which 
provide the greatest accuracy of identification. An auto- 
mated method for general drug screening by GC-MS 
spectrometry has been published.*” A screening method 
based on GC with flame ionization detection is included 
in the Chapter 33 Appendix that is found on the book’s 
accompanying Evolve site (http://evolve.elsevier.com/Tietz/ 
textbook/). 
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Some variation in the color and position of the drug spots is normal. 
Figure 34-1 Examples of TLC plates used in drug screening: basic drugs (B Worksheet) and 


acidic, neutral drugs (A Worksheet). (See Color Plate |.) (Reproduced with permission of Toxi-Lab, 
Inc., Irvine, Calif.) 
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HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 


The resolving power of HPLC (see Chapter 6) for separating 
widely divergent chemical constituents has been applied to 
the complex challenge of comprehensive drug screening in 
biological fluids. Advantages of HPLC over GC include the 
ability to analyze polar compounds without derivatization 
(e.g, morphine and benzoylecgonine) and thermally labile 
drugs (e.g., chlordiazepoxide). In 1991 a chromatographic 
retention time database for drugs became available.” More- 
over the advent of detectors that can provide a spectral scan 
of compounds as they elute from the column has greatly 
increased the discriminatory power of this technique. 
Screening procedures for 225 to 370 drugs have been 
reported that use gradient elution with reverse-phase 
columns and spectral scanning with diode-array detec- 
tors.» An isocratic, HPLC system with diode-array 
spectral scanning has been reported for the detection and 
quantitation of about 30 basic drugs and/or metabolites in 
serum.” 

A commercial, completely automated HPLC system 
designed for drug screening is available (REMEDi; Bio-Rad 
Laboratories, Hercules, Calif.) and has been evaluated in a 
general hospital setting.** This system uses four columns in 
series and column switching techniques to extract, separate, 
and perform a spectral scan on eluted drugs. Identification 
of about 300 drugs and metabolites is based on computer 
matching of retention time and spectra with comparable 
data stored in the drug library. Quantitation of identified 
drugs may also be performed. This device has also been 
adapted to a tandem mass spectrometry for the identifica- 
tion of a broad spectrum of drugs in urine,’ 

Liquid chromatography-single quadruple mass spec- 
trometry (LC-MS) has also been applied to drug screening 
in serum," 


PHARMACOLOGY AND ANALYSIS OF SPECIFIC 
DRUGS AND TOXIC AGENTS 


The toxic, pharmacological, biochemical, and analytical 
characteristics of several individual drugs and toxins are 
discussed in this section. 


AGENTS THAT CAUSE CELLULAR HYPOXIA 


Carbon monoxide and methemoglobin-forming agents 
interfere with oxygen transport, resulting in cellular hypoxia. 
Cyanide interferes with oxygen use and therefore causes an 
apparent cellular hypoxia. 


Carbon Monoxide 


Carbon monoxide (CO) is a colorless, odorless, tasteless gas 
that is a product of incomplete combustion of carbonaceous 
material. Common exogenous sources of carbon monoxide 
include cigarette smoke, gasoline engines, and improperly 
ventilated home heating units. Small amounts of carbon 
monoxide are produced endogenously in the metabolic con- 


version of heme to biliverdin.” This endogenous produc- 
tion of carbon monoxide is accelerated in hemolytic 
anemias.”*” 


Toxic Effects 


When inhaled, carbon monoxide combines tightly with the 
heme Fe” of hemoglobin to form carboxyhemoglobin. The 
binding affinity of hemoglobin for carbon monoxide is 
about 250 times greater than that for oxygen. Therefore high 
concentrations of carboxyhemoglobin limit the oxygen 
content of blood. Moreover, the binding of carbon monox- 
ide to a hemoglobin subunit increases the oxygen affinity for 
the remaining subunits in the hemoglobin tetramer. Thus at 
a given tissue PO, value, less oxygen dissociates from hemo- 
globin when carbon monoxide is also bound, shifting the 
hemoglobin-oxygen dissociation curve to the left. Conse- 
quently, carbon monoxide not only decreases the oxygen 
content of blood, but also decreases oxygen availability to 
tissue, thereby producing a greater degree of tissue hypoxia 
than would an equivalent reduction in oxyhemoglobin due 
to hypoxia alone.” Carbon monoxide may also bind to 
other heme proteins, such as myoglobin and mitochondrial 
cytochrome oxidase az; this may limit oxygen use when tissue 
PO, is very low.'7!7" 

The toxic effects of carbon monoxide are a result of 
hypoxia. Organs with high oxygen demand, such as the heart 
and brain, are most sensitive to hypoxia and thus account for 
the major clinical sequelae of carbon monoxide poisoning. 
A general correlation between blood carboxyhemoglobin 
concentration and clinical symptoms is given in Table 34-4. 
It must be emphasized that the carboxyhemoglobin concen- 


TABLE 34-4 Car Þoxyhemoglobin Effects 
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i Response i 


Shortness of beah a on 
` vigorous muscular exertion 
~= Shortness of breath. on. 
“moderate exertion, slight 
eS headaches 
30 SU AEE ‘Decided headache, irritation, 
l ready fatigue, and 
-disturbance of judgment 
<- Headache, confusion, 
ae - collapse, « and fainting ‘on 
exertion 800) oe 
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` failure; and de 
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60-70. = aes respirar ; 


“exposure is continued 
80 © Rapidly fatal: 
“Over § 80. Immediately fatal ` 


From Deichmann WB, Gerarde HW. Symptomatology and therapy of 
toxicological emergencies. New York: Academic Press Inc, 1964. 
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tration, although helpful in diagnosis, does not always cor- 
relate with the clinical findings or prognosis.” Factors 
other than carboxyhemoglobin concentration that con- 
tribute to the toxicity include length of exposure, metabolic 
activity, and underlying disease, especially cardiac or 
cerebrovascular disease. Moreover, low carboxyhemoglobin 
concentrations relative to the severity of poisoning may be 
observed if the patient was removed from the carbon 
monoxide—contaminated environment several hours before 
blood sampling. 

One of the more insidious effects of carbon monoxide 
poisoning is the delayed development of neuropsychiatric 
sequelae, which may include personality changes, motor dis- 
turbances, and memory impairment. These manifestations 
do not correlate either with the length of exposure or the 
maximum blood carboxyhemoglobin concentration but are 
more likely if patients experienced a deep coma.” 

Treatment for carbon monoxide poisoning involves 
removal of the individual from the contaminated area and 
the administration of oxygen. The half-life of carboxy- 
hemoglobin is 5 to 6 hours when the patient breathes room 
air; it is reduced to about 1.5 hours when he or she breathes 
100% oxygen. In severe cases, hyperbaric oxygen treatment 
at 2 to 3 atmospheres is recommended, if available. In the 
latter instance, the carboxyhemoglobin half-life is reduced to 
about 25 minutes.“* Hyperbaric oxygen therapy may reduce 
the incidence of neurological manifestations after expo- 
sure.” Hyperbaric oxygen therapy has been recommended 
when the carboxyhemoglobin concentration exceeds 25%." 
It has been suggested that decisions should not be made to 
institute hyperbaric oxygenation based solely on the car- 
boxyhemoglobin concentration owing to the inconsistent 
correlation between such a measurement and clinical sever- 
ity." However, this therapy is recommended for any 
patient with loss of consciousness, significant neurological 
symptoms, cardiovascular complications, or severe acidosis 
regardless of the carboxyhemoglobin concentration.”” 


Analytical Methodology 


Carbon monoxide may be released from hemoglobin and 
then measured by GC, or it may be determined indirectly as 
carboxyhemoglobin by spectrophotometry. Gas chromato- 
graphic methods are accurate and precise even for very low 
concentrations of carbon monoxide. The spectrophotomet- 
ric methods are rapid, convenient, accurate, and precise, 
except at very low concentrations of carboxyhemoglobin 
(<2% to 3%). 

Gas chromatographic methods measure the carbon 
monoxide content of blood. When blood is treated with 
potassium ferricyanide, carboxyhemoglobin is converted to 
methemoglobin, and the carbon monoxide is released into 
the gas phase. Measurement of the released carbon monox- 
ide may be performed by GC using a molecular sieve column 
and a thermal conductivity detector.'* A lower detection 
limit is achieved by incorporating a reducing catalyst (e.g., 
nickel) between the GC column and the detector to convert 


carbon monoxide to methane. The methane may then be 
detected with a flame ionization detector.’ A very low 
detection limit may also be achieved by the use of a heated 
mercuric oxide reaction chamber between the GC column 
and an ultraviolet light detector. As carbon monoxide elutes 
from the column, it reacts with mercuric oxide to form 
mercury gas, which has a high molar absorptivity at 254 
nm.“® In practice, the carbon monoxide binding capacity is 
also determined after an aliquot of the blood specimen is 
treated with carbon monoxide to saturate the hemoglobin. 
The results are then expressed as percent of 
carboxyhemoglobin: 


CO content 
% HbCO = ZT x 100 
CO capacity 


GC methods are accurate and precise and are considered 
to be reference procedures. Normal values for carboxy- 
hemoglobin in rural nonsmokers are about 0.5%; for urban 
nonsmokers, 1% to 2%; and for smokers, 5% to 6%.” Values 
may be increased by about 3% in hemolytic anemias.” 

Spectrophotometric methods rely on the characteristic 
spectral absorption properties of carboxyhemoglobin.™ 
Of several such methods, the most popular are based on 
automated, multiwavelength measurements of several 
hemoglobin species. Commercially available instruments 
(Instrumentation Laboratories’ Co-Oximeter [Lexington, 
Mass.], Radiometer’s OSM 3 Hemoximeter [Copenhagen, 
Denmark], Bayer Diagnostics Co-Oximeter [Tarrytown, 
N.Y.], and Roche Diagnostic’s AVL Co-Oxylite [Indian- 
apolis]) perform absorption measurements on blood 
specimens at 4 to 7 wavelengths and then compute the 
concentration of deoxyhemoglobin, oxyhemoglobin, car- 
boxyhemoglobin, and methemoglobin based on a series of 
matrix coefficients. A more advanced optical system is 
based on a 128-wavelength spectrometer (ABL 700; 
Radiometer, Copenhagen, Denmark). 

The spectrophotometric methods generally compare 
favorably with gas chromatographic procedures at carboxy- 
hemoglobin concentrations greater than 2% to 3%, but their 
precision is poor below these levels.“ Therefore, they are 
sufficiently accurate and precise for measurement of carbon 
monoxide after exogenous exposure but are too insensitive 
to detect the increased endogenous production of carbon 
monoxide that occurs in hemolytic anemias. 

Fetal hemoglobin has slightly different spectral properties 
than adult hemoglobin. Consequently, falsely high carboxy- 
hemoglobin values of 4% to 7% may occur when blood 
from neonates is measured by some spectrophotometric 
methods.“* Moreover, erroneous results may occur with 
lipemic specimens and in the presence of methylene blue 
(see section on Methemoglobin-Forming Agents). These 
interferences are eliminated or greatly minimized by 
Radiometer’s ABL 700. 

The automated, multicomponent spectrophotometric 
methods for the determination of carboxyhemoglobin and 
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other hemoglobin species are the most rapid and convenient. 
A spectrophotometric procedure for carboxyhemoglobin™ 
applicable to manual spectrophotometers is included in the 
the Chapter 34 Appendix that is found on the book’s 
accompanying Evolve site (http://evolve.elsevier.com/Tietz/ 
textbook/). This procedure provides results that are in agree- 
ment with those of a gas chromatographic™ and of an auto- 
mated, multiwavelength spectrophotometric method.” 


Cyanide l 

Hydrocyanic acid, often referred to as prussic acid or as 
cyanide when in the ionized state (CN), is a colorless, odor- 
less gas released when anything containing ionically bound 
or complexed CN” is exposed to acid. Burning of urea foam 
produces formaldehyde and hydrocyanic acid; fires in homes 
with urea foam insulation represent a significant source of 
exposure. ` 


Toxic Effects 

When inhaled, hydrocyanic acid is rapidly absorbed across 
alveolar capillaries into blood where it binds to hemoglobin. 
The hydrocyanic acid bound in the erythrocyte is in equi- 
librium with free hydrocyanic acid in the serum at a ratio 
of 10:1. Cyanide in serum readily crosses all biological 
membranes and avidly binds to heme iron (Fe**) in the 
cytochrome a-a; complex within mitochondria." When 
bound to cytochrome a-a», CN” is a competitive inhibitor 
and causes uncoupling of oxidative phosphorylation. 
Patients exposed to toxic levels of cyanide exhibit rapid 
onset of symptoms typical of cellular hypoxia—flushing, 
headache, tachypnea, dizziness, and respiratory depres- 
sion—which progress rapidly to coma, seizure, complete 
heart block, and death if the dose is sufficiently large. Symp- 
toms are usually dose related and correlate strongly with CN- 
concentration.’ Treatment requires rapid identification of 
CN“ as the intoxicant followed by administration of sodium 
nitrite to cause formation of methemoglobin, which avidly 
binds and clears CN’, and thiosulfate (a sulfur donor) to 
enhance clearance via metabolism. 

Cyanide is metabolized by the ubiquitous enzyme 
thodanase to thiocyanate (SCN’), drawing on the body’s 
sulfur-donor pool for substrate to convert CN” to SCN. 
Thiocyanate is relatively inert and is cleared. by the kidney. 
The conversion of CN” to SCN” occurs slowly relative to the 
pharmacological action of CN”, so measurement of SCN” is 
of use in monitoring clearance but not very useful in assess- 
ing acute CN™ exposure. In an acute exposure, the patient 
experiences symptoms of toxicity with high blood CN- 
levels, but the serum SCN™ level remains low until 12 to 24 
hours later.?°” 

Administration of nitroprusside to control acute hyper- 
tension contributes to the total body pool of CN” and com- 
plicates the interpretation of the blood CN” concentration. 
Nitroprusside (Fe[CN];NO) avidly binds to hemoglobin in 
erythrocytes; at equilibrium, the amount of CN” that is 
bound in the erythrocyte owing to nitroprusside as com- 


pared with that of the serum is 200:1, approximately 20 
times that found in the erythrocyte if the exposure were due 
to ionic CN’. These patients do not exhibit CN” toxicity 
unless they are unable to clear the drug. Measurement of 
SCN’ is the recommended procedure to monitor nitroprus- 
side therapy, because measurement of blood CN will be 
confounded by all the nitroprusside in the erythrocyte. 

The normal CN” concentration is less than 0.2 ug/mL of 
whole blood because of the presence of CN” in foods such 
as dark-green vegetables and nuts that contain cyanogenic 
glycosides (e.g., amygdalin), and the use of tobacco products 
that contain CN~. Normal SCN” concentration in serum is 
less than 4ug/mL, but smokers may have serum SCN" levels 
as high as 10,ig/mL. Patients with acute exposure are likely 
to have high blood CN” levels and low serum SCN” concen- 
trations. The patient likely becomes comatose when blood 
CN level is greater than 2 g/mL, and levels greater than 5 
ug/mL are lethal. Patients receiving nitroprusside therapy, 
however, may have blood CN” concentrations as high as 50 
to 100 ug/mL without symptoms of toxicity.” 


Analytical Methodology 


Following microdiffusion, whole blood CN” is measured 
by photometric analysis'’*'’ or by ion-selective electrode 
analysis. 

A spectrophotometric procedure for measuring cyanide 
is included in the Chapter 34 Appendix that is found on this 
book’s accompanying Evolve site (http://evolve.elsevier.com/ 
Tietz/textbook/)."° In this method, a sealed, two-well 
microdiffusion cell is used to separate hydrocyanic acid from 
blood by mixing a sample of whole blood with strong acid 
in a sealed chamber and allowing the hydrocyanic acid gas 
generated to be absorbed into a strong base located in 
another part of the sealed chamber. One well of the cell con- 
tains the blood specimen and strong acid (unmixed until the 
cell is sealed), and the other well contains a strong base to 
absorb the hydrocyanic acid gas. After the hydrocyanic acid 
is collected in the aqueous base medium, pyridine, barbituric 
acid, and chloramine-T are added to generate a red complex, 
with the intensity of the color proportional to the con- 
centration of CN”. A good-quality spectrophotometer is 
required to measure the absorbance. Quick and easy 
methods for serum SCN” analysis have been described. 


Methemoglobin-Forming Agents 

The heme iron in hemoglobin is normally in the ferrous state 
(Fe*). When oxidized to the ferric state (Fe**), methemo- 
globin is formed, and this form of hemoglobin cannot bind 
oxygen. The principal physiological system to maintain 
hemoglobin iron in the reduced state is NADH-methemo- 
globin reductase (diaphorase I) (Figure 34-2). The NADH 
for this enzyme is supplied by normal glycolysis (Embden- 
Meyerhof pathway). A minor pathway for methemoglobin 
reduction involves NADPH-methemoglobin reductase 
(diaphorase II), and the NADP for this enzyme reaction is 
derived from the hexose-monophosphate shunt. Congenital 


Chapter 34 Clinical Toxicology 1299 


Hexose Shunt 
Glucose 
Ghucose-6-P Methemoglobin (Fe**) 
@ NADH 
NADP Leukomethylene 
blue 
G6PD NADPH MetHb NADH MetHb 
Reductase Reductase 
NADPH , ' 
+ Methylene 4 N ALD 
H® blue 
6-Phosphogiuconate Hemoglobin (Fe**) 


-Dapsone 
Lidocaine 
Nitroglycerin 
-Phenacetin 

_ Phenazopyridine 
Primaquine 
-Sulfonamides 


oNitrites 
Nitrophenol 
Nitrous oxide 


methemoglobinemia may result from a deficiency of 
NADH-methemoglobin reductase or more rarely from 
hemoglobin variants (hemoglobin M) in which heme iron is 
both more susceptible to oxidation and more resistant to 
reduction by the methemoglobin reductase system. 


Toxic Effects 


An acquired (toxic) methemoglobinemia may be caused by 
a number of drugs and chemicals (Table 34-5). 

The normal concentration of methemoglobin is <1.5% of 
total hemoglobin. In otherwise healthy individuals, methe- 
moglobin levels up to 20% cause only cyanosis. Concentra- 
tions between 20% and 50% may cause dyspnea, exercise 
intolerance, fatigue, weakness, and syncope. More severe 
symptoms of dysrhythmias, seizures, metabolic acidosis, and 
coma are associated with methemoglobin concentrations of 
50% to 70%, and levels >70% may be lethal.°” All of these 
symptoms are a consequence of hypoxia associated with the 
diminished O, content of the blood and with a decreased O, 
dissociation from hemoglobin species in which some, but 
not all, subunits contain heme iron in the ferric state (.e., 
shift of dissociation curve to the left). The PO, is normal in 
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these patients and therefore so is the calculated hemoglobin 
oxygen saturation. Thus, a normal PO, in a cyanotic patient 
is a significant indication for the possible presence of methe- 
moglobinemia. The direct measurement of methemoglobin 
is important in these cases and may be performed by the 
manual spectrophotometric method of Evelyn and Malloy 
or by automated multiwavelength measurements with a co- 
oximeter (see section on Carbon Monoxide). 

Specific therapy for toxic methemoglobinemia involves 
the administration of methylene blue, which acts as an elec- 
tron transfer agent in the NADPH—methemoglobin reduc- 
tase reaction and thereby increases the activity of this system 
several fold (Figure 34-3).°”° Methylene blue and sulfhemo- 
globin cause spectral interference in the measurement of 
methemoglobin with some co-oximeters””*” but not with 
the Evelyn-Malloy method.” 


1300 Section IV Analytes 


Analytical Methodology 

Methemoglobin is measured manually” or by automated 
multiwavelength measurements with a co-oximeter, As 
methemoglobin is not stable at room temperature, speci- 
mens should be kept on ice or refrigerated but not frozen.” 
The stability of methemoglobin at 4 °C has not been well 
studied. Some sources indicate significant decreases in 
methemoglobin concentrations after 4 to 8 hours,” whereas 
others report little or no change after 24 hours.” Freezing 
results in an increase in methemoglobin concentration.” 


ALCOHOLS 


Several alcohols are toxic and medically important. They 
include ethanol, methanol, and isopropanol. 


Alcohols of Toxicological Interest 


Ethanol is a widely used and often abused chemical sub- 
stance. Consequently the measurement of ethanol is one of 
the more frequently performed tests in the toxicology labo- 
ratory. Although less frequently encountered, it is important 
to include methanol, isopropanol, and acetone {a metabolite 
of isopropanol) in a test battery for alcohols for proper eval- 
uation of the acutely intoxicated patient. 


Ethanol 


The principal pharmacological action of ethanol is CNS 
depression. The CNS effects vary, depending on the blood 
ethanol concentration, from euphoria and decreased inhibi- 
tions (<50 mg/dL) to increased disorientation and incoordi- 
nation (100 to 300mg/dL) and then to coma and death 
(>400 mg/dL) (Table 34-6). A blood alcohol concentration 
of 100mg/dL was previously established as the statutory 
limit for operation of a motor vehicle in most states in the 
United States. A new federal mandate requires that this limit 
be lowered to 80mg/dL by 2004. Not all individuals experi- 
ence the same degree of CNS dysfunction at similar blood 
alcohol levels. Moreover, the CNS actions of ethanol are 
more pronounced when the blood ethanol concentration is 
increasing (absorptive phase) than when it is declining 
(elimination phase), partly because of the phenomenon of 
acute tolerance.’ In addition, heavy alcohol use leads to a 
more chronic form of tolerance. When consumed with other 
CNS depressant drugs, ethanol exerts a potentiation or syn- 
ergistic depressant effect. This can occur at relatively low 
alcohol concentrations, and a number of deaths have 
resulted from combined ethanol and drug ingestion.’® 

The pharmacological mechanisms for the CNS depres- 
sant actions of ethanol are complex and incompletely under- 
stood, but probably involve both enhancement of major 
inhibitory neurons and impairment of excitatory neurons. 
The principal CNS inhibitory neuronal system is mediated 
by the neurotransmitter y-aminobutyric acid (GABA). 
When GABA binds to its postsynaptic receptor subtype 
GABAg, this oligomeric ion-gated complex “opens” to allow 
inward flux of CT, leading to membrane hyperpolarization 


and subsequent decreased electrical response. This GABA- 
mediated inhibitory response is enhanced by ethanol and 
other CNS depressant drugs, such as barbiturates, benzodi- 
azepines, and most general anesthetic agents. A major CNS 
excitatory response is mediated by the neurotransmitter glu- 
tamate. Ethanol inhibits the excitatory response mediated by 
a Ca” ion-gated glutamate receptor subtype termed the N- 
methyl-p-aspartate (NMDA) receptor. Additionally, central 
adrenergic stimulation may be indirectly inhibited by 
ethanol via its enhancement of the activity of 
phenylethanolamine-N-methyltransferase (PNMT), the 
enzyme responsible for the extraneuronal conversion of nor- 
epinephrine to epinephrine. Epinephrine in turn activates 
presynaptic 0,-receptors, which inhibit the release of norep- 
inephrine. The aforementioned chronic tolerance to ethanol 
is considered to be mediated by ethanol-induced increased 
responsiveness and upregulation in the synthesis of NMDA 
receptors, by a concomitant downregulation and desensiti- 
zation of GABA, receptors, and by downregulation of the 
presynatic 0,-adrenergic receptors, Largely because of these 
adaptive changes, abrupt withdrawal from chronic, heavy 
ethanol use leads to a physical abstinence syndrome, which 
has prominent features of CNS excitation. Included among 
these withdrawal symptoms are anxiety, irritability, insom- 
nia, muscle tremor and cramps, seizures, hallucinations, and 
increased temperature, blood pressure, and heart rate. 

Ethanol is metabolized principally by liver alcohol dehy- 
drogenase to acetaldehyde, which is subsequently oxidized to 
acetic acid by aldehyde dehydrogenase. The rate of elimina- 
tion of ethanol from blood generally approximates a 
zero-order process. Although this rate varies among 
individuals, it averages about 15 mg/dL/h (ranging from 11 
to 22 mg/dL/h) for males and 18 mg/dL/h (ranging from 11 
to 22meg/dL/h) for females.’ At both low (<20mg/dL)® 
and high (>300 mg/dL) ethanol concentrations, the elimina- 
tion becomes more nearly first-order and is accelerated at 
high concentrations (e.g., ~22mg/dL/h at ~300mg/dL).™ 
The elimination rate is also influenced by drinking practice 
(e.g, alcoholics have average elimination rates of about 
30mg/dL/h). 

Ethanol is a teratogen, and alcohol consumption during 
pregnancy can result in the baby being born with fetal 
alcohol spectrum disorders (FASD). FASD is an umbrella 
term describing the range of effects that can occur in an indi- 
vidual whose mother drank alcohol during pregnancy 
(http://www.nofas.org). These effects may include physical, 
mental, behavioral, and/or learning disabilities with possible 
lifelong implications. The term FASD is not intended for use 
as a clinical diagnosis. Other alcohol-related conditions 
include alcohol-related neurodevelopmental disorder 
(ARND) and alcohol-related birth defects (ARBD). As many 
as 12,000 infants are born each year with FAS, and three 
times as many have ARND or ARBD. FAS, ARND, and ARBD 
affect more newborns every year than Down syndrome, 
cystic fibrosis, spina bifida, and sudden infant death 
syndrome combined (http://www.nofas.org). FAS, ARND, 
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and ARBD are 100% preventable when a woman completely 
abstains from alcohol during her pregnancy. 


Methanol 


Methanol is used as a solvent in a number of commercial 
products, as a constituent of antifreeze and window clean- 
ing fluids, and as a component of canned fuel. It may be con- 
sumed by alcoholics intentionally as an ethanol substitute or 
accidentally when present as a contaminant in illegal 
whiskey. Accidental ingestions have occurred in children. 
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The CNS effects of methanol are substantially less severe 
than those of ethanol. Methanol is oxidized by liver alcohol 
dehydrogenase (at about one tenth the rate of ethanol) to 
formaldehyde. Formaldehyde in turn is rapidly oxidized by 
aldehyde dehydrogenase to formic acid, which may cause 
serious acidosis and optic neuropathy, resulting in blindness 
or death.’ Serum formate concentrations correlate better 
with the degree of acidosis and the severity of CNS and 
ocular toxicity than do serum methanol concentrations.*” 
Therefore some investigators recommend the measurement 
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of serum formate to assess the severity of toxicity and to 
guide appropriate therapy in cases of methanol ingestion. 
Treatment for methanol intoxication may include the 
administration of ethanol or preferably fomepizole to inhibit 
the metabolism of methanol, sodium bicarbonate therapy to 
help alleviate the metabolic acidosis, folate administration to 
enhance folate-mediated metabolism of formate, and the use 
of hemodialysis to enhance clearance of methanol and 
formate.” 

Headspace gas chromatographic analysis is the method of 
choice for the measurement of methanol. An adaptation of 
this technique may be used to measure formate, the toxic 
metabolite of methanol, after esterification to methyl 
formate. These methods are included in the Chapter 34 
Appendix that is found on the book’s accompanying Evolve 
site (http://evolve.elsevier.com/Tietz/textbook/). An enzy- 
matic assay based on formate dehydrogenase has also been 
reported.” 


Isopropanol 

Isopropanol is readily available to the general population as 
a 70% aqueous solution for use as rubbing alcohol. It has 
about twice the CNS depressant action as ethanol, but it is 
not as toxic as methanol. 

Isopropanol has a short half-life (tiz) of 1 to 6 hours, as 
it is rapidly metabolized by alcohol dehydrogenase to 
acetone, which is eliminated much more slowly (4, 17 to 27 
hours), primarily in alveolar air and urine, 9233 There- 
fore concentrations of acetone in serum often exceed those 
of isopropanol during the elimination phase following iso- 
propanol ingestion (Figure 34-4). Acetone has CNS depres- 
sant activity similar to that of ethanol, and because of its 
longer half-life, it prolongs the apparent CNS effects of 
isopropanol. 

Severe isopropanol intoxication, like that of ethanol, can 
result in coma or death. Appropriate therapy in such cases 
includes hemodialysis. The therapeutic administration of 
ethanol is not indicated for isopropanol intoxication. 

Isopropanol and its metabolite, acetone, may be deter- 
mined by headspace gas chromatography or by NMR spec- 
troscopy.’’ A headspace gas chromatographic method is 
included in the Chapter 34 Appendix that is found on the 
book’s accompanying Evolve site (http://evolve.elsevier.com/ 
Tietz/textbook/). 


Analysis of Alcohols* 


Similar techniques are used to measure alcohol in blood, 
serum, saliva, or urine and for postmortem specimens (e.g. 
vitreous fluid and skeletal muscle). Determination of 
ethanol in expired air requires specialized breath alcohol 
analyzers (see section on Breath Alcohol). 


*In this section, the term “alcohol” is defined as ethanol unless 
otherwise indicated. 


1000 


500 


300 
200 


Acetone 
100 


. 50 
~ Isopropanol 


mg/dL 


tip = 22.4 hours 
tp = 64 hours 


10 


20 40 60 80 100 120 140 
Hours after admission 

Figure 34-4 isopropanol and acetone concentrations in serum 
after an acute overdose of isopropanol. Closed and open circles 
indicate serum isopropanol and acetone concentrations, 
respectively. isopropanol and acetone concentrations in spinal 
fluid are indicated by closed and open triangles, respectively. 
(From Natowicz M, Donahue j, Gorman L, Kane M, McKissick J, Shaw 
L. Pharmacokinetic analysis of a case report of isopropanol 
intoxication. Clin Chem { 985; 31:326-8.) 


Blood Alcohol 


Suitable blood-related specimens for the determination of 
alcohols are serum, plasma, or whole blood. The venipunc- 
ture site should be cleansed with an alcohol-free disinfectant, 
such as aqueous benzalkonium chloride (Zephiran). 

Alcohol distributes into the aqueous compartments of 
blood, and because the water content of serum (~98%) is 
greater than that of whole blood (~86%), results indicating 
higher alcohol levels are obtained with serum. Experimen- 
tally the serum: whole blood ethanol ratio is 1.14 (1.09 to 
1.18) and varies slightly with hematocrit.” Several states 
have enacted laws that define intoxication while driving 
a motor vehicle under the influence of alcohol based on 
whole blood ethanol concentrations. Some states do not 
specify the specimen type. Therefore laboratories that 
perform alcohol determinations should make clear the 
choice of specimen. 

Because of the volatile nature of alcohols, specimens must 
be kept capped to avoid evaporative loss to the atmosphere. 
Blood may be stored, when properly sealed, for 14 days at 
room temperature or at 4 °C, with or without preservative.” 
For longer storage or for nonsterile postmortem specimens, 
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sodium fluoride should be used as a preservative to prevent 
a decrease or occasionally an increase (via fermentation) in 
ethanol concentration. 

To measure ethanol in blood, enzymatic analysis is the 
method of choice for many laboratories. In this method, 
ethanol is measured by oxidation to acetaldehyde with 
NAD*, a reaction catalyzed by alcohol dehydrogenase 
(ADH). With this reaction, formation of NADH, measured 
at 340 nm, is proportional to the amount of ethanol in the 
specimen. The reaction is driven almost completely to the 
right by use of excess NAD* and ADH and agents such as 
semicarbazide or tris (hydroxymethyl) aminomethane to 
trap acetaldehyde as it is formed.'® 

Under most assay conditions, ADH is reasonably specific 
for ethanol. Interference, relative to ethanol, is generally 
about 7% for isopropanol, 3% for methanol, and 4% for eth- 
ylene glycol.’ Reagent kits for use with manual spec- 
trophotometers or automated analyzers are available from 
several manufacturers. Some manufacturers (Dade-Behring 
[aca], Abbott (TDx], Dade-Behring [EMIT]) claim interfer- 
ence from isopropanol, methanol, acetone, and ethylene 
glycol to be less than 1%. 

Serum (or plasma) is the most common specimen for 
ethanol analysis by ADH methods; the method also per- 
forms well with urine or saliva. In some methods, whole 
blood may be used directly,” but in others, a precipitation 
step may be required before analysis to avoid interference 
from hemoglobin. These methods generally compare 
closely with gas chromatographic methods.” 

Ethanol assays using ADH, especially those that are fully 
automated, are convenient for clinical laboratories that do 
not have gas chromatographic instrumentation. The speci- 
ficity for ethanol must be clearly communicated to physi- 
cians treating acutely intoxicated patients. Otherwise, very 
low or negative ethanol values might be misinterpreted as 
“alcohol” in a patient who ingested methanol or iso- 
propanol. Ethanol measurements may be used in conjunc- 
tion with the osmol gap to screen for possible presence of 
significant quantities of methanol, isopropanol, or ethylene 
glycol {see Determination of Volatiles by Serum Osmol 
Gap). A head space gas chromatographic method for alco- 
hols (acetone) is included in the Chapter 34 Appendix 
that is found on the books Evolve site (http:// 
evolve.elsevier.com/Tietz/textbook/). 


Breath Alcohol 


Statutory laws for driving under the influence of alcohol 
were originally based on the concentration of ethanol in 
venous whole blood. Because the collection of blood is inva- 
sive and requires intervention by medical personnel, the 
determination of alcohol in expired air has long been the 
mainstay of evidential alcohol measurements. There 
is also growing clinical interest in the determination of 
breath alcohol at the point-of-care. The fundamental prin- 
ciple for use of breath analysis is that alcohol in capillary 
alveolar blood rapidly equilibrates with alveolar air in a ratio 


of approximately 2100:1 (blood: breath). Therefore breath 
alcohol expressed as g/210L is approximately equivalent 
to g/dL of alcohol in whole blood. This blood-breath 
ratio may actually be closer to 2300:1 but in any case is 
variable. Nevertheless, in the United States evidential 
breath alcohol measurements are based on the ratio of 
2100: 1. The lower blood-breath ratio will predict a slightly 
lower than actual blood alcohol concentration and its use 
therefore is not prejudicial. To alleviate the confusion and 
uncertainty surrounding the conversion from breath to 
blood alcohol concentration, the traffic laws in the United 
States have been amended to read “alcohol concentration 
shall mean either grams of alcohol per 100 milliliters of 
blood or grams per 210 liters of breath?” Before breath 
analysis, a waiting period of 15 minutes is required to allow 
for clearance of any residual alcohol that may have been 
present in the mouth (e.g., very recent drinking, the use 
of alcohol-containing mouthwash, or vomiting alcohol-rich 
gastric fluid), 

During the period of active alcohol absorption (30 to 120 
minutes before peak venous blood alcohol concentration), 
the alcohol concentration in arterial blood may be higher 
than that in peripheral venous blood.” Consequently, breath 
alcohol concentration may also be higher than that in venous 
blood during this absorption phase, because end-expiratory 
air equilibrates with pulmonary arterial blood. The poten- 
tial consequences of performing breath alcohol analysis 
during the absorption phase have been the subject of con- 
siderable debate.” 

In the interest of public safety, the U.S. Department of 
‘Transportation (DOT) has mandated breath alcohol testing 
in addition to screening for drugs of abuse in urine (see 
section on Drugs of Abuse) for commercial transportation 
employees.“°*' If the breath alcohol concentration is 
between 0.02 and 0.04g/210L for duplicate measurements 
(within 30 minutes), an employee is not allowed to resume 
safety-sensitive duties for 8 hours (24 hours for motor 
vehicle drivers). If the concentration is 0.04g/210L or 
greater, the employee is suspended from duty until evalua- 
tion by substance abuse professionals has been obtained and 
appropriate follow-up testing has been initiated. 

Several commercial evidential breath alcohol measure- 
ment devices are available. The principle of measurement is 
either infrared absorption spectrometry (most common), 
dichromate-sulfuric acid oxidation-reduction (photo- 
metric), GC (flame ionization or thermal conductivity 
detection), electrochemical oxidation (fuel cell), or metal- 
oxide semiconductor sensors. A list has been published 
of DOT-approved breath alcohol devices.’”"' Some of these 
devices are approved for screening only. In this case, the 
second or “confirmatory” breath alcohol determination 
must be performed with an approved evidential breath 
alcohol analyzer. Breath alcohol devices may also be used for 
the medical evaluation of patients at the point of care (e.g., 
emergency department). A Fourier transform infrared 
point-of-care breath analyzer capable of measurement of 
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ethanol, methanol, and isopropanol performed well in the 
evaluation and management of patients with methanol 
poisoning.” 


Saliva Alcohol 


Because saliva (increasingly referred to as oral fluid) may be 
easily and noninvasively collected, there is growing interest 
in its use for ethanol. measurements and for the detection 
of drugs of abuse (see Drugs of Abuse). Ethanol distri- 
butes between blood and saliva by passive diffusion largely 
according to the water content of these fluids (85% w/v for 
whole blood; 99% for saliva). Experimentally the ethanol 
concentration in saliva is about 9% higher than in whole 
blood,” a value slightly lower than predicted based on 
their respective water content; the ethanol concentration in 
serum and saliva would be predicted to be about the same 
based on their similar water content. The concentration time 
profiles for ethanol in blood, breath, and saliva are all 
similar,” 

A small test device, Q.E.D. Saliva Alcohol Test (OraSure 
Technologies, Bethlehem, Pa.), has been developed to 
measure ethanol in saliva. Saliva is absorbed onto a swab, 
which is then inserted into the test cartridge. Ethanol mea- 
surement is based on an ADH reaction coupled with a 
diaphorase-mediated color indicator reaction, which pro- 
vides for visual end-point detection on a thermometer-like 
scale after a 2-minute incubation. 

This device was evaluated and determined to provide 
results in agreement with those for breath or venous blood 
ethanol.?” The Q.E.D. is suited for on-site use in the emer- 
gency department, in the workplace, and potentially at the 
roadside. It is approved by the DOT for alcohol screening.” 
Although designed for measurement of alcohol in saliva, the 
Q.E.D. provides accurate measurements for serum ethanol 
as well.” 

The ON-SITE alcohol test card device (Roche Diagnos- 
tic Systems, Branchburg, N.J.), for the qualitative measure- 
ment of ethanol in saliva or urine is also based on an 
ADH-diaphorase coupled detection scheme. This test card is 
designed to produce a positive response for ethanol concen- 
trations greater than 0.02 g/dL. This device is also approved 
by the DOT for screening.” 

A third DOT-approved device (Alco-Screen 02, Chemat- 
ics, Inc., North Webster, Ind.) consists of a plastic test strip 
suitable for insertion under the subject’s tongue or into col- 
lected saliva. After saturation of the reaction pad with saliva 
and a 2-minute incubation period, an ADH-diaphorase 
coupled indicator color bar becomes visible if the ethanol 
concentration is 0.02 g/dL or greater. 

The flow of saliva is largely under the contro] of the 
parasympathetic nervous system. Collection of saliva may 
therefore be difficult from individuals who experience anti- 
cholinergic symptomatology (e.g dry mouth associated 
with tricyclic antidepressant overdose). In addition, salivary 
flow may be impaired in some alcoholics.” 


Urine Alcohol 


Urine has been used as an alternate, less invasive specimen 
for the determination of alcohol, compared with blood. 
During the postabsorptive phase following alcohol inges- 
tion, the concentration of alcohol in urine is roughly 1.3 
times of that in blood.” Calculations of blood alcohol con- 
centration from that determined in urine based on this 
average urine-blood alcohol ratio are admissible in some 
jurisdictions. However, the use of urine alcohol measure- 
ments for this purpose is discouraged by some authors, 
because the ratio of 1.3 is highly variable, and the urine 
alcohol concentration represents an average of the blood 
alcohol concentration during the time period in which 
urine collected in the bladder. A better correlation of 
urine with blood alcohol concentration is obtained by first 
emptying the bladder and then collecting urine after 20 to 
30 minutes. 

There is renewed interest in urine alcohol testing in con- 
junction with testing urine for drugs of abuse (see Drugs of 
Abuse). For this purpose, the detection of alcohol in urine 
represents ingestion of alcohol within the previous ~8 hours. 
Urine is not an approved specimen for alcohol measurement 
by the DOT. 


Postmortem Alcohol 


Alcohol is measured in postmortem blood and vitreous 
humor. Muscle has been proposed as a useful alternative 
specimen to postmortem blood.'” 


ANALGESICS (NONPRESCRIPTION) 


Analgesics are substances that relieve pain without causing 
loss of consciousness. When used in excess, analgesics such 
as acetaminophen and salicylate can result in a toxic 
response. 


Acetaminophen 


Acetaminophen has analgesic and antipyretic actions. In 
common with the group of drugs referred to as nonsteroidal 
antiinflammatory drugs (NSAIDs: e.g., aspirin, ibuprofen, 
and indomethacin), acetaminophen’s pharmacological 
actions are related to its competitive inhibition of cyclo- 
oxygenase enzymes, resulting in decreased production of 
prostaglandins, which are important mediators of inflamma- 
tion, pain (low-to-moderate), and fever.*” Contrary to other 
NSAIDs, acetaminophen has very weak antiinflammatory 
activity, a consequence of its weak inhibition of peripheral 
tissue cyclooxygenase compared with that in the brain, In 
normal dose, acetaminophen is safe and effective, but it may 
cause severe hepatic toxicity or death when consumed in 
overdose quantities. Less frequently, nephrotoxicity may also 
occur. The initial clinical findings in acetaminophen toxicity 
are relatively mild and nonspecific (nausea, vomiting, and 
abdominal discomfort) and thus are not predictive of 
impending hepatic necrosis, which typically begins 24 to 36 
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Figure 34-5 Rumack-Matthew nomogram. (From Rumack BH, 
Matthew H. Acetaminophen poisoning and toxicity. Pediatrics 
1975;55:87 1-6. Reproduced by permission of Pediatrics.) 


hours after a toxic ingestion and becomes most severe by 72 
to 96 hours.*® Although uncommon with severe overdose, 
coma and metabolic acidosis may occur before development 
of hepatic necrosis.’* Antidotal therapy with N-acetylcys- 
teine (NAC; Mucomyst) (see below) is most effective when 
administered well before hepatic injury occurs as signified 
by elevations of AST and ALT. Thus the measurement of 
serum acetaminophen concentration becomes paramount 
for proper assessment of the severity of overdose and for 
making appropriate decisions for antidotal therapy. A useful 
nomogram is available that relates serum acetaminophen 
concentration and time following acute ingestion to the 
probability of hepatic necrosis (Figure 34-5).** 

There are several qualifications concerning the use of this 
nomogram. First, blood samples should not be obtained 
earlier than 4 hours after ingestion to ensure that absorption 
is complete. Second, the nomogram applies only to acute and 
not chronic ingestions. Toxicity from chronic ingestion of 
acetaminophen or other drugs is cumulative and typically 
occurs at lower blood concentrations than in acute overdose. 
Third, the nomogram is not useful if the time of ingestion 
is unknown (within + 2 hours) or is considered unreliable. 
In this case, two or more samples taken at 2- to 3-hour inter- 
vals may be used to estimate the acetaminophen elimination 
half-life. Hepatotoxicity is more probable when the aceta- 
minophen half-life is greater than 4 hours, and hepatic coma 
is likely when the half-life is greater than 12 hours. Some,*” 
but not all,*” investigators believe the half-life to be a better 
predictor of hepatotoxicity than interpretation based on a 
single serum concentration. Fourth, serial determination of 


serum levels (e.g., every 2 hours) is warranted if extended- 
release medication has been ingested (Tylenol Extended 
Relief), because the time to reach peak serum concentration 
may be delayed beyond 4 hours.'***** Serial serum levels are 
also required when there has been co-ingestion of drugs that 
may delay gastric emptying (e.g., propoxyphene, present in 
combination with acetaminophen in Darvocet-N). In this 
case, if the history is reliably known, clinical presentation 
(e.g., opioid toxidrome) and drug screen results should alert 
the physician to the need for serial monitoring. Fifth, alco- 
holic patients, fasting or malnourished patients, and patients 
on chronic therapy with microsomal enzyme-inducing 
drugs (anticonvulsants) may have increased susceptibility to 
acetaminophen hepatotoxicity,°"4""> presumably as a 
result of induction of cytochrome P4s (see below) and, in the 
case of alcoholics or fasting patients, depletion of glu- 
tathione (see below). In these cases, it has been proposed that 
the decision line in the nomogram be lowered by 50% to 
70%.*!>*° Others do not advocate any change in the thera- 
peutic decision line for such patients with acute ingestion. 
These risk factors may be more important in chronic aceta- 
minophen poisoning, Although therapeutic guidelines for 
chronic acetaminophen poisoning have not been estab- 
lished, one recommended approach is to administer NAC if 
AST is elevated in symptomatic patients or if AST is >2-fold 
upper reference limit and acetaminophen >10ug/mL for 
asymptomatic patients.” 

Acetaminophen is normally metabolized in the liver to 
glucuronide (50% to 60%) and sulfate (~30%) conjugates.'*! 
A smaller amount (~10%) is metabolized by a cytochrome 
Paso mixed-function oxidase pathway that is thought to 
involve formation of a highly reactive intermediate (N- 
acetyibenzoquinoneimine)”' (Figure 34-6). This intermedi- 
ate normally undergoes electrophilic conjugation with 
glutathione and then subsequent transformation to cysteine 
and mercapturic acid conjugates of acetaminophen. With 
acetaminophen overdose, the sulfation pathway becomes 
saturated, and consequently a greater portion is metabolized 
by the P4s9 mixed-function oxidase pathway. When the tissue 
stores of glutathione become depleted, arylation of cellular 
molecules by the benzoquinoneimine intermediate leads to 
hepatic necrosis." 

Specific therapy for acetaminophen overdose is the 
administration of NAC, which probably acts as a glutathione 
substitute.” NAC may also provide substrate to replenish 
hepatic glutathione’ or to enhance sulfate conjugation?” or 
both. The time of administration of NAC is critical. 
Maximum efficacy is observed when NAC is administered 
within 8 hours, but efficacy then declines sharply between 18 
and 24 hours after ingestion.“ The antidote may have some 
beneficial effects even after liver injury has occurred, pre- 
sumably by its ability to improve tissue oxygen delivery and 
use.’”' An initial loading dose (140 mg/kg) of NAC should be 
followed by 17 maintenance doses (70 mg/kg) given every 4 
hours. A shorter treatment with only five maintenance doses 
was proposed in 2003.” If the serum acetaminophen results 
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Figure 34-6 Pathways of acetaminophen metabolism. (From 
Mitchell JR, Thorgeirsson SS, Potter WZ, follow Dj, Keiser H. 
Acetaminophen-induced hepatic injury: Protective role of glutathione in 
man and rationale for therapy. Clin Pharmacol Ther 1974; 16:676.) 


are not available locally within 8 hours of suspected inges- 
tion, treatment with NAC should begin. This treatment may 
be discontinued if belated assay results indicate that it is not 
warranted, 

Many photometric methods are available for the deter- 
mination of acetaminophen.**” In general, these methods 
are relatively easy to perform but may be subject to a number 
of interferences.” Some methods measure the nontoxic 
metabolites and the potentially toxic parent acetaminophen 
and thus may produce especially misleading results, There- 
fore only methods specific for parent acetaminophen should 
be used.” Immunoassays for acetaminophen, such as EMIT 
{(Dade-Behring, Palo Alto, Calif.), FPLA (Abbott Laborato- 
ries, North Chicago, IH.), and particle-enhanced turbimetric 
inhibition immunoassay (Beckman Coulter, Brea, Calif.) are 
widely used because they are rapid, easily performed, and 
accurate. A different approach uses arylacylamide amidohy- 
drolase for hydrolysis of acetaminophen (but not conju- 
gates) to p-aminophenol and acetate. Subsequent color 
formation depends on reaction of the generated p- 
aminophenol with 8-hydroxyquinoline”’ or o-cresol,’” 


Adaptations of this enzyme assay are used on the VITROS 
(Johnson & Johnson Clinical Diagnostics, Rochester, N.Y.) 
and other automated chemistry analyzers.” Arylacylamide 
amidohydrolase methods are susceptible to interference 
by NAC,™ bilirubin,” and IgM monoclonal immunoglo- 
bulins.”” Most chromatographic methods are highly accu- 
rate and therefore may be considered reference procedures; 
however, they are more difficult to perform, especially 
on an emergency basis. A reference HPLC procedure™ is 
included in the Chapter 34 Appendix that is found on 
this books accompanying Evolve site (http://evolve. 
elsevier.com/Tietz/textbook/). A qualitative, one-step lateral 
flow immunoassay (cutoff 25tg/mL) suitable for point-of- 
care application is available (SureStep, Applied Biotech, San 
Diego). 


Salicylate 

Acetylsalicylic acid (aspirin) has analgesic, antipyretic, 
and antiinflammatory properties. These therapeutic 
benefits derive from its ability to inhibit biosynthesis of 
prostaglandins by acetylation of active site serine and subse- 
quent irreversible inhibition of cyclooxygenase enzymes 
(COX-1; COX-2 isoenzymes).*” Salicylate, the metabolite of 
aspirin, also reduces prostaglandin synthesis by uncertain 
mechanisms. Because of these therapeutic benefits and the 
general lack of serious side effects at normal doses, aspirin is 
widely available and frequently consumed. Therapeutic 
serum salicylate concentrations are generally lower than 
60meg/L for analgesic-antipyretic effects, and 150 to 
300 mg/L for antiinflammatory actions.” 

Aspirin also interferes with platelet aggregation and thus 
prolongs bleeding time. The platelet inhibitory effect is a 
consequence of aspirin’s ability to acetylate and irreversibly 
inhibit platelet cyclooxygenase, thereby reducing the forma- 
tion of thromboxane A;, a potent mediator of platelet 
aggregation. Platelets have little or no capacity for protein 
synthesis ; therefore, the duration of this enzyme inhibition 
is for the normal life span of the platelets (8 to 11 days).°* 
Because of this platelet inhibitory activity, low-dose aspirin 
has been recommended as prophylactic therapy for some 
individuals at risk for thromboembolic disease." There is 
an epidemiological association between aspirin ingestion 
and Reye’s syndrome in children and adolescents with viral 
infections (e.g., varicella and influenza)" Aspirin use is 
therefore contraindicated in these patients. 

The absorption of normal doses of regular aspirin from 
the GI tract is generally rapid, with peak serum concentra- 
tion achieved within 2 hours.* This peak value may be 
delayed for 12 hours or longer for enteric-coated or slow- 
release formulations.” Moreover, toxic doses of aspirin may 
form concretions or bezoars and produce pylorospasm, 
thereby delaying absorption. Serum salicylate in such 
instances may not reach maximum concentration for 6 
hours or longer,” an important consideration when the 
assessment of the severity of toxicity is based on such 
measurements, 
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Once absorbed, aspirin has a very short half-life (ti = 
15min) because of its rapid hydrolysis to salicylate. Salicy- 
late is eliminated mainly by conjugation with glycine to form 
salicyluric acid and to a lesser extent with glucuronic acid to 
form phenol and acyl glucuronides (Figure 34-7). A very 
small amount is hydroxylated to gentisic acid. These meta- 
bolic pathways may become saturated even at high thera- 
peutic doses. Consequently, serum salicylate concentration 
may increase disproportionately with dosage. At high thera- 
peutic or toxic doses, the salicylate elimination half-life is 
prolonged (15 to 30 hours versus 2 to 3 hours at low dose), 
and a much larger portion of the dose is excreted in urine as 
salicylate.*” 

Salicylates directly stimulate the central respiratory center 
and thereby cause hyperventilation and respiratory alkalo- 
sis. Moreover, salicylates cause uncoupling of oxidative phos- 
phorylation, As a result, heat production (hyperthermia), 
oxygen consumption, and metabolic rate may be increased. 
In addition, salicylates enhance anaerobic glycolysis but 
inhibit Krebs cycle and transaminase enzymes, all of which 
lead to accumulation of organic acids and thus to metabolic 
acidosis.” 

The primary acid-base disturbance observed with salicy- 
late overdosage depends on age and severity of intoxication. 
Respiratory alkalosis predominates in children over age 4 
and in adults, except in very severe cases that may progress 
through a mixed respiratory alkalosis-metabolic acidosis 
to metabolic acidosis. In 97 adult patients who had plasma 
salicylate concentrations greater than 700 mg/L, 19% were 
found to have respiratory alkalosis, 61% had combined res- 
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Figure 34-8 Nomogram for estimating the severity of acute 
salicylate intoxication. (From Done AK. Salicylate intoxication: 
Significance of measurements of salicylate in blood in cases of acute 
ingestion. Pediatrics ! 960; 26:800. Reproduced by permission of 
Pediatrics.) 


piratory alkalosis and metabolic acidosis, and 15% had 
metabolic acidosis. Mortality was associated with acidemia.” 
In children under age 4, the initial period of respiratory alka- 
losis is very brief and therefore may not be observed; in such 
cases, metabolic acidosis predominates.“ CNS depression is 
more pronounced when acidemia is severe, a consequence of 
increased brain uptake of nonionized salicylic acid. Respira- 
tory acidosis, a result of severe CNS depression or pul- 
monary edema, may sometimes occur and is indicative of a 
poor prognosis. 

The symptoms of salicylate intoxication include tinnitus, 
diaphoresis, hyperthermia, hyperventilation, nausea, 
vomiting, and acid-base disturbances. CNS effects include 
lethargy, disorientation, and in severe cases, coma and 
seizures. Tinnitus may occur at salicylate concentrations 
greater than 200 mg/L, but more serious toxic manifestations 
are generally not evident unless the salicylate concentration 
exceeds 300 mg/L”? 

Measurement of serum salicylate concentration is impor- 
tant for assessment of the severity of intoxication. A nomo- 
gram that relates serum salicylate concentration and time 
after ingestion with the severity of intoxication was devel- 
oped by Done™ (Figure 34-8), primarily for use with pedi- 
atric patients. The nomogram applies only to acute ingestion 
of salicylate and should not be used to estimate severity of 
chronic toxicity. The nomogram is less useful for adult 
patients,” who tend to have less severe acidemia (mixed res- 
piratory alkalosis~metabolic acidosis) than young children 
(acidosis). Moreover, interpretation of the nomogram is 
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complicated in instances of mixed drug ingestion. For these 
reasons, use of this nomogram is discouraged by some 
toxicologists. 

Aspirin absorption may be delayed when overdose 
quantities are consumed, especially of enteric-coated or 
slow-release preparations. This must be considered when 
interpreting serum salicylate values, especially for specimens 
obtained earlier than 6 hours after ingestion. Repeat testing 
within 2 to 3 hours is recommended to ensure that absorp- 
tion is complete; subsequent testing provides an indication 
of effectiveness of therapeutic intervention. Because of the 
aforementioned complications, proper assessment of salicy- 
late intoxication requires sound clinical evaluation in com- 
bination with serum salicylate levels. 

Treatment for salicylate intoxication is directed toward 
(1) decreasing further absorption, (2) increasing elimina- 
tion, and (3) correcting acid-base and electrolyte distur- 
bances. Activated charcoal binds aspirin and prevents its 
absorption. Elimination of salicylate may be enhanced by 
alkaline diuresis and in severe cases by hemodialysis.“ 
Sodium bicarbonate may be given to alleviate metabolic aci- 
dosis. Indications for hemodialysis include serum salicylate 
>1000 mg/L, severe CNS depression, intractable metabolic 
acidosis, hepatic failure with coagulopathy, and renal 
failure,” 

A urine drug screen may be helpful to recognize the 
presence of drugs from combination medications with 
aspirin (e.g., antihistamines, sympathomimetic amines, and 
propoxyphene) or that otherwise are co-ingested. 

Classic methods for the measurement of salicylate in 
serum are based on the method of Trinder.** These proce- 
dures rely on the reaction between salicylate and Fe* to form 
a colored complex that is measured at 540nm. To lessen 
endogenous background interference, either a protein pre- 
cipitation step or a serum blank is necessary. Nevertheless, 
blank readings equivalent to about 20 to 25 mg/L are gener- 
ally observed. Moreover, interference by salicylate metabo- 
lites, endogenous compounds, and some drugs, especially 
structurally related drugs such as diflunisal (difluorophenyl 
salicylate), ” may occur. Azide, present as a preservative in 
some commercial control sera, also causes interference. 
Despite these limitations, photometric methods continue to 
be successfully used to assess salicylate overdose. In a com- 
parative study with 115 patient specimens, Trinder method 
results agreed very closely with those of a reference HPLC 
procedure.” However, significant interference with the 
Trinder method was observed for one patient who consumed 
an overdose of dichloralphenazone. Thus for best interpre- 
tation of test results, as much information as possible should 
be obtained regarding drug ingestion history. 

Other methods for salicylate quantitation include fluo- 
rescent polarization immunoassay? and a salicylate 
hydroxylase-mediated photometric procedure”! (Figure 
34-9). These procedures are subject to some of the same 
interferences as is the Trinder method, but the salicylate 
hydroxylase method is considered more specific.’ This 
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Figure 34-9 Salicylate hydroxylase—-mediated oxidative 
decarboxylation of salicylate. 


enzyme method has been adapted to automated analyzers, 
such as the Synchron (Beckman Coulter). Gas and liquid 
chromatographic methods are the most specific methods for 
salicylate," but their general availability, especially for 
emergency use, is limited and probably not necessary.?** 

Because of its ease of performance and wide acceptance, 
the photometric method of Trinder'” for measuring salicy- 
lates is included in the Chapter 34 Appendix that is found 
on this book’s accompanying Evolve site (http://evolve. 
elsevier.com/Tietz/textbook/). In addition, an HPLC 
method® suitable for pharmacokinetic studies or for thera- 
peutic monitoring of salicylate is also included. A qualitative 
spot test based on the Trinder reaction is also on the Evolve 
site (http://evolve.elsevier.com/Tietz/textbook/). A qualita- 
tive, one-step lateral flow immunoassay (cutoff 100 mg/L) 
suitable for point-of-care application is commercially avail- 
able (Applied Biotech, San Diego). 


DRUGS RELATED TO THE 
ANTICHOLINERGIC TOXIDROME 


While the tricyclic antidepressants, the phenothiazines, and 
the antihistamines have divergent therapeutic applications, 
in overdose they often share similar anticholinergic and 
antihistaminic toxidromes as principal components of their 
overall toxic effects. These overlapping toxicities are likely 
related to their common methyl or dimethyl aminoethyl 
(—-CH,CH,N[CH,;],; —CH,CH,NHCH;) moieties, which 
are structurally related to similar groups in acetylcholine 
(—-CH,CH,N[CH3];) and histamine (—CH,CH,NH,). 


Tricyclic Antidepressants 


Tricyclic antidepressants represent a class of drugs widely 
prescribed for the treatment of endogenous depression and 
neuralgic pain, migraine headache, enuresis, and attention 
deficit disorder (see Chapter 33). Tricyclic antidepressants 
include imipramine, amitriptyline, and their N- 
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the muscle relaxant cyclobenzaprine. 


demethylated derivatives, desipramine and nortriptyline; 
clomipramine; doxepin; and trimipramine (Figure 34-10). 
Other cyclic antidepressant drugs include amoxapine and 
maprotiline. 

Tricyclic antidepressants block neuronal uptake of nor- 
epinephrine and variably serotonin (those with tertiary 
amine side chains), and the degree of inhibition seems to 
correlate with antidepressant activity. However, the block in 
amine uptake occurs shortly after drug administration, 
whereas the antidepressant effects generally require several 
weeks to develop.” Thus the mechanism of action is 
incompletely understood and may involve changes in presy- 
naptic and postsynaptic neurogenic amine receptor 
response. In addition to their mood-elevating actions, tri- 
cyclic antidepressants also have sedative effects that may be 


related to antihistamine activity in the CNS. Tertiary amines 
(amitriptyline, doxepin, and imipramine) produce greater 
sedation than the secondary amines. Cyclic antidepressants 
also exert central and peripheral anticholinergic effects and 
peripheral o,-adrenergic blockade. 

Because of their continued use, narrow therapeutic range, 
and the nature of the illness for which they are typically pre- 
scribed, tricyclic antidepressants may cause severe or fatal 
toxicity. 9785741 Por example, in March of 2004 the U.S. 
FDA issued a Public Health Advisory because of both 
suicidal ideation and suicide attempts in children taking 
antidepressant drugs for the treatment of major depressive 
disorder. 

The antimuscarinic actions of tricyclic antidepressants 
are responsible for side effects frequently experienced even 
at therapeutic doses and are therefore commonly present in 
overdose. These effects include tachycardia, hyperpyrexia, 
dilated pupils, dry skin and mouth, flushing, decreased GI 
motility, and urinary retention. 

The CNS manifestations of tricyclic antidepressant 
overdose may vary from mild agitation or drowsiness 
to delirium, coma, respiratory depression, or seizures. 
These manifestations are thought to result in part from 
central anticholinergic and antihistaminic actions of these 
drugs. 

Cardiovascular toxicity is the most serious manifestation 
of tricyclic antidepressant overdose and accounts for the 
majority of fatalities. Tricyclic antidepressants inhibit Na* 
entry via sodium channels in the myocardium, which results 
in decreased conductivity, decreased contractility, and 
arrhythmia (quinidine-like effect). In addition, their anti- 
cholinergic and sympathomimetic (inhibition of norepi- 
nephrine uptake) effects contribute to dysrhythmias. In mild 
overdose, these effects result in tachycardia and slight 
increase in blood pressure. With more severe overdose, 
serious arrhythmias and conduction delays may develop, of 
which the most distinct feature is prolongation of the QRS 
interval in the electrocardiogram. In addition, cardiac 
output decreases, which coupled with peripheral vasodila- 
tion (o,-adrenergic blockade) leads to life-threatening 
hypotension. Death often results from arrhythmias or 
hypotension. The cardiotoxic manifestations may occur 
within a few hours of overdose, or they may be delayed for 
24 hours or longer. It is important to recognize that a 
patient’s symptomatology (perhaps initially only mild anti- 
cholinergic effects) is due to tricyclic antidepressants so that 
a proper period of monitoring for delayed and possibly cat- 
astrophic cardiotoxicity can be followed. Thus laboratory 
identification of these drugs, especially in the absence of a 
reliable history, provides crucial information. 

In addition to general supportive measures (gastric 
lavage, activated charcoal, and IV fluids), therapy for tricyclic 
antidepressant overdose includes administration of NaHCO, 
for dysrhythmias (alkalinization causes tricyclic antidepres- 
sants to dissociate from the membrane sodium channels and 
Na* provides a favorable gradient for Na* channel activated 
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membrane depolarization). Physostigmine, a reversible 
cholinesterase inhibitor, can effectively reverse the central 
and peripheral anticholinergic manifestations of tricyclic 
antidepressant toxicity. However, its use is generally con- 
traindicated in tricyclic antidepressant overdose because of 
the risk of enhancing cardiac conduction delays, which may 
result in asystole. Hemodialysis or hemoperfusion is not 
beneficial because the tricyclic antidepressant drugs have a 
large volume of distribution and are extensively bound to 
plasma proteins. 

Newer, safer drugs that are selective inhibitors of sero- 
tonin reuptake [e.g., fluoxetine (Prozac), sertraline (Zoloft), 
and paroxetine (Paxil)] have no or minimal antimuscarinic, 
antihistaminic, or adverse cardiovascular effects. They 
are now the drugs of choice for treatment of depressive 
disorders, 

Tricyclic antidepressants may be measured quantitatively 
in serum by chromatographic methods (most commonly 
HPLC) or by immunoassay (EMIT; FPIA; see Chapter 33). 
These immunoassays may also be used for qualitative or 
semiquantitative detection of tricyclic antidepressants, 
which are useful for screening. Immunoassays are rapid and 
relatively easy to perform but may be subject to interference 
by other drugs, such as chlorpromazine,” thioridazine,°**’ 
cyproheptadine,” cyclobenzaprine,” and diphenhy- 
dramine.” Tricyclic antidepressants are adequately detected 
in urine, using TLC (e.g., Toxi-Lab) and by colloidal gold 
immunoassay (Triage, BioSite Diagnostics, San Diego). In 
cases of overdose, qualitative identification (serum or urine) 
is sufficient, because the severity of intoxication is more reli- 
ably indicated by an increase in the QRS interval (>100 ms) 
than by the serum concentration.” 

Cyclobenzaprine, a tricyclic amine structurally very 
similar to amitriptyline (see Figure 34-10), is used as a cen- 
trally acting skeletal muscle relaxant. Like amitriptyline, 
cyclobenzaprine causes sedation, produces central and 
peripheral muscarinic blockade, and potentiates adrenergic 
actions. In overdose, cyclobenzaprine may cause a typical 
anticholinergic toxidrome and cardiac arrhythmias, hypo- 
tension, and coma. However, cyclobenzaprine overdose is 
not as frequent nor as lethal as amitriptyline overdose. 

The analytical distinction between amitriptyline and 
cyclobenzaprine is often difficult. Cyclobenzaprine cross- 
reacts with immunoassays for tricyclic antidepressants 
(EMIT, TDx, and Triage) and generally co-elutes or co- 
migrates with amitriptyline in HPLC and TLC. However, 
cyclobenzaprine and amitriptyline have different ultraviolet 
spectra; therefore, they may be distinguished by HPLC using 
a diode array detector by either multiwavelength scanning 
(e.g, Remidi)'?* or dual-wavelength discrimination.’” 
Although these two drugs co-migrate using the Toxi-Lab 
system, they may be distinguished by differences in fluores- 
cence at stage III (amitriptyline fluoresces pink whereas 
cyclobenzaprine fluoresces orange). Finally, amitriptyline 
and cyclobenzaprine are well resolved using capillary 
column GC (Figure 34-11) and may be distinguished by 
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Figure 34-1} Total-ion chromatogram for amitriptyline and 
cyclobenzaprine. Time = minute. 


careful examination of their respective mass spectra (ratio of 
202/215 amu ions differ) (Figure 34-12), 


Phenothiazines 


Phenothiazines are tricyclic compounds that have chemical 
and pharmacological properties in common with the tri- 
cyclic antidepressant drugs (Figure 34-13; see also previous 
section on Tricyclic Antidepressants). They are primarily 
used for their neuroleptic (behavior modifying) properties 
in the treatment of severe psychiatric illness (psychoses and 
mania). In addition, phenothiazines are administered to 
control nausea and vomiting, for sedation, and for potenti- 
ation of analgesia and general anesthesia.” 

The phenothiazines inhibit dopaminergic receptors in the 
CNS, a property thought to account for their neuroleptic 
effect." In addition, phenothiazines inhibit muscarinic, 
a-adrenergic, histaminic, and serotonergic receptors, which 
accounts for many of their toxic or undesirable side effects. 

The principal manifestations of phenothiazine toxicity 
involve the CNS and cardiovascular system?" Signs of 
CNS toxicity include sedation, coma, respiratory depression 
(uncommon), seizures, hypothermia or hyperthermia, and 
extrapyramidal movement disorders (acute dystonia, 
parkinsonism, akathisia, tardive dyskinesia, and neuroleptic 
malignant syndrome); the extrapyramidal symptoms result 
from an imbalance between inhibitory dopamine and 
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Figure 34-12 Mass spectra for amitriptyline and cyclobenzaprine. The spectra were scanned 
from 60 to 500amu to avoid the large, dominant 58amu ion present in each. 
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excitatory acetylcholine responses within the extrapyramidal 
motor system. The cardiovascular effects include orthostatic 
or frank hypotension and arrhythmias, a consequence 
of the quinidine-like depressant action on the myocardium 
and a-adrenergic blockade. Additional peripheral antimus- 
carinic manifestations include decreased bowel sounds, 
urinary retention, skin flushing, blurred vision, and dry 
mouth. 

The cardiovascular, CNS, and anticholinergic symptoms 
of phenothiazine toxicity are similar to, but generally much 
less severe than, those for the tricyclic antidepressants. Phe- 
nothiazines are relatively safe, and few deaths have occurred 
when toxic doses have been ingested alone. Much more 
severe toxicity occurs when phenothiazines are co-ingested 
with tricyclic antidepressant drugs or other CNS depressant 
drugs, such as ethanol, opioids, barbiturates, or benzo- 
diazepines. 

Therapy for phenothiazines is generally supportive and 
similar to that for tricyclic antidepressant overdose. 
Physostigmine can reverse the central and peripheral 
anticholinergic manifestations of phenothiazines; however, 
because these manifestations are rarely life-threatening and 
because physostigmine may cause severe bradycardia or 
asystole it is not recommended for treatment of pheno- 
thiazine overdose. Because of the large volume of distribu- 
tion and extensive protein binding, hemodialysis or 
hemoperfusion is not beneficial for phenothiazine overdose. 

The phenothiazines are extensively metabolized by the 
liver to a number of metabolites, some of which are phar- 
macologically active. Less than 1% of a dose is excreted 
unchanged in the urine. The correlation between dose, serum 
concentration, and pharmacological effect is poor; ther- 
apeutic drug monitoring? or serum quantitation in 
instances of overdose is not warranted.*”° Qualitative 
detection of phenothiazines or their metabolites in urine is 
sufficient to document ingestion for symptomatic patients. 
Suitable methods of detection include TLC (e.g., Toxi-Lab) 
and the spot test using the Forrest reagent (potassium dichro- 
mate, sulfuric acid, perchloric acid, and nitric acid). The 
ability to also detect other co-ingested drugs, such as opioids, 
tricyclic antidepressants, barbiturates, and benzodiazepines, 
is important to alert the physician to the enhanced potential 
for severe toxicity from their combined ingestion. 


Antihistamines 


Histamine released from mast cells plays an important phys- 
iological role in immediate hypersensitivity and allergic 
responses. In addition, histamine functions as a neurotrans- 
mitter in the CNS and it is a potent stimulus for gastric acid 
secretion. These actions depend on the interaction of hista- 
mine with two types of receptors, H, and H,.” H, and H, 
receptors are coupled via G proteins to phospholipase C and 
adenylyl cyclase, respectively. The principal H, receptor 
response is stimulation of gastric acid secretion, whereas 
other actions of histamine (e.g., smooth muscle contraction, 
vasodilation, increased capillary permeability, pain, and 
itching) are primarily mediated by H, receptors. 
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Figure 34-14 Chemical structure of histamine and 
representative Hı antagonists. 


The antihistamine drugs are classified as H, or H, 
antagonists, based on their principal receptor site binding.” 
The H, antagonists contain a substituted ethylene amine 
{(—CH,CH,NR.—), in common with both histamine 
(Figure 34-14) and acetylcholine (Figure 34-15); therefore 
they exhibit both antihistaminic and anticholinergic phar- 
macological actions. The second-generation H, antagonists, 
such as fexofenadine (Allegra), have very little anticholiner- 
gic activity. 

The therapeutic actions of H, antagonists include smooth 
muscle relaxation, decreased bronchial secretions, decreased 
allergic response, and sedation. They are therefore used to 
treat immediate hypersensitivity reactions, as cold remedies, 
to suppress motion sickness, and for sedation (the second- 
generation H, antagonists [e.g., fexofenadine} do not pene- 


Chapter 34 Clinical Toxicology 1313 


HOH 


HC 
N 
oA 


Acetylcholine . 

l Atropine . 
Figure 34-15 Structure for the neurotransmitter acetylcholine 
and its antagonist, atropine. 


trate the blood-brain barrier well and therefore do not cause 
sedation). The H, antagonists are widely used to treat peptic 
ulcer disease. The most prominent H, antagonists are 
cimetidine (Tagamet), ranitidine (Zantac), famotidine 
(Pepcid), and nizatidine (Axid). 

The principal manifestations of overdose due to H, antag- 
onists are CNS depression or stimulation and anticholiner- 
gic symptoms.”“*” Symptoms of CNS depression include 
sedation, drowsiness, ataxia, and coma. CNS stimulation, 
more common in children, results in excitement, hallucina- 
tions, toxic psychosis, delirium, and convulsions. The 
antimuscarinic toxidrome includes dry mouth, flushed dry 
skin, urinary retention, sinus tachycardia, dilated pupils, 
blurred vision, and fever. Death may occur because of respi- 
ratory depression or cardiovascular collapse. 

Treatment for H, antagonist overdose is general and sup- 
portive (e.g, gastric lavage and activated charcoal). 
Hemodialysis or hemoperfusion is not efficacious because 
these drugs have a large volume of distribution and are 
highly protein bound. Physostigmine may be used cautiously 
if central and peripheral anticholinergic symptoms are 
prominent, and there is no evidence of cardiac conduction 
delays (electrocardiogram; no evidence [history or drug 
screen] of exposure to drugs that can cause conduction 
delays [e.g., cocaine, tricyclic antidepressants, phenothia- 
zines, and procainamide]). 

Antihistamines are present in prescription and nonpre- 
scription forms, alone or in combination with analgesics, 
such as aspirin and acetaminophen. In instances of overdose, 
a urine drug screen that detects salicylate, acetaminophen, 
and the antihistamines is helpful, especially when the source 
of intoxication is unknown. The detection of either analgesic 
in the urine of a symptomatic patient should lead to their 
quantitation in serum to assess their potential toxicity (see 
sections on Salicylate and Acetaminophen). Quantitation 
of antihistamines in serum is not useful, because there is a 
poor correlation between dose, drug level, and degree of 
toxicity.” 

Overall the antihistamines are relatively safe. However, 
their CNS depressant actions are enhanced by co-ingestion 
of ethanol, sedative-hypnotic drugs, and opioids; their anti- 
cholinergic actions are potentiated by co-ingestion of tri- 
cyclic antidepressants and phenothiazines. Therefore the 
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Figure 34-16 Metabolism of ethylene glycol. 


detection of any of these drugs in combination on a urine 
drug screen should alert the physician to a potentially more 
serious intoxication. 


ETHYLENE GLYCOL 


Ethylene glycol, present in antifreeze products, may be 
ingested accidentally or for the purpose of inebriation or 
suicide. Ethylene glycol itself is relatively nontoxic, and its 
initial CNS effects resemble those of ethanol. However, 
metabolism of ethylene glycol by ADH results in the forma- 
tion of a number of acid metabolites, including oxalic acid 
and glycolic acid (Figure 34-16). 

These acid metabolites are responsible for much of the 
toxicity of ethylene glycol,” the clinical manifestations of 
which include neurological abnormalities (CNS depression; 
in severe cases, coma and convulsions), severe metabolic aci- 
dosis, acute renal failure, and cardiopulmonary failure.” 
The serum concentration of glycolic acid correlates more 
closely with clinical symptoms and mortality than does the 
concentration of ethylene glycol.” Because of the rapid 
elimination of ethylene glycol (tın ~3 hours), its serum con- 
centration may be low or undetectable at a time when that 
for glycolic acid remains elevated.’ Thus the determi- 
nation of both ethylene glycol and glycolic acid provides 
useful clinical and confirmatory analytical information in 
cases of ethylene glycol ingestion. Other laboratory findings 
commonly observed with ethylene glycol poisoning include 
increased serum osmol and anion gaps, decreased serum 
calcium, and the presence of calcium oxalate crystals in the 
urine. The decreased serum calcium results from calcium 
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oxalate deposition in tissue or from a possible interference 
in normal parathyroid hormone response“ or both. 

Early recognition of ethylene glycol intoxication and thus 
of the need for timely therapeutic intervention is impor- 
tant because of the compound’s short half-life (about 3 
hours). Blood concentration of ethylene glycol may decline 
rapidly during the first 24 hours following ingestion.** 
Therefore relatively low serum concentrations (0.05 to 2 g/L) 
may be observed in serious intoxication if several hours have 
elapsed between the time of ingestion and that of blood sam- 
pling. In such cases, the measurement of glycolic acid is espe- 
cially important. Serum concentrations associated with 
deaths from ethylene glycol ingestion have ranged from 0.06 
to 4.3 g/L,” highlighting the lack of correlation between 
ethylene glycol concentration and severity of toxicity. It is 
thus impossible to define a serum ethylene glycol concen- 
tration associated with a high probability of death. Contrar- 
ily, a mortality rate of 33% occurred when serum glycolic 
acid was >10 mmol/L in a study of 41 patients; 94% of sur- 
vivors with glycolic acid >10 mmol/L developed acute renal 
failure 

Appropriate therapy for ethylene glycol intoxication 
includes administration of fomepizole (4-methylpyrazole) 
or ethanol to competitively inhibit the ADH-mediated 
metabolism of ethylene glycol, aggressive therapy with 
sodium bicarbonate to help alleviate the acidosis, and 
hemodialysis or forced diuresis to enhance the removal of 
ethylene glycol and acid metabolites.” A serum ethanol 
concentration of ~100 mg/dL is sufficient to saturate ADH 
and thus prolongs the elimination half-life of ethylene glycol 
from ~3 hours (metabolism and renal excretion) to about 17 
hours (renal excretion)’ Administration of ethanol or 
preferably fomepizole is generally recommended when the 
serum ethylene glycol concentration is greater than 0.2 g/L.” 
Hemodialysis effectively removes ethylene glycol and glycolic 
acid and is recommended when the serum ethylene glycol 
concentration is greater than 0.5 g/L, with severe metabolic 
acidosis (pH <7.25 to 7.30), or with renal failure, regardless 
of the serum ethylene glycol concentration.” Serum glycolic 
acid 210 mmol/L predicts with high probability acute renal 
failure and the need for hemodialysis, whereas those patients 
with levels <10mmol/L likely only require adequate 
antimetabolite therapy.“ In the absence of glycolic acid 
measurements, an anion gap >20mmol/L or pH <7.3 pre- 
dicts acute renal failure in known ethylene glycol ingestions 
somewhat less reliably.°” Patients with initial serum 
ethylene glycol concentration of 6.5g/L,**' 5.69/L, 
8.1 g/L,” and 18.9 g/L” survived because of early therapy 
with ethanol infusion and hemodialysis. 

Ethylene glycol intoxication is relatively rare, but when it 
does occur, it is important for the laboratory to provide 
rapid (<2 hours) analytical support. A GC-MS method is 
included in the Chapter 34 Appendix that is found on this 
book’s accompanying Evolve site (http://evolve.elsevier.com/ 
Tietz/textbook/); it allows for the simultaneous determina- 
tion of ethylene glycol and glycolic acid.” It is relatively 


simple and rapid, and it is free from interference by propy- 
lene glycol (a diluent for parenteral drugs, such as diazepam 
and phenytoin) or 2,3-butanediol (may be present in serum 
from some alcoholics); these glycols may interfere with the 
determination of ethylene glycol in some chromatogra- 
phic procedures. A comparable procedure using flame 
ionization detection has also been described. Ethylene 
glycol may be rapidly measured with the use of glycerol 
dehydrogenase,””” but these enzyme methods are subject 
to interference by glycerol”! propylene glycol,” 2,3- 
butanediol,” B-hydroxybutyrate,” and high concen- 
trations of lactate and lactate dehydrogenase.’ A serum 
osmol gap >10 mmol/L may be a nonspecific indicator of the 


presence of ethylene glycol (see section on Screening 
Methods). 79 


TOXIC METALS/IRON 


Several toxic metals, including arsenic, iron, lead, and 
mercury, are discussed in Chapters 30 and 35. Their mea- 
surement in urine, blood, and hair (in some cases) is valu- 
able to help diagnose acute or chronic metal poisoning. 
Specific therapy for these toxins is listed in Table 34-1. 
Because the assessment of acute iron overdose requires 
emergency laboratory support, it is discussed in this chapter. 

When severe acute iron intoxication occurs in children, 
significant morbidity or death may result.°” The limited 
physiological regulation of iron absorption from the GI tract 
may become overwhelmed with acute ingestion of large 
doses of iron. In such instances, the likelihood of iron toxi- 
city is enhanced because no specific mechanisms exist for 
iron elimination. The initial toxic effects on the GI tract are 
a result of a direct corrosive action of iron on the mucosa, 
which may cause mucosal edema, infarction, ulceration, or 
hemorrhage. As a result, clinical symptoms of nausea, vom- 
iting, abdominal pain, diarrhea, hematemesis, and melena 
may be evident. The systemic actions of excess iron affect the 
cardiovascular system, general metabolic functions, the liver, 
and the CNS. The cardiovascular effects of iron toxicity 
include decreased cardiac output, venous pooling of blood, 
and capillary leakage, all of which may lead to hypotension, 
shock, cyanosis, lethargy, tachycardia, and lactic acidosis. 
Within the liver, excess iron may cause swelling or necrosis 
of hepatocytes, resulting in abnormal liver function tests and 
a coagulopathy. Moreover, iron may accumulate within 
hepatic mitochondria and promote oxygen-free radical for- 
mation, lipid peroxidation of mitochondrial membranes, 
and interference with the electron transport system. Conse- 
quently, dysfunction of the Krebs cycle and oxidative phos- 
phorylation lead to metabolic acidosis and secondarily cause 
hyperglycemia. The effects on the CNS range from lethargy 
and obtundation to frank coma. These effects may be sec- 
ondary to cardiovascular, hepatic, and metabolic toxicity and 
to a direct CNS action of iron. 

Specific treatment for iron toxicity involves administra- 
tion of deferoxamine to chelate unbound iron.*™ The defer- 
oxamine—Fe complex is then excreted in the urine, often 
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resulting in a characteristic vin rose color. The decision to 
administer deferoxamine is based on the history, clinical 
symptoms, and measurement of serum iron. In general, only 
mild toxicity is evident when the serum iron is below 300 
ug/dL, and deferoxamine administration is normally not 
necessary. When the serum iron reaches 500 g/dL, serious 
systemic toxicity is likely and may be fatal at concentrations 
of 1000 ug/dL or greater. Serum iron should be measured on 
admission and again 4 to 6h after ingestion when absorp- 
tion should be complete-and the maximum serum level 
obtained. Serial measurement of serum iron is warranted if 
sustained—release medication has been ingested or if large 
bezoars are evident by abdominal x-ray. 

Iron toxicity is presumably not likely unless the total 
serum iron concentration exceeds the total iron—binding 
capacity (TIBC; see Chapter 31). Thus, measurement of 
TIBC would be important in cases of iron poisoning but is 
discouraged because of methodological limitations.**™ 
In the determination of TIBC, excess iron is added to serum 
to bind all available iron-binding sites. Excess unbound iron 
is then removed by an absorbent material (e.g., MgCOs) 
prior to measurement of bound iron. In the presence of 
excess endogenous iron, this absorbent material may be 
inadequate to remove all unbound iron, resulting in a falsely 
elevated TIBC. However, this limitation does not apply to the 
homogenous measurement of the unbound iron-binding 
capacity (UIBC), at least up to a total iron of 500pg/dL,*” 
or to the immunochemical determination of transferrin, 
both of which may be performed on automated general 
chemistry analyzers. The TIBC (jtg/dL) is equal to UIBC 
(ug/dL) + Fe (ug/dL) or to transferrin (mg/dL) x 1.43. 
Outcome-based validation of these derived TIBC measures 
in acute iron toxicity remains to be performed. Nevertheless, 
an expert toxicology committee of the National Academy of 
Clinical Biochemistry recommends their determination for 
the evaluation of iron toxicity.” Other general laboratory 
parameters that are considered helpful in the assessment of 
iron toxicity include WBC > 15,000 x 10°/L and a serum 
glucose >150 mg/dL. 

Deferoxamine interferes with photometric measurements 
of iron and UIBC,*™ an important consideration if serum 
iron and UIBC measurements are used to monitor therapy 
with deferoxamine. Deferoxamine has a short hn (~1h); 
therefore, a delay of at least 4h after deferoxamine adminis- 
tration would be appropriate before measurements of serum 
iron and UIBC are repeated, 


ORGANOPHOSPHATE AND CARBAMATE INSECTICIDES 


Acetylcholine is an essential neurotransmitter that affects 
parasympathetic synapses (autonomic and CNS), sympa- 
thetic preganglionic synapses, and the neuromuscular junc- 
tion (see also prior section on Toxic Syndromes). Hydrolysis 
of acetylcholine by acetylcholinesterase, which is present in 
nerve tissue, normally limits the duration of action of this 
neurotransmitter and allows for normal synaptic function. 
Organophosphate (e.g., Malathion, Parathion, Diazinon, 
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Figure 34-17 General chemical structures for organo- 
phosphate and carbamate insecticides. 


Dursban) and carbamate (e.g., Sevin and Furadan) insecti- 
cides (Figure 34-17) exert their toxicity by inhibiting the 
action of acetylcholinesterase and thereby causing a pro- 
nounced cholinergic response. 47 Enzyme inhibition 
is the consequence of phosphorylation (organophosphates) 
or carbamylation (carbamates) of the cholinesterase-active 
site serine hydroxyl group. The resulting alkylphosphoryl- 
serine bond undergoes spontaneous hydrolysis with subse- 
quent enzyme reactivation at very slow to essentially 
nonexistent rates, depending on the size of the alkyl groups. 
Moreover, some phosphorylated enzyme complexes, espe- 
cially those with a secondary alkyl group, lose an alkyl group 
at variable rates (generally 24 to 48 hours) to form a phos- 
phoryl oxyanion serine bond that is completely resistant to 
even pharmacologically mediated hydrolysis (Figure 34-18). 
This dealkylation reaction, termed enzyme “aging,” is prob- 
ably mediated by enzyme active-site histidine and glutamate 
side chains.” In contrast to the phosphoryl-serine bond, the 
carbamyl-serine bond undergoes spontaneous hydrolysis 
with regeneration of enzyme activity (24 to 48 hours). For 
this reason and because of poor CNS penetration, carbamate 
insecticide neurotoxicity is less severe and of shorter dura- 
tion than that for the organophosphates, 

Excess synaptic acetylcholine stimulates muscarinic 
receptors (peripheral and CNS) and stimulates but then 
depresses or paralyzes nicotinic receptors.*” Activation of 
peripheral muscarinic receptors causes signs and symptoms 
described by the mnemonics SLUDGE or DUMB BELS, 
defined earlier. 

The CNS neurotoxic effects include restlessness, agita- 
tion, lethargy, confusion, slurred speech, seizures, coma, car- 
diorespiratory depression, or death. 

Stimulation or paralysis of nicotinic receptors at the neu- 
romuscular junction causes muscle fasciculations, cramping, 
weakness, and respiratory muscle paralysis; stimulation of 
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Figure 34-18 Reactivation of phosphorylated acetylcholinesterase by pralidoxime; formation of 
“aged” phosphorylated enzyme, which does not reactivate. The active site catalytic triad of 
serine, histidine, and glutamate is depicted by —OH, =NH—, and a negative charge, respectively. 


nicotinic receptors at sympathetic ganglia results in hyper- 
tension, tachycardia, pallor, and mydriasis. 

The actual signs and symptoms observed depend on the 
balance of muscarinic and nicotinic receptor activation. 
While miosis (muscarinic action) is most common, it may 
not always be present, and indeed mydriasis (nicotinic 
action) may occur. Likewise tachycardia (nicotinic effect) 
may be present rather than bradycardia (muscarinic action). 
Death most commonly results from respiratory failure, a 
consequence of nicotinic receptor-mediated muscle paraly- 
sis, combined with muscarinic-facilitated bronchorrhea, 
bronchoconstriction, and CNS depression. 

Specific therapy for organophosphate and carbamate 
insecticide poisoning includes the administration of 
atropine (see Figure 34-15) to block the muscarinic (but not 
nicotinic) actions of acetylcholine. In addition, pralidoxime 
is given to reactivate cholinesterase. Pralidoxime binds to the 
cholinesterase catalytic site and via nucleophilic attack by its 
oxime group, dephosphorylates or decarbamylates the serine 
group (Figure 34-18), Pralidoxime is ineffective in reactivat- 
ing the “aged” form of the phosphorylated enzyme. The 
administration of pralidoxime may not be necessary in cases 
of carbamate insecticide poisoning because carbamylated 
cholinesterase spontaneously reactivates within a few hours. 
In fact, pralidoxime is considered contraindicated in these 
cases by some authors, because cholinesterase inhibition by 
carbaryl (Sevin), but not other carbamates, may be enhanced 
by pralidoxime. Others administer pralidoxime in either 
case, because the particular insecticide ingested may not be 


known.”” A more potent bisquaternary oxime, obidoxime, 
is available outside the United States. 

Three neurological sequelae of organophosphate poison- 
ing may occur after the initial cholinergic crisis has 
responded to atropine and oxime therapy. In what is referred 
to as intermediate syndrome,” paralysis of proximal limb 
muscles, neck flexors, cranial nerves, and respiratory muscles 
may occur 24 to 96 hours following cholinergic resolution. 
Respiratory muscle paralysis may be severe enough to result 
in death. This phenomenon, caused by excessive nicotinic 
receptor stimulation, may result from redistribution of 
lipophilic organophosphates from adipose tissue and/or 
from inadequate oxime therapy. In another syndrome, 
organophosphate-induced delayed neuropathy (OPIDN),' 
weakness of extremities, ataxia, and eventually paralysis may 
occur 1 to 3 weeks following severe intoxication. Respiratory 
muscles are not affected. It is believed that this peripheral 
neuropathy is the consequence of phosphorylation and inhi- 
bition of an axonal-membrane enzyme that is designated 
neuropathy target esterase. Alternatively, phosphorylation 
and activation of a Ca”/calmodulin kinase may in turn 
enhance proteolysis of neuronal cytoskeletal proteins and 
cause structural changes in neurofilaments, resulting in 
impaired axonal transport.’ Finally, extrapyramidal symp- 
toms similar to Parkinson’s disease have very rarely occurred 
several days after cholinergic crisis resolution. A favorable 
response was observed with an antiparkinsonian agent." 

Acetylcholinesterase similar to that in nerve tissue is also 
present in erythrocytes, and its measurement is useful for the 
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diagnosis of organophosphate or carbamate insecticide poi- 
soning (see Chapter 21). A different cholinesterase, butyryl- 
cholinesterase (pseudocholinesterase), is present in serum 
and is also inhibited by these insecticides. The activity of 
butyrylcholinesterase declines and returns to normal more 
rapidly than that for the red cell enzyme. 

Butyrylcholinesterase is synthesized in the liver, and its 
serum activity is influenced by liver disease and other acute 
or chronic illness. Thus red cell cholinesterase activity theo- 
retically should correlate: more closely with the degree of 
neurotoxicity. In acute poisoning, symptoms generally begin 
when cholinesterase activity is inhibited by about 50% of the 
lower limits of normal and this degree of inhibition is of 
diagnostic value. However, the degree of cholinesterase inhi- 
bition generally does not correlate well with the clinical 
severity of poisoning. Interpretation of test results is made 
more difficult because of considerable individual variability 
of normal levels. 

Measurement of serum butyrylcholinesterase activity is 
easier to perform than that for red cell cholinesterase and 
thus is more likely to be performed in hospital clinical lab- 
oratories (see Chapter 21). These measurements are useful 
for the diagnosis of acute ingestions or for monitoring 
chronic exposure. They may be less useful in instances of car- 
bamate insecticide poisoning because of spontaneous 
enzyme activity regeneration. Therapy for acute ingestion 
is guided by history and clinical presentation, not by 
cholinesterase activity. However, monitoring serum butyryl- 
cholinesterase activity may have prognostic value in 
organophosphate poisoning.” The most definitive means of 
determining organophosphate or carbamate insecticide 
exposure is by measurement of their urinary metabolites, 
generally by GC-MS*” or GC-MS-MS.® Such determination 
is not necessary nor generally available for emergency man- 
agement of acutely poisoned patients. 


DRUGS OF ABUSE 


Drug use and abuse are widespread in society, and public 
awareness has been heightened as to their impact on public 
safety and on lost productivity in industry. To resolve these 
issues, governmental, industrial, educational, and sports 
agencies are increasingly requiring drug testing of prospec- 
tive and existing employees, students, and participants in 
professional and amateur athletics. Moreover, drug abuse 
during pregnancy is of concern, both medically and socially. 
Testing for drugs of abuse may also be a medical requirement 
for (1) organ transplantation candidates, (2) pain manage- 
ment clinics, (3) drug abuse treatment programs, and (4) 
psychiatric programs. Drug testing for these purposes 
represents a significant activity for toxicology laboratories. 
Testing for drugs of abuse usually involves testing a single 
urine specimen for a number of drugs. It should be noted, 
however, that a single urine drug test detects only fairly 
recent drug use; it cannot differentiate casual use from 
chronic drug abuse. The latter requires sequential drug 
testing and clinical evaluation. Moreover, urine drug testing 


cannot determine degree of impairment, the dose of drug 
taken, or the exact time of use. Many of these issues were 
described in detail at the 1987 Arnold O. Beckman Confer- 
ence’ and in a report by the Committee on Substance Abuse 
Testing?” Because of these and other limitations of testing 
for drugs in urine, there is growing interest in the use of 
alternate biological specimens for drug testing (see section 
on Alternate Specimens). : 

Drug testing results for nonmedical purposes may be the 
sole evidence for punitive action or denial of individual 
rights. Therefore this testing should be considered a foren- 
sic toxicology activity, requiring the highest standards of 
analytical methodology, specimen security, and documenta- 
tion. Moreover, laboratories engaged in this testing should 
be appropriately certified by the Substance Abuse and 
Mental Health Service Administration (SAMHSA)* of the 
U.S. Department of Health and Human Services or the 
Forensic Urine Drug Testing program sponsored jointly by 
the American Association for Clinical Chemistry and the 
College of American Pathologists. 

Several techniques are used during the collection of a 
urine specimen or subsequently in the laboratory to guard 
against attempts by a donor to alter the specimen in a 
manner that may prevent drug detection. These tactics may 
include the exchange of urine from a drug-free individual, 
or dilution of the specimen to below cutoff limits with tap 
or toilet water, by excessive consumption of water, or by use 
of a diuretic. Also, readily available adulterants, such as 
detergent, bleach, salt, alkali, ammonia, or acid, may be 
added to the specimen in an attempt to interfere with 
immunoassay screening procedures. Other more sophisti- 
cated adulterants specifically marketed to avoid drug detec- 
tion include glutaraldehyde (Urine Aid; Clear Choice), 
nitrite (Klear; Whizzies), chromate (Urine Luck; Sweet Pee’s 
Spoiler), and a combination of peroxide and peroxidase 
(Stealth). These adulterants also interfere with immunoas- 
says to variable degrees and the oxidizing agents (nitrite, 
chromate, and peroxide/peroxidase) may result in destruc- 
tion of morphine, codeine, and the principal metabolite 
resulting from marijuana use, thus interfering with their 
GC-MS confirmation as well as immunoassays.’ 

Direct observation of urine collection is the most strin- 
gent means to guard against specimen exchange or adulter- 
ation. However, an individual’s right to privacy and dignity 
must be weighed against the need for the highest degree of 
certainty of specimen integrity. Alternative measures to 
prevent specimen adulteration include a (1) limitation on 
clothing or other personal belongings allowed in the speci- 
men collection area, (2) addition of coloring agent to toilet 
water, and (3) inactivation of the hot water tap. In addition, 
a number of validity checks for specimen integrity may be 
made at the collection site and at the testing site. Validity 
testing criteria have been established by the DHHS for the 


References 98, 99, 353, 354, 453, 454, 488. 
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TABLE 34-7 Specimen Validity Check Reagents 


“Adulta Check 1 
Intect.7 
Mask Ultra 

‘Screen 2 


Liquid’ 
SVT 
“Detect Test 


*pH 5-9; pH 2-12. 
tSeparate reagent for each analyte. 


drug testing program mandated for U.S. federal employ- 
ees.” According to these criteria, the specimen must be 
examined for unusual color, odor, foaming, or precipitate 
and its temperature should be 90 °F to 100 °F (32 °C to 
38 °C) when determined within 4 minutes of collection. A 
specimen is reported as dilute when the specific gravity is 
>1.0010 but <1.0030 and the creatinine >2mg/dL but 
<20 mg/dL. Although specimen recollection is not man- 
dated, the employer may require direct observation of the 
next regular urine collection. A substituted specimen is 
defined by a specific gravity <1.0010 or 21.0200 and creati- 
nine <2mg/dL, whereas an adultered urine is one with pH 
<3 or 211, nitrite >500ug/mL (much lower concentrations 
occur with some urinary tract infections), or if a specific 
adulterant is detected and confirmed. A specimen is invalid 
if the pH is > 3 < 4.5 or 29 < 11, if the creatinine and spe- 
cific gravity are inconsistent, if nitrite is > 200 < 500 pg/mL, 
or if the presence of other adulterants is suspected. In such 
cases, the urine specimen is rejected and generally not tested 
for drugs. The finding of a substituted or an adulterated 
specimen is deemed equivalent to a refusal to test and would 
result in the removal of the individual from safety-sensitive 
duties. Commercial reagents for validity testing are available 
in both test strip and liquid form (Table 34-7). 

The urine should be collected in tamper-proof specimen 
cups, and a chain of custody maintained to identify all indi- 
viduals involved in specimen collection, transfer, and testing. 
Specimens that test positive should be stored frozen for a 
minimum of 1 year. Detailed information on the collection 
and processing of specimens for drug testing has been 
described in the federal rules for employee drug testing”? 
and in the federal regulations promulgated by the Depart- 
ment of Transportation and the Nuclear Regulatory 
Commission.” 

Workplace drug testing generally is restricted to alcohol 
(see section on alcohols) and a few drugs that have a high 


abuse potential, some of which are illicit. Depending on the 
nature of the testing program, this may involve testing for a 
select number of the following drugs or drug classes: 


Amphetamine/ methamphetamine 

Barbiturates 

Benzodiazepines 

Cannabinoids 

Cocaine 

LSD 

Methylenedioxyamphetamine (MDA) 
Methylenedioxymethamphetamine (MDMA) 
Methylenedioxyethylamphetamine (MDEA) 

Methadone 

Opiates 

PCP 

Propoxyphene 

Drugs given in italics are included in a panel for testing 
employees of the U.S. government.*” This panel is also used 
in many other testing programs and because of their wide- 
spread use is known as the “NIDA five.” 

Testing programs for participants engaged in athletic 
competition are typically much more extensive and include 
assays for a larger group of drugs, including stimulants, 
B-blockers, diuretics, and anabolic steroids. A listing of the 
banned drugs included in the Olympic testing programs can 
be found on the Canadian Center for Ethics in Sports web 
page (http://www.cces.ca). 

Initial screening tests for the previously listed drugs 
are typically immunoassays (e.g., EMIT, FPIA, CEDIA, 
microparticle immunoassay, and RIA; see Chapter 9). These 
assays are calibrated at established cutoff concentrations. 
Specimens yielding responses greater than the cutoff 
(threshold) value are considered positive, whereas values 
below the cutoff are considered negative. Cutoff values are 
not synonymous with assay detection limits. Instead the 
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TABLE 34-8 U.S. Government Drug Detection Cutoff Cone 


F: Drug Class 


Data from Fed Reg 1988;53:11963; Fed Reg 1994;59:29908-81; Fed Reg 1997;62:51118-20; Irving J. Drug testing in the military: Technical and legal 


25 


problems, Clin Chem 1988;34:637-40; Liu RH. Evaluation of common immunoassay kits for effective workplace drug testing. In Liu RH, Goldberger BA, 
Eds. Handbook of workplace drug testing. Washington DC: AACC Press, 1995:70; Newberry RJ. Drug urinalysis testing levels. Department of Defense 


Memorandum, 1997, 


GC-MS, Gas chromatography-mass spectrometry; HHS, Department of Health and Human Services; DOT, Department of Transportation; DOD, 
Department of Defense; MDA, methylenedioxyamphetamine; MDMA, methylenedioxymethamphetamine; MDEA, methylenedioxyethylamphetamine; PCP, 
phencyclidine; LSD, lysergic acid diethylamide; THC-COOH, 11-nor-A’-tetrahydrocannabinol-9-carboxylic acid. 


*Also requires presence of amphetamine (2200ng/mL). 
Requires chiral analysis; S(+)-methamphetamine >20% of total. 


cutoff is established higher than the detection limit (to 
ensure reliable measurement) but low enough to detect drug 
use within a reasonable time frame. 

Immunoassays may not be specific for the tested drug. 
Similar drugs may result in a positive test; for example, pseu- 
doephedrine, present in cold medications, may produce a 
positive response in immunoassays designed to detect 
amphetamine and methamphetamine. Therefore it is imper- 
ative that positive screening tests be confirmed by an alter- 
nate, more definitive test. The most widely accepted method 
for drug confirmation is GC-MS. For further discussion of 
this technique, the reader is referred to Chapter 7. Liquid 
chromatography-tandem mass spectrometry is also used for 
rapid detection of drugs of abuse, 472 

For confirmation, quantitative drug measurements are 
performed using selective ion monitoring with GC-MS. 
Cutoff values for confirmation are established at or generally 
below cutoff values for the initial screening tests (Table 34-8; 
also see Table 34-9 for newly proposed cutoff values). The 
result may be reported as positive or negative relative to the 


cutoff value. However, the actual concentration may be 
helpful when interpreting morphine and codeine results 
(discussed later in this chapter) and when monitoring 
individuals enrolled in drug treatment programs. In the latter 
case, subjects who test positive but who have decreasing 
values on sequential testing may be judged abstinent, whereas 
those whose values suddenly increase are likely noncom- 
pliant. For this purpose, it is essential to normalize the drug 
concentration to urine creatinine level (nanograms of drug 
per milligram of creatinine). This will help compensate for 
fluctuations in absolute drug concentration related to 
physiological variation in urine dilution or concentra- 
tion, #2% 

In the following sections, the pharmacological and ana- 
lytical aspects of commonly measured drugs will be dis- 
cussed. Several different extraction and derivatization 
procedures have been used for confirmation of these drugs 
by GC-MS. Several of these methods are briefly described 
below and in more detail on this book’s accompanying 
Evolve site (http://evolve.elsevier.com/Tietz/textbook/). 
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for Drug Assay. 


itoff Valu 


Substance Abuse and Mental Health Administration draft guidelines for federal workplace testing program. 
http://workplace.samhsa.gov/ResourceCentetr/DT/FA/GuidelinesDraft4.htm (Accessed March 2005). 


*A°-THC-COOH. 
Parent and metabolite. 


“Initial test for 6-AM allowed at cutoffs of 10 ng/mL (urine), 4ng/mL (oral fluid), 25 ng/patch (sweat), and 200 pg/mg (hair). 


4S(+}-methamphetamine calibrator. 


“Cocaine 2 cutoff and BE/cocaine 20.05 or cocaethylene 250 pg/mg or norcocaine 250 pg/mg. 


‘Cocaine or BE. 

®May be reported alone if initial and confirmatory tests are above cutoffs. 
‘Must contain morphine 2200 ng/mg. 

‘Must contain amphetamine 2>100ng/mL. 

iMust contain amphetamine > limit of detection (LOD). 

kMust contain amphetamine 250 ng/mg. 


Amphetamine, Methamphetamine, and Related 
Sympathomimetic Amines 

Amphetamine and methamphetamine (Figure 34-19) are 
CNS stimulant drugs that have limited legitimate pharma- 
cological use.” They are used to treat narcolepsy, obesity, 
and attention-deficit hyperactivity disorders. However, they 
produce an initial euphoria and have a high abuse potential. 
Other sympathomimetic amines that also have high 
potential for abuse include the “designer” amphetamines, 
ephedrine, pseudoephedrine, phenylpropanolamine, and 
methylphenidate (Ritalin). 


Pharmacological Response 

Amphetamine and Methamphetamine. These drugs 
are sympathomimetic amines that have a stimulating effect 
on both the central and peripheral nervous systems. They 


(1) increase blood pressure, heart rate, body temperature, 
and motor activity, (2) relax bronchial muscle, and (3) 
depress the appetite. Abuse of these drugs may lead to strong 
psychic dependence, marked tolerance, and mild physical 
dependence associated with tachycardia, increased blood 
pressure, restlessness, irritability, insomnia, personality 
changes, and the severe form of chronic intoxication psy- 
chosis similar to schizophrenia. These unpleasant responses 
reinforce the repetitive use of the drugs to maintain the 
“high.” In extreme cases, addicts may have “speed runs,” in 
which large intravenous (IV) doses are used for several days 
during which they do not sleep or eat. This is followed, when 
exhaustion intervenes, by prolonged sleep for 1 or more days 
after which they awaken hungry but depressed, leading to 
repetition of the cycle.’ Tolerance and psychological depen- 
dence develop with repeated use of amphetamines.” Long- 
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term effects may include depression and impaired memory 
and motor skills, probably caused by a decrease in dopamine 
transporters and by damage to dopaminergic and seroton- 
ergic neurons (see below). 

The CNS stimulatory effects of amphetamine and 
methamphetamine result from their ability to enhance 
presynaptic release of the neurotransmitter catecholamines 
norepinephrine and dopamine at low to moderate dose and 
of serotonin at high dose and to a lesser degree to inhibit 
their neuronal reuptake.””' Consequently the neurottans- 
mitter content in the synaptic cleft is increased, resulting in 
enhanced postsynaptic activation. The CNS effects of nor- 
epinephrine are less well understood compared with its 
peripheral manifestation, but it is believed to contribute to 
increased mental alertness, lack of fatigue, and an anorectic 
effect. Dopamine regulates feeling of pleasure, emotion, 
motivation, and movement. It is thought to be responsible 
for the euphoria associated with amphetamine use. Excessive 
dopaminergic activity may produce acute choreoathetosis 
(random involuntary muscle movements) and paranoid psy- 
chosis. Serotonin modulates mood, emotion, sleep, cogni- 
tion, appetite, pain sensation, temperature regulation, motor 
activity, sensory perception, sexual behavior, and pituitary 
release of antidiuretic hormone (ADH). Excessive seroton- 
ergic stimulation may lead to what is referred to as the 
serotonin syndrome. Symptoms of the serotonin syndrome 
include shivering, myoclonus (muscle spasm), muscle rigid- 
ity, tremor, hyperthermia, tachycardia, diaphoresis, hyper- 
tension progressing to hypotension, agitation, seizures, and 
coma. If untreated, lactic acidosis, rhabdomyolysis, myoglo- 
binuria, acute renal failure, hepatic failure, and adult respi- 
ratory syndrome may ensue. Excessive activation of 
serotonergic neurons is a prominent feature of most hallu- 
cinogenic drugs (e.g, MDMA, LSD, PCP). Peripheral adren- 
ergic activation may result in increased blood pressure, 
cardiac arrhythmias, diaphoresis, and mydriasis. 

The optical isomers of amphetamine and methampheta- 
mine exhibit stereoselective pharmacological properties. The 
CNS activity of S(+)-amphetamine is three to four times 
greater than of R(—)-amphetamine, but the latter drug has 
more potent cardiovascular effects than the former.””’ More- 
over, amphetamine is metabolized primarily by oxidative 
deamination, a process that is stereoselective for S(+)- 
amphetamine.” Consequently, the elimination half-life for 
R(—)-amphetamine may be as much as 40% longer than that 
for S(+)-amphetamine.*® In addition to hepatic metabolism, 
amphetamine is eliminated as unchanged drug in urine; 
the extent of such elimination is dependent on urine pH. 
Normally, about 30% of a dose is excreted unchanged, but 
this may vary from as much as 70% in acid urine to as low as 
1% in alkaline urine.” The elimination half-life (renal excre- 
tion and hepatic metabolism) also varies with urine pH from 
7 to 14 hours at acid pH to 18 to 34 hours at alkaline pH.” 
These effects of urine pH on the elimination of unchanged 
amphetamines are a consequence of tubular reabsorption of 
nonionized but not ionized amphetamine (pK, 9.9). 


The CNS effects of S(+-)-methamphetamine are about 10 
times greater than those of R(—)-methamphetamine, but the 
latter drug has greater vasoconstrictive properties than the 
former. >" Because of the minimal CNS activity and thus 
low abuse potential, R(—)-methamphetamine is included in 
some nonprescription nasal inhalants (e.g., Vick’s) for its 
vasoconstrictive properties. 

A significant portion of a methamphetamine dose is 
eliminated unchanged in urine in a pH-dependent manner 
similar to that for amphetamine. In addition, methamphet- 
amine is metabolized in liver primarily by hydroxylation 
and, to a lesser extent, by N-demethylation to amphetamine. 
Following methamphetamine ingestion, amphetamine is 
present in urine at a concentration that is roughly 10% of 
that for methamphetamine. The overall metabolism, includ- 
ing formation of amphetamine, is to some degree enantio- 
selective for S(+)-methamphetamine.*” Thus when 
racemic methamphetamine is ingested, urine specimens 
contain relatively more R(—)-methamphetamine than S(+)- 
methamphetamine, but a greater amount of S(+)-ampheta- 
mine than R(-—-)-amphetamine (Figure 34-20).°°” 

Recreational use of methamphetamine and amphetamine 
congeners (so-called “designer” amphetamines) has had a 
resurgence in popularity, especially among young people 
who participate in all night dance parties called “raves” and 
in nightclubs. ™®7 At these events, loud, high-tempo 
“techno” music is played with a variety of strobe-type or 
other light effects and pyrotechnic displays. Various drugs, 
referred to as “club drugs,” are commonly used at these 
events to enhance energy for prolonged partying and/or 
dancing (e.g., all night), to distort or enhance the visual and 
auditory sensations, and to promote social and physical 
interactions. The moniker “club drug” does not imply that 
recreational use is restricted to this social environment. 

Designer Amphetamines. MDMA  (3,4-methylene- 
dioxymethamphetamine) is the most popular of the 
amphetamine-like “club drugs” and is known as ecstasy 
(Figure 34-19). Other “designer” amphetamines include 
3,4-methylenedioxyethylamphetamine (MDEA; “Eve”), 
3,4-methylenedioxyamphetamine (MDA), which is also a 
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Figure 34-20 Chromatographic separation of amphetamine and 
methamphetamine stereoisomers after their reaction with R(-)- 
a&-methoxy-c-trifluoromethyl-phenylacetyl chloride to form 
corresponding diastereoisomers. (—)-Amp and (+)-Amp, R(-)-, 
and S(+)-amphetamine, respectively. (~)-Mamp and (+)-Mamp, 
R(—)-, and S(+)-methamphetamine, respectively. This urine 
specimen is from an individual believed to have ingested racemic 
methamphetamine. 
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metabolite of MDMA; and 4-bromo-2,5-dimethoxy- 
phenylethylamine (Nexus; 2 C-B). Paramethoxyampheta- 
mine (PMA) is an especially toxic designer amphetamine, 
which has resulted in several deaths from its unsuspected 
ingestion as an ecstasy substitute.” 

MDMA has structural features in common with metham- 
phetamine and the protypical hallucinogenic agent, mesca- 
line (Figure 34-19), which is derived from the peyote cactus. 
MDMA produces a greater presynaptic release of serotonin 
than norepinephrine or dopamine. Consequently, it has con- 
siderably less CNS stimulant activity but greater hallucino- 
genic properties compared with methamphetamine. MDMA 
produces euphoria, enhanced pleasure and sociability, and 
heightened sensual arousal. Adverse effects include confu- 
sion, ataxia, restlessness, poor concentration, and psychoses. 
At higher doses, central and peripheral adrenergic responses 
similar to those described for amphetamine/methampheta- 
mine ensue. Long-term consequences of its abuse include 
changes in mood, sleep disturbance, anxiety, and impair- 
ment in cognition and memory. These neuropsychiatric 
manifestations are a likely consequence of permanent 
damage to serotonergic neurons. Because of their popular- 
ity, abuse potential, and serious short- and long-term toxic- 
ity, SAMHSA has proposed to include MDA, MDMA, and 
MDEA in the mandatory federal workplace drug testing 
program.” 

MDMA is a chiral compound in which the S(+)-enan- 
tiomer possesses the greater pharmacological activity. 
MDMA undergoes stereoselective demethylation to MDA, 
with the rate of conversion of S(4)-MDMA to S(+)-MDA 
exceeding that for R(-)-MDMA to R(~)-MDA. Conse- 
quently, the concentrations in urine of R(—)-MDMA and 
S(+)-MDA are greater than those for S(+)- MDMA and R(-)- 
MDA subsequent to ingestion of racemic MDMA.” 

In overdose, the toxic manifestations of amphetamine, 
methamphetamine, and MDMA have features of adrenergic 
excess and the serotonin syndrome. These symptoms include 
dizziness, tremor, irritability, hypertension progressing to 
hypotension, diaphoresis, mydriasis, cardiac arrhythmias, 
muscle rigidity, and if severe, hyperthermia, seizures, coma, 
and cerebral hemorrhage.” Agitation, muscle rigidity, 
hyperthermia, and diaphoresis, in combination, may lead to 
life-threatening dehydration and rhabdomyolysis with sub- 
sequent lactic acidosis, acute renal failure, and disseminated. 
intravascular coagulopathy (DIC). Death most commonly 
results from hyperthermia, dysrhythmias, and cerebral hem- 
orrhage. Dance club participants who ingest methampheta- 
mine or MDMA are at increased risk of severe dehydration, 
rhabdomyolysis, and renal failure as a result of the intense 
physical exertion, hyperthermia, and excessive sweating. To 
guard against these toxic manifestations, these individuals 
ingest copious amounts of water, which combined with 
sodium loss in sweat and stimulation of ADH release by 
serotonin, especially in the case of MDMA, may result in 
profound hyponatremia with the potential to cause cerebral 
edema and seizures. 


Treatment for sympathomimetic amine overdose involves 
general supportive measures. Acid diuresis will enhance 
the elimination of the amphetamines, but its use is con- 
troversial?’’® and is certainly not without the risk of 
renal failure from precipitation of myoglobin (enhanced at 
acid pH) in renal tubules (myoglobinuria is the result of 
rhabdomyolysis). 

Ephedrine and Pseudoephedrine. These amines are 
diastereoisomeric adrenergic agonists. Ephedrine causes 
more prominent bronchodilation (B-adrenergic action) 
than pseudoephedrine and is present in some nonprescrip- 
tion medications for the treatment of asthma. Many dietary 
supplements contain ephedra, the herbal form of ephedrine. 
These products are widely marketed for weight loss and are 
also used by some athletes who believe they enhance perfor- 
mance. Ephedra, containing pills have been sold as a safe 
“herbal ecstasy.” Adverse effects of ephedrine and ephedra 
include elevated blood pressure, palpitations, agitation, psy- 
chiatric disturbances, myocardial infarction, seizures, cere- 
bral hemorrhage, and death.” Adverse reactions are more 
likely with high dose, when co-ingested with caffeine or 
other stimulant drugs, or with preexisting cardiovascular 
disease or seizure disorders. A ban on ephedra sales has been 
instituted in the United States; it is also banned for athletic 
competition by the National Football League, the National 
Collegiate Athletic Association, and the International 
Olympic Committee. 

Pseudoephedrine is used for its vasoconstrictive proper- 
ties (o(-adrenergic action) as a nasal decongestant in a wide 
variety of cold remedies. Both 1R,1S(—)-ephedrine and 
15,18(+)-pseudoephedrine have been popular starting 
products for the synthesis of S(+)-methamphetamine.”” 
Because of this, the quantity per purchase of products 
containing these drugs is now restricted. 

Phenylpropanolamine (PPA). Until recently, PPA was 
widely available in a number of nonprescription cold med- 
ications and diet control products. Adverse effects are similar 
to those described for ephedrine. In response to an FDA 
warning of increased risk of hemorrhagic stroke, especially 
in women, PPA has been withdrawn from the market by 
most manufacturers. Before this withdrawal, PPA was 
another popular starting product for synthesis of S(+)- 
methamphetamine.” PPA is also a metabolite of ephedrine 
and pseudoephedrine. 

Methylphenidate (Ritalin). Ritalin is a sympatho- 
mimetic agent with psychostimulant properties similar to 
S(+)-amphetamine. It is widely used to treat attention deficit 
hyperactivity disorder (ADHD) in children and adults. There 
has been increasing diversion and abuse of methylphenidate 
among children and adults for its stimulant and purported 
aphrodisiac properties. In overdose, the clinical effects 
of methylphenidate are similar to those of amphetamine. 
Relatively few cases of serious overdose have been 
reported. : 

Methylphenidate is rapidly metabolized to ritalinic acid 
(Figure 34-21), which accounts for 60% to 89% of a dose 
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Figure 34-21 Metabolism of methylphenidate. 


excreted in 24 hours. Less than 1% of the dose is excreted as 
the parent drug.” 

The detection of methylphenidate compliance or abuse 
by urine drug assay is problematic, a phenomenon that 
may foster its abuse among individuals who are subjected to 
urine drug testing. Detection of the parent drug is made dif- 
ficult by its generally low concentration, and ritalinic acid, 
present in much higher concentration, is difficult to extract 
and analyze by gas chromatographic techniques. It does not 
form a stable N,O-di-trimethylsilyl derivative, a probable 
consequence of the general instability of N-trimethylsilyl 
derivatives and the spatial proximity of the —NH and 
—COOH groups (Figure 34-21). Ritalinic acid may be ana- 
lyzed directly by LC-tandem mass spectrometry, ™* or by 
GC-MS after sequential reactions with MSTFA and MBTFA 
to form the N-trifluoroacetyl,O-trimethylsilyl ester’ or 
after methylation to re-form methylphenidate. Ritalinic acid 
may be isolated from urine using a dehydration procedure 
then methylated with dimethylformamide dimethyl acetal 
and the resulting methylphenidate analyzed by GC-MS. 


Analytical Methodology 


The initial screening test for amphetamine and metham- 
phetamine is typically immunoassay. For confirmation of a 
presumptive positive test, a quantitative drug measurement 
is performed using GC-MS. 

immunoassay. Immunoassays for amphetamine and 
methamphetamine have variable cross-reactivities with 
other sympathomimetic amines, such as ephedrine, 
pseudoephedrine, phenylpropanolamine, phentermine, 
methylenedioxyamphetamine (MDA), methylenedioxy- 
ethylamphetamine (MDEA), and methylenedioxymeth- 
amphetamine (MDMA) (see Figure 34-19). Many 
immunoassays are less reactive with MDA, MDMA, and 
MDEA compared with amphetamine and methampheta- 
mine. A multiplex CEDIA assay has been introduced that 
employs a combination of separate monoclonal antibodies 
to amphetamine, methamphetamine, and MDMA.” At the 
proposed new SAMHSA screening cutoff of 500ng/mL 
(Table 34-9), this assay has good sensitivity and specificity 
for these drugs compared with GC-MS. A single assay for 
MDMA based on enzyme multiplied immunoassay technol- 
ogy (DRI reagent) is also available along with on-site, single 
use test devices (see section on On-Site Drug Testing). False- 
positive results, due to the phenothiazine drugs chlorpro- 


mazine and promethazine, have been reported using the 
EMIT assay”; chloroquine produced false-positive response 
with CEDIA amphetamine reagent. For forensic applica- 
tion, confirmation of immunoassay positive test results by 
GC-MS is mandatory. Liquid chromatography-tandem mass 
spectrometry is applicable for sensitive and specific direct 
detection of MDMA and MDA in urine.” 

Chiral discrimination of methamphetamine isomers may 
be necessary to distinguish use of nonprescription nasal 
inhalants (R(—]-methamphetamine) from illicit use of S(+)- 
methamphetamine. Some immunoassays have high speci- 
ficity for S(+)-methamphetamine. However, definitive 
enantio-discrimination requires the use of a chiral derivati- 
zation reagent to form diastereomers of R- and S-metham- 
phetamine, which may be resolved using conventional 
GC-MS (see Figure 34-20).°*'’” The Department of 
Defense requires chiral resolution of methamphetamine 
isomers. For the test to be considered positive for illicit 
methamphetamine use, S(+-)-methamphetamine must be 
>20% of the total methamphetamine content (Table 34-8). 

Several prescription drugs are metabolized to metham- 
phetamine (and subsequently to amphetamine) or to 
amphetamine.” For instance, selegiline (Eldepryl), used to 
treat Parkinson’s disease, is metabolized to R(—)-metham- 
phetamine and R(—)-amphetamine. The (+)-isomer of 
benzphetamine (Didrex®), administered as an anorectic 
agent, is also metabolized to methamphetamine and 
amphetamine, presumably the S(+)-isomers. Chiral dis- 
crimination would rule out illicit use of methamphetamine 
in the case of selegiline but not benzphetamine. However, 
benzphetamine is a schedule III drug, so its use without a 
prescription is illicit. Other prescription drugs, not legally 
available in the United States, that are metabolized to 
methamphetamine (and amphetamine) include dimethy- 
lamphetamine, famprofazone, fencamine, and furfenorex; 
those metabolized to amphetamine include amphetaminil, 
clobenzorex, ethylamphetamine, fenethylline, fenproporex, 
mefenorex, mesocarb, and prenylamine. 

Gas Chromatography-Mass Spectrometry. A positive 
screening result for amphetamine or methamphetamine (or 
MDA, MDEA, and MDMA) obtained by immunoassay is 
confirmed by GC-MS analysis of the urine specimen. A GC- 
MS method for amphetamine and methamphetamine that 
can be adapted to include MDA, MDMA, and MDEA is 
included in the Chapter 34 Appendix that is found on this 
book’s accompanying Evolve site (http://evolve.elsevier.com/ 
Tietz/textbook/). With this method, it should be noted that 
specimens containing ephedrine or pseudoephedrine occa- 
sionally have been reported to test positive for metham- 
phetamine when 4-carbethoxyhexafluorobutyryl chloride 
(4-CB) is used as a derivatizing reagent.” 

To guard against a false-positive report of metham- 
phetamine owing to the presence of ephedrine or pseu- 
doephedrine, SAMHSA regulations require identification of 
methamphetamine (cutoff, 500ng/mL) and of its metabo- 
lite, amphetamine (cutoff, 200 ng/mL). Amphetamine-4-CB 
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is not formed from a-hydroxyamines. However, the require- 
ment for amphetamine 2200ng/mL may not be satisfied in 
some cases of known methamphetamine ingestion, espe- 
cially during the initial 12 hours postdose period, leading to 
false-negative results.“ To increase detection rate for 
amphetamine and methamphetamine, SAMHSA has pro- 
posed*” a reduction of the screening and confirmation 
cutoff from 1000ng/mL and 500ng/mL to 500ng/mL and 
250ng/mL, respectively, Methamphetamine would require 
the presence of at least 100ng/mL amphetamine metabolite 
for a positive result. In a 2002 study,” these lower cutoff 
values increased the detection rate for methamphetamine by 
48% compared with current cutoff values. Moreover, the 
highest detection rate for methamphetamine was achieved 
by use of the 250ng/mL cutoff with elimination of the 
amphetamine requirement. In the described procedure, 
periodate oxidation before derivatization destroys «- 
hydroxyamines and therefore eliminates possible false report 
of methamphetamine owing to their presence.“ 


Barbiturates 


The barbiturates have a low therapeutic index and a rela- 
tively high abuse potential. Because of their rapid onset and 
short duration of action, the short- to intermediate-acting 
barbiturates are used as sedative-hypnotics (amobarbital, 
butabarbital, butalbital, pentobarbital, and secobarbital) and 
are those most commonly abused. The longer acting barbi- 
turates (mephobarbital and phenobarbital), used primarily 
for their anticonvulsant properties, are rarely abused. 


Pharmacological Response 


Barbiturates suppress CNS neuronal activity and thus have 
sedative and hypnotic properties.'** This CNS suppression is 
a result of barbiturate-enhanced activation of the inhibitory 
GABA-ergic neuronal system mediated by the neurotrans- 
mitter ‘y-aminobutyric acid (GABA).** Postsynatic GABA, 
receptors are multisubunit transmembrane CI conductance 
channels, which when activated by GABA open to allow flow 
of CI into the neuron, with subsequent hyperpolarization 
and inhibition of electrical transmission. At low dose, some 
barbiturates bind to the GABA, receptors and enhance their 
response to GABA. At a higher dose, barbiturate binding 
results in prolonged opening of the CF channel, without the 
necessity for GABA binding. In addition, barbiturates sup- 
press excitatory glutamate-responsive AMPA (alpha-amino- 
3-OH-4-isoxozole propionic acid) ion-gated receptor 
subtypes. 

Because of their low therapeutic index and high potential 
for abuse, the barbiturates have largely been replaced by the 
safer benzodiazepines for sedative and hypnotic purposes. 
Nevertheless, they continue to be available for this purpose 
or in combination with other analgesic, antihypertensive, 
antiasthmatic, antispasmodic, or antidiuretic drugs. The 
combination of barbiturates, such as butalbital with anal- 
gesic preparations, is ironic. Not only do barbiturates lack 
analgesic properties, but at low doses they antagonize the 


effects of analgesics. Phenobarbital is effective as an anti- 
convulsant drug (see Chapter 33), and short- and ultrashort- 
acting barbiturates (Table 34-10) are used for IV anesthesia. 
Anesthetic doses of barbiturates, such as pentobarbital, are 
also used to reduce intracranial pressure from cerebral 
edema associated with head trauma, surgery, or cerebral 
ischemia.”” For the induction of this therapeutic coma, 
sufficient pentobarbital is administered IV to achieve a 
serum pentobarbital concentration between about 20 and 
50ug/mL. Therefore appropriate analytical methods are 
necessary to monitor serum pentobarbital concentrations 
in these circumstances. Moreover, barbiturates continue to 
be subject to abuse and are a source of intentional or, less 
commonly, accidental drug intoxication. Measurement of 
the common barbiturates in serum or urine can aid in the 
diagnosis and management of barbiturate intoxication. 

The general formula for barbiturates is given in Table 
34-10. Any change in the constituents at position five that 
confers an increase in lipid solubility typically results in 
increased onset of action, decreased duration of action, and 
increased potency. Moreover an increase in hydrophobic 
properties also leads to more rapid and extensive hepatic 
metabolic clearance and thus to decreased urinary elimina- 
tion of an unchanged drug. 

The classification of barbiturates as “ultrashort-acting,” 
“short-acting,” “intermediate-acting,” and “long-acting” 
refers to the duration of effect and not to the elimination 
half-life. The duration of action is determined by the rate of 
distribution into brain and subsequent redistribution to 
other tissues." 

The major manifestations of barbiturate intoxication 
are CNS, cardiovascular, and respiratory depression. Severe 
intoxication results in coma, hypothermia, hypotension, and 
cardiorespiratory arrest. 

Appropriate treatment for barbiturate intoxication 
includes general cardiopulmonary support and measures to 
prevent further drug absorption and to enhance elimination. 
Urine alkalinization may enhance the elimination of long- 
acting barbiturates (e.g., phenobarbital and barbital) but has 
little effect on intermediate-, short-, or ultrashort-acting 
barbiturates. 

Once filtered by the glomerulus, a nonionized drug may 
be appreciably reabsorbed by the tubules. The goal of alka- 
linization is to maintain the urine pH between 7.5 and 8.5. 
In this pH range, a large fraction of an acidic drug will be 
ionized, and its elimination in urine will thus be enhanced. 

For urine alkalinization to be effective, the drug should 
have low plasma protein binding, be appreciably eliminated 
in urine as an unchanged drug, and have a pK, below 7.4. 
From an examination of Table 34-10, only phenobarbital 
(and other long-acting barbiturates [e.g., barbital]) fulfills 
these criteria. The primary route of elimination of ultra- 
short-, short-, and intermediate-acting barbiturates is by 
hepatic metabolism. Thus with the exception of aprobar- 
bital, only small amounts are eliminated in urine as an 
unchanged drug. Moreover, at pH 8.0, only about 50% of a 
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TABLE 34-10 Characteristics of Barbiturates 


Data from Baselt RC. Disposition of toxic drugs and chemicals in man, 7th ed. Foster City, CA: Biomedical Publications, 2004; Tietz NW, Ed. Clinical guide to 


laboratory tests. Philadelphia: WB Saunders Co, 1995; and Physician’s desk reference. 56th ed. Montvale, NJ: Medical Economics, 2002. 


*Oxygen at position 2 is replaced by sulfur. 


short- or intermediate-acting barbiturate (pK, 7.9 to 8.1) is 
ionized, whereas phenobarbital (pK, 7.2) is about 85% 
ionized. Hemodialysis is effective in increasing the elimina- 
tion of all barbiturates. However, it is more effective for long- 
acting barbiturates than for shorter-acting barbiturates 
because of differences in their lipid solubility and protein 
binding. Whereas urine alkalinization may increase the elim- 
ination of phenobarbital somewhat, it is considerably less 
effective than the process referred to as GI dialysis, which is 
mediated by the repeated oral administration of activated 
charcoal (multiple-dose activated charcoal, MDAC), 
The rationale for MDAC therapy is that drug secreted into 
the GI tract (along with a previously unabsorbed drug) is 


bound by charcoal and thus cannot be reabsorbed. Drugs 
that are amenable to this process are ones that have a small 
volume of distribution, low protein binding, and a pro- 
longed elimination tp following overdose. Currently, MDAC 
is recommended only for the treatment of serious pheno- 
barbital, theophylline, carbamazepine, quinine, and dapsone 
overdose.’ 

The barbiturates undergo extensive hepatic metabolism 
in which the C5 substituents are transformed to alcohols, 
phenols, ketones, or carboxylic acids; these metabolites may 
be excreted in urine in part as glucuronide conjugates, For 
some barbiturates (amobarbital and phenobarbital), 
N-glucosylation is an additional important metabolic trans- 
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TABLE 34-11 Urinary. Excretion of Barbiturates and Metabolites 
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formation (Figure 34-22). As a result, only a relatively small 
amount of an administered barbiturate dose is excreted in 
urine as a parent drug; notable exceptions are phenobarbi- 
tal and aprobarbital (Table 34-11). Nevertheless, the parent 
drugs, rather than hydroxy or carboxylic acid metabolites, 
are targeted for detection in urine screening and confirma- 
tion procedures. This analytical approach is generally suc- 
cessful for barbiturates, because these drugs are ingested in 
sufficiently high doses to allow detection of unmetabolized 
drug in urine. 


Analytical Methodology 


Methods are available for detecting barbiturate overdose and 
abuse. To detect overdose, semiquantitative immunoassays 
suitable for detection of barbiturates in serum are available 
and useful for this purpose. Capillary GC is also useful for 
this purpose, and a capillary GC procedure is described in 
the Chapter 34 Appendix that is found on this book’s accom- 


panying Evolve site (http://evolve.elsevier.com/Tietz/text- 
book/). Barbiturate overdoses are also detected in urine by 
TLC (e.g., Toxi-Lab) or by immunoassay. To detect bar- 
biturate abuse by analyzing urine specimens, immunoassay 
and GC-MS are the methods of choice for screening and 
confirmation, respectively. 

Immunoassay. Commercial immunoassays for barbitu- 
rates include EMIT, FPIA, Triage, DPC RIA, Abuscreen 
Online, Abuscreen RIA, and CEDIA. All use secobarbital 
as the calibrator at a cutoff concentration of either 200 or 
300 ng/mL. The degree of cross-reactivity of other barbitu- 
rates varies with each assay.”*! Little information is known 
concerning cross-reactivity with barbiturate metabolites, 
except for p-hydroxyphenobarbital, which is detected by 
several of the immunoassays.” The detection period 
in urine following ingestion of barbiturates varies some- 
what with different assays and depends on the pharmaco- 
logical properties of the drugs. The short- to intermediate- 
acting barbiturates may generally be detected for 1 to 4 days 
following use; long-acting barbiturates, such as pheno- 
barbital, may be detected for several weeks after chronic 
use,'*! 

Capillary Gas Chromatography. To detect barbiturate 
overdose, a serum sample can be analyzed for several barbi- 
turates using the capillary GC technique described in the 
Chapter 34 Appendix that is found on this book’s accompa- 
nying Evolve site (http://evolve.elsevier.com/Tietz/text- 
book/). In this method, aprobarbitai is first added to an 
aliquot of the sample as an internal standard. Barbiturates in 
the aliquot are then extracted twice with diethyl ether, and 
the ether is dehydrated with solid sodium sulfate and then 
evaporated to dryness. The residue is dissolved in 50,L 
of ethyl acetate, and an aliquot is injected into the gas 
chromatograph. 

Gas Chromatography-Mass Spectrometry. In practice, 
a positive screening result for barbiturates obtained by 
immunoassay is confirmed by GC-MS analysis of the urine 
specimen. A GC-MS method for barbiturates is included 
in the Chapter 34 Appendix that is found on this book’s 
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accompanying Evolve site (http://evolve.elsevier.com/Tietz/ 
textbook/). 

In this method, a urine specimen that tests positive 
for barbiturates by immunoassay is extracted (liquid- 
liquid). The extract is then dried and treated with N,N- 
dimethylformamide dimethyl acetal to form methyl deriv- 
atives of the barbiturates. Following addition of a buffer, 
the methylated barbiturates are extracted with hexane and 
analyzed by GC-MS. Pentobarbital-D; and phenobarbital- D; 
are used as internal standards for quantitation. 


Benzediazepines 
Benzodiazepines are any of a group of compounds having a 


common molecular structure and acting similarly as depres- 
sants of the CNS. 


Pharmacological Response 

Benzodiazepines have anxiolytic, sedative-hypnotic, muscle 
relaxant, and anticonvulsant properties. They are among the 
most commonly prescribed drugs in the western hemisphere 
because of their efficacy, safety, low addiction potential, 
minimal side effects, and high public demand for sedative 


TABLE 34-12 Benzodiazepine Characteristics 


Compound - 


(Trade Name) | ae Therapeutic Uses 


“Anxiety; depression 


Alprazolam TEE EA 

Chlordiazepoxide “Anxiety; ‘alcohol withdrawal; 
(Librium; others) *-preanesthetic medication 

Clorazepate = oa AEH S seizure disorders 

= (Tranxene, others) °°" 

Diazepam (Valium, others) = “Anxiety status ppilepticus 


“muscle relaxation; 
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~ Anxiety; preanesthetic 
Fa medication. a 
. EO : 
Insomnia 
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© Oan (Serax) 
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: Flurazepam! Dalmane) 


: Q repam Dora) 


: Ea (Restoril) 
‘Triazolam (Halcion) 
: Clonazepam (Klonopin) 


Midazolam (Versed) 
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and anxiolytic agents; they have largely replaced barbiturates 
for sedative-hypnotic use. Thirteen benzodiazepines 
are currently approved for use in the United States (Table 
34-12). Qualitatively, they all have similar pharmacological 
effects. Specific clinical applications are largely determined 
by differences in onset and duration of action and by quan- 
titative differences in their clinical effects. One member of 
this class, alprazolam, has been used for the treatment of 
depression. Another benzodiazepine, flunitrazepam (Figure 
34-23}, is approved for use in many countries but not the 
United States. However, it has illegally entered the United 
States (especially Texas and Florida) and has been illicitly 
sold to the drug-abusing community. In addition, because of 
its potent sedative-hypnotic action, especially in combina- 
tion with alcohol, and its ability to induce short-term 
amnesia, it has gained notoriety as a “date rape” pill. 
Benzodiazepines are typically administered orally, and the 
rate of absorption is the principal determinant of the rate of 
onset and the intensity of action. Highly lipophilic benzodi- 
azepines (diazepam and flurazepam) are rapidly absorbed 
(time to peak serum concentration <1.2 hours), and less 
lipophilic compounds (oxazepam and temazepam) are more 


ear “Main Urinary : 
: Metabolite. 


tin (hr) 


8-14 ae 
6-27; active metabolites ie 


: o-hydroxy glucuronide 
Oxazepam glucuronide 


2:(prodrug)* active metabolite Oxazepam glucuronide 


30-56 = Oxazepam glucuronide 
8-25. Lorazepam glucuronide 
Sel 3 UN ~ Oxazepam glucuronide 5 
10-24 Ayes sod hydroxy ghicuronide, oe 
2-3; active metabolite, nN hydroxy. ethyl 
50-100: glucuronide Hisani 
62108 8 ae oe 2-oxo-3-hydroxy © 
PUN TA nat iat glucuronide i a 


Temazepam glucuronide ! 
o-hydroxy glucuronide 
7-amino-3 -hydroxy oe 
conjugates: i oinn mS 
ODOR. glucuronide 


Data from Baselt RC. Disposition of toxic drugs and chemicals in man, 7th ed. Foster City CA: Biomedical Publications, 2004; Charney DS, Michic SJ, 
Harris RA. Hypnotics and sedatives. In Hardman JG, Limbird LE, Gilman AG, eds. Goodman and Gilman’s The pharmacological basis of therapeutics, 10th 


ed. New York: McGraw-Hill, 2001:399-427. 
*Converted to nordiazepam by gastric HC. 
tActive metabolite, N-desalkylflurazepam, 
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slowly absorbed (time to peak serum concentration 2 to 3 
hours). 

Following GI absorption or IV administration, benzodi- 
azepines are rapidly distributed to the CNS. Subsequently, 
benzodiazepines are more slowly redistributed from the CNS 
to more poorly perfused tissue, such as adipose tissue and 
muscle. The rate of this redistribution is an important deter- 
minant of the duration of action of benzodiazepines and, 
like that for GI absorption, is largely determined by. drug 
lipophilicity, with the more lipophilic drugs, such as mida- 
zolam and triazolam, having the shortest duration of action. 
Additional factors that influence the duration of benzodi- 
azepine action are hepatic metabolism and acute tolerance, 
resulting in decreased response to benzodiazepines with con- 
tinued drug exposure. 

Benzodiazepines undergo hepatic oxidation and conjuga- 
tion, often forming metabolites with pharmacological activ- 
ity (Figures 34-23 through 34-27). Several benzodiazepines 
are metabolized to oxazepam, which is then excreted as 
the inactive glucuronide. Others are inactivated by glucu- 
ronidation as the only (lorazepam) or most important 
(temazepam) metabolic transformation. In some cases, 
metabolic transformations occur before the drug reaches 
significant concentrations in the systemic circulation. For 
example, clorazepate is decarboxylated to nordiazepam by 
stomach acid, and flurazepam and prazepam are converted 
to active metabolites by hepatic first-pass metabolism.°*'” 

Benzodiazepines with the shortest elimination half-life 
(tin) generally have the shortest duration of action. In some 
cases, an active metabolite may have a tp longer than the 
parent drug and thus contributes to a longer duration of 
action. For instance, flurazepam has a tin of 2 to 3 hours, but 
its active metabolite, desalkylflurazepam, has a ty, of 50 to 


dG ~ 


Flunitrazepam* 
3-Hydroxyflunitrazepam* 


N 
CH; 
L OH 
Glucuronide 9 <——-— OFN N 
Dg 


3-Hydroxy-7-acetamidoflunitrazepam 


7-Aminoflunitrazepamt 


100 hours. These pharmacokinetic properties in part deter- 
mine the primary clinical applications for some benzodi- 
azepines. For instance midazolam (t, = 1 to 4 hours) is used 
for preanesthetic sedation or for sedation for endoscopic 
procedures because of its rapid onset and short duration of 
action, 

Benzodiazepines useful to treat anxiety generally have 
an intermediate to long elimination tin (alprazolam and 
diazepam), and those primarily used as anticonvulsants 
(clonazepam) have a long f Elimination tın is clearly not 
the sole determinant of duration of action of benzodi- 
azepines. In some cases, the rate of drug redistribution from 
the CNS may be an even more important factor. For 
instance, midazolam (f.=1 to 4 hours) and diazepam 
(tin = 30 to 56 hours) were demonstrated to have equivalent 
recovery times for single-dose, short-term sedation.” For 
this application, the distribution kinetics for diazepam are 
more significant than elimination ty). 

Benzodiazepines act on the CNS by potentiating 
the action of the major endogenous CNS inhibitory 
neurotransmitter, y-aminobutyric acid (GABA).°*” 
Benzodiazepines bind to GABA,-receptor sites and thereby 
enhance GABA-mediated chloride transmembrane conduc- 
tance, which results in hyperpolarization and diminished 
neural electrical discharge. The remarkable safety of benzo- 
diazepines compared with barbiturates is probably related to 
their activation of the endogenous GABA effect. Conversely, 
high doses of barbiturates increase neural chloride conduc- 
tance independent of GABA. 

Some degree of tolerance and physical dependence may 
develop after prolonged use of benzodiazepines.“ A with- 
drawal syndrome similar to that for barbiturates and alcohol 
may be observed, but it is generally less severe, less frequent, 
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Figure 34-23 Metabolic transformation 
of flunitrazepam. 

*Not approved for use in the United 
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tPrincipal metabolite in urine. 
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Figure 34-24 Metabolic transformation of chlordiazepoxide, diazepam, and related 
| ,4-benzodiazepines. 
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Figure 34-25 Metabolic transformation of flurazepam and related |,4-benzodiazepines. 
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and not as prolonged.” These symptoms may include 
anxiety, apprehension, tremors, muscle weakness, anorexia, 
nausea, vomiting, dizziness, hyperthermia, and convulsions. 
The frequency and severity of withdrawal symptoms are 
greater for the most rapidly eliminated benzodiazepines, 
with longer duration of therapy (>4 months), with higher 
doses, and with abrupt discontinuation of the drug 
Withdrawal symptoms may be especially severe for alprazo- 
lam. Tolerance to some effects of benzodiazepines may 
occur. Tolerance is believed to result from an adaptation of 
the GABA-receptors to continued benzodiazepine exposure, 
whereby their response is diminished. This leads to the need 
for higher doses to achieve the desired effect. 

Despite their widespread use, abuse of benzodiazepines 
is relatively low and is more likely to occur in individuals 
who abuse other drugs or alcohol. However, as a result of 
their widespread use, benzodiazepine intoxication is not 
uncommon. Benzodiazepine CNS toxicity is generally mild 
to moderate and may be manifest as drowsiness, slurred 
speech, ataxia, and occasionally coma. More serious toxic 
effects causing respiratory depression or cardiovascular 
compromise are infrequent. Indeed, few well-documented 
deaths have been attributed to benzodiazepine intoxication 
alone. 

Treatment for benzodiazepine intoxication is supportive; 
respiratory assistance is generally only necessary when ben- 
zodiazepines are co-ingested with other CNS depressants, 
such as alcohol. Because of extensive protein binding (85% 
to 95%) and a large volume of distribution (1 to 3L/kg), 
hemodialysis or hemoperfusion is not effective. Flumaze- 
nil (Figure 34-28), a benzodiazepine antagonist, quickly 
improves the clinical condition in cases of benzodiazepine 
overdose but is probably not necessary for most cases." In 
instances of coma secondary to multiple drug overdose, 
removal of the benzodiazepine contribution by flumazenil 
may avoid the need for intubation and ventilatory assistance. 
Moreover a trial dose of flumazenil may aid in the diagno- 
sis of benzodiazepine overdose and possibly avoid other pro- 
cedures, such as a computed tomography scan. Caution is 
needed when administering flumazenil in cases of mixed 
tricyclic antidepressant—benzodiazepine overdose, because 
adverse effects have been reported, including precipitation 
of seizures and cardiac arrhythmias. Therefore it may be 
prudent to perform a screening test for tricyclic antidepres- 
sants before administration of flumazenil. Flumazenil is not 
detected by immunoassays for benzodiazepines.’ 
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Figure 34-28 Chemical structure of flumazenil. 


Analytical Methodology 

Benzodiazepines may be identified and quantified in serum, 
generally by HPLC, but such quantitative information is 
not warranted in cases of benzodiazepine overdose because 
serum levels are not predictive of severity of intoxication.” 
However, a urine or serum immunoassay screening test for 
benzodiazepines is valuable to aid in the evaluation of 
patients with an unknown cause of CNS depression. 

To detect abuse, the initial screening test for benzodi- 
azepines is typically immunoassay. For confirmation of a 
presumptive positive test, a quantitative drug measurement 
is performed using GC-MS. 

Immunoassay. Several commercial immunoassay 
systems are available for the detection of a wide variety of 
benzodiazepines and metabolites (eg. EMIT, Roche 
Abuscreen Online, FPIA, CEDIA, BioSite Triage, and DPC 
RIA). These immunoassays differ somewhat in their ability 
to detect the various benzodiazepines, their metabolites, and 
glucuronide conjugates. The response with the EMIT, FPIA, 
Online, and CEDIA assays for several benzodiazepines 
is enhanced by prior hydrolysis of urine with B- 
glucuronidase’; hydrolysis is most important to ensure 
detection of oxazepam, temazepam, nordiazepam, and 
lorazepam.* The CEDIA and Online methods have been 
adapted for automated online hydrolysis. The Triage 
test device uses monoclonal antibodies selected for their 
reactivity with the benzodiazepine glucuronide conjugates; 
glucuronidase hydrolysis would actually decrease the test’s 
detection limit with this device.” The detection time in 
urine following benzodiazepine use is extremely variable and 
depends on a number of factors, including the immunoas- 
say system, inclusion of glucuronidase hydrolysis, the ben- 
zodiazepine ingested, the dose, and the duration of drug use. 
Long-acting benzodiazepines (diazepam, chlordiazepoxide, 
and clorazepate) are given in relatively large doses and may 
be detected for several days to weeks or even months fol- 
lowing chronic use. Short-acting benzodiazepines (alprazo- 
lam and triazolam) are used in lower doses and might only 
be detected for a few days. The analytical specificity of 
benzodiazepine immunoassays is good; few false-positive 
results have been reported. Oxaprozin (a nonsteroidal anti- 
inflammatory drug) causes a positive response with the 
EMIT, EPIA, Triage, and CEDIA benzodiazepine assays.” 
False-negative results are common, especially when the 
immunoassay is performed without prior glucuronide 
hydrolysis. In one large study conducted in 2002," the 
sensitivity and specificity for EMIT, compared with GC-MS, 
were 67% and 100%, respectively, without hydrolysis and 
87% and 96%, respectively, with enzyme pretreatment. 

The detection of flunitrazepam (Rohypnol) is espe- 
cially challenging because of the low therapeutic and illicit 
doses, and the low degree of cross-reactivity of most 
immunoassays with the principal urinary metabolite, 7- 


*References 44, 45, 61, 303, 305, 307, 384, 418. 
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aminoflunitrazepam. "446746 As for other benzodiaze- 
pines, prior glucuronidase hydrolysis may improve 
immunoassay detection.” ELISA methods with high 
selectivity for 7-aminoflunitrazepam and improved 
sensitivity have been developed.*”? In the absence of a 
sufficiently sensitive immunoassay, direct analysis of 
7-aminoflunitrazepam by GC-MS is indicated in suspected 
cases of flunitrazepam ingestion (e.g., suspected “date rape”). 

Gas Chromatography-Mass Spectrometry. A positive 
screening result for benzodiazepines obtained by 
immunoassay is confirmed by GC-MS analysis of the urine 
specimen. A GC-MS method for benzodiazepines is included 
in the Chapter 34 Appendix that is found on the book’s 
accompanying Evolve site (http://evolve.elsevier.com/ 
Tietz/textbook/). i 


Cannabinoids 


Cannabinoids are a group of C,, compounds found in the 
plant species Cannabis sativa. The principal psychoactive 
cannabinoid is A’-tetrahydrocannabinol (THC) (Figure 
34-29). THC is typically consumed by smoking marijuana, 
which is a mixture of crushed leaves, flowers, and sometimes 
stems from the cannabis plant. Hashish, the dried, resinous 
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Figure 34-29 Principal metabolic route for THC in humans. 


secretions of the plant, may also be smoked. Hashish gener- 
ally has a higher content of THC than does marijuana. 


Pharmacological Response 

The major psychoactive effects of THC are euphoria and a 
sense of relaxation and well-being. These effects occur 
within minutes of smoking marijuana, reach a peak in about 
15 to 30 minutes, and may persist for 2 to 4 hours.'?'° Asso- 
ciated with this “high” are a loss of short-term memory and 
impairment of intellectual performance (recall, reading 
comprehension, ability to concentrate, and mathematical 
problem solving). Moreover, psychomotor skills may be suf- 
ficiently impaired to adversely affect automobile or airplane 
operating performance.” Some controversy exists concern- 
ing the degree of impairment of performance much beyond 
4 hours after marijuana use. Even greater uncertainty sur- 
rounds the long-term negative health effects of chronic 
marijuana use. Tolerance and a mild degree of physical 
dependence may develop after chronic marijuana and 
hashish use. 

Endogenous cannabinoid receptors have been identified 
in brain and on B lymphocytes and macrophages.'* They are 
transmembrane G-protein coupled receptors with signal 
transduction pathways, which involve modulation of adenyl 
cyclase, inhibition of voltage-dependent Ca™ channels, 
and activation of K* channels. Subsequent to recognition of 
these receptors, two endogenous cannabimimetic eicos- 
anoids, arachidonylethanolamide (anandamide) and 
2-arachidonyl-glycerol, have been identified.” These 
receptors are postulated to be involved in modulation of 
mood, memory, cognition, movement, pain recognition, 
thermoregulation, appetite, and immune response. 

After inhalation of marijuana smoke, THC is rapidly 
absorbed through the lungs and reaches peak blood con- 
centration within minutes; thereafter, blood concentration 
rapidly declines to about 10% of peak levels within 1 to 2 
hours. This rapid decline in THC concentration is a result of 
its facile distribution to tissue such as brain, fat, and muscle. 
The rapid tissue distribution phase, a consequence of the 
lipophilic nature of THC, is followed by a slow redistribu- 
tion of THC back into the blood stream and subsequent 
hepatic elimination. The terminal elimination half-life of 
THC is about 1 day in casual marijuana users and 3 to 5 days 
in chronic users.”*? The peak psychoactive effects of THC 
generally lag behind the peak blood concentration by about 
20 to 30 minutes.’”! Undoubtedly the concentration of THC 
in venous blood poorly reflects the THC concentration in 
the brain. 

Although marijuana is the most frequently used illicit 
drug, it does have some limited legitimate medicinal use. 
Dronabinol (Marinol) contains synthetic THC and is used 
to treat anorexia and nausea in AIDS patients, nausea and 
vomiting associated with chemotherapy, and asthma and 
glaucoma.’ 

Nine U.S. states have legalized the use of marijuana for 
medical purposes. However, marijuana trafficking remains 
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Figure 34-30 Chemical structure of derivatives of THC 
metabolites. Glu, Glucuronide. 


a crime under federal law. Measurement in urine of the 
carboxylic acid metabolite of A*-tetrahydrocannabivarin 
(C3 homologue of THC), present in cannabis but not in 
dronabinol, has been proposed as a means to distinguish 
ingestion of marijuana from that of Marinol.” 


Analytical Considerations 
The initial screening test for THC is typically immunoassay. 
For confirmation of a presumptive positive test, a quantita- 
tive drug measurement is performed using GC-MS. 
Immunoassay. THC is extensively metabolized to a large 
number of compounds, most of which are inactive. The 
principal urinary metabolite is 11-nor-A*-tetrahydro- 
cannabinol-9-carboxylic acid (THC-COOH) and its glu- 
curonide conjugate (see Figure 34-30). Immunoassays 
designed to screen urine samples for marijuana use measure 
this and other THC metabolites. These assays are calibrated 
with THC-COOH, but because of cross-reactivity with 
many other THC metabolites, quantitative results based on 
them are 1.5 to 8 times greater than the actual concentration 
of THC-COOH as determined by GC-MS. Therefore 


immunoassay results are interpreted as THC-COOH 
equivalents. 

Because of the slow release of THC from tissue stor- 
age sites, urine may test positive for THC metabolites 
(>20ng/mL THC-COOH equivalents) for 2 to 5 days after 
last marijuana use by infrequent smokers; some individuals 
may test positive for as long as 10 days. Chronic smokers may 
test positive for 3 to 4 weeks after abstinence.**’” Some heavy 
smokers may remain positive for up to 46 days and may 
require as long as 77 days to test negative for 10 consecutive 
days.” Therefore, a positive urine test for THC-COOH can 
only be interpreted to indicate past marijuana use (immedi- 
ate to several weeks) and is unrelated to impairment. 

Due to fluctuations in fluid excretion, the concentration 
of THC metabolites in urine may suddenly increase rather 
than decline or may vary between positive and negative 
values when sequentially measured during the terminal 
elimination phase after abstinence. In this case, an increase 
in metabolite concentration could falsely imply reuse of 
marijuana. Therefore, to better monitor abstinence, the con- 
centration of THC-COOH should be expressed per mil- 
ligram of creatinine. ™ 2622 Increases of 0.5%” and 1.5” in 
the THC-COOH to creatinine ratio between two specimens 
collected at least 24 hours apart have been proposed as cri- 
teria to indicate reuse. The specimen-ratio criterion of 0.5 
has the higher sensitivity and would be better applied for 
monitoring in drug treatment programs. However, the 1.5 
ratio criterion has very high specificity (low false-positive) 
and would be more appropriate if punitive action is 
anticipated.'*?"” 

Legitimate concern has been raised about the possibility 
of “passive inhalation” of sufficient sidestream marijuana 
smoke from nearby users to result in a positive urine 
cannabinoid test. It has been demonstrated that such can 
occur but under rather unrealistic conditions.’ Under 
more normal circumstances, passive inhalation did not 
result in a urine THC-COOH concentration in excess of 
12 ng/mL.” Nevertheless, as a precaution against passive 
inhalations resulting in a positive test, some laboratories 
screen for urine cannabinoids at a cutoff concentration of 
100 ng/mL THC-COOH equivalents. However, at this cutoff 
value, test sensitivity in one study was only 47% when com- 
pared with that for GC-MS (cutoff value, 15 ng/mL THC- 
COOH). Test sensitivity increased to 93% at a cutoff value 
of 20ng/mL THC-COOH equivalents.“ The U.S. federally 
mandated screening cutoff was reduced from 100ng/mL to 
50ng/mL THC-COOH equivalents.” One study demon- 
strated that such a reduction in screening cutoff resulted in 
a 23% to 54% increase in test sensitivity, depending on 
immunoassay, with only a slight decrease (1.0% to 2.6%) in 
test specificity. ™ A 1997 study suggests that consideration 
should be given to lowering the values listed for A’-THC- 
COOH in Table 34-8. 

Seeds and oil from the hemp plant (also a variety of 
Cannabis sativa L) contain A’-tetrahydrocannabinol. Con- 
sumption as nutritional supplements of hemp-seed oil with 
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relatively high THC content may result in a positive urine 
test for THC-COOH,”*”” thus prompting a “hemp defense” 
as explanation for the test result. Since 1998, the hemp 
industry has made an effort to reduce the THC content of 
these products by including a wash step before seed pro- 
cessing. Repeated daily ingestion of hemp oil with current 
lower THC content is not likely to result in a positive urine 
test for THC-COOH at SAMHSA cutoffs,’ but it is 
possible.’ In 2001, the DEA included any product that 
contains THC under the Schedule I controlled substance 
classification,” thus negating the “hemp defense.” 

Gas Chromatography-Mass Spectrometry. A positive 
screening result for THC obtained by immunoassay is con- 
firmed by GC-MS analysis of the urine specimen. A GC-MS 
method for THC is included in the Chapter 34 Appendix 
that is found on this book’s accompanying Evolve site 
(http://evolve.elsevier.com/Tietz/textbook/). 


Cocaine 

Cocaine is an alkaloid present in the leaves of the coca plant 
that grows in South America. The drug has a long history of 
human consumption, beginning with its use by ancient 
South American civilizations, followed by its initial incor- 
poration in a popular cola drink (discontinued in the early 


1900s), and continuing to its current popularity as a recre- 
ational drug.'”?” 


Pharmacological Response 


Cocaine is a potent CNS stimulant that elicits a state of 
increased alertness and euphoria'””” with its actions similar 
to those of amphetamine but of shorter duration. These 
CNS effects are thought to be largely associated with the 
ability of cocaine to block dopamine reuptake at nerve 
synapses and thereby prolong the action of dopamine in the 
CNS. It is this response that leads to recreational abuse of 
cocaine. Cocaine also blocks the reuptake of norepinephrine 
at presynaptic nerve terminals; this produces a sympatho- 
mimetic response (including an increase in blood pressure, 
heart rate, and body temperature). Cocaine is effective as a 
local anesthetic and vasoconstrictor of mucous membranes 
and is therefore used clinically for nasal surgery, rhinoplasty, 
and emergency nasotracheal intubation. 

For recreational use, cocaine (hydrochloride salt) is often 
administered by nasal insufflation (“snorting”) or less 
frequently, intravenously. Cocaine is more volatile when 
converted from the salt to the freebase; therefore freebase 
cocaine may be inhaled by smoking. This latter route of 
administration results in a rapid onset of action. It has 
gained increased popularity owing to the ready availability 
of the freebase cocaine form known as “crack.” Consequently 
the number of emergency room admissions related to 
cocaine toxicity has increased.” 

The CNS and cardiovascular effects of cocaine exhibit 
acute tolerance, with its effects more pronounced when the 
concentration of cocaine in blood is increasing than when it 
is at a similar but decreasing concentration.*” Thus a clock- 


wise hysteresis is observed when the blood concentration of 
cocaine is plotted against its CNS or cardiovascular effects 
over time. This phenomenon mitigates against attempts to 
correlate isolated blood concentration values with psy- 
chomotor effects. Because rate of change is probably more 
significant than absolute concentration, the psychomotor 
stimulant effects of cocaine are dependent both on dose and 
on route of administration, with IV administration and 
smoking resulting in the most rapid rate of increase in 
concentration. 

Acute cocaine toxicity produces a sympathomimetic 
response that may result in mydriasis, diaphoresis, hyperac- 
tive bowel sounds, tachycardia, hypertension, hyperthermia, 
hyperactivity, agitation, seizures, or coma. Sudden death due 
to cardiotoxicity may occur following cocaine use. Death 
may also occur following the sequential development of 
hyperthermia, agitated delirium, and respiratory arrest. 
Excited delirium and extreme physical activity may lead 
to rhabdomyolysis, acute renal failure, and disseminated 
intravascular coagulopathy. 

Cocaine is rapidly hydrolyzed by separate liver esterases 
to the inactive metabolites ecgonine methyl ester and 
benzoylecgonine (Figure 34-31). Ecgonine methyl ester may 
also be formed by the action of serum butyryicholinesterase, 
and cocaine may be converted to benzoylecgonine by spon- 
taneous hydrolysis. The formation of benzoylecgonine has 
often been attributed entirely to spontaneous hydrolysis, but 
it has clearly been shown to be mediated mainly by a liver 
carboxyesterase."'® This latter enzyme, in the presence of 
ethanol, catalyzes transesterification of cocaine (benzoylec- 
gonine methyl ester) to cocaethylene (benzoylecgonine ethyl 
ester). Cocaethylene possesses the same CNS stimulatory 
activity as cocaine in experimental animals.’ Ethanol and 
cocaine are commonly co-abused, and it is speculated that 
formation of cocaethylene may cause enhanced CNS stimu- 
lation and therefore lead to reinforcement of the co-abuse. 
Cocaethylene may also result in enhanced cardiotoxicity; it 
is more lethal than cocaine in experimental animals.” 
Cocaethylene is not infrequently present in urine or serum 
of hospital patients who test positive for benzoylecgo- 
nine.“ When “crack” cocaine is smoked, a pyrolysis 
product, anhydroecgonine methyl ester, is formed and may 
be detected in urine.” 

The elimination half-life for cocaine ranges from 0.5 to 
1.5 hours, for ecgonine methyl ester from 3 to 4 hours, and 
for benzoylecgonine from 4 to 7 hours.*’ The principal 
urinary metabolites are benzoylecgonine and ecgonine 
methyl ester. Only small amounts of cocaine are excreted in 
urine. The elimination half-life for cocaethylene is 2.5 to 6 
hours,'*?!*”! considerably longer than that for cocaine. This 
longer elimination half-life may contribute to cocaethylene’s 
toxicity. 


Analytical Methodology 


The initial screening test for cocaine (benzoylecgonine) is 
typically immunoassay. For confirmation of a presumptive 
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Figure 34-31 Metabolism and pyrolysis of cocaine. 


positive, a quantitative drug measurement is performed 
using GC-MS, 

Immunoassay. Screening immunoassays (e.g., Dade- 
Behring [EMIT], Abbott {FPIA]) are designed for the detec- 
tion of benzoylecgonine. These assays have a 300-ng/mL 
cutoff and detect benzoylecgonine excretion for 1 to 3 days 
following cocaine use. However, for chronic heavy cocaine 
users, the detection time may extend to 10 to 22 days fol- 
lowing the last dose,”* apparently because of tissue storage 
of cocaine. Ordinarily cocaine may be detected in urine by 
chromatographic methods for only about 8 to 12 hours after 
use, but in heavy chronic users, this detection period may be 
4 to 5 days.' These facts should be considered when inter- 
preting the results of a urine drug test for individuals in drug 
treatment programs. A positive urine drug test for ben- 
zoylecgonine beyond 3 days after the last dose does not nec- 
essarily indicate continued use. For such purposes, it is better 
to monitor quantitatively the urinary excretion of ben- 
zoylecgonine, normalized to creatinine, over time.“ Drug 
abstinence would be indicated by decreasing urinary excre- 
tion of cocaine metabolites. However, creatinine normaliza- 
tion may not always reliably indicate reuse,’”* 

In meconium, m- and p-hydroxybenzoylecgonine 
(normally minor metabolites in adult urine) significantly 
contribute to the benzoylecgonine immunoreactivity. 67 

The consumption of Peruvian coca tea, which is not 
legally imported into the United States, may result in a pos- 
itive urine test for benzoylecgonine.’” 

Gas Chromatography-Mass Spectrometry. A positive 
screening result for benzoylecgonine obtained by 
immunoassay is confirmed by GC-MS analysis of the urine 


specimen. A GC-MS method for benzoylecgonine is 
included in the Chapter 34 Appendix that is found on this 
book’s accompanying Evolve site (http://evolve.elsevier.com/ 
Tietz/textbook/). This method uses normalized ion ratios as 
this compensates for any changes in the mass spectrometer 
ion source at the time of analysis” and either a single or 
multiple calibrators. 


Gamma-Hydroxybutyrate (GHB) 
Gamma-hydroxybutyrate (y-hydroxybutyrate/GHB) is a 
naturally occurring metabolite of y-aminobutyric acid 
(GABA) and like GABA, it may possess CNS neuroinhibitory 
activity via specific GHB receptors. 


Pharmacological Response 

GHB was investigated as an anesthetic agent but was dis- 
continued because of its lack of analgesia and because of 
adverse side effects including seizures. It is used outside the 
United States to treat alcohol and opioid withdrawal and was 
recently approved in the United States under the name 
Xyrem for the treatment of narcolepsy. 

When ingested, GHB stimulates dopamine release, leading 
to pleasurable effects such as euphoria, muscle relaxation, 
and heightened sexual desire.” It also has CNS depressant 
effects resulting in sedation and hypnosis. Because GHB was 
reported to enhance growth hormone release, it has been 
used as a steroid alternative by body builders and athletes. 
Athletes also have used GHB as a sleep aid because they 
believe it promotes rapid recovery from vigorous repetitive 
competition. These properties and the availability of GHB in 
dietary supplements led to growing recreational abuse of the 
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drug. GHB has become popular as a euphorigenic club drug, 
most often used in combination with alcohol and also with 
MDMA or cocaine to “mellow” their adverse stimulant pro- 
perties. Its rapid onset and hypnotic and short-term amnestic 
properties have resulted in the use of GHB for drug-facilitated 
sexual assault (date rape drug). 

The FDA removed GHB from consumer products in 1990 
in response to its Increasing abuse and danger. This action 
led to its replacement by y-butyrolactone (GBL), a GHB pre- 
cursor (Figure 34-32) that is also used as a chemical clean- 
ing agent and solvent. GBL is more rapidly absorbed and has 
greater bioavailability compared with GHB.“” GBL is also 
readily converted ex vivo to GHB by its treatment with an 
alkaline solution. Health supplement products containing 
GBL (e.g., RenewTrient, Revivarant, Reinforce) have also 
now been removed from the market only to be replaced by 
another GHB precursor, 1,4-butanediol (Figure 34-32), 
also present in household cleaning agents and industrial sol- 
vents. GHB itself has a number of colorful street names 
including liquid ecstasy, easy lay, zonked, and Georgia home 
boy. Diet supplements that contain 1,4-butanediol include 
SomatoPro and Revitalize Plus. 

Toxic manifestations of GHB or its precursors include 
nausea and vomiting, bradycardia, hypotension, coma, 
seizures, and severe but not prolonged respiratory depres- 
sion." Periods of agitation may be interspersed 
between apnea and unresponsiveness. It is uncertain whether 
this agitation is a direct GHB effect or a consequence of 
co-ingested stimulant drugs. Deaths have been reported but 
are almost always associated with co-ingestion of alcohol or 
other drugs. 

GHB is rapidly absorbed from the GI tract and its onset 
of action is extremely rapid. Loss of consciousness may occur 
within 15 to 30 minutes. The duration of response is also 
short, typically 1 to 3 hours for normal dose and 2 to 4 hours 
with excessive dose. Overdose leading to coma and respira- 
tory depression requiring assisted ventilation generally 
resolves in <6 hours. Frequent use of GHB in high dose may 
produce tolerance and dependence despite its short duration 
of action. A withdrawal syndrome consisting of tremor, agi- 
tation, paranoia, delirium, hallucinations, confusion, tachy- 
cardia, and hypertension may follow cessation from chronic 
heavy use.’ 

The CNS depressant effects of GHB may result from 
its interaction with endogenous GHB receptors and with 
GABA, receptors. The latter are G-protein coupled 
receptors distinct from the GABA, receptors for depressant 
drugs, such as benzodiazepines and barbiturates. Of note, 
patients with GHB overdose do not respond to the opioid 
antagonist naloxone or to the benzodiazepine antagonist 
flumazenil. Fomepizole, an inhibitor of alcohol dehy- 
drogenase, is likely beneficial for patients who ingest 
1,4-butanediol.*” 


Analytical Methodology 


Immunoassays for GHB are not currently available. Thus 
chromatographic techniques (usually GC-MS) are required 
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for analysis. GHB is rapidly eliminated (tın ~ 30 minutes) 
and therefore the detection period is <6 to 8 hours in plasma 
and <10 to 12 hours in urine. In drug-facilitated sexual 
assault cases, low GHB concentrations may be observed in 
urine (1.0 to 610mg/dL).’ Because GHB is produced 
endogenously, it is important to establish an appropriate 
analytical cutoff above which only exogenous GHB is mea- 
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sured. In urine, endogenous levels are well below 1.0 mg/dL 
and this is the recommended analytical cutoff.” 

A GC-MS method for measuring GBH is included in the 
Chapter 34 Appendix that is found on this book’s accompa- 
nying Evolve site _—_(http://evolve.elsevier.com/Tietz/ 
textbook/). In this method, a urine specimen is treated 
with acidified acetonitrile and then dehydrated by evapora- 
tion. GHB is converted to its bis-trimethylsilyl derivative and 
analyzed using GHB-D, as internal standard. 


Lysergic Acid Diethylamide (LSD) 

LSD shares structural features with serotonin (5- 
hydroxytryptamine; Figure 34-33), a major CNS neuro- 
transmitter and neuromodulator.***’ LSD is synthesized 
from p-lysergic acid, a naturally occurring ergot alkaloid 
found in the fungus Claviceps purpurea, which grows 
on wheat and other grains. During synthesis, some LSD 
epimerizes to iso-LSD, which is inactive (Figure 34-33). 


Pharmacological Response 

LSD is an extremely potent psychedelic indolealkylamine.” 
The drug LSD binds to serotonin receptors in the CNS and 
acts as a serotonin agonist. The principal psychological 
effects of LSD are perceptual distortions of colors, sound, 
distance, and shape; depersonalization and loss of body 
image; and rapidly changing emotions from ecstasy to 
depression or paranoia. These hallucinogenic actions of LSD 
are stereoselective, elicited only by the p-isomer.*” There has 
been a resurgence in the use of LSD, previously popular as a 
drug of abuse during the 1960s. The Department of Defense 
includes LSD among the drugs for which urine testing is 
required (see Table 34-8). 

The physiological effects of LSD are related to its sympa- 
thomimetic actions and include mydriasis (most frequent 
and consistent), tachycardia, increased body temperature, 
diaphoresis, and hypertension; at higher doses, parasym- 
pathomimetic actions may be observed (e.g., salivation, 
lacrimation, nausea, and vomiting [muscarinic actions}). 
Neuromuscular effects may include paresthesia, muscle 
twitches, and incoordination (nicotinic actions}, 56497 

The most common adverse effects of LSD are panic 
attacks. In addition, unpredictable recurrence of hallucina- 
tions (flashbacks) may occur weeks or months after last drug 


use and LSD may elicit psychotic reactions (thought disor- 
ders, hallucinations, depression, and depersonalization). 
LSD is used illicitly because of its hallucinogenic effects, 
There is no evidence that repeated LSD use results in depen- 
dence or withdrawal symptoms.” 

Popular dosage forms include powder, gelatin capsule, 
tablet, or LSD-impregnated sugar cubes, filter paper, or 
postage stamps. The drug is rapidly absorbed from the GI 
tract; the effects begin within 40 to 60 minutes, peak at about 
2 to 4 hours, and subside by 6 to 8 hours. The elimination 
tın is about 3 hours. The metabolism of LSD in humans 
is incompletely understood, but 2-oxo-3-hydroxy-LSD is 
present in urine at concentrations 10- to 43-fold greater than 
LSD (Figure 34-34). N-demethyl-LSD is also present 
in urine specimens, but at concentrations approximately 
equivalent to those of LSD. The other metabolites described 
in Figure 34-34 are among those identified in animals, but 
as yet not conclusively identified in man. Iso-LSD is not a 
metabolite but is formed by nonenzymatic epimerization of 
LSD during synthesis or during storage of urine at alkaline 
pH and elevated temperature. 

The clinical effects of LSD ingestion are usually benign 
and require no medical intervention. However, panic attacks 
may be severe and require treatment with diazepam; LSD- 
induced psychosis may be treated with haloperidol. Rare 
cases of massive overdose have resulted in life-threatening 
hyperthermia, rhabdomyolysis, acute renal failure, hepatic 
failure, DIC, respiratory arrest, and coma. Few if any well- 
documented deaths directly related to LSD ingestion have 
been reported. 


Analytical Considerations 


Because of the very high potency of LSD and therefore low 
typical dose (~50 ug} and its rapid and extensive metabolism 
(Figure 34-34), only about 1% to 2% of the drug is excreted 
unchanged in urine. Thus detection of LSD presents an 
especially difficult analytical challenge. Even with sensitive 
assays, the detection window for LSD is generally only 12 to 
24 hours.” 

Immunoassays targeted to detect LSD at the usual cutoff 
concentration of 500pg/mL include DPC RIA, Roche 
Abuscreen RIA, CEDIA, EMIT, KIMS, and ELISA. Confir- 
mation is typically performed by GC-MS'””® at the U.S. 
Department of Defense established cutoff concentration of 
200 pg/mL. Not unexpectedly, immunoassays are less specific 
for LSD compared with GC-MS. Although the metabolites 
2-oxo-3-hydroxy-LSD and N-demethyi LSD generally cross 
react only when present at about 100 to 200 times that for 
LSD,*” other as yet identified metabolites may potentially 
account for some instances of nonconfirmed positive 
immunoassay response.” However, true false-positive 
results due to various therapeutic drugs occur, especially 
with the EMIT assay.””*!”” The detection window may be 
extended, perhaps twofold to threefold, by including 2-oxo- 
3-hydroxy-LSD in the confirmatory test using sensitive 
techniques such as GC-MS-MS,® LC-MS-MS,™*** or 
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Figure 34-34 Metabolism of LSD. 


LC-MS.*® Likewise, detection of iso-LSD in addition to LSD 
may also extend the detection interval.” Urine specimens 
should be protected from sunlight, bright fluorescent light, 
or elevated temperature at alkaline pH in order to avoid 
degradation of LSD?” and 2-oxo-3-hydroxy-LSD or epimer- 
ization of LSD to iso-LSD,”"! 


Opioids/Opiates 

Opioid is a general term applied to all substances with mor- 
phine-like properties. The term opiate is used to describe 
naturally occurring or semisynthetic analgesic alkaloids 
derived from opium, the dried milky juice from the unripe 
seeds of the poppy plant. Morphine is the principal and pro- 
totypical analgesic alkaloid of opium. Opium also contains 
smaller amounts of codeine. Some important semisyn- 
thetic derivatives of morphine include heroin, oxycodone, 
hydrocodone, oxymorphone, hydromorphone, and levor- 
phanol. Codeine may also be synthesized by 3-methylation 
of morphine. Synthetic agents with morphine-like proper- 
ties include propoxyphene, methadone, meperidine, and 
fentanyl (Figure 34-35).™ 


Pharmacological Response 


Opiates are used clinically because of their analgesic prop- 
erties. Opiates also cause sedation, euphoria, respiratory 
depression, orthostatic hypotension, diminished intestinal 
motility, nausea, and vomiting. The major manifestations of 
morphine overdose are coma, miosis (pinpoint pupils), 
and respiratory depression. Pulmonary edema often is a 
complication of morphine overdose, and death may result 
from cardiopulmonary arrest. Treatment for morphine 
overdose includes administration of the opiate antagonist 
naloxone (Narcan), which dramatically reverses the effects of 
morphine. 

Endogenous opioid receptors have been identified, 
cloned, and sequenced. They are members of the trimeric 
G-protein-binding superfamily, which are coupled to signal 
transduction via adenyl cyclase, and to Ca** and K* ion- 
channel transport."* Three major receptor subtypes are 
known (mu, kappa, and delta). Mu (u) receptor activation 
results in sedation, euphoria (via dopamine release), analge- 
sia, respiratory depression, and GI dysmoility. Kappa (x) 
receptors mediate spinal analgesia, miosis (via acetylcholine 
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naloxone. 


release), diuresis (inhibition of ADH release), and a dys- 
phoric response. Delta (5) receptors are responsible for brain 
and spinal analgesia. Some opioids (e.g., codeine and 
hydrocodone) are effective antitussive agents, but the central 
receptors responsible for this action have not been clearly 
identified. Most opioid agonist are rather nonselective 
in binding to the receptor subtypes. Naloxone (Narcan) 
and naltrexone (Trexan) are opioid receptor antagonists. 
Endogenous ligands for these receptors are peptides referred 
to as endorphins. They are believed to mollify pain and 
produce euphoria. The “runner’s high” subsequent to intense 
physical activity is considered to be endorphin mediated. 

Because of their analgesic and euphorigenic properties, 
opiates have a high abuse potential. Chronic use of mor- 
phine leads to tolerance and to both physical and psycho- 
logical dependence. Withdrawal from morphine addiction 
may be treated by the administration of methadone, a long- 
lasting, orally active opiate. Over time, the goal is to replace 
opiate use with methadone, and then gradually wean addicts 
from the methadone. Other therapeutic agents for treating 
morphine addiction include naltrexone, a long-acting opiate 
antagonist; levo-ci-acetylmethadol (LAAM), a long-acting 
(~4 days) agonist; and clonidine, a central o,-adrenergic 
agonist antihypertensive agent with CNS actions similar to 
opiates.” Buprenorphine, a partial u receptor agonist and 
weak K receptor antagonist, has recently been approved for 
treatment of opioid addiction.”* 


Heroin (diacetylmorphine) is the form of morphine most 
favored by opiate abusers because of its rapid onset of action. 
It is generally administered by IV or subcutaneous injec- 
tion or, less frequently, by smoking or nasal insufflation.” 
Heroin itself is not active, but it is rapidly converted (tp < 
6min) to 6-acetylmorphine, which in turn is hydrolyzed 
(tn < 40min) to morphine (Figure 34-36). Both 6- 
acetylmorphine and morphine are pharmacologically active. 
Morphine (average elimination hp = 2 hours; range, 1 to 8 
hours) is inactivated mainly by glucuronide conjugation at 
the 3-hydroxyl (phenolic)group.’” The average elimination 
half-life for morphine-3-glucuronide is 3 to 4 hours follow- 
ing IV,” 8 hours following intramuscular, ™® and 9 to 10 
hours after oral morphine administration.'” In addition to 
morphine-3-glucuronide, smaller amounts of morphine- 
6-glucuronide are also formed. However, unlike morphine- 
3-glucuronide, which is inactive, morphine-6-glucuronide 
has even more potent analgesic activity than morphine.**” 
Moreover, the elimination fp for both glucuronides 
is similar but longer than for morphine’; therefore 
morphine-6-glucuronide accumulates in serum to greater 
concentrations than morphine. Thus morphine-6-glu- 
curonide contributes to the analgesic and toxic effects of 
morphine, especially for patients with renal failure. Of the 
total morphine in urine, about 90% is morphine-3- 
glucuronide (50% to 75% of the morphine dose), and about 
10% is free morphine.” : 
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Figure 34-36 Metabolism of heroin and codeine. 


Codeine has only about one tenth the analgesic potency 
of morphine; this is a consequence of the blocked phenolic 
hydroxyl group, which prohibits binding to opioid u- 
receptors. A small amount of codeine (10%) is converted 
to morphine (see Figure 34-36), which accounts for the 


analgesic properties of codeine." This 0-demethylation is 
mediated by the cytochrome P4so isoform, CYP 2D6, which 
exhibits genetic polymorphism. Slow metabolizers produce 
very small amounts of morphine and thus experience no 
analgesia, whereas fast metabolizers experience a greater 
than expected analgesic effect.” A similar amount of nor- 
codeine is formed by N-demethylation.” Hydrocodone is a 
minor metabolite. Thus both codeine and morphine may 
be detected in urine following codeine ingestion. In addition, 
hydrocodone may also be detected in low concentration 
(~100ng/mL) when urine codeine concentration is 
high (>5000ng/mL).“ Codeine is frequently combined 
with nonopiate analgesic agents (e.g., aspirin and aceta- 
minophen); it is also an effective antitussive agent in some 
cough medicines. 

Acetylcodeine is a common contaminant of heroin; thus 
both codeine and morphine may frequently be detected in 
urine following heroin use. Since morphine is a codeine 
metabolite, legitimate codeine use has been purported as 
explanation for a urine drug test positive for morphine and 
codeine when in fact heroin was used. In the case of heroin, 
the concentration of morphine exceeds that of codeine, 
whereas the reverse is true within the first 24 hours follow- 
ing codeine use. However, a reversal in the codeine: mot- 
phine ratio may occur in the late elimination period (>24 
hours) subsequent to codeine administration.” This is a 
consequence of the longer terminal elimination phase for 
morphine compared with that for codeine. Dutt and co- 
workers have proposed a ratio of codeine:morphine >0.5 to 
be indicative of codeine use when the urine morphine con- 
centration is >200ng/mL; for morphine concentrations 
<200ng/mL, any level of codeine would suggest its use.’ 
These guidelines may not always be reliable in the late elim- 
ination phase.” With this cutoff, some subjects may test pos- 
itive for morphine (>300ng/mL) but negative for codeine 
(<300ng/mL), even though codeine had been ingested.’ 
Thus it is not always possible to distinguish between legiti- 
mate codeine use (e.g., from a cough preparation) and 
heroin or morphine abuse based on the codeine: morphine 
ratio in urine. A high degree of certainty for the ingestion of 
codeine only is provided by urine codeine >5000 ng/mL, 
with a codeine to morphine ratio <0.5.® Likewise the 
detection of the 6-acetylmorphine metabolite of heroin or 
of the 6-acetylcodeine heroin contaminant provides evi- 
dence for heroin use. However, the detection period for these 
acetyl derivatives is relatively short (~8 to 12 hours). 
Contrary to measurements in urine, the plasma concentra- 
tions of morphine and codeine may more clearly distinguish 
between heroin and codeine use. Following a single dose of 
codeine, the plasma codeine concentration exceeded that for 
morphine (codeine: morphine >1.0) during the entire 23 
hours postdose detection period.?* With heroin use, the 
expected ratio is <1.0.¥ 

The consumption of foods that contain poppy seeds (e.g., 
cakes, muffins, rolls, and bagels) may result in significant 
urinary excretion of morphine and codeine.'**”’ Obviously, 
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this may cause false incrimination of illicit opiate use as 
determined by drug testing programs. ElSohly and co- 
workers'* proposed guidelines to eliminate poppy seed 
ingestion as the source of a positive urine opiate test. 
According to these guidelines, any of the following findings 
would eliminate poppy seed ingestion as the principal 
opiate source: morphine level >5000ng/mL; codeine level 
>300ng/mL; morphine: codeine ratio less than 2; morphine 
level >1000 ng/mL with no codeine. However, these guide- 
lines may not always be reliable, because the consumption 
of poppy seed streusel was reported to result in urine 
samples with concentrations of morphine >5000 ng/mL and 
of codeine >300ng/mL.“” The morphine: codeine ratio, 
however, was always greater than 2. A lower morphine: 
codeine ratio would indicate codeine use and thus eliminate 
poppy seed ingestion as the opiate source. Detection of the 
heroin metabolite 6-acetylmorphine (see Figure 34-36) 
would also eliminate poppy seed ingestion. However, 
6-acetylmorphine is rapidly eliminated, so its detection 
in urine is limited to earlier than 24 hours (perhaps <8 
hours) after heroin use. Therefore the absence of 6- 
acetylmorphine does not rule out heroin or, of course, 
morphine use. To avoid some of the issues concerning 
poppy seed ingestion and the legitimate use of opiate 
medications, the Department of Defense established confir- 
matory cutoff concentrations of 4000ng/mL morphine 
and 2000ng/mL codeine, and also requires testing for 6- 
monoacetylmorphine (see Table 34-8). The Department of 
Health and Human Services likewise increased the screening 
and confirmatory cutoff concentrations from 300 ng/mL to 
2000ng/mL for morphine and codeine and also requires 
testing for 6-acetylmorphine (cutoff, 10ng/mL).™ Never- 
theless, in the absence of 6-acetylmorphine, even these 
morphine cutoffs may not always eliminate poppy seed 
consumption. A 2003 study reported that the consumption 
of poppy seeds with unusually high morphine content 
resulted in a peak urine morphine concentration of 10,000 
ng/mL." For clinical purposes, the 300ng/mL (or lower) 
cutoff is appropriate. From the foregoing discussion, it is 
obvious that caution is required when interpreting the 
results of a positive urine test for morphine and codeine. 

Hydromorphone and oxymorphone are semisynthetic 
opiates that have about 8 to 10 times the potency of mor- 
phine. Hydromorphone has greater oral bioavailability than 
morphine; oxymorphone has limited IV use for postsurgical 
analgesia. Hydrocodone, oxycodone, and dihydrocodeine are 
3 to 10 times more potent than codeine, and, like codeine, 
they have relatively good oral bioavailability. Hydrocodone 
is metabolized to hydromorphone and dihydrocodeine 
(Figure 34-37). This conversion is mediated by CYP 2D6, 
which exhibits genetic polymorphism. Rapid metabolizers 
form a greater amount of the more potent hydromorphone 
compared with slow metabolizers. The metabolite transfor- 
mations for dihydrocodeine and oxycodone are presented in 
Figures 34-38 and 34-39, respectively. The elimination 4. for 
all of these opiates is slightly longer than that for morphine, 
ranging from about 2.5 to 5 hours.”*'# 
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Figure 34-37 Hydrocodone and hydromorphone metabolic 
transformations. The figures in parenthesis are percent of a dose 
of hydrocodone excreted in urine. Rapid metabolizers excrete 
more hydromorphone conjugates (5.9%) compared with slow 
metabolizers (1.0%). Hydrocodol and hydromorphol exist as 
6-a and B-stereiosomers. 6-c-hydrocodol is dihydrocodeine; 
6-a-hydromorphol is dihydromorphine. For hydromorphone 
administration, 6% of the dose is excreted as the free parent 
drug and 30% as conjugates. Only trace amounts of 
hydromorphol conjugates are formed. 


As for codeine, oxycodone is frequently formulated in 
combination with aspirin (Percodan) or acetaminophen 
(Percocet and Tylox). Therefore the detection of either sali- 
cylate or acetaminophen along with codeine or oxycodone 
in the urine of patients who display an opiate toxidrome 
should lead to the measurement of salicylate or aceta- 
minophen in serum to assess their toxicity (see Salicylate and 
Acetaminophen sections). Alternatively, empiric quantitive 
serum acetaminophen and salicylate determinations are 
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Figure 34-38 Metabolism of dihydrocodeine. Values in 
parentheses are percent of dose excreted in urine. 


appropriate for patients with the opioid toxidrome. Non- 
combination oxycodone is also available in immediate and 
extended release dosage form. The later (OxyContin) is a 
very effective oral analgesic for patients with chronic pain 
(e.g., cancer patients). Illicit diversion of OxyContin has led 
to especially severe drug abuse, addiction, and several deaths 
in certain regions of the United States. The pills may be 
chewed or crushed to release for immediate availability the 
entire dose, which is intended for extended release over a 12- 
hour period. In some cases, the crushed pill may be snorted 
or solubilized for IV injection. 

In pain management programs, urine drug testing is often 
employed to monitor compliance, diversion, or substitution 
for the prescribed drugs. Based on the results of such tests, 
an individual may be dismissed from the program. It is 
important for drug-testing laboratories to communicate rel- 
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(13-14%) Conjugate 


Oxymorphone Oxymorphol 


Oxycodone Oxycodol 
(13-19%) 
Conjugate Conjugate 
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Noroxycodone 


Figure 34-39 Metabolism of oxycodone and oxymorphone. 
Values in parentheses are percent of oxycodone dose excreted 
in urine. For oxymorphone dose, 1.9% is excreted as the parent 
drug, 44% as conjugates, and 3% as oxymorphol. 


evant aspects of the metabolic interconversion of opiates to 
physicians responsible for these programs. Otherwise the 
detection of hydromorphone and dihydrocodeine in addi- 
tion to prescribed hydrocodone (Figure 34-37) may be 
falsely interpreted as substitution. Likewise a urine specimen 
that contains prescribed codeine plus its morphine metab- 
olite or very low concentrations (~100ng/mL) of the 
minor hydrocodone metabolite (detected when codeine is 
>5000ng/mL) should not be interpreted as heroin and/or 
morphine or hydrocodone use. Alternatively a urine speci- 
men that tests negative for prescribed codeine but positive 
for hydromorphone or hydrocodone would clearly indicate 
substitution. 

Monitoring compliance for oxycodone in pain manage- 
ment programs is problematic because of the low cross- 
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reactivity of oxycodone in most opiate immunoassays (e.g., 
>5000 ng/mL oxycodone for positive result with EMIT assay 
using a 300 ng/mL morphine cutoff). In this instance, a false- 
negative opiate immunoassay test may lead to an accusation 
of oxycodone diversion. The direct determination of oxy- 
codone by GC-MS is more appropriate to monitor compli- 
ance for this drug. Alternatively a new, single use, lateral-flow 
immunoassay test device (see also section on On-Site Drug 
Test) is available for the initial detection of oxycodone at 
100ng/mL cutoff (Rapid One OXY; American Bio Medica 
Corp, New York). 


Analytical Methodology 


The initial screening test for opiates is most often 
immunoassay. For confirmation of a presumptive positive 
test, a quantitative drug measurement is performed using 
GC-MS." 

immunoassay. Immunoassays are rapid, convenient 
procedures for screening urine specimens for opiates. For 
clinical application, a cutoff of 300ng/mL morphine (or 
morphine equivalents) is commonly used to distinguish neg- 
ative from positive urine specimens whereas a cutoff of 2000 
ng/mL is mandated by SAMHSA for workplace drug screen- 
ing, The commercial immunoassays for opiates are designed 
primarily for the detection of morphine and codeine. The 
degree of cross-reactivity with morphine-3-glucuronide 
and with other opiates varies among the immunoassays. 
In general, cross-reactivity with oxycodone and oxymor- 
phone is very low. "s False-positive responses for some 
immunoassays have resulted from dextromethorphan, 
diphenhydramine, ephedrine/pseudoephedrine, doxyla- 
mine, chlorpheniramine, brompheniramine,”* quinolone 
antibiotics,'”°™ and rifampin.""*** 

The detection period following morphine or codeine use 
varies somewhat with the dose, the cutoff concentration for 
the immunoassay, and the degree of cross-reactivity with 
the glucuronide conjugates. In general, urine specimens test 
positive for 1 to 3 days following morphine (or heroin) or 
codeine use when assayed at a cutoff of 300ng/mL. At a 
cutoff of 2000 ng/mL, the detection period following single- 
dose heroin decreased from 24 to 48 hours (300ng/mL 
cutoff) to 12 to 24 hours but test specificity increased. The 
applicability of the higher cutoff has been challenged by the 
finding of 6-monoacetyimorphine in a high percentage of 
specimens with morphine <2000ng/mL in cases of heroin- 
associated death.*”” 

Gas Chromatography-Mass Spectrometry. A positive 
screening result for opiates. obtained by immunoassay is 
confirmed by GC-MS analysis of the urine specimen.” A 
GC-MS method is included in the Chapter 34 Appendix that 
is found on this book’s accompanying Evolve site (http:// 
evolve.elsevier.com/Tietz/textbook/). 


Dextromethorphan 


Dextromethorphan is structurally related to the opioids, 
but it does not bind to opioid receptors at normal dose 


and is thus devoid of analgesic activity.” The (—) isomer 
of dextromethorphan, levorphan (not available in the 
United States), is a potent opioid analgesic, and an 
example of the stereoselective nature of opioid receptor 
binding. 

Dextromethorphan does have antitussive activity compa- 
rable with that of codeine. It is present in a number of cough 
medications, often in combination with antihistamines, 
nasal decongestants, aspirin, and acetaminophen. At very 
high dose, dextromethorphan may cause lethargy or 
somnolence, agitation, ataxia, nystagmus, diaphoresis, and 
hypertension.” The abuse of dextromethorphan, espe- 
cially by adolescents and teenagers who refer to it as “DMX,” 
has become widespread in some locations. Abusers describe 
feelings of euphoria; dissociative effects, such as a sense of 
floating; and hallucinations. Discontinuation of the drug 
is frequently followed by dysphoria and depression. Most 
preparations contain dextromethorphan as the bromide 
salt. Excessive ingestion of dextromethorphan may result 
in bromide poisoning and in a negative serum anion gap 
consequent to the disproportional response to bromide 
with common methods for chloride analysis. 

Dextromethorphan is metabolized to dextrophan 
(Figure 34-40) by the cytochrome Piso isozyme 2D6 
(CYP 2D6), which exhibits genetic polymorphism, Dex- 
trophan also lacks analgesic activity, but it does retain 
antitussive action. Dextrophan may be responsible for the 
more pleasant psychotropic effects of high dose dex- 
tromethorphan, whereas the parent drug may cause dys- 
phoria, sedation, and ataxia.“ Thus poor metabolizers 
(deficient in CYP 2D6 activity) may be less prone and 
extensive metabolizers more prone to continue the abuse of 
dextromethorphan. 

Dextrophan and to a lesser degree dextromethorphan 
bind to the PCP and ketamine binding site on the N- 
methyl-p-aspartate (NMDA) receptor, which probably 
accounts for their similar dissociative psychotropic actions” 
(see Phencyclidine and Ketamine). 

Dextrophan is the enantiomer of levorphanol, a potent 
opioid agonist available in the United States (Levo- 
Dromoran). Unless chiral analytical techniques are used, 
these enantiomers cannot be resolved. Drug testing labora- 
tories that use conventional chromatographic techniques 
should not report a finding of levorphanol only, but should 
instead report dextrophan/levorphanol with a comment on 
their isomeric relationship and on the origin of dextrophan. 
This is especially important for pain management drug 
screening in which a false report of levorphanol may result 
in dismissal from the program. This report duality is advis- 
able even when parent dextromethorphan is also detected. 
Savvy abusers of levorphanol conceivably may co-ingest dex- 
tromethorphan to conceal use of levorphanol. If such is sus- 
pected, chiral resolution of dextrophan and levorphanol 
would then be necessary. 

Dextromethorphan cross-reacts with most immunoas- 
says for opioids.” 
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Figure 34-40 Metabolism of dextromethorphan. Values in 
parenthesis are percent of dose excreted in urine. 


Methadone 


Methadone is an opioid with similar structure to 
propoxyphene (see Figure 34-35), 


Pharmacological Response 


The major pharmacological actions of methadone, mediated 
by H- and 6-receptor interactions, are similar to those of 
other opioids and include analgesia, sedation, respiratory 
depression, miosis, antitussive effects, and constipation. 
Methadone is administered as a racemic mixture (R,S-[+]- 
methadone), but the analgesic activity is due almost entirely 
to the R{—)-isomer. When administered intramuscularly, 
methadone and morphine have equivalent analgesic 
potency. In contrast to morphine, methadone retains about 
50% of its intramuscular analgesic potency when taken 
orally,'** 

Methadone is rapidly absorbed from the GI tract with an 
onset of action within 30 to 60 minutes. The elimination tin 
is long (15 to 55 hours) compared with morphine (tın = 1 to 
8 hours). Because of the longer elimination t, methadone 
accumulates in blood and tissue following repeated doses, 


and this presumably contributes to its relatively long dura- 
tion of action (6 to 8 hours). 

Methadone is used clinically (1) for relief of pain, (2) to 
treat opioid abstinence syndrome, and (3) to treat heroin 
addicts in an attempt to wean them from illicit IV drug use.*”” 

Tolerance to the effects of methadone develops with 
repeated doses, but more slowly than is true for morphine. 
Likewise, withdrawal develops more slowly and is generally 
less intense but more prolonged than morphine withdrawal. 
Withdrawal symptoms include weakness, anxiety, insomnia, 
abdominal discomfort, sweating, and hot and cold flashes.” 

In overdose, methadone causes CNS and respiratory 
depression, miosis, bradycardia, hypotension, circulatory 
collapse, hypothermia, coma, seizures, and pulmonary 
edema (although less frequently than morphine). Treatment 
for methadone overdose includes supportive measures to 
maintain adequate respiration and blood pressure, and the 
administration of the opioid antagonist naloxone to reverse 
the effects of methadone.” If repeated administration of 
naloxone is required, patients should be monitored for 48 to 
72 hours following overdose. Dialysis is not an effective 
treatment modality, because methadone has a large volume 
of distribution (V; = 4 to 5 L/kg) and is highly protein bound 
(87%). 

Methadone is metabolized in the liver primarily to 
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) 
and 2-ethyl-5-methyl-3,3-diphenylpyrroline (EMDP) (Fig- 
ure 34-41), The principal urinary excretion products are 
methadone (5% to 50% of dose) and EDDP (3% to 25% of 
dose); relatively more methadone (pK, 8.62) than EDDP is 
excreted when urine is acidic.” Monitoring compliance in 
methadone maintenance programs with urine drug testing 
may be confounded by the declining dose over time and the 
pH-dependent urinary excretion of methadone. For such 
purpose, measurement of EDDP was more effective than 
methadone in a large study.'” Moreover, a methadone- 
positive, EDDP-negative specimen would indicate specimen 
spiking by a noncompliant patient. 


Analytical Methodology 


The initial screening test for methadone is typically 
immunoassay. For confirmation of a presumptive positive 
test, a quantitative drug measurement is performed using 
GC-MS. 

immunoassay. Screening immunoassays for methadone 
include DPC (RIA), EMIT, CEDIA, TDx, and Roche 
Abuscreen. A typical assay cutoff concentration is 
300 ng/mL. No cross-reactivity with EDDP or EDMP has 
been reported; however, (—)-o-acetylmethadol (LAAM),” a 
long-acting methadone analog, and verapamil metabolites” 
may cross-react in some assays. Methadone may generally be 
detected in urine for up to 72 hours following ingestion. 
Immunoassays specific for EDDP are available (CEDIA; 
DRI). 

Gas Chromatography-Mass Spectrometry. A positive 
screening result for methadone obtained by immunoassay is 
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confirmed by GC-MS analysis of the urine specimen. A GC- 
MS method for methadone is included in the Chapter 34 
Appendix that is found on this book’s accompanying Evolve 
site (http://evolve.elsevier.com/Tietz/textbook/). 


Propoxyphene 


Propoxyphene is an opioid structurally similar to 
methadone (see Figure 34-35). 


Pharmacological Response 


Propoxyphene is a widely prescribed narcotic analgesic with 
a potency approximately one-half that of codeine when each 
is orally administered. Typical oral doses of propoxyphene 
have about the same analgesic effect as 600mg aspirin." 
Only the (+)-isomer (Darvon, others) binds to y receptors 
to produce analgesia; the (~)-isomer (Novrad; appropriately 
the mirror image spelling of Darvon) is devoid of analgesic 
activity but is effective as an antitussive agent. Propoxyphene 
is prescribed most often as a combination with aceta- 
minophen or aspirin.’ 

Propoxyphene is rapidly absorbed and undergoes exten- 
sive hepatic first-pass metabolism to norpropoxyphene 
(Figure 34-42). The elimination fın for propoxyphene is 
about 15 hours (8 to 24), and that for norpropoxyphene is 
27 hours (24 to 34). Norpropoxyphene may contribute to the 
analgesic and cardiotoxic effects of propoxyphene.* 

Propoxyphene overdose may result in nausea, vomiting, 
and drowsiness or in more severe cases, CNS depression, 
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Figure 34-41 Metabolism of methadone. 


convulsion, respiratory depression, and cardiovascular col- 
lapse. Cardiac arrhythmia atypical for opioid overdose is a 
consequence of blockade of myocardial Na* channels, 
primarily by norpropoxyphene (similar to tricyclic antide- 
pressant cardiotoxicity). Death, usually a result of respira- 
tory depression and cardiac arrhythmia, is more common 
when propoxyphene is ingested with another CNS depres- 
sant, such as alcohol,!**?” 

Propoxyphene and norpropoxyphene may be quantified 
in serum by GC or HPLC, but because of the poor cor- 
relation between serum concentration and degree of 
impairment or prognosis, such quantitative information 
is generally not helpful in cases of propoxyphene overdose. 
However, their qualitative identification in urine may be 
useful to help confirm or establish the cause of a patient’s 
symptomatology. Because propoxyphene is frequently taken 
in combination with acetaminophen or aspirin, quantitation 
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of acetaminophen and salicylate in serum is advisable to 
assess theit possible toxicity. 

Naloxone is effective in reversing the CNS and respiratory 
depressant actions of propoxyphene but has little effect on 
the cardiotoxicity. The latter may be treated with NaHCO, 
to reverse the Na*-channel inhibition (a similar therapeutic 
rationale applies to the treatment of tricyclic antidepressant 
cardiotoxicity). Because propoxyphene has a large volume of 
distribution (10 to 18L/kg) and is highly protein bound 
(70% to 80%), hemodialysis: is of little value in instances of 
serious overdose. Forced diuresis likewise is of little value 
because only about 1% is eliminated in urine as unchanged 


propoxyphene. 


Analytical Methodology 
The initial screening test for propoxyphene is typically im- 
munoassay. For confirmation of a presumptive positive test, a 
quantitative drug measurement is performed using GC-MS. 
Immunoassay. Immunoassays for propoxyphene (EMIT, 
CEDIA, FPIA) are designed for the detection of the parent 
drug; cross-reactivity with norpropoxyphene, present in 
much greater concentration than the parent drug, is weak, 
especially for EMIT. In general, propoxyphene may be 
detected for about 2 days following use. Diphenhydramine 
may produce a false-positive response with EMIT.” 
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Figure 34-43 Metabolism of PCP. 


Gas Chromatography-Mass Spectrometry. A positive 
screening result for propoxyphene obtained by immunoas- 
say is confirmed by GC-MS analysis of the urine specimen 
for norpropoxyphene. Because norpropoxyphene is present 
in urine at considerably greater concentrations than 
propoxyphene, and because the latter has poor gas chro- 
matographic characteristics, confirmation analysis by GC- 
MS is directed at the determination of norpropoxyphene 
after its conversion to norpropoxyphene amide. A GC-MS 
method for norpropoxyphene is included in the Chapter 34 
Appendix that is found on this book’s accompanying Evolve 
site (http://evolve.elsevier.com/Tietz/textbook/). 


Phencyclidine and Ketamine 

Phencyclidine (PCP) is a potent veterinary analgesic and 
anesthetic; it is sometimes used illicitly by humans in cases 
of drug abuse, leading to serious psychological disturbances. 
Ketamine is a rapid-acting general anesthetic and anesthesia 
adjunct, administered intramuscularly and intravenously. 


Pharmacological Response 


PCP and ketamine share common structural features 
(Figures 34-43 and 34-44) and possess similar pharmaco- 
logical actions. They are classified as dissociative anesthetics 
because they cause functional dissociation of pain percep- 
tion, consciousness, movement, and memory.” Thus an 
anesthetic dose produces profound analgesia, but the indi- 
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viduals are in an amnestic and cataleptic state with eyes 
open, are able to move limbs involuntarily, and have minimal 
respiratory or cardiovascular depression. Because some indi- 
viduals experience acute psychosis and dysphoria during 
emergence from PCP-induced anesthesia, it was quickly 
withdrawn from clinical use. Ketamine has about one tenth 
the potency of PCP, a shorter duration of action, and less 
prominent emergence reactions, especially in children. Its 
use in humans is largely limited to pediatrics, but it is widely 
applied in veterinary medicine. 

Most anesthetic agents activate CNS inhibitory GABA, 
receptors, glycine-gated CF channel receptors, or nicotinic 
receptors {acetylcholine-gated Na* channels), PCP and 
ketamine are unique as they act by inhibiting the excitatory 
glutaminergic system by binding to an N-methyl-p- 
aspartate (NMDA) receptor site to produce noncompetitive 
allosteric inhibition of glutamate binding.** Additional 
actions include euphoria, elevated blood pressure, tachy- 
cardia, and bronchodilation, consequences of inhibition of 
dopamine and norepinephrine synaptic reuptake. At a 
higher dose, GABA-ergic and central nicotinic actions may 
produce sedation, lethargy, coma, and respiratory depres- 
sion. Additionally, central and peripheral muscarinic and 
nicotinic response may cause miosis or mydriasis, diaphore- 
sis, increased salivation, bronchorrhea, blurred vision, and 
urinary retention. 

The acronym PCP is derived from the chemical name for 
PCP, 1-(1-phenylcyclohexyl)-piperidine or more colorfully 
from its designation during the 1960s as the “peace pill”. PCP 
is used recreationally for its mind-altering or “out of body” 
experience. Adverse effects are complex and unpredictable. 
In addition to those previously cited, these include dyspho- 
ria, ataxia, nystagmus, agitation, anxiety, paranoia, amnesia, 
seizures, muscle rigidity, hostility, delirium, delusions 
of grandeur, and hallucinations. A sense of superhuman 
strength coupled with the lack of pain perception may lead 
to excessive physical exertion and accidental or intentional 
self-induced trauma, which in some cases may lead to rhab- 
domyolysis and myoglobinuric renal failure. Thus PCP- 
related deaths most often are secondary to these adverse 
behavioral drug effects. Recreational use of PCP has declined 
since the 1980s but continues to be a problem in some large 
metropolitan cities. 

With repeated use of PCP, psychological dependence 
may develop, but tolerance or withdrawal syndrome is not 
profound. 

The drug is rapidly absorbed from the GI tract. This form 
of ingestion is difficult to regulate and results therefore in 
the highest probability of overdose or “bad trips.” Thus, 
smoking (PCP sprinkled on tobacco, parsley leaves, or mar- 
ijuana) is now the most popular mode of ingestion, because 
users may self-titrate the most dangerous effects of PCP.*’ 
Once absorbed, PCP is extensively metabolized by the liver 
(~90% of a dose); only 10% to 15% is excreted unchanged 
in the urine. The principal metabolites excreted in urine are 
the glucuronide conjugates of hydroxylated metabolites 


(~25% to 30%), 5-(1-phenylcyclohexyl-amino) valeric acid 
(~15%), and unidentified polar metabolites (~40%)'” 
(Figure 34-43). 

PCP is a lipophilic weak base (pK, ~8.5). It is secreted into 
and “trapped” in ionized form in the acidic gastric fluid 
where concentrations may be 20 to 50 times greater than in 
serum; subsequently, PCP is reabsorbed in the alkaline duo- 
denum.“ This gastroenterohepatic recirculation probably 
contributes to the typical waxing and waning of clinical 
effects of PCP and, along with its large V; of 5 to 7L/kg, 
partly explains PCP’s long elimination tın (20 to 50 hours), 
long duration of action (24 to 48 hours), and prolonged 
urinary excretion after the last dose (1 to 2 weeks; longer 
with chronic use). 

Treatment of PCP toxicity is supportive. Severe agitation 
or seizures may respond to diazepam; severe psychoses 
may require a neuroleptic drug, such as haloperidol.” For 
the most serious cases, continuous nasogastric suction to 
help remove PCP may be beneficial; urine acidification 
to hasten elimination has been advocated by some but is 
controversial.” 

Ketamine (known on the street as vitamin K, Special K, 
Super K, cat valium) has become popular as a “club drug” 
for its PCP- and LSD-like mood altering hallucinogenic 
effects (referred to as “K-land”), but at higher dose it may 
cause an “out of body” or “near-death” experience referred 
to as the “K-hole.” Its anesthetic and amnestic properties 
reportedly have resulted in its use as a date-rape drug." Ket- 
amine is metabolized to norketamine, which has about one 
third the activity of ketamine, and to dehydronorketamine, 
which may also be active (Figure 34-44).°" 


Analytical Methodology 

The initial screening test for PCP is typically immunoassay. 
For confirmation of a presumptive positive test, a quantita- 
tive drug measurement is performed using GC-MS.” 
Immunoassays for ketamine are not available. Ketamine, 
norketamine, and dehydronorketamine may be determined 
by GC-MS or LC-MS.** 

Immunoassay. Quantification of PCP in serum is not 
helpful in the diagnosis or management of PCP toxicity, 
because there is low correlation between drug concentration 
and drug effects.” However, qualitative identification of PCP 
in urine is useful to help diagnose PCP toxicity. For this 
purpose, PCP-specific immunoassays are rapid and generally 
are more sensitive than thin-layer chromatography. Whether 
or not PCP is included in a general urine drug screen depends 
on applicable regulations and on the prevalence of PCP use in 
the local community. In some locations, the prevalence of 
PCP use may be too low to warrant routine screening for PCP. 
Immunoassays for PCP (e.g., EMIT, FPIA, CEDIA, Roche 
Abuscreen) are generally reliable; false positives have been 
reported because of high concentrations of dextromethor- 
phan, diphenhydramine,” and thioridazine.**“° Con- 
firmation of immunoassay-positive specimens using an 
alternate technique (e.g., GC-MS) is therefore necessary. 
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Gas Chromatography-Mass Spectrometry. PCP is 
required to be included in U.S. government-—regulated drug 
abuse screening programs (see Table 34-8); nongovernmen- 
tal screening programs may elect to include PCP in drug 
abuse screens, depending on the local probability of PCP 
use. Initial screening by immunoassay, if positive, is followed 
by confirmation using GC-MS, A GC-MS method for PCP 
is included in the Chapter 34 Appendix that is found on this 
book’s accompanying Evolve site (http://evolve.elsevier.com/ 
Tietz/textbook/). 


Detection of Drugs of Abuse Using Other Types 

of Specimens 

Urine is currently the most common specimen for detection 
of drugs of abuse. However, the window of detectability in 
urine is generally limited to a few days following drug use. 
In addition, the collection of urine may require some inva- 
sion of privacy and loss of dignity, and urine specimens are 
subject to adulteration or manipulation to evade detection. 
For these reasons, alternate biological specimens that may 
avoid some of these limitations have been investigated.” 


Meconium 


Alcohol and drug use during pregnancy is a significant social 
and medical issue. One study estimated that approximately 
11% of women have used illicit drugs during pregnancy®; 
another reported that 15% of the pregnant women studied 
had used alcohol or illicit drugs.” Infants born to mothers 
who used illicit drugs have an increased rate of perinatal 
morbidity, mortality, and neurobehavioral problems. Pre- 
vention of drug use during pregnancy and proper treatment 
of drug-exposed infants depend on recognition (detection) 
of drug use or exposure. Because maternal self-reporting is 
not reliable, it has been suggested that urine drug testing 
be performed for high-risk populations as part of standard 
prenatal care.” However, urine testing of the mother or 
newborn is able to detect only recent drug use (within a few 
days before birth), and urine collection from newborns may 
be problematic. For these reasons, Ostrea and co-workers 
pioneered drug testing using meconium, the fecal material 
present in the newborn’s stool during the first 2 to 3 days, 
and presented evidence for an improved drug detection rate 
compared with urine” 

Meconium begins to form during the second trimester 
and continues to accumulate until birth. Drugs are believed 
to be deposited in meconium via fetal bile excretion and 
from swallowed amniotic fluid, which contains drug and 
drug metabolites eliminated in the fetal urine. Testing meco- 
nium may therefore provide historical evidence of maternal 
drug use anytime during the last two trimesters. The greater 
utility of meconium drug testing compared with urine has 
been confirmed by others.“ Other investigators have 
suggested that detection limit of the assay is more important 
than specimen type and that urine test results comparable to 
meconium will be achieved by lowering the typical screen- 
ing cutoff for urine testing.” 


Whereas meconium is more easily collected from 
newborns than urine, it is considerably more difficult to ana- 
lyze. Meconium is a heterogeneous, gelatinous material 
from which drugs must be extracted before analysis by 
immunoassay and confirmation by GC-MS," It should be 
noted that drug extraction from meconium using inorganic 
acids, methanol, or any other alcohol is protected by U.S. 
patents." 

Studies on meconium have raised new issues concerning 
fetal versus maternal drug metabolism. For instance, while 
m-hydroxybenzoylecgonine and p-hydroxybenzoylecgonine 
are present in lesser amounts in adult urine than benzoylec- 
gonine, they are major contributors to the benzoylecgonine 
immunoreactivity in meconium.” It is unclear whether 
these findings represent a difference in fetal cocaine me- 
tabolism or are the result of placental transfer of these 
metabolites. Likewise, concordance between immunoassay 
screening for marijuana metabolites and GC-MS confirma- 
tion for THC-COOH (see Cannabinoids) is considerably 
less for meconium than for urine, because meconium 
contains greater amounts of 11-hydroxy-A’-THC and 
8B,11-dihydroxy-A’-THC metabolites." 

As for adult urine, cocaethylene may be detected in meco- 
nium, and its presence indicates maternal use of ethanol and 
cocaine (see section on Cocaine). Significant alcohol use 
during pregnancy may be indicated by measurement of fatty 
acid ethyl esters in meconium.*”” 

Meconium drug testing is growing but is far less stan- 
dardized than urine drug testing. Assay cutoff limits and 
units (ng/g meconium or ng/mL of extract) may vary, 
and suitable reference or control materials are not yet avail- 
able. Cutoff limits proposed by SAMHSA are presented in 
Table 34-9, 


Hair 

Since the 1970s, hair has been analyzed for trace metals for 
purposes of assessing nutritional status. However, (1) lack of 
standardized procedures (collection, preparation, and analy- 
sis), (2) lack of reference limits, and (3) problems due to 
environmental contamination have limited the success of 
hair analysis for this purpose. However, the analysis of lead, 
arsenic, and mercury in hair is an established and accepted 
method of assessing prior toxic exposure to these metals (see 
Chapter 35). 

The analysis of drugs in human hair was described by 
Baumgartner et al in 1979.” Since then, there has been 
increasing interest in the analysis of hair for the purpose of 
detecting drug use. 901324124 Hair is advantageous as a bio- 
logical specimen, because it is easily obtained without loss of 
privacy or dignity (unless pubic hair is obtained), and it is 
not easily altered or manipulated to avoid drug detection. 
Moreover, once deposited in hair, drugs are very stable; 
therefore prior drug use may be detected for several months. 
Because hair grows at a relatively constant rate (0.3 to 
0.4mm/d), the potential exists for segmental hair analysis 
to provide a “chronicle” of prior drug use. 
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The mechanisms by which drugs are deposited in hair are 
not well understood but may include transfer from blood to 
the growing hair shaft, transfer from sweat and sebum (some 
sweat glands empty into hair follicles), and environmental 
contamination.’” Factors that may affect the deposition of 
drugs in hair also are not well established but may include the 
rate of hair growth, anatomical location of hair, type of hair, 
hair color (melanin content), effects of various hair treat- 
ments, and environmental contamination, especially for 
drugs that are smoked (marijuana, cocaine, heroin, and PCP), 

Drugs, when deposited in hair, are generally present in 
relatively low concentrations (pg/mg-ng/mg); thus sensi- 
tive analytical techniques are required for detection. More- 
over, parent drug is generally present in greater amount 
than metabolites, Parent drug-—specific RIA procedures 
have most commonly been used for drug detection in hair. 
Some immunoassays designed primarily for urine drug 
testing and therefore that may have greatest reactivity 
with metabolites are of limited use for hair analysis. Con- 
firmation of immunoassay results, generally by GC-MS, 
GC-MS-MS, or LC-MS-MS, remains a requisite for any 
forensic application of hair drug testing. These techniques 
may also be suitable for initial qualitative drug abuse screen- 
ing’! and for direct sequential hair analysis without prior 
immunoassay.” 

For drug detection, hair offers potential advantages 
compared with urine, but much additional research will 
be necessary before hair analysis becomes applied generally. 
A better understanding of the disposition kinetics of drugs 
in hair is needed; methods of washing, extraction or diges- 
tion, and analysis will all have to be more standardized; 
cutoff limits will have to be agreed upon; and suitable 
quality control and proficiency test materials will have to be 
developed. Toward these goals, SAMHSA has proposed draft 
drug cutoff values for hair analysis (Table 34-9). 


Sweat 


Drugs may be excreted in sweat and, as for hair, the parent 
drug is generally present in a greater amount than metabo- 
lites.” Moreover, sweat excretion may be an important 
mechanism by which drugs enter hair. ™ 

Sweat patch collection devices that resemble an adhesive 
bandage may be worn for several days to several weeks, 
during which drug, if present, accumulates in the absorbent 
pad in the patch while water vapor escapes through the semi- 
permeable covering.” Thus sweat drug testing offers the 
possibility to monitor drug use over extended periods of 
time without the need for frequent collection of urine.” 
Sweat drug testing would be particularly advantageous for 
monitoring drug use in correctional institutions or in drug 
rehabilitation programs.“ Cutoff values currently proposed 
by SAMHSA are listed in Table 34-9. 


Saliva (Oral Fluid) 


The measurement of drugs in saliva is of interest both for 
purposes of therapeutic drug monitoring and for the detec- 


tion of illicit drug use.??*”” Compared with urine, saliva is 
easy to obtain, with less invasion of privacy and ease of adul- 
teration. Saliva is an ultrafiltrate of plasma; therefore drug 
concentration in it reflects the free or active fraction and may 
more closely reflect drug effect than is possible with urine 
measurements, The transfer of drug from blood to saliva is 
influenced by drug protein binding, pK, lipid solubility, and 
blood pH (saliva is more acidic than blood). In general, 
drugs are present in saliva in lower concentration and may 
be detected for a shorter time period compared with 
urine.” Detection of drugs in saliva therefore indicates 
recent drug use. Moreover, saliva drug concentration may 
correlate with degree of impairment, except when buccal 
contamination may have occurred because of oral ingestion, 
smoking, or snorting of the drug. The SAMHSA draft cutoff 
values for drugs in saliva are presented in Table 34-9; they 
have been validated by a large study.” (See also Alcohols for 
a discussion of ethanol measurements in saliva.) 


ON-SITE DRUG TESTING 


On-site drug test devices for urine and saliva are designed 
for easy, rugged, and portable use by nontechnical person- 
nel.” Although they are relatively simple to use, proper 
training of nonlaboratory users is important for optimal 
performance, "6974252 

Many on-site devices are commercially available for urine 
drug testing and at least six for saliva drug testing. They are 
noninstrumental immunoassay test devices that are designed 
for use at the site of collection with results available within 
3 to ~10 minutes and are variously configured to detect only 
one drug or as many as 10 drugs simultaneously. The spec- 
trum of drugs tested includes tricyclic antidepressants, 
barbiturates, benzodiazepines, methadone, MDMA (MDA 
and MDEA), oxycodone, and the traditional SAMHSA or 
NIDA 5. As previously cited, such devices are also available 
for measurement of acetaminophen and salicylate in serum 
or whole blood. Evaluations for some of these test devices 
for urine* and saliva’!*** have been published. A compre- 
hensive review of on-site drug testing is also available.” 
(Also see earlier section on Alcohols for discussion of on-site 
alcohol testing). 

The assay principles of these on-site test devices are 
briefly summarized with some selected product listings. 


SEQUENTIAL COMPETITIVE BINDING MICROPARTICLE 
CAPTURE IMMUNOASSAY 

The Triage (BioSite Diagnostics, San Diego) is an example of 
a on-site test device that uses a sequential, two-step, com- 
petitive binding microparticle capture immunoassay. In this 
device, drug—colloidal gold microparticles compete with the 
drug in urine for drug-specific first antibody. The mixture is 
then transferred onto a membrane that contains an immo- 


*References 110, 111, 118, 237, 252, 356, 435, 436, 448, 483, 493. 
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bilized, drug-specific second antibody. If a drug is present at 
concentrations above the threshold, the insufficient first 
antibody is available to combine with all drug-gold particle 
conjugates. These drug conjugates then bind to an immobi- 
lized second antibody to form a colored band, which appears 
after washing the membrane to remove unbound drug con- 
jugate. If drug is absent or present below threshold concen- 
tration, the first antibody combines with all drug-gold 
particles, which then prevents their subsequent binding to 
the second antibody. In this case, no colored band is formed. 
Ligand-conjugated control microparticles and antiligand 
antibodies are included and the membrane configured to 
provide both positive internal control (adequate transfer of 
reagents) and negative internal control (inadequate incuba- 
tion time). 


HOMOGENOUS MICROPARTICLE CAPTURE 
IMMUNOCHROMATOGRAPHY 


The underlying principle of one-step, solid-phase 
immunochromatography (also known as lateral flow 
immunoassay) is the inhibition of antigen-antibody capture 
on a porous membrane by a drug present in the specimen. 
Different applications of this measurement concept have 
been commercialized. 

One approach used by a number of on-site drug testing 
devices may be characterized as homogenous microparticle 
capture immunochromatography. In this technique, a drug 
conjugate is immobilized on the porous membrane and 
drug-specific antibody, coated on colored microparticles, 
is present in the specimen application portion of the 
membrane. When specimen is applied, it moves along the 
membrane by capillary action; in the process, the antibody- 
coated microparticles are mobilized, 

If drug is present above threshold concentration, the 
limited antibody binding sites on the colored microparticles 
are all saturated; these particles cannot react with immobi- 
lized drug conjugate and therefore no colored band appears 
at the test line (positive test). If drug is absent or present 
below threshold concentration, the microparticles are cap- 
tured by the immobilized drug conjugate to form a colored 
band at the test line (negative test). For internal quality 
control, microparticles not bound at the test line progress to 
a control line where they are captured by the immobilized 
antibody (e.g., antimouse or anti BSA if the microparticles 
are also coated with BSA). 

A number of devices are based on this test format includ- 
ing First Check (Worldwide Medical Corp, Irvine, Calif.), 
microLine (Drug Screening Systems Inc., Blackwood, N.J.), 
Ontrak TesTcup (Roche Diagnostics, Cherry Hill, N.J.), 
Verdict (Editek, Inc., Burlington, N.C.), Visualine II (Sun 
Biomedical Laboratories, Cherry Hill, N.J.), and StarTox 
(Starplex Scientific, Ontario, Canada). 

A variation of the microparticle capture approach is 
designed to allow visualization of the colored microparticles 
not captured by the immobilized drug. The intensity of the 
color, compared with a reference chart, determines test 


status. This approach is used in the Frontline device (Roche 
Diagnostics). 

Some on-site drug test devices use dye-conjugated, drug- 
specific antibodies in place of microparticles. Otherwise, test 
principles are the same as those for the microparticle capture 
immunoassay. Test devices in this format include AccuSign 
(Princeton Biomeditech Corp., Princeton, N.J.) and Syva 
Rapid Test (Dade Behring, Newark, Del.), 

Yet another variation reverses the capture configuration. 
In this case, drug-specific antibody is immobilized on the 
membrane and the dye-conjugated drug is contained in the 
application zone. Test principles otherwise remain the same. 
Examples with this format include Status DS and Status Stik 
(LifeSign, Somerset, N.J.). 


SOLID PHASE COMPETITIVE SEQUENTIAL ENZYME 
IMMUNOASSAY 


A solid phase competitive enzyme immunoassay is used by 
a number of on-site drug testing devices, including the EZ- 
Screen (Editek, Inc., Burlington, N.C.), I-D. Block (Interna- 
tional Diagnostic Systems Corp., St. Joseph, Mich.), and 
‘Target (V-Tech, Inc., Pomona, Calif.), In these devices, drug 
in urine competes with a drug-enzyme conjugate for a 
limited number of drug-specific, membrane-immobilized 
antibody binding sites. After reaction, the membrane is 
washed to remove unbound drug-enzyme conjugate, and 
enzyme substrate is added. Because of the competitive 
nature of the assay, color formation is inversely proportional 
to urine drug concentration (ie., higher drug concentrations 
result in less binding of drug-enzyme conjugate and there- 
fore less color formation). 


LATEX-AGGLUTINATION-INHIBITION IMMUNOASSAY 


The Abuscreen Ontrak (Roche Diagnostic Systems, Branch- 
burg, N.J.) is an example of an on-site device that uses a 
latex-agglutination-inhibition immunoassay. In this type of 
assay, drug in urine and drug-latex particle conjugates 
compete for a limited number of drug-specific antibody 
binding sites. If drug is absent or below threshold concen- 
tration, drug-latex particle conjugates react with antibody 
and are agglutinated. When the drug is present above thresh- 
old, insufficient antibody binding sites are available for reac- 
tion with drug-latex conjugates, and their agglutination is 
thus inhibited. 
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etals have been recognized as toxins for centuries. 
Meee poisoning was a favored way to dethrone 

royalty in the Renaissance era. Mercury poisoning 
was common in eighteenth century Europe associated with 
generation of felt from beaver pelts to make the popular top 
hat. The hat makers displayed behavioral changes typical of 
those resulting from mercury exposure, leading to common 
use of the phrase “mad as a hatter.” In the 1950s a tragic case 
of mercury poisoning occurred in the Minamata Bay of 
Japan where large quantities of industrial mercury were 
dumped into the bay. Over 3000 victims have been rec- 
ognized as having “Minamata disease,” a syndrome that is 
characterized by symptoms of methylmercury poisoning.” 
In 1971 mercury contamination of seed grain caused 6000 
deaths in Iraq. 


BASIC CONCEPTS — 


Important questions to consider for metal toxicity are: (1) Is 
the metal of concern toxic? (2) What is the prevalence asso- 
ciated with the metal of concern? (3) What are the signs and 
symptoms of exposure to that metal? (4) Is the degree of 
exposure known? (5) Do adequate analytical techniques exist 
to measure the metal? (6) Are appropriate tissues available 
to quantify the metal? 

Section I of this chapter addresses these questions. 
Section H focuses on the unique characteristics of the more 
common metals known to be associated with toxicity. 
Readers are referred to Casarett’s and Doull’s Toxicology” for 
detail on rare metal toxicities. 


PREVALENCE OF METAL-BASED TOXICITY 

As the twenty-first century begins, one would expect that 
metal toxicities would be well known and avoidable. 
However, humans encounter elemental toxins frequently, 
with chronic, low-concentration exposure occurring more 
frequently in individuals than in large population groups. 
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Concern continues regarding low-concentration exposure to 
lead and the effect such exposure has on mental develop- 
ment in the young. Arsenic is common in our environment, 
and individuals are occasionally exposed because of a lack of 
knowledge of the household products they are using. Many 
insecticides contain arsenic as an active ingredient; careless 
use of these products can lead to significant exposure. 
Arsenic is frequently identified as the cause of peripheral 
neuropathy among patients who have been unsuspectingly 
exposed. Ground water contaminated with arsenic in the 
Bengal basin of Bangladesh exceeding WHO safety limits 
because of leaching from bedrock presents a serious health 
risk to the large population living in that region.* Cadmium 
is used to manufacture brightly colored paint pigments; 
painters who fail to use adequate respiratory protection 
while spray painting with these products can experience 
significant exposure. Cadmium is also a significant toxin in 
tobacco products.*' Mercury has been shown to leach from 
dental amalgams.” Initially, this finding caused consider- 
able concern; however, later studies have failed to find a 
causal relationship.®”’” Studies have indicated that apop- 
totic pathways are initiated by metals such as arsenic, 
cadmium, chromium, nickel, and beryllium and possibly 
lead, antimony, and cobalt.” 

Although rare, manufacturing errors can cause produc- 
tion of products that contain toxic metals. In the early 1960s, 
a Canadian beer brewery accidentally contaminated a large 
lot of its product with cobalt. The product was sold to and 
consumed by the public, resulting in an outbreak of renal 
disease and cardiomyopathy. In this type of situation, the 
U.S. Public Health Service is often called in to identify the 
cause of an outbreak of unusual symptoms. The clinical 
laboratory should be prepared to support these types of 
investigations. 


*References 1, 15, 86, 89, 93, 154, 166, 173. 
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One study of a large outpatient general medicine popu- 
lation (N = 329,000) places perspective on the issue of the 
role of toxic metals in disease." From among a group of 
human subjects representing a broad spectrum of all disease 
types, with some concentration of tertiary care patients, 
1986 patients (0.6% of the total population) were identified 
as having some physical finding or exposure concern indi- 
cating reason for further examination for metals. Of these, 
152 cases (0.05% of the original population) were singled 
out by laboratory testing as cases of high suspicion’ that 
metals were involved. Of these, 32 cases (0.01% of the pop- 
ulation, or 1 in 9700) ultimately were proven to have metal 
toxicities. Eighteen of these cases were arsenic related, two 
were cadmium related, seven were lead related, and five were 
mercury related. 

The incidence of metal poisoning in this population 
attributable to arsenic, cadmium, lead, or mercury poisoning 
appears to be of the same scale as the more common inborn 
errors of metabolism, such as neonatal hypothyroidism and 
phenylketonuria, and is the same order of magnitude as the 
incidence of adult-onset hemochromatosis, a disease for 
which mandatory screening has been suggested. Screening 
for these diseases is indicated because they are treatable, and 
treatment significantly reduces long-term morbidity. The 
same can be said for metal toxicities. When identified early, 
disease caused by metal exposure is readily treatable with 
good outcome. Conversely, if exposure is not identified and 
reduced, serious and sometimes irreparable damage to the 
nervous, renal, and cardiovascular systems can occur. 


DIAGNOSING TOXICITY 


Confirming the diagnosis of metal toxicity is difficult 
because signs and symptoms are similar to a number of 
other diseases. Diagnosis of metal toxicity requires demon- 
stration of all of the following three factors: (1) a source of 
metal exposure must be evident, (2) the patient must 
demonstrate signs and symptoms typical of the metal, and 
(3) abnormal metal concentration in the appropriate tissue 
must be evident. 

If one of these features is absent, one cannot make a con- 
clusive diagnosis of metal toxicity. The laboratory plays a key 
role in this process, and appropriate specimen collection 
coupled with accurate analysis can make a major difference 
in correct diagnosis. 

In clinical practice, analysis of toxic elements should 
always be considered in the clinical workup of the patient 
with (1) renal disease of unexplained origin, (2) bilateral 
peripheral neuropathy, (3) acute changes in mental function, 
(4) acute inflammation of the nasal or laryngeal epithelium, 
or (5) a history of exposure. Certain elements should be con- 
sidered as the active, causative, or deficient agent in specific 
circumstances (‘Table 35-1). 


CLASSIFICATION OF METALS 


Some metals are essential for life (see Chapter 30), but if an 
individual’s exposure exceeds a certain threshold, toxicity 


TABLE 35-1 Conditions in Which Metal Toxicity. Can 


Be a Causative Factor 


Metal i : a “= Condition 


Aluminum ® 9. In dialysis encephalopathy 01 or > 
cetera oo dementia : ce 

Arsenic x ane the patient popes 

< bilateral pain radiating ae 

i : from feet to leg. 
Cadmium : Renal disease i in aerosol 
oo painters. 

Copper-zinc deficiency Induced loss of wound: 
pees healing 
Lead Henin children under age 2 living : 

unter in older homes. : 
Manganese Onset of parkinsonism under 


“age 50 X 
‘Acute changes i in behavior, 
impaired. speech, visual - 
~ field constriction, hearing 5 
e «loss, and somatosensor) 
In patients undergoing total 
parenteral nutrition = 
_ Acute hair loss. : E: 
Burn patients exhibiting 
erythema 


-Zinc (deficiency) 


may develop. Nonessential metals can be toxic even at low 
concentrations. Review of the periodic table provides some 
insight into the determination of a metal’s potential toxicity 
(Figure 35-1). 

Elements in groups IA and IA in rows three through five 
of the periodic table generally fit the role of essential ele- 
ments, The gastrointestinal tract and dermis are very effec- 
tive at regulating the body burden of these compounds—it 
is very difficult to cause toxicity by one of these elements 
unless the element is injected directly into the vascular 
system. Elements in groups IB through VIIB and VII in row 
four of the periodic table are generally essential for life but 
required at low concentrations; many are protein cofactors 
required for activity. The gastrointestinal tract and dermis 
regulate intake to some degree, but overload will induce 
passive diffusion that can lead to excessive concentrations 
and toxicity. Elements in row five and below are classified as 
nonessential (or if essential, are required at picomolar con- 
centrations or less). As one moves from right to left across 
the periodic table, the elements become more prevalent and 
therefore have greater potential to induce toxicity. Elements 
in groups IB and IIB in rows six and seven and group HIA 
through VIA in rows four to six are of particular interest as 
toxins, because they have electron configuration that allows 
them to bond covalently with sulfur. Later in this chapter, 
this characteristic is identified as a significant factor in the 
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IVB VB VIB VIIB 


Figure 35-1 Periodic table, with emphasis on toxic elements. 


mechanism of action of the group of metals often referred 
to as “heavy metals.”* These include arsenic, cadmium, lead, 
mercury, and thallium, all toxins of considerable concern, 
Elements in VIIA (halides) are essential for life but toxic 
when present in excess. Group VIITA, the inert elements, are 
toxic in the gas phase because they can cause anoxia; their 
inert characteristic is the cause of their toxicity. 


OCCUPATIONAL MONITORING 


Employees are frequently monitored when working in an 
environment where exposure to toxic metals is a possibility.’ 
The most common form of monitoring involves quantifica- 
tion of airborne concentrations of metals in the production 
process. Threshold limit values for airborne concentrations 
and time-interval exposure concentrations are defined by 
the U.S. National Institute for Occupational Safety and 
Health (NIOSH) to ensure worker safety. Workers may 
also be monitored by quantification of biological samples. 
The most common sample used is a random urine sample, 
and results are expressed in concentration units for the 
metal of interest per gram of creatinine to normalize for 


*The International Union of Pure and Applied Chemistry 
(IUPAC) considers the term “heavy metal” to be both 
meaningless and misleading, and recommends that it no longer 
be used. (Duffus, JH. “Heavy metals” a meaningless term? IUPAC 
Technical Report. Pure App] Chem 2002;74:793-807.) 

References 22, 25, 41, 75, 90, 149, 182. 
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excretion volume variances. Only cadmium has defined 
urine excretion concentrations set by a U.S. federal agency 
to ensure worker safety.” Additional technical and regula- 
tory information about toxic metals is available at the 
Occupational Safety and Health Administration (OSHA) 
web site (http://www.osha.gov/SLTC/metalsheavy/index. 
html). 

The World Health Organization (WHO) and OSHA have 
defined blood concentrations for lead that are designed 
to warn employers when workers are overexposed.’” Safety 
limits for other metals have been set by professional organi- 
zations, such as the American Conference of Governmental 
Hygienists.” 


ANALYTICAL METHODS 


Atomic absorption spectrometry with flame (AA-F) or 
electrothermal atomization furnace (AA-ETA), inductively 
coupled plasma-emission spectroscopy (ICP-ES), induc- 
tively coupled plasma-mass spectrometry (ICP-MS), and 
high-performance liquid chromatography-mass spectrome- 
try (LC-MS) are state-of-the-art analytical techniques used 
to measure metals in biological fluids. They are specific 
and sensitive and provide the clinical laboratory with the 
capability to measure a broad array of metals at clinically 
significant concentrations. For example, ICP-MS is used to 
measure several metals simultaneously.” +4 Photometric 
assays are also available but require large volumes of sample 
and have limited analytical performance. Spot tests are also 
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available but should be considered obsolete because they are 
error prone, often yielding false-positive results.’ 


SPECIFIC METALS — 


Certain metals are known to be toxic when humans are 
exposed to elevated concentrations and five metals are listed 
in the top 20 of the 2003 CERCLA* Priority List of Haz- 
ardous Substances (http://www.atsdx.cdc.gow/cxcx3.html). 
They include arsenic (No, 1), lead (No. 2), mercury (No. 3), 
cadmium {No. 7), and chromium (No. 17). Other metals of 
concern include aluminum, beryllium, cobalt, copper, iron, 
manganese, nickel, platinum, selenium, silicon, silver, and 
thallium. The Agency for Toxic Substances and Disease 
Registry (ATSDR) produces “toxicological profiles” for many 
of these metals on their website (http://www.atsdr.cdc.gov/ 
toxpro2.html), These hazardous substances are ranked based 
on their frequency of occurrence, toxicity, and potential for 
human exposure. 

Several of these metals are also considered essential trace 
elements and are discussed also in Chapter 30. Risk assess- 
ments for essentiality versus toxicity for chromium, copper, 
iodine, iron, manganese, molybdenum, selenium, and zinc 
have been performed by several U.S. governmental and 
private organizations.” 

Methods for aluminum, arsenic, lead, mercury, and sele- 
nium are included in the Appendix to Chapter 35 located 
on this book’s accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/. 


ALUMINUM 


Aluminum (Al) is an extremely light, whitish, lustrous, 
metallic element, obtainable from bauxite or clay. Aluminum 
compounds are used chiefly for their antacid and astringent 
properties. In 1972 Alfrey and colleagues first described an 
encephalopathy that was observed in patients undergoing 
prolonged hemodialysis for renal failure? The disease was 
characterized by abnormal speech, myoclonic jerks, and con- 
vulsions. Patients with these signs also showed a predomi- 
nance of osteomalacic fractures.” Since then, it has become 
well understood that exposure of patients in renal failure 
to Al-laden dialysis water, Al-containing oral phosphate 
binders, and Al-laden albumin administered during dialysis 
is the primary cause of these signs of Al toxicity. Aluminum is 
also a developmental toxicant if administered parenterally.” 

Under normal physiological conditions, the usual daily 
dietary intake of 5 to 10 mg of Al is completely excreted. This 
excretion is accomplished by avid filtration of Al from the 
blood by the glomerulus of the kidney. Patients in renal 
failure lose this ability and are candidates for Al toxicity. The 
dialysis process is not highly effective at eliminating Al 
and can be a significant source of exposure.’ Furthermore, 
it is a common practice to administer Al-based gels orally 


*CERCLA: Comprehensive Environmental Response, Compen- 
sation, and Liability Act (or Superfund). 


to patients in renal failure to reduce the amount of phosphate 
absorbed from their diet to avoid excessive phosphate accu- 
mulation. A small fraction of this Al may be absorbed; 
patients in renal failure accumulate this Al. Following 
dialysis, albumin may be administered to replace that which 
is removed during dialysis. Some albumin products have high 
Al content resulting from the pharmaceutical purification 
process of passing the product through Al silicate filters. 

Aluminum accumulates in blood if not filtered by the 
kidney;.it avidly binds to proteins, such as transferrin, and is 
rapidly distributed throughout the body. Aluminum over- 
load leads to the accumulation of Al at two sites: in bone” 
and in the brain.” In bone, Al replaces calcium at the 
mineralization front, disrupting normal osteoid formation. 
This can be readily visualized histologically using Goldner’s 
stain. Deposition of Al in bone interrupts normal calcium 
exchange; the calcium in bone becomes unavailable for 
resorption into blood, a process under the physiological 
control of parathyroid hormone (PTH) and 1,25 dihydroxy 
vitamin D, Aluminum binding to calcium binding sites in 
the parathyroid gland causes an abnormal physiological 
response by the parathyroid gland, which results in the 
biochemical profile that is virtually diagnostic of Al overload 
disease—abnormally low PTH for the degree of renal failure 
present combined with high serum Al!” 

The normal physiological action of PTH on bone is 
blunted in patients with renal failure, because their renal 
cells are not synthesizing the 1,25 dihydroxy vitamin D 
required for normal PTH action. It is typical for patients in 
renal failure to have high serum PTH values; this represents 
secondary hyperparathyroidism, the normal physiological 
response to vitamin D deficit. Deposition of Al at the bone 
mineralization front and binding to parathyroid calcium 
receptors interferes with this physiologic process. The usual 
parathyroid response to these conditions decreases secretion 
of PTH. The result is lower-than-expected serum PTH con- 
centration for the degree of renal disease present. 

McCarthy has defined a biochemical profile that is char- 
acteristic of Al overload disease." In human subjects with 
normal renal function, serum Al concentration is normally 
lower than 6ug/L. Patients in renal failure invariably have 
serum Al concentrations well above this amount. Clinical 
guidelines published in 2003” suggest that patients with 
no signs or symptoms of osteomalacia or encephalopathy 
are likely to have serum Al concentrations <20ug/L and 
PTH whole molecule concentrations >16pmol/L, typical 
for secondary hyperparathyroidism associated with renal 
failure. Patients with signs and symptoms of osteomalacia 
or encephalopathy typically have serum Al concentrations 
>60ug/L and PTH concentrations lower than <16 pmol/L; 
these laboratory parameters indicate Al-related bone disease. 
Patients with serum Al concentrations >20 ug/L but <60 ug/L 
were identified as candidates for likely onset of Al-related 
bone disease; these patients required aggressive efforts to 
reduce their daily Al exposure. A graphic presentation of 
these concepts is presented in Figure 35-2. Efforts to reduce 
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Al intake include switching from Al-containing phosphate 
binders to calcium-containing phosphate binders, ensuring 
that dialysis water contains less than 10ug/L of Al, and 
ensuring that the albumin used during postdialysis therapy 
is Al-free. 

Aluminum toxicity has also been linked with oral expo- 
sure as a result of Al-containing pharmaceutical products 
such as Al-based phosphate binders or antacid intake.** As 
over-the-counter antacids are an important source for 
human Al exposure from a quantitative point of view, 
patient information leaflets in Europe contain warnings of 
possible Al toxicity.’ 

Interest in the role of Al in Alzheimer’s disease (AD) was 
raised when Perl observed that Al accumulates in the 
neurofibrillary tangle of patients with AD.” He concluded 
that the focal accumulation of Al had an association with 
neurofibrillary degeneration in the hippocampal neurons 
that might play a role in the development of AD, Although 
a cause-and-effect relationship between accumulation of Al 
in brain and AD has yet to be conclusively demonstrated,” 
studies have clearly shown an increased concentration of 
Al in the brain.***"" It is possible that accumulation of 
Al in the neurofibrillary tangle of AD patients is a secondary 
finding associated with the disease but not directly related 
to the cause. Glycosylation of beta amyloid likely plays a 
role in AD and may provide for structural alteration of 
protein that increases Al binding.” A 2002 review discusses 
the role of Al as a risk factor for developing Alzheimer’s 
disease.' 

Aluminum-related bone disease can be diagnosed and 
treated with deferoxamine, an avid chelator of both iron 
and Al. The deferoxamine infusion test is useful for 
the ultimate diagnosis of Al overload disease, and the 
drug has demonstrated utility for treating acute Al 
overload." 

Collection of specimens for serum Al analysis can be a 
complicating factor. Most of the common evacuated blood 
collection devices used in phlebotomy today have rubber 
stoppers that are made of Al silicate. Puncture of the rubber 
stopper for blood collection is sufficient to contaminate the 
sample with Al to produce an abnormal concentration of Al. 
Typically, blood collected in standard evacuated blood tubes 


will be contaminated by 20 to 60ug/L of Al; this can be 
readily demonstrated by collecting blood from a normal 
volunteer into a standard evacuated phlebotomy tube. 
Special evacuated blood collection tubes are required for Al 
testing." These tubes are readily available from commercial 
suppliers and should always be used. Failure to pay attention 
to this issue can result in the generation of abnormal results 
because of sample contamination, which can lead to misin- 
terpretation and misdiagnosis. 

Analysis of Al can be routinely performed by inductively 
coupled plasma (ICP) mass spectrometry (ICP-MS). 
Alternatively, atomic absorption spectrometry with elec- 
trothermal atomization may be employed, but considerable 
attention must be paid to matrix interferences. 


ANTIMONY 


Antimony (Sb) compounds have been known since ancient 
Egyptian times and were used as cosmetics by the women of 
that era. In the sixteenth century, Sb preparations were 
thought to be wonder drugs and in the nineteenth century 
were prescribed for a number of conditions. Antimony com- 
pounds are used today as the standard treatment against 
parasitic diseases, such as leishmaniasis, schistosomiasis, and 
bilharziasis.” 

Pure metallic Sb is not used in industry because it is very 
brittle; however, alloys of Sb are used in a number of fields 
of technology. For example, addition of Sb to lead, tin, and 
copper increases the hardness of these metals when used as 
electrodes, bullets, type metal for printing, and ball bearings. 
Other uses include fire-resistant chemicals, pigments, and 
dyes. 

Antimony is not an essential metal. Workplace exposure 
to Sb dust over a period of years leads to pneumoconiosis, 
The size of the dust particles of Sb trioxide significantly 
increases the occurrence of pneumoconiosis, with the 
smaller particles being more dangerous. The workers at 
greatest danger are those in underground facilities and metal 
production. Smoking may also contribute to the respiratory 
problems. Symptoms of acute exposure include a metallic 
taste, headache, nausea, and dizziness; after a short interval, 
vomiting, diarrhea, and intestinal spasms occur. The sever- 
ity of the symptoms depends on both the dose and route 
of administration. In chronic intoxication, adverse health 
effects include cardiac arrhythmias, upper respiratory and 
ocular irritation, spontaneous abortions, premature births, 
and dermatitis.” Lymphocytosis, eosinophilia, and a reduc- 
tion in leukocyte and platelet counts are also seen and 
indicate damage to the liver and spleen. The inability of the 
blood to clot is seen when a lethal dose of Sb is received. 
Breathing is shallow and irregular, and death is almost always 
due to respiratory paralysis.’ There is evidence supporting 
an increased risk for the development of lung cancer in Sb 
smelter workers, but the effect may be multifactorial due, for 
example, to the presence of arsenic in the work environ- 
ment." It is important to remember that when intoxica- 
tion occurs with metallic Sb, the effect is due not just to the 
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Sb, but also the lead, arsenic, and other metals that may 
accompany it.’ 


ARSENIC 


Arsenic (As) is perhaps the best known of the metal toxins, 
having gained notoriety from its extensive use by Renais- 
sance nobility as an antisyphilitic agent and an antidote 
against acute arsenic poisoning, as chronic administration of 
low doses protects against acute poisoning by massive 
doses.’”” This agent was memorably used in the well-known 
tale “Arsenic and Old Lace”” as a means of terminating 
undesirable acquaintances. Even today, As is still a danger- 
ous toxicant as evidenced by the Bangladesh incidence where 
several hundred persons had been poisoned by drinking 
ground water contaminated with As leaching from bedrock.* 
In fact, as mentioned earlier, arsenic is listed as the No. 1 
toxicant on the U.S. CERCLA Priority List of Hazardous 
Substances (http://www.atsdr.cdc.gow/cxcx3.html). It is also 
still found in some insecticides. 

Arsenic exists in a number of toxic and nontoxic forms.'® 
The toxic forms are the inorganic species As**, also denoted 
as As(HI), the more toxic As, also known as As(V), and 
their partially detoxified metabolites, monomethylarsine 
(MMA) and dimethylarsine (DMA). Detoxification occurs 
in the liver as As” is reduced to As™ and then methylated to 
MMA and DMA." As a result of these detoxification steps, 
As” and As™ are found in the urine shortly after ingestion, 
whereas MMA and DMA are the species that predominate 
more than 24 hours after ingestion. Urinary As* and As* 
concentrations peak at approximately 10 hours and return 
to normal 20 to 30 hours after ingestion. Urinary MMA and 
DMA concentrations normally peak at about 40 to 60 hours 
and return to baseline 6 to 20 days after ingestion.’” The 
half-life of inorganic As in blood is 4 to 6 hours with a half- 
life of the methylated metabolites of 20 to 30 hours. Serum 
concentrations of As are elevated for only a short time after 
administration, after which As rapidly disappears into the 
large body phosphate pool. Abnormal serum As concentra- 
tions are detected for only a few hours (<4 hours) after inges- 
tion. The structures of these and related As species are shown 
in Figure 35-3. 

Nontoxic forms of As are present in many foods. Arseno- 
betaine and arsenocholine are the two most common forms 
of organic As that are found in food.” The foods that most 
commonly contain significant concentrations of organic As 
are shellfish and other predators in the seafood chain (e.g., 
cod and haddock). Consequently the rate of As excretion in 
normal people is 0 to 120 ug per 24-hour specimen. Follow- 
ing ingestion, arsenobetaine and arsenocholine undergo 
rapid renal clearance to become concentrated in the urine. 
Organic As is completely excreted within 1 to 2 days after 
ingestion, and there are no residual toxic metabolites. The 
apparent half-life of organic As is 4 to 6 hours. Consump- 


*References 1, 15, 86, 89, 93, 154, 166, 173. 


OH CH; 
OH | 
4 HO—As=0 HO—As=0 
5, 
HO” `OH bu H 
Arsenic HHI Arsenic V Monomethyl arsine 


(arsenous acid) {arsenic acid) (methanearsonic acid) 


CH; 
CH; mc _ f cH 
HaC, } CH Fp: : 

CH, Ne 3 Pea 

l ol cm 

HO—As=0 H 

- CH linou Oo” “oH 
Dimethyl arsine Arsenocholine Arsenobetaine 


(cacodylic acid) 


Figure 35-3 Structures of arsenic species. 


tion of seafood before collection of a urine sample for As 
testing is likely to result in an elevation of the concentration 
of As reported to be found in the urine; this can be 
clinically misleading. 

The toxicity of As is due to three different mechanisms, 
two of which are related to energy transfer. Arsenic avidly 
binds to dihydrolipoic acid, a necessary cofactor for pyruvate 
dehydrogenase. Absence of the cofactor inhibits the conver- 
sion of pyruvate to acetyl coenzyme A, the first step in 
gluconeogenesis. Arsenic also competes with phosphate for 
reaction with ADP, resulting in formation of the lower 
energy ADPAs rather than ATP. Arsenic also binds with any 
hydrated sulfhydryl group on protein, distorting the three- 
dimensional configuration of the protein and thus causing 
it to lose activity. Arsenic is also a known carcinogen, but the 
mechanism of this effect is not definitively known.” British 
antilewisite (BAL) is an effective antidote for treating As 
intoxication; the active agent in BAL is dimercaprol, a 
sulfhydryl-reducing agent. This suggests that the primary 
mechanism of action of As’s toxicity is related to sulfhydryl 
binding. Arsenic also interferes with the activity of several 
enzymes of the heme biosynthetic pathway.“ There is also 
evidence of an increased risk of bladder, skin, and lung 
cancers following consumption of water with high As 
contamination™"* and lung cancer from smoking. In 
addition, a causal association has been established between 
exposure to environmental tobacco smoke and lung cancer, 
with a relative risk in the order of 1.2."*’” 

To distinguish among toxic inorganic species and non- 
toxic organic species of As of seafood origin, high- 
performance liquid chromatographic (HPLC) techniques 
that separate the various species of As in biological fluids and 
tissues have been developed.’ A relatively simple method 
of separation using liquid-liquid extraction has also been 
reported.’ A typical finding in a urine specimen with total 
24-hour excretion of As of 350 ug/24 hours is that greater 
than 95% is present as the organic, nontoxic seafood species 
and that less than 5% is present as the inorganic, toxic 
species. Such a finding indicates that the elevated total As 
concentration was likely due to ingestion of seafood. 
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Hair analysis is frequently used to document time of As 
exposure.” Arsenic circulating in the blood will bind to 
protein by formation of a covalent complex with sulfhydryl 
groups of the amino acid cysteine. Because As has a high 
affinity for keratin, which has high cysteine content, the As 
concentration in hair or nails is higher than in other tissue. 
Several weeks after exposure, transverse white striae, called 
“Mees lines,” may appear in the fingernails; this is caused by 
denaturation of keratin by metals such as As, cadmium, 
lead, and mercury. Because hair grows at a rate of approxi- 
mately 0.5 cm/mo, hair collected from the nape of the neck 
can be used to document recent exposure. Axillary or pubic 
hair is used to document long-term (6 months to 1 year) 
exposure. Hair As >lug/g dry weight indicates excessive 
exposure. In one study, the highest hair As observed was 
210 ug/g dry weight in a case of chronic exposure that was 
the cause of death.” 

Serum is the least useful specimen for identifying As 
exposure. Serum concentrations of As are elevated for only 
a short time after administration, after which As is bound to 
protein” and rapidly disappears into the large body phos- 
phate pool, as the body treats As like phosphate, incorporat- 
ing it wherever phosphate would be incorporated. Absorbed 
As is rapidly circulated and distributed into tissue storage 
sites. Abnormal serum As concentrations are detected for 
only a few hours (<4 hours) after ingestion. This test is useful 
only to document an acute exposure when the As is likely to 
be >100ng/mL for a short period of time. Normally, serum 
As is <35 ng/mL. 

Arsenic also has been accurately analyzed by ICP/MS.°"* 
The specimen is prepared in dilute acid containing gallium 
as an internal standard and aspirated directly into the argon 
plasma. Mass response from the argon plasma is monitored 
for As (75m/z), gallium (70m/z), and “O”CI (51 m/z) to 
allow for correction for “Ar*Cl (75m/z) interference. The 
operator must be aware of the potential for interference from 
argon chloride. A correction is made by accounting for chlo- 
ride by measuring 51 m/z and subtracting that residual from 
75m/z.'" Urine is the sample of choice for As analysis 
because As is excreted predominantly by the kidney where it 
becomes concentrated. An ICP-MS method for quantifying 
As in urine is included in the appendix for this chapter, 
which is found on the book’s accompanying Evolve 
site {http://evolve.elsevier.com/Tietz/textbook/). Atomic 
absorption methods are also available.’ 


BERYLLIUM 


Beryllium (Be) is an alkaline earth metal found in the earth’s 
crust at an approximate concentration of 3 to 5mg/kg; 
it is poisonous and not necessary for human health. 
Beryllium alloys are lightweight, stiff, and highly electrically 
conductive. Beryllium as pure metal, Be alloys, and ceram- 
ics are used in a wide range of applications, including 
dental appliances, golf clubs, nonsparking tools, wheel- 
chairs, satellite and spacecraft manufacture, circuit board 


production, and nuclear power, and in weapons as a neutron 
modulator. 

The general population is exposed to Be through food 
and drinking water although the concentrations are low and 
of no clinical consequence. The major route by which Be 
enters the body is via the respiratory tract, and industrial 
exposure usually occurs from inhalation and ingestion of Be 
dust. Inhaled Be compounds are cleared very slowly from the 
lungs. Soluble compounds are absorbed to a much greater 
degree than those such as Be oxide, which are much less 
soluble. Beryllium salts are strongly acidic when dissolved in 
water and this is thought to be a major toxic effect on human 
tissue. Absorbed Be accumulate in the skeleton. Renal 
clearance is very slow. Beryllium can inhibit a variety of 
enzyme systems including alkaline phosphatase, acid phos- 
phatase, phosphoglycerate mutase, hexokinase, and lactate 
dehydrogenase.“ 

Acute exposure is rare, usually caused by an industrial 
accident or explosion, and typically results in chemical pneu- 
monitis. Chronic Be exposure in the workplace has led to 
occupational health concerns because of its potential to 
cause a progressive and potentially fatal respiratory condi- 
tion called chronic Be disease (CBD) characterized by the 
formation of granulomas resulting from an immune reac- 
tion to Be particles in the lung.” Studies have suggested that 
the size of the Be particles affects not only the site of depo- 
sition but also the amount deposited. This in turn may influ- 
ence the clearance rate and thus the time of contact between 
the immune cells and Be.” Several years ago, researchers 
noted that blood and lung cells from CBD patients prolifer- 
ated when exposed to Be in culture. This assay has been 
refined and is offered as the Be lymphocyte proliferation test 
(BeLPT). Unfortunately, because of the nature of the test and 
the variability from lab to lab, the BeLPT can produce false- 
negative and problematic results." Efforts have begun by 
several groups to standardize the assay. Despite these issues, 
the BeLPT in bronchoalveolar cells is part of the current 
“gold standard” diagnosis for CBD." The clinical course of 
chronic Be disease is variable and the prognosis is unpre- 
dictable. Studies suggest, but do not conclusively link, Be 
exposure and lung cancer in humans.” 


CADMIUM 


Cadmium (Cd) is a byproduct of zinc and lead smelting. It 
is used in industry in electroplating, in the production of 
nickel-based rechargeable batteries, as a common pigment 
in organic-based paints, and in tobacco products. Breathing 
the fumes of Cd vapors leads to nasal epithelial deterio- 
ration and pulmonary congestion resembling chronic 
emphysema." A common source of chronic exposure is 
spray painting of organic-based paints without the use of 
a protective breathing apparatus. Auto repair mechanics 
represent a work group that has significant opportunity for 
exposure to Cd. 

The toxicity of Cd resembles the other metals (arsenic, 
mercury, and lead) in that it attacks the kidney; renal 
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dysfunction with proteinuria of slow onset (over a period 
of years) is the typical presentation.? Chronic exposure 
to Cd causes accumulated renal damage.’ Breathing the 
fumes of Cd vapors leads to nasal epithelial deterioration 
and pulmonary congestion resembling chronic emphysema. 
Cadmium toxicity is expressed via formation of protein-Cd 
adducts that change the conformational structure of the 
protein, causing it to denature. This protein denaturation 
occurs at the site of highest concentration—in the alveoli if 
exposure is due to dust inhalation and in the proximal tubule 
of the kidney, because this is a major route of excretion. 

In 1992 the NIOSH mandated that employees exposed to 
Cd in the workplace be monitored using the quantification 
of urine Cd and creatinine, expressing the results of ug of 
Cd per gram of creatinine.'”” This is based on the finding 
that renal damage caused by Cd exposure can be detected by 
increased Cd excretion relative to creatinine. Cadmium 
excretion >3 lg Cd/g of creatinine indicates significant expo- 
sure to Cd. Results >15 ig Cd/g of creatinine are considered 
indicative of severe exposure. Urine Cd is a more specific 
measure of Cd exposure than are other markers of renal 
function, such as B,-microglobulin, retinol-binding protein, 
or N-acetyl glucosaminidase.'™ 

Normal blood Cd concentration is less than 5ng/mL, 
with most concentrations being in the interval of 0.5 to 2 
ng/mL. Moderately increased blood Cd (3 to 7ng/mL) may 
be associated with tobacco use.®™ Acute toxicity is observed 
when the blood concentration exceeds 50 ng/mL. Usual daily 
excretion of Cd is less than 3ug/day. Collection of urine 
samples using a rubber catheter can result in elevated results, 
because rubber contains trace amounts of Cd that are 
extracted as urine passes through it. Brightly colored plastic 
urine collection containers should be avoided because the 
pigment in the plastic may be Cd-based. Cadmium concen- 
trations also increase with age and may be involved with 
senescence.'° Cadmium is usually quantified by atomic 
absorption spectrometry, but it can also be accurately quan- 
tified by ICP-MS, 


CHROMIUM 


Occupational exposure to chromium (Cr) represents a sig- 
nificant health hazard.>’”° Chromium is used extensively in 
the manufacture of stainless steel, in chrome plating, in the 
tanning of leather, as a dye for printing and textile manu- 
facture, as a cleaning solution, and as an anticorrosive in 
cooling systems. The toxic form of Cr is Cr (Cr[VI]), which 
is quite rare; a strong oxidizing environment is required to 
convert the common form Cr** (Cr[IIT]) to Cr, as might be 
found when Cr” is exposed to high temperatures in the pres- 
ence of oxygen or during high-voltage electroplating. Inhala- 
tion of the vapors of Cr* causes erosion of the epithelium 
of the nasal passages and produces squamous-cell carcino- 
mas of the lung.*”’”° Cr is very lipid soluble and readily 
crosses cell membranes, whereas Cr” is rather insoluble and 
does not readily cross membranes. Clinically, monitoring 
biological specimens for Cr“ is neither practical nor clini- 


cally useful to detect Cr toxicity, as the instant it enters a cell, 
it is reduced to nontoxic Cr**.' Instead, monitoring the air 
at the manufacturing site for Cr is the usual way to test for 
Cr exposure. Quantification of total Cr in urine can be used 
to assess exposure to total Cr but does not indicate that the 
specific exposure was to Cr**. Atomic absorption spectrom- 
etry is commonly used to measure Cr concentrations in body 
fluids.’ 

Chromium has also been known as the “glucose tolerance 
factor?” Chromium is required for insulin activity." Work 
from the 1970s suggested Cr deficiency as a cause of diabetes, 
but this theory has been refuted as an artifact of specimen 
collection anomalies.“ A 1994 study demonstrated that Cr 
concentrations in normoglycemic subjects are essentially 
the same as those in hypoglycemic subjects.” Existing 
technology cannot measure Cr deficiency, because the lower 
limit of the reference interval of Cr in blood challenges the 
detection limit (0.2 ng/mL) of atomic absorption techniques. 


COBALT 


Cobalt (Co) is rare but widely distributed in the environ- 
ment. Cobalt is an essential element, although Co deficiency 
has not been reported in humans. Cobalt is the essential 
cofactor in vitamin B,,. Quantification of active vitamin B}; 
(see Chapter 30) is the usual way to assess nutritional status; 
quantification of serum, blood, or urine Co concentration is 
not the typical means of assessing vitamin B, status. 

Cobalt is found in metal alloys that (1) are very hard, (2) 
have high melting points, and (3) are resistant to oxida- 
tion.” Occupational exposure occurs during production 
and machining of these metal alloys and can lead to inter- 
stitial lung disease.” Cardiomyopathy and renal failure are 
symptomatic of acute Co exposure; this was exemplified by 
an incidence of mass population exposure to Co when beer 
contaminated with the metal was consumed.'® Quantifica- 
tion of urinary Co is an effective means of identifying indi- 
viduals with excessive exposure. 

Cobalt is not highly toxic, but large enough doses will 
produce pulmonary edema, allergy, nausea, vomiting, 
hemorrhage, and renal failure. Chronic symptoms include 
pulmonary syndrome, skin irritation, allergy, gastrointes- 
tinal irritations, nausea, cardiomyopathy, hematological 
disorders, and thyroid abnormalities.” The inhalation of 
dust during machining of Co alloyed metals can lead to 
interstitial lung disease.” Improperly handled, °Co can 
cause radiation poisoning from exposure to gamma radia- 
tion. Cobalt exposure alone may not lead to toxicity and 
must be considered within the context of exposure to 
multiple metals,” 

Cobalt is quantified in biological tissues by atomic 
absorption spectrometry'”’ and by ICP-MS.” 


COPPER 


The homeostasis and analysis of copper (Cu) are discussed 
in Chapter 30. Copper ingestion has been found to lead to 
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serious toxicity,” and it may be encountered as a pesticide. 


Also, Cu is one of the active agents in marine antifouling 
paints and as a wood preservative is used with green 
“treated” wood containing high concentrations of Cu and 
As. Ingestion of either of these sources produces severe gas- 
trointestinal upset with severe irritation of the epithelial 
layer of the gastrointestinal tract, hemolytic anemia, cen- 
trilobular hepatitis with jaundice, and renal damage. Excess 
Cu ingestion interferes with absorption of zinc'’ and can 
lead to zinc deficiency, which is frequently characterized by 
slow healing. The classical presentation’ of Cu toxicosis is 
represented by the genetic disease of Cu accumulation 
known as Wilson’s disease.’ This disease is typified by hepa- 
tocellular damage (increased transferases) and/or changes in 
mood and behavior because of accumulation of Cu in 
central neurons. The genetic basis for this disease has been 
identified.” 


IRON 


The homeostasis and analysis of iron (Fe) are reviewed in 
Chapters 30. Iron supplements are used frequently to main- 
tain an adequate body burden of Fe. Occasionally, ingestion 
exceeds the needed daily requirement, resulting in Fe toxic- 
ity.” Acute ingestion of more than 0.5g of Fe can produce 
severe irritation of the epithelial lining of the gastrointesti- 
nal tract and result in hemosiderosis, which may develop 
into hepatic cirrhosis. The presence of excessive amounts of 
Fe in serum and urine defines this diagnosis. Although yet 
to be proven, chronic iron overload is thought to be linked 
to cancer” and atherosclerosis. 


LEAD 


Lead (Pb) is a metal commonly found in the environment. It 
can be an acute and chronic toxin.” Lead is present at high 
concentration (up to 35% w/w) in many paints manufac- 
tured before 1970. The Pb content of paints intended for 
household use was limited to <0.5% in 1972, but Pb is still 
found in paint products intended for nondomestic use and in 
artists’ pigments. Ceramic products for use in homes, such as 
dishes or bowls, available from noncommercial suppliers 
(such as local artists) can contain significant amounts of Pb, 
which can be leached from the ceramic by weak acids, such as 
vinegar and fruit juices. Leaded crystal contains up to 10% 
Pb, which can be leached during long-term storage of acidic 
fluids, such as fruit juice. Lead is also found in dirt from areas 
adjacent to homes painted with Pb-based paints and on high- 
ways where it has accumulated from the use of leaded gaso- 
line in automobiles. Use of leaded gasoline has diminished 
significantly since the introduction of unleaded gasoline, 
which has been required in personal automobiles in the 
United States since 1978. Lead is also found in soil near aban- 
doned industrial sites where Pb may have been used. Water 
transported through Pb or Pb-soldered pipe contains some 
Pb, with higher concentrations found in water that is weakly 
acidic. Some foods (e.g., moonshine distilled in Pb pipes) and 
some traditional home medicines also contain Pb.** Exposure 


to Pb from any of these sources by ingestion, inhalation, or 
dermal contact can cause significant toxicity. 

A typical diet in the United States contributes approxi- 
mately 300 ug of Pb per day, of which 1% to 10% is absorbed; 
children may absorb as much as 50% of the dietary intake. 
The fraction of Pb absorbed is enhanced by nutritional 
deficiency. The majority of the daily intake is excreted in the 
stool after direct passage through the gastrointestinal tract. 
Although a significant fraction of the absorbed Pb is rapidly 
incorporated into bone and erythrocytes, Pb is ultimately 
distributed among all tissues. Lipid-dense tissues, such as the 
central nervous system, are particularly sensitive to organic 
forms of Pb. All Pb absorbed is ultimately excreted in bile or 
urine. Soft-tissue turnover of Pb occurs within approxi- 
mately 120 days.” 

Lead expresses its toxicity by several mechanisms that are 
described graphically in Figure 35-4. It avidly inhibits amino 
levulinic acid dehydratase (ALAD), one of the enzymes that 
catalyze synthesis of heme from porphyrin. Inhibition of 
ALAD causes accumulation of protoporphyrin in erythro- 
cytes (see Chapter 32), which is a significant marker for Pb 
exposure. Anemia caused by the lack of heme is frequently 
observed in Pb toxicity. Lead also is an electrophile that 
avidly forms covalent bonds with the sulfhydryl group of 
cysteine in proteins. Thus proteins in all tissue exposed to Pb 
will have Pb bound to them. Keratin in hair contains a high 
fraction of cysteine relative to other amino acids and avidly 
binds Pb; hair analysis for Pb is a good marker for exposure. 
Some proteins become labile as Pb binds with them because 
Pb causes the tertiary structure of the protein to change; cells 
of the nervous system are particularly susceptible to this 
effect. Some Pb-bound proteins change their tertiary con- 
figuration sufficiently so that they become antigenic; renal 
tubular cells are particularly susceptible to this effect because 
they are exposed to relatively high Pb concentrations during 
clearance. 

The development of Pb toxicity follows a progressive 
pattern. Figure 35-5 describes this progression through a 
series of symptoms.’ The finding that Pb contributes sig- 
nificantly to decreased intellectual capability in the very 
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Figure 35-5 Effects of inorganic lead on children and adults 
(lowest observable adverse effect concentrations). (From Royce 
SE, Needleman HL, Eds. Case studies in environmental medicine: Lead 
toxicity. Washington DC: US Public Health Service, ATSDR, 1990.) 


young is of particular concern.’ Young children are partic- 
ularly prone to the effects of Pb because they have greater 
opportunity for exposure.” Children tend to spend a lot of 
time on the floor. In older homes that have been previously 
treated with Pb-based paints, Pb-laden paint chips and 
dust accumulate on the floor, which children are likely to 
ingest. 

The definitive test for Pb toxicity is measurement of 
blood Pb.” Over the past 3 decades, studies have shown an 
inverse relationship between blood Pb concentrations and 
children’s IQ at increasingly lower Pb concentrations. In 
response, the CDC has continued to lower the upper limit 
of normal for children, which is now stated at less than 
10 ug/dL. It is also important to note that the median blood 
Pb concentration is children fell from 15ug/dL in 1978 to 
2ug/dL in 1999 because of measures such as the removal 
of Pb from gasoline. ® Consequently, renewed interest 
in determining safe blood Pb concentrations resulted in 


additional studies.’” These studies assessed the intellectual 
impairment in children with Pb concentration below 
10pig/dL. Preliminary data have indicated that there is an 
inverse relationship between Pb concentrations and chil- 
dren’s IQ even at blood Pb concentrations below 10 g/dL.” 
If additional studies show similar findings, it may be appro- 
priate to review the current reference interval for blood Pb 
concentrations in children. 

The WHO has defined whole blood Pb concentrations 
greater than 30ug/dL in adults as indicative of significant 
exposure. Lead concentrations greater than 60 ug/dL require 
chelation therapy. Similar to the situation seen in children, 
adult blood Pb concentrations have dropped to a mean value 
of 1.4 ug/dL for ages 20 to 49 and a mean value of 1.9ug/dL 
for ages 50 to 69.’ Given the decreasing blood Pb concen- 
trations in adults, it may be important to revisit the recom- 
mendations regarding Pb exposure. Studies have shown a 
number of adverse health effects in adults exposed to Pb at 
concentrations below existing regulatory exposure limits. 
These include hypertension, adverse reproductive outcomes, 
and subtle central nervous system problems.””"* In 
2000 the CDC recommended that, as a preventive health 
measure, blood Pb concentrations in exposed workers be 
reduced to <25 g/dL by the year 2010. 

Erythrocyte protoporphyrin concentrations are not a 
sensitive indicator of low-concentration Pb exposure’ 
but are definitive markers for Pb overdose; an erythrocyte 
protoporphyrin concentration greater than 60ug/dL is a 
significant indicator of Pb exposure (see Chapter 32). Serum 
ALAD concentrations are also a useful indicator for medium 
to high concentrations of Pb exposure; however, they do not 
correlate with low concentrations of Pb exposure.” Serum 
Pb analysis is of very limited utility, because Pb concentra- 
tions are abnormal only for a short period of time after 
exposure.” Normally the hair Pb content is lower than 
5 ug/g; hair Pb concentration greater than 25 ug/g indicates 
severe Pb exposure. Quantification of urine excretion rates 
either before" or after chelation therapy’® has been used as 
an indicator of Pb exposure. However, blood Pb levels have 
the strongest correlation with toxicity. 

Avoidance of continued exposure to Pb is paramount 
when blood Pb concentrations exceed acceptable limits. 
Severe Pb toxicity may require chelation therapy using BAL, 
administered intravenously. Oral dimercaprol has become a 
standard therapy and is being used in the outpatient setting 
for all except those with the most severe Pb poisoning.” 
Although chelation therapy is effective in reducing blood Pb 
concentrations, a 2003 study indicated that chelation therapy 
given to preschool children with Pb concentrations in the 
range of 20 to 44 ug/dL showed no beneficial effect on tests 
of cognition or behavior. ® Likewise, there are no placebo- 
controlled, randomized studies that demonstrate a positive 
impact on therapeutic outcome from chelation therapy in 
adults, only improvement in symptoms and decreased 
mortality.” Therefore, prevention may be the only real 
solution. ; 
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Analysis of Pb is routinely performed by either ICP- 
MS% or electrothermal atomic absorption spectrometry. 
EDTA anticoagulated blood is the specimen of choice for Pb 
analysis, because Pb is concentrated in the erythrocytes. 
Sodium heparin may also be used; however, samples that 
are not analyzed within 48 hours are frequently clotted and 
must be rejected. Care must be taken when obtaining capil- 
lary blood. Surface contamination, insufficient collection 
volume, and inadequate mixing with EDTA result in fre- 
quent sample rejection. Urinalysis can also be performed; 
urine quantification correlates with exposure. 

If ICP-MS is used to measure Pb levels,”*"4 care must be 
taken to sum the masses of 206, 207, and 208 m/z to account 
for the natural isotopic variation of Pb in the environment. 
Failure to sum masses can skew results above or below the 
actual concentration, as the isotopic abundance of a partic- 
ular mass in the calibrator might not match the sample. 
However, this isotopic variation can be exploited to deter- 
mine the source of Pb exposure. By determining the relative 
abundances of Pb in blood and also of potential sources of 
exposure (e.g., paint chips and soil), a matching pattern can 
be identified. The exposure source with the same ratio of 
major Pb isotopes as the blood should then be avoided or 
removed from the patient’s environment. 

An ICP-MS method for quantifying Pb in whole blood 
is included in the appendix for this chapter that is found 
on the book’s accompanying Evolve site (http://evolve. 
elsevier.com/Tietz/textbook/). 


MANGANESE 


Manganese (Mn) is ubiquitous in the environment. Specifi- 
cally, manganese is (1) a binding agent in red brick, (2) 
present in most steel alloys as an anticorrosive, (3) used 
extensively in laboratories as a cleaning agent for glassware, 
and (4) a common pigment in paints and glazes. Humans 
exhibit toxicity to Mn when exposed to large quantities of 
dust containing the metal, which can occur in mining, ore 
crushing, the machining of Mn alloys, and the construc- 
tion and destruction of brick. After chronic exposure, 
Mn accumulates in the substantia nigra of the brain, causing 
a Parkinson-like neurodegenerative disorder known 
as manganism.”*' Manganese toxicity has also been 
observed in children receiving long-term parenteral 
nutrition.” 

Blood or urine Mn concentrations are good indicators of 
exposure." Adult reference values for blood Mn are 0.4 to 
1.1 ng/mL (7.0 to 20.0nmol/L) for serum or plasma and 7.7 
to 12.1 ng/mL (140 to 220nmol/L) for whole blood. Typical 
daily excretion of Mn in urine is from 0.2 to 0.5 ug/day. 
However, approximately 5% of normal people excrete up to 
2ug of the metal per day, probably because of greater than 
average exposure. 

Most of the Mn in daily diets is not absorbed. Because 
Mn-containing dust is common, contamination of urine 
with the metal can easily occur. Trace contamination of acid 
preservatives used for stabilizing the urine has also been 


observed. Manganese is quantified by electrothermal atom- 
ization atomic absorption spectrometry’ or by ICP-MS.” 


MERCURY 


Annually, the atmosphere and surface of the earth are 
exposed to approximately 36,000 tons of mercury (Hg), a 
product of the natural outgassing of rock (30,000 tons/yr), 
from industry used in electrolysis, in electrical switches, and 
as a fungicide (6000 tons/yr); and incorporated into dental 
amalgams (90tons/yr).’*! 

There is considerable opportunity for Hg exposure in our 
environment. Mercury is used as a conductor in many elec- 
trical switches; most home thermostats contain elemental 
Hg in a glass bulb to serve as a temperature switch. Mercury 
is used extensively in the pulp and paper industry as a 
whitener; the effluents from paper plants are a known source 
of Hg. Mercury is commonly used in industry as a catalyst 
in the synthesis of plastics and is frequently found in 
antifouling and latex paints because it is a potent fungicide. 
Mercury is approximately 50% of the mass of dental amal- 
gams.'”” The single largest source of Hg in the environment 
is natural outgassing from granite rock; this source accounts 
for approximately 80% of all Hg accumulation in the 
environment. 

Mercury is essentially nontoxic in its elemental form 
(Hg°). In the absence of any chemical or biological system 
that chemically alters Hg’, it can be consumed orally without 
any significant side effects. However, once Hg is chemically 
modified to the ionized, inorganic species, Hg”, it becomes 
toxic. Further bioconversion to an alkyl Hg, such as methyl 
Hg (CH3Hg"), yields a very toxic species of Hg that is highly 
selective for lipid-rich tissue, such as the neuron.” The rela- 
tive order of toxicity is as follows: 


Hg? (Nontoxic) < Hg** << CH3Hg* (Very toxic) 


Mercury can be chemically converted from the elemental 
state to the ionized state; in industry, this is frequently 
accomplished by exposing Hg’ to a strong oxidant, such as 
chlorine. Elemental Hg can also be bioconverted to both 
Hg” and alkyl Hg by microorganisms that exist both in the 
normal human gut and in the bottom sediment of lakes and 
rivers. Wher. Hg’ enters bottom sediment, it is absorbed by 
bacteria, fungi, and related microorganisms; these organisms 
metabolically convert it to Hg”, CH,Hg*, (CH;).Hg, and 
similar species. Consequently the methyl mercurials are 
accumulated in the aquatic food chain and reach their 
highest levels in predatory fish.*>” 

As a consequence of methylmercury accumulating in the 
aquatic food chain, most human exposure to mercury 
happens through the eating of contaminated fish, shellfish, 
and sea mammals.” In adults, cases of methylmercury 
poisoning are characterized by the focal degeneration of 
neurons in regions of the brain such as the cerebral cortex 
and cerebellum. Depending on the degree of in utero expo- 
sure, methylmercury may result in effects ranging from fetal 
death to subtle neurodevelopmental delays. Consequently, 
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because pregnant women, women of childbearing age, and 
young children are particularly at risk, the U.S. Food and 
Drug Administration recommends that they avoid eating 
shark, swordfish, mackerel, and tilefish.® However, no defin- 
itive consensus has been reached to date on the safety level 
of maternal exposure during pregnancy. 

Mercury toxicity is expressed in three ways. First, Hg” 
avidly reacts with sulfhydryl groups of protein, causing a 
change in the tertiary structure of the protein with subse- 
quent loss of the biological activity associated with that 
protein; because Hg? becomes concentrated in the kidney 
during the regular clearance processes, this is the target 
organ that experiences the greatest toxicity. Secondly, with 
the tertiary change noted previously, some proteins become 
immunogenic, eliciting a proliferation of B-lymphocytes 
that generate immunoglobulins to bind the new antigen 
(collagen tissue are particularly sensitive to this). Thirdly, 
alkyl Hg species, such as methylmercury, are particularly 
lipophilic and avidly bind to proteins in lipid-rich tissue, 
such as neurons; myelin is particularly susceptible to dis- 
ruption by this mechanism." Mercury has also been 
found to alter porphyrin excretion patterns.'*! 

Experience with Hg poisoning has been gained from 
investigation of the 1951 to 1963 industrial dumping of Hg- 
laden waste sludge into Minamata Bay, Japan. Fish in Mina- 
mata Bay became heavily laden with Hg through the food 
chain. The local human population whose diet was depen- 
dent on fish from the bay exhibited symptoms of 
methylmerecury poisoning, which include ataxia, impaired 
speech, visual field constriction, hearing loss, and 
somatosensory change, characterized histologically by cere- 
bral cortex necrosis.’ Collectively, these symptoms have 
become known as Minamata disease.” 

In the late 1980s, the public became concerned about 
exposure to Hg from dental amalgams.” However, later 
studies have failed to confirm a causal relationship.°”’” 
Basic to the initial concerns was the fact that restorative den- 
tistry used a Hg-silver amalgam for approximately 90 years 
as a filling material. In 1989 Hahn showed that there is a 
small (2 to 20 ug/day) release of Hg” from amalgam when it 
is mechanically manipulated, such as by chewing.” The 
normal bacterial flora present in the mouth convert a frac- 
tion of Hg™ to CH;Hg"; the latter has been shown to be 
incorporated into body tissue. In addition, the habit of gum 
chewing can cause release of Hg from dental amalgams at 
concentrations greatly above normal. Hanson noted in 1991 
the release of up to 100 ug/day of Hg in several human sub- 
jects who had the typical placement of dental amalgams 
(weighing approximately 800mg each) after chewing gum 
for 8 hours.” 

Concerns have also been raised about the possible rela- 
tionship between Hg exposure from vaccines and autistic 
disorders. In the United States, the prevalence of autism has 
risen from 1 in approximately 2500 in the mid 1980s to 1 in 
approximately 300 children in the mid1990s.” Several inves- 
tigators believe that this rise is because of the Hg that is 


present in vaccines as the preservative thimerosal (sodium 
ethyl mercury thiosulfate), 447! However, this causality 
has been questioned by numerous other studies who have 
not been able to confirm this relationship.* In 2001 the 
Committee on Immunization Safety Review of the Board on 
Health Promotion and Disease Prevention of the Institute of 
Medicine (IOM) initiated a study to review the connection 
between Hg-containing vaccines and neurodevelopmental 
disorders, including autism. The committee has issued 
several reports and in their eighth and final one in 2004, they 
reported that the hypothesis was biologically plausible, but 
that there was insufficient evidence to accept or reject a 
causal connection and recommended a comprehensive 
research program.™ The findings of this report have been 
challenged,“ and it has even been recommended that 
thimerosal be removed from all vaccines in the United 
States.” Some Scandinavian countries have already removed 
it from their vaccines.”*" 

Dietary sources can also contribute to Hg body burden, 
as many foods contain Hg. For example, commercially dis- 
tributed fish considered safe for consumption contain less 
than 0.3 ug/g, but some game fish contain more than 2 ug/g 
and if consumed on a regular basis, contribute to significant 
body Hg loads. 

Analysis of blood, urine, and hair for Hg levels is used to 
determine exposure. The quantity of Hg found in blood and 
urine correlates with degree of toxicity, and hair analysis is 
used historically to document the time of peak exposure. 
However, it should be noted that hair analysis for metals 
in general is difficult because of contamination. Normal 
whole blood Hg concentration is usually lower than 10 ug/L. 
Figure 35-6 shows a distribution of blood concentrations 
seen in a large population composed of unaffected, healthy 
individuals.”* Individuals who have mild occupational 
exposure (e.g., dentists) may routinely have whole blood Hg 
concentrations of up to 15pg/L.*% Significant exposure is 
indicated when the whole blood Hg concentration is greater 
than 50ug/L (if exposure is to methylmercury) or greater 
than 200 ug/L (if exposure is to Hg”). The WHO safety stan- 
dard for daily exposure of Hg is 451g per day, with a daily 
urine excretion exceeding 50ug/day indicating significant 
exposure. Normally, hair contains less than 1ug/g of Hg; 
greater amounts indicate increased exposure. Treatment 
with BAL or penicillamine will mobilize Hg, allowing for its 
excretion in the urine. Therapy is usually monitored by fol- 
lowing urinary excretion of Hg; therapy may be terminated 
after the daily urine excretion rate falls below 50 ug/L. 

An ICP-MS method for quantifying Hg in biological 
specimens is included in the appendix for this chapter 
that is found on this book’s accompanying Evolve site 
http://evolve.elsevier.com/Tietz/textbook/). 


*References 20, 71, 82, 94, 107, 119, 160, 176. 
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Figure 35-6 Distribution of blood mercury in a healthy 
population. 


NICKEL 


Nickel (Ni) is frequently used in the production of metal 
alloys (which are popular for their anticorrosive and hard- 
ness properties), in Ni-based rechargeable batteries, and as a 
catalyst in the hydrogenation of oils. Elemental Ni is non- 
toxic except that it will induce inflammation at point of 
contact.’ It is likely that Ni is essential for life at very low 
concentrations. Nickel carbonyl (Ni[COQ],), used. in petro- 
leum refining, is one of the most toxic chemicals known to 
humans. Nickel carbonyl is absorbed after inhalation, 
readily crosses all biological membranes, and noncompeti- 
tively inhibits ATPase and RNA polymerase.* Patients 
exposed to Ni carbonyl exhibit rapid onset of pulmonary 
congestion and inability to oxygenate hemoglobin, followed 
by development of lesions of the hung, liver, kidney, adrenal 
glands, and spleen.?»'® Other compounds of Ni have been 
found to be toxic in the rat.” 

Patients undergoing dialysis are exposed to Ni and accu- 
mulate Ni in blood and other organs. There appear to be no 
adverse health effects from this exposure.'” Nickel is quan- 
tified by electrothermal atomic absorption spectrometry.'” 


PLATINUM 

A variety of platinum (Pt)-containing antineoplastic 
agents are used in chemotherapy, typified by cisplatin (cis- 
dichlorodiammineplatinum dihydrate). All of these 
compounds have some nephrotoxicity that is related to the 
concentration of Pt circulating in the blood.* Although it is 
not common to measure Pt concentrations in all patients 
receiving cisplatin therapy, quantification of Pt concen- 
trations in patients with reduced renal function can help 
identify whether the Pt is the cause of the compromised 
renal function. Peak serum concentrations greater than 


*Of historical note, an epidemic occurred in 1976 in Philadelphia 
that became known as “legionnaires’ disease.” Before the cause 
was identified as microbiological, serious consideration was given 
to the possibility that the cause was nickel carbonyl, because the 
presentation of the patients resembled that expected for those 
exposed to this toxic metal complex. 


l ug/mL but less than 1.5 g/mL correlate with little nephro- 
toxicity and good therapeutic response.” Either AA-ETA or 
ICP-MS can be used to measure Pt.* 


SELENIUM 


Selenium (Se) is an essential element and may play a role 
in mitigating biological damage caused by arsenic and 
cadmium exposure.” It is a cofactor required to maintain 
glutathione peroxidase activity, an enzyme that catalyzes the 
degradation of organic hydroperoxides. The absence of Se 
correlates with a loss of glutathione peroxidase activity and 
is associated with damage to cell membranes because of the 
accumulation of free radicals. In humans, cardiac muscle is 
the tissue most susceptible to Se deficiency; with cell mem- 
brane damage, normal cells are replaced with fibroblasts.” 
This condition is known as cardiomyopathy and is charac- 
terized by an enlarged heart consisting of predominantly 
nonfunctioning fibrotic tissue. 

The normal daily dietary intake of Se is 0.01 to 0.04 ppm, 
which is similar to the typical content of the metal in soil 
(0.05 ppm) and sea water (0.09ppm). Excessive exposure 
occurs when daily intake exceeds 0.4 ppm.’ Selenium accu- 
mulates in biological tissue such that the normal concentra- 
tion in human blood serum is 95 to 160 ng/mL (0.15 ppm). 
In the state of Se deficiency associated with loss of glu- 
tathione peroxidase activity, the serum concentration is less 
than 40ng/mL.'* 

Selenium deficiency among people who consume food 
from only a particular region can be related to low soil 
content of the metal in that region; the soil of the Keshan 
region of China is noted for this characteristic. Children 
living in the Keshan region who receive no Se supplement 
develop cardiomyopathy. Deficiency is also related to use of 
total parenteral nutrition, which is therapy administered to 
patients who have no functional bowel (e.g., those who have 
undergone surgical removal of the small and large intestines 
because of cancer) or who have acute inflammatory bowel 
disease, such as Crohn’s disease (see Chapter 48). Selenium 
supplementation to raise serum concentration above 90 
ng/mL is the usual practice in these patients, and serum 
monitoring on a semiannual basis is performed to ensure 
adequacy of supplementation. 

Selenium toxicity has been observed in animals when 
daily intake exceeds 0.44 ppm.” Teratogenic effects are fre- 
quently noted in the offspring of animals living in regions 
where Se soil content is high, such as in south central South 
Dakota and the northern coastal regions of California.’” 
Selenium toxicity in humans is not known to be a significant 
problem except in acute overdose cases, and Se is not 
classified as a human teratogen. Selenium is found in many 
over-the-counter vitamin preparations because its anti- 
oxidant activity is thought to be anticarcinogenic.'” There 
is no substantiating evidence that Se inhibits cancer 
development.” 

Selenium may be quantified by ICP-MS,” or alternatively 
by atomic absorption spectrometry, after the specimen is 
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mixed with matrix modifier. An ICP-MS procedure for mea- 
suring selenium in serum is presented in the appendix for 
Chapter 35 found on this book’s accompanying Evolve site 
at http://evolve.elsevier.com/Tietz/textbook/, 


SILICON 


Silicon (Si) is the most abundant element in our environ- 
ment; it constitutes 26% of the earth’s crust. From the toxi- 
cological viewpoint, several forms of Si are of interest, 
including amorphous oxides of Si (e.g., asbestos) and methy- 
lated polymers of Si (e.g., silicone). 

Inhalation of asbestos-containing dust leads to deposi- 
tion of asbestos fibers in the pulmonary alveoli.’ These 
fibers are needle-shaped spicules approximately 150 um in 
length and up to 15pm in diameter. When these fibers are 
inhaled, they deposit in the alveoli where they are sur- 
rounded by macrophages and become coated with protein 
and mucopolysaccharide to form “asbestos bodies.” The 
diagnosis of asbestosis is made by interpretation of a chest 
x-ray by a qualified radiologist, demonstration of asbestos in 
sputum, and documentation of asbestos bodies in a lung 
biopsy by electron microscopy. Direct analysis of lung 
tissue for Si is not useful, because all lung tissue is infiltrated 
with Si, most of which is not asbestos. Thus direct analysis 
for Si cannot distinguish asbestosis from normal background 
Si. 

Concern about the use of silicone in implants and about 
its possible toxicity have come to public attention based on 
reports of a high prevalence of connective tissue disease 
associated with breast augmentation.” Silicone appears 
to induce a response from polymorphonuclear cells and 
macrophages that bind small particles of silicone and trans- 
port them to lymph nodes, where they can accumulate." 
Other studies do not support a rheumatological role for sil- 
icone." Quantification of blood”! or tissue concentra- 
tions"?! correlates with the presence of implants but not with 
symptoms of joint disease. 


SILVER 


The clinical interest in silver (Ag) analysis is limited to two 
applications: (1) monitoring burn patients treated with Ag 
sulfadiazine and (2) monitoring patients treated with 
Ag-containing nasal decongestants. In both cases, Ag 
deposits in many organs, including the subepithelium of 
skin and mucous membranes, producing a syndrome called 
argyria (graying of the skin). Argyria is associated with 
growth retardation, hemopoiesis, cardiac enlargement, 
degeneration of the liver, and destruction of renal tubules. 
The normal concentration of serum Ag is less than 2ng/mL. 
Typical Ag concentrations observed in serum of unaffected 
patients during treatment range up to 300 ng/mL, and their 
urine output can be as high as 550 ug/day. 7 


THALLIUM 


Thallium (Tl) is a byproduct of lead smelting. Interest in T1 
derives primarily from its use as a rodenticide; accidental 


exposure represents the most likely source of exposure. 
Additionally, environmental concerns are growing because 
thallium is a waste product of coal combustion and the 
manufacturing of cement.” Thallium is rapidly absorbed. 
via ingestion, inhalation, and skin contact. It is considered 
to be as toxic as lead and mercury and has similar sites of 
action. The mechanism of TI toxicity is (1) competi- 
tion with potassium at cell receptors to affect ion pumps, 
(2) inhibition of DNA synthesis, (3) binding to sulfhydryl 
groups on proteins in neural axons, and (4) concentration 
in renal tubular cells to cause necrosis, Patients exposed to 
high doses of Tl (>1g) demonstrate alopecia (hair loss), 
peripheral neuropathy and seizures, and renal failure.® 
Normal serum concentrations are less than 10ng/mL, and 
normal daily urine excretion is less than 10 ptg/day. Exposed 
patients can have serum concentrations as high as 50 g/mL, 
with urine output in excess of 500ug/day. The long-term 
prognosis from such an exposure is poor.” 
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Principles of Molecular 
Biology and Approaches 
to Nucleic Acid Isolation 


Y.M. Dennis Lo, M.A., D.M., D.Phil, ER.C.P, 
ER.C.Path., and Rossa W.K. Chiu, M.B.B.S., Ph.D., 
ER.C.PA,* 


olecular diagnostics represents one of the most 
N j rapidly developing areas in clinical chemistry. 
Advances in the field have been made possible by 


our improved understanding of molecular biology and 
genetics and of their relationships with human diseases, and 
the development of powerful technologies for the analysis of 
nucleic acids. The chapters in this section attempt to provide 
an overview of the important advances in molecular diag- 
nostics. The fundamental concepts in molecular biology are 
reviewed in this chapter. Molecular diagnostic techniques 
and operational requirements are discussed in Chapters 37 
and 38, respectively. The subsequent chapters focus on key 
areas of molecular diagnostics, specifically hematological 
malignancies (Chapter 39), inherited diseases (Chapter 40), 
identity assessment (Chapter 41), infectious diseases 
(Chapter 42), and pharmacogenetics (Chapter 43), 


LANDMARK DEVELOPMENTS IN GENETICS — 
AND MOLECULAR DIAGNOSTICS 


Amazing developments in biotechnology have taken place in 
the late twentieth century.” For example, we have witnessed 
the decoding of the human genome, cloning of organisms, 
and progress in stem cell research and gene therapy. Many of 
these advances would not have been possible without the 


*The authors gratefully acknowledge the original contributions of 
Drs. Elizabeth R. Unger and Margaret A. Piper, upon which 
portions of this chapter are based. 
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many earlier landmark discoveries that unveiled the myster- 
ies of genetics and paved the way for modern molecular 
diagnostics.**' Genetics began modestly when Mendel 
experimented. with garden peas. His findings, published in 
1866 and suggesting the concepts of alleles and genes as 
discrete units of heredity, essentially captured the most 
fundamental concepts in inheritance. In 1910 Morgan 
revealed that the units of heredity are contained within chro- 
mosomes, but it was Avery in 1944 who confirmed through 
studies on bacteria that it was DNA that carried the genetic 
information. Franklin and Wilkins studied DNA by x-ray 
crystallography, which subsequently led to the unraveling of 
the double-helical structure of DNA by Watson and Crick in 
1953. In the 1960s Smith demonstrated that DNA can be 
cleaved by restriction enzymes, which Arber had discovered 
earlier and which facilitated the subsequent development of 
recombinant DNA technologies. Nathans furthered the work 
on restriction enzymes and was the first to construct a 
genetic map. In 1975 the Southern blot was invented, which 
allowed the detection of specific DNA sequences. Soon after, 
in 1977, DNA-sequencing methodologies were developed, 
and the first complete DNA sequence of an organism, a bac- 
teriophage, was published, Prenatal genetic diagnosis of 
sickle cell disease was first shown to be feasible by Kan and 
Chang in 1981. Mullis and co-workers developed the po- 
lymerase chain reaction (PCR) in 1985. DNA microarrays, 
which allow the simultaneous interrogation of gene tran- 
scripts, became a reality in 1996. Remarkably, the draft 
human genome sequence was released in 2001 and com- 
pleted in 2003. 
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This is a brief account of a fraction of the many great dis- 
coveries that shaped modern genetics and molecular diag- 
nostics. We shall now start the discussion of the principles 
of molecular biology beginning with the Watson and Crick 
model of DNA and, for the readers who persist in the 
journey, the chapter shall end with discussion of the great- 
est biotechnological achievement of mankind of our time, 
the Human Genome Project. 


NUCLEIC ACID CHEMISTRY, BIOCHEMISTRY, 
AND BIOLOGY 


Nucleic acids form the repository for hereditary information 
and provide the means of translating that information into 
the cellular machinery of life. Detailing the structure and 
function of nucleic acids has been a central theme of mo- 
lecular biology; a review of nucleic acid chemistry and bio- 
chemistry is fundamental to further discussions on nucleic 
acid diagnostic tests. 


MOLECULAR COMPOSITIONS AND STRUCTURES OF 
DNA AND RNA 


The physicochemical properties and function of nucleic 
acids are largely governed by the compositions and struc- 
tures of DNA and RNA. A single molecule of DNA is a 
polymer consisting of a backbone of invariant composition 
and of side groups arranged in a variable sequence. The 
polymer is synthesized from monomers (nucleotides) com- 
posed of the sugar deoxyribose, a phosphate residue, and a 
purine or pyrimidine base. The purines are adenine (A) and 
guanine (G), and the pyrimidines are cytosine (C) and 
thymine (T) (Figure 36-1). The four nucleotide building 
blocks of DNA are abbreviated dATP (deoxyadenine- 
triphosphate), dGTP (deoxyguanine-triphosphate), dCTP 
(deoxycytosine-triphosphate), and dTTP (deoxythymine- 
triphosphate), respectively. Nucleotides are joined by phos- 
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phodiester bonds that link the 5’-phosphate group of one to 
the 3’-hydroxyl group of the next (Figure 36-2). There are 
no 3’-3’ or 5’-5’ linkages; thus the sugar and phosphate moi- 
eties compose the nonspecific portions of the molecule. The 
sequence of the bases varies from molecule to molecule and 
uniquely identifies each DNA polymer, which as discussed 
later, determines the identity and function of the protein or 
RNA products that the DNA encodes. 

Although the purines and pyrimidines are of different 
compositions and sizes, when in the proper orientation, 
adenine forms hydrogen bonds with thymine and guanine 
forms hydrogen bonds with cytosine to form planar struc- 
tures of similar dimensions (Figure 36-1). This and the fact 
that the base portion of each nucleotide is hydrophobic con- 
tributes to the energetically favorable secondary structure of 
DNA as it is found in its native form: a right-handed, double- 
stranded helix. The planar base pairs stack in the inside of 
the helix, 10 bases per turn, whereas the hydrophilic sugar- 
phosphate backbone forms noncovalent bonds with sur- 
rounding water molecules. For the two DNA polymers to 
form the proper hydrogen bonds between the bases, two 
requirements must be fulfilled: the polymers must run 
in opposite directions (antiparallel) as defined by the 
free hydroxyl groups at each end (3’-5’ vs. 5’-3’), and 
the sequences of each molecule must be such that A:T and 
G:C hydrogen bonds are always formed (base pairing). 
Two DNA strands that meet this requirement are called 
complementary. 

Owing to base pairing and the double-helical conforma- 
tion, double-stranded DNA (dsDNA) is an exceptionally 
stable molecule. Retention of the base pairs in the inner 
portion of the helix prevents disruption by water molecules. 
The helical conformation places each monomer in an iden- 
tical orientation within the molecule and forms the same 
secondary bonds as every other monomer. This secondary 
bonding contributes to the overall stability. Because the base 


Figure 36-1 Purine and pyrimidine bases and the 
formation of complementary base pairs. Dashed 
fines indicate the formation of hydrogen bonds. {In 
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(Modified from Piper, M.A, Unger, E.R.: Nucleic Acid 
Probes: A Primer for Pathologists. Ses ASCP Press, 
1989.) 
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pairs are of similar size, the helix retains a constant angle of 
rotation and avoids distortion. All of these features dictate 
that all ds DNA molecules, regardless of base sequence, retain 
the same shape and size within a pH range of approximately 
4 to 9, Outside these limits, the base pair bonds are disrupted 
and the helix unwinds.” 

RNA is chemically very similar to DNA but differs in 
important ways. The sugar unit is ribose with an added 
hydroxyl group at the 2’ position, and the methylated pyrim- 
idine uracil (U) replaces thymine. RNA exists in. various 
functional forms but typically as a single-stranded polymer 
that is much shorter than DNA and that has an irregular 
three-dimensional structure. Research from recent years has 
revealed that RNA conformations are not random structures 
and the folding mechanism of RNA molecules is 
complex.’”” The secondary structure adopted by an RNA 
molecule is to a large extent related to its nucleotide 
sequence. The secondary structure for particular RNA 
sequences can be as regular as the secondary structure of a 
protein. It is now known that RNA molecules can further 
interact to form complex tertiary structures, which are inti- 
mately related to novel functions of RNA, such as the cat- 
alytic activity of ribozymes,””” 


CHROMOSOME STRUCTURE 


DNA molecules are extremely long and in the eukaryotic cell 
are maintained in orderly and compact three-dimensional 
structures. Each diploid human cell contains two full com- 
plements of the human genome, each copy consisting of 
approximately 3.2 billion nucleotides. This vast amount of 
genetic material is organized into 23 homologous chromo- 
some pairs, with each pair contributed by a homolog of 
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Figure 36-2 A single-stranded DNA chain. Repeating 
nucleotide units are linked by phosphodiester bonds that join 
the 5’ carbon of one sugar to the 3’ carbon of the next. (In 
RNA, the sugar is ribose, which adds a 2’-hydroxyl to 
deoxyribose.) (Modified from Piper, M.A., Unger, E.R.: Nucleic Acid 
Probes:A Primer for Pathologists. Chicago, ASCP Press, 1989.) 


maternal origin and the other of paternal origin. Each chro- 
mosome is a highly-ordered structure of a single dsDNA 
molecule, compacted many times with the aid of structural 
DNA-binding proteins. The chromosomal arrangement of 
human DNA not only allows the packaging of the vast 
human genome into the limited physical dimensions of the 
cell nucleus, but also governs one of the Mendelian laws of 
inheritance on independent assortment whereby genes 
located on different chromosomes recombine at random 
from one- generation to the next. In addition, as will be dis- 
cussed later, the structural organization of the human 
genome is intimately related to the control of DNA tran- 
scription, replication, recombination, and repair.”"”** 

Nuclear DNA in conjunction with its associated struc- 
tural proteins, including histone and nonhistone proteins, is 
known as chromatin. Chromatin is arranged and organized 
in a hierarchical fashion where the degree of condensation 
increases with higher levels of structural organization. The 
nucleosome represents the most basic level of chromatin 
organization and is present as repeated units along the full 
length of each chromosome. Each nucleosome unit consists 
of a nucleosome core particle and 20 to 80 base pairs of 
linker DNA, which spans between adjacent nucleosomes.” A 
nucleosome core particle involves 146 base pairs of dsDNA 
tightly wound around an octamer of histone proteins, two 
each of four histone proteins, namely H2A, H2B, H3, and 
H4.” The linker DNA segments are associated with the 
linker histone H1. Nucleosomes are further packed in suc- 
cessive levels of complexity wherein the most compact 
stage,” chromatin, appears as discrete mitotic chromosomes 
as seen in the metaphase of a cell cycle. Integrity of the nu- 
cleosomal structure is crucial to the maintenance of the 
higher-order arrangements of chromatin.” 

Chromatin condensation is a dynamic process that 
changes in a coordinated fashion in association with the cell 
cycle. In general, chromatin is much less condensed during 
interphase, at which time DNA is replicated. However, the 
extent of chromatin condensation during interphase varies 
among regions of the genome. Genomic regions that are rich 
in genes are in general less compactly organized and are 
termed euchromatin. Regions that are gene-poor or span 
over transcriptionally silent genes are more densely packed 
and are called heterochromatin. Our understanding of the 
biological role of heterochromatin and the mechanisms that 
govern its formation and assembly has improved in recent 
years, Heterochromatin is important for the maintenance of 
specialized chromatin structures, X-chromosome inactiva- 
tion in females, maintenance of genome stability by stabiliz- 
ing repetitive DNA sequences, and regulation of gene 
expression.” Eukaryote chromosomes contain two special- 
ized regions of heterochromatin, namely the centromeres 
and telomeres. The former plays an important role in direct- 
ing the movement of chromosomes between daughter cells 
during cell division, while the latter contains repetitive 
nucleotide sequences that are located on and protect the 
ends of chromosomes. Besides the large centromeric or 
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telomeric blocks of heterochromatin, smaller domains of 
heterochromatin are scattered throughout the genome and 
are associated with the control of gene expression. The 
assembly of heterochromatin starts at the most basic level of 
chromatin organization, the nucleosomes, and involves DNA 
methylation, histone modifications, noncoding RNAs, and 
sequence-specific DNA binding proteins.” The functional 
implications of the structural organization of chromatin will 
be discussed further below. 


REPLICATION, TRANSCRIPTION, AND TRANSLATION 


Each time a cell divides, the entire DNA content of that cell 
must be faithfully duplicated, so that the total complement 
of hereditary information (the genome of the organism) is 
retained in each daughter cell. This process is called replica- 
tion. Owing to the laws of base pairing (i.e. adenine pairs 
only with thymine, and guanine only with cytosine), the 
sequence of a single strand of DNA dictates the sequence of 
its complementary strand. Replication proceeds in a semi- 
conservative fashion, with the two parent strands of a dsDNA 
molecule each serving as the template for the synthesis of a 
daughter strand. The duplicated dsDNA molecules pro- 
duced in this manner are each composed of one parent 
strand and one daughter strand. For replication to occur, the 
original double-stranded helix must be separated, which is 
an energetically unfavorable event. This is accomplished 
with a combination of DNA-specific proteins and enzymes, 
and synthesis of both daughter strands proceeds as the 
parent strands separate. Replication is initiated at multiple 
sites during this process, but each origin of replication is 
used only once during a single ceil cycle. 

Daughter strands are synthesized by DNA polymerase IH, 
an enzyme that reads the parent template and attaches 
nucleotides to the growing daughter strand according to the 
base-pairing rules of dsDNA. DNA polymerase HI begins 
synthesis at the replication fork, the point of strand separa- 
tion, with a short RNA primer that base-pairs to the parent 
template. Later, this primer is excised and replaced with DNA 
by the DNA repair enzyme, DNA polymerase I. Because DNA 
polymerase HI synthesizes DNA only in the 5’-3’ direction, 
one daughter strand is synthesized continuously, whereas the 
other must be synthesized discontinuously. The fragments 
on the discontinuous strand are then joined by the DNA 
ligase enzyme. Many other proteins are involved in unwind- 
ing and stabilizing the parent strands for synthesis, in pro- 
tecting single-stranded regions, in recognizing initiation 
sites, and in synthesizing the RNA primer. In addition to syn- 
thetic capabilities, the DNA polymerases possess an exonu- 
clease or “proofreading” function: When an incorrect 
nucleotide is added to the growing polymer, a conforma- 
tional change brings the chain in contact with the exonucle- 
ase portion of the enzyme, which excises the incorrect 
nucleotide. This helps maintain the integrity of the original 
DNA sequence. 

The information in DNA is arranged in units specifying 
production of proteins and RNA molecules required for cel- 


lular function. These units, called genes, include coding 
regions specifying the amino acid sequence of a protein and 
the regulatory regions controlling the rate and timing of that 
protein’s production. The production of proteins is mediated 
by RNA molecules that carry the information for specific 
proteins from the DNA in the nucleus to the cytoplasm, 
where the proteins are synthesized. These are messenger 
RNAs (mRNAs). The process of transferring the sequence 
information from the coding regions of DNA to the RNA 
message is called transcription. 

Like replication, transcription requires separation of the 
duplex DNA strands and uses a polymerase to copy the tem- 
plate DNA strand. For transcription, the polymerase is RNA 
polymerase H, which binds to sequences in the regulatory 
region of the gene called the promoter. Promoters occur 
approximately 100 bases “upstream” (i.e., at the 5’ end) from 
the initiation site of transcription where the first ribonu- 
cleotide unit is paired with the template (uracil pairs with 
adenine). Promoters are usually rich in thymine and adenine 
in repeating patterns and have been referred to as a TATA 
box. Initiation of transcription requires many protein cofac- 
tors to bind to RNA polymerase to form the active initiation 
complex. Other regions of DNA known as enhancers may 
interact with the initiation complex to stimulate or repress 
transcription. Regulation of transcription is the primary 
mechanism cells use to control gene expression.™ 

Transcription continues until chain termination occurs in 
response to specific sequences. The RNA transcript quickly 
detaches from the template DNA because restoration of the 
DNA-DNA duplex is energetically more favorable than 
retaining the DNA-RNA hybrid or a segment of ssDNA. The 
end product is a complementary sequence of ribonu- 
cleotides that contains the information necessary for protein 
synthesis. However, additional modifications are required 
before mRNA can be exported to the cytoplasm where 
protein synthesis takes place.” The 5’ end is modified by the 
addition of 7-methyl guanosine residues to form a structure 
called a cap. The 3’ end is modified by the addition of mul- 
tiple adenine bases, called the poly A tail. Both caps and tails 
are necessary for translation of mRNA into protein, and the 
poly-A tail may also stabilize the mRNA molecule. Noncod- 
ing regions termed introns are excised from the mRNA by a 
molecular complex termed a spliceosome. These complexes 
are composed of multiple small nuclear ribonucleoprotein 
particles (snRNPs). Spliceosomes mediate the cleavage and 
ligation of RNA at specific recognition sequences. After the 
introns are removed, the mRNA contains exons, or coding 
sequences, and is transported into the cytoplasm. 

Translation is the process whereby the mRNA sequence 
directs the amino acid sequence during protein synthesis. 
Twenty-one amino acids are involved in protein synthesis 
and each is specified by a three-nucleotide sequence known 
as a codon. Because there are 64 possible codons, most amino 
acids are specified by more than one codon. In addition, two 
codons do not code for amino acids but always signal ter- 
mination of protein synthesis (stop codons), and one codon, 
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TABLE aS: | The Genetic Code (Translation of MRNA to Amino Acids During Protein Synthesis) 
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*The codon UGA can code for either selenocysteine or stop. 


UGA, codes for either a stop or for selenocysteine, depend- 
ing on the adjacent sequences or RNA-binding proteins.” 
The genetic code is shown in Table 36-1. Translation takes 
place on ribosomes, which are ribonucleoprotein complexes 
that function as protein synthesis factories. A ribosome 
binds to the initiation site on mRNA to form an initiation 
complex. During synthesis, codons are “read” by transfer 
RNA (tRNA), short RNA molecules that have a sequence 
complementary to an amino acid codon (anticodon), and are 
bound to the amino acid molecule specified by the codon. 
As synthesis proceeds, the appropriate tRNA anticodon base- 
pairs with the next mRNA codon. An enzyme on the ribo- 
some then catalyzes the formation of a peptide bond 
between the amino acid bound to the tRNA and the growing 
protein chain. The previous tRNA is released and the next 
tRNA is added. The ribosome moves along the mRNA until 
a stop codon is reached and synthesis is complete. The ribo- 
some and the protein product are then dissociated from the 
mRNA. More than one ribosome can move along an mRNA 
molecule at a time, forming a polyribosome. 


GENETICS AND EPIGENETICS 


Genetic and epigenetic phenomena are intimately related. In 
general, genetic events are related to the sequence informa- 
tion of DNA, and thus include the consequences of the trans- 
mission of a particular DNA sequence (e.g., the inheritance 
of DNA mutations or polymorphisms) or the acquisition of 
DNA sequence variations (e.g., the accumulation of somatic 
mutations in aging or cancer development). These genetic 
issues are discussed in some of the subsequent chapters. On 
the other hand, there have been inconsistent views regarding 
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the definition of epigenetics.** In most circumstances, epi- 
genetics encompasses processes that alter gene function or 
its interpretation by mechanisms other than those that rely 
on DNA sequence change.” Practically, epigenetics has 
evolved to include the study of DNA methylation, genomic 
imprinting, histone modification, chromatin remodeling, 
and others.” Most of these processes add another dimension 
to gene expression control. 

DNA methylation refers to the addition of a methyl group 
to the fifth carbon position of cytosine residues in CpG di- 
nucleotides. Approximately 80% of all CpG dinucleotides in 
the human genome are methylated and these mainly include 
isolated CpG dinucleotides and clusters, termed CpG 
islands, in nonpromoter DNA repeat elements.” These pat- 
terns of methylation are faithfully reproduced during DNA 
replication by maintenance DNA methyltransferases 
(DNMT1), so that the methylation pattern is inherited by 
daughter cells at cell division. In addition, DNA methylation 
is implicated in growth and development of organisms. After 
embryo fertilization, the genome becomes demethylated 
(except imprinted loci, see discussion later in this chapter) 
to pave the way for the establishment of developmentally 
related patterns of DNA methylation by de novo DNA 
methyltransferases (DNMT3a and DNMT3b). Genomic 
imprinting and gene dosage compensation of X-linked genes 
in females are also mediated by DNA methylation. Genomic 
imprinting is an epigenetic phenomenon whereby the 
genetic function of particular alleles is determined by 
whether it is paternally or maternally inherited. The human 
insulin-like growth factor-2 H19 (IGF2-H19) locus on chro- 
mosome 15 is an example of an imprinted locus whereby the 


1398 Section V Molecular Diagnostics and Genetics 


disomic inheritance of either the paternal or maternal allele 
results in significantly different clinical outcomes, namely 
Prader-Willi and Angelman syndromes, respectively (see 
Chapter 40, Inherited Diseases). Differential methylation of 
the imprinted locus from the time of germ cell development 
allows the recognition of the parental origin of the imprinted 
alleles by the cellular processes. 

Besides growth and development, DNA methylation is a 
well-recognized epigenetic phenomenon that mediates gene 
silencing.” With the exception of CpG islands within DNA 
repeat elements, other CpG islands, particularly those found 
in promoter regions of active genes, are unmethylated in the 
homeostatic state. If, on the contrary, the promoter CpG 
islands become hypermethylated, the genes would become 
transcriptionally silenced. Aberrant hypermethylation of 
gene promoters, particularly those of tumor suppressor 
genes and genes involved in DNA repair, is a well-known 
phenomenon in tumor development.” The methylation of 
gene promoters has been shown to hinder the association of 
methylation-sensitive transcription factors, thus preventing 
gene activation. In addition, hypermethylated sites attract 
the binding of methyl-CpG binding proteins, such as 
methyl-CpG binding protein 2 (MECP2) and methyl-CpG 
binding domain proteins (MBD1 and MBD2), which further 
block the association of a number of transcription factors.” 
More importantly, it is now appreciated that these methyl- 
CpG binding proteins have the ability to recruit histone 
deacetylases, a phenomenon that leads to deacetylation of 
histones and that ultimately represses transcription. 

As discussed, histones are an integral part of nucleo- 
somes, the basic repeating structural unit of chromatin. The 
amino termini of histone proteins can be modified post- 
translationally by processes that include acetylation, methy- 
lation, phosphorylation, and ubiquination.” Acetylation of 
the lysines on the amino termini of histones H3 and H4 by 
histone acetyltransferases decreases histone-DNA interac- 
tion and improves the accessibility of DNA to transcriptional 
activation. On the contrary, histone deacetylation by histone 
deacetylases promotes the formation of compact nucleo- 
somes, leading to repression of transcription. Histone 
deacetylation is in fact a key component to the assembly of 
heterochromatin, the transcriptionally inactive chromatin.” 
Methylation of the ninth amino acid residue, lysine, on 
histone H3 generates a binding site for heterochromatin 
protein (HP1) and thus is another key event in heterochro- 
matin formation.” Phosphorylation of the tenth amino 
acid, serine, on histone H3 is important for chromosome 
condensation and mitosis. 

Besides the histone modifications, nucleosomes can be 
remodeled by ATP-dependent processes, including octamer 
sliding, DNA looping, and histone substitution. Octamer 
sliding allows the relocation of histone octamers to adjacent 
DNA segments. DNA looping refers to the mechanism 
whereby the DNA segment originally wrapped around the 
nucleosome could be unlooped. Histone substitution allows 
the replacement of octamer subunits with variant histones. 


Consequently, nucleosomes are dynamic structures that can 
be remodeled according to the transcriptional demands of 
the cell. Furthermore, energy-dependent processes also exist 
that facilitate the remodeling of higher-order chromatin 
structures with implications on genetic events, such as DNA 
transcription, replication, repair, and recombination.” In 
summary, gene function is moderated by an interrelated web 
of epigenetic mechanisms. The interdependency between the 
control of gene function or expression and the structural 
organization of chromatin can be appreciated from the dual 
structural and functional effects of CpG methylation, 
histone modification, heterochromatin formation, and 
nucleosomal and chromatin remodeling. 


NUCLEAR AND MITOCHONDRIAL GENOMES 


Up to this point we have focused our attention on the 
nuclear genome only. Yet, in fact, it is not the only genome 
in the cell, the mitochondrial genome being the other impor- 
tant genetic component of eukaryotic cells. The human 
mitochondrial genome is a circular piece of DNA 16.5 kb in 
length.” Mitochondrial DNA is transmitted between gener- 
ations by maternal inheritance, with the mitochondria 
coming from the oocytes and not (usually) from sperm. 
Multiple copies of mitochondrial DNA are present within 
each mitochondrion and each cell contains a variable 
number of mitochondria depending on the energy require- 
ments of the particular cell type. Thus certain cell types may 
contain up to several thousand copies of mitochondrial 
DNA.*”” This greater abundance, compared with that of 
nuclear DNA, makes mitochondrial DNA attractive for tests 
for which sample DNA is limited (e.g., crime scenes, 
pathogen detection, and paleontology). Mitochondrial DNA 
is double-stranded for most of its length except at the repli- 
cation and transcription control region (the D-loop). Unlike 
the nuclear genome, the mitochondrial genome is not pack- 
aged into nucleosomal units. Instead, it has a unique struc- 
tural organization, which researchers have just begun to 
unravel.'* It encodes for 13 polypeptides, all involved in the 
oxidative phosphorylation pathway; two ribosomal RNAs 
(rRNAs); and all of the 22 tRNAs required for mitochon- 
drial protein synthesis. Several other proteins are also 
required for normal mitochondrial function and are 
encoded by nuclear genes. 

The mutation rate of mitochondrial DNA is 10 to 20 
times higher than that of nuclear DNA. This high rate has 
been viewed as a result of the poor fidelity of mitochon- 
drial DNA polymerase.*’ Germ-line mutations in the mito- 
chondrial genome generally lead to neurodegenerative 
and/or myopathic diseases, such as MELAS (myopathy, 
encephalopathy, lactic acidosis, and strokelike episodes) and 
Leber’s hereditary optic neuropathy.” Somatic mutations, on 
the other hand, are associated with aging and cancer devel- 
opment.’ Consequent to the accumulation of sequence 
variations, more than one population of mitochondrial 
DNA sequences may be present in a cell. This state is termed 
heteroplasmy as opposed to homoplasmy in which the cell 
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contains a homogeneous population of mitochondrial 
genomes. When performing genetic analysis for mitochon- 
drial DNA, a note of caution is warranted on the potential 
problems related to the presence of nuclear pseudogenes, 
which are DNA segments in the nuclear genome with sig- 
nificant homology to the mitochondrial genome.’ The 
close resemblance of the nuclear and mitochondrial DNA 
segments may result in the false-positive detection of mito- 


chondrial DNA sequences™ and thus the specificity of PCR - 


systems for mitochondrial DNA detection needs to.be care- 
fully evaluated.” Disorders associated with mitochondrial 
DNA and tests for the disorders are discussed in Chapter 40. 


CIRCULATING NUCLEIC ACIDS 


Apart from studies in the field of virology, most molecular 
analyses have been performed on DNA and RNA that have 
been extracted from cells. In the 1940s, however, intriguing 
data appeared that pointed toward the existence of cell-free 
DNA and RNA in the plasma of human subjects,” However, 
apart from a handful of reports,” the field of circulating 
nucleic acids remained largely dormant until the 1990s. 
Since that time, interest in cell-free DNA has grown rapidly, 
largely because of its potential to provide new tools in mo- 
lecular diagnostics. 


Cancer DNA in Plasma 


In 1994 two groups simultaneously reported the presence of 
tumor-associated oncogene mutations in DNA in the plasma 
and serum of cancer patients.’ These reports were rapidly 
followed by the detection of other cancer-associated molec- 
ular changes in DNA found in plasma and serum, including 
microsatellite alterations, ®® oncogene amplifications," epi- 
genetic changes, ">? mitochondrial mutations,” and viral 
nucleic acids.” The detection and quantification of circu- 
lating tumor-derived DNA in plasma and serum have been 
shown to allow the detection,” monitoring,” and prog- 
nostication of a variety of cancers.°“* 

The mechanism through which DNA is released into the 
plasma and serum has generally been thought to be because 
of cell death,” probably through a combination of apopto- 
sis and necrosis. Consistent with this view, circulating DNA 
in cancer patients has been shown to consist mainly of short 
DNA fragments.”” The functional implication of circulating 
tumor DNA remains unclear, although provocative hypothe- 
ses have been proposed regarding the possibility that such 


DNA may mediate “genometastasis.””*” 


Fetal DNA in Maternal Plasma 


The presence of tumor-derived DNA in the plasma of cancer 
patients has inspired researchers to look for other types of 
circulating nucleic acids. In particular, the similarity between 
the placenta and a malignant neoplasm” has led to the dis- 
covery of cell-free fetal DNA in the plasma and serum of 
pregnant women.” Fetal DNA has been shown to be present 
in the plasma of almost all pregnant women, from the early 
first trimester onward,” and to be present in increasing 


concentrations as gestation progresses.” Following delivery, 
fetal DNA is cleared rapidly from maternal plasma, with an 
apparent half-life on the order of 16 minutes.” 

The discovery of cell-free fetal DNA in maternal plasma 
and serum has opened up new possibilities for noninvasive 
prenatal diagnosis. Fetal DNA is readily detectable in mater- 
nal plasma, but most of the DNA in maternal plasma is still 
of maternal origin.” Thus most workers in the field have 
attempted to detect unique genetic markers that the fetus has 
inherited from the father (e.g., Y chromosomal markers for 
a male fetus). This technology has now been used for the 
noninvasive prenatal diagnosis of a number of conditions, 
including sex-linked disorders,” RhD status,” congenital 
adrenal hyperplasia,” achondroplasia,” and B-thalassemia.” 
Fetal RhD status determination in RhD-negative women has 
been adopted as a routine service by several laboratories.” 
In addition to the qualitative mutation analyses of fetal DNA 
in maternal plasma, quantitative aberrations have also been 
reported in a number of pregnancy-associated disorders, 
including preeclampsia," preterm labor,” trisomy 21,7" 
hyperemesis gravidarum,” and invasive placentation.” 
These data have generally been produced by the measure- 
ment of fetal-derived Y chromosomal] DNA sequences in the 
plasma or serum of women carrying male fetuses, Thus if a 
gender- and polymorphism-independent _ fetal-specific 
marker could be developed in the future, fetal DNA mea- 
surement might be used as an additional analyte for prena- 
tal screening. 


Other Applications of Circulating DNA 


Apart from oncology and fetomaternal medicine, plasma 
DNA also has other applications in molecular diagnostics. In 
a situation analogous to the presence of a fetus in a preg-nant 
woman, DNA derived from a transplanted organ has also 
been detected in the plasma of the transplant recipient.” It 
has been hypothesized that a measurement of graft-derived 
DNA concentration might provide a noninvasive method for 
monitoring graft rejection, analogous to the situation of 
urine DNA measurement following kidney transplanta- 
tion.” In addition, the association between plasma DNA 
and cell death”””* has also prompted investigators to measure 
circulating DNA concentration in various conditions asso- 
ciated with tissue injury, including pulmonary embolism,“ 
trauma, © myocardial infarction,® and stroke.” 


Plasma RNA 


The detection of cell-free DNA in plasma has prompted 
investigators to see if cell-free RNA may also be present in 
the plasma. This was first achieved through the detection of 
tumor-derived RNA, including tumor-associated viral 
RNA” and a tissue-specific mRNA transcript,” in the plasma 
and serum of cancer patients. Since then a number of RNA 
targets, including telomerase components”” and multiple 
epithelial mRNA transcripts,* have been detected in the 
plasma and serum of patients suffering from a variety of 
cancers. 
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One apparent paradox in the detection of RNA in plasma 
is the well-known lability of RNA. Indeed, if purified RNA 
is added to plasma, the RNA molecules are largely degraded 
within a matter of seconds.’ However, when endogenous 
plasma RNA is studied, the RNA molecules have been 
shown to be remarkably stable, with concentrations 
remaining unchanged for extended periods at room tem- 
perature.” The stability of endogenous plasma RNA has 
recently been shown to be related to the fact that such RNA 
molecules appear to be associated with particulate matter.” 
One possible nature of such particulate matter is apoptotic 
bodies.” 

Fetal RNA has been found in the plasma of pregnant 
women.” Recently, the placenta has been shown to be a 
major organ responsible for the release of fetal RNA into 
maternal plasma.” Thus placental mRNA transcripts, such 
as human placental lactogen,” the beta-subunit of human 
chorionic gonadotropin,” and corticotrophin releasing 
hormone,” have been detected in maternal plasma. Through 
the use of expression microarray analysis, literally hundreds 
of new fetal RNA markers potentially suitable for maternal 
plasma detection could be developed.” The quantitative 
analysis of placental mRNA in maternal plasma has the 
potential to be used in the monitoring of pregnancy- 
associated disorders such as preeclampsia.” 

. Apart from cancer and pregnancy, circulating RNA has 
also been detected in patients with acute trauma.™ It is 
expected that further clinical applications will be forthcom- 
ing during the next few years. 


Many of the key advances in understanding of DNA and 
RNA have been achieved by study of purified nucleic acids. 
In the molecular diagnostic laboratory, some tests can be 
performed directly on samples of biological fluids, but tech- 
niques for isolation of nucleic acids often are critical. 


DNA ISOLATION 

Extraction of DNA and/or RNA is a key preliminary step to 
subsequent molecular analysis. Quite a number of protocols 
have been developed over the years. In selecting the most 
appropriate protocol for one’s laboratory, some of the issues 
worth considering include the specimen type and volume 
required, yield, purity, size of the isolated nucleic acids, ease 
of operation, throughput, cost, and whether the protocol 
involves the use of -hazardous reagents or is amenable to 
automation. With the advent of PCR, molecular analyses 
could be performed on a variety of specimens, including 
whole blood, plasma, serum, tissue biopsies, cultured cells, 
buccal swabs, cerebrospinal fluids, amniotic fluids, paraffin- 
embedded tissue, and so on. Although there are a variety of 
commercial protocols available for DNA extraction, most 
protocols can be classified into a few categories that involve 
either liquid- or solid-phase extraction. In general, solid- 
phase extraction methods are more commonly used because 


of the relative ease of operation, the ability to process large 
batches of specimens, high reproducibility, and adaptability 
to automation. However, solution-based methods are still 
favored when large quantities of DNA or large sample 
volumes are involved. 

Because the phosphate esters of the nucleic acid backbone 
are strong acids and exist as anions at neutral pH, DNA is 
soluble in water up to about 1% of weight of solute per 
volume of solution and can be precipitated by the addition 
of alcohol. Alcohol precipitation has therefore been used in 
many nucleic acid extraction protocols. In general, most 
DNA extraction protocols involve an initial step of cell lysis 
whereby both the cellular and nuclear membrane envelopes 
are disrupted. Cellular proteins are then removed by salt pre- 
cipitation or degraded enzymatically. An additional step of 
RNase digestion is optional. The genomic DNA that remains 
in solution is then precipitated by the addition of alcohol. 
The DNA precipitate is isolated and rehydrated. The resul- 
tant DNA extract can be stored until subsequent analysis. For 
the solution-based protocols, cellular and protein debris is 
usually separated from the soluble DNA fraction by solvent 
extraction through the use of solvents. with different solu- 
bility constants, The well-known phenol-chloroform proto- 
cols are based on this principle. After the DNA is precipitated 
by alcohol, the DNA pellet is isolated by manual removal of 
the excess alcohol solution. Careful attention to this step is 
required to prevent the inadvertent removal of the DNA 
pellet, which can be quite fine or loose in some instances. 
Before rehydration of the DNA pellet, it is air-dried to 
remove the remaining drops of alcohol. Because of the 
number of manual steps involved, the sample throughput of 
these solution-based methods is limited. 

On the other hand, solid-phase extraction methods are 
more robust. These methods involve the use of either silica 
membranes or magnetic particles, Both methods take advan- 
tage of the reversible binding of DNA with the respective 
solid phases. Silica can bind nucleic acids in a reversible 
manner dependent on the ionic strength of the environ- 
ment.” Silica-based methods usually involve the impregna- 
tion of silica onto a filter, which is housed in a plastic column. 
After cell lysis and protein digestion, DNA is precipitated by 
the addition of alcohol. The solution is then allowed to pass 
through the silica-impregnated filter, which binds and puri- 
fies the DNA from other debris present in the alcohol solu- 
tion. Either centrifugation or vacuum manifolds can be used 
for the filtration step. The bound DNA is usually washed and 
subsequently eluted using nuclease-free water or low ionic 
strength buffers. Similarly, methods based on the use of mag- 
netic particles allow the isolation and purification of alcohol- 
precipitated DNA from other debris by placing the solution 
under a magnetic field whereby DNA molecules precoated 
with magnetic beads are retained. The magnetic beads are 
subsequently removed from the purified DNA before the 
final elution step. Both the silica-based and magnetic 
particle-based methods are applicable to various scales of 
operation. Isolated columns can be used for the extraction 
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of a small number of specimens. The 96-well plate formats 
are available from some commercial providers, and allow the 
processing of specimens at medium throughput. Moreover, 
the protocols can be further adapted for use on automated 
platforms for large-scale processing.””” 


RNA ISOLATION 


RNA analysis and therefore RNA extraction are required for 
studies on gene expression. RNA molecules are generally less 
stable than DNA because unlike DNA, RNA is not protected 
by a stable double-helical conformation and in addition, 
RNA is subject to alkaline hydrolysis via its 2’-hydroxyl 
group of the ribose moiety. Although both DNA and RNA 
can be degraded enzymatically by DNA- and RNA-specific 
nucleases (DNase and RNase, respectively), RNases are 
nearly ubiquitous, making it much more difficult to work 
with native RNA molecules in the laboratory. Thus certain 
issues warrant special attention when one works with RNA, 
including its extraction.” Because of the inherent instability 
of RNA, clinical specimens intended for RNA analysis should 
either be processed promptly in the fresh state; preserved by 
the immediate addition of preservation agents, such as 
RNAlater™ (Ambion®, Austin, TX); or snap-frozen by liquid 
nitrogen. The number of freeze-thaw cycles should be min- 
imized and this is equally applicable to solutions of extracted 
RNA. Utmost care is needed to prevent RNase contamina- 
tion and this includes the use of RNase-free reagents, RNase- 
free plastic ware, and the cleaning or decontamination of the 
working surfaces and equipment with RNase-free detergents 
or chemicals. Water treated with diethylpyrocarbonate 
(DEPC) for the inactivation of RNase should be used. As the 
DNA sequence of eukaryotic genes differs from their mRNA 
counterparts only by the presence of introns, there exists a 
possibility in which both DNA and RNA segments are co- 
amplified in specimens contaminated with DNA. Therefore 
care must be taken to avoid DNA contamination. Alterna- 
tively, DNA digestion by DNase I treatment is commonly 
incorporated as an additional step during the process of 
RNA purification. 

The underlying principles for RNA extraction are essen- 
tially identical to those of DNA isolation and purification. 
Both solution-based and solid-phase extraction protocols 
are available. Similarly, RNA molecules are first released by 
lysis of cells; isolated and purified from the protein and lipid 
debris, either by phenol-chloroform extraction or reversible 
binding to silica; and precipitated by use of alcohol. 
However, the composition of lysis buffers typically includes 
phenol (e.g., Trizol, Invitrogen, Carlsbad, Calif.), sodium 
dodecyl sulfate, or guanidinium salts, as these buffers not 
only lyse cells directly, but also inhibit RNase effectively.” 
The successful isolation of high quality RNA is thus depen- 
dent to some extent on the degree of cellular exposure to 
these denaturants. Therefore tissue specimens need to be 
ground to a fine powder form before lysis. To prevent RNA 
degradation during grinding, the procedure should be per- 
formed on either snap-frozen tissue or specimens preserved 


with RNA stabilizing agents.” The above procedures are rel- 
evant to the isolation of total RNA, which comprises 
mRNAs, rRNAs, small nuclear RNAs, and tRNAs. However, 
protocols have been developed for the isolation of mRNA, 
which are based on the capture of the polyadenylated tails 
on the 3’ ends of mRNA by hybridization to cellulose-bound 
oligo(dT) molecules.” 


ASSESSMENT OF NUCLEIC ACID YIELD AND QUALITY 
Nucleic acid molecules absorb ultraviolet light maximally at 
260nm owing almost entirely to the constituent bases. Thus 
DNA or RNA yield can be quantified by spectrophotomet- 
ric measurement of the absorbance at 260 nm. Alternatively, 
isolated nucleic acids can be subjected to agarose gel elec- 
trophoresis and their yield quantified by densitometric 
measurements. 

Both spectrophotometric and densitometric methods can 
be used for the assessment of the quality of the extraction of 
DNA and RNA. Purity can be evaluated by assessing the ratio 
of the absorbances at 260nm and 280nm (Axgo/Azao), the 
latter reflecting the presence of the aromatic amino acids in 
contaminating protein. Values greater than 1.8 indicate 
minimal contamination with protein. The sizes of the iso- 
lated genomic DNA can be estimated by gel electrophoresis. 
Total RNA integrity can be assessed by estimating the size 
distribution of the extracted RNA and the appearances of the 
18S and 28S rRNA peaks, With RNase degradation, the RNA 
size distribution will be shifted toward the smaller fragments 
and the rRNA peaks would become less discernible. Simi- 
larly, high quality mRNA preparations isolated by oligo(dT)- 
cellulose should display broad size ranges. 

In assessing the yield and quality of DNA/RNA extracts, 
electrophoretic methods provide better precision and more 
information regarding quality, for instance the size distribu- 
tion of the isolated DNA/RNA. Yet, these methods generally 
require significantly higher amounts of the extracted sample 
when compared with spectrophotometric assessment. 
However, automated analyzers that use prefabricated chips 
with microfluidic channels and are designed for the elec- 
trophoresis of microvolumes of DNA and RNA have become 
available." These instruments allow the sensitive and precise 
quantification and qualitative assessment of nucleic acids. 

Techniques for analysis of nucleic acids are described in 
the next chapter. 


THE HUMAN GENOME PROJECT 


The Human Genome Project is the biggest biological project 
ever undertaken by mankind. Apart from its ambitious goal 
of deciphering the 3 billion base pairs that make up the 
human genetic code, it also represents a model for the plan- 
ning, organization, and execution of large-scale biological 
projects. ®” The first serious discussion of the feasibility of 
such a project can be traced back to the mid 1980s. In 1988 
a special committee of the U.S. National Research Council 
of the U.S. National Academy of Sciences formulated a 15- 
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year human genome project, costing some $200 million a 
year, A genetic map with 1 cM resolution was accomplished 
in September 1994. A physical map involving 52,000 
sequence-tagged sites (STSs) was completed in October 
1998, The final journey to the completion of this project was 
marked by a highly publicized race between a publicly 
funded group of investigators and a private effort. The public 
effort, undertaken by the International Human Genome 
Sequencing Consortium, consisted of investigators from 20 
centers located in six countries: the United States, the United 
Kingdom, Japan, China, France, and Germany. The comple- 
tion of a draft sequence was announced June 26, 2000, and 
it was published in two landmark papers, one from the 
public team and one from the private team, in February 
2001. The final sequence was accomplished in April 
2003, with 99.99% sequencing accuracy, with no gaps. 

The human genome consists of 3.2Gb of DNA. Among 
these sequences, some 2.95 Gb consists of weakly staining, 
potentially gene-rich euchromatic regions. Only some 1.1% 
to 1.4% is sequence that encodes proteins. Over half of the 
DNA consists of various types of repeated sequences. The 
number of genes in the human genome has been estimated to 
be between 26,000 and 31,000. These estimates provide an 
interesting comparison with the 6000 genes estimated for a 
yeast cell, 13,000 for a fruit fly, 18,000 for a worm, and 26,000 
for a plant.’ With the basic sequence decoded, the project that 
awaits biologists would be the even more difficult task of elu- 
cidating the biological functions of these stretches of DNA. 

An understanding of our genetic heritage has the potential 
of providing a quantum leap in our understanding of the 
biology of life. It would also greatly enhance our ability to 
elucidate the molecular basis of diseases. For example, 
through the data generated from the Human Genome 
Project, new disease-associated genes are being discovered 
almost every week, as compared with the early multiyear 
efforts that resulted in the identification of the genes respon- 
sible for each single-gene disorder, such as cystic fibrosis.“ 
Developments in the genome project have also given us 
enhanced ability to develop tests for the molecular diagnosis 
of numerous diseases. In the longer term, these developments 
also provide new targets for the pharmaceutical industry. 

Apart from its scientific merits, it is important to realize 
the enormous nonscientific implications of the Human 
Genome Project. It was visionary for the early proponents of 
the Human Genome Project to set aside part of the budget 
of the project to study the social, legal, and ethical implica- 
tions of this project. The most commonly expressed fear by 
the public is that genetic information may be used in ways 
that could harm people, such as barring them from getting 
insurance, employment, or other social opportunities. 
Important steps have been taken by legislators to safeguard 
against genetic discrimination, such as the passing of the 
Genetic Information Nondiscrimination Act by the U.S. 
Senate in 2003." 

The Human Genome Project can be regarded as a foun- 
dation on which future large-scale biological projects can be 


built.” One important extension of our knowledge of the 
human genome is a detailed understanding of the heritable 
variation in the human genome. One class of such variations 
is the single nucleotide polymorphisms (SNPs). A 
public project, the International HapMap Project, has 
been launched to study the patterns of linkage disequilib- 
rium and haplotypes across the human genome and to 
characterize SNPs.” Another large-scale project is the 
Encyclopedia of DNA Elements (ENCODE) Project 
(http://www.genome.gov/ENCODE/), which aims to iden- 
tify all of the functional elements in the human genome. A 
feasibility study involving 1% of the human genome has 
been done. Our understanding of life is likely to be expanded. 
in a synergistic manner by related efforts, such as the Human 
Epigenome Project, which aims to elucidate all of the 
methylation sites in the 30,000 human genes in approxi- 
mately 200 samples, and the rapidly growing field of pro- 
teomics. The twenty-first century will likely be the century 
when a key biological revolution will take place. 
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CHAPTER 3 7 


Nucleic Acid Techniques* 


Carl T. Wittwer, M.D., Ph.D., 
and Noriko Kusukawa, Ph.D. 


medically important sequence variations despite an 
always-present background of complex genomic 
structure. We begin this chapter by considering the organi- 
zation of human, bacterial, and viral genomes, and the spec- 
trum of variations in nucleic acids that are of medical 
concern. We will then describe the enzymes that allow us to 
process nucleic acids into forms that are amenable to ana- 
lytical interrogation. We then discuss amplification tech- 
niques that are often necessary to allow observation of the 
alterations of interest or to quantify a specific nucleic acid 
sequence in a sample. Then the tools used to detect or visu- 
alize nucleic acids are discussed. Finally specific methodolo- 
gies are described that allow identification, quantification, 
and/or segregation of individual nucleic acid species. 
Developers of molecular diagnostic techniques are 
extremely competitive. Converts to one technique, instru- 
ment, or probe design often adopt a religious fervor and 
commitment. In this chapter, we have avoided cute trade 
names that, in our opinion, do not belong in the scientific 
literature. To misquote the Bard’s fool, “.. if you think 
our presentation less familiar, please accept that our intent 
was not to offend, perhaps inspection of the references 
will mend.” 


T tools of molecular diagnostics allow analysis of 


GENOMES AND NUCLEIC ACID ALTERATIONS 


Before discussing nucleic acid alterations that are of medical 
interest, we review and expand on the description of the 
structure of genomes presented in Chapter 36. We empha- 


*Parts of this chapter are based on the original contributions by 
Elizabeth R. Unger, Ph.D., M.D., and Margaret A. Piper, Ph.D., 
M.P.H.: Nucleic Acid Biochemistry and Diagnostic Applications 
(2nd and 3rd editions}. These contributions are thankfully 
acknowledged. 
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size concepts that are important when developing and using 
the techniques of molecular diagnostics. 


HUMAN GENOME 


As mentioned in the previous chapter, each human cell con- 
tains two copies of a 3.2-billion-member sequence code of 
nucleic acids on 46 chromosomes. Box 37-1 lists statistics for 
the human genome and the types of variation found in the 
genetic sequence that are important in clinical diagnostics. 

Three quarters of human DNA is intergenic or between 
genes. More than 60% of this intergenic sequence consists of 
“parasitic” DNA regions of transposable elements 100 to 
11,000 bases in length. Between 2 million and 3 million of 
these elements are present in each copy of the genome. They 
contribute to genetic recombination and chromosome struc- 
ture, and provide an evolutionary record of mutation and 
selection. 

Intergenic DNA also carries most of the simple sequence 
repeats (SSRs) present in the genome. These repeats are 
known as microsatellites or short-tandem repeats (STRs) 
when the repeat unit is 1 to 13 bases, and minisatellites or 
variable number of tandem repeats (VNTRs) when the repeat 
unit is 14 to 500 bases. SSRs are critical markers in genetic 
linkage studies, and in forensic or medical identity testing. 
They are formed by slippage during replication and are 
highly polymorphic between individuals, The most common 
SSRs are dinucleotide repeats such as ACACAC and ATAT. 
On average, approximately one SSR occurs every 2000 bases. 

One quarter of the human genome consists of genes. 
There are about 30,000 genes in the human genome. The 
average gene covers 27,000 bases, but only about 1300 of 
these bases code for amino acid sequence. These coding 
regions, or exons, are interspersed throughout the gene. On 
average, there are about nine exons per gene. The noncod- 
ing areas between exons are known as introns. Within a gene, 
95% of the sequence is covered by introns, while only 5% 
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The Human Genome: 3.2 billion base pairs, 23 chromosome 
pairs (47-245 million base pairs per chromosome) 


Genes (25%) Intergenic Sequences (75%) 
24% Intron sequences 45% Parasitic (transposon- 
; derived repeats) 
1.1-1.4% Exon sequences - 5% Segmental duplications 
3% Simple sequence 
repeats (SSRs, STRs) 
22% Other 
Number of genes: ~30,000 
Average gene: 
27,000 base pairs 
9 exons 
1340 bases of coding sequence 
446 amino acids 


Sequence Alterations: 99.9% identity (1 difference every 1250 
bases between randomly selected haploid genomes) 


Single Nucleotide Polymorphisms (SNPs): identified every 100- 
300 bases 

97% Noncoding 

3% Within exons 


Disease-Causing Mutations 
70% SNPs 
49% Missense (amino acid substitution) 
11% Nonsense (termination) 
9% Splicing 
<1% Regulatory 
23% Small insertions/deletions 
7% Gross lesions (large insertions/deletions, repeats, 
rearrangements, complex) 


Epigenetic Alterations 

Variable initiation 

Alternative splicing 

Methylation (regulation) 

Histone phosphorylation, methylation, acetylation 


Data compiled from the Human Gene Mutation Database” and Lander 
et al.*! 


consists of coding sequence within exons. Coding sequences 
comprise only 1.1% to 1.4% of the total genome. 


Sequence Variation Within the Human Genome 

If you compare the genome from any two individuals, you 
will find on average one difference every 1250 bases (i.e. 
approximately 99.9% of the sequence is identical between 
randomly chosen copies of the genome). The most common 
sequence variations are single base changes, also known as 
single nucleotide polymorphisms or SNPs. Millions of SNPs 
have been described, and many new SNPs continue to be 
reported. Some SNPs are common in the population with 


allele frequencies of 0.1 to 0.5 (i.e., present in 10 to 50 of 
every 100 copies studied), though others are very rare. 
Although an SNP has been identified every 100 to 300 bases, 
many of these are not found frequently in the population. 
The vast majority of SNPs (97%) occur in noncoding 
regions; only 3% of SNPs are associated with exons. 


Sequence Variations That Cause Human Disease 


Many of the sequence variations in the genome do not affect 
human health. For example, SNPs and SSRs found in the 
intergenic sequence are rarely associated with disease. Simi- 
larly, most of the SNPs in introns, except for splicing and reg- 
ulatory mutations, are not known to affect gene function. In 
addition, some of the SNPs within exons are silent altera- 
tions that do not code for a change in amino acid sequence 
because of the redundancy in the genetic code. Still other 
SNPs in exons code for amino acid changes that do not affect 
protein function. Even such silent SNPs may nonetheless be 
of considerable medical interest as genetic markers. (See also 
Chapter 40, Inherited Diseases.) 


Single Nucleotide Polymorphisms 


Of the sequence alterations that are known to cause disease 
{and we will use the word mutations specifically for these 
types of alterations), about 70% are SNPs, followed in fre- 
quency by small insertions/deletions and gross lesions (see 
Box 37-1). Most of these SNPs are missense mutations and 
cause an amino acid substitution, while significantly fewer 
are nonsense mutations that change an amino acid code to a 
termination code resulting in premature polypeptide chain 
termination. Approximately 9% of disease-causing muta- 
tions are SNPs that alter the splicing sites located just outside 
of an exon, resulting in altered concatenation of coding 
sequences. Finally, less than 1% of known disease-causing 
mutations are SNPs that affect the regulatory efficiency of 
transcription by altering promoter/enhancer regions in 
introns or the stability of the RNA transcript. 


Insertion, Deletions, Rearrangements, and 
Short-Tandem Repeats 


The small insertion/deletion mutations account for about 
23% of the nucleic acid sequence alterations that cause 
disease. An insertion refers to the presence of extra bases 
while deletion implies the absence of certain bases in com- 
parison to a reference sequence. Insertion and deletion 
mutations often result in a shift of the codon reading frame, 
resulting in altered amino acid sequence downstream of the 
mutation—commonly followed by chain termination from 
a nonsense codon. Indels are deletions followed by insertions 
(e.g., replacement of AGGTC by TG). 

The remaining mutations are mostly larger lesions and 
comprise only 7% of human mutations. These include whole 
gene duplications and deletions, SSR expansions (e.g., tri- 
nucleotide repeat expansions), gene rearrangements (e.g., B- 
and T-cell gene rearrangements), and complex polymorphic 
loci related to health and disease (e.g., HLA). 
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Figure 37-1 Schematic diagram of haplotypes. Two polymorphic 
sites reside on each of the two chromosomes of a 
chromosome pair. At a polymorphic site, one of two or more 
DNA sequences may be present. In the schematic, one site on 
each chromosome may have either the sequence (allele) 
designated as “A” or the sequence variation (allele) called “a.” 
The other site may have either the sequence (allele) designated 
as “B” or the sequence variation called “b” The possible 
haplotypes are: AB/ab in which allele A and allele B are on the 
same chromosome (in which case A and B are said to be in cis), 
or Ab/aB in which allele A and B are on different chromosomes 
(and are referred to as being in trans). 


Examples of mutations in human genes are discussed in 
more detail in Chapter 40, Inherited Diseases. 


Haplotypes 

Often, sequence variants are inherited together in a contigu- 
ous block, or haplotype. A schematic representation of hap- 
lotypes (and alleles) and an explanation are given in Figure 
37-1 and its legend. 

Disease associations may depend not on any particular 
mutation but on the overall effect of several linked alleles 
that define the haplotype. For example, enzyme function 
depends on the haplotype that defines the amino acid 
sequence in the protein. When the haplotype linkage of 
alleles is strong (e.g., in the example in Figure 37-1, when 
allele A is always found with allele B on the same chromo- 
some) genotype determination at a single locus may identify 
the haplotype (and disease association) with high confi- 
dence. By contrast, methods for determining the cis/trans 
phase of alleles at distant loci are necessary when the 
haplotype linkage is weak and also when the disease asso- 
ciation and/or haplotype linkage is first being established. 
Haplotypes may be defined by the phases of many 
polymorphic loci. 


Alterations in Mitochondrial DNA 


Most human genetic material is present in two copies, with 
the exception of the unpaired sex chromosome in males and 
mitochondrial DNA. The presence of only a single copy of 
genes on the X and Y chromosome in males leads to well- 
known sex-linked disorders. In contrast, the 16,500bp 


mitochondrial genome is present in over 1000 copies per cell, 
constituting about 0.3% of human DNA. Allele fractions 
may vary over a wide range when all mitochondria in a cell 
are considered. That is, mutations in mitochondrial DNA are 
heteroplasmic, meaning the ratio of wild-type to mutant 
alleles within a cell can vary almost continuously, sometimes 
resulting in a wide range of symptoms even when only one 
mutation is involved. See Chapter 40 for discussion of 
disease associated with mutations in mitochondrial DNA. 


Numerical Gene Alterations and Cellular DNA content 


Sometimes genes or even chromosomes are present in more 
than two copies. If extra copies of genes lose their function, 
they are known as pseudogenes. It is important to distin- 
guish pseudogenes from functional genes since sequence 
variations in pseudogenes are seldom of clinical importance. 
Some very important genes are present in many copies so 
that overall protein expression is not affected if a chance 
mutation occurs in one copy. Most genes, however, are 
present in two copies and the normal gene dosage is two. 
When these genes, such as HER-2-neu, are present in more 
than two functional copies, the genes are said to be ampli- 
fied. As a result, more mRNA transcripts and protein are 
usually made, resulting in cellular abnormalities and possi- 
ble progression to cancer. Many cancers and some genetic 
disorders are correlated with abnormal (increased or 
decreased) chromosome numbers or aneuploidy. The spe- 
cific chromosomal alterations can be determined by cyto- 
genetics, or the overall DNA content can be determined by 
flow cytometry. 


Human Epigenetic Alterations 


In addition to the sequence alterations considered above, 
epigenetic alterations, including alternative splicing and 
methylation, affect gene expression. (See the heading 
“Genetics and Epigenetics” in the preceding chapter for 
descriptions and discussion.) Even though: the number of 
genes may be limited to 30,000, variable transcription initi- 
ation and exon splicing is estimated to produce about 90,000 
mRNA transcripts and protein products. 

Methylation of cytosine to form 5-methylcytosine occurs 
frequently; about 70% of CpG dinucleotides in the human 
genome are methylated. Although not inherited, interest in 
this “5th base” has increased recently as correlations with 
cancer have been reported. CpG islands are about 1000 
bases in length and are often found near the 5’-end of genes. 
These regions consist of clusters of CG dinucleotides that are 
usually not methylated in normal cells. However, CpG 
methylation correlates with condensed chromatin structure 
and promoter inactivation; an important example occurs in 
tumor-suppressor genes. 

As described in the preceding chapter (Chapter 36), DNA 
is associated with proteins in nucleosomes.” Gene expres- 
sion can be altered by histone phosphorylation, acetylation, 
and methylation. Our understanding of epigenetic altera- 
tions and their relation to disease is rapidly developing. 
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BACTERIAL GENOMES AND SEQUENCE ALTERATIONS 


Bacterial genomes are considerably less complex than human 
or other eukaryotic genomes. Common bacteria have only 
one chromosome, usually a circular DNA double helix of 4 
million to 5 million base pairs, about 1000 times less than the 
amount of DNA in a human cell. About 90% of the DNA in 
bacteria codes for protein. There are no introns, but there are 
multiple small intergenic regions, dispersed throughout the 
genome, that carry repetitive sequences. The common.bac- 
terium Escherichia coli contains about 4300 genes. 

In addition to the large circular chromosome that carries 
essential genes, bacteria also carry accessory genes in smaller 
circles of double-stranded DNA known as plasmids. 
Plasmids range in size from 1000 to over 1 million base 
pairs. Plasmids are important in molecular diagnostics 
as they often encode pathogenic factors and antibiotic 
resistance. 

The bacterial repertoire of DNA can be altered by: (1) 
gain or loss of plasmids; (2) single-base changes, small inser- 
tions, and deletions as in eukaryotic genomes; and (3) larger 
segmental rearrangements, including inversions, deletions, 
and duplications. Some genes, such as those for ribosomal 
RNA, are present in many copies and can be used to identify 
different species of bacteria. In addition, the intergenic 
repetitive sequences can serve as multiple targets for 
oligonucleotide probes, enabling the generation of unique 
DNA profiles or fingerprints for individual bacterial 
strains. 


VIRAL GENOMES AND SEQUENCE ALTERATIONS 

Viral genomes are considerably less complex than bacterial 
genomes. Common viruses that infect humans vary in size 
from about 5000 to 250,000 bases, or 20 to 1000 times less 
than the amount of nucleic acid in E. coli. Because viruses 
use the host’s cellular machinery, they do not need as many 
genes. Small viruses may encode only several genes, but the 
larger viruses can encode hundreds. The viral genome con- 
sists of either DNA or RNA, and the nucleic acid may be 
single-stranded or double-stranded, linear, or circular with 
one or multiple fragments and/or copies per viral particle. 
As in bacteria, there are no introns. In fact in some viruses, 
the exons overlap with different reading frames coding dif- 
ferent products from the same nucleic acid sequence. Non- 
coding regions are usually present at the terminal ends of 
linear genomes. Repeat segments are often found as termi- 
nal or internal repeats and may be inverted. 

Sequence alterations in viruses are common. Areas of 
high sequence variation may be interspersed between con- 
served domains. Higher frequencies of variation can be cor- 
related with lower polymerase fidelity and may allow escape 
from antibody recognition and from antiviral drugs. 
Common mutations in viruses include point mutations, 
insertions, and deletions. Sequence diversity within a viral 
species may be so great that consensus sequences for mo- 
lecular typing are difficult to find. 


NUCLEIC ACID ENZYMES 


Nucleic acid enzymes are critical tools for the techniques 
used in molecular diagnostics. Common enzymes that act on 
nucleic acids include those that synthesize longer polymers 
and those that degrade nucleic acid into shorter fragments. 
These enzymes are critical for DNA replication and RNA 
transcription and must be present in all cells that replicate. 
In addition to general-function enzymes, a variety of unique 
enzymes, found in bacteria and viruses, act on specific 
nucleic acid sequences. Many of these enzymes have been 
purified and synthesized in vitro, sometimes “engineered” 
with alterations that improve their performance or stability 
(e.g., at high temperatures needed to dissociate double- 
stranded DNA in laboratory tests). Our ability to manipu- 
late nucleic acids in vitro with these enzymes has made 
modern molecular biology possible. They are also used 
extensively in nucleic acid diagnostics, including sample 
preparation, probe labeling, signal generation, and amplifi- 
cation of targets and probes. 

Nucleases are enzymes that hydrolyze one or more phos- 
phodiester bonds in nucleic acid polymers. Nucleases may 
require a free hydroxyl end (exonucleases), with specificity 
for the 3’ or 5’ end, or may act only on internal bonds 
(endonucleases). For example, some probe techniques are 
based on 5’-exonuclease activity that cleaves nucleic acids 
between two fluorescent labels. Nucleases can be DNA- or 
RNA-specific and may act on only double- or single- 
stranded polymers. For example, DNAse I digests double- 
stranded DNA (dsDNA) and S1 nuclease acts only on 
single-stranded DNA (ssDNA). DNase I can be used to 
specifically degrade DNA in nucleic acid mixtures when only 
RNA is of interest. RNAses are very stable enzymes that are 
common laboratory contaminants. 

Restriction endonucleases are found in bacteria; these 
enzymes prevent replication of foreign DNA.” Their action 
is sequence-specific, requiring recognition sequences of 
usually 4 to 10 nucleotides on a double-stranded DNA mol- 
ecule. At each location where this sequence is found, the 
enzyme cuts both strands in a reproducible manner, result- 
ing in either staggered or blunt-end cuts. For example, EcoRI 
is a restriction enzyme from E. coli that recognizes the 6-base 
sequence GAATTC and cuts between the G and the A on 
both strands, producing a staggered cut: 

5’... G/AATTC... 3” 

3’... CTTAA/G...5’ 

Note that “blunt end” cuts would be produced if the enzyme 
hydrolyzed the bond between A and T. 

Restriction enzymes are used for digesting large strands 
of DNA into smaller fragments and for preparing DNA from 
different sources to be joined together in cloning procedures. 
Nicking enzymes are restriction enzymes that cut only one 
strand of double-stranded nucleic acid. 

Ligases catalyze the formation of phosphodiester linkages 
between two nucleic acid chains.“ DNA ligases are not 
sequence-specific and require the presence of a 
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complementary template. In contrast, RNA ligases used in 
mRNA processing do not require a template but are sensi- 
tive to sequence. 

Polymerases catalyze the synthesis of complementary 
nucleic acid polymers using a parent strand as a template.” 
In vitro, these enzymes can extend an oligonucleotide primer 
that is annealed to a template strand. Extension requires that 
the 3’OH of the extending end is free, and that nucleotide 
triphosphates (NTPs) are present. Extension stops if you run 
out of template or NTPs, or if no 3’OH groups are available 
at the extending end. Thermostable polymerases, such as 
Thermus aquaticus (Tag) DNA polymerase, are essential 
reagents for the automation of many nucleic acid amplifica- 
tion procedures, 

Reverse transcriptase is found in retroviruses and catalyzes 
the synthesis of DNA from either an RNA or a DNA 
template. Retroviruses have RNA genomes, and reverse 
transcriptase activity thus is required as part of their 
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replication. In vitro, reverse transcriptase is used to make 
complementary DNA (cDNA) copies of RNA in samples and 
may be used for cloning, probe preparation, and nucleic acid 
assays. 


AMPLIFICATION TECHNIQUES 


Achieving adequate detection limits is a central concern for 
clinical applications of nucleic acid analysis. Techniques that 
increase the amount of either the target, the detection signal, 
or the probe are referred to as “amplification methods.” 
Examples of amplification methods are listed in Table 37-1. 
In target amplification, the nucleic acid region around the 
area of interest is copied many times by in vitro methods. 
Areas outside the target are not amplified, In signal amplifi- 
cation, the amount of target stays the same, but the signal is 
increased by one of several methods, including sequential 
hybridization of branching nucleic acid structures and 
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continuous enzyme action on substrate that may be recycled, 
Finally, in probe amplification the probe (or a product of the 
probe) is amplified only in the presence of the target. Ampli- 
fication techniques can often achieve over a million-fold 
amplification in less than an hour. 


POLYMERASE CHAIN REACTION (PCR) 
— TARGET AMPLIFICATION 


When the amount of target nucleic acid is increased by 
synthetic in vitro methods, target amplification is said to 
occur. The polymerase chain reaction (PCR)® is the best 
known and most widely applied of the target amplification 
methods. Because of the commercial availability of ther- 
mostable DNA polymerases, kits, and instrumentation, this 
method has been widely adopted in research and is also rou- 
tinely used in the clinical laboratory. 


Details of the PCR Process 


PCR requires a thermostable DNA polymerase, nucleotides 
of each base (collectively referred to as dNTPs), the target 
sequence, and a pair of oligonucleotides (referred to as 
primers) complementary to opposite strands flanking the 
sequence to be detected. In the first step, target duplexes are 
denatured into single strands by heat (Figure 37-2). When 
the mixture is cooled, primers provided in great excess 
(usually over a million times the concentration of the initial 
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target) specifically anneal to complementary sequences on 
the target. Once the primers are annealed, the action of the 
polymerase synthesizes two additional DNA strands con- 
taining the primers as the 5’ ends. The primers are placed 
close enough together so that the polymerase extends each 
strand far enough to include the priming site of the other 
primer. Usually, the optimal temperature for polymerization 
is at an intermediate temperature between the denaturation 
and annealing temperatures. The second cycle also begins 
with denaturation, but now there are twice as many strands 
(the original genomic DNA and the extension products from 
the first cycle) available for primer annealing and subsequent 
polymerization or extension. The temperature cycling is 
continued among (typically) three temperatures: a high tem- 
perature sufficient to denature the target sequence, a low 
temperature that allows annealing of the primers to the 
target, and a third temperature optimal for polymerase 
extension. The instrument that takes samples through the 
multiple steps of changing temperature is known as a 
thermocycler. 

Repetitive thermocycling results in the exponential accu- 
mulation of the short product (consisting of primers and all 
intervening sequences). If the efficiency of each cycle is 
optimal, the number of target sequences doubles each cycle 
(efficiency = 2.0). PCR efficiency depends on the primers 
and the temperature-cycling conditions, along with the 
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Figure 37-2 Schematic diagram of the polymerase chain reaction (PCR). Repetitive cycles of 
denaturation, annealing, and extension are paced by temperature cycling of the reaction. Two 
primers (indicated as short segments) anneal to opposite template strands (long gray and black 
lines} to define the region to be amplified. Extension occurs from the 3’-ends (indicated with half 
arrow heads). In each cycle, genomic DNA is denatured and annealed to primers that extend in 
opposite directions across the same region, producing long products of undefined length. Long 
products generated by extension of one of the primers anneal to the other primer during the 
next cycle, producing short products of defined length. Any short products present also produce 
more short products. After n cycles, up to 2" new copies of the amplified region are present [n 
long products and (2"—n) short products] plus | (original) genomic copy. A similar approach can 
be used to amplify RNA targets by initial reverse transcription of the RNA template to produce 


the DNA template. 
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presence or absence of polymerase inhibitors. Amplified 
products accumulate exponentially in the beginning cycles 
of PCR. At some point, however, the efficiency of amplifica- 
tion falls and, eventually the amount of product plateaus 
(Figure 37-3) either from exhaustion of components or from 
competition between primer and product annealing (i.e., the 
single strands of product are at such high concentrations 
that they anneal to each other rather than to the primers), 
The S-curve shape is similar to the logistic model for popu- 
lation growth. In a typical PCR reaction using 0.5 uM of each 
primer, the maximum DNA concentration achievable is 
about 10" copies/pL. 

With the addition of an initial reverse-transcriptase step 
to form cDNA from RNA in the sample, RNA targets can 
also be successfully amplified into DNA copies. The reverse 
transcription and DNA amplification steps are usually cat- 
alyzed by two different polymerases, but some thermostable 
enzymes (such as the Tth polymerase) have both DNA 
polymerase and reverse transcription activities, so that both 
steps can be performed in the same tube with the same 
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Figure 37-3 Exponential and logistic curves for DNA amplified 
by PCR. A doubling time of 30 seconds is assumed for PCR. 
That is, given the equation N, = Noe", in which N, is the amount 
of DNA at time t and Ng is the initial amount of the DNA, r is 
1.386 min! for PCR. A carrying capacity of 10'' copies of PCR 
product per pL was used assuming that the reaction is primer 
limited at one third the primer concentration (initially at 0.5 uM, 
or | x 10"! primer molecule pairs per uL). Starting with only 
one target copy, it takes only 23 minutes (46 cycles) to amplify 
the target to saturation. (Modified with permission of the publisher 
from Wittwer CT, Kusukawa N. Real-time PCR. In Persing DH, Tenover 
FC, Versalovic J, Tang YW, Unger ER, Relman DA, White TJ (eds.), 
Molecular Microbiology: Diagnostic Principles and Practice, 
Washington, DC:ASM Press, 2004:7 1-84. © 2004 ASM Press.) 


After amplification, the products can be detected by 
various methods. Simple gel electrophoresis with ethidium 
bromide staining may suffice. When greater accuracy is 
required, one of the primers can be fluorescently labeled so 
that after PCR the fragments are accurately sized on a DNA 
sequencing device. Alternatively, some form of hybridization 
assay can be used to verify or analyze the amplified product. 
Automated methods are always attractive and closed-tube 
methods are particularly advantageous in the clinical labo- 
ratory. Adding a fluorescent dye or probe before amplifica- 
tion allows thermocyclers equipped with optical detection to 
analyze the reaction as it progresses (real-time PCR) or after 
the reaction is complete (endpoint measurement) without 
need to process the sample for a separate analysis step. 


PCR Kinetics and Rapid Cycling 

It is natural to think about PCR in terms of three events— 
denaturation of double-stranded target, annealing of target 
and primers, and extension of the DNA strand from the 
primer—occurring at three temperatures, each requiring a 
certain amount of time. Indeed, it is common to perform 
PCR by holding the reaction mixture at three different tem- 
peratures (for instance, denaturation at 94 °C, annealing at 
55 °C, and extension at 72 °C). Standard thermocycling 
instruments that use conical tubes focus on accurate tem- 
perature control of the heating block at equilibrium, not on 
the dynamic control of the sample temperature. As a result, 
sample temperatures are not well defined during transitions, 
and long cycle times have become standard to ensure that 
the sample reaches target temperatures. Reproducibility 
between instruments and manufacturers is poor and PCR 
often takes 2 to 4 hours to complete a typical 30-cycle 
amplification. 

The kinetics of PCR suggest that rapid transitions between 
temperatures and continuous changing of temperature (i.e., 
with minimal or no pauses in the rate of change of tempera- 
ture to create temperature plateaus) provide a better para- 
digm of PCR amplification (Figure 37-4). Denaturation, 
annealing, and extension are very rapid reactions as shown by 
experiments in capillaries.” The use of temperature “spikes” 
at denaturation and annealing, instead of extended tempera- 
ture plateaus, allows for rapid cycling with the appropriate 
instrumentation. The actual time required for PCR depends 
on the size of the product, but when it is less than 500 bp, a 
30-cycle amplification is easily completed in 15 minutes. 
Furthermore, rapid amplification improves specificity. Con- 
sider PCR amplification of a 536bp fragment of B-globin 
amplified at different cycling speeds (Figure 37-5). With 
conventional slow cycling, many nonspecific products are 
generated (cycling profile A). These products disappear as the 
cycling time is decreased (profiles B, C, and D). In fact, ampli- 
fication yield and product specificity are optimal when 
denaturation and annealing times are minimal. 

Initial denaturation of genomic DNA may be required 
before PCR cycling, depending on how the DNA sample 
was prepared. Either boiling the sample or an initial 
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Figure 37-4 A visual demonstration of PCR kinetics. The three phases of PCR (denaturation, 
annealing, and extension) occur as the temperature is continuously changing (panel A). Toward 
the end of PCR temperature cycling, the reaction contains single- and double-stranded PCR 
products. When different points of the cycle are sampled (by snap-cooling the mixture in ice 
water, panel B) and analyzed, the transition from denatured single-stranded DNA to double- 
stranded DNA is revealed as a continuum (panel C). Progression of the extension reaction can 
be followed by additional bands appearing between the single- and double-stranded DNA (time 
points 5 to 7). (Modified with permission from Wittwer CT, Herrmann MG: Rapid thermal cycling and 
PCR kinetics. In: PCR Applications. M Innis, D Gelfand, J Sninsky, eds., San Diego: Academic Press, 


1999:21 1-229. © 1999 Academic Press.) 


denaturation step of 5 to 10 seconds before PCR cycling may 
be necessary. During PCR, however, there is no need to hold 
the denaturation temperature at all. Even for long PCR pro- 
ducts, denaturation is complete in less than 1 second after 
the denaturation temperature is reached. Anything greater 
than a denaturation time of “0” only serves to degrade the 
polymerase. If longer denaturation times are required, either 
the sample is not reaching temperature or heat-activated 
polymerases are being used. 

Product specificity is optimal when annealing times are 
less than 1 second. Longer annealing times may be required 
if the primer concentrations are low. The required extension 
time for each cycle depends on the length of the PCR 
product. Extension is not instantaneous, although it is much 
faster than common practice would suggest. Extension rates 
of Tag polymerase under optimal conditions are 50 to 100 
bases per second. Use of a 5 to 10 minute final extension is 
not rational. Products can be as small as 40 bp to about 40 
kb. To amplify products longer than 5kb, mixtures of po- 
lymerases that include some 3’-exonuclease activity to edit 
mismatched nucleotides are usually used. 

Instead of separate annealing and extension tempera- 
tures, both processes can be carried out at the same tem- 
perature, resulting in two-temperature, instead of 
three-temperature, cycling. Although this simplifies the 
demand on instrumentation and programming, it limits the 
choice of primers and requires a longer extension time at 
suboptimal temperatures. 


PCR Optimization and Primer Design 
In addition to the temperature-cycling conditions, the speci- 
ficity of PCR depends on the choice of primers and the Mg“ 
concentration. The choice of primers often dictates the 
quality and success of the amplification reaction. To select 
primers, the sequence of the target must be known. Some 
guidelines for primer selection are intuitive and helpful: 

1. Avoid primers that anneal to themselves or to other 
primers. Particularly avoid complementarity at the 3’-end 
of primers, and especially do not use a.primer that has 
reciprocal 3’-end complementation. 

2. Choose primers that are specific to your target. Avoid 
simple sequence repeats and common repeated 
sequences, such as Alu repeats. If your target has close rel- 
atives, design your primers so that they will anneal only 
to your intended target. Targets that you want to avoid 
include pseudogenes (for genomic DNA) and related bac- 
terial or viral strains (for microorganisms), 

3. Avoid primers that have sequence complementary to 
internal sequences of the intended product, especially at 
the 3’-ends of the primers. 

4. Use primers between 18 and 25 bases that are matched in 
melting temperature (Tm) to each other. A primer greater 
than 17 bases long has a good chance of being unique in 
the human genome. 

5. Unless you have a reason to amplify longer targets, choose 
a product length less than 500 bases. Shorter products 
amplify with higher efficiency. 
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Figure 37-5 Rapid PCR improves product specificity. Samples 
were cycled 30 times through profiles A, B, C, and D. Increased 
specificity of amplification of a 534bp B-globin fragment is seen 
with faster cycles (C and D). (Reprinted by permission of the 
publisher from Wittwer CT, Garling Df: Rapid cycle DNA amplification: 
time and temperature optimization. BioTechniques 1991, 10:76-83. 
© 1991 Eaton Publishing.) 


6, As a final test, do a search for sequences similar to your 
primers that are present in the background DNA likely to 
be present in your assay (http://www.ncbi.nim.nihgov/ 
BLAST/). Many primer selection programs are available, 
both commercially and freely obtained over the Internet. 
However, none of the selection rules used have been 
empirically tested. 

With the human genome sequenced, it should be possi- 
ble to vastly improve primer selection. Given two primets, 
an entire genome search for mispriming sites could rule out 
primer pairs with the potential to produce undesired PCR 
products. For exponential PCR, priming sites must be ori- 
ented appropriately within a close distance. The desired 


target can be favored by choosing a small product size and 
rapid cycling. 


Detection Limits of PCR 


When PCR is performed under optimal conditions, a single 
copy of the target can be detected. At the end of a 30-cycle 
amplification, a single target molecule in a tube will multi- 
ply up to a billion copies. In reality, however, we need to take 
into account the statistical probability of getting that single 
copy into the reaction tube as determined by the Poisson dis- 
tribution. If a dilute solution of template is distributed 
among test tubes such that, on average, one target copy will 
be present per tube, 37% of the tubes will have no target, 
37% will have one target, and the remainder will have more 
than one. If there is an average of two copies per tube, 
approximately 14% of the tubes will have no template and 
will provide a false-negative result. About five copies on 
average are necessary for 99% of the tubes to include at least 
one copy. This limitation of low copy analysis holds true for 
any amplification technique. 


3’-end of PCR Products 


Taq DNA polymerase and other polymerases have a termi- 
nal transferase activity that results in the nontemplated addi- 
tion of a single nucleotide to the 3’-ends of PCR products. 
In the presence of all four dNTPs, dATP is preferentially 
added. This means that some percentage of the double- 
stranded products generated by PCR will not have blunt 
ends but a protruding A at the 3’-end. Although this does 
not influence most detection protocols, it can complicate 
some systems with high detection sensitivity and size reso- 
lution. On the other hand, this feature is useful for high- 
efficiency cloning and ligation of PCR products.” 


Contamination Control for PCR (False-Positive Results) 


Because PCR can detect a single molecule of target sequence, 
a small amount of contamination in a sample can easily 
produce a false-positive result. The greatest potential for 
contamination comes from the product of the amplification 
reaction, referred to as the amplicon (used interchangeably 
with PCR product). After amplification, each reaction 
mixture may contain as many as 10” copies of the amplicon. 
Thus minute aerosol droplets contain more than enough 
target for robust amplification. Amplicon can contaminate 
reagents, pipettes, and glassware. It is easy to turn a labora- 
tory into a Dr. Seuss fiasco.” Experience has dictated the use 
of laboratory procedures that minimize contamination by 
amplicons.” These include the use of physically separated 
areas for preamplification and postamplification steps, 
positive-displacement pipettes to minimize aerosol contam- 
ination, and the use of prealiquoted reagents. The most 
effective way of all is to not let the product out of the tube. 
Methods that perform amplification, detection, and charac- 
terization in a closed tube eliminate the risk of product con- 
tamination. Even with these precautions, a negative control 
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or blank (all reactants minus target DNA) is one of the most 
important controls for PCR. 

In combination with the precautions listed above, chemi- 
cal modifications can be made to the amplicon so it becomes 
an unsuitable template for further amplification. One of the 
commonly practiced chemical modifications is to substitute 
deoxyuridine 5’ triphosphate (dUTP) for deoxythymidine 
5’ triphosphate (dTTP) in amplification reactions, which 
results in incorporation of U in place of T in the amplified 
product. A bacterial enzyme, uracil-N-glycosylase (UNG), 
degrades DNA that contains U. Because U is not normally 
found in DNA, only amplicons will be susceptible to degra- 
dation by UNG treatment. During a brief incubation step 
before amplification, uracil-containing DNA strands that are 
carried over from previous amplifications are enzymatically 
degraded and cannot serve as substrates for further amplifi- 
cation. UNG is then inactivated during the first denaturation 
cycle, so newly formed amplicon can accumulate normally 
during the reaction. However, UNG may regain activity, even 
after multiple cycles of amplification, if the temperature 
of the reaction mixture drops below 55 °C. Residual UNG 
activity may also affect the detection limit (and the sensitivity 
of quantitative PCR assays) if amplified products are held at 
room temperature before detection. 


Inhibition Control for PCR (False-Negative Results) 


PCR is a resilient process and does not require highly puri- 
fied nucleic acid. In practice, however, clinical samples may 
contain unpredictable amounts of impurities that can 
inhibit polymerase activity. To ensure reliable amplification, 
some form of nucleic acid purification is often used. The 
idiosyncratic nature of PCR inhibitors within clinical speci- 
mens requires demonstration that the sample (or prepara- 
tion of nucleic acid purified from it) will allow amplification. 
A control nucleic acid sequence, usually different from the 
target, can be added to the sample (or extract from the 
sample). Failure to amplify this control indicates that further 
purification of the sample is required to remove inhibitors 
of the reaction. 


Hot Start Techniques 


PCR sensitivity and specificity can be compromised by the 
formation of unintended low molecular weight artifacts. 
This process is initiated before PCR when the primers, tem- 
plate, and polymerase are all together at temperatures below 
the annealing temperature of PCR. Even at low tempera- 
tures, if a primer momentarily anneals to another primer or 
to an undesired target region, Taq DNA polymerase may 
extend the complex. If the extension product, in turn, is 
primed and extended, then unintended, double-stranded 
products can be formed (e.g., primer dimers) that serve as 
amplification templates throughout the reaction. Primer- 
dimers can be distinguished from the intended target by 
their molecular weight or melting temperature, but they also 
influence the efficiency of the intended amplification and 
decrease the sensitivity of the assay. 


The formation of primer-dimers can be minimized in 
several ways. All limit the activity of polymerase until the 
temperature is increased (thus the strategy is often collec- 
tively called hot start). One method of hot start involves the 
use of antibody (or an aptamer) to bind and inactivate the 
polymerase at room temperature. The binding agent is 
released upon heating, allowing polymerase activation. 
Another method uses wax or paraffin to create a physical 
barrier between the essential components in the reaction. 
This barrier may be created by putting some of the reaction 
components into the bottom of the tube and overlaying 
them with molten wax. Cooling solidifies the wax, and the 
missing components (usually the polymerase, or magne- 
sium, which is essential for polymerase activity) can be 
placed on top. The wax melts when the temperature reaches 
60 °C to ~80 °C, and all components are mixed together by 
convection while the molten wax floats on top and prevents 
evaporation of the sample. Various commercially wax beads 
encasing one or more critical components are also available. 
Finally the polymerase itself can be modified so that it is 
activated by heat, usually requiring an extended initial 
denaturation period. 


Asymmetric PCR and Allele-Specific PCR 


Conventional PCR uses primers that are present in equal 
amounts, thereby ensuring that the majority of the products 
are double-stranded amplicons. A variant method uses 
different concentrations of the two primers to generate 
more of one strand than of the other (asymmetric PCR). 
For instance, the use of primer A at 0.5u.M and primer B 
at 0.005 uM produces mostly single-stranded DNA extended 
off the more abundant primer. This is useful for sequencing 
purposes or making single-stranded probes. Yield of the 
product, however, may be low. With less extreme ratios 
(e.g, primer A at 0.5uM and primer B at 0.24M), the 
yield is mostly preserved, with one strand produced in 
enough excess to make it more available for probe 
hybridization. 

Another variant method called allele-specific PCR enables 
preferential amplification of one genetic allele over another. 
The 3’-end of one primer is placed at the polymorphic site 
and is extended only if it is completely complementary to the 
target. This strategy is used for distinguishing a gene from 
its pseudogenes and for genotyping of SNPs. Allele-specific 
PCR is also the most common method used for determin- 
ing haplotypes.” 


OTHER FORMS OF TARGET AMPLIFICATION 

A large number of other methods of target amplification 
have been described. Short descriptions of some of these 
methods follow, with citations of sources of further 
information. 


Ligase Chain Reaction 


The ligase chain reaction (LCR) uses four oligonucleotides 
and a DNA ligase. Two of the oligonucleotides anneal 
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directly adjacent to each other on the target. When they are 
joined (ligated), they form a target for the remaining two 
oligonucleotides (and vice versa). As in PCR, temperature 
cycling is used and the target is ideally doubled each cycle. 
The ligase chain reaction requires that the exact sequence of 
the region to be amplified is known. 


Transcription-Based Amplification Methods 


Transcription-based amplification methods are modeled 
after the replication of retroviruses. These methods are 
known by various names including nucleic acid sequence- 
based amplification (NASBA), transcription-mediated 
amplification (TMA), and self-sustained sequence repli- 
cation (3SR) assays.” Isothermal target amplification, using 
the collective activities of reverse transcriptase, RNase H, 
and RNA polymerase, is common to these methods. As 
illustrated in Figure 37-6, the method may be applied to 
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single-stranded RNA or double-stranded DNA targets. A 
reverse transcriptase is used to synthesize a cDNA strand 
from the template RNA with a primer that has an RNA po- 
lymerase promoter sequence as a 5’-tail. The RNA strand of 
the RNA/DNA duplex is then digested with RNAse H, fol- 
lowed by synthesis of double-stranded DNA with an oppos- 
ing primer. The promoter sequence on the double-stranded 
DNA then promotes transcription of multiple copies of 
single-stranded RNA by the RNA polymerase, completing 
the cycle: As in PCR, all reagents can be included in one 
mixture and amplification is exponential with completion in 
less than an hour. Unlike PCR, these methods do not require 
temperature cycling (except for an initial heat denaturation 
if a DNA template is used). The method is particularly 
advantageous when the target is RNA (e.g., HIV and HCV 
in blood bank nucleic acid testing). 
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Strand Displacement Amplification 

Another isothermal amplification technique is strand dis- 
placement amplification (SDA).'*' After heat denaturation of 
DNA in the presence of four primers, dCTP, dGTP dUTP, 
and a modified deoxynucleotide (AATPas), two enzymes are 
added, an exonuclease-deficient polymerase and a restric- 
tion enzyme. The two flanking primers that enter into 
exponential amplification have a restriction site added to 
their 5’ end and get nicked by the restriction enzyme, allow- 
ing displacement of strands that can in turn be primed, 
extended, and nicked. Deoxy-ATPa@S is used so that the 
restriction sites include a hemiphosphorothioate linkage to 
allow single-strand nicking, instead of cutting through 
double strands. 


Loop-Mediated Amplification 

The target amplification methods presented so far produce 
a defined length of RNA or DNA according to the placement 
of the primers. In loop-mediated isothermal amplification 
(LAMP), multiple populations of repeated DNA structures 
in the shape of a stem and loop (stem-loops) are produced, 
and concatenated structures of variable length and branch- 
ing are generated.” After DNA denaturation, the process is 
isothermal, requiring four primers and a polymerase. Two of 
the primers each recognize two distinct sequences on the 
target DNA, resulting in loops forming at the end of exten- 
sion products. Repeated strand displacement DNA synthesis 
results in the final mixture of products. 


Linked Linear Amplification 


If two PCR primers include elements that cannot be repli- 
cated, an exponential expansion is reduced to arithmetic 
accumulation. However, if multiple nested sets of internal 
primers (also nonreplicable) are included, product accumu- 
lation (at least in theory) can approach that of PCR. This 
process is known as linked linear amplification. It requires a 
polymerase, several sets of nested primer pairs, and thermal 
cycling similar to PCR.® 


Whole Genome and Whole Transcriptome Amplification 
Instead of specific amplification of one target to improve 
sensitivity, methods that amplify all genomic DNA or 
mRNAs are useful when the target is in short supply. 
For example, multiple-displacement amplification uses 
exonuclease-resistant random hexamers and a highly pro- 
cessive polymerase to amplify DNA nonspecifically.” Initial 
DNA denaturation is not necessary and the reaction pro- 
ceeds isothermally. Similarly, messenger RNA can be generi- 
cally amplified with a poly(T) primer modified with an RNA 
polymerase promoter.” After reverse transcription, second- 
strand DNA synthesis, and transcription, antisense RNA is 
produced. Both whole genome and antisense RNA amplifi- 
cation are also useful as nucleic acid purification methods 
before amplification or detection. 


OTHER APPROACHES TO AMPLIFICATION 

It is not always necessary to amplify the target DNA sequence 
or a cDNA sequence complementary to an RNA target. 
Instead of target amplification, both signal amplification and 
probe amplification can be used. 


Signal Amplification: Branched-Chain DNA 

Instead of increasing the concentration of target, signal 
amplification techniques use nucleic acids to magnify the 
detection signal. The branched-chain DNA (bDNA) method 
is one of these techniques in common use. The bDNA 
approach hybridizes the target nucleic acid to multiple 
capture probes affixed to a microtiter well.” This is followed 
by hybridization to a series of “extender; “preamplifier, and 
amplifier probes. The final, highly branched amplifier probe 
includes multiple copies of signal-generating enzymes that 
act on a chemiluminescent substrate to produce light. The 
use of nucleotide analogs isoC and isoG may be used to 
increase specificity of the signaling cascade. 


Serial Invasive Amplification 


When two probes overlap on one target, an “invasive” cleav- 
age reaction can be catalyzed by certain structure-specific 
nucleases. The cleaved fragment, in turn, can cause invasive 
cleavage of a secondary probe in the shape of a hairpin. The 
hairpin probe can be designed as a fluorogenic indicator by 
using a reporter/quencher pair of dyes that are separated by 
cleavage. This serial sequence of events (primary invasion 
and cleavage, followed by secondary invasion and cleavage 
of an indicator probe) is known as the serial invasive signal 
amplification reaction.” After DNA denaturation, cooling, 
and the addition of enzyme are completed, the reaction is 
run at a temperature at which both the primary and sec- 
ondary reactions recycle, 


Probe Amplification—Q-beta Replicase 

Q-beta replicase is a method in which the concentration of 
probe increases if the target is present. Similar to target 
amplification, a large amount of nucleic acid product makes 
detection much easier. An RNA probe is replicated expo- 
nentially in the presence of the RNA-directed RNA po- 
lymerase, Q-beta replicase.” The probe is a recombinant 
RNA hybrid that includes sequence complementary to the 
target embedded in a naturally occurring template for the 


enzyme. 


Rolling Circle Amplification 

If a primer is annealed to a closed circle of DNA in the pres- 
ence of a processive, displacing polymerase, the complement 
of the circle will be synthesized over and over again with 
displacement of the tandem repeats.” If two primers are 
used in opposite orientation, progressively more complex 
branches will be formed in an exponential reaction. Rolling 


- circle amplification is triggered by formation of the circle by 
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ligation of the two ends of a linear probe on template DNA. 
Ligation may happen directly, after polymerization through 
a gap, or after annealing of an additional, allele-specific 
oligonucleotide. 


Isothermal Oligo Amplification 


Short oligonucleotides, 8 to 16 bases in length, can be lin- 
early produced at a constant temperature in the presence of 
a polymerase and a nicking enzyme.™ The replication can 
be exponential if the amplification template is in excess and 
contains two complementary copies of the signal oligonu- 
cleotide. The signal oligonucleotide, or trigger, is originally 
produced by hybridization of a “trigger template” to the 
target, generating the oligonucleotide trigger by extension 
and nicking. 


ENDPOINT QUANTIFICATION IN 
AMPLIFICATION ASSAYS 


Amplification assays can produce both qualitative answers 
(yes/no, more or less abundant than reference materials) and 
quantitative answers (the original concentration of target 
sequence in the sample). In order to use the amplification 
process for quantitative assessments, many variables need to 
be carefully controlled. Variations in extraction efficiency, 
presence of enzyme inhibitors, lot-to-lot variation in enzyme 
and reagent performance, and day-to-day variation in reac- 
tion and detection conditions need to be addressed in 
methods that attempt to yield a quantitative result. 

Quantitative analysis at the end point of amplification is 
usually carried out by use of calibrators with known 
amounts of target or a target-mimic. Quantification of 
sample nucleic acid may be determined by comparison with 
an internal standard of known amount that is added at the 
time of sample processing to control for efficiency of nucleic 
acid purification. These internal standards can be DNA frag- 
ments, plasmids, or RNA packaged into synthetic phage or 
virus particles to mimic the assay of real viruses (so called 
armored RNA’), One such strategy uses a competitor tem- 
plate, which is amplified by the target primers but generates 
an amplicon with sequence or size different from that of the 
expected amplicon. This competitor template is added in 
varying amounts to replicates of the sample before amplifi- 
cation. When the target and competitor are present at equal 
concentrations, the amounts of the two different products 
will also be the same. The competitor is present in the same 
tube as the sample, so any variation in enzyme activity affects 
both products identically. This method is not frequently 
used in clinical applications because of the requirement for 
multiple assays on each patient sample. 

Real-time PCR is a simpler and more powerful approach 
to quantification than endpoint assays. The reaction is 
monitored each cycle, and the profiles of the curves are 
used to calculate initial target concentrations. Real-time 
PCR is described in further detail in later sections of this 
chapter. 


DETECTION TECHNIQUES 


Molecular diagnostics creates requirements for detection 

techniques used in two rather different tasks: 

e Generic measurement or visualization of nucleic acid 

e Discrimination and measurement of specific nucleic acid 
sequenices 

The latter task usually involves the use of reporter molecules 

and labeled probes. 


GENERIC MEASUREMENT AND VISUALIZATION OF 
NUCLEIC ACIDS 

To measure or visualize nucleic acids generically, two 
approaches are used: ultraviolet absorbance and dye 
staining. 


UV Absorbance 


Nucleic acid molecules absorb ultraviolet light maximally at 
260nm owing almost entirely to the constituent bases. This 
property can be used to measure the nucleic acid content of 
a solution. DNA double helices have lower molar absorptiv- 
ity than would be measured from the equivalent number of 
nucleotide monomers, and when DNA is denatured into 
single strands (ssDNA) (e.g., by extremes of heat or pH) 
absorptivity increases.” If a double-stranded DNA prepara- 
tion is pure, a 50mg/L solution has an absorbance of 1.0 at 
260 nm. Single-stranded nucleic acids (DNA or RNA) have 
a greater absorbance, so only about 30mg/L gives an 
absorbance of 1.0. More precise estimates for oligonu- 
cleotides are based on dinucleotide contributions reviewed 
later in this chapter. It is common to assess the purity of a 
nucleic acid preparation by its ratio of absorbances at 260 
nm and 280 nm (260: 280 ratio). In contrast to nucleic acids, 
proteins absorb maximally at 280nm. A pure preparation of 
nucleic acid should have a 260: 280 ratio of 1.7 to 2.0. Lower 
values suggest significant protein contamination. 


Fluorescent Staining of Nucleic Acids 

Although absorbance measurements are simple and precise, 
they are not sensitive. Fluorescent stains that bind to nucleic 
acid are 1000 to 10,000 times more sensitive than absorbance 
measurements. The best known example of a nucleic acid 
dye is ethidium bromide, a positively charged, intercalating 
dye for double-stranded DNA and to a lesser extent, single- 
stranded DNA and RNA. Cyanine dyes, such as SYBR Green 
I, are also popular stains for nucleic acids, as they do not 
fluoresce unless they are bound to nucleic acids, thus pro- 
viding very low background. With the appropriate optics, 
single molecules of DNA can be visualized with cyanine- 
based nucleic acid stains.” Nucleic acid dyes can detect DNA 
and RNA in gels, or in solution (such as in real-time PCR). 


REPORTER MOLECULES AND LABELED PROBES 


Ultraviolet absorbance and fluorescent dyes in themselves do 
not discriminate between different nucleic acid sequences 
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(i.e, they are not sequence-specific). Specificity in nucleic 
acid assays almost always comes from the hybridization of 
two complementary nucleic acid strands. Many reporter 
molecules can be covalently attached or incorporated into 
nucleic acid probes. The use of these probes can reveal the 
physical presence or location of sequences complementary 
to the nucleic acid portion of the probe. 


Radioactivity 

The first probes used in nucleic acid detection were radioac- 
tively labeled. Radioactive labels are still favored in some 
research settings because of the sensitivity obtained with 
probes of high specific activity. The most frequently used 
isotopic labels are *P and **P, which are incorporated into 
the probe by enzymatic reactions. Nick translation is a clas- 
sical method of labeling double-stranded DNA fragments. 
Nicks are introduced randomly into each strand of DNA by 
DNase I, and the resulting 3’-OH groups form priming sites 
for DNA polymerase. Labeled nucleotides are incorporated 
as the polymerase extends the strand by digesting and 
removing the unlabeled strand. Another method of labeling 
double-stranded DNA is random priming, in which the 
nucleic acid is denatured and allowed to anneal with short 
hexamer oligonucleotides of random sequence. The 3° end 
of an annealed hexamer forms the initiation site for the DNA 
polymerase, which incorporates labeled nucleotides using 
single-stranded regions of the DNA as the template. Labeled 
nucleic acid can also be synthesized by PCR, or if a labeled 
RNA is desired, it can be prepared by use of a double- 
stranded DNA fragment containing a promoter sequence for 
RNA polymerase and incorporating radiolabeled ribonu- 
cleotides by transcription. 

Additional enzymatic reactions are useful for labeling 
oligonucleotides, T4 polynucleotide kinase may be used to 
label the 5’ end of an oligonucleotide with *P or *P. Alter- 
natively, terminal deoxynucleotidyl transferase (TdT) can 
be used to add labeled nucleotides onto the 3’ end in a 
tailing reaction. No template is required, and the number 
and type of nucleotides can be controlled by the reaction 
conditions. This results in a somewhat longer probe than the 
original oligonucleotide, with additional labeled bases at the 
3’ end. The sensitivity that is achieved with radioactive 
nucleic acid probes is largely determined by the extent of 
incorporation of the radiolabel. Radioactively labeled 
probes have a short half-life limited by isotopic decay and 
radiolysis of the nucleic acid. This inherent instability, along 
with concerns of radioisotope safety and disposal, restricts 
the use of radioactive probes in the clinical laboratory. 
(See Chapter 1 for further descriptions and discussion of 
radioactivity.) 


Indirect Probe Detection 

The first practical example of nonisotopic probe labeling 
used a biotin-labeled analog of dUTP.” Despite the altered 
steric configuration, this nucleotide is incorporated by both 
DNA polymerase and terminal transferase. Other functional 


groups, such as digoxigenin, may also be used as affinity 
labels through chemical linkage to a dUTP and incorpora- 
tion into polynucleotides. Alternatively, oligonucleotide 
probes can be labeled during synthesis with biotin or amino 
linkers for subsequent attachment to indicator molecules. 
Labels at either the 5’ or 3’ end of the molecule are usually 
preferred because central modifications may interfere with 
hybridization. 

Biotin and other affinity labels do not generate detectable 
signals on their own. However, they can initiate signal ampli- 
fication mediated by high-affinity binding with antibodies, 
or in the case of biotin, with avidin or streptavidin. These 
binding molecules can be linked to enzymes—such as horse- 
radish peroxidase or alkaline phosphatase—connecting a 
single target to a single enzyme. Enzyme activity is moni- 
tored according to the enzyme substrate used (chemilumi- 
nescent, colorimetric, or fluorescent). 

Affinity labels can be used to capture and localize 
targets to an area of a solid support. For example, biotiny- 
lated probes can be affixed to a streptavidin-coated surface, 
After incubation with the target nucleic acid, a second 
probe is added, which is either directly labeled with fluo- 
rescence or conjugated through an affinity label to an 
enzyme. Any background or nonspecific localization of 
reagents results in amplification of an undesired signal along 
with the desired signal, and these methods usually require 
multiple separation and washing steps to decrease the 
background. 

Nucleic acids can also be linked to organic indicator 
molecules that emit light when exposed to certain chemicals 
(chemiluminescence). For example, when acridinium esters 
are exposed to hydrogen peroxide at high pH, light is 
emitted.” Bioluminescence occurs when biomolecules 
produce light through catalysis of certain substrates. Alka- 
line phosphatase and peroxidase are examples of enzymes 
that can act on luminescent substrates to emit light. 
Luciferase is another example of a bioluminescent molecule. 
Luciferase has been used as an indicator of ATP generation 
in pyrosequencing (see the Alternatives to Electrophoresis 
section later in this chapter). Electrochemiluminescence is 
initiated at an electrode surface in the presence of certain 
chelates of ruthenium (II). Once activated by charge trans- 
fer, chemiluminescence occurs.” For further discussion 
of these detection techniques, see Chapter 3 on Optical 
Techniques. 


Fluorescent Labels 


Advances in oligonucleotide synthesis and fluorescence 
detection systems have made fluorescently labeled probes the 
preferred reporter for nucleic acid analysis. Many fluorescent 
labels are now available, allowing color multiplexing for 
applications such as DNA sequencing, fragment length 
analysis, DNA arrays, and real-time PCR (all reviewed later 
in this chapter). Techniques such as fluorescence polariza- 
tion, fluorescence resonance energy transfer (FRET), and 
fluorescence quenching can provide additional detection 
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specificity. Fluorescence polarization can be used to distin- 
guish free from bound label, if the molecular rotation of the 
probe changes upon binding.* Molecular rotation primar- 
ily depends upon the size of the molecule, so binding of a 
small probe onto a large target results in a polarization 
increase that can be measured. FRET techniques depend on 
the distance between two spectrally distinct fluorescent 
labels. The two labels are either brought closer together 
through hybridization, or end up farther apart, often 
through hydrolytic cleavage of a dual-labeled probe.” 
Finally, fluorescence quenching or augmentation can occur 
with hybridization of a fluorescent oligonucleotide to its 
target. The effect depends on the specific fluorescent dye and 
the inherent quenching from G residues in the target and/or 
probe." Alternatively, quenching moieties can be pur- 
posely incorporated into the probe.” For further discus- 
sion, see Chapter 3, Optical Techniques. 


Electrochemical Reporters 


Electrochemical detection of nucleic acids is an area of con- 
tinued research. A hybridization event can be detected by a 
redox indicator molecule that recognizes the DNA duplex, 
or by other hybridization-induced changes in electrochemi- 
cal parameters, such as conductivity or capacitance. (See 
Chapter 4 for further discussion of electrochemistry and 
sensors.) One design attaches an oligonucleotide to an elec- 
trode surface. If the complementary target is present, it binds 
to this oligonucleotide and to an electroactive reporter 
oligonucleotide labeled with ferrocenyl derivatives that can 
be detected by voltammetry.” Another design also uses a 
tethered oligonucleotide, a target, and a reporter probe, 
although the reporter probe is attached to a metal nanopar- 
ticle that changes the conductivity between electrodes.” 
Although labeled probes are usually used, detection with 
unlabeled probes has also been demonstrated. An unlabeled 
oligonucleotide anchored to a field-effect sensor can be used 
to detect hybridization to the target by an increase in the 
local charge.” Although the techniques are very interesting, 
it is difficult to make electronic methods sensitive and spe- 
cific enough so that nucleic acid amplification is not 
required, 


DISCRIMINATION TECHNIQUES 


Three general categories of nucleic acid discrimination tech- 

niques will be reviewed: 

e Electrophoretic separation: Provides physical separation 
of individual nucleic acid species based on molecular 
weight and shape. 

e Alternatives to electrophoresis: Determines the size or 

sequence of nucleic acid without use of electrophoresis. 

Examples are high-performance liquid chromatography 

(HPLC) and mass spectrometry. 

Hybridization assays: Provides visualization of specific 

nucleic acids out of a background, usually by use of probes. 

Some techniques use both electrophoresis and hybridization. 
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Figure 37-7 A photograph of multiple DNA fragments after 
agarose gel electrophoresis (1% wiv, SeaKem LE agarose gel) 
showing the separation of double-stranded DNA molecules by 
size. (Photograph courtesy of Cambrex Bio Science Rockland, Inc., 
Rockland, Maine.) 


ELECTROPHORESIS 


Electrophoresis is the most commonly used method for 
DNA and RNA analysis. Both DNA and RNA are negatively 
charged and will migrate toward the anode (the positively 
charged electrode) when an electrical field is present within 
an appropriately buffered solution. Separation of different 
nucleic acids occurs when mixtures are allowed to travel 
through a neutral sieving polymer under the electrical field. 
Separation is primarily based on molecular weight, with 
smaller molecules traveling faster through the polymer than 
larger ones (Figure 37-7). When very large molecules 
(250kb) have to be separated, pulsed electrical fields are 
employed to help move these molecules through the 
polymer matrix.® Separation also occurs based on the phys- 
ical conformation, or shape, of the molecule. For instance, 
single-stranded molecules may fold into secondary struc- 
tures, and double-stranded molecules may form heterodu- 
plexes, nicked or superhelical circular structures. Separation 
based on shape can provide useful information, but it can 
also confuse size-based analysis. For instance, because RNA 
generally has a high degree of secondary structure, elec- 
trophoresis of RNA is usually performed under denaturing 
conditions to abolish these structures. Electrophoresis of 
DNA is performed under nondenaturing or denaturing con- 
ditions depending on the application. The result of an elec- 
trophoretic separation provides the basis of interpretation of 
many clinical assays. 
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Agarose and polyacrylamide are the two types of polymers 
commonly used in electrophoresis. Several chemical variants 
of the polymers are commercially available and are tailored 
for different separation ranges and applications. The choice 
of polymer and polymer concentration (usually expressed 
as % w/v) is dictated by (1) the size of nucleic acid to be 
separated, (2) the resolution that is required, and (3) how 
you will visualize and analyze the result. Using various 
concentrations, an agarose gel can separate nucleic acid frag- 
ments as small as 20bp to over 10Mb (10,000kb), includ- 
ing chromosomes of yeast, fungi, and parasites. But it is 
generally suited for low-resolution separation (2% to 5% dif- 
ferences in size). Agarose polymers are cast in trays (often 
commercially supplied as precast gels) and submerged in 
buffer. The gels are permeable to fluorescent nucleic 
acid-binding dyes, and results of electrophoresis are 
recorded by a photographic image of the stained gel under 
ultraviolet illumination. 

Polyacrylamide polymers are suited for high-resolution 
separation (down to about 0.1% size differences) of short 
molecules (up to about 2 kb), and are the primary polymer 
for single-stranded nucleic acid separation, such as DNA 
sequencing. Polyacrylamide is used either as a linear polymer 
solution, which is filled in capillaries (capillary electro- 
phoresis), or as cross-linked gels, which are cast between 
two plastic or glass plates (slab gel electrophoresis). Polyacryl- 
amide gels are permeable to fluorescent stains, and also 
suitable for silver staining of nucleic acids. In addition, the 
optical clarity of polyacrylamide polymers makes them ideal 
for visualizing emission signals from fluorescently labeled 
fragments using laser-induced fluorescence detection. 

Table 37-2 lists common electrophoresis-based tech- 
niques described further in this section. 


Restriction Fragment Length Polymorphism 

DNA extracted from a cell is extremely long, and is usually 
cut into shorter fragments before electrophoresis to aid the 
analysis. Restriction endonucleases cut double-stranded 


DNA into fragments of reproducible size; the same enzyme 
produces the same fragments in different specimens if the 
specimens contain the same DNA sequence. If an alteration 
in the DNA abolishes or creates a cleavage site recognized by 
the enzyme (or changes the spacing between two cleavage 
sites), then electrophoresis of digested fragments will reveal 
those changes (or polymorphisms) in fragment length: 
hence the name restriction fragment length polymorphism 
(RFLP). 


PCR/RFLP 

Many sequence alterations are on fragments that can be 
amplified by PCR, making RELP analysis very simple. After 
PCR, the products are digested with one or more restriction 
enzymes and analyzed by electrophoresis. For example, if a 
sample has a mutation that disrupts an enzyme recognition 
site, this can be distinguished from a sample that does not 
have the mutation. Such an assay will produce one uncut 
PCR fragment when the mutation is present, and two shorter 
fragments when the mutation is absent (Figure 37-8). If the 
mutation is present as a heterozygote (one normal and one 
mutant copy of DNA), then one long and two shorter frag- 
ments will be observed. Usually it is possible to design the 
assay so that the fragments can be easily resolved by agarose 
electrophoresis and visualized by staining the gel with a flu- 
orescent DNA-binding dye, such as ethidium bromide. One 
variant of this method uses reverse-transcribed mRNA, 
which lacks the introns that would be present in the DNA. 
In this way, multiple exons can be analyzed in one PCR 
reaction. 


PCR Product Length Analysis 


Some DNA alterations involve sequence insertions, dele- 
tions, rearrangements, and changes in the number of repeat 
sequences {such as STRs and VNTRs). If these alterations 
reside within a fragment that can be amplified reliably by 
PCR, then variation in the length of the amplified fragment 
will indicate these structural alterations. Enzyme digestion is 
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Figure 37-8 An example of PCR-RFLP A DNA fragment 
amplified by PCR carries a site (a unique sequence of generally 
four or more bases) that is recognized and cleaved by a 
restriction endonuclease. If the mutation is present, this site is 
altered and is no longer recognized by the enzyme. 
Electrophoresis reveals that the fragment from a normal 
specimen was indeed cut by the enzyme, generating two 
fragments shorter than the original length, while the fragment 
from a homozygous mutant was not cut and the original length 
of the amplicon is preserved. In a heterozygous mutant, both the 
original fragment and the shorter fragments are visible. 
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not necessary in many of these assays. The length differences 
may be large and easily picked up with agarose gel elec- 
trophoresis or small enough to require a denaturing poly- 
acrylamide matrix. Fluorescent labels may be incorporated 
into the product during the PCR to simplify detection of the 
fragment lengths. These techniques are most widely used in 
diagnosis of fragile X syndrome (See Chapter 40, Inherited 
Diseases) and in identity assessment (Chapter 41). 

Direct analysis of PCR products by electrophoresis 
(without -enzyme digestion) can also allow the final inter- 
pretation of an assay in which the presence of an amplifica- 
tion product is directly diagnostic (e.g., for the presence of 
a bacterium, virus, or fungus, in a specimen). The specificity 
of the amplification reaction is verified by the known size of 
the fragment. Internal negative and positive controls are 
employed to control for potential contamination and to 
establish detection sensitivity. 

Direct PCR product analysis by electrophoresis is also fre- 
quently used in the clinical laboratory to query the quality 
of intermediary steps prior to the assay. (For example, was 
the nucleic acid isolated successfully? How well was it puri- 
fied? Did the amplification work? How specific was the PCR? 
And so on). 


Southern Blotting 


When a DNA alteration spans a large region that is not easily 
amplified by PCR, Southern blotting (or Southern blot 
analysis) can be used to detect the alteration (Figure 37-9). 
The original sample DNA (rather than an amplified frag- 
ment) is digested by a restriction endonuclease, separated by 
agarose electrophoresis, and transferred to a solid support 
followed by selective visualization of fragments by hybridiza- 
tion of labeled probes. A nylon or nitrocellulose membrane 


Figure 37-9 Schematic of Southern blotting. 
Genomic DNA is isolated from a normal specimen 
and from a mutant specimen carrying the 
polymorphic allele (x,y). The mutant allele generates 
a new site that is recognized by the enzyme. The 
normal specimen does not have this site. After 
restriction enzyme digestion of genomic DNA, both 
samples are separated by agarose electrophoresis. 
At this point, no discrete bands are visible over the 
background of many fragments that are generated 
by the enzyme. DNA is transferred to a filter and 
hybridized with a short DNA probe that is 
radioactively labeled. This probe hybridizes to the 
genomic sequence on one side of the polymorphic 
site. After exposing the filter to x-ray film, a 
smaller, digested band is seen in the specimen with 
the mutant allele compared with the larger 
fragment seen in the normal specimen. 
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(or filter) is usually used as the support. Details of the trans- 
fer process differ, but most methods use acid treatment to 
fragment the DNA (thus making it smaller and easier to elute 
from the gel), followed by base denaturation (single strands 
bind to membranes much more efficiently) and neutraliza- 
tion. Original methods of transfer relied on capillary action, 
with the filter placed in contact with the gel and absorbent 
paper stacked on top to blot the transfer buffer and DNA 
onto the filter. Typically, this process was allowed to proceed 
overnight. Vacuum or pressure systems can be used to speed 
the transfer. After transfer, DNA is permanently immobilized 
on the filter by baking or ultraviolet cross-linking. The filter 
is then incubated with a single-stranded probe that forms a 
stable complex with its complementary target affixed on the 
filter. If the original DNA was of good quality and if restric- 
tion enzyme treatment was complete, the fragments of 
interest can be visualized on film (autoradiographic or 
chemiluminescent) or directly on the filter (colorimetric) 
(see Figure 37-9). Ten to 504g of genomic DNA is usually 
sufficient for detection. The procedure was named after its 
inventor, E. M. Southern.” Southern blot analysis reveals 
polymorphisms in the DNA sequence based on the RFLP 
profile made visible by probes. It can also detect large struc- 
tural alterations, such as deletions, duplications, insertions, 
and rearrangements. Southern blotting is labor-intensive 
and takes much longer than PCR. 


Northern Blotting 

Northern blotting was not named for its inventor, but as a 
companion technique that uses RNA rather than DNA as the 
test nucleic acid. RNA is transferred from the gel after elec- 
trophoresis onto a solid support followed by hybridization 
with a specific labeled probe. Because RNA molecules have 
defined lengths and are much shorter than genomic DNA, it 
is not necessary to cleave RNA before electrophoresis. 
However, because of the secondary structure of RNA, it 
is necessary to perform electrophoresis under denaturing 
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conditions, usually formaldehyde/formamide buffers in 
agarose gels. RNA extracted from cells consists primarily of 
ribosomal and transfer RNA. Messenger RNA comprises 
only 1% to 2% of total cellular RNA. After electrophoresis 
and staining, undegraded RNA reveals two clearly visible 
bands of ribosomal RNA. Electrophoresis of about 10 ug of 
RNA is usually sufficient to see the mRNA of interest after 
hybridization with a probe. Northern blotting provides 
information about the size of mRNA transcripts. While only 
semiquantitative, the relative concentration of a particular 
transcript can be estimated by reference to a constitutively 
expressed control transcript, such as actin. 


Heteroduplex Migration Analysis 


Heteroduplex migration analysis (also called conformation- 
sensitive gel electrophoresis, CSGE) reveals the presence of 
mutations by the altered electrophoretic mobility of a 
double-stranded DNA fragment that contains one or more 
mismatched bases (a heteroduplex) versus one that is per- 
fectly matched (a homoduplex). Originally described as a 
PCR artifact,” heteroduplex migration analysis has become 
a popular mutation-scanning technique, primarily because 
of its technical simplicity. Double-stranded DNA generated 
by PCR is denatured, then allowed to reanneal, and elec- 
trophoresed under slightly denaturing conditions (e.g., 15% 
urea, 40 °C) on polyacrylamide gels (often with special gel 
preparations that are available for this application). Detec- 
tion is performed by silver staining of the gel, or by fluores- 
cence detection if one of the PCR primers is labeled. 
Heteroduplexes usually tend to migrate more slowly than 
homoduplexes during electrophoresis (Figure 37-10). While 
mutant alleles are often present as heterozygotes in a clinical 
specimen, homozygous mutations require mixing with wild- 
type DNA for the mutations to be detected. 

The ability of this technique to detect polymorphisms is 
relatively good, and the presence of a single nucleotide poly- 
morphism in a fragment as large as 600 bp can be detected. 


| Homodupiex 


Figure 37-10 A schematic of heteroduplex 
migration analysis. When amplified DNA from a 
heterozygous specimen is denatured and cooled, 
the fragments reanneal in four combinations. 
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The principal factor influencing the sensitivity of this tech- 
nique to base changes is the combination of the mismatched 
bases. Greater mobility differences (relative to the homo- 
duplex) occur in the order of G:G/C:C>A:C/T:G= 
A:G/T:C > A:A/T:T.™ This and other mutation-scanning 
methods are useful when a wide variety of sequence alter- 
ations might be present. Particularly when most of the 
samples tested are wild-type (“normal”), it is more eco- 
nomical to scan for the presence of mutations before 
performing specific genotyping or DNA sequence analysis. 


Single-Strand Conformation Polymorphism Analysis 

Single-strand conformation polymorphism analysis (SSCP, 
or SSCA) is another electrophoresis technique used to scan 
for unknown variants in nucleic acid sequence. Similar to 
heteroduplex analysis, it first requires PCR amplification. 
The amplicon is then diluted, denatured with heat and for- 
mamide, and the resulting single-stranded DNA is separated 
by nondenaturing polyacrylamide electrophoresis (usually 
run at 4 °C). During electrophoresis, the single-stranded 
molecules fold into three-dimensional structures according 
to their primary sequence. Electrophoretic mobility then 
becomes a function of size and shape of the folded single- 
stranded molecules. If the sequence of a reference sample 
differs from that of the fragment being tested, even by only 
a single nucleotide, it is possible that at least one of the 
strands, if not both, will adopt different conformations and 
exhibit a unique banding pattern (Figure 37-11). Since its 
introduction in 1989,” SSCP has emerged as one of the most 
popular mutation-detection strategies. Results can be visu- 
alized by silver staining of the gel or by fluorescent detection 
using labeled primers during PCR. Unlike heteroduplex 
migration analysis, there is no need to mix reference 
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Figure 37-11 A schematic of single-strand conformation 
polymorphism analysis (SSCP). PCR amplicons carrying the 
polymorphic site (shown as x and y) are diluted and then 
denatured to form single-stranded fragments. When the 
fragments are electrophoresed, they assume secondary 
structures. When conditions are right, polymorphisms are 
detected by differential band patterns compared with a known 
sample. 


materials to detect the presence of a homozygous mutant 
specimen. Reports on the sensitivity of the SSCP technique 
have been variable, and detection rates seem influenced by 
the G + C content of the fragment and the assay conditions.” 
Different conditions may be required to detect all mutations, 
making multiple runs sometimes necessary for one target 
sequence, Furthermore the results of SSCP are difficult to 
interpret when one sequence gives rise to multiple single- 
stranded conformations, some of which may be difficult to 
see, depending on the amplification and electrophoresis con- 
ditions. It is also difficult to establish reliable protocols for 
fragments greater than ~200 bp. 


Denaturing Gradient Gel Electrophoresis 

Denaturing gradient gel electrophoresis (DGGE) is yet 
another technique to scan for unknown variants in nucleic 
acid sequence. Separation of a PCR product is performed at 
a constant temperature with a gel that includes a concentra- 
tion gradient of denaturants, such as urea, along the direc- 
tion of electrophoresis. If the sequence of the PCR product 
is known, the detection rate of mutations can reach 100%. 
However, creating identical gels is challenging, making 
routine implementation difficult. Depending on the melting 
characteristics of the product, it may be necessary to attach 
an artificial GC-rich sequence (GC clamp) to one end of the 
fragment to provide optimum separation.” 


Temperature-Gradient Electrophoresis 


Temperature gradient electrophoresis is an analog of DGGE. 
Instead of using denaturants, a spatial or temporal temper- 
ature gradient is used to provide the denaturing effect. Initial 
designs placed an electrophoresis gel over an insulated metal 
plate with a linear temperature gradient established per- 
pendicular or parallel to the direction of electrophoresis 
{temperature gradient gel electrophoresis, or TGGE).” 
Separation occurs according to size, shape, and thermal 
stability of the nucleic acids. If the temperature gradient is 
established perpendicular to the direction of electrophoresis, 
intramolecular conformational changes show up as con- 
tinuous transition curves, while strand-separation leads to 
discontinuous transitions. Heteroduplexes are detected by a 
shift of the transition curves to lower temperatures. 
Temperature gradients can also be applied during capil- 
lary electrophoresis.” A portion of the capillary array is 
placed inside a heating chamber whose temperature is com- 
puter controlled to generate a gradual heat ramp (typically 
a 10 °C ramp at 0.5 °C to ~0.7 °C/min). Similar to the 
heteroduplex migration assay, PCR products are first dena- 
tured, reannealed, and then injected into the capillary. The 
electrophoresis polymer solution contains an intercalating 
dye and nucleic acids are detected by fluorescence. The 
presence of a heteroduplex is detected by a change in the 
peak profile, which under certain conditions may show all 
four possible duplexes as peaks” (Figure 37-12). The sensi- 
tivity of this technique for detecting the presence of het- 
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eroduplexes is very good, and many samples can be run at 
once. However, as with heteroduplex migration analysis, a 
homozygous mutant sample is difficult to discriminate from 
a homozygous normal sample without mixing the two 
together to form heteroduplexes. 


DNA Sequencing 

DNA sequencing,” once strictly a research technique, is now 
routinely performed in the clinical laboratory. The actual 
nucleic acid sequence of a DNA fragment can be determined 
and compared with a reference sequence with an error rate 
of 0.1% (one misidentified base in 1000). Often the sequence 
is analyzed on both strands (sense and antisense), which will 
provide even greater accuracy. Any deviation from the refer- 
ence sequence is identified using computer programs match- 
ing the sequences. Base changes resulting in an altered amino 
acid code, stop codons, deletions, or insertions can be iden- 
tified. The most common sequencing strategy uses PCR in 
the first step to amplify the region of interest, followed by a 
variation of the chain-termination reaction developed by 
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Figure 37-{2 An example of temperature-gradient capillary 
electrophoresis (TGCE). The PCR fragments are denatured and 
annealed before the electrophoresis (see diagram in Figure 
37-10). Only one peak is visible for the PCR fragment of a 
normal homozygous specimen, whereas all four possible 
duplexes are visible and separated from each other in a 
heterozygous mutant specimen. The shape of the elution profile 
(rather than the elution time) is used to compare unknowns 
with control samples. 


E. Sanger in the late 1970s." This reaction (also referred to 
as the Sanger reaction) generates fragments that are termi- 
nated at various lengths by the incorporation of one of the 
four dideoxynucleotide base analogs (Figure 37-13) during 
extension from the sequencing primer (Figure 37-14). 
Dideoxynucleotides lack the 3’ hydroxyl group (OH) and the 
2’0H on the pentose ring, and because DNA chain growth 
requires the addition of deoxynucleotides to the 3’OH 
group, incorporation of this base analog terminates chain 
growth. The most common method for generating these ter- 
minated fragments is cycle sequencing, repeating the steps of 
annealing, chain extension and termination, and denatura- 
tion by temperature cycling, similar to PCR. The fragments 
generated are tagged with a fluorescent dye (by use of either 
labeled primers or labeled terminator dideoxynucleotides), 
then separated by denaturing polyacrylamide gel or capillary 
electrophoresis, and detected by fluorescence detection as 
the fragments travel past the detector (Figure 37-15). When 
fluorescently labeled primers are used, four tubes are needed 
for separate termination reactions. If only one color is used, 
then each termination reaction mixture is electrophoresed in 
a separate lane or capillary. If four colors are used, then the 
termination reactions can be combined before electrophore- 
sis and only one capillary is necessary. Alternatively, the use 
of four terminators of different colors makes it possible to 
streamline the process down to one tube for the termination 
reactions and one capillary. About 600 bases can be resolved 
in a 24-hour run on a capillary electrophoresis instrument. 
DNA sequencing is most commonly used in infectious 
disease testing, such as genotyping of HIV for drug resis- 
tance and of HCV to establish prognosis and appropriate 
therapy. Whole-gene sequencing for the detection of disease- 
causing mutations is still an expensive proposition, whether 
it is for population screening (in which the majority of 
samples will not have a mutation) or even for patients 
affected with the disease. Therefore, in genetic testing, DNA 
sequencing is often performed only after an initial mutation 
scanning assay has determined the exons that need to be 
sequenced or otherwise genotyped. 


Single Nucleotide Extension Assay 


Also known as single-base primer extension or minisequenc- 
ing, single nucleotide extension (SNE) assays involve the 


Figure 37-13 A dideoxynucleotide. Notice 
the absence of the 3’-OH that is usually 
present in standard deoxynucleotides. 
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annealing of an oligonucleotide primer to a single-stranded 
PCR amplicon at a location that is immediately adjacent to, 
but does not include, the site of the SNP, followed by enzy- 
matic extension of the primer in the presence of polymerase 
and dideoxynucleotide terminators without dNTPs. Each of 
the four terminators is labeled with a unique label so that it 
is possible to detect which base was incorporated, SNE assays 
can be multiplexed on automated DNA sequencing instru- 
ments by varying the lengths of the primers so that each SNP 
is resolved by size in one electrophoresis run. There are also 
many nonelectrophoresis methods to read out the results of 
an SNE assay, including colorimetric detection on microtiter 
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Figure 37-14 The chain-termination reaction (Sanger).A PCR 
amplicon is denatured and then hybridized to a specific 
oligonucleotide primer, As the DNA polymerase extends the 
primer by incorporating bases (dNTPs) complementary to the 
template, it occasionally incorporates a terminator base analog 
(ddA, ddG, ddT, or ddC) that stops further extension. The result 
is a mixture of extended products with varying lengths. Each 
terminator base may be labeled with one of four different 
fluorescent tags (shown as different symbols in the diagram). 
Alternatively, the primer can carry four different fluorescent tags 
in individual chain-termination reactions (containing only one 
ddNTP) performed in separate tubes. The original procedure 
incorporated a radioactive dNTP during extension, allowing 
monochromatic detection of the truncated fragments that were 
electrophoresed in four separate lanes, each for one of the 
terminator bases (see Figure 37-15). 


plates, product-capture detection systems on DNA micro- 
arrays, bead hybridization assays detected by flow cytometry, 
solution-based fluorescence polarization detection systems, 
and mass spectrometry. SNE assays are useful when the gene 
of interest contains a relatively large number of disease- 
causing SNPs. SNE assays do not work well if there are poly- 
morphisms in the primer-binding site. Nor will they detect 
polymorphisms at a position other than immediately adja- 
cent to the 3’ end of the primer. 


Oligo Ligation Assay 

Another assay format frequently used in the clinical labora- 
tory for SNP detection is the oligo ligation assay (OLA). Two 
oligonucleotide probes are hybridized to adjacent sequences 
of amplified target DNA, with the known SNP site posi- 
tioned at the end of one probe (Figure 37-16). DNA ligase 
covalently joins the two probes only if both probes are per- 
fectly hybridized to the target including the polymorphic 
base. A probe matching the normal base and another probe 
matching the mutant base are usually prepared. These two 
can be discriminated by differential electrophoretic mobility 
by varying the number of modifying tail units attached. 
These tails were initially noncomplementary poly A or poly 
C tails but now consist of pentaethylene oxide (PEO) units, 
The probe hybridizing to both alleles (the common probe) 
provides the reporter molecule, usually a fluorescent label. 
Multiplexing of SNP detection is achieved by attaching 
different fluorescent labels to the common probes and also 
varying the numbers of tail units on the allele-specific 
probes. Following ligation, probes for multiple SNP sites are 
separated by denaturing polyacrylamide electrophoresis in 
the presence of labeled size standards. 


ALTERNATIVES TO ELECTROPHORESIS 

Newer technologies that replace assays traditionally per- 
formed by electrophoresis are emerging, some of which are 
attractive alternatives for the clinical laboratory as they 
achieve analysis of nucleic acids with less hands-on time and 
with far greater throughput because of automation. These 
include pyrosequencing, mass spectrometry, and HPLC. 


Pyrosequencing 

Pyrosequencing™ is a method to determine the nucleic acid 
sequence of short segments without the use of elec- 
trophoresis. A sequencing primer is hybridized to a single- 
stranded template that is usually generated by PCR. Four 
enzymes, a DNA polymerase, ATP sulfurylase, luciferase and 
apyrase, and two substrates—adenosine 5’ phosphosulfate 
and luciferin—are included in the reaction mixture (Figure 
37-17). One of the four dNTPs is added to the reaction 
(dATPQS is substituted for dATP because it is incorporated 
by the polymerase but is not a luciferase substrate). If the 
base is complementary to the template strand, DNA po- 
lymerase catalyzes its incorporation. Each incorporation 
event is accompanied by release of a pyrophosphate (PPi) so 
that the quantity of PPi produced is equimolar to the 
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Figure 37-15 Schematic of DNA sequencing. Extension products generated by the chain- 
termination (Sanger) reaction are separated using four lanes (if only one label is used), or using 
one lane (if different color dyes are used for each of the terminator reactions). The four-color 
strategy is amenable to automated end-point fluorescence detection (shown by the eye icon) for 
both slab gel and capillary electrophoresis. The direction of fragment migration is from top to 
bottom. Sequence read is from bottom to top in the gels, and from left to right for the 
automated sequence. Examples of a reference sample (homozygous T at the polymorphic site), a 
mutant sample (homozygous C), and a heterozygous mutant sample (T and C) are shown. 
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Figure 37-17 Schematic of pyrosequencing. Individual dTNPs 
are added one by one to the single-stranded template, a primer, 
and a polymerase. Pyrophosphate is generated if the dNTP is 
complementary to the next base on the template (top). Any 
pyrophosphate produced reacts with adenosine-5’- 
phosphosulfate (APS) to produce ATP which in turn generates 
light in the presence of luciferase (middle). The sequence can be 
determined from the order of dTNP addition and the intensity 
of light produced. 


amount of incorporated nucleotide. The release of PPi is 
monitored by conversion of PPi and adenosine 5’ phospho- 
sulfate into ATP by the ATP sulfurylase, and ATP in turn 
drives conversion of luciferin into oxyluciferin, which 
generates visible light. The light produced is proportional to 
the number of nucleotides incorporated. Apyrase, which is a 
nucleotide-degrading enzyme, continuously degrades ATP 
and unincorporated dNTP. This switches off the light in 
preparation for the next dNTP addition. As the process is 
repeated by adding one dNTP at a time, the complementary 
DNA strand is built and the nucleotide sequence is deter- 
mined (see Figure 37-17). Because the technique can be 
automated, it is useful when the sequences of a large number 
of short segments need to be determined. 


Mass Spectrometry 

Matrix-assisted laser-desorption ionization time-of-flight 
(MALDI-TOF) mass spectrometry can be used to detect 
sequence polymorphisms.'*” With mass spectroscopy, no 
label is necessary because the alleles differ in mass. After 


isolation of genomic DNA, a specific DNA fragment includ- 
ing the polymorphic site is amplified by PCR. Heat-labile 
alkaline phosphatase is added to the reaction to dephospho- 
rylate any residual nucleotides, preventing future incorpora- 
tion and interference with the primer extension assay. 
Samples ate then heated to inactivate the alkaline phos- 
phatase. An extension primer is hybridized directly or closely 
adjacent to the polymorphic site. Appropriate unlabeled 
deoxynucleotides and/or dideoxynucleotides are incorpo- 
rated through the polymorphic site and terminated with the 
incorporation of a dideoxynucleotide generating allele- 
specific diagnostic product of different mass. Salt is 
removed from the sample, and ~10nL of it is spotted onto 
an array coated with 3-hydroxypicolinic acid. This is placed 
into the MALDI-TOF, which measures the mass of the exten- 
sion products. Once the mass is determined, the genotype 
is determined (Figure 37-18). Despite its complexity, auto- 
mated systems processing 384 to 1536 samples at once are 
available. 


High-Performance Liquid Chromatography 

HPLC is commonly used for separating and purifying 
oligonucleotides. Separation is usually based on ion-pair, 
reversed-phase chromatography and is particularly useful 
for purifying fluorescently labeled probes guided by 
absorbance and fluorescent elution profiles. 

A more recent variant of this technology is denaturing 
HPLC (dHPLC). Denaturing HPLC is run at a single ele- 
vated temperature to partially denature double-stranded 
DNA. Similar to heteroduplex migration analysis, dHPLC 
analyzes a mixture of PCR amplicons that are denatured and 
reannealed, revealing the presence of heteroduplexes as addi- 
tional peaks that are shifted in retention compared with the 
homoduplex sample.’* To separate double-stranded DNA, 
alkylated nonporous poly (styrene-divinylbenzene) resins 
are used, with a hydroorganic eluent containing an 
amphiphilic ion (e.g., triethylammonium ion) and a small 
hydrophilic counter-ion (e.g., acetate). Retention of double- 
stranded DNA is governed by electrostatic interactions 
between the positive triethylammonium ions adsorbed to 
the resin and the negative phosphodiester groups of DNA. 
An increase in the concentration of organic solvent (e.g., ace- 
tonitrile) in the mobile phase results in desorption of the 
amphiphilic ions and the double-stranded DNA. UV is often 
used for detection; thus PCR amplicons do not have to be 
labeled. The system can also be connected to a multicolor 
laser-induced fluorescence scanner or a mass spectrometer, 
The limitations of dHPLC include the need to establish spe- 
cific temperatures for distinct types of mismatches and that 
samples must be run sequentially, one at a time. 


HYBRIDIZATION ASSAYS— PRINCIPLES 


The second major category of nucleic acid discrimination 
techniques is hybridization. All hybridization assays are 
based on the ability of single-stranded nucleic acids to form 
specific double-stranded hybrids. The process requires (1) 
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Figure 37-18 Sequence polymorphism analysis by 
mass spectrometry. The underlined base is the 
polymorphic site in the template (T or C), Single- 
stranded template is primed and extended in the 
presence of three dNTPs and one ddNTP, 
producing fragments of different mass depending on 
the sequence. The boxed “A” in this example 
indicates the incorporated terminator adenine 
base. The mass of terminated products is precisely 
measured by MALDI-TOF mass spectrometric data 


{relative intensity versus m/z). 


that probe and target nucleic acids are mixed under condi- 
tions that allow for specific complementary base pairing and 
(2) that there is a method to detect any resulting double- 
stranded nucleic acids. A probe indicates a nucleic acid whose 
identity is known, and the target or sample is a nucleic acid 
whose identity or abundance is revealed by hybridization. In 
some of the methods discussed here, hybridization occurs 
between a target in solution and a probe that is tethered to 
a solid surface. In homogeneous or real-time techniques, both 
the probes and the targets are in solution, and hybridization 
and detection occur without washing steps. Some of the 
homogeneous methods also monitor the dissociation of 
hybridized duplexes under controlled heating, revealing 
the identities of the hybridized duplexes by melting curve 
signatures. 

As with any assay, both positive and negative controls are 
necessary for validation of hybridization assays. A positive 
control is one known to contain sequences complementary 
to the probe. They are used to establish that sample prepa- 
ration is adequate to release target for the assay and to ensure 
that the probe will hybridize to the target under the assay 
conditions. The positive control may also be used to monitor 
the detection limit of the assay if it is chosen near the lower 
limit of detection. A negative control (i.e., one known not to 
contain sequences complementary to the probe) is used 
to monitor specificity of the probe-target interactions, and 
to detect the presence of positive contamination if any is 
present. Negative controls also allow monitoring of the back- 
ground signal generated. 


Hybridization Thermodynamics 

The thermodynamically favored structure of DNA under 
physiological conditions is an ordered double-stranded helix 
formed of two separate DNA molecules held together by 
noncovalent interactions. The duplex structure is most 
stable when all opposing bases are complementary, allowing 
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Figure 37-19 Melting curve of double-helical nucleic acid. 
(Modified with permission from Piper MA, Unger ER: Nucleic Acid 
Probes:A Primer for Pathologists. Chicago, ASCP Press, 1989.) 


for maximal hydrogen bonding and base stacking. The non- 
covalent binding between two DNA strands is both specific 
(i.e., sequence-dependent) and reversible. Denaturing agents 
(such as high temperature [>90 °C], formamide, or extremes 
of pH) favor dissociation of the double-stranded molecule 
into two separate random coils (see Figure 37-19). On 
removal of the denaturant, single strands attempt to rejoin 
to re-form duplexes, strongly favoring interactions that 
maximize complementary base pairing. Because tempera- 
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ture is the denaturant most easily manipulated, double- to 
single-strand transformation is referred to as melting, and 
the temperature at which one half of the DNA is melted is 
referred to as the melting temperature, or Tm, of the duplex. 
Duplexes with mismatched base pairs are less stable than 
those with a perfect sequence match and thus melt at a lower 
temperature. The reverse process, in which two complemen- 
tary strands recombine to form a stable duplex molecule, is 
referred to as annealing or hybridization. Hybridization 
can occur between DNA strands, RNA strands, and strands 
of nucleic acid analogs (such as peptide nucleic acids, also 
known as PNA”), in all combinations. 


Stringency and Mismatches 


The conditions of the hybridization reaction define the 
degree of base pair mismatch that will be tolerated in a 
duplex structure. The tolerance (or lack thereof) for mis- 
takes in base pairing is referred to as the stringency of the 
hybridization reaction. Conditions of high stringency (low 
salt concentration, high formamide level, and high temper- 
ature) require exact base pairing. As the stringency of the 
hybridization assay is lowered (by increasing salt concentra- 
tions, lowering formamide level, and lowering temperature), 
increasing numbers of base pair mismatches are tolerated in 
a duplex structure. The stringency of the hybridization reac- 
tion is determined by the environment during the hybridiza- 
tion reaction and the subsequent washing steps designed to 
remove nonspecifically interacting nucleic acid. 
Conventional hybridizations were performed in the pres- 
ence of empirically determined ingredients selected to mod- 
ulate the stringency of the reaction and to favor interaction 
of nucleic acid molecules through specific base pair hydro- 
gen bonds rather than charge interactions. The components 
varied widely but included buffers, salts, denaturants such as 
formamide, high-molecular-weight polymers, carrier DNA 
or RNA, and various “magic” ingredients designed to reduce 
background (such as detergents, bovine serum albumin, 
skim milk, and ficoll). Such a complex mixture was conve- 
niently referred to as a hybridization cocktail. The ionic 
strength was often determined by the concentration of a 
“saline sodium citrate” (SSC) buffer with a standard 1 x con- 
centration of 0.15mol/L NaCl and 0.015mol/L sodium 
citrate (pH 7.0). In contemporary real-time PCR and 
melting analysis, the hybridization solution is the buffer in 
which PCR occurs, and there are no separate washing steps. 


Hybridization Kinetics 

The kinetics of solution-phase hybridizations are second 
order, being proportional to the concentrations of both 
hybridizing strands.” The rate-limiting step is nucleation, 
where a small number of base pairs are formed in the correct 
orientation, followed by a rapid “zippering” of complemen- 
tary sequences. In the case of a probe present in great excess 
to the target, hybridization proceeds as a pseudofirst order 
reaction, depending only on the concentration of the target. 
However, the time required to hybridize the probe to a given 


fraction of the target remains proportional to the probe con- 
centration. For example, during PCR the concentration of 
primers is much greater than that of the target, and the reac- 
tion rate during each annealing step depends on the con- 
centration of available single-stranded product, but the time 
required to anneal primers to a certain fraction of the target 
is proportional to the primer concentration. 

The availability of nucleic acids for hybridization can also 
be an issue. In PCR, primer annealing competes with the 
formation of double-stranded product. As the concentration 
of product increases during PCR, some double-stranded 
product is formed before primer annealing can occur (see 
Figure 37-4). Similarly, when double-stranded probes are 
used at high concentrations, probe self-annealing interferes 
with probe-target hybridization. Available hybridization sites 
can also be limited by intramolecular secondary structure of 
the probe or target (e.g, as seen in SSCP). 

In addition to probe concentration and availability, the 
length of the probe and the complexity of the nucleic acids 
affect hybridization rates. Rates are directly proportional to 
the square root of the probe length and inversely propor- 
tional to complexity, defined as the total number of base 
pairs present in nonrepeating sequences. Mismatches up to 
about 10% have little effect on hybridization rates. 

The rate of the hybridization reaction is influenced by 
many factors in the reaction environment, most notably 
temperature and ionic strength. Above the Tim, no stable 
hybrids are present, although transient complexes may form. 
As the temperature is lowered below the Tm, hybridization 
rates increase until a broad maximum occurs about 20 °C to 
25 °C below the Tm. Hybridization rates also increase with 
the ionic strength. Divalent cations like Mg** have a much 
stronger effect than monovalent cations like Na* or K*. 

When the nucleic acid target or probe is immobilized on a 
solid support, the kinetics of hybridization are even more 
complex. Many of the preceding observations still hold true, 
but the rate and extent of solid-phase hybridization are lower 
than with solution-phase hybridization. Depending on the 
concentrations of the reactants, solid-phase hybridization 
can be either nucleation-limited or diffusion-limited. 
Optimal efficiency of solid-phase hybridization is achieved 
under conditions that facilitate diffusion of the probe to 
the support and that favor hybridization over strand- 
reassociation if double-stranded probes are used. This 
usually means a small volume of hybridization solution and 
relatively low probe concentrations. In practice, solid-phase 
hybridization assays are empirically designed. Time of hybri- 
dization and probe concentration are the two variables 
most frequently adjusted in the assay. Conditions that tend to 
maximize the extent of hybridization and minimize the back- 
ground or nonspecific attachment of the probe are selected. 


Probes 

In a hybridization assay, the probe is analogous in its role 
and importance to the antibody in an immunoassay. As 
mentioned earlier, a probe is the nucleic acid whose identity 
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is known and is used to reveal the identity or abundance of 
a target or sample. Like antibodies in immunoassays, probes 
can be unlabeled or labeled with one of a variety of reporter 
molecules, depending on the technique used to detect 
hybridization. Probes may be cloned (recombinant), gener- 
ated by PCR, or synthesized (oligonucleotides). They may be 
DNA, RNA, PNA, and single-stranded or double-stranded. 
Selection, purification, and labeling of probes are crucial to 
success of hybridization assays. 


Cloned Probes 


Cloned probes consist of a known segment of DNA inserted 
into a plasmid vector that is propagated by growth in a bac- 
terium. Many different plasmid vectors are now available; 
pBR322 was one of the first in common use." The probe may 
consist of the entire plasmid DNA (insert plus vector 
sequences), or the insert may be purified from the vector 
sequences. The latter method is obviously more cumber- 
some but may result in reduced background. The resulting 
probe is a double-stranded DNA probe and it must be dena- 
tured before use. 

Some vectors contain RNA promoter regions adjacent to 
the inserted DNA sequence. These regions permit generation 
of RNA transcripts from the DNA insert. Because only one 
strand is copied during the RNA synthesis, single-stranded 
RNA probes are generated. Controlling the orientation of the 
insert in relation to the promoter region allows the produc- 
tion of transcripts in the “sense” direction (i.e. same as 
mRNA) or “antisense” direction (ie., complementary to 
mRNA). 


PCR-Generated Probes 


PCR-generated probes are simple to prepare.” During 
amplification, the PCR product typically is. labeled with 
nucleotides that are radioactive, are fluorescent, or have 
attached affinity labels. If desired, single-stranded probes can 
be obtained by using a biotin-labeled primer, followed by 
solid-phase separation with streptavidin. 


Oligonucleotide Probes 


Oligonucleotide probes are even easier to obtain than PCR- 
generated probes. These probes are usually 15 to 45 bases of 
single-stranded nucleic acid that are chemically synthesized 
to a specified base sequence. Most commonly, they are DNA, 
but RNA and PNA oligonucleotides can also be used. Auto- 
mated, efficient, and accurate methods of synthesis continue 
to lower the cost of production. Sequence information is 
now routinely available in public databases (e.g., the NIH 
genetic sequence database, GenBank’) and a similarity check 
for probe sequence can be performed using public algo- 
rithms (e.g., BLAST). Probe sequences must be carefully 
chosen to minimize cross-hybridization with pseudogenes 
(eukaryotes) or related species (bacteria and viruses). The 
melting temperature of the probe should allow both favor- 
able hybrid stability and discrimination between related 
sequences under the stringency of the assay. Oligonucleotide 


probes are often prepared with covalent attachment of a 
reporter molecule (such as fluorescent dyes) or affinity labels 
that allow them to be attached to solid supports. Probes used 
in homogeneous (real-time) PCR are usually oligonu- 
cleotides with a fluorescent label. 


Estimating Tm of Oligonucleotide Probes 


Significant recent progress in nearest neighbor stability cal- 
culations now allows probe Tm estimation to within 2 °C. A 
unified thermodynamic database has been compiled,” and 
new parameters for all possible single mismatches’*” and 
dangling ends have been estimated.” Many software pro- 
grams and Web sites are available for in silico Tm estimation. 


Purity of Labeled Oligonucleotide Probes 


The purity of labeled oligonucleotide probes is an important 
factor for success in hybridization assays and critical in 
homogeneous PCR assays. Commercial oligonucleotides 
with a fluorescent label are of variable purity. End users are 
well advised to assess the concentration and purity of all flu- 
orescently labeled probes before use. A good method is to 
first calculate the predicted absorbance coefficient (usually 
referred to in tables by the older term “extinction coeffi- 
cient”) of the oligonucleotide at 260nm (e2go(otigo)) USING 
nearest-neighbor absorbance values. These values have been 
tabulated”? and are also used by many software programs 
to calculate the related value, nmol per absorbance unit at 
260nm, or nmol/Asooligop Which can be converted into 
the extinction coefficient by the formula  eps0(otigo) = 
10°/(nmol/Ar¢o(otigo)}- Next the concentration of the fluores- 
cent label (Caor) can be calculated from the extinction coef- 
ficients provided in the literature or by the supplier 


Caaor = Aamas of fluor [ermax of fluor 


The concentration of the fluorescently labeled oligonu- 
cleotide is calculated as 


Caligo = [A260 a (A Amax of fluor X €260(fluor) / €)max of fluor) / 
€260(oligo) 


This equation takes into account the Azs contribution from 
the fluorophore. Similar equations for more than one label 
can be derived. The concentrations of fluorophore and 
oligonucleotide should be nearly equal (ie., the ratio of 
fluorophore to oligonucleotide should be near 1). Acceptable 
ratios are between 0.8 and 1.2. Ratios less than 0.8 suggest 
incomplete labeling or destruction of the attached dye. 
Ratios greater than 1.2 suggest the presence of free dye. A 
ratio near 1 is a necessary but not a sufficient criterion of a 
pure probe. Co-elution of the Azs peak and the fluorescence 
peak on reversed-phase HPLC is additional evidence of 
purity. 


HYBRIDIZATION ASSAYS—EXAMPLES 


Hybridization reactions can be divided into two broad cate- 
gories: solid-phase, in which either probe or target is tethered 
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to a solid support while the other is in solution, and solu- 
tion-phase hybridizations, in which both are in solution 
(Table 37-3). Somewhat surprisingly, nucleic acids bound on 
a solid matrix can still bind complementary nucleic acids. 
Solid-phase assays are useful because multiple samples can 
be processed together, facilitating control, washing, and sep- 
aration procedures. Hybridization on a solid support is, 
however, less efficient than solution-hybridization and the 
kinetics are slower and more difficult to predict. Both solid- 
phase and liquid-phase assays are used routinely in the clin- 
ical laboratory. Solid-phase assays include dot blots, line 
probes, arrays, in situ hybridization, and Southern and 
Northern blotting. 

Several classical hybridization methods used probe-target 
hybridization in solution, followed by either the removal of 
the unbound labeled probe (by exclusion chromatography 
or electrophoresis) or capture of the probe-target hybrid (by 
hydroxyapatite, magnetic particles, or other affinity capture 
methods). The signal from the labeled probe-target complex 
was then measured. For example, hybrid capture methods 
use a bound antibody that is specific for RNA-DNA hybrid 
molecules that are formed during solution-phase hybridiza- 
tion of a DNA sample and an unlabeled RNA probe. The 
assay can be adapted to a microtiter plate format for automa- 
tion of washing and detection. 

Recently, solution hybridization has been combined with 
amplification, detection, and quantification and analysis all 
in the same tube. These homogeneous, closed-tube, real- 
time assays do not require any additions, washing, or sepa- 
ration steps, 


Dot-Blot and Line-Probe Assays 


Conventional hybridization assays on membranes are 
known as dot blots or line probes, depending on the geom- 
etry of the individual spots. The nucleic acids are applied 
with suction, using a commercially available manifold that 
results in a shape that is either round (dot) or elongated (line 
or slot). After immobilization, the membrane is incubated 
with complementary nucleic acid at a constant temperature, 
followed by one or more washes to discriminate matched 
from mismatched nucleic acid. The method allows multiple 


probe-target hybridizations to be carried out simultaneously 
under identical conditions. 

Two general formats are used for these assays: either mul- 
tiple samples are affixed to the solid support and interro- 
gated by a small number of probes (“sample-down”), or 
multiple probes are attached to the support and a small 
number of samples is used (“probe-down”) (Figure 37-20). 
In the sample-down format, purified nucleic acid or ampli- 
fied fragments from multiple samples are immobilized on 
the support. 

In the probe-down format, unlabeled probes bound to 
the filter are allowed to interact directly with a specimen that 
carries the label (a technique also known as “reverse dot 
blot”). Alternatively, instead of having to label the sample, a 
set of secondary probes can be used for signal generation. 
Signal probes remain attached to the filter only through 
sample-mediated hybridization; the sample nucleic acid 
forms a sandwich between the immobilized probe and the 
signal-generating probe. Similar assays have been developed 
substituting microtiter plate wells for filters. This requires 
chemical modification of the plastic wells to bind short DNA 
probes at one end, allowing the bound probes to hybridize 
to sample, but this approach is more amenable to automa- 
tion of washing and detection. 

Results of a dot-blot or line-probe assay are usually qual- 
itative: if hybridization has occurred, a signal is generated at 
the specified spot and a simple yes/no interpretation is given. 
As the number of probes or samples increases, it becomes 
challenging to find a hybridization condition that provides 
high stringency for all probe-target combinations. 


Arrays 

Extending further the concept of increasing the level of par- 
allelism in hybridization assays, microarrays (also called 
DNA arrays or DNA chips) were introduced in the 
mid1990s.* Compared with dot-blot and line-probe assays, 
spot sizes in microarrays are decreased (typically to less than 
200 microns in diameter) such that one array can contain 
thousands of spots. This dimensional change requires spe- 
cialized detection equipment, software, and informatics to 
analyze the data. Microarrays are fabricated on solid surfaces 
(generally on glass, but sometimes on other supports, such 
as gel pads or coated gold surfaces) either by in situ synthe- 
sis of oligonucleotides or by physical spotting of probes with 
the aid of robotic arraying equipment or electronic address- 
ing. (Hybridization arrays and fabrication of “chips” have 
been described in Chapter 10 and will not be further 
described here.) Because of its massively parallel capability, 
microarrays have attracted tremendous interest among 
researchers who wish to monitor the whole genome (or at 
least a significant portion of the genome) for (1) identifica- 
tion of sequence polymorphisms and mutations and (2) 
quantification of gene expression. The development of 
expressed-sequence-tag (EST) clone libraries has greatly 
contributed to the advancement of gene expression microar- 
rays. ESTs are short sequences that are expressed in certain 
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Figure 37-21 Expressed sequence tags (ESTs) can be used as 


probes to identify expressed genes by hybridizing to mRNA or 
cDNA. 


cells, tissues, or organs at different developmental stages 
(Figure 37-21), An example of a two-color comparative EST 
microarray used in gene expression studies is shown in 
Figure 37-22. Studying gene expression in tumors can lead 
to the discovery of new diagnostic or prognostic markers and 
novel therapeutic targets. For example, characteristic pat- 
terns of gene expression can classify breast tumors into clin- 
ically relevant subgroups.” Expression microarrays have also 
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Figure 37-20 Two modes of dot-blot and line-probe 
assays. In the “sample-down” mode, DNA, cDNA, RNA, 
or amplified products are attached to the solid support 
and hybridized to labeled probes in solution. Alternatively, 
different probes are spotted onto the support (“probe- 
down’) and the sample is in solution. 


identified specific signaling pathways in follicular lymphoma 
transformation, suggesting therapeutic targets.” The 
promise of microarrays is accompanied by challenges, 
including the need for strict requirements for controls and 
good experimental design. 

Following the advent of high-density microarrays, arrays 
of lower density were introduced that still process more 
hybridization reactions than classical dot-blot or line-probe 
formats. Sometimes called medium-density arrays, these 
tools are emerging in the clinical laboratory for genetic 
disease, oncology, and pharmacogenetic testing of specimens 
for multiple mutations. Many companies are involved in the 
supply of microarray and medium-density array systems, 
and the industry is moving swiftly.’ The arrays do not 
need to be attached to a two-dimensional surface as long as 
their “address” can be decoded. For example, microspheres 
can be coded by fluorescence intensity in two different chan- 
nels, while fluorescence in a third channel monitors 
hybridization. All channels can be read simultaneously using 
a flow cytometer.*’ Some characteristics of arrays are listed 
in Table 37-4. A literature survey of array technology and 
applications has been published.“ 


In Situ Hybridization 

In situ hybridization is a specialized type of solid-support 
assay in which morphologically intact tissue, cells, or chro- 
mosomes affixed to a glass microscope slide provide the 
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Figure 37-22 A two-color microarray experiment. An array of DNA clones representing 
expressed-sequence tags (ESTs) is affixed to a glass slide. Messenger RNAs in the test and 
reference specimen are converted into differentially labeled cDNA by reverse transcription and 
incorporation of two different fluorescent dyes. The two samples are hybridized together onto 
the array. The array is washed, and the image is captured twice, each time with a laser of a 
wavelength that excites one of the dyes but not the other. The monochromatic images are then 
converted to two colors (green for the test sample [G], and red for the reference [R]), and the 
images are combined. If the abundance of cDNA is the same in each of the two samples, then 
the composite spot will be shown as yellow [Y]. If one is in greater abundance, then that color 
will be preserved. Upregulation and downregulation of gene expression are then analyzed by 


software. 


matrix for hybridization. The process is analogous to 
immunohistochemistry except that nucleic acids instead of 
antibodies are used as probes. The strength of the method 
lies in linking morphological evaluation with detection of 
specific nucleic acid sequences. When fluorescent probes are 
applied to metaphase chromosome spreads or interphase 
nuclei the technique is referred to as fluorescent in-situ 
hybridization or FISH. Detecting numerical aberrations or 
translocations of chromosomes can be achieved rapidly. 
FISH can also be combined with immunohistochemistry so 


that information on both the amount of protein expression 
and the gene dosage can be obtained on the same slide. In 
tissue, in situ hybridization is appropriate when localization 
of a target is important. However, experience in histopathol- 
ogy is necessary for accurate interpretation. In situ 
hybridization can provide information on the level of mRNA 
expression, but not on the size or structure of the mRNA. As 
might be expected, hybridization within a tissue matrix is 
more variable than in solution or on well-characterized 
chemical surfaces. 
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REAL-TIME PCR 


In real-time PCR, data are collected during nucleic acid 
amplification rather than at a single endpoint. The technique 
uses fluorescent reporter molecules and instrumentation 
that records fluorescence during thermal cycling. The 
data obtained provide information on the identity, quantity, 
and sequence of the nucleic acid sample. Fluorescent dyes 
or probes capable of signaling the relative quantity of 
DNA are added to the PCR mixture before amplification. 
The same reaction tube is used for amplification and fluo- 
rescence monitoring, and there are no sample transfers, 
reagent additions, or gel separation steps, thereby eliminat- 
ing the risk of product contamination in subsequent reac- 
tions. Because the process is simple and fast, real-time PCR 
is replacing many conventional techniques in the clinical 
laboratory. 

Real-time PCR was first described using ethidium 
bromide to monitor the accumulation of a double-stranded 
PCR product with the fluorescence signal recorded once 
each cycle.***” If target DNA is present, the fluorescence 
increases. How early during PCR one begins to see a signal 
depends on the initial amount of target DNA, and this 
provides a systematic method of quantification. Further, 
when fluorescence is continuously monitored as the tem- 
perature is raised, a melting curve can be generated. Often 
the first derivative of this melting curve is plotted to visually 
aid a person in determining the position of the melting 
temperature. Melting analysis can be used to verify the iden- 
tity of the amplified product and to detect sequence variants 
down to a single base (Figure 37-23). Real-time PCR and 
melting analysis can be considered as “dynamic” hybridiza- 
tion assays in which the formation or dissociation of the 
probe-target duplex (or product duplex) is monitored in 
real time. 


probes), hybridized, and 
the identity/abundance _ 
of complementary _ 
sequences is 
determined 


Dyes and Probe Formats for Real-Time PCR 


Many different fluorescent reporter systems are used in real- 
time PCR, and some of the more common ones are shown 
in Figure 37-24. Many methods use probes with sequences 
complementary to the target. Others rely on the specificity 
afforded by PCR primers, and some have the additional 
option of melting analysis to verify the melting temperature 
of the probe or product. 


Double-Stranded DNA Binding Dyes 


Although ethidium bromide was the first dye used in 
real-time PCR, SYBR Green I is more commonly used 
today. Introduced to real-time PCR in 1997, SYBR Green 
I has fluorescent properties similar to those of fluorescein, 
allowing the use of commonly available real-time optics. 
Both ethidium bromide and SYBR Green I exhibit an 
increase in fluorescence when bound to double-stranded 
DNA (see Figure 37-24, row one), but the performance of 
SYBR Green I in real-time PCR surpasses ethidium bromide 
because of the very low background fluorescence of the free 
dye, and because it can better distinguish double strands 
from single strands of nucleic acids." SYBR Green I is 
commonly used for real-time quantification when the speci- 
ficity of a probe is not needed and the cost of probes can be 
avoided. 


Fluorescently Labeled Primers 

Labeled primers can also be used to monitor PCR. In one 
system, a primer with a 5’-hairpin is labeled with a fluo- 
rophore and a quencher so that fluorescence is quenched in 
the hairpin conformation. When the primer straightens out 
during PCR, fluorescence increases™ (see Figure 27-24, row 
six). If the sequence of the primer is carefully considered, the 
quencher moiety is not necessary.” Nonhairpin primers 
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Figure 37-23 Real-time monitoring during amplification and melting analysis. The bottom panel 
shows a typical rapid-cycle temperature profile that is followed by a temperature ramp for 
melting analysis. When a signal is monitored during amplification once each cycle (dotted lines), it 
provides information on the presence or absence of specific target sequences and allows 
quantification of the target. When a signal is monitored continuously through the melting phase 
(shaded area), it can provide information that verifies target identification or establishes 
genotype. (Modifed with permission of the publisher from Wittwer CT, Kusukawa N. Real-time PCR. In 
Persing DH, Tenover FC, Versalovic J, Tang YW, Unger ER, Relman DA, White T} (eds.), Molecular 
Microbiology: Diagnostic Principles and Practice, Washington, DC:ASM Press, 2004:7 1-84.) 


with a single label can also be used for detection and geno- 
typing because of changes in fluorescence that occur with 
hybridization.” 

One advantage of fluorescently labeled primers over 
dsDNA dyes is that multiplexing is possible. However, with 
both dsDNA dyes and labeled primers, reaction specificity 
depends on the specificity of the primers. Any double- 
stranded product that is formed will be detected, including 
primer-dimers. Therefore, hot start techniques, temperature 
discrimination by collecting real-time data at a high tem- 
perature, and melting curve analysis to confirm the desired 
product are useful. 


Probe-Specific Detection 


The use of fluorescent probes in PCR provides an additional 
level of specificity to the process. Fluorescent probes that 
hybridize to PCR products during amplification change flu- 
orescence by two possible mechanisms: (1) a covalent bond 
between two dyes is broken by hydrolysis or made through 
ligation, or (2) the fluorescence change follows reversible 


hybridization of the probe to the target. Following this dis- 
tinction, when an irreversible covalent bond is involved, the 
probes are called hydrolysis probes. When probes reversibly 
change fluorescence on duplex formation, they are called 
hybridization probes, One major difference between the two 
probe types is that melting analysis is possible with 
hybridization probes, but not with hydrolysis probes. 

Hybridization Probes. These probes change fluores- 
cence upon hybridization, usually by fluorescence resonance 
energy transfer.’ Two interacting fluorophores may be 
placed on adjacent probes (see Figure 37-24, row two), or 
one may be placed on a primer and the other on a probe (see 
Figure 37-24, row three). Only one probe with one fluo- 
rophore may be necessary if the fluorescence is quenched by 
deoxyguanosine residues.’ Another single-labeled probe 
design uses thiazole orange attached to a peptide nucleic 
acid.” In each of these designs, the fluorescence change of 
hybridization probes is reversible with melting. 

Hydrolysis Probes. A fluorophore-labeled probe can be 
synthesized with a quencher located in a position that allows 
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it to quench the fluorescence from the fluorophore. If the 
probe is hydrolyzed during PCR between the fluorophore 
and the quencher, fluorescence will increase. The most 
common implementation uses the 5’-exonuclease activity of 
the DNA polymerase to hydrolyze the probe and dissociate 
the labels (see Figure 37-24, row four). This method has been 
simplified by putting the fluorophores on opposite ends of 
the probe. Hybrid-stabilizing agents, such as a minor- 


groove binder, can be added to the probe to make the system: 


more robust.” Dual-labeled probes can also be cleaved using 
a DNAzyme (a DNA molecule that acts as a catalyst) gener- 
ated during PCR.” Finally, irreversible ligation can also be 
used for homogeneous genotyping with a fluorescent 
readout. Hydrolysis probes generate fluorescence through 
changes in covalent bonds, The change in fluorescence signal 
is irreversible, and melting analysis of the hydrolyzed probe 
is not useful. 
Mixed Mechanism Probes. Several probe systems 
appear to function by both hydrolysis and hybridization 
mechanisms. These include hairpin probes, self-probing 
amplicon primers, and displacement probes. A hairpin probe 
functions similarly to a hairpin primer in that it is designed 
to increase in fluorescence when the distance between the 
quencher and the reporter increases upon target hybridiza- 
tion (see Figure 37-24, row five). Similarly, primers that 


Specificity = Primer 


dsDNA Dye i 
Fluorescence increases as | 
dye binds to double-stranded į 


Hydrolysis Probe 
Signal fluorophore is 
released from its quencher | 


result in self-probing amplicons have a hairpin that separates 
quencher from reporter when hybridized.’* Competitive 
displacement probes separate quencher and reporter by 
competitive hybridization. However, in all three cases, 
polymerases with exonuclease activity are usually used and 
the labeled probes are potential substrates for exonuclease 
cleavage. Indeed, the fluorescence versus cycle number plots 
often resemble irreversible hydrolysis rather than reversible 
hybridization (Figure 37-25). Conversely, many exonuclease 
probes, especially probes labeled on each end, show signifi- 
cant hybridization signals.” 


Detection and Quantification in Real-Time PCR 

When fluorescence is monitored once each cycle in the pres- 
ence of SYBR Green I, the data closely follow the expected 
logistic shape discussed earlier (see Figures 37-3 and 37-25 
top left), However, with hydrolysis probes, fluorescence is 
cumulative and continues to increase even after the amount 
of product reaches a plateau (see Figure 37-25, top middle). 
In contrast, reactions monitored with hybridization probes 
may show a decrease in fluorescence at high cycle number!” 
(see Figure 37-25, top right). Despite differences in curve 
shape, all real-time systems follow the amount of product 
being produced during PCR, and this information is used for 
detection and quantification. 
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Figure 37-25 Monitoring in real time. The top row shows data collected once each PCR cycle, 
and the bottom row shows data collected continuously (5 times per second) during all PCR 
cycles. Three different reporter systems are shown. (Modified with permission of the publisher from 
Wittwer CT, Kusukawa N. Real-time PCR. In Persing DH, Tenover FC, Versalovic J, Tang YW, Unger ER, 
Relman DA, White TJ (eds.), Molecular Microbiology: Diagnostic Principles and Practice, Washington, DC: 


ASM Press, 2004:71-84.) 
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Figure 37-26 First-derivative melting curve showing the target 
(at high Tm, solid line) and nonspecific PCR products (at lower 
Tm, dotted line). (Modified by permission of the publisher from 
Morrison TB, Weiss ff, and Wittwer CT: Quantification of low-copy 
transcripts by continuous SYBR Green | monitoring during 
amplification. Biotechniques, 1998, 24:954-63. © 1998 Eaton 
Publishing.) 


Detection 


A fluorescent signal that increases during PCR and follows 
one of the expected curve shapes suggests that the specific 
target is present and was amplified. In contrast, a signal that 
stays at background even after 40 to ~50 PCR cycles suggests 
that the target is absent and that no amplification occurred. 
Algorithms that analyze the entire curve are more robust 
than simple threshold methods." Adequate positive con- 
trols (to rule out inhibitory factors) and adequate negative 
controls (to rule out product contamination and nonspecific 
signal generation) are necessary. If the fluorescent signal is 
reversible with hybridization, melting analysis can be used to 
verify the expected Tm of the probe or product. 

When specificity of the assay depends upon the specificity 
of the primers (“primer-specific detection,” as is the case 
when DNA dyes or labeled primers are used), the possibility 
of unexpectedly amplifying other targets or primer-dimers 
is a concern. One way to eliminate or decrease the detection 
of unexpected targets is to acquire fluorescence during each 
cycle at a temperature just below the melting transition of 
the expected target. To illustrate the concept, Figure 37-26 
shows a first-derivative melting curve of products at the end 
of a PCR that generated unexpected products along with the 
desired product. The signal was generated with SYBR Green 
I, a dye that detects ali double-stranded DNA. The plot 
reveals both lower Tm species that are unexpected products 
and a single Gaussian-shaped peak that is centered on the 
target’s predicted Tm. If fluorescence is acquired during each 
cycle at (in this case) 85 °C, the unexpected products will be 
denatured and will not contribute to the signal. 

Multiplexing of detection is possible with probes that are 
labeled with different-color dyes or with probes that have 
different melting temperatures. For example, probe multi- 
plexing can be used to detect the presence of more than one 
infectious organism, or to discriminate an internal control 
template from the target. 


TABLE 37-5 Correlation Between PCR Efficiency and 
Amplification Curve Spacing 


Cycles/Log [DNA]* 


From Wittwer CT, Kusukawa N. Real-time PCR. In Persing DH, Tenover 
FC, Versalovic J, Tang YW, Unger ER, Relman DA, White TJ (eds.), 
Molecular Microbiology: Diagnostic Principles and Practice, Washington, 
DC: ASM Press, 2004:71-84. © 2004 ASM Press. 

*The number of cycles that separates each decade difference in initial 
template concentration (Cycles/log [DNA]) is 1/log (efficiency). The 
calibration curve slope is the negative of this value (—1/log (efficiency), 
assuming the log [initial template] is plotted on the x-axis as the 
independent variable, and cycle number is plotted on the y-axis as the 
dependent variable. 


Quantification 
Real-time PCR offers a convenient and systematic approach 
to quantification by monitoring the amount of product each 
cycle, Perhaps the most popular clinical use of real-time PCR 
is in the assessment of viral load, particularly for HIV and 
HCV. The clinical need for quantification is well established 
and real-time methods give rapid and precise answers. 
However, other amplification systems, particularly 
transcription-based and branched DNA methods, are also 
popular in this highly competitive field. Additional quanti- 
tative applications of real time PCR include quantification 
of mRNAs (after reverse transcription) in gene-expression 
studies and assessment of gene dosage in genetics and 
oncology. f 

One of the advantages of real-time PCR is its large 
dynamic range. Figure 37-27, A shows an extended range of 
external calibrators in a typical real-time PCR. As the initial 
template concentration increases, the curves shift to earlier 
cycles, The extent of the shift depends on the PCR efficiency 
(Table 37-5). The cycle at which fluorescence rises above 
background correlates inversely with the log of the initial 
template concentration (Figure 37-27, B). This “cycle” is 
actually a virtual cycle that includes a fractional component 
determined by interpolation, which can be calculated by 
several methods. The most precise of these methods is to 
take the second derivative of the curve and determine the 
cycle number from the maximum point (Figure 37-28). The 
second derivative of the amplification curve is estimated 
numerically with Savitzky-Golay polynomials.” The second 
derivative is derived from the shape of the curves and there 
is no need to adjust baselines or worry about normalizing 
the fluorescence values. Other methods include threshold 
analysis where a fluorescence level is selected that intersects 
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Figure 37-27 Quantification by real-time PCR. Shown are 
typical real-time curves for amplification reactions of varying 
initial target concentrations (panel A), and the fog of the initial 
concentration plotted against the cycle number at which the 
signal rises above background (panel B) as calculated by the 
second derivative maximum (see Figure 37-28). (Modified with 
permission of the publisher from Wittwer CT, Kusukawa N, Real-time 
PCR. In Persing DH, Tenover FC, Versalovic J, Tang YW, Unger ER, 
Reiman DA, White T} (eds.}, Molecular Microbiology: Diagnostic 
Principles and Practice, Washington, DC:ASM Press, 2004:7 1-84.) 


with the amplification curves. The fractional cycle number 
of each curve is found by interpolation and is known as the 
cycle threshold or C,. However, when the sample fluorescence 
does not reach the threshold (as may happen with low copy 
samples), quantification is not possible. The fractional cycle 
number can also be determined by fitting points to an expo- 
nential. The number of points in the log-linear portion of 
each amplification curve is found by inspection on a log- 
linear plot. The intersection of a line through these points 
and a set fluorescence level is known as the crossing point, or 
Cp. In both the C, and C, methods, it is necessary to adjust 
the fluorescence baseline before comparing different 
samples. In some cases, subtraction of a no-template control 
may eliminate irrelevant signals. Usually an early cycle inter- 
val is chosen (e.g., cycles 5 to 10) to represent the baseline. 
In arithmetic adjustment, all baselines are adjusted to zero by 
subtracting a curve-specific constant. In proportional adjust- 
ment, the baseline is first adjusted to 1.0 by dividing by a 
curve-specific constant, followed by subtraction of 1.0 from 
all points to bring the baseline to zero. Amplification curves 
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Figure 37-28 Finding the cycle number at which fluorescence 
rises above background. Real-time fluorescence data (F) from 
the amplification reaction are shown with the first (F’) and 
second (F”) derivatives. The maximum of the second derivative 
corresponds to a defined point on the real-time data where the 
curve starts to rise. (Modified with permission of the publisher 
from Wittwer CT, Kusukawa N, Real-time PCR. In Persing DH, Tenover 
FC, Versalovic J, Tang YW, Unger ER, Relman DA, White TJ {eds.), 


Molecular Microbiology: Diagnostic Principles and Practice, 


Washington, DC: ASM Press, 2004:7 1-84.) 


can also be normalized to between 0.0 and 1.0 with the 
equation Formalized = (F measured a Fain) /(Fmax =. Buin) 


Accuracy and Precision 


The accuracy of real-time PCR quantification depends not 
only on the method chosen to analyze the curves, but also 
on the quality of calibrators used. Purified PCR products 
quantified by spectrophotometry are easily obtained. When 
serially diluted, these calibrators can accurately quantify the 
amount of target in human genomic DNA.” Alternatively, 
purified plasmids or genomic DNA can be used as calibra- 
tors, Limiting dilution analysis to determine the amount of 
“amplifiable” DNA is seldom necessary.” The precision of 
quantitative real-time PCR depends on the copy number. 
When the initial target concentration is low, imprecision is 
high. Part of the variance comes from stochastic limitations 
as defined by the Poisson distribution as described earlier. In 
addition, the PCR efficiency may be more variable at low 
copy numbers, 


MELTING ANALYSIS 

Not only can amplification, detection, and quantification be 
performed by homogeneous hybridization, but detailed 
genotyping information can also be obtained. Genotyping is 
best performed in the same tube by monitoring the melting 
of hybridized duplexes during controlled heating, producing 
a melting curve signature for the duplex. Such a signature 
monitors duplex binding over of a range of temperatures in 
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contrast to the single-temperature analysis of conventional 
hybridization techniques, such as dot blots or microarrays. 
The advantages of complete melting curves also apply when 
considering only homogeneous techniques. For example, 
methods that rely on hydrolysis for signal generation and/or 
those that acquire data only at one temperature generally 
result in more genotyping errors.” Amplification and 
melting analysis is a powerful combination of techniques 
that only requires temperature control and sampling of flu- 
orescence. Many other genotyping techniques. require 
complex separation and/or detection equipment after PCR. 
Real-time PCR with melting curve analysis allows detection, 
quantification, and genotyping in less than 30 minutes 
(see Figure 37-23) without ancillary processing or additional 
equipment. A book series has been published on methods 
and applications of rapid-cycle, real-time PCR.” 
When fluorescence is monitored continuously within 
each cycle of PCR, the hybridization characteristics of PCR 
products and probes can be observed. In the plots of fluo- 
rescence versus temperature (see Figure 37-25, bottom 
panels), fluorescence is monitored five times a second during 
rapid-cycle PCR.’ With SYBR Green I, the melting charac- 
teristics of the amplified DNA can identify the product.” No 
hybridization information is revealed with hydrolysis 


probes, whereas the melting of hybridization probes is’ 


readily apparent. Probe melting occurs at a characteristic 
temperature that can be exploited to confirm target identity 
and to analyze sequence alterations under the probe. For 
routine testing in the clinical laboratory, a single melting 
curve is usually performed at the end of PCR instead of 
monitoring hybridization throughout the entire PCR 
process (see Figure 37-23). 


Melting Protocols 


Immediately after the last PCR cycle, the samples are 
momentarily denatured (90 °C to 94 °C) cooled to about 
10 °C below the Tm range of interest, and finally heated at a 
ramp rate of 0.1 °C to 0.3 °C while continuously moni- 
toring fluorescence. When hybridization probes are used, the 
cooling protocol should maximize formation of probe-target 
duplexes while minimizing formation of the duplex PCR 
product. Minor primer asymmetry (1:2 to 1:4) and use of 
5’-exonuclease—deficient polymerases may be helpful. Rapid 
cooling (at rates of ~20 °C/sec) to 10 °C above the Tm inter- 
est range, followed by slow cooling at 0.1 °C to 1.0 °C/s to 
10 °C below the interest range, favors probe-target duplex 
formation of all alleles. 


SNP Detection by Melting Curve Analysis 


A hybridization probe-pair placed over a heterozygous 
polymorphism is shown in Figure 37-29. The reporter probe 
is complementary to the normal allele. As the temperature is 
increased, the mismatched mutant hybrid melts first, giving 
the first transition, followed by the matched normal hybrid. 
The melting temperatures of both hybrids are easily seen in 
the derivative plot generated by numerical Savitzky-Golay 
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Figure 37-29 Melting curve SNP genotyping. A heterozygous 
specimen with an SNP under the probe is amplified and melted. 
Two temperature transitions are visible, one from the mutant 
allele that is mismatched with the probe and melts at a lower 
temperature, and one from the normal allele that is completely 
matched with the probe and melts at a higher temperature. The 
derivative plot shows the melting temperatures of both the 
mutant-probe and the normal-probe duplexes as peaks. 
(Modified with permission of the publisher from Bernard PS, Pritham 
GH, Wittwer CT: Color multiplexing hybridization probes using the 
apolipoprotein E locus as a model system for genotyping. Anal 
Biochem 1999, 273:221-228.© 1999 Academic Press.) 


polynomial estimation.” A well-optimized probe design 
will provide a Tm difference of 8 °C to ~10 °C for a single 
base mismatch under the probe. The calculation for the 
baseline in the derivative plot assumes that there are two 
stable states of fluorescence, one on each.side of the transi- 
tional region, that depend linearly on temperature (as does 
fluorescence from a pure fluorophore in solution), After 
baseline subtraction, each transition can be quantified by 
fitting multiple Gaussian curves by nonlinear least squares 
regression. 

SNP genotyping by melting curve analysis can be 
achieved with a variety of probe and dye methods. The top 
row of Figure 37-30 shows the design of traditional 
hybridization probe pairs’ and the results of homozygous 
wild-type, mutant, and heterozygous samples that are well 
discriminated from each other. Virtually the same result can 
be achieved by use of a single hybridization probe in which 
the fluorescent signal is quenched on the free probe, but 
dequenched as it forms a hybrid with the target (second 
row)’, The third row shows a design in which no probe is 
used, and the signal is provided by either a labeled primer 
that is incorporated into the amplicon’! or a DNA binding 
dye”; the melting profile of the PCR product is used for 
genotyping. Finally, the last row shows a design with 
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unlabeled probes and DNA binding dyes." The last two 
methods are advantageous in that fluorescently labeled 
oligonucleotides are not required. 


Mutation Scanning by Melting Curve Analysis 

In earlier sections of this chapter, detection of heterodu- 
plexes (either by electrophoresis or HPLC) was discussed as 
a means to scan stretches of DNA in which the presence of 
a polymorphism is suspected. Melting analysis can be used 
to detect heteroduplexes with equal or better sensitivity than 
these methods without the necessity of taking the amplified 
reaction mixture out of its tube. This is achieved by the use 
of saturating concentrations of a double-stranded, DNA- 
binding dye that does not inhibit PCR, with the aid of a high- 
resolution melting instrument.’ High-resolution melting 
analysis can be performed in 1 to 2 minutes. The data are 
normalized between 0% and 100% fluorescence and the 
curves shifted in temperature to overlap at low fluorescence 
levels. An example of heteroduplex detection and SNP geno- 
typing by melting curve analysis is shown in Figure 37-31. 
The PCR product was over 500 bases in length and the 
melting curve split into two clear melting domains, The SNP 
was present in the lower melting domain and all genotypes 
are distinguishable. Melting analysis has been used to scan 
for c-kit activating mutations in gastrointestinal stromal 
tumors™ and to establish HLA genotypic identity. 


Derivative of 
Melting Curve 


Figure 37-30 Four modes of SNP genotyping by 
melting analysis. The traditional hybridization-probe 
design (top row) uses a pair of probes, one labeled with 
an acceptor fluorophore (circle A) and the other with a 
donor fluorophore (circle D). The single-hybridization- 
probe design (second row) lacks the second probe, The 
amplicon melting design (third row) uses a saturating 
double-stranded DNA binding dye. The two 
homozygotes, although close in Tm, can usually still be 
differentiated, and the heterozygote has an additional 
low-temperature transition caused by heteroduplexes, 
The unlabeled-probe design (bottom row), similar to 
amplicon melting, does not require a covalently 
attached fluorescent label and uses a DNA binding 
dye. However, because a probe is used, the derivative 
melting curves are better separated than with 
amplicon melting. Homozygous G allele (dashed fine in 
far right column), homozygous A allele (dotted line), and 
the GA heterozygote (solid fine). 
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Figure 37-31 A single-nucleotide polymorphism demonstrated 
in a 544-bp fragment by melting analysis. Shown are high- 
resolution melting curves of PCR amplicons from the HTR2A 
gene locus carrying an SNP. Results are shown for six 
individuals, two different individuals for each of the three 
genotypes: wild-type homozygote (TT), mutant homozygote 
(CC), and heterozygote (TC). In the inset is a magnified portion 
of the data showing that all three genotypes can be 
discriminated. (Modified by permission of the publisher from 
Wittwer C.T., Reed G.H., Gundry C.N, et al. High-Resolution 
Genotyping by Amplicon Melting Analysis Using LCGreen. Clin, Chem 
2003;49:853-60. © AACC.}) 
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Figure 37-32 Closed-tube methods for SNP typing. Methods are listed from top to bottom in 
ascending order of complexity. Modifications to oligonucleotides usually involve additions of 
fluorophore or quencher, but occasionally 5’-tail additions of nucleotides. Endpoint and melting 
assays do not require signal acquisition during PCR. Melting analysis of amplicons and 
hybridization probes can detect more than two alleles, although all other techniques will detect 
only two. References to each technique are given as superscripts. 


COMPARISON OF CLOSED-TUBE SNP 

GENOTYPING METHODS 

There are many methods for SNP genotyping and the 
method of choice depends on several factors, including turn- 
around time and throughput requirements. The necessities 
of high-volume genomic research are different from a 
clinical reference laboratory, a medical clinic, or the STAT 
laboratories of the future. 

Methods for homogeneous SNP analysis in a closed-tube 
system differ greatly in their level of complexity (Figure 
37-32). The number of oligonucleotides required varies 
from 2 to 8. The simpler techniques do not require probes 
at all, although some of the more complex techniques 
require up to three labels or modifications on each probe. 
All of these methods use fluorescence and solution 
hybridization. Some of the methods that use melting 
analysis will detect more than two alleles if present; those 
based on allele-specific amplification or endpoint analysis 
are limited to two. 

The four simplest methods do not even use fluorescently 
labeled probes. Amplicon melting uses only two primers and 
a double-strand DNA dye (see Figure 37-30, row three). 


Unlabeled probe genotyping requires three oligonucleotides 
and a DNA dye (Figure 37-30, bottom row). Allele-specific 
PCR requires three primers and is based on a preference by 
the polymerase to extend only a perfectly matched primer. 
By monitoring the reaction each cycle, genotyping and even 
allele frequencies in pools of DNA can be determined.” 
Instead of real-time analysis, allele-specific PCR can incor- 
porate a GC-clamp into the product of one allele, so that 
alleles can be differentiated at the end of PCR by the melting 
temperature.” Intermediate in complexity are hybridiza- 
tion-probe-melting assays. Designs with a single hybridiza- 
tion probe or a pair of probes are shown in Figure 37-30 
(first and second rows). 

The more complex closed-tube methods for SNP geno- 
typing are endpoint assays. In hybridization-probe-pair li- 
gation, irreversible ligation of adjacent probes results in 
fluorescence resonance energy transfer.'® Allele-specific 5’- 
exonuclease and hairpin probes are commonly used. 
methods. Self-probing amplicons and minor-groove binder 
5’-exonuclease probes” both require three modifications on 
two probes for SNP typing. Serial invasive signal amplifica- 
tion is a method of homogeneous genotyping that does not 
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require PCR. Allele-specific PCR can be linked to hydrolysis 
of a dual-labeled probe by formation of a double flap gap.” 
Finally, ligation can be used to join two ends of a long, single 
“padlock” probe if and only if both ends perfectly anneal to 
adjacent sites on the target. The resulting circle can be ampli- 
fied by rolling circle amplification. 


CONCLUSION _ 


Molecular diagnostics remains a trendy, developing field in 
laboratory medicine. Current progress in nucleic acid tech- 
niques is extraordinary, driven by the promise of great 
return, Can drug therapy be tailored to each individual 
by appropriate molecular tests? Can diagnostic biochips 
parallel the microelectronics revolution, continuing to 
provide more information at less expense? Will complete 
genome sequencing for individual predisposition testing 
become a reality? Although we are still years away from the 
Star Trek tricorder, the time for immediate personalized 
diagnostics will come. To boldly explore these new frontiers, 
current and future analysis techniques will provide the 
starship. Indeed the rate-limiting factor is usually in estab- 
lishing the biological correlations, not the sophistication of 
the techniques to analyze nucleic acid. Nevertheless, simple, 
powerful, and cost-effective techniques will get us there 
sooner. 

Techniques for molecular analysis often require multiple 
steps, including sample preparation, amplification, and 
analysis. As a result, successful automation is critical for 
their routine adoption in the clinical laboratory. However, 
to corruptly paraphrase Henry David Thoreau in Civil 
Disobedience—“I heartily adhere to the motto: The best 
automation is not needing to automate.” The simplest tech- 
niques are often the best. As for immunoassays, methods that 
require separation and washing steps are being replaced with 
nonseparation methods that are rapid and homogeneous. 
These and other simple methods hold great promise for the 
clinical laboratory. 
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Design and Operation 


of the Molecular 


Diagnostics Laboratory 


Anthony A. Killeen, M.D., Ph.D. 


INTRODUCTION 


The design and operation of a molecular diagnostics labo- 
ratory have much in common with other areas of the clini- 
cal laboratories. The purpose of this chapter is to highlight 
specific issues that are unique to a molecular diagnostics 
laboratory, both in design and operation. 


CENTRALIZATION OR DECENTRALIZATION? 


Molecular techniques are of importance in clinical diag- 
nostics in most disciplines of laboratory medicine and 
pathology and their applications will continue to grow in 
essentially all areas of testing. These considerations raise a 
fundamental question in the design of a laboratory system: 
should each discipline that uses molecular techniques have 
its own molecular laboratory space or is a centralized mo- 
lecular laboratory a more suitable model to deliver mo- 
lecular testing services? The answer will depend to a large 
degree on local factors, but has significant implications for 
the overall costs and efficiencies of providing molecular 
testing services. The major argument in favor of centraliza- 
tion is the efficiencies achieved through sharing of equip- 
ment, reagents, personnel, and space. On the other hand, the 
adoption of molecular techniques in areas as diverse as 
microbiology and inherited diseases requires a broad range 
of specialist skills and knowledge that may be difficult to 
develop in a centralized laboratory. In addition, certain mo- 
lecular tests may be integral to the activities of another lab- 
oratory, thereby precluding their performance in a central 
molecular testing facility. For example, many hospital labo- 
ratories use a dual system in which a central laboratory per- 
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forms tests in areas such as molecular genetics and molecu- 
lar oncology, whereas molecular techniques for advanced 
microbial identification and characterization are performed. 
in the existing microbiology laboratory. 


CHOOSING A TEST MENU 
Factors that influence the decision to offer a test include the 
local demand, the resources available to perform the test, the 
skills and interests of the personnel, particularly the labora- 
tory director, the likelihood of the test being financially 
viable, and whether the test is, in whole or part, patented or 
has other intellectual property restrictions. ` 

Local demand for testing will most likely come from 
clinicians who are looking for tests to help with patient diag- 
nosis and management. Such demands should be carefully 
evaluated to ensure that clinician expectations can be rea- 
sonably met in a cost-effective manner. Higher volume tests 
tend to improve the overall financial stability of a laboratory 
because the fixed costs become a smaller proportion of the 
individual test cost. Conversely, it seldom makes financial 
sense to offer low-volume tests unless reimbursements are 
sufficiently high to cover the costs. However, volumes may 
increase if the laboratory can become a regional or national 
referral center for a test. If a clinician has expertise in a 
clinical area that stimulates test ordering, it is possible that 
offering a laboratory test may enhance the ability of the 
clinical service to attract increased recognition, more pa- 
tients, research support, and other external funding. Thus 
what seems at first to be a low-volume test may with time 
become an important item in the laboratory’s and institu- 
tion’s repertoire. A further consideration in selecting the test 
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menu is the ability to deliver acceptable turnaround times. 
Expectations for turnaround time, and therefore the fre- 
quency with which tests must be performed, vary with the 
analyte. For example, tests for infectious agents usually 
require a shorter turnaround time than do tests for chronic, 
inherited diseases. Expectations of a short turnaround time 
tend to increase the analytical cost per sample, while at the 
same time indicate the need to offer a test in house rather 
than send samples to an external laboratory. 


SPACE AND DESIGN CONSIDERATIONS. 


The major consideration in the physical layout of a molecu- 
lar diagnostics laboratory, other than adequate space, is a 
design that prevents or helps control contamination. The use 
of polymerase chain reaction (PCR) and other target ampli- 
fication methodologies can introduce an important source 
of laboratory error, namely, contamination of the laboratory 
with amplicons from previous reactions. These can be intro- 
duced in the laboratory environment when a tube contain- 
ing amplicons is opened and a small amount of the solution 
becomes an aerosol. Without careful laboratory technique, 
amplicons can be spread to new samples and reagents by 
airborne droplets, gloves, skin, pens, paper, and pieces of 
equipment, such as pipettes. Because each amplicon can 
be replicated in a subsequent amplification reaction, an am- 
plicon that contaminates a new patient sample or a reagent 
solution can lead to an erroneous result, usually a false- 
positive determination. Contamination of the laboratory by 
amplicons is a serious problem that often requires extensive 
decontamination and every precaution should be taken to 
prevent this problem. 

Historically the design of the laboratory has been an 
important factor in controlling contamination, and the most 
common design feature that is unique to the molecular diag- 
nostics laboratory has been use of separate rooms for set up 
and analysis of target amplification reactions. Some labora- 
tory designs also incorporate a positive pressure air control 
system to prevent airflow from the analysis room to the 
sample set up or reagent preparation rooms. The air from 
the analysis room may be vented directly to the exterior of 
the laboratory building. Such design features can be imple- 
metited more easily when planning new construction than 
when attempting to adapt space in an older building for use 
as a molecular diagnostics laboratory. If multiple rooms are 
unavailable; consideration should be given to using laminar 
flow hoods: that contain an ultraviolet light. UV-induced 
cross-linking of DNA can minimize the effects of amplicon 
contamination during sample set up. 

Other methods to avoid contamination involve meticu- 
lous laboratory practice by personnel. The flow of operations 
from sample receipt to amplified product analysis involves a 
sequential series of steps that tend from “clean” to “contam- 
inated.” It therefore follows that there should be no move- 
merit of reagents or equipment in the reverse direction to 
this flow. For example, pipettes that are used in the post-PCR 


area should never be introduced into a pre-PCR area. Labo- 
ratory coats that are worn in the post-PCR area should be 
removed before entering a pre-PCR area. Gloves should be 
discarded after use in the post-PCR area. Laboratory benches 
should be regularly cleaned using amplicon decontaminat- 
ing agents, such as solutions of bleach. 

Modifications to the procedures used can also reduce 
contamination. Reagent strategies, such as the use of uracil 
in PCR reactions combined with preincubation of samples 
with uracil N-glycosylase (UNG), can minimize the risk of 
contamination.” Commercially available systems have been 
developed that use a closed analytical system (i.e., reaction 
tubes that are analyzed without being opened). Finally, there 
are alternative laboratory methods to PCR that do not 
involve target amplification. These include several methods 
generally known as “signal amplification” techniques.° 
Depending on the laboratory space (particularly if only 
limited space is available) and the desired test menu, use of 
such techniques may be preferable to target amplification 
methods. 


OPERATIONAL CONSIDERATIONS — 


As mentioned previously, only operational details that are 
specific for a molecular diagnostics laboratory are discussed. 
here. Many of these involve regulatory issues that are 
relevant to practice within the United States and may vary 
between jurisdictions. They are provided here for general 
guidance. 


DOCUMENTS, RECORDS, SAMPLE RETENTION 


Compared to past laboratory testing, newer molecular 
testing sometimes has unique information needs and sample 
storage requirements. Requisitions, consent, records, and 
sample retention are reviewed in this section. 


Requisitions ' 

As with all requests for testing, the requisition form should 
indicate patient identifying information, the ordering physi- 
cian’s name and contact information, the sample type, the 
time of collection, and the test to be performed. For genetic 
testing, it is common that the requisition form will solicit 
information on relevant family history that is often provided 
as a hand-drawn pedigree diagram. Such information can be 
essential for test interpretation and should be available to the 
testing laboratory. 


Consent for Genetic Testing and Privacy of 

Medical Records 

Much more attention is given in the medical literature to the 
need for informed consent for genetic testing than to most 
areas of laboratory testing. The principal reason for this is 
that by testing for inherited disorders, information may be 
obtained that has diagnostic or risk implications for other 
family members. In addition, genetic testing may indicate a 
high probability of development of symptomatic disease 
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later in life in patients who appear well at the time of testing. 
Patients and families may be stigmatized by a diagnosis 
of genetic disease and may suffer discrimination in em- 
ployment and in insurability. Although the number of 
documented cases of such discrimination is few, the fear of 
adverse consequences of genetic testing is quite common. 
For these reasons, obtaining informed consent for genetic 
testing is a common practice and is required by law in many 
states,° 


Record Keeping 


Under current U.S. federal guidelines, the following records 
must be retained for at least 2 years for all laboratory testing: 
specimen requisitions, patient test results and reports, 
instrument printouts, accession records, quality control 
records, instrument maintenance records, proficiency testing 
records, and quality improvement records, Laws concerning 
records for paternity and forensic testing vary by state; it is 
the responsibility of the director to assure all applicable 
regulations are met. 


Retention of Extracted Nucleic Acids 


Under current federal law, there is no minimum length of 
time for which an extracted sample of DNA or RNA must 
be stored after analysis is complete, although regulations 
do exist for retention of the primary sample. Because ex- 
tracted samples tend to be of small volume (measured in 
microliters), many laboratories retain samples indefinitely. 
However, some states, acting out of concerns for genetic 
privacy, have proposed or enacted legislation that requires 
destruction of samples for genetic testing after analysis is 
complete. These laws vary widely and often specify excep- 
tions (e.g., for samples used in forensic work). Laboratory 
directors are responsible for following the requirements of 
their own jurisdictions. 


PERSONNEL 


The qualifications of personnel are determined by regulatory 
agencies and by the availability of suitable staff. In the United 
States, the qualifications for director, technical supervisor, 
and medical technologists are provided in the Clinical 
Laboratory Improvement Amendments.’ 


Directorship 

The laboratory director should be qualified to direct a 
high-complexity laboratory. Under current U.S. regulations, 
federal law requires no formal experience in molecular diag- 
nostics. However, because of the need to issue an interpreta- 
tion of many molecular diagnostic test results, the director 
should ideally have training that includes experience in at 
least one major area of molecular laboratory activity, such as 
molecular genetics, oncology, infectious diseases, or identity 
testing. The expertise of the director may need to be com- 
plemented by additional personnel with appropriate train- 
ing, including associate directors with expertise in areas of 


relevance to the test menu (e.g., hematopathology, genetics, 
and microbiology). 


Technical Personnel 


The most suitable educational background for a medical 
technologist in a molecular diagnostics laboratory is com- 
pletion of a medical technology training program, including 
training or experience in molecular diagnostics. However, 
few medical technology programs produce graduates with 
specific skills in molecular diagnostics, and thus there is 
often a need for extensive on-the-job training of newly hired 
personnel. 

Individuals with skills in molecular biology but without 
formal training in medical technology may be an alternative 
source of personnel in some geographical areas, but their 
employment may be contingent on local legal standards for 
employment within a clinical laboratory (e.g., state licensure 
requirements), Such individuals often have a strong theo- 
retical background and possibly extensive laboratory ex- 
perience (often in a research setting), but it is important to 
recognize that there are specific skills acquired in a formal 
medical technology program and that the clinical laboratory 
is a different environment than a research laboratory. This is 
particularly true in the areas of quality control and abiding 
by standard procedures. 


RESULT REPORTING 

Specific guidelines for reporting molecular pathology test 
results in the United States can be found in the “Molecular 
Pathology Checklist” from the College of American Pathol- 
ogists (CAP).’ In general, information that should be 
included in reports of genetic testing include details of the 
methods used including all probes and restriction enzymes, 
the locus and mutations tested, the findings, and an inter- 
pretive report. When mutation testing is incomplete because 
not all possible disease-causing mutations are examined, the 
report should indicate the false-negative rate. For example, 
the recommended panel for cystic fibrosis carrier screening 
in the U.S. population includes a basic set of only 25 of the 
>1000 known mutations. This abbreviated panel can detect 
80% to 85% of mutations in Caucasians. The false-negative 
rate for mutation identification is therefore 15% to 20%. In 
the case of an individual with a negative test result, the report 
should include a Bayesian estimate of the posterior risk of 
carrying a mutation.” 

Where genetic testing is based on linked genetic markers, 
the report should indicate the false-negative and false- 
positive rates arising from recombination between the test 
locus and the disease locus. This can be inferred from the 
known genetic distance between the loci. 

In the case of some genetic diseases, the genotype- 
phenotype relationship varies with the mutation and the 
pattern of inheritance (e.g., dominant versus recessive) and 
the report should include an appropriate discussion of the 
findings relevant to the observed mutations. For example, 
some mutations in CYP21 (the steroid 21-hydroxylase 
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gene)-such as the common gene deletion mutation—are 
associated with severe, classic congenital adrenal hyperplasia 
(an autosomal recessive disorder) whereas other mutations, 
such as V281L, in the same gene are associated with the 
late-onset form of the disease, which is characterized by 
milder symptoms of androgen excess in females.’ In the case 
of Huntington disease (an autosomal dominant disorder), 
expansions of the pathogenic trinucleotide repeat in the 
range of 35 to 39 repeats are associated with a later age of 
onset than are mutations of 240 repeats.’ Information on 
mutation-specific phenotypes, penetrance, and pattern of 
inheritance should be described. It is also common practice 
to include in reports of genetic testing a statement that 
genetic counseling may be appropriate for the patient and 
family. 

Laboratories that perform genetic studies occasionally 
encounter families in which the laboratory findings are 
inconsistent with the reported paternity. These situations 
should be discussed with the clinician or genetic counselor to 
determine whether specimens were correctly labeled and the 
family relationships accurately reported on the requisition 
form. If there is a possibility of a sample mix-up, new samples 
should be obtained. In cases of demonstrated nonpaternity, it 
may not be possible to determine the risk of a genetic disease 
to an offspring and the report should indicate this. The issue 
of nonpaternity or undisclosed adoption is clearly one that 
has to be approached with great discretion by the genetic 
counselor or other professional who is responsible for 
communication of the test result to the patient or family. 

It is not uncommon for patients, fearing discrimina- 
tion, to request that genetic testing be performed without 
informing their health insurance companies and without 
having the results entered into the medical record. In such 
situations, the genetics results are often stored in a shadow 
chart maintained by the patient’s physician in a private office 
or similar location. This practice is problematic for various 
reasons. First, a complete medical record may be needed in an 
emergency, and the absence of essential medical information 
may delay appropriate medical therapy. Storing portions of 
the record in separate locations undermines the integrity and 
usefulness of the medical record, In addition, as a practical 
matter, the reason for a clinic visit and some mention of the 
test result usually appears elsewhere in the medical record 
(e.g., in correspondence between physicians), and therefore 
the degree to which a test result can be truly sequestered from 
the formal medical record is probably limited. Also, from a 
legal perspective, the medical record includes all information 
relevant to a patient’s care, even if that information is stored 
in an alternative location. The entire medical record should 
be available to authorized personnel. 

The immediate resolution to these issues is to ensure that 
the complete medical record is secured and that hospital 
employees and others access only information that is needed 
for patient care. All employees should be made aware of 
policies related to confidentiality of patient records and the 
importance of adhering to principles of patient privacy. In 


the United States, this is not just an ethical requirement, 
but also a legal one under the Health Insurance Portability 
and Accountability Act of 1996 (HIPAA).’ Respect of patient 
privacy should make the use of shadow records unnecessary. 
More global solutions to fears of genetic discrimination 
require introduction of legislation that forbids such dis- 
crimination, particularly in employment and insurability. 


Use of Analyte-Specific Reagents 


In the United States, laboratory methods that involve the use 
of analyte-specific reagents (which include many molecular 
test methods) necessitate a disclaimer on test reports. The 
language should include the statement that “this test was 
developed and its performance characteristics determined by 
(laboratory name). It has not been cleared or approved by 
the U.S. Food and Drug Administration.” This statement is 
not required for tests that have been cleared by the FDA for 
use in clinical diagnostics. The language of the statement 
may be misinterpreted by some insurance payers as meaning 
that the test was performed for research purposes. To avoid 
this misperception, many laboratories include an additional 
statement to the effect that the test was not performed as a 
research test or that approval is not required by the FDA. 
Specific wording addressing this is recommended by the 
CAP molecular pathology inspection checklist.’ 


Correlation With Other Laboratory Results 


For testing in areas such as molecular oncology, inherited 
disorders, and posttransplantation bone marrow engraft- 
ment, it is common that other testing is performed on the 
sample. This may include morphology studies, flow cytom- 
etry, or cytogenetic evaluation. Where possible, the results of 
molecular diagnostic tests should be compared with those 
from other tests to ensure that results are consistent, or that 
inconsistent results are fully investigated before a final report 
is issued. Such practice should be an integral component of 
the laboratory’s quality assurance program. 


QUALITY ASSURANCE AND QUALITY IMPROVEMENT 


Assuring the quality of reagents and test results is reviewed 
in this section. 


Testing of New Reagents 


Because of the relatively high reliance on in-house developed 
assays in molecular diagnostics laboratories, it is still quite 
common for laboratories to produce their own reagents. 
Careful preparation of all reagents is essential; however, 
certain reagents such as PCR primers and Southern blot 
probes are particularly critical. Commonly, these are pro- 
duced by the laboratory or by commercial suppliers that may 
vary in the degree of process control of the reagent manu- 
facturing. Before any reagent is placed into service, it is nec- 
essary to verify that it performs to specification. The most 
straightforward way to do this is by comparing the results 
obtained with the new reagent lot with those from a previ- 
ous lot. This comparison should contain known positive and 
negative controls or as many of the possible genotypes as are 
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available. Additional validation steps can be taken: in the case 
of Southern blot probes that are cloned in plasmids, it may 
be possible to verify the identity of the probe by examin- 
ing the restriction digestion pattern of the plasmid or by 
sequencing the cloned insert. In the case of PCR primers, the 
sequence of the PCR product can be determined to confirm 
that the expected gene sequence is being amplified. The 
laboratory should retain documentation on the locus, se- 
quence, origin, restriction map, presence of polymorphisms, 
presence of cross-hybridizing bands, and other relevant 
information for each probe or primer set that it uses. 
Such information can be invaluable in resolving unusual or 
unexpected results. 


Quality Control 

As a matter of routine quality assessment, control specimens 
that test the entire preanalytic, analytic, and postanalytic 
process should be used. For example, in the area of micro- 
biology or oncology testing, positive and negative control 
samples should be analyzed with any patient samples and 
taken through the extraction, amplification, and detection 
portions of the analysis to assure that established limits of 
detection and/or quantification are being met. Any amplifi- 
cation reaction should include a blank control that contains 
all reagents but not an amplifiable template as a means to 
identify amplicon contamination. 

Laboratories that perform genetic testing for mutations 
should have contro! materials containing known mutations 
or wild type of alleles that are analyzed on a regular basis to 
confirm that the analytical method is producing accurate 
results; at least one sample should be included in every 
patient run. For certain genetic tests, where there are a limited 
number of known mutations, it may be possible to include 
both mutation and wild type of controls with each analytical 
run. However, many genes of interest include a large number 
of mutations, so that it is not always practical to run a control 
for each mutation with every analytical run. In such a situa- 
tion, a reasonable compromise must be achieved that ensures 
that the analytical method can detect all mutations. This 
might be accomplished, for example, by testing all control 
samples when new lots of critical reagents are first placed in 
service, and thereafter by rotating a different set of muta- 
tion controls with each run. Control materials containing 
known mutations can be obtained from several sources. 
These include cell and DNA repositories, such as the one 
maintained by Coriel Laboratories, and synthesized control 
materials, such as oligonucleotides. Analytical methods 
that produce quantitative results e.g., for HIV-1 viral load 
measurement, should include appropriate calibrators and 
controls. Sources of calibrators and controls include com- 
mercial manufacturers and in-house developed materials. 


PROFICIENCY TESTING 

Although proficiency testing (PT) is discussed in Chapter 19, 
some additional comments regarding PT in the molecular 
diagnostics laboratory are necessary. The major PT program 


in the United States is provided by the CAP. U.S. labora- 
tories that hold a certificate under the Clinical Laboratory 
Improvement Act must be enrolled in an acceptable PT 
program if one is available. Because of the limited number 
of tests that are covered in organized PT programs, it is often 
necessary for laboratories to perform some other means of 
PT. These must be performed at least semiannually. If no 
formal PT program exists, acceptable alternatives include 
participation in ungraded PT challenges, sample exchange 
with other laboratories performing the test, split sample 
analysis with another in-house method or by another tech- 
nologist using the same method, testing of assayed materi- 
als, regional pools, and clinical validation by chart review or 
other means. Wherever possible, the PT program should 
cover the entire testing process. In the case of molecular 
diagnostics, this should include nucleic acid extraction, 
sample analysis, and interpretation of the results, including 
(if appropriate) Bayesian calculation of risk. The results of 
all PT challenges must be documented and reviewed by the 
laboratory director or designee. 


The design and operation of a molecular diagnostics labo- 
ratory have several unique aspects that differ from other 
clinical laboratories. The choice of a central facility versus 
discipline-specific molecular diagnostics laboratories will 
have a large impact on overall cost and efficiencies. In choos- 
ing a test menu, careful attention should be paid to costs, 
reimbursement, expected volumes, turnaround times, and 
the expertise required of personnel. The use of target ampli- 
fication methods requires careful attention to laboratory 
design and workflow. 

Operational details that are specific to a molecular diag- 
nostics laboratory include regulatory issues related to genetic 
information that may vary between jurisdictions, personnel 
qualifications, and availability, and the ability to report 
genetic results that are based on Bayesian calculations. Use 
of appropriate quality control materials and participation in 
a proficiency testing program that challenges all phases of 
the analytical process are essential for successful operation 
of a molecular diagnostics laboratory. 
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malignancies that traditionally have been diagnosed 

by use of a variety of ancillary techniques. Important 
advances over the last few decades have elucidated the 
biological bases for the development of these diseases. 
The hematopoietic malignancies include the lymphomas, 
leukemias, and plasma cell dyscrasias. These diseases repre- 
sent neoplastic proliferations of the hematopoietic system 
and are characterized by monoclonality, clonal progression, 
clonal dominance, and suppression of normal clones. 

The leukemias are malignant neoplasms that are primar- 
ily bone marrow- and peripheral blood-based. Thus the 
diagnostic material in these cases is typically obtained from 
the bone marrow or the peripheral blood. The leukemias are 
classified according to a putative lineage commitment or 
stage of differentiation (e.g., myeloid, myelomonocytic, lym- 
phoblastic, lymphoid, etc.) and clinicopathological charac- 
teristics, such as disease onset and aggressiveness of clinical 
course (acute versus chronic). Simply stated, the tumor cells 
in acute leukemias consist mainly of immature or blast cells 
with limited differentiation. By comparison, a significant 
proportion of the neoplastic cells in the chronic leukemias 
are mature and differentiated. 

The lymphomas are neoplasms of B-, T- or natural killer 
cells, and characteristically present as tumorous enlarge- 
ments of peripheral lymphoid or extranodal tissues. As with 
the leukemias, the lymphomas are subclassified into distinct 
clinicopathological entities based on lineage, cell of origin 
and/or putative normal counterpart, and degree of differen- 


T= hematopoietic neoplasms are a diverse group of 
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tiation. Despite their designation as primarily tissue-based 
neoplasms, malignant lymphomas may involve the bone 
marrow or peripheral blood. Conversely, leukemic prolifer- 
ations may occur in tissue as extramedullary tumorlike 
nodules or masses (extramedullary myeloid tumors) or in 
the peripheral blood. 

This chapter reviews the diagnostic techniques that are rou- 
tinely used in molecular diagnostic laboratories for the detec- 
tion and quantification of the distinctive molecular genetic 
abnormalities that are characteristic of several hematopoietic 
neoplasms. Identification of the fundamental aberrations 
involved in the genesis of lymphomas and leukemias has 
permitted the development of tumor-specific therapeutic 
interventions and molecular tests, which serve as important 
adjuncts in the specific diagnosis, choice of therapy, monitor- 
ing, and overall management of patients affected with 
hematological malignancies. This chapter is by no means an 
exhaustive listing of these tests, but an attempt has been made 
to illustrate the utility of the more common techniques with a 
prototypical example in each case. Where relevant, some detail 
is provided into the physiology or pathogenesis of specific neo- 
plasms that provides insights into the molecular basis for the 
particular assay design. The most commonly performed mo- 
lecular tests for the evaluation of hematopoietic neoplasms are 
tests for rearrangement of antigen-receptor genes and analyses 
for recurrent chromosomal translocations. In many cases the 
genetic markers are exploited as unique markers for specific 
categories of hematological neoplasia, and hence receive the 
most attention in this chapter. l 
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ANTIGEN-RECEPTOR GENE REARRANGEMENTS 
FOR DETERMINATION OF CLONALITY 


The histological features that distinguish benign reactive 
lymphocytic proliferations from malignant populations can 
be subtle and somewhat subjective. The introduction of 
molecular biological techniques into diagnostic pathology 
has refined lymphoma diagnostics and classification. B- and 
T-lymphocytes exhibit the unique property of rearrange- 
ment of the immunoglobulin (Ig) and T-cell receptor (TCR) 
genes, respectively. The immunoglobulin and T-cell receptor 
genes encode the amino acid sequences of the polypeptides 
that constitute the corresponding antigen receptor. The 
antigen-receptor molecules mediate antigen recognition and 
are responsible for the specificity of the normal immune 
response. B-lymphocytes are the mediators of humoral 
response and produce immunoglobulins, while the T- 
lymphocytes are the mediators of the cellular response. 
Because each reactive lymphocyte carries a unique antigen- 
receptor gene sequence, identification of clonal populations 
arising from a parent malignant lymphocyte becomes feasi- 
ble since the malignant population is characteristically 
monoclonal, Tests for monoclonality were originally devel- 
oped using the Southern blotting hybridization (SBH) 
methodology, which remains the gold standard for speci- 
ficity for detection of clonality throughout a broad range of 
lymphoid malignancies (Table 39-1). More recently, SBH 
has been complemented by polymerase chain reaction 
(PCR)-based strategies. 


- MOLECULAR GENETIC BASIS FOR IMMUNOGLOBULIN- 
GENE REARRANGEMENTS 

Humoral immunity is achieved by the cognitive and effector 
functions provided by B-lymphocytes. Immunoglobulins 
(Ig) are produced exclusively by B-lymphocytes, and consti- 
tute the hallmark of the humoral response. Ig molecules are 
heterodimeric polypeptides consisting of two identical 50 to 
70kD heavy chains associated with two identical light chains 
(K or A) of approximately 23 kD. The Ig chains are linked by 
noncovalent forces and interchain disulfide bridges, and 
together form a bilaterally symmetrical structure. The heavy 
and light chain proteins encoded by their corresponding 
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genes consist of a tandem series of homologous segments, 
comprising approximately 110 amino acid residues. These 
segments undergo folding into 12kD domains with single 
intrachain disulfide bridges. Heavy chains contain one 
variable (V) and three constant (C) domains, while light 
chains contain one N-terminal V and one C domain. In both 
heavy and light chains, the V domain consists of four 
relatively invariable framework regions of 15 to 30 amino 
acids separated by three 9- to 12-amino acid—long hyper- 
variable or complementarity determining regions (CDR). 
In both heavy and light chains, the CDR3 region is the far- 
thest away from the N-terminus and exhibits the greatest 
sequence variability among the three CDRs. The C-terminal 
region of secreted Ig molecules binds to complement com- 
ponents and Fc receptors. The genes encoding the Ig pro- 
teins are the target for DNA-based studies for clonality 
assessment. 

The organization of Ig genes in the germline is funda- 
mentally similar in all species studied. Genes encoding the 
two light chains, K and A, and the locus containing the 
various heavy chain genes are located on different chromo- 
somes. To generate the large number of antibody molecules 
necessary, B-cells have evolved a unique strategy that 
involves recombination of germline-encoded immunoglob- 
ulin gene segments and a somatic hypermutation mecha- 
nism that further diversifies the reactivities of the rearranged 
antigen-receptor molecules,'“ The three immunoglobulin 
gene loci—for IgH, Ig«, and Igh—are located at chromo- 
somes 14q32, 2p12, and 22q11, respectively. In the germline 
configuration, all antigen-receptor genes consist of discon- 
tinuous DNA segments, which are referred to as variable (V), 
diversity (D), joining (J), and constant (C) regions. While 
both the Ig heavy and light chain genes contain V, J, and C 
regions, only the IgH genes contain D regions (Figure 39-1), 
The IgH gene contains approximately 51 Vy segments, 
27 Dy segments, 9 Jy segments, and 11 Cy genes. The IgH 
Vy segment genes can be categorized into seven families 
based on the relatedness of the DNA sequences. 

The ability of the immunoglobulin genes to undergo 
recombination in a manner analogous to shuffling of cards 
affords the capacity to achieve an enormous primary Ig 
repertoire of 10° sequences (Figure 39-2). The region coding 
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Figure 39-1 Schematic 


representation of the germline 
configurations of the antigen- 
receptor gene loci. Immunoglobulin 
heavy chain (IgH), immunoglobulin 
kappa (Igk), and lambda (IgA) light 
chains. Each gene comprises several 
variable (VY), joining (J), and 
constant (C) segments. Note that 
the IgH gene contains diversity (D) 
gene segments, Switch regions are 
indicated by S. 
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for human Ig C contains 11 C region segments, which define 
9 functional immunoglobulin classes and subclasses (IgM, 
Igb, IgG, IgG2, IgG3, IgG4, IgA1, IgA2, and IgE). The C 
region genes are initially uninvolved in the rearrangement 
process but are subsequently juxtaposed to the VDJ complex 
during RNA splicing. Incorporation of the C regions into the 
rearranged VDJ recombination permits class switching (i.e., 
the specific V(D)J rearrangement can be expressed as an IgG, 
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IgA, or other Ig classes). Following the formation of a pro- 
ductive IgH rearrangement, the light chain loci undergo a 
similar recombination process involving the joining of V to 
J segments, since there are no D segments present in the light 
chain loci.”® 

The Igk light chain gene is located on chromosome 2p11- 
13, and contains approximately 76 VK genes, 5 JK segments, 
and 1 Cx gene. There is a «-deleting sequence (element) 
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present 3’ to the CK region. In IgA-expressing B-cells in 
which the Igk genes are not productively rearranged, the K- 
deleting element undergoes rearrangement such that the Ck 
locus is deleted. The Iga light chain is situated on chromo- 
some 22q11, and consists of 70-71 VA genes with 7-11 JA and 
7-11 CÀ genes arranged in tandem. The CA locus is poly- 
morphic and may be present in one to nine copies per allele 
in different individuals. The hierarchy of the rearrangement 
events is such that both alleles of the heavy chain rearrange 
before the light chain genes; the kappa (x) light chain locus 
usually is productively rearranged before the lambda light 
chain genes. Thus the immunoglobulin lambda (A) light 
chain gene is not favored for clonality analysis because it fre- 
quently rearranges after the kappa light chain gene. In addi- 
tion, because the majority of clonal rearrangements of the 
immunoglobulin heavy chain gene can be detected in up to 
95% of clonal processes, it has become customary to perform 
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Figure 39-2 Schematic representation of antigen-receptor gene 
rearrangement mechanism using the IgH chain locus as a model. 
There is an initial Dj joining in a partial/incomplete 
recombination, followed by a VDJ joining to complete the 
rearrangement. The C regions are included at the mRNA level 
via RNA splicing to form a V(D)JC transcript. 


Vol Vo2 Va3 Vad Vas Van VS Vè Dè Jè Cè 


Section V Molecular Diagnostics and Genetics 


only Southern blot analysis for the IgH locus in many 
laboratories. 


MOLECULAR GENETIC BASIS FOR T-CELL RECEPTOR 
GENE REARRANGEMENTS 


A process similar to that described for the Ig genes occurs in 
the TCR genes, with the notable exception of the absence 
of a somatic hypermutation mechanism in TCR gene 
rearrangements. The developmental hierarchy of TCR genes 
is such that the TCR-6 gene is the first to rearrange, followed 
by the TCRy, TCRB, and then the TCRa genes.” The 
TCR-8 gene is located on chromosome 14q11, and contains 
up to six Vô segments, only two or three Dd segments, and 
three JS segments. It is located within the TCR-@ gene, 
immediately 3’ to the last TCR-Va gene and 5’ to the TCR- 
Jo, segments. This location is important since productive 
rearrangements of the TCRS gene lead to expression of the 
y/5 TCR. In the event that the TCR6 rearrangement is non- 
productive, Va to Ja rearrangements obligatorily require 
that the TCR6 be deleted. 

As previously indicated, the TCR6 gene (Figure 39-3) is 
located on band 14q11, flanks the TCRa gene on either side, 
and contains several Vo segments. An extensive J region 
comprises up to 50 Ja genes and 1 Co. locus. By virtue of the 
architectural disposition of the TCRa and 6 loci, rearrange- 
ment of a Va segment to a Jor segment typically leads to dele- 
tion of the intervening TCR8 loci. T-cells undergoing such 
rearrangements may then go on to express the TCR-a/B 
protein. The TCRB gene is located on band 7q34 and con- 
tains 75 to 100 VB segments, flanked at the 3’ end by two DB, 
JB, and CB regions. For each region, there is one DB segment, 
with six or seven JB segments, and one CB segment. 
Rearrangements may occur within or between segments 
(e.g., VB1 to JBL or VB2 to JB1). There is extensive sequence 
homology between the CB1 and CR2 segments. This phe- 
nomenon is exploited in the use of a consensus CB probe 
when Southern blotting of the TCR genes is used for clon- 
ality assessment. The TCRy gene is located on band 7q15, 
and contains about 12-15 Vy segments and 2 Jy genes.” The 
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Figure 39-3 T-cell receptor (TCR) 
genes consist of o/8-, B-, and 
y-chain genes. The architectural 
configurations are similar to that of 
the ig loci. Note that only the 
TCRB- and 5- genes contain 
diversity (D) regions. 
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simple structure of the architecture of this gene favors its use 
as a target for TCR receptor PCR, whereas consensus primers 
are designed to encompass the relatively few Vy and the Jy 
genes, 


SOUTHERN BLOT HYBRIDIZATION ANALYSIS FOR 
ANTIGEN-RECEPTOR (IG OR TCR) GENE 
REARRANGEMENTS 


In this procedure, high-quality total cellular DNA extracted. 
from a fresh or flash-frozen specimen is subjected: to diges- 
tion by bacterial restriction endonucleases, which produce 
DNA fragments encompassing the Ig or TCR gene region 
segments to be interrogated (Figures 39-4 and 39-5). The 
enzyme-digested (“restricted”) DNA from each enzyme is 
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subjected to gel electrophoresis and transferred. by blotting 
and immobilized on a membrane. A labeled-probe comple- 
mentary to the Ig J region segment is hybridized to the mem- 
brane. Clonal rearrangements are recognized by the 
identification of one or two novel rearranged bands that are 
distinct from the germline pattern obtained with a benign 
sample or placental DNA. One or two novel rearranged 
(nongermline) bands may be identifiable depending on 
whether there is a clonal monoallelic or biallelic rearrange- 
ment (Figure 39-6). 

Materials suitable for Southern blot analysis include fresh 
tissue or aspiration biopsy material, as long as sufficient 
cellular material can be obtained from the specimen of 
interest. Ethanol-fixed tissue can also be used. However, 
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Figure 39-4 Restriction map of the IgH chain locus. The sites of the enzyme restriction sites 
determine the sizes of the fragments that are visualized using the IgHJ6 probe as illustrated (e.g., 
BamHI, Xbal, and Bglll enzymes yield 16kb, 6.2kb, and 3.8kb fragments, respectively). Restriction 
patterns different from the germline patterns are indicative of a novel rearrangement event. 
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Figure 39-5 Restriction map of the TCRB chain locus. The probe is complementary to the 
TCRB constant region. There is extensive sequence homology between the CBI and CB2 
segments. Thus the CB probe hybridizes to both the CBI and C2 segments, thereby resulting in 
two germline band signals for all enzymes depicted except BamHI. The EcoRI site located 
between the CBI and J82 segments is notoriously resistant to digestion and may yield a partial 


digest with a band of 8.0kb in size. 
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Figure 39-6 Southern blot hybridization analysis for clonal 
rearrangements of the TCRB chain locus. DNA samples 
extracted from two different patients with a suspected diagnosis 
of T-cell lymphoma are assessed. Lanes | to 3 represent the 
EcoRI digests. Lanes 4 to 6 show the BamHI digests, and lanes 7 
to 9 demonstrate the Hindill digests from both samples run side 
by side. Lane [0 shows the DNA size marker. Lanes |, 4, and 7 
show the restriction patterns in the germline control (placenta) 
using the EcoRI, BamHI, and Hindlll enzymes, respectively, DNA 
from patient | (Lanes 2, 5, and 8) shows a germline pattern 
using EcoRI, but novel rearrangements (arrowheads) using 
BamHI and Hindill. Patient 2 (lanes 3, 6, and 9} shows a germline 
pattern in all three enzyme digests. Accordingly, sample | is 
scored as showing evidence for a monoclonal T-cell population, 
and sample 2 is scored as showing evidence of a polyclonal T-cell 
population. 


formalin-fixed tissue yields DNA of insufficient quality to 
permit reliable Southern blotting because of cross-linking 
of proteins to DNA. A Southern blot hybridization assay 
using three enzymes requires approximately 1.5 x 10’ cells 
(approximately 15ug of intact total cellular DNA). Hypo- 
thetically, all of the antigen-receptor genes could be used as 
potential targets for the assessment of clonality, but only the 
immunoglobulin heavy and light chain and the TCR beta 
chain loci have gained widespread use. The T-cell TCRO 
locus is impractical, because it contains several J segments 
that are distributed widely, and thus would pose practical 
challenges in the optimization of assays for multiple probes. 
Evaluation of the TCRy and 6 loci is also not favored 
because they have only a limited number of V segments such 
that even reactive T-cell populations may yield confusing 
nongermline bands. 

The diagnostic hallmark of a clonal population is the 
presence of a nongermline novel rearranged band (see 
Figure 39-6); but nongermline bands do not always indicate 
monoclonality. Single nucleotide polymorphisms (SNPs) 
may create or abolish restriction enzyme recognition sites 
thus yielding novel restriction banding patterns. In this 
scenario, digestion with a different restriction endonuclease 
would yield a germline configuration. The potential of SNPs 
to confound the interpretation of Southern blot studies 
justifies testing with up to three or more enzymes for the 
unequivocal assignment of monoclonality. Incomplete 
digestion by a restriction enzyme can also result in a 
nongermline band that does not indicate monoclonality. 


This is typically evident in the control sample (placental 
DNA) and invalidates the significance of any such band in 
the test sample. 

Clonal rearrangements of either the Ig or TCR genes have 
also been used to ascertain the lineage of hematological neo- 
plasms that do not express B- or T-cell specific markers. 
Intuitively, clonal rearrangements of the Ig genes would indi- 
cate B-cell processes, and clonal rearrangements of the TCR 
genes would indicate T-cell processes. However, some malig- 
nant lymphomas (notably lymphoblastic) and leukemias 
(especially acute leukemias) may demonstrate both Ig and 
TCR rearrangements. Further, up to 20% of acute myeloid 
leukemias (AMLs) may demonstrate rearrangements of 
either the Ig or TCR genes.'’°* Hence, lineage is best 
assigned using a combination of immunophenotypic and 
molecular studies. 


POLYMERASE CHAIN REACTION ANALYSIS OF ANTIGEN- 
RECEPTOR GENE REARRANGEMENTS 

Although analysis by SBH for detection of antigen-receptor 
gene rearrangements is recognized as the “gold standard” for 
the assessment of clonality, PCR-based assays have become 
the mainstay for the detection of rearrangements of the Ig 
and TCR genes in many molecular diagnostic laboratories. 
SBH is not only labor-intensive and time-consuming, but it 
requires a substantial quantity of “intact? DNA (with full- 
length or nearly full-length copies of the gene or genes of 
interest), making it less amenable to use for specimens with 
suboptimal DNA quality (as is the case with fixed paraffin- 
embedded tissue samples). PCR is well suited for such 
specimens, which constitute the majority of samples ana- 
lyzed in the clinical laboratory. 

The application of PCR for the identification of clonality 
entails the use of consensus V-region and J-region primers 
and in vitro amplification of DNA across the V(D)J junction 
followed by evaluation of the PCR products by gel elec- 
trophoresis or other methods for analysis of the uniformity 
of PCR-generated fragments. In the germline configuration, 
these V- and J-region segments are located several kilobases 
apart and would not be amplifiable. However, the V(D)J 
recombination brings the VDJ segments into close proximity 
and thereby permits amplification of products that are less 
than 80 to 350 bases depending on the primers used. The 
V-region primers are typically designed to be complementary 
to the relatively conserved framework regions (I, H, or III), 
and the J-region primer is typically complementary to con- 
sensus sequences present across all six J regions in the 
immunoglobulin heavy chain gene. Similar strategies exist 
for the light chain genes as well, but the rate of detection of 
clonal rearrangements is lower and hence the IgH-PCR is 
favored. Use of framework III consensus primers provides 
the highest rate of detection, but can be complemented with 
increased diagnostic sensitivity afforded by the inclusion of 
framework II and/or framework I primer-mediated IgH- 
PCR for clonality. Among the T-cell assays, the TCRy-PCR is 
the most informative. In these assays, monoclonal popula- 
tions yield one or two dominant bands (Figure 39-7). Poly- 
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Figure 39-7 Polymerase chain reaction (PCR) analysis for 
clonal rearrangements of the antigen-receptor gene loci. PCR 
analysis of the TCR y-chain locus is shown. The upper and 
middle panels show duplicate assays with monoclonal capillary 
electrophoretic peaks of identical size (~166 bp) in both 
replicates. The bottom panel shows a polyclonal pattern. 


clonal cells, each of which carries a unique rearrangement 
with slightly different band sizes, demonstrate a ladder or 
smear pattern on gel electrophoresis.” Following comple- 
tion of PCR, the PCR products are analyzed by gel elec- 
trophoresis.*"? The PCR products are most commonly 
visualized by ultraviolet transillumination of ethidium 
bromide-stained gels. Agarose and polyacrylamide gels are 
most commonly used for resolution of PCR products. 
Agarose gels have the advantages of being relatively inexpen- 
sive and easy to make, but they provide inferior resolution of 
PCR products, such that products of similar size can be diffi- 
cult to distinguish. Polyacrylamide gels offer significantly 
better product resolution and can be configured to reliably 
discriminate bands differing in size by as little as three bases. 
This is often highly useful in the assessment of PCR products 
for antigen-receptor gene rearrangement assays. Even further 
resolution may be achieved by supplementation of size frac- 
tionation with additional parameters. Denaturing gradient 
gel electrophoresis and temperature-gradient gel elec- 
trophoresis achieve finer resolution of PCR products by 
exploiting the sequence-specific and melting characteristics 
of double-stranded DNA.” The incorporation of denatu- 
rants, such as formamide or urea in gradient gels, or modula- 
tion of the temperature can further increase resolution based 
on the melting temperature (Tm) of the DNA sequence 
rather than on size. Radioisotopic detection is an alternative 


to ethidium bromide detection. The PCR primers could be 
labeled. with radioisotopes, the PCR products analyzed by 
electrophoresis, and the PCR products visualized by autora- 
diography. Ultraviolet transillumination of ethidium 
bromide-—stained gels is more popular than radioisotope- 
based methods, because it is easier to perform and poses 
fewer hazards with regard to handling and disposal of 
radioactive wastes. A successful PCR exhibits PCR 
products in the expected size range, appropriate results in 
the positive and negative controls, and absence of bands 
in the template-free (H,O) control. 

PCR-based clonality assays are less sensitive in detecting 
all of the possible clonal rearrangements than is SBH analy- 
sis, which approaches 100% if sufficient restriction enzymes 
and a variety of probes are used. Depending on the assay and 
the lymphoid neoplasm tested, PCR-based clonality studies 
may show false-negative rates of 10% to 40% when com- 
pared with SBH. A reason frequently cited to explain the 
high false-negative rate for PCR is that, in contrast to SBH, 
PCR does not detect partial DJ rearrangements, wherein the 
V- and J-region genes are not approximated to one another 
and are too distant for conventional PCR to generate an 
amplification product. Secondly, the consensus primers in 
PCR tests are incapable of hybridizing to all of the different 
V regions, any one of which could be potentially present in 
any one neoplasm. Of particular importance to the Ig genes, 
somatic mutations occurring within the Ig V-region genes 
also result in decreased ability for the consensus V-region 
primers to anneal optimally to the V-region genes in the ` 
template DNA. Thus lymphoid neoplasias such as follicular 
lymphoma with a high somatic hypermutation rate yield 
lower positive rates by PCR-based Ig clonality tests.‘ 
Most of these difficulties can be overcome by use of multi- 
ple primer sets. In the event of a negative PCR result, SBH 
analysis may be performed if sufficient high-quality genomic 
DNA is available. The main drawback for PCR is the marked. 
propensity for contamination. Thus various strategies for 
contamination control, such as maintaining separate DNA 
extraction and amplification rooms, use of laminar flow 
hoods, and incorporation of uracil DNA glycosylase into 
PCR, generally should be employed to prevent contamina- 
tion problems. 

The ability to detect a rare, aberrant DNA species in a 
background of normal DNA (often referred to as “sensitiv- 
ity” of the PCR-based tests) is dependent on the particular 
application, For antigen-receptor gene rearrangement 
studies, PCR can detect a monoclonal population in a back- 
ground of 10° to 10° polyclonal cells of the same phenotype 
(B- or T-cells). By comparison, PCR can detect one cell har- 
boring a chromosomal translocation within a background of 
10° to 10° cells negative for the translocation.” 


LYMPHOMA-SPECIEIC RECURRENT 
CHROMOSOMAL TRANSLOCATIONS 


The immunoglobulin gene rearrangement process, which is 
integral to the normal development of B-cells and the elab- 
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oration of an appropriate immune response, is susceptible 

to abnormal translocation of foreign genes. Translocation of 

these genes is associated with their deregulation, which is 

integral to the development of lymphoid neoplasia. A 

translocation typically involves the transfer of a piece of one 

chromosome to a different chromosome. Nonrandom chro- 
mosomal translocations are frequently observed in hemato- 

logical neoplasia and in many cases are characteristic of a 

specific type of leukemia or lymphoma. 

The translocations typically result in one of two genetic 
consequences. 

1. The translocation may juxtapose an oncogene and an 
antigen-receptor gene, leading to dysregulated expression 
of the oncogene and increased concentration of the onco- 
protein. This is the mechanism most frequently seen in 
malignant lymphomas, and is exemplified by the 
t(14;18){q32;q21) that is characteristic of follicular lym- 
phoma. The translocation juxtaposes the bel-2 gene 
(18q21) and the IgH gene (14q32), leading to overex- 
pression of the bcl-2 gene and increased bcl-2 mRNA and 
protein." 

2. Alternatively the chromosomal translocation leads to the 
in-frame juxtaposition of two different genes, with resul- 
tant creation of a novel chimeric gene. This mechanism 
is most commonly observed in the leukemias and 
less commonly in malignant lymphomas. In the 
t(2;5)(2p23;q35) seen in anaplastic large cell lymphoma, 
an abnormal fusion gene (NPM-ALK) is formed and is 
central to pathogenesis.” Similarly, a t(11;18)(q21;q21) is 
seen in a subset of extranodal, marginal-zone B-cell lym- 
phomas of mucosa-associated lymphoid tissue. This 
translocation forms an abnormal API-MLTI chimeric 
fusion that is implicated in the molecular pathogenesis of 
the malignant lymphoma.” 

Reverse-transcription-PCR is well suited for the diagnos- 
tic detection of such chimeric fusions, because the fusion 
product is often within the size range that can be ampli- 
fied by conventional PCR. Secondly, many of the transloca- 
tion breakpoints are widely dispersed and not clustered. If 
DNA were to be considered as the template for such PCR, it 
would best be performed as a long-distance (LD) PCR pro- 
tocol. LD PCR protocols, however, are unsuitable for many 
types of clinical samples, such as paraffin-embedded mater- 
ial, that characteristically do not contain high-quality, intact 
genomic DNA. 

A list of the common chromosomal translocations, the 
participating genes, and the associated lymphomas is pro- 
vided in Table 39-2. 


SOUTHERN BLOT HYBRIDIZATION ANALYSIS FOR THE 
DETECTION OF CHROMOSOMAL TRANSLOCATIONS 


SBH analysis is an excellent method for the detection of 
chromosomal translocations. A sequence-specific probe to 
the gene of interest is used for SBH analysis as described for 
the antigen-receptor genes. Detection of a pattern in which 
bands of different sizes than are seen in the germline con- 


figuration of the gene of interest would suggest the presence 
of a translocation. It should be noted that this method does 
not identify the translocation partner of the gene of interest. 
As with the antigen-receptor gene rearrangement, studies by 
SBH single nucleotide polymorphisms at enzyme restriction 
sites may result in nongermline patterns that may be misin- 
terpreted as translocations. In this scenario, use of a differ- 
ent restriction enzyme will correctly show the gene locus to 
be of germline size. The labor-intensive nature of SBH and 
the requirement for high-quality DNA have diminished its 
popularity for routine detection of chromosomal transloca- 
tions in the clinical laboratory. PCR continues to gain 
increasing use for the routine detection of recurrent chro- 
mosomal translocations. 


POLYMERASE CHAIN REACTION ANALYSIS FOR 
DETECTION OF CHROMOSOMAL TRANSLOCATIONS 

The polymerase chain reaction is a methodology that is very 
well suited for the analysis of chromosomal translocations, 
particularly when the translocation breakpoints are clustered 
and the sequences flanking the translocation breakpoints are 
weil characterized. 


t(14518)(q32;21)—BCL-2/JH Aberration 

The t(14;18)(q32;21) that is characteristic of follicular lym- 
phoma exemplifies the utility of PCR in the detection of a 
chromosomal translocation that is characteristic of a specific 
form of non-Hodgkin lymphoma. The t(14;18) is a balanced 
reciprocal translocation involving the BCL-2 gene (18q21) 
and the IgH locus (14q32). The BCL-2 gene consists of three 
exons and two introns.’ There are up to four different 
regions on 18q21 where the breakpoints are frequently 
located. The 18q21 breakpoints in the majority of translo- 
cations are clustered in the major breakpoint cluster region 
(MBR). The MBR is a 150 bp sequence located within the 3’- 
untranslated region of exon 3 of the BCL-2 gene and harbors 
approximately 60% of the breakpoints found in follicular 
lymphoma.'*'* Another 20% of follicular lymphomas 
harbor t(14;18) aberrations in which the breakpoint is 
located at the minor cluster region, which is located 30kb 
further 3’ to the BCL-2 gene. An additional cluster of break- 
points located at the variant cluster region located 5’ 
upstream to the BCL-2 gene harbors approximately 5% of 
the breakpoints found in follicular lymphoma (Figure 39- 
8). More an intermediate cluster region (ICR) has been 
described with additional 18q21 breakpoints associated 
with follicular lymphoma.’ Although initial studies compar- 
ing conventional cytogenetics, Southern blot, and PCR- 
based methods for detection of the t(14;18) (not including 
the ICR) have shown that 86% of the cases were identified 
by Southern blotting and 75% by PCR,” the inclusion of 
PCR assays targeting the ICR improves the detection rate 
for the t(14;18} by PCR.’ Figure 39-9 (Color Plate 2) shows 
fluorescence in situ hybridization (FISH) analysis demon- 
strating the t(14;18) in a sample that tested negative by 


Table 39-2 Common Recurrent Chromosomal Aberrations in Human Malignant Lymphoma 


Cytogenetic : 
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Note that IGK and IGL are symbols for genes Igi and Igh, respectively. 


FL, Follicular lymphoma; MCL, Mantle-cell lymphoma; MZBCL, marginal-zone B-cell lymphoma; MALT, mucosa-associated lymphoid tissue; LPL, 
lymphoplasmacytic lymphoma; DLBCL, diffuse large B-cell lymphoma; PMLBCL, primary mediastinal large B-cell lymphoma; B-CLL, B-chronic 
lymphocytic leukemia; PLL, prolymphocytic leukemia; ALL, acute lymphoblastic leukemia; ALCL, anaplastic large-cell lymphoma; NK, natural killer. 
*An insufficient number of patients were studied to permit accurate assessment of percentage of tumors with the cytogenetic aberration indicated, 


PCR. An important caveat to note is that the t(14;18) 
has been detected in benign tonsils, in reactive lymph 
nodes,”’’ and in the peripheral blood of normal blood 
donors. 


t(11;14)(q13;32)—-BCL-1/JH Aberration 

The t(11;14)(q13;32) abnormality is characteristic of mantle 
cell lymphoma,” but rare in other types of malignant lym- 
phoma. This translocation juxtaposes the BCL-1 locus on 
11q13 with the immunoglobulin heavy chain gene enhancer 
locus at 14q32.""” Structurally, there are multiple breakpoints 
on chromosome 11. The most frequently involved location 
on 11q13 is the major translocation cluster (MTC) region, 
which is located 110 kb 5’ to the BCL-1 locus.” Other break- 
points occurring within minor translocation cluster regions 
have also been described 3’ to the major translocation cluster 
but 5’ to the BCL-1 locus (Figure 39-10). The BCL-1 gene 
consists of five exons covering a genomic distance of 


approximately 15kb.*! The gene encodes cyclin D1, which 
regulates cellular transition from G1 to S phase. Despite the 
diversity of the breakpoints flanking the BCL-1 gene, the 
t(11;14) does not lead to disruption of the coding region of 
the BCL-1 gene. Consequently, the expression of cyclin D1 
is qualitatively normal, but quantitatively increased. One of 
the practical consequences of the multiple breakpoints in 
mantle cell lymphoma is that approximately 70% of cases of 
mantle cell lymphoma can be demonstrated to harbor the 
t(11;14) by Southern blotting analysis using multiple probes 
for detection of the various breakpoints.’ By comparison, 
most published PCR protocols only detect approximately 
40% of t(11;14) anomalies in mantle cell lymphoma (Figure 
39-10), and the majority of these are clustered in the MTC.” 
This is in notable contrast to DNA fiber FISH, which re- 
portedly may detect up to 95% of t(11;14) aberrations, 
making FISH the most sensitive method for detection of this 
abnormality.'” 
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Figure 39-8 Schematic representation of the organization of the BCL-2 gene and most frequent breakpoints on chromosome |8q?! 
involved in the t(14;18). The BCL-2 exons are represented as rectangles. MBR represents the major breakpoint cluster region where 
approximately 50% to 60% of the breakpoints occur, MCR represents the minor breakpoint cluster region where 20% to 25% of the 


breakpoints may be found.VCR represents the variant cluster region where 5% to 20% of the breakpoints may be found. 


Figure 39-9 Fluorescence in situ hybridization for the t(14;18) 
anomaly on metaphase spreads of a case of follicular lymphoma. 
The immunoglobulin heavy chain sequences on 14q32 (red) 
when juxtaposed to the bcl-2 sequences on 18q2I (green) yield a 
yellow fusion signal indicative of the presence of the t(14;18). 
(See Color Plate 2.) 


MOLECULAR GENETICS OF LEUKEMIAS 


As indicated previously, human leukemias are characterized 
by recurrent genetic abnormalities that can be used as 
genetic markers of the specific leukemia. The genetic abnor- 
malities are most often recurrent chromosomal transloca- 
tions, which result in chimeric fusions leading either to a 
differentiation block or enhancement of proliferation. The 
chronic leukemias of myeloid derived cells are characterized 
by constitutive activation of tyrosine kinases whose primary 
effect is to confer an excessive proliferative signal and an 
increased survival advantage. An example of this is the 
t(9;22), which results in the BCR-ABL chimeric fusion that 
is characteristic of chronic myelogenous leukemia (CML). 
Inhibition of the activated tyrosine kinase is a bona fide 
therapeutic option as has been demonstrated with imatinib 
mesylate (Gleevec) in CML. By comparison, the chromoso- 
mal translocations in the acute myeloid leukemias typically 
result in loss-of-function aberrations within transcription 
factors that lead to maturational arrest or differentiation 
blocks at early stages of hematopoietic development. The 


preponderance of evidence suggests that the genetic aberra- 
tions leading to maturational arrest in the acute myeloid 
leukemias are by themselves insufficient to cause leukemia. 
However, the concomitant occurrence of cooperating muta- 
tions in the RAS and the tyrosine kinase genes FLT3 and 
C-KIT permits progression to a frank leukemia. In either 
case, the presence of the genetic aberrations provides a target 
for disease detection, monitoring, and potential gene- 
specific therapy. A comprehensive list of translocations 
and the fusions in acute leukemias is in Table 39-3 with 
French-American-British classification designations. The 
most frequently employed technique for the detection of the 
chimeric transcripts in the molecular laboratory is RT-PCR. 
In addition, the prevalence of specific genetic mutations 
often requires that screening for such mutations be per- 
formed in the diagnostic laboratory. While it is recognized 
that the definitive method for the detection of the point 
mutations is sequencing, a variety of techniques may be used 
for screening for the presence of point mutations (e.g., 
single-strand conformation polymorphism analysis," 
denaturation gradient gel electrophoresis,” or fluorescence 
real-time PCR-based melting curve analysis).*° 


ACUTE MYELOID LEUKEMIAS 


The translocations that occur in the acute myeloid leukemias 
(AML) target transcription factors or transcriptional co- 
activators. The transcription factors are involved in the dif- 
ferentiation of the hematopoietic cells, and disruption of 
their normal function by the translocation leads to develop- 
mental arrest and maturational block at immature stages of 
differentiation. The targeted transcription factors include 
the retinoic acid receptor alpha (RARO) in acute promyelo- 
cytic leukemia and several members of the core binding 
factor (CBF) complex. CBF is a transcription factor that con- 
sists of heterodimers, including a DNA-binding component 
known as AMLI (RUNX1/CBFA2/PEBP2A), and a subunit 
CBEB that activates the transcription of AMLI. CBF is 
targeted in the t(8;21) aberration, which results in the 
AML/ETO fusion that is characteristic of AML with differ- 
entiation (AML FAB-M2). CBF is similarly targeted in the 
inv(16), which leads to the CBEB/SMMHC found in a subset 
of AML patients.” The multilineage importance of CBF is 
manifest in a subset of precursor B-cell acute lymphoblastic 
leukemias, where it is targeted in the t(12;21) that leads to 
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Figure 39-10 A, Schematic representation of the organization of the of the bcl-} gene on chromosome | IqI3 and the breakpoint 
regions associated with the t(11;14). The bc-! gene is represented as a white rectangle. The relative locations of the major translocation 
cluster (MTC) where up to 40% of the breakpoints are clustered and the minor translocation cluster regions (mTC]! and mTC2) are 
indicated. The size of the amplified PCR product may vary depending on the location of the breakpoints. B, PCR analysis and agarose 
gel electrophoresis for the detection of t(11;14). The primers were directed against the MTC of bcl-!. Lane | represents a positive 
control with a band at ~450 bp. Lane 2 is the patient sample with a positive band also at ~450bp. Lane 3 contains a negative control 
(reactive tonsil). Lane 4 represents a no-template (H20) control. Lane 5 shows the size marker. 


the TEL/AMLI fusion.® All of the chimeric proteins that 
result from the chimeric fusions are dominant negative 
inhibitors of CBF-mediated transcription.” The transcrip- 
tional repression of the CBF target genes caused by the 
CBE-chimeric proteins partly involves the recruitment of 
the histone deacetylase complex. 

By comparison, acute promyelocytic leukemia is char- 
acterized by translocations involving the RARA gene 
(Table 39-3). These translocations result in a block of 
myeloid differentiation at the promyelocytic stage. It has 
been shown that the maturational arrest is due in part to the 
recruitment of the nuclear co-repressor/histone deacetylase 
complex. The ability of all-trans retinoic acid (ATRA) to 
bind to PML/RARQ, resulting in the release of the nuclear 
co-repressor complex, partly explains the ability of ATRA to 
relieve the maturational black in promyelocytes that is 
central to the development of acute promyelocytic leukemia. 


t(8;21)(q22;q22)—AML1-ETO 

The t(8;21)(q22;q22) is found in approximately 7% of de 
novo AML, and is more common in young individuals. The 
translocation is found in 20% to 40% of AMLs of the FAB- 
M2 subtype.’ It has also been reported infrequently in M1 
and M4 subtypes, and in rare cases of therapy associated 
AML. The translocation leads to the fusion of the AML1 gene 
(acute myeloid leukemia 1 gene), also known as CBFA2 (core 
binding factor subunit A2), or PEBP2a (polyoma enhancer 
binding protein 2 subunit a) to the ETO gene (8321), 
also known as MTG8 (myeloid translocation gene on 
chromosome 8) and RUNXITI. 


The t(8;21) portends a good prognosis in cases of de novo 
AML, with a favorable response to treatment with cytosine 
arabinoside.” The AML1-ETO chimeric fusion is detectable 
by RT-PCR in the vast majority of t(8;21)-positive AMLs, 
thus making RT-PCR a good choice for detection of the 
t(8;21) in clinical samples. The AML1-ETO fusions join exon 
5 of AMLI to exon 2 of ETO (Figure 39-11), and the fusion 
transcript can also be detected in complex translocations in 
a significant proportion of cases that are t(8;21) negative by 
conventional cytogenetics.*”* Specifically, RT-PCR has been 
reported to detect AMLI-ETO fusions in 8% to 12% of 
AML.**” Interestingly the AML1-ETO fusion transcript 
may be detected using sensitive end-point PCR assays several 
years after chemotherapy or a bone marrow transplant 
(BMT), thus limiting its predictive value for relapse in 
affected patients.” Quantitative studies using recently devel- 
oped real-time PCR protocols (Figure 39-12 [Color Plate 3]) 
may provide a better indication of an increase in transcript 
copies and hence disease recurrence. 


t(15317)(q22;q21)—PML-RARo. 

The (15317) is the characteristic molecular abnormality in 
acute promyelocytic leukemia (APL), which is classified as 
AML FAB-M3. This abnormality is present in virtually all 
cases of APL, which constitutes 5% to 10% of all AMLs. The 
t(15;17) results in juxtaposition of the putative transcription 
factor PML on 15q22**” to the retinoic acid receptor-@ gene 
on 17q21.” The breakpoints on chromosome 17 are con- 
fined to a 15kb fragment within intron 2 of the RARo locus. 
The breakpoints on chromosome 15 are more varied, with 
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Table 39-3 Common Recurrent Chromosomal Aberrations in Human Leukemia 
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CML, Chronic myelogenous leukemia; ALL, acute lymphoblastic leukemia; AML, acute myelogenous leukemia; p210 and p190, chimcric proteins (see text); 
FAB (with L3, M3, M4EO, etc), French-American-British classifications; TRB@, TRD®@, T-cell receptor B and 8 loci. 
*Estimated frequency per clinical disease category. 
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involvement of three or more breakpoint cluster distinct 
regions (bcr) (Figure 39-13, A). These include intron 6 (ber 
1), which is involved in approximately 55% of cases; exon 6 
(ber 2), which is involved in 5% of cases; and intron 3 (ber 
3), which is involved in 40% of cases. Similar to the scenario 
seen in the t(9;22) leading to the BCR-ABL fusion, the dif 
ferent breakpoints on PML, the alternatively spliced tran- 
scripts, and usage of two different polyadenylation sites 
further give rise to a greater variety of PML-RARa fusion 
transcripts of different sizes (Figure 39-13, B).!° Recognition 
of these varied transcripts is important in the design of diag- 
nostic RT-PCR assays that are capable of detecting the 
majority of t(15;17) fusions (Figure 39-13, B). In this regard, 
most assays have been directed at the PML-RARo fusion, 
since the reciprocal (RARO-PML) fusion is not detectable in 
some cases of APL. The PML-RAR«a chimeric protein con- 
tributes to leukemogenesis by blocking the differentiation of 
myeloid cells at the level of promyelocytes. Persistent detec- 
tion of PML-RAR«& transcripts in a treated patient is an 
ominous indication of a tendency relapse. The recent avail- 
ability of quantitative real-time protocols provides an 
opportunity for sensitive and specific monitoring of consec- 
utive samples at appropriate intervals for the identification 
of patients with high relapse potential. 


CHRONIC LEUKEMIAS OF MYELOID/MONOCYTIC 
LINEAGE 

The chronic myeloid leukemias are characterized by trans- 
locations that lead to constitutive activation of tyrosine 
kinases. As mentioned earlier, the most common of these 
is the t(9;22){q34;q11), resulting in the BCR/ABL fusion 
that is characteristic of CML. Up to seven different chro- 
mosomal translocations are associated with the chronic 
leukemias of myeloid/monocytic lineage, but all are charac- 


breakpoint region 
~25 kb 


<2 3 4 5. 6 7 8 9a 9 10 11 


cen-} 


100bp 


terized by the formation of a chimeric fusion with a car- 
boxyterminal tyrosine kinase domain and an oligomeriza- 
tion motif in the amino terminus of the fusion protein. The 
oligomerization motif is important for the constitutive 
activation of the tyrosine kinase, which transforms the 
hematopoietic cells and confers them with ligand- 
independent growth potential. 


t(9;22)(q34;q11)—BCR-ABL Aberration 

The t(9;22), also known as the Philadelphia chromosome, is 
the diagnostic hallmark of CML and is found in virtually 
100% of cases. The translocation is also found in up to 
20% to 50% of acute lymphoblastic leukemias (ALLs) in 
adults, in 2% to 10% of childhood ALLs, in rare cases 
of malignant lymphoma, and in myeloma. 75 The 
t(9;22) results in the juxtaposition of 3’ sequences on the 
c-ABL tyrosine kinase proto-oncogene (9q34), to the 5’ 
sequences of the breakpoint cluster region BCR gene 
(22q11). The 1(9;22) results in the formation of two hybrid 
genes: BCR-ABL on the derivative chromosome 22, and 
ABL-BCR on the derivative chromosome 9.” The BCR-ABL 
fusion encodes a chimeric protein with constitutively acti- 
vated tyrosine kinase activity. While the breakpoints on 
chromosome 9 are relatively constant and 5’ to exon 2 of 
c-ABL, the breakpoints on chromosome 22 are quite vari- 
able and within the BCR gene (Figure 39-14).° Depending 
on the location of the breakpoint, the fusion protein result- 
ing from the BCR-ABL fusion could vary in size from 190 to 
230kDa. Up to 95% of CMLs, 30% to 50% of adult t(9;22) 
positive ALLs, and 20% to 30% of childhood t(9;22)- 
positive ALLs harbor breakpoints in the m-BCR region of 
the BCR gene. The BCR breakpoints in virtually all 
of the CML cases occur in the 9.0kb region between exons 
13 and 15 (also known as b2 and b4, respectively). Fusion is 
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Figure 39-12 Real-time PCR detection of AMLI/ETO fusion 
transcript. Real-time PCR detection was performed using a 
sequence-specific hybridization probe format with 
oligonucleotide probes labeled with fluorescein as the donor 
fluorophore and LCRed640 as the acceptor. Postamplification 
melting analysis was performed to provide confirmation of 
amplicon identity through the probe melting temperature. Panel 
A shows the fluorescence (F} versus cycle number (C) on the 
LightCycler™ (Roche Diagnostics), The characteristic three- 
phase profiles of amplification curves are recognizable (i.e., initial 
lag, exponential or log/linear, and the final plateau phase). The 
red curve represents the positive amplification signal for the 
t(8;21) in the Kasumi cell line positive control. The blue curve 
represents the patient sample also showing the presence of the 
AMLI/ETO fusion. The green line represents a negative control 
(placental cDNA), and the black line is the no-template (H,O) 
control. Panel B shows the derivative melting curves with 
positive melting peaks at ~65°C in both the Kasumi cell line 
positive control and the patient sample. Both the negative and 
water controls show flat lines indicating the absence of the 
t(8;21) AMLI/ETO product. (See Color Plate 3.) 


to a breakpoint located in the large intron between exons 1b 
and 2 of the ABL gene” (Figure 39-14), The resulting 
BCR-ABL transcript measures 8.5kb and contains either 
BCR exon b2 or b3 and ABL exon 2 (exon a2). This tran- 
script encodes the 210kDa BCR-ABL chimeric protein 
(p210°""*"), The most common fusions found in CML are 
b3-a2 fusions, accounting for 55% of the BCR-ABL junc- 
tions, and b2-a2 (40%).'” Less frequently (5%), both the b3- 


a2 and b2-a2 fusions may occur as a result of alternative 
splicing.” Thus far, there appear to be no significant 
prognostic differences between p210-positive CMLs with 
different transcripts.” 

In rare cases of CML, the breakpoint in the BCR gene 
occurs at the ALL-associated m-BCR, which leads to the gen- 
eration of the p190°"4" fusion protein.’ p190-positive 
CML patients characteristically exhibit relative and absolute 
monocytosis in peripheral blood reminiscent of chronic 
myelomonocytic leukemia.” Another distinct but rare 
fusion that has been described in t(9;22)-positive CML is one 
that results in the formation of a large 230kDa fusion 
protein as a consequence of a fusion between exon 19 (c3) 
of BCR and exon 2 (a2) of ABL. The BCR breakpoints for 
this fusion are located in the micro breakpoint cluster region 
(u-BCR) located between exons 19 and 20 (see Figure 39- 
14). The p230 fusion is characteristic of a peculiar form of 
CML with prominent neutrophilic proliferation. The clini- 
cal course of p230-positive CML is reportedly indolent in the 
majority of cases.™ 

Another distinct breakpoint cluster region in the BCR 
gene has been uniquely associated with t(9;22)-positive 
ALLs.® Up to 60% of t(9;22)-positive ALL carry transloca- 
tions in which the breakpoints are located in a distinct region 
known as the “minor breakpoint cluster region” (m-BCR). 
m-BCR is located between the two alternative exons and 
exon 2 (see Figure 39-14). The ABL breakpoints are located 
in the large intron between exon 1b and exon 2 of the ABL 
gene (see Figure 39-14). The resulting el-a2 fusion encodes 
a 190kD BCR-ABL chimeric protein” that is expressed 
mostly in ALLs, and rather infrequently as the exclusive 
BCR-ABL transcript in CML.**’ On the other hand, the 
remaining 40% of t(9;22)-positive ALLs may express the 
p210 BCR-ABL fusion, thus indicating its relative lack of 
specificity. A significant number of CML cases also express 
low levels of el-a2 transcripts in addition to p210 via an 
alternative splicing mechanism.”°°O'? 

Conventional cytogenetics, FISH, and RT-PCR have been 
reliably used for the laboratory detection of the (9522). 
RT-PCR detection is possible in up to 95% of cases, and may 
detect up to 10% of cases missed by conventional cytoge- 
netics,” and is an important modality for minimal residual 
disease detection. Recently, quantitative real-time PCR- 
based approaches have improved the ability to detect and 
quantify BCR-ABL transcripts in CML patients’ (Figure 
39-15 [Color Plate 4]). The recent availability the tyrosine 
kinase inhibitor imatinib mesylate for CML is an important 
development in the treatment of CML” and further 
underscores the importance of methods for sensitive and 
specific identification and quantification of the BCR-ABL 
fusions in patients with a clinical suspicion of a CML. 


t(9;22) in Acute Lymphoblastic Leukemia 

The t(9;22) has emerged as a sine qua non for the diagnosis 
of CML, and the recent development of novel tyrosine kinase 
inhibitor therapy portends a favorable prognosis. By con- 
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trast, the presence of the t(9;22) is an independent poor 
prognostic factor in ALLs,“""* 


USE OF REVERSE-TRANSCRIPTION POLYMERASE 
CHAIN REACTION IN CHROMOSOMAL 
TRANSLOCATIONS 


Reverse-transcription polymerase chain reaction (RT-PCR) 
is particularly indicated in the detection of chromosomal 
translocations wherein the breakpoints are widely dispersed 
with large intervening introns between the juxtaposed 
fragments that limit the practicality of conventional PCR. As 
RT-PCR begins with synthesis of complementary (cDNA) 
from mRNA (with use of oligo-dT priming, random hexa- 
mers, or gene-specific primers), the template for the PCR is 
not the genomic DNA, but the complementary DNA derived 
from the reverse-transcribed RNA. RT-PCR for identifica- 
tion of a characteristic chromosomal translocation will be 
addressed later using the example of the t(9;22), which is 
present in virtually 100% of cases of chronic myeloid 
leukemias and in a smaller subset of acute lymphoblastic 
leukemias. 


Real-Time Polymerase Chain Reaction Methods 


The PCR assays traditionally used in the study of hemato- 
logical malignancies have entailed a two-step procedure 
comprising an initial amplification reaction, followed by 
analysis of the PCR products in a separate process. PCR 
product analysis has generally entailed size fractionation by 
gel electrophoresis and product visualization by ultraviolet 
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(UV) illumination of ethidium bromide-stained gels or by 
chemiluminescent or radioisotopic detection. The recent 
advent of real-time PCR techniques now permits PCR 
amplification with simultaneous monitoring of product 
accumulation.” Real-time PCR methodologies employ vari- 
ations of fundamental fluorescence chemistries to monitor 
product accumulation. Higuchi et al introduced the incor- 
poration of a double-stranded DNA (dsDNA) binding dye 
(ethidium bromide) into amplification reactions, with fluo- 
rescence monitoring at each cycle for quantitative analysis.” 
Such real-time PCR assays using dsDNA-binding dyes, 
such as ethidium bromide and SYBR Green I, are relatively 
inexpensive and easy to use, but suffer the drawback that 
they do not offer specificity beyond that inherent in the PCR. 
In poorly optimized reactions, the nonspecific dsDNA 
binding dye- or intercalator-based assays can yield false- 
positive results. It is thus important to carefully optimize 
primer design to discourage primer-dimer and nonspecific 
product formation.’® 

For studies of hematological malignancies, the sequence- 
specific fluorescence probe—based systems provide the 
advantage of an important further test for identification of 
the sequence of interest by virtue of hybridization of fluo- 
rescently labeled internal probes to the amplified target 
sequence.” The most commonly used sequence-specific 
chemistries include the exonuclease (TaqMan), the linear 
hybridization probe, and the hairpin-based (Molecular 
Beacon) systems. (See Chapter 37 for further information on 
nucleic acid techniques.) 
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Real-time PCR is particularly advantageous for the quanti- 
tative analysis of nucleic acid sequences. Previously, quanti- 
tative PCR was based on end-point or competitive assays 
that measured band intensities in ethidium bromide- 
stained gels, or hybridization-based approaches using 
radioisotopic labeling and densitometry. Fluorescence- 
based, real-time PCR assays characteristically demonstrate 
three phases: an initial background phase, an exponential or 
logarithmic phase, and a plateau phase. The exponential 
phase starts after the background phase and occurs when 
product accumulation rises significantly above background 
levels, and ends at the beginning of the plateau phase. The 
plateau phase occurs as a result of a combination of factors, 
including the accumulation of reaction products, ineffective 
polymerase activity, and competition of the accumulated 
PCR product for the oligonucleotide primers. The onset of 
the log-linear phase is inversely related to the abundance of 
the target of interest at the beginning of the PCR. By using 
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the t(9;22), which is characteristic 
of all CMLs and a subset of ALLs. 
The centromeric (cen) and 
telomeric (tel) directions are 
indicated. The relative positions of 
the major breakpoint cluster (M- 
BCR), the minor breakpoint cluster 
(m-BCR), and the micro breakpoint 
cluster regions (u1-BCR) are shown. 
The previously used alternative 
nomenclature for the BCR and ABL 
exons is included where relevant. In 
panel A, the exons of the BCR genes 
are depicted in black rectangles, and 
those of the ABL genes are depicted 
in white rectangles. In panel B, the 
configuration and varieties of the 
BCR-ABL chimeric fusions seen in 
CML are shown. In the lower part 
of panel B, the configuration and 
varieties of the BCR-ABL fusions 
seen in ALL are shown. The el-a2 
transcript is most commonly 
detected in t(9;22)}-positive ALL, 
while the b3-a2 and b2-a2 fusions 
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calibrators with known quantities of a specific target, a cal- 
ibration curve can be plotted with a crossing threshold (y- 
axis) against log concentration (x-axis) for the target of 
interest. The crossing threshold for a control and specific 
gene targets in unknown samples can be derived from their 
PCRs and read off the calibration curve to yield a copy 
number for the target transcript. By contrast, traditional 
methods require multiple amplification reactions in several 
tubes, which is labor-intensive and could lead to inaccurate 
results. 


ONCOGENE AND TUMOR SUPPRESSOR GENE 
MUTATIONS IN HEMATOPOIETIC 
MALIGNANCIES 


The concomitant occurrence of additional genetic aberra- 
tions and chromosomal translocations is common in hema- 
tological malignancies. The RAS oncogene is one of the most 
frequently mutated genes in cancer, and is mutated in up 
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Figure 39-15 Real-time quantitative PCR of BCR-ABL 
transcripts. Serial log dilutions of the plasmids containing the 
BCR-ABL transcripts. Real-time PCR provides a remarkable 
dynamic range of quantification (10° to 10° template copies) in 
this example. The upper panel shows the amplification curves 
obtained using the BCR-ABL containing plasmids and an unknown 
patient sample depicted as a dotted line. Note the regular ~3.3- 
cycle interval between log dilutions. The lower panel shows a 
standard curve (linear regression of cycle number versus log 
template concentration).As indicated by the dotted line in the 
lower panel, the cycle threshold (onset of the log-linear phase of 
the amplification curve) can be used to quantitate the copy 
number of the target in the tested sample, (See Color Plate 4.) 


to 25% to 44% of hematopoietic malignancies and 
myelodysplastic syndromes (MDS).’ The presence of RAS 
mutations has been reported to portend a worse prognosis 
in patients with AML and MDS.**® The mutations are clus- 
tered in “hot spots” occurring at codons 12, 13, or 61, ren- 
dering them fairly easy to detect using different strategies for 
mutation detection, such as single strand conformation 
polymorphism analysis (SSCP) and denaturing gradient gel 
electrophoresis (DGGE). 

Mutations of another tyrosine kinase, FLT3, have been 
described in acute myeloid leukemias.**!* The majority of 
these mutations are internal tandem duplications (ITDs) 
within the juxtamembrane domain (JMD) of the gene, and 
are present in up to 24% of AML cases. ITDs have been iden- 
tified in all FAB subtypes of AML, most frequently in acute 
promyelocytic leukemia (AML FAB-M3). Figure 39-16 (Color 
Plate 5) shows an example of an FLT3 ITD detected by PCR 
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Figure 39-16 Detection of internal tandem duplications of the 
FLT3 gene by PCR and capillary gel electrophoresis of PCR 
products. Capillary electropherograms show clear resolution of 
PCR products. The x-axis represents the sizes of PCR products 
and the y-axis shows the fluorescence intensity, which correlates 
with the abundance of the PCR product. The upper panel shows 
a wild type of pattern (blue peak). The middle panel shows an 
additional peak of greater size than the wild-type peak (biue 
peak on the left). The blue peak on the right represents a FLT3 
internal tandem duplication. The lower panel shows the size 
markers (red peaks) also present in the upper and middle 
panels. (See Color Plate 5.} 


and capillary electrophoresis in a case of acute myeloid 
leukemia, which also demonstrated the presence of the PML- 
RARA fusion transcript. The presence of the ITD was inferred 
by the larger PCR product size (Figure 39-16 [Color Plate 5]) 
and was subsequently confirmed by sequencing. Additional 
mutations distinct from the ITDs occurring in the JMD have 
been described in a subset of AMLs. The most common of 
these is a base substitution occurring at the codon for aspartic 
acid residue 835 in the activation loop of FLT3. D835 muta- 
tions have been identified in 7% of AML, 3% of MDS, and 3% 
of ALLs.'¥ If FLT3 ITDs and activation mutations are com- 
bined, FLT3 may be the most frequently mutated gene in acute 
myeloid leukemia. Mutations in the activation loop of another 
receptor tyrosine kinase C-KIT have been reported in mast 
cell proliferations,” and in a small proportion of AMLs.” 
The P53 gene is a tumor suppressor gene that encodes a 
nuclear phosphoprotein/transcription factor, which regu- 
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lates diverse cellular processes, including DNA repair, cell- 
cycle arrest, and apoptosis. p53 inactivation is associated 
with genomic instability, and deregulated cell cycle entry and 
progression. The p53 gene is the most commonly mutated 
tumor suppressor gene in cancer. p53 mutations are com- 
monly present in a variety of hematological disorders, 
including blast crisis in CML, AML, MDS,'” and adult 
T-cell leukemia/lymphoma.” p53 mutations are also 
implicated in the histological transformation of follicular 
lymphoma into diffuse large B-cell lymphoma” and have 
been described in a small subset of cases of Hodgkin 
lymphoma.” p53 mutations correlate with resistance to 
chemotherapy and portend a worse prognosis." The p53 
mutations are localized mainly to mutational “hot spots” in 
exons 5 to 8 and may be single base substitutions, deletions, 
or insertions. Dominant negative inactivation of critical p53 
protein function can be achieved by a mutation on one allele, 
since the wild type protein can dimerize with mutated pro- 
teins, resulting in functional impairment of p53 protein 
activity. DGGE,” constant denaturant gel electrophoresis,” 
and SSCP” have been used with great success for the detec- 
tion of p53 mutations and can serve as effective screening 
tools in the molecular laboratory. 


MINIMAL RESIDUAL DISEASE DETECTION AND 
MONITORING 


The occurrence of characteristic genetic aberrations and the 
uniqueness of antigen-receptor gene rearrangements in 
lymphoid neoplasia provide an attractive opportunity for the 
exploitation of the high sensitivity and specificity of molecu- 
lar techniques for the detection of minimal residual disease 
and therapeutic monitoring, The sensitivity and specificity of 
molecular techniques in being capable of detecting one 
aberrant cell in a background of 10°% are superior to those 
provided solely by clinical or microscopic examination. 

PCR-based studies have enjoyed their greatest utility for 
the detection of clonal antigen-receptor rearrangements and 
recurrent chromosomal translocations. In antigen-receptor 
gene rearrangements, clonal identity may be established 
either by designing sequence-specific primers for the unique 
antigen-receptor rearrangement, or by sequencing the PCR 
product from the subsequent sample. 

The ideal scenario for the analysis of antigen-receptor 
rearrangements for monitoring of minimal residual disease 
(MRD) requires identification of the sequence of the specific 
clonal antigen-receptor gene rearrangement in the tumor of 
interest, followed by clonality analysis and sequencing of the 
initial and subsequent samples. The antigen-receptor gene 
rearrangement sequences of the initial and subsequent 
biopsies are compared for sequence homology. Alternatively, 
tumor-specific antigen-receptor primers may be designed for 
amplification of the subsequent sample, with successful 
amplification being considered evidence of clonal identity. 

MRD testing using antigen-receptor PCR-based moni- 
toring is especially significant in the pediatric population in 


patients with acute lymphoblastic leukemia/lymphoma.” 
The detection of clonal rearrangements of the antigen- 
receptor genes at the end of induction therapy has been 
shown to be predictive of a high relapse potential.” In 
addition, the demonstration of persistent positivity in suc- 
cessive analyses is a good indicator of future clinical relapse, 
while persistent negativity is indicative of a durable remis- 
sion,’ 

The detection of chromosomal aberrations by PCR-based 
methods continues to evolve as a tool for MRD detection. 
Indeed the clinical significance of the qualitative detection of 
chromosomal translocations has been the subject of intense 
study with varying implications depending on the natural 
biology of the hematological disorder (if present), the 
specific clinical context, the translocation detected, or the 
methodology employed. For instance, t(14;18) has been 
detected in the peripheral blood and reactive lymphoid 
tissues of healthy individuals, leading to uncertainty 
about the significance of the qualitative detection of the 
t(14;18).°°”! Similarly, highly sensitive PCR assays have 
detected the t(9;22) in the peripheral blood of otherwise 
healthy elderly individuals.” 

The implications of qualitative detection of translocations 
vary with the translocation detected. For instance, there is a 
very high risk of relapse associated with the detection of 
residual PML-RARo transcripts after therapy.” By con- 
trast, the t(8;21) AML1-ETO fusion may be detected in 
patients who have sustained and durable clinical remissions 
following treatment. The AMLI-ETO fusion may be also 
detected in patients who have undergone chemotherapy or 
bone marrow transplantation. On the other hand, the 
detection of the t(9;22) BCR-ABL fusion transcript is most 
prognostically significant for relapse if conversion to positiv- 
ity occurs within 6 to 12 months of treatment. The predictive 
value of the presence of the chimeric transcripts can be 
affected by therapy-associated factors, such as graft-versus- 
host disease and type of transplant.” Nevertheless, persistent 
molecular negativity for the BCR-ABL transcript is indicative 
of good response to therapy and favors a durable remission. 

The recent availability of quantitative real-time PCR- 
based assays for the quantitative detection of specific genetic 
alterations holds great promise in the quantification of 
tumor burden, response to therapy, and relapse potential. 
Appropriately done, the tests should be performed at a series 
of regular and successive time-points during the manage- 
ment of the disease. This approach is more apt to identify 
increasing, decreasing, or stabilizing trends in the abundance 
of the translocation product in tested samples. Figure 39-15 
(Color Plate 4) show a quantitative RT-PCR study for the 
BCR-ABL transcript that incorporates several calibrators for 
the determination of the number of copies of the fusion 
transcript present in the sample. An alternative approach 
involves the determination of the ratio of the expression 
levels of the fusion transcript being tested against that of a 
stably expressed house-keeping gene, and monitoring the 
changes that ensue over time. 
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DETECTION OF VIRAL GENOMES 


Viruses involved in the pathogenesis of abnormal prolifera- 
tions of hematopoietic cells include the human T-cell 
leukemia virus type I found in adult T-cell leukemia/ 
lymphoma and Kaposi-sarcoma herpesvirus/human 
herpesvirus-8 (KSHV/HHV8) seen in Kaposi sarcoma, 
primary effusion lymphoma, and multicentric Castleman’s 
disease.” All of these viruses can be detected using the stand- 
ard molecular biology techniques described in this chapter. 
PCR is commonly used because of its speed and ease of per- 
formance. Primer design should take into consideration 
the propensity for shared sequences within related. viruses. 
Optimal specificity can be obtained by designing primers to 
unique portions of the genome of the virus of interest. 
Because of its well-established role in the pathogenesis of a 
variety of lymphoproliferative disorders, Epstein-Barr virus 
(EBV) and its detection are discussed below as an example 
of a virus that may be detected by in situ hybridization. 


EPSTEIN-BARR VIRUS 


EBV was identified in 1964 by Epstein, Achong, and Barr in 
cultured cells obtained from a malignant lymphoma 
described by Dennis Burkitt.** EBV was subsequently iden- 
tified by Werner Henle and colleagues as the cause of infec- 
tious mononucleosis.” EBV is a lymphotropic virus that has 
been associated with several malignant neoplasms including 
endemic Burkitt lymphoma, nasopharyngeal carcinoma, 
nasal T/NK-type lymphoma, and some subtypes of Hodgkin 
lymphoma. EBV is also implicated in the pathogenesis of the 
majority of posttransplant lymphoproliferative disorders.” 


Figure 39-17 In situ hybridization (ISH) for the Epstein-Barr 
virus (EBY). ISH hybridization for EBV shows numerous positive 
signals (dark-blue spots) for EBV using the EBER-| probe. The 
tissue sample was obtained from a solid-organ transplant patient 
who developed widespread nodal and extranodal masses. The 
positive reaction for EBV in this assay supports a diagnosis of 
posttransplant lymphoproliferative disease. (See Color Plate 6.) 


Figure 39-17 (Color Plate 6) shows an example of positive 
EBV in situ hybridization in a case of posttransplant lym- 
phoproliferative disease. 

EBV is an enveloped icosahedral virus containing a 
double-stranded DNA genome of 172 kb with more than 100 
open reading frames, potentially encoding an equivalent 
number of proteins.° The precise size of each virion varies 
from particle to particle because of the presence of tandemly 
repeated sequences, each 500bp long, present in the virus 
termini: Viral tropism is mediated via attachment of the 
gp350/220 viral envelope protein to the complement receptor 
type 2 C3d (CR2) or CD21."” The virus exhibits tropism 
for B-cells, some T-cells, dendritic cells, and epithelial cells. 
After infection, typically via the oropharyngeal mucosa, EBV 
undergoes lytic replication in vivo. In the lytic replication, the 
linear genome is duplicated, assembled into viral capsid, and 
eliminated from the cell by budding or lysis. By contrast, B- 
cells are efficiently immortalized by EBV in vitro. In immor- 
talized cells, the viral genome is circularized by fusion of the 
termini (episomal), and the viral infection is latent with lack 
of production of viral particles. In the latent phase, viral 
replication occurs coordinately with host cell division. 
During latent infection, 11 genes are actively transcribed, 
including 6 nuclear antigens (EBNA-1, -2, -3A, -3B, -3C, 
-LP), 3 membrane proteins (latent membrane proteins 
LMP-1, -2A and -2B), and 2 EBV-encoded small non- 
polyadenylated RNAs (EBER-1/-2).’ The EBERs are present 
at very high copy numbers in the nuclei of latently infected 
cells. The abundance of this transcript makes it attractive 
for detection of latent EBV infection in cells and tissue speci- 
mens by in situ hybridization (see Figure 39-17 [Color Plate 
6]). Three latency patterns of expression have been described 
that relate to the expression of latency gene products. In 
latency pattern I, exemplified by Burkitt lymphoma cells, 
EBNA-1 is the only antigen that is expressed. In latency 
pattern H (exemplified by Hodgkin lymphoma), EBNA-1 
and LMP-1 are expressed, and in latency pattern III (exempli- 
fied by posttransplant lymphoproliferative disease), all 
nuclear and latent membrane antigens are expressed. Based 
on the premise that one virion infects one host cell, and each 
virion has a unique number of terminal repeats with each 
episome being exactly replicated in all of its progeny, the 
clonality status of different cell populations has been assessed 
using probes complementary to the EBV termini by SBH 
analysis.” Genomic probes that are complementary to 
sequences adjacent to the EBV termini (called terminal 
repeat region probes) are used. In this assay, a specimen yield- 
ing a single size of episomal EBV DNA is considered mono- 
clonal. This is based on the premise that all of the cells arose 
from a parent cell containing the same EBV DNA episome 
that was replicated in the progeny. By contrast, a sample 
yielding various sized episomes, with a ladder pattern in 
which fragments differ by 500 bp, is indicative of a polyclonal 
population wherein each progenitor cell harbored a different 
EBV DNA episome.” An obvious advantage of using EBV 
terminal repeat probes for assessment of clonality is that it 
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can also be used for assessment of clonality in EBV-positive 
nonhematopoietic neoplasms (e.g., nasopharyngeal carci- 
noma) in which antigen-receptor gene rearrangements are 
not informative.” EBV in situ hybridization using probes tar- 
geting the EBER-1 transcript has contributed significantly to 
the identification of EBV in several hematopoietic and non- 
hematopoietic disorders. 


IN SITU HYBRIDIZATION — 


The ability to visualize the cellular localization of different 
gene products is an important aspect of molecular biology 
and pathology. In situ hybridization (ISH) permits identifi- 
cation of the exact cellular location of target DNA or RNA 
in cytological preparations or microscopic sections. ISH uses 
a nucleic acid (DNA or RNA) probe that is complementary 
to the gene sequence of interest. The probe may be labeled 
by nonisotopic or radioisotopic methods. ISH hybridization 
of fixed paraffin-embedded tissue sections entails initial 
dissolution of paraffin in xylene and serial rehydration in 
aqueous solutions of ethanol with decreasing ethanol con- 
tents (“graded ethanols”). For DNA targets, the tissue section 
is subjected to denaturation, followed by application of 
the probe for hybridization. Several washing steps with 
modulation of stringency (temperature, ionic/salt con- 
centration) are necessary to ensure specificity of the 
hybridization. Development of signals indicative of specific 
hybridization depends on the system used. Colorimetric 
detection using the avidin-biotin system and peroxidase 
chemistry with a substrate (e.g., diaminobenzidine) yielding 
a visible precipitate is currently favored for light microscopic 
applications. 

ISH is versatile and can be used for the detection of 
viral targets and for a number of other diagnostic tests 
including in the assessment of B-cell clonality by light chain 
restriction. Recent developments that have led to widespread 
utility of ISH include the development of nonfluorescent 
chromophore in situ hybridization protocols that permit 
the ISH analysis of a variety of targets using the light 
microscope.* 


POTENTIAL OF MICROARRAYS IN MOLECULAR 
DIAGNOSTICS OF HEMATOLOGICAL 
MALIGNANCIES 


The recent advent of high-density oligonucleotides or cDNA 
array formats that permit the simultaneous evaluation of the 
expression status of thousands of genes in a single hybridiza- 
tion experiment promises to revolutionize the molecular 
diagnosis of hematological malignancies. Microarrays are 
prepared by immobilization of nucleic acid sequences onto 
glass slides.” In the cDNA hybridization format, the expres- 
sion level of a transcript in one sample is compared with that 
in another sample in a competitive hybridization. The mRNA 
from the samples of interest is extracted and reverse tran- 
scribed to produce cDNA. cDNA from each sample is labeled 


with a different fluorophore—such as Cy5, which emits in the 
red spectrum, and Cy3, which emits in the green spectrum. 
The labeled samples are mixed and hybridized to the array. 
The hybridization signals are captured by a laser confocal 
microscope scanner. The ratio of Cy5/Cy3 fluorescence for 
each gene (i.e., red versus green) is computed and yields data 
that reflect the relative levels of expression of the interrogated 
gene in the test and the reference samples. 

The technique provides an impressive dynamic range for 
quantification of several genes in a single experiment, and 
permits the determination of profiles that reflect the mo- 
lecular signature of a specific tumor category. Integration of 
the vast amounts of information obtained from microarray 
experiments requires the use of sophisticated bioinformatics 
tools and algorithms to obtain biologically meaningful 
information.**” Microarrays have been used in class dis- 
tinction,” class discovery,’ and class prognostication of out- 
comes in processes with distinct expression profiles.”'™ 
More recently, microarray analysis has been employed in the 
elucidation of molecular and cellular signaling pathways that 
are involved in the pathogenesis of hematopoietic malig- 
nancies.” The potential of this technology to reveal novel 
markers for accurate disease diagnosis and prognosis, and 
markers of chemoresistance or predictors of rapid response 
to therapy makes it attractive for molecular diagnostics of 
these conditions. It is envisaged that smaller, highly predic- 
tive gene sets will be assembled in disease-related diagnostic 
“chips” for the assessment of specific categories of hemato- 
logical malignancies and other diseases. 


CONCLUSIONS 

Hematopoietic neoplasms are associated with distinctive 
molecular aberrations that are amenable to diagnostic 
detection. In addition, the identification of the molecular 
abnormality in many cases also carries important prognos- 
tic information and disease-specific implications for treat- 
ment. The choice of methodology depends on the nature of 
the aberration being evaluated, the nature of the available 
samples, and the sensitivity afforded by the available 
methodologies. Technical issues aside, the potential contri- 
bution of a test must be evaluated for each patient individ- 
ually. Most importantly, molecular tests should be used as 
adjunctive tools in the evaluation of the patient, and should 
never be used in isolation without consideration of clinical 
findings. The management of a patient should incorporate 
the entire complement of available clinical and diagnostic 
information, including flow cytometry and morphological 
findings on peripheral blood, biopsies, and bone marrow 
aspirates, Ideally, all this information could be analyzed and 
synthesized to produce a final diagnostic report that incor- 
porates these findings. 
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chain reaction (PCR) for the diagnosis of sickle cell 

anemia in 1985, numerous applications of PCR have 
been described.** The invention of PCR coupled with 
advances in computer technology and the chemistry of flu- 
orescent molecules have revolutionized the field of human 
genetics and enabled the accelerated completion of the 
Human Genome Project. In more recent years, the Internet 
has enhanced the growth of this discipline and aided in a 
phenomenal number of discoveries by enabling rapid 
exchange of information and unrestricted communication 
among investigators around the world. 

This chapter will review deoxyribonucleic acid (DNA) 
testing for some of the more common inherited autosomal 
recessive, autosomal dominant, and X-linked genetic dis- 
eases, and discuss testing of several mitochondrial, imprint- 
ing, and complex diseases. Since molecular testing for 
inherited diseases has impacted virtually every discipline of 
clinical medicine, the reader should refer to other chapters 
within this textbook for discipline-specific diseases, includ- 
ing inherited disorders of erythrocyte enzymes (see Chapter 
21) and inborn errors of carbohydrate metabolism (see 
Chapter 25). In this rapidly evolving area of diagnostic 
testing, although testing for the same disease occurs in many 
clinical laboratories, multiple methodologies can be used to 
achieve the same sensitivity and specificity. Similar to other 
areas of laboratory medicine, the methodology chosen by the 
DNA laboratory is determined by the expected volume for 
the test, the availability of personnel to perform the assay, 
the current instrumentation within the laboratory, and the 
accessibility of funds for capital equipment. 

In conjunction with the scientific discoveries that have 
been made in the area of human genetics, equally explosive 
has been the public awareness of DNA and genetic diseases 
through the media and the Internet. During the next 20 
years, we as scientists and as a society will debate various 
issues, Which genetic tests will be used for routine carrier or 
diagnostic screening? Who has a right to know the results of 
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genetic testing? The insurance company? The employer? Will 
knowledge of this information cause discrimination or 
stigmatization? Once we begin to unravel the interaction 
between genetic and environmental factors, can insurance or 
healthcare coverage be denied to the person who engages in 
a lifestyle likely to cause disease based on their genetic pre- 
disposition? How will the healthcare system absorb the cost 
of these expensive assays? Can the healthcare community be 
trained to understand complex principles of genetics and 
provide comprehensive counseling? Can a person’s genetic 
makeup predisposing them to aberrant behavior provide a 
defense in a court of law? To what extent will manipulation 
of genetic material be tolerated in our society? Will most 
couples undergo in vitro fertilization and preimplantation 
genetic screening to choose the embryo with the most desir- 
able genes? Will cloning be allowed? Will embryonic stem 
cell research be routine? Although it is difficult to predict 
what the future will bring, one thing is clear: the future will 
be both scientifically and intellectually stimulating, yet no 
doubt controversial. 


DISEASES WITH MENDELIAN INHERITANCE 
AUTOSOMAL RECESSIVE DISEASES 


An individual with an autosomal recessive disease has inher- 
ited two abnormal alleles at a given locus by receiving one 
mutant allele from each carrier parent, and the disease- 
causing gene is on one of the autosomes (1 to 22) and nota 
sex chromosomes (X or Y). Typically the carrier parent with 
one abnormal allele has no clinical features of the disease yet 
possesses a 50% risk of donating the mutant allele to his or 
her offspring. Matings in which both partners are carriers of 
an abnormal allele have a 25% chance of having a child with 
both normal alleles, a 50% chance of having a child that has 
received only one abnormal allele, and a 25% chance of 
having an affected child. The affected patient may be 
homozygous for a specific mutation by receiving the same 
mutation from each parent or may be a compound 
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heterozygote having received a different mutation within the 
gene from each parent. Regardless of the mechanism, the end 
result is the same; the patient has no normal allele. However, 
the specific mutations present in the patient can affect the 
clinical severity of the disease. In pedigrees illustrating auto- 
somal recessive disorders, both males and females are equally 
affected, and for rare diseases, consanguinity is likely to be 
observed. 


Cystic Fibrosis 

Cystic fibrosis (CF) is one of the most common autosomal 
recessive diseases in people of Northern European ancestry 
with an estimated incidence in the United States of about 1 
in 3200 and a carrier frequency of about 1 in 29.” The fre- 
quency of the disease within other ethnic populations is 
much lower with an estimated incidence of 1 in 9200 in U.S. 
Hispanics, 1 in 10,900 in Native Americans, 1 in 15,000 in 
African Americans, and 1 in 31,000 in Asian Americans.” 
CF is a multisystem disorder affecting the pulmonary, gas- 
trointestinal, and reproductive organs. However, the pheno- 
typic expression of the disease is heterogeneous, ranging 
from meconium ileus and severe respiratory disease in 
infants to mild pulmonary symptoms and no evidence of 
gastrointestinal problems even in adulthood. Morbidity and 
mortality of the disease are most related to mucus accumu- 
lation; recurrent infections with unusual pathogens, such as 
Pseudomonas aeruginosa; and excessive inflammation in the 
lung. Although in the past, CF resulted in death in early 
childhood for most patients, the U.S. Cystic Fibrosis Foun- 
dation reported in September 2000 that the median survival 
age among 22,301 patients ranging from 1 month to 74 years 
was 32.2 years, with about 40% of patients living past the age 
of 18. This represents a significant increase from just 
1 decade earlier (1990) when data from 17,857 patients 
showed the median age at 12.5 years, with about 33% of 
patients representing adults.’* The increased survival age is 
largely caused by organ transplantation, improved nutrition, 
and new drug therapies and is likely to continue to increase 
with the potential of successful gene therapy to the lung 
during the next decade.’ 

The severity and frequency of the disease led to an inten- 
sive search for the gene. The gene was mapped to 7q31 (long 
arm of chromosome 7, banding region 31) in 1985 and was 
subsequently cloned in 1989.* The CF gene is extremely 
large, containing 27 exons and producing a transcript of 
‘approximately 6:5kb. It codes for the CF transmembrane 
conductance regulator protein (CFTR) of 1480 amino acids. 
CFTR consists of two repeated motifs, each containing six 
hydrophobic transmembrane domains and one hydrophilic 
intracellular nucleotide-binding fold connected by a highly 
charged regulatory domain site.“’ The molecule is located 
within the lipid bilayer, predominantly at the apical mem- 
brane of secretory epithelial cells where it serves as a cyclic 
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adenosine monophosphate (cAMP)—activated chloride ion 
channel to regulate chloride ion conductance.’ In addition 
to chloride conductance, the molecule is involved in trans- 
port of sodium, potassium, and ATP from the intracellular 
compartment to the extracellular surface.” A routine 
sweat chloride concentration determination is considered 
necessary for the diagnosis of CF (>60 mmol/L in childhood; 
>40mmol/L older than 15 years), although some patients 
with CFTR mutations may have borderline or even normal 
results,'1147225754 These atypical patients may have only 
congenital bilateral absence of the vas deferens (CBAVD), 
pancreatitis, pulmonary disease, or nasal polyps. Thus 
although the diagnosis of CF can easily be made in patients 
with characteristic clinical features and abnormal sweat 
chloride concentrations, in patients with atypical presenta- 
tion, mutations in the CFTR gene cannot be excluded 
without complete sequence analysis of the gene. The wide 
clinical diversity among CF patients in part is because of 
varying effects on the CFTR protein caused by more than 
1000 mutations identified in the CFTR gene thus far.”® 
However, it is also possible that the “nonclassic” CF pheno- 
type is caused by factors other than mutations in the CFTR 
gene.” 

Since CF is an autosomal recessive disorder, the CF 
patient must have two mutant CFTR alleles to develop the 
disease. Some mutations are “private” and unique to a family, 
and others may be common among CF patients. Patients will 
be homozygous with two copies of the same mutation or will 
represent a compound heterozygote with one copy of one 
mutation and one copy of a second mutation. Although the 
type and location of the mutation vary in their effect on 
CFTR and ultimately affect the phenotype of the patient, 
environmental factors and less characterized modifier genes 
also appear to be important in modulating the CF disease 
phenotype.* The CFTR genotype and clinical, phenotype 
are most closely related for pancreatic involvement and 
least closely related for pulmonary manifestations of the 
disease. Idiopathic juvenile patients with chronic pan- 
creatitis have almost five times the expected carrier fre- 
quency of CFTR mutations, perhaps suggesting that CFTR 
carriers are predisposed to pancreatitis in the presence of 
other undefined pathogenetic factors, or perhaps these 
represent atypical patients with CF whose second gene 
mutation was not identified.” Further, although CBAVD is 
considered the primary congenital form of CE, most patients 
with CBAVD do not have two CFTR mutations'”; only 19 of 
102 patients had two detectable CFTR mutations, and 54 
patients had only one detectable CFTR mutation.'” Inter- 
estingly, 34 of these 54 (63%) had a rare DNA variant in 
intron 8 (called 5T, a sequence of five thymidines) in their 
second allele that is present in <5% of the general popula- 
tion. When present, the 5T variant affects the efficiency of 
exon 9 splicing and without exon 9, the chloride channel is 
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not functional. In 29 CBAVD patients, no CFTR mutations 
were identified, but 7 (24%) had the 5T variant. Thus in 
CBAVD, the 5T variant allele is present and in trans (on the 
opposite allele) with a second CFTR mutation or is associ- 
ated with the more common 7T allele when it is in cis (on 
the same allele) with CFTR mutation R117H (ie., with R, 
arginine, in place of H, histidine, at amino acid 117). Inter- 
estingly, if the 5T allele is in cis with mutation R117H, it is 


associated with a classic CF phenotype rather than 


CBAVD. 

The types of mutations in CFTR can illustrate the associ- 
ation of the genotype with the phenotype. Mutations can be 
divided into five classes, Patients with class 1 mutations have 
defects in protein production, and class 2 mutations are asso- 
ciated with defective processing of CFTR. In both cases, 
CFTR trafficking to the cell membrane does not occur, and 
both class 1 and class 2 mutations are typically associated 
with a severe phenotype. Class 3 and 4 mutations have CFTR 
expression at the cell membrane, but channel activity is 
reduced, Class 3 mutations can be associated with a more 
severe phenotype and result from defective regulation, and 
class 4 mutations can be mild and result from defective con- 
duction. Class 5 mutations are associated with abnormal 
splicing of the CFTR messenger ribonucleic acid (mRNA) 
and may be associated with a severe phenotype (621+ 
1G>T) or a mild phenotype (2789+ 5G>A). The most 
common mutation, deltaF508, seen in about 70% of CE 
chromosomes in Caucasians of Northern European descent, 
affects processing of CFTR and prevents its trafficking to the 
apical membrane." Prevalent mutations G542X and 
W1282X cause premature translation termination and thus 
truncation of the protein.”” The frequently observed muta- 
tion G551D results in CFTR that reaches the apical 
membrane but that improperly regulates the chloride 
channel”? 

DNA testing for the identification of CFTR mutations is 
performed for a variety of reasons (Box 40-1). DNA testing 
is performed to confirm the diagnosis of disease in patients 
with equivocal sweat chloride results or in instances when 
insufficient material is collected. Alternatively, in the known 


Confirm diagnosis 
Determine prognosis 

Family member testing 
Newborn screening 
Preconception couples 
Expectant couples 

Prenatal testing—at-risk fetus 
Prenatal testing—echogenic bowel 
Preimplantation diagnosis 
Infertile male with CBAVD 
Semen and oocyte donors 


CF patient, mutation analysis can be requested to help 
predict the prognosis since some genotype-phenotype cor- 
relations exist. At the same time, identifying the mutations 
segregating in a family enables preimplantation diagnosis or 
prenatal testing for subsequent pregnancies and carrier or 
diagnostic testing for other at-risk family members. Simi- 
larly, state-sponsored newborn screening programs have 
detected infants with CF and at the same time have identi- 
fied at-risk family members and enabled genetic testing.“ 
In addition, newborn screening allows for early diagnosis 
and intervention of patients, which has been associated with 
reduced severity of lung disease and increased survival.”** 
Some families referred for prenatal CF testing have no family 
history of CF. Rather, in these families, hyperechogenic 
bowel was diagnosed in the fetus on routine ultrasonogra- 
phy. In one study of 209 fetuses, 7 were subsequently given 
the diagnosis of CE, which is about 84 times the estimated 
risk of CF in the general population.™ 

The most challenging and controversial DNA testing for 
CE is carrier screening for preconception and expectant 
couples. Carrier screening in these circumstances was rec- 
ommended in October 2001 by the American College of 
Obstetricians and Gynecologists (ACOG) in conjunction 
with the American College of Medical Genetics (ACMG).” 
With the heterogeneity of CFTR mutations, testing for more 
than 1000 mutations in this population would be a daunt- 
ing task. For this reason, a core panel of 25 mutations was 
proposed as a minimum standard for CF carrier screening. 
The mutations initially proposed included those with an 
estimated prevalence of at least 0.1% of CF mutant alleles; 
this yields a CF carrier detection rate of about 88% for non- 
Hispanic Caucasians.” Slight variations in the reported. 
frequencies of these mutations in nonHispanic Caucasian 
alleles have recently been described, but the overall detection 
rate remains at about 88%** (Table 40-1). The intent of the 
screening panel was to identify individuals at risk for classi- 
cal CE, not CBAVD, and thus it is recommended that the 5T 
and/or 7T or 9T status be evaluated only in the presence of 
mutation R117H. 

The standard of care recommended by the ACOG is to 
offer CF testing to preconception or expectant couples, a 
very large group of people. The social and technical issues 
surrounding this testing are complex. Various methods are 
commercially available to reduce the number of laboratories 
performing “home brew” assays, and standards and guide- 
lines for CFTR mutation testing have been proposed*” 
(Figure 40-1 and Color Plate 7). Further standardization for 
reporting of these complex results has been recommended, 
although adherence to these standards is not ideal.” 

Social issues associated with population screening for this 
genetic disease are in part rather specific to this program 
(such as the enormous number of mutations in this huge 
gene), but many others are illustrative of issues that surround. 
genetic testing in general. The issues surrounding this 
program include: (1) the inability to detect CF carriers with 
CFTR mutations other than the 25 included in the screening 


1486 Section V Molecular Diagnostics and Genetics 


TABLE 40-1 ACMG/ACOG Mutation Panel for 
Preconception and Prenatal CF Carrier 
Screening VVith Frequency. of Each 


Mutation in Non-Hispanic CF Caucasian 
Alleles® 


Frequency (%) 


228 
25 

O21 FIG To o i *1.57 

WRX eee paa 150 


N1303K 


3659delC 
JA455E n 
G85E_ 
-R1162X 
-2184delA 
“1898 +:1G>A 
R334W. 


*Frequencies represent the “average” frequency of the mutation as 
determined from the comparison of two data sets by Palomaki et al.* 


panel, (2) the need for appropriate genetic counseling of 
patients before their consenting to the analysis, (3) the need 
for proper understanding of the possibility of a false-negative 
result, (4) stigmatization of being a “carrier” of a genetic 
disease, (5) threats to confidentiality of results, (6) effects on 
health insurability, and (7) possible increase in the number 
of abortions following the identification of previously un- 
known affected fetuses. In addition to these social and/or 
ethical issues, opposition to this screening panel has also 
arisen over the set of mutations included in the panel because 
those currently selected underrepresent the mutations found 
in minorities," Tt is likely that mutations in the 
CFTR screening panel will change as carrier screening evolves 
and the program is critically evaluated” 


Hereditary Hemochromatosis 


Hereditary hemochromatosis (HH) is an autosomal reces- 
sive disorder of iron regulation that can result in excess iron 


deposition in otherwise healthy tissue. Affected individuals 
can absorb approximately 3 to 4mg of iron per day com- 
pared with the normal rate of 1 to 2mg per day. Symptoms 
associated with this disease occur during mid to late adult- 
hood, but the diagnosis of HH is often delayed, because the 
early symptoms of weakness, lethargy, joint pain, 
and abdominal pain are nonspecific. Complications of the 
disease include hepatic cirrhosis, diabetes mellitus, hypopi- 
tuitarism, hypogonadism, arthritis, and cardiomyopa- 
thy. The incidence of the disease is estimated to be 
about 1 in 200 to 400, making HH one of the most common 
genetic disorders known. However, the phenotypic expres- 
sion of the disease is dependent on other genetic and envi- 
ronmental factors. The disease is more common in men than 
women presumably because of the protective effect of iron 
loss during menstruation and pregnancy. In addition, 
although regular blood donation is protective against HH, 
increased. alcohol consumption, dietary iron, or vitamin C, 
an enhancer of iron uptake, increases the likelihood of symp- 
toms in the presence of an affected genotype.” Laboratory 
testing for hemochromatosis most often includes determi- 
nation of transferrin saturation [(serum iron/total iron 
binding capacity) x 100] and serum ferritin with a satura- 
tion >55% to 60% considered abnormal for men, >45% 
to 50% abnormal for women, serum ferritin >400 ug/L 
(400 ng/mL) abnormal for men, and >200 ug/L (200 ng/mL) 
abnormal for women. These tests may be ordered singly or 
in combination. Subsequently a liver biopsy often follows to 
determine the amount of stainable iron and the degree of 
injury.’ Management of the disease includes therapeutic 
phlebotomy and dietary avoidance of medicinal iron, 
mineral supplements, excess vitamin C, and uncooked 
seafoods.” 

In 1976 Simon et al reported an association of human 
leukocyte antigen (HLA)-A3 and HLA-B14 antigens with 
idiopathic hemochromatosis, which suggested that the HH 
gene was located near the major histocompatibility complex 
(MHC) on chromosome 6p (short arm of chromosome 
6). Classic genetic studies confirmed linkage of the HH 
gene to the HLA locus, and in 1996 Feder et al cloned the 
HH gene, HFE.'*?**°?! Although HFE remains the primary 
gene associated with hemochromatosis, other genes have 
been mapped or cloned that are associated with dominantly 
inherited hemochromatosis (SLC11A3, ferroportinl, and H- 
ferritin) and with juvenile and rare autosomal recessive 
(TFR2) forms of hemochromatosis. Additional genes associ- 
ated with iron metabolism likely exist.* 

The HFE gene protein, HFE, encodes a 8,-microglobulin- 
asociated protein with structural resemblance to MHC class 
I proteins. The HFE gene contains seven exons spanning 
about 12kb, and the 4.1kb mRNA is widely expressed 
with some suggestion of higher expression in the liver and 
intestine, major sites of iron metabolism in the body, and to 
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Figure 40-1 CF mutation-detection assay CF Gold 1.0 developed by Roche Diagnostics Corp. 
Thirty to 45 ng of patient DNA is amplified in a multiplex amplification reaction. Amplicons are 
denatured and hybridized to membrane-bound oligonucleotide probes specific for 25 normal (n) 
and corresponding mutant (m) alleles. Lane | represents the pattern obtained from patient DNA 
in which none of the 25 common mutations is present; bands detected correspond only to 
normal alleles. Lane 2 represents the pattern obtained from patient DNA in which mutation 
W1282X is present in one allele, since bands corresponding to both nW 1282X and mW1282X 
are present. in lane 3, mutation R553X is present in one allele since bands corresponding to 
mR553X and nR553X are present. Lanes 2 and 3 could represent CF carriers or could represent 
DNA from patients with CF for whom only one of their two mutations is identified. In the latter 
case, the second disease-causing mutation must be a mutation other than one of the 25 
represented in this panel. Conversely, lane 4 represents patient DNA in which two copies of 
mutation 3849 + }OkbC>T are detected. Note that no band corresponding to n3849 + [O0kbC>T 
is present. Lane 5 represents DNA from a CF patient who is a compound heterozygote with 
mutation delta F508 present on one allele and mutation NI303K present on the second mutant 
allele. Detection of 5, 7, or 9 T polymorphism in intron 8 has not been determined in these 
patients but can be performed by this assay. The strip contains oligonucleotide probes for the 
determination of this polymorphism in patient DNA above the reference line. However, before 
testing, this part of the strip is removed and is only performed as a reflex test if mutation 
RII7H is detected. (See Color Plate 7.) 
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a lesser degree in the brain.” Normal HFE binds to the 
transferrin receptor and reduces its affinity for iron-loaded 
transferrin. >65% Interestingly, although HFE is widely 
expressed in the gastrointestinal tract, the most abundant 
immunochistochemical staining for the protein is in the crypt 
enterocytes, where it has a distinct intracellular localization 
suggesting that its function is to sense the level of body 
iron stores and regulate, rather than directly participate in, 
iron absorption.“”® HFE knockout mice exhibit profound 
abnormalities in iron homeostasis and likewise have signifi- 
cantly decreased iron uptake from the plasma by the 
duodenum.” ®®! 

A founder effect, suggested by linkage disequilibrium 
between HLA haplotypes and the HFE gene, was confirmed 
in two studies by the identification of homozygosity for a 
common mutation, G-to-A base pair substitution, in 148 of 
178 (83%) and 121 of 147 (82.3%) HH patients.*'” This 
mutation results in a cysteine-to-tyrosine substitution at 
amino acid 282 (C282Y) in HFE and disrupts disulfide 
bridges required for normal interaction with B,-microglob- 
ulin on the cell surface and allows for high-affinity transfer- 
rin binding to the uncomplexed transferrin receptor. "+ 
The allele frequency of this mutation is 0.05 in Caucasians, 
0.01 in Hispanics, and as low as 0.0067 in African Ameri- 
cans.“* Although carriers of this mutation have been 
reported to have a twofold increased risk for acute myo- 
cardial infarction compared with noncarriers, they do not 
have higher transferrin saturation or ferritin than C282Y 
noncarriers.°°™" 

A second base substitution of C-to-G in exon 2 and 
resulting in a histidine (H) to aspartic acid (D) substitution 
at codon 63 (H63D) has been identified in a higher per- 
centage of C282Y-negative HH patients than would be 
expected based on the frequency of this mutation in the pop- 
ulation.’” This mutation is observed in 89% of HH chro- 
mosomes that do not have mutation C282Y compared with 
a frequency of 15% to 17% in Caucasian control HFE 
genes.’ HFE, with this alteration, is expressed at the cell 
surface, but its interaction with the transferrin receptor is 
altered, resulting in more iron deposition within the 
cells The frequency of mutation H63D is lower in 
African Americans (0.026) and Hispanics (0.10).** Mutation 
H63D is associated with an increased risk of developing a 
mild form of hemochromatosis, but appears to have little 
effect for causing disease when inherited by itself (wild type 
and/or H63D), which represents 2.5% of HH chromosomes, 
or when two copies of the mutation are inherited 
(H63D/H63D), which is seen in 1.4% of HH patients." 
Although many compound heterozygotes (C282Y/H63D) in 
the general population are asymptomatic, H63D may con- 
tribute to disease when inherited with mutation C282Y since 
4.5% of HH patients have this genotype, although interest- 
ingly, these patients display variability in liver histological 
findings and iron indices.°?7877967919 

More recently a third common mutation in the HFE gene 
has been reported that is associated with a mild form of 
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H63D C282Y 
Figure 40-2 Detection of mutations H63D and C282Y in the 
HFE gene. Patient DNA is amplified by PCR using 
oligonucleotide primer pairs that flank either mutation H63D or 
C282Y, respectively. For detection of mutation H63D, 207 bp 
PCR products are digested with restriction endonuclease Bcl 
and subjected to electrophoresis on a 5% polyacrylamide gel 
(left). Mutation H63D results from a C-to-G base substitution 
and destroys a Bcf] site thereby preventing digestion of 207 bp 
fragments into 137bp and 70bp fragments. Detection of 
mutation C282Y uses digestion of 390-bp amplified products 
with restriction endonuclease Rsal and electrophoresis on a 5% 
polyacrylamide gel (right). Mutation C282Y results from a G-to- 
A base substitution and creates an Rsal site within the amplicons 
cleaving 140-bp fragments to [10-bp and 30-bp fragments. In 
patient one (lanes |), the H63D-specific 207-bp amplification 
products are not digested with Bc!| to yield wild-type bands of 
137bp and 70bp, thereby indicating that the restriction site has 
been lost in both alleles. Conversely the C282Y-specific 
amplicons from patient one yield exclusively wild-type bands of 
250-bp and 140-bp fragments. Genotype for patient one is 
interpreted as mutation H63D, wild-type C282Y on both alleles. 
Genotype for patient two (fanes 2) is wild-type H63D, wild-type 
€282Y on both alleles. Genotype for patient three (lanes 3) is 
wild-type H63D, m C282Y on both alleles. Patient four (lanes 4) 
is a compound heterozygote with mH63D, wild-type C282Y on 
one allele and wild-type H63D, mC282Y on the second allele. 
Lanes 5 represents control DNA heterozygous for mutations 
H63D and C2827. 


hemochromatosis.”*” This A-to-T mutation results in a 
serine-to-cysteine substitution at codon 65 (S65C) in exon 2 
and is in close proximity in the gene to the previously 
described H63D mutation. In one study, mutation S65C was 
detected in 2.49% of normal controls yet was identified in 
10 of 128 (7.8%) of HH chromosomes that coded for neither 
C282Y nor H63D.*” Thus although C282Y is the primary 
mutation in HFE associated with HH, compound heterozy- 
gotes C282Y-H63D and C282Y-S65C have an increased risk 
of developing HH, thus suggesting their role in the develop- 
ment of HH. 

DNA analysis of the HFE gene is done using a variety of 
methodologies and in most laboratories includes testing for 
mutations C282Y and H63D (Figure 40-2). Once HFE muta- 
tion analysis has confirmed the cause of HH in the patient, 
transferrin saturation (TS), serum ferritin, and DNA testing 
of at-risk family members can identify those who may 
benefit from earlier treatment and dietary restrictions.” 
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HH is illustrative of common problems in screening for 
genetic disorders. Since HH is a common disorder with clin- 
ical symptoms that can be prevented with easy and inex- 
pensive early intervention, population-based screening for 
HH has been considered.™"”° If DNA-based testing were to 
be used in an attempt to identify HH patients, stigmatiza- 
tion and discrimination in HFE-positive patients could 
result. Moreover, because of incomplete penetrance, many 
people with mutations will neither have nor ever develop 
iron overload.>** Phenotypic measurements of transferrin 
saturation or serum ferritin could be more appropriate than 
genotypic studies for population-based screening for HH, 
but these results can also be misleading since iron overload 
can occur from a host of other conditions unrelated to 
hemochromatosis and mutations in HFE.®* For these 
reasons and others, national population-based screening 
programs have not been implemented. However, a compre- 
hensive, multicenter, 5-year, multiethnic study involving 
100,000 adults is in progress to evaluate the prevalence, 
genetic, and environmental factors associated with HH and 
the personal and societal impact of screening and diagnosis. 
The information obtained from this Hemochromatosis 
and Iron Overload Screening (HEIRS) study will assist in 
determining policy regarding the feasibility, logistics, and 
associated benefits of population screening. ® 


Carbamyl Phosphate Synthetase I Deficiency 


Carbamyl phosphate synthetase I (CPSI) deficiency is an 
autosomal recessive inborn error of metabolism with an esti- 
mated incidence of about 1 in 62,000 in the United States to 
as low as 1 in 800,000 in Japan.“ The frequency of 
the disease may actually be higher in regions of the world 
with a higher percentage of consanguineous matings, and 
reported frequencies do not account for the undiagnosed 
neonates that die in the first few days of life. The affected 
newborn appears clinically normal but within the first 24 to 
72 hours develops vomiting and lethargy, and as blood 
ammonia levels continue to rise, coma and death are immi- 
nent unless treatment is initiated immediately. Although a 
delay in diagnosis and treatment is associated with a worse 
prognosis, the disease is rare, the symptoms are rather non- 
specific, and diagnosis is often delayed. The condition 
can be first interpreted as sepsis. Once the diagnosis is 
made, sodium benzoate and sodium phenylacetate can be 
started,**°* and hemodialysis may be required to further 
reduce ammonia levels and prevent irreversible brain 
damage and death arising from cerebral edema. 
Prospective treatment in at-risk patients to prevent hyper- 
ammonemia improves neurological outcome. Labora- 
tory findings include increased plasma ammonia; low 
plasma urea; decreased or absent plasma citrulline and argi- 
nine; normal urine orotic acid; and normal urine organic 
acids.’ The diagnosis is confirmed by a liver biopsy for mea- 
surement of CPSI activity. In most patients, CPSI enzyme 
activity less than 20% of controls is consistent with CPSI 
deficiency, and activity less than 5% results in neonatal pre- 


sentation. However, a few patients have been reported with 
partial CPSI activity that was associated with late or adult 
presentation, 866 The chronic phase of the disease is 
treated with a nitrogen-restricted diet, citrulline, and chronic 
sodium phenylbutyrate to reduce the blood ammonia.” 
Management of this urea cycle disorder is complex and is 
most effective with immediate intervention and a multidis- 
ciplinary effort.’ Liver transplantation can be an effective 
form of treatment.” 

The CPSI gene is mapped to 2q35, spans >120 kb, com- 
prises 38 exons, and consists of a 123-nucleotide 5’-untrans- 
lated region, an open reading frame of 4500 nucleotides, and 
1123 nucleotides in the 3’-untranslated region. Exons 
range in size from 56 to 260bp in length, and introns range 
from 415 to 21,160 bp." The CPSI gene encodes a 165kD 
proenzyme that is transported into the mitochondria, where 
it is cleaved into the functional 160kD form.’” CPSI is 
present in the mitochondrial matrix of hepatocytes and 
epithelial cells of the intestinal mucosa.” CPSI catalyzes the 
first step of the urea cycle by converting ammonia and bicar- 
bonate to carbamyl phosphate. Through a series of enzy- 
matic reactions, the toxic ammonia molecule is converted to 
the nontoxic water-soluble urea containing two amino 
groups, which is excreted as urine. In the absence of CPSI or 
any of the other urea cycle enzymes, a hyperammonemic 
crisis ensues, and associated neurological tissue destruction 
and/or death occurs. 

In contrast to DNA testing for hereditary hemochro- 
matosis, which is a widespread disorder with only three 
common mutations, or CF, a frequent disease with more 
than 1000 mutations, CPSI deficiency represents a rare dis- 
order with no common mutations. Rather, heterogeneous 
mutations throughout the gene have been described 
including missense, deletion, insertion, and splicing 
mutations.**!”72724725 Heterogeneous mutations for a rare 
disease make clinical testing for CPSI deficiency challenging. 
With a relatively low volume of specimens received annually, 
a clinical laboratory cannot batch specimens to improve the 
efficiency of testing, because turnaround times would not be 
acceptable. Thus it is not feasible for a clinical laboratory to 
sequence the very large CPSI gene in every family to identify 
the private mutations segregating in that family. For these 
reasons, DNA testing in a clinical laboratory for CPSI defi- 
ciency most often involves indirect testing or linkage studies 
using highly polymorphic microsatellite repeat markers 
(Figure 40-3 and Color Plate 8). Further DNA testing is not 
used to make or confirm the diagnosis, but rather to deter- 
mine the haplotype of the microsatellite markers flanking 
the abnormal CPSI genes segregating with the disease in each 
family. Once this has been determined, haplotype analysis 
can be performed on a subsequent at-risk fetus to determine 
its status with regard to CPSI deficiency. 

To initiate these studies, once the diagnosis of CPSI defi- 
ciency has been confirmed by enzymatic studies on the 
affected child, or is strongly suspected from abnormal labo- 
ratory results, DNA specimens are collected from the parents 
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Figure 40-3 Electropherograms illustrating prenatal DNA-linkage studies on a family with CPSI 
deficiency D2$355 and D2S143 represent dinucleotide markers 4 centimorgans 5’ (D2S355) and 
3 centimorgans 3’ (D2S143) to the CPSI gene, respectively. DNA samples from the affected child, 
parents, and fetus are amplified by PCR using oligonucleotide primer pairs specific for each 
marker, with one primer of each pair labeled with a fluorescent dye. Amplicons are subjected to 
electrophoresis on a 5% denaturing polyacrylamide gel on an ABI 377 DNA sequencer and 
analyzed using GeneScan software 3.1b3. The maternal haplotype donated to the affected child is 
104,128, indicating that the mother’s [08,110 allele is not linked to an abnormal CPSI gene. The 
paternal allele donated to the affected child is 108,118, indicating that the father’s 104,110 allele 
is in repulsion with CPSI deficiency. The maternal allele donated to the fetus is 108,110. This 
allele is not linked to an abnormal CPS! gene. The paternal allele donated to the fetus is 108,118. 
This allele is linked to an abnormal CPS! gene. These results indicate that the fetus is a carrier of 
CPSI deficiency but is not affected. (See Color Plate 8.) 


and the affected child. If the affected child died before col- 

lection of a peripheral blood sample, paraffin-embedded 

autopsy material can be submitted for analysis. Within days, 

CPSI-linked DNA markers for the family are analyzed, 

markers for which the family is informative are identified, 

and the accuracy of future prenatal linkage studies is deter- 
mined. When the family ultimately requests future prenatal 
testing, either chorionic villus tissue or cultured chorionic 
villus tissue or amniocytes from the fetus are submitted for 
analysis. Within a few days, the fetal DNA is tested with 
the DNA markers for which the family is informative, and 

a diagnosis regarding the CPSI deficiency of the fetus is 

known. In most instances, the accuracy of the results 

approaches 99%, 

Although considered highly accurate and rapidly applic- 
able to all families regardless of the CPSI mutation, linkage 
studies can be problematic. 

e First, linkage studies cannot determine the diagnosis of the 
affected child, but rather rely upon additional laboratory 
testing and clinical findings to identify this disease in the 
patient. An accurate diagnosis of CPSI deficiency is essen- 


tial before initiating DNA studies. For example, if the diag- 
nosis in the affected child is incorrect and a disease- 
causing mutation is present in a gene other than CPSI, 
then linkage studies using DNA markers flanking the CPST 
gene to predict the status of an at-risk fetus are totally 
irrelevant and will lead to erroneous conclusions. In such 
cases, a second child inheriting the same CPSI haplotypes 
from each parent may be misinterpreted as affected; the 
pregnancy may be terminated when, tragically, the fetus 
was normal. Alternatively, if the second child inherits dif- 
ferent CPSI haplotypes from each parent, the fetus may be 
misinterpreted as being normal when in fact the fetus may 
have inherited the same unknown disease-causing muta- 
tion(s) as the previously affected child with an inaccurate 
diagnosis of CPSI deficiency. 

A second requirement for linkage studies is that the family 
structure must be accurately reported. Since the 
microsatellite repeat markers used in the analysis are 
highly polymorphic, cases of alternative paternity are likely 
to be detected. Nonetheless, if the father of the affected 
child shared similar haplotypes with the father of the fetus, 
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misinterpretation of the results would occur. This scenario 
could result in the termination of a normal pregnancy. 

e Third, because of the chance of genetic recombination 
between the CPSI gene and the linked, flanking polymor- 
phic markers, the possibility of recombination exists and 
with that the possibility of an incorrect diagnosis for the 
fetus. This could result in the birth of a second affected 
child despite the fact that the haplotypes of the two 


affected children differ, or a normal pregnancy may be ter- - 


minated if, through genetic recombination, the. fetus 
shares the same haplotype but is unaffected. 

* Last, although highly polymorphic, the possibility exists 
that one or both parents are not informative (ie., het- 
erozygous) for one or more of the DNA markers thereby 
preventing prenatal studies on future at-risk pregnancies 
or compromising the accuracy of future prenatal results, 
Although less commonly performed now, prenatal 

testing for CPSI deficiency can be performed by measur- 

ing CPSI activity in tissue from a fetal liver biopsy 
specimen." 


AUTOSOMAL DOMINANT DISEASES 


In autosomal dominant conditions, a single abnormal allele 
is sufficient to cause disease despite the presence of a normal 
allele. An individual with an autosomal dominant disease 
may have inherited an abnormal allele from an affected 
parent, or alternatively the mutant allele may have risen de 
novo as a new mutation during gametogenesis in an unaf- 
fected parent. The disease-causing gene is on one of the auto- 
somes (1 to 22) and not on a sex chromosome (X or Y). An 
affected individual possesses a 50% risk of donating the 
mutant allele to an offspring. Different mutations within the 
gene have varying effects on the protein so that affected 
patients can have variability in clinical expression of the 
disease. In some instances, known mutant gene carriers have 
no clinical symptoms of the disease, a phenomenon referred 
to as reduced penetrance, yet possess a 50% chance of having 
an affected child. Differences in phenotypic expression of the 
disease are most likely explained by the effect of other genes 
(modifier genes) and/or environmental influences. In pedi- 
grees illustrating autosomal dominant inheritance, both 
males and females are affected, and male-to-male transmis- 
sion is observed. 


Achondroplasia 


Achondroplasia is the most common form of human genetic 
dwarfism and is inherited as an autosomal dominant trait 
with complete penetrance. It is characterized by short- 
limbed dwarfism (rhizomelic form), macrocephaly, frontal 
and biparietal bossing, bowing of the lower extremities, 
and normal intelligence. Infants with this disease can die 
within the first year of life from central apnea caused by 
compression at the craniocervical junction; homozygous 
disease is most often lethal." Children undergoing 
surgical decompression of the craniocervical junction 
have decreased mortality and demonstrate improvement in 


neurological function. The mean standard deviation (SD) 
adult height is 131 (5.6) cm for men and 124 (5.9) cm for 
women. The life expectancy is about 10 years less than that 
for the general population.” During the first 5 years of life, 
affected children are at risk of death from compression of 
the brainstem and/or the upper cervical spinal cord. Deaths 
in adults between 25 and 54 years of age are most often 
attributed to cardiovascular problems. Achondroplasia has 
an incidence of about 0.5 to 1.5 per 10,000 births and has 
been reported in individuals from different races and ethnic 
groups." 

More than 90% of patients are born to parents of normal 
height. These patients represent sporadic cases arising from 
new mutations, a phenomenon associated with advanced 
paternal age.” However, in one unusual report, two sib- 
lings with achondroplasia born to unaffected parents were a 
result of germline mosaicism from the mother since, 
although she had no clinical features of achondroplasia, a 
mutant allele was detected in DNA extracted from her 
peripheral blood.”* In a second remarkable case, two 
affected siblings sharing a 4p haplotype derived from their 
unaffected father were born to normal-sized parents, sug- 
gesting that either two de novo, independent, sporadic 
events had occurred, or paternal gonadal mosaicism was 
present. This “paternal effect” has been thought to occur 
because of lifelong spermatogonial stem cell divisions and 
thus an increase in production of mutant sperm as the male 
grows older.” However, recent data generated from exam- 
ining sperm DNA from donors of different ages did not 
illustrate an exponential increase in mutation with age, 
indicating that sperm mutation frequency cannot explain an 
effect of paternal age in achondroplasia.°*” 

The gene for achondroplasia was mapped to the telo- 
meric region of chromosome 4p (4p16.3) in 1994 using 
linkage studies on multigenerational families.“ Subse- 
quently the fibroblast growth factor receptor 3 gene 
(FGFR3), mapped to this region and previously considered 
as a candidate gene for Huntington’s disease (HD), was eval- 
uated as a candidate gene for achondroplasia and reported 
to have mutations in patients with achondroplasia.””*” The 
FGFR3 protein product, FGFR3, contains three extracellular 
immunogtlobulin-like domains, a single transmembrane 
domain, and an intracellular tyrosine kinase domain.” 
FGER3 is a tyrosine kinase receptor, which when bound to 
1 of 23 fibroblast growth factors (FGFs) coupled with 
heparin sulfate—bearing proteoglycans on the cell surface, 
induces dimerization of receptor monomers, activates tyro- 
sine kinase activity, and promotes phosphorylation of key 
tyrosine residues in the cytoplasmic domain, which in turn 
induces multiple signaling pathways.7'*” Precisely which 
FGFs serve as ligands for FGFR3 is not known, and FGFR3 
may use different FGFs at different stages of development 
and at different locations of the growth plate. The target 
genes for FGFR3 are not well characterized, but FGFR3 is 
thought to negatively regulate chondrocyte proliferation and 
differentiation. 
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The primary mutation in achondroplasia results in a 
defect in internalization and degradation of the mutant 
receptor, Thus it is retained on the cell surface and has 
uncontrolled and prolonged activation in chondrocytes. 
Hence, chondrocyte maturation and terminal differentiation 
are inhibited. Following the discovery of the association 
between achondroplasia and FGFR3 mutations, other 
similar gain-of-function mutations at other sites within this 
gene have been identified as the cause of less common forms 
of dwarfism, including thanatophoric dysplasia types I and 
II and hypochondroplasia, 950463494566 . 

In the original report identifying the FGFR3 gene as the 
cause of achondroplasia, 15 of 16 patients had a G-to-A tran- 
sition mutation at nucleotide 1138 (G1138A), and the only 
patient that did not have this mutation instead had a G-to- 
C transversion mutation at the same position (G1138C).” 
Both mutations result in a glycine-to-arginine substitution 
in the transmembrane domain of FGFR3 at codon 380. The 
frequency of the G-to-A transition mutation at codon 380 
in achondroplasia patients is well documented.” This base 
pair may be prone to mutation, because a cytosine residue 
in a CpG dinucleotide is known to be a hot spot for transi- 
tion mutations. “4*5! If the cytosine residue is methylated 
(i.e., as 5-methylcytosine), it can spontaneously deaminate 
to thymine to introduce the change from a G:C base pair to 
an A:T base pair in subsequent replications of DNA. Since 
>98% of FGFR3 mutations causing achondroplasia are 
G1138A, and about 1% are G1138C, DNA testing includes 
direct mutation analysis for both mutations. Testing can be 
performed postnatally to confirm the diagnosis of achon- 
droplasia. In addition, prenatal DNA testing may be 
requested by unaffected couples with an affected child rep- 
resenting a sporadic case, although the risk for germline 
mosaicism is considered low, and their risk of a second 
affected child is minimal. Pregnancies involving mating 
between two affected individuals are not uncommon. Pre- 
natal DNA testing can be requested by these couples who 
have a 25% chance of having a child homozygous for this 
condition. This presents difficult choices for the couple. In 
one study, attitudes of affected individuals and relatives 
toward abortion based on prenatal diagnosis indicated that 
if the fetus was determined to be homozygous for this con- 
dition, 40% would consider termination compared with 
41% that would not; 19% were unsure of what they would 
do.?" In this same study, if the fetus was heterozygous for a 
mutation causing achondroplasia, 5% would consider ter- 
mination and 86% would not; 8% were unsure what they 
would do. Lastly, if the fetus was determined to be normal 
and not to have received a mutation causing this disease, 
90% responded that they would not consider termination of 
the pregnancy but 3% would; 6% were unsure of what their 
decision might be. 


Charcot-Marie-Tooth Disease 


Charcot-Marie-Tooth (CMT) disease, sometimes referred to 
as hereditary motor and sensory neuropathies (HMSN), 


refers to a genetically heterogeneous group of hereditary 
neuropathies characterized by chronic motor and sensory 
polyneuropathy and demonstrating all patterns of 
mendelian inheritance.” 

The most common form of CMT, type 1A, is one of the 
most common autosomal dominant disorders in man, with 
an estimated incidence of 1 in 2500. This disease is charac- 
terized by progressive distal muscle atrophy and weakness, 
depressed or absent deep tendon reflexes, high-arched 
feet, decreased nerve conduction velocity (generally <35 to 
40 m/s), and nerve demyelination as visualized on biopsy 
specimens. The age of onset is within the first decade of life 
in 50% of patients and before the age of 20 in 70% of 
patients. However, despite a common genetic abnormality, 
phenotypic manifestations of the disease are variable even 
within the same family, suggesting the influence of environ- 
mental factors or modifier genes at other loci.°*” Lastly, as 
in achondroplasia, the phenotype of patients who are 
homozygous for two abnormal CMT genes, having inherited 
an abnormal CMT gene from each of their parents, is more 
severe despite having nerve conduction velocities similar to 
heterozygotes or those with one abnormal allele.” 

In studies of extended families with CMT, the gene was 
mapped to the short arm of chromosome 17 and specifically 
localized to 17p11.2-p12 (short arm of chromosome 17 
between banding regions 11.2 and 12),776*#4 Purther, 
some DNA markers in this region detected a duplication in 
the DNA of affected individuals within families and in unre- 
lated CMT patients.” The peripheral myelin protein 
gene, PMP22, was identified as a candidate gene for CMT 
type 1A in 1992.“ PMP22 is contained within a 1.5 Mb 
monomer unit that is flanked by several low-copy repeat 
sequences.” A duplication of the gene is associated with 
disease and results from unequal meiotic crossing over 
caused by misalignment of homologous sequences. Break- 
points within the repeated sequences are variable between 
patients, but 76% occur within a 1.7 kb “hot spot” for recom- 
bination where the DNA sequences are 98% homologous.“ 
The reciprocal deletion of this crossover resulting in the loss 
of an allele and only one copy of the PMP22 gene is associ- 
ated with a different condition, hereditary neuropathy with 
liability to pressure palsies (HNPP).'* Although the vast 
majority of patients with CMT type 1A have PMP22 gene 
duplications, point mutations have also been reported to 
cause disease.” Interestingly, one such mutation is the 
same mutation identified in the spontaneously occurring 
neurological mouse mutants, Trembler-J. 

A duplication of PMP22 results in an extra copy of the 
gene (altered gene dosage) and overexpression of the PMP22 
protein, which is considered the causative event for disease. 
Interestingly, patients with trisomy 17p (three copies of the 
short arm of chromosome 17), who would have an altered 
PMP22 copy number, also have clinical features consistent 
with CMT." PMP22 is a 160—amino acid transmembrane 
glycoprotein that contains four transmembrane hydropho- 
bic regions and two extracellular domains with the amino 
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and C termini exposed to the cytosol. It is predominantly 
localized in the compact portion of myelin.’”” PMP22 is pre- 
dominantly expressed in myelinating Schwann cells of the 
peripheral nervous system where it is important in myelina- 
tion and myelin stability and acts as a negative modulator of 
Schwann cell growth. From studies on transgenic 
mice, it has been proposed that when overexpressed, PMP22 
accumulates in a late-Golgi and/or plasma-membrane com- 
partment and uncouples myelin assembly from the underly- 
ing program of Schwann cell differentiation.” 

The PMP22 gene duplication associated with CMT type 
1A can be detected by use of Southern blot analysis, fluores- 
cence in situ hybridization (FISH) on interphase cells, or 
PCR7770°8 18559 Detection of the CMT 1A duplication 
or HNPP deletion can be made by observing unique PCR 
products not seen in normal controls, which represent 
junction fragments formed from the recombination event 
between PMP22 flanking repeated sequences.” Alternatively 
the detection of three (CMT 1A) or conversely one (HNPP) 
allele, rather than the expected two seen in normal control 
DNA following amplification of multiple microsatellite 
repeat markers in this region, offers another rapid and 
accurate use of PCR?™”5! These methods are useful for 
clinical testing, but as a result of gene patents and exclusive 
license agreements for clinical DNA testing for CMT 1A, 
testing is available only at one laboratory in the United 
States, °°? 

In families in which the duplication has been identified, 
testing of asymptomatic adult relatives is possible, and 
testing of a minor is discouraged. Prenatal testing for this 
nonlethal, clinically variable, adult-onset disorder would be 
possible but requires in-depth genetic counseling to review 
the ethical and psychological aspects of such studies.” In the 
suspected patient with no family history and in which no 
gene duplication has been identified, the risk of transmission 
of the disorder to their offspring is less clear. The patient 
could have a de novo point mutation in PMP22 not detected 
or have an affected father but be unaware that the diagnosis 
is caused by alternative paternity; the patient could have 
CMT caused by an autosomal recessive or an X-linked gene 
or have a disorder arising from an environmental effect. 


Huntington’s Disease 

HD is an autosomal dominant, late-onset neurodegenerative 
disorder with an incidence of about 1 in 10,000 in most 
populations of European origin. The disease is progressive 
and characterized by frequent involuntary, rapid movements 
(chorea) and dementia with a median survival time of 15 to 
18 years after the onset of symptoms.” The mean age of 
onset is in the decade between 35 and 44 years, but approx- 
imately 25% of patients first display symptoms after the age 
of 50, and about 10% of patients have juvenile HD with the 
age of onset before 20 years.”*"” In the first few years of the 
disease, symptoms include mood disturbances, cognitive 
deficits, clumsiness, and impairment of voluntary move- 
ment.” The next stage of the disease is associated with 
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Figure 40-4 Schematic representation of the polyglutamine- 
encoding CAG repeat in exon | of the HD gene and associated 
alleles. A CAG-repeat number <27 is considered normal. CAG- 
repeat numbers of 28 to 35 are “mutable” and although they are 
not associated with an abnormal phenotype, these alleles are 
prone to meiotic expansion to an HD allele. CAG repeats of 36 
to 39 are considered HD alleles but with reduced penetrance, 
indicating that both unaffected and affected patients have been 
reported with alleles of this size. CAG repeats 240 are 
associated with HD with complete penetrance. 


slurred speech (dysarthria), hyperreflexia, chorea, gait 
abnormalities, and behavioral disturbances including 
intermittent explosiveness, apathy, aggression, alcohol 
abuse, sexual dysfunction and deviations, and increased 
appetite.’ As the disease advances, bradykinesia, rigidity, 
dementia, dystonia, and dysphagia are present. In the late 
stages of HD, weight loss, sleep disturbances, and inconti- 
nenice occur. 

In 1983 Gusella et al reported linkage between DNA 
marker D4S10 on the short arm of chromosome 4 and HD 
based on studies from a large kindred in Venezuela.” 
Subsequently, more DNA markers were identified, and the 
region of the genome containing the HD gene was narrowed 
to 4p16.3 (short arm of chromosome 4 band 16.3).* 
Through an international collaborative effort and 10 years 
after its initial localization, the HD gene, IT15, was cloned.”” 
The molecular basis of HD was determined to be expansion 
of a glutamine-encoding CAG trinucleotide repeat and was 
subsequently confirmed in a worldwide study by the identi- 
fication of expanded CAG repeat alleles in HD patients from 
565 families representing 43 national or ethnic groups.” In 
this initial international study, the median CAG-repeat 
length was reported to be 44 in affected patients and 18 in 
controls. Normal CAG repeats range from 10 to 27, repeats 
of 28 to 35 are considered “mutable,” repeats of 36 to 39 are 
associated with reduced penetrance of the disease, and 
repeats of 40 or greater are associated with HD" (Figure 
40-4). No environmental or genetic factors associated with 
the penetrance of the HD are known.*” 

New mutations for HD (the presence of an affected indi- 
vidual in the absence of a family history) occur from expan- 


"References 42, 119, 202, 352, 409, 622. 
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sion of CAG-mutable alleles and occur almost exclusively 
through expansion during paternal transmission.” 
Although mutable alleles are present in about 1% of the 
population, it appears that flanking DNA sequences may 
influence the instability of these alleles by enhancing the for- 
mation of hairpin loop structures.’ In addition, single 
sperm analysis studies have demonstrated 11% instability 
(9% expansions and 2.5% contractions) in CAG repeats of 
30 compared with 0.6% instability (contractions only) seen 
in average sized alleles of.15 to 18 repeats.’ These studies 
indicated that there is an increase in instability as the repeat 
number increases. This concept is further supported by 
the observations that CAG repeats of 36 showed 53% 
instability, and CAG repeats from 38 to 51 had instability 
ranging from 92% to 99%. As in fragile X syndrome, in- 
stability of the CAG repeat is also likely to occur through 
replication slippage caused by formation of hairpin loop 
structures.” 

The number of CAG repeats is inversely correlated with 
the age at onset of the disease. Patients with onset as early as 
2 years of life have a repeat number approaching 100 or 
greater and late-onset-disease patients have repeat numbers 
of 36 to 39.* 

The onset of symptoms occurs at progressively younger 
ages in successive generations of affected families, a pattern 
called anticipation. Anticipation is explained by meiotic 
expansion of the unstable CAG repeat during transmission 
by the affected parent, resulting in an even higher CAG- 
repeat number in the offspring and an earlier age of onset. 
In addition, although 69% of affected father-child pairs 
show expansion, only 32% of affected mother-child. pairs 
demonstrate expansion. Further, <2% of maternal expan- 
sions result in a change of >5 repeats, whereas up to 21% of 
paternal transmissions increase by >7 repeats.” An increase 
in the CAG-repeat number is also associated with more 
rapid progression of disease and greater neuropathological 
severity in the striatum." Interestingly, however, 
homozygotes with two expanded CAG-repeat alleles do not 
have more severe disease than heterozygotes." 

The HD gene protein, huntingtin (htt), consists of 3144 
amino acids, is ubiquitously expressed in all tissue, and pre- 
dominantly resides in the cytoplasm with lesser amounts in 
the nucleus 12767575602 Ty neurons, htt is associated with 
synaptic vesicles and microtubules and is abundant in den- 
drites and nerve terminals. Huntingtin interacts with multi- 
ple proteins functioning in intracellular trafficking and 
cytoskeletal organization, thereby suggesting its role in these 
activities.’ Expansion of the CAG repeats results in elonga- 
tion of the N-terminal glutamine tract and triggers the pref- 
erential loss of striatal neurons.” 

The precise mechanism of disease progression has not 
been elucidated. However, expanded alleles are effectively 
transcribed and translated, but as a result of the increase in 
*References 19, 81, 153, 274, 309, 537. 
tReferences 34, 161, 336-338, 375, 533, 612, 620. 


glutamine residues, the protein is misfolded.*° Thus abnor- 
mal folding may result in aberrant protein-protein interac- 
tion of mutant htt with any of its protein partners and could 
contribute to the pathogenesis of HD. In addition, truncated 
fragments of mutant htt, containing the amino terminus 
with expanded polyglutamine repeats, accumulate to form 
large aggregates in the nucleus (nuclear inclusions) and in 
other subcellular compartments, é The aggregates are 
thought to be toxic to the cell and may also sequester pro- 
teins essential for cell viability (e.g., transcription factors) or 
may trigger degradation of specific factors through the ubiq- 
uitin-proteasome-dependent pathway.* 

DNA testing for HD is performed by use of PCR so that 
the exact CAG-repeat number can be determined.””* Soon 
after the initial report, it was discovered that the accuracy of 
determining the CAG-repeat number by PCR was compro- 
mised by the inclusion of a polymorphic CGG repeat imme- 
diately downstream from the CAG repeat. Since the CGG 
repeat was contained within the amplified sequence, the 
length of the amplicon could be altered and overesti- 
mated.” Upon this discovery, a new primer pair was 
identified that flanked the CAG repeat, yet excluded the 
problematic polymorphic CGG repeat and provided accu- 
rate assessment of the CAG-repeat number.”! However, in 
contrast to earlier years when PCR involved the use of ”P 
labeled primers for this and similar assays, currently the 
most common methodology for this assay involves the use 
of PCR with fluorescently labeled primers™ (Figure 40-5 
and Color Plate 9). In addition, guidelines for diagnostic 
testing by clinical labs with reference to standardization and 
interpretation have been proposed." 

Besides the technical and interpretive difficulties asso- 
ciated with HD testing, many ethical issues exist as well, 
primarily as they relate to presymptomatic testing (Box 
40-2). The first policy statement on ethical issues relating to 
genetic testing for HD was adopted in 1989 at a joint meeting 
with representatives from the International Huntington 
Association and the World Federation of Neurology.” At this 
time, the gene had not yet been cloned, and predictive testing 
was performed using linkage studies; the asymptomatic 
patient was quoted the likelihood of inheriting the mutant 
allele. These tests were less than perfect and provided, at 
best, results in only 60% to 75% of families. Moreover, 
the possibility of recombination allowed erroneous predic- 
tions to occur.“ In other families, living affected members 
were not available, or markers were not informative. Once the 
gene was cloned and direct mutation analysis was possible, 
risk assessments were reversed in a small percentage of 
patients.” 

Following the cloning of the gene and the availability of 
direct mutation analysis, guidelines for predictive testing 
were reevaluated and proposed by the International Hunt- 
ington Association and the World Federation of Neurology 
Research Group on Huntington’s Chorea.” Direct predic- 


*References 291, 365, 428, 461, 471, 529, 642. 
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Figure 40-5 Electropherograms representing various patterns 
observed in patients referred for HD testing. The polygiutamine- 
encoding CAG repeat in exon | is amplified by PCR using 
flanking oligonucleotide primers, one of which is labeled with a 
fluorescent dye. Amplicons are subjected to electrophoresis on a 
5% denaturing polyacrylamide gel on an ABI 377 DNA 
sequencer and analyzed using GeneScan software 3.1 b3. 
Amplicons 100bp in length contain 18 CAG repeats and flanking 
DNA. Patient one (row |, top) has amplicons |12bp in length and 
has 22 CAG repeats on both HD alleles, Patient two (row 2) has 
97bp and 100bp amplicons, corresponding to CAG repeats of 
17 and 18. The diagnosis of HD can be ruled out in these two 
patients. Patient three (row 3) has 97bp and 133 bp amplicons 
corresponding to CAG repeats of I7 and 29. The results would 
not support a diagnosis of HD. However, a CAG repeat of 29 is 
mutable and can undergo meiotic expansion to an HD allele. 
Patient four (row 4) has CAG repeats of 19 and 38 as depicted 
by amplicons 103bp and 160bp in length. In the symptomatic 
patient, these results would support the diagnosis of HD. 
However, in the presymptomatic patient, the phenotype of this 
HD ailele with reduced penetrance cannot be predicted with 
certainty. Patient five (row 5) has CAG repeats of 21 and 44 
since amplicons 109 bp and 178bp in length were detected. 
These results would confirm the diagnosis of HD, Genetic 
counseling regarding the implications of the DNA findings in 
patients three, four, and five is indicated. (See Color Plate 9.) 


tive testing was preferred over linkage studies and was readily 
accepted by the HD community.” The approach used for 
HD has become the model for predictive testing for late- 
onset diseases, and similar formats have been applied to 
other late-onset inherited diseases, including autosomal 


Patients must be 18 years of age. 

The decision to proceed with testing must be voluntary and 
informed. 

Genetic counseling regarding benefits/pitfalls of testing is 
required. 

A support partner is needed for the patient for counseling and 
the testing process. 

Diagnosis of HD in family should be confirmed by DNA testing 
before presymptomatic testing. 

Psychiatric assessment of patient is necessary before testing. 

Follow-up genetic counseling is recommended after delivery of 
results. 

Discrimination by insurance carriers or employers may occur 
following completion of testing. 

Prenatal testing of fetus is controversial; preimplantation 
diagnosis is available. 


dominant cerebellar ataxias, and less common, dominantly 
inherited, fatal familial insomnia.” If an HD-causing 
expanded CAG-repeat allele is identified in the asympto- 
matic patient (240 years), the median age of onset in HD 
patients with the patient’s corresponding CAG-repeat 
number can be quoted to the patient.” Predictive testing 
should be performed only on adults and only with informed 
consent. Informed consent implies that the patient has been 
thoroughly counseled and clearly understands both the 
advantages and disadvantages of knowing the results. 
Advantages of having this test include but are not limited to 
the removal of uncertainty regarding whether they have or 
have not inherited the mutant allele and the feeling of relief 
for those who have not inherited a mutant HD allele. This 
information can help patients appropriately plan their per- 
sonal and career paths. Disadvantages of knowing this infor- 
mation include but are not limited to: (1) the feeling of 
“survivor's guilt” in those who learn that they have not inher- 
ited a mutant allele and other family members have; (2) fear 
from learning that they have inherited a mutant HD allele 
and will develop this incurable disease; (3) risk of discrimi- 
nation in employment or health insurance coverage if the 
results are disclosed; (4) worry that they possess a 50% 
chance of passing this gene on to their offspring; and (5) 
uncertainty of developing disease if they have inherited a 
mutant HD allele containing 36 to 39 CAG repeats. 
Importantly the guidelines indicate that the patient 
should be accompanied by a trusted friend or loved one 
throughout the counseling and testing procedure. This 
person can provide stability to the patient by being able to 
intimately speak to the patient about the situation and 
discuss the information shared at the counseling sessions. 
Most importantly, as a part of this process, the partner will 
be present when the results of the testing are revealed and 
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can provide comfort and support as needed both then and 
in the following days, weeks, or months. Ultimately, however, 
it is the patient’s decision to proceed with this testing and to 
accept both the benefits and pitfalls of knowing this infor- 
mation. The patient’s decision to proceed must be his or 
hers, without coercion from family members, clinicians, 
friends, or employers. 

Since catastrophic events, such as suicides or attempted 
suicides, can follow predictive testing, a psychiatric assess- 
ment is often part of the testing protocol for the safety of the 
patient." Before performing the mutation studies, it is 
important that the patient be considered mentally stable 
since the HD test results can precipitate depression. The 
results of the psychiatric evaluation can influence the time 
of the DNA test, postponing it until such time when the 
patient is considered mentally able to deal with the possibly 
devastating news. 

If possible before testing, the diagnosis of HD should be 
confirmed in an affected member of the family to be certain 
that the disease in the family is indeed HD. Excluding HD 
cannot rule out a different dominantly inherited neuro- 
degenerative disease in the family for which the patient 
likely retains a risk of development. Since HD is a delayed- 
onset disease, as the asymptomatic at-risk patient ages, the 
risk of testing positive with an expanded CAG repeat 
decreases.” Thus should the patient elect not to have 
predictive testing, the genetic counselor can provide infor- 
mation regarding the probability that an HD mutation 
exists, which based on the individuals age, may provide 
some comfort to the patient. 

Prenatal testing for HD is another complicated issue asso- 
ciated with this disease and may not be provided in all lab- 
oratories that perform routine HD testing. If a molecular 
genetics laboratory chooses not to provide prenatal testing 
{e.g., because of the possibility of termination of a pregnancy 
for a late-onset disorder or because it constitutes presymp- 
tomatic testing of the child should the parents choose not to 
terminate), it is the responsibility of the laboratory to iden- 
tify an alternative source of testing to which the patient can 
be referred. Before the cloning of the HD gene, prenatal 
testing was performed using linkage studies, and the likeli- 
hood that the child would develop HD was “excluded” if the 
child had inherited an HD haplotype from an unaffected 
grandparent.” The concept of exclusion testing was dif- 
ficult to understand, however, and not all families were het- 
erozygous for the DNA markers thereby making the test 
inconclusive. In some instances, the status of the parent at 
risk for developing the disease was also revealed. Moreover, 
testing could in theory lead to abortion of 50% of fetuses 
who had not inherited HD but rather had inherited the 
normal HD allele from the affected grandparent. To elimi- 
nate some of the controversy of prenatal testing for HD, 
preimplantation genetic testing (PGT) can be performed. In 
PGT in vitro fertilization is used to produce embryos that 
then have a biopsy performed for analysis of their HD genes. 
Once PCR has been used to determine the HD CAG-repeat 


numbers, only embryos with normal HD alleles are 
implanted. This methodology, combining direct mutation 
analysis and PGT, eliminates the necessity for prenatal 
testing to determine the HD status of the fetus since the HD 
alleles of the fetus are known to be normal, and the need for 
termination of a pregnancy is eradicated. Further, this can 
also be performed without disclosing the HD status of the 
asymptomatic, yet at-risk parent. However, this approach of 
nondisclosure PGT can pose ethical problems to the testing 
personnel.” In some testing centers, PGT may be performed 
by direct mutation analysis in families for which the at-risk 
parent is knowledgeable regarding his or her carrier status, 
and embryos with only normal HD alleles are implanted. 
Alternatively, in families in which the parent is unaware of 
his or her HD status, PGT can be performed using exclusion 
testing whereby only embryos who have not inherited an 
affected grandparent allele are implanted, and the size of the 
HD CAG-repeat number is not determined.”°”) 


X-LINKED DISEASES 


In X-linked diseases, the mutant allele resides on the X chro- 
mosome. In X-linked recessive diseases, females are carriers 
of the disease with one normal and one mutant allele but 
typically are not affected. Males receiving the mutant allele 
from their mothers and having only one X chromosome 
have no normal allele and thus are affected. All daughters of 
affected males are carriers of a mutant allele. Carrier females 
have a 25% chance of transmitting their normal allele to a 
son, a 25% chance of having an affected son, a 25% chance 
of having a daughter who carries the mutant allele, and a 
25% chance of having a daughter who receives her normal 
allele. In the absence of a family history, an affected male can 
have a mutant allele that rose de novo as a new mutation 
during the formation of the egg. Roughly one third of all 
cases of X-linked disorders represent new mutations indi- 
cating that the mother is not a carrier of a mutant allele and 
not at risk for subsequent affected children. In pedigrees 
associated with X-linked recessive conditions, typically only 
males are observed, and male-to-male transmission of the 
disease is not seen. In less frequent X-linked dominant dis- 
eases, one copy of the mutant allele is sufficient to cause 
disease despite the presence of a normal allele. Further, in 
males with only a mutant allele, these diseases are often 
lethal. 


Hemophilia A 

Hemophilia A is an X-linked recessive bleeding disorder 
caused by a deficiency of coagulation factor VII (FVHI) and 
affects approximately 1 in 10,000 males worldwide. The 
disease is characterized by prolonged bleeding after injuries 
or surgery, renewed bleeding after the initial bleeding has 
ceased, and in severe cases, spontaneous bleeding into the 
joints. The severity of the disease is determined by the 
amount of FVIII coagulant activity present in the plasma; 
mild, moderate, and severe disease have corresponding FVHI 
activity levels of 5% to 30%, 1% to 5%, and <1% of control, 
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respectively. In the patient with severe or moderate hemo- 
philia A disease, the activated partial thromboplastin time 
(aPTT) will be prolonged while all other routine coagulation 
test results are normal. In patients with mild hemophilia A 
disease, however, aPTT is often normal. The age of diagno- 
sis is typically earlier in cases with severe disease and a family 
history. Although most patients with severe disease are 
diagnosed in the first year of life, patients with mild disease 
may not be diagnosed until several years later. Although 
hemophilia A is an X-linked disease and typically presents in 
males, females with the disease have been reported. Carrier 
females can present with severe disease caused by skewed X- 
chromosome inactivation in which the X chromosome with 
the mutant FVII gene is not inactivated, or alternatively the 
female may have a mutant FVII gene on each of her X 
chromosomes, 7151520633 

The FVII gene is positioned on Xq28 (long arm of the X 
chromosome band 28) and was cloned in 1984. The 
gene spans more than 186,000 base pairs and includes 26 
exons.”’ A plethora of nucleotide substitutions, gene dele- 
tions, insertions, and rearrangements throughout the FVII 
gene have been reported in patients with hemophilia. The 
variability accounts for much of the clinical heterogeneity 
that is observed with this disease.**°** Interestingly, although 
routine screening of the coding, splice junctions, promoter 
region, and polyadenylation site of the gene could detect the 
mutation in the majority of patients with mild to moderate 
disease, the disease-causing mutation in about half of the 
patients with severe disease remained elusive for several 
years.” 

In 1993 a common inversion mutation was identified in 
approximately 45% of patients with severe disease.?!*""* The 
inversion mutation arose from genetic recombination 
between a small intronless gene within intron 22, gene A, and 
one of two additional copies of the gene A located approxi- 
mately 500kb upstream from the FVII gene. The mecha- 
nism for the inversion involves flipping of the tip of the 
X chromosome allowing pairing between homologous 
sequences and genetic recombination between one of the 
upstream copies of gene A and the copy of gene A within 
intron 22. Consequently the FVHI gene is divided into two 
parts, with exons 1 to 22 widely separated and in an oppo- 
site orientation and thus inverted from exons 23 to 26. The 
majority (>75%) of inversion mutations involve the distal 
copy of gene A upstream from the FVII gene as compared 
with the adjacent proximal copy of gene AŽ} Rossiter et al 
showed that this genetic recombination between homolo- 
gous intragenic and extragenic copies of gene A occurred as 
a new mutation predominantly during male meiosis with a 
male-to-female ratio of 302: 1.” Since during male meiosis 
Xq is unpaired with a homologue, it is able to flip on itself 
for an intrachromosomal recombination event. The role of 
this mutation as a primary cause of severe hemophilia A 
disease was subsequently confirmed by the analysis of DNA 
from patients with hemophilia from around the world.” 
Additionally, this mutation has been identified in the Chapel 


Hill dog colony with hemophilia A disease and presumably 
arose from the same mechanism of genetic recombination 
between homologous sequences.” Although the causative 
mutation in the majority of patients can be identified 
through a combination of various screening techniques, in 
1% to 2% of patients the causative FVII gene mutation is 
not identified.’ These may represent patients with muta- 
tions in upstream regulatory sequences or at other gene loci 
whose proteins interact with the FVIII molecule. 

FVIII is synthesized as a single polypeptide chain of 2351 
amino acid residues and an approximate weight of 280 kD.” 
The encoded FVIH protein is predominantly produced in 
the liver, circulates in the plasma, and is stabilized through 
noncovalent binding to the complex multimeric glycopro- 
tein von Willebrand’s factor (vWF). In the intrinsic coagu- 
lation pathway, proteolytic activation of FVIII by small 
amounts of thrombin frees it from vWf, where it then 
participates as a cofactor with activated factor IX to catalyze 
the conversion of factor X to factor Xa.’ Factor Xa 
hydrolyzes and activates prothrombin to thrombin. As the 
concentration of thrombin increases, FVUla is ultimately 
cleaved by thrombin and inactivated. This dual action of 
thrombin on FVII regulates the formation of the FVIIa, 
IXa, and X complex and thus regulates the clotting cascade. 
A deficiency of coagulation FVHI then leads to uncontrolled 
bleeding. The treatment for bleeding episodes is intravenous 
infusions of FVIII concentrate as quickly as possible to 
prevent pain, disability, and chronic joint disease. Children 
with severe hemophilia can be given prophylactic infusions 
of FVHI concentrate to maintain their clotting activity above 
1% and decrease the number of spontaneous bleeding 
episodes.” As a result, clotting factor consumption has 
increased dramatically over the years and is quite costly but 
has significantly decreased hemophilic arthropathy.'” 
However, management of 15% to 33% of severe and mod- 
erately affected patients is complicated by antibody forma- 
tion to exogenous FVIII caused by repeated infusions. The 
antibodies can rapidly neutralize infused FVII. Interestingly 
the antibodies produced by many patients have hydrolytic 
activity toward FVII.” Management of the disease 
was further complicated in hemophilia patients who had 
contracted human immunodeficiency virus (HIV) and/or 
hepatitis C virus (HCV) from contaminated plasma-derived 
FVIII concentrates in the early 1980s. Fortunately, with 
mandatory and improved screening for these and other 
viruses, these products are considerably safer, but fears are 
not completely alleviated.” For these reasons, there is great 
interest in gene therapy for the treatment of hemophilia; 
several clinical trials have been completed, and others are 
underway.*”** Thus far low levels of FVII expression have 
been observed in all trials and have been associated with 
clinical improvement. 

In the mid1980s, after the discovery of the FVII gene and 
before our current technology of rapid DNA sequencing, 
DNA testing for hemophilia A primarily involved the use of 
linkage studies and restriction fragment length polymor- 
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phisms to determine the carrier status of at-risk females in 
the family and to perform prenatal testing.” ®! Although 
accurate, these studies could be complicated by (1) the large 
number of family members required for participation in the 
analysis, (2) a limited number of alleles for each marker 
(limiting the chance that key members of the family would 
be informative [i.e., heterozygous] for a given marker), and 
(3) genetic recombination between the informative marker 
and the FVHI gene mutation, which could affect the.accu- 
racy of the results. Moreover, in the absence of a family 
history, the carrier status of the mother of a sporadic case 
was uncertain (though as many as two thirds of these 
mothers might be carriers). PCR and the analysis of poly- 
morphic microsatellite repeats within the FVIII gene 
increased the number of families in which linkage studies 
could be performed and significantly improved turnaround 
times.’ 

The most significant improvement in DNA testing was 
the identification of the inversion mutation in families with 
severe disease and the ability to offer direct mutation analy- 
sis as opposed to linkage studies.” As a result, the carrier 
status of the mother of a sporadic case with a detectable 
inversion mutation could now be determined with certainty, 
and her risk for another affected son could be precisely pre- 
dicted to be 25% (Figure 40-6). In addition, prenatal and 
carrier testing results would be completely informative and 
accurate and would not be subjected to inaccuracy caused by 
the possibility of genetic recombination. Subsequently a 
PCR assay for the detection of the inversion mutation was 
developed. It eliminated the necessity for labor-intensive and 
expensive Southern blot analysis and significantly improved 
turnaround times,“’*" For clinical samples, if the patient 
has a negative test result for a common inversion mutation, 
DNA sequence analysis of the FVII gene is typically per- 


formed, and the turnaround time is about 4 to 8 weeks. Once . 


the mutation segregating in the family has been identified, 
direct mutation testing for prenatal studies or the carrier 
status for other at-risk females in the family is available with 
a usual turnaround time of 2 weeks.'”° 


Duchenne’s Muscular Dystrophy 

Duchenne’s muscular dystrophy (DMD) is an X-linked 
recessive disorder characterized by progressive skeletal 
muscle wasting. The incidence of DMD is about 1 in 3500 
male births, making it the most common severe neuromus- 
cular disease in man. The onset of DMD is typically before 
3 years of age with gait difficulty, progressive myopathic 
weakness with pseudohypertrophy of calves, and grossly ele- 
vated serum creatine kinase (CK) as a result of degenerating 
fibers. Electromyography and muscle biopsy are used to 
confirm the diagnosis. In Wales, newborn screening of 
plasma creatine kinase has been used to identify affected 
males before the onset of clinical signs and to prevent delay 
in the diagnosis.“” In this scenario, after informed parental 
consent, if the diagnosis is made at this time, immediate 
pediatric and genetic services can be offered to the families. 
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Figure 40-6 Southern blot analysis for the detection of a 
common inversion mutation present in the DNA of about 50% 
of patients with severe hemophilia A disease. Patient DNA is 
digested with restriction endonuclease Bcll, blotted to a nylon 
membrane, and hybridized with a P-labeled probe 
corresponding to sequences in intron 22 of the factor VIII gene. 
Autoradiography was at —70 °C for 24 hours. Normal control 
DNA (lane C) yields bands 21.5kb, 16kb, and [4kb in length. The 
pattern observed for the affected male (shaded box) in this family 
yields an altered banding pattern with bands of 20kb, 17.5 kb, 
and [4kb. Bands of these sizes confirm the presence of an 
inversion mutation resulting from homologous recombination 
between a copy of gene A within intron 22 of the factor VIH 
gene and the distal copy of gene A 5’ to the factor Vill gene. 
DNA analysis of the patient’s mother and sister indicates that 
they are carriers of the inversion mutation with bands at 
21.5kb, 16kb, and [4kb generated from their wild-type allele 
and bands at 20kb, 17.5kb, and [4kb generated from their 
mutant allele. Identification of the inversion mutation in this 
family will facilitate accurate carrier screening in other at-risk 
females in this family. 


Most DMD patients are wheelchair bound between 10 
and 15 years of age. Continual degeneration and regenera- 
tion of muscle eventually lead to the replacement of muscle 
tissue by adipose and connective tissue, causing progressive 
disease; death usually occurs before the age of 30 from res- 
piratory or cardiac failure. Carrier females can be asympto- 
matic or have varying degrees of clinical symptoms 
depending on the degree of inactivation of the X chromo- 
some harboring the mutant DMD gene in the various tissues 
where the DMD protein is expressed.” Females with severe 
disease most often result from a carrier female with skewed 
lyonization or an X-autosome translocation involving the 
DMD gene.* 

Cytogenetic abnormalities in DMD patients and DNA 
linkage studies localized the DMD locus to Xp21 (the short 
arm of the X chromosome band 21).' Mixing DNA enhanced 
for X-linked genes from a 49,XXXXY cell line with DNA 


*References 77, 217, 478, 606, 645, 647. 
References 31, 131, 184, 217, 409, 606, 647. 
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from a patient with DMD and a cytogenetic deletion in 
Xp21, Kunkel et al cleverly used subtraction hybridization 
to clone the DNA corresponding to the patient’s deletion.*"° 
The deleted region was cloned because during the hybridiza- 
tion, the X-linked sequences from the cell line had no com- 
plementary sequences with which to anneal in the patient’s 
DNA and thus were available for cloning. Subsequently, this 
cloned DNA was found to detect deletions in DMD 
patients.’ A complete 14kb cDNA transcript was eyen- 
tually cloned from fetal skeletal muscle and was used to 
detect deletion mutations in 53 of 104 patients.*” 

The DMD gene is the largest gene in the human genome 
known to date, spans 2.2 megabases (Mb), contains 79 exons, 
and has multiple promoter regions.'*’*! The protein 
product, dystrophin with 3685 amino acids, has a molecular 
weight of 427kD and represents approximately 0.002% of 
total striated muscle protein. Dystrophin is a cytoskeletal 
protein associated with a protein complex, dystrophin- 
associated protein complex (DAPC), which in skeletal 
muscle plays a structural role connecting the actin cytoskel- 
eton to the extracellular matrix, stabilizing the sarcolemma 
during repeated cycles of contraction and relaxation, and 
transmitting force generated in the muscle sarcomeres to the 
extracellular matrix.’**”’ Without dystrophin, an integral 
component of DAPC, sarcolemmal integrity is compro- 
mised. As a result, there is an influx of extracellular calcium 
triggering calcium-activated proteases and fiber necrosis.” 
Other roles for DAPC have also been proposed, indicating 
that several mechanisms may be involved in the DMD 
phenotype.”°*74 Gene expression studies of diseased 
and normal muscle have revealed the overexpression 
of genes involved in muscle structure and regeneration 
processes,” Further characterization of the genetic pro- 
files between normal and diseased muscle may help elucidate 
the molecular mechanisms underlying the dystrophic 
changes and muscle hypertrophy seen in DMD patients. 
Although not yet reality, technological advances in many 
areas of science and medicine suggest that gene therapy for 
DMD lies in the not so distant future." 

Because of the tremendous size (2.2 Mb), complexity (8 
promoters), and diversity of mutations within the DMD 
gene, DNA testing for DMD presents a challenge for clinical 
laboratories.” Although DNA testing is often not required 
for diagnosis, because findings on immunohistochemical 
studies on a biopsy of muscle tissue are considered as diag- 
nostic, identification of the mutation causing the disease in 
a family is required for carrier detection of at-risk females 
and for prenatal testing. Intragenic deletions, most often 
encompassing multiple exons, represent about 60% to 65% 
of all mutations, affect the translational reading frame of 
the protein, and lead to a truncated and nonfunctional 
protein. Duplications of gene sequences are observed in 
about 5% of patients. Both deletions and duplications can 
be rapidly detected by use of a combination of multiplex 
PCR reactions. Electrophoretic gels of the amplified DNA 
will show the loss of a band or bands or an increased inten- 


sity of one or more bands.**"” Duplications in affected males 
and carrier females and deletions in carrier females can be 
more difficult to observe but can be detected using an 
endogenous internal standard.””*" Detection of the remain- 
ing 30% of mutations is tedious, labor intensive, and often 
beyond the scope of most clinical laboratories. Many of these 
mutations are within noncoding parts of the gene and are 
private (i.e., unique to a single patient).“” Such DMD gene 
mutations have been detected by use of one of a variety of 
reported techniques, including denaturing gradient gel elec- 
trophoresis, protein truncation test, heteroduplex analysis, 
single-strand confirmation polymorphism, and DNA 
sequencing, 46181192.373.465 

Becker muscular dystrophy (BMD), a milder and less 
common form of muscular dystrophy with an estimated 
incidence of 1 in 18,500 births, is an allelic variation of 
DMD caused by different mutations within the DMD 
gene, 41826268 About 55% of BMD patients have deletions 
within the dystrophin locus, with those having deletions 
around the distal rod domain of dystrophin (exons 45 to 60) 
showing a more classic BMD phenotype and in some cases 
even remaining free of symptoms until their 50s. However, 
BMD patients with deletions involving the amino-terminal 
domain of dystrophin (exons 1 to 9) have a more severe 
phenotype with an earlier age of onset and a more rapid 
progression of disease. Patients with X-linked dilated 
cardiomyopathy (DCM) have also been shown to have 
mutations at the dystrophin locus. 57643 The pattern of 
mutations in dystrophin causing DCM is less well charac- 
terized, with alterations reported in various regions includ- 
ing the promoter region, exon: intron junction splice sites, 
and various exons throughout the gene. 

For DMD or BMD families in which no deletion or dupli- 
cation is detected, carrier and prenatal testing can be offered 
by clinical laboratories using DNA linkage studies. However, 
since the intragenic recombination frequency for this gene is 
estimated to be about 12%, these studies require the use of 
both multiple intragenic and 5’ and 3’ flanking markers for 
an accurate carrier or prenatal result.’ Particularly difficult 
are sporadic cases of DMD or BMD in which no other family 
member with DMD or BMD is known and no mutation in 
the affected individual is detected. Generally, one third of 
sporadic cases are thought to represent a new mutation in 
the mother’s gamete from which that individual was derived. 
Thus neither the mother nor female siblings would be car- 
riers, and the risk to the mother for a second affected son 
would be considered minimal. 

In 1987 Bakker et al first described the phenomenon of 
germline mosaicism in which no DMD gene mutation is 
present in lymphocyte DNA, but DMD gene mutations are 
present in the germline tissue.” Presumably these mutations 
occur during mitosis in germline proliferation and explain 
the report of multiple affected children of women whose 
lymphocyte DNA contains no DMD mutations. 

In mutation-negative families, carrier assessment involves 
measurement of serum CK activity and linkage studies.” 
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Carrier assignment, however, is not perfected. Linkage 
studies are complex, require participation of multiple family 
members, and are confounded by inaccuracy caused by 
meiotic recombination or germline mosaicism. Serum CK is, 
by definition, above the reference interval (defined as the 
95th percentile of a healthy reference group of age-matched 
women) in ~1 of 20 noncarrier women. Moreover, serum 
CK decreases in DMD carrier women as they age. Thus 
for DMD and/or BMD. families, identification of the mutà- 
tion in the family best enables rapid and accurate direct 
mutation analysis for carrier and prenatal testing in that 
family. 


Fragile X Syndrome 

Fragile X syndrome is one of the most commonly inherited 
forms of mental retardation, with an estimated incidence of 
1 in 3500 males and 1 in 9000 females.” The name of the 
condition reflects the cytogenetic abnormality of a break- 
point or fragile site in the X chromosome. The clinical syn- 
drome was first described by Martin and Bell in 1943 in a 
family with sex-linked mental retardation in both males and 
females who lad no dysmorphic features.*® The disease was 
later redefined by Lubs, who noted the presence of a marker 
X chromosome in the leukocytes of some mentally retarded 
males following incubation of cells in cell culture media 
depleted of folate and thymidine; the marker segregated with 
mental retardation in the family.*° The chromosomal locus 
for this fragile site would later be localized to Xq27.3 (the 
long arm of the X chromosome band 27.3). Common 
clinical features associated with fragile X syndrome are 
mental retardation, delayed motor and speech development, 
mactoorchidism, long face, prominent forehead and jaw, 
large ears, flat feet, and abnormal behavioral characteristics 
that include hyperactivity, hand flapping, temper tantrums, 
persevering speech patterns, poor eye contact, and occa- 
sionally autism.’* These features are often less frequent and 
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milder in affected females than in affected males because of 
random X inactivation of their abnormal fragile X gene and 
expression of their normal gene in half of their tissue. 

As a sex-linked disease, fragile X syndrome has a compli- 
cated inheritance pattern. Affected females are heterozygous 
for the mutation, and unaffected males can transmit the 
mutation through the family. For this reason, Sherman et al 
proposed that fragile X syndrome was an X-linked dominant 
disorder with reduced penetrance (79% for males and 35% 
for females), but the penetrance of the disease appeared to 
increase in subsequent generations within a family.”* The 
mechanism of this “Sherman paradox” was resolved when 
the gene causing fragile X syndrome, FMRI (Fragile X 
Mental Retardation) was cloned in 1991 ,47710#90.607.646 PMR] 
was the first gene discovered to cause disease through an 
expansion of an unstable trinucleotide repeat sequence. The 
unstable CGG repeat is located in the 5’-untranslated region 
of the FMRI gene in exon 1. The gene spans 38 kb, contains 
17 exons, and encodes a 4.4kb transcript.’ Alleles contain 
blocks of CGG repeats usually 7 to 13 repeats in length, 
which can be interspersed with single AGG repeats,?”°”? 
Allelic diversity results from the variable number and lengths 
of these CGG-repeat blocks. There are no distinct bound- 
aries separating the repeat number categories, however. 
Normal alleles have 5 to 45 repeats; gray zone alleles have 46 
to 54; premutation alleles have 55 to 200; and full mutation 
expansion alleles contain >200 repeats’ (Figure 40-7). Indi- 
viduals with a normal number of CGG repeats do not have 
fragile X syndrome nor are they at risk of having an affected 
child. Individuals with 46 to 54 repeats represent alleles in 
the upper range of normal or a smaller than average pre- 
mutation allele. These individuals do not have fragile X syn- 
drome, yet may have a slightly increased risk of repeat 
instability and expansion to a full mutation in their offspring 
in some families. Premutation alleles are unstable and can 
expand to a larger allele in the premutation range when 


ThA Figure 40-7 Schematic representation of the CGG 


repeat in exon | of FMRI and associated alleles. A 
CGG-repeat number less than or equal to 45 is 
normal. A CGG-repeat number of 46 to 54 is in the 
gray zone and has been reported to expand to a full 
mutation in some families. A CGG-repeat number of 
55 to 200 is considered a premutation allele and is 
prone to expansion to a full mutation during female 
meiosis. A CGG-repeat number in excess of 200 is 
considered a full mutation and is diagnostic of fragile X 
syndrome. 
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Color Plate | Examples of TLC plates used in drug screening: basic drugs (B Worksheet) and 
acidic, neutral drugs (A Worksheet). (See Figure 34-1.) (Reproduced with permission of Toxi-Lab, Inc., 
Irvine, Calif.) 
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Color Plate 2 Fluorescence in situ hybridization for the 
t(14;18) anomaly on metaphase spreads of a case of follicular 
lymphoma. The immunoglobulin heavy chain sequences on 14q32 
(red) when juxtaposed to the bc/-2 sequences on 18q21 (green) 
yield a yellow fusion signal indicative of the presence of the 
t(14;18). (See Figure 39-9.) 
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Color Plate 3 Real-time PCR detection of AMLI/ETO fusion 
transcript. Real-time PCR detection was performed using a 
sequence-specific hybridization probe format with oligonucleotide 
probes labeled with fluorescein as the donor fluorophore and 
LCRed640 as the acceptor, Postamplification melting analysis was 
performed to provide confirmation of amplicon identity through 
the probe melting temperature. Panel A shows the fluorescence (F) 
versus cycle number (C) the LightCycler™ (Roche Diagnostics). 
The characteristic three-phase profiles of amplification curves are 
recognizable (i.e. initial lag, exponential or log/linear, and the final 
plateau phase). The red curve represents the positive amplification 
signal for the t(8;21) in the Kasumi ceil line positive control. The 
blue curve represents the patient sample also showing the presence 
of the AMLI/ETO fusion. The green line represents a negative 
control (placental cDNA), and the black line is the no-template 
(H,O) control. Panel B shows the derivative melting curves with 
positive melting peaks at ~65°C in both the Kasumi cell line 
positive control and the patient sample. Both the negative and 
water controls show flat lines indicating the absence of the t(8;21) 
AMLI/ETO product. (See Figure 39-[2.) 
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Color Plate 4 Real-time quantitative PCR of BCR-ABL transcripts. Serial log dilutions of the 
plasmids containing the BCR-ABL transcripts. Real-time PCR provides a remarkable dynamic range 
of quantification (10? to 10° template copies) in this example. The upper panel shows the 
amplification curves obtained using the BCR-ABL containing plasmids and an unknown patient 
sample depicted as a dotted line. Note the regular ~3.3-cycle interval between log dilutions. The 
lower panel shows a standard curve (linear regression of cycle number versus log template 
concentration). As indicated by the dotted line in the lower panel, the cycle threshold (onset of 
the log-linear phase of the amplification curve) can be used to quantitate the copy number of 
the target in the tested sample. (See Figure 39-15.) 
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Color Piate 5 Detection of internal tandem duplications of the FLT3 gene by PCR and capillary 
gel electrophoresis of PCR products. Capillary electropherograms show clear resolution of PCR 
products. The x-axis represents the sizes of PCR products and the y-axis shows the fluorescence 
intensity, which correlates with the abundance of the PCR product, The upper panel shows a 
wild type of pattern (blue peak). The middle panel shows an additional peak of greater size than 
the wild-type peak (blue peak on the left). The blue peak on the right represents a FLT3 internal 
tandem duplication. The lower panel shows the size markers (red peaks) also present in the 
upper and middle panels. (See Figure 39-16.) 


Color Plate 6 In situ hybridization (ISH) for the Epstein-Barr virus (EBV). ISH hybridization for 
EBV shows numerous positive signals (dark-blue spots) for EBV using the EBER-! probe. The 
tissue sample was obtained from a solid-organ transplant patient who developed widespread 
nodal and extranodal masses. The positive reaction for EBV in this assay supports a diagnosis of 
posttransplant lymphoproliferative disease. (See Figure 39-17.) 
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Color Plate 7 CF mutation-detection assay CF Gold 1.0 developed by Roche Diagnostics 
Corp. Thirty to 45 ng of patient DNA is amplified in a multiplex amplification reaction. 
Amplicons are denatured and hybridized to membrane-bound oligonucleotide probes specific for 
25 normal (n) and corresponding mutant (m) alleles. Lane | represents the pattern obtained 
from patient DNA in which none of the 25 common mutations is present; bands detected 
correspond only to normal alleles. Lane 2 represents the pattern obtained from patient DNA in 
which mutation W1282X is present in one allele, since bands corresponding to both nW1I282X 
and mW 1282X are present. In lane 3, mutation R553X is present in one allele since bands 
corresponding to mR553X and nR553X are present. Lanes 2 and 3 could represent CF carriers 
or could represent DNA from patients with CF for whom only one of their two mutations is 
identified. In the latter case, the second disease-causing mutation must be a mutation other than 
one of the 25 represented in this panel. Conversely, lane 4 represents patient DNA in which two 
copies of mutation 3849 + [OkbC>T are detected. Note that no band corresponding to n3849 + 
1OkbC>T is present. Lane 5 represents DNA from a CF patient who is a compound 
heterozygote with mutation delta F508 present on one allele and mutation N1I303K present on 
the second mutant allele. Detection of 5, 7, or 9 T polymorphism in intron 8 has not been 
determined in these patients but can be performed by this assay, The strip contains 
oligonucleotide probes for the determination of this polymorphism in patient DNA above the 
reference line. However, before testing, this part of the strip is removed and is only performed 
as a reflex test if mutation RI17H is detected, (See Figure 40-1.) 
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Color Plate 8 Electropherograms illustrating prenatal DNA-linkage studies on a family with 
CPSI deficiency D2S355 and D2S143 represent dinucleotide markers 4 centimorgans 5’ 
(D2S355) and 3 centimorgans 3’ (D2S143) to the CPS! gene, respectively. DNA samples from the 
affected child, parents, and fetus are amplified by PCR using oligonucleotide primer pairs specific 
for each marker, with one primer of each pair labeled with a fluorescent dye. Amplicons are 
subjected to electrophoresis on a 5% denaturing polyacrylamide gel on an ABI 377 DNA 
sequencer and analyzed using GeneScan software 3.1b3. The maternal haplotype donated to the 
affected child is 104,128, indicating that her 108,110 allele is not linked to an abnormal CPSI 
gene. The paternal allele donated to the affected child is 108,118, indicating that his 104,110 
allele is in repulsion with CPSID. The maternal allele donated to the fetus is [08,1 10. This allele is 
not linked to an abnormal CPS! gene. The paternal allele donated to the fetus is [08,[18. This 
allele is linked to an abnormal CPSI gene. These results indicate that the fetus is a carrier of 
CPSID but is not affected. (See Figure 40-3.) 
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Color Plate 9 Electropherograms representing various patterns 
observed in patients referred for HD testing. The polyglutamine- 
encoding CAG repeat in exon | is amplified by PCR using flanking 
oligonucleotide primers, one of which is labeled with a fluorescent 
dye. Amplicons are subjected to electrophoresis on a 5% 
denaturing polyacrylamide gel on an ABI 377 DNA sequencer and 
analyzed using GeneScan software 3.1 b3. Amplicons 100 bp in 
length contain 18 CAG repeats and flanking DNA. Patient one 
(row !} has amplicons [12 bp in length and has 22 CAG repeats on 
both HD alleles. Patient two (row 2) has 97 bp and 100 bp 
amplicons, corresponding to CAG repeats of 17 and 18. The 
diagnosis of HD can be ruled out in these two patients. Patient 
three (row 3) has 97 bp and [33 bp amplicons corresponding to 
CAG repeats of 17 and 29. The results would not support a 
diagnosis of HD, However, a CAG repeat of 29 is mutable and can 
undergo meiotic expansion to an HD allele. Patient four (row 4) has 
CAG repeats of 19 and 38 as depicted by amplicons 103 bp and 
[60 bp in length. In the symptomatic patient, these results would 
support the diagnosis of HD. However, in the presymptomatic 
patient, the phenotype of this HD allele with reduced penetrance 
cannot be predicted with certainty. Patient five (row 5) has CAG 
repeats of 21 and 44 since amplicons 109 bp and 178 bp in length 
were detected, These results would confirm the diagnosis of HD. 
Genetic counseling regarding the implications of the DNA findings 
in patients three, four, and five is indicated. (See Figure 40-5.) 


Color Plate 10 Electropherograms illustrating LOH in tumor DNA. 
Patient DNA is extracted from the peripheral blood and tumor tissue and 
amplified by PCR using an oligonucleotide primer pair specific for a 
polymorphic, microsatellite repeat locus contained within the chromosomal 
region thought to be deleted during tumorigenesis. One of the primers 
within the pair is labeled with a fluorescent dye. Amplicons are subjected to 
electrophoresis on a 5% denaturing polyacrylamide gel in an ABI DNA 
sequencer and analyzed using GeneScan software 3.1 b3. Constitutive DNA 
from the patient’s blood illustrates heterozygosity for this marker with 
amplicons represented by alleles | and 2. In DNA from the tumor, a single 
peak representing a typical homozygous pattern is observed. Thus there is 
LOH in tumor DNA. This loss signifies the loss of the second allele and also 
indicates the loss of this region on the chromosome. (See Figure 40-11.) 


a 
t 


Blood 


Tumor 


MSI 


Color Plate l1 Electropherograms illustrating MSI in tumor DNA. Patient DNA is extracted 
from the peripheral blood and tumor tissue and amplified by PCR using an oligonucleotide 
primer pair specific for a microsatellite repeat locus. One of the primers within the pair is 
labeled with a fluorescent dye. Amplicons are subjected to electrophoresis on a 5% denaturing 
polyacrylamide gel in an AB] DNA sequencer and analyzed by GeneScan software 3.1 b3. 
Constitutive DNA from the patient’s blood illustrates heterozygosity for this marker with 
amplicons represented by alleles | and 2. In DNA from the tumor, in addition to constitutive 
alleles | and 2, amplicons representing DNA fragments of a different size are present; these 
indicate a change in repeat number for one of the alleles. Because of dysfunctional MMR 
enzymes, mistakes occurring during the replication of microsatellite repeat sequences resulting in 
expansions or contractions of the repeat number remain unrepaired. In this case, a contraction 
in the repeat number of allele 2 has occurred, (See Figure 40-12.) 
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Color Plate 12 Map of the human MHC region. The organization of the most important class | 
and class Il genes of the MHC is shown, with approximate genetic distances given in thousands 
of base pairs (kb). Genes are ordered from telomere to centromere. Not shown are MHC class 
Ill genes, which map between class I and class I] genes. (See Figure 41-2.) 
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transmitted or can expand to a full mutation allele and an 
offspring with fragile X syndrome.” Although rare, premu- 
tation alleles have been reported to undergo rather drastic 
contractions (82 to 33, 95 to 35, 145 to 43, 130 to 10, and 70 
to 54)."*"” The recent establishment of transgenic mice with 
CGG-repeat instability similar to that seen in humans 
should facilitate a better understanding of this phenome- 
non.” Premutation carrier females have a higher preva- 
lence of premature ovarian failure (POF) as compared with 
females with normal CGG-repeat numbers in the general 
population. ?®*®5 Interestingly, full mutation carrier 
females and their noncarrier sisters appear to have no 
increased risk for POF.” Moderate CGG expansion seen in 
premutation carrier females may affect neurocognitive func- 
tioning related particularly to attention-related tasks.” 
Further, despite overexpression of FMR1 in premutation car- 
riers, the FMR1 protein, FMRP, appears to be significantly 
diminished, suggesting reduced translation efficiency.” 
Thus diminished FMRP levels in premutation carriers are 
negatively correlated with the repeat number, and overex- 
pression of FMRI has a positive correlation with the repeat 
number. The risk of CGG expansion from a premutation to 
a full mutation allele is dependent on several factors includ- 
ing the number of pure uninterrupted CGG repeats, the 
number and position of interspersed AGG repeats, haplo- 
type background, and less, well-characterized heritable 
factors.?19° 19755275 Th a large collaborative study among 
13 laboratories in eight countries and involving >1500 pre- 
mutation carrier females, the smallest premutation alleles 
shown to expand contained 59 repeats with no AGG inter- 
ruptions.”° Most data from humans suggest that expansion 
occurs before zygote formation, but the possibility of CGG 
expansion occurring very early in embryogenesis cannot be 
excluded.*°**” Expansions of premutations to full mutations 
are largely confined to transmissions from females to off- 
spring and are thought to occur from slippage during DNA 
replication of the lagging strand as a result of hairpin for- 
mation within the expanded CGG-repeat sequence.” Trans- 
mission of premutation repeat alleles in males remained 
stable in 16% of transmissions, decreased in size in 22% of 
transmissions, and expanded to a larger premutation allele 
in 62% of transmissions.”’ Premutation carrier fathers of 
premutation carrier females, or normal transmitting males, 
were previously thought to have a fairly normal phenotype 
with no clinical features of fragile X syndrome, although 
these males may have large ears and deficits in nonverbal 
tasks, which now too may be explained by reduced levels of 
FMRP.”*” Further, older premutation carrier males may 
exhibit a neurodegenerative syndrome characterized by pro- 
gressive intention tremor, parkinsonism, and generalized 
brain atrophy.” ™ Although FMRP is decreased, increased 
concentrations of FMRI transcript may represent a gain-of- 
function effect and possibly play a role in this premutation 
tremor and/or ataxia syndrome.” Recently, mice with pre- 
mutation CGG repeats in the FMRI gene have been shown 
to have intranuclear inclusions in distinct regions of the 


brain, suggesting the role of the FMRI gene in this process 
and providing a possible explanation of clinical features 
observed in symptomatic premutation carriers.”! Although 
expansion of a premutation to a full mutation is associated 
with maternal transmission, the sex of the fetus has no 
apparent effect on this process.’ 

The fragile X phenotype occurs following expansion of 
the CGG repeat, hypermethylation, and histone deacetyla- 
tion of the adjacent CpG island in the promoter region of 
the FMRI gene, transcriptional silencing of the gene, and 
ultimately no production of FMRP.“7"!° FMRI mRNA 
is highly expressed in the testis and in the fetal and adult 
brain.” FMRP is an RNA-binding protein with two RNA- 
binding motifs and is associated with translating polyribo- 
somes as a part of a large ribonucleoprotein complex.?"7"4 
Thus in cells from fragile X patients, hundreds of mRNAs 
exhibit abnormal translational profiles.” Recent studies on 
the Drosophila homologue of FMRP have indicated that 
FMRP mediates translation repression through RNA inter- 
ference.” Males with full expansion alleles but 
incomplete methylation—“mosaic males”——may have severe 
mental retardation or a milder phenotype.*%*” Although 
in vitro reactivation of the FMRI gene has been reported 
by inducing DNA demethylation and the reassociation of 
acetylated histones, reactivation of FMR1 may not be 
enough to restore FMRP concentrations because transcripts 
with large repeats are not translated efficiently.” 

Although CGG expansion is the mechanism of disease in 
greater than 99% of all cases, a point mutation within the 
gene (1304N) and deletions have also been reported to cause 
disease in males presenting with a clinical phenotype of 
fragile X syndrome. 4235565 DNA testing for fragile X syn- 
drome using Southern blot analysis of peripheral blood 
enables detection of all possible genotypes (though not of all 
causes of fragile X as detected by cytogenetics [Figure 40-8]). 
PCR analysis with capillary electrophoresis is used to com- 
plement the testing by providing the precise CGG-repeat 
number. (It may also be used as the first test, but when it fails 
to resolve two alleles in a female or to identify an allele in a 
male the sample must be tested by Southern blot analysis 
because an expanded allele may be present that is too large 
to be amplified.) Chorionic villus samples or amniotic fluid 
can be tested, but the methylation pattern expected in adult 
tissue may be absent. 

As expected, as the CGG-repeat length increases, the risk 
of expansion from a premutation to a full mutation in pre- 
mutation carrier females increases. This information is most 
useful for determining the risk of an affected offspring 
during genetic counseling of a premutation carrier female. 
Although a woman with premutation CGG repeat of 55 to 
59 is given about a 5% risk of expansion to a full mutation, 
a woman with a repeat length of 70 to 79 is given a 31% risk 
of expansion, and a woman with a CGG-repeat length >100 
is given close to a 100% chance of expansion.’ The Amer- 
ican College of Human Genetics has published guidelines for 
testing in the laboratory.” 
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Figure 40-8 Southern blot analysis for the diagnosis of fragile 
X syndrome, Patient DNA is simultaneously digested with 
restriction endonucleases EcoRI and Eag!, blotted to a nylon 
membrane, and hybridized with a “P-labeled probe adjacent to 
exon | of FMRI (see Figure 40-7). Eag| is a methylation- 
sensitive restriction endonuclease that will not cleave the 
recognition sequence if the cytosine in the sequence is 
methylated. Normal male control DNA with a CGG-repeat 
number of 22 on his single X chromosome (lane }) generates a 
band about 2.8 kb in length corresponding to Eagl-EcoR| 
fragments (see Figure 40-7). Normal female control DNA with a 
CGG-repeat number of 20 on one X chromosome and a CGG- 
repeat number of 25 on her second X chromosome (lane 5) 
generates two bands, one at about 2.8kb and a second at 5.2kb. 
EcoRI -EcoRI fragments approximately 5.2kb in length represent 
methylated DNA sequences characteristic of the lyonized 
chromosome in each cell that is not digested with restriction 
endonuclease Eag|. DNA in lane 2 contains a FMR! CGG- 
repeat number of 90 and is characteristic of a normal 
transmitting male. The banding pattern observed in lane 3 is 
representative of a mosaic male with a single X chromosome 
with a full mutation (>200 repeats). However, the full mutation 
in some cells is unmethylated; in other cells, the full mutation is 
fully methylated, hence the term mosaic. In those cells in which 
the full mutation is unmethylated, digestion by both Eag! and 
EcoRI occurs, and in those ceils in which the full mutation is 
fully methylated, digestion of the DNA by Eag! is inhibited. The 
banding pattern observed in lane 4 is diagnostic of a male with 
fragile X syndrome illustrating the typical expanded allele fully 
methylated in all cells, Lane 6 is characteristic of a female with a 
normal allele and a CGG-repeat number of 29 and a larger gray 
zone allele with a CGG-repeat number of 54, Lane 7 is the 
banding pattern observed from a premutation carrier female 
with one normal allele having a CGG-repeat number of 23 
(band at about 2.8kb) and a second premutation allele with 
CGG repeats of 120 to about 200 (band at about 3.1 kb), In 
premutation carrier females, in cells in which the X 
chromosome with the premutation allele is lyonized, the normal 
5.2kb EcoRt-EcoRt band is larger because of the increased 
CGG-repeat number and is about 5.5 kbin length. Lane 8 is 
diagnostic of a female with fragile X syndrome with one full 
expansion mutation allele that is completely methylated and 
transcriptionally silenced on one X chromosome but with a 
second normal allele with a CGG-repeat number of 33. 
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MITOCHONDRIAL DNA DISEASES 


Mitochondria are organelles present in the cytoplasm of 
all eukaryotic cells of animals, higher plants, and some 
microorganisms. Mitochondria generate energy for the 
cellular processes by producing adenosine triphosphate 
(ATP) through oxidative phosphorylation (OXPHOS); they 
are important in maintaining calcium homeostasis and play 
a role in apoptosis.'?4*°#*°"5 The matrix of the mitochon- 
drion is surrounded by a cardiolipin-rich inner membrane, 
and both are enclosed by a second outer membrane. Within 
the matrix are copies of the mitochondrial genome, mito- 
chondrial deoxyribonucleic acid (mtDNA). Each mitochon- 
dria contains between about 2 and 10 copies of mtDNA, so 
with hundreds of mitochondria per cell, an estimated 10° to 
10° copies of mtDNA exist within each cell, with brain, skele- 
tal, and cardiac muscle having particularly high concentra- 
tions. The mtDNA is a double-stranded, circular molecule 
containing 16,569 base pairs that encodes 37 genes includ- 
ing: two ribosomal RNAs (rRNA), 22 transfer RNAs (tRNA), 
and 13 subunits required for the OXPHOS system, with 
seven belonging to complex I, one to complex IH, three to 
complex IV, and two to complex V.'*'“* The majority of the 
subunits involved in the OXPHOS system are nuclear 
encoded as are several nuclear gene products that regulate 
mitochondrial gene expression.”**"' Interestingly the mito- 
chondrial genetic code is slightly different from the univer- 
sal code. For example, in mtDNA, TGA codes for tryptophan 
rather than a termination codon, and all mitochondrial- 
encoded polypeptides contain codons requiring only the 
mitochondrial-encoded 22 tRNA molecules for translation 
rather than the 31 predicted by Crick’s wobble hypothesis.” 
The high copy number of mtDNA per cell coupled with a 
small genome and unique sequence variations between indi- 
viduals makes mtDNA sequence analysis an ideal tool for 
forensic studies.” 

Mitochondria-related diseases can result from mutations 
in nuclear DNA or, as first reported in 1988, can result from 
mutations in the mitochondrial genome.* However, mito- 
chondrial genetics are different from mendelian genetics in 
several aspects. First, all mtDNA is maternally inherited. 
With mature oocytes having the highest mtDNA copy 
number per cell at 10° and sperm having the lowest mtDNA 
copy number per cell at 10° after fertilization, sperm 
mtDNA is selectively degraded so that only maternal 
mtDNA remains. Thus if a mother is carrying an mtDNA 
mutation, it will be transmitted to all of her children, but 
only her daughters can transmit the disease to their off- 
spring. Although this is considered the rule, paternal mtDNA 
inheritance has been reported and may result from incom- 
plete degradation of sperm mtDNA in early embryo- 
genesis.”'* If an mtDNA mutation arises, it will exist among 


*References 223, 265, 511, 558, 616, 649. 
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a population of normal mtDNA. This coexistence of normal 
and mutant mtDNA copies within the same cell is referred 
to as heteroplasmy and is the second unique feature of 
mitochondrial genetics. Thirdly, during cell division, the 
proportion of normal and mutant mtDNA can shift as 
mitochondria and their accompanying genomes are par- 
titioned into daughter cells. Thus in development and dif 
ferentiation, the proportion of normal and mutant mtDNA 
can vary among cells and tissue within the body. Lastly the 
percentage of mutant mtDNA required within a cell, tissue, 
or organ system to result in a deleterious phenotype is 
referred to as the threshold effect. The threshold for disease 
varies between people, energetic requirements for tissue, and 
the mtDNA mutation. As is evident, genetic counseling 
for families with mtDNA disorders is complicated by the 
inability to accurately predict phenotype caused by the 
phenomena of heteroplasmy and threshold effect.” 

Two types of mtDNA mutations exist, those that affect 
mitochondrial protein synthesis (tRNA and rRNA genes) 
and those within the protein-encoding genes them- 
selves, “7? Direct sequencing of mtDNA is considered the 
gold standard for mutation detection, but this methodology 
may be unable to detect a low percentage of mutant mtDNA 
in a heteroplasmic state. Recently a simple and effective 
method referred to as temporal temperature-gradient gel 
electrophoresis coupled with PCR and DNA sequencing has 
been described that can detect heteroplasmic mutations as 
low as 4%.°” Although mtDNA mutations are now associ- 
ated with a significant number of inherited diseases, 
acquired mtDNA deletions are associated with the aging 
process, and mitochondrial dysfunction is associated. with 
neurodegenerative diseases.” 432 The most likely cause 
of somatic mtDNA mutations is via damage by oxygen free 
radicals produced as by-products of aerobic metabolism.'**” 


Leber Hereditary Optic Neuropathy 


Leber hereditary optic neuropathy (LHON) is the most 
common mitochondrial disease and the first linked to 
maternal inheritance through a mutation in the mtDNA. 
LHON is characterized by bilateral subacute loss of central 
vision caused by focal degeneration of the retinal ganglion 
cell layer and of the optic nerve.*” After initial symptoms, 
both eyes are usually affected within 6 months. Approxi- 
mately 50% to 60% of males and only 8% to 32% of females 
who possess the mtDNA mutation will actually develop 
this optic neuropathy.” Nuclear-encoded factors that 
affect mtDNA expression, mtDNA products, or mitochon- 
drial metabolism may modify the phenotypic expression 
of LHON."® Genetic counseling in LHON is complicated 
in that the amount of mutant mtDNA transmitted by 
heteroplasmic females cannot be predicted, and testing 
cannot predict which individuals will develop visual 
symptoms.” 

LHON is a disorder caused by OXPHOS deficiency. 
Although more than 27 mutations have been associated with 
this disease, mtDNA mutations G3460A, G11778A, and 


T14484C represent 95% of those identifed.” Mutation 
G11778A was the first described, is the most common, and 
accounts for at least 50% of cases. In most affected individ- 
uals, LHON mutations appear to be homoplasmic, with only 
mutant mtDNA detected, but in 15% of cases, the mutations 
are heteroplasmic, with a mixture of both normal and 
mutant mtDNA detected. Each of the common 
mutations affects a subunit of the nicotinamide adenine 
dinucleotide: ubiquinone oxidoreductase in complex I of the 
OXPHOS pathway. The mechanism by which these muta- 
tions cause the LHON phenotype is not well understood.*" 

Clinical DNA testing for these mutations is widely avail- 
able and typically invoives PCR amplification coupled. with 
restriction endonuclease analysis and gel electrophore- 
sis."*° If the patient's mtDNA is negative for the three 
common mutations, testing for other mtDNA mutations 
associated with LHON should be considered.’ DNA 
sequencing of all of the mtDNA-encoded complex I genes or 
of the entire mitochondrial genome may be required but 
should be employed only when clinical suspicion for LHON 
is high,"*4" 


Leigh Syndrome 

Leigh syndrome (LS), or subacute necrotizing 
encephalomyelopathy, is a progressive neurodegenerative 
disorder that eventually leads to death. In contrast to LHON, 
patients present within the first few years of life with 
hypotonia, failure to thrive, psychomotor regression, ocular 
movement abnormalities, ataxia, and brainstem and basal 
ganglia dysfunction caused by severe dysfunction of mito- 
chondrial energy metabolism. The clinical phenotype for LS 
is variable in patients with the same pathogenic mtDNA 
mutation and largely results from differences in the per- 
centage of mutant mtDNA among organs and tissues within 
an individual” (Figure 40-9). 

LS exhibits genetic heterogeneity, with disease-causing 
mutations identified in both nuclear and mtDNA, making 
both mendelian and maternal patterns of inheritance pos- 
sible for this syndrome.” Mutations in mtDNA genes 
ATPase6 (complex V), ND5 (complex I), and tRNA”, or 
nuclear-encoded genes affecting pyruvate dehydrogenase or 
respiratory chain enzyme complexes I, H, and IV have been 
reported.* The most common biochemical abnormality 
associated with LS is deficiency of cytochrome c oxidase 
caused by defects in the assembly of complex IV. The protein 
products from the SURF-1 and COX 10 genes play an 
important role in the assembly of complex IV, and mutations 
in these genes follow an autosomal recessive mode of 
inheritance. 

Clinical testing for mitochondrially inherited LS uses 
direct sequencing of mtDNA-encoded genes. Because of the 
genetic heterogeneity of nonmitochondrially inherited LS 
and the need for mutation screening for a number of genes, 


*References 7, 76, 363, 451, 561, 568, 574, 577, 591-592, 
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Figure 40-9 Detection of varying degrees of heteroplasmy for 
mtDNA mutation A8344G in a family with Leigh syndrome.! 
Mitochondrial DNA was extracted from a peripheral blood 
specimen from an affected male with Leigh syndrome and from 
family members. Mitochondrial DNA was amplified using an 
oligonucleotide primer pair that flanks mitochondrial mutation 
A8344G. The A-to-G base substitution creates a Nael 
recognition site (GCCGGC), which is not present in normal 
control mtDNA (C). Amplicons from each member of the 
family and the control were digested with Nael and subjected 
to gel electrophoresis. The virtual absence of undigested 
amplicons in the affected male indicates the presence of almost 
100% mutant mtDNA in the cells from this specimen and 
coincides with the severe phenotype of Leigh syndrome in this 
patient.“! In contrast, his sister, mother, and grandmother with 
30%, 40%, and 20% mutant mtDNA suffer only from migraine 
headaches. His uncle, with 30% mutant mtDNA present, suffers 
with attention-deficit-hyperactivity disorder and learning 
disabilities. Heteroplasmy, or variation in the percentage of 
normal and mutant mitochondria, largely explains the observed 
phenotypic differences in this family. (Figure courtesy of Thomas W. 
Prior, Ph.D., Depts of Pathology and Neurology, Ohio State University, 
Columbus, Ohio.) 


clinical testing for LS is limited and not currently available 
in the United States.'° 


IMPRINTING 


Imprinting refers to the differential marking or “imprinting” 
of specific paternally and maternally inherited alleles during 
gametogenesis, resulting in differential expression of those 
genes. Such imprints on the DNA during gametogenesis 
must be maintained through DNA replication in the somatic 
cells of the offspring, must be reversible from generation to 
generation, and must influence transcription. DNA methy- 
lation is the primary mechanism for genomic imprinting. 
The number of imprinted genes in the human genome is 
estimated to be less than 200, and most are clustered around 
imprinting control centers. Alterations in normal imprint- 
ing patterns can result in disease. 


Prader-Willi and Angelman Syndromes 

Prader-Willi syndrome (PWS) is characterized by hypotonia, 
obesity, short stature, small hands and feet, motor and 
mental retardation, and hypogonadism. The syndrome is 
also associated with specific behavioral and psychopatho- 
logical characteristics, which present challenging manage- 
ment issues.'“°"!” The disorder is relatively frequent, with an 
incidence of 1 in 10,000 to 15,000, Angelman syndrome (AS) 
is characterized by severe mental retardation, inappropriate 
bouts of laughter, absence of speech, gait ataxia, frequently 
microcephaly, and seizures. The incidence of AS is estimated 
at about 1 in 12,000 to 20,000. As apparent from their char- 
acteristic physical findings, PWS and AS are clinically dis- 
tinct syndromes; yet each results from one of several possible 
genetic changes involving chromosomal region 15q11-q13 
(long arm of chromosome 15 within banding regions 11 and 
13). Within this 4-megabase (Mb) region, 2Mb are 
imprinted, with gene expression dependent on parental 
origin. PWS results from the loss of paternally expressed 
genes in this region, and AS results primarily from the loss 
of a maternally expressed gene in this region. 

The primary candidate gene for PWS is the paternally 
expressed SNURF-SNRPN locus,”***"**’ There is extensive 
DNA methylation at the CpG island upstream from this 
locus on the maternal allele resulting in transcriptional 
silencing of this locus. The SNURF-SNRPN is a complex 
locus that contains a cis-acting regulatory region referred to 
as the imprinting center (IC), which controls resetting of 
parental imprints in the 15q11-13 region during gameto- 
genesis and two polypeptides, SmN and SNURE, and a small 
nucleolar RNA (snoRNA), HBH-13.* SmN is involved in 
mRNA splicing in the brain, and SNURF (SNRPN Upstream 
Reading Frame) is found in the nucleus, contains 71 amino 
acids, may bind RNA, and has a C-terminal motif similar to 
ubiquitin. HBH-13 is encoded from within intron 12 of 
SNURE and modifies RNA, perhaps mRNA and rRNA and 
snRNA. In addition, multiple imprinted and paternal-only 
expressed genes have also been identified in this region 
including NDN, which encodes necdin, a protein important 
for neuronal differentiation and a suppressor for cell prolif- 
eration; IPW, which encodes a 2.2kb RNA but is not trans- 
lated into a polypeptide; MKRN3, which encodes makorin 
ring zinc-finger protein 3; and MAGEL2, which encodes 
melanoma antigen-like gene 2,5384046 These expressed 
genes may have additive roles in the phenotype of PWS.” 
The loss of normally expressed paternal genes in 15q11-q13 
resulting in PWS can occur by several mechanisms. Most 
commonly, PWS (65% to 70%) results from a de novo dele- 
tion encompassing this area following unequal homologous 


‘recombination involving repeated homologous sequences in 


this region. The subsequent zygote would be monosomic for 
these genes by possessing only the maternal copy. Alterna- 
tively, 25% to 30% of PWS is caused by uniparental disomy. 


*References 62, 103, 214, 431, 501, 559. 


Chapter 40 Inherited Diseases 1505 


In this scenario, although two copies of the genes located in 
15q11-q13 exist, both are maternal in origin, arising in most 
cases from meiosis I nondisjunction and subsequent loss of 
the third, paternal-derived chromosome 15 through mitotic 
loss postzygotically. This mechanism of chromosome loss 
rescues the zygote from trisomy 15, a condition that is 
incompatible with life.*° Although in this situation the fetus 
is genetically complete with two chromosome 15s (disomy), 
both chromosomes are, however, from the same parent (uni- 
parental) with a loss of paternal-expressed loci in the criti- 
cal imprinted region 15q11-q13. In about 5% of cases, PWS 
can result from microdeletions encompassing the paternal 
IC. Or in some cases, there is no detectable DNA mutation, 
but rather there is an abnormal imprint.” A microdeletion 
containing the IC prevents this cis-acting control center from 
resetting the imprint in the germline. These mutations, if 
present on the maternal chromosome of phenotypically 
normal fathers, will be transmitted to offspring as the pater- 
nal chromosome and result in a child with PWS. Lastly, less 
than 1% of PWS cases are caused by chromosomal 
rearrangements disrupting the genes in the 15q11-q13 
region.*” 

The primary maternally expressed gene in the PWS 
and/or AS critical region is UBE3A, although a second gene, 
ATPI1OC, has been shown to display predominantly maternal 
expression in brain and lymphocytes.” The UBE3A gene 
is almost exclusively expressed in the brain, contains 16 
exons, and encodes an E3 ubiquitin ligase involved in the 
ubiquitination pathway for degradation of a divetse range of 
protein substrates.” The lack of ubiquitination could result 
in the inability to degrade or functionally alter targeted pro- 
teins. Similar to PWS, 70% of AS patients have a deletion of 
the critical 15q11-q13 region. However, unlike PWS in which 
a deletion on the paternal allele causes PWS, in AS a dele- 
tion encompassing this region on the maternal chromosome 
15 yields the clinically distinct AS phenotype. Recently an 
inversion mutation was identified in the mother of four of 
six AS patients with a deletion in this region.” It is likely 
that the presence of these inverted DNA sequences in these 
women predisposed this region to deletions in their off- 
spring by interfering with normal homologous synapses, or 
pairing of homologous chromosomes, during meiosis. AS 
patients with a deletion have a more severe phenotype pos- 
sibly because of haploinsufficiency of nonimprinted UBE3A 
adjacent and co-deleted genes. In 7% of AS patients, pheno- 
typic expression of the syndrome occurs as a result of uni- 
parental disomy because of the inheritance of two copies of 
a paternal chromosome 15 in contrast to the normal inher- 
itance of one paternal and one maternal allele. As a conse- 
quence, with both paternal UBE3A genes silenced, there is 
no functional UBE3A protein. In 3% of AS patients, an 
imprinting defect has been described.’ A cytogenetic 
rearrangement has been detected in about 1% of AS cases, 
and in 11% of cases, a mutation in the UBE3A gene itself has 
been reported.’ Although these mutations can arise de 
novo, they can be silently transmitted through several gen- 


Figure 40-10 Methylation-specific PCR assay for the diagnosis 
of PWS and AS. Extracted DNA is treated with sodium bisulfate 
before amplification using multiplex PCR and oligonucleotide 
primers specific for modified DNA. Normal individuals show 
amplicons representing their methylated maternal allele and 
amplicons from their unmethylated paternal allele. PWS patients 
show only the maternal allele and AS patients show only the 
paternal allele. Results observed following PCR amplification and 
gel electrophoresis of patients referred for PWS and AS testing. 
Patient DNA with patterns diagnostic of AS (lanes | and 5), 
PWS (lanes 2 and 6), and patients referred for AS or PWS but 
who have normal methylation patterns (fanes 3 and 4) are 
shown. Normal control DNA patterns and a negative control 
reaction in which no template DNA was added are indicated in 
lanes 7 and 8, respectively. No amplification products are 
observed in unmodified normal control DNA (lane 9), 
illustrating the specificity of the PCR primers specifically for 
sodium bisulfate modified DNA. (Figure courtesy of Jack Tarleton, 
Ph.D., Director of Genetics Laboratory, Fullerton Genetics Center, 
Mission Hospitals, Asheville, N.C.) 


erations. For example, if a UBE3A mutation rose de novo on 
a paternal allele transmitted to a son, the son could transmit 
the mutation to a son or daughter to result in a normal phe- 
notype. However, although this son could again transmit the 
silenced UBE3A mutation to his offspring, his sister could 
donate her mutated UBE3A paternally derived allele to 
her offspring, and the child would have AS, Lastly, in about 
11% of AS patients, the etiology of the disease has not been 
established. 

Diagnostic testing for individuals suspected of having AS 
or PWS can involve a variety of methodologies.” Further, 
determining the genetic mechanism for the cause of the 
disease is important for determining recurrence risks for the 
family.” Under most circumstances, initiating testing with 
methylation-specific PCR (mPCR) is one scenario that can 
be used and may. be: the most cost-effective approach*** 
(Figure 40-10). In methylation-specific PCR, genomic DNA 
is treated with sodium bisulfite before PCR to convert 
unmethylated cytosine residues to uracil without altering the 
methylated cytosine residues (those silenced in the 15q11-13 
region). The subsequent PCR reactions use oligonucleotide 
primers specific to DNA strands that contain either uracil 
(unmethylated) or cytosine (methylated). Methylation- 
specific PCR provides a rapid and reliable diagnostic test to 
rule out PWS or AS. If the result is negative, >99% of PWS 
and about 80% of AS patients can be ruled out. PWS patients 
with a chromosomal rearrangement disrupting the genes in 
this area will not be identified by this test. Similarly, AS 
patients with a UBE3A mutation, a chromosome rearrange- 
ment disrupting the genes in the region, or AS resulting from 
an unknown etiology. will not be diagnosed with this 
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y) (Frequency) 
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me 25%-30% (maternal) | 


75% 
NIA 


<1% (paternal) 


methodology. However, if the result is positive, FISH studies 
can be performed to detect a deletion within 15q11-13, 
and/or uniparental disomy DNA testing should be done to 
determine the genetic mechanism of disease for appropriate 
genetic counseling of the family. The mechanisms and 
tests for PWS and AS are summarized and contrasted in 
Table 40-2. 


COMPLEX DISEASES 
A complex or multifactorial inheritance pattern indicates 


interaction of one or more genes with one or more envi-. 


ronmental factors. Multifactorial diseases can be more 
prevalent in some families with several affected family 
members, but the disease does not follow typical mendelian 
inheritance patterns. Disease may present in multiple family 
members because of the sharing of similar disease- 
predisposing alleles and often the sharing of similar daily 
habits, routines, and diet. The degree of genetic and envi- 
ronmental contribution to a disease process varies among 
complex diseases, and identification of the causative genetic 
and environmental factors is challenging. Further, it is dif- 
ficult to assess the relative importance of genetic and 
environmental influences in the development of a disease, 
though twin studies are often used. Among twins who were 
raised together, a greater concordance of disease among 
monozygotic (MZ) twins—who share all of their genes— 
than in dizygotic (DZ) twins, who share 50% of their genes, 
provides strong evidence of a genetic component to the 
disease. Conversely, disease concordance <100% in MZ twins 
is strong evidence that nongenetic factors play a role in the 
disease. Examples of largely adult-onset complex diseases 
include type 1 diabetes, multiple sclerosis, Parkinson disease, 
hypertension, alcoholism, and thrombophilia. 


*Modified from a table prepared by Allison Presley, MD, University of Virginia. 


: ‘Abnormal : : : 
Normal 


Normal = 


i Very. few cases ooo 


Thrombophilia 


Deep vein thrombosis (DVT) occurs in about 1 per 1000 
individuals, and complications from DVT, including pul- 
monary embolism, account for about 50,000 deaths per 
year”! Venous thrombosis is caused by a disruption of 
normal hemostasis caused by the interaction of one or more 
genes and environmental factors and/or acquired condi- 
tions, including use of oral contraceptives, trauma, obesity, 
immobility, pregnancy, age, or surgery.’ Although the 
protein products of many genes are involved in the antico- 
agulation and coagulation pathway and are involved in the 
regulation of hemostasis, mutations in the factor V and 
prothrombin genes are associated with DVT, represent the 
most frequent genetic cause of thrombophilia, and are 
common in the population.**” Further, patients with both 
mutations have an increased risk of a recurrent DVT and 
may require different management than patients with only 
one of the two mutations.’ Consistent with that of a 
complex disease, despite the presence of these mutations and 
some environmental and/or acquired factors, it is impos- 
sible to predict a patient’s clinical course even within 
members of the same family. Thus venous thrombosis 
illustrates our lack of understanding in the interaction of 
known and uncharacterized risk factors in predisposition to 
a complex disease. 

Activated protein C in conjunction with its cofactor, 
protein S, plays a key role in the anticoagulant system by 
inactivating membrane-bound factors Va and VIIa. The 
inability to inactivate procoagulant factors Va or VIa could 
disturb hemostasis, heighten the coagulation pathway, 
increase the generation of thrombin, and promote clot for- 
mation. In 1993 Dahlback reported familial thrombophilia 
caused by resistance to activated protein C (APC).'” In 1994 
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Bertina et al observed linkage of the factor V gene and the 
APC resistance phenotype and reported a G-to-A base sub- 
stitution at nucleotide 1691 in exon 10 of the factor V gene.” 
This nucleotide change results in an arginine-to-glutamine 
substitution at codon 506 (R506Q) in the factor V protein. 
Cleavage at the arginine residue at codon 506 by APC is the 
initial step of inactivation of the activated factor V protein, 
causing it to display a decreased affinity for factor Xa. 77798 
As a result, there is reduced efficiency in catalyzing the 
activation of prothrombin to alpha-thrombin.** However, 
substitution with a glutamine residue at this site prolongs 
inactivation of this molecule by APC by approximately 
tenfold, thereby shifting the balance of hemostasis to favor 
coagulation and increasing thrombin production.” Inter- 
estingly, this mutation is quite common in the Caucasian 
population of Northern European descent, with a frequency 
of 3% to 5%, but is essentially absent in Asian, African, 
or Australian populations.*’”*" This phenomenon is 
thought to result from the fact that the G-to-A mutation 
occurred as a single event approximately 21,000 to 34,000 
years ago after the evolutionary divergence of non-Africans 
from Africans and of Caucasians from Mongoloids,°* 
Heterozygous carriers have a 7.9-fold increased relative risk 
of thrombosis compared with a ninety-onefold increased 
risk for homozygotes.“ The risk for thrombosis is increased 
in the presence of other genetic or environmental and/or 
acquired factors. ™ 67623% The mean age of onset of symp- 
toms associated with thrombosis is 44 years for heterozy- 
gotes and 31 years in homozygotes.*! Further, although 
transmitted as a dominant trait—with carriers of this muta- 
tion possessing a lifelong risk—and because thrombophilia 
is a complex disease resulting from the interaction of both 
genetic and environmental and/or acquired factors, many 
heterozygote carriers can remain asymptomatic," 

In 1996 Poort et al described a genetic variant in the 
3’-untranslated region of the prothrombin gene in 18% of 
patients with a documented family history of venous throm- 
bosis.*” In a population-based case control study, this 
common allele (G-to-A base substitution at nucleotide 
20210) increased the risk of venous thrombosis 2.8-fold 
and was associated with increased plasma prothrombin 
(>1.15kU/L). The risk of venous thrombosis is increased six- 
teenfold in G20210A carriers using oral contraceptives, and 
the risk of cerebral vein thrombosis increases 149-fold in 
G20210A carriers using oral contraceptives.**'*” In the Cau- 
casian population, this base substitution is present in 6.2% 
of patients with venous thrombosis compared with 2.3% of 
controls. This allele is thought to be largely confined to the 
Caucasian population, because it was not detected in 170 
Japanese, nor 80 Asians, although it was reported in 1 of 256 
African-American infants and 2 African-American patients 
with venous thrombosis.'?!** Similar to the origin of 
factor V mutation G1691A, it is thought that the G20210A 
base substitution occurred as a single event after the diver- 
gence of Africans from non-Africans and of Caucasoid from 
Mongoloid subpopulations. Prothrombin, also referred to 


as factor ÍI, is the precursor of thrombin and plays a primary 
role in fibrin production and clot formation. The G-to-A 
substitution increases the processing of the 3’-end of the 
pre-mRNA and thus functions as a gain-of-function 
mutation, culminating in increased mRNA accumulation 
and increased synthesis of protein.'” This aberration of 
RNA metabolism results in increased synthesis of pro- 
thrombin and can enhance clot formation. Note that the 
substitution does not change the amino acid sequence of 
prothrombin. 

Inherited together, G1691A (factor V) and G20210A 
(factor II, prothrombin) convey at least a twentyfold 
increased risk for a venous thromboembolic event (VTE). 
They are commonly seen together in thrombophilia patients 
thus supporting the additive genetic effect associated with 
complex diseases, “+10134160576 

DNA testing for G1691A and G20210A in clinical labo- 
ratories is performed by any one of several methodologies 
with those most commonly reported being invasive cleavage 
of oligonucleotide probes (Invader assay), PCR coupled with 
restriction-endonuclease digestion and gel electrophoresis, 
and real-time PCR.**?8?7"77 Many other techniques have 
been described.°°* Any testing platform is acceptable 
for clinical use as long as the procedure has been properly 
validated in the laboratory and follows appropriate quality 
assurance guidelines.” Standards for reporting of molecu- 
lar diagnostic tests have been published as well, but many 
laboratories reporting factor V mutation results do not 
follow these guidelines. ° 

DNA-based testing for factor V may be requested on a 
patient following the factor V Leiden-specific functional 
assay (Coatest APC resistance, Chromogenix AB, Sweden) to 
confirm the diagnosis and to distinguish between heterozy- 
gotes and homozygotes. Similarly, DNA testing can be 
ordered in place of the functional assay especially for 
patients with lupus anticoagulant and a markedly prolonged 
baseline aPTT (which may interfere with the assay), or in 
family members of G1691A-positive patients.“ Since there 
may be multiple causes of a thrombotic event, factor V and 
prothrombin testing is especially recommended in patients 
in whom a high clinical suspicion exists, such as patients 
with: (1) venous thrombosis or pulmonary embolism and 
age under 50; (2) venous thrombosis at an unusual site 
(hepatic, mesenteric, portal, or cerebral veins); (3) recurrent 
VTE; (4) VTE and a strong family history of thrombotic 
disease; (5) VTE in pregnant women or women taking oral 
contraceptives; or (6) relatives who had VTE at age less than 
50 years 9482 

Benefits from DNA testing include the identification of 
individuals at risk for recurrent events, especially in 
situations that predispose to thrombosis, such as oral con- 
traceptive use, management of pregnancy complications, 
or hormone replacement therapy.'“” In addition, DNA 
testing enables the identification of at-risk family members. 
Screening is not recommended for populations or newborns 
nor is prenatal screening recommended. Although factor V 
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R506Q represents the genetic factor in thrombophilia in 
greater than 50% of families with thrombosis, inherited 
defects in protein C, protein S, and antithrombin are 
detectable in approximately 10% to 15% of families with 
venous thrombosis. These latter, less common deficiencies 
can be diagnosed through laboratory assays and do not typ- 
ically involve DNA testing because of the heterogeneity of 
mutations in these genes.” Mutations at two other factor 
V arginine-cleavage sites have been reported, but these 
mutations are very rare and are not part of routine DNA 
testing in patients.'°"” i 


Inherited Breast Cancer 


Mutations in the two major breast cancer genes, BRCAI and 
BRCA2, predispose patients to breast and ovarian cancer and 
to prostate and colon cancer (BRCA1) or pancreatic cancer 
(BRCA2). The incidence of mutations in these genes within 
the population is estimated to be between 1 in 500 and 1 in 
1000.°° However, the combined frequency of three common 
mutations in the Ashkenazi Jewish population is as high as 
almost 3%.“ Breast carcinoma is second only to lung carci- 
noma as a cause of cancer-related death among women in 
the Western hemisphere, but familial breast cancer accounts 
for only 5% to 10% of all cases. BRCA1 and BRCA2 muta- 
tions are present in only about 20% of familial cases and are 
often associated with a younger age of onset. Recent studies 
suggest that the progression rate of breast neoplasia is accel- 
erated in women who carry BRCAI or BRCA2 mutations 
compared with other patients who have breast carcinoma 
with or without a family history.° In families in which breast 
cancer is segregating, but no BRCA1 or BRCA2 mutation has 
been detected, additional genes that predispose to breast 
cancer are likely but have yet to be identified. The inabil- 
ity to identify breast cancer susceptibility genes in these fam- 
ilies may reflect: (1) genetic heterogeneity in the family with 
mutations in several genes, (2) low penetrance of these 
mutations, making it difficult to distinguish family members 
without mutation from asymptomatic carriers in the studies, 
(3) an autosomal recessive mode of inheritance, or (4) breast 
cancer acting as a complex disease that results from the inter- 
action of both several genes and environmental factors, 
thereby making it difficult to tease out the genetic compo- 
nent of the disease. Recently developed gene-expression 
assays of tumor tissue may be instrumental for classification 
of these families into subsets, aiding studies aimed at deter- 
mining the molecular origin of these cancers.” Mutations 
in tumor-suppressor genes TP53 or ATM are also associated 
with “familial” cancer, including breast cancer in mutation- 
positive females.” 

Mutations in BRCAI and BRCA2 are inherited in an auto- 
somal dominant fashion, with offspring of known carriers 
or of affected patients possessing a 50% chance of inherit- 
ing the predisposing cancer gene mutation. Inheritance of 
the mutation does not convey a certainty of developing 
cancer nor indicate the type of cancer or the age of onset.” 
The average cumulative risk of breast cancer for mutations 


in either BRCA] or BRCA2 is about 27% to age 50 and 64% 
to age 70.°° Both environmental and genetic factors play a 
role in the development of breast or other cancers in muta- 
tion-positive patients as does the type of DNA mutation in 
BRCAI or BRCAZ.199:407-408,516 

Using DNA linkage studies, Hall et al mapped the gene 
for early onset familial breast cancer to 17q21 (long arm of 
chromosome 17 banding region 21)” In 1994 BRCAI 
was cloned and later confirmed by several other investiga- 
tors as the susceptibility gene in breast and ovarian cancer 
kindreds.’"*°”” The BRCA1 gene spans 80 kb, is composed 
of 24 exons, 22 encode the 7.8-kb mRNA that is translated 
into a protein of 1863 amino acids. The large exon 11 (3427 
bp) accounts for 61% of the coding portion of the gene. In 
families in whom linkage to BRCAI was excluded, a second 
susceptibility locus at 13q12-13 (long arm of chromosome 
13 within banding region 12 and 13), BRCA2, was proposed 
and subsequently cloned. 5888-6 The BRCA2 gene, unre- 
lated in sequence to BRCAI, spans 70kb, contains 26 exons, 
encodes an 11.5-kb mRNA, and is translated into a protein 
of 3418 amino acids. BRCAI and BRCA2 are considered 
tumor-suppressor genes requiring inactivation of both 
alleles for progression to neoplasm. In a patient with famil- 
ial breast cancer, a mutant allele is inherited, and the second 
allele—the patient’s wild-type allele—is inactivated through 
somatic mutation. BRCA1 and BRCA2 proteins are multi- 
functional, interacting with numerous other proteins in 
complex and separate systems involved in response to DNA 
damage, regulation of transcription, remodeling of chro- 
matin, and regulation of cell growth." 

Mutations in BRCAI and BRCA2 are heterogeneous and 
located throughout each gene, with more than 1600 identi- 
fied to date.” Interestingly the range of mutations varies 
greatly among different populations, with founder muta- 
tions observed in many ethnic groups.**°° In Ashkenazi 
Jewish breast and ovarian cancer families, mutations 
185delAG and 5382insC are the ones primarily observed in 
BRCAI, and in families in whom these mutations are not 
present, the identification of other BRCAI mutations is 
rare.“ In addition, BRCA2 mutation 6174delT has been 
observed in 6 of 80 (8%) Ashkenazi Jewish women diag- 
nosed with breast cancer before age 42 as compared with 0 
of 93 non-Jewish women diagnosed with breast cancer at the 
same age.“ BRCA1 mutation 943ins10 is an ancient founder 
mutation of West African origin, and mutation 2804delAA, 
estimated to have occurred about 32 generations ago, is seen 
in Dutch and Belgian families.» The BRCA2 mutation 
999del5 is common in the Icelandic population, whereas the 
founder BRCA2 mutations $2835X and 5802del4 are 
common in Japanese breast cancer families.””*””? In contrast, 
BRCAI and BRCA2 mutations are less commonly associated 
with familial breast cancer in Taiwanese and Chinese 
populations?! 

Testing for disease-associated mutations is made difficult 
by the heterogeneity of disease-causing mutations and the 
complexity of the BRCAI and BRCA2 genes. Moreover, the 
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clinical significance of some observed variants may be 
unknown and in some cases may be benign.’” Interestingly 
the majority of BRCAI and BRCA2 disease-associated muta- 
tions result in premature truncation of the protein and thus 
a loss of function. For this reason, the protein truncation test 
(PTT) is often employed as a screening method: for muta- 
tion detection. In this methodology, multiple PCR primer 
pairs are designed to span the gene with each primer pair, 
including one primer that includes an RNA polymerase pro- 
moter and a translation initiation sequence. The resulting 
amplicons are incubated in an in vitro translation system, 
and the synthesized proteins are subjected to sodium 
dodecyl sulfate (SDS)—polyacrylamide gel electrophoresis 
for detection of truncated proteins.” ® 

In addition to PTT, various other screening techniques 
have been described to provide maximum sensitivity in 
mutation detection, yet high throughput of specimens. 
Other common screening assays include microarrays, dena- 
turing high-performance liquid chromatography (DHPLC), 
single-strand conformation polymorphism (SSCP), dena- 
turing gradient gel electrophoresis (DGGE), heteroduplex 
analysis (HA), and fluorescence assisted mismatch analysis 
(FAMA). More recently, other unique methods have 
been described as well, including allele-specific gene expres- 
sion analysis (AGE), multiplex ligation-dependent probe 
amplification (MLPA), and restriction endonuclease 
fingerprinting, single-strand conformation polymorphism 
coupled with capillary electrophoresis.’ 

Although screening assays can detect DNA perturbations, 
DNA sequence (DS} analysis is required for precise identifi- 
cation of the base or bases involved. In many instances, a 
combination of screening methods is used, thereby reducing 
the region of the gene that requires DNA sequencing 
analysis, In addition, since founder mutations within various 
populations exist, information regarding the ethnicity of the 
patient may be valuable in determining the strategy for 
analysis, employing a method to detect those mutations 
most common in that population. An alternative approach 
is to eliminate screening of the gene and rather perform 
direct DS analysis of the BRCAI and BRCA2 genes on each 
specimen. A large study concluded that DS is not the most 
cost-effective method available for testing.°” 

Clinical testing for BRCA1 and BRCA2 is primarily per- 
formed on women with breast cancer and a strong family 
history of breast and/or ovarian cancer or on presympto- 
matic women with a strong family history of breast and/or 
ovarian cancer for which prior identification of a BRCA1 
or BRCA2 mutation in the family may or may not have 
occurred. The impact of genetic testing on these patients has 
been well evaluated. +? The likelihood of identifying a 
BRCAI or BRCA2 mutation in a patient is increased to 10% 
or greater if: (1) breast cancer was diagnosed in two women 
in the family before the age of 50; (2) breast cancer was diag- 
nosed in women in the family before age 50, and ovarian 
cancer was detected in one or more women in the family; 
(3) breast cancer was diagnosed after the age of 50 in one 


woman, and ovarian cancer was detected in two or more 
women in the family; (4) ovarian cancer is present in two or 
more family members; (5) male breast cancer is present, and 
breast or ovarian cancer is present in the family." 

In presymptomatic cases, extensive genetic counseling 
addressing both the positive and possible negative aspects of 
genetic testing must be discussed with the patient before 
genetic testing is undertaken. Counseling often involves par- 
ticipation of family members, usually spouses. Based on the 
family history, the genetic counselor should inform the 
patient of the likelihood that a BRCAI or BRCA2 mutation 
could be segregating in the family, the risk of disease(s) asso- 
ciated with mutations, and an overview of prevention and 
surveillance options available for mutation carriers.’ Coun- 
seling may be needed for psychological issues, including the 
fear of cancer or medical procedures, past experiences 
involving loved ones with cancer, feelings of guilt about pos- 
sibly transmitting a cancer-causing gene to children, and dis- 
crimination by employers or insurers if a positive test result 
is disclosed.” The continued anxiety and uncertainty with 
some test results should be discussed as well. For example, 
in some instances when DNA from an affected family 
member is not available for testing, the presymptomatic 
patient must clearly understand that a negative result could 
imply the inability to detect the specific BRCA1 or BRCA2 
gene mutation segregating in the family and would not 
exclude the possibility of a mutation in another breast 
cancer—susceptibility gene that may be present in the family. 
Further, the possibility of identifying a DNA alteration of 
unclear significance and the associated uncertainty and 
anxiety resulting from such a finding must also be discussed. 
A US. patent has resulted in clinical testing for BRCAI and 
BRCAZ2 being available exclusively at one location within the 
United States; both false-negative test results and variants of 
uncertain significance are possible. The absolute control of 
diagnostic testing of these genes for patient care is an issue 
of much debate.” ; 

Once an asymptomatic, mutation-positive woman has 
been identified, she may wish to undergo prophylactic bilat- 
eral mastectomy, oophorectomy, or specialized surveillance 
and prevention strategies for the early detection of both 
breast and ovarian cancer. The risk of breast cancer can be 
significantly lower in women choosing prophylactic surgery 
than in those opting for increased surveillance.” 


Inherited Colon Cancer 

Colorectal cancer (CRC) is the second leading cause of cancer 
death in the United States, with about 5% of cases associated 
with inherited mutations linked to colon cancer syndromes, 
The molecular basis of sporadic and inherited CRC involves 
two distinct pathways, one of chromosomal instability and 
one associated with microsatellite instability. The original 
model of chromosome instability proposed in 1990 to 
explain the pathogenesis of most sporadic tumors (~85%) 
has been further characterized to reveal a complex chain of 
events whereby normal colon lining (mucosa) is transformed. 
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Figure 40-11 Electropherograms illustrating loss of 
heterozygosity (LOH) in tumor DNA. Patient DNA is extracted 
from the peripheral blood and tumor tissue and amplified by 
PCR using an oligonucleotide primer pair specific for a 
polymorphic, microsatellite repeat locus contained within the 
chromosomal region thought to be deleted during 
tumorigenesis. One of the primers within the pair is labeled 
with a fluorescent dye. Amplicons are subjected to 
electrophoresis on a 5% denaturing polyacrylamide gel in an ABI 
DNA sequencer and analyzed using GeneScan software 3.} b3. 
Constitutive DNA from the patient’s blood illustrates 
heterozygosity for this marker with amplicons represented by 
alleles | and 2. In DNA from the tumor, a single peak 
representing a typical homozygous pattern is observed. Thus 
there is LOH in tumor DNA. This loss signifies the loss of the 
second allele and also indicates the loss of this region on the 
chromosome. (See Color Plate 10.) 


into adenomatous and then into malignant mucosa via the 
inactivation of tumor-suppressor genes and the activation of 
genes involved in tumor cell proliferation.**"”! 

The chromosomal instability (CIN) pathway begins with 
the loss of function of the adenomatous polyposis coli (APC) 
tumor-suppressor gene product, most often because of a 
somatic inactivating gene mutation on one allele followed by 
a chromosomal deletion encompassing the second APC 
allele and adjacent flanking DNA on chromosome 5q (Figure 
40-11 and Color Plate 10). Since APC is involved early in the 
tumorigenic process, it has been referred to as the “gate- 
keeper.” The cascade of events proceeds with continued 
activation of the KRAS (Kirsten rat sarcoma virus) proto- 
oncogene on 12p12.1 (short arm of chromosome 12 banding 
region 12.1) through somatic gene mutations (most fre- 


quently occurring in codons 12, 13, or 61), which in the pres- 
ence of APC inactivation increases growth and proliferation 
of the cell.“ Subsequent inactivation of the tumor-suppres- 
sor gene DCC (deleted in colon cancer) and frequent loss 
of adjacent tumor-suppressor genes on 18q (long arm of 
chromosome 18) including SMAD4 and SMAD and the 
inactivation of tumor-suppressor gene TP53 on 17p (short 
arm of chromosome 17) are identified in late adenoma and 
carcinoma.” 

The microsatellite instability (MSI) pathway in sporadic 
CRC arises from mutations or altered expression of genes 
involved in DNA mismatch repair (MMR)? (Figure 
40-12 and Color Plate 11). As a result of an altered and thus 
dysfunctional MMR system, DNA replication errors, pri- 
marily within microsatellite repeats or repetitive sequences, 
remain uncorrected and accumulate. Although expansion or 
contraction of the microsatellite-repeat number is of little 
significance in much of the noncoding areas of the genome, 
changes within coding regions of the genome and specifi- 
cally within genes involved in cell growth and regulation can 
alter the sequences of their protein products and thus affect 
their function. 

Inherited CRC syndromes initiate as a result of an inher- 
ited mutation in one of the genes involved in the CIN or MSI 
pathway. Although several CRC syndromes exist, the 
two most common are familial adenomatous polyposis 
(FAP) and hereditary nonpolyposis colorectal cancer 
(HNPCC). Y Most interestingly, tumors in FAP kindreds 
and tumors displaying CIN more frequently are found in the 
distal part of the colon, whereas tumors in HNPCC families 
and tumors displaying MSI more commonly occur in the 
proximal part of the colon.” 

FAP, characterized by hundreds to thousands of adeno- 
matous polyps throughout the large bowel, is inherited in an 
autosomal dominant fashion. Penetrance is 80% to 100%, 
and the estimated incidence is 1 in 8000.% FAP accounts for 
less than 1% of CRC observed in the United States. In about 
25% of cases no family history exists, indicating that these 
cases arise as a result of a new mutation; there is no tendency 
for paternal versus maternal origin of the mutated allele.” 
Polyps first appear during the second decade of life.°* CRC 
ultimately develops approximately 10 to 15 years after the 
onset of polyposis, with the median age of CRC in untreated 
FAP patients being about 40.%*” Although an individual 
polyp is no more likely to progress to cancer than a sporadic 
polyp, it is the sheer number of polyps in these patients that 
increases the likelihood that one will progress to cancer. 
Further, patients with FAP are at increased risk for develop- 
ing cancer of the thyroid, small intestine, stomach, and 
brain.’”” The gene responsible for FAP, the APC gene, was 
ultimately cloned in 1991 following linkage to chromosome 
5q21 (long arm of chromosome band 21) in FAP kindreds 
in 1987.19.25 The APC gene spans 8535 base pairs, 
contains 15 exons, and encodes a protein of 2843 amino 
acids with a molecular weight of about 312kD. The APC 
protein is a multidomain, multifunctional protein, partici- 
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Figure 40-12 _Electropherograms iflustrating MSI in tumor 
DNA, Patient DNA is extracted from the peripheral blood and 
tumor tissue and amplified by PCR using an oligonucleotide 
primer pair specific for a microsatellite repeat locus. One of the 
primers within the pair is labeled with a fluorescent dye. 
Amplicons are subjected to electrophoresis on a 5% denaturing 
polyacrylamide gel in an ABI DNA sequencer and analyzed by 
GeneScan software 3.1 b3. Constitutive DNA from the patient’s 
blood illustrates heterozygosity for this marker with amplicons 
represented by alleles | and 2. In DNA from the tumor, in 
addition to constitutive alleles | and 2, amplicons representing 
DNA fragments of a different size are present; these indicate a 
change in repeat number for one of the alleles. Because of 
dysfunctional MMR enzymes, mistakes occurring during the 
replication of microsatellite repeat sequences resulting in 
expansions or contractions of the repeat number remain 
unrepaired. In this case, a contraction in the repeat number of 
allele 2 has occurred. (See Color Plate |1.) 


pating in several cellular processes, including cell adhesion 
and migration, signal transduction, microtubule assembly, 
and chromosome segregation. Best understood is the regu- 
lation of B-catenin levels through interaction with APC. 
B-catenin is required for binding with E-cadherin, a member 
of the calcium-dependent cell adhesion molecules, and is 
also involved in signal transduction pathways." Mutations 
altering the association of B-catenin with APC minimize 
degradation and increase cytoplasmic levels of B-catenin; 
this can affect cell-cell adhesion and the transcription of 
genes, promoting cell proliferation (specifically CMYC) or 
inhibition of cell death.” 


Studies on FAP families indicate that a wide variety of 
germline mutations exist; >95% result in truncated proteins, 
either because of a nonsense mutation (30%) or by a 
frameshift mutation, and most are contained within the 
5’-half of the gene.” In germline mutations there are two hot 
spots at codons 1061 and 1309, with the most common 
mutation being an AAAAG deletion at codon 1309. These 
mutations leave the truncated APC protein unable to regu- 
late B-catenin. 

Genotype-phenotype correlations exist for some APC 
mutations. Patients with truncating mutations at the 
extreme 5’-end of the gene (codons 1 to 163) or mutations 
at the carboxyl-terminal end of the gene (codons 1860 to 
1987) have the attenuated form of the disease, developing a 
smaller number of polyps (<100).* A severe phenotype is 
observed in patients with mutations between codons 1250 
and 1464, and patients with truncating mutations between 
codons 1403 and 1578 are at an increased risk for extra- 
colonic disease.“ Intrafamilial and interfamilial pheno- 
typic variability exists even in the presence of an identical 
mutation and may be explained by a modifier gene or 
genes."*! The site of the inherited germline mutation 
appears to influence the type of somatic inactivating muta- 
tion occurring at their normal APC gene.” If the germline 
mutation occurs between codons 1194 and 1392, the second 
hit to the normal allele is likely a deletion encompassing the 
APC allele. However, if the germline mutation is outside this 
region, the second hit will likely result in a truncating muta- 
tion within the mutation cluster region (MCR) between 
codons 1286 and 1513,” 

The PTT is most often used to test for mutations in a 
family because the majority of FAP mutations result in a 
truncated protein. Once a possible mutation has been 
detected, the region is sequenced to determine the precise 
identity of the mutation.“ Other screening or direct 
detection methodologies can be used, and collectively a sen- 
sitivity of about 87% can be achieved.” If the mutation 
within the family can be identified, it is recommended that 
the family be referred for genetic counseling. DNA testing 
should be performed in at-risk family members as young as 
10 to 12 years of age.’ Genetic testing can significantly alter 
the 50% pretest risk for disease to a risk of 0% or 100%. 
Although DNA testing on an asymptomatic minor is typi- 
cally not endorsed by the genetic community, in this sce- 
nario, early identification of the mutation in these patients 
will clearly impact their clinical management by initiating 
intense screening programs and possible prophylactic colec- 
tomy in that decade. Family members testing negative for the 
mutation do not have an increased risk of CRC and can 
avoid intensive screening programs. Further, in some 
FAP mutation—positive families, preimplantation genetic 
diagnosis has been successfully employed to prevent the 
birth of a child with an inherited predisposition to FAP.” 


*References 80, 169, 187, 530, 542, 593, 618. 
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If the mutation in the family cannot be identified, DNA 
linkage studies may be useful for presymptomatic identifi- 
cation of at-risk family members. If the mutation in the 
family cannot be identified and if DNA linkage studies are 
not informative or available, screening is recommended 
with yearly sigmoidoscopy as early as age 12. Further, when 
repeatedly negative sigmoidoscopy results are found, the fre- 
quency of such exams can be reduced in each subsequent 
decade of life. 

The most common inherited CRC susceptibility syn- 
drome is HNPCC, which represents about 2% to 3% of all 
CRC cases. In contrast to FAP, HNPCC is characterized by a 
few polyps that possess an accelerated transformation poten- 
tial to carcinoma in as little as 1 to 2 years. HNPCC is inher- 
ited as an autosomal dominant disorder with a penetrance 
of 80% to 85%. HNPCC is sometimes also referred to as 
Lynch syndrome for Dr. Lynch’s observation of an autoso- 
mal dominant predisposition to early onset CRC of proxi- 
mal involvement and cancers of other organs in two large 
Midwestern kindreds.*” HNPCC patients have a lifetime risk 
of 70% to 80% for developing CRC, thereby suggesting a role 
for other factors in this disease process.” To assist clinicians 
in identifying patients in HNPCC kindreds and to help stan- 
dardize the ascertainment and study of these families, the 
International Collaborative Group on HNPCC developed 
the Amsterdam criteria (AC) in 1991.” Basically the crite- 
ria for inclusion as an HNPCC family included at least three 
affected members spanning two successive generations with 
the diagnosis of colon cancer before the age of 50. In addi- 
tion, one affected individual must be a first-degree relative 
of two other individuals, and because this mode of inheri- 
tance is consistent with autosomal dominant, the diagnosis 
of FAP must be excluded. Because some HNPCC families 
were excluded by these stringent criteria, and these criteria 
did not account for the risk to these patients for cancers of 
other organs as well, an expanded, more inclusive set of cri- 
teria was subsequently developed in Bethesda in 1998 and as 
the Amsterdam criteria H in 1999, The expanded defin- 
ition would also include a kindred with multiple family 
members affected with HNPCC-associated cancers of the 
endometrium, ovary, stomach, hepatobiliary system, small 
bowel, ureter, or renal pelvis with a diagnosis before age 45 
and demonstrating autosomal dominant transmission 
between two generations. In addition, if an individual has 
endometrial cancer or CRC before age 45 (which is about 30 
years earlier than that seen in the general population) or a 
colorectal adenoma diagnosed before 40 years of age, or if 
an individual has two HNPCC-related cancers, including 
synchronous and metachronous CRC or associated extra- 
colonic cancer, the patient could meet the criteria as a pos- 
sible HNPCC patient. 

Mutations in six mismatch repair genes have now been 
linked to HNPCC. The first was mapped to 2p15-16 using 
large HNPCC kindreds.” Simultaneously, MSI was noted in 
a subset of sporadic CRC." Concurrently in yeast genet- 
ics, Strand et al reported that mutations in three yeast genes 


involved in DNA MMR led to 100-fold to 700-fold increases 
in mutations in simple repetitive sequences and postulated 
that the human homologues of these genes may be involved 
in HNPCC. One such gene, hMSH2, mapped to 2p15-16 
and in fact was found to be altered in HNPCC kindreds,'”°™ 
Subsequently, mutations in genes hMSH6 (2p15-16), 
hMLH] (3p21), hPMS1 (2q31), hPMS2 (7p22), and AMLH3 
(14q24.3) have been identified in HNPCC families, although 
more than 90% of HNPCC mutations are observed in 
hMSH2-and hMLH1,3016#0 

HNPCC mutations are diverse and are located through- 
out these genes.“ Almost all errors made during DNA repli- 
cation are repaired through the proofreading 3’-to-5’ 
exonuclease activity of DNA polymerase. Uncorrected errors 
of mismatched. bases between the two strands are repaired 
before cell division through the MMR proteins,” In addi- 
tion to the repair of a mismatched base pair, the MMR 
system repairs “loop outs” from unmatched bases that can 
occur during the replication of a microsatellite or small 
repetitive sequences. In the case of HNPCC, a germline 
mutation in one of the six known MMR genes is inherited, 
causing one allele to be nonfunctional. In the tumor tissue 
of these patients, the second allele has been rendered inac- 
tive through a second mutational hit. Uncorrected. somatic 
replication errors thus accumulate both within noncoding 
and insignificant locations throughout the genome and in 
coding regions of genes involved in cell growth and signal- 
ing andin DNA of other genes involved in DNA repair. Some 
targeted genes with repetitive sequences in their coding 
regions that have been shown to be altered in patients with 
MSI include transforming growth factor B type II receptor 
(tumor suppressor), insulin-like growth factor H receptor 
(tumor suppressor), BAX (promotes apoptosis), and hMSH6 
an d hMS H3, 8446,469,541 

MSI is identified in 90% of HNPCC-related CRC as 
opposed to only 15% to 20% of sporadic CRC.’ MSI in 
sporadic CRC is attributed to inactivation of gene expression 
of hMLH1 through biallelic methylation rather than as 
somatic mutations or loss of heterozygosity (LOH) as seen 
in HNPCC-related CRC. Further, patients whose 
tumors demonstrate MSI have better survival and better 
response to chemotherapy than those whose tumors do not 
express MSI.’ No association between tumor MSI and 
survival was seen, however, in young patients under the age 
of 30." 

Testing of tumor tissue for MSI (see Figure 40-12) is the 
initial laboratory step in investigation of HNPCC patients 
because MSI is a measure of MMR deficiency and indicates 
probable defects in MMR genes through germline and 
somatic changes. International guidelines for analysis of MSI 
in CRC recommend a panel of five markers: BAT25, BAT26, 
D58346, D28123, and D178250.”' MSI is characterized by the 
expansion or contraction of DNA sequences through the 
insertion or deletion of repeated sequences. If MSI is 
detected at two or more of the five loci, the tumor has a 
“high” frequency of MSI. If MSI is detected at one locus, the 
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tumor has a “low” frequency of MSI. If MSI is not detected 
at any locus, the tumor is considered to be microsatellite 
stable. 

If the family history supports the diagnosis of HNPCC 
and if MSI is confirmed in the tumor, DNA from the 
patient’s blood can be referred for testing to identify the 
germline mutation that could be segregating in the family. 
Since most mutations occur in genes MLH1 or MSH2, DNA 
sequence analysis of these genes is most often used and is 
considered the gold standard but is expensive. Since many 
mutations result in prematurely truncated proteins, PTT is 
sometimes used as an initial screening tool. However, 
optimal mutation detection in HNPCC can be achieved only 
by combining expert clinical selection of families with an 
extensive strategy to detect mutations.°” 

If a mutation is identified, at-risk adult family members 
could pursue presymptomatic testing if desired and if 
appropriate genetic counseling is supplied.° Similar to 
presymptomatic testing for other adult-onset disorders, the 
counseling session should include verification of the family 
history and discussion of the clinical course of the disease, 
including risks of developing the disease and issues in disease 
management. Discussions should be incorporated into the 
session, including how the patient will act upon both posi- 
tive and negative results, feelings of survivor guilt or stigma- 
tization, and the possibility of discrimination for insurance 
and employment. If a germline mutation is detected, a 
colonoscopy should be performed every 1 or 2 years or 5 
years younger than the youngest age of diagnosis in the 
family.* Further, because of the high incidence of endome- 
trial cancer associated with HNPCC, at-risk women in the 
family should be screened for endometrial cancer annually 
with endometrial aspiration biopsy and transvaginal ultra- 
sound beginning at age 25.” Alternatively, if genetic testing 
is not pursued, relatives should begin an intensive screening 
program with a colonoscopy every 1 to 2 years starting 
between 20 and 30 years of age and then annually after age 
40. If no mutation is detected in the proband, presympto- 
matic DNA testing for family members is not recommended, 
Some testing strategies may result in false-negative results 
caused by the inability of the assays employed to identify all 
mutations at these loci. However, some mutation-negative 
families may have germline mutations in other, yet unknown 
MMR genes.” Although detection of a mutation in a family 
that meets HNPCC criteria is not always possible, careful 
surveillance of at-risk family members in mutation-negative 
families is also considered critical. 


REPORTING OF TEST RESULTS 


As the preceding pages make clear, DNA testing for inher- 
ited diseases is complex, and it is most important to convey 
the results of a genetic test thoroughly. Results must be 
presented in a manner that can be easily and accurately 
understood by a professional whose expertise is not genetics 
because, in many instances, primary care givers will be com- 


municating the test results to the patient. Unfortunately, 
however, with the increasing clinical demand for genetic 
testing and the increasing number of laboratories perform- 
ing such tests, uniformity in communicating these complex 
results to referring clinicians does not exist.” The Molecular 
Pathology Laboratory Inspection Checklist of the College of 
American Pathologists (CAP) indicates that failure to 
include pertinent information within the patient report con- 
stitutes a deficiency.” 

Based upon the CAP guidelines, a comprehensive genetic 
report should include the patient’s name; medical record 
number and/or birth date; sex; ethnicity (if relevant); type of 
specimen and date received; specimen’s laboratory identifica- 
tion number; laboratory test requested; name and address of 
laboratory performing the test; name and address of referring 
physician, hospital, or genetic counselor; date of report; brief 
interpretation of the results; and a descriptive comments 
section explaining the test results. Although preparation of 
the comments can be labor intensive, the comment section is 
vital to a genetic report and should include the following: (1) 
brief clinical history of patient (indicating the reason for 
referral); (2) detailed explanation of the methodology (citing 
literature if possible); (3) description of the patient’s results; 
(4) sensitivity and specificity of the assay (e.g., number of 
mutations analyzed, percentage of mutations not detected, 
possibility of genetic heterogeneity, and chance of genetic 
recombination); (5) clinical significance of the results (e.g., 
recurrence risk, genotype-phenotype correlation or pene- 
trance, with citations of literature if possible); and (6) state- 
ment that genetic counseling for the patient is recommended. 
to discuss the implications of the results for the health and 
management of the patient and, when mutations are identi- 
fied, to inform the patient of the potential risk of the disease 
to other family members. 

Because many assays performed in clinical DNA labora- 
tories have been developed by the laboratory or use com- 
mercially available “analyte specific reagents” (ASR) that are 
not approved by the U.S. Food and Drug Administration 
(FDA), reports in the United States often must include a dis- 
claimer that states, “This test was developed and its perfor- 
mance characteristics determined by (laboratory name). It 
has not been cleared or approved by the U.S. Food and Drug 
Administration”? In addition, the CAP recommends the 
additional statements: “The FDA has determined that such 
clearance or approval is not necessary. This test is used for 
clinical purposes. It should not be regarded as investigational 
or for research. This laboratory is certified under the Clini- 
cal Laboratory Improvement Amendments of 1988 (CLIA- 
88) as qualified to perform high complexity clinical 
laboratory testing.” Lastly the report should be reviewed 
and signed by the laboratory director. 


GLOSSARY ae ers 

Allele—An alternative form of a gene found at a specific 
location on a chromosome. 

Crossover—See “Recombination.” 
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Diploid—Having a full set of {paired} chromosomes (46 
chromosomes in humans, half from each parent). 

DNA marker—A polymorphic locus that is easily assayed, 
yielding reproducible results. 

DNA methylation—The addition of a methyl residue to the 
5 position of the pyrimidine ring of a cytosine base to 
form 5-methylcytosine and most often occurring at CpG 
DNA sequences. DNA methylation can serve as a mode 
of gene regulation by preventing gene transcription. 

Downstream-—A DNA sequence located 3’ to another 
DNA sequence. 

Gene deletion—A circumstance in which all or part of a 
gene is lost. 

Gene dosage—The number of copies of a particular gene. 


In most cases, there are two copies of each gene, thereby 


producing a fixed amount of the protein product from 
that gene. In situations in which more or fewer copies 
of the gene are present, ultimately, an increase or 
decrease in the protein product occurs. 

Gene duplication—A condition in which all or part of a 
gene is repeated. 

Gene inversion—A rearrangement of the gene or part of 
the gene causing the orientation of the DNA sequences 
in the gene to be reversed in relation to the flanking 
chromosomal DNA sequences. 

Haploid—Having a single set of chromosomes, as in 
gametes (eggs and sperm) (ie., half the number of 
chromosomes in a mature somatic cell). 

Linkage disequilibrium—tThe occurrence of two alleles 
from two loci inherited together on a chromosome 
more frequently than predicted by chance. 

Linkage studies—A method using DNA markers physi- 
cally adjacent to (ie., “linked”) to a disease gene. 
Through this “indirect” analysis, the disease gene can be 
tracked through a family to determine the disease status 
of at-risk individuals without requiring knowledge of 
the diseasing-causing mutation segregating in the 
family. 

Meiosis—The two-step process of cell division that pro- 
duces gametes (ova in females and sperm in males) 
with one half the number of chromosomes of the 
parent cell, Contrast with mitosis. 

Mitosis—Process of cell division that produces daughter 
cells that are genetically identical to the parent cell with 
the same number of chromosomes as the parent cell. 
Contrast with meiosis. 

Haploinsufficiency—In the presence of a loss-of-function 
DNA mutation, the remaining normal allele is unable to 
produce sufficient quantities of the specific gene’s 
protein product, and disease results. 

Homologous sequences—DNA sequences that share a 
similar order of DNA bases. If two sequences are 95% 
homologous, 95% of their bases are identical at a par- 
ticular location. 

Microsatellite repeat markers-—Highly polymorphic DNA 
sequences of short repeats generally comprising <6 


bases. These repeats are widely prevalent in both coding 
and noncoding regions of the human genome. 

Nondisjunction—Failure of chromosomes to separate 
during cell division. 

Penetrance—The percentage of individuals who carry the 
disease genotype and have symptoms of the disease. 
Complete penetrance implies that all individuals who 
possess the abnormal allele will develop the disease, 
whereas incomplete or reduced penetrance indicates 
that not all individuals who have the disease allele will 
become symptomatic. Incomplete penetrance of a 
disease suggests that other genetic loci and/or environ- 
mental factors can influence or modify the pathogenesis 
of the disease. 

Primer—A short oligonucleotide designed to anneal to 
single-stranded DNA and from which DNA polymerase 
can add deoxynucleotide triphosphate (dNTPs) in a 
complementary fashion to the template DNA. A primer 
pair flanks the target DNA to be amplified in PCR and 
creates the specificity of the reaction. 

Recombination—Crossing over between DNA sequences 
resulting in the exchange of information between two 
alleles. This process occurs in meiosis between homol- 
ogous chromosomes and during mitosis between sister 
chromatids. Homologous recombination refers to this 
process when it occurs between similar sequences in cor- 
responding regions. Crossing over between misaligned. 
yet similar sequences is called unequal homologous 
recombination and results in a duplication on one allele 
and the reciprocal deletion on the alternate allele. 

Restriction fragment length polymorphism—A polymor- 
phism in the DNA sequence that either creates or 
destroys a restriction endonuclease recognition site 
thereby enabling detection by altering base-pair lengths 
of digested DNA fragments. 

Skewed X-inactivation (lyonization)—A process by which 
inactivation of the X chromosome is not random. 
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CHAPTER 4 i 


-Identity Assessment 


Thomas M. Williams, M.D., 
Victor W. Weedn, M.D., J.D., 
and Malek Kamoun, M.D., Ph.D. 


human genome to distinguish between two individuals. 

Identity assessment has five basic uses: (1) confirm or 
refute that a sample is from a specific person in forensic 
testing; (2) resolve questions regarding the identity of a 
clinical specimen; (3) select donors for a planned transplant 
recipient to minimize rejection and improve graft survival, 
via histocompatibility testing; (4) assess whether hemato- 
poietic cells are donor- or recipient-derived following stem 
cell transplantation; (5) identify the parents of a child. 


[= testing exploits variations present within the 


VARIATION IN THE HUMAN GENOME 


Identity testing began with the use of serological methods to 
identify variations in proteins that differ among individuals, 
The discovery of the genetic basis for these protein differ- 
ences and of genetic variability at loci not encoding proteins, 
coupled with technical advances, allowed the field to move 
to direct analysis of DNA. Genetic variation among individ- 
uals is extensive, with about 1 sequence difference for every 
400 to 1000 nucleotides on autosomal chromosomes. 
Variants of a genetic locus in a population are referred to 
as alleles. A locus is said to be polymorphic when the least 
common allele has a frequency of 20.01 in a population. 
While several alleles may be found in a population for an 
autosomal locus, an individual may have at most two alleles 
at that locus. There are several classes of genetic variants in 
the genome; some are more useful than others for identity 
testing. 


GENETIC VARIATION USEFUL IN IDENTITY TESTING 


Highly repetitive sequence elements that contribute to the 
structure of centromeres and telomeres and hundreds of 
thousands of copies of transposable elements that move 
about the genome over time may vary among individuals, 
However, these repetitive sequence elements are generally 


not useful for identity testing. More than 1 million single 
nucleotide polymorphisms (SNPs) have been identified in 
the genome. A subset of SNPs can be identified based on 
the ability of a restriction endonuclease to digest double- 
stranded DNA at the site of the variation. These SNPs are 
referred to as restriction fragment length polymorphisms 
(RFELPs). SNPs and RFLPs have been important in genetic 
linkage analysis and the study of disease pathogenesis; 
however, they are less useful for identity testing because they 
usually have only two alleles. 

Variable numbers of tandem repeat loci (VNTRs) or 
minisatellite loci consist of repeated sequences of DNA. The 
number of repeats varies from allele to allele. This difference 
can be detected as an RFLP if the locus containing the VNTR 
is digested with a restriction endonuclease and hybridized 
to a labeled DNA probe in Southern hybridization assays. 
VNTRs are attractive for identity testing, because the loci 
usually have a number of different alleles with relatively high 
allele frequencies. Minisatellite regions are commonly sub- 
telomeric and have core repeats of 8- to 80-base pair lengths, 
resulting in DNA fragment lengths of 0.5 to >20 kilobases. 

Short tandem repeat (STR) or microsatellite loci consist 
of DNA sequence motifs that have core repeats of two to 
seven base pairs”? Examples include the dinucleotide 5’ 
CACACACA 3’ and the tetranucleotide 5’ TTTATTTATTTA 
3’, Thousands of STRs are scattered throughout the genome. 
Because they are flanked by unique sequences, each can be 
specifically amplified with the polymerase chain reaction 
(PCR) for analysis. In populations of individuals, multiple 
alleles may be present based on differences in the number of 
repeated motifs at the locus. STRs have many characteristics 
that make them ideal for identity testing: (1) They can be 
analyzed in fluorescent automated systems; (2) alleles can be 
assigned in a definitive manner following analysis; (3) STR 
loci are almost always transmitted in families in a Mendelian 
fashion; (4) the loci may have 10 or more alleles, often with 
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Figure 41-1 Identity testing via STR analysis. A STR locus can be specifically amplified with the 
PCR using primers binding to unique sequences adjacent to the repeat motif in the genome. In 
the example shown, the polymorphic repeat is the tetramer TTTC. Three example alleles with 6, 
7, and 9 repeats at this locus are shown. The genotype for an individual or evidence sample can 
be determined by performing the PCR with a fluorescently labeled primer and sizing the 
products on a high-resolution gel with laser detection. The PCR products should differ in size 
from each other by multiplies of 4nt. The use of several fluorescent dyes and different-sized PCR > 
products allows multiplexing for assessment of a number of independently segregating STR loci 


simultaneously. 


substantial allele frequencies, making them highly informa- 
tive; and (5) extensive information is available about allele 
frequencies in many human populations for STRs com- 
monly used in identity testing.° 

Commercially available STR systems employ tetrameric 
and pentameric repeat loci, which produce fewer artifactual 
bands and are characterized by roughly equal amplification 
of both alleles in an individual (Figure 41-1). Fragments can 
be labeled during the PCR amplification with fluorescently 
tagged primers that facilitate multiplexing. 

Two special genetic regions with sufficient sequence vari- 
ability for identity testing include the human leukocyte 
antigen (HLA) loci within the major histocompatibility 
complex (MHC) and the mitochondrial DNA. The HLA loci 
described in the Transplantation Testing section later in this 


chapter are interesting in that the polymorphisms are 
densely packed and preferentially located in the exons 
rather than the introns of these genes on chromosome 6. 
Mitochondrial genome variation is useful in forensic 
identity testing and is described in that section. 


EXCLUSION OF TESTED INDIVIDUALS 

The exclusion of a tested person in identity testing is based 
on the presence of alleles at a locus that make it impossible 
for him or her to be a contributor to the tested sample. For 
exainple, if the person has the alleles j and k at the auto- 
somal locus L, then, in the absence of mutations, it is not 
possible for him to be the major contributor to an evidence 
sample with the alleles m and n at L or to be the father of a 
child with the alleles m and p at L. In practice, laboratory 
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protocols require that exclusion be based on incompatible 
results for at least two loci to rule out mutation events or 
other sources of error. In this context, “impossible” implies 
a situation in which samples have been collected correctly 
and have not been mislabeled, testing has been performed. 
accurately, and results have been interpreted and reported 
appropriately. 


LIKELIHOOD OF INCLUSION OF TESTED INDIVIDUALS 


If a tested individual has genotypes at several loci that are 
identical to the genotypes found in an evidence sample, then 
that person is not excluded as the contributor to the sample. 
The inclusion of a tested individual in identity testing is based 
on a probability calculation relying upon knowledge of the 
allele frequencies in human populations for the tested loci. 
For each locus, the likelihood that a random person of rele- 
vant ethnicity would have a genotype identical to that found 
in the evidence sample can be calculated. If the tested loci 
independently segregate during meiosis, the overall probabil- 
ity that a random person rather than the accused is respon- 
sible can be calculated by multiplying the likelihoods for each 
locus. When several loci are tested and each has many possi- 
ble alleles, it becomes extremely likely that an individual 
whose genotypes match those found in the evidence sample 
is the person who contributed the DNA to the sample. 

Discriminatory power is the ability of an identity testing 
system to distinguish an individual or group from the rest of 
the population. The power of discrimination of a locus or 
testing system should not be confused with accuracy. ABO 
blood group typing is accurate, but poorly discriminating, 
since this locus results in only a few phenotypes of generally 
high frequency in populations. Current identity test systems 
that employ a number of highly polymorphic loci may have 
powers of discrimination that exceed 1 x 107, making it 
very unlikely that any unrelated individual on earth other 
than a nonexcluded suspect could be the source of an 
evidence sample. However, likelihoods of this magnitude 
should be viewed with knowledge that a variety of potential 
problems extraneous to the testing technology, involving 
sample collection and labeling, and test interpretation and 
reporting, may lead to an erroneous result. 

Parentage calculations are often performed using 
Bayesian methods that consider the prior probability that an 
individual is the father of a child. It is obvious, for example, 
that the prior probability of a man living in Boston being the 
father of a co-worker’s child is much greater than that of a 
Beijing inhabitant with no overt connection to the mother. 
Most crime laboratories in the United States do not report 
calculations using Bayesian analyses, but instead report the 
population phenotypic frequencies for White, Black, and 
Hispanic populations and sometimes a likelihood ratio that 
an individual is the source of a DNA specimen, When ques- 
tions arise regarding assumptions that must be made during 
the calculation of inclusion probabilities, laboratories gener- 
ally choose the conservative option that favors the accused 
individual. 


SAMPLES EMPLOYED FOR IDENTITY TESTING 

Samples for identity testing can be any specimen that 
contains DNA. Samples obtained from an individual for 
paternity testing or as a reference sample to be compared 
with DNA prepared from evidence are usually peripheral 
blood or buccal mucosa. Samples useful for forensic testing, 
engraftment assays, and the identification of clinical samples 
may range from plucked hairs to bone marrow aspirates to 
paraffin embedded tissue. While subject to degradation over 
time in the presence of enzymes, acidic or basic conditions, 
or high temperature, DNA is a remarkably stable molecule 
that can be recovered and successfully analyzed from solu- 
tions, surfaces, and cells. 


DNA testing has revolutionized criminalistics.'°”? Only 
fingerprint evidence can rival the ability of DNA as trace 
evidence left at a scene to identify a perpetrator. As a general 
rule, other trace evidence merely links an article, instrument, 
or material to a scene. The origin of DNA-based identity 
testing is generally traced to a 1985 article in Nature by Alec 
Jeffreys." He coined the term “DNA fingerprint” and sug- 
gested that the hybridization of DNA probes to polymorphic 
genetic loci could be exploited for forensic purposes. Jeffreys 
first applied his techniques to civil and criminal cases in 
England. In the United States, DNA-based identity test- 
ing was introduced via commercial laboratories and later 
the Federal Bureau of Investigation (FBI). Today there are 
approximately 200 forensic DNA typing laboratories in the 
United States and many other DNA laboratories around 
the globe. 


FORENSIC APPLICATIONS 

Forensic testing differs from clinical laboratory testing in 
several ways: (1) The forensic question is usually one of 
identity rather than one of presence or absence, character, 
or quantity as in most clinical laboratory analysis. (2) 
Specimens received by forensic laboratories are much more 
diverse than the typical blood, fluid, and tissue samples 
handled by clinical laboratories. (3) Clinical samples are col- 
lected under controlled circumstances, while evidence from 
which DNA must be isolated may be exposed to the envi- 
ronment in a variety of ways. Experiments may be necessary 
to validate testing for a particular case. (4) Evidentiary mate- 
rial cannot be replenished and may be present in only trace 
amounts. Testing may consume the sample and thus com- 
plete or repeat testing may be impossible. (5) Forensic iden- 
tity testing is scrutinized in a judicial environment requiring 
complete accounting for the whereabouts of evidence 
following its collection and strict validation of procedures. 
Most other laboratorians perform routine analyses of 
samples collected in defined ways. Forensic identity testing 
must contend with much more variability in samples and 
testing conditions. 
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TABLE 41-1 DNA Typing Systems and [heir Characteristics 
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GENETIC SYSTEMS USED IN FORENSIC IDENTIFICATION 


Numerous genetic systems that are employed by forensic lab- 
oratories are summarized in Table 41-1.” 


VNTR Analysis by RFLP 


Jeffreys described a method to create a barcode-like DNA 
fingerprint based upon VNTRs. Because the probes used 
bind to several loci in Southern hybridization experiments 
and produce numerous bands per probe, they are termed 
“multilocus probes.” In the United States, laboratories 
prefer single locus probe (SLP) systems that hybridize to 
only a single genetic locus. SLPs generally yield one or two 
bands on an autoradiogram per probe. SLP genetic systems 
are robust and generate readily interpretable bands, more 
precise allele frequency statistics, and less sensitivity to frag- 
mentation of high molecular weight DNA. 

RFLP testing with SLPs was the predominant method 
of DNA typing in most forensic laboratories throughout 
most of the 1990s. RFLP testing commonly employed six 
genetic loci: D1S7, D2844, D4S139, D10S28, D14S13, 
D17S79. The resulting average discrimination for Caucasian 
Americans is approximately 1 in 1.2 x 10". However, 
Southern hybridization—based RFLP analysis is expensive, 
labor intensive, difficult to automate, and less sensitive 
than PCR-based methods. Furthermore, RFLP tests suffer 
from allele sizing imprecision, requiring that the results be 
binned and statistical measures of confidence employed 
for interpretation. Finally, RFLP is sensitive to DNA degra- 
dation—an important issue with environmentally exposed 
forensic specimens. RFLP tests have been largely abandoned 
in favor of the more efficient PCR-based assays discussed 
below.* 


Short Tandem Repeats 

Most identity testing performed today relies on the PCR. 
PCR testing is inherently sensitive, allowing routine analysis 
of nanogram quantities of genomic DNA and often success- 
ful testing of picogram quantities (one cell contains 5 to 
10pg of DNA). The PCR underlies the characterization of 
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STR and other loci for forensic identity testing loci described 
in this and later sections below. 

STR testing is quick, less expensive, more forgiving with 
respect to technical skills needed, less sensitive to DNA 
degradation, and more amenable to automation in com- 
parison with the Southern hybridization methods des- 
cribed above. Although less discriminating than RFLP 
genetic markers, STR analysis can be made as powerful as 
Southern RFLP analysis through the use of large numbers of 
informative loci. 

The National Institute of Justice provided funding for the 
initial application of STRs in forensics. STRs were used in 
forensic casework during the first Persian Gulf War and were 
widely adopted for testing by forensic laboratories in the 
United Kingdom and the United States in the mid to late 
1990s. 

The FBI convened a panel of forensic scientists in 1998 
that chose a panel of 13 STR loci for use in the National DNA 
Index System. These “13 core loci” have become the standard 
for casework and databanking for most forensic laboratories 
around the world (Table 41-2), They have been commer- 
cialized as kits by Promega (Madison, Wis.) and Applied 
Biosystems (Foster City, Calif.; a division of PerkinElmer) in 
a variety of formats. STRs are now routinely used in crime 
labs globally and typically yield discriminatory values of one 
in trillions to quadrillions. 


Gender Markers and Y-Chromosome Markers 


The amelogenin locus is useful as a gender marker. The X 
chromosome amelogenin gene differs from its homologue 
on chromosome Y by a six base pair polymorphism, allow- 
ing the distinction between individuals with 46,XY and 
46,XX karyotypes. Males will display amelogenin locus 
heterozygosity; females will exhibit homozygosity. Reagents 
for assessing the amelogenin locus are incorporated in com- 
mercially available STR kits. 

Y-chromosome polymorphic loci can be used as identify- 
ing loci found only in males. In this way, the male-specific 
DNA obtained from a vaginal swab can be typed without 
the usual “differential extraction” in which the DNA from 
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The 13 STR core loci are listed against the STR systems present in the currently available commercial STR kits. Profiler, Cofiler, and Identifiler are a graibhl 
from Applied Biosystems, Inc. (Foster City, Calif.) and Powerplex 16 is available from Promega Corp. (Madison, Wis). 


TABLE 41-3 Y¥-Chromosome Markers 
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Y-chromosome markers are listed in their major haplotype groups. 


spermatozoa is released after the female fraction from 
epithelial cells. Y-chromosome loci useful for identity testing 
include STRs or SNPs (described later in this chapter). Lab- 
oratories typically employ locally developed or commercially 
available panels of 6-20 Y-chromosome STRs for analyses 
(Table 41-3). Y-chromosome SNPs are in development. 
Y-chromosome polymorphic loci are linked, resulting 
in discriminatory power significantly less than a panel of 
independently segregating somatic STR loci. Discrimin- 
atory values can be increased by using a large panel of 


Y-chromosome markers in conjunction with a large database 
of typed individuals. 


Mitochondrial DNA 


Mitochondrial genomes are circular double-stranded DNA 
molecules, which are 16,569 base pairs long, that are present 
as one or more copies within the mitochondria of a cell. 
Thus mitochondrial DNA (mtDNA) is present in hundreds 
to thousands of copies per cell. MtDNA, unlike chromoso- 
mal DNA, does not undergo meiosis and does not partici- 
pate in genetic recombination events. MtDNA remains 
stable over generations, except for the acquisition of muta- 
tions at a rate 10 to 20 times that of nuclear DNA. 

MtDNA is transmitted to children via oocytes. Although 
it is generally thought that mitochondrial DNA is exclusively 
derived from the mother, a minor contribution from the 
father is occasionally present, particularly in disease states. 
The normal state of mitochondria is generally thought to be 
one of “homoplasmy,” in which all the mtDNA has the same 
sequence. However, because of mutational events, a state of 
“heteroplasmy” in which more than one mtDNA sequence 
is present in the same tissue may exist. High-level hetero- 
plasmy is generally of the order of 30% of the mtDNA 
sequence before it is reported. Unrecognized low-level het- 
eroplasmy is common. Heteroplasmy appears to be some- 
what tissue-specific rather than uniform throughout the 
body. Thus two shed hairs may show discrepant mtDNA 
sequences, Due to heteroplasmy, one or two nucleotide mis- 
matches between two individuals is not an absolute basis for 
exclusion of a tested individual. 
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In the human mitochondrial genome, only approximately 
1200 bases in the region of transcription origin (15971-579), 
known as the “displacement loop” (D-loop) or “control 
region, are noncoding. This D-loop contains two hyper- 
variable regions that contain the majority of polymorphisms 
useful for identity (HVI: 16024-16365, HVII: 73-340). Poly- 
morphisms outside this region can also be employed for 
testing. MtDNA polymorphisms are typically identified for 
forensic testing via DNA sequencing of the hypervariable 
regions.” This method is expensive, labor intensive, and 
highly sensitive to contamination. A limited number of lab- 
oratories offer this service. More convenient hybridization 
technology for mtDNA testing has recently been introduced 
as a “linear array” by Roche Molecular Systems (Alameda, 
Calif.). 

The mtDNA sequence obtained from a specimen is com- 
pared with the “revised Cambridge” reference sequence. 
Because mtDNA polymorphisms are linked, the individual 
polymorphism frequencies cannot be multiplied together 
to generate a likelihood of identity like independently 
segregating chromosomal locus allele frequencies. Instead 
the mtDNA haplotype identified in a sample is compared 
with those deposited in a database to derive a frequency 
statistic. Most mitochondrial haplotypes in the database are 
unique. Since the database has greater than 600 entries, it can 
be fairly stated that most mitochondrial haplotypes have a 
discriminatory value of greater than 1 in 600. However, there 
are 18 common haplotypes with population frequencies 
greater than 0.5% including a haplotype present in 7% of the 
population. In aggregate, these common haplotypes account 
for 20% of all haplotypes. 

MtDNA is primarily useful in identity testing in three 
contexts. First, a sample may be available that contains mito- 
chondrial but not nuclear DNA. For example, shed hairs that 
do not have roots generally contain only mtDNA. Second, 
when the DNA within a specimen, such as skeletal remains, 
is substantially degraded, the high copy number of mtDNA 
makes it more likely to yield a result than nuclear DNA. 
Third, mtDNA analysis may become essential when only a 
distant relative is available for a reference specimen. In this 
example, nuclear DNA requires samples from multiple close 
kindred, but mtDNA matching would require only a distant 
maternal relative. 


Single Nucleotide Polymorphisms 

A DNA locus whose polymorphism extends over a short 
region is generally preferable for identity testing, because it 
may remain intact and available for analysis in the face 
of extensive levels of DNA degradation. Loci for which a 
single base pair varies in a population of individuals are 
referred to as SNPs. These are the most common type of 
polymorphisms in the human genome. They are parti- 
cularly amenable to automation and chip technology using 
hybridization, polymerase extension, or ligation reaction 
assays. Despite a four-base possibility, most are biallelic with 


a dominant and nondominant allele. A large set of SNPs 
must be used to obtain significant discriminatory values. 
SNPs are not used in forensic laboratories at this time, but 
are likely to be used in the near future. SNP analysis is 
expected to be particularly useful in identifying individuals 
killed in the World Trade Center collapse for whom only 
severely degraded DNA samples are available. 


Other Systems 

Other systems are also being pursued for forensic identity 
testing, generally for phenotypic information. The Alu 
family of mobile elements comprises 5% of the human 
genome. These elements repeatedly insert themselves into 
the human genome. Polymorphisms occur within these ele- 
ments so that the age of the element can be inferred. The 
systems are inherited; the recent polymorphisms become 
markers of descent and older elements (without the Alu 
insertion site) are markers of root ancestry. Similarly, the L1 
family of long interspersed elements (LINES) can be used 
to trace evolutionary ancestry. In combination with other 
genetic systems, Alu and LINE markers will provide some 
statistical inference about human evolution and race and 
ethnicity that may be helpful to investigators. 


INSTRUMENTATION USED IN FORENSIC LABORATORIES 


Most forensic DNA testing is performed using capillary 
electrophoretic (CE) systems. These systems have a substan- 
tially faster run times and higher resolution than slab gels. 
The ABI Prism 310 Genetic Analyzer is currently the most 
popular instrument for forensic DNA casework, but other 
CE systems are also available. Instrumentation allowing “on- 
demand” handling of a few specimens at fast run times is 
convenient for most casework. High-throughput capillary 
instruments are used as “batch” instruments for DNA data- 
banking operations. The ABI Prism 3100 Genetic Analyzer 
is available as a 4 or 16 capillary system and the ABI Prism 
3700 DNA Analyzer is a 96 capillary unit. Amersham 
Biosciences sells the Megabace series of instruments that can 
be configured with 48, 96, or 384 capillaries. 

Instrumentation under development for forensic testing 
generally focuses on a goal of miniaturization yielding ultra- 
fast and portable assays that would be useful for field testing. 
Network Biosystems (Boston) is miniaturizing capillary 
arrays by etching microchannels into large chips, resulting in 
an ultrafast CE array that has run times of seconds and pro- 
duces sharper bands ‘than conventional CE instruments. 
Nanogen (San Diego) has produced chip technology based 
on “electronic stringency control” that can detect STR and 
SNP systems. 


QUALITY ASSURANCE AND ACCREDITATION IN 
FORENSIC DNA ANALYSIS 

Crime labs are unregulated, except in the case of submission 
of DNA results to the National DNA Index System (NDIS) 
through the Combined DNA Index System software. The 
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DNA Identification Act of 1994 gave the FBI regulatory over- 
sight of DNA profiles entered into the national database. The 
legislation called for a DNA Advisory Board that produced 
recommended standards, based largely on guidelines of the 
FBI’s Technical Working Group on DNA Analysis Methods 
(TWGDAM). The Scientific Working Group on DNA Analy- 
sis Methods, which has replaced the TWGDAM, now advises 
the FBI Director to create standards revisions. 

One aspect of the FBI/DNA Advisory Board standards 
is a requirement for accreditation. The National Forensic 
Science Technology Center and the American Society 
of Crime Laboratory Directors/Laboratory Accreditation 
Board (ASCLD/LAB) accredit crime laboratories. ASCLD/ 
LAB requirements include minimal educational credits 
and experience, proficiency testing twice a year per analyst, 
and annual audits. All testing requires a technical and an 
administrative review. An additional NDIS audit is required 
by the FBI. Judicial scrutiny provides another layer of criti- 
cal review of those cases heard in court. Defense review and 
challenge, however, vary greatly. 

Proficiency test providers for forensic laboratories include 
the Collaborative Testing Service, the College of American 
Pathologists, Cellmark Diagnostics, and Quality Forensics. 

Standard reference materials from the National Institute 
of Standards and Technology (NIST) are available for RFLP 
Profiling (SRM 2390), PCR-based Profiling DNA stand- 
ard (SRM 2391b), Y-chromosome testing (SRM 2395), and 
mtDNA testing. Standards require annual NIST-traceable 
comparisons. 


STATISTICAL INTERPRETATION 


In the early days of DNA-based identity testing, significant 
challenges were launched regarding the interpretation of 
DNA typing results.”’"!* Questions included whether loci 
exhibit Hardy-Weinberg equilibrium and whether allele 
frequencies vary significantly among ethnic groups. Current 
forensic genetic systems have not demonstrated significant 
deviation from Hardy-Weinberg equilibria. The systems also 
show greater intragroup allelic diversity than between-group 
diversity. A National Research Council panel was created 
to address these issues.’* The resultant report (so-called 
“NRC I”) introduced a “ceiling principle” to ensure the con- 
servativism of the frequency estimates, which itself gener- 
ated considerable controversy. This led to NRC II, which 
articulated the current standards of statistical analysis.” 
Statistical formulas are routinely applied to Caucasian, 
Black, and Hispanic population databases. Specialized data- 
bases also exist for Native American Indian and for Pacific 
and African populations, 


CONVICTED OFFENDER DATABASES 

All 50 states now have convicted offender databases. Initially, 
most databases exclusively contained sexual offenders, but 
the recent trend is to expand the databases to include all 
felons. States have begun to consider collecting DNA evi- 


dence in connection with lesser crimes, such as burglaries, 
to help solve these cases, to potentially interdict the progres- 
sion to more serious future offenses, and to identify “hits” in 
the databases linked to past serious crimes. Three states 
(Louisiana, Texas, and Virginia) have recently adopted legis- 
lation allowing collection of DNA specimens on arrest. 

DNA profiles are placed in the NDIS. If a “hit” is deter- 
mined, the local crime laboratories of the involved states are 
put in contact to discuss details. Identifying information 
other than the DNA profile is not entered into the system. 
Uploading of DNA profiles triggers quality assurance 
requirements and legal constraints on the use of the DNA 
specimens and profiles. 

The use of identity testing and linked databases in crime 
investigation has been aggressively pursued in the United 
Kingdom. U.K. forensic scientists maintain that approxi- 
mately 50% of biological specimens from crime scenes result 
in hits in their databases, suggesting that a relatively small 
group of professional criminals perpetrate most crimes. 
They believe that DNA-based testing may be a more efficient 
tool for investigating crimes than traditional methods, such 
as canvassing neighborhoods. 


LEGAL ISSUES 


Early challenges to the practice and interpretation of DNA- 
based forensic identification have faded as the public, 
attorneys, and judges have become more knowledgeable 
about this technology. The most common challenges today 
involve issues regarding sample collection, preservation of 
the evidence, chain-of-custody documentation, and valida- 
tion studies. New applications of DNA-based testing to 
assess ethnicity or to infer phenotypic features from evidence 
or to identify an assailant from very small samples, such as 
fingerprints,” are likely to cause controversy in the future. 


USE OF DNA TESTING FORTHE 
IDENTIFICATION OF CLINICAL SPECIMENS 


Identity testing can also be used to confirm the identity of 
a clinical or anatomic pathology laboratory patient speci- 
men.”*”° Occasionally, questions arise regarding the identity 
of specimens in the clinical laboratory. DNA prepared from 
a peripheral blood or buccal mucosa specimen can be 
compared with the pathology specimen to confirm that it is 
derived from the patient. The authors have encountered a 
variety of requests for this specialized identity service. (1) A 
patient lost confidence that her breast biopsy results were 
hers following a series of reporting errors involving the 
spelling of her name and her birth date. (2) A biopsy of a 
colonic lesion revealed adenocarcinoma. The subsequent 
colectomy specimen was devoid of a tumor. (3) A gastrec- 
tomy was performed after a biopsy diagnosis of adenocarci- 
noma. No tumor was seen in the gastrectomy specimen. 
(4) Multiple blocks from two breast lumpectomy procedures 
were processed. Because of labeling errors, it was unclear 
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to which patient the various paraffin embedded blocks 
belonged. (5) A young male fractured his femur and devel- 
oped osteomyelitis. Curettings from the fracture site demon- 
strated acute inflammation but also a fragment of tissue that 
appeared to be a squamous cell carcinoma. 

In cases 1-4, identity testing with STRs demonstrated that 
all the specimens in question truly belonged to the involved 
patients. In case 5, testing following microdissection of the 
tissue fragments revealed that the squamous carcinoma 
“floater” was derived from. another individual. The avail- 
ability of identity testing in situations such as these can be 
a significant benefit to the involved patients and health 
providers. 

In prenatal testing for inherited disorders, chorionic villus 
sampling (CVS) performed early in pregnancy is sometimes 
employed as a source of fetal DNA for testing. Testing for a 
disorder such as cystic fibrosis may reveal that the genotypes 
for the mother and the fetus are identical, for example that 
they are both heterozygous carriers of a cystic fibrosis muta- 
tion. This result is entirely consistent with the usual segre- 
gation of chromosomes during meiosis. However, there is a 
risk that the CVS material was not derived largely from the 
fetus but was decidual cells primarily from the mother. If the 
father is a carrier of a cystic fibrosis mutation, this may result 
in the failure to diagnose cystic fibrosis in a fetus. Identity 
testing can be employed to confirm that the tested cells have 
a genotype distinct from those of the mother and are a valid 
sample from the fetus. 


Obtaining well-matched tissue enhances transplanted 
organ and bone marrow survival. The human leukocyte 
antigen (HLA) alleles determine the tissue compatibility 
for the acceptance of transplanted allografts. HLA genes 
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encode highly polymorphic cell surface molecules that are 
strong alloantigens. A kidney allograft is rejected as a result 
of an immune response directed against HLA alloantigens, 
which are expressed on the graft but are absent from the 
host. 


GENETIC FEATURES OF HLA GENES 

The HLA genes are located within a genetic complex desig- 
nated as the MHC. The MHC includes about 4Mb on the 
short arm of chromosome 6 (6p21.3). Many of the more 
than 200 genes in the MHC are involved in the regulation of 
the immune response.” The genes encoding the HLA class 
I (A, B, and C) and the class II (DR, DQ, and DP) molecules 
are the most polymorphic loci in the human genome (Figure 
41-2 [Color Plate 12} and Table 41-4). This polymorphism 
made the HLA loci an attractive and powerful early resource 
for identity testing, 

HLA genes are co-dominantly expressed and most indi- 
viduals are heterozygous at the HLA class I and class II loci. 
Most of the sequence diversity for the HLA class I loci is 
located in the second and third exons and, for the class II 
loci, the second exon. These domains encode the peptide- 
binding regions of the HLA molecules. The pattern of allelic 
sequence diversity for both the class I and class IE loci is 
unusual; most alleles differ from their closest neighbor by 
multiple substitutions, with some alleles differing in the 
second and third exons by as much as 15%. This pattern 
is suggestive of segmental exchange of nucleotide motifs 
between alleles of the same locus. As a result, different HLA 
alleles are mosaic-like combinations of a subset of all 
polymorphisms.'”"” 

Although a very large number of alleles (e.g., >400 for 
HLA-B and HLA-DRBI) can be found in the worldwide 
population, a much smaller number (e.g., 30 to 50 for 
HLA-DRBI) is present in most individual populations. 
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Figure 41-2 Map of the human MHC region. The organization of the most important class | 
and class H genes of the MHC is shown, with approximate genetic distances given in thousands 
of base pairs (kb). Genes are ordered from telomere to centromere. Not shown are MHC class 
HHE genes, which map between class | and class Il genes. (See Color Plate !2.) 
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Importantly, different populations tend to have different fre- 
quency distributions of alleles and exhibit different patterns 
of linkage disequilibrium. This variability exists among both 
racial and ethnic groups. 

The HLA genes exist in linkage disequilibrium, also 
referred to as gametic association. Gametic associations are 
regularly found between certain HLA alleles of A and B, C 
and B, B and DRBI, and DRB1 and DQB] loci. The HLA 
genes are transmitted in families as haplotypes. The number 
of possible haplotypes is vast. However, because of linkage 
disequilibrium, the number of haplotypes found in a popu- 
lation is more limited.*”” Genetic recombination or crossing 
over in the HLA region is a relatively rare event, occurring 
for the most part no more than 1% per meiosis between A 
and B, and between B and DRBI. Recombination can also 
occur between A and C, and between B and C (0.6% and 
0.2%, respectively). 


TABLE 41-4 Names of the Most Important HLA Class 
| and Class Il Genes and Their Encoded 
Polypeptide Ordered from Telomere to 
Centromere 


Name Encoded Polypeptide 
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HISTORICAL APPLICATIONS OF HLA TYPING 

HLA allele identification has been used for transplantation, 
forensic, parentage, and chimerism testing. The latter three 
are of historical interest and are discussed in this section. 


Forensic DNA Testing 


The first case in the United States in which DNA-based 
identity testing was used, Pestinikas v. Pennsylvania (1986), 
involved HLA-DQAI oligonucleotide, dot-blot hybridiza- 
tion analysis for forensic identification. This commercially 
available DQA1 system was later modified with five addi- 
tional non-HLA genetic loci, resulting in discriminatory 
power of approximately 1 in 2000. The relatively low dis- 
criminatory power and problems with interpreting mixtures 
resulted in the migration of forensic laboratories to other 
methods and genetic loci as described previously. 


Parentage Testing 


The use of the HLA loci for parentage testing has been 
replaced by methods described later in this chapter. The 
polymorphism of the loci was first inferred from antisera 
that distinguished among antigenic specificities. These speci- 
ficities were especially numerous within the Class I loci and 
it was recognized that they could be exploited in identity 
testing. Typically, a panel of serological reagents was 
employed that defined HLA loci and red cell antigens. The 
emergence of many highly informative non-HLA polymor- 
phic loci that could be conveniently genotyped led to a 
reduced utility of the HLA loci for parentage testing in the 
1990s. 


Chimerism 


While the HLA loci can be used to study the engraftment 
of transplanted hematopoietic stem cells (see later in this 
chapter), other more convenient loci are genotyped for this 
purpose. These other loci are essential when the transplant 
donor recipient pair are HLA-identical siblings or allele- 
matched unrelated individuals. 


TRANSPLANTATION 


Matching the HLA alleles of donors and recipients for renal 
transplantation improves long-term graft survival of kidneys 
from living related and unrelated donors and from deceased 
donors. For example, the half-life survival for a graft from 
an HLA-identical sibling is 23 years compared with a one 
haplotype—related donor with a half-life of 12.8 years.” 
Importantly, the effect of HLA matching remains significant 
even with the most recent forms of immunosuppression. 
The effect of HLA matching on the survival of heart and lung 
transplants is also statistically significant. In contrast, the 
effect of HLA matching for liver transplants is uncertain. 
Hematopoietic cell transplantation (HCT) is employed to 
treat several classes of disorders. HLA compatibility between 
donor and recipient in HCT affects not only the ability to 
achieve sustained engraftment of donor HCT but also the 
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risk of developing acute and chronic graft versus host disease 
(GVHD). Posttransplant risk of graft failure, GVHD, and 
mortality can be affected by quantitative and qualitative 
characteristics of donor-recipient HLA allele mismatching. 
In allogeneic stem cell transplantation, the donor is an indi- 
vidual who is genetically nonidentical and either related 
or unrelated to the recipient. Three different categories of 
donors are usually considered in the following order of 
preference: HLA genotypically identical siblings, HLA 
mismatched relatives, and unrelated donors, matched or 
mismatched. The goal when screening for an HLA-matched 
sibling donor is to identify which of any siblings have inher- 
ited the same HLA haplotypes from their parents. 

HLA typing within families for transplantation some- 
times leads to the discovery that the father is not the 
biological father of some or all of the children. There are 
a variety of opinions among healthcare providers about 
whether this possibility should be discussed with the family 
before testing and how or whether “false paternity” should 
be reported to the family. 

When a matched sibling donor does not exist for a patient 
requiring allogeneic HCT (70% of cases}, searching for 
extended family members or donors from an unrelated 
bone marrow registry would be the next option. Registries 
of volunteer bone marrow donors and cord blood exist 
in most developed countries (http://www.marrow.org). 
Currently, approximately 65% of patients can find an accept- 
able donor among the 4 million individuals registered 
in the US.-based National Marrow Donor Program 
(NMDP), However, patients belonging to racial groups 
that are not well represented in the registries have a 
considerably decreased probability of finding a donor 
(http://www.marrow.org).’ 


DNA-BASED HLA ALLELE IDENTIFICATION 


Most commonly used molecular diagnostic methods have 
been used to identify HLA alleles. Strategies based on 
oligonucleotide probe hybridization, DNA sequencing, and 
allele-specific DNA amplification have become the most 
common ones used currently for HLA typing. Each of these 
methods relies on amplification with PCR of genomic DNA 
of relevant regions of an HLA gene from the tested individ- 
ual.’° Samples for testing are usually peripheral blood but 
may be any tissue containing nucleated cells. 

Typing methods involve the design of primer pairs that 
are able to amplify all alleles at the target HLA locus with the 
polymorphic sequence motifs situated between the primer 
sites. Laboratories usually amplify at least exons 2 and 3 of 
class I genes and exon 2 of class II genes. Some prepare larger 
amplification products that include exon 1 and/or exon 4 of 
class I genes. Amplification primers may be located within 
exons or introns, Primers positioned in introns allow 
complete analysis of exons and inspection of exon/intron 
junctions for splice site polymorphisms. Primers must be 
carefully chosen to attain locus-specific amplification since 


the HLA loci are the products of gene duplication and 
divergence and retain substantial homology. Further, many 
HLA loci have closely related pseudogenes that do not 
encode functional polypeptides but may result in non- 
specific PCR products.” 

The amplicons prepared are subsequently analyzed by 
a variety of methods. They can be hybridized to oligonu- 
cleotide probes in reverse or forward dot-blot assays. The 
panel of probes is chosen to cover critical polymorphic 
positions in the HLA gene tested. The pattern of reactivity 
of the panel can then be analyzed to assign allele identities. 

Alternatively, amplicons can be directly sequenced 
via dideoxynucleotide chain termination methods. This 
approach is increasingly attractive for allele level typing 
because of the large numbers of alleles known to exist at 
the HLA loci. The homozygous or heterozygous sequence 
obtained can be compared with a library of known 
sequences of alleles for allele assignment.” 

A third commonly employed method, sequence-specific 
primer PCR (SSP-PCR) employs pairs of PCR primers 
chosen so that their 3’-most nucleotide or nucleotides are 
complementary to a polymorphic position that distinguishes 
an allele or an allele group from other alleles. If the individ- 
ual possesses the allele(s) of interest, the PCR will lead to a 
product whose size and presence are typically identified by 
agarose gel electrophoresis or can be detected with real-time 
methods. A typing can be performed by choosing many 
pairs of primers in independent reactions to cover all allele 
groups.” 

Commercial reagents and software for analysis of results 
are available for each of these three methods. Laboratories 
tailor HLA typing assays to the specific applications discussed 
above. Choice of methods depends upon typing volume, 
turnaround requirements, and the resolution needed. 


INTERPRETATION OF HLA TEST RESULTS 


The number of alleles at the HLA class I and class H loci, 
and a listing of serologically defined specificities and their 
allele equivalents, are available online at several Web sites 
(http://www.anthonynolan.com/HIG, accessed April 1, 2004 
or http://www.ebi.ac.uk/imgt/hla/, accessed April 1, 2004). 
The alleles of each of the HLA antigens are numbered based 
on the original serological nomenclature. HLA alleles are 
now designated by a superscripted asterisk after the locus of 
origin and a number corresponding to the particular allele 
(e.g, HLA-A*0201). Parallel testing using serological and 
DNA genotyping of HLA alleles has led to the use of one 
nomenclature for the description of low-resolution typing 
in which the HLA assignment might include more than one 
possible related allele (e.g., HLA-A A*02) and a nomencla- 
ture reflecting the high-resolution allelic typing. Thus 
different HLA allele subtypes (e.g., for A*02) can appear 
indistinguishable when tested by serology or with a limited 
panel of nucleic acid probes so a generic or low-resolution 
typing is obtained. New HLA alleles are named by an inter- 
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national nomenclature committee, Annual HLA nomencla- 
ture reports with frequent updates are available at the Web 
sites listed above. 


QUALITY ASSURANCE AND QUALITY CONTROL ISSUES 
Quality control and assurance programs for HLA testing 
should be similar to those for other types of PCR-based 
testing. The NMDP and the American Society for Histo- 
compatibility and Immunogenetics (ASHI) maintain a cell 
repository of a subset of known alleles (http://www.ashi- 
hla.org/, accessed April 1, 2004). As in other PCR-based 
testing, strict measures to prevent contamination of pre- 
PCR areas with genomic DNA and PCR products are essen- 
tial. Importantly, testing for contamination arising from 
products prepared in SSP-PCR can be challenging because 
the many PCR reactions necessary to type an individual 
often result in products varying in size and composition. 
Measures to prevent contamination in PCR-based testing 
have been widely described; such information is available 
online at the ASHI Web site. 


PROFICIENCY TESTING 


Several proficiency testing programs are available in the 
United States. These include the College of American Pathol- 
ogists (CAP), ASHI, and the Southeastern Organ Procure- 
ment Foundation. Each offers comprehensive programs to 
assess laboratories’ ability to correctly identify HLA alleles. 
The University of California at Los Angeles has offered an 
international cell exchange program for many years. Labo- 
ratories are challenged to correctly type samples that often 
include unusual or recently described alleles. 


ACCREDITATION AND CERTIFICATION OF 
LABORATORIES AND PROFESSIONALS 


Clinical histocompatibility laboratories are high complexity 
laboratories that must have a CLIA license in the United 
States. Laboratories may be inspected and accredited by 
CAP or ASHI. The United Network for Organ Sharing, 
NMDP, and CLIA have all designated ASHI with deemed 
status for purposes of accreditation of HLA laboratories. 
Laboratories are generally directed by individuals with 
Ph.D., M.D., or both degrees. ASHI administers a program 
to assess the qualifications of doctoral level individuals to 
direct ASHI-accredited laboratories. Directors can take a 
certifying examination administered by the American Board 
of Histocompatibility and Immunogenetics (ABHI). The 
ABHI also certifies laboratory staff as histocompatibility 
technologists and specialists. Information is available on the 
ASHI Web site. 


CHIMERISM AND HEMATOPOIETIC CELL 
ENGRAFTMENT ANALYSIS 


Successful HCT effectively results in chimerism with the 
recipient’s hematopoietic cells derived from the donor. With 


the exception of monozygotic twins, it is virtually always 
possible to use polymorphic loci on chromosomes to distin- 
guish between DNA prepared from cells derived from the 
recipient and cells from the donor. This is true even for sib- 
lings if enough loci are studied. Suppose the father and 
mother of two siblings have alleles j and k and s and t, respec- 
tively, at a locus, The likelihood that the two siblings will 
inherit an identical genotype such as js or jt at this locus is 1 
in 4, The likelihood that the siblings will be identical for other 
studied loci for which the parents are similarly heterozygous 
is also 1 in 4. In this particular example of complete parental 
heterozygosity, the risk that no locus will be found at which 
the two siblings can be distinguished is 1 in 4N where N is the 
number of independently segregating loci tested. Com- 
mercial engraftment testing reagents that include 9 to 16 
independently segregating loci will virtually always reveal at 
least a single locus at which donor and recipient cells can be 
distinguished. 


METHODS FOR PERFORMING ENGRAFTMENT ANALYSIS 


Sources of DNA for engraftment testing are typically periph- 
eral white blood cells or bone marrow aspirates. It is crucial 
to obtain genomic DNA samples from the recipient before 
the transplant to determine his or her native genotypes at 
the tested loci. Then posttransplant samples can be com- 
pared with “pure” specimens from the donor and from the 
pretransplant recipient. If a pretransplant sample from the 
recipient is not available, another sample such as buccal cells 
may be obtained. Care should be taken in interpreting results 
from these alternate sources, however, since donor-derived 
inflammatory cells may be present. 

Testing can be performed on genomic DNA isolated from 
the entire cell population of the specimen. Alternatively, the 
sample can be sorted by flow cytometry or immunorosetting 
to assess engraftment of specific cell lineages.” For example, 
engraftment of the T-cell versus non—T-cell components can 
be assessed after flow cytometry sorting based on expression 
of the CD3 surface molecule, a T-cell marker. 

DNA typing methods used in engraftment analysis are 
summarized in Table 41-5. These methods have evolved 
like those used for identity testing in general. Initial me- 
thods relied on Southern blotting to detect RFLPs or VNTRs. 
These labor-intensive hybridization assays have been largely 
replaced by PCR-based methods. 

One PCR-based strategy is to amplify a series of VNTR 
loci with subsequent separation of the DNA fragments on 
polyacrylamide gels.” Alleles can be assigned via com- 
parison with size standards after staining with ethidium 
bromide. The sensitivity of this method for detecting a small 
admixture of donor or recipient DNA is roughly 10%. Sen- 
sitivity can be increased to the <1% to 1% range with silver 
staining of the amplification products. 

As described earlier in this chapter for forensic identifi- 
cation, fluorescent detection of PCR products derived from 
STR, or microsatellite loci, has been adopted by many labo- 
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TABLE 41-5 DNA Ting Methods Used in n Engraftment eting 


É Method - Description OPES 
-RELP analysis of ae Digest genomic DNA with restriction 
ENIR loci, £ ‘endonuclease and detect polymorphic: 
ki -VNTR loci by Southern blotting 
PCR rae of VNTR . Amplify VNTR loci-and size by. gel 
njog gnage eniu electrophoresis: 
“STR analysis... Mia amplification of several STR 
i loci with sizing by fluorescent detection 
Cytogenetics. oe _Interphase analysis of X and. Y 


_ hybridization 


ratories for engraftment assays.” This method is attractive 
because of the ability to automate the assay, fewer problems 
associated with “stutter bands, the extensive characteriza- 
tion of these loci in a variety of populations, and their high 
degree of polymorphism. Surveys from the proficiency 
testing programs described below indicate that the majority 
of laboratories providing clinical engraftment testing cur- 
rently analyze STR loci. 

When the donor and recipient are of different genders, 
analysis of the sex chromosomes in posttransplant 
hematopoietic cells can be useful in engraftment testing. 
Cytogenetic analysis of chromosomes in interphase cells 
with X- and Y-specific probes may be performed with fluo- 
rescent in situ hybridization assays. The percent donor or 
recipient cells can be determined by assessing the ratio of 
cells with XX signals to those with XY signals. Alternatively 
PCR-based analysis of X- and Y-chromosome loci can be 
carried out. For example, the reappearance of Y-specific 
amplification products in a male whose donor was his sister 
may indicate relapse of a malignancy. Polymorphic loci on 
chromosome X can be studied similar to the autosomal STR 
discussed above. 


SELECTION AND INTERPRETATION OF SHORT TANDEM 
REPEAT LOCI 


Engraftment testing is accomplished by preparing genomic 
DNA from donor and pretransplant and posttransplant 
recipient specimens followed by PCR amplification of the 
selected STR loci. Amplification reactions are typically 
multiplexed using fluorescently labeled commercially avail- 
able reagents as described above for forensic identity testing. 
Products are then separated via high resolution slab or 
capillary electrophoresis on an automated genetic analyzer. 
Comparison of DNA fragment sizes with a reference ladder 
allows software to assign alleles for each locus. 

The analysis of a donor sample and a pretransplant re- 
cipient sample allows the laboratory to identify which STR 


“Comment 


‘chromosomes with fluorescent in-situ 


; Highly informative ‘identity testing method: also. 
used i in early. forensics, now discarded. because oe 
- of its labor-intensive nature s oes Be 

This assay can be. quite: sensitive when | ands are : o 
detected by silver staining- ; : 

Becoming the standard method i in the field 
because of the efficiency. andı artial automation 

May be useful when. donor. an | recipient are of 
different genders. 


loci are informative (nonidentical genotypes) for the pair. A 
posttransplant sample can then be studied. If only fluores- 
cent peaks from the donor are observed, then the cells 
studied are donor in origin. Rarely, only recipient peaks will 
be seen, consistent with recipient origin of the cells. These 
assays can detect admixtures of cell populations down to 
approximately 3%. Therefore, results indicating that a 
sample is exclusively from the donor are often reported as 
>97% donor. If fluorescent peaks derived from both the 
donor and the recipient are seen, the sample must be a 
mixture of cells from the two individuals. 

The percent recipient in a mixed sample can be calculated 
by summing the intensities of the informative recipient 
peaks and dividing by the sum of the intensities of the infor- 
mative recipient and donor peaks. Many laboratories then 
average the percent recipient for each locus to arrive at a final 
result. Some laboratories run a calibration curve of artificial 
mixtures of donor and recipient DNA for each tested pair. 
Other laboratories validate the assay with calibration curves 
for a number of control “donor” and “recipient” mixtures, 
and do not run new calibration curves for each new donor- 
recipient pair. 


APPLICATIONS OF MICROSATELLITE LOCUS TESTING TO 
ENGRAFTMENT ANALYSIS 

Several clinical questions can be answered with engraftment 
testing.” Is engraftment of donor cells proceeding well in the 
weeks following a stem cell transplant? In the setting of a 
history of successful engraftment, do subsequent studies 
demonstrate a resurgence of recipient-derived hematopoietic 
cells indicating a relapse? Has stable chimerism developed 
following transplantation with the production of hemato- 
poietic cells derived from both the donor and recipient? 

The correlation of engraftment testing results with the 
clinical history is crucial for interpretation of results. Thus 
appropriate communication between the engraftment 
testing laboratory and the transplantation team is essential. 
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Consultation with a hematopathologist may be helpful in 
interpreting results in complex cases. 

A result indicating 85% donor cells and 15% recipient 
cells might be equally consistent with an engrafting marrow 
3 weeks after transplantation or with relapse 6 months 
following transplantation. The date of the transplant in 
relation to sample collection, the conditioning regimen used 
before transplant, and evidence from peripheral smear or 
bone marrow aspirate examination may be helpful in inter- 
preting results. Unusual history, if unknown, can cause con- 
siderable confusion. For example, some recipients may have 
received more than one stem cell transplant or may have had 
a donor who is an identical twin. 

The interpretation of an engraftment result from a single 
sample can be difficult. Multiple samples collected at inter- 
vals after transplantation may reveal changes in the fraction 
of donor and recipient over time that can be correlated with 
the evolving clinical picture. 


PROFICIENCY TESTING 


Proficiency testing programs for engraftment testing are 
offered by the CAP and the ASHI. Challenge specimens are 
typically artificial mixtures of genomic DNA from two 
related or unrelated individuals. In both surveys, participant 
laboratories have demonstrated a high degree of agreement 
for challenge samples. The standard deviation from the 
mean of participant results in a 50-50 mixture of “donor” 
and “recipient” cells is typically +2% to 4%. For mixtures 
that approach the sensitivity threshold of the assay (for 
example 6% recipient, 94% donor) somewhat broader stan- 
dard deviations may be seen. 


QUALITY ASSURANCE AND QUALITY CONTROL 


Quality control and assurance programs for engraftment 
testing should be similar to those for other types of identity 
testing. Assays may require as little as Ing of genomic 
DNA. Thus strict measures to prevent contamination of 
pre-PCR areas with genomic DNA and PCR products are 
important. 


ACCREDITATION 


Accreditation of programs may be through the ASHI or 
the CAP. Since engraftment testing is a variant of identity 
testing, the standards used are often those written for pater- 
nity and other forms of identity testing. However, because 
engraftment testing deals with subpopulations of cells and 
the relative proportions of cells, organizations such as the 
ASHI have developed accreditation standards specifically for 
engraftment testing. 


PARENTAGE TESTING = 


Questions regarding the parentage of minor and adult chil- 
dren arise frequently in modern society. Generally at issue is 
whether a particular man is the father of a child. As discussed 


in the chapter introduction, parentage testing allows an 
individual to be excluded or not excluded as the parent 
of a child. If not excluded, the likelihood that he is the father 
can be calculated. Court-ordered and privately sought 
parentage testing is usually performed to facilitate decisions 
regarding responsibility for the financial support of a child. 
However, there are other reasons individuals may wish 
to establish parentage; an example is the settlement of an 
estate. As discussed earlier, laboratories performing other 
types of identification tests for purposes unrelated to pa- 
rentage (e.g, HLA typing for transplantation) should be 
aware of the possibility of inadvertently uncovering “false 
paternity.” , 


METHODS, INSTRUMENTATION, AND SAMPLE 
REQUIREMENTS 


Methods for parentage testing have evolved considerably 
over time similar to other human identification applications. 
Initial methods relied on serological techniques to identify 
red cell antigens, such as the ABO and the MNS groups and 
the highly polymorphic HLA antigens found on most cells. 
Since 1990 there has been a substantial migration of parent- 
age laboratories to DNA-based methods, especially to those 
based on analysis of STR alleles. The significant advantages 
of these PCR-based assays with detection of fluorescently 
labeled DNA fragments on automated genetic analyzers have 
been discussed in the section on forensic identification. 
Recently SNPs have also been introduced in commercial 
parentage laboratories. 

Selection and validation of testing methods are key issues 
in paternity testing. Specific requirements for paternity 
testing may be mandated by local laws and agreements. 
Thus the choice of methods and genetic systems should 
be based on an agreement between the client(s) and the 
laboratory. 

Nonstandardized methods should not be used as the sole 
methods within a paternity testing laboratory. In addition, a 
nonstandard method should only be used if it can be docu- 
mented that the method is used in at least one other labo- 
ratory, thus making it possible to obtain a second opinion 
based on repeated testing. 

Like other forms of identity testing, samples for paternity 
testing may be any specimen containing chromosomal DNA. 
In practice, programs generally perform testing on peri- 
pheral blood samples or buccal smears. Buccal smears are 
increasingly preferred as they offer a noninvasive means 
of sample collection, which is especially convenient when 
testing minors. l 


REPORTING OF TEST RESULTS 


In addition to the usual paternity test reports, laboratories 
are occasionally asked to provide interpretative reports when 
less than complete information is available. The usual report 
is discussed next and the interpretive reports are discussed 
afterwards. 
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Test Reports 

The results should include all the information requested by 
the client and necessary for the interpretation of the test 
results and all information required by the method used. If 
the weight of evidence is calculated, it must be based on like- 
lihood ratio principles, such as the paternity index.’ 


Exclusion of a Tested Man 
Standard parentage testing involves genotyping several poly- 
morphic loci in samples from a trio consisting of the mother, 
child, and presumed father. Inspection of the alleles found 
in the mother and the child at the genetic loci analyzed 
reveals alleles that must have been contributed by the child’s 
biological father. If the accused father does not have an 
obligatory allele at one of the tested loci, he is excluded as 
the biological father. Laboratories require the absence of 
an obligatory allele for at least two loci in a tested man to 
exclude him as the father. The requirement of multiple loci 
reduces the possibility of making an error caused by a tech- 
nical problem or caused by a rare mutation at one of the 
examined loci. 

The power of an analyzed locus to exclude a tested man 
depends upon the number of alleles found at the locus and 
their allele frequencies in human populations. ABO typing 
can exclude a tested man but has a relatively poor probabil- 
ity of exclusion of about 15%. The HLA and VNTR loci 
have many alleles and a single locus may have greater than 
90% probability of excluding a falsely accused man. The STR 
loci have an intermediate number of alleles. A single STR 
locus typically has a 30% to 60% likelihood of excluding a 
wrongly accused man. The ease of STR analysis makes these 
loci attractive for parentage testing even with their lower 
exclusion power. If a number of STRs that independently 
segregate during meiosis are studied, a cumulative proba- 
bility of exclusion can be calculated based on the product of 
exclusion power for each tested locus. The use of 9 to 16 
unlinked, and therefore independent, STRs provided in 
commercially available human identity reagents generally 
results in at least a 99% probability of exclusion of a falsely 
accused man. 


Inclusion of a Tested Man 

The alleles found at the analyzed loci may be entirely con- 
sistent with the accused man being the biological father of 
the child. In this case, the likelihood that he is truly the father 
rather than a random individual who is not excluded can be 
calculated. A number of assumptions underlie accurate cal- 
culations of the likeliness of paternity. Tested individuals 
must be properly identified, testing must be accurate, and 
allele frequencies in relevant populations must be well 
characterized. 

The probability of paternity (W) and the paternity index 
(PI) are two closely related values that express the likelihood 
that the tested man is truly the father rather than another 
man who by chance shares alleles at a tested locus. Calcula- 


tion of the PI takes into account allele frequencies at the 
locus in relevant populations. If multiple independent loci 
are analyzed, a cumulative PI based on the products of the 
individual loci can be calculated. Government entities typi- 
cally require that the paternity index be >100:1 and the 
probability of paternity be >99% for inclusion of a man. 
Other evidence bearing on the probability that a man is 
the father before testing is performed can be integrated with 
test results using Bayesian analysis to calculate a posterior 
probability of paternity. The prior probability that an 
accused man is the father is typically set at 50%, but a range 
of likelihoods given different prior probabilities (e.g., 10% 
to 50%) can be calculated for comparison. 


Opinions, Interpretations, and Problems 

Standard parentage testing requires samples from the trio 
described above. However, there are many cases in which 
the mother, child, and putative father may not all be avail- 
able for testing. If a sample cannot be obtained from the 
mother it may still be possible to exclude a tested man or 
to calculate his probability of paternity. For example, the 
finding of locus L genotypes 1,3 for the child and 4,5 for the 
tested man is inconsistent with the hypothesis that he is 
the father whether or not we know the mother’s genotype. 
Similarly, when the accused man is not available, testing 
performed for individuals related to him may be used to 
calculate the likelihood that he is the biological father of the 
child in question. 

While STRs and VNTRs are usually transmitted in a faith- 
ful Mendelian fashion, mutations can occur. A child and 
tested man may be encountered who share an allele at all but 
one of the tested loci. The possibility that the man is truly 
the father and that a mutation has occurred at the mis- 
matched locus should then be entertained. If additional loci 
are tested with no additional genetic inconsistencies dis- 
covered, the likelihood of paternity can be calculated by 
considering the frequency of mutations at the mismatched 
locus. Alternatively, additional genotyping may reveal more 
exclusions, making it unlikely that the tested man is truly the 
father. Laboratories should apply procedures for estimating 
uncertainty of measurement. The measurement of uncer- 
tainty of tests should be known and should be included in 
the interpretation of test results. 


QUALITY ASSURANCE AND QUALITY CONTROL 


The quality control and assurance measures for paternity 
testing are similar to those for other types of human iden- 
tity testing. Positive identification of samples, prevention of 
DNA contamination, the use of control alleles of known size, 
and the validation of software employed for genetic analysis 
and calculation are among measures common to identity 
testing programs. Population distribution data for the 
systems used must be documented. In addition, mutation 
frequencies of the systems used must be documented and 
used appropriately. 


Chapter 41 Identity Assessment 


POLICY AND PROCEDURES FOR RESOLUTION OF 
COMPLAINTS 

The laboratory should have a policy and procedure for the 
resolution of complaints received from clients or other 
parties. Paternity testing programs involving knowledge of 
sensitive family information results may be employed in legal 
proceedings. Samples and records including information 
stored electronically must be handled carefully to ensure 
their privacy, confidentiality, and security. Laboratory pro- 
cedures for documentation of the identity of individuals 
contributing samples for study and the chain of custody of 
specimens should be very detailed. 


ACCREDITATION 


Recommendations and standards for paternity testing are 
formulated by government agencies or professional organi- 
zations (e.g., the Standards for Parentage Testing Laborato- 
ries of the American Association of Blood Banks [AABB]). 
The AABB administers a laboratory inspection and accredi- 
tation program.’ The ASHI and CAP also publish relevant 
standards. The CAP and AABB jointly offer a proficiency 
testing survey. 
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n the short time since their introduction, nucleic acid 
[e have profoundly affected the management of infec- 

tious diseases. In contrast to microbial culture methods, 
“molecular” methods are rapid, thus allowing early decisions 
about treatment to be based on data about the pathogen(s) 
in an individual patient. Molecular methods have provided 
a means to detect pathogens that could not be easily detected 
by traditional methods such as culture, antigen detection, or 
serology. By rapidly providing quantification and sequences 
of nucleic acids in pathogens, the methods have transformed 
the approaches to prediction and monitoring of response to 
therapy, assessing risk of disease development, and deter- 
mining disease prognosis. 

The first third of this chapter reviews concepts in the 
development and clinical implementation of molecular 
assays for testing in infectious disease. Readers with back- 
grounds in analytical techniques or molecular testing or 
infectious diseases may wish to use the headings in the text 
to identify the parts of interest to them. The later sections 
of the chapter describe nucleic acid testing for specific 
pathogens, with a new section heading for each pathogen or 
pair of related pathogens. These sections include discussion 
of the clinical utility of the testing and are focused on those 
pathogens for which molecular testing is considered the 
standard of care. Because the field is expanding rapidly, we 
provide links throughout the chapter to Web sites where 
recent developments can be monitored. 


| 


DEVELOPMENT OF MOLECULAR ASSAYS FOR > 
INFECTIOUS DISEASES 


Molecular infectious disease laboratories use methods devel- 
oped by in vitro manufacturers and assays developed by 
individual laboratories. Complete reagent sets developed by 
manufacturers are provided with quality-controlled reagents 
that have been manufactured under Good Manufacturing 
Practices (GMP), and the performance of the entire molecu- 
lar test has been determined for a particular clinical claim. 
For example, a number of reagent sets and complete systems 
of reagents and associated instrumentation are commercially 
available for the diagnosis of sexually transmitted diseases 
caused by Chlamydia trachomatis (CT) and/or Neisseria gon- 
orrhoeae (GC), as are systems for monitoring disease progres- 
sion in patients diagnosed with human immunodeficiency 
virus- 1 (HIV-1) infection by quantification of HIV-1 RNA in 
plasma specimens. These products usually include reagents 
for nucleic acid isolation, amplification, and detection/ 
quantification with a specific protocol. In the United States, 
they are commercialized using different labels depending 
upon U.S. Food and Drug Administration (FDA) status and 
review including FDA-approved, FDA-cleared, for research 
use only (RUO), or for investigational use only (IUO). 
Nucleic acid-based testing for infectious diseases, as for 
other clinical conditions, usually involves three major 
steps: specimen processing, nucleic acid amplification, and 
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product detection. Several systems automate one or two 
steps, and automation of all three steps in a single analyzer 
is expected from manufacturers in the near future. It is 
expected that these systems will be capable of integration 
with common laboratory information systems, thus creating 
another major advance for clinical microbiology laborato- 
ries and facilitating reporting of results in timeframes that 
allow more rapid institution or alteration of therapy. 

Many clinical laboratories find it necessary to develop 
methods to detect various infectious agents for which 
there are no commercially available methods or systems. 
Laboratory-developed tests (LDT), formerly known as 
home-brew assays or in-house developed assays, are those 
assays that have been fully developed and validated by the 
laboratory that offers the testing. Usually, these assays use a 
combination of reagents that are purchased separately from 
various manufacturers, The analytical and clinical verifica- 
tion of the LDT is the responsibility of each laboratory, and 
this verification procedure is more complex than verification 
of an FDA-cleared or FDA-approved test. 


ANALYTE-SPECIFIC REAGENTS 


In the United States, the jurisdiction of the FDA includes 
reagents, equipment, and complete assays used in diagnosis 
or treatment of disease. The FDA introduced the term 
analyte-specific reagent (ASR) to refer to such reagent(s) 
used in LDTs that confer specificity for detecting a par- 
ticular analyte.” ASRs include antibodies, specific receptor 
proteins, ligands, and oligonucleotides. Because of the 
importance of ASRs in infectious disease testing, we sum- 
marize key points of the regulations here. 

The FDA considers LDTs medical devices subject to FDA 
regulatory oversight, but with very few exceptions has not 
executed this authority (the high complexity laboratories 
that develop LDTs are regulated by the Center for Medicare 
and Medicaid Services under the provisions of the Clinical 
Laboratory Improvement Act [CLIA] of 1988). With the ASR 
category, the FDA shifted its focus from the laboratory to 
the manufacturers of reagents, and proposed controls and 
restrictions to ensure their quality and consistency, and to 
clarify that a laboratory setting up these tests is responsible 
for the tests’ performance. 

Manufacturers are restricted in the distribution, use, and 
labeling of ASRs, and can sell them only to CLIA-certified, 
high-complexity laboratories. They must register and list 
ASRs with the FDA, follow GMP, and report adverse events 
that result from product failure. Most of these products 
are exempted from premarket review, but are subject to 
restricted labeling and use. The labeling of these reagents is 
restricted to “description of the identity and purity includ- 
ing source and method of acquisition of the ASR, in addi- 
tion to standard information already required for general 
purpose reagents,” with the specific disclaimer reading: 
“Analyte-specific reagent, analytic and performance charac- 
teristics are not established? Furthermore, manufacturers 
are forbidden from labeling and/or promoting ASRs, includ- 


ing any statements about the ASR’s analytical performance, 
clinical performance, or diagnostic ability. Commerce of 
ASRs to in vitro diagnostic (IVD) manufacturers or non- 
clinical organizations (academic, research, and forensic set- 
tings) is exempt from the ASR rule. 

The FDA has mandated that laboratories using ASRs 
must label their reports with the statement, “This test was 
developed and its performance characteristics determined by 
(laboratory name). It has not been cleared or approved by 
the U.S. Food and Drug Administration.” LDTs that use 
primers and probes made in the laboratory are not covered 
by this rule. The College of American Pathologists (CAP) has 
suggested additional language to reflect the fact that FDA 
review is not required under this regulation. 


WHEN TO USE A MOLECULAR TEST FOR AN 
INFECTIOUS DISEASE 


A new test should provide reliable, cost-effective, and timely 
results necessary for diagnosis and management. Test selec- 
tion should not be based solely on cost. Performance char- 
acteristics and impact on patient care and management are 
critical components of the decision. New tests can improve 
patient care and decrease its cost as in the use of genotyping 
of HIV-1 to detect drug resistance.”* This testing added a new 
cost, but allowed rapid and accurate determination of the 
potential effectiveness of expensive drugs. This improved 
clinical outcomes and decreased the incidence of virological 
failures and the total cost of treatment. The ability of mo- 
lecular assays to enhance clinical care in infectious disease 
often arises from increased diagnostic sensitivity and speci- 
ficity and shortened turnaround time. 

Both clinicians and laboratorians are key players in iden- 
tifying the testing needs of a medical center. The technical 
capabilities within the laboratory must be assessed in rela- 
tion to the clinical needs. Consideration must be given to the 
interconnected issues of test volume, required turn-around 
time, and costs of performing the assay. An adequate testing 
volume is important to maintain proficiency of personnel 
and to control cost. Rapid turnaround for most tests in infec- 
tious disease implies testing of single samples rather than 
batches, with increased costs. As development and validation 
of LDTs are costly, it is best to determine if a similar assay is 
pending FDA review. 

Patented procedures and sequence information affect 
decisions about testing. It is not always clear whether a tech- 
nology or sequence has been patented or, if so, who owns the 
patent. It is thus advisable to check with the investigators 
who first described the sequence and to review the patent 
database and pending patent databases (United States Patent 
and Trademark Office Home Page: www.uspto.gov). 


CHOICE OF SPECIMEN TO TEST AND 

ANALYTICAL APPROACH 

After a clinical need has been identified, a thorough litera- 
ture search should be carried out to characterize the clinical 
utility of testing and its relation to specimen types, deoxyri- 
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bonucleic acid (DNA) or ribonucleic acid (RNA) targets, 
and testing methodologies, whether qualitative or quantita- 
tive. For example, in distinguishing clinically significant 
cytomegalovirus (CMV) disease from asymptomatic CMV 
infection in immunocompromised individuals,” the detec- 
tion of viral nucleic acid is not informative, and quantitative 
assays are necessary. Similarly the choice of RNA or DNA 
affects the ability to distinguish disease from nondisease 
status. Careful consideration should be given to the advan- 
tages and disadvantages of potential methodologies and the 
laboratory capabilities and the abilities necessary to ensure 
successful test development. 


TEST DEVELOPMENT 

Target sequences must be chosen to prevent cross- 
hybridization with other known sequences. A preliminary 
evaluation of published protocols or use of generic default 
concentrations for polymerase chain reaction (PCR) com- 
ponents can be a useful starting point. Modifications in assay 
design may be necessary depending on the specimen type. 
For example, if using fixed paraffin-embedded tissue as the 
specimen source, one might want to limit the size of the 
amplified product since tissue fixation can significantly 
affect nucleic acid quality and consequently affect the ability 
to amplify long nucleic acid sequences. 

After initial tests, the next step is to optimize steps of the 
analytical process, including nucleic acid extraction, ampli- 
fication, detection, and quantification. For amplification 
procedures, variables to be optimized may include buffer 
pH, nucleotide concentration, MgCl, concentration, type 
of polymerase, primer concentration, and annealing 
temperature,” *%91 


PREANALYTICAL VARIABLES 


Common preanalytical variables include specimen type, 
specimen volume, anticoagulant, and specimen transport, 
storage, and handling. The type of specimen that is accept- 
able for testing will be largely determined by the pathogen- 
esis of the disease and plays a key role in the performance 
and interpretation of the test results. Molecular assays 
often offer the convenience of using a small, less-invasive 
specimen. The diagnosis of herpes simplex virus (HSV) 
encephalitis is a classic example, where culture of brain 
biopsy has been replaced by PCR testing of a small volume 
of cerebrospinal fluid (CSF). Although molecular tests can 
detect the presence of small numbers of organisms, the 
probability of detection increases when a larger volume 
of specimen is added to the amplification reaction. This 
reflects in part the probability of having any organisms in 
the tested volume of sample. Because molecular assays do 
not need viable organisms for testing, more flexibility in 
specimen transport is possible than for culture methods. 
Appropriate specimen collection and transport condi- 
tions are critical to ensure nucleic acid integrity, especially 
for quantitative methods, and to prevent cross-contamina- 
tion of specimens. The appropriate specimen type, timing of 


specimen collection, and specimen handling will depend on 
the clinical presentation of the disease, the pathobiology of 
the infection, and the type of nucleic acid required for the 
test. The format of the molecular assay being developed may 
affect the amount of specimen required. Specimen transport 
and storage conditions are likely to vary among specimen 
types and between RNA and DNA tests. They will vary 
depending upon the need for viable or intact cells or 
microorganisms and must be determined by each laboratory. 
RNA is especially susceptible to degradation by ubiquitous 
enzymes. Specimens may be stable at room temperature for 
days or may require, for example, separation of plasma from 
cells within a few hours of collection and either immediate 
testing or storage of the plasma at —80 °C until testing 
is performed. Adding a known amount of purified target, 
microorganism, or cells to target-negative specimens can be 
useful in efforts to assess the preanalytical variables. Detailed 
written instructions for specimen collection and for han- 
dling and transport should be provided to those individuals 
involved in these tasks and duties, 


INTERNAL CONTROLS 

Internal controls, which are added to the clinical specimen 
before processing, are often used to detect the presence of 
inhibitors of amplification or to determine if nucleic acid 
degradation occurred during specimen processing. Internal 
controls are often synthetic segments of nucleic acid that use 
the same primer sequence as the target molecule, with a 
portion of the sequence internal to the primer binding sites 
that is unique to the internal control. This allows simulta- 
neous amplification of the internal control and target, but 
separate detection using sequence-specific probes or physi- 
cal separation of the two products by size. Internal controls 
and the target sequence must have the same or very similar 
efficiencies of amplification, and thus they must have similar 
length and base composition. 

Failure to amplify the internal control may be due to 
nucleic acid degradation, inhibitors of amplification, or 
amplification failure. Regardless of the cause, when the inter- 
nal control is not detected the assay is invalid. 

A low amount of the internal control is used to avoid 
competition with the target in the patient specimen and to 
detect low levels of inhibition in the reaction. Amplification 
of a housekeeping gene can be used in place of an internal 
control when detecting or quantifying nucleic acid from a 
cellular specimen or tissue. However, most of the house- 
keeping genes are highly abundant, and thus subtle losses of 
nucleic acid or inhibition of amplification may not be 
detected. The use of RNA from a gene with a similar approx- 
imate abundance as the target sequence is preferred. 


NUCLEIC ACID EXTRACTION 

Several commercially available manual and automated 
methods have been successfully applied to infectious disease 
testing of a wide variety of clinical specimens. These 
methods are rapid, usually require only a small volume of 
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specimen, and provide more consistent results than older 
methods. In addition, the commercially available approaches 
can reduce hands-on labor requirements, and many can 
accommodate sample volumes ranging from 100uL to 
500 uL and even 1 mL of specimen. 


QUANTITATIVE MOLECULAR LDTs 


Quantitative methods for DNA and RNA (reviewed in 
Chapter 37) are widely used in infectious disease testing to 
determine, for example, the viral load of agents such as 
hepatitis C virus (HCV) and HIV-1. Quantification requires a 
reproducible relationship between the amount of input target 
and the output signal from the assay. The concentration of 
analyte in a sample is determined by comparison of the signal 
from the sample with that from calibrators of known con- 
centration. External calibrators avoid competition with the 
target sequence for reaction components, such as nucleotides, 
and can be naturally occurring—exactly matching the target 
of interest. The major disadvantage of external calibrators is 
that they are analyzed in a different reaction from the patient 
specimen and thus are not subject to the same reaction effi- 
ciencies or inhibition as the target sequence in the patient 
specimen. External calibrators are used for the quantification 
of HIV-1 in patient specimens using bDNA technology.’*! 
More recently, external calibrators have been used with good 
success to quantify nucleic acid present in patient specimens 
by real-time PCR technology.”™ "07 

An internal calibrator can be synthesized in vitro to 
contain the same primer binding sequence as the target of 
interest, but with a different sequence internal to the primer 
binding sites. This allows the calibrator and the target 
sequence to be differentiated by using sequence-specific 
probes, as described above, for the internal control. 

Internal calibrators compensate for inhibitors and/or loss 
of nucleic acid during the nucleic acid extraction procedure, 
but they (like internal “amplification controls”) can compete 
with the target sequence for assay components and.result in 
lower quantified result or no result at all. Since internal cal- 
ibrators have some variation in sequence compared with the 
target to enable specific detection, natural analytical materi- 
als do not make good internal calibrators. 

When amplifying nucleic acids from cells or tissues, 
amplification of a housekeeping gene may be used as an 
internal control and even as a calibrator. It is important to 
understand that these internal calibrators might be present 
at a much higher concentration than the target of interest 
and might also compete for reaction reagents, providing an 
inaccurate quantification of the target. 


TEST VERIFICATION — 


Verification of a test is a complex process that can be divided 
in two phases: analytical and clinical verification. Analytical 
verification provides critical information about the perfor- 
mance of the test, while clinical verification establishes the 
clinical indications for the test. Determination of the clini- 


cal indications provides information about the appropriate 
settings, including disease states and populations for which 
the test can be used. Table 42-1 provides a list of guidelines 
that can be useful in developing validation programs. In 
addition, Table 42-2 outlines a checklist to assist in the 
verification process for a molecular assay. 

In the United States, major differences exist between the 
implementation of an FDA-cleared test versus a non-FDA 
cleared test. As stipulated in CLIA ’88,” laboratories imple- 
menting FDA-cleared tests need to verify the performance 
characteristics of the test for the indications for use. On the 
other hand, implementation of an LDT is a more complex 
process, as laboratories are required to establish the analyti- 
cal verification of the test. 


ANALYTICAL VERIFICATION 


Laboratories must assess each LDT’s detection limit (often 
called in regulations the “sensitivity”), specificity, accuracy, 
precision, and linear or reportable range. Verification of 
a LDT can be challenging when no standard reference 
material is available. Table 42-3 lists suppliers of reference 
materials that can be used during analytical verification and 
as a source of material for quality control purposes. National 
and international organizations are developing standard 
reference materials that will be useful for assay verification. 
The World Health Organization (WHO) recently intro- 
duced’” a standard reference material for HCV for verifica- 
tion of nucleic acid tests. This lyophilized material (HCV 
96/790) contains approximately 100,000 genome equivalents 
per milliliter and was assigned a value of 100,000 Interna- 
tional Units (TU)/mL.’” WHO also introduced an HIV stan- 
dard, HIV 97/656. Similar to the HCV standard, it consists 
of a lyophilized preparation of HIV-1-genotype B virus 
from a plasmapheresis donation. Several laboratories have 
tested this material with different technologies, obtaining a 
mean value of 4.79log genome equivalents/mL, which was 
assigned a value of 100,000 IU/mL, Finally the WHO hepati- 
tis B virus (HBV) standard 97/746 has been assigned a value 
of 1 million IU/mL.” Reference panels calibrated to WHO 
standard reference material are commercially available 
(Table 42-3). 

Some laboratories have established their own reference 
materials for analytical validation. Creating a reference 
material requires an independently established method for 
determining target nucleic acid concentration or, alterna- 
tively, conducting studies to compare their test with another 
established assay. For example, samples can be split for a 
comparison study with another laboratory that performs a 
similar molecular test. To compare results with another mo- 
lecular assay, both laboratories should perform a similar 
assay or at a minimum test for the same target sequence. The 
samples for testing may be available from one of the labora- 
tories or from an outside source, such as a collaborating lab- 
oratory, government organization (the Centers for Disease 
Control and Prevention [CDC], FDA, or National Institutes 
of Health), or a commercial supplier. 
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TABLE 42-1 Guidelines for Molecular Infectious Disease Testing 


Organization Guideline Internet Address 


Arb r L reee ne EEL AOSN RCE REAT TEESE aERCCEECT 


NCCLS MM-3-A Molecular Diagnostic Methods for Infectious :... www.nccls.org 

Diseases 

MM-6-A Quantitative Molec lar Diagnostics for. 
Infectious Diseases 

MM-10-P.Genotyping 

Guidance for industry in the manufacture and clinical _ http://www.fda.gov/cber/gdins/hivhcvnat.pdf 
evaluation of in vitro tests to detect in vitro nucleic x ee eas Se 
acid sequences of HIV-1 (draft guidance). OSES es 
Guidance for industry and r FDA review http://www.fda.gov/cber/gdins/hivhevnat.pdf 


Saree boratory; ASM. Press (oe ae ee 
“Guide E1873-97: Standard guide for detection of 
-` “nucleic acid sequences by the polymerase chain. 
reaction ‘technique... 

Guide £2048-99: Standard guide for detection of 
nucleic acids of the Mycobacterium tuberculosis 
complex and other. pathogenic mycobacteria by the 
polymerase. chain reaction technique. 

AMP . ‘Recommendations for in-house development and www.ampweb.org 
operation of molecular diagnostic tests. 


-www.astM.org ooon 


NCCLS, National Committee for Clinical Laboratory Standards; FDA, Food and Drug Administration; AMP, Association of Molecular Pathology; 
ASM, American Society of Microbiology; ASTM, American Society for Testing and Materials. 


TABLE 42-2 Checidist for Verification el Molecular LOT 


ae Identify. metho ology used for the. test. peer ae 
“Information with regard to specimen types, specimen handling and transport procedures, o 
nucleic acid isolation and storage, description of the test procedure, data reports, expected 
eee results, technical interpretation of results. 
Test results Representative examples of results, 
Analytical verification Analytical “sensitivity,” analytical ‘specificity, precision, and linear dynamic range. 
Quality control and Delineate QC and QA program. Identify informal proficiency program if no HHS-approved 
quality assurance program exists. 
Assay limitations Briefly. delineate and. discuss:potential:limitations. 
Clinical: data Primary objective of the study, clinical condition evaluated, patient population, 
seat demographics, sample size estimate, 
Clinical verification... Clinical sensitivity, clinical specificity, positive predictive value, negative predictive value. 
Reporting of test results Clinical interpretation. 
Clinical utility. Potential clinical benefit to patient. 


OMIM, Online Mendelian Inheritance in Man, 
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TABLE 42-3 Commercial Sources for Control and Panel Materials 


controls for CMY, Chlamydia trachorn 
Control DNA, virus and cell lines. (HIVE 


= External run -o secondary. reference co T 
HCV and HBV, HIV anonping I Internet e eval 


Reference materials may be naturally occurring or syn- 
thetic. “Natural” reference materials are those that consist of 
a known analyte or known quantity of an analyte as it occurs 
naturally in the test matrix, purified from the test matrix, or 
derived by culture of the organism or cell lines. Examples 
used by a number of laboratories are intact virus particles, 
bacteria naturally containing the target in their genome, cell 
lines containing a specific genetic change, or intracellular 
RNA or DNA. “Synthetic” reference materials include single- 
or double-stranded DNA, or RNA manufactured in vitro, 
which are quantified by physical and/or biochemical 
methods. Such synthetic reference materials can include 
synthesized DNA in the form of oligonucleotides, single- 
stranded DNA produced by cloning recombinant phage, 
cloning into vectors such as plasmids, or a DNA fragment 
produced by a chemical or physical method from a larger 
DNA molecule. Synthetic RNA reference materials can be 
generated by in vitro transcription of DNA templates. 

Assessment of analytical characteristics should use test or 
reference materials that are similar to the intended patient 
specimen and are carried through the entire process. If pos- 
sible, precision studies should be performed with more than 
one lot or batch of reagents and/or materials. Assessment of 
the accuracy of molecular methods is challenging when, as 
often happens, the methods have lower detection limits than 
the established methods.'*"*?!® A well-characterized refer- 
ence material can be used for accuracy studies. 

The linear range of an assay is the span of analyte con- 
centrations for which the final value output is directly 
proportional to the analyte concentration, with acceptable 
accuracy and precision. Every assay has an upper and lower 
limit of quantification, and the lower limit of quantification 
may be higher than the limit of detection for the assay. The 
linearity of a quantitative assay may be assessed by testing 


multiple replicates of at least four different concentrations 
of the analyte. 

Analytical sensitivity (the change of signal per unit 
change of analyte) is determined by performing serial 
dilutions of an appropriate number of samples containing 
known amounts of the analyte. The limit of detection of virus 
is sometimes defined as the lowest concentration that pro- 
duces a measurable signal (above background) in 95% of 
replicates tested. The limit of quantification is the lowest 
concentration of nucleic acid that can be quantified with an 
acceptable uncertainty; the uncertainty is often defined in 
terms of imprecision (coefficient of variation [CV]), which 
may be as high as 30% for these tests. Analytical specificity is 
the ability of an analytical method to detect and/or quantify 
what the test is intended to measure. For infectious disease 
testing, it is particularly important to ensure that primers and 
probes do not hybridize with nucleic acid from organisms 
present in the normal flora or those that cause a similar 
clinical syndrome. 

The susceptibility of the assay to interfering substances 
must be determined. Exogenous interfering substances are 
introduced into the specimen, usually during specimen col- 
lection or processing. Common examples are heparin and 
phenol. Both inhibit amplification by polymerases. Endoge- 
nous interfering substances, such as bilirubin and lipids, can 
be increased by disease. 


CLINICAL VERIFICATION 

The proposed indications for use of the test should be 
defined before starting the clinical verification. As for any 
tests (see Chapter 13) the indication for use of an assay could 
involve the making of a diagnosis, the ruling out of a 
diagnosis, the provision of prognostic information, or the 
monitoring of disease—especially, in infectious diseases, 
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establishing resolution of the disease. Special cases of these 
indications include the screening of a population (e.g., blood 
donors) and the confirmation of results from another assay. 
The first step is to formulate a clinical question (Chapter 13), 
which should take into account the management decision 
that needs to be made, the role of the method in decision- 
making, and the target population to which the test will be 
applied. Known analytical limitations (e.g., precision and 
linear range) should be taken into consideration when deter- 
mining the clinical indication for each assay. Further details 
are provided in Chapters 13 and 15. 

Determining the diagnostic accuracy and clinical utility 
(Chapters 13 and 15) of an assay can be especially difficult 
when the molecular assay is more sensitive than the refer- 
ence standard (“gold standard”) test. Viral culture, which has 
been considered “the gold standard” for many years, is an 
imperfect reference standard test. An insensitive reference 
standard can make the molecular assay falsely appear to have 
a low diagnostic specificity. This situation may require use 
of an expanded gold standard, including a second nonmo- 
lecular method (such as serology), a second molecular assay 
targeting a different region of the genome, or even clinical 
diagnosis to ascertain the specificity of the molecular assay. 
For the study of molecular testing for CT, the expanded 
reference standard included testing by direct fluorescent- 
antibody assay and/or another molecular test. 

Determination of diagnostic accuracy (Chapters 13 and 
15) requires attention to both the population and the type 
of sample, as the results for a method in a given population 
using a specified sample type may not apply in another pop- 
ulation or for another sample type in the same population. 
Investigation of the diagnostic specificity should include 
samples from patients with diseases that might be confused 
with the indicated disease. Specimens from healthy donors 
are less useful unless the test is intended for screening. 
The clinical utility of an infectious disease test can also be 
affected by factors such as microbial-host interactions, 
microbial dynamics, variants and mutations, and replicative 
fitness of the microbial agent. 


QUALITY CONTROL AND QUALITY ASSURANCE 


Quality assurance programs (Chapter 19) address all aspects 
of the testing process, from test selection to interpretation 
and use of results. Further details for molecular testing lab- 
oratories are provided in Chapter 38. In the United States, 
the extent of quality assurance and quality control per- 
formed for any molecular assay depends on whether the test 
is FDA-cleared, is “for research use only,’ is being used 
“off-label” (for nonapproved uses), or is an LDT. In general 
LDTs require more extensive quality control, because the 
analytical performance must be established and maintained 
by the laboratory. As a result, LDTs require a quality control 
program for validating the composition, concentration, 
purity, and performance of critical reagents of the testing 
process. Tolerance limits should be established for each of 


these reagents and whenever possible should use a quantita- 
tive measurement to avoid subjective evaluation of the 
quality of the critical reagent. All new reagents should be 
tested in parallel or concurrently with the previous lot of 
reagents. 

Careful selection of control material and types of controls 
is vital for the interpretation of test results. For molecular 
assays, controls may be necessary to detect inhibition of 
amplification, to assess adequacy of extraction of nucleic 
acid from the clinical specimens, or to identify degradation 
of nucleic acid during the extraction procedure. Negative 
and positive controls are necessary (and required by CLIA 
88 regulations), and both must be processed in every clini- 
cal test run. The CLIA 788 final rule (published in January 
2003) mandates for quantitative molecular assays a negative 
and two concentrations of positive control in every run. 
Failure to obtain the correct result for any of the controls 
invalidates the run. Positive controls should be at a clinically 
relevant concentration of the nucleic acid target sequence in 
a background of nucleic acid lacking the target sequence. 
A positive control should be present at or near the limit of 
detection of the assay. Positive control material that resem- 
bles a patient specimen can also be used as a nucleic acid 
extraction control to test the ability of the extraction proce- 
dure to successfully release the nucleic acid from the 
organism. 

Available control materials include patient specimens that 
have been well characterized by a similar method, synthetic 
controls such as Armored RNA (Ambion Inc., Austin, Texas), 
or purified nucleic acid, although purified nucleic acid 
would not be appropriate for use as an extraction control, 
Armored RNA uses a bacteriophage coat around an RNA 
target to produce pseudoviral particles. Control material is 
currently available for a variety of pathogens, including 
HIV-1, HCV, hepatitis A virus, enterovirus, Norwalk virus, 
and West Nile virus. These armored RNA preparations are 
stable for at least 11 months and are compatible with a large 
number of different platforms commonly used for quantita- 
tive molecular assays. Table 42-3 lists other manufacturers of 
control materials. 

To check for inhibitors, an internal control can be added 
to the sample. Alternatively, two portions of the specimen 
can be tested, with one of them containing an added target. 
For a specimen to be considered negative, the test result for 
the specimen amplified directly must be negative and the 
specimen with added nucleic acid must be positive. The 
amount of target nucleic acid added to the patient specimen 
should be close to the limit of detection of the assay, so that 
low levels of inhibition can be detected. The use of these con- 
trols is often discontinued if the inhibition rate is deter- 
mined to be less than 1%. 

Proficiency testing for molecular diagnostics laboratories 
remains a challenge because adequate proficiency testing 
programs are unavailable to cover the wide variety of mo- 
lecular assays offered by a number of laboratories. The CAP 
offers the only proficiency program accredited for molecu- 
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lar infectious disease by the U.S. government. The program 
covers only a limited number of microorganisms and in 
certain instances it does not cover the number of challenges 
required by CLIA ’88. Testing is provided for CT and GC, 
and HIV-1 and HCV quantitative assays, and for Borrelia 
burgdorferi, CMV, HSV, HCV genotyping, HCV RNA, 
HIV-1 genotyping, human papillomavirus (HPV), mec A, 
molecular typing-bacterial, and Mycobacterium tuberculosis 
(MTb). Proficiency testing from Acrometrix (Benencia, 
Calif.) for HIV-1 genotyping and HCV genotyping offers the 
submitting of results and retrieving of survey summaries 
via the Internet. The CDC also offers a Model Performance 
Evaluation Program for detection and quantification of 
HIV-i RNA and detection of MTb. 

When no external proficiency-testing program is avail- 
able, laboratories can compare results on “split” samples 
shared with other laboratories, perform split-sample testing 
by an established in-laboratory method, or validate test 
results based on clinical diagnosis. Specific professional 
organizations, such as the Association for Molecular Pathol- 
ogy, have been instrumental in facilitating split-sample 
testing among laboratories through sample exchanges for 
their members, When exchanging samples between labora- 
tories, it is important to identify a laboratory that uses the 
same procedure or one that detects the same nucleic acid 
sequence, and for quantitative methods to ensure similar 
calibration of the tests. This is important, because even viral 
load values from commercial assays for HIV-1 RNA can 
differ by as much as tenfold for any given specimen. 

The procedure protocol should be written according to 
specific guidelines, such as those from the National Com- 
mittee for Clinical Laboratory Standards (NCCLS).'° The 
laboratory procedure is one of the most important aids 
during orientation and training of new personnel along with 
continuing assessment for trained personnel. 


INTERPRETATION OF RESULTS 


Interpretation of the results of molecular assays for infec- 
tious diseases requires an understanding of the target organ- 
ism’s biology and the pathogenesis of the related infectious 
disease(s), and the advantages and limitations of the tech- 
nology used. Some of the challenges in interpreting these 
tests are unique to molecular tests and may be different from 
considerations in interpreting other microbiological tests, 
such as culture and serology. Such differences may relate to 
distinguishing viable from nonviable organisms and corre- 
lating nucleic acid detection with the presence of the disease. 

Interpretation of a negative result requires the consider- 
ation of assay sensitivity and efficiencies of nucleic acid 
extraction and amplification. A false-negative result may be 
caused by inhibition of or decreased efficiency of amplifica- 
tion, and proper controls for this have been described above. 
Insufficient sample, inappropriate specimen type, inap- 
propriate timing of sample collection, and degradation of 
nucleic acid during transport and handling are other sources 
of false-negative results. 


The factors that need to be considered when interpreting 
a positive result include assay specificity and contamination. 
Here again, assay design plays a key role in result interpreta- 
tion. Specificity of molecular infectious disease assays is 
related to the primers and probes used during amplification 
and detection/quantification steps. If primers allow am- 
plification of nucleic acids from other pathogens normally 
present in a patient specimen, false-positive results are pos- 
sible. For example, primers and probes designed for detec- 
tion of Mycoplasma pneumoniae should not amplify or 
detect other microorganisms present in the normal oral flora 
or other common respiratory pathogens. While uncommon, 
problems with primer specificity have been reported; 
primers designed to amplify the 5’ untranslated region of the 
enterovirus genome have also been shown to amplify rhi- 
novirus RNA.'® This will not be an issue if the assay is only 
used for CSE, but could cause false-positive results if respi- 
ratory specimens are tested. 

False-positive results can also occur as the result of car- 
ryover contamination of amplified products. This is not a 
problem with signal amplification methods, but can be of 
significant concern for target amplification methods, such as 
PCR, nucleic acid sequenced based amplification (NASBA), 
transcription-mediated amplification (TMA), and strand 
displacement assay (SDA). The use of real-time assays that 
do not require post amplification handling of the product 
greatly reduces the risk of carryover contamination. Cross- 
contamination of clinical specimens with target DNA during 
specimen collection, transport, and processing can occur 
with any method. Strict attention to good laboratory prac- 
tices is needed to minimize the risk of cross-contamination. 

Molecular tests for infectious diseases do not provide 
information regarding the viability of an organism. Nucleic 
acid for certain microorganisms can be found for a period 
of time after treatment is initiated. For example, CT DNA 
can be detected in the urine of patients for as long as 3 weeks 
after initiation of the appropriate therapy.” Similarly, HSV 
DNA can be detected in CSF of patients with encephalitis 
for 2 weeks or longer after initiation of acyclovir therapy.” 
Monitoring of response to therapy with qualitative assays 
has limited clinical utility and is best done using quantita- 
tive methods. One exception is the use of qualitative RT-PCR 
method to monitor response to treatment to interferon 
and ribavirin in HCV-positive patients. In this instance, the 
absence of detectable HCV RNA from plasma or serum 
specimen is used to define the virological response to 
treatment. ”®™ 04 

Detection of nucleic acid of a pathogen does not ensure 
that the organism is the cause of the disease. The organism 
might be forming part of the normal flora, colonizing a spe- 
cific area, or causing infection but not disease, One of the 
primary uses of molecular assays for CMV is for distin- 
guishing active CMV disease from clinically insignificant 
CMV infection. Early studies evaluating the clinical utility of 
CMV DNA assays used very sensitive qualitative methods 
and peripheral blood mononuclear cells as the specimen of 
choice. As a result, CMV DNA was detected in immuno- 
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compromised patients with and without CMV disease, and 
even in healthy donors.” Several approaches have been used 
to overcome this shortfall and improve the clinical specificity 
of molecular assays for the diagnosis of active CMV disease 
in immunocompromised patients, including development of 
quantitative molecular methods, use of plasma as the speci- 
men, and detection of CMV mRNA rather than DNA. Cutoff 
values have been proposed as a means to discriminate infec- 
tion from clinically relevant disease.” : 

A common application for quantitative molecular assays 
is in monitoring of disease progression or response to 
therapy over time, To determine if changes in the quantita- 
tive values are clinically significant or due to expected. fluc- 
tuations of the measurement, one must consider analytical 
and biological variability. For example, for the current 
HIV-1 viral load assays, to allow for both assay and biologi- 
cal variability, changes in the viral load must exceed 0.5 logio 
(a threefold change in concentration) to represent a biolo- 
gically significant change in viral replication. 


Reporting results for qualitative assays in infectious disease 
is simple: The nucleic acid is either present or “not detected” 
in the patient specimen. Further relevant information that is 
useful when reporting results includes the detection limit 
and specificity of the test and the rate of inhibition for a 
given specimen type, particularly for assays that do not 
contain an inhibition control. 

Reporting of results for quantitative molecular infectious 
disease assays is more complex and requires understanding 
of intrinsic analytical variables that might affect the test 
results. Quantitative molecular assay results can be expressed 
in a variety of units, such as copies, genome equivalents, 
or international units of the target nucleic acid per unit of 
specimen, Despite all recommendations of august bodies 
that the unit of volume be the liter (as in SI units), the unit 
of volume typically used in clinical microbiology laborato- 
ries for specimens such as plasma is the milliliter. Con- 
centrations may also be related to a number of leukocytes 
{e.g., 10,000) or weight of tissue. Results of viral load assays 
are usually reported as either copies per milliliter or logio 
copies/mL. Reporting results as log copies/mL may help 
prevent overinterpretation of small changes. As with all 
assays, results above the dynamic range should be reported 
as greater than the upper limit (i.e., >100,000 copies/mL) 
and “negative specimens” should be reported as less than the 
lower limit of the assay (e.g., <400 copies/mL). The limit of 
detection for an assay may not be the same as the limit of 
quantification; in fact the limit of detection may be lower 
than the amount of nucleic acid that can be accurately quan- 
tified. So the analyte may be detected in a specimen, but at 
a concentration below the limit of quantification. These 
values can be reported with the comment “analyte detected, 
but unable to quantify.” This can be confusing to clinicians; 
so many laboratories report these as less than the limit of 
quantification (i.e., <400 copies/mL). 


SPECIFIC PATHOGENS _ 


Nucleic acid testing has had a tremendous impact on the 
practice of infectious diseases. These tests are used in a 
variety of ways, including diagnosis of pathogens that do not 
grow using conventional methods or grow very slowly, 
monitoring response to therapy, assessing risk of disease 
development, and determining disease prognosis. This 
section will review nucleic acid testing as it applies to 
specific pathogens with a focus on those pathogens for which 
nucleic acid testing is considered the standard of care. 


CHLAMYDIA TRACHOMATIS AND NEISSERIA 
GONORRHOEAE 


CT and GC will be discussed together since several 
of the available nucleic acid tests for these pathogens are 
multiplex assays. Though both CT and GC can cause a 
variety of clinical infections, we will focus on genital 
infections. 

Detection of CT is a challenging and important public 
health issue. CT is a major cause of genital infections, with 
an estimated 1 million cases occurring annually among 
sexually active adolescents and young adults in the United 
States.” More than half of the infections are asympto- 
matic.” Even when symptomatic, the diagnosis can be 
missed because the manifestations are protean. In males, CT 
infection may present as urethritis, epididymitis, prostatitis, 
or proctitis’ and as cervicitis, endometritis, and ure- 
thritis in women, with 10% to 40% of infections in women 
progressing to pelvic inflammatory disease (PID) if 
untreated. Related complications include chronic pelvic 
pain, ectopic pregnancies, and infertility. In the United 
States, CT infection is a likely cause of most secondary infer- 
tility in females. In pregnant women, there is the additional 
risk of transmitting the infection to the newborn during 
labor and delivery, leading to pneumonia or conjunctivitis 
in the newborn. 

GC also may present in various ways, and the clinical pre- 
sentations overlap those of CT. Males may have acute ure- 
thritis with discharge, epididymitis, prostatitis, and urethral 
strictures. In women, GC infection can produce cervicitis, 
which if left untreated can lead to PID, abscesses, or 
salpingitis. 

The traditional methods for the diagnosis of CT infec- 
tions include cell culture, immunofluorescent antigen detec- 
tion, enzyme immunoassay, and more recently nonamplified 
nucleic acid detection. These traditional methods have been 
replaced in many laboratories with amplified nucleic acid 
tests because of their greater sensitivity in detecting CT from 
genital specimens. For GC, which was traditionally diag- 
nosed based on culture methods that rely on selective media, 
nucleic acid testing does not offer a significant improvement 
in sensitivity compared with culture when culture is per- 
formed under ideal conditions. However, GC is a fastidious 
organism and is highly susceptible to extreme temperatures 
and desiccation, which can lead to a decreased sensitivity of 
culture, particularly when specimen transport is required 
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before culturing.” Nucleic acid testing for GC offers a sen- 
sitive and reliable alternative to culture. 

In addition to a high sensitivity and specificity, nucleic 
acid testing offers several advantages over conventional 
culture and antigen-detection methods for the diagnosis of 
CT and GC. Testing for both pathogens can be done on a 
single specimen, and for some multiplex assays, testing is 
performed in a single reaction. Unlike the infectious organ- 
ism itself, the DNA and RNA of GC and CT are quite stable 
in commercial transport devices, thus accounting for some 
of the increased sensitivity of these assays compared with the 
culture. The stability of nucleic acid avoids the necessity of 
immediate transport to the laboratory, and specimens may 
be stored refrigerated or at room temperature before trans- 
port. The transport and storage requirements vary among 
tests, so it is important to refer to the package insert for spe- 
cific details. An additional advantage of nucleic acid testing 
is the use of urine specimens, which for women allows 
testing to be done without the need for a pelvic examination. 
In males, urine offers a convenient and sensitive alternative 
to collection with a urethral swab and increases the likeli- 
hood that asymptomatic males will agree to be tested. 

FDA-cleared tests for the detection of CT and GC from 
clinical specimens (Table 42-4) can use a variety of speci- 
mens, including cervical swabs, urethral swabs, and urine 
from both asymptomatic and symptomatic individuals. Not 
all assays are approved for all conditions, and the current 
assays are not FDA-cleared for oral, rectal, respiratory, or 
conjunctival specimens. The performance characteristics 
of the assays vary (details are available in the package 
inserts); however, some general comments can be made 
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concerning all of the tests. The diagnostic sensitivity of the 
tests varies depending on the specimen type and whether the 
patient is asymptomatic or symptomatic. Interpretation of 
the results of nucleic acid testing for CT can be challenging, 
because many studies have shown these assays to be more 
sensitive than culture, which was previously used as the gold 
standard. for clinical trials. For males, the sensitivity of 
testing urine specimens is nearly equivalent to testing ure- 
thral swabs, 0764386280 A limited volume (20mL to 50mL) of 
first-passed urine is preferred, as larger volumes will lead to 
a decreased concentration of organism in the sample and 
thus reduced sensitivity. With proper specimen collection, 
male urethral swabs and urine specimens have a sensitivity 
of nearly 100% for the detection of GC or CT. For women, 
cervical swab specimens provide the highest sensitivity for 
the detection of GC and CT, with many studies showing a 
sensitivity of 90% to 95%,""19h!418 Urine specimens can 
be used, but they generally result in a lower sensitivity than 
cervical swabs (75% to 85%).°°'"™ An alternative to urine 
testing in women is the use of self-collected vaginal swabs, 
which have shown in some studies a sensitivity that is equal 
to that obtained with cervical swabs, although use of this 
specimen type has not been cleared by the FDA.® 

Nucleic acid testing is not the standard of care for diag- 
nosing CT and GC in cases of sexual abuse.” Some have sug- 
gested its use in cases of sexual abuse of adults if testing is 
done using two assays, each of which targets a different 
region of the genome. This is not practical for clinical labo- 
ratories, because most use only one assay and no single 
transport medium can be used for all of the FDA-cleared CT 
and GC molecular assays. For cases of sexual abuse in chil- 


TABLE 42- 4 oe) of FDA-Cleared seus for Chlamydie T Trachomatis and Neisseria Gonorrhoeae* 


 COBAS Amplicor® CITING. 
< (Roche Diagnostics, Indianapolis). SRE 
BD ProbeTec™ ET C. trachomatis. and N: SDA 
gonorrhoeae. amplified DNA Assay. 
(Becton-Dickinson, Franklin 1 Lakes, ND) 
Aptima Combo® 2 Assay) TMA 


(Gent robe, San Diego, CA) 


HC 2 CTD 


ne Hybrid Capture 


Gene Target - fs Comments _ 


OCT: SpE “Internal Sung mutha i 
NG: M Neo. Pu Soe assays. ee i 


CT: cryptic pania -Internal emas H K Bey 
NG: Pivy, gene MARR USES aici hn Baits 

CT: 238 rRNA 
NG::16S rRNA 


Multiplex assay: 

_Tateet capture. nucleic acid 
extraction Rtn 
= CT cryptic: plasmid 
GC: genomic | DNA 


C. trachomatis and CT, Chlamydia t trachomatis; N. eats and GC, Neisseria gonorrhoeae; PCR, polymerase chain reaction; SDA, strand displacement 


assay; TMA, transcription-mediated amplification. 


*For FDA listings of these and any newer tests, see http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfRL/listing.cfim and use testcodes LSK and LSL for 


Chlamydia and N. gonorrhea, respectively. 
'Cytosine DNA methyltransferase. 
*Confirmatory assays for CT and NG are also available. 
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dren, culture is still recommended for the detection of GC 
and CT. Another limitation of nucleic acid testing for the 
detection of CT or GC is use as a test of cure. Because DNA 
can persist in urine samples for up to 3 weeks after comple- 
tion of therapy,” test of cure using nucleic acid testing is 
discouraged. If this must be done, then testing should be 
delayed for at least 3 weeks after initiating therapy. 

For several of the GC assays, there is a reduced specificity 
because of cross-hybridization of primers with nongono- 
coccal Neisseria species.” The ProbeTec test has been 
reported to produce false-positive results with N. flavescens, 
N. lactamica, N. subflava, and N. cinerea, and the Amplicor 
assay can produce false-positive results with N. flavescens, 
N. lactamica, and N. sicca. Because of cross-reactivity with 
these nongonococcal species of Neisseria, there is concern 
about generating false-positive results with pharyngeal spec- 
imens.'”° However, N. cinerea, N. lactamica, N. subflava, and 
N. sicca have also been isolated from genital mucosa, so it is 
also possible to generate false-positive results from genital 
specimens. 

Other sources of false-positive results include carryover 
contamination of amplified product and cross-contamina- 
tion during specimen collection, transport, or processing. 
Concerns over these issues have led to a discussion of con- 
firmatory testing for CT and GC, since false-positive results 
can have psychosocial or medicolegal ramifications. False- 
positive results in a low-prevalence population can signifi- 
cantly reduce the predictive value of a positive result, For 
example, though the specificity of nucleic acid testing for GC 
or CT generally ranges from 98% to 99%, the positive pre- 
dictive value may be as low as 60% to 70% in a population 
with a low prevalence. CDC Guidelines for STD testing” 
discuss options for confirmatory testing, including (1) 
testing of another specimen with a different assay that has a 
different target, (2) testing of the original specimen with a 
different assay that has a different target, (3) repeating the 
original test using the original specimen but with a blocking 
antibody or competitive probe, and (4) repeating the origi- 
nal test using original specimen. Confirmatory testing can be 
expensive and complicate work flow. Some laboratories have 
established gray zones or equivocal ranges for specimens 
with initial low-level positive results* and perform confir- 
matory testing only on such specimens. This appears to be a 
rational approach, since low-positive specimens are less 
likely to be confirmed as positive upon repeat testing— 
although other laboratories confirm all positive results, 
either using the same test or using a second assay. 

False-negative results from inhibition of amplification are 
a consideration for both GC and CT testing and have been 
reported for both cervical swabs and urine specimens." 
Inhibition rates may vary considerably depending on the 
amplification method and are related in part to the method 
used for nucleic acid extraction.” For tests that use a crude 
lysate in testing (such as the Amplicor and ProbeTec tests), 
inhibition rates tend to be higher than those seen with the 
Aptima combo test, which uses a target capture method to 


purify nucleic acid. For the assays that test a crude lysate, it 
is useful to include the internal control or amplification 
control to assess for inhibition of amplification. In this situ- 
ation, the specimen would not be reported as negative for 
GC or CT unless there was amplification of the internal 
control. There are no clear guidelines concerning when it is 
appropriate to discontinue use of an internal control. 
However, to contain costs, some laboratories discontinue the 
use of the internal control if inhibition rates are less than 
1%, 

There is interest in performing CT and GC testing for 
liquid cytology specimens, because a single specimen can 
be used for cervical cytology (Pap smear) and for CT and 
GC testing.” The latter two tests would be performed on 
the liquid specimen that remained after completion of the 
Pap and HPV testing. However, there are several drawbacks 
to this approach that must be considered. The instruments 
used to prepare the liquid Pap smears were not designed to 
control for cross-contamination during processing, which 
may lead to false-positive results. CT and GC testing would 
not be performed until after the Pap smear results and HPV 
testing were complete, which could delay diagnosis and 
treatment of CT or GC infections. Moreover, there may be 
inadequate specimen remaining to complete CT and GC 
testing, thus requiring the patient to make a return visit to 
collect an additional sample. At this time it remains unclear 
how these various issues will be resolved. 

Decisions regarding the choice of a specific amplification 
test for the detection of CT and GC should not be based 
solely on the cost of reagents. Other key factors to consider 
include test performance characteristics, such as diagnostic 
sensitivity and specificity, and whether the test has been 
cleared for urine and swab specimens in both symptomatic 
and asymptomatic individuals. Ideally the test should 
include an internal control, particularly if a crude lysate is 
used in the assay. Other factors to consider are degree of 
automation, ease of use, work flow issues, and space and 
equipment needs. 


HUMAN PAPILLOMAVIRUS 


Anogenital HPV infections are common in both men and 
women. It is estimated that more than 24 million men and 
women in the United States are currently infected with HPV.” 
HPV is a sexually transmitted infection; it is most common 
among sexually active young women ages 15 through 25 
years. In one study, cervicovaginal HPV was found in 43% of 
sexually active college women during a 3-year period.” 

HPV is classified as either cutaneous or mucosal, infect- 
ing, respectively, keratinizing or nonkeratinizing epithelium. 
The focus of this section will be the mucosal types, which 
include approximately 30 types of HPV that infect the 
anogenital area. The types of HPV that are spread through 
sexual contact are classified as either low risk or high risk for 
progression to malignancy. There are multiple types of both 
low-risk and high-risk HPV. Infections with HPV can lead 
to a variety of outcomes, ranging from benign genital warts 
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to penile or cervical cancer. The outcome is driven by the 
type of HPV. Genital warts or condyloma acuminata are 
caused by low-risk HPV types and have a low likelihood of 
progressing to malignancy.” Conversely, penile cancer in 
men and cervical cancer in women are associated with 
high-risk HPV infections. "441% Infections can, however, 
be transient, and progression to cancer occurs over 
decades.*'6 

Until recently, the standard method for the diagnosis 
of cervical cancer was the detection of abnormal cells by 
cervical cytology (Pap smear) or biopsy. The morphological 
changes associated with HPV infection include atypical 
squamous cells of undetermined significance (ASCUS), 
low-grade squamous intraepithelial lesion (LSIL), and high- 
grade squamous intraepithelial lesion (HSIL)."'* The 
diagnosis of ASCUS using a Pap smear has an estimated 
prevalence of 5% to 10%, with rates as high as 20% reported 
in sexually active women. Not all women with ASCUS 
progress to cervical cancer. HPV testing now plays an impor- 
tant role in assessing which women with ASCUS are at the 
highest risk of developing cervical cancer. Current recom- 
mendations are to test all women with ASCUS for the 
presence of high-risk HPV. Those women testing positive for 
high-risk HPV DNA should be referred for colposcopy, while 
those patients testing negative for HPV DNA can be followed 
according to routine practice.’ Another more recently 
recognized use of high-risk HPV testing is as a primary 
screening tool for all women 30 years of age and older,” 
regardless of whether they have ASCUS detected on a Pap 
smear. This is based on the observation that women over 
the age of 30 who have persistent infection with high-risk 
types of HPV are at the greatest risk of developing cervical 
cancer. Women who have a normal Pap and a negative HPV 
screen are at very low risk of developing cervical cancer and 
would require less frequent screening than those with either 
an abnormal Pap or a positive HPV screen. Because of the 
clear association of HPV with cervical cancer and the avail- 
ability of high-volume HPV testing, some are questioning 
the role of cervical cytology as a primary screen for cervical 
cancer. 

Proper use of HPV testing requires not only detection of 
the virus or viral DNA, but also classifying it as either 
low-risk or high-risk. Viral culture for HPV is not easily 
performed and not available in clinical laboratories, and 
cytological examination cannot distinguish between low- 
risk and high-risk HPV infection. This has led laboratories 
to rely on molecular testing for the detection and classifica- 
tion of HPV. Various methods are available, including 
detection of HPV DNA by signal amplification and PCR. 
Currently the only available FDA-cleared test for the detec- 
tion and classification of HPV DNA is the Hybrid Capture® 
2 (HC2) test (Digene Corporation, Gaithersburg, Md.). The 
test relies on signal amplification technology and probe 
hybridization. The test uses two separate pools of RNA 
probes: one for detecting high-risk HPV DNA and another 
for low-risk HPV DNA. The high-risk pool contains RNA 


probes specific for HPV types 16, 18, 31, 33, 35, 39, 45, 51, 
52, 56, 58, 59, and 68, and the low-risk pool of RNA probes 
detects HPV types 6, 11, 42, 43, and 44. The test results are 
reported as high-risk or low-risk HPV DNA detected. There 
is no identification of the specific high-risk type or low-risk 
type. PCR-based assays for the detection and typing of HPV 
are used in research laboratories s608. however, PCR- 
based methods are in commercial development for use in the 
clinical laboratory. 

The HC2 test has been FDA-cleared for three indications: 
aiding in the diagnosis of sexually transmitted HPV infec- 
tions (high-risk and low-risk test), testing of specimens from 
patients with ASCUS-grade cytology results to determine the 
need for colposcopy (high-risk test only), and primary 
screening of women age 30 and older (high-risk test only).”° 
The recommended specimen types for HPV DNA testing 
include cervical swabs, liquid-based cytology specimens, and 
cervical biopsy specimens. 

One concern with the HC2 test is difficulties with repro- 
ducibility of results near the signal/cutoff ratio for a positive 
result. Whether these signals are due to low concentrations 
of HPV DNA or they represent false-positive results remains 
unclear. As a result of this poor repeatability, some labora- 
tories have established an equivocal range or gray zone for 
the test. When a result is within the gray zone, it is reported 
as indeterminate or testing is repeated and reported as 
positive only if a positive result is found on repeat testing. A 
potential cause of false-positive results for high-risk HPV is 
that certain low-risk HPVs are detected with the high-risk 
probe pool. Such false-positive results are seen in specimens 
with high concentrations of HPV 6 or HPV 42 DNA. 

Testing of liquid-based cytology specimens in the HC2 
assay is viewed favorably by many clinicians, since one spec- 
imen can be collected for both the Pap smear and HPV 
testing. Logistical issues with this approach can be challeng- 
ing to the clinical laboratory. When Pap results are used to 
determine which samples are tested for HPV, the laboratory 
may find it difficult to complete the HPV testing within 
21 days of specimen collection (as required according to 
the package insert) if there are delays in completing or 
reporting the Pap smear results. There may be inadequate 
volume of specimen remaining after the Pap smear is 
complete; this is a particular problem for specimens with a 
low cellular content, as a greater volume of specimen is 
used for the Pap smear. Finally, if the HC2 testing is not 
performed in the cytology laboratory, the testing laboratory 
may experience delays in specimen receipt, again making 
it difficult to complete testing within 21 days of specimen 
collection. 

Several new approaches to HPV testing are under inves- 
tigation that may provide more insight into identifying those 
women at highest risk of progressing to cervical cancer. 
These include assessing if there is prognostic value in deter- 
mining HPV viral load and evaluating expression of HPV E6 
and E7 mRNA as a marker for viral persistence and disease 
progression. 
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HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 


HIV-1, the causative agent of the acquired immunodefi- 
ciency syndrome (AIDS), is an RNA virus belonging to the 
genus lentivirus of the family Retroviridae. The replication 
of the virus is complex and involves reverse transcription of 
the RNA genome into a double-stranded DNA molecule, 
with subsequent integration into the host genome. The 
reverse transcriptase enzyme does not have proofreading 
capabilities, leading to- the marked genetic diversity of 
HIV-1. There are two distinct genetic groups: the major (M) 
and outlier (O) groups. Viruses in the M group are further 
divided into 8 subtypes or clades, designated A through H, 
based on the sequence diversity within the HIV-1 gag 
and env genes.“ Group M virus is found worldwide, with 
clade B predominating in Europe and North America. 
Complex replication cycles and genetic diversity are two 
factors that influence the design and interpretation of 
HIV-1 molecular assays. 


Viral-Load Testing 

The management of persons infected with human HIV-1 has 
been revolutionized by both viral-load and resistance testing. 
With these tools, it is possible to maximize the effectiveness 
of antiretroviral therapy for an individual. Viral-load testing 
became the standard of care around 1996, followed more 
recently by resistance testing. The clinical utility of viral-load 
testing (which refers to quantifying HIV-1 RNA, usually 
from plasma} has been well established. Testing is used to 
determine when to initiate antiretroviral therapy, to monitor 
response to therapy, and to predict time to progression to 
AIDS. Higher viral loads are associated with a more rapid 
progression to AIDS and death."*!!* Viral-load testing 
is used more routinely in decisions regarding when to 
initiate antiretroviral therapy and in monitoring response to 
therapy. Current treatment guidelines” recommend initiat- 
ing therapy for individuals based on several factors, includ- 
ing CD4 cell count, viral loads, and symptoms. In cases in 
which viral loads exceed 50,000 copies/mL, therapy can be 
initiated regardless of CD4 cell count and the presence of 
symptoms. 

The current standard for treating HIV-1—infected indi- 
viduals is to use combinations of protease inhibitors or non- 
nucleoside reverse-transcriptase inhibitors with nucleoside 
analogs.'” This combination therapy is often referred to as 
highly active antiretroviral therapy or HAART. Initial use of 
these effective drug combinations in individuals who have 
not been treated with them before (“naive” individuals) is 
expected to decrease viral-load values by at least 2log: 
copies/mL. The goal of therapy is to achieve viral-load values 
below the limit of detection of currently available assays 
(50 copies/mL), although this is not always possible in all 
individuals, particularly in those with very high pretreat- 
ment viral-load values or in those who have failed in prior 
therapeutic regimens. Guidelines for the use of HIV-1 RNA 
concentrations in clinical practice have been published," 
and are frequently updated (http://www.aidsinfo.nih.gov/, 


http://www.iasusa.org). In general, a plasma HIV-1 viral load 
should be measured before beginning therapy (baseline) and 
then again at 2 to 8 weeks after the initiation of therapy to 
determine the response to therapy. Testing is then repeated 
at 3- to 4-month intervals to evaluate continued effective- 
ness of the regimen. Any increase in viral load should be con- 
firmed with repeat testing, as a variety of other illnesses can 
transiently increase viral load. When a significant increase in 
viral load has been documented, HIV-1 resistance testing 
should be considered (see below). 

Molecular assays are also useful in the diagnosis of acute 
HIV-1 infection in neonates because maternal IgG crosses 
the placenta, an uninfected newborn may be seropositive 
into the second year of life. Both qualitative proviral DNA 
tests and viral-load assays are useful for the diagnosis of 
HIV-1 infection in newborns. 7™” HIV-1 RNA testing 
appears to be more sensitive than proviral DNA testing for 
the diagnosis of acute HIV-1 infection in newborns,“ ° 
though both are used in clinical practice. The diagnosis of 
HIV-1 infection in a newborn requires testing at two differ- 
ent time points, usually shortly after birth and then again at 
6 weeks to several months of age. 

The use of HIV-1 viral-load testing for diagnosing acute 
HIV-1 infection in adults is more controversial. The currently 
available viral-load assays are approved only for use in 
patients known to be infected with HIV-L, but they have clear 
utility in the diagnosis of acute infection, which is defined as 
the period after exposure to the virus but before seroconver- 
sion. In the “window period, the ELISA and Western blot 
assays are negative or indeterminate, so additional testing 
is necessary. Individuals with acute infection are often symp- 
tomatic with a mononucleosis type of syndrome, which may 
include fever, fatigue, rash, lymphadenopathy, and oral 
ulcers.” During this acute infection, the plasma concentra- 
tion of viral RNA is very high, usually 10° to 10’ copies/mL, 
and viral-load measurements are a useful diagnostic tool. 
Acute HIV-1 infection should be suspected in an individual 
presenting with appropriate symptoms and risk factors. In 
these individuals, testing for acute HIV-1 infection would 
include an enzyme-linked immunosorbent assay (ELISA) 
and a viral-load assay. Care must be taken to correctly 
interpret these test results, as individuals with acute HIV-1 
infection would be expected to have a negative or indetermi- 
nate ELISA and/or Western blot, and a very high viral load 
(greater than 100,000 copies/mL). The concern with using 
viral-load testing to diagnose acute HIV infection is that 
false-positive results have been reported.“ In one study the 
false-positive results were found when using the Versant 
bDNA test, with false-positive results usually lower than 
2000 copies/mL. Before diagnosing acute HIV infection, 
individuals must be educated regarding the limitations of 
these tests and must give informed consent to testing. To 
minimize the likelihood of reporting a false-positive result, 
repeat testing should be done on all specimens with a 
detectable viral load and an HIV1/2 ELISA should be 
obtained at the time of viral-load testing. It is critical to 
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TABLE 42-5 The First Quantitative HIV (Viral Load) Assays Approved by the F 


Amplicor 1 HIV Monitor v1.5 Test 
(Roche Diagnostics, Indianapolis, IN Yes 
Versant HIV-1.RNA 3.0 Assay. 
(Bayer Diagnostics, Tarrytown, NY). 
NucliSens HIV-1 QT Assay... 
(bioMerieux, Durham, NC)... 


: Reportable Range 


; ` Ultrasensitive: 50-100,000 ‘copies/ml i 
Standard: 400-750,000 co’ iesimL 
ieee ee 500, 000 copies/m : 


470,000 « copies/mL 


RT-PCR, Reverse transcription-polymerase chain reaction; DNA, branched DNA; NASBA, nucleic acid sequence based amplification. 
*For FDA listings of these and any newer tests, visit http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfRL/listing.cfm and use test code MTL. 


remember that patients with acute retroviral syndrome 
should have very high concentrations of HIV-1 RNA. 

HIV-1 viral-load assays that are currently FDA-approved 
are listed in Table 42-5. The lower limit of quantification 
differs among the three assays. The reportable concentration 
range of each of the Amplicor assays is limited, so both an 
ultrasensitive and a standard version of the test are needed 
to cover the clinically important range of viral-load values. 
Viral-load assays must be able to accurately quantify the 
various viral subtypes. In the United States and Europe 
subtype B predominates, though infections with non-B sub- 
types are becoming more common and are certainly an 
important cause of HIV-1 infection globally. The Versant 
bDNA assay will accurately quantify HIV-1 subtypes A thru 
G,” and the Amplicor RT-PCR version 1.5 will accurately 
quantify subtypes A through H.: The earlier Amplicor 
assay (version 1.0) underquantified non-B subtypes” and 
has been replaced by the 1.5 assay version. The NucliSens 
NASBA assay underestimates concentrations of subtype 
GP? None of the currently available assays is recom- 
mended for the quantification of group O virus. Viral-load 
values obtained with the different assays may not always 
agree, so it is recommended to choose one assay when mon- 
itoring patients over time. 

The available viral-load assays have an intraassay impre- 
cision (CV) of 0.12 to 0.2 logy), with the Versant bDNA assay 
showing the best precision. For the Amplicor (version 1.0) 
assay, the total variation was approximately 0.26logo, 
including intraassay, interassay, and biological variation.” 
Based on this degree of variation, changes in viral load 
should exceed 0,5 log) (threefold) to represent a biologically 
relevant change in viral replication. Reporting viral-load 
results as logy) copies/mL is recommended’” and will assist 
in preventing clinicians from overinterpreting small changes 
in viral load. This is particularly important for values near 
the limit of quantification, where assay variability is the 
greatest. A variety of acute and opportunistic infections 
and vaccinations can transiently increase HIV-1 RNA in 
plasma,*'*! so it is recommended not to measure viral 
load for monitoring of individuals who are acutely ill and 
those who have been recently vaccinated. 


Viral-load testing is routinely performed on plasma 
specimens, and ethylene diamine tetraacetic acid (EDTA) is 
the anticoagulant of choice. Acid citrate dextrose is also an 
acceptable anticoagulant, but for the Amplicor and Versant 
assays blood anticoagulated in heparin is unacceptable. 
Viral-load testing can be done on specimens other than 
plasma, including serum, dried blood (or plasma) spots on 
filter paper, CSF, and genital secretions. The assays have not 
been validated on all of these specimen types, and testing 
these specimens is usually reserved for research studies. It is 
critical to handle clinical specimens properly to minimize the 
risk of RNA degradation during specimen collection and 
transport. Plasma should be separated within 6 hours of 
collection, and ideally stored at —20 °C, although plasma 
viral RNA is stable at 4 °C for several days. For laboratories 
performing testing from specimens collected at remote sites, 
VACUTAINER Plasma Preparation Tubes (PPTs) can be 
useful. The tube can be centrifuged at the collection site and 
shipped in the PPT tube. A gel provides a physical barrier 
between the plasma and cells, and tubes can be shipped 
without the need to transfer the plasma into a separate tube.” 


Resistance Testing 

Four general classes of antiretroviral drugs are used in 
clinical care: nucleoside reverse transcriptase inhibitors 
(NRTIs), nonnucleoside reverse transcriptase inhibitors 
(NNRTIs), protease inhibitors (PIs), and a new class of drug, 
fusion inhibitors. Viral resistance can occur with each of 
these classes of drug, particularly when viral replication is 
not maximally suppressed during therapy. The current stan- 
dard of care is to use regimens that contain a combination 
of drugs, usually a PI or NNRTIs with several NRTIs, since 
resistance is less likely to occur on the complex regimens 
than on monotherapy.” 

A variety of studies have evaluated the clinical utility of 
antiviral resistance testing in HIV-1 infected individuals. 
Several early prospective randomized clinical trials of geno- 
typical resistance testing were conducted with persons who 
had failed therapy with multidrug regimens, including the 
protease inhibitors and NRTIs. In both the VIRADAPT”™ 
and GART® studies, the selection of the salvage regimen was 
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determined either by the use of genotypical resistance testing 
(genotype arm) or by considering which antiretroviral drugs 
had been used in prior treatment regimens (control arm). 
The response rates in the genotype arms were higher than in 
the control arm. For example, in the VIRADAPT study, 
patients in the genotype arm had a greater decrease in viral 
load 6 months after initiating salvage therapy, and more of 
them (32% versus 14%) had plasma viral loads <200 
copies/mL.’ The Havana trial helped establish the utility 
of expert advice in interpreting the genotypical. resistance 
data by comparing genotype resistance testing, expert 
advice, or both with the standard of care for selecting a 
regimen in patients failing therapy.'” Although either geno- 
typing or expert advice improved response compared with 
the control group, the best response was seen in the group 
receiving both genotyping and expert advice. The VIRA3001 
study, a prospective randomized trial that compared stan- 
dard of care to phenotypic resistance testing in patients who 
failed a PI-containing regimen, found a better virological 
outcome for patients in the phenotypic arm.“ Although 
some trials of resistance testing have not shown improved 
clinical outcomes compared with standard of care,’”"*>!” the 
results of the randomized trials favor use of resistance 
testing. 

Guidelines for the appropriate use of HIV-1 resistance 
testing in adults have been established by an International 
AIDS Society-USA panel of experts.” Resistance testing is 
recommended in patients who are failing on an initial anti- 
retroviral regimen and in those failing after numerous regi- 
mens, In addition, resistance testing is recommended before 
initiating therapy for patients who have been infected within 
the previous 2 years. This is based on the finding that some 
resistance mutations can persist in plasma HIV-1 RNA for 
more than 12 months in untreated patients. Resistance 
testing is also recommended in pregnant women to optimize 
treatment and in hopes of minimizing transmission of HIV- 
1 infection to the neonate. As it is possible to transmit drug- 
resistant virus, it is also recommended that resistance testing 
be done on patients presenting with acute or recent (within 
12 months) HIV-1 infection, particularly if the person from 
whom HIV-1 was acquired (“source patient”) is known and 
is receiving antiretroviral therapy. 

Genotypic assays identify specific mutations or 
nucleotide changes that are associated with a decreased sus- 
ceptibility to an antiviral drug, The effective use of genotypic 
resistance testing requires an extensive understanding of 
the genetics of antiretroviral resistance. There are several 
methods available for genotypic assays, including automated 
dideoxynucleoside terminator cycle sequencing, DNA 
hybridization using high-density microarrays, and reverse 
hybridization using the line probe assay. This discussion will 
be limited to automated sequencing methods, since this is 
the method used in the overwhelming majority of genotypic 
resistance testing performed for management of patients. 
The currently available assays will detect mutations in the 
reverse transcriptase and protease gene; modifications of 


existing assays will be needed to detect the resistance muta- 
tions associated with fusion inhibitors. 

The initial step in genotypic assays is the isolation of HIV- 
1 RNA from plasma, followed by RT-PCR amplification and 
sequencing of the reverse transcriptase and protease genes. 
The analysis of the results involves sequence alignment and 
editing, mutation identification by comparison with a wild- 
type sequence, and interpretation of the clinical significance 
of the mutations identified. Most clinical laboratories 
performing genotypic resistance testing rely on commercial 
assays that provide reagents and software programs to assist 
with the interpretation of the results. Two assays have been 
cleared by the FDA, the Trugene HIV-1 Genotyping Kit and 
OpenGene DNA Sequencing System (Bayer Diagnostics 
Corp., Tarrytown, N.Y.) and the ViroSeq HIV-1 Genotyping 
System (Celera Diagnostics/Abbott Laboratories, Abbott 
Park, IH.). In addition to these commercial assays, several 
laboratories have developed automated-cycle sequencing 
assays for HIV-1 resistance testing. 

The interpretation of genotypic resistance testing is 
complex. The interpretation of resistance mutations uses 
“rules-based” software that takes into account cross- 
resistance and interactions of mutations. The commercially 
available systems generate a summary report that lists the 
various mutations that have been identified in the reverse 
transcriptase and protease genes, and each drug is reported. 
as resistant, possibly resistant, no evidence of resistance, or 
insufficient evidence. A comprehensive discussion of the 
specific mutations associated with each antiretroviral drug 
and the interactions of mutations is beyond the scope of 
this chapter, but is available from a variety of sources’®!” 
(http://hiv-web.Janl.gow/content/index, http://www.iasusa. 
org., http://hivdb.standford.edu/). 

Phenotypic resistance assays measure viral replication in 
the presence of antiretroviral drugs. Results of phenotypic 
assays are typically reported as the inhibitory concentration 
of a drug that reduces in vitro HIV-1 replication by 50% 
(ICs). The ICs is usually reported as the fold change in ICso 
relative to a wild-type strain. Initially, phenotypic assays 
required the isolation of infectious HIV-1 from a blood spec- 
imen. Newer phenotypic assays use high-throughput auto- 
mated assays based on recombinant DNA technology. For 
these assays, HIV-1 RNA is amplified from a plasma speci- 
men, eliminating the need for a viral isolate. This testing is 
not performed in clinical laboratories and the technology is 
available only from two commercial laboratories. For the 
PhenoSense assay (ViroLogic, San Francisco, Calif.), the 
protease and reverse transcriptase genes are amplified using 
RT-PCR and inserted into a modified HIV-1 vector that has 
a luciferase reporter-gene in place of the viral envelope 
gene.’ Viral replication is measured by quantification of 
luciferase expression in the presence of various concentra- 
tions of antiretroviral drugs. The reproducibility of the assay 
is such that increases in ICs, of greater than 2.5-fold can be 
reliably detected in the assay. The other assay (Antivirogram, 
Virco, Mechelen, Belgium) combines patient and HIV-1 
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vector sequences using in vitro recombination.” Viral repli- 
cation is measured using a reporter-gene system. Based on 
replicate studies performed by the company, reduced sus- 
ceptibility is defined as a greater than fourfold increase in 
ICs compared with the wild-type virus. This technical cutoff 
often differs from the cutoff that is associated with clinical 
resistance to a drug, which is referred to as the clinical cutoff. 
The change in ICs associated with clinical failure may differ 
for each drug tested. For example, with the protease inhibitor 
lopinavir, the IC, that correlates with clinical resistance may 
be in the range of a greater than or equal to a tenfold increase 
in ICs compared with a twofold increase for the NRTI 
ddI. It is likely that ICs» cutoffs will continue to be modified 
as more clinical outcomes data become available. Results of 
phenotypic assays include not only the change in ICs value, 
but also an interpretation of whether there is an increase or 
decrease in susceptibility compared with the wild-type virus. 

A “virtual phenotype” is also available commercially for 
assessing HIV-1 drug resistance. With a virtual phenotype, 
rather than performing a phenotypic assay directly, the 
information is inferred from the genotypic assay. The results 
of the genotypic assay are entered into a database contain- 
ing matching genotypic and phenotypic results from 
thousands of clinical specimens, and the closest matching 
phenotypic results are averaged and reported as the virtual 
phenotype. 

Both phenotypic and genotypic assays are used in clini- 
cal care: some clinicians prefer phenotypic testing because it 
is a direct measure of viral susceptibility, while others prefer 
genotypic testing because the development of a mutation 
may precede phenotypic expression of resistance.” Other 
advantages of genotypic testing include relatively rapid turn- 
around time (a few days), easier availability, and lower cost 
than phenotypic testing. Providers often use genotypic 
testing routinely and rely on phenotypic testing for patients 
who have failed multiple regimens and have very complex 
genotypic results. If both assays are used, it is key to remem- 
ber that the results of the two assays may not agree, because 
the presence of a resistance mutation does not assure its 
expression in a phenotypic assay. 

A limitation of the currently used genotypic and pheno- 
typic assays is that they can detect only those mutants that 
make up at least 20% of the total viral population. Regimens 
chosen based on resistance testing may not always be effec- 
tive because the minority populations will quickly predom- 
inate in the presence of a drug. Drug selection pressure is 
also needed for some resistance mutations to persist at 
detectable concentrations in the viral population; when 
the drug therapy is discontinued, the wild-type virus may 
quickly predominate. For this reason, it is recommended 
that specimens for resistance testing be obtained while the 
patient is on antiretroviral therapy. 

The minimum viral load required for reliable resistance 
testing is approximately 1000 copies/mL. Because genotyp- 
ing assays are especially sensitive to RNA degradation, care 
must be taken to properly handle the specimen after collec- 


tion. Guidelines outlined for collection and transport of 
specimens for testing in viral-load assays should be followed 
for resistance testing. 


HERPES SIMPLEX VIRUS 

HSV, a member of the herpesvirus family, is a double- 
stranded DNA virus. Following primary infection, the virus 
remains latent in sensory neurons and can be reactivated 
under a variety of situations, including stress, trauma, sun 
exposure, and various immunocompromised states. HSV 
types 1 and 2 produce various clinical syndromes involving 
the skin, eye, central nervous system (CNS), and genital 
tract. Although nucleic acid testing has been used to detect 
HSV DNA in all of these clinical manifestations, this discus- 
sion will focus on the use of HSV PCR for the diagnosis of 
CNS infections, since nucleic acid amplification testing is 
widely viewed as the standard of care for the diagnosis of 
these infections. 

HSV causes both encephalitis and meningitis; in adults 
encephalitis is usually caused by infection with HSV type 1, 
and meningitis is most commonly caused by HSV type 2. 
HSV encephalitis is a severe infection with a high morbidity 
and mortality; treatment with acyclovir reduces the mortal- 
ity from approximately 70% in untreated infections to 19% 
to 28%. Neurological impairment, however, is common 
(about 50%) in those who survive.‘ HSV encephalitis 
may reflect primary infection or reactivation of latent infec- 
tion, HSV meningitis is usually a self-limited disease, which 
resolves during the course of several days without therapy. 
In some patients the disease may recur as a lymphocytic 
meningitis over a period of years.’ 

Neonatal HSV infection occurs in 1:3500 to 1:5000 
deliveries in the United States." It is most commonly 
acquired by intrapartum contact with infected maternal 
genital secretions and is usually caused by HSV type 2. In the 
newborn there are three general presentations of the disease: 
skin, eye, and mouth disease accounts for approximately 
45% of infections, encephalitis accounts for 35%, and dis- 
seminated disease accounts for 20%. As disseminated disease 
is often associated with neurological disease, CNS disease 
occurs in about 50% of newborns with neonatal HSV 
infection. 

HSV encephalitis cannot be distinguished clinically 
from encephalitis caused by other viruses such as West Nile 
virus, St. Louis encephalitis virus, and Eastern equine 
encephalitis virus. Historically the gold standard for the 
diagnosis of HSV encephalitis required brain biopsy with 
identification of HSV by cell culture or immunohistochem- 
ical staining. This approach provided high sensitivity (99%) 
and specificity (100%), but it required an invasive procedure, 
and several days elapsed before results were available. Cell 
culture of CSF has a sensitivity of less than 10% for the diag- 
nosis of HSV encephalitis in adults. Tests that measure HSV 
antigen or antibody in CSF have sensitivities of 75% to 85%, 
and specificities of 60% to 90%.'** Because of the limitations 
of conventional methods, there was interest in assessing the 
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clinical utility of PCR for the detection of HSV DNA from 
the CSF of patients with encephalitis. 

The two largest studies have compared HSV PCR on CSE 
specimens with a brain biopsy®” in patients with suspected 
HSV encephalitis. The sensitivity and specificity of PCR were 
greater than 95%, and the sensitivity of HSV PCR did not 
decrease significantly until 5 to 7 days after start of therapy. 
PCR is positive early in the course of illness, usually within 
the first 24 hours of symptoms, and in some individuals HSV 
DNA can persist in the CSF for weeks after initiating 
therapy. a 

The clinical utility of HSV PCR has also been established 
for the diagnosis of neonatal HSV infection. In one study,” 
HSV DNA was detected in the CSF of 76% (26 of 34) infants 
with CNS disease, 94% (13 of 14) with disseminated infec- 
tion, and 24% (7 of 29) with skin, eye, or mouth disease. The 
persistence of HSV DNA in the CSF of newborns for greater 
than 1 week after initiating therapy is associated with a poor 
outcome.’ Based on the findings, detection of HSV DNA 
in CSF by PCR has become the standard of care for the diag- 
nosis of HSV encephalitis and neonatal HSV infection. In 
newborns with disseminated disease, HSV DNA may be 
detected in serum or plasma specimens, and can be a useful 
diagnostic tool in newborns if it is not possible to do a 
lumbar puncture. Though the sensitivity of HSV PCR is 
high, it is not 100%, so a negative PCR test may not rule out 
neurological disease HSV as the cause, particularly if the 
pretest probability is high. In this situation it is important to 
consider repeat testing. 

As with HSV encephalitis, HSV meningitis cannot be dis- 
tinguished clinically from other viral meningitides, although 
recurrence of viral meningitis is a strong clue that HSV may 
be the etiologic agent. Unlike HSV encephalitis, HSV menin- 
gitis has not been the subject of large studies evaluating the 
clinical utility of PCR for diagnosis. Nonetheless, as the 
sensitivity of cell culture of CSF specimens is only 50%, 
HSV PCR of CSF is commonly used in the evaluation of 
meningitis. It has been described as accurate in anecdotal 
reports. 7 

Currently there are no FDA-cleared assays for the detec- 
tion of HSV DNA from clinical specimens, and the perfor- 
mance characteristics of existing assays may vary. The Light 
Cycler assay (Roche Diagnostics, Indianapolis, IN) is avail- 
able as an analyte-specific reagent PCR assay designed for 
the detection of HSV DNA types 1 and 2 equally. Distin- 
guishing between HSV types 1 and 2 may not be necessary, 
since the clinical management is the same for both infec- 
tions. Primers used for the detection of HSV DNA com- 
monly target the polymerase, glycoprotein B, glycoprotein D, 
or thymidine kinase genes. It is important that the primers 
not amplify DNA from other herpesviruses that are asso- 
ciated with neurological disease; these include cytome- 
galovirus, varicella zoster virus, human herpesvirus type 6, 
and Epstein-Barr virus. 

HSV PCR assays need low detection limits (several 
hundred copies per milliliter of specimen) to be useful in 


evaluation of neurological disease. This is particularly true 
for the diagnosis of meningitis in which CSF concentrations 
of DNA tend to be lower than those seen with encephalitis. 
HSV neurological disease rarely occurs without an increased 
CSF white blood cell count or protein concentration.’ 
Caution should be exercised in applying this generalization 
to immunocompromised individuals, as they may not 
mount a typical inflammatory response to HSV infection. 
Although HSV PCR of CSF specimens is clearly the gold 
standard for the diagnosis of neurological disease, results 
should be interpreted with caution since neither sensitivity 
nor specificity is 100%, Test results should always be inter- 
preted within the context of the clinical presentation of the 
patient. If results do not correlate with the clinical impres- 
sion, repeat testing should be performed. 


ENTEROVIRUS 


Enteroviruses are a diverse group of single-stranded RNA 
viruses belonging to the Picornavirus family. The group 
includes polioviruses, enteroviruses types A-D, and par- 
echovirus (human echovirus). Numerous clinical presenta- 
tions are seen with the nonpolioviruses, including acute 
aseptic meningitis, encephalitis, exanthems, conjunctivitis, 
acute respiratory disease, gastrointestinal disease, myoperi- 
carditis, and sepsislike syndrome in neonates. Diagnoses 
typically are based on clinical presentation and/or culture 
methods. Cell culture methods have several drawbacks, 
including the requirement to inoculate multiple cell lines, 
because no single cell line is optimal for all enterovirus types; 
the inability to grow some enterovirus types in cell culture; 
the limited diagnostic sensitivity of cell culture (65% to 
75%); and the long turnaround time of 3 to 8 days for those 
enteroviruses that do grow in a cell culture.” The long turn- 
around time for the culture means that results are rarely 
available in a timeframe to influence clinical management. 
Nucleic acid testing offers several important, advantages over 
cell culture, including improved sensitivity and turnaround 
time. As a result, nucleic acid testing is considered the new 
gold standard for the diagnosis of aseptic meningitis and 
neonatal sepsis syndrome caused by the enterovirus. 

Two methods are used for the detection of enteroviral 
RNA from clinical specimens: RT-PCR and NASBA. The 
primers used in clinical testing most commonly target 
the highly conserved 5’-untranslated region of the gene 
(5’UTR)'*"™ and will detect polioviruses and enteroviruses. 
These primers will not detect echovirus types 22 and 23, 
which have been reclassified as parechoviruses, although 
these viruses can cause aseptic meningitis. In general, mole- 
cular assays have good detection limits ranging from 0.1 to 
50 tissue culture infectious doses 50 (TCID50) per assay.* 
The assays are quite specific, but sequence similarities may 
allow amplification of some types of rhinoviruses,’*!!" As 
with HSV, there is no FDA-cleared assay for the detection of 


*References 13, 61, 133, 145, 152, 171, 185, 196, 197. 


1572 Section V Molecular Diagnostics and Genetics 


enterovirus RNA from clinical specimens. Several ASRs 
are available for detection of enterovirus RNA from CSF 
specimens to assist laboratorians in assay development. The 
Enterovirus Consensus assay (Argene Biosoft, Varihles, 
France) uses RT-PCR technology and detects all 64 
enteroviral serotypes.” The other available ASR assay is the 
NucliSens Basic Kit (bioMerieux, Boxtel, the Netherlands), 
which uses NASBA technology.™™ A clinical evaluation of 
the NASBA assay showed it to be more sensitive than CSF 
viral culture for the detection of enterovirus, and its had a 
specificity of 100%. , 

The clinical utility of nucleic acid testing for the diagno- 
sis of enteroviral infections has been documented in a variety 
of clinical studies,’””' with the testing showing a sensitivity 
equal to or greater than that of cell culture, a high specificity, 
and faster turnaround time than cell culture. Several studies 
have suggested that the introduction of molecular methods 
for the diagnosis of enteroviral infections in infants and 
pediatric patients can lead to cost savings in other parts of 
the hospital because of the decreased length of stay, reduc- 
tion in the use of antibiotics, and reduction in imaging 
studies. ™®®2®14 The cost savings may be small, however, as 
the typical length of stay for children with viral meningitis 
is short with or without use of molecular testing (personal 
communication, D.E. Bruns, 22 May 2004), To maximize the 
benefit to patient care and cost savings, testing should be 
available daily. 

As mentioned above, many molecular assays detect rhi- 
noviruses and most will detect polioviruses. These two 
factors can lead to unexpected and misleading positive 
results when testing respiratory or stool specimens. The 
diagnosis of enterovirus meningitis should be based on 
testing of CSF specimens, while sepsis syndrome in the 
neonate is best made by testing serum, plasma, or CSF 
samples, 


PERINATAL GROUP B STREPTOCOCCAL DISEASE 


In the 1970s Group B streptococcal (GBS) disease was the 
leading infectious cause of neonatal morbidity and mortality, 
with case rates of 2 to 3 per 1000 live births and case-fatality 
rates as high as 50%.”' In 1996, consensus guidelines from 
the CDC, the American Academy of Pediatrics, and the 
American College of Obstetrics and Gynecology were issued 
in an effort to reduce the rate of GBS disease in newborns.” 
The guidelines called for use of intrapartum prophylactic 
antibiotics for GBS using either a risk-based or screening- 
based approach. In the risk-based approach, antibiotics 
were administered based on the identification of one of the 
following risk factors: intrapartum fever, prolonged rupture 
of membranes, or imminent preterm delivery. For the 
screening-based approach, vaginal and/or rectal cultures 
were collected at 35 to 37 weeks of gestation, and those 
women with positive cultures received intrapartum anti- 
biotics. Since the widespread implementation of these guide- 
lines, the number of cases of GBS disease has decreased, but 


GBS remains a serious cause of neonatal infection. GBS 
disease in the newborn is classified as either early disease, 
which occurs within 1 week of life and usually presents as 
a sepsis syndrome or pneumonia, or late disease, which is 
defined as that presenting at greater than 1 week of life and 
that presents most commonly as sepsis or meningitis. 

GBS colonization of pregnant women is common, with a 
prevalence of 10% to 30%; colonization may be transient, 
chronic, or intermittent.“ Those women who are colonized 
are 25 times more likely to deliver infants with early onset 
GBS disease." The effectiveness of the 1996 guidelines for 
the prevention of neonatal GBS was recently reevaluated, 
and it was determined that the screening approach to GBS 
prevention was greater than 50% more effective than the 
risk-based approach.” Based on these findings, in 2002 
the CDC issued updated guidelines recommending that 
vaginal/rectal GBS screening cultures be done on all preg- 
nant women. The exceptions included women with a 
previous infant that had GBS disease or those with GBS 
bacteriuria during pregnancy, because these women require 
intrapartum antibiotics. The risk-based approach is to be 
used only for women with unknown GBS status at the time 
of labor and delivery. See the CDC guidelines’! for a more 
detailed description, and refer to the CDC Web site for 
updates. 

Methods for GBS screening cultures have been standard- 
ized and include collection of a vaginal/rectal swab and 
transport to the laboratory in either Aimes or Stuarts media. 
The specimen is then inoculated into an enrichment 
broth (LIM broth), incubated for 18 to 24 hours, and then 
subcultured onto a sheep-blood agar plate. GBS is then 
identified based on colony morphology, hemolysis, and 
latex agglutination testing. This two-step method ensures 
maximal sensitivity for GBD detection. GBS cultures usually 
require 2 to’3 days to complete. Since GBS is universally sus- 
ceptible to penicillin and ampicillin, antimicrobial suscepti- 
bility testing is not routinely performed, but is needed for 
women with a serious allergy to penicillin. 

A recent study evaluated the clinical utility of using a 
real-time PCR assay for the detection of GBS in pregnant 
women.” A Light Cycler assay (Roche Diagnostics, Indi- 
anapolis, IN) was compared with cultures in 112 pregnant 
women and was found to have a sensitivity of 97%, a speci- 
ficity of 100%, and a negative and positive predictive value 
of 98.8% and 100%, respectively. Testing results were avail- 
able within 45 minutes of the time the specimen arrived in 
the laboratory, which raised the possibility of offering real- 
time testing to women who present in labor. This could be 
especially useful for women who present with an unknown 
GBS status; based on current guidelines, these women would 
receive intrapartum antibiotics based on risk factors. As 
women without risk factors are still at risk of delivering new- 
borns with GBS disease,“ PCR testing would undoubtedly 
offer a more sensitive method for GBS detection than one 
based on risk factors alone. In addition, intrapartum testing 
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would he useful in identifying women whose GBS status 
changes in the interval between screening culture (week 35 
to 37 of gestation) and the time of delivery. 

Recently a real-time PCR assay was cleared by the FDA 
(IDI-Strep B using the Cepheid Smart Cycler, Infection 
Diagnostic Inc., Quebec) for the detection of GBS from 
vaginal and/or rectal swabs in pregnant women. In a multi- 
center clinical trial, the IDI-Strep B test demonstrated a 
sensitivity of 94% and a specificity of 96% compared with 
intrapartum culture (IDI-Strep B package insert). The assay 
requires a few simple hands-on steps to prepare the speci- 
men, The testing cartridge is then inserted into the Smart 
Cycler, and testing is complete in less than 1 hour. The test 
also includes an internal control to monitor for inhibition of 
amplification. The [DI-Strep B test offers a rapid and sensi- 
tive alternative to GBS culture. These advantages need to be 
balanced with the challenge of providing intrapartum test 
results to clinicians within 1 to 2 hours at any time of day or 
night, and the cost of nucleic acid testing must be compared 
with the cost of culture. If intrapartum testing is done, there 
will not be adequate time for erythromycin and clindamycin 
susceptibility testing, so women with severe penicillin aller- 
gies will require therapy with vancomycin. An alternative 
approach is to replace antepartum culture at 35 to 37 weeks 
of gestation with the real-time PCR assay. With the avail- 
ability of an FDA-cleared test, there will be more discussion 
on the use of GBS PCR testing of pregnant women. 


CYTOMEGALOVIRUS 

CMV, a member of the herpesvirus family, is a double- 
stranded enveloped DNA virus. CMV causes a clinically 
minor infection in immunocompetent individuals, but 
remains an important pathogen in immunocompromised 
individuals, including persons with AIDS, transplant recipi- 
ents, and those on immune-modulating drugs. Primary 
infection is usually asymptomatic in immunocompetent 
persons, though a small percentage of individuals with CMV 
infection may develop a mononucleosis type of syndrome. 
Following the primary infection, a lifelong latent infection 
is established, which does not cause clinical symptoms. 
However, if an infected individual becomes immtunocom- 
promised, the virus can reactivate, leading to a wide variety 
of clinical syndromes, 

The most severe CMV infections are seen in those indi- 
viduals who acquire their primary infection while immuno- 
compromised. In persons with AIDS, CMV disease rarely 
occurs when the CD4+ cell count is above 100 cells/mm’; the 
most common clinical presentations are retinitis, esophagi- 
tis, and colitis. In transplant recipients, the occurrence and 
severity of CMV disease are related to the CMV serostatus 
of the organ donor and recipient, the type of organ trans- 
planted, and the overall degree of immunosuppression. For 
example, CMV disease tends to be more severe in lung trans- 
plant recipients than in renal transplant recipients. For all 
types of organ recipients, the most severe disease occurs 


when CMV-seronegative recipients receive an organ from a 
CMV-seropositive donor, and the primary CMV infection 
occurs while the person is immunosuppressed. CMV disease 
can also occur in seropositive individuals whether they 
receive an organ from a seropositive or seronegative donor. 
The clinical findings associated with CMV disease in trans- 
plant recipients are diverse and include interstitial pneu- 
monitis, esophagitis and colitis, fever, leukopenia, and Jess 
commonly retinitis and encephalitis. CMV disease also 
occurs in bone marrow transplant recipients. 

The diagnosis of CMV disease represents a challenge 
because of the presence of the latent infection. Immuno- 
compromised individuals can have an asymptomatic, 
clinically insignificant, low-level, persistent infection that 
must be distinguished from clinically important active CMV 
disease. The distinction can be challenging when using sen- 
sitive molecular assays that can detect small amounts of 
CMV DNA in clinical specimens. 

Traditionally the diagnosis of CMV disease relied on the 
detection of CMV from clinical specimens by use of cell 
culture techniques in human diploid fibroblasts. Though 
considered the gold standard, these conventional culture 
methods are labor-intensive and have a long turnaround 
time of 1 to 3 weeks. In addition, the assays lack adequate 
sensitivity for detecting CMV present in blood speci- 
mens.'!”! The rapid shell-vial culture method can provide 
results in 1 to 2 days and is useful for detection of CMV in 
tissue, respiratory, and urine specimens. However, this assay 
may also fail to detect CMV in blood. ">! Many laborato- 
ries rely on the antigenemia assay, which detects the matrix 
protein pp65 in polymorphonuclear cells. This semiquanti- 
tative assay is rapid, and the number of CMV antigen- 
positive cells correlates with the likelihood of CMV 
disease,"’*” but the assay is labor-intensive, and CMV 
antigen is not stable in whole blood specimens for periods 
of greater than 24 hours. 

In light of the limitations of culture and antigen detec- 
tion methods, there has been great interest in using nucleic 
acid testing for the detection and quantification of CMV 
DNA from plasma and blood specimens. Qualitative and 
quantitative molecular assays available for this purpose are 
outlined in Table 42-6. The two qualitative assays that have 
been cleared by the FDA for detection of CMV from blood 
specimens are the Hybrid Capture System CMV DNA test 
(version 2) (Digene Corp., Gaithersburg, Md.) and the 
NucliSens CMV test (bioMerieux, Durham, N.C.). The 
Hybrid Capture assay is a signal-amplification assay that 
detects CMV DNA in whole blood specimens. The NucliSens 
assay uses NASBA technology to detect pp67 late messenger 
RNA in whole blood specimens. The isothermal NASBA 
assay detects pp67 RNA but not CMV DNA, eliminating 
concerns about detection of DNA in latent infection. Quan- 
titative molecular CMV assays that are available include the 
Hybrid Capture assay mentioned above and the Amplicor 
CMV MONITOR test (Roche Diagnostics, Indianapolis), a 
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TABLE 42-6 CMV Tests in Clinical Use* 


_ (Digene Corp, Gaithersburg, 
‘Ampli V Monitor Test -.. 
_ (Roche Diagnostics, Indianap 
‘NucliSens CMV Test (bioMerie 
Laboratory Developed Test . 


Durham, NC) 


oe 
1400-600,000 copies/ml. 


es/mL. A 


RT-PCR, Reverse transcription-polymerase chain reaction; NASBA, nucleic acid sequence based amplification. 
*For current FDA listings, see http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfRL/listing.cfm. 


DNA PCR assay (neither of which has been cleared by the 
FDA). CMV PCR LDTs that use standard and real-time PCR 
methods are also widely used in clinical laboratories. These 
LDTs use various specimen types, nucleic acid extraction 
methods, target genes, calibrators, and detection methods. 
As a result, viral load values obtained with the different 
assays may not always agree. This makes it very difficult to 
compare results among clinical studies that use these assays 
and to establish concentrations of CMV DNA that correlate 
with clinical disease. 

The analytical performances have been evaluated for the 
Amplicor PCR and Hybrid Capture assays. The imprecision 
{expressed as standard deviations) of the assays ranges from 
0.11 to 0.48l0g with greater variability seen below 1000 
copies/mL (3.0log,) copies/mL).”*”* In general the Amplicor 
assay is more reproducible than the Hybrid Capture assay.” 
Based on these data, changes in viral load (copies per milli- 
liter) less than threefold to fivefold may not represent clini- 
cally relevant changes in viral replication. 

An unsettled issue for CMV molecular assays is the 
appropriate specimen type for testing. Almost all assays 
use either plasma or whole blood, with concentrations of 
CMV DNA measured in whole blood higher than those 
measured in plasma.’ Because pp67 RNA is intracellular, 
the NucliSens assay uses whole blood samples. Likewise the 
Hybrid Capture assay has been designed to measure CMV 
DNA in whole blood specimens. The Amplicor PCR assay 
can accommodate blood or plasma specimens. CMV DNA 
may be detected in whole blood or leukocytes of individuals 
without active CMV disease. Some studies have shown a 
good association between high CMV DNA concentrations in 
plasma and active CMV disease“ and suggest that detect- 
ing CMV DNA in plasma rather than in leukocytes may 
provide a better correlation with clinical disease, because the 
detection of CMV DNA in plasma suggests active viral repli- 
cation.“ However, it is clear that CMV DNA can also be 
detected in the plasma in patients without active CMV 
disease.”*” In addition to specimen type, assay format may 
be useful in distinguishing active disease from asymptomatic 
infection. For example, the pp67 mRNA detected in the 
NucliSens assay is expressed in high concentrations in 


patients with active disease and is not expressed during 
latent infection.” This has been supported in studies that 
have shown that the NucliSens assay is positive less fre- 
quently than assays that detect CMV DNA.“ For CMV 
DNA-based assays, correlation with clinical disease requires 
quantifying CMV DNA to establish a concentration of CMV 
DNA that correlates with the likelihood of disease. The con- 
centration of DNA that predicts disease will be higher in 
assays that use whole blood specimens than in those that test 
plasma specimens. 

The clinical uses of CMV molecular assays are diverse and 
include assisting in decisions regarding initiating preemptive 
therapy, diagnosis of active CMV disease, and monitoring 
response to therapy. Preemptive therapy refers to the use of a 
laboratory test to identify a group of individuals at higher risk 
for developing CMV disease. For example, all members of the 
group would be tested for the presence of CMV DNA in their 
blood or plasma, and only those testing positive would be 
treated. Therapy is administered before development of 
symptoms in an attempt to prevent the development of active 
disease. By contrast, with prophylactic therapy, all patients in 
the group are treated, without further stratification of risk, 
thus involving treatment of a greater number of patients. 

Molecular assays have utility for the diagnosis of active 
CMV disease, because CMV DNA concentrations are higher 
in patients with active CMV disease than in those with 
asymptomatic infection. "65187 A study in liver trans- 
plant recipients using the Amplicor PCR assay showed that 
the median peak viral load in patients with asymptomatic 
infection was 1850 copies/mL compared with 55,000 
copies/mL for those with active disease." The viral load 
cutoff that was most predictive of the development of active 
disease was between 2000 and 5000 copies/mL of plasma. A 
similar study in renal transplant recipients using the Hybrid 
Capture assay showed that the risk of developing CMV 
disease increased from 1.5% with a viral load of 10,000 
copies/mL of blood to 73% when the viral load was 1 million 
copies/mL of blood.’ It is important to note that the viral 
load cutoffs differed in the two studies because of the use of 
different assays and differences in specimen type (plasma 
versus whole blood). 


Chapter 42 Molecular Methods in Diagnosis and Monitoring of Infectious Diseases 1575 


Once active CMV disease has been diagnosed, molecular 
assays are useful in monitoring response to therapy. Viral- 
load values decrease rapidly after beginning appropriate 
antiviral therapy, and several studies have reported that 
CMV DNA is cleared from the plasma within several weeks 
of initiating therapy.” Failure of viral loads to decrease 
promptly should raise concerns of possible treatment failure, 
because persistently elevated concentrations of CMV DNA 
(20,000 to 70,000 copies/mL in plasma) during therapy have 
been seen in patients with documented resistance of CMV 
to the therapy.” Molecular assays also have clinical utility in 
identifying patients at risk of relapsing CMV infection. In a 
group of solid-organ transplant recipients,’” those patients 
with a detectable viral load after completing 14 days of 
ganciclovir therapy for CMV infection were at increased risk 
of relapse. Similarly an increased risk of relapse has been 
shown for patients with persistent pp67 mRNA after com- 
pleting a course of therapy.” The rate of decline in CMV 
DNA after initiating therapy can be used to predict risk of 
relapse of CMV infection. In one study, CMV DNA was 
cleared from the plasma in 17 days for patients without 
recurrent CMV disease compared with 34 days for those 
with evidence of recurrent disease.” By following viral-load 
concentrations weekly after initiating antiviral therapy, it 
may be possible to identify those at risk of recurrent disease 
and thus intensify therapy and possibly prevent recurrent 
disease. 

CMV DNA concentrations are also useful in assessing the 
risk of developing CMV disease in persons with AIDS. In a 
study by Spector et al," detection of CMV DNA in plasma 
was associated with an increased risk of developing CMV 
disease and an increased risk of death. In addition, each logis 
increase in viral load (ie., each tenfold increase in concen- 
tration) was associated with a threefold increase in the risk 
of developing CMV disease. The clinical importance of CMV 
viral load in patients was further established in patients with 
advanced AIDS in whom the CMV DNA load was found to 
be more predictive of developing CMV disease or death than 
HIV-1 viral load.' A more recent study has identified indi- 
viduals with a CD4+ cell count of less than 50 cells/mm’ and 
an HIV-1 viral load of greater than 10,000 copies/mL of 
plasma as those at greatest risk of developing end-organ 
CMV disease.” In this group of individuals, a rise in CMV 
DNA above the limit of detection of either the Hybrid 
Capture or Amplicor PCR assays was associated with the 
development of CMV end-organ disease. This study identi- 
fies a group of HIV-1-infected individuals that may benefit 
from monitoring CMV viral load and preemptive therapy 
for the prevention of CMV end-organ disease. 

A major challenge that remains for laboratories offering 
these assays is the difference in results among assays. A well- 
characterized CMV DNA standard reference material for use 
in calibrating the assays could greatly assist in achieving 
agreement of viral-load values among different tests, thus 
facilitating the determination of CMV concentrations that 
predict or correspond to clinical events. 


MYCOBACTERIUM TUBERCULOSIS 


Mycobacterium tuberculosis (MTb) causes a wide range of 
clinical infections, including pulmonary disease, miliary 
tuberculosis, meningitis, pleurisy/pericarditis/peritonitis, 
gastrointestinal disease, genitourinary disease, and lym- 
phadenitis. MTb infection was in steady decline in the 
United States until the late 1980s into the early 1990s, when 
the number of reported cases began to increase, This resur- 
gence in the number of infections was related to the AIDS 
epidemic, homelessness, and a decreased focus on tubercu- 
losis control programs. By the late 1990s the infection rate 
had declined to an all time low.” One group in which the 
infection rate continues to rise is in foreign-born persons, 
which is due to immigration from countries with a high 
prevalence of MTb infections.” This increase in MTb infec- 
tions focused considerable attention on the development of 
assays for the rapid diagnosis of MTb infections, and mo- 
lecular methods were at the center of this effort. The goal 
was to design very sensitive assays that would allow for the 
direct detection of MTb from clinical specimens. However, 
this goal has proven to be more difficult to reach than 
originally anticipated. 

The standard methods for detection of MTb include acid- 
fast bacilli (AFB) smear and conventional and liquid culture 
methods. The AFB smear is rapid, but has a poor sensitivity 
of 20% to 80%. Another challenge with the AFB smear is 
that it cannot distinguish MTb from nontuberculous 
mycobacteria (NTM), such as M. avium-complex (MAC). 
This distinction is important because disseminated MAC 
and MTb are both common infections in persons with AIDS. 
Culture methods for the detection of MTb are sensitive, but 
growth detectable by standard methods may require 6 to 8 
weeks in a culture. Growth often occurs more quickly in 
liquid culture than with conventional methods, but can still 
require weeks. With these limitations of culture methods, 
there was great enthusiasm for nucleic acid testing as a rapid, 
sensitive method for detection of MTb, especially given the 
needs to rapidly isolate patients with active, untreated 
disease and to initiate prompt therapy, particularly in 
immunocompromised hosts. 

Two nucleic acid amplification tests have been approved 
by the FDA for detection of MTb from clinical specimens: 
the Amplified Mycobacterium tuberculosis Direct ‘Test 
(MTD test; Gen Probe, Inc., San Diego), and the Amplicor 
Mycobacterium tuberculosis Test (Roche Diagnostics, Indi- 
anapolis). The MTD test is based on transcription-mediated 
amplification of ribosomal RNA. The Amplicor test is based 
on PCR technology and the target is the 16S ribosomal 
RNA gene. The MTD test has broader clinical applications, 
because it can be used to test both AFB smear—positive and 
smear-negative respiratory specimens. The Amplicor test is 
approved only for AFB smear—positive respiratory speci- 
mens. Neither assay has been approved for nonrespiratory 
specimens, which limits their clinical utility for diagnosis 
of extrapulmonary MTb infections. This is unfortunate, 
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because diagnosis of some of these infections is often dif- 
ficult. In addition to these commercially available assays, 
LDTs are widely used, and a key advantage of these assays is 
the ability to test respiratory and nonrespiratory specimens. 

Both the MTD test and the Amplicor test have a sensitiv- 
ity of 95% to 98% when using AFB smear—positive respira- 
tory specimens, and the specificity ranges from 99% to 
100%. However, early studies showed that the sensitivity for 
AFB smear-negative specimens was ~50%.” Based on these 
data, it was clear that the test could not be used to rule out 
MTb infection on smear—negative respiratory specimens. 
This further limited the clinical utility of these tests, because 
it became clear that the nucleic acid testing would be used 
to supplement the AFB smear and culture rather than replace 
these testing modalities. Another limitation of the currently 
available nucleic acid assays is that they can be used only on 
specimens from patients who had not received antitubercu- 
losis therapy within the past 12 months. This limitation was 
included because DNA can persist in respiratory secretions 
(and other body fluids) for months after the mycobacteria 
are no longer viable. 

The MTD test was subsequently reformulated and evalu- 
ated in a clinical trial comparing this test to a culture and to 
the probability of MTb infection as determined by a panel 
of experts.” The sensitivity and specificity of the test were 
86% and 98%, respectively. The positive and negative pre- 
dictive values were 91% and 97%, respectively. Based on this 
study, the reformulated MTD test was approved by the FDA 
for use on both AFB smear—positive and AFB smear— 
negative specimens. The CDC has established guidelines for 
the use of nucleic acid testing on respiratory specimens.” 
Patients with a positive AFB smear and a positive nucleic 
acid testing result should be presumed to have MTb infec- 
tion, and there is no need for additional nucleic acid testing. 
If the sputum smear is AFB-positive, if two or three speci- 
mens are negative by nucleic acid testing, and if inhibition 
of amplification has been ruled out, then the patient can be 
presumed to have NTM infection. If the sputum specimen 
is AFB smear—negative and repeatedly positive by the MTD 
test (Note: the Amplicor test is not approved for use with 
smear-negative samples), then the patient can be presumed 
to have MTb infection. For patients with an AFB-negative 
smear, a negative nucleic acid test does not rule out MTb 
infection. 

A key consideration with molecular assays is controlling 
for inhibition of amplification. This is particularly critical for 
the detection of MTb nucleic acid from respiratory speci- 
mens, because these specimen types often contain blood or 
glycoprotein, which can inhibit amplification. The Amplicor 
assay contains an internal control, and a negative result 
cannot be reported unless the internal control is detected. 
The MTD test does not contain an inhibition control, though 
many laboratories include such a control by adding a positive 
control material to a second aliquot of the clinical specimen. 

An important role for molecular assays is in the diagno- 
sis of extra-pulmonary MTb infections, such as meningitis, 


pleuritis, pericarditis, or peritonitis, because these infections 
can be very difficult to diagnose by traditional methods. 
The MTD and Amplicor tests have been used on CSF spec- 
imens for the diagnosis of MTb meningitis,”!'” although the 
tests have not been approved by the FDA for this indication. 
In addition, PCR LDTs have been developed with the 
flexibility needed to test a variety of clinical specimens. 
As mentioned for respiratory specimens, it is critical to 
remember that a negative nucleic acid test result does not 
rule out extra-pulmonary MTb infection, and molecular 
assays using these complex body fluids should include an 
inhibition control. 

Though there are considerable limitations to the cur- 
rently available nucleic acid tests for the detection of MTb 
infection, they have a role in the clinical laboratory in that 
they can provide a rapid diagnosis. The goal would be to 
develop assays with a higher sensitivity (>99%) for AFB 
smear—negative specimens, because this may eliminate the 
need to culture specimens that are negative when tested in 
nucleic acid assays. 


HEPATITIS C VIRUS 


HCV, an RNA virus, is a major cause of chronic liver disease. 
According to the National Health and Nutrition Examina- 
tion Survey (NHANES) of 1988-1994, approximately 4 
million Americans were infected with HCV and 2.7 million 
were estimated to have chronic infection. After acute infec- 
tion, 80% to 85% of individuals develop a chronic infection, 
and 2% to 4% of these individuals develop cirrhosis and 
end-stage liver disease, making end-stage liver disease 
secondary to HCV the most common indication for liver 
transplantation in the United States.’ The development 
of molecular testing for HCV infection has been a major 
advance in the clinical care of infected individuals, because 
the virus cannot be grown in a culture. 


Detection and Quantification of HCV RNA 


The applications of HCV RNA testing include assisting in 
the diagnosis of HCV infection, excluding HCV infection as 
the etiologic agent of symptoms, screening the blood supply, 
monitoring response to therapy, and determining the dura- 
tion of therapy. Qualitative molecular assays are used to 
confirm the diagnosis of HCV infection, which is particu- 
larly important in distinguishing seropositive individuals 
who have cleared the infection from seropositive persons 
who have chronic infection. Individuals who have cleared the 
infection will not have detectable RNA, while those with per- 
sistent infection will have detectable RNA. Recent data from 
the CDC have shown that 95% of positive results of screen- 
ing ELISA that have a signal-to-cutoff ratio (s/co) >3.8 can 
be confirmed as true positives.” For these specimens, con- 
firmation testing is not routinely needed. For specimens with 
an s/co ratio of <3.8, confirmation testing should be done 
with either a recombinant immunoblot assay (RIBA) or by 
detection of HCV RNA. If HCV RNA detection is used as 
the confirmatory test, then RNA-negative specimens should 
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be tested in the RIBA. This is to distinguish a false-positive 
ELISA result from true infection. Alternatively, repeat testing 
for HCV RNA should be done, because viremia may be inter- 
mittent and HCV infection should not be ruled out based 
on one negative HCV RNA test. Qualitative molecular assays 
are also used to diagnose HCV infection in infants born to 
HCV-infected mothers. Since maternal IgG antibody can 
cross the placenta, these infants can be seropositive into the 
second year of life. Detection of HCV RNA in the plasma or 
serum of the newborn shortly after birth would be diagnos- 
tic of infection. Detection of HCV RNA in plasma or serum 
can be a useful diagnostic test in immunocompromised indi- 
viduals, such as those with end-stage HIV-1 infection, 
because they may not mount a normal immune response to 
the virus and may not be seropositive. 

Qualitative HCV RNA testing is also used to define a 
treatment response to interferon and ribavirin combination 
therapy for HCV infection because these assays are very 
sensitive, with lower limits of detection between 5 and 50 
copies/mL plasma. Response to therapy is defined as an 
undetectable HCV RNA after completion of therapy, while 
a sustained response is defined as an undetectable viral load 
24 weeks after completion of therapy."° More recently, qual- 
itative HCV RNA assays have been developed for screening 
the blood supply. HCV RNA is detectable in serum during 
the “window period” between infection and seroconversion 
(when tests for HCV antibodies are negative). As most 
individuals with recently acquired HCV infection are 
asymptomatic, testing of blood donors for HCV RNA allows 
identification of individuals at risk for transmitting HCV 
infection who would have been missed if testing were done 
with only serological assays. Nucleic acid testing for HCV 
RNA has reduced the window period by an average of 26 
days.” By screening the blood supply with HCV antibody 


testing alone, it was estimated that 1 in 100,000 units con- 
tained HCV RNA, but with the addition of testing by nucleic 
acid amplification technology (often called NAT) for HCV, 
the risk is projected to be reduced to 1 in 367,000 units.” 
Data from the first 2 years of experience with nucleic acid 
testing of the blood supply confirmed these estimates, 
because 1 in 259,000 screened units was found to be HCV 
RNA-positive and antibody-negative. 

HCV viral-load testing can be used to predict the 
response to antiviral therapy. Patients with viral loads above 
2 million copies/mL of plasma are less likely to respond to 
interferon/ribavirin therapy than those with lower viral 
loads.°"""*"” Although genotype is a stronger predictor of 
response to therapy than viral load (see below), recent 
studies have shown the utility of determining the viral load 
after 12 weeks of therapy. Patients who fail to have a 210g 
drop in HCV RNA concentrations (i.e, concentrations are 
one one-hundredth the initial concentrations) at 12 weeks 
after initiating interferon and ribavirin have a 3% likelihood 
of responding to therapy compared with 65% for patients 
who do achieve a 2log drop in viral load.>'® By deter- 
mining HCV viral load at baseline and again after 12 weeks 
of therapy, patients who are very unlikely to respond to 
therapy can be identified earlier in the course of therapy. 
This will allow for discontinuation of potentially toxic drugs 
and a reduction in the cost of therapy. On the other hand, 
individuals with a 2log drop in viral load will have therapy 
continued for either 24 or 48 weeks depending on the HCV 
genotype and other risk factors. 

Several qualitative assays have been approved by the FDA 
for the detection of HCV RNA in plasma or serum speci- 
mens (Table 42-7). The Amplicor HCV test and the COBAS 
Amplicor HCV test (Roche Diagnostics, Indianapolis) are 
based on RT-PCR technology; the COBAS test allows for 


TABLE 42-7: HCV RNA Tests In Clinical Use* 


: Assay Method 


or HCV Monitor Test v2.0 
tache Diagnostics, Indianapolis). 
aboratory Developed Test 
eal-‘Time HCV Assays (ASR) 
oche : Diagnostics and Abbott Diagnostics) l 


For current FDA listings, see http://www.accessdata.fda.gov/scripts/cdrh/ cfdocs/cfRL/lsting, cfm. 
RT-PCR, Reverse transcription-polymerase chain reaction; TMA, transcription mediated amplification; bDNA, branched DNA; ASR, analyte-specific 


reagent. 
*Excluding molecular testing for the blood supply. 
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automation of the amplification and detection steps. Both 
versions of the Amplicor test have a lower limit of detection 
of 50 international units (TU)/mL. The Versant HCV RNA 
Qualitative Assay (Bayer Diagnostics, Tarrytown, N.Y.) uses 
transcription-mediated amplification (TMA) and can detect 
as few as 5IU of HCV RNA/mL of HCV RNA. In addition 
to these tests, RT-PCR LDTs are also used in some laborato- 
ries. Two additional qualitative assays are available only for 
screening the blood supply: the Procleix HIV-1/HCV assay 
(Gen-Probe, Inc., San Diego) based on TMA technology, 
which is FDA-approved,” and the AMPLISCREEN HCV 
Test v2.0 (Roche Diagnostics, Indianapolis), which is an RT- 
PCR assay. Both assays report a lower limit of detection of 
less than 501U/mL. 

Various tests are available for the quantification of HCV 
RNA. The Versant HCV RNA 3.0 assay (Bayer Diagnostics 
Corp., Tarrytown, N.Y.) is the only currently FDA-approved 
assay for HCV viral-load testing (Table 42-7). The assay is 
based on bDNA technology, and has a broad dynamic range 
and a lower limit of quantification of 615IU/mL. The 
Amplicor HCV MONITOR test (Roche Diagnostics, Indi- 
anapolis) has a similar limit of quantification (600 IU/mL), 
but a much more limited linear range. Dilution of the clin- 
ical specimen is needed to measure viral loads greater than 
800,000 IU/mL. Several large clinical studies evaluating the 
efficacy of interferon/ribavirin therapy have used an RT-PCR 
assay developed by the National Genetics Institute (NGI) 
(SuperQuant), This assay has a dynamic range of 100 to 
100 million copies/mL, although dilution of the specimen is 
required to cover the entire dynamic range. A recent advance 
in HCV testing has been the availability of several real-time 
RT-PCR assays.” These assays have a lower limit of detec- 
tion similar to those seen for the qualitative HCV assays 
(10 to 50IU/mL) and a broad dynamic that allows for the 
accurate quantification of HCV concentrations up to 10 to 
50 million IU/mL.” The availability of these real-time assays 
could allow laboratories to replace both their current quali- 
tative and quantitative tests. At this time, real-time tests are 
available as ASRs from Roche Diagnostics” and Abbott 
Laboratories (Abbott Park, IIl.). 

Earlier versions of the Amplicor RT-PCR and bDNA 
assays did not accurately quantify all genotypes of HCV,” 
and usually underestimated the concentrations of genotypes 
2 and 3. However, the current versions of the Amplicor 
RT-PCR (version 2.0), Versant bDNA (version 3.0), and real- 
time assays accurately quantify all HCV genotypes.” 
When reporting results as copies per milliliter, the viral-load 
values obtained with the Versant bDNA and Amplicor 
RT-PCR may disagree, due in part to the use of different 
calibrators, The availability of an established WHO interna- 
tional standard has allowed standardization of HCV assays 
with reporting of results as IU per milliliter,” 

The intra-assay imprecision (SDs) of the HCV Versant 
bDNA and Amplicor RT-PCR assays ranges from 0.05 to 
0.3l0gw; the Versant bDNA assay is more precise.” The 
biological variation of HCV viral load ranges from 0.5logyo 


to 0.75 logio. ° Based on these data, changes in HCV viral 
load need to exceed logy (i.e a tenfold change in con- 
centration) to represent significant changes in viral 
replication. 


HCV Genotyping 


A hallmark of HCV infection is genetic heterogeneity, result- 
ing from the low fidelity of the RNA-dependent RNA po- 
lymerase, which frequently introduces random nucleotide 
errors during viral replication. These replication errors could 
yield 10 to 100 nucleotide changes per position per year,” 
giving rise to many genetic variants (quasispecies) of the 
virus in a single patient. Based on the identification of these 
genomic differences, HCV has been classified into six major 
genotypes and multiple subtypes within each genotype.” 
There are geographic differences in the distribution of HCV 
types. In the United States approximately two-thirds of the 
infections are type 1, with the remaining being predomi- 
nately types 2 and 3.°°"” 

The HCV genome contains well-defined 5’- and 3’- 
untranslated regions (5’UTR and 3’UTR). The 5’UTR is the 
most conserved portion of the genome and is frequently 
used as the target for molecular assays, including genotyp- 
ing assays. The HCV genome is divided into seven areas: 
the core region that encodes the capsid C protein, the E1 and 
E2 regions that encode the envelope proteins (gp33 and 
gp72), and several nonstructural protein regions (NS2, NS3, 
NS4, and NS5). The NS5B region shows less sequence 
homology than the 5’UTR, and sequencing of NS5B has 
been successfully used for genotyping HCV.'® 

As mentioned above, the probability of response to 
therapy depends on genotype. In one study, ~70% of patients 
with genotypes 2 and 3 had a sustained response after 12 
months of combination therapy compared with only 30% of 
patients with genotype 1," and no additional benefit was 
obtained by treating patients with genotype 2 or 3 beyond 
24 weeks, In contrast, the response rate after 24 weeks of 
therapy for patients with genotype 1 was 16% compared 
with 28% after 48 weeks of therapy. These results have been 
confirmed in another randomized trial’” comparing inter- 
feron 2b plus ribavirin with a placebo in patients with 
chronic HCV infection. Similar results were seen in a more 
recent study comparing peginterferon plus ribavirin with 
interferon plus ribavirin. A greater percentage of patients in 
the peginterferon plus ribavirin arm achieved a sustained 
virological response compared with those patients in the 
interferon plus ribavirin arm (56% versus 44%), respec- 
tively.” In addition, patients with HCV genotypes 2 or 3 had 
a significantly higher rate of sustained virological response 
than those with genotype 1. HCV genotyping, along with 
pretreatment viral load, age, gender, and the presence of 
hepatic fibrosis, can be used to determine the duration of 
antiviral therapy,” with genotype being the strongest pre- 
dictor of a sustained virological response. 

Several methods have been developed for genotyping 
and/or subtyping HCV, but most clinical laboratories use 
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either the reverse hybridization-based line probe assay 
(INNO-LiPA HCV H, manufactured in Belgium for Bayer 
Corp., Norwood, Mass.), or direct DNA sequencing. The 
INNO-LiPA assay is based on reverse hybridization of 5°UTR 
amplified products with genotype-specific probes.'” This 
assay is convenient to use for many clinical laboratories 
because genotyping can be done directly from the amplicons 
generated in the Amplicor HCV Test (Roche Diagnostics, 
Indianapolis). The biotin-labeled amplified products are 
reverse-hybridized to the specific probes on the INNO-LiPA 
strips; streptavidin conjugated with alkaline phosphatase is 
added, followed by substrate addition. A purple/brown line 
develops where there is sequence homology between the 
biotinylated PCR products and the probe, and the genotype 
is determined based on the pattern of probe hybridization. 
The INNO-LiPA HCV II discriminates and identifies HCV 
genotypes la, ib, 2a/c, 2b, 3a, 3b, 3c, 4, 5a, and 6a,’” The 
INNO-LiPA is accurate in typing HCV, but cannot reliably 
subtype HCV.*"” There is not sufficient sequence variation 
in the 5’UTR to allow distinction between subtypes 2a and 
2c, and reverse hybridization data of subtypes la and 1b may 
be discordant with NS5B in ~10% of cases.” Currently this 
is not a significant limitation of the assay because treatment 
decisions are based on viral genotype not subtype. In addi- 
tion, the INNO-LiPA method is user-friendly and well suited 
for routine use in clinical laboratories that perform HCV 
genotyping. 

Automated sequencing assays, both developed com- 
mercially and in-laboratory, are available to genotype 
HCV, and the genomic regions commonly used include 
5’UTR,” NS5B (163), and core? Sequencing methods 
require sequence alignment and comparison with reference 
sequences to determine the genotype and subtype. An HCV 
genotyping kit based on automated sequencing (Trugene 
HCV 5’NC, Bayer Diagnostics) targets the 5’NC region. 
Though this assay can accurately type HCV, like the INNO- 
LiPA assay it is unable to accurately subtype the virus.” 
When more variable regions of the virus are sequenced, such 
as NS5B, it is possible to determine both viral type and 
subtype.’ 

There have been several studies comparing the perfor- 
mance of the INNO-LiPA HCV II assay and automated DNA 
sequencing methods. One study found a 91% concordance 
rate between the two assays.’ A more recent study compared 
the performance characteristics of the Trugene HCV assay 
and the INNO-LiPA.’” Both methods were able to genotype 
105 of the 106 serum specimens. There was concordance at 
the genotype level for 103 of 104 (99%) specimens. Sequence 
analysis of the NS5B region supported the INNO-LiPA result 
for the single genotype discrepant result. No subtype was 
called for 36 (34%) specimens typed by INNO-LiPA and 20 
(19%) of those typed by Trugene HCV assay. Mixtures of 
genotypes were successfully identified with both methods, 
with the INNO-LiPA assay detecting populations making up 
at least 5% of the total population, and the Trngene HCV 
assays detecting populations of at least 10%. The overall per- 


formance of the two assays was similar and both assays can 
accurately type HCV, but neither method should be used for 
subtyping.” 

A 2002 study reported on the use of real-time PCR with 
melting curve analysis as a method to genotype HCV.” Using 
a single pair of fluorescence resonance energy transfer 
(FRET) probes, it was possible to distinguish types 1a/b, 
2a/c, 2b, 3a, and 4 on the basis of differences in melting tem- 
peratures. This method showed good concordance with 
INNO-LiPA. Of the 124 samples tested with both methods, 
13 were nontypable by either of the methods; however, there 
was agreement for 108 of the remaining 111 samples. All 
three discrepant samples typed as 2a/c by melting curve 
analysis, while 2 of the 3 were typed as 2b by INNO-LiPA. 
The remaining sample typed as 1 by INNO-LiPA, which was 
confirmed by sequence analysis. Real-time PCR with melting 
curve analysis is a reliable method for typing HCV. As with 
other methods using the 5’UTR of the virus, it will not accu- 
rately subtype all samples. 
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predict how people will respond to medicines and 

other potentially toxic or bioactive xenobiotics based 
upon certain genetic characteristics. Pharmacogenetics 
may also help explain why an adverse drug reaction (ADR) 
occurred. The term pharmacogenetics has been pieced 
together from the words pharmacology (the study of drugs, 
drug action, and metabolism) and genetics (the study of how 
traits are inherited). Pharmacogenetic testing in a clinical 
setting links patient genetics (genotype) to predicted dif- 
ferences in the pharmacokinetics or pharmacodynamics of 
medications or other exogenous compounds. 

Clinical pharmacogenetic test results are primarily useful 
for guiding medication selection and dosing, Specific dosing 
guidelines based on pharmacogenetic information are being 
developed to support the application of these test results for 
therapeutic drug management.”**” Such individualized 
pharmacotherapy is anticipated to reduce the number of 
ADRs, a leading cause of morbidity and mortality in the 
United States (see Table 43-1). For a more in-depth discus- 
sion of pharmacogenetics, the reader is referred to several 
excellent reviews.* 

The goal of this chapter is to familiarize the clinical 
chemist with pharmacogenetic testing. This chapter begins 
with a discussion of general issues, including potential tests 
to offer in the clinical laboratory, choosing appropriate 
testing strategies, characteristics of a gene that make it a good 
candidate for pharmacogenetic testing, and characteristics 
of medications or other xenobiotics that support the need 
for pharmacogenetic testing. In the following sections, we 
provide detailed information for six well-characterized and 
polymorphic genes (TPMT, CYP2D6, CYP2C19, CYP2C9, 
NAT1, and NAT2). Variation in these genes contributes to 


Te primary objective of pharmacogenetic testing is to 


*References 25, 31, 35, 41, 100, 131, 134. 
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Pharmacogenetics 


intersubject variation in enzyme activity, kinetics, substrate 
specificity, and/or stability. Such variation is reflected in the 
ability of an individual to appropriately respond to medica- 
tions that are substrates of these enzymes. This alteration in 
response to the medication defines the phenotype. The cor- 
relation of phenotypes and genotypes for these and several 
other proposed genetic targets is discussed in this chapter as 
well, 


WHAT TESTING TO CONSIDER 


The response to drugs and other xenobiotics (foreign 
compounds absorbed by the human body) depends on 
many processes, such as route of administration, amount 
absorbed, any biotransformation (metabolism) that occurs, 
affinity of the parent compound and metabolite(s) for 
endogenous receptor(s), and the process of elimination.” 
For simplicity sake, we will use the term “drug(s)” through- 
out this chapter with the understanding that many princi- 
ples of pharmacogenetics that apply to medications may also 
apply to other xenobiotics. Each process mentioned above 
involves several proteins that are coded from corresponding 
genes, Consequently, pharmacogenetic targets include any 
polymorphic gene that encodes for the many different pro- 
teins involved in these processes. To date, the best-studied 
pharmacogenetic targets are those involved in drug metab- 
olism. Common features of pharmacogenetic tests of proven 
usefulness include: (1) the enzyme of interest is the primary 
pathway for metabolism of the drug, (2) changes in enzyme 
activity resulting from genetic polymorphism have a signif- 
icant effect on the relationship between dose and plasma 
concentration, (3) the efficacy and/or toxicity of the drug 
correlate with changes in plasma drug concentration, and (4) 
the drugs affected by the pharmacogenetic variability possess 
a narrow therapeutic index. Further, pharmacogenetic 
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TABLE 43-1 Estimated Occurrence of Adverse Drug Events in the USA in 1994, i in n Thousands (95% confidence 


interval) 


ADRs in Patients While i in 
Hospital 


All severities 3670 (2618-4596) 
Serious: gih P7.702.(6352770) 
Fatal == oremi 63 (41-85) 


ADRs. Responsible for. 
Patient Admission toa 
Hospital -; 


1547 (1033- 2060). 
1547:(1033-2060).. 
43.(15-71) 


Total ADRs 
4987 (3976-5995) 
2246 (1721-2711) 

- 106 (76-137) 


Redrawn from Lazarou J, Pomeranz BH, Corey PN. Incidence of adverse drug reactions in hospitalized patients: a meta-analysis of prospective studies. 
JAMA 1998;279:1200-5.” Reproduced with the permission of the American Medical Association. 


Absorbed Xenobiotic 


Phase | Stano Phase Il 
(CYPs) (Conjugations) 
* hydrolysis + glucuronide 

+ oxidation * acetate 

+ dealkylation * glutathione 

+ dehydrogenation * sulfate 

* reduction ¢ methionine 


* deamination 
+ desulfuration 
Elimination 

Figure 43-1 Simplified scheme of the primary metabolic 

reactions associated with xenobiotic handling in humans. 

Absorbed xenobiotics (drugs or other exogenous compounds) 

may be eliminated without biotransformation or be transformed 

into a metabolite through Phase | and/or Phase II reactions. The 

metabolite may be further metabolized by Phase | or Phase II 
"reactions before elimination. Phase | reactions are primarily 

oxidative and are most commonly mediated by cytochrome 

P450 (CYP) isozymes. Phase II reactions involve conjugations to 

form glucuronides, acetates, and other adducts. 


testing is of particular usefulness for those drugs that require 
a long period of time to establish efficacy or to optimize 
dose. Advocates of pharmacogenetics anticipate that future 
testing opportunities will include the ability to identify a 
population of nonresponders for a particular drug. Exam- 
ples of drug classes likely to benefit from pharmacogenetic 
testing include cancer chemotherapeutics, immunosuppres- 
sants, antidepressants, antipsychotics, anticoagulants, anti- 
hypertensives, cardiac medications, and lipid-lowering 
therapies. 

In general, drug metabolism serves to inactivate a sub- 
strate and increase water solubility of the substrate for excre- 
tion, bioactivate a substrate or prodrug (e.g., codeine and 
cyclophosphamide) to an active or mutagenic principle, or 
less commonly, extend the elimination half-life of a phar- 
macologically active or potentially toxic metabolite.’ 
Metabolic reactions are often divided into Phase I and Phase 
II categories, as depicted in Figure 43-1. 


Phase I reactions convert the parent compound into a 
more polar metabolite by introducing or removing a single 
functional group. Examples include oxidation, reduction, 
and hydrolysis. Most Phase I reactions are oxidative and are 
mediated by cytochrome P450 isozymes (CYPs). CYPs are 
heme-containing enzymes that are synthesized from a super- 
family of CYP genes and are classified into families, and 
further into subfamilies, based on amino acid homology. 
The primary CYPs that are believed to contribute to drug 
metabolism are CYPIA2, CYP2B6, CYP2C9, CYP2C19, 
CYP2D6, CYP2E1, and the CYP3A family. All of these CYP 
families exhibit genetic variation that has been associated 
with clinically significant phenotypical differences caused by 
changes in enzyme activity, stability, and/or substrate affin- 
ity. In addition to the genetic variability, many CYP isoen- 
zymes are susceptible to dramatic differences in expression 
{>1000-fold), caused in part by induction or inhibition 
mediated by substrates. Products of Phase I reactions may be 
eliminated or undergo additional modification, such as 
through Phase H reactions. Phase II reactions may occur 
independent of, or before, Phase I reactions. 

Phase II enzymes are generally transferases involving 
enzyme-mediated conjugation with acetyl, glucuronyl, 
amino acid, or sulfate groups. These enzymes are not typi- 
cally induced or inhibited to the same degree as CYPs. 
However, exhausting the substrates or cofactors for transfer, 
such as glutathione or acetyl-CoA, will prevent the corre- 
sponding transferase reactions from occurring, ® 0? 


APPROACHES TO PHARMACOGENETIC 
TESTING 
Pharmacogenetics is important to patient care because for 
many drugs there are interindividual differences in drug 
metabolism and drug response. These differences signifi- 
cantly alter the safety and success of therapy. Pharmacoge- 
netic testing allows the physician to predict that a patient is 
likely to fail therapy or suffer an ADR before initiating 
therapy. This knowledge can lead to a change in drug dosage 
or drug selection, thus avoiding an undesired outcome. 
Two major approaches are available to predict how well 
an individual will metabolize a medication: phenotyping 
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TABLE 43-2 Comparing Phenotype and Genotype Testing Strategies 


Phenotype 


; Represents 


Sensitive to gene expression Yes. 

_ Sensitive to. protein function Yes 

Requires collection of multiple Commonly. 

_ specimens eres 

Requires administration of-a: 
probe drug. 

Other limitations.. 


Commonly 


to inaccurate results 


May not be ‘appropriate for a patient 
who recently received.a blood 


transfusion 


and genotyping. Phenotyping is accomplished by testing 
metabolic activity—either by administering the patient a 
safe drug, often called a probe drug, that is known to be 
metabolized by the same enzyme or pathway as the intended 
therapeutic drug, or alternatively, by measuring the drug 
metabolizing enzyme activity using peripheral blood cells as 
a surrogate to the metabolism of the whole patient.” Exam- 
ples of probe drugs include dextromethorphan for assessing 
CYP2D6 activity and caffeine for NAT2. Examples of 
enzyme-based phenotyping tests that have been successfully 
implemented include pseudocholinesterase, for detecting 
individuals with susceptibility to prolonged apnea when 
given succinylcholine or other similar medications; thio- 
purine S-methyltransferase (TPMT), for. detecting indivi- 
duals with susceptibility to hematological toxicity with 
azathioprine (AZA) or 6-mercaptopurine (6-MP); and 
glucose-6-phosphate dehydrogenase (G6PD), for detecting 
susceptibility to hemolysis in response to drugs such as pri- 
maquine, sulfonamides, chloramphenicol, and vitamin K. 
These techniques directly measure drug metabolism pheno- 
type and, under highly controlled circumstances, provide the 
most meaningful information. There are, however, several 
limitations to the phenotypical approach. For example, the 
probe compound must be easy to administer in the target 
population, be relatively inexpensive, and exhibit pharma- 
cokinetics that support convenient collection of specimens 
from the patient. Even with these variables controlled, 
phenotyping may be difficult to accomplish because of 
other potentially confounding factors, such as diet, co- 
medications, recent blood transfusion, consumption of 
alcohol or over-the-counter medications, and disease status. 
The length of time required to perform the associated 
‘enotyping assays may also complicate and compromise 
value of direct phenotyping. Many enzymes are 
essed in higher quantities in neonates. In a study of 60 


“State,” represents current response; 
may. not represent inheritance 


Specimen instability for enzyme or 
other protein of interest may lead... 


Genotype 
“Trait,” represents inheritance; may not be 


consistent. with the phenotype 
No 


May not include all clinically relevant genes 
and/or alleles 


Genotype to phenotype relationship. 
(interpretation).may not.be known 


full-term newborns, TPMT activity was >50% higher than 
in race-matched healthy adults, but displayed the same tri- 
modal distribution observed in adults.” Thus phenotyping 
illustrates the “state” rather than the “trait.” 

Pharmacogenetics, that is genotyping, is the second major 
approach to predicting drug metabolism and drug response. 
Pharmacogenetics may be useful for predicting pharmaco- 
dynamic response by identifying inherited genetic charac- 
teristics that either account for differences in phenotype 
from a structural basis or are clearly associated with pheno- 
type through rigorous clinical studies. Neither phenotyping 
nor pharmacogenetic testing is intended to replace the 
need for clinical assessments of drug response, or replace the 
need for therapeutic drug monitoring (TDM). Several con- 
siderations of these two testing approaches are summarized 
in Table 43-2. Examples of both approaches will be given 
throughout this chapter; however, more emphasis is given to 
the pharmacogenetic approaches because of the recognition 
of the growing evidence supporting genotyping as a supe- 
rior means of classifying enzymatic capacity. That evidence 
includes the facts that genotyping assays are less expensive, 
are more reproducible between laboratories, are not subject 
to the intraindividual variability because of a specific set of 
clinical conditions or expected biological variations (i.e., 
hormonal fluctuations“) that complicate phenotyping 
assays, and are less invasive (i.e., a single blood sample for 
genotyping; several samples for phenotyping). It is esti- 
mated, for example, that genotyping of CYP2D6 can reliably 
predict the phenotype 80% to 90% of the time. 

Although genotyping has many advantages over pheno- 
typing, there are limitations to genotyping that must be 
recognized. For example, some of the assays using target 
amplification are prone to false negatives because they rely 
on the presence or absence of a polymerase chain reaction 
(PCR) product. Short of sequencing the entire gene, cur- 
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rently available genotyping techniques cannot detect all pos- 
sible variants. Because of the large amount of variation in 
many genes, suites of variants are screened, potentially 
missing some important genetic variations because the 
patient possesses a rare or novel polymorphism that is not 
detected by the screen. Further, polymorphisms with 
unknown clinical significance may also be identified by some 
techniques. Extreme care must be taken to ensure that these 
data are not misinterpreted. 

Another disadvantage of genotyping is that it may not 
accurately predict function of the expressed protein. Con- 
tinuing to use CYP2D6 as an example, it has been shown that 
patients of a single common genotype have dextromethor- 
phan to debrisoquine ratios (metabolic phenotypes) that 
span a 1000- to 10,000-fold range. The precise reason for 
this broad range is unknown but it is probably related to 
individual differences in expression of the CYP2D6 gene, 
inherent alternative metabolic pathways, significant inter- 
laboratory and intraindividual variability in phenotype 
measurements, and possible combinations of other minor 
undetected genetic polymorphisms in the CYP2D6 gene.” 

Finally, specific interactions between the target enzyme or 
protein and other drugs, chemicals, or some foods can 
change the phenotype, such as by converting a “normal” or 
extensive metabolizer phenotype to a poor metabolizer phe- 
notype. For example, grapefruit juice has been shown to 
inhibit CYP3A4,°"*" and many antidepressant medica- 
tions (e.g tricyclic and selective serotonin reuptake 
inhibitors) are known to act as both substrates and inhibitors 
of CYP2D6.”""° Such drug and food interactions can have 
extremely important consequences for patients and can be 
difficult to both recognize and monitor. 


CLINICAL APPLICATION OF - 
PHARMACOGENETIC TESTING 


Pharmacogenetic testing is only clinically useful when there 
is sufficient information to interpret the results. This infor- 
mation must be derived from in vivo, human studies 
demonstrating a clear phenotype. Many examples of this 
type of information can be found in the peer-reviewed 
literature, but most data are based on retrospective studies, 
and there is no single printed source in which all of this 
information has been collated. The Pharmacogenetics and 
Pharmacogenomics Knowledge Base® is a publicly available 
internet research tool developed by Stanford University with 
funding from the National Institutes of Health (NIH) and is 
part of the NIH Pharmacogenetics Research Network 
(PGRN), a nationwide collaborative research consortium. Its 
aim is to aid researchers in understanding how genetic vari- 
ation among individuals contributes to differences in reac- 
tions to drugs. This regularly updated database provides 
genetic and clinical information derived from research 
studies at various medical centers in the PGRN. 

Currently published dosing guidelines relate to specific 
combinations of pharmacogenetic markers and drugs. For 


example, Kirchheiner et al have published dose recommen- 
dations for 20 antidepressant medications based on single 
versus chronic maintenance therapy and genotypes for both 
CYP2D6 and CYP2C19,” Average recommended adjust- 
ments of “standard” doses vary from 20% of the usual dose 
for poor metabolizers using venlafaxine, paroxetine, or 
desipramine to 300% of the usual dose for ultrarapid metab- 
olizers using mianserin. Similar work suggesting specific 
dose ranges or adjustments based on phenotype-genotype 
relationships has been conducted with other substrates of 
these CYP isoenzymes (see CYP2D6 and CYP2C19 sections 
later in this chapter), AZA and 6-MP (see TPMT section of 
this chapter), warfarin (see CYP2C9 section of this chapter), 
and antipsychotics.” 

Many ongoing clinical trials for efficacy and toxicity of 
new pharmaceutical products or new indications for previ- 
ously developed pharmaceuticals have employed pharmaco- 
genetic testing. Thus it is anticipated that pharmacogenetic 
guidelines and possibly tests will be simultaneously released 
to market with the pharmaceutical. In addition, medications 
that were previously removed from development because of 
adverse reactions may be reconsidered if a genetic test can 
be demonstrated to identify individuals at high risk for 
ADRs. 


BEST EXAMPLES OF CLINICALLY RELEVANT — 
PHARMACOGENETIC TARGETS 


For each of six genes, TPMT, CYP2D6, CYP2C19, CYP2C9, 
NATI, and NAT2, this chapter provides an overview of back- 
ground information, the relationship between genotype and 
phenotype, unique testing methods, and clinical applications 
of testing. 


THIOPURINE S-METHYLTRANSFERASE 


TPMT is a Phase II metabolic enzyme that catalyzes the inac- 
tivation of 6-MP by S-methylation, thus preventing it from 
forming thioguanine nucleotides (TGN).*''® TPMT also 
affects AZA, which is a prodrug metabolized to 6-MP, as 
shown in Figure 43-2. Endogenous substrates for TPMT are 
currently unknown. AZA and 6-MP are used in the thera- 
peutic management of a diverse range of conditions, includ- 
ing leukemia, rheumatic diseases, inflammatory bowel 
disease, and solid organ transplantation. These agents are 
cytotoxic, acting via incorporation of TGN into DNA. 
Outside of the bone marrow, these agents can be oxidatively 
inactivated by xanthine oxidase or methylated by TPMT. In 
hematopoietic tissue, however, the effect of xanthine oxidase 
is negligible, leaving TPMT as the only significant inactiva- 
tion pathway. Thus hematopoietic tissues are susceptible to 
damage in cases in which TPMT activity is very low. TPMT 
activity is highly variable in all large populations studied to 
date; approximately 90% of individuals have high activitv 
10% have immediate activity, and 0.3% have low or und 
tectable enzyme activity. This tri-modal activity is a dir 
result of enhanced proteasomal degradation of TPM 
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Figure 43-2 Simplified scheme of the metabolism of 
azathioprine and 6-mercaptopurine to 6-thioguanine nucleotides 
(TGNs). TPMT, Thiopurine S-methyltransferase; XO, xanthine 
oxidase; HPRT, hypoxanthine phosphoribosyltransferase. (Redrawn 
from Clunie GP, Lennard L. Relevance of thiopurine methyltransferase 
status in rheumatology patients receiving azathioprine. Rheumatology 
(Oxford) 2004;43:13-8.4 Reproduced by permission from Oxford 
University Press.) 


Numerous studies have shown that TPMT-deficient patients 
are at high risk for severe, and sometimes fatal, hematolog- 
ical toxicity. 


Genotype to Phenotype 
The molecular basis for variable TPMT activity has now 
been defined for the majority of patients.” TPMT activity is 
inherited as an autosomal co-dominant trait,” exhibiting 
genetic polymorphism in all populations studied to date. 
Eleven TPMT alleles have been identified, including nine 
single nucleotide polymorphisms (SNPs) leading to amino 
acid substitutions, TPMT*2, *3A, *3B, *3C, *3D, *5, *6, *7, 
. “8; one change leading to the formation of a stop codon, 
TPMT*3D; and a change that destroys a splice site: TPMT*4. 
iree alleles, TPMT*2, *3A, and *3C, account for about 95% 
‘ntermediate or low enzyme activity cases (Figure 43-3). 
hree alleles associated with lower enzyme activity have 
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Figure 43-3 Thiopurine S-methyltransferase (TPMT) allele 
variants. Gray boxes represent mutations that result in amino 
acid changes, TPMT*4 is a 5’ splice site mutation for exon [0 
that does not alter an amino acid. White boxes represent 
untranslated regions. Black boxes represent exons in the open 
reading frame. The dashed box represents exon 2, which was 
detected in 6.25% of human liver cDNAs during initial 
evaluation. (From McLeod HL, Siva C. The thiopurine S- 
methyltransferase gene locus—implications for clinical 
pharmacogenomics. Pharmacogenomics 2002;3:89-98. Reproduced by 
permission from Future Medicine Ltd [London}.) 
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Figure 43-4 Thiopurine S-methyltransferase (TPMT) activity as related to genotypes 
determined by mutation-specific polymerase chain reaction methods. The heavily shaded area 
depicts the range of TPMT activity in erythrocytes that defines TPMT deficiency (<5 U/mL of 
packed red blood cells), the lightly shaded area depicts intermediate activity that defines TPMT 
heterozygous phenotypes (5 to 10 U/ml. of packed red blood cells), and the nonshaded area 
depicts the range of TPMT activity in patients who have homozygous wild-type phenotypes. Black 
circles indicate patients with concordant genotype and phenotype; the black square indicates one 
patient with discordant genotype and phenotype (TPMT*I/*1). (From Yates CR, Krynetski EY, 
Loennechen T, Fessing MY, Tai HL, Pui CH, et al. Molecular diagnosis of thiopurine S-methyltransferase 
deficiency: genetic basis for azathioprine and mercaptopurine intolerance. Ann Intern Med 
1997;126:608-14. Reproduced by permission from the American College of Physicians.) 


enhanced rates of proteolysis of the alloenzymes (protein 
products of the variant alleles). The presence of a TPMT 
variant allele is 90% sensitive and 99% specific for predict- 
ing TPMT phenotype; patients with one wild-type allele and 
one of these variant alleles (i.e., heterozygous) have inter- 
mediate activity and patients inheriting two variant alleles 
are TPMT deficient (see Figure 43-4).'” 


Testing 


TPMT testing may occur via at least three routes: biochem- 
ical phenotyping by determining TPMT activity within ery- 
throcytes from the patient; metabolic phenotyping by 
determining concentrations of 6-MP and thioguanine; or 
genotyping. Biochemical phenotyping depends on stable 
enzyme activity between the times of blood collection and 
analytical testing. This approach is therefore challenged by 
storage and stability concerns and is limited to patients who 
have not received a blood transfusion over the weeks previ- 
ous to TPMT testing. Metabolic phenotyping requires that 
AZA or 6-MP be administered before testing. This approach 
is therefore most useful for patients who have experienced 
an adverse event or for monitoring therapy in those for 
which TPMT activity is known to be impaired. TPMT geno- 
type correlates well with TPMT activity in leukemia cells, as 
would be expected for germline mutations. By using PCR- 


based assays to detect the three signature mutations in these 
alleles, a rapid and relatively inexpensive assay may identify 
>90% of all variant alleles. In Caucasian populations, 
TPMT*3A is the most common variant TPMT allele (3.2% 
to 5.7% of TPMT alleles), although TPMT*3C has an allele 
frequency of 0.2% to 0.8% and TPMT*2 represents 0.2% to 
0.5% of TPMT alleles.”**'™ Studies in Caucasian, African, 
and Asian populations have revealed that the frequency of 
these variant TPMT alleles differs among various ethnic 
populations. East and West African populations have a fre- 
quency of variant alleles similar to Caucasians, but the 
variant alleles in the African populations were predomi- 
nantly TPMT*3C.? Among African-Americans, TPMT*3C is 
the most prevalent allele, but TPMT*2 and TPMT*3A are 
also found, reflecting the integration of Caucasian and 
African-American genes in the U.S. population.* In 
Japanese and Chinese populations, TPMT*3C is almost 
exclusively the causative variant allele.*”*’*** In other Asian 
populations, the TPMT*3C is also predominant, but the *3A 
and *6 alleles have also been observed in Indian and Malay 
children, respectively.™ 

Genotyping tests, however, may not detect TPMT defi- 
ciency in all patients, particularly those with a rare 
unknown but clinically significant variant. Compound F 
erozygotes also present a challenge to PCR-based ge: 
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testing in this gene. For example patients with the heterozy- 
gous genotype TPMT*1/*3A have a 35% risk of hematopoi- 
etic toxicity versus a 7% risk for patients with homozy- 
gous wild-type genotype. Alternatively, patients with the 
TPMT*3B/"3C genotype are TPM1-deficient and are at very 
high risk for thiopurine toxicity. These genotypes are impos- 
sible to distinguish when using conventional PCR genotyp- 
ing.” The TPMT*3B allele is very rare (<1% of variant 
alleles); however, its presence can have grave clinical conse- 
quences. A haplotyping method has been published that 
discriminates TPMT*1/*3A from TPMT*3B/*3C using 
genomic DNA.” 


Clinical Application 

TPMT was the first widely used pharmacogenetic marker for 
individualizing drug therapy based on a patient’s biochemi- 
cal phenotype (erythrocyte enzyme activity) or genotype. 
Patients with a “low methylator” status (homozygous variant 
or compound heterozygote) may tolerate standard doses, but 
are at significantly greater risk of toxicity, often necessitating 
a lower dose of these medications (as low as 5% of standard 
doses). Prospective determination of functional TPMT 
status is useful for preventing mercaptopurine toxicity. "$ 
Whether TPMT testing is based on phenotype or genotype, 
the goal is individualized dosing, and controlled systemic 
exposure.” 

An analysis of mercaptopurine therapy for childhood 
acute lymphocytic leukemia (ALL) found that TPMT- 
deficient patients tolerated full doses of mercaptopurines for 
only a brief period (7% of the scheduled weeks of therapy), 
whereas heterozygous and homozygous wild-type patients 
tolerated full doses for 65% and 84% of scheduled weeks of 
therapy during the 2 years of treatment, respectively. The 
percentage of weeks in which mercaptopurine dosage had to 
be decreased to prevent toxicity was 2%, 16%, and 76% in 
wild-type, heterozygous, and homozygous variant individu- 
als. Collectively, these studies demonstrate that the influence 
of TPMT genotype on hematopoietic toxicity is most dra- 
matic for homozygous variant patients, but is also of clini- 
cal relevance for heterozygous individuals, which represent 
about 10% of patients treated with these medications. 

A potentially valuable role for TPMT status testing is 
before intravenous AZA loading, a strategy shown to be safe 
in the management of Crohn’s disease. Dose-related toxici- 
ties resulted in AZA discontinuation in 10% to 20% of cases, 
and it was estimated that over 6 months, 20% of patients 
would need TPMT analysis to avoid one serious adverse 
event. TPMT status testing before taking AZA has been 
modeled to be cost-effective in a variety of theoretical situ- 
ations. Analysis of some recent studies suggests that by opti- 
mizing the maximum AZA dose between 0.75 and 3 mg/ 
kg/day depending on TPMT status testing (with a drastic 
reduction in dosage for patients homozygous for variant 
TPMT alleles), considerable cost savings can be made by 
avoiding hospitalization and rescue therapy for leukopenic 
events.**”!9 Furthermore, one study reported that the 


median dose reduction required for TPMT-deficient 
patients was 90.8% (range, 50% to 94%) and median dose 
reduction in TPMT heterozygotes of 67% (range, 0% to 
93%). This study included only patients referred for 
hematopoietic toxicity. However, previous studies have 
reported that heterozygous patients needed only 15% to 30% 
dose reduction to avoid serious side effects.” 

Although detection of TPMT polymorphisms is thought 
to prospectively identify approximately 10% of patients 
likely to experience dose-limiting toxicity from AZA and 6- 
MP therapy, toxicity is estimated to occur in 15%-28% of 
patients, Thus, toxicity related to thiopurine therapeutics 
cannot be explained by known TPMT polymorphisms alone. 
Cao and Hegele have described an inosine triphosphate 
(ITPA)-deficient phenotype that may provide an additional 
mechanism for thiopurine-related toxicity.” This pheno- 
type, like TPMT deficiency, is clinically benign until a patient 
is exposed to a thiopurine therapeutic such as 6-MP or AZA. 
The ITPA deficiency phenotype is associated with a 94C>A 
polymorphism of ITPA, and approximately 25% residual red 
cell ITPase activity. Consequently, the metabolite 6-thio-ITP 
accumulates and may contribute to toxicities previously 
associated only with TPMT deficiency. Although currently 
not well characterized, determination of genotypes for 
TPMT, ITPA, and potentially other genes may form the best 
strategy for predicting risk of adverse reactions associated 
with AZA and 6-MP therapy. 


CYTOCHROME P450 2D6 (CYP2D6) 


Cytochrome P450 2D6 (CYP2D6}, originally named 
debrisoquine hydroxylase, is a Phase I enzyme known to 
metabolize more than 100 drugs and environmental toxins 
as substrates,*”''° Examples of drugs and drug classes metab- 
olized by CYP2D6 are shown in Table 43-3, CYP2D6 is also 
inhibited by several compounds, some of which are sub- 
strates. More than 80 genetic variants have been described in 
the CYP2D6 gene.° In general the variants can be grouped 
according to the resulting alterations in protein function. 
These groupings correlate well with the four major pheno- 
types described historically for CYP2D6: extensive (normal) 
metabolizers (EM), poor metabolizers (PM), intermediate 
metabolizers (IM), and ultrafast or rapid metabolizers 
(UM). The major coding sequence variants described result 
in decreased function with the exception of gene dupli- 
cation, which results in increased metabolic capacity if a 
functional gene has been duplicated.’ Of Caucasians, 
approximately 5% are UM, and 5% to 10% are PM. Only 1% 
to 3% of African-Americans and Asians are PM, but many 
are IM. 


Genotype to Phenotype 

The relationship between the CYP2D6 enzyme metabolic 
rate (phenotype) and the CYP2D6 genotype has been exten- 
sively characterized.’’”°*!""! Genetic variability accounts 
for the tetra-modal distribution of CYP2D6 activity 
described historically by the phenotypes. The rank order of 
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TABLE 43-3 Drug Substrates, Inhibitors, and Inducers of Cytochrome P450 Subfamilies—cont’d 
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August 30, 2004}. Reproduced with the permission of David A. Flockhart, M.D., 


metabolic capacity is ultrarapid metabolizers (UM) > exten- 
sive metabolizers (EM) > intermediate metabolizers (IM) > 
poor metabolizers (PM), representing approximately 5% to 
7%, 60%, 25%, and 10% of most populations, respectively, 
A summary of CYP2D6 alleles and consequences Is shown 
in Figure 43-5. 

CYP2D6 phenotypes have historically been determined 
through the use of probe drugs. Urine collected at a speci- 
fied time after administration of the probe drug (e.g., 8 
hours) is analyzed for the parent drug and a metabolite that 
is primarily generated via CYP2D6. The ratio of parent and 
metabolite concentrations is referred to as the metabolic 
ratio (MR). Example parent-metabolite pairs used com- 
monly as probe drugs for CYP2D6 include dextromethor- 
phan/dextrorphan, debrisoquine/4-hydroxydebrisoquine, 
and nortriptyline/10-hydroxynortriptyline. The need to 
administer a probe drug and to collect urine over several 
hours has always limited the practical utility of patient phe- 
notyping. Although the MR is theoretically a good indicator 


Ph.D. 


of enzyme expression and function at the time of the test, 
marked variation has been demonstrated in this phenotyp- 
ical characteristic for nearly every CYP2D6 genotype (see 
Figure 43-6).” Interpretation of MRs must consider the 
specificity of the probe drug for the CYP2D6 and also the 
elimination kinetics of the parent and metabolite. 


Testing 


The CYP2D6 gene is relatively challenging to genotype 
because of the presence of pseudogenes and also because of 
the need for identification of gene dose, specifically duplica- 
tions and deletions of the gene. CYP2D6 pharmacogenetic 
screening protocols may detect only the most common 
variants. For example, testing for 7 variants in the gene is 
estimated to predict the CYP2D6 phenotype with >95% 
reliability.® 

To separate CYP2D6 from structurally similar pseu- 
dogenes, CYP2D6 genotyping protocols often employ 
long-PCR or nested PCR strategies with a first PCR step 
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Debrisoquine/4-Hydroxydebrisoquine 
Metabolic Ratio 

Figure 43-6 Histogram of the “debrisoquine metabolic ratio” 
in a typical Caucasian population. Metabolic ratios were 
determined from the concentrations of debrisoquine and 
4-hydroxydebrisoquine (metabolite) in a urine specimen 
collected 8 hours after a 10 mg dose of debrisoquine. The data 
demonstrate a clear distinction between PM, EM, and UM 
phenotypes. (From Caldwell J. Pharmacogenetics and individual 
variation in the range of amino acid adequacy: the biological aspects. 
J Nutr 2004;134:1 6005-45; discussion 30S-32S, 675-725. 
Reproduced by permission from the American Society for Nutritional 
Sciences.) 


1 10 100 


designed to amplify a large CYP2D6-specific region.” Small 
nucleotide changes within this region, including SNPs and 
smaller insertions/deletions of one or a few bases, are then 
detected in a second amplification step either designed as a 
PCR-restriction fragment length polymorphism (RFLP) 
assay or as an allele-specific PCR without subsequent di- 
gestion.”***47"'"! By evaluating the entire gene, such as 
through the use of the single-strand conformation poly- 
morphism technique described by Broly et al., both known 
and unknown mutations in the CYP2D6 gene can be 
detected." Other technologies used for genotyping 
CYP2D6 include real-time PCR methods and microar- 
rays.” Gene deletion events necessarily give rise to 


duplication or multiduplication alleles in a population. The ' 


duplicated gene can be either functional, for example 
CYP2D6*1, CYP2D6*2, or CYP2D6*35 alleles, or nonfunc- 
tional, e.g, CYP2D6%4. These duplicated genes can be 
detected either by appropriate RFLP assays, by using one of 
several available long-product PCR assays, by microarray, or 
by real-time quantitative PCR of CYP2D6 in relation to an 
internal reference gene, such as albumin." 

Clinical Applications 

CYP2D6 metabolic status can be applied to prescribing of 
medications, which are known to be transformed by this 
enzyme. Such medications may be avoided entirely, or the 
dose can be optimized based on how CYP2D6 affects the 
drug. For example, many therapeutic drugs are administered 
as prodrugs. Prodrugs must be metabolized to the active 
principle to elicit the desired therapeutic effect. An example 
is codeine, an alkaloid obtained from opium or prepared 
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Bufuralol hydroxylation (nmol mg-t min-1) 
Figure 43-7 Variation in drug metabolism and nortriptyline 
dosing in the European population, based on cytochrome P450 
CYP2D6 activity (hydroxylation of bufuralol). Within the 
population four phenotypes can be identified: poor metabolizers 
(PMs), who lack the functional enzyme; intermediary 
metabolizers (IMs), who are heterozygous for one functional 
allele or have two partially defective alleles encoding the 
enzyme; extensive metabolizers (EMs)}, who have two normal 
alleles; and ultrarapid metabolizers (UMs), who carry duplicated 
or multiduplicated functional CYP2D6 genes. The relative 
frequency of these phenotypes refers to the European 
population as a whole. The doses of nortriptyline that are 
required to achieve therapeutic levels in all phenotypes are 
given. Despite this variation in metabolizing capability, 
population-based dosing is used today, and is based on the 
average plasma levels obtained in a given population for a given 
dose. (From Ingelman-Sundberg M. Pharmacogenetics of cytochrome 
P450 and its applications in drug therapy: the past, present and 
future. Trends Pharmacol Sci 2004;25:193-200. Reproduced by 
permission from Elsevier.) 


from morphine by methylation. Codeine must be activated, 
through metabolism mediated primarily by CYP2D6, to 
morphine to produce analgesia. Therefore, a CYP2D6 PM 
could not activate codeine like an EM would, and may not 
experience analgesia with standard doses. Thus a PM may be 
best served clinically by selecting a different analgesic agent. 
An IM is likely to require higher doses of codeine than an 
EM, and a UM may require lower doses of codeine than 
an EM. 

Most drugs, however, are inactivated by CYP2D6. For 
example, nortriptyline (NT) and other antidepressant medi- 
cations are inactivated by CYP2D6, A CYP2D6 PM requires 
lower doses of NT than an EM to produce similar serum 
concentrations of active drug (see Figure 43-7). For the 
purpose of applying a CYP2D6 genotype to clinical practice, 
homozygosity or compound heterozygosity for CYP2D6 PM 
alleles is consistent with a PM phenotype. The presence 
of a single PM allele may lead to either an EM or an IM 
phenotype. Individuals with a PM phenotype have been 
successfully treated by reducing the dose of antidepressant 
medications that are inactivated by CYP2D6 by 40% to 
80%.” Another example is provided by metoprolol succi- 
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nate, used as a treatment for hypertension and angina pec- 
toris. Therapeutic effect of this agent is proportional to 
serum concentrations, and striking differences in serum 
levels are observed with CYP2D6 PM and EM individuals 
following a single dose of metoprolol. 

In contrast to decreased metabolism, increased metabo- 
lism of an active drug to an inactive metabolite in UMs 
results in subtherapeutic concentrations of active drug at 
standard dosages. To compensate for increased metabolism, 
UM subjects have been successfully treated with megadoses 
(twofold to twelvefold greater than the standard dose) of 
some drugs that are inactivated by CYP2D6 to obtain ther- 
apeutic efficacy.” Because most drugs act through multiple 
mechanisms that may or may not relate to the concentration 
of parent and/or metabolites, high-dose therapy may be 
associated with unrecognized risks. For example, potentially 
toxic metabolites may accumulate as a result of UM status 
and may lead to ADRs. Thus individuals with UM pheno- 
types may be best served by selecting therapeutic medica- 
tions that are metabolized by an alternate (non-CYP2D6) 
route.” 


CYTOCHROME P450 2C19 (CYP2C19) 

CYP2C19 is a member of the CYP2C family, which includes 
CYP2C8, CYP2C9, CYP2C18, and CYP2C19 of which only 
CYP2C9 and CYP2C19 exhibit substantial genetic variabil- 
ity. Although substrate overlap between the family members 
exists, CYP2C19 is specifically associated with the 4’-hydrox- 
ylation of the S-enantiomer of the anticonvulsant mepheny- 
toin and was originally named mephenytoin hydroxylase.” 
CYP2C19 is a Phase I enzyme for the metabolism of a 
number of other therapeutic drugs, including citalopram, 
diazepam, omeprazole, propranolol, and proguanil (see 
Table 43-3)."" Like the CYP2D6 isoenzyme, specific genetic 
variants of CYP2C19 lead to poor and intermediate metab- 
olizer—PM and IM—phenotypes with respect to a number 
of common therapeutic drugs. In contrast to the debriso- 
quine polymorphism, the UM phenotype has not been 
characterized for this enzyme, though its existence has been 
postulated. 


Genotype to Phenotype 


At least 20 allelic variants of CYP2C19 have been 
described.” The EM phenotype has historically been com- 
posed of both the homozygous and heterozygous genotypes. 
The PM phenotype is inherited in an autosomal recessive 
manner.” Like the CYP2D6 polymorphisms, there are sig- 
nificant interethnic differences in the prevalence of the 
CYP2C19 PM phenotype. The PM phenotype occurs in 2% 
to 5% of Caucasian and Black Zimbabwean Shona popula- 
tions, and 10% to 23% in Asian populations.” 

Table 43-4 lists CYP2C19 polymorphisms with the 
nucleotide change, amino acid changes, and associated 
enzyme activity phenotype. The principal genetic variant in 
PMs of S-mephenytoin is CYP2C19*2, arising from a 
681G>A, which results in a splicing defect and essentially no 


enzyme activity. The second most common CYP2C19 allele 
(CYP2C19*3) associated with the PM phenotype results 
from a single nucleotide substitution 636G>A, which pro- 
duces a premature stop codon and no active enzyme 
product." The allele frequency of CYP2C19*2 is reported 
as 32% in East Asians and 71% in Polynesians (Vanuatu), 
and is approximately 15% in Caucasians and African- 
Americans. The allele frequency of CYP2C19*3 is reported 
as 6% to 10% in East Asians, 13.3% in Polynesians, and 
<1% among Caucasians. Differences in the incidence of 
the CYP2C19*5 polymorphism affecting the S-mephenytoin 
among ethnic populations have been described. Addi- 
tional alleles, CYP2C19*4, *6, *8, *9, *10, and *12 may also 
contribute to the PM phenotype or have markedly reduced 
activity toward S-mephenytoin.*"* 


Testing 


Genotyping tests based on PCR-amplification and restric- 
tion endonuclease digestion have been developed for detec- 
tion of polymorphic CYP2C19 variant alleles. A genotyping 
strategy including CYP2C19*2, *3, *4, *5A, and *5B for iden- 
tification of the PM phenotype was associated with a sensi- 
tivity of nearly 100% in Chinese and 92% in Caucasian 
populations.’ Because the PM phenotype was thought to 
occur only when both alleles are affected, an initial screen- 
ing approach incorporating the CYP2C19*2 and CYP2C19*3 
alleles, with additional testing for the CYP2C19*4, *5, and *6 
alleles for heterozygous subjects, has also been described. 
However, this philosophy has come into question given 
recent findings of the significance of heterozygosity for one 
inactive CYP2C19 allele. Recent advances in multiplexed 
PCR with multiple detection technologies and other tech- 
nologies, such as pyrosequencing and arrays, will make it 
possible to screen simultaneously for many alleles in this 
gene.” 


Clinical Applications 

The proton pump inhibitor omeprazole is primarily inacti- 
vated by the CYP2C19 enzyme, and thus its metabolism is 
subject to this genetic polymorphism (see Figure 43-8). The 
homozygous variant subjects had 100% cure of upper gas- 
trointestinal (GI) ulcers after omeprazole-based therapy 
versus 65% and 25% for heterozygous and homozygous 
wild-type patients, respectively. Studies have demonstrated 
greater effectiveness of single dose level omeprazole for man- 
agement of Helicobacter pylori infection and peptic ulcer in 
subjects with one or more CYP2C19 PM alleles. This is 
thought to be because of greater exposure to a therapeutic 
compound in PMs and IMs. However, using triple therapy 
with rabeprazole, amoxicillin, and clarithromycin, H. pylori 
antimicrobial susceptibility was shown to be a more impor- 
tant factor than CYP2C19 genotype.” No dose adjustments 
have been proposed to adjust for CYP2C19 genotype. 
However, gene-gene interactions may indicate a need to test 
for genetic variation in more than one gene to guide therapy. 
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TABLE 43-4 CYP2C19 Alleles 
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From Human Cytochrome P450 (CYP) Allele Nomenclature Committee, CYP allele nomenclature. http://www.imm.ki. se/CYPalleles Wadi December 5, 


2004).° Reproduced with the permission of Sarah C. Sim, Webmaster. 


Multigene studies. have. shown that interleukin (IL)-18 
genetic polymorphism, although not an independent factor 
in treatment outcome, influences the impact of the CYP2C19 
genotype on the cure rate of 1-week triple therapy for H. 
pylori infections.” 

The antimalarial prodrugs proguanil and chlorproguanil 
require CYP2C19-dependent bioactivation for therapeutic 
efficacy.” A clear gene-dose effect has been observed for the 
oxidation of proguanil to cycloguanil and 4-chlorophenyi- 
biguanide.” Clinical response has been shown to be affected 
in CYP2C19 PM individuals. 

Currently the most common reason for genotyping 
CYP2C19 is to explain inappropriate response to antide- 
pressant medications, For example, CYP2C19 is the primary 
enzyme responsible for converting amitriptyline (AT) to its 
active metabolite NT. Monitoring serum or plasma concen- 
trations of both AT and NT as a sum is used to guide AT 
therapy.” However, the utility of CYP2C19 genotyping for 
this application is somewhat controversial. Using a quanti- 
tative gene dose model, it was found that CYP2D6 but not 


CYP2C19 genotyping is most useful in AT therapy based on 
the fact that CYP2C19 polymorphisms alter the ratio of AT 
to NT, but not the sum of the two.” The model was derived 
in a Caucasian population, whereas CYP2C19 PMs are much 
more common in Asian populations.” CYP2D6 is also 
thought to be more important than CYP2C19 for newer 
antidepressants. However, genotyping CYP2C19 becomes 
very important for a CYP2D6 PM and is proposed to be 
important for additional antidepressants such as doxepine, 
fluoxetine, and moclobemide. 

‘Because of the potential overlap in substrate specificity 
among the CYP2C family, genotyping both CYP2C19 and 
CYP2C9 may be useful clinically as well. Optimal dosing of 
the anticonvulsant drug phenytoin can be predicted by 
testing for variation in CYP2C9, CYP2C19, and MDRI, 
which encodes the p-glycoprotein.” CYP2C9 is estimated to 
contribute to 90% of phenytoin metabolism, and CYP2C19 
is thought to contribute to 10% of phenytoin metabolism in 
persons with EM phenotypes for both enzymes.” In patients 
who are CYP2C9 PM, CYP2C19 is the primary route of 
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phenytoin elimination, and hence the importance of testing 
for CYP2C19 increases,” 


CYTOCHROME P450 2C9 (CYP2C9) 


CYP2C9 is a member of the CYP2C family, which includes 
CYP2C8, CYP2C9, CYP2C18, and CYP2C19—of which 
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Figure 43-8 Mean plasma concentration-time profile of 
omeprazole after oral administration of 40 mg omeprazole (in 
the form of 2 x 20-mg Losec capsules) to 27 male Chinese 
subjects phenotyped for CYP2C19 activity with mephenytoin. 
Plasma concentrations of omeprazole were significantly higher in 
PMs (®) than in homozygous EMs (©) or heterozygous EMs 
(@). In addition, the elimination half-life for omeprazole was 2.3- 
fold greater in PMs than in EMs (p < 0.001). (From Yin OQ, 
Tomlinson B, Chow AH, Waye MM, Chow MS. Omeprazole as a 
CYP2C19 marker in Chinese subjects: assessment of its gene-dose 
effect and intrasubject variability. } Clin Pharmacol 2004;44:582-9. 
Reproduced by permission from Sage Publications, Inc.) 


TABLE 43-5 CYP2C9 Alleles 
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CYP2C9 and CYP2C19 exhibit substantial genetic variabil- 
ity. Although substrate overlap between the family members 
exists (see Table 43-3), CYP2C9 is specifically associated with 
metabolism of the sulfonylurea hypoglycemic agent tolbu- 
tamide. CYP2C9 is involved in the metabolism of approxi- 
mately 16% of therapeutic compounds.”°' At least 12 
allelic variants have been described in this gene and are 
shown in Table 43-5. 


Genotype to Phenotype 


Two variant alleles of CYP2C9 (CYP2C9*2 and CYP2C9*3) 
account for most CYP2C9 PM phenotypes.” The allelic fre- 
quency of CYP2C9*2 has been reported as 8% to 19% in 
Caucasians, and 1% to 4% in African-Americans and. 
Canadian Native Indians. This allele has not been detected 
in Asians. The allelic frequency of CYP2C9*3 has been 
reported as 6% to 10% in Caucasians, 1.7% to 5% in Asians, 
and 0.5% to 1.5% in African-Americans. Homozygosity for 
the CYP2C9*3 allele is relatively rare in Caucasians (1% to 
2%).' Studies in vitro have shown that the protein pro- 
duced by the CYP2C9*3 variant is less than 5% as efficient 
as the CYP2C9*] allozyme, whereas CYP2C9*2 shows about 
12% of CYP2C9*1 allozyme activity in most assays. 
CYP2C9*2 and CYP2C9*3 alleles result in PM in the 
homozygous state, and IM phenotypes when heterozygous. 
Two additional alleles, found in African-Americans, have 
been described, CYP2C9*5 and CYP2C9*6. The CYP2C9*6 
in a homozygous individual was shown to contribute to an 
extremely long phenytoin elimination, with a half-life 
approximately 5.8 times longer than CYP2C9 extensive 
metabolizers.” The CYP2C9*8 allele has been shown in vitro 
to have greater activity than the wild-type enzyme, demon- 
strating 175% tolbutamide hydroxylase activity of recombi- 


ENZYME ACTIVITY 


Effect vin vivo ‘invitro 
Normal: iio “Normal 
RI44C Decr 
1359L Decr Decr 
I359T.. a 
D360E Possibly Decr Decr 
Frame shift None cos 
L19] OE ees 
Ri50H gece! iner 
H251R Pie 
‘B272G Riera: 
OE R335 We Dect 3.” 


From Human Cytochrome P450 (CYP) Allele Nomenclature Committee. CYP allele nomenclature. http://www.imm.ki.se/CYPalleles (Accessed December 5, 


2004).° Reproduced with the permission of Sarah C. Sim, Webmaster. 
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nant wild-type (see Figure 43-9). It was previously believed 
that no UM phenotypes existed for the CYP2C9 gene; 
however, CYP2C9*8 may dispel that notion.’ 


Testing 


There have been several published protocols for detecting 
variants in this gene. Many of the clinically important poly- 
morphisms are amenable to PCR-RFLP, allele-specific 
primer extension (ASPE), and microarrays. Recently, multi- 
plexed assays have been described that screen the entire gene 
for many variants for little additional cost above testing for 
a subset of alleles,” 


Clinical Applications 

Examples of therapeutic compounds metabolized by 
CYP2C9 include nonsteroidal antiinflammatory (NSAID) 
medications, irbesartan, naproxen, and fluvastatin (see Table 
43-3). Proposed dose adjustments based on phenotype have 
been published for CYP2C9 drug substrates such as war- 
farin, glipizide, tolbutamide, and phenytoin.*”” 

An illustration of the effects of decreased CYP2C9 
activity on a therapeutic compound is the effect on antico- 
agulation therapy with S-warfarin. Individuals with the 
CYP2C9*2 and CYP2C9*3 polymorphisms have impaired 
metabolism of warfarin and thus increased plasma concen- 
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200.0 
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trations of the drug with standard dosing. As illustrated in 
Figure 43-10, standard 5 mg/day maintenance dosing of war- 
farin in subjects with CYP2C9 genetic variants can lead to 
an excessive warfarin exposure, resulting in an exaggerated 
anticoagulant response. The clinical impact of CYP2C9 
polymorphism includes increased risk of serious or life- 
threatening bleeding complications and increased time to 
achieve a stable INR if the dosages are not lowered to accom- 
modate their reduced metabolizer phenotype. 

Inherited impairment of CYP2C9 activity may also 
increase the risk for severe ADRs after NSAID use. For 
example, Martinez et al found that the frequency of CYP2C9 
variant alleles was higher in bleeding patients, with a signif- 
icant trend to higher risk with increasing number of variant 
alleles (p = 0.02). 


N-ACETYI TRANSFERASES (NAT1 AND NAT2) 


The N-acetyl transferase (NAT) polymorphism is one of the 
earliest pharmacogenetic targets recognized and character- 
ized, NATs are Phase II enzymes that catalyze the transfer of 
an acetyl moiety from acetyl-CoA to homocyclic and hete- 
rocyclic arylamines and hydrazines. Substrates include 
drugs, carcinogens, toxicants, and possibly endogenous com- 
pounds. Slow metabolizer phenotypes, which may affect up 
to 90% of some populations, are manifested by changes in 
protein expression, protein stability, and enzyme kinetics. 
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Figure 43-9 Tolbutamide hydroxylase activity of recombinant wild-type (CYP2C9*1) and new 
variant CYP2C9 alleles. CYP2C9 alleles were expressed in Escherichia coli and partially purified, For 
each variant allele, three individual preparations (two preparations for CYP2C9*7) were purified 
from bacteria simultaneously with wild-type. Each preparation was assayed in triplicate at high 

(1 mmol/L} and low (0.1 mmol/L) substrate concentrations on the same day. Values are given as a 
percentage of enzymatic activity of the wild-type allele. *Significantly different from CYP2C9*} 
protein activity (P < 0.05). (From Blaisdell J, forge-Nebert LF, Coulter S, Ferguson SS, Lee Sf, Chanas B, 
et al. Discovery of new potentially defective alleles of human CYP2C9. Pharmacogenetics 2004;14: 
527-37. Reproduced by permission from Lippincott Williams & Wilkins.) 
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S-warfarin (g/mL) 


S-warfarin (pg/mL) 


0 5 10 15 20 
time (days) 

Figure 43-10 Model of warfarin dosing based on CYP2C9 
genetics. In both panels, the conventional therapeutic S-warfarin 
target level is shown (horizontal line) for reference. The top 
panel depicts a model for warfarin therapy in patients using the 
standard 5 mg/day dose with all genotypes. CYP2C9*I/*I 
individuals (Œ) on 5 mg, twice per day would attain stable and 
therapeutic serum S-warfarin levels (0.68 ug/mL) in 
approximately 4 days. CYP2C9*1/*2 (A) and CYP2C9*I/*3 (@) 
individuals on the same 5-mg dose are modeled to attain 
S-warfarin serum levels that are both too high by the second 
day and if not adjusted would lead to overanticoagulation. 
CYP2C9*1/*2 patients would stabilize at twice therapeutic serum 
levels after 10 to 12 days, but CYP2C9*1/*3, if not adjusted, 
would continue to rise. The bottom panel depicts serum 
S-warfarin level outcomes for a dosing regimen modified for 
genotype. All patients would be given the standard 5-mg dose 
twice, then switched to a CYP2C9 genotype adjusted dose for 
maintenance, CYP2C9*/ /*2 receiving 3 mg and CYP2C9*1/*3 
receiving |.5 mg. This genotype adjusted dosing could result in 
CYP2C9*1/*2 and CYP2C9*1/*3 achieving stable, therapeutic 
S-warfarin levels in 10 days, thereby avoiding overanticoagulation 
in these individuals. (Adapted from Linder MW, Looney S, Adams JE 
Ill, Johnson N, Antonino-Green D, Lacefield N, et al. Warfarin dose 
adjustments based on CYP2C9 genetic polymorphisms, J Thromb 
Thrombolysis 2002; 14:22 7-32. Reproduced by permission from 
Springer.) 


Several good reviews on the NAT polymorphisms have been 
published.* 


Genotype to Phenotype 


The first NAT polymorphism, attributed to an enzyme orig- 
inally called “isoniazid transacetylase,” was recognized in the 
1950s with isoniazid (L-isonicotinyl hydrazide), a drug used 
to treat tuberculosis.” Population studies revealed a bimodal 
distribution in plasma and urine levels of the N-acetylated 
isoniazid metabolite. Concentration of the parent drug was 
highly correlated with the prevalence of toxic symptoms, 
including hepatotoxicity and a painful and progressive 
peripheral neuropathy that affected up to one third of 
Caucasian and African-American patients. From this initial 
work, patients were phenotypically described as “fast acety- 
lators” or “slow acetylators.” Slow acetylators excrete large 
amounts of the parent drug relative to the acetylated 
metabolite when compared with fast acetylators. Family 
studies identified a strong genetic linkage of this phenotype 
and suggested that the phenotype was inherited as an auto- 
somal recessive trait.”'” 

Studies with additional substrates for NAT demonstrated 
that the phenotype was not relevant to all substrates. For 
example, the NAT phenotype was clearly recognized for 
arylamines such as isoniazid, some sulfonamides, amrinone, 
dapsone, procainamide, caffeine, and clonazepam. The phe- 
notype was not observed with other arylamine substrates 
such as p-aminobenzoate (PABA) and p-aminosalicylate 
(PAS). A folate catabolite, p-aminobenzoylglutamate, is the 
only endogenous NAT substrate proposed.” However, NAT2 
knock-out and NATI and NAT2 double knock-out mice do 
not express phenotypical abnormalities, suggesting that these 
enzymes are not required for development or function.” 

In 1965 it was proposed that two isoforms of NAT, later 
named NAT1 and NAT2, were responsible for the differences 
in phenotypes observed previously. Of the two proposed iso- 
forms, NAT2 correlated best with the isoniazid (polymor- 
phic) phenotype.” It was also suggested that the fast and 
slow acetylator phenotypes were caused by differences in 
expression rather than in the enzyme kinetics. Subsequently, 
it was found that although most substrates exhibit higher 
specificity for either NAT1 or NAT2, most substrates have 
affinity for both NAT1 and NAT2 (Table 43-6). Nonetheless, 
substrates were commonly classified as monomorphic (sub- 
strates of NAT1) or polymorphic (substrates of NAT2) until 
the mid-1990s. 

NATI, which is now recognized to be polymorphic, is 
extremely unstable and therefore more difficult to study than 
NAT2. Because of stability differences and overlapping sub- 
strate specificity, tissue localization studies for the NATs have 
been challenging. It is now recognized that both NAT1 and 
NAT2 are expressed throughout the GI tract, and in the hing, 
bladder, ureter, and liver." 


*References 44, 45, 51, 95, 119, 136. 
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TABLE 43-6 NAT Substrates 


pyrido[ 1,2-0:3'2" dj: 
le (Glu-P-2) = 


Caffeine : 
Clonazepam 


o: ,8-dimethylimidazo 
: uinoxaline (MeIQx)! 
Dapsone 


3,4-dichloro 
3,2'-dimeth 
B-naphthylamin 
p-phenetidine 


} toluidine! 5, 
p-tolūidine = 


“Sulfamethoxazole 
=i Sulfapyridine 
== Sulfasalazine 


Modified from Grant DM, Blum M, Beer M, Meyer UA. Monomorphic 
and polymorphic human arylamine N-acetyltransferases: a comparison of 
liver isozymes and expressed products of two cloned genes. Mol 
Pharmacol 1991;39:184-91; Grant DM, Goodfellow GH, Sugamori KS, 
Durette K, Pharmacogenetics of the human arylamine N- 
acetyltransferases, Pharmacol 2000;61:204-11; Hein DW, Doll MA, Rustan 
TD, Gray K, Feng Y, Ferguson RJ, et al. Metabolic activation and 
deactivation of arylamine carcinogens by recombinant human NAT] and 
polymorphic NAT2 acetyltransferases. Carcinogenesis 1993;14:1633-8. 
*Strong selectivity for NATI based on NAT1/NAT2 activity (nmol/min/U) 
ratio >308, 

‘Similar selectivity for NAT1 and NAT2 based on NATI/NAT2 activity 
ratio <15. 


There are three human NAT genes that are mapped to 
chromosome 8p22 and were first cloned in 1990, The NATI 
and NAT2 genes share 87% nucleotide sequence identity and 
81% amino acid sequence identity. The third gene NATP is 
thought to be a noncoding pseudogene. Each of the NAT 
genes has an intronless open reading frame exon of 870 bp 
and codes for 290 amino acids,’"%?”!?8 Many variant alleles 
have been described for both NAT1 (Table 43-7) and NAT2 
(Table 43-8). A consensus nomenclature was published in 
1995 and updated in 2000.*°!* The wild-type alleles, 
although somewhat arbitrary due to high population fre- 
quencies of multiple alleles, are NAT1*3 and NAT2*4, For 
NATZ, former common nomenclature included M1 for 


NAT2*5A, M2 for NAT2*6A, and M3 for NAT2*7A, The 
NAT2*5, *6, *7, *13, and *14 alleles are thought to account 
for more than 99% of slow acetylator phenotypes. The 
NAT1*10 is the most common variant NATI allele in many 
human populations, but the phenotype-genotype relation- 
ship is not well defined. Other NAT! alleles that appear rare 
in humans produce enzymes with definitively reduced activ- 
ity, and potential clinical implications include NAT1*14, 15, 
17, 19, and 22 £4:51,77,95131 

The three-dimensional crystal structures of the two NAT 
isoenzymes have been determined. Structural studies suggest 
that the active catalytic site of the NATs involves three amino 
acids, a cysteine residue juxtaposed with histidine, and 
aspartate residues. The C-terminus is responsible for sub- 
sttate specificity." The acetylation reaction occurs through 
a classical two-step mechanism, where an acetyl moiety is 
transferred from acetyl CoA to NAT and then from NAT to 
the arylamine to form an arylamide. As shown in Figure 
43-11, N-acetylation, thought to primarily generate nontoxic 
stable products, is mediated by both NATI and NAT2, O- 
Acetylation of cytochrome P450 N-hydroxylated products is 
also mediated by both NAT1 and NAT2 and is thought 
to generate reactive products that may spontaneously 
decompose to form nitrenium ions. Nitrenium ions are 
electrophiles that may subsequently bind covalently to intra- 
cellular nucleophiles such as DNA or proteins and be 
responsible for cell death, mutagenesis, or other toxicities. 
An intramolecular N,O-acetyltransfer reaction is mediated 
primarily by NAT1 and also may lead to reactive products. 
Other enzymes that may interrupt or contribute to these 
reactions include CYP1A2, prostaglandin H synthase, UDP- 
glucuronosyltransferase, and sulfotransferase.*”"° 


Testing 


NAT? slow acetylators are common in many populations: 
approximately 83% of Egyptians; 40% to 60% of Caucasians, 
Europeans, and African-Americans; 10% to 30% of Asians; 
and 5% of Canadian Eskimos.“ NAT1*10 allele frequency 
is reported high in a Japanese population (62.3%) compared 
with a European population (29%), but further efforts are 
required to fully elucidate the population frequencies of the 
various NATI alleles currently identified. Variables that 
affect NAT phenotyping include the substrate or probe drug 
used, age and disease status of the individual, medications, 
dietary factors such as ingestion of well-cooked meat, and 
lifestyle factors such as cigarette smoking or occupational 
exposure to NAT substrates. 

The most common method of NATI phenotyping is to 
measure enzyme activity in isolated lymphocytes using 
PABA, PAS, or another relatively specific NATI substrate. 
However, phenotyping in vivo with a probe drug has also 
been performed." The most common phenotyping 
method for NAT2 is to administer a probe drug and evaluate 
ratios of parent/metabolite or metabolite-A/metabolite-B 
concentrations. Probe drugs may include any relatively spe- 
cific NAT2 substrate, the most common and safe of which is 


TABLE 43-7 NATI Alleles 


“Nucleotide Changes = 


NATI*3- 21095 oe ARAN ote a eas 
» NATI*4- °° “None ae oe ere ae a . OE, Cee a ee e ANODE ee Baste 
NATI*5: - 350, 351: GSC 497-499 G> 884: A>G. =I at 976 ~ 1 at 1105: ee RIIT RI66T, E167Q |» Unknown |: 
NATI*10 «°° 1088T>A 1095C>A None Unknown 
NATI*11A = =344CST —40A>T 445G>A. .459G>A 640T>G 9 in 1065-90 1095CSA V1491, S214A Slow 
NATI*11B ~344CST -40A>T 445G>A >. 459G>A > -640TSG =9 in 1065-90 V1491, S214A Slow 
NATI*1IC =344CST ~40A>T 445G>A 640TSG 9 in 1065-90". 1095CSA 7 E S214A Slow 
NATI*14A = 560GSA 1088T>A 1095C>A RI87Q 0 "Slow 
NATI*14B 560GSA RI87Q es Slow 
NAT1*15 2° 559GST Hn . nae Ae ee N BUR eet hac aee OEE RISZ Stopis es > Slow : 
SNATI* 6- (ANA) after 109E EO 0 RE Se es E A ns i OE Eee Nome ee i e Unknown os 
NATIIS ONE Be ce Pee eed OE GA E ae gat ae ES PRE an ta ail et lat ROM Whol ee Tr SOW se 
NATI*ISA® 3 41065287 00e LO BBT SAN J095C>A Ue LS Sse eee Nome oaie e Unknown -< 
NATED HG iOO ee p e Se ee ete Bn OC es R83 Stop eee oo Slow scr 
NAT1*20°. 402T>C aes oo None: Unknown 
NATI*21.. 613A>G M205V Unknown 
NATI *22 i 725A>T ; D251V. Slow 
NATI *23 777T>C : None Unknown 
NÄT1*24 °° 781GSA E261K Unknown 
NATI*25.'787A>G 1263V Unknown 
NATI*26A: [TAA] in-1065-90 1095C>A , : Noné.: Unknown 
NAT1*26B ©. [TAA] in 1065-91 pe Doe n a e e Nome de eee! Unknown 
i NATI? 2 DSG en a A 77C T A A ei RE Nome cite i ees i Unknown, 


D e g oe T EE E 
NATI*29 = 1O88T3A E n 1O95CSA ie A at 1025 


© None 2 Unknown 


Modified from references 4, 44, 45, and 51. 
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TABLE 43-8 NAT? Alleles 
Allele 
NAT? OA. 


(NAT2*IB ABIC 
NAT2*12A 80 
: © 282C>T 
~ 481CoT 

364G>A 
282CST: 


NAT2*12C 
NATZ I2D 


Modified from references 4, 44, 45, and 51. 


caffeine. One published phenotyping method involves 
administration of 200 mg caffeine following an overnight 
fast. Urine is collected 4 and 5 hours later. The 5-hour spe- 
cimen is analyzed for caffeine metabolites 5-acetylamino- 
6-formylamino-3-methyluracil (AFMU) and 1-methylxan- 
thine (1X). Cutoffs for acetylator phenotypes are based on 
the ratio of AFMU/1X. Considering a bimodal distribution 
of acetylators, a ratio of less than 0.66 is used to define slow 
acetylators. Because a trimodal distribution has been 
described and may be of interest, a ratio higher than 3.0 could 
define “ultrarapid” acetylators; a ratio between 0.66 and 3.0 


Unknow 
Unknown 
Rapid 


would define a classic rapid acetylator or in a trimodal dis- 
tribution, an “intermediate” acetylator phenatype.**” 

Genotyping can predict NAT phenotype quite well, with 
concordance of 90% to 100% for NAT2. For NAT2, an 
example of the phenotype-genotype relationship published 
by Cascorbi et al in 1995 with a population of unrelated 
Germans is depicted by histogram (Figure 43-12). Only 6.7% 
of genotypes did not agree with the phenotypes in this study. 
Methods have primarily employed PCR-RELP, but real-time 
PCR and other allele-specific detection methods have also 
been described.671?7°%. 
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Figure 43-11 Schematic view of the role of NAT enzymes in 
the metabolism of aromatic amines, N-acetylation might be a 
detoxification reaction in a number of cases; however, after N- 
hydroxylation of aromatic amines (e.g., by CYP enzymes), NAT 
enzymes can bioactivate these intermediates by either O- 
acetylation or intramolecular N,O-acetyltransfer, leading to the 
formation of nitrenium ions, which might react with DNA or 
alternatively be detoxified by, for example, GST enzymes. 
Importantly, it is shown that a number of other 
biotransformation enzymes are also involved in the metabolism 
of aromatic amines as well. (Redrawn from Wormhoudt LW, 
Commandeur JNM, Vermeulen NPE. Genetic polymorphisms of human 
N-acetyltransferase, cytochrome P450, glutathione-S-transferase, and 
epoxide hydrolase enzymes: relevance to xenobiotic metabolism and 
toxicity. Crit Rev Toxicol 1999;29:59-124. Reproduced by permission 
from Taylor and Francis, Inc.) 
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Clinical Applications 


NAT status has been implicated in propensity for experienc- 
ing ADRs and, unlike the CYPs and TPMT, NAT status has 
been associated with risk of disease, including immunolog- 
ical disorders—such as rheumatoid arthritis and systemic 
lupus erythematous—and several cancers, particularly 
bladder, hung, gastric, and colorectal. NAT substrate expo- 
sure can be related to cigarette smoking, some medications, 
occupational exposure (cooking, dye, and rubber indus- 
tries), and several environmental toxicants (see Table 43-6). 
NAT testing may be important for individuals at high risk of 
exposure to NAT substrates or in whom adverse reactions to 
probable NAT substrates have been experienced. 


Genotype: Siow 
n=318 


Genotype: Rapid 
n= 245 


Total group 
n= 563 


-1.30 -0.90 -0.50 -0.10 0.30 0.70 1.10 
log (AFMU/1X) 

Figure 43-12 Histogram of NAT2 phenotypical activities as 
obtained by the caffeine test: 5 hr urine collection obtained 
after administration of caffeine, and analyzed for caffeine 
metabolite concentrations. Values represent the logarithmically 
transformed ratio of metabolites 5-acetylamino-6-formylamino- 
3-methyl-uracil (AFMU) and |-methylxanthine (1X). From 
the distinct biomodal distribution an antimode of log(0.50) 
= —0.30 was obtained (dotted line), (From Cascorbi I, Drakoulis N, 
Brockmoller J, Maurer A, Sperling K, Roots l. Arylamine N- 
acetyltransferase (NAT2) mutations and their allelic linkage in 
unrelated Caucasian individuals: correlation with phenotypical activity. 
Am j Hum Genet 1995;57:58 1-92. Reproduced by permission from 
the University of Chicago Press.} 


Neither genotyping nor phenotyping methods are widely 
available for clinical testing. However, research involving the 
genotyping or phenotyping of NAT polymorphisms has sig- 
nificantly impacted pharmacotherapy with NAT substrates 
and drug development. With isoniazid, the recognition of 
distinct phenotypical differences that led to ADRs furthered 
research into the pathological mechanisms. For example, the 
neuropathic consequences are linked to pyridoxine defi- 
ciency, which can be avoided by co-administration of pyri- 
doxine to all patients. Because rapid acetylators are less likely 
to respond to the conventionally administered dose, the iso- 
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TABLE ae Additional Pharmacogenetic Targets Being Studied 


Drugs or Drug Classes Possibly Affected 
by Variants BiA; 


Polymorphic Genet) g Protein(s) 


ACE: 


Se Angiotensin ‘converting enzyme 


ana -< :: :MDRI, p-glycoprotein. 

ADDI 

“ADRBI aad 2 

“AGT and AGTRI Angiotensinoge 

“ALOX5 Arachidonate 

“APOE =: Apolipoprotein: etylcholinesterase inhibitors: 
D etiree Aa En ner’s. therapeutics) 
BOHR rs 

_BDKRB2 a ii Bradykinin ceptor | B2 

-CETP ~-Cholesteryl r transfer protein 

COMT- Catechol O-methyltransferase 


CYP1A2, 286, 15 3A -=° Cytochrome P450 drug metabolizing 


=i nenzymes © 


DRD2; 3; aad 40 i3 i z - Dopamine receptor 
BROG S AEA | Estrogen receptor: Qe 
GNB3 


HERG, KLOTI, Mink, MiRPI k invat 
are a long-QT syndrome 


HLA-B Major histocompatibili y complex 

AS : “class 1-B. : 

E HTR2A ae © Serotonin (5- HTT) receptor 

IL10. aoe l Interleukin 10.: 

IPCS a A Hepatic. lipase. 

‘MTHFR | z < 5,10-Methylene- ` 

Deae ~ tetrahydrofolate reductase 

SLC6A3 i. : Dopamine transporter 

een fltapeie aatos Li oe Serotonin transporter Antipsychotics, E Ge 
INE eS ros ie ie GE ‘Tissue necrosis. factor inmunosuppressants, carbamazepine 
TPH sae is “Tryptophan hydroxylase 1 : Antidepressants. . ; 
TYMS ` -Thymidylate synthase ... E Fluoruracil oo 3 

UGTIAL. ne : UDP- Glucuronosyitransferase.; aan 

oa PA et eee se 

RCCL. DNA repair protein XRCCI A, s Cancer chemotherapeutics 


Modified from Evans WE, McLeod HL. Pharmacogenomics—drug disposition, drug targets, and side effects. N Engl J Med 2003;348:538-49; Goldstein DB, 
Tate SK, Sisodiya SM. Pharmacogenetics goes genomic. Nat Rev Genet 2003;4:937-47, 


niazid dosing intervals are changed from once a week to 
twice per week. For procainamide, determining the acetyla- 
tor status is accomplished through routine therapeutic drug 
monitoring of the parent and metabolite, N-acetylpro- 
cainamide (NAPA). The dose of procainamide is adjusted 
based on the parent/metabolite ratio. In the development of 
amonafide, a chemotherapeutic agent inactivated by NAT 
conjugation, acetylator-based dosing was defined through 


clinical trials. Although the drug is no longer in develop- 
ment, it is an example of how pharmacogenetic phenomena 
can support individualized therapy. 


OTHER PHARMACOGENETIC TARGETS AND 

FUTURE DIRECTIONS 

As discussed previously in this chapter, any protein for which 
the related gene exhibits polymorphism has potential phar- 
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TABLE 43-10 Phar macogenetic Targets Involved in Xenobiotic Metabolism and Important | in Cancer 


fc ‘Chemotherapeutic 


Pe ymi phic Gene . 
-Drug Substrates - 


tant to Metabolism 


Carcinogen Substrates 
Cyclophosphamide: 
‘Tfosfamide i i i iona 
i Cyclophosphamide. 
‘Jfosfamide 
Teniposide 
“Etoposide 
Ifosfamide 
Vindésine 
Vinblastine 
Vincristine 
Cyclophosphamide 
-. Paclitaxel 
oo Docetaxel 


CYP3A4 


: ; | i Amonafide 


or ‘Aromatic amines. 


Heterocyclic ; amines. S 
Cumene hydroperoxides 


pn Oydophos hami P 


‘UGTIAI 


|i Trinotecan isti s Su A 


Aflatoxin B1 epoxides 
Benzo[a|pyrene 4,5 oxide — 
Trans-stilbene oxide 
4-nitrochinolone a -oxide. : oS 


Ethylene oxide 
Methyl chloride 
Dichloromethane 


Modified from Brockmolier J, Cascorbi 1, Henning S, Meisel C, Roots 1. Molecular genetics of cancer susceptibility. Pharmacology 2000;61:212-27; McLeod 
HL, Papageorgio C, Watters JW. Using genetic variations to optimize cancer chemotherapy, Clinical Advances in Haematology and Oncology 2003;1:107-L1. 


macogenetic implications. With relationship to drug metab- 
olism, additional CYPs including CYPIA2, CYP2B6, 
CYP2E1, CYP3A4, and CYP3A5 have also been proposed as 
important pharmacogenetic targets. Other Phase H enzymes 
that exhibit marked genetic variability among individuals, 
particularly the glutathione S-transferases, may be clinically 
important as well. In addition, genetic variation in alcohol 
dehydrogenase, catechol O-methyltransferase, and dihy- 
dropyrimidine dehydrogenase is important. The interrela- 
tionship of these various enzymes as major versus minor, 
and dependent versus independent mechanisms of metabo- 
lism for a single compound will be important to determine 
the most clinically useful and cost-effective pharmacogenetic 
testing strategy. Also important will be to gain a better 
understanding of haplotype relationships and the possible 
implications of heterozygote variants, for a single gene and 
combinations of related genes. 

Beyond metabolism, pharmacogenetic targets that may 
become important to TDM and pharmacotherapeutics in 
general include genes that encode for any protein associated 
with drug handling, such as drug transporters (e.g., p- 
glycoprotein and lipoproteins), drug receptors (e.g., dopa- 


mine, adrenergic, and serotonin receptors) or effectors (e.g., 
folate metabolism and catecholamine transporters). Table 
43-9 lists examples of pharmacogenetic targets not expli- 
citly discussed in this chapter for which some genotype- 
to-phenotype relationship has been demonstrated. 

Additional studies, particularly prospective and outcome- 
related, are also required to apply pharmacogenetic findings 
to the clinic. From an interpretive perspective, more guide- 
lines for dose adjustments need to be established, including 
consideration of how the dosing recommendations are 
affected by co-prescribed medications and/or environmen- 
tal factors. Closer integration of pharmacy professionals 
with clinical laboratories and clinicians will improve 
success in pharmacogenetic applications. Commercially 
available and cost-effective methods for genotyping or 
phenotyping are also required. The future of pharmacoge- 
netic testing is likely to be driven most by the consumer and 
by the pharmaceutical providers that promote pharma- 
cogenetic testing, such as in package labeling recommenda- 
tions. Clinical trials for new pharmaceutical agents are 
currently considering the benefits of pharmacogenetic 
testing for individual products. 
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Complementary to, but separate from TDM, pharmaco- 
genetics or “toxicogenetics” may apply similar concepts to 
the field of risk stratification, such as for cancer thought to 
be triggered by environmental or dietary exposure to a wide 
variety of xenobiotics. Shown in Table 43-10 are some of the 
genetic targets that have heen studied with regard to risk of 
various cancers and also because of their role in the activa- 
tion or inactivation of cancer chemotherapeutics.* Genes 
that encode for drug. metabolizing enzymes are of most 
interest for this application as it is through these enzymes 
that xenobiotics become activated or inactivated. In addition 
to NAT1, NAT2, and the CYPs discussed previously in this 
chapter are the glutathione S-transferases (GSTs). At least 16 
GSTs have been identified, which are divided into classes des- 
ignated as Alpha (A), Kappa, Mu (M), Pi (P), Sigma, Theta 
(T), Zeta, and Omega. The GSTM1 deficient trait has, for 
example, been associated with higher risk of lung and 
bladder cancer.” With additional study and validation of 
these and other genetic markers, preemployment testing to 
identify individuals with high susceptibility to chemical car- 
cinogens may become important for occupational settings, 
such as agriculture and manufacturing. 

Cancer treatments are of particular interest because 
of common ADRs. Current chemotherapeutic research 
includes the drug metabolizing enzymes dihydropyrimidine 
dehydrogenase (DPYD) and UDP-glucuronosyltransferase 
(UGT). These enzymes have significant interpatient vari- 
ability in the metabolism of 5-fluorouracil (5-FU) and 
irinotecan, respectively"! DPYD*2A, the most common 
variant allele that leads to a nonfunctional DPYD protein, 
is caused by a G>A transition. The presence of this allele is 
correlated with severe toxicity and mortality following treat- 
ment with standard doses of 5-FU. Likewise, the UGT1A1*28 
allele has been correlated with irinotecan toxicity.’ Such 
pharmacogenetic markers may prove useful for optimizing 
the pharmacotherapy of cancer. 

The field of pharmacogenetics is currently benefiting 
pharmacotherapeutics by improving dose optimization tools 
for a select group of medications, such as AZA and 6-MP. 
Studies suggest that pharmacogenetics tools are potentially 
useful for dose selection and optimization of many clinically 
important drugs, particularly those with a narrow thera- 
peutic index (e.g., cancer chemotherapeutics), those which 
have a narrow opportunity to exert efficacy (e.g., immuno- 
suppressants), those which require weeks or more to deter- 
mine therapeutic efficacy (e.g., antidepressants), and those 
which are at high risk for adverse effects and are administered 
chronically (e.g., lipid lowering). Pharmacogenetics also 
shows promise in the investigation of ADRs, including post- 
mortem, and for assessing risk for xenobiotic-related condi- 
tions, including some cancers. 
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there are a variety of problems that can diminish 

cardiac function and lead to a variety of abnormal 
states. One of these problems is heart failure. It and acute 
ischemic heart disease are the most common diseases that 
rely on a biochemical diagnosis and thus will be the major 
focus of this chapter.’ 

The term acute myocardial infarction (AMI) is defined as 
an imbalance between myocardial oxygen supply and 
demand resulting in injury to and the eventual death of 
myocytes. Initially, the population of myocytes was thought 
fixed; however, it is now thought that the migration of stem 
cells has the potential at least to replace some of the damaged 
myocytes. When the blood supply to the heart is interrupted, 
“gross necrosis” of the myocardium results. Such extensive 
necrosis is most often associated with a thrombotic occlu- 
sion superimposed on coronary atherosclerosis. It is now 
apparent that the process of plaque rupture and thrombosis 
is one of the ways in which coronary atherosclerosis pro- 
gresses and that we only recognize more severe events," 
Total loss of coronary blood flow results in a clinical syn- 
drome associated with what is known as ST segment eleva- 
tion AMI (STE AMI). Partial loss of coronary perfusion if 
severe also can lead to necrosis as well—which is generally 
less severe and is known as NSTEMI (non-ST-elevation 
myocardial infarction), and other events of still lesser sever- 
ity may be missed entirely or called angina, which can range 
from stable to unstable. 

In the United States, approximately 700,000 patients 
suffer from an initial AMI annually and another 500,000 
from a recurrent AMI. Coronary heart disease causes 20% of 
all deaths in the United States and cardiovascular diseases up 
to 38.5%. About 1.7 million patients are hospitalized each 
year in the United States with an acute coronary syndrome 
(ACS). Historically, most deaths caused by ischemic heart 
disease were acute, but as our therapeutic abilities have 
increased, the disease is slowly becoming a more chronic 
one. When deaths occur acutely, they are caused by either 
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ventricular arrhythmias or pump dysfunction and conges- 
tive heart failure with or without cardiogenic shock. Death 
rates are sharply age dependent, both during hospitaliza- 
tion and the year following infarction. In the United States, 
the yearly economic burden of coronary artery disease 
(CAD) is in excess of $133.2 billion, more than a third of 
the total of $368.4 billion due to cardiovascular disease 
overall. 

Before the advent of coronary care units, treatment of 
AMI was directed almost exclusively toward allowing healing 
of the infarct. The concept that infarctions evolve over time 
and that their size can be moderated led to a rethinking of 
this passive philosophy.'** We now know that the reestab- 
lishment of nutritive perfusion reduces the extent of 
myocardial injury and is an important determinant of prog- 
nosis.” Today the management of AMI suggested by most 
guidelines is aggressive and invasively oriented in the hope 
of reducing the extent of the myocardial damage and thus 
improving prognosis.“°!” In addition, prevention is 
finally being recognized as a key element in the long-term 
treatment of patients with atherosclerosis and is included 
in these guidelines. 


BASIC ANATOMY — 


The average human adult heart weighs approximately 325 g 
in men and 275 g in women and is 12 cm in length. The heart 
is a hollow muscular organ, shaped like a blunt cone, and is 
about the size of a human fist. It is located in the medi- 
astinum, between the lower lobes of each lung, and rests 
upon the diaphragm. It is enclosed in a sac called the peri- 
cardium. The cardiac wall is composed of three layers: the 
epicardium (the outer most layer), a middle layer, and an 
inner layer called the endocardium. The heart has four cham- 
bers. The two upper chambers are termed the right and left 
atria, and the two lower chambers are termed the right and 
left ventricles (Figure 44-1). Under normal circumstances, 
the atria are compliant structures, so that intercavitary pres- 


1620 Section VI Pathophysiology 


Left common 
carotid artery 


Brachiocephalic 


arteriosus 


Right 
pulmonary 


superior 
and 
inferior 


eal subclavian artery 


Obliterated ductus 


Left pulmonary 


Aorta 

Superior 
vena cava 
Right 
superior 
and inferior 
pulmonary 
Sr veins 


Left and right 
pulmonary 
arteries 


and inferior AAE 

pulmonary veing, pes SAU 
Coronary dies 
sinus Ap} VO 


pulmonary Circumflex branch 
veins Anterior 
Righ WS 
coronary § SE 
artery coronary TA Inferior 
artery ¥ vena cava 
Left 
ventricle Posterior 
i X interventricular arter 
Inferior vena cava Middie cardiac vein 4 
Anterior View Posterior View 


Openings of 
coronary arteries 


Sinoatrial node 


Aortic valves 


co 


Atrioventricular node 
Fossa ovalis Xe y 
Opening of coronary 


Aortic Valve 
(from above) 


4\)Posterior cusp of right 
atrioventricular valve 


Aorta 


Pulmonary valve 


Sectional View 


Left atrioventricular 
(mitral) valve 


Mitral Valve 


(from above) 


Right Atrioventricular 
(Tricuspid) Valve (from above) 


Figure 44-1 Anatomy of the heart. (From Dorland’s Illustrated Medical Dictionary, 30th ed. Philadelphia: 


WB Saunders Co, 2003:Panef 20.) 


sure is low. When anatomy is normal, each atrium is con- 
nected to its ventricle through an atrioventricular (AV) valve, 
which opens and closes (see discussion later in this chapter), 
The valve on the left side is called the mitral valve and the 
one on the right side, the tricuspid valve. The right ventricle 
is banana shaped and pumps blood into the pulmonary 
artery through a tri-leaflet pulmonic valve. The left ventricle 


pumps blood into the aorta through a tri-leaflet aortic valve. 
The ventricles, especially the left ventricle, is thicker and less 
compliant in keeping with its need to generate higher pres- 
sures than the right ventricle, and intercavitary pressures are 
much higher than in the atria. Under normal conditions, the 
conduction or electrical system of the heart coordinates the 
sequential contraction of first the atria and then the ventri- 
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cles, Given they are connected, each side can effect the other. 
Under normal circumstances, the sequence of activation 
optimizes this interaction and thus the efficiency of cardiac 
function. The right and left coronary arteries originate from 
two of the three cusps of the aortic valve. They provide blood 
flow and thus nutritive perfusion to the heart. The largest 
vessels are on the epicardium and these can be accessed ther- 
apeutically fairly easily. Subsequent smaller branches divide 
to supply the remaining myocardium. The endocardium is 
the layer most susceptible to ischemia because its perfusion 
relies on the smallest vessels. There wall stress is greatest and 
opposition to flow occurs. 

The myocardium contains bundles of striated muscle 
fibers, each of which is typically 10 to 15 um in diameter and 
30 to 60 um in length. Work of the heart is generated by the 
alternating of the contraction and relaxation of these fibers. 
The fibers are composed of cardiac-specific contractile pro- 
teins actin and myosin, and regulatory proteins called tro- 
ponins. They also contain a variety of enzymes that are vital 
for energy use, such as myoglobin, creatine kinase (CK), and 
lactate dehydrogenase (LD), some of which can be used as 
markers of cardiac injury. 


PHYSIOLOGY 


A typical cardiac cycle and the electrophysiology of the heart 
are discussed in this section. 


CARDIAC CYCLE 

A typical cardiac cycle consists of two intervals known. as 
systole and diastole (Figure 44-2). During diastole, oxy- 
genated blood returns from the lungs to the left atrium via 
the pulmonary veins and deoxygenated blood returns from 
other parts of the body to fill the right atrium. During this 
period, the AV valves are open, allowing passive filling of the 
ventricle. At the end of diastole, the atria contract, forcing 
additional blood through the AV valves and into the respec- 
tive ventricles. During systole, the ventricles contract. This 
closes the AV valves when ventricular pressure exceeds atrial 
pressure and the pulmonary and aortic valves are opened 
when ventricular pressure exceeds the pressure in the pul- 
monary arteries and/or the aorta and blood flows into those 
conduits. During systole, a normal blood pressure in the 
aorta is typically 120 mm Hg, while during diastole, it falls to 
about 70mm Hg. At rest, the heart pumps between 60 and 
80 times per minute. Stroke volume (the amount of blood 
expelled with each contraction) is roughly 50mL so cardiac 
output per minute is roughly 3 liters. Typically, we use values 
corrected for body surface area, which are usually in the 
range of 2.5 to 3.6L/min/m’. Measurements of cardiac 
output and ventricular filling pressures are the standards for 
assessing cardiac performance and function. Furthermore, 
therapeutic interventions in patients with heart disease 
are often assessed by determining cardiac output and 
ventricular pressures,” 
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Figure 44-2 The cardiac cycle. (From Dorland’s Illustrated 


Medical Dictionary, 30th ed. Philadelphia: WB Saunders Co, 2003, 
with permission from the National Kidney Foundation.) 


CARDIAC CONDUCTING SYSTEM 

The cardiac cycle is tightly controlled by the cardiac con- 
ducting system, which initiates electrical impulses and 
carries them, via a specialized conducting system, to the 
myocardium. The surface electrocardiogram (ECG) records 
changes in potential and is a graphic tracing of the variations 
in electrical potential caused by the excitation of the heart 
muscle and detected at the body surface.’ Clinically, the 
ECG is used to identify (1) anatomic, (2) metabolic, (3) 
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Figure 44-3 Electrocardiogram, serial tracing of a normal single 
heartbeat. Each beat manifests as five major waves: P, Q, R, S, and 
T. The QRS complex represents the ventricular contraction. 


ionic, and (4) hemodynamic changes in the heart. The clin- 
ical sensitivity and specificity of ECG abnormalities are 
influenced by a wide spectrum of physiological and anatom- 
ical changes and the clinical situation. 

Under normal circumstances, each electrical complex is 
similar and includes three major components (Figure 44-3): 
the atrial depolarization (the P wave), ventricular depolar- 
ization (the QRS complex), and repolarization (the ST 
segment and T wave). Atrial depolarization, which is mani- 
fested by the P wave, produces atrial contraction. Ventricu- 
lar depolarization marked by the QRS complex produces 
contraction of the ventricles. It is composed of as many as 
three deflections: the Q wave, which when present is the first 
negative deflection; the R wave, which is the first positive 
deflection; and the S wave, which is a negative deflection fol- 
lowing the R wave. On occasion, there is an R prime, which 
is a second positive deflection. Whether each of these occurs 
and their significance depends on the path of depolarization 
of the ventricles. Thus not every QRS complex will have dis- 
crete Q, R, and S waves. The ST segment and T wave are pro- 
duced by the electrical recovery of the ventricles and their 
mean electrical vector is under normal circumstances con- 
cordant (i.e., in roughly the same direction) with the mean 
QRS vector. 

A routine ECG is composed of 12 leads. Six are called 
limb leads (1, H, II, aVR, aVL, and aVF}, because they are 
recorded between arm and leg electrodes, and six are called 
precordial or chest leads (V,, V2, V3, Vo Vs, and Ve) and are 
recorded across the sternum and left precordium. Each lead 
records the same electrical impulse but in a different posi- 
tion relative to the heart. Areas of pathology shown on the 
ECG can be localized by analyzing differences between the 
tracing in question and what is known to. be normal in 
the 12 different leads. 


CARDIAC DISEASE 


There are many forms of cardiac disease. This chapter briefly 
covers congestive heart failure (CHF) and acute coronary 
syndromes, such as AMI. The vast number of other cardiac 
diseases are not discussed in depth here, because of the rel- 


atively minor role of diagnostic clinical laboratory tests in 
these disorders. However, the use of newer markers, such as 
the natriuretic peptides and the cardiac troponins, is 
changing that situation and is beginning to be of diagnostic 
utility in a number of disease states (see discussion later in 
this chapter). 


CONGESTIVE HEART FAILURE 

CHE is a condition in which there is ineffective pumping of 
the heart leading to an accumulation of fluid in the lungs. 
Typically, it results from a loss of cardiac tissue and sub- 
sequent function.” Medically, it is defined as the patho- 
physiological condition in which an abnormality of cardiac 
function is responsible for the failure of the heart to pump 
sufficient blood to satisfy the requirements of the metabo- 
lizing tissues. Encompassed in this definition are a wide 
spectrum of clinical conditions, ranging from (1) a primary 
impairment in pump function, such as might occur after a 
large AMI; (2) increased cardiac stiffness, which causes 
increases in pressure in the heart, restricts filling, and 
increases hydrostatic pressures behind the area of reduced 
compliance; and (3) situations in which peripheral demand 
is excessive, resulting in what is known as high output heart 
failure, which is defined as the inability of the heart to 
increase sufficiently to meet the peripheral demands for 
blood. 


Epidemiology 

In the United States, CHF is the only cardiovascular disease 
with an increasing incidence. The National Heart, Lung, 
Blood Institute estimates that current prevalence is 4.9 
million Americans with CHF, with an incidence of approxi- 
mately 400,000 new cases each year.” CHF is the leading 
cause of hospitalization in individuals 65 years and older. 
Current prognosis is dependent on disease severity, but 
overall it is poor. Five-year mortality is approximately 10% 
in mild CHE, 20% to 30% in moderate CHF, and up to 80% 
in end-stage disease.'”’ These poor outcomes are not without 
substantial cost, estimated at $18.8 billion per year in the 
U.S.” 

Currently, staging of CHF patients is with the New York 
Heart Association (NYHA) functional classifications I to IV. 
Class I patients are generally considered asymptomatic, with 
no restrictions on physical activity; class [V patients are often 
symptomatic at rest, with severe limitations on physical 
activity. The problem with this classification system is that 
much of it is based on subjective criteria. Thus patients with 
co-morbidities that reduce their activities are often not 
detected. In addition, there are many causes for dyspnea, 
which is the primary symptom in many of these individu- 
als. Finally, many patients with ventricular dysfunction 
modify their activities to accomplish activities of daily living 
and thus lack overt symptoms until late in their disease. Thus 
patients with CHE often go undiagnosed and untreated early 
in their disease or are misdiagnosed because of diseases 
such as pulmonary disease. Initiating treatment in the more 
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Figure 44-4 Electrocardiogram, serial tracing of a patient with 
an acute myocardial infarction. The sequence is (A} normal, (B) 
hours after infarction, the ST segment becomes elevated, (C) 
hours to days later, the T wave inverts and the Q wave becomes 
larger, (D) days to weeks later, the ST segment returns to near 
normal, and (E} weeks to months later, the T wave becomes 
upright again, but the large Q wave may remain. 


advanced disease state is challenging (higher degree of 
irreversible cardiac function and patient deconditioning), 
more expensive (often requiring extended inpatient stay), 
and leaves patients with considerable morbidity on a 
daily basis. Obviously, misdiagnoses often lead to patient 
morbidity. 


Clinical Manifestations 


The clinical manifestations of heart failure vary considerably 
and depend on many factors, including the (1) clinical char- 
acteristics of the patient, (2) extent and rate at which the 
heart’s performance becomes abnormal, (3) etiology of the 
heart disease, (4) concomitant co-morbidities, and (5) dis- 
tribution of the abnormal cardiac function. The severity of 
impairment can range from mild—manifested clinically 
only during stress—to advanced, in which cardiac pump 
function is unable to sustain life without external support. 


ACUTE CORONARY SYNDROMES 


The term acute coronary syndrome (ACS) encompasses 
patients who present with unstable ischemic heart disease.” 
If they have STE, they are called STE AMI (Figure 44-4). 
Usually, but not always, these individuals will develop Q 
waves on their ECGs, hence the term Q-wave ML. If they do 
not have STE but have biochemical criteria for cardiac 
injury, they are called NSTEMI and most do not develop 
ECG Q waves. Those who have unstable ischemia and do 
not manifest necrosis are designated patients with unstable 
angina (UA). Most of these syndromes occur in response 
to an acute event in the coronary artery when circulation 
to a region of the heart is obstructed. If the obstruction 
is high grade and persists, then necrosis usually ensues. Since 
necrosis is known to take some time to develop, it is appar- 
ent that opening the blocked coronary artery in a timely 
fashion can often prevent some of the death of myocardial 
tissue.” These syndromes are usually but not always 
associated with chest discomfort (see discussion later in this 
chapter). 


The major cause of ACS is atherosclerosis, which con- 
tributes to significant narrowing of the artery lumen and a 
tendency for plaque disruption and thrombus forma- 
tion. Myocardial ischemia and infarction are usually 
segmental diseases. In up to 90% of patients with these dis- 
eases, there is a focal occlusion of only one of the three large 
coronary vessels or branches. The resulting impaired con- 
tractile performance of that segment occurs within seconds 
and is initially restricted to the affected segment(s). Myocar- 
dial ischemia and subsequent infarction usually begin in the 
endocardium and spread toward the epicardium.'® The 
extent of myocardial injury reflects: (1) extent of the occlu- 
sion, (2) needs of the area deprived of perfusion, and (3) 
duration of the imbalance between coronary supply and thus 
substrate availability and the metabolic needs of the tissue. 
Irreversible cardiac injury consistently occurs in animals 
when the occlusion is complete for at least 15 to 20 minutes. 
Irreversible injury occurs maximally in the area “at risk” as 
supplied by the affected coronary artery. Most of the damage 
occurs within the first 2 to 3 hours." Restoration of flow 
within the first 60 to 90 minutes evokes maximal salvage of 
tissue, but benefits are sufficient up to 4 to 6 hours to be asso- 
ciated with increased survival. In some situations, the 
restoration of coronary perfusion even later is of benefit.” 
The percentage of tissue at risk that undergoes necrosis 
(infarct size) depends on the amount of antegrade flow, the 
existing collateral flow, which is highly variable and difficult 
to predict, and the metabolic needs of the tissue. 

In almost all instances, the left ventricle is affected by 
AMI, However, with right coronary and/or circumflex occlu- 
sions, the right ventricle can also be involved and there is a 
clinical syndrome in which the damage to the right ventri- 
cle predominates and is the major determinant of hemody- 
namics, Coronary thrombi will undergo spontaneous lysis, 
even if untreated, in about 50% of cases within 10 days. 
However, for patients with STE AMI, opening the vessel 
earlier with clot dissolving agents (thrombolysis) and/or per- 
cutaneous intervention can often save myocardium and lives 
(Figure 44-5). Consequently, percutaneous intervention 
(PCI) with stenting is the preferred therapy for STE AMI. 
However, many hospitals cannot or do not offer urgent PCI 
24 hours a day, 365 days per year. Thus clot-dissolving med- 
ications still play a major role in the treatment of these 
patients. In addition, it is now apparent that urgent invasive 
revascularization also benefits those with NSTEMI.” These 
individuals usually have only partial coronary occlusion and 
smaller amounts of cardiac damage acutely. However, 
untreated, there are often repetitive episodes that eventually 
damage larger amounts of myocardium, leading to increased 
morbidity and mortality over time. We now know that many 
treatments, such as newer anticoagulant, antiplatelet, and 
antiinflammatory agents in conjunction with coronary 
revascularization, save lives in this group. 

The prognosis for patients with ischemia but without 
necrosis is far better, and there are no differences thus far 
described that distinguish medical from invasive therapies. 
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Figure 44-5 Temporal sequence of myocardial infarction. (From Antman EM, Braunwald E, Acute 
myocardial infarction. In: Braunwald E, ed. Heart disease: a textbook of cardiovascular medicine, 5th ed. 


Philadelphia: WB Saunders Co, 1997:1 189.) 


A major determinant of mortality and morbidity is the 
amount of myocardial damage. With STE AMI, most of it is 
acute whereas with NSTEMI, it may evolve because of repet- 
itive events over many months, thus interrupting the process 
improves survival. 


Precipitating Factors 

In many patients with AMI, no precipitating factor can be 
identified. Studies have noted the following patient activities 
at the onset of AMI: (1) heavy physical exertion, 13%; (2) 
modest or usual exertion, 18%; (3) surgical procedure, 6%; 
(4) rest, 51%; and (5) sleep, 8%. If and when these activities 
are the trigger for infarction, the window of risk is often 
brief, usually only an hour or two. The severe exertion that 


preceded an infarction was often performed at times when 
the patient was fatigued or emotionally stressed. Exertion 
before infarction is somewhat more common among 
patients without preexisting angina than in patients who 
have had a history of angina.” 

There are causes of infarctions other than acute 
atherothrombotic coronary occlusion. For example, pro- 
longed vasospasm can induce infarction, and spontaneous 
dissection is becoming more commonly appreciated, espe- 
cially in pregnant females.” Other conditions (Box 44-1) can 
also cause the death of cardiomyocytes and lead to a bio- 
chemical signal of myocyte damage, but these entities should 
not be confused with myocardial infarction.’ Some of these 
injurious stimuli include (1) trauma that may precip- 
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Trauma (including contusion, ablation, pacing, and cardioversion) 
e Congestive heart failure—acute and chronic* 

e Aortic valve disease and HOCM with significant LVH* 

° Hypertension 

e Hypotension, often with arrhythmias 

° Postoperative noncardiac surgery patients who seem to do well* 
* Renal failure* : 

e Critically ill patients, esp with diabetes, respiratory failure* 

° Drug toxicity, e.g., Adriamycin, 5 FU, Herceptin, snake venoms* 
Hypothyroidism 

Coronary vasospasm, including apical ballooning syndrome 
Inflammatory diseases e.g, myocarditis, e.g, with parvovirus 
B19, Kawasaki disease, sarcoid, smallpox vaccination, or myocar- 
dial extension of PE 

e Post PCI patients who appear to be uncomplicated* 

e Pulmonary embolism, severe pulmonary hypertension* 

° Sepsis* 

¢ Burns, esp if TBSA > 30%* 

e Infiltrative diseases including amyloidosis, hemochromatosis, 
` sarcoidosis, and scleroderma* 

* Acute neurologic disease, including CVA, subarachnoid bleeds* 
Rhabdomyolysis with cardiac injury 

Transplant vasculopathy 

e Vital exhaustion 


e 


° 


e 


HOCM, Hypertrophic obstructive cardiomyopathy; LVH, teft ventricular 
hypertrophy; 5 FU, 5 fluorouracil; PE, pulmonary embolus; PCI 
percutaneous coronary intervention; TBSA, total surface body area; 
CVA, cardiovascular accident. 

*Designations imply prognostic information has been reported. 


itate myocardial contusion and hemorrhage into the 
myocardium; (2) toxic reactions to chemotherapy agents, 
such as Adriamycin, or myocardial depressant substances 
released with sepsis; (3) heat-induced injury after cardiover- 
sion; (4) increases in wall stress with impairment of suben- 
docardial perfusion caused by severe hypotension or 
hypertension; and/or (5) injury caused by catecholamine 
release in patients with acute neurological catastrophes. Pul- 
monary embolism is another common cause of biochemical 
elevations and is caused by right ventricular damage related 
to the acute increases in wall stress and reduced subendo- 
cardial perfusion.” 


Chronobiology 


There is a pronounced periodicity for the time of onset of 
STE AMI.” Often an AMI occurs in the morning hours 
soon after arising, a period of (1) increasing adrenergic activ- 
ity, (2) increased plasma fibrinogen levels, (3) increased inhi- 
bition of fibrinolysis, and (4) increased platelet adhesiveness. 
Studies have demonstrated that the early morning peak in 
MI parallels the peak incidence of death from ischemic heart 
disease, occurring at about 8 AM to 9 am There also is a 
second peak at approximately 5 pm. Circadian rhythms affect 
many physiological and biochemical parameters; the early 


morning hours are associated with rises in plasma cate- 
cholamines and cortisol and increases in platelet aggregabil- 
ity. Tissue plasminogen activator activity is low and 
plasminogen activator inhibitor activity is high during the 
early morning hours. Thus it is possible that some cyclical 
aspects of combined vasospastic, prothrombotic, and fibri- 
nolytic factors, in the setting of preexisting atherosclerosis, 
lead to AMI.” NSTEMI does not exhibit this circadian 
rhythm. 


Prognosis 


STE and non-STE infarctions have distinctly different short- 
term prognoses. STE AMI is associated with a higher early 
and in-hospital mortality. It is said that mortality associated 
by STE AMI can occur up to 6 months post event, but the 
vast majority (at least two thirds} occurs during the first 30 
or 40 days. It is this process that coronary recanalization 
seems to benefit.» NSTE AMI is associated with a lower 
acute mortality and complication rates but a longer period 
of vulnerability to reinfarction and death. As a result, 1- to 
2-year survival rates are similar to those for transmural 
infarction.” This is why intervention has been so effective in 
this group. 


Clinical History 

The clinical history remains of substantial value in estab- 
lishing a diagnosis.” A prodromal history of angina can 
be elicited in 40% to 50% of patients with AMI. Of the 
patients with AMI presenting with prodromal symptoms, 
approximately one third have had symptoms from 1 to 4 
weeks before hospitalization; in the remaining two thirds, 
symptoms predate admission by a week or less, with one 
third of these patients having had symptoms for 24 hours or 
less. 

The pain of AMI is variable in intensity; in most patients 
it is severe but rarely intolerable. The pain may be prolonged, 
up to 30 minutes. The discomfort is described as constrict- 
ing, crushing, oppressing, or compressing; often the patient 
complains of something sitting on or squeezing the chest. 
Although usually described as a squeezing, choking, viselike, 
or heavy pain, it may also be characterized as a stabbing, 
knifelike, boring, or burning discomfort. The pain is usually 
retrosternal in location, spreading frequently to both sides of 
the chest, favoring the left side. Often the pain radiates down 
the left arm. Some patients note only a dull ache or numb- 
ness of the wrists in association with severe substernal dis- 
comfort. In some instances, the pain of AMI may begin in 
the epigastrium and simulate a variety of abdominal disor- 
ders, which often causes MI to be misdiagnosed as indiges- 
tion, In other patients, the discomfort of AMI radiates to the 
shoulders, upper extremities, neck, and jaw, again usually 
favoring the left side. In patients with preexisting angina, the 
pain of infarction usually resembles that of angina with 
respect to features and location. However, it is generally 
much more severe, lasts longer, and/or is not relieved by rest 
and nitroglycerin. 
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Older individuals, diabetics, and women often present 
atypically.°”*"*” For example, in individuals older than 80 
years, less than 50% of those who present with AMI will have 
chest discomfort. Sometimes, these patients will present with 
shortness of breath, fatigue, or even confusion. The pain of 
AMI may have disappeared by the time physicians first 
encounter the patient (or the patient reaches the hospital), 
or it may persist for a few hours. 


Myocardial Changes Following Acute 

Myocardial Infarction . 

Figure 44-5 shows the temporal sequence of early biochem- 
ical, histochemical, and histological findings after the onset 
of AMI. On gross pathological examination, AMI can be 
divided into subendocardial (nontransmural) infarctions 
and transmural infarctions. In the former, necrosis involves 
the endocardium, the intramural myocardium, or both 
without extending all the way through the ventricular wall 
to the epicardium. In the latter, myocardial necrosis involves 
the full thickness of the ventricular wall. The histological 
pattern of necrosis may differ: contraction band injury 
occurs almost twice as often in nontransmural infarctions as 
in transmural infarctions. Unfortunately, the pathological 
changes correlate poorly with clinical, ECG, and biochemi- 
cal markers of necrosis, which is why those terms are no 
longer used clinically. It is fair to say, however, that on a 
statistical basis, one is more apt to have STE MI Q waves on 
the ECG and a larger biochemical signal when the infarction 
is transmural pathologically. 


Ultrastructural (Electron Microscopic) Changes 

in Myocardium 

In experimental infarction, the earliest ultrastructural 
changes in cardiac muscle following occlusion of a coronary 
artery, noted within 20 minutes by electron microscopy, 
consist of a reduction in the size and number of glycogen 
granules, intracellular edema, and swelling and distortion of 
the transverse tubular system, the sarcoplasmic reticulum, 
and the mitochondria. These early changes are partially 
reversible. Changes after 60 minutes of occlusion include 
myocardial cell swelling; mitochondrial abnormalities, such 
as swelling and internal disruption; development of amor- 
phous, flocculent aggregation and margination of nuclear 
chromatin; and relaxation of myofibrils. After 20 minutes to 
2 hours of ischemia, changes in some cells become irre- 
versible, and there is progression of these alterations; addi- 
tional changes include swollen sacs of the sarcoplasmic 
reticulum at the level of the A band, greatly enlarged mito- 
chondria with few cristae, thinning and fractionation of 
myofilaments, disorientation of myofibrils, and clumping of 
mitochondria. Cells irreversibly damaged by ischemia are 
usually swollen, with an enlarged sarcoplasmic reticulum. 
Defects in the plasma membrane may appear, and the mito- 
chondria are fragmented. Many of these changes become 
more intense when blood flow is restored. 


Histological (Light Microscopic) Changes in Myocardium 
Although it was previously believed that no light micro- 
scopic changes could be seen in infarcted myocardium until 
8 hours after interruption of blood flow, in some infarcts a 
pattern of wavy myocardial fibers may be seen 1 to 3 hours 
after onset, especially at the periphery of the infarct.’ After 
8 hours, edema of the interstitium becomes evident, as do 
increased fatty deposits in the muscle fibers, along with infil- 
tration of neutrophilic polymorphonuclear leukocytes and 
red blood cells. 

By 24 hours there is clumping of the cytoplasm and loss 
of crossstriations, with appearance of irregular crossbands 
in the involved myocardial fibers. The nuclei sometimes even 
disappear. The myocardial capillaries in the involved region 
dilate, and polymorphonuclear leukocytes accumulate, first 
at the periphery and then in the center of the infarct. During 
the first 3 days, the interstitial tissue becomes edematous. 
Generally, on about day 4 after infarction, removal of ne- 
crotic fibers by macrophages begins, again commencing at 
the periphery. By day 8, the necrotic muscle fibers have 
become dissolved; by about 10 days, the number of poly- 
morphonuclear leukocytes is reduced, and granulation tissue 
first appears at the periphery. Removal of necrotic muscle 
cells continues until the fourth to sixth week following 
infarction, by which time much of the necrotic myocardium 
has been removed. This process continues, along with 
increasing collagenization of the infarcted area. By the sixth 
week, the infarcted area has usually been converted into a 


firm connective tissue scar with interspersed intact muscle 
fibers. 


Gross Changes in Myocardium 
Gross alterations of the myocardium are difficult to identify 
until at least 6 to 12 hours following the onset of necrosis."° 
However, several histochemical approaches have been used 
to identify zones of necrosis that can be observed after only 
2 to 3 hours. Initially, the myocardium in the affected region 
may appear pale and slightly swollen. By 18 to 36 hours after 
onset of the infarct, the myocardium is tan or reddish purple 
(because of trapped erythrocytes). These changes persist for 
approximately 48 hours; the infarct then turns gray and fine 
yellow lines, secondary to neutrophilic infiltration, appear at 
its periphery. This zone gradually widens and during the 
next few days extends throughout the infarct. 
Eight to 10 days following infarction, the thickness of the 
cardiac wall in the area of the infarct is reduced as necrotic 
muscle is removed by mononuclear cells. The cut surface of 
an infarct of this age is yellow, surrounded by a reddish 
purple band of granulation tissue that extends through the 
necrotic tissue by 3 to 4 weeks, Over the next 2 to 3 months, 
the infarcted area gradually acquires a gelatinous, gray 
appearanice, eventually converting into a shrunken, thin, 
firm scar that whitens and firms progressively with time. 
This process begins at the periphery of the infarct and grad- 
ually moves centrally. In addition, more hemorrhage is seen 
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in the area of damage because of the use of potent throm- 
bolytic and anticoagulant agents. 


The Development and Progression of Atherosclerosis” 


Intrinsic to the modern day understanding of ischemic heart 
disease and particularly why there is such intense interest in 
the development of markers of inflammation is the concept 
that atherosclerosis is a chronic inflammatory disease (see 
Chapter 26). The concept is that some event damages the 
endothelium of blood vessels, which facilitates the egress of 
lipid into the subendothelial space. Putative injurious stimuli 
include turbulent flow in a blood vessel, which could occur 
for example because of hypertension or a noxious metabo- 
lite from a lipid fraction. This damage tends to occur at 
branch points of blood vessels. Regardless of the initial stim- 
ulus, once damaged, low density lipoprotein (LDL) can cross 
into the vessel wall more easily in an NADPH oxidase medi- 
ated fashion. Whether minimal oxidation facilitates that 
egress or whether it occurs once the LDL is within the vessel 
wall is unclear, but a minimal degree of oxidation once in 
the vessel wall facilitates the egress of smooth muscle cells 
from the media of the vessel and macrophages that ingest 
cholesterol. Hence the current enthusiasm for the measure- 
ment of oxidized lipids. The process of atherosclerosis then 
progresses slowly with the involvement of lymphocytes, 
monocytes, macrophages, and smooth muscle cells. The 
dynamic within a given plaque may vary, but there clearly is 
an inflammatory milieu, in part mediated by substances like 
CD40 ligand, which can be measured in patients either 
directly or as one of the stimuli to the elaboration of C-reac- 
tive protein (CRP). Interleukins 1, 6, 8, and 18 also partici- 
pate to various extents as part of this process chronically (see 
Chapter 22). This process also involves adherence of white 
blood cells to the damaged endothelial surface with subse- 
quent degranulation and elaboration of myeloperoxidase. 
There also is a procoagulant component due predominantly 
to the presence of tissue factor, which is localized immedi- 
ately under the cap of the plaque. There also is intermittent 
instability because of inflammatory products within the 
plaque that release chemicals that degrade ground substance, 
such as metalloproteinases. Initially the plaque expands by 
stretching the adventitia in a process of small ruptures with 
release of procoagulant and proinflammatory materials and 
then remodeling over time as antiinflammatory and antico- 
agulant and thrombolytic substances are elaborated. This 
process of stretching the adventitia preserves the lumen such 
that by the time luminal encroachment occurs, there is a very 
large plaque burden.” 

A categorization of plaques has been proposed to facilitate 
identification of those at risk of rupture that could lead to an 
acute event. It is acknowledged that the propensity for a 
plaque to rupture probably reflects a systemic predilection 
rather than a local one. Thus for a given patient at risk, there 
likely are many plaques that are metabolically at risk of 
rupture at any given instance.’*'® High risk plaques have: 


1. An active inflammatory environment that may not only 
be intrinsic but may be stimulated additionally by sys- 
temic infections. 

2. A thin fibrous cap on the endothelial surface with a large 
lipid core that is filled with procoagulant substances, pre- 
dominanily tissue factor. 

3. Endothelial denudation and fissuring because of the elab- 
oration of metalloproteinases. 

4, Local high shear stress usually because they are severe and 
at branch points in the vessel. 

Events likely occur because of superimposed thrombosis. 
This can be caused by erosions on the surface of the plaque 
or more often because of rupture of the plaque at its edges, 
where the cap is thinnest and the majority of the metallo- 
proteinases reside. If rupture induces total thrombotic occlu- 
sion, the event is usually an STE AMI. If lesser degrees of 
occlusion occur, an NSTE AMI or UA may ensue. One of the 
causes that may participate in subtotal occlusive plaque 
rupture involves platelets and abnormal coronary vasomo- 
tion. It is known that diseased coronary arteries respond 
atypically to many stimuli, often constricting rather than 
dilating. Since the cross sectional area of a vessel is related to 
the square of the radius, even modest amounts of constric- 
tion can markedly increase the extent of occlusion. Whether 
constriction occurs first, leading to stagnation of coronary 
flow and platelet aggregation on the plaque, or whether 
platelets stick and cause the aggregation is not certain, 
but these processes reinforce one another. Platelets secrete 
vasoconstricting substances in response to a denuded area, 
which expresses adhesive receptors (e.g., CAMs). This, in 
addition to stagnant blood flow, will cause platelets and 
white blood cells to adhere to the surface of the vessels. It 
appears likely that in many patients that platelets adhere and 
enhance vasoconstriction and then break off, causing small 
vessel emboli, sometimes in association with plaque debris 
and sometimes without. These processes, in addition to a 
reduction in flow, can lead to necrosis or at least recurrent 
ischemia. It is also apparent that the process that eventually 
leads to acute events involves a systemic propensity to 
platelet aggregation and inflammation since effluent flowing 
from the nonculprit vessel (distant from the putative coro- 
nary lesion causing the acute event) elaborates inflammatory 
mediators (e.g., myeloperoxidase) similar to those observed 
from the affected vessel. Finally, necrosis when present also 
stimulates acute phase reaction, including an inflammatory 
component. 

Given this pathophysiology, many therapies are now ori- 
ented toward inhibition of thrombosis, fibrinolysis, platelet 
aggregation, and inflammation. Some of the same ways of 
assessing their efficacy are the ones used diagnostically. 


Diagnosis of Acute Myocardial Infarction 

Previously, the diagnosis of AMI established by the World 
Health Organization required at least two of the following 
criteria: (1) a history of chest pain, (2) evolutionary changes 
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Either one of the following criteria satisfies the diagnosis for an 
acute, evolving, or recent MI. 

1. Typical rise and gradual fall (cardiac troponin) or more rapid 
rise and fall (CK-MB) of biochemical markers of myocardial 
necrosis with at least one of the following: 

a. Ischemic symptoms 
b. Development of pathological Q waves on the ECG 
c. ECG changes indicative of ischemia (ST segment elevation or 
depression) 
d. Coronary artery intervention (e.g., coronary angioplasty) 
2. Pathological findings of an AMI 


1. Any one of the following criteria satisfies the diagnosis for estab- 
lished MI. 


a. Development of new pathologic Q waves on serial ECGs. 
The patient may or may not remember previous symptoms. 
Biochemical markers of myocardial necrosis may have 
normalized, depending on the length of time that has passed 
since the infarct developed. 

b. Pathological findings of a healed or healing MI. 


on the ECG, and/or (3) elevations of serial cardiac markers. 
However, it was rare for a diagnosis of AMI to be made in 
the absence of biochemical evidence of myocardial injury. A 
2000 ESC/ACC consensus conference has codified the role of 
markers by advocating that the diagnosis be evidence of 
myocardial injury based on markers of cardiac damage in the 
appropriate clinical situation (Box 44-2).° The criteria for 
diagnosis of an established MI are in Box 44-3. The guide- 
lines thus recognized the reality that neither the clinical 
presentation nor the ECG had adequate sensitivity and 
specificity. This guideline does not suggest that all elevations 
of these biomarkers should elicit a diagnosis of AMI—only 
those associated with the appropriate clinical and ECG find- 
ings (see discussion later in this chapter). When elevations 
that are not caused by acute ischemia occur, the clinician is 
obligated to search for another etiology for the elevation.2”” 
The criteria suggested for use with these markers by the 
Biochemistry Panel of the ESC/ACC Committee are listed in 
Box 44-4.) 


ECG Findings! 

The initial ECG used to be diagnostic of AMI in about 50% 
of AMI patients. As the frequency of STE AMI has dimin- 
ished and the diagnosis has been made with greater and 
greater sensitivity, this percentage has been greatly reduced. 
Serial tracings are helpful for STE AMI but not for what is 
now almost 70% of AMIs, those with NSTE AMI. The classic 


e Increases in biomarkers of cardiac injury are indicative of injury 

to the myocardium, but not an ischemic mechanism of injury 

Cardiac troponins (I or T) are preferred markers for diagnosis of 

myocardial injury 

Increases in cardiac marker proteins reflect irreversible injury 

Improved quality control of troponin assays is essential 

* MLis present when there is cardiac damage, as detected by marker 
proteins (an increase above the 99th percentile of the normal 
range) in a clinical setting consistent with myocardial ischemia. 

e For patients with an ischemic mechanism of injury, prognosis is 
related to the extent of troponin increases. 

e Ifan ischemic mechanism is unlikely, other etiologies for cardiac 
injury should be pursued. 

¢ Samples must be obtained at least 6 to 9hr after the symptoms 
begin. 

e After PCI and CABG, the significance of marker elevations and 
patient care should be individualized. 


° 


PCI, Percutaneous coronary intervention; CABG, coronary artery 
bypass gnaft. 


ECG changes of an STE AMI are ST segment elevation, 
which often evolve to the development of Q waves absent 
intervention (see Figure 44-4). Pericarditis, some normal 
variants, and transient causes that may not result in myocar- 
dial injury are well described and can on occasion mimic the 
changes of AMI. Most NSTE AMIs present with either ST 
segment depression, with or without T-wave changes; T- 
wave changes alone; or on occasion in the absent of any ECG 
findings. Those with ST segment change have a substantially 
worse prognosis. 

‘In some patients, the clinical history and ECG may be 
definitive. In others, it may not be as clear. There are many 
other clinical aspects that might suggest AMI as the etiology 
of -a given biomarker elevation. For example, the finding 
of significant coronary obstructive lesions, especially in a 
pattern suggestive of recent plaque rupture, is highly sug- 
gestive.’ At times, a positive stress test with or without 
imaging may be what helps make the diagnosis. However, if 
the clinical situation is not suggestive, other sources for 
cardiac injury should be sought. 


Cardiac Markers 


A cardiac marker is defined as a clinical laboratory test useful 
for detecting AMI or minor myocardial injury. They are 
most useful when patients have nondiagnostic ECG tracings. 
Patients with AMI can be categorized into four groups. First, 
there is the group of patients who present early to the emer- 
gency department (ED), within 0 to 4 hours after the onset 
of chest pain, without diagnostic ECG evidence of AMI. For 
laboratory tests to be clinically useful, markers of MI must 
be released rapidly from the heart into the circulation to 
provide sensitive and specific diagnostic information. 
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Further the analytical assays must be rapid and sensitive 
enough to distinguish small changes within the reference 
interval in serum. The second group of patients are those 
presenting 4 to 48 hours after the onset of chest pain, 
„without evidence of AMI on ECG. In this group of patients, 
the diagnosis of AMI requires serial monitoring of both 
cardiac markers and ECG changes. In the third group are 
patients who present more than 48 hours after the onset of 
chest pain with nonspecific ECG changes. The ideal marker 
of myocardial injury in this group would persist in the cir- 
culation for several days to provide a late diagnostic time 
window. The shortfall of such a marker might be its inabil- 
ity to distinguish recurrent injury from old injury. The 
fourth group of patients are those who present to the ED at 
any time after the onset of chest pain with clear ECG evi- 
dence of AMI. In this group, detection with serum markers 
of myocardial injury is not necessary. Since a subgroup of 
these patients may qualify for thrombolytic therapy, specific 
and sensitive myocardial markers could be employed to 
monitor the success of reperfusion during the 60- to 90- 
minute period after therapy. Rapid assays providing early 
serial values followed by interpretation of the markers’ pat- 
terns of appearance may assist clinicians in providing alter- 
native or intervention therapies when thrombolytics have 
not been successful. 


Numerous biomarkers have been monitored to assess 
myocardial injury. Most are myocardial proteins and differ 
in their (1) location within the myocyte, (2) release kinetics 
after damage, and (3) clearance from the circulation. A 
number of other molecules also are thought to have poten- 
tial as biomarkers. 


CARDIAC TROPONIN I AND T 


The contractile proteins of the myofibril include the regula- 
tory proteins troponin. The troponins are a complex of three 
protein subunits, troponin C (the calcium-binding compo- 
nent), troponin I (the inhibitory component), and troponin 
T (the tropomyosin-binding component).'!”" The subunits 
exist in a number of isoforms. The distribution of these iso- 
forms varies between cardiac muscle and slow and fast twitch 
skeletal muscle. Only two major isoforms of troponin C are 
found in human heart and skeletal muscle. These are char- 
acteristic of slow and fast twitch skeletal muscle. The heart 
isoform is identical with the slow twitch skeletal muscle 
isoform. Isoforms of cardiac-specific troponin T (cTnT) and 
cardiac-specific troponin I (cTnI) also have been identified 
and are the products of unique genes,” 142 Troponin is 


localized primarily in the myofibrils (94% to 97%), with a- 


smaller cytoplasmic fraction (3% to 6%). 

Cardiac troponin subunits I and T have different amino 
acid sequences encoded by different genes. Human cTnlI has 
an additional post translational 31-amino acid residue on 
the amino terminal end compared with skeletal muscle Tnl, 


1, Tissue and cytosolic 
a. TIC complex >95% myofibril 
b. TIC, IC, free I, free T <5% cytosol 
2. Multiple modifications—tissue and blood 
a. Cand N terminal degradation 
b. Phosphorylation 
c. Oxidation, reduction 
3. Complex association/dissociation 


giving it unique cardiac specificity. Only one isoform has 
been identified. cTnI has never been shown to be expressed 
in normal, regenerating, or diseased human or animal skele- 
tal muscle.” Troponin T is also encoded by a different gene 
than encodes skeletal muscle isoforms. An 11—amino acid 
amino terminal residue gives this marker unique cardiac 
specificity. However, during human fetal development, in 
regenerating rat skeletal muscle, and in diseased human 
skeletal muscle, small amounts of cTnT are expressed as one 
of four identified isoforms in skeletal muscle. ”™ In 
humans, cTnT isoform expression has been demonstrated in 
skeletal muscle specimens obtained from patients with mus- 
cular dystrophy, polymyositis, dermatomyositis, and end- 
stage renal disease.’ Thus care is necessary to choose 
antibody pairs for cardiac assay use that do not detect the 
isoforms reexpressed in noncardiac tissue. 

Cardiac troponin I exists as a part of the troponin T-I-C 
ternary complex as a structural and regulatory component 
of the myofibril. A substantial body of evidence now exists 
that shows that following myocardial injury or because of 
genetic disposition, multiple forms are elaborated both in 
tissue and in blood. The multiple forms of cTnl are listed 
and described in Box 44-5. These include the T-I-C 
ternary complex, IG binary complex, and free I. Multiple 
modifications of these three forms can exist, involving oxi- 
dation, reduction, phosphorylation and dephosphorylation, 
and both C and N terminal degradation. Figure 44-6 illus- 
trates the detection of seven different cTnI forms in an 
injured. human heart" Figure 44-7 further demonstrates 
that different antibody configurations can lead to a substan- 
tially different recognition pattern depending on the selec- 
tion of antibodies used to detect cTnI.'” Figure 44-8 shows 
a schematic of the cTn molecule and what epitope locations 
are more prone to alterations and what regions are most 
stable.” The conclusions from these observations are that 
assays need to be developed in which the antibodies recog- 
nize epitopes in the stable region of cTnI and ideally, demon- 
strate an equimolar response to the different cTnl forms that 
do circulate in the blood.’ 


BRAIN NATRIURETIC PEPTIDE 
Brain (or B-type) natriuretic peptide (BNP) is a hormone 
that was originally isolated from porcine brain tissue. It has 
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Figure 44-6 Western blot analysis of endogenous proteolytic 
fragments of cTnl antibodies. (From Katrukha AG, Bereznikova AV, 
Filtaov VL, Esakova TV, Kolosova OV, Pettersson K, et al. Degradation of 
cardiac troponin I: implication for reliable immunodetection. Clin Chem 
1998;44:2433-40.) 
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Figure 44-7 Western blot analysis of endogenous cTnl 
proteolysis in human heart tissue visualized with monoclonal 
anti-cTnl antibody. (From Katrukha AG, Bereznikova AY, Filtaov VL, 
Esakova TV, Kolosova OV, Pettersson K, et al, Degradation of cardiac 
troponin I: implication for reliable immunodetection. Clin Chem 
1998;44:2433-40)) 


biological effects similar to those of atrial natriuretic peptide 
(ANP) and is stored mainly in the myocardium of the 
cardiac ventricles. Blood levels of BNP are elevated in 
hypervolemic states, such as congestive heart failure and 
hypertension. 

Por the past decade, there has been increasing research of 
natriuretic peptides, specifically as a diagnostic marker for 
CHE’ In November 2000, the FDA approved the first assay 
for detection of BNP on a point-of-care testing (POCT) plat- 
form (Biosite Triage). This effectively took BNP measure- 
ment out of the realm of research (predominant research 
assay, an RIA marketed by Shionogi) and provided access for 
monitoring BNP to the vast majority of healthcare. Since 
2002, the FDA has approved the Bayer BNP, the Abbott 
AxSYM BNP, the Beckman Access BNP, and the Roche N- 
terminal proBNP (NT-proBNP) assays. 

Natriuretic peptides (NP) are secreted to regulate fluid 
volume, blood pressure, and electrolyte balance. They have 
activity in both the central and peripheral nervous systems. 
ANP was the first described in 1981. BNP was discovered 7 
years later in the porcine brain, thus the name.” However, 
in humans, while produced in the brain, the main source of 
circulatory BNP is the heart ventricles. Other members of 
the NP family include C-type natriuretic peptide (CNP) and 
urodilatin. Although these two hormones are not produced 
by myocardium, they are released with ANP and BNP 
in patients with volume overload, hypertension, and 
hyponatremia. 

ANP and BNP are released in response to atrial and/or 
ventricular stretch from volume overload. Correspondingly, 
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Figure 44-8 Amino acid sequence of cardiac troponin I, with identification of epitopes used by 
two manufacturers’ cTnl assays. (From Collinson PO, Boa FG, Gaze DC. Measurement of cardiac 
troponins, Ann Clin Biochem 2001 ;:38:423-49, Figure courtesy Paul Collinson.) 
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blood NPs increase in all diseases with volume overload, 
including renal and liver diseases, and some endocrine dis- 
orders (e.g., Cushing’s disease, primary hyperaldostero- 
nism). Thus increased NPs are not entirely specific for heart 
failure. NPs increase cardiac output by decreasing systemic 
and pulmonary vascular resistance. Additionally, the actions 
of NPs reduce production of renin and aldosterone by 
increasing renal blood flow, glomerular filtration rate (GFR), 
and urine output. Overall, NPs are one of the body’s main 
tools in regulating blood pressure and volume status. They 
also have direct effects on the myocardial interstitium, 

BNP synthesis mostly relies on gene expression and initial 
upregulation of mRNA.” Figure 44-9 illustrates the synthe- 
sis of the prepro-hormone and subsequent secretion of BNP 
from the cardiac myocytes. There is uncertainty whether 
proBNP is split in the myocyte or later in the plasma, but it 
is known that there is a circulating protease called corin that 
is capable of cleaving the NT terminal and the active BNP 
moiety." Circulating proBNP has been documented. 
However, the major circulating forms are the resulting NT- 
proBNP, function unknown, and C-terminal BNP (physio- 
logically active hormone). BNP is cleared via degradation by 
NEP (neutral endopeptidases), by receptor mediated clear- 
ance, and perhaps a bit via the kidneys, which also can 
secrete BNP. The NT-pro fragment is not cleared via recep- 
tor mediated mechanisms, but is thought to be predomi- 
nantly cleared by the kidneys. Therefore, it will be more 
sensitive to changes in renal function. The majority of 
research on natriuretic peptides in CHF has focused on BNP 
and NT-proBNP. 

BNP has a multiplicity of cardiac functions and is released 
as a counter-regulatory hormone in response to a variety of 
cardiac stresses but most particularly cardiac stretch. It is sig- 
nificantly affected by changes in volume and in cardiac per- 
formance, and among its effects are volume reduction and 
vasodilation. Thus this hormone is a sensitive marker for 
changes in ventricular physiology. BNP, like its close counter- 
part ANP, is released likely as a prohormone. Once in plasma, 
the leader sequence of 76 amino acids, known as NT- 
proBNP, is cleaved (see Figure 44-9) leaving the active 
32—amino acid moiety to circulate." Circulating concentra- 
tions of BNP are age and gender dependent.“ In addition, 
they are increased in chronic heart failure and are correlated 
with its severity.” Early studies have demonstrated that BNP 
secretion reflects regional wall stress in the ventricles and is 
thus associated with adverse ventricular remodeling and 
poor prognosis after AMI.‘ It is now apparent that BNP 
measurements are useful in identifying patients with mod- 
erate to severe CHE, which can at times be reasonably 
occult,” and for risk stratification of CHF patients" and 
those who present with ACS." The data suggest that 
this analyte provides information that is synergistic with the 
measurement of troponin in these settings and is especially 
useful for risk stratification when troponins are 
normal.**''? However, in contrast to troponin markers, 
there have yet to be differences in treatment that are known 


to influence prognosis when BNP is elevated. The clinical use 
of the enzyme-linked immunosorbent assays (ELISA), assays 
that measure both for the active entity and the NT-proBNP 
fragment will be discussed in more detail later in this 
chapter. 


CREATINE KINASE ISOENZYMES AND ISOFORMS 

Three cytosolic isoenzymes (CK-3, CK-2, CK-1) and one 
mitochondrial isoenzyme (CK-Mt) of creatine kinase (CK) 
(MW 80,000 Da for all 4 isoenzymes) have been identified 
and are easily sepatated on agarose and cellulose acetate by 
electrophoresis (see Chapter 21).’* Three different genes 
have been identified that encode for and are specific for CK- 
M, CK-B, and mitochondrial CK subunits. ™™ Although 
CK-3 (CK-MM) is predominant in both heart and skeletal 
muscle, CK-2 (CK-MB) has been shown to be more specific 
for the myocardium, which contains 10% to 20% of its total 
CK activity as CK-MB, compared with amounts varying 
from 2% to 5% in skeletal muscle. 

Numerous investigators have shown that electrophoresis 
of CK isoenzymes, using extended electrophoresis times or 
electrophoresis at higher voltages, further separates the 
bands of CK-MM and CK-MB.“ At least three CK-MM 
isoforms and at least 4 CK-MB isoforms (subtypes of the 
individual isoenzymes) exist. The tissue isoform (gene 
product) of CK-MM is designated CK-MM;,. When this 
protein/enzyme is released into the circulation, a time- 
mediated carboxypeptidase hydrolysis of C-terminal lysine 
residues occurs, giving rise to at least two posttranslational 
products: CK-MM, and CK-MM,° Similarly, following 
release of the CK-MB tissue isoform into the circulation, car- 
boxypeptidase cleavage of the CK-B carboxy-terminal lysine 
residue gives rise to a B-chain negative product and then a 
product devoid of lysines on both chains. There are only tiny 
amounts produced of the M-chain negative, B-chain posi- 
tive form. Because only two forms are separated by elec- 
trophoresis (the B-chain negative, M-chain positive form 
co-migrates with the tissue form and the small amount of 
the M-chain negative, B-chain positive form migrates with 
the ultimate conversion product), only two forms have been 
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Figure 44-9 The biotransformation and release of BNP and 
NT-proBNP from the myocyte into the circulation (aa — amino 
acid). 
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used diagnostically and have been labeled CK-MB, and CK- 
MB.” The clearance rate of total CK activity from blood 
is a composite of the clearance rates of the individual 
isoforms.’? The more prolonged half-lives are associated 
with the posttranslational degradation isoforms. Thus the 
orders of half-lives are CK-MM, > CK-MM, > CK-MM;, 
and CK-MB, > CK-MB.. Studies in an experimental animal 
model and in humans have shown that posttranslational 
modifications of isoforms occur in blood, are unidirectional, 
and do not occur in the lymphatic system or necrotic tissue.’ 

Early studies involving animal hearts or specimens 
obtained at autopsy from human hearts suggested a uniform 
distribution of CK-MB ranging from 5% to 50% of the total 
CK activity.” However, it has been shown that the propor- 
tion of CK-MB was 6% to 15% lower in the surrounding 
normal areas of tissue than in infarcted myocardium in 
humans. Further, in response to acute and chronic coronary 
artery occlusion in a dog model, myocardium showed 
twofold to threefold increases in CK-MB in both ischemic 
and nonischemic myocardium.’ When studied more 
completely in humans, CK-MB concentrations ranged from 
15% to 24% of total CK in myocardial tissue obtained from 
patients with left ventricular hypertrophy (LVH) caused by 
aortic stenosis, from patients with CAD without LVH, and 
from patients with CAD and LVH due to aortic stenosis. In 
contrast, patients with normal left ventricular tissue had a 
low percentage of CK-MB (<2%).” These data suggest that 
changes in the CK isoenzyme distribution are dynamic and 
occur in hypertrophied and diseased human myocardium. 
Diseased cells also have less total CK per cell. 

Normal skeletal muscle, depending on its location, con- 
tains very little CK-MB.” Percentages as high as 5% to 7% 
have been reported, but <2% is much more common. There 
are some differences related to slow versus fast twitch muscle 
and thus to race. Severe skeletal muscle injury following 
trauma or surgery can lead to absolute elevations of CK-MB 
above the upper reference limit of CK-MB in serum. 
However, the percent CK-MB in serum would be low 
(percentages advocated vary but when comparing activity to 
activity, a percentage or <5% is often used and when one 
compares CK activity with CK-MB mass, a percentage of 
<2.5% is usually advocated),’* Increases in serum total CK 
and CK-MB in several patient groups often present a diag- 
nostic challenge to the clinician. Persistent elevations of 
serum CK-MB resulting from chronic muscle disease occur 
in patients with muscular dystrophy, end-stage renal disease, 
or polymyositis, and in healthy subjects who undergo 
extreme exercise or physical activities. The increase in serum 
CK-MB in runners, for example, may be related to the adap- 
tation by the skeletal muscle during regular training and 
after acute exercise, resulting in increased CK-MB tissue con- 
centrations.” The mechanism responsible for increased CK- 
MB in skeletal muscle following chronic muscle disease or 
injury is thought to be caused by the regeneration process of 
muscle, with reexpression of CK-MB genes similar to those 
found in the heart thus giving rise to increased CK-MB levels 


in skeletal muscle.””"*’ Thus skeletal muscle can become like 
heart muscle in its CK isoenzyme composition, with up to 
50% CK-MB in some patients with severe polymyositis. 


MYOGLOBIN 


Myoglobin is an oxygen-binding protein of cardiac and 
skeletal muscle with a molecular mass of 17,800 Da. The 
protein’s low molecular weight and cytoplasmic location 
probably account for its early appearance in the circulation 
following muscle (heart or skeletal) injury. There is no 
difference in the myoglobin protein localization in the heart 
versus skeletal muscle. Increases in serum myoglobin occur 
after trauma to either skeletal or cardiac muscle, as in crush 
injuries or MI” Serum myoglobin methods are unable to 
distinguish the tissue of origin, because the proteins are 
identical. Even minor injury to skeletal muscle may result in 
elevated concentrations of serum myoglobin, which may 
lead to the misinterpretation of myocardial injury. Since 
myoglobin is cleared renally, changes in GFR will cause 
increases. It has a very short half life of 10 minutes in 
blood. 


LACTATE DEHYDROGENASE ISOENZYMES 


Lactate dehydrogenase (LD) (MW 180,000 Da) is localized 
in the cytoplasm of tissue.” Even though LD isoenzymes are 
rarely used in clinical practice anymore, for historical pur- 
poses, their biochemistry will be described here. The highest 
activities of LD are found in skeletal muscle, liver, heart, 
kidney, and red blood cells. Electrophoresis on a variety of 
gels and buffer media, combined with kinetic and immuno- 
logical studies, has provided convincing evidence of the 
existence of at least five isoenzymes, composed of four 
subunit peptides of two distinct types, designated M (for 
muscle) and H (for heart). LD-1 (H,) moves the fastest 
toward the anode, while LD-5 (M,) is closest to the cathode 
on an electrophoretic gel. LD-1 is found in highest concen- 
trations in the heart, kidney (cortex), and red blood cells. 
LD-5 is found in highest concentrations in liver and skeletal 
muscle. The hybrid LD isoenzymes LD-2 (H;M), LD-3 
(H,M,), and LD-4 (HM;) are also found in these and several 
other tissues. Because LD is not a tissue-specific enzyme, it 
is not surprising that serum total LD is increased in a wide 
variety of diseases. Studies have demonstrated that activities 
of total LD and LD-1 increase from right to left ventricles, 
with the H subunit activity varying twofold between differ- 
ent locations of the heart.’ As with CK-2 in skeletal muscle, 
the heart-specific LD-1 isoenzyme in skeletal muscle can 
increase twofold (from 10% to 20% of total LD activity) 
during a 9 week period of exercise training, with parallel 
decreases in LD-5.” Thus one must be aware that acute and 
chronic injury incurred during exercise training and racing, 
increases in serum total LD, especially LD-1 and the ratio of 
LD-1 to LD-2. The tissue source of these increases is likely 
skeletal muscle as opposed to the myocardium.”*”° 

Some tests that may potentially become helpful clinical 
tools as biomarkers to detect atherosclerotic processes and 
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plaque vulnerability are listed in Boxes 44-6 and 44-7 and 
discussed later in this chapter. 


C-REACTIVE PROTEIN 


CRP is an acute phase reactant initially developed to 
evaluate patients with infection.’”""” It now appears that low 
concentrations (so called high sensitivity or hsCRP) can be 


e Abnormal lipoprotein profile (high LDL, low HDL, abnormal 
LDL and HDI size density, Lpa) 

* Nonspecific biomarkers of inflammation (hsCRP, CD40L, 
ICAM-1, VCAM-1, P-selectin) 

* Serum biomarkers of metabolic syndrome (diabetes or 
hypertriglyceridemia) 

e Specific biomarkers of immune activation (anti-LDL antibody, 
anti-HSP antibody) 

e Biomarkers of lipid peroxidation (ox-LDL and ox-HDL) 

e Homocysteine 

e Pregnancy associated plasma protein-A 

e Circulating apoptosis biomarker(s) (Fas/Fas ligand, not specific 
to plaque) 

e ADMA/DDAH 

e Circulating nonesterified fatty acids (e.g., NEFA) 


hsCRP, High-sensitivity CRP; CD40L, CD40 ligand; ICAM, intracellular 
adhesion molecule; VCAM, vascular cell adhesion molecule; MMP, matrix 
metalloproteinases; TIMP, tissue inhibitors of MMPs; LDL, low-density 
lipoprotein; HDL, high-density lipoprotein; HSB heat shack protein; 
ADMA, asymmetric dimethylarginine; DDAH, dimethylarginine 
dimethylaminohydrolase; and NEFA, nonesterified fatty acids. 


e Markers of blood hypercoagulability (e.g., fibrinogen, D-dimer, 
and factor V Leiden) 

¢ Increased platelet activation and aggregation (e.g., gene polymor- 

phisms of platelet glycoproteins I[b/Iila, Ia/Ia, and Ib/IX) 

Increased coagulation factors (e.g., clotting of factors V, VII, and 

VIN; von Willebrand factor; and factor XII) 

Decreased anticoagulation factors (e.g., proteins S and C, throm- 

bomodulin, and antithrombin IH) 

Decreased endogenous fibrinolysis activity (e.g., reduced t-PA, 

increased PAI-1, certain PAI-1 polymorphisms) 

e Prothrombin mutation (e.g.,G20210A) 

e Other athrombogenic factors (e.g., anticardiolipin antibodies, 

thrombocytosis, sickle cell disease, polycythemia, diabetes 

mellitus, hypercholesterolemia, hyperhomocysteinemia) 

Increased viscosity 

Transient hypercoagulability (e.g., smoking, dehydration, infec- 

tion, adrenergic surge, cocaine, estrogens, postprandial, etc.) 


t-PA, Tissue plasminogen activator; PAI, type 1 plasminogen activator 
inhibitor. 


a marker of the atherosclerotic process, as both chronic and 
acute atherosclerotic processes involve an inflammatory 
component (see Chapter 26). Among the ligands that can 
stimulate CRP are tissue necrosis factor (TNF) and inter- 
leukin 1 (IL-1), which are thought to stimulate IL-6 that then 
causes the elaboration of CRP from the liver (see Chapter 
22). It is now clear that CRP itself can enhance the inflam- 
matory and prothrombotic response. There are a large 
number of assays for hsCRP and a standard protocol for 
their reporting. 

For primary prevention, values >3 mg/L are considered 
high risk. Recent data suggests that using hsCRP data with 
the calculated LDL is a potent way to predict risk. For risk 
stratification in primary prevention, the use of hsCRP rou- 
tinely is not recommended by the AHA/CDC panel.” When 
used, <1 mg/L is considered low risk, 1 to 3 mg/L intermedi- 
ate, and >3 mg/L high risk. 

In patients who present with ACS, the initial value for 
hsCRP has prognostic significance. Whether it is short or 
long term depends on the study. In most studies, the influ- 
ence of cardiac troponin measurements is the predominant 
short term prognostic factor and hsCRP adds to long term 
prognosis. However, this is not always the case. Of interest, 
hsCRP measurements, similar to BNP, seem to predict death 
but not recurrent infarction. This could be because of the 
effect of mortality, which can confound multivariable 
models, but it is different from the data in regard to cardiac 
troponin (see discussion later in this chapter).’”’ It should be 
appreciated that once necrosis has occurred, hsCRP values 
rise and the ability to use them prognostically is attenuated. 


SERUM AMYLOID 


Serum amyloid protein A is an acute phase protein, and an 
apolipoprotein has often been used with hsCRP in cross 
sectional studies. It can be synergistic with hsCRP™ but is 
much less commonly used. At present, there is no standar- 
dized assay and no reference interval studies or consistent 
assay validations. 


SCD40 LIGAND 


sCD40 ligand is a transmembrane protein related to TNE. It 
has multiple prothrombotic and proatherogenic effects. 
What is usually measured is the soluble form of the recep- 
tor, which has been shown to be a predictor of events after 
acute presentations.” At present, there is no standardized 
assay and no reference intervals studies or consistent assay 
validations, 


CYTOKINES 


There are a variety of stimulatory and inhibitory interleukins 
(TNE, IL-1, IL-6, IL-8, IL-12, IL-18) that are thought to help 
mediate the elaboration of CRP and the development of ath- 
erosclerosis and acute events. These cytokines either stimu- 
late or inhibit leukocytes, often through T-cell mediated 
processes and effects on monocytes, which are indigenous 
to atherogenesis.’ In some studies, IL-6 is more prognostic 
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than hsCRP. These cytokines often have inhibitors and/or 
binding proteins that modulate their effects. At present, there 
are no standardized assays and no normal range studies or 
consistent assay validations. 


MYELOPEROXIDASE 


Myeloperoxidase is released when neutrophils aggregate and 
thus may indicate an active inflammatory response in blood 
vessels, It has been shown to be elevated chronically when 
chronic CAD is present?” It is increased when patients 
present with ACS.* Initial prognostic studies were encour- 
aging but were done without adequate consideration of 
other analytes and specifically cardiac troponin.” Accord- 
ingly, additional studies are needed. At present, there is no 
standardized assay and no reference interval studies or con- 
sistent assay validations. 


PHOSPHOLIPASE A2 


Phospholipase A2 (Lp PLA2) is a phospholipase associated 
with LDL and is thought to be an inflammatory marker. It 
was previously known as platelet activating factor acetyl 
hydrolase (PAF). It is synthesized by monocytes and lym- 
phocytes. It is thought to cleave oxidized lipids to induce 
lipid fragments that are more atherogenic and that increase 
endothelial adhesion. There is an FDA approved assay for 
this analyte with obligatory normal intervals. It has been 
shown to be predictive of events in a primary prevention 
cohort even when hsCRP is present in the model, suggesting 
it measures something different from the acute phase reac- 
tants associated with hsCRP.** 


PREGNANCY ASSOCIATED PLASMA PROTEIN A 
Pregnancy associated plasma protein A (PAPP-A) is a met- 
alloproteinase expressed when IGF is freed from inhibition. 
It is thought to be expressed in plaques that may be prone 
to rupture. The literature in this regard is mixed at present 
concerning its use.'**?“ At present, there is no standardized 
assay and no reference interval studies or consistent assay 
validations. 


OXIDIZED LDL 


Oxidized LDL has been attributed a key role in the develop- 
ment of atherosclerosis (see Chapter 26). Several methods 
have been used to measure it, but they give potentially dif- 
ferent data. Some have correlated malondialdehyde LDL 
with the development of atherosclerosis and short-term 
events.” Direct identification with antibodies suggests that 
oxidized LDL may be released from vessels and co-localize 
with Lp(a) after acute events.” 


Placental Growth Factor 

Placental growth factor is an angiogenic factor related to vas- 
cular endothelial growth factor (VEGF), which stimulates 
smooth muscle cells and macrophages. It also increases TNF 
and MCP-1. There is a novel assay for this analyte that is 
thought to provide additional prognostic information on 


patients who present with ACS.” At present, there is no stan- 
dardized assay and no reference interval studies or consis- 
tent assay validations. 


MATRIX METALLOPROTEINASES 


Matrix metalloproteinases (MMP) can degrade the collagen 
matrix in either coronary artery or myocardium. They are 
integral to remodeling of the coronary artery and/or the 
heart after acute events. Elaboration of MMP 9, a gelatinase, 
is thought to be important in plaque destabilization and thus 
some have tried to measure it as a prognostic index. Other 
MMPs participate in the elaboration of extracellular matrix 
in the heart. Many of the MMPs also have inhibitors 
(TIMPs) that modulate their effects. At present, there are no 
standardized assays and no normal range studies or consis- 
tent assay validations. 


MONOCYTE CHEMOTACTIC PROTEIN 


Monocyte chemotactic protein (MCP-1) is a chemokine that 
is thought to be responsible for the recruitment of mono- 
cytes into atherosclerotic plaque (see Chapter 22), It has been 
reported to be elevated in patients with ACS and to have 
long-term predictive value.“ However, at present, there is no 
standardized assay and no reference interval studies or con- 
sistent assay validations. 


TUMOR NECROSIS FACTOR ALPHA 


Tumor necrosis factor alpha (TNFa) is an inflammatory 
cytokine and interleukin that is involved in the genesis of 
sepsis, arthritis, and a variety of other inflammatory states 
(see Chapter 22). It also has hemodynamic effects and 
reduces ventricular performance. It is also a common sig- 
naling molecule. Assays for it or its receptor have been devel- 
oped, but the failure of recent therapeutic trials has led to 
concern about how to properly interpret the high levels seen 
in patients with CHF and coronary heart disease.” At 
present, there are no standardized assays and no reference 
interval studies or consistent assay validations. 


TISSUE PLASMINOGEN ACTIVATOR ANTIGEN 


Tissue plasminogen activator antigen (t-PA antigen and 
activity) and plasminogen activator inhibitor 1 (PAI-1).t-PA 
is the body’s physiological fibrinolytic activator. PAI-I is its 
endogenous inhibitor and binds to t-PA. Inhibition of fibri- 
nolysis has been suggested to be a reason for recurrent 
infarction and the fact that maximal inhibition usually 
occurs in the early morning hours a reason for the circadian 
variability of AMI.” It may also be the reason why diabetics 
have such unstable disease since the growth factor proper- 
ties of insulin stimulate increases in PAI-1.”” An accurate 
assessment of this system includes both and some assess- 
ment of the bound compared with free levels. 


SECRETED PLATELET GRANULAR SUBSTANCES 


Both platelet factor 4 (PF4) and beta thromboglobulin 
(BTG) are secreted when platelets aggregate. PF4 has a short 


Chapter 44 Cardiac Function 1635 


half-life, is released by heparin, and is the cause of the anti- 
bodies that result in heparin-induced thrombocytopenia. 
BTG is not released by heparin and has a longer half-life. 
Both markers have been used to assess platelet aggregation.” 
BTG is by far the most reliable. At present, there are no stan- 
dardized assays and no reference interval studies or consis- 
tent assay validations. 


ISOPROSTANES 


Isoprostanes are the end breakdown products of lipid 
peroxidation, and urinary levels have been used to assess 
the level of oxidative stress." It is thought that oxidation 
of LDL is essential for the development of atherosclerosis 
and that HDL and other antioxidants work by antagonizing 
this oxidative stress. Urinary isoprostanes give one some 
summary assessment of this critical process. The most 
common ones measured are F,-isoprostanes, but there are a 
large number of potential ones to measure. It does appear 
that they will eventually be helpful in assessing oxidative 
stress, 


URINARY THROMBOXANE 


Urinary thromboxane is the end metabolite of thromboxane 
A2, which is a measure of platelet aggregation. Urinary levels 
are elevated in patients with unstable coronary disease in 
keeping with the known participation of platelets in the 
pathogenesis of CAD. It is difficult to measure, and collect- 
ing urine in acute situation is at times problematic. 


ADHESION MOLECULES 


Adhesion molecules are a wide variety of molecules that 
can potentially be measured as a way of assessing the 
adherence of leukocytes and/or platelets or other adhesive 
proteins to the endothelial matrix. Some are receptors. 
Some of the examples include PECAM-1 (platelet- 
endothelial adhesion molecule 1), P-selectin, e-selectin, and 
VCAM-1 (vascular cell adhesion molecule 1). At times, the 
receptor itself is measured but often it is a soluble portion 
that circulates that is the ligand. At present, there are no 
standardized assays and no reference interval studies or con- 
sistent assay validations. 


OTHER PROPOSED MARKERS 


Several markers of ischemia have been proposed but are yet 
to be validated. 


Ischemia Modified Albumin 


Ischemia modified albumin (IMA), measured by the 
albumin cobalt binding test, has been approved by the FDA 
for its negative predictive value in concert with a normal 
ECG and a normal cardiac troponin. This test relies on 
changes in the binding of cobalt to the albumin molecule 
when ischemia is present.”” It requires additional validation 
of the meaning of a positive test before clinical use for ruling 
in ischemia. 


Choline 


Choline is released after stimulation by phospholipase D and 
has been touted as a test of prognosis in patients with chest 
discomfort.” At present, there is no standardized assay and 
no reference interval studies or consistent assay validations. 


Unbound Free Fatty Acid 


Unbound free fatty acid (uFFA) has also been touted as a 
marker of ischemia. Most fatty acid is bound and ischemia 
is thought to increase the small unbound fraction. Initial 
studies have reported mixed results.* At present, there is no 
standardized assay and no reference interval studies or con- 
sistent assay validations. 


Nourin 


Nourin I is a small protein released rapidly by “stressed 
myocytes.” It induces changes in a variety of inflammatory 
cytokines and attracts neutrophils. Preliminary studies have 
been done attempting to validate its use.” At present, there 
is no standardized assay and no reference interval studies or 
consistent assay validations. 


ANALYTICAL MEASUREMENT OF CARDIAC 
PROTEINS 


The analytical techniques used to measure the most com- 
monly used. cardiac biomarkers are reviewed here. All of the 
initial cardiac markers were enzymes, so the earliest tech- 
niques measured the catalytic activity of the marker. 
Immunoassay techniques measure the mass of a marker and 
they are the predominant methodology used in clinical lab- 
oratory practice today. Analytically, they offer lower limits of 
detection, improved precision, and faster assay times, on 
both highly automated central laboratory platforms and 
POCT. 


CARDIAC TROPONIN 
Methodology 


Cummins and co-workers were the first to develop a 
radioimmunoassay to measure cTnI that used polyclonal 
anti-cTnI antibodies.” Although the assay showed approxi- 
mately 2% cross-reactivity with skeletal Tnl, it still had excel- 
lent clinical specificity for cardiac muscle injury. The assay 
was never automated or developed for commercial use. 
The first monoclonal ELISA, anti-cTnI antibody-based 
immunoassay, was described by Bodor et al.” This assay has 
less than 0.1% cross-reactivity with skeletal TnI, but it was 
not suited for clinical use because of the lengthy assay time. 
Over the past 15 years, numerous manufacturers have 
described the development of monoclonal antibody—based 
diagnostic immunoassays for the measurement of cTnI in 
serum.'*** Assay times range from 5 to 30 minutes. As shown 
in Table 44-1, over a dozen assays have been approved by the 
EDA for patient testing within the United States on central 
laboratory and POCT platforms. In addition to these quan- 
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TABLE 44-1 FDA-Approved Cardiac Troponin Assays 
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LLD, Lower limit of detection; 99th percentile reference limit; ROC, receiver operator characteristic curve optimized cutoff; 10% CV, lowest concentration 


to provide a total imprecision of 10%. 


titative assays, several assays have been FDA approved for the 
qualitative determination of cTnl. 

In practice, two obstacles limit the ease for switching from 
one cTnl assay to another. First, there is currently no primary 
reference cTnl material available for manufacturers to use 
for standardizing their assays. Second, assay concentrations 
fail to agree because of the different epitopes recognized by 
the different antibodies used. An effort has been underway 
since 2001 by the AACC Subcommittee on Standardization 
of cTnI to prepare a primary reference material." In collab- 
oration with the National Institute for Standards and Tech- 
nology (NIST), two reference materials—a TIC ternary 
complex and an IC binary complex—have been identified. 
Working with NIST and the in vitro diagnostic industries, 
preliminary round robin studies have demonstrated that 
while standardization of assays remains elusive, harmoniza- 
tion of cTnI concentrations by different assays has been nar- 
rowed from a twentyfold difference to a twofold to threefold 
difference. 

cTnl is present in the circulation in three forms: (1) free, 
(2) bound as a two-unit binary complex (cTnI-cTnC), and 
(3) bound as a three-unit ternary complex (cTnT-cTnl- 
cTnC).'* Thus different assays do not produce equivalent 
concentration results, and comparisons of absolute cTnI 
concentrations in clinical studies cannot and should not be 
made. Comparisons between assay systems must view 
changes as relative to each assay’s respective upper reference 
limit. Users must understand the analytical characteristics of 
each troponin I assay before clinical implementation. 

Several adaptations of the Roche Diagnostics 
(Indianapolis) cInT immunoassay have been described, 
resulting in an FDA-approved third-generation assay avail- 


able worldwide.* Two monoclonal anticardiac troponin T 
antibodies are used in the third-generation assay. Skeletal 
muscle TnT is no longer a potential interferent, as was found. 
in the first-generation ELISA cTnT assay.’ In contrast to 
cTnI, no standardization bias exists for cTnT because the 
same antibodies (M11, M7) are used in both the central 
laboratory and POC quantitative and POC qualitative assay 
systems. 

Surveys on cardiac troponin use have been conducted” 
but the data in the peer-reviewed literature are negligible. 
The distribution of cardiac troponin assays used as reported 
over the past several years by the College of American 
Pathologists surveys is listed in Table 44-2. cTnI assay usage 
accounts for 89% (number of vendors) and cT'nT (1 vendor) 
for 11%. POCT assays account for approximately 10% of all 
testing. 

In 2001, the IFCC Committee on Standardization of 
Markers of Cardiac Damage (C-SMCD) established recom- 
mended quality specifications for cardiac troponin assays.'”° 
These specifications were intended for use by the manufac- 
turers of commercial assays and by clinical laboratories using 
troponin assays. The overall goal was to attempt to establish 
uniform criteria in order that all assays could be evaluated 
objectively for their analytical qualities and clinical perfor- 
mance. Both analytical and preanalytical factors were 
addressed as shown in Box 44-8. First, an adequate descrip- 
tion of the analytical principles, method design, and assay 
components needs to be made. This includes the following 
recommendations: 


*References 11, 54, 55, 77, 113, 115, 234. 
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TABLE 44-2 CAP Laboratory User Sur ee of Cardiac sop Testing 


T ponin Assays 
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A. Analytical Factors 

1. Antibody specificity—recognize epitopes as part of molecule 
and equimolar for all forms 

2. Influence of anticoagulants 

3. Calibrate against natural form of molecule 

4, Define type of material useful for dilutions 

5. Demonstrate recovery and linearity of method 

6. Describe detection limit and imprecision (10% CV) 

7. Address inferents, i.e., rheumatoid factor, heterophile antibodies 


B. Preanalytical Factors 

1. Storage time and temperature conditions 
2. Centrifugation effects—gel separators 

3. Serum—plasma—whole blood correlations 


Modified from Panteghini M, Gerhardt W, Apple FS, Dati F, Ravkilde J, 
Wu AH. Quality specifications for cardiac troponin assays. Clin Chem Lab 
Med 2001;39:174-8. 


First, the antibody specificity as to what epitope locations 
are identified needs to be delineated. Epitopes located on the 
stable part of the cInl molecule should be a priority. 
Further, assays need to clarify whether different cT'nI forms 
(i.e., binary versus ternary complex) are recognized in an 
equimolar fashion by the antibodies used in the assay. Spe- 
cific relative responses need to be described for the follow- 
ing cTnI forms: free cT'nl, the I-C binary complex, the T-I-C 
ternary complex, along with oxidized, reduced, and phos- 
phorylated isoforms of the three cTnI forms. Further, the 
effects of different anticoagulants on binding of cTnI need 
to be addressed.” 

Second, the source of material used to calibrate cardiac 
troponin assays, specifically for cTnI, should be reported. 
Currently a cTnI standardization subcommittee of the 
AACC is addressing the use of several materials to develop a 
primary reference material that will assist in at least harmo- 
nizing cI'nl concentrations across different assays." 
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Because antibody differences will always be present in dif- 
ferent assays, complete standardization will never be pos- 
sible for cTnI. However, for cTnT, because there is only one 
assay manufacturer (Roche Diagnostics), standardizing 
between assay generations has been consistent. 

Third, assays need to describe methods used for obtaining 
minimal detection limits (e.g., mean plus 3 SD of 20 repli- 
cates of a zero calibrator) and total imprecision, describing at 
what concentration a 10% CV is attained. Preanalytical 
factors that should be described include the effects of storage 
time and temperature, glass versus plastic tubes and gel sepa- 
rator tubes, and the influence of anticoagulants and whole 
blood measurements. As more assay systems are devised for 
POCT, the same rigors applied to the central laboratory 
methodologies need to be adhered to by the POCT systems. 

While clinicians and laboratorians continue to publish 
guidelines supporting TATs of <60 minutes for cardiac 
biomarkers, the largest TAT study published to date has 
demonstrated that TAT expectations are not being met in a 
large percentage of hospitals. A CAP Q probe survey study 
of 7020 cardiac troponin and 4368 CK-MB determinations 
in 159 hospitals demonstrated that the median and 90th 
percentile TAT for troponin and CK-MB were as follows: 
74.5 minutes and 129 minutes; and 82 minutes and 131 
minutes, respectively.” Less than 25% of hospitals were able 
to meet the <60 minute TAT, representing the biomarker 
order-to-report time. Unfortunately a separate subanalysis 
of just POCT systems was not reported. However, prelimi- 
nary data have shown that implementation of POC cardiac 
troponin testing can decrease TATs to <30 minutes in 
cardiology critical care and short stay units.” These data 
highlight the continued necessity for laboratory services 
and healthcare providers to work together to develop 
better processes to meet a <60-minute TAT as requested by 
physicians. 


Reference Intervals 

If possible, each laboratory should determine a 99th per- 
centile of a reference group for cardiac troponin assays with 
the specific assay used in clinical practice or validate the assay 
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based on findings in the literature.’° Further, acceptable 
imprecision (coefficient of variation and percent of CV) of 
each cardiac troponin assay (Figure 44-10) and for CK-MB 
mass assay has been defined as <10% CV at the 99th per- 
centile reference limit.’ 

Unfortunately the majority of laboratories do not have the 
resources to perform adequately powered reference interval 
studies nor the ability to carry out NCCLS protocols to estab- 
lish total imprecision criteria for every cardiac troponin assay 
in the marketplace. Therefore clinical laboratories have to 
rely upon the peer-reviewed published literature to establish 
reference intervals. Numerous reference studies have been 
carried out for specific cardiac troponin assays. When review- 
ing these studies, caution must be taken when comparing the 
findings reported in the manufacturer’s FDA-approved 


Pool iD 


Figure 44-10 Cardiac troponin | imprecision profiles for 
human serum pools using different cTnl assays, with 10% CV 
concentration indicated by the dashed line. (From Panteghini M, 
Pagani F Yeo KT, Apple FS, Christenson RH, Dati F, et al. Evaluation of 
the imprecision at low range concentrations of the assays for cardiac 
troponin determination. Clin Chem 2004;50:327-32.) 


TABLE 44-3 Heparin-Plasma 99th Percentile Reference Limits 
Troponin Assays 
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package inserts, with the findings reported in journals 
because of differences in total sample size, distributions 
by gender and ethnicity, age ranges, and the statistic used 
to calculate the 99th percentile given. To date, very few in 
vitro diagnostic companies have published their 99th per- 
centile cutoffs in their package inserts. There is no established 
guideline set by the FDA to mandate a consistent evaluation 
of the 99th percentile reference limit for cardiac troponins. 
The largest and most diverse reported reference interval 
study to date shows plasma (heparin) 99th percentile refer- 
ence limits for eight cardiac troponin assays (seven cTnl, 
one cTnT) and seven CK-MB mass assays (Tables 44-3 and 
44-4), These studies were performed in 696 healthy adults 
(age range 18 to 84 years) stratified by gender and ethnicity. 
The data, while generally in agreement with information 
provided by personal communication with the manufac- 
turer, demonstrate several issues. First, two cTnl assays show 
a 1.2- to 2.5-fold higher 99th percentile for males versus 
females. Second, two cTnI assays demonstrated a 1.1- to 
2.8-fold higher 99th percentile for African Americans versus 
Caucasians. Third, there was a thirteenfold difference 
between the lowest versus the highest measured cTnI 99th 
percentile limit. Obviously the lack of cardiac troponin assay 
standardization (there is no primary reference material avail- 
able) and the differences in antibody epitope recognition 
between assays (different assays use different antibodies) give 
rise to substantially discrepant results. What is generally 
recognized, though, as long as one understands the charac- 
teristics of an individual assay and does not attempt to 
compare absolute concentrations between different assays, is 
that clinical interpretation should be acceptable for all assays. 

How to implement reference cutoffs for cardiac troponin 
is not clear at present. Since only one or two of the more 
than dozen commercially available assays can attain a total 
10% CV at the 99th percentile, caution must be used in 
implementing a diagnostic cutoff that may potentially give 


(ug/L) by Gender and Race for FDA-Approved Cardiac 
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“Number of samples tested in the Abbott, Beckman, Dade-Behring, OCD, and Roche assays. 


The Roche assay is the only cTnT assay on the market; all other assays are for cT. 
‘Number of samples tested in the Tosoh assay. 

Number of samples tested in the Bayer assay. 

‘Number of samples tested in the DPC assay. 

‘Significantly different (P = 0.05) from Caucasians based on mean concentrations. 
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false-positive analytical results. Many studies have addressed 
the total imprecision of cardiac troponin assays, including 
what the lowest concentration will be to attain a 10% CV. 
The manufacturers continue to publish package insert data, 
primarily based on within-run or within-day precision. 
Again, there is no consistent FDA specification regarding 
what precision value should be reported on the package 
insert. To better address day-to-day clinical laboratory prac- 
tice, the IFCC C-SMCD has published findings demonstrat- 
ing the total imprecision for 13 commercial assays, based on 
a 20-day NCCLS protocol.’ None of the assays were able to 
experimentally achieve a 10% CV at their 99th percentile 
cutoff. Therefore to avoid the potential for false-positive 
diagnostic criteria based on cardiac troponin monitoring at 
the 99th percentile, a group of experts in both the labora- 
tory medicine and cardiology communities initially 


endorsed the concept that until cardiac troponin assay 
imprecision improves at the low end, the lowest concentra- 
tions to attain a 10% CV should be used as a modified 
ESC/ACC diagnostic cutoff for detection of myocardial 
injury.” The ultimate goal will be to have all cardiac 
troponin assays attain a 10% CV at the 99th percentile 
reference limit. However, when using serial troponin 
determinations and a 99th percentile cutoff, assay impreci- 
sion differences at will misclassify less than 1% of patients 
ruling out for myocardial infarction. Therefore all biomarker 
increases above the 99th percentile should be interpreted 
cautiously, within the clinical context of the patient, and fol- 
lowed up with serial samples over a 6- to 12-hour period 
after presentation,“ 

Use of the 2000 ESC/ACC redefinition of MI consensus 
document, which is predicated on cardiac troponin monitor- 


TABLE 44-4 Heparin-Plasma 99th Percentile Reference Limits (itg/L) by. Gender and Race for EDA-Approved CK-MB 
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"Number of samples tested in the Tosoh assay. 

‘Number of samples tested in the Bayer assay. 
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SAbbott, P < 0.0001. 
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TABLE 44-5 Studies of CK-MB and froponin Comparison 
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Modified from Kojima M, Minamino N, Kangawa K, Matsuo H. Cloning and sequence analysis of cDNA encoding a precursor for rat brain natriuretic 


peptide. Bichem Biophys Res Commun 1989;159:1420-6. 
ACS, Acute coronary syndrome. 
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TABLE 44-6 Diagnostic Implications in 1719 
Consecutive ACS Admissions Based on 
CEutoffs 
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ing, has already demonstrated an increase in the number of 
MIs in (1) day-to-day clinical practice, (2) emergency depart- 
ments, (3) epidemiologic departments, (4) clinical trials, (5) 
society, and (6) public policy.” Characteristics used to define 
a disease in one country may be interpreted differently by 
clinicians in another nation, thus possibly rendering com- 
parison of cardiac disease between countries difficult but 
not impossible. Consequentry the AHA, the World Heart 
Federation Councils on Epidemiology and Prevention, the 
Centers for Disease Control and Prevention, and the National 
Heart, Lung, and Blood Institute have jointly published a 
statement that defines acute coronary heart disease (CHD) in 
epidemiology and clinical research studies.’ This statement 
was based on a systematic review of evolving diagnostic 
strategies with the goal of developing standards for popu- 
lation studies of CHD. The definition of CHD cases was 
deemed dependent on symptoms, signs, ECG, and/or 
autopsy findings and biomarkers. Cardiac biomarkers, 
measures of myocardial necrosis, were prioritized for use as 
follows: cardiac troponin > CK-MB mass > CK-MB activity 
> CK. An adequate set of biomarkers was determined to be at 
least two measurements of the same biomarker at least 6 
hours apart (similar to the preestablished ESC/ACC con- 
sensus). A diagnostic biomarker was, at least, one positive 
biomarker in an adequate set showing a rising or falling 
pattern in the setting of clinical ischemia and the absence of 
noncardiac causes of biomarker elevation. An equivocal 
biomarker was when only one available measurement was 
positive, but not in the clinical setting of ischemia or in the 
presence of nonischemic causes. A positive biomarker was 
defined as exceeding the 99th percentile or the lowest con- 
centration at which a 10% CV can be demonstrated. 

For clinical trials, to avoid the confusion of multiple 
centers using multiple assays, several approaches are recom- 
mended for using cardiac troponin testing.'*!’ First, all 
samples from trial centers should be analyzed in a core, 
central lab—with a precise, well-defined assay. Second, all 
trial centers should be provided with the same well-defined 
assays. Third, each center’s assays should be uniformly 


defined using the 10% CV concentration (assay-dependent), 
thus not relying on local lab criteria and troponin cutoffs, 
Fourth, a multiple (twofold to threefold) of the 10% CV 
cutoff value should be used. Fifth, the degree of variability 
should be reported if those conducting trials decide to use 
cutoff values defined in earlier studies. 

The advances in diagnostic technology in the develop- 
ment of improved low-end analytical detection of cardiac 
troponins have begun to impact the prevalence of acute MI 
detection. Increasingly, the data suggest that the more sensi- 
tive cardiac troponin tests result in greater rates of MI diag- 
nosis and greater rates of cardiac troponin positivity 
compared with other markers.”4"4"" Milder and smaller 
MIs will be detected. Clinical cases that were earlier classi- 
fied as UA will be given a diagnosis of MI (because of an 
increased cardiac troponin), and now procedure-related 
troponin increases (Le., following angioplasty*”*"”*) will be 
labeled MI. The importance of small troponin increases has 
been confirmed by their association with a poor prognosis 
(this will be discussed later in the Risk Stratification section 
of this chapter). Table 44-5 demonstrates, based on several 
studies that compared CK-MB and cardiac troponin assays 
in ACS patients, that a substantial increase in the rate of MIs, 
ranging from 12% to 127%, was detected. In one of the 
studies by Lin et al, a subset (5%) of cT'nI-negative, CK-MB- 
positive patients revealed the potentially underlying false- 
positive MI rate when using CK-MB as a standard for MI 
detection.'" This was likely caused by release of CK-MB 
from skeletal muscle, in the absence of myocardial injury. 
Further, a subset (12%) of cTnI-positive, CK-MB-negative 
patients showed a subset of MIs that would not have been 
detected without cardiac troponin monitoring. Additional 
studies also have clearly demonstrated the impact of lower- 
ing diagnostic cutoff concentrations from the ROC curve, 
to the 10% CV value or to the 99th percentile limit. Table 
44-6 contains representative data showing a 125% increase 
in the negative CK-MB, but a positive cardiac troponin 
patient group of ACS patients predicated on a changing stan- 
dard of what cardiac troponin cutoff is used. Kontos et al 
also showed a similar incidence for increased MI, with the 
prevalence increasing from 7.8% using CK-MB to 28% to 
195% using various lower cTnI diagnostic values.” All these 
data, taken together, support the implementation of cardiac 
troponin in place of, not in combination with, CK-MB. 


BRAIN NATRIURETIC PEPTIDE 
Methodology 


Box 44-9 shows both current assays and future assay devel- 
opment for BNP or NT-proBNP. Limited licensing agree- 
ments have apparently restricted BNP assay development to 
Shionogi (RIA, not FDA approved), Biosite (Triage POC, 
FDA approved), Abbott (AxSYM, FDA approved), Bayer 
(Centaur, FDA approved), and Beckman (Biosite assay per- 
formed on Access, FDA approved). Roche (Elecsys, FDA 
approved), which manufactures NT-proBNP, has (as of 
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TABLE 44-7 Reference Interval Concentrations for BNP and NT-proBNP Based on FDA-Approved Package Inserts 


65-74 


“Abbott 20 562: 
Bayer. 
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A. BNP 
1. Abbott (AxSYM) 
2. Biosite (Triage) 
Licensed to Beckman (Access) 
3. Shionogi (RIA) 
Licenced to Bayer (Centaur) 


B. NT-proBNP 
Roche (Elecsys) 
Licensed to 
a. Dade Behring* 
b. DPC} 
c. Ortho-Clinical Diagnostics} 


*FDA approved using same antibodies as Roche 
{Same antibodies as Roche but not FDA approved. 


this writing) sublicensed Dade-Behring (Dimension, FDA 
approved) and DPC and Ortho-Clinical Diagnostics. Char- 
acteristics of the commercial assays differ as to standardiza- 
tion of measurements and use of antibodies. Differential 
recognition of epitope regions appears to be the major 
determinant in BNP and NT-proBNP stability for each assay. 
Assays that use an antibody that recognizes the N-terminus 
labile region of BNP (Biosite, Beckman, Abbott) demon- 
strate less analyte stability at room temperature (<4 hours} 
than assays that use one of their antibodies recognizing the 
C-terminus (Bayer). The Roche NT-proBNP antibody con- 
figuration allows for 72 hours of sample stability at room 
temperature. At present, reference materials are not available 
for either BNP or NT-proBNP, and standardization is yet to 
be achieved. However, for NT-proBNP, which Roche has 
licensed to multiple diagnostic companies, because reagents 
and antibody materials will be equivalent, concentrations 
measured between assays should be harmonized. Further 


information is needed to better document what NP frag- 
ments are measured in the NT-proBNP assay. For BNP, dif- 
ferent materials have been used to calibrate different assays, 
and as described above, different antibody pairs are used in 
each assay. However, it appears that both Abbott and Bayer 
have set their assays to be comparable around the 100 pg/mL 
BNP concentration, the concentration with the largest 
evidence-based clinical information used for diagnostic 
purposes. Therefore, since neither NT-proBNP or BNP assay 
systems use a primary reference material to calibrate their 
assays, results should be reported in nanograms per liter 
(ng/L) concentration units and not picomoles per liter. 

Stability of BNP immunoreactivity is compromised in 
whole blood collected in glass tubes versus plastic and sili- 
conized tubes.” This has been described by all assay man- 
ufacturers, with 30% to 80% loss of immunoreactivity in 
glass after 4 to 8 hours. Further, proBNP has been shown to 
be more stable than its metabolized form of BNP, which is 
the 32—amino acid form measured by BNP immunoassays. 
Further studies regarding the immunoreactivity of proBNP 
and thus half-life differences are needed: by each BNP 
commercial assay to better elucidate the clinical utility if any 
for proBNP in CHF patients. Imprecise implications also 
should be better understood and studied regarding different 
assays.”° Quality specifications are available for BNP 
assays. "^ 


Reference Intervals 


There are several practical issues regarding the use of 
serum/plasma/whole blood monitoring of BNP and NT- 
proBNP. First, reference intervals vary depending on which 
assay is used and the nature of the reference population used 
(Tables 44-7 and 44-8), Second, a number of clinical factors 
affect the BNP and NT-proBNP concentrations, most 
importantly age, gender, and renal function. Significant dif- 
ferences are observed between men and women (higher) and 
with increasing concentrations with age by decade, as shown 
in Figure 44-11. Third, for BNP and NT-proBNP,’”*”"° the 
relative impact of these factors in relation to the degree of 


1642 Section VI Pathophysiology 


TABLE 44-8 Median BNP and NT-proBNP. Concentrations Versus NYSHA Classification for. the Four FDA-Approved 
Assays® 


Abbott BNP = 12 174 
Biosite BNP 2 15d 
Bayer BNP EST. e 62 
Roche NT-proBNP == 341. 337 


M, Males; 5 females, 
*Data abstracted from package inserts of manufacturer’s assays. 
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Figure 44-11 Age- and gender-related NT-proBNP 
concentrations in a healthy, non-CHF reference population. 


left ventricle dysfunction remains a debate. When BNP con- 
centrations are monitored in ages >60 years and reference 
concentrations >l00pg/mL, the cutoff that has demon- 
strated a high-negative predictive value (NPV) in ruling out 
CHF has been described. Increased NT-proBNP concentra- 
tions above 400 pg/mL in the >60 years population present 
the same diagnostic dilemma. For both analytes, there is an 
inverse relationship between values and body mass index. 
For NT-proBNP, establishing reference intervals has been 
challenging. Review of both the FDA approved U.S. package 
insert and the European assay package insert reveals sub- 
stantial differences in what concentrations are considered 
normal by age and sex. 


CREATINE KINASE-2 AND ISOFORMS 
Methodology 


CK-2 levels are measured in numerous ways.” The present 
discussion will concentrate on the immunoassays that use 
monoclonal anti-CK-2 antibodies. ™® Immunoassays 
developed in recent years have improved on the analytical 
and clinical sensitivity and specificity of the earlier 
immunoinhibition and immunoprecipitation assays. These 
assays now (1) measure CK-2 directly and provide mass 
measurements, (2) are easily automated, and (3) are rapid 
(<30 minutes). This allows laboratories the ability to offer 


more testing services 24 hours a day, 7 days a week (24/7). 
This service improvement enhances the clinician’s ability to 
triage patients from intensive to nonintensive care beds and 
to discharge patients who have not had an AMI. Mass assays 
reliably measure low CK-2 concentrations in samples with 
low total enzyme activity (<100U/L) and with high total 
enzyme activity (>10,000 U/L). Further, no interferences 
from other proteins have been documented. The majority of 
commercially available immunoassays that use monoclonal 
anti-CK-2 antibodies are the same as those listed in Table 
44-1 for cardiac troponin assays. Excellent concordance 
has been shown between mass concentration and activity 
assays.” All have detection limits of approximately 1 pg/L, 
are 100% specific for CK-2, and are remarkably similar in 
clinical performance in the diagnosis of AMI. Analytical per- 
formance, linearity, and cost may vary between assays. One 
of the many impacts these immunoassays provide is that 
serum CK-2 concentrations can be determined conveniently 
at almost any time of day, without additional laboratory per- 
sonnel. The diagnostic cutoff is assay-dependent because of 
a lack of CK-2 standardization between different manufac- 
turers. A CK-MB Standardization Subcommittee of the 
AACC has been successful in developing, testing, and vali- 
dating a primary reference material that is commercially 
available to assist in harmonization.” If used for assay stan- 
dardization, this material allows concentrations to be 
reported within 20% of each other. Trends documented in 
the College of American Pathologists surveys for CK-2 quan- 
titation show during the past 5 to 10 years a large shift to the 
predominant use of monoclonal anti-CK-2 antibody-based 
mass assays (>80%). 

At present, rarely are isoforms routinely measured in the 
clinical laboratory. Historically, they were widely used as a 
research tool, but never gained clinical acceptance. Several 
technologies have been applied to separate and quantitate 
the various CK-2 isoforms. These include isoelectric focus- 
ing, chromatofocusing, immunoblotting, anion-exchange 
high-performance liquid chromatography (HPLC), and 
electrophoresis.””"* Their major disadvantages have been 
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lengthy assay time, lack of sensitivity in the very low CK 
range, and the inability to easily incorporate a technique into 
a clinical laboratory throughout a 24-hour day. A high- 
voltage electrophoresis procedure has been developed that 
provides rapid and sensitive enough results to permit CK-2 
isoform measurement within the reference interval of total 
CK. 

Advances in the production of monoclonal antibodies 
have not provided the means for the development of rapid 
and sensitive immunoassays for CK-3 and CK-2 isoform 
quantitation.” Proper specimen collection and stabilization 
of CK-2 isoforms are essential for the correct measurement 
of the CK-2, and CK-2, isoforms. A progressive increase in 
posttranslational degradation of CK-2, to CK-2; has been 
observed at room temperature. Incorporation of EDTA at a 
final concentration of 5 to I5mmol/L to blood has been 
shown to stabilize the isoform distribution. 


Reference Intervals 


For CK-MB, as has been recognized for years for total CK,” 
all assays demonstrate a significant 1.2- to 2.6-fold higher 
99th percentile for males versus females. Further, there were 
four assays that showed higher, up to 2.7-fold, concentra- 
tions for African Americans versus Caucasians. These data 
demonstrate that clinical laboratories must consider estab- 
lishing different CK-MB reference cutoffs for at least men 
versus women.'©?” 


MYOGLOBIN 

Myoglobin has been measured in serum by RIA, latex agglu- 
tination, and two-site immunoassay based on monoclonal 
antibodies." Historically, polyclonal antibody—based 
immunoassays, while sensitive and specific, lacked labora- 
tory and clinical acceptance because of the lengthy assay time 
(2 hours). Although early latex agglutination assays provided 
more rapid turnaround times (30 minutes), the assays were 
semiquantitative. Rapid and quantitative nephelometric 
(15 to 30 minutes), turbidimetric’ (2 minutes), and fluo- 
rescence (8 minutes) immunoassays’ have been com- 
mercialized that incorporate monoclonal antibodies. Each 
of these techniques has good analytical performance. 
Immunoassay analysis times have substantially decreased 
with improved technology, which allows for measurements 
on both central laboratory and POCT. Since variability 
among commercial myoglobin assays exists, the IFCC 
C-SMCD organized an international collaborative study to 
identify candidate secondary reference materials. A single 
lyophilized, isolated human heart myoglobin material pre- 
pared in human serum was selected and has demonstrated a 
bias reduction between numerous commercial myoglobin 
assays from 32% to 13%, and established a basis for the selec- 
tion of a recognized reference material.’” Reference intervals 
for serum myoglobin vary according to age, race, and sex. 
On the average, as serum concentrations increase with age, 
men have higher concentrations than women, and African 
Americans have higher concentrations than Caucasians. 


For consistency with cardiac troponin and CK-MB, the 99th 
percentile of a reference population should be used as the 
reference cutoff. 


LACTATE DEHYDROGENASE ISOENZYMES 


The measurement of total LD has always been enzymatic 
(see Chapter 21). The complete spectrum of isoenzymes is 
determined after separation by electrophoresis. There are 
some inhibition techniques that measure LD-1 without sep- 
arating the other isoenzymes. There also are monoclonal- 
based assays for determination of HBD, which consists of 
LD-1 and LD-2. 


CLINICAL UTILITY | 


The ideal marker of myocardial injury should (1) provide 
early detection of injury, (2) provide rapid diagnosis for an 
acute MI, (3) serve as a risk stratification tool in ACS 
patients, (4) assess the success of reperfusion after throm- 
bolytic therapy, (5) detect reocclusion and reinfarction, (6) 
determine the timing of an infarction and infarct size, and 
(7) detect procedural related perioperative MI during 
cardiac or noncardiac surgery. Before discussing the detailed 
changes in serum cardiac biomarkers following AMI, it is 
beneficial to review the diagnostic logic used by the ED 
physicians or attending clinicians (typically cardiologists) 
when faced with making a diagnosis. Ruling out AMI 
requires a test with high diagnostic specificity (preferred by 
the ED physician in the urgent care setting) whereas ruling 
in AMI requires a test with high diagnostic sensitivity (pre- 
ferred by the cardiologist following admission). Diagnostic 
strategies often require different decision thresholds (cutoff 
points) for different cardiac biomarkers. It is the function of 
the laboratory to provide advice to physicians about cardiac 
biomarker characteristics. Figure 44-12 shows the classic rise 
and fall patterns of myoglobin, CK-MB, and cardiac tro- 
ponin over a 7-day period following onset of acute MI. 
Patients present to EDs or other primary care providers 
with a multitude of clinical signs and symptoms in which 
the differential diagnosis of acute myocardial infarction 
(AMI and heart attack) is considered. Figure 44-13 demon- 
strates the complete spectrum of clinical presentations of 
such a patient. The spectrum encompasses on one end the 
patient presenting with ischemia, without myocardial cell 
death (necrosis) or ECG alterations. The other end of the 
spectrum represents the patient presenting with ECG evi- 
dence of AMI indicated by an ST-elevation or Q-wave ECG 
finding. The entire spectrum of clinical presentations has 
been designated ACS. To assist in differentiating patients 
with AMI from non-AMI, the European Society of 
Cardiology/American College of Cardiology (ESC/ACC) 
has published consensus guidelines for the redefinition of 
AML A cornerstone of the redefinition is predicated 
on cardiac biomarkers, specifically cTn] or cTnT. Boxes 
44-2 to 44-4 summarize the definition of MI as defined by 
the ESC/ACC consensus.°"” The following are designated as 
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Figure 44-12 Classic rise and falling pattern of cardiac 

biomarkers from onset of acute myocardial infarction: 

A, myoglobin; B, cardiac troponin; C, CK-MB; D, cardiac 

troponin following minor injury. 
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Figure 44-13 Complete spectrum of acute coronary 
pathophysiological process from initiation of atherosclerosis to 
cell death. (From Personal Communication Robert fesse, MD.) 


biochemical indicators for detecting myocardial necrosis: (1) 
a maximal concentration of cTnl or cTnI exceeding the deci- 
sion limit, defined as the 99th percentile of values for a ref- 
erence control group, on at least one occasion during the first 
24 hours after the index clinical event; (2) a maximal value 
of CK-MB (preferably mass) exceeding the 99th percentile 
of values for a reference control group on two successive 
samples or a maximal value exceeding twice the upper ref- 
erence limit during the first hours after the index clinical 
event (although the consensus document states values for 
CK-MB should rise and fall, either a rising or falling pattern 
should be considered diagnostic; however, values that 
remain elevated without change are rarely caused by MI; and 
(3) in the absence of availability of a cardiac troponin or 
CK-MB assay, total CK greater than two times the upper 
reference limit may be employed. In addition to the 
ESC/ACC consensus document for redefining MI, the 


‘Troponin 
negatives 


Figure 44-14 The distinction between non-ST elevation 
myocardial infarction and unstable angina predicated on an 
increased cardiac troponin in patients presenting with ischemic 
discomfort. (Data from Brennan ML, Penn MS, Van Lente F Nambi 
V, Shishehbor MH, Aviles Rj, et.al. Prognostic value of myeloperoxidase 
in patients with chest pain. N Engl } Med 2003;349:1 595-604.) ` 


ACC/American Heart Association (AHA) guidelines for 
management of UA recommend monitoring cardiac tro- 
ponin in ACS patients for differentiating UA (defined as 
when cardiac troponin is within the 99th percentile reference 
limit) and NSTEMI (defined as when cardiac troponin is 
increased above the 99th percentile reference limit), as 
shown in Figure 44~14.*°* 

Several markers should no longer be used to evaluate 
cardiac disease. They include aspartate aminotransaminase 
(AST), total creatine kinase activity (CK), total lactate dehy- 
drogenase (LD), and LD isoenzymes with the exception of 
hydroxyl butyrate dehydrogenase (HBD), which some clini- 
cians use to estimate infarct size. These markers have poor 
specificity for the detection of cardiac injury because of their 
wide tissue distribution. Because total CK and CK-MB have 
been utilized for so many years, some laboratories may con- 
tinue to measure them to allow for comparisons with cardiac 
troponin over time before discontinuing use of CK. In addi- 
tion, the use of total CK in developing countries may be the 
preferred and only alternative for financial reasons. This 
concept is emphasized in a statement from the AHA Council 
on Epidemiology and Prevention regarding case definitions 
for acute CHD in epidemiology and clinical research 
studies." To more accurately interpret recent trends in heart 
disease, specifically AMI, during the spread of new technol- 
ogy and a new definition of AMI predicated on cardiac tro- 
ponin, the following recommendations were made: (1) 
simultaneous use of old biomarkers with cardiac troponin 
should be used to determine the effects of new biomarkers, 
and (2) the use of adjustment factors should be considered 
in databases and retrospective studies seeking to determine 
incidence and trends of AMI before and after cardiac tro- 
ponin—derived research studies. 

The cardiology recommendations imply that for clinical 
laboratories that cannot move as rapidly as others to imple- 
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ment the new cardiac troponin standard, CK-MB (preferable 
mass) should be used. Although it is suggested that CK-MB 
be used together with cardiac troponin for (1) assisting in 
timing of onset of myocardial injury, (2) infarct sizing, or (3) 
determination of reinfarction, at present there is no strong 
evidence to support dual testing for cTn and CK-MB. There- 
fore, for monitoring ACS patients to assist in clinical 
classification, cardiac troponin is the preferred biomarker. 
However, it has been observed that in practice clinicians still 
request CK-MB monitoring to assist in timing of patient 
presentation and to assist in determining a baseline value in 
patients with NSTE AMI who have an incidence of reinfarc- 
tion of between 10% and 15%. In a recent series of cases 
examining in-hospital reinfarctions (extensions), CK-MB 
testing was of no added value. Consequently, in practice, 
each institution will have to weigh the cost-benefit (clinical) 
ratio regarding using both cardiac troponin and CK-MB 
testing. 

For the majority of patients, blood should be obtained for 
testing at hospital admission (0 hours), at 6 to 9 hours, and 
again at 12 to 24 hours if the earlier specimens are normal 
and the clinical index of suspicion is high. For patients in 
need of an early diagnosis that will parallel a rapid triage 
protocol, a rapidly appearing biomarker, such as myoglobin, 
has been suggested to be added to serial cardiac troponin 
monitoring. In practice, it appears that the majority of hos- 
pitals throughout the world do not use myoglobin as an early 
marker. However, some early evidence suggests a potential 
role for multimarker testing that includes myoglobin for risk 
stratification in chest pain units? and for exclusion of 
MY? 


a see’ — 22 = ee ed 
CARDIAC TROPONIN 


Several general clinical impressions can be made regarding 
cardiac troponin I and T. First, the early release kinetics of 
both cTnI and cTnT are similar to those of CK-MB after 
AMI, with increases above the upper reference limit seen at 
2 to 6 hours (Figures 44-12 and 44-15). The initial increase 
is due to the 3% to 6% cytoplasmic fraction of troponin 
(CK-MB is 100% cytoplasmic). Second, cTnI and cTnT can 
remain increased up to 4 to 14 days after AMI. The mecha- 
nism is likely the ongoing release of troponin from the 94% 
to 97% myofibril-bound fraction. The long interval of 
cardiac troponin increase is responsible for it replacing the 
LD isoenzyme assay in the detection of late-presenting AMI 
patients. Third, the very low to undetectable cardiac tro- 
ponin values in serum from patients without cardiac disease 
(normal and healthy reference population) permit use of 
lower discriminator concentrations compared with CK-MB 
for the determination of myocardial injury. Finally, cardiac 
tissue specificity of cInI and cTnT should eliminate false 
clinical impression of AMI in patients with increased CK- 
MB concentrations following skeletal muscle injuries.” 
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Figure 44-15 Serial serum creatine kinase-2 (CK-MB), cardiac 
troponin | (cTnl), and cardiac troponin T (cTnT) profiles after 
AMI. Cardiac markers are plotted as multiples of the upper 
reference limit. 


Numerous clinical studies involving cTnI and cTnT have 
been published pertaining to AMI. Several have demon- 
strated that the clinical sensitivity of cardiac troponin is 
similar to that of CK-MB during the first 48 hours after the 
onset of chest pain.?*°°’7**4? As an early marker for AMI, 
cardiac troponin shows a clinical sensitivity of 50% to 65% 
up to 6 hours after onset of chest pain. 12+ Therefore, 
like CK-MB, cardiac troponin is insufficient for effective 
early diagnosis. This is exemplified in Figure 44-16 by ROC 
curve analysis.“ However, cardiac troponin remains elevated 
for a much longer time after the onset of AMI (up to 4 to 10 
days), giving a high clinical sensitivity (>90%) up to 4 to 7 
days after AMI.” Clinical specificity calculations for cardiac 
troponin are dependent on how patients are clinically clas- 
sified. Specificity will depend on whether patients with 
minor myocardial injury of nonischemic etiology are 
included with AMI patients. Typically, because of the highly 
analytically sensitive nature of second- and third-generation 
cardiac troponin assays, clinical specificity for cardiac tro- 
ponin is in the 70% to 85% range. 


BRAIN NATRIURETIC PEPTIDE 


Clinical laboratory testing in the setting of CHF focuses on 
several goals: (1) to determine the cause of diagnostic 
symptoms; (2) to estimate the degree of severity of CHF; 
(3) to estimate the risk of disease progression and risk; and 
(4) to screen for a less symptomatic disease. Some of the ear- 
liest observations compared BNP concentrations in CHF 
patients with the patient’s NYSHA classification. Linear rela- 
tionships with increasing BNP levels and the severity of CHF 
have been described for several assays, as represented in 
Figure 44-17 for BNP and NT-proBNP. However, substantial 
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Figure 44-16 Receiver operating characteristic curves to 
establish the best discriminator limit for cardiac troponin T 
(cTnT) for predicting AMI. The number of true positives (y-axis) 
and false positives (x-axis) are reported in relation to time (h) 
after the onset of symptoms. The best discriminating point for 
cTnt is 0.20 ug/L at 9 hours after the onset of chest pain. 
(Reprinted by permission of Elsevier Science from Burlina A, Zaninotto 
M, Secchiero $, Rubin D, Accorsi F. Troponin T as a marker of ischemic 
myocardial injury. Clin Biochem 1994;27:1 13-21. Copyright 1993 by 
Canadian Society of Clinical Chemists.) 
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Figure 44-17 Correlation of BNP concentrations (Biosite 

Triage) according to NYHA classification of heart failure. (From 

Maisel AS, Krishnaswamy P, Nowak RM, McCord J, Hollander JE, Duc 

P, et al. Rapid measurement of B-type natriuretic peptide in the 

emergency diagnosis of heart failure. N Engl | Med 2002;347: 

161-7.) 


(N = 18) 


differences in BNP and NT-proBNP concentrations are 
demonstrated in Table 44-8 when comparing NYSHA classes 
and median BNP and NT-proBNP levels from different 
clinical studies and assays. Very few studies have directly 


compared BNP and NT-proBNP measurements. The early 
studies have focused on the diagnostic role of BNP and NT- 
proBNP in patients presenting with clinical features of HE 
Two large prospective, multicenter trials have evaluated the 
utility of plasma BNP and NT-proBNP in the initial acute 
evaluation of patients with CHE 

First, the largest prospective trial to date to evaluate the 
diagnostic value ‘of BNP is “The Breathing Not Properly 
Multicenter Study,” from which numerous publications have 
addressed multiple aspects regarding the utility of BNP 
monitoring. 531572% In this multinational trial, more 
than 40% of ED clinicians showed substantial indecision 
regarding the diagnosis of CHF without the knowledge of 
BNP. Monitoring BNP was found to be an independent pre- 
dictor of CHF. Using a blood BNP cutoff concentration of 
100ng/L gave a 90% clinical sensitivity and 75% clinical 
specificity, with an 81% accuracy. Without BNP monitoring, 
clinical judgment and traditional diagnostic methods 
demonstrated a diagnostic accuracy of only 74%. The 
knowledge of BNP reduced the proportion of patients in 
whom the clinician was uncertain of the diagnosis from 
43% to 11%. These data substantiate early studies that 
showed that 40% to 50% of clinicians falsely diagnosed CHF 
in the primary care setting before the advent of BNP.’® 
Figure 44-18 shows a CHF diagnosis nomogram and ROC 
curves that the BNP trial investigators propose to assist in 
the ED decision making practice, based on pre- and post- 
BNP testing probabilities for CHE. The second study was a 
randomized control trial comparing the diagnostic strategy 
for plasma BNP testing with clinical assessment with BNP 
(Figure 44-19). Plasma BNP monitoring in the ED 
improved the treatment and evaluation of patients with early 
dyspnea, reducing the time to discharge and total cost of 
treatment. Currently, there is a general consensus that 
plasma BNP or NT-proBNP testing should be performed 
(1) to confirm the diagnosis of CHF in patients with a 
suspected diagnosis of CHF but presenting with ambiguous 
clinical features or confounding pathology etiologies, such 
as chronic obstructive pulmonary disease (COPD); (2) as 
a valuable guide to general, nonspecialist practitioners, to 
assist and/or improve the diagnostic accuracy for detect- 
ing HF; and (3) to assist in ruling owt CHF when normal NP 
concentrations are found. However, other studies have 
shown that routine plasma BNP or NT-proBNP testing in 
patients with obvious CHF is not necessary and is not cost 
effective.” 

The challenge in diagnosing CHF is that many of the pre- 
senting symptoms are nonspecific. Yet, studies have shown 
that there were dramatic differences in BNP of patients 
with dyspnea caused by cardiac failure (mean of 1076ng/L) 
versus BNP in patients with dyspnea caused by noncardiac 
etiologies (mean of 86ng/L).'*” ROC curves have shown that 
BNP had better overall accuracy than the clinician’s judg- 
ment (AUC 0.97 versus 0.88), with similar findings observed 
for NT-proBNP. It is important to remember that BNP is 
“not a stand-alone diagnostic test; it must be used and 
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probability (pg/ml) probability 
Figure 44-18 Use of BNP and clinical judgment in emergency 
diagnosis of CHF use a heart failure nomogram. (From 
McCullough PA, Nowak RM, McCord J, Hollander JE, Herrmann HC, 
Steg PG, et al. B-type natriuretic peptide and clinical judgment in 
emergency diagnosis of heart failure: analysis from breathing not 


properly (BNP) multinational study. Circulation 2002;106:4 16-22.) 


interpreted with regard to the clinical presentation, specifi- 
cally pertaining to the age and gender of the patient.” 


Use of BNP for Prognosis and Risk Stratification 


Results from several studies support the monitoring BNP or 
NT-proBNP for the risk stratification of patients with CHF, 
with or without a previous history. This involves patients 
presenting with a wide range of clinical pathologies, includ- 
ing CHB S42 ACS,%1°1721 and noncardiac pathologies 
such as pulmonary embolism,” and in a general popula- 
tion screening with no previous history of CHE In one analy- 
sis adjusted for several clinical factors in CHF patients, 
plasma BNP concentrations were shown to be more closely 
related to mortality than were symptoms of ejection fraction. 

The evidence for risk stratification use for BNP in ACS 
has recently emerged. As BNP is released by intact cells, 
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Figure 44-19 ROC curves for individual and combined 
estimated clinical probability for CHF diagnosis based on clinical 
judgment and BNP monitoring. (From McCullough PA, Nowak RM, 
McCord J, Hollander JE, Herrmann HC, Steg PG, et al. B-type 
natriuretic peptide and clinical judgment in emergency diagnosis of 
heart failure: analysis from breathing not properly (BNP) multinational 
study. Circulation 2002;106:4 16-22.) 


including those that are not ischemic, monitoring BNP may, 
in the future, provide advantages in detecting the patho- 
physiological consequences of ischemia and cell necrosis 
(infarction). Studies have demonstrated that increases in 
BNP concentrations following STE MI were associated with 
worse left ventricular (LV) systolic function, adverse ven- 
tricular remodeling over time, and a greater likelihood of 
death and CHE 166170219 Eurther, there has been a consis- 
tent observation that increased BNP or NT-proBNP mea- 
sured within the first 5 days after AMI is strongly associated 
with both short- and long-term risk of cardiac death. For 
example, BNP was monitored in 220 patients following pre- 
sentation for AMI and was independently a powerful pre- 
dictor of left ventricle ejection factor (LVEF), heart failure, 
or death in the 14-month follow-up. This suggests that BNP 
correlates with the amount of ventricular dysfunction 
present after AMI. As previously mentioned, ischemic 
damage is one of the major etiologies of CHF. Yet, currently 
it is difficult to identify patients who are at greatest risk of 
developing CHF following AMI. Having a reliable screening 
tool to identify patients at highest risk might be the initiat- 
ing factor in closer follow-up, designed to reduce future 
morbidity and mortality. 

BNP and NT-proBNP concentrations have been found to 
be increased in ACS patients without LV dysfunction or 
CHF; and monitoring levels have been demonstrated to 
provide important prognostic information (Table 44-9). 
Graded relationships between increasing plasma BNP con- 
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TABLE 44-9 Studies of BNP and NE TPrOBNE for Risk Assessment in UA/NSTEMI 
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(TIMI 1B) 
159 2003. Substudy of RCT. = 1676 
108-2003 Substudy of RCT) 775 TS 


(FRISC I) z ania 


106 2003 . Substudy of RCT. °6809 
BAA (GUSTO IV) 


RCT, Randomized clinical trial; RR, relative risk. 


centrations and mortality over 6 months have been demon- 
strated (Figure 44-20), with the OPUS-TIMI 16 trial and 
TACTICS-TIMI 18 trial providing the largest independent 
assessment of BNP as a prognostic marker in a complete 
spectrum of ACS patients,“ Similar findings have also been 
described demonstrating that NT-proBNP are strongly asso- 
ciated with risk of mortality." The use of BNP is syn- 
ergistic with that of troponin in these patients, and in 
patients with a normal troponin its use may be particularly 
helpful. However, at present, there are no therapeutic impli- 
cations to BNP elevations. 

Several studies have evaluated the effects of specific ther- 
apies in decreasing the risk associated with BNP and NT- 
proBNP.* Data from the FRISC II study have shown a greater 
benefit of an invasive strategy in ACS patients in the highest 
tertiles of NT-proBNP (Figure 44-21).' Of the numerous 
hormonal markers that have been considered in patients 
with minimal symptomatic or asymptomatic LV dysfunc- 
tion, BNP has repeatedly proved most useful in identifying 
patients with mild, asymptomatic LV dysfunction. In one 
representative study, only 40% of patients with BNP 


*References 91, 108, 118, 130, 144, 169, 189, 191, 192, 214. 


Marker. 


NT-proBNP: 
NT-proBNP. 


NT-proBNP 


"NT-proBNP 


NT-proBNP. 1 yea 


oe "Follow-up . Findings 


RR 12.5 for mortality in highest 
` vs. lowest quartile in NSTEMI, — 
RR 7.9 for mortality in highest 
“ys, lowest quartile in UA. 
- RR 26.6 for mortality in highest 
ys. lowest quartile : 
RR 5.6 for mor tality above vs, 
below. median in NSTEMI 
S Higher baseline biomarker levels 
“in subjects that died 
(299 pmol/L) than in . 
“Sov. survivors (138 pmol/L) 
Bi Increased risk of death at.7 a 
“(2.5% vs. 0.7%) and'6 months ~ 
“(8.4% vs. 1.8%) with BNP oe 
on. > 80 pg/mL i 
“RR 4.1 for mortality in ene me 
-tertile compared with lowest. 
_ (invasive), RR 3.5. for oo 
“mortality in highest. 
tertile compared with lowest a 
(conservative) E 
RR 10.6 for mortality in mien 
vs. lowest quartile 


5 :10 months 


4 years 
52 months 


6 weeks 
6 months x 


2years 


>56pg/mL were free of cardiac events during a 3-year 
follow-up period. In contrast, 90% of those with BNP <56 
pg/mL were event free. Comparing BNP levels with other 
commonly used parameters—such as echocardiography, 6- 
minute walk test, LVEF and clinical criteria in 139 CHF 
patients—multivariate analysis using death as an endpoint 
demonstrated that BNP independently identified patients 
with the worst prognosis. Additionally, sustained that BNP 
increases have been shown to be an independent risk factor 
for mortality even in the face of improved LVEF and clini- 
cal symptoms. Thus, BNP objectively identified patients who 
were at greatest risk and required more aggressive therapy. 


Implications for Therapy 

With evidence that monitoring BNP can be helpful in strat- 
ifying disease severity, whether treatments that lower BNP 
result in decreased morbidity and mortality has to be con- 
sidered, and multicenter studies are underway to address this 
question. The initial data from smaller trials and pilot studies 
look promising. A pilot study examined BNP in patients 
admitted with decompensated CHF and treated with the 
current standard of care. BNP was monitored regularly 
during hospitalization (but blinded to physicians) and cor- 
related with the following endpoints: mortality in hospital, 
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Figure 44-20 Risk of death for BNP and NT-proBNP in acute 
coronary syndrome patients according to baseline plasma 
concentrations. (Panel A, from de Lemos JA, Morrow DA, Bentley JH, 
Omiand T, Sabatine MS, McCabe CH, et al. The prognostic value of B- 
type natriuretic peptide in patients with acute coronary syndromes. N 
Engl J Med 2001 ;345:1014-21. Panel B, from Omland T, Persson A, 
Ng L O’Brien R, Karlsson T, Herlitz J, et al. N-terminal pro-B-type 
natriuretic peptide and long term mortality in acute coronary 
syndromes. Circulation 2002;106:29 13-8.) 


mortality within 30 days after admission, or readmission 
within 30 days. Patients whose discharge BNP fell below 
500 ng/L generally did well. However, increasing BNP during 
hospitalization with discharge BNP greater than 1000 ng/L 
strongly correlated to readmission rates or death during 30- 
day follow-up. In a separate substudy, serial BNP concentra- 
tions were compared with changes in hemodynamics for 20 
decompensated CHF patients. Patients who were felt to be 
responding to treatment according to a decrease in wedge 
pressure (51% change from baseline) experienced a signifi- 
cant drop in BNP compared with nonresponders (55% 
reduction versus 8% reduction in baseline values). There was 
a significant correlation between percent change in wedge 


pressure from baseline per hour and the percent change of 
BNP from baseline per hour. While outcomes of large trials 
are pending, BNP appears to be an objective marker that 
would assess response to treatment and correlate with dis- 
charge prognosis. 

BNP has also been used for monitoring outpatient ther- 
apies. "151628912119 Most CHE patients receive the same dose 
of angiotensin converting enzyme (ACE) inhibitors, because 
there is currently no objective measure of treatment efficacy. 
In one representative study, 20 CHF patients were random- 
ized to receive ACE inhibitors titrated according to BNP or 
to standard treatment protocols for an 8-week period. In the 
BNP monitored group, there was a significant decrease in 
mean heart rate and inhibition of the renin-angiotensin- 
aldosterone system when compared with the empirical 
therapy group. Only the BNP monitored group showed sig- 
nificant reductions in BNP during the course of therapy. The 
presumption was that because BNP is a potent predictor of 
long-term morbidity and mortality, decreasing plasma levels 
were beneficial. In a similar study addressing NT-proBNP, 69 
CHF patients were randomized to titrated therapy (ACE 
inhibitors, diuretic, and cardiac glycosides) according to 
plasma NT-proBNP levels or empirical therapy for up to 9 
months. Those in the NT-proBNP monitored group had 
reduced incidence of cardiovascular death, readmission, and 
new episodes of decompensated CHE These initial studies 
suggest that BNP and NT-proBNP are important differen- 
tial tools for assessing patient status and in tailoring therapy 
in an outpatient basis, using BNP or NT-proBNP as an 
important differential tool. 


Population-Based Screening 


Although echocardiography is the current standard, it is not 
cost effective enough to be considered as a screening tool. 
Several studies considered the use of BNP to detect heart 
disease in the general population and especially those 
patients considered to be at high risk for CHE”””” A large 
nonselective population-based survey recently screened 
more than 1200 primary care patients ages 25 to 74. It was 
shown that BNP was increased in some patients with asymp- 
tomatic left ventricular systolic dysfunction (LVSD). Clini- 
cal sensitivity and specificity BNP for identifying LVSD in 
the whole study population were 77% and 87%, respectively. 
When detection was restricted to LVSD in participants more 
than age 55, the area under the ROC curves was 0.85. 
However, most detection was in those with more severe 
disease, which often has other clinical correlations. BNP was 
actually disappointing in patients with mild reductions in LV 
performance. The accuracy of BNP as a screening tool can 
be optimized by targeting high-risk individuals. BNP or NT- 
proBNP is currently not recommended as a screening tool. 
However, in the Framingham cohort, there was a relation- 
ship between tertiles of BNP and long-term cardiac events 
and mortality even in the absence of elevations.” 

Two additional clinical entities are worthy of a notation 
regarding BNP and NT-proBNP. These include obesity and 


1650 


% Myocardial infarction 


20 

18 P = 0.07 

16 51/333 P = 0.007 
514/353 


NT-proBNP 


i 3rd 
tertile 


1st 2nd 


All patients 


Section VI Pathophysiology 


P= 0.16 
21/121 


P = 0.002 
93/571 


1st 2nd/3rd ist 2nd/3rd 


— CTnT < 0.03 pg/l— — CTnT = 0.03 pg — 


Figure 44-21 Risk of myocardial infarction in relation to the level of N-terminal pro-brain 
natriuretic peptide (NT-proBNP), cardiac troponin T (cTnT), and treatment strategy. Open 
columns, noninvasive strategy; solid columns, invasive-Strategy. (From Jernberg T, Lindahl B, Siegbahn 
A, Andren B, Frosifeldt G, Lagerqvist B, et al. N-terminal pro-brain natriuretic peptide in relation to 
inflammation, myocardial necrosis, and the effect of an invasive strategy in unstable coronary artery 
disease. | Am Coll Cardio! 2003;42:{ 909-16, with permission from the American College of Cardiology 
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oe 
renal dysfunction. Worldwide, there is an obesity epi- 
demic.' Greater numbers of men and women have become 
obese during the past decade. Few studies have examined 
the relationships between BNP and NT-proBNP levels in 
obese patients with and without CHE For BNP, in patients 
with CHE, an inverse relationship has been described 
between increasing body mass index (BMI; obesity) and 
decreasing BNP concentrations.’ As of the writing of this 
chapter, similar data have not been published for NT- 
proBNP, although it is widely held now that NT-proBNP will 
manifest the same relationship to BMI as BNP. In non-CHF 
patients, decreasing BNP and NT-proBNP levels have been 
shown to correlate with decreasing BMI in conjunction with 
therapy.” The data in regard to NT-proBNP are in contrast 
to preliminary data that have shown that approximately 15% 
to 20% of asymptomatic obese patients (BMI >40) have 
increased NT-proBNP levels. 

Regarding renal disease, the largest study to date has 
shown that CHF is more common in patients with advanced 
chronic renal disease, with BNP levels independently associ- 
ated with CHE* At present, however, hemodialysis appears 
to influence the optimum cutoff concentration for BNP and 
NT-proBNP in the diagnosis of CHE, with advanced stages 
of renal disease showing higher cutoff values.'*? BNP and 
NT-proBNP are secreted in a pulsatile fashion from cardiac 
ventricles with an approximate half-life for BNP of 22 
minutes in blood, with the NT-proBNP half-life on the order 
of hours. While one mechanism of BNP clearance involves 
the renal parenchyma, the kidney is not thought to be the 


Pa 


primary mechanism for BNP clearance, but likely a mecha- 
nism for affecting NT-proBNP clearance. Thus increases in 
BNP in hemodialysis patients are thought to represent both 
regulatory responses from the cardiac ventricle, resulting 
from increased wall tension, and a lack of renal clearance. 


Biological Variability 

As BNP and NT-proBNP become more widely used to 
monitor CHF patients following therapy, one investigation 
has questioned the usefulness of serial monitoring in assist- 
ing the success of drug therapy.” In this study of 11 patients 
with CHE, the biological variation for BNP and NT-proBNP 
was evaluated using four different assays. The findings indi- 
cated that a change of 130% for BNP and 90% for NT- 
proBNP was necessary before results of serially collected 
data can be considered clinically and statistically significant. 
For example, these findings imply that a decrease from 
approximately 500 ng/L to 250ng/L would be necessary for 
a clinician to conclude that therapy was successful in 
improving CHE features. Clinicians without this knowledge 
may inappropriately assume that a decrease from an admis- 
sion BNP value of 500ng/L to a 24-hour postadmission 
value of 400 ng/L may have been a result of successful patient 
management. Figure 44-22 shows that in a review of 800 
consecutive patients over 3 months, 75% of patients with 
serial BNP monitoring over 2 to 20 days did not demonstrate 
>100% variability.” These data imply the possibility of a 
large group of inappropriate BNP orders during the initial 
several days following admission for managing CHF 


Chapter 44 Cardiac Function 


1651 


% Exceeding BV 


Figure 44-22 Variability of BNP 
concentrations by day from initial admission 
order, with demonstration that <50% exceed 
biological variability (100% change) over a 
2-week time period. (From Wu AHB, Smith A, 
Apple FS, Optimum blood collection intervals for 
B-type natriuretic peptide testing in heart failure 
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patients. It has been suggested that following the admission 
BNP value a second BNP value be monitored within 24 
hours of discharge to optimize the cost-effective role for 
BNP in the overall assessment of patients with CHE, 


Summary 


The ACC/AHA practice guidelines” for the evaluation and 
management of CHF indicate that the role of BNP in the 
identification of CHF patients remains to be clarified. In 
contrast, the ESC has incorporated monitoring BNP into 
their practice algorithm at the time of patient presentation 
alongside the clinical history, physical examination, ECG, 
and chest x-ray. An abnormal BNP finding would trigger an 
echocardiogram or other imaging modality. Several obser- 
vations have been demonstrated from an overview of the 
evidence-based literature. First, there is an influence of age 
and sex in reference groups, with BNP concentrations in 
patients diagnosed with CHF being substantially increased 
(>1000 pg/mL for either BNP or NT-proBNP) compared 
with patients with minor increases (<400 ng/L) because of 
LV dysfunction without acute CHF. Second, BNP is not 
100% specific for CHE Increases have been described for 
other non-CHF etiologies involving filling pressure defects, 
including LV hypertrophy, inflammatory cardiac diseases, 
systemic arterial hypertension, pulmonary hypertension, 
acute and chronic renal failure, liver cirrhosis, and several 
endocrine disorders (e.g., hyperaldosteronism and Cushings 
syndrome). Third, in patients with dyspnea secondary to 
CHE or COPD, BNP concentration is substantially different 
(mean >1000ng/L [CHF] and <100ng/L [non-CHF], 
respectively). Fourth, in CHF patients presenting to the ED, 
patients admitted trend to higher BNP concentrations 
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(mean >500ng/L) versus those who are discharged (mean 
<300ng/L) at triage. Fifth, BNP concentrations in patients 
presenting with edema and in whom CHF is diagnosed trend 
to higher concentrations (mean >1000 ng/L) compared with 
non-CHF patients (mean <100 ng/L). Sixth, a survey of 
patients admitted to the ED with symptoms suggestive of 
CHF (taken early after the introduction of BNP monitoring 
at a county medical center) showed that the majority of 
orders originated from the ED (44%) and cardiology areas 
(45%).’* However, after 2 years of clinician experience, there 
has been a shift towards a higher percentage of use by car- 
diology services (62%) and general medicine (17%, up from 
4%), corresponding with a decrease to 20% in the ED. These 
findings substantiate a greater, but not necessarily more clin- 
ical, appropriate use for patient monitoring and not for diag- 
nostic assistance. Seventh, after an AMI, BNP increases in 
proportion to the size of the infarction; thus investigators 
have explored the role of screening BNP for detection of LV 
dysfunction. Evidence has shown that in post-MI patients, 
BNP concentrations are inversely correlated with LV ejection 
fraction. However, there is inconclusive evidence for the role 
of BNP screening for asymptomatic LV dysfunction in the 
general population. 

On the basis of the current evidence in the literature, we 
believe that blood BNP monitoring can be valuable in the 
diagnostic setting, where it will possibly improve the perfor- 
mance of nonspecialist clinicians in diagnosing CHF. In clin- 
ical practice, BNP monitoring can best be used as a “rule out” 
test for suspected cases of new CHE. It should not be a 
replacement for full clinical assessment, including an 
echocardiogram when indicated, in the presence of an 
increased BNP. In the presence of a normal BNP or NT- 
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proBNB, it is highly unlikely the diagnosis will be CHF when 
concentrations are <100 ng/L for BNP or <400 for NT-pro- 
BNP. Monitoring BNP may be useful in (1) guiding therapy, 
(2) monitoring the course of the disease, and (3) providing 
useful risk stratification information. BNP has been shown 
to be an independent predictor of cardiovascular mortality 
in patients with both CHF and ACS over a 1-year period. 
Further, the evidence-based literature suggests that BNP or 
NT-proBNP monitoring may assist in identifying patients 
with a lower risk of readmission with the next 30 days before 
discharge. 


CK-2 

Although the measurement of CK-2 in serum has been pre- 
dominantly replaced with cardiac troponin I or T, it is still a 
useful laboratory test for the diagnosis of AMI and recom- 
mended as an acceptable alternative to cardiac troponin.® 
The classic time versus CK-2 level (activity or mass concen- 
tration) pattern observed following the onset of chest pain 
in AMI is shown in Figure 44-23. An initial CK-2 rise takes 
4 to 6 hours to increase above the upper reference limit. Peak 
levels occur at approximately 24 hours. Return to normal 
(baseline) takes 48 to 72 hours (tın of CK-2 is 10 to 12 
hours). Factors that might affect the classic pattern include 
size of infarction, CK-2 composition in the myocardium, 
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concomitant skeletal muscle injury, and reperfusion (spon- 
taneous, following thrombolytics, or following angioplasty). 
The lack of tissue specificity and differentiation of increased 
CK-2 caused by the heart or skeletal muscle becomes impor- 
tant, since a normal percentage of CK-2 of total CK activity 
may be misleading if concomitant injury occurs in skeletal 
muscle coincident with an AMI. The fractional amount of 
CK-2 release from the heart would be obscured by the large 
release of total CK from skeletal muscle injury. 

Clinical studies comparing CK-2 mass with activity assays 
have shown that CK-2 mass measurements provide earlier 
detection of abnormal CK-2 levels following AMI. Thus clin- 
ical sensitivity is improved without sacrificing specificity.” 
Because more than 50% of patients with AMI present to EDs 
with a nondiagnostic ECG, rapid and sensitive assays for the 
measurement of CK-2 will help clarify the diagnosis in those 
patients. In patients admitted to the ED, the clinical sensi- 
tivity of a single test (CK-2) result varies considerably based 
on time after onset of symptoms, with a range of sensitivity 
from 17% to 62% at 0 hours and from 92% to 100% at 3 
hours after presentation. ™ This finding suggests that the tra- 
ditional serial serum sampling at 0, 12, and 24 hours (which 
displays the classic rise-and-fall pattern of CK-2 over a 24- 
hour period) might be replaced with four early serum CR- 
2 measurements at 0, 3, 6, and 9 hours after presentation.” 
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Figure 44-23 Clinical sensitivities (with 95% confidence limits) of creatine kinase-2 (CK-MB), 
myoglobin, and troponins | and T (cTr-l, cTr-T) for AMI as a function of time from presentation at 
the emergency department (ED). (Data from Tucker JF Collins RA, Anderson Aj, Hauser j, Kalas f, 
Apple FS. Early diagnostic efficiency of cardiac troponin | and cardiac troponin T for acute myocardial 


infarction. Acad Emerg Med 1997;4:13-21.) 
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As described by the ESC/ACC consensus document on the 
redefinition of AMI, sampling at a minimum of 6 to 9 hours 
after presentation is suggested before ruling out AMIS 
Further, CK-MB mass assays obviate the need for rapid and 
analytically sensitive assays to examine the small but increas- 
ing CK-2 levels in serum during the early hours after the 
onset of symptoms in AMI patients. The concept that it takes 
4 to 6 hours for serum CK-2 levels to become elevated above 
the upper reference limits was derived from assays .that 
lacked analytical sensitivity and specificity within the refer- 
ence interval. The improved immunoassays are able to quan- 
titate significant changes during the early hours after the 
onset of chest pain within the normal range for CK-2 to 
facilitate earlier AMI detection. 

Clinical use of the percent relative index [%RI; %RI — 
(CK-2 mass/total CK activity x 100) or %CK-2 (CK-2 activ- 
ity/total CK x 100)] aids in the interpretation of CK-2 con- 
centrations for the detection of AMI. While not absolute, an 
increased %CK-2 or %RI points toward the heart as the 
source of CK-2 in serum. However, the %RI and %CK-2 
should not be used for interpretation when the total CK 
activity remains within the reference interval, because of the 
potential of falsely elevated values.*° Their use for this 
purpose is also compromised if there is any concomitant 
skeletal muscle injury, as the sensitivity for the detection of 
cardiac events is lost. 


MYOGLOBIN 

Myoglobin is known for its excellent clinical sensitivity early 
after MI; however, it has not become a widely used test in 
clinical or laboratory practice. The majority of clinical and 
laboratory testing guidelines suggest a possible role for 
myoglobin for early myocardial detection and early moni- 
toring. However, in general practice, the lack of tissue speci- 
ficity has been its major obstacle for growth in clinical 
practice. The major advantage offered by myoglobin as a 
serum marker for early myocardial injury is that it is released 
earlier from damaged cells than CK-MB and cardiac tro- 
ponin, allowing for earlier detection of MI.*°** Studies have 
shown that myoglobin is a very sensitive marker (90% to 
100%) for AMI. As shown in Figures 44-12 and 44-23, serum 
concentrations of myoglobin rise above the reference inter- 
val as early as 1 hour after MI, with peak sensitivity in the 
range of 2 to 12 hours, suggesting that serum myoglobin 
reflects the early course of myocardial necrosis. Myoglobin 
is rapidly cleared and thus has a substantially reduced clini- 
cal sensitivity after 12 hours. If myoglobin is to have a role 
in detecting AMI, it must be within the first 0 to 4 hours, the 
time period in which CK-2 and possibly cardiac troponin are 
still within their reference intervals. As mentioned earlier, the 
measurement of serum myoglobin has not been extensively 
used in clinical laboratories for the routine analysis in AMI, 
because it has poor clinical specificity (60% to 95%), which 
is thought to be caused by the large quantities of myoglobin 
found in skeletal muscle. One attempt to improve clinical 
specificity involved the monitoring of carbonic anhydrase HI 


(CA HI) to assist in differentiating patients with AMI from 
those with skeletal muscle trauma.”* After an AMI, serum 
CA IH concentrations remained unchanged, while both 
CK-2 and myoglobin levels increased. In patients with severe 
skeletal muscle trauma, serum concentrations of myoglobin, 
CK-2, and CA HI (skeletal muscle-specific) were all elevated. 
Therefore by using the two serum assays for myoglobin and 
CA HI, it appears possible to distinguish between heart and 
skeletal muscle injury arising from numerous conditions, 
such as AMI, open heart surgery, vigorous exercise shock, 
severe renal failure, and intramuscular injections. However, 
if both myoglobin and CA III are elevated, one cannot rule 
out myocardial injury. In 2003, this concept was discussed 
for clinical implementation. An important use of early 
serum myoglobin measurements following admission to 
EDs is their clinical utility as a negative predictor of 
AMI. For example, if myoglobin concentrations remain 
unchanged and within the reference interval on multiple, 
early samplings within 2 to 6 hours after the onset of chest 
pain, there is almost 100% certainty (99% negative predic- 
tive value) that muscle (either cardiac or skeletal) injury has 
not occurred recently, 


LACTATE DEHYDROGENASE 


LD isoenzymes and total LD activity are no longer measured 
in clinical practice. For historical perspective, for patients 
having an AMI, serum total LD values become elevated at 12 
to 18 hours after the onset of symptoms, peak at 48 to 72 
hours, and return to below the upper reference limit after 6 
to 10 days.” LD-1 rises within 10 to 12 hours, peaks at 72 
to 144 hours, and returns to normal in approximately 10 
days after AMI, paralleling total LD. The elevation patterns 
of LD-1 and total LD contrast with the elevation patterns of 
total CK and CK-2, which peak at 24 hours and return to 
below the upper reference limit within 72 hours after the 
onset of AMI, Because of its prolonged half-life, LD-1 is a 
clinically sensitive (90%) marker for infarction when used 
more than 24 hours after occurrence. The LD-1 increase over 
LD-2 in serum after AMI (the so-called flipped pattern, in 
which the LD-1/LD-2 ratio becomes 21.0) has a clinical sen- 
sitivity of about 75% in patients suspected of having sus- 
tained an AMI.” 


GENERAL CLINICAL PRACTICE = 


While this chapter has reviewed the current recommenda- 
tion for biomarker testing predicated on cardiac troponin at 
the 99th percentile or 10% CV limits, different physician 
groups may adhere to different principles regarding the sen- 
sitivity and specificity of a biomarker (cardiac troponin). In 
emergency medicine, the ED physician desires a test that 
will provide high specificity and not miss any possible MI 
patients. However, with the highly improved cardiac tro- 
ponin assays in the marketplace, the 100% sensitivity that 
troponin assays offer demonstrates a clinical specificity of 
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only 65% to 85%, because cardiac troponin detects myocar- 
dial injury and not just MI. This is demonstrated in Figure 
44-24, which shows ROC curves of patients suggestive of 
ACS presenting to an inner city hospital to rule in or rule 
out MI for cTnI’” and a multicenter evaluation of cTnT for 
assessing patients with suspected ACS.” The timing of serial 
blood draws will have a substantial influence on the chang- 
ing sensitivity and specificity calculations. Because cardiac 
troponin detects any form of myocardial injury, nonis- 
chemic mechanisms of injury are also responsible for cardiac 
troponin release from the heart, causing increases in circu- 
lating cardiac troponin. Box 44-1 shows a list of potential 
etiologies that have been responsible for increases in nonis- 
chemic damage to the heart. Thus, whenever cardiac tro- 
ponin is monitored, it is important to follow the serial 
pattern of a rising or a falling pattern of the biomarker, as 
shown in Figures 44-2 and 44-16. An increased cardiac tro- 
ponin pattern that remains relatively unchanged and is not 
indicative of this serial trend is likely not an MI. 


STRATEGIES FOR THE ROLE OF CARDIAC TROPONIN FOR 
RISK ASSESSMENT 
Patients With Ischemia 


In today’s environment of preventive and evidence-based 
medicine, the use of cTnI or cInT measured once at pre- 
sentation and again at 12 to 24 hours in patients with 
ischemia will allow clinicians to use markers as both exclu- 
sionary and prognostic indicators. The results will assist in 
determining who is more at risk for AMI and death, and 
thereby determine who may benefit from early medical or 
surgical intervention. An evaluation of the majority of risk 
stratification studies shows that approximately 30% of all UA 
and NSTEMI patients present with an increased cardiac tro- 
ponin level. Of these, approximately 30% (or 9% to 10% 
overall) have an adverse short-term (30 to 40 days) and long- 
term (1 to 2 years) prognosis.: Identifying patients 
at greater risk for cardiac events allows them to be treated 
more aggressively, with proven beneficial outcomes. There 
are now data that such patients benefit from the use of low 
molecular weight heparin, IIB/IA platelet antagonists, 
and an early invasive strategy.*'” General population 
screening of hospitalized patients with cTnI or cTnT is not 
recommended. 

Numerous prospective and retrospective clinical studies 
have evaluated and compared the utility of measurements of 
cTnI, cInT, and CK-MB (and myoglobin) for risk stratifica- 
tion or clinical outcomes assessment of ACS patients with 
possible myocardial ischemia in the ED. These studies 
included both single test and multitest panel situations. 
Patients presenting with a complaint of chest pain or other 
symptoms suggesting ACS have been assigned to blood sam- 
pling protocols, including only a single draw at presentation 
and several serial blood samplings over a 12- to 24-hour 
period following presentation. A large proportion of this 
heterogeneous ACS group are patients presenting with 
UA and NSTEMI. Before the redefinition of AMI by the 


ESC/ACC consensus document, up to 50% of UA patients 
progressed to AMI or cardiac death within the first year. 

Studies have now demonstrated prognostic similarities 
between the old classification of UA patients and those with 
STE AMI. The use of markers is not just simply one of 
rapidly ruling in or ruling out AMI, but also is important for 
the medical management of patients with NSTEMI who are 
undergoing an acute coronary process (high to moderate 
risk patients). Therefore the goal of monitoring cardiac 
markers in patients suggestive of ACS with and without AMI 
would be to identify possible unstable coronary disease and 
triage to an appropriate therapy regimen. Optimal use of this 
strategy takes at least two blood samples for cardiac tro- 
ponin. Assuming an abnormal serum cardiac troponin test 
is identified, this approach will allow the clinician to offer 
the patient alternative medical and procedural options. 
These include: (1) antiplatelet or antithrombic therapies, (2) 
percutaneous coronary interventional (PCI) procedures, (3) 
echocardiography, (4) a radionuclide scan, or (5) exercise 
stress testing to possibly identify the pathological etiology 
responsible for the tissue release of markers of myocardial 
injury. 

Figure 44-25 summarizes data from a meta-analysis on 
this subject. Increases in cTnT or cTnlI are predictive of 
adverse outcomes in ACS patients.” Twenty-one studies 
were evaluated and odds ratios (ORs) were calculated for 
both short-term (30 days) and long-term (5 months to 3 
years) outcomes (endpoint death or nonfatal MI) in patients 
with and without ST-segment elevation and in UA patients. 
Overall, in the approximately 18,000 patients studied, at 
30 days the OR for an adverse outcome was 3.4 to 1 for 
increased troponin. For patients with a positive troponin, the 
OR to have an adverse outcome in patients with UA was 
higher (9.3) compared with patients with ST-segment eleva- 
tion (4.9) for both short- and long-term outcomes.” As both 
cTnT and cTnl offer powerful risk assessment, cardiac tro- 
ponin monitoring is necessary to include in.current practice 
guidelines—not just regarding diagnosis and management 
of ACS patients, but as useful risk stratification tool. This 
approach is supported by the new ESC, ACC, and AHA 
guidelines. Care must be taken, however, when evaluating 
individual studies pertaining to prognostic significance, 
because it is critical to determine the timing of sampling for 
cardiac marker measurements since results from a single 
specimen drawn at presentation may conflict with findings 
based on serial draws over a 24-hour period following pre- 
sentation. It is recommended to draw two samples (for either 
cTnl or cTnT; both are not necessary) on ACS patients who 
do not rule in for AMI—one at presentation and one at 26 
to 9 hours following presentation. This will allow for an 
increase in either cardiac troponin to occur above baseline 
in a patient presenting with a very recent acute coronary 
lesion. However, it should be noted that a normal cardiac 
troponin does not remove all risk. It is highly recommended 
that cardiac troponin results be provided to clinicians within 
60 minutes with a preference toward 30 minutes (from the 
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Figure 44-24 ROC curves for A: cTnT, CK-MB, and myoglobin and B: CK-MB and cTni for 
diagnosis of acute myocardial infarction, according to sample time from admission (0 hours). 

(A courtesy Collinson PO, Stubbs Pj, Kessler AC. For the multicenter evaluation of routine immunoassay 
of troponin T study [MERIT]. Heart 2003;89:280-6. B data from Tucker JF, Collins RA, Anderson Aj, et al, 
Early diagnostic efficiency of cardiac troponin | and cardiac troponin T for acute mera infarction. 
Acad Emerg Med 1997;4:13-21.) 
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Figure 44-25 Odds ratios for death and myocardial infarction in short- and long-term follow- 
up among cardiac troponin—-positive versus cardiac troponin—negative patients with non-ST 
segment elevation acute coronary syndromes, and for a subset of patients with unstable angina. 
(From Ottani F Galvani M, Nicolini FA, Ferrini D, Pozzati A, Di Pasquale G, et al. Elevated cardiac troponin 
levels predict the risk of adverse outcome in patients with acute coronary syndromes. Am Heart f 


2000; 1 40:9 i 7-27.) 


time blood is drawn to results reported to the physician), 
using either POCT® or central laboratory instrumentation. 

For patients with an ischemic mechanism of injury for 
cardiac troponin increases, prognosis is related in part to the 
extent of the increase. An estimation of risk is useful in the 
selection of site of care (CCU, step-down unit, and outpa- 
tient setting) and selection of therapy, especially platelet 
glycoprotein Iib/IIla inhibitors and coronary revasculariza- 
tion. Several large trials have demonstrated that pharmaco- 
logical intervention based on an increased cardiac troponin 
at presentation substantially lowers the risk of death and 
composite MI or death, in both short- and long-term 
studies. Figure 44-26"! is representative of the findings that 
demonstrate that death or MI is significant for all patients 
with increased cardiac troponin. A review of numerous trials 
by the ESC in ACS patient treated with GP IIb/IIIa or enoxa- 
parin has demonstrated cost benefit of treatment and that 
outcomes improve by incorporating the knowledge of a 
cardiac troponin monitor into the management algo- 
rithm,?°88°78158 Figure 44-27 shows the reduction in risk 
associated with therapy in patients presenting with an 
increased cardiac troponin concentration. 

Clinical performance of cardiac troponin assays has 
been shown to be strongly dependent on the analytical sen- 
sitivity and precision of measured concentrations around 
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Figure 44-26 Mortality rates at 42 days according to cTnl 
concentrations measured at enrollment in acute coronary 
syndrome patients. (Braunwald E, Antman EM, Beasley JW, Califf 
RM, Cheitlin MD, Hochman JS, et al. American College of 
Cardiology/American Heart Association Task Force on Practice 
Guidelines [Committee on the Management of Patients With Unstable 
Angina}. ACC/AHA guideline update for the management of patients 
with unstable angina and non-ST-segment elevation myocardial 
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of Cardiology/American Heart Association Task Force on Practice 
Guidelines [Committee on the Management of Patients With Unstable 
Angina]. Circulation 2002;106:1893-2000.) 
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the 99th percentile reference limit and up to the 10% CV 
cutoff. Several studies have now documented that assays with 
lower limits of detection are able to identify more ACS 
patients with poor prognosis who may be candidates for 
early invasive procedures.” For example, in one represen- 
tative study, two assays were compared and used to assess 
clinical performance in unstable CAD patients.” Although 
both assays showed that patients with normal cTnI levels had 
a significantly better prognosis than patients with increased 
levels, a cohort of 11% of patients (n — 98) with a poor pro- 
gnosis was identified only by the assay with a lower limit of 
detection. Invasive treatment only reduced clinical events in 
the group of patients with increased cTnl. Evaluation of a 
first-generation cTnI assay for risk assessment between the 
99th percentile and 10% CV cutoffs also may identify addi- 
tional patients at risk.” Thus each troponin assay, I or T, 
needs to evaluate the stratification of patients at low-end 
concentrations to avoid the potential of analytical inaccura- 
cies leading to inappropriate management decisions and 
therapy. 


Patients With Nonischemic Presentations 


Since cTnT increases can present over time (8 hours to 10 
days), the timing of the myocardial injury index event 
can be uncertain, especially if the first troponin value is 
increased. The ESC/ACC consensus document recommends 
obtaining a CK-MB to assist in clarifying whether the event 
was recent (i.e within 46 to 72 hours or later). However, 
there is no strong evidence to support the added testing with 
CK-MB, Rather, it is based on the confidence gained from 
years of experience using CK-MB and the concept that it 
might be helpful given the persistence of cardiac troponin in 
the blood. Following the serial rise and/or fall of cardiac 
troponin should differentiate an early, mid, or late evolving 
MI from the nonischemic, non-MI patient. For patients 


undergoing interventional procedures (such as PCI, stents, 
etc.) increases in cardiac troponin following a normal pre- 
procedure baseline should be interpreted as indicative of 
myocardial injury and MES 

For patients who undergo cardiac surgery, no cardiac 
biomarker is capable of differentiating injury caused by acute 
infarction from the injury associated with the surgical proce- 
dure itself. This is true whether CK-MB or cardiac troponin is 
used as a biomarker. The literature does suggest that higher 
blood concentrations are likely indicative of a greater amount 
of injury, irrespective of the mechanism. Because cardiac tro- 
ponin is cardiac tissue specific (CK-MB is not), monitoring 
blood cardiac troponin concentrations should be superior to 
CK-MB. Further, it has been recommended that clinical 
trials, which have an extensive evidence base predicated 
on either CK-MB activity or mass, be transitioned toward 
incorporating cardiac troponin testing.°'?'" Additional 
studies are necessary for defining the appropriate application 
of monitoring cardiac troponin for both diagnostic and 
risk assessment in the cardiac surgery group. This will lend 
confidence to thoracic surgeons to incorporate the use of 
cardiac troponins over CK-MB. 

Clinicians are often confronted with a clinical history of 
a patient without overt CAD and a low probability of 
myocardial ischemia. However, as a precautionary reflex, 
serial cardiac biomarkers, specifically cardiac troponin, are 
ordered. When one or two of the serial cardiac troponin con- 
centrations come back increased, the clinician would likely 
be confronted with the following concerns: (1) What does 
this increase mean in the clinical setting of a nonischemic 
patient? (2) Is this a false positive, analytical finding? (3) Why 
was this test ordered in the first place? As cardiac troponin 
assays with increasing low-end analytical sensitivity have 
been developed and marketed, the ability to detect minor 
degrees of myocardial injury in a variety of clinical condi- 
tions has widened and has led to a better understanding that 
cardiac troponin is not just a biomarker for MI, but a sensi- 
tive biomarker for myocardial injury.* The 20% of suspected 
ACS patients who clinically do not rule in for MI, but display 
an increased cardiac troponin, represent those nonischemic 
pathologies in which the mechanisms of injury are well 
defined (such as myocarditis, blunt chest trauma, and 
chemotherapeutic agents), along with the unexpected 
finding of myocardial injury, where these patients have been 
shown to have increased cardiac troponin, but the mecha- 
nism of release is not clear. These observations have led to 
important and novel investigations involving nonischemic 
heart disease patients and the role for cardiac troponin as a 
diagnostic and prognostic tool. The highlighted conditions 
shown in Box 44-1 demonstrate that in addition to cardiac 
troponin being indicative of myocardial injury, data also 
have shown that an increased cardiac troponin is useful as a 
prognostic tool for assessing risk of death and MI. As an 


*References 5, 45, 105, 120, 155, 208, 211, 221. 
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example (Figure 44-28), pulmonary embolism patients with 
an increased cI'nT >0.1 ug/L were at higher risk of death 
(44%) during initial hospitalization compared with those 
with cTnT <0.1 ug/L (3%; p < 0.001).'" This type of obser- 
vation parallels the risk findings initially observed in ACS 
patients. There are now strong prognostic data in patients 
with pulmonary embolism, in patients with CHE, and in and 
postoperative vascular surgery patients. Elevations presage 
increased risk. In these situations, the higher the cardiac tro- 
ponin, the greater the risk, 


End Stage Renal Disease 


Patients with end stage renal disease (ESRD) have been a 
subset of nonischemic patient in which risk stratification is 
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Figure 44-28 Kaplan Meier survival curves for pulmonary 
embolism patients without ACS based on cardiac troponin 
T-positive versus cardiac troponin T—-negative serum samples 
using a cutoff concentration of 0.1 ng/mL. (From Giannitsis E, 
Muller-Bardorff M, Kurowski V, Weidtmann B, Wiegand U, Kampmann 
M, et al. Independent prognostic value of cardiac troponin T in 
patients with confirmed pulmonary embolism. Circulation 
2001;102:2 1 1-7.) 


also found based on cardiac troponin monitoring. The 
prevalence of increased cTnT has been shown to be greater 
than cTnI in these patients. For example, several studies 
have demonstrated that increases in cTnT and cTnl in ESRD 
patients show a twofold to fivefold increase in mortality over 
2 to 3 years, with a greater number of patients having an 
increased cTnT.'*® The largest clinical study reported to date 
(Table 44-10) shows that the risk stratification for death by 
baseline cTnT and cTnI concentration over 3 years follow- 
up is influenced by the cutoff concentration (ROC, 10% CV, 
99th percentile) used. Increased versus normal cTnT was 
predictive of increased mortality using all three cutoffs for 
cInT but only above the 99th percentile for cTnl. Figure 44- 
29 shows the respective Kaplan Meier survival curves by 
baseline troponin cutoffs for cTnT and cTnlI. Adjusted rela- 
tive risks of death associated with elevated (>99th percentile) 
cTnT were 3.9 for cTnT and 2.0 for cTnI. These findings may 
provide helpful information for decision making for the car- 
diologist, but may have even more of an impact on risk strat- 
ification for the nephrologist. The most important part of 
the evaluation is to rule out ACS. The data are similar for 
patients with or without renal dysfunction.” Any elevation 
of cardiac troponin is associated with increased risk. Once 
the presence of ACS is excluded, then attempts can be made 
to determine if blood pressure control, volume status, and 
metabolic status are optimal since it is likely they contribute 
to the ongoing myocardial injury. In one study, an associa- 
tion was found between LVH and an elevated cardiac tro- 
ponin with a marked increase in risk.“ Unfortunately, 
appropriate therapeutic modalities have not yet been estab- 
lished to address management decisions based on increased 
cardiac troponin values. The mechanisms responsible for 
the unexplained differences in elevations between cI'nT and 


cTnI remained unexplained.” 


TABLE 44-10 Univariate and Adjusted | Relative Risks for Death by cin? and cTnl Concentrations at Baseline 
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*Adjusted for age, predraw history of coronary artery disease, and time since initial hemodialysis (<1 year, 1 to 5 years, >5 years); the number of the 733 
patients with an increased troponin by cutoff (ug/L): c[nT 20.01, n = 601; cTnI 20.10, n = 45, 
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CLINICAL UTILITY OF CARDIAC MARKERS IN 
MONITORING REPERFUSION FOLLOWING 
THROMBOLYTIC THERAPY 


Elevations in cT'nl and cTnT are highly specific for myocar- 
dial injury. However, in individuals without myocardial 
disease, their levels are very low to undetectable. This is in 
contrast to the low but measurable concentrations of CK-2 
and myoglobin detected in serum from skeletal muscle 
turnover in patients with noncardiac-related diseases and in 
normal individuals. Therefore release of cTnI or cI'nT from 
myocardium into the blood following AMI and after the 
washout that accompanies successful reperfusion generates 
an excellent signal compared with no detectable baseline 
levels before myocardial damage. The initial rapid release of 
cardiac troponin subunits I and T following successful reper- 
fusion is most likely derived from the soluble cytosolic 
myocardial fraction (6% cTnT; 3% cTnl). 

When an STE AMI occurs, there is a thrombus responsi- 
ble for the occlusion. It can be lysed by the administration 
of thrombolytic agents or pushed downstream with primary 
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Figure 44-29 Kaplan Meier survival curves by baseline cardiac 
troponin cutoffs. (From Apple FS, Murakami MM, Pearce LA, 
Herzog CA, et al. Predictive value of cardiac troponin | and T for 
subsequent death in end-stage renal disease. Circulation 
2002;106:294 1-5.) 


angioplasty. However, this often occurs long after the anoxic 
myocardial tissue is irreversibly damaged. Thus to be opti- 
mally effective, reperfusion must be initiated as soon after 
the onset of symptoms as possible.” 

Unfortunately, reperfusion can cause tissue damage, a 
syndrome known as reperfusion-ischemic injury.’ This 
syndrome comprises (1) membrane and microvascular 
damage, (2) arrhythmias, (3) myocardial stunning, (4) cell 
necrosis, and (5) hemorrhage. Ischemia quickly causes 
depletion of intracellular high-energy phosphates, such as 
ATP and ADP, in the endothelial cells lining the cardiac vas- 
culature. The resulting intracellular acidosis inactivates the 
membrane ion pumps, causing an influx of calcium ions, 
which activates intracellular phospholipases, causing mem- 
brane structure disruption. Membrane disruption also 
permits loss of protective free radical-scavenging enzymes, 
such as superoxide dismutase, glutathione peroxidase, and 
catalase. When reperfusion occurs, the damaged endothe- 
lium attracts activated polymorphonuclear leukocytes (neu- 
trophils) that produce oxygen free radicals that are less 
effectively scavenged, because of the earlier loss of the scav- 
enging enzymes from the disrupted endothelium. The neu- 
trophils also secrete proteases that cause microvascular 
damage. The membrane damage alters the cellular action 
potentials, resulting in cardiac arrhythmias, although these 
can be controlled with drug therapy. In addition, it may 
cause myocardial stunning and prolonged LV dysfunction 
after reperfusion. Thus reperfusion may increase cell necro- 
sis. Whether this is caused by the acceleration of the death 
of cells already dying or by the action of free radicals killing 
previously healthy cells is not clear. Finally, as might be 
expected, the use of thrombolytic agents poses a distinct pos- 
sibility of hemorrhage. Indeed the use of such agents is 
absolutely contraindicated in patients with evidence of 
recent active bleeding. 

The clinical utility of cardiac biomarkers for monitoring 
reperfusion following thrombolytic therapy has not gained 
favor as a routine form of testing for determining the success 
or failure of reperfusion therapy.”’””*""*” It is accepted that 
the kinetics of myocardial protein appearance in the circu- 
lation depends on infarct perfusion. Early reperfusion causes 
an earlier increase above the upper reference limit and an 
earlier and greater enzyme peak after reperfusion. However, 
once the peak has occurred, there is no difference in the time 
of clearance of enzymes. In addition, enhanced washout 
identifies whether an artery is patent or closed, but cannot 
distinguish between normal and abnormal coronary per- 
fusion, which is a key prognostic parameter. Further, it is 
difficult to assess the amount of irreversible myocardial 
injury by infarct sizing because of the large variability in the 
amount of enzyme washout that appears after reperfusion. 

In practice, the laboratory becomes involved if a serum 
test is available as an early marker to assess successful reper- 
fusion after AMI. With early, frequent serum sampling, it 
may be possible to use the rate of increase in a cardiac bio- 
marker (cTnI, cTnT, myoglobin, and CK-2) concentration to 
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Figure 44-30 Time course (mean and standard error) of 
serum cardiac troponin | (cTni)}, cardiac troponin T (cTnT), 
creatine kinase-2 (CK-MB), and myoglobin (MYO) 
concentrations after initiation of thrombolytic therapy in 
patients with TIMI Grade 3 reperfusion flow. (From Apple FS, 
Sharkey SW, Henry TD. Early serum cardiac troponin | and T 
concentrations following successful thrombolysis for acute myocardial 
infarction, Clin Chem 1995;41:1197-8.} 


determine the presence or absence of reperfusion following 
thrombolytic therapy as early as 30 minutes to 3 hours after 
the onset of chest pain in AMI. Several studies have demon- 
strated that (1) following thrombolytic therapy in AMI 
patients, greater than twofold increases in biomarkers occur 
within 90 minutes of reperfusion; (2) the rate of increase of 
biomarkers within the first 4 hours separates reperfused 
from nonreperfused patients; and (3) after myocardial reper- 
fusion in AMI patients, washout of all biomarkers parallels 
each other (Figure 44-30). But even in this situation, a dis- 
tinction between TIMI 3 (normal) and TIMI 2 (abnormal) 
flow is not possible. 


USE OF MULTIMARKERS 


There is a growing body of evidence regarding that different 
cardiac biomarkers provide independent and complemen- 
tary information about pathophysiology, diagnostics, prog- 
nostics, and response to therapy in ACS patients. Thus it is 
probable that multimarker strategies or biochemical profil- 
ing may be used to characterize individual patients present- 
ing with ACS. Two representative studies will be addressed. 
For example, using binary cutoffs for cTnI, BNP, and hsCRP, 
Sabatine et al have demonstrated 30-day mortality increases 
in ACS patients of twofold for one marker, fivefold for two 
markers, and thirteenfold for all three biomarkers.” In the 
Checkmate multicenter study,’ a POCT system that mea- 
sured cTnI, CK-MB, and myoglobin multimarker analysis 
identified positive patients earlier and provided a better risk 
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Figure 44-31 Proteomics of different disease phenotypes of 
cardiac troponin | associated with progression of disease. Each 
unique stage-specific protein change will, if detected in serum, 
allow disease stratification. (Adapted courtesy J.Van Eyk.) 


stratification for 30-day mortality than the central labora- 
tory analysis of CK-MB alone (20% versus 3%, respectively), 
The multimarker strategy in this study, however, was not 
designed for diagnostic rule in or rule out information. The 
addition of myoglobin to cTnI and CK-MB added one addi- 
tional patient at risk for death at 30 days out of 1005 patients. 
Unfortunately the multimarker POCT cutoffs used were sig- 
nificantly lower (99th percentile) than the central laboratory 
assays (ROC curve) cutoff. 

Figure 44-31 is a schematic that demonstrates that future 
proteomic research may allow for the detection of a single 
cTnl form (indicating recent injury) to multiple forms (indi- 
cating an older injury), thus potentially assisting in both the 
timing of an MI and the determination of the etiology of the 
injury to the myocardium.” 


ESTIMATION OF INFARCT SIZE 


Prior studies have demonstrated the use of the integrated 
values for total and/or CK-MB to estimate the biochemical 
extent of infarction.'*'*!* Further studies verified that the 
amount of cardiac damage is the primary determinant of 
prognosis.’"'”" Such determinations have been correlated 
with morphological infarct size. Some have used the peak 
CK-MB value as a surrogate for the integrated data. Reper- 
fusion changes the release ratio (the percentage of marker 
that appears in the blood relative to the amount depleted 
from myocardium), making infarct sizing problematic in the 
modern era. Some, after fairly comprehensive animal ex- 
periments, have claimed that the integrated values or the 
72-hour value for HBD (LD-1 and LD-2) can be used regard- 
less of whether reperfusion occurs or not. However, there is 
substantial LD1 and 2 in red blood cells so that bleeding, 
either systemically or into the area of infarction, can lead to 
spurious increases in apparent infarct size. Furthermore, to 
date, this approach has not been compared with pathological 
measurements. Both experimental and patient-related data 
have suggested that the 72-hour troponin measurement 
correlates with scintigraphically determined infarct size. 
The data are stronger for troponin T than for I although the 
principles are probably similar for both analytes. 
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mechanisms of the human body, and reduced renal 
function strongly correlates with increasing morbid- 
ity and mortality. Biochemical investigations, both routine 
and specialized, are an important part of the clinician’s 
diagnostic armamentarium, and investigations from the 
nephrology wards and clinics constitute a significant element 


T= kidneys play a central role in the homeostatic 


of the workload of most laboratories. The aim of this chapter 


is to ensure that the clinical chemist/biochemist understands 
the perspective of the nephrologist when dealing with labo- 
ratory investigations for patients with kidney disease. The 
basic anatomy and physiology of the kidneys are described 
as a foundation to understanding the pathophysiology of 
disease and the rationale for diagnostic and management 
strategies in kidney disease. The key analytical methods 
employed during the investigation of kidney disease are dealt 
with in Chapter 24. 


The kidneys form a paired organ system located in the 
retroperitoneal space. They extend from the level of the 
lower part of the 11th thoracic vertebra to the upper portion 
of the 3rd lumbar vertebra, with the right kidney situated 
slightly lower than the left. The adult kidney is about 12cm 


*This chapter is dedicated to the memory of our friend and 
colleague Dr. David Newman, who died during its preparation. 
We are grateful for data supplied by the United States Renal Data 
System (USRDS). The interpretation and reporting of these data 
are the responsibility of the authors and in no way should be 
seen as an official policy or interpretation of the U.S. 
government. We are also grateful for data supplied by the UK 
Renal Registry. The interpretation and reporting of these data are 
the responsibility of the authors and in no way should be seen as 
an official policy or interpretation of the UK Renal Registry. 
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CHAPTER 45 


Kidney Disease* 


long and weighs about 150g in men and 135g in women 
(Figure 45-1).”°' In the majority of cases, each kidney receives 
its blood supply from a single renal artery derived from the 
abdominal aorta, with the venous return along a renal vein 
that emerges into the vena cava. However, multiple renal 
arteries occur in anatomical dissection studies in 30% of 
cases and following angiography multiple renal arteries are 
observed in 20% to 27% of patients.” 

The kidneys have both sympathetic and parasympathetic 
nerve supplies whose function appears to be predominantly 
associated with vasomotor activity. The renal lymphatic 
drainage includes fine lymphatics in the glomerulus, some 
in close proximity to the juxtaglomerular apparatus, which 
are associated with removal of material from the glomerular 
mesangial cells.** 


BLOOD SUPPLY 


The renal artery divides into posterior and anterior ele- 
ments, which then divide into interlobar, arcuate, interlobu- 
lar, and ultimately into the afferent arterioles, which expand 
into the highly specialized capillary beds that form the 
glomerulus (Figure 45-2). These capillaries then rejoin to 
form the efferent arteriole that then forms the capillary 
plexuses and the elongated vessels (the vasa recta) that pass 
around the remaining parts of the nephron, the proximal 
and distal tubules, the loop of Henle, and the collecting duct, 
providing oxygen and nutrients and removing ions, mole- 
cules, and water, which are reabsorbed by the nephron. The 
efferent arteriole then merges with renal venules to form 
the renal veins, which emerge into the inferior vena cava.” 
The complex architecture of the intrarenal vascular tree is 
ordered in three dimensions in a characteristic arrangement 
that probably serves to distribute the blood pressure and 
flow appropriately to the glomeruli. 

In adults, the kidneys receive approximately 25% of 
the cardiac output, about 90% of which supplies the renal 
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Figure 45-1 The vascular and anatomical relationships of the 
kidneys in man. (From Leaf A, Cotran RS. Renal pathophysiology. 
3rd ed. Oxford: Oxford University Press, 1985. Reproduced by 
permission of Oxford University Press.) 


cortex, maintaining the highly active tubular cells.” The 
maintenance of renal blood flow is essential to kidney func- 
tion, and there is a complex array of intrarenal regulatory 
mechanisms that ensure that it is maintained across a wide 
range of systemic blood pressures (see discussion later in this 
chapter).*” The renal glomerular perfusion pressure is inde- 
pendent of the systemic pressure between 90 and 200mm 
Hg, being maintained at a constant 45mm Hg. Renal blood 
flow is now rarely measured in clinical practice. Details of 
some of the approaches adopted for the measurement of 
renal blood flow may be found in the 3rd edition of this 
textbook. 


NEPHRON 


The functional unit of the kidney is the nephron. Each kidney 
has been reported to contain between 1 and 1.5 million 
nephrons, although a 1992 estimate suggests a slightly lower 
range, with a mean of 600,000 nephrons.” The number of 
nephrons that an individual is born with (the “nephron 
dose”) may determine that individual’s susceptibility to renal 
injury. 

The nephron consists of a glomerulus, proximal tubule, 
loop of Henle, distal tubule, and collecting duct (Figure 
45-2). The collecting ducts ultimately combine to develop 
into the renal calyces, where the urine collects before passing 
along the ureter and into the bladder. The kidney is divided 


into several lobes. The outer, darker region of each lobe, the 
cortex, consists of most of the glomeruli and the proximal 
and distal tubules. The cortex surrounds a paler inner region, 
the medulla, which is further divided into a number of 
conical areas known as the renal pyramids, the apex of which 
extends toward the renal pelvis, forming papillae. Medullary 
rays are visible striations in the renal pyramids, which 
connect the kidney cortex with the medulla. They are com- 
posed of descending (straight proximal) and ascending 
(straight distal) thick limbs of Henle and collecting ducts 
and associated blood vessels (the vasa recta), The central 
hilus is where blood vessels, lymphatics, and the renal pelvis 
(containing the ureter) join the kidney. 


Glomerulus 


The glomerulus is formed from a specialized capillary 
network. Each capillary develops into approximately 40 
glomerular loops around 200 um in size and consisting of a 
variety of different cell types supported on a specialized 
basement membrane (Figure 45-3, top). There are endothe- 
lial and epithelial cells that act in concert with the spe- 
cialized glomerular basement membrane to form the 
glomerular filtration barrier, and then there are mesangial 
(types I and H) cells. The capillary endothelial cells are about 
40nm thick and are in contact with each other, but between 
these cells there are many circular fenestrations (pores) with 
diameters of between 40 and 100nm. The fenestrations are 
lined with a surface coating of negatively charged glyco- 
protein about 12nm thick, but allow virtually free access 
of plasma to the basement membrane, which forms the 
only continuous barrier between the capillary blood and 
glomerular filtrate. 

The basement membrane (see Figure 45-3, bottom) is 
approximately 300 nm thick in adult humans and consists of 
three distinct electron-dense layers: the lamina rara interna, 
the lamina densa, and the lamina rara externa, The lamina 
densa consists of a close feltwork of fine, mainly type IV, col- 
lagen fibrils (each 3 to 5nm thick) embedded in a gel-like 
matrix of glycoproteins and proteoglycans. This forms the 
main size discriminant barrier to protein passage into the 
tubular lumen. The other two layers of the basement mem- 
brane are rich in negatively charged polyanionic glycopro- 
teins, such as heparin sulfate; these form the main charge 
discriminant barrier to the passage of proteins. 

The epithelial cells lining Bowman’s capsule (see Figure 
45-3, top) are called podocytes and have an unusual octopus- 
like structure in that they have a large number of extensions 
or foot processes that are embedded in the basement mem- 
brane. The foot processes from adjacent podocytes are inter- 
digitated to form filtration slits, which are covered by a loose, 
highly hydrated anionic mucopolysaccharide gel that is rich 
in sialic acid. The resulting structure is relatively imperme- 
able to most proteins above 60kDa, but passage of proteins 
is also modulated by their charge and shape. 

The final cellular components of the glomerulus are the 
mesangial cells, which are found in the central part between 


Chapter 45 


Cortical cee 


Efferent arteriole PON P 
I A 

Afferent —} 
Hi tdi R 
HAR? 


arteriole 


Cortex 


Inter-lobular 
artery 


Vein 


1673 


Kidney Disease 


Proximal tubule 


Distal tubule 


Glomerulus 


Outer zone 


Interlobar artery 


Inner stripe 


— Vein 


recta — 


Medulla 


Collecting duct — 


Inner zone 


|_ Ducts of Bellini — 


Figure 45-2 Diagrammatic representation of the nephron, the functional unit of the kidney, 
illustrating the anatomical and vascular arrangements. (From Pitts RF: Physiology of the kidney and 
body fluids. 3rd ed. Chicago: Year Book Medical Publishers, 1974:8p.} 


and within the capillary loops suspended in a matrix that 
they synthesize. These cells are phagocytic and take up 
circulating antigen-antibody complexes that can provoke 
glomerulonephritis. These macromolecules are then cleared 
from the mesangial cells by phagocytosis and other mecha- 
nisms, such as movement by way of the glomerular stalk to 
the juxtaglomerular region and then via the renal lymphat- 
ics, or by regurgitation into the glomerular capillary. One 
view of this role of the mesangium is that it keeps the 
glomerular filter clear of large macromolecules, because the 
inner layer of the basement membrane (the lamina rara 
interna) is continuous with the mesangium. Mesangial cells 
also have characteristics of smooth muscle cells, because they 
are rich in myofilaments and can contract in response to a 
variety of stimuli (e.g., angiotensin II and arginine vaso- 
pressin). Contraction of mesangial cells can have a signifi- 
cant effect on the glomerular filtration rate (GFR) by 
reducing the available filtration surface. 


Proximal Tubule 

Bowman’s capsule forms the beginning of the tightly coiled, 
proximal convoluted tubule (pars convoluta), which on its 
progress toward the renal medulla becomes straightened 
and is then called the pars recta. The human proximal tubule 
is about 15mm long. The epithelial cells lining the convo- 
luted section are cuboidal/columnar cells with a luminal 
brush border consisting of millions of microvilli, which 
enormously expand the surface area for absorption of 
tubular fluid. Ultrastructurally, there are three main seg- 
ments, S1, $2, and $3, which consist of very different cell 
types (Figure 45-4). The transition from S1 to $2 is gradual 
and occurs in the latter part of the convoluted section. The 
$2 to $3 transition occurs deep within the medullary rays. 
The different segments are distinguished by different types 
of brush border, density of mitochondria, and degree of 
cellular interdigitation. There are also functional differences, 
as demonstrated by the region-specific nephrotoxicity of 
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Figure 45-3 The glomerular cells and the 
glomerular filtration barrier. Top, Longitudinal 
section through a glomerulus and its 
juxtaglomerular apparatus. The capillary tuft 
consists of a network of specialized capillaries, 
which are outlined by a fenestrated 
endothelium (E). At the vascular pole the 
afferent arteriole (AA) enters, branching into 
capillaries immediately after its entrance; the 
efferent arteriole (EA) is established inside the 
tuft and passes through the glomerular stalk 
before leaving at the vascular pole. The 
capillary network and the mesangium are 
enclosed in a common compartment bounded 
by the glomerular basement membrane 
(GBM). Note that there is no basement 
membrane at the interface between the 
capillary endothelium and the mesangium. The 
glomerular visceral epithelium consists of 
highly branched podocytes (PO), which, in a 
typical interdigitating pattern, cover the outer 
aspect of the GBM. At the vascular pole, the 
visceral epithelium and the GBM are reflected 
into the parietal epithelium (PE) of Bowman's 
capsule, which passes over into the epithelium 
of the proximal tubule (PT) at the urinary 
pole. At the vascular pole the glomerular 
mesangium is continuous with the 
extraglomerular mesangium (EGM), which 
consists of extraglomerular mesangial cells and 
an extraglomerular mesangial matrix. The EGM 
and the granular cells (G) of the afferent 
arteriole, along with the macula densa (MD), 
establish the juxtaglomerular apparatus. All 
cells that are suggested to be of smooth- 
muscle origin are shown in black. US, Urinary 
space; F foot processes; N, sympathetic nerve 
terminals; M, messenger cells. (From Elger M, 
Kriz W. The renal glomerulus—the structural 
basis of ultrafiltration. In: Cameron JS, Davison 
AM, Grunfeld JP, Kerr D, Ritz E, eds. Oxford 
Textbook of Clinical Nephrology (vol. 1). 2"? ed. 
Oxford: Oxford University Press, 1998: Chapter 
3.1. Reproduced by permission of Oxford 
University Press.) Bottom, Glomerular capillary 
wall. In glomerular filtration, filtered fluid is 
believed to traverse the capillary wall via an 
extracellular route, that is, through endothelial 
fenestrae, basement membrane, and slit 
diaphragms. Circulating polyanions (e.g., 
albumin} are thought to be retarded by the 
rich distribution in inner barriers of negatively 
charged sialylated glycoproteins (shaded area 
in schematic diagram). (From Brenner BM, 
Beeuwkes R, Ill. The kidney in health and disease: 
lii. The renal circulations. Hospital Practice 

1978; 13:35-46,) 
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Figure 45-4 Microstructure of the proximal tubule showing the morphology of cells in the 
various nephron segments. In the diagram, for each cell the tubule is on the right. The cell 
membrane on this side is the apical, mucosal, or luminal membrane. The cell membrane on the 
opposite side of the cell, resting on the basement membrane (basal lamina), is the basal, serosal, 
or peritubular membrane. In the pars convoluta of the proximal tubule, the cells have a dense 
brush border (microvilli), increasing the luminal membrane surface area by a factor of about 40. 
Basolaterally, these cells interdigitate with each other extensively. In the pars recta, there are 
fewer mitochondria (suggesting that the transport functions of these cells are less well 
developed than those of the pars convoluta cells). The brush border is also less extensive. The 
cells of the descending limb of the loop of Henle are rather flat and have few interdigitations 
and sparse microvilli. In the thin ascending limb of the loop of Henle (not illustrated), the cells 
have a similar flattened appearance, but have dense interdigitations with each other. Generally 
the transition from the descending type of epithelium to the ascending type occurs just before 
the bend. The transition from the thin ascending limb to the thick ascending limb occurs abruptly 
at the junction of the inner and outer zones of the medulla. In most species, there are only 
minor differences between cells of the thick ascending limb and those of the early distal tubule. 
The late dista] tubule and collecting tubule have a number of cell types, but the transport 
functions are essentially similar in both of these anatomical segments. (From Lote Cj. Principles of 


renal physiology. 4th ed. London: Kluwer Academic Publishers, Chapter 2, 2000.) 


certain drugs or metals (e.g., mercury is an $3-segment- 
specific toxin). 

The proximal tubule is the most metabolically active part 
of the nephron, facilitating the reabsorption of 60% to 80% 
of the glomerular filtrate volume—including 70% of the fil- 
tered load of sodium and chloride, most of the potassium, 
glucose, bicarbonate, phosphate, and sulfate—and secreting 
90% of the hydrogen ion excreted by the kidney (Table 
45-1). 


Loop of Henle 


The pars recta drains into the descending thin loop of Henle, 
which after passing through a hairpin loop becomes first the 
ascending thin limb and then the thick ascending loop. In 
short-looped nephrons, where there are no ascending thin 
limbs, the loops of Henle are situated deep in the renal 
medulla. The cells of the ascending thin limb are very similar 
to those in the descending (with little brush border, flattened 
and interdigitated), but there are important differences 
in their permeability to water and in their capability for 
active transport. The thick ascending limb is lined with 
cuboidal/columnar cells similar in size to those in the 
proximal tubule, but they do not possess a brush border. At 


the end of the thick ascending limb, near where it reenters 
the cortex and closely associated with the glomerulus and the 
efferent arteriole, there is a cluster of cells known as the 
macula densa (Figure 45-5, see discussion later in this 
chapter). The main role of the loop of Henle is to provide 
the ability to generate a concentrated urine, hypertonic with 
respect to plasma and with a capability that has only been 
demonstrated for mammalian and avian kidneys; there are 
several other functions (see Table 45-1). 


Distal Tubule 


The cells forming the distal tubule of the nephron start at 
the macula densa and extend to the first fusion with other 
tubules to form the collecting ducts. However, they have 
been shown to consist of three morphologically and func- 
tionally distinct segments. The first two contain similar cell 
types, with infoldings of the basal lamina surrounding the 
mitochondria. The third segment contains cells known as 
principal celis that have smaller infoldings and contain fewer 
mitochondria. All three segments have Na‘, K*-ATPase activ- 
ity. Interspersed between them are the intercalated cells, 
which have cytoplasmic extensions and high carbonic 
anhydrase activity but no Na‘, K*-ATPase activity. Sodium 
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TABLE 45-1 Metabolic Functions of the Different Parts of the Nephron 


‘Molecule. 


Urate 
Sodium : 


Macuta densa 


Efferent arteriole 


Extraglomerular 
mesangial cells 


—— Bowman's capsule 


Mesangial cells 


chloride reabsorption occurs in all three; potassium secre- 
tion occurs in the first, and hydrogen ion excretion occurs in 
the latter two. 


Collecting Duct 

The collecting ducts are functionally part of the E 
but are embryologically distinct from it and are formed from 
a number of distal tubules, usually about six. These are suc- 
cessively joined by other tubules to form ducts of Belini, 
which ultimately drain into a renal calyx. The cells lining 


Afferent arteriole 
Sympathetic nerve fibers 
Granular celts 


COLLECTING $ 
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Figure 45-5 The juxtaglomerular apparatus. The 
beginning of the distal tubule (i.e., where the loop 
of Henle reenters the cortex) lies very close to 
the afferent and efferent arterioles, and the cells 
of both the afferent arteriole and the tubule show 
specialization. The cells of the afferent arteriole 

_ are thickened, granular (juxtaglomerular) cells and 

are innervated: by sympathetic nerve fibers, The 
mesangial cells are irregularly shaped and contain 
filaments of contractile proteins. Identical cells are 
found just outside the glomerulus and are termed 
extraglomerular mesangial cells or Goormaghtigh 
cells. (From Lote Cj. Principles of renal physiology. 4th 
ed. London: Kluwer Academic Publishers, 
2000:Chapter 2.) 


the collecting duct are cuboidal and have a less granular 
cytoplasm than those of the proximal tubule, although there 
are a number of interspersed cells with a more granular cyto- 
plasm whose function remains uncertain. 


JUXTAGLOMERULAR APPARATUS 

Where the ascending loop of Henle passes very close to the 
Bowman’s capsule of its own nephron, the cells of the tubule 
and the afferent arteriole show regional specialization (see 
Figure 45-5). The tubule forms the macula densa and the 
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arteriolar cells are filled with granules (containing renin) and 
are innervated with sympathetic nerve fibers. This area is 
called the juxtaglomerular apparatus (JGA). The JGA plays 
an important part in maintaining systemic blood pressure 
through regulation of the circulating intravascular blood 
volume and sodium concentration. The proteolytic enzyme 
renin is released primarily in response to decreased afferent 
arteriolar pressure and decreased intraluminal sodium deliv- 
ery to the macula densa. Renin release from the macula 
densa is also influenced by renal cortical prostaglandins 
(predominantly PGI) and the sympathetic nervous system. 
The released renin then acts on the plasma protein 
angiotensinogen to generate angiotensin I. This is converted 
in the lungs by angiotensin converting enzyme (ACE) to the 
potent vasoconstrictor and stimulator of aldosterone release, 
angiotensin I (AII). The vasoconstriction and aldosterone 
release (with increased distal tubular sodium retention) act 
in concert with the other action of AIF, to increase the re- 
lease of antidiuretic hormone (ADH [vasopressin]}) and to 
increase proximal tubular sodium reabsorption, intravascu- 
lar volume, and pressure. AH also has an inhibitory effect on 
renin release as part of a negative feedback loop. Associated 
with the JGA are extraglomerular mesangial cells known as 
Goormaghtigh cells; although their function is unclear, they 
are thought to provide electrical coupling among themselves 
and to the mesangium and glomerular arterioles.” 


RENAL INTERSTITIUM 


In a normal renal cortex, the interstitium is sparse (7% 
to 9% by volume) as the tubules lie very close together; 
however, a large proportion of the reabsorbed tubular 
fluid has to traverse a true interstitial space before entering 
the capillaries. The interstitium contains a variety of cells. 
The majority (type J) are fibroblasts, and the minority 
(type IL) resemble lymphocytes. Subpopulations of the 
interstitial fibroblasts have been demonstrated using 
immunohistochemistry. 

The medullary interstitium contains a further specialized 
cell, the lipid-laden interstitial cells, which are arranged 
in a characteristic ladderlike pattern across the loops of 
Henle and capillaries, The extracellular space is rich in 
glycosaminoglycans, resulting in a gelatinous matrix that 
contains various poorly characterized osmolytes, osmotically 
active molecules that help stabilize the high osmotic gradient 
essential to the countercurrent mechanism involved in 
the generation of a hyperosmotic urine. The interstitium 
becomes very important in a variety of kidney diseases—and. 
its expansion, as a consequence of, or cause of, nephron 
loss—plays an important part in progressive kidney disease. 
Interstitial expansion includes cellular infiltration and 
increased interstitial matrix synthesis and interstitial fibrosis. 


KIDNEY FUNCTION AND PHYSIOLOGY 


The major functions of the kidneys include filtration, reab- 
sorption, and excretion. The kidneys integrate these func- 


TABLE 45-2 Important Components of Kidney 


Function 


‘Filtration Preparation of an Ultrafiltrate 


Reabsorptive | Glucose, amino acids, electrolytes, l 
nahi proteins. aes 
Homeostatic re Extracellular volume, acid- he status, : 
ae blood ] pressure, electrolytes 

: Metabolic Synthetic: glutathione, gyconeogenesis, 

ammonia pinnin ; 

Soe Catabolic: hor ones, olin: 
Endocrine Erythropoietin synthesis activation of 


vitamin. D.. 


tions to maintain homeostasis and regulate the internal 
milieu (Table 45-2). 


EXCRETORY AND REABSORPTIVE FUNCTIONS 


The excretory function of the kidneys serves to rid the body 
of many end products of metabolism and any excess of inor- 
ganic substances ingested in the diet. Waste products include 
the nonprotein nitrogenous compounds urea, creatinine, 
and uric acid; a number of other organic acids, including 
amino acids, are excreted in small quantities. Dietary intake 
contains a variable and usually excessive supply of sodium, 
potassium, chloride, calcium, phosphate, magnesium, 
sulfate, and bicarbonate. The efficiency of the homeostatic 
role in kidney function is illustrated by the way the sodium 
content of the body is maintained essentially constant, 
regardless of whether daily sodium intake is 1 or 150mmol 
or more. Daily intake of water is also variable and may, on 
occasion, greatly exceed the minimal requirements of the 
body. Under such circumstances, water becomes additional 
waste material requiring excretion. To achieve excretion of 
the metabolic wastes and the ingested surpluses without dis- 
rupting homeostasis, the kidneys must exercise both their 
excretory and reabsorptive functions. 

Mechanisms for the regulation of electrolytes, nitroge- 
nous wastes, and organic acids are similar although not iden- 
tical. For all except potassium and hydrogen ions and a few 
organic acids, the maximal excretory rate is limited or estab- 
lished by their plasma concentrations and the rate of their 
filtration through the glomeruli. Bulk transfer of substances 
from blood to glomerular filtrate determines the initial mass 
on which the nephron must operate to produce and excrete 
urine, Thus the maximal amount of substance excreted in 
urine does not exceed the amount transferred through the 
glomeruli by ultrafiltration except in the case of those sub- 
stances capable of being secreted by tubular cells. Depend- 
ing on the activity of the renal tubular epithelial cells and 
their several reabsorptive capacities, excreted amounts of 
urinary constituents are in general less than the amounts fil- 
tered. Because of this general behavior, for many substances 
a general estimate of the excretory capacity of the kidneys 
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can be obtained by measuring either the glomerular filtra- 
tion rate (GFR) or some variable that is closely related to it. 
The primary objective in evaluating renal excretory function 
is to detect quantitatively the degradation of normal capac- 
ities or the improvement of impaired ones. 


Definitions 

Urine is defined as a fluid excreted by the kidneys, passed 
through the ureters, stored in the bladder, and discharged 
through the urethra.” In health, it is sterile and clear, and 
has an amber color, a slightly acid pH, and a characteristic 
odor. In addition to dissolved compounds it contains a 
number of cellular fragments, complete cells, proteinaceous 
casts, and crystals (formed elements). Changes in these 
formed elements are studied using urine microscopy. Urine 
from a healthy individual should be clear, with a pH of about 
5.0 to 6.0 and a specific gravity of about 1.024g/mL. There 
is a normal turnover in tubular cells, and these are shed into 
the urine. 

Urination, also termed micturition, is the discharge of 
urine. In normal adults adequate homeostasis is maintained 
with a urine output of about 500mL/day. Alterations in 
urinary output are described as anuria (<100 mL/day), olig- 
uria (<400 mL/day), or polyuria (>3 L/day or 50 mL/kg body 
weight/day).** The most common disorder of micturition is 
altered frequency, which may be associated with increased 
urinary volume or with partial urinary tract obstruction 
(e.g. in prostatic hypertrophy). 


Formation of Urine—An Overview 

The first step in urine formation is filtration of plasma water 
at the glomeruli. A net filtration pressure of about 17 mm Hg 
in the capillary bed of the tuft drives the filtrate through the 
glomerular membrane. The filtrate is called an ultrafiltrate 
because its composition is essentially the same as that of 
plasma, but with a notable reduction in molecules of 
molecular weight exceeding 15 kDa. Each nephron produces 
about 100UL of ultrafiltrate per day. Overall, approximately 
170 to 200 L of ultrafiltrate pass through the glomeruli in 24 
hours. In the passage of ultrafiltrate through the tubules, 
reabsorption of solutes and water in various regions of the 
tubules reduces the total urine volume, which typically 
ranges between 0.4 and 2 L/day. 

Transport of solutes and water occurs both across and 
between the epithelial cells that line the renal tubules. Trans- 
port is both active (energy requiring) and passive, but many 
of the so-called passive transport processes are dependent 
upon or secondaty to active transport processes, particularly 
those involving sodium transport. All known transport 
processes involve receptor or mediator molecules, many of 
which have now been identified and characterized using 
molecular biological techniques. The activity of many of 
these molecules is regulated by phosphorylation facilitated 
by protein kinase C or A.” Their renal distribution has 
been shown to correlate with the known regional functional 
activities, but the same transporters, or isoforms of them, 
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Figure 45-6 Tubular reabsorptive mechanisms: the major 
primary active transport processes in the proximal nephron. The 
renal tubular epithelium consists of a single layer of cells. At the 
luminal side, adjacent cells are in contact (the tight junction), 
whereas toward the basal side of the cells, there are gaps 
between adjacent cells (lateral intercellular spaces). (From Lote 
Cj. Principles of renal physiology. 4th ed. London: Kluwer Academic 
Publishers, 2000:Chapter 4.) 


can be found in other tissues, particularly the digestive tract. 
There are, for instance, at least five independent proximal 
tubular transport processes for amino acids, including 
those for (1) basic amino acids plus cystine, (2) glutamic 
and aspartic acid, (3) neutral amino acids, (4) imino amino 
acids, and (5) glycine.“ There are inherited disorders of 
tubular transporters, discussed later in this chapter, and a 
well-known generalized disorder affecting all of the trans- 
port processes, causing Fanconi syndrome. 

Direct coupling of adenosine triphosphate (ATP) hydrol- 
ysis is an example of an active transport process. The most 
important of these in the nephron is Na‘, K*-ATPase, which 
is located on the basolateral membranes of the tubulo- 
epithelial cells (Figure 45-6). This enzymatic transporter 
accounts for much of renal oxygen consumption and drives 
more than 99% of renal sodium reabsorption. Other exam- 
ples of primary active transport mechanisms are a Ca’*- 
ATPase, an H*t-ATPase, and an Ht, K*-ATPase. These 
enzymes establish ionic gradients, polarizing cell membranes 
and thus driving secondary transport processes, 

Renal epithelial cell membranes also contain proteins that 
act as ion channels, For example, there is one for sodium that 
is closed by amiloride and modulated by hormones such as 
atrial natriuretic peptide (ANP). Ion channels enable much 
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faster rates of transport than ATPases but are relatively fewer 
in number, approximately 100 sodium and chloride chan- 
nels as against 10’ Na‘, K'-ATPase molecules per cell. 

Tn the tubules, the solute composition of the ultrafiltrate 
is altered by the processes of reabsorption and secretion, so 
that the urine excreted may have a very different composi- 
tion from that of the original filtrate. Different regions of the 
tubule have been shown to specialize in certain functions, 
In the proximal tubule, 60% to 80% of the ultrafiltrate is 
reabsorbed in an obligatory fashion, along with sodium, 
chloride, bicarbonate, calcium, phosphate; sulfate, and other 
ions. Glucose, a threshold substance,” is virtually completely 
reabsorbed, predominantly in the proximal tubule by a 
passive but sodium-dependent process that is saturated 
at a blood glucose concentration of about 10 mmol/L. Uric 
acid is also reabsorbed in the proximal tubule by a passive 
sodium-dependent mechanism, but there is also an active 
secretory mechanism. Creatinine is also secreted but only 
to a small extent, approximately 0,14mmol/min. There is a 
well-characterized group of proton-coupled peptide trans- 
porters, some of which also transport B-lactam antibiotics, 
ACE inhibitors, and some of the statin group of drugs.*” 

Certain nonbiological compounds, such as phenolsulfon- 
phthalein (PSP) and p-aminohippurate (PAH) are secreted 
by the proximal tubule and have been used for the evalua- 
tion of renal tubular secretory capacity. When blood levels 
of creatinine increase above normal, creatinine is secreted in 
this region of the nephron. In the loops of Henle, chloride 
and more sodium without water are reabsorbed, generating 
dilute urine. Water reabsorption in the more distal tubules 
and collecting ducts is then regulated by ADH. In the distal 
tubule, secretion is the prominent activity; organic ions, 
potassium ions, and hydrogen ions are transported from the 
blood in the efferent arteriole into the tubular fluid. It is also 
this region that secretes hydrogen ions and reabsorbs sodium 
and bicarbonate to aid in acid-base regulation. Paracellular 


*Certain substances, almost completely reabsorbed by the tubules 
when their concentrations in plasma are relatively low, appear in 
the urine when their plasma levels are above a certain set-point 
or “threshold” level. Creatinine, which is reabsorbed only 
minimally, is a low-threshold substance. High-threshold 
substances, such as glucose and amino acids {whose conservation 
is important to the body economy), are almost completely 
reabsorbed by means of specific transport systems in the tubular 
cells. The appearance of a high-threshold substance in the urine 
is evidence that the filtered load of the substance is exceeding the 
maximal reabsorption rate of its transport system. This may 
occur when the filtered load is excessive owing to elevated plasma 
concentration or to rapid urine flow; alternatively, the defect may 
be in the transport system and related to chemical inhibitors, 
injury to tubular epithelial cells, or genetic defects in the system. 
The renal threshold of a filterable compound is therefore that 
plasma concentration of the substance at which the tubular 
reabsorptive rate, operating at maximum, is not sufficiently fast 
to remove all of the substance from the plasma ultrafiltrate so 
that the substance “spills” into the urine. 


(between cell) movement is driven predominantly by con- 
centration, osmotic, or electrical gradients. 

Other secretory products of the nephron are not well 
understood, For example, a significant proportion of normal 
urinary protein is formed by Tamm Horsfall glycoprotein 
(THG). This protein is secreted by the distal tubule and is 
thought to play a role in inhibiting kidney stone formation, 
but this has not been confirmed conclusively. The tubular 
epithelial cells also synthesize a vast range of growth factors 
and cytokines in response to a variety of stimuli that can 
have both autocrine and paracrine effects. All cells also 
secrete a range of cell adhesion molecules that are essential 
to cellular attachment to the tubular basement membrane. 


REGULATORY FUNCTION 


The kidneys regulate and maintain the constant optimal 
chemical composition of the blood and the interstitial and 
intracellular fluids throughout the body. The mechanisms of 
differential reabsorption and secretion, located in the tubule 
of a nephron, are the effectors of regulation. The mecha- 
nisms operate under a complex system of control in which 
both extrarenal and intrarenal humoral factors participate. 


Electrolyte Homeostasis 

There is a complex interplay between the tubular transport 
systems regulating individual electrolytes. For simplicity, 
we have considered each electrolyte individually and have 
restricted our discussion to the systems of major physiolog- 
ical, pharmacological, and pathological significance. 


Sodium 


Sodium reabsorption is required for the reabsorption of 
water and many solutes. The proximal tubule is highly per- 
meable to sodium, and the net flux of reabsorption from the 
tubular lumen is achieved against a high backflux, particu- 
larly from paracellular movement. Approximately 60% of fil- 
tered sodium is reabsorbed in the proximal tubule in an 
energy-dependent manner, driven by basolateral Na*, K*- 
ATPase pumps. Approximately 80% of sodium entering 
proximal tubular cells does so in exchange for hydrogen ion 
secretion, facilitated by apical sodium-hydrogen exchangers. 
This in turn permits bicarbonate reabsorption via carbonic 
anhydrases that are present in both the brush border and 
intracellular compartment. A variety of apical sodium co- 
transporters also allow for reabsorption of other organic 
and inorganic solutes (e.g., chloride, calcium, phosphates, 
bicarbonate, sulfates,’ glucose, urea, and amino acids). So- 
dium transport activity is regulated by many factors, includ- 
ing protein kinase-dependent phosphorylation, which can 
increase both activity and channel numbers. 

A further 30% of filtered sodium is reabsorbed in the 
thick ascending limb of the loop of Henle, where it is 
achieved by an apical, bumetanide-sensitive, 130 kDa, elec- 
troneutral, Na‘-K*-2Cl co-transporter (NKCC2)}, itself 
driven by a favorable inward gradient generated by the baso- 
lateral Na*, K*-ATPase pump (Figure 45-7). NKCC2 is a 
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Figure 45-7 Schematic diagram showing the major pathways 
of solute reabsorption in the thick ascending limb of the loop of 
Henle. Sodium chloride is reabsorbed by the apical NKCC2 
transporter. This electroneutral transport is driven by the low 
intracellular sodium and chloride concentrations generated by 
the basolateral Nat, Ka*-ATPase and the basolateral chloride 
channel CLC-Kb. The availability of potassium is rate-limiting for 
NKCC2, so potassium entering the cell is recycled back to the 
lumen via the ROMKI potassium channel. This potassium 
movement is electrogenic and drives paracellular resorption of 
Mg™ and Ca” via paracellin-1. Mutations in either NKCC2, 
ROMK]I, or CLC-Kb cause Bartter’s syndrome. Mutations in 
paracellin-| lead to disruption of this paracellular pathway and 
the tubular disease known as hypomagnesemic hypercalciuric 
nephrolithiasis. (From Sayer JA, Pearce SHS. Diagnosis and clinical 
biochemistry of inherited tubulopathies, Ann Clin Biochem 

200! ;38:459-70,} 


kidney-specific member of a class of such channels found 
throughout secretory epithelia. Activation of these co- 
transporters appears, in part, to be a result of cell shrink- 
age. The distal tubule reabsorbs 5% to 8% of sodium via 
the thiazide-sensitive Na*-Cl co-transporter (NCCT). Final 
sodium balance is achieved in the collecting duct via selec- 
tive amiloride-sensitive, apical sodium channels (ENaCs) in 
exchange for potassium. ENaCs are controlled in part by the 
effects of aldosterone on the mineralocorticoid receptor 
(Figure 45-8). 


Potassium 


Approximately 90% of daily potassium loss occurs via renal 
elimination. Potassium is freely filtered across the glomeru- 
lus and normally almost completely reabsorbed in the prox- 
imal tubule. However, most regulatory mechanisms affect 
the loop of Henle, the distal tubule, and the collecting duct. 
Indeed, urinary losses can exceed filtered load, indicating the 
importance of distal secretion. Determinants of urinary 
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Figure 45-8 Schematic diagram showing the major pathways of 
solute reabsorption in the collecting duct. In principal cells, 
sodium reabsorption occurs through the amiloride-sensitive 
epithelial sodium channel (ENaC). This is influenced by the 
actions of aldosterone on the mineralocorticoid receptor (MR), 
with hyperaldosteronism producing an increase in channel 
activity. Cortisol, if permitted, will also bind to the MR, but a 
degree of specificity is maintained by (1 B-hydroxysteraid 
dehydrogenase (| 18-HSD), which inactivates cortisol to 
cortisone. Sodium uptake drives potassium secretion from 
principal cells and proton secretion from o,-intercalated cells. In 
Liddle’s syndrome, mutations lead to an increase in ENaC 
activity, with increased Na* reabsorption and consequent 
potassium and proton loss. In pseudohypoaldosteronism type la, 
lass of function mutations inactivates ENaC, whereas in 
pseudohypoaldosteronism type Ib there are MR abnormalities. 
Both lead to reduced sodium entry via ENaC, causing salt 
wasting and decreased secretion of potassium and protons. 
Licorice causes hypertension and a hypokalemic metabolic 
alkalosis by inactivating | 1B-HSD, allowing cortisol to act as a 
mineralocorticoid. (From Sayer JA, Pearce SHS. Diagnosis and 
clinical biochemistry of inherited tubulopathies. Ann Clin Biochem 
2001 ;38:459-70.) 


potassium loss are dietary intake of potassium, acid-base 
disturbances (acidosis reduces potassium secretion and vice 
versa), plasma potassium concentration, circulating ADH 
concentration, tubular flow rate, and aldosterone secretion 
(enhances potassium loss and increases sodium reten- 
tion). Potassium ions are actively accumulated within 
tubular cells as a result of basolateral Na*, K'-AT’Pase activ- 
ity, resulting in elevation of intracellular potassium concen- 
tration above its electrochemical equilibrium. Several types 
of potassium channels exist that have a range of functions: 
(1) maintenance of a negative resting cell membrane poten- 
tial, (2) regulation of intracellular volume, (3) recycling of 
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K* across apical and basolateral membranes to supply 
NKCC2 and enable sodium reabsorption, and (4) K* secre- 
tion in the cortical collecting tubule.” As mentioned above, 
potassium is reabsorbed with sodium by the NKCC2 in the 
thick ascending limb of the loop of Henle, but is recycled 
back into the lumen by the potassium-secreting channel 
ROMKI. This process is electrogenic and drives paracellular 
reabsorption of calcium and magnesium (see Figure 45-7). 
ROMK1 is a pH-sensitive, membrane-spanning protein with 
several serine residues. At least two of these residues require 
phosphorylation by protein kinase A for the channel to be 
active.” 

In the principal cells of the collecting duct, sodium reab- 
sorption via ENaC is accompanied by movement of potas- 
sium into the lumen through potassium channels or a 
potassium chloride symporter (see Figure 45-8). 


Chloride 


The intracellular negative electrical potential opposes chlo- 
ride entry into cells. In the early proximal tubule the main 
cation, sodium, is predominantly reabsorbed concomitantly 
with bicarbonate so that the luminal chloride concentration 
actually increases, There are two main reabsorption mecha- 
nisms for chloride. The first is via an antiporter in exchange 
for secretion of other anions (e.g., bicarbonate) or formate. 
The second occurs in the final two thirds of the proximal 
tubule. In the thick ascending limb of the loop of Henle, 
chloride is reabsorbed in association with sodium via 
NKCC2, The concentration gradient is maintained by a 
basolateral chloride pump, CLC-Kb (see Figure 45-7). A 
further chloride channel, CLC-5, is expressed at multiple 
sites in the nephron.*” 


Calcium 


Approximately 98% of filtered calcium is reabsorbed: 65% 
to 75% in the proximal tubule (via a paracellular pathway), 
20% to 25% in the thick ascending limb of the loop of Henle, 
10% in the distal tubule, and finally small amounts in the 
collecting ducts.” This is predominantly a passive process 
linked to active sodium reabsorption. For example, in the 
thick ascending limb of the loop of Henle, paracellular 
calcium transport is driven by the potential difference 
created by ROMKI. There are also active processes, particu- 
larly in the distal tubule, that tightly regulate the final 
amount of calcium excreted. Here, calcium reabsorption 
is transcellular and is predominantly under the control of 
parathyroid hormone (PTH) and the calcium-sensing recep- 
tor. Following entry into the cell from the lumen via an apical 
epithelial active transport mechanism (ECaC1), calcium 
binds to calbindin-D and is delivered to the basolateral 
membrane. Here it is extruded by a Ca**-ATPase (PMCA1b) 
and a sodium-calcium exchanger (NCX1).”” Transcription 
of both ECaCl1 and calbindin is stimulated by calcitriol 
(1,25(OH,)D;), possibly synthesized locally in the distal 
nephron and acting in a paracrine and autocrine fashion. A 
functional vitamin D response element has been identified 


in the promoter region of the calbindin-D gene and there 
is a putative site in the ECaC1 gene.” ECaCl is a pH- 
sensitive, 83kDa protein with six transmembrane-spanning 
domains. Activation of the ion channel probably involves 
protein kinase C phosphorylation.” There is evidence that 
stimulation of the renal calcium-sensing receptor can 
directly affect tubular reabsorption of calcium, independent 
of the effects of calciotropic hormones. 


Phosphate 


Reabsorption of phosphate occurs predominantly in the 
proximal tubule and is mediated by a secondary-active 
transport mechanism. Three families (types I, H, and HI) of 
sodium-dependent/phosphate co-transporters have been 
identified, of which the type Ha, a 640 amino acid protein 
located in the apical plasma membrane, is thought to be the 
most physiologically important. Type Ha sodium-phosphate 
transport is electrogenic (i.e., involves the inward flux of a 
positive charge), with three sodium ions and one phosphate 
ion (preferentially divalent) being transferred. Acute regula- 
tion of transport is primarily achieved by an alteration in the 
amount of type IIa protein present in the apical membrane, 
with longer-term changes also involving increased tran- 
scription of the protein (e.g., in response to 1,25(OH,)D3). 
Tonic levels of type Ha in the apical membrane are thought 
to be high, with regulation predominantly involving inter- 
nalization of the protein. Increased trafficking of the channel 
from the plasma membrane to the lysosomes is believed to 
follow both protein kinase A and C phosphorylation initi- 
ated by PTH receptor binding. Efflux of phosphate across the 
basolateral membrane may involve an anion exchange mech- 
anism and/or a phosphate leak,“ 

Normally less than 20% of the filtered load of phosphate 
is excreted into the urine, but above a plasma phosphate 
concentration of approximately 1.2 mmol/L increments in 
urinary phosphate excretion increase linearly with the fil- 
tered load, suggesting that there is Ta (tubular maximal 
uptake) for phosphate.” Predictably the Tm for phosphate is 
influenced by the circulating PTH concentration and the 
ratio of Tn for phosphate to GFR (T,,P/GFR). T,,P/GFR has 
been used as a test in the differential diagnosis of hypercal- 
cemia. Although superseded in this context by modern PTH 
assays, it may still be useful in the investigation of inherited 
disorders of tubular phosphate handling.” 


Bicarbonate and Hydrogen Ion 

The kidney plays a central role in the maintenance of acid- 
base homeostasis through reclamation of filtered bicar- 
bonate and secretion of ammonium and acid. The tubular 
mechanisms underlying these processes are discussed in 
Chapter 46. 


Water Homeostasis 

The production of glomerular filtrate normally amounts 
to about 180L/day. The unique physiology of the kidney 
enables approximately 99% of this to be reabsorbed in the 
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production of a urine with variable osmolality: between 
50 and 1400 mOsmol/kg/H,O at extremes of water intake. 
Plasma membranes of all mammalian cells are water per- 
meable but to variable degrees. In the kidney, different 
segments of the nephron show differing permeability to 
water, enabling the body to both retain water and produce a 
urine of variable concentration. This process occurs both 
isosmotically, in association with electrolyte reabsorption in 
the proximal tubule, and differentially, in the loop of Henle, 
distal tubule, and collecting duct in response to the action 
of the nonapeptide ADH. Absorption of water depends on 
the driving force for water reabsorption (predominantly 
active sodium transport) and the osmotic equilibration of 
water across the tubular epithelium. The generation of con- 
centrated urine depends upon medullary hyperosmolality, 
which in turn requires low water permeability in some kidney 
segments (ascending limb of the loop of Henle), whereas 
in other kidney segments there is a requirement for high 
water permeability. In recent years our understanding of the 
molecular mechanisms underlying water reabsorption has 
increased: differing permeability and the enaction of hor- 
monal control appear to be largely caused by the differential 
expression along the nephron of a family of proteins known 
as the aquaporins (AQP), which act as water channels. 

At least 11 different mammalian AQP have now been 
identified, of which seven (AQP1, -2, -3, -4, -6, -7, -8) are 
expressed in the kidney.””” Many of these also have extra- 
renal expression sites (e.g., AQP1 may be important in fluid 
removal across the peritoneal membrane). Two asparagine- 
proline-alanine sequences in the molecule are thought to 
interact in the membrane to form a pathway for water 
translocation. AQPI is found in the proximal tubule and 
descending thin limb of the loop of Henle and constitutes 
almost 3% of total membrane protein in the kidney. It 
appears to be constitutively expressed and is present in both 
the apical and basolateral plasma membranes, representing 
the entry and exit ports for water transport across the 
cell, respectively. Approximately 70% of water reabsorption 
occurs at this site, predominantly via a transcellular (i.e. 
AQP1) rather than a paracellular route. Water reabsorption 
in the proximal tubule passively follows sodium reabsorp- 
tion, so that the fluid entering the loop of Henle is still 
almost isosmotic with plasma. 

Urinary concentration is predominantly achieved by 
countercurrent multiplication in the loop of Henle (Figure 
45-9). Although the descending thin limb is very per- 
meable to water, the ascending limb and the collecting duct 
are not (the collecting ducts are also poorly permeable to 
urea). The fluid entering the loop of Henle is isotonic to 
plasma but is hypotonic on leaving it. The ascending limb 
has active sodium reabsorption driven by Na‘, K*-ATPase 
with electroneutralizing transport of chloride, a combined 
process that can be inhibited by the so-called loop diuretics 
(e.g. furosemide, see discussion later in this chapter). In this 
section of the nephron, sodium reabsorption is not accom- 
panied by water, creating a hypertonic medullary intersti- 
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Figure 45-9 Countercurrent multiplication mechanism: 
schematic representation of the principal processes of transport 
in the nephron. In the convoluted portion of the proximal 
tubule (1), salts and water are reabsorbed at high rates in 
isotonic proportions. Bulk reabsorption of most of the filtrate 
(65% to 70%) and virtually complete reabsorption of glucose, 
amino acids, and bicarbonate take place in this segment. In the 
pars recta (2), organic acids are secreted and continuous 
reabsorption of sodium chloride takes place. The loop of Henle 
comprises three segments: the thin descending (3) and ascending 
(4) limbs and the thick ascending limb (5). The fluid becomes 
hyperosmotic, because of water abstraction, as it flows toward 
the bend of the loop, and hyposmotic, because of sodium 
chloride reabsorption, as it flows toward the distal convoluted 
tubule (6). Active sodium reabsorption occurs in the distal 
convoluted tubule and in the cortical collecting tubule (7). This 
latter segment is water-impermeable in the absence of ADH, and 
the reabsorption of sodium in this segment is increased by 
aldosterone. The collecting duct (8) allows equilibration of water 
with the hyperosmotic interstitium when ADH. is present. For 
further details, see text. (From Burg MB: The nephron in transport 
of sodium, amino acids, and. glucose. Hospital Practice 1978; 13:100. 
Adapted from a drawing by A. Iselin.) 


tium and facilitating water reabsorption from the anato- 
mically adjacent descending limb. The descending limb 
cells are permeable to sodium chloride, which is cycled 
from the descending limb back to the ascending limb. The 
continuous flow along the loop generates an osmotic gra- 
dient at the tip of the loop that can reach 1400mOsmol/ 
kg/H,O. Approximately 5% of water is reabsorbed in the 
loop of Henle. 

A further 10% of water reabsorption occurs in the distal 
tubule, with the remainder (more than 20 L/day) being reab- 
sorbed in the collecting ducts. Entry of water into the col- 
lecting duct cells occurs via apical AQP2 channels, with exit 
probably occurring via basolateral AQP3 (cortical and outer 
medullary collecting ducts) and AQP4 (inner medullary col- 
lecting ducts). AQP2 appears to be the primary target for 
ADH regulation of water reabsorption. AQP2 is stored in 
subapical vesicles in the collecting duct cells. In response to 
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ADH stimulation these vesicles are cycled through, and 
inserted into, the plasma membrane by a cytoskeletal, 
dynein-mediated, transport process. ADH stimulation 
occurs following binding of ADH to a V, receptor in the 
plasma membrane, which stimulates a cAMP/protein kinase 
A cascade resulting in phosphorylation and activation of 
AQP2. ADH regulates the acute cellular water-retaining 
response (AQP2 trafficking) and also its longer-term regula- 
tion, via a conditioning. effect on AQP2 gene transcription. 
It is likely that there are also ADH-independent regulatory 
pathways of AQP2 expression. Membrane insertion of AQP2 
allows water to pass into the collecting duct cells under the 
influence of medullary hyperosmolality. Maintenance of 
medullary hyperosmolality also depends upon efficient fluid 
removal, which is the function of the ascending vasa recta, a 
specialized medullary vasculature, and the close anatomical 
relations of all the medullary constituents (see Figure 45-2). 
AQP2 expression is decreased in a variety of polyuric 
conditions (e.g, diabetes insipidus, lithium treatment, 
hypokalemia, hypercalcemia, urinary obstruction) and 
increased in some water-retaining states (e.g., heart failure 
and pregnancy).*” 

ADH also increases the permeability of collecting duct 
cells to urea, which is the major osmotically active compo- 
nent of the luminal fluid in the distal tubule. Fluid of high 
urea concentration therefore enters the deepest layers of 
the medullary interstitium, passing down its concentration 
gradient, contributing to medullary hyperosmolality. The 
regulation of ADH excretion is of vital importance to fluid 
homeostasis. The normal plasma osmolality is maintained 
very tightly between 280 and 290mOsmol/ke/H,O and is 
regulated by means of specific osmoreceptors found in the 
anterior hypothalamus. These receptors modulate the release 
of ADH and also affect thirst. ADH release may also be stim- 
ulated by hypotension, hypovolemia, and vomiting inde- 
pendently of osmoregulation. 


ENDOCRINE FUNCTION 


The endocrine functions of the kidneys may be regarded 
either as primary, because the kidneys are endocrine organs 
producing hormones, or as secondary, because the kidneys 
are a site of action for hormones produced or activated else- 
where. In addition, the kidneys are a site of degradation for 
hormones such as insulin and aldosterone. In their primary 
endocrine function, the kidneys produce erythropoietin 
(EPO), prostaglandins and thromboxanes, renin, and 
1,25(OH2)D3. 


Erythropoietin 

Erythropoietin is a a glycoprotein hormone secreted chiefly 
by the kidney in the adult and by the liver in the fetus that 
acts on the bone marrow cells to stimulate erythropoiesis. It 
is an &-globulin having a molecular weight of 38kDa. Phys- 
iologically the kidneys sense a reduction in O, delivery to 
tissues by blood and release erythropoietin, thereby stimu- 
lating the bone marrow to make more RBCs. Conversely, 


with a surplus of O, in blood traversing the kidneys, as in 
some forms of polycythemia, the release of erythropoietin 
into blood is diminished. The use of recombinant human 
erythropoietin (rhEPO, Epoetin) in the management of 
anemia of kidney disease is discussed below. 


Prostaglandins and Thromboxanes 

Prostaglandins and thromboxanes are synthesized from 
arachidonic acid by the cyclooxygenase enzyme system (see 
Chapter 26 for further details). This system is present in 
many parts of the kidney and has an important role in reg- 
ulating the physiological action of other hormones on renal 
vascular tone, mesangial contractility, and tubular process- 
ing of salt and water. In pathophysiological circumstances, 
such as acute glomerulonephritis and various forms of acute 
renal failure, thromboxane A, and various prostaglandins 
may have a significant role in inflammation and alteration 
of vascular tone. The effects of nonsteroidal antiinflamma- 
tory drugs (NSAIDs) on renal prostaglandin metabolism are 
considered later in this chapter. The lipoxygenase pathway, 
which leads to formation of leukotrienes, is also present 
within the kidneys, although the major source of leuko- 
trienes in inflammatory disease of the kidneys is infiltrating 
white cells and macrophages. 


Renin 


Renin is an enzyme of the hydrolase class that catalyzes cleav- 
age of the leucine-leucine bond in angiotensinogen to gen- 
erate angiotensin I.” The enzyme is synthesized as inactive 
prorenin in the kidney and released into the blood in the 
active form in response to various metabolic stimuli. The 
importance of renin in the maintenance of systemic blood 
pressure was discussed previously (see Juxtaglomerular 
Apparatus). 


1,25(OH,)D,; 

The kidneys are primarily responsible for producing 
1,25(OH,)D; from 25-hydroxycholecalciferol as a result of 
the action of the enzyme 25-hydroxycholecalciferol 10- 
hydroxylase found in proximal tubular epithelial cells. The 
regulation of this system is considered in Chapter 49. The 
management of renal osteodystrophy is considered. later in 
this chapter. 


GLOMERULAR FILTRATION RATE 


The GER is considered to be the most reliable measure 
of the functional capacity of the kidneys and is often thought 
of as indicative of the number of functioning nephrons. 
As a physiological measurement, it has proved to be the 
most sensitive and specific marker of changes in overall 
renal function. Measurement of GFR is discussed in 
Chapter 24. 

The rate of formation of the glomerular filtrate depends 
upon the balance between hydrostatic and oncotic forces 
along the afferent arteriole and across the glomerular filter. 
The net pressure difference must be sufficient not only to 
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TABLE 45-3 Summary. of Factors That Influence the Glomerular Filtration Rate (See text for explanation of 
terminology) 


Major Influencir ig Facto 


~~ Increased glom 


Altered renal arterial pressure. 
Afferent dilation 
~ Afferent constriction. 
‘Efferent constriction 
- Efferent dilation: 


Increased intratubular pressure (e.g., tubular obstruction) 
-Altered plasma oncotic pressure: increased 


Altered renal blood flow: decreased 


drive filtration across the glomerular filtration barrier but 
also to drive the ultrafiltrate along the tubules against their 
inherent resistance to flow. In the absence of sufficient pres- 
sure the lumina of the tubules will collapse. This balance of 
forces can be expressed as follows: 


Rate of filtration = Ky (Pecap + IIgc) vor (Pac F Tecap)) 


Where 
K; = (hydraulic permeability x surface area) 
Poca = glomerular-capillary hydrostatic pressure 
Ige = oncotic pressure* in Bowman's capsule 
Psc = hydrostatic pressure in Bowman’s capsule 
Ileca = oncotic pressure in the glomerular capillary 
As the oncotic pressure in Bowman’s capsule (Irc) can 
be considered to be negligible (protein concentration is 
usually 10 to 100 mg/L), this equation becomes: 


Tecap) 


Changes in K;can be caused by drugs and by glomerular 
disease, but it is also physiologically regulated. Mesangial cell 
contraction is thought to be the main mechanism and causes 
a reduction in K; tending to reduce GFR. Net Pgcap repre- 
sents a balance between renal arterial pressure and afferent 
and efferent arteriolar resistance. Although an increase in 
arterial pressure will tend to increase Pocap the magnitude 
of the change is modulated by differential manipulation of 
afferent and efferent tone, which can result in minimal 
change to the Pgcap. When the renal blood flow is low, oncotic 
pressure can change as the plasma passes along the renal cap- 
illaries. As filtrate is removed, the oncotic pressure rises, and 
by the end of the capillary the net filtration rate may become 
zero; thus GFR falls, and this limits the amount of filtrate 
that can be obtained from a given volume of plasma. The 


Rate of filtration = Ky (Pocp — Psc — 


*Oncotic pressure is defined in Dorland’s Illustrated Medical 
Dictionary as the “osmotic pressure due to the presence of 
colloids in a solution.”” 


ar Sree area due to relaxation of mesangial 
“Decreased glom rular surface area due to contraction of mesang 


Effect on 1 GFR k 


Increase ae 
ss Decrease i: 


< Decrease 
“Increase 
- Decrease 
“Decrease 
Decrease 
~ Decrease 


average (Pecas ~ Pac — gc) or net filtration pressure is only 
about 17mm Hg. This pressure is sufficient to drive the 
filtration of 180L of fluid per day only because the Ky for 
glomerular capillaries is several orders of magnitude greater 
than for nonrenal capillaries. 


Regulation of GFR 

The factors involved in regulation of GFR are listed in Table 
45-3. Autoregulation of renal blood flow and GFR is widely 
thought to be explained by the myogenic theory. This theory 
is based on the principle that an increase in the wall tension 
of the afferent arterioles, brought about by an increase 
in perfusion pressure, causes automatic contraction of the 
arteriolar smooth muscle, thus increasing resistance and 
keeping the flow constant despite the increase in perfusion 
pressure. 

The tubuloglomerular feedback mechanism, involving the 
macula densa and release of the vasodilator adenosine, must 
also be considered, Although not fully understood, this 
mechanism appears to regulate GFR, with changes in renal 
blood flow as a secondary consequence. For individual 
nephrons, there is evidence that each single nephron GFR 
(SNGER) is influenced by the composition of the tubular 
fluid in the distal tubule, which in turn is influenced by the 
filtration rate. The macula densa is thought to sense either 
the distal tubular sodium chloride content, its osmolality, or 
the rate at which sodium chloride is transported. The macula 
densa then signals the JGA via an uncertain mechanism 
to cause the release of adenosine and possibly ATI and 
prostaglandins, which in turn affect vascular tone. 

The result of the combination of myogenic mechanisms 
and tubuloglomerular feedback is that the net filtration pres- 
sure or Poca is kept reasonably constant over a very wide 
range of systemic arterial pressures. It should be noted that 
renal blood flow and GFR change across this range of sys- 
temic pressures but to a significantly smaller extent than 
would be predicted if these autoregulatory mechanisms were 
not in place. 
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TABLE 45-4 Factors Altering Renal Artery Tone and Renal Blood Flow. 


Factor i 

Adenosine. _”.-Constriction 
Angiotensin. ie *- Constriction 
Epinephrine/norepinephrine. ..Constriction 
Antidiuretic. hormone (ADH). Constriction 
Endothelin Constriction 
Leukotrienes -Constriction 
‘Thromboxane’ A; Constriction 
Prostaglandins (PGE), PGL) Dilation 
Nitric oxide ~ Dilation 
Atrial natriuretic factor ‘ Dilation 


ss ‘Afferent Arteriole 


EFFECT ON: pHi 
Efferent Arteriole. ©: RBF GFR. 


Dilation 
Constriction® 0° 
Gonstriction °° 
Constriction 
Constriction:°~ 
‘Constriction: = 
Gonstriction 
Dilation 

Dilation 
-Constriction 
Dilation © 


NE, Negligible; N, negative; P, positive; RBE renal blood flow; GFR, glomerular filtration rate. 


Other factors influencing renal blood flow are indicated 
in Table 45-4, The afferent and efferent arterioles are richly 
supplied with renal sympathetic nerves. Epinephrine acts via 
a-adrenergic receptors to cause constriction of both arteri- 
oles, causing a decrease in renal blood flow. 

Nitric oxide (NO) has been identified as an important 
vasodilator produced by vascular endothelial cells. NO is 
synthesized from L-arginine and oxygen by nitric oxide 
synthetase (NOS), of which there are three isoenzymes 
differentially located and regulated. Within the kidney, there 
are eNOS (endothelial) and iNOS (inducible) isoenzymes. 
Activation of NOS has been shown to occur as a result of 
shear stress (e.g., increased arteriolar tone). There are a 
variety of physiological vasoconstrictors, including acetyl- 
choline, bradykinin, endothelin, and serotonin; a rise in 
intracellular ionized calcium is required for the vasocon- 
strictors. NO synthesis is now known to play an important 
role in the regulation of human vascular tone and has a 
crucial role in control of blood pressure and kidney func- 
tion.” 2 Tt has also been found in the macula densa and 
has been implicated in the regulation of renin release. 
However, NO has an unpaired electron, and it can be oxi- 
dized by superoxide to peroxynitrite, which is further 
metabolized to nitrite and nitrate anions. It has been sug- 
gested that the physiological balance between superoxide 
and NO is important to the regulation of vascular tone. 


Age and GFR 


Kidney function is not constant throughout life. In utero, 
urine is produced by the developing fetus from about the 
ninth week of gestation. Nephrogenesis is complete by 
approximately 35 weeks gestation, although kidney function 
remains immature during the first 2 years of life. The kidney 
of the term infant receives approximately 6% of the cardiac 
output, compared with 25% in adults." Renal vascular resis- 
tance is relatively high and the low renal blood flow is par- 


ticularly directed to the medulla and inner cortex. The 
gradual increase in renal blood flow that occurs with in- 
creasing age is mainly directed to the outer cortex and is 
mediated by local neurohormonal mechanisms.'* The GER 
at birth is approximately 30mL/min/1.73 m°.” It increases 
rapidly during the first weeks of life to reach approximately 
70mL/min/1.73 m? by age 16 days.” Normal adult values 
are achieved by age 14. Tubular functions, including salt 
and water conservation, are also immature at birth. Birth 
is associated with rapid changes in kidney function, with 
a switch to salt and water conservation being mediated 
by catecholamines, the renin-angiotensin system, vaso- 
pressin, glucocorticoids, and the thyroid hormone.” The 
immaturity of the neonatal kidney contributes to the 
relatively common problems of water and electrolyte dis- 
turbances in infants. These disturbances are more likely to 
occur in premature infants, particularly those born before 
35 weeks gestation. 

Aging is associated with a range of structural changes in 
the kidney, including decreasing weight, total renal area, cor- 
tical area, and number of glomeruli.” The percentage of scle- 
rotic glomeruli increases, particularly in the cortical zone.” 
These changes are paralleled by changes in the afferent and 
efferent arteriolar systems, with sclerosis of the cortical 
systems and the formation of direct channels (shunts) 
between the afferent and efferent arterioles in the medulla. 
Aging is also associated with the development of tubulo- 
interstitial fibrosis, loss of tubular mass, and decreasing 
length of the proximal tubule. 

Structural change is accompanied by functional changes, 
which in many respects are the reverse of those seen in early 
life. On average, GFR declines with age by approximately 
1mL/min/1.73 m’/yr over the age of 407**” and the rate of 
decline in GFR accelerates after age 65.°° Renal blood flow 
also decreases with age, while the filtration fraction (ie., 
GFR/renal plasma flow)’ and renal vascular resistance ™™®* 
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increase. Blood flow to the renal cortex would appear to be 
particularly affected. The higher filtration fraction of the 
deeper juxtamedullary glomeruli may in part explain the 
increase in filtration fraction with aging: this may be an 
adaptive response to structural change helping to preserve 
kidney function in the aging individual.“ In healthy older 
people, renal functional reserve including the acute renal 
vasodilatory response to an amino acid infusion appears to 
be retained.'® Tubular function, such as the ability to con- 
centrate urine and excrete.a water and salt load, is decreased 
and nocturnal polyuria is common. Renal salt conservation 
is also impaired” and urinary albumin excretion increases 
with age.” 

It is not known whether these changes are the result of 
a normal aging process (i.e., involutional) or the result of 
the interplay of pathology and age. Cumulative exposure 
to common causes of chronic kidney disease (CKD), such 
as (1) atherosclerosis, (2) hypertension, (3) heart failure, 
(4) diabetes,® (5) obstructive nephropathy, (5) infection, 
(6) immune insult, (7) nephrotoxins such as lead,” and 
(8) dietary protein*“ increases with age and it is difficult to 
separate these effects from those of “healthy” aging. The 
decline in GFR with increasing age may be largely attri- 
butable to hypertension,“ atherosclerosis,” or heart 
failure.'**'” In the absence of these or other identifiable 
causes of kidney disease, many older subjects have stable 
GFR over time. 

Loss of kidney function with aging appears to be hetero- 
geneous and is not inevitable.’ Kidney function may be 
well preserved in healthy older people and assumptions with 
respect to GFR based solely on age could be erroneous. Con- 
versely, attention to the common causes of CKD could pre- 
serve function in older people.” What is commonly not 
appreciated is that kidney failure is predominantly a disease 
of older people. Studies from England," France, and 
Iceland (Figure 45-10)” have demonstrated a near expo- 
nential rise in CKD with age. The incidence of acute renal 
failure (ARF) also increases with age.’ 


GLOMERULAR PERMEABILITY AND FILTRATION 


The glomerulus acts as a selective filter of the blood passing 
through its capillaries. The combination of a specialized 
endothelium, epithelial cell barrier, and basement mem- 
brane rich in negatively charged proteoglycans produces a 
filter that restricts the passage of macromolecules in a size-, 
charge-, and shape-dependent manner (see Figure 45-3, 
bottom), Various models of the basement membrane have 
been proposed to account for its performance; most impor- 
tant are the fiber-matrix and the pore theories.**” It seems 
most likely that the fiber-matrix model is closest to reality, 
with fibers separated by interstices about 2nm wide, pores 
not having been detected using electron microscopy. The 
basement membrane is a compressible filter, becoming more 
permeable as the applied pressure decreases and the fibers 
separate, 
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Figure 45-10 Prevalence of chronic renal failure (serum 
creatinine >50 umol/L} in an Icelandic population according to 
age and sex, demonstrating the near exponential rise in 
prevalence with age. Curves were generated by logistic 
regression based on the prevalence in different age groups. 
Women (triangles), prevalence = 0.00016 x 1.124; men 
(squares), prevalence = 0.0016 x 1.096%°. (Reproduced with 
permission from Magnason RL, Indridason OS, Sigvaldason H, 
Sigfusson N, Palsson R. Prevalence and progression of CRF in Iceland: 
a population-based study. Am j Kidney Dis 2002;40:955-63, with 
permission from the National Kidney Foundation.) 


The glomerular permeability of a molecule is expressed 
in terms of its glomerular sieving coefficient (GSC). Mole- 
cules smaller than approximately the molecular weight of 
inulin (5kDa) are freely filtered. Therefore, inulin, urea, 
creatinine, glucose and electrolytes all have a GSC = 1.0. 
Classic experiments have used linear dextran chains of 
varying molecular weight and charge to study glomerular 
filtration characteristics. However, linear carbohydrate 
chains do not necessarily behave in the same manner as a 
globular protein of equal molecular weight or charge. For 
example, neutral dextran chains of 15kDa (diameter 2.4nm) 
have GSC = 1.0 whereas 8,-microglobulin (11.8kDa, diam- 
eter 1.6nm) has GSC = 0.7.” Linear molecules have higher 
GSC than globular proteins. Examples of the relationships 
between size, charge, and mass of the major urinary proteins 
and their glomerular handling are listed in Table 24-1. 

The protein concentration in the glomerular filtrate has 
been measured in a number of animal models by direct 
glomerular puncture. The concentration of total protein 
found is in the range of several hundredmg/L (approxi- 
mately 1% of plasma), with albumin concentrations ranging 
from a few hundred to less than 40 mg/L. The filtered load 
of protein depends on the product of the GSC and the free 
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TABLE 45-5 Characterization of Proteinuria 


Bear 
5, 
w 
3 
e 


Type of Proteinuria Causes 


: Examples. of Proteins Seen 


`. Progressively i increasing excretion of higher ; 


¿Glomerular |... Tncreayed lomeralas Scene 
Ae :molecular weight proteins as Permeability: 
e moe increases (e.g. albumin, 18G). ; 
Overflow . ‘Increased an concentration of: Bence Jones protein. H ; 
i < relatively freely: filtered protein : Lysozyme. ES 
ae Myoglobin... 
Tubular ie Pa al damage: Q,-microglobulin <- 


decreased tubular. reabsorptive 
¿capacity and/or.release:of. 

< dntracellular.components (e.g.; 
< vdue:to nephrotoxic drugs) 


‘Decreased nephron number: 


- increased. filtered load per nephron 


Distal tubular damage. 


plasma concentration: therefore the albumin load per 
nephron is much greater than that of the other filtered pro- 
teins. In general, proteins of molecular weights greater 
than albumin (66 kDa, diameter 3.5mm) are retained by the 
healthy glomerulus and are termed high molecular weight 
proteins. However, lower molecular weight proteins are also 
retained to a significant extent. 

The urinary concentration of proteins depends upon the 
filtered load and on the efficiency of the proximal tubular 
reabsorptive process. Proteins are reabsorbed by receptor- 
mediated, low-affinity, high-capacity processes. Megalin 
(600 kDa) and cubulin (460 kDa) are endocytic, multi-ligand 
receptors that are important in protein reabsorption.” 
Megalin belongs to the LDL-receptor family whereas cubulin 
is identical to the intestinal intrinsic factor-vitamin Bz 
receptor. In the kidney, both are localized in clathrin-coated 
pits in the apical brush border of renal proximal tubular cells 
and bind filtered proteins in a calcium-dependent process. 
Megalin appears capable of both binding and internalizing 
its ligands whereas the cubulin-ligand complex requires 
megalin to be internalized. Some proteins, such as albumin 
will bind to either receptor, whereas others are specific (e.g., 
transferrin binds to cubulin only, and retinol-binding 
protein (RBP) and o,-microglobulin to megalin only), Once 
proteins have been internalized, they are transported by the 
endocytic vesicle and fuse with lysosomes. Proteolysis occurs 
and the resultant amino acids are released into the tubu- 
lointerstitial space across the basolateral surface of the 
tubular epithelial cell. The membrane vesicles are then 
recycled to the brush border to complete the reabsorption 
cycle.” In health, the reabsorptive mechanism removes 
99% of the filtered protein, thus retaining most of their 


B.-microglobulin’ e esi 
Retinol binding ` protein R 
Enzymuria (e.g.; N-acetyl-B- Dai aera 
_ glucosaminidase, alkaline phosphatase, 
; < O-glutathione-S- transferase) | 
. As above. : 


$ Tamm. Horsfall oo A 
_t-glutathione- -S-transferase ... 


essential amino acid constituents for reuse.””"“*’ Capture of 
filtered transport proteins is also important in conserving 
vitamin status (e.g., vitamin A associated with RBP). Tubular 
secretion of proteins also contributes to urinary total protein 
concentration: in particular, THG accounts for ~50% of 
urinary total protein. THG (200kDa) is secreted into the 
tubular fluid only by the thick ascending limb and early 
distal convoluted tubule.’”’ It is a major constituent of renal 
tubular casts along with albumin and traces of other pro- 
teins. The normal urinary total protein excretion is less than 
150 mg/24 hours. 


PROTEINURIA 


The tubular reabsorptive process is saturable. Any increase 
in the filtered load (because of glomerular damage, in- 
creased glomerular vascular permeability [e.g., inflamma- 
tory response], or increased circulating concentration of 
low molecular weight proteins) or decrease in reabsorptive 
capacity (because of tubular damage) can result in increased 
urinary protein excretion (proteinuria). The pattern of 
urinary protein excretion can be used to identify the cause 
and to classify the proteinuria, of which there are three main 
types (Table 45-5).’ Diagnostic approaches to the charac- 
terization of proteinuria are considered in Chapter 24. 


Types of Proteinuria 


The three main types of proteinuria are glomerular, over- 
flow, and tubular proteinuria. 


Glomerular Proteinuria 


Any glomerular disease process may increase glomerular 
permeability as either a consequence of podocyte foot 
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process retraction and effacement or basement membrane 
damage from, for example, deposition of immune complexes 
or increased matrix protein deposition as in diabetic 
nephropathy, or both.” Increased glomerular permeabil- 
ity increases the filtered load of all proteins, but the most 
characteristic feature is the increasing amounts of the higher 
molecular weight proteins, such as albumin excreted into the 
urine.” As permeability increases, progressively larger pro- 
teins (e.g., IgG) will be excreted in larger amounts, The 
relative proportion of higher to lower molecular weight 
proteins has been used to define selective and nonselective 
proteinuria (Chapter 24). i i > 


Overflow Proteinuria 


The selective increase in the urinary excretion of an indi- 
vidual low molecular weight protein suggests that its pro- 
duction rate, and thus plasma concentration, has increased 
dramatically without concomitant glomerular or tubular 
damage. Examples of this are the urinary excretion of Bence 
Jones protein in myeloma, lysozyme in some leukemias, and 
myoglobin in patients with rhabdomyolysis. 


Tubular Proteinuria 


Tubular proteinuria occurs as a result of decreased tubular 
reabsorptive capacity and/or tubular damage with essentially 
normal glomerular permeability. Proximal tubular cells may 
be damaged by toxic agents (e.g., drugs and heavy metals) or 
by anoxia, resulting in decreased reabsorption of filtered 
proteins and the loss of other tubular functions (e.g., elec- 
trolyte reabsorption). Lower molecular weight proteins (e.g., 
RBP, &,-microglobulin)* appear in relatively higher amounts 
in the urine than albumin, producing a so-called tubular 
proteinuria pattern. Albumin itself also normally undergoes 
extensive tubular reabsorption. Why albumin excretion is 
not also increased in this setting is unclear, but it has been 
suggested that the endocytic uptake process is mediated by 
receptor(s) with differing affinities for different proteins 
(or classes of proteins), with albumin being preferentially 
reabsorbed." Damage to tubular epithelial cells causes not 
only functional disturbances but also structural change, 
with increased cellular turnover and cell lysis resulting 
in the release of both brush border (e.g., alkaline phos- 
phatase)’ and lysosomal enzymes (e.g, N-acetyl-B-p- 
glucosaminidase)."” This enzymuria provides a useful 
means of identifying tubular damage and may give different 
information from that obtained by monitoring functional 
changes in protein reabsorption. 

CKD is invariably accompanied by a decrease in the 
number of viable nephrons. There is a compensatory in- 
crease in glomerular filtration in the remaining glomeruli, 
resulting in an increased filtered load of protein per 
nephron. In the absence of glomerular permeability changes, 
this will also give a tubular protein pattern. 

Leakage of various plasma proteins into the urinary space 
as a result of tubulointerstitial damage caused by conditions 
such as inflammation may also occur. This can cause hema- 


turia and proteinuria in the absence of glomerular perme- 
ability or tubular reabsorption changes. 


Investigation and Consequences of Proteinuria 


Investigation for increased urinary protein excretion is 
mandatory in any patient with suspected kidney disease. 
Clinical or overt proteinuria is often detected using dipstick 
methods, the detection limit of which is 200 to 300 mg/L. 
Diagriostic approaches to the investigation of proteinuria are 
discussed in Chapter 24. Proteinuria above 300mg/day 
is generally pathological. However, there are exceptions to 
this. Proteinuria can occur as a result of fever and exercise 
(functional) or related to posture (orthostatic). These 
sporadic changes can cause interpretative difficulties when 
pathology is suspected. Upright posture increases protein 
excretion in both normal subjects and those with kidney 
disease. If it is postural, disappearing during recumbency 
and absent from early morning samples, the patient can be 
strongly reassured.*” In these benign situations, the level of 
proteinuria rarely exceeds 1000mg/day. Proteinuria above 
1000 mg/day implies glomerular proteinuria. Glomerular 
proteinuria may be heavy and a mixed proteinuria with the 
elevation of both high and low molecular weight proteins 
may be observed. 

It is increasingly accepted that proteinuria is not just a 
consequence of, but contributes directly to, progression of 
kidney disease. The accumulation of proteins in abnormal 
amounts in the tubular lumen may trigger an inflammatory 
reaction, which in turn may contribute to interstitial struc- 
tural damage and expansion, and progression of kidney 
disease.* Evidence gathered from in vitro studies suggests 
that glomerular filtration of an abnormal amount or types of 
protein induces mesangial cell injury, leading to glomeru- 
losclerosis, and that these same proteins:can also have adverse 
effects on proximal tubular cell function.” Numerous studies 
have demonstrated that proteinuria is a potent risk marker 
for progression of renal disease in both nondiabetic’ and 
diabetic!’ kidney disease. Furthermore, reducing protein 
excretion slows the rate of progression of proteinuric 
kidney disease. This has been observed in clinical trials in 
patients treated with angiotensin-converting enzyme (ACE) 
inhibitors and angiotensin H receptor blockers (ARBs), either 
alone or in combination.t These drugs reduce protein ex- 
cretion by reducing intraglomerular filtration pressure 
and possibly by stabilizing the glomerular epithelial cell slit 
diaphragm proteins.” Consequently, reduction of pro- 
teinuria is an important therapeutic target." 


PATHOPHYSIOLOGY OF KIDNEY DISEASE 


Despite the diverse initial causes, kidney disease that pro- 
gresses to end-stage renal disease (ESRD) is a remarkably 


*References 22, 33, 50, 100, 353, 373. 
"References 56, 95, 190, 217, 361, 454. 
*References 19, 127, 217, 292, 317, 336, 362, 363. 
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monotonous process that is characterized by the relentless 
accumulation and deposition of extracellular matrix leading 
to widespread tissue fibrosis. Although correlation studies 
strongly suggest proteinuria to be a determinant in the pro- 
gression of kidney failure, the mechanisms involved in its 
potential role of causing interstitial inflammation and scar- 
ring remain unresolved. Evidence gathered from in vitro 
studies suggests that filtration of an abnormal amount or 
type of protein by the damaged glomerulus may induce 
mesangial cell injury, leading to glomerulosclerosis, and that 
these same proteins can also have adverse effects on proxi- 
mal tubular cell function.” Nephrons are lost via toxic, 
anoxic, or immunological injury that may initially injure 
the glomerulus, the tubule, or both together. Glomerular 
damage can involve endothelial, epithelial, or mesangial 
cells, and/or the basement membrane. Inflammatory stimuli 
are released including both cytokines and growth factors, 
such as transforming growth factor beta (TGF-B), inter- 
leukin-6 (IL-6), interferon-y (INF-y), or tissue necrosis 
factor-& (TNF-); these inflammatory factors activate resi- 
dent lymphocytes and macrophages and recruit additional 
cells from the peripheral circulation (see Chapter 22). Thus, 
cellular infiltration is a common but not universal finding in 
renal biopsy specimens. These activated cells can cause 
T-cell-mediated cell lysis, activation, and proliferation of 
interstitial fibroblasts. Fibroblast activity results in increased 
extracellular matrix synthesis and eventually glomerular and 
tubular fibrosis. The extracellular matrix expansion causes 
disruption of local blood flow, exaggerating regional 
ischemia, and a vicious cycle of inflammation, fibrosis, and 
cell death is propagated. 

The kidneys have considerable ability to increase their 
functional capacity in response to injury. Thus, a significant 
reduction in functioning renal mass (50% to 60%) may 
occur before the onset of any significant symptoms or even 
before any major biochemical alterations appear. The most 
sensitive and specific measure of functional change is the 
GER, which can be reduced to less than 60 mL/min/1.73 m? 
(Table 45-6) before signs and symptoms of kidney failure 
will be observed. This increase in workload per nephron 
is thought to be an important cause of progressive renal 
injury.“ A well-recognized hypothesis suggests that inde- 
pendent of the primary renal injury, a point is reached in 
the decline in nephron number when further loss becomes 
inevitable and progressive as a consequence of a common 
pathway leading to interstitial fibrosis." The elucidation 
of this common pathway is incomplete but is the focus of 
considerable research interest. Several animal models have 
been used to investigate mechanisms leading to fibrosis. It 
has been demonstrated that there is increased production 
and activity of TGF-B in glomerular disease, and this acts 
as a key mediator, along with angiotensin, of fibrogene- 
sis,“ Data support the hypothesis that during tubu- 
lointerstitial fibrosis o-smooth muscle actin-expressing 
mesenchymal cells might derive from the tubular epithelium 
via epithelial-mesenchymal transition under the influence of 


TGF-B.'* Strategies to block the process of epithelial- 
mesenchymal transition are being explored for future ther- 
apeutic targets in CKD.” 


DIAGNOSIS AND SCREENING FOR KIDNEY DISEASE 


The patient with kidney disease generally presents to the 
clinician because of (1) an abnormality detected on a routine 
biochemical blood screen or urinalysis, (2) a symptom or 
physical sign, or (3) the patient has a systemic disease with 
a known renal involvement, such as diabetes mellitus. Effec- 
tive management of the patient with kidney disease is 
dependent upon establishing a definitive diagnosis. Initial 
management includes a detailed clinical history, clinical 
examination, and assessment of the urinary sediment. 
Dipstick urinalysis allows for detection of multiple abnor- 
malities simultaneously: clinically proteinuria and hema- 
turia are the most important of these in suspected kidney 
disease. If blood cells are confirmed on repeat testing and are 
not associated with urine infection, then the patient should 
be assessed for kidney or urothelial disease. Cells may orig- 
inate from the kidneys or from elsewhere in the urinary 
tract, including the external genitalia. Detection of urin- 
ary casts can also be performed by urine microscopy and 
strongly supports intrinsic renal disease. Detection of pro- 
teinuria has been discussed above. Biochemical measure- 
ments play an important role in the discovery that kidney 
damage has occurred and in monitoring progress and treat- 
ment. Noninvasive imaging using ultrasonography is invalu- 
able at identifying the size and shape of the kidneys along 
with any evidence of obstruction. However, percutaneous 
kidney biopsy is routinely performed to confirm the diag- 
nosis, guide treatment, and gain information regarding 
prognosis. 


CLASSIFICATION OF KIDNEY FAILURE 


The terminology associated with kidney diseases has been 
amended and is clarified here. Previously, renal failure was 
divided into either acute renal failure (ARF) or chronic renal 
failure (CRF).”° These terms indicate the rate at which 
damage occurs rather than the mechanism by which it 
occurs. Landmark guidelines developed in the USA by the 
National Kidney Foundation-Kidney Disease Outcomes 
Quality Initiative (NKF-K/DOQI)”” attempt to evaluate, 
classify, and stratify CKD (see Table 45-6). The term “renal” 
has largely been replaced by “kidney” when referring to 
chronic disease since it is better understood by patients and 
nonspecialists. However, “acute renal failure” (ARF) remains 
standard nomenclature along with ESRD. 

ARF is diagnosed when excretory function of the kidneys 
declines over hours or days. ARF is a common condition 
complicating 5% of hospital admissions.'” The incidence 
of ARF increases with age and co-morbidity. One of the 
problems in identifying the true incidence and outcome 
of ARF is the spectrum of definitions in published studies 
ranging from severe (requiring dialysis) to modest increases 
in plasma creatinine concentrations.” In 2003, a new 
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classification of ARF was proposed that was based on the 
combination of susceptibility, nature and timing of insult, 
biomarker response, urine output, and end-organ conse- 
quences.””* A prospective study of the initial hospital man- 
agement of ARF confirmed that in almost 40% of cases ARF 
was iatrogenic or preventable.“ Intrinsic ARF can be caused 
by primary vascular, glomerular, or interstitial disorders. 
However, in the majority of cases the kidney lesion seen on 
histology is referred to as acute tubular necrosis (ATN). ATN 
is caused by ischemic or-nephrotoxic injury to the kidney. 
In 50% of cases of hospital-acquired ARF, the cause is mul- 
tifactorial. (The term “ATN” is somewhat misleading insofar 
as necrosis per se is seldom seen, rather tubular damage.) 
ARF develops rapidly, and therefore its sequelae are 
mainly a consequence of rapid electrolyte, acid-base, and 
fluid imbalances that can be difficult to control. The clinical 
assessment of ARF should consider whether the precipi- 
tant is prerenal, intrarenal, or postrenal. The most common 
causes are listed in Table 45-7. ARF can arise from a variety 
of pathological conditions, including glomerulonephritis, 
interstitial nephritis,” and arterial, venous, or urinary tract 
obstruction. As indicated earlier, the most common hospital- 
based cause is ATN, usually as a result of severe hemody- 
namic disturbance or exposure to nephrotoxins. Although 
the pathogenesis is uncertain, there is a well-recognized clin- 


ical pattern, with anuria or oliguria and abnormalities indi- 
cating tubular dysfunction (Figure 45-11). Necrosis of 
tubular cells need not be extensive, but there may be obstruc- 
tion by tubular casts, back-leak of glomerular filtrate 
through gaps in the tubular epithelium caused by cellular 
denudation, and primary reductions in GFR caused by 
altered intrarenal hemodynamics, known as tubuloglomeru- 
lar feedback.” Direct vasoconstriction of glomerular capil- 
laries in response to ischemic insults can also occur and may 
be mediated by AH, endothelin,’“! and serotonin.” If the 
patient survives, recovery will usually occur within days or 
weeks following removal of the initiating event. Uncompli- 
cated ARF has a mortality rate of 5% to 10%,'” although 
ARF complicating nonrenal organ system failure in the 
intensive care setting is associated with mortality rates 
approaching 50% to 70% despite advances in dialysis 
treatment.” 

The role of the clinical laboratory in the assessment 
and monitoring of ARF is limited to assessment of elec- 
trolyte disturbance and fluid status, as during the recovery 
period there is an initial polyuric phase as glomerular func- 
tion recovers before tubular function recovers. This poly- 
uric phase recedes after a few days to weeks but requires 
careful monitoring to enable suitable fluid and electrolyte 
replacement. 


TABLE 45-6 Stages of Chronic Kidney Disease: Metabolic and ee LS 
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Modified from National Kidney Foundation Document. Clinical practice guidelines for chronic kidney disease: evaluation, classification, and stratification. 
Kidney Disease Outcome Quality Initiative. Am J Kidney Dis 2002;39:$1-246. 
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TABLE 45-7 Causes of Acute Renal. Failure , DISEASES OF THE KIDNEY 


Diseases of the kidney that are discussed in this section 
include (1) the uremic syndrome, (2) chronic kidney 
Prerenal disease, (3) end-stage renal disease, (4) diabetic nephropa- 
Hypovolemia Trauma, burns, surgery thy, (5) hypertensive nephropathy, (6) glomerular diseases, 
Decreased. effective Nephrotic syndrome, sepsis, (7) interstitial nephritis, (8) polycystic kidney disease, (9) 
plasma volume shock : polycystic kidney disease, (10) toxic nephropathy, (11) 
Decreased cardiac. . Congestive cardiac failure, “3 obstructive uropathy, (12) tubular diseases, (13) renal 
output .... pulmonary embolism <- calculi, and (14) cystinuria. In addition, this section also 
Renovascular Atherosclerosis, stenoses includes discussions on (1) prostaglandins and NSAIDS in 
obstruction eee kidney disease, (2) monoclonal light chains and kidney 
Interference with ACE inhibitors, cyclosporine disease, and (3) urinary osmolality. 
renal autoregulation 


Renal 
= Glomerular and small ` Aggressive 


Cause Agents 


THE UREMIC SYNDROME 


Uremia is defined as the excess within the blood of urea, cre- 
atinine, and other nitrogenous end products of amino acid 


Vessel disease Ee RAS oe al, and protein metabolism that are normally excreted = the 
preeclampsia) urine; it is more correctly referred to as azotemia. The 

Interstitial nephritis Infection infiliation. uremic syndrome, the terminal clinical manifestation of 
B ii drigstogns : kidney failure, is the group of symptoms, physical signs, and 
Tubular lesions Postischemic, nephrotoxins, abnormal findings on diagnostic studies that results from the 


failure of the kidneys to maintain adequate excretory, regu- 
latory, and endocrine function. For more than 200 years, 
scientists have been studying the nature of uremia, but no 


‘rhabdomyolysis, | Bence e 
Jones protein, 


re alesse S single retained molecule has yet qualified for the title 

e ene P ae “uremic toxin, and many now agree that a variety of 

"Prostatism, neurogenic m a compounds are potential uremic toxins (Table 45-8). At least 
are bladder e e o e 
truction ; Stones, blood clots, tumors, = 
ea radiotherapy, 4 


: „retroperitoneal fibrosis. 


Pathophysiology of Ischemic Acute Renal Failure 


MICROVASCULAR l O TUBULAR 
Glomerular Medullary 2 $ 


Cytoskeletal breakdown 


# Vasoconstriction in response to: 


endothelin, adenosine, 
angiotensin II, thromboxane A2, 
leukoirienes, sympathetic nerve 
activity 


Loss of polarity 


Inflammatory| Apoptosis and necrosis 


$Vasodilation 4 se F Desquamation of viable 
A V a 
use Ht ation 72 response fo. Pi and necrotic cells 
nitric oxide, PGE2, acetylcholine, mediators 
bradykinin +«———— | Tubular obstruction 
# Endothelial and vascular smooth Backleak 
muscle cell structural damage 
4 Leukocyte-endothelial adhesion, 
vascular obstruction, leukocyte 
activation, and inflammation 
Figure 45-11 Pathogenesis of ischemic acute renal failure. Hypoxic insults cause vascular 


responses and tubular damage. (From Bonventre JV, Weinberg JM. Recent advances in the 
pathophysiology of ischemic acute renal failure. J Am Soc Nephrol 2003;1 4:2199-210.) 
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; . : - 13430 
90 organic compounds have been retained in uremia.’ 


Many more still unidentified solutes are possibly retained 
and might exert toxicity. 

The classic signs of uremia include progressive weakness 
and easy fatigue, loss of appetite followed by nausea and 
vomiting, muscle wasting, tremors, abnormal mental func- 
tion, frequent but shallow respirations, and metabolic aci- 
dosis. The syndrome evolves to produce stupor, coma, and 
ultimately death unless support is provided by dialysis or 
successful kidney transplantation.” Regulation of body 
fluids is impaired in patients with uremia because of failure 
to excrete excess ingested fluid or to cope with fluid losses 
caused by vomiting or diarrhea. Patients also have difficulty 
excreting a salt load or retaining sodium when intake is low 
or vascular volume inadequate. Acid excretion is impaired, 
as is the ability to excrete nitrogenous metabolites from 
dietary sources. Consequently the composition of plasma is 


TABLE 45-8 Potential Uremic Toxins 
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Bo-Microglobulin Causative agent in renal amyloid -` 


CAPD, Continuous ambulatory peritoneal dialysis; IL-6, interleukin 6; 
TNF-a, tumor necrosis factor alpha; PTH, parathyroid hormone. 


abnormally labile in response to such factors as diet, state of 
hydration, gastrointestinal bleeding, vomiting, diarrhea, and 
intake of therapeutic drugs. In relation to the stages of 
kidney disease defined by NKF-K/DOQI, kidney failure is 
present at a level of GFR less than or equal to 15 mL/min/m? 
(Stage 5),’” At this level there are generally signs and symp- 
toms of uremia, or a need for renal replacement therapy 
(RRT). 

The most characteristic laboratory findings are increased 
concentrations of nitrogenous compounds in plasma, such 
as urea nitrogen and creatinine,” as a result of reduced GFR 
and decreased tubular function. Retention of these com- 
pounds and of metabolic acids is followed by progressive 
hyperphosphatemia, hypocalcemia, and potentially dan- 
gerous hyperkalemia. Although most patients eventually 
become acidemic, respiratory compensation by elimination 
of carbon dioxide is extremely important. In addition, 
reduced endocrine function is manifested by inadequate 
synthesis of EPO and calcitriol, with resulting anemia and 
osteomalacia. Disordered regulation of blood pressure gen- 
erally leads to hypertension. Biochemical characteristics of 
the uremic syndrome are summarized in Box 45-1. 

In addition to the consequences of reduced excretory, reg- 
ulatory, and endocrine function of the kidneys, the uremic 
syndrome has several systemic manifestations—among 
them pericarditis, pleuritis, disordered platelet and granulo- 
cyte function, and encephalopathy—that have been difficult 
to explain. 

Many retained metabolites have been implicated in the 
systemic toxicity of the uremic syndrome. Although urea 
was the first of these metabolites to be identified as being 
increased in uremia, it does not appear to be responsible for 
the systemic manifestations of uremia. Urea is a 60 Da water- 
soluble compound that has the highest concentration of 
presently known uremic retention solutes in uremic plasma. 
Although its removal by dialysis is directly related to patient 
survival, the effects of urea on biological systems are not 
clear. Urea removal by dialysis is not necessarily representa- 
tive of other molecules retained in the uremic syndrome, 
particularly protein bound solutes or middle molecules, such 
as parathyroid hormone and cystatin C.” Urea may be the 
origin of other more toxic moieties. Cyanate, produced 
endogenously from urea, may produce toxic effects by 
irreversible carbamylation of proteins.’ Guanidine com- 
pounds, especially methylguanidine, have been implicated in 
toxicity of experimental renal failure, but their significance 
in human uremia remains to be proved. Unidentified com- 
pounds with molecular weights between 300 and 1500Da 
may have a role in the pathogenesis of the clinical syndrome 
of uremia. However, it is more likely that the syndrome is a 
result of the cumulative effect of many retained compounds, 
which may act as toxins and may also have an effect on 
metabolism in general, for example through enzyme inhibi- 
tion or derangement in membrane transport. The decreased. 
ability of the kidneys to degrade or eliminate hormones may 
also have a role. 
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CHRONIC KIDNEY DISEASE 

Studies established to identify the incidence, causes, and 
complications of CKD have largely focused on advanced 
disease and kidney failure. Data obtained from epidemio- 
logical surveys have been compromised by the lack of 
consistent surrogate markers of kidney function to identify 
established disease. For example, plasma creatinine, calcu- 
lated creatinine clearance, and measured creatinine clear- 
ance have variously been used. The NKF-K/DOQI: has 
published a definition of CKD in an effort to identify its 
early stages.” Early identification is essential so that adverse 
outcomes of CKD can be prevented or treated. CKD is 


Retained Nitrogenous Metabolites 
Urea 


Cyanate 

Creatinine 

Guanidine compounds 
“Middle molecules” 
Uric acid 


Fluid, Acid-Base, and Electrolyte Disturbances 
Fixed urine osmolality 
Metabolic acidosis (decreased blood pH, bicarbonate) 
Hyponatremia or hypernatremia 
Hypokalemia or hyperkalemia 
Hyperchloremia 
Hypocalcemia 
Hyperphosphatemia 
Hypermagnesemia 


Carbohydrate Intolerance 
Insulin resistance (hypoglycemia may also occur) 
Plasma insulin normal or increased 
Delayed response to carbohydrate loading 
Hyperglucagonemia 


Abnormal Lipid Metabolism 
Hypertriglyceridemia 
Decreased high-density lipoprotein cholesterol 
Hyperlipoproteinemia 


Altered Endocrine Function 
Secondary hyperparathyroidism 
Osteomalacia (secondary to abnormal vitamin D metabolism} 
Hyperreninemia and hyperaldosteronism 
Hyporeninemia 
Hypoaldosteronism 
Decreased erythropoietin production 
Altered thyroxine metabolism 
Gonadal dysfunction (increased prolactin and luteinizing 
hormone, decreased testosterone) 


defined therefore as “either kidney damage or GFR <60 mL/ 
min/1.73m’ for at least 3 months.” Kidney damage is 
defined as “pathologic abnormalities or markers of damage, 
including abnormalities in blood or urine tests or imaging 
studies.” 

The NKE-K/DOQI guidelines stratify CKD from stage 1 
at the mild end of the spectrum to stage 5, kidney failure 
or GFR less than 15 mL/min/m’. Although the cut-off levels 
between the stages are arbitrary, the process may allow for 
consistency in prevalence reporting for epidemiological 
studies and also focused treatment schedules for individual 
patients (see Table 45-6). 

The incidence and major causes of CKD in the United 
States, United Kingdom, and Australasia have previously 
been identified from community-based studies and registry 
databases, such as the United States Renal Data System 
(USRDS}, the United Kingdom Renal Registry Report, 
and the Australia and New Zealand Dialysis and Transplant 
Registry (ANZDATA). Similar databases are operated 
throughout the world. As indicated, the registry databases 
tend to highlight those patients that develop advanced CKD 
or ESRD requiring treatment with either dialysis or trans- 
plantation. The incidence of less advanced stages of CKD 
and those patients with ESRD that are not accepted for RRT 
is less clear. The prevalence of advanced CKD in the United 
Kingdom in the early 1990s was 132 per million population 
(pmp) as defined by a plasma creatinine concentration 
greater than 5.7 mg/dL (500pmol/L).2" The same study 
estimated that 450pmp have a plasma creatinine greater 
than 3.4mg/dL (300 umol/L). The prevalence patterns vary 
around the world because of differences in (1) ethnicity, (2) 
incidence of diabetes and hypertension, and (3) attitudes of 
physicians to accept patients for treatment. The annual 
acceptance rate for RRT is increasing worldwide. The annual 
acceptance rate in the United States is 317 pmp (744 pmp in 
blacks)” and in the United Kingdom is 93 pmp.”” The age 
of patients accepted for RRT is increasing, with the majority 
of new patients undergoing RRT within the age range of 66 
to 74 years. 

The main causes of CKD leading to kidney failure from 
1990 to 2000 in the United States are indicated in Figure 
45-12. As indicated, diabetes mellitus is the largest single 
cause of advanced CKD and accounts for almost 45% of new 
dialysis patients in. the United States. It is particularly preva- 
lent among black Americans. Hypertension is the underly- 
ing diagnosis in around 25% of new dialysis patients and is 
also particularly prevalent among black Americans. The 
myriad of kidney diseases including glomerulonephritis, 
infections, hereditary, systemic, interstitial, obstructive, and 
unknown etiology account for the remainder. In the United 
Kingdom diabetic nephropathy as a cause of kidney failure 
is seen in 18% of new patients and is not increasing.” 

Developing kidney failure is most commonly monitored 
by changes in plasma creatinine concentration and calcu- 
lated estimation of GFR (see Chapter 24). Obtaining a 
diagnosis relies on screening methods outlined above, and if 
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the kidney size is well maintained (>8 to 9cm), a percuta- 
neous renal biopsy can be obtained. This is examined using 
light and electron microscopy in association with immuno- 
histochemistry and molecular biology techniques. 
Establishing the differential diagnosis is important in pre- 
dicting the rate of decline in kidney function and the selec- 
tion of the most appropriate treatment. In some cases of 
aggressive glomerulonephritis, kidney failure develops over 
a few days or weeks, and at the other extreme diabetic 
nephropathy can take 10 to 15 years to reach the end stage 
as highlighted below. Every effort should be made to avoid 
an acute decline in GFR by minimizing exposure to volume 
depletion, intravenous radiographic contrast, selected 
antibacterial agents, NSAIDS and cyclo-oxygenase type 2 
(COX-2) inhibitors, and urinary tract obstruction. 


Management of CKD 


The GFR cutoff values in the NKF-K/DOQI guidelines have 
been selected on limited data with respect to the relationship 
between complications and level of GFR. Further studies 
may refine these values. Nevertheless there is often a causal 
relationship between the burden of illness and the severity 
of CKD (see Table 45-6). 

Rate of progression of CKD, irrespective of underlying 
cause, is dependent on both non-modifiable factors, such as 
age, sex, race, are level of kidney function at diagnosis, 
and modifiable characteristics, including proteinuria, blood 
pressure control, and smoking. The progression and treat- 
ment options for diabetic nephropathy are discussed sepa- 
rately below. The current discussion will focus on the 
optimal treatment of non-diabetic CKD. 

Lowering blood pressure and reduction of proteinuria 
have been shown to ameliorate the progression of CKD, The 
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Figure 45-12 Trends in incident rates of end-stage renal 
disease (ESRD) by primary diagnosis. Diabetes is the primary 
cause of ESRD in 42% to 47% of adult dialysis patients in the 
United States. The overall incidence of ESRD has increased by 
50% between 199} and 2000. (From United States Renal Data 
System: Excerpts from the USRDS annual data report: atlas of ESRD 
in the United States. Am J Kidney Dis 2003;(suppl 2) 41:50, with 
permission from the National Kidney Foundation.) 


Modification of Diet in Renal Disease (MDRD) Study com- 
pared the rates of decline in GFR in 840 patients with various 
causes of CKD to either a “usual” or “low” blood pressure 
goal?” Patients with type 1 diabetes were excluded. 
Outcome data suggest that the low blood pressure goal had 
some beneficial effect in those patients with higher levels of 
proteinuria." The study supported the concept that pro- 
teinuria is an independent risk factor for progression of 
kidney disease. For patients with proteinuria of more than 
g/day, the suggested target for mean blood pressure was 
92 mm Hg (125/75 mm Hg).””* This target for blood pressure 
is lower than the sixth report of the Joint National Commit- 
tee on prevention, detection, evaluation, and treatment of 
high blood pressure (JNC-VI).” In 2002, the United 
Kingdom Renal Association revised the target blood pressure 
to 130/80 mm Hg for stable CKD and 125/75 mm Hg for pro- 
gressive CKD.” Data from the Third National Health and 
Nutrition Examination Survey [NHANES IH] (1988-1994) 
revealed that among hypertensive individuals with an ele- 
vated plasma creatinine concentration, 75% were on antihy- 
pertensive treatment and only 11% had their blood pressure 
reduced to lower than 130/85 mmHg.” 

ACE inhibitors are more effective than other antihyper- 
tensive drugs in slowing the rate of progression of protein- 
uric CKD,'?”76 ACE inhibitors cause a mild decrease 
in GFR (<10mL/min/1.73 m°). The development of hypo- 
tension, ARF, or severe hyperkalemia (plasma potassium 
concentration greater than 5.5mEq/L) should prompt 
discontinuation of the drug until other causes have been 
excluded. Short-term studies show that ARBs have effects on 
blood pressure and proteinuria that are similar to ACE 
inhibitors. Data from a 2003 study suggest that combining 
the two classes of drugs can give additional benefit than 
either drug alone in terms of reduction in proteinuria and 
progression to primary end-points.”” 

Low-nitrogen (protein) diets have been advocated from 
the early years of treatment of severe chronic uremia.'”° The 
very-low-protein diets tested in the MDRD Study were of 
marginal benefit in these well-supervised patients with very 
low renal function, but are not well adhered to in practice, 
may lead to negative nitrogen balance, and are not recom- 
mended. Protein intake is restricted spontaneously to 
approximately 0.6 to 0.8g/kg/day by uremic patients not 
receiving dietary advice.” To prevent malnutrition, patients 
receive professional dietary advice, with diets containing an 
increased proportion of first class protein and increased 
calorie content of up to 35 kcal/kg/day. The NHANES IH has 
confirmed an association with reduced GFR and malnutri- 
tion in noninstitutionalized individuals studied in a cross- 
sectional survey of more than 5000 participants stratified 
according to GFR. 

General health measures, including cessation of cigarette 
smoking, should be encouraged. Complications of CKD that 
develop before the need for RRT are numerous (see Table 
45-6) and include cardiovascular disease, bone disease, and 
anemia. 
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Cardiovascular Complications of CKD 

The incidence of cardiovascular disease is sevenfold to 
tenfold greater in patients with CKD than in non-CKD age- 
and sex-matched controls.” By the time patients develop the 
need for RRT there is an approximately 17 times greater risk 
of cardiovascular death or nonfatal myocardial infarction 
than age-matched and sex-matched individuals without 
kidney disease.'*''’ The spectrum of cardiovascular disease 
studied in CKD includes (1) angina, (2) congestive: heart 
failure, (3) myocardial infarction, (4) peripheral vascular 
disease, (5) stroke, and (6) transient ischemic attack. Struc- 
tural heart disease, such as left ventricular hypertrophy 
(LVH) and valvular heart disease, is a very common sequela 
to CKD. Up to 75% of patients commencing dialysis have 
echocardiographic evidence of LVH.’” The risk factors for 
cardiovascular disease in CKD are a mixture of the tradi- 
tional and CKD-specific. Traditional risk factors such as 
diabetes, hypertension, and dyslipidemia are more likely in 
CKD patients.” In addition there are a number of other risk 
factors that are CKD-related (Table 45-9). 

Observational studies have indicated that cardiovascular 
disease occurs at an early stage in CKD.** Thus among 
middle-aged men, a moderate increase in plasma creatinine 
concentration [>1.5mg/dL (>130umol/L)} was associated 
with an age-adjusted relative risk of 1.5 for coronary disease 
and 3.0 for stroke. Reduction of GFR is associated with 
increased risk of composite end-points of cardiovascular 
death, myocardial infarction, and stroke.” Microalbumin- 
uria and proteinuria have also been shown to be associated 


TABLE 45-9. Traditional and CKD-Related. Risk Factors 
for Cardiovascular Disease in CKD 


CKD-Related Risk Factors 
for Cardiovascular Disease. 
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LDL, Low-density lipoprotein; HDL, high-density lipoprotein; CKD, 
chronic kidney disease; MIA, malnutrition inflammation atherosclerosis. 


with increased risk of cardiovascular disease, cardiovascular 
mortality, and all-cause mortality.*”” These associations 
may arise because (1) CKD causes an elevated level of car- 
diovascular disease, (2) cardiovascular disease causes CKD, 
or (3) some other factor, such as diabetes and hypertension, 
causes both CKD and cardiovascular disease. Significantly, 
there are 30 times more patients with Stage 3 CKD than 
Stage 5 CKD.'*”? The majority die from cardiovascular 
disease before they progress to kidney failure. 


Left Ventricular Hypertrophy in CKD 

LVH is present in more than 70% of patients commencing 
dialysis.” In the dialysis population, LVH is an independent 
predictor for cardiac death that is the most common cause 
of death in these patients.” As indicated above, LVH is 
demonstrable early in the course of CKD, with the pro- 
portion of patients with LVH increasing as kidney function 
declines. Univariate analysis of a single-center cohort of 
CKD patients in Canada revealed that age, systolic blood 
pressure, and hemoglobin were significantly different 
between the groups with or without LVH.””* For each 5mm 
Hg increase in systolic BP, the risk of LVH increased by 3%. 
A fallin blood hemoglobin concentration of 1 g/dL increased 
risk of LVH by 6%. A large, prospective, multicenter study 
confirmed progressive increases in left ventricular mass 
index (LVMI) over a 12-month period, with the incidence of 
new LVH at 10% per year.” Again, lower hemoglobin levels 
and higher systolic blood pressures were associated with left 
ventricular growth. Normalizing hemoglobin concentration 
is possible and may have cardiovascular benefits (see discus- 
sion later in this chapter). 


Anemia 


The World Health Organization defines anemia as a hemo- 
globin of less than 13 g/dL in men and less than 12 g/dL in 
women.” It is clearly established that anemia is inevitable 
as CKD progresses. Therapies are available to correct anemia 
and therefore it is mandatory to assess a patient with CKD 
for anemia. The NKF-K/DOQI recommends that an 
estimated GFR of less than 60mL/min/1.73m* should be 
the cutoff value for determining presence or absence of 
anemia.” Detection is important since, left untreated, it 
causes many of the side effects of CKD, such as fatigue, 
breathlessness on exertion, intolerance to cold, and 
decreased exercise capacity. As indicated above, it is also a 
major factor in the high prevalence of cardiovascular disease 
in patients with CKD. 


Etiology 

The etiology of anemia in CKD is multifactorial. A major 
cause, however, is the loss of peritubular fibroblasts within 
the renal cortex that synthesize EPO. EPO is the glycopro- 
tein hormone responsible for stimulating erythroid progen- 
itor cells within the bone marrow to produce red blood 
cells. Failure of production leads to inappropriately low 
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concentrations within the blood for the concomitant level of 
hemoglobin. Other causes of anemia include absolute or 
functional iron deficiency, folic acid and vitamin By defi- 
ciencies, and chronic inflammation. Red. cell survival may 
also be reduced. Both the NKF-K/DOQI and the European 
Renal Association-European Dialysis Transplant Association 
have published algorithms for treatment of anemia in CKD 
and dialysis patients.’” Treatment in Europe is targeted to 
achieve a hemoglobin level of 11 to 13 g/dL. 


Assessment of Iron 


In patients with CKD, a plasma ferritin <100 ug/L is consid- 
ered to suggest iron deficiency, and a plasma ferritin of 100 
to 200ug/L in association with a transferrin saturation 
(ISAT) of <20% represents “functional” iron deficiency. 
Treatment of anemia in CKD requires adequate iron stores. 
Parenteral iron is the treatment of choice for absolute and 
functional iron deficiency since oral iron has low efficacy in 
CKD. Iron status is assessed by measurement of plasma fer- 
ritin and TSAT. The TSAT is calculated from the plasma 
iron divided by the total iron binding capacity (TIBC) and 
expressed as a percentage. TSAT gives an indication of iron 
“delivery.” Ferritin is used to represent iron stores. A very 
high concentration of ferritin (>800 ug/L) may suggest iron 
overload (see Chapter 31). However, limitations with these 
indices exist (e.g., a high ferritin concentration is also gen- 
erated by an inflammatory process and transferrin varies 
with nutritional state and is also influenced by inflamma- 
tion). Clinical hematology laboratories may offer an auto- 
mated estimate of the percentage of hypochromic red blood 
cells, A level above 10% is indicative of functional iron defi- 
ciency and the target is <2.5%.’"" 


Treatment 


Human recombinant erythropoietin (rhEPO or epoetin) is 
is a synthetic version of human EPO that is used to treat 
anemia. Following replenished iron stores and exclusion of 
other causes of anemia, the addition of recombinant epoetin 
is indicated for the treatment of CKD-related anemia. The 
gene for human EPO was cloned in 1985 and epoetin was 
introduced into clinical practice shortly afterwards. It is 
effective at correcting the anemia of CKD in 90% to 95% of 
patients. The most common side effect is hypertension and 
therefore blood pressure should be well controlled before the 
introduction of treatment. Hypertension may develop or 
worsen in 23% of patients. Failure to respond to treatment 
requires thorough investigation for many potential causes 
(Box 45-2), It is estimated that 3 million patients worldwide 
have received treatment with epoetin. Pure red cell aplasia 
(PRCA) has occurred in patients treated with epoetin. This 
has been described in a small number of patients receiving 
epoetin via the subcutaneous route. In the majority of cases, 
neutralizing antibodies to EPO have been detected.” If a case 
of PRCA is proven, then no further recombinant erythro- 
poietin products can be administered. 


Tron status 
Occult blood loss 


Vitamin By or folate deficiency 
Infection and inflammation 
Tnadequate dialysis 
Hyperparathyroidism 
Aluminum toxicity 

Patient adherence 
Hypothyroidism 

Primary disease activity 
Transplant rejection 
Malignancy 

Pure red cell aplasia 


There are many clinical benefits of correcting anemia 
with epoetin therapy, including improved exercise capac- 
ity,’* improved cognitive function, better quality of 
life; and increased libido. Much of the evidence derives 
from studies in dialysis patients. In patients with advanced 
CKD not yet on RRT, small nonrandomized studies have 
suggested that regression of LVH is possible with partial cor- 
rection of anemia with epoetin.™®* Patients who receive 
epoetin consistently in the 2 years before commencement of 
dialysis have improved survival on dialysis compared with 
those who received the least consistent administration,“” 
Clinical trials are ongoing to try to answer the key question 
of whether early normalization of anemia in CKD will trans- 
late into improved cardiovascular outcomes. 


Dyslipidemia in CKD 

Various dyslipidemias are associated with CKD.” The 
pattern of dyslipidemia in CKD differs from that seen in 
non-CKD. It is characterized by an accumulation of partly 
metabolized triglyceride-rich particles [predominantly very- 
low-density lipoprotein (VLDL) and intermediate-density 
lipoprotein (IDL) remnants], mainly due to abnormal 
lipase function. This causes hypertriglyceridemia and 
low high-density lipoprotein (HDL) cholesterol. Although 
total cholesterol concentration may be normal, there is 
often a highly abnormal lipid subfraction profile with a 
predominance of atherogenic small, dense LDL particles.’° 
Lipoprotein a levels are also increased in CKD. Baseline data 
from the Chronic Renal Impairment in Birmingham (CRIB) 
study have confirmed dyslipidemia in early CKD.” Patients 
had lower HDL and LDL cholesterol and higher triglyceride 
concentrations. 

The challenge to the nephrology community is to establish 
whether interventions to modify the pattern of dyslipidemia 
with lifestyle changes and drug treatment will preserve 
kidney function and reduce cardiovascular morbidity and 
mortality. At present, there are no large, adequately con- 
trolled trials testing the hypotheses that treatment of 
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dyslipidemia preserves kidney function. The major trials 
of intervention with statins [3-hydroxy-3-methylglutaryl- 
Co-enzyme A (HMG-CoA) reductase inhibitors] in the 
general population and those with established cardiovascular 
disease have been limited with reference to CKD, since 
patients with CKD are often excluded from the trials.” 
The Heart Protection Study randomly allocated 20,536 
adults with coronary artery disease, occlusive disease of 
noncoronary arteries, or diabetes to simvastatin (40 mg) or 
placebo.” In a subgroup analysis of more than 1300 patients 
with plasma creatinine concentration between 1.2 mg/dL 
and 2.3 mg/dL (110 and 200 mol/L), there were fewer major 
vascular events in the simvastatin group. 

A randomized controlled trial of proteinuric CKD 
patients receiving ACE inhibitors and ARBs demonstrated 
additional benefit from treatment with atorvastatin in terms 
of reduction in proteinuria and progression of disease.” 
Further trials of lipid-lowering therapies in CKD are cur- 
rently underway. 


Homocysteine 

Homocysteine is a sulfur-containing amino acid (see Chap- 
ters 20, 26 and 40). Homozygous genetic disorders (homo- 
cystinurias) result in marked hyperhomocysteinemia and are 
clearly associated with untimely atherothrombotic events.” 
Treatment to lower homocysteine reduces the incidence of 
such outcomes among these patients. Patients with CKD 
have an excess prevalence of mild-to-moderate hyperhomo- 
cysteinemia, which has been independently linked to the 
development of cardiovascular disease in observational 
studies.” In case-control studies, plasma homocysteine levels 
are frequently higher in patients with clinical evidence of vas- 
cular disease than those without, both in the general popula- 
tion and in CKD.“ Folate, pyridoxal 5’-phosphate (PLP or 
“active” vitamin B,), and vitamin Bp are the main vitamin 
cofactors and/or substrates for homocysteine metabolism 
(see Chapter 30). Folic acid-based B vitamin regimens, 
including folic acid at doses of 5 to 10 mg/day, appear to lower 
fasting homocysteine levels by approximately 30% to 50%.” 
There is as yet little evidence that intervention to lower 
homocysteine levels affects the risk of disease in the general 
population or in CKD patients. However, correction of folate 
deficiency is considered good clinical practice. 


Role of Nephrologist 

The role of the nephrologist in CKD is to (1) identify the 
cause of kidney disease, (2) treat reversible factors, (3) 
reduce rate of progression of CKD, and (4) deal with com- 
plications of CKD. Finally, as kidney function fails, the 
patient should enter an RRT program in a good general con- 
dition with suitable access for dialysis, educated and psycho- 
socially prepared for ongoing treatment. 


END-STAGE RENAL DISEASE 


ESRD is an administrative term in the United States, based 
on the conditions for payment for healthcare by the 


Medicare ESRD Program, specifically the level of GFR and 
the occurrence of signs and symptoms of kidney failure 
necessitating initiation of treatment by RRT. ESRD includes 
patients treated by dialysis or transplantation, irrespective of 
the level of GFR (see later section on RRT and transplanta- 
tion). The NKF-K/DOQI definition of kidney failure (stage 
5) differs in two important ways from the definition of 
ESRD. First, not all individuals with GFR <15mL/min/ 
1.73m’ or with signs and symptoms of kidney failure are 
treated with RRT. However, such individuals should be con- 
sidered as having kidney failure. Second, among treated 
patients, kidney transplant recipients have a higher mean 
level of GFR (usually 30 to 60mL/min/1.73 m°) and better 
average health outcomes than dialysis patients. Kidney trans- 
plant recipients should not be included in the definition 
of kidney failure, unless they have GFR <15 mL/min/1.73 m?’ 
or have resumed dialysis. 

Kidney diseases or conditions that can lead to ESRD 
include LVH, anemia, dyslipidemias, disturbed calcium and 
phosphorus metabolism, and aluminum toxicity. 


LVH and Anemia 


In a prospective study of ESRD at three Canadian centers, 
of the 518 patients who survived 6 months of dialysis, 74% 
had echocardiographic confirmation of LVH.” Thirty-five 
percent had left ventricular dilation (LV cavity >90 ml/m’) 
and 15% had systolic dysfunction (fractional shortening of 
less than or equal to 25%), LVH and dilation were indepen- 
dently associated with death at 2 years. 

Anemia has both direct and indirect effects on left ven- 
tricular function and growth. Cardiac output increases 
because of a combination of increased cardiac preload and 
a reduction in afterload. Such changes lead to ventricular 
remodeling, with initial left ventricular dilation followed 
by subsequent hypertrophy. In ESRD other factors also con- 
tribute to LVH, including hypertension, volume expansion, 
and the metabolic consequences of uremia, to which may be 
added the effects of diabetes. By the time patients with dia- 
betes reach ESRD, they are more likely to have concentric 
LVH, more likely to have had ischemic heart disease, and 
more likely to have experienced cardiac failure than nondi- 
abetic subjects." 

Predictors for LVH and cardiac failure include age, hyper- 
tension, and hemoglobin concentration. In ESRD a 1 g/dL 
fall in hemoglobin increases the relative risk of left ventric- 
ular dilation by 1.49, Jeft ventricular systolic dysfunction by 
1.55, and death by 1.25.""° In patients on dialysis, large obser- 
vational studies have clearly shown that anemia is associated 
with increased mortality rates and increased hospitaliza- 
tion, 8253461 In hemodialysis (HD) patients hematocrit 
levels of 33% to 36% (corresponding to hemoglobin con- 
centration of 11 to 12 g/dL} were associated with the lowest 
risk for all-cause and cardiac mortality,” and these patients 
also had the lowest risk of hospitalization.’ A large 
randomized controlled trial has tested the hypothesis that 
normalization of anemia would have benefits in terms of 
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morbidity and mortality for hemodialysis patients with New 
York Heart Association (NYHA) heart disease stage I-III.” 
Patients were randomized to normalization of anemia (618 
patients and target hemoglobin of 14¢/dL), or to the control 
group (615 patients and target hemoglobin of 10 g/dL). The 
study was terminated early because of a nonsignificant 
higher risk of death in the normalization group (RR = 1.3, 
CI 0.09 to 1.9). Post hoc analysis revealed that although the 
target hemoglobin levels in the two groups were clearly sep- 
arated, the achieved hemoglobin levels in the two groups 
were not and mortality was actually lowest in the subset 
of patients with the highest achieved hemoglobin level 
(>13 g/dL). 


Dyslipidemias 

The prevalence of dyslipidemias in ESRD is high. Dyslipi- 
demias in HD patients are most often characterized by 
normal LDL, low HDL, and high triglycerides. In a large 
cross-section analysis of 1047 HD patients in the Dialysis 
Morbidity and Mortality Study, only 20% of patients had low 
risk lipid levels [i.e., LDL <130 mg/dL (3.36 mmol/L), HDL 
>40 mg/dL (>1.03 mmol/L), and triglycerides <150 mg/dL 
(<1.69 mmol/L)].2% Low cholesterol was found to be associ- 
ated with increased mortality, but this is probably a reflec- 
tion of other conditions that lower cholesterol, such as 
inflammation and malnutrition. It is possible that other, 
nontraditional atherogenic lipoprotein abnormalities (e.g., 
lipoprotein [a] and oxidized LDL) are present in HD 
patients.” Similar profiles may be observed in peritoneal 
dialysis (PD) patients. Treatment guidelines aim to reduce 
LDL and triglycerides to normal levels. As indicated in the 
discussion of dyslipidemias in CKD, many of the data on 
treatment with HMG Co-A reductase inhibitors have been 
obtained in largely non-CKD populations. 


Disturbances in Calcium and Phosphorus Metabolism 

ESRD is associated with complex metabolic disturbances of 
divalent ion and phosphorus metabolism. Although this is 
commonly referred to as renal osteodystrophy, there has been 
a paradigm shift in terms of calcium, phosphate, and PTH 
management in patients receiving dialysis. The impetus for 
this change in approach has been the recognition of the 
importance in the previously unheralded phosphorus 
moiety in terms of increased risk of death in ESRD and the 
almost universal development of cardiovascular calcification 
that is seen in dialysis patients (discussed later in this 
chapter). As GFR declines, plasma phosphate concentration 
rises and results in a reduction in ionized calcium, The con- 
sequence of this is increased production of PTH from the 
parathyroid glands. The PTH-producing cells are regulated 
tightly through complex feedback mechanisms to maintain 
normocalcemia (see Chapter 49). The calcium-sensing 
receptor (Ca-SR) is stimulated by calcium and has an 
inhibitory effect on PTH production.” Phosphorus will 
directly stimulate production of PTH.” Elegant experi- 
ments on dogs with varying levels of induced kidney failure 
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Figure 45-13 The relationship between parathyroid hormone 
(PTH) concentration and glomerular filtration rate (GFR) in two 
groups of dogs: those maintained on a normal phosphorus diet 
(closed circles) and those maintained on a diet containing less 
than [00mg of phosphorus per day (open circles). The vertical 
lines represent +1 SEM. PTH is expressed in WEq/mL. (From 
Slatopolsky E, Caglar S, Pennell jP, Taggart DD, Canterbury JM, Reiss 
E, et al. On the pathogenesis of hyperparathyroidism in chronic 
experimental renal insufficiency in the dog. f Clin Invest 

1971 ;50:492-9,) 


confirmed the rise in PTH as GFR falls. This increased 
production of PTH was attenuated in those animals fed a 
modified diet with very low levels of phosphorus (Figure 
45-13). In addition to hyperphosphatemia contributing 
to hypocalcemia, there is also reduced 1Lo-hydroxylation 
of 25-hydroxycholecalciferol (25-OH vitamin D) within 
the kidney. Vitamin D is required in health to increase 
calcium absorption from the gut and it also increases phos- 
phorus absorption from the gut. PTH-producing cells in the 
parathyroid gland have receptors for vitamin D (VDR). 
Binding of vitamin D to the VDR inhibits PTH production. 
The result of these complex metabolic disturbances is sec- 
ondary hyperparathyroidism. Increased secretion of PTH 
stimulates resorption of calcium and phosphorus from the 
major calcium reservoir, the bone. Problems can develop 
early and patients with a GFR of less than 60mL/min/ 
1.73m? should be evaluated for these metabolic distur- 
bances.”” Secondary hyperparathyroidism classically causes 
bone changes consistent with osteitis fibrosa cystica. Bony 
erosions and intramedullary cysts are seen because of direct 
effects of PTH on osteoclasts and osteoblasts. Unchecked, 
this can lead to bone pain and fractures. Eventually, PTH 
secretion can become unhinged completely from feedback 
control and this autonomous production is called tertiary 
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hyperparathyroidism. Derangements in biochemical indices 
include elevated plasma calcium and phosphate concentra- 
tion, PTH levels more than 1000ng/L (reference interval 
10 to 60ng/L), and elevated bone-derived alkaline phos- 
phatase. In this setting medical treatment has failed and 
parathyroidectomy is required. A severe and often terminal 
manifestation of long-standing ESRD is calcemic uremic 
artericlopathy (“calciphylaxis”). In this condition there is 
destruction of blood vessels because of calcium deposition 
and downstream necrosis of tissues, particularly the skin and 
adipose tissue on the legs and torso. 

High concentrations of blood phosphorus are associated 
with increased mortality in HD patients.” The relative 
risk of death in the United States for those HD patients 
with plasma phosphorus greater than 6.5 mg/dL (2.10 mmol/ 
L) is 1.27 relative to those with plasma phosphorus of 
2.4 to 6.5 mg/dL (0.77 to 2.10mmol/L). The calcium phos- 
phorus product (calculated by multiplying concentration of 
calcium by concentration of phosphorus) showed a mortal- 
ity trend similar to phosphorus. In at least 50% of HD 
patients the plasma phosphate is greater than 6.0 mg/dL 
(1.94mmol/L) and in 25% of patients it is greater than 
7.2 mg/dL (2.32 mmol/L), The United Kingdom Renal Asso- 
ciation standard for pre dialysis plasma phosphate concen- 
tration is less than 5.6me/dL (1.8mmol/L).” Strategies to 
reduce phosphorus levels are employed routinely in the 
treatment of patients on dialysis. Inorganic phosphorus 
measured within the blood accounts for <0.1% of total body 
phosphorus. The clearance of phosphorus on intermittent 
HD is approximately a third of that of urea and is also 
subject to a post dialysis rebound because of efflux from the 
intracellular to extracellular space. Phosphorus is present in 
many foods and is linearly associated with protein ingestion. 
The recommended daily allowance is reduced for patients 
on dialysis to around 800mg. Treatment with vitamin D 
analogs increases gut absorption of phosphorus from 60% 
to 70% to almost 85%. The use of phosphate binders, 
taken with meals, is almost universal in dialysis patients. 
The binders reduce phosphorus absorption to 30% to 40%. 
In summary, patients on conventional dialysis are in a 
net positive phosphorus balance. It has been possible to 
normalize phosphorus balance in patients treated by daily 
HD.” 

Medical treatment strategies are designed to limit phos- 
phorus intake and normalize calcium. With the advent of 
vitamin D analogs it has been possible to supplement 
vitamin D (see Chapter 49). This has the effect of increasing 
plasma calcium concentration and switching off PTH pro- 
duction. Unfortunately the commonly used analogs, such 
as 1a-hydroxyvitamin Ds, also lead to increased reabsorp- 
tion of calcium and phosphorus from the gut. Hyperphos- 
phatemia has deleterious cardiovascular effects and is 
discussed below. Furthermore, in the setting of aggressive 
treatment with vitamin D analogs hypercalcemia may 
develop that is associated with low, suppressed, levels of 
PTH. Bone biopsy in this case may demonstrate very low 


levels of bone activity, a condition referred to as adynamic 
bone disease. Alternative vitamin D analogs such as pari- 
calcitol are reported to have lower rates of hyperphos- 
phatemia.”*’* A further development has been the 
generation of calcimimetic agents that are currently being 
evaluated in clinical trials.°*? These drugs can mimic 
calcium directly stimulating the Ca-SR and also affect the 
molecular configuration of the Ca-SR to enhance the sensi- 
tivity to extracellular calcium.” Stimulation of the Ca-SR 
switches off PTH production selectively with no risk of 
increasing phosphorus absorption. 


Aluminum Toxicity 

A causative factor for renal bone disease, historically, is alu- 
minum intoxication (see Chapter 35). Aluminum concen- 
trations in dialysis fluids were previously high, but with 
modern dialysis facilities this is no longer such a problem. 
Dialysis patients are, however, treated intermittently with 
aluminum-containing phosphate binders and therefore 
regular monitoring of blood aluminum concentration is rec- 
ommended. Aluminum accumulation has been associated. 
with deposition along the mineralization surface of the 
osteoid and a low-turnover form of bone disease. Aluminum 
accumulation may be treated by infusions of the chelating 
agent desferrioxamine. Aluminum intoxication may be 
associated with neurological disturbances characterized by 
dementia (dialysis dementia) and with a hypochromic 
microcytic anemia. 


DIABETIC NEPHROPATHY 


Diabetes mellitus is a state of chronic hyperglycemia 
sufficient to cause long-term damage to specific tissues, 
notably the retina, kidney, nerves, and arteries (see Chapter 
25). It affects 176 million people worldwide and the World 
Health Organization (WHO) predicts that the prevalence of 
diabetes is set to double by 2030.” In the United 
Kingdom 3% of the population have diabetes.” The WHO 
and national diabetes agencies have approved diagnostic 
criteria for diabetes based on venous plasma glucose 
concentrations." 

Type 1 diabetes is due to autoimmune destruction of pan- 
creatic islet beta cells causing loss of insulin. Type 2 diabetes 
is due to the combination of cellular resistance to insulin and 
beta cell failure. Tissue lesions are common to both types of 
diabetes, and chronic hyperglycemia (or a closely related 
metabolic abnormality} is responsible for diabetic compli- 
cations including diabetic nephropathy. 


Background 


Diabetic nephropathy is a clinical diagnosis based on the 
finding of proteinuria in a patient with diabetes and in 
whom there is no evidence of urinary tract infection. Overt 
nephropathy is characterized by protein excretion greater 
than 0.5g/day. This is equivalent to albumin excretion of 
around 300 mg/day. It is preferable to assess proteinuria as 
albuminuria because it is a more sensitive marker for CKD 
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due to diabetes.” There has been a uniform adoption of 
albumin as the “criterion standard” in evaluating diabetes- 
related kidney damage. The NKF-K/DOQI Work Group 
concluded that albumin should be measured to detect and 
monitor kidney damage in adults. Patients with a urinary 
albumin excretion rate of between 30 and 300 mg/day have 
microalbuminuria (see Chapter 24). Diabetic nephropathy 
is the most common cause of ESRD in the United States and 
accounts for approximately 40% of incident patients onto 
RRT programs.’ More than 100,000 people receiving HD 
in the United States have diabetes as the cause of their ESRD. 
Among patients who require dialysis, those with diabetes 
have a 22% higher mortality at 1 year and a 15% higher mor- 
tality at 5 years than patients without diabetes. Diabetic 
nephropathy as a cause of ESRD in the United Kingdom is 
seen in 18% of new patients and remains lower than that of 
the United States and Europe.’” In the United States, a 
number of objectives have been developed for reducing 
threats to the health of the nation in the Healthy People 2010 
report. One of the objectives (HP 2010 Objective 4.7) is to 
reduce the incidence rate of ESRD caused by diabetes from 
145 per million population to 78 per million people by 
2010.” 

Diabetic nephropathy is clinically a very slowly develop- 
ing condition, but ultrastructural evidence of glomerular 
damage has been found in renal biopsies taken from type 1 
diabetic patients within a few years of their diagnosis.°°°"™ 
In type 1 disease, early macroscopic changes include kidney 
enlargement and pallor. With disease progression, the 
kidneys become smaller. Type 2 disease is typified by vari- 
able kidney contraction because of associated ischemia. On 
histological examination, glomerular changes include diffuse 
mesangial sclerosis with accentuation of matrix and irregu- 
larly thickened basement membranes; sclerotic, acellular 
mesangial nodules (so-called Kimmelstiel-Wilson lesions); 
hyaline fibrin cap lesions around peripheral capillary loops; 
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capsular drop lesions located within Bowman’s capsule; and 
hyalinosis of arterioles. 

Clinical progression is defined in terms of changes in 
urinary albumin excretion rate and decline in GFR and 
blood pressure (Table 45-10). In type 1 diabetes, it is unusual 
to develop microalbuminuria within the first 5 years of diag- 
nosis but it can develop anytime thereafter and even after 40 
years. Patients with type 1 disease and microalbuminuria 
will progress to overt nephropathy at an average rate of 20% 
over 5 years. !" Long-term follow-up data of microalbumin- 
uric patients confirm that 30% become normoalbuminuric 
and the rest remain microalbuminuric at 10 years." Since the 
onset of type 2 diabetes is difficult to define, it is difficult to 
estimate the incidence of microalbuminuria, although 1% of 
patients in the United Kingdom have overt nephropathy at 
diagnosis. As albuminuria worsens and blood pressure 
increases, there is a relentless decline in GFR. In some 
patients with microalbuminuria renal lesions are already 
quite advanced and therefore it may be a marker of 
nephropathy rather than a predictor of renal structural 
changes.* 

Family studies of patients with type 1 diabetes have 
shown that diabetic siblings of patients with nephropathy 
have a fourfold risk of nephropathy compared with a sibling 
without nephropathy. A family history of hypertension and 
cardiovascular disease may also increase nephropathy rates.” 
However, the best available predictor for development of 
nephropathy is microalbuminuria, although cellular markers 
are being investigated—such as increased erythrocyte 
Na‘/Li* countertransporter and overactivity of the Na*/H* 
antiporter.” Considerable work has been undertaken to look 
for genetic linkages with the development of nephropathy in 
diabetes. This work has included studies of polymorphisms 
of the ACE and insulin genes, but as yet no clear relation- 
ship has been demonstrated.?” Other markers of basement 
membrane damage have also been used to investigate dia- 


A e eME AES E Structural GFR...» Blood Pressure 
Stage Designation... Characteristics. Changes (mL/min/1.73 m°) . (mmHg) 
I Hyperfunction `: >- Hyperfiltration Glomerular hypertrophy ~/>150 Normal 
H Normo-albuminuria : Normal AER Basement membrane 150 - . Normal 
a thickening ri Be 
HI- Incipient diabetic -Elevated AER `: AER correlates with 125.) ~: Increased ` 
; “nephropathy Mets a ear structural damage and) ees 
Pat hypertrophy of 
PAE ans Ta Ch ee remaining glomeruli foi ce ini eon ee See ed 
IV. Overt diabetic Clinical proteinuria Advanced structural ~~ <100.0 Hypertension ==. 
o nephropathy ee E LA damage E oa eee 
Vv. Uremia End-stage renal’ Glomerular closure’ 0-10 High 


disease ` 


AER, Albumin excretion rate; GFR, glomerular filtration rate. 


Chapter 45 Kidney Disease 1701 


betic nephropathy, including urinary excretion of laminin, 
collagen IV, and fibronectin, 


Pathophysiology 

Observational studies have shown that sustained poor 
glycemic control is associated with a greater risk for devel- 
opment of nephropathy in both type 1 and type 2 dia- 
betes.01747792189824T he exact mechanism for hyperglycemic 
tissue damage is now being elucidated and probably 
includes (1) glycation of proteins leading to the formation 
of advanced glycation end products (AGE), (2) overactivity 
of the polyol pathway, and (3) generation of reactive oxygen 
species. Polyols are sugar alcohols formed from their respec- 
tive sugars under the action of aldose reductase. Glucose is 
preferentially shunted through the polyol pathway under 
hyperglycemic conditions, generating sorbitol that accumu- 
lates within cells. A key step linking glucotoxicity to cell 
dysfunction in diabetic nephropathy is the excess of extra- 
cellular matrix within the glomerulus and interstitium. A 
number of genes encoding matrix proteins in hyperglycemic 
conditions have been identified.*” For example, the tran- 
scription of the gene for transforming growth factor-B 
(TGF-B) is stimulated by hyperglycemia, AGE, angiotensin 
II, and reactive oxygen species, One important con- 
sequence of glucose-stimulated TGF-B is the upregulation of 
the insulin-independent GLUT-1 transporter in mesangial 
cells. Glucose is transported to the cells through GLUT-1 and 
metabolized mainly by the glycolytic pathway. Increased de 
novo synthesis of diacylglycerol results in the activation of 
protein kinase C and mitogen activated kinases. Activation 
of these enzymes can lead to stimulation of certain genes, 
including TGF-B. Activation of TGE-B can induce the 
expression of GLUT-1 and these signaling pathways induce 
expression of extracellular matrix proteins. The formation 
of AGE also generates reactive oxygen species, which can 
activate latent TGF-B.*° Studies employing neutralizing 
anti-TGF-8 antibodies have provided evidence that the 
prosclerotic and hypertrophic effects of high ambient 
glucose in cultured renal cells are largely mediated by 
autocrine production and activation of TGF-B.'"*“7! These 
antibodies can reverse established nephropathy in animal 
models.**” Furthermore, glomerular TGF-B mRNA is 
markedly increased in kidney biopsy specimens from 
patients with proven diabetic kidney disease, and blood and 
urine sampling across the renal vascular bed confirms net 
renal production of TGF-f in diabetic patients. Treatment 
with the ACE inhibitor captopril lowers circulating TGF-B 
levels in patients with diabetic nephropathy.” The receptor 
for AGE has been identified (RAGE).”” RAGE is selectively 
expressed in the glomerular epithelial cells (podocytes) 
and not the mesangial cell or glomerular endothelium.” 
Increased accumulation of AGE in diabetes engages podo- 
cyte RAGE and may lead to increased glomerular per- 
meability.“° Vascular hyperpermeability, a hallmark feature 
of diabetes, can be suppressed by inhibiting RAGE in the 
animal model of diabetes, the streptozotocin-treated rat. 


Studies of experimental diabetes in the rat suggested that 
hyperfiltration alone could cause glomerular changes; there 
are conflicting reports in humans. An increased GFR could 
be a predictor of progression to microalbuminuria, but is 
also a reflection of poor metabolic control. In the Diabetes 
Control and Complications Trial (DCCT) study, there was 
no association between hyperfiltration and subsequent 
development of microalbuminuria.” Systemic blood pres- 
sure is higher in patients with diabetes who subsequently 
develop microalbuminuria, although it is not clear which 
comes first. Tubulointerstitial fibrosis occurs in diabetic 
nephropathy in addition to glomerulosclerosis. Decreased 
GFR correlates with the interstitial expansion and the 
glomerular expansion.” 


Treatment Strategies 


The DCCT found in almost 1500 patients with type 1 dia- 
betes that 9 years of intensive insulin therapy compared with 
conventional insulin therapy produced a 44% reduction in 
the development of microalbuminuria in patients with no 
retinopathy and a 35% reduction in patients with early 
retinopathy at entry.” The cumulative incidence of micro- 
albuminuria was 15% and 27% in the intensively treated 
patients, respectively. The mean glycated hemoglobin 
(HbA,.) was 7.2% in the intensively treated group versus 
9.0% in the conventionally treated patients. 

The United Kingdom Prospective Diabetes Study 
(UKPDS) of almost 4000 newly diagnosed type 2 diabetic 
patients followed for at least 10 years, showed that intensive 
control of blood glucose with sulfonylureas or insulin 
reduces the risk of diabetic nephropathy and other microvas- 
cular complications. The target fasting blood glucose was 
110mg/dL (6.1mmol/L) for the interventional group and 
for standard therapy was 270 mg/dL (15mmol/L). Fasting 
blood sugars rose over time in both groups but mean HbA,, 
was lower in the intervention group (7.0% compared with 
7.9%). The UKPDS showed additional benefit of intensive 
therapy, with a 67% risk reduction on the rate of doubling 
of plasma creatinine at 12 years, although less than 1% of 
UKPDS patients developed advanced CKD. 

Studies from Japan and Scandinavia have reported a 
lower incidence of microalbuminuria in intensively treated 
groups of patients with type 2 diabetes. The American 
Diabetes Association Clinical Practice Recommenda- 
tions target HbA,, to less than 7% as the treatment goal. 
Additional therapy should be initiated if HbA), is above 
8%,“ 

There is ongoing controversy as to whether intensive 
glucose therapy alone can prevent progression of incipient 
to overt nephropathy. Other factors, such as lowering blood 
pressure and blockade of ACE and AII, are important. High 
blood pressure accelerates the progressive increase in albu- 
minuria in patients with initially normal urinary albumin 
excretion and accelerates loss of kidney function in those 
with overt nephropathy in type 2 diabetes.” A subgroup 
analysis of the Swedish Hypertension Optimal Trial (HOT) 
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showed that patients with diabetes who were randomized to 
lower levels of blood pressure (diastolic blood pressure <90 
versus <85 versus <80 mm Hg) had lower mortality and car- 
diovascular events than those with higher values.” In 1501 
patients with diabetes, a 50% reduction of major cardiovas- 
cular events was seen in those targeted to a diastolic blood 
pressure less than 80mm Hg as compared with 90mm Hg. 
The NKF Task Force on Cardiovascular Disease has recom- 
mended a target blood pressure of less than 125/75 mm Hg 
in diabetic kidney disease.” The recent report of aggressive 
blood pressure control in normotensive type 2 diabetic 
patients reinforces this target blood pressure as appropriate 
in diabetes,” 

Patients with diabetes are relatively more hypervolemic 
than nondiabetic patients at the same level of GFR. There- 
fore, it is important to emphasize reduced dietary salt intake 
and diuretic treatment in the management of diabetic 
patients with nephropathy. A low sodium diet potentiates the 
antihypertensive effect and antiproteinuric effect of AH 
blockade in type 2 diabetes." Patients should be encouraged 
to stop smoking cigarettes since smoking increases the risk 
of microalbuminuria.™ Dyslipidemias should be managed 
as outlined for nondiabetic proteinuric CKD. 

ACE inhibitors and ARBs slow the progression of diabetic 
kidney disease. 8817 A trial that was reported in 2000 
confirmed that even nonmicroalbuminuric type 2 diabetic 
patients should be managed with ACE inhibitors or ARBs to 
prevent cardiovascular events. In addition to lowering 
systemic blood pressure, such patients also have lowered 
glomerular capillary blood pressure and protein filtra- 
tion, "468 ACE inhibitors and ARBs also reduce AlI-medi- 
ated effects on glomerular permeability and cell proliferation 
and fibrosis”! and should be incorporated into the treat- 
ment schedules of all patients with type 2 diabetes and those 
with type 1 diabetes and microalbuminuria. ACE inhibitors 
may exacerbate hyperkalemia in patients with advanced. 
CKD and/or hyporeninemic hypoaldosteronism. In older 
patients with renal artery stenosis, they may cause a rapid 
decline in kidney function. Pooled data from large clinical 
trials indicated above show that only 1.5% of patients treated 
with ACE inhibitors or ARBs were withdrawn from trials 
because of hyperkalemia, and no deaths were reported as a 
consequence of hyperkalemia,” 

To achieve the target blood pressure values, there is often 
a need for four to five antihypertensive agents, including 
ACE inhibitors and ARBs, diuretics, beta-blockers, and 
calcium channel blockers. There may be additional benefits 
from combination therapy with ACE inhibitors and ARBs.” 
Although the renal risk in diabetic nephropathy can be 
reduced by 20% to 40%, the fact that 70% progress suggests 
that novel approaches are required. Experimental strategies 
identified in animal models could hold the key. However, if 
current recommendations for management are uniformly 
adhered to, along with statin treatment to reduce overall car- 
diovascular risk, then the goal of HP 2010 Objective 4.3 may 
be achieved. 


HYPERTENSIVE NEPHROPATHY 

Hypertension is second only to diabetes as a primary diag- 
nosis of ESRD for incident patients commencing dialysis in 
the United States.’ From 1990 to 2000, there was a 32% 
increase in hypertension as the primary cause of ESRD. The 
incidence is higher in older people and especially among the 
black population in the United States. Hypertension often 
develops as a consequence of CKD because of alterations in 
salt and water metabolism and activation of the sympathetic 
nervous and renin-angiotensin systems.''***' Hypertension 
can act as an accelerating force in the development of ESRD. 
As described earlier, treatment of hypertension to predefined 
target blood pressure values is critical to preventing the pro- 
gression to ESRD.717°269% 

Hypertension is grouped with large vessel renovascular 
disease in the USRDS Annual Data Report database. Primary 
diseases of the renal arteries usually involve the origin of the 
renal arteries at the aorta (ostial lesions). Secondary diseases 
with hypertension and CKD with small-vessel and intrarenal 
disease are referred to as “ischemic nephropathy.” There 
is a complex interplay between renal artery stenosis and 
ischemic nephropathy. Atherosclerosis accounts for greater 
than 90% of renal artery stenosis. The disease is progressive 
and may cause renal artery occlusion.” The prevalence 
increases with age and is associated with refractory hyper- 
tension, low body mass index, smoking, diabetes, and estab- 
lished vascular disease elsewhere. In general, as a marker of 
established cardiovascular disease, atheromatous renal artery 
stenosis is associated with a poor prognosis.” Diagnosis 
requires a high index of suspicion and is guided by radio- 
logical examination of the renal arterial anatomy. Patients 
who receive ACE inhibitors and ARBs may develop ARF in 
the setting of severe bilateral renovascular disease or severe 
disease to a single functioning kidney. Kidney function 
should be carefully monitored following the introduction of 
these drugs. Deterioration in kidney function following 
introduction of these agents should also raise the suspicion 
of renovascular disease. The diagnosis is important to make 
since radiological displacement of intraluminal stents” is 
possible and surgical repair can be performed to prolong 
vessel patency.'” Patients are at risk, however, of atheroem- 
bolism following intervention.” 


GLOMERULAR DISEASES 


In many patients, significant primary glomerular disease 
may be recognized by the presence of distinctive clinical 
syndromes that result from glomerular injury. Among the 
more important are rapidly progressive glomerulonephritis 
(RPGN), the nephrotic syndrome, acute nephritis, and 
chronic glomerulopathies. Systemic diseases that affect 
glomerular structure and function include for example sys- 
temic lupus erythematosus (SLE); microscopic polyangiitis; 
cryoglobulinemia; bacterial endocarditis; viral infections 
such as those associated with hepatitis B, C, and HIV; 
and malignancy. Diabetes and immunoglobulin light chain 
mediated kidney disease are discussed separately. A discus- 
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sion of all these syndromes is beyond the scope of this book, 
Examples serve to illustrate the use of the laboratory in their 
evaluation. 

Primary glomerular disease presents clinically with (1) 
abnormalities of the urine, including proteinuria and hema- 
turia, (2) hypertension, (3) edema, and often (4) reduced 
renal excretory function. Urinalysis should be ordered for 
patients presenting with hypertension or renal impairment 
or suspected of having kidney disease. Urinary casts are 
identified by microscopy, and red cell casts are indicative of 
glomerular bleeding and glomerular pathology. Specialist 
nephrology input is often required since histological exam- 
ination of a kidney biopsy specimen, including immune 
reactants and electron microscopy, is usually performed to 
confirm the diagnosis. 

Laboratory investigations performed to investigate 
glomerular disease and systemic disorders include (1) 
urinary protein excretion, (2) plasma creatinine concentra- 
tion, (3) urea concentration, (4) Hver function tests, (5) 
glucose concentration and, if myeloma is suspected, (6) 
serum protein electrophoresis, and (7) urinary examination 
for Bence Jones protein. Serological testing for the presence 
of autoantibodies to (1) antinuclear antigens (ANA), (2) 
double-stranded DNA (ds-DNA), (3) extractable nuclear 
antigens (ENAs), and (4) antineutrophil cytoplasmic anti- 
body (ANCA) is performed if either SLE or systemic vas- 
culitis is suspected. Antiglomerular basement membrane 
antibodies (anti-GBM) may be detected in rare cases of 
renal-limited anti-GBM disease (Goodpasture’s disease) and 
pulmonary-renal syndromes (Goodpasture’s syndrome). 
Components of the complement system can be affected (e.g., 
reduced levels of C3 and C4) in several conditions including 
SLE, infection, cryoglobulinemia, and mesangiocapillary 
(also referred to as membranoproliferative) glomeru- 
lonephritis. Blood cultures are taken for bacteriological 
examination in suspected infection. 

The glomerular capillaries appear to be particularly vul- 
nerable to immune-mediated injury, probably as a conse- 
quence of their unique function and structure. Continuous 
production of a protein-free filtrate across a complex capil- 
lary wall and a specialized mechanism for clearing trapped 
molecules through the mesangium increase the susceptibil- 
ity by trapping circulating macromolecules. Deposition or 
generation of immune complexes can cause complement fix- 
ation and activation of lymphocytes and macrophages, all of 
which can mediate damage.” Resolution of inflammation 
may lead to normal tissue or kidney scarring. In some syn- 
dromes, well-characterized antigens are involved, such as the 
a-3 chain of type IV collagen in Goodpasture’s syndrome, 
but in others their involvement is less clear?” There is evi- 
dence that environmental toxins and in particular organic 
solvents can increase the incidence of glomerulonephritis in 
Goodpasture’s syndrome.” This might be from damage to 
the basement membrane lining the lung, which has some 
antigenic epitopes similar to those of the glomerular base- 
ment membrane. The environment plays a critical role in 


determining whether anti-GBM antibodies cause lung 
injury, since pulmonary hemorrhage only occurs in current 
cigarette smokers.” 

The primary glomerulonephritides are classified mor- 
phologically according to histological analysis into subtypes 
with particular patterns of glomerular injury. There may be 
associated immune complex deposition (eg., diffuse, 
focal/segmental, mesangiocapillary, and crescentic). Repre- 
sentative drawings from biopsy specimens from some of 
these conditions are shown in Figure 45-14 to show how 
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Figure 45-14 Glomerular pathology in glomerular nephritis, 
showing immunohistological patterns of the different types of 
primary glomerulonephritis. (From Ponticelli C, Mihatsch Mj, 
Imbasciati E. Renal biopsy: performance and interpretation. In: 
Cameron JS, Davison AM, Grunfeld J-P, Kerr D, Ritz E, eds. Oxford 
textbook of clinical nephrology (vol. 1). Ist ed. Oxford: Oxford 
University Press, 1992:Chapter 1.7.2. Reproduced by permission of — 
Oxford University Press.) a ah ee 
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clearly biopsy findings can distinguish different pathological 
conditions. However, there may be overlap in presentation, 
treatment, and outcome. 

Glomerular diseases that are not amenable or that do not 
respond to treatment are chronic and often progressive. 
Glomerular disease eventually affects the blood supply 
of tubules and results in the loss of complete nephrons to 
produce advanced CKD and the uremic syndrome. In the 
United Kingdom, glomerulonephritis accounts for 13.6% of 
new patients to RRT in patients aged less than 65 years and 
6.1% in older patients.*” General measures to limit progres- 
sion of CKD have been identified earlier and include tight 
blood pressure control and use of ACE inhibitors and ARBs. 


IgA Nephropathy 

IgA nephropathy is the most common type of glomeru- 
lonephritis worldwide. The disease tends to be slowly 
progressive and in 20 years 30% to 40% of patients will 
develop ESRD depending, as with most kidney diseases, on 
the degree of proteinuria and GFR at time of diagnosis 
and degree of interstitial fibrosis on biopsy. Biopsy find- 
ings are pathognomonic with deposition of polymeric 
immunoglobulin A (IgA). Up to 50% of patients exhibit 
elevated concentrations of plasma IgA, although diagnosis 
depends on kidney biopsy findings. Current treatment 
strategies are unsatisfactory, but involve general measures to 
reduce proteinuria, and prednisolone in selected cases.” ™ 
Cytotoxic therapy can be considered for rapidly progressing 
or vasculitic IgA." 


Rapidly Progressive Glomerulonephritis 


RPGN is a heterogeneous group of disorders characterized 
by a fulminant clinical course that leads to kidney failure in 
only weeks or a few months. These syndromes are often 
characterized by focal necrotizing glomerulonephritis 
and extracapillary crescent formation within the parietal 
layer of Bowman’s capsules. Proliferating epithelial cells and 
macrophages eventually compress the glomeruli and 
obstruct the proximal convoluted tubules, thus severely 
compromising nephron function. The proliferation of 
epithelial cells and macrophages is in response to fibrinogen 
and fibrin polymers present in Bowman’s space. This is a 
nonspecific reaction to severe glomerular injury attended by 
leakage of fibrinogen, activated enzymes, and macrophages 
out of the capillaries into Bowman’s space. Crescents and 
deterioration in kidney function may develop rapidly. 
RPGN may be classified either as idiopathic kidney 
disease or as a disease secondary to other conditions, such as 
infectious diseases, multisystem diseases, and occasionally an 
adverse reaction to medication. Anti-GBM antibodies may 
be present along the glomerular basement membrane in 
anti-GBM disease. Most commonly, however, there is no 
immunoglobulin deposition within the glomerulus (pauci- 
immune). Approximately 80% of patients with active pauci- 
immune necrotizing and crescentic glomerulonephritis have 
been shown to possess antineutrophil cytoplasmic anti- 
bodies (ANCA), irrespective of the presence or absence of a 


concomitant systemic vasculitis. This strong association has 
allowed serological discrimination of this type of glomeru- 
lonephritis from other types of RPGN. Wegener’s granulo- 
matosis, microscopic polyangiitis, and Churg-Strauss 
syndrome are small vessel vasculitides characterized by an 
association with ANCA. 

ANCA were first reported in 1982 in patients with pauci- 
immune serological glomerulonephritis.* Three years later 
ANCA were detected by indirect immunofluorescence on 
normal human neutrophils in patients with active Wegener’s 
granulomatosis.” Since 1989, two subtypes of ANCA have 
been described: cytoplasmic (C-ANCA) and perinuclear 
{P-ANCA), reflecting the patterns observed by indirect 
immunofluorescence microscopy using alcohol-fixed 
neutrophils as a substrate.” C-ANCA are directed toward a 
plasma proteinase (PR3) in neutrophil primary granules and 
are associated with Wegener’s granulomatosis, whereas the 
P-ANCA target antigen is usually myeloperoxidase (MPO) 
and is associated with microscopic polyangiitis.°°" 
Enzyme-linked immunosorbent assays (ELISA) have been 
used to measure the anti-PR3 and anti-MPO antibody titers. 
Vasculitis or angiitis is an inflammatory reaction in the wall 
of any blood vessel and can have diverse clinical presenta- 
tions. The exact sequence of events that triggers perivascu- 
lar inflammation leading to injury is unclear, but ANCA have 
been identified that have at least diagnostic and prognostic 
usefulness. ANCA appear in the plasma of almost all patients 
with active and generalized disease. If unrecognized, these 
diseases can progress very rapidly to ESRD. However, effec- 
tive treatments are available including high dose steroids, 
cytotoxic therapy, and plasma exchange.” This form of 
kidney disease accounts for 15% of patients presenting to 
specialist nephrology units for RRT and is therefore an 
important disease category to be aware of since, if treatment 
is initiated early, independent kidney function can be 
restored, particularly if active lesions are seen on biopsy.’ 
In addition to the measurement of ANCA, C-reactive protein 
(CRP) may be used to monitor the acute phase reaction 
in active disease processes, together with tests for the 
general assessment of progressive kidney disease, including 
proteinuria.” 


Nephrotic Syndrome 


Gross changes in glomerular permeability characterize the 
nephrotic syndrome, The diagnostic criteria for establishing 
nephrotic syndrome are the presence of proteinuria (total 
protein >3 g/day or albumin >1.5 g/day), hypoalbuminemia, 
hypercholesterolemia, and finally edema. The edema was 
classically thought to be a consequence of the decreased 
intravascular oncotic pressure because of the loss of protein. 
However, expansion of the interstitial compartment is sec- 
ondary to an accumulation of sodium in the extracellular 
compartment with reduced urinary sodium output, along 
with alterations of fluid transfer across capillary walls. As 
shown in Figure 45-15, the proteinuria is a consequence of 
a reduction in the charge-selective properties of the filtra- 
tion barrier, particularly the basement membrane and alter- 
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Figure 45-15 Graphic example of glomerular changes in nephrotic syndrome. Scanning 


electron microscopic view of glomerular epithelial podocytes from a vehicle-treated rat (left) and 
a puromycin aminonucleoside (PAN)—treated (180mg/kg body wt) rat (right). Note the extensive 
loss of podocyte foot processes, which occurs in response to PAN-induced nephrotic syndrome. 
This illustrates the major cellular changes that can occur in nephrotic syndrome, GEC, 
glomerular epithelial cell. (From Ricardo SD, Bertram JF, Ryan GB: Antioxidants protect podocyte foot 
processes in puromycin aminonucleoside—treated rats. { Am Soc Nephrol 1994;4:1974-86.) 


ations in the slit diaphragms of interdigitating foot processes 
of adjacent podocytes {epithelial cells). Nephrotic syn- 
drome can result from a variety of causes, including minimal 
change nephropathy (most common in children); focal seg- 
mental glomerulosclerosis (FSGS), membranous nephropa- 
thy, which may be idiopathic or associated with carcinoma, 
drugs, or infection; SLE; and diabetic nephropathy. 
Nephrotic syndrome in children characteristically responds 
to steroids if associated with highly selective proteinuria 
(predominantly albuminuria). Following histological confir- 
mation of the underlying cause of the nephrotic syndrome 
therapy is targeted to reduce proteinuria and prevent pre- 
dictable complications, such as hypercholesterolemia and 
venous thrombosis. High dose steroids and second line 
therapy with cyclophosphamide and cyclosporine may be 
initiated for refractory disease. Repeated treatment courses 
are necessary in relapsing disease. 


Acute Nephritic Syndrome 

This disorder is characterized by the rapid onset of hema- 
turia, proteinuria, reduced GFR, and sodium and water 
retention, with resulting hypertension and localized periph- 


eral edema. Congestive heart failure and oliguria may also 
develop. Renal biopsy shows enlarged, inflamed glomeruli 
with narrowed capillary lumina. 

In a number of patients with the acute nephritic syn- 
drome, the pathological process is related to recent group A 
B-hemolytic streptococcal infection of the pharynx or, less 
commonly, the skin. Only certain strains of streptococci are 
capable of inducing acute nephritis. A latent period averag- 
ing about 2 weeks exists between the streptococcal infection 
and clinical evidence of nephritis; it is slightly longer for 
cutaneous than for pharyngeal-associated disease. Typical 
poststreptococcal glomerulonephritis is now rare in devel- 
oped countries. The initial presentation usually consists of 
oliguria, hematuria, hypertension, and facial and hand 
edema, with some evidence of vascular congestion. The pre- 
sentation may vary considerably from patient to patient. Per- 
cutaneous renal biopsy of patients with poststreptococcal 
glomerulonephritis reveals enlarged hypercellular glomeruli 
infiltrated by polymorphonuclear leukocytes and mono- 
cytes, usually within the mesangium or capillary lumina. 
Proliferation of mesangial and endothelial cells is also 
observed. Involvement of the kidneys is diffuse. Electron 
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microscopy reveals deposits, presumably immune com- 
plexes, on the epithelial side of the basement membrane. 
Glomerular injury with damage to the glomerular basement 
membrane leading to a reduction in GFR is thought 
to be caused by activation of the inflammatory response 
by immune complexes. Abnormal laboratory results are 
usually present early in the course of acute nephritis. Hema- 
turia, gross or microscopic, and proteinuria, usually less 
than 3 g/day, are almost always present. Red blood cell casts 
are highly suggestive of glomerulonephritis. These casts are 
commonly present in urine but are observed only if the spec- 
imen is fresh and acidic, centrifugation is light, and sediment 
(after decantation) is resuspended gently. Large numbers of 
hyaline and granular casts are also common; waxy casts 
suggest a chronic process and should raise the possibility of 
acute exacerbation of a preexisting disease. 

In patients suspected of having acute poststrepto- 
coccal glomerulonephritis, evidence of recent infection 
may be found in increased titers of antibodies to strepto- 
coccal extracellular products-antistreptolysin O (ASO), 
antihyaluronidase (AHase), and antideoxyribonuclease-B 
(ADNase-B}. Serial measurements that document rising 
antibody titers against streptococcal antigens are stronger 
evidence of recent infection than a single determination. 
Most patients have moderate reductions in total hemolytic 
complement activity (CH9) and in the C3 component of the 
complement cascade. Persistent and severe depression of 
C3 levels should suggest membranoproliferative glomeru- 
lonephritis, SLE, endocarditis, or other forms of sepsis. 
Although depressed. levels of complement imply disease 
activity, they are not useful for grading the severity or deter- 
mining the prognosis of the illness. 

Other causes of acute nephritis are reactions to drugs, 
acute infection of the kidneys, systemic diseases with 
immune complexes such as SLE, bacterial endocarditis, and 
finally disease in which the antigen is unknown but possibly 
related to antecedent viral infections. 

Primary glomerular diseases may recur following kidney 
transplantation and result in loss of the graft. An Australian 
study has confirmed a 10-year incidence of graft loss caused 
by recurrent glomerulonephritis as 8.4%.** Recurrence was 
the third most frequent cause of graft loss (chronic allograft 
nephropathy and death with a functioning graft were the 
most common). As compared with the average for all recip- 
ients with a primary diagnosis of glomerulonephritis, FSGS 
(11.8%) and mesangiocapillary glomerulonephritis type 1 
(10.2%) were most likely to recur and cause graft loss. In 
contrast, graft loss because of recurrent IgA and pauci- 
immune crescentic glomerulonephritis occurred in only 2% 
of patients at 10 years follow-up. 


INTERSTITIAL NEPHRITIS 

A variety of chemical, bacterial, and immunological injuries 
to the kidney cause either generalized or localized changes 
that primarily affect the tubulointerstitium rather than the 
glomerulus. This group of disorders is characterized by alter- 


ations in tubular function that, in advanced cases, may cause 
secondary vascular and glomerular damage. Interstitial 
nephritis, including chronic pyelonephritis, is the primary 
diagnosis, accounting for 3.8% of patients admitted onto 
dialysis programs in the United States.” In the United 
Kingdom the number is nearer 10%.” Pyelonephrritis is the 
term associated with a bacterial infection that causes this 
kind of damage and is the most common of the interstitial 
nephritides.“’ There are both acute and chronic types of 
pyelonephritis, with the acute type most commonly associ- 
ated with urinary tract infection. This can then develop into 
chronic pyelonephritis, usually as a result of a renal tract 
abnormality, such as abnormal urethral valves. Interstitial 
nephritis is also associated with proteinuria that is less severe 
than in glomerular disease. In addition to conventional 
pyelonephritis, interstitial nephritis may present in acute and 
chronic forms and has many causes. Acute interstitial 
nephritis presents with ARF and marked inflammation of 
the interstitium. Lymphocytes, polymorphonuclear cells, 
and eosinophils are prominent. The incidence is variable and 
depends on kidney biopsy practice. It may account for up to 
7% of cases of ARF when an intrinsic kidney disease is diag- 
nosed as opposed to purely toxic and/or ischemic acute 
tubular damage.*”” Higher values are likely in older people 
because of the increased incidence of drug reactions. A drug 
hypersensitivity reaction is the most common form of acute 
interstitial nephritis. Urinary findings may be normal or 
there may be low-level proteinuria and eosinophils can be 
seen on light microscopy. More than 100 different drugs have 
been implicated but NSAIDs and B-lactam antibiotics are 
the drugs most commonly identified."' Nephrotic syndrome 
may accompany an acute interstitial nephritis associated 
with NSAIDs. Treatment is directed at removing any 
causative agent. Steroids are used to promote early resolu- 
tion of clinical course although patients can develop chronic 
interstitial fibrosis.” 

Sarcoidosis is a multisystem disorder associated with 
chronic granulomatous interstitial nephritis. Biochemical 
abnormalities include hypercalcemia, hypercalciuria, and 
elevated serum ACE activity.” The condition may be effec- 
tively treated with steroids. 


POLYCYSTIC KIDNEY DISEASE 


Autosomal dominant polycystic kidney disease (ADPKD) is 
the second most common inherited monogenic disease 
(after familial hypercholesterolemia), with an estimated inci- 
dence of 1:1000. It is by far the most common inherited 
kidney disease.’ According to data from the United 
Kingdom Renal Registry Report (2002), ADPKD is respon- 
sible for almost 9% of new ESRD in patients aged less than 
65 years and 3.3% of incident patients over age 65. The 
prevalence of the disease ranges from 1 in 200 to 1 in 1000 
of the population, but many cases, possibly up to 50%, 
remain clinically undiagnosed during life. The disease causes 
the development of multiple kidney cysts and extrarenal 
cysts occurring in the liver and pancreas. About 10% of 
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ADPKD families have a strong family history of intracranial 
artery aneurysm rupture. Hypertension is an early and fre- 
quent manifestation, and gross hematuria is a common pre- 
senting symptom. 

Approximately 50% of ADPKD patients develop ESRD by 
age 55. An important clinical observation is the highly 
variable phenotype within families. The two major genes 
mutated in ADPKD, PKDI and PDK2, have been identi- 
fied." The most common mutation (found in 86% of 
cases) is the PKD1 mutation on chromosome 16, which 
codes for an abnormal form of the: protein polycystin 
(460 kDa), which has been shown to have a role in epithelial 
cell differentiation, regulation of cell adhesion, and apop- 
tosis. Other mutations include the PDK2 mutation on 
chromosome 4 (110kDa) and APKD3, for which the 
gene product and chromosomal location remain as yet 
unknown.’ PKD2 appears to be a more slowly progressing 
form of the disease.” The median age of onset of ESRD 
with PKD2 is 15 years later than PKD1. There is also a rare 
(incidence 1/20,000) autosomal recessive form of the disease 
that presents in childhood. 


TOXIC NEPHROPATHY 


A wide variety of nephrotoxins exist in the environment, 
many of which are associated with particular occupations. A 
variety of heavy metals, such as cadmium and lead, have long 
been known to be associated with kidney disease, often 
causing proximal tubular dysfunction and glomerular 
damage (see Chapter 35). A summary of the drugs and 
environmental toxins known to cause kidney damage is 
given in Table 45-11. Both glomerular and tubulointerstitial 
damage result from exposure to these toxins; detection of 
both requires biochemical monitoring of GFR and tubular 
and glomerular proteinuria. 


OBSTRUCTIVE UROPATHY 


Benign prostatic hypertrophy (BPH) is one of the most 
common types of obstructive uropathy and an almost uni- 
versal finding in aging men.”” For example, for men over 50 
years, the reported prevalence of BPH varies between 50% 
and 75%, but there is no close relationship between the 
degree of enlargement and the symptoms experienced.” 
Among the most common symptoms are disorders of mic- 
turition, in particular increased frequency, and in many cases 
this can progress to bladder outflow obstruction. Between 
10% and 40% of men with bladder outflow obstruction 
caused by BPH present in acute retention.”” Approximately 
5% of this group have high-pressure chronic retention of 
urine, which can result in upper urinary tract obstruction 
and consequently CKD as a result of glomerular and tubu- 
lar damage. Although medical treatments are available to 
decrease the rate of enlargement of the prostate, resection 
of the enlarged gland remains the most common surgical 
procedure performed on men. Urinary retention can be a 
chronic disorder with acute exacerbations requiring bladder 
decompression by catheterization. If the obstruction is not 


removed by operation, progressive kidney injury can occur 
as a result of backpressure along the urinary tract. It is 
important to identify those patients at risk of developing 
CKD, because failure to remove their enlarged gland can 
cause ESRD, Obstruction can also occur because of kidney 
stones, which can cause bilateral or unilateral damage. In 
children severe kidney damage can be caused by vesico- 
ureteric reflux. One of the main complications of reflux, 
whether caused by obstruction or by an inherited defect, is 
the increased incidence of urinary tract infection. When the 
obstruction is relieved the kidney often regains some inde- 
pendent function. There is a tendency to slower progression 
to ESRD in obstructive uropathy compared with other 
kidney diseases. 


TUBULAR DISEASES 


Types of tubular disease discussed in this section include 
renal tubular acidoses and inherited tubulopathies. 


Renal Tubular Acidoses 


The renal tubular acidoses (RTAs) comprise a diverse group 
of both inherited and acquired disorders affecting either 
the proximal or distal tubule. They are characterized by a 
hyperchloremic, normal anion gap; metabolic acidosis; and 
urinary bicarbonate or hydrogen ion excretion inappropri- 
ate for the plasma pH. They are the result of either failure to 
retain bicarbonate or inability of the renal tubules to secrete 
hydrogen ion. Typically the GFRs in RTAs are normal, or 
slightly reduced, and there is no retention of anions, such as 
phosphate and sulfate (as opposed to the acidosis of renal 
failure). Before attempting to understand the pathology of 
these conditions, the reader should ensure a good compre- 
hension of normal renal acid-base (and ammonia) regula- 
tion (see Chapter 46). 


Classification 

The classification of the RTAs is based upon the biochemi- 
cal expression and region of defect rather than an under- 
standing of the exact molecular defect. The three categories 
of RTA are distal (dRTA, type I); proximal (pRTA, type ID; 
and type IV, which is secondary to aldosterone deficiency or 
resistance. The term “type IH RTA” (mixed proximal/distal 
defect) has been abandoned as it is no longer considered a 
separate entity.'°4 

Distal RTA (Type 1). Type I dRTA occurs most often in 
infants (sometimes transiently) or young children, but it may 
also be encountered in adults, where it is more common than 
pRTA. Clinical features generally include a metabolic aci- 
dosis, muscle weakness, nephrocalcinosis, and urolithiasis. 
The defect is an inability to secrete hydrogen ions in the distal 
tubule in the presence of a systemic acidosis. Several subtypes 
may be seen: urinary pH >5.5 is a common feature.” 

Classic (Hypokalemic, Secretory) dRTA. The molecular 
basis is not known, but may include defects in the H*-ATPase 
or H*, K’-ATPase transporters. ARTA may occur in associa- 
tion with a wide range of conditions, including (1) an 
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TABLE 45-11 Drug: and Environmental Toxins Associated With the Development of Nephropathy 


Drug Toxic Action 


ACE inhibitors 


Drastic drop in GER in patients with bilateral renal artery stenosis 

High-dose captopril can cause proteinuria 

Drastic drop in GFR in patients with. circulatory insufficiency (e.g., cardiac failure) 
Hypovolemia; can also cause acute and chronic interstitial nephritis 


NSAIDs/COX-2 inhibitors 


Antirheumatoid drugs 
Calcineurin inhibitors... 
(cyclosporine .and.tacrolimus) 
Gold. salts 
Mercury compounds 
D-penicillamine 


Vasoconstriction, glomerular: yasculopathy, and interstitial fibrosis 


Membranous-type picture with nephrotic syndrome (mechanism. unknown) 
Membranous-type picture with nephrotic:syndrome (mechanism unknown) 
Membranous-type picture with nephrotic syndrome.(mechanism unknown) 


Antitumor drugs 


Mitomycin Hemolytic-uremic syndrome 
Cisplatin Acute ‘tubular necrosis: 
Methotrexate Intraluminal precipitation and acute.tubular necrosis 
Antibiotics/antifungals 
Aminoglycosides Acute tubular necrosis and interstitial nephritis” 
Cephalosporins Interstitial nephritis 
~Penicillin.G , Interstitial nephritis 
we Ampicillin.: <- Interstitial. nephritis a 
Aao ae Interstitial nephritis pant 
enim 5 D N A 
Lithium A Distal auar ee with, nephrogenic diabetes insipidus 
Allopurinol : oe Interstitial nephritis ae ea ee a 
Environmental toxins one 
Mercury. os ‘alaeo aa 
i Comum. o eaaa o l h, Chronic interstitial nephritis... meet 
Lead » See a Hypertension and tubulointerstitial ADS - 
: Chromium Pt Increased tubular proteins and. enzymuria 
z Vanadium Increased tubular, proteins and enzymuria ;. 
“Nickel Increased tubular proteins and enzymuria 
Solvents: dry cleaning/paints Glomerulonephritis -` 
Paraquat Free radical generator: acute tubular aia 


ACE, Angiotensin converting enzyme; NSAIDs, nonsteroidal antiinflammatory drugs. 


autosomal dominant condition (more common in females); 
(2) a sporadic, nonfamilial disease; (3) other genetic dis- 
orders (e.g, Wilson’s disease); (4) dysproteinernias (e.g., 
hypergammaglobulinemia, cryoglobulinemia, amyloidosis); 
(5) disorders of calcium metabolism (e.g., primary hyper- 
parathyroidism); and (6) a range of autoimmune disorders 
(e.g., SLE, Sjégren’s syndrome, primary biliary cirrhosis, thy- 
roiditis). The pathogenesis of nephrocalcinosis and urolithi- 
asis may be the result of decreased urinary citrate excretion 
secondary to cellular acidosis. 

Back-Leak dRTA. Although the kidney tubule retains 
the ability to secrete hydrogen ions, the gradient is not 
maintained because of back diffusion. Typically, this 
occurs in association with specific drug treatments (e.g. 
amphotericin B). 

Voltage-Dependent (Hyperkalemic) dRTA. This is due to 
failure to maintain an intraluminal negative potential and 


thus promote hydrogen (and potassium) ion secretion. This 
may be seen with urinary tract obstruction, sickle cell 
disease, and treatment with amiloride or triamterene. This 
condition has many features in common with type IV RTA 
(see discussion later in this chapter). It is frequently associ- 
ated with mild to moderate CKD, and hyperkalemia is 
caused in part by the decreased GER in addition to decreased 
potassium excretion relative to the filtered load. In contrast 
to classic dRTA, potassium excretion cannot be increased 
in response to sodium sulfate (Na,SO,) administration, 
suggesting an isolated defect in hydrogen ion secretion. 
However, because hydrogen ion secretion is dependent on 
sodium reabsorption in the distal tubules, the primary defect 
could also be an impairment of distal tubular sodium 
reabsorption, 

Incomplete dRTA. This is a less severe, normokalemic 
form, which may represent an early stage of overt dRTA, 
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Some patients acidify urine at a submaximal rate, but at a 
rate that is generally sufficient to maintain acid-base balance. 
Potassium wasting, hypokalemia, and hyperchloremia are 
generally not present. However, when patients are stressed 
or are given an acid load, their ability to excrete acid and 
to lower urine pH is suboptimal and urinary pH may 
exceed 5.5, 

Proximal RTA (Type ii). In pRTA the primary defect is 
failure of proximal tubular bicarbonate reabsorption. This 
may occur as an isolated defect (primary or sporadic type II 
pRTA) that occurs chiefly in infant males and is commonly 
associated with growth retardation, or that produces a 
general Fanconi syndrome. Acquired diseases that may also 
produce a Fanconi syndrome and pRTA include multiple 
myeloma, Sjégren’s syndrome, amyloidosis, heavy metal 
poisoning, and renal transplant rejection. Drugs that act 
as carbonic anhydrase inhibitors (e.g., acetazolamide and 
topiramate) have also produced a pRTA condition. (Note 
that several of these disorders and agents also cause dRTA.) 
In pRTA the threshold for bicarbonate reclamation is 
lowered (from a plasma concentration of 22mmol/L to 
15mmol/L).* Once plasma bicarbonate falls below this 
threshold, filtered bicarbonate is reclaimed, and urinary pH 
will generally be <5.5. In pRTA, contrary to dRTA, nephro- 
calcinosis and nephrolithiasis are rarely observed but meta- 
bolic bone disease is common. Other features of the Fanconi 
syndrome (e.g., glycosuria, aminoaciduria, hypophos- 
phatemia, and hypouricemia) are commonly present. 

Selective Aldosterone Deficiency (Type IV RTA). In 
type IV RTA, there is failure of distal potassium and hydro- 
gen ion secretion because of aldosterone deficiency or resis- 
tance. This may occur because of a range of steroid or steroid 
receptor synthetic defects or because of hyporeninemic 
hypoaldosteronism (e.g., due to diabetic nephropathy, tubu- 
lointerstitial disease, urinary obstruction, renal transplanta- 
tion, or SLE), Hyperkalemia, although mild, is a usual 
manifestation. 


Diagnosis of RTA 

The finding of a hyperchloremic metabolic acidosis in 
a patient without evidence of gastrointestinal bicarbonate 
losses and with no obvious pharmacological cause should 
prompt suspicion of an RTA. The presence of suggestive clin- 
ical (e.g., nephrocalcinosis in dRTA) or biochemical (e.g., 
hypophosphatemia and hypouricemia as a result of proxi- 
mal tubular wasting in pRTA) features should also be 
considered. 

In addition to plasma electrolyte (including potassium) 
measurement, preliminary investigation should include 
measurement of urinary pH in a fresh, early morning urine 
sample. The finding of a urine pH > 5.5 in the presence of a 
systemic acidosis supports the diagnosis of dRTA, although 
it is not specific and will also be seen in types II and IV RTAs. 
If appropriate urinary acidification cannot be demonstrated, 
further investigation may involve assessing the kidneys’ 
ability to excrete an acid load (ammonium chloride load 


test) and reabsorb filtered bicarbonate (fractional bicarbon- 
ate excretion), Further details of the conduct and interpre- 
tation of these tests may be found in the 1999 review by 
Penney and Oleesky.*™ 


Treatment of RTA 


Treatment of the RTAs is aimed at (1) correcting the bio- 
chemical disturbance and, where possible, underlying disor- 
der, (2) improving growth in children, and (3) avoiding the 
development and progression of CKD. In both type I and II 
RTAs, bicarbonate is administered to correct the metabolic 
acidosis. Fludrocortisone and loop diuretics may be used to 
treat type IV RTA. 


Inherited Tubulopathies 


The inherited tubulopathies comprise a heterogeneous set of 
disorders often characterized by electrolyte disturbances. 
Most are eponymous and have been described clinically 
for many years. However, increased understanding of the 
molecular biology of tubular ion channel and transport 
pumps has now delineated the mechanism of disease in 
many of these disorders. In addition to electrolyte distur- 
bances (particularly of potassium), general reasons to 
suspect a tubulopathy include a familial disease pattern, 
renal impairment, nephrocalcinosis, and stone formation, 
especially if these should present at an early age. In cases in 
which a diuretic-sensitive channel is affected, these disorders 
will clearly mimic the effects of diuretic use (see discussion 
later in this chapter) and exclusion of covert use of diuretics 
is important. Although individually uncommon or rare, an 
awareness of these disorders is critical for the clinical bio- 
chemist when considering the potential differential diag- 
noses in patients presenting with electrolyte imbalances. 
A brief description of these disorders follows; for more 
detailed information the reader is referred to the citation list, 
including several reviews of this subject.” This section 
should be considered in conjunction with the aforegoing 
description of tubular electrolyte handling (see “Electrolyte 
Homeostasis”). 


Bartter’s Syndrome 
This is a group of autosomal recessive disorders character- 
ized by (1) renal salt wasting, (2) polyuria, (3) polydipsia, 
(4) impaired urinary concentrating ability, (5) a hyper- 
reninemic, hypokalemic metabolic alkalosis, and (6) a mild 
hypomagnesemia in some patients. Biochemically the effects 
resemble those of loop diuretic use, but clinically the phe- 
notype is highly variable. This arises because of the fact that 
the syndrome encompasses defects of three different trans- 
porters/channels in the loop of Henle. The biochemical 
effects are predictable from knowledge of the function of 
these transporters and channels (see Figure 45-7). 
Mutations in the genes encoding for NKCC2 (type I) or 
ROMK1 (type II) are associated with the more severe 
phenotype, including polyhydramnios, premature birth, 
life-threatening salt wasting in the perinatal period, and 
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hypercalciuria. Patients with ROMK1 defects tend to have 
less severe hypokalemia. 

The milder (“classic,” type MI) Bartter’s syndrome is due 
to defects in the basolateral pump CLC-Kb. Although the 
phenotype is extremely variable (neonatal, life-threatening 
presentations do occur), these patients typically present in 
the first year of life with weakness and hypovolemia and 
norma) urinary calcium excretion. Nephrocalcinosis and 
kidney stone formation are not normally features. 


Gitelman’s Syndrome 


This autosomal recessive disorder is also characterized by a 
hypokalemic, hyperreninemic, hypomagnesemic, metabolic 
alkalosis but presentation is generally much later in life than 
in Bartter’s syndrome and hypocalciuria is typical. Clinical 
features include reduced blood pressure, weakness, pares- 
thesia, tetany, fatigue, and salt craving.” The urinary 
calcium:creatinine excretion ratio can be useful in distin- 
guishing between Gitelman’s and Bartter’s syndromes. The 
molecular defect is in the thiazide-sensitive NCCT trans- 
porter and the biochemistry can therefore mimic the effects 
of thiazide use (see Figure 45-7). 


Liddle’s Syndrome 


This autosomal dominant disorder is also characterized by 
a hypokalemic, bypomagnesemic metabolic alkalosis but, 
in contrast to Bartter’s and Gitelman’s syndromes, there is 
hypertension and hyperreninism. The disease is due to acti- 
vating mutations, which increase sodium transport through 
the ENaC channel with consequent enhanced kaliuresis (see 
Figure 45-8). 


Psendohypoaldosteronism Type I 


This condition presents in infancy with salt wasting, 
hypotension, hyperkalemia, and significant hypereninism 
and aldosteronism. Two different molecular mechanisms 
are causative. Type Ja (autosomal recessive) is caused by 
inactivating mutations of the ENaC gene, while type Ib 
(autosomal dominant) is caused by mutations in the 
mineralocorticoid gene. In both cases, sodium loss in the 
collecting duct is increased with consequent retention of 
potassium. 


Dents Disease 


Dent’s disease is an X-linked condition characterized by 
hypercalciuria and kidney stone formation, low molecular 
weight proteinuria, aminoaciduria, hypophosphatemia, and 
rickets.“ The disease arises from single-base change muta- 
tions, of which approximately 60 have been described, in 
the gene coding for the tubular chloride channel CLC-5. 
The exact relationship between the loss of function of 
this protein and the resulting Fanconi syndrome remains 
unclear.’ Although X-linked, a mild form of the disease can 
be seen in females because of lyonization. The related syn- 
dromes (1) X-linked recessive nephrolithiasis, (2) X-linked 
recessive hypophosphatemic rickets, and (3) Japanese idio- 


pathic low molecular weight proteinuria are also all related 
to defects in CLC-5.4 


Phosphate Disorders 


Several disorders of tubular phosphate handling have been 
described. The best known of these is X-linked dominant 
hypophosphatemic rickets (previously known as vitamin 
D-resistant rickets). This disorder arises because of a defect 
in the PHEX gene. A defect of the sodium-dependent/ 
phosphate co-transporter has also been described, giving 
rise to autosomal recessive hereditary hypophosphatemic 
rickets with hypercalciuria. The molecular biology of these 
and other renal phosphate transport disorders has been 
reviewed," 

Other tubulopathies beyond the scope of this textbook 
include (1) hypomagnesemic hypercalciuric nephrocalci- 
nosis (“congenital magnesium losing kidney”), (2) Gordon’s 
syndrome (pseudohypoaldosteronisim type II), (3) Lowe’s 
syndrome (aculocerebral dystrophy), and (4) a series of dis- 
orders of the Ca-SR271471°74 


Diuretics 


Diuretics are among the most widely prescribed drugs. They 
are predominantly used to treat either hypertension and/or 
disorders associated with fluid overload. All diuretics act 
by interfering with tubular reabsorption of sodium and/or 
chloride and therefore have accompanying effects on water 
retention. Diuretics are taken up by tubular cells across the 
basolateral membrane by specific anion- (e.g., furosemide 
and thiazides) or cation- (e.g., amiloride and triamterene) 
exchangers and then secreted into the lumen by a process 
that has not been fully elucidated.’ Different classes of 
diuretics act at different sites along the nephron. A basic 
understanding of these processes is helpful in understand- 
ing both the potency of different diuretic classes and their 
importance in the investigation of electrolyte’ disorders, 
im particular hypokalemia. Many diuretics will cause 
hypokalemia to some degree, depending on the potency, 
dose, duration of treatment, and the patient’s underlying 
potassium balance. 


Loop Diuretics 

Loop diuretics act largely by blocking sodium and chloride 
reabsorption in the ascending limb of the loop of Henle. 
Since this is a site at which 30% of sodium reabsorption nor- 
mally occurs, these are considered potent diuretics. Loop 
diuretics specifically inhibit NKCC2, and therefore also have 
an effect on potassium handling in the ascending limb. Con- 
sequent changes in transepithelial potential result in a direct 
kaliuretic effect in this region,” causing a hypercalciuria 
(see Figure 45-7). Loop diuretics also paralyze the macula 
densa segment, stimulating renin secretion and subsequent 
aldosterone release, further exacerbating the kalturesis. Most 
significantly, blockage of loop sodium reabsorption results 
in enhanced delivery to the distal tubule, where sodium is 
reabsorbed in exchange for potassium secretion.’ The affin- 
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ity of loop diuretics for NKCC2 is bumetanide = torasemide 
> piretanide > furosemide = azosemide.'”° 


Thiazide Diuretics 


The benzothiadiazine group of compounds inhibit NCCT in 
the distal tubule. Since only 5% to 10% of sodium reab- 
sorption occurs at this site, they are less potent than the loop 
diuretics but hypokalemia is still common as a result of 
increased sodium delivery to the collecting duct. Thiazide 
diuretics also have secondary effects resulting in increased 
calcium reabsorption.* 
“Potassium-Sparing” Diuretics 

These diuretics act by reducing sodium reabsorption in the 
collecting duct, and hence increasing potassium retention. 
Spironolactone acts as a competitive antagonist of aldos- 
terone, blocking its stimulatory effects on sodium reabsorp- 
tion via the mineralocorticoid receptor. Amiloride and 
triamterene both inhibit ENaC. The danger of this group of 
diuretics is that they can induce hyperkalemia, which is 
particularly likely to occur in patients with kidney disease. 


DIABETES INSIPIDUS 


Primary functions of the kidney include the conservation of 
water and production of a concentrated urine. A range of 
conditions are associated with disturbances of the renal con- 
centrating mechanism, resulting in polyuria and an inability 
to produce hypertonic urine. General conditions giving rise 
to this picture include hypercalcemia, hypokalemia, and 
CKD. Specifically, diabetes insipidus (DI) is due to the 
absence of an ADH effect, either because of impaired or 
failed secretion (cranial or central DI) or lack of end-organ 
response to ADH (nephrogenic Di). A further disorder, psy- 
chogenic polydipsia or compulsive water drinking, can also 
present as diabetes insipidus. These individuals may fail to 
concentrate urine even in response to fluid restriction or 
synthetic ADH as a result of medullary “washout”; sustained 
fluid ingestion destroys the hyperosmolality of the medulla, 
which may take some time to recover. The differentiation 
and pathology of these three conditions are discussed in 
Chapter 50. It should be noted that a vast diuresis can also 
he induced by consuming excessive fluid volumes (e.g., heavy 
beer drinkers). 

Congenital nephrogenic diabetes insipidus is associ- 
ated with defects that have now been characterized at the 
molecular level.” Most (>90%) congenital nephrogenic DI 
patients have mutations in the AVPR2 gene, which codes for 
the ADH V, receptor. This results in a rise to an X-linked 
form of DI, with an estimated prevalence of 4 per 1 million 
males.” In <10% of cases, there is an autosomal recessive 
inheritance pattern caused by mutations in the AQP2 gene. 
It has been suggested that measurement of the urinary 
excretion of AQP may be useful diagnostically.“ Acquired 
forms of DI are more common than congenital forms. 
Downregulation of AQP2 has been observed in a variety 
of acquired forms of DI, including lithium treatment, 


hypokalemia, hypercalcemia, ureteric obstruction, and in 
animal models, chronic kidney failure.” 


RENAL CALCULI 


Nephrolithiasis is the diseased condition associated with the 
presence of renal calculi. Renal calculi, commonly termed 
kidney stones, occur in the renal pelvis, the ureter, 
or the bladder. In developed countries, bladder stones are 
now uncommon, as the causative factors of malnutrition 
and infection have been eliminated.*® Calcification can also 
occur scattered throughout the parenchyma (nephrocalci- 
nosis). Kidney stone formation is often considered to be a 
nutritional or environmental disease, linked to affluence, but 
genetic or anatomical abnormalities are also significant. 
Approximately 5% to 10% of the population of the western 
world are thought to have formed at least one kidney stone 
by the age of 70 years'**’® and the prevalence of kidney 
stones may be increasing.*” In both males and females, the 
average age of first stone formation is decreasing (Robertson 
WG, personal communication). For most stone types, there 
is a male preponderance. The passage of a stone is associated 
with severe pain called renal colic, which may last for 15 
minutes to several hours and is commonly associated with 
nausea and vomiting.“ There is some evidence that stone 
formation contributes to the development of CKD.’” 


Background 


Chemically, urine contains many mineral salts that are 
present in concentrations that approach their solubility 
products, and the solutions are metastable. Anyone who 
has seen a urine sample before and after refrigeration has 
witnessed the consequences of this in the massive crystal 
deposits that form on cooling. Crystals can form sponta- 
neously if the salt concentrations are high enough, or alter- 
natively, preformed nuclei can provoke their formation. 
Human urine contains a number of promoters of stone for- 
mation and a variety of inhibitors, the concentrations of 
which can be influenced by dietary and metabolic factors 
(Figure 45-16), 

Initial diagnosis and investigation of stones require radio- 
logical investigations to explore the degree of intrarenal cal- 
cification and papillary damage. Plain x-rays are undertaken 
at initial presentation, although it should be noted that urate 
and other purine stones and some cystine stones are 
radiolucent. An intravenous urogram or spiral computed 
tomography scan may be performed to establish the pres- 
ence and extent of urinary tract obstruction, intrarenal 
reflux, and ureteric dilation. Further investigation of the 
patient with kidney stones or suspected of being a stone 
former involves analysis of blood, urine, and the stone itself, 
should one be obtained,” 

Small stones (<5mm in diameter) pass spontaneously 
in the urine as “gravel.** Although surgical treatment to 
remove large staghorn calculi may still be necessary, the most 
common form of treatment is ultrasonic extracorporeal 
shock wave lithotripsy (ESWL),** which can be applied to 
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Excess excretion of stone componeni(s) 


| Supersaturated solution of salt 


Physical promoters (e.g. 
obstruction, stasis) 


Predisposing factors (e.g. 
female, metabolic 
disorders, hot climate, 


protein-rich diet, 
immobilization, 
occupation) 


Precipitation and 
nidus formation 


| Stone growth 


stones between 5mm and 2cm in diameter, Although this 
allows noninvasive destruction of stones, the long-term 
sequelae of exposing the kidney to high-intensity sound 
waves have not been fully established.'” Additionally, evi- 
dence is mounting that ESWL may be associated with higher 
recurrence rates than invasive treatment.“ Percutaneous 
nephrolithotomy may be required if ESWL fails and also in 
the removal of cystine stones. 

Following treatment and successful removal of a stone, 
follow-up monitoring is required, as many patients will have 
recurrent disease: in the absence of medical treatment the 
recurrence rate may be as high as 50% at 10 years.’ The 
mechanisms responsible for the multiple recurrences of 
kidney stones in only certain individuals are not completely 
understood. Factors involved include (1) urine flow (fluid 
intake); (2) excretion of excess quantities of stone compo- 
nents; (3) the relative absence of a substance, or substances, 
in the urine that inhibit stone formation; and (4) urinary pH 
(see Figure 45-16). The predominant risk factor is poor 
hydration, a concentrated urine increasing the concentra- 
tions of the mineral salts further, predisposing to crystal- 
lization. This at least partially explains the increased 
incidence of kidney stone disease in hot climates, for 
example, in the Gulf states. 


Chemical promoters 
{e.g. calcium, urate, 
oxalate, sodium) 


Chemical inhibitors 
(e.g. magnesium, 
citrate, Tamm— 
Horsfall glycoprotein, 
mucopolysaccharides) 


Figure 45-16 Diagrammatic 
representation of the interplay of factors 
involved in kidney stone formation. High 
or low pH may act as a promoter or 
inhibitor of stone formation depending on 
the stone type in question (e.g., calcium 
stone formation is favored by inadequate 
acidification while urate is less soluble in 
acidic urine). Controversy exists as to 
whether formed stones become trapped 
as they pass through the nephron (“free 
particle theory”) or whether stone 
formation occurs at damaged sites on the 
tubule wall (“fixed particle theory”). 


Kidney Stone Analysis 

The majority of kidney stones found in the western world 
are composed of one or more of the following substances: 
(1) calcium oxalate with or without phosphate (frequency 
67%), magnesium ammonium phosphate (12%); (2) 
calcium phosphate (8%); (3) urate (8%); (4) cystine (1% to 
2%); and (5) complex mixtures of the above (2% to 3%).°® 
These poorly soluble substances crystallize within an organic 
matrix, the nature of which is not well understood. 

When available, analysis of the chemical constituents 
of stones may be useful in establishing the etiology and in 
planning rational therapy. It complements and guides meta- 
bolic investigation of the patients and may be particularly 
useful in identifying rare stone types (e.g, xanthine and 
dihydroxyadenine), artefacts (e.g., Munchausen syndrome), 
or drugs precipitating in the urinary tract, such as triamter- 
ene?” and indinavir.” Conversely, it has been argued that 
stone analysis is not useful clinically,’” since the stone mater- 
ial passed often does not represent the initial metabolic 
derangement. This is due to the phenomenon known as 
epitaxy, whereby nonspecific stone material, typically arising 
as a result of urinary tract infection (e.g, struvite), may 
accumulate on a preexisting “metabolic” nidus, the latter of 
which may not be detected during stone analysis. Clearly, for 
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stone analysis to be useful it must be accurate. A variety of 
techniques have been used over the years. Traditionally, 
stones were crushed, solubilized, and the resulting solution 
analyzed (at several dilutions when appropriate) using con- 
ventional qualitative or semiquantitative chemical methods. 
Such techniques require relatively large amounts of stone, 
may miss rare and artefactual material, and analytically often 
perform poorly.” More sophisticated approaches including 
thermogravimetric analysis,” x-ray diffraction crystallogra- 
phy, and particularly, infrared spectroscopy are pre- 
ferred.” A detailed description of the infrared method is 
beyond the scope of this chapter; the reader is referred to 
descriptions in the scientific literature,” 


Metabolic Investigation of Kidney Stone Formers 


Ensuring adequate fluid intake remains the cornerstone of 
management of stone disease. However, specific manage- 
ment of disease depending on the metabolic abnormality 
present is also important and a treatment rationale is emerg- 
ing. There have been several misconceptions about the role 
of diet in stone formation and optimal treatment may, at 
first, appear counter-intuitive; some of these paradoxes are 
discussed below. 

Further investigation of stone formers may be guided 
by knowledge of the type of stone formed. However, the 
increasing use of lithotripsy means that there is often no 
stone material available for analysis. Consequently a man- 
agement strategy focusing on the cause of stone formation 
and based upon knowledge of blood and urinary composi- 
tion is useful. Although historically, metabolic investigations 
have often been targeted at recurrent stone formers only,” 
the increasing availability of simple assays for chemical risk 
factors and the health-economic burden of renal colic 
suggest that they are likely to become more widespread. +6? 
However, in some instances, it is not possible to demonstrate 
a biochemical abnormality in stone-forming individuals 
beyond a persistently small urine volume. 

A variety of metabolic screening strategies have been 
proposed in stone-forming patients.* The chosen strategy 
should balance convenience for the patient and the labora- 
tory against ability to intervene therapeutically. For example, 
although Tamm-Horsfall glycoprotein is known to inhibit 
stone formation, in the absence of a specific treatment, there 
is little merit in quantitating it. A reasonable approach would 
probably include measurement of plasma sodium, potas- 
sium, chloride, bicarbonate, creatinine, calcium, phosphate, 
and urate together with 24-hour urinary volume, pH, 
calcium, magnesium, phosphate, oxalate, urate, creatinine, 
sodium, citrate, microbiology (to exclude infection), and 
cystine (screening test). Some investigators have proposed 
complex “supersaturation indices” that combine the 
information obtained from these studies in a numerical 
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index.*!**4? Metabolic evaluation should be undertaken at 
least 6 weeks after the episode of renal colic and should 
ideally be done on several occasions.’ It is most informa- 
tive when undertaken on an outpatient basis with patients 
pursuing their normal diet and lifestyle. Urinary pH and 
cystine should be measured on a fresh, early morning urine 
sample. A brief description of the role and measurement of 
these risk factors is given below, focusing predominantly on 
the investigation of calcium stone formers. 


Calcium 


The majority of stones formed in the western world are com- 
posed of calcium, most commonly in association with 
oxalate although calcium phosphate and urate may also be 
present, either alone or in combination with calcium oxalate. 
As a consequence urinary calcium measurement has been 
the central investigation. However, the significant role of 
oxalate is increasingly appreciated and this has resulted in 
changes to the optimal management of hypercalciuria. As a 
rough guide, calcium oxalate stones tend to suggest hyper- 
oxaluria as the main cause while calcium phosphate stones 
implicate hypercalciuria and/or failure to adequately acidify 
urine.® A strict definition of hypercalciuria is difficult as 
there is significant overlap between stone-forming and non- 
stone forming individuals but a cutoff of 0.1 mmol/kg body 
weight (4mg/kg) is useful.“ Excretion in excess of this is the 
most common metabolic abnormality seen in calcium stone 
formers, being observed in up to 50% of patients. 

Traditionally, some investigation strategies focused on 
whether patients demonstrated hypercalciuria while fasting 
(“renal hypercaiciuria”) or in response to a calcium load 
(“absorptive hypercalciuria”).*” This classification was used 
as the basis of a treatment strategy in patients with absorptive 
hypercalciuria who have abnormally high intestinal calcium 
absorption compared with nonstone formers (possibly 
because of a relative increase in 1,25{OH),D, concentrations 
and/or changes in intestinal vitamin D receptor activity). 
Treatment in these patients focused on dietary modification 
of calcium intake. Patients with renal hypercalciuria are now 
thought not to have a renal transport defect but to have 
increased turnover of skeletal calcium, although the manage- 
ment of such patients may involve pharmacological modifi- 
cation of renal calcium handling (e.g., thiazide diuretics).*” 

However, convincing evidence questions the usefulness of 
this classification and these therapeutic approaches. Dietary 
restriction of calcium is now generally regarded as ineffec- 
tive, and actually counterproductive, as it results in an 
increase in intestinal oxalate absorption and increased risk 
of stone formation.” Further, patients with hypercalciuria 
are known to have reduced bone mineral density, and dietary 
calcium restriction may exacerbate a tendency to osteopenia 
and/or osteoporosis.” 

A more useful approach is to classify hypercalciuric 
patients into either hypercalcemic or nonhypercalcemic 
causes, The former is most commonly due to primary hyper- 
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parathyroidism, which is seen in approximately 5% of stone 
formers. Treatment involves neck exploration and removal 
of the adenoma, although the risk of a stone recurring 
remains high for several years after parathyroidectomy.”™ 
Nonhypercalcemic causes of hypercalciuria constitute the 
majority of patients and are generally classified as idiopathic 
(although causes such as RTA, high sodium intake, and pro- 
longed immobilization should be excluded). In addition to 
increasing fluid consumption, idiopathic hypercalciuric 
patients appear to benefit from a diet that is low in animal 
protein and sodium.” Animal protein consumption 
increases the production of metabolic acids, increasing 
urinary calcium excretion and decreasing urinary citrate 
(see discussion later in this chapter).™ It also increases uric 
acid excretion. High sodium excretion as a result of 
high consumption inhibits tubular reabsorption of calcium, 
with a consequent increase in risk of calcium stone for- 
mation. Sodium is easily and cheaply measured in urine 
and represents a modifiable risk factor. Other therapeutic 
maneuvers that may be useful include the use of thiazide 
diuretics or alkaline citrate, reducing oxalate, and increasing 
fiber intake.” Some of these factors are discussed in more 
detail below. 


Magnesium 


With calcium stone disease, magnesium is an inhibitor of 
stone growth. Magnesium forms complexes with oxalate that 
are more soluble than calcium oxalate. Increased urinary 
magnesium therefore inhibits stone formation.” Adminis- 
tration of magnesium has been shown to reduce enteral 
calcium absorption and has been proposed as a treatment 
for idiopathic hypercalciuric stone formers.” However, oral 
magnesium supplementation may have unpleasant side 
effects and a positive benefit in terms of reducing stone 
recurrence has not been demonstrated,*” 


Urate 


Some investigators believe that urate may potentiate calcium 
stone formation, although this perception is not universally 
accepted. However, hyperuricosuria is common in calcium 
stone-forming patients, and treatment with allopurinol, 
thereby decreasing urate synthesis, reduces the rate of stone 
recurrence, Allopurinol treatment is therefore recom- 
mended for hyperuricosuric patients with calcium stone 
disease.“* The formation and management of pure urate 
stones are discussed in Chapter 24. 


Oxalate 


Oxalate is an end product of metabolism, predominantly 
derived from breakdown of glyoxylate and glycine. Plasma 
concentration of oxalate is 1.0 to 2.4mg/L (11 to 27 pmol/L) 
and it is excreted in the urine at a rate of 17.5 to 35.1 mg/24 
hours (200 to 400 umol/24 hours). Only 10% to 15% of 
urinary oxalate is derived directly from dietary sources.*” 
Intestinal oxalate absorption is increased when the availabil- 
ity of calcium in the intestine is reduced. Hyperoxaluria is 


a powerful promoter of calcium oxalate stone formation; 
indeed, it is more significant in this respect than calcium 
itself.” Hyperoxaluria may occur as a result of excessive 
dietary intake, because of malabsorption and/or steatorrhea 
(enteric hyperoxaluria) or because of an inborn error of 
metabolism (primary hyperoxaluria). 

Enteric hyperoxaluria commonly occurs in association 
with inflammatory bowel diseases and may contribute to an 
increased incidence of stone formation in such patients.*” 
Fat malabsorption contributes to the formation of calcium 
soaps, increasing the enteric concentration of unbound 
oxalate that is absorbed through the damaged bowel wall. 
Primary hyperoxaluria may be type 1 (glycolic aciduria) 
or type 2 (t-glyceric aciduria). Patients with type 1 disease 
present in the first decade of life with recurrent calcium 
oxalate nephrolithiasis. Inheritance is autosomal recessive 
and survival is poor. Type 2 disease is rarer and has been 
claimed to run a milder course, despite the passage of simi- 
larly high concentrations of urinary oxalate. The urinary 
excretion of oxalate may increase to 61.4 mg/day (700 pmol/ 
day) when a diet containing an excess of oxalate-rich foods 
is taken and to as much as 263mg/day (3mmol/day) in 
patients with primary hyperoxaluria. 

Ideally, urine for oxalate analysis should be collected into 
acid to prevent the crystallization of calcium oxalate crystals. 
This also prevents ex vivo formation of oxalate from ascor- 
bate, a cause of factitious hyperoxaluria in individuals ingest- 
ing excessive amounts of vitamin C. A number of approaches 
to the measurement of urinary oxalate have been employed 
including high-performance liquid chromatography 
(HPLC), enzymatic and capillary electrophoretic 
methods.'**'”!""7 The enzymatic methods employ the 
enzyme oxalate oxidase (EC 1.2.3.4. oxalate:oxygen oxidore- 
ductase), With this method, the sample of urine is initially 
acidified to pH 1.8 (typically with 2mmol/L HCI) to ensure 
complete solubilization of any calcium oxalate crystals. The 
oxalate is oxidized to carbon dioxide and hydrogen peroxide 
by oxalate oxidase, and the hydrogen peroxide is detected 
with horseradish peroxidase and coupled with an oxygen 
acceptor reagent such as 3-dimethyl aminobenzoic acid 
and 3-methyl-2-benzothiazolinone hydrazone to yield an 
indamine dye that absorbs at 590 nm. Laker and colleagues” 
have proposed a charcoal column pretreatment step to 
remove interferents from the urine. Petrarulo and col- 
leagues?” did not find this necessary. In addition, they found 
the method could also be used for deproteinized plasma 
samples. An alternative approach to the detection of hydro- 
gen peroxide using catalase has also been described. The 
oxalate oxidase is specific for oxalate; however, the peroxide 
detection reaction may suffer from interferences (e.g., tur- 
bidity in the catalase-mediated reaction, ascorbic acid, and 
other reducing agents in the peroxidase-mediated reaction). 
The choice of oxygen acceptor will determine the potential 
for interference from species, such as ascorbic acid. 

A dietary history is important in the evaluation of 
calcium oxalate stone formers. Patients who are excreting 
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large amounts of oxalate may be offered dietary advice to 
modify their risk of future stone formation. Foods rich in 
oxalate include beets, tea, spinach, sorrel, wheat bran, 
strawberries, rhubarb, black currants, peanuts, and choco- 
late24?*? Paradoxically, epidemiological evidence has 
actually demonstrated a protective effect of high tea con- 
sumption.” This has been attributed to the low bio-avail- 
ability of oxalate in tea and the inhibition of tubular ADH 
action by caffeine. Patients may also be treated with calcium 
carbonate, which binds -oxalate in the gut, rendering it 
unavailable for absorption. Alternatively, pyridoxine 
(vitamin B,) may be used; this increases the catabolism of 
oxalate to more soluble products.*” It should be remem- 
bered that the use of calcium-lowering diets, once favored in 
the treatment of calcium stone formers, increases intestinal 
absorption of oxalate. 


Citrate 


Urinary citrate inhibits stone formation by forming soluble 
complexes with calcium. It is present in the diet in many 
fruits. Excretion (typically between 116 and 926 mg/24 hours 
[0.6 and 4.8mmol/24 hours] for adult males and 250 and 
1160mg/24 hours [1.3 and 6.0mmol/24 hours] for adult 
females)*® is reduced in the calcium stone-forming popula- 
tion.*” Urinary citrate measurement may be of value in the 
assessment of stone-forming risk, particularly in the setting 
of distal renal tubular acidosis where the reduction in filtered 
bicarbonate appears to increase tubular reabsorption of 
citrate with consequent hypocitraturia."’ Inadequate 
urinary acidification compounds the increased risk of 
calcium stone formation. Treatment with carbonic anhy- 
drase inhibitors {e.g., acetazolamide? and topiramate”) 
mimics distal renal tubular acidosis with consequent 
increase in stone risk. Hypocitraturia may also be seen in 
malabsorption and urinary tract infection, Administration 
of oral alkaline citrate increases urinary citrate concentra- 
tion by increasing the pH of tubular cells. It has been shown 
to be effective in the treatment of nephrolithiasis,’°"” 
although there are side effects and compliance is poor. 
Citrate is measured by gas chromatography, capillary 
electrophoresis,” or an enzyme-mediated reaction.” While 
methods using aconitase (EC 4.2.1.3) and isocitrate 
dehydrogenase (EC 1.1.1.42), or citrate lyase (EC 4.1.3.6) 
and oxaloacetate decarboxylase (EC 4.1.1.3), have been 
described, a method using the lyase together with malate 
dehydrogenase (EC 1.1.1.37) and lactate dehydrogenase (EC 
1.1.1.27) is preferred. The combination of the two dehydro- 
genase pathways has been proposed to ensure that any 
oxaloacetate ion enzymatically decarboxylated is also mea- 
sured, The enzyme-mediated decarboxylase pathway is less 
favored because of the poor stability of the enzyme. Using a 
reaction sequence that involves incubation of the sample 
with all constituents except the citrate lyase ensures that all 
endogenous oxaloacetate and pyruvate are removed. Analy- 
sis of serum involves a deproteinization step, while urine 
should be titrated to pH 8.0 before analysis. A typical incu- 


bation period is 10 to 15 minutes, and the citrate can 
be quantitated from the decrease in the absorbance at 
340nm.*” A cheap, rapid, automated adaptation of this 
procedure, which does not require a deproteinizing step, 
has been described.” 


Struvite Stones 


Struvite stones {also called triple phosphate or infection 
stones) are composed of magnesium ammonium phosphate 
hexahydrate. The formation of such stones requires urinary 
tract infection with urea splitting organisms and such stones 
are therefore more common in females and in certain patient 
populations (e.g., paraplegics).*° The risk of progression to 
CKD appears higher in patients who develop infection 
stones than in other forms of stone disease.” 


CYSTINURIA 


Cystinuria is an autosomal recessive condition in which 
there is excessive urinary excretion of cystine because of a 
defect in proximal renal tubular reabsorption. In the most 
common form of the disease there is also excess excretion of 
the dibasic amino acids (lysine, ornithine, and arginine). 
These share the same renal tubular transporter although 
their presence in excess in urine appears benign. More rarely, 
isolated cystinuria is seen. The reader should note that 
cystinuria should not be confused with cystinosis, which is 
a condition associated with intracellular accumulation of 
cystine but not excess urinary excretion of cystine. 

The normal urinary excretion of cystine has been 
reported to be 4.81 to 48.1 mg/24 hours (40 to 400 umol/24 
hours).** Its relatively low limit of solubility, 18.0 mg/dL 
(1500umol/L),"” is exceeded in many patients with cystin- 
uria,*® resulting in the formation of hexagonal crystals and, 
ultimately, cystine stones. Cystine stones are usually only 
seen in homozygotes, although there is some evidence that 
heterozygotes are at increased risk of stone formation.” 
Cystinuria may present at any age from infancy to old age, 
although presentation is most common in the second and 
third decades. 

The finding of a cystine stone should prompt confirma- 
tion of cystinuria by urinary analysis.” It could be argued, 
however, that all stone formers should be screened for cystin- 
uria; at least 10% of cystinurics form stones in which cystine 
cannot be detected, presumably because of epitaxis.”*' The 
index of suspicion should be increased in patients who are 
relatively young stone formers and in those with a positive 
family history. Once a cystinuric patient is diagnosed, it is 
important to screen all members of the family, particularly 
to detect affected siblings. 

Cystine can be measured in urine using the cyanide- 
nitroprusside test,” thin layer chromatography, by quantita- 
tive amino acid analysis using either ion exchange or liquid 
chromatographic techniques’? or mass spectrometry. In the 
cyanide-nitroprusside test, cystine is split into two molecules 
of cysteine by cyanide. Sodium nitroprusside reacts with the 
free sulfide groups to give a magenta color. The test is 
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hazardous and will give false-negative results in acidified or 
infected urines, in patients receiving penicillamine therapy, 
or if the sodium nitroprusside solution is not fresh. Further, 
it cannot distinguish between cystine and homocystine or 
between heterozygote and homozygote cystinurics. It is not 
useful when monitoring the treatment of known cystinurics, 
who require quantitation of their urinary cystine output or 
concentration. In practice, amino acid analysis allows simul- 
taneous quantitation of the dibasic amino acids, which may 
be helpful for characterizing the clinical phenotype.” Quan- 
titative amino acid analysis is described in Chapter 20. 

Treatment of cystinuria is aimed at maintaining cystine 
below its saturation point by maintaining high fluid intake, 
particularly at night. Other treatments include urinary alka- 
linization (cystine is more soluble in alkaline urine) and 
chelation with p-penicillamine. Quantitative analysis is an 
important adjunct for monitoring penicillamine therapy, 
which can be optimized on the basis of the free cystine versus 
cystine/penicillamine disulfide. Penicillamine itself may 
cause glomerular damage and thus regular monitoring of 
urinary protein excretion is also recommended. 


PROSTAGLANDINS AND NSAIDs IN KIDNEY DISEASE 


The prostaglandins are a series of Cy) unsaturated fatty acid 
derivatives of cyclo-oxygenase (COX) on cell membrane 
arachidonic acid (see Chapter 26). The major renal vaso- 
dilatory prostaglandin is PGE,, which is synthesized 
predominantly in the medulla. The major vasoconstrictor 
prostaglandin is thromboxane A, which is produced pri- 
marily within the renal cortex.” PGE, increases renal blood 
flow rate, inhibits sodium reabsorption in the distal nephron 
and collecting duct, and stimulates renin release.’ These 
actions promote natriuresis and diuresis. In patients with 
CKD, renal PGE, excretion rates are 3 to 5 times higher than 
those in healthy subjects and therefore PGE, production rep- 
resents a compensatory response to loss of nephron mass.*"4 
Vasodilatory prostaglandins are synthesized following 
stimulation with renal sympathetic adrenergic and AH- 
dependent mechanisms to offset or modulate vasoconstric- 
tion.” In the tubule, prostaglandins act as autocoids, 
exerting their effects locally, near the site of synthesis. 
NSAIDs block the synthesis of COX products of arachi- 
donic acid, which have a critical role in renal hemodynam- 
ics, control of tubular function, and renin release, It is 
now apparent that two isoforms of COX synthesize 
prostaglandins. COX-1 is a resident or constitutive form and 
COX-2 is an inducible form that increases with disorders of 
inflammation.**' NSAIDs are nonspecific inhibitors of both 
COX isoforms. Analgesic nephropathy is a common cause of 
ESRD in a number of countries, reaching 10% in Switzer- 
land and Australia, but is essentially a preventable condition 
for which biochemical monitoring has proved useful. The 
incidence of this disease has decreased over the last decade 
as awareness has improved and phenacetin was withdrawn 
from over-the-counter analgesic mixtures. In the United 
States, 1 in 5 citizens (50 million) report that they use an 


NSAID for an acute complaint.“* Young healthy individuals 
tolerate NSAIDs well. However, older people demonstrate 
significant reduction of GFR within 1 week of ingestion of 
NSAIDs.'” Renal blood flow, particularly within the 
medulla, is dependent on systemic and local production of 
vasodilatory prostaglandins, and analgesic-related kidney 
damage is seen mostly within the medulla, with late changes 
causing papillary necrosis and interstitial fibrosis. Hyper- 
kalemia can develop either as a consequence of reduced GFR 
or secondary to hyporeninemic hypoaldosteronism. 

In normal rat and dog kidney COX-2 is sparsely expressed. 
in the macula densa, but expression is upregulated when 
animals are volume depleted.’ Selective COX-2 inhibitors 
have been discovered but it is not known what the effects of 
these drugs will be on renal homeostasis. Acute interstitial 
nephritis has been described with COX-2 inhibitors.“ 


MONOCLONAL LIGHT CHAINS AND KIDNEY DISEASE 


Immunoglobulin (Ig) molecules are formed in secretory B 
cells from polypeptide heavy (H) and light (L) chains. Disul- 
fide bonds covalently assemble the chains. Each chain has a 
constant and a variable region. The heavy chains œ, B, Y, ð, 
and € denominate the antibody isotype and light chains 
include peptide molecules that are called kappa (K) and 
lambda (A). A complete Ig molecule will contain either K or 
A. The proportion of Ig containing K versus A is 3:2 in 
humans. The molecular weight of light chains is around 
22.5kDa (see Chapters 9 and 20). An excess production of 
light over heavy chains appears to be required for efficient 
Ig synthesis, resulting in the release of free light chains into 
the circulation. In normal individuals, the small quantity 
of circulating polyclonal light chains is filtered by the 
glomerulus and around 90% reabsorbed in the proximal 
tubule. The binding sites on the brush border of proximal 
tubule cells exhibit relative selectivity for light chains com- 
pared with albumin and lactoglobulin.* Light chains are 
then degraded by proteases and returned to the circulation. 
When the concentration of filtered light chains is increased, 
this leads to alteration in the proximal tubule cells, includ- 
ing prominent cytoplasmic vacuolation, loss of microvillus 
border, and epithelial cell exfoliation” 

There is evidence that light chains are directly pathogenic. 
The pattern of human renal injury associated with mono- 
clonal light chains can be reproduced in mice injected 
intraperitoneally with large amounts of light chains isolated 
from patients with myeloma or light chain—associated 
amyloid (AL-amyloid).””’ In a rat model of multiple 
myeloma, spontaneously developing light chain-synthesizing 
tumors were transplanted to normal animals that subse- 
quently developed crystalloid formations within phagolyso- 
somes in proximal tubule cells.” Light chains can deposit in 
the kidney as casts, fibrils, and precipitates or crystals, giving 
rise to a spectrum of disease including cast nephropathy, 
amyloid, light chain deposition disease (LCDD), and the 
Fanconi syndrome. However, not all patients with a large 
excess production of monoclonal light chains develop 
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disease. Other promoters including dehydration, hypercal- 
cemia, contrast medium, and NSAIDs have been implicated. 

Myeloma or multiple myeloma is a neoplastic prolifera- 
tion of secretory B cells (plasma cells) that produce excess 
amounts of a monoclonal Ig (paraprotein), so-called M 
protein because of the characteristic peaks obtained from 
serum protein electrophoresis on agarose gel. This clonal 
production is associated with either an excess or pure light 
chain production. In multiple myeloma complete mono- 
clonal Igs (usually IgG or IgA) are accompanied in the 
plasma by variable concentrations of free light chains that 
appear in the urine as Bence Jones proteins. Henry Bence 
Jones in London first described these in 1848. M proteins 
and light chains can be identified in the blood and/or the 
urine in 98% of patients with myeloma using protein 
electrophoresis and immunofixation. Immuneparesis, 
with reduction in nonparaprotein Ig, is characteristic of 
myeloma. The nephrotoxic potential of Bence Jones proteins 
has been demonstrated in elegant experiments on animal 
models.*” 

The incidence of myeloma is 40 new cases per million 
population per year.*°° Myeloma is more common in men 
than women and the median age at presentation is 65 
years.” Impairment of kidney function at presentation 
occurs in almost 50% of patients.” Although most recover 
following treatment of other factors contributing to renal 
impairment (e.g., dehydration, hypercalcemia, infection, and 
nephrotoxic drugs) about 10% have severe renal involve- 
ment caused by the effects of light chains on the kidney. 
Severe kidney failure may be caused in myeloma following 
deposition of light chains within tubules in association with 
THG, so-called cast nephropathy (myeloma kidney). Cast 
nephropathy can present acutely, again precipitated by 
dehydration, hypercalcemia, or NSAIDs, or “de novo” in the 
absence of these factors. It occurs when the reabsorptive 
capacity of proximal tubule cells is exceeded by overproduc- 
tion of light chains. In myeloma, light chain excretion can 
exceed 20g/day. Casts are large and numerous and pre- 
dominantly found in the distal convoluted tubule and col- 
lecting ducts, causing obstruction to urine flow. They have 
a hard and fractured appearance with lamination visible 
on histological examination of kidney biopsy specimens. 
Immunofluorescence confirms that casts are composed of 
monoclonal light chains and THG. Casts are usually stained 
exclusively with either anti-K or anti-A antibodies. At biopsy 
there is often an interstitial inflammatory infiltrate, and 
fibrosis and tubular atrophy can be extensive. Not all light 
chains induce cast formation. The ability of light chains to 
form casts is based on binding to THG, a highly glycosylated 
and acidic protein.** Light chains interfere with proximal 
tubule cell function and this increases delivery to the distal 
tubule. A specific binding site for light chains has been iden- 
tified on THG, and light chains with high affinity appear to 
be more likely to produce obstructing intratubular casts.'”* 
Physico-chemical determinants of binding of light chains to 
THG include the isoelectric point (pI) of the light chain. 


Those molecules with a pI above 5.1 (above the tubular fluid 
pH in the distal nephron) will have a net positive charge that 
may promote binding via charge interaction to anionic THG 
(pI 3.2). Urinary alkalinization reduces binding of light 
chains to THG in animal models.'”” Nephrotoxicity may be 
determined by the ability of light chains to self-associate, 
leading to the formation of high molecular weight aggregates 
that are more likely to deposit in tissues, particularly in the 
setting of volume depletion. 

The clinical features of myeloma include a nor- 
mochromic normocytic anemia, bone pain with pathologi- 
cal fractures (back or chest rather than extremities), and 
hypercalcemia in 20% of patients. Severe kidney failure may 
dominate the clinical picture and 84% of patients studied 
retrospectively with severe renal impairment required dialy- 
sis.’ Only 15% of these patients regained independent 
kidney function. Treatment has two main objectives: therapy 
is targeted at predisposing factors for cast nephropathy as 
indicated and chemotherapy is used to reduce the produc- 
tion of monoclonal antibodies and light chains from 
monoclonal plasma cells. Supportive therapy includes 
increased fluid intake where permissible to 3L/day, treat- 
ment of hypercalcemia, treatment of infection, and with- 
drawal of NSAIDs. Anemia can be addressed by replacement 
with blood products or the use of epoetins. Epoetin has been 
demonstrated to be efficacious in a placebo-controlled study 
of 145 patients. Skeletal complications are common in 
myeloma and pathological fractures occur in the setting of 
apparently trivial injury. There is increased osteoclastic 
activity mediated by interleukin (IL)-1, IL-6, TNE, and 
macrophage inflammatory protein-la.'* Biphosphonates 
are specific inhibitors of osteoclastic activity and have 
beneficial effects in myeloma.” Biphosphonates may exert 
direct antitumor effects on myeloma since they induce 
significant expansion of y6-T cells in peripheral blood 
mononuclear cells, which exhibit specific cytotoxicity against 
myeloma cell lines in vitro.” , 

Chemotherapy can be considered as part of the urgent 
treatment for patients with kidney involvement in myeloma. 
The aim is to reduce the concentration of free light chains. 
Chemotherapy with alkylating agents such as melphalan, 
and combination treatment with cytotoxic agents and dex- 
amethasone are the preferred initial treatment regimens and 
doses and schedules are adjusted depending on the level 
of GFR. Combination chemotherapy results in partial 
responses but only rarely complete remission.*""””** Autolo- 
gous bone marrow transplantation can be considered in 
some cases.’ Estimated 5-year survival following bone 
marrow transplantation in one series of 200 patients was 
52% compared with 12% in those patients treated with com- 
bined chemotherapy alone. 

Poor prognostic features in myeloma include increased 
B.-microglobulin, C-reactive protein, and lactate dehydroge- 
nase (LD), and abnormal cytogenetics (especially deletion of 
13q). Refractory disease is associated with a short survival, 
and treatment options include further chemotherapy and a 
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trial of the antiangiogenesis compound thalidomide.” 


The rationale for thalidomide comes from the observations 
that prominent bone marrow vascularization occurs in 
myeloma and correlates with markers of poor prognosis, and 
that plasma levels of angiogenic cytokines are elevated. in 
myeloma. Clinical trials of thalidomide in myeloma were 
first described in 1965 and more recent trials show some 
promise in terms of reduction of paraprotein load and 1- 
year survival, "9 

In addition to chemotherapy, plasma exchange is often 
used in the treatment of myeloma cast nephropathy to 
acutely reduce free light chain load. There is a paucity of 
trial data,""'"” but one prospective study of 29 patients 
demonstrated an increased 1-year survival following plasma 
exchange treatment. However, several early deaths in the 
control group render the data difficult to interpret.*” 
A further study of 21 patients with myeloma and ARF 
demonstrated advantages of plasma exchange in patients 
with kidney failure severe enough to require dialysis.” 
The United Kingdom Renal Association and the United 
Kingdom Myeloma Forum are currently recruiting almost 
300 patients to a national study of plasma exchange in 
myeloma cast nephropathy (Myeloma Renal Impairment 
Trial-MERIT). 

In cast nephropathy, there is glomerular filtration of 
intact light chains. Excess production of monoclonal light 
chains (or rarely heavy chains) can cause disorders in which 
fragments are deposited in the kidney and other tissues: 
AL-amyloid, LC- and HC-deposition diseases (LCDD and 
HCDD). The diagnosis of AL-amyloid can be suspected 
from the clinical findings of heavy proteinuria and serum or 
urinary paraprotein. However, 10% to 15% of patients with 
primary amyloid do not have a detectable serum or urinary 
paraprotein. The demonstration of a clonal excess of plasma 
cells on bone marrow biopsy may help with the diagnosis in 
those without detectable paraprotein. In AL-amyloid, fibrils 
derived from the variable region of light chains are deposited 
in the tissue. Seventy-five percent are derived from the 
A-light chain. Since it is the variable region that is deposited, 
it is often difficult to assess with immune reactants. Only 
50% of AL-amyloid cases are stainable with commercially 
available antisera to x and À. The deposits are fibrillar in 
nature and bind to Congo red. Amyloid fibrils also bind to 
serum amyloid P (SAP) component, allowing noninvasive 
evaluation by radiolabeled SAP scanning." 

The deposits in LCDD are usually composed of «-light 
chains. They are granular and do not bind to Congo red, 
thioflavine-T, or SAP. The constant region of the light chain 
is typically deposited in this disorder and therefore 
immunostaining is strongly positive. These conditions may 
be associated with myeloma and other conditions leading to 
overproduction of monoclonal light chains, such as lym- 
phoma. Both AL-amyloid and LCDD have a poor prognosis 
and the mean survival is 18 months, with 50% of patients 
dying from cardiac failure. Treatment options are unsatis- 


factory, although prednisolone and melphalan may be 
tried.” Circulating free light chains can be detected in 
most patients with AL-amyloid and patient outcome fol- 
lowing treatment is improved if the concentration of free 
light chains can be reduced by 50%.” 

The French Myeloma Group has published results of 
bone marrow or stem cell transplantation in AL-amyloid.”” 
In a retrospective analysis of 21 patients treated with mel- 
phalan and stem cell transplantation, 43% died within 1 
month and the remainder had a favorable outcome. 

Light chains may cause tubular dysfunction, especially of 
the proximal tubular cells. Characteristically the light chain 
variable domain is resistant to degradation by proteases in 
lysosomes in the tubular cells. The variable domain frag- 
ments accumulate in proximal tubular cells, and clinical 
features include RTA and phosphate wasting. 


ASSESSMENT OF RENAL CONCENTRATING ABILITY: 
URINARY OSMOLALITY 


Urinary concentration can be quantified either by measur- 
ing specific gravity (see Chapter 24) or by measuring urinary 
osmolality. For most clinical purposes, measuring specific 
gravity is probably sufficient,” but urinary osmolality 
measurement is critical to the diagnosis and differential 
diagnosis of DI using the water deprivation test. 

The urinary osmolality of normal individuals may vary 
widely, depending on the state of hydration. After excessive 
intake of fluids, for example, the osmotic concentration may 
fall as low as 50mOsm/ke/H,O, whereas in individuals 
with severely restricted fluid intake, concentrations of up to 
1400 mOsm/kg/H,O can be observed. In individuals on an 
average fluid intake, values of 300 to 900 mOsm/kg/H,O are 
typically seen. If a random urine specimen of a patient has 
an osmolality of >600 mOsm/kg/H,O (or >850mOsm/kg/ 
H,O after 12 hours of fluid restriction), it can generally be 
assumed that the renal concentrating ability is normal. 

In chronic progressive kidney disease, the concentrating 
ability of the tubules is diminished and in acute tubular 
necrosis the urinary osmolality, if there is urine output at all, 
approaches that of the glomerular filtrate. 

For a discussion on the measurement of the urinary 
and plasma osmolality, readers are referred to Chapters 27 
and 34, 


RENAL REPLACEMENT THERAPY — 


RRT includes dialysis procedures such as HD, PD, continu- 
ous hemofiltration (HF), and continuous hemodiafiltration 
(HDF). These techniques are used to temporarily or perma- 
nently remove toxic substances from the blood when the 
kidneys cannot satisfactorily remove them from the circula- 
tion. In addition, kidney transplantation has also become an 
effective form of RRT. Extensive laboratory EPO is 
required by an RRT program (Table 45-12). 
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TABLE 45-12 Laboratory Support for Renal 


Rep! acement Therapy 


Complications Laboratory Tests Sa 
Acute - l A 
< Dialysis page vue Plasma electrolytes 
Pyrexia oo `- C-reactive protein 
Bleeding |- = Clotting factors 
Chronic A ees 
Anemia a Hemoglobin, ferritin 
Septicemia/peritonitis .. C-reactive protein 
l `` Culture and sensitivity 
Malnutrition ` Albumin, prealbumin. 
Cardiovascular disease. ``.. Lipid profiles. ; 
Amyloidosis | “Serum B.-microglobulin 
Osteodystrophy : Ca”, PO“, bone alkaline 
i phosphatase, intact PTH, 
aluminum 
Adequacy of Dialysis £ ; 
Urea kinetic Predjalysis and postdialysis A 
-modeling (URR) urea ` : : 
Weekly. creatinine Predialysis and postdialysis a 
i clearances creatinine i ee 


a Peritoneal equilibration : Plasma and dialysate È : 
test (PET) çreatine and glucose: f 


Transplant Monitoring Boa 

 Immunosuppression Trough or 2-hr whole... 

sak ; blood cyclosporin A 
concentration... 

Trough whole blood... 
tacrolimus and; «ooe ai 
rapamycin. 

„concentrations: ae 

Serum creatinine, plasma, ie 


Graft function. 
ge and urine electrolytes... 


BACKGROUND 


In 1861, Thomas Graham Bell in Glasgow, Scotland, carried 
out the first dialysis experiments (and coined the term “dial- 
ysis”), separating crystalloids and colloids in a solution. Bell 
predicted that this technique could have medical application, 
but this was not realized until nearly 100 years later in the 
work of Willem Kolff and then Belding Scribner, who made 
HD a feasible treatment in the early 1960s. Since then, HD 
and more recently PD have extended the lives of many 
people, sometimes for up to 20 or 30 years. 


DIALYSIS 


Dialysis is the process of separating macromolecules from 
ions and low molecular weight compounds in solution by 


the difference in their rates of diffusion through a semiper- 
meable membrane, through which crystalloids can pass 
readily but colloids pass very slowly or not at all. Two 
distinct physical processes are involved: diffusion and 
ultrafiltration (UF). 

The timing of initiation of dialysis treatment is con- 
troversial. There is debate as to whether early initiation of 
dialysis improves outcomes over late starters,” The 
K/DOQI 2000 Update Clinical Practice Guidelines suggest 
that dialysis should be started when kidney function drops 
below a GFR of 10.5 ml/min/1.73 m’.™ This is higher than 
the typical level in the United Kingdom. A 2002 study from 
Glasgow, Scotland, found no significant benefit in patient 
survival from earlier initiation of dialysis.” The calculated 
GFR at the beginning of dialysis was 8.3 mL/min. 


Hemodialysis and Hemofiltration 


HD is the most common method used to treat advanced 
and permanent kidney failure. Clinically, it is considered 
the default therapy that is utilized in the increasing numbers 
of patients unsuitable for other modalities of PD and kidney 
transplantation. Operationally, it involves connecting the 
patient to a hemodialyzer into which their blood flows. 
After filtration to remove the wastes and extra fluids, the 
cleansed blood is returned to the patient. It is still a com- 
plicated and inconvenient therapy requiring a coordinated 
effort from a healthcare team that includes the patient, 
nephrologist, dialysis nurse, dialysis technician, dietitian, 
and others, 


Description 


HD utilizes diffusive and convective mass transfer across a 
semipermeable membrane. The driving force for diffusion is 
the concentration gradient between blood and dialysate. 
Smaller solutes with larger concentration gradients give 
increased diffusion. The concentration gradient is main- 
tained by using countercurrent flows and high flow rates. 
Heparinized blood is pumped in one direction across the 
membrane and the recipient fluid, the dialysate, flows at a 
rate of 5 to 600mL/min in the opposite direction. Water 
molecules and small molecular weight molecules can cross 
the membrane, while larger proteins and cellular elements 
are retained in the vascular space. Convection is the bulk 
movement of solvent and dissolved solute across the 
membrane, down a transmembrane hydrostatic pressure 
gradient. 

HD relies on good vascular access to the circulation of the 
patient to enable blood to be pumped around the extracor- 
poreal circuit at a rate in excess of 300mL per minute. This 
ability was not introduced until the 1960s, Although Kolff in 
Groningen Hospital in the Netherlands performed the first 
dialysis experiments in humans in 1943, the problem of dial- 
ysis support with long-term vascular access was not solved 
until Scribner developed the arteriovenous cannula in 1960. 
This was followed by the development of the surgically 
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Figure 45-17 A hemodialyzer setup with inset flow diagram. 


created arteriovenous fistula (AVF), introduced by Brescia 
and co-workers in 1966, which provided permanent vascu- 
lar access. The Dialysis Outcomes Practice Patterns Study 
(DOPPS) has confirmed a wide variation in how dialysis is 
achieved throughout the world. For example, the majority of 
patients in Germany have an AVF as their main access, 
whereas in the United States a fistula is used for access in less 
than 30% of cases”? When used as a patient’s first access, 
AVF survival is considered superior to arteriovenous grafts 
regarding time to first failure, and AVF survival is longer in 
Europe compared with the United States. 

An example of a hemodialyzer is shown in Figure 45-17. 
The most important functional part is the dialyzer mem- 
brane. Biocompatibility of the dialyzer membrane is an 
essential requirement because of high surface areas and long 
contact times with blood. The most important physiological 
interactions that occur, apart from protein fouling of tubing 
and membranes, are complement activation and induction 
of cytokine release. 

A variety of membranes are available with different 
surface areas and filtration characteristics. The oldest type 
of membrane was made from cuprophane and cellulose 
acetate; however, these have been replaced by more biocom- 
patible synthetic membranes made from polysulfone and 
polyacrylonitrile. Biocompatible membranes are more rigid 
(allowing higher flow rates) and have higher clearances of 
larger molecules, such as 8,-microglobulin. By altering the 
applied pressure across the membrane, fluid removal by UF 
can be regulated, and by altering the flow rate of dialysate 
and blood, solute removal can be regulated. Patients are dia- 
lyzed in home-based or hospital-based units, with dialysis 
usually performed three times a week for sessions lasting 


between 3 and 5 hours. This dialysis schedule is largely 
empirical insofar as it reconciles adequate treatment with 
breaks between treatments to provide the patient with a rea- 
sonable quality of life. Approaches to increase the dose of 
dialysis have been explored. These include short daily HD 
that entails a 2- to 3-hour dialysis on 6 days per week.” 
Alternatively, slow overnight dialysis for 5 to 7 nights has 
been employed. These regimens have been reported to 
improve outcome,” 520 

Conventional HD uses low-flux dialyzers, allowing diffu- 
sive but little convective solute removal. Middle molecule 
clearance is poor. HF is a convective treatment. Although 
middie molecule clearances are improved, small molecule 
clearance is poor. HF is used for continuous treatment in 
Intensive Care Units in the management of ARF, High-flux 
HD using biocompatible membranes allows convective and 
diffusive solute removal. The use of very pure water is crucial 
in high-flux modes, because dialysis fluid is infused directly 
into the bloodstream by back filtration. The Hemodialysis 
(HEMO) Study, a randomized clinical trial designed to 
determine whether increasing the dose of dialysis or using a 
high-flux dialyzer membrane alters major outcomes con- 
cluded that patients undergoing HD thrice weekly had no 
major benefit from a higher dialysis dose than that recom- 
mended by current United States guidelines or from the use 
of a high-flux membrane.” 

HDF is HD in which fluid removal exceeds the desired 
weight loss, and fluid balance is maintained by the infusion 
of a sterile pyrogen-free solution. This technique offers the 
advantages of both HD and HF in a single therapy. The 
replacement fluid, previously supplied in autoclaved bags, is 
now generated “online” from concentrated bicarbonate and 
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uses 20 to 30 L of water per session.” The result is that HDF 
provides 10% to 15% increase in urea clearance compared 
with HD and increased middle molecule clearances. Water 
for online preparation of substitution solution should meet 
common standards for dialysis water regarding chemical 
contaminants, but have a higher quality regarding microbi- 
ological contaminants. It should be practically free from bac- 
teria and pyrogens (i.e., ultrapure). Dialysis water is purified 
using a combination of techniques, including softening and 
deionization, carbon adsorption, dual-pass reverse osmosis, 
and ultraviolet irradiation. Online HDF has been used 
extensively on continental Europe over the past 15 years or 
so. Bicarbonate is now favored over acetate as the buffer of 
choice in HD since it is associated with a reduction of intra- 
dialytic symptoms. 


Assessment of Adequacy of Hemodialysis 

The assessment of adequacy of dialysis treatment for indi- 
vidual patients in the clinical setting includes consideration 
of the patient’s well-being, cardiovascular risk, nutritional 
status, and degree of achievable ultrafiltration. It also 
includes estimates of a number of laboratory parameters— 
such as hemoglobin, phosphate, and albumin—and clear- 
ance of the small solutes urea and creatinine. During the 
following discussion, the term “adequacy” will refer to small 
solute clearances obtained from both dialysis and residual 
renal function (RRF). For practical reasons, HD adequacy is 
calculated using urea as the small solute. 

Urea kinetic modeling (UKM) is used to assess adequacy. 
The kinetics of urea removal during dialysis and the inter- 
dialytic regeneration of urea sessions are modeled using 
computer software such as Adequest (Baxter Laboratories, 
Deerfield, IL). The computer modeling considers duration 
of dialysis, RRE, total clearance predicted from the dialyzer, 
blood and dialysate flow rates, and fluid removal during 
dialysis.” The software then calculates K,/V urea and 
protein catabolic rate. The K/V (defined in Table 45-13) is 
now the most commonly used assessment of the adequacy 
of dialysis. The only analytical measurements required are 
predialysis and postdialysis urea, duration of dialysis, and 
weight loss during dialysis. This technique has become more 
sophisticated with the development of online clearance 
monitoring based on conductivity variation.” 

In practice, rather than using full UKM, the simplest 
calculation is the urea reduction ratio (URR). The percent- 
age fall in plasma urea attained during a dialysis session is 
measured as follows: 


Predialysis [urea] — 
Predialysis [urea] 


Postdialysi 
ostdialysis [urea] uin 


The URR does not take convective removal of urea or 
RRF into account. Its accuracy is lower than K,/V measured 
by formal UKM, particularly at high values of URR and 
K,/V2** Observational studies in populations of dialysis 


with major differences in mortality. 


TABLE 45-13 Assessment of Dialysis Adequacy 


1. Urea reduction ratio (URR) = (predialysis- 
-. postdialysis urea/predialysis urea) x 100 should be ee 
>60% if dialysis is adequate. y 

K/V = ‘total urea clearance/ distribution volume: KEE 
e T a o 


where i Rent pan 
Kees urea clearance: ou oak 

to. = time of-dialysis: 

Vo = volume of-urea distribu 


G; == postdialysis urea - 

Go: = predialysis urea ` R 

Some, methods assume:a constant ela oaahip betyeen 

Vand body, weight, which i is not necessarily true in, ; 

uremia. oi i 

2. Relative mortality risk for cl dats patents 
LM USA sud, : 


Lak “Relative 
Risk. 


1.03 For each year older = = 
a E Sas If present... 
PAIE If present 


For each extra 0.1/wk 


V e 0.94 
Creatinine 0.93 For each extra 5L/wk . 
"clearance 


patients have shown that variations in URR are associated 
310 

In general, the minimum standard for HD three times a 
week is a K/V of 1.0 to 1.4. The K,/V effectively describes 
the power of the dialysis session. A retrospective analysis of 
the National Cooperative Dialysis Study (NCDS) was the 
first study to identify a threshold in level of K,/V and out- 
comes in HD? There are several assumptions associated 
with the use of UKM including: (1) urea is considered to be 
uniformly distributed in total body water in a thoroughly 
mixed single pool; (2) urea is continually added to the pool 
by protein metabolism at a constant rate; and (3) urea is 
removed continuously by RRF and intermittently by dialysis 
following a first-order process of elimination dependent 
upon plasma concentration. A variety of formulas are used 
to calculate K/V, which makes the comparison of results 
from different institutions difficult; differences for one mea- 
surement can be as wide as 0.98 to 1.43. 


Peritoneal Dialysis 

Peritoneal dialysis (PD) is a type of dialysis in which dialysate 
is injected into the patient’s peritoneal cavity with the peri- 
toneum then employed as the dialysis membrane. It was first 
explored by Ganter in 1923 and initially showed poor results. 
The modern era of PD started in 1953, with intermittent 
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Figure 45-18 Diagrammatic sketch of peritoneal dialysis. 
(Redrawn from Nolph KD. Peritoneal Anatomy and Transport 
Physiology. In: Maher JE ed. Replacement of renal function by dialysis, 
3rd ed. Kluwer Academic Publishers/Springer: Dordrecht, The 
Netherlands 1989:Chapter 23.) To convert glucose concentration 
in mmol/L to mg/dL, multiply by [8. 


irrigation of the peritoneal cavity with commercially pre- 
pared solutions and access achieved through a single dis- 
posable catheter (Figure 45-18). Popovich and co-workers in 
1976 introduced the concept of portable equipment, and this 
approach developed into continuous ambulatory peritoneal 
dialysis (CAPD)*'; a type of PD performed in ambulatory 
patients during normal activities. The percentage of incident 
and prevalent patients receiving PD has declined in the 
United States over recent years, particularly in older people. 
For example, between 8% to 10% of dialysis patients were 
treated with PD in United States in 2002.7’ Use of PD varies 
between countries depending on access to HD. For example, 
in the United Kingdom 31% of prevalent patients receive 
PD*” and in Mexico 90% of patients receive PD.** 


Description 


Operationally, CAPD uses the patient’s own peritoneal 
membrane (surface area approximately 2m’) across which 
fluid and solutes are exchanged between the peritoneal cap- 
illary blood and the dialysis solution placed in the peritoneal 
cavity. Fluid removal (UF) is achieved by using dialysis fluids 
containing high concentrations of dextrose acting as an 
osmotic agent; as the dextrose passes across the peritoneal 
membrane, the rate of fluid removal decreases, Conventional 
therapies use four daily exchanges of approximately 2L of 
fluid with approximately 10L of spent dialysate generated, 
including UE RRF is critical to the success of PD since only 
a few milliliters per minute can contribute substantially to 


urea clearance and Cen with each additional milliliter result- 
ing in an extra LOL of clearance per week. Practical reasons 
for opting for PD include (1) preservation of RRF and vas- 
cular access sites, (2) increased patient autonomy, (3) flexi- 
bility as to where the treatment can be administered, and (4) 
ease of self-treatment, with lower capital costs involved. The 
higher permeability of the peritoneal membrane provides 
good removal of B,-microglobulin and may help to protect 
patients on PD from the development of dialysis-related 
amyloid. Blood pressure control and extremes of fluid shifts 
are not so problematic as those that occur on intermittent 
HD. 

Automated PD (APD) is now widely available. This 
requires a programmable machine to regulate flow, dwell 
time, and drainage, and it may be performed at night. Solute 
clearance can be increased by leaving fluid in the peritoneum 
during the day and by performing an additional daytime 
exchange. 

The main disadvantage with PD is the risk of infection 
causing peritonitis. Incidence rates of peritonitis have 
decreased over the years and the current standard from the 
United Kingdom Renal Association is that the peritonitis rate 
should be less than 1 episode per 18 patient months.*” The 
immediate effect of peritonitis is to reduce UF, and repeated 
episodes can cause scarring and fibrosis with permanent 
loss of filtration. Icodextrin, a nonglucose polymer, may 
have some value in improving UF in patients with loss 
of peritoneal function. However, loss of UF in the setting 
of loss of RRF usually requires transfer of dialysis modality 
to HD. 


Assessment of Adequacy in PD 


A series of clinical outcome reports have demonstrated that 
measures of PD solute removal correlate with patient status 
and outcome.”*”*'* In particular, a multicenter prospective 
cohort study of 680 incident CAPD patients [Canada-United 
States (CANUSA) Study] showed that a decrease of 0.1 in 
weekly urea clearance (defined by K,/Vurea) was associated 
with a 5% increase in the relative risk of death.’' Similarly a 
decrease of 5 L/wk/1.73 m? of total creatinine clearance (Co) 
was associated with a 7% increase in the risk for death. As 
a consequence of these studies, national guidelines from 
the United Kingdom, Australia,” and the United States?” 
have set standards of dialysis adequacy in terms of small 
solute removal. An estimate of adequacy is performed in all 
patients within 6 to 8 weeks of commencement of dialysis. 
Further studies should be performed at least annually.” 
The role of solute removal in defining adequacy of PD is 
complicated by the concern that solute removal by PD may 
not be clinically equivalent to an equal quantitated solute 
removal by RRE.” For PD, small solute clearance targets have 
often been established on the assumption that peritoneal 
and renal clearances are equivalent and therefore additive. 
However, most studies that examined the relationship 
between small solute clearances and mortality rates noted 
that patient survival was directly correlated with renal clear- 
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ance.” A prospective intervention trial reported in 2002 
showed no additional benefit of increasing peritoneal clear- 
ance over the standard dialysis prescription in terms of mor- 
tality rates."* Additionally the value of assessing dialysis 
adequacy in terms of small solute removal has been ques- 
tioned from the theoretical point of view, given that the rela- 
tionship between these markers and the as yet unidentified 
“aremic toxins” is not known. This is particularly pertinent 
to PD, given that it provides increased clearance of larger 
molecules compared with HD. , 

In the setting of PD, the elimination of two markers has 
typically been used to give an assessment of dialysis ade- 
quacy. Measurements of urea in both dialysate and blood are 
used to generate the parameter K,/V. This, in combination 
with Con» determined using measurements of creatinine in 
blood, dialysate, and urine (see Chapter 24), gives an assess- 
ment of dialytic adequacy. To obtain the weekly K,/V urea 
requires the measurement of volume of spent dialysate and 
urine for a complete 24-hour period. The concentration of 
urea in dialysate compared with plasma is calculated (the 
D/P ratio). This value is multiplied by the volume of the 
drained effluent to give an estimate of K,. The calculation of 
“V” or volume of distribution of urea is derived from an esti- 
mate of total body water (TBW).'*"” An estimate of weekly 
K,/Vurea is simply the daily clearance multiplied by a factor 
of seven. These equations are used for both peritoneal and 
renal clearance and the total weekly clearance obtained by 
addition. Measurements of urea in plasma, urine, and dial- 
ysis fluid also enable calculation of the normalized protein 
catabolic rate (nPCR), a marker of protein intake that may 
also have prognostic significance. 

The calculation of Co, is based on the clearance (C) 
formula: 


_ U(orD) xV 
~ P 


Cc 


where U is the concentration of creatinine in urine or 
dialysate, V is the mean daily drain volume or urine volume 
(measured in liters), and P is the concentration of creatinine 
in the plasma. The daily clearance obtained for both urine 
and dialysate is added together and multiplied by seven for 
the total weekly Cor 

Compliance with complete collections is mandatory. To 
avoid sampling errors in patients who infrequently void, 
urine is collected over a 48-hour period. The dialysate sam- 
pling requires all effluent bags in a 24-hour period to be 
brought to the center renal unit. This can be difficult, since 
the bags are heavy and bulky. In CAPD, plasma concentra- 
tions of urea and creatinine are relatively constant, and 
therefore blood is drawn at any convenient time for clear- 
ance determinations. In APD, blood samples are typically 
collected after the overnight dialysis period. Both creatinine 
and urea concentration can be obtained on the same sample 
of urine, blood, and dialysate. It is important that glucose 
interference in the dialysate creatinine measurement be min- 
imized by using an enzymatic creatinine method. The limi- 


tations of creatinine and creatinine clearance measurements 
have been discussed in Chapter 24, but in the setting of PD 
adequacy assessment it particularly should be noted that it 
is especially compromised at low GFR because of increased 
tubular secretion of creatinine and decreasing accuracy of 
the urine collection. 

An adjunct to the assessment of adequacy in PD patients 
is the peritoneal equilibration test (PET).** The PET assesses 
peritoneal membrane transport characteristics in terms of 
solute clearances and ultrafiltration. The results are used to 
select a dialysis regimen appropriate to the transport char- 
acteristics of the patient (e.g., high transporters may do 
better on short dwell APD regimens). The PET is typically 
undertaken at the same time as adequacy assessments in PD 
patients. 

The measurement of adequacy is burdensome, labor 
intensive, and prone to multiple measurement errors. 
Although dialysis center nursing staff and patients may 
collect the necessary samples required for adequacy testing 
with the utmost diligence, the very complexity and number 
of measurements taken will cause systematic errors. Never- 
theless, in the opinion of the authors of the NKF-K/DOQI 
Clinical Practice Guidelines for PD Adequacy, when prop- 
erly performed, these measures are reproducible enough to 
be useful in routine clinical practice.” However, an alterna- 
tive, simpler, method for defining dialysis adequacy would 
be very useful in practice. 


Complications of Dialysis 


A number of diseases are associated with patients on 
dialysis, including cardiovascular disease, hypertension, 
B.-microglobulin amyloidosis, malnutrition, and others. 


Cardiovascular Disease 


The risk of cardiovascular disease in patients with ESRD is 
far greater than in the general population. Among patients 
treated by HD or PD, the prevalence of coronary artery 
disease is approximately 40% and the prevalence of LVH is 
approximately 75%,” Cardiovascular mortality has been 
estimated to be approximately 9% per year. Even after strat- 
ification by age, gender, race, and the presence or absence 
of diabetes, cardiovascular mortality in dialysis patients is 10 
to 20 times higher than in the general population!" 
(Figure 45-19). 

Cardiovascular disease mortality, accounting for 50% of 
all deaths in ESRD, is defined by death caused by arrhyth- 
mias, cardiomyopathy, cardiac arrest, myocardial infarction, 
atherosclerotic heart disease, and pulmonary edema. 
Patients with ESRD should be considered in the highest risk 
group for subsequent cardiovascular events. Among dialysis 
patients, the prevalence of congestive heart failure is approx- 
imately 40%. Both coronary artery disease and LVH are risk 
factors for the development of heart failure. In practice, it 
is difficult to determine whether cardiac failure reflects 
left ventricular dysfunction or extracellular fluid volume 
overload. 
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The risk factors for cardiovascular disease in CKD have 
been discussed above (and see Table 45-9). The following 
discussion pertains specifically to ESRD patients receiving 
dialysis. 


Hypertension 

With short hours, HD hypertension persists in many dialy- 
sis patients. Initial treatment is to ensure that excess fluid is 
kept to a minimum. This requires a “dry” or “target” weight 
to be set for the patient. The patient should reach this weight 
at the end of an HD session or continue at this weight during 
PD. The target weight is reached when there is no discernible 
edema and below which hypotension occurs. Blood pressure 
in PD patients should be below 130/80mm Hg.” Standards 
set for HD patients are less than 140/90 mm Hg predialysis 
and 130/80 mm Hg postdialysis. As indicated earlier, hyper- 
tension is an early feature of CKD and its prevalence 
approaches 90% in patients reaching ESRD. Hypertension 
that is refractory to adjustments in dry weight should be 
treated with multiple medications, including ACE inhibitors 
and beta-blockers. Long-hours dialysis and salt restriction 
can also be considered.© There does, however, appear to be 
a U curve association of blood pressure and mortality in HD 
patients, with predialysis systolic bleod pressure lower than 
110mm Hg also increasing risk of death.” 


Dialysis Amyloid 
After 10 or more years of HD, patients frequently develop 
carpal tunnel syndrome and evidence of amyloid deposi- 
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Figure 45-19 Cardiovascular disease mortality 
defined by death caused by arrhythmias, 
cardiomyopathy, cardiac arrest, myocardial 
infarction, atherosclerotic heart disease, and 
pulmonary edema in the general population 
(GP). Data from NCHS multiple cause of 
mortality data files compared with ESRD treated 
by dialysis. Data are stratified by age, race, and 
gender. (From Foley RN, Parfrey PS, Sarnak Mj. 
Clinical epidemiology of cardiovascular disease in 
chronic renal disease, Am | Kidney Dis 1998;32 
(supp! 3):S112-19, with permission from the 
National Kidney Foundation.) 
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tion.’ The main constituent of dialysis-related amyloid 
is B,-microglobulin. Circulating concentrations of B,- 
microglobulin can be as high as 5.0 to 10.0 mg/dL, although 
there is no correlation between its circulating concentration 
and the risk of amyloidosis. There is some suggestion that 
patients on CAPD are less prone to developing amyloidosis, 
but many still do. High-flux HD increases the removal of B,- 
microglobulin and may help with symptoms. The treatment 
of choice is kidney transplantation. 


Malnutrition 
Dialysis patients with ESRD tend to have a poor appetite. 
Protein metabolism is also altered in the setting of chronic 
acidosis and low-grade inflammation. These factors in 
combination place patients at risk of protein and energy 
malnourishment. Plasma albumin is often used as a marker 
of malnutrition even though it is a relatively poor nutritional 
marker. "4? However, there is good evidence that the lower 
the plasma concentration of albumin, the worse the long- 
term prognosis.'*!!!?!° Hypoalbuminemia is associated with 
increased markers of the acute phase response, such as 
C-reactive protein (CRP). Persistent elevation of CRP is 
common in dialysis patients, and may occur in the absence 
of detectable infection. Episodes of peritonitis in PD patients 
cause significant albumin losses because of membrane 
leakage. 

Nutritional screening is recommended in dialysis 
patients.” Such screening may involve subjective global 
assessment, measurement of the body mass index, a recent 
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history of weight loss, and the measurement of albumin. 
An albumin concentration of <3.5g/dL (measured by a 
bromocresol green method) or <3.0g/dL (bromocresol 
purple method) is indicative of undernutrition, 


Vascular Calcification 


It has been known for more than 100 years that patients with 
kidney failure have vascular calcification. In 1855, Virchow 
noted that vascular calcification is an “ossification, and not 
a mere calcification.”*”* Serial x-ray studies and ultrasound 
imaging of large arteries confirm increased calcification in 
patients on dialysis over many years.’ Studies from France 
have linked the presence of vascular calcification with 
reduced survival on dialysis.°°"™ 

Calcification of the major arteries occurs along the 
intimal lining of blood vessels in association with atheroma. 
However, in CKD there is also medial and adventitial calci- 
fication, reducing the compliance of the vessel. This can be 
observed by measuring pulse wave velocities along the aorta. 
The pulse wave velocity is increased in stiff vessels, causing 
the rebound pulse wave to return more quickly to the heart 
during the cardiac cycle. This can cause LVH.” Vascular cal- 
cification has also been studied in both CKD and non-CKD 
populations using modern sophisticated imaging. Electron- 
beam computed tomography acquires serial sections of 
the aortic arch, the coronary vessels, and the aorta. Areas of 
calcification can be identified and allocated a calcium 
score (Agatston score).' This approach cannot distinguish 
between intimal or medial calcification but, in non-CKD 
patients, the higher the calcium score the more predictive of 
stenotic vascular disease. Dialysis patients as young as 
20 years exhibit vascular calcification,” and the calcium 
scores increased rapidly within several months when the 
scans were repeated. The use of calcium-containing phos- 
phate binders may be associated with increased risk of cal- 
cification, although this remains unproven. The Treat 
to Goal Study explored the use of a noncalcium, non- 
aluminum containing phosphorus binder, sevelamer 
hydrochloride, in 200 HD patients from Europe and North 
America.” The study demonstrated a significant attenuation 
in the rate of calcification of vessels with sevelamer 
hydrochloride at 12 months. Patients were also less likely 
to develop hypercalcemia and had lower plasma LDL 
cholesterol concentration, but there was a tendency to wors- 
ening acidosis. The hope for future studies is that attenu- 
ation of vascular calcification improves patient survival. 

Studies have explored the molecular pathophysiology of 
vascular calcification.***”” Mineralization-regulating pro- 
teins are deposited at sites of vascular calcification. The 
generation of a matrix gamma-carboxyglutamic acid (Gla) 
protein knockout mouse, which exhibits extensive and lethal 
calcification and cartilaginous metaplasia of the media of all 
elastic arteries, has refocused attention on the role of Gla- 
containing proteins in vascular calcification.” A number of 
proteins—including matrix Gla protein, osteonectin, and 
osteoprotegerin—are constitutively expressed by vascular 


smooth muscle cells in normal media but are downregulated 
in calcified arteries. In calcified plaques, vascular smooth 
muscle cells express osteoblast-like gene expression profiles 
as demonstrated by in situ hybridization."” The identifica- 
tion of natural inhibitors of calcification in plasma, such as 
human fetuin-A (AHSG; 0,-Heremans Schmid glycopro- 
tein) and matrix-GLA protein, suggests that the vascular 
endothelium may be continually subjected to calcification 
stresses and that regulatory systems break down in uremia. 
A cross-sectional study in HD patients demonstrated that 
AHSG concentrations were significantly lower in plasma of 
patients on HD than in healthy controls.” 


KIDNEY TRANSPLANTATION 


Kidney transplantation is the most effective form of RRT, in 
terms of long-term survival and quality of life.” Since 1986, 
there have been over 340,000 organ transplants performed 
in the United States. On January 18, 2005, there were 60,534 
patients on the waiting list for a kidney transplant in the 
United States alone.”’ A further 2418 were awaiting com- 
bined kidney and pancreas transplantation. In the United 
Kingdom, there has been a decline in the number of cadav- 
eric donor transplants since 1992. Some of the shortfall has 
been addressed by increasing the supply of kidneys from live 
donation, with a threefold increase in the use of live donor 
transplants since 1992,” with no long-term detriment to the 
donor left with a single kidney. There is also evidence to 
suggest that the very best outcomes are achieved following 
preemptive live donor transplants.” An alternative method 
for organ procurement is the use of non—heartbeating 
donors. Although only slowly accepted as feasible, 2001-2002 
data suggest good long-term outcomes.”***” On January 18, 
2005 the waiting list for a kidney transplant in the United 
Kingdom was 6335. In 2004, 1,836 kidney transplants were 
performed in the United Kingdom.There has been a pro- 
gressive decline in the proportion of the prevalent RRT stock 
made up by kidney transplant patients, from 51% in 1997 to 
47% in 2001.%° Only 28% of patients with ESRD were on 
the waiting list in 1998. 


Background 


Joseph Murray in Boston performed the first successful 
transplant in 1954 when he performed a donor transplant 
from one twin to the other. In 1959 Dameshek and Schwartz 
used 6-mercaptopurine (6-MP) in place of irradiation to 
precondition patients for bone marrow transplantation. 
Calne developed this work with the introduction of a safer 
derivative of 6-MP called azathioprine (AZA). By 1963, 
maintenance AZA and corticosteroids became the standard 
regimen for kidney transplantation. Kidney transplant or 
“graft” survival with these treatment protocols was approxi- 
mately 40% at 12 months. In the late 1970s to early 1980s 
cyclosporin A (Cy A) was introduced and has been the main- 
stay immunosuppressive regimen in combination with AZA 
and corticosteroids. Cy A~based protocols led to fewer 
episodes of acute rejection and improved graft survival at 12 
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months to 80% to 90%. Tacrolimus was introduced during 
the 1990s and more recently mycophenolate mofetil (MMF), 
sirolimus (Rapamycin), and everolimus (Ever) have been 
developed for use in kidney transplantation (see Chapter 
33). Also, there has been marked progress on the develop- 
ment and use of biological agents (monoclonal or polyclo- 
nal antibodies directed against immune response cellular 
targets) to suppress the immune response to a graft in 
human transplant recipients. All these advancements have 
led to increases in graft and patient survival, with 1-year graft 
survival of approximately 90% being the rule rather than the 
exception." By contrast, long-term graft survival remains 
a major problem, with half of the transplants failing within 
12 years, usually as a result of chronic allograft nephropathy 
or death with a functioning graft. Data for the time interval 
1988 to 1996 predict that the half-life will increase to almost 
14 years for cadaveric grafts.’ 


Preoperative Assessment 


The criteria for acceptance into a transplant program differ 
slightly from center to center, and it is easier to consider 
reasons for exclusion. Candidates should not be obese (body 
mass index [BMI] <40 kg/m’) and should not have (1) severe 
chronic lung disease, (2) inoperable ischemic heart disease, 
(3) active infective liver or immunological disease, (4) 
chronic infection (e.g., tuberculosis), (5) preexisting malig- 
nancy, or (6) lower urinary tract dysfunction. There are also 
two important psychological issues to be considered: the 
concept of organ receipt and potential difficulty in comply- 
ing with immunosuppressive therapies. Age is no longer a 
primary issue in an otherwise healthy individual; however, 
only 6% of transplant recipients in the United Kingdom are 
over age 65. 

Laboratory assessment includes indicators of general 
operative health (e.g., electrolytes, acid-base status, clotting 
profile, full blood cell count, and cross-matching). In addi- 
tion, full human leukocyte antigen (HLA) tissue typing 
is undertaken, in addition to a full screen for infectious 
diseases, particularly cytomegalovirus (CMV), hepatitis, 
herpes, and HIV status, as these infections can be activated 
by immunosuppressive therapy. 

The donor kidney is usually placed extraperitoneally in 
the right or left iliac fossa. Anastomoses are constructed 
joining the transplant renal artery and vein to the recipient’s 
respective iliac vessels. The ureter is joined to the bladder. 
The recipient native kidneys are left in situ in the majority 
of cases. 


Postoperative Assessment 

During the initial postoperative phase of 1 to 2 weeks, careful 
monitoring of plasma creatinine and urine output is 
required to monitor graft function. Most grafts produce 
measurable amounts of urine within a matter of hours, and 
this is a clear sign of a functioning graft; however, in a certain 
proportion, perhaps 5% to 10% of cases, there is apparently 
primary nonfunction. In this subgroup, continuing dialytic 
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Figure 45-20 Posttransplantation biochemical profile. Open 
squares represent the course of a patient who experienced an 
early rejection episode (confirmed by biopsy, $) and requiring 
initial hemodialysis support. Solid squares represent the typical 
profile of an uncomplicated transplant recipient. To convert 
creatinine concentration in mol/L to mg/dL, multiply by 0.011. 


support is necessary. In some patients the condition resolves 
without treatment, but in others a percutaneous kidney 
biopsy may be necessary to establish whether the graft is still 
viable and what form of therapy should be initiated. In 
otherwise uncomplicated cases, the plasma creatinine con- 
centration falls rapidly postoperatively (Figure 45-20), and 
consequently changes in the rate of fall of creatinine are 
monitored to detect early acute rejection episodes. The dif- 
ferential diagnosis of graft dysfunction depends on the time 
since the transplant. In the very early postoperative phase, 
this includes delayed graft function, acute vascular and 
cellular rejection, drug toxicity, and acute tubular damage. 
Relative hypotension and dehydration may also contribute. 
Renal artery and venous thrombosis are rare complications 
and ureteric obstruction can be readily diagnosed using 
ultrasonography. Histological examination of a transplant 
biopsy is necessary to aid diagnosis and adjust treatment. 
During acute rejection there is an interstitial cellular infil- 
trate, tubulitis, tubular necrosis, and a moderate or severe 
intimal arteritis. Unfortunately, even this approach is not 
completely reliable, and response or lack of it to treatment 
should be carefully monitored. 


Immunosuppression and Therapeutic Drug Management 
As mentioned earlier, the introduction of immunosuppres- 
sive drugs in the 1970s led to a vast improvement in the 
success rate of kidney transplantations. However, currently 
used drugs have potentially numerous and serious side 
effects. For example, treatment with prednisolone in high or 
prolonged doses is associated with a number of nonimmune 
side effects, such as development of diabetes mellitus, osteo- 
porosis, thinning of the skin, and truncal obesity. Bone 
marrow suppression is the major dose-limiting side effect of 
treatment with azathioprine. Some side effects (infections 
and malignancy) reflect lack of adequate immune function 
and are inherent in suppressing the host immune response. 
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These side effects include infections such as Pneumocystis 
pneumonia and CMV, and certain malignancies such as skin 
cancer and lymphoma. A retrospective questionnaire study 
from Leeds, United Kingdom investigated 918 patients trans- 
planted from 1967 to 1991.™ The study demonstrated 80 
different tumors in 70 patients: 42 in skin, 12 of urogenital 
origin, and 5 B cell lymphomas plus a number of miscella- 
neous tumors. In an age- and sex-matched normal popula- 
tion after 20 years, a 6% prevalence of cancer was observed, 
compared with a prevalence of 13% at 10 years and 40% at 
20 years in the transplant population. Data from 2003 have 
shown that the prevalence of nonmelanotic skin cancer in 
transplant recipients at 10 years is almost 30% in the United 
Kingdom and 86% in Queensland, Australia.” These data 
suggest that patients receiving immunosuppressive drugs 
require lifelong surveillance for malignancy. 

Following the introduction of Cy A in the 1980s, there 
was a dramatic increase in 1-year graft survival because of a 
reduction in the number of acute rejection episodes.” 
However, a number of important side effects have been 
observed. Nephrotoxicity was soon apparent in the early 
clinical trials” and remains a major clinical problem; graft 
biopsy may be supportive of the diagnosis if there are 
histological appearances of arteriolar hyalinization and 
glomerular ischemia leading to glomerular occlusion, and 
tubulointerstitial changes producing interstitial fibrosis 
and tubular atrophy.” 

Clinical experience following kidney transplantation sug- 
gests that primary prophylaxis with tacrolimus results in 1- 
year graft and patient survival rates that are equivalent to 
those achieved with Cy A therapy, although with lower rates 
of acute rejection episodes.'”’”**" Five-year follow-up 
data suggest improved graft survival with tacrolimus com- 
pared with Cy A.“ Nephrotoxicity, hypertension, and post- 
transplant diabetes mellitus may occur and were reported 
commonly in the early studies.” 

In 11 European centers, kidney graft recipients random- 
ized to receive either Cy A or sirolimus as part of a triple 
regimen with corticosteroids and AZA had excellent graft 
and patient survival and incidence of acute rejection (41% 
and 38%)."° Sirolimus, in contrast to Cy A, does not cause 
nephrotoxicity, gingival hyperplasia, or tremor. Patients 
treated with sirolimus have a higher incidence of thrombo- 
cytopenia, hyperlipidemia, and lymphocele formation.” 
Sirolimus and MMF have been studied in the setting of Cy 
A-withdrawal and Cy A—free strategies in kidney transplan- 
tation," the hypothesis being that withdrawal or 
avoidance of Cy A would improve long-term outcomes, 
because there is no nephrotoxic stimulus. It has been shown 
in a multinational study to be feasible to withdraw Cy A 
within 3 months of transplantation.’ Studies have also 
shown that sirolimus in combination with MMF is safe and 
associated with low rates of acute transplant rejection at 12 
months.’ These patients also received basiliximab, a 
monoclonal antibody to a specific target (CD 25) of T-cell 
activation in response to a nonidentical graft. 


Cy A is insoluble and is presented for clinical use as a 
microemulsion. It has a narrow therapeutic window and in 
clinical transplantation it is important to monitor the blood 
level frequently. The most widely accepted practice is to 
monitor the “trough” blood level (C-0) just before the next 
dose. Accepted trough concentrations range from 100 to 
200 ug/L, with higher levels for the induction phase of treat- 
ment during the first 3 months and subsequently lower 
maintenance levels. The trough concentration within the 
blood may not give a truly accurate guide to total drug expo- 
sure, since there is a wide variation in absorption over the 
first 2 to 4 hours following dosing.” This is important since 
most of the pharmacodynamic effects of Cy A occur within 
2 hours. Studies from Canada suggest that trough con- 
centrations do not reflect clinical outcomes in terms of acute 
rejection rates” although high trough concentrations were 
associated with increased nephrotoxicity. A 2-hour drug 
(C-2) concentration correlated well with formal area under 
the curve (AUC) measurements and is predictive of nephro- 
toxicity and acute rejection episodes. In kidney transplant 
patients, the trough level of tacrolimus is well correlated with 
acute rejection episodes and nephrotoxicity.” Trough levels 
also guide sirolimus therapy.”” 

In summary, long-term graft failure is a major problem 
and graft loss accounts for increasing numbers of patients 
returning to dialysis. The most common cause, however, of 
graft loss is death with a functioning graft. ESRD carries a 
considerable burden of cardiovascular morbidity. Although 
some risk factors are improved following transplantation, 
such as volume overload and anemia, others, including 
dyslipidemia and hypertension, persist. The drugs used to 
prevent rejection can exacerbate these. The challenges to the 
nephrology community are complex and include increasing 
access to transplantation, reduction in side effects of the 
powerful drugs used to prevent rejection, and reduction in 
cardiovascular risk profiles for individual patients. 


Simultaneous Pancreas-Kidney Transplantation 

Patients with type 1 diabetes and stage 5 CKD with limited 
secondary complications of diabetes may be considered for 
simultaneous pancreas and kidney (SPK) transplantation. 
Patients tend to be younger than kidney only recipients, aged 
between 20 and 40 years. As of January 18, 2005, 2418 
patients were awaiting combined kidney and pancreas trans- 
plantation in the United States. More than 90% of pan- 
creas transplants registered until 1996 were performed in the 
United States, but expertise is growing in other countries. 
Graft and patient survival rates have been calculated for 
more than 3500 recipients of an SPK transplant in the 
United States from 1994 to 1997 based on data reported to 
the United Network for Organ Sharing (UNOS) renal reg- 
istry database.” The 1-year graft survival was 90% and 
patient survival around 93%. At 5 years, the graft survival 
was in excess of 70% and patient survival 85%. These results 
compare favorably with cadaveric kidney—only transplanta- 
tion in diabetes, The main reason for the survival advantage 
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of SPK over kidney-only is the fact that younger donors and 
recipients are selected. A separate prospective observational 
study has examined the impact of SPK transplant in terms 
of quality of life.’ At 3 years, SPK patients report greater 
improvements than kidney-only recipients in physical 
functioning, bodily pain, general health, and perception of 
greater benefits to secondary complications. 

The surgical technique for SPK involves whole organ pan- 
creas transplant with the duodenal segment draining into 
the urinary bladder through a duodenocystostomy. The 
kidney is attached as usual to the iliac vessels and the donor 
ureter is inserted into the bladder separately. Alternatively 
the pancreas can be drained enterically. This distinction is 
important since there are metabolic consequences outlined 
below. Postoperatively blood glucose concentrations are 
monitored closely and intravenous insulin is given as neces- 
sary. Exocrine pancreatic secretion can be measured in the 
urine, The major fear is rejection and a number of parame- 
ters are monitored including plasma glucose, amylase, lipase, 
and 12- or 24-hour urinary amylase. Because of high fluid, 
bicarbonate, and electrolyte losses into the urine, there is 
an increased need for supplementation in SPK recipients 
although this is usually self-limiting. Hyperamylasemia is 
common postoperatively and may or may not signify 
allograft rejection. Immunosuppressive schedules will vary 
between centers and include induction therapy with mono- 
clonal or polyclonal anti-T-cell agents and a combination of 
the drugs outlined above. Diagnosis of pancreatic rejection 
in the absence of a simultaneous kidney transplant is very 
difficult. Signs of rejection include fever, pain, hematuria, 
reduction of urinary amylase, and unexplained hyper- 
glycemia. Organ scanning and biopsy are also used. 
However, the function of the kidney in SPK mirrors the pan- 
creas and therefore immunosuppression can be tailored to 
the requirements of the kidney. 

For patients with bladder drainage, enteric conversion 
may be required for refractory problems, such as dehydra- 
tion, metabolic acidosis, chronic urethritis caused by 
trypsinogen activation, urinary tract infections, and recur- 
rent reflux pancreatitis. This involves an anastomosis 
between the graft duodenal segment and the recipient small 
bowel. 
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CHAPTER 46 


Physiology and Disorders 
of Water Electrolyte, and 
Acid-Base Metabolism” 


James Stacey Klutts, M.D., Ph.D., 
and Mitchell G. Scott, Ph.D. 


ammalian adaptation to terrestrial life has involved 
Me development of complex physiological systems 

to maintain the composition of their internal 
milieu. These include a variety of chemical buffers and 
highly specialized mechanisms of the lungs and kidneys that 
work together to regulate water, electrolytes, and pH between 
the intracellular and extracellular compartments. Pertur- 
bations in the dynamic equilibria that exist for water, 
electrolytes, and pH may arise from external (e.g., trauma, 
changes in altitude, ingestion of toxic substances) or 
internal (e.g, normal metabolism and disease states) 
sources. Correction of these imbalances by buffers and the 
pulmonary and renal compensatory mechanisms may not 
always be adequate, at which time the clinical laboratory 
can provide valuable information for guiding therapy. 


TOTAL BODY WATER—VOLUMEAND è 
DISTRIBUTION 


At birth, ~75% of total body mass is water, and from roughly 
1 year of age through middle age, this value is ~60% for the 
average male and ~55% for females. After middle age this 
falls to ~50%. As depicted in Figure 46-1, approximately two 
thirds of total body water (TBW) is distributed into the 
intracellular fluid (ICF) compartment, and one third exists 


*The authors acknowledge the original contributions by Norbert 
W. Tietz, Elizabeth L. Pruden, Ole Siggaard-Andersen, and 
Jonathan W. Heusel, on which portions of this chapter are based. 
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in the extracellular fluid (ECF) compartment. The ICF and 
ECF compartments are physically separated by the cellular 
plasma membrane. The ECF may be further subdivided into 
the interstitial (approximately three fourths of ECF) and 
intravascular (approximately one fourth of ECF) fluid com- 
partments, which are separated by the capillary endothe- 
lium. The larger blood vessels contain additional layers of 
smooth muscle and connective tissue but constitute a rela- 
tively small surface area for exchange compared with the 
capillary beds. Within the intravascular (whole blood) 
compartment, plasma, the liquid fraction, constitutes ~3.5 L 
for the average adult having a hematocrit of ~40% and a 
5 L blood volume. Although other clinically relevant ECF 
compartments (e.g., cerebrospinal fluid [CSF] and urine) 
may be analyzed in the clinical laboratory, the majority 
of laboratory tests used to determine hydration status, 
electrolytes, and acid-base status are performed on samples 
from the intravascular (plasma, serum, or whole blood) 
compartment. 

The minimum daily requirement for water can be esti- 
mated from renal (~1200 mL in urine) and “insensible” 
losses (~200 mL due to evaporation from the skin and res- 
piratory tract). Activity, environmental conditions, and 
disease all have dramatic effects on daily water (and elec- 
trolyte) requirements. However, on average, an adult must 
take in 1.0 to 1.5 L of water daily to maintain fluid balance. 
Because primary regulatory mechanisms are designed to 
first maintain intracellular hydration status, uncorrected 
imbalances in TBW are initially reflected in the ECF com- 
partment. Table 46-1 lists common causes and clinical 


1748 Section YI Pathophysiology 


ose Body Water (TBW) = ~60% total body mass 


Extracellular Fluid (ECF) 


~1/3 TBW ~2/3 TBW 


. 
. kaa vo PEP, 


. Interstitial Fluid `. 


ARASAN 


eS 


2 
45s 
7 
vA 
fı 


ANN 
R 


eA 
seeeesses 


SALLE eeeneee 
PLEO E. 


sees 


URBAN: 
IASI 


$3 
% 
4 
4: 


Ni 
+ 
Ns 
AN 
oS 


SS 


nt 
ASARAANSSS: 


z 
zi 

DORA 
P 


SANSS, 


N 


SA ANSAAASAS, 
INASSANSNN, 
PRO 


SASS 


NA NTs 
A, 


endotheli 
deni 


Sh 
ANAS 
ASRASA, 


wa 


= 
PRs 


es 


ore 
FELIPA 
ARARE 


intravascular Fluid 
~1/4 ECF 


RISSE 
ENNAN A A 


Plasma = -3.5 L 


NAP ANNAN 


205 
ae 
BB 


` 
RSNA 


NSRANSAR 


Clinical ‘Manifestations 


| ECE loss 


coma, death ar 


ECF ‘gain 


portal hypertension, esophageal varices 


manifestations of expansion and contraction of the ECF 
compartment. 

The intravascular fluid compartment (including blood 
cells) represents the effective circulating or blood volume, 
which is the portion of the ECF perfusing the body tissues. 
The human body has exquisitely sensitive receptors called 
“baroreceptors” designed to sense both the osmotic pressure 
and the blood volume in the right atrium, aortic arch, and 
kidney. During certain pathological conditions (e.g., con- 
gestive heart failure, hepatic cirrhosis, nephrotic syndrome), 
the baroreceptors detect a decrease in the blood volume 
despite an overall expansion of the ECE. The excess fluid in 
the ECF compartment collects in the tissues (causing edema) 
and thus is not sensed by the baroreceptors. Compensa- 
tory mechanisms involve the renal retention of sodium 
to expand the intravascular volume, leading to a vicious 
cycle of fluid retention in the face of an expanding ECF 
compartment. 
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Figure 46-1 Volume and distribution of total body 
water. Note that the intracellular and ECF 
compartments (ICF and ECF, respectively) are 
separated by cellular plasma membranes, and within 
the ECF interstitial and intravascular fluids are 
separated by the capillary endothelium. The volumes 
indicated represent water and not total volume. 
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“Trauma (and other causes of acute blood loss), 
“third-spacing” of fluid (e.g., burns, pancreatitis, 

- peritonitis), vomiting, diarrhea, diuretics, renal. : 
or adrenal (i.e,, sodium wasting) disease i 
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WATER AND ELECTROLYTES—COMPOSITION 
OF BODY FLUIDS 


The major ions of body fluids are collectively called elec- 
trolytes and constitute the majority of osmotically active 
particles. The primary cationic (positively charged) elec- 
trolytes are sodium (Na), potassium (K*), calcium (Ca™), 
and magnesium (Mg”), whereas the anionic (negatively 
charged) electrolytes include chloride (CF), bicarbonate 
(HCO3), phosphate (HPO; , H,POj), sulfate (SOF), organic 
ions such as lactate, and negatively charged proteins. The 
electrolyte concentrations of the body fluid compartments 
are shown in Table 46-2. Na‘, K*, Cl, and HCO; in the 
plasma or serum are commonly analyzed in an electrolyte 
profile, because their concentrations provide the most rele- 
vant information about the osmotic, hydration, and pH 
status of the body. Although hydrogen ion (H*) chemically 
is a cation, its concentration is approximately 1 million—fold 
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TABLE 46-2 Electrolyte and Water Composition of Body Fluid Compartments* 
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*All electrolyte values are expressed in mEq/L of fluid. Because the H,O content of plasma is ~90% by volume, the corresponding electrolyte concentrations 
in plasma water are ~10% higher. Note that the molar concentration of divalent ions is one-half the depicted value. 


These values are derived from skeletal muscle. 


lower in plasma than the major electrolytes listed in Table 
46-2 (10° mol/L vs. 10° mol/L) and thus is negligible in 
terms of osmotic activity. The total number of positive ions 
(including H*) must equal that of the negative ions for 
electrical neutrality. 

Any increase in the concentration of one anion is accom- 
panied either by a corresponding decrease in other anions or 
by an increase in one or more cations or both, so total elec- 
trical neutrality is invariably maintained. Similarly, any 
decrease in the concentration of anions involves either a cor- 
responding increase in other anions, or a decrease in cations, 
or both. In the case of polyvalent ions (e.g., Ca** or Mg”), it 
is important to distinguish between the substance concen- 
tration of the ion itself and the concentration of the ion 
charge. Thus although the concentration of total calcium 
ions in normal plasma is 2.5 mmol/L, the concentration of 
the total calcium ion charge is 5.0 mmol/L (also called 5 mil- 
liequivalents per liter [mEq/L]). This law of electrical neu- 
trality should not be confused with acid-base neutrality 
(pH = 7.0, where the activity of H* equals the activity of 
OH’). 

The special nature of H* is discussed below in the section 
about acid-base physiology. The special functions of 
calcium, magnesium, phosphates, amino acids, iron, and 
the trace elements are considered separately in Chapters 20 
and 30. 


EXTRACELLULAR AND INTRACELLULAR 

COMPARTMENTS 

The extracellular compartment is composed of plasma and 
interstitial fluid. 


Plasma 


Plasma, which is of main interest in discussion of water and 
electrolytes, generally has a volume of 1300 to 1800 mL/m’ 
of body surface and constitutes approximately 5% of the 
body volume (~3.5 L for a 66-kg subject). Generally, total 
body volume is derived from body mass by using an esti- 
mated body density of 1.06 kg/L: The electrolyte composi- 
tion of venous’ plasma is summarized in Table 46-2. The 
mass concentration of water in normal plasma is about 
0.933 kg/L, depending on the protein and lipid content (see 
Electrolyte Exclusion Effect in Chapter 27). Thus a concen- 
tration of sodium in the plasma of 140 mmol/L would cor- 
respond to a molality of sodium in plasma water of 
150 mmol/kg H,O (140 mmol/L divided by 0.933 kg/L). The 
total weight (mass) of 1 L of plasma is about 1.026 kg; thus 
the total weight of solute in 1 L of plasma is about 1.026 — 
0.933 = 0.093 kg. The concentration of net protein ions in 
plasma is ~12 mmol/L, with the charge mainly due to 
albumin, as the charge of globulins is negligible.” 


Interstitial Fluid 


Interstitial fluid is essentially an ultrafiltrate of blood plasma 
(see Figure 46-1). When all. extracellular. spaces except 
plasma are included, the volume accounts for about 26% 
(~17 L) of the total body volume. Plasma is separated from 
the interstitial fluid by the endothelial lining of the capillar- 
ies, which acts as a semipermeable membrane and allows 
passage of water and diffusible solutes but not compounds 
of large molecular mass, such as proteins. However, this 
“impermeability” is not absolute, as demonstrated by the 
varying (although low) concentration of protein in intersti- 
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tial fluids. In pathological conditions causing “shock,” such 
as bacterial sepsis, the permeability of the vascular endothe- 
lium increases dramatically, resulting in leakage of albumin, 
a reduction in the effective circulating volume, and hypoten- 
sion. If not aggressively treated with antibiotics, intravenous 
fluids, and/or vasopressors, this condition can result in death 
secondary to decreased cerebral perfusion. 


Intracellular Fluid 


The exact composition of ICF is extremely hard to measure 
because of the relative unavailability of cells free of contam- 
ination. Although erythrocytes are easily accessible, it would 
be incorrect to make any generalizations based on the com- 
position of these highly specialized cells. Data on cell com- 
position (see Table 46-2), therefore, are considered only 
approximations. The volume of the ICF constitutes ~66% of 
the total body volume (see Figure 46-1). 


REASONS FOR COMPOSITION DIFFERENCES OF 
BODY FLUIDS 


The composition of ICF can differ markedly from that of the 
ECF because of the separation of these compartments by the 
cell membrane. The composition differences are a conse- 
quence of both the Gibbs-Donnan equilibrium and active 
and passive transport of ions. 


Gibbs-Donnan Equilibrium 


Two solutions separated by a semipermeable membrane will 
establish an equilibrium so that all ions are equally distrib- 
uted in both compartments provided that the solutes can 
move freely through the membrane. At the state of equilib- 
rium, the total ion concentration and therefore the total 
concentration of osmotically active particles (osmolalities) 
are equal on both sides of the membrane. 

If solutions on two sides of a membrane contain differ- 
ent concentrations of ions that cannot freely move through 
the membrane (e.g., proteins), distribution of the diffusible 
ions (e.g, electrolytes) at the steady state will be unequal, 
but the product of the concentrations of ions in one com- 
partment is equal to the product of ions in the other com- 
partment (Gibbs-Donnan law). Also the law of electrical 
neutrality is obeyed for both compartments. An example of 
the uneven distribution of an ion in two compartments with 
different protein content (nondiffusible ions) is the concen- 
tration of chloride ions in plasma and CSE As a result of the 
increased selectivity of the blood-brain barrier against pro- 
teins, Cl ions are ~15% higher in CSF to establish electrical 
and osmotic equilibrium.” Calculations that demonstrate 
these principles can be found in the first edition of this text- 
book (pp. 1225-1227).” 

Celis that contain nondiffusible protein anions can with- 
stand only a limited and temporary difference in osmotic 
pressure across the cell membrane. The osmotic pressure is 
normally identical inside and outside the cells because the 
cell membrane can correct concentration differences by 
excluding some small ions by active, energy requiring, trans- 


port processes. If these processes cease, the cells gradually 
swell and eventually burst (osmotic lysis). 


DISTRIBUTION OF IONS BY ACTIVE AND 
PASSIVE TRANSPORT 


Examination of Table 46-2 reveals that the electrolyte com- 
positions of blood plasma and interstitial fluid (both ECFs) 
are similar, but their compositions differ markedly from that 
of ICF. The major extracellular ions are Na*, CF, and HCO3, 
although in ICF the main ions are K*, Mg”, organic phos- 
phates, and protein. This unequal distribution of ions is due 
to an active transport of Na* from inside to outside the cell 
against an electrochemical gradient. This process requires 
energy supplied by the metabolic processes in the cell (e.g., 
glycolysis). An active sodium pump deriving its energy from 
adenosine triphosphate (ATP) is present in most cell mem- 
branes, frequently coupled with a transport of K* into the 
cell. The Na*/K* pump is a heterodimer consisting of a cat- 
alytic transmembrane o-subunit that is about 1000 amino 
acid residues long, and an associated, smaller B-subunit.” 
The internal surface has a catalytic binding site for ATP and a 
binding site for Na*. The external surface has a binding site 
for K*. ATP phosphorylates an aspartic acid residue of the 
ATPase, resulting in a conformation change of the protein 
that ultimately triggers the expulsion of three sodium ions 
with a concomitant uptake of two potassium ions.” 

In addition to the Na*/K*-ATPase, there is also a ubiqui- 
tous Na*-H* exchanger (often referred to as an antiporter) 
that actively pumps H* out of the ICF in exchange for Na*.”* 
This exchanger is critical for maintaining intracellular pH 
homeostasis and volume in many cell types. At least six dif- 
ferent isoforms of this transmembrane protein have been 
identified, and the regulation and tissue distribution of these 
differ.'* Of particular importance is the role of this exchanger 
for acid-base regulation in renal tubular cells as discussed 
later in this chapter. 


Homeostasis and disorders of Na‘, K*, Cl, and HCO; are 
separately considered. 


SODIUM 


Disorders of Na* homeostasis can occur because of excessive 
loss, gain, or retention of Na* or because of excessive loss, 
gain, or retention of H,O. It is difficult to separate disorders 
of Na* and H,O balance because of their close relationship 
in establishing normal osmolality in all body water com- 
partments. As described in detail in Chapter 45, the primary 
organ for regulating body water and extracellular Na’ is the 
kidney. However, as a brief introduction to this section, it is 
important to remind the reader of the functions of healthy 
kidneys. In the proximal tubules, 60% to 70% of the filtered 
Na* is actively reabsorbed, with H,O and CI following 
passively to maintain electrical neutrality and osmotic 
equivalence. In the descending loop of Henle, H,O, but not 
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electrolytes, is passively reabsorbed because of the. high 
osmotic strength of the interstitial fluid in the spécialized 
environment of the renal medulla. In the ascending loop of 
Henle, CI is reabsorbed actively, with Na* following. At the 
level of the distal tubule, the first of the two primary 
Na‘/H,O regulating processes occurs. Here, aldosterone 
stimulates the distal tubules to reabsorb Na* (with water fol- 
lowing passively) and secrete K* (and to a lesser extent, H*) 
to maintain electrical neutrality. Aldosterone is produced by 
the adrenal cortex in response to the angiotensin II derived 
via the action of renin (see Chapter 45). The secretion of 
renin by renal juxtaglomerular cells is stimulated by low 
chloride, B-adrenergic activity, and low arteriolar pressure.”® 
Thus when the kidneys are hypoperfused (as occurs 
when blood volume decreases or if the renal arteries are 
obstructed), the distal tubules, under the influence of aldos- 
terone, reclaim Na*. Further water regulation in the kidney 
occurs from the distal tubule through the collecting duct 
where tubular permeability to H,O is under the influence of 
antidiuretic hormone (ADH) (see Chapters 45 and 50). 
ADH (also called vasopressin) is released by the posterior 
pituitary under the influence of baroreceptors in the aortic 
arch and hypothalamic chemoreceptors that are responsive 
to circulating osmolality, which is primarily a reflection of 
Na* concentration.” When blood volume is decreased or 
when plasma osmolality is increased, ADH is secreted, 
tubular permeability to H,O increases, and H,O is reab- 
sorbed in an attempt to restore blood volume or to decrease 
osmolality. In contrast, when blood volume is increased or 
osmolality decreased, ADH secretion is inhibited, and more 
H,O is excreted in the urine (diuresis). 

The body’s only other mechanism for restoring Na*/H,O 
homeostasis is ingestion of H,O. Thirst is stimulated by 
either decreased blood volume or a hyperosmotic condition. 
It is important to remember that the receptors that influence 
renal handling of Na* and H,O, and thirst, sense changes 
only in the intravascular blood volume and not the total ECE 
Furthermore, laboratory assessment of water and electrolyte 
disorders is primarily made from the blood volume 
(plasma). As discussed in subsequent sections, the clinician 
must assess the status of TBW and blood volume before 
interpretation of laboratory values in the diagnosis of water 
electrolyte disorders. The physical findings and clinical man- 
ifestations of these disorders are every bit as important as 
laboratory values (see Table 46-1). 


Hyponatremia 


Hyponatremia is defined as a decreased plasma Na* concen- 
tration (<136 mmol/L). Hyponatremia typically manifests 
itself clinically as nausea, generalized weakness, and mental 
confusion at values <120 mmol/L, ocular palsy at 
<110 mmol/L, and severe mental impairment between 90 
and 105 mmol/L.” The central nervous system (CNS) 
symptoms are primarily due to movement of H,O into cells 
to maintain osmotic balance and thus swelling of CNS cells. 
The rapidity of the development of hyponatremia influences 


the concentrations of Na* at which symptoms develop; i.e., 
clinically apparent symptoms may manifest at slightly higher 
Na* ‘concentrations (~125 mmol/L) when hyponatremia 
develops rapidly.” 

Hyponatremia has occurred in the settings of hypo- 
osmotic, hyperosmotic, and isosmotic plasma; thus the mea- 
surement (or occasionally a calculation) of plasma 
osmolality is an important initial step in the assessment of 
hyponatremia. Of these, the most common is hypoosmotic 
hyponatremia, since Na* is the primary determinant of 
plasma osmolality. Figure 46-2 describes an algorithm for 
laboratory measurements and physical examination findings 
in the differential diagnosis of a plasma Na* <135 mmol/L. 


Hypoosmotic Hyponatremia 


Typically when the plasma Na* concentration is low, the cal- 
culated or measured osmolality will also be low. This type of 
hyponatremia can be due to either excess loss of Na* (deple- 
tional hyponatremia) or increased ECF volume (dilutional 
hyponatremia). Differentiating these initially requires a clin- 
ical assessment of TBW and ECF volume by a history and 
physical examination. 

Depletional hyponatremia (excess loss of Na‘) is almost 
always accompanied by a loss of ECF water, but to a lesser 
extent than the Na* loss. Hypovolemia is apparent in the 
physical examination (orthostatic hypotension, tachycardia, 
decreased skin turgor). Loss of isosmotic or hypertonic fluid 
is the cause and this can occur through renal or extrarenal 
losses, If urine Na* is low (generally <10 mmol/L), the loss 
is extrarenal (see Figure 46-2) because the kidneys are 
properly retaining filtered Na* in response to increased 
aldosterone (stimulated by the hypovolemia and hypona- 
tremia). Causes of extrarenal loss of Na* in excess of H,O 
include losses from the gastrointestinal tract or skin (see 
Figure 46-2). 

Alternatively, if urine Na’ is elevated in this setting (gen- 
erally >20 mmol/L), renal loss of Na* is likely. Renal loss of 
Nat occurs with (1) osmotic diuresis, (2) thiazide diuretics 
(that inhibit reabsorption of Cl and Na’ in the ascending 
loop), (3) adrenal insufficiency (the absence of aldosterone 
and cortisone prevents distal tubule reabsorption of Na‘), or 
(4) “potassium-sparing” diuretics such as spironolactone 
that block aldosterone-mediated reabsorption of Na‘ in the 
distal tubules. Renal loss of Na* in excess of H,O can also 
occur in metabolic alkalosis because of prolonged vomiting, 
because increased renal HCO; excretion is accompanied 
by Na* ions. In this case, urine sodium is elevated 
(>20 mmol/L), but urine chloride remains low. In proximal 
renal tubular acidosis (RTA), bicarbonate is lost because of 
a defect in HCO; reabsorption and Na’ is again co-excreted 
to maintain electrical neutrality. 

Dilutional hyponatremia is a result of excess H,O reten- 
tion and can often be detected during the physical examina- 
tion as the presence of weight gain or edema. In advanced 
renal failure, water is retained because of decreased filtration 
and H,O excretion. However, the remaining functional 
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nephrons will excrete excess Na* secondary to the increased 
aldosterone that is secreted in response to reduced glomeru- 
lar pressure in the diseased nephrons. 

When ECF is increased but the blood volume is 
decreased, in congestive heart failure (CHF), hepatic cirrho- 
sis, or the nephrotic syndrome, a vicious cycle is established. 
The decreased blood volume is sensed by baroreceptors and 
results in increased aldosterone and ADH, even though ECF 
volume is excessive. The kidneys reabsorb Na* and H,O in 
response to the increased aldosterone and ADH in an 
attempt to restore the blood volume, but this simply results 
in further increases in the ECF and further dilution of Na’. 
It is important to note that the physical findings of conges- 
tive heart failure can be subtle, often making diagnosis 
difficult. Brain natriuretic peptide (BNP), a myocardial cell- 
derived protein, is elevated in many undiagnosed cases of 
heart failure.” As such, this hormone has become a useful 
marker for the diagnosis and monitoring of this disorder in 
patients (see Chapter 44). The release of BNP occurs in 


response to ventricular stretch, and the natriuretic action of 
the hormone suggests that one of its functions is to reduce 
ECF volume and thus cardiac afterload.“ Furthermore, 
therapy with BNP analogs has shown promise in the treat- 
ment of CHE. 

In hypoosmotic hyponatremia with a normal volume 
status, the most common etiologies are the syndrome of 
inappropriate ADH (SIADH), primary polydipsia, hypothy- 
roidism, and adrenal insufficiency (see Figure 46-2). SIADH 
is usually a result of ectopic or otherwise “inappropriate” 
ADH production arising from a variety of conditions" (see 
Chapters 45 and 50) and results in excessive H,O retention. 
SIADH is often diagnosed when a urine osmolality that 
is greater than plasma osmolality (usually by more than 
>100 mOsmol/kg) is observed in the setting of hypona- 
tremia, but only when renal, adrenal, and thyroid functions are 
normal. Hypothyroidism impairs free HO excretion, 
whereas in adrenal insufficiency, Na* is lost in preference to 
K* reabsorption. Finally, euvolemic hyponatremia can be 
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found in polydipsia when water intake is greater than the 
renal capacity to excrete the excess H,O. This is most often 
the result of psychiatric illness, but diseases that cause 
hypothalamic disorders, such as sarcoidosis, may also cause 
polydipsia by altering the thirst reflex (see Figure 46-2). 


Hyperosmotic Hyponatremia 

Hyponatremia occurs with an increased amount of other 
solutes in the ECE, causing an extracellular shift of water or 
intracellular shift of Na*. to maintain osmotic. balance 
between the ECF and ICF compartments. The most 
common cause of this type of hyponatremia is severe hyper- 
glycemia. As a general rule, the Na* decreases ~1.6 mmol/L 
for every 100 mg/dL increase of glucose above 100 mg/dL. 
The clinical use of mannitol for osmotic diuresis can have a 
similar effect. 


Isosmotic Hyponatremia 


If the measured Na* concentration in plasma is decreased, 
but measured plasma osmolality, glucose, and urea are 
normal, the only explanation is pseudohyponatremia caused 
by the electrolyte exclusion effect (see Chapter 27). This occurs 
when Na’ is measured by either flame emission spectropho- 
tometry or by an indirect ion-selective electrode in patients 
with severe hyperlipidemia or in states of hyperproteinemia 
(e.g., paraproteinemia of multiple myeloma). 


Hypernatremia 

Hypernatremia (plasma Na* >150 mmol/L) is always hyper- 
osmolar. Symptoms of hypernatremia are primarily neuro- 
logical (because of intraneuronal loss of H,O to the ECF) 
and include tremors, irritability, ataxia, confusion, and 
coma.” As with hyponatremia, the rapidity of the develop- 
ment of hypernatremia will determine the plasma Na* value 
at which symptoms occur. Acute development may cause 
symptoms when Na* reaches 160 mmol/L, although in 
chronic hypernatremia, overt symptoms may not occur until 
Na* exceeds 175 mmol/L. In chronic hypernatremia, the 
intracellular osmolality of CNS cells will increase to protect 
against intracellular dehydration. Because of this, rapid cor- 
rection of hypernatremia can cause dangerous cerebral 
edema, as CNS cells will take up too much water if the ICF 
is hyperosmotic when normonatremia is achieved.” 

In many cases, the symptoms of hypernatremia may be 
masked by underlying conditions that contributed to the 
development of the hypernatremia. Indeed, most cases of 
hypernatremia occur in patients with altered mental status 
or in infants, both of whom may have difficulty in rehydrat- 
ing themselves despite a normal thirst reflex. Thus hyperna- 
tremia will rarely occur in an alert patient with a normal 
thirst response who has access to water. 

In general, hypernatremia arises in the setting of (1) 
hypovolemia (either excessive water loss or failure to replace 
normal water losses}, (2) hypervolemia (a net Na* gain in 
excess of water gain), or (3) normovolemia. Again, assess- 
ment of TBW status by physical examination and measure- 


ment of urine Na* and osmolality are important steps in 
establishing a diagnosis for hypernatremia (Figure 46-3). 


Hypovolemic Hypernatremia 
Hypernatremia in the setting of decreased ECF is caused by 
the renal or extrarenal loss of hypoosmotic fluid leading to 
dehydration. Thus once hypovolemia is established, mea- 
surement of urine Na* and osmolality is used to determine 
the source of fluid loss. Patients who have large extrarenal 
losses have a concentrated urine (>800 mOsmol/L) with 
low urine Na* (<20 mmol/L), reflecting the proper renal 
response to conserve Na‘ and water as a means to restore 
ECE volume. Extrarenal causes include diarrhea, skin (burns 
or excessive sweating), or respiratory losses coupled with 
failure to replace the lost water. When gastrointestinal loss 
is excluded, and the patient has normal mental status and 
access to H,O, a hypothalamic disorder (tumor or granu- 
loma) should be suspected, because the normal thirst 
response should always replace insensible water losses.” 
Renal causes of water loss in excess of Na* can occur with 
osmotic diuresis or with thiazide diuretics coupled with 
decreased water intake. In the latter setting, the decreased 
ECF will lead to increased Na* reabsorption in the distal 
tubules, a site distal to that of the thiazide-induced inhibi- 
tion of Na* and H,O reabsorption. Although this increased 
Na’ reabsorption will lead to hypernatremia, there will still 
be excess Na* in the urine, causing further diuresis. In the 
former setting, chemoreceptors sensing peripheral hyperna- 
tremia will prevent Na* reabsorption at the distal tubule, 
leading to massive diuresis and elevated urine Na’. There- 
fore, in either of these settings, urine volume will be high, 
urine osmolality normal to low, and urine Na* high. 


Normovolemic Hypernatremia 


Hypernatremia in the presence of normal ECF volume is 
often a prelude to hypovolemic hypernatremia. Insensible 
losses through the lung or skin again must be suspected and 
are characterized by concentrated urine as the kidneys func- 
tion to conserve water. Another cause of normovolemic 
hypernatremia is water diuresis, which is manifested by 
polyuria (see Figure 46-3). The differential for polyuria (gen- 
erally defined as >3 L urine output/day) is either a water or 
a solute diuresis. Solute diuresis is exemplified by the 
osmotic diuresis of diabetes mellitus and generally is char- 
acterized by urine osmolality >300 mOsmol/L and hypona- 
tremia (see previous discussion in this chapter). A water 
(or solvent) diuresis is a manifestation of diabetes insipidus 
(DI) and is characterized by dilute urine (osmolality 
<250 mOsmol/L) and slight hypernatremia.” DI can be 
either central or nephrogenic.” Central DI is due to 
decreased. or total Jack of ADH secretion as a result of 
head trauma, hypophysectomy, pituitary tumor, or granulo- 
matous disease. Nephrogenic DI is due to renal resistance to 
ADH as a result of drugs (e.g., lithium, demeclocycline, 
amphotericin, and propoxyphene); diseases such as sickle 
cell anemia and Sjégren’s syndrome, which affect collecting 
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duct responsiveness to ADH; or, more rarely, mutant ADH 
receptors.” Central DI is usually treated with vasopressin, 
whereas nephrogenic DI is treated by discontinuing the 
responsible drug or providing easy and frequent access to 
drinking water. 


Hypervolemic Hypernatremia 


The presence of excess TBW and hypernatremia indicates a 
net gain of water and Na‘, with Na* gain in excess of water 
(see Figure 46-3). This condition is commonly observed in 
hospital patients receiving hypertonic saline or sodium 
bicarbonate. Other causes of hypervolemic hypernatremia 
include hyperaldosteronism and Cushing’s syndrome (see 
Chapters 24 and 51). Excess aldosterone and cortisol (which 
also act as ligands for the distal tubule aldosterone receptor) 
results in excess Na* and water retention. Corticosteroid 
therapy can have similar effects as well. 


POTASSIUM 


The total body potassium of a 70 kg subject is ~3.5 mol 
(40 to 59 mmol/kg) of which only 1.5% to 2% is present in 
the ECE. Nevertheless, plasma K* is a relatively good indi- 
cator of total K* stores with only a few exceptions. Because 
extracellular K* concentrations are maintained at the 
expense of the intracellular supply, plasma K* concentration 
can initially be normal and belie a total body deficit of up to 
200 mmol. 


Disturbance of K* homeostasis has serious consequences, 
For example, decrease of extracellular K* (hypokalemia) is 
characterized by muscle weakness, irritability, and paralysis. 
Plasma K* concentrations less than 3.0 mmol/L are associ- 
ated with marked neuromuscular symptoms and indicate a 
critical degree of intracellular depletion. At lower concen- 
trations, tachycardia and specific cardiac conduction effects 
are apparent by electrocardiographic examination (flattened 
T waves) and can lead to cardiac arrest.” — 

Abnormally high extracellular K* (hyperkalemia) con- 
centrations produce symptoms of mental confusion, weak- 
ness, tingling, flaccid paralysis of the extremities, and 
weakness of the respiratory muscles.” Cardiac effects of 
hyperkalemia include bradycardia and conduction defects 
evident on the electrocardiogram by prolonged PR and 
QRS intervals and “peaked” T waves. Prolonged severe 
hyperkalemia >7.0 mmol/L can lead to peripheral vascular 
collapse and cardiac arrest. There is individual variability 
in the concentrations of K* at which symptoms become 
apparent, but symptoms are almost always present at K* 
concentrations >6.5 mmol/L. Concentrations >10,0 mmol/L 
are in most cases fatal. 


Hypokalemia 
Causes of hypokalemia (plasma K* <3.5 mmol/L) are classi- 
fied as redistribution of extracellular K* into ICE, or true K* 
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deficits, as a result of either decreased intake or a loss of 
potassium-rich body fluids (Figure 46-4). 


Redistribution 


Intracellular redistribution of K* is illustrated by the fall in 
plasma K* that occurs following insulin therapy for diabetic 
hyperglycemia. The cells must take up K* as a consequence 
of glucose transport. Redistribution hypokalemia is also a 
feature of alkalosis, in which K* moves from ECE into the 
cells as H* moves in the opposite direction. In addition, the 
renal conservation of H* in the distal tubule occurs at the 
expense of K* ions. On the other hand, severe intracellular 
K* depletion may also cause alkalosis, as H* shifts intracel- 
lularly. Catecholamines and states of endogenous or 
pharmacological B-adrenergic excess have a similar effect. 


Pseudohypokalemia is a feature of acute leukemias. The 
elevated white blood cell count can cause a time-dependent 
transport of K* into the leukemic cells after the blood sample 
is drawn. Other less common causes of intracellular redis- 
tribution are listed in Figure 46-4. 


True Potassium Deficit 


Hypokalemia reflecting true total body deficits of K* can be 
classified into renal and nonrenal losses based on daily excre- 
tion of K* in the urine (see Figure 46-4). If urine excretion 
of K* is <30 mmol/day, it can be concluded that the kidneys 
are properly functioning and attempting to reabsorb as 
much K* as possible in the hypokalemic setting. Causes are 
either decreased K* intake or extrarenal loss of K*-rich fluid. 
Situations of decreased intake include chronic starvation 
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and postoperative intravenous fluid therapy with K*-poor 
solutions. Gastrointestinal loss of K* occurs most commonly 
with diarrhea. 

Urine excretion exceeding 25 to 30 mmol/day in a 
hypokalemic setting is inappropriate and indicates that the 
kidneys are the primary source of lost K*. Renal losses of K* 
may occur during the diuretic (recovery) phase of acute 
tubular necrosis and during states of excess mineralocorti- 
coid (primary or secondary aldosteronism) or glucocorti~ 
coid (Cushing’s syndrome) when the distal tubules increase 
Na* reabsorption and concurrently increase K* excretion. 
Renal loss of K* is also caused by thiazide and loop diuret- 
ics. It is noteworthy that certain diuretics (e.g., spironolac- 
tone) are “potassium sparing,” because their mechanism of 
action inhibits aldosterone binding. Other causes of renal 
loss of K* include the use of carbenicillin, ticarcillin, or 
amphotericin.’ In addition to redistribution of K* into cells 
in an alkalotic setting, K* can also be lost from the kidneys 
in exchange for reclaimed H* ions. This cause of true 
hypokalemia will be evident by low urine CF and often an 
alkaline urine. 


Hyperkalemia 

Hyperkalemia (plasma K* >5.0 mmol/L) is a result of (either 
singly or in combinations) (1) redistribution, (2) increased 
intake, or (3) increased retention. In addition, preanalytical 
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conditions—such as hemolysis, thrombocytosis (>10°/uL), 
and leukocytosis (>10°/p1L)—also have been known to cause 
marked pseudohyperkalemia as described in detail in 
Chapter 27 (Figure 46-5). 


Redistribution 

The transfer of intracellular K* into ECF invariably occurs in 
acidosis as H* shifts intracellularly and K* shifts outward to 
maintain electrical neutrality. As a general rule, K* concen- 
trations are expected to rise 0.2 to 0.7 mmol/L for every 0.1 
unit drop in pH. When the underlying cause of the acidosis 
is treated, normokalemia will rapidly be restored. Extracel- 
lular redistribution of K* may also occur in (1) dehydration, 
(2) shock with tissue hypoxia, (3) insulin deficiency (e.g. 
diabetic ketoacidosis), (4) massive intravascular or extracor- 
poreal hemolysis, (5) severe burns, (6) tumor lysis syndrome, 
and (7) violent muscular activity, such as that occurring in 
status epilepticus. Finally, important iatrogenic causes of 
redistribution hyperkalemia include digoxin toxicity and 
B-adrenergic blockade, especially in patients with diabetes or 
on dialysis.” 


Potassium Retention 

When glomerular filtration or renal tubular function is 
decreased, hyperkalemia may be precipitated by intravenous 
infusion of K*. Infusion rates in excess of 20 mmol/hr or use 
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of K* solutions with concentrations greater than 40 mmol/L 
can be dangerous. When renal function is normal, overtreat- 
ment is unlikely to produce hyperkalemia because there is 
more than adequate renal capacity to excrete excess K*. 
Indeed, in the absence of severe renal failure, hyperkalemia 
is seldom prolonged. Decreased excretion of K* in acute 
renal disease and end-stage renal failure (with oliguria or 
anuria and acidosis) are the most common causes of pro- 
longed hyperkalemia (see Figure 46-5). Hyperkalemia occurs 
along with Na* depletion in adrenocortical insufficiency 
(e.g., Addison’s disease) because diminished Na* reabsorp- 
tion and concomitant decrease in Na*-K* exchange results 
in decreased K* secretion. Drugs that block the production 
of aldosterone, such as the inhibitors of the angiotensin- 
converting enzyme (“ACE inhibitors,” e.g., captopril) may 
also cause hyperkalemia. Other causes of hyperkalemia 
include salt-losing congenital adrenal hyperplasia and 
excess administration of potassium-sparing diuretics that 
block distal tubular K* secretion (e.g., triamterene and 
spironolactone). *? 


CHLORIDE 


The chloride (CF) ion is the most abundant anion in the 
ECF (see Table 46-2). In the absence of acid-base distur- 
bances, CI concentrations in plasma will generally follow 
those of Na*. However, determination of plasma CI con- 
centration is useful in the differential diagnoses of acid-base 
disturbances and is essential for calculating the anion gap 
(see Increased Anion Gap Acidosis [Organic Acidosis] 
section later in this chapter). Fluctuations in serum or 
plasma CT have little clinical consequence, but do serve as 
signs of an underlying disturbance in fluid and acid-base 
homeostasis and can be an aid in differentiating the cause of 
these disturbances, 


Hypochloremia 


In general, causes of hypochloremia will parallel those causes 
of hyponatremia discussed earlier. Hypochloremia is fre- 
quently observed in metabolic acidoses that are caused by 
increased production or diminished excretion of organic 
acids (e.g., diabetic ketoacidosis and renal failure). In such 
cases, the fraction of total anion concentration represented 
by CI is diminished because the complementary fraction of 
B-hydroxybutyrate, acetoacetate, lactate, and phosphate is 
increased. Persistent gastric secretion and prolonged vomit- 
ing, whatever the cause, result in significant loss of CI and 
ultimately in a hypochloremic alkalosis and depletion of 
total body CI with corresponding retention of HCO3. 


Hyperchloremia 


Increased plasma CI concentration, like increased Na* con- 
centration, occurs with dehydration, RTA, acute renal failure, 
metabolic acidosis associated with prolonged diarrhea and 
loss of sodium bicarbonate, DI, states of adrenocortical 
hyperfunction, and overtreatment with saline solutions. A 
slight rise in CF concentration may also be seen in respira- 
tory alkalosis due to the renal compensation of excreting 


HCO}. Hyperchloremic acidosis may be a sign of severe renal 
tubular disease. 


BICARBONATE 


Total carbon dioxide (CO,) content of plasma consists of 
carbon dioxide dissolved in an aqueous solution (dCO,), 
CO, loosely bound to amine groups in proteins (carbamino 
compounds), HCO; and vanishingly small amounts of COF 
ions, and carbonic acid (H,CO;). Bicarbonate ions make up 
all but ~2 mmol/L of the total carbon dioxide of plasma (22 
to 31 mmol/L). Measurement of the total CO, as part of an 
electrolyte profile is useful chiefly to evaluate HCO; concen- 
tration in assessment of acid-base disorders. 

Alterations of HCO; and CO, dissolved in plasma are 
characteristic of acid-base imbalance. Its value has most sig- 
nificance in the context of other electrolyte values and with 
blood gases and pH values. The full clinical significance of 
the determination of total CO, will become apparent in the 
following discussion of acid-base physiology. 


ACID-BASE PHYSIOLOGY 


The normal human diet is almost neutral, containing only a 
small amount of titratable: acid. However, ‘metabolic 
processes in the body result in the production of relatively 
large amounts of carbonic, sulfuric, phosphoric, and other 
acids, For example, during a 24-hour period, a person weigh- 
ing 70 kg disposes of about 20 mol of carbon dioxide (the 
volatile form of carbonic acid) through the lungs and about 
70 to 100 mmol (or ~1 mmol/kg) of titratable, nonvolatile 
acids (mainly sulfuric and phosphoric acids) through the 
kidneys. These products of metabolism are transported to 
the lungs and kidneys via the ECF and blood without pro- 
ducing any appreciable change in the plasma pH and with 
only a minimal pH difference between arterial (pH 7.35 to 
7.45) and venous (pH 7.32 to 7.38) blood. This is accom- 
plished by the buffering capacity of blood and by respiratory 
and renal regulatory mechanisms. 


ACID-BASE BALANCE AND ACID-BASE STATUS - 


A description of acid-base balance involves an accounting of 
the carbonic (H,CO;, HCO;, COF, and CO,) and noncar- 
bonic acids and conjugate bases in terms of input (intake 
plus metabolic production) and output (excretion plus 
metabolic conversion) over a given time interval. The acid- 
base status of the body fluids is typically’assessed by mea- 
surements of total CO, plasma pH and PCO,, because the 
bicarbonate/carbonic acid system is the most important 
buffering system of the plasma. Occasionally, measurement 
of total titratable acid or base, or other acid and base ana- 
lytes (e.g., lactate and ammonia [NH5]) is necessary to deter- 
mine the etiology of an acid-base disorder. 

The following clinical terms are used to describe the acid- 
base status. Acidemia is defined as an arterial blood pH <7.35 
and alkalemia indicates an arterial blood pH >7.45. Acidosis 
and alkalosis refer to pathological states that lead to acidemia 
or alkalemia. For example, in common acid-base disorders 
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like lactic acidosis and diabetic ketoacidosis, intermediate 
organic acids (lactic acid and B-hydroxybutyric acid, respec- 
tively), which are normally metabolized to carbon dioxide 
and water, may accumulate to a significant extent, resulting 
in acidemia. Additionally, more than one type of pathologi- 
cal process can occur simultaneously, giving rise to a mixed 
acid-base disturbance, in which the blood pH may be low, 
high, or within the reference interval. These measurements 
reflect a static sampling of a dynamic process involving 
complex interactions between multiple buffering systems 
and the compensatory mechanisms of the kidneys and lungs. 
To understand how these and other perturbations of acid- 
base metabolism affect human physiology, it will be neces- 
sary to examine briefly, but carefully, the concepts of acids, 
bases, pH, and buffers in relation to the relevant systems that 
function to maintain normal acid-base balance in the human 
body. 


Acid-Base Parameters—Definitions and Abbreviations 


Acids are chemical substances that can donate protons (H* 
ions) in solution, and bases are substances that accept 
protons. Strong acids readily give up H*, whereas strong 
bases readily accept H*. Thus the conjugate base of a strong 
acid is a weak base and vice versa. 


pH and pK 

The pH of a solution is defined as the negative logarithm of 
the hydrogen ion activity (pH =—logaH*). Thus pH is a 
dimensionless quantity, such that a decrease of one pH unit 
represents a tenfold increase in the H* activity. The average 
pH of blood (7.40) corresponds to a hydrogen ion concen- 
tration of 4 x 10% mol/L = 40 nmol/L, but this assumes an 
activity coefficient of 1 (Figure 46-6). Potentiometric deter- 
minations of blood pH measure H* activity and not the H* 
concentration, although the activity is assumed to equal the 
concentration. The relationship between hydrogen ion activ- 
ity and pH is illustrated in Figure 46-6. The relationship is 
inverse and obviously nonlinear. Many European centers 
express the acidity of blood in terms of its hydrogen ion con- 
centration in nanomoles per liter (nmol/L). This form of 
expression has the advantage of avoiding logarithmic trans- 
formations when performing acid-base calculations. Even 
though it is consistent with how other ion concentrations are 
expressed, it has not gained widespread use in the United 
States. 

The pK (also, pK’ and pK,) represents the negative loga- 
rithm of the ionization constant of a weak acid (K,). That 
is, the pK is the pH at which an acid is half dissociated, exist- 
ing as equal proportions of acid and conjugate base. Thus 
acids have pK values <7.0, whereas bases have pK values >7.0. 
The lower the pK, the stronger the acid, and the higher the 
pK, the stronger the conjugate base. For example, the pK of 
lactic acid is 3.5, and is 9.5 for the ammonium ion NH}. The 
high pK for the ammonium ion indicates that this species 
prefers to hold onto its proton, rather than dissociating into 
NH; and H*. 
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Figure 46-6 Relationship of pH to hydrogen ion concentration. 
A, Broken line is drawn to emphasize the (approximate) linear 
relationship between hydrogen ion concentration and pH over 
the pH range of 7.2 to 7.5. (From Narins RG, Emmett M. Simple 
and mixed acid-base disorders:A practical approach, Medicine 
1980;59:161-87,) B, Scale for the interconversion of pH and 
hydrogen ion concentration. 


The pH of the plasma may be considered to be a function 
of two independent variables: (1) the PCO,, which is regu- 
lated by the lungs and represents the acid component of the 
carbonic acid/bicarbonate buffer system, and (2) the con- 
centration of titratable base (base excess or deficit, which is 
defined later), which is regulated by the kidneys. The plasma 
bicarbonate concentration is generally taken as a measure of 
the base excess or deficit in plasma and ECF, although it is 
recognized that conditions exist in which bicarbonate con- 
centration may not accurately reflect the true base excess or 
deficit. 


Bicarbonate and Dissolved CO, 


Bicarbonate is the second largest fraction (behind Cl) of 
plasma anions (~25 mmol/L). Conventionally, it is defined 
to include (1) plasma bicarbonate ion, (2) carbonate, and (3) 
CO, bound in plasma carbamino compounds (Figure 46-7). 
At the pH of blood, the plasma carbonate concentration 
is ~25 mol/L, which is ~1/700 to 1/1000 of the total bicar- 
bonate concentration. CO,-bound carbamino compounds 
(RCNHCOOH) are 0.2 mmol/L in plasma and 1.5 mmol/L 
in erythrocytes. Actual bicarbonate ion concentration is 
not measured, but rather calculated from the Henderson- 
Hasselbaich equation as described below (and discussed in 
detail in Chapter 27). Also, as described in Chapter 27, the 
analyte usually measured in plasma is total CO,, which 
includes bicarbonate and dissolved CO (dCO,). The dCO, 
fraction is defined to include both the undissociated car- 
bonic acid and physically dissolved, free CO,. At the pH of 
the blood, the amount of dissolved CO, is 700 to 1000 times 
greater than the amount of carbonic acid and therefore 
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Figure 46-7 Reactions of CO, with water and amino groups. 
Hydrogen bonding is indicated by a dotted bond. The carbamino 
acid is fairly strong —R—NH-—-COOH => H* + R—NH— 
coo. 


cdCO, is the term used to express their combined concen- 
tration. It is calculated from the solubility coefficient of CO, 
in blood at 37 °C (œ = 0.0306 mmol/L per mm Hg) multi- 
plied by the measured PCO, in mm Hg. Thus at a PCO, of 
40 mm Hg, cdCO, is 1.224 mmol/L (0.0306 mmol/L x 
40 mm Hg). This cdCO, value can then be used, in the 
Henderson-Hasselbalch equation, to calculate the total 
bicarbonate concentration. 


Henderson-Hasselbalch Equation 


The Henderson-Hasselbalch equation is described in detail 
in Chapter 27. However, it is important to review this equa- 
tion here because it aids in understanding pH regulation of 
body fluids as it relates to the compensatory mechanisms of 
the body in acid-base disturbances. The equation derived in 
Chapter 27 can also be written as follows: 


cHCO; 
cdCO2 


where cdCO, is equal to œ (0.0306 mmol/L per mm Hg) x 
PCO, and 6.1 is the apparent pK’ for the carbonic acid/bicar- 
bonate system (see Chapter 27). An alternative expression 
useful for approximating cH* in blood is: 


PCO, 
cHCO3; 


where K = 24 (nmol/L) x (mmol/L) x (mm Hg"), 

The average normal ratio of the concentrations of 
bicarbonate and dissolved carbon dioxide in plasma is 
25 (mmolL)/1.25 (mmol/L) = 20/1. It follows then that any 
change in the concentration of either bicarbonate or dis- 
solved CO, must be accompanied by a change in pH. Such 
changes in the ratio can occur through a change either in the 


pH = 6.1 + log 


cHt =K x 


numerator (the renal component) or in the denominator 
{the respiratory component). Clinical conditions character- 
ized as metabolic disturbances of acid-base balance are 
classified as primary disturbances in cHCO3. Those charac- 
terized as respiratory disturbances are classified as primary 
disturbances in cdCO,. Various compensatory mechanisms 
attempting to reestablish the normal ratio of CHCO3/cdCO, 
may result in changes in the bicarbonate concentration, dis- 
solved CO, concentration, or both. The application of the 
Henderson-Hasselbalch equation to human acid-base phys- 
iology can be illustrated by a lever-fulcrum (teeter-totter) 
diagram (Figure 46-8). 


BUFFER SYSTEMS AND THEIR ROLE IN REGULATING THE 
PH oF BODY FLUIDS 

A buffer is a mixture of a weak acid and a salt of its 
conjugate base that resists changes in pH when a strong 
acid or base is added to the solution (see Chapter 1). If 
the concentrations of the acid and base components of 
a buffer are equal, the pH will equal the pK. Generally, 
buffers work best at resisting changes in pH in the interval 
+ one pH unit of its pK. That is, buffers work best when the 
ratio of acid: base is within the range of 10:1 to 1:10. 
Buffers are also more effective at higher concentrations, so 
that a 10 mmol/L buffer solution is more effective than a 
1.0 mmol/L solution. 

The action of buffers in the regulation of body pH can be 
explained by using the bicarbonate buffer system as an 
example. If a strong acid is added to a solution containing 
HCO; and H,CO,, the H* will react with HCO; to form more 
H,CO; and subsequently CO, and H,O. The hydrogen ions 
are thereby bound, and the increase in the H* concentration 
will be minimal. 


HCO; + H* - HCO; - CO, + H20 


The buffer systems of most physiological interest in 
connection with regulation of the pH of body fluids are 
those of plasma and erythrocytes. Discussions of the most 
important physiological buffers follow. 


Bicarbonate/Carbonic Acid Buffer System 


The most important buffer of plasma is the bicarbonate/car- 
bonic acid pair. Initially, one might not think that this buffer 
would be very effective because its pK is 6.1, whereas normal 
plasma pH is 7.4. Furthermore, the ratio of base to acid 
is ~20:1 in plasma, which is outside the general limits for 
good buffering capacity. However, the effectiveness of the 
bicarbonate buffer is based on its high concentration 
(>20 mmol/L) and on the fact that the lungs can readily 
dispose of or retain CO,. In addition, the renal tubules can 
increase or decrease the rate of reclamation of bicarbonate 
from the glomerular filtrate (see Chapter 45). The impor- 
tance of the high concentration becomes apparent when one 
considers that at normal pH, 5 mmol/L of lactate (pK ~4) 
generates ~5 mmol/L of H* ion, which is remarkable consid- 
ering that a normal H* ion concentration is only 40 nmol/L. 
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Figure 46-8 Scheme demonstrating the relation between pH and ratio of bicarbonate 
concentration to the concentration of dissolved CO). If the ratio in blood is 20:1 {(cHCO;3 = 

27 mmol/cdCO, = 1.35 mmol/L), the resultant pH will be 7.4 as demonstrated by the solid beam, 
The dotted line shows a case of uncompensated alkalosis (bicarbonate excess) with a bicarbonate 
concentration of 44 mmol/L and a cdCO, of 1.1 mmol/L. The ratio therefore is 40:1, and the 
resultant pH is 7.7. In a case of uncompensated acidosis, the pointer of the balance would point 
to a pH between 6.8 and 7.35, depending on the cHCO3/cdCQ, ratio. (From Weisberg HEA better 
understanding of anion-cation (“acid-base”) balance. Surg Clin North Amer 1959;39:93-120; Snively WD, 
Wessner M. ABC’s of fluid balance. J ind State Med Assoc 1954;47:95 7-72.) 


Other nonbicarbonate buffers of blood are present at 
<10 mmol/L concentration. 

The buffer value (B) is defined as the amount of base 
required to cause a change in pH of one unit. The buffer 
value of the bicarbonate buffer in plasma is 55.6 mmol/L. 
Derivation of this value is obtained by taking partial 
differentials of the Henderson-Hasselbalch equation, 
which is presented in detail in the second edition of this 
textbook.” 


Phosphate Buffer System 


At a plasma pH of 7.4, the ratio CHPOT/cH,PQ; is 4/1 (pK’ 
= 6.8), The total concentration of this buffer in both ery- 
throcytes and plasma is less than that of other major buffer 
systems, accounting for only about 5% of the nonbicar- 
bonate buffer value of plasma. Organic phosphate, however, 
in the form of 2,3-diphosphoglycerate (present in erythro- 
cytes in a concentration of about 4,5 mmol/L), accounts 
for about 16% of the nonbicarbonate buffer value of 
erythrocyte fluid. 

The phosphate buffer reacts with acids and with bases as 
follows: 


uro + g® HPO® 


HPO? + onO® ——> ypo®® , mo 


This system is important in the excretion of acids in the 
urine, as is explained in the section on renal compensatory 
mechanisms. 


Plasma Protein Buffer System and Plasma Base Excess 


The buffer value (B) of the nonbicarbonate buffers of plasma 
is about 7.7 mmol/L at pH 7.40 and a normal plasma protein 
concentration of 72 g/L. Proteins, especially albumin, 
account for the greatest portion (95%) of the nonbicarbon- 
ate buffer value of the plasma. The most important buffer 
groups of proteins in the physiological pH range are the 
imidazole groups of histidines (pK ~7.3). Each albumin 
molecule contains 16 histidines. 
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The significance of the nonbicarbonate buffers of the 
plasma can be illustrated when considering the chemical 
reactions during CO, equilibration: 


CO) +H,O ——~> ICO, ——» Hco?, H® 
HÊ + pO 


HPr 


where the HPr/Pr system represents all nonbicarbonate 
buffers. Since the purpose of this buffer system is to main- 
tain cH* constant, for each molecule of HCO; that is gener- 
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ated, one molecule of nonbicarbonate buffer base disap- 
pears. Thus in alkalosis, the cH* from CO, equilibration falls 
and there is a resulting excess of nonbicarbonate buffer base. 
As follows, there is a consumption or negative excess of this 
buffer base in acidosis. 

Plasma base excess is defined as the initial concentration 
of titratable base when titrating the plasma with strong acid 
or base to pH (Std) = 7.4 at PCO, = 40 mm Hg and 37 °C. 
The equation for the CO, equilibration curve of plasma and 
calculation of plasma base excess can be written: 


AcHCO; (P) = [-BPr x ApH(P)] + AcB’(P) 


where AcHCO; = actual HCO; minus the standard HCO; of 
24.5 mmol/L, ApH = measured pH minus 7.40, and AcB’(P) 
is the plasma base excess. 


Hemoglobin Buffer System and Whole Blood Base Excess 
The buffer value (B) of the nonbicarbonate buffers of ery- 
throcyte fluid is about 63 mmol/L at pH 7.20 for an ery- 
throcyte hemoglobin (Fe) concentration of 21 mmol/L 
(33.8 g/dL). Hemoglobin accounts for the major part 
(53 mmol/L), with the remainder being mainly caused by 
2,3-diphosphoglycerate (2,3-DPG). The imidazole groups of 
hemoglobin are quantitatively the most important buffer 
groups. 

As in plasma, CO, equilibration of whole blood depends 
on the buffer value of nonbicarbonate buffers. Thus CO, 
equilibration in whole blood is dependent on hemoglobin 
concentration and also on pH and oxygenation status. It is 
possible to derive an approximate equation for whole blood 
CO, equilibration and calculation of whole blood base excess 
as follows: 


AcB’(B 
AcHCO3 (P) = -B x ApH(P) + ) 
where 
AcHCO; = measured plasma cHCO;(P)- 24.5 mmol/L 


HCO; 
ApH = measured pH — the standard pH of 7.40 
AcB’(B) = the whole bload base excess (i.e. the concentration 
of titratable base when titrating the blood with 
strong acid or base to pH = 7.40 at PCO, [Std] 
and 37 °C) 

B = B,,Hb x cHb(B) + BPr, where B,,Hb is the molar 
buffer value of hemoglobin (2.3 mol/mol), cCHb(B) 
is the substance concentration of hemoglobin 
(Fe) in the blood (unit: mmol/L), and PPr is the 
buffer value of the plasma proteins (7.7 mmolL) 

& = 1 — cHb(B)/cep where Cet is an empirical para- 
meter (43 mmol/L} 

This equation for whole blood base excess (known as the 
Van Slyke equation’”’), together with the Henderson- 
Hasselbalch equation, provides the simplest algorithm for 
calculation of the various acid-base variables. The buffer 


value of HHb is slightly lower than that for O.Hb at pH ~6.5 
but higher at pH ~7.8. This is due to a decrease in the pK 
value of the “oxygen-linked” acid-base groups of Hb (C- 
terminal histidine and N-terminal valine) when HHb is oxy- 
genated. When oxygenated, H* ions are liberated from Hb, a 
phenomenon called the Haldane effect. In a hemoglobin 
solution, a close relationship exists between the Bohr effect 
(the effect of pH on the O, saturation, see Chapter 27) and 
the Haldane effect. However, for whole blood, the rise in the 
concentration of titratable base, known as the Haldane coef- 
ficient for whole blood (AcB’[B]), is only 0.3 mmol/L when 
oxyhemoglobin at a concentration of 1 mmol/L is converted 
to deoxyhemoglobin. For more detail of the interaction of 
the Bohr and Haldane effects, see Chapter 31 of the second 
edition of this textbook.” 


Isohydric and Chloride Shift 


Because of the continuous production of carbon dioxide 
within tissue cells, there is a concentration gradient for 
carbon dioxide from cells to the plasma and thus to ery- 
throcytes. Despite this, the combination of all the buffer 
systems discussed previously interacts together with the 
Haldane effect in a phenomenon known as the isohydric CF 
shift, which keeps the cdCO, and cH* (pH) essentially con- 
stant between arterial and venous blood. A small portion of 
the carbon dioxide entering the plasma stays as dissolved 
carbon dioxide, thus the slightly higher PCO, in venous 
blood. The majority reacts with water to form carbonic acid 
that dissociates into H* and HCO}. The increased amount of 
H* is buffered by plasma buffers (Figure 46-9, reaction 1). 
Another small portion combines with the amino groups of 
proteins and forms carbamino compounds (Figure 46-9, 
reaction 2). The normal concentration of carbamino com- 
pounds in the plasma is about 0.2 mmol/L. Most of the 
carbon dioxide enters the erythrocytes and reacts with water 
to form carbonic acid. This reaction is catalyzed by the 
enzyme carbonic anhydrase (CA) and proceeds at a relatively 
high rate (Figure 46-9, reaction 3). Some CO, remains as dis- 
solved CO, and some combines with Hb to form HbCO, 
(Figure 46-9, reaction 4). 

The carbonic acid formed in reaction 3 initially increases 
the H* concentration. The pH change, however, is fully or 
partially compensated by the release of oxygen from O,Hb, 
which involves the conversion of the stronger acid (O,Hb) 
into a weaker acid (HHb) that then readily accepts the H*. 
For each mole of O, released, the hemoglobin binds about 
0.5 mol of H* ion. Furthermore, the HHb binds significantly 
more CO, in the form of carbamino-CO, than does oxyhe- 
moglobin; thus an additional fraction of CO, is transported 
in this form. The oxygen released. from O,Hb moves from 
the erythrocytes through the plasma into the peripheral 
tissue cells. 

The remainder of the hydrogen ions formed in reaction 
3 are buffered by the nonbicarbonate buffers of the erythro- 
cyte fluid, whereas the concentration of HCO; increases 
to the same extent that the concentration of Hb anion falls. 
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Figure 46-9 Scheme demonstrating the isohydric and chloride shift. The encircled numbers refer 
to the reactions described in the text. For details, see text. 


The transformations described so far (Figure 46-9, reactions 
1 through 5) are referred to as the isohydric shift (ie, a 
shift in which the hydrogen ion concentration remains 
unchanged). 

The equilibrium between plasma and red cells has been 
disturbed by the reactions described so far. The concentra- 
tion of HCO; has increased relatively more in the erythro- 
cytes than in the plasma; the pH of plasma has fallen 
relatively more than the pH of the erythrocytes; and the non- 
diffusible ion concentration in the erythrocytes has fallen 
because of the increase in protonation of proteins and 
hemoglobin. The membrane potential of the erythrocytes 
therefore becomes less negative, and the distribution of all 
diffusible ions must change in accordance with the new 
membrane potential. The ion shifts that occur rapidly are a 
movement of HCO; out of the erythrocytes and a movement 
of Cl into the erythrocytes to provide electrochemical 
balance. This shift of chloride ions is referred to as the chlo- 
ride shift (Figure 46-9, reactions 6 and 7). As a result of these 
ion fluxes, the concentration of chloride in the venous 
plasma is about 1 mmol/L lower than that in the arterial 
plasma. 

The HCO;, the carbamino compounds, and the dissolved 
carbon dioxide are transported in venous blood to the pul- 
monary capillaries and alveoli. The comparatively low PCO, 
in the alveoli will cause a shift of carbon dioxide from the 
erythrocytes and the plasma into the alveoli. On the other 
hand, the high PO, in the alveoli causes a shift of oxygen into 
the plasma and the erythrocytes. This exchange causes a 
reversal of reactions 1 through 7 in Figure 46-9, 


RESPIRATORY MECHANISM IN THE REGULATION OF 
ACID-BASE BALANCE 

In addition to supplying O, to tissue cells for normal 
metabolism, the respiratory mechanism contributes to the 
maintenance of normal body pH through elimination 


or retention of CO, in metabolic acidosis and alkalosis, 
respectively. 


Respiration 

Exchange of O, and CO, in the lungs between alveolar air 
and blood is called external respiration, in contrast to inter- 
nal respiration occurring at the tissue level. At inspiration, 
contraction of the diaphragm and thoracic musculature 
expands intrathoracic volume and creates a fall in intra- 
pulmonary pressure. Atmospheric air is drawn into the 
bronchial tree, which terminates at the alveoli. Alveoli are 
small saclike chambers with very thin walls in close approx- 
imation to pulmonary capillaries where the exchange of 
gases between alveolar air and pulmonary blood occurs. 
Expiration takes place passively by recoil as the elastic tissues 
of the lungs and chest wall rebound and the intrathoracic 
volume is decreased. Loss of elasticity of the lungs and 
destruction of the alveolar membranes are basic pathologi- 
cal mechanisms underlying many pulmonary diseases. 

Peripheral venous blood reaches the pulmonary circula- 
tion from the right ventricle of the heart and is “arterialized” 
in the capillaries of the lungs by uptake of O, and loss of 
CO,. Pulmonary venous blood then returns to the left ven- 
tricle by way of the left atrium and is pumped through the 
aorta to the peripheral tissues. In the capillaries of periph- 
eral tissues, the arterial blood releases O, to the tissue cells 
and takes up CO,, With return of blood to the lungs, the 
cycle is completed. 

In a resting state, the respiration rate is normally 12 to 15 
breaths/min. For an average-sized adult with a tidal volume 
(the amount of air exchanged per breath cycle) of about 
0.5 L, 6 to 8 L of air is moved per minute in either direction. 
Physical activity increases ventilation (respiratory rate x 
tidal volume), i.e., the amount of air exchanged per minute. 
Voluntary efforts can increase the rate of ventilation 20 to 30 
times over the resting concentration, but only briefly. Invol- 
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untary increases in rate and depth of respiration are regu- 
lated by the medullary respiratory center in the brain stem, 
which in turn is stimulated by central chemoreceptors 
located on the anterior surface of the medulla oblongata and 
by peripheral chemoreceptors located in the carotid arteries 
and aorta. Peripheral chemoreceptors are stimulated by a fall 
in pH caused by accumulation of CO, or by a decrease in 
PO,. The central chemoreceptors are stimulated only by a 
decrease in pH of the CSE 

Often a patient’s normal response to these chemical 
receptors that drive respiration is perturbed by a pathologi- 
cal condition in the circulatory or respiratory system. If sig- 
nificantly abnormal, the patient will require assisted 
ventilation that uses a mechanical device to provide gas mix- 
tures intermittently via an endotracheal tube inserted 
through the mouth or through a tracheostomy. Gas mixtures 
containing different fractional compositions of O, and CO, 
may be administered in conjunction with assisted ventila- 
tion. A physician’s adjustments of the conditions of this 
mechanical ventilation depend greatly on the results of 
blood gas and pH determinations that reflect current acid- 
base status. 


Exchange of Gases in the Lungs and Peripheral Tissues 


Diffusion of O, and CO, across alveolar and cell membranes 
is governed by gradients in the partial pressure of each 
gas (Figure 46-10). Dry air inspired at a pressure of 1 atm 
(760 mm Hg) consists of 21% O, (PO, ~160 mm Hg), 0.03% 
CO, (PCO, ~0.25 mm Hg), 78% nitrogen, and ~0.1% other 
inert gases. As inspired air passes over the moist mucous 
membranes of the upper respiratory tract, it is warmed to 
37 °C, becomes saturated with water vapor, and mixes with 
air in the respiratory tree, resulting in partial pressures of 
~150 mm Hg for O, 0.3 mm Hg for CO,, ~47 mm Hg for 
H,O, and 563 mm Hg for nitrogen. Further mixing with alve- 
olar air results in partial pressures at the alveolar membrane 
of ~105 mm Hg for O,, ~40 mm Hg for CO,, and ~47 mm 
Hg for H,O. Venous blood on the opposite side of the alve- 
olar membrane contains O, at a partial pressure of approx- 
imately 40 mm Hg and CO, at approximately 46 mm Hg. 
Thus the gradient for O, is inward, toward the blood, and 
for CO, it is outward, toward the alveoli. CO, removal is 
so efficient that the PCO, in expired air is more than 100 
times the PCO, in inspired air (see Figure 46-10). In the arte- 
rial blood, the PO, is slightly lower than in alveolar air 
(90 versus 105 mm Hg). This difference is due to shunting 
about 5% of blood through the lungs that does not equili- 
brate with O3. 

At the arterial end of capillaries of peripheral tissues, the 
PO, at approximately 90 mm Hg is substantially higher than 
the average PO, at the surface of the tissue cells (20 mm Hg), 
and the PCO, at ~40 mm Hg is substantially lower than that 
in the cells (50 to 70 mm Hg). Thus in the tissue capillary, 
the gradient for O, is inward to the cell; for CO, it is outward 
to the capillary blood. The arteriovenous difference in partial 
pressures is approximately 60 mm Hg for O, and 6 mm Hg 


or less for CO,. This difference in arteriovenous PO, is one 
indicator of the efficiency of O, extraction in the passage of 
blood through the capillaries. During passage through the 
tissues, the concentration of total oxygen falls on average 
2.3 mmol/L, whereas the concentration of total CO, of the 
blood rises about 2.0 mmol/L. 


Respiratory Response to Acid-Base Perturbations 


Most metabolic acid-base disorders develop slowly, within 
hours in diabetic ketoacidosis and months or even years in 
chronic renal disease. The respiratory system responds 
immediately to a change in acid-base status, but several 
hours may be required for the response to become maximal. 
The maximum response is not attained until both the central 
and peripheral chemoreceptors are fully stimulated. For 
example, in the early stages of metabolic acidosis, plasma 
pH decreases, but because H* ions equilibrate rather slowly 
across the blood-brain barrier, the pH in CSF remains nearly 
normal. However, because peripheral chemoreceptors are 
stimulated by the decreased plasma pH, hyperventilation 
occurs, and plasma PCO, decreases. When this occurs, the 
PCO, of the CSF decreases immediately because CO, equil- 
ibrates rapidly across the blood-brain barrier, leading to a 
rise in the pH of the CSE. This will inhibit the central 
chemoreceptors. But as plasma bicarbonate gradually falls 
because of acidosis, bicarbonate concentration and pH in the 
CSF will also fall over several hours. At this point, stimula- 
tion of respiration becomes maximal as both the central and 
peripheral chemoreceptors are maximally stimulated. 

The reverse is true when a patient with metabolic acido- 
sis is treated with HCO3. When the pH in plasma increases 
as the result of HCO; administration, stimulation of the 
peripheral chemoreceptors returns to normal. However, 
because of the slow equilibration of HCO; between plasma 
and CSF, the central chemoreceptors continue to be stimu- 
lated, and the patient continues to hyperventilate, even when 
the blood pH has returned to normal. Respiration does not 
return to normal until normal acid-base balance in the CSF 
of the brain is restored. 


RENAL MECHANISMS IN THE REGULATION OF ACID- 
BASE BALANCE 


The average pH of plasma and of the glomerular filtrate is 
~7 4, whereas the average urinary pH is ~6.0, reflecting the 
renal excretion of nonvolatile acids produced by metabolic 
processes. The various functions of the kidneys respond to 
different alterations of acid-base status. In the case of acido- 
sis, excretion of acids is Increased and base is conserved; in 
alkalosis, the opposite occurs. The pH of the urine changes 
correspondingly and may vary in random specimens from 
pH 4.5 to 8.0. This ability to excrete variable amounts of acid 
or base makes the kidney the final defense mechanism 
against changes in body pH. 

The various acids produced during metabolic processes 
are buffered in the ECF at the expense of HCO3. Renal excre- 
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tion of acid and conservation of HCO; occur through several 
mechanisms including (1) the Na*-H* exchange, (2) pro- 
duction of ammonia and excretion of NH4, and (3) recla- 
mation of HCO;. 


Na*-H* Exchange 

Nearly all mammalian cells contain a plasma membrane 
ATP-hydrolyzing protein capable of exchanging sodium ions 
for protons—the so-called Na*-H* exchanger (Figure 46-11). 
In 2002 it was reported that at least six isoforms of the Na*- 
H* exchanger (NHE-1 through NHE-6) are differentially 
expressed in a wide variety of tissues." These NHE isoforms 
exhibit 20% to 60% amino acid identity, with highly con- 
served transmembrane domains, suggesting that these 
domains are the sites of Na* and H* translocation.” In the 
renal tubules, NHE-1 and NHE-3 appear to be the predom- 
inant isoforms that extrude H* ions into the tubular fluid in 
exchange for Na‘ ions. 
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Figure 46-10 Partial pressures of oxygen and carbon 
dioxide in air, blood, and tissue. Values shown are 
approximations in mm Hg and calculated assuming a 5% 
shunt. Heavy arrows show directions of gradients. (Modified 
from Tietz NW. Fundamentals of clinical chemistry, 3rd ed. 
Philadelphia: WB Saunders Co, | 987.) 


Na*-H* exchange is enhanced in states of acidoses and 
inhibited in alkalotic states. Both NHE-1 and NHE-3 iso- 
forms are transcriptionally upregulated in response to aci- 
dotic states. Additionally the NHE-3 isoform shows an 
increased Vma of Na‘-H* exchange during acidoses—a 
process that may be regulated by increased phosphorylation 
of the cytoplasmic domain. The proximal tubules, however, 
cannot maintain an H*-gradient of more than ~1 pH unit 
whereas the distal tubules cannot maintain one of more than 
~3 pH units. Thus maximum urine acidity is reached at ~pH 
4.4, In Type I and Type IV RTA, this exchange process is 
defective and may lead to a decrease in blood pH. In Type I 
RTA, there is often an increase in urinary pH, but in Type 
IV, an additional defect in NH, excretion can result in 
normal or even decreased urine pH. Hydrogen ions of the 
glomerular filtrate, or those that have been transported 
through the Na*-H* exchanger into the tubular fluid, may 
react with NH, or HPO7 as shown in Figure 46-11 and 
described in the next section. 
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Potassium ions compete with hydrogen ions in the renal 
tubular Na*-H* exchanger. If the intracellular K* level of 
renal tubular cells is high, more K* and less H* are exchanged 
for Na". As a result, the urine becomes less acidic, thereby 
increasing the acidity of body fluids. If K* is depleted, more 
H’ ions are exchanged for Na*, and the urine becomes more 
acidic and the body fluids more alkaline. Thus hyperkalemia 
contributes to acidosis and hypokalemia to alkalosis. 
Because the body’s compensatory mechanism against meta- 
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Giomerular Filtrate 


Figure 46-11 Hydrogen ion excretion, 
sodium hydrogen ion exchange, and ammonia 
production in the renal tubules. Key: /, 
conversion of HPO} to H,PO,; 2, reaction of 
hydrogen ions with NH;; 3, excretion of 
undissociated acids; 4, Na*-H* exchange; 5, 
NH; production; and 6, synthesis of carbonic 
acid from CO). 


HA 
(Undissociated) 


bolic alkalosis is relatively ineffective, K* depletion alone can 
result in a metabolic alkalosis. 


Renal Production of Ammonia and Excretion of 
Ammonium Ions 

Renal tubular cells are able to generate ammonia from glut- 
amine and other amino acids derived from muscle and liver 
cells according to the following reaction: 


HN J, COO H3N, 1, „COO Os C00 
b L Glutamate & 
Hy Glutaminase Hə dehydrogenase Hə 
bm Z N bm A bay 
p H,0 NH, IF NAD NADH 
O07 “NED of “OH wae 0” “OH 
Glutamine Glutamate 2-Oxoglutarate 
NH,” NH + HÊ 


The ammonium ion produced dissociates into ammonia 
and hydrogen ions to a degree dependent on the pH (see 
Figure 46-11). At normal blood pH, the ratio of NHj to 
NH; is about 100 to 1. Ammonia is a gas and diffuses readily 
across the cell membrane into the tubular lumen, where 


it combines with hydrogen ions to form ammonium ions 
(see Figure 46-11). At the acid pH of urine, the equilibrium 
between NHj and NH; shifts markedly to the left (~10,000 
to 1), strongly favoring formation of NH}. The NH4 formed 
in the tubular lumen cannot easily cross cell membranes 
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and thus is trapped in the tubular urine and excreted 
with anions such as phosphate, chloride, or sulfate. In 
normal individuals, NHj production in the tubular lumen 
accounts for the excretion of ~60% (30 to 60 mmol) of 
the hydrogen ions associated with nonvolatile acids. 
Finally the 2-oxoglutarate produced in this reaction is 
converted to bicarbonate (up to 270 mmol/day) that helps 
to replenish bicarbonate neutralized by metabolic acid 
production. 

The amount of H* excreted bound to NH; can be mea- 
sured as NH4. The H* required for NH4 formation may be 
present in the glomerular filtrate or may be generated within 
tubular cells by carbonic anhydrase synthesis of carbonic 
acid from CO, (see Figures 46-11 and 46-12). These hydro- 
gen ions are secreted into the tubular lumen through the 
Na*-H* exchangers (see Figure 46-11). In systemic acidosis, 
excretion accounts by far for the greatest net excretion of H* 
by the kidneys. However, the maximum rate of glutamine 
release and therefore of NH; production (~400 mmol/day) 
is not achieved until acidosis has persisted for 3 days. In 
patients with chronic Type IV RTA or with renal insuffi- 
ciency, the kidneys are unable to generate sufficient NH; to 
buffer the nonvolatile acids produced, and this defect con- 
tributes significantly to the acidosis in such patients. 


Excretion of H* as H,PO; 

H* secreted into the tubular lumen by the Na*-H* exchanger 
may also react with HPO? to form H,POj (see Figure 46- 
11). This process depends on the amount of phosphate fil- 
tered by the glomeruli and the pH of urine. Under normal 
physiological conditions, ~30 mmol of H* is excreted per day 
as H,PO3;, and this amount accounts for ~90% of the titrat- 
able acidity of urine. In case of high-protein intake, phos- 
phate production and filtration may be increased. Acidemia 
increases phosphate excretion and thus provides additional 
buffer for reaction with H*. A decrease in the glomerular fil- 
tration rate (GFR), as observed in renal disease, may result 
in a decrease of H, PO} excretion. 


Glomerular Filtrate 


Figure 46-12 Key: }, Formation of CO, from bicarbonate 
in the tubular fluid; 2, formation of H* and HCO; from CO, 
in the tubular cell; 3, new generation of HCO3; and 4, Na*- 
H* exchange. 


The secretion of H* and the subsequent reaction with 
HPO; allow the removal of one H* without any significant 
decrease in urinary pH. As a result, the pH gradient is not 
greatly affected and more H* can be secreted into the tubules, 
whereas more Na’* is reabsorbed and conserved. The HCO; 
formed by the action of carbonic anhydrase in the tubular 
cells in the process of H* secretion reclaims the HCO; lost 
in buffering the body burden of ingested or produced 
acid. 


Excretion of Other Acids 


Strong acids, such as sulfuric, hydrochloric, and phosphoric, 
are fully ionized at the pH of urine and are excreted only 
after the H* derived from these acids reacts with a buffer 
base. Excretion of the anions of these acids is accompanied 
by the simultaneous removal of an equal number of cations, 
such as Na‘, K*, or NH}, to provide electrochemical balance. 
However, some acids, such as acetoacetic acid (pK = 3.58) 
and B-hydroxybutyric acid (pK = 4.7), are present in blood 
almost entirely in ionized form; at the acid pH frequently 
prevailing in urine, some are nondissociated and thus may 
be excreted partially as the nondissociated acid (see Figure 
46-11). For example, 50% of B-hydroxybutyric acid at pH 
4.7 is nonionized. 


Reclamation of Filtered Bicarbonate 


The unmodified glomerular filtrate has the same concentra- 
tion of HCO; as does plasma; however, with increasing 
acidification of the proximal tubular urine, the HCO; 
concentration decreases. It is believed that these changes are 
triggered by the excretion of H* by the Na*-H* exchanger 
mechanism, which results in a decrease in urinary pH. The 
H* excreted reacts with HCO; (catalyzed by carbonic anhy- 
drase, in the brush border of the proximal tubular cells) to 
form H,CO, and subsequently CO, and H,O (see Figure 
46-12). 

This increase in urinary CO, causes carbon dioxide to 
diffuse across the tubular wall into the tubular cell, where it 
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reacts with H,O in the presence of cytoplasmic carbonic 
anhydrase in the tubular cells to form H,CO; and subse- 
quently H* and HCO; (see Figure 46-12). Thus reclamation 
of bicarbonate is in fact diffusion of CO, into tubular cells 
and its subsequent conversion to HCO3. The increase in 
HCO; helps to maintain or restore a normal pH in the 
general circulation. Normally, ~90% of the filtered HCO; (or 
about 4500 mmol/day) is reclaimed in the proximal tubule, 
and the extent of HCO; reclamation parallels Na* reabsorp- 
tion. Thus for each H* secreted into the tubular fluid, one 
Na* and one HCO} enter the tubular cell and return to the 
general circulation. 

When plasma HCO; concentration increases above 
~28 mmol/L, the capacity of the proximal and distal tubules 
to reclaim is exceeded, and HCO; is excreted in the urine. 
The process of bicarbonate reclamation is enhanced in 
acidosis (and decreased in alkalosis), most likely as a 
result of increased Na*-H* exchange. In this way, the kidneys 
in acidosis or alkalosis support the other compensa- 
tory mechanisms to restore the normal cHCO3;/cdCO, 
ratio. Type H RTA is a decreased ability to reabsorb HCO} 
in the proximal tubules, leading to a decrease in blood 
pH. 


CONDITIONS ASSOCIATED WITH ABNORMAL 
ACID-BASE STATUS AND ABNORMAL 
ELECTROLYTE COMPOSITION OF 

THE BLOOD®!”*5? 


Many pathological conditions are accompanied by distur- 
bances of the acid-base balance and electrolyte composition 
of the blood. These changes are usually reflected in the 
acid-base pattern and anion-cation composition of ECR, as 
measured in blood. However, results obtained on blood or 
plasma may not always reflect the acid-base status of the ICE. 

Abnormalities of acid-base status of the blood are always 
accompanied by characteristic changes in electrolyte con- 
centrations in the plasma, especially in metabolic acid-base 
disorders. Hydrogen ions cannot accumulate without con- 
comitant accumulation of anions, such as CI or lactate, or 
without exchange for cations, such as K* or Na‘. Conse- 
quently, electrolyte composition of blood serum or plasma 
is often determined along with measurements of blood gases 
and pH and to assess acid-base disturbances. 

Acid-base disturbances are traditionally classified as (1) 
metabolic acidosis, (2) metabolic alkalosis, (3) respiratory 
acidosis, or (4) respiratory alkalosis. In simple, straight- 


Primary. Change 


TABLE 46-3 Classification and Characteristics of ope Acid-Base Disorders 


Metabolic 


„Acidosis ` LHCO; Leco, a 
“Alkalosis TACO; oe RO. 
Respiratory 
Acidosis : St Be 
Acute TPCO, Were TcHCO; 
Chronic | “PCO, n ae = < TeHCO; 
“Alkalosis i 2 , te ieee 
Acute 4PCO,  LeHCO3 
be ee 


Compensatory Response 


l Expected Compensation 


-| PCO, = 1.5 (HCO3) + 8 +2 
PCO, falls by 1 to 1.3 mm Hg for each mmol/L 
fallin cHCOs ` noah 
a Last 2 digits of pH = PCO, (e.g. if PCO, = = 28, 
“pH=7.28) 
“cCHCO; + 15 = last 2 digits of pH CO = = 15, 
pH = 7.30) . 
' PCO, increases 6 mm 1 Hg He each 10 mmol/L 
rise in HCO; wan -_ 
cHCO; + 15 = last 2 digits of pH (cHCOs = = 35, 
pH =7.50) 


cHCO; increases by 1 mmol/L for each 10 mm Hg 
rise in PCO, >. 

cHCO; increases T 3.5 mmol/L for each 10 mm Hg 
rise in pea : 


HCO falls iy 2 mmol/L for Say 10 mm n Hg 
fall in PCO, ` aes 
~-CHCO; falls by 5 ill for.each 10x mm Hg 
fall in PCO. 7" 


Modified from Narins RG, Gardner LB. Simple acid-base disturbances. Med Clin North Amer 1981;65:321-46. 
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Figure 46-13 Simple depiction of the body as a two-vat system 
of acid and base. At equilibrium input and output from each 
“vat” are equal. (Fram Dufour DR. Acid-base disorders. In: Dufour 
DR, Christenson RH, eds: Professional practice in clinical chemistry: A 
review. Washington DC: AACC Press, 1995:604-335.) 


forward acid-base disorders, the laboratory parameters 
observed for these groups are shown in Table 46-3. However, 
interpretation of laboratory values to classify these disorders 
is rarely straightforward because of compensatory responses 
by the respiratory and renal systems attempting to correct 
the imbalance. 

The causes of acid-base disorders, resulting laboratory 
values, and compensatory responses are discussed here in the 
traditional categorization of these disorders. However, it is 
often difficult to remember which disorders fall into which 
categories, so it is common for mnemonic devices or tables 
to be used to facilitate description of these disorders. A useful 
and more logical approach is to realize that an acidosis 
can only occur as a result of one (or a combination) of 
three mechanisms: (1) increased addition of acid, (2) 
decreased elimination of acid, and (3) increased loss of base. 
Similarly, alkalosis occurs only by (1) increased addition of 
base, (2) decreased elimination of base, and (3) increased 
loss of acid. Dufour has illustrated this simple concept by 
depicting the body as a two-tank vat, one of acid and one of 
base, with inputs and outputs for each vat (Figure 46-13).° In 
the normal setting, these inputs and outputs are balanced; an 
acid-base disorder then involves a perturbation in the input 
or output of these body reservoirs, as discussed in the next 
section. 


METABOLIC ACIDOSIS (PRIMARY 
BICARBONATE DEFICIT) 


Metabolic acidosis is readily detected by decreased plasma 

bicarbonate (or a negative extracellular base excess), the 

primary perturbation in this acid-base disorder. Bicarbonate 
is “lost” in the buffering of excess acid. Causes include the 
following: 

1, Production of organic acids that exceeds the rate of elim- 
ination (e.g., the production of acetoacetic acid and 
B-hydroxybutyric acid in diabetic acidosis and of lactic 
acid in lactic acidosis). 

2. Reduced excretion of acids (H*) as occurs in renal failure 
and some RTAs, resulting in an accumulation of acid that 
consumes bicarbonate. 

3. Excessive loss of bicarbonate because of increased renal 
excretion (decreased tubular reclamation) or excessive 
joss of duodenal fluid (as in diarrhea). Plasma cHCO; 
falls; the fall is associated with a rise in the concentration 
of inorganic anions (mostly chloride) or a concomitant 
fall in the sodium concentration. 

When any of these conditions exists, the ratio of cHCO3/ 
cCO, is decreased because of the primary decrease in bicar- 
bonate. The resulting drop in pH stimulates a respiratory 
compensation via hyperventilation, which lowers PCO, and 
thereby raises the pH. 


Increased Anion Gap Acidosis (Organic Acidosis) 


Metabolic acidoses are classified as those associated with 
either an increased anion gap or a normal anion gap (Table 
46-4). The concept of the anion gap was originally devised 
as a quality control rule when it was noted that if the sum 
of Cl’ and HCO; values was subtracted from the Na* value 
(Na*— {CI + HCO;3]), the difference, or “gap,” averaged 
12 mmol/L in healthy subjects.’ This apparent gap is due to 
unmeasured anions (e.g., proteins, SOF, H POF) that are 
present in plasma. Anion gap values outside the interval of 
7 to 16 mmol/L suggested the possibility of an error in mea- 
surement of one of the electrolytes. However, it was also 
apparent that the anion gap was increased in many patients 
with a metabolic acidosis.”® Indeed, the presence of an ele- 
vated anion gap is often the first indication of a metabolic 
acidosis and should be assessed in the electrolyte profiles of 
all patients. The gap is also slightly increased in the absence 
of acidosis by very low calcium, magnesium, or potassium 
levels because lower levels of these “unmeasured” cations will 
result in lower levels of anions (Figure 46-14). Conversely the 
gap can be artificially narrowed in settings of hypoalbu- 
minemia (negatively charged proteins), hypergammaglobu- 
linemia (positively charged proteins), hypercalcemia, or 
hypermagnesemia. Taken together, these alterations have 
called into question its utility according to some authors.” 
However, the gap in these settings is usually at the extremes 
of the reference intervals or only slightly outside the refer- 
ence intervals. 

All anion gap metabolic acidoses can be explained by one 
(or a combination) of eight underlying mechanisms listed 
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TABLE 46-4 Conditions of Metabolic Acidoses with High and Normal Anion Gaps 
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*Although there is considerable variability, the anion gap is often >25 mmol/L in these conditions with the exception of uremic renal failure. 


‘Blood urea nitrogen {reference interval: 8 to 25 mg/dL, or ~3.0 to 9.0 mmol/L). 
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Figure 46-14 Simple “Gambelgram” depiction of normal gap, 
anion gap acidosis, and nonanion gap acidosis. Cations, Na‘, and 
K* are in left bar for each condition, whereas measured (CI and 
HCO3)} and unmeasured (U`) anions are in right bar for each 
condition. 


below according to the common mnemonic device MUD- 
PILES (see Table 46-4). The physiological basis for the anion 
gap in these conditions is the consumption of bicarbonate 
in buffering excess acid. Cl’ values remain normal when the 
excess acid is any other than HCl, because the lost bicar- 
bonate is replaced by the unmeasured anions. 


Methanol 


Although nontoxic itself, methanol is metabolized by the 
liver to formaldehyde and formic acid. Accumulation of this 
acid leads to metabolic acidosis with a high anion gap and 
to clinical symptoms of optic papillitis (“snowfield” blind- 
ness), retinal edema, and ultimately blindness because of 
optic nerve atrophy and neurological defects that may lead 
to coma. Methanol and other ingested alcohols such as 
ethylene glycol, ethanol, and isopropanol will increase the 
osmolality of plasma. Thus in the presence of a high anion 
gap acidosis, determination of the osmolal gap (see Chapter 
27) will help determine the source of the unmeasured anion® 
and suggest specific toxicological analyses.’ 


Uremia of Renal Failure 


The loss of functional renal tubular mass results in decreased 
ammonia formation, decreased Na*-H* exchange, and 
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decreased GFR. All result in decreased acid excretion (see 
Chapter 45). Acidosis usually develops if GFR falls below 
20 mL/min. Serum creatinine and blood urea nitrogen levels 
are usually elevated and are used as an estimate of the degree 
of renal damage or, more appropriately, as an estimate of 
remaining functional renal capacity. 


Diabetes or Ketoacidosis 


The pathogenesis of ketoacidosis is discussed in detail in 
Chapter 25. Ketoacids’such as B-hydroxybutyrate and 2- 
oxoglutarate accumulate and represent the unmeasured 
anions. Accumulation of these “ketone bodies” causes a 
decrease in HCO;, a normal or low serum chloride, and a 
high anion gap. Ketoacids also accumulate in states of 
starvation and alcoholic malnutrition. 


Paraldehyde Toxicity 


Paraldehyde toxicity may develop after chronic paraldehyde 
ingestion. The pathogenesis is poorly defined, but the aci- 
dosis may actually be a ketosis (nitroprusside negative) with 
§-hydroxybutyric acid as the main acidic product. Patients 
with paraldehyde toxicity have a pungent, apple-like odor to 
their breath. 


Isoniazid, Iron, or Ischemia 


These seemingly unrelated etiologies of high anion gap aci- 
dosis share a common feature: the accumulation of organic 
acids, with a predominance of lactic acid. Thus the “three I's” 
actually represent special cases in the general category of 
lactic acidosis, which is described next. Both isoniazid, an 
antimycobacterial agent commonly used in the treatment or 
prophylaxis of tuberculosis, and iron toxicity involve the 
production of toxic peroxides that act as mitochondrial 
poisons and interfere with normal cellular respiration. In 
addition, isoniazid may be hepatotoxic, leading to significant 
liver damage and impairment of lactate clearance.'® 

Tissue ischemia may result from many causes; in general, 
hypoperfusion leads to hypoxia of cells, which results in 
anaerobic metabolism with the attendant accumulation of 
organic (mainly lactic) acids. The kidneys (and brain) are 
especially sensitive to hypoperfusion, such that acute renal 
failure often is a contributing factor in the high anion gap 
metabolic acidosis associated with global tissue ischemia (as 
may occur in major trauma). 


Lactic Acidosis 


Lactic acid, present in blood entirely as lactate ion (pK= 
3.86), is an intermediate of carbohydrate metabolism and is 
derived mainly from muscle cells and erythrocytes (see 
Chapter 25). It represents the end product of anaerobic 
metabolism and is normally metabolized by the liver. The 
blood lactate concentration is, therefore, affected by the rate 
of production and the rate of metabolism, both of which are 
dependent on adequate tissue perfusion. An increase in the 
concentration of lactate to >2 mmol/L and the associated 
increased H* is considered lactic acidosis. 


Lactic acidosis caused by severe tissue hypoxia is seen in 
severe anemia, shock, cardiac decompensation, and pul- 
monary insufficiency. Severe oxygen deprivation of tissue 
blocks aerobic oxidation of pyruvic acid in the tricarboxylic 
acid cycle and results in the reduction of pyruvate to form 
lactate. Lactic acidosis is associated with a significant 
increase in the lactate/pyruvate ratio in blood: Such extreme 
findings signal deterioration of the cellular oxidative process 
and are associated with marked tachypnea, weakness, 
fatigue, stupor, and finally coma. Conditions at these later 
stages are frequently irreversible, even when treatment for 
acidosis and hypoxia is instituted. Examples are the irre- 
versible, end-stage of shock; diabetic coma without ketosis; 
and a variety of illnesses in the terminal stage. A short-lived 
lactic acidosis is often observed following grand mal seizures. 
If the origin of lactate (e.g., seizure and hypoxic tissue) can 
be rectified, lactate is rapidly metabolized to CO., which is 
then eliminated if the respiratory system is intact. 

Lactic acidosis is also caused by (1) drugs and toxins, such 
as ethanol, methanol, biguanides, isoniazid (see previous 
discussion), and streptozotocin; (2) acquired and hereditary 
defects in enzymes involved in gluconeogenesis; (3) disor- 
ders such as severe acidosis, uremia, liver failure, tumors, 
and seizures; (4) anesthesia; and (5) abnormal intestinal bac- 
teria producing p-lactate (described in Chapter 25). 

Alcohol taken in excess tends to prevent gluconeogenesis 
from lactate in the liver, because oxidation of ethanol to 
acetaldehyde competes for the NAD* that is necessary for the 
conversion of lactate to pyruvate. Severe acidosis, such as 
diabetic ketoacidosis, may suppress lactate conversion and 
cause a shift in the lactate-pyruvate equilibrium with the 
accumulation of H*. This shift may, in part, be responsible 
for the lactic acidosis seen in diabetics. 

Hyperventilation in lactic acidosis is more intense than in 
other forms of metabolic acidosis. It is believed that this is 
because of the participation of the respiratory center in lactic 
acid production and the resulting greater local acidification 
of the respiratory center. During exercise, lactate levels may 
increase significantly, from an average normal concentration 
of ~0.9 mmol/L to ~12 mmol/L. However, under normal 
conditions, the lactate is rapidly metabolized so that the “aci- 
dosis” is only transient. 

Lactate in spinal fluid normally parallels blood levels. In 
cases of biochemical alterations in the central nervous 
system, however, CSF lactate values change independently of 
blood values. Increased CSF levels may be seen in intracra- 
nial hemorrhage, bacterial meningitis, epilepsy, and other 
CNS disorders.”! 


Ethylene Glycol 


Ingested ethylene glycol is metabolized to glycolic and oxalic 
acids and other acidic metabolites. Its metabolism leads to 
an acidosis with high anion and osmolal gaps. Accumulation 
of toxic metabolites may contribute to lactic acid production 
that further contributes to the acidosis. Precipitation of 
calcium oxalate and hippurate crystals in the urinary tract 
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may lead to acute renal failure. Clinically, patients develop a 
variety of neurological symptoms that may lead to coma. 
Some patients may develop, either singly or in combination, 
(1) bronchial pneumonia, (2) pulmonary edema, (3) con- 
gestive heart failure, (4) hypertension, or (5) cardiopul- 
monary arrest. The minimal lethal dose of ethylene glycol is 
~100 mL for an average 70 kg adult. 


Salicylate Intoxication 


This generally occurs with blood salicylate concentrations 
above 30 mg/dL. Salicylate, itself an unmeasured anion, 
alters peripheral metabolism, leading to the production of 
various organic acids without dominance of any specific 
acid. The processes eventually result in a metabolic acidosis 
with a high anion gap. Salicylate also stimulates the respira- 
tory center to increase the rate and depth of respiration, 
resulting in a low PCO), low HCOs, and respiratory alkalo- 
sis (see the section entitled Respiratory Alkalosis). In adults, 
mixed respiratory alkalosis and metabolic acidosis are 
more common, whereas in children, metabolic acidosis 
predominates. 


Normal Anion Gap Acidosis (Inorganic Acidosis) 


In contrast to high anion gap acidoses, in which bicarbon- 
ate is consumed in buffering excess H+, the cause of acidosis 
in the presence of a normal anion gap is the loss of 
bicarbonate-rich fluid from either the kidney or gastroin- 
testinal tract. As bicarbonate is lost, more CI ions are reab- 
sorbed with Na* or K* to maintain electrical neutrality so 
that hyperchloremia ensues (see Figure 46-14). Normal 
anion gap acidosis can be divided into hypokalemic and 
normokalemic acidoses, which can be helpful in the differ- 
ential diagnosis of this type of disorder (see Table 46-4). 


Diarrhea 


Diarrhea may cause acidosis as a result of loss of Na‘, K*, and 
HCO. One of the primary exocrine functions of the pan- 
creas is production of HCO} to neutralize gastric contents 
on entry into the duodenum. If the water, K*, and HCO; in 
the intestine are not reabsorbed, a hypokalemic, normal 
anion gap metabolic acidosis will develop. The resulting 
hyperchloremia is due to the replacement of lost bicarbon- 
ate with Cl” to maintain electrical balance. 


Renal Tubular Acidoses, Types I and H 


These syndromes are predominantly characterized by loss 
of bicarbonate because of decreased tubular secretion of 
H* (distal or type I RTA) or decreased reabsorption of 
HCO}; (proximal or type II RTA).'* Because the major 
urine-acidifying power of the kidneys rests in the distal 
tubules, the proximal and distal RTAs may be differentiated 
by measurement of urine pH. In proximal RTA, urine pH 
becomes <5.5, whereas in distal RTA the distal tubules 
are compromised and urine pH is >5.5.° When distal RTA 
is associated with obstructive nephropathy, sickle cell 
disease, or systemic lupus erythematosus, hyperkalemia may 


be seen. Otherwise, distal RTA is usually accompanied by 
hypokalemia. 


Carbonic Anhydrase Inhibitors 


Acetazolamide is the most common drug in this class of 
therapeutic agents. It is infrequently used as a mild diuretic. 
More often, it is used for urine alkalinization and in patients 
suffering from open-angle glaucoma or acute mountain 
(altitude) sickness.” Inhibition of carbonic anhydrase causes 
wasting of Na*, K*, and HCO; in the proximal tubules and 
represents a pharmacologically induced proximal RTA. 


Hyperkalemic Normal Anion Gap Acidosis (Renal 

Tubular Acidosis Type IV) 

Failure of the kidneys to synthesize renin, failure of the 
adrenal cortex to secrete aldosterone, and renal tubular resis- 
tance to aldosterone are the most common causes of this 
type of acidosis (often called type IV RTA). This inhibits 
Na* reabsorption, and both K* and H* are thus abnormally 
retained. The result is decreased renal ammonia formation 
and therefore decreased elimination of H*. If associated with 
increased ECF volume, HCO}; reclamation in the tubules may 
be depressed. There is usually an associated mild renal insuf- 
ficiency (elevated serum creatinine), but urine may still be 
acidified to a pH < 5.5. Hyperkalemia is also usually present. 


Compensatory Mechanisms in Metabolic Acidosis 

The buffer systems of the blood (mainly the bicarbonate/ 
carbonic acid buffer) minimize changes in pH. In acidoses, 
the bicarbonate concentration decreases to give a ratio of 
cHCO3/cdCO, of <20:1. The respiratory compensatory 
mechanism responds to correct the ratio with increased rate 
and depth of respiration to eliminate CO.. Table 46-3 depicts 
expected compensation in both acidoses and alkaloses and 
corresponding laboratory values. 


Respiratory Compensatory Mechanism 


The decrease in pH in metabolic acidosis stimulates the 
respiratory compensatory mechanism and produces hyper- 
ventilation (Kussmaul respiration), which results in the 
elimination of carbonic acid as CO,, a decrease in PCO, 
(hypocapnia), and consequently a decrease in cdCO,. There 
is also a decrease in cHCO; that is smaller than that of 
cdCO,. For example, the ratio of CHCO3/cdCO, might be 
16:1.28 (12:5:1) for a pH of 7.2 before compensation and 
14.5:0.9 (16:1:1) for a pH of 7.30 after compensation 
(see Figure 46-8). As the cdCO, diminishes, the ratio of 
cHCO3/edCO, approaches its normal value of 20:1. 


Renal Compensatory Mechanism 


If possible, the kidneys respond to restore the normal pH by 
increased excretion of acid and preservation of base 
(increased rate of Na*-H* exchange, increased ammonia 
formation, and increased reabsorption of bicarbonate). 
When the renal compensating mechanisms are function- 
ing, urinary acidity and urinary ammonia are increased. 
The total amount of H* excreted may be as much as 
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500 mmol/day. As a result, CHCO3/cdCO, will increase, for 
example, to 22:1.1 (20:1) for a pH of 7.40. This is a fully 
compensated metabolic acidosis, because the pH has returned 
to normal; however, acidosis still exists because a process 
that consumes HCO; persists. Physiologically a normal pH 
suggests that the acidosis is overcompensated. 


Laboratory Findings in Metabolic Acidosis 

Bicarbonate concentrations have been used to empirically 
estimate pH and PCO,. For pH, 15 is added to the deter- 
mined bicarbonate concentration for an estimate of the 
decimal digits of pH. For example, a patient who has been 
acidotic for at least 12 to 24 hours and has a bicarbonate of 
10 mmol/L (10 + 15 = 25) will have an estimated pH of 7.25. 
For estimating PCO, (mm Hg), the following formula is 
sometimes used:' 


PCO? + 2 = 1.5(cHCO3) + 8 


For this example, the PCO, estimate would be 1.5(10) + 
8, or 23 + 2 (see Table 46-3). Use of this equation can have 
important clinical implications, because it indicates whether 
a given PCO, value is appropriate for a given degree of meta- 
bolic acidosis or if one is dealing with a mixed acid-base dis- 
order. Another common estimator of proper compensation 
is that the PCO, will equal the last two digits of the pH. If a 
respiratory acidosis is superimposed on a preexisting meta- 
bolic acidosis, the PCO, would be higher than expected by 
either of these estimates. 

Electrolytes are also altered depending on the cause of 
metabolic acidosis. In diabetic ketoacidosis, the increase in 
the fraction of organic acids caused by increased ketone 
body production is reflected by a decrease in plasma bicar- 
bonate and sometimes in chloride: Plasma Na* and K* are 
also decreased because of the associated polyuria and co- 
excretion of these cations with acetoacetate and B-hydroxy- 
butyrate. Furthermore, because of the high glucose, there is 
a dilutional effect as a result of the osmotically induced 
increase in vascular volume. When glucose concentration 
decreases following insulin treatment, water leaves the vas- 
cular compartment, and Na* concentration increases. Serum 
potassium levels, however, may be normal or even high, 
despite severe total body depletion of K*; the serum level rep- 
resents a balance struck between the amount of K* lost in the 
urine, the amount of K* shifted from cells into ECE, and the 
degree of dehydration. 

In renal failure, organic acids, phosphate, and sulfate are 
increased because of retention. Chronic metabolic acidosis 
enhances mobilization of calcium from bone; the decrease 
in plasma pH increases dissociation of plasma protein- 
bound calcium so that more Ca” is filtered through the 
glomerulus and less is reabsorbed in the tubule (see also 
Chapter 45). 


METABOLIC ALKALOSIS (PRIMARY 

BICARBONATE EXCESS) 

Alkalosis occurs either when excess base is added to the 
system, base elimination is decreased, or acid-rich fluids are 


Chloride-Responsive (Urine Cl < 10 mmol/L) 
Contraction alkaloses 


Prolonged vomiting or nasogastric suction 
Pyloric or upper duodenal obstruction 
Prolonged or abusive diuretic therapy (loop diuretics) 
Villous adenoma 
Posthypercapnic state 
Cystic fibrosis (systemic ineffective reabsorption of Cl”) 


Chloride-Resistant (Urine CF > 20 mmol/L) 
Mineralocorticoid excess 
Primary hyperaldosteronism (adrenal adenoma or rarely, 
carcinoma) 
Bilateral adrenal hyperplasia 
Secondary hyperaldosteronism 
Hyperreninemic hyperaldosteronism (hypertension) 
Congenital adrenal hyperplasia (due to adrenal enzyme 
deficiencies in cortisol production [11B- or 170- 
hydroxylase]) 
Glucocorticoid excess 
Primary adrenal adenoma (Cushing’s syndrome) 
Pituitary adenoma secreting ACTH (Cushing’s disease) 
Exogenous cortisol therapy 
Excessive licorice ingestion 
Bartter’s syndrome (defective renal Cl reabsorption) 


Exogenous Base 

Iatrogenic 
Bicarbonate-containing intravenous fluid therapy 
Massive blood transfusion (sodium citrate overload) 
Antacids and cation-exchange resins in dialysis patients 
High-dose carbenicillin or penicillin (associated with 

hypokalemia) 
Milk-alkali syndrome 


lost (Box 46-1). Any of these can lead to a primary bicar- 
bonate excess, such that the ratio of cHCO3/cdCO, becomes 
>20:1. For instance, a primary increase in bicarbonate to 
48 mmol/L will alter the CHCO3/cdCO, to 48:1.5 (32:1) for 
a pH of 7.6 (see Figure 46-8). The patient will hypoventilate 
to raise PCO, and therefore lower the pH toward normal. 
However, hypoxia usually prevents the patient from achiev- 
ing a PCO, >55 mm Hg. 

If the increase in pH is great enough, increased. neuro- 
muscular activity may be seen, and above pH 7.55, tetany 
may develop even in the presence of a normal serum total 
calcium concentration. The cause of the tetany is a decreased. 
concentration of ionized calcium due to increased binding 
of calcium ions by protein (mainly albumin) and other 
anions. Measurement of CI status can be helpful, as 
causes of metabolic alkalosis fall into Cl responsive, CI” 
resistant, and exogenous base categories (Box 46-1; see 
also Figure 46-4). 
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CF Responsive Metabolic Alkalosis 


Most causes of CY responsive metabolic alkalosis occur as a 
result of hypovolemia (see Box 46-1). When the ECF is 
severely depleted, the resulting acid-base disorder is often 
referred to as “contraction alkalosis.” Renal bicarbonate 
retention will occur in response to hypovolemia under the 
action of increased aldosterone. This also will result in 
increased reabsorption of Na‘ together with HCO; and 
excretion of K* and H*. The resulting hypokalemia con- 
tributes to the alkalosis, as described previously. Urine Cl” 
will be <10 mmol/L as both the available Cl and HCO} are 
reabsorbed with Na‘. Urine Na* is not useful for classifying 
metabolic alkalosis because there will be an obligatory loss 
of Na* when filtered HCO; exceeds reclamation, Common 
causes of contraction alkalosis include prolonged vomiting 
or nasogastric suction, pyloric or upper duodenal obstruc- 
tion, villous adenoma (unregulated secretion of HCl), and 
the use of certain diuretics. Treatment consists of replacing 
TBW with water and NaCl tablets or saline infusion. 


Gastrointestinal Loss of HCI 

Following prolonged vomiting, pyloric or high intestinal 
obstruction, or gastric suction, excessive loss of hydrochlo- 
ric acid from the stomach and hypovolemia may occur. In 
this hypochloremic, hypovolemic setting the kidneys prefer- 
entially reabsorb Na* to restore volume and excess bicar- 
bonate is reabsorbed in the absence of sufficient CI to 
maintain electrical neutrality. In addition, H* and K* are 
secreted in exchange for Na‘. Urine CF will be <10 mmol/L 
in this setting (see Figure 46-4). 


Diuretic Therapy 

Prolonged administration of certain diuretics has been 
known to cause an alkalosis that is similar to that observed in 
a hypovolemic setting. Most common are those acting on the 
ascending limb of the loop of Henle (e.g., furosemide [Lasix], 
bumetanide [Bumex]) that block sodium, potassium, and 
chloride reabsorption. The resulting increase in Na* concen- 
tration reaching the distal convoluted tubule, particularly 
when combined with activation of the renin-angiotensin- 
aldosterone axis, leads to increased urinary excretion of K* 
and H+.” The loss of K* with furosemide is much greater than 
with thiazides. Continued abuse or unmonitored use of loop 
diuretics can lead to volume contraction and a contraction 
alkalosis. This is commonly seen among patients abusing 
diuretics for the purpose of weight loss. 


CF Resistant Metabolic Alkalosis 


This condition is far less common than chloride responsive 
metabolic alkalosis and is almost always associated with 
either an underlying disease (primary hyperaldosteronism, 
Cushing’s syndrome, or Bartter’s syndrome) or with excess 
addition of exogenous base. In these conditions, urine Cl 
will usually be >20 mmol/L. 

In states of adrenocortical excess (endogenous or pharma- 
cological, primary or secondary) K* and H* are “wasted” by 


the kidneys as a consequence of the increased Na* reabsorp- 
tion stimulated by elevated aldosterone or cortisol. The 
attendant hypokalemia often further contributes to the 
alkalosis and should be treated with replacement therapy. 
The resulting decreased tubular K* concentration stimulates 
NH; production and thus renal H* excretion as NH4. This is 
accompanied by enhanced HCO; reabsorption (see Figures 
46-3 and 46-12), Diseases in which endogenous mineralocor- 
ticoids, glucocorticoids, or both are elevated include primary 
and secondary hyperaldosteronism, bilateral adrenal hyper- 
plasia, pituitary ACTH-producing adenoma (Cushing’s 
disease), and primary adrenal adenomas producing gluco- 
corticoids (Cushing’s syndrome) or aldosterone. 

Excessive licorice ingestion may cause a form of chloride 
resistant alkalosis. Black licorice contains glycyrrhizic acid, 
which inhibits the enzyme 11-B hydroxysteroid dehydroge- 
nase, which in turn catalyzes the conversion of cortisol to 
cortisone. The excess cortisol exerts a mineralocorticoid 
effect on the distal tubule aldosterone receptors.* 

Finally a rare etiology of Cl” resistant metabolic alkalosis 
is a genetic (autosomal recessive) defect in Cl’ reabsorption 
within the thick ascending limb of the loop of Henle, a con- 
dition known as Bartter’s syndrome.’ 


Exogenous Base 

Examples in this category include citrate toxicity following 
massive blood transfusion, aggressive intravenous therapy 
with bicarbonate solutions, and ingestion of large quantities 
of milk and antacids in the treatment of gastritis and peptic 
ulcers (“milk-alkali syndrome”). The latter is far less com- 
monly seen since the introduction and now widespread use 
of H,-receptor antagonists and proton-pump inhibitors. 
Finally the use of antacids and cationic exchange resins in 
patients with renal failure (especially those on dialysis) may 
result in a metabolic alkalosis. 


Compensatory Mechanisms in Metabolic Alkalosis 


The compensatory mechanisms for metabolic alkalosis 
include both respiratory compensation and, if physiologi- 
cally possible, renal compensation. 


Respiratory Compensatory Mechanism 


The increase in pH depresses the respiratory center, causing 
a retention of carbon dioxide (hypercapnia), which in turn 
causes an increase in cH,CO, and cdCO,. Thus the ratio of 
cHCO3/cdCO,, which was originally increased, approaches 
its normal value, although the actual concentrations of 
both cHCO; and cdCO, remain increased. The respiratory 
response to metabolic alkalosis is erratic, and increases in 
PCO, are variable. 


Renal Compensatory Mechanism 


The kidneys respond to the state of alkalosis by decreased 
Na‘-H* exchange, decreased formation of ammonia, 
and decreased reclamation of bicarbonate. This response 
is blunted, however, in conditions of hypokalemia and 
hypovolemia. 
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Laboratory Findings in Metabolic Alkalosis 

Blood plasma values for cHCO;, edCO,, and PCO,, and 
therefore the plasma total CO, concentration, are increased, 
and the ratio of cHCO3/cdCO, is high. In uncomplicated 
metabolic alkalosis, the PCO, increases by ~6 mm Hg for 
each 10 mmol/L rise in CHCO3. A higher than expected PCO, 
may indicate superimposed respiratory acidosis. The extent 
of increase of pH in uncompensated metabolic alkalosis can 
be estimated by adding 15 to the cHCO; to give the last two 
digits of the pH. If the cHCO; is 35 mmol/L, the estimated 
pH would be 7.50 (35 + 15 = 50). In cases of prolonged vom- 
iting, Cl (and sometimes K*) concentrations are low 
because of the loss of these ions through the vomitus. Protein 
values may be falsely increased owing to dehydration, and if 
food intake is inadequate, formation of ketone bodies may 
increase the organic acid fraction. In cases of excessive 
administration of NaHCO, Na* levels are increased. 

In patients with adequate renal function, urinary pH 
values are usually increased because of the decreased excre- 
tion of acid and increased excretion of bicarbonate. Urinary 
ammonia values are decreased because of decreased forma- 
tion of ammonia in the tubules. In K* depletion, H” is pref- 
erentially exchanged for Na* and the pH of the urine may be 
low. This is called paradoxical aciduria. 


RESPIRATORY ACIDOSIS 


Any condition that decreases elimination of carbon dioxide 
through the lungs results in an increase in PCO, (hypercap- 
nia) and a primary excess of dCO, (respiratory acidosis). 
Thus respiratory acidosis only occurs by decreased elimina- 
tion of CO,. Causes of decreased CO, elimination (Box 
46-2) are classified as acute or chronic. Alternatively, these 
conditions may be separated into those caused by factors 
that directly depress the respiratory center (such as centrally 
acting drugs, CNS trauma, and infections) and those that 
affect the respiratory apparatus or cause mechanical 
obstruction of the airways. Chronic obstructive pulmonary 
disease is the most common cause. Rebreathing, or breath- 
ing air high in CO, content, may also cause a high PCO). 
Increase in PCO, results in an increase of cdCO, (and thus 
H,CO;, which dissociates to H* and HCO3), which in turn 
causes a decrease in the cHCO3/cdCO, ratio (e.g., the ratio 
may be 28:1.7 (16:1) for a pH of ~7.30; see Figure 46-8). A 
doubling of PCO, will cause a fall in pH of about 0.23 when 
other factors remain constant. 


Compensatory Mechanisms in Respiratory Acidosis 
Compensation for respiratory acidosis occurs immediately 
via buffers and with time via the kidneys and, if possible, the 
lungs. 


Buffer System 

Excess carbonic acid present in blood is to a great extent 
buffered by the hemoglobin and protein buffer systems? 
(see Figure 46-9). The buffering of CO, causes a slight rise 
in cHCO3. Thus in the immediate posthypercapnic state, 


Factors That Directly Depress the Respiratory Center 

Drugs such as narcotics and barbiturates 

Central nervous system (CNS) trauma, tumors, and degenerative 
disorders 


Infections of the CNS such as encephalitis and meningitis 

Comatose states such as cerebrovascular accident due to 
intracranial hemorrhage 

Primary central hypoventilation 


Conditions That Affect the Respiratory Apparatus 

Chronic obstructive pulmonary disease (most common cause) 
Pulmonary fibrosis 

Status asthmaticus (severe) 

Diseases of the upper airways such as laryngospasm or tumor 
Pulmonary infections (severe) 

Impaired lung motion due to pleural effusion or pneumothorax 
Adult respiratory distress syndrome 

Chest wall diseases and chest wall deformities 

Neurological disorders affecting the muscles of respiration 


Others 

Abdominal distention, as in peritonitis and ascites 
Extreme obesity (pickwickian syndrome) 

Sleep disorders such as sleep apnea 


this compensation may appear as a metabolic alkalosis (see 
Box 46-1). 


Renal Mechanism 

The kidneys respond to respiratory acidosis similar to the 
way that they do to metabolic acidosis; namely, with (1) 
increased Na*-H* exchange, (2) increased ammonia forma- 
tion, and (3) increased reclamation of bicarbonate. In a par- 
tially compensated chronic respiratory acidosis at steady 
state, the plasma pH is returned about halfway toward 
normal as compared with the acute (uncompensated) situ- 
ation. Renal compensation is not effective before 6 to 12 
hours and is not optimal until 2 to 3 days. In chronic respi- 
ratory acidosis, such as occurs in patients with chronic 
obstructive pulmonary disease (COPD), full renal compen- 
sation may be seen even in those patients with very high 
PCO, ( >50 mm Hg). However, these severe COPD patients 
often present with a superimposed metabolic alkalosis 
arising from a variety of causes, such as prolonged adminis- 
tration of diuretics. 


Respiratory Mechanism 

The increase in PCO, stimulates the respiratory center and 
results in increased pulmonary rate and depth of respiration 
provided that the primary defect is not in the respiratory 
center. The elimination of carbon dioxide through the lungs 
results in a decrease in cdCO,, and thus the ratio of cHCO3/ 
cdCO, and pH approaches normal. 
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Nonpulmonary Stimulation of Respiratory Center 
Anxiety, hysteria 
Febrile states 


Gram-negative septicemia 

Metabolic encephalopathy (e.g., due to liver disease) 

Central nervous system infections such as meningitis, 
encephalitis 

Cerebrovascular accidents 

Intracranial surgery 

Hypoxia (e.g., severe anemia, high altitudes [acute condition]) 

Drugs and agents such as salicylates, catecholamines, and 
progesterone 

Pregnancy, mainly third trimester (Î progesterone?) 

Hyperthyroidism 


Pulmonary Disorders* 

Pneumonia 

Asthma 

Pulmonary emboli 

Interstitial lung disease 

Large right to left shunt (PCO, < 50 mm Hg) 

Congestive heart failure 

Respiratory compensation after correction of metabolic acidosis 


Others 
Ventilator-induced hyperventilation 


*The severe stages of some of these disorders may be associated with 
respiratory acidosis if elimination of CO, is severely impaired. 


Laboratory Findings in Respiratory Acidosis 

Plasma cdCO,, PCO, cHCO3, and therefore ctCO, are 
elevated in respiratory acidoses. Because of an increase in 
cdCOQ,, the ratio of cHCO3/cdCO, is decreased, resulting 
in a decreased pH. In the acute phase, cHCO; will increase 
about | mmol/L for each 10 mm Hg rise in PCO,. If 
respiratory acidosis persists, the change will be 3.5 mmol/L, 
mainly as a result of renal compensation. For every 15 mm 
Hg increase in PCO,, the pH changes in the acute phase 
by ~0.10 pH unit and in chronic conditions by slightly 
less than 0.05 pH unit. For example, if the PCO, increases 
acutely by 30 mm Hg, the pH drops to ~7.20. The same 
PCO, increase in a chronic condition results in a pH of 
~7,31, The plasma chloride decreases as plasma bicarbonate 
increases, Hyperkalemia may occur but is not as predictable 
as in some forms of metabolic acidosis. For every 0.1 unit 
decrease in pH, there is generally an inverse change of 
0.6 mmol/L in K*. This increase in K* is mainly due to the 
movement of K* from cells into the plasma in exchange 
for the movement of H* into cells. Urinary acidity and 
ammonia content are increased as the kidney attempts to 
compensate. 


RESPIRATORY ALKALOSIS 


A decrease in PCO, (hypocapnia) and the resulting primary 
deficit in cdCO, (respiratory alkalosis) are caused by an 
increased rate or depth of respiration, or both. Therefore, the 
basic cause of respiratory alkalosis is excess elimination of 
acid via the respiratory route. Excessive elimination of 
carbon dioxide reduces the PCO, and causes an increase in 
the cHCO3/cdCO, ratio (due to decrease in cdCO,). The 
latter shifts the normal equilibrium of the bicarbonate/car- 
bonic acid buffer system, reducing the hydrogen ion con- 
centration and increasing the pH. This shift also results in a 
decrease in CHCO3, which somewhat ameliorates the change 
in pH. Analogous to causes of respiratory acidosis, causes of 
respiratory alkalosis can be classified as those with a direct 
stimulatory effect on the respiratory center and those due to 
effects on the pulmonary system. These and some additional 
conditions underlying respiratory alkaloses are listed in 
Box 46-3. 


Compensatory Mechanisms in Respiratory Alkalosis 

The compensatory mechanisms respond to respiratory alka- 
losis in two stages. In the first stage, erythrocyte and tissue 
buffers provide H* ions that consume a small amount of 
HCO. The second stage becomes operational in prolonged 
respiratory alkalosis and depends on the renal compensation 
as described for metabolic alkalosis (decreased reclamation 
of bicarbonate). 


Laboratory Findings in Respiratory Alkalosis 
tn this condition, the cdCO,, PCO, cCHCO3, and thus the 
total CO, concentration all decrease. The ratio of cHCO3/ 
cdCO, is increased and causes an increase in pH. 

During the acute phase, cHCO; falls by 2 mmol/L for each 
10 mm Hg decrease in PCO, (i.e, if the PCO, falls by 
20 mm Hg, cHCO; decreases by 4 mmol/L). For the same 
20 mm Hg decrease in PCO,, the [H*] will decrease by 
16 nmol/L. 


AcH* = 0.8(APCO2) 
AcH* = 0.8 X 20 = 16 


If the original cH* was 40 nmol/L, it would now be 
24 nmol/L (40 — 16 = 24), which corresponds to a pH of 7.61 
(see Figure 46-6). In chronic respiratory alkalosis, the CHCO3 
fails only ~5 mmol/L for every 10 mm Hg decrease in PCO, 
and the pH will return to near normal. Finally, individuals 
living at high altitudes chronically hyperventilate owing to 
hypoxia and have PCO, values lower than those seen at sea 
level, 
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he liver has a central and critical biochemical role in 

| the metabolism, digestion, detoxification, and elimi- 
nation of substances from the body. All blood from 

the intestinal tract initially passes through the liver, where 
products derived from digestion of food are processed, 
transformed, and stored. These include amino acids, carbo- 
hydrates, fatty acids, cholesterol, lipids, vitamins, and min- 
erals. Most major plasma proteins (with the exception of 
immunoglobulins and von Willebrand factor} are either 
mainly or exclusively synthesized in the liver. The liver 
responds to multiple hormonal and neural stimuli to regu- 
late the blood glucose concentration. Not only does it extract 
glucose from blood for use in generating energy, it also stores 
dietary glucose as glycogen for later use. The liver is also the 
major site for gluconeogenesis, critical for maintaining 
blood glucose in the fasting state. The liver is critical in lipid 
metabolism; not only does it extract and process dietary 
lipids, it is the principal site of cholesterol, triglyceride, and 
lipoprotein synthesis, Another major liver function is the 
synthesis of bile acids from cholesterol and secretion of these 
compounds into the bile, facilitating the absorption of 
dietary fat and fat soluble vitamins. The liver is also the 
main site of metabolism of both endogenous substances 
and exogenous compounds, such as drugs and toxins, This 
process, known as biotransformation, converts lipophilic 
substances to hydrophilic ones for subsequent elimination. 
The liver is a major site of catabolism of thyroid, steroid, and 
other hormones, and thus participates in regulation of 
plasma hormone concentrations. The liver is also involved 
in hormone synthesis, producing such hormones as insulin- 
like growth factor 1, angiotensinogen, and erythropoietin. 
Many of these hepatic functions may be assessed by labora- 
tory procedures to gain insight into the integrity of the liver. 


*The author gratefully acknowledges the original contributions l 
by Drs. Keith G. Tolman and Robert Rej upon which portions of 
this chapter are based. 
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CHAPTER 47 


Liver Disease* 


As a large organ, the liver shares with many other organs 
the ability to perform its functions with extensive reserve 
capacity. In many cases, individuals with liver disease main- 
tain normal function despite extensive liver damage. In such 
cases, liver disease may only be recognized by using tests that 
detect injury. Most commonly, this is accomplished by mea- 
surement of plasma activities of enzymes found within liver 
cells released in somewhat specific patterns with different 
forms of injury. Chronic liver injury often involves fibrosis 
in the liver; detection of markers of the fibrotic process 
might be indicators of degree of injury. Chronic damage is 
often due to chronic inflammation; cytokines alter the 
pattern of liver protein production, allowing detection of 
inflammation (although not necessarily that involving the 
liver). Some proteins are produced in increased amounts 
with liver regeneration and neoplasm; such markers may be 
useful in detecting liver cell proliferation. 

The chapter begins with a discussion of the anatomy 
and biochemical functions of the liver. The various disease 
states that involve the liver are then discussed. The chapter 
concludes with a discussion of use of laboratory test 
results in recognizing and characterizing patterns of liver 
injury. 


ANATOMY OF THE LIVER 


The liver weighs approximately 1.2 to 1.5kg in the adult. It 
is located beneath the diaphragm in the right upper quad- 
rant of the abdomen and is protected by the ribs and held in 
place by ligamentous attachments. 


GROSS ANATOMY 


The liver is divided into left and right anatomical lobes by 
the falciform ligament, an anterior extension of the peri- 
toneal folds that connects the liver to the diaphragm and 
anterior abdominal wall (Figure 47-1). Two smaller lobes are 
found on the posterior surface (caudate lobe) and the infe- 
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Figure 47-1 Structure of the liver. (From Dorland’s illustrated medical dictionary, 30th ed. 


Philadelphia: WB Saunders, 2003, plate 26.) 


rior surface (quadrate lobe) of the right lobe. Riedel’s lobe is 
an anatomical extension of the right lobe of the liver and 
consists of a projection that may feel like a mobile tumor in 
the right abdomen. 

The liver has a dual blood supply. The portal vein, which 
carries blood from the spleen and nutrient-enriched blood 
from the gastrointestinal (GI) tract, supplies approximately 
70% of the blood supply, while the hepatic artery, a branch 
of the celiac axis, provides oxygen-enriched arterial blood. 
Each supplies approximately half of the oxygen reaching the 
liver, making it highly resistant to infarction. Ultimately, 
these two blood supplies merge and flow into the sinusoids 
that course between individual hepatocytes. The venous 
drainage from the liver ultimately converges into the right 


and left hepatic veins, which exit on the posterior surface of 
the liver and join the inferior vena cava near its entry into 
the right atrium. 

The liver is covered with an anterior reflection of the peri- 
toneum known as Glisson’s capsule. Other extensions of the 
peritoneum form ligaments that hold the liver in place. 
Internal extensions of the capsule provide an internal sup- 
porting framework that divides the liver into lobules and 
ultimately surrounds blood vessels and nerves. One of the 
ligaments, the ligamentum teres, is the vestigial remnant of 
the umbilical vein and connects the umbilicus to the inferior 
border of the liver. When portal hypertension occurs, the 
umbilical veins may reopen, leading to venous dilation 
around the umbilicus (termed caput medusae). 
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Figure 47-2 A low-magnification scanning electron micrograph depicting a portion of a liver 


lobule from a rat liver. CV, Central vein; PV, portal vein; PLV, perilobular venules. (From Zakim O, 
Boyer TD. Hepatology: A textbook of liver disease, 3rd ed. Philadelphia: WB Saunders, 1996:9.) 


The nerve supply to the liver comes from the vagus and 
phrenic nerves and the sympathetic ganglia originating from 
cell bodies in the spinal cord that are located between the 
seventh and the tenth thoracic vertebrae. These merge to 
accompany the hepatic artery and bile ducts throughout the 
liver. 

Biliary drainage originates at the bile canaliculi, grooves 
between adjacent hepatocytes, which form ductules that 
merge to form the intrahepatic bile ducts. These ultimately 
join to form the right and left hepatic bile ducts, which exit 
from the liver at the porta hepatis and merge to form the 
common hepatic duct. The hepatic duct is joined by the 
cystic duct from the gallbladder to form the common bile 
duct (see Figure 47-1). The common bile duct then enters 
the duodenum (usually with the pancreatic duct) at the 
ampulla of Vater. The duodenal portion of the common bile 
duct is surrounded by longitudinal and circular muscle 
fibers that form the sphincter of Oddi. This musculature 
relaxes when the gallbladder contracts, allowing bile to enter 
the duodenum; in its normally contracted state, the sphinc- 


ter prevents reflux of acidic duodenal contents into the bile 
duct. The gallbladder, located on the undersurface of the 
right lobe of the liver, is the site for storage and concentra- 
tion of bile, a complex mixture of bile salts and waste prod- 
ucts, In the adult, it averages about 10cm in length and has 
a capacity of 30 to 50 mL of bile. Hormonal stimuli initiated 
by food ingestion cause contraction of the muscular wall of 
the gallbladder, releasing bile salts into the intestine to facil- 
itate digestion of fat. 


MICROSCOPIC ANATOMY 

The functional anatomical unit of the liver is the acinus, 
adjacent to the portal triad, which consists of a branch of the 
portal vein, hepatic artery, and bile duct. Each acinus is a 
diamond-shaped mass of liver parenchyma that is supplied 
by a terminal branch of the portal vein and of the hepatic 
artery and drained by a terminal branch of the bile duct. The 
blood vessels radiate toward the periphery, forming sinu- 
soids, which perfuse the liver and ultimately drain into the 
central (terminal) hepatic vein (Figure 47-2). The sinusoids 


1780 Section VI Pathophysiology 


are lined by fenestrated endothelial cells (allowing free 
filtration of blood) and phagocytic Kupffer cells (see 
Figure 47-1). The Kupffer cells are derived from blood 
monocytes. They contain lysosomes with hydrolytic 
enzymes that break down phagocytized foreign particles, 
such as bacteria. They also have immunoglobulins and 
complement receptors and are the main site for clearance 
of antigen-antibody complexes from blood. Kupffer cells 
secrete interleukins, tumor necrosis factor, collagenase, 
prostaglandins, and other factors involved in the inflamma- 
tory response (see Chapter 22), 

The major functioning cells in the liver are the hepato- 
cytes, responsible for about 70% of liver mass and perform- 
ing most of the metabolic and synthetic functions of the 
liver. Two other cell types are found in small numbers within 
the liver. The stellate cells (sometimes referred to as Ito cells) 
are located between the endothelial lining of sinusoids and 
the hepatocytes within a small cleft referred to as the space 
of Disse. In their normal, quiescent state, stellate cells serve 
as a site of storage for fat soluble vitamins, particularly 
vitamin A. When stimulated, stellate cells are transformed 
both morphologically and functionally. They synthesize col- 
lagen, and are the cells responsible for fibrosis and, eventu- 
ally, cirrhosis. They synthesize nitric oxide, which helps to 
regulate intrahepatic blood flow. 

The blood supply to each acinus consists of three zones 
(Figure 47-3). Zone 1 is the area immediately adjacent to 
the portal tract and is enriched with lysosomes and 
mitochondria. The periphery of the acinus, zone 3, is 
enriched with endoplasmic reticulum, is very active meta- 
bolically, and has relatively low oxygen tension. This area 
is most susceptible to injury, although zone 1 appears to be 
involved with protecting the liver from external injury and 
providing a base for hepatic regeneration (by means of the 
oval cells of periportal bile ductules, the apparent hepatic 
stem cells). 


ULTRASTRUCTURE OF THE HEPATOCYTE 


Hepatocytes contain a well-developed organelle substruc- 
ture (Figure 47-4). Mitochondria, which constitute approx- 
imately 18% of hepatocyte volume, are the site of oxidative 
phosphorylation and energy production. They contain 
enzymes involved in the citric acid cycle and B-oxidation of 
fatty acids. The rough endoplasmic reticulum is the site 
of synthesis of many proteins, including albumin, coagula- 
tion factors, enzymes (e.g., glucose-6-phosphatase), and 
triglycerides. The smooth endoplasmic reticulum contains 
microsomes that are involved with bilirubin conjugation, 
detoxification (cytochrome Py .-dependent isoenzymes), 
steroid synthesis, cholesterol synthesis, and bile acid synthe- 
sis. Many microsomal enzymes, including y-glutamyl trans- 
ferase, are induced by many drugs and inhibited by others. 
This is the site of most drug metabolism and many impor- 
tant drug interactions. 

Peroxisomes are found near the smooth endoplasmic 
reticulum and contain oxidases that use molecular oxygen to 
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Figure 47-3 Blood supply of the simple liver acinus. Zones |, 2, 
and 3 indicate corresponding volumes in a portion of an 
adjacent acinar unit. Oxygen tension and the nutrient level in 
the blood in sinusoids decrease from zone | through zone 3. 
BD, Bile duct; HA, hepatic artery; PV, portal vein; CV, central vein. 
(From Zakim O, Boyer TD. Hepatology: A textbook of liver disease, 3rd 
ed. Philadelphia: WB Saunders, 1996:10.) 


modify a variety of substrates, leading to the production 
of hydrogen peroxide. They also contain catalase, which 
decomposes hydrogen peroxide. Peroxisomes also catalyze 
the B-oxidation of fatty acids with chain lengths from 7 to 
18. Approximately 5% to 20% of the metabolism of ethanol 
also occurs in the peroxisomes. Lysosomes are dense 
organelles that contain hydrolytic enzymes that act as 
scavengers. Deposition of iron, lipofuscin, bile pigments, 
and copper occurs in the lysosomes. The Golgi apparatus 
lies near the canaliculus and is involved with the secretion of 
various substances, including bile acids and albumin. 


The liver is involved in a number of excretory, synthetic, and 
metabolic functions. Clinical laboratories perform a number 
of tests that are useful in the biochemical assessment of these 
functions. 
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HEPATIC EXCRETORY FUNCTION 


Organic anions of both endogenous and exogenous origin 
are extracted from the sinusoidal blood, biotransformed, 
and excreted into the bile or urine. Assessment of this excre- 
tory function provides valuable clinical information. The 
most frequently used tests involve the measurement of 
plasma concentrations of endogenously produced com- 
pounds, such as bilirubin and bile acids, and determination 
of the rate of clearance of exogenous compounds, such as 
aminopyrine, lidocaine, and caffeine. 


Bilirubin 
Bilirubin is the orange-yellow pigment derived from red 
blood cell turnover. It is extracted and biotransformed in the 
liver and excreted in bile and urine. The chemistry, bio- 
chemistry, and analytical methodology for bilirubin and 
related compounds are discussed in Chapter 31; a brief 
overview of factors relevant to understanding of liver disease 
is included here. 

Bilirubin is transported from sites of production (mainly 
the spleen), loosely bound to albumin, in its native, uncon- 


jugated form. Bilirubin is transported across the hepatocyte 
membrane and is rapidly conjugated with glucuronic acid to 
produce bilirubin glucuronides, which are then excreted into 
bile by an energy-dependent process. This process is highly 
efficient, and bilirubin conjugates are detectable in normal 
plasma only using highly sensitive techniques. In the pres- 
ence of bilirubin monoglucuronide, albumin (and other 
proteins) can be postsynthetically modified by covalent 
attachment to lysine residues. In the case of albumin, this 
produces a protein-bound form termed biliprotein or 6- 
bilirubin. Increases in conjugated bilirubin or 6-bilirubin are 
highly specific markers of hepatic dysfunction (except in the 
presence of rare inherited disorders impairing excretion of 
conjugated bilirubin, such as Dubin-Johnson syndrome), In 
the intestinal tract, bilirubin glucuronides are hydrolyzed 
and reduced by bacteria to form colorless urobilinogens, 
which undergo an enterohepatic circulation. A small fraction 
(2% to 5%) escapes the liver and is excreted in urine. In the 
colon, urobilinogens spontaneously oxidize to stool pig- 
ments stercobilin, mesobilin, and urobilin. 

Deviations from normal physiology form the basis for use 
of laboratory tests of bilirubin metabolism to detect liver 
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disease. Increased plasma bilirubin is typically classified as 
primarily indirect (an approximation of unconjugated 
bilirubin) or direct (an approximation of the sum of conju- 
gated bilirubin and biliprotein). Increased indirect bilirubin 
indicates either overproduction of bilirubin, usually caused 
by hemolysis, or decreased extraction by the liver (primarily 
because of congenital defects involving uridine 5’-phosphate 
(UDP)-glucuronyl transferase). With severe liver injury, as 
occurs with fulminant hepatic failure and end stage cirrho- 
sis, liver disease may cause primarily unconjugated hyper- 
bilirubinemia. Increased urine urobilinogen occurs when 
there is increased bilirubin delivery to the intestinal tract 
(such as with hemolysis, or following recovery from hepati- 
tis or obstruction), or decreased liver clearance, as occurs in 
portal hypertension. 

Increased direct bilirubin generally results from func- 
tional or mechanical impairment in bilirubin excretion from 
the hepatocyte. Increased conjugated bilirubin is found in 
most cases of acute hepatitis and cholestasis (stoppage or 
suppression of the flow of bile); the percentage of direct 
bilirubin is similar in both types of liver disease.” Urine 
bilirubin is typically present in the presence of increased con- 
jugated bilirubin. With resolution of liver disease, conjugated 
bilirubin is rapidly cleared, and biliprotein may become the 
only form present; urine bilirubin is typically absent in such 
circumstances. Increased conjugated bilirubin is also rarely 
seen with congenital defects in bilirubin excretion, such 
as Dubin-Johnson syndrome, and with impaired bilirubin 
excretion as occurs in sepsis or other acute illness. 


Bile Acids 

The regulation of bile acid metabolism is a major function 
of the liver. Alterations in bile acid metabolism are usually a 
reflection of liver dysfunction. Cholesterol homeostasis is 
in large part maintained by the conversion of cholesterol 
to bile acids and subsequent regulation of bile acid metabo- 
lism. Bile acids themselves provide surface-active detergent 
molecules that facilitate both hepatic excretion of cholesterol 
and solubilization of lipids for intestinal absorption. Bile 
acid homeostasis requires normal terminal ileum function 
to absorb bile acids for recirculation (enterohepatic circula- 
tion). Alterations in hepatic bile acid synthesis, intracellular 
metabolism, excretion, intestinal absorption, or plasma 
extraction are reflected in derangements in bile acid 
metabolism. 


Chemistry 

There are four major bile acids (see Figures 47-5 to 
47-7). Cholic acid and chenodeoxycholic acid, the primary 
bile acids, are synthesized in the liver. Bacteria metabolize 
these primary bile acids to the secondary bile acids—deoxy- 
cholic acid and lithocholic acid, respectively. Bile acids are 
conjugated in the liver with the amino acids glycine or 
taurine. This decreases passive absorption in the biliary tree 
and proximal small intestine, but permits conservation 
through active transport in the terminal ileum. This combi- 


nation of nonionic transport in the small intestine and active 
transport in the terminal ileum maintains the bile acid pool. 
This pool, along with further bile acid synthesis from cho- 
lesterol, allows for the continuous solubilization and elimi- 
nation of cholesterol. Approximately 0.1 to 0.6 g of bile acids 
is lost in the feces daily. 


Biochemistry 


Synthesis of Bile Acids. The sequence of reactions involved 
in the synthesis of cholic acid from cholesterol is shown in 
Figure 47-5 and includes (1) addition of a hydroxyl group in 
the 7-c-position, with subsequent further hydroxylation at 
the 12-a-position; (2) inversion of the hydroxyl group from 
the 3-B-position (above the plane of the molecule) to the 3- 
&-position (below this plane); (3) saturation of the double 
bond at position 5-6; (4) loss of a 3-carbon group from the 
cholesterol side chain, giving rise to a 24-carbon molecule; 
and (5) oxidation of the C-24 carbon to a carboxyl group. 
The other primary bile acid formed in the liver, cheno- 
deoxycholic acid, differs from cholic acid only by the 
absence of a hydroxyl group at position 12. The initial step 
in the synthesis of both bile acids, 7-o-hydroxylation of 
cholesterol, occurs under the influence of the rate-limiting 
enzyme 7-a-hydroxylase. The reaction is subject to feedback 
inhibition by bile acids returning to the liver from the ileum. 

Before secretion into canaliculi, the primary bile acids 
are conjugated at the carboxylic acid carbon with either 
taurine or glycine (Figure 47-6), increasing water solubility. 
Through this mechanism of conjugation, four primary bile 
acids (cholyltaurine, cholylglycine, chenodeoxycholyltau- 
rine, and chenodeoxycholylglycine) are formed. Conjuga- 
tion decreases the pK, values from ~6 to 4 for glycine 
conjugates and to 2 for taurine conjugates. Thus conjugated 
bile acids are in the ionized form in the relatively high pH of 
the intestinal lumen. In health, the glycine conjugates pre- 
dominate in a ratio of approximately 3:1 to 4:1. Unconju- 
gated (free) bile acids are not present in bile except in certain 
pathological states of bacterial overgrowth or ileal resection 
when intestinal bacteria either dehydroxylate or deconjugate 
the bile acids. 

During passage through the small intestine and colon, 
both cholic acid and chenodeoxycholic acid are dehydroxy- 
lated by bacterial 7-c-dehydroxylase, giving rise to the sec- 
ondary bile acids deoxycholic acid and lithocholic acid 
(Figure 47-7). The usual bile acid composition of normal 
human bile is ~38% cholate conjugates, 34% chenodeoxy- 
cholate conjugates, 28% deoxycholate conjugates, and 1% to 
2% lithocholate conjugates. 

Hepatic Bile Formation. Carrier-mediated active trans- 
port of bile acids across the canalicular surface generates 
osmotic water flow that is a major factor regulating bile for- 
mation and secretion. Transport of these organic anions also 
influences secretion of the remainder of the major compo- 
nents of bile, such as bilirubin, cholesterol, and phospho- 
lipids. There is no secretion of the latter two compounds in 
the absence of bile acid secretion. The influence of bile acid 
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Inc.) 


secretion on biliary lipid excretion is a result of the ability of 
bile acids to solubilize cholesterol and phospholipids in an 
aqueous medium in mixed micelles. 

Bile formation occurs by processes that are not fully 
defined. It takes place in canaliculi, minute passages lined by 
specialized modifications of the hepatocyte membrane, that 
ultimately unite to form bile ductules. Hepatic bile contains 
5% to 15% total solids, the major component of which is bile 
acids. The increase in biliary water and electrolyte excretion 
caused by this osmotic effect represents the bile acid- 
dependent fraction of bile flow. Even with severe depletion 
of the circulating bile acid pool, as is seen with bile duct 
diversion, some bile flow continues. The active transport of 
sodium and of glutathione and bicarbonate is mediated by 
Na-K-ATPase, which is responsible for the bile acid- 
independent flow of bile (up to 40% of total flow). Hor- 
mones such as secretin increase bile flow by stimulating 
secretion of sodium, bicarbonate, and chloride. Hormone- 
dependent flow accounts for 20% to 25% of the total. 


Because they possess both polar and nonpolar regions, 
molecules of bile acids are able to solubilize biliary lipids. 
Such molecules align at water-lipid interfaces and reduce 
surface tension, acting as detergents, In an aqueous solution, 
bile acids aggregate to form small polymolecular aggregates 
~5nm in diameter called micelles. These are capable of 
incorporating cholesterol and phospholipids, forming 
mixed micelles (Figure 47-8). Micellar solubilization of 
these water insoluble constituents maintains cholesterol in 
solution. 


Physiology 
Enterohepatic Circulation of Bile Acids. The body con- 
serves the bile acid pool through a recirculating system 
known as the enterohepatic circulation. The anatomical com- 
ponents of the enterohepatic circulation are the liver, biliary 
tract, terminal ileum, and portal venous circulation. 
During fasting, bile acids pass down the biliary tree to 
enter the gallbladder (Figure 47-9). In the gallbladder, they 
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Figure 47-6 Conjugation of cholic acid with either taurine or 
glycine. 


undergo a tenfold increase in concentration owing to 
reabsorption of water and electrolytes. After an overnight 
fast, 95% of the bile acid pool may be sequestered in the 
galibladder. This sequestration results in low concentrations 
of bile acids in the intestine, portal vein, liver, and plasma. 

In response to a meal, cholecystokinin is released from the 
intestine and causes relaxation of the sphincter of Oddi and 
contraction of the gallbladder (see Chapter 48). This allows 
a concentrated solution of micelles (consisting of bile salts, 
lecithin, and cholesterol) to: enter :the intestine. In the 
intestinal lumen, dietary cholesterol and the products of 
triglyceride digestion (predominantly free fatty acids and 
monoglycerides) are incorporated into mixed micelles. 
Micelles deliver lipolytic products to the mucosal surface, To 
carry out these functions, a critical micellar bile acid con- 
centration of ~2 mmol/L is necessary. 
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Figure 47-7 Conversion of primary bile acids to secondary bile 


acids by endogenous microflora. 


After delivery of lipids, bile acids are subsequently reab- 
sorbed in the intestine by two mechanisms: active transport 
in the distal portion of the ileum and nonionic diffusion in 
the jejunum and colon. 

Bile acids are carried in plasma tightly bound to protein. 
The concentration of bile acids in the portal vein is high but, 
because of the efficiency of hepatic extraction, systemic 
blood concentrations remain low. In a single pass through 
the liver, the efficiency of extraction is ~80% for cholic acid 
and ~60% for chenodeoxycholic acid. Hepatic extraction 
efficiency is unchanged over a broad range of portal bile acid 
concentrations. 

Kinetics of Bile Acid Metabolism. Using an isotope dilu- 
tion technique, the bile acid pool in normal adults has been 
found to average from 2 to 4g. Steady state is reached when 
hepatic synthesis anid fecal loss are in balance. In health, the 
magnitude of each process is 0.3 to 0.8g/day. There are 
usually 4 to 10 enterohepatic cycles per day. Because of this 
recycling mechanism, the jejunal concentration of bile acids 
is maintained at ~5 to 10mmol/L during the postprandial 
state, much higher than the critical micellar concentration 
of ~2mmol/L. Between meals, with decreased entry of bile 
acids into the intestine, the intraluminal concentration 
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Figure 47-8 Structure of mixed micelles in bile. (From Balistreri WF, Soloweay RD. Clinical guide to 
bile acid physiology and alterations in disease states. Chicago: Abbott Laboratories, 1979. Reproduction of 
Clinical Guide to Bile Acid Physiology and Alterations in Disease States has been granted with approval of 
Abbott Laboratories Inc., all rights reserved by Abbott Laboratories Inc.} 
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Figure 47-9 Enterohepatic circulation of bile acids. A, Normal circulation; B, impaired 

circulation. 
decreases. Plasma bile acid concentrations depend on input intestinal uptake, there are several potential sites for primary 
from the enterohepatic circulation; therefore concentrations or secondary disturbances (Box 47-1). 
of total plasma bile acids will increase by 50% above fasting Defective Bile Acid Synthesis. Specific defects in bile 
values 90 to 120 minutes following a meal. acid synthesis have long been postulated. Two inborn errors 


of bile acid synthesis, both associated with idiopathic neona- 
Abnormalities of Bile Acid Metabolism tal hepatitis, A*-3-oxosteroid 5-B-reductase deficiency and 
In view of the multiple processes involved in bile acid syn- 3-B-hydroxy-dehydrogenase isomerase deficiency, have been 
thesis, conjugation, and excretion, and in their hepatic and described.” A third disorder associated with defective bile 
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Defective Bile Acid Synthesis 
Specific defects in bile acid synthesis 
Cerebrotendinous xanthomatosis 


Intrahepatic cholestasis (familial neonatal hepatitis) 
3-B-hydroxysteroid dehydrogenase/isomerase deficiency 
A*-3-oxosteroid 5-B-reductase deficiency 
Cy steroid: 7-0.-hydroxylase deficiency 

Peroxisomal disorders - 

Genetic diseases with a general impairment of numerous 
peroxisomal functions and reduced or undetectable 
peroxisome numbers 

Cerebrohepatorenal (Zellweger’s) syndrome 

Infantile Refsum’s disease 

Neonatal adrenoleukodystrophy 

Rhizomelic chondrodysplasia punctata 

Hyperpipecolic acidemia 

Genetic diseases with generalized impairment of 

peroxisomal function but normal number of 
peroxisomes 

Pseudo-Zellweger’s syndrome 

Genetic diseases with a single enzyme defect and a normal 

number of peroxisomes 

X-linked adrenoleukodystrophy 

Adult Refsum’s disease 

Acatalasemia 

Acquired defects in bile acid synthesis (nonspecific) secondary 
to parenchymal liver disease (cholestasis, cirrhosis) 


Abnormalities of Bile Acid Delivery to the Bowel 
Celiac sprue 


Extrahepatic Bile Duct Obstruction 
Congenital biliary atresia 
Stricture 
Stone 
Carcinoma 


Interruption of the Enterohepatic Circulation of Bile Acids 
External bile drainage (fistula) 
Tleojejunal exclusion for exogenous obesity or 
hypercholesterolemia 
Cystic fibrosis 
Contaminated small bowel syndrome (with bile acid 
precipitation, increased jejunal absorption, and “short 
- circuiting”) 
Entrapment of bile acids in intestinal lumen by: 
Cholestyramine 
Trivalent cations 
Fiber 


Bile Acid Malabsorption 
Primary bile acid malabsorption (absent or inefficient ileal 
active transport) 
Intractable diarrhea (infancy} 
Irritable bowel (adults) 
Secondary bile acid malabsorption 
Ileal disease or resection 
Crohn’s disease 
Ileal resection 
Heal bypass 
Radiation enteritis 
Postinfectious enteritis 
Exogenous bile acid administration (e.g., gallstone 
dissolution) 
Cystic fibrosis 
‘Tertiary bile acid malabsorption 
Postcholecystectomy 
Renal failure 
Drugs 


Defective Uptake or Altered Intracellular Metabolism 
Parenchymal disease (acute hepatitis, cirrhosis) associated 
with regurgitation from cells or portosystemic shunting 
Cholestasis 


acid synthesis is cerebrotendinous xanthomatosis. In this 
disorder, chenodeoxycholic acid production is affected more 
than cholic acid production, and unusual metabolites, such 
as bile alcohols, are present in bile and feces. 

In addition to primary defects in bile acid synthesis, 
secondary abnormalities have been noted in peroxisomal 
disorders, such as neonatal adrenoleukodystrophy and 
cerebrohepatorenal (Zellweger’s) syndrome—an autosomal 
recessive condition associated with severe cholestasis in 
which side chain oxidation is impaired. 

More frequently encountered are acquired defects in bile 
acid synthesis, which have been noted in liver diseases such 
as hepatitis and cirrhosis. In acute hepatitis, alterations of 
bile acid synthesis and conjugation occur because of hepatic 
parenchymal cell disease. In cirrhosis, there is a marked 
reduction in cholic acid synthesis with a low concentration 
of biliary deoxycholic acid. These abnormalities are due both 
to decreased synthesis and to portosystemic shunting. The 


severity of cirrhosis correlates closely with the loss of cholic 
acid synthetic capacity. The decreased ratio of the trihydroxy 
bile acid (cholic acid) to the dihydroxy bile acid (cheno- 
deoxycholic acid) in plasma has therefore been used as a 
diagnostic test of liver cell dysfunction. 

Abnormalities of Bile Acid Delivery to the Bowel. 
Decreased bile flow from intrahepatic cholestasis or extra- 
hepatic bile duct obstruction caused by biliary atresia, stric- 
ture, stone, or carcinoma will result in bile acid retention and 
regurgitation from the liver cell into plasma and a decrease 
in delivery to the intestine. The ratio of plasma trihydroxy 
to dihydroxy acids increases in cholestasis. 

interruption of the Enterohepatic Circulation of Bile 
Acids. Approximately 95% of the bile acids that are secreted 
during a single enterohepatic cycle are recirculating bile 
acids. Therefore a significant interruption of this cycle will 
lead to a decrease in hepatic bile acid secretion. A negative 
feedback increase in bile acid synthesis can only partially 
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compensate for the losses. Therefore resection, inflamma- 
tion, or bypass of the ileum will be associated with specific 
clinical symptoms and disturbances of bile acid metabolism. 
The amount of bile acid return to the liver is reduced, and a 
loss of feedback inhibition results in accelerated hepatic syn- 
thesis of bile acids. The concentration of plasma cholesterol 
is reduced, since an increased proportion of this compound 
is used for bile acid synthesis. Concentrations of plasma bile 
acids decrease and are a reflection of ileal dysfunction, since 
the expected postprandial rise (due to ileal absorption of bile 
acids) will not be present.” 

Disturbances of Bile Acid Metabolism in Hepatocel- 
lular Disease. Fasting plasma bile acid concentrations are 
elevated in hepatocellular diseases, such as hepatitis and 
cirrhosis. The mechanisms responsible are regurgitation of 
bile acids from cholestatic hepatocytes and portosystemic 
shunting, These defects allow the plasma concentrations to 
rise proportionately much higher than normal following 
meals, suggesting that the postprandial rise in plasma bile 
acids may be a sensitive test for the detection of liver disease. 


Clinical Significance 


Increased plasma bile acid concentrations in the fasting state 
suggest impaired hepatic uptake or secretion, or porto- 
systemic shunting. Thus, such measurements may be used as 
a sensitive endogenous clearance test. However, a diagnosis 
suggested by an increase in plasma bile acid concentrations 
should be confirmed by standard liver function tests. In a 
similar manner, abnormal standard liver function tests can 
be confirmed as indicative of hepatic dysfunction by con- 
comitant measurement of plasma bile acids. Plasma bile acid 
measurements may also be used serially to monitor patients 
with suspected or proven hepatic disease. However, they add 
little to standard tests of liver function and are now rarely 
used in clinical medicine. 


Analytical Methodology 


Analytical techniques used to quantify either total or 
individual bile acids in biological fluids include gas-liquid 
chromatography (GLC), high-performance liquid chro- 
matography (HPLC), enzymatic assay, radioimmunoassay 
(RIA), enzyme-linked immunosorbent assay (ELISA), and 
tandem mass spectrometry (MS/MS). 


HEPATIC SYNTHETIC FUNCTION 

The liver has extensive synthetic capacity and plays a major 
role in the regulation of protein, carbohydrate, and lipid 
metabolism (see Chapters 20, 25, and 26). A bidirectional 
flux of precursors and products, such as glucose, amino 
acids, free fatty acids, and other nutrients, occurs across the 
hepatocyte membrane. Normal blood glucose concentra- 
tions are maintained during short fasts by the breakdown of 
hepatic glycogen and during prolonged fasts by hepatic glu- 
coneogenesis. The primary sources of carbon atoms for glu- 
coneogenesis are amino acids derived from muscle proteins. 
To a lesser extent, lactate (produced in skeletal muscle and 


erythrocytes) and glycerol (obtained from hydrolysis of 
triglycerides) also serve as substrates for gluconeogenesis. 
In humans, the oxidation of odd-numbered fatty acids 
yields propionyi-CoA, which can be converted to glucose. 
However, the formation of glucose in this manner is not 
quantitatively significant. Protein, triglyceride, fatty acid, 
cholesterol, and bile acid synthesis also occur within the 
liver. 


Protein Synthesis 

The liver is the primary site of the synthesis of plasma pro- 
teins (see Chapter 20). Synthesis occurs in the rough endo- 
plasmic reticulum of the hepatocytes, followed by release 
into hepatic sinusoids. Although disturbances of protein 
synthesis occur as a consequence of impaired hepatic 
function, a variety of other factors also affect plasma protein 
concentrations. These include (1) decreased availability of 
amino acids (malnutrition, maldigestion, and malabsorp- 
tion), (2) catabolic states (hyperthyroidism, Cushing’s 
syndrome, burns, postsurgery recovery), (3) protein losing 
states (nephrotic syndrome and protein losing enteropathy), 
(5) actions of cytokines (decrease in transport proteins such 
as albumin, transferrin, and lipoproteins, but increase in 
inflammatory response modifiers such as o,-antitrypsin, 
haptoglobin, and o}-macroglobulin), (5) action of hor- 
mones (such as growth hormone, cortisol, estrogen, 
androgens, and thyroid hormones) to increase or decrease 
production of specific proteins, and (6) congenital deficiency 
states (Wilson’s disease and o-antrypsin deficiency). In 
addition, the liver has a significant reserve capacity, prevent- 
ing protein concentrations from decreasing unless there is 
extensive liver damage. In addition, many liver proteins have 
relatively long half-lives, such as albumin at approximately 
3 weeks. For this reason, the sensitivity and specificity of 
protein concentrations for diagnosis of liver disease are far 
from ideal. 

The patterns of plasma protein alterations seen in liver 
disease depend on the type, severity, and duration of liver 
injury. For example, in acute hepatic dysfunction, there is 
usually little change in the plasma protein profile or the total 
plasma protein concentration; with fulminant hepatic failure 
or severe liver injury, concentrations of short-lived hepatic 
proteins (such as transthyretin and prothrombin) will fall 
quickly and become abnormal, whereas proteins with longer 
half-lives will be unchanged. In cirrhosis, concentrations of 
liver-synthesized plasma proteins and immunoglobulins 
decrease and increase repectively. Serial determination 
of plasma proteins provides prognostic information; for 
example, a worsening of prothrombin time during acute 
hepatitis suggests a poor prognosis. 


Plasma Proteins 


Albumin. Albumin is the most commonly measured serum 
protein and is synthesized exclusively by the liver. The rate 
of synthesis varies, depending on hormonal environment, 
nutritional status, age, and other local factors. In inflamma- 
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tory conditions. Interleukin-6 (IL-6) inhibits albumin syn- 
thesis but induces synthesis of acute phase response proteins. 
With liver disease, hypoalbuminemia is noted primarily in 
cirrhosis, autoimmune hepatitis, and alcoholic hepatitis. The 
mechanism is multifactorial. In cirrhosis, hepatic synthesis 
of albumin may be decreased, normal, or increased. Loss of 
albumin into ascitic fluid seems responsible for the decrease 
in albumin in many cases. One important consideration in 
measurement of albumin is the inaccuracy of dye-binding 
methods in patients with liver disease. Although bromcresol 
green measurements tend to overestimate albumin concen- 
tration at low concentrations,” bromcresol purple methods 
give falsely low values in patients with jaundice because of 
interference of bilirubin at the site of binding.” 

Transthyretin. This protein has a short half-life of 24 to 
48 hours, making it a sensitive indicator of current synthetic 
ability. Failure of transthyretin to increase is an indicator of 
fulminant hepatic failure in acute hepatitis and is associated 
with a poor prognosis.” It is more commonly used as a 
measurement of nutritional status. 

Immunoglobulins. Immunoglobulins are commonly 
increased in cirrhosis, autoimmune hepatitis, and primary 
biliary cirrhosis but are normal in most other types of liver 
disease. IgG is increased in autoimmune hepatitis and cir- 
thosis; IgM is increased in primary biliary cirrhosis. IgA 
tends to be increased in all types of cirrhosis. None of these 
findings are specific, and they are seldom used in the diag- 
nosis of liver disease. 

Ceruloplasmin. This protein is decreased in Wilson’s 
disease, cirrhosis, and many causes of chronic hepatitis, but 
may be increased by inflammation, cholestasis, hemochro- 
matosis, pregnancy, and estrogen therapy. It is discussed in 
more detail under Wilson’s disease. 

o.,-Antitrypsin. This protein is the major serine protease 
inhibitor (serpin) in plasma, and is decreased in homozy- 
gous deficiency and cirrhosis and increased by acute inflam- 
mation. It is discussed in more detail later in this chapter 
under the heading for o,-antitrypsin deficiency. 

a-Fetoprotein. This protein, a normal component of 
fetal blood, falls to adult concentrations by 1 year of age. 
Mild increases are seen in patients with acute and chronic 
hepatitis and indicate hepatocellular regeneration. It is 
present at higher concentrations in hepatocellular carcinoma 
(HCC) and is discussed in more detail later and in Chapters 
20 and 54. 


Coagulation Proteins 


The coagulation proteins that are synthesized in the liver are 
listed in Table 47-1. These proteins interact to produce a 
fibrin clot. Inhibitors of the coagulation system, including 
antithrombin, protein C, and protein S, are also synthesized 
in the liver. Some of the coagulation factors (II, VII, IX, and 
X) require vitamin K for posttranslational carboxylation 
within the hepatocyte. Protein C and S are also carboxylated 
by a vitamin K-dependent enzyme. Activated protein C in 
plasma inhibits coagulation by inactivating factors V and 


TABLE 47-1 Blood anno Factors 


‘Numbe 


Acronym w 


aba -Fibrinogen* 
peer Prothrombin"! 


Christmas factor’. 
` Stuart-Prower. factor! 
: a thromboplastin ; antecedent* 
a “Hageman factor®. o a 
_.. Fibrin-stabilizing factors = 
l _Prekallikrein (Fletcher factor)*. A ae 
- High molecular weight kininogen* ` 


*Protein synthesized in liver. 
TSynthesis requires vitamin K. 


VII. Parenchymal liver disease of sufficient severity to 
impair protein synthesis or obstructive liver disease suffi- 
cient to impair intestinal absorption of vitamin K is there- 
fore a potential cause of bleeding disorders. Because of the 
great functional reserve of the liver, failure of hemostasis 
usually does not occur except in severe or long-standing liver 
disease.” Thus testing for a coagulation defect is not a 
screening procedure but rather a means of assessing severity 
and following the progress of liver disease. 

The prothrombin time (PT) measures activity of fibrino- 
gen (factor I), prothrombin (factor II), and factors V, VII, 
and X. Since all of these factors are made in the liver and 
several are vitamin K dependent, a prolonged PT often indi- 
cates the presence of significant liver disease. In cholestasis, 
vitamin K deficiency may also cause an increase in PT. In this 
case, the coagulation abnormality is corrected within a few 
days by parenteral injection of 10mg of vitamin K. In con- 
trast, if PT is prolonged because of hepatocellular disease, 
factor synthesis is decreased and administration of vitamin 
K does not typically correct the problem. PT is also pro- 
longed in some patients with liver disease because of the 
presence of dysfibrinogenemia, an abnormal form of fi- 
brinogen that does not clot normally, and that may predis- 
pose to thrombosis.’ 

The method for reporting PT in liver disease remains 
controversial. PT measures the time to clot after exposure of 
plasma to tissue factor. Reagents differ in the amount of 
tissue factor present; in patients with coagulopathy, clotting 
times are more greatly prolonged when lower amounts of 
tissue factor are in the reagents. This makes a reagent more 
sensitive to clotting factor abnormalities, but makes stan- 
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dardization of results between laboratories difficult. The 
International Normalized Ratio (INR) was developed by the 
World Health Organization (WHO) and the International 
Committee on Thrombosis and Hemostasis (ICTH) for 
reporting the results of blood coagulation (clotting) tests. All 
results are standardized using the international sensitivity 
index (ISI) for the particular thromboplastin reagent and 
instrument combination used to perform the test. In prac- 
tice, it requires determination of the ISI based on the slope 
of the relationship between prothrombin time using the 
reagent and that using a reference method in patients on 
warfarin. The INR is then calculated as: 


PT (patient) i 


INR = e 
PT (geometric mean of normal) 


INR has been found to standardize interpretation of PT 
measurements between laboratories in those taking war- 
farin. Unfortunately, INR does not have the same relation- 
ship to impairment of clotting in individuals with liver 
disease.“ The apparent explanation lies in the mechanism 
of clotting factor deficiency in liver disease and warfarin 
administration. Although liver disease inhibits synthesis of 
clotting factors, warfarin impairs vitamin K—dependent 
carboxylation, impairing the ability of the factors to bind 
calcium. These noncarboxylated clotting factors (termed 
proteins induced by vitamin K antagonists, or PIVKAs) 
appear to act as inhibitors of coagulation; thus when lower 
amounts of tissue factor are present, there is greater prolon- 
gation of clotting times.” In contrast, in liver disease, factor 
deficiency is due to impaired factor synthesis, and no 
PIVKAs are present (except in HCC, as discussed later in this 
chapter). This leads to minimal increases in PT in individu- 
als with liver disease and underestimation of the degree of 
clotting impairment when reagents with low ISI are used. 
Although it is not clear which method of reporting PT is 
ideal, one study has suggested using the prothrombin 
index (the ratio used in calculation of INR, but without 
the ISI exponential)” However, few data exist on pro- 
thrombin indices that indicate significant impairment of 
coagulation.” 


Lipid and Lipoprotein Synthesis 

The liver plays a key role in the metabolism of lipids and 
lipoproteins (see Chapter 26). On a daily basis, approxi- 
mately 33% of the fatty acids originating from adipose tissue 
enter the liver, where they undergo esterification into triglyc- 
erides or are oxidized. Oxidation is favored in the fasting 
state and esterification is favored in the nonfasting state. 
Excessive esterification results in “fatty liver,” a disorder in 
which excess triglycerides are deposited in large vacuoles that 
displace other cellular components. Most cholesterol is 
endogenously synthesized in the liver. It and cholesterol of 
dietary origin enter the hepatic pool, where they are con- 
verted to bile acids, incorporated into lipoproteins, or used 
in the synthesis of liver cell membranes. The relative rates of 


secretion of bile acids, cholesterol, and lecithin are impor- 
tant factors in the pathogenesis of cholesterol gallstones. 


Urea Synthesis 


Patients with end-stage liver disease may have low concen- 
trations of urea in plasma (see Chapter 45). The rate of urea 
excretion in urine is lower than in healthy individuals. In 
addition, plasma concentrations are elevated for urea pre- 
cursors ammonia and amino acids. Lower specific activities 
are found for enzymes involved in urea synthesis. These find- 
ings suggest that patients with liver disease have an impaired 
ability to metabolize protein nitrogen and to synthesize urea. 
The rate of hepatic urea synthesis depends on exogenous 
intake of nitrogen and on endogenous protein catabolism. 
Newly synthesized urea equilibrates throughout the total 
body water compartment and to a large extent is excreted in 
urine. A small portion diffuses into the intestine, where 
bacterial enzymes hydrolyze urea to produce ammonia. 
Carbon dioxide is excreted, whereas ammonia is reabsorbed 
and must be recycled through the liver. Thus the rate of urea 
synthesis can be calculated through analysis of urinary 
urea excretion and the blood urea nitrogen (BUN) level if 
total body water and the extent of GI hydrolysis of urea can 
be estimated. In cirrhotic patients, the Krebs-Henseleit path- 
way is unable to incorporate excess ammonia nitrogen into 
urea. 


HEPATIC METABOLIC FUNCTION 


A recurring theme is the central importance of the liver in 
metabolic and regulatory pathways. The functional expres- 
sion of the complex, integrated organelle structure includes 
the metabolism of drugs (activation and detoxification) and 
the disposal of exogenous and endogenous substances, such 
as galactose and ammonia. In addition, metabolic abnor- 
malities due to specific, inherited enzyme deficiencies can 
affect the liver. A classic example is galactosemia. In this con- 
dition the congenital absence of the galactose-1-phosphate 
uridyltransferase enzyme allows accumulation of the toxic 
metabolite galactose- 1-phosphate, which causes injury to the 
liver, brain, and kidneys. 


Ammonia Metabolism 
Biochemistry and Physiology 


The major source of circulating ammonia is the GI tract. 
Plasma ammonia concentration in the hepatic portal 
vein is typically fivefold to tenfold higher than that in the 
systemic circulation. It is derived from the action of bacter- 
ial proteases, ureases, and amine oxidases on the contents of 
the colon and from the hydrolysis of glutamine in both the 
small and large intestines. Under normal circumstances, 
most of the portal vein ammonia load is metabolized to 
urea in hepatocytes in the Krebs-Henseleit urea cycle during 
the first pass through the liver; this process includes intrami- 
tochondrial and cytosolic enzyme-catalyzed steps (Figure 
47-10). 
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Figure 47-10 The major metabolic pathways for the use of ammonia by the hepatocyte. Solid 
bars indicate the sites of primary enzyme defects in various metabolic disorders associated with 
hyperammonemia: (/} carbamyl phosphate synthetase L, (2) ornithine transcarbamylase, (3) 
argininosuccinate synthetase, (4) argininosuccinate lyase, (5) arginase, (6) mitochondrial ornithine 
transport, (7) propiony! CoA carboxylase, (8) methylmalony! CoA mutase, (9) L-lysine 
dehydrogenase, and (10) N-acetyl glutamine synthetase. Dotted lines indicate the site of pathway 
activation (+) or inhibition (-). (From Flannery OB, Hsia YE, Wolf B. Current status of 
hyperammonemia syndromes. Hepatology | 982; 2:495-506.) 


Ammonia enters tissue of the central nervous system by 
passive diffusion. The rate of entry increases in proportion 
to the plasma concentration and is dependent on pH. As pH 
increases, the rate of entry of ammonia into the central 
nervous system tissue increases. This is thought to be 
because an increase in pH produces a shift to the right in the 
equilibrium 


NH? + ILO NH3 + H0 


that results in an increased ammonia base concentration. 
Ammonia crosses the blood-brain barrier membranes more 
readily than the ammonium ion. Given that the pK, of 
ammonia is 8.9 at 37°C, approximately 3% of blood 
ammonia is NH; at the normal physiological pH of 7.4. 
An increase of pH to 7.6 produces an increase in NH; to 
approximately 5% of total blood ammonia—a 67% increase 
in concentration. l 


Clinical Significance 

Animal and human studies have shown that an elevated con- 
centration of ammonia (hyperammonemia) exerts toxic 
effects on the central nervous system. There are several 
causes, both inherited and acquired, of hyperammonemia. 
The inherited deficiencies of urea cycle enzymes are the 
major cause of hyperammonemia in infants. The two 
major inherited disorders are those involving the metabo- 
lism of the dibasic amino acids lysine and ornithine and 
those involving the metabolism of organic acids, such as pro- 
pionic acid, methylmalonic acid, isovaleric acid, and others 
(see Chapter 55). 

The acquired causes of hyperammonemia are advanced 
liver disease and renal failure. Severe or chronic liver failure 
(as occurs in fulminant hepatitis and cirrhosis, respectively) 
leads to a significant impairment of normal ammonia 
metabolism. Reye’s syndrome, which is primarily a central 
nervous system disorder with minor hepatic dysfunction, 
is also associated with hyperammonemia. Hepatic en- 
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cephalopathy, in the cirrhotic patient, is often precipitated 
by GI bleeding that enhances ammonia production by 
bacterial metabolism of the blood proteins in the colon and 
subsequent increases in blood ammonia concentrations. 
Other precipitating causes of encephalopathy include excess 
dietary protein, constipation, infections, drugs, or electrolyte 
and acid-base imbalance. Since cirrhosis is accompanied by 
portosystemic shunting, ammonia clearance is impaired, 
leading to increased concentrations of blood ammonia. 
Impaired renal function also causes hyperammonemia. As 
BUN concentration increases, more diffuses into the GI tract 
where is it converted to ammonia. 

The fasting venous plasma ammonia concentration is 
useful in the differential diagnosis of encephalopathy when 
it is unclear if encephalopathy is of an hepatic origin. It is 
especially helpful in diagnosing Reye’s syndrome and the 
inherited disorders of urea metabolism. However, it is not a 
useful test to use in patients with known liver disease. 


Analytical Methodology 

Both enzymatic and chemical methods are used to measure 
ammonia in body fluids. Enzymatic assay with glutamate 
dehydrogenase is the most frequently used method. Plasma 
ammonia measurement is particularly susceptible to con- 
tamination, leading to falsely elevated concentrations. Some 
of the common sampling problems are discussed in the third 
edition of this textbook. 


Reference Intervals 


For the enzymatic method, the reference interval is 15 to 45 
ug N/dL or 11 to 32 umol N/L. Should values in normal sub- 
jects be much higher than expected, consideration should be 
given to the existence and correction of sources of preana- 
lytical error resulting from contamination. 


Carbohydrate Metabolism 


Because the liver is a major processor of dietary and endoge- 
nous carbohydrates, liver disease affects carbohydrate 
metabolism in a variety of ways (see Chapter 25), However, 
none of the conventional modes of evaluating carbohydrate 
metabolism have value in the diagnosis of liver disease. 
Because the liver is the major site of both glycogen storage 
and gluconeogenesis, hypoglycemia is a common complica- 
tion in certain liver diseases, particularly Reye’s syndrome, 
fulminant hepatic failure, advanced cirrhosis, and hepato- 
cellular carcinoma. 


Xenobiotic Metabolism and Excretion 


Xenobiotics are foreign substances that are cleared and 
metabolized by the liver and some have been used as tests of 
liver function. For example, certain lipophilic substances 
such as bromsulfophthalein (BSP}, indocyanine green 
(ICG), aminopyrine, caffeine, lidocaine, and rose bengal are 
excreted into bile as the intact parent compound, its conju- 
gates, or both. The clearance of these xenobiotics by the liver 
is normally very rapid, and it is believed that uptake by hepa- 


tocytes is a carrier-mediated, active-transport process. Little, 
if any, is cleared by other tissue. Excretion into bile is slow. 
The elimination of these compounds from the bloodstream 
therefore depends on hepatic blood flow, patency of the 
biliary tree, and hepatic parenchymal function. 


Dye Excretion Tests 

Dye excretion tests (such as BSP and ICG clearance) were 
formerly used as indicators of liver disease. With the devel- 
opment of more sensitive and specific indicators of liver 
disease, dye excretion tests have become obsolete. Until the 
1970s, BSP was the most frequently used dye excretion test. 
Because of reports of fatalities resulting from hypersensitiv- 
ity and other adverse effects (nausea, syncope, headache, 
chills, and thrombophlebitis at the site of injection), BSP use 
has been discontinued. ICG clearance was used for investi- 
gation of hepatic blood flow and for predicting clearance 
rates of drugs that undergo first-pass clearance by the liver, 
such as lidocaine. Typical ICG clearance values in healthy 
subjects range from 6.5 to 14mL/min/kg. ICG clearance is 
still occasionally used. 


Drug Clearance Tests 


A variety of drugs that are metabolized by the liver have been 
used to study the action of various Pysy enzymes. Aminopy- 
rine is demethylated to form carbon dioxide and aminoan- 
tipyrine. By using “C-labeled aminopyrine, the resulting 
MCO, can be measured in breath as a reflection of function- 
ing liver mass.” There is significant interindividual and 
intraindividual variation in results, ® other microsomal 
enzyme inducing agents increase metabolism,” and overall 
diagnostic sensitivity is similar to that of other more routine 
laboratory tests.**' Caffeine is rapidly and nearly completely 
absorbed from the GI tract and then undergoes 
N-demethylation by the hepatic mixed-function oxidase 
system. Caffeine clearance is altered during hepatic injury, 
being prolonged in both chronic hepatitis and cirrhosis.” A 
single dose of caffeine (3.5mg/kg to a maximum dose of 
200 mg, dissolved in either water, fruit juice, or milk for oral 
administration) is administered. This caffeine dose is equiv- 
alent to that found in one cup of brewed coffee or in one 
can of commercial soft drink. Blood (or salivary samples) 
obtained before and at timed intervals after caffeine inges- 
tion can be analyzed by reversed-phase HPLC or immunoas- 
say. A close correlation is found between plasma and salivary 
caffeine concentrations. Caffeine half-life is approximately 
5.5 hours in healthy adults and 3 hours in healthy children, 
with clearance of approximately 2mL/min/kg in healthy 
adults and 10 mL/min/kg in healthy children. Caffeine clear- 
ance correlates with the aminopyrine breath test and has 
similar limitations, although it is less subject to effects of 
variables, such as smoking and oral contraceptive use.” Lido- 
caine undergoes N-deethylation in the liver by cytochrome 
Paso to form monoethylglycinexylidide (MEGX); the rate of 
appearance of MEGX in plasma reflects hepatic lidocaine 
clearance. Because lidocaine is highly extracted, its clearance 
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is flow-dependent. Thus alterations in hepatic blood flow 
also influence lidocaine elimination.” Lidocaine (1 mg/kg) 
is given by intravenous bolus; plasma is obtained at baseline 
and 15 minutes for MEGX concentration (time of plateau 
concentration in healthy individuals). MEGX is most com- 
monly measured using immunoassay. Lidocaine clearance 
has been used to assess liver transplant function, but its use 
is limited by the effect of hypoperfusion (as occurs in sepsis 
or volume depletion).’* 


HEPATIC STORAGE FUNCTION 


Because individual cells are unable to store a sufficient 
supply of energy-rich carbohydrate substrates, the liver 
serves as the major site for their storage. For example, hepatic 
storage of glycogen allows the release of glucose to other 
tissue when the need exists (e.g, when plasma concentra- 
tions of glucose decrease). Other tissues, such as muscle and 
adipose tissue, store proteins and triglycerides, respectively, 
and are capable of adaptation. Depending on the availabil- 
ity of oxidizable fuels, these tissues also switch from the 
storage mode to the synthesis or release modes during 
periods of decreased carbohydrate intake. 


A number of conditions are indicative of liver disease includ- 
ing (1) jaundice, (2) portal hypertension, (3) abnormal 
hepatorenal function, (4) altered drug metabolism, (5) 
nutritional and metabolic abnormalities, (6) disordered 
hemostasis, and (7) the release of enzymes into various body 
fluids. 


Stomach 


JAUNDICE 

Jaundice (or icterus) is a physical sign characterized by a 
yellow appearance of the skin, mucous membranes, and 
sclera caused by bilirubin deposition. It is the most specific 
clinical manifestation of hepatic dysfunction, but is not 
present in many individuals with liver disease (especially 
chronic liver disease), and may occur in states of bilirubin 
overproduction (such as hemolysis). Jaundice is most easily 
seen in the sclera of the eyes, where yellow contrasts sharply 
with the usual bright white color. Jaundice is usually appar- 
ent clinically when the plasma bilirubin concentration 
reaches 2 to 3 mg/dL (34 to 51 mol/L), although higher con- 
centrations may be required when fluorescent lighting is 
used. When bilirubin clearance from the liver to the intesti- 
nal tract is impaired (as in acute hepatitis and bile duct 
obstruction), it may be accompanied by acholic (gray- 
colored) stools. Bilirubin is the source of stercobilin, which 
produces the brown color of normal stool. Increases in 
plasma conjugated bilirubin lead to tea-colored urine, since 
conjugated bilirubin is water soluble. Jaundice may also be 
due to disorders of bilirubin metabolism. Bilirubin metabo- 
lism is discussed more fully in Chapter 31. A classification of 
jaundice, based on the site of altered bilirubin metabolism, 
is shown in Box 31-1. 


PORTAL HYPERTENSION 


The portal circulation handles all of the venous outflow of 
the Gi tract, the spleen, the pancreas, and the gallbladder 
(Figure 47-11). The portal vein is formed by the union of the 
splenic vein and the superior mesenteric vein. Portal flow is 
normally 1000 to 1200 mL/min with a pressure of 5 to 7mm 


Figure 47-11 The portal-venous system. HV, 
Hepatic vein; IVC, inferior vena cava; IMV, inferior 
mesenteric vein; LGV, left gastric vein; LRV, left 
renal vein; PV, portal vein; RRV, right renal vein; 
SV, splenic vein; SMV, superior mesenteric vein. 
(From Zakim O, Boyer TD. Hepatology: A textbook of 
liver disease, 3rd ed. Philadelphia: WB Saunders, 
1996:721.) 
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Hg. Portal hypertension occurs when there is obstruction to 
portal flow anywhere along its course. The causes of obstruc- 
tion leading to portal hypertension are classified by site: (1) 
presinusoidal, (2) sinusoidal, and (3) postsinusoidal. Pre- 
sinusoidal portal hypertension is most commonly caused by 
portal vein thrombosis or schistosomiasis but may also occur 
with increased portal flow, such as occurs with Felty 
syndrome (a combination of chronic rheumatoid arthritis, 
splenomegaly, leukopenia, pigmented spots on the lower 
extremities, and sometimes other evidence of hyper- 
splenism, such as anemia and thrombocytopenia). Sinu- 
soidal hypertension is most commonly caused by cirrhosis 
but may occur transiently with acute and chronic hepatitis 
or acute fatty liver. The most important cause of postsinu- 
soidal hypertension is hepatic vein occlusion or Budd-Chiari 
syndrome, in which sudden obstruction or occlusion of the 
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hepatic veins causes hepatomegaly, abdominal pain, severe 
ascites, mild jaundice, and eventually portal hypertension 
and liver failure. The most common cause of postsinusoidal 
hypertension is cardiac disease, most commonly congestive 
heart failure. Chronic congestive heart failure is usually asso- 
ciated with portal hypertension and ascites, and may even 
lead to increased activities of aminotransferases.*” Other 
causes include abscesses, membranous obstruction of the 
vena cava, and veno-occlusive. disease (as may be seen in 
patients following bone marrow transplantation). Although 
increased portal resistance is the major factor causing portal 
hypertension, it is often accompanied by decreased resis- 
tance to blood flow through other blood vessels, which 
increases blood flow through the portal veins. 

When portal pressure increases, the portal venous system 
becomes dilated and forms collateral connections to the sys- 


Abdominal 
wall 


Spleen Figure 47-12 The sites of the porto- 
systemic collateral circulation in cirrhosis of 
the liver. (From Sherlock $, Dooley j, eds. 
Diseases of the liver and biliary system, 9th ed. 
London: Blackwell Scientific Publications, 
1993:134.) 
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temic venous flow (Figure 47-12), leading to portosystemic 
shunting. Initially, this is clinically silent, but as portal hyper- 
tension worsens, it compromises many of the metabolic 
functions of the liver. One such abnormality is altered estro- 
gen metabolism, increasing the ratio of estrogen to testos- 
terone. Clinical consequences include spider telangiectasias 
and palmar erythema, gynecomastia (in men), and abnor- 
mal vaginal bleeding and irregular menstrual periods (in 
women). Impaired protein metabolic functions lead to the 
accumulation of ammonia and abnormal neurotransmitters, 
ultimately leading to hepatic encephalopathy. Because most 
nutrients arrive through the portal vein, synthetic functions 
are also impaired, leading to hypoalbuminemia (contribut- 
ing to ascites), decreased clotting factors (predisposing to 
bleeding), and reduced thrombolytic factors, such as 
antithrombin (predisposing to venous thrombosis). 


Bleeding Esophageal Varices 

The most life-threatening consequence of portosystemic 
shunting is the development of varices (enlarged and tortu- 
ous veins), which can occur throughout the GI tract but are 
most common in the esophagus and stomach. Bleeding from 
varices is one of the leading causes of morbidity and mor- 
tality in patients with cirrhosis. Varices are present at the 
time of diagnosis of cirrhosis in about 40% of patients and 
develop in an additional 6% per year.’ In general, the risk 
of bleeding is low until portal vein pressure exceeds 12 mm 
Hg.” The major consequences of varices are rupture and 
bleeding, usually presenting as hematemesis. 

The treatment of portal hypertension and varices is 
directed at either obliterating the dilated blood vessels or 
reducing portal pressure. Esophageal and gastric varices can 
be obliterated by either sclerotherapy or banding; this treat- 
ment is typically used for active bleeding or large varices. 
Sclerotherapy involves the injection by endoscope of a scle- 
rosant (a chemical irritant) into the esophageal varices. 
Injections are performed weekly until all of the veins are 
obliterated. Banding is done endoscopically and involves 
placing rubber bands around dilated blood vessels. Meta- 
analysis of published studies shows higher efficacy for 
banding.” Occasionally, emergency portacaval shunt 
therapy is required but is associated with a rather high mor- 
tality rate. Esophageal tamponade may be obtained with a 
Sengstaken-Blakemore tube, This is a four-lumen tube with 
an esophageal and gastric balloon, and an aspiration tube 
that is placed in the stomach and in the esophagus above the 
esophageal balloon. Such balloons are fraught with hazard 
and are used only in extreme emergencies. 

Portal pressure may be reduced pharmacologically. 
Numerous studies have shown that treatment with B- 
adrenergic receptor blockers is highly effective in reducing 
likelihood of bleeding from esophageal varices, and use of 
B-blockers is now considered the standard of care in indi- 
viduals with portal hypertension, even if varices have not 
been documented.’® As with all vascular epithelium, resis- 
tance is modulated by interaction between vasodilators, such 


as nitric oxide, and vasoconstrictors, such as endothelins. 
Unfortunately, there is evidence that changes in concentra- 
tions of such mediators are different between the liver and 
the peripheral circulation and, in many cases, exactly oppo- 
site. It is thus difficult to simultaneously improve hepatic 
blood flow and reduce peripheral vasodilation, and addi- 
tion of nitrates to B-blockers has shown no advantage in 
lowering portal venous pressure.’ The goal of treatment is 
to lower portal pressure below 12mm Hg to reduce the like- 
lihood of bleeding; this not only lowers the risk of bleed- 
ing, but also lowers the likelihood of other complications of 
cirrhosis and improves survival." 

Drugs that specifically modulate portal pressure have yet 
to be developed. However, it has been shown that 
vasopressin, nitroglycerin, and octreotide will reduce portal 
pressure and are useful in acutely lowering portal venous 
pressure in individuals with active bleeding from varices. 
Vasopressin is given as a continuous intravenous infusion at 
0.41U/min. The intense vasoconstriction may lead to 
myocardial and gastric infarction. Because of these side 
effects, it is given simultaneously with nitroglycerin, which 
greatly reduces the vasoconstriction. The success rate in 
stopping bleeding is about 60% to 70%, but mortality is not 
reduced. Octreotide works by different mechanisms but has 
a similar hemodynamic effect with fewer complications. It 
controls bleeding in 70% to 80% of patients. Pharmacolog- 
ical treatment can be combined with mechanical occlusion 
of varices by banding or ligation. 

Various surgical procedures have been employed to 
reduce portal pressure. All involve increasing the shunting of 
blood around the liver to reduce portal pressure. In the past, 
shunts have been primarily surgical, such as connecting the 
portal vein to the inferior vena cava (portacaval shunt) or 
the splenic vein to the renal vein (splenorenal shunt). Cur- 
rently, shunts are most commonly created by placing a stent 
through the jugular and hepatic veins to connect to the 
portal vein, called transjugular intrahepatic portosystemic 
shunt (TIPS)? Since portal flow is already significantly 
reduced before shunting, there is usually minimal change in 
liver function, but often reduction in likelihood of ascites 
and variceal bleeding. There is an increased incidence of 
hepatic encephalopathy following shunts. 


Ascites 


Ascites is the effusion and accumulation of fluid in the 
abdominal cavity. Ascites is the most common clinical finding 
in patients with portal hypertension. Ascites itself is not life 
threatening, but is uncomfortable and may compromise 
respiration (from upward displacement of the diaphragm 
and compression of the lungs). It also predisposes individuals 
to spontaneous bacterial peritonitis, which is life threatening. 

The pathogenesis of ascites is complex because of a 
number of simultaneously operating factors, Of these, the 
most important are (1) increased hydrostatic portal venous 
pressure, with increased resistance to flow, (2) decreased 
colloid osmotic (oncotic) pressure because of hypoalbu- 
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minemia, and (3) leakage from the surface of the liver of 
protein-enriched fluid, which increases intraperitoneal 
colloid pressure. The primary event is probably peripheral 
vasodilation due to an imbalance of vasoactive factors, 
including endothelins. The net effect of these forces is to 
shrink the central blood volume, which decreases renal per- 
fusion and leads to sodium retention through activation of 
the renin-angiotensin system. The sodium retention leads to 
water retention, but because of the increased portal hydro- 
static pressure and decreased intravascular colloid pressure, 
the fluid leaks into the so-called third space, causing ascites 
and edema. 

There are many causes of ascites, and it is important to 
differentiate ascites secondary to portal hypertension from 
ascites of other causes. This is done by analyzing ascitic fluid. 
The feature that best distinguishes portal hypertension is an 
increase in the plasma to ascitic fluid albumin gradient. A 
gradient greater than 1.1 g/dL is diagnostic of ascites caused 
by portal hypertension.” 

Ascites is managed by creating a negative sodium balance 
or relieving portal hypertension. A negative sodium balance 
is obtained by reducing sodium intake or enhancing sodium 
excretion with the use of diuretics or both. Because most 
diuretics block proximal tubular reabsorption, more sodium 
is available at the distal renal tubule to exchange with potas- 
sium ion. Thus patients tend to become hypokalemic and 
require potassium preservation either with dietary supple- 
mentation or with potassium-sparing diuretics. Ascites may 
be safely removed with a catheter placed percutaneously 
through the abdominal wall. Five or 10 liters of fluid may be 
drained to relieve patient discomfort or respiratory com- 
promise. Because ascitic fluid is nutritionally enriched, 
repeated fluid drainage leads to significant malnutrition. 
Repeated paracentesis also requires plasma volume expan- 
sion to prevent renal failure; albumin is effective as an 
expander,” 


Spontaneous Bacterial Peritonitis 


Ascites predisposes to spontaneous bacterial peritonitis, 
defined as bacteremia (typically gram negative} in the 
absence of mechanical disruption of the bowel.””* It usually 
presents in an individual with known cirrhosis who devel- 
ops abdominal pain, fever, or leukocytosis. The diagnosis is 
established by examination of the ascitic fluid; greater than 
250 neutrophils per microliter, or more than 500 in the 
absence of a positive blood culture, is considered diagnos- 
tic.” In contrast, secondary peritonitis is usually associ- 
ated with higher neutrophil counts, low glucose in ascitic 
fluid, and high protein.” 


Hepatic (Portosystemic) Encephalopathy 


Hepatic encephalopathy is a metabolic disorder character- 
ized by a wide spectrum of neuropsychiatric dysfunction.” 
It may occur as an acute syndrome in patients with acute 
hepatic failure from viral or drug-induced hepatitis or as a 
chronic syndrome associated with liver failure and cirrhosis. 


As implied by the synonym, chronic hepatic encephalopathy 
occurs in the setting of portosystemic shunting, usually as a 
result of cirrhosis. 

The clinical syndrome is variable but follows a reasonably 
predictable course. Disturbed consciousness always occurs. 
It usually starts as hypersomnia and progresses to sleep 
reversal in which the patient tends to sleep through the day 
and be awake at night. This is followed by decreased spon- 
taneous movement, apathy, and gradually increasing levels 
of coma. Personality changes may be conspicuous, especially 
in patients with chronic disease. Irritability and disturbed 
social behavior may follow. Intellectual deterioration occurs 
(but is difficult to detect in its early stages because of con- 
fabulation) and generally progresses to overt confusion. 
Neurological abnormalities include slurred speech, a char- 
acteristic flapping tremor called asterixis, increased muscle 
tone, and abnormal reflexes. Disturbed gait may ensue. In 
chronic encephalopathy, these changes typically fluctuate 
over time and follow a waxing and waning course. Acute 
encephalopathy progresses rapidly, often within hours, and 
is characterized by cerebral edema, which may result in brain 
stem herniation and death.” 

The pathophysiology of hepatic encephalopathy is not 
completely understood but includes an increased sensitivity 
to dietary proteins. Ammonia concentrations are always 
increased with acute encephalopathy and usually increased 
with chronic encephalopathy. A reduction of plasma 
ammonia is often associated with symptomatic improve- 
ment. However, since plasma ammonia concentrations do 
not correlate with the severity of the encephalopathy, it has 
been suggested that other factors are involved." It is now 
recognized that a variety of neurotransmitter systems are 
dysfunctional in hepatic encephalopathy, but the exact cause 
for the changes is not known.“ One important contributor 
is the endogenous benzodiazepine agonist system, but other 
abnormalities must be invoked to explain all the findings.” 

The diagnosis of hepatic encephalopathy is made on clin- 
ical grounds. Plasma ammonia concentrations are rarely 
helpful, either for diagnosis or for monitoring the patient's 
disorder; normal ammonia concentrations are helpful in 
excluding hepatic encephalopathy as a cause of cerebral dys- 
function. An exception is a patient who presents with acute 
encephalopathy of unknown cause. Elevated ammonia con- 
centrations in that situation suggest acute hepatic failure or 
Reye’s syndrome. 

Treatment is largely empirical, based on observations that 
intestinal bacteria and protein loads in the intestinal tract are 
important in the symptoms of hepatic encephalopathy.” 
Lactulose has long been recognized to reduce the symptoms 
in chronic hepatic encephalopathy. Antibiotic treatment 
with a nonabsorbable antibiotic such as neomycin reduces 
the number of bacteria and is especially helpful in patients 
with GI bleeding. Protein reduction in the diet also improves 
encephalopathy; reducing dietary protein to the less than 
40 g/day often needed to improve symptoms may compro- 
mise nutrition. Patients with acute encephalopathy require 
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measures to reduce intracranial pressure, such as osmotic 
diuretics. 


HEPATORENAL SYNDROME 


Hepatorenal syndrome (HRS) refers to decreased renal func- 
tion secondary to hepatic disease; portal hypertension is a 
common factor in all cases of HRS developing in chronic 
liver disease, but HRS may also develop in acute liver failure. 
Although formerly thought to be a rapidly progressing, ter- 
minal event in a person with end-stage liver disease, it is now 
recognized that HRS falls into two major varieties.” Type 2 
HRS is more common; it represents a slowly progressive or 
stable decline in renal function that is due to peripheral 
vasodilation and renal vasoconstriction. Type 1, or classic, 
HRS represents rapidly declining renal function, usually 
developing in a person with preexisting type 2 HRS. Type 1 
HRS usually develops in the setting of an acute decrease in 
blood pressure, often due to spontaneous bacterial peritoni- 
tis or variceal bleeding. 

The common feature in both forms of HRS is activa- 
tion of the renin-angiotensin-aldosterone axis caused by 
intravascular volume depletion.” As with other forms of 
prerenal azotemia, HRS in the untreated patient is generally 
associated with increased antidiuretic hormone and with 
profound thirst. This leads to development of hyponatremia, 
hypokalemia, metabolic alkalosis, low urine sodium and 
high urine potassium excretion, and high urine osmolality. 
BUN, creatinine, and creatinine clearance are not reliable 
indicators of renal function in HRS." Urea is produced by 
the liver and is often decreased in advanced liver disease; it 
is also increased after upper GI bleeding, a common cause 
for worsening of renal function in HRS. Creatinine produc- 
tion by muscle is reduced in cirrhosis, causing falsely 
low serum creatinine and creatinine clearance. Although 
cystatin-C has slightly better correlation with measured 
glomerular filtration rate (GFR), it is not clear that it reliably 
reflects renal function in cirrhotic individuals. 

Treatment of HRS is best accomplished by either increas- 
ing systemic vascular resistance, as with the vasopressin ana- 
logue terlipressin, or reducing portal venous pressure, most 
commonly accomplished with TIPS. Both have shown 
promise in improving renal function in HRS.'774747! 


ALTERED DRUG METABOLISM 


Because of the liver’s central role in drug metabolism and 
disposition, alterations in drug metabolism may occur in 
patients with liver disease. In general, this is reflected in 
delayed metabolism such that the interval between drug 
doses has to be increased for drugs that are metabolized by 
the liver. Only patients with evidence of liver failure, such as 
encephalopathy, coagulopathy, or ascites, need alterations in 
dosing. In general, patients with liver disease are not more 
susceptible to drug-induced hepatotoxicity. However, 
patients with alcoholic liver disease who continue to 
consume alcohol are susceptible to liver injury from aceta- 
minophen, even at therapeutic doses. 


NUTRITIONAL AND METABOLIC ABNORMALITIES 

The intake and disposition of nutrients in patients with 
chronic liver disease are altered, which subjects them to 
nutritional imbalance. Severe metabolic and nutritional 
derangements have been observed to occur in the cirrhotic 
patient including alterations in glucose metabolism caused 
by insulin resistance, and hypokalemia caused by secondary 
hyperaldosteronism in cirrhosis. In addition, hypoalbu- 
minemia is frequently present because of decreased produc- 
tion and sinusoidal leakage of albumin in patients with 
portal hypertension. Also, in patients with chronic cholesta- 
sis, impaired delivery of bile salts to the duodenum results 
in malabsorption of lipids and fat soluble vitamins, leading 
to deficiencies in vitamins A, D, E, and K (see Chapters 30 
and 49). Vitamin A deficiency may cause night blindness, but 
rarely progresses to serious visual impairment. Vitamin D 
deficiency causes osteopenia and, in severe cases, osteomala- 
cia. In fact, osteopenic bone disease may be one of the most 
crippling results of chronic cholestatic liver disease, such as 
primary biliary cirrhosis.” Vitamin E deficiency is of little 
clinical significance. Vitamin K deficiency leads to hypopro- 
thrombinemia, with easy bruising and bleeding. 


DISORDERED HEMOSTASIS IN LIVER DISEASE 


The liver manufactures most of the clotting factors (the 
major exception being von Willebrand factor) and bile salts 
that are essential for absorption of vitamin K. The liver also 
clears activated clotting factors from the circulation. Thus 
chronic liver disease is associated with both a hemorrhagic 
tendency and a hypercoagulable state.” 

The liver synthesizes fibrinogen factors V, VII, XI, and 
XU, and the vitamin K—dependent factors II, VIL, IX, and X. 
Furthermore the liver plays an important role in platelet 
growth and function. The vitamin K—dependent proteins 
contain y-carboxy-glutamic acid. Vitamin K is necessary for 
the carboxylation of these proteins, which facilitate the con- 
version of prothrombin to thrombin. Patients with severe 
hepatocellular disease have decreased synthesis of the 
vitamin K-dependent clotting factors, especially factor 
VII. Furthermore, patients with cholestatic disease have 
decreased bile salt secretion, which is necessary for the 
absorption of vitamin K, leading to failure of activation of 
factors II, VH, IX, and X. In these patients, unlike those with 
hepatocellular disease, the prothrombin time can be cor- 
rected with an injection of vitamin K. 

Disorders of fibrinogen also occur in the liver. For 
example, dysfibrinogenemia may be seen in both acute and 
chronic liver disease and leads to prolongation of the partial 
thromboplastin time.’ Disseminated intravascular coagula- 
tion occurs with acute hepatic necrosis, presumably as a 
result of the release of tissue thromboplastin and defective 
clearance of inhibitors such as antithrombin and protein C. 
Thrombocytopenia may contribute to ineffective intravas- 
cular coagulation. Although commonly attributed to splenic 
sequestration (hypersplenism), there is evidence of 
antibody-mediated platelet destruction, as occurs in 


Chapter 47 Liver Disease 1797 


immune thrombocytopenic purpura.” Patients with 
chronic or severe liver disease also may be hypercoagulable 
because of deficiency of liver-produced inhibitors of coagu- 
lation, such as antithrombin and proteins C and S. Patients 
with autoimmune hepatitis may have anticardiolipin anti- 
bodies and antibodies to platelets. 


ENZYMES RELEASED FROM DISEASED LIVER TISSUE 


Because hepatic function is often normal in many patients 
with liver disease, the plasma activities of numerous cytoso- 
lic, mitochondrial, and membrane-associated enzymes are 
measured as they are increased in many forms of liver 
disease. As plasma enzyme measurements are discussed in 
greater detail in Chapter 21, only those factors relevant to 
understanding of liver disease will be summarized here, 

Because the pattern and degree of elevation of enzyme 
activity vary with the type of liver disease, their measure- 
ment is extremely helpful in the recognition and differential 
diagnosis of liver damage. A number of factors govern the 
ability of liver enzymes to assist in diagnosis including their 
(1) tissue specificity, (2) subcellular distribution, (3) relative 
activity of enzyme activity in liver and plasma, (4) patterns 
of release, and (5) clearance from plasma. 


Tissue Specificity 

There are five enzymes that are commonly used in diagno- 
sis of liver disease: Aspartate aminotransferase (AST; EC 
2.6.1.1), alanine aminotransferase (ALT; EC 2.6.1.2), alkaline 
phosphatase (ALP; 3.1.3.1), and y-glutamyl transferase 
(GGT; EC 2.3.2.2), are commonly used to detect liver injury, 
and lactate dehydrogenase (LD; EC 1.1.1.27) is occasionally 
used. ALT and GGT are present in several tissues, but plasma 
activities primarily reflect liver injury. AST is found in liver, 
muscle (cardiac and skeletal), and to a limited extent in ted 
cells. LD has wide tissue distribution, and is thus relatively 
nonspecific. ALP is found in a number of tissues, but in 
normal individuals primarily reflects bone and liver sources. 
Thus based on tissue distribution, ALT and GGT would seem 
to be the most specific markers for liver injury. 


Subcellular Distribution 


Enzymes are found at different locations within cells. AST, 
ALT, and LD are cytosolic enzymes. As such, they can be 
released with cell injury, and appear in plasma relatively 
rapidly. In the case of AST and ALT, there are both mito- 
chondrial and cytosolic isoenzymes in hepatocytes and other 
cells containing these enzymes, In the case of ALT, the rela- 
tive amount of mitochondrial isoenzyme is small, and its 
plasma half-life is extremely short, making it of no diagnos- 
tic significance. In the case of AST, the mitochondrial 
isoenzyme represents a significant fraction of total AST 
within hepatocytes. In contrast, ALP and GGT are mem- 
brane-bound glycoprotein enzymes. The most important 
location of both enzymes is on the canalicular membrane of 
hepatocytes. 


Relative Activity in Liver and Plasma 

For cytoplasmic enzymes, the relative amount of enzyme in 
the liver relative to plasma is an important determinant of 
sensitivity. The activity of AST within hepatocytes is about 
twice that of ALT, although plasma activities are similar. In 
contrast, hepatocyte activities of LD are much lower (rela- 
tive to plasma) than those of the other two enzymes, and 
plasma activities of LD are several times higher than those 
of AST and ALT. This means that there is less of an increase 
in LD with liver injury than occurs with AST and ALT. The 
relative amount of enzyme in tissue is not necessarily the 
same in disease; in cirrhosis and malnutrition, there are 
greater decreases in cytoplasmic ALT than in cytoplasmic 
AST?” 


Mechanisms of Release 


Several mechanisms appear to be involved in release of 
enzymes from hepatocytes. Cell injury is the simplest mech- 
anism and appears to allow leakage of cytoplasmic enzymes 
from cells, but minimal release of other types of enzymes. 
Thus necroinflammatory disease leads to release of AST and 
ALT, and to a lesser extent LD, but not to mitochondrial 
isoenzyme of AST nor to release of ALP or GGT.” Alcohol 
appears to induce expression of mitochondrial AST on the 
surface of hepatocytes’; not surprisingly, alcoholic hepati- 
tis is associated with increased plasma activities of this 
isoenzyme," 

The mechanism of release of membrane-bound enzymes 
such as GGT and ALP into the circulation is less well under- 
stood. There appears to be increased synthesis of GGT and 
ALP in diseased human liver." How this enhanced. synthe- 
sis of tissue-bound enzymes translates into increased activ- 
ity in plasma is not clear. However, fragments of hepatocyte 
membrane rich in GGT and ALP activity have been detected 
in plasma of patients with cholestasis, a process that may be 
a result of membrane fragmentation by bile acids. Further- 
more, bile acids, which are detergents, could solubilize and 
release GGT and ALP from plasma membranes. In vitro 
studies of membranes treated with bile acids demonstrate 
that this possibility exists.” 


Rate of Clearance of Enzyme from Plasma 

Clearance of liver enzymes from plasma occurs at variable 
rates. The half-life of ALT is 47 hours, of cytosolic AST, 17 
hours; thus although more AST is released from liver, the 
much longer half-life of ALT leads to higher activities of 
ALT than AST in most forms of hepatocellular injury. The 
half-life of the liver isoenzyme of ALP has been variously 
reported as from 1 to 10 days; the former figure appears 
to correspond better to the changes seen with removal of 
gallstones. The half-life of GGT has been reported as 
4.1 days. The mechanism by which enzymes are removed 
from circulation is not completely known, although 
receptor-mediated endocytosis by liver macrophages is 
likely involved. 
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The liver has a limited number of ways of responding to Sata d 
injury. Acute injury to the liver may be asymptomatic, but 


often presents as jaundice. The two major acute liver diseases 
are acute hepatitis and cholestasis. Chronic liver injury 
generally takes the clinical form of chronic hepatitis; its 
long-term complications include cirrhosis and HCC. The 
discussion of liver disease will focus mainly on these pat- 
terns, and a few diseases that differ from this general 
pattern. Because the types of disease seen in neonates differ 
significantly from this model, diseases of infancy are 
discussed separately in Chapter 31. 


MECHANISMS AND PATTERNS OF INJURY 


Cell death occurs by necrosis or apoptosis or both. The target 
cell determines the pattern of injury, with hepatocyte injury 
leading to hepatocellular disease and biliary cell injury 
leading to cholestasis. All cellular injury induces fibrosis as 
an adaptive or healing response, with the duration of injury 
and genetic factors determining whether cirrhosis and ulti- 
mately carcinoma occur (Figure 47-13). 

Cellular necrosis occurs as the result of an injurious envi- 
ronment and has been referred to as “murder?” It is charac- 
terized by cellular swelling with loss of membrane integrity. 
Toxic injury from compounds such as carbon tetrachloride, 
aspirin, and acetaminophen (Figure 47-14) occurs for the 
most part by necrosis. Apoptosis occurs as the result of accel- 
erated programmed death in which the cell participates in 
its own demise and thus commits “suicide.” It is character- 
ized by cell shrinkage, with nuclear chromatin condensation 
and fragmentation forming apoptotic bodies. Regardless of 
the cause, cell death typically leads to leakage of cytoplasmic 
enzymes. 

Laboratory tests are helpful in distinguishing the (1) 
pattern of injury (hepatocellular versus cholestatic), (2) 
chronicity of injury (acute versus chronic), and (3) severity 
of injury (mild versus severe). In general, the aminotrans- 
ferase enzymes and ALP are used to distinguish the pattern, 
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Figure 47-14 Metabolism of acetaminophen by the liver. 


plasma albumin to determine the chronicity, and the PT or 
factor V concentration to determine the severity. At the 
present time, the only way to accurately detect fibrosis is by 
a liver biopsy. 


DISORDERS OF BILIRUBIN METABOLISM 
Defects in bilirubin metabolism resulting in jaundice are 
known to occur at each step in the metabolic pathway (see 
Figure 31-22, Chapter 31). Disorders related to these defects 
are discussed in Chapter 31 (see Box 31-1) 


HEPATIC VIRAL INFECTION 

Five viruses have been identified (A, B, C, D, E) as causes of 
infection that primarily targets the liver. In addition, certain 
other viruses may infect the liver as part of a more gener- 
alized infection, among them cytomegalovirus (CMV), 
Epstein-Barr virus (EBV), and herpes simplex virus (HSV). 
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HAV, Hepatitis A virus; HBsAg, hepatitis B surface antigen; PCR, nE chain reaction; IgM, immunoglobulin M; HCV, nia C virus; 


HDV, hepatitis D virus; HEV, hepatitis E virus; HGV, hepatitis G virus. 


*Vaccination and passive immunization against HBV protects against HDV infection. 


Several other viruses have been proposed as causes of liver 
injury; these include hepatitis G virus’ (discussed below), 
transfusion-transmitted virus (TTV), ™ and the closely 
related SEN-V virus.’” Although all three are blood borne 
chronic viral infections and, in the case of TTV and SEN-V, 
have been known to replicate in the liver, none of these 
viruses appear to cause acute or chronic liver injury. 49 
The various hepatitis viruses are outlined in Table 47-2. 


Hepatitis A Virus 

Hepatitis A virus (HAV) accounts for about one fourth to 
one third the cases of clinical acute hepatitis in the United 
States and 20% to 25% worldwide. Although most com- 
monly an infection of children and adolescents, the disease 
tends to be more virulent in middle-aged and older people. 
Most sporadic cases occur from person-to-person contact, 


such as occurs in children in day care centers. Epidemics have 


been associated with waterborne and food-borne contami- 
nation. Ingestion of raw shellfish from contaminated waters 
has caused both sporadic and epidemic cases. Although not 
as common a cause of liver infection as hepatitis B, it is more 
frequently associated with jaundice when occurring in adults 
than either hepatitis B or C; an estimated 50% to 70% of 
infected adults develop jaundice. In contrast, hepatitis A 
infection in children is rarely associated with jaundice, and 
thus is usually not detected clinically. The incidence of the 
disease is declining in the developed world with introduc- 
tion of hepatitis A vaccine; complete immunization of less 
than half the at-risk population has been shown to reduce 
incidence of acute hepatitis A infection by more than 90% 
in areas of high endemicity.* Universal vaccination of 


infants in the United States is not currently recommended 
by thé Centers for Disease Control and Prevention (CDC); 
immunization is recommended for children residing in areas 
with higher than average incidence of HAV, in individuals 
traveling to endemic areas, and in individuals who have 
chronic liver disease. 

Hepatitis A is caused by a 27-nm RNA picornavirus. It has 
four capsid proteins (VP 1-4), but only one serotype has been 
identified. The virus is not cytopathic to hepatoctyes, but 
causes liver injury by stimulating both cellular and humoral 
immune responses. Hepatitis A occurs in sporadic and epi- 
demic forms, with an incubation period of 15 to 50 days. The 
clinical course of acute hepatitis A is usually that of a mild 
flulike illness that lasts for a few days to a few weeks. There 
is no chronic form of hepatitis A, but cholestasis (manifested 
by several weeks of jaundice and pruritus) may occur in 
some adults. Although a rare occurence, relapse in up to 5% 
of patients has been known to happen 1 to 3 months after 
the acute illness. It resembles the acute illness and is asso- 
ciated with viremia, but recovery always ensues. 


Hepatitis B Virus 

Hepatitis B virus (HBV) is the most common cause of acute 
hepatitis, and the most common chronic viral infection 
worldwide.’ An estimated 350 million individuals are chron- 
ically infected with HBV, and several times as many individ- 
uals have been exposed to HBV. The frequency of chronic 
HBV infection varies worldwide. For example it is high in 
Asia and Africa but occurs rarely among those born in North 
America and Europe’; one study found that 86% of US res- 
idents with chronic HBV: were actually born outside of the 


1800 Section VI Pathophysiology 


United States.““"* HBV is transmitted through body fluids, 
primarily by parenteral or sexual contact; it can be trans- 
mitted from mother to child, usually at or after delivery 
(termed vertical transmission). In parts of the world with 
high rates of chronic infection, much of the transmission is 
vertical. The residual risk from transfusion is estimated to be 
1 in 600,000.” 

Hepatitis B is caused by a 42-nm DNA virus that is a 
member of the hepadnavirus family. The DNA is partially 
double stranded, contains 3200 nucleotides, and has been 
cloned.’ There are several major open reading frames. The S 
gene codes for HBsAg, a surface protein produced indepen- 
dently of and in excess of the amount needed for viral repli- 
cation. The C gene encodes for HBcAg, part of the infectious 
core of the virus. The X gene codes for a transactivating 
factor that may be involved with viral replication and the 
development of malignancy. The precore region codes for 
production of the HBeAg, a protein found only in those with 
(but separate from) circulating viral particles. Hepadna- 
viruses are unusual among DNA viruses in that they repro- 
duce from an RNA template using reverse transcriptase. 
Although DNA replication has a proofreading mechanism, 
reverse transcriptase does not; hepadnaviruses are thus 
prone to developing mutant strains, The significance of 
several mutants is described below. 

Hepatitis B was first described in the 1960s by Blumberg 
and colleagues following discovery of a protein, termed the 
Australia antigen, that was initially felt to be a tumor marker 
for leukemia. Subsequent studies confirmed it to be a marker 
for a form of hepatitis initially termed serum hepatitis.” 
Later work establishrd that this was hepatitis B surface 
antigen (HBsAg). The complete HBV particle (Dane parti- 
cle) of viral DNA consists of a core containing a number of 
proteins and envelope and surface proteins. The core, 
formed in infected cells, contains viral DNA, DNA polym- 
erase, and core antigen (HBcAg). The surface protein 
(HBsAg) contains a common determinant, a, and four sub- 
determinants designated d, y, w, and r. The four major deter- 
minants are adw, adr, ayw, and ayr. Because the determinants 
breed true, they are helpful in epidemiological studies.” 
HBV species also have been classified into genotypes A-H; 
genotypes have less than 92% homology with other types. 
Although not routinely distinguished, there is evidence that 
genotype differences may have prognostic importance in 
chronic HBV infections. There are geographic differences in 
genotype distribution; genotype A predominates among 
those infected in North America, whereas genotype C is the 
dominant form in those infected in Asia. Genotype B is asso- 
ciated with a higher rate of spontaneous clearance in chronic 


infection, slower progression of liver disease,*”! and better 
response to antiviral therapy when compared with 
genotype C, 


There are several mutants of HBV that may have clinical 
importance. The most common is due to one of a variety of 
mutations in the precore gene, most commonly a mutation 
at nucleotide 1896 that inserts a stop codon in the mRNA.” 


Mutations in the promoter region of the precore gene, par- 
ticularly at nucleotides 1762 and 1764, are associated with 
reduced production of normal HBeAg. Such mutants are 
associated with undetectable HBeAg, although they are char- 
acterized by production of anti-HBe. Since HBeAg is often 
used as a marker of the presence of replicating virus, and 
anti-HBe with the absence of infectious virus, this limits 
utility of HBeAg testing. Precore mutants are found in the 
majority of individuals chronically infected with HBV in 
areas with high rates of infection, such as Asia and Southern 
Europe. In North America, it is estimated that 10% to 20% 
of individuals with chronic HBV infection have such precore 
mutants.” Such mutants may be present at the time of 
infection or may develop during the course of disease. 
Although initially it was thought that individuals infected 
with such mutants are much more likely to have severe acute 
infection, the high prevalence of such mutants suggests that 
this is not the case. Treatment with antiviral agents is equally 
effective in eradicating virus in the nonmutated and mutant 
strains. One of the most commonly used agents to treat HBV 
is the reverse transcriptase inhibitor lamivudine. As is true 
in HIV, there are specific mutations that confer resistance to 
antiretroviral agents. One common form involves mutations 
in the YMDD nucleotide binding region of the protease 
gene, in which substitution of isoleucine for methionine at 
amino acid 552 notably decreases lamivudine response.” 
Mutations can also affect other parts of the genome, and 
several strains with point mutations in HBsAg have also been 
identified. These mutants appear to be extremely rare; their 
major significance is that they may not be detected by 
immunoassays for HBsAg.” Rarely, infections by such 
mutants occur in individuals successfully immunized against 
HBV.™ There is concern that such mutants may become 
more widespread, because their detection will be difficult 
and unexpected in those who have “protective” antibody 
titers from vaccination.’ 

Chronic infection with HBV occurs: in two major 
forms. In the more severe form, chronic infection is asso- 
ciated with viral replication, reinfection of newly produced 
hepatocytes, and ongoing chronic inflammation (chronic 
hepatitis). Antiviral treatment is effective in suppressing 
viral replication in less than one third of such cases treated 
for one year; longer treatment with lamivudine increases 
response rate up to 60%-70%, but increases likelihood of 
development of resistant mutants. Individuals with ongoing 
viral replication have an estimated 30% risk of progression 
to cirrhosis over many years and have a sixtyfold increased 
risk of HCC (compared with those who are HBsAg nega- 
tive)” In the less severe form, viral DNA becomes inte- 
grated into host DNA, and no viral replication occurs. 
Individuals with nonreplicating infection have minimal or 
no chronic inflammation and no risk of development of 
cirrhosis, but have a tenfold higher risk of development of 
HCC. 

Immunization. Hepatitis B may be prevented by either 
passive (hepatitis B immune globulin [HBIG]) or active 
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(hepatitis B recombinant vaccine) immunization. Initially, 
vaccination was targeted toward high-risk individuals, such 
as (1) babies of infected mothers, (2) individuals with 
promiscuous sexual practices, (3) health care workers, and 
(4) individuals having sexual contacts with infected individ- 
uals, In the United States, current data suggest that more 
than 90% of children have been immunized against HBV 
infection; most cases of HBV seen in the United States are 
now occurring in those born outside the United States or in 
their children. The incidence of acute HBV infection fell by 
more than 80% after initiation of immunization. "^ Since 
infants born to HBsAg mothers have a high risk of develop- 
ing chronic HBV infection, routine prenatal testing for 
HBsAg is needed to identify infants at risk. Infection occurs 
in only about 2% of infants before birth”; postexposure 
prophylaxis (typically used in infants of HBsAg positive 
mothers) consisting of passive immunization with 
0.06 mL/kg of HBIG and the first dose of hepatitis B vaccine 
within 24 hours of birth is more than 95% effective in 
preventing infection.“ A universal immunization program 
in Taiwan, where vertical transmission of HBV was endemic, 
greatly reduced the death rate from HCC in young 
individuals.” 

Diagnostic Tests for Hepatitis B. Hepatitis B has the 
largest number of diagnostic tests of any of the hepatitis 
viruses, which makes for a more complicated interpretation 
of results. Testing currently involves primarily ELISA 
or related techniques to measure viral antigens or anti- 
bodies, but nucleic acid-based tests are becoming more 
widely used. 

Hepatitis B surface antigen, the most widely used marker 
for detecting current hepatitis B infection, is detected by kits 
using antibody to HBsAg. Occasionally, false positive results 
occur in testing, particularly during pregnancy; a neutral- 
ization assay is available. Low level reactivity (as evaluated by 
the ratio of the signal from the sample to that of the cutoff 
for distinguishing positive and negative, termed the 
signal:cutoff [S/C] ratio) is highly predictive of samples that 
fail to confirm on neutralization.** False negative results can 
occur with mutants in the surface antigen; different assays 
differ in their ability to detect such mutants.” 

Antibody to the hepatitis B core antigen (anti-HBc) is the 
most commonly detected antibody against HBV. Two assays 
are usually employed: IgM and total anti-HBc. IgM anti-HBc 
assays typically employ a large dilution of plasma (1:100) 
before analysis to reduce the likelihood of positivity in indi- 
viduals with chronic HBV. The total antibody assay measures 
both IgM and IgG antibodies. Anti-HBc appears to last 
longer than anti-HBs in natural infection, and is still present 
in 97% of previously infected individuals more than 30 years 
after exposure. Isolated anti-HBc is a relatively common 
finding, particularly in the setting of HCV co-infection, but 
also in immunosuppressed individuals.“ Although this may 
represent a false positive result, particularly as a transient 
phenomenon following influenza vaccination, current 
guidelines on hepatitis B recommend considering individu- 


als with isolated anti-HBc to be considered hepatitis B 
immune. 

Antibody to the hepatitis B surface antigen (anti-HBs) is 
considered evidence of immunity to hepatitis B and is the 
only marker found in those receiving the hepatitis B vaccine. 
The World Health Organization has developed a standard, 
defined as 101U/mL of anti-HBs. Current guidelines suggest 
that immunocompetent individuals who ever achieve an 
anti-HBs of 10 IU/mL or greater have life-long immunity to 
hepatitis B. 

The hepatitis Be antigen (HBeAg) and antibody to the e 
antigen (anti-HBe) are typically used only in the setting 
of chronic HBV infection. Although HBeAg typically 
appears at about the same time as HBsAg in acute hepatitis, 
it is rarely used as a marker for acute infection. In chronic 
infection, HBeAg is used as a marker of persistence of infec- 
tious virus; its clearance and the appearance of anti-HBe 
have been used as indicators of conversion to the nonrepli- 
cating state and as goals of antiviral treatment. As discussed 
earlier, however, conversion may also occur with develop- 
ment of mutations in the precore region. Although presence 
of HBeAg is a specific marker for presence of replicating 
virus, the sensitivity of antigen detection for the presence 
of replicating virus is less than ideal. In parts of the 
world where precore mutants are common, patients with 
negative HBeAg and positive anti-HBe require further 
testing using HBV DNA to clarify the status of their infec- 
tion. Such testing is becoming more common even in Europe 
and North America, where precore mutants are relatively 
rare. 

Hepatitis B viral DNA is now often measured using an 
amplification technique (see Chapter 37). Until relatively 
recently, non-amplified assays were used that had relatively 
high limits of detection (compared with assays for HIV or 
HCV RNA or amplified HBV DNA assays). HBV DNA was 
typically reported in pg/mL; this amount of HBV DNA is 
equivalent to 285,000 copies/mL, with assays having lower 
detection limits of 0.5 pg/mL to 5 to LOpg/mL. In 2001, the 
World Health Organization established an international 
standard for HBV DNA nucleic acid amplification tech- 
niques.” Currently, assays using amplification, particularly 
PCR methods, have detection limits in the range of 100 
copies/mL, although non-amplified assays are stil] available. 
It is unclear what level of HBV DNA represents clinically 
important viremia, but two clinical practice guidelines have 
adopted 100,000 copies/mL as a “clinically significant” level 
of viremia.” In a large number of “carriers” of HBV, 97% 
had HBV DNA below 100,000 copies/mL,” and 89% of 
individuals who failed to clear the virus with antiviral treat- 
ment had HBV DNA above 100,000 copies/mL.” These data 
supports a value of 100,000 copies/mL as a good decision 
point for “significant” viremia. Alternatively the likelihood 
of response to treatment is low in those who do not have a 
complete suppression of HBV DNA to less than 100,000 
copies/mL after 3 months of treatment. As will be discussed 
later, however, the evolving concept of “occult” HBV infec- 
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tion may require use of much lower thresholds to define 
“significant” viremia. 

Hepatitis B mutants are usually determined by direct 
sequencing. A line probe method has been developed for 
detecting the three most common mutants causing HBeAg 
negative chronic infection. YMDD mutants can be detected 
by a number of sequencing and hybridization assays. Geno- 
type have been determined by various methods including 
direct sequencing, restriction fragment length polymor- 
phism, line probe assay, or serotype. 


Hepatitis C Virus 

The hepatitis C virus (HCV) was the cause of the majority 
of cases previously known as non-A, non-B hepatitis. It was 
recognized in 1989% and fully characterized 2 years later?” 
It is the most common cause of chronic hepatitis in North 
America, Europe, and Japan; it is estimated to infect approx- 
imately 170 million individuals worldwide. Although HBV 
infection appears to have been present for a long time, there 
is evidence that HCV is a more recently developing viral 
infection, because rates of HCV-related liver disease have 
been increasing in many parts of the world. Predictions are 
that HCV-related end stage chronic liver disease will increase 
twofold to threefold over the next 20 to 30 years. HCV 
infection primarily occurs through plasma; the major risk 
factors are injection drug use and transfusion. For example, 
before the recognition of and availability of tests for HCV, 
the frequency of post-transfusion hepatitis (mainly due to 
HCV) was 3.5%°**; the risk of HCV transmission by trans- 
fusion was estimated at 1:2,000,000.° Because of its mode 
of spread, HCV infection is rare in children; the only 
common causes of pediatric infection are vertical transmis- 
sion from an infected mother (estimated to occur in about 
5% of infected women)” and, previously, transfusion of 
infected blood. 

HCV is a single-stranded enveloped RNA virus of the fla- 
vivirus family, which includes other hepatitis viruses (yellow 
fever virus) and viruses that cause unrelated disease (such as 
West Nile virus). HCV RNA contains one reading frame 
(Figure 47-15). The resulting polypeptide is cleaved to core 
and envelope antigens and a number of nonstructural (NS) 
proteins, including a polymerase, a protease, and an inter- 
feron-response element. As an RNA virus, HCV is subject to 
a high rate of spontaneous mutation, giving rise to large 
numbers of variants. This results in six major genotypes 


HVR 


i. i 
‘Teal @_[re[ns]ne] ves} 


RNA-dependent 


RNA pol 
-«—Capsid envelope—» <—— Helicase/protease ——> 
Structural Nonstructural 


Figure 47-15 Structure of hepatitis C genome. 


(<70% nucleotide homology), along with a number of sub- 
types (77% to 80% homology).” In a chronically infected 
individual, there are numerous quasispecies (>90% homol- 
ogy) that develop over time. These quasispecies seem to be 
important in establishing chronic infection’” and appear 
related to the fluctuating nature of chronic inflammation in 
chronic HCV infection.” Quasispecies are unique to the 
individual infected; those infected from a common source 
show different patterns of mutation.”” 

Chronic HCV infection is associated with evidence of 
chronic liver injury in most cases. Elevations in liver- 
associated enzymes, particularly ALT, are usually mild and 
fluctuate between normal and abnormal in most infected 
individuals. In an estimated 15% to 20% of cases, cirrhosis 
becomes evident an average of 20 to 30 years after exposure. 
HCC may develop once cirrhosis is present at an average rate 
of 1.5 to 3 cases per year. In North America, Europe, and 
Japan, HCV is the most common risk factor in development 
of HCC. There are a number of extrahepatic manifesta- 
tions of chronic HCV infection; the most common are 
cryoglobulinemia and porphyria cutanea tarda, There is 
epidemiological evidence linking HCV to increased risk 
of lymphoma and type 2 diabetes mellitus. 

Prevention. Prevention of hepatitis C has proven to be 
more difficult than with HAV and HBV. However, there has 
been an 80% decrease in incidence of acute HCV over the 
past decade, which is thought to be due to testing blood 
donors for HCV and to safe injection practices instituted to 
reduce risk of HIV infection. Vaccine development has 
been difficult because of the many subspecies of virus 
and the presence of many quasispecies with different anti- 
genic determinants. There have been significant improve- 
ments in treatment of HCV infection, however. Treatment 
of acute hepatitis C with m-interferon monotherapy has been 
found effective in preventing chronic hepatitis in a large 
majority of patients in nonrandomized trials. The use of 
pegylated interferon and ribavirin combination therapy 
leads to viral eradication in about 75% of those infected with 
genotypes 2, 3 and 4, and almost half of those infected with 
genotype 1. 

Diagnostic Tests for Hepatitis C. Antibody to HCV 
(anti-HCV) is the principal screening test for HCV expo- 
sure. The tests, using ELISA and related microparticle, 
chemiluminescence formats, detect the presence of antibod- 
ies to one or more HCV antigens (derived by recombinant 
technology from yeast cultures or through production of 
synthetic peptides). Although the initial assay detected only 
antibody to a single antigen, subsequent tests have used anti- 
gens from four different regions of the HCV genome. Second 
generation assays become positive an average of 12 weeks 
after exposure, while third generation assays become posi- 
tive an average of 9 weeks after exposure. After comparison 
with a cutoff value, results are interpreted as positive or neg- 
ative. As is true for HBsAg, samples with low S/C ratio are 
often false positive, whereas false positive results are rare in 
samples with high S/C ratio.’*!” Current CDC recommen- 
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dations suggest using an S/C ratio of <3.8 for both second 
and third generation ELISA assays, and an S/C ratio of <8.0 
for the chemiluminescence assay, to define low positive 
results.” Samples with low S/C ratio are recommended to be 
confirmed, ideally using recombinant immunoblot assay 
(RIBA). 

RIBA is a technique similar in principle to Western blot 
(see Chapter 5). The HCV antigens used in the anti-HCV 
assays are typically blotted onto a membrane as dots, .and 
reactivity is detected after incubation with serum. Results are 
interpreted as negative if there is less than 1+ reactivity with 
any of the four antigens, indeterminate if there is 1+ or 
greater reactivity to only a single antigen (or to more than 1 
antigen along with the nonspecific yeast marker superoxide 
dismutase), and positive with 1+ or greater reactivity to 
multiple antigens. Third generation RIBA has considerably 
fewer indeterminate results than second generation RIBA. 

HCV RNA measurement has become the most widely 
used test to detect current HCV infection. Typical of RNA 
in general, HCV RNA is labile in whole blood, because of 
the action of RNAses primarily found in red blood cells. 
Rapid separation of serum from clot is critical for accurate 
measurement of HCV RNA. If serum is separated from the 
clot by centrifugation within 1 hour, HCV RNA does not 
show an appreciable decline until 6 hours after collection. If 
serum is physically separated from cells within 1 hour, 
samples are stable at room temperature for 3 days, at refrig- 
erator temperatures for a week, and indefinitely if frozen.” 
Samples collected in EDTA, which inhibits enzyme activity, 
are stable for 24 hours even if plasma is not separated from 
red cells." 

Assays for HCV RNA are generally divided into qualita- 
tive and quantitative variants. An international standard for 
quantification of HCV RNA has been developed,” and 
quantitative HCV RNA assay results are calibrated using this 
standard and reported in international units per milliliter 
(U/mL). The relationship between IU/mL and copies/mL 
differs significantly for different assays. Results expressed in 
IU/mL agree within 1 log in about 90% of samples, but dis- 
crepant results do occur. Until recently, qualitative assays 
had significantly lower detection limits than quantitative 
assays, but some newer quantitative assays have equivalent 
or lower detection limits compared with qualitative assays; 
it is likely that qualitative assays will become obsolete as 
sensitive quantitative assays become commercially available. 
Currently the most sensitive qualitative assay involves 
transcription-mediated amplification (TMA); its detection 
limit is 5 IU/mL. A commercially available qualitative reverse 
transcriptase/polymerase chain reaction (rt-PCR) assay has 
a detection limit of 50[U/mL. Two quantitative assays are 
commercially available: an rt-PCR assay with a measure- 
ment range of 500 to 500,0001IU/mL and a branched 
DNA (bDNA) assay with a dynamic range of 615 to 8 
million [U/mL. Several other assays, available as analyte- 
specific reagents or offered only by reference laboratories, 
have lower detection limits similar to those of qualitative 


assays and upper detection limits similar to or higher than 
those of the bDNA assay. 

Hepatitis C core antigen (HCV Ag) is produced by the 
most constant part of the HCV genome. HCV Ag is one of 
the major targets of antibody formation, and most HCV Ag 
circulates bound to antibody. HCV Ag has a similar time 
course to that of HCV RNA in both acute and chronic HCV 
infection”; the currently available assay for HCV Ag 
becomes reliably positive when HCV RNA is 20,000 IU/mL 
or greatėr.™® In our experience with several thousand HCV 
RNA samples, less than 5% of untreated HCV RNA positive 
individuals have a viral load <20,000 IU/mL. In contrast to 
HCV RNA, HCV Ag is stable on storage.*” 

Hepatitis C genotype is an important parameter in deter- 
mining length and intensity of antiviral therapy. Several 
methods are currently used to determine the infecting geno- 
type. Although serological assays to detect antibody to spe- 
cific genotypes of HCV are available, their correlation with 
more definitive tests is approximately 90%,” and a signifi- 
cant minority of infected individuals have antibodies to 
more than one genotype.** However, detection of viral RNA 
of more than one genotype is exceptionally rare. The most 
reliable method involves direct sequencing of regions of the 
genome that show characteristic patterns with specific 
genotypes and subtypes. Commercial assays using the 5’- 
untranslated region are most widely used,” although assays 
using the NS5b region are now available. A commercial 
line probe assay is the most widely used technique, since it 
is relatively simple to perform and interpret. Sequences from 
specific strains of HCV are immobilized on a membrane, 
and the pattern of banding following hybridization and 
addition of indicator is interpreted. The technique cannot 
distinguish some of the less common genotypes and 
occasionally has patterns that do not correspond to a 
specific genotype. Overall agreement with direct sequencing 
methods is high.” Reg 


Hepatitis B and C Co-infection 

Approximately 2% to 10% of individuals infected with HCV 
are co-infected with HBV; of those with chronic HBV, 15% to 
20% are also HCV positive.” The clinical and laboratory 
features of co-infected patients are somewhat contradictory, 
and differ from those in individuals infected with a single 
hepatitis virus. Co-infected patients have lower viral loads 
than do those with single infection.” In patients with chronic 
HBV who develop acute HCV infection, the likelihood of 
progressing to chronic HCV infection is lower.” These fea- 
tures would suggest a beneficial effect of co-infection. In 
contrast, patients with chronic HBV/HCV co-infection have 
more rapid progression to cirrhosis.” Patients with acute 
co-infection more frequently have severe acute hepatitis.” 
Some studies suggest that there is a high frequency of 
HBV DNA viral replication in the liver even in the absence 
of circulating HBsAg; such subclinically co-infected patients 
have more severe liver injury and a higher frequency of cir- 
rhosis.’’" Despite some favorable findings, the outcome of 
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hepatitis in co-infected patients seems to be worse than for 
those infected with only a single agent. 


Hepatitis D Virus (Delta Agent) 

Hepatitis D virus (HDV) is an incomplete, 36-nm RNA par- 
ticle that cannot replicate on its own.*!' It is coated with 
HBsAg and is dependent on HBV for its activation. It is thus 
a satellite virus similar to that seen in plants. The D virus is 
a single-stranded. antisense RNA virus. It is very infectious 
and strongly associated. with intravenous drug abuse; 
approximately 10 million persons have been infected world- 
wide,’® although the incidence is declining with the fall in 
incidence of HBV infection.”*' It occurs as simultaneous 
infection with hepatitis B (co-infection) or as superimposed 
infection in someone with chronic hepatitis B (superinfec- 
tion). Co-infection usually runs the same time course as 
acute hepatitis B and HDV is spontaneously cleared as the 
hepatitis B resolves, but the risk of fulminant hepatitis is 
higher than in HBV infection alone, and mortality is higher. 
Superinfection typically results in chronic HDV infection, 
suppression of HBV DNA replication, and more rapid 
progression to cirrhosis. It should be suspected in a chroni- 
cally infected HBV patient whose condition worsens.’ 
Although traditionally diagnosed serologically by detection 
of anti-HDV (total or IgM) and/or HDVAg,”” currently 
HDV RNA measurements are often used as evidence of 
current infection.” 


Hepatitis E Virus 

Hepatitis E virus (HEV) is a 34-nm, single-stranded, unen- 
veloped RNA virus. It accounts for sporadic and epidemic 
hepatitis in tropical and semitropical countries and in people 
returning from these areas.*“ Although considered to be rare 
in Europe and nontropical areas of North America, it was 
identified in 1999 as a cause of hepatitis in the United 
States,” and HEV RNA is frequently isolated from city 
sewage treatment plants in such nonendemic areas.” It is 
enterically transmitted, as is HAV, and viral RNA has been 
detected in stool.’ There is probably only one species. Tests 
to detect antibody to HEV have been developed; specificity 
for HEV is high only for assays detecting antibody to the 
open reading frame 2 (ORE2) antigen.” The prevalence of 
antibodies to HEV is high among those living in urban areas 
and in blood donors,*” and HEV has been isolated from 
rats?” and pigs’”; the significance of this is unclear, although 
it has been speculated that HEV is a zoonotic disease.” The 
clinical course is similar to that of HAV infection in that 
HEV typically infects young people, has a self-limited course, 
and is not associated with chronicity. A peculiar feature of 
this disease is its virulent course in late pregnancy, with mor- 
tality generally in the range of 20% to 25%, but rates as high 
as 50% have been reported.” 


Hepatitis G Virus 
Hepatitis G virus (HGV), also known as GBV-C, is an RNA 
virus of the flavivirus family, closely related to HCV It has 


been found to be transmitted by the same means as HCV, 
although most commonly it is transmitted by plasma” ver- 
tical transmission has been reported.* Although it has a 
very high infectivity rate in recipients of contaminated blood 
(>90%), there seem to be no adverse consequences to HGV 
infection.“ In fact, although it has been called a hepatitis 
virus, viral RNA cannot be isolated from the liver in chronic 
infection.” Co-infection with HCV and HGV is common, 
but there is no effect of co-infection on prognosis in 
Hcv.“" HGV and HIV co-infection is also common*”; 
individuals co-infected with HGV and HIV have lower HIV 
viral loads and a better prognosis than those infected with 
HIV alone, 28433435 


ACUTE HEPATITIS 


Acute hepatitis refers to an acute injury directed against the 
hepatocytes. The injury may be mediated either directly—as 
occurs with certain drugs, such as acetaminophen, or with 
ischemia—or indirectly, as occurs with immunologically 
mediated injury from most of the hepatitis viruses and most 
drugs, including ethanol. In direct injury, there is typically a 
rapid rise in cytosolic enzymes, such as AST, ALT, and LD, 
followed by a rapid fall with rates of decline similar to known 
half-lives of the enzymes. With immunological injury, there 
is a gradual rise in cytosolic enzymes, a plateau phase, and a 
gradual resolution of enzyme elevation. Although jaundice 
is a key clinical finding in acute hepatitis, it is often absent 
(as discussed below under the various forms of viral infec- 
tion). An increase of AST activity to greater than 200IU/L, 
or of ALT activity to greater than 300TU/L, has sensitivity 
and specificity of greater than 90% for acute hepatitis.” 
ALP is usually mildly elevated, and is less than three times 
the upper reference limit in 90% of cases of acute hepati- 
tis. Bilirubin elevation, when present, typically is predomi- 
nantly direct reacting bilirubin; indirect bilirubin is higher 
than direct bilirubin in about 15% of cases.” The distribu- 
tion of direct bilirubin percentage is identical in acute 
hepatitis and bile duct obstruction, making direct bilirubin 
inconsequential in the differential diagnosis of jaundice.” 
Liver synthetic function is usually well preserved in most 
forms of acute hepatitis. These and other features that are 
helpful in the differential diagnosis of acute hepatitis are 
summarized in Table 47-3. 

The outcome of acute hepatitis is variable. In most cases, 
complete recovery occurs and liver regeneration leads to 
normal structure and function. With some viruses, failure to 
clear infection leads to development of chronic hepatitis. In 
a small percentage of cases, massive destruction of the liver 
leads to acute (fulminant) hepatic failure, which is associated 
with high mortality unless liver transplantation can occur. 


Acute Viral Hepatitis 

All forms of acute viral hepatitis have similar pathology and 
a similar clinical course. They are all diagnosed on the basis 
of marked elevations in aminotransferases, usually between 
8 and 50 times the upper reference limits, with only slight 
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Laboratory Features of Different Forms of Acute Hepatitis 


ASTIALT ALP: 


5-15 mg/dL 
 <5mg/dL 


— SmgdL 
5-15 mg/dL 


URL, Upper reference limit. 


elevations in ALP and little or no effect on hepatic synthetic 
function. ALT is typically higher than AST because of slower 
clearance. Enzyme elevations typically peak before. peak 
bilirubin occurs, and remain increased for.an average of 4 to 
5 weeks (longer for ALT than AST because of its longer half- 
life). Bilirubin elevation is variable, as discussed below. The 
incidence of acute viral hepatitis has declined notably since 
the late 1980s, with the decline reaching less than 20% of 
previous concentrations for both HBV and HCV by the late 
1990s""44 The decline in incidence of these viruses 
seems to be caused by widespread immunization for HBV, 
along with reduction in risk of infection by injection drug 
use (thought to be related to safer injection practices fol- 
lowing discovery of the human immunodeficiency virus) 
and safe sex practices. There has not been a similar decline 
in the overall incidence of HAV.” The lack of universal vac- 
cination programs for HAV seems to explain the continued 
high incidence, since immunization of about half of suscep- 
tible individuals was associated with a 92% decline in 
incidence of HAV in one high-risk area,” 


Acute Hepatitis A 


In adults, about 70% of those with acute HAV infection 
develop jaundice much more commonly than with HBV or 
HCV. In children, acute HAV infection typically goes unrec- 
ognized and is often considered to be a viral gastroenteritis 
or other viral disease, since only 10% of children become 
jaundiced, The disease is more prolonged and serious in 
individuals over age 50. The specific etiological diagnosis is 
made with serological tests. An IgM antibody (anti-HAV 
IgM) appears early in the course of illness and persists for an 


average of 2 to 6 months; rarely, IgM antibodies may remain 
positive for a year or longer. The presence of IgM ‘anti-HAV 
is therefore considered diagnostic of recent HAV infection. 
An IgG antibody (anti- HAV IgG) appears shortly after IgM 
antibody, and persists for many years (probably for life), 
inducing lifelong immunity. Total anti-HAV antibody assays 
detect both IgM and IgG anti-HAV. Both IgM and, subse- 
quently, IgG anti-HAV also develop following immunization 
with the hepatitis A vaccine. There are no antigen tests for 
detection of hepatitis A in plasma. Incubation of stool 
samples with labeled antibodies to hepatitis A and examina- 
tion with an electron microscope have been used to detect 
infectious viral particles in the past. Amplification tech- 
niques (usually using rt-PCR) have been used to detect virus 
in epidemiologic studies, but are not routinely used to diag- 
nose infection. a 


Acute Hepatitis B 


In most of the world, HBV is the most common cause of 
acute viral hepatitis. As with HAV, most infections in 
children are clinically silent. An estimated 30% to 50% of 
adolescents and adults with acute HBV infection develop 
jaundice. The outcome in acute HBV infection is strongly 
influenced by age and immune status. In healthy adolescents 
and adults, an estimated 1% to 3% of cases will. progress to 
chronic infection. In a person with immunosuppression, the 
likelihood of chronic infection increases to 10%, Neonates 
infected with HBV have a 90% likelihood of chronic infec- 
tion, and the risk falls gradually over the first 5 years of life. 

The serological course of acute hepatitis B infection is 
illustrated in Figure 47-16. HBsAg is the first serological 
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HBsAg -- 
DNA polymerase --— 
Anti-HBe 
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4 8 12 16 20 24 28 
Figure 47-16 Course of acute type B hepatitis with recovery. 
1, Onset of hepatitis with jaundice 3 months after exposure; 2, 
detection of hepatitis B surface antigen (HBsAg) 2 to 8 weeks 
after exposure, followed by appearance of its antibody (anti- 
HBs) 2 to 4 weeks after HBsAg is no longer detectable; 3, 
detection of hepatitis Be antigen (HBeAg) shortly after 
appearance of HBsAg disappears (this is usually followed by the 
appearance of antibody to HbeAg [anti-Hbe], which persists); 4, 
detection of hepatitis B core antibody (anti-HBc) at the time of 
onset of disease 2 to 3 months after exposure. Anti-HBc IgM 
will be detectable in high levels for ~5 months. (From Balistreri 
WE. Viral hepatitis: Unique aspects of infection during childhood. 
Consultant 1984; 24:13 1-53.) 


marker to appear, although HBV DNA may be detectable 
slightly earlier. HBsAg usually appears 1 to 2 months after 
infection and before the onset of clinical illness, and is the 
last protein marker to disappear. HBV DNA replication is 
slower than that of HCV; doubling time averages 2 to 3 
days.“ Persistence of HBsAg for more than 6 months 
beyond the onset of acute hepatitis indicates chronic infec- 
tion. HBeAg appears at about the same time as HBsAg; 
however, because it is not usually measured except in the 
setting of chronic HBV infection, it is usually not helpful as 
a marker to document acute infection. The first antibody to 
appear, usually coinciding with the onset of clinical evidence 
of hepatitis 3 to 6 months after infection, is antibody to the 
hepatitis B core antigen (anti-HBc). As with hepatitis A, an 
IgM antibody is the first to appear, and usually persists for 3 
to 6 months; it is usually considered diagnostic of acute 
hepatitis B infection. In chronic infection, however, IgM 
antibody may become detectable with flares of severity of 
disease and is thus not completely reliable in recognizing a 
recent infection. The typical pattern at clinical presentation 
is positive serology for anti-HBc (both total and IgM), 
HBsAg, HBeAg (when measured), and negative anti-HBs. A 
small percentage of individuals have negative HBsAg and 
anti-HBs at the time of initial presentation, leaving IgM anti- 
HBc as the only commonly measured marker to be positive; 
this finding has been termed the “core window.” With 
current, sensitive assays for HBsAg, it is rare to encounter 


individuals in the core window. Clearance of HBeAg and 
development of anti-HBe is the first sign of viral clearance 
and usually predates loss of HBsAg. Clinically, HBsAg clear- 
ance is associated with recovery from acute hepatitis and has 
been thought to confer lifelong immunity to HBV. 

More recently, accumulating evidence indicates that HBV 
remains dormant in the body and HBV DNA circulates in 
many to most individuals who have “recovered” from acute 
hepatitis. This has been termed “occult” HBV infection. At 
the time of publication, the significance of such occult infec- 
tion is unclear, as reviewed by Brechot.° Several studies 
have demonstrated that HBV DNA is still present in low 
amounts, both in the plasma and liver, in most individuals 
who had past acute HBV infection and who were HBsAg 
negative and anti-HBs positive.“ Viral loads are typically 
100 copies/mL or lower, and it has been estimated that the 
number of liver cells infected may be as low as 1%. Such 
individuals have been shown to transmit HBV infection 
if their organs are used for transplantation. The significance 
of circulating HBV DNA to the individual infected or 
to others (in the absence of transplantation) seems to be 
minimal, however, since liver enzymes are usually normal 
and the circulating HBV DNA is mainly found in immune 
complexes. 


Acute Hepatitis C 

Acute HCV infection is responsible for 10% to 15% of cases 
of acute hepatitis in the United States: an estimated 10% to 
30% of those with acute infection develop jaundice. 
Increased aminotransferases usually develop about 6 to 8 
weeks after infection. In those cases in which clinical acute 
hepatitis develops, jaundice typically begins about 2 to 3 
months after exposure. HCV RNA and HCV core antigen are 
detectable in plasma 2 to 4 weeks after initial exposure. 
Viremia increases rapidly (average doubling time of 17 
hours), and plateaus at high viral loads (often > 10’ IU/mL). 
In acute hepatitis C infection, anti-HCV is present in a little 
more than half of cases at the time of presentation.” IgM 
anti-HCV assays are not commercially available, but in con- 
trast to HAV and HBV, IgM antibodies are encountered in 
both acute and chronic HCV infection, making the test 
useless diagnostically. HCV RNA and HCV core antigen 
are usually both present at the time of diagnosis and viral 
load is often significantly elevated compared with values 
seen in chronic hepatitis. Diagnosis of acute HCV is likely if 
anti-HCV is absent but HCV RNA or core antigen is posi- 
tive. Diagnosis of acute HCV is also likely if HCV RNA viral 
load is high and anti-HCV titer is low, or increases with 
time.” Viral load falls with development of antibody to 
one or more HCV proteins, and may become transiently 
negative. 


Other Types of Acute Viral Hepatitis 

A number of other viruses can affect the liver, causing 
acute hepatitis. The most common are the Epstein-Barr 
virus and cytomegalovirus. Features are otherwise typical of 
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viral hepatitis, although there are often signs of systemic 
infection as well. Herpes simplex virus may occasionally 
cause severe hepatitis in adults.”° Infection with each of 
these agents is more commonly associated with hepatitis 
in the neonatal period, where it is part of disseminated 
infection. Diagnosis of infection with these viruses involves 
serological and nucleic acid tests; none of them are specific 
to the liver. 

Sudden outbursts of activity in individuals with chronic 
hepatitis B may mimic acute hepatitis. There are common 
situations in which an acute rise in cytoplasmic enzymes 
occurs, often associated with jaundice and other clinical fea- 
tures suggesting an acute liver disease. For example, devel- 
opment of an immune response that leads to clearance of 
either HBeAg or HBsAg is often associated with clinical and 
enzymatic features of acute hepatitis. Recognition of this 
cause of the clinical picture of acute hepatitis in a person 
with chronic hepatitis relies on demonstration of antigen 
loss and antibody development, along with absence of other 
causes of acute hepatitis. Withdrawal of agents that suppress 
either the immune response (especially corticosteroids) or 
viral replication (particularly lamivudine),*” or restoration 
of the immune system (by treatment of HIV infection)” has 
been associated with a clinical picture that mimics acute 
hepatitis; fulminant hepatic failure and death have been 
associated with these events. Diagnosis is usually dependent 
on clinical history. 


Toxic Hepatitis 

Toxic hepatitis refers to direct damage of hepatocytes by a 
toxin or toxic metabolite. Toxic reactions are usually pre- 
dictable, and are directly related to the dose of the agent 
ingested. In North America and Europe, the most common 
cause of toxic hepatitis is acetaminophen, a widely used 
nonprescription pain reliever.” The metabolism of aceta- 
minophen is affected by dose, induction of metabolic 
enzymes, and concentrations of glutathione (Figure 47-14). 
When a large dose of acetaminophen is ingested (average 
lethal dose 15g), the metabolic pathways are overwhelmed, 
glutathione is depleted, and toxic intermediates accumulate 
and cause liver damage. When metabolic enzymes are 
induced (such as by ethanol) or glutathione is depleted (as 
occurs in alcoholics and with starvation), toxicity can occur 
with relatively small doses of acetaminophen (total doses of 
2 to 4g). The first laboratory abnormality to appear is an 
increase in PT, followed by increased activities of cytosolic 
enzymes. Initially, LD is often increased to higher absolute 
amounts than AST, and AST tends to be higher than ALT.” 
Peak activities (typically more than 100 times the upper ref- 
erence limits) usually occur by 24 to 48 hours, followed by 
rapid clearance at rates approximating the known half-lives 
of the enzymes.*!° PT elevations are typical and are greater 
than 4 seconds above the control value in most cases.” Prog- 
nosis is related most closely to the prolonged increase in PT; 
persistent elevation of PT 4 days after ingestion is associated 
with a poor prognosis.” Other markers of risk include 


development of acute renal failure and presence of lactic 
acidosis, particularly if pH is <7.30. 


Ischemic Hepatitis (“Shock Liver”) 

Hepatic hypoperfusion (ischemic hepatitis) is one of the 
most common causes of elevated cytosolic enzymes; in 
hospital patients, it is the cause of the majority of cases of 
acute hepatitis." Ischemic hepatitis follows any cause of 
shock; the most common causes are septic and cardiogenic 
shock (sometimes termed cardiac hepatopathy).*”’ Bilirubin 
elevations typically are minimal, and usually peak several 
days after enzyme activity reaches its greatest point." 
Laboratory findings are similar to those in toxic hepatitis 
(including having high LD), and acute renal failure is a 
common complicating factor. Prognosis is primarily related 
to the underlying cause of hypotension’; individuals 
with prolonged elevation of bilirubin appear to have a poor 
prognosis.” 


Reye’s Syndrome 

Acute encephalopathy in combination with fatty degenera- 
tion of the viscera was initially described by Reye and asso- 
ciates in Australia in 1963, with nearly simultaneous case 
descriptions by Johnson and colleagues in the United 
States.” In the majority of these early cases, the disease was 
fatal. It most frequently strikes children aged 6 to 11 years 
and infants, although it may affect other ages. The syndrome 
is characterized by a prodromal, febrile viral illness (usually 
influenza B or varicella), followed in about a week by pro- 
tracted vomiting associated with lethargy and confusion,” 
which may deteriorate rapidly into stupor and coma. At the 
same time, the liver enlarges, increased aminotransferases 
and PT develop, and ammonia increases. A PT prolonged 
greater than 3 seconds above normal and a plasma ammonia 
level greater than 100 mol/L usually indicate a poor prog- 
nosis, Bilirubin is typically normal or only mildly increased. 
Other laboratory features include hypoglycemia and 
hyperuricemia. 

Only sporadic case descriptions of Reye’s syndrome were 
published until 1974, when 379 cases in the United States 
were reported to the CDC. The mortality rate in this series 
was 41%. The number of cases peaked in 1980 at 555.% At 
about the same time, articles began to appear linking Reye’s 
syndrome with aspirin treatment of viral illnesses,” fol- 
lowed by a case control study strongly implicating salicylate 
in the pathogenesis of Reye’s syndrome.'® Although CDC 
guidelines recommending avoidance of aspirin in children 
with febrile illnesses were not published until 1985, a 
decline in salicylate use began before this, and Reye’s syn- 
drome has again become a rare disease. 


Other Causes of Acute Hepatitis 

Drugs can cause liver injury by a number of mechanisms, 
but the most common is idiosyncratic, immune-mediated 
injury to hepatocytes," characterized by elevations in 
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ALT or AST.” Cholestatic hepatitis, with increased amino- 
transferases and ALP, is more common in drug-induced 
hepatitis than with other causes of acute hepatitis. Criteria 
to recognize drug-induced liver disease include temporal 
relationship between drug exposure and onset of hepatitis; 
exclusion of other known causes of hepatitis; presence of 
extrahepatic hypersensitivity (especially skin rash, arthral- 
gia, renal injury, and eosinophilia); development of liver 
injury on rechallenge; and, ideally, previously published 
reports of similar reactions.” Several standardized 
approaches to evaluation of possible drug-induced liver 
disease have been developed.'*** Hepatic drug reactions 
represent about 6% of all adverse drug reactions,” and 
about 1% of cases of acute hepatitis.” Although usually 
associated with prescription drugs, complementary and 
alternative products are becoming increasingly recognized as 
causes of acute hepatitis.**”° Although drug reactions typi- 
cally develop soon after start of treatment, several months 
may elapse between initial exposure and development of 
acute hepatitis. Approximately 60% of cases cause severe 
acute hepatitis with jaundice, and fatalities can occur.” 
Serious reactions are more common in individuals who are 
continued on the medication.* In about one third of cases, 
liver injury becomes chronic following cessation of the 
drug.” 

Some disorders that usually produce chronic hepatitis 
(and are discussed more fully below) may occasionally 
present in an acute fashion. Autoimmune hepatitis has an 
acute component in up to 40% of cases. Clinically, it differs 
from other forms of acute hepatitis in having decreased 
albumin, increased globulins, and a more protracted 
increase in aminotransferases.”"”** Acute autoimmune 
hepatitis is diagnosed by the absence of other causes for 
acute hepatitis and the presence of autoimmune markers 
{discussed in detail under chronic hepatitis). Wilson’s disease 
is due to deficiency of an intracellular ATPase gene,®*” and 
typically presents with neuropsychiatric findings, often asso- 
ciated with chronic liver injury. Wilson’s disease may also 
present as an acute hepatitis, often associated with fulminant 
hepatic failure“; in one study, 8 out of 14 patients who had 
hepatic injury due to Wilson’s disease had an acute presen- 
tation.” The classic biochemical findings of Wilson’s disease 
are often absent (low ceruloplasmin, low plasma copper, and 
Kayser-Fleischer rings) or misleading (high urine copper is 
common to all forms of acute hepatitis) in the setting of 
acute Wilson’s disease.” A number of additional features 
are often present that suggest the diagnosis, including 
nonimmune hemolytic anemia,’ acute tubular necrosis, 
and a ratio of ALP (in IU/L) to bilirubin Gn mg/dL) of 
<2,” 


Differential Diagnosis of Acute Hepatitis 

There are several conditions that mimic the laboratory 
picture of acute hepatitis. Hemolytic anemia can cause jaun- 
dice, increased LD, and slight increases in AST and ALT. In 
contrast to hepatitis, the increase in bilirubin is predomi- 


nantly (often >80%) indirect reacting. LD activity is elevated 
to several times that of AST, and AST activity is usually 
several times that of ALT. Acute skeletal muscle injury 
may cause significant increases in AST and, to a lesser 
extent, ALT, but the ratio of AST to ALT activity is generally 
more than 3:1,” and bilirubin is usually not elevated. 
Acute bile duct obstruction, particularly when caused by 
gallstones, can cause a picture that resembles acute hepa- 
titis. In the early stages of obstruction, transient increases 
in AST and ALT are common,“ and rarely their activities 
may exceed 2000 IU/L. Increases in ALP develop more 
slowly than those of the aminotransferases, masking the 
presence of cholestasis early in the course. Increases in biliru- 
bin are typically predominantly direct reacting, creating a 
presentation similar to that seen in acute hepatitis. Even if 
obstruction persists, aminotransferase activity falls rapidly, 
with AST typically returning to normal within 8 days,” and 
ALP activity gradually increases if obstruction persists. 
ALP activities more than 300IU/L in this setting strongly 
suggest the presence of obstructive jaundice.** Acute biliary 
obstruction by gallstones is often accompanied by acute 
pancreatitis; increased amylase and lipase should suggest 
biliary tract obstruction as the cause of any liver abnor- 
malities noted. 

Once a diagnosis of acute hepatitis is established, addi- 
tional laboratory testing may be required to determine the 
etiology. Although the incidence of acute viral hepatitis has 
decreased, serological studies should be performed to rule 
out infectious causes. A typical panel of tests would include 
IgM anti-HAV, HBsAg, IgM anti-HBc, anti-HCV, and HCV 
core antigen or HCV RNA. Marked elevations (>100 times 
the upper reference limits) in either AST or ALT, particularly 
if AST is higher than ALT, should suggest the possibility of 
toxic or ischemic liver injury. Minimal increases (<8 times 
the reference limit) in AST, with AST greater than ALT, in a 
patient with jaundice and leukocytosis indicates likely alco- 
holic hepatitis. Imaging studies of the biliary tract are appro- 
priate to rule out obstruction in those who present with 
sudden onset of symptoms, especially if accompanied by 
right upper quadrant pain and tenderness, laboratory evi- 
dence of pancreatitis, or a history of gallstones. The presence 
of increased globulins and decreased albumin, or the pres- 
ence of hemolytic anemia and acute renal failure, should 
suggest the possibility of autoimmune hepatitis or Wilson’s 
disease, respectively. 


Follow-up of Acute Hepatitis 

The important uses of laboratory tests in acute hepatitis are 
to identify individuals with fulminant hepatic failure, docu- 
ment recovery, and determine clearance of any infectious 
agents. The most important tests in determining extent of 
injury are not plasma activities of cytosolic enzymes, but evi- 
dence of impaired liver function. The most important indi- 
cator of prognosis in acute hepatitis is impairment in 
synthetic functions of which PT is a widely accepted indica- 
tor. In acute viral or alcoholic hepatitis, PT more than 15 
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seconds is associated with a poor prognosis,” whereas in 
toxic hepatitis persistent elevation more than 4 days after 
ingestion has prognostic importance.” Other markers of 
synthetic function, such as transthyretin, or markers of 
hepatocyte regeneration, such as alpha-fetoprotein, have 
been found to predict prognosis.” Although hypophos- 
phatemia is common in fulminant hepatic failure, normal 
phosphate concentrations in this setting have been associ- 
ated with worse prognosis.” Cytosolic enzyme activities 
decrease rapidly in ischemic and toxic hepatitis or obstruc- 
tion, regardless of outcome, and fall more gradually in viral 
and alcoholic hepatitis, but are not helpful in evaluating 
outcome. With both hepatitis B and C, cytosolic enzyme 
activities may return to normal even if viral replication 
persists''*’!*; serological tests are the only reliable means to 
evaluate resolution of infection. 


CHRONIC HEPATITIS 


Chronic hepatitis is defined as a chronic inflammation of the 
liver that persists for at least 6 months, or signs and symp- 
toms of chronic liver disease in the presence of elevated 
cytosolic enzymes.” It is characterized by ongoing inflam- 
matory damage to hepatocytes, often accompanied by hepa- 
tocyte regeneration and scarring. Formerly, chronic hepatitis 
was subdivided into three forms (chronic persistent, chronic 
lobular, and chronic active) based on histological character- 
istics. It was recognized that individuals often had each of 
these “diseases” at different points in time, and often in dif- 
ferent areas of the liver in the same biopsy. Currently, classi- 
fications describe the etiology and grade both the current 
severity of inflammatory injury (termed grade) and extent 
of fibrosis (termed stage). The importance of these findings 
will be discussed in detail later. The common causes of 
chronic hepatitis and the tests used to make a specific etio- 
logical diagnosis are listed in Table 47-4. 

The clinical features of chronic hepatitis are highly 
variable. Most patients are asymptomatic, but nonspecific 


TABLE 47-4 Causes of Chronic Hepatitis and 


Diagnostic Strategies 


Diagnosis 


History, HBsAg, anti 
anti-HBc, HBV-DNA. 
Anti-HCV, HCV RNA by PCR 
ANA, anti-smooth muscle 0 
antibody o 
SLA, anti-LKMy o o 
Ceruloplasmin = 
History.. 
04-AT phenotype - 


Liver biopsy, absence of markers : 


features such as fatigue, lack of concentration, and weakness 
may be present. Most patients are diagnosed because of an 
unexplained abnormality of aminotransferases or detection 
of positive results on a screening test for a cause of chronic 
hepatitis. Moderate elevations of aminotransferase activities 
(twofold to fivefold) are characteristic, whereas results of 
most other tests are normal. Normal aminotransferase activ- 
ities do not rule out histological evidence of chronic hepati- 
tis, especially in the presence of chronic viral hepatitis or 
nonalcoholic steatohepatitis (NASH). +°% Characteristi- 
cally, ALT is elevated to a greater degree than AST,” although 
elevations in both are common; reversal of the AST: ALT 
ratio to greater than 1 suggests coexisting alcohol abuse or 
development of cirrhosis’*”>**” (as discussed in more detail 
later in this chapter). Although ALT is relatively specific for 
the liver, skeletal muscle sources for AST and ALT should 
always be considered, especially in physically active young 
individuals. "512A Finding persistent elevation of amino- 
transferase activity should lead to an evaluation for chronic 
hepatitis using the tests outlined in Table 47-5, A liver biopsy 
may be helpful in determining etiology, assessing severity, 
and following treatment.” A specific etiological diagnosis is 
essential because it dictates the treatment. The most 
common causes of chronic hepatitis are chronic HBV and 
HCV and NASH, but a variety of other disease processes may 
cause chronic hepatitis. 


Chronic Hepatitis B 


Worldwide, HBV infection is the most important cause of 
chronic hepatitis. Specifically, there are approximately 
350 million individuals with chronic HBV infection world- 
wide, with most cases found in Asia, Africa, and southern 
Europe. 

In most circumstances, HBV is not cytopathic, as the 
injury results from an immune-mediated inflammatory 
attack against the hepatocyte. Chronic hepatitis results when 
the immune response is incomplete and the virus is not 
eliminated from infected cells. This leads to a continuing 
cycle of viral replication, reinfection of regenerating hepato- 
cytes, and immune damage to newly infected cells that is 
inadequate to clear infection. The details are not completely 
understood, but it appears that in the normal circumstance, 
hepatocytes express surface markers (in this case, HBcAg and 
HLA class | proteins).’" Primed lymphocytes then attack the 
infected hepatocytes.“ The expression of the HLA class 1 
markers is stimulated by interferon. It appears that many 
chronic hepatitis B patients are deficient in or have an inad- 
equate response to interferon and, by inference, are unable 
to express HLA antigens that would attract an appropriate 
lymphocyte response.” The discovery of interferon defi- 
ciency led to the successful use of &-interferon (IFN alpha) 
therapy in chronic hepatitis B patients. The clinical presen- 
tation may be complicated by a number of extrahepatic 
complications, including (1) polyarteritis, (2) glomeru- 
lonephritis, (3) polymyalgia rheumatica, (4) cryoglobuline- 
mia, (5) myocarditis, and (6) Guillain-Barré syndrome. 
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TABLE 47-5 est for Evaluating Chronic Hepatitis C Infection and Its Treatment 


Test T EEn ondition o 


HCY viral load . = 
Genotype. Ship: 


Uselin rpre etation 


~ Detectable 
:2:or:3 ys other 


Pretreatment =. 


HCV viral load: <2log drop 
>21log. drop 
Detectable 
Not detectable 


Detectable 


12wk on treatment. 
24wk on treatment ; Sensitive 1 HCV. RNAt : 


End of treatment = 


enal ve HCV RNA? 


24 wk after completion. "Sensitive HCV RNAS 


Not.detectable 
Detectable 
Not detectable 


Nonresponder 
Treatment responder i 
Relapser nA: 
Sustained vir ological responder 


*Less than 3% chance of sustained virological response; some continue treatment to 24 weeks and reevaluate. 


‘Only done if genotype not 2 or 3. 
*Lower detection limit <50 IU/mL. 


‘Done at 24 weeks if genotype 2 or 3, done at 48 weeks in other genotypes; not all recommend evaluating end of treatment response. 


These conditions are associated with circulating immune 
complexes containing HBsAg. Immunocompromised 
patients, such as HIV-positive patients, typically have higher 
replication markers, less hepatic inflammation, and similar 
rates of survival.” 

The natural history of chronic hepatitis B (defined by the 
persistence of HBsAg) varies. It is convenient to divide 
chronic hepatitis B infection into two basic types: replicative 
and nonreplicative. In the chronic replicative form, viral 
DNA is found in the cytoplasm of infected hepatocytes, and 
complete viral particles are produced and released into the 
circulation. In the replicating form of infection, viral loads 
in plasma are high (>10° copies/mL, often >10° copies/mL), 
and evidence of hepatocyte injury (elevated aminotrans- 
ferase activity and inflammation in liver biopsy sections) is 
found in most cases. This variant has also been termed 
chronic hepatitis B. Approximately 3% to 5% of individuals 
with chronic replicating infection transform to the chronic, 
nonreplicating form yearly. In the nonreplicating form, HBV 
DNA becomes integrated into the host cell DNA, circulating 
viral load is low or undetectable, and evidence of hepatocyte 
injury is usually absent. This variant has also been termed 
HBV carrier state. Traditionally, HBeAg has been used to dif- 
ferentiate these two forms, with negative HBeAg and posi- 
tive anti-HBe thought to indicate the nonreplicating stage of 
infection. As discussed earlier, however, it is common to find 
precore mutants of HBV that lack ability to form HBeAg. 
Even in individuals who were HBeAg positive in areas with 
low prevalence of precore mutants, loss of HBeAg may be 
due to development of precore mutants. Consequently, 
guidelines on HBV have been established that recommend 
measuring HBV DNA instead of HBeAg, particularly in indi- 
viduals with evidence of hepatocyte injury.°’""”’ A third 
variant of chronic HBV infection is termed the immunotol- 


erant form; it is associated with HBeAg and/or high HBV 
viral load, but no evidence of hepatocyte injury. Immuno- 
tolerant forms of infection are common in vertically trans- 
mitted HBV for the first 2 decades of life, and in the early 
stages of chronic HBV infection in adults. 

Although these three forms of infection represent the 
major variants of HBV infection, it is common for indivi- 
duals to pass between the different variants. About 1% to 2% 
of individuals who are in the nonreplicating form will revert 
to the replicating form of infection. Another 1% to 2% will 
lose HBsAg and develop anti-HBs. Each of these transitions, 
along with transition from replicating to nonreplicating 
variants, can be associated with an acute rise in aminotrans- 
ferase activities, increases in hepatocyte injury after a biopsy, 
and a clinical picture mimicking acute viral hepatitis. 

For individuals who have chronic replicating infection, 
the major risk is development of cirrhosis and HCC. An 
estimated 30% of individuals with chronic hepatitis B will 
develop cirrhosis over a 20-year follow-up period. Once cir- 
rhosis has developed, there is a 1.5% to 5% annual risk of 
development of HCC. Although the risk of HCC is lower in 
individuals with HBV infection who do not have cirrhosis, 
even a person in the nonreplicating stage of infection has a 
tenfold higher risk of HCC (compared with those who are 
HBsAg negative). On a worldwide basis, hepatitis B infection 
is the most common cause of liver cancer. 

Two guidelines from the American and European 
hepatology societies summarize treatment recommenda- 
tions.” Currently, three agents are approved for treat- 
ment of chronic HBV infection: interferon,* lamivudine, 
and adefovir dipivoxil."**’” The latter two are inhibitors of 
*Interferon-alpha 2a and 2b have been extensively ‘used and 
tested. Pegylated interferon is a newer formulation. 
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reverse transcriptase and have also been used to treat HIV 
infection. Other HIV treatment agents have been evaluated 
in research studies, but are not yet approved for use in North 
America or Europe. At present, only single agent therapy is 
used. With the low rate of response and development of 
lamivudine resistant mutants, trials are underway for evalu- 
ation of combination therapy, but results are generally not 
yet available. One large study of pegylated interferon and 
lamivudine found no additional benefit from combination 
therapy.” Treatment is indicated for treatment of individ- 
uals with positive HBeAg and/or HBV DNA >10° copies/mL, 
particularly if they also have elevated ALT. Response rate is 
directly related to pretreatment ALT activity and is less than 
10% in those with normal ALT. The goal of treatment is sup- 
pression of viral replication, detected either by undetectable 
HBV DNA or clearance of HBeAg and development of anti- 
HBe; approximately 20% to 30% of individuals treated will 
attain these goals. In patients who clear circulating virus, 
HBsAg becomes undetectable in up to a quarter of the 
cases.” This occurs almost exclusively in those with HBV 
DNA viral load <10° copies/mL.*” Although clearance of cir- 
culating virus with interferon therapy seems to persist long 
term in 80% to 90% of responders, relapse is more common 
with lamivudine or adefovir. Even in this group who lose 
HBsAg and circulating HBV DNA, HBV DNA is often still 
detectable in liver cells. 


Chronic Hepatitis C 
There are approximately 170 million individuals with 
chronic HCV infection worldwide, with most cases found in 
North America, Northern Europe, and Japan. In addition, 
chronic infection follows acute infection much more com- 
monly (among those exposed after age 5) among those 
infected with HCV than HBV.” There is evidence that 
chronic HCV infection actually develops in 50% of those 
with acute infection,”® and that antibody titers decline 
and may become negative in those who clear infection.” 
Once viremia becomes established beyond 6 months after 
initial exposure, it essentially never resolves spontaneously; 
in one study of 320 patients followed serially more than 3 
years, only 6 patients with end-stage liver disease lost 
detectable HCV RNA. HCV viral load fluctuates little over 
time; in most individuals, viral load differs by less than 
0.5log,'””"*” and gradually increases by an average of 0.2 to 
0.3 log/year.“'** It is estimated that approximately 20% of 
patients with hepatitis C will progress to cirrhosis over a 
period of 20 years.” The frequency of progression appears 
to be increased by age over 40 at time of infection, male 
gender, alcohol abuse, and immunosuppression,”” but is less 
than 5% after 20 years of infection in those infected in the 
first 20 to 30 years of life.“#°74° As with HBV, the like- 
lihood of progression to HCC is between 1.5% and 5% per 
year in those with cirrhosis. 

The clinical picture of chronic HCV is similar to HBV in 
producing chronic hepatitis. In contrast to HBV, where ALT 
activity remains relatively constant with increases at time of 


seroconversion, infection with HCV is characterized by fluc- 
tuating ALT activities over time. Only about one third of 
those with chronic HCV have continually increased ALT, and 
many of these show variation in ALT activity.’ It is common 
for individuals with fluctuating values to have multiple 
normal ALT activity values separating elevated values.” 
Also in contrast to HBV, individuals with continually normal 
ALT activity have a similar rate of response to antiviral 
treatment.” e ot 

Treatinent of chronic HCV has changed from single agent 
treatment with interferon, with relatively low response rates, 
to treatment with a combination of pegylated (long-acting) 
interferon plus ribavirin. New agents, including protease 
inhibitors, have shown promise of increasing treatment 
response rates and providing a treatment option for those 
who fail interferon-based therapy. In contrast to HBV, where 
treatment is aimed at inhibiting viral replication, treatment 
of HCV is often successful in eradicating the virus. Hepati- 
tis C viral clearance occurs in three stages; these are postu- 
lated to include clearance of circulating virus, loss of 
replication by cells, and clearance of infected cells. The third 
phase correlates best with viral clearance during treat- 
ment.'* Several terms have been used to describe treatment 
response.’ Early virological response refers to at least a 2log 
decrease in viral load after 12 weeks of treatment. End of 
treatment response refers to undetectable HCV RNA at the 
end of a prescribed cours of therapy. Sustained virological 
response (SVR) refers to undetectable HCV RNA 6 months 
following completion of treatment. In those achieving SVR, 
long-term suppression of HCV RNA and resolution of 
chronic hepatitis occur in more than 99% of patients. A 
number of factors influence response to treatment. The most 
important is genotype; genotypes 2, 3, and 4 have response 
rates approximately twice those of other genotypes (SVR 
70% to 80% versus 45%) and those infected by genotypes 2 
and 3 require only 6 months of treatment rather than 12 
months for other genotypes.’ Response rates are lower in 
those of African ancestry, and in those at increased risk of 
developing fibrosis. In those who develop recurrent HCV 
after liver transplantation, response rate is lower and rate of 
progression to cirrhosis is faster than in primary infection. 
Table 47-5 summarizes laboratory tests used to evaluate and 
monitor treatment for HCV. 


Nonalcoholic Fatty Liver Disease and 

Nonalcoholic Steatohepatitis 

Ludwig first described patients who had histological features 
identical to alcoholic hepatitis, but who had no history of 
alcohol abuse and did not have AST higher than ALT." He 
introduced the term “nonalcoholic steatohepatitis” (NASH) 
to describe this entity that was more common in women 
than men and usually was associated with diabetes and/or 
obesity. (Since alcohol ingestion is common in the popula- 
tion, and alcoholic liver disease does not occur with inges- 
tion of less than 20g ethanol daily, this threshold has been 
suggested as the maximum alcohol intake compatible with a 
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diagnosis of nonalcoholic fatty liver disease [NAFLD]).°* 
The disease can also occur in men and in those without 
diabetes or obesity. Although NASH represents a necroin- 
flammatory liver disease, there is increasing recognition that 
fat accumulation in the liver without inflammation is also 
commonly found in individuals with obesity and diabetes, 
and those with other components of the metabolic syn- 
drome.” The more encompassing term NAFLD has been 
introduced to include this latter form and NASH. NAFLD is 
defined as the presence of fat accumulation to greater than 
5% to 10% of liver mass, usually recognized upon biopsy as 
increased cytoplasmic fat. Although ultrasound can also be 
used, it is insensitive to fat content less than 25% of liver 
mass.** 

Current evidence suggests that accumulation of fat in 
NAFLD is a consequence of insulin resistance.”® A variety of 
mechanisms may lead to insulin resistance, including genetic 
predisposition, increased concentrations of free fatty acids, 
and presence of cytokines such as tumor necrosis factor 
alpha (TNF-a). Since TNF-o is produced by fat cells, corre- 
lates with body fat, and is critical to development of insulin 
resistance in obesity,“ it may be a key factor in development 
of NAFLD. The pathogenesis is likely to be more compli- 
cated, however, as a variety of other factors lead to increased 
fat accumulation in the liver, including increased carbohy- 
drate intake, certain drugs, and mutations in lipid synthesis, 
but have not been associated with development of NASH. 

The frequency of NAFLD is high in North America and 
Europe; it has been estimated that NAFLD occurs in 20% of 
the population and NASH in 2% to 3%; this would make 
NASH as common as chronic HCV as a cause of chronic liver 
disease. Prospective studies of patients with liver disease have 
confirmed that NASH is a common cause of elevated liver 
enzymes in an unselected population of patients referred to 
gastroenterologists or seen in primary care settings.””'* 
The frequency in obese or diabetic individuals is much 
higher, with NAFLD in 60% to 75% and NASH in 20% to 
25%. Although simple fat accumulation is thought to be 
benign, and most cases of NASH are associated with 
minimal fibrosis, NASH has progressed to cirrhosis in 15% 
of cases in the small number of published prospective 
studies. The frequency of cirrhosis in NASH is not well 
established, but there is a suggestion that NASH may be a 
major cause of “cryptogenic” cirrhosis, in which no under- 
lying etiology can be determined. As weight loss develops 
with chronic illness, fat may disappear from the liver, leaving 
only fibrosis. 

Laboratory diagnosis of NASH and NAFLD is not 
currently possible. The clinical features of NASH are non- 
specific, similar to those of other causes of chronic hepa- 
titis. Although increased activities of liver enzymes are 
often used to distinguish NASH from other forms of 
NAFLD, the degree of necroinflammatory damage is not 
related to elevations of AST or ALT activity, and the like- 
lhood of significant liver damage is similar in those with 
normal or elevated ALT. 


To date, the major treatments for NAFLD have been those 
aimed at lowering body weight and fat content. Loss of 
weight is often associated with decreased ALT values; in one 
study, a 1% decrease in weight was associated with an 8% 
decrease in ALT activity.“ The association of NAFLD with 
insulin resistance has suggested treatment with antidiabetic 
medications, particularly those that increase insulin respon- 
siveness (such as PPAR-y receptor agonists and metformin), 
but there are no conclusive studies that document safety and 
efficacy. 


Autoimmune Hepatitis 

Autoimmune hepatitis (AIH) represents a rapidly progress- 
ing form of chronic hepatitis, with up to 40%, 6-month mor- 
tality in untreated individuals*” associated with the presence 
of autoimmune markers. Although typically a chronic 
disease, it may have an acute presentation in up to 40% of 
cases, as discussed earlier. It is relatively uncommon, with an 
annual incidence of 1.9 cases per 100,000 population,” but 
it is responsible for 3% to 6% of all liver transplants.” As 
with most autoimmune diseases, there is a strong female pre- 
dominance. Forms of AIH can be found in all age ranges, 
with no racial or ethnic predilection. There are associations 
with specific HLA haplotypes, notably DR3 and DR4, as is 
true for many other autoimmune diseases. Practice guide- 
lines on autoimmune chronic hepatitis have been developed 
by the American Association for the Study of Liver Diseases 
(AASLD)."° Immunosuppressive treatment using pred- 
nisone, alone or in combination with azathioprine, is effec- 
tive in inducing a clinical remission of disease in about 80% 
of cases. Since there are inherited differences in activity of 
thiopurine methyltransferase that affect about 10% of the 
population,” it has been recommended that pretreatment 
determination of enzyme activity be used to reduce the 
likelihood of toxicity.” Remission typically begins with 
improvement in symptoms, followed by normalization in 
laboratory abnormalities, and finally histological resolu- 
tion.’ Laboratory remission generally does not occur until 
at least 12 months of treatment, but almost always occurs by 
24 months in responders, Histological remission is less 
common and usually requires at least 3 to 6 months longer 
than laboratory evidence of remission.“? Sustained remis- 
sion can persist off treatment in 80% of those with normal 
histology following therapy, but relapse occurs in 50% 
within 6 months if inflammation persists in the liver 
biopsy.'” 

AIH is associated with the presence of liver- and nonliver- 
related autoantibodies in plasma. These are helpful in 
diagnosis, but are not likely to be the cause of liver injury. 
The most important antibodies for diagnosis include anti- 
nuclear antibody (ANA), antismooth muscle antibody 
(ASMA), and antiliver-kidney microsomal antigen type 1 
(LKM)). A variety of other autoantibodies are found fre- 
quently in ATH, some of which are found in other disorders. 
A summary of the most common autoantibodies, their asso- 
ciations, and their molecular targets (when known) is given 
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TABLE 47-6 Ser oleeical Markers of Autoimmune Liver Disease 


nege ni target 


hat ulhar receptor TAg 
(ASGPR) e eeg 
Anti-liver kidney microsome (M) 


protein 


Anti-liver specific cytosol ac) oe : 


Antimitochondrial antibody yama 

M2 typa. : 
Antineutrophil a us 
: dics (P-ANCA) 


Antinuder antibody (ANA) 


_ detected b 
Actin, tub 


_Antismooth muscle antigen (SMA) 
“skelitin 


Antisoluble liver antigen/liver 
< pancreas (SLA) 


AIH, Autoimmune hepatitis. 


in Table 47-6. Tests for these autoimmune markers have 
typically used cell or tissue preparations studied by 
indirect immunofluorescence. With identification of target 
antigen(s) in tissue, assays have been developed to detect 
antibodies to these purified proteins. Such assays can be 
helpful in diagnosis, but the information derived from puri- 
fied antigens is not always equivalent. Many laboratories cur- 
rently use panels of purified antigens to detect antinuclear 
antibodies and many individuals with AIH are positive with 
tissue ANA tests, but negative using a panel of the most com- 
monly found antinuclear antigens.’ Antibodies to actin are 
the most common cause of ASMA; although they are more 
specific for AIH and may have stronger prognostic impor- 
tance, they are less sensitive than ASMA and are not recom- 
mended for diagnostic use.” 

Criteria for the diagnosis of AIH have been developed by 
an international group?” and have been revised to improve 
their use.” The criteria include: (1) exclusion of other causes 
of liver injury; (2) elevation of aminotransferases with 
minimal increase in ALP; (3) presence of elevated 
immunoglobulins; positive ANA, ASMA, or anti-LKM,, 
with negative antimitochondrial antibody; (4) compatible 
histological features; and (5) absence of intrahepatic bile 
duct injury. A scoring system based on these criteria has also 


‘Transmembrane antigen binding 
: Cytochrome P450 1ID6 

s Enzyme (possibly formimino- 
transferase cyclodeaminase or 
< argininosuccinate lyase): 


Dihydrolipoamide acyltransferase.: 


Bactericidal/permeability protein, 
cathepsin C G, lactoferrin ; 


r Multiple targets, (centromere, 
2 _ ribonucleoproteins); 1 


Selenocysteine pathway P 
(2.serine hydrozymethyltransferase) 


Associations ; 

; “AIH type d; more specific than ASMA, . 
poor. response to corticosteroids; carly 
age onset oiii l 
s “ALL correlate with Senay disappear È 

-with successful treatment. 

AIH type 2; seen in only 4% of v. S: 
cases; usually i in children oie 

ATH in younger patients, “often‘with 
anti-LKM,, primary sclerosing: 
cholangitis; vary with activity of 
disease. : 

Primary biliary cirrhosis 


pepety cooing chanas eee 
ia (50%- 70%); ulcerative colitis. 
- (50%- 70%), AIH; nonspegifie, 
AIH type T, some PSC cases: 


ATH type 1, seen in other. autoimmune. - 
.- diseases in lower titers pone 
5 < AIH type 3; very specific for ATH, :: 
correlate with relapse:after 
corticosteroid withdrawal 


been established; this has allowed recognition of overlap 
syndromes that have features of both AIH and autoimmune 
bile duct destruction, but is not needed in most cases to 
establish the diagnosis.” 

It is controversial whether AIH should be further divided 
into subtypes; the international group that codified diag- 
nostic criteria does not recommend use of subtypes,” but 
many authorities recognize three different forms. Although 
there may be differences in epidemiology among the differ- 
ent forms, there do not seem to be differences in clinical 
course or response to treatment. Type 1, which is the most 
common form and the only one seen frequently in North 
America, is predominantly a disease of middle-aged women. 
It is characterized by ASMA (found in 87% of cases) and/or 
ANA (found in 67% of cases); one or the other is present in 
nearly 100% of cases. Because of the nonspecific nature of 
these antibodies, titers are important in determining likeli- 
hood of AIH. In adults, positive antibodies in titers greater 
than or equal to a 1:80 dilution are supportive of the diag- 
nosis, whereas lower titers are not.”! In children, titers are 
typically lower than those seen in adults. Type 2 AIH, which 
characteristically occurs in children (although 20% occurs in 
adults), represents up to 20% of cases in Europe.”"' It is asso- 
ciated with antibodies to liver-kidney microsomal antigen 1 
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(anti-LKM,) or cytochrome P450 2D6 (CYP2D6).” There 
is some cross reactivity between this antibody and certain 
HCV antigens, leading to positive anti-CYP2D6 in individ- 
uals with HCV infection. The epitopes recognized by anti- 
HCV antibodies are different from those in person with type 
2 AIH.”” Type 3 often lacks other autoimmune markers, but 
is positive for antibody to soluble liver antigen liver/pan- 
creas. This antibody appears to be directed against a com- 
ponent in the selenocysteine pathway and has been suggested 
to be an enzyme.” l 


Inherited Liver Diseases Presenting as Chronic Hepatitis 


Inherited liver diseases that present as chronic hepatitis 
include hemochromatosis, Wilson’s disease, and alpha,- 
antitrypsin (AAT) deficiency. 


Hemochromatosis 

Hereditary hemochromatosis (HH) is an autosomal reces- 
sive disorder of iron metabolism that results in excessive iron 
absorption and accumulation in tissue (see Chapter 31). The 
gene for HH has long been linked to chromosome 6, close 
to the genes for the HLA system; initially the gene was 
termed HLA-H. This gene has now been definitively identi- 
fied and termed the HFE gene; it codes for a transmembrane 
protein similar to the class I MHC molecule.” The protein 
is located on the endothelial side of intestinal epithelial cells 
and binds transferrin-transferrin receptor complexes in 
some fashion, signaling a stop to iron absorption.” The 
process of iron absorption is complex.** At the luminal 
border, iron must be reduced to ferrous iron by a duodenal 
cytochrome enzyme termed Dcytb. Iron is then transported 
across the brush border by the divalent metal transporter 
DMT1. Iron can then be stored as ferritin, or transported 
across the basolateral membrane by ferroportin 1 (FP1). Iron 
is then oxidized by hephaestin (Hp), a transmembrane fer- 
roxidase with 50% homology to ceruloplasmin. Ferric iron 
is then bound to transferrin for delivery to iron-dependent 
cells. The loop is completed, in the case of the duodenum, 
through cellular iron response proteins (IRP) that bind to 
iron-responsive regions (IRE) in RNA, altering translation. 
HFE mutations are associated with increased expression of 
DMTi and FPi in duodenal villus epithelial cells. What is 
not yet clear is how HFE mutations alter iron absorption, 
since HFE is highly expressed in crypt cells, but not in villus 
cells. 

In North America and Europe, more than 90% of indi- 
viduals with HH are homozygous for a single point muta- 
tion that inserts a tyrosine instead of cysteine at residue 282 
(termed the C282Y mutation). A small percentage of cases 
are homozygous for a more common mutation, causing 
replacement of histidine with aspartate at residue 63 
(H63D), or are compound heterozygotes for C282Y and 
H63D.*° Homozygosity for C282Y is one of the most 
common genetic traits; it occurs primarily in individuals of 
northern European ancestry, where the gene frequency is 
approximately 1 in 8, and the homozygous state is found in 


1 in 150 to 200.” It is less frequently seen in other popula- 
tions; in African-Americans, the frequency is 1 in 10,000. 
Other mutations in the HFE gene have also been linked to 
hemochromatosis, ^ but in some populations inherited 
defects in HFE have been excluded,’ and mutations in other 
proteins that regulate iron absorption have been 
identifie 72354 356A 

Identification of the HFE gene mutations has led to a 
number of screening programs for HH. These studies have 
confirmed the high frequency of the gene, and documented 
increased transferrin saturation and ferritin in most 
homozygous individuals.” *®" Based on these gene fre- 
quencies, hemochromatosis should be a relatively common 
disease; however, it has long been considered rare. In a study 
from the Netherlands (an area of high prevalence of 
homozygous HFE mutations), the prevalence of clinically 
diagnosed hemochromatosis was 1.4 cases per 100,000 pop- 
ulation before testing for the HFE gene was instituted.™ 
There is no difference in the frequency of homozygosity for 
the C282Y mutation with increasing age through the first 70 
years of life, with only a slight decrease in gene prevalence 
after age 80, suggesting that the gene has only a minimal 
effect of longevity.” In one study, in which those screened 
had an average age of 57 years, there was only a twofold 
increase in the frequency of increased liver-related enzymes 
or history of liver disease when compared with controls. 
There is no difference in the frequency of symptoms linked 
to hemochromatosis in homozygotes when compared with 
those with the wild-type gene.** The penetrance of the gene 
has been estimated at only 1%."*” This has led some to 
question whether other factors are involved in the develop- 
ment of the disease and whether screening for the HFE 
gene is advisable.” For example, excess alcohol intake 
is strongly linked to risk of development of cirrhosis in 
individuals homozygous for the C282Y mutation.” Practice 
guidelines developed by the AASLD do not advocate 
screening.” 

The key clinical laboratory features of hemochromatosis 
are related to excess iron; iron testing is discussed in more 
detail in Chapter 31. Since plasma iron increases relatively 
rapidly after meals, it is advisable to either use fasting 
samples for initial testing, or confirm elevated values on a 
fasting sample before doing further testing for evidence of 
iron overload. Several studies have shown that a cutoff value 
of transferrin saturation (plasma iron divided by total iron 
binding capacity) greater than 45%, or unsaturated iron 
binding capacity less than 155 ug/dL (28 mol/L) has a clin- 
ical sensitivity of close to 100% for detecting homozygous 
C282Y mutations.””' The positive predictive value of these 
cutoffs for homozygous mutations ranges from 20% to 
70%. Individuals lacking HFE gene mutations typically 
have average transferrin saturation approximating 25%." 
Plasma ferritin has been used as a test for iron overload; it is 
not as sensitive as plasma iron indices in most studies*™ and 
is increased by tissue injury independent of iron stores. In a 
large screening program in which genotype was determined, 
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ferritin was increased above the 90th percentile of healthy 
individuals in only about 60% to 70% of males and 
females, whereas transferrin saturation was above the 90th 
percentile in almost 80% in both genders. Individuals with 
both increased transferrin saturation and increased ferritin 
have a higher likelihood of having genetic hemochromato- 
sis. A liver biopsy with quantification of hepatic iron has 
been considered the standard for diagnosis of iron overload. 
It is best interpreted as the hepatic iron index [liver iron 
{mol/g liver (dry weight) } divided by age (y)]; values of 1.9 
or over indicate excess iron. Hepatic iron index correlates 
well with genetic evidence of hemochromatosis, but is not as 
clinically sensitive as plasma tests*”*; guidelines suggest it 
has little use in diagnosis when genetic markers are avail- 
able.*** At present, the key to diagnosis of HH is by docu- 
mentation of gene mutations in the HFE gene. This is most 
commonly done by PCR, but a variety of techniques are 
available to detect the two most common mutants, It has 
been reported that insignificant mutations in other regions 
of the normal HFE gene may prevent its amplification in 
vitro, leading to false interpretation of homozygosity for the 
abnormal gene.'!777! 

When present, clinical manifestations of hemochromato- 
sis are variable. The classical triad of hemochromatosis con- 
sists of cirrhosis, diabetes mellitus, and bronzing of the skin. 
The frequency of homozygous C282Y mutations is increased 
in individuals with type 2 diabetes mellitus. The skin pig- 
mentation is a result of melanin, not iron, deposition. Car- 
diomyopathy is another serious complication of 
hemochromatosis and may be the dominant clinical mani- 
festation. With screening, it has become apparent that less 
classic presentations, such as abdominal pain, arthritis, and 
hypogonadism, are relatively common. Other endocrine 
problems, such as hypopituitarism and hypoparathyroidism, 
typically occur late in the course of disease. Although plasma 
iron indices are similar in men and women, clinical mani- 
festations of hemochromatosis typically occur at a later age 
in women, presumably because of ongoing iron Joss with 
menstrual bleeding. 

Therapy for HH involves phlebotomy to remove excess 
iron and stimulate erythropoiesis to use stored iron. An 
average phlebotomy removes approximately 250 mg of iron, 
The goal of treatment is to induce iron deficiency, defined 
by plasma ferritin below 20ng/mL. Phlebotomy is initially 
performed weekly until iron deficiency develops; this may 
require a year or more in individuals with advanced iron 
overload. Once iron deficiency has been obtained, most 
patients will require regular phlebotomy to maintain normal 
plasma iron indices. 


Wilson’s Disease 

Wilson’s disease is an autosomal recessive disorder of copper 
metabolism (see Chapters 20 and 30). It has a gene frequency 
of 1 in 200 and a disease frequency of 1 in 30,000. It is 
due to one of more than 200 mutations in a gene on chro- 
mosome 13 coding for a copper transporting ATPase 


(ATP7B).°*? This enzyme, found mainly in the liver, is 
involved in movement of copper into bile; deficiency leads 
to accumulation of copper in the liver and, eventually, in 
other tissues. Low plasma concentrations of ceruloplasmin, 
a copper containing enzyme made in the liver, are also char- 
acteristic of Wilson’s disease. With deficiency of ATP7B, 
apoceruloplasmin does not gain its full complement of 
copper molecules before release from hepatocytes. Although 
originally low ceruloplasmin was thought to be the cause of 
Wilson’s disease, apoceruloplasmin has a reduced half-life 
compared with the holoenzyme, leading to lower plasma 
concentrations.”” 

Wilson's disease usually manifests before age 30, although 
several patients in their 50s and 60s have been reported. For 
reasons that are unknown, patients usually have predomi- 
nantly either the hepatic or neuropsychiatric form of the 
disease. In children, hepatic involvement tends to pre- 
dominate,“ whereas in adolescents and adults, the neuro- 
psychiatric form becomes more common. The hepatic 
manifestations include fulminant hepatitis (as discussed 
earlier), but more commonly chronic hepatitis, with or 
without cirrhosis, is the presenting finding.”*” Occasion- 
ally the features mimic those of autoimmune hepatitis, 
with increased globulins and positive ANA.*” Neurological 
findings are variable; the classic picture includes cog wheel 
rigidity, associated with degenerative changes in the basal 
ganglia on imaging studies.*” 

The classic clinical finding of increased copper deposition 
in the eye is the Kayser-Fleischer ring, caused by deposition 
of copper in Descemet membrane at limbus of the cornea. 
Although found in about 95% of patients with neurological 
or psychiatric manifestations, it is present in only about half 
of patients with hepatic forms of Wilson’s disease*” and is 
rarely present in children.** As mentioned earlier, hemolytic 
anemia and renal failure commonly accompany acute forms 
of Wilson’s disease; hemolytic anemia may be episodic even 
in chronic forms of Wilson’s disease.” 

Several laboratory tests are available for diagnosis of 
Wilson's disease; ceruloplasmin measurement is discussed in 
detail in Chapter 20 and copper measurement in Chapter 30. 
Test results are often affected by other conditions, sometimes 
making diagnosis difficult. The classic findings of Wilson’s 
disease are (1) decreased ceruloplasmin, (2) decreased total 
plasma copper, (3) increased plasma free (or nonceruloplas- 
min) copper, (4) increased urine copper excretion, and (5) 
increased hepatic copper content. Ceruloplasmin is a ferrox- 
idase and typically measured either by enzymatic activity or 
by immunoassay. Although there has been controversy over 
which type is preferable, guidelines have not specified one 
type of assay.'”*”? Ceruloplasmin is very low in infants, grad- 
ually rises to higher than adult concentrations in early child- 
hood, then gradually declines to adult concentrations. Use of 
age-appropriate reference intervals is critical for diagnosis in 
children. Ceruloplasmin is an acute phase protein, and its 
synthesis is induced by estrogen; concentrations may be 
falsely normal with acute illness or with high estrogen states. 
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Low concentrations of ceruloplasmin are seen with malnu- 
trition, in protein losing states, and in cirrhosis of any cause. 
These preanalytic variables cause ceruloplasmin to have a 
low predictive value as a single test for Wilson’s disease; in 
one study, the positive predictive value was only 6%.” Ceru- 
loplasmin is also decreased in about 20% of heterozygous 
carriers of the Wilson’s disease gene.” Because most plasma 
copper is bound to ceruloplasmin, total plasma copper is 
affected by factors that affect ceruloplasmin. Some estimate 
free (nonceruloplasmin) copper from total copper and ceru- 
loplasmin as the difference between total copper (tig/dL) and 
[3 times ceruloplasmin (mg/dL)}; values more than 25 g/dL 
suggest Wilson’s disease.“ Urine copper excretion is the 
most specific noninvasive test for Wilson’s disease; 24 hour 
urine copper excretion is typically more than LO0jg/d in 
Wilson’s disease. Unfortunately, clinical sensitivity of copper 
excretion appears to be only 75% to 85%.” A liver biopsy 
is thought to be the most reliable test for diagnosis of 
Wilson’s disease. A copper content of >250 ug/g dry weight 
is fairly specific for Wilson’s disease, except in the setting of 
chronic cholestasis, which should not cause difficulty in the 
differential diagnosis.” Y 

Although genetic testing for Wilson’s disease is possible, 
the large number of mutations, and the fact that most indi- 
viduals with Wilson’s disease have compound heterozy- 
gosity for two different mutations, makes genetic testing 
impractical for diagnostic purposes. In contrast, genetic 
testing of the proband is critical in determining the muta- 
tions present to allow screening of first degree relatives.*” 

Treatment of active, symptomatic Wilson’s disease is 
aimed at increasing urine copper excretion to eliminate 
excess copper from tissue. The primary therapy for Wilson’s 
disease involves chelating agents such as p-penicillamine 
and trientine, which is now more widely used because of its 
lower rate of side effects. In patients with minimal symptoms 
or in asymptomatic family members, zinc is used to com- 
petitively inhibit copper absorption from the intestinal tract. 
Lifelong therapy with one of these types of treatment is 
required and is usually successful in limiting further damage. 


Alpha,-Antitrypsin Deficiency 

AAT is the most important of the serine protease inhibitors 
(collectively termed serpins), which include such proteins as 
antithrombin, plasminogen activator inhibitor, o-antichy- 
motrypsin, and C, esterase inhibitor (see Chapter 20).*” As 
its name implies, AAT inhibits trypsin, but also inhibits other 
proteolytic enzymes, including neutrophil-derived elastase, 
cathepsin G, and proteinase 3. The gene for AAT is located 
on chromosome 14, There are a number of genetic variants 
of AAT (differing by a single amino acid) that were originally 
classified on the basis of their electrophoretic mobility; the 
slowest migrating of these was termed the Z variant. Each 
individual has two copies of the protease inhibitor (Pi) gene, 
which can lead to several phenotypic variants. Some of the 
variants, particularly S and Z, form loop sheet polymers.”* 
This leads to impaired release from the endoplasmic reticu- 
lum and hepatocytic inclusions of AAT, and reduced plasma 


concentrations, increased proteolytic damage to tissue, and 
clinical manifestations of disease. The most severe forms of 
disease have been associated with homozygosity for the Z 
variant (PiZZ), present in 1 in 1000 to 2000 individuals in 
Europe and North America.™ (See Chapter 20 for additional 
information on AAT and its measurement.) 

The major clinical manifestation of AAT deficiency is 
emphysema, which tends to occur at an earlier age and can 
occur in the absence of smoking. It is estimated that 1% of 
emphysema is related to AAT deficiency. In neonates, AAT 
deficiency is often associated with hepatitis; in one study, 
almost one third of infants with prolonged jaundice were 
found to be AAT deficient.“ About 20% of AAT deficient 
infants develop hepatitis,*” with up to 25% 1-year mortal- 
ity.” In those who survive the first year, however, evidence 
of liver injury diminishes and usually resolves by age 12.77” 
At age 18, none of 183 individuals with AAT deficiency had 
clinical evidence of liver disease, none had elevated procol- 
lagen III peptide, and less than 20% had elevated liver- 
associated enzymes.’ These findings suggest that AAT may 
have minimal effects on pathogenesis of liver disease in 
adults.“ 

Actual data on association of AAT deficiency with liver 
disease in adults are somewhat contradictory. In several 
studies, cirrhosis was present in one third to one half of those 
with AAT deficiency, and HCC was present in about one 
third of those with cirrhosis.” The frequency was similar 
in those with heterozygous and homozygous presence of the 
PiZ variant.*” In two studies of patients with cryptogenic 
liver disease, the frequency of the PiZ heterozygotes was sig- 
nificantly higher than found in the general population.””""" 
Two other studies, however, found a similar frequency of 
liver disease in those with AAT deficiency and controls. =? 
Some evidence suggests that AAT deficiency may increase 
risk of liver damage from other factors. In one study, most 
individuals with AAT deficiency and liver injury were also 
positive for anti-HCV; only 11% had no other liver risk 
factors.*® In those with AAT deficiency and no evidence of 
liver disease (usually viral related), life expectancy was no 
different from that in healthy controls.” 

Estimation of AAT can be performed by protein elec- 
trophoresis, where it comprises most of the o,-globulin 
band; this was the original means by which AAT deficiency 
was recognized. AAT is quantified by a variety of tech- 
niques (see Chapter 20). AAT is an acute phase response 
protein; falsely normal quantitative concentrations have 
been reported in about 40% of PiZ heterozygotes,” 
although rarely in PiZZ homozygotes. Determination of 
phenotype is typically accomplished by isoelectric focusing, 
and has been recommended as the diagnostic test of choice 
in one guideline.” 


Drug-Induced Liver Diseases 

As discussed earlier, most cases of drug-induced liver 
disease present as acute hepatitis. Less commonly, drugs have 
produced a chronic liver injury, in a pattern mimicking 
chronic hepatitis or other chronic liver injury (chronic 


cholestasis and hepatic granulomas).™ The most common 
drugs linked to chronic hepatitis are nitrofurantoin, methyl- 
dopa, ™ and HMG-CoA reductase inhibitors**; however, a 
large number of drugs have been associated with liver 
injury, and herbal medications have also been linked to 
chronic hepatitis.**"* In individuals with increased activities 
of aminotransferases and no obvious cause, prescription 
drug use was significantly more likely to be present than in 
those with a known cause for elevated enzyme activities.™ 
As with acute drug reactions, establishing drugs as the cause 
of chronic hepatitis is difficult’; temporal relationships 
to drug ingestion are not as clear as with acute hepatitis, 
and reactions can first be seen in those who have been taking 
the medication for many months.” Most chronic drug 
reactions resolve when administration of the drug is 
discontinued. ™?? 


Significance of Chronic Hepatitis 

Chronic hepatitis is, in many cases, a disease with minimal 
consequences. As mentioned earlier, an average of 20% to 
30% of individuals with chronic HBV or HCV progress to 
cirrhosis over a 20-year period. However, cirrhosis is the 10th 
leading cause of death in the United States.” The frequency 
of cirrhosis and HCC has been increasing in much of the 
western world,’ thought mostly caused. by the increase in 
cases related to HCV. The proportion of individuals with 
HCV with cirrhosis and HCC is expected to double over the 
next 20 years, and the number of deaths caused by liver 
disease is expected to almost triple.” The ability to predict 
which patients are at increased risk for such late complica- 
tions of chronic hepatitis would allow more appropriate 
treatment. 

Fibrosis and necroinflammatory activity are the two 
major components of chronic hepatitis. The extent of fibro- 
sis (stage) is strongly related to risk of progression, 48 
whereas necroinflammatory activity (grade) is correlated 
with progression in some, %8 but not all,” studies. 
Since ALT activity is strongly correlated with necroinflam- 
matory activity,” it is also associated with risk of progres- 
sion to cirrhosis in some, but not all, studies. Clinical 
variables are also associated with risk of progression; these 
include age at infection, male gender, alcohol intake, and 
presence of immunosuppression,”>'678134 

The process of scar formation in the liver involves a 
number of factors, and differs in some important ways from 
that in other sites in the body.’*”’*™ There is increasing evi- 
dence that the process of fibrosis is reversible, even when cir- 
rhosis is histologically present.'**'” For example, two studies 
have found that successful treatment of HBV’? and HCV*® 
was associated with reversal of cirrhosis in 50% to 75% of 
cases. Although the principal component is type IH collagen, 
other components include type I and type IV collagen, 
laminin, elastin, and fibronectin. Proteoglycans, especially 
hyaluronate, are also part of scar formation. Production of 
scar in the liver is also affected by the rate of enzymatic 
degradation; a variety of matrix metalloproteinases (MP) are 
found in areas of scar formation, and there are several tissue 
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inhibitors of metalloproteinases (TIMP) as well.” MPs are 
involved in degradation of the normal connective tissue of 
the liver (a necessary prequel to fibrosis), but are also 
involved in breakdown and remodeling of collagen. Hepatic 
stellate cells are critical in this process; they produce both 
MP and TIMP“ and collagen and other matrix materials.™ 
Recruitment and activation of stellate cells involves the 
action of a number of cytokines, particularly TGF-B, platelet 
derived growth factor (PDGF), and interleukin-6 (see 
Chapter 22),?4° 

These observations led to the expectation that measure- 
ment of plasma concentrations of factors associated with 
scar formation would correlate with the degree of fibrosis 
found in the liver biopsy. There appears to be significant 
overlap in concentrations of such markers between individ- 
uals with cirrhosis and those with varying stages of fibrosis 
in chronic hepatitis.* There is also evidence that marker con- 
centrations change with alteration in necroinflammatory 
activity and may actually reflect activity of disease at the time 
of sampling, rather than cumulative fibrosis.“ Subsequent 
interest has therefore focused less on using fibrosis markers 
to detect progression to cirrhosis and more on identifying 
individuals with minimal fibrosis, who have little risk of pro- 
gression to cirrhosis. Calculation of a predictive index using 
a combination of 5 markers (0,-macroglobulin, apolipopro- 
tein Aj, total bilirubin, y-glutamyl transferase (GGT), and 
haptoglobin) was highly effective in predicting those persons 
who did not have significant fibrosis.7"""**" This calculation 
requires use of the specific assays used in the initial studies; 
use of kits from other manufacturers led to poor perfor- 
mance of the predictive index.** Another predictive index 
using age, GGT, cholesterol, and platelet count had a simi- 
larly high negative predictive value, ™® but has not been 
validated in other laboratories. A combination of three 
markers (hyaluronate, TIMP-1, and o.-macroglobulin) also 
showed high specificity in detecting fibrosis, but produced 
indeterminate results in 20% of individuals tested.” 


ALCOHOLIC LIVER DISEASE 


Alcoholic liver disease differs clinically and biochemically 
from other forms of hepatitis and liver disease. It is a 
common cause of liver disease in the developed world but 
the incidence of acute alcoholic hepatitis seems to be declin- 
ing in North America and Europe.”™ Risk factors for devel- 
oping alcoholic liver disease include:'** 

1. Duration and magnitude of alcohol ingestion. Alco- 
holic liver disease does not occur in all individuals 
with chronic ethanol intake, but there is a threshold 
intake of 40g/day in men and 10g/day in women 
below which alcoholic hepatitis does not occur.’ 
For most individuals, the risk dose is about 80g of 
alcohol (200 mL of whiskey or equivalent) per day.”* 
Daily drinking appears to be riskier than intermittent 
drinking. 


*References 154, 163, 214, 335, 357, 437. 
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2. Gender, In women there is a greater likelihood of pro- 
gression to cirrhosis and women have reduced activi- 
ties of alcohol dehydrogenase in gastric mucosa, 
leading to increased blood levels of alcohol.” 

3. Hepatitis B or C infection. Both may increase the 
severity in the patients who drink heavily. For 
example, antibodies to HCV are several times more 
common in individuals with alcoholic hepatitis than 
in alcoholics without hepatitis or in age and gender 
matched controls, suggesting a synergistic rolé for 
HCV.” r 

4. Genetic factors. As discussed below, inherited predis- 
position to alcoholism has been clearly established. 

5. Nutritional status. Protein-calorie malnutrition is 
extremely common in alcoholics. Malnutrition may be 
due not only to poor intake but also to abnormal 
nutrient metabolism. Whereas poor nutrition may 
contribute to the evolution of alcoholic liver disease, 
adequate nutrition does not prevent its development. 
In fact, studies suggest that obesity may be a risk factor. 

In addition, there is evidence for an immunological com- 
ponent in alcoholic liver disease,” and there is evi- 
dence that modification of liver proteins by ethanol 
metabolites is involved in the pathogenesis.®! Acute alco- 
holic hepatitis clinically is an acute febrile illness, character- 
istically associated with leukocytosis** and increased 
concentrations of acute phase response proteins.’ It also 
causes mild increases in cytosolic enzymes; AST activity is 
typically more than two times that of AET” and it is rare for 
AST to be more than eight times the upper reference limit.” 
A cholestatic form of the disease, with increases in ALP 
activity to greater than three times the upper reference limit, 
is seen in up to 20% of cases;*” it is associated with higher 
mortality. Increases in bilirubin are common, and reduced 
liver synthesized protein concentrations are also commonly 
present. Increased bilirubin, decreased albumin, and pro- 
longed PT are poor prognostic markers in alcoholic hepati- 
tis.” A discriminant function [4.6 x (PT — control PT)} + 
plasma bilirubin (mg/dL)] value >32 indicates individuals 
with a high mortality rate,” and a Model for (or Mayo) 
End Stage Liver Disease (MELD) score more than 11 has 
also been found to have similar sensitivity and better 
specificity.“ 

Both alcoholism and susceptibility to the development of 
cirrhosis appear to be largely genetically determined in that 
only 10% to 15% of heavy consumers of alcohol develop cir- 
rhosis. Much effort has been expended in finding specific 
genetic markers and it has been found that the rate of cir- 
rhosis is much higher if a patient has a parent with alcoholic 
cirrhosis.’ Whitfield and colleagues have confirmed these 
findings as they have found that variation in alcohol intake 
is due to genetic effects." In addition, genes affecting 
intake also affect dependence risk, but there are other genes 
that affect dependence alone. The predisposition may be 
related to different rates of alcohol elimination, which are 
determined by genetic polymorphism of the microsomal 


ethanol oxidizing system (MEOS) and alcohol dehydroge- 
nase (ADH)."**“*8 For example, 50% of Asians have absent 
alcohol dehydrogenase, leading to a flush reaction to alcohol 
that inhibits drinking and thus is a negative risk for alco- 
holism. Alternatively, heterozygotes of the acetaldehyde 
dehydrogenase (AADH) gene have impaired clearance of 
acetaldehyde, the putative toxin of alcohol, and may be at 
increased risk for liver injury. Two forms of alcoholism 
have been identified in the Stockholm Adoption Study.*** 
Type 1 has adult onset and rapid progression of dependence. 
Type 2 has teenage onset with recurrent social and legal 
problems. 

Alcohol is metabolized to acetaldehyde by cytosolic ADH 
and the MEOS (primarily CYP 2Ei—the same cytochrome 
Pyso-dependent enzyme involved with acetaminophen 
metabolism). Acetaldehyde is subsequently metabolized to 
acetyl-CoA by AADH. This is further broken down to 
acetate, which is either converted to carbon dioxide and 
water or enters the citric acid cycle to be converted to fatty 
acids. The latter is a major mechanism for induction of fatty 
liver by alcohol, but acetaldehyde is probably the primary 
toxin. It causes most of the injury to liver cells as well as the 
induction of collagen synthesis leading to fibrosis and, ulti- 
mately, cirrhosis. 

A large number of biochemical markers have been pro- 
posed for the detection of excessive alcohol consumption 
and associated liver disease. 7°P 11794204 252A 25343018 Chins 
cally, aminotransferase activities rarely exceed 300U/L in 
acute alcoholic hepatitis, and are much lower (and fre- 
quently within reference intervals) in chronic alcoholic liver 
disease. Alcohol depletes vitamin B,-dependent pyridoxal- 
5-phosphate, an essential precursor of aminotransferase syn- 
thesis. The AST: ALT ratio is usually greater than 2, unlike in 
other liver diseases, in which ALT is typically higher than 
AST. This has been attributed to the increased appearance of 
mitochondrial AST (mAST). Although mAST is elevated in 
serum from alcoholics, it rarely accounts for >20% of total 
AST activity and is unlikely to be the sole cause. The higher 
AST may reflect damage to other tissues that release AST 
but not ALT, which is confined to the liver. ALP is typically 
elevated about twofold but may be four- or fivefold elevated 
in patients with alcoholic hepatitis. Serum GGT is com- 
monly used as a screening test for alcohol abuse. However, 
GGT is an inducible enzyme that is elevated by many drugs 
and many disease states. Thus, the clinical sensitivity of 
GGT for alcohol consumption is satisfactory, but it is 
not a specific test of chronic alcohol abuse. Ethyl esters 
of fatty acids have also been proposed as markers of ethanol 
intake.” Covalent protein adducts are also formed by 
the liver as a result of ethanol metabolism and lipid 
peroxidation.>** 

Alcohol interferes with a number of glycoconjugation 
reactions, perhaps as the result of acetaldehyde inhibition of 
hepatic glycotransferases. The isoforms of transferrin have 
been studied as markers of alcohol consumption, as exces- 
sive ethanol consumption results in the appearance in serum 
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of isoforms that are carbohydrate deficient (CDT, also called 
hyposialyl- and asialyltransferrin),2^157A175A,328B,463C,476A,479A 
The use of CDT for detecting problem drinkers has been 
reviewed.” It also has been suggested that combining 
markers such as CDT and GGT will increase the accuracy 
of identifiying problem drinkers.®®^*® Independent of liver 
function, an increased mean erythrocyte corpuscular 
volume, an indicator of dysfunctional production of red 
cells, has also been proposed as a marker of chronic ethanol 
consumption and is more specific than GGT.“ 

PT may be prolonged and serum albumin decreased as 
the disease becomes more severe. Serum levels of procolla- 
gen type HI correlate reasonably well with collagen synthe- 
sis and disease severity in chronic alcoholic liver disease. 
Nonspecific laboratory abnormalities reflecting the diffuse 
metabolic changes that occur with alcoholism include 
hyperuricemia, hyperlacticacidemia, hypertriglyceridemia, 
hypoglycemia, hyperglycemia, hypophosphatemia, hypo- 
magnesemia, and macrocytosis. Liver biopsy is essential for 
determining disease severity and prognosis as well as to 
rule out treatable diseases such as chronic hepatitis and 
hemochromatosis. 

The prognosis of alcoholic liver disease is better than that 
for other forms of liver disease, with only 10% to 15% devel- 
oping cirrhosis and a much smaller fraction developing 
HCC.*"4 Both hepatitis B and hepatitis C appear to acceler- 
ate the course of alcoholic liver disease. The 5-y survival 
rate in patients with cirrhosis, jaundice, and ascites is 40% 
if the patient continues drinking and 60% if the patient 
abstains.*°”“ 

The primary treatment of alcoholic liver disease is 
abstinence from alcohol. However, new and promising 
approaches for drug treatment of the disease have resulted 
from a more extensive understanding of the neurobiological 
substrates of alcohol dependence, including adaptive 
changes in amino acid neurotransmitter systems, stimula- 
tion of dopamine and opioid peptide systems, and, possibly, 
changes in serotonergic activity.”*?”*"""" Previous studies 
have indicated that endogenous opioids are involved in the 
craving for alcohol** and opioid antagonists such as nal- 
trexone are being used to treat the disease,”477°437#A41444534 
Currently, disulfiram, naltrexone, and acamprosate are cur- 
rently the only treatments approved for the management of 
alcohol dependence.””*™ Studies in animals have demon- 
strated that a diet enriched in vitamin E and saturated fatty 
acids reduces alcoholic liver injury by decreasing lipid per- 
oxidation.’ Liver transplantation is the treatment of choice 
in end-stage liver disease. The results of transplantation in 
alcoholic liver disease are comparable to those with other 
forms of liver disease.” 


CIRRHOSIS 

Cirrhosis, defined anatomically as diffuse fibrosis with 
nodular regeneration, represents the end stage of scar 
formation and regeneration in chronic liver injury. This 
response to injury occurs independently of the etiology and 
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thus it is not possible, in most circumstances, to determine 
the cause of cirrhosis based on the histology. Classically, 
cirrhosis has been classified as (1) micronodular, (2) 
macronodular, or (3) mixed based on the histology and gross 
appearance of the liver. However, this is considered inade- 
quate for etiological or prognostic purposes. Consequently, 
it is now more common to classify cirrhosis based on the 
presumed. or known etiology. The common causes of cir- 
rhosis and their therapies are listed in Table 47-7. Virtually 
all chronic liver diseases are known to lead to cirrhosis (see 
Figure 47-13), but most cases of cirrhosis occur as a result 
of chronic hepatitis. 

In the early stages of transition from chronic hepatitis to 
cirrhosis, termed compensated cirrhosis, there may be no 
signs or symptoms of liver damage. Laboratory abnormali- 
ties usually appear before clinical findings such as ascites, 
gynecomastia, palmar erythema, and portal hypertension 
begin to develop. The earliest laboratory abnormalities to 
develop in cirrhosis are (1) fall in platelet count,’ (2) 
increase in PT, (3) decrease in the albumin to globulin ratio 
to less than one,’” and (4) increase in the AST/ALT activity 
ratio to greater than one. ”™”? Survival in those with com- 
pensated cirrhosis is good; 10-year survival rate in a large 
series was 90%." As cirrhosis progresses, decompensation 
occurs. A variety of manifestations of portal hypertension 
may be present, as detailed earlier in the chapter. Jaundice is 
a late finding in decompensated cirrhosis. Once decompen- 
sation occurs, 10-year survival is only about 20%," A variety 
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TABLE 47-8 Child-Pugh System for Classifying Severity of Cirrhosis 


Bilirubin: (mg/dL) 


Scoring: <7 points—Class A; 7-9 bolhi tis B; >9 points—Class C. 
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TABLE 47-9 The Hepatic Glycogen Forage Diseases 
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of staging systems have been used to predict prognosis in cir- 
rhosis. For many years, the most common classification 
system was the Child-Pugh class system, summarized in 
Table 47-8. Currently, the MELD score [calculated as 3.8:+ 
In bilirubin (mg/dL) + 11.2. In International Normalized 
Ratio + 9.6 In creatinine (mg/dL) + 6.4 etiology score (0 if 
alcohol or obstruction, 1 for all other causes)] has been 
used to identify patients with advanced cirrhosis who 
may be candidates for liver transplantation; it appears 
superior to the Child-Pugh scoring system in predicting 
short-term survival.°”*>'>°*” Risk of death over 3 months is 
low in those with MELD scores below 10, intermediate in 
those with scores of 10 to 20, and high in those with scores 
above 20.” 

Laboratory findings in cirrhosis reflect ongoing liver 
injury and decreased hepatic function. The most common 
laboratory findings in individuals with cirrhosis are sum- 
marized in Table 47-9. Activities of aminotransferases are 
variable in cirrhosis, and reflect activity of underlying 
necroinflammatory activity. If the cause of cirrhosis has been 
eliminated (as by abstinence from ethanol or successful 
treatment of viral hepatitis), aminotransferase activity is 
often within the reference interval. Persistence of elevation 
is a risk factor for development of HCC.*” As described 
earlier, the ratio of AST/ALT activity is often greater than 
1 in cirrhosis. The mechanism for the change in 
ratio is not clear, but there appears to be a decrease in the 
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production of ALT in cirrhotic individuals.” Increases in 
alpha fetoprotein (AFP) are common in cirrhotic patients, 
even ‘in the absence of HCC. 


HEPATIC GLYCOGENOSES 


The glycogenoses are a group of disorders that are charac- 
terized by excessive and/or aberrant glycogen storage in 
various tissues. Most of these have deficient glucose produc- 
tion by the liver, leading to hypoglycemia. All are inherited 
by autosomal recessive transmission except for type IV, 
which is sex-linked. The hepatic glycogen storage diseases 
and their enzyme defects are listed in Table 47-9. 

Most of these disorders are associated with growth retar- 
dation and hepatosplenomegaly. Mental development is 
usually normal. Hypoglycemia is a prominent feature in 
types I, IH, and VI and needs to be treated with continuous 
glucose feeding of uncooked cornstarch, which results in a 
slow release of glucose. . 

The diagnosis is based on the demonstration of excess 
glycogen in the liver biopsy and in vitro identification of the 
abnormal enzyme or aberrant glycogen. Prognosis and treat- 
ment vary with each entity. 


CHOLESTATIC LIVER DISEASES 


Cholestasis (stoppage or suppression of the flow of bile) is 
associated with retention of bile within the excretory system. 
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The term obstruction is often used inappropriately, since 
cholestasis can occur without mechanical obstruction to the 
biliary tract. Although intrahepatic cholestasis may be due 
to either functional or mechanical problems, extrahepatic 
cholestasis is always due to physical obstruction of the bile 
ducts by processes such as choledocholithiasis, biliary stric- 
tures, and tumors. The major cholestatic diseases are (1) 
mechanical obstruction of the bile ducts, (2) primary biliary 
cirrhosis (PBC), and.(3) primary sclerosing cholangitis 
(PSC). Other cholestatic disorders include (1) post~bone 
marrow transplant cholangiopathy, (2) post—liver transplant 
cholangiopathy, (3) drug-induced cholestasis, (4) AIDS 
cholangiopathy, and (5) bilirubinostasis of acute illness. 
Cholestatic hepatitis, which has been discussed previously, 
may also cause cholestasis, but generally presents in a fashion 
closer to hepatitis. 

The clinical consequences of prolonged cholestasis are 
related to the impaired biliary drainage. Deficiency of bile 
acids in the intestinal tract leads to malabsorption of fat and 
the fat soluble vitamins A, D, E, and K (see Chapters 30 and 
49). Vitamin A malabsorption results in night blindness. 
Vitamin D malabsorption results in calcium and phosphate 
malabsorption, causing rickets in children and osteomalacia 
in adults. Vitamin K malabsorption results in deficiency of 
coagulation factors H, VII, EX, and X, leading to prolonged 
clotting times and bleeding. Lack of excretion of normal bile 
contents leads to their accumulation in plasma. Bile acid 
retention leads to increased bile acid concentrations in 
plasma. Although this has been historically associated with 
pruritus, it now appears that endogenous opioid-receptor 
analogues and increased serotonin are responsible.” 
Accumulation of cholesterol is associated with the develop- 
ment of an abnormal lipoprotein-X,””"” containing phos- 
pholipids, cholesterol, fragments of cell membrane (along 
with ALP), and albumin; the lipid may deposit in connec- 
tive tissue, producing xanthomas. Bilirubin retention leads 
to jaundice, dark urine, and pale stools. Increased bilirubin 
generally occurs only with complete obstruction and thus is 
more commonly seen with extrahepatic than intrahepatic 
cholestasis. 

Laboratory features of cholestasis vary, depending on 
whether the process causes complete or partial impairment 
of biliary drainage. The common feature of all cholestatic 
disorders is an increase in plasma activities of canalicular 
enzymes, such as ALP and GGT. Because this process 
involves both increased synthesis of enzyme and release of 
enzyme from its membrane bound forms, there is generally 
a short lag period between the onset of cholestasis and the 
increase in plasma activities. In the early stages of an acute 
mechanical obstruction (especially from gallstones), there 
may be transient increases in plasma activities of liver 
cytosolic enzymes, such as AST and ALT. Plasma AST and 
ALT may exceed 400 IU/L, and in 1% to 2% of cases are more 
than 2000 IU/L. Even in the presence of continued obstruc- 
tion, AST and ALT activity gradually decrease, and AST is 
typically within the reference interval within 8 to 10 days. 


Increases in total bilirubin typically occur only with com- 
plete extrahepatic obstruction, although they may be seen 
with extensive intrahepatic cholestasis. Increases in direct 
bilirubin are more commonly seen, and direct bilirubin 
has been reported to be the most sensitive functional test of 
the presence of cholestasis. In all forms of cholestasis, there 
is downregulation of the multidrug resistance transport 
protein 2 (MRP2), congenitally deficient in Dubin-Johnson 
syndrome.*” Prolonged PT is the most commonly detected 
coagulation abnormality. It usually is corrected by adminis- 
tration of parenteral vitamin K. Increased cholesterol is a 
common finding in chronic cholestasis and along with 
increased canalicular enzymes is one of the most consistent 
features of cholestatic disorders. Lipoprotein-X will be 
included in LDL cholesterol in the Friedewald formula and 
in some direct LDL cholesterol methods.'” Although 
lipoprotein-X is specific for cholestasis, it is not found in all 
individuals with cholestatic disorders.’ 


Mechanical Bile Duct Obstruction 


The most common cause of cholestasis is biliary tract 
obstruction by space occupying lesions." Extrahepatic bile 
duct obstruction occurs most commonly because of gall- 
stones in the common bile duct or because of tumors in the 
head of the pancreas or duodenum. Other causes of extra- 
hepatic obstruction include bile duct strictures, extrinsic 
compression of the bile ducts by enlarged lymph nodes, con- 
genital biliary atresia, and PSC. Extrahepatic obstruction 
is commonly associated with jaundice, especially when 
obstruction is complete. Elevation in canalicular enzymes is 
common, but is not present in all cases”; marked increases 
(more than three times the upper reference limit) are more 
common with gallstones as a cause of obstruction." Tran- 
sient increases in aminotransferases are more common with 
choledocholithiasis than with other causes of extrahepatic 
obstruction.”* Transient increases in CA 19-9 occur with bile 
duct obstruction"; this is an important consideration, as CA 
19-9 is often used as a diagnostic test for pancreatic and bile 
duct carcinomas. A key feature of extrahepatic obstruction 
is dilation of more proximal and intrahepatic bile ducts, 
which can be visualized by imaging studies.” 

Intrahepatic cholestasis caused by mechanical obstruc- 
tion is also common, but is rarely associated with jaundice 
or with visibly dilated ducts on imaging studies, although it 
may be associated with increased direct bilirubin. Jaundice 
typically occurs only with lesions that are very large, or are 
located near the porta hepatis, where they may obstruct both 
hepatic ducts. Common causes of intrahepatic obstruction 
include (1) tumors (particularly metastases), (2) granulo- 
matous diseases (such as sarcoidosis and tuberculosis), and 
(3) infiltrative processes (such as lymphoma, leukemia, and 
extramedullary hematopoiesis). 


Primary Biliary Cirrhosis 
PBC, or nonsuppurative destructive cholangitis, is an 
uncommon autoimmune disorder targeting intrahepatic 
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bile ducts. Its prevalence is approximately 2 to 8 per 100,000 
population in the developed world, but it is much lower in 
developing areas. The median age at onset is 50 years, and 
the female to male ratio is about 6:1. There is an association 
in some populations with HLA class II antigen DR8. A family 
history of PBC is present in 1% to 4% of cases. In up to 80% 
of cases, it is associated with other autoimmune processes, 
most commonly Sjögren syndrome” and hypothyroidism 
(which often develops before onset of PBC).' 

The pathogenesis of- PBC is not well understood. 
However, it is known that the destruction of the bile duct is 
mediated by T cells in the presence of upregulation of HLA 
class I antigens on hepatocytes and HLA class H antigens on 
biliary epithelial cells.’ Although the target antigens of the 
T cells have not been identified, at least 95% of patients 
have antimitochondrial antibodies that react against the 
dihydrolipoamide acyltransferase component of the pyru- 
vate decarboxylase complex.” Part of this complex is found 
on the apical surface of biliary epithelial cells, suggesting a 
role for this antigen as an immune target.’ In individuals 
with coexisting Sjégren syndrome, the antigen is also 
expressed on the surface of salivary gland cells.“ 

PBC typically presents as an asymptomatic elevation of 
ALP, but may present with features of cholestasis or with 
fatigue. Metabolic bone disease and xanthomas are common 
complications of PBC.'” Occasionally, autoantibodies are 
detected (usually because of the presence of another autoim- 
mune disease or because of family history of PBC) before 
elevation of ALP.° Aminotransferase activities are increased 
in 50% of cases, but are more than twice the upper reference 
limit in only 20% of cases.” Increased bilirubin is a late 
finding and is important in predicting decompensation.” 
Antibodies to mitochondria or to the recombinant pyruvate 
decarboxylase complex appear similar in sensitivity, 
although the latter are more specific. A liver biopsy is not 
required for diagnosis in most cases, but may be helpful in 
those with low titer antibodies or with greater than twofold 
increase in aminotransferase activity.” 

The natural history of PBC is one of slow progression to 
portal hypertension, often without development of cirrho- 
sis. Medical management of PBC consists of ursodeoxycholic 
acid, 13 to 15mg/kg/day, which improves symptoms but 
appears to have no effect on long-term survival or need for 
liver transplantation.’ Although a rare complication, the 
relative risk of developing HCC is significantly increased in 
individuals with PBC.” Liver transplantation is the only 
definitive treatment, but even then, PBC may recur in the 
transplanted organ.” 


Primary Sclerosing Cholangitis 

PSC is a chronic inflammatory disease of the biliary tree, 
most commonly affecting extrahepatic bile ducts; involve- 
ment of intrahepatic ducts, either with extrahepatic involve- 
ment or as an isolated finding, is also possible." In 
contrast to PBC, PSC has a male predominance and a 


younger median age at onset of 30 years. In 70% of patients, 
PSC is associated with ulcerative colitis, which usually (but 
not always) precedes onset of PSC. This has led to specula- 
tion that bacterial antigens in portal blood might be involved 
in pathogenesis of PSC.”° An autoimmune component is 
likely, as 97% of patients with PSC have one or more autoan- 
tibodies present in their plasma.” The prevalence of PSC is 
similar to that of PBC, but there are geographic differences 
in prevalence; it is most common in Northern Europe, where 
PSC is the most common indication for liver transplanta- 
tion. There is a markedly increased prevalence of HLA 
antigens B8 and DR3.™ 

The clinical presentation of PSC, like that of PBC, is 
typically an asymptomatic patient with elevated ALP con- 
centrations found during routine laboratory screening. 
Symptoms are ultimately present in most patients with PSC; 
the most common are pruritus and intermittent abdominal 
pain, but fever may also be present.” Treatment, either 
medical or surgical, may improve laboratory tests and symp- 
toms, but does not improve long-term survival.” Trans- 
plantation is the major treatment available for end-stage PSC 
and has a high rate of long-term survival. Although PSC 
recurs after transplantation in about 20% to 35% of cases, it 
does not appear to affect survival.'"“? Transplantation also 
appears to increase the severity of underlying ulcerative 
colitis, when present." The major cause of death in indi- 
viduals with PSC is cholangiocarcinoma, which ultimately 
develops in up to one third of patients. Transplantation 
in the presence of cholangiocarcinoma is associated with 
rapid development of metastatic disease and poor survival.” 
PSC also increases the likelihood of colon carcinoma in indi- 
viduals with coexisting ulcerative colitis, although the risk is 
not affected by liver transplantation.“ 

At the time of diagnosis, most patients with PSC have 
elevated ALP and other canalicular enzymes; bilirubin is 
typically normal, although it may increase with -acute 
exacerbations. The diagnosis of PSC is based on the typical 
radiographic appearance of beading and irregularity of the 
bile ducts.“ Antineutrophil cytoplasmic antibodies (ANCA) 
are present in approximately 50% to 80% of patients but are 
not specific for PSC; they are also present in PBC and 
autoimmune hepatitis. Typically the antibodies have an 
atypical perinuclear pattern, being located near the nucleus 
both in formalin and methanol fixed preparations. Antigens 
include lactoferrin, bactericidal/permeability increasing 
protein, and cathepsin G.4°°"”6 


Drug-Induced Cholestasis 


Drugs are a common cause of cholestasis, causing about 15% 
of cases.“ Drug reactions are especially common in older 
individuals, where up to 50% of individuals have increased 
enzymes because of medications.” Drugs can cause a 
cholestatic picture by two major mechanisms.** In some 
cases, only conjugated bilirubin is increased, whereas 
canalicular enzymes are not elevated. This picture, often seen 
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with estrogen and anabolic steroids, appears because of inhi- 
bition of production of MRP2,” as discussed earlier in other 
cholestatic disorders. More commonly, drugs induce a 
cholestatic hepatitis, as discussed earlier. 


Gallstones 


Gallstones are solid formations in the gallbladder that are 
composed of cholesterol and bile salts. Although they vary 
in chemical composition, they generally contain a mixture 
of cholesterol, bilirubin, calcium, and mucoproteins., In the 
United States, 70% to 85% of all gallstones are predomi- 
nantly cholesterol and more than 10% of the adult popula- 
tion is affected. 

There are three major types of gallstones: (1) cholesterol 
gallstones, (2) pigmented gallstones, and, most common, (3) 
mixed gallstones. These stones form whenever bile is super- 
saturated with cholesterol or unconjugated bilirubin. Most 
gallstones are mixed cholesterol and pigment stones. For 
these stones or cholesterol gallstones to form, bile must be 
supersaturated with cholesterol. Whenever there is an 
increase in cholesterol or a decrease in bile acids or lecithin, 
bile becomes lithogenic (prone to stone formation), and 
cholesterol may precipitate. Factors that predispose to cho- 
lesterol hypersecretion are obesity, aging, certain drugs such 
as clofibrate and nicotine, and certain hormones such as 
estrogen. Factors that decrease bile acid secretion are termi- 
nal ileal disease and cholestatic diseases, such as PBC, PSC, 
and cystic fibrosis. Genetic factors also appear to be involved. 
Within racial groups, women are more frequently affected 
than men. Diet may play a role because it appears that people 
who ingest diets high in polyunsaturated fats have a higher 
incidence, whereas those with a diet high in fiber have a 
decreased incidence. 

Pigmented gallstones are associated with conditions in 
which the bilirubin load is increased, such as hemolytic 
anemia, or when bilirubin becomes insoluble (i.e., deconju- 
gated), such as occurs with cholestasis or chronic biliary 
infections. 


Rare Causes of Cholestasis 


A number of other disorders are associated with cholestasis. 
Because they occur in specific settings, they are often sug- 
gested by the clinical picture. Laboratory tests are of little 
help in establishing the correct diagnosis. 

Cholestasis may develop following bone marrow trans- 
plantation because of a variety of factors. Acute graft-versus- 
host disease (GVHD) is a consequence of the infusion of 
allogeneic immunocompetent T-lymphoid cells into an 
immunocompromised host that cannot reject these cells.?!° 
The periductular epithelial cells are the primary targets of 
injury in both acute and chronic GVHD.**** Clinical fea- 
tures of GVHD include skin rash, intestinal symptoms 
(nausea, vomiting, diarrhea, and abdominal pain), and 
cholestasis. The histological appearance is characteristic, but 
a liver biopsy is somewhat hazardous in these patients, and 


thus most patients’ disorders are diagnosed on clinical 
grounds. 

Although acute liver transplant rejection is associated 
with necroinflammatory changes and increases in amino- 
transferases, chronic rejection is often associated with 
cholestasis. The primary targets of immunologic injury are 
bile ductules and blood vessels.™ Because of cholestasis, 
plasma bile acids are often increased early in the process of 
rejection.” Increased numbers of canalicular membranes 
are often the first evidence of rejection.’ Although 
eosinophilia is common in rejection,”” it is also a common 
finding in drug-induced cholestasis, and is thus not helpful 
in the differential diagnosis. 

AIDS cholangiopathies are caused by organisms not pre- 
viously known to infect the biliary tree; they have become 
less common with reduction in the frequency of immuno- 
suppression because of combination antiretroviral treat- 
ment. Cryptosporidium is the most common organism. 
Microsporidium, cytomegalovirus, Mycobacterium avium 
complex, and Cyclospora have also been identified. The clin- 
ical presentation usually includes abdominal pain, diarrhea, 
and cholestasis manifested by threefold to tenfold elevations 
in plasma ALP, mild elevations in aminotransferases, and 
rarely jaundice. Papillary stenosis at the ampulla of Vater is 
present in patients with pain, and the bile ducts have features 
of PSC. Cholangiography is needed for the diagnosis but is 
only indicated in patients with pain. Brushings and biopsies 
at the time of cholangiography will establish the diagnosis. 
Treatment is primarily endoscopic. Sphincterotomy will give 
pain relief in approximately 70% of patients. 


HEPATIC TUMORS 


The liver is host to a wide variety of both benign and 
malignant primary tumors. It is also the second most 
common site of metastases; metastatic tumors account for 
90% to 95% of all hepatic malignancies. The primary tumors 
may arise from many cell lines in the liver but most com- 
monly from parenchymal and biliary epithelial cells and 
mesenchymal cells (Table 47-10). The two most important 
primary liver tumors are HCC and cholangiocarcinoma. 


Hepatocellular Carcinoma 


HCC is the fifth most common cancer worldwide and a 
leading cause of cancer death. There are wide geographic and 
ethnic variations in the incidence, suggesting that both host 
and environmental factors are involved in its etiology. For 
example, approximately 75% of HCC occur in Asia, with an 
annual incidence of HCC in China of approximately 30 cases 
per 100,000 males. In contrast, the average annual incidence 
is less than 5 cases per 100,000 males in North America. 
Worldwide, the incidence is twofold to threefold higher 
among men than it is among women.” The incidence of 
HCC has been increasing, not only in North America,” but 
in the rest of the world, thought to be caused by the increas- 
ing frequency of cirrhosis caused by HCV.’ Although cir- 
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rhosis is present in most patients with HCC, it is absent in 
about 25% to 30% of cases, often in association with 
HBV. More importantly the presence of cirrhosis had 
been recognized before diagnosis of HCC in only about one 
third of cases. There are wide variations in the incidence 
of HCC with different etiologies of cirrhosis. For example, 
HCC occurs commonly in cirrhosis caused by alcohol abuse, 
hemochromatosis, AAT deficiency, HBV, and HCV, but is 
rare in that caused by autoimmune hepatitis and Wilson's 
disease. 

In most parts of the world, the major risk factors for 
development of HCC are infection with HBV or HCV. In 
Asia, Africa, and Alaska, the major risk factor is HBV infec- 
tion. The presence of HBsAg and HBeAg is associated with 
a relative risk of HCC of 60, whereas the presence of HBsAg 
with negative HBeAg was associated with a relative risk of 
10.*” It is important to note that the frequency of HCC has 
been reduced significantly with prevention of chronic HBV 
by immunization.” Once cirrhosis has developed, the rate 
of development of HCC is about 1.5% to 5% per year in both 
HBV and HCV. the relative risk of HCC doubles in 
those co-infected with both viruses. The mechanism of 
increased risk in HBV is thought to be related to integration 
of HBV DNA into the host genome, possibly caused by the 
action of the HBV X gene, which may block the activity of 
p53.5™ The mechanism of increased risk in HCC in HCV 
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has not been identified, but may be related to ongoing injury. 
The risk of HCC is higher in those with cirrhosis who have 
elevated aminotransferases than in those with normal 
ALT.” Interferon, which reduces inflammation, has been 
found to lower the risk of HCC in HCV, both as a primary 
tumor” and as recurrences following resection of a first 
HCG, 211244:407 

Aflatoxin, a product of Aspergillus flavus contamination 
of grain, has been linked to risk of HCC; although it is harm- 
less, it is metabolized to aflatoxin 8,9-epoxide. This reactive 
intermediate binds to guanosine bases in DNA, leading to 
mutagenesis. If the formed adduct is not repaired, G to T 
transversion occurs in codon 249 of the p53 gene, causing 
an inactivating mutation.** Under normal circumstances, 
the mutagenic aflatoxin 8,9-epoxide is rendered harmless by 
glutathione-S-transferase, which converts it to a glutathione 
conjugate, which in turn is metabolized to 1,2-dihydrodiol 
by epoxide hydrolase.” However, both detoxifying enzymes 
are polymorphic in humans and the mutant forms are less 
active. Patients with HCC are more likely to have the mutant 
forms of epoxide hydrolase and. glutathione-S-transferase, 
which allows accumulation of the epoxide.” 

The clinical presentation of HCC is variable, but usually 
does not occur until late in the course of disease, when the 
tumor is large and resection is impossible. In some cases, 
acute decompensation occurs in a patient with cirrhosis, but 
clinical presentation may include detection of a right upper 
quadrant mass, shock because of hemorrhage into the 
peritoneal cavity, or right upper quadrant pain." Non- 
specific signs and symptoms, such as fever, malaise, anorexia, 
and anemia are common, and jaundice may occur with 
central tumors that obstruct biliary drainage. In a small 
number of cases, paraneoplastic features, such as hypo- 
glycemia, hypercalcemia (due to parathyroid hormone- 
related peptide [PTHrP} production) or erythrocytosis (due 
to erythropoietin) may be the initial presenting findings, 
and such paraneoplastic findings occur in up to 20% of 
cases, usually associated with poor prognosis.”“”” Labora- 
tory findings include those of cirrhosis and cholestasis, and 
(except for tumor markers discussed below), are nonspecific. 

Because treatment is usually not possible in individuals 
with clinically diagnosed HCC, there has been much inter- 
est in screening high risk individuals. Currently, most pro- 
fessional societies have not advocated screening for HCC in 
Europe or North America,” although most practicing hepa- 
tologists perform screening in patients with cirrhosis, espe- 
cially that caused by viral hepatitis.” Although data from 
some areas have suggested that screening is effective in 
detecting small, treatable tumors, other data have not been 
as supportive. 

The most common screening programs have used either 
plasma tumor marker concentrations or tumor markers plus 
imaging studies. Ultrasound is typically used as the imaging 
modality for screening because of its low cost. The tumor 
marker most widely used for screening purposes is AFP; 
it is typically quantified using assays that measure its total 
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concentration. As discussed in Chapter 54, there also are 
modified forms of AFP that are more specific for tumors, 
particularly the L3 isoform recognized by lens culinaris 
(lentil) lectin. Total AFP has been the most widely used 
tumor marker; although it appears to be relatively sensitive, 
elevation of AFP is common in individuals with chronic 
hepatitis and cirrhosis, the group at highest risk for HCC, In 
our experience, AFP above the upper reference limit has a 
positive predictive value of only 16% for HCC. Use of higher 
cutoff values than the upper reference limit improves 
clinical specificity of total AFP, at the expense of clinical 
sensitivity. Fewer data exist for the L3 isoform of AFP, but 
specificity and positive predictive value are significantly 
improved.“ An L3 isoform more than 15% of total AFP 
may be associated with more aggressive and less well differ- 
entiated tumors.” Des-y-carboxy prothrombin (DCP)— 
also called PIVKA-2 (factor II protein induced by vitamin K 
antagonists) —is the inactive form of prothrombin found in 
individuals taking warfarin or other vitamin K antagonists. 
It was first found to be increased in HCC in 1984,” but was 
not widely used until the early 1990s. Initial studies found 
that DCP was increased in some patients who did not have 
elevated AFP, but was insensitive to small HCC that might 
be curable. ™*® Pretreatment with vitamin K, to eliminate 
other causes of increased DCP, improves specificity 
further.’ More recently, DCP immunoassays with lowered 
detection limits have been developed and have shown 
increased clinical sensitivity for small HCC.’ DCP is best 
used as an adjunct to AFP, since tumors often produce one 
or the other tumor marker.” 

The treatment of HCC is dependent on the extent of the 
tumor. Small tumors are often treated by transplantation, 
which has a low rate of recurrent tumor,” Local techniques, 
such as ethanol injection, chemoembolization, and use of 
radio frequency ablation, are increasingly used either 
pretransplant or instead of transplantation.”'”” Larger 
tumors are generally not resectable, but may be treated by 
chemoembolization if a single feeding vessel is identified. A 
novel approach to identifying micrometastases has recently 
been introduced using reverse transcription PCR to amplify 
mRNA for AFP to detect recurrence or metastasis.*” 


Tumors of the Gallbladder and Bile Ducts 


Benign lesions such as papillomas or adenomas may be seen 
as an incidental finding at cholecystectomy; malignant 
disease of the gallbladder is uncommon. Cholelithiasis may 
be an etiological factor, as 85% of gallbladder carcinomas 
occur in patients with gallstones. However, fewer than 1% of 
patients with gallstones develop carcinoma. It has been sug- 
gested that a calcified gallbladder is especially prone to 
malignant transformation. Various pathological forms exist, 
including papillary adenocarcinoma, squamous cell carci- 
noma, and anaplastic tumors. These tumors usually arise in 
the neck of the gallbladder and spread rapidly, causing 
obstruction and cholestasis. Physical examination reveals a 
hard, tender mass in the gallbladder fossa. These lesions are 
particularly difficult to treat and the majority of cases are 
inoperable at the time of diagnosis. 

Cholangiocarcinoma, or primary carcinoma of the bile 
ducts, can arise at any point in the biliary tree, including the 
small intrahepatic bile duct radicals. This lesion is typically 
associated with underlying liver disease, such as (1) PSC, 
(2) congenital cystic lesions, or (3) chronic infestation with 
Clonorchis sinensis. The clinical picture presentation is that 
of cholestasis, including jaundice, dark urine, tan-colored 
stool, and pruritus. Differentiation from other cholestatic 
diseases is made by visualizing the biliary tree. 


DIAGNOSTIC STRATEGY 


Liver function tests are useful in (1) detecting, (2) diagnos- 
ing, (3) evaluating severity, (4) monitoring therapy, and (5) 
assessing the prognosis of the liver disease and dysfunction. 
They are also useful in directing further diagnostic workup. 
The array of tests useful for these purposes (‘Table 47-11) 
includes measurement in plasma of total bilirubin, protein, 
and albumin concentrations and the activity of enzymes 
such as the aminotransferases (AST and ALT), ALP, lactate 
dehydrogenase (LD), and GGT. By using a combination of 
these tests, it is possible to categorize broad types of liver 
disease, which can then be more accurately diagnosed 
through disease-specific tests. An algorithm for that process 
is presented in Figure 47-17. 


TABLE 47-11 Tests of Hepatic Function 
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Figure 47-17 Algorithm for using abnormal liver function tests 
to classify and diagnose various types of liver disease. ALP 
Alkaline phosphatase; AST, aspartate aminotransferase; URL, 
upper reference limit. 


PLASMA ENZYMES 


In practice, the plasma aminotransferases and ALP are the 
most useful tests as they allow differentiation of hepatocel- 
lular disease from cholestatic disease. The importance of this 
distinction cannot be overstated: failure to recognize 
cholestatic disease caused by extrahepatic biliary obstruction 
will result in liver failure if the obstruction is not quickly cor- 
rected. It is also important to recognize that there may be a 
gray zone of mixed hepatocellular and cholestatic disease 
where the tests do not distinguish one disease from the other. 
In this case, it is wise to assume that the problem is cholesta- 
tic and rule out biliary obstruction. 

Patients are occasionally seen with isolated elevations in 
ALP or aminotransferase enzyme activities. In practice, an 
isolated increase in ALP activity is difficult to interpret. In 
children, benign transient hyperphosphatasemia should 
always be considered. In adults, it is necessary to first confirm 
that the ALP is of hepatobiliary origin. This can be done by 
isoenzyme fractionation (see Chapter 21) or by measuring 
another phosphodiesterase enzyme such as 5’ nucleotidase 
(Figure 47-18) or by measuring GGT activities, which tend 
to parallel activities of ALP in cholestasis. The most impor- 
tant aspect of the workup is to rule out space-occupying 
lesions by visualizing the liver with CT, and biliary tract 
disease by visualizing the biliary tree with ultrasound or 
cholangiography. 

Elevated plasma activities of AST and ALT are common 
in many disorders (see Chapter 21). To determine if this 
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Figure 47-18 Algorithm for using elevated activities of serum 
alkaline phosphatase in the diagnosis of liver disease in adults. 


elevation is liver related, administration of all drugs and 
alcohol intake (especially if AST is higher than ALT) should 
be discontinued. If the elevation persists, ultrasound 
(looking for nonalcoholic fatty liver) and hepatitis B and C 
serology should be performed. More than 50% of isolated 
enzyme elevations of liver origin will be caused by these 
disorders. A liver biopsy is often needed to make a more 
specific diagnosis. There is no reliable test other than a liver 
biopsy to detect fibrosis. Plasma procollagen type IH peptide 
has been used, but correlates better with disease activity than 
fibrosis. 


PLASMA ALBUMIN 


Plasma albumin measurements are useful in assessing the 
chronicity and severity of liver disease. For example, the 
plasma albumin concentration is decreased in chronic liver 
disease. However, its utility for this purpose is somewhat 
limited, as the plasma albumin concentration is also 
decreased in severe acute liver disease. Serial measurements 
of plasma albumin can be used to assess the severity of liver 
disease. l 
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Figure 47-19 Algorithm for differentiating the familial causes of 
hyperbilirubinemia. 


PROTHROMBIN TIME 


Serial PT measurements also can be used to differentiate 
between cholestasis and severe hepatocellular disease. In 
practice, PT should be measured again after vitamin K injec- 
tion, because cholestasis will cause a decrease in PT because 
of malabsorption of vitamin K. The patient has cholestasis 
if the PT corrects after vitamin K replacement (10mg sub- 
cutaneously or intramuscularly, followed by PT measure- 
ment 4 hours later). With time, if the PT does not return to 
normal, the patient has severe hepatocellular disease. 


PLASMA BILIRUBIN 


Serial measurement of bilirubin is helpful in measuring the 
severity of liver disease. Bilirubin fractionation is helpful 
only in jaundice of the newborn or in isolated elevations 
of bilirubin in the absence of other liver test abnormalities 
that would indicate an inherited disorder of bilirubin 
metabolism. 

Patients are occasionally seen with isolated elevations in 
bilirubin concentration. In most cases, this is due to inher- 
ited disorders of bilirubin metabolism, familial hyperbiliru- 
binemia, or hemolysis. It is not difficult to distinguish 
hemolysis severe enough to cause hyperbilirubinemia, 
because the patient with hemolysis will have many other 
disease manifestations. An algorithm for differentiating 
the familial causes of hyperbilirubinemia is presented in 
Figure 47-19, 
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CHAPTER AS 


Gastric, Pancreatic, and 
Intestinal Function* 


Peter G. Hill, Ph.D., C.Chem., ER.S.C., E.R.C.Path. 


he stomach, intestinal tract, and pancreas are closely 
l related, both anatomically and functionally, and 
symptoms, such as diarrhea or malabsorption, may be 
associated with diseases or disorders of any of these organs. 
Tt is therefore appropriate to discuss them together. Advances 
in imaging techniques and improvements in endoscopic 
procedures have led to enormous changes in the investiga- 
tion of gastrointestinal (GI) and pancreatic function so that 
many laboratory tests, once considered important, have now 
been superseded. 

In this chapter, the anatomy and physiology of the GI 
tract, and the normal processes of digestion and absorption, 
are briefly reviewed. Disorders of the stomach, pancreas, and 
intestine associated with malabsorption or diarrhea, in 
which the laboratory can play a role in diagnosis and mon- 
itoring, are discussed. The chapter concludes with an 
overview of GI regulatory peptides and neuroendocrine 
tumors in which GI symptoms are prominent, and with two 
sections presenting more integrated approaches to the prob- 
lems of investigating malabsorption and diarrhea. 


INTRODUCTION TO ANATOMY AND 
PHYSIOLOGY OF THE GASTROINTESTINAL 
TRACT” 


The major organs of the GI tract include the stomach, the 
smali and large intestines, the pancreas, and the gallbladder, 
all of which are involved in the digestive processes that com- 
mence with the ingestion of food and water and culminate 
in the excretion of feces. 


*The author gratefully acknowledges the original contributions of 
Drs. A. Ralph Henderson and Alan D. Rinker, upon which a 
portion of this chapter is based. 
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ANATOMY 


The GI tract is a 10-meter-long tube beginning with the 
mouth and ending with the anus. The esophagus is about 
25cm in length and is a muscular tube connecting the 
pharynx to the stomach. For this chapter, the key organs are 
the stomach, intestines, and pancreas. 


Stomach!” 


The stomach consists of three major zones: the cardiac zone, 
the body, and the pyloric zone (Figure 48-1). The upper 
cardiac zone, which includes the fundus, contains mucus- 
secreting surface epithelial cells, which also secrete group I 
pepsinogens, and several types of endocrine secreting cells. 
The body of the stomach contains cells or cell groups of 
many different types: (1) surface epithelial cells, which 
secrete mucus; (2) parietal (oxyntic) cells, which secrete 
hydrochloric acid and intrinsic factor; (3) the chief, 
zymogen, or peptic cells, which secrete groups I and H 
pepsinogens; (4) enterochromaffin cells, which secrete sero- 
tonin; and (5) several types of endocrine secreting cells. The 
pyloric zone is subdivided into the antrum (which is approx- 
imately the distal third of the stomach), the pyloric canal, 
and the sphincter. The cells of the pyloric zone secrete 
mucus, group II pepsinogens, serotonin, gastrin, and several 
other hormones but no hydrochloric acid. 


Small Intestine 


In the stomach, food is converted into a semi-fluid, homo- 
geneous, gruel-like material (chyme)} that passes through the 
pyloric sphincter into the small intestine. The small intestine 
consists of three parts: the duodenum, jejunum, and ileum. 
In the adult human, the small intestine is approximately 2 to 
3 m long and decreases in cross-section as it proceeds dis- 
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Figure 48-1 Schematic drawing of the stomach, with major 
zones. 


tally. The duodenum is about 25 cm long and is the shortest 
and widest part of the small intestine. The jejunum and 
ileum comprise the remainder of the small intestine. There 
is no clear demarcation, but the ileum is the distal three 
fifths. 

The wall of the small intestine consists of four layers: 
mucous, submucous, muscular, and serous. The internal 
surface of the upper small intestine contains valvulae con- 
niventes; these are valve-like circular folds that project 3 to 
10 mm into the lumen of the intestine. Covering the entire 
mucous surface of the small intestine are very small (1 mm) 
finger-like projections (villi), giving it a “velvety” appear- 
ance. The luminal surface (brush border) of each epithelial 
cell consists of some 600 microvilli projecting about 1 ym 
from the cell. The folds, villi, and microvilli together present 
an absorptive surface some 600 times greater than would be 
inferred from the length and diameter of this portion of the 
gut. The absorptive surface area of the small intestine is esti- 
mated to be about 250 m’,” which is comparable to the area 
of a doubles tennis court. 


Large Intestine 


The large intestine is about 1.5 m in length, extending from 
the ileum to the anus, and includes the cecum, appendix, 
colon, rectum, and anal canal. The cecum is a blind pouch 
that begins the large intestine; it is connected to the termi- 
nal ileum via the ileocecal sphincter. The appendix is a 
“worm-shaped” tube connected to the blind end of the 
cecum. The colon is about 1 m long and is divided into 
the ascending, transverse, descending, and sigmoid sections. 
The sigmoid colon connects to the rectum, which is approx- 
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Figure 48-2 Cross-section through the pancreas. 


imately 12 cm long. The rectum in turn connects to the anal 
canal, the terminal end of the large intestine. 


Pancreas 


The pancreas is 12 to 15 cm in length and lies across the pos- 
terior wall of the abdominal cavity. The head is located in 
the duodenal curve; the body and tail are directed toward the 
left, extending to the spleen (Figure 48-2). Pancreatic diges- 
tive enzymes, in bicarbonate-rich juice, enter the duodenum 
through the ampulla of Vater and the sphincter of Oddi and 
mix with the food bolus as it passes through the small bowel. 


PHASES OF DIGESTION 


The process of digestion can be conveniently subdivided into 
the neurogenic, gastric, and intestinal phases. 


Neurogenic Phase 

The neurogenic or cephalic phase is initiated by the intake 
of food into the mouth; the sight, smell, and taste of food 
stimulate the cerebral cortex and subsequently the vagal 
nuclei. The process is chemically mediated by acetylcholine 
from postganglionic parasympathetic nerve endings, which 
acts on gastric parietal cells. The vagus also stimulates gastric 
chief and parietal (oxyntic) cells to secrete pepsinogen and 
hydrochloric acid. (Cutting of the vagus nerve [vagotomy] 
decreases the volume and acidity of gastric secretion.) 

The mechanism of acid secretion is still widely debated; 
there is, however, significant agreement that acetylcholine, 
histamine, and gastrin act through their respective neuro- 
crine, paracrine, and endocrine pathways to stimulate the 
parietal cells, and that specific parietal cell receptors to these 
transmitters exist. Also, there are potentiating interactions 
between the mentioned secretagogues that probably occur at 
the parietal cell itself. Histamine has a role as a mediator or 
a potentiator of the actions of other secretagogues. Admin- 
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istration of histamine markedly increases the secretion pro- 
voked by pentagastrin or by cholinergic agonists. Histamine 
H,-receptor antagonists inhibit acid secretion provoked by 
most types of stimulation, confirming the important role of 
histamine in acid secretion. 

The parietal cell is transformed morphologically when 
acid secretion is stimulated. The tubulovesicular mem- 
branes, prominent in the resting cell, diminish, whereas there 
is a marked increase in.the apical plasma membrane (the 
secretory surface of the cell) together with the appearance of 
long apical microvilli. l 

Cimetidine (Tagamet) and other H,-receptor antagonists 
(such as ranitidine [Zantac] and famotidine [Pepcid]) block 
both the morphological transformation of the parietal cell 
and H* secretion. Proton pump inhibitors (PPIs) have a dif- 
ferent mechanism of action. Omeprazole (a PPI) is taken up 
by the parietal cell and converted to an active metabolite that 
inactivates the parietal H*, K'-ATPase. Hydrogen ion secre- 
tion is inhibited until new ATPase is synthesized—a process 
that requires at least 24 hours. 

The secretion of H* against a million-fold concentration 
gradient requires energy from the cell, and this process is 
coupled to H*, K*-ATPase. Histamine-stimulated acid secre- 
tion involves cyclic adenosine monophosphate (cAMP); 
cholinergic stimulation is not associated with increases in 
intracellular cAMP in isolated parietal cells, and this process 
may be mediated by changes in permeability of the cell’s 
plasma membrane to Ca”. The latter activates a chain of 
events that alters the cell function in various ways. In addi- 
tion to the previously mentioned mechanisms, vagal fibers 
to the pyloric glandular mucosa cause the release of gastrin, 
which also stimulates hydrochloric acid and pepsinogen 
secretion. 

Other agents inhibiting acid secretion include somato- 
statin, prostaglandins, gastric inhibitory polypeptide (GIP), 
secretin, glucagon, vasoactive intestinal polypeptide (VIP), 
neurotensin, calcitonin gene-related peptide, corti- 
cotrophin-releasing factor, thyrotropin-releasing hormone, 
peptide YY, dopamine, and serotonin. Acid secretion is 
decreased in the presence of decreased amounts of circulat- 
ing pituitary, adrenal, thyroid, and parathyroid hormones, 
Pituitary hormones are apparently essential for the mainte- 
nance of the structural integrity of the gastric mucosa and 
necessary for secretory function; human growth hormone 
may be necessary for the growth of the gastric mucosa. 


Gastric Phase 


When food enters the stomach, the resulting distention ini- 
tiates the gastric phase of digestion, mediated by local and 
vagal reflexes. Hydrochloric acid release is caused by (1) 
direct vagal stimulation of the parietal cells; (2) local disten- 
tion of the antrum and vagal stimulation of antral cells to 
secrete gastrin, which causes hydrochloric acid release from 
parietal cells; and (3) release of gastrin, stimulated by the 
near neutralization (pH 5-7) of gastric hydrochloric acid by 
ingested food entering the pyloric zone. Gastrin also stimu- 


lates antral motility, secretion of pepsinogens and of pan- 
creatic fluid rich in enzymes, and release of a number of GI 
hormones (secretin, insulin, acetylcholine, somatostatin, 
and pancreatic polypeptide; for further information on GI 
hormones, see the later section of this chapter on GI 
Regulatory Peptides.). As a result of the acid environment, 
pepsinogen is rapidly converted to the active proteolytic 
enzyme pepsin. Food is mixed by contractions of the 
stomach and partially degraded by the chemical secretions 
of the stomach into chyme. The pylorus plays a role in 
emptying chyme into the duodenum by virtue of its strong 
musculature. 


Intestinal Phase 


The intestinal phase of digestion begins when the weakly 
acidic digestive products of proteins and lipids enter the 
duodenum. Many GI hormones and other regulatory pep- 
tides are released by both neural and local stimulation and 
act within the GI tract to regulate digestion and absorption. 
These are described in more detail in the section on GI 
Regulatory Peptides. Digestion, absorption, and storage 
functions are stimulated or inhibited by different hormones, 
creating an intricate hormonal control system that regulates 
the action of intestinal hormones and provides for secretion 
of bile acids, bicarbonate, and numerous enzymes involved 
in the digestion of food. In this system, the intestinal hor- 
mones secretin and VIP, for example, inhibit gastrin release 
and decrease the secretion of hydrochloric acid and pepsino- 
gen; cholecystokinin (CCK; see discussion later in this 
chapter) binds to gastrin receptors and thus also decreases 
hydrochloric acid secretion. Somatostatin inhibits gastrin, 
secretin, CCK, and other hormones. 

During the intestinal phase, carbohydrates, proteins, and 
fats are broken down and absorbed as described in the next 
section. Most nutrients, including vitamins and minerals, 
have been. absorbed by the time the food passes from the 
jejunum and ileum into the large bowel. In the large intes- 
tine, water is actively absorbed, electrolyte balance is regu- 
lated, and bacterial actions take place. These processes result 
in the formation of feces. 


PROCESSES OF DIGESTION AND ABSORPTION” 


The total quantity of fluid absorbed each day by the gut is 
estimated to be about 9 L, which is composed of 2 L oral 
intake, 1.5 L saliva, 2.5 L gastric juice, 0.5 L bile, 1.5 L pan- 
creatic juice, and 1 L intestinal secretions. More than 90% of 
this fluid is absorbed in the small intestine. The maximal 
absorptive capacity for fluid is probably at least 20 L. Several 
hundred grams of carbohydrates, about 100 g of fat, and 50 
to 100 g of amino acids are absorbed daily in the small gut, 
but maximal absorptive capacity is believed to be at least 10 
times greater. This considerable reserve capacity may com- 
pensate for mild to moderate degrees of dysfunction induced 
by disease processes, at least in the early phases. The effi- 
ciency of absorption is due to the unique features of the 
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absorptive surface of the bowel and the relationship of the 
epithelial cells to the underlying rich vascular plexus and the 
lymphatic vessels. 

Digestion of ingested food takes place both within the 
lumen of the small intestine and at the mucosal (brush 
border) surface. Defects of digestion may occur at one or 
more stages in the process. The terms maldigestion and 
malabsorption refer to different functional abnormalities. 
Maldigestion is a dysfunction of the digestive process that 
may occur at various sites in the GI tract. For. example, 
hypoacidity in the stomach will reduce ‘peptic digestion of 
protein; hyperacidity of the duodenum (e.g., due to over- 
production of gastrin by tumor in the Zollinger-Ellison syn- 
drome) can inactivate pancreatic enzymes; loss of brush 
border enzymes in the small intestine, because of any of a 
variety of processes, can prevent oligosaccharides and disac- 
charides from being further hydrolyzed; pancreatic insuffi- 
ciency will reduce intraluminal enzyme activity in the small 
gut, causing maldigestion of fats and proteins. By contrast, 
malabsorption is strictly a dysfunction of the absorptive 
process by the small gut caused by a loss of absorptive 
epithelial cells caused, for example, by gluten, inflammation, 
infection, surgical resection, and infiltrations. A number 
of transport defects also lead to malabsorption of specific 
substances (e.g., glucose-galactose malabsorption or zinc 
deficiency in the congenital disorder acrodermatitis entero- 
pathica). In clinical practice, however, the term malabsorp- 
tion is often used to encompass all aspects of impaired 
digestion and absorption. As Figure 48-3 shows, absorption 
of the different nutrients proceeds at different rates and at 
different sites within the small bowel. 
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In the following three sections, the digestion and absorp- 
tion of fats, carbohydrates, and proteins will be discussed 
separately. It must be remembered, however, that there is a 
complex interplay among nutrients, regulatory peptides, 
enzymes, gallbladder and pancreatic function, and bowel 
motility leading to an integrated absorptive process com- 
mencing with the ingestion of food and culminating in the 
excretion of feces. 


DIGESTION AND ABSORPTION OF CARBOHYDRATES 
After the action of salivary and pancreatic o-amylases on 
dietary starch and glycogen, the carbohydrate content of the 
small intestine consists of newly formed maltose; ingested 
monosaccharides; dietary disaccharides, such as lactose, 
sucrose, maltose, and trehalose; oligosaccharides, such as 
dextrins and maltotriose; and indigestible oligosaccharides 
and polysaccharides, such as cellulose, agar, and other 
oligosaccharide dietary fibers. 

The brush border enzymes with disaccharidase and 
oligosaccharidase activity are listed in Table 48-1. The 
sucrase-isomaltase complex comprises most of the sucrase, 
isomaltase, and maltase (80%) activity of the small intestine. 
It hydrolyzes sucrose to its constituent monosaccharides, 
cleaves glucose from o-limit dextrins with 1,6 bonds, and 
hydrolyzes maltose. The activity of the complex is fourfold 
to fivefold greater in the jejunum than in the ileum. Changes 
in diet have a marked effect on the expression of the 
complex; starvation leads to a rapid decline in activity, which 
is rapidly restored on refeeding. All small intestinal saccha- 
ridases may decrease with infection or inflammation of the 
small bowel to the extent that carbohydrate malabsorption 


Figure 48-3 The location of small intestinal 
absorption. (Modified from Morris JA, Selivanov V, Sheldon 
GF. Nutritional management of patients with malabsorption 
syndrome. Clin Gastroenterol 1983;12;463-74, based on 
Borgstrom B, et al. Studies of intestinal digestion and 
absorption in the human. j Clin Invest 1957;1521-36,) 


Chapter 48 Gastric, Pancreatic, and Intestinal Function 1853 


occurs, leading to diarrhea, flatulence, and weight loss. Para- 
doxically, diabetes mellitus causes a striking increase in 
sucrase-isomaltase activity; an increase is also observed in 
monosaccharide and amino acid transport. The lactase- 
phlorizin hydrolase complex is the only brush border 
enzyme able to hydrolyze lactose and is therefore essential to 
survival of mammals early in life. 

This complex also has glycosylceramidase, B-glycosidase, 
and phlorizin hydrolase activities. Infectious and inflamma- 
tory diseases greatly reduce lactase—phlorizin hydrolase activ- 
ity, leading to symptomatic intolerance to milk. Recovery of 
the enzyme activity following intestinal disease may be slow. 
The activity of the complex is resistant to starvation. The 
developmental regulation of lactase is discussed later in 
the section on disaccharidase deficiencies. Also present in 
the brush border is the o-glucosidase maltase-glucoamylase, 
which removes individual glucose molecules from the 
nonreducing end of &(1,4) oligosaccharides and disaccha- 
rides. This enzyme accounts for about 20% of the total 
maltase activity of the small intestine. Trehalase is also found 
in the brush border of the small intestine and hydrolyzes tre- 
halose, an &(1,1) disaccharide of glucose found in yeast and 
mushrooms. The developmental pattern of trehalase appears 
to follow that of sucrase-isomaltase. 

In addition to their actions on disaccharides, the brush 
border enzymes further hydrolyze the products of amylase 
action, including maltose, maltotriose, and o-limit dextrins. 
The brush border enzymes appear to act in an integrated 
manner in that there is a flow of substrate from glucoamy- 
lase and isomaltase to sucrase with the production of the 
monosaccharides glucose, galactose, and fructose.’ These 
monosaccharides are transported into the enterocyte by 


facilitative transport systems, such as the Na*-dependent 
glucose (and galactose) transporter (SLGT1) and GLUT5 
{one of the GLUT family of genes for monosaccharide trans- 
port), which transports fructose across the apical membrane 
of the enterocyte. Subsequently, absorbed glucose and fruc- 
tose are transported across the basolateral membrane and 
out of the enterocyte and into the portal system by the 
GLUT2 transporter. 

It is increasingly being realized that the limiting factor in 
carbohydrate digestion and absorption may be diffusion 
from the intestinal lumen to the. membrane surface where 
the enzymes are localized. There is normally little:disaccha- 
ridase activity in the luminal contents. For most oligosac- 
charides (with the exception of lactose), hydrolysis is rapid, 
and transport is the rate-limiting step in reducing the con- 
centration of monosaccharides and the osmotic load in the 
gut. When the transport system is operating at its maximum 
rate but monosaccharide concentration is still high, inhibi- 
tion of hydrolases by their monosaccharide products (i.e., 
product inhibition) slows hydrolytic activity, keeping mono- 
saccharide concentrations relatively constant, thereby con- 
trolling osmotic load and water concentration in the gut. 
The importance of this control is evident from the conse- 
quences of intestinal disorders in which ingested disaccha- 
ride is not split and absorbed. The presence of undigested 
disaccharide increases fluid secretion into the gut and 
increases intestinal motility. Enteric bacteria ferment the 
unabsorbed sugars, producing: hydrogen, carbon dioxide, 
and organic acids. Abdominal discomfort such as. bloating, 
distention, and cramping occurs; absorption of fermenta- 
tion products may lead to metabolic acidosis. In the large 
bowel, the presence of CO, and organic acids decreases pH 
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and keeps the osmolality high so that water reabsorption is 
decreased. The result is an acidic, liquid stool. Normally, 
however, accumulation of monosaccharide products does 
not occur, because the transport system is sufficiently fast 
to remove them. Mucosal lactase activity is the lowest of 
all the disaccharidases; for lactose, the rate-limiting step in 
absorption is thought to be hydrolysis. Lactase activity is not 
increased by feeding large amounts of lactose, as is the case 
for maltase and sucrase. Lactase, maltase, and sucrase all 
show circadian rhythms in their activities; minimum and 
maximum activities may vary by a factor of 2. 

Carbohydrate digestion is not always complete in the 
small intestine. Indeed, it is likely that some starch and 
sucrose normally pass undigested and unabsorbed into the 
colon. It has been estimated that colonic bacteria require 
70g of carbohydrate/day. Much of this is derived from 
endogenous sources, such as from glycoproteins in GI 
secretions, with the remainder coming from unabsorbed 
dietary carbohydrate and dietary fiber. Up to 15% of the 
carbohydrate from white bread reaches the colon, and the 
effects of indigestible oligosaccharides on reaching the large 
bowel are well known. As pointed out earlier, bacterial action 
creates short-chain fatty acids, which are rapidly absorbed 
by the colonic mucosa and are thought to provide fuel for 
the colonocyte. Starch and oligosaccharides are osmotically 
active and draw water into the gut. The colon, however, can 
absorb up to four times the normal colonic water load; for 
this reason, diarrhea is not always present in oligosaccharide 
malabsorption. 


DIGESTION AND ABSORPTION OF LIPIDS 


The recommended daily dietary fat intake in Europe and 
North America is 70 to 95 g. Less than 5 g/24 hours is recov- 
ered in the feces, indicating the overall efficiency of the 
normal processes of fat digestion and absorption. Most 
dietary fat is in the form of long-chain triacylglycerols 
(triglycerides). Pancreatic lipase is quantitatively the most 
important hydrolytic enzyme, but the contribution of gastric 
lipase to overall hydrolysis should not be underestimated. 
Gastric lipase is secreted by the gastric mucosa and normally 
accounts for up to 17.5% of fatty acids released from triglyc- 
erides following a meal.” The enzyme has a wide pH 
optimum and is active in both the stomach and duodenum. 
This nonpancreatic lipase may have a significant role in lipid 
digestion when pancreatic function is impaired and in the 
neonatal period before pancreatic lipase activity is fully 
developed. A lingual lipase is also present, secreted by the 
tongue, but is thought not to be of much significance nor- 
mally in humans. 

Fats are first emulsified in the stomach by its churning 
action and stabilized by interaction with luminal lecithin 
and protein fragments. The lingual and gastric lipases do 
not require bile salts or cofactors to function; they have a 
pH optimum of 3 to 6 and their action produces 1,2- 
diacylglycerols and fatty acids. These products further 


stabilize the surface of the triglyceride emulsion and in the 
duodenum promote the binding of pancreatic colipase. In 
addition, the liberated fatty acids stimulate release of CCK 
from the duodenal mucosa. 

Pancreatic lipase, in the presence of bile salts and colipase, 
acts at the oil-water interface of the triglyceride emulsion to 
produce fatty acids and 2-monoacylglycerols. Colipase is 
secreted in pancreatic juice as an inactive proenzyme, which 
is converted to the active form by trypsin. Other significant 
enzymes involved in the breakdown of fats within the intesti- 
nal lumen are cholesterol ester hydrolase, phospholipase Ao, 
and a nonspecific bile salt—activated lipase. 

Only a small proportion of ingested triacylglycerol is 
completely hydrolyzed to glycerol and fatty acids. These 
products form micelles with bile salts and lysophosphoglyc- 
erides; the micelles convey the nonpolar lipid molecules 
from the lumen to the epithelial cell surface and dissociate 
there to produce a high concentration of monoacylglycerols, 
lysophosphoglycerides, and fatty acids, which are absorbed 
into the mucosal cell. This absorption is facilitated by a fatty 
acid-binding protein in the cytosol of the cell that has a high 
affinity for fatty acids. Within the cell, triacylglycerols are 
resynthesized from the absorbed 2-monoacylglycerols and 
fatty acids. The triacyiglycerols, together with phospholipids, 
cholesterol and its esters, fat-soluble vitamins, and a specific 
apolipoprotein, are formed into chylomicrons, which are 
then released by exocytosis into the lymphatic system of the 
small bowel. 

From the lymphatics, chylomicrons enter the blood 
stream via the thoracic duct and are distributed to the liver, 
adipose tissue, and other organs. Medium- and short-chain 
fatty acids (chain length <12 carbon atoms) in mixed triglyc- 
erides are preferentially split by lipases and pass into the 
aqueous phase from which they are rapidly absorbed. 
Medium-chain triglycerides can be absorbed without com- 
plete lipolysis and in the absence of bile. They do not require 
micellar solubilization and are transported from the intesti- 
nal epithelial cells predominantly via the hepatic portal vein. 
Figure 48-4 summarizes the processes involved in fat absorp- 
tion and conditions that compromise the efficiency of one 
or more stages in the process of fat digestion and absorption 
leading to fat malabsorption.” 


DIGESTION AND ABSORPTION OF PROTEINS 

The average daily dietary intake of protein in North America 
is about 100 g compared with an estimated requirement for 
adults of 50 to 70 g. In addition to dietary protein, another 
50 to 60 g of protein enters the intestinal contents daily in 
GI secretions and from desquamated mucosal cells. Normal 
daily fecal loss of protein is about 10 g. 

Protein digestion is initiated in the stomach by the action 
of pepsin in a highly acid medium. The acidity also dena- 
tures the protein, unfolding the polypeptide chains for better 
access by the gastric, pancreatic, and intestinal proteolytic 
enzymes. Additionally, the polypeptides and amino acids 
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Figure 48-4 Summary of the processes involved in fat absorption and malabsorption. (From 
Clark ML, Silk DB. Gastrointestinal disease. In: Kumar P, Clark M, eds. Clinical medicine, 5th ed. 


Edinburgh: WB Saunders, 2002:253-333.) 


produced in the stomach by the action of pepsin are potent 
secretagogues for the hormones that stimulate the pancreas 
and intestine. Stimulated pancreatic secretion contains the 
proenzyme forms of the proteolytic enzymes trypsin, 
chymotrypsin, elastase, exopeptidases, and carboxypep- 
tidases. Proteolytic enzymes are either endopeptidases 
(e.g., pepsin, trypsin, chymotrypsin, and elastase), which 
hydrolyze peptide bonds within the polypeptide chain, or 
exopeptidases, which hydrolyze peptide bonds of the termi- 
nal amino acids (enzymes such as carboxypeptidase and 
aminopeptidase). Stimulation of the intestine by GI hor- 
mones liberates several proteolytic enzymes from the 
brush border. One of them, enterokinase, selectively cleaves 
a hexapeptide from the N-terminus of trypsinogen to form 
trypsin. Trypsin then activates more trypsin (autocatalysis) 
and in addition converts other pancreatic proenzymes into 
their active forms, The action of the pancreatic enzymes on 
the partly digested proteins within the lumen produces 
peptides, 2 to 6 amino acid residues in length, and also 
single amino acids. The peptides are largely hydrolyzed to 
single amino acids by the aminopeptidases and dipeptidases 
of the brush border before absorption, although some 
dipeptides and tripeptides are absorbed and are hydrolyzed 
to amino acids by cytosolic peptidases within the entero- 
cytes. At least seven carrier systems with overlapping speci- 
ficities for different amino acids are involved in transport of 
amino acids into the cells. Absorption of amino acids by 
these transport systems is faster in the jejunum than in the 
ileum. The amino acids pass into the underlying rich vascu- 
lar plexus, drained by the portal circulation, and it is by this 


route that absorbed amino acids reach the liver and then the 
systemic circulation. 

Individuals with achlorhydria or total gastrectomy have 
normal protein digestion and absorption as smail intestinal 
function compensates for the lack of pepsin activity. Pan- 
creatic and small intestinal diseases are the major causes 
of protein maldigestion and malabsorption. However, fecal 
loss of protein rarely becomes significant in pancreatic in- 
sufficiency until trypsin levels fall to about 10% of normal. 
Two rare disorders, trypsin deficiency and enterokinase defi- 
ciency, have far-reaching effects on efficiency of protein 
digestion, as would be expected from their roles in the acti- 
vation of proteolytic proenzymes. Mucosal diseases may 
affect protein assimilation by a number of mechanisms. 
Reduction in number of mucosal cells decreases peptidase 
activity in the intestine and intestinal absorptive capacity for 
amino acids, Disease may increase the turnover of intestinal 
cells and the rate of desquamation. This cell loss, together 
with increased losses of plasma proteins from the damaged 
intestinal surface, can cause a negative nitrogen balance. Sur- 
gical resection of the intestine not only reduces the total 
intestinal absorptive surface but also may remove a segment 
of the gut that is specialized for absorption of certain nutri- 
ents (for example, resection of the distal ileum removes the 
active transport system for the vitamin B,,.-intrinsic factor 
complex). Resection may also alter intestinal motility and 
lead to stasis and bacterial overgrowth that can intensify a 
negative nitrogen balance. There are also rare hereditary 
defects in amino acid transporters that produce distinct 
syndromes, 
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INVESTIGATIONS 


The growth in endoscopic procedures, with direct visualiza- 
tion of the interior of the stomach, has largely removed the 
need for the clinical laboratory to carry out the analysis of 
gastric contents. Situations remain, however, in which the 
laboratory continues to play a significant role in the diagno- 
sis of gastric diseases and in monitoring the effectiveness of 
treatment. This section describes peptic ulcer disease and 
tests for Helicobacter pylori (H. pylori) and the measurement 
of basal acid output from the stomach. 


PEPTIC ULCER DISEASE AND HELICOBACTER 
PYLORPS>"6 

Although the presence of spiral-shaped organisms in the 
stomach has been acknowledged for many years, it was only 
in 1985 that the association was described between H. pylori 
(known then as Campylobacter pylori) and peptic ulcer 
disease.” Most estimates suggest that the bacterium is 
present in the mucous layer of the stomach in half of the 
population of the world. In Europe 30% to 50% of adults, 
and in the United States at least 20% of the adult popula- 
tion, are infected with the organism. In all cases, coloniza- 
tion with H. pylori causes a chronic inflammatory reaction 
in the gastric mucosa even when direct endoscopic observa- 
tion of the mucosa appears normal. Carriers of the organ- 
ism are at increased risk of gastric cancer (twofold to 
tenfold) and peptic ulcer (threefold to tenfold). Some of 
the increased risk is due to infection with strains of the 
organism that produce the cytotoxic cagA protein. About 
90% of gastric cancer patients are infected with H. pylori, 
compared with 40% to 60% of age-matched controls. ° 
In a European study comparing prevalence of H, pylori and 
gastric cancer rates in 13 countries, a significant correlation 
was observed between the infection rate and gastric cancer 
incidence and mortality.” It is, however, important to 
remember that although a large proportion of gastric cancer 
can be attributed to infection with H. pylori, only in a minor- 
ity of infected subjects will the inflammatory reaction 
progress to gastric cancer. The current consensus is that 
asymptomatic subjects should not be screened for H. pylori 
infection.” 

At least 95% of patients with duodenal ulcer disease 
are infected with H. pylori, and eradication of the organism 
leads to healing of the ulcer and reduction in relapse rates.’ 
Eradication of H. pylori is now the recommended treat- 
ment for patients with duodenal or gastric ulcer who 
are H. pylori—positive. Effective combined antibiotic 
and acid suppression regimens (using PPIs) are available 
with eradication rates of about 90% after first-line 
treatiment.'® 

H. pylori infection predominantly affects the gastric 
mucosa, with the antrum usually being the most densely col- 
onized area. The reasons that a gastric mucosal infection pre- 
disposes to duodenal ulceration are complex and involve a 


number of pathways leading to increased. acid production. 
Before there was an awareness of the role of H. pylori in the 
pathogenesis of peptic ulcer disease, vagotomy (surgical sec- 
tioning, or cutting, of the vagus nerve) was the mainstay of 
treatment as a means of reducing gastric acid output, thereby 
leading to an environment more conducive to healing of the 
ulcer. 

Infection with the organism, with or without duodenal 
ulceration, leads to increases in both basal and meal- 
stimulated serum gastrin concentrations, principally due to 
an increase in gastrin-17.’™ Basal acid output is increased in 
H. pylori—positive subjects (see Figure 48-5), and resolves 
completely after successful eradication of the organism. 
Hypergastrinemia is believed to be only one of the mecha- 
nisms leading to increased acid output. Studies using the 
neuropeptide gastrin releasing peptide (GRP) suggest that 
impairment of inhibitory control mechanisms regulating 
acid production may be responsible for the increased acid 
output associated with H. pylori infection.” In addition to 
stimulating the G cells of the antrum to release gastrin, 
which leads to acid secretion by parietal cells, GRP also 
activates neuroendocrine pathways that inhibit gastric acid 
secretion, an effect mediated via several peptides (including 
cholecystokinin and secretin) that stimulate the release 
of the inhibitory peptide somatostatin from the gastric 
mucosa. 

H. pylori produces urease, and hydrolysis of endogenous 
urea to bicarbonate and ammonia may create a more hos- 
pitable microenvironment for the survival of the organism 
in the stomach. Mammalian cells do not hydrolyze urea and 
it was only in 1984 that “gastric urease” was associated with 
the presence of H. pylori."° The ability of the organism to 
rapidly hydrolyze urea is the basis of the urea breath tests 
and of the direct urease tests on gastric biopsy samples. 


DIAGNOSTIC TESTS FOR H. PYLORI 


A wide range of invasive and noninvasive diagnostic tests for 
H. pylori has been described as shown in Box 48-1. 

All of the tests in the “invasive” group necessitate oral gas- 
troduodenoscopy with a biopsy of the gastric mucosa; false 
negative results may occur because of sampling errors, as 
colonization may be patchy. The antrum is the preferred 
biopsy site, but multiple biopsies from the anterior and pos- 
terior walls of the antrum and body of the stomach are rec- 
ommended for maximum diagnostic accuracy of this group 
of tests. False negatives may also occur when biopsies are 
taken during treatment with PPIs or within 2 weeks of stop- 
ping PPI therapy. This group of drugs alters the intragastric 
distribution of H, pylori and suppresses its activity.''® PPIs 
can also lead to falsely negative urea breath test results. 
During PPI therapy, biopsies should also be taken from the 
body and fundus to prevent false negatives. If PPIs cannot 
be withheld for at least 2 weeks before a breath test, a nega- 
tive result must be interpreted with caution. Histamine 
H,-receptor antagonists and antacids do not affect the tests 
in this way. 
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Invasive Tests—Using Gastric Mucosal Biopsy Samples 
Histology: microscopy after Giemsa or silver staining 
Histology: microscopy after immunohistochemical staining 
Direct urease test: a biopsy incubated in urea/indicator 

solution; visual endpoint 
Culture: incubation on suitable media for 4 to 10 days 
Polymerase chain reaction; amplification of specific DNA 
sequences 


Noninvasive Tests—Using Breath, Blood, Saliva, or Feces 

Breath tests: rise in breath “CO, or “CO, after ingestion of 
4C- or °C-labeled urea 

Serum tests: laboratory measurement of specific IgG antibody 

Whole blood tests: point-of-care tests for specific IgG 
antibody 

Saliva tests: detection of specific IgG antibody 

Fecal tests: detection of specific antigen 


Tests for H. pylori are required for diagnosis of the infec- 
tion and to ascertain, in some situations, that eradication 
therapy has been successful. High sensitivity is required to 
ensure that positives are not missed; similarly, high speci- 
ficity is essential to prevent inappropriate use of eradication 
therapy. The Maastricht 2-2000 Consensus guidelines’ rec- 
ommend a “test and treat” strategy in adults with appropri- 
ate dyspeptic symptoms under the age of 45 years using 
either the breath test or stool antigen test. The age limit may 
vary depending on local prevalence and the age distribution 
of gastric cancer (e.g., in the United Kingdom, testing and 
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Figure 48-5 Basal acid output in healthy volunteers 
and patients with duodenal ulcers (DUs) of varying 
H. pylori status (@, H. pylori positive). Compared with 
H. pylori-negative healthy volunteers, basal acid 
output is increased in H. pylori-positive healthy 
volunteers (P < 0.05), H. pylori-positive patients with 
DUs (P < 0.0001), and patients with DUs | month 
after eradication (P< 0.01). (From El-Omar EM, 
Penman ID, Ardill JES, Chittajallu RS, Howie C, McColl 
KEL. H. pylori infection and abnormalities of acid 
secretion in patients with duodenal ulcer disease. 
Gastroenterology 1995;109:681-91, with permission 
from the American Gastroenterological Association.) 
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treatment are now recommended up to the age of 55 in 
patients with uncomplicated dyspepsia). Successful eradi- 
cation should be confirmed with the urea breath test or by 
a direct urease test if endoscopy is clinically indicated; the 
stool antigen test may be used if urea breath tests are not 
available. Other national guidelines confirm the urea breath 
test as the preferred procedure, both for initial diagnosis and 
for confirmation of eradication.'*”’ Testing to confirm erad- 
ication should be-done at least 4 weeks after completion of 
the course of treatment. 

Urea breath tests are simple to perform, and sensitivity 
and specificity are both greater than 95%. Urea labeled with 
either “C or °C is given orally as a drink or a capsule to 
swallow with water; urease from gastric H. pylori rapidly 
hydrolyzes the ingested urea to produce labeled bicarbonate, 
which is absorbed into the blood and exhaled as “CO, or 
8CO,. The principal advantages of the 'C-urea breath test 
over the ““C-urea breath test are the simplicity of breath 
collection and the avoidance of the regulations and envi- 
ronmental issues related to the use and disposal of 
radioisotopes. In the “C-urea breath test, CO, in expired air 
is trapped in methanolic hyamine hydroxide as the patient 
exhales through a straw, which should be fitted with a one- 
way valve to ensure the patient does not suck the trapping 
solution into the mouth. A color change of an indicator 
(thymol blue) in the solution shows that the required quan- 
tity of CO, has been trapped. Scintillant is then added and 
4CO, measured. In the “C-urea breath test, the patient 
blows through a straw into an empty 15 mL tube, which is 
then capped. °CO,/"CO, ratios are compared for basal and 
postdose samples using isotope ratio mass spectrometry or 
alternative infrared measurement methods,"!” 
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In the stool test, specific H. pylori antigens are detected in 
microtiter plates coated with polyclonal antibodies. Debate 
continues regarding its accuracy for assessing treatment 
outcome; some of the variability in results between different 
studies appears to be caused by lack of standardization of the 
interval between completion of eradication therapy and 
stool testing.’”* However, the test is currently recommended 
for posteradication testing if the urea breath test is not 
available.’ ; À 

Although still widely available, serological tests are no 
longer recommended. The systemic antibody response is 
variable, leading to equivocal results in some subjects; in 
subjects age >50 years, diagnostic accuracy is unsatisfactory. 
Serology cannot be used to confirm eradication because of 
the slow decline in antibody levels after treatment. Labora- 
tory-based enzyme-linked immunosorbent assays (ELISA) 
assays and point-of-care tests are available to measure spe- 
cific IgG antibodies in serum or whole blood samples. In 
younger subjects, the laboratory-based tests generally 
perform well although some have sensitivity and/or speci- 
ficity of <95%. Office-based serology currently has inade- 
quate sensitivity and specificity. Calculations based on 
reported diagnostic accuracy data show that when these tests 
are used for diagnosis, as many as 28% of those receiving 
eradication therapy are being treated as a result of false- 
positive test results.” 

Since 1985, an enormous body of literature has accumu- 
lated on the epidemiology and transmission of H. pylori, on 
pathogenicity and host response, and on clinical outcomes 
and treatment options. Despite the clear link with peptic 
ulcer’ disease, the question of whether H. pylori causes 
duodenal ulceration or is just an important factor producing 
recurrence and chronicity continues to be raised.” Another 
interesting area is the use of gene expression studies to 
increase understanding of the interaction between the gastric 
mucosa and H. pylori by comparison of gene products from 
gastric tissue H. pylori and isolated strains grown in vitro.” It 
is an organism that will continue to surprise us. 


DETERMINATION OF BASAL ACID OUTPUT“ S?” 


The documentation of an increased basal acid output (BAO) 
in gastric juice provides strong evidence that a high serum 
gastrin concentration is caused by Zollinger-Ellison syn- 
drome. The test is therefore used in patients with duodenal 
ulceration and a raised serum gastrin concentration. The test 
is not appropriate in patients with atrophic gastritis. Perni- 
cious anemia, which also causes hypergastrinemia, should be 
excluded before assessing BAO. PPIs must be stopped for at 
least 14 days, and H,-receptor antagonists for at least 3 days, 
before the test. H. pylori as a cause of increased serum gastrin 
should also be excluded before BAO estimation. 

A basal condition, in the context of gastric analysis, is one 
in which the patient is at complete rest and not exposed to 
any visual, auditory, or olfactory stimuli. Such a condition is 
maintained during sleep. It is for this reason that tradition- 
ally a 12-hour overnight collection of gastric juice has been 


used for the determination of BAO. Such an approach has 
the disadvantage that the patient is exposed to significant 
discomfort because of the need to retain the tube overnight, 
while sitting upright and slightly turned to the left to prevent 
a loss of gastric contents into the duodenum. Close supervi- 
sion throughout the entire night is necessary. A satisfactory 
alternative is the collection of gastric juice for 60 minutes 
after the patient has had a satisfactory night’s sleep in a quiet 
separate room. After waking, the patient must remain 
fasting; smoking and exercise must be avoided before and 
during the test. 


Collection of Gastric Juice 

A gastric tube is inserted orally, or nasal intubation may be 
used if the patient has a hyperactive gag reflex. X-ray or flu- 
oroscopic confirmation that the tip of the radio-opaque tube 
is in the lowest portion of the stomach is necessary. Ten or 
15 minutes after the patient has become calm and adjusted 
to the presence of the tube, the patient is positioned with the 
trunk upright and inclined slightly to the left. Gastric juice 
is then aspirated and discarded. After checking that no 
further juice can be aspirated, note the time and collect and 
transfer to plastic bottles ail gastric juice that can be aspi- 
rated over the next 60 minutes. The patient must be asked 
to expectorate all saliva during the collection period. The 
total volume of the collected juice is recorded and free acid 
determined by titration as described below. 


Determination of Free Hydrochloric Acid in Gastric Juice 


1. Measure and transfer a convenient volume of gastric juice 
(e.g., 5.0 to 10.0 mL) into a clean titration vessel. If the 
gastric juice contains food particles or mucus, centrifuge 
the sample or filter it through gauze. 

2. Determine the pH of the gastric specimen with a pH 
meter. If the pH is above 3.5, no free acid is present. Such 
a specimen need not be titrated. 

3. Titrate the sample with NaOH, 0.10 mol/L, to a pH of 3.5, 
using a pH meter. 

Calculation: 


mL of NaOH x 100 
mL of gastric juice titrated 


Free HCI (mmol/ L)= 


If 5 mL of gastric specimen is titrated, the calculation 
becomes: 


Free HCl (mmol/L) = mL of NaOH x 20 
Free HCl (mmol/hr) 
mL of NaOH x 20 x 60min volume of gastric 
juice in mL 
1000 


Comments and Sources of Error 


Titration to a pH of 3 to 3.5 detects essentially all free 
hydrochloric acid. (Because HCI is the only strongly ionized 


Chapter 48 Gastric, Pancreatic, and Intestinal Function 1859 


acid in gastric content, this test is essentially a test for free 
HCl.) Titration beyond a pH of 3.5, as recommended by 
some, will overestimate the HC] concentration to varying 
degrees, depending on the composition of the gastric 
residue. On the other hand, titration to pH 3.5 may under- 
estimate the amount of free H* secreted if some of these H* 
ions are bound to or have reacted with other constituents of 
gastric content. Thus no fully satisfactory procedure is avail- 
able to measure accurately the true total amount of free acid 
secreted by the gastric mucosa. 

The effectiveness of gastric aspiration may be compro- 
mised both by the position of the patient and the position 
of the tube in the stomach (likened to the position of a straw 
above or below the fluid level in a glass), by tlie loss of gastric 
fluid into the pylorus, and by regurgitation of pyloric con- 
tents into the stomach. Some evidence suggests that the exact 
position of the tube in the stomach does not appear to alter 
the recovery of gastric juice, because the stomach is not rigid 
and its walls contract, thus shifting the stomach contents 
toward the tip of the tube. 


Interpretation 
Gastric juice pH: if the pH is >2.5, then it is unlikely that the 
raised gastrin is caused by Zollinger-Ellison syndrome. 
BAO: Normal: male 0 to 10.5 mmol/hr; female: 0 to 
5.6 mmol/hr 
Zollinger-Ellison syndrome: 15 to 100 mmol/hr, or 
>5 mmol/hr if there was previous acid-reducing surgery. 
A level of free acid >15 mmol/hr should prompt a 
suspicion of gastrinoma but is not diagnostic; a level 
>25 mmol/hr with high serum gastrin is virtually diagnostic 
of Zollinger-Ellison syndrome. 
Further discussion of the Zollinger-Ellison syndrome can 
be found in the section of this chapter on neuroendocrine 
tumors. 


INTESTINAL DISORDERS AND THEIR 
LABORATORY INVESTIGATION 


This section includes a discussion of celiac disease, disac- 
charidase deficiency, bacterial overgrowth, bile salt malab- 
sorption, and protein-losing enteropathy and the main 
laboratory investigations associated with their diagnosis. 


CELIAC DISEASE (CELIAC SPRUE, GLUTEN-SENSITIVE 
ENTEROPATHY) 7749? 


Celiac disease is sometimes called nontropical sprue, celiac 
sprue, or gluten-sensitive enteropathy. 


Pathophysiology of Celiac Disease 


Celiac disease occurs in genetically predisposed subjects as a 
consequence of an inappropriate T-cell-mediated immune 
response to the ingestion of gluten from wheat and to similar 
proteins in barley and rye. 

The role of genetic factors in celiac disease has been rec- 
ognized for many years; there is a 70% concordance for celiac 


disease in identical twins and typically 10% of first-degree 
relatives of an affected individual will also be found to have 
the disease. Only recently has the major genetic component 
been localized to the human leukocyte antigen (HLA) region 
of chromosome 6. Approximately 95% of subjects with celiac 
disease express a specific HLA heterodimer (HLA DQ2 a/B 
heterodimer). Most Caucasian populations have a high fre- 
quency (20% to 30%) of DQ2, but only a small minority will 
develop celiac disease. 

The external trigger to the development of celiac disease 
in genetically susceptible individuals is found in gluten, 
which is the complex group of proteins present in wheat that 
form a sticky mass when dough is washed with water and 
the starch is removed. All of the proteins (and peptides) that 
are toxic to the small bowel mucosa in subjects with celiac 
disease contain large amounts of glutamine. The major toxic 
proteins of wheat are the gliadins, with homologous proteins 
(the hordeins and secalins) occurring in barley and rye, 
respectively. The gliadins are a large family of proteins 
accounting for about 50% of the wheat protein. 

Recent evidence indicates that oats do not lead to an 
immune-mediated response nor to mucosal damage in 
subjects with celiac disease.” Addition of oats to the list of 
permitted cereals increases choice and would be welcomed 
by most subjects with celiac disease. However, if oats are to 
be introduced into the diet they must be from a reliable 
source to ensure no contamination from wheat, barley, or 
rye proteins at any stage in the process from harvesting to 
packaging. 

The identification in 1997 of smail bowel tissue transglu- 
taminase (tTG)-2 as the auto-antigen of celiac disease” was 
a major step forward in understanding the pathogenesis of 
the disorder. The tissue transglutaminases are a family of 
calcium-dependent cytoplasmic enzymes that are released 
from cells during wounding. Although their physiological 
role is incompletely understood, they are able to catalyze the 
cross-linking of proteins leading to the stabilization of the 
wound area. Expression of the enzyme is increased during 
apoptosis and in active celiac disease. It selectively cross-links 
or deamidates protein-bound glutamine residues. Deamida- 
tion of gliadin peptides by the enzyme enhances their 
binding to HLA DQ2/DQ8 and increases the recognition of 
these peptides by gut-derived T cells from subjects with 
celiac disease." The pathogenesis of the disease is therefore 
believed to involve an interaction between tissue transglu- 
taminase and gliadin peptides in genetically susceptible 
individuals. 

The toxic cereal proteins lead to intestinal epithelial 
damage, releasing tissue transglutaminase. Cross linking by 
the enzyme produces gliadin-gliadin or gliadin-enzyme 
complexes, unmasking new antigenic epitopes that bind to 
HLA DQ2 molecules on the antigen-presenting cells, pro- 
ducing an immune response by gut-derived T cells. The 
characteristic enteropathy is then induced by the release of 
interferon-y and other proinflammatory cytokines as out- 
lined in Figure 48-6. 
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A 33-mer peptide of gluten appears to be the primary ini- prolyl endopeptidase, suggesting a strategy for therapy of 
tiator of the inflammatory response. It is resistant to celiac disease.’ 
breakdown by all gastric, pancreatic, and intestinal brush- Increased intestinal permeability in untreated celiac 
border membrane proteases, thus allowing it to reach the disease that is reversible on withdrawal of gluten from the 
small intestine intact. After deamidation by tissue transglu- diet has been recognized since the early 1980s.” Recent 
taminase, it is a potent inducer of gut-derived human T-cell evidence suggests that this may be mediated by increased 
lines from patients with celiac disease. Homologs of the expression of zonulin,” a protein that opens small intestinal 
peptide are found in food grains that are toxic to patients tight junctions, or to decreased expression of intercellular 
with celiac disease, but are absent from nontoxic food grains. epithelial cell adhesion molecules, such as Z0-1, catenin, and 
The peptide could be detoxified by exposure to a bacterial cadherin,” It is currently unclear whether these findings are 
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Figure 48-6 Hypothetical scheme for interaction between intestinal protein processing and the 
specific immune system in celiac disease. Dietary gluten is exposed to intraluminal digestive 
enzymes (including prolyl endopeptidases), producing stable 33-mer peptide-containing 
overlapping proline-rich epitopes with POPQLPY central motif. 33-mer peptide is absorbed 
intact by transcellular or paracellular routes into lamina propria, and exposure to tTG results in 
deamidation of glutamine residues to glutamic acid. Modified peptide is presented to specific 
CD4 T cells in association with HLA DQ2 or DQ8, Activated IFN-y producing T-effector cells 
return to mucosa and produce characteristic villus atrophy and crypt hyperplasia. tTG, Tissue 
transglutaminase, IFN, interferon. E, glutamate, F, phenylalanine, L, leucine, P proline, Q, glutamine, 
Y, tyrosine. (From Mowat AM. Coeliac disease—a meeting point for genetics, immunology, and protein 
chemistry. Lancet 2003;36!:1290-2.) 
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linked to the entry of allergens into the cell and hence to the 
autoimmune response. 


Clinical Considerations 


Celiac disease is a common chronic disorder in Caucasian 
populations with a prevalence of about 1%.'*"*' Tt also 
occurs in northern Indian and in North African populations. 
It is rare in Chinese, Japanese, and African-Caribbean 
people. It was previously considered to be a rare disorder in 
North America, but recent serological and histological evi- 
dence shows that the disease has been underdiagnosed and 
that the prevalence is comparable, as might be expected, with 
that found in Europe.” 

There is a wide spectrum in the clinical presentation of 
celiac disease, with the majority of diagnoses made in adult 
life. Classical celiac disease, presenting in infancy, up to the 
age of 2 years, with failure to thrive, abdominal distension, 
and diarrhea is now an uncommon presentation. The spec- 
trum of presenting symptoms in adults has changed over 
the last 20 years, and frank malabsorption is now uncom- 
mon.®! Most adults present now with nonspecific symp- 
toms; mild iron deficiency is common. There is a strong 
association with other autoimmune disease, especially with 
type 1 diabetes mellitus and autoimmune thyroid disease. In 
type 1 diabetes, the prevalence of celiac disease is about 
5% and serological screening to detect these cases has been 
advocated.” The initial presentation may be to a wide range 
of clinical specialties as shown in Table 48-2. To make the 
diagnosis there must be a high index of suspicion with an 
awareness of the wide range of nonspecific symptoms and 
easy availability of serological tests to select those patients in 
whom endoscopy is indicated to confirm the diagnosis. 


Tests for Celiac Disease 


Serological tests have played a significant role in the growing 
awareness of the high prevalence of the disorder, and 
appropriately standardized tests have high sensitivity and 
specificity for diagnosis and for monitoring treatment 
compliance with a gluten-free diet. 

Table 48-3 compares the sensitivity and specificity of the 
four IgA-class antibodies commonly used. The antireticulin 
(ARA) and endomysial (EMA) antibodies are both measured 
by indirect immunofluorescence, ARA on rat kidney sections 


and EMA on monkey esophagus or human umbilical cord 
sections, Rat kidney sections are frequently used as one of 
the substrates for autoantibody profiles, and the presence 
of ARA indicates the need to measure antibodies with 
higher specificity before recommending small bowel his- 
tology for confirmation of the diagnosis. Recent evidence 
has confirmed that ARA and EMA are tissue type- 
dependent methods, which detect autoantibodies to tissue 
transglutaminase-2,!” 

Lack of standardization of assays for IgA-antigliadin anti- 
bodies (AGA) contributes to the variable diagnostic accuracy 
of this marker," but sensitivity of AGA is inferior to that of 
EMA. In some reports, comparison of sensitivity is compro- 
mised by selection bias," but most larger series in which 
patients have not been selected for a biopsy solely on the 
basis of a positive EMA result indicate that the true sensi- 
tivity for EMA is between 90% and 95% (i.e., 5% to 10% of 
subjects with celiac disease have a negative EMA at diagno- 
sis). When carried out correctly, the assay has very high 
specificity (>99%) and laboratories should monitor their 
performance, as small reductions in specificity will lead to 
significant increase in the numbers of patients subjected 


TABLE 48-2 An Indication of the Wide Range of 
Clinical Specialties to Which a Child or 
Adult With Celiac Disease May Present 


ical Specialty 


Symptoms/Manifestations 


E General medicine Tired all the time 

: Gastroenterology Diarrhea, flatulence, weight 

i loss 

Hematology Anemia 

Obstetris/ gynecology. Infertility Re, 
Orthopedics. l Fracture, osteopenia = 004 
Dermatology. = 2 -i Dermatitis herpetiformis, , i 

Ea -hyperkeratosis = < 

Neurology “Peripheral neuropathy 
Rheumatology — ~~ Arthropathy - 
Endocrinology. Short stature, thyroid disease 
Diabetes _ Diarrhea, anemia — 


TABLE 48-3 ee ison. of Serological Tests for Celiac Disease 
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Antibody — 
Antireticulin ntibody (RI- MA 


‘Method 


- mouse kidney 
igh do ysial antibody 


tigliadin antibody 
IgA-antitissue transglutaminase. 


body:(human antigen) 


KA, Tanak ELISA, enzyme-linked immunosorbent assay. 


_ Immunofluorescence on rat or: 
Immunofluorescence on monkey _ 


antitative ELISA 
Quantitative ELISA 


‘Sensitivity 


‘Specificity 


"390% 


399% o 


 80%-100% 
“-75%-95% ggg 
590% 


S99% ` 
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TABLE 48-4 Comparison of True and False Positives 
and Positive Predictive Values at Different 


Specificities Assuming a Prevalence of 
Celiac Disease of 3% in the Population 
(n = 1000) Tested (Test Sensitivity of 95%) 


Positive 


True False = 


ain Predictive 
Specificity. Positives. Positives Value : 
90% Rit |: EET VA setters IX. Fe 
95% 29 ae AQ 0,38 
98% Rey © Bachan Lien ks Renee 0.60 
990 seek ZO i OLE: 0.74 
99,506 Fin E29: sy eB he 0.85. 


unnecessarily to a small bowel biopsy. Table 48-4 shows the 
effect of test specificity on the numbers of true and false pos- 
itives per 1000 subjects tested and on the positive predictive 
value at a disease prevalence (in the population tested) of 
3%, assuming a sensitivity of 95%. 

Many commercial kits are now available to measure IgA 
antibodies against tissue transglutaminase (“transglutami- 
nase antibody,” TGA) using human recombinant tissue 
transglutaminase or purified human enzyme as antigen. 
Lack of standardization and differences in recombinant 
technology (e.g., the use of eukaryotic or prokaryotic organ- 
isms to produce tTG) can lead to varying performance." 
Specificity should be evaluated using a large series of samples 
representative of those routinely tested, and procedures 
should be selected on the basis of high specificity (minimum 
99%) and high sensitivity (>90%). The use of TGA has 
advantages over EMA. Unlike EMA, which may be subject to 
observer bias, TGA is a quantitative procedure and does not 
require the use of primate tissue. It can be automated and is 
therefore appropriate for larger numbers of samples. This 
test is replacing EMA as the antibody of choice for serolog- 
ical testing and for assessing dietary compliance of subjects 
on a gluten-free diet.’*° 

For diagnosis, current guidelines require a jejunal biopsy 
with the characteristic villous atrophy, increased intraepi- 
thelial lymphocytes, and hyperplasia of the crypts.’ Wider 
use of serology has led to the recognition of more cases with 
minimal histological changes and to the use of the terms 
“potential” and “latent” celiac disease.“ Patients with posi- 
tive EMA or TGA are described as having potential celiac 
disease when the jejunal biopsy has normal villi but shows 
subtle changes, such as increased numbers of intraepithelial 
lymphocytes. It is thought that in time these patients will 
develop a flat mucosa. The term “latent celiac disease” is used 
to describe patients who have at some time had positive anti- 
bodies and a flat mucosa that recovers on a gluten-free diet, 
but have also been found to have a normal mucosa while on 
a normal diet. 


TABLE 48-5 Prevalence of Hypolactasia in Adults 


Racial Group me Prevalence (%) 


Chinese ion u a 6: 290 ATE 
American blacks... TBAB y NSN 
Asians i238) EA LEA G0 foes 

Greeks ieee 60078 eee 


North Europeans 5730. es 


Subjects with selective IgA deficiency (IgA <0.05 g/L, inci- 
dence about 1:600) are at greater risk of celiac disease. It is 
therefore important to identify these individuals rather than 
risk excluding the diagnosis on the basis of a negative test for 
IgA-class antibodies.” When EMA is used, total serum IgA 
should be measured on all samples submitted for celiac 
serology to identify those patients with IgA deficiency. TGA 
assays should be designed so that the “normal” level is dis- 
tinguishable from the small proportion of subjects with very 
low levels in whom total IgA measurement is indicated to 
confirm or exclude IgA deficiency. When IgA deficiency is 
identified, IgG antibodies (IgG-EMA, IgG-TGA) should be 
used as serological screening tests.” In view of the increased 
risk of the disorder in IgA deficiency, a small bowel biopsy 
should be considered in all IgA-deficient subjects with symp- 
toms of celiac disease.” 

Strict adherence to a gluten-free diet leads to mucosal 
recovery in celiac disease and reduces the risks of bowel 
malignancy. TGA can be used as a marker for monitoring 
dietary compliance in addition to its diagnostic role.” 

With the availability now of serological tests with high 
diagnostic accuracy, older tests used to investigate celiac 
disease should be abandoned. There is, for example, no place 
now in routine use for the xylose absorption test. Dual sugar 
tests (e.g., cellobiose and mannitol) to assess small bowel 
permeability have a role in research studies but as yet have 
not established a place in the routine diagnosis or monitor- 
ing of celiac disease. Tests of fat malabsorption are also 
inappropriate in the diagnosis of celiac disease although 
appropriate tests of pancreatic function (e.g., fecal elastase) 
may be indicated in patients diagnosed with celiac disease 
who fail to respond to a gluten-free diet. 


DISACCHARIDASE DEFICIENCIES 


The presence of the brush-border disaccharidases is essen- 
tial for carbohydrate absorption, and a reduction in their 
activity leads to carbohydrate malabsorption and intoler- 
ance. Carbohydrate malabsorption does not always lead to 
clinical symptoms, but when symptoms do occur (e.g., 
abdominal pain, flatulence, and diarrhea) as a consequence 
of the malabsorption, the patient is described as having car- 
bohydrate intolerance. 

Lactose intolerance is the single most common absorp- 
tive defect in adults, with an incidence of 5% to 90% depend- 
ing on the racial group, as shown in Table 48-5. 
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Congenital Lactase Deficiency” 


Intestinal lactase is essential in infancy, and congenital 
lactase deficiency is a very rare disorder in which lactase 
activities in the mucosa are low or undetectable at birth. 
Symptoms occur as soon as milk is taken; stools have a low 
pH and contain glucose produced by bacterial action on 
undigested lactose. Absent or low intestinal lactase in the 
neonate, however, cannot be taken as proof of congenital 
deficiency, because lactase is normally the slowest of the 
oligosaccharidases to reach normal levels in the newborn’s 
gut. A definitive diagnosis must be deferred until after mat- 
uration of the lactase synthesis system has occurred. In the 
interim, relief is dependent on adjustments of dietary com- 
position that appear to reduce severity of symptoms. An 
abnormal oral lactose tolerance test obtained a few months 
after birth could also be caused by congenital glucose- 
galactose intolerance (see discussion later in this chapter); 
the differential diagnosis requires performance of an oral 
glucose tolerance test in conjunction with the lactose 
tolerance test. 


Acquired Lactase Deficiency 


Expression of the enzyme diminishes with age and by adult- 
hood lactase levels are 10% or less of those seen in infancy. 
If symptoms of flatulence, abdominal discomfort, bloating, 
or diarrhea occur after consumption of one or two glasses of 
milk or of a large portion of ice cream or yogurt, lactose 
intolerance should be suspected. Suspicion would be 
increased in a subject from an ethnic group with a high inci- 
dence of lactose intolerance (see Table 48-5). 

Secondary lactose intolerance may occur as a result of 
reduced enzyme activity following diffuse intestinal damage 
from infections (giardiasis, bacterial overgrowth, or viral 
gastroenteritis), ulcerative colitis, celiac disease, and tropical 
sprue. This deficiency is usually reversible following recov- 
ery from the disorder. 


Sucrase-Isomaltase and Trehalase Deficiencies and 
Monosaccharide Malabsorption 


Sucrase-isomaltase deficiency usually presents clinically in 
infancy when sucrose and fruit are introduced in the diet,“ 
but sometimes first presents in adulthood.’*'” The defi- 
ciency is rare in Caucasians, but more common in Eskimo 
groups. Deficiencies of both lactase and sucrase-isomaltase 
may occur secondary to other small bowel diseases (e.g., 
celiac disease, Crohn’s disease,” or acute gastroenteritis). 
Trehalase deficiency is a rare disorder,” except in Greenland, 
where it occurs in 8% of the population.” It is manifested 
by diarrhea following the ingestion of mushrooms. 
Malabsorption of monosaccharides can also cause intesti- 
nal symptoms more commonly attributed to maldigestion 
of disaccharides. Glucose-galactose malabsorption is also 
inherited as an autosomal recessive trait. Symptoms occur in 
the affected neonate as soon as milk (lactose) is taken, but 
also follow ingestion of glucose- or galactose-containing 


Lactase in mucosal biopsy 

Oral lactose tolerance 
Measure increase in plasma glucose 
Measure increase in plasma galactose 
Measure increase in breath H, 
Measure increase in breath “CO, 


foods. Symptoms caused by fructose malabsorption occur 
on ingestion of fruit. This dietary intolerance is quite a dif- 
ferent disorder from hereditary fructose intolerance in which 
the hepatic enzyme aldolase is defective. 


Diagnostic Tests for Lactase Deficiency 


Many methods have been proposed. for detecting lactase 
deficiency (Box 48-2). Disaccharidase activities can be mea- 
sured in homogenates of an intestinal biopsy.” These assays 
are rarely required for routine diagnostic purposes, but when 
necessary (e.g., in investigations in infancy) they must be 
carried out by laboratories with expertise in these tests. 


Oral Lactose Tolerance Tests 


Oral tolerance tests, measuring the increase in plasma 
glucose or galactose following the ingestion of lactose, have 
also been used to diagnose lactase deficiency. The usual dose 
of lactose is 50 g in 200 mL water, although lower doses 
should be used in children (2 g/kg, up to a maximum of 
50 g). Multiple blood samples are collected over a 2-hour 
period and the peak increment in glucose (or galactose) 
noted. To exclude lactase deficiency, the increase above base- 
line for capillary plasma glucose should be >1.1 mmol/L'” 
(20 mg/dL) or >1.4 mmol/L (25 mg/dL) when using venous 
plasma.” In a recent survey of laboratory practice in the 
United Kingdom, widely varying cut-offs were found to be 
in use (1.0 to 2.7 mmol/L) even with the same lactose dose.” 
Procedures using galactose” are probably more popular 
with patients, as the test dose is preceded by a gin and tonic 
{equivalent to 300 mg ethanol/kg body weight). However, 
the requirement for multiple blood samples and lack of 
procedural standardization suggest that these tests should 
be abandoned in favor of noninvasive breath-hydrogen 
testing. 

Hydrogen is not an end-product of mammalian metabo- 
lism, and breath hydrogen is derived from bacterial metab- 
olism in the intestinal tract.'“ Following an oral dose of 
lactose, the disaccharide will normally be split into its con- 
stituent monosaccharides and absorbed. With lactase 
deficiency, unabsorbed disaccharide will pass into the large 
bowel and bacterial metabolism will produce hydrogen that 
is absorbed into the systemic circulation and exhaled in the 
breath. Breath hydrogen can be measured in end-expiratory 
breath using laboratory or hand-held direct-reading electro- 
chemical hydrogen monitors. 
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Meal before 7 pm (restriction on wheat and fiber), then fasting 
until test completed 

Brush teeth (night and morning) or use mouthwash 

Measure end-expiratory fasting breath H, 

Give lactose solution (50.g in 180 mL water) 

Rinse mouth with further 20 mL water and swallow 

Measure breath H, at 15, 30, 60, 90, and 120 min 

Test can be stopped if earlier rise of >20 ppm above fasting level 


Patient Preparation. Appropriate patient preparation is 
essential to ensure stable baseline breath hydrogen levels (see 
Box 48-3). Avoidance of wheat-based foods and fiber for 12 
hours before the test minimizes the availability of substrates 
for bacterial metabolism in the large bowel. Fasting breath 
hydrogen is typically <5 ppm (5 uL/L) and concentrations 
>20 ppm (20 L/L) may be an indication of malabsorption 
or bacterial overgrowth.” Oral hygiene before ingestion of 
the substrate in hydrogen breath tests minimizes the pro- 
duction of hydrogen by oral bacteria. Brushing of teeth or 
use of an antibacterial mouthwash (e.g., 1% chlorhexidine) 
is recommended.” Mouthwash containing alcohol should 
not be used, because this may interfere in the measurement 
of hydrogen. Cigarette smoke contains high hydrogen levels 
and smoking is therefore not permitted immediately before 
or during the test. 

After an overnight fast, a baseline breath hydrogen level 
is recorded and 50 g of lactose in 180 mL water is drunk, 
followed by a further 20 mL of water to rinse the mouth 
and further reduce the possibility of an early rise in breath 
hydrogen from the action of oral bacteria. The dose in 
children should be 2 g/kg up to a maximum of 50 g. 
Breath hydrogen is then measured at 15, 30, 60, 90 and 120 
minutes. 

Interpretation. Most publications indicate that an 
increase in breath hydrogen of >20 ppm (20 L/L) above the 
baseline fasting concentration within 2 hours of ingesting 
the lactose is indicative of lactose malabsorption.” 
However, recent data suggest that a cut-off of 10 ppm 
(10 uL/L) improves diagnostic sensitivity without increasing 
the number of false-positive test results.” In most patients 
with normal lactose absorption, breath hydrogen levels will 
remain at 2 to 5 ppm throughout the test. Occasionally, high 
levels may occur within the first 30 minutes after lactose 
ingestion. This may indicate either very rapid transit of 
lactose to the cecum or bacterial metabolism in the small 
bowel because of bacterial overgrowth. Repeating the breath 
test with lactulose or glucose as the substrate or using 
imaging techniques to confirm transit time will normally 
clarify the cause of such results. 


Jejunal diverticuli 

Crohn’s disease 

Autonomic neuropathy 
Scleroderma (systemic sclerosis) 
Pseudo-obstruction 
Postgastrectomy 


In lactose malabsorption, breath hydrogen is typically ele- 
vated (30 to 100 ppm, 30 to 100 L/L) at 60 to 120 minutes 
after lactose ingestion. In a few subjects, the large bowel bac- 


_ teria do not produce hydrogen; in such patients a normal 


result does not exclude lactase deficiency. Very low hydrogen 
when fasting and throughout the test may therefore indicate 
a false-negative result. Some estimates suggest that up to 
10% to 13% of the population have large bowel bacteria that 
do not produce hydrogen,” although others have found the 
prevalence of hydrogen nonproducers to be less than 
2%.'”* Such false negatives can be confirmed by the failure 
to produce hydrogen at 45 to 180 minutes after ingestion of 
lactulose (10 g), which is a nonabsorbable disaccharide and 
therefore available for bacterial metabolism in the large 
bowel. 

A positive breath hydrogen result following ingestion of 
lactose may also occur in glucose-galactose malabsorption, 
which also causes intestinal symptoms. When necessary, 
glucose-galactose malabsorption can be confirmed or 
excluded by a breath test in which 25 g each of glucose and 
galactose are substituted for 50 g lactose. An increase in 
breath hydrogen confirms the diagnosis. 


Sucrose and Trehalose Tolerance Tests 


Sucrase-isomaltase deficiency can be investigated by using 
50 g sucrose instead of lactose. An increase in breath hydro- 
gen of >20 ppm (20 L/L) within 2 hours is diagnostic. It is 
rarely necessary to test for trehalase deficiency, although a 
breath test using 25 g trehalose has been described.’ 


BACTERIAL OVERGROWTH 


The proximal small intestine (duodenum and jejunum) nor- 
mally contains few bacteria. Most ingested bacteria do not 
survive the acidic environment of the stomach and therefore 
few live organisms normally enter the small bowel. The 
motility of the jejunum prevents fecal-type organisms from 
progressing up into the jejunum from the cecum. The ileum 
normally contains some fecal-type bacteria. Colonization of 
the upper small bowel is described as bacterial overgrowth 
and usually occurs as a consequence of other abnormalities 
(structural or motility disorders) of the small intestine (see 
Box 48-4). Use of PPIs is associated with an increased risk of 
bacterial colonization. 
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TABLE 48-6 Reported Sensitivity and Specificity of Lactulose and Glucose Hydrogen Breath Tests for the Diagnosis of 


Bacterial Overgrowth 


HEE : increment Over) 
Substrate 


Reference =: 


Baseline i5 155 Sensitivity c SiS pecificity 
Glucose 50g. 2° 25 SID ppm eis 98 ; A E ee Kerlin and... 
Glucose 50 g - “->10-ppm 78 T ech <+ Flourie et al. 1989 
Glucose 50g. "215 ppm. vst 90 ee eS Stotver ands. 
. he ee Ge : co Rilander 2000 
Glucose 75 ¢ 210 ppm ~ 62 83 e Corazza et al 1990 
Lactulose.12.¢ >10 ppm 68 44 eee Corazza et al 1990 


*1 ppm=1 L/L. 


The bacteria colonizing the small bowel (such as 
Escherichia coli and Bacteroides species) deconjugate and 
dehydroxylate bile salts, leading to conjugated bile salt defi- 
ciency, which causes fat malabsorption. Bacterial metabo- 
lism of vitamin Bı may also occur, leading to vitamin Bız 
deficiency. The clinical symptoms of bacterial overgrowth 
are abdominal pain, diarrhea, and steatorrhea.'"” 

The diagnostic gold standard requires intubation with 
aspiration of jejunal contents and the demonstration of a 
bacterial count of >10’ organisms/mL and >10* anaer- 
obes/mL.” In practice, hydrogen breath tests using either 
lactulose or glucose as substrates are used more frequently. 
An alternative diagnostic approach is to use a therapeutic 
trial of antibiotics. 

For hydrogen breath tests, patient preparation is the same 
as that described in the previous section for the lactose 
breath hydrogen test. Lactulose (usually given in a dose of 
10 g in 200 mL water) is a nonabsorbable disaccharide. In a 
normal subject, breath hydrogen does not increase until the 
lactulose enters the large intestine; the time from ingestion 
to arise in breath hydrogen is therefore normally an indica- 
tion of small bowel transit time. In bacterial overgrowth, 
there is an early rise in breath hydrogen of at least 20 ppm 
(20 L/L) within 30 minutes of ingestion of lactulose. The 
early increase is diagnostic when it can be distinguished 
clearly from the later colonic rise. Frequent measurements 
(e.g., at 5-minute intervals) are essential in the first 30 
minutes, with measurements every 15 minutes thereafter for 
up to 3 hours.” 

Glucose is an alternative substrate; the usual adult dose is 
50 g (as monohydrate) in 250 mL water.'*!” An increase in 
breath hydrogen of >12 ppm (12 L/L) above the fasting 
concentration indicates bacterial overgrowth. In bacterial 
overgrowth, breath hydrogen usually increases within 75 
minutes of ingestion of glucose and sometimes within 30 
minutes, The finding of an increased fasting breath hydro- 
gen has high specificity for bacterial overgrowth but poor 
sensitivity; however, a fasting breath hydrogen >15 ppm and 
an increment of at least 12 ppm within 2 hours of a 50 g 


glucose challenge is diagnostic of bacterial overgrowth.’ 
The high fasting breath hydrogen levels, even after adequate 
dietary preparation, are thought to be caused by stasis of gut 
contents or endogenous glycoproteins being used as sub- 
strates for hydrogen production by intestinal bacteria.’ 
Table 48-6 compares some of the published data for diag- 
nostic accuracy of tests using lactulose or glucose. 

Variations in gastric emptying rate and small bowel 
transit times are problems that limit the diagnostic accuracy 
of the breath hydrogen tests. In the face of an appropriate 
clinical picture and a negative breath hydrogen test, an alter- 
native diagnostic approach is a therapeutic trial of appro- 
priate antibiotics." 

Other tests for bacterial overgrowth have used *C-xylose 
or “C-glycocholic acid." When there is bacterial over- 
growth, the bacteria deconjugate the glycocholic acid to 
produce “*C-glycine that is absorbed and metabolized with 
an increase in breath CO). As in other tests, an early rise in 
the marker indicates either bacterial overgrowth or rapid 
transit to the large bowel where the normal colonic flora 
release “C-glycine. These tests using radioactive isotopes 
have largely been replaced by hydrogen breath tests that have 
comparable diagnostic performance and methodological 
advantages.’ 


BILE SALT MALABSORPTION™ 


Bile acids are synthesized in the liver and pass into the lumen 
of the small bowel via the gallbladder. Bile acids are present 
in bile as taurine or glycine conjugates; as the pH of bile is 
slightly alkaline and contains significant amounts of sodium 
and potassium, most of the bile acids and their conjugates 
exist as salts (i.e., bile salts). In practice, the terms bile acids 
and bile salts are frequently used as synonyms. Their major 
function is to act as surface-active agents, forming micelles 
and facilitating the digestion of triglycerides and the absorp- 
tion of cholesterol and fat-soluble vitamins. Little reabsorp- 
tion of bile acids occurs in the proximal small bowel, but 
normally >90% are reabsorbed in the terminal ileum. They 
return to the liver in the portal circulation and are resecreted 


at 
fy 
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into the bile. This is known as the enterohepatic circulation. 
Less than 10% of secreted bile acids are lost in the feces, or 
` about 0.2 to 0.6 g/day. 

Bile acid malabsorption leading to chronic diarrhea 
occurs when there is ileal disease (e.g., Crohn’s disease), or 
after resection of the terminal ileum; it may also occur fol- 
lowing cholecystectomy and in some patients with irritable 
bowel syndrome.” The malabsorption of bile salts produces 
diarrhea by two different mechanisms. When significant bile 
salt depletion occurs, the deficiency of intraluminal bile salts 
leads to fat malabsorption and steatorrhea. More commonly, 
malabsorption of bile salts in the ileum leads to increased 
concentrations of bile salts in the colon where they alter 
water and electrolyte absorption. This leads to net secretion 
of water into the lumen and diarrhea. Bile salt malabsorp- 
tion is probably an underdiagnosed condition and 
should be suspected in patients with unexplained chronic 
diarrhea. &!71183 

Three different procedures have been used to make a 
diagnosis of bile salt malabsorption—the ”selenohomo- 
cholyltaurine test, measurement of serum 70-hydroxy-4- 
cholesten-3-one in serum, and a therapeutic trial of bile acid 
sequestrants such as cholestyramine. The most widely used 
test involves the oral administration of the synthetic radioac- 
tive bile acid ”selenohomocholyltaurine (”SeHCAT). Fol- 
lowing the dose, whole body gamma counting is carried out 
to estimate the basal level at 1 hour (100%). The gamma 
count is measured again after 7 days, when normally >15% 
of the administered dose is retained. Retention of <10% 
indicates bile salt malabsorption. Patients with <5% reten- 
tion of “SeHCAT often have a good response to treatment 
with bile acid sequestrants. 

Measurement of 7c-hydroxy-4-cholesten-3-one has been 
proposed as a simpler alternative to ”SeHCAT. Evidence 
indicates that the fasting serum level of this intermediary 
between cholesterol and taurocholic acid reflects the activity 
of hepatic cholesterol 7a-hydroxylase and therefore the rate 
of bile acid synthesis. Bile acid malabsorption is associated 
with increased serum concentrations of 7o-hydroxy-4- 
cholesten-3-one as hepatic synthesis increases to maintain 
the pool of circulating bile acids. A good correlation has 
been demonstrated between serum  70-hydroxy-4- 
cholesten-3-one and results of the “SeHCAT test.*' Two 
subsequent publications on patients with chronic diarrhea 
have documented the high sensitivity of the measurement 
for identifying those with bile acid-induced diarrhea. +"! 
The test has been compared with ”SeHCAT and with the 
response to cholestyramine. The latter avoids the problems 
of assuming 100% sensitivity and specificity for the 
““SeHCAT test. Using the therapeutic response to cholestyra- 
mine as the “gold standard,” the positive predictive value 
of serum 70-hydroxy-4-cholesten-3-one increased to 74% 
(from 71%) and the negative predictive value increased to 
98% (from 94%). 

With the growing awareness of the likely role of bile salt 
malabsorption in the chronic diarrhea of a proportion of 


patients with irritable bowel syndrome and the therapeutic 
effectiveness of cholestyramine, ™®® the measurement of 
serum 701-hydroxy-4-cholesten-3-one, with its high negative 
predictive value, could be used to exclude bile salt malab- 
sorption. High concentrations would be confirmed by a 
follow-up ”SeHCAT test or a therapeutic trial with 
cholestyramine. 


PROTEIN-LOSING ENTEROPATHY 


Loss of significant amounts of serum proteins into the bowel 
lumen and their passage in the feces is a consequence of a 
wide range of GI disorders. These may be associated with 
inflammation or ulceration of a segment of the small or large 
bowel (as in Crohn’s disease and ulcerative colitis) or 
stomach, with diseases in which the intestinal lymphatics are 
obstructed or where there is elevated lymphatic pressure 
(e.g., lymphoma and Whipple’s disease), or with disorders 
associated with altered immune status, such as systemic 
lupus erythematosus and some food allergies. 

In the healthy bowel, fecal protein is largely derived from 
enterocytes shed from the mucosal surface and from intesti- 
nal secretions. The normal GI loss of albumin is less than 
10% of albumin catabolism, representing a daily loss of less 
than 1% to 2% of the serum protein pool. Protein loss may 
be greatly increased in disease. In studies using *'Cr-labeled 
proteins, 0.1% to 0.7% of an injected dose was excreted in 
feces over 4 days in healthy subjects; in protein-losing 
enteropathies this may increase to 40%, leading to hypoal- 
buminemia and edema. 

The diagnosis of protein-losing enteropathy should be 
considered in the investigation of patients with hypoalbu- 
minemia in whom renal loss, liver disease, and malnutrition 
have been excluded. The classical test for the diagnosis of 
protein-losing enteropathy is the measurement of fecal 
*Cr-albumin following an intravenous injection, although it 
is now rarely available. Imaging techniques that seek to 
detect the specific site of the protein loss have also been 
described using either ”™Tc-human serum albumin or 
*~T c-dextran. 

The fecal clearance of alpha-1-antitrypsin (AT) can also 
be used as a marker of GI protein loss. AT is a glycoprotein 
(MW 54,000) that is synthesized in the liver and is normally 
present in the serum at a concentration of about 1.5 to 2 g/L. 
It is a protease inhibitor and therefore resistant to degrada- 
tion by proteolytic enzymes in the GI tract. The fecal clear- 
ance of AT correlates with protein loss measured by Cr 
techniques (r = 0.96). The correlation is not influenced by 
serum AT concentrations or by fecal weight. AT clearance 
can be used for both small and large bowel disease and is 
applicable to the evaluation of enteric protein loss in 
children or adults.” More recent work has confirmed these 
findings and also confirmed that fecal AT concentration 
alone does not reliably predict AT clearance (i.e., a timed 
fecal sample and measurement of serum AT is required).’“ 
An important observation is that experimentally induced 
diarrhea in normal subjects leads to an increased AT clear- 
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ance. The mechanism is unclear but could be related to a 
decreased time for degradation of AT if intestinal transit 
time is shorter. The upper limits of the reference interval 
(estimated as mean + 2SD) were found to be 56 mL/day and 
24 mL/day in normal subjects with and without diarrhea, 
respectively. In inflammatory bowel disease, AT clearance 
may be as high as 200 mL/day, which represents a loss of 
about 6 g albumin/day.'* The AT clearance must be inter- 
preted with caution in patients with positive fecal occult 
blood tests, as the blood loss might be sufficient to falsely 
increase the AT clearance. Measurement of fecal AT has been 
suggested as an alternative to fecal occult blood for the detec- 
tion of colorectal cancer.” AT is rapidly destroyed in gastric 
juice (and in vitro) when the pH is below 3.0, which has 
meant that the test can only be used to assess protein loss 
distal to the pylorus. However, administration of PPIs can 
be used to inhibit gastric acid secretion before collection of 
the fecal sample, thereby enabling assessment of protein loss 
from the stomach.'” 

A recent study evaluated the use of AT clearance as a 
marker of clinical relapse in patients with Crohn's disease 
and showed a negative predictive value of 94% for predict- 
ing relapse in the next 6 months (at a cut-off of 120 mL/day). 
Sensitivity was only 50% and comparable results were noted 
when the Bristol Simple Index score was used to predict 
relapse so that at present the test appears to have little clin- 
ical value in this context.” 

AT in feces and serum can be measured most conve- 
niently by radial immunodiffusion. Feces should be collected 
quantitatively, preferably for 3 days, in preweighed contain- 
ers and kept refrigerated. The AT is extracted into saline 
before analysis. AT clearance is calculated as follows: 


AT clearance (mL/day) 


_ (fecal weight x fecal AT concentration) 
serum AT 


where fecal weight is expressed in g/day, fecal AT in mg/kg 
feces, and serum AT in mg/L. 


THE PANCREAS: DISEASES AND ASSESSMENT 
OF EXOCRINE PANCREATIC FUNCTION 


It will be evident from the section on processes of diges- 
tion and absorption that the pancreas plays a central role 
in the absorptive process for carbohydrates, fats, and pro- 
teins. Disorders of the exocrine pancreas are therefore 
frequently associated with GI symptoms of malabsorption 
or diarrhea. In this section, pediatric and adult exocrine pan- 
creatic disorders are briefly discussed and tests for assessing 
exocrine pancreatic function are described. Information on 
exocrine pancreatic tumors can be found in the later section 
on GI regulatory peptides. Recent textbooks on gastroen- 
terology or medicine have more detail on the clinical aspects 
of exocrine pancreatic disorders.” 


Disorders of morphogenesis 
Annular pancreas, pancreas divisum, pancreatic hypoplasia 
and agenesis, heterotopic pancreas 
Inherited syndromes affecting the pancreas 
Cystic fibrosis 
Shwachman-Diamond syndrome, Johnson-Blizzard syndrome, 
Pearson bone marrow pancreas syndrome 
Gene mutations leading to pancreatic disease 
Hereditary pancreatitis; cationic trypsinogen gene mutations, 
trypsin inhibitor gene mutations 
Pancreatic insufficiency syndrome 
Isolated enzyme deficiencies, lipase, colipase, enterokinase 
Pancreatic insufficiency secondary to other disorders 
Celiac disease 
Acquired pancreatitis in childhood 
Idiopathic, traumatic, drugs, viral, metabolic, collagen vascular 
diseases, autoimmune, fibrosing, nutritional (tropical) 


PEDIATRIC DISORDERS OF THE EXOCRINE PANCREAS 


Pancreatic disorders in childhood have recently been 
reviewed” and are summarized in Box 48-5, 

Cystic fibrosis (CF) is the most common severe autoso- 
mal recessive disease, with an estimated gene frequency in 
Western Europe and the United States of between 1:25 and 
1:35 and a disease incidence of about 1 in 2500 to 1 in 3200. 
The pathogenesis and diagnosis of CF are described in 
Chapter 40, Pancreatic insufficiency is present at birth in 
65% of infants with CE, and a further 15% develop it during 
infancy and early childhood. The 20% who do not develop 
pancreatic insufficiency have a better prognosis and develop 
fewer complications. 

The measurement of pancreatic elastase-1 in feces (see 
section on noninvasive tests of exocrine pancreatic function) 
is considered to be a reliable test for pancreatic insufficiency 
in infants over the age of 2 weeks with CF and in older chil- 
dren at diagnosis of the disorder. ™™®® The test can also be 
used to detect the onset of pancreatic insufficiency in those 
previously pancreatic sufficient. 


ADULT DISORDERS OF THE EXOCRINE PANCREAS 


The major exocrine pancreatic disorders presenting in adult 
life are acute pancreatitis, chronic pancreatitis, and carci- 
noma of the pancreas.” The use of enzyme tests in the diag- 
nosis of acute pancreatitis is discussed in Chapter 21. The 
etiologies of pancreatitis are given in Box 48-6. 

Chronic pancreatitis is defined by irreversible pancreatic 
damage with histological evidence of inflammation and 
fibrosis leading to destruction of both endocrine and 
exocrine function, There are many causes of chronic pan- 
creatitis but the major histological features are similar 
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Acute 
Gallstones 
Alcohol 
Infections, e.g., mumps, Coxsackie B 
Pancreatic tumors 
Drugs, e.g., azathioprine, estrogens corticosteroids 
Tatrogenic (e.g., postsurgical, ERCP) 
Hyperlipidemias . 
Miscellaneous—trauma, scorpion bite, cardiac surgery 
Idiopathic 
Chronic 
Alcohol 
Tropical (nutritional) 
Hereditary (trypsinogen and inhibitory protein defects, cystic 
fibrosis membrane regulator [CFTR] defects) 
Idiopathic 
Trauma 
Hypercalcemia 


From Burroughs AK, Westaby D. Liver, biliary tract disease and pancreatic 
disease. In: Kumar P, Clark M, eds. Clinical medicine, 5th ed, Edinburgh: 
WB Saunders, 2002:395-404. 


regardless of the cause. In Western countries, the most 
common cause is alcohol (60% to 90% of all cases of chronic 
pancreatitis), although as only 5% to 15% of heavy drinkers 
develop the disease, there are clearly other predisposing 
factors (e.g., smoking, diets high in fat and protein). 

The role of invasive and noninvasive tests of pancreatic 
exocrine tests in chronic pancreatitis has recently been 
reviewed. 


TESTS OF EXOCRINE FUNCTION OF THE PANCREAS 


The predominant exocrine functions of the pancreas are the 
production and secretion of pancreatic juice, which is rich 
in enzymes and bicarbonate. Normal pancreatic juice is col- 
orless and odorless; it has a pH of 8.0 to 8.3 and a specific 
gravity of 1.007 to 1.042. The total 24-hour secretion volume 
may be as high as 3000 mL.’ 

A number of laboratory tests are available to measure 
exocrine function in the investigation of pancreatic insuffi- 
ciency (most commonly caused by cystic fibrosis in children 
and chronic pancreatitis in adults). Tests fall into two cate- 
gories, invasive and noninvasive. Invasive tests require GI, 
intubation to collect pancreatic samples; noninvasive tests 
(or “tubeless tests”) were developed to avoid intubation, 
which is uncomfortable for the patient, time-consuming, 
and therefore expensive. Noninvasive tests are simpler and 
cheaper to perform, but in general they lack the sensitivity 
and specificity of the invasive tests, particularly for the diag- 
nosis of mild pancreatic insufficiency. It is important to 
recognize that biochemical tests have a limited clinical appli- 
cation in the diagnosis of pancreatic disease because of 
either the complexity of the invasive tests or the inadequate 


A plain abdominal radiograph: 

May show pancreatic calcification, particularly when alcohol is 

the etiology. 
Ultrasound: 
A useful screening investigation for inflammation and 
neoplasia. Views may be limited by overlying bowel gas. 
Spiral CT: 
With contrast enhancements is more reliable. 
MRI scanning: 

An alternative to CT. Magnetic resonance 
cholangiopancreatography (MRCP) gives clear definition of 
the pancreatic duct and the biliary tree. Gallstones 
(including microcalculi) may also be identified in the 
biliary tree using MRI/MRCP. 

Endoscopic ultrasound: 

Very useful for identifying distal common bile duct stones and 
microcalculi within the duct or within the gallbladder. 
Smali space-occupying lesions may also be identified. 

Endoscopic retrograde cholangiopancreatography (ERCP): 

This has been considered a gold standard modality for 
defining pancreatic disease. However, with improving 
imaging technique, ERCP is now more likely to be 
restricted to therapeutic intervention. 


From Burroughs AK, Westaby D. Liver, biliary tract disease and pancreatic 
disease. In: Kumar P, Clark M, eds. Clinical medicine, 5th ed. Edinburgh: 
WB Saunders, 2002:395-404. 


sensitivity and specificity for mild and moderate pancreatic 
disease of the noninvasive tests. Of greater importance are 
the imaging procedures (see Box 48-7). These techniques 
continue to be developed. A recent study shows that admin- 
istration of secretin, causing stimulation of fluid and bicar- 
bonate secretion, leads to anatomical changes that can be 
quantified by magnetic resonance cholangiopancreatogra- 
phy, with significant differences between normal volunteers 
and patients with pancreatic insufficiency.” In the future, it 
may therefore be possible to confidently diagnose pancreatic 
insufficiency by imaging techniques alone. 


Invasive Tests of Exocrine Pancreatic Function 


The main types of invasive tests are summarized in 
Table 48-7. 

Total volume of pancreatic juice, amount or concentra- 
tion of bicarbonate, and activities of pancreatic enzymes 
are measured in duodenal contents. The enzyme most 
commonly measured is trypsin, but amylase, lipase, chy- 
motrypsin, and elastase may also be evaluated. The Lundh 
test consists of administering a standardized meal consisting 
of 5% protein, 6% fat, 15% carbohydrate, and 74% nonnu- 
trient fiber. Advantages of the Lundh meal are that it pro- 
vides a physiological stimulus to the pancreas and is simple 
to administer. However, administration of the meal prevents 
determination of the total enzyme and bicarbonate or secre- 
tory volume. Moreover, it provides inadequate or no stimu- 
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TABLE 48-7 Summary. of Invasive Tests of Pancreatic Exocrine Function 


Panc eatic Stimulant 


Analysis of Duodenal Contents 


: Tuadh test 
Secretin stimulation test oe 
Secretin- cholecystokinin (ECK test 


p ` Standardized meal ` 
<1: Purified or- synthetic:porcine secretin z 
-i Secretin as above: plus CCK analogue 
a < (CCK: 8 or.ceruletide) oe 


Enzyme output 
+ Bicarbonate output . 7 
“Bicarbonate and enzymes <7. >: 


Figure 48-7 Comparison of amino acid 
sequences of CCK-8 and ceruletide. 


SO3H 

CCK-8 Asp-- Tyr— Met—Gly— Trp— Met— Asp— Phe— NH: 
SOH 

Ceruletide Pyr Gin— Asp— Tyr—Thr—Gly—Trp—Met— Asp— Phe— NH 


lation in the presence of mucosal diseases, such as celiac 
disease, in which hormone release from the duodenal 
mucosa is impaired. In view of these limitations, the Lundh 
test is largely of historical interest. 

The secretin test is based on the principle that secretion of 
pancreatic juice and bicarbonate output are related to the 
functional mass of pancreatic tissue. After an overnight 
fast, basal samples of fluid are collected from the stomach 
and duodenum. One clinical unit (CU) of secretin/kg body 
weight is administered intravenously, and duodenal fluid is 
collected at 15-minute intervals for at least 1 hour. Purified 
porcine secretin has traditionally been used for the test, but 
recent studies have confirmed that synthetic porcine secretin 
(0.2 ug/kg) gives results that are not significantly different 
from results with biologic secretin.’” 

Secretin stimulates the secretion of pancreatic juice and 
bicarbonate, but stimulation of the secretion of pancreatic 
enzymes is inconsistent. Addition of CCK (or a synthetic 
equivalent) to the secretin stimulation test provides a 
stimulus to the secretion of pancreatic enzymes, allowing a 
more complete assessment of pancreatic reserve than can be 
obtained with secretin alone. The functional activity of CCK 
resides in the C-terminal octapeptide sequence (CCK-8), 
and either this octapeptide or ceruletide (a synthetic 
decapeptide identical to the natural decapeptide cerulein) 
can be used to stimulate pancreatic enzyme secretion (Figure 
48-7). 

The procedure for the secretin-ceruletide test is similar to 
that described for the secretin test. Patients are required to 
fast overnight; they are then intubated with a gastroduode- 
nal tube placed into the duodenum under x-ray control. 
After collecting basal fluid for 15 minutes, 1 U secretin/kg 
body weight/hr is continuously given intravenously for 2 
hours; 30 mg ceruletide/kg body weight/hr is given simulta- 
neously for the second hour. Pancreatic juice is collected 


during 15-minute intervals, and volume, pH, bicarbonate, 
and enzymes are measured.” Procedures and reference 
values are not standardized among laboratories. It is recom- 
mended that doses of secretagogues should be high enough 
to provide maximal pancreatic stimulation and given for at 
least 60 to 90 minutes to ensure better diagnostic accuracy, 
especially in mild pancreatic insufficiency.” 


Noninvasive Tests of Exocrine Pancreatic Function 


“For many years, gastroenterologists have searched for the 
holy grail of pancreatic function tests—the tubeless test.”” 
Not surprisingly, a range of tests has been proposed, but 
none has adequate sensitivity for reliably detecting early 
pancreatic disease. When malabsorption is present, such 
tests are of value in confirming or excluding pancreatic 
disease. Considerable overlap often, occurs between results 
observed in normal individuals and those found in patients 
with pancreatic disorders, which is mainly due to the large 
functional reserve of the pancreas. An estimate has been 
made that pancreatic insufficiency cannot clearly be demon- 
strated until at least 50% of the acinar cells have been 
destroyed. Clinical signs of pancreatic insufficiency often do 
not appear until the destruction of 90% of acinar tissue. In 
general, the noninvasive (tubeless) tests may therefore be 
used when investigating causes of malabsorption but have 
inadequate sensitivity for the diagnosis of chronic pancre- 
atitis. Comparison between studies and of different markers 
is difficult because the “gold standard” may be either func- 
tional tests, which may differ in procedure and reference 
values, "206 or morphological assessment. In some cases a 
direct comparison of one noninvasive test with another has 
been made. Table 48-8 compares the diagnostic performance 
of noninvasive tests. 

The principle of the amino acid consumption test is that 
stimulation of the pancreas by CCK increases the uptake of 
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TABLE 48-8 Dipgnestic Accuracy of Noninvasive Tests for Mild, Moderate, and Severe Pancreatic Insufficiency, as 
Assessed by Anatomical or Functional Criteria 


_ SENSITIVITY FOR PANCREATIC INSUFFICIENCY _ 


“Mild 


“Amino acid consumption test ess 
Fecal chymotrypsin t=: PLES TO 
Fecal elastase- 19i N 22% 
NBT-PABA&8 7 oe pS 

Pancreolauryl’?* ees 250% 

2C-MGT. absorption”: 62% 


amino acids from the plasma, leading to greater depletion 
of plasma amino acids in normal subjects compared with 
patients with pancreatic insufficiency. Despite initially 
promising results, the test is now considered. unsuitable for 
clinical use because of low specificity.’! 

All of the other noninvasive tests are based on the reduc- 
tion in the secretion of pancreatic enzymes with direct mea- 
surement of enzymes in feces (chymotrypsin or elastase) or 
detection of products of their catalytic reactions, after oral 
administration of synthetic substrates, in urine (NBT-PABA 
or pancreolauryl test) or in breath (°C-mixed chain triglyc- 
eride breath test). 

Pancreatic chymotrypsin is almost completely digested 
during its passage through the gut in adults, but the residual 
activity of the enzyme in feces is stable for several days at 
20 °C. Its output in stool correlates poorly with chy- 
motrypsin secretion in duodenal contents when both are 
measured after stimulation with secretin-CCK. In patients 
without pancreatic disease, the incidence of falsely low 
results is about 10% to 15% and may be due to (a) volumi- 
nous stools (>300 g/day) and thus less enzyme per gram of 
feces; (b) inadequate food intake; (c) partial gastrectomy or 
mucosal disease (e.g., celiac disease), which causes inade- 
quate stimulation of pancreatic secretion; or (d) obstruction 
of the bile duct. Falsely normal results in patients with mild 
pancreatic insufficiency may be as high as 50%.” In a recent 
collaborative study in children, both fecal chymotrypsin and 
elastase showed 100% sensitivity for detecting pancreatic 
insufficiency in cystic fibrosis, but the specificity of chy- 
motrypsin was lower than that of elastase in a control group 
of children with small intestinal diseases.” Most recent 
papers conclude that although chymotrypsin measurement 
is easier than elastase measurement, the latter test has sig- 
nificant advantages in diagnostic accuracy. The recom- 
mended procedure” uses a stool pretreatment stage that 
dissociates particle-bound chymotrypsin. The method is 
simple and fast and is available as a reagent kit supplied by 
Roche Diagnostics GmbH, Mannheim, Germany. Sample is 
extracted with a mixture of salts and a detergent, lauryl- 
trimethylammonium chloride, which fully dissociates the 
enzyme from particles in stool. The extract is mixed with a 


E -unsuitable for clinical use: 


Moderate: 


54% gp as : 


77% “100%: 9606 
50% 70% 29 
50% 85% 50% 
a 100% 885% 


TABLE 48-9. Comparison of Fecal Chymotrypsin and 


Flastase 


FECAL ENZYME. 


‘Chymotrypsin = 


ce aa Elastase _ 
q 10 aay intraindividual 30% 15% 2 
17% 25% 
: G days. at 4°C): : 
: Overall diagnostic 64% 93%: 
sensitivity. ; 
Overal diagnostic 89% 93%: 
specificity 


Loser C, Mollgaard A, Folsch UR. Faecal elastase 1: a novel, highly 
sensitive, and specific tubeless pancreatic function test. Gut 1996;39: 
580-6. 


synthetic substrate, a pentapeptide of 4-nitroaniline (4-NA); 
the substrate is hydrolyzed by chymotrypsin to produce free 
4-NA. Continuous release of 4-NA is measured photometri- 
cally at 405 nm. 

Pancreatic elastase-1 is a pancreas-specific protease 
present in the pancreatic juice. It is not degraded during 
passage through the gut and concentrations in feces are five- 
fold to sixfold greater than those in pancreatic juice. The 
enzyme can be determined in feces with a commercial 
ELISA assay that uses two monoclonal antibodies specific to 
the human enzyme (Schebo-Tech, Wettenberg, Germany). 
Treatment of patients with pancreatic enzyme supplements 
does not therefore interfere with the test (Figure 48-8). Table 
48-9 compares chymotrypsin and elastase, indicating some 
of the advantages of fecal elastase measurement. 

Fecal elastase-1 has been extensively evaluated both in 
cystic fibrosis and in adult pancreatic insufficiency. In 
children with cystic fibrosis, the test discriminates between 
those with and without pancreatic insufficiency.” Very low 
elastase-1 is seen in a wide range of CFTR genotypes with 
undetectable enzyme (<15 ug/g of stool) in most AF508 
homozygotes." Low fecal elastase (<200 ug/g) after 4 
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Figure 48-8 Fecal excretion (mean and SD) of chymotrypsin, 
fat, and immunoreactive elastase during a 24-hour collection 
period in 12 patients with cystic fibrosis and steatorrhea with 
and without enzyme replacement therapy. (From Stein J, Jung M, 
Sziegoleit A, Zeuzem S, Caspary WF Lembcke B. Immunoreactive 
elastase !: clinical evaluation of a new non-invasive test of pancreatic 
function. Clin Chem 1996;42:222-6.} 


weeks of age is indicative of pancreatic insufficiency and 
provides supporting evidence for a diagnosis of cystic 
fibrosis.” 

The test has been evaluated in adults against the secretin- 
cerulein test’! and in patients whose diagnosis of 
chronic pancreatitis has been made on the basis of anatom- 
ical and morphological changes detected by ultrasound and 
endoscopic retrograde pancreatography or computerized 
tomography. >? The test is routinely carried out on a 
small random fecal sample, which might be expected to give 
inferior diagnostic accuracy to those evaluations carried 
out on portions of 24-hour or 72-hour fecal collections. 
However, with random fecal samples, specificities of 98% 
and 100% have been reported in healthy controls and speci- 
ficities of 90% to 97% in patients with nonpancreatic GI 
disease. Positive results (i.e., <200 ug/g) have been reported 
in patients with clinical or laboratory evidence of malnutri- 
tion who also have inflammatory bowel disease or chronic 
diarrhea (nonpancreatic). These observations may actually 
be due to impaired pancreatic secretion as a consequence of 
malnutrition.” The authors also suggested that increased 
bacterial degradation of the enzyme might be the cause of 
false positives in some patients with bacterial overgrowth. 
Similar results have been reported in children with nonpan- 
creatic disease; the finding of a low fecal elastase in a child 
with steatorrhea probably indicates coexisting pancreatic 
insufficiency.” 

Measurement of pancreatic elastase-1 in feces has high 
sensitivity for the detection of severe and moderate chronic 
pancreatitis in adults. It has better sensitivity than other tests 
for detecting mild chronic pancreatitis and high sensitivity 
and high negative predictive value for discriminating 


between diarrhea of pancreatic and nonpancreatic origins. 
The test is not specific for pancreatitis and detects moderate 
to severe impairment of pancreatic exocrine secretion from 
any cause. It is considered to be the most suitable test to 
confirm pancreatic insufficiency in screened cystic fibrosis 
infants over the age of 2 weeks,” and as previously noted the 
test result is not influenced by the administration of pan- 
creatic enzyme supplements. 

The NBT-PABA test of pancreatic function is based on 
the hydrolysis, by chymotrypsin, of a synthetic tripeptide— 
N-benzoyl-l-tyrosyl-p-aminobenzoic acid. The tripeptide, 
variously called NBT-PABA, BTP, or bentiromide, is 
administered orally together with a test meal to stimulate 
pancreatic secretion. BTP is specifically hydrolyzed by chy- 
motrypsin in the duodenum to release PABA, which is 
subsequently absorbed in the intestinal tract and metabo- 
lized in the liver to hippurate and to PABA glucuronide and 
PABA acetylate. These arylamines are then excreted by the 
kidney. In the presence of low chymotrypsin, as found in 
pancreatic insufficiency, less peptide is hydrolyzed, and 
therefore less chromogen is excreted in the urine or found 
in serum. Thus the amount of PABA detected in serum or 
urine is an indirect measure of chymotrypsin activity in 
duodenal content. 

Test results are affected by defective intestinal absorption 
caused by intestinal disease or variations in transit time, by 
impaired hepatic conjugation caused by liver disease, and by 
impaired renal excretion, To compensate for these possible 
errors, a “control” substance (e.g., PABA) may be given on a 
second day, or alternatively, 'C-PABA or p-aminosalicylic 
acid (PAS) can be given orally with the NBT-PABA. Low 
recovery of the control substance in the urine indicates prob- 
able decreased intestinal absorption or decreased renal 
excretion. About 60% (range 48% to 72%) of the orally 
administered dose is recovered in the urine normally. In 
pancreatic insufficiency, PABA excretion is significantly 
decreased. The result is then calculated as a “pancreatic 
excretion index” (PEI) as follows: 

pais test substance in urine x 100 
~ control substance in urine 

The specificity of the test was significantly improved by 
abandoning the nonspecific colorimetric procedures in favor 
of high-performance liquid chromatography (HPLC). 
NBT-PABA has advantages over the pancreolauryl test in 
that the patient procedure can be completed in a single day; 


but the synthetic peptide is not now easily available, and the 


test has a lower diagnostic sensitivity and specificity for pan- 
creatic insufficiency than does fecal elastase (see Table 48-8). 

The pancreolauryl test (fluorescein dilaurate test, Temmler 
Pharma, Germany) is similar in its principle to the NBT- 
PABA test. Fluorescein dilaurate (FDL) is poorly water- 
soluble. It is given orally in the middle of a standard 
“breakfast” (50 g white bread, 20 g butter, and one cup of 
tea) and is specifically hydrolyzed by pancreatic cholesterol 
esterase, which requires bile salts for its activity. The released 
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fluorescein is water-soluble, readily absorbed by the small 
intestine, conjugated in the liver, and excreted in the urine. 
Urine is collected for 10 hours; an adequate urinary output 
is imperative and is assured by a 1.5 L fluid intake during 
the early part of the test. The test is repeated on a second 
day using free fluorescein to correct for individual variability 
in intestinal absorption, hepatic conjugation, and urinary 
excretion. The urinary recovery of fluorescein is measured 
on a spectrophotometer each day at 492 nm after hydrolysis 
with 0.1 mol/L sodium hydroxide under standard condi- 
tions. A pancreatic excretion index is calculated as described 
for the NBT-PABA test; normal pancreatic function is indi- 
cated by PEI >30%. Pancreatic insufficiency is indicated by 
a PEI of <20%; values between 20% and 30% are considered 
inconclusive. Urines with glucose >20 g/L (2 g/dL) can give 
misleading results with falsely increased PEI values. Similar 
errors may occur when serum fluorescein is measured in 
samples with serum glucose >14 mmol/L (~250 mg/dL). The 
effect of glucose can be avoided by carrying out the hydrol- 
ysis step at 60 °C." 

The FDL test produces results very similar to those 
obtained with the PABA test, although there is now general 
agreement that the sensitivity is higher than that of the PABA 
test (see Table 48-8). Analytically, measurement of fluores- 
cein is simple, and good agreement between laboratories has 
been found from external quality assessment (EQA) results 
for measurements of fluorescein in urine.“ The test results 
can also be expressed as peak serum fluorescein concentra- 
tion; high sensitivity (100%) has been reported in moderate 
and severe chronic pancreatitis. The serum test has poor 
specificity in small bowel diseases because of the influence 
of factors other than pancreatic enzyme hydrolysis on the 
absorption of fluorescein.” Liver diseases are associated with 
false-positive results because bile salts are necessary for the 
digestion and absorption of the FDL. 

A modification of the test has been the use of mannitol 
as a control marker, which can then be administered together 
with the FDL, enabling the patient procedure to be com- 
pleted within 1 day. Urine was collected from 2 to 8 hours 
and the ratio of fluorescein to mannitol recoveries calcu- 
lated. A clear separation between healthy controls and chil- 
dren with cystic fibrosis was obtained regardless of whether 
or not they were on enzyme replacement therapy.® 

A number of different °C breath tests have been proposed 
for the evaluation of fat absorption"; most of them assess 
the overall (“global”) process of fat absorption and are not 
able to differentiate fat malabsorption from pancreatic and 
nonpancreatic causes. 

The °C-mixed chain triglyceride test is designed as a test 
of intraluminal pancreatic lipase activity.'” The substrate for 
the test is 1,3-distearyl,2(carboxyl-"C) octanoyl glycerol, 
which contains long chain fatty acids in positions 1 and 3 
and the °C-labeled medium chain fatty acid (octanoic acid) 
in position 2 (Figure 48-9). The labeled substrate is admin- 
istered orally to fasting patients with a standard meal of toast 
and butter. Breath samples are collected over a 5-hour 


Il 
H»C—O—C—R, 
9 Ry and. R3 E 
HC—O—C—R, stearic acid (18:0) 


0 R2 = 3C-octanoic acid 
H,C—O—C— R3 
Figure 48-9 The substrate for the C-mixed chain triglyceride 
breath test: 1,3 distearyl,2(carboxyl-"C) octanoyl glycerol. 


period, and exhaled “CO, is expressed as a percentage of the 
administered dose. The rationale of the procedure is that 
before absorption or metabolism of the “C-octanoate, or 
*C-octanoyl monoglyceride, the stearyl groups must be 
hydrolyzed by the activity of pancreatic lipase. Decreased 
pancreatic lipase secretion will therefore lead to a reduction 
in the amount of °C label absorbed and subsequently 
metabolized to °CO,. 

In an initial assessment, a group of 25 normal control 
subjects were compared with 29 patients with pancreatic 
disease, '*CO, in breath (cumulative over 6 hours) was highly 
correlated with pancreatic lipase output (Figure 48-10). The 
test was superior to the estimation of fecal fat for detecting 
impaired pancreatic function. Sensitivity and specificity 
were 89% and 81%, respectively. In a later evaluation, the test 
was compared with results from the secretin-cerulein test, 
with patients categorized as having mild {n = 13) or severe 
(n = 13) pancreatic insufficiency.' Fecal elastase and chy- 
motrypsin were also measured. Fecal elastase and the “C- 
mixed chain triglyceride test both detected all cases of severe 
pancreatic insufficiency, but sensitivity was higher for fecal 
elastase in those with mild disease (see Table 48-8). Similar 
results were obtained when cholesteryl °C-octanoate was 
used as a substrate for a noninvasive test of pancreatic 
function.” 

The sensitivity and specificity of these tests are limited by 
the complexity of the processes of absorption and metabo- 
lism. The substrates are specific for pancreatic lipases and the 
product is absorbed independently of micelle formation, but 
the results of the test are affected by other factors, such as 
gastric emptying, mucosal absorption, hepatic metabolism, 
endogenous “CO,, and total CO, production.’ These 
factors may explain the test’s limited diagnostic sensitivity in 
mild and moderate pancreatic insufficiency and its lack of 
specificity in nonpancreatic GI diseases. 

Fecal elastase (measured by the monoclonal antibody 
method) remains the test of choice as a noninvasive test for 
assessing pancreatic insufficiency from the perspectives of 
both diagnostic accuracy and patient convenience. A negative 
test does not exclude mild disease, and false positives in some 
nonpancreatic diseases and in very watery samples limit 
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Figure 48-10 A, Cumulative "CO, excretion (in percentage of 
ingested dose) 6 hours after intake of the ['?C]-labeled mixed 
triglyceride as a function of lipase activity (in kilounits per hour) 
in normal subjects (O) and patients with pancreatic disease (@). 
B, Linearly modified saturation curve following the relation 
given by the equation: Lipase/'*CO, = (I/A + B/A)(lipase), normal 
subjects (O), patients with pancreatic disease (@). (From 
Vantrappen GR, Rutgeerts PJ, Ghoos YF, Hiele MI. Mixed triglyceride 
breath test: a noninvasive test of pancreatic lipase activity in the 
duodenum. Gastroenterology 1989;96:! 126-34, with permission from 
the American Gastroenterological Association.) 


its diagnostic accuracy. A new ELISA based on polyclonal 
antibodies (and also called a test for “elastase 1”) appears 
to have binding characteristics different from those of the 
monoclonal antibody assay and requires further evaluation.” 


GI REGULATORY PEPTIDES - 


The gut is the largest endocrine organ in the body"; it is 
also a major target for many hormones, released locally and 
from other sites. GI regulatory peptides are released from the 
pancreatic islets (e.g., somatostatin) or from endocrine cells 


within the gut mucosa (e.g., cholecystokinin). Many of these 
peptides (such as VIP and somatostatin) are present in the 
enteric nerves and are also found in the central nervous 
system and have important roles in the neuroendocrine 
control of the gut. Although many of them (such as secretin 
and gastrin) fulfill the classic criteria for a hormone by acting 
on distant cells (see Chapter 28), others function as neuro- 
transmitters or have local (paracrine) effects on adjacent 
cells. Collectively, they influence motility, secretion, diges- 
tion, and absorption in the gut. They regulate bile flow and 
secretion of pancreatic hormones and affect tonicity of vas- 
cular walls, blood pressure, and cardiac output. 

There is a growing understanding of the role of the neu- 
roendocrine system and gut peptides, and of the importance 
of the gut-hypothalamic pathway, in the normal control of 
food intake, and of the possibility of disorders in these mech- 
anisms as causes of obesity. The gastric peptide ghrelin 
and cholecystokinin act as short-term regulators of appetite 
and satiety. The neuropeptide PYY3_3., a member of the neu- 
ropeptide Y family, is secreted by endocrine cells in the distal 
small intestine and colon in response to the ingestion of 
food. Recent evidence shows that infusion of PYY, 5, to phys- 
iological plasma concentrations in humans significantly 
decreases appetite with a 33% reduction in food intake over 
24 hours. In mice, the relevant pathway is via the arcuate 
nucleus of the hypothalamus.’ PYY; is therefore a further 
addition to a growing list of hormones with a role in the reg- 
ulation of energy balance. 

Table 48-10 summarizes basic chemical characteristics of 
five of the major GI regulatory peptides and indicates their 
site of origin and major functions. More detailed descrip- 
tions of these five peptides are given below, followed by a 
listing of other regulatory peptides of the GI tract in Table 
48-11. 


CHOLECYSTOKININ'**!# 

CCK is a linear polypeptide that exists in multiple molecular 
forms. The first form isolated was the 33-amino acid peptide 
CCK-33. Other major forms are CCK-8, CCK-39, and 
CCK-58. In all forms, the five C-terminal amino acids are 
identical to those of gastrin and are necessary, together with 
a sulfated tyrosyl residue, for physiological activity. All of the 
forms of CCK are produced by enzymatic cleavage of a single 
115—amino acid precursor, preprocholecystokinin. 

CCK is found in the I cells of the upper small intestinal 
mucosa. Mixtures of polypeptides and amino acids (espe- 
cially tryptophan and phenylalanine) stimulate CCK secre- 
tion, whereas pure undigested protein does not elicit a 
response. Secretion is also stimulated by gastric acid enter- 
ing the duodenum and by fatty acids with chains of nine 
or more carbons, especially in the form of micelles. 
Circulating concentrations of CCK are therefore increased 
following ingestion of a mixed meal. CCK is rapidly cleared 
from plasma (tın = <3 min), predominantly by the kidneys. 
Secretion of CCK is completely inhibited after somatostatin 
infusion. 
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CCK regulates gallbladder contraction and increases 
small intestinal motility. It possesses the same terminal pen- 
tapeptide as gastrin, and therefore also has a mild stimula- 
tory effect on gastric HC] and pepsinogen secretion, antral 
motility, and pancreatic bicarbonate secretion. Secretion of 
the less potent CCK results in a decreased output of HCl 
because CCK competes with gastrin for the receptor sites on 
the HCl-secreting cells. Conversely, gastrin and CCK are 
additive in their stimulation of the pancreas, and both 
increase the effect of secretin on pancreatic function. CCK 
also stimulates pancreatic growth, relaxes the sphincter of 
Oddi, and stimulates secretions from Brunner’s (duodenal) 
glands. 

CCK is also present in the brain, with highest concentra- 
tions in the cerebral cortex; its function in the CNS is 
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unclear. It is released from the GI tract and acts as a short- 
term, meal-related satiety signal, thus regulating appetite. 
CCK is widely distributed throughout both the central and 
peripheral nervous systems. 


GASTRIN 48 
Three major molecular forms of gastrin occur in blood and 
tissues: big gastrin (G-34), a linear polypeptide of 34 amino 
acids; little gastrin (G-17); and mini gastrin (G-14). In addi- 
tion to these, G-71, G-52, and G-6 are present in small 
amounts. Gastrins originate from the cleavage of a single 
precursor, preprogastrin, a peptide consisting of 101 amino 
acids. The smallest peptide sequence of gastrin possessing 
biological activity is the carboxy-terminal tetrapeptide (G-4, 
tetrin); on a molar basis, it is only one sixth to one tenth as 
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TABLE 48-11 Brief Description of Other GI Regulatory Peptides 
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potent as G-17. A synthetic pentapeptide (pentagastrin) may 
be used for stimulation of HCl secretion in gastric function 
testing. 

Gastrin is produced and stored mainly by endocrine cells 
(G cells) of the antral mucosa and to a lesser extent by G cells 
of the proximal duodenum and delta cells of the pancreatic 
islets. After secretion, gastrin is transported by the blood 
through the liver to the parietal cells of the fundus of the 
stomach, where it stimulates the secretion of gastric acid. 
Gastrin also stimulates secretion of gastric pepsinogens and 
intrinsic factor by the gastric mucosa, release of secretin by 
the small intestinal mucosa, and secretion of pancreatic 
bicarbonate and enzymes and hepatic bile; it also increases 
gastric and intestinal motility, mucosal growth, and blood 
flow to the stomach. It is secreted in response to antral dis- 
tention meals, and by amino acids, peptides, and polypep- 
tides from partially digested proteins in the stomach. Of the 
free amino acids, glycine, tryptophan, and phenylalanine are 
the most potent stimulators. Other stimuli of gastrin include 
alcohol, caffeine, insulin-induced hypoglycemia, ingestion 
or intravenous infusion of calcium, and vagal stimulation 
initiated by smelling, tasting, chewing, and swallowing food. 

Maximal secretion of gastrin occurs at an antral pH of 5 
to 7. At pH 2.5, secretion is reduced by about 80%; maximal 
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suppression occurs at pH 1.0. Secretion is inhibited by the 
direct action of acid on the G cells. This negative feed- 
back safeguards against over-acidification by any and all 
stimulants. 

The principal circulating form of gastrin is G-34 in 
healthy individuals and in patients with hypergastrinemia. 
Trypsin cleaves G-34 into two fragments, one of which is 
identical to G-17. On a molar basis, G-17 is six to eight times 
more potent than G-34 as a stimulant for gastric acid secre- 
tion. In the fasting state, the ratio of G-34 to G-17 is about 
2:1. After meals, the concentration of G-34 doubles, but that 
of G-17 increases four times so that the ratio of these two 
forms in the circulation becomes 1:1. The half-lives of 
endogenous human G-17 and G-34 in the circulation are 
about 6 and 36 minutes, respectively; this difference proba- 
bly accounts for the higher concentration of G-34 in periph- 
eral blood of individuals in the fasting state. 


SECRETIN” 

Secretin is a linear polypeptide containing 27 amino acids 
and has structural similarities to glucagon, VIP, GIP, peptide 
histadine-isoleucine (PHI), and growth hormone-releasing 
hormone. The amino acid residues at 14 positions within the 
molecule are identical with those found in glucagon; 8 are 
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the same as in GIP, and 9 are the same as in VIP. The intact 
secretin molecule is required for biological activity, and in 
contrast to gastrin there is no minimum active fragment. 

Secretin is secreted by the mucosal granular S cells located 
in greatest concentration in the duodenum but present 
throughout the small intestine. It is released primarily on 
contact of the S cells with gastric HCI; however, as pancreatic 
juice flows into the duodenum, it neutralizes gastric acid and 
thereby removes one stimulus for its own secretion. Secretin 
is not released until the pH is lowered to at least 4.5. Below 
this pH, secretin release is proportional to the amount of 
acid entering the duodenum. A pH of <4.5 normally occurs 
only in the first few centimeters of the duodenum, causing 
little increase in plasma secretin after a normal meal. Thus 
secretin release after exposure of S cells to HCI may not be an 
important physiological stimulus. However, plasma secretin 
concentrations that are too low to measure may stimulate the 
pancreas in the presence of physiological concentrations of 
CCK, which is known to strongly potentiate the action of 
secretin. Undigested fat does not stimulate secretin release, 
but fatty acids with chains of 10 or more carbons are weak 
stimulants. Alcohol increases secretin release by stimula- 
tion of gastric acid secretion with subsequent lowering of 
duodenal pH rather than by a direct stimulatory effect. The 
half-life of secretin is about 4 minutes. The kidney is the 
major site of its degradation. The only known physiological 
inhibitor of secretin release is somatostatin. 

The primary physiological role of secretin is the stimula- 
tion of the pancreas to secrete an increased volume of juice 
with high bicarbonate content. Other actions include stim- 
ulation of bicarbonate and water secretion from the liver and 
from Brunner’s glands; augmentation of gallbladder con- 
traction and increased hepatic bile flow; weak stimulation of 
insulin secretion (a pharmacological effect); stimulation of 
PTH release of pancreatic enzymes and of pepsinogen by 
the chief cells of the stomach; reduction of gastric and duo- 
denal motility; reduction of the lower esophageal sphincter 
pressure; and promotion of pancreatic growth. Secretin 
inhibits normal gastrin secretion (but does not decrease 
serum gastrin in the Zollinger-Ellison syndrome) and there- 
fore gastric acid secretion. 


VASOACTIVE INTESTINAL POLYPEPTIDE” 
VIP is a linear polypeptide consisting of 28 amino acids; it 
has structural similarities to secretin, GIP, and glucagon. VIP 
is present throughout the body and is found in highest con- 
centrations in the nervous system and gut. Unlike secretin 
and other GI hormones, VIP is not found in the mucosal 
endocrine cells of the GI tract. VIP is believed to be a neu- 
rotransmitter limited to peripheral and central nervous 
tissue. VIP-containing nerve fibers are found throughout the 
GI tract from the esophagus to the colon and in all tissue 
layers of the gut. 

Little is known about the conditions that cause VIP to be 
released into the circulation. There is no evidence that VIP 


is released during digestion, but its secretion is increased by 
vagal stimulation. It has a plasma half-life of about 1 minute, 
and most of the hormone is inactivated by a single passage 
through the liver. 

VIP has a large number of ill-defined physiological 
actions, some of which are shared with other similar 
polypeptide hormones (secretin and GIP). It acts as a neu- 
rotransmitter in the central and autonomic nervous systems 
and causes vasodilation and relaxation of the smooth 
muscles of the circulatory and genitourinary systems and the 
gut. Other actions of VIP include an increase of water and 
electrolyte secretion from the pancreas and gut; release of 
hormones from the pancreas, gut, and hypothalamus; stim- 
ulation of lipolysis, glycolysis, and bile flow; and inhibition 
of gastrin and gastric acid secretion. Most of the actions 
of VIP tend to be of short duration because of its rapid 
degradation. 


GLUCOSE-DEPENDENT INSULINOTROPIC PEPTIDE (GIP, 
GASTRIC INHIBITORY POLYPEPTIDE)” 


GIP is a linear peptide consisting of 42 amino acids. Its N- 
terminal end has a close resemblance to glucagon and secretin, 
but the C-terminal amino acid sequence of 17 residues is not 
common to any other known intestinal hormone. 

GIP is synthesized and released by K cells located in the 
duodenal and jejunal mucosa. Plasma GIP is increased by 
oral administration of glucose, triacylglycerols, or intraduo- 
denal infusions of solutions containing a mixture of amino 
acids; none of these, however, increases GIP concentrations 
when given intravenously. Protein ingestion does not signif- 
icantly increase GIP. For food components to stimulate GIP 
release, they must be absorbed by the intestinal mucosa. 

The biological actions of GIP include (1) stimulation 
of insulin secretion in the presence of hyperglycemia, (2) 
reduction of intestinal motility with stimulation of small 
intestinal fluid and electrolyte secretion, and (3) in supra- 
physiological concentrations, inhibition of gastric acid, 
pepsin, and gastrin secretion. The insulinotropic action of 
GIP appears to be the most important of its biological 
actions, and as a result, this hormone has more recently been 
called “glucose-dependent insulinotropic peptide” as a more 
accurate description of its physiological action. 


OTHER REGULATORY PEPTIDES 

Table 48-11 provides a brief description of the tissue loca- 
tions and actions of other gut regulatory peptides, although 
the function of some of these is unclear. The growth factors 
belong to several families of peptides and have important 
roles in the control of a wide range of cell functions in the 
intestine.” The current clinical use of GI hormones/regula- 
tory peptide measurements is in the diagnosis of neuro- 
endocrine tumors of the pancreas and GI tract. It is likely 
that they will have wider applications as understanding of 
their functions grows (e.g, in the fields of obesity and 
appetite modulation). +" 
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GASTRINOMA AND THE ZOLLINGER-ELLISON 
SYNDROME”? 


In 1955, Zollinger and Ellison described a syndrome 
(Zollinger-Ellison or Z-E syndrome) consisting of fulminant 
peptic ulcers, massive gastric hypersecretion, and non-f-islet 
cell tumors of the pancreas. Hypergastrinemia, diarrhea, 
steatorrhea, and other endocrinopathies are frequent char- 
acteristics of this syndrome. Most cases occur between the 
ages of 30 and 50 years, although it has been described in 
patients from 7 to 90 years. It is more common in men (60% 
of cases) than in women. In about 25% of cases, ulcers are 
found beyond the first portion of the duodenum; such ulcers 
should always raise suspicion of Z-E syndrome. About 25% 
of all gastrinomas are part of the Multiple Endocrine 
neoplasia 1 syndrome (MEN1), which is characterized by 
tumors or hyperplasia in pancreatic islets and the parathy- 
roid and pituitary glands. Fasting plasma gastrin is usually 
greatly increased, ranging from 2 to 2000 times normal. Con- 
centrations more than 10 times the upper limit of normal, 
in the presence of gastric acid hypersecretion, are virtually 
diagnostic of gastrinoma. There is no correlation between 
the severity of the symptoms and the degree of elevation of 
the circulating gastrin concentration. However, the fasting 
plasma gastrin concentration at presentation in sporadic 
Z-E syndrome is associated with the size and site of the 
tumor and the presence of hepatic metastases and therefore 
has prognostic value.” Because management of the patient 
with Z-E syndrome usually requires surgical intervention, 
it is important to distinguish hypergastrinemia caused by 
gastrinoma from other conditions that may lead to similar 
increases in plasma gastrin. 

Increased plasma gastrin occurs in hypochlorhydria 
or achlorhydria as a consequence of atrophic gastritis or the 
use of acid-suppressing drugs (e.g., histamine H,-receptor 
antagonists or proton-pump inhibitors). Z-E syndrome 
cannot be diagnosed (or excluded) in patients taking 
PPIs. These drugs cause a profound reduction in gastric acid 
secretion and hence a large increase in plasma gastrin. 
H. pylori infection can also lead to increased plasma gastrin 
and to increased basal acid output, and in some cases to 
atrophic gastritis and high plasma gastrin.” Pernicious 
anemia and chronic atrophic gastritis associated with pari- 
etal cell antibodies are commonly associated with gastrin 
concentrations that overlap with those found in Z-E syn- 
drome. Increases of plasma gastrin in chronic renal failure 
appear to be related to the severity of the renal failure. A 
direct correlation has been found between G-cell density and 
parathyroid function in patients with chronic renal failure, 
suggesting that secondary hyperparathyroidism may play a 
role in increasing plasma gastrin. Surgical resection or dis- 
eases of the kidneys or small intestine can cause hypergas- 
trinemia, possibly because these are important sites of 
gastrin degradation or excretion. 


Increased basal gastrin concentrations may be classified 
as “appropriate” or “inappropriate” according to their asso- 
ciation with decreased or increased gastric acid secretion. In 
patients with very low or absent acid secretion and a func- 
tionally intact gastric antrum, an increase in plasma gastrin 
is physiologically appropriate and is expected.-The increase 
is caused by hyperplasia of antral G cells as observed in 
atrophic gastritis, pernicious anemia, previous vagotomy, 
and renal failure. Inappropriate hypergastrinemia may be 
caused by gastrinoma, isolated retained antrum after gastric 
surgery, or primary G-cell hyperfunction. 

Secretin and calcium provocation tests have been used in 
the past to assist in the differential diagnosis of Z-E syn- 
drome.™ The secretin test proved the more useful but is little 
used now with improved computed tomography scanning 
and the use of somatostatin-receptor imaging using the 
somatostatin analog octreotide.” 


Measurement of Plasma Gastrin 


In serum from healthy subjects, the predominant forms 
of gastrin are amidated G-34 and G-17. In subjects with 
gastrinomas, the circulating gastrins display unpredictable 
heterogeneity with a shift toward larger peptides. For the 
detection of gastrinomas, the assay should therefore be 
able to detect all secreted forms of gastrin to prevent false 
negatives.“ 

Gastrin is unstable in serum or plasma, and samples may 
lose up to 50% of their immunoreactivity during 48 hours 
at 2 °C to 8 °C, largely because of the action of proteolytic 
enzymes, Blood samples should be collected into a tube con- 
taining heparin as anticoagulant and aprotinin (e.g., Trasy- 
lol, 0.2 mL, 2000 KIU, in a 10 mL tube) to prevent proteolytic 
degradation. Samples should be mixed by inversion, trans- 
ported rapidly on ice to the laboratory, and the plasma 
separated in a refrigerated centrifuge. The plasma should 
be frozen at —20 °C within 15 minutes of venipuncture. 
Samples collected in this way are suitable for the analysis of 
gastrin, VIP, pancreatic polypeptide, somatostatin, neu- 
rotensin, and chromogranins A and B. 


THE WATERY DIARRHEA HYPOKALEMIA 
ACHLORHYDRIA SYNDROME (WERNER-MORRISON 
SYNDROME, WDHA SYNDROME, VIPOMA)”* 

The WDHA syndrome may be suspected in a patient pro- 
ducing large volumes (>1 liter/24 hours} of secretory diar- 
rhea, with dehydration and hypokalemia. The diagnosis 
is confirmed by finding a high plasma VIP concentration 
and demonstration of the tumor by somatostatin-receptor 
imaging. 


OTHER GASTROINTESTINAL NEUROENDOCRINE 
TUMORS AND TUMOR MARKERS 

GI neuroendocrine tumors are either endocrine pancreatic 
tumors or carcinoid tumors arising from enterochromaffin 
cells, which occur throughout the GI tract. Carcinoid tumors 
are discussed in Chapter 29. 
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Approximately two thirds of patients with tumors arising 
from pancreatic islet cells present with clinical syndromes 
associated with the excessive hormone production. ™ This 
group of tumors includes insulomas, gastrinomas, VIPomas, 
plucagonomas, and somatostatinomas. Insulinomas and 
glucagonomas are not usually associated with GI symptoms. 
Gastrinomas and VIPomas have been discussed in preceding 
sections. The somatostatinoma syndrome is associated with 
steatorrhea, gallstones, and diabetes. The remaining one 
third of patients with endocrine pancreatic tumors have no 
specific clinical symptoms associated with the tumors, which 
are described as nonfunctional. 

The pattern of hormone and precursor production by 
neuroendocrine tumors is complex. Most secrete several 
tumor markers. Chromogranin A, a member of a family of 
secretory proteins, has the highest diagnostic sensitivity 
(94%) for endocrine pancreatic tumors, followed by pan- 
creatic polypeptide (74%). Chromogranin A is elevated in 
most patients and is an alternative to more specific markers 
in monitoring the effectiveness of surgery or drug therapy. 
However, as with other protein and peptide tumor markers, 
the epitope specificity of the antiserum has a profound effect 
on the diagnostic sensitivity of the assay.’ Although chro- 
mogranin A has high sensitivity, false positives have been 
observed in a number of nonendocrine tumors including 
prostatic cancer. 


INVESTIGATION OF 
MALDIGESTION/MALABSORPTION 

This section summarizes causes of malabsorption and sug- 
gests the general laboratory approach to these disorders. 

Box 48-8 summarizes the main causes of malabsorption 

under the three categories of (1) intraluminal disorders and 
malabsorption due to disorders of (2) transport into the 
mucosal cells, and (3) transport out of the mucosal cells. 

Clinical presentation of the patient suffering from mal- 

absorption or maldigestion classically includes the following 
features: 

e Evidence of general ill health. Anorexia, weight loss, 
fatigue following minor effort, and dyspnea may be 
seen. Edema (due to hypoalbuminemia or weakness), 
tetany, and dehydration due to electrolyte imbalance 
and water loss may be present. In pancreatic exocrine 
insufficiency, however, hyperphagia is the rule; patients 
often report a very high (5000 keal/day) food intake. 

e Isolated nutritional deficiencies. Iron, folate, or vitamin 
Bız deficiency may manifest as anemia, which may be 
mild; vitamin K deficiency as a bleeding tendency; and 
vitamin D deficiency as bone disease. They are reflected 
by a variety of signs and symptoms (glossitis, pallor, 
dermatitis, petechiae, bruising, hematuria, muscle or 
bone pain, or neurological abnormalities), 

e Abdominal symptoms, such as discomfort, distention, 
flatulence, and borborygmi (rumbling and gurgling 
sounds due to movement of gas in the intestine). 


© Watery diarrhea and possibly steatorrhea. In severe cases 
of steatorrhea (excess fat in feces), the stool is typically 
loose, bulky, offensive, greasy, light-colored, and diffi- 
cult to flush away. Alternatively the stools may appear 
normal, but be more bulky or be passed with greater 
frequency. 

Early presentation of malabsorption will, however, be 
more subtle than this list would indicate. There may be only 
a slight alteration in volume or consistency of the stool and 
only mild symptoms attributable to the GI tract. The patient 
may complain only of anorexia, fatigue, and lack of interest 
in daily activities. It is in these cases that the physician who 
suspects malabsorption on clinical grounds will rely on the 
laboratory to assist in the diagnosis. The initial laboratory 
investigations are routine tests, abnormalities of which may 
point to the possibility of malabsorption (e.g., blood hemo- 
globin concentration; mean red cell volume; serum concen- 
trations of folate, ferritin, calcium, albumin, and alkaline 
phosphatase; and tests for antibodies in celiac disease [celiac 
serology]). 


EVALUATION OF FAT ABSORPTION (FROM HILL,” 
WITH PERMISSION) 


The evaluation of fat absorption or malabsorption is 
required in a small minority of patients being inves- 
tigated for GI disorders. The British Society of 
Gastroenterology (BSG) guidelines’ state that gastroen- 
terologists should have access to such tests to “.. . assess 
patients with malabsorption who are proving difficult to 
diagnose.” 


Disorders of intraluminal digestion: 


a, Altered gastric Post gastrectomy syndrome 


function Zollinger-Ellison syndrome 
b. Pancreatic Chronic pancreatitis 
insufficiency Cystic fibrosis 


Pancreatic cancer 

Disease/resection of terminal ileum 

Small bowel bacterial overgrowth 

Disorders of transport into the mucosal cell: 

a. Generalized Celiac disease, tropical sprue 
disorders due to 
reduction in 
absorptive surface 
area 

b. Specific disorders 


c. Bile acid deficiency 


Hypolactasia 
Vitamin Bp in pernicious anemia 
Zn in acrodermatitis enteropathica 
Disorders of transport out of the mucosal cell: 
a. Blockage of the Abdominal lymphoma 

lymphatics Primary lymphangiectasia 
b. Inherited disorders a-B-lipoproteinemia 
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In a survey in 1997 of 231 hospitals in the UK,“ fecal fat 
was the most widely available of all tests, with the estimated 
number of fecal fat measurements performed annually in the 
UK being 6100. Fecal fat measurement has many limita- 
tions,*° some of which were highlighted in the 1997 survey, 
which must be brought to the attention of clinicians to dis- 
suade them from placing reliance on an inherently unreli- 
able test. In addition, dialogue with local gastroenterologists 
is necessary to reach consensus that the quantitative demon- 
stration of fat malabsorption is of little value for most 
patients. 


Limitations of Fecal Fat Measurement 


The case for abandoning fecal fat measurement can be 
made on the grounds both of physiology and of analytical 
performance. The physiological problems of sample collec- 
tion were convincingly demonstrated in a study in which 
radio-opaque pellets were administered orally (8, three times 
a day) for 5 days (120 total), and feces were collected for 
days 3 to 5.” Radiographic detection of 72 pellets was 
taken to indicate 100% recovery. In 52 patients studied, 
recovery ranged from 14% to 125%, and recovery was 
within the range 85% to 115% in only 32 of them. In 7 
patients, fecal fat was normal but became abnormal after 
adjustment for marker recovery. Despite this evidence, few 
laboratories attempt to assess completeness of collection 
using markers. 

Absorption of dietary fat is a remarkably efficient process, 
so that in normal health, fecal fat is largely (if not entirely) 
derived from endogenous rather than dietary sources. +» 
Adequate dietary fat intake is therefore essential to minimize 
false-negative results. The BSG guidelines recommend a diet 
containing at least 70g fat for 6 days.’ In the UK only a 
minority of laboratories try to control (20%) or retrospec- 
tively assess (8%) fat intake.” Patients with steatorrhea may 
reduce their fat intake to control their diarrhea and despite 
laboratory instructions may not increase their dietary fat 


before and during the 72 hours of fecal collection; this will 
result in misleadingly low results." 

It is also often forgotten that diarrhea increases fecal fat 
excretion. In 58% of subjects with normal fat excretion, 
experimental induction of severe diarrhea (fecal weight 
>800 g/day) led to increased fecal fat (values of up to 
49 mmol/day).”” A borderline increase in fecal fat (i.e., 2 to 
3 times the upper limit of normal, which is 18 mmol/day) 
is therefore not specific for a primary defect in fat digestion 
or absorption. 

Available analytical performance data for fecal fat mea- 
surements in the UK also indicate that the test should now 
be consigned to history. Eighty-two per cent of laboratories 
use no internal quality control and EQA is impractical. 
When the titration step was assessed in an EQA exercise, 
between-laboratory coefficients of variation for three 
samples ranged from 31% to 42%. Infrared spectroscopy 
offers the possibility of improved within- and between- 
laboratory precision for fecal fat measurements,” but does 
not address the problems of dietary input and sample col- 
lection, and is unlikely to be available to most laboratories. 

At the end of an extensive survey of hospital laboratories 
in the UK, Duncan (unpublished report of the Clinical 
Resource and Audit Group, Scottish Office, Edinburgh 1997) 
concluded that “. . . the current utilization of the test, with 
no control of dietary fat intake, no correction for incomplete 
fecal collections and misgivings over analytical reliability, 
makes it a highly unsatisfactory investigation and probably 
of little clinical value.” 


Quantitative Demonstration of Fat Malabsorption Is 
Rarely Necessary 


Many requests for fecal fat can be avoided or rejected by 
asking the requesting physician how the demonstration of 
fat malabsorption will help in the diagnosis of the disorder 
or management of the patient (see Table 48-12). In most 
cases it will become evident that neither fecal fat nor an alter- 


TABLE 48-12 Common Situations in Which Fecal Fat May Be Requested But Is Unhelpful in Diagnosis and 


Management 


Clinical Picture or Question: = 


Ab ominal pain, weight loss, and diarrhea; ore 
‘ibly small bowel problem 
e, floating; light colored stools : 
it, weight loss, possibly 


Pancreatic insufficiency, patient on n enzyme 
- supplements 

Abdominal pain, weight loss, and possibly 
pancreatic insufficiency 


Child, foul stool, possibly. malabsorption 


From Hill PG, Ann Clin Biochem 2001;38:164-7. 


iate Laboratory Response 


serology onsider small bowel radiology 


3 None demonstrating fat. malabsorption will not provide a diagnosis) 
-Fat intake probably too low for fecal fat measurement; encourage use of ` 
appropriate investigations (see Table 48- 13) et 
Monitor stool consistency and clinical response (weight gain): 6 may 
occasionally need to.assess fat absorption 
Use a'specific pancreatic function test 


May sometimes need to confirm presence of fat globules in stool 


1880 Section VI 


TABLE 48- 13 Laborator y Tests to Assess Gl Function 


Appropriate Laboratory iy 
Investigations a 


Clin al Application 
i Possible lactase deficiency: < ; 
breath hydrogen after oral : 
io Jactose i o , 
Possible bacterial. overgrow! o 
breath hydrogen : afte oral. p 
glucose: or: lactulose ee 
Possible laxative abu e: urine. 
oo Jaxative screen (2200500050 
-. Possibly induced by bile acid: ; 
_..®selenohomocholyltaurine 
-vi> whole bedy retention or... 
os serum. ‘70.-hydroxy-4-. 
Shae ~ cholesten-3- One.) 
s : Fecal osmotic gap; fecal Na, K 
oa Pancreolauryl test, fecal 


Assessing pancreatic 


function: ::- Jit, elastase -.. 

Screening. for. celiac, cae Tissue transglutaminase 
disease eis) oe ht antibodies. 

Assessing fat oe 4C triolein. absorption 
“absorption... (breath “CO,) or fecal 
pubic iho | microscopy. .3, 

Other tests. = Fecal g&-l-antitrypsin for 


``. protein-losing enteropathy; 
gut hormones (gastrin) 


From Hill PG, Ann Clin Biochem 2001;38:164-7. 


native test for assessing fat absorption is necessary. There is 
no justification for assessing fat absorption for the diagno- 
sis or management of celiac disease, and a specific pancre- 
atic function test is more appropriate for the investigation of 
suspected pancreatic disease. Measuring fecal fat in patients 
with offensive, floating, putty-colored stools will not provide 
a diagnosis. 

It is essential to encourage clinicians to use appropriate 
newer tests of GI function directed toward specific clinical 
situations (see Table 48-13). The availability and use of these 
tests will discourage the inappropriate use of fecal fat 
measurement. 

There still remains the question, “Which test should be 
used when the assessment of fat malabsorption really is 
indicated?” Box 48-9 indicates the range of possible tests. 
My district hospital laboratory, serving a population of 
about 500,000, offers fecal microscopy and the “C-glycerol 
trioleate (4C-triolein) fat absorption test.'” 

In the 1997 survey, performance of fecal microscopy was 
very poor (sensitivity 26%, specificity 64%); however, several 
studies have reported high sensitivity and specificity figures 
when compared with those derived from fecal fat measure- 


Pathophysiology 


Measurement of fecal fat 


Problems of poor recovery during sample collection 
(requires use of markers), inadequate dietary fat 
(minimum of 70 g/day), inaccurate analysis and uncertain 
interpretation 
Butter fat test 
Unreliable, poor discrimination 
“C-glycery] trioleate 
Sensitivity 85%, specificity 93% 
Important factors to consider 
Fat load (20 g) and form of “meal” 
Effect of fat load on timing of peak of breath CO, 
Effect of assuming a constant CO, output of 9 mmol/kg/hr 
Inappropriate in: 
Liver, thyroid, and severe respiratory disease, diabetes, 
obesity, pregnancy 
Mixed-chain triglyceride breath test 
Valid test for pancreatic steatorrhea 
Fat globules (fecal microscopy) 
Need for standardized procedure 


ment."*?! Some have argued that fecal microscopy after 
staining with Sudan III has advantages over fecal fat mea- 
surement, because it detects fecal triglycerides and fatty 
acids, which are principally of dietary origin; fecal fats 
include phospholipids and cholesteryl esters, which largely 
originate from the turnover of intestinal epithelial cells and 
gut bacteria.” There is still a need to evaluate a well-defined 
standardized technique for fat globules by fecal microscopy 
in a multilaboratory study. Meanwhile, Duncan has made 
several recommendations (unpublished report as above) to 
improve current performance related to methodology, inter- 
pretation, quality control, and adequate dietary fat before 
collecting fecal samples. 

The *C-triolein test has been in use in my department 
since about 1985. The current workload is 10 to 15 patients 
per year from four gastroenterologists serving a population 
of about 500,000. In a prospective evaluation in 57 patients, 
the reported sensitivity was 85%, with specificity of 93% for 
the detection of fat malabsorption.” The “gold standard” 
for fat malabsorption was the final diagnosis made on clin- 
ical, histological, and radiological or laboratory grounds. 
Currently in the UK, various fat loads and procedures are 
used.” It is clear that larger fat loads (e.g., 60g) result in 
significant delays in peak CO, in exhaled breath.” Our 
procedure uses a fat load of 19.3g prepared as a palatable 
lemon mousse, containing protein (1.4g) and carbohydrate 
(10g). Peak “CO, occurred within 6 hours in all subjects 
studied who had normal fat absorption. However, i¢ must 
be recognized that the standard assumed CO, output of 
9mmol/kg/hr may lead to significant errors in the “CO,- 
triolein test because actual output varies from 5 to 
12.4mmol/kg/hr.” 
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When a similar fat load was used without the inclusion 
of protein and carbohydrates, peak “CO, occurred later in 
some patients. In 53 patients in whom “CO, excretion 
peaked within 6 hours, the sensitivity and specificity of the 
tests were 100% and 96%, respectively.” Breath samples for 
CO, measurement are not easily transportable, and the 
requirement for a scintillation counter and the administra- 
tive regulations surrounding the use of radioisotopes deter 
many laboratories from using the test. 

With the growing interest in the application of ile 
isotopes, *C-substrates may replace the use of "C-triolein. 
A breath test using °C-mixed-chain triglycerides [1,3- 
distearyl, 2(carboxyl-'°C) octanoyl glycerol] has been used in 
children’ and adults.” With a medium-chain fatty acid in 
the 2-position, the test is designed to assess intraluminal 
pancreatic lipase activity and is not therefore a substitute for 
fecal fat measurement. The “C-triolein test, using a uni- 
formly labeled long chain triglyceride, is an alternative to 
fecal fat measurement.'” 

The van de Kamer method” for measuring fecal fat has 
survived for 5 decades. It really is time to give it up as a 
routine diagnostic test and to encourage the wider use 
of more specific tests for investigating disorders of GI 
function. 


INVESTIGATION OF CHRONIC DIARRHEA 


Although diarrhea is a common problem, no clear definition 
has existed to distinguish it from the range of stool weight, 
frequency, consistency, or volume that occurs in the normal 
population, A recent proposal, which seeks to encompass 
these different elements, suggests that for a Western diet, 
diarrhea may be defined as “the abnormal passage of loose 
or liquid stools more than three times daily and/or a volume 
of stool [with a weight] greater than 200 g/day.” Guidelines 
suggest that diarrhea may be defined as chronic when it 
has continued for 4 weeks; such persistence indicates 
the likelihood of a noninfectious cause requiring further 
investigation. 

Several quite different mechanisms can lead to diarrhea. 
In carbohydrate malabsorption, the presence of unabsorbed 
solutes in the bowel causes an osmotic diarrhea as water 
enters the bowel from the tissue. By contrast, the diarrhea of 
most laxative abuse and in VIPomas is due to active secre- 
tion of water and electrolytes into the bowel, which is 
described as secretory diarrhea. Inflammatory bowel dis- 
eases (ulcerative colitis and Crohn’s disease) cause diarrhea 
as a consequence of the inflammatory process with loss of 
fluid into the bowel. 

Many diseases commonly thought to cause “diarrhea” in 
fact lead to more frequent passage of stools but not usually 
to an increased stool weight (or volume). Such disorders 
(e.g., irritable bowel syndrome) generally fall outside the 
scope of the definition of “chronic diarrhea.” Guidelines 
for the management of irritable bowel syndrome are 
available.” 


Colonic: 


Colonic neoplasia 
Ulcerative and Crohn’s colitis 
Microscopic colitis 
Small bowel: 
Celiac disease 
Crohn’s disease 
Other small bowel enteropathies (e.g., Whipple's disease, 
tropical sprue, amyloid, intestinal lymphangiectasia) 
Bile salt malabsorption 
Disaccharidase deficiency 
Smali bowel bacterial overgrowth 
Mesenteric ischemia 
Radiation enteritis 
Lymphoma 
Giardiasis (and other chronic infection) 
Pancreatic: 
Chronic pancreatitis 
Pancreatic carcinoma 
Cystic fibrosis 
Endocrine: 
Hyperthyroidism 
Diabetes 
Hypoparathyroidism 
Addison’s disease 
Hormone secreting tumors (VIPoma, gastrinoma, carcinoid) 
Other: 
Factitious diarrhea 
“Surgical” causes (e.g., smali bowel resection, internal fistulae) 
Drugs 
Alcohol 
Autonomic neuropathy 


From Thomas PD, et al. Gut 2003;52(Suppl V):Vol. 1-Vol. 15; reproduced 
by permission from the BMJ} Publishing Group. 


Box 48-10 describes the many causes of chronic diarrhea; 
most chronic diarrhea is due to disease of the colon in which 
laboratory diagnostic tests are currently of little value. A 
helpful algorithm for the investigation of chronic diarrhea is 
given in Figure 48-11. 

The investigation of laxative abuse and measurement of 
fecal osmotic gap are described below. The other laboratory 
tests required for the investigation of chronic diarrhea are 
described in the sections above on intestinal disease, pan- 
creatic diseases, and neuroendocrine tumors. 


LAXATIVE ABUSE” 


Surreptitious laxative abuse is an important cause of chronic 
diarrhea, is often overlooked, and is a diagnosis in which lab- 
oratory investigations have a significant role. It is the final 
diagnosis for chronic diarrhea in 15% to 26% of patients 
investigated in secondary or tertiary referral centers ® 6111146 
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Basic investigations 


History or findings 
suggestive of 
malabsorption 


Small bowel 
D2 biopsy 
Barium follow through 


Bacteria! overgrowth 
Glucose hydrogen 
breath test 
Jejeunal aspirate and 
culture 


Entaropathy 


Review histology 
?Enterescopy 


Pancreatic 
CT pancreas 
Fecal elastase or 
chymotrypsin 
Pancreclauryl test if >45 


Further structural tests 
ERCP or MRCP 


FBC, LFT, Ca, B12, 
folate, Fe status, 
thyroid function, 

celiac serology 


History suggestive of 
organic diarrhea 
Abnormal basic 
investigations 


History or findings 
suggestive of 
colonic or terminal 
ileal disease 


Flexible sigmoidoscopy 
if <45 
Complement with 
barium enema if >45 
Colonoscopy prefarred 


Terminal ileat 
disease excluded? 
Barium follow through 
99mTe-HMPAO 


Symptoms suggestive 
of functional disaase 
Age <45 + normal 

basic investigations 


= irritable bowel 
syndrome 


‘Difficult diarrhoea’ 
Suspicion of laxative 
abuse 
Persistent symptoms 
with negative 
investigations 
High volume diarrhea 


Consider inpatient 
assessment 
24-72 h stool weights 
Stool osmofality/ 
osmotic gap 
Laxative screen 


Gut hormones 
Serum gastrin, VIP 
Urinary 5-HIAA 


75Se-HCAT 


Figure 48-11 An algorithm for the investigation of chronic diarrhea. FBC, Full blood count; LFT, 
liver function tests; CT, computed tomography; ERCP, endoscopic retrograde 
cholangiopancreatography; MRCP, magnetic resonance cholangiopancreatography; Tc-HMPAO, 
technetium hexa-methyt-propyleneamine oxime; 75Se-HCAT, 75Se homotaurocholate; 5-HIAA, 
5-hydroxyindoleacetic acid, (From Thomas PD, Forbes A, Green J, Howdle P, Long R, Playford R, et al. 
Guidelines for the investigation of chronic diarrhoea, 2nd edition. Gut 2003;52(Suppl V):vI-v15. Used 


with permission of the BMJ Publishing Group.) 


and in 4% of a consecutive series of new primary care refer- 
rals to a gastroenterology clinic for evaluation of diarrhea.” 
The financial benefits of screening for laxative abuse have 
been established: When the diagnosis is not considered early 
in the investigative pathway, extensive and unnecessary 
investigations may occur.’* In Munchausen syndrome by 
proxy, adults have administered laxatives surreptitiously to 
young children. A clinical diagnosis can rarely be made; no 
single clinical feature reliably predicts a positive test, making 
laboratory support essential. The main initial prerequisite 
for making a diagnosis of surreptitious laxative abuse is a 
high index of clinical suspicion,” followed by a request for 
appropriate analyses in urine and fecal samples at a time 
when the patient has diarrhea. 

The pattern of laxative abuse has changed following 
legislation in several countries banning over-the-counter 
sales of laxatives containing phenolphthalein, which has 


traditionally been the most widely abused laxative. Abuse of 
phenolphthalein will therefore become less common, and 
the laxatives that will most frequently be encountered. by 
clinical laboratories will be colonic stimulants containing 
bisacodyl or anthroquinones (e.g., senna, aloin, and cascara). 
Their absorption, metabolism, and excretion have recently 
been reviewed.” These can be detected in urine for at 
least 32 hours after a single dose. Magnesium salts are 
the active ingredient of some over-the-counter laxatives 
and these may also be abused. The only reliable diagnostic 
procedure is the measurement of magnesium in fecal water. 
Concentrations >30 mmol/L are suggestive of magnesium- 
induced diarrhea.“ 

A pilot National External Quality Assurance Scheme was 
set up in the United Kingdom in 1996. In the light of poor 
overall performance highlighted by the scheme, recommen- 
dations have been made for a laxative screening service.” 
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Subsequently, thin layer chromatography (TLC) methods 
have been extensively evaluated to optimize the detection of 
laxatives.” The most important findings for the successful 
detection of laxatives by TLC were (1) the skill and experi- 
ence of the operator, (2) the choice of the mobile phase 
{ethyl acetate: toluene:glacial acetic acid [4:16:1] and 
hexane: toluene: glacial acetic acid [3:1:1] gave the best 
results), and (3) use of high-performance TLC plates with a 
concentrating zone. 

As for other laboratory procedures, a reliable laboratory 
service is essential. For such tests, false positives or false neg- 
atives may have important implications both for the patient’s 
management and for the clinician’s confidence in the labo- 
ratory. The analysis of laxatives should be regarded as part 
of the toxicology service, with confidence in the initial 
screening by TLC and ideally confirmation of positive results 
by mass spectrometry. Analyses should be undertaken by 
laboratories with appropriate expertise and ability to 
demonstrate good performance for these tests so as to ensure 
that patients with chronic diarrhea are correctly diagnosed 
and managed. 


FECAL OSMOTIC (OSMOLAL) GAP 


The osmolality of stool “water” will normally be that of 
serum (i.e. 290mosm/kg), but the contribution of elec- 
trolytes and of nonelectrolytes to the total osmolality will 
vary depending on the cause of the diarrhea. Fecal osmotic 
(osmolal) gap (FOG) expresses the difference between the 
theoretical normal osmolality (290 mosm/kg) and the con- 
tribution of Na* and K* as follows: 


Fecal osmotic gap = 290 ~ |2(fecal Na* + K*)] 


Fecal sodium and potassium can be measured in the fluid 
obtained by rapid centrifugation of a fecal sample. Total fecal 
osmolality increases significantly in unrefrigerated samples 
and use of the serum osmolality or 290 mosm/kg has been 
recommended in the above formula rather than a measure- 
ment of total fecal osmolality. 

Measurement of FOG enables an estimate to be made 
of the contribution of electrolytes or nonelectrolytes to the 
retention of water in the bowel and can therefore assist in 
distinguishing between secretory and osmotic diarrhea. In 
osmotic diarrhea, unabsorbed solutes lead to water retention 
and will thus make a larger contribution than normal to fecal 
osmolality; fecal sodium and potassium will therefore be 
present at lower concentrations than normal, leading to a 
larger “osmotic gap.” Conversely, in secretory diarrhea, it 
is electrolytes that lead to water retention, and the FOG 
will therefore be small. FOG >50mosm/kg is consistent 
with an osmotic diarrhea from carbohydrate malabsorp- 
tion or magnesium-induced diarrhea“; by contrast FOG 
<50mosm/kg suggests a secretory diarrhea, and further 
investigations might include a laxative screen for colonic 
stimulants or rarely tests for a neuroendocrine tumor.” A 
low FOG will be found in factitious diarrhea because of the 
addition of water to the stool; if this is suspected and if other 
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causes are excluded, then measurement of total stool osmo- 
lality may be helpful.” 

Measurement of creatinine can be used as an indication 
of contamination of the fecal sample with urine. 
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body, one of the most tightly controlled is the metab- 

olism of calcium. This tight control is necessary 
because calcium has critical roles in intracellular signaling, 
at the plasma membrane of cells, and in control of function 
of extracellular proteins, such as those in the coagulation 
cascade. The body’s handling of extracellular calcium is 
closely intertwined with that of phosphate and to a some- 
what lesser extent of magnesium. It is also intricately con- 
nected with the active cellular processes in bone, which is the 
body’s storehouse of calcium and a metabolically and func- 
tionally important system in its own right. 

In this chapter, after an overview of bone and mineral 
metabolism, we discuss the clinical chemistry of calcium, 
phosphate, and magnesium; the hormones regulating these 
minerals; the major disorders of bone; and the clinical use 
of markers of bone formation and degradation. A goal of the 
chapter is to provide, in one place, a view of these highly 
interrelated topics. 


A mong the multitude of homeostatic processes in the 


OVERVIEW OF BONE AND MINERAL 


The main functions of bone are (1) mechanical, for 
locomotion; (2) protective, for organs; and (3) metabolic, as 
a reserve for minerals, especially calcium and phosphate. 
Bones are composed of cortical and trabecular bone. Corti- 
cal (compact) bone is 80% to 90% mineralized by volume 
and constitutes 80% of the skeleton. Its function is primar- 
ily mechanical and protective. Trabecular bone constitutes 
the remaining 20% of the skeleton. Trabecular (cancellous 
or spongy) bone, which is 15% to 25% mineralized, is more 
metabolically active. 

Bone is composed primarily of an extracellular miner- 
alized matrix with a smaller cellular fraction. The organic 
matrix is primarily type I collagen (90%) with lesser 
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amounts of a large number of noncollagenous proteins 
including osteocalcin. The organic matrix is mineralized by 
the deposition of inorganic calcium and phosphate in small, 
imperfect hydroxyapatite crystals with lesser amounts of 
carbonate, magnesium, sodium, potassium, and various 
ions. Osteoclasts and osteoblasts, the two main types of bone 
cells, are located on surfaces undergoing bone resorp- 
tion and formation, respectively. Osteoclasts resorb bone, 
whereas osteoblasts participate in the synthesis of new bone. 

Continuous turnover or remodeling of bone occurs, 
enabling bone to repair damage and adjust strength. Bone 
remodeling does not occur at random, but instead in discrete 
packets known as bone remodeling units. Bone resorption 
and bone formation are coupled. The remodeling cycle can 
be divided into activation, resorption, reversal, formation, 
and resting phases (Figure 49-1). Circulating osteoclast 
precursors are recruited, proliferate, and fuse to form 
osteoclasts. These giant multinucleated cells resorb bone by 
producing hydrogen ions to mobilize minerals and lysoso- 
mal enzymes to digest the organic matrix. Deep foldings of 
their plasma membrane (ruffled border) are in contact with 
the bone surface, forming the osteoclastic bone-resorbing 
compartment. After resorption ceases, a cement line is 
deposited in the resorption cavity, probably by mononucle- 
ated cells. Stromal lining cells differentiate to osteoblasts. 
Osteoblasts form bone by synthesizing the organic matrix, 
including type I collagen, and participating in the mineral- 
ization of the newly synthesized matrix. Remodeling is fol- 
lowed by a quiescent phase. An estimated 10% to 30% of the 
skeleton is remodeled each year. 

Bone growth and turnover are infiuenced by the metab- 
olism of calcium, phosphate, and magnesium and a number 
of hormones, the primary ones being parathyroid hor- 
mone (PTH) and 1,25-dihyroxyvitamin D (1,25{OH],D). In 
addition, a large number of other hormones and factors are 
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Figure 49-1 Bone remodeling. The bone remodeling 
sequence includes activation, reversal, formation, and 
resting phases. Reproduced from Baron R 2003 
General Principles of Bone Biology. In: Favus M (ed.) 


Resting Phase 


Formation 


involved in the regulation of bone formation and resorption, 
including thyroid hormones, estrogens, androgens, cortisol, 
insulin, growth hormone, insulin-like growth factors 
{IGF-I and IGF-II), transforming growth factor B (TGEF-B), 
fibroblast growth factor (FGF), and platelet-derived growth 
factor (PDGF). A number of cytokines, including interleukin 
(IL)-1, -4, -6 and -11; macrophage and granulocyte/ 
macrophage colony-stimulating factors; and tumor necrosis 
factor (TNFa) alter bone remodeling primarily by stimulat- 
ing resorption. 

Recently, two products of the osteoblast have been 
identified that appear to be the final common pathway in 
coordinating osteoblast and osteoclast activity. ™ The first, 
receptor activator of nuclear factor-«B (RANK) ligand, binds 
to a receptor on osteoclast progenitor cells and increases 
osteoclast differentiation and activity. The second, osteo- 
protegerin (OPG), serves as a decoy receptor for RANK 
ligand. When OPG binds to RANK ligand, the osteoclast- 
stimulation activity is prevented. The relative ratios of these 
two molecules determine bone turnover. 

Significant research progress has increased our under- 
standing of bone and mineral metabolism and the patho- 
physiology of associated disorders. At the same time, 
improvements in technology have allowed laboratories to 
expand their role from measuring total calcium, phosphate, 
and magnesium to measuring other analytes, such as free 
(ionized) calcium, intact PTH, vitamin D metabolites, and 
calcitonin. An aging population is accelerating this trend and 
increasing the need for determining other analytes, such as 
biochemical markers of bone resorption (collagen cross- 


Reversal Phase 


The Primer on the Metabolic Bone Diseases and Disorders 
of Mineral Metabolism, 5th ed. American Society for 
Bone and Mineral Research, Washington DC, USA, pp. 
l-8 with permission of the American Society for Bone 
and Mineral Research. 


links {deoxypyridinoline and telopeptides]) and bone 
formation (osteocalcin and bone alkaline phosphatase 
[BAP]) and parathyroid hormone-related protein (PTHrP). 

Bone contains nearly all of the calcium (99%), most of 
the phosphate (85%), and much of the magnesium (55%) 
of the body. The concentrations of calcium, phosphate, and 
magnesium in plasma are dependent on the net effect of 
bone mineral deposition and resorption, intestinal absorp- 
tion, and renal excretion. PTH and 1,25-dihydroxyvitamin 
D are the principal hormones regulating these three 
processes. 


Calcium is the fifth most common element, and the most 
prevalent cation, in the body. An average human body con- 
tains approximately | kg (24.95 mol) of calcium. Calcium is 
found in three main compartments: the skeleton, soft tissues, 
and extracellular fluid (Table 49-1).?*“! The skeleton con- 
tains 99% of the body’s calcium, predominantly as extracel- 
lular crystals of unknown structure with a composition 
approaching that of hydroxyapatite [Cajo(PO,).(OH),]. Soft 
tissues and extracellular fluid contain about 1% of the body’s 
calcium. 


BIOCHEMISTRY AND PHYSIOLOGY 

In blood, virtually all of the calcium is in the plasma, which 
has a mean normal calcium concentration of approximately 
9.5 mg/dL (2.38 mmol/L). Calcium exists in three physio- 
chemical states in plasma (Table 49-2), of which approxi- 
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mately 50% is free (ionized), 40% is bound to plasma 
proteins, and 10% is complexed with small anions. 

The free calcium fraction is the biologically active 
form. Its concentration in plasma is tightly regulated by 
the calctum-regulating hormones PTH and 1,25- 
dihydroxyvitamin D. 

About 80% of protein-bound calcium is associated with 
albumin,’*”?"* with the remaining 20% associated with glob- 
ulins. Because calcium binds to negatively charged sites 
on proteins, its binding is pH dependent. Alkalosis leads to 
an increase in negative charge and binding and a decrease 
in free calcium; conversely, acidosis leads to a decrease in 
negative charge and binding and an increase in free 
calcium. In vitro, for each 0.1-unit change in pH, approxi- 
mately 0.2 mg/dL (0.05 mmol/L) of inverse change occurs in 
the serum free calcium concentration. In some patients with 
multiple myeloma, the high concentrations of serum glob- 
ulin may bind sufficient calcium to produce an increase in 
the total serum calcium concentration. 

Complexed calcium, about 10%, is complexed with small 
diffusible inorganic and organic anions, including bicar- 
bonate, lactate, phosphate, and citrate. 

Calcium can be redistributed among the three plasma 
pools, acutely or chronically, by alterations in the concen- 
tration of protein and small anions, changes in pH, or 
changes in the quantities of free calcium and total calcium 
in the serum (Figure 49-2). 

Physiologically, calcium is classified as either intracellular 
or extracellular. The skeleton is a major reservoir for pro- 


viding calcium for both the extracellular and intracellular 
pools. Intracellular calctum has key roles in many important 
physiological functions, including muscle contraction, 
hormone secretion, glycogen metabolism, and cell divi- 
sion,” The intracellular concentration of calcium in the 
cytosol of unstimulated cells is <10% to 10” mol/L or lower, 
which is less than 1/1000 of that in the extracellular fluid 
(10° mol/L). 

Extracellular calcium provides calctum ion for the main- 
tenance of intracellular calcium, bone mineralization, blood 
coagulation, and plasma membrane potential. Calcium sta- 
bilizes the plasma membranes and influences permeability 
and excitability. A decrease in the serum free calcium con- 
centration causes increased neuromuscular excitability and 
tetany; an increased concentration reduces neuromuscular 
excitability. 


CLINICAL SIGNIFICANCE 


Disorders of calcium metabolism are separated into those 
causing hypocalcemia and hypercalcemia. 


Hypocalcemia 


Low total serum calcium (hypocalcemia) may be due to 
either a reduction in the albumin-bound calcium, the free 
fraction of calcium, or both (Box 49-1). Hypoalbu- 
minemia is the most common cause of pseudohypocalcemia 
(decreased total and normal free calcium) because 1 g/dL of 
albumin binds approximately 0.8 mg/dL of calcium. 
Common clinical conditions associated with low serum 
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Total calcium 


Hypoalbuminemia 

Chronic renal failure 

Magnesium deficiency 

Hypoparathyroidism 

Pseudohypoparathyroidism 

Osteomalacia and rickets due to vitamin D deficiency or 
resistance 

Acute hemorrhagic and edematous pancreatitis 

Healing phase of bone disease of treated hyperparathyroidism, 
hyperthyroidism, and hematological malignancies (hungry 
bone syndrome) 


albumin include chronic liver disease, nephrotic syndrome, 
congestive heart failure, and malnutrition. 

Common causes of hypocalcemia are chronic renal 
failure and hypomagnesemia. In chronic renal failure, 
hypoproteinemia, hyperphosphatemia, low serum 
1,25(OH),D (reduced synthesis because of inadequate renal 
mass), and/or skeletal resistance to PTH contribute to 
hypocalcemia. Magnesium deficiency, as discussed in a later 
section of this chapter, impairs PTH secretion and causes 
PTH end-organ resistance. 

Other causes of low serum calcium are less common.*” 
Hypoparathyroidism is due most commonly to parathyroid 
gland destruction during neck surgery (90%), and less com- 
monly is idiopathic. Pseudohypoparathyroidism is biochem- 
ically similar to hypoparathyroidism; however, these patients 
have inherited resistance to PTH and elevated concentrations 
of PTH.**! The molecular basis for the most common form, 
pseudohypoparathyroidism type I (Albright’s hereditary 
osteodystrophy), is a reduction in guanine nucleotide regula- 
tory complex, Ns, in the adenylate cyclase complex. 


Complexed calcium 


Figure 49-2 Equilibria and determinations of 
calcium in serum. Calcium can move among three 


Anions physiochemical pools: (1) free calcium, (2) protein- 
HCO; bound calcium, and (3) calcium complexed with 
HPO; inorganic and organic anions. Methods for 
HPD determining total calcium measure ail three pools, 
Lactate whereas methods for determining free calcium 


measure only that pool. 


Acute symptomatic hypocalcemia may be seen in hospi- 
talized patients for various reasons. Rapid remineralization 
of bone after surgery for primary hyperparathyroidism 
(hungry bone syndrome), treatment for hyperthyroidism, or 
treatment for hematological malignancy may result in 
hypocalcemia. Acute hemorrhagic or edematous pancreati- 
tis is frequently complicated by hypocalcemia. Vitamin D 
deficiency may also be associated with hypocalcemia because 
of impaired intestinal absorption of calcium and skeletal 
resistance to PTH. Osteomalacia and rickets are discussed in 
a later section of this chapter. 

Clinically, hypocalcemia most commonly presents with 
neuromuscular hyperexcitability, such as tetany, paresthesia, 
and seizures. A rapid fall in the serum calcium also may 
be associated with hypotension and electrocardiographic 
abnormalities. 

The initial laboratory evaluation is directed toward the 
assessment of renal function and measurement of serum 
albumin and magnesium concentrations. Serum intact 
PTH concentrations are low or inappropriately normal in 
hypoparathyroidism and elevated in pseudohypoparathy- 
roidism. Vitamin D deficiency is characterized by low serum 
25(OH)D, high PTH (secondary hyperparathyroidism), and 
high serum alkaline phosphatase (ALP). 

For symptomatic hypocalcemia, calcium may be admin- 
istered intravenously. If hypocalcemia is secondary to 
hypoparathyroidism or pseudohypoparathyroidism, vitamin 
D and oral calcium supplements are administered. 

An unusual and treatment-resistant form of symp- 
tomatic hypocalcemia is seen in patients treated with large 
amounts of burn cream that contains polyethylene glycols. 
The glycols are absorbed and metabolized to dicarboxylic 
acids that bind calcium. Patients develop markedly increased 
total calcium and decreased free calcium, along with a 
metabolic acidosis and increased serum osmolality from the 
glycols. 
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Primary hyperparathyroidism 
Adenoma, hyperplasia, carcinoma 
Familial 


Multiple endocrine neoplasia type I with pituitary and 
pancreatic tumors 

Multiple endocrine neoplasia type II with medullary i 
carcinoma and pheochromocytoma 

Malignancy 

With skeletal involvement 
Direct tumor erosion of the bone 
Locai tumor production of bone-resorbing agents 

No skeletal involvement (humoral hypercalcemia of 
malignancy) 
Parathyroid hormone—related protein 
Growth factor(s) (tumor growth factor, epidermal growth 

factor, platelet-derived growth factor) 
Hematological malignancy 


Acute adrenal insufficiency 

Pheochromocytoma 
Familial hypocalciuric hypercaicemia 
Idiopathic hypercalcemia of infancy 
Vitamin overdose 

Vitamin D 

Vitamin A 
Granulomatous diseases 

Sarcoidosis 

Tuberculosis 

Berylliosis 

Coccidioidomycosis 
Renal failure 

Chronic renal failure 

Acute renal failure—diuretic phase 

Post—renal transplantation 
Chlorothiazide diuretics 


Cytokines (interleukin-1, tumor necrosis factor, Lithium therapy 
lymphotoxin) Milk-alkali syndrome 
1,25-Dihydroxyvitamin D (lymphoma) Hyperalimentation regimens 
Coexistent primary hyperparathyroidism Immobilization 
Other endocrine disorders Increased serum proteins 
Hyperthyroidism Hemoconcentration 
Hypothyroidism Hyperglobulinemia due to multiple myeloma 
Acromegaly 
Hypercalcemia detection of this disorder by the widespread use of chemistry 


Hypercalcemia is commonly encountered in clinical prac- 
tice"! and results when the flux of calcium into the extra- 
cellular fluid compartment from the skeleton, intestine, or 
kidney is greater than the efflux. For example, when exces- 
sive resorption of bone mineral occurs in malignancy, hy- 
percalciuria develops. When the capacity of the kidney to 
excrete filtered calcium is exceeded, hypercalcemia develops. 
Hypercalcemia can be caused by increased intestinal absorp- 
tion {vitamin D intoxication), increased renal retention 
(thiazide diuretics), increased skeletal resorption (immo- 
bilization), or a combination of mechanisms (primary 
hyperparathyroidism). 

Common and many of the uncommon etiologies of 
hypercalcemia are listed in Box 49-2. Primary hyper- 
parathyroidism is the most common cause in outpatients, 
whereas malignancy is the most common cause in hospital- 
ized patients. Together, these two disorders account for 90% 
to 95% of all cases of hypercalcemia. 

Primary hyperparathyroidism is characterized by exces- 
sive secretion of PTH that results in hypercalcemia.” It is 
most often due to a solitary adenoma (80% to 85% of cases), 
less frequently (about 15%) due to chief cell hyperplasia 
involving all glands, and rarely due to parathyroid carcinoma 
(<1%). 

Greater than 80% of hyperparathyroid patients are rela- 
tively free of symptoms on presentation because of the early 


panels, including calcium.*” The most common signs and 
symptoms of hypercalcemia are nonspecific and related 
to the neuromuscular system. They include fatigue, 
malaise, and weakness with. mild hypercalcemia (calcium 
<12 mg/dL); depression, apathy, and inability to concentrate 
may be present at higher concentrations. Hypercalcemia may 
induce mild nephrogenic diabetes insipidus with thirst, 
polydipsia, and polyuria. Renal colic caused by kidney stones 
can result from chronic hypercalcemia and hypercalciuria. 
Nephrocalcinosis can lead to slowly developing renal failure. 
Osteoporosis is more common than osteitis fibrosa. The 
majority of patients with primary hyperparathyroidism 
(>60%) are postmenopausal women. 

Primary hyperparathyroidism is diagnosed by laboratory 
studies. Hypercalcemia should be documented by measur- 
ing total calcium and serum albumin, or ideally free calcium, 
on more than one occasion before initiating further testing. 
Measurement of intact PTH (with concomitant measure- 
ment of calcium) is the most sensitive and specific test for 
parathyroid function and is central to the differential diag- 
nosis of hypercalcemia. Serum 1,25(OH),D is usually in the 
upper half of the reference interval or increased in primary 
hyperparathyroidism, as PTH stimulates its production. 
By contrast, 1,25(OH).D (like PTH) is low-normal or 
suppressed in nonparathyroid hypercalcemia, except in 
sarcoidosis, other granulomatous diseases, and certain 
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lymphomas in which the pathological tissues contain the 
25-hydroxyvitamin D-lo-hydroxylase required to produce 
1,25(OH),D. 

PTH increases the renal clearance of bicarbonate and 
phosphate. In hyperparathyroidism, a mild hyperchloremic 
metabolic acidosis may be observed whereas in nonparathy- 
roid hypercalcemia, a mild hypochloremic metabolic alkalo- 
sis may be observed. Although hypophosphatemia is often 
seen in hyperparathyroidism, the measurement of serum 
phosphate is of limited value because hypophosphatemia is 
also found in hypercalcemic cancer patients. 

Patients with primary hyperparathyroidism with signs or 
symptoms of hypercalcemia should undergo parathyroid 
surgery. If the patient is asymptomatic, guidelines have 
been established recommending surgery over monitoring 
depending on the serum calcium concentration, creatinine 
clearance, urine calcium, and bone density.” 

Hypercalcemia occurs in 10% to 20% of individuals with 
cancer, Tumors most commonly cause hypercalcemia by 
producing PTHrP, which is secreted into the circulation and 
stimulates bone resorptions and/or by invasion of the bone 
by metastatic tumor, which produces local factors that stim- 
ulate bone resorption. PTHrP binds to the PTH receptor and 
is the principal mediator of humoral hypercalcemia of 
malignancy (HHM). Cytokines such as lymphotoxin, inter- 
leukin-1, tumor necrosis factor, and PTHrP appear to be 
important mediators of hypercalcemia in multiple myeloma 
and other hematological malignancies. Some lymphomas 
associated with acquired immunodeficiency syndrome or 
HTLV I infections cause hypercalcemia by producing 
1,25(OH),D. It is estimated that 5% of patients with 
hypercalcemic cancer have coexisting primary hyperpara- 
thyroidism. 

Signs and symptoms of hypercalcemia are often evident 
in patients with hypercalcemia due to malignancy, because 
the serum calcium increases rapidly and often reaches 
concentrations higher than those usually seen in primary 
hyperparathyroidism. Lethargy, obtundation, nausea, and 
vomiting are additional symptoms. 

Laboratory test selection is similar to that in suspected 
hyperparathyroidism, with the addition of PTHrP in some 
individuals with HHM. In specific instances (for example, 
lymphoma), measurement of 1,25(OH).D may be useful. 

Therapies are directed toward treating the malignancy, 
decreasing the serum calcium concentration by saline 
diuresis, and decreasing osteoclastic resorption (bisphos- 
phonates, calcitonin, etc.). Steroids are useful in reducing 
intestinal absorption of calcium in 1,25(OH),D-mediated 
hypercalcemia. 


MEASUREMENT OF CALCIUM 


The methods most widely used for quantifying calcium 
measure either free (ionized) calcium or total calcium. The 
term ionized calcium is a misnomer because all plasma or 
serum calcium is ionized whether or not it is associated with 
protein or small anions by ionic binding. Throughout this 


chapter, we use the term free calcium, analogous to free hor- 
mones (e.g., free thyroxine or free testosterone). 

Free calcium is considered the best indicator of calcium 
status, because it is biologically active and tightly regulated 
by PTH and 1,25(OH),D. Although the measurement of free 
calcium is clinically more useful, it has not replaced the mea- 
surement of total calcium. Although an ion-specified elec- 
trode (ISE) method is available on large chemistry analyzers 
from one manufacturer, the ISE has not been implemented 
in a way to measure free calcium. Nonetheless, free calcium 
determinations have assumed increasing importance, 
because of the availability of improved analyzers (that typi- 
cally measure free calcium, other electrolytes, blood gases, 
hemoglobin, and glucose) and more convenient methods for 
specimen handling. They are recommended for all requests 
for calcium apart from chemistry panels, because of the con- 
sequences of delayed treatment and the cost of working-up 
patients with misleading total calcium results.” 


Adjusted or Corrected Total Calcium 

The recognition that serum proteins, particularly albumin, 
and organic and inorganic ions affect total calcium concen- 
trations has resulted in the concept of adjusting or correct- 
ing serum total calcium concentrations. Although various 
calculations have been proposed for adjusting total calcium 
results to correct for alterations in total protein, albumin, 
globulin, pH, anion gap, bicarbonate, and other calcium- 
complexing ions,”*? only adjustments based on albumin 
are widely used. The term “adjusted calcium” may be prefer- 
able to the more widely used “corrected calcium,” because 
“corrected” may suggest the result has been corrected 
because of an error. 

Adjusted calcium is calculated from total calcium and 
albumin by first calculating a correction factor by multiply- 
ing the deviation of plasma albumin from the mean of its 
reference interval by the slope of the regression of total 
calcium against albumin. The following equation is often 
seen in textbooks, but fails to consider the lack of harmo- 
nization of albumin and calcium methods, and differences 
in patient populations: 


Corrected total calcium (mg / dL) = Total calcium (mg / dL) 
+ 0.8(4 — albumin [g/ dL) 


Evidence suggests that it is inappropriate to adjust 
calcium data in one laboratory with equations derived in 
other laboratories.” Laboratories can establish their own 
equations for correcting total calcium by determining 
the slope of the regression of total calcium against albumin 
and the mean of their albumin reference interval in 
selected or unselected groups of patients and normal 
persons, ®533562602 This is especially important if the labo- 
ratory is reporting corrected calcium, a practice that may be 
more common outside the United States. Because regression 
equations vary between individuals and among groups of 
patients in different physiological and pathological states, 
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Factors Altering Protein Binding of Calcium 
Altered concentration of albumin or globulins 
Abnormal proteins 
Heparin 
pH 
Free fatty acids 
Bilirubin 


Drugs 
Temperature 


Factors Altering Complex Formation 
Citrate 
Bicarbonate 
Lactate 
Phosphate 
Pyruvate and $-hydroxybutyrate 
Sulfate 
Anion gap 


mathematical corrections are only approximations. Some 
factors complicating the interpretation of total calcium and 
limiting the effectiveness of these equations are pH effects 
on calcium binding to protein, variation in binding kinetics, 
free and albumin-bound fatty acids, substances and drugs 
that are bound by albumin, unusual quantities or types of 
serum proteins, heparin, and anions complexing calcium 
(Box 49-3). 

Corrections have been applied with some success in 
patients who have liver disease and low concentrations of 
protein, but less successfully in patients with renal failure.” 
Their value in hypercalcemia and in specimens with 
increased proteins because of venous occlusion has been 
questioned.” Several studies have questioned the value of 
adjusting total calcium values,’ and one” showed 
that adjusted calcium results were no better than total 
calcium in predicting free calcium. Equations that are derived 
for a specific patient group, such as patients with liver disease, 
may be better than no correction in that group of patients, 

When possible, mathematical adjustments or corrections 
should be replaced by direct determination of free calcium 
by ISE. 


Measurement of Total Calcium 


Many methods have been used historically to measure total 
calcium. "46597 Today, only photometric, ISE, and occa- 
sionally atomic absorption spectrophotometry methods are 
routinely used by clinical laboratories for the measurement 
of serum and urine total calcium. According to the College 
of American Pathologists Comprehensive Chemistry Survey, 


in 2004 approximately 79% of participating clinical labora- 
tories used photometric methods (35% arsenazo HI and 
44% cresolphthalein complexone) and 20% of laboratories 
used ISE methods for total serum calcium. 

ISEs for the measurement of total calcium were intro- 
duced more recently than photometric methods. The spec- 
imen is acidified to convert protein-bound and complexed 
calcium to free calcium before measurement of calcium by 
ISE. Calcium ISEs are discussed later in this chapter. 

Photometric and atomic absorption spectrophotometric 
methods for measuring the total calcium in serum and 
plasma are described and discussed below. 


Photometric Methods 


Total calcium is most frequently measured by spectropho- 
tometry using metallochromic indicators or dyes. Of the 
metallochromic indicators that change color on selectively 
binding calcium, o-cresolphthalein complexone (CPC) 
(3’,3”-bis[[bis-(carboxymethy])amino]-methyl]-5’,5”- 
dimethyliphenolphthalein) (Figure 49-3) and arsenazo III are 
most widely used. These methods, although less accurate and 
reproducible than atomic absorption spectrophotometry, 
have been easier to automate on chemistry analyzers. 

o-Cresolphthalein Complexone Method. In alkaline 
solution, the metal-complexing dye CPC forms a red chro- 
mophore with calcium, which is usually measured at a wave- 
length between 570 and 580 nm. 1029334733 The sample is 
diluted with acid to release protein-bound and complexed 
calcium. Organic base, most often diethylamine, 2-amino-2- 
methyl-1-propanol, or 2-ethylaminoethanol, is added to 
buffer the reaction and to produce an alkaline pH. %7 
Interference by magnesium ions can be reduced by (1) the 
addition of 8-hydroxyquinoline (see Figure 49-3); buffering 
the reaction mixture to near pH 12; and (3) measurement of 
the absorbance near 580 nm." Urea may be added to 
reduce the turbidity of lipemic specimens and enhance 
complex formation.””’” The use of cyanide has been ques- 
tioned.™ Ethanol or other organic solvents may be 
included to reduce blank absorbance.*”” Calcium forms both 
1:1 and 2:1 complexes with CPC, with the 1:1 complex 
predominating at lower concentrations.’ Because the 1:1 
complex has a lower molar absorptivity, calibration curves 
are nonlinear at low calcium concentrations. Multipoint 
calibration of CPC methods has been recommended. 
Linearity may be improved by adding sodium acetate.’ 
Temperature is carefully controlled, because the reaction is 
temperature-sensitive. 

Arsenazo lil Method. Arsenazo ITI (1,8-dihydroxynaph- 
thalene-3,6-disulfonic  acid-2,7-bis[azo-2]-phenylarsonic 
acid)* (see Figure 49-3), at mildly acidic pH, has much 
higher affinity for calcium than magnesium. A reaction pH 
of about 6 is commonly used. Imidazole has been used to 
buffer the reaction. The solution must be thoroughly 


“References 29, 326, 378, 386, 417, 504. 
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buffered, because the spectral properties of arsenazo IIT are 
dependent on pH. Binding of calcium to arsenazo III can be 
influenced by buffer and sodium concentration.” Interfer- 
ence from most biological pigments is reduced by measur- 
ing the calcium-dye complex near 650 nm. Citrate has been 
reported to cause negative interference with the Vitros 
dry-slide technique.” Clinically significant interference 
may be noted in patients receiving citrated blood or blood 
products. Unlike CPC, a reagent that has limited stability 
when used as a single reagent, arsenazo IH reagent is stable. 


Atomic Absorption Spectrometry Methods 

The National Committee for Clinical Laboratory Standards 
(NCCLS) has approved a method using atomic absorption 
spectrophotometry (AAS) as a reference method for mea- 
suring total serum calcium.” This method has been com- 
pared with isotope dilution-mass spectrometry (ID-MS), the 
definitive method for total serum calcium developed by the 
National Institute of Standards and Technology. The refer- 
ence method is reported to have an accuracy of 100 + 2%, 
compared with 100 + 0.2% for ID-MS.” Although AAS can 
provide better accuracy and precision for total serum 
calcium than the widely used photometric methods, it is 
used by only a few laboratories. It should continue to be used 
for validating new total calcium methods. 

In this method, the specimen is first diluted 1 to 50 
with a solution of lanthanum-HCl (LaCh, 10 mmol/L; HCl, 
50 mmol/L) and then aspirated into an air-acetylene flame, 
where the ground state calcium atoms absorb incident light 
from a calcium hollow-cathode lamp (422.7 nm), The 


amount of light absorbed is measured by a phototube or 
detector after the 422.7-nm resonance line is isolated with 
the monochromator. Absorbance is directly proportional to 
the number of ground state calcium atoms in the flame. 
Detailed procedures®”*°" for the determination of total 
calcium in serum and reviews™*® of this method have been 
published. 

Dilution with lanthanum-HCl reduces interference from 
protein, phosphate, citrate, sulfate, and other anions. Phos- 
phate causes the greatest interference because calcium- 
phosphate complexes are not dissociated readily by the 
air-acetylene flame. Lanthanum-HC] dissociates complexes, 
ensuring that all fractions of calcium (free, protein-bound, 
and complexed) are measured. Dilution effectively reduces 
the viscosity, which can also interfere by reducing the aspi- 
ration rate and atomization of the specimen. 

The effect of the three major cations, Na‘, K*, and Mg”, 
is offset by their inclusion in calibrators at normal serum 
concentrations. An automated diluter is recommended 
because the imprecision (expressed as the coefficient of vari- 
ation [CV]) for measurements of total calcium should be 
less than 1.5% and preferably less than 1%. A serum-based 
calibrator with calcium concentration determined by ID-MS 
is available commercially. 

Strontium may be included in the diluent to be used as 
an internal standard with double-beam spectrophotom- 
eters.“ The signal from calcium is referenced to the simul- 
taneously measured strontium signal, thereby reducing 
variability caused by fluctuations in the flame and atomiza- 
tion rate. 
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Specimen Requirements 


Serum and heparinized plasma are the preferred specimens. 
Citrate, oxalate, and ethylene diamine tetraacetic acid 
(EDTA) anticoagulants should not be used for the spec- 
trophotometric methods, because they interfere by forming 
complexes with calcium. Total calcium measurements are 
not affected by storage provided the loss of water associated 
with prolonged refrigerator or freezer storage is prevented 
(by use of tightly capped containers designed for such 
storage). Co-precipitation of calcium with fibrin (for 
example, in heparinized plasma) or lipids has been reported 
with storage or freezing.””””” Plastic” and glass may adsorb 
calcium from dilute solutions during storage. 


Interferences 


Hemolysis, icterus, lipemia,” ™? paraproteins, and magne- 


sium have been reported to interfere either positively or 
negatively with photometric methods. Many methods use 
bichromatic analysis or multiwavelength corrections, or 
blanking to reduce interference. Lipemic specimens should 
be ultracentrifuged before analysis. Although hemolysis can 
cause a negative error because red blood cells contain lower 
concentrations of calcium than does serum, more significant 
errors may be caused by the spectral interference of hemo- 
globin. Depending on the method, hemoglobin has been 
reported to produce either negative or positive interfer- 
ence.’ In photometric methods, if hemolyzed specimens 
must be analyzed, blanking with ethylene glycol-O,O’-bis(2- 
aminoethyl)-N,N,N’,N’-tetraacetic acid (EGTA)-treated 
serum is suggested. Individual instruments and methods 
should be evaluated for their susceptibility to interference 
from magnesium, hemoglobin, bilirubin, turbidity, and 
other interferents. 

Care should be taken in handling specimens, calibrators, 
and solutions to prevent contamination with calcium. Any 
glassware or plastic ware that is reused should be washed 
with dilute hydrochloric acid (HCI), followed by distilled 
water, to eliminate calcium contamination. Corks should 
not be used because they can contaminate specimens with 
calcium.” 

How the patient is prepared and the specimen is obtained 
can have a significant effect on both free and total calcium 
measurements. For information on these preanalytical 
effects, the reader is directed to a later section in this chapter 
on the subject and to Box 49-4. 


Measurement of Free (Ionized) Calcium 

(See also Chapter 27.) 

Analyzers using ISEs capable of providing immediate whole- 
blood determinations of free calcium, electrolytes, and blood 
gases are now widely available.* The free calcium analyzer 
consists of a system of pumps under microprocessor control 
that transport calibration solutions, samples, and wash 


*References 67, 81, 230, 469, 515, 559, 567. 


In Vivo 


Tourniquet use and venous occlusion 

Changes in posture: 10% to 12% increase of total calcium and 
5% to 6% increase of free calcium on standing 

Exercise 

Hyperventilation 

Fist clenching 

Alimentary status 

Alterations in protein binding (see Box 49-3) 

Alterations in complex formation (see Box 49-3) 


In Vitro 
Inappropriate anticoagulants 
Dilution with liquid heparin 
Interfering levels of heparin 
Contamination with calcium 
Corks, glassware, tubes 
Specimen handling 
Alterations in pH (free calcium) 
Adsorption or precipitation of calcium 
Spectrophotometric interference 
Hemolysis, icterus, lipemia 


solutions through a measuring cell containing calcium ion- 
selective, reference, and pH electrodes. Sensitive poten- 
tiometers measure the voltage difference between the 
calcium or pH and reference electrodes for calibrating solu- 
tions or samples. A microprocessor calibrates the system and 
calculates calcium concentration and pH. Most instruments 
simultaneously measure the actual free calcium and pH at 
37 °C. 

Calcium ISEs contain a calcium-selective membrane, 
which encloses an inner reference solution of calcium chlo- 
ride often containing saturated silver chloride (AgCI) and 
physiological concentrations of sodium chloride and potas- 
sium chloride (KCI) and an internal reference electrode.* 
The reference electrode, usually of Ag/AgCl, is immersed in 
this inner reference solution. 

Modern calcium ISEs use liquid membranes containing 
the ion-selective calcium sensor dissolved in an organic 
liquid trapped in a polymeric matrix. Neutral carriers (for 
example, ETH 1001) are the most commonly used calcium 
sensors, followed by ion exchangers, such as organophos- 
phate sensors (Figure 49-4), Neutral carrier membranes 
contain an uncharged calcium-selective organic molecule, 
such as ETH 1001, dissolved in a plasticizer and trapped 
in a polyvinyl chloride membrane. These molecules have 
a favorable stearic and electrostatic pocket or site for 
selectively binding calcium. Ion exchangers or negatively 


*References 67, 81, 332, 416, 469, 559, 567. 
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Figure 49-4 Free calcium sensors. 


charged carrier membranes are calcium salts, usually 
calcium bis(di-n-octylphenyl) phosphate dissolved in 
di-n-octylphenyl phosphonate and trapped in a polyvinyl 
chloride membrane. 

The electrochemical cell is completed by the external ref- 
erence electrode, an Ag/AgCl or calomel electrode, which is 
in contact with the specimen by a liquid/liquid junction or 
salt bridge of KCI or sodium formate. The potential differ- 
ence across the cell is logarithmically related to the activity 
of free calcium ions in the sample by Nernst’s equation. 
By convention, free calcium is converted from activity to 
concentration with its activity coefficient, which is itself 
dependent on ionic strength. 

Temperature affects electrode response and the extent of 
calcium binding by protein and small anions. Most free 
calcium analyzers adjust and maintain samples at 37 °C, 
thereby ensuring that results are physiologically relevant for 
the majority of patients. 

Carryover has been minimized with the use of flush 
solutions containing 5.0 mg/dL (1.25 mmol/L) of free 
calcium, by using the leading edge of the specimen to clean 


the fluid path, or by purging with air.” Significant carryover 
is noted only at extremely low or high concentrations of free 
calcium. 

The International Federation of Clinical Chemistry and 
Laboratory Medicine (IFCC) has recommended a reference 
method for free calcium.” 


Interferences 


Because ISEs measure ion activity, they are affected by the 
ionic strength of a specimen. Free calcium analyzers and cal- 
ibrators are optimized for specimens of serum, plasma, or 
whole blood. Because the ionic strength of these fluids is 
primarily a result of Na* and CF, calibrators are usually 
prepared in buffer and NaCl with a final ionic strength of 
160 mmol/kg.*°*"'°°" Although the range of Na* and CF 
concentrations usually observed in serum or plasma does 
not cause a clinically significant error in the measurement 
of free calcium, significant errors can occur with other 
specimens unless the matrices and ionic strength of the 
calibrators and samples are matched closely. 

Modern electrodes have a high selectivity for calcium over 
Nat, K*, Mg”, H*, and Lit. At normal concentrations, 
these cations have little effect on the accuracy of free calcium 
measurements. Wide variations in the concentration of Na* 
and high concentrations of Mg™ and Li* may influence the 
apparent concentration of free calcium. Electrodes are quite 
insensitive to H*, with insignificant interference between pH 
5 and 9. 

Many physiological anions, including protein, phosphate, 
citrate, lactate, sulfate, and oxalate, form complexes with 
calcium ions. Although these anions reduce the concentra- 
tion of free calcium by complex formation, they do not 
directly interfere with the measurement of the calcium that 
is free. Protein deposits on the electrode may act as a diva- 
lent cation exchanger, resulting in positive interference with 
high concentrations of Mg*.*' Older electrodes were sensi- 
tive to the concentration of protein in the sample. The newer 
electrodes use a dialysis membrane or neutral carrier to 
reduce or eliminate this protein effect, 701642859 Investiga- 
tors disagree about whether the relationship between free 
calcium and protein concentration is a consequence of 
Donnan’s equilibrium or a protein effect. With current 
electrodes, the effect is less than +0.02 mmol/L for 1 g/dL 
(10 g/L) of protein. Regular instrument maintenance and 
protein removal are reported to minimize this interference. 

Chemicals may interfere in the measurement of free 
calcium. Anionic surfactants and ethanol have been reported 
to affect the calcium-selective membrane. 


Effect of pH 

The binding of calcium by protein and small anions is influ- 
enced by pH in vitro and in vivo.*” Albumin, with up to 
30 binding sites for calcium," accounts for approximately 
80% of the protein-bound calcium. Increasing the pH of a 
specimen in vitro increases the ionization and negative 
charge on albumin and other proteins, leading to an increase 
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Figure 49-5 Effect of pH on free and protein-bound calcium. 


in protein-bound calcium and a decrease in free calcium. 
Decreasing pH in vitro decreases ionization and negative 
charge, decreasing protein-bound calcium and increasing 
free calcium. Free calcium changes by about 5% for each 0.1- 
unit change in pH (Figure 49-5). 

Because of this inverse relationship between free calcium 
and pH, specimens must be analyzed at the patient’s pH in 
vivo, requiring that all specimens be handled to prevent 
alterations in pH. 


Specimen Requirements 
Preanalytical considerations, including specimen collection 
and handling, are particularly important for free calcium. 
Specimens for free calcium must be collected and handled to 
minimize alterations in pH and free caicium by (1) loss of 
CO, and (2) metabolism by blood cells. Free calcium may be 
measured in heparinized whole blood, heparinized plasma, 
or serum. For the majority of laboratories in which speci- 
mens are analyzed within minutes of sampling using blood 
gas analyzers, heparinized whole blood is preferable since it 
reduces processing time and the required specimen volume 
and avoids the alteration in pH associated with centrifuga- 
tion. All syringes and evacuated tubes should be filled com- 
pletely, kept tightly sealed, and handled anaerobically to 
prevent the loss of CO, and the increase in pH that occurs 
when specimens are exposed to air. Specimens should also 
be handled to prevent a decrease in pH caused by the pro- 
duction of lactic acid by glycolysis, by erythrocytes, and by 
white blood cells. The NCCLS has published guidelines for 
free calcium specimen collection and handling.” 

Ideally, whole blood specimens should be analyzed within 
15 to 30 minutes of sampling, although free calcium is 
reported to be stable in whole blood specimens for at least 1 
hour at room temperature and for 4 hours at 4 °C.* If spec- 


4References 57, 81, 498, 559, 560, 570. 


imens cannot be analyzed within minutes, they can be col- 
lected in an ice-water slurry to minimize metabolism, but 
plasma K* concentrations may be significantly increased 
because of the inhibition of ATPase. One study” reported 
that K* was significantly increased after 1 hour at 4 °C, the 
earliest time investigated; no change was apparent for any 
other analytes for as long as 2 hours at 4 °C. 

If analysis cannot be completed within 30 to 60 minutes 
at room temperature, then serum may be the optimal 
specimen because of elimination of the anticoagulant and 
microclots and its greater stability. Serum specimens should 
be collected in evacuated gel tubes.”**” The tubes should be 
filled completely and centrifuged to form an effective barrier 
between the serum and the clot with its cellular elements. 
Once centrifuged, specimens are stable for hours at 25 °C 
and for days at 4 °C, provided the tube remains sealed. Free 
calcium has been reported to be less stable in specimens 
from both acidotic and nonacidotic patients with uremia.’ 

The practice of using aerobic specimens for the measure- 
ment of free calcium should be abandoned because of the 
widespread availability of blood gas analyzers measuring 
free calcium and the use of evacuated gel tubes by reference 
laboratories. In the past, specialized free calcium analyzers 
equilibrated aerobic specimens with a carbon dioxide 
(5.3 kPa) air mixture to adjust their pH to near 7.4 (7.2-7.6), 
and then mathematically corrected the free calcium to pH 
7.4, using an algorithm relating free calcium and pH.2"""” 
In the event that aerobic free calcium results are corrected to 
pH 7.4 after equilibration with a mixture of CO; and air, only 
the free calcium at pH 7.4 should be reported with appropri- 
ate identification. The normalized or adjusted free calcium at 
pH 7.4 has been reported to accurately reflect the free 
calcium status of normal persons and individuals without 
acid-base disturbances. >>! However, aerobic handling of 
specimens with correction of the free calcium to pH 7.4 has 
been increasingly criticized. +5% The free calcium value 
at pH 7.4 may be misleading in patients with respiratory and 
metabolic alkalosis or acidosis.“ Furthermore, aerobic han- 
dling of specimens has been associated with irreversible pre- 
cipitation of calcium-phosphate complexes and a decrease in 
free calcium in some specimens having a high total calcium 
and phosphate content or a high pH (pH > 7.9).°” 


Effects of Anticoagulants 


Because citrate, oxalate, and EDTA bind calcium and signifi- 
cantly reduce free calcium, heparin is the only acceptable 
anticoagulant for free calcium determinations. However, 
heparin, a polyanion, significantly lowers free calcium at the 
concentrations (30 to 100 U/mL or more) found in many 
conventional blood gas syringes (Table 49-3) 847495? Tn 
addition, the use of liquid heparin should be avoided; it can 
result in errors in free calcium because of dilution, as well 
as high and variable concentrations of heparin. 

A number of commercially available syringes containing 
lyophilized heparin are suitable for free calcium-determina- 
tions: (1) electrolyte-balanced or calcium-titrated heparin 
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TABLE 49-3: Effect of Heparin on Free Calcium 


"Heparin (U/mL) 


FREE CALCIUM 


Specimen. ` (mg/dL) (mmol/L) 
Seram uss aA een o Sh! eee ean Beas ined 
Plasma. ASE Bi ; Een 44 (Ca-heparin) S 4.96 eo pF De M 1,24 < 
Plasma 28 08 29 (Na-heparin) BABA i na i ian 07 
Plasma’ ~.°100-(Na-heparin) EEA PRATE 0,048 
Whole blood iui = 44 (Ca-heparin) 6.08 ey oe 
Whole blood Sne: “19: (Na-heparin) 5.04 Tie eases S096 
Whole blood “100 (Na-heparin) 3G iea 0.97 


Modified from ‘Toffaletti J. Ionized calcium. In: Pesce AJ, Kaplan LA, eds. Methods in clinical chemistry. St. Louis: CV Mosby, 1987:1010-20. 


syringes (final concentration of 40 to 50 U/mL); (2) very low 
heparin syringes with heparin in an inert filler, providing a 
final heparin concentration of 2 to 3 U/mL; and (3) lithium- 
zinc heparin syringes.”* With electrolyte-balanced or 
calcium-titrated heparin syringes, the heparin is titrated 
with calcium so that the free calcium is not significantly 
altered over most observed concentrations (3.6 to 6.4 mg/dL 
[0.9 to 1.6 mmol/L]); however, some bias may be apparent 
at very low and high free calcium concentrations. Elec- 
trolyte-balanced. heparin may also produce a bias in speci- 
mens with pathologically low protein concentrations.” In 
the very low heparin syringes that contain 2 to 3 U/mL of 
heparin dispersed in a puff of inert proprietary material, the 
puff allows the heparin to be accurately dispensed during 
manufacturing and rapidly dissolve with proper mixing, 
providing effective anticoagulation. A blend of lithium and 
zinc heparins has been reported to eliminate the heparin 
interference in free calcium measurements.”””°*°” In addi- 
tion, lithium-zinc heparin did not alter total calcium, unlike 
electrolyte-balanced or calcium-titrated heparin. Three- 
milliliter syringes containing a total of 50 U of a 1:1 blend 
of lithium and zinc heparins did not alter results of any 
general chemistry tests except total magnesium, which was 
increased by 0.19 mg/dL (0.08 mmol/L). In no instance 
should the individuals obtaining the blood specimen add 
additional liquid heparin to heparinized syringes. 

Most evacuated collection tubes, when filled completely, 
contain concentrations of heparin (15 U/mL) that only 
slightly decrease free calcium. Specific brands of syringes, 
evacuated tubes, and heparin should be carefully evaluated. 
It is important that all syringes and tubes be filled completely 
to minimize dilution and/or heparin effects, 


Calibrators and Quality Controls 


Various calibration solutions are used by manufacturers for 
free calcium analyzers. The buffers in which these calibra- 
tions are prepared may have an effect on the liquid junction 
potential and calcium binding; however, it is usually cor- 
rected for by the instrument software." Until reference solu- 
tions are available, it is best to use the calibrators provided 
by the instrument manufacturer. 


Aqueous quality contro] materials are commercially avail- 
able for free calcium. Because simple aqueous controls may 
not reliably detect changes in performance with patient 
specimens, serum-based quality control materials should be 
used daily.'*°” Serum-based controls may be prepared by 
acidifying serum with 10 WL of 1 mol/L HCI and leaving it 
exposed in the refrigerator for 1 week to remove carbon 
dioxide. The pH is then adjusted to 7.4, and the serum is 
aliquoted and frozen. Alternatively, serum-based controls 
can be equilibrated with carbon dioxide before their 
analysis. 


PATIENT PREPARATION AND SOURCES OF 
PREANALYTICAL ERROR FOR TOTAL AND FREE CALCIUM 
MEASUREMENTS 


Patient preparation and the manner of specimen collection 
can significantly alter the results of total and free calcium 
determinations (see Box 49-4) 2290469498959 

A common and important source of preanalytical error 
in the measurement of calcium is the increase in total, but 
not free, calcium concentration associated with tourniquet 
use and venous occlusion during sampling. ®° Errors of 
0.5 to 1.0 mg/dL (0.12 to 0.25 mmol/L) in total calcium may 
result because of the increase in protein-bound calcium 
caused by the efflux of water from the vascular compartment 
during stasis. Only small and clinically insignificant increases 
in free calcium have been reported with venous stasis. If a 
tourniquet is required, it should be applied just before 
sampling and released as soon as possible. 

Fist clenching or other forearm exercise should be 
avoided before phlebotomy, because forearm exercise causes 
a decrease in pH (lactic acid production) and an increase in 
free calcium. The NCCLS and IFCC have published recom- 
mendations on blood collection.” 

Changes in posture cause fluid shifts within 10 minutes 
and thus alter the concentration of cells and large molecules, 
including albumin and total calcium (as part of it is protein- 
bound) in the vascular compartment. Standing decreases 
intravascular water and increases the total calcium concen- 
tration by 0.2 to 0.8 mg/dL (0.05 to 0.20 mmol/L), whereas 
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a much smaller effect has been reported for free calcium.* 
One partial explanation (along with hypoalbuminemia) for 
the mild hypocalcemia observed in many hospital patients 
may be the hemodilution associated with recumbency. 

Most other preanalytical factors are less likely to lead to 
confusion. Prolonged immobilization and bed rest®™® can 
decrease bone density and increase total and free calcium. 
Hyperventilation and exercise decrease and increase the con- 
centration of free calcium, respectively, because of changes 
in serum pH.*!*!4" Both. serum free calcium and calcium 
excretion are lower during the night.” Food ingestion has 
been reported to have various effects, but usually causes a 
mild increase in serum calcium. Ingestion of calcium salts 
may increase serum calcium. Hemolysis can alter free 
calcium because of dilution and alterations in pH and 
binding (see previous discussion under Interferences). 
Prolonged contact with blood cells may decrease plasma 
calcium. 


REFERENCE INTERVALS FOR TOTAL AND FREE CALCIUM 
IN SERUM AND PLASMA 
Total Calcium 
The reference interval for serum and plasma is usually 
defined by an upper limit of 10.1 to 10.3 mg/dL (2.54 to 
2.57 mmol/L) and a lower limit between 8.6 and 8.8 mg/dL 
(2.15 to 2.20 mmol/L). Although higher upper limits of 10.5 
to 11.0 mg/dL (2.62 to 2.74 mmol/L) have been used by some 
laboratories, it is now appreciated that these concentrations 
are inappropriately high.” 

Adults: 8.6 to 10.2 mg/dL (2.15 to 2.55 mmol/L) 
An analytical goal, or quality specification, for between-day 
imprecision, expressed as the CV, is 0.9% or less based on 
within-person biological variation.” Current methods are 
capable of achieving a between-day CV of 1.5% or less. 


Free Calcium 

The reference interval established by the author at LAC+USC 
Medical Center using whole blood is representative of free 
calcium reference intervals: 

Adults: 4.6 to 5.3 mg/dL (1.15 to 1.33 mmol/L). 

Because of the dependence of free calcium on pH, it is rec- 
ommended that pH be measured and reported with all free 
calcium determinations. This will assist the laboratory and 
physician in identifying specimens in which inappropriate 
preanalytical handling has led to an in vitro change in pH. 
Correction of the free calcium to pH 7.4 may be inappro- 
priate and confusing to the physician. 

Whole blood specimens develop a liquid-junction poten- 
tial different from that of serum or plasma because of the 
presence of erythrocytes.““°” A positive bias that is 
directly proportional to the hematocrit has been reported. In 
addition, free calcium values have been reported to differ 
among capillary blood, venous blood, and serum samples 
because of differences in pH. Therefore, reference intervals 


*References 81, 230, 275, 460, 469, 559. 


should be determined by each laboratory using the local 
instrument, specimen type, and collection protocol and 
reference subjects representative of their patient population. 


PHYSIOLOGICAL VARIATION IN CALCIUM 

Calcium has been reported to vary with age, gender, and 
season and during pregnancy.*” Total and free calcium have 
been reported both to decline modestly and to remain 
unchanged in the elderly.” We were unable to find an age- 
related decline or a gender-related. difference in either total 
or free calcium values in a healthy ambulatory group of men 
and women residing in the Southwest.'”! During pregnancy, 
the total calcium declines in parallel with serum albumin, 
whereas free calcium is unchanged.'"*** The fetal circulation 
is relatively hypercalcemic, as evidenced by higher total and 
free calcium in cord blood than in maternal serum. Calcium 
concentrations decline after birth in healthy term neonates 
during the first few days, but soon rise to concentrations 
slightly greater than those observed in adults.°*"**"" 


INTERPRETATION OF TOTAL AND FREE 
CALCIUM RESULTS 


Calcium status is more accurately determined by measuring 
free calcium, the tightly regulated, biologically active species.* 
Interpretation of total serum calcium value is complicated by 
its association with protein and inorganic and organic 
ions.“ Interpretation of free calcium concentration is 
less complicated, provided the specimen has been properly 
obtained, handled, and analyzed. Disagreement between free 
and total calcium (abnormal total calcium and normal free 
calcium, or vice versa) values occurs in a high percentage of 
specimens.*7°°5 One study of 1213 patients suspected 
of having calcium disorders found disagreement between free 
calcium and total calcium or corrected calcium values in 18% 
and 31% of patients, respectively. 

Free calcium is far more useful than total calcium deter- 
mination in hospital patients, especially those undergoing 
major surgery (Figure 49-6) who have received citrated 
blood or platelets, heparin, bicarbonate, intravenous solu- 
tions, or calcium.' Alterations in blood pH and temperature 
further reduce the usefulness of total calcium assay in these 
patients. Rapid measurement of free calcium, blood gases, 
and potassium permits maintenance of good cardiac func- 
tion during liver transplant operations and other major 
operations such as those in which cardiopulmonary bypass 
is used. Free calcium is more useful than total calcium deter- 
mination in patients in intensive care because of abnormal 
protein concentrations and putative circulating factors that 
alter calcium binding to albumin. Abnormally low free 
calcium is frequently found in critically ill patients.°""? A 
study at one hospital” where free calcium has replaced total 
calcium determinations found that 41% of free calcium con- 
centrations were abnormal in inpatients. Of these, 31% were 


*References 67, 87, 232, 311, 358, 567, 571, 
tReferences 81, 87, 232, 283, 469, 559. 
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below and 10% were above the reference interval. The recov- 
ery room, surgical intensive care unit, renal transplantation 
ward, medical intensive care unit, and medical oncology unit 
had the highest percentages of abnormal values. 

Bone and mineral disorders are common in patients with 
renal disease. Therapy and calcium metabolism of these 
patients are best evaluated with the determination of free 
calcium because of alterations in protein, pH, protein 
binding of calcium, and calcium complexes with organic and 
inorganic anions. Total and adjusted calcium concentrations 
are often invalid when compared with free calcium 
measurements, 5555297 

Free calcium has proved to be more useful than total 
calcium in the diagnosis of hypercalcemia. 376 Patients 
with subsequently surgically proven primary hyperparathy- 
roidism more often have increases of free calcium than of 
total calcium (Figure 49-7). Free calcium is more sensitive 
than total calcium in detecting hypercalcemia associated 
with malignancy, as may be expected in patients who fre- 
quently have decreased serum albumin. Less commonly, 
paraproteins produced in myeloma may bind calcium, com- 
plicating the interpretation of total or corrected calcium 
measurements. 

In neonates, the assay of free calcium rather than total 
calcium is recommended because of its speed and the ability 
to use small capillary specimens, and because of its greater 
validity in the presence of hyperphosphatemia, alterations 


in pH, and the persistence of alpha fetoprotein after 
birt 87,232,310,593 


URINARY CALCIUM 


Normal men and women excrete up to 300 mg (7.49 mmol) 
of calcium per day on a diet with unrestricted calcium 
content and up to 200 mg/day (4.99 mmol/d) on a calcium- 
restricted diet (500 mg [12.48 mmol] dietary calcium per 
day or less for several days). 


The reference interval for urinary calcium (UCa) for spot 
fasting or timed specimens collected after an overnight fast 
is less than 0.16 mg/100 mL (<0.04 mmol/L) of glomerular 
filtrate (GF), calculated by the following equation”: 


UCa (mg/100mL GF) 
_ (UCa [mg/dL] x (Serum creatinine [mg/dL) 
i. Urinary creatinine (mg/dL) 


The amount of calcium excreted into the urine reflects 
intestinal absorption, skeletal resorption, and renal tubular 
filtration and reabsorption.” Under fasting conditions, the 
intestinal and renal components are relatively fixed, and 
calcium excretion (milligrams per 100 mL of GF) in the 
fasting state is used to assess the skeletal component. A value 
exceeding 0.16 mg/100 mL (>0.04 mmol/L) of GF usually 
implies an increase in osteoclastic bone resorption. This test 
is useful in assessing renal stone disease and high-turnover 
osteoporosis. 

Calcium salts, such as calcium oxalate, precipitate in 
urine specimens during and after collection. Specimens may 
be collected in a container containing acid to prevent 
calcium salt precipitation. A commonly used acid is HCl, 
6 mol/L, with 20 to 30 mL added to the container for a 
24-hour collection (1 to 2 mL for a random specimen). 
The safety of the patient and the patient’s family in handling 
such a container may be a concern. The measured urinary 
calcium concentration must be corrected for the dilution by 
the acid solution when the urinary volume is low. The spec- 
imen should be kept well mixed during collection. Speci- 
mens collected without acid should be acidified and allowed 
to stand for 1 hour before thorough remixing and aliquot- 
ing. Some have questioned the ability of postcollection 
acidification to redissolve all of the calcium salts with or 
without heating.” 
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Figure 49-7 Concurrent total and free calcium in 
patients with primary hyperparathyroidism and 
intermittent total hypercalcemia. Shaded areas 
represent the normal reference intervals. (From 
McLeod MK, Monchik JM, Martin HE The role of 
ionized calcium in the diagnosis of subtle hypercalcemia 
in symptomatic primary hyperparathyroidism. Surgery 
1984;95:667-73.) 


PHOSPHATE 
An adult has approximately 600 g (19.4 mol) of phosphorus 
in inorganic and organic phosphates, of which about 85% is 


in the skeleton and the rest principally in soft tissue (see 
Table 49-1).4°° 


BIOCHEMISTRY AND PHYSIOLOGY 


Plasma contains both inorganic and organic phosphate, but 
only inorganic phosphate is measured. Inorganic phosphate 
exists as both the monovalent (HPO and divalent 
(HPO?) phosphate anions. The ratio of H,PO; to HPOF is 
pH-dependent and varies from approximately 1:1 in acido- 
sis to 1:4 at pH 7.4 and 1:9 in alkalosis. Approximately 
10% of the phosphate in serum is protein-bound; 35% com- 
plexed with sodium, calcium, and magnesium; and the 
remainder, or 55%, is free (see Table 49-2). The organic 
phosphate esters are located primarily within the cellular 
elements of blood. 

Inorganic phosphate is a major component of hydroxy- 
apatite in bone, thereby playing an important role in the 
structural support of the body and providing phosphate for 
the extracellular and intracellular pool. 

In the soft tissue, most phosphate is cellular. Although 
both inorganic and organic phosphate are present in cells, 


most is organic and incorporated into nucleic acids, phos- 
pholipids, phosphoproteins, and “high-energy” compounds 
involved in metabolism.‘ ATP and other phosphates, such 
as creatine phosphate, are involved in many energy-intensive 
physiological functions, such as muscle contractility, neuro- 
logical function, and electrolyte transport. Phosphate is also 
an essential element of cyclic nucleotides (such as cyclic 
AMP) and nicotinamide-adenine dinucleotide phosphate 
(NADP). It is important for the activity of several enzymes 
including adenylate cyclase, 25-hydroxyvitamin-D-1a- 
hydroxylase, and those involved in the production of 2,3- 
diphosphoglycerate (which regulates the oxygen affinity of 
hemoglobin). Intracellular phosphate is therefore involved 
in the regulation of intermediary metabolism of proteins, 
fats, and carbohydrates, and in gene transcription and cell 
growth. 


CLINICAL SIGNIFICANCE 


Disorders of phosphate metabolism are separated into those 
causing hypophosphatemia and hyperphosphatemia. 


Hypophosphatemia 
Hypophosphatemia, defined as the concentration of inor- 
ganic phosphate in the serum below the normal reference 
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Intracellular shift 


Glucose 
Oral or intravenous 
Hyperalimentation 
Insulin i 
Respiratory alkalosis 
Lowered renal phosphate threshold 
Primary or secondary hyperparathyroidism 
Renal tubular defects 
Familial hypophosphatemia 
Fanconi’s syndrome 
Decreased net intestinal phosphate absorption 
Increased loss 
Vomiting 
Diarrhea 
Phosphate binding antacids 
Decreased absorption 
Malabsorption syndrome 
Vitamin D deficiency 
Intracellular phosphate loss 
Acidosis 
Ketoacidosis 
Lactic acidosis 


interval, usually less than 2.5 mg/dL (<0.81 mmol/L), is 
relatively common in hospitalized patients (approximately 
2%). Hypophosphatemia is not necessarily associated with 
intracellular phosphate depletion. Hypophosphatemia may 
be present when cellular concentrations are normal, and cel- 
lular phosphate depletion may exist when serum concentra- 
tions are normal or even high, 

Hypophosphatemia or phosphate depletion may be 
caused by (1) a shift of phosphate from extracellular to intra- 
cellular spaces, (2) renal phosphate wasting, (3) decreased 
intestinal absorption, and (4) loss from intracellular phos- 
phate.**** Box 49-5 lists the commonly encountered causes 
of hypophosphatemia and phosphate depletion. 

A shift of phosphate from extracellular fluid to intracel- 
lular fluid is a common cause of hypophosphatemia. A major 
etiology of low serum phosphate is carbohydrate-induced 
stimulation of insulin secretion, which increases the trans- 
port of glucose and phosphate into insulin-sensitive cells, 
where it is incorporated into sugar phosphates and ATP. Oral 
or intravenous carbohydrate and injected insulin decrease 
serum phosphate. Refeeding of malnourished individuals 
creates an anabolic state, causing an intracellular shift of 
phosphate. Respiratory alkalosis leads to an increase in 
intracellular pH, which activates phosphofructokinase and 
accelerates glycolysis, causing a shift of phosphate into the 
cell. 

Renal phosphate wasting may also cause hypophos- 
phatemia. Any cause of excessive PTH secretion (primary 


and secondary hyperparathyroidism) lowers the renal phos- 
phate threshold and may result in hypophosphatemia and 
phosphate depletion. The renal phosphate threshold is also 
lowered in Fanconi’s syndrome, X-linked hypophos- 
phatemic rickets, and tumor-induced osteomalacia. 

Hypophosphatemia and phosphate depletion may result 
from inadequate intestinal phosphate absorption. Patients 
taking aluminum- or magnesium-containing antacids may 
develop hypophosphatemia, because these antacids bind 
phosphate in the intestine, rendering it nonabsorbable. The 
hypophosphatemia observed in patients with malabsorption 
may be more closely related to their secondary hyperparathy- 
roidism than to malabsorption of phosphate. Because 
phosphate is abundant in most foods, dietary deprivation is 
not usually a cause of phosphate depletion in patients with 
normal intestinal function and an adequate diet. 

Intracellular phosphate may be lost in acidosis as a result 
of the catabolism of organic compounds within the cell. Dia- 
betic ketoacidosis is associated initially with high-normal to 
increased serum phosphate. Treatment of the ketosis and aci- 
dosis with insulin and intravenous fluids, however, results in 
a rapid reduction in the serum phosphate concentration. 
Consequently, patients being treated for diabetic ketoacido- 
sis may have both intracellular phosphate depletion and 
hypophosphatemia. 

The clinical manifestations of serum phosphate depletion 
depend on the length and degree of the deficiency. Moder- 
ate hypophosphatemia of 1.5 to 2.4 mg/dL (0.48 to 0.77 
mmol/L) is usually not associated with clinical signs and 
symptoms (unless chronic, when osteomalacia or rickets 
develops). Plasma concentrations less than 1.5 mg/dL (0.48 
mmol/L) may produce clinical manifestations. Because 
phosphate is necessary for the formation of ATP, glycolysis 
and cellular function are impaired by low intracellular 
phosphate concentrations. Muscle weakness, acute respira- 
tory failure, and decreased cardiac output may occur 
in phosphate depletion, At very low serum phosphate 
(<1 mg/dL or <0.32 mmol/L), rhabdomyolysis may occur. 
Phosphate depletion in erythrocytes decreases erythrocyte 
2,3-diphosphoglycerate, which causes tissue hypoxia 
because of increased affinity of hemoglobin for oxygen. 
Severe hypophosphatemia (serum phosphate concentration 
<0.5 mg/dL [<0.16 mmol/L]) may result in hemolysis of the 
red blood cells. Mental confusion and frank coma also may 
be secondary to the low ATP and tissue hypoxia. If 
hypophosphatemia is chronic, impaired mineralization of 
bone produces rickets in children and osteomalacia in 
adults. 

Treatment of hypophosphatemia depends on the degree 
of hypophosphatemia and the presence of symptoms. 
Patients with moderate hypophosphatemia may require only 
treatment of the underlying disorder or oral phosphate 
supplementation. In patients with marked symptoms of 
hypophosphatemia, particularly if respiratory muscle weak- 
ness is present, parenteral administration of phosphate may 
be indicated. 
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Decreased renal phosphate excretion 
Decreased glomerular filtration rate 
Renal failure, chronic and acute 
Increased tubular reabsorption 
Hypoparathyroidism 
Pseudohypoparathyroidism 
Acromegaly 
Disodium etidronate 
Increased phosphate intake 
Oral or intravenous administration 
Phosphate-containing laxatives or enemas 
Increased extracellular phosphate load 
Transcellular shift 
Lactic acidosis 
Respiratory acidosis 
Untreated diabetic ketoacidosis 
Cell lysis 
Rhabdomyolysis 
Intravascular hemolysis 
Cytotoxic therapy 
Leukemia 
Lymphoma 


Hyperphosphatemia 
Common causes of hyperphosphatemia are listed in 
Box 49-6. 

Hyperphosphatemia is usually secondary to the inability 
of the kidneys to excrete phosphate." In acute or chronic 
renal failure, a decrease in glomerular filtration rate (GFR) 
reduces the renal excretion of phosphate, resulting in hyper- 
phosphatemia. Moderate increases of serum phosphate 
occur in individuals with low PTH (hypoparathyroidism), 
PTH resistance (pseudohypoparathyroidism), or acromegaly 
(increased growth hormone) caused by an increased renal 
phosphate threshold. Growth hormone is responsible for the 
increased renal phosphate threshold and higher phosphate 
concentrations observed in children. EDTA therapy has also 
been associated with hyperphosphatemia, 

Increased intake and a shift of phosphate from the tissues 
into the ECF are also causes of hyperphosphatemia. Exces- 
sive oral, rectal, or intravenous phosphate administration for 
the treatment of phosphate depletion is a common cause of 
hyperphosphatemia. Release of phosphate because of cell 
breakdown in cases of rhabdomyolysis, intravascular 
hemolysis, or chemotherapy of certain malignancies may 
cause hyperphosphatemia. Hyperphosphatemia may also be 
associated with acidosis, a consequence of the hydrolysis 
of intracellular organic phosphate-containing compounds, 
with the release of phosphate into the plasma. 

The clinical manifestations of hyperphosphatemia 
depend on the rate of onset. A rapid increase in serum phos- 
phate may be associated with hypocalcemia. Therefore, 


symptoms may include tetany, seizures, and hypotension. 
Long-term hyperphosphatemia may be associated with sec- 
ondary hyperparathyroidism, osteitis fibrosa, and soft-tissue 
calcification of the kidneys, blood vessels, cornea, skin, and 
periarticular tissue. 

Therapy for hyperphosphatemia is directed toward 
correcting the cause of the high serum phosphate. In renal 
failure and in hypoparathyroidism, dietary restriction of 
phosphate and agents that bind phosphate in the intestine 
(calcium carbonate and others) are useful in lowering the 
serum phosphate concentrations. 


MEASUREMENT OF PHOSPHATE 


All widely used methods for serum inorganic phosphate are 
based on the reaction of phosphate ions with ammonium 
molybdate to form a phosphomolybdate complex” that is 
then measured by a spectrophotometer. 


7H3PO4 + 12(NH4)¢Mo7O24 »-4H,0 + 
7(NH4),;[PO4(MoOs),,] + 5INH*™ + 51OH™ + 33H,O 


The colorless phosphomolybdate complex is measured 
directly by ultraviolet absorption (340 nm), or reduced to 
molybdenum blue and measured at 600 to 700 nm.” An 
acid pH is necessary for the formation of complexes but 
must be controlled, because both complex formation and 
reduction of molybdate are dependent on pH. A less acidic 
pH can result in spontaneous reduction of molybdate. The 
rate of complex formation is also influenced by protein con- 
centration. Solubilizing agents are used to prevent protein 
precipitation. Measurement of wnreduced complexes has 
several advantages, including simplicity, speed, and stabil- 
ity." Disadvantages include the greater interference of 
hemolysis, icterus, and lipemia at 340 nm. Approximately 
70% of laboratories participating in the College of 
American Pathologists Comprehensive Chemistry Survey in 
2004 used a direct UV procedure, with most of the others 
using a reduced photometric method. 

Many reducing agents have been used for producing the 
blue phosphomolybdate complex, including aminonaph- 
tholsulfonic acid, stannous chloride, methyl-p-aminophenol 
sulfate, ferrous ammonium sulfate, ascorbic acid, and N- 
phenyl-p-phenyldiamine (semidine) HC1™ Each of these 
reagents appears to have some individual advantage, such as 
increased stability, increased color stability, lower detection 
limit, or reduced hydrolysis of organic esters. Ferrous sulfate 
and especially ascorbic acid have often been used for bio- 
logical specimens containing organic esters, because they 
cause less breakdown of labile phosphate esters. Amino- 
naphtholsulfonic acid has been widely used but is unstable, 
tends to precipitate, and requires careful timing because 
color continues to increase for several hours. With this 
reagent, color formation is increased with heating. Stannous 
chloride provides greater color intensity. Hydrazine has been 
added to stannous chloride to stabilize the reagent and 
improve the linearity. Methyl-p-aminophenol : sulfate is 
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acid-tolerant, allowing for a one-component acid- 
molybdate reagent. A method using semidine HCl was pub- 
lished as a “Selected Method” by the American Association 
for Clinical Chemistry.” 

Phosphate concentrations have been determined by a 
number of other procedures, including the. vanadate- 
molybdate and enzymatic methods. Vanadate and molyb- 
date form a yellow complex with phosphate at acid pH, 
but the method tends to overestimate inorganic phosphate 
because of hydrolysis of organic esters.” Enzymatic 
methods do not have this problem, because they are per- 
formed at a neutral pH that does not hydrolyze organic 
esters. A number of enzymatic methods have been described, 
including those using the following enzymes: (1) glycogen 
phosphorylase, phosphoglucomutase, and glucose-6-phos- 
phate dehydrogenase, with monitoring of the formation of 
the reduced form of nicotinamide-adenine dinucleotide 
phosphate (NADPH)*; (2) purine nucleoside phosphory- 
lase and xanthine oxidase, with measurement of hydrogen 
peroxide (H,O,) with peroxidase and a chromogenic 
substrate’; and (3) sucrose phosphorylase, phosphogluco- 
mutase, and glucose-6-phosphate dehydrogenase, with 
measurement of the formation of the reduced form of 
nicotinamide-adenine dinucleotide (NADH).** 


Specimen Requirements 


Serum and heparinized plasma are the preferred specimens 
for the measurement of phosphate. Concentrations of 
inorganic phosphate are about 0.2 to 0.3 mg/dL (0.06 to 
0.10 mmol/L) lower in heparinized plasma than in serum.” 
Anticoagulants such as citrate, oxalate, and EDTA interfere 
with formation of the phosphomolybdate complex. 

Inorganic phosphate in whole blood specimens may 
either decrease or increase with time, depending on the type 
of specimen, the storage temperature, and the duration of 
storage.” Phosphate concentrations in plasma or serum 
are increased by prolonged storage with cells at room tem- 
perature or 37 °C. Hemolyzed specimens are unacceptable 
because erythrocytes contain high concentrations of organic 
phosphate esters, which can be hydrolyzed to inorganic 
phosphate during storage. Inorganic phosphate increases by 
4 to 5 mg/dL (1.29 to 1.61 mmol/L) per day in hemolyzed. 
specimens stored at 4 °C, more rapidly at room temperature 
or 37 °C. Glucose phosphate, creatine phosphate, and other 
organic phosphates may also be hydrolyzed by assay condi- 
tions, resulting in overestimation of inorganic phosphate 
concentrations. 

Phosphate is considered to be stable in separated serum 
for days at 4 °C and for months when frozen, provided 
evaporation and lyophilization are prevented. 


Interferences 


Depending on the method used, positive or negative inter- 
ference has been noted with hemolyzed, icteric, and lipemic 
specimens,” Mannitol,’ fluoride, and monoclonal 
immunoglobulins“? have also been reported to interfere. 


Glassware should be properly cleaned and rinsed because 
phosphate is a common component of many detergents. 


REFERENCE INTERVALS 


Phosphate is often referred to as “phosphorus,” a practice 
that is inaccurate and misleading because only phosphate, 
not elemental phosphorus, circulates in blood and is mea- 
sured, This practice originated because results are reported 
as milligrams per deciliter of phosphorus, rather than phos- 
phate. When results are reported in molar units (as in ST), 
the numerical results and reference intervals are the same for 
phosphorus and phosphate, but confusion occurs when 
results are reported in mg/dL. 

In adults, the reference interval for serum phosphate is 
2.5 to 4.5 mg of phosphorus/dL (0.81 to 1.45 mmol/L). 
In children, it is 4.0 to 7.0 mg phosphorus/dL (1.29 to 
2.26 mmol/L). 

Serum phosphate concentrations are about 50% higher in 
infants than in adults and decline throughout childhood,” 
a consequence of the ability of growth hormone to increase 
the renal phosphate threshold. Serum phosphate is un- 
changed in elderly women but decreases in elderly men." 
During pregnancy, serum phosphate decreases.””* 

Because a diurnal variation®’*°*"*** in serum phosphate 
has been reported, fasting morning specimens are recom- 
mended (Figure 49-8). Concentrations are higher in the 
afternoon and evening. Serum phosphate concentrations are 
influenced by dietary intake and meals and increased by 
exercise. 

Urinary phosphate varies with age, muscle mass, renal 
function, PTH, the time of day, and other factors. Urinary 
excretion of phosphate varies widely with diet and is essen- 
tially equivalent to dietary intake. On a nonrestricted diet, 
the reference interval for urinary phosphate is 0.4 to 
1.3 g/day (12.9 to 42.0 mmol/day). 


Serum Pi, mmol/L 
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Figure 49-8 Diurnal variation of serum phosphate in men {O} 
and women ((). Meals and snacks are indicated by arrows; the 
bar indicates recumbent posture. (From Calvo MS, Eastell R, 
Offord KP, Bergstralh EJ, Burritt MF. Circadian variation in ionized 
calcium and intact parathyroid hormone: evidence for gender 
differences in calcium homeostasis. } Clin Endocrinol Metab 
1991;72:69-76, © The Endocrine Society.) 
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Urine should be collected in 6 mol/L HCl, 20 to 30 mL 
for a 24-hour specimen, to avoid precipitation of phosphate 
complexes. Simultaneous measurement of phosphate and 
creatinine in serum and urine with fasting morning spot or 
1- to 2-hour timed collections permits calculation of the 
renal phosphate threshold (ITmPO,/GFR). The clearance of 
phosphate divided by creatinine clearance can be plotted on 
a nomogram, and the TmPO,/GFR determined." This 
index expresses phosphate reabsorption as a function of 
both serum phosphate concentration and GFR and is more 
useful than urinary phosphate excretion. 


Magnesium is the fourth most abundant cation in the body 
and the second most prevalent intracellular cation.” The 
total body magnesium content is approximately 25 g 
(1.03 mol), of which about 55% resides in the skeleton 
(see Table 49-1). One third of skeletal magnesium is 
exchangeable and is thought to serve as a reservoir for main- 
taining extracellular magnesium concentration. About 45% 
of magnesium is intracellular. 


BIOCHEMISTRY AND PHYSIOLOGY 


The concentration of magnesium in cells is approximately 1 
to 3 mmol/L (2.4 to 7.3 mg/dL). In general, the higher the 
metabolic activity of a cell, the higher its magnesium 
content. Within the cell, most of the magnesium is bound to 
proteins and negatively charged molecules; 80% of cytosolic 
magnesium is bound to ATP, and MgATP is the substrate 
for numerous enzymes. The nucleus, mitochondria, and 
endoplasmic reticulum contain significant amounts of mag- 
nesium. Approximately 0.5% to 5.0% of the total cellular 
magnesium is free. Transport of magnesium across the cel- 
lular membrane is regulated by a specific magnesium trans- 
port system. 

Extracellular magnesium accounts for about 1% of the 
total body magnesium content. About 55% of magnesium is 
free, 30% is associated with proteins (primarily albumin), 
and 15% is complexed with phosphate, citrate, and other 
anions (see Table 49-2). 

Magnesium is a cofactor for more than 300 enzymes in 
the body.” It is required for enzyme substrate formation 
{for example, MgATP). In addition, magnesium is an 
allosteric activator of many enzyme systems. Examples of 
enzymes that require magnesium for action include adeny- 
late cyclase, Na*-K*-adenosine triphosphate (ATPase), Ca’*- 
ATPase, phosphofructokinase, and creatine kinase. The 
guanine nucleotide regulatory proteins Gs and Gi require 
magnesium for activity. Magnesium is important in oxida- 
tive phosphorylation, glycolysis, cell replication, nucleotide 
metabolism, and protein biosynthesis. 

Reducing the serum magnesium concentration decreases 
the threshold of axonal stimulation and increases nerve con- 
duction velocity. Magnesium also influences the release of 
neurotransmitter at the neuromuscular junction by compet- 


itively inhibiting the entry of calcium in the presynaptic 
nerve terminal, Reducing the serum magnesium concentra- 
tion results in increased neuromuscular excitability. 


CLINICAL SIGNIFICANCE 


Disorders of magnesium metabolism are separated into 
those causing hypomagnesemia/magnesium deficiency and 
hypermagnesemia. 


Hypomagnesemia/Magnesium Deficiency 
Hypomagnesemia is common in hospitals. Ten percent 
of the patients admitted to city hospitals and as many as 65% 
of patients in intensive care units may be hypomagnesemic. 
Moderate or severe magnesium deficiency is usually due 
to losses of magnesium from the gastrointestinal (GI) tract 
or kidneys (Box 49-7). 

GI, vomiting, and nasogastric suction may deplete body 
stores of magnesium as upper Gi fluids contain approxi- 


Gastrointestinal disorders 
Prolonged nasogastric suction 
Malabsorption syndromes 
Extensive bowel resection 
Acute and chronic diarrhea 
Intestinal and biliary fistulas 
Protein-calorie malnutrition 
Acute hemorrhagic pancreatitis 
Primary hypomagnesemia (neonatal) 
Renal loss 
Chronic parenteral fluid therapy 
Osmotic diuresis 
Glucose (diabetes mellitus) 
Mannitol 
Urea 
Hypercalcemia 
Alcohol 
Drugs 
Diuretics (furosemide, ethacrynic acid) 
Aminoglycosides 
Cisplatin 
Cyclosporine 
Amphotericin B 
Cardiac glycosides 
Pentamidine 
Metabolic acidosis (starvation, ketoacidosis, alcoholism) 
Renal diseases 
Chronic pyelonephritis, interstitial nephritis, and 
glomerulonephritis 
Diuretic phase of acute tubular necrosis 
Postobstructive nephropathy 
Renal tubular acidosis 
Post—renal transplantation 
Primary hypomagnesemia 
Phosphate depletion 
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mately 0.5 mmol/L of magnesium. More commonly, mag- 
nesium deficiency is associated with losses from the lower 
intestine. Diarrhea may result in marked losses of magne- 
sium; therefore, acute diarrheal states, regional enteritis, and 
ulcerative colitis are frequently complicated by magnesium 
deficiency. Because magnesium is most efficiently absorbed 
from the distal small bowel, malabsorption and bypass 
surgery for obesity are also associated with magnesium mal- 
absorption. 

Excessive urinary losses of magnesium from the kidneys 
are important causes of magnesium deficiency. Clinically 
important causes include alcohol, diabetes mellitus (osmotic 
diuresis), loop diuretics (furosemide), and aminoglycoside 
antibiotics. Increased sodium excretion (parenteral fluid 
therapy) and increased calcium excretion (hypercalcemic 
states) also result in renal magnesium wasting. 

Because magnesium deficiency is usually secondary to 
another disease process or to a therapeutic agent, the features 
of the primary disease process may complicate or mask 
magnesium deficiency. Neuromuscular hyperexcitability 
with tetany and seizures may be present. These symptoms 


and signs may also be due to hypocalcemia, and magnesium _ 


deficiency is a common cause of hypocalcemia. Magnesium 
deficiency impairs PTH secretion and causes resistance to 
PTH in the kidneys and bone. 

One of the more serious complications of magnesium 
deficiency is cardiac arrhythmias. Premature atrial com- 
plexes, atrial tachycardia and fibrillation, ventricular prema- 
ture complexes, ventricular tachycardia, and ventricular 
fibrillation may be associated with magnesium deficiency. 
These effects may be partly caused by the hypokalemia, renal 
wasting, and intracellular depletion of potassium caused by 
hypomagnesemia. 

Although extracellular magnesium accounts for only 
about 1% of total body magnesium, and plasma magnesium 
concentrations correlate poorly with total body magnesium, 
determination of serum magnesium is the most widely used 
test to assess magnesium deficiency. Hypomagnesemia is 
often transient and not an indication of magnesium defi- 
ciency. Conversely, intracellular magnesium depletion and 
magnesium deficiency may exist despite a normal serum 
magnesium concentration. Consequently, hypocalcemia, 
hypokalemia, neuromuscular hyperirritability, and cardiac 
arrhythmias should alert one to the possible presence of 
magnesium deficiency. Other tests less commonly used 
inchide the magnesium tolerance test and measurements of 
intracellular magnesium (e.g., in red blood cell, lymphocyte, 
or skeletal muscle).*” 

Acute symptomatic magnesium deficiency is usually 
treated with parenteral magnesium; mild depletion may be 
treated with oral magnesium. 


Hypermagnesemia 

Magnesium intoxication is not a frequently encountered 
clinical problem, although mild to moderate elevation in the 
serum magnesium concentration may be noted in as many 


as 12% of hospital patients.“ Symptomatic hypermagne- 
semia is almost always casued by excessive intake, resulting 
from the administration of antacids, enemas, and parenteral 
fluids containing magnesium (Box 49-8). The majority of 
these patients have concomitant renal failure, thereby limit- 
ing the ability of the kidneys to excrete excess magnesium. 
Magnesium is a standard therapy for pregnancy-induced 
hypertension (preeclampsia and eclampsia) and may cause 
magnesium intoxication in mothers and their neonates. 

Depression of the neuromuscular system is the most 
common manifestation of magnesium intoxication. Deep 
tendon reflexes disappear at a serum magnesium above 5 to 
9 mg/dL [2.06 to 3.70 mmol/L], whereas depressed respira- 
tion and apnea, caused by voluntary muscle paralysis, may 
occur at serum magnesium concentrations greater than 10 
to 12 mg/dL (4.11 to 4.94 mmol/L). Higher concentrations 
may result in cardiac arrest. Somnolence, hypotension, 
nausea, vomiting, and cutaneous flushing may also be seen. 
Hypermagnesemia induces a decrease in the serum concen- 
tration of calcium, presumably because of the inhibition 
of both PTH secretion and end-organ action of PTH by 
magnesium. 

The possibility of magnesium intoxication should be 
anticipated in patients receiving magnesium, especially those 
with renal failure. Replacement therapy should be discon- 
tinued in patients with mildly to moderately increased 
serum magnesium. Higher serum concentrations are used in 
treatment of preeclampsia and eclampsia. Since calcium 
acutely antagonizes the toxic effects of magnesium, patients 
with severe magnesium intoxication may be treated with 
intravenous calcium. If necessary, peritoneal dialysis or 
hemodialysis against a low-dialysis magnesium bath effec- 
tively lowers the serum magnesium concentration. 


Excessive intake 
Orally (usually in the presence of chronic renal failure) 

Antacids 

Cathartic 


Rectally 
Purgation 
Parenterally 
Treatment of pregnancy-induced hypertension 
Treatment of magnesium deficiency 
Renal failure 
Chronic (usually with administration of magnesium) 
Antacid 
Cathartic 
Enema 
Infusion 
Dialysis 
Acute 
Rhabdomyolysis 
Familial hypocalciuric hypercalcemia 
Lithium ingestion 
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MEASUREMENT OF TOTAL MAGNESIUM 

Serum magnesium has been measured by various techniques 
including fluorometry, flame emission spectroscopy, and 
atomic absorption spectrometry (AAS). Today, pho- 
tometric methods are most commonly used by clinical lab- 
oratories, although AAS, considered the reference method, 
is also used by a few laboratories. 


Photometric Methods | 


Several metallochromic indicators or dyes change color on 
selectively binding magnesium and have been used to 
measure it in biological samples.”°* According to the 
College of American Pathologists Comprehensive Chemistry 
Survey for 2004, calmagite and methylthymol blue were 
each used by 26% of laboratories for magnesium determi- 
nations, followed by a formazan dye (23%), magon/xylidyl 
blue (15%), chlorophosphonazo TI (7%), and arsenazol 
(2%). 

Calmagite (1-[1-hydroxy-4-methyl-2-phenylazo]-2- 
naphthol-4-sulfonic acid) (Figure 49-9), a metallochromic 
indicator, forms a colored complex with magnesium in alka- 
line solution, which is measured at 530 to 550 nm,'795°035% 
A specific calcium-chelating agent, EGTA (see Figure 49-3), 
is added to reduce interference by calcium. Reagents may 
include potassium cyanide (to prevent formation of heavy 
metal complexes) and polyvinylpyrrolidone and surfactants 
to reduce interference from protein and lipemia. 


OH HO 
Cpt at 


Calmagite 


Methylthymol blue 


ie] H 
OH HO N CH; 
Sods Cf 
ts «> S 


Xylidyl blue (Magon) 


Figure 49-9 Metallochromic indicators for magnesium. 


Methylthymol blue (see Figure 49-9) forms a blue 
complex with magnesium, which is measured around 
600 nm. EGTA is added to reduce interference by calcium. 

A formazan dye (1,5-bis[3,5-dichloro-2-hydroxyphenyl]- 
3-formazan carbonitrile) forms a complex with magnesium 
at alkaline pH, which has been measured at 630 nm by thin- 
film reflectance photometry. N,N’-[1,2-ethanediylbis[oxy- 
2,1-phenylene]bis(N-carboxymethyl)] glycine is used to 
chelate calcium. This thin-film reflectance method shows 
relatively little interference from icteric, lipemic, and 
hemolyzed specimens. Elevated calcium concentrations 
cause a measurable but small overestimation. 

Magon, or xylidyl blue (1-azo-2-hydroxy-3-[2,4- 
dimethylcarboxanilido]-naphthalene-1’-[2-hydroxyben- 
zene]) (see Figure 49-9), binds magnesium in alkaline 
solution, causing a spectral shift and forming a red 
complex.***1°? The absorbance has most often been mea- 
sured around 600 nm. Calcium and protein interferences are 
reduced by EGTA and dimethyl sulfoxide, respectively. 


Atomic Absorption Spectrometry 
As with calcium, AAS methods provide greater accuracy and 
precision for magnesium measurements than do photomet- 
ric methods; however, they are not frequently used for 
routine determination of magnesium by clinical laborato- 
ries. AAS is used as a reference method for magnesium. 
Magnesium is determined by AAS after diluting the spec- 
imen 1:50 with a solution of lanthanum-HCl to eliminate 
interference from anions, including phosphate and protein 
and metal oxides, The dilution also reduces viscosity, 
ensuring that the aspiration rates for aqueous calibrators and 
specimens are comparable. The specimen is aspirated into 
an air-acetylene flame, in which the ground state magnesium 
ions absorb light from a magnesium hollow cathode lamp 
(285.2 nm). Absorption at 285.2 nm is directly proportional 
to the number of ground state magnesium atoms in the 
flame. Electrothermal atomic absorption methods have also 
been described for serum, urine, and other fluids. 


Other Methods 


Flame emission, fluorometric, and enzymatic methods have 
also been used to measure magnesium. Flame emission spec- 
troscopy is not a good method for magnesium because of its 
poor emission at low temperature and interference by large 
concentrations of sodium, potassium, and phosphate. A 
number of fluorometric methods have used calcein or 8- 
hydroxyquinoline. Enzymatic methods™*” have been devel- 
oped with hexokinase or other enzymes that use Mg”*-ATP 
as a substrate. The rate of this reaction is dependent on the 
concentration of magnesium in the sample. Coupling hexo- 
kinase to glucose-6-phosphate dehydrogenase allows the 
reaction to be monitored at 340 nm with the formation of 
NADPH. A simple one-step reaction using stabilized isoci- 
trate dehydrogenase has been reported.” This enzyme is 
activated by magnesium and produces NADPH. 
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MEASUREMENT OF FREE (IONIZED) MAGNESIUM 


Instruments for the measurement of free magnesium in 
whole blood, plasma, or serum are available commercially.* 
These instruments use ISEs with neutral carrier ionophores, 
including ETH 5220, ETH 7025, or a proprietary ionophore. 
Current ionophores or electrodes have insufficient selectiv- 
ity for magnesium over calcium. Free calcium is simultane- 
ously determined and used chemometrically with the signal 


from the magnesium electrode to calculate free magnesium _ 


concentrations, 

Comparisons of instruments for freé magnesium deter- 
minations have been reported.’ Electrodes are warranted by 
the manufacturer for as little as a couple days to several 
months. Differences in measured free magnesium were 
apparent between analyzers, mainly because of interference 
from free calcium. Further improvements in ISEs and instru- 
ments for free magnesium would improve performance and 
increase the availability of these determinations. 

Decreased total magnesium is a common finding in hos- 
pital patients.” Magnesium salts are frequently adminis- 
tered to patients for antiarrhythmic, vasomotor, and 
neuronal actions and to patients with preeclampsia, myocar- 
dial infarctions, and ischemic heart disease. Monitoring of 
free magnesium concentrations has been suggested,” as 
both low and high concentrations can be life threatening. 

Discordance between total and free magnesium measure- 
ments has been reported in selected patient populations, 
including those with cardiovascular disorders, diabetes 
mellitus, alcoholism, migraine headaches, asthma, renal 
transplants, head trauma, and in pregnant women.!%*® 
Interferences, such as that from thiocyanate, in measurement 
of free magnesium may explain some of these discrepencies. 
Free magnesium determinations may be helpful in others of 
these disorders and in critically ill patients and during car- 
diopulmonary bypass, preeclampsia, neonatal distress, and 
therapy with a number of drugs.10711591502.0615 


Specimen Requirements 

Serum and heparinized plasma are the preferred specimens 
for measuring magnesium. Zinc heparin, lithium-zinc 
heparin, and some of the newer heparins developed for free 
calcium determinations should be avoided because they 
significantly increase magnesium.”*® Other anticoagu- 
lants, such as citrate, oxalate, and EDTA, are not acceptable 
because they form complexes with magnesium. Storage of 
serum for days at 4 °C and for months frozen does not affect 
measured concentrations of total magnesium provided 
evaporation of the specimen is prevented. 

Serum or plasma must be separated from the clot or red 
blood cells as soon as possible to prevent an increase in 
serum magnesium because of cell leakage. Because erythro- 
cytes contain higher concentrations of magnesium than 


References 9, 10, 98, 102, 273, 274, 456. 


serum or plasma, hemolyzed specimens are unacceptable. 
Interference by icterus or lipemia depends on the method 
and can be decreased by use of bichromatic analysis or 
blanking with EDTA.”*???°?" Lipemic specimens should 
be ultracentrifuged. 

Urine specimens should be collected in acid (e.g., HCl, 20 
to 30 mL of 6 mol/L for a 24-hour specimen) to prevent pre- 
cipitation of magnesium complexes. As with calcium, if acid 
must be added after collection, the entire specimen must be 
acidified, warmed, and mixed thoroughly before a sample is 
removed for analysis. Collection of the specimen in acid to 
prevent precipitation is recommended. 

Factors that alter free calcium concentration by altering 
the distribution of calcium between free, protein-bound, and 
complexed pools can also alter free magnesium concentra- 
tion.*°* Therefore specimens should be handled anaerobi- 
cally to prevent loss of CO, and analyzed without delay to 
prevent changes in pH because of metabolism. As with free 
calcium, high concentrations of heparin should be avoided. 
Certain silicones or other tube additives, thiocyanate 
(smokers and diet), and zinc heparin interfere with free mag- 
nesium determinations, ’®37468,524 


REFERENCE INTERVALS FOR TOTAL AND 

FREE MAGNESIUM 

For adults, the reference interval for serum magnesium is 1.7 
to 2.4 mg/dL (0.66 to 1.07 mmol/L). Magnesium 
concentrations in erythrocytes are approximately three times 
those of serum. Conversion factors for the units used to 
express magnesium concentration are given below: 


mmol/L = mEg/L x 0.5 = mg/dL x 0.41 
mEq/L = mmol/L x 2 = mg/dL x 0.82 
mg/dL = mEq/L x 1.22 = mmol/L x 2.43 


The reference interval for free magnesium is instrument- 
dependent; a typical range for the Nova Biomedical CRT is 
listed below: 


0.45 to 0.60 mmol/L 


HORMONES REGULATING MINERAL 
METABOLISM 


PTH and 1,25-dihydroxyvitamin D are the primary hor- 
mones regulating bone and mineral metabolism. Calcitonin 
has pharmacological actions, but a physiological role has not 
been established in adults. PTHrP is the principal mediator 
of humoral hypercalcemia of malignancy. 


PARATHYROID HORMONE 

PTH is synthesized and secreted by the parathyroid glands; 
usually two superior and two inferior, located bilaterally on 
or near the thyroid gland capsule.*” The glands are com- 
posed of chief and oxyphil cells; the chief cells synthesize, 
store, and secrete PTH. 


Biochemistry and Physiology 


The concentration of PTH in plasma is determined by its 
synthesis tnd secretion by the parathyroids and its metabo- 
lism and clearance by the liver and kidneys. PTH acts directly 
on bone and kidney, and indirectly on intestine to regulate 
the concentration of calcium and phosphate in plasma. 


Synthesis and Secretion 

PTH is synthesized as a precursor, pre-pro-PTH, of 115 
amino acids (Figure 49-10).%’ The amino(N)-terminal 
hydrophobic “pre” or leader sequence (25 amino acids) is 
involved in transporting PTH across the endoplasmic retic- 
ulum meinbrane into the cisternae. Both the “pre” and N- 
terminal “pro” (6 amino acids) are enzymatically cleaved 
during intracellular processing and before packaging in the 
Golgi apparatus. After processing, intact PTH (84 amino 
acids, molecular weight of 9425) is secreted, stored, or 
degraded intracellularly. Unlike proinsulin, proPTH does 
not appear to be secreted or to circulate in measurable 
concentrations, 

Classical biological activity resides in the first third or N- 
terminal region of intact PTH. Synthetic PTH(1-34) is at 
least as potent as intact PTH(1-84) at interacting with the 
PTH/PTHrP receptor (type 1 PTH receptor) and stimulat- 
ing calcemic, phosphaturic, and other biological responses 
in kidney and bone. Oxidation of the methionine residues at 
position 8 or 18 results in loss of biological activity. PTH 
contains a large number of basic amino acids. The middle 
portion of the molecule is quite immunogenic because of its 
hydrophobicity and species specificity. 
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Figure 49-10 Amino acid sequence of 
preproparathyroid hormone. Arrows indicate 
the sites of cleavage by proteases to remove 
the N-terminal methionines (/), the leader 
(pre) sequence (2), and the pro sequence (3), 
producing intact PTH (1-84). Cleavage at 
position 4 produces inactive carboxyl (C)- 
terminal fragments. (From Habener JF Rosenblatt 
M, Potts JT jr. Parathyroid hormone: Biochemical 
aspects of biosynthesis, secretion, action, and 
metabolism. Physiol Rev 1984;64:985-1053.) 


The concentration of free calcium in blood or extracellu- 
lar fluid is the primary acute physiological regulator of PTH 
synthesis, metabolism, and secretion. ®®*®7 Free calcium is 
sensed by a calcium-sensing receptor in the plasma mem- 
brane of parathyroid cells; this receptor activates intracellu- 
lar events leading to release of free calcium from intracellular 
stores and the opening of plasma membrane calcium chan- 
nels.'* An increase in extracellular free calcium inhibits PTH 
synthesis and secretion and increases PTH metabolism, 
whereas a decrease has the opposite effect. An inverse sig- 
moidal relationship exists between PTH secretion and free 
calcium (Figure 49-11). Maximal secretion and suppression 
are attained with mild hypocalcemia and mild hypercal- 
cemia, respectively. The midpoint of this relationship, or set- 
point, is the calcium concentration at which PTH secretion 
is half maximal. Set-points appear to vary somewhat from 
individual to individual and may be altered by physiological 
or pathological processes. 

1,25(OH),D, phosphate, and magnesium also influence 
the synthesis and secretion of PTH. 1,25(OH),D 
interacts with vitamin D receptors in the parathyroid glands 
to chronically suppress PTH synthesis by suppressing PTH 
gene transcription and therefore secretion. Hyperphos- 
phatemia and hypophosphatemia increase and decrease 
PTH synthesis and secretion, respectively. Magnesium prob- 
ably does not play an important role in PTH secretion except 
at the extremes of magnesium concentration. Chronic severe 
hypomagnesemia, such as that occurring in alcoholism, has 
been associated with impaired PTH secretion, whereas acute 
hypomagnesemia may stimulate secretion, Hypermagne- 
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Figure 49-11 Regulation of intact PTH secretion by calcium 
in normal humans. Calcium and EDTA were infused to 
demonstrate the sigmoidal relationship between PTH secretion 
and free calcium. (From Brown EM. Extracellular Ca’* sensing, 
regulation of parathyroid cell function, and role of Ca** and other ions 
as extracellular (first) messengers. Physiol Rev 1991;71:371-411,) 


semia suppresses PTH secretion via the calcium-sensing 
receptor, although not as effectively as calcium. 


Biological Actions 


PTH influences both calcium and phosphate homeostasis 
directly through its actions on both bone and kidney and 
indirectly on the intestine through 1,25(OH),D.7°»0°4 
PTH exerts its actions by interacting with PTH/PTHrP 
receptors located in the plasma membrane of target cells. 
This interaction initiates a cascade of intracellular events, 
including the generation of cyclic adenosine monophos- 
phate (cAMP), activation of kinases, phosphorylation of 
proteins, increased entry of calcium and intracellular 
calcium, stimulated phospholipase C activity with genera- 
tion of diacylglycerol and phosphoinositide-activated 
enzyme and transport systems, and secretion of lysosomal 
enzymes, #75 

In the kidneys, PTH (1) induces 25-hydroxyvitamin D- 
la-hydroxylase, increasing the production of 1,25(OH),D, 
which stimulates intestinal absorption of both calcium and 
phosphate, (2) increases calcium reabsorption in the distal 
convoluted tubule of the nephron, (3) decreases reabsorp- 
tion of phosphate by the proximal tubule, and (4) inhibits 
Na*-H* antiporter activity, which favors a mild hyper- 
chloremic metabolic acidosis in hyperparathyroid states. 

The effects of PTH on bone are complex, as evidenced by 
its stimulation of bone resorption or bone formation, 
depending on the concentration of PTH and the duration of 
exposure. Chronic exposure to high concentrations of PTH 
leads to increased bone resorption. PTH acts directly by 
altering the activity or numbers of osteoblasts and indirectly 
on osteoclasts. Bone resorption, a prompt effect, is impor- 
tant for the maintenance of calcium homeostasis, whereas 


delayed effects are important for extreme systemic needs and 
skeletal homeostasis. 

Integration of the direct effects of PTH on bone and 
kidney, and the indirect effects on intestine through 
1,25(OH).D, result in alterations in calcium and phosphate 
concentrations in serum and urine. In serum, total and free 
calcium are increased, but the concentration of phosphate 
is decreased. In urine, inorganic phosphate and cAMP 
concentrations are increased. Urinary calcium is usually 
increased because the larger filtered load of calcium (deriv- 
ing from bone resorption and intestinal calcium absorption) 
overrides increased tubular reabsorption of calcium. In the 
absence of disease, the increase in serum calcium reduces 
PTH secretion through a negative-feedback loop, maintain- 
ing homeostasis. 


Metabolism and Circulating Heterogeneity 


PTH circulates as biologically active intact hormone and as 
carboxyl (C)-terminal fragments containing the midregion 
and C-terminal amino acids, but lacking the biologically 
active amino(N)-terminal region. Its heterogeneity is a 
consequence of (1) the secretion of both intact hormone and 
C-terminal fragments by the parathyroids, (2) peripheral 
metabolism of intact hormone by liver and kidney to C- 
terminal fragments, and (3) renal clearance of intact 
hormone and C-terminal fragments (Figure 49-12), 271047 
In the parathyroids, secretion of intact PTH is increased by 
hypocalcemia and greatly reduced or absent in hypercal- 
cemia, whereas secretion of C-terminal fragments persists in 
hypercalcemia. ">? Biologically active intact PTH is 
rapidly cleared from plasma (half-life<5 minutes) by 
metabolism to C-terminal fragments by the liver and kidneys 
and clearance of intact PTH by the kidneys.””* Peripheral 
metabolism appears to inactivate intact hormone without 
releasing measurable concentrations of biologically active 
N-terminal fragments.” 

Circulating immunoreactive PTH is composed primarily 
of “inactive” C-terminal fragments and secondarily of 
intact hormone (see N-terminal-Truncated-Fragments and 
Second Generation Intact PTH Methods for a discussion 
of N-terminal-truncated fragments measured by first 
generation intact PTH immunoassays). Although the exact 
length of circulating C-terminal fragments is uncertain, 
fragments consisting of the middle and carboxyl regions 
of the molecule (e.g., amino acids 34-84, 36-84) have been 
most frequently reported. These fragments are devoid of 
the N-terminal region and classical PTH biological activity 
and were considered to be inactive degradation products. 
However, recent reports have identified C-terminal PTH 
receptors in bone cells and have suggested that these frag- 
ments may affect the maturation and biological activity of 
these cells. C-terminal fragments are cleared by glomerular 
filtration and normally have a half-life of less than 1 hour. 
Their half-life and circulating concentration are increased 
significantly in individuals with impaired renal function. 
Generally, 5% to 25% of the total immunoreactive PTH is 
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Figure 49-12 Secretion, metabolism, clearance, and circulating forms of PTH. Both intact PTH 
and inactive fragments containing the middle and carboxyl (C)-terminal amino acids are secreted 
by the parathyroid glands. These inactive fragments are also produced by peripheral metabolism 
of intact PTH by the liver and kidneys. Carboxyl fragments are cleared by the kidneys by 
glomerular filtration. The half-life and concentration of intact hormone are smail compared with 
those of inactive fragments. (From Endres DB, Villanueva R, Sharp CF Jr, Singer FR. Measurement of 


parathyroid hormone. Endocrinol Metab Clin North Am 1989;18:61 1-29.) 


intact hormone, and 75% to 95% is C-terminal frag- 
ments, ">75 The relative concentrations of intact hormone 
and fragments vary with physiology and pathology. 


Clinical Significance 


Determination of PTH is useful in the differential diagnosis 
of both hypercalcemia and hypocalcemia for assessing 
parathyroid function in renal failure and for evaluating 
parathyroid function in bone and mineral disorders (see 
Calcium, Clinical Significance, Hypocalcemia, and Hyper- 
calcemia; Metabolic Bone Diseases; and Interpretation of 
PTH Results). 


Measurement of PTH 


Noncompetitive immunoassays are now widely used for the 
measurement of intact PTH." The low concentration of 
intact hormone and high concentrations of C-terminal 
fragments presented too great a challenge for competitive 
immunoassays.’ Competitive immunoassays, primarily 
radioimmunoassays (RIAs), including those recognizing the 
midregion, C-terminal, N-terminal, and other sequences 
(Figure 49-13), have largely been discontinued because of 
their limited specificity and/or sensitivity. Midregion and 
C-terminal methods: (1) measure primarily C-terminal frag- 


ments, which are present in much higher concentrations than 
is biologically active intact hormone, the species regulated by 
free calcium; (2) often provide a poor indication of parathy- 
roid function, because the measured concentration is depen- 
dent on peripheral metabolism and glomerular filtration of 
the fragments”; (3) are difficult to interpret in patients with 
impaired renal function (PTH can be falsely elevated, up to 
30 times the upper limit of normal, in dialysis patients 
without secondary hyperparathyroidism)"*; and (4) are not 
suppressed in nonparathyroid hypercalcemia and are often 
falsely modestly elevated.'” N-terminal PTH RIAs were an 
attempt to overcome the limitations of assays measuring 
C-terminal fragments, These competitive immunoassays 
lacked the sensitivity required to measure intact PTH in 
patients with normal or modestly elevated concentrations, 
Fortunately the following advances permitted the devel- 
opment of noncompetitive methods for intact PTH: (1) the 
determination of the amino acid sequence of human 
(h)PTH; (2) increased understanding of the secretion, 
metabolism, clearance, and circulating forms of PTH; and 
(3) the synthesis of hPTH, fragments of hPTH, and ana- 
logues of fragments for use as immunogens, tracers, and 
calibrators, for characterization of antiserum and antibody 
specificity, and for affinity purification of antibodies. 
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Figure 49-13 Schematic representation 
of PTH immunoassays including first and 
second generation noncompetitive intact 
immunoassays and midregion/C-terminal 
and N-terminal competitive methods, 
The approximate location of the peptide 
regions recognized by the antibodies of 
the four classes of methods is indicated. 
(Modified from fiippner H, Potts JT Jr. 
Immunoassays for the detection of 
parathyroid hormone. J Bone Miner Res 
2002;17:N8 1-86.) 
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Figure 49-14 Noncompetitive immunoassay for PTH. PTH is reacted with immobilized capture 
antibody (Ab;) against one antigenic determinant and a labeled signal antibody (Ab>*) against a 
second antigenic determinant. PTH forms a bridge between the two antibodies, producing a 
“sandwich” or ternary complex. Both antibodies are added in excess, ensuring that all PTH 
reacts and is measured. Free signal antibody is separated, and the solid-phase antibody-PTH- 
labeled antibody complexes are quantified with an appropriate detection system. The signal 
increases with increasing concentrations of PTH. (Modified from Endres DB, Villanueva R, Sharp CF 
Jr, Singer FR. Measurement of parathyroid hormone. Endocrinol Metab Clin North Am 1989;18:61 1-29.) 


Noncompetitive Methods for Intact PTH 


Noncompetitive (also known as two-site, sandwich, labeled 
antibody, or immunometric methods) (see Chapter 9) 
require two antibodies capable of simultaneously binding 
PTH (Figure 49-14): (1) a capture antibody immobilized to 
a solid phase, and (2) a signal or reporter antibody labeled 
with a measurable substance or an enzyme changing the 
concentration (substrate or product) of a measurable sub- 
stance. Unlike competitive immunoassays, with noncompet- - 
itive methods, both antibodies are added in excess, ensuring 
that all analyte is measured. After formation of the ternary 
complex or sandwich, excess labeled antibody is removed by 
washing before quantification of complexes. Noncompeti- 
tive immunoassays provide increased sensitivity, specificity, 
reproducibility, and convenience.” 

For intact PTH, the capture antibody is most often 
directed against the carboxyl or middle region of the mole- 
cule (for example, amino acid sequences 39 to 84,'**"* 44 to 
68”, 44 to 84, or 78 to 84™) and the signal antibody against 


the N-terminal amino acid sequence (1 to 34) 750634414 A 


few methods have reversed this, using capture antibodies 
against the N-terminal amino acid sequence (1 to 34,° 26 
to 32, or 1 to 38%”) and signal antibodies against the middle 
or C-terminal amino acid sequence (44 to 68,” 55 to 64, or 
53 to 68).*”° With the latter, a higher concentration of signal 
antibody is required because of the high concentration of 
inactive fragments relative to intact hormone, potentially 
adversely impacting sensitivity by increasing the blank 
(signal in the absence of intact PTH). The specificity of these 
noncompetitive methods depends on the sequence speci- 
ficity of the antibodies used. The methods described above 
do not measure classical C-terminal fragments lacking the 
N-terminal amino acid sequence (1-34). 

Antibodies may be either monoclonal or polyclonal anti- 
bodies purified by affinity chromatography to produce 
sequence-specific antibodies. Affinity-purified polyclonal 
antibodies have been most widely used, particularly for the 
signal antibody, because of the difficulty of producing high- 
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affinity monoclonal antibodies against PTH, although some 
success has been reported, 7243344413 

Capture antibodies have been noncovalently bound or 
covalently attached to a variety of solid phases, including 
polystyrene beads, ™**"* plastic tubes, ™® paramagnetic 
particles, microparticulate cellulose,” and sepharose.™ 

Signal antibodies have most often been radiolabeled (for 
immunoradiometric assays [IRMA]) with (11) 69634414 or 
labeled with a chemiluminescent (for immunochemilumino- 
metric assays [ICMA]) compound, such as acridinium 
ester, or an enzyme (enzyme-linked immunosorbent 
assay [ELISA] or enzyme immunoassay [EIA]), such as 
ALP, converting a substrate (1,2-dioxetane phosphate) to a 
chemiluminescent product. 

As of 2004, the College of American Pathologists Inter- 
laboratory Survey listed five manufacturers as providing first 
generation noncompetitive immunoassays for intact PTH. 
Most of these commercially available methods are on fully 
automated immunoassay analyzers using chemilumines- 
cence detection including ALP with 1,2-dioxetane phos- 
phate, acridinium ester, or electrochemiluminescence 
(ruthenium chelate). Signal antibody is less commonly 
radiolabeled with "I, 


N-Terminal-Truncated PTH and Second Generation 
Intact PTH Methods 


More recently, evidence has been presented for circulating 
N-terminal-truncated fragment(s) (also called non-[1- 
84]PTH and PTH[7-84]), containing all but a few of the N- 
terminal amino acids, The fragment(s) were identified by 
immunoassay with first generation noncompetitive methods 
for intact PTH after fractionation of extracts of plasma from 
hyperparathyroid patients and normal subjects by high- 
performance liquid chromatography (HPLC). Although 
its exact length is unknown, the fragment(s) migrate before 
PTH(1-84) and just ahead of PTH(7-84). N-terminal- 
truncated PTH concentration accounts for averages of 20% 
and 50% of “intact” PTH in normal subjects and patients 
with chronic renal failure, respectively. Furthermore the rela- 
tive concentration of N-terminal-truncated PTH increased 
with hypercalcemia and decreased with hypocalcemia. Like 
C-terminal fragments, N-terminal-truncated PTH origi- 
nates from both secretion by the parathyroids and peripheral 
metabolism of intact hormone. 

First generation, noncompetitive methods for intact PTH 
cross-react with N-terminal-truncated fragment(s) overesti- 
mating the concentration of biologically active, intact PTH. 
Using synthetic PTH(7-84), cross-reactivity of 40% to 160% 
has been reported for first generation methods.” These 
findings have stimulated the development of a few second 
generation methods for intact PTH, using N-terminal 
antibodies that do not cross-react with synthetic PTH 
(7-84) (Figure 49-13). These second generation methods, 
which do not recognize N-terminal-truncated fragments, 
have been referred to as “bio-intact PTH, PTH(1-84),” 
“whole PTH,” or “CAP” (cyclase-activating PTH), We prefer 
the term “second generation intact PTH” assays, but because 


of its convenience we will also use PTH(1-84) to distinguish 
these methods from first generation intact PTH methods that 
recognize both intact hormone and N-terminal-truncated 
PTH. This terminology avoids the implication that these 
immunoassays measure only biologically active hormone. 

One method uses antibodies against PTH(1-4) and even 
requires the presence of the most N-terminal amino acid, as 
evidenced by its failure to recognize PTH(2-34).’” As of 
2004, three second generation methods from two manufac- 
turers were listed on the College of American Pathologists 
Interlaboratory Survey. 

Recent studies have suggested that N-terminal-truncated 
PTH may be biologically active. Synthetic PTH(7-84), used 
as the available representative of N-terminal-truncated PTH, 
decreased serum calcium; antagonized the calcemic, 
phosphatemic, and phosphaturic effects of intact PTH in 
thyroparathyroidectomized animals; and was bound by a 
C-terminal PTH receptor distinct from the PTH/PTHrP 
receptor, 7® 

Since first generation methods for intact PTH measure 
N-terminal-truncated PTH, they overestimate the concen- 
tration of biologically intact hormone. The degree of 
overestimation will be method-dependent, but intact PTH 
is 50% higher on average than PTH(1-84) in patients 
with primary hyperparathyroidism or end-stage renal 
disease.” 

The inability of first generation intact PTH methods to 
accurately measure biologically active intact hormone may 
explain why intact PTH is not a reliable indicator of bone 
turnover in dialysis patients.” PTH often fails to distinguish 
patients with low-, normal-, and high-turnover bone disease. 
Furthermore, treatment of patients to suppress intact PTH 
to normal or near normal frequently results in adynamic 
bone disease. Recently the PTH(1-84)/N-terminal-truncated 
fragment ratio has been proposed for evaluating bone 
turnover in renal osteodystrophy based on the ability of 
PTH(7-84) to antagonize the biological activity of intact 
PTH and preliminary experimental evidence for the predic- 
tive value of this ratio.” The ratio is calculated after mea- 
suring intact PTH (first generation) and PTH(1-84) (second 
generation) and calculating the N-terminal-truncated frag- 
ments by subtracting PTH(1-84) from intact PTH. Addi- 
tional studies are required as subsequent studies were unable 
to substantiate the greater clinical utility of measuring both 
PTH(1-84) and intact PTH and calculating this ratio to 
assess bone turnover in renal osteodystrophy, 14356500A 

Even second generation intact PTH assays may not be ab- 
solutely specific for intact PTH as evidenced by a recent report 
demonstrating an amino-terminal form of PTH distinct from 
intact hormone and the N-truncated fragment. This form 
represented approximately 20% of the intact PTH measured 
with a second generation intact PTH method. The clinical 
implications of this form have not yet been established.”°* 


Specimen Requirements 


Specimen requirements may depend on the specific method; 
however, serum or EDTA plasma is generally preferred. After 
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separation, serum or plasma should be frozen if the analysis 
is delayed. Lower concentrations of PTH are observed 
in serum incubated at room temperature for 
more than a few hours or after one to several days at 
4 °C, 90405:450452.615 DTH has been reported to be more stable 
in EDTA plasma, a probable consequence of reduced 
proteolytic activity. 


Reference Intervals _ 


Reference intervals for PTH vary with the method. Typical 
reference intervals are: 


Intact PTH (First Generation): 10 to 65 pg/mL 
(1.1 to 6.8 pmol/L) 

PTH(1-84) (Second Generation): 6 to 40 pg / mL 
(0.6 to 4.2 pmol/L) 


Interpretation of PTH concentrations should consider the 
patient’s calcium concentration at the time of sampling.” 

The upper limit of the reference interval for PTH may be 
inappropriately high because of the prevalence of vitamin D 
insufficiency and mild secondary hyperparathyroidism in 
the reference group. Significantly lower intervals have been 
established for these methods by excluding individuals with 
vitamin D insufficiency (see section on vitamin D, reference 
intervals).°™ 
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Intact PTH concentrations vary with age and are low or 
normal during pregnancy,’ lower in fetuses and 
umbilical cord blood, and increased during the first few days 
of life, in response to neonatal hypocalcemia. 
Concentrations in children and adolescents are reportedly 
similar, if not identical, to those in adults.” In healthy 
adults, circulating concentrations of intact PTH increase 
with age. 7*2 

Intact PTH is reported to be secreted in a pulsatile fashion 
with an overall circadian rhythm characterized by a noctur- 
nal rise,” Measurement of PTH on more than one 
occasion should assist in preventing misinterpretation of 
parathyroid status because of episodic secretion. 


Interpretation of PTH Results 


PTH is the most important test for the differential 
diagnosis of hypercalcemia. Intact PTH is elevated in the 
majority of patients with primary hyperparathyroidism (see 
Figure 39-15)!" and below normal or in the lower half 
of the reference interval in most patients with nonparathy- 
roid hypercalcemia including hypercalcemia-associated 
malignancy. * In patients with stable hypercalcemia, 
PTH in the upper half of the reference interval is inappro- 
priately high and suggestive of primary hyperparathy- 
roidism. Whenever possible, PTH specimens should be 
obtained before therapy for hypercalcemia, because PTH 
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Figure 49-15 Midregion (A) and intact (B) PTH in normal subjects and patients with primary 
hyperparathyroidism, hypercalcemia associated with malignancy, and hypoparathyroidism, (From 
Endres DB, Villanueva R, Sharp CF fr, Singer FR. Measurement of parathyroid hormone, Endocrinol Metab 


Clin North Am 1989;18:6 1 1-29.) 
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secretion may be stimulated by declining serum calcium.'” 
Increased PTH in patients with hypercalcemia and 
malignancy suggests coexisting hyperparathyroidism and 
malignancy, since ectopic PTH production appears to be 
extremely rare.*'” Hypercalcemia in malignancy is usually 
associated with bony metastases and/or production of 
PTHrP. PTHrP does not cross-react in any of the PTH 
immunoassays that have been evaluated. According to a 
recent study, PTH(1-84) is more sensitive in diagnosing 
primary hyperparathyroidism.* PTH(1-84) and intact PTH 
were elevated in 96% and 73% of 56 patients with primary 
hyperparathyroidism, respectively. 

Intraoperative determination of intact PTH is useful for 
assessing the completeness of parathyroidectomy and facili- 
tating minimally invasive parathyroid surgery, thereby 
improving cost-effectiveness and cosmetic outcomes.” PTH 
is measured just before the incision and again at 10 minutes 
after resection of the hyperfunctioning parathyroid tissue. A 
decline of 50% or more is usually considered indicative of 
the removal of all hyperfunctioning tissue. In contrast to 
patients with solitary parathyroid adenomas, interpretation 
of results in patients with multiglandular disease is more 
complicated. Preoperative or intraoperative PTH may also 
be useful for localization of hyperfimctioning parathyroid 
tissue by sampling multiple veins from the cervical and 
mediastinal regions. PTH(1-84) may decrease more rapidly 
and conipletely than intact PTH after removal of hyper- 
functioning tissue.” l 

Subnormal or low normal PTH is observed in the major- 
ity of patients with hypoparathyroidism (see Figure 49-15); 
such concentrations are inappropriately low for patients 
with hypocalcemia.” ®*7 The apparently detectable concen- 
trations observed in many patients with hypoparathyroidism 
or nonparathyroid hypercalcemia may be a result of the 
imprecision of methods at low concentrations, a nonspecific 
serum (ligand-free matrix} effect, and/or measurement of 
N-terminal-truncated PTH.” More rigorous assessment of 
the limit of detection” of PTH immunoassays and use of 
PTH(1-84) methods may show that concentrations are 
undetectable in these patients. 

In secondary hyperparathyroidism, PTH is increased 
before total or free calcium becomes abnormally low, a con- 
sequence of homeostatic mechanisms for maintenance of 
serum calcium. Consequently, PTH is more sensitive than 
calcium for identifying secondary hyperparathyroidism. 

In patients with end-stage renal disease, measurement of 
PTH is helpful in assessing parathyroid function, in esti- 
mating bone turnover, and in improving management. 
Patients with high-turnover bone disease because of sec- 
ondary hyperparathyroidism (advanced osteitis fibrosa) 
have the highest concentrations of PTH, whereas patients 
with low-turnover, adynamic bone disease, including osteo- 
malacia, have the lowest concentrations (Figure 49-16).* 


*References 18, 115, 340, 447, 510, 589, 595. 


Intermediate concentrations are seen in low-turnover ady- 
namic (aplastic) disease and early osteitis fibrosa. Consider- 
able overlap in intact PTH concentrations is apparent among 
the various forms of renal osteodystrophy. In dialysis 
patients, cut-points (“decision levels”) of less than 100 or 
150 pg/mL and greater than 250 to 300 pg/mL have been 
suggested for distinguishing patients with low-turnover 
and high-turnover bone disease, respectively. A reasonable 
therapeutic goal for intact PTH (first generation) concen- 
trations is two to four times the upper limit of the reference 
interval to prevent parathyroid-suppressed, adynamic, and 
hyperparathyroid bone diseases,” 

Parathyroid status is usually determined by measuring 
PTH on predialysis specimens, because various factors, 
including changes in serum calcium and the type of dialysis 
membrane, affect PTH secretion and clearance.” Com- 
parison of predialysis and postdialysis specimens has been 
suggested for determining acute parathyroid responsiveness 
to alterations in serum calcium concentrations.’ 
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Figure 49-16 Intact PTH in assessing parathyroid function in 
end-stage renal disease. Dialysis patients were separated into 
those with early and advanced osteitis fibrosa, osteomalacia, and 
aplastic disease by quantitative histomorphometric analysis of 
undecalcified bone biopsies. (From Segre GV, Sherrard Dj, Pandian 
MR, et al. Intact PTH (IRMA) Il: New applications to issues in 
parathyroid hormone and mineral metabolism. San juan Capistrano, 
Calif: Nichols Institute, { 989.) 
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It is likely that PTH(1-84) will more accurately assess 
parathyroid status and bone turnover and guide therapy in 
patients with end-stage renal disease**** (see N-Terminal 
Truncated PTH and Noncompetitive Methods for PTH(1- 
84). The therapeutic targets for intact PTH (two to four 
times the upper limit of normal) will need to be revised. for 
PTH(1-84}. 

Noncompetitive immunoassays for intact PTH or 
PTH(1-84} must have high concentrations of the C-termi- 
nal antibody to avoid underestimating PTH in dialysis 
patients with secondary hyperparathyroidism who have high 
concentrations of C-terminal fragments. Absence of inter- 
ference can be assessed by confirming that specimens from 
dialysis patients with the highest concentrations of PTH 
dilute in a parallel fashion.“”'™ Alternatively, recovery can be 
determined by adding a known amount of intact PTH to 
these specimens. 

PTH concentrations may be altered in hyperthyroidism, 
in hypothyroidism, and with lithium carbonate treatment. 
PTH is decreased and inversely correlated with T3 concen- 
trations in hyperthyroid patients. Serum PTH increases in 
patients who become hypothyroid after radioactive iodine 
treatment, and decreases with replacement therapy, "779 
changes apparently mediated by serum calcium. Chronic 
lithium carbonate therapy has been reported to increase 
parathyroid gland size and circulating intact PTH.” 

One remaining but uncommon use for PTH methods 
measuring C-terminal fragments is the analysis of fluid from 
suspected parathyroid cysts. Parathyroid cyst fluid appears 
to contain primarily inactive fragments of PTH, not intact 
hormone.” 


VITAMIN D AND ITS METABOLITES 

Vitamin D is produced endogenously by exposure of skin 
to sunlight, and is absorbed from foods containing or 
supplemented with vitamin D. Vitamin D is metabolized 
to its biologically active form, 1,25-dihydroxyvitamin D 
(1,25[OH],D), a hormone regulating calcium and phos- 
phate metabolism. Deficiency of vitamin D results in 
impaired formation of bone, because of a mineralizing 
defect, producing rickets in children and osteomalacia in 
adults. 


Biochemistry and Physiology 


Vitamin D and its metabolites may be categorized as either 
cholecalciferols or ergocalciferols (Figure 49-17). Cholecal- 
ciferol (vitamin D,) is the parent compound of the naturally 
occurring family and is produced in the skin from 7- 
dehydrocholesterol on exposure to the ultraviolet B portion 
of sunlight.” Latitude, season, aging, sunscreen use, and 
skin pigmentation influence production of vitamin D, by the 
skin. Vitamin D, (ergocalciferol), the parent compound of 
the other family, is manufactured by irradiation of ergosterol 
produced by yeasts. Vitamin D, differs from vitamin D, by 
the double bond between carbon 22 and carbon 23 and a 
methyl group on carbon 24. When vitamin D or its metabo- 


Sunlight 


od 
Thermal Vitamin D; 
HO Energy E {Cholecalciferol} 
CH) 
7-Dehydrocholesterol 
{Provitamin D3) 
HO” 
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Figure 49-17 Structure of vitamin D; (cholecalciferol) and 
vitamin D, (ergocalciferol) and their precursors. 7-Cholecalciferol 
is produced in the skin from 7-dehydrocholesterol on exposure to 
sunlight. Ergocaiciferol is produced commercially by irradiation of 
ergosterol. (Modified from Holick MF Adams JS.Vitamin D metabo- 
lism and biological function. In:Avioli LV, Krane SM, eds. Metabolic bone 
disease, 2nd ed. Philadelphia:WB Saunders, 1990: 155-95.) 


lites are written without a subscript, both families are 
included. 

Only a few foods, primarily fish liver oils, fatty fish, egg 
yolks, and liver, naturally contain significant amounts of 
vitamin D. Consequently, before foods were supple- 
mented with vitamin D, or vitamin D3, most vitamin D in 
the body was produced by synthesis in skin. In North 
America, a considerable fraction of vitamin D is acquired by 
ingestion of fortified foods (some cereals, bread products, 
and milk) or vitamin D supplements. The recommended 
daily allowance is 400 TU (10 ug). 


Metabolism, Regulation, and Transport 
Vitamin D, and vitamin D; are metabolized to 25-hydroxy- 
vitamin D [25(OH)D] by vitamin D-25-hydroxylase, a 
cytochrome P450 enzyme, in liver (Figure 49-18), 16257753458 
The concentration of 25(OH)D in serum is approximately 
10 to 65 ng/mL (25 to 162 nmol/L) (Table 49-4). The half- 
life of circulating 25(OH)D is 2 to 3 weeks. At physiological 
concentrations, 25(OH)D is biologically inactive. 

25(OH) D, and 25(OH)D; are metabolized to 1,25-dihy- 
droxyvitamin D (1,25{OH],D), the biologically active 
hormone, by 25(OH)D-1a-hydroxylase, a cytochrome P450 
enzyme, in kidney and placenta (see Figure 49-18). Normal 
circulating concentrations are approximately 15 to 60 pg/mL 
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(36 to 144 pmol/L), about 1/1000 that of 25(OH)D (Table 
49-4). The half-life of 1,25(OH),D is 4 to 6 hours. 
Circulating concentrations of 1,25(OH),D are tightly reg- 
ulated, primarily by PTH, phosphate, calcium, and 
1,25(OH),D,"46147257258°8 PTH and hypophosphatemia 
increase the synthesis of 1,25(OH),D by increasing 


Concentration 


1921 


Figure 49-18 Metabolism of vitamin D.Vitamin D, 

and vitamin D; are enzymatically hydroxylated to 25- 
hydroxyvitamin D in the liver and [,25-dihydroxyvitamin 
D by the kidneys. 1,25-Dihydroxyvitamin D, and [,25- 
dihydroxyvitamin D; are the biologically active forms 

of vitamin D. 


Free (%) : ` Half-Life. 


— =1-2 days 
0.03 2-3 wk 
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25(OH)D-1a-hydroxylase, whereas hypocalcemia acts indi- 
rectly by stimulating the secretion of PTH. Hypercalcemia, 
hyperphosphatemia, and 1,25(OH),D reduce 25(OH)D-1la- 
hydroxylase and 1,25(OH).D. 1,25(OH)2D also induces 
25(OH)}D-24-hydroxylase, an enzyme producing 24,25- 
dihydroxyvitamin D (24,25[0H],D), the most prevalent 
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dihydroxylated vitamin D in serum. The activity of this 
enzyme may reduce the formation of biologically active 
1,25(OH),D. 

Vitamin D, 25(OH)D, and 1,25(OH),D are bound in the 
circulation to vitamin D-binding protein (DBP), a specific, 
high-affinity transport protein also known as group-specific 
component.” In humans, DBP contains 458 amino acid 
residues and has a molecular weight of 51335. DBP is syn- 
thesized by the liver and circulates in great excess (at about 
400 mg/L), with fewer than 5% of the binding sites normally 
occupied. Vitamin D and its metabolites are bound with the 
following preference: 25(OH)D > 1,25(OH),D >> vitamin 
D. Only 0.03% of 25(OH)D and 0.4% of 1,25(OH),D are 
normally free in plasma (Table 49-4). DBP concentrations 
are increased in pregnancy and with estrogen therapy and 
are decreased in nephrotic syndrome. 


Biological Actions of 1,25-Dihydroxyvitamin D 
1,25(OH),D helps to maintain calcium and phosphate in 
serum by its actions on intestine, bone, kidney, and the 
parathyroids. In the small intestine, 1,25(OH),D stimulates 
calcium absorption, primarily in the duodenum, and phos- 
phate absorption by the jejunum and ileum, 46147257258458 At 
high concentrations, 1,25(OH),D increases bone resorption 
by inducing monocytic stem cells in bone marrow to differ- 
entiate into osteoclasts and by stimulating osteoblasts to 
produce cytokines and other factors influencing osteoclast 
activity. By stimulating osteoblasts, it also increases the 
circulating concentration of ALP and the noncollagenous 
bone protein osteocalcin (also called bone Gla protein, or 
BGP, because it contains y-carboxyglutamic acid or Gla). In 
the kidneys, 1,25(OH),D inhibits its own synthesis and 
stimulates its metabolism. 1,25(OH),D also acts directly 
on the parathyroids to inhibit the synthesis and secretion 
of PTH. 1,25(OH).D exerts its actions by associating with a 
specific nuclear vitamin D receptor, analogous to the steroid 
receptors for androgens, estrogens, and corticosteroids (see 
Chapters 43 and 45). 


Clinical Significance 


Determination of vitamin D is useful in the differential diag- 
nosis of hypocalcemia, hypercalcemia, or hypercalciuria and 
for evaluating vitamin D status in health and in bone and 
mineral disorders (see Calcium, Clinical Significance, 
Hypocalcemia, and Hypercalcemia; and Metabolic Bone 
Diseases). Only the measurements of 25(OH)D and 
1,25(OH),D have proven clinical value.* Routine clinical 
determination of vitamin D, 24,25(OH),D, or other metabo- 
lites is not indicated at this time. 

Vitamin D nutritional status is determined best by the 
measurement of 25(OH)D (Box 49-9), rather than vitamin 
D because (1) 25(OH)D is the main circulating form of 
vitamin D (see Table 49-4}, (2) 25(OH)D varies less, day-to- 


*References 22, 113, 257, 258, 458, 541, 


Decreased 25(OH)D 
Inadequate exposure to sunlight 
Inadequate dietary vitamin D 
Vitamin D malabsorption 
Severe hepatocellular disease 
Increased catabolism (e.g., drugs, such as anticonvulsants) 
Increased loss (nephrotic syndrome) 
Increased 25(OH)D (hypercalcemia) 
Vitamin D or 25(OH)D intoxication 


day, with exposure to sunlight and diet intake’™®?™ because 
of its longer half-life, (3) and the measurement of 25(0H)D 
is relatively easy compared with the more technically com- 
plicated methods for vitamin D.” Groups at higher 
risk for developing nutritional vitamin D deficiency include 
breast-fed infants, strict vegetarians who abstain from eggs 
and milk, individuals of color, and the elderly. 

25(OH)D is useful in evaluating hypocalcemia, vitamin 
D status, bone disease, and other disorders of mineral 
metabolism. Circulating concentrations of 25(OH)D may be 
decreased by (1) reduced availability of vitamin D, (2) inad- 
equate conversion of vitamin D to 25(OH)D, (3) accelerated 
metabolism of 25(OH)D, and (4) urinary loss of 25(OH)D 
with its transport protein. Reduced availability of vitamin 
D occurs with inadequate exposure to sunlight, dietary 
deficiency, malabsorption syndromes, or gastric or small 
bowel resection. Severe hepatocellular disease has been 
associated with inadequate conversion of vitamin D to 
25(OH)D. Drugs such as phenytoin, phenobarbital, and 
rifampin induce drug-metabolizing enzymes that accelerate 
the metabolism of vitamin D and its metabolites. Serum 
25(OH)D concentrations may be reduced in patients with 
nephrotic syndrome because of the urinary loss of DBP and 
25(OH)D. Measurement of 25(OH)D has limited value in 
hypercalcemia. Its most common use in hypercalcemia is 
in confirming intoxication after ingestion of large amounts 
of vitamin D or 25(OH)D*’; 25(OH)D concentration is 
typically greater than 100 ng/mL (250 nmol/L) in such 
patients. 

Measurement of 1,25(OH),D is useful in detecting inad- 
equate or excessive hormone production in the evaluation 
of hypercalcemia, hypercalciuria, hypocalcemia, and bone 
and mineral disorders (Box 49-10). Because activated 
macrophages convert 25(OH)D to 1,25(OH),D, serum con- 
centrations of 1,25(OH),D are often increased in sarcoido- 
sis, tuberculosis, other granulomatous diseases. Rarely is 
lymphoma associated with increased concentrations of 
1,25(OH),D.* Concentrations of 1,25(OH),D are elevated in 
vitamin D-dependent rickets type H and in 1,25(OH).D 
intoxication, and may be elevated in primary hyperparathy- 
roidism. Patients with primary hyperparathyroidism and 
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Hypoparathyroidism 

Pseudohypoparathyroidism 
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Granulomatous diseases 
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Vitamin D-dependent rickets, type H 


high concentrations of 1,25(OH),D appear to be more prone 
to developing hypercalciuria and renal stones. Reduced 
concentrations of 1,25(OH),D are observed in patients 
with renal failure, hypercalcemia of malignancy, hyper- 
phosphatemia, hypoparathyroidism, pseudohypopara- 
thyroidism, type I vitamin D-dependent rickets, hypo- 
magnesemia, nephrotic syndrome, and severe hepato- 
cellular disease. Measurement of 1,25{OH),D is not useful 
in confirming intoxication with vitamin D or 25(OH)D, 
because 1,25(OH), concentrations may be low, normal, or 
elevated. 


Measurement of Vitamin D Metabolites 


Specific and sensitive assays have been developed for vitamin 
DÐ, 25(OH)D, and 1,25(OH),D.% 25(OH)D and 
1,25(OH),D assays should measure D, and D; metabolites 
equally (with “equimolar” reactivity), since both D, and D; 
are metabolized to produce biologically active 1,25(OH),D. 
Separate measurement of the D, and D; forms does not 
necessarily distinguish dietary and endogenous sources of 
vitamin D, as food is supplemented with D; and D,.”” 

Most assays for 25(OH)D and 1,25(OH),D contain two 
or three of the following steps: (1} deproteinization or 
extraction, (2) purification, and (3) quantification. Depro- 
teinization or extraction frees the metabolites from DPB 
and may partially purify the metabolites. Purification steps, 
most often column chromatography, separate the various 
forms of vitamin D, lipid, and interfering substances, The 
method of quantification depends on the metabolite being 
measured. 


Extraction and Deproteinization 


Before the advent of commercially available methods, it was 
common to use two-phase, liquid-liquid partition with 
organic solvents and solvent mixtures, including methylene 
chloride, hexane, diethyl ether, ethanol/chloroform/water, 
methylene chloride/methanol, hexane/isopropanol, and 
cyclohexane/ethyl acetate.'°*!8*°> Ethanol and methanol 


were also used to free 25(OH)D from DBP when measuring 
25(0H)D, 03288 

Today, the most widely used commercially available 
methods use acetonitrile to deproteinize the specimen and 
to denature DBP, thereby freeing vitamin D metabolites.” A 
method using immunoextraction for 1,25(OH),D has also 
been reported.?761?78 


Column Chromatography 
The differences in their polarities, because of the number of 
hydroxyl groups, have been used to separate vitamin D and 
its metabolites. With three hydroxyl groups, 1,25(OH),D is 
more polar than 25(OH)D, with two hydroxyls, which is 
more polar than vitamin D, with one hydroxyl group. 
Extracts have been purified by chromatography on 
minicolumns of silica, silicic acid, Sephadex LH-20, hy- 
droxyalkoxypropyl Sephadex LH-20 (Lipidex 5000), celite, 
alumina, or some other absorbents,* Solid-phase extraction 
using octadecyl (C\s)-silica was widely used for measuring 
1,25(OH),D." The most popular method“? used both a 
reversed-phase C,,-silica minicolumn and a normal-phase 
silica minicolumn to separate vitamin D metabolites. This 
method was modified by eliminating the silica cartridge and 
using “phase switching” with a single nonend-capped COH 
cartridge.” 


Measurement of 25-Hydroxyvitamin D 
Serum 25(OH)D has been measured by CPBA, competitive 
immunoassay (RIA, ELA, ICMA), or UV absorption after 
separation by HPLC. Determination by HPLC with UV 
absorption requires the appropriate HPLC equipment (see 
Chapter 6), more specialized training, and a larger sample. 
Most clinical laboratories measuring 25(OH)D have chosen 
the more familiar competitive immunoassays or CPBA. 
These assays are relatively easy to perform, use widely avail- 
able reagents, and require only a small specimen. Although 
assays do not have difficulty in recognizing supranormal 
concentrations of 25(OH)D, measurement of subnormal 
and low normal concentrations is more difficult, requiring 
well-validated methods free from interference. 
Radioimmunoassay. Development of an antiserum with 
equimolar cross-reactivity for 25(OH)D, and 25(OH)D; 
permitted the development of a competitive immunoassay 
(RIA) for 25(OH)D.’**** Previous antisera did not equally 
cross-react with D, and D, forms,” limiting their clinical 
usefulness. This antiserum was raised against a bovine 
serum albumin (BSA) conjugate of a vitamin D analogue 
lacking the side chain (23,24,25,26,27-pentanor vitamin 
D-C[22]carboxylic acid). A radioiodinated tracer was 
subsequently developed using a vitamin D analogue 
(3-aminopropyl derivative of vitamin D-C[22]-amide) and 
Bolton-Hunter reagent.’ Samples and calibrators are 


*References 5, 169, 247, 268, 288, 309, 348, 575. 
tReferences 169, 263, 288, 293, 462, 575. 
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deproteinized with acetonitrile and analyzed directly 
without chromatography. Although the antiserum also 
recognizes 24,25(OH).D, 25,26(OH).D, and 25(OH)D- 
26,23-lactone, 25(OH)D results are comparable with HPLC 
because of the much lower concentration of these metabo- 
lites, RIA is reported to be less sensitive to interfering sub- 
stances in serum extracts than CPBA using DBP. A second 
RIA has been approved by the Food and Drug Administra- 
tion (FDA) for the measurement of 25(OH)D; however, 
this method does not appear to have equimolar cross- 
reactivity for 25(OH)D, and 25(OH)D;. Automated, 
nonisotopic immunoassays (even with pretreatment) for 
25(OH)D are needed to increase the availability of 25(OH)D 
determinations. 

Competitive Protein-Binding Assays with Vitamin D- 
Binding Protein. Before the development of immunoassays, 
25(OH)D was measured primarily with CPBA with DBP as 
the specific binder, and with tritiated 25(OH)D,; (>100 
Ci/mmol) as tracer." Rat serum, diluted approximately 
1:50000 (v/v), provides a convenient source of DBP. Assays 
based on DBP measure both 25(OH)D, and 25(OH)D3. 
Assays that do not chromatographically isolate 25(OH)D 
measure other metabolites, including 25(OH)D;-23,26- 
lactone, 24,25(OH).D, 25,26(OH),D, and to a lesser extent 
vitamin D, overestimating 25(OH)D by about 10% in 
normal individuals. It is important to verify that assays 
respond equally to 25(OH)D, and 25(OH)D;. Serum 
extracts may contain other substances that cross-react in 
nonchromatographic assays using DBP, increasing the 
apparent concentration of 25(OH)D.* 25(OH)D concentra- 
tions are reported to be significantly higher when measured 
by CPBA when compared with RIA or HPLC.** An auto- 
mated chemiluminescent assay is available for measuring 
25(OH)D using DBP.“ 

HPLC and Ultraviolet Absorption. HPLC methods for 
25(OH)D have used normal-phase chromatography on 
silica, reversed-phase chromatography on Cy,-silica, or a 
combination of the two followed by quantification by UV 
absorption at 254 or 265 nm.' Most methods have required 
both extraction and preparative chromatography before 
HPLC. More recently, methods without preparative chro- 
matography have been developed using gradient or isocratic 
reversed-phase HPLC and with photodiode-array UV detec- 
tion." A specimen of 0.5 to 1.0 mL is required because of 
the limited sensitivity of UV detection. Although HPLC 
methods allow 25(OH)D, and 25(OH)D; to be separated, 
independent determination is not of routine clinical value. 
HPLC is useful for validating the accuracy of immunoassays 
and CPBAs. 


Measurement of 1,25-Hydroxyvitamin D 


1,25(OH),D circulates at approximately 1/1000 the concen- 
tration of 25(OH)D and at significantly lower concentra- 


*References 65, 96, 169, 336, 367, 605. ot 
*References 80, 116, 285, 286, 288, 293, 309, 396, 508, 521, 547, 
551. 


tions than other dihydroxylated metabolites, greatly compli- 
cating its determination in serum. The most widely used 
methods require extraction, chromatography, and quantifi- 
cation by radioreceptor assay (RRA) or RIA. RRAs have been 
widely used because of the high specificity of the vitamin D 
receptor (VDR) for 1,25(OH),D, whereas antisera have been 
less specific. The most widely used RRA and RIA are 
described and discussed in the following section. 

Radioreceptor Assay. A flow diagram for the extraction, 
purification, and radioreceptor assay of 1,25(QH),D***” 
is shown in Figure 49-19, Specimens (1 mL of serum or 
plasma) are deproteinized with acetonitrile, alkalinized and 
diluted, and applied to a COH cartridge (solid-phase 
extraction). After washing with water and methanol/water 
(70:30), 25(OH)D and 24,24(OH),D are eluted with 
hexane/methylene chloride (90:10) and discarded. The 
column is washed with hexane/isopropanol (99:1), before 
the elution of 1,25(OH),D with hexane/isopropanol (95:5). 
The fraction containing 1,25(OH),D is evaporated, rehy- 
drated, and assayed using an RRA with VDR from calf 
thymus. A nonequilibrium, delayed addition of tracer (5000 
cpm of tritiated 1,25[OH],D;) is used to lower the detection 
limit (2 to 5 pg/mL [4.8 to 12 pmol/L] with I mL of serum), 
followed by separation of bound and free tracer with 
dextran-treated charcoal. Recovery of the extraction, chro- 
matographic, and other preparative procedures is monitored 
with a small amount of tritiated 1,25(OH),D3. 

This method is a substantial improvement over earlier 
methods using VDR from chick intestine. Calf thymus 
provides an unlimited, more reproducible source of VDR 
with several advantages over chick intestinal VDR.7*”*? 
Thymus receptor recognizes 1,25(OH), D, and 1,25(OH),D, 
equally, unlike chick intestinal receptor, which underesti- 
mates the concentration of 1,25(OH), D}. VDR from thymus 
appears to be less sensitive than that from intestine to lipid 
and other nonspecific interferences extracted from serum, 
eliminating the need for extensive purification, including 
preparative HPLC. Patients treated with dihydrotachysterol 
may have falsely elevated concentrations of 1,25(OH),D 
when measured with chick intestinal receptor, but not with 
the thymus receptor assay." 

Radioimmunoassay. Before the development of the 
method described below, RIAs were not widely used in the 
United States because previous antisera: (1) did not reliably 
measure vitamin D status, since they discriminated between 
1,25(OH).D, and 1,25(OH),D;, and (2) cross-reacted with 
other vitamin D metabolites to a much greater extent than 
VDR requiring more extensive sample purification, includ- 
ing preparative HPLC 91111993261 

The RIA described below is more convenient than the 
RRA for 1,25(OH),D**™ because a radioiodinated tracer 
eliminates the need for liquid scintillation, and the antiserum 
eliminates the need to prepare VDR from calf thymus. 
The RIA uses a previously developed antiserum™ with 
1% to 2% cross-reactivity with the more abundant, non- 
1-hydroxylated vitamin D metabolites and a I-labeled 
tracer prepared from 1,25(OH),-24,25,26,27, tetranor- 
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Figure 49-19 Flow diagram outlining determination of |,25- 
dihydroxyvitamin D using a single-column extraction and 
purification method and a nonequilibrium radioreceptor assay 
with vitamin D receptor from calf thymus. 


C(23)-carboxylic acid and radiolabeled Bolton-Hunter 
reagent. Before analysis, specimens are deproteinized with 
acetonitrile, oxidized with sodium metaperiodate, and puri- 
fied using C,s-OH and silica cartridges. Sodium metaperio- 
date is necessary to eliminate interference by 24,24(OH),D 


and 25,26(OH).D by oxidizing them to their aldehyde and 
ketone forms, which are easily removed by chromatography. 
A silica column was added to the single C\s-OH cartridge 
used with the radioreceptor assay to reduce interference in 
the RIA. With this RIA, 1,25(OH), D; is about 70% as potent 
as 1,25(OH),D;. Recovery of individual samples is not deter- 
mined, although calibrators are prepared in a stripped serum 
base and treated identically to samples. The method does 
cross-react (13% to 25%) with a number of 1-hydroxylated 
metabolites, including 1,24,25(OH),D, 1,25,26(OH);D, and 
1,25(OH).D-26,23-lactone. 1,25(OH),D-26,23-lactone is a 
significant metabolite with a concentration of 0% to 30% of 
1,25(OH),D;. A modification of this method using a single 
Cis-OH “extra clean” cartridge is commercially available.” 
Another commercially available RIA has been developed 
that uses selective immunoextraction of 1,25(QH),D,765!2” 
This method is reported to have greater cross-reactivity with 
the 1-hydroxylated metabolites, including 1,25-dihydroxy- 
vitamin D;-26,23-lactone’™" and calcipotriol,’”* which is 
used for treating psoriasis. Apparent concentrations of 
1,25{OH),D are significantly higher with this method than 
the RRA in patients with hypoparathyroidism receiving 
vitamin D treatment, patients with biliary atresia, vitamin 
D-intoxicated subjects, and some normal specimens.” 


Troubleshooting Vitamin D Assays 


Methods requiring extraction and chromatography should 
be monitored for recovery of the vitamin D metabolites of 
interest and for solvent or column blanks. For the RRA assay, 
recovery is monitored and the final result is corrected for 
losses by the addition of a small, known amount of tritiated 
1,25(OH),D; before extraction of specimens. Care must be 
taken to ensure that D, and D, metabolites are recovered 
equally, providing a total measurement of 25(OH)D or 
1,25(OH)D. Solvents, chromatographic materials, and car- 
tridges may contain substances that interfere with quantifi- 
cation of vitamin D metabolites by CPBA, RIA, and RRA or 
UV absorption after HPLC, resulting in an overestimation of 
vitamin D metabolites. Any interferences can be monitored 
by treating a water blank identically to the specimens, Unde- 
tectable concentrations of vitamin D in this blank verify the 
absence of positive interference. 

Calibrators for vitamin D assays should be prepared from 
stock solutions whose concentration and purity are checked 
by UV spectrophotometry.’” Stock solutions are suitable if 
the ratio of the absorbance at 264 to 228 nm is greater than 
or equal to 1.5. Stock solutions are adjusted using a molar 
extinction coefficient of 18,200 L/mol/cm for vitamin D, 
metabolites at 264 nm. Tracers used for recovery must be 
pure to determine recovery accurately. Both calibrators and 
tracers may be purified by HPLC. 


Specimen Requirements 

Serum is typically used for measuring vitamin D metabo- 
lites, although plasma is generally acceptable for assays using 
extraction and chromatography. Once separated from the 
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clot, serum is relatively stable at both room temperature and 
4 °C; however, specimens should be frozen if the analysis is 
delayed.” Vitamin D metabolites in serum or plasma do not 
appear to be sensitive to light and do not require special han- 
dling in the laboratory. 


Reference Intervals 

Reference intervals for vitamin D are method-dependent, 
but representative ones are: 
25(OH)D: 10 to 65 ng/mL (25 to 162 nmol/L) 
1,25(OH),D: 15 to 60 pg/mL (36 to 144 pmol/L) 

The lower limit of the reference range for 25(OH)D of 10 
to 15 ng/mL (25 to 37 nmol/L) has been increasingly criti- 
cized as inappropriately low. Although a decision level for 
vitamin D insufficiency has not been determined, concen- 
trations of less than 20 to 30 ng/mL (50 to 75 nmol/L) are 
associated with increased PTH*?*™* and reduced calcium 
absorption.“* The recent NHANES IH study reported an 
unexpectedly high prevalence of vitamin D insufficiency.” 
For example, vitamin D insufficiency (25 (OH)D <20 ng/mL 
[50 nmol/L]) was exceedingly common during the winter 
in adult (30 years and older) Caucasian men (15%) and 
women (30%) living in the South. Vitamin D insufficiency 
was most common in Blacks, with the prevalence in 
Hispanics between Caucasians and Blacks. 

Circulating concentrations of 25(OH)D are increased by 
exposure to sunlight and show seasonal variation, with the 
highest concentrations in summer or fall and the lowest 
concentrations in winter or spring.” Concentrations are 
influenced by latitude, sunscreen use, and skin pigmenta- 
tion.” Serum 25(OH)D concentrations of 100 ng/mL 
(250 nmol/L) are not uncommon in lifeguards. 

Concentrations of vitamin D metabolites vary with age 
and are increased in pregnancy.“ Concentrations of 
1,25(OH),D are higher in pregnancy and in children than 
adults, with the highest concentrations occurring during 
periods of greatest growth.°**47" Although 25(OH)D 
and 1,25(OH),D concentrations have been reported to 
decrease with age, this decline may be a consequence of poor 
nutrition, reduced exposure to sunlight, and declining 
health. Concentrations of these metabolites have been 
unchanged with age in studies limited to healthy and active 
subjects. +48 


CALCITONIN 


Calcitonin is secreted by the parafollicular or C cells, which 
arise from the neural crest and are distributed throughout 
the thyroid gland. These cells are included in the APUD 
(amine precursor uptake and decarboxylation) family, which 
explains the association of medullary thyroid carcinoma (a 
tumor of the C cells) and other tumors of the APUD family 
in multiple endocrine neoplasia type-2A and -2B (MEN-2A 
and MEN-2B). Release of calcitonin is stimulated by 
calcium, and it has been used pharmacologically as an 
inhibitor of bone resorption. 


Figure 49-20 Amino acid sequence of calcitonin. 


Biochemistry and Physiology 

Calcitonin is a 32—amino acid peptide (MW = 3418) with an 
N-terminal disulfide bond linking cysteine residues 1 and 7 
and a C-terminal proline-amide (Figure 49-20), The C- 
terminal portion of the molecule, with its proline-amide 
residue, the disulfide bond between residues 1 and 7, and the 
methionine residue at position 8 are necessary for biological 
activity. The amino-terminal amino acids are highly con- 
served; five of the first nine amino acids are identical in all 
species. In humans, porcine calcitonin is 1/10 as active as 
human calcitonin, whereas salmon calcitonin is 10 times 
more potent. 

The physiological control of calcitonin secretion is 
incompletely understood. Calcium appears to be the most 
important secretagogue; an increase in serum calcium 
increases calcitonin. In some animals, a number of other 
factors, including the hormones gastrin, cholecystokinin, 
glucagon, and secretin, can stimulate calcitonin secretion; 
the physiological role of these hormones in humans is 
uncertain. 

Pharmacological doses of calcitonin reduce serum 
calcium and phosphate concentration primarily by inhibit- 
ing osteoclastic bone resorption. Recognition of this phar- 
macological effect has resulted in the use of salmon and 
human calcitonin to reduce bone resorption in patients 
with Paget’s disease and osteoporosis and as a treatment 
for hypercalcemia in diseases associated with increased 
bone resorption. Pharmacological doses of calcitonin also 
decrease the renal tubular reabsorption of calcium and 
phosphate. 

Despite these pharmacological effects, the physiological 
role of calcitonin in adults is uncertain. No apparent alter- 
ations in bone or mineral metabolism are evident in humans 
with calcitonin deficiency or excess. Calcitonin may be 
important during periods of calcium stress in fetuses or 
young children or during pregnancy or lactation, as evi- 
denced by the higher concentrations observed during these 
physiological states. 

Multiple forms of circulating calcitonin have been 
reported in normal individuals and patients with medullary 
thyroid carcinoma (MTC) or nonthyroidal malignancies.* 
Much of the immunoreactive calcitonin generally migrates 
as larger forms rather than with monomeric calcitonin. A 


*References 30, 151, 224, 390, 486, 528, 566. 
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sulfoxide of the monomer, dimers, glycosylated forms, 
and precursors have been proposed to explain this 
heterogeneity. ®?79528566 


Clinical Significance 

MIC occurs as a sporadic disease and as part of the syn- 
dromes of MEN-2A, MEN-2B, and familial MTC 
(EFMTC).®7181 WEN-2A and MEN-2B are autosomal 
dominant inherited multiglandular syndromes with ‘age- 
related penetrance and variable expression. All forms of 
MTC combined account for 5% to 10% of thyroid malig- 
nancies. Sporadic MTC is believed to comprise approxi- 
mately 75% of all MTC. The routine measurement of serum 
calcitonin in nodular thyroid diseases assists in detecting 
unsuspected sporadic MTC.'**'* With the advent of 
genetic testing for MEN-2A, MEN-2B, and FMTC, calcitonin 
is primarily used for diagnosing sporadic MTC or the index 
case in familial MTC or for monitoring MTC. 

In approximately 95% of individuals with MEN-2A, 
MEN-2B, and FMTC, mutations are identified with genetic 
testing of the coding sequence of the RET proto-oncogene 
transmembrane tyrosine kinase receptor.* Genetic testing 
provides the most sensitive and specific method for detec- 
tion of the disorder in family members of the index case; and 
unlike calcitonin monitoring, it does not require annual 
testing. Genetic testing is also justified in sporadic cases of 
MIC, as 5% to 10% carry germline RET mutations. 

Many patients with MTC have increased basal concen- 
trations of calcitonin (after biological penetrance), but 
provocative testing using calcitonin secretagogues increases 
the sensitivity of detecting MTC and C-cell hyperpla- 
sia.7?6° Calcium,” pentagastrin,””’ or a combination of 
calcium and pentagastrin*’” have been the most com- 
monly used agents for stimulating calcitonin secretion. 
Specificity is also increased with provocative testing. Min- 
imally increased concentrations that are not stimulated after 
provocative testing should be questioned. Resolution may 
require the use of other provocative agents, confirmation 
that a proper stimulation test was conducted (e.g., deter- 
mination of serum calcium when calcium is used as the 
stimulant), or the use of different methods for measuring 
calcitonin. The effectiveness of surgery is often monitored by 
serial measurement of basal and, preferably, stimulated cal- 
citonin concentrations. Increased calcitonin concentra- 
tions are generally believed to be indicative of persistent or 
recurrent disease, although many of these patients remain 
asymptomatic for years. 

Calcitonin concentrations are increased in various non- 
thyroidal cancers (Box 49-11). Although increased calcitonin 
is most often associated with tumors arising from tissues 
derived from the neural crest, it may also be increased in 
other malignancies. These include intestinal, bronchial, and 
gastric carcinoids; carcinoma of the lung, especially oat-cell 


*References 8, 71, 134, 150, 199, 381, 600. 


C-cell hyperplasia 
Medullary thyroid carcinoma 
Nonthyroidal cancers 
Oat-, small-cell carcinomas 
Other malignancies 
Acute and chronic renal failure 
Hypercalcemia 
Hypergastrinemia and other gastrointestinal disorders 
Pulmonary disease 


or small-cell carcinoma; melanoma and pheochromocy- 
toma; and pancreatic and breast carcinoma.1°?!°0759 

Elevated concentrations of calcitonin or increased 
responsiveness to stimulation have also been reported in 
acute and chronic renal failure, hypercalcemia, hypergas- 
trinemia and other gastrointestinal disorders, pulmonary 
disease, and severe illness,” 


Measurement of Calcitonin 


Measurement and interpretation of serum calcitonin are 
complicated by the heterogeneity circulating of calcitonin 
and large differences in the sensitivity and specificity of cal- 
citonin immunoassays. 


Radioimmmoassays 


Historically, calcitonin was measured primarily by RIA. 
Using RIA, the upper limit of the normal reference interval 
varied from 20 to 1000 pg/mL (ng/L) or more.’ Differ- 
ences in assay sensitivity, sensitivity to matrix effects and 
specificity, and the heterogeneity of calcitonin probably 
explain these differences. Basal calcitonin concentrations in 
normal individuals have generally been less than 100 pg/mL 
(ng/L) with the newer and more sensitive, homologous RIAs. 
Normal concentrations of less than 50 pg/mL (ng/L) have 
been reported by investigators with certain RIAs or after 
concentration and partial purification of specimens using 
affinity chromatography with immobilized calcitonin anti- 
serum before RIA.“ 

Upper reference limits of 20 and 25 pg/mL (ng/L) for 
women and men, respectively, have been reported using a 
highly sensitive RIA with detection limit of 3 pg/mL 
(ng/L).'” Other investigators reported normal concentra- 
tions of less than 20 pg/mL (ng/L) using preparative chro- 
matography on silica columns to extract and partially purify 
calcitonin from 15 to 20 mL of plasma.” 


Noncompetitive Immunoassays 


More recently, noncompetitive immunoassays (IRMA, 
ELISA, and ICMA) have been reported for calcitonin.* Com- 


*References 235, 390, 431, 516, 517, 596, 608, 622. 
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pared with earlier RIAs, these methods provide improved 
sensitivity and specificity for the diagnosis of MTC.* With 
most noncompetitive methods, basal concentrations of cal- 
citonin in normal individuals are less than 10 to 20 pg/mL 
(ng/L). Investigations of two-site assays indicate that they 
may also recognize multiple forms of immunoreactive 
calcitonin." 

Automated noncompetitive chemiluminescent (ICMA) 
methods have recently been reported using acridinium ester 
or ALP with 1,2-dioxetané phosphate. 


Reference Intervals 

The basal and pentagastrin-stimulated reference intervals for 
normal men, women, and athyroidal patients for a sensitive, 
noncompetitive chemiluminescent method are listed 
below™: 7 
Basal concentrations of serum calcitonin: 


Men: <8.8 pg/mL (ng/L) 


Women: <5.8 pg/mL (ng/L) 
Athyroidal: <0.5 pg/mL (ng/L) 
Provocative testing 
Pentagastrin' 
Normals: <30 pg/mL (ng/L) (N = 20) 
Athyroidal: <0.5 pg/mL (ng/L) (N = 10) 


Reference intervals for calcitonin are dependent on the 
method. Basal and stimulated (calcium and pentagastrin) 
ranges should be determined for normal individuals and 
athyroidal individuals, by gender, for each method. 

Gender, age, growth, pregnancy, lactation, arid ingestion 
of food have been reported to influence calcitonin concen- 
trations in normal individuals. Most investigators” have 
observed higher concentrations of basal and stimulated 
calcitonin in men than in women. The effect of age is less 
certain, as basal and stimulated concentrations have been 
reported both to decline and to remain unchanged with 
age. 7056 Higher concentrations have been reported 
during pregnancy and lactation” and in children and 
infants.” Food ingestion has been reported both to 
increase and to have little effect on the concentration of 
circulating calcitonin.” 


PARATHYROID FIORMONE-RELATED PROTEIN 

PTHrP was discovered in 1987 by investigators studying the 
mechanism by which certain cancers produce humoral 
hypercalcemia of malignancy (HHM).* 


*References 27, 235, 296, 390, 431, 596. 
tGender-based provocative intervals are preferable because of the 
differences in basal and stimulated calcitonin between men and 
women. Because pentagastrin is not readily available in the US, 
studies are needed to define gender-based ranges for the more 
widely used calcium stimulation tests. 

*References 90, 92, 353, 364, 389, 420, 542, 546, 616, 


Biochemistry and Physiology 

PTHrP is derived from a gene on chromosome 12 that is dis- 
tinct from the PTH gene on chromosome 11. Three isoforms 
of 139, 141, and 173 amino acids are predicted by alterna- 
tive messenger RNA (mRNA) splicing (Figure 49-21). The 
N-terminal end of the molecule shows close homology to 
PTH (8 of the first 13 amino acids being identical). The 
remainder of the PTHrP molecule shows little homology 
with PTH, The PTH-like activity of PTHrP is contained 
within the N-terminal amino acids (PTHrP[1-36]). 

The common N-terminal explains the ability of PTHrP 
to interact with the PTH/PTHrP receptor, mimicking the 
biological actions of PTH in classic target tissues, including 
bone and kidney. Like PTH, PTHrP-causes hypercalcemia 
and. hypophosphatemia:and increases ‘urinary cyclic AMP. 
However, when compared with patients with primary 
hyperparathyroidism, patients with PTHrP-induced hyper- 
calcemia have lower concentrations of 1,25(OH),D and 
more typically have metabolic alkalosis (instead of hyper- 
chloremic metabolic acidosis), reduced distal tubular 
calcium reabsorption, and reduced and uncoupled bone 
formation. 

The multitude of basic residues in PTHrP suggests that it 
may undergo extensive posttranslational processing.” 
Forms of PTHrP containing the following amino acids have 
been detected in serum: (1) PTHrP(1-36) measured by 
N-terminal assays, (2) PTHrP containing N-terminal and 
midregion amino acids measured with noncompetitive 
immunoassays against PTHrP(1-74 or 1-86), (3) midregion 
fragments, beginning at position 38 and extending 70 to 80 
amino acids, measured with midregion assays, and (4) car- 
boxyl fragments, beginning at position 107, measured with 
antiserum directed against PTHrP(109 to 138). Midregion 
and carboxyl forms may exert biological actions distinct from 
the PTH-like actions associated with the N-terminal region. 

Besides its endocrine role in the pathophysiology of 
HHM, PTHP appears to participate in normal physiology 
by acting locally on cells or tissue as an autocrine or 
paracrine factor." PTHrP is widely expressed in most 
normal tissues of fetuses and adults.?>***” Although it is 
unlikely that the low circulating concentrations of PTHrP 
have a significant effect on calcium homeostasis in normal 
adults, PTHrP may exert endocrine effects on calcium 
homeostasis during fetal life and lactation.’ Breast milk 
contains high concentrations of PTHrP. Examination of the 
physiological effects of PTHrP identifies several themes: 
(1) PTHrP regulates transepithelial calcium transport; 
(2) PTHrP is a potent, smooth muscle relaxant; (3) PTHrP 
regulates growth, differentiation, and development; and (4) 
PTHrP’s role in many tissues is unknown. 


Clinical Significance 

Hypercalcemia associated with malignancy is the second 
most common cause of hypercalcemia. This frequent para- 
neoplastic syndrome is believed to occur primarily through 
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Figure 49-21 Amino acid sequence of PTHrP. Although the exact length of circulating PTHrP is 
unknown, proteins of 139, 141, and 173 amino acids have been predicted from alternative splicing 
events. The black circles show amino acids that are identical in PTH and PTHrP. (Modified from 
Hendy GN, Goltzman D. Parathyroid hormone-like peptide. In: Endocrinology and metabolism inservice, Vol 
9. Washington, DC: American Association for Clinical Chemistry, 1991:9-24.) 


two mechanisms: HHM and local osteolysis. Patients with 
HHM account for approximately 75% to 80% of patients 
with hypercalcemia associated with malignancy. HHM is 
' common in patients with squamous (lung, head and neck, 
esophagus, cervix, vulva, and skin), renal, bladder, and 
ovarian carcinomas. Hypercalcemia due to skeletal metas- 
tases and local osteolysis are common in breast cancer and 
multiple myeloma, lymphomas, and other hematological 
malignancies. The hypercalcemia of a subset of lymphomas 
(human T-cell leukemia virus-1) appears to be caused by 
HHM. Breast carcinomas may cause hypercalcemia by HHM 
and/or skeletal metastases with local osteolysis. It is now well 
established that PTHrP is the principal mediator of HHM. 
After being secreted by tumors, PTHrP circulates and acts on 
its target tissues (skeleton and kidney) as an endocrine 
hormone causing hypercalcemia. 

PTHrP determinations are usually considered investiga- 
tional, because HHM nearly always occurs in advanced 
disease when the diagnosis is obvious. The need for PTHrP 
determinations may increase if it becomes important in 
prognosis,” selection of therapy, or monitoring. 


Measurement of PTHrP 

A number of competitive immunoassays have been used for 
measuring PTHrP in sera from patients with HHM. For 
example, N-terminal (PTHrP([1-34]), midregion (PTHrP 
[37-67, 37-74]), and C-terminal (PTHrP[109-138}) competi- 
tive RIAs have been developed.* Of the competitive immun- 


*References 45, 82, 90, 91, 251, 294, 452. 


oassays, the N-terminal assays have been used most widely. 
Affinity chromatography with immobilized antisera against 
PTHrP,” reversed-phase chromatography, and other purifi- 
cation techniques have been used to improve the sensitivity 
and specificity of these competitive RIAs, C-terminal assays 
are elevated in patients with renal insufficiency.” 

More sensitive and noncompetitive immunoassays 
(IRMAs) have also been developed.* Currently available 
assays use antibodies against PTHrP (sequences 37-74, 1-40, 
1-40, 1-34, 1-40, and so on) as capture antibodies. Their 
radiolabeled signal antibodies are against PTHrP (sequences 
1-36, 60-72, 57-80, 37-67, 50-83, and so on), respectively. 
The limit of detection for these assays is reported to be from 
0.1 to 1.0 pmol/L. 


Specimen Requirements 


PTH?P is unstable in serum and plasma at 4 °C and at room 
temperature unless collected in the presence of protease 
inhibitors. 5776230422 A combination of aprotinin, leupeptin, 
pepstatin, and EDTA provides the greatest protection.” In 
general, specimens should be collected with protease 
inhibitors and kept on ice. Serum or plasma should be 
promptly separated from the clot and/or cells and frozen, 


Reference Intervals 


PTHrP: 1.3 pmol/L or less. 
PTHrP concentrations in normal persons are dependent 
on both the assay and specimen collection. Concentrations 
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Figure 49-22 PTHrP in normal subjects and patients with malignancies and other disorders. 
Hatched area indicates the normal reference interval. (Adapted from Pandian MR, Morgan CH, 
Carlton E, Segre GV. Modified immunoradiometric assay of parathyroid hormone-related protein: clinical 
application in the differential diagnosis of hypercalcemia. Clin Chem }992;38:282-88.) 


in normal individuals range from undetectable to up to 5 
pmol/L.* With sensitive noncompetitive immunoassays, 
`- concentrations of up to approximately 1 to 2 pmol/L have 
been reported in normal subjects.’ PTHrP is reported to be 
detectable in approximately 50% to 80% of healthy individ- 
uals with the most sensitive methods." 


interpretation 
PTHrP is increased in 50% to 90% of patients with hyper- 
calcemia associated with malignancy (Figure 49-22).* In 
addition to squamous cell carcinomas of the lung, head and 
neck, esophagus, cervix, skin, and other sites, concentrations 
have been elevated in a wide variety of malignancies, irre- 
spective of their source or histology. Increased. concentra- 
tions of PTHrP have been found in breast, renal, bladder, and 
ovarian carcinomas. Concentrations are elevated in a 
number of endocrine malignancies with hypercalcemia, 
including pheochromocytoma and islet carcinomas. PTHrP 
is elevated in hypercalcemic patients with adult T-cell 
lymphomas/leukemia and B-cell lymphoma.” PTHrP con- 
centrations have been less frequently elevated in patients 
with hypercalcemia and other hematological malignancies 
(e.g, multiple myeloma). 

PTHrP is undetectable or normal in most, but not all, 
patients with malignancy not associated with hypercal- 


*References 82, 91, 251, 294, 422, 451. 
tReferences 90, 91, 195, 422, 451, 452. 
*References 82, 91, 92, 251, 294, 422, 451, 616. 


cemia.* Increased concentrations of PTHrP have been 
reported to precede hypercalcemia in some patients with 
malignancy. Concentrations are normal in patients with 
primary hyperparathyroidism, hypoparathyroidism, miscel- 
laneous causes of hypercalcemia, and chronic renal failure 
(with noncompetitive methods). 


INTEGRATED CONTROL OF MINERAL | 
METABOLISM 


The metabolism of calcium is linked intimately with that of 
phosphate (Figure 49-23).”' The homeostatic mechanisms 
are directed principally toward the maintenance of normal 
extracellular calcium and phosphate concentrations, which 
sustain the extracellular and intracellular processes and 
provide substrate for skeletal mineralization. The parathy- 
roid gland responds to a decrease in free calcium concentra- 
tion within seconds. During a time of calcium deprivation, 
the increase in serum PTH rapidly alters both renal and 
skeletal metabolism. 


RENAL HANDLING OF CALCIUM AND PHOSPHATE 

Of the approximately 10 g (250 mmol) of calcium filtered by 
the kidneys each day, 65% is reabsorbed in the proximal 
tubule. Calcium reabsorption here is closely linked to 
sodium and is independent of PTH. Approximately 10% to 


*References 82, 91, 251, 294, 422, 451. 
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20% of calcium is reclaimed in the thick ascending loop of 
Henle and 5% to 10% in the distal convoluted tubule. PTH 
enhances calcium reabsorption at the distal tubule, presum- 
ably through a cyclic AMP mechanism. A small portion of 
filtered calcium, about 5%, is reabsorbed in the collecting 
duct via a PTH-independent mechanism. 

In contrast to the calcium-conserving effect of PTH on 
the kidneys, PTH increases renal phosphate excretion at the 
proximal tubule by directly lowering the renal phosphate 
threshold. Approximately 6.5 g (210 mmol) of phosphate is 
filtered by the kidneys each day. Normally, 85% to 90% is 
reabsorbed by the renal tubules (proximal and distal convo- 
luted tubule). PTH is one of the most important factors reg- 
ulating the renal phosphate threshold and hence the serum 
phosphate concentration. 


INTESTINAL ABSORPTION OF CALCIUM 
AND PHOSPHATE 


PTH also increases intestinal calcium absorption by increas- 
ing 1,25(OH),D. PTH is a major trophic factor for renal 
25(OH)D-1a-hydroxylase. It increases the conversion of 
25(OH)D to the active vitamin D metabolite, 1,25(OH),D. 
Caiciuin is absorbed principally in the duodenum, although 
it can also be absorbed by the distal small bowel and colon. 
About 30% of a daily calcium intake of 1 g (25 mmol) is 
absorbed. Approximately 100 mg (2.5 mmol) of calcium is 
secreted into gut lumen by intestinal secretion; therefore 
net calcium absorption is 200 mg (5.0 mmol)/day. 
Caicium is absorbed by passive diffusion and by an active 
transport system. It is estimated that passive diffusion 
accounts for absorption of about 10% of ingested calcium 
per day. Active calcium absorption in the duodenum is under 
the control of 1,25(OH).D. This vitamin D metabolite 
increases the intestinal cell synthesis of a calcium-binding 
protein (CaBP), which enhances the net absorption of 
ingested calcium. 


Effect of parathyroid hormone 
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Figure 49-23 Integrated control of mineral metabolism. CaBP, Calcium-binding protein. 


Dietary phosphate intake is usually 1.2 to 1.4 g (39 to 45 
mmol)/day, nearly twice the recommended intake, of which 
approximately 60% to 70% is absorbed, principally in the 
jejunum. As with calcium, both passive and active transport 
systems exist; 1,25(OH),D is the principal regulator of the 
active transport of phosphate. PTH-stimulated synthesis of 
1,25(OH).D thus offsets the phosphaturic effect of PTH. The 
prevailing serum phosphate concentration also modulates 
renal 25(OH)D-1o0-hydroxylase. Phosphate depletion or 


_ hypophosphatemia stimulates formation of 1,25(OH),D by 


the kidneys. In general, at pharmacological concentrations, 
calcitonin has the opposite effect of PTH. It is unclear, 
however, if calcitonin has any physiological role in mineral 
homeostasis in adult humans. 


BONE METABOLISM 


PTH also has an acute effect on the skeleton. Acutely, PTH 
decreases osteoblastic collagen synthesis, but osteoclastic 
bone resorption increases, with a net increase of mineral 
(calcium and phosphate) release from bone into the ECE 
PTH is able to act directly on osteoblasts by interacting with 
their PTH receptors. The effect of PTH on osteoclasts 
appears to be indirect, through local mediators produced by 
the osteoblast (e.g., RANK ligand and OPG) or released from 
the bone matrix (e.g., TGF-B). Prolonged calcium depriva- 
tion results in enhanced recruitment of osteoclasts and an 
increased number of mature osteoclasts, which continue to 
resorb bone, releasing calcium and phosphate and bone 
matrix peptides such as pyridinium collagen cross-links. 
Prolonged exposure to PTH eventually also increases 
osteoblast activity, thus increasing markers of bone forma- 
tion such as ALP and osteocalcin. 


MAGNESIUM 


Magnesium is efficiently absorbed in the intestinal tract 
(most efficiently in the distal small bowel). During normal 
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dietary magnesium intake, approximately 30% to 40% of 
magnesium is absorbed. Magnesium is absorbed by both 
active and passive transport. 

No hormone or factor has been described as regulating 
magnesium homeostasis. About 25% to 35% of filtered mag- 
nesium is passively reabsorbed in the proximal convoluted 
tubule, where reabsorption is linked closely to sodium and 
calcium transport. The major site of active reabsorption is 
the thick ascending loop of Henle, where 60% to 75% of 
magnesium is reabsorbed. During times of magnesium 
deprivation, magnesium essentially disappears from the 
urine (<0.5 mmol/day). The renal threshold for magnesium 
is close to the filtered load. When magnesium intake is exces- 
sive, any amount greater than this maximum is excreted. 


METABOLIC BONE DISEASES — 


Metabolic bone diseases result from a partial uncoupling or 
imbalance between bone resorption and formation. 
Decreased bone mass, or osteopenia, is more common than 
abnormal increases of bone mass. The most prevalent meta- 
bolic bone diseases are osteoporosis, osteomalacia and 
rickets, and renal osteodystrophy. Osteoporosis, the most 
prevalent metabolic bone disease in developed countries, is 
characterized by loss of bone mass, microarchitectural dete- 
rioration of bone tissue, and increased risk of fracture. 
Rickets and osteomalacia, which are more common in the 
less-developed countries, are characterized by defective 
mineralization of bone matrix. Renal osteodystrophy is a 
complex condition that develops in response to abnormali- 
ties of the endocrine and excretory functions of the kidneys. 
These three metabolic bone diseases and Paget’s disease, a 
localized bone disease, are discussed below followed by lab- 
oratory markers of bone metabolism. 


OSTEOPOROSIS 


Osteoporosis is the most prevalent metabolic bone disease 
in the United States and results in 1.5 million fractures each 
year.” Osteoporosis is associated with an increased risk for 
vertebral, hip, and distal forearm fractures. At age 50, women 
have a lifetime fracture risk (any of the above three sites) of 
about 40%. Men have a lifetime fracture risk of approxi- 
mately one third that of women. Since trabecular bone turns 
over at five to seven times the rate of cortical bone, fractures 
of bones that are predominantly trabecular (vertebra and 
distal forearm) occur earlier in life, One third of women 
older than 65 years suffer vertebral crush fractures. Vertebral 
crush fractures can occur acutely and result in disabling pain 
and discomfort. Long-term complications include immobil- 
ity and loss of height. Secondary problems include protu- 
berant abdomen, chronic constipation, and loss of 
self-esteem. Fractures of bone with more cortical bone 
(proximal femur or hip) occur later in life. For women, the 
lifetime risk of hip fracture is 15%. The mortality rate 
accompanying hip fracture may be as high as 20%. Twenty- 
five percent of the survivors are confined to long-term care 


in nursing homes. The cost of medical care for osteoporosis 
was estimated to be $17 billion in 2001. 

Peak bone mass is normally attained by 30 years of age 
and decreases after 35 to 45 years of age in both men and 
women. The amount of bone attained during growth is an 
important determinant of whether clinical osteoporosis 
develops later in life. Exercise and adequate nutrition play 
important roles in attaining and maintaining skeletal mass. 
During early adult life, bone formation is coupled to bone 
resorption so that bone mass remains stable. Aging is a major 
risk factor, because after 35 to 40 years of age bone resorp- 
tion slightly exceeds bone formation so that approximately 
1% of the skeletal mass is lost per year. In women, the 
decrease in sex steroids at menopause accelerates bone loss 
(postmenopausal osteoporosis) to about 2% per year. Osteo- 
porosis is usually due to either inadequate bone formation 
during growth or a pathophysiological process that impairs 
osteoblastic bone formation or increases bone resorption. 
Osteoporosis is most commonly encountered in post- 
menopausal women. Advanced age, female gender, and sex 
steroid deficiency are prominent risk factors, Other risk 
factors include a family history of osteoporosis, alcohol 
abuse, smoking, and chronic diseases. 

After decreased bone mass is documented by bone mass 
measurements, the diagnostic work-up is directed at deter- 
mining the cause (Box 49-12). Most often the cause is attrib- 
uted to age (“senile” osteoporosis), postmenopausal 
osteoporosis, or both, but it may be secondary to chronic dis- 
eases, drug therapies, or other causes. If osteoporosis is 
inconsistent with age or gender (such as in a middle-aged 
man or a premenopausal woman), laboratory testing should 
be performed to exclude other secondary causes of osteo- 
porosis including hyperthyroidism, Cushing’s syndrome, 
hypogonadism, primary hyperparathyroidism, and multiple 
myeloma. Chronic excess of thyroid hormone, cortisol, or 
PTH may cause osteoporosis. Long-standing hyperthy- 
roidism or excessive thyroid hormone replacement increases 
bone resorption more than formation leading to osteoporo- 
sis. Cortisol markedly decreases bone formation and causes 
an increase in bone resorption. Patients with Cushing’s syn- 
drome may have severe osteoporosis. More commonly, 
patients receiving glucocorticoid therapy for diseases like 
asthma and rheumatoid arthritis may have disabling osteo- 
porosis. Hyperparathyroidism occurs most commonly in 
postmenopausal women and may lead to osteoporosis. Mul- 
tiple myeloma not uncommonly presents with vertebral 
crush fractures, and osteoporosis must be considered in 
these patients. 

Bone markers are used to assess bone turnover {resorp- 
tion or formation) in patients with osteoporosis. This testing 
is useful for identifying osteoporotic individuals with ele- 
vated bone resorption and for predicting and assessing the 
response to therapy. Markers of bone resorption include 
collagen cross-links (N-telopeptide, deoxypyridinoline, or 
C-telopeptide). Because bone resorption and formation are 
coupled, markers of bone formation (BAP and serum osteo- 
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Failure to develop normal skeletal mass during growth and 
development because of poor nutrition or inadequate 
exercise 


Endocrine deficiency or excess 
Estrogen or testosterone deficiency 
Cushing’s syndrome 
Hyperthyroidism 
Hyperparathyroidism 
Immobilization or weightlessness 
Hematological malignancies (multiple myeloma) 
Inherited defects of collagen synthesis (osteogenesis imperfecta) 
Systemic mastocytosis 
Heparin therapy 
Rheumatoid arthritis 
Idiopathic juvenile osteoporosis 


calcin) are also increased in high-turnover osteoporosis. 
Elevated markers of bone turnover indicate increased bone 
formation and/or resorption, but are not diagnostic of 
osteoporosis, They are best used to monitor therapy for 
osteoporosis; a 30% or greater decrease in a bone marker 
suggests efficacy of therapy. Serial bone mass measurements 
are made every 1 to 3 years during therapy; bone mass 
changes slowly and the imprecision of the measurements 
allows detection of only relatively large changes. The mea- 
surements are nonetheless considered useful in monitoring 
therapy.” 

Prevention of osteoporosis is an important goal. Ade- 
quate nutrition and exercise during growth allow achieve- 
ment of optimal bone mass. High calcium intake (1000 
[24.9 mmol] to 1500 mg [37.4 mmol]/day), adequate 
vitamin D (400 to 800 U/day), and a regular exercise 
program are helpful in preventing osteoporosis. Calcium 
supplements slow the loss of cortical bone but are less 
effective in preventing trabecular bone loss. 

Treatment of osteoporosis depends on the cause. In sec- 
ondary osteoporosis, treatment is directed at the underlying 
condition. Most therapies for the treatment of post- 
menopausal osteoporosis are directed at decreasing osteo- 
clastic bone resorption. Antiresorptive therapies include 
bisphosphonates (alendronate and risedronate), estrogen 
replacement, selective estrogen receptor modulators (ralox- 
ifene), and calcitonin (nasal spray or injection). The FDA has 
recently approved recombinant hPTH(1-34) (injection), the 
first approved therapy for stimulating bone formation. 


OSTEOMALACIA AND RICKETS 


Osteomalacia and rickets are caused by a mineralization 
defect during bone formation, resulting in an increase in 
osteoid, the unmineralized organic matrix of bone. Defec- 
tive mineralization produces rickets in children and osteo- 
malacia in adults. Osteomalacia or rickets is usually due to 
either vitamin D deficiency or phosphate depletion. 


The causes of decreased 25[OH]D and 1,25(OH),D are 
listed in Boxes 49-9 and 49-10, respectively.“ Vitamin D 
deficiency may be secondary to dietary deprivation and/or 
inadequate exposure to sunlight, vitamin D malabsorption, 
disorders of vitamin D metabolism, or end-organ resistance 
to the action of vitamin D. In spite of the supplementation 
of milk, bread, and some cereals with vitamin D, vitamin D 
insufficiency may be common in the United States?” 
Breast-fed infants, the elderly, strict vegetarians, and 
individuals with darker skin pigmentation are at increased 
risk. Although clinical osteomalacia caused by vitamin D 
deficiency appears to be uncommon in the United States, 
the prevalence of subclinical or mild osteomalacia in the 
overall population is unknown. Subclinical osteomalacia 
may coexist with osteoporosis in elderly patients with 
poor diets and little exposure to sunlight. Vitamin D 
deficiency may develop in patients with malabsorption 
caused by postgastrectomy syndrome, small bowel disease 
(e.g, celiac sprue), hepatobiliary disease, or pancreatic 
insufficiency. 

Vitamin D resistance is rare. Vitamin D-dependent 
rickets type I is an inherited defect in 25(OH)D-1la- 
hydroxylase causing impaired formation of 1,25{OH),D. 
The disease is manifested in infancy and can be treated with 
physiological doses of 1,25(OH),D. Vitamin D—dependent 
rickets type II is an inherited disorder characterized by very 
high serum concentrations of 1,25(OH),.D. This syndrome 
is due to resistance to 1,25(OH),D, secondary to defects in 
the 1,25(OH),D receptor. 

Osteomalacia and rickets may also occur because of phos- 
phate depletion. The most common cause of rickets in the 
United States is hypophosphatemic osteomalacia (also 
known as hypophosphatemic vitamin D-resistant rickets and 
vitamin D-resistant rickets)” This disorder is an X-linked 
dominant inherited trait characterized by renal phosphate 
wasting. Tubular phosphate wasting can also occur sporadi- 
cally in adults and as part of Fanconi syndrome. Certain rare 
mesenchymal tumors may also produce a phosphaturic 
factor (phosphatonin or FGF-23), resulting in renal phos- 
phate wasting and osteomalacia. 

Drugs have also been associated with osteomalacia. Anti- 
convulsants increase the hepatic catabolism of vitamin D 
metabolites, and produce end-organ resistance. Phosphate- 
binding antacids used for treatment of peptic ulcer disease 
cause osteomalacia by preventing the intestinal absorption 
of phosphate. Etidronate treatment (e.g., of Paget’s disease, 
osteoporosis, or hypercalcemia of malignancy) can cause a 
mineralization defect and result in osteomalacia. 

Clinical manifestations of rickets and osteomalacia are a 
consequence of the defect in mineralization. Rachitic mani- 
festations include bowing of the extremities, short stature, 
costochondral-junction swelling, indentation of the lower 
ribs, and flattening of the skull. In adults, bone pain is the 
most common symptom, and stress fractures and frank 
skeletal fractures may occur. X-rays show classic findings in 
rickets, such as cupping and fraying of the epiphyseal and 
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diaphyseal ends of the long bone. Pseudofractures are 
common in adults. 

Laboratory findings in rickets and osteomalacia include 
an. increased serum ALP, with other alterations in bone and 
mineral metabolism dependent on the cause and severity of 
the disorder. ALP is usually increased because of the 
increased osteoblastic activity associated with producing 
unmineralized osteoid, Calcium may be low-normal or low 
in vitamin D deficiency depending on the severity of. the 
disease. Phosphate may be-normal or low, but falls with the 
development of secondary hyperparathyroidism. The serum 
calcium and PTH concentrations are usually normal in renal 
tubular defects of phosphate transport. Vitamin D nutrition 
may be assessed by the determination of serum 25(OH)D. 
Renal phosphate defects can be best assessed by determina- 
tion of the renal phosphate threshold. 

Treatment of rickets and osteomalacia is dictated by the 
etiology of the disorder.’ Nutritional rickets and osteoma- 
lacia are healed by treatment with physiological doses of 
vitamin D, whereas higher doses may be required in malab- 
sorption. Adequate dietary intakes of calcium and phospho- 
rus are critical during therapy. Renal phosphate-wasting 
syndromes require frequent, pharmacological administra- 
tion of oral phosphorus. 


PAGET’S DISEASE 


Paget’s disease is a localized disease of bone characterized by 
osteoclastic bone resorption, followed by replacement of 
bone in a chaotic fashion.”’ It may affect one or several 
bones. Paget’s disease is common, affecting up to 4% of 
people older than 40 years. The cause of Paget’s disease is 
unknown, although a viral cause has been suggested by its 
late onset, spotty involvement, and inclusions that resemble 
viral nucleocapsids in the nuclei of osteoclasts from patients 
with Paget’s disease. A family history of Paget’s disease is 
reported by 20% to 30% of patients. 

The signs and symptoms of Paget’s disease depend on 
which skeletal site is affected; the skull, femur, pelvis, and 
vertebrae are affected most commonly. In the majority of 
affected individuals in the United States, the disease is 
diagnosed from radiographs or laboratory tests (ALP) 
performed for another reason. In more extensive disease, 
localized bone pain and increased warmth may occur in or 
over the affected bone. Advanced disease can produce 
deformities such as skull enlargement and bowing of the 
weight-bearing bones (femur and tibia). Complications of 
deformed bone include arthritic symptoms, nerve compres- 
sion, deafness, spinal nerve compression and, in rare cases, 
osteogenic sarcoma. 

Laboratory and other findings include increased markers 
of bone turnover, and abnormal radiographs and bone 
scans. The most common finding leading to the diagnosis of 
Paget’s disease is increased serum ALP (up to tenfold). 
Increases in markers of bone resorption (N-telopeptide, 
deoxypyridinoline, and C-telopeptide) reflect the osteoclas- 


tic nature of this disease. Bone markers may be useful in 
diagnosis and therapeutic monitoring. Radiological exami- 
nation demonstrates the characteristic findings of Paget’s 
disease: lytic areas in the sites of active osteoclastic bone 
resorption and thickened, expanded, and sclerotic areas in 
the site where osteoblasts have formed woven bone. The 
bone scan is the most sensitive test for detecting smail, early 
lesions. 

Therapy is directed at decreasing osteoclastic bone 
resorption. Bisphosphonates (alendronate, risedronate, 
pamidronate, and etidronate) and calcitonin are effective in 
decreasing bone pain, serum ALP, and markers of bone 
resorption. Patients may occasionally need surgery for 
skeletal deformity that limits mobility or for arthritic 
changes, fractures, or nerve compression. 


RENAL OSTEODYSTROPHY 


Renal osteodystrophy includes all of the disorders of bone 
and mineral metabolism associated with chronic renal 
failure. The renal bone diseases include both 
high-turnover bone disease (osteitis fibrosa or secondary 
hyperparathyroidism) and low-turnover bone disease 
{osteomalacia and adynamic bone disease). Quantitative his- 
tomorphometric analysis of bone biopsies, measurement of 
bone formation by double tetracycline labeling, and special 
stains are often necessary to correctly diagnose patients with 
osteitis fibrosa, osteomalacia, adynamic bone disease, and 
mixed bone disease of renal osteodystrophy. 

Osteitis fibrosa (hyperparathyroid bone disease) is the 
most common high-turnover bone disease. This disorder is 
caused by the high concentrations of serum PTH in sec- 
ondary hyperparathyroidism. Secondary hyperparathy- 
roidism is a consequence of the hypocalcemia associated 
with hyperphosphatemia and 1,25(OH),D_ deficiency. 
Hyperphosphatemia is a result of the kidneys’ inability to 
excrete phosphate. 1,25(OH),.D deficiency results from the 
inability of the kidneys to synthesize 1,25(OH), because of 
decreased renal mass and suppression of 25(OH)D-1la- 
hydroxylase activity by high concentrations of phosphate. 
Deficiency of 1,25(OH),D leads to reduced intestinal 
absorption of calcium and reduced inhibition of PTH 
secretion by 1,25({OH),D. Skeletal resistance to PTH 
also contributes to the hypocalcemia and secondary 
hyperparathyroidism. 

Low-turnover bone diseases include osteomalacia and 
adynamic (also known as aplastic) bone diseases. Osteoma- 
lacia and adynamic bone disease are distinguished by the 
extent of unmineralized bone matrix or osteoid: osteoid is 
increased in osteomalacia and normal or low in adynamic 
bone disease. Osteomalacia in chronic renal failure may 
reflect vitamin D deficiency because of the decreased renal 
synthesis of 1,25(OH),D (see Osteomalacia and Rickets) or 
aluminum-related disease. In the 1970s and 1980s, alu- 
minum intoxication was a significant contributing factor to 
the development of osteomalacia and adynamic bone 
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disease. Aluminum intoxication was commonly caused by 
aluminum contamination of dialysis water and by the ther- 
apeutic use of oral aluminum-containing antacids to reduce 
serum phosphate by binding phosphate and preventing its 
intestinal absorption. The inability of patients with renal 
failure to excrete aluminum leads to high concentrations in 
serum (see Chapter 35) and deposition in bone, inhibiting 
bone cell function and bone mineralization. Aluminum- 
related disease is less common today because of the reduced 
use of aluminum-containing antacids and the use of effec- 
tive means to decrease the concentrations of aluminum in 
dialysis water. Other causes of adynamic renal bone disease 
include calcium supplementation, excessive vitamin D 
administration, treatment of hyperparathyroidism, 
advanced age and osteoporosis, diabetes, corticosteroid 
therapy, and immobilization. Today, oversuppression of 
parathyroid function (produced by the use of oral calcium 
carbonate to control hyperphosphatemia and treatment 
with vitamin D and dialysate solutions containing high 
calcium to control hyperparathyroidism) is believed to be 
the main cause of adynamic renal bone disease. 

Amyloid deposition may be noted in bone and in other 
tissues. It is thought to result from the reduced degradation 
of B,-microglobulin by the kidneys. The amyloid in renal 
failure is primarily composed of B,-microglobulin. The frac- 
tion of patients with amyloidosis increases with the duration 
of dialysis therapy; 70% to 80% of patients have clinical fea- 
tures of amyloidosis after 10 or more years of hemodialysis. 
Amyloidosis may coexist with either high-turnover or 
low-turnover bone disease. 

Bone pain is the most common complaint of patients 
with renal osteodystrophy. The weight-bearing bones are 
the site of most discomfort, with leg and hip pain and 
back pain being common. If the patient is a growing child, 
skeletal deformities may result, with bowing of the extrem- 
ities, kyphoscoliosis, and slipped femoral epiphyses. 
Extracellular calcification is also commonly found in the 
periarticular areas, in the medial layer of arteries, and as 
calcification of internal organs (lungs, heart muscle, and 
other tissue). 

Biochemical findings in chronic renal failure may include 
hyperphosphatemia and hypocalcemia. PTH may be 
increased and 1,25{OH),D decreased. Serum ALP is 
increased in patients with either hyperparathyroidism or 
osteomalacia. Because magnesium is cleared by the kidney, 
modest elevations (2 to 4 mg/dL) are common, especially in 
those taking magnesium-containing antacids. 

Early management of renal failure calls for dietary restric- 
tion of phosphate and administration of phosphate-binding 
agents, Calcium supplements added to the diet to prevent 
secondary hyperparathyroidism may also serve as phosphate 
binders. Administration of 1,25(OH),D or other active 
forms of vitamin D enhances intestinal calcium absorption 
and may also act directly on the parathyroid gland to reduce 
PTH secretion. Ultimately, dialysis or renal transplantation 
may be necessary. 


TABLE 49-5 Markers of Bone Resorption 


Marker “Method 


Telopeptides tice E Nee ee ee ee 

N-telopeptide (NTx) ... ELISA, ICMA. eaters 

Cetelopeptide (CTx) ELISA, ooo 
a electrochemiluminescence. 


pyridinoline ELISA, ICMA 
noline and . ELISA 


Enzyme inhibition, os 
yen AMMO assay. es 
~ HPLC, photometric. 0.0. 


Bone alkaline phosphatase 
Osteocalcin (Bone Gla protein, BGP) 
Procollagen type I propeptides 


The development of methods to measure serum and urinary 
markers of bone turnover has been stimulated by a greater 
understanding of bone metabolism, increasing awareness of 
bone diseases—particularly osteoporosis—and the approval 
of new drugs for treating osteoporosis and other metabolic 
bone diseases.* Biochemical markers of bone turnover can 
be separated into markers of bone resorption (Table 49-5), 
which are produced by osteoclasts during bone resorption, 
and markers of bone formation, which are produced by 
osteoblasts during bone formation (Box 49-13), 

More recently, methods have been developed for the mea- 
surement of osteoprotegerin and RANK ligand, proteins 
synthesized by the osteoblast and influencing osteoclast for- 
mation, activation, and bone resorption. Additional studies 
are required to determine the roles of RANK ligand and 
osteoprotegerin as markers of bone turnover.?”>°*” 

Selection and interpretation of biochemical markers of 
bone resorption and formation, for osteoporosis and other 
metabolic diseases, are complicated by preanalytical, ana- 
lytical, and postanalytical considerations. Bone markers 
measure the overall rate of bone resorption or formation. 


*References 3, 97, 106, 149, 208, 209, 236, 282, 291, 300, 313, 345, 
397, 511, 512, 514, 610. 
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They cannot identify the type of bone or the location of the 
bone with the altered formation or resorption. In bone dis- 
orders in which bone resorption and formation are coupled 
and dramatically altered, either class of marker will identify 
changes in bone turnover. 

Biochemical markers of bone resorption and. formation 
have a number of potential uses* including (1) monitoring 
the effectiveness of therapy, (2) selection of patients for 
therapy, (3) prediction of bone loss, and (4) prediction of 
fracture risk. Of these, bone markers are currently most used 
for monitoring the effectiveness of therapy. Effective anti- 
resorptive therapy is followed by a significant reduction in 
resorption markers within few weeks, normally reaching a 
plateau within 3 to 6 months. Markers of bone formation 
respond more slowly, usually reaching a plateau at 6 to 12 
months. Depending on the antiresorptive therapy and the 
bone marker, effective therapy is associated with a bone 
marker reduction of 20% to 80%. 

In contrast to many bone diseases, osteoporosis is often 
characterized by modest alterations in bone turnover, and 
thus only small changes may occur during therapy. A period 
of 1 to 3 years must pass before measurements of bone mass 
(for example, dual energy x-ray absorptiometry) can iden- 
tify statistically significant changes in bone mass during 
therapy. Measurements of bone markers provide earlier 
assessments of bone resorption and/or formation. Because 
most current therapies are antiresorptive and resorption 
markers respond more quickly to these therapies, resorption 
markers have received the greatest attention. 

In addition to their use in metabolic bone disease, 
markers of bone turnover are potentially useful tools in 
diagnosing and monitoring metastatic bone disease, 499 
As with metabolic bone disease, there is more evidence 
supporting the use of resorption markers in monitoring 
therapy. Additional studies are required to determine the 
ultimate clinical utility of bone markers in metastatic bone 
disease. 


PREANALYTICAL AND ANALYTICAL VARIABLES 


Preanalytical and analytical variables significantly reduce the 
usefulness of measurements of markers of bone formation 
and resorption. The long-term, within-individual variability 
of urine markers is generally higher (15% to 60%) than that 
of serum markers (5% to 10%).72728349950086 

Bone marker concentrations in urine and serum vary 
with the time of day because of the diurnal variation of bone 
resorption and formation.*''!** Because of the noctur- 
nal peak in bone turnover, most bone markers peak in the 
early morning hours (4 am to 8 am) and reach their nadir 
in the afternoon (1 pm to 11 pm). The amplitude of this 
variation is greatest for resorption markers, with nadir 
values averaging 70% of peak values. Consequently, speci- 


*References 141, 143, 144, 208, 209, 303, 379, 453, 538, 610. 


mens should be collected at a specific time of day to mini- 
mize the impact of diurnal variability on between-specimen 
comparisons. For urinary markers, collection of the second 
morning void is often recommended. Compared with other 
bone markers, BAP does not demonstrate much diurnal 
variation because of its long half-life in serum. 

Concentrations of urinary resorption markers are usually 
normalized by dividing by the urinary creatinine concentra- 
tion. The variability (within- and between-method) of cre- 
atinine measurements, within-subject variability in urinary 
creatinine, and creatinine’s dependence on muscle mass 
contribute to the overall variability of urinary resorption 
markers. 


MARKERS OF BONE RESORPTION 


Bone resorption markers are listed in Box 49-5. N- and C- 
telopeptides of type I collagen (NTx and CTx) and 
deoxypyridinoline are most frequently measured. Other 
markers include serum tartrate-resistant acid phosphatase 
(TRAP) and hydroxyproline. Bone resorption markers, apart 
from TRAP, were initially measured in urine. More recently, 
methods using serum have been developed for a number of 
these analytes including N- and C-telopeptides. 


Telopeptides and Pyridinium (Deoxypyridinoline and 

Pyridinoline) Cross-Links 

Type I collagen accounts for approximately 90% of the 

organic matrix of bone. Type I collagen, a triple helix of two 

identical o-1(1) chains and a slightly different &-2(I) chain, 
is synthesized as a precursor, type I procollagen, containing 
both N- and C-terminal extensions.** 

Each chain contains approximately 1000 amino acids and 
has a molecular weight of approximately 140,000. Procolla- 
gen undergoes extensive intracellular posttranslational 
processing, including hydroxylation of proline and lysine 
residues, glycosylation, and formation of intrachain and 
interchain disulfide bonds and the triple helix. After it is 
secreted, procollagen is converted to collagen during extra- 
cellular processing with the enzymatic removal of N- and 
C-terminal propeptides (procollagen peptides). 

Type I collagen molecules spontaneously assemble into 
immature fibrils with limited tensile strength, then mature 
by the formation of intramolecular and intermolecular cova- 
lent bonds or cross-links.*” Lysyl oxidase deaminates the 
€-amino group of specific lysines or hydroxylysines to 
produce active aldehydes. Three amino acid side chains 
react to form a trivalent amino acid containing the 3- 
hydroxypyridinium ring. The following two nonreducible 
cross-links have been identified. 

1, Deoxypyridinoline (lysyl pyridinoline) formed by the 
reaction of two hydroxylysine side chains and one lysine 
side chain 

2. Pyridinoline (hydroxylysyl pyridinoline) formed by the 
reaction of three hydroxylysine side chains 
These prominent pyridinium cross-links stabilize mature 

collagen chains within the extracellular matrix in fibrous 
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Figure 49-24 Pyridinium cross-links and N-telopeptides of type | collagen. Cross-links occur at 
two intermolecular sites in the collagen fibril: (1) two N-telopeptides are linked to a helical site 
at residue 930, and (2) two C-telopeptides are linked to helical residue 87. The location and 
amino acid sequence of the N-telopeptide (NTx) and the C-telopeptide (CTx) and the 
structures of the free pyridinium cross-links (pyridinoline and deoxypyridinoline) are shown. 
ICTP, C-terminal telopeptide of type | collagen. (From Robins SP. Biochemical markers of bone 
metabolism. CPD Bulletin Clin Biochem 1999;1:1 16-21.) 


collagen and most mature connective tissues, with the 
notable exception of skin. 

Intermolecular cross-linking sites have been located 
that form the pyridinium cross-links in type I collagen 
(Figure 49-24). Two N-telopeptide sites are linked to the 
helical site at amino acid 930 (N-telopeptide) or two C- 
telopeptides are linked to the helical site amino acid 87 
(C-telopeptide). 

Deoxypyridinoline (DPD) (Figure 49-24) is a more sen- 
sitive and specific marker of bone resorption than pyridino- 
line (PYD):* DPD is found in significant quantities only in 
bone, dentine, ligaments, and aorta, whereas PYD is more 
widespread, occurring in hard connective tissues with high 
levels in cartilage. Because of the large mass of the skeletal 
system, bone is usually the major source for both PYD and 
DPD. Neither substance is present in significant quantities in 
skin. 


*References 35, 97, 177, 180, 206, 282. E 


DPD is a sensitive and specific marker of bone resorption 
because: 

1. It is formed during collagen maturation, not biosynthe- 
sis, and originates only as a breakdown product of mature 
matrix. 

2. It does not appear to be metabolized before excretion in 
urine. 

3. Bone is the major source of DPD. 

4. It does not appear to be absorbed from the diet. 
Pyridinium cross-links (DPD and PYD) and telopeptides 

containing these cross-links are released into the circulation 

by hydrolysis of type I collagen during bone resorption and 
excreted in urine, 


Clinical Significance of Telopeptides and 
Deoxypyridinoline 

Elevated concentrations of telopeptides and DPD have been 
reported in osteoporosis, Paget’s disease, metastatic bone 
disease, primary and secondary hyperparathyroidism, 
hyperthyroidism, and other diseases with increased bone 
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resorption.* When postmenopausal women are compared 
with premenopausal controls, telopeptides are usually 
increased more than other markers of resorption and for- 
mation, !©711:213.441 

Inhibition of bone resorption with pharmacological 
agents leads to a decrease in telopeptides and DPD. Treat- 
ment of postmenopausal women or osteoporotics with bis- 
phosphonates or estrogen replacement therapy decreases 
bone resorption markers, Although markers of bone forma- 
tion are also decreased because of coupling, reductions are 
delayed and not as great as those observed for markers of 
bone resorption. Response to antiresorptive therapy is gen- 
erally greatest with telopeptides, intermediate with total 
DPD, and lowest with free DPD.” 

In patients with Paget’s disease treated with bisphospho- 
nates, N-telopeptide was suppressed more than total or free 
DPD or hydroxyproline and best predicted the outcome of 
therapy. 157019425 


Measurement of Telopeptides and Pyridinium Cross-Links 
NTx, CTx, and DPD are most frequently used to measure 
bone resorption. Methods are commercially available for the 
measurement of NTx and CFx in serum and urine and 
deoxypyridinoline in urine (see Table 49-5). 

N-Telopeptide. NTx in urine is measured with a com- 
mercially available ELISA. It uses a monoclonal antibody 
against the NTx fraction of normal adolescent urine.” 
The antibody recognizes a conformational epitope of the 
< cross-linked o,(I)N-telopeptide containing the sequence 
QYDGKGVG, which is a product of osteoclastic proteolysis. 
It does not recognize a precursor that is not cross-linked, but 
does measure other types of cross-links (pyrrolic). Its 
freedom from cross-reactivity with precursors that are not 
cross-linked ensures that only collagen degradation is mea- 
sured. Measurement of NTx may provide increased speci- 
ficity for bone because DPD cross-links involve primarily the 
«,(I) chain, whereas the «,(1) predominates in other tissue, 
and two thirds of the DPD cross-links in bone collagen are 
at the NTx site, whereas one third are at the CTx site. In this 
assay, microtiter plates are coated with a urinary peptide 
conjugate. Samples or calibrators are added, followed by the 
NTx monoclonal antibody. After incubation and washing, 
bound antibody is quantified by adding goat antimouse IgG 
conjugated to horseradish peroxidase. A modification of this 
method is also available on an automated immunoassay ana- 
lyzer using an EIA with chemiluminescence detection. 

More recently, this method has been adapted for the mea- 
surement of NTx in serum.'” The use of serum eliminates 
the need to measure urine creatinine to correct for urine 
concentration and significantly reduces the within-subject 
day-to-day variation in NTx measurements. 


*References 15, 50, 52, 97, 145, 441, 472, 477, 513, 582, 583. l 


C-Telopeptide. Unlike the NTx assay, which used the 
NTx from adolescent urine as the immunogen, CTx 
immunoassays used an antibody against a synthetic frag- 
ment of the CTx corresponding to residues 15C to 22C 
(EKAHDGGR) of the o,(1) chain of type I collagen.” This 
region includes the cross-linking hydroxylysine at residue 
16C. Several methods have been developed for measuring 
CTx in urine and serum. The most widely used methods rec- 
ognize the B-isomer, formed during aging of bone by the 
transfer of the peptide backbone from the o.-carboxyl group 
to the B-carboxyl group. This ensures that the measured CTx 
is from mature collagen, not precursors, and reflects bone 
resorption. All methods require the C-terminal amino acid 
to be a free arginine (R). CTx is measured in urine with an 
ELISA using a polyclonal rabbit antibody. Microtiter plates 
are coated with the synthetic peptide, followed by incuba- 
tion with samples or calibrators and rabbit antibody against 
the 8-amino acid synthetic fragment. After washing, bound 
antibody is quantified by addition of peroxidase-conjugated 
goat antirabbit IgG. CTx is measured in serum using two 
monoclonal murine antibodies." With two o,(I) chain 
telopeptides in each collagen molecule, the use of two anti- 
bodies directed against the B-isomer ensures that only the 
B/B forms are measured. A modification of this method is 
now available on an automated immunoassay analyzer using 
electrochemiluminescence detection.” 

Another group of investigators has reported an RIA for 
the C-terminal telopeptide of type I collagen (ICTP) in 
serum.*” Rabbit antibodies were raised against a cross- 
linked C-telopeptide of type I collagen produced by collage- 
nase digestion of human bone. This method is relatively 
insensitive to changes in bone resorption in osteoporosis, but 
does detect increases in myeloma and metastatic bone 
disease. This appears to be because of the metabolism of the 
epitope recognized by this assay by cathepsin K, an enzyme 
likely to be responsible for collagen resorption in 
osteoporosis. 

Pyridinium Cross-links (Deoxypyridinoline and Pyridi- 
noline). DPD and PYD were originally measured by HPLC 
(see Table 49-5). Today, DPD is measured primarily by 
immunoassay using automated analyzers (EIA with chemi- 
luminescence detection and ICMA) or manual ELISA. 
Unlike most HPLC methods, which measure total DPD and 
total PYD, the immunoassays for DPD or DPD/PYD 
measure primarily free but not peptide-bound forms. In 
urine, approximately 40% of the PYD and DPD is free and 
60% is protein-bound. 

Comparisons of free and total DPD and PYD suggest that 
the ratio of free to total pyridinolines varies with physiology, 
pathophysiology, and treatment.” Total DPD has been 
reported to be increased more than free DPD in individuals 
with disorders involving increased bone resorption (post- 
menopausal women, osteoporosis, Paget’s disease, and 
hyperthyroidism), Furthermore, short-term bisphosphonate 
treatment of patients with Paget’s disease or osteoporosis 
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reduced the total, but not the free, DPD, whereas estrogen 
treatment of postmenopausal women decreased both. 

Immunoassays. A number of immunoassays”? have 
been developed to measure DPD and PYD. One commer- 
cially available ELISA measures both PYD and DPD with 
equimolar cross-reactivity.” Of greater interest for mon- 
itoring bone resorption is the commercially available ELISA 
that measures DPD but not PYD.” This method, a com- 
petitive ELISA, uses a streptavidin-coated microtiter plate 
and biotinylated deoxypyridinoline as the solid phase. 
Sample or calibrator and the monoclonal antibody against 
DPD are added and incubated, After washing, a second 
antibody, goat antimouse IgG conjugated to ALP, is added. 
Bound antibody-antibody-enzyme conjugate is measured 
after addition of p-nitrophenyl phosphate. 

More recently, automated immunoanalyzer methods for 
DPD have become commercially available. The most widely 
used is a solid-phase, competitive EIA with chemilumines- 
cence detection. The solid-phase antibody is incubated with 
serum or calibrator and ALP conjugated to DPD. After 
washing, the antibody-antigen-enzyme complexes are deter- 
mined after the addition of substrate. 

High-Performance Liquid Chromatography. DPD and 
PYD can be measured by HPLC with fluorescence detec- 
tion.* Because about 60% of the pyridinolines in urine are 
contained in peptides, most methods use acid hydrolysis to 
generate free amino acids. The hydrolysate is fractionated by 
column chromatography on cellulose CF-1 before resolution 
of the pyridinolines by reversed-phase chromatography. 
Because the pyridinolines are highly polar at acid pH, ion- 
pairing agents have been used to increase their retention by 
reversed-phase columns. Although most methods have used 
gradient elution, simpler isocratic methods have been 
described.” Fluorometric detection is used to quantify 
these naturally occurring fluorescent pyridinium com- 
pounds. The lack of synthetic calibrators, controversy over 
the molar fluorescence yield of pyridinolines, and the vari- 
ability of acid hydrolysis have been suggested as factors 
contributing to the differences observed between 
laboratories,’**”* 

Specimen Requirements. DPD and telopeptides are 
relatively stable in urine."*’” Exposure to UV light, but not 
laboratory lighting, decreased DPD and PYD. Free 
pyridinolines were especially vulnerable to UV lighting. It is 
recommended that prolonged exposure to light and expo- 
sure to direct sunlight be avoided. 

Peak urinary excretion of pyridinolines occurs at about 5 
AM to 8 am, reflecting the nocturnal peak in bone turnover. 
Urinary pyridinolines reach a nadir between 2 pm and 11 
PM, 060,161,505 

Both timed and random urine tests have been used for 
pyridinolines and telopeptides. Although early studies used 


*References 44, 97, 177, 179, 206, 282, 583. 


24-hour urine samples, timed or early-morning voided urine 
have also been used. A second-morning void, collected by 10 
AM, is most commonly recommended. For monitoring, spec- 
imens should be collected at the same time as the baseline 
specimen, 

Within-subject biological variation of bone markers has 
been reported to be (coefficients of variation) 5% to 
60% ,31:218:950,586 

Reference Intervals. Appropriate reference intervals for 
telopeptides and DPD depend on the reason for ordering the 
test. For osteoporotic women, results are usually compared 
with those for healthy premenopausal women. Representa- 
tive reference intervals for NTx, CTx, and DPD are listed 
below*™: 


ae = --Premenopausal) 00 siii 


Test 


Women. Men 
N-telopeptide ee a ae eee 
Serum, nmol BCE/L 18,7-19,8: n 10,7-22,9 
Urine, pmol BCE/mol 10-110 AL-103 


creatinine 


CG telopepti P E LN 
“Serum, E ng/L o e 573 $584 


Urine (g/mol 220 (128)! 249 (128) 
‘= creatinine) Po 
Deoxypyridinoline, = 3.0-7.4 2.3-5.4 

TR Free (umol/ mol 


*CTx by automated immunoassay with electrochemiluminescence 
detection 
Mean (SD) 


Concentrations of collagen cross-links are influenced by 
age and gender. Concentrations are markedly higher in chil- 
dren, with the highest concentrations observed during early 
infancy and adolescence, periods of rapid bone growth. In 
adults, concentrations of collagen cross-links are relatively 
constant between the ages of 30 and 45, but increase 
significantly after menopause in women. For women, adult 
reference intervals are usually based on normally cycling 
premenopausal women (with normal menstrual cycle and 
normal follicle-stimulating hormone), 30 to 45 years of age. 
Age-related increases have also been reported in men, 


Tartrate-Resistant Acid Phosphatase 


During bone resorption, osteoclasts produce and secrete an 
acid phosphatase. The activity of this TRAP has been 
measured using a number of methods. Unfortunately, 
most methods failed to distinguish between the osteclastic 
TRAP (isoform 5b) and other TRAPs (isoform 5a) found in 
plasma.” In addition, instability of the enzyme and associ- 
ation of the enzyme with o)-macroglulin have complicated 
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the development of methods. Immunoassays have also been 
developed for measuring TRAP using antibodies raised 
against TRAP obtained from spleen cells of patients with 
hairy cell leukemia, human cord plasma, and recombinant 
TRAP.'3124 More recently, two approaches have been used 
to measure TRAP 5b: (1) a kinetic method measuring 
enzyme activity of TRAP 5b using fluoride inhibition of 
TRAP 5b and heparin inhibition of TRAP 5a,’* and (2) an 
immunoassay using monoclonal antibody for TRAP 5b.°°"" 
Although the initial investigations of these new methods 
for TRAP 5b are encouraging, limited data are currently 
available regarding the clinical performance of these 
methods, 


Urinary Hydroxyproline 

Hydroxyproline is found mainly in collagens, where it 
accounts for about 13% of the total amino acid content and 
is derived from proline by posttranslational hydroxyla- 
tion.” About 10% of hydroxyproline released during 
collagen catabolism is excreted in urine, mainly as small 
dialyzable peptides, Although assays have been reported for 
free hydroxyproline and hydroxyproline in dialyzable and 
nondialyzable peptides in urine and serum, methods for 
total urinary hydroxyproline have been more commonly 
used, 4017547058109? Livdroxyproline is released from peptides 
by acid hydrolysis. Early photometric assays involved oxida- 
tion of hydroxyproline to pyrrole, followed by reaction with 
Ehrlich’s reagent (4-dimethylaminobenzaldehyde).”°°"” 
lon-exchange chromatography before analysis and other 
modifications have been advocated to reduce interference 
by urinary components and improve assay specificity.” 
Sensitive and specific reversed-phase HPLC methods 
have been described. They use photometric or fluorometric 
precolumn derivatizing agents, including dabsyl and dansyl 
chloride, phenylisothiocyanate, o-phthalaldehyde, 4-chloro- 
7-nitrobenzofurazan, 9-fluorenylmethyl chloroformate, and 
N,N-diethyl-2,4-dinitro-5-fluoroaniline.'°?°** 

Urinary hydroxyproline is not specific for either bone 
turnover or bone resorption for a number of reasons, includ- 
ing: (1) other tissues, including muscle and skin, and the Clq 
fraction of complement contain a significant proportion of 
the body’s collagen"; (2) a significant percentage of colla- 
gen is degraded during synthesis and maturation, including 
N-terminal and C-terminal propeptides (procollagen pep- 
tides); and (3) its concentration is altered by various diseases 
and other factors, including diet. With the availability of 
more sensitive and specific markers of bone resorption, 
hydroxyproline is not routinely used to assess bone turnover 
or bone resorption.” 


MARKERS OF BONE FORMATION 
Bone formation markers are listed in Box 49-13, BAP and 
osteocalcin are most frequently measured. Procollagen pep- 
tides are less frequently measured. Bone formation markers 
are measured in serum or plasma. 


Bone Alkaline Phosphatase 


ALP is found in many tissues, including bone, liver, intestine, 
kidney, and placenta (see Chapter 21). Four different genes 
code for the tissue-nonspecific, intestinal, placental, and 
germ-cell (placental-like) isoenzymes.” The ALPs from 
liver, bone, and kidney are isoforms of the same gene 
product, the tissue-nonspecific gene. These tissue-specific 
isoforms are produced by tissue-specific posttranslational 
processing (e.g., glycosylation) of the gene product. 

ALP determined by usual biochemical panels reflects total 
serum concentrations and does not distinguish the source of 
the isoenzyme (i.e., liver, bone, or some other source). Clin- 
icians must therefore rely on other markers of liver or other 
organ function or a more tissue-specific determination of 
ALP to assess the source of ALP. In normal individuals, ALP 
originates primarily from liver and bone. The bone isoen- 
zyme is the marker of bone formation and is found in 
osteoblasts. 


Clinical Significance 


BAP is increased in metabolic bone diseases, including 
osteoporosis, osteomalacia and rickets, hyperparathy- 
roidism, renal osteodystrophy, and thyrotoxicosis, and in 
individuals with acromegaly, bony metastases, glucocorti- 
coid excess, Paget’s disease, and other disorders with 
increased bone formation.* 

The measurement of BAP has several advantages over 
osteocalcin measurement. Because of its relatively long half- 
life in vivo (1 to 3 days), it is relatively unaffected by diurnal 
variation. BAP is more stable in vitro and does not require 
special specimen handling. BAP is more useful in individu- 
als with impaired renal function because it is not cleared by 
glomerular filtration. 

Of current biochemical markers, total ALP or BAP pro- 
vides the highest clinical sensitivity and specificity in the 
diagnosis and monitoring of Paget’s disease." Although total 
ALP is most often used, BAP is more sensitive than total ALP 
in mild Paget’s disease. Osteocalcin is relatively insensitive 
and less useful than BAP in Paget’s disease. Total ALP is not 
useful in metabolic bone diseases with mild elevations of 
BAP. 

Measurement of BAP may be misleading in patients with 
liver disease, severe osteomalacia, or increased concentra- 
tions of 1,25(OH),D. BAP may be misleading in liver disease 
because of the cross-reactivity of current methods with liver 
ALP. In severe osteomalacia, BAP may be markedly increased 
without an increase in bone mineralization because of a 
mineralizing defect.*’ Because 1,25-dihydroxyvitamin D 
regulates the synthesis of BAP and osteocalcin, both of these 
markers may be misleading in patients treated with calcitriol 
and in patients with abnormal concentrations of this 
hormone. 


*References 97, 106, 136, 236, 289, 316, 345, 397, 512, 514. 
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Measurement of Bone Alkaline Phosphatase 

BAP measurement methods have used heat inactivation, 
chemical inhibition, electrophoresis, isoelectric focusing, 
lectin precipitation and chromatography, HPLC, and other 
approaches, singly and in combination. Conventional elec- 
trophoresis provides qualitative, not quantitative, detection 
because of the overlapping migration of isoforms and isoen- 
zymes. Heat inactivation and chemical inhibition with urea, 
l-phenylalanine, I-homoarginine, or levamisole have been 
used with some success. Internal standards of ALP isoen- 
zymes have been used to increase assay precision, ©% 

Wheat germ agglutinin (WGA), a lectin, has been used 
to measure BAP by affinity chromatography, affinity elec- 
trophoresis, or differential precipitation of isoforms. 1784229371 
Some methods have used a combination of techniques to 
improve specificity. These classic measurements for BAP are 
usually technically complicated and labor-intensive, impre- 
cise, insensitive, and inaccurate. Of these techniques, heat 
denaturation and WGA precipitation have been used most 
frequently, Heat denaturation has been criticized because of 
its irreproducibility or variability.” WGA precipitation has 
been criticized because WGA does not precipitate all BAP 
from pagetic sera or from the SaOS-2 osteosarcoma cell line 
and fails to completely separate bone and liver activity. 

Several immunoassays have been reported for BAP.* 
Two immunoassays are commercially available; both use 
monoclonal antibodies against BAP from SaOS-2 cells. One 
immunoassay is an IRMA using two monoclonal antibodies, 
a capture antibody and a radioiodinated signal antibody, 
reacting preferentially with BAP.”??%?3I6 This two-site 
immunoassay measures the mass of BAP in ng/mL (g/L). 
Subsequently an immunoenzymatic method was developed 
by replacing the signal antibody with the direct measure- 
ment of the activity of immobilized BAP.” A modification 
of this method is available on an automated immunoassay 
analyzer using a chemiluminescent assay. The other assay 
uses a single monoclonal antibody against BAP," 
Microtiter plates are coated with this antibody and used to 
separate BAP from other isoforms and isoenzymes. After 
immunoseparation, the activity (U/L) of BAP is determined 
with a p-nitrophenyl phosphate substrate. 

The analytical and clinical performance of these BAP 
immunoassays have been characterized in a series of 
articles.’ Unfortunately, current immunoassays are not 
completely specific for BAP and exhibit 7% to 17% 
cross-reactivity with ALP from liver.” It has been difficult 
to exactly determine cross-reactivity for the liver isoform 
because of limitations of existing preparations and an 
incomplete understanding of the exact nature of the circu- 
lating isoforms. BAP immunoassays provide greater sen- 
sitivity and specificity for bone formation than does the 


*References 79, 97, 157, 181, 205, 206, 226, 253, 254, 316, 325, 
References 66, 79, 183, 316, 423, 444, 584, 609, 611. 


Osteocalcin [Bone Gla Protein (BGP)] 


1 5 10 
Tyr Leu Tyr Gin Trp Leu Gly Ala Pro Val 
11 15 20 
Pro Tyr Pro Asp Pro Leu Gila Pro Arg Arg 
21 25 30 
Gla Val ys Gla Leu Asn Pro Asp ys Asp 
31 35 40 
Glu Leu Ala Asp His lle Gly Phe Gin Glu 
41 45 49 


Ala Tyr Arg Arg Phe Tyr Gly Pro Val 
Figure 49-25 Amino acid sequence of osteocalcin. A disulfide 
bond formed between cysteines in positions 23 and 29 stabilizes 
two antiparallel o-helical structures representing 40% of the 
overall structure. Three glutamyl residues at positions 17, 21, 
and 24 can be carboxylated in a posttranslational, vitamin K— 
dependent, enzymatic step producing 'y-carboxyglutamyl (Gla) 
residues. 


measurement of total ALP. Current methods for BAP are not 
reliable in patients with liver disease with increased concen- 
trations of the liver isoform. 


Reference Intervals 


Normal concentrations of BAP are approximately 5 to 
20 ng/mL (ug/L) with the IRMA”?96l and 11.6 to 29.6 
and 15.0 to 41.3 U/L for premenopausal women and men, 
respectively, with the immunoabsorption assay.” 460961 
For the automated chemiluminescent immunoenzymatic 
method, the 95th percentile limit is reported to be 14.3 
and 20.1 ng/mL for premenopausal women and men, 
respectively. Serum concentrations of BAP are influenced 
by age and gender. Concentrations are higher in men and 
increase with age in both men and women, consistent with 
the age-related increase in bone turnover. Children have 
much higher concentrations, especially during growth 
spurts. 


Osteocalcin 


Osteocalcin (OC) is the major and most thoroughly charac- 
terized noncollagenous protein in human bone (Figure 
49-25).* This protein, previously referred to as bone Gla 
protein (BGP), accounts for approximately 1% of the total 
protein in human bone. It is a small protein of 49 amino 
acids with a molecular weight of 5669. 

OC is considered to be a marker of bone formation 
because during bone formation 10% to 30% of the OC syn- 
thesized by osteoblasts is released into the circulation. 
However, OC, especially OC fragments, may also be liber- 
ated during bone resorption and measured by some 


*References 97, 208, 236, 237, 327, 333, 440, 512, 514, 
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methods. Its synthesis is stimulated by 1,25(OH),.D. OC is 
cleared by the kidneys. The half-life of circulating OC is 
approximately 5 minutes. 

OC contains three specific glutamyl residues at amino 
acid positions 17, 21, and 24, which may be converted to 
y-carboxyglutamyl residues by a posttranslational, vitamin 
K-dependent enzymatic carboxylation. This unique car- 
boxylated amino acid binds calcium ions and is found 
in various proteins involved in blood coagulation and in 
calcium transport, deposition, and homeostasis. Undercar- 
boxylated OC, which has been reported in serum in some 
conditions, may be related to decreased bone density and 
may respond to administration of vitamin K. Although OC 
binds calcium and hydroxyapatite, its physiological role is 
unknown. 

Immunochemical and chromatographic studies have 
demonstrated considerable heterogeneity for circulating OC 
in normal individuals and patients with osteoporosis, 
chronic renal failure, and Paget’s disease.* This heterogene- 
ity may be a result of proteolytic hydrolysis of susceptible 
peptide bonds involving arginine residues at positions 19-20 
and 43-44, Peptides containing amino acids 1-19, 20-43, 45- 
49, 1-43, and 20-49 can be produced by hydrolysis of one or 
two of these bonds. 

Sequence-specific competitive and noncompetitive 
immunoassays have been developed and used to measure 
OC and fragments of OC.*” Intact OC accounts for about 
35% of immunoreactivity in normal subjects, 45% in 
patients with osteoporosis, and 25% in patients with chronic 
renal failure (CRF). The N-terminal/midregion fragment, 
possibly 1-43, accounted for 30% of immunoreactivity in 
normal subjects and osteoporotics and 50% in patients 
with CRE Other fragments were present at consider- 
ably lower concentrations than 1-43. All specimens were 
collected in tubes containing agar-agar, placed on ice, 
promptly separated, and frozen at —80 °C to minimize 
proteolysis. 

Intact OC appears to be rapidly hydrolyzed when serum 
is incubated at room temperature, and more slowly at 
4°C.""? At room temperature, immunoreactivity measured 
with the intact assay had declined by about 20% at 3 hours, 
whereas immunoreactivity with the assay measuring both 
intact hormone and the 1-43 fragment was unchanged. This 
N-terminal/midregion fragment may be released by 
osteoblasts during bone formation and produced in vivo in 
the circulation and in vitro during specimen handling by 
proteolysis of intact OC. 


Clinical Significance 

OC is increased in metabolic bone diseases with increased 
bone or osteoid formation, including osteoporosis, osteo- 
malacia and rickets, hyperparathyroidism, renal osteodys- 


*References 97, 206, 212, 327, 333, 440, 512, 514, 576. 


trophy, and thyrotoxicosis, and in individuals with fractures, 
acromegaly, and bony metastases.* OC is decreased in 
hypoparathyroidism, hypothyroidism and growth hormone 
deficiency, and during estrogen replacement therapy and 
treatment with glucocorticoids, bisphosphonates, and 
calcitonin. 

OC concentrations may be misleading in several situa- 
tions.” Concentrations may be increased in patients with 
impaired renal function without an increase in bone forma- 
tion, since OC is cleared by the kidneys. OC may increase 
during bed rest without an increase in bone formation. 
Serum OC may not reflect bone formation in patients 
treated with 1,25(OH),D or those with abnormalities in this 
hormone since OC is regulated by 1,25{OH).D. 


Measurement of Osteocalcin 

Many different immunoassays have been developed for OC 
since the first assay was reported in 1980,’ The first 
immunoassays for human OC were competitive RIAs using 
bovine OC as immunogen and radioiodinated tracer. 
Because of the complete homology between amino acids 20 
to 49 of bovine and human OC, the majority of antisera were 
directed against the C-terminal of OC. Consequently, these 
methods measured both intact OC and OC fragments con- 
taining the C-terminal region. Others developed antisera 
against ovine OC, with its complete homology with human 
OC between amino acids 11 and 49,’” purified intact human 
OC,” or synthetic fragments of human OC." Competitive 
immunoassays have also used enzyme’**78°76 and 
chemiluminescent*” labels. Monoclonal antibodies against 
bovine and human OC have also been used in competi- 
tive immunoassays, %76 

More recently, noncompetitive methods have been devel- 
oped for measuring human OC. These immunoassays use 
monoclonal antibodies and affinity-purified polyclonal anti- 
sera against synthetic peptides of human OC or intact 
human or bovine OC Many antibody pairs have been 
reported including capture [and signal] antibodies, respec- 
tively, against amino acid sequences 12-33 [and 34-49], 
43-49 (and 5-13], 25-37 [and 5-13], 20-43 [and 7-19], 1-19 
[and 20-49], and 1-12 [and 15-30 or 38-49], These noncom- 
petitive methods have used signal antibodies labeled with 
radioactivity IRMA), enzymes (ELA/ELISA), or chemilumi- 
nescent compounds (ICMA). 

Noncompetitive methods measuring intact OC and 
especially those measuring both intact OC plus the N- 
terminal/midregion (1-43) fragment are of particular 
interest. These assays do not measure smaller frag- 
ments of OC, which is an advantage, since fragments might 
be produced during bone resorption. OC concentrations are 
more stable when measured with assays recognizing both 


*References 97, 206, 236, 333, 395, 440, 470, 512, 514, 
tReferences 64, 97, 236, 327, 333, 440, 512, 514, 576. 
References 49, 97, 138, 152, 271, 369, 382, 440, 480. 
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intact hormone (1-49) and the N-terminal/midregion 
(1-43) since this fragment is produced in vitro by hydrolysis 
of intact OC. 

The circulating concentration of OC measured in normal 
subjects varies widely among methods and laborato- 
ries 2745236440576 One study reported that mean values for 
normal individuals ranged from 3 to 27 ng/mL (ug/L). This 
variability may be a consequence of differences in antisera 
specificity and sensitivity, and in the purity, potency, and 
immunoreactivity of OC calibrators’? Another important 
source of variation between methods may be their depen- 
dence on or independence of calcium concentration in the 
assay. ”® Calcium binding to y-carboxyglutamyl residues 
induces a conformational change in OC. Although EDTA is 
added to some assays to eliminate this effect, other assays 
require the addition of calcium. 

Antiserum specificity and the heterogeneity of circulating 
OC are probably the primary reasons for differences 
observed between methods.” Depending on antiserum 
specificity, methods may measure intact OC or fragments 
containing the N-terminal, C-terminal, or midregion amino 
acids or some combination of these forms. These fragments 
may be produced during bone formation or resorption, in 
the circulation, or in vitro during preanalytical handling. 
The development of two-site methods and greater knowl- 
edge of OC metabolism should provide a basis for greater 
standardization of these measurements. 


Specimen Requirements 


Serum is the most widely used specimen for the measure- 
ment of OC; heparinized plasma can be used with some 
methods. The stability of OC in samples is method- 
dependent. Decreases in OC immunoreactivity of 50% to 
70% after 6 to 24 hours at room temperature and 40% 
to 80% after 2 weeks at 4 °C have been reported.*?” 
Trasylol,* mixed protease inhibitors” and collection on 
ice®’*” improve the stability of OC with some but not 
all methods. Serum OC concentrations are more stable 
with methods measuring both intact OC and the N- 
terminal/midregion fragment (1-43). Concentrations were 
unchanged after 3 hours at room temperature and after 24 
hours at 4 °C." 

Specimen stability should be determined and collection 
and handling optimized for each method. Unless proven 
unnecessary, specimens should be collected on ice, separated 
within 1 hour, and immediately frozen. Freeze-thaw cycles 
should be avoided. The use of EDTA plasma and/or protease 
inhibitors should be evaluated. 


Reference Intervals 


Methods for OC are not harmonized as illustrated by the 
reference intervals listed below’: 


_ngiml. (pg/L). 
Children ete ie 
SE 0,2- O oo 


278-194 


16.3-68.7. 
113-3540 | 
F227 


Adult female 


OC concentrations are influenced by age, gender, and 
diurnal variation.” Concentrations are higher in 
children, with the highest concentrations observed during 
periods of rapid growth. Males have somewhat higher con- 
centrations of OC. OC concentrations have been reported to 
increase, decrease, or remain unchanged with advancing age, 
a probable consequence of the heterogeneity of circulating 
OC and differences in immunoassay specificity. OC concen- 
trations are generally increased during menopause. OC 
exhibits a diurnal variation with a nocturnal peak, dropping 
by as much as 50% to a morning nadir. OC concentrations 
are increased in individuals with renal failure. 


Procollagen Peptides (Collagen Propeptides) 

Type I collagen is synthesized as a precursor, procollagen, 
containing both N- and C-terminal extensions.* These 
extensions, or propeptides, are cleaved from type I procolla- 
gen during collagen formation. Collagen propeptides are a 
marker of bone formation. Several immunoassays have been 
developed to measure the N-terminal (PINP)*” and C- 
terminal (PICP) 7*7 propeptides. 

Because type I collagen is also the major matrix of several 
other tissues, collagen propeptides are not as sensitive or spe- 
cific for bone formation as osteocalcin or BAP. Measurement 
of procollagen peptides may be helpful for assessing bone 
formation in patients treated with 1,25-dihydroxyvitamin 
D or in patients with abnormal concentrations of this 
hormone when osteocalcin and BAP may be misleading. 


the calmagite compleximetric measurement of mag- 
nesium in plasma. Clin Chem 1982;28:520-2. 
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CHAPTER 50 


= Pituitary Function* 


Laurence M. Demers, Ph.D., FA.C.B., D.A.B.C.C., 
and Mary Lee Vance, M.D. 


crine system by integrating chemical signals from the 

brain with feedback from the concentration of hor- 
mones in the circulation to stimulate intermittent hormone 
release from target endocrine glands.’ Historically, because 
itis intimately involved in the regulation of growth, develop- 
ment, thyroid function, adrenal function, gonadal function, 
and water and salt homeostasis, the pituitary has been called 
the “master endocrine organ.”!*"*"”7 It consists of two lobes 
of differing embryonic origin, the anterior lobe or adeno- 
hypophysis and the posterior lobe or neurohypophysis. 

The adenohypophysis secretes growth hormone (GH), 
prolactin (PRL), thyrotropin (TSH), adrenocorticotropin 
(ACTH), follicle-stimulating hormone (FSH), and luteiniz- 
ing hormone (LH), all of which are proteins or peptides 
(see Table 28-1 in Chapter 28). It also secretes B-lipotropin 
(B-LPH) and a number of smaller peptides of undetermined 
significance.” Vasopressin (also known as antidiuretic 
hormone [ADH]) and oxytocin are produced in the hypo- 
thalamus and are carried through the neurohypophyseal 
nerve axons to the neurohypophysis. Thus the neurohy- 
pophysis is not a discrete endocrine organ, but rather func- 
tions as a reservoir for these two hormones. 

Of the six major hormones from the adenohypophysis, 
GH and PRL act primarily on diffuse target tissue, with TSH 
ACTH, and the gonadotropins (LH and FSH) acting pri- 
marily on specific target endocrine glands (i.e., the thyroid 
gland, adrenal cortex, and gonads, respectively). These 
peptide hormones originating from the pituitary and related 
hormones elaborated by the placenta during pregnancy can 
be classified based on their molecular structure and bio- 
chemical evolution. 


Te pituitary gland (hypophysis) regulates the endo- 


*The authors gratefully acknowledge the contributions of Ronald 
J. Whitley, A. Wayne Meikle, and Nelson B. Watts, on which 
portions of this chapter are based. 
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ANATOMY 


The pituitary gland (hypophysis) is located at the base of the 
skull (Figure 50-1) in a bone cavity called the sella turcica 
(Turkish saddle). The gland is small—i cm or less in height 
and width and weighs approximately 500 mg. As discussed 
previously, the gland is anatomically divided into the ante- 
rior (adenohypophysis) and the posterior (neurohypoph- 
ysis) lobes. A third lobe (the intermediate lobe) is present 
in most vertebrates and in the human fetus; this lobe is 
rudimentary in the adult human. 

Arterial blood reaches the pituitary gland via the superior 
hypophyseal artery, a branch of the internal carotid artery. 
Venous blood is supplied through a venous portal system 
that originates in the median eminence of the hypothalamus 
and ends in sinusoidal capillaries of the pituitary gland. This 
venous system is known as the hypothalamic-hypophyseal 
portal system. This system carries neurosecretory hormones 
from the hypothalamus to the adenohypophysis. These 
hypothalamic factors stimulate or inhibit the release of hor- 
mones from the adenohypophysis. Retrograde flow from the 
adenohypophysis to the median eminence of the hypothal- 
amus is also believed to occur. With upstream flow, pituitary 
hormones can reach the hypothalamus and influence hypo- 
thalamic function through a short feedback loop. 

Historically, cells of the human anterior pituitary lobe 
have been categorized into three specific types based on 
their staining reaction in histological sections: (1) acidophils 
(approximately 40% of the cells) that stain with acidic 
dyes; (2) basophils {about 10% of the cells) that stain with 
basic dyes; and (3) chromophobes (the remaining 50% of 
the cells) that do not stain with either acidic or basic dyes. 
Using modern techniques of immunohistochemistry and 
electron microscopy, five types of cells have been identified: 
(1) somatotropes that secrete GH; (2) mammotropes 
that secrete PRL; (3} thyrotrophs that secrete TSH; (4) 
gonadotropes, single cells that secrete both gonadotropins, 
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Figure 50- Location of pituitary and hypothalamus in the 
brain. 


LH and FSH; and (5) corticotropes that secrete both ACTH 
and B-LPH. 


ADENOHYPOPHYSIS 

The adenchypophysis and the individual hormones pro- 
duced by it are discussed in this section, which concludes 
with a discussion of the assessment of the anterior pituitary 
lobe reserve. 


REGULATION OF FUNCTION 


Secretion of hormones from the anterior lobe of the pitu- 
itary gland is controlled by the hypothalamus, which man- 
ufactures small peptides known as releasing or inhibitory 
factors (Figure 50-2). These substances qualify as hormones 
because they are transported in the blood stream and 
produce a specific effect on the activities of a distal target 
tissue; however, they were initially called releasing or 
inhibitory factors, and these terms are still in use today. 
Several different hypothalamic hormones have been charac- 
terized including: (1) corticotropin-releasing hormone 
(CRH),® (2) thyrotropin-releasing hormone (TRH), (3) 
GH-releasing hormone (GH-RH), (4) somatostatin (also 
called somatotropin release-inhibiting factor [SRIF]), (5) 
gonadotropin-releasing hormone (Gn-RH, also called 
luteinizing hormone-releasing hormone), and (6) PRL- 
inhibiting factor (PIF) that is actually the neurotransmitter 
dopamine. In addition, Gn-RH stimulates the secretion of 
FSH and LH. However, a separate and distinct releasing 
factor for FSH has not yet been established, although nega- 
tive feedback control of this gonadotropin is affected by 
inhibin, a peptide of gonadal origin. The principal hypo- 
thalamic hormones and their chemical nature and action are 
summarized in Table 50-1. 
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Figure 50-2 Functional interrelationship of the hypothalamus, 
pituitary, and endocrine glands. 
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The hypothalamic peptides, in contrast to some pituitary 
tropic hormones such as the gonadotropins, are not entirely 
species specific. Porcine Gn-RH and TRH have been shown 
to have an effect in humans. The availability of highly puri- 
fied and synthetic releasing hormones has important diag- 
nostic and therapeutic implications. CRH, GH-RH, Gn-RH, 
and TRH have all been used to test for pituitary hormone 
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reserve. In addition, pulsatile Gn-RH administration is used 
to initiate puberty and to induce ovulation or spermatogen- 
esis. Alternately, Gn-RH antagonists that inhibit the action 
of endogenous Gn-RH are used to treat patients with 
precocious puberty, endometriosis, uterine fibroids, and 
prostate carcinoma. GH-RH is yet another hypothalamic 
peptide that is used to treat patients with GH deficiency 
caused by hypothalamic disease, 

The neurons that elaborate hypophysiotropic hormones 
are themselves influenced by hypothalamic neurotransmit- 
ters, such as dopamine, norepinephrine, serotonin, acetyl- 
choline, and endorphins. These neurotransmitters also 
modify the secretory activity of anterior pituitary hormones 
(see Table 50-1), Indeed basal and episodic secretion, diurnal 
rhythm, and nocturnal release of pituitary hormones are all 
considered to be secondary to central nervous system events 
that are mediated through hypothalamic hormones. 

In addition to higher center regulation of the hypotha- 
lamic-pituitary axis by classic neurotransmitters, such as 
dopamine, there is an advancing body of evidence showing 
that chemical mediators released by inflammatory cells 
(cytokines)* participate in altering the control mechanisms 
associated with the neuroendocrine axis (see Chapter 
22).8°°? Modulation of the feedback loop between the 
hypothalamic-pituitary-adrenal axis by cytokines, such as 
interleukin 1 (IL-1) and IL-6, released as a result of infection 
or stress has been shown to diminish the immune system.” 
The concept of a hypothalamic-pituitary-adrenal-immune 
axis has been evolving for some time, and now substantial 
evidence is available to support the concept that cytokines 
do modulate the responsiveness of the hypothalamic- 
pituitary-adrenal axis under certain physiological response 
situations, such as infection or stress." 

The functional relationship that exists between the pitu- 
itary gland and its target organs is based on the principle of 
feedback control, which is primarily negative between the 
blood concentration of circulating hormones and the pitu- 
itary gland and hypothalamus (Figure 50-3). The effect of 
negative feedback is typically opposite to that of the initial 
stimulus. For example, an elevated concentration of cortisol 
(initial stimulus) diminishes the synthesis and release of 
CRH, resulting in decreased secretion of ACTH and, ulti- 
mately, reduced secretion of cortisol (final response), Con- 
versely a diminished concentration of cortisol in the blood 
triggers release of CRH from the hypothalamus; this causes 
enhanced synthesis and release of ACTH. Increased blood 
concentrations of ACTH in turn stimulate the adrenal cortex 
to produce more cortisol. The importance of such feedback 
control lies in the maintenance of an optimal concentration 
of hormones in the blood under a fluctuating variety of 
circumstances. Although hormones such as thyroxine, 
cortisol, estradiol, progesterone, and testosterone interact 
with hypothalamic receptors to contro] the release of hypo- 
thalamic hormones, studies indicate that these secretory 
products directly modulate the response of pituitary cells 
to their respective releasing hormones. For example, pro- 


HYPOTHALAMIC 
CONTROL CENTER 


Short Feedback 
loop (probable) 
Long Feedback 
loop (definite } 


ANTERIOR 
PITUITARY 


TROPHIC 
HORMONE 


+ 


Figure 50-3 Control of anterior pituitary function. (Modified 
from Catt Kj. Pituitary function. Lancet 1970;1:827-3 1.) 


gesterone and testosterone suppress the response of 
gonadotropin-producing cells to Gn-RH, whereas small 
doses of estradiol potentiate this response. In addition to the 
“long” feedback loops comprising pituitary, hypothalamic, 
and target gland hormones, a “short” feedback loop exists by 
which pituitary hormones can directly act on the hypothal- 
amus to modify their own secretion (see Figure 50-3). 


GROWTH HORMONE AND INSULIN-LIKE 
GROWTH FACTORS 


The most abundant hormone produced by the adenohy- 
pophysis is GH. Insulin-like growth factors (IGFs) I and H 
are polypeptides with considerable sequence and functional 
similarity to insulin. í 


Biochemistry 

GH is a single-chain polypeptide with a molecular mass of 
21,500 Da that contains 191 amino acids and two intramo- 
lecular disulfide bridges. It is structurally similar to PRL and 
to the placental hormone chorionic somatomammotropin 
(hs, placental lactogen), with which it has overlapping 
biological effects. Many consider GH, PRL, and hCS to have 
descended from a common single primordial peptide. 

GH is synthesized by the somatotropic (acidophilic) cells 
of the adenohypophysis and is stored within intracellular 
granules. During the daytime hours, the plasma concen- 
tration of GH in normal adults remains stable and relatively 
low (<2ng/mL), with several secretory “spikes” occurring 
approximately 3 hours after meals and after exercise. In con- 
trast, during the evening hours, adults and children show a 
marked rise in GH secretory activity ~90 minutes after the 
onset of sleep; GH concentrations reach a peak value during 
the period of deepest sleep. This pattern of GH secretion 
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Figure 50-4 The regulatory feedback loop of the hypothalamic-pituitary-growth hormone axis. 
Growth hormone-releasing hormone (GH-RH) acts on the pituitary to produce GH. GH acts on 
the fiver to produce IGF-1, which together with GH modulates bone and muscle growth and 
differentiation. GH also has a catabolic effect on fat tissue. |GF-| has a negative feedback effect 
on GH-RH and GH secretion, and SRIF attenuates the effects of GH-RH on the pituitary. 


may be important to anabolic and repair processes and for 
proper skeletal growth. 


Regulation of Growth Hormone Secretion 


The release of GH appears to be controlled by two hypo- 
thalamic factors secreted into the portal system circulation 
from nerve terminals in the median eminence. One of these 
factors is GH-RH, which stimulates GH release; the other is 
SRIF (somatotropin release-inhibitory factor), which 
inhibits GH release. (SRIF is also found in the delta cells of 
the pancreatic islets and in many other sites in the digestive 
tract; it has important effects on gastrointestinal hormone 
secretion and causes inhibition of insulin and glucagon 
release.) The hypothalamic influence on GH release appears 
to be predominantly inhibitory through the action of SRIF 
(Figure 50-4). The evidence for this comes from a twist of 
nature where damage to the hypothalamic-pituitary con- 
nection (e.g., resulting from pituitary stalk section and 
lesions of the median eminence) is followed by a dramatic 
decrease in both basal and provoked GH release. Release of 
these two hypothalamic factors is in turn influenced by 
higher centers of the brain. Thus different stimuli, such as 
exercise, physical and emotional stress, hypoglycemia, 
increased circulating amino acid concentrations (particu- 
larly arginine), and hormones such as testosterone, estro- 
gens, and thyroxine, can evoke an increase in GH secretion 
(see Figure 50-4). In the presence of abnormally high con- 


centrations of glucocorticoids, GH secretion is suppressed. 
In addition, the concentration of GH in the circulation is 
thought to influence the release of hypothalamic hormones 
through the short feedback loop. Other hypothalamic hor- 
mones, such as TRH and Gn-RH, do not affect GH release 
in normal subjects but may provoke GH release in patients 
with acromegaly. 

Isolation and discovery of ghrelin support another 
control system for GH release in addition to GH-RH and 
SRIF. Ghrelin is a small 28 amino acid (AA) peptide released 
from neuroendocrine cells in the gastric mucosa that binds 
to the GH secretagogue receptor to induce the secretion of 
both GH-RH and GH itself. Ghrelin also induces food intake 
and the development of obesity. 


Physiological Actions 

Growth Hormone 

The overall effect of GH is to promote growth in soft tissue, 
cartilage, and bone. This action results from stimulation of 
protein synthesis that is partly induced by an increase in 
amino acid transport through cell membranes. The effects 
of GH on bone and muscle are exerted both directly and 
through the effects of IGFs that are produced primarily in 
the liver and other tissue (e.g., bone) under the influence of 
GH. The increased growth of soft tissue and the skeleton 
is accompanied by changes in electrolyte metabolism, in- 
cluding a positive nitrogen and phosphorus balance, a rise 


Chapter 50 Pituitary Function 1971 


in plasma phosphorus concentrations, and a fall in blood 
urea nitrogen and amino acid concentrations. Additional 
responses to GH include increased intestinal absorption of 
calcium and decreased urinary excretion of sodium and 
potassium. The metabolic changes are most likely a result of 
the increased uptake of these ions by growing tissue. GH has 
other effects on intermediary metabolism. GH stimulates the 
uptake of nonesterified fatty acids by muscle and accelerates 
the mobilization and metabolism of fat from adipose tissue 
to the liver. Acutely, GH causes a decrease in blood glucose 
concentrations; however, chronic GH excess stimulates 
hepatic glycogenolysis and antagonizes the effect of insulin 
on glucose uptake by peripheral cells (see Metabolism of 
Carbohydrates, Chapter 25) leading to an increase in blood 
glucose concentrations. GH and insulin induce growth in a 
similar manner, because both have protein anabolic effects 
and stimulate the transport of amino acids into peripheral 
cells. Their respective effects on glucose homeostasis, 
however, oppose each other. Most growth-promoting GH 
effects are delayed rather than immediate and are exerted 
primarily through IGF-I. 


Insulin-Like Growth Factors 


The first GH-dependent growth factor to be isolated was 
termed sulfation factor, because of its ability to enhance the 
incorporation of sulfate into cartilage. However, this sub- 
stance had other effects on cartilage, including the stimula- 
tion of deoxyribonucleic acid (DNA) and ribonucleic acid 
synthesis and collagen formation. Initially, this factor and 
other peptides with similar biological activities that are stim- 
ulated by GH were called somatomedins. Later this term was 
changed to insulin-like growth factor because of the peptides’ 
structural similarities to insulin. 

The most important of the IGFs is IGF-I. In addition to 
its growth-promoting effects on cartilage, IGF-I also shows 
insulin-like activity in other tissue. IGF-I increases glucose 
oxidation in adipose tissue and stimulates glucose and 
amino acid transport into diaphragmatic muscle and heart 
muscle. Synthesis of collagen and proteoglycans is enhanced 
by IGF-I, which also has positive effects on calcium, magne- 
sium, and potassium homeostasis. The insulin-like effects of 
this growth factor have been ascribed in part to its structural 
similarity to insulin, Unlike most other peptide hormones, 
IGFs circulate in blood complexed to specific plasma- 
binding proteins. Six major IGF-binding proteins have been 
identified in human plasma.’ Insulin-like growth factor 
binding protein (IGFBP)-3, a glycosylated binding protein, 
complexes >75% of the circulating IGF-I. The concentration 
of this binding protein is GH dependent and provides for a 
circulating reserve pool of IGF-I. Dissociation of the IGFs 
from the binding proteins occurs before passage through 
capillary membranes and entrance into dense tissue, such as 
cartilage. 

Plasma concentrations of immunoreactive IGF-I rise 
during childhood and achieve adult concentrations by the 
time of puberty. During puberty, IGF-I concentrations can 


be two to three times the adult concentration. During 
adolescence, IGF-I concentrations show a gradual decline, 
reaching a steady state in the third decade of life. IGF-I 
concentrations are increased as expected in patients with 
acromegaly” and are reduced in GH deficiency states and in 
many other forms of growth retardation, hypothyroidism, 
chronic illness, nutritional deficiency, and liver disease. 


Clinical Significance 

Clinically important states of GH excess or deficiency are 
relatively uncommon and often difficult to diagnose. °**! 
GH concentrations vary widely under normal circum- 
stances, so the measurement of GH under random con- 
ditions is not generally considered useful. A single GH 
measurement cannot be used to distinguish normal fluctu- 
ations from the low or high concentrations that are seen in 
various disease states. GH measurements are best deter- 
mined as part of dynamic testing that involves the use of 
pharmacological or physiological provocative stimuli to 
stimulate or suppress GH release.” 

In contrast to GH, a single measurement of IGF-I is con- 
sidered an accurate reflection of IGF-I production.’ Serum 
concentrations of IGF-I are influenced by age, degree of 
sexual maturation, and nutritional status. As mentioned pre- 
viously, IGF-I concentrations are low in states of GH defi- 
ciency but also in patients with acute or chronic protein or 
caloric deprivation. 


Growth Hormone Excess 


Excess GH production is associated with eosinophilic or 
chromophobe adenomas” of the pituitary gland; these 
tumors are sufficiently large to be demonstrated using com- 
puted tomography or magnetic resonance imaging in 
approximately 75% of patients. Prolonged exposure to GH 
excess causes an overgrowth of the skeleton and soft tissue. 
This occurs most commonly in adults and is known as 
acromegaly.” When GH excess is seen before long-bone 
growth is complete, the condition is called pituitary gigan- 
tism. With pituitary gigantism, in addition to the overgrowth 
of bone and soft tissue particularly evident in the face and 
extremities, there is a striking acceleration of linear growth. 
In severe or advanced cases of GH excess, the diagnosis can 
be made on the basis of physical appearance alone; however, 
the physical changes are often subtle and gradual, so that a 
high degree of clinical suspicion is needed to make an early 
diagnosis. The reversibility of the tissue changes depends 
largely on the duration of the disease. In addition to the 
soft-tissue changes, acromegaly may cause severe disability 
or death from cardiac or neurological sequelae. The most 
important requirement for the diagnosis of acromegaly 
is the demonstration of inappropriate and excessive GH 
secretion. 

GH-secreting pituitary tumors account for most of the 
cases of acromegaly. Patients who have pituitary tumors that 
produce GH are frequently shown to release GH in response 
to other hypothalamic peptides (TRH and Gn-RH) that 
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under normal circumstances do not elicit a release of GH. 
On occasion, pituitary tumors that produce excess amounts 
of both GH and PRL are observed. Few cases of acromegaly, 
however, are due to GH-RH hypersecretion by tumors. 

As many as 10% of patients with active acromegaly have 
random serum GH concentrations that fall within the 
normal reference interval.” Essentially, all patients with 
acromegaly have an abnormal response to oral glucose (see 
Box 50-1). Patients with acromegaly typically show either no 
change in their basal concentration of GH or demonstrate 
a paradoxical increase in GH*; normal individuals, on the 
other hand, show suppression of GH concentrations to 
<1 ng/mL after the oral ingestion of glucose. 


Rationale Normal subjects show suppression of serum GH 
concentrations after oral administration of glucose; subjects 
with acromegaly fail to show this suppression. 

Procedure The test should be performed after an overnight fast 
with the patient maintained at bed rest. After a baseline blood 
specimen is collected for GH measurement, a solution of 75g 
of glucose is given orally; serum GH is measured again on 
specimens collected 60 and 120 minutes later. 

Interpretation Serum GH concentrations in normal individuals 
fall to <2 ng/mL; subjects with acromegaly fail to show this 
suppression and sometimes show a paradoxical increase in GH 
concentration. Patients with liver disease, uremia, or heroin 
addiction may have false-positive results with this test (failure 
to suppress serum GH concentrations after oral glucose load). 


GH, Growth hormone. 
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Serum IGF-I concentrations are elevated in active 
acromegaly (Figure 50-5). IGF-I concentrations often corre- 
late better with the clinical severity of acromegaly than with 
glucose-suppressed or basal GH concentrations.” 


Growth Hormone Deficiency States and 
Growth Retardation 


Children who have inadequate GH production or a GH 
receptor defect do not grow normally. GH deficiency may 
be (1) congenital or acquired; (2) idiopathic or caused by 
anatomical damage to the pituitary gland or hypothalamus; 
or (3) caused by isolated or associated deficiencies of other 
pituitary hormones. In one reversible GH deficiency state 
known as psychosocial dwarfism, environmental stress has 
been shown to inhibit pituitary and hypothalamic function, 
leading to GH suppression and growth retardation. Children 
with this disorder show clinical and chemical evidence of 
growth deficiency when first evaluated but usually have 
normal pituitary function after a few days of hospital stay. 
GH deficiency is not a common cause of growth retardation; 
about one half of the children evaluated for growth retarda- 
tion have no specific organic cause. About 15% of children 
with growth retardation have endocrine problems, and 
approximately one half of these (about 8% of all children 
with short stature) have GH deficiency. However, children 
with growth retardation or dwarfism with no clear explana- 
tion should at least be screened for GH deficiency. With the 
availability of recombinant GH for therapeutic use, many 
children with short stature are now being selectively treated 
with GH to advance their growth pattern to closer toward 
normal. 

GH deficiency in adults is probably the most common 
demonstrable abnormality in patients with large pituitary 


Figure 50-5 IGF-I concentrations in 
growth hormone excess and deficiency 
states. (Reproduced with permission Van Wyk 
Jj, Underwood LE. Growth hormone, 
somatomedins, and growth failure. Hosp Pract 
1978;13:57-67. Hlustration by Albert Miller.) 
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adenomas’! or patients who have undergone pituitary irra- 
diation; GH deficiency in adults can lead to premature mor- 
tality, abnormal body composition, impaired serum lipids, 
decreased bone density with an increase in fracture risk, and 
overall, an impaired quality of life. Thus GH replacement 
therapy is an important clinical intervention in GH-deficient 
adults and considered the standard of care, 

Insensitivity to GH results in growth failure despite 
normal or increased serum GH concentrations. Patients who 
have familial short stature and high serum GH or low serum 
IGF-I concentrations” probably represent many different 
defects in genetic coding for the GH receptor that result in 
the absence of or defective GH receptors. In affected indi- 
viduals, exogenous GH fails to produce any appreciable 
metabolic changes or to promote growth. In normal indi- 
viduals, the basal concentration of GH is usually low, and the 
half-life of circulating GH is rather brief (~20 minutes). 
Moreover, GH is secreted by the pituitary gland in short 
pulses or bursts. Thus assays of GH performed on a single 
random or fasting specimen may not distinguish patients 
with abnormally low concentrations from healthy subjects 
who have GH values at the low end of normal. When eval- 
uating GH reserve, provocative tests are frequently used to 
sort out a true deficiency. Although a normal GH response 
to a provocative test is a strong indication for the absence of 
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GH deficiency, no single test can be considered diagnostic in 
this situation; as many as 30% of subjects with normal GH 
secretion fail to show the expected elevation in serum GH in 
response to a specific provocative stimulus at any given time. 
For this reason, to diagnose GH deficiency as a cause of 
growth retardation, it is necessary to demonstrate that the 
serum concentration of GH remains low after the use of at 
least two different provocative stimuli.°”” The definition of 
subnormal responses, however, is arbitrarily defined and 
assay dependent. In general a GH response >7 to 10ng/mL 
after stimulation is considered normal. 

A number of physiological and pharmacological circum- 
stances provoke GH release. Some of these are presented in 
Table 50-2 and Figure 50-4. In one simple screening test, the 
patient performs 20 minutes of vigorous exercise, and then 
a sample is obtained for a GH measurement (Box 50-2).” 
Taking advantage of the known rise in the concentration of 
GH that occurs with deep sleep, a sample may be obtained 
60 to 90 minutes after the onset of sleep. The obvious lim- 
itation of this approach is that the patient must be in the 
hospital or a clinical research center for testing. The infusion 
of insulin’ (Box 50-3) and arginine*®’’ (Box 50-4) are 
the standard pharmacological stimuli used to test for GH 
release; protocols for their use are well established and stan- 
dardized. Other medications used to stimulate GH release 
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ep ess Sample drawn 1 hr after the onset: of sere Usually Thr after onset of deep 80: 
deep sleep (stage III or IV); EEG: ES “sleep, coincident with onset of CREE 
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EEG, Electroencephalography; IV, intravenous; IM, intramuscular. 
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*Sequential administration of arginine and insulin may reduce the need for additional testing.” 
‘Propranolol, 0.75 mg/kg (20 to 40 mg orally), given 30 to 60 minutes before glucagon, insulin, or arginine may enhance a normal response.” 
‘Insulin, TRH, and Ga-RH can be given as a “cocktail” to evaluate GH, ACTH, TSH, PRL, LH, and FSH in a single test period.'” 
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Rationale Brisk exercise normally causes an increase in serum 
GH concentrations. 


Procedure The test is best performed in the morning. after an 
overnight fast, but may be done at any time. Vigorous physical 
exercise (running or calisthenics) is performed for 20 minutes. 
A venous blood specimen for determination of GH is drawn 
immediately after termination of exercise. i 

Interpretation If the serum GH concentration is >7 ng/mL, GH 
deficiency is unlikely. An intermediate response (3 to 6 ng/mL) 
should be considered suspect and further testing performed if 
clinically warranted. A subnormal response is not diagnostic 
for GH deficiency and should be confirmed with a second 
provocative test, 


GH, Growth hormone. 


Rationale The stress of insulin-induced hypoglycemia triggers the 
release of GH and ACTH from the pituitary gland in normal 
subjects. GH response is measured directly; cortisol is 
measured as the indication of ACTH response. 

Procedure The test is done after an overnight fast with the 
patient at bed rest. An indwelling needle or IV line is inserted. 
Sampling is begun after a 30-minute rest period. Baseline 
samples are drawn for determination of glucose, GH, and 
cortisol. Regular insulin, 0.1 to 0.15 units/kg body weight, is 
injected intravenously. Samples are then obtained at 30, 60, and 
90 minutes for glucose, GH, and cortisol determinations. To be 
confident that an adequate stress has been applied, the patient 
must become symptomatic (exhibit sweating or tremor), or the 
glucose concentration must fall to <40 mg/dL (2.2 mmol/L). 
Additional IV insulin may be given if this has not occurred by 
30 minutes, in which case sampling should be prolonged by 30 
minutes. The physician should be in attendance throughout 
the test, and 50% dextrose for IV administration should be 
kept on hand to be used in the event of severe hypoglycemic 
reaction and after adequate hypoglycemia has been 
documented. The test is contraindicated in patients with 
seizure disorders, ischemic heart disease, or cardiovascular 
insufficiency. 

Interpretation The serum cortisol concentration should increase 
to a peak value of >20 ug/dL (550 nmol/L). Serum GH 
concentration should rise to a peak value of >10 ng/mL. No 
response or inadequate responses may be due to pituitary 
hormone deficiency or to a hypothalamic lesion. 


GH, Growth hormone; ACTH, adrenocorticotropin, 


Rationale In normal subjects, IV administration of arginine 
hydrochloride stimulates GH release. 

Procedure The test should be done after an overnight fast with 
the patient maintained at bed rest. Arginine hydrochloride, 
0.5 g/kg body weight, is infused intravenously over 30 minutes. 
Blood samples are drawn for determination of GH before the 
infusion is started and 30, 60, and 90 minutes after the 
infusion is begun. 

Interpretation The GH concentration should rise at least 
threefold above the baseline value to a peak value >10 ng/mL. 
A subnormal response is seen in GH-deficient subjects. A 
subnormal GH response is not diagnostic for GH deficiency 
and should be confirmed with a second provocative test. 


GH, Growth hormone. 


include glucagon. GH-RH administration intravenously has 
also been used to test for pituitary GH reserve directly to dis- 
tinguish between a hypothalamic or a pituitary-based defect 
in GH release. 

As expected, IGF-I concentrations are low in patients with 
GH deficiency and growth failure (see Figure 50-5). Patients 
with growth failure caused by other endocrine diseases or by 
nonendocrine organic diseases can also have low circulating 
concentrations of IGF-I; thus a low concentration of IGF-I 
is not a specific indication of GH deficiency. The presence of 
a normal concentration of IGF-I, however, does rule out 
severe GH deficiency. 


Measurement of Growth Hormone in Blood and Urine 


Bioassays, receptor assays, and immunoassays are used to 
measure GH." Most bioassays assess GH activity by ana- 
lyzing a variety of growth-related metabolic changes in 
hypophysectomized rats or in cell cultures. A relatively 
simple and convenient bioassay, the Nb2 ceil assay, uses cul- 
tures of GH-sensitive rat lymphoma cells.” These bioassays 
are used primarily for calibrating GH reference materials or 
for comparing the biological potency and immunoreactivity 
of GH fragments and synthetic peptides. Receptor assays 
have also been applied to the measurement of GH, but their 
use has been limited to research applications. 

Binding assays that use specific GH antibodies are pre- 
ferred for routine laboratory use. For many years, serum 
concentrations were measured by radioimmunoassay 
(RIA) using reagents provided by the United States 
National Hormone and Pituitary Program (NHPP; http:// 
www.humce.edu/hormones/), which was formerly known as 
the National Pituitary Agency. Today a variety of isotopic 
and nonisotopic assays are commercially available. Many use 
polyclonal antibodies produced in rabbits or in guinea pigs 
against purified pituitary preparations of the unmodified, 
monomeric hormone. However, an increasing number of 
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GH assays now use mouse monoclonal antibodies, and some 
of these assays are able to discriminate GH variants. Most 
procedures use recombinant-derived GH for labeling with a 
tracer and calibration material. The latter is usually prepared 
gravimetrically and verified by comparison with an interna- 
tional reference preparation (IRP), such as the World Health 
Organization’s (WHO's) international standard, IRP 80/505 
human growth hormone recombinant (hGHr), which has a 
potency of 3.31U/mg of r-hGH, or other standard prepara- 
tions, such as WHO IRP 66/217 or 88/624. The assay diluent, 
however, can vary considerably from one assay to another 
and is a potential source of bias; some commercial kits 
use phosphate-buffered saline, and others use horse, calf, or 
human serum. 

Sensitive immunometric assays that use excess labeled 
antibodies in noncompetitive formats have been developed 
for measuring GH.” Several of these two-site “sandwich” 
assays are commercially available. Most are immunoradio- 
metric assays (IRMAs) that are based on the use of two 
monoclonal antibodies directed at different antigenic sites 
on the GH molecule; one of the antibodies is labeled with 
7 the so-called signal antibody, and the other antibody 
referred to as the capture antibody is anchored to a solid 
phase separation system. These isotopic methods for mea- 
suring GH are, however, gradually being replaced with assays 
that employ monoclonal antibodies coupled to either a non- 
isotopic enzyme,” a chemiluminescence tagged antibody, or 
a fluorescent?” label. The detection limit of these immuno- 
metric assays ranges from 0.1 to 0.5 ug/L. 


Problems 


Human GH is not a single molecular species but is present 
in the pituitary gland and in the circulation as a heteroge- 
nous mixture of structural isoforms.''"”?? Normally the 
human gene for GH directs the synthesis of a monomeric 
22-kDa protein that accounts for 75% of the GH found in 
the circulation. In addition to this predominant form, 
however, approximately 10% of GH from human pituitaries 
is present in plasma as a 20-kDa protein. This smaller form 
lacks amino acid residues 32 to 46 and is probably a product 
of posttranslational processing. Fractionation of serum by 
gel filtration also reveals the presence of aggregates and 
oligomers of GH. These large molecules are often referred to 
as “big” and “big-big” forms. The big forms are predomi- 
nantly dimers of the monomeric hormone, whereas the 
big-big forms are mainly complexes formed by GH and its 
serum-binding protein. All of these GH variants are anti- 
genic; in normal plasma, 75% of immunoreactive GH con- 
sists of monomeric forms, 18% are present in dimeric forms, 
and 7% in oligomeric forms. 

Analytically the presence of GH variants in serum often 
leads to problems with quantitation and to discrepancies 
among the results given by different assays.” The use of (1) 
different antibodies, (2) different calibration materials, (3) 
different labels, and (4) different assay diluents further 
increases the complexity of GH measurements. For example, 


immunometric assays using monoclonal antibodies tend to 
give lower GH estimates than polyclonal RIAs and may not 
recognize some forms of the hormone.” Discordant results 
have also been noted among immunometric assays. One 
commercial IRMA, for example, detects the 20-kDa variant 
of GH, whereas another IRMA does not”; the dimeric form 
of GH interferes with some immunometric kits but not with 
others.” Variations in assay performance can also be attrib- 
uted to the inappropriate use of serum proteins from animal 
sources in buffer diluents.“ In addition, the calibrators used 
in most GH assays are derived from pituitary extracts and 
thus may not reflect the concentrations and types of GH 
variants present in the specimen being assayed. However, the 
use of recombinant standards for GH has improved. this 
problem and it has been suggested that the 22-kDa form of 
GH be used to establish uniformity of results between 
methods. 

Variations in GH isoform detection can seriously affect 
the interpretation of GH stimulation tests when using dif- 
ferent GH assays. For example, one assay may indicate an 
adequate amount of GH following a stimulation test, 
whereas another might give a low estimate of the GH con- 
centration that could lead to misclassification of a child as 
GH deficient. It is important therefore that cutoff values and 
reference intervals be established separately for each method 
proposed for routine use to prevent misinterpretation and a 
misdiagnosis. Moreover, particular care should be taken 
when comparing serum GH values obtained using different 
immunoassay systems. 

Most GH assays are performed with serum specimens, 
but the highly sensitive immunometric assays have been 
modified to allow for direct measurement of GH in untreated 
urine.” Because the concentration of GH in urine is only 
0.1% of that in serum, conventional RIAs usually require 
preliminary extraction and concentration procedures. 


Specimen Collection and Storage 

The preferred specimen is serum; plasma with ethylenedi- 
aminetetraacetic acid (EDTA) or heparin added to prevent 
coagulation may also be used, but values are method depen- 
dent. Serum specimens should be stored at 2 °C to 8 °C if 
they are not to be tested within 8 hours. If they must be 
stored for long periods, serum samples should be frozen at 
-20 °C or colder. 


Reference Intervals 


The following intervals are based on a competitive RIA 
technique that is calibrated against the WHO IRP 80/505 for 
r-hGH. 
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Comments 


A single basal or random concentration of GH provides little 
diagnostic information. Secretion of GH by the pituitary 
gland is both episodic and pulsatile, and transient concen- 
trations of up to 40ng/mL have been observed in normal, 
healthy subjects. Serum concentrations are rather low 
between pulses in healthy individuals, and some immunoas- 
says may not be able to distinguish patients with abnormally 
low values from healthy subjects who have values .that 
happen to fall in the low-riormal reference interval. In some 
individuals, spontaneous GH secretion is better monitored 
using a continuous withdrawal pump or by drawing speci- 
mens for GH assay every 20 to 30 minutes over a 12- to 
24-hour period. To interpret meaningful GH concentra- 
tions, a number of provocative tests have been established to 
stimulate or suppress GH release. The insulin tolerance test, 
which produces a transient hypoglycemia to provoke GH 
release, is the most common stimulation test used to assess 
adequacy of GH secretion. 


Measurement of Insulin-Like Growth Factors 

IGFs are measured in plasma or serum by a variety of 
methods including in vitro bioassay, radioreceptor assay, 
or immunoassay techniques,” Most bioassays measure the 
sum of IGF-I and IGF-II bioactivity using rabbit chon- 
drocytes, chick pelvic cartilage, or porcine rib cartilage." 
Such assays are relatively imprecise, insensitive, and often not 
specific, 

The original immunoassays for IGF-I (somatomedin C) 
were based primarily on double-antibody methods under 
equilibrium or nonequilibrium conditions and on the use of 
51 labeled tracers.'"' Purified preparations of IGF-I isolated 
from human serum generally serve as calibrators, although 
recombinant IGF-I is now available and used in some pro- 
cedures. The IGF-I standards are calibrated against the 
WHO preparation IGF-I 87/518. To remove interfering IGF- 
binding proteins, most assays preextract serum specimens 
by a variety of methods, such as gel filtration, acid-ethanol 
precipitation, cryoprecipitation, C18 Sep-Pak column 
extraction, or reversed-phase chromatography.” Direct (no 
extraction) procedures are also available, but extraction 
methods prevent complex problems associated with the 
presence of carrier proteins and serum proteases. Moreover, 
extraction procedures better discriminate GH-deficient 
patients from age-matched controls. Commercial RIA, 
IRMA, and assays that employ chemiluminescence signaling 
are available for measuring IGF-I, usually with minimal 
cross-reactivity to IGF-II (0% to 3%),*"* A typical IRMA 
procedure calls for incubating extracted serum specimens 
with two different monoclonal antibodies either for 3 hours 
at room temperature or overnight (16 to 18 hours) at 
2 °C to 8 °C. The signal antibody is labeled with '*1, and 
the capture antibody is attached to the inner walls of plastic 
test tubes or free in solution. Interassay coefficients of 
variation for most methods range between 5% and 10% 


across a wide analytical range. It is important to establish 
age-related reference interval for IGF-I because of the 
marked differences in concentrations that exist between 
adults and children. 

Immunoassays for IGF-II complement the measurement 
of IGF-I. Together they provide better identification of GH- 
deficient children. The IGF-II assay, like that for IGF-I, is 
best performed after the removal of high molecular weight 
binding proteins. Adding excess IGF-I to each tube can 
block interference from smaller IGF-binding proteins; the 
use of highly specific antisera ensures negligible cross- 
reactivity with related molecules, such as IGF-I and insulin. 
Single measurements of IGF-binding protein 3 (IGFBP-3), 
the major protein carrier of IGFs in circulation, can also 
provide additional information for the determination of GH 
deficiency. This protein can be quantitated in unextracted 
plasma by RIA using rabbit antihuman IGFBP-3; cross- 
reactivity with other binding proteins is <0.2%.”” 


Specimen Collection and Storage 

Serum or plasma (with heparin or EDTA added to prevent 
coagulation) can be used depending on the assay method. 
Samples should be centrifuged within 1 hour of collection 
and stored frozen at ~20 °C or colder until assay. It is rec- 
ommended that storage before assay under these conditions 
not exceed 30 days. Some procedures use dried whole blood 
or serum collected on filter paper.” 


Reference Intervals 

Published intervals for IGF-I differ because of variations in 
methods and calibration. The values listed on p. 1977 are 
expressed in nanograms per milliliter of synthetic peptide; 
dividing by 220 converts IGF-I values to units per milliliter, 
where one unit is arbitrarily defined as the amount of 
IGE-I in a pool of normal adult human sera.” 

IGF-I concentrations are highly age dependent. For the 
care of adolescent patients, reference values are based on 
Tanner stage and chronological age. (Tanner staging is a 
classification of pubertal development based on the man- 
ifestation of secondary sex characteristics; many hormones 
involved in adolescent growth are more closely related to 
Tanner stages than to chronological age.’“) By comparison, 
IGF-II concentrations are relatively unaffected by differences 
in maturity. A typical adult reference interval for IGFBP-3 is 
0.9 to 4.0 mg/L.” 


PROLACTIN 


Prolactin (PRL) is a hormone secreted by special cells of the 
adenohypophysis. It stimulates and sustains lactation in 
postpartum mammals, the mammary glands having been 
prepared by other hormones, including estrogens, proges- 
terone, growth hormone, corticosteroids, and insulin. It also 
stimulates formation of “milk” in the crop sac of birds, such 
as pigeons and doves (an action formerly used for bioassay), 
is luteotropic in certain mammals, and has many other 
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effects, including essential roles in the maintenance of 
immune system functions. It is called also lactogen, lac- 
totropin, luteotropin, mammotropin, and galactopoietic, lacta- 
tion, lactogenic, or luteotropic hormone. 


Biochemistry 


The structure of PRL is similar to that of GH in that the 
human gene for PRL located on chromosome 6 arose from 
a single common ancestral gene, which gave rise to not only 
PRL but to GH and placental lactogen-related peptides. PRL 
contains 199 amino acids and has three intramolecular 
disulfide bridges. Its molecular mass is 22,000Da. It is 
secreted by the pituitary lactotroph cells, which are aci- 
dophilic. PRL circulates in the blood in different forms; 
monomeric PRL, 23 kDa (referred to as little PRL), dimeric 
PRL, 48 to 56kDa (so-called big PRL), and polymeric forms 
of PRL >100kDa (called “big-big” PRL). The monomeric 
form is considered the most bioactive of the different forms 
found in the circulation and demonstrates the greatest 
response to TRH, the hypothalamic releasing factor that 
stimulates the pituitary to release PRL. The relative number 
and PRL content of lactotroph cells are increased in women 
during pregnancy and also found elevated in fetal pituitary 
glands. The increase in the number of lactotroph cells during 
pregnancy is the result of the elevated concentration of cir- 
culating estrogens present in pregnancy. 

Secretion of PRL, as for other hormones released by the 
anterior lobe of the pituitary gland, falls under hypothala- 
mic control. PRL is unique, however, among the adeno- 
hypophyseal hormones in that the primary control of its 
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secretion is inhibitory rather than stimulatory (Figure 50-6). 
Dopamine is believed to be the principal PIF that tonically 
regulates PRL secretion by binding to the D2 receptors on 
pituitary lactotrophs. Other factors, such as endothelin-1 
and transforming growth factor B1, can also inhibit PRL 
release. In contrast, TRH is a potent PRL releasing factor 
(PRF) and stimulates PRL secretion within minutes when 
injected intravenously into human subjects. TRH, however, 
is not the only PRE, because hypothalamic extracts cause 
PRL release even when the TRH content has been inactivated 
or removed. Factors such as vasoactive intestinal peptide, 
epidermal growth factor, and estrogen also stimulate PRL 
release. The regulation of PRL is not altered in experiments 
with anti-TRH antibody, and suckling, which causes a sharp 
rise in plasma PRL, does not affect TSH secretion. Thus these 
other PRFs play an important role in PRL secretion. As with 
other adenohypophyseal hormones, the release of PRL is 
episodic and varies predictably during the day, with lowest 
concentrations found at midday and highest values shortly 
after the onset of deep sleep. The major physiological stim- 
ulus for PRL release is suckling, and maternal plasma PRL 
concentrations increase within minutes after the initiation of 
breast-feeding. Following labor and delivery, PRL concen- 
trations remain elevated longer when the newborn is breast- 
fed. Other stimuli induce PRL release, probably through 
suppression of dopamine releasing the pituitary from its 
inhibitory effects; stress is one of these stimuli. ACTH con- 
centrations, which are also increased with stress, can cause 
an elevation in plasma PRL values. Plasma hyperosmolality 
is yet another stimulus for PRL release, whereas hypoosmo- 
lar conditions induce a decrease in plasma PRL concentra- 
tions. Whether this effect is stress related or is associated with 
the role of PRL in the control of osmolality has not been 
established. Finally an important influence on PRL regula- 
tion appears to be exerted by PRL itself by way of a short 
feedback loop between the pituitary and hypothalamus. PRL 
participates in negative feedback to control its own release 
by increasing the concentration of tyrosine hydroxylase 
activity in the neurons that produce dopamine. Short- 
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feedback-loop inhibition of Gn-RH secretion by PRL has 
also been suggested as the reason for the inhibition of 
gonadotropin secretion that occurs in women who are 
nursing and in patients with PRL-secreting adenomas of the 
pituitary gland. 


Physiological Action 


The principal hormone that controls the initiation and 
maintenance of lactation is PRL. However, for an appropri- 
ate expression of PRL action, breast tissue requires priming 
by estrogens, progestins, corticosteroids, thyroid hormone, 
and insulin. PRE induces ductal growth, development of the 
breast lobular alveolar system, and the synthesis of specific 
milk proteins, including casein and 'y-lactalbumin. PRL 
has effects on the immune system’* and is important in 
the control of osmolality and various metabolic events, in- 
cluding the metabolism of subcutaneous fat, carbohydrate 
metabolism, calcium and vitamin D metabolism, fetal lung 
development, and steroidogenesis. This last function may be 
related to its antigonadotropic effect. 

PRL, like other pituitary hormones, binds to a specific 
receptor on the cell membrane of its target organs (breast, 
adrenal, ovaries, testes, prostate, kidney, and liver). However, 
the exact intracellular mechanism of PRL action is not 
known. It has been suggested that PRL regulates the trans- 
port of lipoproteins in the adrenal gland, ovary, and testis 
to ensure a constant supply of low-density lipoprotein 
cholesterol for steroidogenesis. In addition, PRL promotes 
the synthesis of enzymes of the adrenal androgen pathway, 
thus facilitating the conversion of pregnenolone to dehy- 
droepiandrosterone and dehydroepiandrosterone sulfate 
(see Adrenocortical Steroids, Chapter 51). PRL can also 
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Figure 50-6 Regulatory control of PRL 
release. TRF along with a variety of other 
factors stimulates the release of PRL from the 
pituitary. Dopamine and other factors are 
inhibitory to PRL release. 


stimulate the enzyme 3-B-ol-dehydrogenase in the gonads, 
resulting in increased testosterone production and ovarian 
steroid biosynthesis, particularly the synthesis of proges- 
terone. 


Clinical Significance 


When assays for PRL became routinely available in the early 
1970s, it became apparent that patients with elevations in 
PRL were observed more frequently than previously thought 
in clinical practice.” However, PRL deficiency does not 
appear to have clinical significance except as an additional 
test of pituitary function in patients already known to have 
pituitary disease. 

Hyperprolactinemia is the most common hypothalamic- 
pituitary disorder encountered in clinical endocrinology.” 
PRL concentrations also may be elevated in women who 
have only subtle alterations of fertility, such as (1) anovula- 
tion with or without menstrual irregularity, (2) amenorrhea 
and galactorrhea, or (3) galactorrhea alone. PRL excess in 
men is frequently manifested as oligospermia or impotence 
or both. In addition, men with PRL-secreting pituitary 
adenomas more often present with macroadenomas and 
visual field disturbances as a result of a larger tumor press- 
ing on the optic chiasm. Men do not have the subtle 
reminder of an irregular menstrual period that can fre- 
quently expose a microadenoma in women. Elevated PRL 
concentrations are observed in as many as 30% of patients 
with polycystic ovarian syndrome and patients with clini- 
cally silent pituitary adenomas. Other causes of PRL eleva- 
tion are shown in Box 50-5 and Figure 50-6 and should 
be kept in mind when evaluating patients who present 
with an elevated concentration of PRL. There is no reliable 


Chapter 50 Pituitary Function 1979 


Chronic renal failure 


Pregnancy 

Breast stimulation or chest wall trauma 

Primary hypothyroidism 

Empty sella syndrome 

Pituitary adenoma (microadenoma or macroadenoma) 
“Nonsecretory” 
With galactorrhea and amenorrhea or oligospermia 

Idiopathic 

Drugs 
Dopaminergic-blocking agents: phenothiazines, 

butyrophenones, benzamides (metoclopramide, sulpiride) 

Dopamine-depleting agents: o.-methyldopa, reserpine 
Noncatecholamine-dependent agents: TRH, estrogens 
H,-receptor blocking agents: cimetidine 
Tricyclic antidepressants 

Hypothalamic etiologies 


stimulation or suppression test as with other pituitary 
hormones to distinguish tumor from nontumor causes of 
PRL elevation. 

Basal gonadotropin concentrations are low in most 

patients with hyperprolactinemia; most studies suggest that 

- PRL inhibits the release of Gn-RH, resulting in a state of 
functional hypogonadotropism. Other pituitary function 
tests are usually normal in patients with hyperprolactinemia, 
except in individuals with very large tumors. It has been 
reported that the usual nocturnal increase in PRL is blunted 
in patients with pituitary adenomas and hyperprolactinemia 
but not in normal subjects or patients with the empty sella 
syndrome. A ratio of greater than 1:2 in night-to-day PRL 
is considered normal. The extent of PRL elevations in 
patients with PRL-secreting pituitary adenomas is generally 
greater than is seen with other nonadenoma causes of a PRL 
elevation. However, none of the laboratory approaches used 
to evaluate a prolactinoma is sufficiently definitive to differ- 
entiate hyperprolactinemia from nonpituitary causes from 
that caused by pituitary disease. 

If a borderline elevation of PRL is found, it is advisable 
to repeat the measurement on at least two other occasions, 
taking care to obtain the specimen with minimal excitement 
or stress to the patient, no trauma, no breast stimulation, and 
in the morning; the patient should also not be on any med- 
ication that could stimulate PRL release. 

Clinically, medications that can stimulate PRL release are 
the single most common cause for creating a biochemical 
picture of a prolactinoma in an otherwise healthy individ- 
ual. When a significant elevation of PRL is confirmed, a 
careful history must be recorded to rule out the possibility 
that medications are not the cause for the elevation in PRL. 
A significant list of medications has been identified that 
have spuriously elevated PRL concentrations in an otherwise 


normal individual. In addition to estrogens, dopamine 
receptor blockers, such as the phenothiazines, and dopamine 
antagonists, such as metoclopramide and domperidone used 
to treat gastrointestinal diseases, produce a significant eleva- 
tion in PRL release. A number of psychiatric drugs also cause 
elevations in PRL concentrations, including haloperidol and 
resperidol. In addition, antihypertensive agents, such as beta 
blockers and calcium channel blockers, and antihistamines, 
such as cimetidine and ranitidine, are associated with 
modest elevations in PRL. TSH measurements should be 
considered in patients suspected of a prolactinoma to rule 
out primary hypothyroidism, a thyroid condition associated 
with elevations in PRL. Imaging of the pituitary gland with 
computed tomography or magnetic resonance imaging is 
usually performed as part of the clinical work-up for a sus- 
pected prolactinoma. Most patients with PRL concentra- 
tions >200 pg/L have a PRL-secreting tumor; many large 
prolactinomas are associated with PRL concentrations of 
>1000 ug/L. Most patients with a prolactinoma fail to show 
a further increase in PRL after TRH stimulation; however, 
the same is true for most patients with hyperprolactinemia 
from other causes. Unless a pituitary tumor can be demon- 
strated by computed tomography or magnetic resonance 
imaging, the diagnosis of a PRL-secreting microadenoma 
{(<10mm in diameter) is one of exclusion, Because 50% of 
PRL-secreting microadenomas are too smail to be seen using 
neuroradiological techniques, delineating the distinction 
between a small pituitary tumor, PRL-cell hyperplasia, and 
idiopathic hyperprolactinemia may not be possible without 
surgical intervention. 

Finding an elevated PRL concentration in a patient with 
a pituitary tumor does not establish a cause-and-effect rela- 
tionship. Usually a PRL concentration in excess of 200 ng/mL 
is sufficient evidence to strongly suspect a PRL-secreting 
pituitary tumor. However, “pseudoprolactinomas” do occur 
and are large nonsecretory tumors that press on the pituitary 
stalk, disrupting the normal inhibitory flow of dopamine 
from the hypothalamus, resulting in modest elevations in 
PRL concentrations (typically between 50 and 200pg¢/L). 
It is particularly important to recognize this distinction 
when deciding on treatment, because PRL-secreting 
macroadenomas (>10mm in diameter) usually decrease in 
size with medical therapy, but “pseudoprolactinomas” do 
not. (Even though PRL concentrations usually decrease with 
bromocriptine treatment, pseudoprolactinomas often con- 
tinue to grow in size.) In patients with pituitary macroade- 
nomas, a PRL concentration <200 ug/L usually indicates the 
presence of a pseudoprolactinoma, and a PRL concentration 
>500 ug/L suggests a true PRL-producing tumor. On occa- 
sion patients will present with macroprolactinemia, a condi- 
tion associated with elevated circulatory concentrations of 
the polymeric forms of PRL with a molecular mass in excess 
of 100kDa. i 

Polymeric forms of PRL lack biological activity; thus 
none of the sequelae associated with an elevated PRL con- 
centration (sexual dysfunction and galactorrhea) are 
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present. In addition, macroprolactinemia is not associated 
with either negative or positive feedback effects at the con- 
centration of the hypothalamus, and macroprolactin has not 
been found in pituitary tissue or cerebrospinal fluid. Thus 
macroprolactinemia appears confined to the vascular com- 
partment and appears to be due to an atypical complexing 
of the different isoforms of PRL in the circulation. Macro- 
prolactinemia, although not causative of symptoms associ- 
ated with an elevated PRL, is troublesome for the clinician 
and laboratory in terms of interference in standard PRL 
immunoassays. In one report, almost 20% of patients who 
presented for a clinical work-up for prolactinoma had 
hyperprolactinemia attributable to the presence of macro- 
prolactin, Although the prevalence of macroprolactinemia 
was approximately 1.5% in the population studied, the 
report suggested that macroprolactinemia is more common 
than previously realized. Thus clinical laboratories must 
have a mechanism in place to rule out the presence of a 
macroprolactinemia early in the work-up of the suspected 
prolactinoma patients.’"* Measurement of the recovery of 
serum PRL following precipitation of the macroprolactin in 
the sample with polyethylene glycol (PEG) is the most 
common laboratory approach to look for the presence of 
macroprolactin.”™ Gel-filtration chromatography has also 
been used to separate out the PRL isoforms, but the PEG 
approach is more practical and appears to effectively expose 
macroprolactinemia in patients without a pituitary pro- 
lactinoma in that PEG can precipitate out most of the iso- 
forms not monomeric in size (>50kDa). 


Measurement of Prolactin 


Before immunoassays for PRL became widely available, PRL 
concentrations were estimated using impractical bioassays 
based on the growth-promoting action of PRL using the 
pigeon crop sac or the rat mammary gland, both of which 
also measure effects of GH and human placental lacto- 
gen.” More sensitive and specific in vitro bioassays for PRL 
used a mitogenic responsive Nb2 cell line derived from a rat 
lymphoma.” Receptor assays have also been used for mea- 
suring PRL; in these assays, lactogenic activity is determined 
by the ability of specimens to inhibit the binding of radio- 
iodinated hormone to membrane-bound receptors.’ In 
general, bioassays and radioreceptor assays for PRL are too 
impractical, insensitive, and nonspecific for routine use; thus 
they have been restricted for evaluating PRL bioreactivity 
when immunoassay results appear to be at variance with the 
clinical effects of the hormone. 

The early development of reliable immunoassays for PRL 
was hampered by extensive cross-reactivity of the antibod- 
ies used and the lack of purified human PRL calibrators. To 
minimize such problems, heterologous systems in which the 
hormones used for immunization and labeling were derived 
from different species were used.” As purified human PRL 
became more readily available, homologous competitive- 
binding immunoassays were developed for the specific deter- 
mination of PRL in microliter volumes of serum or plasma 
specimens."” Initially, RLA was the predominant method for 


measuring PRL. These RIA methods used conventional 
liquid phase double-antibody techniques to separate anti- 
body-bound and free fractions; others sped up the separa- 
tion step by using a modified double-antibody approach 
(e.g., PEG-assisted double-antibody separation, solid phase- 
linked antibody, or magnetizable solid phase-linked second- 
antibody techniques). 

Performance characteristics of PRL immunoassays varied. 
from one procedure to another.” When selecting an RIA 
method, it was desirable that the method use reagents of 
human origin, have a wide analytical range linear from 5 to 
200 ug/L, show a 50% displacement point in the upper 
normal reference interval (10 to 20 ug/L), and not be affected 
by GH concentrations. Because most immunoassays for 
PRL have an upper limit of measurement of 200ug/L, a 
2x dilution should be performed with results in the 180 to 
200ug/L range and greater to produce an accurate result. 
Patients with a macroadenoma can have PRL concentrations 
in the thousands and could be missed if the sample is not 
diluted properly. The final and absolute concentration 
reported is an important determinant of the type of clinical 
management the patient will receive and whether surgical or 
medical therapy is indicated. For most PRL RIAs, the inter- 
laboratory coefficient of variation ranges from about 5% to 
10% at 50 ug/L; the detection limit, defined as the 95% con- 
fidence limit at the zero calibrator, is approximately 1 to 
3 ug/L; and the cross-reactivity with GH <1%. 

Two-site immunometric or “sandwich” assays that made 
use of two or more antibodies directed at different parts of 
the PRL molecule were next to be developed. As with other 
two-site IRMA assays, the capture antibody is attached to 
a solid phase separation system and the second or signal 
antibody is labeled with a detection molecule (e.g., radio- 


isotope,” enzyme, '***"”! fluorophor,” or chemiluminescence 


tag®). In some assays, the capture antibody is attached to the 


wall of test tubes, plastic beads, microtiter plates, ferromag- 
netic particles, or glass-fiber paper. Other assays have used 
the strep-avidin approach that couples biotin to the signal 
antibody with avidin linked to a solid phase. Most of the 
current immunometric assays for PRL have been adapted 
to fully automated immunoassay systems. Compared with 
the older traditional RIA methods, these automated 
immunometric assays for PRL generally achieve lower 
detection limits (0.2 to 1.0ug/L) and improved precision 
{interlaboratory coefficients of variation of <8% at all con- 
centrations), and have superior specificity (<0.05% cross- 
reactivity with GH). 

Comparison of PRL results yielded by different 
immunoassay methods, however, provides evidence of con- 
siderable variation. Some of these discrepancies relate to the 
molecular heterogeneity of the different PRL isoforms found 
in the circulation as previously discussed. All of the isoforms 
identified possess immunoreactivity, with the monomeric 
PRL representing more than 75% of the total, big PRL 
<20%, and big-big PRL <5%.”° A glycosylated form of the 
monomeric hormone (G-PRL) predominates in the serum 
of normal subjects; in hyperprolactinemia and pregnancy, 
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the ratio of G-PRL to PRL decreases. In competitive 
immunoassay methods, some antisera do not recognize the 
high molecular weight variants and others, particularly at 
high PRL concentrations. Inmunometric assays tend to give 
lower estimates of PRL concentration than do competitive 
immunoassays or bioassays and may not recognize some 
forms of the hormone. G-PRL, for example, is significantly 
underestimated in many immunoassays by 50% to 70%. 

In view of the fluctuation in the proportion of PRL vari- 
ants with different molecular masses and immunoreactiv- 
ities, PRL procedures should be calibrated against reference 
materials with known international unit potency, such as the 
WHO first IRP 75/504, the second international standard 
(IS) 83/562, or the third IS 84/500 (http://www.nibsc.ac.uk). 
Without such calibration, PRL results expressed in mass 
units cannot be compared from assay to assay. Despite the 
heterogeneity of PRL, immunoassays correlate well with 
bioassays and remain the standard method of measurement 
in routine practice. 


Specimen Collection and Storage 


Serum is the specimen of choice for the PRL assay. No special 
handling procedures are necessary, and samples can be 
stored at 4 °C for 24 hours. Freezing is preferred when analy- 
sis is to be delayed a day or two for maintaining long-term 
stability. Specimens should be collected 3 to 4 hours after the 
subject has awakened, because PRL concentrations rise 
rapidly during sleep and peak in the early morning hours. 
Emotional stress, exercise, ambulation, and the ingestion of 
protein all produce a modest elevation in PRL concentra- 
tions; thus specimens should be collected after an overnight 
fast when the patient is resting. Because PRL is secreted 
episodically, multiple sampling techniques may be advanta- 
geous (e.g pooling equal volumes of sera from specimens 
drawn at 6- to 18-minute intervals). Blood specimens can 
also be collected by finger puncture, spotted on filter paper, 
and stored in air-tight plastic bags. PRL in blood spots is 
stable for 1 week at room temperature," 


Reference Intervals 
Representative values using an IRMA are as follows'”*: 


Bi pg/L 
Cord blood 45-539 
Children: 
-Tanner stage gee any 
Lea 22 Male.. <10 
ee ion Remale 503.6127 
ps Male 0 S61 
Female 68 
Male 9°. 2.8-11- 
rik ee ee “Female “> °:3.2-20.°." 
“Adults Male 30-147 
LER Female 3.8-23.0_ 
‘Pregnancy, third trimester ESE 5 073. 


Comments 

Data on reference intervals for a large pediatric population 
have been published.” In view of PRL heterogeneity, there is 
a strong case for expressing assay results in international 
units rather than in mass units. Most reagent manufacturers 
supply a conversion factor for this purpose. 


CORTICOTROPIN (ADRENOCORTICOTROPIN) AND 
RELATED PEPTIDES 

Corticotropin is a peptide hormone secreted. by the adeno- 
hypophysis, one of the derivatives of pro-opiomelanocortin 
(POMC); it acts primarily on the adrenal cortex, stimulating 
its growth and the secretion of corticosteroids. Its pro- 
duction is increased during times of stress. It is also known 
as adrenocorticotropic hormone, ACTH, corticotrophin, 
adrenocorticotrophin, and adrenocorticotropin. 


Biochemistry 

Corticotropin and related peptides originate from a large 
precursor molecule of MW 31 kDa, called POMC. As shown 
in Figure 50-7, processing of POMC to smaller peptides 
takes place in both the anterior and intermediate lobes of the 
pituitary gland (the latter is vestigial in humans except 
during fetal life and at the end of pregnancy). In the ante- 
rior lobe of the pituitary gland, enzymes hydrolyze POMC 
to B-LPH and a 22-kDa fragment known as pro-ACTH. This 
latter peptide is further processed to ACTH (1-39, a peptide 
consisting of 39 amino acids) and to a 16-kDa peptide, 
pro-y-melanotropin (pro-MSH). B-LPH in turn is cleaved to 
two smaller peptides, B-endorphin and y-LPH. Both B-LPH 
and B-endorphin are released with ACTH from the anterior 
lobe of the pituitary gland, but only about one third of the 
B-LPH is converted to B-endorphin. In contrast the inter- 
mediate lobe (when present) fully processes B-LPH to 
B-endorphin, cleaving pro-o-melanotropin (MSH) to 
ot-inelanotropin (a-MSH), and splitting ACTH to o-MSH 
and a corticotropin-like intermediate-lobe peptide. These 
smaller peptides are found in the human fetus, but only trace 
amounts exist in the adult human pituitary gland. The 
changes observed in skin pigmentation in several endocrine 
diseases (e.g., with adrenal insufficiency) are most likely due 
to the &-MSH activity of excess ACTH. 

In addition to B-endorphin, B-LPH contains the amino 
acid sequence of another endogenous opioid, met- 
enkephalin. However, this peptide is not the product of 
B-LPH breakdown, but rather arises from a precursor 
molecule known as pro-enkephalin. Pro-enkephalin is widely 
distributed in neurons throughout the brain and spinal cord. 
Some pro-enkephalin is found in the pituitary gland, but 
most is localized in the catecholamine-synthesizing cells of 
the adrenal medulla and is co-released with epinephrine and 
norepinephrine. In the medulla, pro-enkephalin gives rise to 
met-enkephalin (Tyr-Gle-Gle-Phe-Met) and leu-enkephalin 
(Tyr-Gle-Gle-Phe-Leu) and to larger opioid peptides. A third 
family of endogenous opioid peptides is derived from 
prodynorphin, a prohormone stored primarily in the poste- 
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Figure 50-7 Diagrammatic ea of POMC and its precursor relationship to ACTH, 


B-LPH, o- and B-MSH, and the endorphins. 
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rior lobe of the pituitary gland where it is co-released with 
vasopressin. 


Regulation of Adrenocorticotropin Secretion 


Regulation of the secretion of ACTH is described in detail in 
Chapter 51 and is shown in Figure 50-8. Many variables 
affect the secretion of ACTH, which is both pulsatile and 
circadian in nature. Thus the regulation of pituitary secre- 
tion of ACTH by the hypothalamus and higher centers is 
complex. This complex control underscores the importance 
of the neuroendocrine regulation of stress homeostasis. Cor- 
tisol is the major negative feedback hormone for the tonic 
inhibition of CRH and ACTH release; however, endogenous 
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contro] its pulsatile and circadian secretion 
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gamma amino butyric acid (GABA) are 
inhibitory to CRH and ACTH release, and 
AVP stimulates ACTH release. 
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opioids such as met-enkephalin and B-endorphin formed 
by the adrenal glands have a down regulatory effect on the 
hypothalamic-pituitary-ACTH axis as well. 


Clinical Significance 


Because ACTH synthesis originates from the POMC precur- 
sor peptide, its production by the pituitary is closely tied to 
the secretion of endogenous opiate peptides, such as 
B-endorphin. The physiological effects of endogenous 
opiates include (1) sedation, (2) an increased threshold of 
pain, and (3) autonomic regulation of respiration, blood 
pressure, and heart rate. These peptides are also involved in 
modifying endocrine responses to stress and water balance 


Chapter 50 Pituitary Function 1983 


and may play a role in the regulation of reproduction and 
the immune system. Gonadotropin secretion by the pituitary 
is under some form of inhibitory control by opioid peptides 
as evidenced by the effects of B-endorphin analogues on the 
pulse frequency and amplitude of pituitary LH release. In 
contrast, B-endorphin antagonists such as naloxone can 
elicit an increase in the amount and pattern of gonadotropin 
secretion. ACTH secretion is similarly down regulated 
by endogenous opioid peptides, and naloxone causes an 
increase in plasma ACTH. concentrations. No diseases, 
however, have been clearly associated with disordered 
metabolism of opioid peptides, but changes in their plasma 
concentrations may accompany other disorders, such as 
Cushing’s disease and depression (increased B-endorphin 
concentrations)” or pheochromocytoma (increased enke- 
phalin concentrations).™® Altered concentrations of opioids 
in cerebrospinal fluid may reflect disorders such as chronic 
pain syndromes, schizophrenia, and depression. 


Measurement of ACTH 


ACTH has been measured by bioassay, receptor assay, or 
immunoassay. Most bioassays are based on the effects of 
ACTH on adrenocortical cells (e.g., the stimulation of 
steroidogenesis or depletion of ascorbic acid). Responses are 
usually observed in the adrenal glands of hypophysec- 
tomized animals in situ or in isolated adrenal cells in vivo.” 
In general these bioassays are expensive and difficult to 
perform and are limited to research laboratories. Receptor 
assays use solubilized binding proteins obtained from 
normal or neoplastic adrenocortical cells.” Only biologically 
active ACTH is measured, and a 10-pg/mL detection limit 
has been reported in unextracted plasma. These assays have 
limited application in the clinical laboratory partly because 
of the complexity and lability of receptor preparations. 
Binding assays that use specific ACTH antibodies are 
more common than either bioassays or receptor assays. In 
one of the earliest RIAs, ACTH in unextracted patient spec- 
imens competed with radioiodinated hormone for a limited 
number of antibody binding sites. After a 5- to 7-day incu- 
bation period, separation was achieved using either chro- 
matoelectrophoresis or precipitation with talc. Other 
competitive binding immunoassays have been described for 
ACTH; they differ in the choice of radiolabel tracer (5I is 
preferred), separation system (e.g., charcoal adsorption, 
PEG, or second-antibody precipitation), antisera (e.g., N- 
terminal or C-terminal specificity), or the need to extract 
ACTH before assay.” Individual immunoassay components 
{anti-ACTH antisera and ACTH calibrators) and complete 
reagent test kits continue to be readily available commer- 
cially. Most use polyclonal antisera directed at a segment of 
the biologically active N-terminal portion of the molecule. 
As expected, these antisera react with intact ACTH (amino 
acids 1-39) and with ACTH fragments (amino acids 1-24) 
and precursor molecules, such as POMC and pro-ACTH."% 
The concentration of ACTH in plasma is normally very 
low (about 5 to 80 pg/mL in morning specimens). Because 


most competitive RIAs use antibodies of modest affinity, 
such procedures that directly measure ACTH in unextracted 
plasma are usually unable to quantitate low or even low- 
normal concentrations with confidence (detection limit 
>15 pg/mL). Various approaches have been used to decrease 
the ACTH method lower limit of detection. For example, 
preliminary extraction of 1 to 5mL of plasma (e.g., by 
adsorption of ACTH to glass particles, cation-exchange 
chromatography, and C18 Sep-Pak chromatography) con- 
centrates the specimen and removes nonspecific plasma 
protein interferences that might otherwise inhibit antigen- 
antibody binding. Other enhancements include increasing 
the primary antibody incubation time to several days and 
using sequential addition of reagents (e.g., preincubate the 
patient specimen with antibody for 30 minutes before 
adding the tracer).® These maneuvers, however, often add to 
the complexity of ACTH assays and are less precise and more 
time consuming than other methods. 

Immunometric assays for ACTH that use labeled mono- 
clonal antibodies in noncompetitive formats have also been 
developed.” In these assays, two monoclonal antibodies are 
directed. at different sites on the ACTH molecule (e.g., the 
N-terminal and C-terminal regions). In terms of assay detec- 
tion limit, simplicity, and speed, these “two-site sandwich” 
immunometric assays can detect relatively low ACTH con- 
centrations (1 to 4pg/mL) with reasonable certainty and are 
able to distinguish true low from low-normal specimens.” 
Monoclonal immunometric assays also show improved ana- 
lytical specificity for intact ACTH, but in some cases, they 
may be too specific and may fail to recognize biologically 
active and. clinically relevant precursors and fragments." 
Less specific ACTH immunoassays are sometimes used to 
detect the presence of these peptide fragments in patients 
with cancer-related syndromes (eg., ectopic ACTH 
Cushing’s syndrome); a two-site IRMA has also been devel- 
oped for measuring ACTH precursors in plasma.” A direct 
(unextracted) immunoradiometric test kit for ACTH is 
commercially available that uses a polyclonal antibody— 
monoclonal antibody sandwich of the ACTH molecule. The 
monoclonal antibody is radiolabeled with I for detection. 
A nonisotopic time-resolved immunofluorometric method 
has also been reported. ACTH assays also have been devel- 
oped on automated immunoassay platforms using immuno- 
chemiluminescence {ICMA)-based methods. These methods 
are much more precise than the manual methods (coeffi- 
cients of variation [CVs] <8%).and provide more laborato- 
riés with the opportunity to measure ACTH. The enhanced 
sensitivity of the ICMA methods makes it possible to distin- 
guish low-normal from genuinely depressed concentrations, 
thus the newer ACTH methods make it possible to measure 
ACTH at both low and high concentrations. l 

Numerical results from different ACTH immunoassays 
may be difficult to compare because of differences in cali- 
bration. At present, laboratories and manufacturers of com- 
mercial kits usually calibrate their assays against ACTH 
preparations obtained from research centers, such as human 
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purified ACTH 1-39 (MRC 74/555, 6.21U per 25g) sup- 
plied by the National Institute for Biological Standards and 
Control (United Kingdom) or synthetic ACTH 1-39 (4.71 IU 
per 50 ug) supplied by the United States National Hormone 
and Pituitary Program (NHPP; http://www.humce.edu/ 
hormones/), which was formerly known as the National 
Pituitary Agency. For comparison purposes, the calibrators 
used in a particular assay system must be clearly defined. 


Specimen Collection and Storage 


Proper precautions must be taken in the collection, trans- 
portation, and storage of specimens. ACTH is easily oxi- 
dized, strongly adsorbs to glass surfaces, and can be rapidly 
degraded by plasma proteases into immunoreactive frag- 
ments during freezing and thawing of the specimen. Factors 
that influence plasma ACTH, such as prior administration 
of corticosteroids, time of day at which the specimen is taken 
(diurnal variation), and stress from a poorly performed 
venipuncture, must be taken into account. To minimize 
these problems, it is usually recommended that blood spec- 
imens be collected into prechilled polystyrene (plastic) tubes 
containing EDTA, immediately placed on ice, and cen- 
trifuged at 4 °C. Some laboratories also recommend the use 
of protease inhibitors, such as aprotinin (Trasylol). The 
supernatant is then transferred to another plastic tube and 
stored at —20 °C or colder. To protect the ACTH molecule 
further, antioxidants such as mercaptoethanol may also be 
used. Immediately before setting up the ACTH assay, frozen 
specimens should be thawed and centrifuged to remove any 
fibrin clots, which can interfere with the assay system. 


Reference Intervals 

Representative values using an IRMA are as follows: 

_. [REFERENCE INTERVALS—IRMA METHOD’ >: 
Adults’ -0800-0900hr = => 
Saris . 2400 hr (supine) 


8-25ng/L 
.<l0ng/L 


Measurement of Endogenous Opioid Peptides 


Beta-endorphin is a frequently measured opioid peptide. 
Immunoassay is the method of choice for the analysis of 
plasma B-endorphin. Both RIAs and direct IRMAs* have 
been developed for this purpose. Commercial reagent kits 
are widely available, and many commercial reference labo- 
ratories offer B-endorphin assays. The concentrations of 
B-endorphin are usually very low to undetectable in normal 
subjects, and it may be necessary to use extraction proce- 
dures to detect meaningful concentrations in plasma. The 
specificity of commercial antibodies for B-endorphin rela- 
tive to B-LPH varies widely; in some immunoassays, 50% 
cross-reactivity is seen with B-LPH. With polyclonal anti- 
bodies, results may be spuriously high owing to cross- 
reactivity with serum immunoglobulin G (e.g., in patients 
with immunoglobulin G myeloma).” 


The preferred specimen is plasma with EDTA as the anti- 
coagulant. A typical adult reference interval for specimens 
collected between 6 am and 10 am is 16 to 48 pg/mL (5 to 
30 pmol/L).'” 

The measurement of met-enkephalin in plasma is diffi- 
cult because of its very short half-life (2.5 minutes at 37 °C). 
Even if blood is immediately chilled on ice and centrifuged 
under refrigeration, about 50% of the enkephalin is lost 
unless the specimen is collected with 23mmol/L of citric 
acid.! Commercial kits for met-enkephalin measurements 
have been developed, and antienkephalin antibodies are 
available. 


GONADOTROPINS (FOLLICLE-STIMULATING HORMONE, 
LUTEINIZING HORMONE) 

Follicie-stimulating hormone (FSH) is synthesized in the 
adenohypophysis, and (1) stimulates the growth and matu- 
ration of ovarian follicles, (2) stimulates estrogen secretion, 
(3) promotes the endometrial changes characteristic of the 
first portion (proliferative phase) of the mammalian men- 
strual cycle, and (4) stimulates spermatogenesis in the male. 
It is also called follitropin. Luteinizing hormone (LH) is also 
synthesized in the adenchypophysis and acts with FSH to 
promote ovulation and secretion of androgens and proges- 
terone. It instigates and maintains the second (secretory) 
portion of the mammalian estrus and menstrual cycle. In 
females it is concerned with corpus luteum formation, and 
in males it stimulates the development and functional activ- 
ity of testicular Leydig cells. LH is also called interstitial cell- 
stimulating hormone and lutropin. 


Biochemistry 

The glycoprotein hormones of the pituitary (LH, FSH, and 
TSH) and of the placenta (chorionic gonadotropin [CG]; see 
Chapter 54) are composed of two peptide chains (usually 
referred to as œ- and B-subunits), each with carbohydrate 
substituent groups attached. The carbohydrate moiety, 
which accounts for 15% to 31% of the molecular weight, 
includes fucose, mannose, galactose, glucosamine, galac- 
tosamine, and sialic acid. The a-subunits of these hormones 
are similar to one another and are interchangeable. For 
example, the hybrid molecule made up of the -subunit of 
TSH and the B-subunit of LH possesses LH activity. The B- 
subunits display greater differences in amino acid sequences 
among the various hormones that confer hormonal and 
immunological specificity. Isolated o.-subunits are devoid of 
biological activity. Isolated B-subunits may have slight 
intrinsic biological activity, but full activity is attained when 
Q- and B-subunits are recombined. This suggests that the 
presence of both &- and B-subunits is important for specific 
receptor recognition, and that the B-subunit is responsible 
for eliciting the specific biological response. The availability 
of specific antisera for B-subunits has led to the development 
of RIA methods targeted for the specific measurements of 
these structurally similar glycoprotein hormones (see dis- 
cussion of CG, Chapter 54). 
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Figure 50-9 The regulatory feedback loop of the hypothalamic-pituitary-gonadal axis. Neural 
and sensory input from the brain elicits the release of Gn-RH. Gn-RH in turn stimulates the 
synthesis and release of the gonadotropins FSH and LH, which act on the gonads (ovary and 
testes) to elicit the ripening and ovulation of the ovary and steroidogenesis (estradiol and 
progesterone) in the female and spermatogenesis and testosterone production in the male. 
inhibin formed by the ovaries and testes along with estradiol and testosterone negatively feeds 
back to the hypothalamic-pituitary axis to modulate Gn-RH, FSH, and LH release. 


The gonadotropic cells of the anterior lobe of the pitu- 
itary gland secrete FSH (MW 30 kDa) and LH (MW 32 kDa). 
In males, LH has in the past been referred to as interstitial 
cell-simulating hormone. Because these two hormones 
control the functional activity of gonads, they are grouped 
together under the generic term gonadotropins. The regula- 
tion of gonadotropin secretion in males and females is 
shown in Figure 50-9. Pituitary gonadotropin secretion 
comes under the classic feedback system characteristic of 
higher centers of control. Estrogen and inhibin regulate 
LH and FSH secretion, respectively, in the female, and 
testosterone and inhibin regulate LH and FSH release in the 
male. 


Physiological Action 

In females, FSH stimulates the growth of ovarian follicles 
and, in the presence of LH, promotes secretion of estrogens 
by the maturing follicles. LH in females causes ovulation and 
release of the ovum from the ovarian follicle, which has pre- 
viously ripened under the influence of FSH, and causes 
luteinization of the ruptured follicle to form the corpus 
luteum. The corpus luteum then secretes both progesterone 
and estradiol under the influence of pulsatile LH release. In 
males, FSH stimulates spermatogenesis by the germ cells in 
the testes, and LH is responsible for the production of testos- 
terone by the Leydig cells of the testes. 


Regulation and Clinical Significance 


Regulation of LH and. FSH secretion and its clinical signi- 
ficance in reproductive endocrinology are discussed in 
Chapter 53. 


Measurement of Luteinizing Hormone, 
Follicle-Stimulating Hormone, and Free a-Subunits 


Methods for assaying gonadotropins have evolved from 
bioassays and receptor assays to immunoassays. that make 
use of radioactive and nonisotopic labels, Early in vivo 
bioassays were based on the direct effects of gonadotropins 
on the rat ovary, such as depletion of ascorbic acid (by LH) 
or augmentation of ovarian weight (by FSH).” These 
methods were insensitive and lacked the necessary specificity 
and precision to measure LH and FSH in small volumes of 
serum; consequently, they were mainly applied to the assay 
of urine concentrates. Most bioassays developed in recent 
years for gonadotropins have gravitated to in vitro tech- 
niques. The LH method, for example, measures testosterone 
synthesis by dispersed rat Leydig cells in response to 
gonadotropin stimulation.” Cultured rat granulosa cells 
secreting estradiol are used to measure FSH activity in 
serum.” Bioassay methods are still in use today but are 
primarily tools used in research laboratories investigating 
the mechanism of action of gonadotropins. Immunoassays 
have replaced bioassays and receptor assays for gonadotropin 
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measurements in the routine clinical laboratory. A number 
of different immunoassay methods have been developed 
for determining FSH and LH in blood and urine, and reli- 
able commercial kits are widely available.’ RIA steps are 
similar to those described for other protein hormones. 
Assays performed by sequential saturation analysis generally 
give better sensitivity at low hormone concentrations 
than equilibrium type assays. In a typical delayed addition 
procedure, specimens, calibrators, and controls are incu- 
bated with rabbit antisera for 5 to 7 hours at 4 °C, although 
some assays require incubation for only 30 minutes at 37 °C, 
During this time, a significant proportion of LH or FSH 
becomes bound to the relevant antibody. '*Iodine-labeled 
hormone is then added, and during a second incubation 
period (e.g., 16 to 24 hours at 4 °C or 1 hour at room tem- 
perature), the label binds to unoccupied binding sites on the 
antibody. Separation of antibody-bound from free hormone 
is usually accomplished by precipitation with a second 
(double) antibody. Inclusion of a high molecular weight 
polymer, such as PEG, can significantly reduce the incuba- 
tion time for complete precipitation. Alternatively the 
second antibody can be coupled toa solid phase support that 
is centrifuged or sedimented with gravitation. The concen- 
tration of gonadotropins in the sample is determined by 
comparing radioactivity in the specimen tubes with the cal- 
ibration curve prepared with known concentrations of the 
relevant gonadotropin. RIAs for LH and FSH are capable of 
detecting hormone concentrations to a sensitivity of about 
1.0 and 0.5IU/L, respectively. For specimens containing 
5 IU/L or more of FSH or LH, between-run CVs average 5% 
to 10%.” 

A small number of methods allow for simultaneous 
determination of FSH and LH in a single assay tube. Double- 
label RIAs using *’Co-labeled LH and "I-labeled FSH as 
tracers are available as commercial kits. Following separa- 
tion, each radioisotope is determined in the bound fraction 
by dual isotope counting or by repeat counting. A simulta- 
neous immunofluorometric assay of LH and FSH, based 
on the use of the fluorescent lanthanides Eu** and Tb’, has 
also been described; each is detected with a time-resolved 
fluorometer.” 

The antibodies used in the older RIAs for LH and FSH 
cross-reacted with each other and with structurally similar 
glycoprotein hormones, such as TSH and hCG. Assay speci- 
ficity significantly improved when antisera were produced 
against the purified beta subunits of both LH and FSH. Cur- 
rently, most RIAs for FSH show <1% cross-reactivity with 
LH, TSH, or hCG, or with their free œ- or B-chains. In con- 
trast, some RIAs for LH do show cross-reactivity with hCG 
(10% to 25%), such that LH estimates are invalid in preg- 
nant women or individuals with hCG-secreting tumors.” 
Interference from high blood concentrations of TSH in 
untreated hypothyroid patients can also produce elevations 
in LH concentrations. 

The introduction of two-site immunometric assays sig- 
nificantly improved the method for gonadotropin measure- 


ments, A number of LH and FSH “sandwich” assays became 
available for manual and automated instrument applica- 
tions. In some commercial kits, the first antibody is immo- 
bilized on test tubes or plastic beads; in others, the antibody 
is attached to magnetic particles or glass-fiber paper. 
Multiple signal molecules are associated with the second 
antibody, including radioisotopes, enzymes,” fluo- 
rophors,* and chemiluminescent”"° molecules. The 
analytical advantages of these immunometric assays are 
significant. For example, hCG interference in LH assays has 
essentially been eliminated (<0.008% cross-reactivity), 
better assay precision has resulted (between-assay CVs of 
<10%), and improvements in assay sensitivity have been 
realized (detection limits of <0.2TU/L).>""" The latter are 
especially important for use in the evaluation of prepuber- 
tal children and patients with hypothalamic disorders when 
LH concentrations are barely detectable. 

The calibration of gonadotropin hormone assays is a dif- 
ficult task,” because producing calibrators that are identical 
to the analytes found in clinical specimens is confounded by 
the fact that LH and FSH are not single chemical entities but 
rather are mixtures of closely related compounds. The earli- 
est reference material used for this purpose was the second 
IRP for Human Menopausal Gonadotropins. This material 
was prepared from the urine of postmenopausal women and 
contained high concentrations of LH and FSH. Because of 
alterations during metabolism and excretion, however, this 
urinary calibrator is not appropriate for serum measure- 
ments and has been replaced by material derived from the 
human pituitary gland. Partially purified pituitary extracts, 
such as the first and second IRPs for FSH and/or LH, were 
available for many years but have recently been replaced by 
highly purified pituitary preparations that have high biolog- 
ical potency and low potential for contamination with cross- 
reacting glycoproteins and their subunits (Table 50-3). Most 
manufacturers of immunoassay kits for LH and FSH use one 
or more pituitary reference materials for standardizing their 
working calibrators. Recombinant gonadotropin calibrators 
are now available (Table 50-3) that are expected to obviate 
the problems associated with reference materials isolated 
from pituitary glands. 

Despite enormous improvements in assay design and 
calibration, discrepancies in results are still obtained when 
using different immunoassay systems (notably those for 
LH); results can differ by more than 50% even when 
calibrated with the same reference preparation. The most 
likely explanation lies with the epitope specificity of the anti- 
bodies used in each method. In addition, many glycosylation 
isoforms exist in patient specimens, and different assays may 
recognize them differently depending on the antibodies 
used,” In the case of LH, immunometric assays that use 
monoclonal antibodies give considerably lower values than 
RIAs that use polyclonal antibodies. This difference is partly 
a result of the greater specificity of the monoclonal anti- 
bodies, which recognize only a subset of LH isoforms and 
epitopes. Other factors, however, also contribute to method- 
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Reference Material Code No. 


Second IRP-HMG Bea D E 
First IRP-FSH/LH C 69/104 | 
First IRP-LH reared)" 
Second IRP-FSH/LH | ra 78/549. 
First IS-FSH _ 83/575 
Second IS-LH l 80/552 
FSH, human, recombinant for < 92/510 
immunoassay, : ; 
FSH, human, urinary (urofollitropin), 92/512 
for bioassay E eek 
FSH and LH human, urinary for. 98/704 
“dioassay a | 
LH, bovine, for immunoassay . 98/566 


TABLE 50-3 Reference Materials for Luteinizing Hormone and Follicle-Stimulating Hormone* 


Preparation : 

Date LH Potency ‘FSH Potency 
1964.0 fos, ., 40 AD. 
1969 eee ewes Pay | eae 
1974 l LLI ae 
1980 Q5F 10.: 
1986: E: i 
1988 Zi k tapoi au i PT 

1997 = : ee. 
1995 ne ` 121 
2000 ee Wdiaas 2. 


19B5 ai cet ny ran 0025.: oe 


IRP, International reference preparation; HMG, human menopausal gonadotropin; FSH, follicle-stimulating hormone; LH, luteinizing hormone; 


IS, international standard. 


“Information obtained from the World Health Organization Web Page (http://www9.who.int/vaccines/biologicals/KEnd.pdf). Unless otherwise noted, 
biological potencies were estimated by bioassay and are expressed in International Units (TU) per ampoule. 
tIn terms of second IRP-HMG, potency is expressed in IU per milligram of an LER-907 preparation. 


tIn terms of 69/104, 
5In terms of 78/549, 
ln terms of 68/40. 


dependent bias, such as differences in calibration procedures 
and assay matrix. 

Several immunoassays have been described for quantify- 
ing the free a-subunit of pituitary glycoprotein hormones in 
serum. As expected, monoclonal antibody—based IRMAs of 
free a-subunits are more sensitive and specific than are con- 
ventional polyclonal RIAs. For example, the free o-subunit 
IRMA described by Grover and colleagues” showed negligi- 
ble cross-reactivity with intact pituitary glycoprotein hor- 
mones (<0.001%) and had adequate sensitivity to detect 
these subunits in normal nonpregnant individuals and in 
patients with hormone-secreting tumors (detection limit 
~10Ong/L). 


Specimen Collection and Storage 

Serum is the preferred specimen for gonadotropin measure- 
ments; hemolyzed, lipemic, or icteric specimens should not 
be used. Both hormones are stable for 8 days at room 
temperature and for 2 weeks at 4 °C; for longer periods, 
the serum specimen should be stored frozen at or below 
—20 °C. Because of episodic, circadian, and cyclic variations 
in the secretion of gonadotropins, a meaningful clinical 
evaluation of these hormones may require determina- 
tions in pooled blood specimens, multiple serial blood 
specimens, or timed urine specimens. Urine specimens 
should not contain preservatives; storage at or below —20 °C 
is recommended. 


Reference Intervals 


Expected values in serum using a sensitive (“third- 
generation”) immunochemiluminometric assay are as 


follows”: 


eile LH (IU/L) FSH (IU/L). 
Males, 23-70 yri iens vi: 1.2-7.8 1.4-15.4 00: 
Feiñalesi 20.8 E ARa D . 
Follicular phase c: ::::1.7-15.0 :1.4-9.9 
Midcycle peak ~ ` *21.9-56.6 0.2-17.2 
Luteal phase  0.6-16.3 1.1-9.2 
Postmenopausal :°14.2-52.3 19.3-100.6 


LH (mlU/hr) FSH (mlU/hr) 


Prepubertal Be O7 ARS “10-160 
Pubertal 20-1800 18-1330 
Adult female -190-3350 120-1490 
Adult male 550-2500" “190-1700: 


Measurement of Urinary Gonadotropins 

Clinically, the pulsatile and episodic release of gonado- 
tropins make a single blood concentration of FSH or LH 
difficult to interpret. In normal adults, the concentrations of 
gonadotropins in blood, particularly LH, have been known to 
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differ as much as threefold between samples taken from the 
same individual 20 minutes apart. In addition, the concentra- 
tions in blood with most immunoassays for FSH or LH can 
often reach the sensitivity limits of the blood assay in normal 
adults. In the prepubertal child, most blood assays cannot 
measure normal concentrations because of the low concen- 
tration usually encountered in the prepubertal period. 

To prevent the problems associated with inadequate 
detection limits with. most blood gonadotropin assays in 
children and to minimize the episodic secretion of FSH or 
LH, urine assays have become popular as a means of con- 
centrating the urine sample to improve the detection limits 
and to integrate the pulsatility of secretion by collecting a 
urine specimen over a 3-hour period.'” The kidney essen- 
tially integrates the pulsatile secretion over that time period, 
and the urine can be concentrated eightyfold using an 
acetone precipitation method to extract the gonadotropins 
from urine thereby enhancing the sensitivity of the method. 
Many pediatric endocrinologists favor the urine assay when 
working up young patients who are suspected of having a 
pubertal disorder of gonadotropin secretion. Consequently 
the concentrations of urine FSH and LH are easily detectable 
in normal prepubertal children when compared with the 
undetectable concentrations observed in these same normal 
children when using a blood assay for gonadotropins. 

Clinically the measurement of urine FSH and LH using a 
timed collection (usually 3 hours) allows for integration of 
the marked pulsatility that occurs with gonadotropin secre- 
tion, improves method sensitivity (fiftyfold decrease in 
detection limit over the serum method), and facilitates the 
measurement of gonadotropins in young children suspected 
of a gonadotropin disorder or to test for constitutional delay 
in adolescence during the latter transition period of puberty. 


THYROTROPIN 


Thyrotropin is a glycoprotein hormone synthesized in the 
adenohypophysis that promotes the growth of, sustains, and 
stimulates the hormonal secretion of the thyroid gland. It is 
also called thyroid-stimulating hormone (TSH), 


Biochemistry 


With a molecular weight of 26.6kDa, TSH is secreted by the 
thyrotroph cells of the anterior lobe of the pituitary gland. 
TSH is a heterodimer, glycoprotein hormone consists of two 
noncovalently linked &- and B-subunits with the o-subunit 
chemically similar to the æ- subunits of LH, FSH, and hCG. 
TSH stimulates the growth and vascularity of the thyroid 
gland; stimulates the growth of thyroid follicular cells; and 
promotes a number of the steps in thyroid hormone synthesis, 
including the uptake of iodine, organification of iodine on to 
tyrosine, the coupling of tyrosines, and the proteolytic release 
of stored thyroid hormone from thyroglobulin stores. 


Regulation, Clinical Significance, and Methodology 


The regulation of TSH secretion, its clinical significance, and 
methods for determining TSH are discussed in detail in 
Chapter 52. 


ASSESSMENT OF ANTERIOR PITUITARY LOBE RESERVE 


Evaluation of endocrine function is an important part of the 
management of patients with pituitary tumors.'*” Detection 
of hormone deficiencies before and after treatment and 
recognition of hormone-producing tumors are the two 
objectives of testing of pituitary function in patients with 
pituitary tumors,” 

The assessment of anterior and posterior pituitary lobe 
function in patients with pituitary tumors is important in 
the identification of clinically significant hormone deficiency 
states caused by the tumor itself and for the reevaluation 
of patients after pituitary surgery or irradiation to detect 
hormone deficiencies that occur as a result of invasive treat- 
ment. Testing of pituitary function is usually performed 
under basal conditions but can be performed under 
provocative conditions to bring out subtle or mild deficien- 
cies that are observed with disorders of the adrenal gland, 
thyroid, or gonads. Evaluation of pituitary reserve for GH or 
PRL is usually unnecessary in adult patients because defi- 
ciencies of these hormones are not believed to be clinically 
important. 

The lowered detection limits of the newer two-site 
immunoassays for the measurement of pituitary hormones 
now make it possible to distinguish an abnormally low 
value from the lower end of the normal reference interval. 
Although assessment of a particular aspect of pituitary func- 
tion should also include clinical signs and symptoms of 
hormone deficiency and the measurement of hormones 
secreted by the pertinent endocrine gland (e.g., Ta cortisol, 
and testosterone}, the newer, ultrasensitive assays for TSH, 
FSH, LH, and ACTH allow for an accurate distinction of a 
true low result from low normal. A scheme for testing of 
pituitary reserve is listed in Box 50-6. 


A. Before Pituitary Surgery 
Adrenal glands: measurement of morning serum cortisol 
concentration or cosyntropin stimulation test 
Thyroid gland: ultrasensitive determination of TSH 
Gonads: sex hormone determinations (estradiol in women 
and testosterone in men) and gonadotropins 


B. Shortly After Pituitary Surgery (2 to 4 days After Surgery) 
Adrenal glands: morning serum cortisol concentration 
Thyroid gland: deferred 
Gonads: deferred 


C. One Month After Pituitary Surgery 
Adrenal glands: cosyntropin stimulation test 
Thyroid gland: ultrasensitive determination of TSH 
concentration 
Gonads: sex hormone determinations (estradiol in women 
and testosterone in men) 


TSH, Thyroid-stimulating hormone. 
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Hypothalamic-Pituitary-Adrenal Axis 


A normal morning serum cortisol concentration is usually 
adequate evidence that the hypothalamic-pituitary-adrenal 
axis is intact and functioning properly. On occasion, 
however, the Synacthen stimulation test is used when the 
morning cortisol results are low or equivocal (<5 g/dL) or 
when there is a strong clinical suspicion of adrenal insuffi- 
ciency (see Table 51-1). This provocative test is performed 
by obtaining a baseline blood specimen for cortisol followed 
by the intravenous (IV) administration of 250 ug of Synac- 
then (a potent analogue of ACTH). Specimens for cortisol 
are then obtained at 30 and 60 minutes after IV administra- 
tion of the synthetic ACTH. A peak value for plasma corti- 
sol of >18 g/dL is considered a normal response to ACTH 
administration. 

Results of tests of the entire hypothalamic-pituitary- 
adrenal axis, such as the insulin tolerance test (also called the 
insulin-induced hypoglycemia stimulation test; see Box 50-3), 
occasionally are abnormal in patients who have a normal 
morning cortisol concentration, a normal response to 
exogenous ACTH, and no signs of adrenal insufficiency. 
Although an abnormality in these sensitive tests suggests 
some diminution of ACTH reserve, the clinical significance 
of such impairment in this setting is not clear. These tests 
should be reserved for patients who are strongly suspected 
of having adrenal insufficiency or whose morning cortisol 
concentration or response to ACTH has been found to be 
abnormal. Standard protocols for the performance and 
interpretation of these tests have been published. These 
tests involve some patient risk and discomfort and should 
be performed only under the direct supervision of an 
experienced physician. 

Measurement of ACTH in blood collected either at base- 
line or after stimulation with insulin adds little to the utility 
of the above tests and is not generally recommended. In fact, 
in patients who have undergone pituitary surgery, it takes 
some time before the cortisol negative feedback loop to 
ACTH secretion is normalized. ACTH and cortisol mea- 
surements after administration of CRH are potentially a 
direct test of pituitary ACTH reserve. However, the insulin- 
induced hypoglycemia test is currently the definitive test of 
ACTH and/or cortisol reserve. This test, however, is con- 
traindicated in patients with a history of coronary heart 
disease, seizure disorder, and general debility. 


Hypothalamic-Pituitary-Thyroid Axis 

When the serum free thyroxine concentration (FT,) or 
ultrasensitive TSH result is normal, the hypothalamic- 
pituitary-thyroid axis is assumed to be intact. If primary 
hypothyroidism is suspected clinically, however, a single 
measurement of a basal TSH concentration may be sufficient 
to confirm the diagnosis. In patients with a history of pitu- 
itary disease and secondary hypothyroidism, the serum TSH 
concentration is frequently normal; thus in this situation, 
an FT, concentration is the better test to gauge normality of 
the hypothalamic-pituitary-thyroid axis. On occasion a 


TRH stimulation test is used to distinguish hypothalamic . 


dysfunction from pituitary disease. This test is accomplished 
by drawing a blood specimen for measurement of baseline 
TSH concentrations, administering 500g of TRH intra- 
venously, and collecting additional specimens for TSH mea- 
surements at 30, 45, and 60 minutes after IV injection. A 
normal response to TRH is a fivefold to tenfold increase in 
the serum TSH concentrations within 60 minutes after TRH 
administration. An impaired response in a patient with alow 
serum FT, concentration indicates a pituitary abnormality, 
whereas a delayed peak (at 45 or 60 minutes) suggests hypo- 
thalamic dysfunction. A blunted response is observed in 
patients with hyperthyroidism. With the availability of better 
third-generation tests for TSH (see Chapter 52), the TRH 
stimulation test is now rarely used. 


Hypothalamic-Pituitary-Gonadal Axis 

History and physical examination are extremely helpful 
in evaluating the status of the hypothalamic-pituitary- 
gonadal axis, particularly in women during their re- 
productive years.**' Normal menstrual cycles are usually 
indicative of an intact hypothalamic-pituitary-gonadal axis 
in reproductive-age women. Baseline laboratory assessment 
for hypothalamic-pituitary-gonadal dysregulation should 
include measurement of serum gonadotropins (LH and 
FSH) and sex steroids (estradiol in females and testosterone 
in males). Provocative testing of this axis with Gn-RH and 
measurements of FSH and LH (Box 50-7) are useful in 
selected patients. These tests, however, can be unreliable 
in differentiating pituitary disorders from hypothalamic 


Rationale The hypothalamic releasing hormone Gn-RH 
stimulates release of both LH and FSH in normal individuals. 
Subnormal responses are seen in some patients with pituitary 
or hypothalamic disorders. However, the magnitude of LH and 
FSH response to Gn-RH is usually predictable from the basal 
LH and FSH concentrations. This test may be useful in patients 
in whom the clinical picture and basal gonadotropin 
measurements are inconclusive. 

Procedure The test may be performed without regard for 
previous feeding or time of day. After baseline specimens are 
obtained for LH or FSH determination, or both, 100 ug Gn-RH 
is given intravenously. Samples for LH or FSH determination, 
or both, should be drawn every 15 to 30 minutes for 1 to 2 
hours. 

Interpretation LH response should increase by threefold to 
tenfold. The FSH response is of lesser magnitude (usually a 
1.5- to 3-fold increase). The peak responses for both LH and 
FSH occur between 15 and 30 minutes, Patients with pituitary 
disorders may have normal, diminished, or absent responses. 
In patients with hypothalamic disorders, the response may be 
exaggerated, normal, diminished, or absent. 
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dysfunction; thus the physician is usually dependent on an 
accurate determination of gonadotropins and sex steroids 
along with clinical judgment. 


Preoperative Endocrine Testing: A Simple Approach 
Initial Assessment 


Pituitary reserve is almost never compromised in patients 
with small pituitary tumors, so testing is usually limited to 
patients with large tumors or specific clinical indications (see 
Box 50-6, A). For most patients with large pituitary tumors, 
in addition to history and physical examination, an adequate 
evaluation of endocrine function before surgery can be per- 
formed based on laboratory measurements of serum PRL, 
TSH, LH, FSH, sex steroids (testosterone in males and estra- 
diol in females), serum sodium, and results of a morning 
serum cortisol or ACTH stimulation test. 


After Pituitary Surgery 

The optimum time for retesting endocrine function after 
pituitary surgery is not generally known (see Box 50-6, B). 
At the M.S, Hershey Medical Center (Hershey, Pa.), the fol- 
lowing protocol is used (Figure 50-10): 


“Stress” steroid coverage with hydrocortisone is administered 
immediately before, during, and after surgery. If adrenal function 
is normal before surgery, steroid coverage is usually stopped on 
the second or third postoperative day and a morning blood sample 
for plasma cortisol concentration is obtained 24 hours later. 


Before Surgery 
Rapid Corsticotropin Test 
(Optional) 


{ 


During Surgery 


100 mg of Hydrocortisone Every 8 h, 
Taper and Stop 24-48 h After Surgery 


3to 4d After Surgery 


Serum Cortisol Assessment at 6 AM, 
24 h After Last Hydrocortisone Dose 


ee aoe 


If the morning plasma cortisol concentration is 5pg/dL or less, 
ACTH deficiency is likely and steroid coverage is reinstituted 
and continued after discharge from the hospital. If the plasma 
cortisol concentration is 10jg/dL or greater, the hypothalamic- 
pituitary-adrenal axis is presumed to be normal and steroid cover- 
age is no longer mandated. Patients with a morning plasma 
cortisol concentration between 5 and 10ug/dL should either have 
normal adrenal function confirmed with provocative testing 
(i.e, metyrapone test) or should be started back on hydrocortisone 
coverage. 


Follow-Up Testing After Pituitary Surgery 
It is advisable to wait until 1 month after surgery to evalu- 
ate thyroid function (measurement of TSH concentration) 
and gonadal function (measurement of testosterone con- 
centration in males and estradiol concentration in females; 
see Box 50-6, C). Early treatment of thyroid and gonadal 
deficiencies is not critical, and misleading test results might 
be obtained in the early postoperative period. Adrenal func- 
tion should be reassessed with an ACTH stimulation test 1 
month after surgery, even if pituitary function was subnor- 
mal soon after surgery; ACTH deficiency after pituitary 
surgery is often transient. Periodic clinical follow-up and 
laboratory assessment should be tailored to the individual 
patient’s circumstances. 

After pituitary irradiation, patients should be evaluated 
every six months with an FT, and TSH measurement, sex 
steroid determination, and ACTH stimulation testing. 


Figure 50-10 Algorithm for evaluation of 
the hypothalamic-pituitary-adrenal axis after 
transsphenoidal pituitary surgery. (From Watts 
NB, Tindall GT. Rapid assessment of corticotropin 
reserve after pituitary surgery. JAMA 


< - = 
a faa na 9 OEE a, aL 1988;259:708-I I. Copyright 1988, American 
y ix A Medical Association. Used with permission.) 
Corticotropin Deficiency Assumed Corticotropin Deficiency* 
Discharge Patient Discharge Patient 
Receiving Hydrocortisone Receiving Hydrocortisone 
1 mo After Surgery 
Rapid Corticotropin Test 
Subnormal Normal 
Permanent Corticotropin Deficiency; No Further Tests 
Continue Hydrocortisone Treatment or Treatment 
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The neurohypophyseal system is composed of neural tissue 
and neurons of the supraoptic and paraventricular nuclei of 
the hypothalamus. These neurons are located in and travel 
through the median eminence and pituitary stalk, with the 
nerve endings projecting to the posterior lobe of the pitu- 
itary gland. The cell bodies of these neurons synthesize and 
secrete oxytocin and arginine vasopressin (AVP); the latter is 
also called antidiuretic hormone (ADH). Oxytocin and. AVP 
are nonapeptides (MW 1080 Da) consisting of a cyclic hexa- 
peptide and a three—amino acid side chain. Most mammals 
secrete vasopressin and oxytocin, with the exception of the 
pig and hippopotamus, in which lysine vasopressin (contains 
lysine rather than arginine in position 8) is released. The 
structure of oxytocin is similar to that of AVP (Figure 50-11) 
but with isoleucine rather than phenylalanine at position 3 
and leucine instead of arginine at position 8. 


ARGININE VASOPRESSIN 


AVP is formed by neuronal cells of hypothalamic nuclei and 
stored in the neurohypophysis. In humans, it contains argi- 
nine at position 8. (In pigs, lysine is found at position 8.) 
AVP stimulates contraction of the muscles of capillaries and 
arterioles, raising blood pressure; promotes contraction of 
the intestinal musculature, increasing peristalsis; exerts con- 
tractile influence on the uterus; and has a specific effect on 
the epithelial cells of renal collecting tubules, augmenting 
resorption of water independently of solutes to cause con- 
centration of urine and dilution of blood serum. Its rate of 
secretion is regulated chiefly by the osmolarity of the plasma. 


Biochemistry 


AVP is synthesized as part of a large precursor molecule 
(preprovasopressin) in conjunction with a specific neuro- 
physin-binding protein; the latter serves as a carrier protein 
for it during axonal transport and storage. Oxytocin is also 
synthesized as part of a preprohormone along with a sepa- 
rate neurophysin-binding protein. These molecular com- 
plexes are packaged into secretory granules that migrate 
down the nerve axons for 12 to 14 hours before reaching the 
posterior pituitary lobe for storage. Release of the neurohy- 
pophyseal hormones into the portal circulation occurs via 


$$ S 
Cys — Tyr — Phe — Gin — Asn — Cys — Pro — Arg — Gly — NH2 
1 2 3 4 5 6 7 8 9 


Arginine vasopressin 


S ————— 5 


Cys — Tyr — lle — Gin — Asn — Cys — Pro — Leu — Gly — NH» 
1 2 3 4 5 6 7 8 9 


Oxytocin 
Figure 50-11 The amino acid sequence of AVP and oxytocin. 


calcium-dependent exocytosis on nerve cell stimulation. 
When a stimulus for secretion of either vasopressin or oxy- 
tocin occurs, the stimulus acts on the appropriate magnicel- 
lular cell body in the hypothalamus, sending an action 
potential down the long axon to the posterior pituitary, 
causing an influx of calcium and the release of hormone 
from neurosecretory granules. At the physiological pH of 
plasma, AVP and oxytocin circulate mainly in unbound 
forms. = 


Regulation of Secretion 

The tonicity (osmolality) of blood falls largely under direct 
control of vasopressin secretion. Osmoreceptors located in 
cell bodies in or near the magnicellular nuclei of the hypo- 
thalamus respond to changes in plasma osmolality. As little 
as a 2% increase in extracellular fluid osmolality can cause 
shrinkage of osmoreceptor cells with stimulation of AVP 
release from the posterior pituitary lobe (Figure 50-12). A 
plasma osmolality above 280mOsm/kg is considered the 
osmotic threshold for AVP release. 

Besides the osmoreceptor mechanism of vasopressin 
release, the physiological regulation of vasopressin secretion 
also involves a pressure-volume mechanism that is distinct 
from the osmotic sensor. AVP release is regulated by baro- 
receptors that respond to alterations in blood volume. For 
example, a reduction in plasma volume or arterial pressure, 


2% increase 
ECF osmolality 


10% Decrease 
Circulating volume 
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Figure 50-12 Key elements in water homeostasis. Solid lines 
indicate osmotically stimulated pathways, and. dashed lines 
indicate volume-stimulated pathways. The dotted lines indicate 
negative feedback pathways. Abbreviations: ANP atrial natriuretic 
peptide; AVP, arginine vasopressin; CNS, central nervous system; 
ECF extracellular fluid; OPR, oropharyngeal reflex. (From Reeves 
W, Andreoli T. The posterior pituitary and water metabolism. In: Wilson 
JD, Foster DW, eds. Williams textbook of endocrinology, 8th ed. 
Philadelphia: WB Saunders Co, 1992:312.) 
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or both, stimulates vasopressin secretion. Other nonosmotic 
stimuli for AVP release include pain, stress, sleep, exercise, 
and chemical agents such as catecholamines, angiotensin II, 
opiates, prostaglandins, anesthetics, nicotine, and barbitu- 
rates. An increase in plasma volume or a decrease in plasma 
osmolality was previously thought to inhibit the release of 
AVP directly. It now seems likely that atrial natriuretic 
peptide provides some negative feedback for vasopressin 
release. Agents such as alcohol, phenytoin, and glucocorti- 
coids can inhibit vasopressin release, leading to a water 
diuresis and physiological dehydration. - l 

The thirst center is regulated by many of the same factors 
that determine AVP release. This center has a higher set point 
than the osmoreceptors and responds to osmolalities above 
290 mOsm/kg. Responses involving AVP, thirst, and the 
kidney are coordinated in a complex scheme to maintain 
plasma osmolality in healthy individuals within a narrow 
range (284 to 295 mOsm/kg). 


Physiological Actions 

The major physiological function of vasopressin is the 
control of water homeostasis at the concentration of the 
kidney through the regulation of water permeability in 
the collecting tubules and ascending limb of Henle’s loop 
(see Chapter 45). These effects, which are mediated through 
the adenylate cyclase system, allow the kidney to reabsorb 
water and concentrate urine. A further action of AVP is 
expressed by the “pressin” part of its name.“ When released 
in sufficient quantity, AVP induces a generalized vasocon- 
striction that leads to a rise in arterial blood pressure. AVP 
is believed to play an important role in the maintenance of 
arterial blood pressure during blood loss. Release of vaso- 
pressin into the pituitary portal system also augments the 
action of CRH in stimulating the release of ACTH from the 
adenohypophysis. However, AVP does not appear to affect 
the release of other anterior pituitary hormones. 


Clinical Significance 

Disorders of AVP activity have been divided into hypofunc- 
tion (diabetes insipidus) and hyperfunction (syndrome of 
inappropriate antidiuretic hormone secretion [SIADH}), 


Polyuric States 


Deficient production or action of vasopressin results in 
polyuria caused by the failure of the renal tubules to reab- 
sorb solute-free water.? Under normal circumstances, urine 
output is largely dependent on fluid intake; thus an arbitrary 
limit for normal urine output cannot be defined. When 
urine output is >2.5 L/day, an investigation is usually indi- 
cated; with complete deficiency of AVP, urine output may 
approach 1L/hr. If the thirst response is normal, increased 
ingestion of fluid (polydipsia) will follow. If access to water 
is not restricted, plasma osmolality and serum electrolytes 
will usually remain normal, 

Polyuric states are divided into three main categories: (1) 
deficient AVP production (hypothalamic diabetes insipidus 


[HDI]), (2) deficient AVP action on the kidney (nephrogenic 
diabetes insipidus [NDI]), and (3) excessive water intake 
(psychogenic polydipsia). An osmotic diuresis may also 
produce polyuria and polydipsia. Uncontrolled diabetes 
mellitus with a high glucose load to the kidney is a common 
cause of an osmotic diuresis. 

Hypothalamic Diabetes Insipidus. This is also called 
neurogenic, central, or cranial diabetes insipidus. HDI is 
caused by a failure of the pituitary gland to secrete normal 
amounts of AVP in response to osmoregulatory factors. 
Increased fluid intake promoted by thirst mechanisms pre- 
vents severe dehydration. When the thirst center is also 
abnormal, severe dehydration can occur. Destruction of 80% 
of vasopressin-secreting neurons is required to produce 
HDI; injury to the neurohypophysis may cause a transient 
diabetes insipidus. The incidence of HDI is about 1 in 25,000 
people. In 30% of patients, HDI occurs without apparent 
cause; other cases are associated with neoplastic diseases, 
neurological surgery, head trauma, ischemic or hypoxic dis- 
orders, granulomatous diseases, infections, or autoimmune 
disorders. A hereditary form of the disorder is transmitted 
as an autosomal dominant trait, and the vasopressin gene 
defect responsible for this disorder has been identified. The 
genetic abnormality has been described at the concentration 
of the preprohormone for vasopressin, preventing normal 
cleavage of the signal peptide at the carboxy terminus of 
preprovasopressin. Although rare, diabetes insipidus can 
present in pregnancy as a result of high circulating activities 
of the enzyme cysteine aminopeptidase (vasopressinase) that 
inactivates vasopressin. The etiology of this phenomenon 
has not been delineated, but is believed to be a result of 
placental release of vasopressinase. 

Nephrogenic Diabetes Insipidus. Failure of the kidney 
to respond to normal or increased concentrations of AVP can 
cause NDI. In the majority of these patients, AVP is incapable 
of stimulating cyclic adenosine monophosphate (cAMP) 
formation. Two causes have been described for this disorder: 
(1) mutation in the vasopressin receptor and (2) mutations 
in the aquaporin-2 water channels. The vasopressin receptor 
mutation form of NDI is an X-chromosome-linked disorder 
that mostly affects males. Females are more likely to have the 
aquaporin-2 water channel gene defect on chromosome 
12,q12-13, which produces an autosomal recessive disease. 
Acquired forms of NDI may be caused by metabolic dis- 
orders (hypokalemia, hypercalcemia, and amyloidosis), 
drugs (lithium, demeclocycline, and barbiturates), and renal 
diseases (polycystic disease and chronic renal failure). NDI 
may also be seen in the absence of these factors (idiopathic). 

Psychogenic or Primary Polydipsia. A chronic, excessive 
intake of water suppresses AVP secretion and produces 
hypotonic polyuria. The polyuria and polydipsia are usually 
not as sustained as in HDI or NDI; nocturnal polyuria also 
is less frequent. Psychogenic factors are most commonly 
associated with this disorder, but hypothalamic disease 
affecting the thirst center may be a cause. Drugs also can 
affect the thirst center and result in primary polydipsia. 
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1. Document polyuria (urine volume >2.5L/day) and exclude 
glycosuria. If desired, creatinine excretion can be measured as 
an estimate of completeness of urine collections; substances 
that influence ADH secretion should be avoided (e.g., nicotine, 
alcohol, and caffeine). If plasma osmolality is [295 mOsm/kg 
or if serum sodium concentration 2145 mmol/L, primary 
polydipsia is unlikely; proceed with the overnight water . 
deprivation test (Box 50-9) or the hypertonic saline infusion 
test (Box 50-10). 

2. Overnight water deprivation test (Box 50-9): If the ratio of 
urine to plasma osmolality is <1.5 at the end of the test, 
primary polydipsia is unlikely. Measure plasma and urine 
osmolalities and plasma ADH concentrations at the end of the 
test; use these relationships to differentiate normal, 
nephrogenic, or hypothalamic diabetes insipidus, and 
psychogenic polydipsia. If urine osmolality is $400 mOsm/kg 
at the end of the test, give 5 U of aqueous vasopressin 
subcutaneously. If urine osmolality increases 210%, 
hypothalamic diabetes insipidus is probable; if urine 
osmolality does not increase, nephrogenic diabetes insipidus is 
highly probable. 

3. Hypertonic saline infusion test (Box 50-10): Plot plasma 
osmolality versus plasma ADH concentration. 


ADH, Antidiuretic hormone. 


Diagnostic Studies. A differential diagnosis of polyuric 
states can be made using measurements of plasma and urine 
osmolality and plasma AVP concentrations; a recommended 
strategy is shown in Box 50-8. 

The classic approach to the diagnosis of polyuric disor- 
ders is the overnight water deprivation test usually conducted 
in a hospital setting because of immediate concerns of pro- 
found hypotension and possible death (Box 50-9).°""™ If 
access to water is denied, patients with HDI or NDI cannot 
conserve free water and thus show weight loss, hyperna- 
tremia, and an increase in plasma osmolality; urine osmo- 
lality remains low and is often less than that of plasma. 
Once urine osmolality is stabilized, aqueous vasopressin is 
given subcutaneously, and urine osmolality is measured 60 
minutes later. An increase in urine osmolality of >10% sug- 
gests HDI, whereas failure to increase urine osmolality after 
vasopressin injection supports the diagnosis of NDI. Most 
patients with psychogenic polydipsia usually have a normal 
urine osmolality after water deprivation, but some of these 
patients can fail to produce concentrated urine unless water 
deprivation is prolonged. When psychogenic polydipsia is 
suspected, the patient should be given a minimum of 1L of 
normal saline IV to reestablish the renal medullary concen- 
trating gradient so that the patient can respond appropri- 
ately to AVP. 

Measurements of AVP in plasma or urine can also be 
used to establish the correct diagnosis in difficult cases 
(Figure 50-13). After water deprivation, patients with HDI 


Rationale Dehydration provides a strong stimulus for ADH 
release, which can be assessed indirectly by measuring urine 
osmolality or directly by measuring plasma ADH. If urine 
remains hyposmolal during water deprivation, the 
administration of ADH helps differentiate HDI from NDI. 

Procedure This test can be conducted if the plasma osmolality is 
<295 mOsm/kg. The patient is weighed at 22:00 at which time 
plasma and urine specimens are collected for the 
determination of sodium and osmolality. No oral intake is 
allowed until the test is terminated. Care is taken to ensure that 
the patient’s body weight does not decrease by more than 5% 
during the test. Beginning at 6:00, the patient is weighed again. 
Urine is collected hourly for measurement of volume and 
determination of osmolality. When urine osmolality is stable (a 
change of <30 mOsm/kg for 2 consecutive hours, which usually 
takes 8 to 12 hours to occur), specimens are collected for 
plasma osmolality (and plasma ADH, if desired). Five units of 
aqueous vasopressin (ADH) are given subcutancousiy, and 
urine osmolality is measured 1 hour later. The test is then 
terminated. 

Interpretation Normal individuals will lose 3% or less of body 
weight, will not develop an elevated serum sodium or plasma 
osmolality, and will produce a concentrated urine (osmolality 
<400 mOsm/kg) with no further increase in urine osmolality 
after ADH administration. Patients with HDI show an increase 
in plasma osmolality and serum sodium; their urine will be 
less concentrated than normal (<400 mOsm/kg, but often less 
than plasma) and plasma ADH concentrations will not rise 
normally; and urine osmolality will increase by 10% or greater 
after ADH administration. Patients with NDI show plasma and 
urine osmolalities that are similar to those of patients with 
HDI during water dehydration; however, they show high ADH 
concentrations as the plasma osmolality exceeds 300 mOsm/kg. 
Also, they will not show a significant increase in urine 
osmolality after ADH injection. In patients with psychogenic 
polydipsia, normal responses may be seen; however, the period 
of water deprivation may need to be prolonged. Measuring 
plasma ADH in response to hypertonic saline (see Box 50-11) 
may be needed if the diagnosis remains unclear. 


ADH, Antidiuretic hormone; HDI, hypothalamic diabetes insipidus; 
NDI, nephrogenic diabetes insipidus. 


have low or inappropriately normal plasma vasopressin 
concentrations relative to a high plasma osmolality or low 
urine osmolality; patients with NDI have high plasma 
concentrations of vasopressin when plasma osmolality 
exceeds 300mOsm/kg and low urine osmolality; and 
patients with primary polydipsia have normal concentra- 
tions of vasopressin relative to their plasma osmolality.” 
Because AVP concentrations discriminate best when plasma 
osmolality is high, vasopressin can also be measured after 
hypertonic saline is administered to the patient (Box 50-10); 
this saline infusion test is usually not needed unless results 
of the water deprivation test are inconclusive. 
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Figure 50-13 Retention of plasma vasopressin to osmolality. 
Regions | and 2 represent the normal reference interval and 
values seen in subjects with psychogenic polydipsia. Region 3 
indicates central diabetes insipidus, Region 4 is NDI, and Region 5 
is SIADH. LD denotes the lowest detectable plasma vasopressin 
correlation with this assay. (Modified and abstracted from Zerbe 
RL, Robertson GL.A comparison of plasma vasopressin measurements 
with a standard indirect test in the differential diagnosis of polyuria. 
N Engl j Med 1981;305:1539-46,) 


Syndrome of Inappropriate Antidiuretic Hormone 
Secretion (SIADH) 

The autonomous, sustained production of AVP in the 
absence of known stimuli for its release is called SIADH. In 
this syndrome, plasma AVP concentrations are “inappropri- 
ately” increased relative to a low plasma osmolality and to a 
normal or increased plasma volume. SIADH may be the 
result of one of several factors: production of vasopressin by 
a malignancy (such as a small cell carcinoma of the lung), 
the presence of acute and chronic diseases of the central 
nervous system, pulmonary disorders, or a side effect of 
certain drug therapies. In addition, as many as 10% of 
patients undergoing pituitary surgery have a transient 
SIADH approximately 8 to 9 days after surgery (when the 
patient is at home), which responds to water restriction (2 
to 3 days) and resolves without recurrence. In SIADH, a 
primary excess of AVP, coupled with unrestricted fluid 
intake, promotes increased reabsorption of free water by 
the kidney. The result is a decreased urine volume and an 
increased urine sodium concentration and urine osmolality. 
As a consequence of water retention, these patients become 
modestly volume expanded. The increase in intravascular 
volume causes hemodilution accompanied by dilutional 
hyponatremia and a low plasma osmolality. Volume expan- 


ol or the Saline nfu 
etes insipidus _ 


Rationale An increase in plasma osmolality is a strong stimulus 
for release of ADH. The administration of hypertonic saline 
intravenously will produce a hyperosmolal state, causing a rise 
in plasma ADH concentration. Plasma ADH concentration can 
be plotted against plasma osmolality and compared with a 
nomogram. 

Procedure An intravenous infusion of 3% saline is begun at a 
minimum rate to maintain flow; two baseline blood specimens 
are drawn 15 minutes apart for plasma osmolality and ADH 
determination. The rate of saline infusion is then adjusted to 
0.1 mL/kg/min and maintained with an infusion pump for 2 
hours. Blood specimens are collected for plasma osmolality 
and ADH measurement every 15 minutes during this 2-hour 
period. 

Interpretation Normal subjects show a plasma ADH that is 
>7 pg/mL when plasma osmolality is >310 mOsm/kg. 


ADH, Antidiuretic hormone. 


sion also decreases renal sodium reabsorption and thus 
further increases the urine sodium concentration. 

The most common cause of hyponatremia in hospital 
patients is SLADH.* However, other disorders can cause 
dilutional hyponatremia and must be differentiated from 
SIADH. These conditions include (1) congestive heart 
failure, (2) renal insufficiency, (3) nephrotic syndrome, (4) 
liver cirrhosis, and (5) hypothyroidism. Excessive adminis- 
tration of hypotonic fluids and treatment with drugs that 
stimulate AVP (e.g., chlorpropamide, vincristine, clofibrate, 
carbamazepine, nicotine, phenothiazines, and cyclophos- 
phamide) can cause dilutional hyponatremia as well. 
Hyponatremia may also occur from renal or extrarenal 
sodium losses (depletional hyponatremia) as a result of 
vomiting, diarrhea, excessive sweating, diuretic abuse, salt- 
losing nephropathy, or mineralocorticoid deficiency. 

The clinical manifestations of hyponatremia are nonspe- 
cific; weakness and apathy occur in mild cases, and central 
nervous system changes (lethargy, coma, and seizures) are 
present in more severe cases. No signs or symptoms are spe- 
cific for SIADH. History, physical examination, and routine 
laboratory test results often suggest that hyponatremia is 
dilutional or depletional. 

Measurements of sodium and osmolality in blood and 
urine, combined with a clinical assessment of volume status, 
usually permit the appropriate differential diagnosis of 
hyponatremic conditions (Box 50-11). The typical patient 
with SIADH has a hyposmolar plasma (<270mOsm/kg), a 
urine osmolality that is slightly greater than that of plasma, 
and a urine sodium concentration that is inappropriately 
elevated (~40 to 80mmol/L). Patients with dilutional 
hyponatremia resulting from excess water intake have a 
hypotonic plasma, an unremarkable urine sodium concen- 
tration (<20mmol/L), and a dilute urine (a urine osmolal- 
ity that is less than that of plasma). Patients with depletional 
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Document plasma hypoosmolality (<275 mOsm/kg) and 
hyponatremia (sodium concentration of $130mmol/L). Use 
history, physical examination, and appropriate laboratory tests 
to exclude cardiac, hepatic, renal, thyroid, or adrenal failure; 
and the effects of pituitary surgery, diuretic therapy, or 
medications known to stimulate ADH release. (SIADH cannot 
be diagnosed unless these factors are corrected.) Measure the 
urine sodium concentration and osmolality. Urine osmolality 
greater than plasma osmolality and without correspondingly 
low urine sodium concentration (usually >60 mmol/L) 
indicates that SIADH is probable. If further tests seem to be 
indicated: (1) Perform water loading test (Box 50-12), Use with 
caution. Normal results exclude SIADH. (2) Measure plasma 
ADH and plasma renin concentrations. SIADH is characterized 
by high ADH concentration and low renin concentration. If 
plasma ADH and renin concentrations are both low, a primary 
defect in renal water excretion is present. 


ADH, Antidiuretic hormone; SIADH, syndrome of inappropriate 
antidiuretic hormone. 


hyponatremia caused by extrarenal sodium loss have hypo- 
tonic plasma, a low urine sodium concentration (usually 
<20 mmol/L), and a urine osmolality that is greater than that 
of plasma; patients with depletional hyponatremia caused 
by impaired renal conservation of sodium have similar 
results except that their urine sodium concentrations are 
elevated. 

If the cause for mild hyponatremia remains unclear after 
the above tests are performed, a water-loading test may be 
performed (Box 50-12). This test is potentially dangerous in 
patients with severe hyponatremia and should not be per- 
formed if the serum sodium concentration is <130 mmol/L. 
Patients with SIADH have impaired excretion of the water 
load and fail to dilute their urine. Measurements of vaso- 
pressin in plasma are not usually needed to make a diagno- 
sis of SIADH, but basal values would be expected to be 
inappropriately high relative to plasma hyposmolality, Inter- 
pretations of plasma vasopressin concentrations are some- 
times complicated, because values are often within the 
physiological reference interval or are undetectable.” 


Measurement of Arginine Vasopressin 


Numerous immunoassays for measuring AVP in plasma or 
urine have been described. However, their routine clinical 
application has been hampered because of method com- 
plexity and lack of assay sensitivity and specificity. With 
most plasma assays, a preliminary extraction procedure is 
required, not only to concentrate the minute amount of 
hormone that is present in the specimen, but also to remove 
nonspecific interfering substances. 

Procedures for extracting and concentrating AVP from 
biological fluids often involve the use of solvents such as 


Rationale An excess of ADH leads to hyponatremia, because it 
interferes with the ability of the kidneys to excrete a water load 
normally. This test is useful if SIADH is suspected in a patient 
with normal or near-normal serum sodium and plasma 
osmolality or in a patient with “reset osmostat.” This test 
should not be performed in patients who are already 
significantly hyponatremic because of the danger that the water 
load will worsen the hyponatremia. 

Procedure The test is started in the morning 2 hours after the 
patient has eaten a light breakfast. Plasma and urine 
osmolalities are measured. The patient is given water to drink 
(20mL/kg) over a 15- to 30-minute period; lightly salted 
crackers may be given with the water if needed. The patient is 
kept in a recumbent position, and specimens are taken hourly 
for the next 4 hours for assessment of plasma and urine 
osmolality. Total urine output is measured. 

Interpretation Plasma osmolality should decrease by 25 
mOsm/kg, and urine osmolality should drop to <100 
mOsm/kg, with 90% or more of the water load excreted in 4 
hours, SLADH is characterized by excretion of <90% of the 
water load and by urine osmolality that remains at 
>100 mOsm/kg. Plasma ADH may be measured at 90 or 120 
minutes after the water loading to confirm the diagnosis. 
Subnormal responses are seen with glucocorticoid deficiency, 
hypothyroidism, and renal diseases. 


ADH, Antidiuretic hormone; SIADH, syndrome of inappropriate 


antidiuretic hormone. 


acetone, petroleum ether, or ethanol.” Alternatively, column 
chromatography using octadecyl silica (Cig) columns is an 
efficient purification technique.”””"” Although a few non- 
isotopic immunoassays have been developed for ADH,’ 
most clinical laboratories use some variant of an RIA; com- 
plete test kits or individual components (antivasopressin 
antisera and vasopressin labeled with I) are available com- 
mercially. Most RIAs are of the delayed-addition type; this 
nonequilibrium approach provides better sensitivity than 
equilibrium assays at low hormone concentrations. Separa- 
tion of bound and free ligand is commonly achieved using 
second-antibody precipitation techniques. 

In the method described by Crawford and Gyory,” 
plasma samples (0.5mL) are acidified, extracted through 
C18 Sep-Pak cartridges, and evaporated to dryness. The con- 
centrated specimen is then reconstituted with buffer and 
incubated with rabbit antivasopressin antisera for 26 to 30 
hours at 5°C. During this time, essentially all the endoge- 
nous vasopressin binds to the antibody. Radioactive I- 
labeled vasopressin is subsequently added, and the mixture 


is incubated for an additional 16 hours at 5 °C. An antirab- 
bit antibody-coated cellulose suspension is used to preci- 
pitate the antibody-bound hormone immunologically. 


The detection limit of this method is 0.lpg per tube 
(0.45ng/L or 0.42 pmol/L). The between-run CV is 7.6% to 
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11.3% at concentrations ranging from 3 to 10ng/L (2.8 to 
9.3 pmol/L), 


Specimen Collection and Storage 

Blood specimens for AVP are collected into prechilled tubes 
containing EDTA as an anticoagulant. Most procedures rec- 
ommend that specimens be delivered to the laboratory on 
ice and centrifuged at 4 °C within 30 minutes of collection. 
The plasma is then removed and stored or shipped frozen at 
—20°C until analysis is performed. Random urine specimens 
are collected without preservatives; alternatively, complete 
24-hour urine specimens may be collected in 10mL of 
6mol/L hydrochloric acid.” Significant deterioration of 
both hormones occurs with prolonged storage. 


Reference Intervals 

The plasma concentration of AVP in healthy adults (ages 24 
to 42 years) with normal water intake and normal physical 
activity is 0.35 to 11.94ng/L (0.32 to 11.80pmol/L).” For 
best interpretation of results, plasma AVP values should be 


correlated with serum or plasma osmolality: 


ioe -\/ eee ee ie esas 
ng pmol/L ~ Osmolality mOsm/kg 
<1 5) eA Mhi - 270-280 
<2.5 422.3 280-285 
1500 09-46 < 285-290 
2-7 1.9-6.5 290-295 
4-12 3741 295-300 


The reference interval for AVP in a random urine speci- 
men is reported to be 1 to 112 pg/mL.” 


OXYTOCIN 


Oxytocin is a nonapeptide secreted by the magnicellular 
neurons of the hypothalamus and stored in the neurohy- 
pophysis along with AVP. It promotes uterine contractions 
and milk ejection and contributes to the second stage of 
labor. 


Regulation of Secretion 

The primary stimulus for oxytocin release is suckling. 
Stimulation of tactile receptors located around the nipples 
of the breasts initiates an action potential that propagates 
along afferent nerve fibers through the spinal cord and mid- 
brain to the hypothalamus. The cell bodies in the paraven- 
tricular nucleus are then stimulated, resulting in the episodic 
release of oxytocin. Stretch receptors in the uterus and pos- 
sibly in the vaginal mucosa may also initiate action poten- 
tials in afferent nerve fibers that ultimately stimulate the 
release of oxytocin from the neurohypophysis. Estrogens 
enhance the response of oxytocin to these stimuli. The influ- 
ence of other parts of the brain on the release of oxytocin 
has been reported; emotional stress, for instance, inhibits 
lactation. 


Physiological Actions 

Oxytocin is present in males and females, but its physi- 
ological effects are known only for females. Oxytocin stim- 
ulates contraction of the uterine myometrium only in the 
estrogen-primed uterus and can activate the smooth muscles 
associated with milk letdown with nursing, Thus the effects 
of oxytocin appear limited to events of parturition and 
lactation. Oxytocin has been used as a therapeutic agent 
to induce labor, but the physiological mechanism whereby 
it induces uterine contractions remains obscure. There 
is some evidence to show that oxytocin can stimulate 
prostaglandin production, which may be the vehicle 
through which myometrial contractility is enhanced. 
There is evidence indicating that oxytocin may affect the 
central nervous system and thus modulate human be- 
havior.“ Progestins are believed to counteract the actions 
of oxytocin, 


Measurement of Oxytocin 


Numerous immunoassays for measuring oxytocin in plasma 
or urine have been described.” However, their routine clin- 
ical application has been limited because of a lack of physi- 
ological relevance to human reproductive disorders and 
because of a lack of easy-to-use immunoassays with accept- 
able sensitivity and specificity. With most plasma assays, 
a preliminary extraction procedure with column chro- 
matography is required, not only to concentrate the minute 
amount of hormone that is present in the specimen, but also 
to remove nonspecific interfering substances, 


Specimen Collection and Storage 

Blood specimens for oxytocin are collected into prechilled 
tubes containing EDTA as an anticoagulant. Most proce- 
dures recommend that specimens be delivered to the labo- 
ratory on ice and centrifuged at 4 °C within 30 minutes of 
collection. The plasma is then removed and stored frozen at 
-20 °C until analysis is performed. Random urine specimens 
are collected without preservatives; alternatively, complete 
24-hour urine specimens may be collected in 10mL of 
6mol/L hydrochloric acid.” Significant deterioration of 
both hormones occurs with prolonged storage. 


Reference Intervals 


Oxytocin values are quantified relative to the bioassay 
potency of a synthetic reference preparation. Plasma results 
are reported as microunits per milliliter (1 4U is equivalent 
to 2pg of synthetic oxytocin): 


Males 
Females . A ae 
“Nonpregnant 
~ Second stage of labor ` 
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CHAPTER 5 l 


The Adrenal Cortex* 


Laurence M. Demers, Ph.D., EA.C.B., D.A.B.C.C. 


n adrenal gland lies at the upper pole of each human 
Ake: Each gland is pyramidal in shape, is approxi- 
ately 2 to 3cm in width, 4 to 6cm long, 1 cm thick, 
and weighs approximately 4g, regardless of age, weight, or 
gender.” Each gland consists of a yellow, outer cortex and a 
gray, inner medulla. Beneath the capsule of the outer cortex 
lies the zona glomerulosa that constitutes approximately 
15% of the cortex. The next layer is the zona fasciculata that 
comprises about 75% of the cortex with large and lipid- 
laden cells. The innermost zone is the zona reticularis that 
contains irregular looking cells with little lipid content. The 
cells of the adrenal cortex synthesize steroid hormones, 
which are discussed in this chapter, and the cells of the 
adrenal medulla synthesize catecholamines, such as 
dopamine, norepinephrine, and epinephrine aromatic 
amines, which have important consequences for blood pres- 
sure regulation. The catecholamines and their function are 
discussed in Chapter 29. 

The human adrenal cortex secretes three major classes of 
steroid hormones that possess a wide range of physiological 
functions. These include the glucocorticoids, the mineralo- 
corticoids, and the adrenal androgens. This chapter begins 
with a section on general steroid biochemistry, followed by 
a discussion of the clinical and biological functions of the 
steroid hormones produced by the adrenal cortex. 


GENERAL STEROID CHEMISTRY 
CHEMICAL STRUCTURE 

Steroids are hormones that contain the cyclopentanoperhy- 
drophenanthrene nucleus as the backbone structure (Figure 
51-1). The three six-sided rings (A, B, and C) constitute the 
phenanthrene nucleus, to which is attached the (D) or 


“The author gratefully acknowledges the contribution of Ronald 
J. Whitley on which portions of this chapter are based. 
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cyclopentane ring. The prefix “perhydro” refers to the satu- 
ration of the compound with hydrogen atoms. This class of 
compounds includes such natural products as sterols (e.g., 
cholesterol), bile acids (e.g., cholanic acid), sex hormones 
(e.g, estrogens and androgens), vitamin D, and the corti- 
costeroids. The steroid hormones contain up to 21 carbon 
atoms (Cz steroids), numbered as shown in Figure 51-1. The 
carbon atoms composing the rings and the hydrogen atoms 
attached to them are not usually written into the structure 
unless it is necessary to draw special attention to configura- 
tion. Furthermore, in all naturally occurring steroid hor- 
mones, the projected solid line from the carbon atom at 
position 10 or 13 usually designates the presence of an 
angular (CH;) group, unless otherwise indicated. 

Steroids are three-dimensional molecules with their 
constituent atoms lying in different planes—such spatial 
arrangements give rise to isomers. The ‘direction of the 
hydrogen atoms, of the substituents, and of the side chain 
plays a much more important role in the distinction of 
various isomers of the steroid compounds than does the 
relative position of the carbon atoms in the rings. Thus the 
isomers resulting from fusion of two rings are decided on 
the basis of the spatial relationship between the hydrogen 
atoms or the substituents at common carbon atoms. When 
rings A and B are fused, two isomers are possible, depend- 
ing on whether the hydrogen atom at C-5 and the methyl 
group at C-10 are on the same or the opposite side of the 
plane of the rings. If the hydrogen atom points in the same 
direction as that of the angular methyl group at C-10, the 
compound is said to be in the cis or normal form. If, however, 
they are on the opposite sides, the compound is said to be in 
the trans or allo form. Although rings A and B may be either 
cis or trans, the rings B-C and C-D have the trans configu- 
ration in all naturally occurring steroid hormones. 

The two methyl groups attached to C-10 and C-13 lie 
above the plane of the molecule and are customarily the 
points of reference for describing the spatial orientation of 
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Cyclopentanoperhydrophenanthrene 


Figure 51-1 Common features and numbering system of 
steroids. l 


cis- trans- 


Hydrogen atom and methyl 
group are on the same side 
(above the plane of the 
paper: 5B-isomer.) 


Hydrogen atom is on the 
opposite side (below the 
plane of the paper: 
5a-isomer, ) 

Figure 51-2 Fusion of rings A and B and their isomerism in 
naturally occurring steroids. 


other substituents in the steroid nucleus. Depending on 
which side of the molecule that substituents are attached rel- 
ative to these two methyl groups, they are said to have either 
an &- or B-orientation (Figure 51-2). For example, when 
substituents are on the same side as the two methyl groups, 
they are said to possess a B-configuration, which is indicated 
by a solid line (—) joining the substituents to the appropri- 
ate carbon atoms in the nucleus. Substituents on the oppo- 
site side are attached by a broken line (— — —) to denote 
an c-configuration. In the structures shown in Figure 51-2, 
when the hydrogen substituent at C-5 is cis, the isomer is the 
5B-isomer, and when it is trans, the isomer is accordingly the 
5a-isomer. Similarly the substituents at C-3, C-11, C-17, 
or any other carbon atoms are indicated as either &- or B- 
configuration, depending on their spatial orientation relative 
to these methyl groups (C-10 and C-13). 

The different steroids containing the cyclopentanoperhy- 
drophenanthrene nucleus differ from one another by the 
introduction of double bonds between certain pairs of 
carbon atoms, by the introduction of substituents for the 
hydrogen atoms, or by the addition or deletion of a specific 
type of side chain. On the basis of such structural charac- 
teristics, the steroidal compounds are classified as derivatives 
of certain parent hydrocarbons, namely, estrane (for estro- 
gens), androstane (for androgens), and pregnane (for corti- 
costeroids and progestins). Chemically, estranes are Cys 
compounds that lack one methyl group at C-10, androstanes 
are Ciy compounds that possess 50- or 5B-configuration, 
and pregnanes are Ca compounds that have a B-oriented, 


ethyl side chain (—CH,—CH3) attached to C-17. Further 
discussion of the chemistry of estranes and androstanes is 
presented in more detail in Chapter 53. 

The prefix allo- is a term used to describe the stereoiso- 
merism of the hydrogen atom at C-5. When the configura- 
tion differs at any other carbon atom, the prefix epi- is used 
(e.g, androsterone possesses a 30-hydroxyl group, and 
epiandrosterone a 3B-hydroxyl group; testosterone possesses 
a 17B-hydroxyl group, and epitestosterone a 17a-hydroxyl 
group). 

To describe a compound with chemical nomenclature, a 
variety of other suffixes and prefixes are used. The suffix -ane 
indicates a fully saturated compound (e.g., pregnane); -ene, 
the presence of one double bond (e.g., pregnene); -diene, two 
double bonds; and -triene, three double bonds; the terminal 
“e” is omitted before a vowel (e.g., -4-en-$3-ol). The position 
of the double bond is indicated by the number of the carbon 
atom from which it originates, and it is understood to termi- 
nate at the next higher carbon atom (e.g., “4-ene” means that 
a double bond lies between C-4 and C-5). However, when 
an alternative is possible, as in a double bond originating at 
C-8 in the estrane nucleus that can terminate at C-9 or C-14, 
the number of the carbon atom at which the bond ends is 
written in parentheses. Thus a double bond at C-8 terminat- 
ing at C-14 is designated as “8(14)-ene.” A formerly used 
prefix for a double bond is the symbol A, with a superscript 
indicating the position of the double bond (e.g., A). An 
alcohol (—OH substituent of the nucleus) is indicated by the 
suffix -ol (two alcohol groups as -diol, three as -triol, etc.), 
or by the prefix hydroxy- or oxy- (dihydroxy- for two, trihy- 
droxy- for three, etc.). Ketones (CO) are identified by the 
suffixes -one for one keto group, -dione for two keto groups, 
and so on, or by the prefix oxo- (Table 51-1). 

In naming a compound containing double bonds, 
hydroxyl groups, and ketones, priorities are given to the use 
of suffixes and prefixes. Thus hydroxyl groups are indicated 
by the prefix followed by the suffixes for other substituents. 
Accordingly the systematic name of dehydroepiandrosterone 
is written as 3B-hydroxy-androst-5-en-17-one. Note that to 
denote the bond of unsaturation, the first part of the parent 
hydrocarbon is followed by the position of the bond and the 
suffix (e.g., androst-5-en). If the prefix A for unsaturation is 
chosen, then suffixes for both the hydroxyl and the ketone 
groups are used (e.g., A°-androsten-3B-ol-17-one). When 
only one kind of substituent is present, the use of a suffix is 
customary (e.g., pregnanediol [5B-pregnane-3a, 200-diol] 
and androstenedione |androst-4-ene-3,17-dione]). 

The utility of the systematic name of a compound lies in 
the information that it provides about the parent com- 
pound, the position of bond unsaturation, and the nature, 
position, and orientation of substituents. The trivial name, 
as the term suggests, conveys little or no information about 
the chemical origin and characteristics of a compound (e.g., 
cortisol, progesterone, and testosterone). The trivial and sys- 
tematic names of some of the important steroid hormones 
are given in Table 51-2. 
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TABLE 51-1 Common Suffixes and Prefixes for 
Steroids 


Definition. 


ae Aldehyde group. 


Hsu Saturated: bye en! 

sene2 o RS Unsaturated hydrocarbon 

-ol =. Hydroxyl group - 

-ope : -Ketone group: 
Prefix Ba 

hydroxy- (oxy-) Hydroxyl group 

keto- (oxo: E Ketone iii. 

deoxy-" = Replacement of hydroxy group by. 

‘deo... ; hydrogen 

; : dehydro- ee Loss of two. hydrogen. atoms. from 
BES loa eadjacent-carbon atoms... 
_ dihydro-.. Addition of two hydrogen. atoms 


et ee Spatial arrangement of two... 
substituents on the same. side of 
the molecule: 
oo trans-:: Spatial arrangement. of two. a 
eee substituents on opposite sides of 
the molecule : 


Bars Substituent that is trans to ‘the vies 
ae methyl group at C-10 H 
:-B- Substituent that is cis to the a 

e group:at C-10 : 

$ epi- Isomeric in configuration ¢ at any. 


carbon atom except at the 
Soe d, junction of two -rings .. 
TADRE Position of unsaturated ae 


In addition to the usual suffixes and prefixes just dis- 
cussed, a few special prefixes are usually used for the semi- 
trivial names of the compounds. Thus the prefix dehydro- is 
used to indicate the loss of two hydrogen atoms from 
adjacent carbon atoms with the formation of a double 
bond (e.g., dehydroepiandrosterone). The prefix dihydro- or 
tetrahydro- indicates the addition of two or four hydrogen 
atoms to the molecule, respectively, as in dihydrocortisol and 
tetrahydrocortisol. The replacement of a hydroxyl group by 
hydrogen (COH CH) is denoted by the prefix deoxy- (or 
desoxy- [e.g., 11-deoxycorticosterone]). 

Steroid nomenclature is officially defined by the Interna- 
tional Union of Pure and Applied Chemistry (IUPAC). 


BIOCHEMISTRY 

Human steroid hormones are synthesized primarily from 
cholesterol in the adrenal glands and gonads. In most cases, 
cholesterol is made available from the circulation in the form 
of low-density lipoprotein cholesterol (LDL). The uptake of 


TABLE 51-2. Trivial and Systematic Names of Some 
Important Steroid Hormones 


Systematic Name ae = 


Aldosterone... S a 21-Dihydroxy-3;20+-.:5: 
Hans ~ dioxopregn-4-en-18-al 
: Androst- dr -ene-3,1 1,17- Be 
a trione. i ; 
ne Ja Hydroxy Sa -androstan- 
17-one 
--11B,17,21-Trihydroxypregn- 
Si 4-ene-3,20-dione 
3B- -Hydroxyandrost:3; en- 
as 17-one.:*. 
`- Estra-1,3 .5(10)-triene- 
S43 Up -dioly eae 
~-Estra-1,3,5(10)-triene-.... 


Androstenedione. 


Androsterone 
Cortisol 
Dehydroepiandrosterone 


Estradiol-17B 


Estriol = 

Sea nes 3,160,17B-triol ` ; 
“Estrone OOGA E Be -Hydroxyestra- 1:3, 510) 7 
a a onan ed trien-17-one. =. E 
Eriocholanolone PRE 30-Hydroxy-5B- androstan- 


ee : 17-one 
: Pregnanediol oe 


z 5B- -Pregnane-30,,200- diol : 
i Progesterone: en Pregn-4-ene-3,20- dione ah: 
‘Testosterone eae 17B-Hydroxy-androst-4-en-. 
ee : 3-one ; 
_Urocortisol 30,,11B,17,21-Tetrahydroxy- 
~ (tetrahydro F) 5B-pregnan-20-one 


LDL takes place by way of specific cell surface LDL receptors 
on the adrenal gland surface that internalize the cholesterol 
moiety, releasing it as substrate for steroidogenesis; however, 
all steroidogenic cells are capable of de novo synthesis from 
acetyl coenzyme A.” To ensure a continuous supply of free 
cholesterol for steroid synthesis, lipoprotein cholesterol 
uptake is coordinated with intracellular cholesterol synthe- 
sis and with the mobilization of intracellular cholesteryl 
ester pools. When the rate of cholesterol uptake exceeds the 
rate of steroidogenesis, intracellular cholesterol synthesis is 
suppressed, and cholesterol in excess of cellular needs is 
esterified and stored for future use. 

The initial rate limiting step in the transport of intracel- 
lular cholesterol to sites of steroidogenesis is mediated by a 
steroidogenic acute regulatory protein (StAR) that is regu- 
lated by adrenocorticotropic hormone (ACTH). 

The nature and quantity of steroid hormones produced 
by the adrenal glands and gonads are different. The differ- 
ence is inherent in the degree of activity of certain enzyme 
systems. For example, the enzymes 11B-hydroxylase and 21- 
hydroxylase, present only in the adrenal glands, synthesize 
steroids characteristic of the adrenal glands. Similarly the 
ovaries and the testes contain enzymes that synthesize the 
male and female sex hormones (see Chapter 53). 
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TABLE 51-3 The Genes, Chromosomal Location, and Common Names of the Adrenal Steroidogenic Enzymes 


Enzyme Name 


11-Aldosterone synthase ; 
Cholesterol side-chain cleavage (SCC, desmolase) 
170-Hydroxylase/17;20 lyase 

21-Hydroxylase 

B-Hydroxylase 

3B-Hydroxysteroid ‘dehydrogenase (3B-HSD):: 


Biosynthesis 

Enzymes participating in the biosynthesis of steroid hor- 
mones are broadly classified as (1) hydroxylases, (2) lyases, 
(3) dehydrogenases, and (4) isomerases. 


Hydroxylases 


These enzymes are all cytochrome P-450 enzymes’” and 
catalyze the substitution of the hydroxyl group (—OH) for 
hydrogen (—H). For example, 21-hydroxylase (also known 
as “P-450c¢2,”) introduces a hydroxyl group at C-21. Similarly, 
11B-hydroxylase (P-450¢);) introduces a hydroxyl group at 
the B-position of C-11. The required cofactors are nico- 
tinamide-adenine dinucleotide phosphate (NADP) and mo- 
lecular oxygen; the reaction is irreversible. The hydroxylation 
is carried out in conjunction with an electron transport 
system that consists of NADPH — flavoprotein -> nonheme 
iron protein > cytochrome P-450 — oxygen. Cytochrome 
P-450 couples with specific hydroxylases for the introduction 
of an atom of oxygen into the steroid molecule. 


Lyases 


Enzymes with lyase activity are required for cleavage of the 
side chain. Previously, it was thought that three distinct 
enzymes, including a 20,22-lyase, participated in the con- 
version of cholesterol to pregnenolone. However, it is now 
known that a single cholesterol side-chain cleavage enzyme 
(P-450scc) catalyzes the complete reaction.” This enzyme is 
located within mitochondria and participates in an electron 
shuttle system where the oxidation and hydroxylation of the 
different adrenal steroids takes place. The C, steroid hor- 
mones are transformed to C, steroid hormones by the 
17,20-lyase activity of P-450cı7 a microsomal enzyme that 
also catalyzes the hydroxylation of C-17. 


Dehydrogenases 


This group of enzymes catalyzes the transfer of hydrogen 
within the steroid structure (oxidation and reduction). The 
reaction is in general reversible. The cofactor is either the 
oxidized or reduced form of nicotinamide-adenine dinu- 
cleotide (NAD)* or NADP*, depending on the direction 
of the reaction. Examples include 3f-hydroxysteroid 
dehydrogenase, 11B-hydroxysteroid dehydrogenase, 17B- 
hydroxysteroid dehydrogenase, _A°-3-hydroxysteroid 
dehydrogenase, and 3u-hydroxysteroid dehydrogenase. 


Gene Chromosome Location 
CYP11B2 8q24.3 
GYP1I1A1 15q23-q24 
CYP17 10q24.3 
CYP21A2 6p21:3 
CYPLIBL 8q24.3 
HSD3B2 Lp13.1 
Isomerases 


Isomerases catalyze the migration of a double bond. The 
most important enzyme of this group that is involved in 
steroidogenesis is A’-ketosteroid isomerase (A*°isomerase). 
The concerted action of A°-3B-hydroxysteroid dehydro- 
genase and A’-ketosteroid isomerase on pregnenolone 
produces progesterone through the oxidation of the 3B- 
hydroxyl group and the migration of a double bond from 
A’ to A‘. 


Chromosomes and Genes 


The chromosomes and genes responsible for the adrenal 
steroidogenic enzymes have been identified. Table 51-3 
depicts the current nomenclature and chromosome local- 
ization for the genes that regulate these enzymes. 


Metabolism 


The liver is the major site of steroid metabolism. The kidney 
and the gastrointestinal tract, however, also both carry out 
important metabolic transformation of steroids. 

In addition to using acetate and cholesterol, some 
steroidogenic tissues produce hormones by converting 
steroid intermediates that originate from other sources. For 
example, ovarian granulosa cells can convert androgens pro- 
duced in thecal cells to estrogens. Some target tissues, such 
as the prostate, can also convert the circulating form of a 
steroid to a more potent and bioactive form, which then 
exerts its effects within the cells. For example, the prostate 
contains a 5o.-reductase that converts testosterone to its bio- 
logically more potent form, dihydrotestosterone. Another 
example of this is the conversion of the adrenal androgen 
precursor, dehydroepiandrosterone (DHEA), to estrone in 
fat tissue by way of the aromatase enzyme. 

Important biochemical steps for neutralizing the potent 
biological activity of hormones and facilitating their rapid 
elimination from the systemic circulation include (1) the 
introduction of an additional hydroxyl group (e.g., estradiol 
to estriol); (2) dehydrogenation (eg., testosterone to 
androstenedione); (3) reduction of a double bond (e.g., cor- 
tisol to dihydrocortisol); and (4) conjugation of an essential 
hydroxyl group or groups with a chemical moiety, such as 
glucuronic acid (e.g., testosterone to testosterone glu- 
curonide), The conjugation of these hormones and their 
metabolites with sulfuric or glucuronic acid is, by far, the 
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most efficient single metabolic process for their excretion in 
the urine. Almost all steroid metabolites are excreted as 
water-soluble glucuronides or sulfates. 


ADRENOCORTICAL STEROIDS 


The human adrenal cortex secretes a number of steroid hor- 
mones that are involved with a wide range of metabolic 
processes from three discrete anatomical zones; the zona 
fasciculata, the zona reticularis, and the zona glomerulosa. 


GENERAL BIOCHEMISTRY 


Steroids isolated from the adrenal glands include the corti- 
costeroids and adrenal androgens. Their chemical structure 
and how they are synthesized and transported are discussed. 
in this section. 


Chemical Structure 


The corticosteroids include the glucocorticoids and mineralo- 
corticoids: they are physiologically and quantitatively the 
most important group of adrenal steroids.” The structural 
formula of some of the most significant biologically active 
corticosteroids are shown in Figure 51-3; their trivial and 
systematic names are listed in Table 51-2. These compounds 
all possess a A*-3-keto group (unsaturated double bond 
between C-4 and C-5 and a keto group at C-3); a side-chain 
hydroxyl substitution at C-17 in the B-position (above the 
plane of the paper); and, with the exception of 11- 
deoxycortisol (compound S} and 11-deoxycorticosterone 
(DOC), an oxygen function (keto or B-hydroxyl) at C-11. 
Cortisone and hydrocortisone (cortisol) also have a 170- 
hydroxyl group (below the plane of the paper). Cortico- 
steroids show maximal structural specificity. Structural 
alterations, especially the reduction of the A‘-3-keto group, 
render them biologically inactive. The major cortico- 
steroids—cortisol and aldosterone—are secreted by the 
adrenal glands at the rate of approximately 25 mg/day and 
200 pg/day, respectively.’ 


Glucocorticoids 


Cortisol is the major glucocorticoid synthesized from cho- 
lesterol in the zona fasciculata and reticularis of the human 
adrenal cortex. Cortisol has major effects on carbohydrate, 
protein, and lipid metabolism. The influence of glucocorti- 
coids on carbohydrate metabolism (Figure 51-4) includes 
promotion of gluconeogenesis through the activation of key 
enzymes in this pathway, including phosphoenolpyruvate 
carboxykinase and glucose-6-phosphatase, increased depo- 
sition of liver glycogen through the activation of glycogen 
synthase and inhibition of glycogen phosphorylase, and a 
reduction in glucose use and uptake by peripheral tissues, 
such as muscle and fat. The increase in gluconeogenesis is 
also due to an increase in muscle protein breakdown and an 
inhibition of amino acid uptake and protein synthesis in 
peripheral tissues (muscle, skin, and bone). Glucocorticoids 
also affect fat metabolism with an activation in lipolysis and 
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=0 


Cortisol 
{Compound F) 


11-Deoxycortisol 
(Compound $} 


CH,OH 
=0 


Cortisone Deoxycorticosterone 
(Compound E) (DOC) 
CHOH CH,0H 
=0 =O 
HO. ie) 
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Corticosterone 
(Compound B) 


1i-Dehydrocorticosterone 
(Compound A} 
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CH,0H 


Aldosterone 

(aldehyde) 
Figure 51-3 Structural formulas and trivial names of some 
biologically active corticosteroids. Note alphabetical ring system 
and the numerical system for 21 carbon atoms. 


Aldosterone 
(hemiacetal} 


the release of free fatty acids into the circulation; when 
present in excess, glucocorticoids cause a central distribution 
of fat to the face, neck, and trunk. Glucocorticoids can also 
stimulate adipocyte differentiation and promote lipogene- 
sis through the activation of enzymes such as lipoprotein 
lipase and increased messenger ribonucleic acid (mRNA) 
expression for leptin. 

Circulating glucocorticoids have other clinically impor- 
tant effects (see Figure 51-4), such as antiinflammatory 
effects and a suppression of the immune system. Conse- 
quently, glucocorticoids are used therapeutically to treat 
inflammatory conditions such as rheumatoid arthritis.’” 
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Inhibition of the normal immune response results from a 
gradual destruction of lymphoid tissue, followed by a decline 
in antibody production and a decrease in the numbers of 
eosinophils, basophils, and lymphocytes. The reduction in T- 
lymphocyte counts by glucocorticoids can occur acutely as a 
result of the redistribution of these cells from the intravas- 
cular space to the spleen, lymph nodes, and bone marrow. 
Thus an increase in the neutrophil count is commonly 
observed after glucocorticoid administration. The major 
suppressive effects of glucocorticoids on the inflammatory 
response and the immune system appear to be through the 
modulation of cytokine production via an inhibition of 
nuclear factor kappa B (NF-«B) expression and nuclear 
translocation. Cytokines released from immunocompetent 
cells mediate both the acute and chronic phases of inflam- 
mation and participate in the control of the immune 
response {see Chapter 22). 

For example, cytokines such as interleukin ({IL)-1, 
IL-2, IL-6, tumor necrosis factor (TNF), interferon-y, 
and granulocyte-macrophage colony-stimulating factor 
(GMCSF) released from white blood cells with activation of 
the inflammatory response are inhibited by the glucocorti- 


The Thyroid — 


CHO/ipid metabolism 
Increased glycogen 
Increased insulin resistance 
Increased gluconeogenesis 
Increased FFA 

Visceral obesity 


The endocrine system 
Decreased FSH, LH release 
Decreased TSH release 
Decreased GH secretion 


coid’s antiinflammatory and immunosuppressive effects 
(Figure 51-5). Cytokines, such as IL-1, IL-6, and TNF have 
also been shown to directly stimulate the hypothalamic- 
pituitary-adrenal (HPA) axis as part of the link that exists 
between the neuroendocrine system and the immune 
system. Thus activated immunocompetent cells that produce 
cytokines suppress the immune response partly through 
glucocorticoids and the HPA (see Chapter 50). Inhibition of 
the immune response by exogenous glucocorticoids can 
sometimes be helpful, as is the case in organ transplant and 
graft recipients. Suppression of the immune response for any 
prolonged period of time, however, can render the patient 
more susceptible to infection.” 

Glucocorticoids also have antiallergic properties, as a 
result of and by an inhibition of the synthesis of histamine 
by mast cells and basophils. Of the naturally occurring cor- 
ticosteroids, only cortisol and corticosterone possess gluco- 
corticoid activity, with cortisol the most effective. Cortisone 
and 1i1-dehydrocorticosterone lack direct glucocorticoid 
activity, but have potential glucocorticoid activity because 
they can be metabolized to cortisol and corticosterone, 
respectively.” 
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Figure 51-4 Principal effects of glucocorticoids on major organ systems in the human. 
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Mineralocorticoids 


Mineralocorticoid refers to those steroids that regulate salt 
homeostasis (sodium conservation and potassium loss) and. 
extracellular fluid volume.®** Aldosterone is the most 
potent naturally occurring mineralocorticoid and is synthe- 
sized exclusively in the zona glomerulosa region of the 
adrenal cortex. This zone uniquely contains the enzyme 
aldosterone synthase, an obligatory enzyme in the synthetic 
pathway to aldosterone. Other adrenocortical steroids that 
have mineralocorticoid properties with varying degrees of 
potency include DOC, 18-hydroxy-DOC, corticosterone, 
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Figure 51-5 Positive and negative factors that affect the HPA 
axis. Note positive effects of the cytokines on HPA that link an 
activation of the immune system to the neuroendocrine axis. 
ACH, Acetyicholine; ACTH, adrenocorticotropic hormone; 
ALD, aldosterone; AVP, arginine vasopressin; CPF, cortisol; 
CRH, corticotropin-releasing hormone; DHEA, 
dehydroepiandrosterone; GABA, y-aminobutyric acid; 5HT, 
5-hydroxytryptamine; IL, interleukin; NE, norepinephrine; 
TNF, tumor necrosis factor. 


TABLE 51-4 Relative Potencies of Corticosteroids 


and cortisol. A large number of analogues with mineralo- 
corticoid and glucocorticoid activity have been synthesized; 
some are actually more potent than those that occur natu- 
rally (Table 51-4). 


Adrenal Androgens” 


In addition to the corticosteroids, the adrenal glands also 
secrete androgens, progesterone, and estrogen, all of which 
are produced by the gonads as well. Adrenal androgens are 
synthesized in the zona fasciculata and/or reticularis from 
the precursor substrate 170-hydroxypregnenolone. The 
adrenal androgens include DHEA, androstenedione, and 
testosterone (Figure 51-6). DHEA and its sulfated derivative, 
DHEA sulfate (DHEA-S), are the most important adrenal 
androgens found in the circulation and are present in the 
highest concentration. The adult adrenal secretes approxi- 
mately 6 to 8mg/day of DHEA, 8 to 16 mg/day of DHEA-S, 
1.5 mg/day of androstenedione, and 0.05 mg/day of testos- 
terone. The amount of DHEA and/or DHEA-S produced is 
second only to that of cortisol among the adrenal steroids 
released daily into the circulation; these amounts account for 
about 50% of DHEA and more than 90% of DHEA-S that 
circulates in plasma. The adrenal glands also produce small 
amounts of the estrogens estradiol and estrone and insigni- 
ficant amounts of progesterone and other precursor steroids 
on a daily basis.’**!” 


Steroidogenesis'” 


Cortisol Biosynthesis 

Cortisol is synthesized from pregnenolone by two pathways 
in the fasciculata and reticularis zones of the adrenal gland. 
For simplicity, only one pathway is shown in Figure 51-6. The 
enzyme 17a-hydroxylase and the enzyme complex A’- 
3f-hydroxysteroid dehydrogenase: A°-ketosteroid isomerase 
located in the endoplasmic reticulum will synthesize 170- 
hydroxyprogesterone from either 17@-hydroxypregnenolone 
or progesterone. Hydroxylation of this compound by the 


Corticosteroid 

Aldosterone 0.1 
Corticosterone 0.2 
Cortisol 1 
Cortisone 0.7 
Dexamethasone* a 50-150 
11-Deoxycorticosterone SIRA 0 
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Figure 51-6 Biosynthesis of corticosteroids. Roman numerals | (side-chain cleavage enzyme), H 
(3-B-ol dehydrogenase and/or A‘ isomerase), Ill (21-hydroxylase), and IV (IIB-hydroxylase) indicate 
sites of major blocks that cause adrenogenital syndromes. (Copyright 1959 CIBA Pharmaceutical 
Co. Division of CIBA-GEIGY Corp. Reproduced, with permission, from The CIBA Collection of Medical 
Illustrations by Netter FH. All rights reserved.) 
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21-hydroxylase enzyme at the 210-position forms 11- 
deoxycortisol, which is then converted to cortisol by an 11B- 
hydroxylase enzyme located in the mitochondria,” 


Synthesis of Mineralocorticoids 

Aldosterone is the principal mineralocorticoid and is 
uniquely synthesized in the zona glomerulosa region of the 
adrenal cortex (see Figure 51-6). This layer lacks the 11B- 
hydroxylase enzyme required for cortisol synthesis, but it 
uniquely contains aldosterone synthase, the enzyme complex 
that catalyzes the formation of aldosterone from corticos- 
terone. Although ACTH stimulates aldosterone production 
in the zona glomerulosa from progesterone and corticos- 
terone,'” the major control mechanism for the transforma- 
tion of corticosterone to aldosterone in this region of the 
adrenal cortex is the renin-angiotensin system. Renin is an 
enzyme sensitive to the concentration of sodium in the 
plasma water perfusing the kidney that is released into the 
circulation when the sodium concentration in the perfusate 
declines. A decrease in perfusion pressure to the juxta- 
glomerular apparatus in the kidney and a negative sodium 
balance are the primary stimuli for renin release. 

Other important regulatory factors that modulate aldos- 
terone biosynthesis either directly or indirectly by affecting 
the renin-angiotensin system include the adrenergic and 
dopaminergic systems and the circulating concentrations of 
sodium and potassium. The renin-angiotensin system is 
affected by alterations in the adrenergic system by increas- 
ing epinephrine release and by changes in blood volume and 
glomerular blood flow. ACTH attains a more prominent role 
in the control of aldosterone secretion when the renin- 
angiotensin system is suppressed. 

The zona glomerulosa also secretes 18-hydroxy- 
corticosterone, a precursor steroid in the aldosterone 
biosynthetic pathway. This steroid also has mineralocor- 
ticoid properties, but is usually present in the circulation in 
extremely low concentrations. Mineralocorticoids are also 
synthesized in the zona fasciculata; DOC is the most potent, 
but corticosterone and cortisol also have weak mineralo- 
corticoid activity. All of these steroids are synthesized as 
products of the glucocorticoid pathway. 


Synthesis of Adrenal Androgens 


The zona fasciculata and zona reticularis produce and secrete 
170-hydroxypregnenolone, the main precursor of the 
adrenal androgens. A microsomal 17a-hydroxylase/ 
C-17,20-lyase (P-450c}) enzyme converts 170- 
hydroxypregnenolone to DHEA, which is then converted to 
DHEA-S by a sulfokinase. 170-Hydroxyprogesterone can 
also be converted to androstenedione by this same 170- 
hydroxylase/C-17, 20-lyase enzyme. Androstenedione is also 
derived from DHEA through the action of the 36- 
hydroxysteroid dehydrogenase:A’-ketosteroid isomerase 
complex. DHEA-S and DHEA are the most abundant 
adrenal-derived androgens.” 


The adrenal cortex also secretes small quantities of the 
estrogenic steroids (Cis steroids). However, 17B-estradiol 
and estrone are largely derived from the gonads and from 
peripheral conversion of testosterone and androstenedione 
by the aromatase enzyme located in other tissues, such as fat 
and the liver. 


Circulating Forms 


Steroid hormones circulate in blood either as free hormones 
or bound to carrier proteins, such as &,-globulin cortico- 
steroid-binding globulin (CBG), albumin, or sex hormone- 
binding globulin (SHBG).'* Some steroids are conjugated to 
glucuronide or sulfate and thus circulate independent of a 
protein carrier. The excretion of steroids occurs via the 
kidneys or gastrointestinal tract, where they can be reab- 
sorbed. CBG, albumin, and SHBG are produced by the liver 
(see Chapter 20). CBG and SHBG concentrations are 
increased by estrogens and in some patients with hepatitis 
and reduced by glucocorticoids, testosterone, and in patients 
with liver and kidney disease. At physiological concentra- 
tions, about 90% to 98% of steroid hormones circulate 
bound to a carrier protein, usually with high affinity for a 
binding globulin, such as CBG and SHBG. At higher physi- 
ological concentrations, albumin, which has a high capacity 
but low affinity for steroids, becomes a more important 
transport medium for steroids, When a steroid has low affin- 
ity for a “carrier protein,’ 60% to 70% of the steroid circu- 
lates bound principally to albumin.” Some steroids, such as 
aldosterone, have a relatively high affinity for CBG, but CBG 
is not a major carrier protein because cortisol, corti- 
costerone, and 170-hydroxyprogesterone far exceed the 
concentration of aldosterone. Similarly, testosterone and 
dihydrotestosterone circulate primarily bound to SHBG in 
men, whereas estradiol, despite high binding affinity for 
SHBG, is bound largely to albumin because its concentra- 
tion is low relative to that of testosterone. DHEA-S and 
DHEA circulate primarily bound to albumin, and neither 
CBG nor SHBG is important in the transport of these 
adrenal androgens. Prednisolone is the only synthetic gluco- 
corticoid with high binding affinity for CBG, whereas 
dexamethasone, methylprednisolone, and triamcinolone 
acetonide are primarily bound to albumin.” 

One function of both CBG and SHBG is to serve as a cir- 
culating storage reserve for steroid hormones and to protect 
steroid hormones from inactivation. The binding constant 
for steroids with their respective binding globulins is rela- 
tively close to that of the tissue receptor. The biologically 
active fraction of steroid hormones is still somewhat con- 
troversial. There is general agreement that the free fraction 
and the albumin-bound fraction are readily available for 
steroid receptor uptake by tissue. This is sometimes referred 
to as the bioavailable steroid or as the free and weakly bound 
steroid. Steroids specifically bound to CBG or SHBG are 
considered to be biologically unavailable because of their 
high binding affinity to these carrier proteins.” This 
concept of hormone availability, however, is continuously 
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being challenged. Some tissue have plasma membrane recep- 
tors that can bind the carrier protein-hormone complex. 
SHBG bound to dihydrotestosterone can activate the mem- 
brane signaling mechanism in prostate cells, increasing cyclic 
adenosine monophosphate (cAMP) formation and mitoge- 
nesis.” In addition, CBG and SHBG may have a function in 
tissues that have receptors for cortisol or dihydrotestos- 
terone, respectively. Thus sex steroid hormones appear to act 
on tissue through two distinct structures, steroid receptors 
and Regs. It has now been suggested that crosstalk occurs 
between membrane receptors and intranuclear receptors as 
part of the steroid mechanism of action. The measurement 
of SHBG-bound steroids may be an important part of inter- 
preting steroid concentrations in states of deficiency and 
EXCESS, 


METABOLISM 


The liver is the principal site for the transformation and con- 
jugation of steroid hormones, largely through the enriched 
presence of the cytochrome P-450 metabolizing enzyme 
systems; however, the kidneys also play an important role 
in steroid metabolism. Approximately 90% of conjugated 
steroids released by the liver are excreted by the kidney and 
about 50% of secreted cortisol appears in the urine as 
tetrahydrocortisol (THF) and tetrahydrocortisone (THE). 
Many tissues contain the necessary enzymes that can activate 
steroids or render them biologically inactive.” Cortisol, for 
example, is metabolized to cortisone through the activity of 
11B-hydroxysteroid dehydrogenase; this change renders this 
steroid incapable of binding to the glucocorticoid receptor. 
The liver, however, can convert cortisone back to cortisol, 
which is biologically active. 17a-Hydroxyprogesterone can 
be metabolized to 11-DOC, a relatively potent mineralocor- 
ticoid in nonsteroid-synthesizing tissue. Androgens such as 
DHEA and androstenedione can be converted to testos- 
terone in fat tissue and then to dihydrotestosterone in tissues 
containing the 50-reductase enzyme. The aromatase enzyme 
converts testosterone and androstenedione to estradiol and 
estrone, respectively, in tissues such as fat and the liver. Even 
sulfated and glucuronidated steroids can be activated by the 
action of the enzymes sulfatase and B-glucuronidase.*” 
Macrophages, for example, can convert DHEA-S to DHEA, 
which alters cytokine production by associated T lympho- 
cytes. Testosterone is a potent androgen in muscle, a tissue 
that has little So-reductase activity. In skin and prostate 
tissue, with high A*-5a-reductase activity, testosterone is a 
prohormone for dihydrotestosterone, the active androgen in 
these tissues.” Thus considerable metabolism of steroids 
takes place outside of their original site of synthesis. 


Cortisol 


An understanding of the metabolism of cortisol is impor- 
tant in interpreting tests designed to evaluate alterations in 
cortisol production rates and disorders of adrenal func- 
tion.'* Less than 2% of cortisol is excreted unchanged in the 
urine, As a result of its tight binding to CBG, cortisol is 


metabolized slowly (t; ~ 100 minutes). In the liver, metab- 
olism of cortisol involves reduction of the double bond 
between C-4 and C-5 by A*-5B- or A*-5a-reductase to form 
dihydrocortisol or dihydrocortisone. Further metabolism of 
cortisol and cortisone produces THF and THE, respectively, 
which are in turn metabolized to the cortoic acids, cortol, 
and cortolone (Figure 51-7). A minor metabolite of cortisol 
is 6ß-cortisol, which appears unconjugated in the urine. 
More than 95% of the metabolites of cortisol and cortisone 
are conjugated by the liver; glucuronidation at the 3a- 
hydroxyl position is favored over the other hydroxyl groups, 
and the 21-hydroxyl group is favored for sulfations; glu- 
curonide metabolites are more abundant than sulfated 
steroids. 


Androgens 


Adrenal androgens also have a complex metabolic fate; 
DHEA-S is formed in the adrenal cortex or by sulfokinases 
in the liver and kidney from DHEA and excreted by the 
kidney.” DHEA and DHEA-S can be metabolized by 7a- 
and 160-hydroxylases. 17B-Reduction of both compounds 
forms A‘-5-androstenediol and its sulfate. Androstene- 
dione can be metabolized to androsterone after 30- and 50- 
reduction. 5B-Reduction results in the formation of 
etiocholanolone (see Figure 51-7}. These metabolites are 
conjugated to glucuronides and sulfates, which are then 
excreted in the urine. 


Factors Affecting Metabolism 

Liver, kidney, and thyroid disease affect the secretion and 
metabolism of the adrenal steroids. Other factors affecting 
these processes include stress, age, estrogen therapy, nutri- 
tion, and drugs. 


Liver Disease 


Chronic liver disease reduces cortisol clearance and the pro- 
duction of urinary metabolites. Cortisol concentrations are 
elevated by acute ingestion of alcohol. Individuals with 
alcoholic cirrhosis have normal to elevated basal cortisol 
concentrations, blunted circadian rhythms, and prolonged 
clearance rates. 


Kidney Disease 


In patients with chronic renal failure, plasma concentrations 
of total and free cortisol and ACTH are usually normal. 
Plasma-conjugated metabolites of cortisol are elevated, and 
renal excretion, as expected, is reduced. ACTH stimulation 
(4 hours) produces normal to slightly exaggerated responses 
of cortisol, DHEA-S, and aldosterone and normal responses 
of DHEA-S and androstenedione. 


Thyroid Disease 


Hypothyroidism reduces and hyperthyroidism increases 
both the secretion and metabolism of cortisol without 
substantially affecting its blood concentrations. Thyroid 
hormone alters 11B-hydroxysteroid dehydrogenase activity 
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Figure 51-7 Schematic drawing of the 
major urinary metabolites of cortisol 
showing the approximate extent of 
conversion and the metabolites as 
determined by different methods. (From 
James VHT, Landon J. In: Recent advances in 
endocrinology, 8th ed. Boston: Little, Brown & Co 
Inc, 1968.) 
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that converts cortisol to cortisone. In hyperthyroidism, 11- 
ketometabolites, tetrahydrocortisone, and cortolones are 
favored; in hypothyroidism, tetrahydrocortisol and cortols 
predominate. Hypothyroidism decreases the concentrations 
of DHEA and DHEA-S. 5a-Reductase activity is reduced, 
which leads to the formation of more androsterone relative 
to etiocholanolone. 


Stress 

Acute stress from trauma or illness elevates the concentra- 
tions of both adrenal glucocorticoids, cortisol and corticos- 
terone, and the adrenal androgens DHEA and DHEA-S. 
Chronic illness elevates plasma cortisol concentrations 
but suppresses DHEA, DHEA-S, and androstenedione 
concentrations. 


Age 

The newborn produces more cortisone than cortisol. A few 
days after birth, cortisol production predominates in a 
pattern similar to that of adults. Neonates lack 5a-reductases 


and have deficient glucuronyl transferase and therefore 
produce more 6f-hydroxylated metabolites of cortisol than 
adults.'"* Circulating concentrations of cortisol and CBG 
remain constant after the neonatal period. In old age, both 
the production and metabolic clearance rates of cortisol are 
about 25% lower than in younger adults, Urinary excretion 
of cortisol and other 17-hydroxyl metabolites decreases with 
age, but ACTH stimulation of cortisol remains normal in the 
elderly. 

Age and familial factors in both men and women 
influence both plasma adrenal androgens (DHEA and 
DHEA-S). Adrenal androgen secretion starts to rise about 
the age of 9, peaks at about age 25, and declines after age 
30.'" In the seventh decade of life, the adrenal androgen 
concentrations fall to prepubertal concentrations, Thus in 
the elderly, the circadian variation in plasma DHEA is 
relatively blunted and dissociated from the circadian varia- 
tion in cortisol. The adrenal contribution of serum 
androstenedione declines with age. DHEA and DHEA-S 
responses to stimulation with exogenous ACTH are 
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decreased in the elderly, but the androstenedione response is 
minimally affected.'"** 


Estrogen Therapy 


Estrogens increase the plasma concentrations of CBG and 
thus markedly influence total cortisol blood concentrations. 
The concentration of free cortisol is unaffected; the clearance 
of cortisol and its production rate and concentrations of 
urinary metabolites are subnormal with estrogen therapy. 


Nutrition 


Obesity elevates the urinary conjugated metabolites of cor- 
tisol thus erroneously suggesting the diagnosis of Cushing’s 
syndrome. The measurement of urinary free cortisol, which 
is not influenced by obesity, is therefore recommended when 
screening for Cushing’s syndrome. Plasma concentrations of 
total and free cortisol and urinary free cortisol excretion 
rates in obesity are all normal.'“ Dexamethasone suppres- 
sion of adrenal function is also normal. However, cortisol 
responses to exogenous ACTH are increased, suggesting 
adrenocortical hyperplasia. Obesity also can elevate the 
adrenal androgens DHEA and DHEA-S and androstene- 
dione production and clearance rates.*""” Plasma concen- 
trations of these steroids are elevated in obese children 
during pubertal development but not in obese adults. 

Starvation is associated with a decrease in both the pro- 
duction and clearance rates of cortisol. In patients with 
anorexia nervosa, despite reductions in urinary excretion of 
cortisol metabolites, plasma concentrations and urinary 
excretion of cortisol may be elevated.’ The responses of 
cortisol to dexamethasone are blunted in many patients with 
anorexia nervosa, but cortisol responses to ACTH in these 
patients are normal. 


Drugs 

Hepatic mixed-function oxidases are induced by many 
drugs, including phenytoin, phenobarbital, mitotane, 
aminoglutethimide, and rifampin. In addition, 6B- 
hydroxylase and other drug-metabolizing pathways that 
metabolize cortisol and other steroids are increased by a 
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number of drugs. Urinary excretion rates of cortisol metabo- 
lites are reduced, but plasma cortisol concentrations and 
urinary free excretion rates of cortisol are not affected. The 
metabolism of synthetic glucocorticoids, prednisolone, and 
dexamethasone is markedly increased by drugs that induce 
the hepatic hydroxylase enzyme systems. Dexamethasone 
suppression test results and metyrapone test results are also 
altered. Knowledge of the patient’s drug history is important 
for the proper interpretation of tests that validate the 
integrity of the pituitary-adrenal axis. 


THE HYPOTHALAMIC-PITUITARY-ADRENAL 
CORTICAL AXIS 


Secretion of adrenal glucocorticoids and androgens is regu- 
lated by ACTH (see Chapter 50), which in turn is under the 
control of the hypothalamic peptide, corticotropin-releasing 
hormone (CRH). The pituitary gland also has been 
found to secrete a separate hormonal factor that specifically 
regulates adrenal androgen production.“ This substance, 
called cortical androgen-stimulating hormone, has been 
identified as a glycopeptide in human pituitary extracts and 
shows sequence homology to an 18—amino acid N-terminal 
component of pro-opiomelanocorticotropin, the precursor 
peptide of ACTH and of melanocyte-stimulating hormone. 
The HPA relationships in health and in various adrenal dis- 
orders are depicted in Figure 51-8. 


REGULATION OF ADRENAL HORMONES 
Adrenocorticotropic Hormone Secretion 


Biorhythms and other physiological events in the brain 
result in episodic and circadian secretion of CRH from the 
hypothalamus. This in turn elicits similar circadian variation 
in ACTH release.”*'° Secreted ACTH then stimulates cor- 
tisol production, which provides negative feedback inhibi- 
tion to the CRH-ACTH axis.’ The secretion of CRH, a 
41~amino acid peptide, is modulated by neuroendocrine, 
physical, and emotional factors.’ Besides CRH, other cir- 
culating factors can have an influence on the secretory 
dynamics of ACTH release. Antidiuretic hormone from the 
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posterior pituitary and other peptides (angiotensin H, 
activin, cytokines, opiates, and somatostatin) and cate- 
cholamines influence the secretion of ACTH from the 
adenohypophysis.*""° 

The circadian rhythm of ACTH secretion under normal 
wake and sleep cycles produces higher cortisol concentra- 
tions in the morning between 0400 and noon and lower 
concentrations in late evening and early morning.” The 
magnitude of the morning cortisol concentration is affected 
by familial and genetic factors. 

Trauma, fever, surgery, hypoglycemia, alcohol ingestion, 
uncontrolled diabetes, and nutritional deprivation, includ- 
ing that associated with anorexia nervosa, are physical 
stresses that elevate plasma cortisol concentrations and alter 
the circadian rhythm.’ Major depression and severe anxiety 
are psychological stresses that also elevate plasma cortisol 
concentrations. ACTH secretion in response to minor 
stresses is inhibited by the administration of exogenous 
glucocorticoids. Major stress responses such as surgery, 
however, result in cortisol secretion unresponsive to gluco- 
corticoid suppression. Cortisol secretion is suppressed by 
glucocorticoids in lesser forms of stress, such as minor 
surgery, exercise, or hypoglycemia. 

Prolonged suppression of ACTH by administration of 
glucocorticoids causes atrophy of the adrenal cortex.’ The 
degree of atrophy is related to the duration and magnitude 
of suppression of ACTH secretion. With prolonged intense 
suppression, recovery of the HPA axis can take several days 
to a few months. 


Cortiso] Secretion 


ACTH has both trophic and steroidogenic effects on the 
adrenal cortex and is under negative feedback control from 
nonprotein-bound cortisol.” ACTH binds to a G protein- 
coupled, melanocortin-2 receptor at the membrane of each 
adrenocortical cell with signal transduction mediated via 
cAMP. Cortisol is secreted within a few minutes after a 
rise in serum ACTH through a StAR-mediated increase in 
cholesterol delivery to the desmolase enzyme located in the 
inner mitochondrial membrane. Chronic exposure to ACTH 
results in increased synthesis of all steroidogenic enzymes 
through gene activation at the nuclear concentration. 
Deficiency of ACTH results in atrophy of the zona fascicu- 
lata and zona reticularis. With atrophy of the adrenal cortex 
from various causes and reduced cortisol synthesis and 
release, plasma ACTH concentrations rise. Other modifying 
factors such as age, various diseases, estrogen therapy, 
nutrition, general illness, and drugs also affect cortisol 
secretion. Both hypertrophy and hyperplasia of the adrenal 
cortex occur in response to chronic exposure to ACTH. The 
trophic response to ACTH can be reproduced by cAMP 
stimulation of insulin-like growth factor-I} rather than 
cAMP directly.’ 

The proinflammatory cytokines including IL-1, IL-6, and 
TNF@ also increase cortisol secretion through an increase in 
pituitary ACTH secretion as part of the important immune- 


endocrine interaction that occurs with disease and infection 
(see Chapter 22). 


Adrenal Androgen Secretion 


The adrenal cortex secretes DHEA (~4me/day), DHEA-S 
(10mg/day), androstenedione (1.5mg/day), and testos- 
terone (0.05 mg/day) as components of the adrenal andro- 
gen pathway. ACTH partially regulates adrenal androgen 
production in adults; both DHEA and androstenedione are 
secreted in conjunction with cortisol.” Adrenal androgen 
production begins to rise in late childhood about the age 
of 9 just months before the onset of puberty, reaches a peak 
in the third decade of life, and then gradually decreases, 
reaching low concentrations again in advanced age.” 
Glucocorticoid therapy also suppresses the secretion of 
adrenal androgens. ®®® The secretion of cortisol and 
adrenal androgens, however, can be dissociated, particularly 
in children, adolescents, and the elderly. The explanation for 
the dissociation is unclear, although it lends credence to the 
suggestion that an independent factor from the pituitary 
gland, such as cortical androgen-stimulating hormone, can 
stimulate adrenal androgen production independent of 
ACTH." In young children, the low adrenal androgen 
concentrations are not further suppressed by glucocorticoid 
therapy. 


Aldosterone Secretion 


The primary control mechanism for the secretion of aldos- 
terone involves the renin-angiotensin system although 
potassium and to a lesser extent ACTH can also promote 
secretion of aldosterone from the zona glomerulosa. Renin 
is a proteolytic enzyme synthesized and stored in specialized 
cells, the juxtaglomerular epithelial cells, located along the 
terminal part of the afferent arterioles of the renal 
glomeruli"?! These specialized cells constitute part of the 
juxtaglomerular apparatus. Upon stimulation of the juxta- 
glomerular apparatus, renin is released into the circulation, 
where it hydrolyzes its substrate, angiotensinogen, to 
produce a decapeptide known as angiotensin I. 
Angiotensinogen is a globulin synthesized in the liver. 
Angiotensin I is then rapidly converted to an octapeptide, 
angiotensin Il, by a circulating angiotensin-converting 
enzyme, which is found in abundance in the lung. 
Angiotensin II is a potent vasoconstrictor and stimulates the 
cells of the zona glomerulosa to produce aldosterone. 
Angiotensin I stimulates aldosterone secretion by increas- 
ing the transcription of CYP11B2, the gene responsible for 
aldosterone synthase through common intracellular signal- 
ing pathways. Potassium, on the other hand, stimulates 
aldosterone synthesis and release through a membrane 
depolarization effect that opens up calcium channels in 
adrenal cells to activate cell signaling mechanisms such as 
phospholipase C, leading to an increase in aldosterone syn- 
thase synthesis and release. The primary stimuli for renin 
release are a decrease in renal arteriolar pressure, oncotic 
pressure, and an increase in sympathetic drive to the macula 
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densa of the juxtaglomerular apparatus and a negative 
sodium balance. Stimulation of renin release and aldos- 
terone secretion under different physiological and patholog- 
ical conditions is discussed later. ACTH also increases 
aldosterone secretion. However, the size and function of the 
zona glomerulosa are affected primarily by the renin- 
angiotensin system and potassium. Hyperplasia results when 
concentrations of angiotensin II or K*, or both, are elevated, 
and atrophy occurs with a deficiency of angiotensin II or 
with defects in its actions. 


TESTING THE FUNCTIONAL STATUS OF THE 
ADRENAL CORTEX 


Concentrations of hypothalamic and anterior pituitary pep- 
tides and adrenal glucocorticoids are measured accurately 
and at low concentrations in body fluids using immunoas- 
say and instrumental methods. Relying on basal hormone 
concentrations for confirming adrenocortical dysfunction, 
however, can be problematic because of the episodic and 
circadian secretion of the hormones that regulate the 
HPA axis. For example, some individuals have an abnor- 
mality of the HPA axis, but still maintain basal cortisol and 
ACTH secretion within the reference interval of the normal 
population. Dynamic testing of the HPA axis helps define 
abnormalities that are not reflected in basal hormone 
secretion. 


Corticosteroid Function 
Basal Peptide and Steroid Hormone Concentrations 


Episodic secretion and circadian variation limit the clinical 
diagnostic accuracy of basal serum cortisol concentrations. 
Serum cortisol concentrations are highest in the early 
morning hours and varies from 5 to 25ug/dL between 
0400 and 1200 hours. Late afternoon values are about half 
the morning concentrations and are frequently less than 
5ug/dL between 2200 and 0200 hours. Serum cortisol 
combined with plasma ACTH improves the diagnostic 
accuracy of basal values. 

Urinary free cortisol obtained from a 24-hour urine col- 
lection is an integrated measure of plasma free cortisol and 
eliminates the circadian influence on cortisol secretion. 
Urine free cortisol measurements are therefore considered to 
be the best screening test for hyperadrenocorticism. The 
urinary free cortisol excretion rate in normal subjects falls 
between 20 and 80g/day (Figure 51-9). The measurement 
of urinary 17-hydroxycorticosteroid excretion rates for 
determining adrenocortical hyperfunction is no longer rec- 
ommended because of problems with method sensitivity 
and specificity. 

Mineralocorticoid and adrenal androgen secretion is also 
circadian and episodic in nature, but the dynamic swings in 
concentrations are not as pronounced as with cortisol. It is 
usually recommended, however, that blood samples for 
adrenal steroids be collected in the 0700 to 1000 hour time 
frame for consistency in result interpretation. 
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Figure 51-9 Urinary free cortisol excretion in normal 
individuals with Cushing’s syndrome. (From Burke CW, Beardwell 
CG. Cushing's syndrome. An evaluation of the clinical usefulness of 
urinary free cortisol measurements in screening for Cushing’s 
syndrome. Q J Med 1973;42:1175,) 


Stimulation Tests of Adrenal Function 


Provocative stimulation tests are useful in documenting 
hyposecretion of adrenocortical hormones.’ A specific 
stimulus is applied, and the release of a given hormone is 
measured in a specific time frame. ACTH stimulation tests, 
sometimes referred to as the cosyntropin test, are designed 
to document the functional capacity of the adrenal glands to 
synthesize cortisol (Boxes 51-1 and 51-2). In healthy indi- 
viduals, the administration of exogenous ACTH rapidly 
increases the secretion of cortisol by twofold to threefold 
within 60 minutes of the applied stimulus. This functional 
response may be impaired either by adrenal atrophy, caused 
by a chronic deficiency of ACTH, or by primary destruction 
of the adrenal cortex. The biologically active 1-24 amino acid 
sequence of human ACTH has been synthesized and is avail- 
able as tetracosactrin (Synacthen). This compound is a 
potent stimulant for cortisol secretion and has a very brief 
half-life and minimal antigenicity. A peak plasma cortisol 
concentration >20 ug/dL (525 nmol/L) within 60 minutes of 
the intravenous administration of Synacthen is defined as a 
normal response. 

A direct and selective test of pituitary gland function is 
the CRH stimulation test (Box 51-3).” Injection of ovine 
CRH stimulates ACTH secretion in normal subjects within 
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Rationale The administration of ACTH to normal subjects 
results in a rapid rise in the serum cortisol concentration. 
Patients with adrenal destruction (Addison’s disease) show no 
change in serum cortisol concentration after ACTH 
administration. Patients with atrophy of the adrenal cortex. 
caused by exogenous glucocorticoid treatment or dysfunction 
of the pituitary gland or hypothalamus may show a slight rise 
in serum cortisol concentration, but not one of normal 
magnitude. 

Procedure A baseline blood sample is drawn for determination of 
serum cortisol concentration; then 250 ug of Synacthen (1-24 
ACTH) is given intramuscularly or intravenously. Further 
samples for serum cortisol determination are drawn 30 and 60 
minutes after injection. 

Interpretation A peak serum cortisol concentration of >20 ug/dL 
is a normal response. The peak value is more important than 
the incremental change. The incremental change may not be 
seen in patients who are tested at times of stress, when their 
adrenal output of cortisol is already maximally stimulated by 
endogenous ACTH. 


Rationale Multiple-day ACTH stimulation testing for assessment 
of adrenal cortex function is required occasionally to evaluate 
adrenal cortisol responsiveness. A common situation is the 
diagnosis of adrenal insufficiency, which is treated with 
glucocorticosteroids before establishment of an etiology. 
Prolonged ACTH stimulation is also used to distinguish 
primary from secondary and/or tertiary causes of adrenal 
insufficiency. 

Procedure ACTH gel, 80 U/day, is injected for 3 days. This is 
followed by a standard 8-hour infusion of ACTH (250g of 
Synacthen over 8 hours). Urinary free cortisol and serum 
cortisol are measured daily. 

Interpretation Serum cortisol values more than 20 ug/dL exclude 
primary adrenal insufficiency. Glucocorticoid withdrawal 
would be required before assessing secondary or tertiary 
adrenal insufficiency in such cases. Little or no increase in 
cortisol secretion is seen in primary adrenal failure even over 
successive days. A progressive staircase rise is seen over 2 to 3 
days in adrenal insufficiency caused by pituitary or 
hypothalamic disease or steroid concentration suppression. 
Little or no response is also seen in congenital adrenal 
hyperplasia (CAH) caused by 21- and 17-hydroxylase 
deficiencies. 


Rationale Exogenous CRH stimulates the secretion of ACTH 
from the anterior pituitary gland in normal subjects. Cortisol 
concentration is an indicator of ACTH response. 

Procedure Synthetic ovine CRH (preferred) or human CRH 
(1 g/kg body weight) is administered intravenously in bolus 
form at either 0900 or 2000 hours. Blood samples for cortisol 
and ACTH assays are collected 15 minutes and immediately 
before and 5, 15, 30, 60, 120, and 180 minutes after CRH 
injection. 

Interpretation In normal subjects, plasma ACTH concentrations 
peak 30 minutes after CRH injection (80 + 7 pg/mL at 0930 hr; 
29 + 2.6pg/mL at 2030 hr), and serum cortisol peaks at 60 
minutes (13 + i g/dL at 1000; 17 + 0.7 g/dL at 2100 hr). 
Patients with pituitary ACTH deficiency (secondary adrenal 
insufficiency) have decreased ACTH and cortisol responses. 
Patients with hypothalamic disease have prolonged ACTH 
responses and subnormal cortisol responses. Most patients 
with Cushing’s syndrome caused by adrenal tumors or 
nonendocrine ACTH-producing tumors do not respond to 
CRH. Most patients with Cushing’s syndrome respond with a 
normal or excessive increase in ACTH. Responses are usually 
normal in patients with depression. 


60 to 180 minutes; glucocorticoids inhibit this effect. The use 
of this test is in the differential diagnosis of adrenocortical 
hyperfunction and hypofunction. This test is also used in 
the differential diagnosis of endogenous Cushing’s syn- 
drome and to distinguish secondary from tertiary ACTH 
deficiency.” 

A variation of the CRH stimulation test measures ACTH 
in blood samples drawn from the inferior petrosal sinus 
(IPS) both to document the presence of a pituitary 
microadenoma and to determine on which side of the pitu- 
itary the microadenoma is located. Blood samples are col- 
lected from both right and left IPS veins and from a 
peripheral vein before and 2, 5, and 10 minutes after the 
intravenous administration of ovine CRH (1ug/kg body 
weight) over 20 to 60 seconds. The ratio of the IPS concen- 
tration to peripheral venous concentration of plasma ACTH 
is used to predict the location of excess corticotropin secre- 
tion. As shown in Figure 51-10, the maximum ratio is >3 in 
patients with pituitary Cushing’s syndrome and <3 in those 
with the likelihood of an ectopic ACTH syndrome or an 
adrenal tumor. Some endocrinologists claim that IPS sam- 
pling is the best test for distinguishing ACTH-dependent 
forms of Cushing's syndrome when performed in the setting 
of prolonged hypercortisolism. ACTH concentrations are 
suppressed in patients with primary adrenal tumors com- 
pared with those with either Cushing’s syndrome or the 
ectopic ACTH syndrome. 

To test the integrity of the pituitary-adrenal axis, other 
indirect tests of ACTH secretion rely on the adrenal response 
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Basal Sampling Sampling before or after CRH 


Figure 51-10 Inferior petrosal sinus-to-peripheral venous (IPS: 
P) plasma ACTH ratios in patients with Cushing's syndrome 
during basal sampling (panel A) and either during basal sampling 
or 2 or 5 minutes after ovine corticotropin-releasing hormone 
(oCRH) administration (panel B}. During basal sampling, the 
maximum ratio was 22.0 in 205 of 215 patients with confirmed 
Cushing’s syndrome and <2.0 in 20 patients with ectopic ACTH 
syndrome and || patients with adrenal Cushing’s syndrome. All 
of the 203 patients who had confirmed Cushing's syndrome and 
who received oCRH had a maximum IPS:P ratio >3.0 in one of 
the basal sample sets or in one of the post-oCRH sample sets, 
whereas all of the [7 patients with ectopic ACTH syndrome and 
the || patients with adrenal Cushing’s syndrome who received 
oCRH had a ratio <3.0. The asterisks represent five patients in 
whom immunoreactive ACTH was undetectable in peripheral 
plasma before and after oCRH administration. (From Oldfield EH, 
Doppman JL Nieman LK, Chrousos GP, Miller DL, Katz DA, et al. 
Petrosal sinus sampling with and without corticotropin-releasing 


hormone for the differential diagnosis of Cushing’s syndrome. N Engl J 


Med 1991;325:897-905,} 


to maneuvers that stimulate endogenous ACTH release. In 
the insulin-induced hypoglycemia stimulation test, insulin is 
given to stimulate the release of CRH through hypoglycemia, 
and plasma ACTH or cortisol concentrations are evaluated 
for an increase (see Box 50-3; Chapter 50). This test involves 
risks and should be performed only with an experienced 
physician in attendance. 

A less risky indirect test of HPA axis function involves 
the administration of metyrapone, an inhibitor of the 
11$-hydroxylase enzyme that converts 11-deoxycortisol to 
cortisol. In normal individuals, the fall in the plasma cortisol 
concentration that accompanies the metyrapone-induced 


Rationale Metyrapone inhibits 11B-hydroxylase, the enzyme that 
catalyzes the step immediately preceding cortisol synthesis. As 
the blood concentration of cortisol falls, the negative feedback 
effect is diminished, causing release of ACTH from the 
pituitary gland. The stimulatory effect of ACTH on the adrenal 
cortex leads to a rise in 11-deoxycortisol, the compound 
immediately preceding cortisol in the biosynthetic pathway. 

Procedure Metyrapone (30 mg/kg body weight) is given orally at 
midnight with milk or a snack (to delay absorption). At 0800 
hours the following morning, blood is drawn for 
determination of 11-deoxycortisol, cortisol, and ACTH 
concentrations. 

Interpretation In normal subjects, 1 1-deoxycortisol increases 
from <i g/dL to >7 [te/dL after metyrapone stimulation, and 
ACTH values exceed 150 pg/mL. No response or impaired 
response may be seen in pituitary or hypothalamic disease 
combined with inadequate enzyme blockade (plasma cortisol 
>3 g/dL) or with Cushing’s syndrome caused by adrenal 
tumors or nonendocrine ACTH-secreting tumors. Exaggerated 
responses may be seen in pituitary Cushing’s syndrome. 


enzyme block stimulates pituitary ACTH release, and adrenal 
steroid precursors then accumulate to the point of the 
enzyme block. Under normal circumstances, 11-deoxy- 
cortisol (compound S), the steroid substrate for the 11f- 
hydroxylase enzyme, increases fortyfold to eightyfold within 
3 hours after metyrapone administration. The lack of an 
increase suggests primary adrenal failure. Several protocols 
have been designed for metyrapone stimulation testing; one 
that is simple and relatively safe for outpatient testing is 
described in Box 51-4. 


Suppression Tests 


Suppression tests are used to document hypersecretion of 
the adrenocortical hormones.’” In normal individuals, an 
elevation in the blood concentration of cortisol inhibits 
ACTH release from the pituitary gland. This results in 
decreased production of cortisol and other adrenal steroids 
from the adrenal cortex. The integrity of this feedback mech- 
anism can be tested by administering a potent glucocorti- 
coid, such as dexamethasone, and judging suppression of 
ACTH secretion by measuring serum or urine cortisol con- 
centrations, A number of dexamethasone suppression tests are 
available for clinical use (Boxes 51-5 through 51-8). A low 
dose of dexamethasone is used initially to document true 
hypersecretion of cortisol.” Patients with Cushing’s syn- 
drome of any cause will fail to suppress their cortisol secre- 
tion overnight with a low dose of dexamethasone. Higher 
doses of dexamethasone given over 48 hours are then used 
to establish the differential diagnosis of an ACTH-secreting 
pituitary adenoma as distinct from an ectopic ACTH source. 
A >50% suppression of plasma cortisol in comparison with 
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Rationale Dexamethasone, a cortisol analogue, suppresses ACTH 
and cortisol production in normal subjects but not in patients 
with Cushing’s syndrome. 

Procedure One milligram of dexamethasone is given orally at 
2300 or midnight. Blood is drawn for determination of serum 
cortisol at 0800 hours on the next morning. : 

Interpretation In normal subjects, serum cortisol concentration 
is suppressed to 2 g/dL or less after administration of I mg of 
dexamethasone. Most patients with Cushing’s syndrome do not 
show adequate suppression, and 0800 hours cortisol 
concentrations are usually >10pg/dL. Serum cortisol >2 g/dL 
may also be seen in cases of stress, obesity, infection, acute or 
chronic illness, alcohol abuse, severe depression, oral 
contraceptive use, pregnancy, estrogen therapy, failure to take 
the dexamethasone, or treatment with phenytoin or 
phenobarbital (enhancement of dexamethasone metabolism). 


Rationale Normal subjects show lowering of serum and urinary 
free cortisol concentrations under the conditions of low-dose 


dexamethasone suppression. Patients with excess cortisol 
production regardless of etiology usually show persistent 
elevation of cortisol under these conditions. 

Procedure Twenty-four-hour urine samples are collected daily for 
4 consecutive days. Dexamethasone, 0.5 mg, is given orally 
every 6 hours starting at 0800 hours on day 2 (for a total of 8 
doses). Free cortisol, 17-hydroxycorticosteroids, and creatinine 
are measured in each 24-hour urine sample. Other 
measurements include serum cortisol determinations on day I 
(at 0800 hours and 2000 hours) to look for diurnal variation 
and on day 5 (at 0800 hours). 

Interpretation Normal subjects have suppressed serum and 
urinary free cortisol concentrations on day 4 to <50% of 
baseline values; serum cortisol at 2000 hours on day 1 should 
be one third of the value at 0800 hours. Patients with Cushing’s 
syndrome usually do not show diurnal rhythmicity and do not 
show suppression with low-dose dexamethasone. Those 
patients taking phenytoin or phenobarbital, or both, 
metabolize dexamethasone more rapidly than do normal 
subjects and may not show suppression. 


the original basal result defines a positive response. Patients 
with an ectopic ACTH-producing tumor will fail to suppress 
with high-dose dexamethasone. Abnormal suppression of 
cortisol by dexamethasone has been observed in patients 
with depression, severe stress, uncontrolled diabetes melli- 
tus, or anorexia nervosa; with estrogen administration, and 
in subjects receiving medications, such as phenytoin, that 
induce the hepatic enzyme systems that can metabolize the 
dexamethasone. 


Rationale Patients with Cushing’s syndrome caused by an ACTH- 
producing pituitary adenoma usually show suppression of 
cortisol with high-dose dexamethasone. Patients with 
Cushing’s syndrome from other causes (adrenocortical 
adenoma, adrenocortical carcinoma, or ectopic production of 
ACTH) usually do not demonstrate any change in cortisol 
concentration. 

Procedure Twenty-four-hour urine collections are obtained daily 
for 4 days for free cortisol and 17-hydroxycorticosteroid 
determinations. Dexamethasone, 2.0 mg orally every 6 hours, is 
begun at 0800 hours on day 2 and continued for eight doses. 
Free cortisol and creatinine are measured in each 24-hour 
urine sample. Other measurements include plasma cortisol at 
0800 hours and 2000 hours on day 1 to look for diurnal 
variation and at 0800 hours on day 5. 

Interpretation Patients with Cushing’s syndrome caused by an 
ACTH-secreting pituitary adenoma usually show (1) 
suppression of urinary free cortisol and 17- 
hydroxycorticosteroid excretion 250% of baseline by day 4; 

(2) lack of diurnal variation in plasma cortisol; and (3) plasma 
cortisol $10 g/dL at 0800 hours on day 5. 


Rationale The rationale for this test is similar to the rationale for 
the multiple high-dose dexamethasone suppression test (see 
Box 51-7). 

Procedure Dexamethasone, 4mg, is given orally at 2300 and 2400 
hours. Blood is drawn for determination of plasma cortisol at 
0700 hours or 0800 hours the next morning or 8 to 9 hours 
after dexamethasone is given. 

Interpretation Most patients with Cushing’s syndrome show a 
suppression of baseline cortisol concentration of at least 50%, 
If suppression is <50%, the test should be repeated with 8 to 
24mg of dexamethasone. 


Mineralocorticoid Function 
Basal Peptide and Steroid Hormone Concentrations 


Concentrations of adrenal mineralocorticoids (e.g., aldos- 
terone and DOC) and factors of the renin-angiotensin 
system (e.g., renin) are routinely measured in body fluids by 
various immunoassay and instrument-based methods.° 
Aldosterone, like cortisol, is secreted episodically, with the 
highest circulating concentrations at about the time of awak- 
ening and the lowest concentrations shortly after sleep onset; 
aldosterone concentrations, however, are only modestly 
stimulated by ACTH secretion.” In healthy subjects, a low- 
sodium diet, maintaining an upright posture, and use of 
diuretics all increase plasma aldosterone concentrations, 
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whereas a high-sodium diet and lying in the supine position 
decrease aldosterone secretion. Standardized procedures for 
obtaining blood and urine specimens are required for proper 
interpretation of test results.‘ It is also useful to interpret the 
aldosterone concentrations along with a urinary sodium 
determination because salt intake can profoundly influence 
the aldosterone concentration. The aldosterone concen- 
tration is inversely proportional to the urinary sodium 
concentration. 

Unlike aldosterone, plasma renin is often measured in 
terms of its enzymatic activity, although immunometric- 
based mass assays for renin have become available. Plasma 
renin activity (PRA) is gauged by the generation of 
angiotensin I, which is measured using immunoassay tech- 
niques, and renin mass assays directly measure renin using 
monoclonal antibodies targeted to the renin enzyme itself. 
Renin release is controlled by many physiological factors. 
Low-sodium diets, maintaining an upright posture, and use 
of diuretic medications increase renin release and should 
be controlled or eliminated before testing of the renin- 
angiotensin-aldosterone axis.”! Because plasma renin activi- 
ties also vary with sodium balance, it is helpful to interpret 
ambulatory PRA with urinary sodium excretion. An inverse 
relationship is found, allowing the identification of low-, 
normal-, and high-plasma renin groups from a nomogram 
(Figure 51-11). Age, estrogen therapy, and diabetes mellitus 
without renal failure affect plasma renin results. Patients 
older than age 55 and those with diabetes have PRA results 
that are about 50% of normal. Estrogen causes an increase 
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Figure 51-11 PRA correlated to urinary sodium excretion. 
(From Laragh JH, Sealey j, Brunner HR. The control of aldosterone 
secretion in normal and hyperactive man: Abnormal renin and 
aldosterone patterns in low renin hypertension. Am { Med 
1972;53:649.) 


in the hepatic synthesis of angiotensinogen, thereby increas- 
ing the endogenous substrate concentration for the renin 
enzyme. This causes an inappropriately elevated renin 
activity for the urinary sodium concentration. A number 
of medications affect plasma renin activities. Angiotensin 
converting enzyme (ACE) inhibitors, beta blockers, spirono- 
lactone, and nonsteroidal antiinflammatory agents lead the 
list of drugs that can alter plasma renin. 

Even when time of sampling, posture, drug intake, and 
diet are controlled, it is often difficult to identify disorders 
of mineralocorticoid secretion on the basis of basal hormone 
concentrations alone. A variety of dynamic tests have there- 
fore been developed to help document hypersecretion or 
hyposecretion of aldosterone and renin. 


Stimulation Tests 


The renin-angiotensin-aldosterone system responds to elec- 
trolyte balance. Sodium excretion and extracellular fluid 
volume are inversely associated with plasma renin and aldos- 
terone concentrations.” The sodium-to-creatinine ratio in a 
urine specimen can be used as a marker for the sodium 
volume status. Procedures for stimulating the renin- 
angiotensin system are based on volume-depletion maneu- 
vers, such as sodium restriction, upright posture, or diuretic 
administration.°™ In the furosemide stimulation test, oral or 
intravenous furosemide (40 to 80mg) is administered, fol- 
lowed by 4 hours of upright posture (Box 51-9). This test 
does not require hospitalization, special diets, or prolonged 
standing, although it works better when a diet with normal 
salt intake is maintained. The normal response to this 
diuretic is a twofold to threefold rise in plasma renin. 


Rationale PRA varies with the state of hydration and sodium 
intake. The administration of furosemide, a potent diuretic, 
provides a stimulus to increase plasma renin secretion. 

Procedure Furosemide (Lasix; Hoechst-Roussel Pharmaceuticals, 
Somerville, NJ), 40 to 80 mg, is given orally after an overnight 
fast. The subject is maintained in an upright posture (sitting, 
standing, or walking) throughout the test. Blood is drawn for 
the determination of PRA before and 4 hours after furosemide 
administration. 

Interpretation Responses must be defined for the assay technique 
used. Patients with renin-dependent forms of hypertension 
{e.g., renovascular hypertension) show values that are 
approximately five times normal. Stimulated responses are also 
seen in patients with high-renin essential hypertension, 
pheochromocytoma, and Bartter’s syndrome. Patients with 
hypertension from mineralocorticoid excess (e.g., primary 
aldosteronism) usually have PRA below the concentration of 
assay sensitivity. Patients with hyporeninemic 
hypoaldosteronism usually have low concentrations of plasma 
renin and low aldosterone concentrations. Figure 51-17 shows 
typical responses. 
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Another simple and convenient stimulation test consists of 
sodium restriction and upright posture. A low-salt diet con- 
taining less than 20 mmol/day of sodium is administered for 
3 to 5 days; urine is collected for creatinine and sodium mea- 
surements until equilibrium with the new diet is established. 
At that point, a plasma renin activity is obtained after 2 
hours of standing. A normal response is a twofold to three- 
fold increase in plasma renin output. 


Suppression Tests 


Mineralocorticoid suppression tests have been designed that 
are based on salt loading.*' For example, saline infusions, 
oral salt loading, or mineralocorticoid administration have 
been used to suppress the secretion of aldosterone by the 
adrenal gland. In normal individuals, acute expansion of the 
plasma volume with salt increases renal perfusion, sup- 
presses renin release, and decreases aldosterone secretion. In 
the saline suppression test, isotonic saline is infused intra- 
venously for 4 hours, after which plasma aldosterone con- 
centration and renin activity are measured.** Aldosterone 
concentrations normally fall to <5 ng/dL (<140 pmol/L), and 
PRA is suppressed (Box 51-10). This test should not be 
performed if hypertension is severe or if cardiac failure 
is present. Administration of fludrocortisone, a synthetic 
mineralocorticoid, produces a comparable suppression of 
aldosterone secretion (see fludrocortisone suppression test; 
Box 51-11). Fludrocortisone should be administered with 
caution in patients with hypokalemia and heart or renal 
failure. An alternate suppression test uses the ACE inhibitor 
captopril.” This test is recommended when risks from 
volume overload preclude the use of other procedures. Cap- 
topril essentially inhibits the conversion of angiotensin I to 
angiotensin H, removing the angiotensin II stimulus to 
aldosterone secretion. Plasma aldosterone is measured, while 
the patient is sitting, before and 2 to 3 hours after the oral 
administration of 25mg of captopril. Healthy subjects sup- 
press plasma aldosterone to <15 ng/dL (410 pmol/L). 


Rationale Rapid volume expansion with intravenous saline 
should suppress plasma aldosterone in normal subjects but not 
in patients with primary aldosteronism. 

Procedure Care must be taken to ensure that the subject is not 
hypokalemic before starting the test. The subject is awakened 
at 0600 hours and kept in an upright posture for 2 hours. 
Blood is drawn for determination of plasma aldosterone at 
0800 hours. The subject then assumes a supine position, and 
2L of isotonic saline, 0.9 g/dL, is infused over a 4-hour period. 
Blood is drawn for plasma aldosterone determination at noon. 

Interpretation Normal subjects show a plasma aldosterone 
concentration of 5ng/dL (140pmol/L) or less after saline 
infusion. Concentrations >10ng/dL are usually seen in patients 
with autonomously functioning aldosterone-secreting tumors. 


Adrenal Androgen Function 
Stimulation Tests 


The responses of adrenal androgen secretion to ACTH stim- 
ulation are variable. Plasma DHEA and androstenedione 
increase threefold to fourfold after 90 minutes of stimula- 
tion with ACTH (10ug/m’°). DHEA-S, on the other hand, 
increases 30% to 50% with ACTH administration. ACTH 
stimulation studies are not considered useful in evaluating 
hypoandrogenic disorders." 


Suppression Tests 


Overnight suppression using dexamethasone produces small 
changes in adrenal androgen concentrations compared with 
those of cortisol. Dexamethasone, 0.75 mg, administered at 
midnight for several days reliably suppresses adrenal andro- 
gen concentrations measured in blood. Tissue stores of 
these androgens may account in part for the delay in 
the response.’ 


DISORDERS OF THE ADRENAL CORTEX 


Thomas Addison first reported on hypofunction of the 
adrenal cortex in 1855.'** However, it has only been in the 
last 60 years that many of the disease states that are associ- 
ated with abnormal adrenal function have been discovered 
and studied. In general, diseases of this organ are classified 
as resulting from either hypofunction or hyperfunction of 
the adrenal cortex. 


HYPOFUNCTION OF THE ADRENAL CORTEX 
Adrenal Insufficiency *” 


Adrenal insufficiency is a rare disorder with a prevalence 
of only 4 to 11 cases per 100,000 population; if untreated it 
is fatal. The disorder is classified as primary,” secondary, 
or tertiary. Primary adrenal insufficiency, also known as 


Rationale Fludrocortisone, a potent mineralocorticoid, 
suppresses aldosterone production in normal subjects but not 
in subjects with primary aldosteronism. 

Procedure Hypokalemia must be corrected before starting this 
test and serum potassium monitored during the test. 
Fludrocortisone, 0.1 mg every 6 hours, is given for 3 days. 
Plasma is collected for aldosterone determination after a 
standing position has been maintained for 2 hours (for 
baseline measurement) and at the end of fludrocortisone 
administration. Twenty-four-hour urine collections for 
measurement of aldosterone are obtained 1 day before 
fludrocortisone administration is started and on day 3 of the 
test course. 

Interpretation Normal subjects show suppression of plasma 
aldosterone to <4ng/dL (111 pmol/L); urine aldosterone is 
<20 g/day on day 3. 
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Addison's disease, results from progressive destruction or 
dysfunction of the adrenal glands by a local disease process 
or systemic disorder (Box 51-12). Worldwide, infectious 
diseases are the most common cause of primary adrenal 
insufficiency and include tuberculosis, fungal infections 
(histoplasmosis and cryptococcosis), and cytomegalovirus 
infections, Autoimmune adrenalitis accounts for more than 
70% of cases reported in the Western world, with adrenal 
autoantibodies noted in more than 75% of cases.. The 
adrenal glands are atrophic, with loss of cortical cells but an 
intact medulla. Almost 50% of patients with autoimmune 
adrenalitis have an associated autoimmune disease with 
autoimmune thyroid disease the most common. 

Because the entire cortex is affected in primary adrenal 
insufficiency, all classes of adrenal steroids are deficient. 
The onset of clinical manifestations is usually gradual, and 
the degree and severity of symptoms depend on the extent 
of adrenal failure. In early or mild expressions of primary 
adrenal insufficiency, hypofunction may not be evident 
unless the patient is under stress. Complete glucocorticoid 
deficiency can manifest in a variety of ways, including 
fatigue, weakness, weight loss, gastrointestinal disturbances, 
and postprandial hypoglycemia. Mineralocorticoid defi- 
ciency leads to dehydration with hypotension, hypona- 
tremia, and hyperkalemia. Excessive pituitary release of 
ACTH and related precursor peptides, unchecked by the 
negative feedback system, may cause hyperpigmentation of 
the skin and mucous membranes through the action of 
melanocyte-stimulating hormone on melanocytes. 


Autoimmune disease 


e Sporadic 

e Polyglandular autoimmune syndrome type I (Addison’s 
disease, candidiasis, hypoparathyroidism, and primary 
gonadal failure) 

e Polyglandular autoimmune syndrome type II (Addison’s 
disease, primary hypothyroidism, primary hypogonadism, 
diabetes, and pernicious anemia) 

Granulomatous disease 
e Tuberculosis, histoplasmosis, sarcoidosis, fungal infections, 
and cytomegalovirus 

Neoplastic infiltration 

e Amyloid 

e Hemochromatosis 
Adrenoleukodystrophies 
Congenital adrenal hypoplasia 
ACTH resistance syndromes 
HIV 
Abdominal irradiation 
Bilateral adrenalectomy 
Intraadrenal hemorrhage: infection (caused by meningococci, 

Pseudomonas) 

Anticoagulants 


Measurement of basal ACTH and cortisol concentrations 
along with the ACTH stimulation test (see Box 51-1) is 
recommended if primary adrenal insufficiency is suspected 
from the patients’ clinical history and symptoms. Basal 
plasma ACTH concentrations >150pg/mL with serum 
cortisol concentrations <10 g/dL are diagnostic of adrenal 
insufficiency (Figure 51-12). A subnormal cortisol response 
in the ACTH stimulation test supports the diagnosis of 
primary adrenal insufficiency (Figure 51-13). A normal 
cortisol: response to ACTH stimulation establishes that 
the adrenal cortex is capable of releasing cortisol in a 
normal fashion. A subnormal response to ACTH stimula- 
tion suggests the diagnosis of secondary or tertiary adrenal 
failure. 

In secondary and tertiary adrenal insufficiency (Table 
51-5), inadequate cortisol production may be due to 
destructive processes in the hypothalamic-pituitary that 
result in a decreased ability to secrete ACTH (secondary) or 
CRH (tertiary).'°" However, the most common cause of 
tertiary insufficiency is chronic pharmacological adminis- 
tration of glucocorticoids that suppress CRH synthesis. This 
leads to a decrease in both ACTH release and cortisol secre- 
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Figure 51-/2 Basal plasma ACTH concentrations in primary 
and secondary adrenocortical insufficiency. (From Irvine WJ, Toft 
AD, Feek CM. Addison’ s disease. In: James VHT, ed. The adrenal gland. 
New York: Raven Press, 1979:131.) 
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tion. The clinical features of secondary and tertiary adrenal 
insufficiency are similar to those of primary insufficiency, 
except that hyperpigmentation is not present and hypoten- 
sion is less severe; mineralocorticoid deficiency and ACTH 
excess are not seen in secondary or tertiary adrenal insuffi- 
ciency. The ACTH stimulation test is also used to determine 
adrenal insufficiency in patients with secondary and tertiary 
adrenal insufficiency. When results are abnormal, however, 


the ACTH stimulation test cannot identify the cause of 
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Figure 51-13 Serum cortisol response to 0.25 mg of 
cosyntropin (ACTH) in nine normal individuals (normal adrenal), 
eight patients with hypopituitarism (secondary adrenal 
insufficiency), and seven patients with Addison’s disease (primary 
adrenal insufficiency). (From Spechart P, Nicoloff J, Bethune J. 
Screening for adrenocortical insufficiency with cosyntropin [synthetic 
ACTH]. Arch Intern Med 1971;128:761. Copyright 1971, American 
Medical Association.) 


adrenal failure. Mild to moderate dysfunction of ACTH 
secretion may go undetected. Some patients with partial 
ACTH deficiency maintain sufficient ACTH to prevent 
adrenal atrophy, but are unable to augment ACTH secretion 
in response to stress or hypoglycemia."*'® In these cases, 
pituitary ACTH reserve can be investigated with either a 
metyrapone (see Box 51-4) or insulin-induced hypo- 
glycemia test (see Box 50-3; Chapter 50). Neither test, 
however, should be performed if primary adrenal insuffi- 
ciency is suspected. Subnormal responses to these tests 
suggest that pituitary ACTH release is inadequate, thus sup- 
porting a diagnosis of secondary or tertiary adrenal insuffi- 
ciency. Basal ACTH and cortisol concentrations are often not 
useful for establishing the diagnosis of secondary adrenal 
insufficiency. Episodic secretion and circadian variation of 
both ACTH and cortisol can result in values in normal sub- 
jects that overlap with those with secondary or tertiary 
adrenal insufficiency. An elevated basal plasma ACTH in a 
patient with an abnormal response to acute ACTH stimula- 
tion suggests primary adrenal failure, whereas a low ACTH 
value and subnormal response to the Synacthen stimulation 
test suggest a hypothalamic or pituitary disorder. 

The multiple-day ACTH stimulation test is used to dis- 
tinguish between primary and secondary or tertiary causes 
of adrenal insufficiency (see Box 51-2). It is particularly 
useful when patients have been receiving glucocorticoid 
therapy. In primary adrenal insufficiency, the damaged 
adrenal glands do not respond even with several days of 
repeated ACTH stimulation. Patients with secondary or ter- 
tiary adrenal insufficiency usually have an inadequate or 
absent cortisol response at first because the adrenal glands 
have been unstimulated for some time and steroidogenesis 
needs priming. Eventually, a delayed or staircase response is 
seen, indicating reactivation of the normal steroidogenic 


TABLE 51-5 Adrenocortical Insufficiency 


: ADRENAL, INSUFFICIENCY 


aE Normal. Primary Sah Secondary Tertiary 
‘Screening Tests ee a es 
-Plasma ACTH (0800 hours) 10-85 pg/mL... [eend e Noma or decreased `` Normal or decreased 
= Serum. cortisol (0800 hours) 5-23 g/dL Decreased "Normal or decreased Normal or decreased 
‘Challenge Tests Ppriheey tbc ie E sige en semen | ; 
- Rapid. ‘ACTH stimulation S20ug/dL > <20pigid ls any Any 
“(see Box 51-1) Peak cortisol. S S te reat nar rei H a ag 
"Overnight metyrapone test = >7pg/dL Not indicated <7pg/dL o “<7 pg/L 
‘(see Box 51-4) © > 150 pg/mL Not indicated .-<150 pg/mL <150pg/mL 
Plasma 11- “deoxycortisol Plasma aga eee 
ACTH 
‘CRH stimulation test Not indicated . ` Not indicated Decreased response Increased response 


_ (see Box 51-3) Plasma ACTH 2 


ACTH, Adrenocorticotropic hormone; CRH, corticotropin-releasing hormone. 
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TABLE 51-6 Syndromes of Hypoaldose onim 


Si Mechanisms 


: Addisons disease E 


: glomerulosa 
e treatment . 
After:resection of aldosterone- 
producing adenoma. ae 


Hyperreninemic hypoaldosteronism 


Congenital adrenal. oprela, 

with methyiogidase type H defect ae 
i : <: aldosterone, 
: Pseudohypoaldosteronism 


“Hyporeninemic hypoaldosteronism 


pathways. This test, however, is not used as frequently in this 
situation because of the availability of better and sensitive 
ACTH immunoassays that more accurately determine 
ACTH concentrations at baseline. In primary adrenal insuf- 
ficiency, the ACTH concentration is disproportionately ele- 
vated compared with the plasma cortisol concentration. 

The CRH stimulation test (see Box 51-3} can be used to 
differentiate tertiary from secondary adrenal insufficiency.” 
Those with tertiary disease show an elevation in ACTH with 
CRH administration, whereas those with secondary disease 
show only minimal changes in ACTH concentrations. 

Although subnormal basal plasma concentrations of 
DHEA-S occur in primary, secondary, and tertiary forms of 
adrenal insufficiency, measurement is of little value in the 
diagnosis of adrenal insufficiency; low concentrations of 
adrenal androgens are normally observed in children and in 
the elderly. Patients with human immunodeficiency virus 
(HIV) infection have been shown to have reduced concen- 
trations of DHEA-S. DHEA-S concentrations are usually 
determined in the management of women with hirsutism or 
in patients suspected of having adrenal tumors.” 

Measurement of adrenal autoantibodies has been shown 
to be useful in evaluating patients suspected of adrenal insuf- 
ficiency. Antibodies against the 21-hydroxylase enzyme have 
been used in this regard. 


Hypoaldosteronism 

Deficient aldosterone production occurs in conditions other 
than Addison’s disease (Table 51-6).° Isolated aldosterone 
deficiency’” accompanied by normal cortisol production is 
seen in patients with (1) inadequate production of renin by 


the kidney, which leads to secondary aldosterone deficiency 


k Diffuse destruction of-adrenal 
“cortex including the zona 


<i Direct effect of heparin therapy 
Suppression of aldosterone secretion - 
in normal cortical tissue by. adenoma 
with delayed recovery after surgery 
-Selective injury to the renal zona 
glomerulosa during hypotensive 
episodes in critically ill: patients 
“Enzymatic block in the conversion 
of.18-OHB corticosterone. to 


.. Decreased responsiveness to 
` = aldosterone caused by 
en _ mineralocorticoid receptor defect 
i Low. renin secondarily decreasing ae 
~ aldosterone. secretion 


"Comments 


Usually after prolonged treatment. 3 
Can be prevented by spironolactone. 
treatment: before surgery oe 


Cortisol sectretoh. is intact: presents 


with hyperkalemia i in intensive care 
unit Patients 


“ Aldosterone concentrations are higher: 


ni Seen i in diabetic and olde patients with: 
:“umild renal failure aS 


(hyporeninemic hypoaldosteronism); (2) inherited enzyme 
defects in aldosterone biosynthesis; and (3) acquired forms 
of primary aldosterone deficiency (heparin therapy and 
postsurgery). The resulting metabolic changes are hyper- 
kalemia and hyponatremia, often with a hypochloremic 
acidosis. Mild or moderate volume depletion, often with 
postural or unprovoked hypotension, may also occur. 
Hyporeninemic hypoaldosteronism can be established by 
demonstrating failure of both plasma renin and aldosterone 
to increase in response to furosemide stimulation or upright 
posture (see Box 51-9).° This disorder is more common in 
older patients and in individuals with diabetes mellitus. A 
high-renin form has been observed less frequently than the 
hyporenin form. 

Patients with primary adrenal insufficiency usually also 
have aldosterone deficiency. Most endocrinologists, however, 
do not conduct tests to confirm aldosterone deficiency in 
these patients. 


HYPERFUNCTION OF THE ADRENAL CORTEX 
Hyperfunction of the adrenal cortex produces clinical syn- 
dromes of glucocorticoid excess, mineralocorticoid excess, 
and androgen excess, >"! 


Corticosteroid Excess (Cushing’s Syndrome)**’”* 


In 1912 Harvey Cushing first described a 23-year-old 
woman with hirsutism, obesity, and amenorrhea and called 
it a polyglandular syndrome with pituitary involvement. 
Cushing’s syndrome is the result of autonomous, excessive 
production of cortisol leading to classic symptoms charac- 
teristic of this disorder." The clinical picture includes 
truncal obesity, moon face, hypertension, hirsutism, 
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TABLE 51-7: Incidence of Clinical Manifestations in 


Cushing's Syndrome 


Clinical Manifestation “Incidence (%) 


Obesity... S27 790 
Hypertension : ; 285 
Hyperglycemia and decreased 80 
glucose tolerance 
Menstrual and sexual dysfunction 76 
Hirsutism, acne, plethora <72 
Striae, atrophic skin 67 
Weakness, proximal aoni 265 
Osteoporosis . a) 
Easy bruisability: : MATa 58 
Psychiatric disturbances Ree. 
Edema.) es 1S6. 
Polyuria, polyphagia “16 
Ocular changes and exophthalmos 8 


hypokalemic metabolic alkalosis, carbohydrate intolerance, 
disturbance of reproductive function, and neuropsychiatric 
symptoms (Table 51-7). Frequently the cause is iatrogenic, 
caused by excessive exogenous steroid therapy. Endogenous 
disorders that cause hypersecretion of cortisol and Cushing’s 
syndrome are classified either as ACTH dependent or ACTH 
independent (Table 51-8). Cushing’s disease is the pituitary- 
dependent form of Cushing’s syndrome that accounts for 
70% of the cases seen in clinical practice. In Cushing's 
disease, hypersecretion of ACTH by a pituitary microade- 
noma is the primary defect that leads to bilateral adrenal 
hyperplasia and cortisol overproduction. In the ectopic 
ACTH syndrome, nonendocrine tumors (e.g., lung, gut, 
ovarian, and carcinoid tumors) develop the ability to secrete 
ACTH, resulting in adrenal hyperplasia, unregulated cortisol 
secretion, and suppression of pituitary ACTH activity. In the 
form of Cushing’s syndrome associated with primary 
adrenal disease, such as adrenocortical adenoma” or carci- 
noma (see Table 51-8), increased secretion of cortisol sup- 
presses both CRH synthesis and ACTH secretion, and 
atrophy of nontumorous adrenal tissue results. Multiple 
endocrine neoplasia type 1 (MEN 1) and type 2 (MEN 2) 
also are causes of Cushings syndrome. MEN 1 results in 
Cushing’s syndrome through ACTH hypersecretion from 
a pituitary microadenoma or from an ectopic ACTH- 
secreting tumor of the pancreas or medullary thyroid. 


Screening Tests for Cushing’s Syndrome 


Cushing’s syndrome is an uncommon disorder but many of 
the usual signs and symptoms of this syndrome are seen in 
patients with normal adrenal function. The initial diagnosis 
of Cushing’s syndrome, particularly in mild or early disease, 
rests on laboratory evidence of excessive and autonomous 
cortisol production.” Two simple screening tests are 


TABLE-51-8 Causes of Spontaneous Cushing's 


Syndrome 


Underlying Disorder Incidence (%) 


ACTH dependent ` 
Cushing’s disease: ~ 68: 
Ectopic ACTH-secreting tumor: 155 

ACTH independent 
Adenoma 5 
Carcinoma 3 
Nodular:adrenal hyperplasia 9 
Adrenocortical rest tumor <1 


ACTH, Adrenocorticotropic hormone. 


available for detecting Cushing’s syndrome (Table 51-9). 
One is the measurement of 24-hour urinary free cortisol. 
Under normal circumstances, <2% of the secreted cortisol 
appears in urine as free cortisol. In general, a 24-hour 
urinary free cortisol concentration <l00pg/day excludes 
the diagnosis of Cushing’s syndrome, and concentrations 
>120ug/day suggest the diagnosis of Cushing’s syndrome 
(see Figure 51-9). The diagnostic accuracy is more than 90% 
when the test is properly performed.” An elevated excretion 
rate documents overproduction of cortisol. However, 
improper timing of the urine specimen (>24 hours), con- 
comitant use of a diuretic, high salt intake, depression, and 
stress can cause false-positive test results.” Urine cortisol 
measurements do not establish the diagnosis; an abnormal 
result should be followed by repeat or provocative testing. 

Another reliable and convenient screening test for 
Cushing’s syndrome is the overnight low-dose dexametha- 
sone suppression test (1 mg at midnight) with measurement 
of serum cortisol (suppressed to <5 ug/dL [140 nmol/L]) at 
0800 hours the following morning (see Box 51-5). A multi- 
ple low-dose test is sometimes also used (see Box 51-6). A 
diagnostic accuracy of 90% has been achieved with the 
simultaneous measurement of both cortisol and dexa- 
methasone, although this approach is rarely used." The 
measurement of dexamethasone assesses the resistance of 
the HPA axis to suppression. Incorrect dosing and alterations 
in clearance of dexamethasone are detected by measuring 
dexamethasone; thus both false-negative and false-positive 
suppression test results can be identified. 

Examining the circadian rhythm of cortisol secretion can 
also be used to screen for Cushing’s syndrome. The morning 
to night difference is lost in patients with Cushing’s syn- 
drome so that the nocturnal concentrations are inappropri- 
ately raised from normal. 


Differential Diagnosis of Cushing’s Syndrome 


The screening tests discussed above suggest endogenous 
Cushing’s syndrome. More definitive testing should then be 
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TABLE 51-9 Differ ential Diagnosis in Cushings Syndrome 


Cushing's ES oo. Ectopic ACTH 
Normal Syndrome Adrenal Tumor | Syndrome. 
Screening Tests _ pa ae ed a 
Urinary free cortisol ` : <100pig/day ` >120 g/day >120jig/day 3120 pg/day 
Overnight dexamethasone a BMS SALLE eS 
“suppression test. 
"(see Box 51-5) ™ Mera i mAN e (es 
- Serum cortisol (0800h) ` <3 ug/dL == E - >l0pg/dL >10 ug/dL i: 
Differential Diagnostic Tests USER ES mE Pes Be aA Ean E nr 
“Plasma ACTH (0800h) 10-85 pg/mL 40-260 pg/mL “lope, Nonna to one elevated 
`: Serum cortisol (0800h) 5-23 ug/ dL “Normal... ro Normal or elevated Normal or elevated } 


: -High-dose overnight 
-` dexamethasone 
+: suppression test 
= (see Box 51-8) 
<>- Serum cortisol (0800h) 
o Glor MRI pate i E 
Of adrenal glands se Ri acu ogee 
Of pituitary. gland Nore eke 
Of other locations tn SU a a: 
a CRH stimulation test. mae ioe 
(see Box 51-3) with IPS. 
zi venous sampling -` 
Ratio of ACTH in IPS vein 
to that in peripheral vein. 


50% suppression 


a 


Not indicated >3 


Most suppress , 


Fail to suppress Fail to suppress 
a ; te 


<3 ee a ate 


ACTH, Adrenocorticotropic hormone; CRH, corticotropin-releasing hormone; CT, computed tomography; IPS, inferior petrosal sinus; MRI, magnetic 


resonance imaging. 


performed to determine the source of the overproduction of 
cortisol when observed with screening tests (see Table 51-9). 
Plasma ACTH concentrations are low in patients with 
adrenal tumors and normal or moderately elevated in 
patients with Cushing’s syndrome and macronodular hyper- 
plasia. The plasma concentrations of ACTH are very often 
markedly elevated in patients with nonendocrine ACTH- 
secreting tumors (Figure 51-14) because the normal nega- 
tive feedback loop does not respond in this situation, Plasma 
ACTH concentrations >300 pg/mL are usually suggestive of 
a nonendocrine ACTH-secreting tumor. 

High-dose dexamethasone suppression testing (see Boxes 
51-7 and 51-8) is useful to differentiate Cushing’s syndrome 
caused by adrenal tumors and nonendocrine ACTH- 
secreting tumors from pituitary Cushing’s disease." 
Some patients with Cushing’s disease have false-negative test 
results with low-dose dexamethasone suppression. False- 
negative test results can be assessed by administering either 
1.0mg (low dose) or 8mg (high dose) of dexamethasone 
at midnight (overnight dexamethasone suppression test). 
Serum is collected at 0800 hours for the measurement of cor- 
tisol. In patients with adrenal tumors and, with a few excep- 
tions, in those patients with nonendocrine ACTH-secreting 


tumors, suppression does not occur after high-dose dexa- 
methasone administration. Most patients with macrono- 
dular hyperplasia do not show normal suppression on 
high-dose testing with either the overnight or multiple-dose 
tests. They usually have measurable concentrations of 
ACTH. With high-dose testing, <10% of patients with 
Cushing’s disease fail to show some degree of suppression, 
although most show only 50% to 60% suppression.” False- 
positive results have occurred in patients with accelerated 
clearance of dexamethasone as in patients receiving 
hepatic enzyme—inducing drugs, such as phenytoin. In these 
patients, measurements of plasma dexamethasone can be 
useful to gauge the effective blood concentration. 

The CRH stimulation test (see Box 51-3) produces exag- 
gerated ACTH or cortisol responses, or both, in about 90% 
of patients with Cushing’s disease.”*!'® Poor responses 
occur in patients with adrenal tumors and in most patients 
with nonendocrine ACTH-secreting tumors (usually those 
having elevated basal concentrations of plasma ACTH). 
Patients with depression and anorexia nervosa usually do not 
exhibit exaggerated responses of ACTH to CRH injections. 
CRH testing has no major advantage over the high-dose dex- 
amethasone suppression test. If the cause of Cushing’s syn- 
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Figure 51-14 Basal plasma ACTH concentrations in patients 
with spontaneous Cushing’s syndrome. (From Scott AP. Pituitary 
adrenocorticotrophin and the melanocyte stimulating hormones. In: 


Parsons JA, ed, Peptide hormones. Baltimore: University Park Press, 
1979.) 


drome is uncertain, measurement of ACTH from inferior 
petrosal vein specimens before and after CRH stimulation 
can be helpful. When ACTH concentrations in petrosal vein 
specimens are similar to those of simultaneously obtained 
peripheral vein plasma specimens, the diagnosis of a non- 
pituitary source of the ACTH is then considered. In virtually 
all patients with ectopic production of ACTH, the ratio of 
ACTH concentrations between the IPS and a peripheral 
venous concentration is <1.4:1. In contrast patients with 
Cushing’s disease have a ratio >3.0. Unilateral elevation 
of petrosal vein ACTH, however, does not always predict 
which side of the pituitary the tumor is hypersecreting 
ACTH: 


Pituitary Studies 
CT; MRI; selective venous sampling for ACTH measurements 
{inferior petrosal sinus venous to peripheral venous ratios) 
Adrenal Studies 
CT; selective arteriography; selective venography; selective 
venous sampling for cortisol measurement 
Ectopic ACTH Production 
Conventional radiography, ultrasonography, CT to look al 
sites of suspected neoplasms 


ACTH, Adrenocorticotropic hormone; CT, computed tomography; 
MRI, magnetic resonance imaging. 


Adrenal androgens and plasma DHEA-S are measured in 
the differential diagnosis of hirsutism without Cushing’s 
syndrome.”””* In patients with Cushing’s syndrome, plasma 
DHEA-S concentrations are usually normal or moderately 
elevated (plasma DHEA-S ~5ug/mL). Those patients with 
an adrenal adenoma usually have low age-adjusted con- 
centrations of DHEA-S. The concentrations for plasma 
DHEA-S in patients with nonendocrine ACTH-secreting 
tumors range from normal to elevated. In patients with 
congenital adrenal hyperplasia (CAH), adrenal androgens 
suppress normally with the administration of 0.75 mg of 
dexamethasone for 2 to 3 weeks, but suppression does not 
occur in those patients with adrenal tumors and non- 
endocrine ACTH-secreting tumors. 

In addition to suppression and stimulation testing, 
methods of anatomical localization, listed in Box 51-13, 
should be used to document the diagnosis of Cushing’s syn- 
drome. Computed tomography (CT) of the adrenal glands 
has been helpful in localizing adrenal tumors, macronodu- 
lar hyperplasia, and bilateral hyperplasia of the adrenal 
glands. CT in combination with magnetic resonance 
imaging (MRI) of the pituitary gland can help detect pitu- 
itary microadenomas.”*"” 


Conditions That Mimic Cushing’s Syndrome 


Alcohol abuse has been known to induce a “pseudo- 
Cushing’s syndrome” that mimics the clinical and biochem- 
ical features of the actual disease.’ The abnormalities are 
all reversible once alcohol abuse by the patient is eliminated. 
The clinician must therefore use considerable judgment 
in detecting the cause of Cushing’s syndrome before 
therapy.’ HIV, anorexia nervosa, and depression are asso- 
ciated with elevated serum cortisol concentrations, and 
patients with these disorders may have positive low-dose, 
overnight dexamethasone suppression tests. However, the 
clinical features of patients with HIV and anorexia nervosa 
are not typical of those with Cushing’s syndrome. Measure- 
ment of urinary free cortisol and plasma cortisol with the 
dexamethasone suppression test improves the predictive 
value in the diagnosis of both Cushing’s syndrome and 
depression,” 
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Obese patients have also presented with clinical features 
that mimic true Cushings syndrome. Truncal obesity, 
striae, and the excretion of elevated concentrations of 17- 
hydroxysteroids are features of Cushing’s syndrome that 
occur in normal, obese subjects. Urinary free cortisol, how- 
ever, is normal in the obese individual and can effectively dif- 
ferentiate normal subjects from those with true Cushing's 
syndrome. 


Congenital Adrenal Hyperplasia (Adrenogenital 
Syndrome)” 
The biosynthesis of cortisol and aldosterone from choles- 
terol requires the action of specific enzymes in the adrenal 
cortex for the chemical modification and introduction of the 
different functional groups. 127619200 CAH is characterized 
by the congenital absence or deficiency of one or more of 
the biosynthetic enzymes that lead to cortisol biosynthesis." 
As noted in Figure 51-6, a defect or deficiency in any one 
or all of the four key enzymes of adrenocorticoid biosyn- 
thesis can occur. As a result, cortisol biosynthesis is impaired, 
leading to a compensatory increase in ACTH release, ACTH 
then stimulates steroid biosynthesis to the point of the 
enzyme block. Enzyme defects therefore cause hyperplasia 
of the adrenal cortex and accumulation of intermediate 
compounds proximal to the block with shunting of the 
substrate toward the adrenal androgen pathway. Measure- 
ments of the specific precursor steroids in blood are useful 
for identifying the specific enzyme defect and for monitor- 
ing response to cortisol replacement therapy.'”’A partial 
block may cause either marked or subtle clinical manifesta- 
tions, whereas a complete enzyme block can be incom- 
patible with life. The closer the enzyme block is to the final 
cortisol product, the less life threatening are the symptoms 
caused by compensatory action by the elevated precursor 
steroids. 

The term CAH is used to denote the congenital presen- 
tation of this disorder (usually at birth) and the adrenocor- 


Cholesterol 


ACTH === 


tical hyperplasia that results from the compensatory ACTH 
response to cortisol deficiency. “Adrenogenital syndrome” is 
also used to describe this disorder in that it affects the gen- 
italia and secondary sex characteristics of the newborn. In 
girls, particularly, the diagnosis of CAH in the neonatal 
period is commonly suggested first by the observed presence 
of ambiguous genitalia. In boys the abnormality may not be 
suspected until signs of precocious puberty or accelerated 
growth are present. Because aldosterone production can be 
compromised with accumulation and diversion of interme- 
diate steroids to other pathways, hypertension and salt 
wasting may also be present. The adrenogenital syndrome is 
recognized with increased frequency in adults, with affected 
people presenting with subtle abnormalities at the time of 
puberty that go unrecognized. In adult women, the clinical 
presentation may be indistinguishable from the polycystic 
ovary syndrome (PCOS) or idiopathic hirsutism.*’” 
Deficiency of the 21-hydroxylase enzyme (Figure 51-15; 
see also Figure 51-6) is the most common form of CAH, with 
more than 90% of cases caused by 21-hydroxylase defi- 
ciency.” The incidence in Western societies ranges from 
1 in 5000 to 1 in 15,000 live births. An elevation in 17a- 
hydroxyprogesterone is characteristic of this enzyme defect. 
The concentrations of several other steroids are increased in 
the circulation of patients with 21-hydroxylase deficiency. 
These include progesterone, 170.-hydroxypregnenolone, and 
pregnenolone. The adrenal androgens, DHEA-S and DHEA, 
are also elevated in patients with this enzyme defect. An 
increase in plasma androstenedione and testosterone occurs 
primarily as a result of the peripheral conversion of precur- 
sor adrenal androgens by the liver. There are several variants 
of 21-hydroxylase deficiency: a simple virilizing form, a salt- 
wasting form, and a late-onset form. The simple virilizing 
form is associated with 21-hydroxylase enzyme deficiency 
occurring only in the zona fasciculata, and the major clini- 
cal manifestation is virilization caused by the increase in 
adrenal androgen secretion. The salt-wasting form extends 


Pregnenolone =< 17-OH Pregnenolone => DHEA 


3BSDH 


Progesterone 17-OH Progesterone 

Does, AS E ene ane Ane 
Deoxycorticosterone 11-deoxycortisol 

11 OW’ase sef e eres 
Corticosterone Cortisol 

18 OH’ase 77 J Bg 


Aldosterone 


A4 Isomerase ji | J 


Figure 51-15 Formation of steroids in 
patients with adrenogenital syndrome 
Androstenedione caused by 21-hydroxylase deficiency. Bold 
lettering indicates steroids that are found 
+ elevated in the circulation. ACTH, 


Testosterone Adrenocorticotropic hormone; 3BSDH, 
: 3f-hydroxysteroid dehydrogenase. 
v 
Estradiol 
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to the zona glomerulosa and includes a deficiency in aldos- 
terone leading to salt wasting and hypotension. Late-onset 
21-hydroxylase deficiency is associated with mild to moder- 
ate hirsutism in women in early adulthood that commonly 
masquerades as PCOS, with primary or secondary amen- 
orrhea and anovulation as major characteristics. Plasma 
testosterone and androstenedione and basal and ACTH- 
stimulated 170-hydroxy progesterone concentrations are ele- 
vated in these individuals. Plasma 30-androstanediol 
glucuronide, a metabolite of tissue androgens, is also 
elevated in most patients with this enzyme deficiency. Males 
can develop enlarged testes because of ectopic adrenal tissue 
that rests within the testes and responds to the ACTH com- 
pensatory increase. The ACTH stimulation test with the 
measurement of 17-hydroxyprogesterone (see Box 51-1) is 
useful in identifying heterozygotes for this condition and 
exposing patients with acquired forms of 21-hydroxylase 
deficiency. 

A deficiency of 11B-hydroxylase is the second most 
common form of CAH, with an incidence of 1 per 100,000 
births, and is associated with manifestations of virilization, 
elevated concentrations of plasma androstenedione and 
DHEA-S, and hypertension. The mineralocorticoid-induced 
hypertension is caused by an elevation of DOC; 11- 
deoxycortisol concentrations are markedly raised in subjects 
with this enzyme defect.” The major distinguishing 
characteristic of this disorder from 21-hydroxylase defi- 
ciency, besides the elevated plasma concentrations of 11- 
deoxycortisol, is hypertension elicited by the salt retention 
caused by increased concentrations of DOC. A deficiency 
of 3B-hydroxysteroid dehydrogenase-isomerase has been 
reported and leads to an elevation in the ratio of 170- 
hydroxypregnenolone to that of 170-hydroxyprogesterone 
and to an increased ratio of DHEA to androstenedione. In 
severe forms of this rare disorder, female infants have 
pseudohermaphroditism, and male infants present with 
incomplete masculinization. Patients with this disorder 
usually present in early infancy with complete adrenal insuf- 
ficiency including salt wasting. A late-onset form has also 
been reported in patients with premature pubarche with hir- 
sutism, acne, and menstrual irregularities, 51199200213 The 
diagnosis is made by demonstrating an increased ratio of 
pregnenolone and 17-hydroxypregnenolone to progesterone 
and 17-hydroxyprogesterone, respectively. 

A reduction in the conversion of 17-hydroxypreg- 
nenolone to DHEA and of 17-hydroxyprogesterone to 
androstenedione results from a deficiency of C-17,20- 
lyase/170.-hydroxylase. A defect of this enzyme complex in 
the gonads of genetic females results in pubertal failure, and 
a defect in genetic males causes pseudohermaphroditism. 
The synthesis of cortisol, androgens, and estrogens is 
decreased, and the production of progesterone, corticos- 
terone, and DOC is increased. In the complete form, hyper- 
tension and hyperkalemia with a lack of sexual development 
are observed in girls, whereas male pseudohermaphroditism 
is seen in boys. The diagnosis is usually made at the time of 


puberty when patients present with hypogonadism in asso- 
ciation with hypertension and hypokalemia. 

Concentrations of all classes of steroid hormones are low 
when a deficiency of the cholesterol side-chain cleavage 
enzyme is present. This disorder is extremely rare; few 
affected children survive infancy, and sexual differentiation 
is absent in boys. 

The effectiveness of a treatment program for CAH is 
judged on the basis of the presence or absence of normal 
linear growth, normal sexual development, and suppression 
of abnormal blood and urine steroid concentrations into the 
normal range with exogenous cortisol. With virilizing con- 
genital hyperplasia caused by either 21-hydroxylase defi- 
ciency or 110-hydroxylase deficiency, excess DHEA and 
androstenedione from the adrenal glands is converted to 
testosterone in peripheral tissue; plasma testosterone values 
within the reference interval of the adult male are commonly 
encountered in infants diagnosed with CAH. With effective 
treatment, suppression of plasma testosterone to <0.2 ng/mL 
is achieved. Most pediatric endocrinologists use cortisol 
replacement therapy in these patients with measurement 
of the elevated steroid just proximal to the enzyme block 
and with androstenedione concentrations. Increases in 
androstenedione are an early indicator of inadequate steroid 
replacement. 


Adrenal Tumors”! 


Plasma DHEA-S, DHEA, androstenedione, and testosterone 
concentrations are elevated in patients with virilizing 
adrenal adenomas and Cushing’s syndrome. The plasma 
concentrations of DHEA also may be elevated in women 
with virilizing ovarian tumors. CT scans along with MRI are 
useful in differentiating the sites of the tumors.*”! Aldos- 
terone-secreting adenomas referred to as Conn’s syndrome 
are typically small microadenomas found in the zona 
glomerulosa that hypersecrete aldosterone, producing the 
syndrome characterized by low renin hypertension. 

Adrenal carcinomas are rare, with an incidence of only 1 
per million population, and may cause only virilization and 
not the typical features of Cushing’s syndrome. Women are 
more commonly affected than men in a 2.5:1 ratio. Plasma 
DHEA-S, DHEA, and androstenedione concentrations are 
markedly elevated in patients with adrenal carcinoma along 
with raised concentrations of cortisol. The concentrations of 
DHEA-S can often exceed 10ug/mL in patients presenting 
with adrenal carcinoma and are usually diagnostic of this 
malignancy. High-dose glucocorticoids do not suppress the 
elevated androgen concentrations.” 

Feminizing adrenocortical carcinomas are also rare, 
They result in elevation of plasma DHEA-S, DHEA, 
androstenedione, estrone, and estradiol concentrations. 
Serum cortisol concentrations may be normal or elevated in 
those patients with Cushing’s syndrome. Gynecomastia 
and sexual dysfunction occur in men and precocious 
pseudopuberty in women. Steroid hormone production fails 
to decrease normally after treatment with dexamethasone. 
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AG 0: -Differe B ano © DEeRAGOStero 
Plasma Renin Plasma Aldosterone Blood Pressure Serum Potassium 

Primary aldosteronism Low High High Low 
Secondary hypertension z 8 

Edematous disorder High High Normal :, Low... 

Malignant hypertension High High _. High fats a ROWE 3 Pee as 

-Renovascular hypertension | Normal or high - Normal or high High ~ Normal or low. 
Renin-secreting tumors - _ High High High .: ‘Normal or low. 
CAH (11-.and 17- Low ~ Low High . . Le as 

_. hydroxylase deficiency)... _ l oo Gs a eee tgs 
Cushing’s syndrome Normal or low. | Normal or low : High LOW: oes 
Liddle’s syndrome Low Low High _ Low 
Bartter’s syndrome . High . High Normal or low . Low 
Licorice ingestion 0. : Low Tie Low High -2 Low. ; 
Low-renin essential Low Normal or low. ; High | . Normal - 

-hypertension l 

Ingestion of exogenous Low Low High .. +, Low 

© mineralocorticoids 


CAH, Congenital adrenal hyperplasia. 


Nonfunctioning Adrenocortical Tumors 

Approximately 2% of the population have an adrenal tumor; 
most of these tumors are nonfunctioning and are sometimes 
called incidentalomas. They are found when CT scans of the 
abdomen are performed that can easily detect tumors 1 cm 
in diameter or 5g in weight. No virilizing tumors smaller 
than 1cm in diameter have been reported. Carcinomas are 
usually more than 30g in weight. ® 


Mineralocorticoid Excess (Hyperaldosteronism)™'* 


Hyperaldosteronism, commonly referred to as Conn’s syn- 
drome, is a syndrome associated with hypersecretion of the 
major mineralocorticoid, aldosterone.“ In primary aldos- 
teronism, ™ >> excessive aldosterone production origi- 
nates from within the adrenal gland; in secondary 
aldosteronism, a stimulus outside the adrenal gland activates 
the renin-angiotensin system. The interaction of renin, 
angiotensin, and aldosterone is important in the regulation 
of extracellular fluid volume, blood pressure, and the balance 
of sodium and potassium ions. A change in one of these 
variables leads to changes in the others. 

Control of renin release from the kidney is influenced by 
(1) specialized cells in the distal convoluted tubules called 
the macula densa function as chemoreceptors for the con- 
centration of sodium delivered to the distal tubules; (2) jux- 
taglomerular cells functioning as mini pressure transducers 
sense the renal perfusion pressure in the kidney; (3) the 
sympathetic nervous system that feeds the kidney and 
catecholamine release; and (4) humoral factors such as 
potassium, atrial natriuretic peptides, and angiotensin II. All 
of these influences are involved in the normal control of salt 
and water balance and with diseases of the kidney. Secondary 


events that disturb the normal equilibrium of renin release 
are much more common than primary abnormalities of 
renin secretion (Table 51-10). For example, a decrease in 
effective plasma volume or mean arterial pressure with 
sudden blood loss leads to release of renin from juxta- 
glomerular cells of the kidneys; more angiotensin I and 
angiotensin H are formed, and an increased production of 
aldosterone by the adrenal glands occurs. This results in 
retention of water and sodium, an increase in extracellular 
volume, and a decrease in the serum potassium ion concen- 
tration. This state of secondary aldosteronism is commonly 
present in patients with congestive heart failure, nephrotic 
syndrome, cirrhosis of the liver, other hypoproteinemic 
states, or conditions of chronic depletion of plasma volume. 

Secondary hyperaidosteronism is suspected in patients 
with volume depletion, edema, and hypokalemic alkalosis. 
Measurements of renin activities and aldosterone concen- 
trations are seldom needed in these cases. Their measure- 
ments are invaluable, however, in the investigation of 
primary disturbances in the renin-angiotensin-aldosterone 
system, in the assessment of renal artery stenosis, and in the 
genesis and maintenance of arterial hypertension. 


Primary Aldosteronism 


Primary aldosteronism was first described by Conn in 1955 
and is characterized by an elevated plasma concentration of 
aldosterone along with hypertension and hypokalemia.** 
Because <1% of hypertensive patients have primary aldos- 
teronism, indications that should lead to further evaluation 
include hypokalemia that is unprovoked by diuretics or the 
lack of response to conventional antihypertensive drug treat- 
ment. Overproduction of aldosterone may be due to an 
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Hypertension with hypokalemia 


Measure urine potassium 


E 


> 30 mmol/L 


MINERALOCORTICOID EXCESS 


| 


Measure PRA 


< 30 mmol/L 
NO MINERALOCORTICOID EXCESS 


_ (ambulatory or after furosemide stimulation) 


— 


High baseline PRA 
Stimulated response 
SECONDARY 
ALDOSTERONISM 


Low baseline PRA 
No stimulation 
PRIMARY MINERALOCORTICOID EXCESS 


Measure blood or urine aldosterone 


——— 


High baseline aldosterone 


Failure to suppress with saline, fludrocortisone, or captopril 


PRIMARY ALDOSTERONISM 


Measure plasma aldosterone after assumption of upright posture 


Measure plasma 18-OHB 


a E 


No response or 
fall in aldosterone 
Elevated 18-OHB 

ADENOMA 


Increase in aldosterone 
Normai 18-OHB 
HYPERPLASIA 


Normal or low baseline aldosterone 
LOW RENIN ESSENTIAL 
l HYPERTENSION, 
DEOXYCORTICOSTEROID-PRODUCING TUMORS, 
EXOGENOUS MINERALOCORTICOIDS, 
LICORICE INGESTION 


Figure 51-16 Scheme for the laboratory work-up of suspected aldosteronism causing 
hypertension. PRA, plasma renin activity; 18-OH, 18-hydroxycorticosterone. 


autonomous and inappropriate secretion of aldosterone by 
an adenoma of one adrenal gland (aldosterone-producing 
adrenal adenoma [APA] or Conn’s syndrome), hyperplasia 
of aldosterone-producing cells in both glands (idiopathic 
adrenal hyperplasia [IAH]), an aldosterone-producing 
adrenal carcinoma, or a rare familial condition known as 
glucocorticoid-suppressible aldosteronism. The clinical fea- 
tures of primary aldosteronism are generally related to the 
consequences of aldosterone overproduction. Increased 
retention of sodium through the effects of aldosterone on 
the renal tubular handling of sodium, expansion of extra- 
cellular fluid volume, and increased tubular secretion of 
potassium and hydrogen ions reflect the cardinal manifesta- 
tions of primary aldosteronism. Hypokalemia and metabolic 
alkalosis result as a consequence of a progressive renal deple- 
tion of body potassium. As a consequence of sodium reten- 
tion, there is a modest expansion of extracellular fluid 
volume and an increase in arterial blood pressure. 


Laboratory Diagnosis of Primary Aldosteronism 

Hypokalemia is the key clinical finding that primary aldos- 
teronism may be present in a patient with diastolic hyper- 
tension.” To confirm the diagnosis, it is necessary to 


demonstrate (1) hyposecretion of renin that is not appro- 
priately corrected during volume depletion, and (2) hyper- 
secretion of aldosterone that fails to suppress appropriately 
during volume expansion. Figure 51-16 shows a suggested 
scheme for evaluating patients with suspected mineralocor- 
ticoid excess. 

Most patients with autonomous aldosterone overproduc- 
tion are hypokalemic, but most patients with hypokalemia 
do not have primary aldosteronism. In hyperaldosteronism, 
urinary potassium excretion is inappropriately high, and a 
random urine potassium >30 mmol/L is usually indicative of 
primary aldosteronism or some type of mineralocorticoid 
excess condition. If hypokalemia can be shown to be due to 
nonrenal potassium loss, the diagnosis of aldosteronism 
does not need to be considered further.*°™ 

In primary aldosteronism, low renin activity and high 
aldosterone concentration are expected. Many other factors, 
however, influence the ‘secretion of renin and aldosterone, 
and these factors must be recognized and understood before 
testing. Because drugs such as ACE inhibitors, beta blockers, 
and spironolactone alter renin release, patients should be 
withdrawn from these medications for several weeks before 
determining the plasma aldosterone/plasma renin activity 
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Figure 51-17 PRA 5 hours after the oral 
administration of 60mg of furosemide. (From Wallach L, 
Nyari I, Dawson K. Stimulated renin:A screening test for 
hypertension. Ann Intern Med 1975;82:27,) 


Pheochromocytoma 


ratio. When working up patients with suspected primary 
aldosteronism, it is helpful, for example, to compare the 
ambulatory PRA activity with sodium excretion or to stim- 
ulate renin production with a potent diuretic such as 
furosemide (Figure 51-17). A high PRA activity could be due 
to secondary aldosteronism (e.g., renovascular hypertension 
or pheochromocytoma). A low value, on the other hand, 
suggests primary aldosteronism or low-renin hypertension. 
The latter may be caused by exogenous or endogenous 
mineralocorticoids that mimic the action of aldosterone, 
producing an expansion in plasma volume, hypertension, 
and hypokalemia. The use of an ACE inhibitor such as 
captopril has also been employed for the diagnosis of 
primary aldosteronism. In individuals who are normoten- 
sive or have essential hypertension, acute inhibition of 
ACE decreases angiotensin-mediated aldosterone produc- 
tion, and the autonomous aldosterone production from an 
aldosterone-producing adenoma is unaffected by the ACE 
inhibitor. 

The determination of plasma renin responsiveness, 
however, is not sufficient to diagnose primary aldosteronism 
because suppressed PRA also occurs in about 25% of 
patients with essential hypertension. Primary aldosteronism 
can be differentiated from other hypermineralocorticoid 
states on the basis of inappropriate secretion of aldosterone. 
The demonstration of an elevated concentration of aldos- 
terone in blood or urine in a patient with an unequivocally 
suppressed PRA concentration (a plasma aldosterone/ 
plasma PRA ratio >50) is presumptive evidence of primary 
aldosteronism. Because hypokalemia has a suppressive effect 
on aldosterone secretion, the potassium deficit should be 
replaced before aldosterone measurements are done. To 
establish aldosterone autonomy, the clinician may attempt 
to suppress aldosterone production with rapid volume 
expansion” (see Box 51-10), with a potent mineralocorticoid 
(see Box 51-11), or as mentioned with captopril. Failure 


of aldosterone to be suppressed using these maneuvers 
confirms a diagnosis of primary aldosteronism. 

Once the diagnosis of primary aldosteronism is estab- 
lished, it is necessary to distinguish between APA and bilat- 
eral IAH. This differentiation is vital because most patients 
with adrenal adenomas respond well to surgical removal of 
the tumor, whereas patients with adrenal hyperplasia do not 
and are managed medically. Localization using imaging 
techniques” can be helpful (spiral CT scans,*”'® ultra- 
sonography, and adrenal scanning with NP-59 [‘'I-6B- 
iodomethyl-19-norcholesterol]) and adrenal venography 
with or without selective adrenal venous sampling for aldos- 
terone measurements to determine whether the right or left 
adrenal is hypersecreting aldosterone when the tumors are 
too small to be detected by imaging techniques. A number 
of biochemical clues can help with the differential diagnosis. 
Aldosterone hypersecretion and plasma renin suppression 
are usually greater with adrenal adenomas. After sodium 
depletion or after 2 to 4 hours of upright posture, patients 
with APA usually show no change or a paradoxical fall in 
plasma aldosterone, whereas patients with IAH typically 
show a rise in plasma aldosterone (presumably because the 
hyperplastic glands are sensitive to small increments in 
PRA).” Elevated plasma concentrations of aldosterone 
precursor substrates, such as 18-hydroxycorticosteroid 
(>85 ng/dL), are observed in most patients with APA but not 
in those with IAH (see Figure 51-16). 

A small percentage of patients with APA or IAH respond 
to dexamethasone treatment with a normalization of their 
blood pressure and correction of their biochemical abnor- 
malities.” Dexamethasone treatment should be attempted 
before surgery, particularly in young patients, or when the 
normal fall in plasma aldosterone concentration after salt 
depletion and standing does not occur, and no unilateral 
lesion is seen on radiographs. Also, a trial treatment of 
spironolactone, an aldosterone antagonist, usually normalizes 
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PATIENT SELECTION 

Diastolic blood pressure > 110 mm Hg 
Age <50y è 

Poor response to treatment 
Hypokalemia 

Off antihypertensive agents for at 
least 2 weeks 


Ambulatory PRA versus urinary 
sodium excretion or after 
furosemide stimulation 


NORMAL 


LOW 
Evaluate further for 
primary aldosteronism 


HIGH 
Evaluate for 
renovascular disease 
or pheochromocytoma 


Figure 51-18 Screening with PRA in hypertension. (From Watts 
NB, Keffer JH, Practical endocrine diagnosis, 3rd ed. Philadelphia: Lea 
& Febiger, 1982. Used with permission.) l 


blood pressure in patients who are likely to have a good 
response to surgery. 


Other Causes of Adrenal Mineralocorticoid Fxcess 


Adrenocortical carcinomas have been found to produce 
excess mineralocorticoid and cause hypertension with 
hypokalemia.” Either aldosterone or DOC, or both, may be 
produced in excess. Mineralocorticoid concentrations do not 
respond to glucocorticoid therapy or alterations in salt 
status. CT scans are helpful; adrenal carcinomas are usually 
large tumors that weigh more than 30g; aldosterone- 
secreting adenomas are usually much smaller. Finding low 
plasma renin activity and aldosterone concentration under 
circumstances that should cause an elevation (furosemide 
stimulation or upright posture) would support the diagnosis 
(see Figure 51-17). 

Other unusual conditions that suggest aldosterone 
excess or deficiency but are not connected to the renin- 
angiotensin-aldosterone system” include Liddle’s syndrome 
(pseudohyperaldosteronism),*° which resembles primary 
aldosteronism clinically, but aldosterone production is low 
and hypertension is absent; and Bartter’s syndrome,” which 
involves a prostaglandin-mediated renal potassium. wasting 
and renal chloride handling defect, in which both aldos- 
terone concentrations and renin activities are elevated. In 
renal tubular acidosis and pseudohypoaldosteronism, the 
clinical picture of hypoaldosteronism is seen concurrent 
with greater-than-normal concentrations of aldosterone. 


Plasma Renin in Renovascular Hypertension 


Used as a screening test, an elevated plasma renin activity 
after furosemide stimulation or when correlated with 
urinary sodium excretion” can suggest renal artery stenosis 
as the cause of the hypertension (Figure 51-18). If there is 
arteriographic evidence for renal artery stenosis, measure- 
ment of plasma renin in specimens obtained from selective 


Rationale In renovascular hypertension, PRA is higher in the 
renal vein on the involved side. 


Procedure The patient should be on a low-sodium, high- 
potassium diet and receiving a diuretic for 3 days before the 
procedure. Under fluoroscopic guidance, percutaneous 
catheterization is performed, and blood samples are obtained 
from both renal veins and the inferior vena cava for 
determination of PRA. 

Interpretation Various criteria have been suggested for 
interpretation. A ratio of PRA (affected side to unaffected side) 
that is >1.5 suggests functionally significant renovascular 
disease. 


renal vein catheterization can be helpful in predicting the 
response to surgical correction of the renal vascular lesion 
or nephrectomy. Lateralization of renin in the renal vein to 
the radiographically involved side, especially after sodium 
depletion, is also predictive of a good response to surgery in 
90% of cases (Box 51-14).'* Comparing renin activity in the 
renal artery with that in the renal vein can make a further 
distinction. '® 


ANALYTICAL METHODOLOGY 


Many different types of methods have been used to measure 
steroids in body fluids.’“ Earlier methods included photo- 
metric and fluorometric methods.””' However, they have 
been replaced by immunoassays* and methods based on 
some type of a separation step, such as capillary elec- 
trophoresis,’ gas chromatography (GC),”* liquid 
chromatography (LC), high-performance liquid 
chromatography (HPLC),’” or mass spectrophotometry 
(MS) interfaced with either gas (GC/MS)' or liquid 
(LC/MS)! chromatographs. These techniques are dis- 
cussed in more detail in Chapters 6, 7, and 9. For routine, 
high-volume measurements, immunoassay is still the most 
widely used method because of the widespread availability 
of automated instruments that include immunoassays in 
their repertoire of analytical methods (see Chapter 9)» 
Many high-volume clinical laboratories, however, are now 
routinely using LC/MS and/or liquid chromatography/ 
tandem mass spectrometry (LC-MS/MS)”"""*”"* methods 
for the measurement of urinary cortisol and cortisone. 


CHOICE OF SPECIMEN 


Steroids are now measured in urine, blood, and saliva 
specimens. 


*References 2, 57, 60, 63, 77, 94, 123, 147, 150. 
References 18, 53, 54, 137, 178, 180, 187, 210. 
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Urine 

Although the urinary excretion of a hormone, or its metabo- 
lites, or both does not account for the total amount of 
hormone secreted by the gland, it usually represents a good 
approximation of the amount secreted during the period of 
urine collection. Thus urinary assays provide a good estimate 
of the secretory activity of the adrenal gland. However, 
factors such as incompleteness of collection, altered renal 
function with renal disease, and the contribution by more 
than one gland to the total excretion pool of the same 
hormone or hormones (e.g., adrenal glands and gonads both 
contribute to the concentration of androstenedione) 
warrant special attention in the interpretation of urinary 
values. Analyses of total urinary metabolites have further 
shortcomings because they reflect only a fraction of the 
active steroid hormones that are metabolized through dif- 
ferent pathways; the quantity and the nature of these 
metabolites may, in turn, depend not only on the patholog- 
ical condition but on the intake of drugs and on diet. Other 
arguments against urinary assay of metabolites include the 
time and inconvenience encountered in the collection of 24- 
hour urine specimens. Urine assays, however, do have their 
place in the determination of free hormones. Urinary free 
cortisol and the measurement of urinary free estradiol, 
estrone, and testosterone have been shown to provide clini- 
cal information that reflects the production rates of these 
steroids. 


Blood 


The determination of steroids in blood has now been the 
accepted routine for determining the secretion rates of 
steroids from the endocrine organs that produce them, 
Immunoassays along with chromatographic methods have 
been developed that efficiently determine all of the clinically 
relevant steroids found in the circulation. In addition, 
because endocrine testing is founded on provocative testing 
{stimulation and suppression tests), blood samples for rapid 
dynamic testing are more convenient to obtain than urine 
and reflect a more relevant point in time to the patient’s 
endocrine status. The determination of steroids in plasma, 
however, still has its limitations because of the rapid fluctu- 
ations and pulsatility that occur in the secretion of hormone 
concentrations during the day; thus a single plasma sample 
is representative only of the concentration that existed at the 
time of sampling. Therefore the measurement of some 
steroids, such as free cortisol, using timed urine collections 
still has value. 

There is no experimental evidence that steroid hormone 
concentrations in serum are different from those in plasma. 
However, rapid separation of red blood cells in the specimen 
is important because red blood cells at room temperature 
can alter plasma concentrations of active steroid hormones; 
red blood cells degrade estradiol to estrone and cortisol to 
cortisone, and they can adsorb testosterone. 


Saliva 

In general most steroids of clinical interest can be measured 
in saliva,” For some steroids, such as cortisol, estriol, and 
progesterone, the measurement of the salivary concentra- 
tion appears to be a reliable indicator of the free con- 
centration in plasma. For others (e.g. testosterone, 
17-hydroxyprogesterone, estradiol, and aldosterone) the 
clinical usefulness of salivary measurements has not yet 
been fully established. 

It has been suggested that measurement of salivary 
steroids reflects the free (nonprotein-bound) steroid fraction 
in blood and may provide information similar to that 
derived from measurement of urinary free steroids.””"* The 
measurement of beth cortisol and progesterone has been 
determined in saliva. Salivary sampling protocols are advan- 
tageous in that they allow for frequent and easy collection 
of samples by noninvasive, stress-free techniques. Salivary 
sample testing is particularly helpful when assessing 
hormone concentrations in children who may be averse to 
a needle stick. The measurement of steroids in saliva also 
obviates the difficulties of ensuring the completeness of 
a 24-hour urine collection. Patients find little difficulty in 
salivating directly into disposable tubes and can provide an 
adequate volume in ~10 minutes. Assays of samples collected. 
at 1- to 2-hour intervals during waking hours provide an 
accurate assessment of baseline endocrine concentrations. 
Because smaller aliquots (500 uL) can be collected at 15- or 
even 10-minute intervals, salivary samples could well be 
more useful than either plasma or urine samples with short- 
term dynamic testing protocols. The possibilities and pitfalls 
of salivary hormone assays have been further discussed by 
Vining and McGinley." 


FREE VERSUS BOUND STEROIDS 


The measurement of steroid hormones in a free state distinct 
from a protein-bound state may be advantageous under 
certain situations. When alterations in the binding proteins 
that carry the bulk of steroids in the circulation occur, the 
interpretation of the total circulating concentration of that 
particular steroid may be significantly influenced. In addi- 
tion, it is the free hormone that binds to the steroid recep- 
tor and elicits the biochemical effect; thus knowledge of the 
free hormone concentration is desirable in a number of clin- 
ical situations. The concept of measuring free hormones has 
been in the literature for a number of years with the docu- 
mented clinical utility of urinary free cortisol. Other appli- 
cations include the measurement of free and weakly bound 
testosterone in the clinical work-up of the patient present- 
ing with hirsutism.’” 


HYDROLYSIS, EXTRACTION, AND SEPARATION 


Although steroid hormones differ greatly in their physiolo- 
gical effects in the body, the assay procedures used for their 
measurement have many similarities. One or more of the 
following general steps may be required before final quanti- 
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tation: (1) hydrolysis, (2) extraction, (3) purification, and (4) 
separation. Note, however, that with techniques such as 
HPLC and with specific immunoassay methods, steps such 
as hydrolysis, extraction, purification, and separation are fre- 
quently unnecessary for routine clinical measurement of 
steroids. Improvements in antibody specificity have been the 
most important advance in the routine measurement of 
steroids, obviating the need for a purification step before 
immunoassay for steroids such as aldosterone, cortisol, 
progesterone, testosterone, and estradiol, There are still 
those, however, who believe that chromatography-based 
methods are preferable for specificity and accuracy reasons 
for urine steroid measurements. LC, LC-mass spectrometry 
(LC-MS), and LC-MS/MS methods have been developed and 
applied to the measurement of urinary free cortisol and 
other steroid hormones. 


Hydrolysis 

Steroid hormones are present in blood both protein bound 
and in a free state and excreted in the urine primarily as 
water-soluble conjugates of glucuronic (glucosiduronic) 
acid and sulfuric acid. When total concentrations (unconju- 
gated plus conjugated forms) of a steroid hormone or its 
metabolites are determined, the hydrolysis of ester linkages 
is an obligatory step. Two general types of procedures are 
available, namely, acid hydrolysis and enzymatic hydrolysis. 
In acid hydrolysis, an aliquot of a 24-hour urine sample is 
boiled, usually with reflux, in the presence of a specified con- 
centration of mineral acid for a specified length of time (10 
to 60 minutes). For enzymatic hydrolysis, a portion of a 24- 
hour urine specimen or an aliquot of plasma is adjusted with 
buffer to the optimum pH for the enzyme used; after the 
addition of an adequate amount of the necessary hydrolytic 
enzymes, [-glucuronidase (to hydrolyze glucuronates [glu- 
cosiduronates}) and sulfatase (to hydrolyze sulfate conju- 
gates), the test sample is incubated for 18 to 72 hours at a 
specified temperature, such as 45 °C. 

Technically, acid hydrolysis is often preferred (except 
for acid-labile hormones), because the process offers 
simplicity and speed and usually results in complete hy- 
drolysis regardless of the nature of conjugates. Enzymatic 
hydrolysis requires special attention to factors such as 
optimal concentration and type of enzyme, pH, tempera- 
ture, and duration of incubation. In addition, the possible 
presence of enzyme inhibitors, which vary in amount 
and nature with different specimens, may affect the com- 
pleteness of hydrolysis. In spite of potential problems, 
enzymatic hydrolysis is used for plasma analysis of steroids 
that are labile in strong acid solution (e.g., pregnanetriol 
and corticosteroids), and because it prevents interference 
from substances that are produced by acid hydrolysis. 
Enzymatic hydrolysis, for example, has been used success- 
fully to determine the urine concentration of estrone and the 
plasma concentration of estrone sulfate in postmenopausal 
women. 


Extraction 


After hydrolysis, deconjugated steroids become sparingly 
soluble in aqueous solution, Thus when an immiscible 
organic solvent in which steroids are highly soluble is added 
to the hydrolyzed sample and shaken, most of the steroids 
are extracted into the organic layer. Repeating the extraction 
process with a fresh volume of the organic solvent increases 
the recovery of the steroid extracted. The same procedure is 
followed for the assay of unconjugated steroid hormones in 
plasma or serum. Note that addition of an organic solvent 
to the plasma denatures the binding proteins. Thus the 
extracted steroid represents both protein-bound and 
unbound fractions. 

Selection of the organic solvent is based on the polarity 
of the steroid hormone to be measured. The nonpolar tetra- 
cyclic ring system is common to all steroids, but the polar- 
ity increases as the number of oxygen groups (ketone and 
hydroxyl groups) and double bonds increase. Steroids with 
one or two oxygens (e.g., androgens and estrogens) are of 
low polarity; a good solvent for their extraction is a relatively 
nonpolar solvent, such as diethyi ether. Similarly, steroids 
with three or more oxygen groups (e.g., corticosteroids and 
their metabolites) are quite polar; for their extraction, polar 
organic solvents such as chloroform, dichloromethane, or 
ethyl acetate are more suitable. 

The relative solubility of substances in two immiscible 
solvents is used not only for the extraction process but for 
the separation and purification of substances (partition 
chromatography). The ratio of the concentration of a sub- 
stance in a nonpolar phase to the concentration of the same 
compound in the polar phase is known as the partition coef- 
ficient (K) (see Chapter 6). Substances with high K values will 
remain in the nonpolar phase, and substances with low K 
values will preferentially move into the polar phase. In the 
extraction process, the solvent system is composed of an 
organic solvent (a relatively nonpolar phase) and the 
hydrolyzed urine or plasma (polar phase). Steroids with high 
Ks are consequently extracted into the organic layer. A better 
recovery of polar compounds (e.g., urinary corticosteroids 
and estriol) from the polar phase can be conveniently 
achieved by adding ammonium sulfate or sodium chloride 
before extraction. The addition of inorganic salts increases 
the K by decreasing the solubility of the steroid in the 
aqueous solution. 


Purification and Separation 


Although a proper choice of solvent improves the selectivity 
of extraction, a large number of closely related steroids, 
chromogenic substances, and other nonspecific materials are 
also extracted with the steroids. Removal of such contami- 
nants, especially those that will interfere in the final estima- 
tion, is important when the antibody specificity used to 
measure the steroid is relatively low. With high specificity 
and high affinity antibodies, this becomes less of an issue and 
is now more the rule than the exception. 
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When the need arises to purify the steroid, the solvent par- 
tition method is the simplest and most suitable method for 
the clinical laboratory. [t is widely used for preliminary 
purification and separation of steroid compounds of inter- 
est. The basic principle is the same as that for extraction. 
Steroids and other urinary impurities contained in the 
organic solvent are treated with weakly basic solutions (e.g., 
sodium bicarbonate and sodium carbonate). By virtue of 
their greater solubility, strongly acidic components partition 
into the basic aqueous layer. The separation of neutral and 
phenolic steroids is achieved in a similar manner. Because of 
the acidic nature of the phenolic steroids (estrogens), they 
are readily extracted from an organic phase with an aqueous 
solution of sodium hydroxide. After the pH of the alkaline 
solution is lowered, estrogens are reextracted with a suitable 
solvent (e.g., diethyl ether) and are processed further for final 
estimation. Most often the organic extract is washed to neu- 
trality with water to ensure complete removal of alkali, 
which if allowed to remain might interfere in the subsequent 
work-up of the extract. 

The degree of purification and separation needed before 
quantitative measurement depends on the method used for 
final quantitation. For example, if the final mode of estima- 
tion is a chemical reaction that is very specific for an 
individual steroid or for a group of steroids, further purifi- 
cation of the steroid extract may be omitted. In fact many of 
the older photometric assays for steroid hormones (e.g., 
urinary 17-ketosteroids) were performed on crude extracts. 
Similarly, with many immunoassays using highly specific 
antisera, the quantitation is frequently carried out without 
prior purification with organic extracts. Although such 
determinations may yield adequate information for most 
clinical purposes, specific measurement of an individual 
steroid or group of steroids may occasionally necessitate 
further purification and separation of the extract, Various 
techniques are available for this purpose. For detailed 
descriptions of the theory and application of these methods 
to steroid analysis, the reader is referred to Dorfman.” 
These methods are based on physical techniques such as 
countercurrent distribution, paper and column-partition 
chromatography, column and thin-layer adsorption chro- 
matography, gel filtration using LH-20, GC, GC/MS, LC/ 
MS-MS, or HPLC. Celite microcolumn chromatography is 
still used by many laboratories to purify and separate steroid 
hormones (estrone and dihydrotestosterone) before 
immunoassay quantitation." Nonpolar steroids elute 
with low concentrations of ethyl acetate in iso-octane; more 
polar steroids elute as the ethyl acetate/iso-octane concen- 
tration ratio increases. 


SPECIFIC METHODS 

Measurement of Cortisol in Blood and Urine 
Approximately 90% of the circulating cortisol is bound to 
plasma proteins, primarily to an a-globulin known as CBG 
or transcortin. There is also weak binding to albumin. The 
exact function of these carrier proteins is stil] unknown, but 


it has been suggested that they represent a circulating storage 
source of hormone and protection of the steroid from inac- 
tivation and conjugation in the liver or filtration by the 
kidney. The concentration of CBG in the plasma rises with 
hyperestrogenic states, including pregnancy, and with the 
use of oral contraceptives; thus there is a concomitant 
increase of total cortisol in serum under these conditions. 
However, because the amount of free cortisol remains 
normal, there are no untoward phenotypic effects suggestive 
of hypercortisolism. 

Although methods involving organic solvent extraction 
or protein precipitation will estimate both free and protein- 
bound cortisol in the circulation, immunoassay-based 
methods that determine cortisol directly from serum have 
essentially replaced all extraction-based methods for routine 
cortisol measurements save for urine free cortisol methods. 
Historically, four general methods have been used for the 
quantitative estimation of total blood cortisol concentra- 
tions in the clinical laboratory. These are the Porter-Silber 
color reaction method modified for plasma,'*" the use of 
sulfuric acid—induced fluorescence, ™™® HPLC methods, or 
immunoassay. In general, HPLC and immunoassay are now 
used in both clinical laboratories and reference laboratories 
for the quantitative determination of cortisol in serum or 
urine, 


Chromatographic Methods 


Several types of chromatographic methods have been used 
to measure cortisol including GC, LC,°%6688120183 
HPLC," and gas and liquid chromatography coupled 
to mass spectrophotometry (GC/MS* and LC/MS*?"*4)_ In 
addition, methods based on capillary electrophoresis have 
become available.” All of these methods easily distin- 
guish cortisol from other steroids and steroid metabolites. 
However, most of them are labor intensive, have low 
throughput capabilities, and require considerable processing 
of the sample before analysis. For example, most HPLC 
methods require preanalytical extraction of cortisol from the 
specimen, with either solid-phase columns™ or liquid- 
liquid extraction™ followed by reversed-phase and normal- 
phase chromatography and detection using native 
fluorescence or ultraviolet absorption." HPLC methods 
have the advantage of being able to separate all relevant 
steroids with one chromatography step, but for the practical 
reasons already cited are not widely used for routine pur- 
poses. Cortisol assays based on isotope dilution combined 
with GC/MS are widely recognized as reference procedures 
and are often used to validate routine methods.’ In most 
GC/MS methods, cortisol is extracted from plasma and con- 
verted to its methoxime-trimethylsilyl derivative; deuterated 
cortisol is used as an internal standard. 


*References 18, 53, 54, 137, 159, 178, 180, 187, 210, 214. 
References 40, 143, 178, 179, 180, 187. 
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Immunoassay 


In practice, immunoassays are the easiest and most 
common methods used for cortisol measurements in serum 
and urine and are widely available in most clinical labo- 
ratories on different semiautomated and automated 
systems, 147703 


Principle 

A large number of cortisol immunoassays* have been devel- 
oped using different types of antibodies”; processing 
schemes”; labels (both isotopic?!” and nonisotopic™); 
and measurement principles, including beta and gamma 
counting,” photometry," fluorometry, 7 and 
chemiluminescence.**''””* Many immunoassay methods 
have employed antibodies produced in animals immunized 
with a variety of different cortisol derivatives conjugated to 
protein. Antisera raised against cortisol-21-hemisuccinate 
and cortisol-3-carboxymethyloxime conjugates have proved 
quite suitable and are widely used for direct immunoassays 
that require no sample extraction. Specific monoclonal cor- 
tisol antibodies have also been produced using hybridoma 
techniques. 

As mentioned earlier, most cortisol immunoassays per- 
formed in clinical laboratories are direct assays and require 
no initial extraction of steroids from the specimen. In these 
direct assays, cortisol is quantitatively displaced from 
endogenous binding proteins by protein-binding agents, 
such as 8-anilino-1-naphthalene-sulfonic acid (ANS) or sal- 
icylate, by low pH or by heat treatment.” The efficiency of 
steroid displacement by protein-binding agents, such as 
ANS, may be influenced by the concentration of binding 
protein present in the specimen. For example, the amount of 
ANS that is adequate for plasma obtained from normal men 
and nonpregnant women may be insufficient to displace cor- 
tisol from CBG in pregnancy, when CBG concentrations are 
elevated. Furthermore, the concentration of ANS required 
for complete displacement may reduce specific binding of 
the steroid to the antiserum. 

In situations where a lower detection limit is required 
and highly specific antisera are not available, cortisol is 
first extracted from serum before measurement.” The 
extraction is performed in a manner similar to that for 
urine specimen extractions (see discussion later in this 
chapter).? An important advantage of the direct assays is 
their superior precision compared with assays involving 
extraction. In part this may reflect the variability inherent in 
manual extraction techniques. In general, however, with the 
high specificity of the antibodies available today and with 
the use of very sensitive nonisotopic techniques, such as 
chemiluminescence and fluorescence, the quantitative 
measurement of cortisol in blood and urine is now relatively 
straightforward. 


*References 11, 57, 80, 123, 147, 150. 


Methods 


Isotopic Methods. The tracer most widely used in radioim- 
munoassay methods for total cortisol is ‘I. A variety of 
formats have been used for the different cortisol radioim- 
munoassays. Some use a solid-phase first antibody to capture 
the cortisol, whereas others use a liquid-liquid format. Solid- 
phase antibodies have been chemically or physically attached 
to the inner or outer surfaces of test tubes, beads, or mag- 
netizable particles. In antibody-coated tube assays, the 
cortisol antibody is immobilized onto the inner wall of 
polyethylene tubes. Test specimens and calibrators are incu- 
bated with '*I-labeled cortisol in these tubes; the contents of 
the tubes are aspirated or decanted; and the radioactivity 
remaining in the tubes (I-labeled cortisol bound to anti- 
body) is counted. This relatively quick and simple procedure 
does not require a centrifugation step. 

Other commercial radioimmunoassay kits for serum cor- 
tisol use liquid phase double-antibody separations or solid- 
phase antibody suspensions. In double-antibody systems, a 
second antibody is used to precipitate the primary antibody, 
and after centrifugation and aspiration of the supernatant, 
the antibody-bound tracer is counted. Solid-phase suspen- 
sion systems for cortisol use antibodies bound to small solid- 
phase particles that remain suspended in the reaction 
medium, thus exposing a large surface area for antibody- 
antigen binding and obviating the need for mixing. The sus- 
pended particles are separated by centrifugation, the 
supernatant is aspirated, and the bound radioactivity of the 
precipitate is counted. 

Almost all commercial radioimmunoassay methods 
for serum cortisol show some cross-reactivity with pred- 
nisolone. Because prednisone is converted to prednisolone 
in vivo, these kits cannot be used to analyze specimens 
from patients on prednisone therapy. The degree of cross- 
reactivity with 11-DOC, corticosterone, and prednisone 
varies from 1% to 5%; these cross-reactions are antiserum 
dependent.” When high plasma concentrations of 11-DOC 
are found (such as in 11$-hydroxylase deficiency or after 
administration of metyrapone), preliminary extraction 
with carbon tetrachloride to remove this steroid is usually 
indicated. 

In general, direct radioimmunoassays for serum cortisol 
are precise, sensitive, and show a high degree of correlation 
with reference methods such as GC/MS. According to the 
College of American Pathologists Ligand Assay Survey, 
interlaboratory imprecision of the different commercial 
radioimmunoassay methods (expressed as coefficients of 
variation [CVs]) is under +10% for serum cortisol concen- 
trations in the range of 10 to 40 g/dL (280 to 1100 nmol/L). 
Most of these radioimmunoassay methods show little bias 
and give results that are close to target values. Radioim- 
munoassay, however, is not routinely performed in clinical 
laboratories because of the emergence of reasonably accu- 
rate and precise nonisotopic methods for serum and urine 
cortisol. 


2038 Section VI Pathophysiology 


Nonisotopic Methods. Most automated and semiauto- 
mated methods rely on nonisotopic labels for the quantita- 
tive measurement of cortisol. Most of these methods use 
enzymes such as horseradish peroxidase, alkaline phos- 
phatase, or B-galactosidase as cortisol labels; enzyme activ- 
ity is commonly determined using photometric,’ 
fluorescent, or chemiluminescent substrates, 00722 
Immunoassays for cortisol that use fluorescence” and 
chemiluminescence™ labels are the most common methods 
in use today. Both heterogeneous (separation required) and 
homogeneous (nonseparation) methods have been devel- 
oped. An example of the former is the radial partition 
immunoassay for cortisol.'® In this automated assay, serum 
cortisol, freed from its binding proteins by ANS, competes 
with alkaline phosphatase—labeled cortisol for antibody 
binding sites on a borosilicate paper matrix. A washing pro- 
cedure radially elutes unbound material while concomi- 
tantly allowing the bound enzyme to catalyze substrate 
cleavage. Homogeneous assays, such as fluorescence polar- 
ization immunoassay’ and the cloned enzyme donor 
immunoassay" for cortisol, eliminate the need to separate 
bound and free fractions. Most immunoassay methods for 
cortisol are available on fully automated immunoassay 
systems, 110147 


Specimen Collection and Storage 


Serum or plasma (with heparin as an anticoagulant) can be 
used. No special handling procedures are necessary, and 
specimens may be stored refrigerated overnight at 2 °C to 
8 °C. Freezing is preferred for long-term stability. Urinary 
free cortisol is determined on a 24-hour urine collection 
with or without boric acid preservative. If collected without 
preservative, the specimen should be refrigerated between 
collections and an aliquot frozen immediately after comple- 
tion of the 24-hour collection. 


Reference Intervals 


Representative values of total cortisol (free and bound) in 
serum assayed by immunoassay are as follows: 


: gid nmol/L 
‘Cord blood 22° 5.47 ` 138-469 
Infant (1-7 day 21 53-304 
Child (1- ley ce ie Se, ba ae 
0800 hours © 83-580 ` 
Adulti o , 

0800 hours “138-635: 
1600 hours -183-441 


50% of 0: 0800 


ene of 0 0800 
~ hours values _ 


“hours values, 


Comments 

Blood cortisol concentrations parallel those of ACTH, with 
episodic and diurnal concentrations observed throughout 
the day. The blood concentration at 2000 hours is normally 


<50% of the concentration obtained at 0800 hours. 
Increased. cortisol secretion is observed in patients with 
stress, after glucocorticoid therapy, and in pregnancy, states 
of depression, hypoglycemia, and hyperthyroidism. In adults 
there is no significant dependence of cortisol values on age 
or sex. The half-life of cortisol in the circulation is ~100 
minutes. In the newborn period, a transient rise in cortisol 
occurs immediately after delivery; this is followed by a 
decline to a concentration below that of umbilical cord 
blood at 12 to 48 hours and then by an increase that stabi- 
lizes at about 1 week of age. Renal failure has little effect on 
serum cortisol, except that retained metabolites can cross- 
react in some direct assays and thus cause a significant over- 
estimate of cortisol concentrations, Extraction of the sample 
with dichloromethane usually overcomes this interference. 
Celite chromatography has also been used to “clear” the 
sample of possible interference before immunoassay mea- 
surements are carried out in renal failure patients. Urine free 
cortisol results are influenced by a number of factors, includ- 
ing completeness of the 24-hour urine collection, the 
subject's hydration state, and renal disease. 


Measurement of Free Cortisol in Blood, Urine, and Saliva 


Free or unbound cortisol represents the biologically active 
form of the circulating hormone, and its concentration is 
practically independent of alterations of its transport pro- 
teins. Various methods have been developed for estimating 
the free fraction in serum, but these assays are technically 
demanding, expensive, and not in general use.””"” The mea- 
surement of urine free cortisol comes closest to providing an 
estimate of the free hormone concentration.’ As mentioned 
previously, approximately 2% of cortisol is excreted into the 
urine in a free form, and its measurement has been shown 
to be of use as a screening test for cortisol hypersecretion.’ 
However, B-hydroxycortisol has been reported to interfere 
with the immunoassay of free cortisol in urine.™ 

Free cortisol can also be measured in other body fluids, 
such as saliva.” The measurement of free cortisol in saliva is 
a practical and convenient approach to assessing the free 
hormone." Salivary cortisol measurements accurately 
reflect the concentration of nonprotein-bound cortisol in 
blood (probably because of the absence of substantial 
amounts of transcortin or albumin in saliva), and its con- 
centration is independent of salivary flow rate. Most 
immunoassay kits for total serum cortisol can be used for the 
measurement of cortisol in saliva’”; extraction is not required 
because saliva contains virtually no cortisol-binding proteins 
or other cortisol metabolites. The preferred method for 
handling saliva samples before assaying them for their cortisol 
content is to quick freeze the sample on collection. With 
thawing and centrifugation, the glycoproteins in saliva pre- 
cipitate, leaving behind a clear fluid that can then be analyzed. 


Principle 
Most immunoassays for total serum cortisol can be used for 
the measurement of urinary free cortisol after appropriate 
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extraction of the urine specimen. Preliminary extraction of 
free cortisol before measurement is usually required because 
of the large number of cortisol metabolites and conjugates 
in urine that cross-react with the cortisol antibody in the 
assay. Because most interfering substances are more soluble 
than cortisol in urine, the cortisol can be extracted with an 
organic solvent such as dichloromethane or ethyl! acetate. 
Usually the sample is thoroughly mixed with the organic 
solvent in a ratio of ~1:5, the layers are allowed to separate, 
and the aqueous layer is removed. An aliquot of the organic 
layer containing the free cortisol is transferred to a separate 
tube, evaporated to dryness, and redissolved in a buffered 
solution. This solution can then be used as the unknown 
sample in the assay described for serum cortisol. Adding a 
known quantity of cortisol to an aliquot of the specimen and 
then extracting the spiked sample along with an aliquot of 
specimen to which no standard has been added can be used 
to monitor extraction efficiency. Extraction efficiency of cor- 
tisol is calculated from the difference in measured cortisol 
between the two samples divided by the known amount of 
cortisol added to one of the samples. The calculation of the 
amount of cortisol in an extracted sample must take into 
account the dilution with organic solvent and the extraction 
efficiency. Spiking the original sample with radiolabeled cor- 
tisol and determining recovery by counting the sample fol- 
lowing the procedural steps can also determine extraction 
efficiency. 

Immunoassay of unextracted urine is feasible with 
selected antisera, although reference values usually have a 
higher upper limit than those for extracted methods.’ Even 
with solvent extraction of urine, most commercial assays for 
cortisol are subject to interference and show a wide range of 
imprecision (CV of +15% to 25%). Chromatographic pro- 
cedures, such as HPLC, are more specific than immunoas- 
says for urine cortisol measurement and may be an attractive 
alternative for some laboratories. ™®” 

Urine Specimens. A complete 24-hour urine specimen 
is collected with 10g of boric acid to maintain the urine pH 
below 7.5. Urine should be refrigerated during the collection 
period. After measuring the total volume, a thoroughly 
mixed aliquot (~10mL) is stored frozen at —20 °C. Care 
should be taken to ensure an appropriately timed, complete 
24-hour collection because an incorrectly timed sample is 
the largest source of error with this method. Free cortisol 
determinations on randomly collected urines are discour- 
aged because of the variation and pulsatile characteristic of 
cortisol secretion. 

Salivary Specimens. Cortisol is stable in saliva for 1 
week at 4 °C and for 4 months when stored frozen. Freezing 
of specimens is recommended because it leads to precipita- 
tion of salivary glycoproteins and leaves a nonviscous liquid 
for pipetting.’ 


Reference Intervals 


The following are representative values for free cortisol 
excreted per 24 hours in urine: 


~igiday nmol/day Method 


10yr 12:277; 6-74 


2 11-20yr i 


Adult 
munoassay 


unextracted)” 


75-270 207 


Representative values for free cortisol in serum (equilib- 
rium dialysis and/or immunochemiluminometric assay)” 
and saliva (radioimmunoassay) of adults are as follows: 


hous 
12200 hours 


Comments 


Disadvantages of urine methods include incomplete collec- 
tion owing to patient error and impaired excretion caused 
by renal disease. Concomitant measurement of urinary 
creatinine excretion allows assessment of the completeness 
of the collection. Salivary cortisol measurement is practical 
and convenient to assess cortisol secretion in ambulatory 
patients who can provide multiple specimens that can be 
stored in a freezer between clinic visits. Morning salivary 
cortisol concentration is decreased in adrenal insufficiency; 
evening values are increased in Cushing’s syndrome.” 


Measurement of Aldosterone in Blood and Urine 


Simple and reliable immunoassay methods for measuring 
aldosterone in blood and urine® are readily available. These 
methods differ primarily in the specificity of the anti- 
aldosterone antibodies. Most direct radioimmunoassay 
methods for plasma aldosterone use antisera generated 
against an aldosterone-3-monooxime-bovine serum 
albumin (BSA) conjugate, and use an I-labeled ligand and 
ANS at pH 3.6 to displace aldosterone from plasma-binding 
proteins.” 


Principles 
A variety of commercial immunoassay kits are available for 
the determination of plasma and urine aldosterone.” ® The 
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differences in these kits lie in the specificity of the antibodies 
used and the method used to achieve separation of bound 
from free aldosterone. Some methods use either a solid- 
phase first antibody,’ an accelerated liquid-phase second 
antibody,'” a solid-phase second antibody, dextran-coated 
charcoal, or a polyethylene glycol precipitant. Most assay 
procedures for urinary total aldosterone are similar to 
those for plasma except that urine is acid hydrolyzed before 
assay.” l 

The cross-reactivity of commercial aldosterone antisera 
with other steroids (e.g, DOC and corticosterone) is rela- 
tively low (<0.01%). Nevertheless, the concentration of these 
other steroids can sometimes be quite high, requiring the 
partial isolation of aldosterone before assay. Unconjugated 
plasma aldosterone can be extracted with an organic solvent 
and then purified with celite column chromatography; triti- 
ated aldosterone is often added to each specimen to correct 
for procedural losses. In urine, interfering unconjugated 
steroids are first extracted using an organic solvent such as 
ethyl acetate or methylene chloride, and then the aldosterone 
conjugate is hydrolyzed with acid. The free aldosterone thus 
formed is extracted into the same solvent, the solvent is evap- 
orated, and the radioimmunoassay is performed on the 
dried extract after reconstitution in an assay buffer. The need 
for preliminary purification depends on the diagnostic kit 
being used and the type of patient being evaluated. For 
example, specificity is not a significant concern in hyperten- 
sive adults without adrenal disease, whereas greater speci- 
ficity may be needed for children, patients with adrenal 
disease, and pregnant women. 

Several nonisotopic enzyme immunoassays have been 
developed for serum and urinary aldosterone using both 
monoclonal and polyclonal antibodies generated against 
aldosterone." These assays use either immobilized antigen 
(aldosterone-protein complexes) or immobilized anti-aldos- 
terone antibodies, A chemiluminescence-based immunoas- 
say for direct measurement of aldosterone in serum has also 
been described." In this competitive assay, the specimen is 
incubated for 2 hours at room temperature with a rabbit 
antialdosterone antibody, an isoluminol-labeled aldosterone 
conjugate, and paramagnetic particles coated with a second 
antibody. After separation and washing, the samples are 
incubated with sodium hydroxide for 30 minutes at 60 °C 
and then placed into a luminometer for a 5-second reading 
time. The minimum concentration of aldosterone that 
can be distinguished from the zero calibrator is 1ng/dL 
(0.03 nmol/L), which is comparable with the detection limits 
of most radioimmunoassay methods. A shelf life of several 
years for the chemiluminescent label makes this an attractive 
method. Recent application of the aldosterone assay to an 
automated immunoassay platform will make this assay more 
accessible to routine clinical laboratories. 


Specimen Collection and Storage 


Plasma (preserved with heparin, ethylenediaminetetraacetic 
acid [EDTA], or citrate) or serum can be used. If an upright 


blood specimen is to be collected, the subject should be in 
an upright position (standing or seated) for at least 2 hours 
before collection. Specimens should be stored frozen in an 
airtight container and are stable for up to 2 years at —20 °C. 
For urine assays, a complete 24-hour urine specimen is col- 
lected with boric acid as a preservative. Fifty percent acetic 
acid should also be added to the urine collection to achieve 
a pH between 2.0 and 4.0. Specimens should not be acidi- 
fied with strong mineral acids, such as hydrochloric acid. 
Urine should be refrigerated during collection; aliquots are 
stored frozen at —20 °C. It is recommended that a urine 
sodium test also be performed to facilitate the interpretation 
of the aldosterone result. 


Reference Intervals 


The serum, plasma, or urine concentration of aldosterone 
depends on the patient’s salt intake and posture at the time 
of collection. The following serum values are based on a 
morning specimen collected from subjects on a normal salt 
diet and in an upright position for at least 2 hours 


181, 


Cord blood 0-200. 
Premature infants 19-141 
Full-Term infants 5: Bint Scrat 


`+ *0.19-5.10 


3 days eie dala 
IWk SERI 5-175 337 1 0,03-4,.85 
1-12mo: 2EES5 290 SEN Q, 14229 2 
Children ee 
1-2yr ~0.19-1.50. 
2-10 yr ~ 0.08-0.97 (supine) 
~-0.14-2.22 (upright) 
10-15 yr ~ 0,06-0.61 (supine) 
on ~0.11-1.33 (upright) | 
Adults  0.08-0.44 (supine) ` 


= 0,140.83 (upright) 
The following aldosterone concentrations excreted per 24 
hours in urine have been reported”: 


T E a 
> : : 8-51 1.5-20 : z pi 2 : 


Measurement of 11-Deoxycortisol in Blood 

With clinical evidence of an adrenal enzyme deficiency, it 
is customary to determine the steroid concentration just 
proximal to the suspected enzyme block. In the case of 210- 
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hydroxylase deficiency, the measurement of 17-hydroxy- 
progesterone documents the enzyme deficiency. Similarly, 
11-deoxycortisol measurements will confirm a 11ß- 
hydrolyase block. A number of biosynthetic precursors 
of both cortisol and aldosterone can be measured by 
immunoassay, either directly or after sample extraction, 
or chromatography, or both. Other examples include 
pregnenolone, 17-hydroxypregnenolone, corticosterone, 
and DOC. . , 

In practice the measurement of serum or plasma 11- 
deoxycortisol (compound $) is used to document an 11B- 
hydroxylase deficiency or as part of the metyrapone 
stimulation test. Because metyrapone inhibits the 11B- 
hydroxylase enzyme, a fortyfold to eightyfold increase in 
plasma 11-deoxycortisol is observed in patients with normal 
pituitary-adrenal reserve. Consequently, immunoassay 
methods for 11-deoxycortisol in metyrapone test specimens 
need not be highly sensitive. In these patients, a corre- 
sponding drop in serum cortisol is observed. A failure to 
demonstrate an increase in 11-deoxycortisol to at least 
4ug/dL suggests either an inadequate pituitary ACTH 
reserve or primary adrenal failure. 


Principle 

Radioimmunoassay methods for the direct determination of 
plasma 11-deoxycortisol are available.“'” Antiserum raised 
against 11-deoxycortisol-3-carboxymethyloxime-BSA has 
provided appropriate specificity with minimal cross- 
reactivity against other adrenal steroids. Some radioim- 
munoassay methods still include an extraction step, or 
column chromatography, or both." In one commercial 
kit,” plasma specimens are extracted with hexane and/or 
ethyl acetate and then assayed. Antibody-bound and free 
steroid fractions are separated using a double-antibody 
technique and polyethylene glycol precipitation. The princi- 
pal interfering steroid in this kit is 17-hydroxyprogesterone 
(4% cross-reactivity). A few nonisotopic methods for mea- 
suring 11-deoxycortisol in serum have been described, 
but these procedures are not widely used.’ Most radioim- 
munoassays for 11-deoxycortisol are appropriately sensitive 
and specific enough for use with the metyrapone test and for 
assessing the possibility of an 11-hydroxylase deficiency. 


Reference Intervals 


Representative values for 11-deoxycortisol in serum are as 


follows!*!: 


nmol/L 


; o 9-16 $ 


Cord blood. 
-Children and adults 


Measurement of 17-Hydroxyprogesterone in Blood 

Measurement of serum or plasma 17-hydroxyprogesterone, 
a Cz steroid, is primarily used for the rapid diagnosis of 
CAH caused by the congenital absence or deficiency of the 


21-hydroxylase enzyme. In classic CAH caused by 21- 
hydroxylase deficiency, 17-hydroxyprogesterone concentra- 
tions are several hundred times the upper limit of normal. 
This test is also used to monitor the effectiveness of cortisol 
replacement therapy in CAH patients. Measurements of 
17-hydroxyprogesterone are also determined as part of the 
clinical work-up of women who present with hirsutism or 
infertility, either of which may be due to adult-onset 21- 
hydroxylase deficiency. This test is sometimes used after 
ACTH stimulation to distinguish classic affected, nonclassic 
affected, and heterozygote carrier individuals with the 21- 
hydroxylase deficiency gene. 


Principle 

Direct radioimmunoassays for 17-hydroxyprogesterone are 
available that use highly specific antibodies against 17- 
hydroxyprogesterone-3-carboxymethyloxime-BSA with 
sufficient affinity and specificity to permit direct assay of 
small volumes of serum, plasma, saliva, and even amniotic 
fluid. In addition, high—specific activity radioiodinated 
tracers”! and nonisotopic labels have been used to con- 
struct enzyme immunoassays with photometric, fluorescent, 
and chemiluminescent substrates.’ Fluorescence-based 
immunoassays using fluorescein or streptavidin-europium 
labels*”* and a chemiluminescence assay using an isolumi- 
nol derivative label have been described.” These direct assays 
are available in kit form*' commercially and are convenient 
and simple to perform. Some are marketed with liquid cali- 
brators. Separation of free and antibody-bound fractions is 
often achieved using a solid-phase coated tube or liquid- 
phase double-antibody methods, Despite the use of highly 
specific antisera, most direct assays are subject to some inter- 
ference by cross-reacting substances present in neonatal and 
infant plasma specimens.” These substances increase the 
apparent 17-hydroxyprogesterone concentration, thereby 
reducing the discrimination between normal individuals 
and those with congenital disease. Some of the steroids that 
cause this interference have been identified.” Direct assays 
appear to function satisfactorily with specimens from chil- 
dren, adolescents, and young adults (ages 90 days to 21 
years). However, for the analysis of specimens from prema- 
ture neonates and infants aged 3 to 90 days, some form of 
extraction is recommended. Elevated results obtained by 
direct methods should be confirmed by reassay using an 
extraction method. On occasion amniotic fluid specimens 
are submitted for the in utero diagnosis of 21-hydroxylase 
deficiency in certain high-risk pregnancies. Amniotic fluid 
samples should be extracted before the radioimmunoassay 
is performed. 


Specimen Collection and Storage 


The preferred specimen for 170-hydroxyprogesterone is 
serum; plasma with EDTA as an anticoagulant may also be 
used. Specimens can be stored at 4 °C for up to 4 days or at 
~20 °C for up to 1 month. Specimens can be obtained from 
infants by heel puncture and collected in capillary tubes or 
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on filter paper. Dried blood specimens are stable and easily 
transported and thus are ordinarily obtained for purposes of 
screening neonates for CAH. 


Reference Intervals 


The following serum values are representative of expected 
normal values for 17-hydroxyprogesterone™: 


fe Uh ng/dL nmol/L 
Cord blood 900-5000 © 27.3-151.5 
Premature 26-568 0,8-17.0 
Newborn, 3 days 7-77 0.2-2.7 
Prepubertal child 3-90 0.1-2.7 
Puberty ` T PAES 
Tanner stage eri SE 
1. Male -3-90 0.1-2.7 
< Female 3-82 0.1-2.5 
2. Male a: 5-115 0.2-3.5 
“Female "11-98 0.3-3.0 
3. Male ~~ 10-138. 0.3-4.2 
Female 11-155 0.3-4.7 
4. Male ‘29-180 0.9-5.4 
Female ` 18-230 -0.5-7.0 
5. Male ` 24-175 0.7-5.3 
Female 20-265 0.6-8.0 
Adults 
Male 27-199 0.8-6.0 
Female 
Follicular phase < 15-70 0.4-2.1 
Luteal phase a -35-290 1.0-8.7 
Pregnancy” 200-1200 6.0-36.0 
Post-ACTH <320 <9.6 
Postmenopausal 70 <2.1 


Measurement of Renin and Angiotensin I 
The activity of the renin-angiotensin-aldosterone system 
is usually assessed in the clinical laboratory by measuring 
plasma renin activity and aldosterone concentrations. Most 
of the polyclonal antibodies used measure angiotensin I and 
are unable to distinguish between active renin and inactive 
prorenin. This can lead to an overestimation of renin activ- 
ity and cause problems with interpretation in patients with 
low renin activities. However, a sensitive immunoradiomet- 
ric mass assay specific for physiologically active renin has 
been developed using monoclonal antibodies.’ This assay 
uses two monoclonal antibodies; one specifically recognizes 
renin but prorenin only minimally, and the other sees 
prorenin only with the use of the renin inhibitor remikiren. 
This approach may resolve the problems noted with earlier 
immunoassay methods for the direct determination of renin 
mass. 

Most clinical laboratories measure PRA using an enzyme 
kinetic assay in which angiotensin I is formed by the action 
of renin on its substrate, angiotensinogen.'*'"* Angiotensin 


| is measured before and after a timed incubation period. 
The amount of angiotensin I generated from its endogenous 
substrate can also be quantitated using nonisotopic methods 
(e.g., enzyme immunoassay,” HPLC,” and fluorescence 
polarization”), but in general these approaches have not 
been put to large-scale use. 

To obtain the maximum rate of renin activity, saturating 
amounts of the renin substrate, angiotensinogen, should be 
present in the reaction system. In most procedures, however, 
the only substrate provided is that present in the test plasma, 
and its concentration can be quite variable. According to 
some investigators, PRA is best estimated when the plasma 
specimen is incubated with an excess of exogenous renin 
substrate prepared from nephrectomized human subjects, 
oxen, or sheep. This type of assay is usually known as a 
plasma renin concentration assay rather than PRA assay. 
Unfortunately the measured renin depends on the source 
and concentration of the renin substrate. Synthetic peptides 
that resemble the N-terminal portion of angiotensinogen 
have also been used as renin substrates, but these substances 
can be hydrolyzed by nonspecific plasma proteases. 

Several radioimmunoassays for angiotensin I and 
angiotensin II in native plasma have been reported, but most 
of them do not appear to differ significantly in their essen- 
tial characteristics. Like steroid hormones, angiotensin I and 
angiotensin II are poor immunogens because of their small 
molecular size. Therefore they must be conjugated to pro- 
teins, such as albumin, hemocyanin, or succinylated polyly- 
sine, for the production of antisera. Polyclonal antisera are 
seldom strictly specific, and samples usually contain cross- 
reacting decapeptide, heptapeptide, and hexapeptide con- 
geners of the angiotensins. In addition, plasma can continue 
to produce or destroy angiotensins during the assay and may 
contain materials that affect the assay by interfering with the 
antigen-antibody reaction or by binding to angiotensin 
itself. Isolation of angiotensin from the sample before assay 
has been found to minimize these problems. Acetone, 
methanol, ethanol, and Fuller’s earth have all been used for 
this purpose. Other chromatographic procedures for sepa- 
rating and purifying the different forms of angiotensin, such 
as HPLC, have also been used. Problems regarding cross- 
reactivity and interference are best eliminated by using 
sensitive and specific antisera. 

Angiotensin II, the active peptide of the renin- 
angiotensin system, is the most difficult component of the 
renin cascade to measure accurately. Most immunoassay 
methods are unable to detect the very low concentrations in 
blood, and interfering peptides or degradation products 
must be removed before radioimmunoassay. An additional 
chromatographic separation step is usually required to dis- 
tinguish angiotensin IT from other angiotensins. However, 
monoclonal antibodies with high affinity and specificity 
have been produced against angiotensin H and used to 
develop a direct radioimmunoassay; as little as 0.8 fmol of 
angiotensin II in 2mL of plasma has been detected in the 
presence of angiotensin [.1* 
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Sealey” and Freedlender and Goodfriend have 
reviewed the special problems encountered in the prepara- 
tion of plasma specimens for radioimmunoassay of 
angiotensins. Angiotensins are very labile peptides in plasma 
and can be generated in vitro in untreated plasma even in 
the frozen state. Therefore great care must be taken in the 
collection and storage of specimens for angiotensin assays,” 
including special attention to the inactivation of the cleav- 
age enzymes, angiotensinases. 

A number of commercial kits are available for determin- 
ing PRA‘; the basic elements of these procedures are 
summarized in the following sections. With continued 
improvements and availability of the immunometric assay 
methods for determining renin mass, renin activity assays 
will likely be replaced by the direct mass assays for the 
routine assessment of plasma renin. 


Principle 

PRA is defined as the rate of angiotensin I produced from 
the substrate angiotensinogen by the enzyme renin in a 
patient’s plasma. PRA is expressed in nanograms of 
angiotensin I generated per milliliter of plasma per hour and 
is determined by measuring angiotensin I after incubation 
of plasma at 37 °C and then subtracting the amount of 
baseline angiotensin I in a control plasma aliquot kept at 
4°C. 


Specimen Collection and Storage 


A blood sample is drawn into a lavender-top vacutainer tube 
containing EDTA. After centrifugation to sediment cells, the 
plasma is removed and frozen at —20 °C or lower. Plasma for 
PRA can be stored frozen up to 1 month before assay. Freeze- 
thaw cycles should be avoided because of the possible acti- 
vation of prorenin. At the time of collection, blood should 
not be chilled or placed on ice because irreversible cryoacti- 
vation of prorenin can occur, leading to falsely high esti- 
mates of PRA. Serum or plasma collected into another 
anticoagulant can also be used as long as EDTA is added 
(3mmol/L, final concentration) before the angiotensin I 
generation step. It should be recognized, however, that 
prorenin is more likely to cryoactivate in serum than in 
plasma. Uncentrifuged blood is stable at room temperature 
for up to 6 hours without significant accumulation of 
angiotensin I. Hemolyzed specimens should not be used 
because red blood cells contain angiotensinases, Heparin 
should be avoided as an anticoagulant for this reason. The 
use of EDTA is preferred for PRA because it not only acts as 
an anticoagulant but also inhibits the ACE and other 
hydrolytic enzymes that break down angiotensin. 

Factors such as time of day, posture, salt intake, and 
diuretic or other drug use should be properly documented 
for appropriate interpretation of test results. The patient 
should be ambulatory for 2 hours before blood collection. A 
24-hour urine specimen for sodium is collected on the day 
before the renin test to reference the result to salt intake. 
Specimens with high renin activity can generate consider- 


able amounts of angiotensin I before and during storage 
even at —20 °C. This will not affect results, however, because 
angiotensin I is determined before and after the incubation 
step. An angiotensinase enzyme inhibitor is used in the reac- 
tion system to prevent further metabolism of angiotensin I. 
The buffering of plasma samples is also important because 
any change in pH alters the generation of angiotensin I 
at 37 °C. Most PRA assays use a pH that is optimum for 
the renin enzyme (5.7 to 6.3). The baseline angiotensin I 
concentration obtained at 4 °C is subtracted from the 
angiotensin I concentration generated after 60 to 90 minutes 
of incubation at 37 °C. The time of incubation varies 
depending on the sensitivity of the angiotensin I antiserum 
and the amount of renin activity. Most assays use an incu- 
bation period of 60 minutes with satisfactory results, but the 
time of incubation can be extended to improve the sensitiv- 
ity of the assay. Subtracting the baseline angiotensin I value 
normalizes the result to endogenous angiotensin I concen- 
trations, but this can be a source of error particularly when 
renin activity is low. Some investigators ignore the blank 
when the baseline angiotensin I result exceeds the generated 
angiotensin I concentration.” 


Angiotensin I Generation 


Angiotensin I is generated using the following procedure: 

1. Thaw frozen specimens in front of a fan for a few minutes 
until they are at room temperature. Do not thaw frozen 
specimens in a refrigerator. 

2. Add one or more of the following inhibitors to 
thawed plasma: phenylmethyl sulfonyl fluoride, 8- 
hydroxyquinoline sulfate, dimercaprol, and neomycin 
(see Comments section for explanation of the use of 
inhibitors). 

3. Add the maleate generation buffer (pH 6.0) to each 
plasma specimen. 

4. Divide the plasma mixture into four aliquots. 

5, Incubate two aliquots for 60 to 90 minutes at 37 °C (see 
Comments section for discussion of choice of period of 
incubation) and store the other two aliquots at 4 °C. 

6. At the end of the incubation period, chill the aliquots in 
an ice bath at 4 °C. 

7. The incubated and nonincubated aliquots are then 
assayed for angiotensin I. Incubated plasma represents 
the endpoint of renin activity, whereas the 4 °C plasma 
represents renin activity at baseline. 

8. Renin activity is then calculated as nanograms of 
angiotensin I produced per milliliter of plasma per hour 
of incubation, adjusting for the volume of plasma, the 
time of incubation, and the difference in angiotensin I 
concentrations between the incubated and nonincubated 
samples, 


Comments 

Phenylmethyl sulfonyl fluoride added to thawed plasma 
inhibits angiotensinases that can cleave the generated 
angiotensin I but are unaffected by metal chelators. 
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The other inhibitors help retard proteolysis and bacterial 
growth. 

Plasma specimens must be buffered. Otherwise, the pH 
will increase during enzymatic incubation at 37 °C, in which 
case the rate of angiotensin I generation will decrease owing 
to a shift in the kinetics and to the destruction of renin above 
pH 8. Thus assays use a buffer near the pH optimum of renin 
(5.7 to 6.3). 


Reference Intervals 


Reference intervals for PRA vary depending on salt intake, 
posture, and certain medications. For adults on a normal 
sodium diet, a reference interval of 0.7 to 3.3ng of 
angiotensin I/mL/hr has been reported.’ Sodium intake, 
posture, hydration state, and other factors that can affect 
renin activity should be noted. For example, a low-sodium 
diet and upright posture increase renin activities in normal 
individuals. High renin values may also be seen in patients 
receiving diuretics (volume and sodium depletion) or 
estrogen-containing medications (stimulation of hepatic 
synthesis of angiotensinogen)."* Most antihypertensive 
drugs alter PRA, and such drugs should be discontinued 
1 to 2 weeks before the test is performed. Only stimulated 
PRA values (e.g., after furosemide stimulation) are of prac- 
tical value in evaluating hypertensive patients. 

Plasma renin activity decreases gradually with age in both 
men and women. In women, renin activity is increased 
during the luteal phase of the menstrual cycle and in 


pregnancy. 
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CHAPTER 5? 
The Thyroid: 


Pathophysiology and 
Thyroid Function Testing* 


Laurence M. Demers, Ph.D., FA.C.B,, D.A.B.C.C., 
and Carole Spencer, Ph.D. 


he thyroid is a butterfly-shaped gland located in the 

| front of the neck just above the trachea that weighs 

approximately 15 to 20 grams in the adult human. 

The fully developed thyroid gland in a human is composed 

of two lobes connected by a thin band of tissue, the isthmus, 

which gives the gland the appearance of a butterfly. The 

gland is closely attached to the trachea in the anterior aspect 

of the neck. Each lobe measures ~2.0 to 2.5 cm in thickness 

and width and ~4.0 cm in length. The isthmus measures 
~2.0 cm in length and width and ~0.5 cm in thickness, 

The secretory units of the thyroid gland are follicles that 
consist of an outer layer of epithelial cells. These cells rest on 
a basement membrane and enclose an amorphous material 
called colloid. Colloid is mainly composed of thyroglobulin 
(an iodinated glycoprotein) and small quantities of iodi- 
nated thyroalbumin. The follicles are embedded in stromal 
tissue, which contains blood vessels and autonomic nerve 
fibers. Increased activity of the gland is characterized by a 
decrease in the quantity of colloid with subsequent reduc- 
tion of follicular volume; the lining cells become columnar 
and may even proliferate into the colloid. During decreased 
glandular activity, the follicles enlarge because of the accu- 
mulation of colloid and the flattening of follicular cells. The 
cytoplasm of the follicular cells has a microtubular network, 
and microvilli that extend from the apices of these cells into 
the colloid. The important reactions of thyroid hormone 


*The authors gratefully acknowledge ti the original contributions of 
R. J. Whitly on which portions of this chapter are based. 
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synthesis, such as iodination and the initial phase of 
hormone secretion (colloid resorption), are believed to take 
place at or near the apical surface of the cell. Thyroid follic- 
ular cells, like cells of other endocrine glands, have a promi- 
nent endoplasmic reticulum. 

The thyroid gland also contains another type of cell 
known as parafollicular or C cells. These cells have been 
shown to produce the polypeptide hormone calcitonin (see 
Chapter 49). These cells never border the follicular lumen 
but are confined within the follicular basement lamina or 
exist in clusters in the interfollicular spaces, 


THYROID HORMONES 
CHEMISTRY 


The thyroid gland secretes two hormones, thyroxine 
(3,5,3,5’-L-tetraiodothyronine) and triiodothyronine 
(3,5,3’-L-triiodothyronine), which are commonly known as 
T, and T;, respectively (Table 52-1). In addition, the thyroid 
gland secretes small amounts of biologically inactive 3,3’,5’- 
L-triiodothyronine (reverse T, [rT;]) and minute quantities 
of monoiodotyrosine (MIT) and diiodotyrosine (DIT), 
which are precursors of T, and T,. The structures of these 
compounds are shown in Figure 52-1. 

Approximately 40% of the secreted T, is deiodinated by 
peripheral tissues by enzyme deiodinases to yield T, and 
about 45% is deiodinated to yield rT;. Therefore, with a 
normal T, production of ~100 nmol (80 ug) daily, approxi- 
mately 40 nmol (26 ug) of T; and 45 nmol (29 ug) of rT; 
are produced by peripheral deiodination. From the esti- 
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TABLE 52-1. Nomenclature and Abbreviations for 


Thyroid Tests 


Hormone Concentration 


‘Total thyroxine aly 

Total triiodothyronine T; 
(3,5,3 ‘tiodothyronine) 

Free thyroxine* FT, 

Pree triiodothyronine™: = : FT; 

Thyrotropin (thyroid-stimulating ‘TSH. 
hormone) pu 

Reverse T; (3,3’,5°-triiodothyronine) rT; 


Estimates of Free Hormone Fraction 


Free Ti fraction? % ET; 
Free:T; fraction! % FT; 
Thyroid hormone binding ratio* THBR 
Estimates of Free Hormone Concentration `: 
Free T, estimate [T, x % FE] FIE 
Free T; estimate [T; x % FE] 0 SEIE 
Free Ti index [T, x THBR] > EEE 1) ERE 
Free T; index [T x THBR] ` Aa rea str Hise 
T/TBG tatio PDS VEN C 
Free T estimate (by immunoassay)’ peer uh Upeetioe 
Seni Binding Proteins i 


` Thyroxine-binding globulin es 
- Thyroxine-binding preaibumin pii oe 
(transthyretin) ` DOE 


Tests for ‘Auéchmiiiune Thyroid I Disease es es 
= - Antithyroglobulin antibodies © BERANE l i “Tg Ab 


=: Antimicrosomal antibodies HEALS :TMAb” 
Antithyroid peroxidase antibodies’ TPO Ab 
‘TSH rẹceptor'äntibodies ; TRAD | 
Other Hormones and Thyroid-Related Proteins 
Thyrotropin-releasing hormone TRH 
Thyroglobulin Tg 
Calcitonin CT. 


*Measured by “direct” immunoassay of a dialysate (or ultrafiltrate) of 
undiluted serum. 

‘Measured by equilibrium dialysis (or ultrafiltration) of diluted seram 
containing tracer T, or Ts. 

*Derived from T; or T4 “uptake” methods (see text for details). 
‘Measured by two-step or analog (one-step) assays. 


mated daily production rates for T, (30 ug) and rT; (30 pg), 
it is evident that in a euthyroid state at least 85% of T; pro- 
duction and essentially all of rT; production are accounted 
for by peripheral deiodination of T, rather than by direct 
secretion by the thyroid gland (Figure 52-2). T; is four to five 
times more potent in biological systems than T,. Because one 
third of all T, is converted to T, during the course of its 
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MIT DIT 
HN COOH HN COOH 


CH, 


OH OB 


HN COOH HN COOH HN D 


OH OH 
Figure 52-1 Structure of thyroid hormones and ep 
precursors. MIT, Monoiodotyrosine; DIT, diiodotyrosine; rT3, 
3,3’,5’-L-triiodothyronine; T3, 3,5,3’-L-triiodothyronine; T4, 
3,5,3’,5’-L-tetraiodothyronine. 


Dietary i 
(150 g/d) > 


™ Ty Ts (6 g'a) 
(80 pg/d) 


Ta (30 pgd) 
Peripheral Deiodination 
Thyroid Gland 


Figure 52-2 Hypothalamic-pituitary-thyroid axis—hormone 
synthesis dependent on dietary intake of 150 ug of iodine per 
day. T4 major thyronine secreted from thyroid gland with T; 
coming predominantly from peripheral deiodination. 


metabolism, T, is considered to be a prohormone without 
any intrinsic biological activity. 


BIOLOGICAL FUNCTION 

Thyroid hormones have many important biological effects.” 
A major function is their control of the basal metabolic rate 
and calorigenesis through increased oxygen consumption in 
tissue via the effects of thyroid hormone on membrane 
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Tyrasy] residues 
in Thyroglobulin 


Thyroid 


G.I. 
Tract 


Plasma 
iodide 


Liver 


Trapping 
enzyme 
O,-dependent 


Thyroidal Peroxidase F: 
siid Se Tyrosine 21 21 21 
Inhibited by Inhibited by iodinase 
1e Thioureas 


1. Deamination 
2. Deiadination 
3. Esterification 


Bile 


Manoiodotyrosine (MIT) and 
Diiodotyrosine (DIT) residues 
Tissues 


‘Transported by 
TBG, TBPA, and 
Albumin 


I 
HN 
T3 Pi OH 
HOQ X 
I I 


3,5,3-Triiodothyronine (T3) 


Ta 


Deiodinated to T, and 
3,3',5'-Triiodothyronine 
(Reverse T;) 


3,5,34,5'-Tetraiod j 
etraiodothyronine (T4) Thyroglobulin 


protease 


Figure 52-3 Formation and secretion of thyroid hormone. lodine transport into the gland is 
inhibited by anions such as thiocyanate (SCN’), perchlorate (CIO, and pertechnetate (TcO7'). 
The oxidation and organic binding of iodide to thyroglobulin are blocked by thioureas, 
sulfonamides, and high concentrations of iodide. (Modified from Berger S, Quinn JL. Thyroid function. 
In: Tietz NW, ed. Fundamentals of clinical chemistry, 2nd ed. Philadelphia: WB Saunders Co, 1976:585.) 


transport (cycling of Na*/K*-ATPase with increased syn- 
thesis and consumption of adenosine triphosphate) and 
enhanced mitochondrial metabolism (stimulation of mito- 
chondrial respiration and oxidative phosphorylation). 
Thyroid hormones are indispensable for neural develop- 
ment, normal growth, and sexual maturation in mammals. 
Other actions include stimulation of adrenergic activity with 
increased heart rate and myocardial contractility, stimula- 
tion of protein synthesis and carbohydrate metabolism, 
increased synthesis and degradation of cholesterol and 
triglycerides, increased requirement for vitamins, increased 
calcium and phosphorus metabolism, and enhanced sensi- 
tivity of adrenergic receptors to catecholamines. These 
effects are typically magnified in patients with hyperthy- 
roidism and subdued in patients with hypothyroidism. 


BIOCHEMISTRY 


The biosynthesis of thyroid hormones involves the trapping 
of circulating iodide (iodide transport) by the thyroid gland, 
the incorporation of iodine into tyrosine, and the coupling 
of iodinated tyrosyl residues to form the thyronines (T, and 


T;) within the protein backbone of the thyroglobulin protein 
in the follicular lumen. Endocytosis followed by proteolytic 
cleavage of thyroglobulin releases the iodothyronines into 
the circulation. A schematic outline of iodine metabolism, 
with emphasis on the formation and secretion of thyroid 
hormones, is shown in Figure 52-3. 

Dietary iodine is the basic element involved in the syn- 
thesis of thyroid hormones; it is normally ingested in the 
form of iodide. Iodide transport to the follicles is the first 
and rate-limiting step in the synthetic process. The follicu- 
lar cells of the thyroid concentrate iodide to some 30 to 
40 times the normal plasma concentration by means of an 
energy-dependent pump mechanism. Upon stimulation of 
the gland by the pituitary hormone thyroid-stimulating 
hormone (TSH; MW 30 kDa; also called thyrotropin), or 
with blockade of iodide uptake by antithyroid drugs such 
as propylthiouracil or methimazole, the glandular iodide 
concentration can reach 800 times the plasma iodide con- 
centration. Other anions are attracted to the thyroid gland 
and can act as competitive inhibitors of iodide uptake 
and transport. Two clinically useful anions are pertechnetate 
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TcO;' and perchlorate (ClO™}. The ability of perchlorate to 
inhibit iodide transport is the basis for its use in the so-called 
perchlorate-discharge test used to detect defects in thyroid 
gland—binding and uptake of iodide. The use of radioactive 
pertechnetate is also the basis for thyroid gland imaging 
studies used to evaluate patients with suspected thyroid 
disease. The salivary glands, gastric mucosa, placenta, ciliary 
body of the eye, choroid plexus, and mammary glands 
are also capable of transporting iodide against a concen- 
tration gradient, but this uptake does not come undér the 
influence of TSH. The physiological significance of this 
extrathyroidal iodide-concentrating mechanism is not well 
understood. 

Iodide is oxidized at or near the thyroid gland membrane 
to a more reactive iodine, probably as the free radical of 
iodine, I*; within seconds, the active iodine is bound to tyro- 
sine molecules attached to a thyroidal protein called thy- 
roglobulin (Tg; 660 kDa). Tg is also synthesized within the 
follicular cells of the gland before being secreted into the fol- 
licular lumen by exocytosis, The enzyme responsible for the 
oxidation and binding of iodide (organification) is thyroid 
peroxidase (TPO); hydrogen peroxide accepts the electron. 
Initially, monoiodotyrosine and diiodotyrosine (MIT and 
DIT) molecules are formed (see Figure 52-3). Two DIT mol- 
ecules then undergo an oxidative condensation with the 
release of an alanine residue for the formation of Ty, which 
is still in peptide linkage to Tg. Similarly, T; is produced from 
the coupling of MIT and DIT. A small amount of rT; is also 
formed, probably by condensation of DIT and MIT. The 
condensation reaction is an aerobic, energy-requiring reac- 
tion, and like oxidation and binding, is considered to be cat- 
alyzed by TPO. Iodide thus bound to tyrosine residues can 
no longer be discharged by thiocyanate, perchlorate, or other 
inhibitors of iodide transport. 

The synthesis of T;, Ta DIT, and MIT in Tg molecules 
occurs mainly at the follicular cell~colloid interface but also 
within the colloid. Tg is present in highest concentrations 
within the colloid, where it is stored. The follicular cells 
engulf colloid globules by endocytosis; these globules then 
merge with lysosomes in the follicular cell. Lysosomal pro- 
teases break the peptide bonds between iodinated residues 
and Tg, and T,, T;, DIT, and MIT are released into the cyto- 
plasm of the follicular cell. T, and T; diffuse into the sys- 
temic circulation after their liberation from Tg. DIT and 
MIT are deiodinated by an intracellular microsomal iodoty- 
rosine dehalogenase. The freed iodide is then reused for 
thyroid hormone synthesis. 

Each step in the synthesis of thyroid hormones is 
regulated by pituitary TSH. TSH stimulates the “iodide 
pump,” Tg synthesis, and colloidal uptake by follicular cells. 
TSH also regulates the rate of proteolysis of Tg for the lib- 
eration of T, and T; is also regulated by TSH. In addition, 
TSH induces an increase in the size and number of the 
thyroid follicular cells. Prolonged TSH stimulation leads to 
increased vascularity and eventual hypertrophic enlarge- 
ment of the thyroid gland (goiter), 


METABOLISM 


Metabolism of T, to T, and the transport of these two 
thyroid hormones in the blood are discussed later in this 
section. The degradative metabolism of T, and T, occurs by 
oxidative deamination, which produces pyruvic acid ana- 
logues that are ultimately converted to thyroacetates by a 
decarboxylation reaction. These analogues have some resid- 
ual biological activity, but there is no evidence that they are 
physiologically significant. In the liver, T; and T, are conju- 
gated to form sulfates and glucuronides. These conjugates 
enter the bile and pass into the intestine. Thyroid hormone 
conjugates are hydrolyzed, and some are reabsorbed (entero- 
hepatic circulation) or excreted in the stools. The amounts 
of thyroidal substances in the urine are very small, and 
urinary assays to measure these substances have little clini- 
cal value. For a thorough discussion of thyroid metabolism, 
secretion, and synthesis, the reader is referred to a chapter 
by Larsen and Ingbar.'** 


PHYSIOLOGY 


A tightly controlled feedback system exists between the 
thyroid gland, the hypothalamus, and the pituitary gland 
(Figure 52-2).' The function of these three glands is closely 
integrated, resulting in thyroid hormone concentrations in 
blood being maintained within certain limits in the face of 
large changes in basal metabolism and physiological need for 
thyroid hormone. Thyrotropin-releasing hormone (TRH), a 
tripeptide, is produced in the hypothalamus. TRH acts on 
the pituitary thyrotropes to stimulate both the synthesis and 
release of TSH.” TSH in turn controls the thyroid gland and 
the synthesis and release of thyroid hormones. TSH also con- 
trols the size and number of thyroid follicular cells, A rise in 
the thyroid hormone concentration elicits an inhibitory 
effect on the pituitary response to TRH (negative feedback). 
Conversely, a fall in thyroid hormone concentrations causes 
an increase in both TRH and TSH secretion (positive 
feedback). 

Free (unbound) T; is the primary secretory product of the 
normal thyroid gland. T, is progressively degraded by deio- 
dination and ether-link cleavage to form its intrinsic thyro- 
nine and tyrosine core molecules. Only 5’ deiodination of T, 
is an activation step and leads to the production of a meta- 
bolically active metabolite (T;). All other deiodinations are 
inactivating. The T, deiodination cascade to form Ts, rT, 
MIT, and DIT derivatives is catalyzed by three types of sele- 
nodeiodinase enzymes (Type 1, Type 2, and Type 3). T, to T; 
conversion is catalyzed by both Type 1 and 2 deiodinases. 
These enzymes coexist in the same tissue, but generally have 
different tissue distributions (hepatic versus nonhepatic, 
Type 1 versus Type 2, respectively). In hypothyroid and 
euthyroid conditions, circulating T, is primarily derived 
from Type 2 enzymes, whereas when T, substrate is high 
(i.e, hyperthyroidism) T, production is primarily derived 
from Type 1 enzymes. Type 3 deiodinases that catalyze the 
inner-ring deiodination of T, to produce metabolically inert 
rT; are considered important for controlling the amount of 
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maternal thyroid hormone delivered to the developing fetus 
(see Figure 52-3). Type 1 deiodinase activity is inhibited 
during acute or chronic stress or illness and with a number 
of medications. Inhibition of Type 1 deiodinase activity 
causes a decrease in circulating T; secondary to decreased 
production and an increase in rT; secondary to reduced 
clearance; however the total T, concentration remains essen- 
tially unchanged. 

When released by the thyroid gland, T, and T; are carried 
in the circulation bound to carrier proteins. These carrier 
proteins (T,-binding globulin [TBG], T,-binding prealbu- 
min [TBPA], and albumin) bind 99.97% of T, and 99.7% of 
T. Thus only a very small fraction of each of these hormones 
circulates unbound and is free for biological activity. The 
largest concentration of protein-bound hormone acts as 
a reservoir for T, to maintain a constant concentration of 
free T, (FT,). Because of the wide variation in the concen- 
tration of T,-binding proteins, even under normal circum- 
stances, there is a wide variation in total T; concentrations 
among euthyroid individuals (i.e., those having normal 
thyroid function). Total T, concentrations also vary with 
alterations in the concentration of the binding proteins, 
although to a lesser degree than T, concentrations. Common 
situations in which the thyroid hormone-binding protein 
concentrations are increased or decreased are shown in Box 
52-1. When relying on the measurement of total thyroid 


Increases in: 


A. TBG concentration (or affinity) 
1. Genetic (inherited) causes 
2. Nonthyroidal illness (HIV infection, infectious and 
` chronic active hepatitis, estrogen-producing tumors, 
acute intermittent porphyria) 
3. Normal physiology (pregnancy, newborn) 
4. Drug use (oral contraceptives, estrogens, tamoxifen, 
methadone) 
B. Prealbumin concentration 
C. Albumin binding (familial dysalbuminemic 
hyperthyroxinemia) 
D. T; binding by antibodies (autoimmune thyroid disease, 
hepatocellular carcinoma) 


Decreases in: 
A. TBG concentration 
1. Genetic (inherited) determination 
2. Nonthyroidal illness {major illness or surgical stress, 
nephrotic syndrome} 
3. Drug use (androgens, anabolic steroids, large doses of 
glucocorticoids) 
B. TBG binding capacity (drugs bound to TBG such as 
salicylates and phenytoin) 
C. Prealbumin concentration 


hormone concentrations to diagnose thyroid hormone 
excess or deficiency states, knowledge of possible changes in 
binding proteins can be extremely important. The measure- 
ment of FT,, however, obviates this need since free hormone 
concentrations are independent of the binding protein 
concentration. 


Hypothyroidism and hyperthyroidism are the two primary 
pathological conditions that involve the thyroid glands.° 
Laboratory testing of thyroid hormones is used to diagnose 
and document the presence of thyroid disease, a condition 
that often presents with vague and subtle symptoms. Accu- 
rate measurement of thyroid hormone concentrations is key 
to the proper diagnosis of thyroid gland dysfunction." 


HYPOTHYROIDISM 

Hypothyroidism is defined as a deficiency in thyroid 
hormone secretion and action.“ It is a common disorder 
that occurs in mild or severe forms in 2% to 15% of the pop- 
ulation.’ Women are afflicted more often than men, and 
both sexes are affected more frequently with increasing age. 
Clinical symptoms can range from the obvious and easy-to- 
recognize lethargy, fatigue, and cold intolerance to more 
subile, subclinical disease with general symptoms that escape 
detection. Figure 52-4 depicts the constellation of physio- 
logical events associated with decreased thyroid hormone 
availability. Myxedema is a severe form of hypothyroidism in 
which there is accumulation of mucopolysaccharides in the 
skin and other tissues, leading to a thickening of facial fea- 
tures and a doughy induration of the skin.™ Cretinism is the 
term used to describe severe hypothyroidism that develops 
in the newborn period. 

Many structural or functional abnormalities of the 
thyroid gland can lead to thyroid hormone deficiency 
(Box 52-2). Primary hypothyroidism is frequently caused by 
diseases or treatments that directly destroy thyroid tissue or 
interfere with thyroid hormone biosynthesis. Secondary 
hypothyroidism occurs as a result of pituitary or hypothal- 
amic disease and/or disorders. 


Primary Hypothyroidism 

Primary goitrous hypothyroidism results when the synthesis 
of T, and T; is impaired, either because of some extrinsic 
factor or because of an intrinsic, inherited defect in thyroid 
hormone biosynthesis. As a result, the positive feedback loop 
causes compensatory thyroid enlargement (goiter) through 
the hypersecretion of TRH and TSH. Primary nongoitrous 
hypothyroidism is characterized by loss or atrophy of 
thyroid tissue, resulting in decreased production of thy- 
roid hormones despite maximum stimulation by TSH. 
Hashimoto’s thyroiditis is the most frequent cause of 
primary hypothyroidism in developed countries where 
iodine intake is sufficient. Worldwide, iodine deficiency is 
the most common cause of goitrous hypothyroidism. The 
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Thyroid disease has wide ranging effects: Hypothyroidism 


The Thyroid 


¢ 


The Liver 
Increased LDL 
cholesterol? 

Elevated 
triglycerides? 


The Intestines 
Constipation? 
Decreased GI motility‘ 


The Reproductive System 
Decreased fertility® 
Menstrual abnormalities 


The Brain 
, Depression! 
i Decreased concentration! 
' General lack of interest? 
Impaired fetal intellectual 
development” 


The Heart 


Decreased heart rate? 
Increased blood pressure? 
Decreased cardiac output? 
Diastolic dysfunction® 


The Kidneys 
Decreased function? 
Fluid retention and edema® 


Figure 52-4 The clinical effects of hypothyroidism on different organ systems. 


most common cause of nongoitrous hypothyroidism is sur- 
gical removal or radioablation of the thyroid gland in the 
treatment of Graves’ disease. Primary hypothyroidism is fre- 
quently associated with circulating antithyroid antibodies 
and may coexist with other diseases in which autoanti- 
bodies are found. In addition, primary hypothyroidism 
may be one manifestation of an autoimmune syndrome of 
polyglandular endocrine failure.””! 

Reduced concentrations and availability of T, and T; lead 
to hypersecretion of pituitary TSH and marked elevations 
in serum TSH concentrations. The elevated concentration of 
TSH is an important laboratory finding, particularly in the 
early detection of thyroid failure. In mild or subclinical 
hypothyroidism, thyroid hormone concentrations can 
remain within the normal reference interval, but the TSH 
concentration is elevated. The etiology of primary hypothy- 
roidism is usually determined on the basis of a good history, 
a physical examination, and the tests for circulating thyroid 
autoantibodies. 

Congenital hypothyroidism that is recognized at birth may 
be caused by the complete absence of the thyroid gland 


(athyreosis) itself or can occur secondary to defects in 
thyroid hormone synthesis. This disorder occurs once in 
every 3500 to 4000 live births, and early treatment with 
thyroid hormone replacement is critical if irreversible neu- 
rological damage is to be prevented."'""*"" Screening pro- 
grams for congenital hypothyroidism have been established 
in almost all developed countries of the world.””"” Initially 
North American programs used a two-tiered laboratory 
approach in which an initial T, measurement is obtained fol- 
lowed by a measurement of TSH in specimens with low T, 
values. In most programs, T, is measured in blood eluted 
from a filter paper spot collected from the newborn infant 
using a heel stick. Floating cutoff values are set high enough 
to preclude false-negative results. In general, when T, results 
are outside the lower 10th to 20th percentile of the normal 
distribution, a TSH measurement on another specimen from 
the same filter paper spot is then performed. In most 
instances, the diagnosis of congenital hypothyroidism in the 
neonate can be made at this time; in some cases, further 
testing is needed on follow-up. Alternatively European and 
Japanese programs favor screening by means of TSH mea- 
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Primary (Thyroidal) Hypothyroidism 
A. Loss of functional tissue 


1. Chronic lymphocytic (Hashimoto’s) thyroiditis 
2. Radiation injury to the neck (1-131 therapy, 
radiotherapy) 
3. Postoperative hypothyroidism (neck surgery) 
4, Thyroid gland dysgenesis, developmental defects 
(neonatal) : 
B. Infiltrative disease of the thyroid 
1. Viral infections 
2. Bacterial infections 
C. Defects in thyroid hormone synthesis 
1. Congenital biosynthetic defects 
2, Endemic iodine deficiency 
3. Drug-induced defects (ithium, glucocorticoids, iodine, 
propranolol) 
4. Idiopathic primary hypothyroidism (TSH receptor 
defect) 
5. Antithyroid agents (propylthiouracil [PTU]) 
6. Thyroiditis with autoantibodies 


Hypothyrotropic (Secondary) Hypothyroidism 
A. Pituitary disease—TSH deficiency 
B. Hypothalamic disease—TRH deficiency 


Peripheral Resistance to Thyroid Hormones 


surements followed by T, determinations on infants with 
TSH values elevated above 20 mIU/L.* Many newborn 
screening programs in the United States have switched or are 
considering a switch to the first TSH approach. 

Primary hypothyroidism is easily treated by the daily 
administration of oral thyroxine.'® During initial treatment, 
serum FT, concentrations adjust quickly, but TSH con- 
centrations remain high. Because the pituitary is slow to reg- 
ister acute changes in thyroid hormone status (“pituitary 
lag”), 4 to 8 weeks may be needed for serum TSH values to 
reach a new steady state after dose adjustments. Periodic 
monitoring of serum TSH, one to three times a year, is rec- 
ommended to help maintain clinical euthyroidism and a 
serum TSH concentration within normal limits.” Excessive 
treatment with oral T, should be avoided to minimize the 
risk of accelerated bone resorption and/or atrial fibrillation. 


Secondary Hypothyroidism 

Secondary hypothyroidism (central thyroid disease) occurs as 
a result of pituitary or hypothalamic diseases that produce a 
deficiency in either TSH, TRH, or both. Isolated TSH defi- 


*The reader should note that “U” had been reserved by chemists 
for the international unit of enzyme activity. However, U is often 
used to mean a unit of TSH concentration as defined by the 
WHO. To avoid confusion with enzyme activity units, “IU” and 
“int units” are used in this chapter to refer to the units of TSH 
concentration. 


Common Causes of Thyroid Hyperfunction* 
A. Diffuse toxic hyperplasia (Graves disease) 
B. Toxic multinodular goiter (Plummer’s disease} 
C. Toxic solitary adenoma 


Less Common Causes of Thyroid Hyperfunction’ 
A. Acute or subacute thyroiditis (viral or bacterial etiology) 
1.. Hashimoto’s (autoimmune) thyroiditis 
2. De Quervain’s thyroiditis (subacute) 
3. Lymphocytic thyroiditis (painless, subacute) 
. TSH-secreting pituitary tumor 
Thyroid carcinoma (papillary, follicular, anaplastic) 
. Postpartum thyroiditis 
HCG-secreting trophoblastic tumor 
| Iodine-induced hyperthyroidism 
. Iatrogenic thyrotoxicosis factitia 
. T toxicosis 
Drug-induced thyrotoxicosis (amiodarone) 
Ectopic thyroid tissue (struma ovarii, thyroid carcinoma 
metastases) 


swe DTOmnmoaw 


*Associated with increased radioactive iodine uptake, except iodine 
induced. 
TAssociated with decreased radioactive iodine uptake. 


ciency is rare, and most patients with secondary hypothy- 
roidism also have other pituitary hormone deficiencies as 
well (panhypopituitarism). With secondary hypothyroidism, 
the serum concentration of thyroid hormone is low, but TSH 
concentrations are either low or within the normal reference 
interval. When T, and TSH concentrations are both low, a 
TRH test may offer some benefit. In patients who have 
destructive lesions of the pituitary gland that result in TSH 
deficiency, no TSH response is expected with exogenous 
TRH administration, In patients with hypothalamic abnor- 
malities that affect TRH and TSH release, the peak TSH 
response to TRH may be normal, but is generally delayed 
until 45 or 60 minutes after the TRH administration rather 
than after the usual time of 20 to 30 minutes. 


HYPERTHYROIDISM 

Hyperthyroidism is defined as a hypermetabolic condition 
caused by excessive production of thyroid hormones.” This 
disorder is caused by a number of conditions resulting from 
excess availability of thyroid hormones (Box 52-3).'*”° Some 
clinicians prefer the general term thyrotoxicosis rather than 
hyperthyroidism to define the hypermetabolic state associ- 
ated with increased amounts of thyroid hormone in the 
circulation. Figure 52-5 depicts the metabolic changes asso- 
ciated with increased availability of thyroid hormone. 
Causes of thyrotoxicosis are divided into two types: (1) those 
associated. with frank hyperthyroidism and increased pro- 
duction and secretion of thyroid hormones from the gland, 
and (2) those that are not. In North America, the most 
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Thyroid disease has wide ranging effects: Hyperthyroidism 


The Thyroid 


The Liver 

Increased lipid 
degradation 

Negative protein 
balance 

Hepatic dysfunction 


The intestines 
Loose stools 
Increased Gi motility 
Malabsorption 


The Reproductive System 
Decreased fertility 
Menstrual abnormalities 
Pregnancy loss 


The Brain 

Increased adrenergic tone 
Excitability 

Hyperkinesia 


The Heart 

Increased heart rate : 
Palpitations 

Increased cardiac output 
Rapid puise 


The Kidneys 
Increased GFR function 
Increased renal blood flow 


Figure 52-5 The clinical effects of hyperthyroidism on different organ systems. 


common cause of thyrotoxicosis due to hyperthyroidism is 
Graves’ disease, an autoimmune disorder that affects 0.4% of 
the U.S. population; its etiology involves the development of 
an IgG antibody against the thyroid TSH receptor, resulting 
in overproduction of T, and T; by the thyroid gland. Over- 
production of thyroid hormones can also result from 
autonomous production by solitary or multiple thyroid 
nodules, from a toxic solitary adenoma, or from excessive 
TSH secretion by pituitary tumors (rare). Less common 
causes of hyperthyroidism include acute and subacute thy- 
roiditis caused by viral or bacterial infections that affect the 
thyroid gland itself, producing increased leakage of stored 
hormone from the gland as a result of inflammatory changes 
and white cell infiltration. New hormone synthesis can 
be decreased due to suppression of TSH secretion by the 
hormone excess. Other secondary causes of hyperthyroidism 
include exogenous intake (thyrotoxicosis factitia) of thyroid 
hormone, iodide ingestion in excess, thyroid carcinoma, 
and drug-induced thyrotoxicosis with medications such as 
amiodarone. 

The prevalence of hyperthyroidism is fairly low in the 
general population (0.3% to 0.6%) and women are more 


prone to developing hyperthyroidism than men, with the 
ratio of females to males with Graves’ disease being 5:1. 
Hyperthyroidism is often easier to diagnose on clinical 
observations than is hypothyroidism (Box 52-4). In some 
patients with hyperthyroidism, particularly individuals older 
than 60 years of age, the diagnosis may not be self-evident, 
and symptoms may be dismissed or attributed to stress or 
other causes. The biochemical picture of primary hyperthy- 
roidism shows increases in T, and T3, with a TSH suppressed 
to undetectable concentrations, except in those rare cases in 
which hyperthyroidism is mediated by TSH itself (e.g., TSH- 
secreting pituitary adenoma or pituitary resistance to 
thyroid hormones). Patients with hyperthyroidism typically 
have serum TSH concentrations less than 0.05 mIU/L. A 
serum TSH within the euthyroid reference interval almost 
always eliminates the diagnosis of hyperthyroidism. 

When the TSH concentration is suppressed, the serum 
FT, concentration should be measured and will be elevated 
in most cases of hyperthyroidism. Finding a low TSH con- 
centration and an elevated FT, concentration is usually suf- 
ficient to establish the diagnosis of hyperthyroidism. If the 
TSH concentration is low but the FT, concentration is 
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Hyperthyroidism 
Weight loss 
Fatigue 
Nervousness 


Palpitations 

Rapid pulse 

Menstrual irregularities 
Heat intolerance 

Increased sweating 
Diarrhea 

Restlessness 

Tremor 

Muscle weakness 

Eye changes (Graves’ disease) 
Variable gland enlargement 


Hypothyroidism 
Weight gain 
Easy fatigue 
Lethargy 
Cold intolerance 
Hair loss 
Constipation 
Depression 
Slow reflexes 
Slower heart beat 
Hoarseness/deepening of voice 
Dry, patchy skin 
Elevated cholesterol 
Puffy eyes 
Menstrual irregularities 
Muscle weakness/cramps 


within the normal reference interval, a T} measurement 
should be performed, because serum T, concentration is 
often elevated to a greater degree than is T, in the early 
phases of Graves’ disease and in some patients with solitary 
or multinodular toxic goiters (so-called T, thyrotoxicosis), A 
persistently suppressed serum TSH concentration in the face 
of normal concentrations of serum T; and FT, could signify 
“subclinical hyperthyroidism,” a defined biochemical entity 
with few or subtle clinical symptoms. Because only the free 
fraction of T; is biologically active, the estimation of a free 
T, (FT) is helpful to compensate for variations in binding 
proteins. A number of medications and acute and chronic 
illnesses cause a transient lowering of T, concentrations. In 
patients with nonthyroidal illnesses (NTIs), an early diagno- 
sis of hyperthyroidism may not be possible until the other 
illness has resolved. 

Occasionally, increases in serum concentrations of T, and 
T, will occur as a result of the ingestion of large quantities 
of exogenous thyroid hormones or to the release of thyroid 


hormones as a result of damage to the thyroid parenchyma 
associated with subacute thyroiditis or chronic lymphocytic 
thyroiditis. The increase in T, and T, concentrations may be 
associated with clinical findings that suggest true hyperthy- 
roidism. This diagnostic dilemma, however, can be resolved 
by finding a low radioactive iodine uptake (percent of orally 
administered radioactive iodine taken up by the gland at 6 
or 24 hours) that accompanies these nontoxic forms of 
hyperthyroidism, In most cases of thyroiditis, the condition 
is self-limited and will resolve without residual thyroid func- 
tion abnormalities. 

Until sensitive TSH assays became available, the most 
conclusive test for hyperthyroidism was the TRH stimula- 
tion test. Patients with high concentrations of circulating 
thyroid hormone have an active negative feedback loop that 
blocks the release of TSH from the pituitary gland. In a 
patient with vague but suggestive symptoms of hyperthy- 
roidism and T, or T; concentrations that are not clearly ele- 
vated, failure of the TSH concentration to rise after TRH 
administration establishes the diagnosis of hyperthyroidism. 
The TRH test is rarely used for the diagnosis of hyperthy- 
roidism now that sensitive TSH assays are able to distinguish 
the profoundly suppressed TSH concentrations in true 
hyperthyroidism from the mild transient depressed TSH 
concentrations that occur in patients with other nonthy- 
roidal conditions, such as an acute or chronic illness. Patients 
with a nonthyroidal illness will often have a suppressed TSH 
but the concentration is still detectable with current TSH 
methodology. Treatment strategies for hyperthyroidism 
include (1) administration of antithyroid drugs, (2) radioio- 
dine ablation, and (3) surgical removal of the thyroid gland 
itself. Treatment is typically designed to decrease thyroid 
hormone production or inhibit peripheral conversion of T, 
to T;.'® At the time treatment is initiated, measurements of 
serum FT, are recommended every few weeks until symp- 
toms abate and serum values normalize; continuous moni- 
toring for recurrence of hyperthyroidism is suggested two or 
three times a year after successful therapy.'” Because the 
pituitary gland is suppressed in hyperthyroidism, measure- 
ment of the concentration of serum TSH is not a good 
monitor of thyroid status in the immediate period following 
the start of antithyroid therapy. In fact, TSH concentrations 
remain suppressed for months after the patient becomes 
clinically euthyroid. Ablation of thyroid tissue or overtreat- 
ment with antithyroid drugs sometimes leads to clinical 
hypothyroidism and an increase in serum TSH; surveillance 
for hypothyroidism in previously treated hyperthyroid 
patients must continue for the life of the patient and can best 
be monitored with a serum TSH. 


NONTHYROIDAL ILLNESS 


Many disorders are associated with thyroid hormone excess 
or deficiency in the absence of definable thyroid disease. 
These states of euthyroid hyperthyroxinemia or euthyroid 
hypothyroxinemia often result from alterations in the con- 
centration of thyroid hormone—binding proteins, the actions 
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TSH Changes in Non-Thyroidal lilness (NTI) 


Severity —————_> Severity —————> 


Mortality 


TSH 


Thyroid Hormone Test Changes in NTI 


Severity —————_» Recovery —————> 


Mortality 


- | Free T4 
| Equilibrium k 
Dialysis 


TT, & some 

FT,E tests 

TT3 & FT3E 
Figure 52-6 The spectrum of thyroid hormone concentrations 
with illness. 


of certain drugs, the effects of acute and chronic NTIs, or 
peripheral resistance to thyroid hormones. 

A progressive spectrum of thyroid test result anomalies 
accompanies NTIs in euthyroid patients (the “euthyroid sick 
syndrome”)”*"?*")7"9 (Bigure 52-6 and Box 52-5). The earli- 
est and most common changes that occur are a reduction in 
the serum concentrations of total and free T;, sometimes to 
extremely low concentrations, and an elevation in the serum 
concentration of rT; (the “low T; state”). These changes have 
been ascribed to a block in the 5’deiodinases that convert T, 
to T, in peripheral tissue. Acute and chronic nutritional 
problems, poorly controlled diabetes mellitus, and drugs 
such as hydrocortisone and beta blockers can also inhibit this 
conversion. 

Declining concentrations of total T} may also be seen 
in NTIs; however, FT, concentrations, determined by 
immunoassay and by equilibrium dialysis, usually remain 
within the normal reference interval or are found to be 
mildly elevated. This disparity between falling total T, values 
and normal, or even elevated, free T, concentrations may be 
caused by decreases in serum concentrations of thyroid 
hormone-binding proteins, changes in binding properties 
induced by circulating inhibitors and drugs, or both. Unfor- 
tunately, some methods for estimating FT,, such as the one- 
step immunoassays, may provide artifactually low results in 
euthyroid patients with increasing severity of chronic illness. 


Reduced peripheral conversion of T, to T; 

Increased production of rT; 

Reduced production of thyroid hormone-binding proteins 
Circulating inhibitors of thyroid hormone binding 

Mild elevation of serum TSH during recovery phase 

Mild depression of serum TSH during acute phase 


Conversely, some methods give artifactually high results in 
some circumstances, such as IV heparin administration. 

Serum TSH concentrations are usually normal in 
euthyroid sick patients, but may be mildly to moderately 
depressed during the acute phase of NTI or slightly elevated 
during recovery from a severe illness.” Causes of these tran- 
sient abnormal TSH concentrations are not fully understood 
but may relate to the effects of endogenous or exogenous 
hormones, such as glucocorticoids or dopamine, which 
independently suppress pituitary TSH secretion, altered 
nutrition, or altered biological activity of immunoreactive 
TSH.’ 

As patients recover from NTIs, many of the thyroid test 
abnormalities revert to normal. Total T, concentrations will 
be corrected first followed by a rise in T. Serum TSH may 
also transiently rebound to high concentrations for several 
days or weeks before returning to normal. Thus, in NTI, 
abnormal thyroid function test results do not necessarily 
indicate the presence of thyroid disease, but may demon- 
strate adaptations to the catabolic state. Conversely, para- 
doxically normal values may be seen in patients with thyroid 
disease as a result of medications or nonthyroidal illness per 
se. Assessments of thyroid function in ill patients are best 
postponed until the illness resolves, unless a diagnosis would 
affect patient outcome. 


HYPOTHYROIDISM VERSUS EUTHYROID SICK SYN- 
DROME 


The most common dilemma presented by the thyroid test 
result aberrancy seen with the euthyroid sick syndrome 
occurs when hypothyroidism is suspected in an ill patient. 
Total and FT, concentrations are expected to be low in 
nonthyroidal illness and should not be measured for this 
purpose. If the total or FT, concentration is normal, hypo- 
thyroidism is unlikely; however, a reduced total T, and a 
slightly subnormal FT, estimate may be seen in extremely 
ill euthyroid patients. Serum TSH is probably the best single 
test to distinguish between euthyroid sick syndrome and 
hypothyroidism (in the absence of suspected pituitary or 
hypothalamic disease or medications, such as dopamine or 
glucocorticoids). A clear elevation of the TSH concentration 
(>20 mIU/L) would indicate hypothyroidism. Lesser TSH 
elevations may be seen transiently in euthyroid sick syn- 
drome patients during recovery. Increasing the upper limit of 
the TSH reference limit to 8 or 12 mUL in critical illness has 
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been suggested to improve the specificity for hypothyroidism 
with minor loss of sensitivity.” Dopamine or glucocorticoids 
also suppress pituitary TSH release and may result in a 
normal TSH concentration in a hypothyroid patient. If the 
question of hypothyroidism in acutely ill patients cannot be 
resolved with TSH and FT, testing, measurement of rT; may 
help (rT; being low in hypothyroidism [either primary or 
secondary] and normal or high in euthyroid subjects). 
Documentation of a normal serum cortisol may help: dis- 
tinguish euthyroid sick syndrome patients from those with 
hypothalamic or pituitary hypothyroidism. 


HYPERTHYROID VERSUS EUTHYROID SICK SYNDROME 


As many as 3% of hospitalized patients on admission 
have subnormal TSH values often associated with the acute 
phase of illness or with glucocorticoid or dopamine therapy. 
With more sensitive TSH assays, most (~75%) hyperthyroid 
patients have profoundly low TSH values (less than 
0.01 mIU/L) compared with critically ill euthyroid patients 
with only mild transient suppression of TSH in the 0.05 to 
0.1 mIU/L range. 


EFFECT OF DRUGS 


A number of medications have been shown to alter thyroid 
function and thyroid function tests.“ Few drugs are 
associated with the development of clinically significant 
thyroid disease (amiodarone may be an exception), but dif- 
ficulty in the interpretation of thyroid function tests results 
when patients are placed on medications that affect thyroid 
function testing. In general, drugs do not interfere chemi- 
cally with the assays for thyroid hormones or TSH. The 
medications most likely to affect TSH concentrations are 
glucocorticoids and dopamine (reduced TSH concentra- 
tions) and amiodarone (increased TSH concentrations). The 
most commonly encountered variations in thyroid hormone 
measurements induced by medications are reduced peri- 
pheral conversion of T, to T; or altered binding of T, and T; 
to carrier proteins. Some of the medications that affect 
thyroid function tests are shown in Table 52-2. 


DIAGNOSIS OF THYROID DYSFUNCTION 


Laboratory tests most commonly used to evaluate patients 
for thyroid gland dysfunction are listed in Table 52-1. Famil- 
iarity with normal physiology and with pathophysiology is 
important if these tests are to be properly used and selected. 
However, it is important to note that normal serum thyroid 
hormone concentrations do not exclude thyroid disease, 
and abnormal thyroid tests do not always indicate thyroid 
disease. Diffuse or nodular thyroid enlargement, for 
example, may be seen in euthyroid patients.’ 

The clinical signs and symptoms of thyroid hormone 
excess or deficiency are generally vague and nonspecific (see 
Box 52-4). Therefore when hypothyroidism or hyperthy- 
roidism is suspected, confirmation with laboratory tests is 
generally required. Guidelines for the selection of appropri- 
ate laboratory tests for thyroid function have been published 


by professional organizations such as the American 
Thyroid Association (www.thyroid.org), 9*5% the 
National Academy of Clinical Biochemistry” 
(www.nacb.org), and the Royal College of Physicians in 
London.?”®”* Several algorithms have been published for 
thyroid function testing, including an algorithm used in a 
large hospital in Detroit.” For a thorough discussion of the 
diagnosis and treatment of thyroid disease, the reader is 
referred to general endocrine texts’***'’® or reviews on 
specific topics, such as cardiac disease,’ disturbances in 
menstruation, fetal disorders,” general thyroid disease,’””” 
hypothyroidism, "89173224 hyperthyroidism, ® 179174177 
mood disorders,” and pregnancy, 772137140 

Historically, thyroid testing was performed stepwise, with 
the initial step being either a total serum T, measurement or 
a free thyroxine estimate (FT,E) using, for example, the FT, 
index. Total T, measures both bound and free hormone and 
reflects thyroid hormone production; however, changes in 
the concentration or affinity of serum thyroid hormone- 
binding proteins affect total T, concentrations without 
changing the free, active hormone (“abnormal” total T, test 
results in the absence of thyroid disease), Mild changes in 
serum binding proteins, such as those induced by pregnancy 
or estrogen therapy, can be corrected with an indirect esti- 
mate of FT, by immunoassay (FT,E); extreme binding 
protein abnormalities, however, can give artifactual PTE 
results. Elevated protein concentrations tend to produce 
an overestimation of the FT,E result, whereas low protein 
concentrations produce an underestimation of the FT, value. 
For patients with primarily TBG abnormalities, an FT,E 
provides more reliable diagnostic information than does a 
total T, value alone. If necessary, in some circumstances 
when equivocal results are obtained, the FT, concentration 
may be measured directly using equilibrium dialysis 
methods. 

Total T, and FT,E measurements are not ideal indicators 
of thyroid status, in part because of the effects of variations 
in serum binding protein concentrations, but also because 
T; is the biologically active and most potent form of thyroid 
hormone and because the relationships between these 
hormones (T, and T;) are not always predictable. In patients 
with hyperthyroidism, T; is usually elevated to a greater 
extent than T, because it is derived from two sources: 
increased thyroidal secretion of T; and increased peripheral 
conversion of T, to T;. The measurement of total T; is 
sometimes a useful adjunct test in patients suspected of 
hyperthyroidism. However, because T, concentrations fluc- 
tuate rapidly in response to stress and other nonthyroidal 
factors, T; concentrations are low not only in hypothy- 
roidism, but also in many other conditions. Thus the routine 
measurement of total T; is not a good screening test of 
thyroid status. 

The serum concentration of TSH reflects the integrated 
action of thyroid hormones at the concentration of one of 
its target tissues—the pituitary cells that secrete TSH. Thus 
measurement of TSH is more reliable in the diagnosis of 
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TABLE 52- 2 Effects of Some 2 on Tests of Thyroid Function. 
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Philadelphia: JB Lippincott, 1995:299-306; Stockigt JR. Thyroid hormone changes in critical illness: The sick euthyroid “syndrome.” Diag Endo Metab 
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$ reduced serum concentration; Î increased serum concentration; <> no change. 


thyroid gland dysfunction than is the measurement of 
thyroid hormone concentrations themselves. Pituitary TSH 
secretion is exquisitely sensitive to circulating thyroid 
hormone concentrations; in fact, a twofold change in FT, 
can elicit a 100-fold change in the serum TSH concentra- 
tion.” This reciprocal log-linear relationship, shown in 
Figure 52-7, explains why some patients may have normal 
concentrations of FT, or FT;, or both, and few clinical signs 


or symptoms of thyroid dysfunction, but may have TSH con- 
centrations that are abnormally high or low. Not all such 
“subclinical” thyroid disease warrants treatment, but detec- 
tion of mild changes in thyroid function may be important 
for some patients. 

In the past, clinical use of TSH measurements was 
limited by the inability of most immunoassays to differenti- 
ate the lower limit of normal from abnormally low concen- 
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Figure 52-7 The log-linear relationship between TSH and FT}. A twofold change in TSH is 
associated with an approximate 100-fold change in circulating FT, concentrations. (Modified from 
Spencer CA, LoPresti JS, Patel A, Guttler RB, Eigen A, Shen D, et al. Applications of a new 
chemiluminometric thyrotropin assay to subnormal measurement. J Clin Endocrinol Metab 1990;70:453- 
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trations. Improvements in assay technique have led to the 
availability of so called third generation high sensitive TSH 
assays that distinguish low from normal concentrations. 
These new assays have altered the approach to thyroid func- 
tion testing. Instead of screening for thyroid disease with an 
FTE test, a sensitive TSH assay is now the accepted initial 
screening test of thyroid function in ambulatory patients; 
TSH concentrations are elevated in hypothyroidism and low 
in hyperthyroidism. FT, testing can be ordered in a reflex 
fashion when the TSH concentration is abnormally high or 
low (Figure 52-8). This TSH-centered strategy for the initial 
evaluation of thyroid function has proven to be both cost- 
effective and medically efficient.” 


ANALYTICAL METHODS 


As the laboratory assessment of thyroid disease has been 
refined through the wide-scale availability of improved tech- 
niques and commercial kits, some confusion in terminology 
has developed. Table 52-1 is a review of the nomenclature 
for tests of thyroid hormones and thyroid-related proteins 
in serum. Guidelines for the classification of various thyroid 
tests have been further described in a special report of the 
American Thyroid Association." 

Almost all laboratory tests for thyroid function are 
commercially available in kit form and on automated 


Sensitive serum TSH assay 


Undetectable Subnormal Normal Elevated 


Hyperthyroid Borderline No thyroid Hypothyroid 
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Figure 52-8 Strategies for thyroid diagnosis using a sensitive 
TSH assay as the initial step. (Modified from Klee GG, Hay ID. 
Assessment of sensitive thyrotropin assays for an expanded role in 
thyroid function testing: Proposed criteria for analytic performance 
and clinical utility. } Clin Endocrinol Metab 1987;3:46 1-71. Copyright 
1987, The Endocrine Society.) 


immunoassay platforms. The following is a brief description 
of tests that are considered useful for the evaluation of 
thyroid status. With space limitations, literature citations are 
representative, but not inclusive. For detailed descriptions of 
methods, refer to original reports or to the documentation 
accompanying commercial products. 


2066 Section YI Pathophysiology 


DETERMINATION OF THYROID-STIMULATING 
HORMONE IN BLOOD 

The measurement of TSH was originally based on bioassays 
such as the stimulation of colloid droplet formation in the 
guinea pig thyroid gland and the release of labeled thyroidal 
iodide into mouse blood.” These early in vivo bioassays, 
however, were of limited sensitivity and precision and were 
not applicable to the measurement of TSH in unfractionated 
serum. Most TSH bioassays have involved the in vitro stim- 
ulation of thyroid cyclic adenosine monophosphate (cAMP) 
or adenylate cyclase activity. The rat FRTL-5 thyroid cell line 
is an example of a particularly convenient and precise assay 
system.”"' Unfortunately, such methods require purification 
and concentration of TSH from serum before assay. Sensi- 
tive detection of TSH in unfractionated serum is possible 
using a cytochemical bioassay,'* but this procedure is tech- 
nically difficult and time-consuming. At present, immunoas- 
say is the procedure of choice for the measurement of serum 
TSH in the clinical laboratory. 


Principle 

The first immunological assay for TSH was based on the 
cross-reaction of human and bovine TSH in a hemaggluti- 
nation inhibition test;'”' however, this method was too insen- 
sitive for clinical purposes. Immunoassay measurement of 
serum TSH concentration did not become a routine test 
until the purified pituitary hormone became available for 
immunization and iodination. 


Radioimmunoassay 


The traditional radioimmunoassay (RIA) for TSH was based 
on competition between endogenous and radiolabeled 
hormone for binding sites on a limited amount of antibody. 
Separation of antibody-bound and free radioligands was 
conveniently performed by double-antibody precipitation 
(enhanced by the addition of polyethylene glycol) or by 
using a solid-phase, second-antibody procedure. The 
amount of labeled TSH bound to the antibody was inversely 
related to the amount of unlabeled TSH present in the serum 
specimen. 

The determination of serum TSH by RIA proved very 
valuable in assessing the elevated TSH values in primary 
hypothyroidism. However, because these assays could only 
detect 1 mU of TSH per liter, most conventional RIAs could 
not distinguish normal values from the subnormal values 
associated with hyperthyroidism. 


Immunometric Assays 

Immunometric methods based on chemiluminescence are 
capable of measuring TSH at concentrations required to 
accurately detect the low concentrations of serum TSH 
found in patients with true hyperthyroidism or the sup- 
pressed concentrations found in patients with nonthyroidal 
illnesses. These sensitive methods resulted from the applica- 
tion of the immunometric sandwich configuration, in which 
a serum TSH molecule forms a bridge between two or more 


distinct anti-TSH antibodies. The first antibody (of mono- 
clonal origin) is often directed at the specific TSH beta 
subunit and is anchored to a solid-phase separation system. 
This antibody is present in excess and selectively immu- 
noextracts the majority of TSH molecules from the serum 
specimen. Bound hormone is then quantitated using a 
second TSH antibody (of either monoclonal or polyclonal 
origin) that is directed against a distinctly different antigenic 
site on the TSH molecule. This detection antibody is labeled 
with a signal molecule such as a luminescent molecule. In 
some immunometric assays, the separation antibody is 
attached to plastic beads, test tube walls, microtiter plates, 
magnetizable particles, or glass fiber paper (see Chapters 9 
and 11). Another variation is to attach biotin to the antibody 
and separate the TSH complex using avidin linked to a solid 
phase,’ 

Assay results for TSH are customarily calibrated against 
a reference preparation of TSH (e.g., the World Health 
Organization’s Second International Reference Preparation 
[2nd IRP] 80/558) and expressed as milliinternational units 
of biological activity per liter of serum (mIU/L). In contrast 
to the inverse dose-response curve found in RIA, immuno- 
metric assays have a positive dose-response curve, with 
higher concentrations of signal corresponding to higher 
concentrations of TSH. High-dose hook effects are rarely 
found. Immunometric assays offer not only improved sensi- 
tivity for TSH measurement, but also rapid turnaround time 
and a wider linear measurement range as compared with tra- 
ditional RIA methods. 

immunometric assays for TSH are available commercially 
as manual kit procedures or for use on automated systems. 
For practical reasons, nonisotopic methods dominate the 
market and have replaced radioactive tracer methods in 
most routine laboratories. The majority of immunometric 
TSH assays label the detection antibody with chemilu- 
minescent labelled molecules**'*'®; other labels include 
peroxidase or alkaline phosphatase and sensitive photo- 
metric“ and fluorescent**!*'™ molecules. Other assays 
are based on the use of fluorescent labels using europium 
chelates’; chemiluminescent compounds such as acri- 
dinium esters'” or ruthenium”; or bioluminescent mole- 
cules such as recombinant aequorin.'® 

To distinguish immunometric TSH assays from less sen- 
sitive RIAs, descriptive terms such as “sensitive, “highly sen- 
sitive,” “ultrasensitive,” and “supersensitive” have been used, 
generating much confusion as to the exact meaning of these 
terms. In 1991, a Nomenclature Committee of the American 
Thyroid Association recommended that the functional detec- 
tion limit of serum TSH assays be determined on the basis 
of low-end interassay precision characteristics." Further, the 
committee recommended that precision at the lower report- 
ing limit should optimally be 10% to 15% and preferably 
<20%. At present, functional sensitivity is defined as the 
lowest concentration of TSH at which an interassay coeffi- 
cient of variation of 20% can be achieved." This func- 
tional detection limit encompasses both analytical and 
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Figure 52-9 Schematic representation of the generation system of nomenclature for TSH assays 
based on interassay precision (% coefficient of variation). Each generation represents a tenfold 
improvement in functional sensitivity (20% interassay coefficient value). The black bars denote 
the 95% confidence limits of measurement at different TSH concentrations. (Modified from 
Nicoloff JT, Spencer CA. The use and misuse of sensitive thyrotropin assays. { Clin Endocrinol Metab 


1990;71:553-8.) 


biological variations and ensures that the measured TSH 
concentration is different from zero. Some manufacturers 
claim a detection limit for their assays that is based on 
intraassay precision of duplicates of the zero calibrator (i.e., 
the least detectable concentration). Unfortunately, this 
detection limit is sometimes overly optimistic. However, the 
American Thyroid Association has determined that only 
TSH assays with third generation functional sensitivity can 
be used as first line thyroid tests." 

A “generational” classification based on functional sensi- 
tivity has been suggested to describe improvements in TSH 
assays»! (Figure 52-9). Each generation of assay represents 
one log improvement in its detection limit. First genera- 
tion RIAs typically had a functional detection limit of 1 to 
2 mIU/L. The subsequent immunometric assays had about 
a tenfold improvement in their functional detection limit 
(0.1 to 0.2 mIU/L) and are considered second generation 
TSH assays. Second generation assays can reliably distin- 
guish normal from hyperthyroid (or hypothyroid) values in 
ambulatory patients; however, they have limited value for 
distinguishing mildly subnormal values (0.02 to 0.1 mIU/L) 
from the very low values (<0.01 mIU/L) that are typical of 
thyrotoxicosis. 

Third generation immunometric assays have been devel- 
oped for TSH measurements that have enhanced precision 
at even lower detection limits. Most of these assays use 
chemiluminescence-based technologies and have a func- 
tional detection limit of less than 0.02 mIU/L. Fourth 
generation assays having a functional detection limit of 
0.001 to 0.002 mIU/L range also have been developed." 


Different approaches have been used to implement 
chemiluminescence-based assays.” For example, one assay 
configuration consists of a polystyrene tube coated with a 
monoclonal capture antibody and a polyclonal detection 
antibody conjugated with an acridinium ester; this ester 
emits a flash of light on treatment with hydrogen peroxide 
and sodium hydroxide.’ Another approach uses an anti- 
body-coated tube, a polyclonal antibody conjugated to alka- 
line phosphatase, and an adamantyl dioxetane phosphate 
ester as substrate; on dephosphorylation, the substrate 
decomposes and emits a sustained glow of light. Cross- 
reactivity of this TSH assay with luteinizing hormone, folli- 
cle-stimulating hormone, human chorionic gonadotropin, 
or the free beta-subunit of glycoprotein hormones is less 
than 0.001%. 

Third and fourth generation assays provide the lower 
limit of detection needed to distinguish mildly subnormal 
TSH values (such as those seen in euthyroid hospital patients 
with a nonthyroidal illness) from the profoundly low values 
of frank hyperthyroidism. In addition, these assays appear 
to be helpful in subclassifying hyperthyroid patients accord- 
ing to the degree of TSH suppression, monitoring thyroid 
cancer patients on thyroxine who require complete sup- 
pression of TSH, and judging the adequacy of thyroid 
hormone replacement in hypothyroid patients.” 
However, not all chemiluminescent assays are capable of 
consistently achieving the detection limit of third genera- 
tion assays.’ Clinical laboratories should establish their 
own detection limit using human sera and clinically relevant 
patient samples.'” 
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Specimen Collection and Storage 

Serum or plasma is used for the measurement of TSH and 
the thyroid hormones, with serum free of hemolysis and 
lipemia preferred. Specimens are stable for 5 days at 2 °C 
to 8 °C and for at least 1 month when stored frozen, For 
newborn screening, whole blood is collected by heel punc- 
ture 48 to 72 hours after birth. 


Reference Intervals 
Secretion of TSH occurs in a circadian fashion: highest con- 
centrations prevail at night between 0200 and 0400 hours, 
and lowest concentrations occur between 1700 and 1800 
hours. Low-amplitude oscillations also occur throughout the 
day.“ The nocturnal increase in TSH is lost in critical illness 
and after surgery. TSH surges immediately after birth, 
peaking at 30 minutes at 25 to 160 mIU/L; values decline 
back to cord blood concentrations by 3 days and reach adult 
values in the first weeks of life. There are no significant sex 
or race differences, Euthyroid serum TSH concentrations are 
log-Gaussian or log-normal in distribution; reference inter- 
vals should be evaluated logarithmically to achieve accurate 
estimates of the lower limit of normal. 

Expected values using a third generation immunochemi- 
luminometric assay are as follows: 


mU/L 
Prematures, 28-36 wk par week of life) 0.7-27.0 
Cord blood (537 wh) 2,3-13.2 
Children) 03 3" 
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2-20 Wk = : . -= L7-9.1 
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Uy 04-42 
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First: trimester are 550.345 
“Second trimester oe OSG 
-Third trimester ` 0,835.2. 


DETERMINATION OF THYROXINE IN SERUM 
Indirect Methods 


Serum total T, concentrations were initially determined 
indirectly, using methods that measured the amount of 
iodine in a protein precipitate of serum (protein-bound 
iodine, PBI).* In addition to hormonal iodine, the PBI tests 
also measured iodoproteins, iodotyrosines, inorganic iodine, 
and thyroglobulin. More specific T, procedures involved the 
measurement of hormonal iodine in either a butanol extract 
of a serum protein precipitate (butanol-extractable iodine) 
or in a purified fraction of serum (T, by column).”* These 
methods were useful because the iodine in T, normally 
accounts for 80% to 90% of all iodine in serum. Both 


butanol extraction and ion-exchange column chromatogra- 
phy selectively separate iodothyronines from other organic 
iodine compounds. Nevertheless, these methods were rela- 
tively nonspecific and rarely used. In some research centers, 
however, the PBI test is still used to assess patients with 
iodine-induced thyroid disease or thyroid dyshormonogen- 
esis or as a method to diagnose thyroiditis. 


Competitive Protein-Binding Assays 

More sensitive and direct methods for the measurement of 
total serum T, known collectively as competitive protein- 
binding assays, were popular for many years. These 
methods were based on the competition between labeled and 
unlabeled T, for a limited number of protein-binding sites. 
The specific binding protein used in the majority of these 
assays was TBG, which was usually obtained from pooled 
human sera. Anion-exchange resins were often used to sep- 
arate free and bound hormone fractions. Competitive 
protein-binding methods, however, required a time-con- 
suming step to extract T, from serum before the assay. 
Although these methods were free from interference by non- 
hormonal iodine, they were subsequently replaced by more 
sensitive and specific immunoassay methods. 


Instrument-Based Methods 


Electron capture gas chromatography,’ high-performance 
liquid chromatography,” and isotope dilution tandem mass 
spectrometry? SA have been used for measuring T; in 
human serum. The latter method has been suggested as a 
reference method for assay of T, in serum.” In this tech- 
nique, tritium-labeled T, is added to a fixed amount of 
serum. T, is then extracted from the serum, derivatized, 
and subjected to combined gas chromatography—mass 
spectrometry, 


Immunoassays 


In general, most clinical laboratories assay total T; with com- 
petitive immunoassays performed on automated platforms. 
Many T, immunoassays use high-affinity antibodies pro- 
duced against an albumin-T, conjugate. These polyclonal 
antisera are quite specific and are able to distinguish among 
molecules differing by only one atom (e.g., T; and T,). Tg 
has sometimes been used as an immunogen, because it con- 
tains T, (and T;) as part of its structure. Monoclonal anti- 
bodies against T, have also been developed. 

Immunoassays of total T, measure both free and protein- 
bound thyroxine. Accurate measurement of total endoge- 
nous hormone therefore requires dissociation of T, from its 
serum transport proteins, because 99.97% of T, circulates 
tightly bound to TBG, albumin, and TBPA. Binding of T, to 
albumin is usually not a concern, because the association 
constant of T, for antibody (usually 10° L/mol or greater) is 
several orders of magnitude higher than that of T, for 
albumin (~1.6 x 10° L/mol}. However, binding constants for 
T, with TBG and TBPA are high (2 x 10" L/mol and 2 x 10° 
L/mol, respectively). Binding of T, to TBPA is overcome by 
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the use of barbital buffers, because barbital ions selectively 
inhibit this binding. Various blocking agents are used to 
inhibit binding of T, to TBG with 8-anilino-1-naphthalene- 
sulfonic (ANS) acid being the agent of choice, although 
salicylate, thimerosal (Merthiolate), and phenytoin are 
also used, These blocking agents effectively displace T; from 
TBG without affecting its binding characteristics with 
antibody. In some assays, proportional bias has been at- 
tributed to incomplete release of T, from serum binding 
proteins.” 


Isotopic Methods 


Radioactive iodine (e.g., °I) has been widely used as a signal 
to follow and measure the distribution of T, between 
unbound and antibody-bound fractions. Before the advent 
of nonisotopic assays, many reliable commercial RIA kits 
were used. These RIA kits differed primarily in their 
approach to separation of free and bound labeled T, frac- 
tions. Some separation methods used protein precipitation 
with ammonium sulfate or polyethylene glycol. Others used 
a double-antibody technique with polyethylene glycol to 
hasten and enhance separation. A majority, however, used a 
solid-phase technique with T,-specific antibody chemically 
or physically bound to beads, magnetizable particles, or 
tubes. The latter two modes simplified the procedure by 
eliminating the centrifugation step for separation of bound 
and free labeled components. 

The older RIA kit procedures required about 1 hour incu- 
bation either at room temperature or at 37 °C. Overall, a 
batch of 20 patient specimens, 2 or 3 controls, and 6 cali- 
brators (each in duplicate) required less than 3 hours to 
process. Sample volumes per test were small (about 25 uL). 
Interassay reproducibility, expressed as a coefficient of vari- 
ation, was typically +7% at a T, concentration of 3.8 g/dL 
(50 nmol/L); cross-reactivity of T; was about 5% at the 50% 
displacement concentration. The detection limit of these 
assays (defined as mean minus 2 standard deviations [SD] 
of the zero calibrator) was approximately 0.4 [g/dL 
(5 nmol/L). This limit of detection was not sufficient to 
measure T; directly in dialysates or ultrafiltrates of serum. 
Highly sensitive T, RIAs that have a detection limit of 
0.8 pg per tube or 0.16 ng/dL of dialysate were eventually 
developed. 


Nonisotopic Methods 


Considerable effort was expended in the development of 
alternative technologies that did not require the use and 
measurement of radioactivity. A number of nonisotopic 
assays for T, were subsequently developed commercially for 
use on fully automated immunoassay systems or for use with 
existing chemistry analyzers. According to a 2002 College of 
American Pathologists Ligand Assay Survey,” more than 
95% of laboratories now use a nonisotopic T method. A 
variety of different labels were used to construct these non- 
isotopic assays. Enzymes such as horseradish peroxidase, 
alkaline phosphatase, and B-p-galactosidase were the most 


widely used in conjunction with fluorescent and chemilu- 
minescence-based molecules. 

Enzyme immunoassays that require physical separation 
of free and bound T, are generally based on principles anal- 
ogous to those of conventional RIAs except that enzyme 
activity rather than radioactivity is measured. Most enzyme 
immunoassays use labeled T, as antigen. An assortment of 
photometric, fluorescent, and luminescent substrates have 
been used to monitor the enzyme activity of the antibody- 
bound fraction. 

Like radioassays, heterogeneous enzyme assays for T, 
make extensive use of solid-phase separation systems. Some 
methods immobilize the T, antibody on plastic surfaces 
(e.g., polystyrene beads, test tubes, and microwells) so that 
bound and free analyte are conveniently separated by 
decanting and washing. For example, one automated assay 
uses test tubes that contain polystyrene beads coated with a 
monoclonal T, capture antibody.’ T, in the specimen, liber- 
ated from binding proteins by ANS, competes with a T.- 
alkaline phosphatase conjugate for a limited number of 
binding sites on the bead. After washing off the unbound 
label, the catalytic activity of the bound enzyme is estimated. 
using a chemiluminescent substrate (adamantyl dioxetane 
phenylphosphate ester). This combination of an enzyme 
label and a chemiluminescent end point has been applied 
to other automated T, procedures.” An antibody-coated 
tube enzyme immunoassay has also been used with T, using 
a peroxidase-T, conjugate and a photometric substrate.” 

Several enzyme immunoassays attach T, antibodies to 
ferromagnetic particles so that free and bound T, can be sep- 
arated magnetically. For example, one fully automated 
enzyme immunoassay system uses plastic cups that contain 
magnetic beads: coated with a specific T, antibody.” 
Endogenous T,, displaced from its binding proteins by ANS, 
competes with T, labeled with alkaline phosphatase for a 
limited number of binding sites on the immobilized anti- 
body. The magnetized beads are washed to remove unbound 
enzyme-labeled T, and are then incubated with a fluorogenic 
substrate. The amount of enzyme-labeled T, that binds to 
the beads is inversely proportional to the T, concentration 
in the test specimen. 

Homogeneous enzyme immunoassays have also been 
developed for serum T, determination. These procedures are 
rapid and simple to use and have also been applied to several 
major automated instruments.'” For example, the enzyme- 
multiplied immunoassay technique (EMIT) for T, measure- 
ment uses glucose-6-phosphate dehydrogenase covalently 
linked to T, as the enzyme label.’ Binding of T,-specific 
antibody to this label reduces enzyme activity, perhaps as a 
result of steric or allosteric inhibition As the concentration 
of unlabeled T, increases, less enzyme-labeled hormone is 
bound by the antibody. As a result, the catalytic activity of 
the unbound enzyme conjugate increases in direct pro- 
portion to the amount of T, in the specimen. The indicator 
reaction involves oxidation of glucose-6-phosphate with 
simultaneous reduction of nicotinamide-adenine dinu- 
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cleotide (oxidized form; NAD+) to nicotinamide-adenine 
dinucleotide (reduced form; NADH). The rate of increase of 
absorbance at 340 nm is related to T, concentration by 
means of a calibration curve. Separation of free from anti- 
body-bound labeled hormone is not required in this assay, 
because the latter is inactive. 

The cloned enzyme donor immunoassay (CEDIA) tech- 
nique for T, measurement is based on the use of inactive 
fragments of B-galactosidase called enzyme acceptor (EA) 
and enzyme donor (ED).* In this method, T, in a serum 
sample competes with ED-labeled T, for a limited number 
of anti-T, binding sites. As the concentration of unlabeled 
T, increases, less ED-labeled T, binds to the antibody and 
more reassociates with EA to form an active enzyme. The 
catalytic activity of the holoenzyme increases in proportion 
to the amount of T, in the sample. This method has been 
adapted for use on on routine chemistry analyzers.” 

Fluorescent probes are an attractive alternative to the use 
of radiolabels, especially because additional substrates are 
not required to monitor changes in fluorescence. Both het- 
erogeneous (separation required) and homogeneous (non- 
separation) fluorescence methods have been described for 
the measurement of T, in serum. An example of the latter is 
the very popular fluorescence polarization immunoas- 
say.'*!”? In this automated system, fluorescein-labeled T; and 
T; in patient specimens compete for binding sites on a T, 
antibody. Polarized excitation light (485 nm) is used to 
induce fluorescence of the tracer. The emitted light (525 to 
550 nm) is also polarized, but the degree of polarization is 
inversely related to the rate of rotation of the tracer in solu- 
tion. Polarization of fluorescence of the tracer is therefore 
very dependent on its effective size. For tracer bound to anti- 
body, the polarization is higher, because the complex is hun- 
dreds of times larger than the free tracer. Thus the observed 
polarization is inversely proportional to the concentration of 
T, present in the specimen. Interassay precision, expressed 
as a coefficient of variation, is 6% at a T, concentration of 
4.0 g/dL (52 nmol/L); cross-reactivity of T, is less than 
10%. The detection limit, defined as mean minus 2 SD of the 
zero calibrator, is approximately 1.9 g/dL (25 nmol/L). 
Unlike RIA methods, in which each batch of patient speci- 
mens required two or three controls and six calibrators (each 
in duplicate), the fluorescence polarization method needs 
only a single sample of control tested once every 24 hours 
each day of use. Once a T, calibration is stored, samples may 
be tested without further calibration unless a new lot of 
reagent is used. 

Heterogeneous fluorescent immunoassays for T based on 
lanthanide rare earth ions and time-resolved fluorescence 
were also developed.” The use of europium chelates as flu- 
orescent probes is particularly attractive because of their 
extraordinarily long Stoke’s shifts and long fluorescence 
decay times. Thus the sharp emission peak of europium 
(613 nm) can be easily separated from scattering caused by 
excitation light (340 nm) or by interfering substances in 


serum (400 to 600 nm). In a typical assay, T, present in 
serum specimens competes with europium-labeled T; for a 
limited number of binding sites on T,-specific monoclonal 
antibodies. Separation of antibody-bound and free antigen 
is effected by using a second antibody directed against mouse 
immunoglobulin G that is coated to the surface of micro- 
wells. After incubation and washing, the europium ions are 
dissociated from the bound phase, converted into a highly 
fluorescent chelate, and measured in a specially designed flu- 
orometér with time-resolution capability. The fluorescence 
signal is inversely proportional to the amount of T; in the 
specimen. Because counting times for each specimen are 
extremely short, a rapid throughput of specimens is allowed. 
An interesting variant of this technique involves the attach- 
ment of biotin to a monoclonal T, antibody and streptavidin 
coupled to a europium chelate. 

The feasibility and advantages of using chemilumines- 
cence molecules as direct labels for T; immunoassays were 
subsequently recognized, and fully-automated, random- 
access analyzers using this signaling system are now widely 
used to measure total and FT, by immunoassay. In one 
system,” endogenous T, competes with T, coupled to para- 
magnetic particles for binding with a mouse monoclonal 
antibody labeled with acridinium ester. After a brief incuba- 
tion, the magnetized particles are washed to remove the 
unbound label; the bound fraction is then quantitated in a 
luminometer after the addition of hydrogen peroxide to ini- 
tiate the chemiluminescence reaction. 

A different immunoassay for T, uses electrochemilumi- 
nescence as the detection system. This technology uses a 
ruthenium tris(bipyridyl) complex as the reporter molecule, 
which, in the presence of tripropylamine, participates in an 
electrochemiluminescent reaction that is triggered by the 
application of an electrical potential at two electrodes. 
Serum Fa, which is set free by ANS, competes with biotin- 
labeled T, for a Ru(bpy)3*-labeled anti-T, polyclonal anti- 
body. The complex of labeled antibody and biotinylated T, 
is captured by streptavidin-coated paramagnetic particles. 
The reaction mixture is then drawn into a flow cell where 
the particles are fixed to an electrode surface by application 
of a magnetic field. A voltage is applied, and the result- 
ing electroluminescence is measured. ‘This automated 
system requires only 15 UL of sample; interassay precision, 
expressed as coefficient of variation, is generally found to be 
+3% to 6% in the clinical range. Calibration is performed 
using two calibrators, and the onboard stability of reagents 
is 4 weeks. 

Particle-enhanced immunoassays involving turbidimetric 
measurements have been described for T, in serum. These 
homogeneous assays are based on competition between the 
T, in the sample and a T,-ficoll conjugate for binding sites on 
a specific monoclonal antibody coupled to microparticles. 
The rate of agglutination is determined turbidimetrically by 
measuring the absorbance change at 600 nm. Automated 
systems using this method have been developed.” 
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Dry-chemistry immunoassay systems that require no 
liquid reagents and no sample pretreatment have also been 
developed for T,.**' One system uses a thin-film multilayer 
test module consisting of three distinct layers coated on a 
plastic base. The serum specimen first spreads through a 
topcoat layer, which contains an agent (phenoxy naphtha- 
lene sulfonic acid) to displace T; from its binding proteins. 
The unbound T, then passes through an iron oxide screen 
layer into a signal layer, where the hormone competes 
with and displaces rhodamine-labeled T, from the binding 
sites of an immobilized T, antibody. The unbound fluores- 
cent-labeled T, diffuses into the opaque screening layers 
above, where it cannot be seen by the optical detection 
system. The fluorescent signal of the antibody-bound 
fraction is measured by front-surface fluorimetry and is 
inversely proportional to the concentration of T, in the 
serum specimen. 


Specimen Collection and Storage 
Serum is the preferred specimen for the measurement of T,; 
plasma with ethylenediaminetetraacetic acid (EDTA) or 
heparin as anticoagulant is also used. However, plasma tends 
to form fibrin clots after freezing and thawing; these clots 
may interfere mechanically with an assay, especially in an 
automated system. Gel barrier tubes have no apparent 
adverse effect on T, concentrations. T, in serum is quite 
stable; storage of serum specimens at room temperature up 
to 7 days shows no appreciable loss of T}. However, serum 
specimens are best stored at 2 °C to 8 °C if they will not be 
tested within 24 hours. If longer periods of storage are 
necessary, freezing the specimens is recommended. Frozen 
specimens are stable for at least 30 days. Repeated freezing 
and thawing of the specimens should be avoided. Hemolysis 
and lipemia have no significant effect on most T, immunoas- 
says; however, grossly hemolyzed specimens should be 
avoided, because hemolysis may dilute the sample and cause 
a false decrease in the T, concentration. Turbid samples 
should be centrifuged before testing. Immunoassay proce- 
dures are not affected by organic dyes and inorganic iodine 
compounds. However, radioactive materials can interfere 
with RIA methods. Patients undergoing therapy for a thyroid 
disorder should stop treatment 1 month before sampling if 
a true baseline is to be established. T, autoantibodies inter- 
fere with some immunoassays for T, in that they can produce 
artificially low or high results, depending on the method.”* 
Specimens have been obtained from infants by heel punc- 
ture; such specimens also are collected in capillary tubes or 
on filter paper. Dried blood specimens are stable and easily 
transported and are ordinarily obtained for purposes of 
screening neonates for congenital hypothyroidism. ”* When 
this collection technique is used, a one-eighth-inch dot is 
punched out from the blood-saturated paper and is 
extracted into the buffer before performing the T, assay. It 
is best to avoid touching the filter paper or exposing it to 
extreme heat or light. 
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Comments 


By itself, the concentration of total T, does not provide ade- 
quate clinical information; an FTE test should be deter- 
mined along with the total T, measurement to compensate 
for binding protein effects. Cord blood T, concentrations are 
lower in preterm than in full-term neonates, and they cor- 
relate positively with birth weight in full-term infants. At 
birth, serum total T, concentrations are higher in neonates 
because of the maternal estrogen-induced increase in serum 
TBG; FT, values are near adult concentrations. Total T, 
values rise abruptly in the first few hours after birth and 
decline gradually until the age of 15. Males experience a 
gradual decline in T, production as they mature sexually; 
females do not. 

Reference intervals for newborns should be developed by 
each laboratory that provides screening for neonatal 
hypothyroidism. Imprecision of the T, assay is handled on a 
daily basis, usually by setting floating cutoffs to include false- 
positive results and to preclude false-negative results.” 

Based on biological information, analytical performance 
goals have been recommended for thyroid hormone 
assays.” When a total T, assay is used to rule in or rule out 
disease, the suggested goals for maximum bias and impreci- 
sion (calculated as a percent coefficient of variation) are 
+2.9% and +5.7%, respectively. When the assay is used for 
monitoring changes in an individual over time, bias and 
imprecision goals are +1.3% and +2.6%, respectively. 


DETERMINATION OF TRIIODOTHYRONINE IN SERUM 
Older Methods 

T; has been measured using a variety of chemical reactions, 
but such chemical methods are generally too insensitive or 
impractical for measuring the low T; concentrations present 
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in serum. In the 1960s, competitive protein-binding assays 
were introduced for the measurement of T, with TBG 
serving as a natural binding protein; prior isolation of T, 
from serum (e.g., by extraction of iodothyronines with a 
cation-exchange resin, followed by separation of T; and T, 
using paper chromatography) was required to increase assay 
performance.’ 


Immunoassay 

Direct measurement of T; by immunoassay has been made 
possible by the production of T’-specific antibodies. Unlike 
T, antiserum, high-titer, specific T;-antiserum is seldom 
obtained by immunization of rabbits with naturally occur- 
ring Tg. Good-quality antiserum, however, has been pro- 
duced using T3-enriched Tg, T;-human serum albumin 
(HSA), or T3-bovine serum albumin (BSA) conjugates,” 
Monoclonal T, antibodies have also been produced using 
hybridoma technologies. 


Isotopic Methods 


Numerous commercial kits have been introduced for mea- 
suring serum total T, concentrations. Procedures are similar 
to those described for T, except that an I-T; tracer and T;- 
specific antibody are used. Liquid-phase separation systems, 
such as those using charcoal adsorption, polyethylene glycol, 
and double-antibody precipitation, are not used as often as 
solid-phase systems (e.g., those using antibody-coated tubes 
or magnetizable particles). As with the T, methods, ANS is 
frequently used to release T; from its serum binding proteins 
without disturbing the binding of T, to antibody. A typical 
calibration curve ranges from 25 to 800 ng/dl; values for 
unknown specimens are obtained from the curve by 
interpolation. 


Nonisotopic Methods 


Nonisotopic assays similar to those described for serum T, 
have been applied to the measurement of T;. Many of these 
procedures have been developed for use on fully automated 
immunoassay systems,” and some are compatible with 
chemistry analyzers. Many commercial methods use perox- 
idase or alkaline phosphatase to label T; antigens or T; anti- 
bodies; enzyme activity is commonly determined using a 
variety of sensitive photometric,*'” fluorescent,” or 
chemiluminescent” substrates. Immunoassays for T, that 
use fluorescent’ and chemiluminescent labels” are also 
available and, as with T, assays, chemiluminescence-based 
assays on automated platforms have become the rule rather 
than the exception. Both heterogeneous (separation re: 
quired) and? homogeneous methods have been 
described.™'® An example of the former is the microparti- 
cle enzyme immunoassay for T;.” In this automated system, 
serum T; binds to anti~T;-coated microparticles, forming an 
antibody-antigen complex that is then separated by a glass- 
fiber matrix. An alkaline phosphatase—labeled T, conjugate, 
which forms a sandwich with the T; bound to the glass fiber, 
is added. A fluorescent product is formed when the enzyme 


substrate, 4-methylumbelliferyl phosphate, reacts with the 
enzyme label. Values obtained with this enzyme immunoas- 
say are generally higher than those obtained with RIA 
methods. 


Specimen Collection and Storage 

Serum is the preferred specimen; plasma with EDTA or 
heparin as anticoagulant may also be used. However, gel 
tubes should be avoided for T, measurements due to possi- 
ble contaminating chemicals in the gel that can cause a false 
elevation in results. Serum specimens once collected are best 
stored at 2 °C to 8 °C if they will not be tested within 24 
hours. If longer periods of storage are necessary, freezing the 
specimens is recommended. Frozen specimens are stable 
for at least 30 days. Repeated freezing and thawing of the 
specimens should be avoided. Turbid samples should be cen- 
trifuged before testing. Specimen volume per test is usually 
50 to 100 uL. 


Reference Intervals 


The reference intervals for T, may vary from one procedure 
and reference population to another. Each laboratory should 


establish its own reference intervals. Expected values using 
209 


an RIA method are as follows. 


Gord (237 wk) 
Children 
1-3. days 
1-11 mo 
eS yr 
6-10 yr 
11-15 yr 
Adolescents 
16-20 yr 
Adults. 
20-50 yr 
50-90 yr 
pregnangy? i 
First trimester ee 
Second and third trimesters : 


Comments 


Different T, immunoassays may show unexplained discrep- 
ancies between values for the same sera. Results from inter- 
laboratory quality assurance schemes also demonstrate a 
higher analytical variance for T, than for T, methods, Many 
factors have been suggested as accounting for these dispari- 
ties, such as the lower quantity of T; in sera, differences in 
antisera cross-reactivity, protein interferences, and different 
assay limits of detection.” 

Typical coefficients of variation for interassay perfor- 
mance are +5% to 7%; assay detection limit is approximately 
10 ng/dL. Most T, immunoassays have negligible cross-reac- 
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tivity with T, (<0.12%), thus permitting direct measurement 
of T; in serum specimens regardless of the fact that T, con- 
centrations are 100-fold lower than are T, concentrations. T; 
autoantibodies interfere with some assays, producing low or 
high results (depending on the method). 

Performance goals for bias and precision have been sug- 
gested for T3.” When a total T; assay is used for diagnostic 
applications, the suggested goals for maximum bias and 
imprecision (expressed: as percent coefficient of variation) 
are +5.7% and 11.5%, respectively. When the assay is used 
for therapeutic applications, bias and imprecision goals are 
+2.6% and 5.2%, respectively. The major clinical roles for 
total T, measurements are in the diagnosis and monitoring 
of hyperthyroid patients with suppressed TSH and normal 
FT, concentrations (“T;-thyrotoxicosis”); T, measurements 
have only a limited role in euthyroid and hypothyroid 
patients.’ 


DETERMINATION OF REVERSE TRIIODOTHYRONINE 
(RT;) USING RADIOIMMUNOASSAY 

The rT, molecule (3,5,5’ triiodothyronine) is biologically 
inert. A number of radioimmunoassay methods for rT; mea- 
surement have been published.” Antisera for rT; are gener- 
ally obtained by immunizing rabbits using rT; conjugates 
with HSA or BSA.” The antisera are usually devoid of sig- 
nificant cross-reactivity with T, or Ts; cross-reaction with Ta 
varies between 0.01 and 0.15%. Like T, and Ty, rT; also 
binds with TBG, TBPA, and albumin in serum. The binding 
of rT; to serum proteins has been overcome by the use of an 
ethanol extract of serum or by the addition of ANS to the 
serum in a manner similar to that described for T; and 
T,” Separation of free and antibody-bound hormone is 
often achieved using a second antibody (e.g., anti-rabbit 
y-globulin) procedure with precipitation accelerated with 
polyethylene glycol. 

Although commercial assays for direct serum analysis of 
rT; are available, kit procedures are not as convenient as are 
those for other thyroid hormones and no rT; method has 
been adapted to an automated platform because this mea- 
surement has no recognized diagnostic value. In comparison 
with the reference method described by Chopra,” the typical 
kit procedure is relatively fast; it requires a 3-hour incuba- 
tion at room temperature, followed by polyethylene glycol 
precipitation and centrifugation. The entire procedure 
requires less than 6 hours to perform. 


Specimen Collection and Storage 

Serum is the preferred specimen; plasma with EDTA or 
heparin as anticoagulant may also be used. Serum specimens 
are best stored at 2 °C to 8 °C if they will not be tested within 
24 hours. If longer periods of storage are necessary, freezing 
the specimens is recommended. Frozen specimens are stable 
for at least 30 days. Repeated freezing and thawing of the 
specimens should be avoided. Turbid samples should be cen- 
trifuged before testing, Amniotic fluid obtained by amnio- 
centesis or by transmembrane aspiration at delivery may also 


be analyzed for rT;. The amniotic fluid should be clear. To 
avoid debris and other cellular particles, centrifugation of 
the fluid for 15 minutes at 900 xg is suggested. Specimens 
are stable for 1day at 2 °C to 8 °C and for up to 3 months 
when frozen. Amniotic fluid contaminated with hemolyzed 
blood should not be used. 


Reference Intervals 7” 


<anmolL 

Cord blood (337 wh) ~2,00-4.62 
Children LEE 

day) o 83-194: 1,28-2.99 
“2 days 107-209. -1,65-3.22 

3 days 220: 025166") 1572.56 

1 mo-20 yr 10-35 0.15-0.54 
Adult! i 10-28 °° 0,15-0.43 : 


Maternal serum g5- 40 Wk ax 11-33 
Amniotic fluid (17: -22 wk)” 163-2599 


©0.17-0.51 7; 
122.51-9.22 


Comments 


Reverse T, in serum is present almost entirely as a result of 
its generation from T; in peripheral tissues by 5-deiodinases. 
The concentration of serum rT; is lower than that of T; 
because of the faster metabolic clearance of rT;. Serum rT, 
concentrations are elevated at birth, but decrease to stable 
values by about the fifth day of life. Reverse T; in amniotic 
fluid decreases with increasing gestational age. The use of 
reverse T, in patients with the euthyroid sick syndrome has 
fallen out of favor with the recognition that rT; is not always 
elevated in illness. Specifically, renal failure is associated with 
low rT; concentrations. 


DETERMINATION OF FREE THYROID HORMONES 


T, and T; circulate in the blood as equilibrium mixtures of 
free and protein-bound hormones. Thus changes in the con- 
centration or affinity of TBG or other transport proteins 
profoundly affect the total hormone concentration in serum. 
Alternatively the steady-state concentration of the free 
hormone is independent of these binding protein variations 
and remains almost constant. 

The interaction between free thyroid hormones and their 
binding proteins (TBPs) conforms to a reversible binding 
equilibrium that is described by the following mass action 
relationship: 


[ET,] x [TBP] = K x [Ty: TBP] 


where 
[FT,] = concentration of free T, in serum 
[TBP] = concentration of unoccupied binding sites on 
TBP 
K= association constant 
[T.:TBP] = concentration of T,-occupied binding sites on 
TBP 
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The relationship among these entities has important 
diagnostic implications. A primary increase in either [FT,] 
or [TBP] drives this reaction to the right, increasing serum 
[T,: TBP}. Because 99.97% of the total T, is bound to TBP, 
the value of [T,: TBP] is considered equivalent to that of 
total Ta. Hyperthyroidism produces a primary increase in 
FT, whereas estrogens and idiopathic or genetic conditions 
may produce a primary increase in TBP. In both cases, 
[T,: TBP] increases, but in the former, the patient is ill and 
requires treatment; in the latter, the patient is euthyroid. 
Likewise a low serum [T,: TBP] may be due to a primary 
decrease in [FT,] or to a primary decrease in [TBP]. It is 
therefore clinically important to differentiate between 
changes in [T,:TBP] that are due to primary changes in 
[FT] (e.g, hyperthyroidism or hypothyroidism) and those 
that are due to primary changes in [TBP]. 

Numerous methods have been developed for assessing the 
concentrations of FT, and FT, in serum. These methods 
include direct assays that currently serve as reference 
methods and indirect assays that are more widely available 
for general laboratory use. The following section describes 
the principles of these methods and offers some guidelines 
for their use. The theoretical basis, analytical validity, and 
clinical utility of these methods have been discussed."”“*” 
Special reports from the Nomenclature Committee of the 
American Thyroid Association,” the National Academy of 
Clinical Biochemistry,” and the NCCLS also review some of 
the issues and concerns regarding free thyroid hormone 
measurements. 


Direct Reference Methods 


Direct measurement of FT, and FT; in serum presents a con- 
siderable technical challenge as free hormone concentrations 
are exceedingly low in normal serum. For example, they are 
approximately 0.03% of the total serum T, and 0.3% of the 
total serum T, concentrations, respectively. Consequently 
assays for them must be capable of measuring subpicomole 
amounts. Theoretically the most reliable methods for mea- 
suring FT, and FT, in serum employ equilibrium dialysis 
and ultrafiltration techniques that physically separate free 
hormone from protein-bound hormone before direct mea- 
surement of the free fraction with a sensitive T} or T, 
immunoassay. Only minimal dilution of serum specimens 
is allowed, because dilution alters the binding of drugs, 
free fatty acids, and other substances to serum proteins, thus 
disturbing the equilibrium between bound and free 
hormone. 

Historically, direct procedures were too cumbersome, 
time-consuming, and expensive for use in a routine clinical 
laboratory. The introduction of very sensitive immunoassays 
for T, and T; combined with improvements in the dialysis 
or ultrafiltration of undiluted serum has allowed direct mea- 
surement of free thyroid hormones. Thus direct equilibrium 
dialysis and ultrafiltration methods are available for FT, 
measurement." 


Principles 

Direct Equilibrium Dialysis. In this method, undiluted 
serum specimens are dialyzed for 16 to 18 hours at 37 °C in 
a reusable dialysis chamber. The dialysis buffer provides 
for minimal changes in the serum matrix. The dialysate is 
then analyzed directly using a sensitive RIA. The range of 
reportability is 2 to 128 ng/L (2.6 to 165 pmol/L), and the 
interassay coefficient of variation is approximately +7%. 

Ultrafiltration. The second method is an ultrafiltration 
procedure for FT, determination in serum that is significantly 
less time-consuming than dialysis," In this method, the 
serum specimen is adjusted to pH 7.4, incubated for 20 
minutes at 37 °C (to achieve equilibrium of the binding at this 
temperature), and then applied to an ultrafiltration device 
for centrifugation for 30 minutes at 37 °C and 2000 xg (using 
a fixed-angle rotor). Subsequently the ultrafiltrate is analyzed 
for T, Variable protein leakage in ultrafiltration devices 
continues to hamper commercialization of this method. 


Specimen Collection and Storage 


Serum is the preferred specimen; plasma with EDTA or 
heparin as anticoagulant may also be used. Serum specimens 
are best stored at 2 °C to 8 °C if they will not be tested within 
24 hours. If longer periods of storage are necessary, freezing 
the specimens is recommended. Frozen specimens are stable 
for at least 30 days. Repeated freezing and thawing of the 
specimens should be avoided. Turbid samples should be cen- 
trifuged before testing. 


Reference Intervals 


Expected values for FT, using direct equilibrium dialysis are 
as follows.” 


ce ae ng/dl.. pmol/L 
‘Newborns (1-4 days): = 92.25.32 28,4-68.4 
‘Children (2 wk-20 yo 0.8-2.0° °° $10,3-25.8 
“Adults (21-87 yt) SEES 0.8-2.7 85 40.3-34,7 - 
` Pregnancy.: E i E 
First trimester: TARM U 0.7-2.0 00 9,0-25.7 
Second and third trimesters. 0 10,5-1.6 «°° 76.4-20.6 


Comments 
FT, assays based on direct equilibrium dialysis or ultrafiltra- 
tion measure free hormone without the need for total 
hormone measurements. These methods are unaffected by 
either variations in serum binding proteins or thyroid. hor- 
mone autoantibodies. However, IV heparin administration 
can cause spurious elevations in FT, determined by these 
techniques as a consequence of in vitro generation of free 
fatty acids. Mean values obtained in euthyroid healthy sub- 
jects are reported to be slightly higher when using ultrafiltra- 
tion methods than when using equilibrium dialysis.” 
Analytical performance goals have been recommended 
for free thyroid hormone assays.'"™""3 When an FT; assay 
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is used to rule in or rule out disease, the suggested goals 
for maximum bias and imprecision (calculated as percent 
coefficient of variation) are £3.8% and 7.7%, respectively. 
When the assay is used for monitoring changes in an indi- 
vidual over time, bias and imprecision goals are +2.4% and 
+4.8%, respectively. 


Indirect Methods for Estimating Free Thyroid Hormones 
Most routine immunoassay methods for determining FT, 
and FT, concentrations in serum are estimates. These 
approaches are often more convenient and less expensive 
than reference methods, and most are available com- 
mercially in kit form and on automated immunoassay 
instruments. Two test strategies are used for estimating the 
concentrations of free hormones: “indirect” index methods 
and “direct” immunoassays. 

Unlike direct reference assays, indirect index methods use 
two separate tests to estimate the free hormone concentra- 
tion: a total serum T; (or T;) measurement and an assessment 
of either the serum TBG concentration or the fraction of T, 
(or T;) that is free in serum; the latter is traditionally derived 
using equilibrium tracer dialysis or “T uptake” methods. 
Results of these tests are then combined mathematically to 
give estimates of the free hormone concentration. Indirect 
index-based methods have essentially fallen out of favor in 
deference to the direct immunoassay methods. 

Direct two-step and one-step immunoassays estimate free 
hormone concentrations by using antibody extraction tech- 
niques. Although it is often claimed or implied that these 
immunoextraction assays measure FT, or FT; directly, vir- 
tually all methods do so indirectly by relating test results to 
extracted serum calibrators with free hormone values that 
have been independently measured using reference methods 
(e.g. direct equilibrium dialysis/RIA). Further, studies have 
shown that all of the free hormone estimate methods on 
current instrument platforms are binding protein dependent 
to some extent.” 


Free Hormone Fraction by Indirect Equilibrium 
Tracer Dialysis 


Several isotopic methods have been used to accurately esti- 
mate the free hormone fraction, including equilibrium tracer 
dialysis,” ultrafiltration,'’®” Sephadex chromatography,’ 
and polyacrylamide gel filtration.’** However, these tech- 
niques are very cumbersome and time consuming for routine 
clinical use and, with the exception of equilibrium tracer 
dialysis, have found little practical application. Unfortunately 
the free hormone fraction as estimated in normal sera by 
equilibrium tracer dialysis varies substantially among labora- 
tories. Methodological difficulties include the presence of 
residual impurities in the tracer, the temperature and dura- 
tion of dialysis, the adsorption of tracer by components of the 
dialysis system, and the in vitro generation of free fatty acids.” 

Principle. Test serum is enriched with very small quan- 
tities of radioiodine-labeled T,, which quickly distributes 
between free and bound T, to approximate the distribution 


of endogenous hormone. The fraction of labeled hormone 
that dialyzes through a semipermeable membrane is then 
measured. The method of Ingbar and coworkers” consists of 
a double dialysis procedure. In the first dialysis, the serum- 
radioactive T, mixture is dialyzed against phosphate buffer 
(pH 7.4) overnight at 37 °C. The dialysate (.e., the part that 
passes through the semipermeable membrane) contains 
both free radiolabeled thyroxine and labeled inorganic 
iodide and other contaminating iodinated compounds gen- 
erally present in commercial preparations of radioiodine- 
labeled T;. The second dialysis is used to remove these 
contaminants. In this procedure, a mixture of the first 
dialysate and pooled plasma is dialyzed against phosphate 
buffer containing an anion exchange resin. The resin adsorbs 
only the radioactive contaminants and thereby maintains an 
effective diffusion gradient for impurities until all are 
removed. Because the binding proteins in the pooled plasma 
possess a high affinity for T,, little if any radioactive T; is 
available for diffusion and adsorption by the resin. All 
radioactivity that remains within the dialysis bag is consid- 
ered to be the FT}. 

The method of Sterling and Brenner’” simplified the FT, 
method significantly by replacing the second dialysis step 
with a precipitation procedure. It involves dialysis of the 
serum-radioactive T, mixture against phosphate buffer as 
described previously and precipitation of the radioactive T, 
in the dialysate with magnesium chloride after addition of 
carrier T}. This method is often called the magnesium pre- 
cipitation method, and the method of Ingbar and coworkers” 
is called the resin dialysis technique. Values of % FT, are cal- 
culated according to the following formula: 


FT, = Č 

% FT; G x 100 
where C, is the counts per minute of dialysate-magnesium 
precipitate, and C; is the counts per minute per milliliter of 
dialysate. 

Specimen Collection and Storage. Serum is the pre- 
ferred specimen; plasma with EDTA or heparin as anticoag- 
ulant may also be used. Serum specimens are best stored at 
2 °C to 8 °C if they will not be tested within 24 hours. If 
longer periods of storage are necessary, freezing the speci- 
mens is recommended. Frozen specimens are stable for at 
least 30 days, Repeated freezing and thawing of the speci- 
mens should be avoided. Turbid samples should be cen- 
trifuged before testing. 

Reference Intervals. Reference values for % FT, range 
between 0.02% and 0.04% of total hormone concentration. 
Because T; is less firmly bound by TBG than is T,, the dia- 
lyzable fraction of T; is appreciably greater (by almost 10 
times) than that of T4. Thus the reference interval for % FT; 
is 0.2% to 0.4%. 


Calculation of Free Hormone Estimates 


Principle. The free hormone fraction, as measured by 
dialysis or ultrafiltration of diluted serum containing tracer 
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T, or Ts, is multiplied by the respective total hormone con- 
centration to obtain indirect estimates of FT, or FT;: 


FILE = Total Ta x % FT, 
FGE = Total T; x % Fh 


Reference Intervals, The expected calculated values for 
FT, and FT; using equilibrium tracer dialysis are as follows: 


FTE” : : 

eA gd sho eno c Sungld@b.. og: ea ss pmol/L 
Cong ae ey 4g Pas. 
Newborn 2.6-6.3 ce "34-81 
‘Adult 0,8-2.3 10-30 
FLE” 

a aaa a 

pg/dL pmol/L 

Cord : 15-391 0.2-6.0 
Child ‘and adult 210-440 3.2-6.8 
Pregnancy ` 200-380 3.1-5.9 


Free Hormone Fraction by Uptake Methods (Thyroid 
Hormone-Binding Ratio) 

The THER is derived from a version of the T; or T, uptake 
test. Uptake tests are used to estimate the number of unoc- 
cupied (unsaturated) thyroid hormone binding sites on 
serum proteins. This information is important because vari- 
ations in total thyroid hormone concentrations in blood, as 
discussed previously, have resulted from changes in binding 
protein concentrations. Values obtained by uptake methods 
are expressed as a THBR, which is directly proportional to 
the free hormone fraction (within limits). Measurement of 
THBR, in conjunction with a total hormone concentration, 
is a clinically useful indirect method for calculating the FT, 
(or FT;) index. The index approach is particularly useful in 
patients with nonthyroidal illness in whom FT, immunoas- 
say methodologies are unreliable. Specifically, TT, measure- 
ment is more diagnostically useful in such patients provided 
that values are interpreted in accord with the severity of 
illness in the patient that is indirectly reflected by abnor- 
malities in THBR. 


Isotopic Methods 


Many different radioactive tracer methods have been used 
for estimating the unsaturated thyroid hormone binding 
capacity. The simplest is the T, uptake test. Traditionally, this 
test is performed by measuring the distribution of radiola- 
beled T; between serum binding proteins and a solid-phase 
binding material. In a typical assay, a diluted sample of 
patient serum is allowed to equilibrate with a trace amount 
of "I-T; and the secondary binder. A portion of the radioac- 


tive T; binds to empty binding sites on serum proteins, 
principally TBG, and the remainder attaches to the solid 
matrix. At the end of a specific incubation period, the reac- 
tants are separated, and the proportion of radioactivity 
bound by the solid matrix (the “uptake”) is measured. The 
amount of T; tracer bound to the secondary binder varies 
inversely with the number of unoccupied TBG binding sites 
in the serum specimen and directly with the free fraction of 
T, and T3. 

In the original T; uptake test, red blood cells were used to 
remove labeled hormone not tightly bound to TBG.” To 
minimize methodological difficulties, erythrocytes were 
replaced with an ion-exchange resin, either in granular form 
or impregnated in a sponge.” The test then became known 
as the resin T; uptake test. Many solid-phase materials have 
subsequently been used, including charcoal, talc, macroag- 
gregated albumin, or immobilized T, antibody. Many of 
these secondary binders are incorporated in commercial kit 
methods. 

Radiolabeled T, is used more often than is labeled T, 
because of its relatively low affinity for TBG compared with 
Ty, which leads to higher uptake values and better discrimi- 
nation between normal and abnormal test results. In addi- 
tion, radioactive T, fills the unoccupied binding sites on 
TBG but does not displace any bound T4. Under most cir- 
cumstances, the use of labeled F, to approximate the free 
fraction of T, does not introduce serious errors, because 
T; and T, are both predominantly bound by TBG and 
occupy virtually the same binding sites. Major problems are 
encountered, however, when some factor changes the 
binding affinity for T, but not for T;. For example, in abnor- 
mal binding protein states (ic, NTI) differential abnor- 
malities in protein binding of T; versus T, may occur, 
rendering a T; uptake an inappropriate approach for calcu- 
lating an FEI. 

T, uptake values are customarily expressed as matrix- 
bound counts divided by the total counts added (typical 
euthyroid reference interval: 25% to 37%). This calculation, 
however, is theoretically unsound and has led to problems 
of interpretation, particularly when serum TBG concentra- 
tions are very high or very low. Instead the uptake value 
should be expressed as the matrix-bound counts divided by 
the counts that remain bound to serum proteins (typical 
euthyroid reference interval: 33% to 50%). This result cor- 
responds more closely to the mass action law and is more 
linearly related to the free hormone fraction over a wide 
range of values, 

Several uptake kits are commercially available. T, uptake 
values for individual subjects depend on specific assay con- 
ditions such as incubation time and temperature, quantity 
and avidity of the binding material, and specific activity and 
choice of the label. To compensate for variations in uptake 
values, the percent uptake for each unknown should be 
determined by comparison with a calibrator, reference mate- 
rial, or euthyroid reference serum of known percent uptake. 
Almost all commercial assays determine the percent uptake 
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directly from the radioactivity (in cpm) taken up on the sec- 
ondary binder: 


tient i 
% uptake = a x % uptake (calibrator) 
Nonisotopic Methods 


T, and T, uptake assays that use nonisotopic tracers have 
been developed and-are available on most automated 
immunoassay instruments. Some methods use enzymes to 
label T, or Ts; different photometric, fluorescent, and lumi- 
nescent substrates are available for monitoring the enzyme 
activity. Direct labeling of T, or T, antigens with fluorophores 
or chemiluminescence molecules is the most popular. These 
nonisotopic methods are generically named “uptake” assays, 
regardless of whether T, or T; is used as the labeled analogue. 
The competitive binder commonly used in many of these 
assays is a T, antibody bound to a solid phase. Some methods 
probe the total binding capacity of all thyroid hormone- 
binding proteins, but most estimate the concentration of 
unoccupied TBG binding sites. As mentioned, these T-uptake 
assays have essentially been replaced by the use of free 
hormone estimate assays to compensate for the variations in 
protein binding that affect total hormone assays.” 

Some enzyme immunoassays for uptake do not require 
separation of the reactants. In the homogenous EMIT assay, 
a serum sample is incubated with a known amount of exoge- 
nous Ta} which binds to available sites on TBPs: 


Ty (exogenous) + TBP ——? TBP: T; + Ty (residual) 


Residual T, is the the amount of T, that remains unbound 
and competes with the T, linked to glucose-6-phosphate 
dehydrogenase (T,-E) for anti-T, antibody binding sites: 


Ty +Ty-E (active) + Ab z> Ab:T, + Ab:T,-E (inactive) 


Binding of antibody to T,-E decreases enzyme activity. 
The unbound T,-enzyme conjugate, on the other hand, is 
active and catalyzes the oxidation of glucose-6-phosphate 
with simultaneous reduction of NAD+ to NADH. The rate 
of increase of absorbance at 340 nm is inversely proportional 
to the number of unsaturated TBP binding sites. Test results 
are expressed as percent of T uptake using a calibration curve 
or a mathematical function. Manual and automated versions 
of this assay are commercially available.” 

Another homogenous immunoassay for T, uptake, based 
on CEDIA technology, uses the two inactive fragments EA 
and ED of B-galactosidase. In this assay, serum TBPs 
compete with EA for binding to an ED-T, conjugate. As the 
concentration of unsaturated TBPs increases, less ED-T, 
reassociates with EA to form the active enzyme: 


TBP + EA + ED-Ty (7 ED-T,:TBP + EA:ED-Ty 


The catalytic activity of the holoenzyme is inversely pro- 
portional to the concentration of unoccupied TBP binding 
sites and directly related to the percent T uptake. This assay 
has also been adapted for use on automated instruments.” 


Several heterogenous enzyme immunoassays are com- 
mercially available for THBR assessment. In one competitive 
assay, a fixed excess of unlabeled T, is added to the serum 
specimen and binds to vacant sites on TBPs. The remaining 
unbound T, competes with an alkaline phosphatase-T, 
reagent for a limited number of binding sites on anti-T, 
polyclonal antibody immobilized on magnetic beads. As the 
concentration of unoccupied TBPs increases in serum, less 
unlabeled T, is available to compete with enzyme-labeled T, 
for antibody binding sites, and vice versa. Steric and molec- 
ular changes prevent enzyme-labeled T, from combining 
with endogenous serum proteins, and only unlabeled T, 
binds to TBPs. After washing to remove unbound compo- 
nents, the magnetic beads are incubated with a fluorogenic 
substrate. The enzyme activity measured in this assay (i.e., 
the fluorescence that is produced) changes in a direction 
opposite to the amount of radioactivity measured in the 
classic T;-uptake test and is therefore directly proportional 
to the concentration of unoccupied TBP binding sites in the 
patient’s serum but inversely related to the percent uptake. 

Fluorescent and luminescence molecules have replaced 
radiolabels in the T-uptake test,’ and both heterogenous 
and homogenous methods have been described. An example 
of the latter is the popular fluorescence polarization 
immunoassay for T uptake.’* In this competitive assay, flu- 
orescein-labeled T, is added to the serum specimen and 
binds to TBG and TBPA. As the number of T,-binding sites 
increases, more labeled T, is bound. As a result, the degree 
of polarization of the protein-bound tracer increases, 
because this complex is larger than the free tracer. Specified 
quantities of T, antibody in a buffered protein matrix are 
used as calibrators. The observed polarization is directly pro- 
portional to the total serum TBP binding capacity and 
inversely related to percent T uptake. Test results are usually 
reported in “T-uptake units,’ but may be mathematically 
transformed into percent T-uptake equivalents. This method 
reflects the total number of binding sites rather than the con- 
centration of unoccupied binding sites.”” 

To improve the understanding of THBR tests from dif- 
ferent laboratories, the Committee on Nomenclature of the 
American Thyroid Association has recommended. that 
uptake results for individual patients be normalized to those 
of a control serum (or reference serum pool) obtained from 
euthyroid patients who have normal quantities of TBPs.'* 
The quotient of these results is proportional to the free frac- 
tion of T, or T, in serum and is properly known as the 
THER: 

THBR = — Uptake (Patient serum) _ 
% uptake (reference serum) 

A value of 1.0 indicates that the two values are identical. 
Some laboratories prepare their own normal reference 
serum pool, stored frozen at —70 °C in small aliquots, to 
analyze in every assay run. This enables the laboratory to 
maintain consistency in T-uptake values in case of changes 
in assay procedure or kit components. Other laboratories 
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determine a mean uptake value for their own local reference 
populations to use in calculating the THBR. Terms such as 
“Ts-resin uptake” or “T, uptake” are a continuing source of 
confusion and should be avoided. 

Unfortunately, different laboratories calculate THBR 
either as being directly or indirectly related to TBG con- 
centration and this causes laboratories and physicians 
confusion. 

Specimen Collection and Storage. The preferred spec- 
imen is serum. Specimens may be stored at 4 °C for 1 week 
or at —20 °C for 30 days. Repeated freezing and thawing, 
mixing using a vortex mixer, or vigorous agitation of serum 
specimens should be avoided, because such treatment causes 
denaturation of proteins. The use of hemolyzed or lipemic 
specimens is also not recommended, 

Reference Intervals. Although centered on a ratio of 
1.0, reference values for THBR may differ by method and by 
local population. Each laboratory therefore should establish 
its own reference intervals. The following values are 
representative: 


Sen THER 
Cord. 0.75-1.05 
‘Children a 
1-3 days 0.90-1.40 
1-2 Wk 240,85-1.15 < 
oe 20.75-1.05.. 
-0,88-1.12.: 
40.83-1.15. : 
<: 50.87-}.11 
Ln 7 0.80-1.04 :: 
- Pregnancy (last 5 mo) = = 0.68-0.87. < 


Comments. In hyperthyroidism, more binding sites— 
and in hypothyroidism, fewer binding sites—on TBG are 
occupied by T,. As a result, the THBR is high in hyperthy- 
roidism and low in hypothyroidism. In cases of decreased 
and increased TBG (see Box 52-1), the THBR is high and 
low, respectively. Deviations of THBR and total T, in the 
same direction from normal (i.e., a concordant variance) 
suggest an abnormality in thyroid hormone production; a 
discordant variance suggests a primary change in the con- 
centration or affinity of circulating TBG (Table 52-3). 


Calculation of Free T, and T, Indexes 

The THBR assay is not designed to be used as an indepen- 
dent and isolated test for thyroid disease. It is useful only 
when combined with a measurement of total T, (or T3) con- 
centration to calculate an FT, or FT; index. 


Principle 
The calculation of an FT, index is based on the equilibrium 
relationship that exists between bound [TBP:T,] and FT,: 


TABLE 52-3 Diagnostic Utility of THBR and FT; Index 


Clinical Condition TotalT, >. THBR .— FY4| 
Euthyroid - N IN N 
Hyperthyroid ee a T 
Hypothyroid 0 od aabaki L 
Increased TBH... Ta yisi N 
Decreased TBH a aena N 


N, Normal; Î, increase; J, decrease. 


[FI,] + [u TBP] ——> [TBP:Ty] 


Here, [uTBP] represents unsaturated (unoccupied) binding 
sites on TBPs, and K represents the equilibrium constant for 
the interaction. This interaction can also be expressed by the 
mass action equation: 


[TBP:T,] 
R= E E 
[FT,] x [uTBP] 
Rearranging, 
KIEL] = [TBP:T,} 
K[uTBP] 


Because more than 99.97% of the total T, circulating in 
blood is protein bound, the term [TBP:T,] is essentially 
replaced by the total T; concentration. Also, because [uTBP] 
(the concentration of unoccupied TBP binding sites) varies 
inversely with the THBR, then 

I 


KX {FTy] = [Ty] x [uTBP] = [Ty] x THBR 


If FT; is defined as K x [FT], then 
FII = [T4] x THBR 


The FT; index is calculated similar to the FT, index, as T; X 
THBR, and is used in the same way as an estimate of FT3. In 
general, the FT, index offers no advantage over the FT, index 
and is used less frequently in clinical practice. 


Reference Intervals 

Reference intervals for FT, and FT; indices are derived in 
two ways: (1) directly from matched total T, (or T;) and 
THBR results obtained from a sufficiently large number of 
euthyroid individuals or (2) indirectly by calculation from 
reference intervals established for total F, (or T;) and THBR. 
In the latter case, the lower limit of the FT, index is calcu- 
lated by multiplying the lower limit of the THBR interval 
and the lower limit of the T, interval; the upper limit of the 
FT, index interval is obtained by multiplying the upper 
limit of the THBR interval and the upper limit of the T, 
interval. Estimates based on calculation may yield a broader 
reference interval for FT, and FT; indices than the first 
approach. 
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Reference intervals are numerically close to the normal 
intervals for total T, or T;. Most automated. immunoassay 
analyzers are capable of performing the THBR and total T, 
tests with online calculation of the FT, index. Theoretically, 
because the calculated indices are products of T, or T; con- 
centrations and a ratio, they have concentration units. 
However, to avoid confusion with serum T, or T;, the free 
hormone index units are usually omitted or termed “index 
units.” Typical values are as follows:*” 


FT, inox _ 
tigi 


nmol/L 


- Pubertal child and adult 


Comments 


A number of pseudonyms for the FT, index have appeared 
in the literature and in commercial kits; this has led to some 
confusion. Effective thyroxine ratio, T-7, and T-12 are only 
a few examples. Such terms are now archaic and should not 
be used. 

Unlike direct ET, methods, index methods measure 
both the serum total T, and the FT, fraction and have the 
advantage that they can define whether an abnormal FT, 
estimate is due to abnormal hormone production or. to 
abnormal protein binding. 

An FT, index is sometimes directly calculated weng, the 
percentage T uptake: ; 


% T uptake 
100 
FTI = - Total T, (mg/dL) x % T uptake/100 


Typical reference intervals are 1.5 to 4.4. Calculations 
using THBR are preferred." 


"=: © ELI = Total Ty (ug/dL) x 


Calculation of T,/TBG and T,/TBG Ratios 


Measurements of serum TBG concentration have been used 
in the diagnosis of thyroid disease in two ways. The most 
common approach is to calculate a T,:TBG or T;:TBG 
ratio." Such indices are derived from mass action equations 
and are used to approximate FT, or FT; concentrations. 
These ratios correlate variably with FT, or FT; concentra- 
tions and are particularly useful in sera with altered TBG 
concentrations; however, they may fail to compensate for 
TBG variants with reduced T, affinity or for abnormal 
albumin binding. The reference interval for T,: TBG ratios 
is 3.8 to 4.5 when the reference intervals for total T, and TBG 
are 4.5 to 12.5 g/dL and 1.2 to 2.8 mg/dL, respectively. 


Measurements of TBG also have been used to derive 
values for FT, or FT; by calculation. Assuming TBG is the 
major determinant of thyroid hormone binding, serum con- 
centrations of TBG and total T, (or T;), together with the 
association constant for the binding of T, (or T) to TBG, 
are used to calculate values of the free hormone. In most 
cases, these calculated values correlate well with those 
directly determined. 


Direct Immunoassay Methods 


Immunoassays of various designs for estimating free thyroid 
hormones using antibody extraction techniques have been 
developed. These assays are subdivided as either sequen- 
tial two-step assays or simultaneous one-step (“analogue”) 
assays. Each procedure involves the direct incubation of 
serum with a specific anti-T, or anti-T; antibody, during 
which thyroid hormones reach a new equilibrium with all of 
the binders present. A slight decrease in free hormone con- 
centration occurs, but is insignificant if the antibody 
sequesters less than 5% of the total amount of hormone 
present in the specimen. Thus the amount of immunoex- 
tracted T, or T, closely approximates the undisturbed free 
hormone concentration that preexists in serum at 
equilibrium. 

Two-Step immunoassays. These methods use two pro- 
cessing steps. In the first step, the serum specimen is incu- 
bated briefly with specific solid-phase antibody. Under 
standard conditions of temperature and incubation time, a 
percentage of the total thyroid hormone proportional to the 
original FT, or FT; concentration is extracted and bound by 
the antibody. After thorough washing to remove serum pro- 
teins and other interfering substances, a second step esti- 
mates the remaining unoccupied (vacant) antibody binding 
sites by back titration with labeled T, or T,. Excess label is 
then washed away from the solid-phase antibody, and the 
quantity of bound tracer is compared with a calibration 
curve generated from secondary calibrators that have had 
target values assigned to them by a reference method. The 
amount of labeled hormone retained by the antibody is 
inversely related to the free hormone concentration in the 
test specimen. 

The key feature of this two-step method is that the labeled 
hormone is physically prevented from interacting with 
serum binding proteins. This ensures that antibody binding 
of tracer is governed solely by the free hormone concentra- 
tion and not by changes in thyroid hormone—binding pro- 
teins. Test results obtained with two-step methods correlate 
well with those obtained by reference methods across a wide 
range of clinical disorders. 

A sequential two-step immunoassay for FT, was first 
introduced commercially in 1979.** Subsequently, a number 
of manual and automated procedures have become available 
for FT, and FT;. The earliest kit methods used radioactive 
labels and antibody-coated tubes or microbeads, but auto- 
mated systems are now available that use nonisotopic tracers 
and a variety of solid-phase formats.” One two-step FT, 
method involves the application of serum to glass-fiber 


2080 Section VI Pathophysiology 


paper on which the clinical specimen reacts with preim- 
mobilized anti-T, antibody.” After a 2-minute incubation 
period, an alkaline phosphatase—labeled T, conjugate binds 
to unoccupied antibody binding sites and at the same time 
washes out the protein-bound T, fraction. After a second 
incubation (3 minutes), excess unbound conjugate is washed 
from the filter paper by radial elution. A fluorogenic 
substrate for the enzyme is also included in the wash solu- 
tion to initiate the enzyme reaction. Enzyme activity of 
the bound conjugate is measured by front-faced fluorimetry 
and is inversely related to the concentration of FT, in the 
sample. 

Two-step microparticle capture immunoassays have been 
developed to fully automate the measurement of free thyroid 
hormones.” In one type of FT, assay, FT, is first immu- 
noextracted from serum using polyclonal anti-T,-coated 
latex microparticles; T, bound to serum proteins does not 
react with the antibody. An aliquot of the reaction mixture 
is then transferred to a glass fiber matrix that irreversibly 
captures the T,-anti-T,-microparticle complex; washing 
removes any serum materials not bound to the solid phase. 
In the second back-titration step, the remaining unoccupied. 
antibody binding sites are reacted with a T,-alkaline phos- 
phatase conjugate; serum binding proteins are not available 
for binding to this enzyme conjugate. Excess unbound 
enzyme conjugate is removed by washing followed by addi- 
tion of the substrate, 4-methylumbelliferyl phosphate, to the 
matrix cell, The concentration of the fluorescent product 
varies inversely with the amount of FT, in the serum. A T3;- 
alkaline phosphatase conjugate is used in this assay system 
rather than a T, conjugate because of its lower affinity for 
the anti-T, antibody. Although the T; conjugate possesses the 
ability to bind to vacant anti-T;, sites on the microparticles, 
this enzyme label does not displace or dislodge FT, already 
bound to the microparticles. The detection limit of this 
assay (defined as mean minus 2 SD of the zero calibrator) 
is approximately 0.4 ng/dL. Interassay reproducibility, 
expressed as coefficient of variation, is typically +3% to 
6% over a concentration range of 0.6 to 3.5 ng/dL (8 to 
45 pmol/L); cross-reactivity with FT; is less than 0.5%. 

One-Step immunoassays. These methods are widely 
used for direct estimation of FT, or FT; and are known as 
one-step or “hormone analogue” immunoassays. These 
single-step techniques are usually subdivided into formats 
relying on labeled hormone analogue and solid-phase anti- 
body or those relying on labeled antibody and solid-phase 
hormone analogue. Both approaches use structurally modi- 
fied analogues of thyroid hormones that, in theory, retain the 
ability to compete with free hormone for binding to specific 
anti-T, or anti-T; antibodies but are chemically restricted 
from interacting with thyroid hormone—binding proteins in 
the serum specimen. Unlike two-step methods, analogue 
assays rely on simultaneous rather than sequential back- 
titration of unoccupied antibody-binding sites. For one-step 
methods to succeed, the hormone analogue should not dis- 
place T, (or T;) from binding proteins; binding of the 


hormone analogue by serum proteins must be either totally 
absent or essentially insignificant. 

Labeled-Analogue Methods. In a typical one-step RIA for 
FT,, endogenous free hormone and a '**I-labeled T, analogue 
compete for solid-phase antibody binding sites in the pres- 
ence of serum protein; the amount of labeled analogue 
bound by the specific antibody is inversely related to the 
amount of FT, in the specimen.’ Test results are expressed 
relative to secondary serum calibrators that have been inde- 
pendently calibrated using equilibrium dialysis or ultrafil- 
tration techniques. A number of one-step RIAs have been 
developed and are commercially available. 

The chemical composition of the labeled hormone ana- 
logues used in commercial kits is proprietary. However, it has 
been speculated that some analogue tracers are produced by 
altering the alanine side chain of the iodothyronine mole- 
cule, thus hindering the binding of TBG and TBPA. Unfor- 
tunately, most of these synthetic analogue tracers bind 
significantly to serum proteins, particularly albumin, result- 
ing in inaccurate free hormone measurements when the 
albumin in patient specimens differs from that in the assay 
calibrators. Attempts have been made to limit albumin 
binding by using chemical blockers to saturate albumin 
binding sites. However, some of these blockers also displace 
T, from TBG, thereby disrupting the equilibrium between 
free and protein-bound hormone during the assay and 
making these modified assays TBG-dependent. 

It is known that the presence in serum of an abnormal 
amount of any substance affecting analogue binding—such 
as endogenous antibody, nonesterified fatty acids, or certain 
anions—greatly distorts assay results." If analogue binding 
to protein is greater in the serum sample than in the cali- 
brators, as in dysalbuminemia or with T, autoantibodies, 
then less analogue tracer is available to compete for the assay 
antibody, thus giving a falsely high FT, estimate. Conversely, 
if analogue binding to protein is less in the sample than in 
the calibrators, e.g., increased binding of albumin by nones- 
terified fatty acids or decreased serum albumin concentra- 
tion, then FT, estimates are falsely low.” 

Techniques involving nonradioactive conjugates that 
claim to reduce some of these problems have been intro- 
duced. For example, one-step enzyme immunoassays for FT, 
in which a T,-peroxidase conjugate competes with FT, for a 
solid-phase antibody have been described. A chemilumi- 
nescence system based on similar principles involves the use 
of a T,-acridinium ester conjugate that competes with free 
hormone for binding sites on antibodies immobilized on 
paramagnetic particles.” Manufacturers claim that these 
conjugates are insignificantly bound by serum-binding pro- 
teins. A number of automated immunoassay systems based 
on single-step, labeled-analogue methods are commercially 
available for estimating both FT, and FT, concentrations. 

Labeled-Antibody Method. Most one-step immunoassays 
use labeled analogues of T; or T;. Alternatively a number of 
labeled antibody methods have also been developed in which 
the distribution of a labeled antibody between exogenous 
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TABLE 52-4: Free Thyroxine Measurements in Common Conditions Affecting Thyroid-Binding Proteins 


Direct 
Equilibrium 


Clinical Condition Dialysis/RIA* 


Other: Index 
Methods 


Two-Step 
Methods 


Analogue 
Methods 


Near.Normal 
Concentration of 
Serum Binding 
Proteins 

_ Hypothyroidism 
_ Hyperthyroidism 


_ Hyperestrogenism i 


Low T, NTI- 
High T, NTI N-H 


N-H 


From Hay ID, Bayer MF, Kaplan MK, et al: American Thyroid Association Assessment of current free thyroid hormone and thyrotropin measurement and 


guidelines for future clinical assays, Clin Chem 1991;37:2092-8. 

L, Low; H, high; N, normal; NTT, nonthyroidal illness. 

*Methods involving minimal dilution. 

*Normal when determined with labeled Ta, high when with labeled 1. 


Note: The National Academy of Clinical Biochemistry practice guidelines tar the use of thyroid tests for the diagnosis and monitoring of thyroid disease 
was published in Thyroid 2003;13:1-126 and is also available on the NACB web site www.nacb.org. 


solid-phase hormone and free hormone reflects- the free 
hormone concentration.”*’”"*' This assay design is similar to 
the labeled-analogue principle except that unoccupied anti- 
body-binding sites are identified by their absorption from 
the reaction mixture onto a hormone analogue coupled to a 
solid support. Linking of T; or T; to the solid phase creates 
a macroanalogue with a reduced interaction with serum 
proteins.” These labeled-antibody assays are claimed to be 
more reliable than labeled-analogue methods and to be less 
sensitive to major protein modifications or progressive 
dilution of serum. 

Reference Intervals.” Expected values using a one-step 
immunochemiluminometric assay are as follows: for FT,, 0.8 
to 2.3 ng/dL (10 to 30 pmol/L); for FT;, 230 to 420 pg/dL 
(3.5 to 6.5 pmol/L). 


Selection and Use of Tests for Measuring Free 
Thyroid Hormones 


Estimates of FT, and FT; generally give results in healthy 
subjects, hyperthyroid and hypothyroid patients, and 
patients with only mild binding protein abnormalities that 
are comparable with those of reference methods such as 
direct equilibrium dialysis and RIA assays. In these individ- 


uals, the selection of a specific FT, or FT; measurement 
method can be based on factors such as technical conve- 
nience, turnaround time, commercial availability, and cost. 
In certain clinical conditions, free hormone estimate 
methods may give abnormal results that differ from the gen- 
erally normal values obtained using direct reference 
methods. These abnormalities, summarized in Table 52-4 
and discussed later, are commonly encountered in euthyroid 
patients who show significant changes in T, or T; binding to 
serum proteins. In these situations, the selection of appro- 
priate FT, or FT; estimate methods should be based more on 
their analytical and diagnostic reliability than on the ease of 
performance and cost. 

Unfortunately, FT, and FT; estimate methods have been 
found to be unreliable in a number of situations. One of 
these is familial dysalbuminemic hyperthyroidism, an inher- 
ited disorder in which a normally minor component of 
serum albumin is increased. This variant albumin binds T, 
with abnormally high affinity, but its avidity for T, is not 
comparably increased. Although total T, concentrations are 
usually high, patients with familial dysalbuminemic hyper- 
thyroidism are clinically euthyroid, and free hormone con- 
centrations are normal as measured by reference methods 
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and by most two-step immunoassays. However, if tracer Ts 
is used to estimate the FT, fraction, the resin uptake and 
THBR results are normal, and the calculated FT, index is 
falsely increased. (In contrast, uptake methods using T, 
tracers provide more accurate THBR and FT, index values.) 
One-step immunoassays likewise give high FT, estimates 
owing to the binding of the T, analogue to the variant 
albumin. Test results similar to those in familial dysaibu- 
minemic hyperthyroidism are also obtained from patients 
with circulating T, autoantibodies or when T, binding by 
prealbumin is increased. 

In addition, FT, and FT; estimate methods are not reliable 
when used in patients with congenital TBG excess or defi- 
ciency. Patients with these conditions are clinically euthyroid, 
and their FT, and FT; concentrations are normal as deter- 
mined by direct reference methods and two-step immunoas- 
says. Index methods and one-step analogue immunoassays, 
however, yield abnormal results. For example, in the case of 
TBG excess, total serum concentrations of T; and T, are 
increased, and the THBR is low. However, the THBR is not 
linearly related to the free fraction of T, or T; at extremes of 
the free fraction range. Accordingly, the THBR cannot be 
reduced as much as the free fraction, and the calculated FT, 
index is abnormally high. 

Another situation in which free hormone estimates may 
be unreliable is in the assessment of critically ill patients who 
are believed to be euthyroid (i.e., have a nonthyroidal illness). 
For example, serum FT, concentrations in nonthyroidal 
illness patients with low total T; values are usually normal 
or high by reference methods, whereas most FT, or FT; 
estimates give low values, although some consistently provide 
normal results. Distinguishing severe nonthyroidal illness 
from true hypothyroidism presents a difficult analytical 
challenge. This is why the current NACB guidelines recom- 
mend the use of TT, in preference to current FT,E tests. 

Estimates of FT, or FT, may be profoundly affected by 
medications that compete with T, or T; for binding to serum 
proteins. With reference methods that use undiluted serum, 
the free hormone concentration may rise and eventually 
return to a new steady state in the presence of T,- or T3-dis- 
placing drugs. In contrast, most estimates of FT, or FT; use 
diluted serum in which the drug competitor declines before 
the free hormone declines. Consequently the hormone-dis- 
placing effect of the drug also decreases, leading to a major 
underestimation of the true FT, concentration. 

Rigorous evaluation of free thyroid hormone methods is 
required before new assays are placed into clinical service.” 
Performance data on analytical accuracy should be obtained 
not only on serum from patients with thyroid dysfunction 
but also in serum from patients with binding protein abnor- 
malities. Effects of drugs that compete for hormone binding 
sites on serum proteins should also be evaluated. Moreover, 
adequate assessment requires an examination of the effects 
of progressive sample dilution. In theory, the free concen- 
tration of T, and T, should not decrease with dilution until 
about 20% of the bound ligand is dissociated. In the case of 


Ty, this decrease occurs at a dilution of about 1: 1000 (1: 100 
for T;). Near constancy of assay results in the face of pro- 
gressive serum dilution is widely accepted as the classic test 
of FT, (or FT;) validity. In practice, many methods 
demonstrate lower than predicted free hormone concentra- 
tions with dilution. 


DETERMINATION OF THYROXINE-BINDING GLOBULIN 
AND OTHER THYROID HORMONE-BINDING PROTEINS 
TBG is the thyroid hormone-binding protein having the 
greatest affinity for T4. As such, it is very important in regu- 
lating the concentration of the FT, hormone. Estrogen- 
induced TBG excess and congenital TBG deficiency are the 
most significant TBG abnormalities that affect the interpre- 
tation of thyroid function test results (see Box 52-1). 


Principle 

TBG is measured indirectly in terms of its T,-binding capac- 
ity or preferably by the direct determination of the protein 
concentration of TBG. Tests based on binding capacity are 
usually performed by adding to the test serum a mixture of 
unlabeled and radiolabeled T, in a concentration sufficient 
to saturate all the binding sites on the TBG. Binding to T4- 
binding prealbumin (transthyretin, TBPA) can be blocked by 
carrying out the reaction in a barbital buffer; the excess 
(unbound) T, is removed with dextran-coated charcoal that 
also strips T, from albumin and other weak binders. The 
fraction of radioactivity associated with the supernatant is 
then multiplied by the amount of T, added to the serum to 
give the T,-binding capacity for TBG (units: pg T./dL). In 
normal adult sera, the binding capacity for TBG ranges from 
16 to 24 ug T,/dL. Although this assay is relatively specific 
for TBG (i.e., TBPA and albumin do not react appreciably), 
various drugs or abnormal thyroid hormone binders may 
interfere by inhibiting T, binding, thus giving artificially low 
values for TBG. 

Direct measurement of the protein concentration of TBG 
by immunoassay is more widely used because it is tech- 
nically less complex and offers increased precision and 
immunospecificity. A typical RIA measures the competition 
between endogenous TBG and ‘I-labeled TBG for binding 
with a limited quantity of TBG antisera.” After incubation, 
bound and free fractions are separated using either a poly- 
ethylene glycol precipitant or a mixture of polyethylene 
glycol and second antibody. Commercial kits based on both 
isotopic and nonisotopic formats are available. One com- 
petitive chemiluminescence enzyme immunoassay for TBG 
makes use of peroxidase-labeled TBG and TBG antibody, 
which is captured by a solid-phase second antibody.” The 
bound conjugate is measured by enhanced luminescence 
after the addition of luminol and hydrogen peroxide. The 
dynamic range of the assay is 5 to 80 mg/L, and the interas- 
say imprecision is less than +10% at three concentrations. 
In healthy adults, the reference interval is 12 to 28 mg/L. 
Automated nonisotopic immunoassays for TBG are also 
available, such as the procedure based on the principle of 
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enhanced microparticle turbidimetry.” In this test, the rate 
of agglutination of serum TBG and a solid-phase TBG 
antibody is determined by measuring the absorbance change 
at 600 nm. 

TBG tests that use labeled T, have also been developed. 
In one commercial assay, a two-site [RMA or “sandwich” 
assay is used.” TBG antibody bound to glass particles is 
added in excess to the patient specimen and binds virtually 
all the endogenous TBG present. I-T, is then added; it 
binds to the TBG, forming an anti-TBG-TBG-'I-T, sand- 
wich. After a short 15-minute incubation period at room 
temperature, the precipitate is collected by centrifugation 
and its radioactivity is counted. Test values are interpreted 
from a calibration curve run simultaneously with the patient 
specimens. Unlike the typical RIA procedure, radioactivity 
in this IRMA method is directly proportional to the amount 
of TBG present in the specimen. Patients with molecular 
variants of TBG may have discordant results, but the assay is 
not affected by excess thyroxine or phenytoin,'” 

Individual TBPs have been measured using electrophore- 
sis to assess binding of radioactive T,.'"' In this procedure, 
excess unlabeled T, and radiolabeled T, are added to the test 
specimen to saturate the binding of TBG. Total T, is deter- 
mined on this enriched serum, which is then subjected to 
electrophoresis. Radioactivity bound to the individual 
protein bands (albumin, prealbumin, and TBG) is counted, 
and the fraction associated with each band is calculated. The 
fractional radioactivity is then multiplied by the total T, con- 
centration in the T,-enriched serum to give the T,-binding 
capacity of each particular protein. Binding capacity of TBG 
for T, in normal serum generally ranges from 10 to 25 ug/dL 
of prealbumin for T, from 49 to 70 g/dL, and of albumin 
for T; from 12 to 34 g/dL. 

The major application of this electrophoretic method is 
the identification of patients with euthyroid hyperthyrox- 
inemias or euthyroid hypothyroxinemias.™ This assay dis- 
tinguishes abnormalities in the concentration of normal 
T,-binding proteins from abnormal binding proteins with 
altered affinities for T,. Congenital and drug-induced eleva- 
tions (or deficiencies) of TBG are examples of the former. 
Anti-T, antibodies and unusual forms of albumin and pre- 
albumin are examples of the latter. 


Specimen Collection and Storage 


Serum is the preferred specimen; plasma with EDTA or 
heparin as anticoagulant may also be used. Serum specimens 
are best stored at 2 °C to 8 °C if they will not be tested within 
24 hours. If longer periods of storage are necessary, freezing 
the specimens is recommended. Frozen specimens are stable 
for at least 30 days. Repeated freezing and thawing of the 
specimens should be avoided. Turbid samples should be cen- 
trifuged before testing. 


DETERMINATION OF THYROGLOBULIN 


Tg is a large glycoprotein having a molecular weight of 
660 kDa that is stored in the follicular colloid of the thyroid 


gland. It functions as a propeptide for the intrathyroidal 
synthesis of T, and T3. It is made by the follicular cells 
and secreted into the follicular lumen where it is iodinated, 
after which its iodinated tyrosyl moieties form T, and Ts. 
Thyroglobulins are then taken up by endocytosis into the 
follicular cells, where T, and T; are liberated by proteolysis, 
followed by release into the extracellular fluid and thence to 
the bloodstream, 


Principle 

Traditionally, circulating concentrations of Tg have been 
measured using double-antibody immunoassays.’ Com- 
mercial RIA kits based on sequential addition techniques 
have been developed for routine use. These methods involve 
the preliminary incubation of serum with primary antibody. 
After a number of hours (2 to 72), the Tg tracer is added and 
allowed to compete for antibody binding sites. The longer 
the preincubation the more sensitive the method. Separation 
of bound from free Tg is then accomplished by precipitation 
with a second antibody. 

Two-site immunometric assays have also been developed 
for Tg. These assays are based on the use of two or more 
monoclonal antibodies directed to different portions of the 
Tg molecule. One of the antibodies is attached to a signal 
molecule, such as a radioisotope, enzyme, or chemilumines- 
cent molecule, and the other to a solid support, such as poly- 
styrene beads or magnetic microbeads." Another 
variation is to attach biotin to the antibody and separate 
the Tg complex using avidin linked to a solid phase.**” 
Commercial kits based on these techniques are available. 
Compared to RIAs, these immunometric assays have the 
advantage of shorter incubation times, a larger working 
range, a more stable labeled antibody reagent, longer shelf 
life, and potential for automation. Interassay reproducibility, 
expressed as a coefficient of variation, is typically less than 
+6% at the optimal dose range but can rise to >15% at the 
extremes of the curve. Limit of detection, derived from the 
20% coefficient of variation point of the interassay precision 
profile, is 0.5 to 1.0 ng/mL.” Most current immunometric 
assays are calibrated using a Tg reference preparation devel- 
oped by the Community Bureau of Reference. Use of this 
standard reduces interassay variability somewhat to around 
30%, a value that is threefold higher than the within-person 
variability.” The high between-method variability pre- 
cludes switching between methods during long-term moni- 
toring of patients. 

A major difficulty in most immunoassays for Tg is inter- 
ference due to endogenous anti-Tg antibodies that are 
present in about 15% to 35% of thyroid cancer patients. 
Interference effects can be substantial, causing either an 
overestimation or an underestimation of the true value. With 
newer immunometric assays, this effect is an underestima- 
tion. It is crucial that all serum samples be screened for the 
presence of anti-Tg with a sensitive immunoassay.’ When 
detected, the concentration of such antibodies should be 
reported, and a warning issued to clinicians to interpret the 
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serum Tg value with caution. Some laboratories assess the 
impact of anti-Tg interference by measuring the recovery of 
known amounts of Tg added to patient sera.°"'”"" If Tg 
recovery is high (90% to 110%), then significant autoanti- 
body interference may be absent. The reliability of recovery 
studies, however, has been disputed and is currently dis- 
couraged by the NACB.'” A multisite immunoradiometric 
assay (IRMA) also has been reported to measure serum Tg 
with minimal interference from anti-Tg autoantibodies 
(TgAb).” This assay uses five different monoclonal anti- 
bodies directed against antigenic regions on the Tg molecule 
that are not recognized by most anti-TgAb. Four of these 
antibodies are coupled to polystyrene tubes, and the fifth is 
coupled to radioiodine. Unfortunately, this approach has not 
been found to overcome TgAb interference. 

Other technical problems, such as heterophilic antibody 
(HAMA) interference, may limit the clinical value of Tg 
measurements. Recommendations regarding approaches to 
standardization, precision, limits of detection, and hook 
effects have been suggested.’ Serum Tg values obtained by 
different methods are usually not interchangeable, and the 
same assay should be used to perform serial serum Tg mea- 
surements in a patient. When a change in method is made, 
the laboratory should define performance characteristics of 
the new method and validate its clinical utility before imple- 
menting the method for patient care. 


Specimen Collection and Storage 


Serum is the preferred specimen; plasma with EDTA or 
heparin as anticoagulant may also be used. Serum specimens 
are best stored at 2 °C to 8 °C if they will not be tested within 
24 hours. If longer periods of storage are necessary, freezing 
the specimens is recommended. Frozen specimens are stable 
for at least 30 days. Repeated freezing and thawing of the 
specimens should be avoided. Turbid samples should be cen- 
trifuged before testing. 


Reference Interval 

The reference interval for Tg in euthyroid individuals ranges 
from a lower limit of 0.5 to 3 to an upper limit of 20 to 
42 ng/mL (3 to 42 ug/L), depending on the method.” For 
athyreotic patients not receiving T,, replacement therapy 
should have undetectable serum Tg irrespective of TSH 
status. Tg concentrations are elevated in the neonate and 
decrease significantly during the first 2 years of life. 


Comments 

Tg is primarily used as a tumor marker in patients carrying 
a diagnosis of differentiated thyroid carcinoma (DTC). 
Although serum Tg is elevated in patients with thyroid 
cancer, including thyroid follicular and papillary carcinoma, 
elevations are also are seen in nonneoplastic conditions such 
as thyroid adenoma, subacute thyroiditis, Hashimoto's thy- 
roiditis, and Graves disease. Serum Tg concentrations are 
not increased in patients with medullary thyroid carcinoma. 


Serial measurement of Tg is most useful in detecting recur- 
rence of DTC following surgical resection or radioactive 
iodine ablation." Tg determination is used as an adjunct to 
ultrasound and ™I scanning. Assessment of serum Tg also 
aids in the management of infants with congenital hypothy- 
roidism. All patients with hyperthyroidism should have ele- 
vated Tg; low concentrations of Tg may be an indication that 
thyrotoxicosis factitia is present. 


DETERMINATION OF ANTITHYROID ANTIBODIES 
Increased circulating concentrations of antithyroid antibod- 
ies are found in a variety of thyroid disorders and in other 
autoimmune diseases and certain malignancies. These 
autoantibodies are directed against several thyroid and 
thyroid hormone antigens, including Tg (TgAb), thyroid 
peroxidase (TPOAb), thyroidal microsomal antigen, the 
TSH receptor (TRAb), a non-Tg colloid antigen, TSH, Ta 
and T;. Of these antibodies, TPOAb is most commonly used 
in evaluating thyroid autoimmune diseases, whereas TgAb is 
used for detecting interference with Tg measurement. 


Antithyroglobulin Antibodies 

Tg antibodies are directed against the Tg protein, a major 
constituent of thyroid colloid. Several different techniques 
have been used to detect and quantify TgAb in peripheral 
blood. These include passive hemagglutination, the agar 
gel diffusion precipitin technique, immunofluorescence of 
tissue sections, enzyme-linked immunosorbent assay 
(ELISA), radioassay techniques, and chemiluminescence- 
based immunometric assays. 


Principle 

In the tanned erythrocyte hemagglutination method, an 
aliquot of patient serum is mixed with erythrocytes that have 
been treated with tannic acid and then coated with purified 
human Tg. When antibodies in the patient’s serum combine 
with Tg antigen bound to erythrocytes, agglutination of the 
erythrocytes occurs. The use of Tg-coated erythrocytes 
makes this agglutination reaction much more sensitive than 
a simple antigen-antibody reaction. Several commercial kits 
are available for measuring anti-Tg antibodies in serum. A 
commonly used one is based on the passive hemagglutina- 
tion method of Boyden." In this system, turkey red blood 
cells coated with Tg are agglutinated by the specific antibody, 
yielding a smooth carpet of cells at the bottom of a 
microtiter well. Lack of agglutination is indicated by the 
settling of the cells into a compact ring or button. Before 
testing, patient sera are deactivated at 56 °C for 30 minutes. 
Heating is important for inactivation of complement and 
TBG, which otherwise would interfere with the assay. 

Serial dilutions of the patient’s serum are used to estab- 
lish a Tg antibody titer. The reported result is the highest 
dilution that causes agglutination. Titers are usually consid- 
ered negative at a less than 1:10 dilution ratio. This hemag- 
glutination test is not highly specific, and about 5% to 10% 
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of the normal population may have a low titer of Tg anti- 
bodies with no symptoms of disease, an incidence that is 
higher in women and that increases with age. Reactivity 
occurs more frequently in Hashimoto’s thyroiditis (>85% of 
patients) and Graves’ disease (>30% of patients); titers 
greater than 1: 1600 are common. Positive responses are also 
seen in patients with idiopathic myxedema (>75% of cases), 
but antibody titers are generally lower. Weakly positive tests 
may also be found in patients with nontoxic goiter, thyroid 
cancer, and pernicious ariemia; in these patients, antibody 
titers are not found with any greater frequency than in an 
unselected population. 

Agglutination tests are being rapidly replaced by more 
sensitive immunoassays that can be automated. Radio- 
immunoassays, ELISA, and chemiluminescence-based 
immunoassays have been all been developed for measuring 
both Tg and TPO antibodies," Several commercial kits and 
automated methods are currently available, including 
systems based on Tg-coated cells, particles, magnetic beads, 
microtiter plates, or tubes and chemiluminescence auto- 
mated instruments. These methods. correlate well with 
agglutination tests and are generally more sensitive and more 
specific for thyroid autoimmune diseases. Some assays allow 
identification of subclasses of Tg antibodies; the clinical sig- 
nificance of these subclasses, however, is not known. 

In a typical IRMA,' Tg antibodies in diluted serum 
specimens bind to human Tg in coated test tubes. After 
incubation for 1 hour at 37 °C, the tubes are washed and 
51 labeled protein A is added. After another 1 hour of incu- 
bation at 37 °C, the supernatants are washed again and the 
radioactivity counted. The amount of bound radioactivity 
in each tube is directly proportional to the amount of 
anti-Tg antibody present. Interassay precision is about 3% at 
36 U/mL. 

A nonisotopic ELISA method in which serum specimens 
are added to microtiter wells coated with human Tg is also 
available.’ In this method, antibody binding is assessed 
using a peroxidase-conjugated anti-IgG/o-phenylenedi- 
amine system. An automated two-step fluorescent enzyme 
immunoassay has been reported. In this assay, Tg is immo- 
bilized on magnetic beads, and anti-human IgG mouse 
monoclonal antibody is labeled with alkaline phosphatase; 
4-methylumbelliferyl phosphate is used as the substrate. 
IRMA and ELISA both have similar detection limits 
(approximately 3 to 5 U/mL). A considerably more sensitive 
radioassay has been reported in which diluted serum is incu- 
bated with “I-labeled Tg to allow formation of antigen- 
antibody complexes’; these complexes are then precipitated 
by adding solid-phase protein A. Its detection limit is 
reported to be approximately 0.2 U/mL. 


Specimen Collection and Storage 

The preferred specimen for testing is serum, which should 
be kept frozen if the test is not performed on the day that 
the blood is drawn. Repeated freezing and thawing must be 
avoided. 


Reference Interval 

Assessment of a normal reference interval for anti-Tg anti- 
bodies is controversial, mainly due to the fact that Tg 
autoantibodies have been found in individuals without 
apparent thyroid disease. Variable reference intervals have 
been reported, depending on whether a random population 
was sampled or a population without active or previous 
thyroid disease. Thyroglobulin antibodies follow a logarith- 
mic normal distribution and are usually expressed as units 
per milliliter with reference to the MRC Ist IRP for 
Thyroglobulin Autoantibody 65/93. As with TPOAb, TgAb 
methods fall into two classes. Class 1 methods have a lower 
numeric detection limit (<2 IU/ml) and report that normal 
individuals should not have antibody detected. Class 2 
methods have a higher numeric detection limit (>10 IU/mL) 
and report a “normal range.**” 


Comments 


The measurement of TgAb adds little diagnostic information 
over and above TPOAb measurement for diagnosing 
autoimmune thyroid disease.“ However, measurement of 
TgAb is needed to identify sera with autoantibodies that may 
interfere with serum Tg measurements in patients being 
managed for treatment of thyroid carcinoma. 


Antimicrosomal]/Antithyroid Peroxidase Antibodies 
Principle 

Antimicrosomal antibodies are directed against a protein 
component of thyroid cell microsomes. These autoanti- 
bodies are measured using complement fixation, immuno- 
fluorescence of tissue sections, passive hemagglutination, 
ELISA techniques, or radioassay methods. The tanned ery- 
throcyte agglutination method uses cells that have been 
coated with microsomal antigen isolated from human 
hyperplastic thyroid glands. This semiquantitative procedure 
is simple, and commercial kits are available. Reactivity 
occurs in nearly all adult patients with Hashimoto’s thy- 
roiditis and in about 85% of patients with Graves’ disease, 
Low titers, however, may be seen in 5% to 10% of normal 
asymptomatic individuals. Hemagglutination tests for TgAb 
and TPOAb are often performed together. Of the two, the 
result of the one for TPOAb is more frequently positive for 
thyroid autoimmune disease and usually is in higher con- 
centration. This is particularly the case in patients younger 
than 20 years. 

Procedures for the more sensitive ELISA and radioassays 
are similar to those previously described for anti-Tg 
antibodies; a number of quantitative commercial kits are 
available. A combined micro-ELISA for simultaneous 
measurement of TgAb and TPOAb antibodies in a single test 
has also been described.’”' Microsomal antibody concentra- 
tions are usually expressed in units per milliliter with refer- 
ence to the MRC IRP for Microsomal Autoantibody 66/387. 
The mean TPOAbD activity, measured with an IRMA kit, is 
280 + 60 IU/mL in normal sera.” 
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The enzyme TPO is now recognized as the principal and 
possibly only autoantigenic component of thyroid micro- 
somes. Assays based on TPO itself are preferred for routine 
clinical use in the management of patients with suspected 
autoimmune disease of the thyroid. Performance of anti- 
microsomal antibody assays is complicated by the limited 
availability of human thyroid tissue, the presence of irrele- 
vant thyroid antigens and autoantibodies, and the con- 
tamination of microsome preparations with Tg.” These 
complications seem to have been eliminated by using TPO 
as the antigen. 

Purification of TPO by affinity chromatography or pro- 
duction by recombinant techniques has led to the develop- 
ment of assays for anti-TPO antibodies based on RIA or 
chemiluminescence-based immunometric techniques. 
These procedures provide greater sensitivity and specificity 
than passive hemagglutination assays for microsomal anti- 
bodies in detecting, confirming, and monitoring autoim- 
mune thyroid disorders’*’” and are more suitable for 
screening or high-volume testing. The immunometric assay 
of Ruf and coworkers,” for example, is based on competi- 
tive inhibition of the binding of radioiodinated TPO to an 
anti-TPO monoclonal antibody coated onto plastic tubes. 
This assay is rapid (only one 2-hour incubation period is 
involved), easy to perform, and available as a commercial kit. 
The design of the assay ensures specific measurement 
with minimal interference from Tg or TgAb. Manual 
and automated nonisotopic immunoassays for anti-TPO 
are also available*'*"’; detection limits range from 0.3 to 
2 U/mL. 


Reference Interval 

The normal reference interval for TPOAb is controversial. 
With sensitive assays, low concentrations of TPOAb may be 
detected in some healthy individuals without thyroid 
disease. There is a high prevalence of anti-TPO antibodies in 
the elderly.” However, longitudinal studies suggest that the 
presence of TPOAb is a risk factor for autoimmune thyroid 
dysfunction. TPO antibody concentrations are usually 
expressed as units per milliliter with reference to the MRC 
Standard 66/387. With a competitive IRMA, the mean 
TPOAD activity in normal sera is 69 + 15 U/mL (SEM).!” 
Using a sensitive chemiluminescence assay, values are less 
than 2 U/mL.” 


Comments 


Detectable concentrations of TPOAb are observed in nearly 
all patients with Hashimoto’s thyroiditis and idiopathic 
myxedema and in the majority of patients with Graves’ 
disease. These antibodies have also been demonstrated in the 
sera of patients with type I insulin-dependent diabetes 
mellitus. The frequency of detectable TPOAb antibodies 
observed in nonimmune thyroid disease is similar to that 
observed in a normal population.” 


Thyrotropin-Receptor Antibodies 

Thyrotropin-receptor antibodies are a group of related 
immunoglobulins that bind to thyroid cell membranes at or 
near the TSH-receptor site. These antibodies are frequently 
found in the sera of patients with Graves’ disease or other 
thyroid autoimmune disorders. In general, these antibodies 
demonstrate substantial heterogeneity; some cause thyroid 
stimulation, whereas others have no effect or decrease 
thyroid secretion by blocking the action of TSH. At present, 
these abnormal immunoglobulins cannot be differentiated 
by chemical or immunological methods; rather, their pres- 
ence is demonstrated using radioreceptor assays or bioassays 
with cAMP as the endpoint. , 

The first indication that autoantibodies to the TSH recep- 
tor might play a role in the pathogenesis of Graves’ disease 
came with the discovery of long-acting thyroid stimulator 
(LATS) in the serum of some patients. The estimation of 
LATS using in vivo bioassay is important historically.” In a 
modification of the LATS assay, the so-called LATS protector 
assay, antibody binding to a thyroid homogenate prevents 
the expected inhibition of the standard LATS response.” 
This indirect assay is more sensitive than the direct LATS 
assay, but is cumbersome and seldom used in laboratories 
today. 

The direct radioreceptor assay assesses the capacity of 
immunoglobulins to inhibit the binding of labeled TSH to 
its receptors in human or animal thyroid membrane prepa- 
rations. Such antibodies are usually designated thyrotropin- 
binding inhibitory immunoglobulins (TBII). In this method, 
originally described by Shewring and Rees-Smith,” deter- 
gent-solubilized porcine TSH receptors and I-labeled 
TSH are used. The ability of a purified fraction of serum 
immunoglobulins to displace I-labeled TSH from the 
receptors is measured.’ This method, available as a com- 
mercial kit, detects more than 85% of patients with Graves’ 
disease and requires only 2 to 3 hours to perform.’ Normal 
immunoglobulin G concentrates do not produce significant 
displacement of labeled TSH from the TSH receptor (<10% 
inhibition). This method detects all TSH receptor antibodies 
but cannot distinguish whether the antibodies stimulate the 
TSH receptor to cause hyperthyroidism or block the TSH 
receptor to cause hypothyroidism. Measurement of TBII is 
mainly used in pregnant women with present or past Graves’ 
disease to assess the risk of fetal or neonatal thyrotoxicosis 
occurring secondary to transplacental passage of maternal 
antibodies, 

In vitro bioassays assess the capacity of immunoglobulins 
to stimulate functional activity of the thyroid gland, such 
as adenylate cyclase stimulation, cAMP formation, colloid 
mobilization, or iodothyronine release. Such antibodies are 
often referred to as thyroid-stimulating immunoglobulins 
(TSIs). Measuring the increase in cAMP concentration has 
been accomplished using human thyroid slices, frozen 
human thyroid cells in culture, or a cloned line of thyroid 
follicular cells (FRTL-5).'"5 The last of these has greatly 
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facilitated TSI measurements, and assays for TSIs can be per- 
formed in 1 day. In this test, the cell line is grown to conflu- 
ency and then deprived of TSH. The thyroid cells then 
become very sensitive to stimulation by immunoglobulin 
G preparations from patients with Graves’ disease. These 
immunoglobulins mimic the effect of TSH, activating 
adenylate cyclase. Cyclic AMP is subsequently released into 
the surrounding medium and assayed. The effect of stimu- 
lation is expressed as a percentage of basal activity; the range 
in normal serum is 70% to 130%. TSIs are present in 95% 
of patients with untreated Graves’ disease. In addition to 
being a highly sensitive and specific indicator of Graves’ 
disease, TSI measurement is also used for following the 
course of therapy and predicting relapse and remission.” 
However, the marginal clinical value of this test in individual 
patients together with its relatively high cost suggests that 
TSI may not be the ideal measure for the diagnosis and 
management of Graves’ hyperthyroidism.” 
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mones of the hypothalamic-pituitary-gonadal axis, 
nd the adrenal glands (see Chapters 50 and 51). 
These hormones are crucial for proper reproductive func- 
tion, and include gonadotropin-releasing hormone (GnRH), 
luteinizing hormone (LH), follicle-stimulating hormone 
(FSH), and a multitude of sex steroids. The sex steroids are 
synthesized by the ovaries, testes, and adrenal glands, and are 
responsible for the manifestation of primary and secondary 
sex characteristics. Steroids that feminize are classified as 
estrogens; those that masculinize are known as androgens. 
Discussed in this chapter are (1) male reproductive biology, 
(2) female reproductive biology, (3) infertility, and (4) 
analytical methodology. 


Resse endocrinology encompasses the hor- 


MALE REPRODUCTIVE BIOLOGY _ 
ANATOMY 


The male reproductive anatomy includes the penis, two 
testes, and a system of exocrine glands whose secretions form 
the seminal fluid. The exocrine glands consist of the two bul- 
bourethral glands (Cowper’s glands), two seminal vesicles, 
and the prostate. The bilateral ducts that connect this system 
and transport sperm and seminal fluid are the epididymis, 
the vas deferens, and the ejaculatory duct, which enters the 
urethra. 

The function of the testes is to synthesize both sperm and 
androgens. The mature testis contains a structured network 
of tightly packed seminiferous tubules. The lumina of the 


*The authors gratefully acknowledge the original contribution of 
R. J. Whitley, A. W. Meikle, and N. B. Watts, on which portions of 
this chapter are based. 
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Disorders* 


seminiferous tubules are lined by maturing germ cells and 
Sertoli cells (Figure 53-1). Sertoli cells play a crucial role in 
sperm maturation and secrete inhibin, a glycoprotein that 
inhibits the pituitary secretion of FSH.” Surrounding the 
seminiferous tubules are the interstitial Leydig cells, which 
are responsible for the production of testicular androgens. 
Testosterone is essential for sperm maturation and the 
complex endocrine feedback mechanism between Sertoli 
cells, Leydig cells, maturing sperm, the anterior pituitary, 
and the hypothalamus (Figure 53-1). 


HYPOTHALAMIC-PITUITARY-GONADAL AXIS 


GnRH is a decapeptide that is synthesized in the hypo- 
thalamus and transported to the anterior pituitary gland, 
where it stimulates the release of both FSH and LH (see 
Figure 53-1; see also Chapter 50). 

In adult men, GnRH and thus LH and FSH are secreted 
in pulsatile patterns. A circadian rhythm is present, with 
higher concentrations found in the early morning hours and 
lower concentrations in the late evening.” LH acts on 
Leydig cells to stimulate the conversion of cholesterol to 
pregnenolone and in turn the synthesis of testosterone. The 
exact role of FSH is not yet clear; however, it is known that 
FSH acts on Sertoli cells to stimulate gametogenesis and the 
synthesis and release of inhibin. Sex steroids and inhibin 
together provide negative feedback control of LH and FSH 
secretion, respectively (see Figure 53-1). LH secretion is 
inhibited by testosterone and its metabolites, estradiol and 
dihydrotestosterone (DHT). FSH may be elevated in dis- 
orders in which Sertoli cell numbers (and hence inhibin 
concentrations) are reduced. Likewise, a reduction in the 
number of Leydig cells (and hence testosterone secretion) 
leads to an elevation of LH concentration. 
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Figure 53-1 Summary of the endocrine control of the testis. 
Dashed fines indicate inhibitory effects, and solid fines stimulatory 
effects. FSH, Follicle-stimulating hormone; GnRH, gonadotropin- 
releasing hormone; LH, luteinizing hormone. 


ANDROGENS 
Function 
Androgens are a group of Cy steroids (Figure 53-2) that 
cause masculinization of the genital tract and the develop- 
ment and maintenance of male secondary sex characteris- 
tics.'%*°? They also contribute to muscle bulk, bone mass, 
libido, and sexual performance in men. Testosterone is the 
main androgen secreted by the Leydig cells of the testes, and 
its production increases during puberty. Women produce 
about 5% to 10% as much testosterone as do men. 
Testosterone directly affects some aspects of secondary 
sex development, such as deepening of the voice, increase 
of muscle mass, and libido. It also has indirect effects in 
tissue with high 5a-reductase activity, where it serves as a 
prehormone for formation of DHT (Figure 53-3). Other 
androgens secreted by the adrenal glands include dehy- 
droepiandrosterone (DHEA), dehydroepiandrosterone 
sulfate (DHEA-S), androstenedione, and androstenediol and 
by the gonads androstenedione and DHEA. These steroids 
can be metabolized to testosterone and DHT in target 
tissue.” The mean androgen production rates in men are 
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Figure 53-2 Chemical structure of androgens. 


testosterone, 7 mg/day; androstenedione, 1.4mg/day; and 
DHT, 0.3 mg/day. In women androgen production rates 
are as follows: testosterone, 0.25 mg/day; androstenedione, 
3.4mg/day (cycling) and 1.6mg/day (menopausal); DHT, 
0.056 mg/day.” 


Biochemistry and Physiology 

Biosynthesis of Testosterone 

The synthesis of androgens begins with the mobilization of 
cholesterol from depots of cholesterol esters stored in lipid 
droplets in the cytoplasm. The cholesterol in these droplets 
may be derived from lipoprotein cholesterol or de novo 
synthesis.””"*! Cholesterol released from the lipid droplets 
migrates to the inner mitochondrial membrane, where preg- 
nenolone formation occurs by the action of the cholesterol 
side-chain cleavage enzyme. The conversion of cholesterol 
to pregnenolone appears to be the rate-limiting step in 
testosterone synthesis.'*°*!* The pathway for testosterone 
formation is shown in Figure 53-4, with the preferred 
pathway defined by heavy arrows. 
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Figure 53-3 Pathways of peripheral metabolism of 


plasma testosterone. Testosterone can be 
metabolized either to active metabolites or to 
excretory metabolites. (From Griffin JE, Wilson JD. 
The testis. In: Bondy PK, Rosenberg LE, eds. Metabolic 
control and disease. 8th ed. Philadelphia: WB Saunders 
Co, 1980:1535-78.) : 


A 


Excretory metabolites 


Androgen Transport in Blood 


Testosterone and DHT circulate in plasma either free 
(approximately 2% to 3%) or bound to plasma proteins. The 
binding proteins include the specific sex hormone-binding 
globulin (SHBG) and nonspecific proteins such as albumin. 
SHBG is an &-globulin that has low capacity for steroids, 
but binds with very high affinity (Ka = 1 x 10° to 1 x 10°), 
whereas albumin has high capacity but low affinity (Ka= 
1 x 10* to 1 x 10°.°"* SHBG has the highest affinity for DHT 
and lowest for estradiol. In men, testosterone circulates 
bound 44% to 65% to SHBG and 33% to 50% to albumin, 
whereas in women, testosterone is bound 66% to 78% to 
SHBG and 20% to 30% to albumin.”*° 

For years, it was believed that the free fraction of testos- 
terone represented the biologically active fraction. However, 
it is now thought that dissociation of protein-bound testos- 
terone also occurs within a capillary bed. In studies of tissue 
delivery in vivo, nearly all of the albumin-bound testos- 
terone was available for tissue uptake.” Therefore, the 
bioavailable testosterone is equal to about 35% of the total, or 
the free plus the albumin-bound.’” The albumin-bound 
fraction is referred to as the “non-SHBG-bound” fraction or 
weakly bound fraction. 

Testosterone and SHBG exhibit rhythmic variations in 
their circulating concentrations. Testosterone concentrations 
peak at approximately 0400 to 0800 hours and nadir con- 
centrations occur at between 1600 and 2000 hours.?>*° 
Daily variations in SHBG concentrations are similar to those 
of other proteins and albumin in serum, with major changes 
related to posture.” Concentrations of SHBG are elevated 
with hyperthyroidism and in hypogonadal men.!” 


Metabolism of Testosterone 


Circulating testosterone serves as a precursor for the forma- 
tion of two types of active metabolites (see Figure 53-3). 
Through the actions of 5a-reductase, 6%-8% of testosterone 
is converted to DHT. Alternatively, testosterone and 
androstenedione can be converted to estrogens (~0.3%) 
through aromatase.’ DHT is formed in androgen target 
tissues, such as the skin and prostate, whereas aromatization 


occurs in many tissues. Peripheral aromatization occurs pri- 
marily in adipose tissue (of both men and women) because 
of the high concentration of aromatase in this tissue. The 
rate of extraglandular aromatization therefore increases with 
body fat.” 

Dihydrotestosterone is metabolized to 3a-androstanediol 
{see Figure 53-4) and 3qa-androstanediol glucuronide. 
These metabolites have been used as markers of DHT pro- 
duction in peripheral tissues. Serum concentrations of 3a- 
androstanediol glucuronide or 3a-androstanediol reflect the 
production of DHT in peripheral tissue such as skin.’ 
However, DHT may also arise from precursors other than 
testosterone. The reduction in serum 3a-androstanediol glu- 
curonide concentrations in patients treated with glucocorti- 
coids that suppress adrenal glucocorticoid and androgen 
production supports this conclusion.” 

The main excretory metabolites of androstenedione, 
testosterone, and DHEA are shown in Figure 53-5. Except for 
epitestosterone, these catabolites constitute a group of 
steroids known as 17-ketosteroids (17-KSs). These metabo- 
lites are excreted primarily in the urine (>90%), with 
approximately half as 17-KSs, and half as diols, triols, 
conjugates, and other polar compounds.!” 


MALE REPRODUCTIVE DEVELOPMENT 
Fetal 


During early embryogenesis, the fetus possesses the genital 
ducts for both the female and male reproductive tracts— 
mullerian and wolffian ducts, respectively. The mullerian 
ducts have the potential to differentiate into the fallopian 
tubes, uterus, and upper part of the vagina of the female 
reproductive tract. The wolffian ducts differentiate into the 
vas deferens, epididymis, and seminal vesicles of the male 
reproductive tract. In male fetuses, testosterone is responsi- 
ble for maintaining the wolffian ducts and for virilization of 
the urogenital sinus and external genitalia. Mullerian 
inhibiting substance (MIS) is responsible for the regression 
of the mullerian ducts.’ MIS is the earliest known secretory 
product of the Sertoli cells in the fetal testis. Mutations in 
the gene for MIS, or its receptor, are responsible for the lack 
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Figure 53-4 Biosynthesis of androgens (adrenal glands and testis). The heavy arrows indicate the 
preferred pathway. The enclosed area represents the site of chemical change. 
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Figure 53-5 Catabolism of CO, androgens. The circled area 
represents the site of chemical change. 


of regression of the mullerian ducts in patients with persis- 
tent mullerian duct syndrome. For normal male sexual 
development to occur, there must be production of MIS and 
testosterone, conversion of testosterone to DHT, and func- 
tioning androgen receptors.“ A microphallus (<2.5cm 
fully stretched length) at birth can be caused by lack of 
testosterone or DHT, or defective androgen receptors. In 
the male embryo, the production of testosterone by the 
testes, and the concentration of plasma testosterone, start 
to rise by the second month of gestation and peak at 12 
weeks at approximately 5.5 nmol/L.” A high concentra- 
tion is maintained until it decreases late in gestation (see 
Figure 53-6).°°7°°” 

Several enzyme defects will cause a deficiency of testos- 
terone production during fetal development. These include 
20c-hydroxylase (cholesterol 20,22-desmolase) deficiency, 
which prevents conversion of cholesterol to pregnenolone 
and results in congenital lipoid adrenal hyperplasia, so 
named because the adrenals are large and filled with lipoid 


Females 


Serum testosterone levels 


Fetus 0 1 year Puberty Aduit 
Age 

Figure 53-6 Schematic drawing of the changes in male and 
female total serum testosterone throughout life. (From Wheeler 
M|. The determination of bio-available testosterone. Ann Clin Biochem 
1995;32:353-7,) , 


material.” Affected male fetuses have female or ambiguous 
genitalia. Urinary 17-KSs are completely absent.'*”!” This 
disorder causes severe salt wasting and can be fatal if not 
treated early. 

When the condition of 170-hydroxylase deficiency occurs, 
the production of cortisol and sex steroids (except for 
progesterone) is impaired and the production of miner- 
alocorticoids increased (see Figure 51-4, Chapter 51),**° With 
this deficiency, plasma concentrations of corticosterone, 
11-deoxycorticosterone, progesterone, and pregnenolone are 
elevated. Boys exhibit pseudohermaphroditism and defi- 
ciency in development of secondary sex characteristics. 

Boys with 17f-hydroxysteroid dehydrogenase deficiency fail 
to form testosterone from androstenedione, androstenediol 
from DHEA, or estradiol from estrone in a normal manner 
(see Figure 53-4). At puberty, plasma concentrations of 
testosterone and DHT are low, and plasma androstenedione 
and estrone are elevated in those individuals.*” 


Postnatal 


At birth, the concentration of testosterone is only slightly 
higher in boys than in girls. Shortly after birth, the con- 
centration of testosterone increases, remains elevated for 
about 3 months, and then falls to baseline again by 1 year 
(<inmol/L). The concentration of androgens remains 
low, although higher in boys than in girls, until puberty 
(see Figure 53-6). 


Puberty 


Concentrations of androstenedione, DHEA, and DHEA-S 
begin to increase as early as 6 to 7 years of age, several years 
before maturation of the hypothalamic-pituitary-gonadal 
axis. The onset of puberty is associated with nocturnal surges 
in LH and, to a lesser extent, FSH secretion. The overall 
changes associated with puberty reflect the theory that the 
hypothalamic-pituitary system becomes less sensitive to 
feedback inhibition by circulating androgens, resulting in 
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. higher androgen concentrations. Androgen secretion during 
puberty appears to be necessary for normal bone density and 
is associated with a fall in high-density lipoprotein concen- 
trations, and an increase in hematocrit. On average, puberty 
is completed between the ages of 16 and 19.’ 


Andropause 


Increased life expectancy has generated interest in aging- 
related health problems and among those is the gradual 
decrease in gonadal function in men after the age of 50. The 
aging process in men leads to the physiological lowering of 
androgens including testosterone. Because it parallels the 
changes observed in the aging female during menopause, 
this state has been referred to as andropause.”°*!*}* The 
clinical presentation of andropause is symptomatic or 
asymptomatic, with symptoms including decreased well- 
being, energy levels, and sexual function. Unlike its female 
counterpart, andropause does not result in universal or 
absolute loss of gonadal function and the process is much 
more gradual, progressing over several decades. Thus alter- 
nate names such as androgen decline in the aging male 
(ADAM) or partial androgen deficiency in the aging male 
{(PADAM) have been suggested to describe this biochemical 
and physiological state.” 

Age-related decreases in testicular androgen production 
are primarily caused by a decline in the number of Leydig 
cells. Both total and free testosterone concentrations 
decrease with age on average 3.2ng/dL (0.11 nmol/L) per 
year.’ The mean testosterone concentration at 80 years old 
is approximately 60% of that at 20 to 50 years.* Testos- 
terone concentrations are affected by a number of factors— 
namely, age, obesity, time of day, and binding protein 
concentrations (albumin and SHBG). Free (or bioavailable) 
testosterone measurements of morning specimens are con- 
sidered the most accurate indicator of androgenicity and are 
therefore the preferred laboratory test in the diagnosis of 
andropause.*” Androgen replacement therapy is available as 
a form of treatment when indicated by severity of symptoms 
along with low circulating concentrations of bioavailable 
testosterone (typically <4nmol/L).”°!"** There is consid- 
erable uncertainty regarding the long-term effects of andro- 
gen replacement therapy on the prostate. Specifically, the 
role of exogenous testosterone in the pathogenesis of benign 
prostatic hyperplasia and prostate cancer has not been 
determined. 


MALE REPRODUCTIVE ABNORMALITIES 


There are a number of abnormalities that can affect the male 
reproductive system before birth, in childhood, or in adult- 
hood. For the purposes of this chapter, they have been 
divided into categories of (1) hypogonadotropic hypogo- 
nadism, (2) hypergonadotropic hypogonadism, (3) defects 
in androgen action (Box 53-1), (4) impotence, and (5) 
gynecomastia. The effects of these abnormalities on infertil- 
ity are discussed later in this chapter. 


Hypogonadotropic Hypogonadism 
Panhypopituitarism (congenital or acquired) 
Hypothalamic syndrome (acquired or congenital) 
Structural defects (neoplastic, inflammatory, and 
infiltrative) 
Prader-Willi syndrome 
Laurence-Moon-Bied] syndrome 
GnRH deficiency (Kallmann’s syndrome) 
Hyperprolactinemia (prolactinoma or drugs) 
Malnutrition and anorexia nervosa 
Drug-induced suppression of luteinizing hormone 
(androgens, estrogens, tranquilizers, antidepressants, 
antihypertensives, barbiturates, cimetidine, GnRH 
analogs, and opiates) 


Hypergonadotropic Hypogonadism 
Acquired (irradiation, mumps orchitis, castration, and 
cytotoxic drugs) 

Chromosome defects 
Klinefelter’s syndrome (47, XXY) and mosaics 
Autosomal and sex chromosomes, polyploidies 
True hermaphroditism 

Defective androgen biosynthesis 
200-Hydroxylase (cholesterol 20,22-desmolase) deficiency 
17,20-Lyase deficiency 
3B-Hydroxysteroid dehydrogenase deficiency 
170-Hydroxylase deficiency 
17B-Hydroxysteroid dehydrogenase deficiency 

Testicular agenesis 

Selective seminiferous tubular disease 

Miscellaneous 
Noonan’s syndrome {short stature, pulmonary valve 

stenosis, hypertelorism, and ptosis) 

Streak gonads 
Myotonia dystrophica 
Acute and chronic diseases 


Defects in Androgen Action 
Complete androgen insensitivity (testicular feminization) 
Incomplete androgen sensitivity 
Androgen receptor defects 
50-Reductase deficiency 


GaRH, Gonadotropin-releasing hormone. 


Hypogonadotropic Hypogonadism 
Male hypogonadism is a condition caused by a decreased 
function of the testes that can lead to retardation of sexual 
development if manifested early in life. The disorder can be 
classified as hypogonadotropic or hypergonadotropic. 
Hypogonadotropic hypogonadism occurs when defects 
in the hypothalamus or pituitary prevent normal gonadal 
stimulation. Causative factors include congenital or acquired 
panhypopituitarism, hypothalamic syndromes, GnRH defi- 
ciency, hyperprolactinemia, malnutrition or anorexia, and 
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iatrogenic causes. These abnormalities are all associated with 
decreased testosterone and gonadotropin concentrations. 

Kallmann’s syndrome is the most common form of hy- 
pogonadotropic hypogonadism and results from a defici- 
ency of GnRH in the hypothalamus during embryonic 
development.” It is characterized by hypogonadism and 
anosmia (loss of the sense of smell) in male or female 
patients, and is inherited as an autosomal dominant trait 
with variable penetrance.” This syndrome arises from a 
defect in the migration of GnRH neurons to the hypothala- 
mus. The pituitary disorders may be characterized by iso- 
lated gonadotropin deficiency or may be combined with 
growth hormone deficiency. Patients with the isolated disor- 
der display sexual infantilism and long arms and legs; those 
with the combined deficiency do not have long arms and 
legs. These patients must be distinguished from those with 
growth delay. In all of these patients, LH, FSH, and testos- 
terone concentrations are lower than normal. However, het- 
erogeneity exists in the degree of gonadotropin deficiency, 
and hence urinary concentrations of LH, FSH, and testos- 
terone have been shown to vary between affected patients 
(FSH: 10 to 500 mIU/hr; LH: 10 to 700 mIU/hr; testosterone: 
5 to 60ng/dL).” 


Hypergonadotropic Hypogonadism 

Hypergonadotropic hypogonadism arises from a primary 
gonadal disorder. Patients with primary testicular failure 
have elevated concentrations of LH and FSH and decreased 
concentrations of testosterone. Causes for primary hypogo- 
nadism include testicular damage such as from irradiation, 
disease, or drugs; chromosomal defects; enzymatic defects in 
androgen synthesis; testicular agenesis; and seminiferous 
tubular disease, among other miscellaneous causes. Aging is 
also associated with gonadal failure, which occurs in about 
20% of men older than 60 years of age who exhibit defects 
both in primary Leydig cell function and in abnormal secre- 
tion of gonadotropins in response to GnRH (see earlier 
section on andropause).*7°9>" 


Defects in Androgen Action 


The most common and severe defect in androgen action is 
testicular feminization syndrome. These individuals have 
female habitus and develop breast tissue; however, the vagina 
ends in a blind pouch and male testes are present. This 
disorder is thought to arise from a defect in the androgen 
receptor. Circulating concentrations of testosterone in these 
patients are the same as or greater than in normal men.” 
Testosterone can serve as a substrate for further estrogen for- 
mation, which may account for the elevated estrogen con- 
centrations in these individuals.’ Concentrations of LH are 
also increased, presumably because of the resistance of the 
hypothalamic-pituitary system to androgen inhibition. 
Males with 5a-reductase deficiency also have ambiguous 
genitalia.” If the deficiency remains undiagnosed before 
puberty, patients have an increase in muscle mass, voice 


change, and enlargement of the phallus; however, they lack 
normal male-pattern hair growth, and their prostate gland 
remains small. There is evidence that DHT formation is 
deficient in the tissue of the urogenital tract in these 
patients. ©” 

In patients with cryptorchidism or ambiguous genitalia, 
the identification of abdominal gonads is essential for proper 
diagnosis and treatment. Measurement of plasma MIS has 
been advocated for detecting the presence of testicular 
tissue,"**”8 However, this test is not yet commercially 
available. The best indication for the use of MIS measure- 
ment is as a first approach to the differentiation between 
cryptorchidism and anorchidism in boys with a normal phe- 
notype but undescended testes. Mean plasma MIS concen- 
tration in anorchid patients was 0.8 ng/mL, compared with 
48.2 ng/mL in patients with normal testes.'°* MIS concen- 
trations are also elevated in boys with delayed puberty and 
partial androgen insensitivity. Other reports suggest that 
inhibin B may be used as a basal serum marker for the pres- 
ence and function of testicular tissue in boys with non- 
palpable testicles.*'*!®° Kubini and co-workers found that 
boys with anorchia have undetectable serum inhibin B con- 
centrations. Boys with severe testicular damage or gonadal 
dysgenesis also have undetectable or very low concentrations 
of inhibin B, whereas normal serum inhibin B concentra- 
tions are observed for boys with abdominal “normal” 
testes.” 


Impotence 


Impotence is the persistent inability to develop or maintain 
a penile erection that is sufficient for intercourse and ejacu- 
lation in 50% or more of attempts.” A wide variety of 
organic and psychological abnormalities may cause changes 
in sexual drive and the ability to have an erection or to ejac- 
ulate. Psychogenic impotence is the most common diagno- 
sis, Other causes include vascular disease, diabetes mellitus, 
hypertension, uremia, neurologic disease, hypogonadism, 
hyperthyroidism and hypothyroidism, neoplasms, and 
drugs. The physician must pursue a careful evaluation of the 
possible psychological factors, neuropathy, or vascular 
abnormalities that may be interfering with proper sexual 
function. If no obvious explanation for impotence can be 
found, measurements of morning serum testosterone, LH, 
and thyroid-stimulating hormone concentrations have been 
suggested. ”®?” Elevated gonadotropin concentrations indi- 
cate primary hypogonadism. Total and even free testosterone 
concentrations may be within normal reference intervals, yet 
still may be subnormal for a given patient if found in the 
presence of elevated LH or FSH. Hyperprolactinemia is an 
infrequent cause of impotence but should be considered in 
unusual situations. 

Sildenafil (Viagra) was approved by the FDA in April 
1998 for use as an oral therapeutic agent for male erectile 
dysfunction. 64729 Tt has been found to be a selective 
inhibitor of phosphodiesterase 5 (PDES).% A high- 
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performance liquid chromatography (HPLC) method for 
sildenafil has been reported. Cialis and Levitra are other 
PDE5 inhibitors that are used to treat male erectile dysfunc- 
tion (http://www.erectile-dysfunction-impotence.org/). 


Gynecomastia 


Gynecomastia is the benign growth of glandular breast 
tissue in men and is a common finding in males of varied 
ages.>""” Gynecomastia is associated with an increase in 
the estrogen/androgen ratio. There are three distinct periods 
of life with which gynecomastia is commonly associated. 
First, transient gynecomastia can be found in 60% to 90% 
of all newborns because of high estrogen concentrations that 
cross the placenta. The second peak occurs during puberty 
in 50% to 70% of normal boys. It is usually self-limited and 
may be caused by low serum testosterone, low DHT, or a 
high estrogen/androgen ratio. The last peak is found in the 
adult population, most frequently 50- to 80-year-old men. 
This gynecomastia may be due to testicular failure, resulting 
in an increased estrogen/androgen ratio, or to increased 
body fat, resulting in increased peripheral aromatization of 
testosterone to estradiol." 

Gynecomastia may also develop because of iatrogenic 
causes™ or hyperthyroidism." Finally, germinal cell or 
nonendocrine tumors that produce human chorionic 
gonadotropin (hCG), and estrogen-producing tumors of the 
adrenal glands, the testes, or the liver can cause gynecomas- 
tia. hCG can stimulate testicular aromatase activity and 


estrogen production.” In cases of striking gynecomastia in 
which history and physical examination point to no specific 
disorder, measurements of hCG, plasma estradiol, testos- 
terone, and LH concentrations are appropriate.” It is impor- 
tant to note that prolactin plays an important role in 
galactorrhea (milk production), but only an indirect role in 
gynecomastia. 


ANATOMY 


The female reproductive system consists of a vagina, a 
uterus, and the bilateral fallopian tubes and ovaries. The 
ovaries are located on either side of the uterus in close 
proximity to the fallopian tubes. They function as both the 
producers of ova and the secretors of the sex hormones 
progesterone and estrogens. 

Every healthy female neonate possesses approximately 
400,000 primordial follicles, each containing an immature 
ovum. During the reproductive life span of an adult woman, 
300 to 400 follicles will reach maturity."”"”’ A single mature 
follicle is produced during each normal menstrual cycle at 
approximately day 14 (Figure 53-7). Surrounding the oocyte 
of the mature follicle are three distinct cell layers: the theca 
externa, the theca interna, and the granulosa cells. The theca 
interna cells are the primary source of androgens, which are 
transported to adjacent granulosa cells, where they are aro- 
matized to estrogens.” 
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Figure 53-7 The hormonal, ovarian, 
endometrial, and basal body temperature 
changes throughout the normal menstrual cycle. 
(From Carr BR, Bradshaw KD. Disorders of the ovary 
and female reproductive tract. In Braunwald E, Fauci 
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The mature follicle undergoes ovulation by the process of 
rupture, thereby releasing the oocyte into the proximity of 
the fallopian tubes. The follicle then fills with blood to form 
the corpus hemorrhagicum. The granulosa and theca cells of 
the follicle lining quickly proliferate to form lipid-rich luteal 
cells, replacing the clotted blood and forming the corpus 
luteum (yellow body). The luteal cells produce estrogen 
and progesterone. If fertilization and pregnancy occur, the 
corpus luteum persists and continues to produce estrogen 
and progesterone. If no pregnancy occurs, the corpus luteum 
regresses and is eventually replaced by scar tissue. 

The fallopian tubes arise from the uterus and extend 
toward the ovaries. They convey the sperm upward from the 
uterine cavity and provide the site for fertilization of the 
oocyte. The fertilized egg is transported back along the fal- 
lopian tubes to the uterine cavity. The uterine cavity is lined 
by the endometrium. The endometrium undergoes cyclical 
changes in preparation for implantation and pregnancy. 
During the luteal phase, the endometrial lining increases in 
thickness and vascularity; during menstruation, the 
endometrium is shed (Figure 53-7). 


HYPOTHALAMIC-PITUITARY-GONADAL AXIS 


In adult women, a tightly coordinated feedback system exists 
between the hypothalamus, anterior pituitary, and ovaries to 
orchestrate menstruation. FSH serves to stimulate follicular 
growth and LH stimulates ovulation and progesterone secre- 
tion from the developing corpus luteum (see Figure 53-8). 
These actions are discussed in greater depth later in this 
chapter. 


ESTROGENS 
Function 


Estrogens are sex hormones that are responsible for the 
development and maintenance of the female sex organs and 
female secondary sex characteristics. In conjunction with 
progesterone, they also participate in the regulation of the 
menstrual cycle and breast and uterine growth, and in the 
maintenance of pregnancy. 

Estrogens affect calcium homeostasis and have a bene- 
ficial effect on bone mass. They decrease bone resorption, 
and in prepubertal giris estrogen accelerates linear bone 
growth and results in epiphyseal closure.’ Long-term 
estrogen depletion is associated with loss of bone mineral 
content, an increase in stress fractures, and postmenopausal 
osteoporosis. '®° 

Estrogens also have well established effects on plasma 
proteins that influence endocrine testing. They increase con- 
centrations of SHBG, corticosteroid-binding globulin, and 
thyroxine-binding globulin.” Hence, boys and girls have 
comparable concentrations of SHBG, but adult men have 
SHBG concentrations that are about one half those of adult 
women, Concentrations of plasma proteins that bind copper 
and iron are also elevated in response to estrogen, as are 
those of high-density and very high-density lipoproteins. 
The rise in very high-density lipoprotein concentrations and 
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Figure 53-8 Summary of the endocrine control and changes in 
ovary and endometrium during the menstrual cycle. Dashed lines 
indicate inhibitory effects, and solid fines stimulatory effects, FSH, 
Follicle-stimulating hormone; GnRH, gonadotropin-releasing 
hormone; LH, luteinizing hormone. 


the increase in lipogenesis in the liver may cause triglyceride 
elevation. In addition, estrogens are believed to play a pre- 
ventive role in coronary heart disease. 


Chemistry 


The names and structural formulas of some of the im- 
portant estrogens are shown in Figure 53-9. Structurally, 
estrogens are derivatives of the parent hydrocarbon estrane, 
which is an 18-carbon molecule with an aromatic ring 
A and a methyl group at C-13.%°” Estrogens possess a 
phenolic hydroxyl group at C-3, which gives the compounds 
acidic properties, do not possess a methyl group at C-10 (as 
do androgens), and may possess a ketone (estrone) or 
hydroxyl group (estradiol) at C-17 and frequently at C-16 
(estriol). The phenolic ring A and the oxygen function at 
C-17 are essential for biological activity. Substituents 
at other positions in the molecule diminish feminizing 
potency. For example, estriol that contains a hydroxyl group 
at C-16 possesses very little biological activity. 


Biochemistry and Physiology 

Estrogen Biosynthesis 

In normal women, most estrogens are secreted by the 
ovarian follicles and the corpus luteum, and during preg- 
nancy by the placenta. Adrenals and testes are also believed 
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Figure 53-9 Structural formulas of important estrogens. 


to secrete minute quantities of estrogens. The ovary follows 
the same steroidogenic pathway as do the other steroid- 
producing organs.**’”’ In vivo and in vitro studies indicate 
that acetate, cholesterol, progesterone, and testosterone can 
all serve as precursors of estrogens. The normal human 
ovary produces all three classes of sex steroids—estrogens, 
progestins, and androgens; however, estradiol and proges- 
terone are its primary secretory products. Unlike the testis, 
the ovary possesses a highly active aromatase system that 
rapidly converts androgens such as testosterone to estro- 
gens. Unlike the adrenal cortex, the normal ovary lacks both 
the 21-hydroxylase and the 11B-hydroxylase enzymes, and 
therefore cannot produce glucocorticoids and mineralocor- 
ticoids.“**”? More than 20 estrogens have been identified, but 
only 17B-estradiol (also denoted as E2} and estriol (also 
denoted as E3) are routinely measured clinically. The most 
potent estrogen secreted by the ovary is 17B-estradiol. 
Because it is derived almost exclusively from the ovaries, its 
measurement is often considered sufficient to evaluate 
ovarian function. 

The biochemical pathway illustrating the aromatization 
of testosterone to estradiol and androstenedione to estrone 
is shown in Figure 53-10. Steroidogenesis and its regulation 
during the menstrual cycle have been discussed in detail by 


Channing and associates.* The role of estrogens in normal 
and abnormal menstrual cycles is described later in this 
chapter. 

Estrogens are also produced by peripheral aromatiza- 
tion of androgens, primarily androstenedione. In healthy 
men and women, ~1% of the secreted androstenedione 
is converted to estrone.“**” Although the ovaries of post- 
menopausal women do not secrete estrogens, these women 
have significant blood concentrations of estrone originating 
from the peripheral conversion of adrenal androstenedione. 
Because a major site of this conversion is adipose tissue, 
estrone increases in obese postmenopausal women, some- 
times yielding enough estrogen to produce bleeding,*’*”°” 
The significance of extraglandular estrogen production in 
health and disease has been discussed at length by Siiteri and 
MacDonald.” 


Biosynthesis of Estriol During Pregnancy 


Research has shown that biosynthesis of estrogens differs 
qualitatively and quantitatively in pregnant women com- 
pared with nonpregnant ones. In pregnant women, the 
major source of estrogens is the placenta, whereas in non- 
pregnant women, the ovaries are the main site of synthe- 
sis?” In contrast to the microgram quantities secreted 
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Figure 53-10 Biosynthesis of estrogens. Heavy arrows indicate 
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of chemical change. See Figure 53-5 for the early synthetic steps. 


by nonpregnant women, the amount of estrogen secreted 
during pregnancy increases to milligram amounts. The 
major estrogen secreted by the ovary is estradiol, whereas the 
major product secreted by the placenta is estriol. Estriol is 
formed in the placenta by sequential desulfurylation and 
aromatization of plasma DHEA-S, Except during pregnancy, 
measurements of estriol have little clinical value, because in 
nonpregnant women estriol is derived almost exclusively 
from estradiol (see also Chapter 54). 

Estriol is the predominant hormone of late pregnancy. 
Maternal estriol is almost entirely (~90%) derived from fetal 
and placental sources. It is first detected during the 9th ges- 
tational week and gradually increases during the first and 


second trimesters. Plasma and salivary estriol concentrations 
peak approximately 3 to 5 weeks before labor and delivery.’ 
This characteristic surge in estriol has been observed for 
term, preterm, and postterm pregnancies. Some reports 
have suggested utility in the measurement of salivary es- 
triol in the prediction of risk for spontaneous preterm 
birth.147187219 This test has a high negative predictive 
value but low positive predictive value. Currently, the 
American College of Obstetrics and Gynecologists does 
not suggest measuring salivary estriol concentrations except 
for research purposes.’ Details regarding the techniques 
used to determine serum and salivary estriol concentrations 
are discussed in the section on analytical methods. 

Serum estriol measurements are commonly used as part 
of the “triple” or “quad” maternal screens for Down syn- 
drome-—affected fetuses (see Chapter 54). On average, uncon- 
jugated estriol is 0.72 times less than normal (median value 
at 16 weeks: 0.30 to 1.50 ug/L) when fetal Down syndrome 
is present.49?22329349 


Estrogen Transport in Blood 


Greater than 97% of circulating estradiol is bound to plasma 
proteins. It is bound specifically and with high affinity to 
SHBG and nonspecifically to albumin.” SHBG concen- 
trations are increased by estrogens and therefore are higher 
im women than in men. They are also increased during 
pregnancy, oral contraceptive use, hyperthyroidism, and 
administration of certain antiepileptic drugs, such as Dilan- 
tin. SHBG concentrations may decrease in hypothyroidism, 
obesity, or androgen excess. In women, estradiol circulates 
bound 40% to 60% to SHBG and 40% to 60% to albumin. 
SHBG has a higher affinity for testosterone than estradiol; 
therefore in men, estradiol circulates 20% to 30% bound to 
SHBG and 70% to 80% bound to albumin.” Only 2% to 
3% of total estradiol circulates in the free form. In contrast, 
estrone and estrone sulfate circulate bound almost exclu- 
sively to albumin. As with testosterone, both the free and 
albumin-bound fractions of estradiol are thought to be 
biologically available,” but measurement of this fraction 
has not been shown to be clinically important. 

In the normal, nonpregnant woman, estradiol is pro- 
duced at the rate of 100 to 300ug/day.“°*"”? The produc- 
tion of estrone ranges from 100 to 200ug/day. Diurnal 
variation of blood estrone concentrations occurs in post- 
menopausal women, presumably reflecting the variation in 
the androstenedione precursor that originates in the adrenal 
glands. However, no such diurnal rhythms have been 
demonstrated for estradiol. 


Metabolism of Estrogens 


In the normal course of estrogen metabolism (Figure 53-11), 
estradiol is believed to form a reversible redox system with 
estrone. Normally, blood estrone concentrations parallel 
estradiol concentrations throughout the menstrual cycle, 
but at one third to one half their magnitude.”*' Estrone is 
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Figure 53-11 Main pathways of estradiol metabolism in 
humans. The circled area represents the site of chemical change. 


then metabolized along two alternative pathways: the 2- 
hydroxylation pathway leads to the formation of catechol 
estrogens (2-hydroxyestrone, 2-hydroxyestradiol, and 
2-hydroxyestriol and their corresponding methoxy 
derivatives), and the 160-hydroxylation pathway leads 
predominantly to the formation of estriol.” The direction 
of estradiol metabolism depends on the pathophysiological 
state. For example, obesity and hypothyroidism are associ- 
ated with an increase in estriol formation, whereas low body 
weight and hyperthyroidism are associated with the forma- 
tion of catechol estrogens.” Although assays for catechol 
estrogen measurement are available,” they have no known 
current clinical value. 

As is the case for other steroids, the liver is the primary 
site for the inactivation of estrogens. The main biochemical 
reactions are hydroxylation, oxidation, reduction, and 
methylation. Conjugation with glucuronic or sulfuric acid, 
which imparts more water solubility to these steroids and 
thus allows them to be eliminated rapidly through the 
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kidney, is the final step in the metabolic process, Catechol 
estrogens, in addition, can bind covalently with protein 
through o-quinone or o-semiquinone intermediates. 


PROGESTERONE 


Progesterone, like the estrogens, is a female sex hormone. In 
conjunction with estrogens, it helps to regulate the accessory 
organs during the menstrual cycle.’ This hormone is 
especially important in preparing the uterus for the implan- 
tation of the blastocyst and in maintaining pregnancy. In 
nonpregnant women, progesterone is secreted mainly by the 
corpus luteum. During pregnancy, the placenta becomes the 
major source of this hormone. Minor sources are the adrenal 
cortex in both sexes and the testes in men. 


Chemistry 

The structural formula of progesterone, a C}, compound, is 
shown in Figure 53-12. Like the corticosteroids and testos- 
terone, progesterone (pregn-4-ene-3,20-dione) contains a 
keto group (at C-3) and a double bond between C-4 and 
C-5 (A‘); both structural characteristics are essential for pro- 
gestational activity. The two-carbon side chain (CH;CO) on 
C-17 is not thought to be important for its physiological 
action. Indeed the synthetic compound 19-nortestosterone 
(see Figure 53-12) and its derivatives, which are widely used 
as oral contraceptives, are more potent progestational agents 
than progesterone itself. 


Biochemistry and Physiology 

Biosynthesis 

Biosynthesis of progesterone in ovarian tissue is believed to 
follow the same path from acetate to cholesterol through 
pregnenolone as it does in the adrenal cortex (see Chapter 
51).**°99” Tn luteal tissue, however, low-density lipoprotein 
cholesterol is thought to serve as the preferred precursor 
despite the potential of the corpus luteum to synthesize 
progesterone de novo from acetate. Initiation and control 
of luteal secretion of progesterone are regulated by LH and 
BSH, 16220373 


Transport 


Progesterone does not have a specific plasma-binding 
protein, but like cortisol is bound to corticosteroid-binding 
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globulin. Reported concentrations for plasma free proges- 
terone vary from 2% to 10% of total concentrations, and the 
percentage of unbound progesterone remains constant 
throughout the normal menstrual cycle." The production 
rate of progesterone during the luteal phase reaches as high 
as 30 mg/day, whereas the production rate of progesterone 
by the placenta during the third trimester of pregnancy is 
~300 mg/day. 


Metabolism 


The important metabolic events leading to inactivation of 

progesterone are reduction and conjugation. The main 

metabolic pathway for the metabolism of progesterone is 

shown in Figure 53-13. 

Metabolites of progesterone may be classified into three 
groups based on the degree of reduction: 

1. Pregnanediones. The C4-5 double bond is reduced, 
producing two compounds: pregnanedione (hydrogen 
atom at C-5 is in B-orientation) and allopregnanedione 
(hydrogen atom at C-5 is in ot-orientation). 

2. Pregnanolones. The keto group at C-3 is reduced, pro- 
ducing hydroxyl groups in &- or B-orientation. However, 
most urinary pregnanolones exist in the a-configuration. 

3. Pregnanediols. The keto group at C-20 is also reduced. 
As in the previous case, metabolites containing the 20- 
hydroxyl group in &-orientation are quantitatively more 
important. In fact, urinary measurement of pregnanediol 
(5B-pregnane-30,,200-diol) can be used as an index of 
endogenous production of progesterone, because this 
metabolite is quantitatively very significant and its con- 
centration correlates with most clinical conditions. 

Reduced metabolites are eventually conjugated with glu- 

curonic acid and excreted as water-soluble glucuronides. 


FEMALE REPRODUCTIVE DEVELOPMENT 
Fetal 


In the genotypic female, lack of testosterone and MIS causes 
regression of the wolffian ducts and maintenance of the mul- 
lerian ducts, thus forming the female reproductive tract." 
Gonadotropin activity in utero is suppressed. because of high 
concentrations of circulating estrogens derived from the 
mother, 


Postnatal 


When the placenta separates, concentrations of fetal sex 
steroids drop abruptly. Serum estradiol in neonates decreases 
to basal concentrations within 5 to 7days after birth and per- 
sists at this concentration until puberty. The negative feed- 
back action of steroids is now removed, and gonadotropins 
are released. Postnatal peaks of LH and FSH are measurable 
for a few months after birth, peaking at 2 to 5 months and 
then dropping to basal concentrations, 

During childhood, circulating concentrations of sex 
steroids and gonadotropins are low and are similar for both 
sexes. However, in patients with hypogonadism (Turner’s 
syndrome), LH and FSH concentrations are higher than in 
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Figure 53-13 Metabolism of progesterone. The circled area 
represents the site of chemical change. 


normal children.***” Pituitary response to exogenous GnRH 
stimulation parallels the endogenous secretion rates of LH 
and FSH. In children younger than 2 years of age, LH and 
FSH production increases dramatically in response to exoge- 
nous GnRH administration." From then until about age 10, 
the responses are less than during the first 2 years. At the 
peripubertal stage, LH concentrations rise to more than 
15 IU/L in both boys and girls, a response comparable with 
that in adults.“°’? FSH response parallels that of LH, but is 
lesser in magnitude. 


Puberty 


The transition from sexual immaturity appears to begin with 
a diminished sensitivity of the pituitary gland or hypothal- 
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amus, or both, to the negative feedback effect of the sex 
steroids. The mechanism for this change is unclear. As 
puberty approaches, nocturnal secretion of gonadotropins 
occurs. Concentrations for LH, FSH, and gonadal steroids 
rise gradually over several years before stabilizing at adult 
concentrations, when full sexual maturity is reached. In girls, 
puberty is considered precocious if the onset of pubertal 
development (secondary sex characteristics) occurs before 
the age of 8 (see later section on precocious puberty), and 
delayed if there has been no development by the age of 13 
or if menarche has not occurred by age 16.5.°”” Current lit- 
erature reports that the median age of menarche in the 
United States is 12.43 years, which is 0.34 years earlier than 
reported in 1973.7! This study also found that the median 
age at menarche of non-Hispanic black (12.06 years) girls is 
significantly earlier than that of non-Hispanic white (12.55 
years) and Mexican-American (12.25 years) girls.” 

Adrenarche precedes puberty by a few years. In girls, the 
rise in adrenal androgen concentrations (DHEA, DHEA-S, 
and androstenedione) begins at 6 to 7 years. ™ This rise in 
adrenal androgen concentrations lasts until late puberty. A 
cortical androgen-stimulating hormone may contribute to 
the rise of adrenal androgens at puberty in both sexes. In 
girls, puberty is associated with rises in estrogen secretion by 
the ovary in response to gonadotropin concentrations that 
increase in response to GnRH." Estrogen secretion by 
the ovary increases and causes enlargement of the uterus and 
breasts. In the breast, estrogen enhances growth of ducts; 
progesterone augments this effect. As the breast develops, 
estrogen also increases adipose tissue around the lactiferous 
duct system and contributes to the further enlargement of 
breast tissue.*°” The alveoli shift to a secretory pattern 
under the influence of progesterone. 


FEMALE REPRODUCTIVE ABNORMALITIES 

Female Pseudohermaphroditism 

In pseudohermaphroditism, the gonadal sex varies from the 
genital sex. The female pseudohermaphrodite is an indivi- 
dual who is genetically female but whose phenotypic char- 
acteristics are, to varying degrees, male. In neonates with a 
46 XX karyotype and ambiguous genitalia, congenital adrenal 
hyperplasia (CAH) should be considered. CAH is a family of 
autosomal recessive disorders of adrenal steroidogenesis 
(see Chapter 51). Each disorder has a specific pattern of 
hormonal abnormalities resulting in deficiency or excess of 
androgens. The molecular genetics of CAH are discussed in 
detail in several reviews, 65675718936 Tn female fetuses, expo- 
sure to androgens before the 12th week of gestation causes 
ambiguous genitalia; after 13 weeks, it results in clitoral 
enlargement.’ Because androgen excess occurs before the 
12th week of gestation in those with CAH, ambiguous 
genitalia are almost always present. Only deficiencies of 21- 
hydroxylase and 11B-hydroxylase are predominantly 
virilizing disorders. Deficiency of 3B-hydroxysteroid dehy- 
drogenase is rare, but when present, affected girls may 
exhibit virilization. 


Diagnosis of 21-hydroxylase deficiency can be made in 
infants and children with excess excretion of urinary 17-KSs 
and pregnanetriol (a metabolite of 17-hydroxyprogesterone; 
see Chapter 51) and an elevated concentration of plasma 
17-hydroxyprogesterone and androstenedione. 454 
However, sick and premature infants may have elevated 
concentrations of 17-hydroxyprogesterone and androstene- 
dione.”*'’ An elevation of 17-hydroxyprogesterone 
concentrations in early infancy (>3000ng/dL) confirms the 
diagnosis of this disorder.” Additionally, molecular diag- 
nostic testing is now available for detection of the mutations 
that account for a majority (80% to 90%) of 21-hydroxylase 
deficiency cases.’”” 

An 11B-hydroxylase deficiency is confirmed by finding ele- 
vated plasma concentrations of 11-deoxycortisol and deoxy- 
corticosterone, increased concentrations of their metabolites 
in urine, and their suppression by glucocorticoid therapy 
(see Chapter 51). Plasma renin activity and aldosterone con- 
centrations are low in this deficiency. 68259 

Elevated plasma concentrations of 17-hydroxypreg- 
nenolone, DHEA, and DHEAS are found in patients with 
3B-hydroxysteroid dehydrogenase deficiency (see Chapter 
51). Plasma concentrations of 17-hydroxyprogesterone 
may be elevated due to peripheral conversion of 17- 
hydroxypregnenolone. The ratio of 17-hydroxypreg- 
nenolone to 17-hydroxyprogesterone is strikingly elevated in 
these patients, 68252 


Precocious Puberty 


Precocious puberty is the development of secondary sexual 
characteristics in girls less than 8 years old and boys less than 
9 years old.”® In 1999, the Lawson Wilkins Pediatric Society 
issued new recommendations to lower the age standards at 
which puberty should be considered precocious from 8 to 7 
in white girls and to 6 in black girls.'” The new recommen- 
dations were met with criticism because they are based solely 
on a single epidemiological study performed by Herman- 
Giddens and collaborators in 1997.'°' Many argue that the 
decreased age standards will result in underdiagnosis of this 
condition. 197,225,278 

Despite the debate over the age of onset, pediatric 
endocrinologists agree that it is important to distinguish 
between benign advanced pubertal conditions and true pre- 
cocious puberty.* Early puberty is manifested by the appear- 
ance of secondary sexual characteristics such as premature 
thelarche (premature breast development), premature 
adrenarche (premature sexual hair development), or phallic 
enlargement. When presented. as isolated cases, these sec- 
ondary sexual characteristics are not considered to be patho- 
logical as none progresses to full-blown puberty, nor are they 
associated with increased rates of bone growth and matura- 
tion. However, if a child has at least two signs of puberty 
and also demonstrates increased rates of bone growth and 


*References 48, 166, 182, 192, 196, 224. 
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maturation, the many causes of true precocious puberty 
must be considered.’ 

Precocious puberty is classified as GnRH dependent 
or independent.*'*""** GnRH-dependent precocious 
puberty (also called central precocious puberty) is due to 
precocious activation of the hypothalamic-pituitary-gonadal 
axis. In girls, the cause is most commonly idiopathic (90%); 
however, idiopathic cases account for less than 10% of 
central precocious puberty in boys. Central nervous system 
tumors can also cause central precocious puberty, the most 
common being hypothalamic hamartomas. Neurofibro- 
matosis has been also reported to lead to GnRH-dependent 
precocious puberty. 

GnRH-independent precocious puberty {also called 
pseudoprecocious puberty) refers to precocious sex steroid 
secretion that is independent of pituitary gonadotropin 
release. CAHs is a common cause of pseudoprecocious 
puberty. Classic forms of CAH present with virilization, 
growth acceleration, and accelerated bone maturation. Non- 
classical or late-onset forms usually present in childhood or 
adolescence with premature adrenarche and acne. In fact, 5% 
to 10% of children presenting with premature adrenarche 
have late-onset adrenal hyperplasia. Tumors of the adrenal 
gland, ovaries, and testes that secrete androgens or estrogens 
may result in GnRH-independent precocious puberty. 
Males exhibiting signs of puberty around age 2 are charac- 
teristic of testotoxicosis, a familial male-limited form of 
precocious puberty. This autosomal dominant disorder is 
due to activating mutations affecting LH receptors, The 
McCune-Albright syndrome is due to a point mutation 
in the G protein associated with gonadotropin receptors, 
which causes the gonads to function as if both the FSH 
and LH receptors are constitutively activated. Although 
this mutation results in GnRH-independent precocious 
puberty in both sexes, it is most common in girls. Precocious 
puberty combined with polyostotic fibrous dysplasia and 
café-au-lait pigmentation are hallmarks for McCune- 
Albright syndrome. Severe hypothyroidism is also associated 
with GnRH-independent precocious puberty, likely due 
to the intrinsic FSH activity of high circulating concentra- 
tions of TSH. Unlike the other causes, hypothyroid-induced 
precocious puberty is associated with skeletal and growth 
delay. 

Diagnosis of precocious puberty is based on (1) clinical 
presentation, (2) a thorough pubertal history, (3) bone 
age determinations, and (4) laboratory tests to assess 
gonadotropin concentrations and response to exogenous 
GnRH.* The GnRH stimulation test is the gold standard for 
diagnosis of GnaRH-dependent precocious puberty. Pubertal 
responses of LH and FSH to GnRH stimulation are consid- 
ered diagnostic of precocious puberty when the chronolo- 
gical age is inappropriate for the hormone response. The 
GnRH stimulation test is also used to monitor the effective- 


*References 48, 166, 182, 192, 196, 224. 


ness of GnRH agonist therapy. 7 Typically, an IV bolus 
of exogenous GnRH is administered followed by a single 
measurement (at 40 to 45 minutes) or serial measurements 
of LH and FSH concentrations.* A predominant LH 
response correlates with a pubertal pattern and cutoffs vary 
depending on the assay, with sex differences noted. A typical 
pubertal response is characterized by a rise in LH 2>81U/L 
after IV administration of 100g GnRH.”’ In girls, peak 
LH/ESH ratios >0.66 to 1.0 have also been proposed to be 
diagnostic of central precocious puberty.” Highly sensi- 
tive fluorometric” and chemiluminetric’” immunoassays 
are now available for measuring basal LH concentrations, 
Basal LH concentrations can be used instead of the GnRH 
stimulation test for diagnosis of central precocious puberty. 
A fluorometric assay resulting in a basal concentration of LH 
>0.6IU/L in either sex indicates a pubertal pattern and is 
consistent with precocious puberty. Values <0.6TU/L can 
occur with any form of precocious puberty and require 
follow-up with a GnRH stimulation test.” A similar pattern 
is observed for the immunochemiluminometric assays using 
a cutoff of 0.3TU/L."" 

Response to exogenous GnRH is suppressed and LH and 
FSH concentrations are low in individuals with GnRH- 
independent precocious puberty. The diagnosis of GnRH- 
independent precocious puberty must exclude nonclassical 
adrenal hyperplasia (NCAH). Basal 17-hydroxyprogesterone 
concentrations of early morning samples can be used to 
screen for 21-OH-deficient NCAH. A basal 17-hydroxy- 
progesterone concentration <200ng/L (<6.0nmol/L) 
almost always rules out 21-OH-deficient NCAH. Patients 
with intermediate (200 to 500ng/dL) basal 17-hydroxy- 
progesterone concentrations should undergo an ACTH 
stimulation test to confirm the presence of a 21-OH- 
deficient NCAH. Such a test is done by measuring the 
17-hydroxyprogesterone response to ACTH stimulation. 
An exaggerated response is expected in cases of NCAH. 
Although controversial, current guidelines use a 17- 
hydroxyprogesterone diagnostic cutoff of >1000ng/dL 
(>30nmol/L ).” Some argue that the cutoff should be 
raised to >1500ng/dL (>45nmol/L) or >2000ng/dL 
(>60 nmol/L), as the value of 30 nmol/L was set before the 
availability of molecular genotyping, and studies have 
indicated that several nonaffected carriers exhibit 17- 
hydroxyprogesterone concentrations above 30 nmol/L.’*"” 

The therapy for precocious puberty is dependent 
upon the presenting symptoms and underlying 
causes, 1821921622425? Tsolated premature thelarche or adren- 
arche does not require therapy. Patients with premature 
thelarche should be followed for 3 to 6 months and require 
further evaluation for precocious puberty. Cases of prema- 
ture adrenarche should be evaluated for NCAH and/or 
polycystic ovary syndrome (PCOS) in girls with determined 
insulin resistance. GnRH-dependent precocious puberty is 


*References 53, 100, 166, 183, 195, 239, 240. 
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treated using GnRH agonists to inhibit normal gonado- 
tropin release, thereby slowing pubertal progression. The 
therapy for GnRH-independent precocious puberty is deter- 
mined by the underlying cause. 


Estrogens and Breast Cancer 


Suspicions of estrogen-based etiologies in the development 
of human breast cancer result from both epidemiological 
and experimental observations.”*'*")4 Early menarche 
and later natural menopause are associated with increased 
risk of breast cancer. A two-stage mechanism has been pos- 
tulated: (1) initiation of a precancerous state by ovarian 
activity during the early reproductive years, and (2) contin- 
uation of ovarian activity in later years as a promoting influ- 
ence on already initiated tumor cells. Ovarian estrogen has 
been assumed to be the causative factor, as the administra- 
tion of estrogen negates the protective effects of early 
oophorectomy. Moreover, treatment of men with estrogen 
for prostatic cancer or after transsexual operations is also 
associated with an increased risk of breast cancer. 

Low risk for breast cancer has consistently been con- 
nected with high parity. Increased risk is associated with 
early menarche, late (>30 years) first full-term pregnancy, 
and late menopause. Pregnancy occurring before age 25 to 
30 years has a protective effect. 

According to the theory, the relative concentrations of 
individual estrogen fractions (estrone, estradiol, and 
estriol) produced in the first decade or so after puberty are 
important determinants of a woman’s lifetime risk of breast 
cancer.* In particular, pregnancy at a young age is associated 
with both favorable estrogen fraction ratios and decreased 
risk, Further discussion of the role of estrogen in the genesis 
of breast cancer is found in monographs and review 
articles 62111 116.175,176,204 

The rationale for using endocrine therapy in women with 
breast carcinoma is based on the fact that estrogen stimu- 
lates biochemical processes in cells of the uterus, pituitary 
gland, hypothalamus, and breast that normally contain the 
estrogen receptor. A reduction in circulating estrogen con- 
centrations would be expected to decrease the biochemical 
activity of these cells. Approximately one third of women 
with metastatic breast carcinoma obtain an objective 
remission after various types of endocrine therapy directed 
at lowering their estrogen concentrations. Such therapy 
includes oophorectomy, hypophysectomy, and adrenalec- 
tomy (ablative therapy), and administration of anties- 
trogens, androgens, and aromatase inhibitors (additive 
therapy) 22428827 

Cytoplasmic estrogen receptors are important prognostic 
indicators and are now routinely measured in samples of 
breast tissue after surgical removal of the tumor. Sixty 
percent of patients with carcinoma of the breast have tumors 
that are estrogen receptor positive. Approximately two thirds 
of patients with estrogen receptor—positive tumors respond 
to endocrine therapy; 95% of the patients with estrogen 
receptor—negative tumors fail to respond. Therefore, the 


greater the estrogen receptor content of the tumor, the 
higher the response rate to endocrine therapy and lower inci- 
dence of recurrence. 


NORMAL MENSTRUAL CYCLE 


During a normal menstrual cycle, there is a closely coordi- 
nated interplay of feedback effects between the hypothala- 
mus, the anterior lobe of the pituitary gland, and the ovaries. 
In addition, there are cyclic hormone changes that lead to 
functional and structural changes in the ovaries (follicle 
maturation, ovulation, and corpus luteum development), 
uterus (preparation of the endometrium for possible 
implantation of the fertilized ovum), cervix (to permit trans- 
port of sperm), and vagina (see Figure 53-7).*°°7?” 


Phases 


The menstrual cycle is measured beginning with day 1 as the 
first day of menstrual bleeding. Each cycle consists of a fol- 
licular and a luteal phase. 


Follicular Phase 


The follicular phase, the initiation of follicular growth, actu- 
ally begins during the last few days of the previous luteal 
phase and terminates at ovulation (see Figure 53-7). During 
the early part of the follicular phase, concentrations of FSH 
are elevated, but decline up until ovulation (Figure 53-7). 
LH secretion begins to increase around the middle of the fol- 
licular phase. Just before ovulation, estrogen secretion by the 
follicle increases dramatically, which positively stimulates 
the hypothalamus and triggers the LH surge. The LH surge 
is a reliable predictor of ovulation, with the onset of the 
surge occurring 24 to 36 hours and the peak occurring 10 to 
12 hours before ovulation. Ovulation occurs around day 14 
of the menstrual cycle. 


Luteal Phase 


The luteal phase is the last half of the cycle and is character- 
ized by increasing production of progesterone and estrogen 
from the corpus luteum with consequent gradual lowering 
of LH and FSH concentrations. Progesterone reaches a peak 
of approximately 8 mg/day at about 8 days postovulation. If 
ovulation does not occur, the corpus luteum fails to form, 
and a cyclical rise in progesterone is subnormal. If pregnancy 
occurs, hCG maintains the corpus luteum and progesterone 
continues to rise. In the absence of conception, the corpus 
luteum resolves and results in a decrease in estrogen and 
progesterone concentrations and a breakdown of the 
endometrium. The average duration of menstrual flow is 4 
to 6 days and average menstrual blood loss is 30 mL.“ 


Role of Individual Hormones 


To explain further the intricacies of the normal menstrual 
cycle, the fluctuations of each major hormone are discussed 
separately in the following sections with regard to control 
and effects (see also Figures 53-7 and 53-14). 
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Figure 53-14 Geometric means for FSH and estradiol in 
relation to the final menstrual period (FMP). The horizontal axis 
represents time (yr) with respect to the FMP (0); negative 
(positive) numbers represent time before (after) the FMP. (From 
Burger HG, Dudley EC, Hopper JL, Groome N, Guthrie JR, Green A, et 
al. Prospectively measured levels of serum follicle-stimulating hormone, 
estradiol, and the dimeric inhibins during the menopausal transition in 
a population-based cohort of women. j Clin Endocrinol Metab 
1999;84:4025-30; Figure 1A.) 


Gonadotropin-Releasing Hormone 

Gonadotropin-releasing hormone triggers the surge of LH 
that precedes ovulation. There appear to be two sep- 
arate feedback centers in the hypothalamus: a tonic negative 
feedback center in the basal medial hypothalamus and a 
cyclical positive feedback center in the anterior regions of the 
hypothalamus. Low concentrations of estradiol, such as 
those that are present during the follicular phase, affect the 
negative feedback center, whereas high concentrations of 
estradiol, such as are seen just before the midcycle LH peak, 
trigger the positive feedback center. Progesterone, in combi- 
nation with estrogen, affects the negative feedback center in 
the luteal phase. GnRH is released in a pulsatile fashion and 
has a self-priming effect; the first dose potentiates the effect 
of subsequent doses. The magnitude of the LH response to 
GnRH increases steadily through the follicular phase and is 
greatest at the time of the preovulatory surge of LH, after 
which it declines again. 


Follicle-Stimulating Hormone 


A few days before day 1 of the cycle, FSH shows a slight but 
important peak (see Figure 53-7), probably triggered by a 
fall in estradiol concentration that briefly eliminates the 
negative feedback effect.“ This peak of FSH initiates the 
growth and maturation of a cohort of ovarian follicles. LH 
and FSH release are pulsatile throughout the cycle. As estro- 
gen is released from the growing follicles, FSH concentra- 
tions fall again and remain low through the follicular phase. 
By days 5 to 7, a single follicle is selected for further growth. 
The effect of FSH on the maturing follicle is increased 
through estradiol-induced changes in FSH receptors. FSH, 
aided by estradiol, acts on the cells of the follicle to increase 
responsiveness of LH receptors by the time of midcycle 


surge. FSH and LH receptors respond with an increase either 
in their number or in their affinity for corresponding 
gonadotropin. There is a rise in FSH at midcycle that is trig- 
gered by progesterone. The function of this peak is not 
entirely known, but is thought to stimulate plasminogen 
activator and increase granulosa cell LH receptors.“ During 
the luteal phase, FSH is suppressed by negative feedback 
from estradiol until a lesser FSH peak, occurring near the 
end of the cycle, starts off the follicular maturation of the 
next cycle. 


Luteinizing Hormone 

Luteinizing hormone secretion is suppressed in the follicu- 
lar phase by negative feedback from estradiol." As 
estradiol production by the developing follicle increases, the 
effect of estradiol on the positive feedback center becomes 
important. Increasing release of GnRH from the hypothala- 
mus and increasing sensitivity of the anterior lobe of the 
pituitary gland to GnRH result in the midcycle surge of 
LH. Ovarian follicle receptors for LH, sensitized by FSH 
and estradiol, transmit the stimulus to enhance differentia- 
tion of the theca cell and the production of progesterone 
by the developing corpus luteum. LH production is sup- 
pressed during the luteal phase by negative feedback from 
progesterone combined with estradiol, but a low concentra- 
tion of LH is probably necessary to prolong corpus luteum 
function. 


Estradiol 


Estradiol production by the ovary falls near the end of a 
cycle, but begins to increase again under the influence of 
PSH (see Figure 53-7). Estradiol enhances the FSH 
effect on a maturing follicle through changes in FSH recep- 
tors of the follicular cells, but suppresses pituitary FSH and 
LH release during the follicular phase through negative feed- 
back. Before the midfollicular phase, estrogen concentra- 
tions are <50 pg/mL, but rise rapidly as the follicle matures. 
Estradiol production increases, reaching a midcycle peak 
between 250 and 500 pe/mL.*™ Estradiol concentrations fall 
off abruptly after ovulation, but rise again as the corpus 
luteum forms, reaching concentrations of approximately 
125 pg/mL during the luteal phase.’ Progesterone produced 
by the corpus luteum, combined with estrogen, exerts a 
negative effect on the hypothalamus and anterior lobe of 
the pituitary gland. As a result, LH and FSH secretion is 
suppressed again during the luteal phase. Estradiol is essen- 
tial for the development of proliferative endometrium and 
is synergistic with progesterone for the development of 
the changes in the endometrium that initiate shedding; the 
decrease in negative feedback from estradiol on the anterior 
lobe of the pituitary gland triggers the FSH surge that 
begins the development of an ovarian follicle for the next 
cycle. 

Changes in androgen production also occur during the 
menstrual cycle, with a peak at midcycle. Estradiol is not 
the only estrogen produced; estrone secretion, mainly from 
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peripheral sources, also increases throughout the cycle. 
Estrogen and progesterone have visible effects on vaginal 
cytology and cervical mucus, and progesterone elevates body 
temperature (as discussed later). 


Progesterone 

Progesterone is not produced in significant amounts until 
the midcycle LH surge and ovulation. LH enhances theca cell 
differentiation and progesterone production, which increase 
by a factor of 10 to 20, to a maximum about 8 days after the 
midcycle peak of LH. Progesterone is thought to stimulate 
the ovulatory peak of FSH and promote the growth of secre- 
tory endometrium, which is necessary for implantation of 
the fertilized ovum.” 


OVULATION 


An intricate interplay of endocrine events contributes to fol- 
licular maturation. Growth of ovarian follicles appears to be 
continuous. How an individual follicle is singled out for each 
menstrual cycle is not known. The late-cycle peak of FSH is 
likely important in this process. Once a follicle has been 
stimulated, estradiol production causes that specific follicle 
to be more receptive to effects from FSH. The high concen- 
tration of estradiol just before midcycle is responsible for 
triggering the positive feedback in the hypothalamus that 
leads to the midcycle LH surge. The precise cause of ovula- 
tion is not known, but ovulation occurs 1 to 24 hours after 
the LH peak. After ovulation, LH is suppressed by proges- 
terone and estradiol, but the effect of LH is increased on the 
corpus luteum.*°”°”°” In the event of successful fertiliza- 
tion and implantation, corpus luteum function is sustained 
by hCG produced by the trophoblastic cells of the develop- 
ing embryo. hCG has high molecular homology to LH and 
is capable of binding and stimulating LH receptors. Other- 
wise, the declining concentration of estradiol leads to regres- 
sion of the corpus luteum and to the late-cycle FSH peak that 
starts the process again. 


IRREGULAR MENSES 


In a normal ovulatory menstrual cycle, menstruation 
occurs every 28 days on average. Normal women display 
considerable variation in cycle length that varies from 25 to 
30 days.“ Amenorrhea, the absence of menstrual bleeding, 
is traditionally categorized as either primary (women who 
have never menstruated) or secondary (women in whom 
menstruation is present for a variable time and then ceases). 
Amenorrhea is a relatively common disorder, with an esti- 
mated prevalence of 5% in the general population and as 
high as 8.5% in an unselected adolescent postpubescent 
population.” 


Primary Amenorrhea 

Primary amenorrhea (Box 53-2) is defined as a failure to 
establish spontaneous periodic menstruation by the age of 
16 regardless of whether secondary sex characteristics have 


developed.*'**! About 40% of phenotypic females who 
have primary amenorrhea (nearly always associated with 
absence of development of secondary sex characteristics) 
have Turner’s syndrome (55 X karyotype) or pure gonadal 
dysgenesis (either 46 XX or XY karyotype). Mullerian 
duct agenesis or dysgenesis with absence of the vagina or 
uterus is the second most common manifestation, and the 
third most common is testicular feminization (androgen 
receptor deficiency and normal or elevated plasma testos- 
terone concentrations if the patient is past puberty and is 
karyotype XY). 

A 170-hydroxylase deficiency is a rare form of CAH that 
is associated with delayed puberty, primary amenorrhea, and 
hypertension. These patients have a 46 XX karyotype with 
elevated gonadotropins, low sex steroids, hypertension, and 
hypokalemia (see Chapter 51).°" 

Another rare cause of amenorrhea is the so-called resis- 
tant ovary syndrome. This primary hypogonadal condition is 
associated with increased concentrations of plasma FSH and 
LH, and ovaries that contain predominantly primordial fol- 
licles. It is thought to arise from a defect in FSH receptors.“ 
This disorder can be diagnosed only by examination of an 
ovarian biopsy specimen, which will exhibit functioning 
ovarian follicles despite the presence of amenorrhea, Ovula- 
tion can sometimes be induced in these patients with admin- 
istration of high doses of gonadotropins. 

As discussed earlier, Kallmann’s syndrome involves 
hypogonadotropic hypogonadism associated with anosmia 
or hyposmia and is caused by a defect in the formation 
and migration of GnRH neurons. Sexual infantilism is 
the prominent manifestation and primary amenorrhea is 
common.***” Finally, delayed pubertal development also 
should be considered. 


Secondary Amenorrhea 


Secondary amenorrhea is defined as an absence of periodic 
menstruation for at least 6 months in women who have pre- 
viously experienced menses, or for 12 months in a woman 
with prior oligomenorrhea."*7!’? Oligomenorrhea is 
infrequent menstruation, occurring less than nine times per 
year.” With a few exceptions, the causes of primary and sec- 
ondary amenorrhea overlap (see Box 53-2). Pregnancy is the 
most common cause of secondary amenorrhea and must be 
considered first and ruled out. ”®?1 Elevated prolactin, 
either iatrogenic or induced by a prolactin-secreting tumor, 
can result in oligomenorrhea or amenorrhea.” About 
one third of women with no obvious cause of amenorrhea 
have elevated prolactin concentrations.’” It is thought that 
hyperprolactinemia inhibits the release of LH and FSH. 
Both hyperthyroidism and hypothyroidism are associated 
with a variety of menstrual disorders because of their effect 
on metabolism and interconversion of androgens and 
estrogens. 7571773 

Often it is helpful to separate patients with secondary 
amenorrhea into those with and without signs of hirsutism 
and androgen excess. 
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Primary Amenorrhea 
Lower tract defects 
Vaginal aplasia 
Imperforate hymen 
Congenital vaginal atresia 
Uterine disorders 
Congenital absence of the uterus 
Endometritis 
Mullerian agenesis (Mayer-Rokitansky-Kuster-Hauser 
syndrome) 
Ovarian disorders 
XO gonadal and X dysgenesis and variants 
XX gonadal dysgenesis 
Turner’s syndrome 
Testicular feminization syndrome 
17-Hydroxylase deficiency of the ovaries and adrenal 
glands 
Autoimmune oophoritis 
Resistant ovary syndrome 
Polycystic ovary syndrome 
Adrenal disorders (congenital adrenal hyperplasia) 
Thyroid disorders (hypothyroidism) 
Pituitary-hypothalamic disorders 
Hypopituitarism 
Constitutional delay in the onset of menses (physiological) 
Nutritional disorders 
Kallmann’s syndrome 


Secondary Amenorrhea 
Pregnancy/lactation 
Uterine disorders 
Posttraumatic uterine synechiae (Asherman’s syndrome) 
Progestational agents 


Ovarian disorders 
Polycystic ovary syndrome (hypothalamic) 
Ovarian tumors 
Premature ovarian failure (idiopathic, autoimmune, injury) 
Antimetabolite therapy 
Adrenal disorders 
Late-onset adrenal hyperplasia 
Cushing’s syndrome 
Virilizing adrenal tumors 
Adrenocorticoid insufficiency 
Thyroid disorders 
Hypothyroidism 
Hyperthyroidism 
Pituitary disorders 
Acquired hypopituitarism (trauma, tumors, Sheehan's 
syndrome, lymphocytic hypophysitis) 
Physiological or pathological hyperprolactinemia 
Hypothalamic disorders 
Tumors and infiltrative diseases 
Nutritional disorders 
Hypophysitis 
Excessive exercise 
Stress 
Tatrogenic 
Antipsychotics (phenothiazines, haloperidol, clozapine, 
pimozide) 
Antidepressants (tricyclics, monoamine oxidase inhibitors) 
Antihypertensives (calcium channel blockers, methyldopa, 
reserpine) 
Drugs with estrogenic activity (digitalis, flavonoids, 
marijuana, oral contraceptives) 
Drugs with ovarian toxicity (busulfan, chlorambucil, 
cisplatin, cyclophosphamide, fluorouracil} 


Androgen Excess 


A patient with androgen excess can present with variable 
degrees of excess hair on the face, chest, abdomen, and 
thighs, acne, and obesity. Amenorrhea caused by androgen 
excess can be due to adult-onset CAH, corticotropin- 
dependent Cushing’s syndrome, or PCOS. 

Some individuals with 21-hydroxylase deficiency do not 
manifest any developmental abnormalities or salt wasting, 
but they present with signs of androgen excess. This clinical 
syndrome, referred to as nonclassic, adult-onset, or late-onset 
CAH, may be indistinguishable from PCOS (see also 
Chapter 50).78"!6 

PCOS occurs in about 5% to 10% of premenopausal 
women and is thought to be caused by a hypothalamic 
disorder.46%'57 PCOS is clinically defined by hyperandro- 
genism with chronic anovulation in women without under- 
lying disease of the adrenal or pituitary glands." This 
syndrome is characterized by infertility, hirsutism, obesity 
(in approximately half of those affected), and various men- 
strual disturbances ranging from amenorrhea to irregular 


vaginal bleeding (Table 53-1). Although this syndrome is 
associated with polycystic ovaries, this has not been consid- 
ered essential for the diagnosis. The name is actually a mis- 
nomer, as the ovaries are covered with follicles not cysts. 
Women with PCOS have a greater frequency of both hyper- 
insulinemia and insulin resistance, ?®620226%317 As a result, 
acanthosis nigricans (dark pigmentation of the spiny layer 
of the skin) is sometimes present in obese women with 
PCOS.” Relatively low FSH concentrations and dispropor- 
tionately high LH concentrations are common in PCOS. 
Serum androstenedione and testosterone concentrations 
(total and free concentrations) are elevated, with mean con- 
centrations 50% to 150% higher than normal.'**"® PCOS 
patients have substantial estrogen production because of the 
peripheral conversion of androgens to estrogens. The anovu- 
lation is caused by continuous estrogen stimulation of the 
endometrium. This chronic stimulation may predispose 
these patients to endometrial cancer.''® There has been some 
attempt to link PCOS to leptin, a hormone that is secreted 
by adipocytes and thought to play a role in regulating food 
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TABLE 53-1 Clinical Features of the Polycystic Ovary 
Syndrome 


Hirsutism © Sates 65. 


Obesity : n: ; : oe 37 
Infertility - a 48 
Amenorrhea SEE a Pad Som 35. 
Oligomenorrhea 0 42 
Regular menstrual cycle 9:2 20 


Data were compiled from three studies. 'Fwo used ultrasonography as the 
primary method of diagnosis, one used ovarian histology. Total N = 1935. 
Modified from Franks S. Polycystic ovary syndrome. N Engl J Med 
1995;333. Copyright 1995 Massachusetts Medical Society. All rights 
reserved. 


intake and metabolism.” Animals that lack leptin are infer- 
tile, and leptin injection increases gonadotropin secretion 
and restores fertility.'"°* However, literature suggests that 
leptin concentrations are normal in patients with PCOS.” In 
a 2001 report, Veldhuis and collaborators note that although 
the serum leptin concentrations were the same in PCOS 
patients and controls, the pattern of leptin secretion was 
abnormal in girls with PCOS?” 

Ovarian hyperthecosis, a nonneoplastic lesion of the ovary 
characterized by the presence of islands of luteinized thecal 
cells in the ovarian stroma, is sometimes confused with 
PCOS. The features that distinguish it from PCOS include 
higher concentrations of testosterone, androstenedione, and 
DHT derived from ovarian secretion. Thus there is greater 
androgenization than is usually observed in patients with 
PCOS. Estrone secretion is greater, and both LH and FSH 
concentrations are either reduced or less than normal. 
Insulin resistance and hyperinsulinism are present to a 
greater degree than in PCOS. Finally, patients with ovarian 
hyperthecosis fail to ovulate when treated with an antiestro- 
gen, such as clomiphene citrate.” 


Hirsutism and Virilization 


Hirsutism is defined as the excessive growth of terminal hair 
in women and children in a distribution similar to that 
occurring in postpubertal men.” True hirsutism, which 
is androgen responsive, has to be distinguished from 
hypertrichosis, which is excessive growth of vellus or non- 
androgen-responsive hair. Vellus is fine, downy hair, which 
is usually unpigmented, whereas terminal hairs are thick and 
found in androgen-responsive areas of the skin. Growth 
of vellus hair diffusely over the trunk and face is either famil- 
ial or drug induced, and can be treated only by mechanical 
hair removal or withdrawal of the inducing drug. Women 
with androgen-dependent hirsutism either have exposure to 
excess androgens or have a heightened sensitivity to normal 
circulating concentrations of androgen. As a consequence, 


Ovarian 
Severe insulin resistance 
Hyperthecosis, hilus cell or stromal cell hyperplasia 
Androgen-producing ovarian tumors 
Menopause 


Adrenal 
Classical congenital hyperplasia 
21-Hydroxylase deficiency 
11-Hydroxylase deficiency 
3B-Hydroxysteroid dehydrogenase deficiency 
Adult or attenuated adrenal hyperplasia 
Androgen-producing adrenal tumors 


Familial Hirsutism 


Endocrine Disorders 
Polycystic ovary syndrome 
Hyperprolactinemia 
Acromegaly 
Cushing’s syndrome 


Idiopathic Hirsutism (includes increased skin sensitivity to 
androgens) 


Iatrogenic 
Androgens 
Dilantin 
Diazoxide 
Minoxidil 
Streptomycin 
Cyclosporine 
Danazol 
Metyrapone 
Phenothiazides 
Progestogens (19-norsteroid derivatives) 


the vellus follicles develop into terminal hair follicles in the 
areas of androgen-sensitive skin. 

Causes of hirsutism are listed in Box 53-3. The estimated 
prevalence for idiopathic hirsutism ranges from 6% to 50% 
of women evaluated for hirsutism depending on the defini- 
tion.” Typically, idiopathic hirsutism is defined by 
normal physical and laboratory findings in hirsute women. 
However, Azziz and collaborators report that the prevalence 
of idiopathic hirsutism changes drastically whether or not 
factors such as ovulatory function and androgen concen- 
trations are considered.’ It is thought that an increased sen- 
sitivity of the hair follicle to normal circulating androgens 
causes the excess hair growth.” Nonneoplastic forms of hir- 
sutism are slow to progress and usually manifest at the time 
of puberty, when circulating concentrations of androgens 
increase, or after a period of weight gain, or when oral con- 
traceptives have been stopped.”” A rapid onset of hirsutism 
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suggests an iatrogenic cause, or if associated with virilization, 
a neoplastic source of androgens. The most common cause 
of androgen hypersecretion in women is PCOS, with a 
reported 70% to 80% of hirsute women affected with this 
disorder.”! The hyperandrogenism usually arises from 
both ovaries and the adrenal glands (for more on PCOS, 
see previous section). Late-onset CAH (see Chapter 51), 
acromegaly, hyperprolactinemia, menopause (see also 
section on menopause, later in this chapter), and adteno- 
corticotropic hormone (ACTH)—dependent Cushing’s syn- 
drome can also cause hirsutism. 

Virilization is characterized by clitoral hypertrophy, 
deepening of the voice, temporal hair recession, baldness, 
increased libido, decreased body fat, and menstrual irregu- 
larities or amenorrhea. Hirsutism is usually associated with 
normal or slightly elevated serum androgens, whereas viril- 
ization is associated with marked increases in ovarian or 
adrenal androgen production.” 

The role of the laboratory in evaluation of women for 
hirsutism and virilization is discussed in a later section on 
tests for the evaluation of amenorrhea in this chapter. 


Other Factors 


Many other factors or conditions will cause secondary amen- 
orrhea. They include disorders of the ovary, uterus, pituitary, 
and hypothalamus, and drugs. 

Disorders of the ovary such as premature ovarian failure 
(POF) and loss of ovarian function can cause amenorrhea. 
POF has been defined as failure of ovarian estrogen produc- 
tion occurring in a hypergonadotropic state at any age 
between menarche and age 40.%!° If the patient is 
younger than 25 years of age, karyotyping should be per- 
formed to rule out the presence of a variety of chromosomal 
abnormalities involving duplications or absence of the X 
chromosome or presence of a Y chromosome. Patients 
present with symptoms of hypoestrogenism, including hot 
flashes and high gonadotropin concentrations. Autoimmune 
disorders have been associated with 20% to 40% of cases of 
POF that result in destruction of the ovary and in amenor- 
thea.**”"18352 These patients also may have antibodies to 
other endocrine and nonendocrine tissue. Other causes for 
ovarian failure include oophorectomy, cystic degeneration, 
trauma, infection, or interference with blood supply. In rare 
patients, there may be evidence of ovarian resistance to 
gonadotropins.“*”* 

Secondary amenorrhea also is caused by uterine failure. 
The patient with a uterine problem is normal hormonally, 
but does not menstruate. Asherman’s syndrome, or intrauter- 
ine adhesions, is the most common outflow-tract abnor- 
mality that causes amenorrhea. Endometrial damage may 
occur in response to a dilatation and curettage and to 
infections of the endometrium.” Pituitary dysfunction 
can cause secondary amenorrhea. This is most often caused 
by intrinsic pituitary tumors. However, Sheehan’s syndrome 
and pituitary apoplexy can also result in hormone deficiency, 


Empty sella syndrome has been reported in 4% to 16% of 
patients with amenorrhea and galactorrhea.'” 

Hypothalamic dysfunctions consist of those disorders 
that disrupt the frequency or amplitude of GnRH. Rarely, 
this can be caused by a lesion or tumor. However, most 
commonly, disruption occurs in response to psychological 
stress, depression, severe weight loss, anorexia nervosa, or 
strenuous exercise. ™ A syndrome known as the female 
athletic triad has also been described. This syndrome is 
prevalent in women who exercise vigorously, and is associ- 
ated with amenorrhea, disordered eating, and osteoporosis. 
Competitive long-distance runners, gymnasts, and pro- 
fessional ballet dancers appear to be at highest risk. Although 
the mechanism for the disturbance is unclear, the symptoms 
and laboratory profiles are similar to those of other forms 
of hypothalamic amenorrhea. LH and FSH concentrations 
are normal or low, and estradiol concentrations are low. As 
a result of the chronic low estrogen, bone mineral content is 
low and the incidence of stress fractures is increased.” 

Several tumors of the ovary, pituitary gland, and adrenal 
glands occur in combination with amenorrhea." The 
amenorrhea may be confused with pregnancy if the tumors 
produce hCG. Choriocarcinomas of the uterus or ovary may 
produce large amounts of hCG that can cause hyperthy- 
roidism because of the slight thyrotropic action of hCG, 
Granulosa-theca cell tumors are usually associated with 
estrogen secretion that results in amenorrhea and irregular 
menses and, rarely, excessive androgen with associated 
virilization.°°” 

Many drugs can also produce amenorrhea (see Box 
53-2), particularly phenothiazines and other psychotropic 
drugs such as haloperidol, pimozide, or clozapine.'”* The 
phenothiazine-induced amenorrhea is usually associated 
with hyperprolactinemia and galactorrhea. Drugs affecting 
the normal pathway of dopamine secretion can produce 
amenorrhea by decreasing the secretion of norepinephrine. 
Because norepinephrine is important in controlling the syn- 
thesis and secretion of GnRH, any alteration in its synthesis 
or secretion has resulted in menstrual abnormalities.”'™ 
Amenorrhea may follow the discontinuation of contracep- 
tive steroids, so-called post-pill amenorrhea. Contraceptive 
steroids have a suppressive effect on the pituitary that 
sometimes persists after medication has been discontinued. 
In most women, menses resumes within 6 months after 
discontinuation of oral contraceptives.” 


Tests for the Evaluation of Amenorrhea 
Evaluation of Primary Amenorrhea 


When puberty is delayed in a girl, measurement of serum 
gonadotropins is useful for diagnostic purposes. Low con- 
centrations may indicate pituitary failure, whereas concen- 
trations elevated into the postmenopausal interval indicate 
definite gonadal failure.“°’*°” In the latter case, chromo- 
some studies are indicated. In the former case, pituitary 
function testing and radiography may be helpful. Patients 
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with short stature without Turner’s syndrome but with 
primary amenorrhea may have multiple deficiencies of pitu- 
itary hormone secretion. In these patients, a craniopharyn- 
gioma or pituitary tumor should be suspected. 

The diagnosis of 170-hydroxylase deficiency is made when 
(1) serum progesterone is greater than 3ng/mL; (2) 170- 
hydroxyprogesterone is <0.2 ng/mL; (3) aldosterone is low; 
and (4) an elevated 11-deoxycorticosterone concentration 
exists. Plasma concentrations of 11-deoxycortisol, testos- 
terone, estradiol, and DHEA-S are also low. This diagnosis is 
confirmed with an ACTH stimulation test. After baseline 
progesterone and 17o-hydroxyprogesterone are measured, 
0.25mg of ACTH is administered. Diagnosis is made if 
serum concentrations of progesterone are significantly ele- 
vated and 170-hydroxyprogesterone concentrations are 
unchanged at 60 minutes after ACTH administration.” 

Many causes of secondary amenorrhea have also caused 
primary dysfunction. These disorders are discussed in the 
following section. Often, delayed puberty is not caused by 
specific organic disease, but is simply an unusual outcome 
of the spectrum of maturation. 


Evaluation of Secondary Amenorrhea 


In the evaluation of women with amenorrhea, a careful 
history and physical examination in those who are otherwise 
normal usually leads to determination of the correct cause. 
The history should define the complete description of the 
menstrual patterns; the presence or absence of galactorrhea; 
hot flashes; symptoms of hypothyroidism; hirsutism; prior 
surgery of the abdomen, pelvis, or uterus; trauma; medica- 
tions; nutritional history; patterns of exercise; previous 
contraceptive use; changes in weight; stress; and chronic 
diseases. The physical examination should determine the 
visual fields, thyroid size and function, cushingoid appear- 
ance, galactorrhea, hirsutism, abdominal masses, pelvic 
masses, clitoral enlargement, and evidence of malnutrition. 
Serum or urine B-hCG should be measured to rule out preg- 
nancy. Because both hypothyroidism and hyperprolactine- 
mia can cause amenorrhea, they are easily excluded by 
measuring serum thyroid-stimulating hormone and pro- 
lactin concentrations. 

A 24-hour urine sample for cortisol measurement or an 
overnight dexamethasone suppression test is performed in 
those patients suspected of having Cushing’s syndrome (see 
Chapter 51). Based on the preliminary assessment, com- 
puted tomography of the sella should be performed in 
patients with evidence of pituitary or hypothalamic disease. 
A GnRH stimulation test with measurement of LH and FSH 
concentrations in those patients with gonadotropin defi- 
ciency assists in differentiating hypothalamic disease from 
pituitary disease. For diagnosis of PCOS, see the later section 
on the laboratory evaluation of hirsutism/virilization. 


Progesterone Challenge 


When the cause of amenorrhea is unclear after the initial 
assessment, relative estrogen status should be determined. 


Serum estradiol is measured or a progesterone challenge 
performed.’ Women with an estrogen-primed uterus 
have withdrawal vaginal bleeding after treatment with oral 
progestin (medroxyprogesterone acetate; Provera), 30mg 
daily for 3 days, or 10mg daily for 5 to 10 days, or 100 
to 200mg of progesterone in oil given intramuscularly. 
If estrogen concentrations are adequate, and the outflow 
tract is intact, menstrual bleeding should occur within a 
week of treatment. In patients with withdrawal bleeding, 
the plasma estradiol concentration is usually >40 pg/mL.“ 
Measurement of serum estradiol can be made instead of 
the progesterone challenge, but is not preferred because 
estrogen concentrations fluctuate throughout the day, and 
withdrawal bleeding is an indication of a normal outflow 
tract, 

If bleeding fails to occur after progestin challenge, then 
additional laboratory tests are indicated. LH and FSH should 
be measured to localize the problem to the follicle, pituitary, 
or hypothalamus. High gonadotropin concentrations and 
low estrogen indicate the ovarian follicle is not responding 
to the gonadotropin stimulation. A single measurement of 
LH or FSH >50mIU/mL is a reliable indicator of ovarian 
failure. Because of the association of POF with thyroid, 
parathyroid, or adrenal insufficiency secondary to autoim- 
mune disease, it has been suggested that patients younger 
than age 35 should be screened for thyroid antibodies.” The 
differential diagnosis for evaluation of amenorrhea is listed 
in Table 53-2. As indicated by the clinical presentation, 
special additional testing may be required. 

If the patient demonstrates withdrawal bleeding after the 
progesterone challenge test, this indicates that the ovaries are 
producing sufficient estrogen to cause endometrial prolifer- 
ation and there is no anatomical obstruction. Most of these 
women have a history of oral contraceptive use, stress, 
weight loss, or excessive exercise. 


Laboratory Evaluation of Hirsutism/Virilization 


The two most important screening tests used in the 
evaluation of women for hirsutism and virilization are the 
measurements of serum total or free testosterone and 
DHEA-S.*** Elevation of DHEA-S concentrations suggests 
an adrenal origin of androgens, whereas elevations in testos- 
terone suggest either an adrenal or ovarian source. Unless the 
history is suspect, neoplastic disease is unlikely if the serum 
testosterone concentration is <2ng/mL, the DHEA-S con- 
centration is <700Ug/dL, or the 17-KS concentrations are 
<30 mg/day." Regardless of the source of the excess 
androgen production, the androstanediol glucuronide con- 
centration is elevated in more than 90% of women with hir- 
sutism, because it is a marker of excessive DHT production 
in skin, Because concentrations of SHBG can be decreased 
in hirsute women, there has been some debate over whether 
total testosterone or bioavailable testosterone (free and 
weakly bound testosterone) is more clinically informative in 
diagnosing hirsutism. The reader is directed to a review by 
Wheeler that discusses many of these issues.” 
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TABLE 53-2 Differential Diagnosis of Amenorrhea 


Causes: 


Hypothalamic. eee 
CNS—hypothalamic 


hypothalamic 
dysfunction or failure. 
~-due to exercise 
NS—hypothalamic 
¿dysfunction or failure 
“due to weight loss 
‘simple weight-loss 
Anorexia nervosa 
-CNS—hypothalamic failure 


CNS- Den a 


or “hyperandrogen chronic 
anovlation > ooo 


Premature ovarian failure 
Loss of: ovarian function 
(oophorectomy, infection, 
< cystic degeneration) 


-Uterine synechiae 
(Asherman’s syndrome) 


ORO rete “Uterine Bleeding j 
Estrogen (E,) -After Progesterone 


From Davajan V, Kletzky OA. Amenorrhea. In: Mishell DR, Davajan V, Lobo RA, eds. Infertility, contraception and reproductive endocrinology. 3rd ed. 


Boston: Blackwell Scientific Publications, 1991:373. 


FSH, Follicle-stimulating hormone; LH, luteinizing hormone; CNS, central nervous system; N, value within normal reference interval; J, value below 
normal reference interval; T, value above normal reference interval; (T, >25mlU/mL, less than menopausal level; +, positive or negative bleeding response 


to progesterone). 


Patients with PCOS usually have estradiol concentrations 
>40pg/mL and therefore exhibit a positive progesterone 
stimulation test. The diagnosis of PCOS can be confirmed 
with laboratory determinations of serum testosterone, 
DHEA-S, LH, and FSH. LH concentrations are frequently 
elevated, and FSH concentrations are disproportionately 
normal or low. It has been suggested that a ratio of LH to FSH 


>2.5 indicates the presence of PCOS.“*””’ The total testos- 
terone concentration is modestly elevated in 40% to 60% of 
patients.“ In women with normal testosterone concentra- 
tions, free testosterone is usually elevated.” Concentrations 
of DHEA-S are usually normal or slightly elevated. 

Morning plasma 170-hydroxyprogesterone concentra- 
tions are measured to evaluate nonclassical or late-onset 
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21-hydroxylase deficiency (NCAH, see Chapter 51). A concen- 
tration <200ng/dL (<6.1 nmol/L) excludes this diagnosis, 
and a concentration >1500ng/dL (>30 nmol/L) in nonpreg- 
nant women is confirmatory. When basal concentrations of 
between 200 and 1500ng/dL are found, an ACTH stimula- 
tion test should be performed. NCAH typically has a 17a- 
hydroxyprogesterone concentration of >1500ng/dL, and 
classical CAH has a response more than 2000 ng/dL.77°7 
Patients with attenuated forms of CAH usually have normal 
concentrations of FSH and LH. About one half have elevated 
testosterone and androstenedione concentrations.°*”* Most of 
these patients also have increased concentrations of DHEA-S, 
and more than 90% have supranormal concentrations of 
androstanediol glucuronide.” 


Menopause 


Menopause is defined as the permanent cessation of men- 
struation resulting from loss of ovarian follicular activity.” 
The ovaries fail to produce adequate amounts of estrogen 
and inhibin and, as a result, gonadotropin production 
increases in a continued attempt to stimulate the ovary (see 
Figure 53-14). The mean age of menopause in the United 
States is 51, but this age varies considerably.**“°'" Ovarian 
failure may occur at any age, but menopause before age 40 
is considered premature.” 

Hormonal changes begin about 5 years before the actual 
menopause, as the response of the ovary to gonadotropins 
begins to decrease, and menstrual cycles become increasingly 
irregular, "24 The term “perimenopausal” refers to the 
time interval from the onset of these menstrual irregulari- 
ties to menopause itself. This transition phase can last from 
2 to 8 years.” At this time, FSH concentrations increase 
and estradiol concentrations decrease, whereas LH and pro- 
gesterone concentrations remain unchanged, indicating that 
the menstrual cycles are ovulatory. As estrogen continues to 
decline, there is an associated decrease in prolactin concen- 
trations. The decrease in estrogen concentrations gives rise 
to vasomotor instability and “hot flashes.” 

After menopause, the ovary continues to produce 
androgens, particularly testosterone and androstenedione, as 
a result of increased LH concentrations. In addition, the 
adrenal gland continues to secrete androgens. The resulting 
decrease in the estrogen/androgen ratio is the cause of hir- 
sutism often seen in postmenopausal women.'® Prolonged 
estrogen deficiency results in increased resorption and bone 
remodeling, leading to accelerated bone loss and osteoporo- 
sis in postmenopausal women. Estrogen replacement 
therapy reduces bone loss and has been reported to reduce 
fracture risk by half." ™® The issue of hormone replacement 
treatment for menopausal symptoms, osteoporosis, various 
cardiac problems, and other disorders has received a great 
deal of attention. Data from several studies concerning the 
benefits and risks have changed ideas about indications 
and contraindications.”'"™ There is no single, reliable 
hormonal marker of. menopause status for a given woman. 
Physicians should diagnose menopausal status based on 


menstrual history and age without relying on laboratory test 
results,” 

It is important to note that with the advent of highly 
sensitive immunoassays for the measurement of serum and 
urine B-hCG concentrations, it has been occasionally 
observed that postmenopausal women have slightly elevated 
B-hCG concentrations (typically >5 but <25 IU/L) 5143 
These results may cause confusion when the concentrations 
are above the detection limit defined for a positive pregnancy 
test, Although this phenomenon is not associated with 
pregnancy, these results are not false positives as they are 
routinely confirmed by alternate methods. 


INFERTILITY 


Ninety percent of healthy couples practicing unprotected 
intercourse can expect to conceive within 1 year, and 95% 
will be successful within 2 years. Infertility is defined as the 
inability to conceive after 1 year of unprotected inter- 
course.'*“***” Tt is estimated that 25% of couples will experi- 
ence an episode of infertility during their reproductive life." 
Primary infertility refers to couples or patients who have had 
no previous successful pregnancies. Secondary infertility 
encompasses patients who have previously conceived, but 
are currently unable to conceive. Both types of infertility 
generally share common causes. 

Infertility problems often arise as a result of hormonal 
dysfunction of the hypothalamic-pituitary-gonadal axis. 
Measurement of peptide and steroid hormones in the serum 
is therefore an essential aspect of the evaluation of infertil- 
ity. This section focuses on the hormonal and biochemical 
aspects of evaluating infertility. 


MALE INFERTILITY 
Causative Factors 


It has been reported that ~50% of infertility problems are 
male in origin. However, male infertility often goes 
undetected, because low sperm count or abnormal sperm 
motility, combined with normal female reproductive func- 
tion, merely results in delayed conception. Most infertile 
men (80%) will not have a definable cause and are said to 
have so-called “idiopathic impaired sperm function?” In 
about 20% of cases, a cause can be determined.” A study at 
Monash University Infertility Clinic in Australia indicated 
that primary testicular failure accounted for 11% of male 
patients seen; 8.5% had genital tract obstruction, 0.5% had 
hypothalamic-pituitary disease, and less than 1% had coital 
disorders or abnormal sperm.’ A list of the most common 
male infertility factors is given in Box 53-4. 

Many of the endocrine disorders that result in male infer- 
tility have been discussed earlier in this chapter in the section 
on male reproductive abnormalities. Testosterone is essen- 
tial for normal sperm development. Therefore, any disorder 
that results in hypogonadism (and hence low testosterone 
concentrations) results in infertility. Among the causes are 
both hypogonadotropic and hypergonadotropic hypogo- 
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Endocrine Disorders 


Hypothalamic dysfunction (Kallmann’s syndrome) 
Pituitary failure (tumor, radiation, surgery) 
Hyperprolactinemia (drug, tumor) 

Exogenous androgens 

Thyroid disorders 

Adrenal hyperplasia 

Testicular failure 


Anatomic 
Congenital absence of vas deferens 
Obstructed vas deferens 
Congenital abnormalities of ejaculatory system 
Varicocele 
Retrograde ejaculation 


Abnormal Spermatogenesis 
Unexplained azoospermia 
Chromosomal abnormalities 
Mumps orchitis 
Cryptorchidism 
Chemical or radiation exposure 


Abnormal Motility 
Absent cilia (Kartagener’s syndrome) 
Antibody formation 


Psychosocial 
Unexplained impotence 
Decreased libido 


Modified from Moreil V. Basic infertility assessment. Primary Care 
1997;24:195-204. 


nadism. The most common cause of hypothalamic hypogo- 
nadism is congenital idiopathic hypogonadotrepic hypogo- 
nadism (IHH) or its variant, Kallmann’s syndrome (see 
earlier section on male reproductive abnormalities). An 
adult-onset form of IHH has been recognized as a poten- 
tially treatable form of male infertility.” Ten men with post- 
pubertal development of sexual dysfunction, low serum 
testosterone, and a pulsatile secretion of LH were compared 
with 24 cases of classic GnRH deficiency and 29 normal 
control subjects. The decreased serum GnRH concentrations 
in the adult-onset group were similar to those in the classic 
cases of IHH. Men with adult-onset IHH had larger mean 
testicular volumes and serum testosterone concentrations 
(78 + 34 versus 49 + 20ng/dL) than classic cases of IHH. 
Treatment with GnRH successfully reversed hypogonadism 
and restored fertility in each of five men who accepted 
therapy.” 

Pituitary insufficiency or failure can also cause infertility 
and is primarily caused by adenomas, but can also be caused 
by trauma, infiltration, metastases, or hemochromatosis. 
Hyperprolactinemia is a cause of secondary testicular dys- 


function.’ Prolactin excess likely causes hypogonadism by 
impairing GnRH release. It also leads to underandrogeniza- 
tion and impotence (see earlier section on impotence). 
Pituitary adenomas and drugs such as anxiolytics, antihy- 
pertensives, serotonergics, and histamine H; receptor antag- 
onists will increase serum prolactin.” 

Other endocrine causes of infertility include exogenous 
androgens, thyroid disorders, adrenal hyperplasia, and tes- 
ticular failure. Gynecomastia or obesity in the infertile male 
may signify elevated concentrations of estrogen and possibly 
testicular feminization syndrome (see earlier section on male 
reproductive abnormalities). 

Antibodies to sperm surface antigens are a well- 
documented cause of infertility. They can decrease motility, 
cause agglutination, and be responsible for failure of sperm 
to penetrate human ova.”* Antibodies arise from autoim- 
mune processes that can be initiated by infection, trauma, 
obstruction, cryptorchidism, and cancer.” Immunosup- 
pressive therapy has shown little to no benefit. 

Among the other causes of male infertility are anato- 
mical abnormalities, abnormal spermatogenesis, abnormal 
motility, and psychosocial causes. A list of drugs that can 
affect male reproductive function is given in Table 53-3. 


Evaluation of Male Infertility 


An initial evaluation of male infertility should include a 
detailed history and physical examination with special 
emphasis on the reproductive organs for evidence of proper 
androgenization. The history must include prescribed med- 
ications, recreational and performance-enhancing drug and 
alcohol use, systemic illnesses, and potential toxin exposure. 
A sexual history should include sexual technique and fre- 
quency of intercourse. Issues of potency must be distin- 
guished from those of infertility or subfertility. 

The laboratory evaluation of male infertility is separated 
into three main components: (1) the semen analysis, (2) 
endocrine parameters, and (3) immunological parameters. 
A basic approach to the diagnosis of male factor infertility is 
shown in Figure 53-15. 


Evaluation of Semen 


Semen Analysis. The semen analysis measures ejaculate 
volume, pH, sperm count, motility, and forward progression. 
Semen should be analyzed within 1 hour after collection. 
Although the semen analysis is not a test for infertility, it 
is considered the most important laboratory test in the 
evaluation of male fertility. Controversy exists as to what 
constitutes a “normal” semen profile. With the exception 
of the azoospermic male (defined as no sperm in the 
ejaculate), the lines between fertility and infertility are 
blurred, and are intimately associated with the status of the 
female partner’s reproductive function. However, clinical 
studies of infertile men and World Health Organization 
(WHO) guidelines have helped establish limits of adequacy 
(Table 53-4).'° 
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TABLE 53-3 Drugs and Chemicals Affecting Male a Reproductive Function 


: D ugiChemical 


Effect 


Alcohol : 


l Depression of testicular production, and i increase in apoph metabolism of 


testosterone, independent of liver disease ` 


inching aay . Toxic to testes in animals and humans 
Antihypertensives Depression of libido and: potency : uv 
Arsenic. ionas -.Replacement of phosphorus.in DNA synthesis: 
‘Aspirin : Inhibition of prostaglandins in seminal fluid 
‘Busulfan. - Radiomimetic 
Chlorambucil _ Azoospermia 
Colchicine “Arrests. cell division-in metaphase 
Cyclophosphamide Depression of spermatogenesis 
Diethylstilbestrol (in. utero)... Bes Small testes, poor semen quality ; 
‘Lead poisoning -..... Oligospermia, poor motility, abnormal sperm » forms 
Marijuana. a -...Depression.of.sperm count and testosterone.: eS 
Medroxyprogesterone : v. Male pill, reversible : 
Methotrexate . te ‘Mutagenic... 
Monoamine oxidase inhibitors _ + Decreased sperm. count ; : 
< Nicotine. es Depression of sperm motility and density. 


E Nitrofurantoin 


Phere sodium 


‘Depression of follicle -stimulating hormone levels 


i Interference with carbohydrate metabolism in a germinal epithelium leading t y arrest: 


:at:spermatocyte stage (dose related, reversible) 


Spironolactone Decreased testosterone concentrations ne : 

‘Sulfasalazine Depression of sperm counts, reversible 

-Testosterone Germinal atrophy by s suppressing luteinizing hormone and decreasing 
CaS intratesticular testosterone : ae 

Triethylenemelamine Radiomimetic « 


From Caldemone AA. Evaluation of the infertile or subfertile male. Urol Clin North Am 1981;8:17. 


Sperm Function. Functional tests have yet been estab- 
lished that can unequivocally predict the fertilizing capacity 
of spermatozoa. However, detailed methods describing the 
analysis of sperm function exist in the current literature,” 
These methods attempt to measure the functions of sperm 
necessary for fertilization. For a sperm to be successful, it 
must be able to (1) reach the ova through directed motility, 
(2) undergo capacitation, (3) fuse with the oocyte mem- 
brane, and (4) be incorporated into the oocyte cytoplasm.” 
The postcoital test (as described in the later section on 
evaluation of female infertility) is the most widely used 
measure of sperm adequacy. The WHO has accepted and 
offered guidelines for the postcoital test and the sperm- 
mucus penetration test.°” The sperm-mucus penetration 
test evaluates the ability of sperm to travel through a vaginal 
mucus sample obtained from either the female partner 
or a donor. This test is no longer performed on a routine 
basis and the reader is referred to an earlier edition of this 
chapter for a complete description of this procedure.” 
Other tests such as the hypo-osmotic swelling test, hamster 
oocyte penetration test, and acrosome reaction test are still 
considered experimental and have not gained universal 
acceptance,” 


Evaluation of Obstruction. Analysis of specific semen 
parameters has proven useful in the evaluation of male 
reproductive tract obstruction. Testosterone produced after 
administration of hCG causes the seminal vesicles, epi- 
didymis, and prostate to increase the volume of ejaculate. An 
appropriate increase in serum testosterone without change 
in the ejaculate volume may indicate mechanical blockage. 
Absence or decrease in specific biochemical markers such as 
acid phosphatase and citric acid (from prostate), fructose, 
and prostaglandins (from seminal vesicles) aids in deter- 
mining the location of blockage.'”' Low seminal glucosidase 
concentrations, in the presence of testes of normal size and 
consistency, normal semen volume, and normal serum FSH, 
have also been used as an indication of obstruction (usually 
in the epididymis) or congenital bilateral absence of the vas 
deferens (a condition associated with mutations of the cystic 


fibrosis gene). ” 


Evaluation of Endocrine Parameters 
Serum testosterone should be measured especially when the 
patient history or physical examination suggests deficient 


development of secondary sex characteristics. Patients with 
borderline or suppressed testosterone concentrations are 
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History and physical examination 


Normal Abnormal 
Semen analysis Further evatuation 
and treatment 
as indicated 


Normat Abnormal 


' i 


PCT", antisperm Repeat 
antibodies, 
sperm mucus 


penetration ~<t——— Normal Abnormal 


i 


LH, -FSH, testosterone (T) 


' | ' 


LH Normal LH ` Normal LH 
FSH T FSH Normal FSH 
LT Normal T Normal T 
Hypothalamic Germinal Idiopathic 
or pituitary compartment 
failure failure 
TLH TLH 
T FSH Normal FSH 
TT Normal or Î T 


Gonadal failure 
* Postcoital testing 


Androgen resistance 


Figure 53-15 Algorithm for the evaluation of male infertility. 
FSH, Follicle-stimulating hormone; LH, luteinizing hormone; 
T, testosterone. 


evaluated with an hCG stimulation test. With this test, an 
injection of 5000 IU hCG is administered intramuscularly 
following collection of a basal, early morning testosterone 
sample. Serum testosterone is measured 72 hours later. 
Hypogonadal men show a depressed testosterone rise in 
response to this challenge. A doubling of testosterone con- 
centration over baseline is consistent with normal Leydig cell 
function. Failure to increase testosterone >150ng/dL indi- 
cates primary hypogonadism,” 

Hypergonadotropic | Hypogonadism. Follicle-stimu- 
lating hormone measurement is indicated in men 
with sperm counts of less than 5 to 10 million/mL. Elevated 
concentrations of FSH indicate Sertoli cell dysfunction 
and, in azoospermic men, primary germinal cell failure, 
Sertoli-cell-only syndrome, or genetic conditions such as 
Klinefelter’s syndrome.” Elevated FSH (>120 mIU/mL) in 
the setting of decreased testosterone (<200 ng/dL) and oligo- 
spermia indicate primary testicular failure or “andropause” 
(see previous section on andropause). 


TABLE 53-4 Normal Seminal. Fluid Values 


Value 


Sombe 
>20 million/mL* 

oo 240 million/ejaculate* 

< 250% with. forward `; 
i - progression or: >25% 
with rapid progression i 
within 60min of 
5 ejaçulation*: ` 

< >30% normal* 


Parameter _ 


Bjaculate volume ne 
Sperm density. en 
Total sperm count _ 
Motility i 


Morphology.: BEDE 

pH: a nT be 0t ares 
Color o oa p Gray- -white-yellow Bee 
Liquefaction. == Within 40min o 
Fructose o O 1200 ugémL 
Acid Phosphatase. E 100- 200 ng/ml. 
Citric acid >3mg/mL 
Inositol ee >lmg/mL 2 
Zing ooo >75pgiml. 
“Magnesium >70 pg/mL : 
-Prostaglar 30-200 pg/mL 
Giyceryiphosphoryicholine >650ug/mL * 

ae >250ug/mL 
lace l >20 mU per ejaculate 


From Glezerman M, Bartoov B, Semen analysis. In: Insler V, Lunenfeld B, 
eds, Infertility: male and female, 2nd ed. New York: Churchill Livingstone, 
1993:285-315. 

*Values from World Health Organization: laboratory manual for the 
examination of human semen and semen-cervical mucus penetration, 3rd 
ed, Cambridge, UK: Cambridge University Press, 1992. 


Hypogonadotropic Hypogonadism. Decreased con- 
centrations of testosterone (<200ng/dL) and decreased 
concentrations of FSH (<l0mIU/mL) are suggestive of 
hypogonadotropic hypogonadism. Administering GnRH 
may help to distinguish between gonadal insufficiency 
caused by pituitary versus hypothalamic failure. Because the 
pituitary is sensitive to sex steroids for appropriate 
gonadotropin secretion, patients with long-standing hypo- 
gonadism should be given exogenous testosterone for 1 week 
before the GnRH stimulation test. One approach to this 
test involves the intravenous injection of 100g of GnRH 
with measurement of FSH and LH concentrations at 0, 
30, 60, 120, and 180 minutes after injection. Results of the 
GnRH test are classified as follows. An increase in serum 
gonadotropins 210 mIU/mL over baseline is normal. If there 
is little to no increase in gonadotropins, pituitary disease is 
likely. Patients with hypothalamic disease will demonstrate a 
delayed but significant increase 27mIU/mL within 180 
minutes.'” 
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Evaluation of Immunological Parameters 


The method of measurement of antisperm antibodies is 
identical for male or female infertility evaluation. Aggluti- 
nation, immobilization, enzyme-linked immunosorbent 
assays, radioimmunoassays (RIA), and immunofluorescent 
assays are available.” The immunobead technique is the 
most widely used and is reported to have excellent clinical 
sensitivity (97.5%) and acceptable clinical specificity 
(66%).”” In this technique, a polyacrylamide bead is coated 
with a rabbit antihuman antibody. This binds to antibodies 
that are either already present on human sperm, or present 
after incubation of sperm with the appropriate fluid (cervi- 
cal mucus or serum). Beads that bind sperm are micro- 
scopically detected. This technique allows determination 
of percentage of human sperm bound, the immunoglobulin 
isotype, and the location of antibody binding (head, mid- 
piece, or tail).*” The practice of testing for antisperm 
antibodies is not recommended.*” Although antisperm 
antibodies are associated with infertility, the concentration 
at which these decrease fertility is unknown. 


FEMALE INFERTILITY 
Causative Factors 


Factors that contribute to female infertility are shown in 
Box 53-5. Ovulatory disorders (including ovarian and hor- 
monal causes) account for approximately 30%, pelvic factors 
(including tubal, cervical, and uterine disease) account for 
approximately 50%, and immunological factors are impli- 
cated in approximately 5% of infertility cases.“ This section 
focuses primarily on the ovulatory and immunological 
factors, where the laboratory plays an important role. 


Ovulatory Factors 


Ovulatory dysfunction manifests itself in the presence or 
absence of normal menses, making it difficult to diagnose. 
Metabolic diseases of many kinds can effect ovulatory func- 
tion, including ones that result in androgen excess. PCOS, 
which results in androgen excess, is the most common cause 
of anovulation and has been discussed in detail earlier in the 
chapter. In women with hirsutism, CAH should be con- 
sidered. A 21-hydroxylase deficiency or 3-B-hydroxysteroid 
deficiency may be present in up to 26% of cases.” Ovula- 
tory dysfunction can also be secondary to liver or thyroid 
disorders. 

As with male infertility, hypogonadism (hypergo- 
nadotropic or hypogonadotropic) also results in female 
infertility. Causes of hypergonadotropic hypogonadism in- 
clude POF, gonadal dysgenesis, resistant ovary syndrome, 
menopause, and luteal phase deficiency. Causes of hypogo- 
nadotropic hypogonadism include pituitary or hypotha- 
lamic insufficiency and hyperprolactinemia. Many of these 
pathological states have been discussed in the earlier section 
on irregular menses. 

Ovulation with inadequate luteinization and reduced 
progesterone secretion during the luteal phase has been 
termed luteal phase deficiency. The contribution of luteal 


Ovarian or Hormonal Factors 
Metabolic disease 
Thyroid 
Liver 


Obesity 
Androgen excess 
Polycystic ovarian syndrome 
Hypergonadotropic hypogonadism. 
Menopause 
Luteal phase deficiency 
Gonadal dysgenesis 
Premature ovarian failure (autoimmune, cytotoxic 
chemotherapy, tumor) 
Resistant ovary syndrome 
Hypogonadotropic hypogonadism 
Hyperprolactinemia (tumor, drugs) 
Hypothalamic insufficiency (Kallmann’s syndrome) 
Pituitary insufficiency (tumor, necrosis, thrombosis, stress, 
exercise, anorexia) 


Tubal Factors 
Occlusion or scarring 
Salpingitis isthmica nodosa 
Infectious salpingitis 


Cervical Factors 
Stenosis 
Inflammation or infection 
Abnormal mucus viscosity 


Uterine Factors 
Leiomyomata 
Congenital malformation 
Adhesions 
Endometritis or abnormal endometrium 


Psychosocial Factors 
Decreased libido 
Anorgasmia 


Iatrogenic 


Immunological (Antisperm Antibodies) 


Modified from Morell V. Basic infertility assessment. Primary Care 
1997324:195-204, 


insufficiency to infertility is controversial. It is manifested by 
a short luteal phase, in which the interval between LH peak 
and the onset of menses is >10 days, or a normal length luteal 
phase with reduced progesterone secretion.” An inadequate 
luteal phase and deficit of progesterone lead to poor prolif- 
eration of the endometrium and therefore an unsuitable 
environment for the early embryo.**’” Luteal dysfunction is 
believed to cause infertility in 5% of infertile women. It can 
be found periodically in 30% of women, and is not consid- 
ered to contribute to infertility unless diagnosed twice in 
separate cycles.” 
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Immunological Factors 


Antisperm antibodies contribute to female infertility and 
may be present in female serum, in cervical mucus, or in 
seminal fluid. Their role in female infertility remains con- 
tentious. Some cases of infertility, especially when associated 
with an abnormal postcoital test, are found in the presence 
of a high percentage of sperm-binding antibodies.” The per- 
centage of total binding and the region of binding (head, 
midpiece, or tail) appear to play a role in infertility and 
specifically in the ability of the sperm to bind the ovum in 
vitro.” However, one prospective study of 235 infertile 
couples examined pregnancy rates over time and found no 
correlation of serum antisperm antibodies between couples 
who achieved pregnancy and those who did not.’” Cervical 
mucus and semen antisperm antibodies were not measured 
in this study. Methods for antisperm antibody measurement 
are described in the earlier section on evaluation of male 
infertility. 


Evaluation of Female Infertility 


The initial evaluation of female infertility should include 
a detailed history and physical examination, including a 
Papanicolaou cervical and vaginal smear with appropriate 
cervical and endocervical cultures, a search for tubal patency 
and endometriosis or adhesions, and assessment of ovula- 
tion and adequate luteal function." After obvious treat- 
able abnormalities have been excluded, a menstrual history 
indicates further endocrine evaluation and a postcoital test 
helps to determine coital sufficiency (Figure 53-16; see also 
earlier section on irregular menses). 


Postcoital Test 


The postcoital test is a quick assessment of multiple factors 
affecting fertility; however, opinions vary regarding its clin- 
ical utility. The test is scheduled around the time of the LH 
surge. A sterile speculum examination is performed 9 to 
24 hours (based on WHO guidelines) after intercourse. A 
sample of endocervical mucus is aspirated and placed onto 
a glass slide with two coverslips. Mucus with adequate estro- 
gen stimulation appears clear and thin and forms a thread 
6 cm or greater in length when the coverslips are separated 
from the slide. This represents a positive “spinnbarkeit,” 
which is defined as the formation of a thread by mucus from 
the cervix uteri when spread onto a glass slide and drawn out 
by a cover glass; the time at which it can be drawn to the 
maximum length usually precedes or coincides with the time 
of ovulation.” When examined under the microscope, 
mucus air dried under the second coverslip forms a fernlike 
pattern when adequate estrogen is present. Before the mucus 
has dried, greater than 20 motile sperm per high-power field 
should be visualized (WHO recommended cutoff). A 
normal test result suggests coital sufficiency, probable ovu- 
lation, “nonhostile” cervical mucus, and a normal male 
fertility test.” Predictive values vary from nearly 50% 
chance of conception within 1 year with an optimal test to 
15% chance of conception if the test is abnormal.’ 


History, physical, Papanicolaou smear, appropriate cultures 


Normal Abnormal 
Regular Irregular x ; 
menses menses Further evaluation 
and treatment 
| | as indicated 
BBT*, LH, midiuteal Progestin 
serum progesterone ~ challenge 
Ovulatory Anovulatory \ Normal Abnormal 
port Progestin 
challenge 
Normal Abnormal! Normal Abnormal 
Continue Evaluate Ovulation Consider TSH, PRL, 
intercourse mate or induction; testosterone, FSH/LH 
1 year; female consider to differentiate 
if not factor and resistant hypogonadotropic 
pregnant, treat as ovary hypogonadism, 
refer to indicated syndrome —hypergonadotropic 
gynecologicai hypogonadism, 
specialist hirsutism, virilization, 


luteal phase deficiency, 
or other 


* Basal body temperature 

t Post coital testing 

Figure 53-16 Algorithm for the evaluation of female infertility. 
FSH, Follicle-stimulating hormone; LH, luteinizing hormone; PRL, 
prolactin; TSH, thyroid-stimulating hormone. 


Evaluation of Ovulation 


Current laboratory tests do not confirm ovum release. 
However, the measurement of midluteal plasma proges- 
terone does indicate that a corpus luteum was formed. Other 
methods, such as basal body temperature and evaluation of 
LH surge, have also been used to detect or predict ovulation. 

Progesterone Measurement. Serum progesterone 
measurement is the primary assay used for the evaluation of 
ovulation.'”’””’ It is important to note that an increase in the 
progesterone concentration indicates that a corpus luteum 
has been formed, but cannot confirm that the egg was actu- 
ally released. Beginning immediately after ovulation, serum 
progesterone concentrations rise, and peak within 5 to 9 days 
during the midluteal phase (days 21 to 23).”” If ovulation 
does not occur, the corpus luteum fails to form and the 
expected cyclical rise in progesterone concentration is sub- 
normal. If pregnancy occurs, hCG stimulates the corpus 
luteum and progesterone production continues to rise. Mid- 
luteal progesterone concentrations of >10ng/mL indicate 
normal ovulation; concentrations <10 ng/mL suggest anovu- 
lation, inadequate luteal phase progesterone production, or 
inappropriate timing of sample collection.*® 
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Basal Body Temperature. Basal body temperature 
charts have long been accepted as simple and cost-effective 
indicators of ovulation. Ovulation is associated with a 
rapid rise in body temperature, by 0.5 °F, which persists 
through the luteal phase. The rise in temperature is due to 
the increased progesterone concentration. However, like 
progesterone, the rise in body temperature is evident only 
retrospectively and therefore does not predict imminent 
ovulation in a way helpful for timing intercourse. 

Measurement of the Luteinizing. Hormone Surge. 
Luteinizing hormone appears in the urine just after the 
serum LH surge and 24 to 36 hours before ovulation. Mea- 
surement of LH does not confirm the presence of ovulation 
or provide insight as to the etiology of anovulation, but 
rather indicates when ovulation should occur and can 
provide a guide with which to time intercourse. Methods for 
laboratory measurement of LH are given in Chapter 51. 

Monoclonal technology has led to the use of home LH kits 
that not only provide accurate information as to the timing 
of ovulation but may reduce stress and costs associated with 
infertility programs because these tests are performed at 
home and are comparatively inexpensive. ”! Most home 
ovulation kits consist of a “dipstick” that uses a two-site, 
double monoclonal enzyme-linked. immunoassay. Urine is 
applied to the test pad and capillary action draws the fluid 
across the pad. LH in the urine is first bound to an anti-LH 
antibody that is coupled to an enzyme conjugate, or colloidal 
gold. The LH-antibody complex then migrates to a region 
coated with a second anti-LH antibody. Once bound to this 
site, the substrate-enzyme reaction or colloidal gold com- 
plexes result in a color change that is proportional to the 
amount of LH present. A reference region is provided. A test 
result that matches or is darker in color than the reference 
region is considered a positive result, indicating that the LH 
surge is occurring. The tests effectively predict ovulation in 
70% of women.'® In some studies, these tests are said to be 
more reliable than laboratory plasma analysis, and the results 
are easily read by patients.” In one study of 26 normal 
women, home LH kits had a 92% positive predictive value 
for ovulation to occur within 48 hours of a positive urine LH 


screen,” 


Evaluation of Endocrine Parameters 


Hypergonadotropic Hypogonadism. Primary ovarian 
failure is indicated by repeatedly elevated basal FSH concen- 
trations (>30IU/L) or a single elevation of >40 IU/L. These 
patients are hypoestrogenic (estradiol <20 IU/L)” and do 
not respond to a progestin challenge (see earlier section on 
evaluation of secondary amenorrhea). Basal serum FSH can 
be used as an indicator of relative ovarian age. Figure 53-17 
shows the relationship between rising serum FSH and the 
reduced rate of successful pregnancy. A precipitous drop 
occurs at concentrations >20 IU/L. 

Luteal phase deficiency is diagnosed when the time 
between ovulation and menses is 10 days or less. The most 
specific diagnostic information may be gained from an 
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Deliveries (% of women) 


4 8 12 16 20 24 28 
Basal Serum FSH (IU/L) 
Figure 53-17 The relationship between increasing follicle- 
stimulating hormone (FSH) concentrations and decreased 
percentage of successful pregnancies. (From fones H, Toner JP. The 
infertile couple. N Engl Med 1993;329:1710-5. Copyright © 1993 
Massachusetts Medical Society. All rights reserved.) 


endometrial biopsy obtained on day 26 of a 28-day cycle.** 


If peak progesterone concentrations are repetitively below 
10ng/mL, the diagnosis of luteal phase deficiency does not 
require an endometrial biopsy. Decreased progesterone 
production is presumed to be responsible, but this may 
follow insufficient follicular phase FSH secretion, abnormal 
LH surge, or other endocrine abnormalities." Some studies 
show luteal phase deficiency to be no more prevalent in 
infertile women than in normal women.” Other studies 
have shown an association with an increased risk of infer- 
tility, ectopic pregnancy, and spontaneous abortion.” ™!? 
Luteal phase dysfunction may also be secondary to excess 
androgen production, which suppresses follicle develop- 
ment. Prolactin excess may also contribute to the develop- 
ment of this disorder.” 

Hypogonadotropic Hypogonadism. In hypogonado- 
tropic hypogonadism, serum estradiol concentrations are 
<40 pg/mL (110 pmol/L) and therefore there is no with- 
drawal bleeding with a progestin challenge.” Decreased LH 
(<10IU/L) and decreased FSH (<10IU/L) are also present.” 
Hyperprolactinemia also causes hypergonadotropic hypo- 
gonadic infertility. The upper limit of normal plasma pro- 
lactin in an amenorrheic, hypoestrogenic, nonpregnant 
woman is 400 to 500 mIU/mL (20 to 25ng/mL). If estrogen 
status is normal, maximum prolactin concentrations vary 
from 600 to 800mIU/mL (30 to 40ng/mL).'* Thyroid- 
stimulating hormone should be measured to exclude 
hypothyroidism. Prolactin concentrations can be elevated in 
patients with PCOS and those taking medications such as 
antidepressants, cimetidine, and methyldopa. Radiographic 
imaging of the pituitary is indicated to rule out pituitary 
adenomas or empty sella syndrome. 

Assessing Ovarian Reserve. Women in their mid to late 
30s and early 40s with infertility constitute the largest 
portion of the total infertility population. These women are 
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also at an increased risk for pregnancy loss. This reflects a 
diminished ovarian reserve as a result of follicular depletion 
and a decline in oocyte quality. As women age, serum FSH 
concentrations in the early follicular phase begin to increase. 
It has been suggested that this is caused by a decline in the 
number of small follicles secreting inhibin B. 

Basal serum FSH and estradiol measurements have been 
the screening test of choice for assessing ovarian reserve. The 
rise in basal FSH is an excellent indicator of ovarian aging. 
In general, day 3 FSH concentrations >20 to 25 IU/L are con- 
sidered to be elevated and associated with poor reproductive 
outcome.'*' Concomitant measurement of serum estradiol 
adds to the predictive power of an isolated FSH determina- 
tion. Basal estradiol concentrations >75 to 80pg/mL are 
associated with poor outcome.” 

Inhibin B is produced by the developing follicles, and 
concentrations peak during the follicular phase. Concentra- 
tions of inhibin B have been used in conjunction with serum 
FSH and estradiol to assess ovarian function. Because 
inhibin is produced by gonadal tissue, it is thought to be a 
more direct marker of gonadal activity and ovarian reserve 
than pituitary hormones. In addition, cycle day 3 inhibin B 
concentrations may demonstrate a decrease before day 3 
FSH concentrations.” 

Seifer and colleagues reported that women undergoing in 
vitro fertilization (IVF) with day 3 inhibin B concentration 
<45 pg/mL had a pregnancy rate of 7% and spontaneous 
abortion rate of 33% as compared with pregnancy rate of 
26% and abortion rate of 3% in women with day 3 inhibin 
B concentrations of >45 pg/mL.” Women who have dimin- 
ished ovarian reserve should be counseled regarding options 
such as oocyte donation or adoption. 


ASSISTED REPRODUCTION 


Couples with a multitude of infertility problems, including 
unidentified causes and persistent infertility despite standard 
treatments, may benefit from assisted reproductive tech- 
niques. Standard initial therapy consists of ovulation induc- 
tion and artificial insemination for at least 6 months before 
progressing to more expensive and exotic techniques. 

The laboratory plays an important role in the process 
of ovulation induction. The principle involves administra- 
tion of gonadotropins to stimulate follicular growth fol- 
lowed by hCG to stimulate ovulation. Clinical, laboratory, 
and ultrasound monitoring of the treatment cycle is 
necessary to (1) determine the dose and length of therapy, 
(2) determine when or whether to administer hCG, and 
(3) obtain an adequate ovulatory response while avoiding 
hyperstimulation.” 

Assisted reproductive techniques involve procedures that 
deliver a concentrated sperm sample directly to the uterus 
(artificial insemination), or procedures that acquire fertile 
ova using laparoscopic or ultrasonographic techniques and 
assisting fertilization in the laboratory (in vitro fertilization) 
or in the fallopian tubes using either gamete intrafallopian 
transfer or zygote intrafallopian transfer.”” In vitro fertiliza- 


tion then requires embryo transfer back into the uterus. 
Gamete intrafallopian transfer places unfertilized ova and 
sperm directly into the fallopian tube, whereas zygote 
intrafallopian transfer involves placing the fertilized zygote 
into the fallopian tube. The latest successful techniques 
include direct ovum fertilization using micropipette pene- 
tration of the zona pellucida and introduction of the sperm 
or direct intracytoplasmic injection of the sperm.” These 
procedures provide hope to even the azoospermic man for 
whom testicular aspiration may yield a few nonmotile 
sperm. 


ANALYTICAL METHODOLOGY 


Many methods are available for measuring reproductive hor- 
mones in body fluids. Methods for the reproductive protein 
hormones are discussed in Chapter 50. Methods for the 
reproductive steroid hormones are discussed in the follow- 
ing sections. 


MEASUREMENT OF TOTAL TESTOSTERONE IN BLOOD 


Circulating testosterone comprises three different forms or 
pools: a non~protein-bound or “free” form, a weakly bound 
form, and a tightly bound form. The weakly bound form 
is associated with albumin and the tightly bound form 
with SHBG (also known as testosterone/estradiol-binding 
globulin). The term total testosterone refers to serum mea- 
surements of (1) free testosterone, (2) albumin-bound 
testosterone, and (3) SHBG-bound testosterone. Bioavail- 
able testosterone includes circulating free testosterone and 
albumin-bound testosterone.’ Testosterone bound to 
SHBG is not biologically active, whereas the free form is 
available for target cells. Albumin-bound testosterone is also 
available to target tissue, because testosterone can dissociate 
from the albumin carrier and rapidly diffuse into target 
cells.” 


Methodology 


Early methods for measuring serum or plasma testosterone 
using fluorometry, double-isotope derivative, electron- 
capture gas-liquid chromatography, and competitive protein 
binding assays have been largely replaced by immunoassays 
that use specific antisera.” A 2002 CAP survey from 
the College of American Pathologists (CAP) reports that 
enzyme (nonisotopic) immunoassays have replaced RIAs as 
the most widely used technique for measuring the concen- 
tration of circulating testosterone (both protein-bound and 
non-protein-bound forms). Individual immunoassay 
methods differ mainly in the mode of sample preparation, 
in the quality of antisera used, and in the nature of the 
steroid-protein conjugate used to generate the antiserum.'© 
Gas chromatography combined with mass spectrometry 
(GC-MS) remains the reference method for testosterone 
measurement and is often used to assess the bias of routine 
immunoassay methods.” It has been suggested that 
liquid chromatography-tandem mass spectrometry (LC- 
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MS/MS) may become the clinical method of choice for mea- 
suring low testosterone concentrations.*™ 

Direct (no extraction required) immunoassay methods 
have been reported for the determination of testosterone in 
serum or plasma.” The steroid must be displaced from 
its binding proteins (albumin and SHBG). The results of the 
assay depend on the effectiveness of the displacement. 
Methods used to release testosterone from the endogenous 
binding proteins include use of salicylates or surfactants; pH 
alterations, temperature changes, and competing steroids 
such as estrone or estradiol. Most of the direct immunolo- 
gical methods use antisera generated against a Cj testos- 
terone-protein conjugate.’ Several commercial assay kits 
for direct assay of testosterone are available. These kits 
are classified into two types: RIA and automated, 
nonisotopic immunoassay. Many single-step kits employ 
antibody-coated tubes or magnetic particles for added 
convenience, eliminating the need for centrifugation. 
Liquid- or solid-phase double-antibody methods have also 
been introduced. 

Fully automated immunoassays incorporating analogs 
labeled with enzymes, and fluorescent- or chemilumines- 
cent-signaling molecules have been described and are com- 
mercially available for routine use.””'°*?"8 The advantages 
of the newer, nonisotopic immunoassay formats include (1) 
faster results, (2) smaller sample size, and (3) the elimina- 
tion of radioactive reagents. For adult male patients, these 
assays have demonstrated good precision and recovery, and 
agreement with GC-MS—validated pools and established RIA 
methods.” However, there is some question regarding 
the utility of such assays for female and prepubertal sub- 
jects,1101922535835 The testosterone is low in these subjects 
and measurements compare poorly with mass spectrometry 
methods,’”?**% The accuracy of immunoassay combined 
with extraction is uncertain.” 

The preferred tracer in commercially available RIA kits 
for labeled testosterone is ‘I, The size of the iodinated group 
and the site of linkage may greatly affect assay affinity and 
specificity. Some methods use solvent extraction or chro- 
matography, or both, to remove interferences from other 
steroids and some drugs. These preliminary steps also permit 
concentration of the sample when low concentrations of 
testosterone are expected. Like automated assays, manual 
RIA assays perform better at higher concentrations, with 
questionable utility in female and prepubertal subjects.” 

Direct assays for total testosterone may produce spuri- 
ously high results, especially at low concentrations. In 
particular, some samples collected from women give 
concentrations within the reference interval for men when 
direct assays are used, but yield concentrations within the 
normal reference interval for women if extraction methods 
are used,!!)16583 Similar interferences have been reported 
in the direct measurement of testosterone in infants," 
During the first 3 weeks postpartum, testosterone concen- 
trations measured by a direct assay were 3.8-fold greater than 
those measured after purification. These differences were 


most prominent in the first week of life, although some per- 
sisted through the first 2 months. This lack of accuracy is 
serious and may result in misdiagnosis and inappropriate 
treatment. Overestimations of testosterone concentrations 
by some direct methods are thought to be caused by the 
presence of a water-soluble cross-reacting substance(s).’™ 
Alternatively, the presence of endogenous antibodies that 
recognize the labeled testosterone analogs may cause falsely 
elevated concentrations.” 

The validity of assay results is best proved by tests for 
parallelism of the response curves for both calibrators and 
randomly selected samples from male and female subjects 
of various ages. In addition, comparison of extraction/ 
chromatography immunoassays should be validated by 
comparison with mass spectrometry methods.’ Direct 
immunoassays should not be used for female and prepuber- 
tal subjects, especially infants. These groups should be tested 
using an extraction immunoassay or an LC-MS/MS assay. It 
is important to note that both types of direct immunoassay 
demonstrate problems with functional sensitivity for low 
concentrations. Each lab should determine the low-end 
detection limit of their assay despite manufacturer claims. 

Regardless of immunoassay type, almost all testosterone 
antisera show some degree of cross-reactivity with DHT 
{typically 3% to 5%), but show negligible cross-reactivity 
with other androgens. Assays that use antisera generated 
against the C-19 position give maximum analytical speci- 
ficity with respect to endogenous steroids. However, cross- 
reactions with 19-norsteroids that are used in contraceptive 
preparations have caused a problem. In most clinical situa- 
tions, estimation of testosterone without prior separation of 
DHT is permitted because plasma concentrations of DHT 
are only 10% to 20% of those for testosterone. Moreover, 
testosterone and DHT are the two most important andro- 
gens in the systemic circulation; even when a method mea- 
sures the concentrations of both of them, clinically useful 
information about the total androgen load is obtained. 
However, if specific estimation of testosterone concentration 
is required, then chromatographic separation of testosterone 
and DHT before immunoassay is usually necessary to obtain 
consistently reliable results.'® 


Specimen Collection and Storage 


Either serum or heparinized plasma is used to measure 
total or free testosterone. Testosterone is subject to a diurnal 
variation, reaching a peak concentration between 0400 hours 
and 0800 hours. Therefore, morning specimens are preferred. 
Specimens are stable for a week (men) or 3 days (women) 
refrigerated and for up to 1 year frozen at 20 °C." 
No steroids, thyroid, ACTH, estradiol, or gonadotropin 
medications should be given for 48 hours before sample 
collection.” Most assays are standardized for serum or 
heparinized plasma. Other anticoagulants such as ethylene- 
diaminetetraacetic acid (EDTA) may give different values. In 
certain RIA assays, presence of EDTA appears to cause a 10% 
decrease in total testosterone concentrations.” 
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TABLE: 53-5: Reference Intervals for Total Testosterone 
in Serum 


ongide nolL 


Prepubertal Levels pear 
1-5 mo, Male. ` EUa aa, 
E AS: a 


0.03-6.14 
~0,03-0.17 
~0.07-0.24.- 
).07-0.17 


Pubertal Levels (Tanner Stage) Sanit ae 
1, Male 2 0,0720.80. 
oe 0,07-0.35 
O uma 
O17104 
052.972 
0,35-1,04 © 
3.64-18.91 


05-545 n. 


4 15-40 5201.39 
5, Male 65-800 Ss. 9.19-27.76 
Female | 10-40 :: 0.35-1.39 

Adult Levels 00L o ay 
Male. 260-1000 9-34,72 
Female 0. 15-70. 0.52-2.43 

m 3 4 L L i (Riper at~ a 


mid-cycle peak) 


From Quest Diagnostics/Nichols Institute. The Corning Endocrine 
Manual. Capistrano, CA: Quest Diagnostics/Nichols Institute, 1996; Tietz 
NW, ed. Clinical guide to laboratory tests. 3rd ed. Philadelphia: WB 
Saunders Co, 1995. 


Reference Intervals 


Reference intervals for total testosterone in serum are listed 
in Table 53-5. Reference concentrations for total testos- 
terone in other body fluids are listed in Chapter 56 and 
elsewhere.*° 


Comments 


Estimation of SHBG in serum is sometimes very useful for 
interpreting blood concentrations of testosterone. Proce- 
dures for measuring SHBG have been reviewed elsewhere.””" 
Two types of assays are generally available: (1) binding 
assays, in which the quantity of a radiolabeled androgen 
bound to SHBG is measured; and (2) specific immunoassays 
for the SHBG protein. Commercial kits for SHBG determi- 
nation are available. Serum concentrations measured using 
a solid-phase immunoenzymometric assay vary from 10 to 
80 nmol/L in men and 20 to 130nmol/L in nonpregnant 
women.” When measured using an RIA, SHBG concentra- 
tions vary from 6 to 44nmol DHT bound per liter in men, 


and from 8 to 85 nmol DHT bound per liter in women.”* 
Interference by SHBG has been reported to occur in a 
number of direct RIAs for testosterone?” "$; the use of extrac- 


tion techniques, however, abolishes the influence of SHBG. 


MEASUREMENT OF FREE AND WEAKLY BOUND 
TESTOSTERONE IN BLOOD 
In cases in which SHBG concentrations are altered, such as 
in women, aging men, and illness, measurements of free or 
bioavailable testosterone are believed to be better reflections 
of androgen status. An excellent review of various methods 
used to measure this fraction of testosterone is available.” 
Several methods are available for determining the con- 
centrations of the free or bioavailable forms of testosterone 
in serum or plasma: (1) estimation of the free testosterone 
fraction by equilibrium dialysis or ultrafiltration; (2) esti- 
mation of the free hormone using a direct (“analog tracer”) 
immunoassay; (3) estimation of the combined free and 
weakly bound (“bioavailable”) testosterone fractions by 
selective precipitation of the tightly bound form; (4) calcu- 
lation of androgen index using indices that reflect ratios of 
the testosterone pools; and (5) calculation of free and weakly 
bound testosterone concentrations by mathematical model- 
ing.***“6°7 The last approach uses mass action equations to 
calculate free and weakly bound testosterone concentrations 
from the concentrations of total testosterone, SHBG, and 
albumin, and from the association constants for the binding 
of testosterone to the two binding proteins. 


Equilibrium Dialysis/Ultrafiltration 

Only a small fraction (1% to 2%) of unconjugated testos- 
terone exists freely (non-protein bound) in serum or plasma. 
None of the conventional assay methods, including RIA, is 
sufficiently sensitive to quantify the free steroid directly in a 
protein-free ultrafiltrate of plasma. Instead, the free steroid 
is estimated in plasma by adding a known amount of ra- 
diolabeled compound to the sample and allowing labeled and 
unlabeled compounds to reach equilibrium in their compe- 
tition for the same binding sites on the proteins. Bound and 
free radiolabeled fractions are then separated and the ratio 
of free labeled to total labeled compound is determined. At 
equilibrium, this ratio is taken as a measure of the free testos- 
terone fraction. An estimate of serum free testosterone can 
then be calculated by multiplying the free testosterone frac- 
tion by the total testosterone concentration. 


Methodological Principle 


In the equilibrium dialysis/ultrafiltration method for 
determining free testosterone in blood, a sample is first 
equilibrated with radioactive testosterone. Free steroid is 
then separated from bound steroid by filtration through an 
anisotropic, hydrophilic ultrafiltration membrane. The 
driving force for ultrafiltration is provided by centrifugation 
at 1000 to 2000 xg, Filtrate containing free steroid collects 
in the filtrate cup, whereas protein-bound steroid remains 
above the filter. Radioactivity in the filtrate is a measure of 
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TABLE 53-6 Reference Intervals for: Free Testosterone 


in Serum 
“Free 
Fraction 
coe pgimL pmol/L, (% of Total) 
Children a sos Sos 
-6-9yr, Male. -0.1-3.2.0.3-11.1  0.9-1.7 
Female. 0.1-0.9...0.3-3.1..0.9-1,4. 
10-11 yr, Male: 0.6-5,7. 2.1-19.8 1.0 
Female 1.0-5,2.. 3.5-18.0.. 1.0-1.9 
12-14yr, Male 14-156. 4.9-541.1,3-3.0 
Female: 1,0-5.2...3.5-18,0.1.0-1.9 
15-17yr, Male... 80-159. 278-552... 1,8-2.7 


Female 1.0-5.2° 3.5-18.0. 1.0-1.9. 


Adults 


o Male oe '50-210.., 174-729: 1.0-2.7 ni 
Female — 1.0-8.5. 35-295. 0.5-1.8 


From Quest Diagnostics/Nichois Institute. The Corning Endocrine 
Manual. Capistrano, CA: Quest Diagnostics/Nichols Institute, 1996; Tietz 
NW, ed. Clinical guide to laboratory tests. 3rd ed. Philadelphia: WB 
Saunders Co, 1995, 


the free testosterone fraction. A detailed procedure for the 
equilibrium dialysis method is included in the previous 
edition of this chapter.” 


Reference Intervals 


Reference intervals for free testosterone and percent free 
testosterone in serum are listed in Table 53-6 and in Chapter 
56.7» These concentrations compare favorably with 
those obtained when using membrane ultrafiltration and 
gel filtration methods, Equilibrium dialysis is considered 
the reference method for determining free testosterone in 
serum, 


Comments 


Most problems with this procedure have involved tracer 
impurities and the separation of bound and free labeled 
fractions. Several separation techniques have been used, 
including equilibrium dialysis, membrane ultrafiltration, 
and steady-state gel filtration. Their deficiencies include 
a requirement for a large sample volume, the need for 
complicated correction of sample volume changes that occur 
during the separation, and difficulties of collecting and mea- 
suring radioactivity in numerous fractions of each sample. 
Equilibrium dialysis has been used most often in the past, 
but serious errors often arise from the sample dilution 
required by this method.” Symmetrical dialysis of undi- 
luted samples is reported to be less susceptible to tracer 
contamination and dilution effects.’ Ultrafiltration also 
appears to overcome these problems and to obviate errors 
caused by dilution.’” 


Direct Immunoassay 


Several RIA procedures are commercially available for the 
direct estimation of free testosterone, 74286357368 These 
assays use a labeled derivative (analog) of testosterone that, 
in theory, retains the ability to react with exogenous 
antitestosterone antibodies, but is restricted from interact- 
ing with testosterone-binding proteins in the serum sample. 
The analog method is claimed to have a significant advan- 
tage as a screening test for investigating androgen excess in 
women, although others have found free androgen index 
to be a better indicator.*” 

The advantages of RIA analog methods include a small 
sample requirement, relatively rapid results, an easy proce- 
dure, and the option to measure free testosterone without 
having to measure total testosterone. °” Thus the RIA 
analog assays are the most commonly used method for 
determining free testosterone. Although there is reportedly 
good correlation between the values obtained by RIA and 
equilibrium dialysis, the RIA assays are grossly inaccurate, 
underestimating free testosterone concentrations by many 
fold. 78346 One study in females revealed that free testos- 
terone concentrations obtained by two different analog 
assays were 15% to 35% and 25% to 30% of those obtained 
by ultrafiltration.” The calculated free testosterone is con- 
sidered more reliable than the RIA method. 


Selective Precipitation 


Measurement of bioavailable testosterone has been esti- 
mated by selective precipitation of SHBG with ammonium 
sulfate. In this technique, aliquots of serum or plasma are 
first incubated with tritiated testosterone. Testosterone 
bound to SHBG is then precipitated with 50% ammonium 
sulfate. The samples are centrifuged, and aliquots of the 
supernatant containing the free and albumin-bound testos- 
terone (also known as non—SHBG-bound testosterone) are 
counted. The percentage of tritiated label not bound to 
SHBG is subsequently multiplied by the total testosterone 
concentration to give the bioavailable testosterone.*” The 
amount of bioavailable testosterone has also been measured 
directly, by RIA, in the supernatants of plasma after ammo- 
nium sulfate precipitation and solvent extraction.” An 
indirect method using a commercially available enzyme 
immunoassay has been described for measuring bioavailable 
testosterone.” Alternatively, the fraction of testosterone not 
bound to SHBG has also been estimated by a technique that 
involves saturating SHBG binding sites with 5a-DHT, the 
natural steroid bound with highest affinity by SHBG; the 
non-protein-bound fraction is subsequently measured in 
treated and untreated samples by centrifugal ultrafiltration 
dialysis or semiautomated equilibrium dialysis.” The 
reference intervals for bioavailable testosterone in serum are 
listed in Table 53-7. 


Androgen Index 


This index is a ratio of testosterone and SHBG multiplied by 
100 to give concentrations similar to measured free testos- 
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TABLE 53-7 Reference Intervals for Bioavailable 


Testosterone in Serum 


oe ngidL nmol/L. % of Total 
„Adult men. .66-417,.. 2.29-14,5. 12:3-63.0 
Adult women ` -0.6-5.0 = 0.02-0.17:,.2.4-12.9 


From Quest Diagnostics/Nichols Institute. The Corning Endocrine 
Manual. Capistrano, CA: Quest Diagnostics/Nichols Institute, 1996; Tietz 
NW, ed. Clinical guide to laboratory tests. 3rd ed. Philadelphia: WB 
Saunders Co, 1995. i 


terone concentrations.*” Although this is only an indicator 
of free testosterone, some have found it to be useful in the 
evaluation of hirsutism.” Other reports have indicated that 
the free androgen index is not a reliable parameter of free 
testosterone because of its variation as a function of SHBG 
concentration. 7+?» 


Mathematical Modeling 


Methods based on mathematical modeling use algorithms to 
derive non-SHBG-bound testosterone. SHBG has been 
shown to be highly correlated with the percentage of free 
testosterone. Using this relationship, an algorithm is used to 
calculate percent free testosterone from the SHBG concen- 
tration. The calculated percent free value is then multiplied 
by total testosterone to obtain the concentration of free 
testosterone. For example, the algorithm used by Nanjee and 
Wheeler is: 


% Free testosterone = 6.11 — 2.38 log SHBG x 10°? 


More complex calculations have been used to calculate the 
concentration of free testosterone that are based on the law 
of mass action. For example, Vermeulen and co-workers 
derived the following calculation of the concentration of free 
testosterone from the measurement of the concentrations of 
total testosterone and SHBG:*** 


T= T — (Ka XCa) + DT) 
(Kr (SHBG) — (Kr )(T) + (Ka XCa)+D(Kr XET) 


where 
FT  =Concentration of free testosterone (mol/L) 
T = Concentration of total testosterone (mol/L) 
Kr = Association constant of SHBG for T (suggested 


value = 1 x 10° L/mol) 
SHBG = Concentration of SHBG (mol/L) 
Ką =Association constant of albumin for T (sug- 
gested value = 3.0 — 3.6 x 10’ L/mol) 
C, = Concentration of albumin (MW = 69,000 Da) 
Solving this equation for FT yields a quadratic equation* in 
the form: 


Ax”? + Bx +C=0 
*The authors acknowledge the assistance of Curtis Parvin, 
Washington University and Jim Boyd, University of Virginia in 
solving the quadratic equation. 


Assuming x = FT, the formula for the positive x would be: 


-B + VB? — 4AC 


2A 


x=FT= 


where 
A =[(Ka)(Ca) + UKr 
B = (Ka )(Ca) + (KrXSHBG) — (KtXT) + 1 
C=-—fT 


Although complex, these calculations have demonstrated a 
very good correlation (both linearity and value agreement) 
with equilibrium dialysis measurements and are considered 
a reliable indicator of free testosterone.” The reader is 
directed to other references for further details on this 
method.*”*” Conditions resulting in abnormal plasma 
protein concentrations, such as nephrotic syndrome, cirrho- 
sis, and pregnancy require adjustments in the assumption for 
albumin concentration. 


MEASUREMENT OF TESTOSTERONE IN SALIVA 


Salivary testosterone concentration correlates with free 
testosterone concentrations in plasma and has been advo- 
cated as an indicator of androgen status.“ In a multicenter 
evaluation that examined nine different laboratories using 
various RIA methods with and without extraction, good cor- 
relation was found between laboratories despite widely 
varying methods.” Reference intervals of 4 to 14ng/dL° 
and 2 to 6ng/dL’® have been reported for testosterone in 
saliva of men. Measurement of salivary testosterone in 
women has been less reliable, with no consensus on salivary 
concentrations available. 67304357 However, one commer- 
cial laboratory reports a reference interval of 0.5 to 1.8ng/dL 
for women.’® An enzyme immunoassay method for deter- 
mination of testosterone concentration in saliva has been 
described and evaluated in female specimens.™ 


MEASUREMENT OF TESTOSTERONE PRECURSORS AND 
METABOLITES IN BLOOD 


Several biosynthetic precursors and metabolites of testos- 
terone have been measured using specific immunoassays 
(either directly or after sample extraction), chromatography, 
or both. Examples include DHT, 3c-androstanediol 
glucuronide,” androstenedione,’ and DHEA. DHT is a 
product of testosterone, produced in androgen-sensitive 
tissues, and is a potent androgen. 3a-Androstanediol glu- 
curonide is a metabolite of DHT and provides a marker of 
peripheral disorders of androgen action and formation, 
particularly hirsutism. Patients with hirsutism of either 
idiopathic nature or secondary to PCOS have elevated 
3a-androstanediol glucuronide concentrations. Androstene- 
dione is a product of 170-hydroxyprogesterone and DHEA 
and is the immediate precursor of testosterone. Circulating 
concentrations have been found increased in several 
pathological disorders, such as CAH, adrenal tumors, and 
polycystic ovarian disease. me 
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TABLE 53-8: Reference Intervals for 
Dihydrotestosterone, 30-Androstanediol 


Glucuronide, and:Androstenedione ‘in 


Serum 
ng/dL ‘nmol/L 
Dihydrotestosterone 
Adult men 30-85 1.03-2.92 
Adult women: 4-22 0.14-0.76 
Children (prepubertal) KJET <0.10 
30-Androstenediol Glucuronide *: : 

Adult men 260-1500 92° 8°:,5,5-32 
Adult women “60002005 60-300 1.3-6.4 
ve Children (prepubertal) “10-608 5 0,221.30 
Adults = i 175-205 74 2.6-7.2 
Postmenopausal 82-275 3.0-9.6 

“Children (prepubertal) <5 <0.2 
Pubertal Levels (Tanner. Stage) 

J; Male 5-55 0.2-1.9 
Female 10-35 0.3-1.2 

2, Male 10-100 0.3-3.49 
Female 15-120 7.8-4.2 

3, Male 25-85 0.9-3.0 
Female 40-170 1.4-5.9 

4, Male 20-85 0.7-3.0 
Female 25-195 0.9-6.8 

5, Male 50-250 1.7-8.7 
Female 70-200 2.4-7.0 


From Quest Diagnostics/Nichols Institute. The Corning Endocrine 
Manual. Capistrano, CA: Quest Diagnostics/Nichols Institute, 1996; Tietz 
NW, ed. Clinical guide to laboratory tests. 3rd ed. Philadelphia: WB 
Saunders Co, 1995, 


Reference intervals for these analytes in serum are listed 
in Table 53-87" and in Chapter 56. 


MEASUREMENT OF DEHYDROEPIANDROSTERONE AND 
ITS SULFATE 

Measurements of DHEA or its sulfated conjugate, DHEA-S, 
in serum and plasma are important to investigations of 
adrenal androgen production, such as the assessment of 
hyperplasia, adrenal tumors, adrenarche, delayed puberty, or 
hirsutism, DHEA-S in circulation originates primarily from 
the adrenal glands, although in men some may be derived 
from the testes; none is produced by the ovaries. DHEA is 
secreted almost entirely by the adrenal glands. 

DHEA concentrations exhibit a circadian rhythm that 
reflects the secretion of ACTH and also varies during the 
menstrual cycle. DHEA-S concentrations do not exhibit a 
circadian rhythm because of their longer circulating half- 
life.” Concentrations in serum are increased in cord blood 


and drop precipitously at birth. Concentrations in prema- 
ture infants are in general much higher than those in full- 
term infants. Pregnancy and oral contraceptives induce a 
modest reduction and glucocorticoids a marked decrease. 
Patients with PCOS often have elevated concentrations of 
DHEA-S, suggesting an adrenal androgen contribution to 
the defect in this disorder. Concentrations of DHEA-S are 
also elevated in CAH and with adrenocortical tumors 
(concentrations higher with adrenal carcinoma than with 
adrenal adenomas)?” whereas concentrations are not 
elevated in women with virilizing ovarian tumors. Gluco- 
corticoid administration for several days suppresses con- 
centrations in patients with adrenal hyperplasia. DHEA is 
commercially available in health food stores; therefore 
increased serum concentrations may be caused by exogenous 
use. 


Methodology 


Immunoassay is the method of choice for measurements 
of DHEA and DHEA-S. Other methods include gas-liquid 
chromatography,’ double-isotope derivative methods,'” 
and competitive protein-binding assays.***”” The latter 
actually measures 5-androstenediol derivatives and uses 
SHBG as a naturally occurring binding protein. A reference 
method based on high-performance liquid chromato- 
graphy-mass spectrometry has been used for independent 
evaluation of routine methods.’ Immunoassays for 
DHEA-S demonstrate significant cross-reactivity with 
DHEA, androstenedione, and androsterone, yet the relative 
concentrations of these steroids cause a minimal effect 
on assay performance. 


Radioimmunoassay 


Analysis of DHEA-S in serum or plasma is routinely per- 
formed using direct RIA; neither extraction nor chromatog- 
raphy is required in most methods. In the direct procedures 
of Buster and Abraham” and Cattaneo and co-workers,” 
plasma samples are assayed with an antibody generated 
against DHEA-3-hemisuccinate coupled to albumin. This 
antiserum completely cross-reacts with unconjugated 
DHEA, but only minimally with androstenedione. Because 
of the presence of relatively large amounts of DHEA-S, this 
steroid has been measured directly in plasma by diluting 
out interfering steroids that are present in relatively low 
concentration. 

A variety of commercial RIA kits are available for 
measuring DHEA-S in serum or plasma. In one procedure 
(Coat-a-count; Diagnostic Products Corp.), I-labeled 
DHEA-S competes with DHEA-S in the patient sample 
for sites on antibody-coated tubes.” After incubation for 
30 minutes at 37 °C, separation of bound from free 
DHEA-S is achieved by simply decanting. This solid-phase 
kit is equipped with protein-based calibrators having 
DHEA-S concentrations ranging from 5 to 1000 g/dL (0.14 
to 27umol/L), The assay detects as little as 2.1 ug/dL 
(0.05 mol/L). Intraassay and interassay coefficients of vari- 
ation are less than + 7% at concentrations ranging from 204 
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to 761 ug/dL (5.5 to 20.5f1mol/L). The antiserum is stated 
to be highly specific for DHEA-S, with very low cross- 
reactivity to other compounds, including DHEA (0.08%). 
Bilirubin, protein, and hemolysis have no clinically signifi- 
cant effects on the assay. Supraphysiological concentrations 
of free fatty acids and lipids, however, interfere with the 
procedure. Discordance has been reported among different 
RIA methods for DHEA-S, and in several disorders the 
presence of interfering DHEA-like steroids in serum has 
been confirmed.” 


Nonisotopic Immunoassay 


Nonisotopic methods have also been described. For example, 
a homogeneous (nonseparation) fluorescence polarization 
immunoassay for DHEA-S that uses a rabbit polyclonal 
antibody and a DHEA-fluorescein tracer is available.’ The 
measured polarization is inversely related to DHEA-S 
concentration. This fully automated system has a dynamic 
range of 1 to 1000 ug/dL (0.03 to 27 umol/L), and interas- 
say coefficients of variation are less than + 10% over a broad 
concentration interval (25 to 1000 ug/dL; 0.7 to 27 pmol/L). 
Assay time is about 15 minutes for a single sample and 30 
minutes for 20 samples. 

A heterogeneous solid-phase enzyme immunoassay for 
DHEA-S is commercially available.” This method uses 
horseradish peroxidase as enzyme label, rabbit anti-DHEA- 
S-coated microtiter wells, and tetramethylbenzidine as sub- 
strate. The assay is stated to have a lower limit of detection 
of 15ng/dL (40.6nmol/L). An automated method employ- 
ing chemiluminescent detection of alkaline phosphatase- 
labeled conjugate has been described. This assay reported a 
lower limit of detection of 2pg/mL (54.0nmol/L). 


Specimen Collection and Storage 


Serum or plasma (preserved with EDTA) is suitable for 
DHEA or DHEA-S immunoassays." No steroids, ACTH, 
estradiol, or gonadotropin medications should be given for 
48 hours before sample collection.’ Early morning collec- 
tion, before 1030 hours, is preferred for DHEA.”'*”*! Refrig- 
erated samples (4 °C to 8 °C) are stable for up to 14 days, 
those frozen at —20 °C are stable for >1 years.” 


Reference Intervals 


Reference intervals for serum concentrations of DHEA-S 
and DHEA are listed in Table 53-9,16336 


Comments 


Enzyme immunoassay and RIA kits for the measurement of 
salivary DHEA and DHEA-S are commercially available for 
research purposes.™ Analysis of DHEA by immunoassay 
usually requires pretreatment of serum samples, because 
the serum concentration of DHEA is 1000-fold lower than 
that of DHEA-S. Several extraction and chromatographic 
procedures have been suggested for this purpose. Celite is the 
preferred adsorbent, and dichloromethane and ethyl acetate 
are common choices for extraction solvents. Commercial 
RIA kits using solid-phase separation techniques and I- 


TABLE 53-9. Reference Intervals for 
Dehydroepiandrosterone Sulfate and 


Unconjugated. Dehydroepiandrosterone 
in:Serum 


g/dL 


Debydroepiandrosterone ‘ ulfate 
Children : 


mol/L 


0.3-6.9 
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20-535 0.5-14.4 
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“(Tanner Stage) A oai 
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15-380 0.4-10.3 
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60-505 1.6-13.6 
20-535 0.5-14.4 
65-560 1.8-15.1 
35-485 0.9-13.1 
165-500 4.4-13,5 
75-530 2.0-14.3 . 
125-619 3.4-16.7 
59-452. = 1.6-12.2 
20-413.......0.5-11.1 
10-285... 0.3-7.7. 
45-380 1.2-10.3 
12-379.. 0,8-10.2 
oal 30-260. 0.8-7.0 
ng/dL nmol/L 
Dehydoepiandrosterone, Unconj ugated 
Children 
6-9:y1, Male 13-187 0.45-6.49 
6-9yr, Female: 18-189... ..0.62-6,55 
10-11yr,Male 31-205... 1.07-7.11 
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12 lya) Male 83-258... 2.88-8.95. 
98-360... 3.40-12.5 
180-1250 6.25-43.4 
130-980 4.51-34.0 


From Quest Diagnostics/Nichols Institute. The Corning Endocrine 
Manual. Capistrano, CA; Quest Diagnostics/Nichols Institute, 1996; Tietz 
NW, ed. Clinical guide to laboratory tests. 3rd ed. Philadelphia: WB 
Saunders Co, 1995. 
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labeled DHEA are widely available for convenient measure- 
ment of serum concentrations. A typical kit method can 
detect as little as 3ng/dL (0.1nmol/L) of DHEA." Cross- 
reactivity of antisera with related steroids is relatively 
low, with some exceptions (androstenediol, about 6%; 
androstenedione, about 2%; and testosterone, about 1%). 
Interextraction precision, expressed as a coefficient of 
variation, is less than + 12% at a DHEA concentration of 
120ng/dL (4.1 nmol/L). 


MEASUREMENT OF 17-KETOSTEROIDS IN URINE 

The 17-KSs are metabolites of precursors secreted by the 
adrenal glands, the testes, and to some extent the ovaries. In 
men, approximately one third of the total urinary 17-KSs 
represent metabolites of testosterone secreted by the testes, 
whereas most of the remaining two thirds are derived from 
the steroids produced by the adrenal glands. In women, 
who normally excrete smaller quantities than men, the total 
17-KS concentrations are derived almost exclusively from 
the adrenal glands. 

The bulk of the urinary 17-KSs. consists of andro- 
sterone, epiandrosterone, etiocholanolone, DHEA, 11-keto- 
and 116-hydroxyandrosterone, and 11-keto- and 116- 
hydroxyetiocholanolone. DHEA and 11-oxygenated 17-KSs 
are produced only by the adrenal glands, whereas the others 
also arise from precursors (androstenedione and testoster- 
one) elaborated by the gonads. Thus the main purpose of 
measuring these steroid metabolites is to assess adrenal 
androgen production. 

Decreased concentrations of 17-KSs usually are found in 
men with primary hypogonadism (Klinefelter’s syndrome 
and castration), in secondary hypogonadism (panhypopitu- 
itarism), and in women with pituitary hypoadrenalism 
(Addison’s disease). Increased concentrations are found in 
patients with testicular tumors (interstitial cell tumor and 
chorioepithelioma), adrenal hyperplasia, and adrenal carci- 
noma, and in some women with hirsutism. 

All 17-KSs are not androgens, and not all androgens are 
17-KSs. DHEA and androstenedione are 17-KSs with only 
weak androgenic properties, and etiocholanolone is a 17-KS 
with no androgenic effects. The potent androgens, testos- 
terone and DHT, are not 17-KSs. A specific measurement of 
testosterone and DHT in blood is required to evaluate the 
production of these androgens. The measurement of DHEA- 
S in blood serves as a more convenient marker for adrenal 
androgen production than does urinary 17-KS excretion 
both because a 24-hour urine collection is not required, and 
because of the many drugs that interfere with the 17-KS 
assay.” For these reasons, many clinicians now prefer to 
have concentrations for plasma DHEA-S to interpret rather 
than those for urinary 17-KS. 


Methodology 

Several chemical methods are available for estimating the 
concentration of total 17-KSs in urine. Final quantitation in 
some of these methods is based on the color reaction origi- 


nally described by Zimmerman. The method described by 
Sobel and co-workers’ has been shown to be adequate for 
routine clinical use. In this procedure, acid cleavage of glu- 
curonic and sulfuric acid conjugates of 17-KSs is followed by 
extraction, washing with alkali, and finally color develop- 
ment. Estrone, which is an “acidic” 17-KS, is removed by 
alkali treatment because of its phenolic nature, and thus is 
eliminated before the photometric reaction of the remain- 
ing “neutral” 17-KS fraction. The color formation is based 
on the réaction of 17-KS with m-dinitrobenzene in alcoholic 
potassium hydroxide to produce a reddish-purple color with 
maximum absorption at 520nm.” Marlow has demon- 
strated that the development of color depends on the pres- 
ence of an active methylene group adjacent to a carbonyl 
group.”'* When the ketone group is situated at other 
positions (e.g., A*-3-keto in testosterone, progesterone, and 
cortisol), the color development is less intense and the 
absorption maximums differ. Quantitation is carried out by 
comparison of the optical absorbance obtained with the 
sample with that obtained with a known amount of pure 
calibrator, such as DHEA. For specific analytical details, the 
interested reader is referred to the first edition of this text- 
book.” The reference interval for the urinary excretion of 
17-KSs is 10 to 25 mg/day (35 to 87 umol/day) in men and 6 
to 14mg/day (21 to 49umol/day) in women. Various 
drugs interfere with the 17-KS assay. Agents that produce a 
positive interference include chlorpromazine, ethinamate, 
meprobamate, nalidixic acid, penicillin, phenaglycodol, 
and spironolactone. Agents that produce a negative inter- 
ference include chlordiazepoxide, progestational agents, 
propoxyphene, and reserpine.” 


MEASUREMENT OF ANABOLIC STEROIDS 


Exogenous steroids such as testosterone and DHT that are 
used to improve athletic performance are a challenge to 
detect and measure for the laboratory. The ratio of testos- 
terone to epitestosterone, its 17a-epimer, has been used for 
detection of testosterone abuse. A ratio of testosterone to 
epitestosterone >6:1 suggests exogenous testosterone use 
and further testing should be performed for confirmation.” 
Others have suggested a ratio of testosterone to LH in the 
urine as an indication of testosterone doping. Detailed 
studies of these ratios are available.” GC-MS remains the 
most widely used method for screening and confirmation. 
For additional infurmation regarding methods, the reader is 
directed to reviews on the subject, 395051 


MEASUREMENT OF ESTROGENS IN BLOOD 

Methodology 

Both chromatographic and immunoassay methods are used 
to measure estrogens in blood. 


Chromatographic Methods 

GC-MS methods associated with isotope dilution provide 
the most accurate and reliable measurement of estra- 
diol. 271 The main steps in these reference methods 
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are solvent extraction, chromatographic fractionation, and 
chemical derivatization before instrumental analysis. Valida- 
tion of routine methods by this technique has become 
important in many external quality assurance programs. For 
routine purposes, these chemical and physical methods have 
been largely replaced by immunoassays, which are easier and 
faster than chromatographic methods. 


Immunoassay l 
Immunoassays consist of both indirect (extraction required) 
and direct (no extraction required) methods. The most 
common antigen used to prepare antibodies for estradiol 
assays is estradiol-6-(O-carboxymethyl)oxime conjugated 
to bovine serum albumin.” Cross-reactivity with other Cis 
steroids is usually minimal as the 3- and 17-hydroxyl groups 
are left free. A 2002 CAP survey confirms that direct enzyme 
immunoassays have largely replaced RIAs for routine mea- 
surement of estradiol concentrations. The limitations of 
automated, nonisotopic immunoassays will be discussed 
later in this section. Evaluation of estrogen concentrations in 
men, postmenopausal women, and children requires use of 
more sensitive RIAs. Many of the early immunoassays used 
organic solvents for selective extraction of estradiol from 
serum. This step not only removes estradiol from endoge- 
nous binding proteins but also removes other compounds 
that interfere with the method. 

To measure estradiol directly without extraction and 
chromatography, the steroid must be displaced from its 
binding proteins. The displacing agents used in commercial 
methods are often not disclosed, but in some systems 
effective displacement is achieved by adding 8-anilino- 
1-naphthalene sulfonic acid (ANS) or a large excess of a 
competing steroid such as DHT to the sample.” 

A number of direct RIA kit methods are commercially 
available for measuring serum estradiol.” Assay condi- 
tions used in these kits vary, with sample volumes ranging 
from 25-200 LL and incubation times of 45 to 190 minutes. 
One of the simplest kits available (Coat-a-count; Diagnostic 
Products Corp.) is a simple two-step assay that requires 
only the pipetting of an aliquot of sample into an anti- 
body-coated tube followed by a single 3-hour incubation 
at room temperature; no centrifugation is necessary.” This 
kit is equipped with human serum-based calibrators that 
have estradiol concentrations ranging from 20 to 3600 pg/ 
mL (0.07 to 13.20nmol/L); intraassay and interassay pre- 
cision across a range of estradiol concentrations is less than 
+9%, 

Bilirubin, hemolysis, and lipemia do not affect this assay, 
but free fatty acids have significant effects on it. Cross- 
reacting steroids in samples from neonates have also caused 
interference. Some direct assays exhibit interference from 
SHBG, resulting in overestimation of estradiol concentra- 
tions at low SHBG concentrations and in underestimation 
at high concentrations. There has also been a report of an 
unknown water-soluble interfering substance, which caused 
falsely increased estradiol results in a variety of direct 


assays.’ This interferant is removed by simple extraction 
with an organic solvent. 

Caution should also be exercised when assaying samples 
from subjects who are receiving oral contraceptives or estro- 
gen replacement therapy because cross-reacting steroids may 
cause elevated results. Most notably, cross-reactivity with 
estrone is as high as 10% for some assays, but much lower 
(<1%) in others. This is likely due to a difference in the speci- 
ficity of the antibody used for estradiol. Similar effects have 
been observed for metabolites conjugated at the 3 position, 
like estrone-3-sulfate and estrone-3-glucuronide. 

A number of nonisotopic immunoassays for estradiol 
have been developed and adapted for use on fully automated 
immunoassay systems. All are heterogeneous assays (separa- 
tion step needed), but most are direct assays and do not 
require preliminary extraction. Most procedures offer the 
convenience of solid-phase separation methods. For routine 
clinical applications, the greatest experience is with enzyme 
immunoassays. Most commercial enzyme immunoassays 
use horseradish peroxidase or alkaline phosphatase to label 
estradiol antigens; enzyme activity is determined using a 
variety of photometric,**'*”” fluorescent, "627 or chemi- 
luminescent substrates.” 

Immunoassays using fluorescent labels (e.g., europium 
chelates and time-resolved fluorescent immunoassay) and 
chemiluminescent labels” have also been described. England 
and co-workers describe a semiautomated “ultrasensitive” 
chemiluminescent immunoassay for estradiol." This method 
is reportedly capable of accurately measuring low concentra- 
tions (<50 pmol/L) of estradiol observed in perimenopausal 
and postmenopausal women, healthy men, and children. Taieb 
and co-workers compared the detection limits and functional 
sensitivities for nine automated estradiol immunoassays.” 
They concluded that the functional sensitivities, defined as the 
lowest concentration of analyte that can be measured with a 
run-to-run imprecision of 20%, were 2- to 4-fold higher than 
the detection limits of the tests. It is also important to note that 
none of the assays analyzed in this study had the functional 
sensitivity required for the evaluation of serum estradiol 
measurements in men, menopausal women, and children.” 
The functional sensitivities ranged from 5.5 to 46 pg/mL (20 
to 169 pmol/L). These assays have been optimized for clinical 
applications, such as the monitoring of ovarian stimulation in 
which high estradio] concentrations are expected. A compari- 
son of two direct immunoassay methods for measuring serum 
estradiol concentration revealed that such assays are useful 
during monitoring in vitro fertilization progress, but that the 
values obtained depend on the method used.™ The authors 
suggest that, until estradiol assays are better standardized, 
reference intervals and cutoff points used as clinical decision 
criteria must be evaluated and modified, if necessary, for each 
assay, 


Specimen Collection and Storage 


Serum or plasma (with EDTA or heparin as anticoagulant) 
is used. Samples should be centrifuged and separated within 
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24 hours, Samples may be stored refrigerated for 24 hours or 
frozen for up to 1 year.'**?”* Estradiol concentrations are 
increased in liver cirrhosis, and oral contraceptives have been 
found to alter concentrations.’ No steroid, ACTH, 
gonadotropin, or estradiol medications should be given 
within 48 hours of sample collection.” 


Reference Intervals 

Reference intervals for serum concentrations of estradiol 
and estrone are listed in Table 53-10, in n Chapter 56, and 
elsewhere.'°5 


MEASUREMENT OF ESTRIOL 

Measurement of estriol has little clinical value, except 
during pregnancy (see Chapter 54), because in nonpregnant 
women estriol is derived almost exclusively from estradiol. 
Both RIA and nonisotopic immunoassay methods for estriol 
measurement in serum and plasma are commercially 
available. The RIA methods employ both double-antibody 
and coated-tube technologies using “I-labeled estriol 
conjugate.””! The manufacturers claim that the reportable 
range for these assays is ~0.1 to 30ng/mL. Competitive 
enzyme immunoassays are also commercially available. 
Chemiluminescent detection via an alkaline phosphatase— 
labeled conjugate has been described. Additionally, an 
enzymatic method based on biotin-streptavidin binding that 
photometrically monitors the turnover of horseradish per- 
oxidase in the presence of tetramethylbenzidine (TMB) is 
available. A 2002 CAP survey reports that automated enzy- 
matic immunoassay methods account for the majority of 
unconjugated estriol measurements, with <30% performed 
by RIA.“ 


Specimen Collection and Storage 


Estriol serum or plasma specimens are stable at room tem- 
perature for 24 hours, and can be refrigerated for 2 days and 
frozen at —20 °C for up to 1 year.’ Patients should not be 
fasting before specimen collection. 


Comments 

Estrone determinations are limited to diagnosis of post- 
menopausal bleeding and the menstrual dysfunction caused 
by extraglandular estrone production. Normally, blood 
estrone concentrations parallel estradiol concentrations 
throughout the menstrual cycle, but at slightly lower con- 
centrations. For a specific analysis of estrone, the interested 
reader is directed to other references.°* 


MEASUREMENT OF ESTROGENS IN URINE 


Several chemical methods for urinary estrogen determina- 
tion have been described. In most, detection is carried out 
by either fluorometry or photometry. When heated with 
sulfuric acid, estrogens form an orange-yellow color with 
intense yellowish-green fluorescence. Such acid-induced flu- 
orescence is sufficiently sensitive to permit detection of as 
little as 0.005 ug of estrogens. However, nonspecific fluores- 


TABLE 53-10 Reference Intervals for Estradiol and 


Estrone in Serum 
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From Quest Diagnostics/Nichols Institute. The Corning Endocrine 
Manual. Capistrano, CA: Quest Diagnostics/Nichols Institute, 1996; Tietz 
NW, ed. Clinical guide to laboratory tests. 3rd ed. Philadelphia: WB 
Saunders Co, 1995, 


cence and a number of other variables—such as length of 
exposure of acid and steroids to elevated temperatures, the 
amount of water added, and the presence or absence of sol- 
vents—are sources of analytical difficulty in using fluorom- 
etry for routine analysis. Of the photometric methods 


available, the Kober reaction is best known. For details on this 


Chapter 53 Reproductive Related Disorders 2137 


reaction, the reader is directed to the second edition of this 
book.” 

Total and fractionated urinary estrogens have been quan- 
titated by RIA after hydrolysis or enzymatic digestion of 
estrogen glucuronides; analytical specificity for estradiol, 
estrone, and estradiol is attained by performing a celite chro- 
matograph step before the RIA. A time-resolved fluoroim- 
munoassay for unconjugated estrogens in urine has been 


proposed as an alternative to RIA and to the fluorometric 


assay of total estrogen.” Several nonradioactive enzyme 


immunoassays for urinary estrone conjugates have been 
described,*°**"* 


MEASUREMENT OF ESTROGENS IN SALIVA 


Measurement of steroids in saliva is noninvasive and suitable 
for the collection of frequent.samples.””’” Serial monitor- 
ing of estradiol has been used for clinical diagnosis and treat- 
ment of infertile women with anovulatory cycles, during in 
vitro fertilization, or when monitoring hormone replace- 
ment therapy of postmenopausal women. Because salivary 
concentrations of estradiol closely reflect the free fraction of 
the steroid in plasma, the concentration in saliva is only 1% 
to 2% of the concentration in blood (1 to 36 pmol/L in non- 
pregnant women). Hence this requires a sensitive assay for 
accurate measurement. 


Methodology 


In general, kits for the measurement of estradiol in saliva 
are not commercially available. However, Tamate and co- 
workers have reported the use of a direct enzyme immunoas- 
say that shows promise for the measurement of salivary 
estradiol.’ This assay uses monoclonal anti-estradiol- 
coated microtiter plates and an estradiol-peroxidase conju- 
gate. No extraction is required. These authors reported a 
salivary estradiol peak of 15 to 31 pmol/L in the preovula- 
tory phase and from 9 to 33 pmol/L in the midluteal phase. 
Lu and co-workers have described a double-antibody RIA 
using I-labeled estradiol conjugate for the determination 
of salivary estradiol.” 


Specimen Collection and Storage 

Saliva should be collected after thoroughly rinsing the 
mouth and frozen immediately. Freezing may help to break 
down mucin and give a more fluid specimen. Samples are 
thawed and then centrifuged to remove debris, and can be 
heat treated at 56 °C for 2 hours to reduce interference by 
the saliva matrix. 


Reference Intervals 


Reference intervals for salivary concentrations of estradiol 
have been reported to be 20 to 70 pg/dL in men and 50 to 
300 pg/dL in women.'” 


Comment 


Assays for the measurement of estradiol are reported to be 
highly reagent dependent.”” 


MEASUREMENT OF PROGESTERONE IN BLOOD 


Measurement of progesterone in serum or plasma is con- 
sidered to be the most reliable technique to assess its rate of 
production. 


Methodology 


Double-isotope derivative methods’ and competitive 
protein-binding assays” have been applied to the measure- 
ment of serum progesterone, but require extensive puri- 
fication of the steroid and are labor intensive. Gas 
chromatography procedures using flame ionization, electron 
capture, or nitrogen detection have been used to improve the 
accuracy of progesterone analysis.” These methods also 
are time consuming and often require solvent extraction, 
chromatography, and derivatization before the steroid can be 
quantitated. GC-MS has been recommended as a reference 
method for progesterone determination. The method of 
Thienpont and associates?" makes use of heptafluorobutyric 
ester derivatives and 19-*H;-progesterone as internal 
standards. 

For routine measurement of progesterone in the clinical 
laboratory, immunoassays using steroid-specific antibodies 
are preferred. Initial immunoassays for serum progesterone 
measurement used organic solvents to remove the steroid 
from endogenous binding proteins, such as corticosteroid- 
binding globulin and albumin. Direct (nonextraction) mea- 
surement of progesterone in serum or plasma is considered 
the method of choice for routine applications. A number of 
different antigens have been used to prepare antisera for 
progesterone assays. Cross-reactivity is most prominent with 
5a-pregnanediol, ranging from 6% to 11%. Both RIA and 
nonisotopic immunoassays are available for measuring 
progesterone. A 2002 CAP survey reports that enzyme 
immunoassays account for the majority of progesterone 
assays used today.™ 


370 


Radioimmunoassay Methods 


Most RIA procedures for progesterone use antibodies gen- 
erated against a progesterone-11a-hemisuccinate conju- 
gated to bovine serum albumin. Other points on the steroid 
molecule (e.g., C-3, C-6, C-7, and C-20) have also have been 
used to link carrier proteins. Some of the antisera produced 
with these conjugates may cross-react with other Cz- 
corticosteroids present in the sample. If these corticosteroids 
become a problem, a simple solvent extraction or chro- 
matographic purification procedure before immunoassay 
can be conducted.” Fortunately, these interfering steroids 
are much more polar than is progesterone. The use of a 
nonpolar solvent, such as petroleum ether or hexane, 
quantitatively extracts progesterone, whereas the polar cor- 
ticosteroids remain mostly in the serum sample. 
Historically, tritiated progesterone was the label of choice, 
but various I radioligands have since become more widely 
used because of the convenience and cost saving of 
y-over B-counting. In particular, “I-labeled progesterone- 
glucuronyl-tyramine yields satisfactory assays with a 
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number of different progesterone antisera. Other iodi- 
nated derivatives of progesterone have also been prepared 
and combined with antisera from several sources to produce 
homologous and heterologous bridge systems with variable 
sensitivity and specificity. In general, poor sensitivity is 
observed in homologous systems, because the common 
structural features of both the immunogen and the tracer 
result in the latter having a much higher affinity than the 
analyte for the antibody. A variety of procedures have.been 
used to separate the free'and antibody-bound radioligand 
fractions. Dextran-coated charcoal is the conventional sepa- 
ration technique for assays using tritiated labels. Double- 
antibody and solid-phase separation methods are preferred 
for assays using radioiodine. 

A number of direct RIA kits are simple to perform, rapid, 
precise, accurate, and commercially available.” Most of 
these kits use either 8-anilino-1-naphthalene sulfonic acid or 
danazol to displace progesterone from binding proteins. One 
of the simplest direct kits (Coat-a-count; Diagnostic Prod- 
ucts Corp.) uses antibody-coated tubes, two pipetting steps, 
and a single 3-hour incubation at room temperature." This 
kit includes serum-based calibrators having progesterone 
concentrations ranging from 0.1 to 40ng/mL (0.3 to 127 
nmol/L). 

Direct RIAs for progesterone have been reported to give 
quantitative recovery of both exogenous progesterone added 
to serum and patient serum.” Assay accuracy, however, is 
affected by the nature of the matrix used in preparing the 
calibrators. For progesterone assays, satisfactory accuracy 
may be achieved by using pooled sera for men who have 
progesterone concentrations <0.3ng/mL (<1 nmol/L). The 
precision of direct assays is superior to that of extraction 
assays, Both intraassay and interassay coefficients of varia- 
tion are below +10%. 


Nonisotopic Immunoassays 


Several nonisotopic immunoassays are available on fully 
automated immunoassay systems. Most of these nonisotopic 
assays measure progesterone directly without extraction. All 
are heterogeneous assays and require separation of free and 
antibody-bound fractions. Enzymes appear to be the most 
widely used nonradioactive label. Alkaline phosphatase and 
horseradish peroxidase coupled to progesterone or antipro- 
gesterone antibodies are particularly popular. An assortment 
of photometric," fluorescent, 7% and lumines- 
cent" substrates are available for monitoring the enzyme 
activity of the antibody-bound fraction. Direct time- 
resolved. fluoroimmunoassays for progesterone have also 
been described.”*'” 

Although automated immunoassays are less labor inten- 
sive than RIAs and yield results in less time without the need 
for radioactivity, these assays do not have adequate func- 
tional sensitivity for applications involving low progesterone 
concentrations (i.e., men, postmenopausal women, and chil- 
dren), Taieb and co-workers analyzed the detection limits 
and functional sensitivities for eight automated progesterone 


TABLE 53-11 Reference Intervals for Progesterone in 
Serum 


S ng/dL “nmoliL 
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From Quest Diagnostics/Nichols Institute. The Corning Endocrine 
Manual. Capistrano, CA: Quest Diagnostics/Nichols Institute, 1996; Tietz 
NW, ed. Clinical guide to laboratory tests. 3rd ed. Philadelphia: WB 
Saunders Co, 1995, 


methods.” They reported that the functional sensitivities 
(0.32 to 1.43 nmol/L) were from 2- to 4-fold higher than the 
manufacturer-stated detection limit (0.19 to 0.48 nmol/L). 
Automated progesterone assays have been optimized for use 
in in vitro fertilization protocols as a rapid, cost effective way 
to evaluate ovarian stimulation and monitor ovulation. 

Plasma concentrations of 17a-hydroxyprogesterone are 
measured to evaluate 21-hydroxylase deficiency. For specific 
methods regarding this analyte, the reader is referred to a 
review by Wallace." 


Specimen Collection and Storage 

Serum or plasma (with heparin or EDTA as anticoagulant) 
has been used, but should be separated within 24 hours.’ 
The patient need not be fasting, and no special handling pro- 
cedures are necessary. ™™ Samples can be stored refrigerated 
for up to 3 days at 4 °C to 8 °C or for up to 1 year at 
20 °C.” Patients should not be on any corticosteroid, 
ACTH, estrogen, or gonadotropin medication for at least 48 
hours before specimen collection.’® 


Reference Intervals 


Reference intervals for serum concentrations of proges- 
terone are listed in Table 53-11°* and in Chapter 56. 


MEASUREMENT OF PROGESTERONE IN SALIVA 


Serial sampling of progesterone has been used to (1) inves- 
tigate luteal defects in women with undefined infertility, (2) 
monitor the return of fertility after parturition, and (3) 
assess the bioavailability of oral progesterone,”*'”” Several 
have advocated the use of early-morning saliva for measur- 
ing 17-hydroxyprogesterone to aid in the diagnosis of 
CAH.” Salivary progesterone concentrations are in 
general thought to reflect free “unbound” progesterone in 
the blood,*” although Evans reported that the amount of 
progesterone transported into saliva is not determined. 
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exclusively by the unbound concentration in plasma and 
cautioned against the direct correlation between the saliva 
and serum unbound fraction.’ 


Methodology 

Both RIA and enzyme immunoassay methodologies have 
been applied to the determination of progesterone in saliva. 
Although sample extraction procedures are often necessary 
to eliminate protein influences,” direct methods are favored 
in routine laboratories and have been described.7*"6 Rig- 
orous standardization of sample collection and preparation 
is important for obtaining meaningful results for clinical 
purposes.” 


Specimen Collection and Storage 


Saliva specimens should be collected after a thorough mouth 
rinsing, centrifuged to remove debris, and frozen immedi- 
ately. Samples can be heat treated at 56 °C for 2 hours to 
reduce interference by saliva matrix. 


Reference Intervals 


Salivary progesterone measurements are not widely com- 
mercially available, and no standardized reference intervals 
exist. However, the reference concentration for salivary 
concentrations of progesterone in men is reported to be 
<0.5ng/dL.’* In women, the reported reference intervals are 
0.5 to 4.0ng/dL in the follicular phase and 6 to 12ng/dL in 
the luteal phase.” 
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aging pregnancy.” In contrast to most clinical situa- 

tions, when treating an expectant mother, a physician 
must simultaneously care for more than one patient. The 
health of the mother and her fetus are intertwined, each 
affecting the other; thus pregnancy management must con- 
sider both. This chapter reviews the biology of pregnancy 
and discusses laboratory tests used to detect, evaluate, and 
monitor pregnancy, both normal and abnormal. These 
include common tests, such as chorionic gonadotropin 
(CG), hematocrit, blood type, and glucose tolerance testing; 
screening tests, such as the “quad test” (alpha fetoprotein 
{AFP}, CG, unconjugated estriol [uE;], and dimeric inhibin 
A [DIA]); and esoteric tests, such as fetal lung maturity tests 
and amniotic fluid bilirubin examination. 


T: clinical laboratory has an important role in man- 


HUMAN PREGNANCY 


To appreciate the role of laboratory tests in pregnancy health 
care, it is necessary to understand fundamental topics, such 
as conception, embryo development, fetal growth, the role of 
the placenta, the importance and composition of amniotic 
fluid, maternal adaptation to pregnancy, and functional mat- 
uration of the fetus. 


CONCEPTION, EMBRYO, AND FETUS 


Normal human pregnancy lasts approximately 40 weeks, as 
measured from the first day of the last normal menstrual 
period, a date commonly represented by the abbreviations 
LMP or LNMP. The anticipated date of birth of an infant is 
commonly referred to as the expected date of confinement, or 
EDC. During pregnancy, a woman undergoes dramatic 
physiological and hormonal changes. When talking with 
patients, physicians customarily divide pregnancy into three 
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time intervals called trimesters, each of which is slightly 
longer than 13 weeks. By convention, the first trimester, 0 to 
13 weeks, begins on the first day of the last menses. 

Ovulation occurs on approximately the 14th day of the 
regular menstrual cycle (see Chapter 53). If conception 
occurs, the ovum is fertilized, usually in the fallopian tube, 
and becomes a zygote, which is then carried down the tube 
into the uterus, The zygote divides, becoming a morula. After 
50 to 60 cells are present, the morula develops a cavity, the 
primitive yolk sac, and thus becomes a blastocyst, which 
implants into the uterine wail about 5 days after fertilization. 
The cells on the exterior wall of the blastocyst, trophoblasts, 
synergistically invade the uterine endometrium and develop 
into chorionic villi, creating the placenta. Trophoblasts can 
be subdivided into syncytiotrophoblasts.and cytotropho- 
blasts, depending on location and cellular morphology. 

At this stage, the product of conception is referred to as 
an embryo. A cavity called the amnion forms and enlarges 
with the accumulation of liquor amnii, commonly referred 
to as amniotic fluid. Nourished by the placenta and protected 
by the amniotic fluid, an embryo undergoes rapid cell 
division, differentiation, and growth. From combinations of 
three primary cell types, ectoderm, mesoderm, and endoderm, 
organs begin to form, a process called organogenesis. At 10 
weeks, an embryo has developed most major structures and 
is now referred to as a fetus. At 13 weeks, the fetus weighs 
approximately 13 g and is 8cm long. 

During the second trimester, 13 to 26 weeks, rapid fetal 
growth occurs, By the end of the second trimester, the fetus 
weighs approximately 700g and is 30cm long. Many fetal 
organs begin to mature. The third trimester, 26 to 40 weeks, 
is the period in which fetal organs complete their prenatal 
maturation. During this trimester, the growth rate deceler- 
ates. At the end of the third trimester, the fetus weighs 
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approximately 3200g and is about 50cm long. Term is the 
interval from 37 to 42 weeks. Normal labor, rhythmic uterine 
contractions, and birth occur during this period. 


PLACENTA 

The placenta and umbilical cord are the primary link 
between the fetus and mother. The placenta grows through- 
out pregnancy and is normally delivered through the birth 
canal immediately after birth of the infant. 


Function 


The placenta keeps the maternal and fetal circulation systems 
separate, nourishes the fetus, eliminates fetal wastes, and 
produces hormones vital to pregnancy. It is composed. of 
large collections of fetal vessels called villi, which are sur- 
rounded by intervillous spaces in which maternal blood 
flows. For substances to move from maternal circulation to 
fetal circulation, they must cross through the trophoblasts 
and several membranes. The transfer of any substance 
depends largely on the concentration gradient between the 
maternal and fetal circulatory systems, the presence or 
absence of circulating binding proteins, the lipid solubility 
of the substance, and the presence of facilitated transport, 
such as ion pumps or receptor-mediated endocytosis (Box 
54-1). The placenta is an effective barrier to the movement 


No Transport 
Most proteins 
Thyroid hormones 
Maternal IgM, IgA 
Maternal and fetal erythrocytes 


Limited Passive Transport 
Unconjugated steroids 
Steroid sulfates 
Free fatty acids 


Passive Transport 
Molecules up to 5000 Da having lipid solubility 
Oxygen 
Carbon dioxide 
Sodium and chioride 
Urea 
Ethanol 


Active Transport Across Cell Membranes 
Glucose 
Many amino acids 
Calcium 


Receptor-Mediated Endocytosis 
Maternal IgG 
Insulin 
Low-density lipoprotein 


of large proteins and hydrophobic compounds bound to 
plasma proteins. Maternal IgG crosses the placenta via 
receptor-mediated endocytosis. Because of its long half-life, 
maternally produced IgG protects a newborn for the first 6 
months of life. Antibody assays with low limits of detection 
may be positive in infants up to age 18 months. 


Placental Hormones 


The placenta produces several protein and steroid hormones 
(Figure 54-1), The major protein hormones are CG and 
placental lactogen (PL). The steroids include progesterone, 
estradiol, estriol, and estrone. The placenta secretes most 
of its products into the maternal circulation; only small 
amounts reach the fetal circulation. Close proximity of the 
maternal blood vessels to the site of placental hormone pro- 
duction may explain some of this preferential accumulation 
of hormones in the maternal blood circulation. Generally, 
hormone production by the placenta increases in proportion 
to the increase in placental mass. Therefore concentrations 
of hormones derived from the placenta, such as PL, increase 
in maternal peripheral blood as the placenta increases in 
size; CG, which peaks at the end of the first trimester, is an 
exception. 


Mother Placenta Fetus 
Steroid Hormones 
Cholesterol —_—-e Progesterone 


DHEA-S (adrenal) —> Estradiol and estrone 4—— DHEA-S (adrenal) 
Estriol <——~ 16-a-OH-DHEA-S (liver) 


Protein Hormones 


CG 
PL 
Amino acids ACTH 
and CT 
carbohydrates TRH 
GnRH 
CRH 
Somatostatin 
Inhibin A 
PAPP-A 


About 20 pregnancy-specific proteins 
(Schwangerschaft’s protein} 

Figure 54-} Schematic representation of steroid and protein 
hormone production by the placenta. DHEA-S, Dehydro- 
epiandrosterone sulfate; CG, chorionic gonadotropin; PL 
placental lactogen; ACTH, adrenocorticotropic hormone; TRH, 
thyroid-stimulating hormone; CT, chorionic thyrotropin; GnRH, 
gonadotropin-releasing hormone; CRH, corticotropin-releasing 
hormone; PAPP-A, pregnancy associated plasma protein-A. 
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Chorionic Gonadotropin 

One of the most important placental hormones is CG. CG 
stimulates the ovary to produce progesterone which, in turn, 
prevents menstruation thereby protecting the pregnancy. 
The chemistry, biochemistry, and methods for CG are dis- 
cussed in the section on laboratory tests later in this chapter. 


Placental Lactogen 

PL, also known as human placental lactogen (hPL) and 
human chorionic somatomammotropin (hCS), is a single 
polypeptide chain of 191 amino acids having two intramol- 
ecular disulfide bridges and a molecular mass of 22,279 Da. 
The structure of PL is exceptionally homologous (96%) with 
growth hormone (GH) and less so with prolactin (67%). Not 
surprisingly, PL has potent growth and lactogenic properties. 
Five genes on chromosome 17 compose a gene family that 
codes for both GH and PL.’ PL production has been local- 
ized by immunofluorescence studies to the syncytiotro- 
phoblast cells of the placenta. The increase in maternal 
serum PL concentration with advancing gestational age is 
directly correlated with the increasing mass of placental 
tissue and of functional syncytiotrophoblast tissue.” The 
placental secretion near term is 1 to 2 g/day, the largest of any 
known human hormone. 

From the physiological point of view, PL has many 
biological activities, including lactogenic, metabolic, 
somatotropic, luteotropic, erythropoietic, and aldosterone- 
stimulating effects. Either directly or in synergism with pro- 
lactin, PL has a significant role in preparing the mammary 
glands for lactation. The many metabolic activities of PL 
closely resemble those of GH, including inhibition of glucose 
uptake, enhanced lipolysis leading to increased mobilization 
of free fatty acids, and enhancement of nitrogen retention. 
Because glucose is the primary energy substrate for a fetus, 
it has been suggested that the glucose-sparing action of PL 
may be a strategy to direct maternal metabolism toward 
greater use of fat for the mother’s requirements, thereby 
sparing maternal glucose for fetal use, Rare normal preg- 
nancies have been reported in which there was a complete 
absence of PL. Although PL was used in the past to evaluate 
fetal well-being, currently no apparent clinical reason exists 
to measure PL.” 


Placental Steroids 

The placenta produces a wide variety of steroid hormones, 
including estrogen and progesterone. Phenomenal amounts 
of estrogens are produced at term. The chemistry of these 
steroids is described in Chapter 53. Maternal cholesterol is 
the main precursor for placental progesterone production. 
Biosynthesis of estrogens by the placenta differs from that of 
the ovaries because the placenta has no 170-hydroxylase. 
Thus each of the estrogens—estrone (E,), estradiol (E,), 
and estriol (E;)—must be synthesized from C, interme- 
diates that already have a hydroxyl group at position 17. In 
nonpregnant women, the ovaries secrete 100 to 600 ug/day 
of estradiol, of which about 10% is metabolized to estriol. 


During late pregnancy, the placenta produces 50 to 150 mg/ 
day of estriol and 15 to 20 mg/day of estradiol and estrone. 
The secretion of estrogens and progesterone through- 
out pregnancy ensures appropriate development of the 
endometrium, uterine growth, adequate uterine blood 
supply, and preparation of the uterus for labor. Although 
measurement of estriol in the third trimester was used in the 
past to assess fetal well-being, many obstetricians consider 
this practice obsolete.” Estriol measurements at 16 to 18 
weeks gestational age are useful in predicting fetal trisomy 
21 and 18 (see later discussion on maternal serum screening 
for fetal defects). 


AMNIOTIC FLUID 


Throughout intrauterine life, the fetus lives within a fluid- 
filled compartment. The amniotic fluid provides a medium 
in which a fetus can readily move; it cushions a fetus against 
possible injury and helps maintain a constant temperature. 
This fluid is a dynamic medium whose volume and chemi- 
cal composition are controlled within relatively narrow 
limits. 


Volume and Dynamics 


The volume of amniotic fluid increases progressively until 
34 weeks of gestation, when it decreases slightly through the 
40th week and then more sharply declines until the 42nd 
week." The volume is 200 to 300mL at 16 weeks, 400 to 
1400 mL at 26 weeks, 300 to 2000 mL at 34 weeks, and 300 
to 1400 mL at 40 weeks. The volume at any given moment 
is a function of several interrelated fluid fluxes. Direct 
measurements in primates and indirect measurements in 
humans have been used to derive a mathematical model of 
amniotic fluid volume.”” At term, total fluid fluxes into and 
out of the amniotic cavity are large (~60 mL/hr) and result in 
complete exchange of the amniotic fluid volume twice per 
day. Gross unidirectional fluid volume shifts occur episodi- 
cally: into the amniotic cavity by fetal urination and out of 
the cavity by fetal swallowing. These unidirectional shifts 
begin at the end of the first trimester and increase linearly 
until approximately 30 weeks, Fetal swallowing and urina- 
tion then exponentially increase, peaking at term at about 
1000 mL/day. Bidirectional water exchanges—so-called in- 
tramembranous fluxes—occur across the following surfaces: 
(1) placenta (mother-fetus), (2) umbilical vessels, through 
the substance of the umbilical cord (fetus—amniotic fluid), 
(3) fetal skin (fetus—amniotic fluid), and (4) fetal membranes 
(amniotic fluid-mother). These exchanges increase in a 
linear fashion throughout pregnancy. At term, they are 
approximately 400 mL/day. The fetal tracheobronchial tree is 
filled with amniotic fluid, and measurements in fetal lambs 
demonstrate a net flux of 50 to 80mL/day of fluid up the 
trachea from the lungs. Although this is a small volume, flux 
is important in terms of transporting surfactant produced by 
the fetal lungs into the amniotic fluid. 

Pathological decreases and increases of amniotic fluid 
volume are encountered frequently in clinical practice. 
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_ TABLE 54-1 Composition of Amniotic Fluid (Mean Values) 
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Glucose, mg/dL (mmol/L) AT (2.6) 
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Total protein, g/dL (g/L) 0.5 (5) = 

Bilirubin, mg/dL (mol/L) 170,13 (2:2) = 

Osmolality, mOsm/kg H,O SEPT SEER bh 27D 


From Benzie RJ, Doran TA, Harkins JL, Owen VM, Porter CJ. Composition of the amniotic fluid and maternal serum in pregnancy. Am J Obstet Gynecol 


1974;119;798-816. 


Intrauterine growth retardation and anomalies of the fetal 
urinary tract, such as bilateral renal agenesis or obstruction 
of the urethra, are associated with oligohydramnios, an 
abnormally low amniotic fluid volume. Increased fluid 
volume is known as hydrammnios (also termed polyhydram- 
nios). Conditions associated with hydramnios are as diverse 
as maternal diabetes mellitus, severe Rh isoimmune disease, 
fetal esophageal atresia, multifetal pregnancy, anencephaly, 
and spina bifida. 


Composition 

Early in gestation, the composition of the amniotic fluid 
resembles a complex dialysate of the maternal serum. As a 
fetus grows, the amniotic fluid changes in several ways (Table 
54-1), Most notably, the sodium concentration and osmo- 
lality decrease and the concentrations of urea, creatinine, 
and uric acid increase.” The activities of many enzymes in 
amniotic fluid have been studied with respect to both gesta- 
tional age and fetal status but have not been found to be 
clinically useful. The major lipids of interest are the phos- 
pholipids, whose type and concentrations reflect fetal lung 
maturity (discussed further later). Numerous steroid and 
protein hormones are also present in amniotic fluid.’ Con- 
centrations of androgens and estrogens have been measured 
in futile attempts to predict fetal sex. The rare syndrome of 
congenital adrenal hyperplasia (CAH) has been diagnosed 
antenatally by measuring 17-hydroxyprogesterone and preg- 
nanetriol in the amniotic fluid near term.'”' Measurements 
of thyroid-stimulating hormone (TSH) and thyroxine in 
amniotic fluid may be useful in cases of fetal thyroid 
disease.* No other diagnostic uses for amniotic fluid 
hormone measurements are in common use. Prostaglandins 
Ep En Fig, and Fa all are found in low concentrations in 
amniotic fluid and increase gradually during pregnancy. 
PGE, and PGF,,, concentrations are very high during active 
labor,.’” Attempts to demonstrate an acute rise in PGE, or 


PGF, immediately before the onset of labor, at the initia- 
tion of parturition, have been unsuccessful. 

Early in pregnancy, there is little or no particulate 
matter in the amniotic fluid. By 16 weeks of gestation, large 
numbers of cells are present, having been shed from the sur- 
faces of the amnion, skin, and tracheobronchial tree. These 
celis have proved to be of great utility in antenatal diagno- 
sis. As pregnancy continues to progress, scalp hair and lanugo 
(fine hair on the body of the fetus) are also shed into the 
fluid and contribute to its turbidity. The production of sur- 
factant particles in the lung, termed lamellar bodies, greatly 
increases the haziness of the fluid, which can be demon- 
strated by attempting to read newsprint through a clear tube 
containing amniotic fluid. At term, the amniotic fluid con- 
tains gross particles of vernix caseosa, the oily substance com- 
posed of sebum and desquamated epithelial cells covering 
the fetal skin. 

Normal fetuses do not defecate during pregnancy. If 
severely stressed, a fetus may pass stool that is called 
meconium. This heterogeneous material contains many bile 
pigments and therefore stains the amniotic fluid green. 
Meconium-stained amniotic fluid is a sign of fetal stress. 


MATERNAL ADAPTATION 

During pregnancy a woman undergoes dramatic physiolog- 
ical and hormonal changes. The large amounts of estrogens, 
progesterone, PL, and corticosteroids produced during 
pregnancy affect various metabolic, physiological, and 
endocrinological systems. An increase in resistance to angio- 
tensin, a predominance of lipid metabolism over glucose 
use, and an increased synthesis by the liver of thyroid- 
and steroid-binding proteins, fibrinogen, and other proteins 
are characteristic of pregnancy. As a result of such changes, 
many of the laboratory reference intervals for nonpregnant 
patients are not appropriate for pregnant patients. 
Lockitch™ is the editor of the most comprehensive hand- 
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book of reference intervals in normal pregnancy. Her study 
group included 29 pregnant subjects who had over 70 ana- 
lytes tested from 16 weeks to term and also postpartum. 
Mean values for selected tests expressed as a percentage of 
control means are presented in Table 54-2. 


Hematological Changes 

Maternal blood volume increases during pregnancy by an 
average of 45%. Plasma volume increases more rapidly than 
red blood cell mass; therefore, despite augmented. erythro- 
poiesis, the hemoglobin concentration, erythrocyte count, 
and hematocrit decrease during normal pregnancy. Hemo- 
globin concentrations at term average 12.6 g/dL, compared 
with 13.3g/dL for the nonpregnant state. The leukocyte 
count varies considerably during pregnancy, from 4000 to 
13,000/uL. During labor and puerperium (the interval 
immediately after delivery), leukocyte counts may be 
markedly elevated. 

The concentrations of several blood coagulation factors 
are increased during pregnancy. Plasma fibrinogen increases 
approximately 65%, from 275 to 450me9/dL; the increase 
contributes to the increase in sedimentation rate. Other clot- 
ting factors also increase, including factors VH, VII, IX, and 
X. Prothrombin and factors V and XH do not change, 
whereas factors XI and XII decrease slightly. Even though 
the platelet count remains unchanged in most women and 
the prothrombin time and activated partial thromboplastin 
time shorten slightly (see Table 54-2), pregnancy increases 
the risk of thromboembolism up to five times that of non- 
pregnant women. 


Chemical Changes 


During pregnancy, the electrolytes show little change, but 
there is approximately a 40% increase in serum triglycerides, 
cholesterol, phospholipids, and free fatty acids. Plasma 
albumin is decreased to an average of 3.4¢/dL in late preg- 
nancy; plasma globulin concentrations increase slightly. 
Several of the plasma transport proteins increase markedly, 
including thyroxine-binding globulin (TBG), cortisol- 
binding globulin (CBG), and sex hormone-binding globulin 
(SHBG). Serum cholinesterase activity is reduced, whereas 
alkaline phosphatase activity in serum triples, mainly 
because of an increase in very heat-stable alkaline phos- 
phatase of placental origin. Delivery can markedly increase 
creatine kinase. 


Renal Function 


Pregnancy increases the glomerular filtration rate (GFR) to 
about 170mL/min/1.73m’ by 20 weeks, and therefore 
increases the clearance of urea, creatinine, and uric acid. The 
concentrations of these three analytes are therefore slightly 
decreased in serum for much of the pregnancy. As term 
approaches, GFR begins to return to nonpregnant values. 
Urea and creatinine concentrations rise slightly during the 
last 4 weeks, During this time, tubular reabsorption of uric 
acid increases dramatically, which increases serum uric acid 


compared with the nonpregnant state. Glucosuria, up to 
1000 mg/day, may be present owing to increased GFR, which 
presents more fluid to the tubules and therefore lowers the 
renal glucose threshold. Protein loss in the urine can increase 
to up to 300 mg/day. 


Endocrine Changes 


The action of progesterone prevents menses and thus allows 
pregnancy to continue. In early pregnancy, the progesterone 
is produced by the corpus luteum of the maternal ovary in 
response to CG. In later stages the placenta directly produces 
enough progesterone to maintain the pregnancy. 

Throughout pregnancy the plasma parathyroid hormone 
(PTH) is increased by approximately 40%, with almost no 
change in the plasma free ionized calcium fraction, thus sug- 
gesting a new set-point for the secretion of PTH. Calcitonin 
does not increase predictably during pregnancy, whereas 
1,25-dihydroxyvitamin D is increased during pregnancy and 
promotes increased intestinal calcium absorption. These 
changes permit the transfer of large amounts of calcium to 
the developing fetus. 

The elevated estrogen concentration stimulates increased 
hepatic production of CBG. The hepatic clearance of corti- 
sol decreases. Thus, the absolute plasma concentrations of 
both total and free cortisol are several times higher during 
pregnancy. The diurnal rhythm of cortisol, higher in the 
morning and lower in the evening, is maintained. Increased 
plasma aldosterone and deoxycorticosterone concentrations 
are also observed. 

Increasing estrogen concentrations throughout preg- 
nancy increase the secretion of prolactin up to tenfold. 
Conversely, the high estrogen concentrations during preg- 
nancy suppress the secretion of luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH) below the detection 
limit. Baseline concentrations of other pituitary hormones 
such as TSH remain nearly unchanged (see Table 54-2), but 
the growth hormone (GH) response to provocative stimuli 
is blunted. 

Although normal pregnancy is a euthyroid state, many 
changes occur in thyroid function. The high concentrations 
of TBG raise the concentration of total thyroxine (T,) and 
triiodothyronine (T;), but a slight decrease in free T, con- 
centration occurs during the second and third trimesters. A 
slight reciprocal increase in TSH was reported by Lockitch.™ 
Thyroglobulin is significantly increased, especially in the 
third trimester.'* Very few (less than 0.2%) pregnant indi- 
viduals develop hyperthyroidism, and hypothyroidism is 
very rare. Postpartum thyroid dysfunction is common and 
is frequently unrecognized. The fetal thyroid-pituitary axis 
functions independently from the mother’s axis in most 
cases. However, if the mother has preexisting Graves’ disease 
(hyperthyroidism caused by autoantibodies that stimulate 
the thyroid) those antibodies can cross the placenta and 
cause hyperthyroidism in the fetus. If the mother has anti- 
TSH autoantibodies, the infant can develop transient 
hypothyroidism.™ 
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TABLE 54-2 Mean Serum and Plasma Laboratory Values During Normal Pregnancies. Expressed as a Percentage of the 


Nonpregnant Mean 
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Data from Lockitch G, ed. Handbook of diagnostic TE and hematology in normal pregnancy, Boca Raton, Fla: CRC Press, 1993. 
HDL, High-density lipoprotein; LDL, low-density lipoprotein. 
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FUNCTIONAL DEVELOPMENT OF THE FETUS 


The fetal organs mature during the third trimester but not 
at the same rate. This section reviews the lung, liver, kidneys, 
and blood development of the fetus. 


Lungs and Pulmonary Surfactant 


In normal air-breathing lungs, a substance called pulmonary 
surfactant coats the alveolar epithelium and responds to alve- 
olar volume changes by reducing the surface tension in the 
alveolar wall during expiration. Surfactant is needed because 
the surface tension is an inverse function of the radius of the 
airway. Thus small alveoli have a higher collapsing force 
than. larger alveoli. Surfactant opposes the force and keeps 
the small alveoli from collapsing. Specialized alveolar cells 
called type H granular pneumocytes synthesize pulmonary 
surfactant and package it into laminated storage granules 
called lamellar bodies.” These storage granules are 1 to 
5um in diameter and contain phospholipids, cholesterol, 
and protein.” Production starts as early as 20 weeks gesta- 
tion,”” but adequate amounts do not accumulate until about 
36 weeks. Exudation of pulmonary fluid (via the trachea) 
and fetal breathing movements transport the lamellar 
bodies into the amniotic fluid. The internal structure of the 
particles rearranges into a formation described as tubular 
myelin by those using electron microscopy.'” The newborn 
lung contains 100 times more surfactant per cm’ than the 
adult lung. The excessive surfactant is needed at birth as 
the newborn transforms from breathing water to breathing 
air. The surfactant overcomes the surface tension produced 
in water-filled alveoli that are admitting air for the first 
time. 

Pulmonary surfactant is a complex mixture of lipids and 
proteins, and less than 5% is composed of carbohydrates. 
Most of the lipid is phospholipid, and the majority of that is 
lecithin (phosphatidyicholine).* Unlike lecithin from other 
organs, pulmonary lecithin has two saturated fatty acids, 
usually palmitoyl groups. Other lipids present are phos- 
phatidylglycerol (PG), phosphatidylinositol (PI), and phos- 
phatidylethanolamine (see Chapter 26). Sphingomyelin is 
present in very small amounts (~2%). The protein fraction 
of lamellar bodies is approximately 4% and is composed 
of four surfactant-specific proteins, SP-A, SP-B, SP-C, and 
SP-D, 1656 

The type II pneumocytes synthesize phosphatidylcholine 
in a fashion quite different from that in other cells, Most other 
cells synthesize phosphatidylserine from cytidine diphos- 
phate diacylglycerol and serine. The phosphatidylserine is 
then decarboxylated to yield phosphatidyl ethanolamine. The 
final step is the successive donation of three methyl groups 
via S-adenosylmethionine to form phosphatidylcholine. 
The pulmonary biosynthetic pathway is shown in Figure 
54-2. The enzyme choline phosphotransferase forms PC 
directly from cytidine diphosphocholine and diacylglycerol. 
Phosphatidylinositol formation peaks at about 35 weeks. 
As PI decreases in concentration, PG begins to increase. 
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Figure 54-2 The biosynthetic pathway for phosphatidylcholine 
in type 2 pneumocytes. 


Liver 

Hematopoiesis occurs in the liver during the first two 
trimesters and transfers to the fetal bone marrow during the 
third trimester. The liver is also responsible for production 
of specific proteins (such as albumin and clotting factors), 
metabolism and detoxification of many compounds, and 
secretion of substances such as bilirubin. A clinically useful 
protein produced by the liver is AFP. Detoxification and 
bilirubin secretion mechanisms are immature until late in 
pregnancy and even in the first few months after birth. Thus 
premature infants often have high serum bilirubin concen- 
trations and metabolize drugs poorly. 


Kidneys 


Toward the end of the first trimester the fetal kidneys 
begin to produce urine, which is the main component of 
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amniotic fluid. The early nephrons cannot produce concen- 
trated urine, and pH regulation is also limited. Complete 
maturation occurs after birth, Although kidneys are not 
required for fetal survival, amniotic fluid is required for 
proper lung development. Thus newborns without kidneys 
die of pulmonary failure. 


Fetal Blood Development 

Fetal blood is produced first by the embryonic yolk sac, then 
by the liver, and finally by the fetal bone marrow. The yolk 
sac produces three embryonic hemoglobins: Portland (C,¢,), 
Gower-1 (G€,), and Gower-2 (0,€,). These normal embry- 
onic hemoglobins are of little importance in clinical chem- 
istry because they are present in fetal blood only in the first 
trimester. 

With the switch of erythropoiesis to the fetal liver and 
spleen, fetal hemoglobin (Hb F) production begins. Hb F 
consists of two &- and two y-chains (Qzy,). Small amounts 
of adult hemoglobin, Hb A (%82), are also produced, but Hb 
F predominates during the remainder of fetal life. 

As the fetal bone marrow begins red cell production, Hb 
A production increases. At birth, fetal blood contains 75% 
Hb F and 25% Hb A. Hb F production rapidly diminishes 
during the first year of postnatal life. In normal adults, less 
than 1% of hemoglobin is Hb E The difference between fetal 
and adult hemoglobin is very significant. Hb F has a higher 
affinity for oxygen than does Hb A. Thus in the placenta, 
oxygen is released from the maternal Hb A, diffuses into the 
chorionic villi, and binds to the fetal Hb E In addition, 
2,3-diphosphoglycerate (2,3-DPG) does not bind Hb F and 
therefore cannot decrease its affinity for oxygen. 


MATERNAL AND FETAL HEALTH ASSESSMENT _ 


Individuals who desire optimum health care during preg- 
nancy should consult their physicians before conception.“ 
Unfortunately, 49% of pregnancies in the United States are 
unintended—higher for unmarried women. Preconcep- 
tion evaluation should include a medical, reproductive, and 
family history; physical examination; and laboratory tests. 
Hematocrit, blood type and Rh compatibility, erythrocyte 
antibody screen, Papanicolaou smear, urinalysis, rubella 
titer, rapid plasma reagin test, gonococcal culture, cystic 
fibrosis carrier status, human immunodeficiency virus 
(HIV) antibody,” and hepatitis B surface antigen’ are rec- 
ommended. Depending on demographic risks, genetic 
testing for disorders such as Tay-Sachs disease, thalassemia, 
and sickle cell disease may be offered. A careful diet history 
is warranted. Folic acid supplementation should be recom- 
mended to reduce the risk of neural tube defects.” 

Most individuals consult a physician a few days after a 
missed menses if they suspect they might be pregnant. Many 
laboratory tests are useful for managing normal and abnor- 
mal pregnancies. A pregnancy test result is positive (meaning 
that the test can detect a CG concentration of about 25 IU/L) 
in about half of pregnant females at the beginning of the 


missed menses—at about 2 weeks after conception. Screen- 
ing for fetal neural tube defects and Down syndrome should 
be offered to all pregnant patients. Until 2002 screening was 
recommended at 16 to 18 weeks of gestation,'*! but Down 
syndrome screening can be performed as early as 10 weeks.” 
Glucose tolerance testing should be performed at 24 to 28 
weeks. Some physicians screen patients for preterm labor 
risk at 24 to 30 weeks. Although PL and estriol measure- 
ments were used previously to predict fetal well-being, 
both tests are now obsolete for this purpose.” Maternal 
observation and recording of fetal movements,’ ultrasound 
examination, and tests that monitor the fetal heart rate 
during random uterine contractions or fetal movement 
are the currently accepted methods for monitoring fetal 
well-being. 


CLINICAL SPECIMENS 


Many different samples are available for clinical laboratory 
analysis before and during pregnancy. These include pater- 
nal serum and blood; maternal serum, blood, and urine; 
amniotic fluid obtained by amniocentesis””” or from pools 
of fluid in the vagina after rupture of the fetal membranes; 
chorionic villi; fetal blood obtained by percutaneous um- 
bilical blood sampling; and fetal tissue obtained by biopsy.” 

The technique of amniocentesis is described in Chapter 2. 
Additional information can be found in the section on tests 
for evaluating fetal lung maturity later in this chapter. 

A small sample of placental tissue, or chorionic villi, can 
be obtained with a catheter between 9 and 12 weeks gesta- 
tion. Chorionic villi specimens can be used to identify the 
fetal chromosomes (the karyotype), determine enzyme 
levels, or detect specific gene mutations. This procedure can 
be performed earlier in pregnancy than can amniocentesis, 
but has a rate of higher fetal loss. 


DIAGNOSIS AND DATING OF PREGNANCY 


The most important aspects of pregnancy management are 
detection of pregnancy and establishing accurate estimates 
of fetal age. Obstetricians measure the length of pregnancy 
in terms of weeks, not trimesters. The most useful test for 
pregnancy is the CG test. 

Qualitative tests for CG in blood or urine are primarily 
used for the confirmation of pregnancy. Urine CG tests 
usually suffice to diagnose normal pregnancy when it has 
progressed beyond the first week after the first missed 
period. However, qualitative serum pregnancy tests can 
detect pregnancy earlier, and quantitative serum tests can 
help reveal problems in early pregnancy. 

To establish accurate dates, obstetricians rely on men- 
strual history, physical examination, fetal heart tones, ultra- 
sonography, and CG concentration or detection. In the first 
8 weeks of pregnancy, the CG concentration in maternal 
serum rises geometrically (Figure 54-3). Detectable amounts 
(~5 IU/L) are present 8 to 11 days after conception, which is 
in the third week of pregnancy as measured from the LMP.'” 
Concentrations in approximately half of pregnant women 
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Figure 54-3 Concentration of chorionic gonadotropin (CG) in 
maternal serum as a function of gestational age. Lines represent 
the 2nd, 50th, and 97th percentiles. The maternal serum values 
from l4 to 25 weeks are medians calculated from 24,229 
pregnancies from testing performed at ARUP Laboratories Inc. 
from January to October 1997. (Redrawn from Ashwood ER. 
Evaluating health and maturation of the unborn: the role of the 
clinical laboratory. Clin Chem 1992;38:1523-1529. Permission 
granted from Clin Chem.) 


reach 25IU/L on the first day of their missed period. The 
peak concentration occurs at about 8 to 10 weeks and is 
about 100,000IU/L. Subsequently CG concentrations start 
to decline in serum and urine, and by the end of the second 
trimester a 90% reduction from peak concentration has 
usually occurred. In the first trimester, maternal serum CG 
is about 96% to 98% intact, 1% to 3% B-subunit, and 0% to 
1% o-subunit. During the second trimester, subunit syn- 
thesis becomes unbalanced and the serum distribution shifts 
to 92% to 98% intact, 1% to 7% a-subunit, and 0% to 1% 
B-subunit. Concentrations are approximately constant 
during the third trimester, with the predominant species 
being intact CG. The presence of twins approximately 
doubles CG concentrations.” 


COMPLICATIONS OF PREGNANCY 


Although most pregnancies progress without problems, 
complications can arise in the mother, placenta, or fetus. 


ABNORMAL PREGNANCIES 


Conditions arising primarily in the mother include ectopic 
pregnancy, hyperemesis gravidarum, preeclampsia, HELLP 
syndrome (hemolysis, elevated liver enzymes, and low 
platelet counts in association with preeclampsia), liver dis- 
eases, Graves’ disease, and hemolytic disease of the newborn. 
The clinician must distinguish abnormal changes in labora- 
tory tests from the normal physiological changes induced by 
pregnancy (see Table 54-2). Notably, total bilirubin, 5’- 
nucleotidase, y-glutamyltransferase (GGT), alanine amino- 
transferase (ALT), and aspartate aminotransferase (AST) are 
unchanged in mothers with a normal pregnancy. 


Ectopic Pregnancy and Threatened Abortion 


When a fertilized egg implants in a location other than the 
body of the uterus, the condition is called an ectopic preg- 
nancy. Most abnormal implantations occur in the fallopian 
tube but they can also occur in the abdomen, although this 
is rare. Tubal rupture and hemorrhage are common serious 
complications of ectopic pregnancy. About 25% of individ- 
uals with an ectopic pregnancy have three classic symptoms: 
lower abdominal pain, vaginal bleeding, and an adnexal 
mass.”** Of all individuals with these symptoms, about 15% 
have an ectopic pregnancy and a smaller percentage have 
incomplete or complete spontaneous abortion. In the United 
States from 1990 to 1999, there were 11.8 pregnancy-related 
deaths per 100,000 live births —6% caused by ectopic preg- 
nancy.” Even though the risk of maternal death decreased 
during this time period, a patient has about a 0.5% chance 
of dying from an ectopic pregnancy." Management of 
ectopic pregnancy can be surgical (by laparoscopy) or 
medical (with intramuscular administration of methotrex- 
ate). Early detection and proper management of ectopic 
pregnancy are the most effective means of preventing 
maternal morbidity and mortality. Some have suggested that 
asymptomatic women at high risk for ectopic pregnancy 
should be screened using ultrasound and laboratory tests.” 

Ultrasound examination and quantitative measurements 
of serum CG can be useful in identifying women with 
ectopic pregnancies or abnormal intrauterine pregnancies. 
These conditions frequently produce abnormal CG concen- 
trations and slow rates of increase. In addition, proges- 
terone measurements can be helpful either individually or in 
combination with CG, 

Kadar and colleagues'’” reported in 1981 that ultra- 
sonography should detect a gestational sac in the uterus 
of all patients having CG concentrations greater than 
65001U/L. They termed this concentration the “discrimina- 
tory zone.” The threshold has now decreased several times 
because of improvements in ultrasonographic resolution 
and the introduction of endovaginal ultrasound. The 
current cutoff is as low as 1500TU/L, but has a sensitivity of 
only 42% and specificity of 81% for the detection of ectopic 
pregnancy when no gestational sac is found in the uterus.” 
In 1994, Kadar and colleagues'” concluded that the CG con- 
centration should not be used to predict a gestational sac if 
the gestational age is known with confidence. The best 
predictor is an accurate gestational age. Failure to detect a 
gestational sac by sonography 24 days or more after concep- 
tion is presumptive evidence of an ectopic pregnancy. 

Romero and colleagues” reported that in 184 patients 
with ectopic pregnancies, CG concentrations ranged from 0 
to 200,000 IU/L, with a geometric mean of about 1000TU/L. 
Concentrations of CG depend on the size and viability of the 
trophoblastic tissue. In about 1% of patients with an ectopic 
pregnancy, the CG is undetectable using serum tests capable 
of measuring concentrations as low as 5IU/L. Qualitative 
serum tests with limits of detection of about 50TU/L can be 
very useful for rapid determination of pregnancy in this 
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clinical setting.” To distinguish further between the various 
possibilities, serial testing of CG may be very helpful. In 
normal intrauterine pregnancy, a rapid increase in CG 
follows. During the second through fifth weeks, the CG 
doubles in about 1.5 days. After 5 weeks of gestation, the 
doubling time gradually lengthens to 2 to 3 days.”” Before 7 
weeks, calculation of the slope of log(CG) versus time in days 
is useful for identifying normal pregnancies.'” At least two 
CG determinations should be obtained from specimens col- 
lected 1 to 7 days apart. The log-linear slope, Alog(CG)/ 
A time (in log{IU/L)/day), is greater than 0.11 in the vast 
majority of normal pregnancies, In cases of ectopic preg- 
nancies or spontaneous abortions, the slope is usually less 
than 0.11, and the CG concentrations often decrease. 

Serum progesterone concentration is often low in mothers 
with abnormal pregnancies.”” In a study” of asymptomatic 
women less than 8 weeks from their last menses, a serum 
progesterone less than 6 ng/mL predicted an abnormal preg- 
nancy outcome with 81% confidence, but the average serum 
progesterone in nonviable pregnancies was 10 ng/mL. For 
women with clinical symptoms of abnormal pregnancy, 
measurement of both CG and progesterone is more predic- 
tive of abnormal pregnancy than a single CG measurement. 
In a large outcome study, 97% of the patients with CG 
<3000 IU/L and progesterone <12.6 ng/mL had an abnormal 
pregnancy outcome, whereas those with CG >3000I1U/L or 
progesterone >12.6ng/mL had a normal pregnancy.” 
McCord and associates” reported that for women at risk for 
ectopic pregnancy, a progesterone cutoff of 17.5ng/mL 
detected 92% of the ectopic cases (clinical sensitivity), 
but had a very poor clinical specificity of about 14%. They 
concluded that patients with progesterone greater than 
17.5ng/mL needed no additional laboratory tests. Finally, 
in symptomatic patients, Stewart and colleagues™ reported 
a sensitivity of 99% and specificity of 65% when using the 
Alog(CG)/Atime >0.14 to distinguish normal intrauterine 
pregnancy from ectopic pregnancy combined with inevitable 
abortion. A progesterone cutoff above 8 ng/ml. had a sensi- 
tivity of 81% and a specificity of 88%. 


Liver Disease 


There are a number of liver disorders unique to pregnancy.” 
These include hyperemesis gravidarum, cholestasis of preg- 
nancy, fatty liver of pregnancy, preeclampsia and eclampsia, 
and the HELLP syndrome. These disorders must be distin- 
guished from the normal physiological changes of pregnancy 
(see Table 54-2). Significant changes normally seen in pre- 
gnancy include a dilutional decrease in serum albumin and 
elevation of alkaline phosphatase (from the placenta). Total 
bilirubin, 5’-nucleotidase, GGT, ALT, and AST are unchanged. 
Changes in these analytes reflect hepatobiliary disease. 


Hyperemesis Gravidarum 

Hyperemesis gravidarum is characterized by nausea and 
vomiting and, in severe cases, dehydration and malnutrition. 
It typically occurs in the first trimester. When hyperemesis 


is severe enough to cause dehydration, abnormal liver 
enzyme values—usually less than four times the upper ref- 
erence limit—are seen in approximately 50% of patients,“ 
Mild hyperbilirubinemia may occur. However, significant 
liver disease does not occur, and liver biopsy results are 
normal. Low-birth-weight babies are common, especially for 
women who develop malnutrition. 


Cholestasis of Pregnancy 


Cholestasis of pregnancy usually occurs in the third 
trimester and is manifested clinically by diffuse pruritus and, 
in 20% to 60% of patients, jaundice. The typical features of 
cholestasis, including pale stools and dark urine, are present 
and last until delivery. Women who experience cholestasis 
while taking oral contraceptives will usually develop cho- 
lestasis of pregnancy. Serum bilirubin rarely exceeds 5 mg/ 
dL. Alkaline phosphatase is typically two to four times 
the upper reference limit. Aminotransferase enzyme con- 
centrations are mildly elevated. There may be an elevated 
prothrombin time because of vitamin K malabsorption. 
Although some clinicians order serum bile acids in this 
setting, this test is rarely necessary for diagnosis. The condi- 
tion itself is benign, but is associated with an increased risk 
of premature birth and fetal death. It recurs with subsequent 
pregnancies.” 


Fatty Liver of Pregnancy 

Fatty liver of pregnancy occurs in 1 in 7000 pregnancies and 
is characterized by accumulation of microvesicular fat in the 
liver. Although the exact cause is unknown, this disorder 
occurs more often in women who have a fetus affected with 
a mitochondrial fatty acid oxidation disorder, long chain 
3-hydroxyacyl-CoA dehydrogenase deficiency (LCHAD),’” 
The disease typically occurs at week 37 and is manifested 
clinically by the rapid onset of malaise, nausea, vomiting, 
and abdominal pain. Mild elevations in aminotransferase 
enzyme concentrations occur, with the AST elevation typi- 
cally greater than the ALT elevation but both less than six 
times the upper reference limit. The serum bilirubin is 
usually greater than 6 mg/dL. Life-threatening hypoglycemia 
may occur”? Hyperuricemia, presumably from tissue 
destruction and renal failure, is characteristic. Liver histol- 
ogy shows acute fatty infiltration with little necrosis or 
inflammation. The fat is microvesicular and pericentral 
in the cell, similar to what is seen in Reye’s syndrome. 
If untreated, fulminant hepatic failure with hepatic 
encephalopathy ensues. Treatment is immediate termination 
of the pregnancy, at which time rapid recovery usually 
occurs. Infant and maternal mortality is approximately 20%. 
Recurrence in subsequent pregnancies is very rare. 


Preeclampsia and Eclampsia 

Preeclampsia is characterized by hypertension, proteinuria, 
and edema, usually occurring late in the second trimester or 
early in the third trimester. The cause is unclear, but research 
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suggests that increased circulating soluble fms-like tyrosine 
kinase 1 (sFIt-1) may have a role. 

It is related to abnormal endothelial reactivity that leads 
to intravascular deposition of fibrin with subsequent end- 
organ damage.” Most maternal deaths are due to central 
nervous system complications, but the liver may also be the 
target of injury. The injury to the liver is ischemic. Modest 
elevations in ALT and AST occur, typically 4 to 10 times the 
upper reference limit. Hepatic complications, including 
hemorrhage, infarction, and fulminant hepatic failure, may 
occur and necessitate early delivery. 


HELLP Syndrome 


The HELLP syndrome occurs in 0.1% of pregnancies. The 
most prominent features are thrombocytopenia and dis- 
seminated intravascular coagulation (DIC). Most cases 
occur between the 27th and 36th weeks of pregnancy, but it 
also may occur postpartum. Women typically present with 
epigastric or right upper quadrant pain, malaise, nausea, 
vomiting, and headache.” Jaundice occurs in 5% of 
patients. Lactate dehydrogenase (LD) concentrations may be 
very high, and ALT and AST are usually 2 to 10 times upper 
reference limits. Treatment is delivery. The postpartum man- 
agement of the patient may require plasmapheresis or organ 
transplantation. Recurrence rates are 3% to 27%. 


Non—Pregnancy-Related Liver Disease in Pregnancy 


Pregnancy does not preclude the acquisition or aggravation 
of non—pregnancy-related liver disease. Thus cholestasis 
during pregnancy may reflect the presence of hepatotoxicity 
from drugs, primary biliary cirrhosis, Dubin-Johnson syn- 
drome, or cholelithiasis (see Chapter 47). Abdominal ultra- 
sound, endoscopic retrograde cholangiography, or liver 
biopsy may be necessary to exclude these conditions. 

Viral hepatitis occurs with the same frequency in preg- 
nancy as would be expected in a comparable age group.” It 
is manifested by malaise, nausea, vomiting, dark urine, and 
mild fever. AST and ALT are virtually always greater than 
10 times the upper reference limit and usually greater than 
20: times the upper reference limit. The prognosis, with 
the exception of hepatitis E and herpes simplex, is the 
same as in nonpregnant women. Hepatitis E, an enteric 
infection occurring in India, Africa, the Middle East, and 
Central America, has a mortality rate of 15% to 20% in 
the pregnant patient.’ Herpes simplex hepatitis, usually 
accompanied by oral or vulvar vesicles, has a mortality rate 
of 43%,'” Distinguishing features include a mild bilirubin 
elevation and marked aminotransferase elevations. Liver 
biopsy is usually required for diagnosis and demonstrates 
typical intranuclear inclusions and the other usual features 
of viral hepatitis. Antiviral therapy greatly improves the 
prognosis. 

Women who acquire hepatitis B late in pregnancy or who 
are chronic carriers are likely to transmit the disease to their 
babies. This is especially so if the mother is HBeAg positive 
(see Chapter 47). The outcome in the infant varies from ful- 


minant hepatitis (rare and usually in anti-HBe-positive 
mothers) to mild hepatitis to chronic hepatitis (the usual 
outcome in 90% of chronically infected woman). All preg- 
nant women should be screened for hepatitis B with HBsAg.’ 
If positive, their babies should be immunized with hepatitis 
B immune globulin and hepatitis B vaccine. Babies born to 
hepatitis C—positive mothers usually have the passively 
transmitted antibody for several months, but transmission 
of active hepatitis is unusual.*”’ Because there is no known 
treatment for the newborn, screening is not recommended 
for hepatitis C virus infection. 


Differential Diagnosis 

It is often difficult to distinguish the various liver diseases of 
pregnancy from each other and from naturally occurring 
liver diseases. Acute fatty liver is suggested when nausea, 
vomiting, and abdominal pain are followed by jaundice, and 
encephalopathy occurs in the presence of a small or normal- 
sized. liver. The white blood cell count is usually elevated 
above 15,000 cells/uL and ALT levels are typically four to six 
times the upper reference limit. Hypoalbuminemia, hyper- 
uricemia, hypoglycemia, and DIC are typical. Hepatic ultra- 
sound and computed tomography (CT) will usually 
demonstrate fatty liver when present. In preeclampsia and 
the HELLP syndrome, the liver is usually enlarged, ALT levels 
are usually lower, and bilirubin levels are mildly elevated or 
normal. Hyperuricemia is uncommon. Marked elevations in 
aminotransferase enzyme levels suggest hepatic infarction or 
viral hepatitis. Liver biopsy may be needed to differentiate 
non—pregnancy-related causes of liver disease, but should 
not be used to differentiate acute fatty liver from preeclamp- 
sia or HELLP syndrome because the treatment is the same 
for all of these conditions—delivery of the infant.”” 


Effect of Pregnancy on Preexisting Liver Disease 
Conception and full-term parturition do not usually occur 
in women who have cirrhosis. However, liver disease is not 
a reason for termination. The hypervolemia associated with 
pregnancy may aggravate cirrhosis and predispose to bleed- 
ing from esophageal varices.” 

Autoimmune chronic hepatitis is usually associated with 
amenorrhea, but pregnancy may occur after treatment to 
remission with corticosteroids. The steroids should be con- 
tinued during the pregnancy. Pregnancy should be avoided 
in patients being treated with azathioprine. 


Neonatal Graves’ Disease 


The fetal thyroid-pituitary axis functions independently 
from the mother’s axis in most cases. However, if the mother 
has preexisting Graves’ disease (see Chapter 52), her autoan- 
tibodies can cross the placenta and stimulate the fetal thyroid 
gland. Thus the fetus can develop hyperthyroidism. Mea- 
surement of thyrotropin-binding inhibitory immunoglobu- 
lins (TBII) is useful for assessing risk of fetal or neonatal 
Graves’ disease. 
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Hemolytic Disease of the Newborn 

Hemolytic disease of the newborn (HDN) is a fetal 
hemolytic disorder caused by maternal antibodies directed 
against antigen on fetal erythrocytes. Commonly used syn- 
onyms for this disorder are isoimmunization disease, Rh 
isoimmune disease, Rh disease, or D isoimmunization. Any of 
a large number of erythrocyte surface antigens Rh(CDE), 
A, B, Kell, Duffy, Kidd, and others may be responsible for 
isoimmune hemolysis. When severe, the disorder is known 
as erythroblastosis fetalis and is life threatening to fetus and 
newborn. The most common cause of severe disease is sen- 
sitization of a D-negative woman. The amount of bilirubin 
in the amniotic fluid is useful for determining the severity of 
the disease. Pioneering work by Bevis” uncovered the 
association between amniotic fluid bilirubin and D isoim- 
munization. Liley™ extended this work by noting an associ- 
ation between gestational age, severity of the disease, and 
bilirubin concentration. 


Rh Blood Groups 


Two genes, RhAD and RhCE, encode for erythrocyte mem- 
brane proteins that are antigenic. Both are located on chro- 
mosome Ip about 30kb apart. Approximately 15% of 
Caucasians, 5% of Africans, and less than 1% of Asians are 
RhD-negative. The most prevalent RhD-negative allele 
appears to be a deletion.” Exon 5 of RACE has two common 
polymorphisms producing E or e antigen. Exon 2 of RhCE 
has two common polymorphisms producing C or c antigen. 


Etiology 

Sensitization, or production of a maternal antibody, may 
occur in response to blood transfusion or a pregnancy in 
which the fetus has a blood cell antigen that the mother 
lacks. Although the fetal and maternal blood compartments 
are generally considered to be separate during normal gesta- 
tion, small numbers of fetal erythrocytes are continually 
gaining access to the maternal circulation. This antigenic 
challenge is sufficient in some women to provoke an anti- 
body response. Substantially larger antigenic exposures may 
result from those disruptions in the integrity of the fetal 
compartment that accompany spontaneous or induced 
abortion, ectopic pregnancy, or delivery of an infant. The 
larger the fetomaternal hemorrhage, the more likely it is that 
the mother will respond to the challenge by developing an 
antibody. Other antigens of the Rh system—C, c, E, e—may 
stimulate antibody formation, but appear to be less than one 
one thousandth as potent. 

The IgG produced is actively transported across the pla- 
centa into the fetus. When a sensitized woman is pregnant 
with an RhD-positive fetus, the antibodies cause destruction 
of the fetal erythrocytes. Furthermore, during pregnancy or 
at the time of delivery, repeat exposure to RhD-positive ery- 
throcytes causes an augmented response, resulting in higher 
antibody titers. This augmented response is responsible for 
the frequent observation that subsequent pregnancies are 
frequently more severely affected than earlier ones. 


The pathophysiology of isoimmune hemolysis is the same 
for all antigens. The differences in severity of disease are due 
to differences in the expression of the antigen on the surface 
of the cells, the intrinsic immunogenicity of the antigen, 
and peculiarities of the immune response of the mother. 
Destruction of the fetal erythrocytes, which is the central 
problem, produces several other problems, Fetal anemia 
imposes an extra burden on the fetal heart to provide 
adequate oxygen supply to fetal tissues. Anemia stimulates 
the fetal marrow and extramedullary erythropoiesis in the 
liver and spleen to replace the destroyed erythrocytes, 
Extramedullary erythropoiesis destroys hepatocytes and 
leads to decreased production of serum albumin and 
decreased oncotic pressure in the intravascular space. 

These changes, when severe, lead to congestive heart failure 
and generalized fetal edema, with ascites and pleural and peri- 
cardial effusions. When the fetal condition has deteriorated to 
this degree, it is referred to as hydrops fetalis and carries a very 
grave prognosis. The edema and effusions are readily observ- 
able by ultrasonographic examination. When these changes 
are observed and there is no therapeutic intervention, 
intrauterine demise follows in a relatively short time. 

If a fetus survives, the newborn will encounter a number 
of problems. In utero, the placenta and mother perform the 
functions of respiration and removal of bilirubinoid pig- 
ments resulting from hemolysis. Newborns must assume 
these functions for themselves in the presence of hydrops. 
The lungs are edematous, and pleural effusions and ascites 
physically restrict their ability to expand. The damaged liver 
is unable to conjugate and excrete bilirubin adequately. 
When bilirubin accumulates in the blood to excessive con- 
centrations, it passes through the blood-brain barrier to 
deposit in the brain and destroy brain cells. This form of 
brain damage is termed kernicterus. Thus, although ker- 
nicterus was not a concern in the fetus, it is a significant 
concern in these sick newborns. A severely erythroblastotic 
baby can be one of the most challenging problems in a 
neonatal intensive care unit. 


Prophylaxis 

An anti-RhD immune globulin, RhoGAM (Ortho Clinical 
Diagnotics, Raritan, N.J.), has been used in the United States 
since 1968,“ and other similar products were introduced 
in 1971 and later. A 300g dose is administered intramus- 
cularly to a mother potentially exposed to 15 mL or less of 
RhD-positive fetal erythrocytes following abortion, fetoma- 
ternal hemorrhage, amniocentesis, chorionic villi sampling, 
or delivery. Use of RhD immunoglobulin has been respon- 
sible for the dramatic reduction in the incidence of HDN. In 
addition to recognized fetomaternal hemorrhage, unde- 
tected transplacental fetomaternal bleeding during an appar- 
ently normal pregnancy can lead to antepartum sensitiza- 
tion. This would not be prevented by immediate postpar- 
tum administration of RhD immunoglobulin; therefore 
antepartum administration at 28 weeks of gestation is 
recommended for RhD-negative women. Despite this 


Chapter 54 Clinical Chemistry of Pregnancy 2165 


immune prophylaxis, a small number of sensitized pregnan- 
cies continue to occur. 


Clinical Management of Sensitized Mothers 

To identify sensitized women, an alloantibody screen is per- 
formed at the first prenatal visit.” If an antibody to an ery- 
throcyte antigen is identified, the titer is determined.’ The 
critical anti-RhD titer depends on the laboratory, usually 
1:8 to 1:32, although studies of critical titer are quite dis- 
parate.” For all sensitized women, the paternal erythrocyte 
phenotype is determined. If the father is RhD-negative, then 
no follow-up studies are required. If he is D-positive, then 
his Rh phenotypic zygosity is estimated (genotyping will 
most likely be used in the future). If the paternal Rh geno- 
type is likely heterozygous for D, then the Rh D status of the 
fetus needs to be determined.” Amniotic fluid is collected 
by amniocentesis for fetal RhD genotyping by polymerase 
chain reaction (PCR). To guard against a false negative 
caused by a paternal RhD gene rearrangement (occurring in 
about 1.5% of Caucasians), the father can also be genotyped. 
A frequent occurrence in those of African ancestry is an RhD 
pseudogene; the patient is RhD-negative by serology, but 
RhD-positive on genotype. If the fetus is RhD-genotype- 
positive, the mother (who is RhD-negative serologically) 
should be tested for RhD genotype. In the United Kingdom, 
laboratories have begun to offer fetal Rh genotyping using 
cell-free fetal DNA that circulates in maternal blood (see 
Chapter 36}. 

For sensitized mothers with an at-risk fetus, serial titers are 
performed on maternal serum every month until 24 weeks 
gestation, then every 2 weeks thereafter. If a critical titer 
anti-D is detected, then ultrasound Doppler measurements 
are used to determine the peak velocity of blood flow in the 
fetal middle cerebral artery. Higher velocity is a strong indi- 
cator of fetal anemia. In addition, amniocentesis is performed 
to assess the bilirubin concentration in amniotic fluid. 

Liley noted that the degree of hemolysis in sensitized 
pregnancies could be assessed by measuring the absorbance 
of bilirubinoid pigments in amniotic fluid and classifying 
the results into three zones based on gestational age," The 
procedure was originally called AOD4so,"" a term still used 
by most clinicians. The preferred clinical chemistry term is 
AAjsg. This method is described later in this chapter in the 
section entitled Laboratory Tests. Serial testing is indicated 
every 10 to 14 days. If the AA4s rises or plateaus at about the 
80th percentile of zone 2 on the Liley curve, fetal blood sam- 
pling is indicated, Ultrasound-guided umbilical blood sam- 
pling is performed to determine fetal blood type, hematocrit, 
antibody screen, reticulocyte count, and total bilirubin. 
Intrauterine intravascular blood transfusion can be per- 
formed if indicated. If fetal pulmonary maturation has 
occurred (usually 35 weeks or greater), delivery is indicated. 


TROPHOBLASTIC DISEASE 


Serum CG determinations are very useful for monitoring 
patients with germ cell-derived neoplasms or other CG- 


producing tumors, such as lung carcinoma. The use of CG 
in these diseases is discussed in Chapter 23. 


FETAL ANOMALIES 


Open neural tube defects, Down syndrome, and trisomy 18 
(discussed separately below) are fetal anomalies that are par- 
tially detectable by maternal serum screening. However, 
because of the large number of pregnancies screened, and 
the interest in other fetal conditions and their possible asso- 
ciation with abnormal maternal serum analyte concentra- 
tions, a wealth of associations between rarer conditions and 
screening results has been published. These findings are 
never diagnostic and are reported rarely by the screening lab- 
oratory. In certain circumstances, however, the healthcare 
provider may determine a need for more extensive medical 
evaluation. 


Neural Tube Defects 


Neural tube defects are serious abnormalities that occur 
early in embryonic development. By 19 days after fertiliza- 
tion, the area that is to form the central nervous system 
(brain and spinal cord) has differentiated into a plate of cells. 
The flat plate then rolls up, and its edges fuse into a hollow 
neural tube that drops into the embryo to develop just 
underneath what will become the skin of the back. Neural 
tube formation is normally complete 4 weeks after fertiliza- 
tion. Failure of neural tube fusion leads to permanent devel- 
opmental defects of the brain or spinal cord or both, These 
defects are called anencephaly, meningomyelocele (which is 
commonly called spina bifida), and encephalocele. Although 
there are many heterogeneous causes, about 90% fall into 
the classification of multifactorial inheritance.’® Folic acid 
deficiency is clearly associated with increased frequency of 
neural tube closure defects.”* The cause in these cases may 
be derangement of homocysteine metabolism caused by the 
folate deficiency.” Estimates attribute 70% or more of all 
neural tube defects to folate deficiency.” Since 1997, grain 
products in the United States and Canada have been forti- 
fied with 140 ug folic acid/100 g,'* but the amount added is 
unlikely to be sufficient to reduce the birth prevalence by 
more than about 30%, the reduction that is commonly 
reported in observational trials.” Organizations such as the 
March of Dimes are conducting vigorous campaigns to 
educate women of the need for folic acid supplementation 
before becoming pregnant, as recommended by the Centers 
for Disease Control and Prevention.” Most vitamin supple- 
ments contain the 400g of folic acid recommended daily 
by authorities.” 

The birth prevalence of open neural tube defects varies 
with factors such as geographic location (higher in the 
Eastern United States, lower in the West), race (lower in 
African-Americans), ethnicity (higher in Scotch-Irish), 
family history (higher with prior births of affected individ- 
uals), and maternal weight (higher in obese women)” 
An average figure for the United States is 1 open neural tube 
defect per 1000 pregnancies (about 1 in 2000 for each indi- 
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Figure 54-4 The relationship of maternal age and the risk of 
having a pregnancy affected with Down syndrome. Dotted line, 

Second trimester risk; solid line, term risk. Vertical line at age 35 
is the cutoff used for selecting women at increased risk based 
on maternal age. 


vidual defect). Almost all cases of anencephaly and about 
95% of meningomyeloceles are open, with no overlying skin, 
and therefore are in direct communication with the amni- 
otic fluid. Thus the fetal serum proteins normally present in 
amniotic fluid at low concentrations gain access in large 
quantities to the amniotic fluid. The elevated amniotic fluid 
AFP concentration leads to increased amounts in the mater- 
nal circulation. Only open neural tube defects are detected. 
by maternal serum AFP screening, and approximately 90% 
of these can be detected using maternal serum AFP testing.” 


Down Syndrome 

Down syndrome is the most common serious disorder of the 
autosomal chromosomes, occurring in 1 in 800 live births. 
An extra copy of the long arm region q22.1 to q22.3 of chro- 
mosome 21 results in a phenotype consisting of moderate to 
severe mental retardation, hypotonia, congenital heart 
defects, and flat facial profile. The autosome is the smallest 
chromosome, making up about 1.7% of the human genome. 
Most often an affected child has three copies of chromosome 
21 (i.e. trisomy 21), but 5% of cases are caused by translo- 
cations and 1% of cases are mosaics. The risk increases 
slowly up to age 30 and then steadily increases as maternal 
age advances (see Figure 54-4).’* At 25 years of age, the risk 
at birth is about 1 in 1000; at age 40 it is 1 in 90. 


Trisomy 18 


Trisomy 18 (Edwards syndrome) is caused by a nondisjunc- 
tion event during meiosis that results in a fetus having an 
extra copy of chromosome 18. Although it occurs in only 1 
in 8000 births, it is probably the most common chromosome 
defect at the time of conception. The dramatic change in 
prevalence is due to the very high fetal loss rate both before 
8 weeks (~80%) and during the second and third trimesters 
(~70%). Approximately 25% of affected fetuses have 


meningomyelocele (spina bifida) or omphalocele. There is a 
high cesarean section rate for undiagnosed cases.” Follow- 
ing birth, half of the infants die within the first 5 days and 
90% die within 100 days.“ 


PRETERM DELIVERY 


The leading cause of neonatal morbidity and mortality in the 
United States is preterm delivery, with 300,000 to 500,000 
cases each year.’ Infants born before 37 weeks gestation often 
develop respiratory distress syndrome (RDS) and are usually 
of low birth weight (<2500g). Some are of very low birth 
weight (<1500g). According to the National Center for 
Health Statistics,” in 1993 7.2% of all U.S. live-born infants 
were low birth weight and 1.3% were very low birth weight. 
Most of these infants will spend time in intensive care units 
at a cost of up to $3500 per day. 

The cause of preterm labor is unknown, but recent evi- 
dence in a mouse model indicates that a maternal serum sur- 
factant protein, SP-A, may trigger labor.” Fetal fibronectin 
and cervical ultrasound have proven value for evaluating 
patients suspected of having preterm labor. The fetal 
fibronectin test is described later in the section entitled 
Laboratory Tests. Use of salivary estriol, ®' corticotropin- 
releasing hormone,” and interleukin-6'” for preterm 
labor prediction is being investigated. 


Fetal Lung Maturity 
RDS, also called hyaline membrane disease, is the most 
common critical problem encountered in clinical manage- 
ment of preterm newborns. The worldwide incidence of 
RDS is 1% of live births and 10% to 15% of live preterm 
births (<37 weeks or <2500g).”” The risk of RDS is affected 
strongly by the gestational age at the time of birth: 1% at 37 
weeks, 20% at 34 weeks, and 60% at 29 weeks.” In 2000 RDS 
killed just over 1000 infants in the United. States.” Affected. 
infants require supplemental oxygen and mechanical venti- 
lation to remain properly oxygenated. The disorder is caused 
by a deficiency of pulmonary surfactant. In normal lungs, 
surfactant coats the alveolar epithelium and responds to 
alveolar volume changes by reducing the surface tension in 
the alveolar wall during expiration. When the quantity of 
surfactant is deficient, many of the alveoli collapse on expi- 
ration and thereby overinflate the remaining airways. This 
process is known as focal atelectasis. The lungs become pro- 
gressively noncompliant, and blood flowing through the 
capillary beds of collapsed alveoli fails to oxygenate. During 
the first few hours of life, affected infants develop tachypnea 
with or without cyanosis, nasal flaring, expiratory grunting, 
and intercostal retractions. The disease exacerbates during 
the next few days and is usually worse on the third or fourth 
day of life. Infants at risk for developing RDS can be treated 
with intratracheal administration of exogenous surfactant 
immediately at birth.'” 

Very rarely, respiratory distress in a term newborn can be 
caused by a mutation in the gene encoding for SP-B.”* This 
condition, termed congenital alveolar proteinosis, is often 
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Figure 54-5 Distribution of maternal serum alpha fetoprotein 
(AFP) measurements in unaffected pregnancies, and pregnancies 
affected with open spina bifida or anencephaly. 
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fatal. There is a significant derangement in lamellar body 
production in these cases. A study of-the genetic variation 
suggests that there may be mild, nonfatal cases of this 
disorder.'°° 


MATERNAL SERUM SCREENING FOR — 
FETAL DEFECTS 


In the early 1970s, Brock and colleagues demonstrated 
increased AFP concentrations in amniotic fluid of mothers 
carrying fetuses affected with an open neural tube defect 
(e.g. anencephaly, open spina bifida). Subsequently, it was 
shown that AFP concentrations were increased in maternal 
serum (in the second trimester) as well,” The concentrations 
in serum in affected and unaffected pregnancies overlapped 
considerably, however, indicating that maternal serum AFP 
would be useful only as an initial screening test to identify 
women at high risk for having an affected fetus (Figure 
54-5). These women would then need to be referred for diag- 
nostic procedures (e.g., high resolution ultrasound and, if 
indicated, amniocentesis for measurement of AFP and 
acetylcholinesterase in amniotic fluid) to determine if the 
fetus had an open neural tube defect. A large collaborative 
study conducted in the United Kingdom in 1977 showed that 
maternal serum AFP screening for open neural tube defects 
in the second trimester of pregnancy was feasible, and the 
final report provided estimates of screening performance in 
terms of detection and false-positive rates.” A family history 
of neural tube defects in either parent increases the risk that 
the fetus is affected by fivefold to fifteenfold, but more than 
90% of all infants with neural tube defects are born to unsus- 
pecting parents who have no recognized risk factor for the 
disorder.’ Maternal serum AFP testing thus provided a 
screening method available to all women to identify preg- 
nancies at high risk or to estimate the numerical risk of 
having a fetus with an open neural tube defect.” In the 
1980s, the use of maternal serum AFP to screen for open 


neural tube defects became a standard of care in the United 
States. The American College of Obstetricians and Gynecol- 
ogists,'*"* the American Society of Human Genetics,’ and 
the American Academy of Pediatrics’ have issued official 
statements supporting its use. 

In 1984, a major expansion of biochemical prenatal 
screening became possible when an association between 
second trimester maternal serum AFP and fetal Down syn- 
drome was reported.’ Maternal serum AFP concentrations 
are about 25% lower in Down syndrome than in unaffected 
pregnancies. Significantly the association was found to be 
independent of maternal age.” Before this discovery, the 
only available screening test for Down syndrome involved 
asking a woman her age. If she would be 35 years or older at 
the time of delivery, she would be offered amniocentesis and 
fetal karyotyping. Down syndrome screening using maternal 
age is based on the well-documented increase in risk for 
having a baby with Down syndrome as maternal age 
increases {see Figure 54-3). At the time, about 20% of Down 
syndrome cases occurred in the 5% of women who were 35 
years of age or older at the time of delivery. The indepen- 
dence of maternal serum AFP measurements and maternal 
age established that it was possible to offer a screening 
method to younger women, in whom most cases of Down 
syndrome occur. Maternal serum AFP screening for Down 
syndrome also introduced the concept of using risk, rather 
than analyte concentration, as the screening variable for 
identifying high-risk women.” Subsequently a large collab- 
orative study established the effectiveness of maternal serum 
AFP screening in younger women.” 

The discovery that a protein produced in pregnancy could 
be altered in the presence of a fetal chromosomal defect 
stimulated a search for other substances in pregnancy serum 
that would have predictive value. Of the many that were 
examined, two emerged as sufficiently discriminatory and 
independent to be useful additions in screening for Down 
syndrome in the second trimester. Unconjugated estriol 
(uE;),°' a product of the fetoplacental unit, is also about 25% 
[ower in pregnancies with Down syndrome. In contrast, con- 
centrations of CG were found to be about twice as high.“ In 
1988, a method was proposed for combining maternal age 
with measurements of these three analytes (the triple test) 
into a single Down syndrome risk estimate.” As with AFP 
screening, risk, rather than the analyte values themselves, is 
the screening variable. The triple test was projected to detect 
60% of Down syndrome pregnancies by identifying 5% of 
all pregnant women as having a screen-positive test result 
(performance based on pregnancies being dated via LMP). 
The utility of the triple test was confirmed in 1992 by two 
intervention trials.” A fourth analyte, DIA, appears to 
be a useful addition to the triple test, increasing the detec- 
tion rate by 8% to 10%.'* This “quadruple test” is becom- 
ing more common and the results of two intervention trials 
confirm its performance advantage.>** A recent external 
proficiency testing survey conducted by the Foundation for 
Blood Research and the College of American Pathologists 
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found that approximately 25% of participating laboratories 
now offer the quadruple test.*’ Other combinations of 
second trimester screening tests have been advocated,”!**” 
but have not received wide acceptance. 

A further expansion of prenatal screening was found to 
be possible with the discovery that fetal trisomy 18 has a dis- 
tinctive triple-test pattern that is different from the Down 
syndrome pattern.” In trisomy 18 pregnancies, the AFP and 
uE, concentrations are low, but the CG concentrations are 
also very low. This is in contrast to Down syndrome, in 
which the CG measurements are high. Thus few trisomy 18 
pregnancies are likely to receive high Down syndrome risk 
estimates, The initial report” included an algorithm that 
used fixed cutoffs to identify women at high risk of fetal 
trisomy 18; that algorithm was subsequently validated in an 
intervention trial.’ Subsequently, an improved method for 
trisomy 18 screening was published that used risk as the 
screening variable as had become standard practice for 
Down syndrome"??? 


CLINICAL APPLICATION OF PRENATAL SCREENING 


Before 2003, most obstetricians offered amniocentesis for 
fetal karyotype determination to all mothers who would be 
35 years of age or older at the time of birth. However, the 
risk for Down syndrome calculated using biochemical tests 
is more accurate than the use of maternal age alone, and it 
is now common practice to offer maternal serum screening 
to women of all ages. It may be prudent, however, to con- 
tinue to offer the option of amniocentesis to women age 
35 and older, because amniocentesis is still considered by 
some to be the standard of care. In recent years, the propor- 
tion of pregnant women who are 35 years of age or older 
increased from 5% to 14% of the total, and about half (up 
from 20%) of all Down syndrome cases occur in this 
group." If all of these women were to undergo amniocen- 
tesis, 1 in every 180 would be found to have a Down syn- 
drome pregnancy. In contrast, the second trimester 
quadruple test can detect 75% to 80% of Down syndrome 
cases with only 5% to 6% of women having a positive screen- 
ing test when the screening is applied to pregnant women of 
all ages." Approximately 1 in every 50 mothers who are clas- 
sified as being at high risk will be found to have a fetus with 
Down syndrome.” 

Maternal serum screening using the triple test sometimes 
produces a pattern of low results for AFP, CG, and uk,.” 
Using an algorithm specifically designed to assign patient- 
specific risk for trisomy 18, 60% of affected pregnancies can 
be detected with a false-positive rate of about 0.3%,” 
Among women with a second trimester trisomy 18 risk of 
1:100 or greater, 1 in 16 will have a pregnancy affected 
with trisomy 18. 


Multiple of the Median 


Understanding the published literature and clinical screen- 
ing applications requires an understanding of the statistic 
used to normalize analyte values, the multiple of the median 


(MoM). The initial step in calculating a MoM is to develop 
a set of median values for each week (or day) of gestation 
using the laboratory’s own assay values measured on the 
population to be screened. Individual test results are then 
expressed as MoM by dividing each individual test result by 
the median for the relevant gestational week. This conven- 
tion was originally developed as a means of taking into 
account the large differences among centers in AFP assay 
values seen in the 1977 U.K. collaborative study.” Convert- 
ing assay results to MoM units also compensates for the 
steadily rising AFP concentration in maternal serum during 
the second trimester and the corresponding decrease in AFP 
values in amniotic fluid, allowing a single statistic to be used 
for expressing results. Subsequently, it was found that MoM 
values could also be adjusted to take into account other 
factors (e.g, maternal weight and maternal race) that 
materially affect analyte values.’*' The MoM is now univer- 
sally used as a common currency for converting analyte 
values into an interpretative unit and is also the starting 
point for calculating risks for neural tube defects, Down 
syndrome, and trisomy 18.74?! 


Neural Tube Defect Screening Using Maternal Serum 
Alpha Fetoprotein 


Population-based prenatal screening began in the late 1970s 
with the use of maternal serum AFP measurements to iden- 
tify women at increased risk of carrying a fetus with an open 
neural tube defect.*” Although a patient-specific risk can be 
used when screening for open neural tube defects,” nearly 
all laboratories define a screen-positive result as AFP at or 
above a fixed MoM cutoff. Optimal screening is between 16 
and 18 completed weeks of gestation, a time when the dis- 
tributions of results for affected and unaffected pregnancies 
are maximally different and there is adequate time for 
follow-up studies. Screening at 15 weeks is acceptable, but at 
14 weeks or earlier, screening for open neural tube defects is 
difficult to justify.” The two most commonly used AFP 
MoM cutoffs in the United States are 2.0 and 2.5 MoM, 
yielding initial screen-positive rates of 3% to 5%, and 1% to 
3%, respectively. The observed rates are more likely to be at 
the lower end of the cited ranges if many pregnancies are 
dated by ultrasound. This improvement is a result of the 
finding that increased AFP values attributable to underesti- 
mated gestational age, fetal demise, and twin gestation will 
usually have been identified. The lower initial positive rate 
at 2.5 MoM is associated with a reduced detection rate for 
open spina bifida: 70% to 75% as compared with 80% to 
85% at 2.0 MoM.” A recent survey found that 52% of lab- 
oratories in the United States use a 2.5 MoM cutoff, 30% use 
a 2.0 MoM, and the remainder use a cutoff in between these 
two values.” 


Follow-up Testing for Women With 
Screen-Positive Results 


Women who have a positive screening test result for open 
neural tube defects are usually referred for genetic counsel- 
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ing and further testing. Some programs may ask for a second 
sample for moderately elevated results (2.0 to 3.0 MoM) to 
repeat the test. If the result for the second AFP test is not ele- 
vated, the woman is considered to be screen-negative. If the 
result is still elevated, the patient is referred for further 
testing. After genetic counseling to explain the test results, to 
provide more information about the disorder, and to 
describe the risks and benefits of further testing, a low reso- 
lution ultrasound examination may be offered as a way to 
verify gestational age and to identify other possible reasons 
for the increased AFP test results (e.g., recent fetal demise 
and twins). Patients having an unexplained high maternal 
serum AFP result can then be offered amniocentesis for mea- 
surement of amniotic fluid AFP and acetylcholinesterase 
(AChE), high resolution ultrasound, or both. 

Compared with maternal serum, amniotic fluid AFP con- 
centrations in pregnancies affected with open neural tube 
defects are far more separated from unaffected pregnan- 
cies.” However, amniotic fluid AFP measurements are not 
by themselves diagnostic because of false-positive results. If 
the amniotic fluid is contaminated with even a small amount 
of fetal blood, as many as 2% to 3% of the results can be 
falsely positive.”’ All abnormal amniotic fluid AFP results 
must be confirmed by measurement of amniotic fluid AChE. 
The combination of amniotic fluid AFP and AChE is virtu- 
ally diagnostic for an open neural tube defect.” 

High resolution ultrasound can almost always confirm a 
chemical diagnosis of a neural tube defect. Anencephaly is 
readily identifiable, and ultrasound diagnosis of open spina 
bifida is considerably enhanced by the presence of two 
cranial signs (fruit signs) resulting from the Arnold-Chiari 
malformation associated with this defect." The first 
sign is a “pinched” skull in the frontal region resulting in 
a “lemon” shape compared with the normal egg shape. 
The second sign is a reduction in the transverse diameter 
of the cerebellum leading to the two cerebellar hemis- 
pheres assuming a bow shape, the “banana sign.” Ultrasound 
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diagnosis of open neural tube defects is now so reliable 
that it is often used for diagnosis in women with elevated 
maternal serum AFP without waiting for amniotic fiuid 
measurements, 


Down Syndrome Screening Using Multiple 

Biochemical Tests 

The most common combination of second trimester mater- 
nal serum biochemical tests used to screen for Down syn- 
drome in the United States is the triple test (maternal age in 
combination with AFP, uE;, and CG measurements)."” Many 
laboratories are offering DIA measurements to form the 
quadruple test. Measurements of each analyte are made on 
a single serum sample (the same one used for open neural 
tube defect screening) and the results in mass units are con- 
verted to MoM for the appropriate week (or day) of gesta- 
tion. This MoM value is then adjusted for other variables, 
such as maternal weight and race. Patient-specific Down 
syndrome risks are then calculated using the adjusted MoM 
values along with the woman’s maternal age at delivery 
employing an algorithm that uses overlapping multivariate 
Gaussian distributions. The prior odds based on age are then 
multiplied by this likelihood ratio to assign the final patient- 
specific Down syndrome risk. This final risk, rather than the 
analyte values themselves, is the screening variable upon 
which clinical decisions are made. 

The detection and false-positive rates achievable depend 
on many factors including (1) the test combination chosen, 
(2) the risk cutoff chosen, (3) the method of dating used to 
establish gestational age, and (4) the maternal ages of the 
women being tested. Table 54-3 summarizes the impact of 
these factors in a hypothetical cohort of women having the 
maternal age distribution found in the United States in 
2000." In the United States, many laboratories use the triple 
test (AFP, uE;, CG) and a cutoff equivalent to the risk of a 
35-year-old woman (1:270 in the second trimester or 1:350 
at term). At this risk cutoff and with use of the date of the 


TABLE 54-3 Estimated Down Syndrome Detection Rates (DR); False-Positive Rates (FPR), and Odds of Being Affected 
Giyen a Positive Result (OQAPR) at Three Risk: Cutoff Values for Selected Combinations of Maternal Serum 


Marker and Two Methods of Dating 


SECOND. TRIMESTER 


Maternal Age and 


Risk Cutoff (term). Serum Markers 


150 (200) - AFP, uE,, CG 61 
es AFP, uB;,CG,DIA «68 


190 (250). AFP, uE;,CG. 65 
ne AFP, uEs CG, DIA <7 
270 (350) AFP, uByy CG of! 70 
eee AFP, uE;, CG, DIA... -75 


DR (%): 
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FPR (%) OAPR (l:n) 
US LMP > US LMP. US 
67. 3.6.37 43 40 
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TA A EN 36 n 36 
TAS R 6,6 ce 6.8 69 ce OM 
78 OOS 5.1 48 48 


LMP, Gestation age estimated from last menstrual period; US, gestational age estimated from ultrasound measurements; AFP, alpha fetoprotein; uE;, 


unconjugated estriol; CG, chorionic gonadotropin; DIA, dimeric inhibin A. 
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LMP to estimate gestational age, the triple test yields an 
initial positive rate of 6.6% and a detection rate of 70%. If 
pregnancies are dated by ultrasound, the detection rate 
increases to 74% and the screen-positive rate declines 
slightly to 6.5%. Some laboratories choose instead a risk 
cutoff to obtain an initial positive rate of about 5% (4.6% 
in the table with LMP dating). This lower rate occurs at 
a second trimester screening cutoff that corresponds to a 
1:190 risk (1:250 risk at term) and is associated with a 
detection rate of 65%. If DIA measurements are added 
to the triple test, the detection rate increases to about 78%, 
and the initial positive rate decreases to 5.1% (LMP dating 
at a risk cutoff of a 35-year-old woman). The table demon- 
strates how the choices of test combination and risk cutoff 
affect the detection and screen-positive rates. 


Follow-up Testing for Women With 
Screen-Positive Results 


Women who have a positive screening test result for Down 
syndrome are usually referred for genetic counseling and 
further testing. After counseling, a low-resolution ultra- 
sound examination may be offered as a way to verify gesta- 
tional age and to identify other possible reasons for the 
positive test result. One of the most common reasons for 
increased Down syndrome risk is overestimated gestational 
age. Up to one third of women with positive Down syn- 
drome screening results who are dated by the last menstrual 
period will be found to be too early in their pregnancies for 
reliable screening (less than 15 weeks) or reclassified as low 
risk after ultrasound revision of gestational age.” Women 
who are still at increased risk after the ultrasound. examina- 
tion should be offered amniocentesis to obtain fetal cells for 
karyotyping. Although some second trimester ultrasound 
findings are associated with Down syndrome (e.g. nuchal 
fold and shortened femur and humeral length), these find- 
ings are not diagnostic.” The only way to diagnose Down 
syndrome is via fetal karyotype. However, the benefits of 
accurately diagnosing a chromosome abnormality early in 
gestation must be weighed against the potential for harming 
a normal fetus during amniocentesis. This invasive proce- 
dure carries a small but real risk of harming the fetus or 
causing spontaneous abortion. Even amniocentesis per- 
formed by an experienced obstetrician using ultrasonogra- 
phy for guidance has a procedure-related rate of fetal loss of 
about 1 in 200.” Given that about 1 in 50 women with an 
unexplained screen-positive test result (high risk) will have 
a fetus with a chromosome abnormality, the offer of the 
invasive procedure is reasonable. 


Trisomy 18 Screening Using Multiple Tests 

Trisomy 18 is the least common of the three disorders 
considered for second trimester maternal serum screening. 
It is also the one that is least compatible with life. For these 
reasons, justification of a screening program exclusively 
devoted to the prenatal identification of trisomy 18 is diffi- 
cult. However, given that the serum analytes are already 


being measured to screen for Down syndrome and open 
neural tube defects, adding an additional interpretation of 
these analytes to quantify the risk of fetal trisomy 18 might 
be warranted. However, since the birth prevalence of trisomy 
18 is one tenth that of Down syndrome,”’ the percentage of 
women identified as screen-positive must be correspond- 
ingly lower than that for Down syndrome. A risk-based algo- 
rithm showed that at a second trimester risk cutoff of 1: 100, 
60% of trisomy 18 pregnancies could be identified, with 
about 0.5% of women having an initial positive screen. This 
algorithm will identify 1 trisomy 18 fetus for every 16 amnio- 
centeses that result from the program.” Risk for trisomy 18 
is also based on multivariate overlapping Gaussian distribu- 
tions, with the appropriate parameters being used for the 
affected population. Women with a risk higher than a spec- 
ified cutoff are referred for genetic counseling and further 
testing. 


Follow-up Testing for Women With 
Screen-Positive Results 


In contrast to the screening protocols for open neural tube 
defects and Down syndrome, a dating ultrasound is not rec- 
ommended as the first step after a finding of increased risk 
of trisomy 18. The trisomy 18 pattern of low AFP, low uE;, 
and low CG is not consistent with incorrect gestational 
dating, and the direct offer of amniocentesis is war- 
ranted.'">! A high proportion of fetuses with trisomy 18 
will have abnormal but nondiagnostic second trimester 
ultrasound findings (e.g., heart defects and clenched fists).”* 


Establishing Assay-Specific and Population-Specific 
Median Values 


One of the most important responsibilities of the prenatal 
screening laboratory is to establish kit-specific and popula- 
tion-specific median values for each analyte used in screen- 
ing or to show that median values obtained from another 
source are appropriate. Relatively small errors in median 
values can have a disproportionate impact on both the accu- 
racy of the calculated risk and the number of women iden- 
tified as screen-positive. Values measured on the same 
patients and the same proficiency testing samples can differ 
among methods by 5% to 200% depending on the analyte 
measured." Median values are therefore not directly trans- 
ferable between reagent sets from different methods. Median 
values can also differ among laboratories even when the 
same methodology is employed. This difference is caused by 
such factors as the method and reliability of gestational 
dating, race, maternal weight, and even apparently subtle dif- 
ferences in assay instrumentation, or changes in manufac- 
turer’s lot numbers of reagents or calibrators." 

Median values must be routinely monitored and updated 
as necessary. Median values provided in package inserts for 
AFP are not acceptable for many of the reasons given above. 
It has been recommended that median values be established 
using at least 100 values for 15 through 20 weeks of gesta- 
tion, In practice, however, obtaining 100 serum samples for 
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each gestational week is very difficult even for large labora- 
tories, because most specimens are now routinely collected 
between 16 and 18 weeks gestation (the optimum time for 
open neural tube defect screening). Given these constraints, 
the following strategies are recommended for obtaining reli- 
able median values, categorized according to whether a lab- 
oratory is implementing a screening test for the first time or 
is updating an existing set of median values. 

Two alternatives are available when a laboratory is estab- 
lishing median values for the first time. The optimal method 
is to obtain measurements on 300 to 500 patient specimens 
using the assay selected for screening. Establishing that all of 
these samples come from unaffected singleton pregnancies 
is not necessary because the prevalence of conditions that 
produce abnormal values (e.g., twins, fetal demise, and open 
fetal defects) is small and will have minimal impact.’ The 
data are used to derive median values for each completed 
week of gestation. Appropriate weighted regression analysis 
can then be used to fit the observed data. The regression 
equation is used to predict “smoothed” medians for each 
week of gestation. Measurements of AFP and uE, increase 
by a constant proportion—about 10% to 15% per week for 
AFP and 20% to 25% per week for uE; measurements. A 
log-linear model best fits this relationship (i.e., the log of 
the measurements [y-axis] is regressed against gestational 
age {x-axis]}. Usually the median value is found at each com- 
pleted week and regressed against the average gestational age 
for that week. This technique helps reduce the effect of out- 
liers. Weighting takes into account the reliability of these 
summary estimates and is usually based on the square root 
of the number of samples observed at each week. The regres- 
sion model for CG versus gestational age fits an exponential 
model similar to that used for radioactive decay. Measure- 
ments of DIA are relatively flat, but experience has shown 
that a quadratic model fits the data well, with a minimum 
found between 16 and 18 weeks gestation. Table 54-4 pro- 
vides data for these four tests along with the weighted regres- 
sion equation and resulting smoothed medians. The AFP 
and uE, medians increase 11% and 23% per week, respec- 


tively. Figures 54-6 to 54-9 are graphical representations of 
the data in Table 54-4, and the legends contain the respec- 
tive median regression equation. Although laboratories 
cannot use these medians to interpret their own assay results, 
they can use the observed median concentrations for each 
analyte (plus weeks and N) to verify their ability to compute 
regressed median concentrations. 

Figure 54-10 shows the relative gestational age effects on 
the four tests. Each test is assigned a 100% relative value for 
the median at 15 completed weeks of gestation. If the median 
values increase, the line will have a positive slope. The test 
that is least influenced by gestational age is DIA. The 
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Figure 54-6 Computation of median values for maternal serum 
alpha fetoprotein (AFP) in the second trimester. The observed 
average gestational age from Table 54-4 is plotted on the 
horizontal axis and the median of that week’s AFP 
measurements on the vertical logarithmic axis, The thin vertical 
lines represent the 95% confidence intervals of the medians. The 
line represents the results of a linear regression analysis of log 
AFP versus age weighted by the square root of the number of 
samples. The equation of that line in completed weeks is median 
AFP = [0%0446Sxweels}+0.8334 The corresponding equation for day- 
specific medians is median AFP = [0%0878&(@45)108142, 


TABLE 54-4 Observed and Regressed Median Values for Four Second Trimester Down Syndrome Analytes 


Number. AFP (ng/mL) < uE, (ng/mL) = CG (IU/mL) DIA (pg/mL) 
Studied’ Obs. Reg. Obs. Reg Obs. Reg. Obs Reg 


15 15.5 79 32.6 31:8 0.56 0.57 34.9 35.3 175 174 
16 16.4 183 33:6 35.3 0.68 0.71 28.4 2737. 164. 170 
17 17.4 94 40:0 39.4 0.92 0.87 23.3 22.1 179 176 
18 corre 18.3 47:4 43.4 121 1,08 15.5) 20:6517.9 191 188 
19 19.4 48:2 48.0 1.31 1,33 17.0 14:8 210 207. 
20 20.5 i 47:0 53.2 1:30 2164 213.0 12.5 227 233 
Average or total 16.7 397 : 


Week: of Mean 
Gestation GA 


GA, Gestational age; AFP, alpha fetoprotein; uE, unconjugated estriol; CG, chorionic gonadotropin; DJA, dimeric inhibin A; Obs, observed median; Reg, 
regressed median. 
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Figure 54-7 Computation of median values for maternal serum 
unconjugated estriol (uE;) in the second trimester. The observed 
average gestational age from Table 54-4 is plotted on the 
horizontal axis and the median of that week's uE, measurements 
on the vertical logarithmic axis. The thin vertical lines represent 
the 95% confidence intervals of the medians. The line represents 
the results of a linear regression analysis of log uE; versus age 
weighted by the square root of the number of samples. The 
equation of that fine in completed weeks is median uE, = 

109.7 6>xtweeks)-1-618 The corresponding equation for day-specific 
medians is median uE; = |0°912%™(as)41 457, 


Q 


hCG (IU/mL) 


= 


a a See ee E | 
15 16 17 18 19 20 21 


Gestational Age (weeks) 


Figure 54-8 Computation of median values for maternal serum 
chorionic gonadotropin (CG) in the second trimester, The 
observed average gestational age from Table 54-4 is plotted on 
the horizontal axis and the median of that week's CG 
measurements on the vertical logarithmic axis. The thin vertical 
lines represent the 95% confidence intervals of the medians, The 
line represents the results of a nonlinear regression analysis 
weighted by the square root of the number of samples. The 
equation of that curve in completed weeks is CG median = 
39.69 x @7O80ltweeks-I4) + 5 93. The corresponding equation 

for day-specific medians is CG median = 45.14 x @ 0°8”dws) 

+ 5.93. 
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Figure 54-9 Computation of median values for maternal serum 
dimeric inhibin A (DIA) in the second trimester. The observed 
average gestational age from Table 54-4 is plotted on the 
horizontal axis and the median of that week’s DIA 
measurements on the vertical logarithmic axis. The thin vertical 
lines represent the 95% confidence intervals of the medians. The 
line represents the results of a quadratic regression analysis 
weighted by the square root of the number of samples. The 
equation of that curve in completed weeks is DIA median = 
3.404 x weeks” — 106.7 x weeks + 1005.7. The corresponding 
equation for day-specific medians is DIA median = 0.06947 x 
days’ — 15.66 x days + 1052. 
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Figure 54-10 A comparison of the associations between 
gestational age and the four second trimester maternal serum 
markers for Down syndrome. For each of the analytes, the 
median at 15 weeks gestation has been assigned a value of 
100%. Each subsequent median is represented as a percentage of 
that initial median. The marker that has the weakest association 
with gestational age is dimeric inhibin A (DIA). The strongest 
associations are found for unconjugated estriol (uE;) and 
chorionic gonadotropin (CG). The association between 
gestational age and alpha fetoprotein (AFP) is intermediate. 
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TABLE 54-5 Observed and Regressed Day-Specific Medians for Unconjugated Estriol During the 17th Week of 


Gestation 
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strongest association with gestational age is found for uE, 
and CG measurements. This association indicates that errors 
in dating will have the greatest impact on these two tests. 

Some laboratories use “day-specific” medians rather than 
weekly medians (i.e., a different median value is used for 
each day of pregnancy). Although individual pregnancies 
cannot be reliably dated to within 1 day, there is a consistent 
day-by-day change in analyte concentrations if a group of 
pregnant women is observed. Table 54-5 shows the observed 
and regressed medians for uE; for a group of ultrasound- 
dated women in their 17th week of gestation. The observed 
median levels clearly increase during that week. The 
regressed median for 16 weeks, 0 days, is quite different from 
the median for 16 weeks, 6 days. If weekly medians were to 
have been used instead, all of these samples would have been 
interpreted against a single median—about 0.74ng/mL 
(0.74 g/L). 

The second method is an acceptable alternative. The 

laboratory must identify an established laboratory that is 
willing to share its reliable median values. Then, 25 to 50 
specimens are assayed at each laboratory. These specimens 
are selected so that their results span the analytical mea- 
surement range. The two sets of values can then be compared 
using linear regression analysis (after appropriate trans- 
formations) to establish the relationship between the two 
assays. The regression equation can then be applied to the 
reliable set of median values to derive a set of medians 
appropriate for the laboratory. These median values can be 
used temporarily until values from 300 to 500 patients are 
available for the analysis provided earlier. 

Laboratories must update existing median values in 
several situations. Significant differences in values on the 
same patient specimens are common when using either a 
new lot of the reagents or reagents from a different manu- 
facturer. In this situation, the relationship between the new 
and old methods can be established by regression analysis of 
values measuted on the same patient specimens as described 
in the second method in the previous paragraph. If a peri- 
odic adjustment is required, the laboratory should carefully 
choose the characteristics of the population to be used (e.g., 
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race, method of dating, and time period) and verify that the 
assay has been providing consistent results over the time 
period of interest. This can be done by routinely monitoring 
the median MoM over time (epidemiological monitoring) as 
discussed in more detail later in this chapter. The resulting 
data are then analyzed as indicated in the first method 
described previously. 


Adjustments for Factors That Influence 

Analyte Measurements 

Prenatal screening for both open neural tube defects and 
Down syndrome is optimized when each woman’s analyte 
concentration is compared with other women (the reference 
group) who are “similar” to her in many respects.’ In addi- 
tion to gestational age, this “similarity” extends to other 
factors that have been shown to affect the analyte concen- 
trations, including maternal weight, race, insulin-dependent 
diabetes (IDD), and multiple pregnancy. Taking into account 
these factors increases the accuracy of the interpretation. 
These factors are taken into account by dividing the patient’s 
MoM value by a factor corresponding to the ratio of the 
MoM values found in those without the factor to the 
MoM values in those with the factor. A meta-analysis of 


the data supporting the following recommendations has 
been published.” 


Maternal Weight 

As maternal weight increases, the average concentration of 
analyte values decreases, perhaps because a fixed amount of 
analyte is diluted in an increased maternal blood volume. For 
example, heavier women have, on average, lower AFP values 
and are less likely than lighter weight women to be screen- 
positive for neural tube defects. Without taking maternal 
weight into account, screening is less effective in heavier 
women because their MoM values are inappropriately low. 
The importance of adjusting AFP MoM values for weight is 
reinforced by recent studies showing that heavier women 
have a twofold to threefold increased risk for open spina 
bifida.*” The weight effect is also significant for CG and DIA, 
but less so for uE, (Figure 54-11). Maternal weight is taken 
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Figure 54-I | The relationship of AFP, uE,, CG, and DIA 
(expressed as multiples of the median [MoM]) and maternal 
weight. The horizontal line at }.0 MoM is the value found for a 
woman of average weight. 


into account by adjusting each woman’s MoM values by a 
factor corresponding to the expected MoM value in Figure 
54-11 for average women with her weight. These factors are 
empirically derived from the screened population in a 
manner that is similar to deriving median analyte concen- 
trations for each gestational age. Optimally, each laboratory 
should derive its own maternal weight adjustment factors for 
each analyte, because the average maternal weight may differ 
from that seen in other laboratories. These adjustment 
factors should be applied only over the maternal weight 
range in which they have been shown to be appropriate. For 
example, if few or no data are available to derive adjustment 
factors for women weighing more than 350 pounds, then the 
laboratory should be careful in extrapolating factors to these 
women from data on women of lower weight. Laboratories 
should limit the range of adjustment using upper (and 
lower) truncation limits. If a woman’s weight is outside these 
limits, adjustment should be applied as if the woman were 
at the respective limit. An effective model for all analytes is 
a linear reciprocal model. Maternal weights are stratified 
into weight groups and regressed against the reciprocal of 
maternal weight. This model and its application have been 
described in detail elsewhere.” Although not routine, 
some screening programs have implemented separate weight 
adjustments for selected racial groups because of systematic 
differences in maternal weight. Although this would theo- 
retically improve performance, there is little evidence that 
the increased complexity and propensity for error are war- 
ranted. Obesity is associated with a threefold to fourfold 
increase in risk for open neural tube defects.””*” There is no 
reported association between maternal weight and Down 
syndrome. 


Maternal Race 

African-American women have maternal serum AFP and CG 
concentrations that are 10% to 15% higher than those found 
in Caucasian women.™ Adjustment for this difference can 
be accomplished in two ways. The first approach is to calcu- 


late an MoM value for African-American women using 
medians derived from the Caucasian population, and then 
to divide the resulting MoM by a factor corresponding to the 
ratio between values in the two populations (i.e., 1.10 to 
1.15). For example, if an African-American woman has a 
maternal serum AFP MoM of 1.60 calculated using median 
values from the Caucasian population, her adjusted MoM 
is 1.45 (1.60+ 1.10), The second approach is to calculate 
a separate set of medians using values measured on the 
African-American population. uE, and DIA do not appear 
to differ in these two populations. Only limited data are 
available for other racial/ethnic groups and therefore routine 
adjustments are not generally performed. Although there is 
little evidence that the age-specific birth prevalence of Down 
syndrome differs by race, there is strong evidence that the 
birth prevalence of open neural tube defects in African- 
American women is half or less that of Caucasian women 
from the same geographic region.“ Thus at any given 
maternal serum AFP MoM, an African-American woman 
has half the risk of a Caucasian woman of having a preg- 
nancy affected by an open neural tube defect. Some pro- 
grams have addressed this “disparity” by moving the cutoff 
higher for African-American women. For example, the risk 
for the Caucasian woman at 2.0 MoM is similar to that for 
the African-American woman at 2.5 MoM. However, pro- 
grams that do this must acknowledge that the detection rate 
(and false-positive rate} will be lower in the population with 
the higher screening cutoff. Limited information is available 
on the AFP concentrations in African-American women 
with an open neural tube defect, but what is published indi- 
cates that screening in this population should be equally 
effective. 


Insulin-Dependent Diabetes 


Maternal serum AFP values in women who have IDD before 
pregnancy have been reported to be systematically lower by 
about 20%.'"' This difference is taken into account by divid- 
ing the computed MoM value in women with IDD by 0.8, 
the ratio of maternal serum AFP values found in the two 
populations, After adjustment, the proportion of women 
with IDD at or above any given MoM cutoff should be 
approximately equal to that found in the general population. 
It is not possible to define the associated detection rate for 
open neural tube defects because no large series of maternal 
serum AFP measurements in IDD women with a fetus 
affected with an open neural tube defect have been pub- 
lished. In a recent study, the expected lowering of maternal 
serum AFP concentrations in pregnant women with IDD 
was not observed. Because these women are now carefully 
monitored to help ensure appropriate blood glucose con- 
centrations, it is speculated that this tight control might 
account for the finding of no effect. 

It has been recommended that in locations where women 
with IDD are carefully monitored to maintain glucose 
control, adjustment of maternal serum AFP is no longer war- 
ranted. This recommendation poses a dilemma for screen- 
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ing laboratories. In the absence of this detailed patient infor- 
mation, the screening program must determine whether or 
not routine adjustment of maternal serum AFP levels for 
IDD status is warranted. 

There is no compelling evidence that the rate of Down 
syndrome births in women with IDD is substantially differ- 
ent from that in the general population.'”” However, there is 
evidence that birth prevalence of open neural tube defects is 
higher by up to a factor of 5.' Thus at a given AFP MoM con- 
centration, women with IDD are at a substantially higher 
risk of open neural tube defects than the general population. 
This can be taken into account by lowering the AFP MoM 
cutoff from, for example, 2.0 to 1.5. 

Current information suggests that maternal serum AFP 
concentrations are not altered among women with gesta- 
tional diabetes, even if insulin is subsequently required later 
in pregnancy. 

In women with IDD, uE, and CG MoMs are on 
average 8% and 7% lower, respectively, than in nondiabetic 
women.'™ These differences are small, and whether or not 
they are taken into account will have little impact on the 
resulting Down syndrome risk. The impact of IDD on DIA 
results is more variable, ranging from 0.91 MoM to 1.17 
MoM (weighted average of 1.06 MoM), and adjustment is 
not yet warranted.” ^ 


Twin Pregnancy and Open Neural Tube Defect 


Maternal serum AFP concentrations in twin pregnancies are 
about twice the concentration found in singleton pregnan- 
cies (i.e 2.0 MoM). Among singleton pregnancies with 
open spina bifida, the median serum AFP MoM is about 
3.5. Thus the expected maternal serum AFP in the average 
twin pregnancy affected with open spina bifida might be 
around 4.5 MoM (1.0 MoM contributed by the unaffected 
fetus and 3.5 MoM from the fetus with open spina bifida). 
Screening performance in twin pregnancies will therefore 
not be as effective as in singleton pregnancies since the AFP 
distributions are less separated. Although most affected twin 
pregnancies are discordant for open neural tube defects, if 
both twins are affected (seen in about 5% of affected twin 
pregnancies), screening performance can be expected to 
approach that in singleton pregnancies. 


Twin Pregnancy and Down Syndrome Screening 

Calculation of Down syndrome risk requires that the distri- 
bution of analyte values for all tests in both unaffected and 
affected pregnancies be known. These distributions are well 
defined for AFP, uE;, CG, and DIA in singleton pregnancies, 
and thus reliable risks can be calculated. The distributions of 
these analytes also are available for twin pregnancy unaf- 
fected by Down syndrome; the average MoMs in unaffected 
twin pregnancy for AFP, uE;, CG, and DIA are about 2.0, 1.7, 
1.9, and 2.0, respectively. Fewer data are available for con- 
centrations of these analytes in twin pregnancies affected 
with Down syndrome. A further complication is that in 


approximately one third of pregnancies, both twins will be 
affected (monozygotic), and in two thirds of pregnancies, 
only one twin will be affected (dizygotic). Screening will be 
less effective when only one twin is affected. Another diffi- 
culty is that the prevalence of Down syndrome is not well 
defined in twin pregnancies. Based on the rate of monozy- 
gotic and dizygotic twins, the prevalence of Down syndrome 
would be predicted to be 1.67 times higher in twin preg- 
nancies. Published data indicate that the prevalence in twin 
pregnancies is actually similar to that found in singleton 
pregnancies.” 

Given these limitations, calculation of only an approxi- 
mate risk (sometimes called a pseudorisk) for twin preg- 
nancy is possible.” This is accomplished by dividing the 
MoM value for each analyte by the corresponding average 
found in the unaffected twin pregnancy. The twin pregnancy 
risk is computed in the same way as for singleton pregnan- 
cies. The same risk cutoff used to identify women with sin- 
gleton pregnancies is used to identify women with twin 
pregnancies as being screen positive. 

This twin screening protocol will: (1) correctly rank the 
pregnancies from highest to lowest risk, and (2) yield a 
screen-positive rate similar to the rate found for singleton 
pregnancies at any given screening cutoff. The Down syn- 
drome pseudorisk, however, may not be correct, and it is 
recommended that this risk not be routinely reported. 
Screen-positive women with twin pregnancies can be 
informed that their test results place them in a high-risk 
group, but that their actual risk is uncertain. Interpretation 
of risk for triplets and higher gestations is not recommended 
because of the limited data available. Additional factors that 
need to be considered when offering such screening are the 
increased difficulty and fetal loss associated with multiple 
needle insertions necessary during amniocentesis, and the 
loss of the unaffected twin should an affected twin be iden- 
tified and selectively terminated.” 


Other Tests and Combinations of Tests 


Several other maternal serum analytes have been reported to 
be associated with Down syndrome in second trimester 
maternal serum, including the free alpha and free beta sub- 
units of CG?! and Bi-glycoprotein” and DIA." Of 
these, only DIA has been shown to provide any significant 
advantage in combination with the triple test. Two analytes 
found in maternal urine have been investigated as tests for 
Down syndrome screening. Early studies reported that 
urinary gonadotropin peptide, a metabolite of CG, had the 
best screening performance of any proposed test (80% for a 
5% false-positive rate). These early studies have not been 
confirmed.**!”" Attention has now turned to another urinary 
analyte, invasive trophoblast antigen or ITA (also called 
hyperglycosylated CG). One study reported a detection rate 
of 79% for a 5% false-positive rate,” while another reported 
less favorable results.” A recent retrospective study con- 
cluded that serum ITA could effectively replace CG or free 
CGB in a multianalyte panel.” A large prospective study is 
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currently underway to determine the screening performance 
in routine practice. 


Down Syndrome Screening in the First Trimester 
of Pregnancy 


Most screening programs recommend testing mothers 
between 16 and 18 weeks gestation, but will accept speci- 
mens collected from 15 to 20 weeks or later. Screening 
pregnancies after 20 weeks gestation allows little time. for 
further testing and increases the difficulty of decision- 
making for the couple. Attention is now being focused on 
moving Down syndrome screening to the first trimester of 
pregnancy (at 10 to 13 weeks of gestation). Both ultrasound 
findings and serum tests have been identified for first 
trimester application. First trimester values of maternal 
serum pregnancy associated plasma protein-A (PAPP-A) are 
low and free CGB values elevated in cases of Down syn- 
drome.’ In combination with maternal age, these two 
serum tests yield a detection rate of 60% at a 5% false- 
positive rate.’ This screening performance is inferior to 
quadruple test screening in the second trimester. Ultra- 
sound measurements of nuchal translucency (NT), the sub- 
cutaneous space between the skin and cervical spine, have 
been shown to be increased in fetuses with Down syn- 
drome.” Increased NT measurements are also a nonspe- 
cific finding for many fetal structural abnormalities, and 
therefore are only useful as a screening test.” NT measure- 
ments alone can detect 60% or more of the Down syndrome 
cases at a 5% screen positive rate, making NT the best single 
screening test described to date.” 

Neither ultrasound findings nor serum tests in the first 
trimester have sufficient predictive power to be used alone. 
In 1997, it was estimated that a combination of NT and 
serum tests (the combined test} could detect 85% of Down 
syndrome at a 5% false-positive rate. If confirmed, this 
would be the best Down syndrome screening test available.” 
The combined test is widely available in Europe and is being 
increasingly offered in the United States. Although first 
trimester screening would have obvious advantages, it also 
has limitations. To be reliable, NT measurements must be 
performed at specialized referral centers that employ sonog- 
raphers who have undergone rigorous training and partic- 
ipate in on-going quality control programs. Routine office 
ultrasound is unsuitable for obtaining this measurement. 
Therefore access for women in rural areas will be limited. If 
first trimester diagnostic testing is to be performed, it will 
have to include chorionic villus sampling (CVS). CVS is less 
safe than amniocentesis performed in the second trimester 
of pregnancy,” and may not be readily available. Several 
studies have shown that Down syndrome fetuses with 
increased NT and low PAPP-A are spontaneously aborted at 
a higher rate than for those with normal NT measure- 
ments.” Thus the real screening performance may be lower 
than expected,” and many Down syndrome fetuses iden- 
tified in the first trimester will spontaneously abort in the 
absence of screening. If screening for Down syndrome were 


to be moved to the first trimester, routine screening for open 
neural tube defects using maternal serum AFP would still 
need to be performed, as such screening is not effective in 
the first trimester.**™ Lastly, NT measurements are likely to 
be expensive in the United States, as first trimester ultra- 
sound examinations are not routine, and third party payers 
may be reluctant to pay. Despite these shortcomings, first 
trimester screening is a recommended option on the condi- 
tion that appropriate diagnostic testing is available locally. 


Combining First and Second Trimester Screening into a 
Single Integrated Test 


An innovative approach to combining the best of the first 
and second trimester tests has been proposed that avoids 
most of the limitations of stand-alone first trimester screen- 
ing—the integrated test.’ With this approach, measure- 
ments of NT and PAPP-A are made in the first trimester but 
not interpreted or acted upon until the second trimester. In 
the second trimester, a second serum is drawn and a quadru- 
ple test performed. Results from all six tests (NT, PAPP-A, 
AFP, uE;, CG, and DIA) are combined into a single risk 
estimate for interpretation in the second trimester. It is 
projected that this approach could detect 85% of Down 
syndrome cases with only a 1% false-positive rate. A recent 
study (SURUSS) involving results from 47,507 pregnancies 
at multiple centers obtained results consistent with this 
estimate.” 


Reporting Individual Results 


The maternal serum screening report should contain the fol- 
lowing information: the concentrations and MoM values of 
the measured analytes, the Down syndrome risk estimate 
{along with risks for other abnormalities such as trisomy 
18), an interpretation as either screen-positive or screen- 
negative, and an interpretation of the information that 
includes possible further actions. The physician-provided 
information should include specimen collection date, iden- 
tification as a first or second specimen, date of LMP or ges- 
tational age by ultrasound, maternal birth date (or age), 
relevant family history, number of fetuses (if known), mater- 
nal race, and the presence or absence of maternal diabetes 
requiring insulin therapy. 


Calculating Individualized Patient-Specific Risks With 
Use of Biochemical Measurements 


Calculating an individualized risk (patient-specific risk) for 
any given condition is accomplished by multiplying the a 
priori risk for that condition by a likelihood ratio that is 
calculated using the woman’s analyte measurements ({i.e., 
patient risk=a priori risk x likelihood ratio). This basic 
equation is used to calculate patient-specific risk for neural 
tube defects, Down syndrome, trisomy 18, or any other con- 
dition in which the distributions of tests for the unaffected 
and affected population have been defined. The a priori risk 
is obtained from large epidemiological studies that ascertain 
the prevalence for the condition under consideration. For 
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example, a womans age is used to define her a priori risk for 
having a fetus with Down syndrome. The likelihood ratio is 
determined by calculating the ratio of the heights of the 
affected and unaffected overlapping population distribu- 
tions for any specified MoM value. When multiple tests are 
used, a single likelihood ratio is calculated using the over- 
lapping distributions for each test but with the correlation 
between the tests taken into account. Complete details for 
calculating risks are available on this book’s accompanying 
Evolve Web site, found at http://evolve.elsevier.com/Tietz/ 
textbook/.* l 


Use of Epidemiological Monitoring in Quality Control 

In prenatal screening the interpretative unit for each analyte 
is the MoM, which takes into account variables such as ges- 
tational age, maternal weight, race, and IDD. Expressing 
these results in MoMs allows the calculation of a patient- 
specific risk for Down syndrome. One of the most com- 
mon causes of poor laboratory performance is the use of 
incorrect median values, either because those values are 
inappropriate for the kit being used or because systematic 
shifts in the assay values have occurred. Poor performance 
can also occur when a kit is nonspecific or relatively 
inaccurate. Ensuring that median values (and by extension 
the MoM values) are accurate is one of the most important 
responsibilities of the screening laboratory. The following 
discussions are adapted from Knight and Palomaki,’* 
a publication that discusses in detail the process of epidemi- 
ological monitoring. 


Definition of Epidemiologic Monitoring 

A powerful method for evaluating and monitoring the 
appropriateness of medians is epidemiologic monitoring. 
This process involves gathering data from the screened pop- 
ulation to allow calculation of the detection rate (proportion 
of affected pregnancies with positive test results) and the 
false-positive rates (proportion of unaffected pregnancies 
with a positive test result). These rates can then be compared 
with expectations. Obtaining a detection rate is difficult 
because complete ascertainment of all pregnancy outcomes 
is required, and it can take years before a sufficient number 
of affected pregnancies occurs to achieve reliable estimates. 
In practice, the false-positive rate is used for epidemiologic 
monitoring because a reliable estimate can be calculated in 
a short time and it is not necessary to have outcome infor- 
mation. For prenatal screening, the false-positive rate is 
defined as the proportion of women with test results falling 
at or above a specified AFP MoM (for open neural tube 
defect screening), or with a Down syndrome risk at or above 
the specified risk cutoff (Down syndrome screening). 
However, these rates are not actually false-positive rates, 
because a few of the screen-positive individuals are actually 


*References 86A, 91A, 116A, 150A, 160A, 184A, 225A, 239A, 
271A, 332A, 332B, 333A, 335A. 


true-, rather than false-, positive results (i.e., they do have an 
affected fetus), For this reason, the term initial positive rate 
(IPR) has been suggested, because it more accurately 
describes what is being calculated. The IPR can be used to 
assess whether medians are appropriate, since it will be 
shifted upward or downward if medians are incorrect for the 
population being screened. Further, once the IPR is shown 
to be within acceptable limits, continuous monitoring can 
help detect shifts in assay values. 


Epidemiologic Monitoring of Open Neural Tube 

Defect Screening 

In maternal serum AFP screening for open neural tube 
defects, the IPR is the proportion of women with values 
above the specified MoM cutoff. For most screening pro- 
grams, the two most commonly used screening cutoffs are 
2.0 and 2.5 MoM; these cutoffs produce IPRs of 3% to 5% 
and 1% to 3%, respectively. When new medians are imple- 
mented, the IPR can be used to determine if the medians are 
appropriate by comparing the expected with the actual IPRs. 
If the IPR falls outside the expected range, it is possible that 
the medians are incorrect for the assay being used or for the 
population being screened (assuming that the AFP assay is 
known to be reliable). For example, if the IPR at a cutoff of 
2.5 MoM is 5%, median values may be too low. Thus more 
women will have results above the 2.5 MoM cutoff. 

Once the IPR is shown to be within an acceptable range, 
ongoing monitoring of this rate serves as a check on shifts 
in assay calibration caused by changes in kit lots, reagent 
deterioration, poor technical performance, and other 
factors. Simultaneous monitoring of the IPR and the results 
of quality control samples can facilitate identification of 
shifts in assay values. If, for instance, the IPR at a 2.5 AFP 
MoM cutoff increases from 2% to 4%, and at the same time 
some or all of the values of quality control (QC) samples 
shift significantly upward by 10% or more, the change is 
consistent with an upward shift in assay calibration. The IPR 
increases when the assay values increase because individual 
AEP values are interpreted by using medians generated from 
data gathered in the past. In the example given above, it may 
be necessary to calculate new medians or adjust existing 
median values to take into account the assay shift. 

It is difficult to provide an absolute rule as to how large 
a change in the IPR is sufficient to warrant recomputing 
medians as factors other than the assay can affect the IPR. 
For example, a significant increase in the number of preg- 
nancies dated by ultrasound will reduce the IPR, because 
incorrectly dated pregnancies will be identified before the 
AFP test is done. However, consider that an upward shift in 
AFP values of just 10% can increase the IPR by more than 
50% (e.g., from 2% to 3%) with little gain in detection. In 
effect, more interventions (ultrasound examinations or 
amniocenteses or both) will be required to detect each case 
of neural tube defect. Therefore if a change in the IPR of 50% 


` or more occurs simultaneously with an identifiable shift in 


assay values of 10% or more, medians need to be recalcu- 
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lated, Laboratories may wish to have stricter warning limits 
(e.g., shifts of 25% or more in the IPR occurring simultane- 
ously with a change of 7% or more in quality control 
samples). In applying these rules, enough values should be 
used to ensure that a reliable IPR can be calculated (gener- 
ally 300 to 500 values will ensure reliability) and that 
observed changes are statistically significant. Further the 
change should be persistent and occur over several kit lots. 
Otherwise the laboratory may be tracking random error. IPR 
values can also be calculated using a moving window to 
improve reliability. For example, consider a laboratory that 
screens 300 women per month. In addition to calculating a 
monthly IPR, the lab could calculate a cumulative 3-month 
moving window (i.e., each month, the current month’s data 
are added and the oldest month is dropped). The actual time 
period for both the individual and a cumulative moving 
window will be determined by how many samples are 
screened per unit time by any given laboratory. 


Epidemiological Monitoring of Down 

Syndrome Screening 

In screening for Down syndrome, the IPR is the proportion 
of women with a risk at or above the risk cutoff. In contrast 
to neural tube defect screening, the IPR for Down syndrome 
screening is influenced by each of the analytes used in the 
risk calculation. Therefore monitoring the IPR does not 
provide information on which assay(s) might be responsible 
when an inappropriate IPR is obtained. Consequently, it is 
necessary to individually monitor each assay separately. 
Individual monitoring of each assay can be accomplished 
according to the following rationale. When individual MoM 
values are calculated for each patient using gestational age- 
specific medians, MoM values can be analyzed collectively 
without regard for the gestational week. If the medians are 
appropriate, the resulting distribution of MoM values will 
have a grand median MoM of 1.00. The center of the distri- 
bution is typically expressed as the median, rather than as 
the mean, because MoM distributions are not Gaussian on 
the linear scale. 

The initial application of the grand MoM is to ensure that 
when medians are first implemented they are appropriate for 
the assay and population being screened. This is accom- 
plished by calculating the grand MoM using values from 300 
to 500 individuals screened after the new set of medians is 
implemented. The grand MoM should be 1.00, within sta- 
tistical limits. A convenient approach is to plot the grand 
MoM values on a graph, facilitating the detection of trends. 
The IPR observations can also be plotted on the same graph. 
If the IPR begins to trend in either a positive or negative 
direction, the grand MoM for each assay can be examined to 
determine if one of the analytes is paralleling the IPR change. 
If a significant change in one of the assays has occurred, cor- 
rective action should be taken (e.g., recalculating medians). 
For example, suppose the IPR shows a significant upward 
trend (e.g., from 6% to 9%), and over the same time period 
the median MoM of the uE; assay significantly decreases 


(e.g., from 1.03 to 0.91). Since decreasing uF, values are asso- 
ciated with increasing risk for fetal Down syndrome, it is 
possible that the change in the uF; assay is responsible for 
the increase in the IPR. The next step would be to examine 
quality control specimen values to determine if a corre- 
sponding downward shift in values has occurred. If a shift 
has occurred, it may be necessary to recalculate and imple- 
ment a new set of uE, medians using data collected after the 
time when the change in the uE; assay occurred (or apply an 
adjustment factor to the old medians). A simultaneous 
change in two assays can complicate monitoring, because the 
IPR might not change if the shift in one analyte value 
increases risk and the other analyte decreases risk. Simulta- 
neous monitoring is therefore recommended of the IPR 
and the median MoM for each analyte. When interpreting 
median MoM values, rates should be calculated only when 
enough patient values are available (typically, 300 to 500 
samples) to ensure a statistically reliable rate. Further, a 
single IPR or median MoM that deviates from the expected 
one should serve as only a warning to examine quality 
contro] data more closely. 

Laboratories need to have an action limit in place to 
determine how much variability is to be allowed in the grand 
MoM. To do this, consider the impact on the Down syn- 
drome detection rate and the IPR of a 10% downward shift 
in the uE, values (grand MoM of 0.90). This can be simu- 
lated by recalculating MoM values after assay values are arti- 
ficially shifted down by 10%, followed by mathematical 
modeling of the detection rate and associated IPR. Such an 
assay shift effectively changes the MoM for any given sample, 
because current assay values are interpreted using reference 
data collected in the past. When uF, values shift downward 
by 10%, the detection rate increases only slightly from 59% 
to 62%. However, the IPR increases from 4.8% to 6.7%, a 
40% increase. Thus what might be viewed as a small shift in 
assay values has a large impact on the IPR, with little corre- 
sponding gain in detection. Similar but somewhat smaller 
effects are seen when considering similar shifts in AFP and 
CG measurements. The relatively large changes in the IPR 
with relatively small shifts in assay values are some of the 
primary reasons for closely monitoring assays to ensure that 
the amniocentesis referral rate is maintained within reason- 
able limits. Given these facts, screening laboratories should 
consider, as a minimum, a consistent deviation of 10% from 
1.00 MoM (range 0.90 to 1.10) as important. Laboratories 
may wish to consider setting up more strict warning limits, 
such as 7% (assuming this percentage is based on sufficient 
numbers of samples to yield statistically significant results). 
With this limit, median MoM values outside the range of 
0.93 to 1.07 MoM would be considered sufficiently deviate 
to warrant further investigation to determine if a problem 
exists. 

Although the IPR for laboratories screening for Down 
syndrome using multiple tests is generally between 5% and 
10% in an unselected pregnancy population, it may be 
affected by various factors (other than incorrect medians), 
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including the number of tests used, the screening cutoff 
chosen, and the maternal age distribution of the screened 
population. For example, if screening is being applied pri- 
marily to older women, the IPR will be substantially higher 
because older women are collectively more likely to be 
screen-positive because of their higher age-specific risks. For 
example, if the triple test is being used to screen women of 
age 35 and older at a term risk cutoff of 1 : 250, approxi- 
mately 25% of women will be screen-positive.'*’ The method 
of gestational dating will also affect the IPR. Laboratories 
with a high percentage of pregnancies dated by the first day 
of the LMP will have a higher IPR than do laboratories where 
most gestational ages have been provided from ultrasound 
measurements.” 


External Proficiency Testing 


All laboratories performing prenatal screening must par- 
ticipate in an external proficiency testing program that dis- 
tributes unknown specimens that reflect the concentrations 
of analytes found near the middle of the second trimester of 
pregnancy. These programs also evaluate the laboratory’s 
ability to convert analyte values into an MoM using the lab- 
oratory’s own median values, to make screening recommen- 
dations, to adjust for variables that influence analyte values, 
and to calculate patient-specific risks. Two such external 
proficiency testing programs for prenatal screening are cur- 
rently available in the United States. The Foundation for 
Blood Research and the CAP sponsor a joint program 
(FBR/CAP Maternal Screening Survey FP) serving approxi- 
mately 300 laboratories. Five serum and two amniotic fluid 
proficiency samples are distributed three times each year. 
The FBR/CAP program also has a special topic in each dis- 
tribution that allows FP Survey participants to obtain 
CME/CEU credits. New York State also has an external pro- 
ficiency testing program that is required for laboratories 
serving New York State residents. Five serum and five amni- 
otic fluid samples are distributed three times each year. 
Neither survey includes first trimester serum tests (free beta 
CG and PAPP-A). The Foundation for Blood Research also 
sponsors an amniotic fluid AFP/AChE proficiency testing 
program for diagnostic laboratories. Five amniotic fluid 
samples are distributed three times each year. 


LABORATORY TESTS 
In this section of the chapter, we review methods for 


measurements of CG, AFP, uB;, DIA, fetal fibronectin, and 
amniotic fluid bilirubin, and six tests for fetal lung maturity. 


CHORIONIC GONADOTROPIN 

Measurement of CG can be used to detect pregnancy 
and its abnormalities (e.g., ectopic and molar pregnancies), 
to screen for Down syndrome and trisomy 18, and to 
monitor the course of a patient with a CG-producing 
cancer. Because CG has these diverse uses, many assays 


are used, including qualitative urine and serum kits and 
quantitative serum assays, Cole has published reviews of CG 
methods.” 

This hormone is commonly called “human chorionic 
gonadotropin” and often abbreviated hCG or HCG. This 
term and its abbreviations should be abandoned because the 
adjective “human” is superfluous.” Nonetheless, when com- 
municating with clinicians (at least in the United States), 
hCG is the preferable term to avoid misunderstanding. 


Chemistry 

CG is a glycoprotein containing a protein core with branched 
carbohydrate side chains that usually terminate with sialic 
acid. The hormone is a heterodimer composed of two non- 
identical, noncovalently bound glycoprotein subunits, alpha 
(a) and beta (8). When the CG dimer is dissociated, the 
hormone activity is lost. However, a major part of the 
original activity is restored by equimolar recombination 
of the two subunits. 

The CG carbohydrate composition changes as pregnancy 
progresses. At the time of implantation in normal preg- 
nancies, more than 80% of immunoreactive CG is a large 
molecular mass form (Mr 41,000 to 42,000) called hyper- 
glycosylated CG (H-CG).” Later in pregnancy, a 36,000 to 
37,000 molecular mass form predominates. The CGa 
subunit contains 92 amino acids, two carbohydrate side 
chains, and five disulfide bridges. The molecular weight of 
the a@-subunit is estimated to be 14,900 of which 10,200 is 
the protein component. CGB consists of 145 amino acids 
and has six carbohydrate side chains and six disulfide 
bridges. The molecular mass of CGB is estimated to be 
23,000. Thus the heterodimer has a molecular weight of 
approximately 37,900 and has a higher carbohydrate pro- 
portion than any other human hormone. 

In maternal serum, CG can be in many forms, including 
unmodified CG dimer with differing oligosaccharides and 
forms modified by varying degrees of degradation. In a 
normal pregnancy, differences in oligosaccharides produce 
seven charge isomers with isoelectric points from pH 3.8 to 
pH 4.7.” Serum enzymes cleave peptide bonds in CGB at 
position 44-45 (and, after prolonged incubation, at 51-52) to 
form nicked CG (CGn).' The nicking inactivates the 
hormone and also reduces ability to bind some CG antibod- 
ies, Other nicking sites are at 844-45, 847-48, and «70- 
71.” Both free CGa (fCGa) and free CGB (fCGB) are 
found in the serum, along with nicked free forms (e.g, 
fCGBn). In the second trimester, more than 99% of CG is 
the dimer form; only a smali amount circulates as free B- 
subunit.” The C-terminal portion of {CGB can be cleaved to 
create a core fragment of CGB (CGBcf), which is composed 
of two pieces of the B-subunit, residues 6-40 and residues 
55-92, held together by disulfide bridges. CGBcf has a 
molecular mass of 13,000. 

Urine contains predominantly CGBcf and to a lesser 
degree unmodified CG and CGn. Clearance occurs both in 
the liver and through the kidneys and varies for the differ- 
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ent CG forms. Hepatic clearance’ is approximately 2mL/ 
min/m’, and renal clearance is approximately 0.4mL/ 
min/m’; thus early morning urine specimens have CG 
concentrations comparable with those in serum. A study 
using highly specific immunoassays for CG, CGB, and CGa 
found that the disappearance after term pregnancy was 
triphasic." The rapid, medium, and slow half-lives were, 
respectively: CG, 3.6, 18, and 53 hours; CGB, 1.0, 23, and 194 
hours; and CGa, 0.63,.6, and 22 hours. 


Biochemistry 

CG is synthesized in the syncytiotrophoblast cells of the 
placenta. Minute amounts are also made in the pituitary 
of men and nonpregnant women, and, like many other 
pituitary hormones, it is secreted in a pulsatile fashion.” A 
single gene located on chromosome 6 encodes the o-subunit 
of all four glycoprotein hormones (TSH, LH, FSH, and CG). 
Chromosome 19 contains a family of seven genes that 
encode the CGB subunit, though only three appear to be 
active.” Separate messenger RNAs are transcribed from the 
respective genes, and the &- and B-subunits are translated 
from each. The subunits spontaneously combine in the 
rough endoplasmic reticulum and are then continuously 
secreted into the maternal circulation. 

Synthesis of CGB peaks at about 8 to 10 weeks, but pro- 
duction of the o-subunit continues to increase and appears 
to be a function of the mass of the placenta. The production 
of CGA in the syncytiotrophoblasts may be under paracrine 
control of gonadotropin-releasing hormone (GnRH) 
produced in cytotrophoblasts. Studies suggest that the 
cytotrophoblasts produce inhibin, which stimulates CG 
production.” The number of cytotrophoblasts peaks at 
about the same time the CGB production peaks. 

Extensive homology exists between the peptide portions 
of CGB and LHB subunits. Investigators have proposed that 
a single deletion in the ancestral LHB gene lengthened the 
subunit from 115 amino acids to 145 amino acids; 80% of 
the first 115 amino acids in both B-subunits are identical, 
but 20 additional amino acid residues are unique in CGB." 


Physiology 

CG stimulates the corpus luteum in the ovary to make pro- 
gesterone during the first weeks of pregnancy. The placenta 
makes inadequate amounts of progesterone during this time. 
No specific receptor for CG is known; it binds to and acti- 
vates the LH receptor in cells of the corpus luteum in the 
maternal ovary. Species other than primates and horses use 
LH for this function. The glycation of the o-subunit has 
a dominant role’ in signal transduction, an increase in 
intracellular cyclic adenosine monophosphate (cAMP). The 
cAMP increase in turn stimulates the production of proges- 
terone, a steroid that prevents menses and thus facilitates the 
pregnancy. CG binds weakly to TSH receptors in the mater- 
nal thyroid; thus CG concentrations greater than 1 million 
IU/L are thyrotropic. 


CG Assays 

Many assay techniques have been used for determining CG. 
All modern techniques use immunoassay. Vaitukaitis and 
colleagues took advantage of the uniqueness of CGB to 
produce the first specific assay for CG, which used polyclonal 
antibodies raised against the B-subunit.”’ Since then, highly 
specific monoclonal antibodies have been produced that rec- 
ognize only epitopes on the last 30 amino acid residues of 
the CGB. Many of these have low affinity. Highly specific 
monoclonal antibodies having high affinity have been pro- 
duced that bind to unique epitopes in the first 115 amino 
acids.” These antibodies are the most frequently used in 
assays that measure CG. 

Bioassays, receptor assays, and agglutination inhibition 
assays are obsolete for detecting pregnancy. The historical 
bioassays are interesting because they exploit the physiolog- 
ical effect of CG. A further discussion of bioassay®*!47% 
and agglutination inhibition assays’? is available on the 
Evolve site that accompanies this book. 


Qualitative CG Tests 

In the United States, about 30 urine or serum point-of-care 
CG tests and 25 home tests are available. The FDA web site” 
lists the products under device codes LCX, DHA, JHI, JHJ, 
and LFS. 

Home test kit assays are the most commonly used 
pregnancy tests in the United States. Purchased without a 
prescription, these tests are simple and can be performed 
by a woman in the privacy of the home. One third of 
females who suspect they may be pregnant use home kits,'” 
Most kits provide a single test and use an enzyme immuno- 
metric or immunochromatographic strategy to measure 
urine CG. Butler et al“ have evaluated 15 home pregnancy 
tests. Detection limits vary from 6.3 to 501U/L,”* although 
the manufacturers’ claims vary from 25 to 100TU/L. The 
tests require from 1 to 5 minutes to perform. Some poorly 
detect H-CG (ITA), which makes them less sensitive tests of 
early pregnancy. 

Although the techniques used are straightforward, con- 
sumers do make more mistakes performing these tests than 
do trained laboratory professionals.’ An extensive evalua- 
tion!” of the commercial use of home test kits in France 
revealed that only 11 of 27 home-use tests performed by 
experienced technologists were as accurate as claimed. When 
the 11 tests were further evaluated by a group of female lay 
individuals, the clinical specificity ranged from 77% to 100% 
and the clinical sensitivity ranged from 31% to 100% even 
with samples at two times the claimed detection limit of the 
test. The high number of false-negative results was attributed 
to difficulty understanding the literature that accompanied 
the test. In the United States, the FDA has established guide- 
lines evaluating manufacturers’ submissions of home test 
pregnancy kits for approval. 

First-morning specimens are preferred for qualitative 
point-of-care urine pregnancy tests because they are con- 
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centrated and contain abundant CG. Almost all tests use 
immunochromatography. Urine applied to the device is 
absorbed into a nitrocellulose bed. The CG is concentrated 
into a narrow band as the urine migrates. A dye-labeled anti- 
CG antibody in the device binds to the migrating CG and 
passes through a zone having solid phase capture antibody 
to CG. The appearance of a colored line indicates a positive 
test. Positive controls are usually an integral component of 
these devices—immobilized CG works well. Falsely positive 
results occur in 1% of tests because of the presence in urine 
of interfering substances such as proteins, drugs, bacteria, 
erythrocytes, or leukocytes. False-negative results can occur 
because some tests do not detect CG below 100IU/L, even 
though most claim a detection limit below this concentra- 
tion.” About half of these qualitative tests will be positive on 
the day after the first missed menstrual period. Denaturation 
of the CG antiserum caused by high temperature, pH 
extremes, or old reagents may also yield false-negative 
results. The simplicity and speed with which the results are 
obtained make these tests valuable for pregnancy confirma- 
tion, but they may miss the diagnosis of a very early or 
abnormal pregnancy. Qualitative serum assays are available 
and tend to be more reliable than urine assays, because urine 
CG concentrations can vary considerably. 


Quantitative Laboratory Test Kits 

Serum is used for quantitative CG assays. Blood specimens 
are collected into suitable tubes without anticoagulants, 
allowed to clot at room temperature, and centrifuged to 
obtain clear serum. If testing is to be delayed beyond 1 week, 
serum should be stored at —20 °C. As with most biological 
materials, repeated freezing and thawing of the specimen 
should be avoided. Serum specimens showing gross hemol- 
ysis, gross lipemia, or turbidity may give false results. Cole 
and Kardana” describe the five common strategies for mea- 
suring CG among 10 CG immunoassays: anti-CGB RIA, 
anti-CGB : anti-CGB sandwich, anti-CGB : anti-CGa sand- 
wich, anti-CGB C terminal : anti-CGB sandwich, and anti- 
CG: anti-CGB sandwich. The sandwich techniques used 
either immunoradiometric assay (IRMA) or immunoenzy- 
mometric assay (IEMA) for detection of CG. The specificity 
of quantitative serum assays varies considerably.” Most of 
the differences are attributed to differences in antibody 
recognition of the various forms of CG, nicked, B-subunit, 
H-CG, and other fragments present in serum. The lowest 
detectable concentration of these assays is 1 to 2IU/L. 
Typical between-run imprecision (CV) is 10% to 15% at 10 
IU/L, 6% to 15% at 301U/L, and 7 to 12% at 150TU/L.” 


Assay Methods for Second Trimester Screening 

Almost all commercially available CG kits are high- 
sensitivity assays designed to measure concentrations from 
2 to 1000 IU/L. Consequently, existing CG assays can be used 
for second trimester screening without modification. It is 
only necessary for laboratories to select an appropriate 


serum dilution so that measurements fall within the range 
of the calibration curve. A serum dilution of 1:200 to 1:500 
is suitable for most assays. The vast majority of prenatal 
screening laboratories use automated immunometric assays 
for measuring CG. Such assays are available from Abbott 
Laboratories (Abbott Park, Ill), Bayer (Medfield, Mass.), 
Beckman Coulter (Fullerton, Calif.}, Diagnostic Products 
(Los Angeles), and Perkin Elmer (Norwalk, Conn.). 


Calibrating CG Assays 


Calibration of CG assays depends on standardized reference 
materials provided by the World Health Organization 
(WHO). The first material was released in 1938 by WHO and 
was designated the First International Standard (ist IS). This 
crude urine preparation was highly contaminated with bio- 
logically inactive CG fragments. In 1964, WHO released a 
product with higher potency, the Second International Stan- 
dard (2nd IS, 61/6). Although the 2nd IS had higher biolog- 
ical activity per weight of protein, it too was contaminated 
with biologically inactive hormone. In addition, it also con- 
tained CGB that reacted in some but not all immunoassays 
for CG. In 1978, WHO released the First International Ref- 
erence Preparation (1st IRP, 75/537) of CG from the highly 
pure National Institutes of Health preparation, CR119. To 
avoid confusion, the Ist IRP was later renamed the Third 
International Standard (3rd IS). WHO released the 4th IS 
(75/589) in 1999, which is essentially identical to the 3rd IS. 
Results obtained from methods calibrated to each of these 
materials are not the same and cannot be directly compared. 
On a weight basis, the 2nd IS has about half the biological 
potency of the 3rd IS. Thus 160 ng of the 2nd IS has the same 
activity (1TU) as 80 ng of the 3rd IS. Therefore tests cali- 
brated against the 2nd IS have approximately half the value 
(in international units per liter [TU/L]) of tests calibrated 
against the 3rd IS. Most CG immunoassays are calibrated 
against the 3rd IS. Nonetheless, many of the CG results 
reported in the literature since 1972 are based on assays 
calibrated to the 2nd IS. 

Because the 3rd and 4th IS contain about 5% nicked CG 
and other CG contaminants, highly pure CG materials have 
been prepared.” These preparations are designated reference 
reagents (RR) and contain CG (99/688), CGn (99/642), CGB 
(99/650), CGBn (99/692), CGBcf, and CGa (99/720). The 
impact of using RR for assay calibration and harmonization 
is under study. 

In spite of a common calibrator, assays calibrated. using 
the Ist IRP/3rd IS still yield significant differences in CG 
values on the same specimens.” Therefore CG median values 
calculated for second trimester serum screening are not 
transferable and should be considered method-specific. CG 
measurements in early pregnancy are generally expressed as 
IU/L or international units per milliliter. A typical CG con- 
centration at 16 weeks is approximately 30,000IU/L, and 
many screening laboratories express CG concentrations 
in international units per milliliter (e.g., 30,000IU/L is 
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expressed as 30[U/mL) (see Figure 54-8). A simple alterna- 
tive is to use kilo-international units per liter, consistent with 
the international system for SI units, in which concentrations 
are expressed per liter. 


Specimen Collection and Handling 

Serum specimens can be obtained from fasting or nonfast- 
ing women by standard phlebotomy techniques. CG is stable 
in maternal serum and can be shipped at ambient tempera- 
ture and stored at 4 °C to 8 °C for 1 week.” 


Specificity of CG Assays 

Modern CG immunoassays should have little or no cross- 
reactivity with LH. Testing of serum samples with high phy- 
siological LH concentrations can be used to ascertain that 
this hormone does not significantly influence the CG results, 
Serum from postmenopausal women is a convenient source 
of specimens with high LH. The assay should be designed 
so that low concentrations of CG are detected and false- 
positive values caused by LH interference are minimized. 


Clinical Significance 


Measurement of CG can assist in the diagnosis and dating 
of pregnancy, identifying ectopic pregnancies and other 
abnormalities, managing certain neoplasms, and predicting 
the risk of Down syndrome and trisomy 18. Each of these 
clinical uses was discussed earlier in this chapter. Typical 
values during pregnancy are shown in Figure 54-3. 


ALPHA FETOPROTEIN 


Measurement of AFP in maternal serum and amniotic fluid 
is used extensively throughout the United States and the 
United Kingdom for prenatal detection of some serious fetal 
anomalies. Use of AFP in nonpregnant patients for moni- 
toring certain cancers is described in Chapter 23. 


Chemistry 


A fetal protein having o-electrophoretic motility was 
discovered in 1956 by Bergstrand and Czar.” Gitlan 
subsequently named. this substance ot-fetoprotein.'* This 
glycoprotein has a molecular weight of ~70,000. The gene, 
located within q11-22 on chromosome 4, is part of a family 
of genes that also codes for albumin and vitamin D-binding 
protein (also called group-specific component and Gc glob- 
ulin)’ The protein is composed of carbohydrate and a 
single polypeptide chain containing 591 amino acids. The 
complete amino acid sequence has been determined. ™ The 
carbohydrate composition varies depending on the organ of 
synthesis, length of gestation, and source of the specimen 
(fetal serum versus amniotic fluid), Although determina- 
tion of the carbohydrate content does not appear to be useful 
diagnostically in the setting of pregnancy, it may be useful in 
the diagnosis of hepatocellular carcinoma.” The hetero- 
geneity can be demonstrated by electrophoresis and dissim- 
ilar binding to various lectins, such as concanavalin A. 
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Figure 54-12 Concentrations of alpha fetoprotein (AFP) in 
fetal and newborn serum, maternal serum, and amniotic fluid. 
The maternal serum values are medians calculated from 24,232 
pregnancies and the amniotic fluid values are medians calculated 
from [544 pregnancies from testing performed at ARUP 
Laboratories Inc. from January to October [997.The fetal serum 
values are from Gitlan.'?” The newborn serum values are from 
Wu et al?” 


Biochemistry 


AFP is produced initially by the fetal yolk sac in small quan- 
tities and then in larger quantities by the fetal liver as the yolk 
sac degenerates. Trace amounts are also produced in the fetal 
gut and kidneys. Early in embryonic life, this protein has a 
high concentration in fetal serum, reaching about one tenth 
the concentration of albumin. Maximal concentration in 
the fetal serum, approximately 3 million ug/L, is reached at 
about 9 weeks gestation. The concentration then declines 
steadily to about 20,000 ug/L at term (Figure 54-12). The 
increase and decrease in concentration of AFP in the 
amniotic fluid roughly parallel those in the fetal serum but 
the concentration is two to three orders of magnitude lower 
(~15,000 ug/L at 16 weeks gestation). The relationship with 
respect to maternal serum concentration is slightly more 
complicated because of several factors, including fetal- 
maternal transfer, the rapid growth of the fetus, the relatively 
constant size of the mother, the maternal clearance of the 
protein, and variation of the volume of distribution in the 
mother with maternal weight. AFP is first detectable 
(~5 pg/L) in maternal serum at about the 10th week of ges- 
tation. The concentration.increases about 15% per week to 
a peak of approximately 180 pg/L at about 25 weeks. A 
typical 16-week concentration is approximately 35 ug/L (see 
Figure 54-6). ™® The concentration in maternal serum then 
subsequently declines slowly until term. After birth, the 
maternal serum AFP rapidly decreases to less than 2 g/L. In 
an infant, serum AFP declines exponentially to reach adult 
concentrations by the 10th month of life.” 
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The distribution of serum AFP concentrations in a pop- 
ulation of pregnant mothers is Gaussian after logarithmic 
transformation.’ Factors that affect the concentration of 
AFP in maternal serum include gestational age, maternal 
weight, the presence of insulin-dependent maternal diabetes 
mellitus, maternal race, the number of fetuses present, fetal 
renal disorders that cause proteinuria, and fetal structural 
anomalies. 

Amniotic fluid AFP has been measured as early. as 8 
weeks.*"" It rapidly decreases to its lowest point at 11 weeks, 
then increases to reach a second maximum at 13 weeks. The 
concentration then falls in a log-linear fashion until 25 
weeks, when the decline steepens. Several studies have shown 
that AChE used in combination with amniotic fluid AFP can 
aid in the detection of open neural tube defects from 13 to 
25 weeks of pregnancy.” 


Methods for Determining Alpha Fetoprotein 


Although AFP was traditionally measured by RIA, newer 
methods use IEMA or chemiluminescent immunoassay 
(CIA) because of their lower detection limits, better preci- 
sion, speed, avoidance of radioactivity, and ease of automa- 
tion.® Most laboratories in the United States measure AFP 
by use of automated systems available from Abbott Labora- 
tories (Abbott Park, IH.), Bayer (Medfield, Mass.), Beckman 
Coulter (Fullerton, Calif.), Diagnostic Products (Los 
Angeles), and Perkin Elmer (Norwalk, Conn.). Judging 
from the results of proficiency testing sponsored by the 
Foundation for Blood Research and College of American 
Pathologists (Survey FP), all of these systems perform 
satisfactorily.** 


Calibration 


Although two essentially equivalent international standards 
(WHO Reference Preparation for AFP [72-225] and British 
Standard [72-227])}—both calibrated in international 
units—are available, most laboratories in the United States 
report AFP in nanograms per milliliter (i.e., micrograms per 
liter). The relationship between nanograms and interna- 
tional units usually is given as 1.21 ng = 1 TU, but conversion 
factors may vary by manufacturer, perhaps reflecting 
differences in the carbohydrate content of the respective 
calibrators,” 


Specimen Collection and Handling 

Serum specimens can be obtained from nonfasting women 
by standard phlebotomy techniques. AFP is very stable in 
maternal serum and can be shipped at ambient temperature 
and stored at 4 °C to 8 °C for 1 week or at —20 °C for years.!” 


Clinical Significance 

Maternal serum and amniotic fluid AFP are useful tests for 
detecting some serious fetal anomalies. Maternal serum AFP 
is elevated in 85% to 95% of cases of fetal open neural tube 
defect?” and is low in about 30% of cases of fetal Down syn- 
drome.”™?" Because maternal serum screening for fetal 


defects involves multiple tests, this subject was discussed 
earlier under Maternal Serum Screening for Fetal Defects. 


Measuring Amniotic Fluid Alpha Fetoprotein 

Amniotic fluid AFP is measured using the same immunoas- 
says as for maternal serum AFP after a suitable dilution 
(usually 1:50 to 1:200). Results can be expressed in micro- 
grams per milliliter, micrograms per liter, or kilo IU per 
liter, and most laboratories use mass units. AFP in amniotic 
fluid is‘less stable than in serum. Leaving samples at room 
temperature for prolonged periods, such as might occur 
during processing for chromosome analysis, can result in 
degradation of amniotic fluid AFP. Refrigeration of amniotic 
fluid can compromise the chromosome analysis. Therefore a 
portion of the collected fluid should be placed in the refrig- 
erator as soon as possible after collection. Samples sent 
to reference labs can be shipped for next day delivery at 
ambient temperature or on ice packs if the outside temper- 
ature is high. The presence of fetal blood in amniotic fluid 
samples can increase AFP results, and laboratories should 
note the presence of blood on the report. In the event of an 
increased amniotic fluid AFP result (usually above 2.0 or 
2.5 MoM), the laboratory should test for the presence of 
fetal blood. Laboratories that measure amniotic fluid AFP 
need to establish medians for each week between 13 and 25 
weeks of gestation. A method has been published that 
allows extrapolation to 13 weeks using data from 14 to 25 
weeks. Medians from ARUP Laboratories Inc. (Salt Lake 
City) are shown graphically in Figure 54-12. 


Measuring Amniotic Fluid Acetylcholinesterase 


AChE is an essential confirmatory test for all fluids with 
elevated amniotic fluid AFP. Normal amniotic fluid contains 
a group of nonspecific cholinesterases referred to as pseudo- 
cholinesterase (PChE). Cerebrospinal fluid contains high 
concentrations of the neural enzyme AChE, and in cases of 
fetal open neural tube defects (and in about 80% of cases 
with defects of the abdominal wall), fluid leaks from the 
open lesion and allows AChE to enter the amniotic fluid. 

The usual technique for identification of AChE is frac- 
tionation by polyacrylamide gel electrophoresis followed by 
incubation of the gel with the substrate acetylcholine and 
copper ions. AChE migrates more rapidly than PChE and 
appears as a distinct white precipitate band below the PChE 
band. That the second band is AChE is documented by inhi- 
bition of the enzyme activity in the band by the specific 
AChE inhibitor 1,5-bis(4-allyldimethylammoniumphenyl) 
pentan-3-one dibromide—BW284CS51. No method is avail- 
able commercially; laboratories develop their own assay 
systems using published methodology." Enzyme imm- 
unoassay using a monoclonal antibody specific for neurally 
derived AChE has also been used.” 


UNCONJUGATED ESTRIOL 


Measurement of urinary and serum estriol (E;), once used 
to assess fetal well-being, is no longer recommended for that 
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Figure 54-13 The forms of estriol present in maternal serum. 
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hydroxyl positions. 


purpose.” Measurement of unconjugated estriol (uE;) is 
now used routinely by most United States laboratories that 
provide screening for Down syndrome. This steroid, rather 
than total estriol (unconjugated plus conjugated estriol), is 
the most specific of the estrogens for identifying a fetus with 
Down syndrome. 


Chemistry 


Estriol, as its name implies, is an estrogen with three 
hydroxyl groups (at positions 3, 16, and 17). Its systematic 
name is 1,3,5(10)-estriene-3,16-0,17-B-triol. Although 
present in nonpregnant patients in very low concentrations, 
during late pregnancy this estrogen predominates. Only a 
minor amount (~9%) of the hormone circulates in plasma 
unconjugated and, because of its low solubility, this form is 
strongly bound to SHBG. The majority exists as conjugates 
of glucuronate and sulfate (Figure 54-13). The conjugation 
occurs in the maternal liver, makes the hormone more 
soluble and, thus, permits renal clearance. 


Biochemistry 


Estriol is produced in very large amounts during the last 
trimester of pregnancy. The biosynthetic pathway requires 
three organs to be fully functioning: fetal adrenal, fetal liver, 
and placenta (Figure 54-14). The fetal adrenal cortex pos- 
sesses a unique zone for the production of steroids. The 
demand for estriol is so great that the fetal adrenal is massive 
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compared with that of an adult. The fetal zone accounts for 
approximately 80% of the adrenal weight. The fetal adrenal 
avidly binds low-density lipoprotein to take in cholesterol, 
which is converted to two major steroid intermediates: 
pregnenolone sulfate and dehydroepiandrosterone sulfate 
(DHEAS). These intermediates are secreted into the fetal 
circulation. The fetal liver, possessing 16%-hydroxylase, 
converts DHEAS to 160.-hydroxy-DHEAS, which is secreted 
back into the fetal circulation. Finally the placenta synthe- 
sizes estriol from 160-hydroxy-DHEAS. Approximately 90% 
of maternal serum estriol is derived from this pathway. A 
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Figure 54-15 Concentration of unconjugated estriol (uE;) in 
maternal serum as a function of gestational age. Lines represent 
the 2nd, 50th, and 97th percentiles. The maternal serum values 
from 14 to 25 weeks are medians calculated from 11,309 
pregnancies from testing performed at ARUP Laboratories Inc. 
from January to October 1997. 


minor amount is made using precursors from the maternal 
ovary. The relationship of maternal serum uE; to gestational 
age in the second trimester is log-linear, increasing at a rate 
of 20% to 25% per gestational week’? (Figure 54-15). The 
concentrations typical for the second trimester of pregnancy 
are 0.70 to 2.50 ug/L, depending on the assay used. Serum 
concentrations of estriol conjugates are fivefold to tenfold 
higher than serum concentrations of uE; during pregnancy. 


Methods for Determining Unconjugated Estriol 


Concentrations of estrone, estriol-3-sulfate, and estriol-3- 
glucuronide up to 1000ng/mL cross-react less than 0.03% 
in current assays. 

The determination of uE; is made difficult by its low con- 
centration. Until 2002, uE, was measured by ultrasensitive 
RIA methods (primarily the assay available from Diagnostic 
Systems Laboratories [DSL, Webster, Tex.]) that have been 
clinically validated extensively by case-control and interven- 
tion studies. More recently, nonisotopic assays have become 
available, usually as part of automated systems. The correla- 
tion between these methods and the RIA methods is gen- 
erally low, (r ~ 0.8), and most have not been clinically 
validated. Many laboratories have switched to nonisotopic 
methods because of the convenience of a common platform 
for measuring uE, and other screening tests. Ideally, screen- 
ing laboratories should not use these nonisotopic assays until 
they have been clinically validated using known cases of 
Down syndrome and unaffected pregnancies or they have 
shown good agreement with validated assays after conver- 
sion to MoM. A recent publication shows that the noniso- 
topic method manufactured by Beckman Coulter (Fullerton, 


Calif.) yields screening performance that is equivalent to a 
previously validated RIA.” Other nonisotopic assays are 
available from Bayer (Medfield, Mass.), Diagnostic Products 
(Los Angeles), and Perkin Elmer (Norwalk, Conn.}. Values 
obtained with the various uE, assays vary widely as 
judged using the Foundation for Blood Research/CAP pro- 
ficiency testing Survey FP! Conversion to MoM reduces 
the between-method differences, but uE; is still the most 
variable of the screening analytes. 


Calibration 

Assays for uE; are calibrated by use of chemically pure 
estriol, Estriol values can be reported in mass units 
{nanograms per milliliter or micrograms per liter) or SI 
units (nanomoles per liter). The equation for converting 
mass to SI units is 1nmol/L = 3,47 ng/mL = 3.47 ug/L. 
Although pure uÈ, is available for calibrating uE, assays, 
commercial kits yield values on clinical specimens that can 
differ by factors of 2 to 3. 


Specimen Collection and Handling 


Maternal serum specimens can be obtained from nonfasting 
women by standard phlebotomy techniques. uE; is the least 
stable of the four analytes currently used for screening, and 
consequently, requirements for collection, storage, and ship- 
ment are dictated by this analyte. The uE, concentration 
increases in blood at room temperature and at 4 °C, because 
the conjugated forms can spontaneously deconjugate to 
form the parent hormone. ™ Therefore collected blood 
should be allowed to clot and then serum should be removed 
promptly. If serum separator tubes are used, specimens 
should be centrifuged promptly after collection. Shipment of 
whole blood is not preferred. If whole blood is shipped 
through the mail, next day delivery is essential. uE, is stable 
in serum for up to 7 days at 2 °C to 4 °C (unpublished data, 
Foundation for Blood Research, Woman and Infant’s Hospi- 
tal, and ARUP Laboratories). The concentration of uE, 
increases when sera have been stored for more than 4 days 
at room temperature. 


Clinical Significance 

Any disruption in the biosynthetic pathway will lead to very 
low maternal serum uE;. Conditions that cause disruption 
include fetal anencephaly, placental sulfatase deficiency, 
fetal death, chromosome abnormalities, molar pregnancy, 
and Smith-Lemlit Opitz syndrome (SLOS).”°** Placental 
sulfatase deficiency presents in the infant as X-linked 
ichthyosis. It is present in approximately 1 in every 2000 
males. Because of the lack of uE;, the mother often has 
delayed onset of labor. The cesarean section rate is signifi- 
cantly higher in these mothers. SLOS is a serious, rare birth 
defect that is the result of an inborn error in cholesterol 
metabolism, 7-dehydrosterol-7-reductase deficiency. Down 
syndrome leads to a modest decrease in uE;. Screening for 
Down syndrome is now the most common application of 
uE, measurements.’ 
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DIMERIC INHIBIN A 


Inhibins are members of the transforming growth factor B 
(TGEB) superfamily of proteins. Inhibin forms include 
inhibin A and B, and activin A, B, and AB. As described in 
Chapter 53, inhibin is a negative feedback regulator of FSH 
secretion in both males and females. The placenta pro- 
duces large quantities of inhibin A that completely suppress 
FSH. 


Chemistry l 

Inhibins are proteins consisting of dimers of dissimilar sub- 
units (a and B) linked by disulfide bridges (Table 28-1). The 
B-subunit occurs in two closely related forms (Ba and Bs), 
leading to two types of dimeric inhibin (dimeric inhibin 
A, &B, and dimeric inhibin B, oB;). The mature form of 
inhibin, which has a molecular mass of approximately 
30,000, is produced by cleavage of larger precursor forms. 
Precursor forms are relatively less bioactive than the mature 
forms. In follicular fluid and serum, mature inhibins, pre- 
cursors of inhibins (particularly the processed form of the 
free a-subunit, pro-a@C), and intermediate molecules of 
varying molecular weight are present.*” Another group of 
related molecules, the activins, are dimers consisting of just 
the §-subunits. They are also found in biological fluids. Of 
the two forms of inhibin and the many related molecules 
found in serum, only DIA has been shown to provide suffi- 
cient discrimination to be useful for Down syndrome 
screening.” 


Biochemistry 


Inhibins, and the closely related activins, are proteins that 
suppress or stimulate follicle-stimulating hormone secre- 
tion. Inhibins are secreted by granulosa cells of the ovary and 
by the Sertoli cells of the testis. Inhibin A and inhibin B have 
distinctive profiles during the human menstrual cycle. 
Inhibin A rises from 10 to 20ng/L in the follicular phase of 
pregnancy to a maximum of 40 to 60ng/L, Inhibin B is 
maximal in the midfollicular phase, with a peak at ovulation 
(about 60 ng/L) before decreasing to basal levels in the luteal 
phase. In postmenopausal women, the concentrations of 
both forms of inhibin are below Sng/L.” Men secrete 
inhibin B, but do not appear to produce inhibin A. Inhibin 
A is produced by the fetoplacental unit beginning in early 
pregnancy. DIA concentrations exhibit a complex pattern 
during the course of pregnancy, rising to a peak at 8 to 10 
weeks of gestation, declining to a minimum at 17 weeks of 
pregnancy, and then resuming to slowly increase at term (see 
Figure 54-9). Unlike the other screening tests, average 
inhibin levels change relatively little from 15 to 20 weeks 
gestation. A typical value at 17 weeks gestation is 175 ng/L 
(175 pg/mL). 


Assay Methods for DIA 


Inhibin assays used for Down syndrome screening must 
measure only dimeric inhibin A and not the free o-subunits 


and the precursors of higher molecular weight, which also 
circulate in blood. The original inhibin assays (ELISA or 
RIA) used antibodies directed against epitopes on the 
a-subunit and measured all forms of inhibin, including 
precursors. These assays are referred to as total inhibin or 
immunoreactive inhibin assays. Highly specific assays using 
monoclonal antibodies are available that measure only 
dimeric inhibin A. Specific DIA assays provide better screen- 
ing performance than the nonspecific total inhibin assays.'* 
The widely used DIA method from Diagnostic Systems Lab- 
oratories (Webster, Tex.) has been clinically validated'® and 
performs well in the Foundation for Blood Research/College 
of American Pathologists Maternal Survey FP” 

Typical values in the second trimester of pregnancy range 
from 50 to 400 pg/mL (50 to 400 ng/L), as shown in Figure 
54-9, 


Specimen and Sampling Handling 

Serum specimens can be obtained from nonfasting women 
by standard phlebotomy techniques. DIA is stable in mater- 
nal serum and can be shipped at ambient temperature and 
stored at 4 °C to 8 °C for 1 week. 


Clinical Significance 

In addition to the usefulness of DLA as a predictor of Down 
syndrome risk discussed previously, inhibin A and B mea- 
surements have found applications in ovarian cancer moni- 
toring, disorders of ovulation, early detection of viable 
pregnancy following in vitro fertilization, and evaluation of 
male infertility. "7 


FETAL FIBRONECTIN 


Determining the risk of preterm labor would help clinicians 
manage those at high risk more aggressively and thereby 
lower the incidence of preterm delivery. In 1991, fetal 
fibronectin concentration in cervical and vaginal secretions 
was proposed as a test to aid in predicting preterm 
delivery.” 

Fibronectin is a term for a family of ubiquitous adhesive 
glycoproteins that cross-link to collagen to bind cells 
together. These proteins are found on cell surfaces and in 
plasma and amniotic fluid. The fetus has a unique 
fibronectin that is defined by a monoclonal antibody, 
FDC-6, which recognizes the epitope defined by a-N- 
acetylgalactosamine linked to threonine in a hexapeptide 
sequence (Val-Thr-His-Pro-Gly-Tyr), the HICS domain,” 
When labor begins and the cellular adhesion between the 
placenta and the uterine wall is disrupted, the concentration 
of fetal fibronectin in cervical and vaginal secretions 
increases. Mothers with more than 50ng/mL (50ug/L) of 
fetal fibronectin in these secretions during the second and 
third trimesters have a higher risk for preterm delivery. 
The majority of patients with results >50ng/mL will, 
however, repair any placental disruption and successfully 
continue the pregnancy." 
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Assay Method 


In the past, Adeza Biomedical Corp. (Sunnyvale, Calif.) 
offered an enzyme-linked immunosorbent assay (ELISA) for 
fetal fibronectin that used a 96-well microtiter plate format 
and took 2 hours to complete. In 1995 the FDA approved the 
use of this test in symptomatic women; in 1997 screening 
asymptomatic women was approved. Currently, two rapid 
tests are available. The one that is available in the United 
States is a membrane immunoassay, using a solid phase 
polyclonal goat anti-fFN- antibody and an enzyme-labeled 
monoclonal anti-fFN, FDC-6 detection antibody. The spec- 
imen is obtained by collecting cervical or vaginal mucus 
with a Dacron polyester swab. The fully saturated swab con- 
tains approximately 150 uL of fluid. The swab is placed into 
750 UL of buffer, creating a 1:5 dilution. An aliquot of the 
specimen is added to the cassette containing the antibodies. 
The color development is measured using the Adeza TLijg™ 
analyzer. 


Asymptomatic Patients 

In screening asymptomatic women, testing should take place 
sometime between 24 and 30 weeks gestation. Women with 
a positive result (>50ng/mL) are at a twofold to fourfold 
higher risk for preterm delivery. A negative test following a 
positive test lowers the risk, and a second subsequent nega- 
tive test returns the risk to baseline." Among asymptomatic 
women, positive fFN results have a likelihood ratio of 4.01 
(95% confidence interval 2.93 to 5.49) for predicting birth 
before 34 weeks’ gestation. For negative fFN results, the cor- 
responding likelihood ratio is 0.78 (0,72 to 0.84). 


Symptomatic Patients 

The symptoms of preterm labor include regular uterine con- 
tractions, low back pain, lower abdominal cramping, and 
vaginal bleeding and increased vaginal discharge. Among 
symptomatic women, positive {FN results have a likelihood 
ratio of 5.42 (95% confidence interval 4.36 to 6.74) for pre- 
dicting delivery before 34 weeks’ gestation or within the next 
7 days. For negative fFN results, the corresponding likeli- 
hood ratio is 0.25 (0.20 to 0.31).'” Those patients with a neg- 
ative test can safely return home, because they have only a 
~1% chance of delivering in 1 week.” 


AMNIOTIC FLUID BILIRUBIN (AA45,)7"" 


The concentration of bilirubin in amniotic fluid is generally 
too low (~0.01 to 0.03 mg/dL; 0.17 to 0.51pmol/L) to be 
measured by standard photometric techniques, but the 
determination can be done rapidly, accurately, and directly 
by absorption spectrophotometry. The maximal absorbance 
of bilirubin is at 450nm. In the absence of significant 
amounts of bilirubin, the absorbance spectrum for the 
amniotic fluid between 365 and 550nm defines a nearly 
exponential curve (Figure 54-16). On log-linear axes, the 
height of the curve at 450nm above the straight line is lin- 
early proportional to the concentration of bilirubin in the 
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Figure 54-16 A, Normal amniotic fluid. Note near linearity of 
the curve when plotted on log-linear graph. B, Amniotic fluid 
showing the bilirubin peak at 450nm and the oxyhemoglobin 
peak at approximately 410nm. Note the baseline drawn 
between linear parts of the curve, from 530 and 365nm. 
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amniotic fluid. This is the difference in absorbance at 
450nm (AAjso), which is still occasionally referred to as 
AOD;so in the clinical literature. There is normally a small 
amount of bilirubin in amniotic fluid, and this amount 
changes with gestational age (Figure 54-17). To interpret 
properly the AA so, it is necessary to know the gestational age. 
The procedural details are available on the Evolve site that 
accompanies this book. 


Interpretation 

Interpretation of AAyso depends on knowing the gestational 
age of the pregnancy (see Figure 54-17). Values that fall 
into Liley’s bottom zone (Figure 54-17) are considered to 
represent an unaffected or very mildly affected fetus. Values 
in the middle zone are still compatible with a minimally 
affected fetus, but as values rise within this zone, it is increas- 
ingly likely that a fetus is suffering moderate to marked 
hemolysis. Depending on the trend with time and the 
clinical circumstances, some clinicians recommend inter- 
vention when A A4s has climbed 85% up in the middle zone. 
Values in the top zone (zone III) denote severe disease. 
Without intervention, a fetus with values in the top zone will 
most likely die.” 
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Figure 54-17 Liley’s three-zone chart (with modification) for 
interpretation of amniotic fluid AA4so. For explanation of the 
three zones, see text. (Modified from Liley AW. Liquor amnii 
analysis in the management of the pregnancy complicated by rhesus 
sensitization. Am | Obstet Gynecol 1961;82:1359-70.) 


Contamination of an amniotic fluid specimen with fetal 
blood from an affected fetus with a high serum bilirubin 
level could introduce a substantial error, the magnitude of 
which cannot accurately be predicted. Blood contamination 
of amniotic fluid should be obvious from the red color and 
the presence of erythrocytes in the pellet after centrifugation. 
It is important to minimize hemolysis of the erythrocytes in 
such samples (by rapid processing) as the hemoglobin will 
interfere in the test. A Kleihauer-Betke (or other) test should 
be performed on the erythrocytes to establish their origin. 
The Kleihauer-Betke test uses an acid solution to elute the 
hemoglobin A, but not hemoglobin F, from erythrocytes 
fixed on a glass slide. Thus under microscopic examination, 
maternal cells appear as ghosts, and fetal cells appear red. If 
the erythrocytes are largely fetal, this should be kept in mind 
when interpreting the fluid results. If the amniotic fluid 
remaining within the amniotic cavity has been contaminated 
with blood by traumatic amniocentesis, these erythrocytes 
lyse and contaminate the fluid with hemoglobin and biliru- 
binoid pigments. It takes 2 to 3 weeks for these pigments to 
be cleared and for the fluid to return to the original state. 
Both mathematical corrections and choloform extraction 
can be used for bloody specimens (see the Evolve site that 
accompanies this book). 

In a pregnancy with twins within separate sacs, the 
individual sacs must be sampled. Inadvertent sampling of 
maternal urine is always a possibility,” although the risk 
of this error is reduced when using ultrasonography. 

Occasionally, during monitoring of a sensitized preg- 
nancy, delivery seems imminent and a large dose of gluco- 
corticoids is administered to stimulate fetal lung maturation. 
if the patient is not delivered and if amniocentesis is repeated 
within 2 to 4 days of the steroid course, the AA 4s» is lowered 
relative to the level found immediately before the steroid 
administration.” Further observation and amniocenteses 
show that the AAs returns to the previous level or higher 


within a week. It seems doubtful that this phenomenon 
represents a decrease in hemolysis; instead, it may be an 
artifact, possibly caused by acute changes in amniotic fluid 
volume. 

Meconium staining of amniotic fluid increases the AA4so 
with a broad and variable peak at 400 to 415nm.”” There is 
no way to compensate quantitatively for meconium con- 
tamination. Clearance of meconium from a single episode of 
passage into the amniotic fluid requires about 3 weeks. 


TESTS FOR EVALUATING FETAL LUNG MATURITY 

Fetal lung maturity (FLM) tests help a clinician decide 
whether the best perinatal survival will be achieved in utero or 
in the nursery. The most common situation in which a fetal 
lung maturity test is ordered is before repeat cesarean delivery 
when the age of gestation is somewhat uncertain. Another 
major indication is anticipated early delivery because of some 
medical or obstetrical indication, such as preterm labor, 
premature rupture of the membranes, worsening maternal 
hypertension, severe renal disease, intrauterine growth retar- 
dation, or fetal distress. Results indicating immaturity of the 
fetal lungs might cause postponement of elective delivery 
or prompt active intervention with tocolytics to suppress 
preterm labor. Pharmacological administration of corti- 
costeroids before birth accelerates pulmonary maturation 
and can prevent RDS.‘ If delivery of an infant is inevitable, 
transfer to a tertiary health care center is appropriate. 

Numerous tests of amniotic fluid for FLM have been pro- 
posed.” Some of these, such as creatinine determination,™ 
urea measurement,’ or the lipid staining characteristics 
of cells, correlate with gestational age but do not measure 
lung maturation. Tests that measure lamellar bodies directly 
or indirectly, the surfactant they contain, or the biophysical 
property of surfactant are the most useful for evaluating 
FLM. Six methods that measure pulmonary surfactant 
are presented in detail: the lecithin/sphingomyelin (L/S) 
ratio, DSPC, phosphatidylglycerol, foam stability, fluores- 
cence polarization (both commercial and noncommercial 
assays), and lameliar body counts. Since 1994, the CAP has 
offered a proficiency testing survey for FLM methods. Table 
54-6 lists the number of laboratories that reported using 
each of the methods in recent surveys by the CAP. The 
number of laboratories performing methods requiring 
thin-layer chromatography (L/S ratio and phosphatidylg- 
lycerol) has decreased, while the number of laboratories 
using commercial fluorescence polarization has dramatically 
increased. 

Other surfactant-based tests include those that measure 
turbidity at either 400nm or 650nm.”°* These tests 
measure the effect of light scattering by lamellar bodies sus- 
pended in the amniotic fluid. An absorbance greater than 
0.15 at 650nm is claimed to indicate lung maturity. Unfor- 
tunately, the absorbance of amniotic fluid is affected not only 
by light scattering but also by substances that absorb light. 
Use of these rapid techniques has been discouraged.” Dubin 
modified amniotic fluid absorbance by measuring the dif- 
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TABLE 54-6 Number of Laboratories Performing Fetal Lung Maturity Testing, by Method: College of American 


Pathologists Proficiency ee Survey oe o 


“Method 


YEAR 


2001 0 2002 2003 
“TDX FLM II RARP E OES! 462 470 
É Phosphatidylglycerol (AmnioStat- ELM) a eee) Race 401 
~Phosphatidylglycero] (thin-layer chromatography) TBE 103 
-Lecithin/sphingomyelin ratio ; SJE 122 
‘Fluorescence. polarization (NBD- PC) ike 


*In late 2003 through 2004, Irvine Scientific was unable to Pers AmnioStat-FLM reagents to laboratories. 


ferential absorbance of amniotic fluid when mixed with 
water versus glycerol.''’ He coined the term refractive index- 
matched anomalous diffraction (RIMAD). This technique 
measures just the absorbance caused by light scattering and 
can be used to predict the particle density of the lamellar 
bodies. A prospective clinical outcome study reported that 
RIMAD has clinical sensitivity and specificity as good as 
fluorescence polarization.’ Addition of as little as 25 pL of 
erythrocytes, however, causes significant interference. 

Surfactant proteins (SP-A and SP-B) have been evaluated 
as potential fetal lung maturity tests, but the results are 
disappointing.'*?° 

The American College of Obstetricians and Gynecologists 
issued an educational bulletin on the assessment of fetal lung 
maturity in 1996.5 Readers may want to carefully read that 
bulletin, because many obstetricians rely on it. 

Standards of laboratory practice for FLM testing” have 
been published that make several recommendations regard- 
ing specimen collection, handling, centrifugation, and 
mixing. Hospital laboratories should offer a rapid test, such 
as fluorescence polarization, phosphatidylglycerol, or foam 
stability index (FSI). These should be available daily on both 
a routine and emergency basis. Requests for L/S ratios and 
lung profiles may be sent to a reference laboratory. Analysts 
should communicate the results of any FLM test immedi- 
ately to the ordering location, because the patient’s status 
may be changing and the information might assist with 
management of labor. 


Collection and Handling of Amniotic Fluid for Fetal 
Lung Maturity Assessment 

Before the details of individual methods are given, details of 
the specimen and specimen handling are described. These 
topics are common to many methods, 


Specimen 

Amniotic fluid is obtained by transabdominal amniocente- 
sis usually during real-time sonographic visualization. The 
clinician should try to avoid traversing the placenta, but will 
sometimes fail. In a multifetal pregnancy, there are usually 
separate sacs, Each individual sac should be sampled. Fluid 


may be obtained by transvaginal puncture of the bulging 
membranes, but it should not be grossly contaminated with 
vaginal secretions as might occur with aspiration of a vaginal 
pool after spontaneous rupture of the membranes. Vaginal 
pool specimens are rarely adequate for testing. Clinicians 
should seriously consider amniocentesis in patients with 
ruptured membranes.” Bedside ultrasound examination 
will often locate a pocket of amniotic fluid that can be tapped 
without endangering the fetus. 

Whenever possible, the fluid should be tested immedi- 
ately. If there is to be a delay of a few hours, the fluid should 
be refrigerated at 4 °C.” The total phospholipid content of 
amniotic fluid does not change significantly during at least 
a week of storage.” If testing will be delayed longer than 1 
week (e.g., fluids kept for research studies), fluids should be 
stored frozen at —20 °C or —70 °C. Immediately before testing 
the fluid, it should be gently inverted 20 times to obtain'a 
uniform suspension. At least 2 minutes on a test tube rocker 
is recommended.” 


Specimen Handling 
Most procedures for measuring fetal lung maturity include 
a centrifugation step to remove debris. Careful attention to 
technique is needed to obtain reproducible results. Any cen- 
trifugation removes some pulmonary surfactant from the 
specimen. Accidentally prolonged centrifugation can reduce 
recovery of the phospholipids to less than 50%.“ For best 
results, the specimen should be well mixed, lightly cen- 
trifuged, decanted, and mixed again. 

1. Invert the amniocentesis collection tube 20 times or place 
it on a tube rocker for 2 to 5 minutes. Transfer the entire 
contents to a clear test tube. 

2. Note the condition of the specimen: uncontaminated, 
bloody, meconium stained, xanthochromic, or obviously 
contaminated with mucus. Blood and meconium inter- 
fere with most tests. The report of the result should always 
list any contaminates seen. 

3. For tests other than the Abbott fluorescence polarization 
method (which uses filtered fluid) and the lamellar body 
count, centrifuge the fluid for 2 minutes at 400 xg. 

4. Decant the supernatant into a new test tube. 
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Before transfer of any aliquot from the new tube, mix it well 
by inverting 20 times or placing it on a tube rocker for at least 
2 minutes. When not mixing, keep the specimen on wet ice. 


Fluorescence Polarization Fetal Lung 

Maturity Tests?" 

The TDx FLM II fluorescence polarization technique is the 
most commonly used quantitative method, as judged by 
enrollment in the CAP Fetal Lung Maturity proficiency test 
survey (see Table 54-6). This rapid test has better precision 
than the L/S ratio.” The test was originally described in 
1976 by Shinitzky and colleagues, who used diphenylhexa- 
triene (DPH) as the fluorescent dye. Although the DPH test 
is predictive of FLM, many laboratories had difficulty 
working with this dye, because it is an easily oxidized com- 
pound that absorbs UV light. The UV fluorescence 
polarimeter instrument, the FELMA, was difficult to main- 
tain. These disadvantages prevented widespread. use of DPH 
fluorescence polarization in clinical laboratories. Tait and 
associates” improved the technique by using a more stable 
fluorescent dye, NBD-PC, and a commercial polarimeter, the 
Abbott TDx. Russell”? developed a commercial version of 
the assay using a slightly different dye, PC-16. The first gen- 
eration TDx FLM was replaced with the second generation 
TDx FLM II in 1995. This transition lowered the results 
approximately 4%.’ 

The commercial version is calibrated with solutions con- 
taining phospholipid and albumin in various ratios, expressed 
as milligrams of surfactant per gram albumin. The vast 
majority of laboratories performing fluorescence polarization 
testing for FLM use the commercial version of the assay (see 
Table 54-6). The NBD-PC method is described on the Evolve 
site that accompanies this book for those laboratories that are 
willing to prepare the reagents and perform the calculations 
required for interpretation. 

Fluorescence polarization is a dimensionless ratio with 
values from 0.000 to 0.500 for dilute solutions containing 
fluorescing compounds (see Chapter 3).’” Polarization (P) 
measures the rotational diffusion of the fluorophore relative 
to its fluorescent half-life. If the half-life is short compared 
with the rate of rotational diffusion, P will be high. In con- 
trast, if molecular rotation is faster than the excited state 
decay, then P will be low. Shinitzky proposed that for amni- 
otic fluid, lower polarization values reflected a decrease in 
the microviscosity of surfactant phospholipids. The fluidity 
of these phospholipids paralleled the change in lipid com- 
position with maturation of the fetal lungs.” This mecha- 
nism is incorrect for the NBD-PC method. NBD-PC binds 
to albumin and to surfactant; thus the resulting polarization 
is a function of the surfactant/albumin ratio.” 


TDx FLM H Method ; 

The commercial fluorescence polarization test, TDx FLM II 
(Abbott Laboratories, Abbott Park, IH.), has an analytical 
measurement range of 0 to 160mg surfactant/g albumin. 
Uncentrifuged amniotic fluid is used for this method. If 


specimens have been accidentally centrifuged, the surfactant 
can be resuspended before testing.” Approximately 1 mL of 
amniotic fluid is passed through a glass filter before testing 
on the TDx analyzer. The TDx ELM H assay uses 25 uL of fil- 
tered amniotic fluid. Imprecision (CV) is 4% to 5% at both 
20 and 115 mg/g. 

Although studies of the first-generation test'6?”°°4 
recommended a maturity cutoff of 70 mg phospholipid/g of 
albumin or greater, the second-generation decision limits are 
different; values less than or equal to 39 mg/g are considered 
immature, those greater than or equal to 55mg/g mature, 
and others (40 to 54mg/g) intermediate. Several clinical 
outcome studies of the first-generation test suggested that 
the upper cutoff could be lowered without impacting the 
sensitivity for RDS.'7'°°” Similar studies of the TDx FLM II 
show that 245 mg/g can be used as a cut point, which will 
improve the assay specificity to 85% while maintaining sen- 
sitivity for clinically significant RDS at 95% to 100%." 

Several investigators have recommended that TDx FLM 
Il be interpreted as a function of gestational age.'””*' Instead 
of changing the decision limits for each gestational age, the 
authors recommend reporting the RDS risk for a given TDx 
FLM II result at a specific gestational age. The calculated 
risks, however, will vary with the tested population.” The 
outcome studies were conducted at tertiary hospitals that 
handle high-risk obstetrical cases. Thus use of these risk 
models is best restricted to those settings. If the risk calcula- 
tions are used at hospitals that care for low-risk obstetrical 
populations, the risks are overestimated. 

Most twins are delivered preterm and many suffer from 
preterm complications. If those complications are excluded, 
twins have the same RDS incidence as do singletons matched 
for gestational age.’” After 31 weeks’ gestation, however, 
the average TDx FLM II results from twin pregnancies are 
22 mg/g higher than those from singleton pregnancies.”” 
Sampling both sacs is recommended when testing before 
32 weeks’ gestation.” 

Several studies have concluded that diabetes does not 
affect the reference values of TDx FLM II.'°°?% 


NBD-PC Fluorescence Polarization Method 


The NBD-PC method, also called FPol, is described in detail 
on the Evolve site that accompanies this book. The specimen 
is amniotic fluid that has been centrifuged at 400 xg for 2 
minutes. Results are expressed using artificial units of mil- 
lipolarization (P x 1000, mP). The analytical measurement 
range is 150 to 350 mP. No calibrators are used, but use of a 
Triton X100 control assures that the temperature is correct 
and that the dye is not degraded. Comparison of the TDx 
FLM II and the NBD-PC assay reveals, as expected, a strong 


nonlinear, inverse correlation: 


TDx FLM II (in mg/g) = —139.5 In(FPol in mP) + 817 


An NBD-PC fluorescence polarization value of less than 
260mP is considered mature, values between 260 and 
290 mP are considered transitional, and values greater than 
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290 are considered immature.” Using 260mP as the 
cutoff, this test has a clinical sensitivity of 94% and a clini- 
cal specificity of 84%. The supplemental use of the L/S ratio 
for those patients with transitional results is of little benefit. 
The 260 mP cutoff is appropriate for high-risk pregnancies. 
In the setting of a patient who needs a cesarean section at 
term, when there is no penalty for delaying delivery, a cutoff 
of 230mP is more appropriate. 

If there is less than.0.5% blood in the amniotic fluid, the 
results are not affected. Contamination with more than this 
amount tends to increase low results and decrease high 
results.*” Results that are clearly mature (<230mP) or 
immature (>290mP) are reliable for predicting fetal lung 
status, Results between these values cannot be interpreted. 

Because of improved pregnancy management, very few 
infants with RDS are born to women with diabetes. Thus 
exact estimates of clinical sensitivity and. specificity are not 
available in this clinical setting. The predictive value of a 
mature status in a patient with diabetes mellitus appears 
to be equivalent to that in a patient without diabetes.” The 
diabetes studies that used the commercial TDx FLM II test 
imply that diabetes mellitus does not affect the medical 
decision limit of NBD-PC fluorescence polarization. 


Determination of Lecithin/Sphingomyelin Ratio and 
Saturated Phosphatidylcholine’* 


The major surface-active component of the lung surfactant 
is DSPC, which represents 85% of the total lecithins. Its con- 
centration in amniotic fluid tends to rise with increasing ges- 
tational age. The majority of the DSPC in amniotic fluid 
comes from the fetal lungs via tracheal effluent. The con- 
centration of DSPC in amniotic fluid can be measured 
directly and correlated with FLM, or its concentration can 
be related to another lipid, sphingomyelin, and that ratio 
used to predict lung maturity. Although sphingomyelin 
is a minor component of pulmonary surfactant, it is 
ubiquitously distributed in cell membranes, especially 
those of erythrocytes, and is also found in plasma. Nearly 
all of the sphingomyelin in amniotic fluid is derived from 
non-lung sources; thus it has no role in the surfactant sys- 
tem in the lungs. The concentration of lecithin relative to 
sphingomyelin, the L/S ratio, tends to rise with increasing 
gestational age. This is not a uniform gradual increase; 
a rather sudden increase occurs at 34 to 36 weeks of 
gestation and correlates with the development of fetal lung 
maturity.’ 

Although the majority of laboratories use a commercially 
available method for L/S determination (Fetal-Tek, Helena 
Laboratories, Beaumont, Tex.), some continue to use 
methods developed in their own laboratories (the so-called 
“home brew” methods). Because there are many techniques, 
laboratories should be very careful when establishing 
medical decision limits. Some methods measure all phos- 
phatidylcholine species, both saturated and unsaturated. 
Different staining methods will differentially stain phos- 
phatidylcholine compared. with the biological internal stan- 


dard, sphingomyelin. The CAP proficiency testing program 
for FLM tests has shown a steady decline in the number of 
laboratories performing this test, from 234 in 1994 to 97 in 
2004 (see Table 54-6). 

Methodological details of both L/S ratio and DSPC 
procedures are given on the Evolve site that accompanies 
this book. The procedures described there should not be 
considered definitive or representative.*°°* 


Interpretation 

The original maturity decision limit for the L/S ratio was 2.0 
or greater.” ”™™® Most laboratories use a method that omits 
the acetone precipitation step, which will produce slightly 
higher values. A conservative reference interval for lung 
maturity is an L/S ratio of 2.5 or greater. About 1% of babies 
delivered within 24 hours of obtaining an L/S ratio of greater 
than 2.5 can be expected to develop RDS; thus 99% of babies 
predicted to be mature will in fact be mature. Almost half 
of the infants with L/S ratios between 1.5 and 2.5, however, 
will not develop RDS. Thus in contrast to the high degree 
of reliability of a prediction of maturity, only one third of 
the babies predicted to be immature will in fact develop 
RDS. 

Before the use of tight glycemic control during pregnancy, 
babies of diabetic mothers more frequently developed 
RDS.?” A number of investigators have reported that infants 
of diabetic mothers more frequently develop RDS despite 
mature L/S ratios,” but other studies have reported no delay 
in lung maturity for infants of diabetic mothers.’*°°* In 
poorly controlled diabetic cases, both maturation delay’” 
and lack of delay” have been reported. Although no RDS 
outcome studies exist, other studies of well-controlled dia- 
betic mothers report no effect in the relationship between 
L/S ratio and gestational age.” For this reason, separate 
reference intervals are not recommended for well-controlled 
diabetic pregnancies.” 

For multifetal pregnancies, separate specimens should be 
analyzed for each fetus. Infrequently, more than one fetus 
shares an amniotic fluid cavity. In such a case, a mature result 
is less predictive of maturity, because it represents a mixture 
of pulmonary surfactant from multiple fetuses. In the case 
of twins, the smaller is more likely to develop RDS than the 
larger.” 

Serum has a large concentration of lecithin and sphin- 
gomyelin, The serum ratio varies between 1.5 and 2.0, 
depending on the individual. The values of blood- 
contaminated specimens therefore tend to be drawn into 
that range from either higher or lower values. A high L/S 
ratio in the presence of even substantial blood contamina- 
tion can safely be interpreted as reflecting mature lungs.” 
Similarly, contaminated samples with very low ratios 
clearly reflect immature lungs. Borderline values of bloody 
specimens cannot be interpreted, because they may repre- 
sent either very immature values falsely elevated or mature 
values falsely depressed. Various effects of meconium 
contamination have been reported, including some evidence 
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that the L/S ratio may be changed in the absence of conta- 
mination that is visible to the eye. The chromatograms 
of fluids heavily contaminated with meconium are not 
interpretable. 

Vaginal contamination of specimens obtained from a 
pool of fluid that has been present in the vagina for a rela- 
tively brief period does not affect either test."""* 

L/S ratio results show considerable differences among 
laboratories. For proficiency testing samples LM-09. and 
LM-10 from the CAP, the reported CVs were 26% (at mean 
L/S = 4.46) and 27% (at 2.31), respectively.” 


Phosphatidylglyceral 
The determination of PG is a commonly used qualitative 
method used to assess FLM in the United States. Mea- 
surement of PG was classically performed by thin-layer 
chromatography. It could be performed alone or in com- 
bination with other amniotic fluid phospholipids. The later 
test was known as a lung profile since its introduction in 
the early 1970s.” Although thin-layer chromatography is 
still offered by some reference and hospital laboratories, 
most hospital laboratories use a rapid slide method for 
qualitative PG detection, Several enzyme-based tests for 
quantitative PG have also been published, but none is 
widely used 18131174227 

The exact role of PG in lung surfactant is unclear.” Many 
claim that the appearance of PG in the amniotic fluid indi- 
cates the final biochemical maturation of surfactant,'°'"! but 
PG can be found in measurable quantities in amniotic fluid 
as early as 32 weeks,'” and its presence in small quantities 
does not necessarily imply that the fetal lungs are 
mature.*>°?! The concentration of PG in amniotic fluid 
increases with gestational age. Most thin-layer chromato- 
graphy techniques are positive when PG exceeds about 
2umol/L, At this cutoff, results indicating maturity are 
almost always correct, but results indicating immaturity are 
frequently wrong. 


AmnioStat-FLM 

Most laboratories that offer PG testing use a qualitative rapid 
agglutination test (AmnioStat-FLM, Irvine Scientific, Santa 
Ana, Calif.) that uses less than 0.5mL of amniotic 
fluid. +31 The protocol is as follows: 25L of amniotic 
fluid is mixed with 25uL of a lecithin-cholesterol ethanol 
solution; 250uL of phosphate buffer is added and mixed; 
10L of this mixture is placed on a glass slide and mixed 
with 25uL of an anti-PG reagent. Agglutination occurs in 
the presence of PG and is compared with three controls. 
Results are reported as negative, low-positive (0.5 to 2 g/mL 
[0.5 to 2meg/L]), or high-positive (2ug/mL [2mg/L] or 
greater). RDS rarely develops in an infant from a mother 
with a high-positive PG determined by AmnioStat. Although 
Irvine Scientific was unable to provide AmnioStat reagents 
to laboratories for much of 2004, it recently resumed 
production. 


Interpretation 


Several clinical outcome studies using AmnioStat have been 
reported.* Although positive PG results are about 99% pre- 
dictive of maturity, negative results are highly unpredictive 
(RDS develops in about 25% of cases with a negative PG, 
depending on the population) and are therefore not useful 
clinically. A positive PG result is very useful in low-risk preg- 
nancies that require cesarean section. Determination of PG 
is also useful for specimens contaminated with blood or 
meconium. PG is not found in either blood or meconium, 
and therefore results are not affected by the presence of 
either of these contaminants.**” 

Many clinicians rely on PG whenever they need to assess 
FLM in a diabetic patient." No modern studies support 
this practice. In normal pregnancies, PG is detected by thin- 
layer chromatography (TLC) or AmnioStat-FLM at approxi- 
mately 35 weeks’ gestation. In diabetic patients, regardless of 
glycemic control, PG is detected about 1.5 weeks later.” 
Many diabetic patients will deliver term infants unaffected by 
RDS before any PG is detected.” The diabetic status of the 
patient does not affect the method of detection.” 


Determination of the Lung Profile’?””'” 


This method for assessing FLM was invented by Marie 
Kulovich and Louis Gluck in the early 1970s, Although it is 
still offered by some reference laboratories, most hospital 
laboratories have substituted newer techniques. The details 
of the procedure are available on the Evolve site that 
accompanies this book. The pattern of L/S ratio, phos- 
phatidylinositol (PJ, and PG are used to determine the 
status of fetal pulmonary maturation. 


Foam Stability Index” 

Many laboratories used a commercial version of this test, 
called Lumadex, FSI Fetal Lung Maturity Test (Beckman 
Instruments, Fullerton, Calif.), which was introduced in 
1982, Beckman Instruments discontinued this test in 
1997. The procedure is described on the Evolve site that 
accompanies this book. 

When pulmonary surfactant is present in amniotic fluid 
in sufficient concentrations, the fluid is able to form a highly 
stable surface film that can support bubbles. Other sub- 
stances in the fluid, including proteins, bile salts, and salts of 
free fatty acids, are also capable of forming stable bubbles, 
but they can be removed from the film by ethanol, which 
competes with the other substrates for a position in the 
surface film.”! The test makes use of the principle that more 
surfactant activity is necessary to support a stable foam as 
the fraction of ethanol in the mixture is increased." 
Therefore a fixed volume of undiluted amniotic fluid is 
mixed with increasing volumes of ethanol, and the largest 
fraction of ethanol in which the amniotic fluid is still capable 


“References 121, 128, 134, 158, 208, 317, 343. 
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of supporting a foam is determined. The highest fraction of 
ethanol at which a positive reading is obtained is the FSI. 


Interpretation 

An FSI value of 0.47 or greater is interpreted as mature. 
In two studies, a combined total of 270 fetuses with an FSI 
of 0.47 or greater was reported, two of which developed 
RDS. In 110 fetuses with an FSI of 0.46 or less, 44 
(40%) developed RDS. Thus the test appears to have more 
false predictions of immaturity than the L/S ratio or sur- 
factant/albumin ratio. Tubes and stoppers must be clean 
and free of detergents to prevent false-positive readings. The 
final concentration of the ethanol is critical. Ethanol is 
hygroscopic; therefore careful attention must be paid to its 
preparation and storage. The test should be conducted at 
20°C to 25 °C." Specimens contaminated with either blood 
or meconium tend to give a falsely mature result. 


Lamellar Body Counts” 


Lamellar bodies avidly scatter light, producing a haziness in 
mature amniotic fluid.’ These particles can be counted 
directly using the platelet channel of most whole blood cell 
counters, This technique is termed lamellar body count 
(LBC). LBC is a direct reflection of surfactant concen- 
tration in amniotic fluid, in contrast to L/S ratio and TDx 
FLM H, which are ratios. Fetal urination lowers LBC, but 
does not affect results of the other two methods. 

Lamellar bodies have a broad size distribution, ranging 
from 0.2 to 10 fL.” The whole blood cell counters used 
during the development of the LBC method used a size gate 
from 2 to 20 fL. Therefore only a portion of lamellar bodies 
are counted in these instruments. 

Centrifugation of amniotic fluid can be omitted.” 
Mixing is critical—two minutes is recommended on a tube 
rocker or at least 20 inversions immediately before analy- 
sis.’ Typical LBC results are from 0 to 150,000/uL. A 
detailed procedure is available on the Evolve site that accom- 
panies this book. 

Because of different platelet identification algorithms, 
counts will be lower or higher on different instruments. 
Instruments that use similar algorithms (for example, the 
resistive pulse instruments, Coulter Gen-S, Cell-dyn 3500, 
and Sysmex XE-2100) have high correlation but poor agree- 
ment.” The proportional bias was from —32% to +76% 
among these instruments. The Advia 120, a flow cytometer 
that uses a different platelet algorithm, did not correlate 
with the resistive pulse counters, but has been shown to 
predict FLM using a modified algorithm.” The imprecision 
(CV) is typically 6% to 8% at an LBC of 35,000/pL.” 

Specimens containing mucus produce erratic results. 
More than 1% contamination with blood initially increases 
LBC because of the addition of platelets, but lamellar bodies 
are trapped in any clots that occur thus lowering the LBC by 
up to 20%.”* Moderate meconium contamination (Ass up 
to 0.5) increases LBC by 5000/41 or less”? 


230 


Interpretation 

The maturity decision cutoff varies from 19,000 to 
60,000/uL. Typically 35,000/LL is used,” but this is affected 
strongly by the instrument used. All clinical outcomes 
studies* have reported that LBC has high sensitivity (95% to 
100%) but low specificity (about 70%) for prediction of 
RDS. A recent meta-analysis‘ reported that at a fixed sen- 
sitivity of 95%, the LBC specificity was 80%, whereas the L/S 
ratio specificity was 70%. 

No ‘studies of diagnostic accuracy exist for diabetic 
mothers. An assay comparison study of LBC, L/S ratio, and 
PG reported good agreement among the tests for 90 diabetic 
subjects with no cases of RDS.” 
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CHAPTER 5 5 


Inborn Errors of Amino 
Acid, Organic Acid, and 
Fatty Acid Metabolism* 


Piero Rinaldo, M.D., Ph.D., 
Sihoun Hahn, M.D., Ph.D., 
and Dietrich Matern, M.D. 


ith increasing frequency, inborn errors of metab- 
Wie (IEM) are recognized to be the underlying 

cause of clinical manifestations that are encoun- 
tered in all venues of medicine from the fetus to the geriatric 
patient.” To adequately support the care of these 
patients, a new discipline has gradually developed, one that 
differs from a conventional clinical chemistry laboratory in 
the extent of interpretation that is necessary to make its 
results meaningful to the clinician. In the United States, this 
field is called clinical biochemical genetics, and is defined by 
the American College of Medical Genetics as the laboratory 
discipline that covers the biochemical diagnosis of IEM by 
metabolite and enzymatic analysis of physiological fluids 
and tissue and is concerned with (1) the evaluation and diag- 
nosis of patients and families with inherited metabolic 
disease; (2) monitoring of treatment; and (3) distinguishing 
heterozygous carriers from noncarriers.'” 

Until recently, the practice of biochemical genetics was 
confined to a few academic centers in which services were 
driven by specific research interests, Although these labora- 
tories made seminal contributions to our understanding 
of IEM and provided diagnostic services that were other- 
wise not available, in most cases they had limited capacity 
and slow turnaround time.'® These and other factors 
contributed to a progressive decline of interest, research 


“The authors gratefully acknowledge the contributions by Robert 
H. Christenson and Hassan M. E. Azzazy on which portions of 
this chapter are based. 


funding, and enrollment of young physicians and scientists 
in accredited training programs'” to the point that bio- 
chemical genetics was deemed obsolete in anticipation of the 
predominance that nucleic acid-based diagnostics was fore- 
cast to have after the completion of the Human Genome 
Project. To date, however, the appreciation that irreplaceable 
information is derived by the biochemical analysis of pro- 
teins and small molecules has sparked a renewed interest in 
this discipline both at the clinical and research levels, a 
rebound also driven by the introduction of tandem mass 
spectrometry (MS/MS; see Chapter 7) into newborn screen- 
ing programs (Figure 55-1) and the consequent surge of 
laboratory services needed for confirmatory testing and 
follow-up purposes.24?7781401% 


Although the diagnosis of a specific IEM is with a few excep- 
tions strictly a laboratory process, two basic patterns of acute 
clinical presentation, called “intoxication” and “energy defi- 
ciency,” are informative clinical elements that should not be 
overlooked in the anticipation of a laboratory diagnosis.’ 
A clinical picture of the intoxication type is found when a 
newborn or infant experiences a trigger event and rapidly 
becomes comatose after a symptom-free period. Alterna- 
tively the absence of a symptom-free period is more indica- 
tive of an energy deficiency type of neurological distress. In 
both cases, the failure to respond to symptomatic therapy 
and a rapid deterioration of the patient’s general status are 
typical manifestations. Organic acidemias, urea cycle disor- 
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ders, and a few other disorders of amino acid Metabolism (MCAD) and other FAO disorders, could 
are classic amples of endogenous intoxication, Fatty acid implementation of @PPropriate therapey 
Oxidation (FAO) disorders May Present With a Combination independently Of the turnaround time of Speci 
of intoxication and energy deficiency Manifestations 11 tory investigations Obviously, deviations fror 
Once a clinica] Suspicion has been raised, a basic set of Patterns (such as ketonurja in MCAD defici 
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approach very unreliable in specific disorders (e.g., methyl- 
malonic acidemia). Amniocentesis is performed later in 
pregnancy (16 to 19 weeks) and provides both amniocytes 
and amniotic fluid to be used for independent and comple- 
mentary diagnostic methods. Reliance on separate tests 
based on independent methods performed by laboratories 
with adequate prior experience is strongly encouraged to 
avoid the occurrence of either incorrect or inconclusive 
results. For example, Figure 55-2 shows the results obtained 
by analysis of an amniotic fluid specimen from a pregnancy 
at risk for methylmalonic acidemia (cbIC complementation 
group).’” The finding of elevated concentrations of methyl- 
malonic acid, propionylcarnitine, and homocysteine using 
different MS/MS methods provides strong biochemical evi- 
dence of an affected fetus. However, validation of these 
results by assay of [“C]-propionate fixation and cobalamin 
uptake in cultured amniocytes remains an essential part of 
the recommended diagnostic process. When a multianalyte 
approach is not possible, at least two separate laboratories 
should perform the same test independently to minimize the 
risk of incorrect results. The major advantages of direct 


1005 400 
s A HCY * B MMA 
2 è 
D o 
8 $ 
E & 
10 y 04 08 o8 LO f2 (min) To 2.0 30 (min) 
% 
C * 

2| | Ss 
g $y 
2 
E * * 

| i ia VO | 

250 300 350 400 450 mz 500 


Figure 55-2 Multi-analyte approach to the prenatal diagnosis of 
methylmalonic acidemia (cbiIC complementation group) by 
metabolite analysis in cell-free supernatant of amniotic fluid 
collected at 16 weeks of gestational age. The symbol * marks 
internal standards. A, Determination of total homocysteine by 
LC-MS/MS (selected reaction monitoring, SRM, transition m/z 
136 to m/z 90 and m/z [40 to m/z 94 for the d,-labeled internal 
standard). The concentration of total homocysteine was 
15.7pmol/L (0.7 to 2.0 umol/L). B, Determination of 
methylmalonic acid by LC-MS/MS (SRM, transition m/z 231 to 
m/z 19 and m/z 234 to m/z 122 for the d3-labeled internal 
standard).” The concentration of methylmalonic acid was 

8.7 umol/L, the reference interval for 16 to [9 weeks of 
gestational age is 0.2 to 0.7 umol/L. C, Determination of 
propionylcarnitine by LC-MS/MS (parent of m/z 85 scan, the 
[M+H]* ion of C3 is m/z 274, m/z 277 for the internal standard). 
The concentration was 5.6umol/L (1.5 to 1.8umol/L), the 
C3/C4 ratio was 6.9 (0.9 to 2.6). 


metabolite analysis in amniotic fluid are the independence 
from tissue expression and a rapid turnaround time. 


NEWBORN SCREENING 


More than 4 million babies are born in the United States 
every year. Newborn screening has become an important 
and effective component of preventive medicine, allowing 
detection of treatable disorders before irreversible clinical 
symptoms manifest themselves. Originally instituted in the 
1960s for the early detection of phenylketonuria (PKU), 
newborn screening programs have gradually added assays 
for other disorders over the years. There is, however, a strik- 
ing level of discrepancy in the scope of programs offered by 
states even in the same region, a reality that seems to be 
driven more by political decisions than scientific evidence 
and expert opinions.” This situation has received even 
greater scrutiny since MS/MS has dramatically expanded the 
number of IEM detectable in neonatal blood spots, notably 
by performance of a single multiplex analysis of acylcarni- 
tine and amino acid profiles.“ The inclusion of these dis- 
orders as a whole in newborn screening panels has been 
controversial, because with few exceptions their incidence, 
natural history, prospective screening experience, and effec- 
tiveness of treatment have not been defined yet.” However, 
cautionary concerns often underestimate the complex dif- 
ferential diagnosis that is required for any abnormal metabo- 
lites detected in amino acid, organic acid, and acylcarnitine 
profiles." Actively developing tools for proper confirma- 
tory testing and differential diagnosis of all detectable IEM 
seems more reasonable than debating the exclusion of one 
or more rare conditions that are detected anyway, at no addi- 
tional cost, and could be misinterpreted as “false positives” 
of a better known condition. Finally, because some inborn 
errors of amino acid, organic acid, and fatty acid metabo- 
lism are undetectable by MS/MS analysis of amino acids 
and acylcarnitines, a negative newborn screening outcome 
should not be regarded as a blanket exclusion of metabolic 
disorders in patients presenting with unexplained clinical 
manifestations at any age. 


EVALUATION OF SYMPTOMATIC PATIENTS 


When a patient with acute metabolic decompensation is 
brought to medical attention, the utmost consideration 
should be given to the immediate collection of urine and 
blood samples. Specimens collected even after a partial 
recovery may not reveal diagnostic abnormalities otherwise 
detectable, or more easily detectable, under acute conditions. 
Any volume of urine (stored at —20 °C with no preservatives, 
or even a wet diaper brought to the emergency room) and 
plasma/serum (~0.5mL, stored at -20 °C) are adequate to 
perform specialized tests. Quantitative profiling of amino 
acids, carnitine, acylcarnitines, and fatty acids in plasma, 
organic acids, and acylglycines in urine is the method of 
choice to reach a biochemical diagnosis of these disorders. 
Alternatively a blood spot on filter paper could provide 
enough material for one or more of the investigations 
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described in this chapter. In case of death, collection of body 
fluid and tissue should be secured according to available 
protocols." 

As already stated, the extent of interpretation that is nec- 
essary to make results meaningful to the clinician is the 
defining characteristic of biochemical genetics as a labora- 
tory discipline. An interpretive report of complex organic 
acid, amino acid, and acylcarnitine metabolite profiles 
should include the following elements: (1) an overview of 
positive and negative results (e.g., ketotic versus nonke- 
totic dicarboxylic aciduria, and presence or absence of 
alloisoleucine in specimens with elevated concentrations of 
branched-chain amino acids); (2) quantitative determina- 
tion in comparison to age-matched reference values; (3) a 
list of possible diagnoses with correlation with available 
clinical information; (4) clinical and laboratory criteria of 
differential diagnosis; (5) recommendations for additional 
biochemical testing and in vitro confirmatory studies 
(enzyme assay and molecular analysis); (6) name and means 
to contact investigators able to provide such studies at times 
available only on a research basis; and (7) a phone number 
to reach the laboratory director who is familiar with the 
report in case the referring physician has additional 
questions. 


POSTMORTEM SCREENING 


In view of the high mortality rate that is associated with 
acute episodes of metabolic decompensation, it is not sur- 
prising that sudden death has been sporadically associated 
with a few inborn errors of amino acid, organic acid, and 
energy metabolism, such as (1) fumaric acidemia, (2) 
methylmalonic acidemia, (3) glutaric acidemia type I, (4) 
biotinidase deficiency, (5) glycogenoses, and (6) disorders 
of the mitochondrial oxidative phosphorylation pathway. 
Despite these anecdotal reports, these disorders are unlikely 
to have a significant role among the metabolic causes of 
sudden death. Conversely, the number of cases affected 
with a FAO disorder who were recognized either post- 
mortem or after the diagnosis of an affected sibling has 
soared in the last few years.””” Based on these observations, 
experts postulate that FAO disorders might be responsible 
for up to 5% of children who die suddenly and unexpect- 
edly from birth to 5 years of age, particularly with evidence 
of acute infection. 

Figure 55-3 shows a flow chart for the postmortem eval- 
uation of sudden and unexpected death that is centered on 
the analysis of acylcarnitines in blood and bile spots." 
Blood and bile could be conveniently collected on a single 
filter paper card, one identical to those used for newborn 
screening, which can be shipped at room temperature once 
properly dried. Both specimens should be collected to detect 
patients who may have only mild blood abnormalities when 
carnitine is depleted (Figure 55-4). In cases with a higher 
level of suspicion, an effort should be made to collect and 
freeze a specimen of liver and a skin biopsy,” which could 
be analyzed only if needed to reduce cell culture workload.“ 


Sudden and unexpected death 


* Retrieve newborn screening card for blood 
spot acylearnitine analysis 
e Evaluation of siblings and parents 


Blood and bile spots 
Liver colfected on filter paper 
Steatosis (screening card) for 
acyicarnitine analysis 


* Blood and bile spots on filter paper for acyicarnitine analysis 
+ Frozen liver for Oll Red O stain, metabolle proflie and carnitine 
* Fibroblast culture for in vitro enzymatic and molecular studies 


Figure 55-3 Protocol for the postmortem screening of FAO 
disorders. (From Rinaldo P, Matern D, Bennett Mj. Fatty acid 
oxidation disorders. Ann Rey Physio! 2002;64:477-502.) 
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Figure 55-4 Postmortem diagnosis of MCAD deficiency by 
acylcarnitine analysis of blood and bile collected at autopsy. The 
patient was a 3-year-old, previously healthy child who had 
symptoms of a viral respiratory tract infection. He was a 
compound heterozygote for the common 985A>G mutation and 
another mutation. The symbol * marks the internal standards, 
same amount added to both specimens. A, Blood acylcarnitine 
profile. The concentrations of acetylcarnitine (C2), 
hexanoylcarnitine (C6), octanoylcarnitine (C8), and 
decenoylcarnitine (C10: 1) were 2.8, 0.3, 1.4, and 0.3 pmol/L, 
respectively (for reference intervals see Table 55-8). B, Bile 
acylcarnitine profile (after 10x dilution). The concentrations of 
C2, C6, C8, and Cl0:1 were 52.8, 73.1, 665.6, and 181.3 umol/L, 
respectively (for reference intervals see Table 55-8). The 
bile/blood C8 ratio was 475. In postmortem urine, 
hexanoylglycine was also markedly elevated (69.6 mmol/mol . 
creatinine; reference interval 0.1 to 1.3). 
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Family history of sudden infant death syndrome (SIDS) or other 
sudden, unexplained deaths at any age 

Family history of Reye’s syndrome 

Maternal complications of pregnancy (acute fatty liver of 
pregnancy, HELLP syndrome, others) 

Lethargy, vomiting, fasting in the 48 hours before death 

Macroscopic findings at autopsy 
Fatty infiltration of the liver and/or other organs 
Dilated or hypertrophic cardiomyopathy 

Allegation of child abuse (not trauma, physical harm) 

Autopsy evidence of infection that routinely would not represent 
a life-threatening event 


HELLP, Hemolysis, elevated liver enzymes, low platelets. 


Although fatty infiltration of the liver and/or other organs 
(e.g., heart and kidneys) is a common observation in FAO 
disorders, the finding of macroscopic steatosis should not be 
used as the only criterion in deciding whether to investigate 
a possible underlying FAO disorder during the postmortem 
evaluation of a case of sudden death. Special attention 
should be paid to the risk factors listed in Box 55-1, and alle- 
gations of child abuse should also be fully investigated to 
avoid any recurrence of a tragic miscarriage of justice,” with 
the exception of obvious cases of trauma or physical harm. 
The frozen liver and skin biopsy could be discarded at a later 
time without further testing when a credible cause of death 
has been established, but could otherwise be crucial to reach 
a proper diagnosis and conclusive confirmation in vitro. If 
parental permission to perform an autopsy is not granted, 
an attempt should be made to retrieve leftover specimens 
that may still be available in a hospital setting. If death occurs 
at home, retrieval of any unused portion of the blood spots 
collected for newborn screening could be arranged via a 
written request submitted to the state laboratory, as long as 
the storage period, ranging from only a few weeks to indef- 
initely, had not expired already in the state where the patient 
was born.” 


DISORDERS OF AMINO ACID METABOLISM 


The concentrations of individual amino acids in physiolo- 
gical fluids reflect a balance between (1) intestinal uptake, 
(2) anabolic use by the liver, (3) the synthesis and turnover of 
the body’s structural proteins, and (4) integrity of renal func- 
tions (filtration and tubular reabsorption). Any interference 
or unusual event in the metabolism, growth, or replication of 
the body’s cells and tissues that affects protein and amino 
acid metabolism could be accompanied by either accumula- 
tion or excessive losses of one or more amino acids." 
Inborn errors of amino acid metabolism will manifest 
themselves at anytime in a person’s life, but most become 
evident in infancy and early childhood. Affected patients 


may have failure to thrive, neurological symptoms, digestive 
problems, locomotor retardation, and a wide spectrum of 
laboratory findings. If not diagnosed promptly and treated 
properly, these disorders can result in poor growth, mental 
retardation, and death.” 

Table 55-2 shows a summary of known disorders of 
amino acid metabolism and transport, including informa- 
tion about their incidence, major clinical features and bio- 
chemical patterns, availability of prenatal diagnosis and 
newborn screening, and association with sudden unexpected 
death. Several of these disorders are discussed. next. 


CLASSIC PHENYLKETONURIA AND OTHER 
HYPERPHENYLALANINEMIAS 

Phenylalanine is an essential amino acid. Dietary intake in 
excess of anabolic needs is converted to tyrosine by phenyl- 
alanine hydroxylase and further degraded via a ketogenic 
pathway (Figure 55-5). A primary or cofactor-related defect 
of phenylalanine hydroxylase activity causes accumulation 
of phenylalanine, phenylketones, and phenylamines.'*’” 
Several distinct forms of hyperphenylalaninemia exist (see 
Table 55-2); all are inherited as autosomal recessive traits. 
They have a collective prevalence of 1:10,000 to 1:20,000 
live births, with classic PKU being the most common entity 
and GTP cyclohydrolase I the rarest one. Together with con- 
genital hypothyroidism and galactosemia, hyperphenylala- 
ninemias are the only IEMs that are screened for at birth in 
all of the United States and their territories. 

Although vomiting may be an early symptom severe 
enough to be misdiagnosed as pyloric stenosis, patients with 
classic PKU are clinically silent at birth and neurological 
manifestations typically do not become evident until a few 
months of age. To avoid missing a PKU case, infants should 
not be screened until at least 24 hours after birth. Although a 
delayed diagnosis is an exceptionally rare event for properly 
screened newborns, the consequences are severe. PKU infants 
may lose about 50 points in their adult IQ if left untreated 
until the end of the first year of life. Those who are diagnosed 
even later require institutional care because of severe mental 
retardation and hyperactivity. Other common findings in 
untreated patients include fair skin and blue eyes, micro- 
cephaly, prominent maxilla with widely spaced teeth, enamel 
hypoplasia, and growth retardation. Some have a seborrheic 
or eczematous skin rash, which progressively attenuates with 
age. Although there are no consistent neurological findings, 
most infants are hypertonic with increased deep tendon 
reflexes. About one fourth of children have seizures, and 
more than 50% have abnormal electroencephalographic 
(EEG) findings. 

The criteria for a biochemical diagnosis of untreated 
classic PKU are: (1) a plasma phenylalanine level above 
20 mg/dL (1.2 mmol/L) (Figure 55-6, A); (2) a phenylalanine/ 
tyrosine ratio >3; (3) increased urinary levels of metabolites 
of phenylalanine (i.e., phenylpyruvic and 2-hydroxyphenyl- 
acetic acids); and (4) a normal concentration of the cofactor 

Text continued on p. 2217 
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TABLE 55-2 Clinical and A Characteristics of Disorders of Amino Acid Metabolism 
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OMIM, Online Mendelian Inheritance in Man (www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM); NBS, newborn screening; 5-HIAA, 5- 
hydroxyindoleacetic acid; HVA, homovanillic acid; RFLP, restriction fragment length polymorphism. 
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nd Laboratory Characteristics of Disorders of Amino Acid Metabolism—Continued 
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TABLE 55-2 Clinical and Laboratory Characteristics. of Disorders of Am id Metabolism—Continued 
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tetrahydrobiopterin (BH). In vitro assay of enzyme catalytic 
activity and genotyping are not commonly applied in clinical 
practice, making the biochemical phenotype a de facto con- 
clusive diagnosis immediately followed by dietary treatment. 
The goal of therapy is to sustain growth and keep serum 
phenylalanine concentrations below an appropriate-for- 
age threshold to minimize the occurrence of neurological 
damage." Frequent monitoring is critical, because excessive 
restriction may lead to phenylalanine and tyrosine deficiency, 
the latter requiring exogenous supplementation. 

Dietary treatment should be started as soon as possible 
and ideally before 2 weeks of age.’ Although a less strict 
dietary regimen is possible after 6 years of age, some forms 
of restriction are necessary indefinitely because central 
nervous system (CNS) damage has been described after 
discontinuation of treatment beyond childhood.® Pregnant 
women with PKU who are not on a low phenylalanine diet 
and have phenylalanine levels >360 mol/L (6 mg/dL) have 
higher risks of either spontaneous abortion or the birth of 
offspring with microcephaly, congenital heart defects, facial 
dysmorphism, and developmental delay caused by the ter- 
atogenic effect of phenylalanine.” 

In about 2% of cases, hyperphenylalaninemia is due to a 
deficiency of either biosynthesis or recycling of BH, the 
cofactor of phenylalanine hydroxylase and related enzymes 
(see Figure 55-5).” These infants could be diagnosed. with 
PKU at first, but they deteriorate neurologically despite ade- 
quate dietary control. BH, is a cofactor for phenylalanine, 
tyrosine, and tryptophan hydroxylases. The latter two 
enzymes are involved in the synthesis of the neurotransmit- 
ters dopamine and serotonin. BH, is also a cofactor for nitric 


oxide synthase, which catalyzes the generation of nitric oxide 
from arginine. All patients with hyperphenylalaninemia 
should be routinely tested to rule out the possibility of a 
cofactor deficiency.” 

Four enzyme deficiencies leading to BH, deficiency have 
been reported (see Table 55-2). 6-Pyruvoyltetrahydropterin 
synthase (6-PTS) is found in approximately 50% of all cases. 
They are clinically indistinguishable from classic PKU when 
detected by newborn screening, but progressively deteriorate 
with loss of head control, hypertonia, drooling, swallowing 
difficulties, and myoclonic seizures around 3 months of age. 
Plasma phenylalanine levels could be as high as those in 
classic PKU or in the range of benign hyperphenylalanine- 
mia (<1.0 mmol/L). Measurement of urinary neopterin and 
biopterin provides a tool for the differential diagnosis among 
these disorders." 

Infants with benign hyperphenylalaninemia are occa- 
sionally identified because of a moderately elevated blood 
concentration of phenylalanine. These patients have a par- 
tial deficiency of phenylalanine hydroxylase with residual 
enzyme activity up to 35% of normal subjects. Although 
detected by neonatal screening, they remain healthy without 
dietary treatment once the possibility of an underlying 
cofactor deficiency has been ruled out. 


TYROSINEMIA TYPE 1 

Tyrosine derives from the breakdown of dietary or tissue 
proteins or through the hydroxylation of the essential amino 
acid phenylalanine. Hepatorenal tyrosinemia (tyrosinemia 
type I, TYR-D is an autosomal recessive disease caused by a 
deficiency of the enzyme fumarylacetoacetase (Figure 55-7), 
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Figure 55-6 Plasma amino acid profiles by ion-exchange 
chromatography. A, Phenylketonuria (16 day old), phenylalanine 
1550 pmol/L. B, Tyrosinemia type I (10 day old), tyrosine 696 
Limol/L. C, Homocystinuria (8 year old), methionine 885 mol/L, 
free homocysteine 38pmol/L. D, Maple syrup urine disease (6 
month old), valine 194umol/L, allo-isoleucine 693 umol/L, 
isoleucine 636 pmol/L, leucine 41 8umol/L. E, Nonketotic 
hyperglycinemia (3 days old), glycine [624 |imol/L. For age- 
matched reference intervals see Shapira et al.? Peak legend: /, 
Phenylalanine; 2, tyrosine; 3, methionine; 4, mixed disulfide; 5, 
free homocysteine; 6, valine; 7, allo-isoleucine; 8, isoleucine; 9, 
leucine, 10, glycine. The symbol * marks the internal standards 
glucosaminic acid (retention time 6 minutes) and 
aminoethylcysteine (retention time 97 minutes), signal abundance 
is normalized on the intensity of the latter. 


which is expressed. primarily in the liver and renal proximal 
tubule.” The incidence of TYR-I is approximately 1 in 
100,000, with well known clustering of cases in Scandinavia 
and the Lac-St. Jean region of Quebec (Canada). In the 
United States, screening for TYR-I is not offered in 35 states, 
with a cumulative number of births corresponding to 76% 
of all babies born each year (see Table 55-2). Under these cir- 
cumstances, a clinical encounter with an undiagnosed and 
acutely ill patient is a realistic possibility in most pediatric 
gastroenterology practices. Symptoms are highly variable 
and include (1) acute liver failure, (2) cirrhosis, (3) hepa- 
tocellular carcinoma, (4) renal Fanconi syndrome, (5) 
glomerulosclerosis, and (6) crises of peripheral neuropathy 
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that mimic acute intermittent porphyria caused by an accu- 
mulation of 5-aminolevulinic acid.” 

An elevated concentration of tyrosine in plasma (Figure 
55-6, B) is an expected finding of TYR-I but lacks specificity, 
A biochemical diagnosis is based instead on the detection in 
urine of succinylacetone (4,6-dioxaneheptanoic acid), the 
by-product of fumarylacetoacetic acid, which is the inter- 
mediate immediately upstream of the enzyme defect.” 
Absence of this metabolite in a patient with elevated plasma 
tyrosine and a urinary pattern of tyrosyluria (elevated excre- 
tions of 4-hydroxy phenyllactic acid, 4-hydroxy phenylpy- 
ruvic acid, and N-acetyltyrosine) points to any of several 
alternative causes, including other inherited disorders 
(tyrosinemia type I] and type HI, hypertyrosinemia of the 
premature, gluconeogenesis disorders, galactosemia, fruc- 
tosemia, peroxisomal disorders) and acquired conditions 
(hepatitis, dietary load of aromatic amino acids, and over- 
growth of intestinal flora). However, there have been rare 
instances when a patient with a diagnosis of TYR-I con- 
firmed by DNA analysis does not excrete succinylacetone 
(Figure 55-8), suggesting that genotyping should still be 
pursued in patients with strongly suggestive clinical mani- 
festations but no accumulation of succinylacetone. 

NTBC (2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclo- 
hexanedione) is a chemical initially developed as a her- 
bicide. Animal studies show that NTBC is an inhibitor of 
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Figure 55-8 Partial urine organic acid profiles (15-23 minute 
portion of a 33 minute run) of two patients with tyrosinemia 
type I. A, Acutely ill patient with markedly elevated excretion of 
succinylacetone, pre-NTBC treatment. The insert shows the 
selected ion chromatogram of the [M-I5]* ion of 
succinylacetone O-TMS-oxime TMS ester, m/z 212; B, Fifteen 
month old patient, succinylacetone was not detected by either 
total ion current (arrow) or selected ion chromatogram in three 
different urine specimens. This patient was later shown to be 
compound heterozygote for the French Canadian common 
splice mutation (IVS|2+5G>A) and another previously 
unreported mutation. Peak legend: |, Succinylacetone (oxime, 
peak I}; 2, succinylacetone (oxime, peak If); 3, 4-hydroxy 
phenyllactic acid; 4, 4-hydroxy phenylpyruvic acid (oxime). The 
symbol * marks the interna! standard (pentadecanoic acid), signal 
abundance is normalized to the intensity of the internal standard 
peak. 


4-hydroxyphenylpyruvate dioxygenase, an enzyme of the 
tyrosine pathway located upstream of fumarylacetoacetate 
hydrolase. Pharmacological doses of NTBC virtually prevent 
the synthesis of succinylacetone and have become the treat- 
ment of choice for TYR-I in combination with dietary restric- 
tion and liver transplantation.” 


HOMOCYSTINURIA 

Methionine, homocysteine, and cysteine are linked by the 
methylation cycle and transsulfuration pathway (Figure 
55-9).” Conversion of methionine into homocysteine 
proceeds via the formation of S-adenosyl intermediates 
including S-adenosylmethionine, the methyl group donor in 
a wide range of transmethylation reactions, Homocysteine is 
further condensed with serine by cystathionine B-synthase 
to form cystathionine. 

A defect of cystathionine B-synthase is an autosomal 
recessive disorder with an incidence of approximately 
1:350,000 live births. In the United States, screening for 
homocystinuria is not offered in 23 states, corresponding to 
53% of all babies born each year (see Table 55-2). Clinical 
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Figure 55-9 Biochemical pathways of the conversion of 
methionine to homocysteine and cysteine. 


manifestations are nonspecific at first and may include 
failure to thrive and developmental delay. A diagnosis is 
usually delayed 3 years or more if newborn screening is not 
available.” Ophthalmological problems include downward 
dislocation of the lens, myopia, and glaucoma; retinal 
detachment and degeneration, and optic atrophy and zonal 
cataracts may develop later in life. Osteoporosis is common 
after childhood when patients, as in Marfan syndrome, tend 
to be tall, with thinning and elongation of long bones near 
puberty. Besides mental retardation found in more than half 
of patients, neurological manifestations include seizures, 
abnormal EEG, and psychiatric disturbances. Thromboem- 
bolic episodes are common and involve both large and small 
vessels, especially in the brain, and constitute the major cause 
of morbidity and mortality. Thrombosis of carotid or renal 
arteries is a frequent cause of death. 

The biochemical phenotype of homocystinuria is charac- 
terized by increased plasma concentrations of methionine, 
free homocysteine and cysteine-homocysteine disulfide, 
together with low cystine (Figure 55-6, C). Determination 
of total homocysteine after treatment of the sample with 
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reducing agents is useful because 80% of homacysteinyl 
moieties are bound to protein. The differential diagnosis of 
hyperhomocysteinemia includes (1) remethylation defects, 
(2) 5,10-methylene-tetrahydrofolate reductase deficiency, 
(3) 5-methyl-tetrahydrofolate-homocysteine-methyltrans- 
ferase deficiency, and (4) defects of cytosolic cobalamin 
metabolism. There are at least six distinct defects in cobal- 
amin metabolism, designated as cbIC, cblD, cblE, cblF, cblG, 
and cblH.'” Patients with cbiC, cblD, and cblF defects have 
methylmalonic aciduria in addition to homocystinuria, 
because formation of both adenosylcobalamin and methyl- 
cobalamin is impaired. 

The methylenetetrahydrofolate reductase enzyme reduces 
5,10-methylenetetrahydrofolate to form 5-methyltetrahy- 
drofolate, which provides methyl groups necessary for 
homocysteine remethylation to methionine. The severity of 
the enzyme defect and of clinical symptoms varies consider- 
ably. Completely absent enzyme activity results in neonatal 
apneic episodes, myoclonus leading to coma, and death, 
whereas partial deficiency may result in mental retardation 
and seizures. Premature cardiovascular disease or peripheral 
neuropathy could be the only manifestation. A common 
polymorphism (677C>T) is associated with enzyme thermal 
lability and mild elevation of homocysteine in the presence 
of folate insufficiency, implicating a risk for both vascular 
disease“! and neural tube defects.™ 


MAPLE SYRUP URINE DISEASE 

Leucine, isoleucine, and valine are the three essential 
branched-chain amino acids. They undergo decarboxylation 
by branched-chain o-ketoacid dehydrogenase, a complex 
enzyme that requires thiamine pyrophosphate as a coenzyme 
(see Chapter 30). This complex is composed of four sub- 
units, Eo, E,B, E» and E;. The E; subunit is shared by two 
other dehydrogenases, pyruvate dehydrogenase and o-keto- 
glutarate dehydrogenase. A defect on any component of the 
complex causes maple syrup urine disease (MSUD), an auto- 
somal recessive disorder with an incidence of approximately 
1:250,000 live births. In the United States, screening for 
MSUD is not offered in 21 states, corresponding to 46% of 
all babies born per year. About 75% of affected patients 
suffer from a severe classical form and the remainder from 
intermediate or intermittent forms. 

Babies with classical MSUD present with poor feeding 
and vomiting during the first week of life followed by 
lethargy and coma within a few days. Hypertonia, rigidity, 
and severe opisthotonus are often interpreted as signs of 
general sepsis and CNS infection. Seizure and hypoglycemia 
are also common. At a more advanced stage, neurovegetative 
dysregulation with respiratory distress, bradycardia, and 
hypothermia may appear. Routine laboratory work is only 
remarkable for severe metabolic acidosis, and death rapidly 
ensues in untreated patients. 

In some patients, symptoms appear after a symptom-free 
period of 1 year or more, occasionally in adolescence or 
even adulthood. Vomiting, ataxia, lethargy, and even coma 


characterize intermittent episodes of acute decompensation. 
Once they recover, patients return to a normal status with 
no obvious sequelae. Such episodes are triggered by catabolic 
stress, infections, or increased protein intake, and are asso- 
ciated with laboratory findings that are indistinguishable 
from neonatal-onset MSUD. Finally a chronic, progressive 
form of MSUD has also been described with (1) persistent 
anorexia, (2) chronic vomiting, (3) failure to thrive, (4) hy- 
potonia, and (5) osteoporosis. Most patients remain undia- 
gnosed until the occurrence of an acute neurological crisis. 

A diagnosis of MSUD is suspected when a patient’s urine, 
sweat, and particularly ear wax have the characteristic odor 
of maple syrup. At the bedside, mixing urine with a solution 
of 2,4-dinitrophenylhydrazine (DNPH) is a simple and rapid 
test to confirm a clinical suspicion,” a practical alternative 
to quantitative amino acid analysis if the latter is not avail- 
able on site. Eventually, plasma amino acid analysis must be 
performed to show marked elevation of leucine (usually the 
prominent amino acid), isoleucine, and valine plus the 
pathognomonic presence of t-alloisoleucine (Figure 55-6, 
D). t-Alloisoleucine is a stereoisomer derived through step- 
wise racemization and keto-enol tautomerization of (2S) 
2-keto-3-methylvaleric acid to its (2R) enantiomer, followed 
by transamination.* The 2-keto acids, the substrates imme- 
diately upstream of the enzyme block, are responsible for the 
positive DNPH test, and their respective hydroxy analogues 
are detectable by urine organic acid analysis after stabili- 
zation of the 2-keto groups via oximation. An elevated 
excretion of 2-hydroxyisovaleric acid could be the most 
informative finding in asymptomatic patients with interme- 
diate and intermittent MSUD. 

Cornerstones of treatment are dietary restriction of 
branched-chain amino acids and high dose thiamine, the 
latter showing responsiveness in cases with mild and/or 
intermittent presentations. Acute episodes are life threaten- 
ing and require aggressive treatment; peritoneal dialysis may 
be necessary because renal clearance of the toxic metabolites 
is poor.” 


UREA CYCLE DEFECTS 


Enzymes of the urea cycle regulate the disposal of the amino 
groups removed by transamination and deamination of 
amino acids before their carbon skeleton is metabolized to 
gluconeogenic (most amino acids) or ketogenic precursors 
(leucine and lysine), or both (isoleucine, phenylalanine, 
tyrosine, and tryptophan). Disorders described in this 
pathway include (1) carbamylphosphate synthase (CPS) 
deficiency, (2) X-linked ornithine transcarbamylase (OTC) 
deficiency, (3) argininosuccinate synthase (ASS) deficiency 
(citrullinemia), (4) argininosuccinate lyase (AL) deficiency, 
and (5) arginase deficiency (argininemia)."* The inclusion of 
these disorders in newborn screening programs varies from 
2 to 20 USS. states (5% to 32% of births) and is summarized 
in Table 55-2 (see also Figure 24-2, p. 802). 

Patients with urea cycle defects may present at any age. In 
the neonatal period, a variable but usually brief interval is 
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followed by the clinical manifestations of hyperammonemia: 
poor feeding, vomiting, lethargy or irritability, coma and not 
infrequently death when cases are not properly diagnosed 
and aggressively treated. In infancy, the symptoms are similar 
to the neonatal period, but less severe and more variable. 
Neurological abnormalities also include ataxia and irritabil- 
ity. These patients are often misdiagnosed as having gas- 
trointestinal disorders, food allergies, behavioral problems, 
or nonspecific hepatitis. In children and adults, chronic neu- 
rological problems are characterized by (1) learning diffi- 
culties, (2) mental retardation, (3) behavioral problems, and 
(4) cyclic vomiting, which occasionally deteriorates to acute 
decompensation with severe encephalopathy.” Arginase 
deficiency differs by the frequent absence of hyperammone- 
mia and a clinical picture of spastic diplegia frequently diag- 
nosed as cerebral palsy. 

The dominant laboratory findings are hyperammonemia 
and respiratory alkalosis, even though the clinical reliability 
of the latter has been questioned.’ Plasma amino acids and 
urine orotic acid levels are necessary for a differential diag- 
nosis." High glutamine and alanine concentrations are 
typical, but not diagnostic for these disorders, reflecting an 
imbalance of the intracellular nitrogen pool, However, if the 
concentration of citrulline is low or undetectable, the overall 
profile is consistent with either OTC deficiency or CPS defi- 
ciency, These two have been differentiated by testing orotic 
acid in urine, which is elevated only in OTC deficiency. A 
more than twentyfold increase of the citrulline concentra- 
tion indicates a defect at the level of argininosuccinic syn- 
thase, a condition commonly known as citrullinemia. A 
twofold to fivefold elevation of plasma citrulline in the pres- 
ence of argininosuccinic acid in urine is indicative of argini- 
nosuccinase deficiency, but could also be indicative of other 
conditions (e.g., pyruvate carboxylase deficiency). 

Acute hyperammonemia should be treated promptly as a 
medical emergency. A variety of conjugating agents (ben- 


zoate, phenylacetate, phenylbutyrate) are used to deplete the © 


nitrogen pool via excretion of their glycine and glutamine 
conjugates.” Citrulline and/or arginine supplementation are 
used to provide substrates to the urea cycle downstream of 
specific blocks; neomycin and lactulose reduce the produc- 
tion of ammonia by intestinal bacteria. If these therapies 
along with the reversal of catabolism fail to effectively reduce 
blood ammonia within hours, dialysis (hemodialysis or peri- 
toneal dialysis) must be instituted. 


NONKETOTIC HYPERGLYCINEMIA 


The large endogenous pool of glycine is maintained by 
dietary intake (3 to 5g per day) and synthesis from serine, 
and provides approximately a fourth of the amino acid 
residue incorporated in major structural proteins. Glycine is 
also a precursor in the synthesis of purines, glutathione, cre- 
atine, and porphyrins. The enzyme glycine N-acyltransferase 
forms glycine conjugates of many acyl-CoA species that 
accumulate in the mitochondrial matrix in disorders of 
organic acid and fatty acid metabolism.“ Glycine is catabo- 


lized by the glycine cleavage system, a four peptide complex 
(protein P, H, T, and L) attached to the inner membrane of 
mitochondria in liver, brain, kidney, and placenta. One 
carbon is converted to carbon dioxide, the other is trans- 
ferred to tetrahydrofolate to from hydroxymethyltetrahydro- 
folate, which may either react with another mole of glycine 
to produce serine or form methyltetrahydrofolate, which 
serves as a methyl donor. 

Nonketotic hyperglycinemia (NKHG) is a severe con- 
dition caused, in most cases, by a defect of either the T or P 
protein of the glycine cleavage system. In the newborn 
period, poor feeding, failure to suck, lethargy, and profound 
hypotonia rapidly progress to coma and death, which occur 
during the first few days of life. Intractable seizures and 
hiccups are common. The EEG pattern is characteristic with 
bursts of high complex waves of 1 to 3 seconds arising 
periodically from a hypoactive background, called burst- 
suppression pattern.” In infantile NKHG, symptoms, 
usually seizures, develop after 6 months of age. Late onset 
NKHG is a poorly defined entity reported only in a few 
patients with progressive spastic paraparesis, optic atrophy, 
and choreoathetoid movements. In the United States, screen- 
ing NKHG is included in 7 state programs, corresponding to 
8% of all babies born each year. 

A key element that should raise the suspicion of NKHG 
is the finding of uninformative routine laboratory investiga- 
tions in a child with progressing neurological symptoms. 
Plasma and CSF amino acid analysis reveal a high concen- 
tration of glycine (plasma>1000 mol/L; CSF >30 umol/L} 
with no other notable abnormalities (Figure 55-6, E), and 
urine organic acids are unremarkable. The calculated CSF: 
plasma glycine concentration ratio (NKHG: >0.09, reference 
intervals: <0.04) is critical in the differential diagnosis of this 
condition,” but caution should be used to avoid measuring 
the ratio when the plasma and CSF specimens were not 
collected simultaneously (no more than 1 hour apart). Con- 
tamination of CSF with blood could increase the concentra- 
tion of glycine, but when it occurs, other unrelated amino 
acids are also elevated. 

No effective treatment is known. Drugs that counteract 
the effect of glycine on neuronal cells, such as strychnine, 
diazepam, and dextromethorphan, could bring mild benefits 
in milder forms of the condition, Ketamine, an anesthetic 
blocker of the N-methyl-p-aspartate (NMDA) receptor 
channel, brought a partial improvement of neurological 
symptoms and EEG findings in some patients, but their 
developmental milestones were delayed. 


DISORDERS OF ORGANIC ACID METABOLISM 


Organic acids are water-soluble compounds containing one 
or more carboxyl groups and other functional groups (-keto, 
-hydroxy), which are intermediate metabolites of all major 
groups of organic cellular components: amino acids, lipids, 
carbohydrates, nucleic acids, and steroids. Organic acidurias 
are a biochemically heterogeneous group of inborn errors of 
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metabolism biochemically characterized by the accumula- 
tion of either (1) metabolites, which are not present under 
physiological conditions, from the activation of alternative 
pathways in response to the loss of function of a specific 
gene product, or (2) pathological amounts of normal 
metabolites.?°4°8?7 

Table 55-3 shows a summary of known disorders of 
organic acid metabolism, including information about their 
incidence, major clinical features and biochemical patterns, 
availability of prenatal diagnosis and newborn. screening, 
and association with sudden unexpected death. The 
incidence of individual inborn errors of organic acid 
metabolism varies from 1:10,000 to >1:1,000,000 live 
births. All possible disease entities included, the incidence 
of conditions in which informative organic acid profiles 
could be detected in urine is likely to approach 1:1000 live 
births. 

The biochemical diagnosis of individual organic aci- 
demias ultimately relies on urine organic acid analysis by 
gas chromatography-mass spectrometry (GC-MS).” Detec- 
tion, positive identification, and eventually quantitation of 
pathognomonic organic acids by GC-MS could be available 
in a matter of hours if the analysis is performed at a local 
laboratory. Otherwise, results from a referral laboratory 
should be available within 24 hours for an urgent case. Infor- 
mative profiles may not always be detected in disorders in 
which the excretion of diagnostic metabolites depends on 
the residual activity of the defective enzyme, the dietary load 
of precursors, and the anabolic status of a patient. 

Several selected disorders of organic acid metabolism are 
discussed below. 


DISORDERS OF PROPIONATE METABOLISM 


Propionyl-CoA is an intermediary product in the metabo- 
lism of four essential amino acids (isoleucine, valine, 
threonine, and methionine), the aliphatic side-chain of 
cholesterol, pyrimidines (uracil and thymine), and the final 
product of the B-oxidation of odd-chain fatty acids. Under 
normal circumstances, propionyl-CoA first is converted by 
a biotin-dependent carboxylase to methylmalonyl-CoA, 
then to succinyl-CoA by an adenosylcobalamin-dependent 
mutase, leading to oxidation in the tricarboxylic acid cycle.* 
Primary or secondary defects of these two enzymes were 
among the first organic acidurias to be discovered, and their 
natural history has been characterized perhaps better than 
any other inborn error of organic acid metabolism. 
Propionic acidemia (PA) and methylmalonic acidemia 
(MMA) are panethnic disorders, but their combined inci- 
dence varies considerably, with estimates ranging from 
1:2000 to 1:5000 (Saudi Arabia) to 20 times lower. However, 
there is a general consensus that many patients with this 
disorder die undiagnosed, being masked by a variety of 
catastrophic processes (sepsis and intraventricular hemor- 
thage).” In the United States, screening for these disorders 
by means of MS/MS detection of propionyicarnitine is not 
offered in 31 states, corresponding to 69% of all babies born 


each year. Curiously the state of Missouri has mandated 
screening for PA only. 

Patients with PA and MMA typically are born at term 
with no pregnancy complications and present with an intox- 
ication type of picture after hours or even days without 
apparent symptoms. Prominent manifestations include 
vomiting, hypotonia, lethargy, apnea, hypothermia, and 
rapid onset of coma. Routine laboratory investigations show 
severe metabolic acidosis and ketonuria (a finding of criti- 
cal significance never to be overlooked in the newborn 
period); lactic acidemia, hypoglycemia, and hyperammone- 
mia are often present’; the latter could be so severe as to 
direct the diagnostic work-up toward a urea cycle defect and 
not include urine organic acid analysis. Similarly, neutrope- 
nia caused by growth inhibition of myeloid progenitors is a 
common finding that in many cases is attributed to a 
primary immunodeficiency. Acute and chronic pancreatitis 
have also been observed in several patients with methyl- 
malonic acidemia and other inborn errors of branched- 
chain amino acid metabolism.” 

Hyperglycinemia is found when samples from affected 
patients are analyzed for plasma amino acids. In addition, 
the urine organic acid profile from a sample from an acutely 
affected individual could reveal lactic aciduria, ketonuria, 
and a large number of propionate metabolites, particularly 
3-hydroxypropionic acid and 2-methylcitric acid. The 
glycine conjugates propionylglycine and tiglylglycine could 
be markedly elevated, and the latter could be confused with 
3-methylcrotonylglycine (Figure 55-10), a distinction that is 
critical for the correct differential diagnosis between PA and 
multiple carboxylase deficiency. The presence or absence of 
methylmalonic acid is the main difference between PA and 
MMA (Figure 55-11, A and B). Although this is an easy dis- 
tinction in most cases, a relatively small excretion of methyl- 
malonic acid is actually possible in early stages of an acute 
episode,'” and other factors may also lead to an incorrect 
differential diagnosis between these disorders.” In plasma, 
the concentration of propionylcarnitine is markedly elevated 
in PA and MMA caused by either one of the apoenzyme 
defects, and marginal elevations could be observed in 
patients with a coenzyme defect (various cbl complementa- 
tion groups). 

Patients who survive the initial event have developmen- 
tal delay, hypotonia or hypertonia, and variable cognitive 
and neurological sequelae that are linked to the number and 
severity of acute episodes. Early detection seems to improve 
the prognosis; treatment is based on restriction of precursor 
amino acid intake, carnitine, and cofactors—biotin or cobal- 
amin—as indicated. 


ISOVALERIC ACIDEMIA 

Isovaleric acidemia (IVA) is a disorder of leucine catabolism 
caused by a deficiency of isovaleryl-CoA dehydrogenase. 
Since the initial report 40 years ago, IVA has been the main 
focus of the work of Dr. Kay Tanaka, one of the pioneers and 
arguably most productive contributors to our current 
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Figure 55-10 Electron impact positive ion mass spectra of 
isomeric acylglycines detected by GC/MS analysis of organic acid 
trimethylsilyl (TMS) derivatives. A, 3-Methylcrotonylglycine 
mono-TMS ester (leucine metabolism). B, Tiglylglycine mono- 
TMS ester (isoleucine metabolism). As their retention times are 
relatively close in most chromatographic systems, proper 
differentiation between the two compounds is best achieved by 
evaluation of the fragment ion at m/z 82 (arrow) which is 
prominent in the spectrum of 3-methylcrotonyiglycine but not. 


tiglylglycine. 


understanding of inborn errors of organic acid metabolism. 
His seminal work on IVA was particularly significant for the 
first application of GC-MS to the study of an IEM, and fot 
the recognition and later complete characterization of a pre- 
viously unknown enzyme on the basis of the biochemical 
phenotype found in patients with an inherited defect at that 
level,’ In the United States, screening by means of MS/MS 
detection of isovalerylcarnitine is not offered in 35 states, 
corresponding to 69% of all babies born each year. 

The clinical presentation of the neonatal form is similar 
to disorders of propionate metabolism. One revealing 
feature of this IEM is the characteristic odor of “sweaty feet.” 
This feature is difficult to miss, but occasionally is absent or 
attributed to other causes. In practice, the diagnosis is con- 
firmed by the specific pattern of excretion of organic acids 
with isovalerylglycine accumulating as the major by-product 
followed by 3-hydroxyisovaleric acid (Figure 55-11, C). In 
plasma, C5-acylcarnitine is elevated, but is actually a mixture 
of isovaleryicarnitine and 2-methylbutyrylcarnitine derived 
from leucine and isoleucine degradation, respectively.” Also 
the differential diagnosis has been further complicated by 
another C5 isomer, pivaloylcarnitine, which is formed in 
patients treated with antibiotics containing pivalic acid.’ 
Initially, it was thought that IVA was an easily recognizable 
disorder at:any clinical stage because of the magnitude of 
accumulation of isovalerylglycine and isovalerylcarnitine. 
However, this has been recently questioned by a number 
of cases detected by newborn screening in which several 
infants had much milder, even intermittent accumulation of 
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Figure 55-{1 Partial urine organic acid profiles (7-22 minute 
portion of'a 33 minute run). A, Propionic acidemia (acute 
episode). B, Methyimalonic acidemia. C, lsovaleric acidemia. D, 
Glutaric acidemia type |. Peak legend (only metabolites directly 
related to the chosen disorders): !, Lactic acid; 2, 3-hydroxy 
propionic acid; 3, 3-hydroxy butyric acid; 4, 2-methyt 3-hydroxy 
butyric acid; 5, acetoacetic acid (peak l); 6, 3-hydroxy valeric 
acid; 7, methylmalonic acid; 8, 3-hydroxy valeric acid; 9, 
acetoacetic acid (peak Il); 10, ethylmalonic acid; ff, 
isobutyryiglycine (di-TMS); /2, glutaric acid; 13, 2- 
methylbutyrylglycine (di-TMS); 14, propionylglycine (di-TMS); 15, 
3-methylglutaconic acid (peak 1); 16, 3-methylglutaconic acid 
(peak Il); 17, 3-hydroxy adipic lactone; 18, isovalerylglycine (di- 
TMS); 19, isovalerylglycine (mono-TMS); 20, adipic acid; 21, 
tiglylglycine (di- TMS); 22, tiglylglycine (mono-TMS); 23, 3-hydroxy 
glutaric acid; 24, octenedioic acid; 25, 3-hydroxy adipic acid; 26, 
suberic acid; 27, methyicitric acid (peak I); 28, methylcitric acid 
(peak Il); 29, decenedioic acid (multiple isomers); 30, 3-hydroxy 
octanedioic acid; 3!, 3-hydroxy suberic acid; 32, sebacic acid; 33, 
3-hydroxy decenedioic acid; 34, 3-hydroxy sebacic acid; 35, 3- 
hydroxy dodecadienoic acid (C1 2:2); 36, 3-hydroxy 
dodecenedioic acid; 37, 3-hydroxy dodecanedioic acid; 38, 3- 
hydroxy tetradecadienoic acid (C14:2); 39, 3-hydroxy 
tetradecenedioic acid; 40, 3-hydroxy tetradecanedioic acid. The 
symbol * marks the internal standard (pentadecanoic acid), signal 
abundance is normalized to the intensity of the internal standard 
peak. Note: The peak legend also applies to Figure 54-12. 
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diagnostic metabolites. Treatment with a low protein diet 
and glycine (250 mg/kg/day) and carnitine (50 mg/kg/day) 
supplements allows for a good prognosis, but acute episodes 
of metabolic decompensation could be life threatening at 
any age. 


GLUTARIC ACIDEMIA TYPE I 

Glutaric acidemia type I (GA-D) results from an inherited 
defect in glutaryl-CoA dehydrogenase, an enzyme involved 
in the degradation of lysine and tryptophan. Affected indi- 
viduals present with very severe but preventable neurolo- 
gical consequences and unpredictable variability of the 
biochemical phenotype. Characteristic clinical findings are 
macrocephaly and frontal bossing, sometimes present at 
birth, and the sudden onset of an encephalopathic episode 
usually before 3 years of age. Brain imaging of affected indi- 
viduals demonstrates frontotemporal atrophy, and after a 
crisis the characteristic sequelae of acute striatal degenera- 
tion and shrinkage of the caudate and nucleate nuclei of the 
basal ganglia. Hypotonia, abnormal movements, seizures, 
hypoglycemia, and hepatomegaly have also been associated 
with acute events. In the United States, screening for GA-I 
by means of MS/MS detection of glutarylcarnitine is not 
offered in 31 states, corresponding to 69% of all babies born 
each year. 

The classic biochemical phenotype consists of massive 
glutaric aciduria with increased concentrations of glutaryl- 
carnitine in plasma. Increased concentrations of glutaryl- 
glycine are inconsistently detected in humans, even though 
it is readily detected in the GA-I mouse knockout model.® 
The typical pattern in urine and plasma is abnormal and 
many cases present with minimal excretion of metabolites 
and normal plasma acylcarnitines. Evaluation of glutaryi- 
carnitine and glutarylglycine in urine could aid in the inter- 
pretation of inconclusive findings. It is not known what 
impact this variability may have on the sensitivity and speci- 
ficity of newborn screening for GA-I by acylcarnitine analy- 
sis, but false-negative results are likely to occur. 


ETHYLMALONIC ENCEPHALOPATHY 


Ethylmalonic encephalopathy (EE) is an autosomal recessive 
disorder originally reported in Italian families.” EE patients 
described thereafter have been of Mediterranean” or 
Arabic” descent, with a few exceptions.'” The first group of 
patients to be reported presented with (1) neonatal hypoto- 
nia, (2) progressive pyramidal dysfunction, (3) mental retar- 
dation, (4) orthostatic acrocyanosis with distal swelling, (5) 
chronic diarrhea, (6) recurrent petechiae, and (7) abnormal 
brain MRI, showing symmetrical lesions of the caudate and 
lenticular nuclei. Other manifestations later recognized in 
additional patients are retinal lesions and hematuria. In 
addition to persistent lactic acidemia, blood metabolite pro- 
files include elevated C4 (predominantly isobutyryl-) and C5 
acylcarnitine (2-methylbutyryl-) species. In urine, excretion 
of high concentrations of ethylmalonic acid is the most con- 
sistent finding, in association with elevated excretion of 
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Figure 55-12 Partial urine organic acid profiles (7-28 minute 
portion of a 33 minute run). A, Ethylmalonic encephalopathy, 

B, LCHAD deficiency. The top section shows the extracted ion 
chromatogram (EIC) of m/z 233, the signature fragment of 3- 
hydroxy acid TMS-esters. Peak legend as in Figure 55-8. The 
symbol * marks the internal standard (pentadecanoic acid), signal 
abundance (total ion current, TIC) is normalized on the intensity 
of the internal standard peak. EIC abundance was set arbitrarily 
for better graphic display. 


isobutyrylglycine, 2-methylbutyryiglycine, and other C4-C6 
glycine esters (Figure 55-12, A). Ethylmalonic acid derives 
from either the carboxylation of butyryl-CoA, in disorders 
of B-oxidation of short-chain fatty acids, or from 2-ethyl- 
malonic-semialdehyde, the final product of the R-pathway 
catabolism of isoleucine.” 

Although the combination of these findings is indicative 
of a generalized impairment of multiple mitochondrial acyl- 
CoA dehydrogenase enzymes, extensive studies have failed to 
unveil the specific underlying defect. However, the gene 
locus of EE was identified in 2004,'* but the function of the 
gene product, a mitochondrial protein, remains to be eluci- 
dated. It is likely that this discovery will lead to a better 
understanding of the natural history of the disorder, and 
possibly uncover evidence that its incidence could have been 
significantly underestimated, because the biochemical phe- 
notype was incorrectly attributed to other metabolic disor- 
ders, particularly defects of the mitochondrial electron 
transfer flavoprotein pathway. 


DISORDERS OF FATTY ACID OXIDATION 


Long-chain fatty acids are involved in a wide variety of cel- 
lular processes, including (1) phospholipid synthesis, (2) 
protein posttranslational modifications, (3) cell signaling, 
(4) membrane permeability, and (5) transcription control.” 
Yet the most critical function is to sustain energy production 
during fasting or periods of higher energy demands via 
mitochondrial B-oxidation. Once mobilized from adipose 
tissue, fatty acids are taken up by liver and muscle cells via 
an active transport system." After activation to their respec- 
tive coenzyme A (CoA) esters by ATP-dependent acyl-CoA 
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Figure 55-13 Pathway of fatty acid metabolism from the transport of long-chain fatty acids and 
carnitine across the plasma membrane to the production of acetyl-CoA. Medium- and short- 
chain fatty acids do not require an active transport mechanism to reach the mitochondrial 
matrix. Enzymes of the carnitine cycle (CPT I, CACT, and CPT If) shuttle long-chain fatty acids 
across the mitochondrial membranes. The fatty acid B-oxidation spiral includes (1) an FAD- 
dependent acyl-CoA dehydrogenase step followed by (2) a 2,3-enoyl-CoA hydratase reaction, (3) 
the NAD-dependent 3-hydroxyacyl-CoA dehydrogenase step, (4) and the thiolase cleavage 
reaction. Oxidation of long-chain fatty acids (membrane-bound enzymes) and medium-/short- 
chain fatty acids (matrix) is shown separately. Reducing equivalents (FADH, and NADH+H*) 

are directed to the oxidative phosphorylation pathway (right). CACT, Carnitine:acylcarnitine 
translocase; CPT, carnitine palmitoyltransferase; IMM, inner mitochondrial membrane; OMM, outer 
mitochondrial membrane; TCA, tricarboxylic acid; TFP, trifunctional protein; VLCAD, very-long 
chain acyl-CoA dehydrogenase. (From Rinaldo P, Matern D, Bennett Mj. Fatty acid oxidation disorders. 


Ann Rev Physiol 2002;64:477-502.) 


synthetases, fatty acids are transported into mitochondria by 
a series of three membrane-bound enzymes that temporar- 
ily convert the acyl-CoA into an acylcarnitine species before 
delivering a reconstituted fatty acyl-CoA into the inner mito- 
chondrial space (Figure 55-13). Medium- and short-chain 
fatty acids enter the mitochondria independently of the 
so-called carnitine cycle and are activated within the 
mitochondrial matrix by different acyl-CoA synthetases. 
Enzymes with affinity for long-chain species of fatty acids 
are associated with the inner mitochondrial membrane 
while the enzymes responsible for the metabolism of 


medium- and short-chain species are located within the 
mitochondrial matrix. Fatty acids are oxidized to their final 
product, acetyl-CoA, in a cyclic fashion, which consists of 
four sequential reactions mediated by highly homologous 
enzymes.” These enzymes are characterized by their affinity 
for substrates of decreasing chain length, hence the common 
nomenclature using prefixes, such as very long-chain, 
long-chain, medium-chain, and short-chain. The catalytic 
activities of these enzymes are FAD-dependent acyl-CoA 
dehydrogenase, enoyl-CoA hydratase, NAD-dependent L-3- 
hydroxyacyl-CoA dehydrogenase, and ketoacyl-CoA thio- 
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lase, respectively, and in sequential order (Figure 55-13). 
Each cycle of the pathway produces a molecule of acetyl-CoA 
and a fatty acid with two fewer carbons. Under physiological 
conditions, the latter reenters the cycle until it is completely 
consumed (see Chapter 26). In the muscle, acetyl-CoA is 
directly used as energy substrate for the citric acid cycle, 
whereas in the liver it constitutes the building block for the 
synthesis of ketone bodies (acetoacetic acid and p-3-hydroxy 
butyric acid), which serve as fuels for production of energy 
in other tissues when the supply of glucose is depleted (see 
Chapter 25). 

Inherited FAO disorders represent a rapidly expanding 
class of metabolic diseases.'"' Symptoms may appear at any 
age, from birth to adult life, frequently leading to life-threat- 
ening episodes of metabolic decompensation after a period 
of inadequate caloric intake and/or intercurrent illness. 
Typical manifestations are hypoketotic hypoglycemia, liver 
disease, cardiomyopathy, and sudden death. Table 55-4 
shows a summary of known disorders of fatty acid transport 
and mitochondrial oxidation, including information about 
their incidence, major clinical features and biochemical pat- 
terns, availability of prenatal diagnosis and newborn screen- 
ing, and association with sudden and unexpected death. 

Selected fatty acid oxidation disorders are discussed in the 
following sections. 


VERY LONG-CHAIN ACYL-COA DEHYDROGENASE 
DEFICIENCY 

Very-long-chain acyl-CoA dehydrogenase (VLCAD) defi- 
ciency is an autosomal recessive condition. In the mid 1980s, 
patients with VLCAD deficiency were initially described 
as having long-chain acyl-CoA dehydrogenase (LCAD) 
deficiency.” However, without exception, once the VLCAD 
protein was identified,” affected patients were shown to 
have no detectable VLCAD protein by immunoblot analy- 


sis™ or to harbor disease-causing mutations in the VLCAD 


gene.” 

VLCAD catalyzes the first step of the fatty acid B- 
oxidation spiral, The severity of the phenotype appears to 
correlate with specific genotypes.“ The most severe pheno- 
type manifests early in life and is associated with nonsense 
mutations resulting in complete loss of enzyme activity. 
Morbidity and mortality are significant because of involve- 
ment of multiple organ systems, in particular liver and 
heart, resulting in recurrent metabolic crises and cardiomy- 
opathy.™ Patients carrying missense mutations or with single 
amino acid deletions permitting some residual enzyme 
activity are at high risk of metabolic decompensation 
with nonketotic hypoglycemia and a Reye’s-like syndrome 
(see Chapter 47) triggered by increased energy demands 
(prolonged fasting, fever, etc.). As patients become older, 
the phenotype switches from a more hepatic presentation 
to muscle weakness. Some patients are able to sustain 
metabolic stress during childhood and do not present 
until adulthood with exercise-induced myopathy and 
rhabdomyolysis. 


Laboratory indicators during acute episodes include 
hypoketotic hypoglycemia and creatine kinase elevations. 
Urine organic acid analysis is nonspecific with hypoketotic 
dicarboxylic aciduria. Acylcarnitine analysis is most infor- 
mative, revealing a characteristic profile with elevated levels 
of saturated and unsaturated C14 to C18 carnitine esters, the 
predominant species being tetradecenoylcarnitine (C14: 1) 
(Figure 55-14, F). The diagnosis is confirmed by specific 
enzyme assay or fatty acid oxidation in vitro, by probing in 
fibroblast cultures,"'® or by molecular genetic analysis of the 
VLCAD gene. 


TRIFUNCTIONAL PROTEIN AND LONG-CHAIN 
3-HYDROXY ACYL-COA DEHYDROGENASE 
DEFICIENCIES 
The trifunctional protein (TFP) is a hetero-octamer con- 
taining four a- and four B-subunits encoded by two differ- 
ent genes.” The o-subunit harbors the activities of the 
second and third step of fatty acid B-oxidation, long-chain 
enoyl-CoA hydratase (LCEH) and long-chain 3-hydroxy 
acyl-CoA dehydrogenase (LCHAD),. The B-subunit harbors 
long-chain 3-ketoacyl-CoA dehydrogenase (LCKAT), which 
catalyzes the last step in B-oxidation of long-chain fatty 
acids. Although mutations in either gene may cause com- 
plete TEP deficiency,”’'* a few mutations in the o-subunit 
cause isolated LCHAD deficiency.” A genotype-phenotype 
correlation has also emerged for TFP deficiency, with resid- 
ual enzyme activity being associated with a milder, later 
onset phenotype. Patients with late onset TFP deficiency 
present with a progressive peripheral neuropathy and ` 
episodic rhabdomyolysis." While the phenotype of both 
disorders includes all the symptoms expected in an FAO dis- 
order, patients with LCHAD/TFP deficiencies may also 
develop pigmentary retinitis and a peripheral neuropathy, 
whose pathophysiology remains obscure. In addition, many 
patients are born prematurely and small for gestational age.” 
Patients with isolated LCHAD deficiency have a reduction 
in LCHAD activity with normal LCEH and LCKAT activi- 
ties. The most common cause of isolated LCHAD defi- 
ciency is the 1528G>C mutation that changes a glutamate 
to a glutamine residue (E474Q) in the active site of the 
a-subunit of the LCHAD gene.” The replacement of the 
acidic residue with a neutral amide amino acid is thought to 
involve the NAD*-binding site of the enzyme and subse- 
quently results in an isolated reduction of LCHAD activity 
without affecting the activities of LCEH and LCKAT. 
Another feature that was thought to be specific to LCHAD 
deficiency was the observation that approximately 20% of 
patients were born following pregnancies complicated with 
maternal liver disease, in particular acute fatty liver of preg- 
nancy (AFLP)” and the syndrome of hemolysis, elevated 
liver enzymes, and low platelets (HELLP).'* However, several 
other FAO disorders have meanwhile been implicated as pos- 
sible triggers of maternal liver disease during pregnancy." 
The biochemical diagnosis of TFP/LCHAD is based on 
the finding of hypoketotic C6-C10 dicarboxylic aciduria and 
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Figure 55-14 Plasma profiles of plasma acylcarnitine butyl-ester derivatives. A, Normal control. 
B, Propionic acidemia. C, Short-chain acyl-CoA dehydrogenase deficiency. D, Isovaleric acidemia. 
E, Medium-chain acyl-CoA dehydrogenase deficiency. F, Very long-chain acyl-CoA dehydrogenase 
deficiency. G, Long-chain L-3-hydroxy acyl-CoA dehydrogenase deficiency. The symbol * marks 
internal standards: [?H3]-acetylearnitine (m/z 263); 7H;]-propionylcarnitine (m/z 277); PHz]- 
butyrylcarnitine (m/z 295); (?H3]-octanoylearnitine (m/z 347); (7H3]-dodecanoytcarnitine (m/z 
403); [7H3]-palmitoylcarnitine (m/z 459). 
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TABLE 55-4 Clinical:and Laboratory. Characteristics: of Fatty-Acid ‘Oxidation. Disorders 


Complicatio 
of Pregnancy. 


SEs fatty. acid. 
uptake defect 
Carnitine uptake defect 


<1:100,000 Live 


Carnitine transporter ‘<1 :100,000 ¥ ; 


‘Carnitine palmitoyl <1: 100,000. 
transferase I 


CPTI deficiency 
(liver and muscle types) 


“Translocase deficiency. <1:100,000. C 


ce i — 


VICAD deficiency 201475 V 


ardic oo liver AFLP, HELLP syndrome, 
e; retinopathy, preeclampsia, = ncini 

eripheral neuropathy placental floor 

; infarction Soi isie 

ee Cardiomyopathy, liver AFLP, HELLP syndrome. : 

=i disease, retinopathy, EERE 

‘peripheral neuropathy. 3 

; ardiomyopathy, liver: Ea 

disease, congenital SORE 

nomalies. ‘Adult onset 


-LCHAD deficiency ` 600890 | m Lor e 5- 


TEP deficiency 600890 = Trifonational n 
o 143450 eo 


“Glutaric acidemia type IL =::+231680 Blectron transfer. soa 
HERUNEN : 130410: -flavoprotein (ETF), 
231675: 


ETF ' ubiquinone 


MCAD deficiency HELLP syndrome 


Medium/short-chain <1: 100,000. ae er dis i 
+3-hydroxyacyl- CoA Bes 
dehydrogenase. i 


‘MISCHAD deficiency 6016 


Medium-chain <1:100,000 Catdiomyopath); liver. ; 
:3sketoacyl-CoA disease: i: 
“thiolase EE EES 
she, chain:acyl-CoA | >1:50;000 = Developmental delay s 
id hypotonia, seizures: 


MCKAT deficienc 


SCAD deficiency ‘AFLP, HELLP syndrome `` 


<1:100,000. 


Pinon - Bue’ 2 ; i an ; BEER at 100,000 M 


OMIM, Online Mendelian Inheritance in Man (www.ncbi.nlm.nih. Edari oier fogitdb= OMIM); NBS, newborn screening; AFLP, acute ae liver of 
pregnancy; HELLP syndrome, hemolysis, elevated liver enzymes, and low platelet count. 
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NBS in the US Sudden: | 
Prenatal Diagnosis © (% Births) Unexpected: Death 


: Major. Biochemical Marker(s) ia 


Acute liver failure ``. Low long-chain iy: acids Not reported aS “Not available i+: 
Unum tea tie: ee Rees 
Sean carnitine e (B) erate o assayin. 1/51 states (2% 
SEE ARS amamiocytes, DNA Eee) 
analysis : 
< Enzyme assay in 
amniocytes/CVS 
and molecular 
4 genetics 
; Enzyme assay in. 
amniocytes, DNA Le 
OOo analysis. ae 
Enzyme í ayin ; 


“Anecdotal reports rare 


Fasting intolerance, TE 
“hypoketotie!. 

hypoglycemia : 
‘Fasting intolerance, 


) Not reported - 


“ Cl4:1 acylcarnitine (B) 20/51 states (32%) < Frequent.. 


C16-OH/C18-OH acylearniti 
(B); C6-C14.3-OH. 
dicarboxylic acids Ko 


; 21/51 states (31%) Frequent : E = 


C16-OH/C18-OH T aeylearnith 
(B): C6-C143-OH 
dicarboxylic acids (U) 

C4 to:CI8 acylcarnitines (E 
C10 dicarboxylics; 
ethylmalonic, C4-C8 :: 
acylglycines, o 


15/51 states (25%) Frequent ; 


ae 18/51 states (29%) Frequent ae 


29/51 states (53%) Frequent > 


l 6-C103-OH fatty a acids e “DNA ayi a Anecdotal reports > 


i “hypoglycemia 
Fasting intolerance, i 
hypoketotic 0" 
hypoglycemia: 
Hypoglycemia: 


sae or did: w Not reported necdotal reports oe 


E 8); Enzyme assay. in 

sthylmalonic miethylsuccinic amniocytes, DNA > 

butyrylglycine (U) oes analysis ; iik 
Not reported o 


recdc tal reports 


--2-trans,4-cis-decadienoylcarnitine : Not reported 
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C6-C14 3-hydroxydicarboxylic aciduria (Figure 55-11, F) 
with prominent unsaturated. species, and elevated plasma 
concentrations of C16-OH and C18-OH acylcarnitine 
species (Figure 55-14, G). These metabolites could not be 
found in specimens collected when patients are clinically 
asymptomatic. 


MEDIUM-CHAIN ACYL-COA DEHYDROGENASE 
DEFICIENCY 

MCAD deficiency is responsible for the initial dehydrogena- 
tion of acyl-CoAs with a chain length between 4 and 12 
carbon atoms. First reported in 1982, MCAD deficiency is 
frequently diagnosed in previously healthy children who 
present with hypoketotic hypoglycemia, vomiting, and 
lethargy triggered by a common illness, which quickly 
progress to coma and death. Hepatomegaly and acute liver 
disease are often present. Affected individuals typically 
present between 3 and 24 months of age; later presentation, 
even into adulthood, is possible.'*' The prognosis is excel- 
lent once the diagnosis is established and frequent feedings 
are instituted to avoid any prolonged period of fasting. It is 
unfortunate that only half of the babies born in the United 
States are currently screened for this disorder. 

Early diagnosis is crucial, because MCAD deficiency is a 
potentially lethal disease, documented by the fact that up to 
at least 20% of undiagnosed patients die during their first 
metabolic decompensation.” A common missense mutation 
(985A>G; K304E) has been identified in Caucasians of 
Northern European descent,” which results in reduced pro- 
duction of an unstable protein. 

A defect of the MCAD enzyme leads to accumulation of 
medium-chain fatty acids, which are conjugated with either 
carnitine or glycine.” Analysis of plasma acylcarnitines by 
MS/MS reveals accumulation of C6 to C10 acylcarnitine 
species, with prominent concentration of octanoylcarnitine 
(Figure 55-14, £).’* A potential pitfall of acylcarnitine analy- 
sis in the diagnosis of MCAD deficiency and other FAO dis- 
orders is the possibility that patients with secondary 
carnitine deficiency may not have a significant elevation of 
C6-C10 acylcarnitine concentrations.” Hexanoylglycine, 
phenylpropionylglycine, and suberylglycine are consistently 
detected in urine of asymptomatic patients and represent the 
most sensitive and specific markers of the disease, but are 
frequently overlooked by standard organic acid analysis, 
Proper detection of acylglycines at concentrations of excre- 
tion below 10mmol/mol creatinine requires a different 
derivatization process (methylation or butylation) and 
quantitation using stable-isotope labeled internal stan- 
dards.” A biochemical diagnosis of MCAD deficiency is 
confirmed by measurement of the activity of the MCAD 
enzyme in fibroblasts and other tissues and by molecular 
genetic testing of the ACADM gene; both test methods have 
been used for prenatal diagnosis. 

Detection of C6-C10 acylcarnitines in neonatal blood 
spots by MS/MS is the basis for newborn screening of 
MCAD deficiency.” Identification of numerous patients by 
newborn screening has led also to the discovery of patients 


with only mild biochemical abnormalities and significant 
residual enzyme activity in vitro.” Whether patients with 
such genotypes will remain asymptomatic, even during 
times of increased energy demands, remains to be deter- 
mined either by long-term follow-up or by carefully con- 
ducted fasting challenges. 


SHORT-CHAIN ACYL-COA DEHYDROGENASE 
DEFICIENCY 


First reported in 1984, 133 individuals with short-chain 
acyl-CoA dehydrogenase (SCAD) deficiency present with 
a surprising variety of clinical phenotypes, ranging from 
catastrophic illness in the neonatal period to adult onset of 
skeletal myopathy. Hypotonia, developmental delay, and 
seizures are relatively common findings,” underscoring the 
need of a metabolic work-up in patients presenting with 
nondescriptive phenotypes,” and also the benefits that uni- 
versal newborn screening could bring to patients with this 
and many other IEM by reducing the length and costs of the 
medical odyssey many of them endure. 

When the first step of the B-oxidation of butyryl-CoA is 
impaired, alternative metabolism takes place via carboxy- 
lation to ethylmalonic acid (EMA) mediated by propionyl- 
CoA carboxylase and conjugation with carnitine and glycine. 
The most useful biochemical markers of SCAD deficiency 
are therefore EMA and butyrylglycine in urine, and buty- 
rylcarnitine in plasma (Figure 55-14, C). However, these 
findings still require a complex differential diagnosis. 
Butyrylcarnitine is measured by MS/MS together with 
isobutyrylcarnitine as total C4-species, and the two could be 
easily confused or misinterpreted. The corresponding 
glycine conjugates, however, are readily separated and mea- 
sured by GC-MS. 

EMA aciduria may be associated with several other inher- 
ited and acquired conditions, including (1) glutaric acidemia 
type II (some cases are actually labeled to have ethyimalonic 
adipic aciduria),’”” (2) disorders of the intramitochon- 
drial flavin adenine dinucleotide pathway," (3) mitochon- 
drial respiratory chain disorders,’ and (4) ethylmalonic 
encephalopathy.” Jamaican vomiting sickness (due to inges- 
tion of unripe ackee fruit containing the poison hypoglycin 
A)’ and ifosfamide treatment represent two additional 
causes of ethylmalonic aciduria. 

In vitro confirmation of SCAD deficiency is also chal- 
lenging and should include both biochemical and molecular 
genetic studies, Fibroblasts have been used to first assess fatty 
acid oxidation of palmitate in whole cells and/or the specific 
SCAD activity using butyryl-CoA as substrate, followed by 
SCAD gene sequencing. However, while several pathogenic 
mutations have been identified, molecular genetic testing for 
SCAD deficiency may reveal only two SCAD gene variants, 
625G>A (G185S) and 511C>T (R147W),°* which occur in 
the homozygous or compound heterozygous state in 7% of 
the United States population.” Among patients with mild 
to moderate EMA aciduria, these variants are over-repre- 
sented’; some patients with biochemical evidence of SCAD 
deficiency do not carry any other SCAD gene mutations.” 
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In vitro studies have shown that these variants compromise 
SCAD activity because of abnormal protein folding and 
thermolability, respectively.’ In general, the two common 
variants are believed to confer disease susceptibility in 
combination with other genetic and environmental factors. 


ANALYTICAL CONSIDERATI ONS” coun 


Diagnosis of the disorders discussed above requires the 
analysis of amino acids, organic acids, and acylcarnitines. 
Further details of such analytical’ procedures are available 
on this book’s accompanying Evolve site, found at 
http://evolve.elsevier.com/Tietz/textbook/. Here, we briefly 
describe the assay principles. 


ANALYSIS OF AMINO ACIDS 


Amino acids are quantitatively measured in plasma, urine, 
and CSF using a variety of techniques, which include capil- 
lary ‘electrophoresis, gas-liquid chromatography, reversed 
phase high performance liquid chromatography (HPLC),"*" 
ion-exchange liquid chromatography, and MS/MS (see 
Chapters 5, 6, 7, and 20).” -Currently, ion exchange 
chromatography analysis of amino acids is the most widely 
used method to identify defects of amino acid metabolism. 
Screening methods, such as thin layer chromatography, that 
do not result in positive identification of all amino acids of 
clinical interest lead to errors and should be considered 
obsolete. 


Ton Exchange Liquid Chromatography 

Several amino acid analyzers are commercially available. 
With such analyzers, the sample is applied to a column of 
ion-exchange resin. Buffers of varying pH and ionic strength 
are pumped through the column at a constant rate. The indi- 
vidual amino acids are retained on the resin depending on 
their affinity to the resin, The eluate from the column is 
mixed with ninhydrin reagent, heated to 135 °C for color 
development, and monitored with a flow cell photometer at 
440 nm (for imino acids) and at 570 (for amino acids). The 
sum of the absorbances at 440 and 570 is interfaced to a 
commercial software that stores, calculates, and prints the 
concentrations of the amino acids in reference to an inter- 
nal standard, Peak identification is based on retention time, 
absolute and relative to the nearest internal standard; the 
570/440 area ratio; and eventually spiking with the standard 
solution. Amino acids are quantified by comparing area peak 
ratios with those of an internal standard. 


Sample Requirements 


Fasting plasma (heparin) is the preferred specimen type. In 
newborns and infants blood should be collected immedi- 
ately before the next scheduled feeding. Serum is generally 
derived from blood left to clot at room temperature, a 
process that leads to artifacts from deamination, loss of 
sulfur-containing amino acids due to protein binding, con- 


version of arginine to ornithine by red blood cell arginase, 
and release of oligopeptides. Hemolyzed specimens show 
higher concentrations of amino acids that are found in 
higher concentration in blood cells (taurine, aspartic acid, 
and glutamic acid). 

Analysis of urine is indicated for the diagnosis of disor- 
ders affecting renal transport of one or more amino acids. 
Urine collection should avoid fecal contamination and the 
addition of preservatives. Although a 24-hour collection 
(kept refrigerated during collection) is necessary in a few 
clinical circumstances, it is rarely needed during the diag- 
nostic work-up of a patient. and-should be avoided when a 
patient is acutely ill, especially when of pediatric age. Urine 
creatinine is used for normalization and the concentration 
ratio to creatinine is widely used in clinical practice. One 
potential problem could be encountered in the evaluation of 
patients with unrecognized disorders of creatine metabo- 
lism” 7 in whom a low creatinine excretion leads to 
quantitative results suggestive of a general. amino aciduria 
that is out of proportion with the magnitude of changes 
observed by visual inspection of the chromatogram. Cere- 
brospinal fluid E must. be ‘collected free of blood 
contamination. 


Reference Intervals 


Reference intervals for urine ani plasma amino acids are 
listed in Table 56-2, Chapter 56. 


ANALYSIS OF ORGANIC ACIDS 


Capillary gas chromatography-mass spectrometry is being 
used to separate and measure the trimethylsilyl (TMS) ethers 
of organic acids. A capillary GC column is used that contains 
an immobilized nonpolar stationary phase. Organic acids 
are detected by electron impact (EI) mass spectrometry 
performed in the scan mode m/z 50 to m/z 550 to obtain 
mass spectra. Identification is by comparison to a library of 
spectra generated by analysis of pure standard compounds 
integrated by published spectra, when applicable. 


Sample Preparation 

Organic acids (OA) are extracted from urine by liquid-liquid 
extraction. A volume of a random urine specimen corre- 
sponding to 0.25 mg of creatinine is used. For analysis, urine 
samples normalized to creatinine concentration are first 
mixed with the internal standard solution (100uL). Then 
2.5mL of ethyl acetate are added and mixed vigorously 
before centrifugation for 1 minute. After transfer evapora- 
tion, organic acids present in the dry residue are converted 
to their corresponding TMS ethers by addition of 100 uL of 
BSTFA/1%TMCS, and allowed to react in a heating block for 
30 minutes at 80 °C. After cooling at room temperature, 
specimens are analyzed. 


Reference Intervals 


Age-matched reference intervals of selected organic acids 
and acylglycines are listed in Table 55-5. 
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TABLE 55-5 Reference Intervals of Selected Organic Acids and Acylglycines in Urine (mmol/mol Creatinine) 


a 1-6 Months i 6 Months-5 Years ri S5 Years 


: 1097 i 2 eee te 
nd-1 
04-2 
0.1-8 
104-268 
nd-0.05 
0.4-17 
4-45 
0.5-13 
nd-184 550 
“ind l(a tls 
O16 ee 
radda sven esd Od tee 
Eo S GeO Dal: 


à Hydroxy phenylpyruvic acid © 
Isobutyrylglycine* 
: Isocitric. acid 


Sebacic acid.. 
Suberic acid 


359-2644 185+ 


nd, Not detected. 

*Measured using a stable isotope-labeled internal standard. 

TIC detection limit: 0.1 mmol/mol creatinine. 

SIM detection limit (with stable isotope labeled internal standard): 0.01 mmol/mol creatinine. 
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TABLE 55-6 Acylcarnitine Reference Intervals in Plasma 
0-7. Days (N= 143): (N= 2677) (N= 834) 
Median 5-95%ile Median 5-95%ile Median 5-95%ile 
(umol/L) 


Acetylcarnitine 837. 2.82-19.67 (1045 | 4,.70-33.66 8. 3.29-25.72 
Acrylylcarnitine = 1o 001. 0.00-0.03 - 0.01 0.00-0.03 Ôi 0.00-0.03 
Propionylcarnitine : Eo 34 0.07-1.85 0.49 0.17-1.27 ; -0.17-1.49 
Iso-/Butyrylcarnitine o 0.27 013-070 031 —  0:16-0.74. 0.30 0.15-1.05 
Tiglylearnitine | GS; 20.01 0.00-0.06 0.01 0.00-0.05 -= 0. 0.00-0.10 
Isovaleryl/2-CH; 0. -0.04-0.42 0.15. 0.05-0.44 ; 0.06-0.51 

butyrylcarnitine Se ae 
3-OH butyrylcarnitine . 0.01-0.15 0.04 0.01-0.29 : 0.01-0.19 
Hexanoylcarnitine : 00 0.01-0.49 0.06 0.02-0.20 0, 0.02-0.21 
3-OH isovalerylcarnitine 0. 0.01-0.15 0.02. 0:01-0.07 ; 0:01-0:19 
Heptanoylcarnitine = CS 0.01 0.00-0.05 0:01- — 0:00-0.04 01 0.00-0.06- 
; 3- OH hexanoylcarnitine — = 002 — 0000.07 0. B 0.01- 0.06 B: 


Tetradecanoylcarnitine ee 0, ae z ee: =Q; 
3-OH tetradecenoylcarnitine C14: E OH 0. EH 0. 01-0.08 WO2 0. 01- 0. 05 3.02 = 0.01-0.07 
3-OH tetradecanoylcarnitine  C14-OH 0. 0.00-0.06 0.0 0.00-0.03 0, 0.00-0.04 
‘Hexadecenoylcarnitine GIGH: ; 0.01-0.24 ; 0.01-0.10 ; =0.01-0.09 
Hexadecanoylcarnitine i G16 07 0.05-0.67 : 0.04-0.23 : 0.04-0.21 
3-OH hexadecenoylcarnitine C16:1-OH. 0: 0,00-0.30 : 0:00-0.05 F :0:00-0.04 
3-OH hexadecanoylcarnitine Cl6-OH ; 0:00-0.08 H 0:00-0.03 ; 0:00-0:03 
Octadecadienoylcarnitine: G18:2 É 0.01-0:12 : 0.02-0.16 ; 0:02-0:15 
Octadecenoylcarnitine C18:1 : <= 0.03-0.38 : 0.05-0.35 - 0.04-0.33 
Octadecanoylcarnitine - C18 ; 0.01-0.20 f 0.02-0.11 : 0.02-0.10 
3-OH octadecadienoylcarnitine  €18:2-OH = 0: 0.00-0.04 i 0.00-0.02 ; 0.00-0.02 
3-OH octadecenoylearnitine —- E18:1-OH 0. 0.00-0.04 : 0.00-0.03 i 0:00-0:03. 
3-OH octadecanoylcarnitine €18-OH . = 0.00-0:03 E 0.00-0.02 . 0:00-0:02 
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55-7. Acylcarnitine Reference 


0.00-0.03 
0.01-0.13 
0:00-2.06 

< 0.00-0.24 
0,000.37 
0.00-0.03 
0.00-0.02 
0.00-0.02 í 
0.00-0.03 
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TABLE 55-8 Acylearnitine Reference Intervals in Postmortem Blood and Bile Dried a 


oe _BLoop. (N= 
Median ; 


EEEE 
‘Acrylylcarnitine 
Propionylcarnitine `. Se 
Iso-/Butyrylcarnitine. 
Tiglylcarnitine. o 
‘Tsovaleryl/2- “CH; bu AEE i 
3-OH butyrylcarnitine.. 
Hexanoylcarnitine. che 
3-OH isovalerylcarnitine 
‘Heptanoylcarnitine KERR, 
exanoylcarnitine ; 


Mett ylmalonylcarnitine 
-3-OH decenoylcarnitine 
-Glutarylcarnitine (3-OH C10) 
-Dodecenoylcarnitine 

‘Dodecanoylcarnitine 

H dodecenoyicarnitine 
-OH dodecanoylcarnitine 
eti decadienoylcarnitine 

etra cenoylcarnitine 


3- OH hexadecenoylcarnitine Pipette ie NBD OH 
3-OH hexadecanoylcarnitine :: <: C16-OH 


More tite 


Octadecadienoylcarnitine :./ 32 23.0». 
Octadecenoylcarnitine 2 C18:b 
Octadecanoylcarnitine C18 
3-OH octadecadienoylcarnitine... `; C18:2-OH 
3-OH octadecenoylcarnitine. C18:1-OH 
3-OH octadecanoylcarnitine ` C18-OH 


ANALYSIS OF ACYLCARNITINES 

Acylcarnitines are quantified by MS/MS, with their profiles 
playing a critical role in every clinical application of bio- 
chemical genetics: prenatal diagnosis, newborn screening, 
evaluation of symptomatic patients, and postmortem 
screening. As with other complex metabolic profiles, it is 
critical to complement analytical proficiency with in-depth 
interpretation of results and informative reporting. 


448 ye 
$- 9 ile : E 


- 0.55-8.01 )7 
0.79-14.49 A, 
0.02-0.21 
0:18-1:73 

0,35-6.25. 
-0.12-1.58- 


0,04-1.97.... 
0.04-1.53. 0205. 
0:03-13.50.. 
0.08-7:40... 
0.04-4.86.. 

0.03-2.28. 

0.04-9.4s 


0.04-3.81. 


; -0.04- VAs 


= 0.02-0.24 

0.01-0.12 0.27 s OOZES 
0.03-0.55., 0.22, 0.03-2.93 
OLILE 00,38. ::10.07-3.75 
0.1 21.3450 0.36.  0.06-2.13 
0,01-0.08 0.09. 0,010.55 
0.01-0.11 0.10.2... 0.02-L.01 
0.01-0.10 0.07: -0.00-0.66 


Electrospray Tandem Mass Spectrometry 

With electrospray ionization tandem mass spectrometry 
(ESI-MS/MS), the liquid sample is introduced into the ion 
source through a capillary tube and exposed to a strong elec- 
tric field and a counter flow of nitrogen gas, which in com- 
bination produce the electrospray (see Chapter 7). The 
solvent evaporates and eventually desorption of charged ions 
occurs into the mass analyzer. ESI occurs under atmospheric 
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pressure, allowing efficient ionization, whereas the mass ana- 
lyzers operate at very low pressure. The combination is pos- 
sible by introducing the ions into the analyzers through a 
very small orifice (<lmm) and using powerful vacuum 
pumps. 

A data file is generated for all ions with precursors of m/z 
85 within a mass range of m/z 250 to m/z 500. Profiling of 
acylcarnitines as [M+H]* molecular ions allows identifica- 
tion, automated calculation of quantitative and semiquanti- 
tative concentrations for each acylcarnitine species against 
the internal standards, and comparison with age-appropri- 
ate reference intervals. 


Sample Requirements 

Carnitine and its esters are physiologically present in all bio- 
logical fluids. For diagnostic purposes, acylcarnitines were 
first measured in urine” until plasma/serum became the pre- 
ferred specimen types in diagnostic settings*’’* and blood 
dried on filter paper for newborn screening.” However, 
urinalysis could be valuable in the investigation of patients 
with inconclusive/borderline urine organic acid and plasma 
acylcarnitine profiles, and useful in the selection of further 
in vitro investigations. Bile is analyzed postmortem in the 
evaluation of cases of sudden and unexpected death.™ Cell- 
free supernatant of amniotic fluid is used for the prenatal 
diagnosis of selected IEM.''*"** All sample types, with the 
exception of blood and bile spots dried on filter paper, which 
can be sent at room temperature, should be kept frozen until 
analysis. Long-term storage at room temperature causes 
progressive losses; degradation of short-chain acylcarnitines 
happens faster than long-chain species. 


Reference Intervals 


Acylcarnitine reference intervals are listed for plasma in 
Table 55-6, for urine in Table 55-7, and for postmortem 
blood and bile in Table 55-8. The last two are calculated as 
the 5 to 95 percentile range of all postmortem cases previ- 
ously investigated in our laboratory. 
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TABLE 56-1 Reference Intervals and. Values 


nd ‘Determine Reference Intervals i in: the Clinical La 0 rato 
textbook, individual laboratories should pear thei 


= Cerebrospinal fluid 
; Ethylenediaminetetra 
<= Fluoride ion ; 
-Fluoride ion & oxalate: 
Heparin E 
Occupational exposure 
Oxalate 
Plasma 
: Platelets : 
Red blood cells 
Serum oo 
“Saliva 
: $ -Urine : BE 
“Whole blood 2200.0 
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TABLE 56-1. Reference Intervals: and:Values——Continued 


RENCE INTERVALS 


glycoprotein 


mmol/mol: 

creatinine i 
TEI 
10-9725 
10-97), 
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TABLE: 56-1 Reference Intervals and Values—Continued 


REFERENCE INTERVALS. 


ewborn pee 
dult (0800-0900) <120 


Premature, Iday: 
= Newborn, J day. 


59,3-32 
484-233. 
-44.0-169 


0-4 days: 

4 days-14 yr 
14-18 yr 
Adult:(20-60:yr) 


AA 25 mohó yr 
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TABLE 56-1 Reference Intervals and Values—-Continued 


“REFERENCE INTERVALS ` 


Conventional. Conversion ~ Petit ake e 
Condition = Units. Factor SE Units 


~~ Cord blood: 
“Premature infants 02" 
Fuill-term ‘infants 
3 days 
Liwk 
1-12:mo 
1-2:yr 
2-10.yr (supine) 
2-10.yr (upright). =: 
10-15 yr (supine) = 
-29°10-15 yr (upright): 
Adults! 82.08 SRE 
(supine 2 0,08-0.44 A 
90,190,830 EA 


0.74-20.4 0 


<LH i 
0.19-1.11 


Ammonia nitrogen N/dL n umol N/L »- 
ee : 0-15¢ 64-107." 
56-92 `: 
27350 2 
-mmol N/day aa 
40-2070 


a Child, prepubertal 210-60 oe 
Adult, M 260-1500. 
Adult, F. 60-300 ee. 


: ng/dL 

Child, prepubertal <5 ; 
‘Adults 75-205 
Adult;-F 

<i postmenopausal: 


Continued 
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TABLE 56-1 Reference Intervals and Values- Continued. 


‘REFERENCE INTERVALS. 


ee 

Adult (20-60.yr) °° 90-200: 
nS en mg/dL 
109-172 


GAB yr E72 26 1 Soe TE E 
“Adult e i ARGAZ Egg gg 
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TABLE 56-1 Reference Intervals and Values—Continued 


_ REFERENCE INTERVALS 


PAIS a | Conventional Conversion 
Hi Specimen; iii. -i Condition Units <i o Factor SI Units 


mg/day iie ` pmol/day 


10.days-7.wk <1.2 B74 <7 
3:12 yr <5.1 Saar <29 
Adult 550.2 eT e988 
mg/g creatinine - 3 mmol/mol 
creatinine 
ae Adult 0-4 0.65 °° 0-2.7 
Arsenic EEOAE EAA ug/L i pmol/L 


2-23 ` i 0.0133 - 0.03-0.31 


Chronic poisoning 100-500 . 1.33-6.65 
-Acute poisoning 600-9300 n a ~ ° 7.98-124 
a ug/day co pumol/day 
5-50 l 0.07-0.67 
rbic acid (see Vitamin C) 
Se IPSS Oo Nag a A CA mgd. o> pmol/L 
AN mo aai 008-044 75.7 6-33 
SO moc yr 0.95190 72-144 
ANGIR yee A 0.42-0,.82 32-62 
Adult i i o h 0,40-0,91 30-69 
; DaT a -> > mg/day umol/day 
U, 24h Adult es A i 4.5-13.2 7.57 34-100 
N OET mg/g creatinine mmol/mol 
poeta f piy creatinine 
Adult 0 2-10 0.86 1.8-8.6 
S E E Pa UL, ukat/L 
DSGi UL Adult male © 5.. <35 < 0.017 <0.60 
<9 50: Adult femal <31 <0.53 
Pee, po tt Smefdb = 0 pmol/L 
“Premature, 1day ©- | 0-039 70) 775.1 0-30 
Newborn, 1 day. : 0,21 oh . <16 
1-3 mo >. 0-0.15 a Eg 0-8 
9 mo-2 yr <0.12 Papen; <9 
19 mo-10-yr <0.27 : <- <20 
6-18 yr <0.19 ee : <14 
ae Sale Aduit <0.32 i <24 
WU, 24h mg/day umoi/day 
: 3-12 yr <5.1 7.51 ; <38 
Adult <26.2 <197 
mg/g creatinine mmoi/mol 
creatinine 
‘Adult 0-4 l 0.85 0.1-3.7 
mmol/mol 
- creatinine 
<1. 
“mmol/mol 
; 5, creatinine 
“0-7 days se TIR ease Aes 0.00-0.05 
Sl 8 days-7 yr aa 0.01-0.37 
“a7 ypesle Sa ete Ge 0.00-0.04 
E TSS oo el umol/L 
-. Negative o. None detected 0.111 None detected 


Toxic . eee 2 >20 >2,22 
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TABLE 56-1- Reference Intervals and Values-—Continued 


‘REFERENCE INTERVALS |. 


-... Conventional : Conversion 


Condition Units. Factor “SI Units 


mg/dL oy A] ooo umol, ae i 
Cord (premature) QO AT Ae OE 

Cord (full term) 2.022) EEE 9 

0- 1-day (premature) 1.0-8.0 

0-1 day (full'term):->".2:0-6.0 

1-2 days (premature) ©: .6.0-12.0 

1-2 days (full-term) 6.0-10.0 

3-5 days (premature). :-10.0-14.0 = 

3-5 days (full-term) 4.0-8.0 ©: 

Adult 0-2,0 iia 

veal : Negative. 

28 wk Ñ 220,075... 
; oh Pataca AAaso < 0.048 p h e 
"40 wk A e09S ot et eet 

Me cit NA ee O02 ees 
: Bg REL 100002 EU 
‘Deficiency Perce 


“Negative = : 


at e 44-5, Chapter 44.) : 
: ; es mmol/mol- i 
creatinine 55.5: 
0.1-2.0 


ES + pg/L nmol/L 
C i t Nonsmokers ©: n 1 0.3-1.2. 5 8.897 2.7-10.7 
“Smokers Se i ini t 000.6-3.9, . 5.3-34.7 5:5, 

gee oe LS pg/L : pmol/L. 
‘Toxic range l 100-3000 0.9-26.7 
RECAST N pgm Ce ngi ee 
Men ye ni <8i8 se? 1.0 <B.8 GiS 
Enui Women cS eg fn <5.8 TPS 
-H Athyroidal 800500555 <0.5 60 60.5 SER Ee 


Calcium, ionized: (free) 


SamgfdL OTS A e mmol Men 

A653 0.25 ` ALASE n AEE 
E ADAVAN Umgi@h 72S immoli o 
AS Adults ae BGAR oo O25 A Eia i 2.152,55, iin 


DRIN ‘Adults 


10-85 C8 0.0186 t 0,19-1.58 - 
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TABLE-56-- Reference Intervals: and Values—Continued 


“REFERENCE. INTERVALS 
: Conventional 2 


Conversion 
J Units ; 


actor ies SI Units.. ] 


nie Condition 


Newborn EEGUN E 3.59-5.32 
Infant a 8 BOLB A5 n 
Adult M i EEE 4 66-6,38 2 
“Adult E Ses SA 265,99 © 


: “mmol/L ; mi 
Ban E y AS 
23-29 i ia 
60 yr 23-31 > 
SEES 00 yr NE 20089 20-29 - 
P Capillary: iii > Premature, Lwk 000) 14-27 E 14-27 
a Newbom i ra iii i o y B22 ees 13-22 
n Sinfant a 20-28 5 
“Child = 20-28 
ies 


= Adult 


Whole blood © a SHOUD ols 
Arterial: 


i 19-24 
‘Venous . ae 


22-26 
arbon monoxide WB (EDTA) 2720500 USAI aUt 0% HbCO HbCO Fraction 
Bee : g :Nonsmokers. ae ee 0.5-1.5 i : 0,01 0.005-0.015 
: Smokers a EES SRA cae ; 
pad? nee Sa A 0.04-0,05 
-- 2 packsiday. 5; 
Toxics en 


B EE 0.08-0.09 


S120. oor. 
>0.5 
wa 
<5. 


onic antigen (CEA) Serer eas 


“2s Nonsmokers 
`. Smokers 


T Adults ASSL ee ere a i pmol/L ta 
Supine (30 min) 23565022276 oe 78 A 
Sitting (15. min) ON oe cree Sea 
Standing (30 min)... °-<90 Shug oneal, oA 

Adults pg/mL SHA Hayy's pmol 
Supine (30 min) 1105410 0 SOS 650-2423 
Sitting (15 min) 120-680 : REEL 8 1709-4019 
Standing (30 min) 2125-700 0020000000000. sn A 739-4137 

Adults palm EA pmol | 
Supine (30.min) ia Na TERTS TEREN 

eee Sitting (15 min) EATS 

“hess Standing (30 min) - ERAT Sos 
; --mmol/day iii 

iF Beate 

0233.2 TR 

1:55 

1-55, 


SAGE yr 
EELZ yE 
EARRA yr oy EAAS 
AEU MJ yr EAS 
Erop aS 
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TABLE 56-1: Reference Intervals: and Values—Continued: 


REFERENCE INTERVALS 


TEE S < + Conventional : Conversion 
Specimen...» Condition —-; O Units- Factor : - SI Units 


10-15 yr 05-20 2.2 
‘>15 yr: $ 0.5-20 - 
f S Hefday iii 
O=Lyr 0-10 
1-2yr 1-17 
2-4 yr 4-29 
4-7 yr 8-45 <1., 
7-10 yr 13-65 `; 
10-15 yt ee ese 1580 ace 
SHS yr TER bs: | amr Sidi 890878 os oo 
ee yri y ees IS gga AT 9.585 2 
L-2yr 0 Boa TORAO oi OME aS 5 65-914 ` 
BE Qed yr. 4 AION Sg es “5261-1697: 
HINANTIN -Jyp e t a Det E5400 T ES 424-2612 0°. 
A elo yr UAS $ 65-4000 A i . 424-2612 `: 
KE JOIS ye A V 65400, 0 ai 424-2612 
RSIS yrs 65-400. A Rn AES 424-2612). 
Cord (term) < 60550-33005 2° 0.001 -0.050-0.33 
cti Birth-4 mo io. 0-5 150-560 >. 0.15-0.56 
ce 5-6 mo ci i | 260-830 ` 0.26-0.83 
30 7-36mo 0. 310-900 > 0.31-0.90 
4-2 yr i n i 250-450 o; 0.25-0.45 
11013-19 yr (male) = = 5150-370 0.15-0.37 
-113-19 yr (female) _ 220-500 > 0.22-0.50 
~. Adult (male C o. 220-400 D 0.22-0.40 
Adult (female) no... 250-600 > 0.25-0.60 . 
3: $ contraceptive » ; ai 
Adult (female) > ©- ° .270-660 ; 0.27-0.66 
LiT contraceptives -50s 00 ty i : ee 
0. (estrogen) . ak 
Adult, pregnant -` |: -300-1200 NS ; : 
Thunu ifemale iii. mgdL i renin B -ug/L — 
+ Adult (20-60 yr) 20-60 © 0.01 0.2-0.6 - 


is E E co MNQIL: Va 8 age? seas en oe mmol/L i 
‘Cord. 96104 ii LO 5 5196-104 
Premature 95-110 a 95-110 0 
0-30 days 98-113 fg heh b hh BLS 8 
Adult 98-107 98-107 
>90 yr 98-111 Se 98-114 

. mEq/day 00 o mmol/day 
Infant PWD ve apts Fes EA L 

Child <6 yr exe mee ne a e ABAO ae 
Selo ys ReGR pire a E 
EE MERET Sua 36-110 00i 
MBA pan eh eI nn 
“10014 yr ry Doce 


ja BG M10) 
ee eae A 


EL BAG ss 64176 AS 
Rose che Sg) gg ve 36173 cs 
OOS Adult po 0208 110-250 Se 58 110-250 2. 
ASEO JE o i ORL i: 70 (Seg aN 95-195 
POS eae he has t Bg g SS, 2 <5 mmol/L +i: 
sis) Normal 909° °5-35 a 5-35 

` -Marginal -0 30-70 ! 30-70 

-, Cystic fibrosis “60-200 60-200 


ook. Sweat noii 
=" jontophore: 
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TABLE 56-} Reference Intervals and Values—Continued. 


ee ee ee TEENE E 


“| Goronary heat 2 
A Ghid iiig i Desirable fio 
T a a Borderline high `. 

-High 
Desirable 
‘Borderline high 
High 


Cholinesterase (37 °C) 
: : Male 
Female 


Chorionic: 
molec 


“Female 


Awe 
GAURIS wk esos 
eG wI eS SOS 


“Sth-95th percentile - 


4-203 os 


YIB-19L 
SE 119-208 2: 
18-212 oo 
921-237. 
930-234 D AR 
TARBO- iE 
142258 oo 


7170-199 von 
:->199. 


1200-239 AS 


Male :&nonpregnant :.:, 
female RER 


i “Conventional : -Conversion 
u Units 0i Factor. 


_: ;: REFERENCE INTERVALS 


“SI Units. `- 


142-200 : 
125-189 
131-197 
124-204 
125-205 


139-249. 
50-260 2s 
1M62259 8. 
Oe DOBDTS h, 
148-268 
25156-2743 
251632281 5: 
2161-280 
vi 167-294. 
“163-287 
5172-300. 
11166-288.: 


167-291. 


Pet 444-265 20 
oP 109280. - 


<200 


>239 ` 


U/L 
40-78: ` 
33-76 |. 


mIU/mL 


oe _ Pregnancy (weeks : y GEN 
ae Hof. gestation) ae pate ae 


0: 


~10,000-80,000 ``: ; 
©90,000-500,000 2 


BOE teens 


SASA O YTA 
51200-3000 9 

+10,000-80,000 >. 

90,000-500,000 ``- < 


T 
‘+ Sth-95th 
“percentile 


2.96-5.26. ` 


:2,90-5.18 = 
3,23-4,89, : 
:3.39-5.10.: 
1 8,21-5.29 
1324-531.) 
a 3,0624.95 20 
2308-539 20 
53,065.49. 
3,146.14 i 
“5° 3,37-6.06.. 


3.37-5.99 220 
3,68-6.68. 02 
3.45-5.87. 
3.81-6.92 AE 
3.60-6.45 055 


13.89-6.74 0 


3.78-6.71 
4,22-7,12. 
3.83-6.94 = 
4.04-7.10 
4.22-7.28 
4.17-7.25 
4.33-7.61 
4,22-7,43 
4.46-7.77 -- 
4.30-7.46 `. 


-4.33-7.54 


3.73-6.87 
4.48-7.25, 0 


Ree © E ee 
114.40-5.15 OS 
“35.15: 
S e518 7% 
nA 5.18-6.19. 
"6.197% 
os) pkat/L 
„70.68-1.33 ` 
‘0.56-1.29 
JUL ee 
ESA 
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TABLE 56-1 Reference Intervals and Values-——Continued 


REFERENCE INTERVALS 


sea a eae. Conventional — Conversion 
=<: Specimen. - - Condition l Units Factor Si Units 


nadotropin intact moleċule—contd +. 


15-26 wk 5000-80,000 © i... = `: 5000-80,000 


27-40 wk 3000-15,000 .. 202-2 i 3000-15,000 
: Values based on the Second International Standard 
i for. CG. E AEE a 
Trophoblastic disease ` :>100.000 0ni Ri =i >: >100 000 
Negative Ses A il Negative 
One half of 0.0.00 i One half of 
pregnancies che? "*, . : pregnancies are 
are detected >. -c.: > “detected on the 
on the first day. “0: i first day of the 
of the missed “0. 5 `i missed 
~ menstrual : - `: menstrual 
period > 00 : ‘period 
See AE ie RE et ey ore gb o o: Š ' nmol/L 
WB (Hep) 2000 oa 0.7-28.0 > > 19,23 ` "14-538 
a E SE OE: 2 Ss ee 
a, EN ba ie ade ty ene BV” 25, nmol/day ; ` 
PU, 24 brip A A n A A OL20 1:9-38.4 
E E ee et nmol/L 
; RBC GUINES Beia io eet ia EE 120-36 384-692 
“Chymotrypsin (372C) F pai can l 12 U/g stool 1 12 Ulg stool 
trans-Cinnamoylglycine E aa E mmol/mol 
SESE vt creatinine 
0.1-8.0 
mmol/mol 
; pan ; creatinine 
0-1 mo te : <1046 
1-6 mo gach oe RAT 104-268 
6 mo-5 yr ae rep 0-656 
>5 yr. 87-639 
pg/L l nmol/L 
-0.11-045 °°» 16.97 1.9-7.6 
1-2 Ma” : 17.0-34.0 
pgg 5 . nmol/kg 
16-46 a 272-781 
mg/dL a g/L 
pia Adult (20-60 yr) 90-180 0.01 0.9-1.8 
Complement e” IE mg/dL 3 : g/L 
SER Adult (20-60 yr) 10-40 0.1-0.4 
Copper g/dL -© pmol/L 
i Birth 6 mo 20-70 BO O57 ia a 3.14-10.99 
Deficiency <30 ae es 
6 yr 90-190 -i A 14.13-29.83 
yr 80-160 5i 2 12.56-25.12 
“Adult NC T ae Cie e ae ST 
Male : J 290-140 Fire 10.99-21.98 
Female 80-155 5 n 5 12.56-24.34 . 
: =, + Deficiency : 50 Baas a 8 o£ 
Pregnancy, at term. ` - 118-302 18.53-47.41 
* Blacks n ` Blacks 8-12% higher Blacks 8-12% 
AA higher 
U, 24h Adults <60 ug/24 g 0.0157 1.0 umol/ 24h 


` Wilson’s disease >200 ug/24 hr >3 pmol/24 h 
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TABLE 56-| Reference Intervals and Values-—Continued 


REFERENCE INTERVALS 


` ` Conventional `: Conversion aa 
Units 2 Factor © -S1.Units 9. 


"Specimen Condition 


sisi pgd iaa ee ame 232: 
i eS ea tae 0800 hr DELE O76 AT hd on 
pues “1600 hr SIVA Nc EENAA 17 A Beye 
` pgm ohooh amo L 
0700 hr I S TS E P EEE, E E 
2200 br 0.7-2.2 HUES EEE E cy 
Hgiday 8 es oe nmol/day 


Child E i 
1-10 yr 2-27 S ra ar RACES 27 | 
2-41 yr Ne) Gr} ATAMA N VERAT AA A A | | Au 
11:20 yri PBS S E S EYD 
12-16 yr PR aa i n a aah 6108 5 
~ Extracted 220000 CAR A B NAA CT B5-248 fee: 
Unextracted A T5 270 Se 207-745.. 


Soa CARO ppg AY nmol/L ioi 
“ts Cord blood 2:05.) p SIP 2 ee 7.6 138-469 
Enfant (1-7-days) Si a 2 E n 55-304... 
‘Child (16y oe earth 
SA OOO WE Sees SOT at i 83-5805 
Adal noa AR T A aii 5 
0800 hr 5i t 235-23 138-635 
1600 br os 3-16 83-441 
=: 2000 hr. >> >. : <50% of 0800 values <50% of 0800 
ne Be Bea Eas values 


ree wa ee V h mg/dL es mg/L 
Adult (20-60 yr) pee eS. 2 7 10 <5 


s a em oe mg/L 
: wel A American males °° /:0,3-8.6..5° 5010 0,3-86 i 0. 
White American <04 tė 0.2-12.3 0 iei 0,2-12,3; he 
oo males Up age aoa E Bae eS A Re E 
African American. 0s 0,1-8,2 000 OSA 0.1-8.2 
Mexican -. 0263 0 Se 8s ee 00246,3 
~ American males: BEGETS site ees ae 
European males 0.3-8.6. A EE ce eae 0.3-8.6 
Japanese males <7.8 : 78 
American females 0.2-9.1 E ae ` 0.2-9.1 
European females 0.3-8.8 i : 0.3-8.8 


Creatine kinase (CK = ae PREIS Se U/L : Sorici ukat/L 
PEGI E EE, Male 46-471 A 0.017 220522, .0,78-2,90 
oe P ULES Female 34-145 Me <=: 0.58-2.47 
“5.0 pg/L S 


K <0.0 


Fraction 2 (MB) <5:0 ug/L 
>: Relative:index 3.9% 
-2 MB/Total CK pees 


aia =y Total a 

PV CKE3, oe i 42-75 ; igen 
eA CRB, oe Ey SUB BL Oa ee 
ED 0 he 0 os S? os 


0.42-0.75 
0,18-0.51 222 
0,02-0,14 2c 52 0: 


Continued 
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Condition = <- 


0- yr: 
2-5.yr 
6-9.yr 
10yr.: 
Adult male 
Adult female 
-Cord 
2 Infant! 2 : 
Child: 
-Adolescent ©: 
” 18-60 yr 
< Male 
iv: Female + 
60-90 yrii 


Oye A n 
. Female 


Chil qi 
“Adolescent 
-S Adult 
in ` -Malė 
: Female 


Men ; 
`: Premenopausal 
women 


Men aioi 
Premenopausal 
women 


Nonsmokers 
Smokers 
Nitroprusside : 
“therapy 


ee Toxo shih 


122-6 ho.: > 

` 3-10 yr 
-6-18 yr 
Adult 


- Conventional 


‘REFERENCE INTERVALS | 


= Conversion 


Units . ‘Factor 


i51 0,04-0.33 00. 


. 0.6-1.2 ° 
-Newborn (1-4 days) ~; 


03-07 °: 
< 0.5-1.0 


“09-13 
| 06-11 
Male ivana SORTS ee DECEO 
ay aby a ee 53-106 - 


LOL 


14-26 
-11-20 


ng/L 
<.  <1009 
|, <574 


without 


Ta mg/d = = 

-0.54-1.02 
i 0.43-1.01 
“0.15-1.15 


oar Premature, 1 day : $ 
“Newborn, 1 day... 


< 0.54-0.92 
0.43-0.70 


: SLUnits ~ i 
mgldb 8.2 


0.04-0.45. 
0.20-0,52 
0,22-0,59 5i 
0.62-1.10 0008 
0.45-0.75 . 
mg/dL 


0.3-1.0 
0.2-0.4 © 


0.6-1.3 ` < 53-115 
mg/kg/day pmol/kg/day 
8-20 ` 71-177 

8-22 71-194 

8-30 71-265. 


8.84 


124-230 
97-177 


20 61009. TE 


mg/mol mg/mol creatinine 
creatinine 
0-505 


0-476 


+ 0-505 
` 0-476 


; .. pmol/L 
TT 
oa <154 

2. Up to 3850 


mg/L 
<0.2 

<0.4 

Up to 100 


38.5. 


‘toxicity, ` oe eta se Sey 


0.64-0.97 ` 


0.40-1.40 
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TABLE 56-1 Reference Intervals and. Values——Continuied 


“REFERENCE INTERVALS °° 00 


Conversion 
Factor. 


“10 days-7:wk 
3=12:yr 
Adult 


Adult 


Umo yL aia 
0.02-0.51 
0.04-0.44 > 
0.03-0.58 
A E E patie te ; EEEE ee umol/L .: 
WB spots ARAG Uu TAi E reac ee en ate 0.02-0.37 
Bile spots E UAE 0.05-6.47 
Una eS ua EAEE A mmol/mol : `~. 
creatinine 5.5 
0.01-0.08 22s. 
0,00-0.21 2000. 


aiaa 
<; y creatinine 


Continued 


2266 Section VII Appendix 


REFERENCE INTERVALS : 


` Convent nal ‘Conversion EE: 


Specimen Condition 


1mo:5yr M 
imo-5:yr,F 
6-9-7565 M 
6-9 yr, F 
10-tEyr: 5M 
10-11 yn, F 

i 12: 174M 

“2-IZyn PR 

` Pubertal levels, 


165-500 
2575-930. 


ae Moe 2125-619. 
: Ne aoe 8 CEES 5.380 Sele 
SA nB 1350 ya, M55 2532 68 
ae SSO yp Bac 
Prete 51-60 yr, M 


Post menopausal P` 


RN Premenopausal 

i women 
Dihydrotestosteron 
; Child, prepubertal 


Adult, M 
Adult, F 


_ WB spo EE 0070.61 
Bile spots n Ti a o Ee aTi 0.08-7.40. `` 
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TABLE 56-1 Reference Intervals and Values Continued 


" REFERENCE INTERVALS 


Hab asians oe "Conventional Conversion 
Specimen’ Condition ©: Units Factor S! Units 


. mmol/mol 
A; :¿ creatinine 
*0-7-days ; : ip 0.01-0.10 

8 days-7-yr MIMARA at at See OOO AG 
>Zyr EGE Bt ODS 0.00-0.02 


Dodecenoylcarnit een : aeS i.. pumol/L 
; 0-7.days 2 ith he ie i. 0.01-0.29 
<18 days-7 yr nee Boa 0,01-0.19 
OSL YI fy Spa ots < 0.01-0.21 
EE eset ie RE mol/L 
WB Spois o VAATA oy Soe fa 0.01-0.13 
pe Bile spots 000/02. T a ` 0.03-13.50 
e A mmol/mol 
SE Galore tans ; SE creatinine 
O27 days i L a 0.00-0.03 
8 days-7yr eina E í 0.00-0.07 
Egyp ER 0.00-0.01 


oa - Normotensive adults pg/mL, = nmol/L 
ERM ry ©. 1042-2366 | 0.0051 5.3-12.0 


674-2636 . 0.0059 4.0-15.7 
:-(3,4-dihydroxyphenylacetic l 

aD a 
DHPG Í Se A E e e 2 797-1208 0.0059 4.7-7.1 
3,4-dihydroxyphenylglycol) a Pe SPE ae Maly Moa eas SI 


U/mL kU/L 
<401 1.0 <401 


_ pg/mL pmol/L 


oo Children `: U i ee 
he es Gree . 3-10 .. 3.69 11-37 
S25 yn, Bo > 5-10 a. 18-37 
S6:9.yR Mo 310 11-37 
6-9yr Bo BOO 18-220 
10-11 yn M ~ 5-10 l i 18-37 
10-11 yr, F > 15-300 18-1100 
12-14 yr, M 5-30 - 18-110 
12-14 yr, F 24-410 l 92-1505 
15-17 yn M 5-45 : 18-165 
12-17 yr, F 40-410 147-1505 
Adults : i 
M 10-50 o e 37-184 
a . 
Early follicular 20-150 — SE 73-550 
phase ae ; DoE . 
Late follicular ©." :. 40-350 ate 147-1285 
Ba phase 0 oer : 
tee Mideyglei t 0i n 150-750 | ©. , 550-2753 
Luteal phase. 5:115 30-450 2 err. o 110-1652 - 
1A Postmenopausal i: S21 00 oo no o 
ii -Pubertal levels, -`+ Gate : 
“Tanner stage 0000 - , 
: JOSE Qf 11-37 
HAR ROS EGAN tee S 5115 | 18-422 


Continued 
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TABLE 56-1 Reference Intervals and Values—-Continued 


BAL Specimen j 


34 
-i35 


“Condition 


‘3M 
a E. 
4,M 


AF 


5,M 
5, F 


Males & 
nonpregnant 
. ‘females 


: Pregnancy (weeks 


of gestation) 
16 
18 


36 


eae 

40 
Pregnancy (weeks 
` -of gestation) -< 


: 16-20 


20-24 
24-28 


` 28-32 


32-36 
.36-38 
38-40 


` Conventional... Conversion 
Units 


B15 ood 


25-345 


< 0.30-1.05 <i 


Eo B6380 O 29.8-131.9 


~ REFERENCE INTERVALS `- 


Factor. 


5-180 
3-40 


15-45 
25-410 


ng/mL Bets 
SRO eS BATON 


T1 04-3,64. 2042 


0.63-2.30 > 2.19-7.98 0 


153-1830 at LAB MO8S 2 EA 
EB DZA OBE 180-916 00 ooo 
; E 92). A E Se 284-975 - 


8.0-30,125 na p =:27:8-104:0 


72-343 E 25.0-119.0 


+ °9,6-28.9_- 33,3-100.3 


SRSA Sg n 3.5-11 
E 2.1-7.8 ee 73-27 
H 2.1-7.8 : 73-27: 


4.0-13.6 F 14-47 
3.6-15.5 12-54 05 
4.6-18.0 : Ieg 
BA-19.8 005 AN 19-69 


‘Esto onl) 


“34 


: Pregnancy (weeks 


‘of gestation) 


35 
36 
37 
38 
39 
40 


Male 
‘Female 
Follicular phase 
<< Ovulatory phase 
Luteal phase 


Postmenopausal ``: 
Pregnancy 5i 


Ast Trimester ` 
- 2nd Trimester 


33-35 


36-41 o 


"38-10 BAT : ace 
BLO OU a 1108-48650 n 
~ 35-330 SI E R A ay O SARIM Ai 


13,0-54.0 


E OES EERE 
7 *800-12,000. Se Moa 
as 3rd ‘Trimester. nee 5000-50,000. °. : ; 
EA E in agim L n E Wire nmol/L: 
as n Weeks of gestation (0362 UA A I EAA IER 
TAa eTA B2 A gig ROPER ; ee 
7 Ea N E ESEE 31283 
Ba a 


ng/mL ` oe we nmol/L > a se ve 


“132-486.” 


45-260 02 SE AS i 91562902 


T 48-350 0 R SEL 67-22 <7 


59-570 0 5 A A 20561978 0. 
95-460 00i ee 380-1596 > 
ug/day LUD UIT 2) amol/day 

1.0-11.0 BAZ 0. 3,5-38.2. 2 


0-15.0 E OS 
SSS M5 L874, 
27, 8-208.2 ©: 


8,0-60,0, a ) ms 
ney ey V 


0-11.04 oF 


0-276 
+ 2776-41,640 Ei 
“17,350-173,500. 


17A7A 


521-739 ©. 


Chapter 56 Reference Information for the Clinical Laboratory 2269 


TABLE 56-1 Reference Intervals and Values—Continued. 
se "REFERENCE INTERVALS 


Lane! sh :..- °.. Conventional . Conversion 
Specimen =... Condition Units. Factor © SI Units > 
-Estrone: oe : GS DBI: on ia 28 i MOL ee 
Bean Male i1565 Bk B69 ere 56.249 SS 

“Barly follicular 15-150: 
phase ; : 

Late follicular 100-250 

phase ce 

Luteal phase 15-200 

Postmenopausal 15-552 


“mg/dL 
‘Impairment 2550-10025 2 
oe Depression of CNS 20°) >100 Hi. 
Lee Fatalities reported: >400 20 


Ethanol 


-mmol/mol < 7 
creatinine =. i: 
OA AZ Ee 


woe 
$25-200 89 25-200 A E 
es mo “200-600. 200-600 
OSS 25 ge Ri i B0200 0" 50-200 2° 

“6 mo-1S yr. 7-140 7-140 

Adult PS on i 

Male 20225 i 20-250 5. 20-250 

Female). °° 10-120 10-120 


aa a ae gE 
: >. Fetal, Lst trimester -` - -200-400 : 0.01 2.0-4.0 
> Cord blood. os <5 <0.05 
Ca Seo: angi “te Ay pg/L 
l Child, Lyr o <30 eet SRO <30: 
`: Adult (85% of 2.5 oO =" <8.5 ` 
Sai population)... a ae Sian 
= Adult (100% of 0.0. IS 00500 N zii 
a population) poe of te ae Mola ati Pia 


Sas E ao AEE EER A =. dooce ng/mL oea eee ak ee easly ee 
“Maternal serum `+ +: Weeks of gestation = i (Median), 05-50. 0008. 8 i (Median) > 00. 
BA UPd Sea ee E es wh 28D eh te et ee OGL 
15 BOG. Aa is ae es Oa at 
16 BRS a ed Peet eee SRB 

17 40.6 2 ey 4006 2 

18 47.3 ee E 

19 55.1 he Oe, e Dre araa e Boe 

20 64.3 oe len a re 643 

21 74.9 sike k aue ta 749 
Tumor. marker ngfmL i iin e h L An ri i pg/L a 

Farly marker SP AO20 8 a R 2210-20 28 oe 

Cancer SS 1000 S202 51000850" 

oo ugm jemi 

“ (Median) - (Median) +> 


oo Weeks of gestation OU HEEE see 
pice Dene A AS A R TAA Mag 
AB eh AAO a pe PA eens 
PAO OZ Sos Se JOJO GESS 
AEE as Be cee a cae 8.1 


Continued 
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TABLE 56-1] Reference Intervals: and Values—Continued 


“REFERENCE INTERVALS 


cits pe a IR es Conventional Conversion — 
Specimen oo. Condition >- Units 00000. Factor SE Units .. 


Analyte 


ADABA EERIE > Ney 05168 eee 
a7 
LEALL ESSE £6.0-28.0. 
103-4110 237-948 ` 
<14 ; 


“Folate 


<1:10 . 
oan Ua be 

“Males (23-70 yr) DONT A-T5 ae 
Female : 5 a j 
“os Follicular: phase L499 y 
we “Midcycle peak a i n o 0.2-17.2 20580000 
Be Luteal phase `: ais eR ee wee Sai we . oe 
2820 Postmenopausal ©: 19,3-100.6 iii iT 19,3-100.6 5 


Follicle-stimulating hormone 
(SH) 


“Pructosamine.. =: 


ELO 205-285 mol/L 


‘Fumaric acid mmol/mol i ii 
Sees creatinine |! 2". 
10-45 `: 

4-45 

1-27 

2-4 


i Glomerular filtration rate 
endogenous) 


eee Sees Sree ad, oo. taL/min/ 1.73 m? mL/sec/m? 
Sor P and U Siani] pee Saas Ss eats 
eee ene: EB 1g 3 0,00963 0.90-1.26 <. ` 
BRA JB- J46 OT ATAA 0.75-1.41 |>: 
SFMT BB EO 071-133 oo 
Re: S Vl eaboe ana pe 0.72-1.24. 83000: 
AGO 0) Rs A 0.67-1,18 os 
els Se) eerste 10.59-1.10: 
B202 A A TE A AA O50098 i 


“Females oe Chess y ae aoe ee 
240-49 yr 65-123 070.63-1.19. : 

50-59 yr 58-110 056-106 ` 
60-69 yr HOME St, 0,48-1.07 
70-79 yr 46-105 7 os 0.44-1.01 
80 + yr 48-85 we Ss (8.4 6-0,82 


para ee ng/L Pee a es ang 
iP. (Hep. or EDTA)...’ Adult 70480 LOTA 70-180 
i Amf ; Midgestation 93-63 ee DA: 23-63 | 
perenne Term 41-193 ep E ATE 1-193 


Glucagon oe Beaters 


Cord 

: ~ Premature 
= Neonate 

As ‘Newborn : 
RE days 

oop lday © oa Areg oon oe oe SLURRY 
Child S288 op dg. a aa 
“Adult S EEE L 100 4.1-5.6 


Chapter 56 Reference Information for the Clinical Laboratory 2271 


TABLE 56-1 Reference Intervals and Values—Continued 


REFERENCE INTERVALS í 


AA ; Conventional | Conversion 
Specimen. :: -- Condition Units Factor SE Units i.. 
a >60 yr 82-115 4.6-6.4 
RAIAT >90.yr 75-121 4,2-6.7 
WB (Hep). Adult 65-95 3.5-5.3 
Bs Infant, child 60-80 3.3-4.5 
Ses Adult 40-70 2:3:9, 
UGEN 1-15 ; an ), 120,8 5 
U, 24 hr. <0.5 g/day 5.55 “<2,8 mmol/day 
‘WB (ACD, 7.9-16.3.U/g Hb. 64.5.0... 510-1050 U/ `: 
“EDTA, or Hep) 230-470 SORA i mmol Hb =Y 
Seen Us10? RBC U ee 0,23-0.47. nU/RBC 
(2.69-5.53 U/mL 2.0.05 0905 9555 2.69-5.53 KU/L 
REE z RBC 
os mg/dL > pmol/L 
Premature, 1 day.” <- 0-1.98 68.0 0-135 oe 
t Ui Newborn, 1 day +° 0.29-1.57 | 20-107 22s 
HERSE po 3 yr EA NO28 LAT A 19-100. 
PBL yr oo 0,368.68 oo 23-250. 
SANG TB yee 2 mi 0.10-0.96 7650005 
Adult ` 0.21-2.82 14-192 0 
eae ane mg/day umol/day 
<1 C IO days-7wk ` 0.3-1.5 6.80 2-10 
“> Adult > <33.8 <230 
` mg/g creatinine mmol/mol 
; ; creatinine 
Adult 2-6 0.77 1.5-4.7 
“Glutamine P mg/dL mol/L 
AE, 3 mo-6 yr ` 6,93-10.89 68.5 475-746 
OR 6-18 yr 5.26-10.80 360-740 
= ` Adult > §,78-10.38 396-711 
U, 24 hr < mg/day umol/day : : 
PER 10 days-7 wk 12.4-25.8 6.85 85-177 
eas 3-12 yr - ~ :20.4-113.7 140-779 
< ` Adult 43.8-151.8 300-1040... 
eon “mg/g creatinine -mmol/mol | 
ae ‘creatinine 
< Adult 2-78 0.77 2-60 l 
‘S, U/L oe <ii upkat/L `: 
oe Male <55 0.017 9 0.94: 
Female <38 <0.65 
Glutaric:acid 05: mmol/mol 
Pao > creatinine 
0.5-13 
Glutarylcarnitin “mol/L. 
ee 0-7 days ` °0,00-0.11 5°. 
8 days-7.yr 0.00-0.06.: > 
VS Dey 900-012 225. 
Pe ee P amolfL 2 
“WB spots CAG 8000 0.02-0.21-.3:°: 
“Bile spots. 2000. 0.04-1.53 - 


Continued 
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TABLE 56-1! Reference Intervals. and Values- Continued. 


REFERENCE INTERVALS 


Conventional Conversion 


a ‘Specimen Condition Units Factor Si Units 

(3-OH C10)—cont’d . 

Perera iy mmol/mol 
; i , ss creatinine 
mU A 0-7 days : i 0.03-0.31 

=: . 8 days-7 yr f ; 0.01-0.37 
>7 yr 0.01-0.06 
ete ; % Total Hb . Hb Fraction 
SRS WB ESS 4.0-6.0 (NGSP) ` 4.0-6.0 
(EDTA, Hep, 


“sor Ox) 


` mmol/mol 
Ae : a fat ne : creatinine 
eo ee as 0-1 mo Pa tt <40 
pee = 1-6 mo es <185 
6 mo-5 yr <71 
>5yr <61 
i ee -mg/dL umol/L 
Bie EE, Premature } day 0-7.57 133.3 0-1010 
en Newborn 1 day, © `: 1.68-3.86 224-514 
` 1-3 mo TE TSG? 106-222 
- 2-6 mo -1.31-2.22 175-296 
9 mo-2 yr l . 0.42-2.31 56-308 
3-10 yr E 0.88-1.67 117-223 
6-18 1.18-2.27 158-302 
- Adult 0.90-4.16 120-554 
. ; _ mg/day umol/day 
U, 24 hr ~- 10 days-7 wk . 14,6-59.2 13.3 194-787 
aior 3-12 yr : ` 12.4-106.8 165-1420 
Adult Fe S . 59.0-294.6 785-3918 
; mg/g creatinine mmol/mol 
/ creatinine 
: PALE Adult ` 12-108 1.51 18.2-163 
“Glycolic acid me ee mmol/mol 
wee ae as . in - creatinine 
yo eae T 0-1 mo <63 
: ` : 1-6 mo <105 
6 mo-5 yr 3-121 
» SEE >5 yr <167 
Glyoxylic acid 0. : : mmol/mol 
i ie tie, 4 creatinine 
Fea 0-1 mo <14 
l 1-6 mo <17 
6mo-5 yr <8 
; >5 yt <10 
Growth hormone. “So. ng/mL ug/L 
oe ; : ENE Basal 2-5 1.0 2-5 
. Insulin tolerance >10 >10 
Mest fry Se, wt 
`- Arginine S755 eria >7.5 
; AORTA L-Dopa >7.5 >7.5 
‘Haptoglobin: > S aa e mg/dL g/L 
E ay Children 20-160 0.01 0.2-1.6 
Adult (20-60 yr) 30-200 0.3-2.0 
ree ae umol/L 
P AER 0-7 days 0.00-0.05 


8 days-7 yr 0.00-0.04 
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TABLE 56-1 Reference Intervals and Values Continued _ 


REFERENCE INTERVALS 


5 GE ae eR Ee mek Conventional . Conversion 
. ‘Specimen v2 <3 to Condition : So Units: Factor -. : SI Units. 


“Analyte. 


Heptanoylcarnitin l 
aan >7 yr 


eure 0-7 days 
Tyee} 8 days-7 yr 
Tyr 


0,00-0.15° 
00-001 


< Hexadecanedi mmol/mol 


< Hexadecanoylcarnitine 


210,05-0.67. ini 
0,04-0,23 25 
0,04-0.21°. 

umol/E.: 
0:10-1:74 
0.09-3.39 0° 
mmol/mol ` 
Bae een Lee : ENAN. creatinine 

U ENE OF days lesa te: 0.01-0.13 

..8 days-7 yr 0 se SL 0.00-0.18 

>y Be i i 0.00-0.02 


WB spots. oa 
“Bile spots 80.00. 


i ie ee ee S . : 3 pmol/L" 
P of so SOT daye? ARS ee Ea A Poa Oa ` 20.01-0.24 
Pe ee 2 oR dave 7ye, 28 oo ok o aT 0.01-0.10 
eh ee ee ee ee 0.01-0.09 =- 
= PEE BO E Efe, woken Bn ee ae pmol/L 9: 
“WB spots yo i J n S papel A a O 0.02-0.28. 
uh U. me EN 067 days ` s A eye > 2.8 0,00-0,03.:°. crue) 
NSU) 8 days-7 yee ic) ie ee 28.5 0,00-0.04 $ 
>7eyr Scigdi AE EER 410.00-0.00 `: 


Hexadecenoylcarnitine 


N deco waite ks 0-7 days ee ae 205 AA Son OT DAD 
Mila nee 8 days-7.yr I .0,02-0,20 i; 
>7 yr foe ne) oe 
Stay ican AA mo 
2. SWB spots \ Meta faa AT ea e 20,12-1,58 
«Bile spots elie Aho. 2012-331 
n 0.01-0.06.2. 
££ 0,00-0,16 0005005 
2350,00-0,04 2.500805 


$ Hexanoylcarnitin 


0-7 days 
<8 days-7 yr 
“oDT-yr 


nlm 
ee ie We T Pat ae eC ha toe ae hin eh a “-yereatinine iii 


“Hexanoylglycine ` >- 


Continued 
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TABLE 56-1 Reference Intervals and Values—Continued : 


p “Specimen — aaa “Condition ` 


“High: density ipoprotein: 


; “ATP ne 
< ` classification 


a Newborn, 1 day: 
-1:3 mo 
2-6: mo 
“9 mo-2 yr 
3-10-yr 
6-18 yr 
Adult 


10 days-7 wk 
3-12 yr 
Adult 


; “diet 
: <15 yr. 


deug mg teen eee ee eee] 


i Se es 
SD, L6-1,40 oF OMB 102900 i 

OIL IT bob ae gd 
DGLO i A r te B83 es 


N Premature; day 


0.37-1.32 


2 ATA-199.2. 
ee 729-4408 es 
i: mg/g creati 


Folate supplemented : 


“ Bom ee 


REFERENCE INTERVALS 


ee “Conventional . Conversion 
“Units =; coo Factor...) o Si Units oi 


EE 
:5th-95th >: 


we OTSL SI occ 
£90.94-2,00 ihia 
OZS LEL 
0.88-2.13 
i 0.70-1 74. S| 
"0.88-2.28. 
0:78-1:66 = 
0,88-2,26 
0.73-1,63. 5: 
0.96-2.39 
0.73-1.84 = 
0,96-2,36 
0.78-1.92 
0.99-2.39. 2 
0.78-1.95. 7. 
0,91-2.49 > 
0.80-1.95 20. 
0.86-2.39 000 
gi 


QOL: <0.40. EEE 
EE a 


ADDS a ee I ia BGR? 
0.372174 n a 8 2412A 
PAA ELD en ea 124-85 
0.99-1.64 ot p ie T1 64-106 > 
0.50-1.66 05 50 8, 32-107 ` 
mg/day `: >. punol/day 
16.0-38.6 ` 103-249.: 


Fo ee ie bse <8 
S12 <12 2) 
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TABLE 56-1 Reference Intervals and Values—-Continued. 


“Analyte 


Specimen 


‘Condition 


‘Homocysteine, total—cont’d 


Homogentisic:acid 3.02... 


Homovanillic acid (HVA) . 


+3-Hydroxybutyric acid 


} 3-Hydroxybutyrylcarnitine 


3-Hydroxydecenoylcarnitine - 


3 ydroxydodecanoylcarnitine 


WB spots 


Bile spots ‘: 


‘ye 


WB spots 


“Bile spots 


>65 yr 

No folate 

~ supplementation 
<l5.yr 

15-65 yr 

>65 yr 


< 07 days 


8 days-7 yr 
>7 yr 


0-7 days 
8 days-7 yr 
>7 yr 


0-7 days 
8 days-7 yr 
>7 yr 


0-7 days 
‘8 days-7 yr - 


>7 yr 


REFERENCE INTERVALS 


Conventional 
Units 


<16 


<10 
<15 
<20 


mg/day - 
1.4-4.3 
2.1-4.7 
2.4-8.7 
1.4-8.8 


: mg/g creatinine 


<40 > 
-<10 ` 


5,4-15.5 
4.4-11.5 
3.3-10.3 


Conversion 
Factor 


5.49 


0.571 


` 0.00-0.03 


2275 


Si Units 


-<16 


< <10 
i <]5 
<20 


mmol/mol 
creatinine 


oar ae 


~: jumol/day 


8-24 

12-26 

13-48 

8-48 

mmol/mol 
creatinine =~ 

R23. E 

<6 

3.4-9.6 

2.7-7.1 

2.0-6.4 


mmoj/mol 
creatinine 

<6 

<ll 


mol/L 
0.01-0.15 
0.01-0.29 
0.01-0.19 
mol/L 
0.35-6.25 
0.12-2.26 
mmol/mol 
creatinine 

0.01-0.06 
0.00-0.26 
0.00-0.03 


pmol/L 

0.01-0.11 
0.01-0.05 
0.01-0.11 
mol/L 

0.02-0.14 
0.04-1.97 


i mmol/mol 


creatinine 
0.01-0.25 
0.01-0.26 


mol/L 
0.00-0.08 


0.00-0.03 
0.00-0.04 


Continued 
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TABLE 56-1 Reference Intervals and Values—Continued 


REFERENCE INTERVALS 


Conventional Conversion 


Analyte o os Specimen) Condition Units Factor SI Units 
-3-Hydroxydodecanoylearnitine—cont’d °°, 
CWB spots 0.01-0.18 
oo Bile spots :0.03-2.28 
SUL R mmol/mol 
creatinine 
0-7 days 0.01-0.12 
8 days-7 yr 0.00-0.16 
ARIES >7 yr 0.00-0.01 
3-Hydroxydodecenoylcarnitine =: pmol/L 
3 i BENEI a E n eraa A aa he i ihan 0-7 days 7 0.00-0.07 
8 days-7 yr 0.00-0.05 
ONDINE 0.00-0.08 
a, pmol/L 
WB spots i5 5 ` 0.01-0.11 
Bile spots 0.0 i 0.04-4.86 
IGE, AEE mmol/mol 
Ta ae S E E ; creatinine 
Ue. “0-7 days... 0.01-0.25 
8 days-7 yr 0.00-0.27 
a : >7 yr 0.00-0.03 
‘3-Hydróxyhexadecanoylcarnitine oe Pee pmol/L 
Pp ESE P 0-7 days 0.00-0.08 
8 days-7 yr 0.00-0.03 
>7yr ` 0.00-0.03 
i pmol/L 
WB spots 0.01-0.12 
Bile spots 0.03-1.48 
. : mmol/mol 
: creatinine 
U - 0-7 days 0,00-0.24 
bes 8 days-7 yr 0.00-0.05 
Pinnan oa o>7 yr 0.00-0.00 
-3-Hydroxyhexadecenóylcarnitine ne a pmol/L 
SEE Serine iertase tate 0-7 days 0,00-0.30 
: : 8 days-7 yr 0.00-0.05 
i >7 yr 0.00-0.04 
E AE L ey A pmol/L 
iSi WB spots.” 0,02-0.24 
oo Bile spots 0.04-1.45 
cee mmol/mol 
iors creatinine 
sU 0-7 days 0.00-2.06 
8 days-7 yr 0.00-0.02 
a8 >7 yr 0.00-0.00 
3-Hydroxyhexanoylearnitine 55:5: pmol/L 
EE SEI +. 0-7 days 0.00-0.07 
-+ 8 days-7 yr 0.01-0.06 
>7yr:: 0.00-0.07 
ROU E E a, ; pmol/L 
“2 WB spots. +. 0.03-0.45 
oo. Bile spots = 0.03-0.59 
eae nee mmol/mol 
À . sayi, creatinine 
<U: `. 10-7 days 0.01-0.06 
8 days-7 yr 0.00-0.32 
>7 yr 0.00-0.01 


Chapter 56 Reference Information for the Clinical Laboratory 


TABLE 56-1. Reference Intervals and Values—-Continued 


‘WB spots 


a 


3 -Hydroxyoctadecadienoylcarnitine 


Bile spots 


U 


_3-Hydroxyoctadecanoylcarnitine 


WB spots 
: `- Bile spots 


SU 


ctadecenoylcarnitine n 


Di 


‘Specimen. — 


Bile spots o 


WB spots i 


“WB spots. = 
Bile spots 


Condition 


0-5 yr 
>5 yr 


> 0-7 days 


8 days-7 yr 


: BL yr 


5 0-7 days. >- 
: 8 days-7 yr 


>7 yr 


0-7 days 


- 8 days-7 yr _ 
->77 yr Í 


_ 0-7 days 
` 8 days-7 yr 


>7 yr 


0-7 days 


8 days-7 yr 
>7 yr 


0-7 days 
8 days-7 yr 
>7 yr 


0-7 days 


: `>7 days 


` -0-7 days 
8 days-7 yr 
->77 yr 


2277 


REFERENCE INTERVALS 


Conventional 
Units 


ng/L 
5.2-13.4 
mg/g creatinine 


<21 
<16 


Conversion 
Factor 


5.23 td 
~< “mmol/mol 


0.592 


SI Units 


mmol/mol 


creatinine . 
<16 


nmol/L..: . 
27-70: 


‘ creatinine 
<13 
<10 


pmol/L 


0.01-0.15 


~ 0.01-0.07 


0.01-0.19 
pmol/L 
0.10-0.74 - 
0.06-0.67 ` 
mmol/mol 
creatinine 
0.00-0.19 
0.01-0.52 
0.01-0.05 


pmol/L 
0.00-0.04 
0.00-0.02 
0.00-0.02 
pmol/L 
0.01-0.08 
0.01-0.55 
mmol/mol 
creatinine 

0.00-0.02 
0.00-0.01 
0.00-0.00 


umol/L 


0.00-0.03 


0.00-0.02 
0.00-0.02 
umol/L 
0.01-0.40 
0.00-0.66 
mmol/mol 
creatinine 

0.00-0.03 
0.00-0.02 
0.00-0.00 


umol/L 


-` 0.00-0.04 
-0.00-0.03 
. pmol/L 


0.01-0.11 
0.02-1.01 
mmol/mol 
creatinine 
0.00-0.03 
0.00-0.03 
0.00-0.00 


Continued 
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TABLE 56-1. Reference Intervals and Values-——-Continued. 


REFERENCE INTERVALS 


Conventional . Conversion 
Specimen Condition Units... Factor SI Units 


‘mmol/mol ` 
enc i eda the „creatinine - 
Wee 0-1 mo A eee a beeen 
see >1'mo a Da eee eat e 


“mmol/mol 
AEREE ; on ee creatinine 
U ; 0-1 mo 7 ott OE 
>l mo ‘ gg 
ne/dk : RAN ES mol os, 
Cord blood’ 900-5000 5:10,03 o ini: 27.3-15 15 
Premature 55i 0.) 526-568 0.0 008-1700 
| ‘Newborn, 3 days OTR Mea Bele 0.2-2.7 
< Prepubertal child: . -3-90 wis Ea E ©: 0.1-2.7 
Puberty i Poe Pou E 
“Tanner stage : meh aa Bs : 
1. Male 3-90 woes ni 0.1-2.7 
_.. Female `- RB e a 0.1-2.5 
a2 Male fos SAIS es 0.2-3.5 
| Female 20.000. 11-98 fe 0.3-3.0 
3. Male. 20808 10-139 eiii 0.3-4.2 
JOS Female oi: e 0 LI155 0 0.3-4.7 
T4, Male © 29-180 0.9-5.4 
<- Female 18-230 0.5-7.0 
5. Male l 24-175 +. 0.7-5.3 
-Female ` `>. . 20-26 0.6-8.0 
Adults He. 9 Chen es 
-Male 27-199 0.8-6.0 
_ Female / 
-. Follicular phase ~~ 15-70 0.4-2.1 
_ Luteal phase ` 35-290 1.0-8.7 
‘Pregnancy... 200-1200 >. 6.0-36.0 
“Post-ACTH °°: <320 (02003 <9.6 
Postmenopausal © <70 `> i <2.1 


4-Hydroxyphenylpyruvi acid 5 i: i 


-Hydroxyproline n=: ais eee “so mefdb o a mol/L 
Hip iia Hee ae Pfs Premature, 1 day 0-1.56 763 0-120, 
; o ` -6-18 yr (M) <0.66 0 0 D5 <50 
6-18 yr (F) <0.58 oo o <44 
Adult (M) <0,55 eG Ne eA ted 
Adult (F) SUAS en a a al <34 
L mg/day, 9 pmol/day 
U, 24 hr Adult <14 7630. oe 
ug/g creatinine i mmol/mol 
e -creatinine 
Adult 19-36 l 0.863 16-31 


3-Hydroxytetradecanoylcarnitine `: EER : a E, umol/L 
“DT yr. Ue ee ee =.>: 0.00-0.04. ` 
ee ee ae Bond ies T ae at E “pmol/L 
“WB spots <0. 0b Banh ELAR PE iya ate obs 10.01-0,08 
Bile spots : Tes reais: was :0.02-1.15 
a a a ia Bay Ee eR Ra ses mmol/mol 


Ba : f ; pee i, == creatinine ` 
Ue kee -eday er tee aR oes 0.01-0.07 
8 days-7 yr or Le ee, 0.00-0.09 
ATUL Pe ewe oe eee a te 0.00-0.02 
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2279 


REFERENCE INTERVALS 


E SEREEN e PRE ak T Re Conventional. . Conversion 
Analyte SERS iS ‘Specimen:.:: Condition Units .. (Factor SI Units - 
3-Hydroxytetradecenoylcarnitine. 3.0 pmol/L: 
e EEEE AEAEE Bd 0-7 days $ 7 0.01-0,08 : 
eee 8 days-7 yr Seii 0.01-0.05: 
>7yr =:0.0150,07::: 
E EE `: umol/L 
“WB spots 10.01-0.10: 
Bile ‘spots 50.03-2.60 
Sans “mmol/mol 
R AL oreatinine 
TUS "0-7 days “0.01-0.10 
eae 8. days-7 yr *: 0.00-0.14 
ee >7 yx ey 0,00-0.01 5.2.0 
EG Neonate (4 days) 9°) )-0-2.2200 05.0%. 0.01 > °.0,0-0.02. : 
nee oo Adult (20-60 yr). < 70-400 © ` 0.7-4.0 0 
kee “Adult (>60 yr) 90-410 KCE S EEEN 
CSE i E a e E 0G 0.0-0.006 5. > 
TENES “Saliva 2.2 pects A O E EEDE 
unoglobulin D aes PLEA aD mg/dL g/L: 
ara = “Adult (20-60 yr) 2°) 0-80 0.01 0,0-0,08 
“Immunoglobulin E E aa em ET IE Ofer F 1 0-160 KIU/L 
enan “Ss = e Adult (20-60 yr) ~~~ ` 0-380 ng/mL"! 1 0-380 ug/L 
Immunoglobin:G nee GAR ~ mg/dL g/L ` 
TEESE ; S Newborn (4 days) ~ 700-1480 0.01 7.0-14.8 
- Adult (20-60 yr). .700-1600 ~ 7.0-16.0 
Adult (>60 yr) 600-1560 6.0-15.6 
Seas CSF a 0-5.5 0-0.055 
‘Immunoglobin M soe Oe i BIE, g/L 
RE SESE ‘S$: “Newborn (4 days) 5-30 | 0.01 0.05-0.30 
í -` Adult (20-60 yr) ` `., 40-230 0.4-2.3. 
. -` Adult (>60 yr) 30-360 0.3-3.6 
ENAN “CSE ooo ee 0.0-1.3 0.0-0.013 
Inhibin-A |. oes pg/mL Si ng/L 
eee ee “Males -` l 1.0-3.6 pee L0. 1.0-3.6 
sa Females (Cycling; Hga: Ep E 
days of cycle) pEr 
Early follicular 55-28.2 5,5-28.2 
phase (—14 to i PS 
—10 days) : 
Midfollicular phase . 7.9-34.5 7.9-34.5 
(—9 to —4 days) ie 
Late follicular phase . .19.5-102.3 .- », 19.5-102.3 
{-3 to —1 days) i ; j 3 
Midcycle 499-1555 2050 `- :49.9-155.5 
(Day 0) i Ar MaN eS ee . 
Early luteal $35.9-132, 755 A EE (1 35,9-132.7. 
(1.to.3 days) o S nE a FiS ns : eb EEA a 
Midluteal °° 13.2-159,6.0000 5 13.2-159.6. 200: 
(4 to 11) Se TAD cr EEU 
Late luteal °2 0. °7.3-89.9 0i 87 B-B9.9 LS 
(12 to 14 days) Bares ees : : ene 
“: AVE-peak levels > = > -354.2-1690.0 - - 354.2-1690.0 © > 
i PCOS-oyulatory `; :.5.7-16.0 . 5.7-16.0 = 
= Postmenopausal < >+ `< 1.0-3.9 P 1.0-3.9 í 
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TABLE 56-| Reference Intervals and Values—Continued 


REFERENCE INTERVALS 


a A Tes : Conventional Conversion ; 
Son Specimen: Condition. -5 Units.: Factor - “SI Units =: : 


Analyte 


“Inbibin-A. neues CO oa toy he i ever eg a Meee 
paras ~ a Maternal. i Be ‘Pregnancy-(wk) Li pg/mL 
S EAE E N ; (Median) <5. 
feet a STAR 
Sié -2:170 
“17 173. 
18 182 
19 198 
20 222 
PORNE HUL 
Adult: ey By 5 eee 
a ingib == 


growt factor Te 


ES le e O BI O 2S 
e E E 
ETE S A ge ppp try ei 


Pe Male SB 6 8B8 ee 936-3852, 
oo Remade 252.501 232396 n, 123-396 S 
Uo sMalle 2000 2) 136-440. cs 136-440 
Female (0°)... 591-462 5. 191-462.: 
Pe ABT yy y a AT e ER DETAL L op] 
Se Male i803 si ti, 165-616 ce, 165-616 
feos Female ti peti. 286-660. DE 286-660 
ESB yr a fe a A e , 
SE Malle 2205 V A 336 FE 134-836 9 
os aFemale flac ga 2052660 Sin 152-660... 
eA IST eS E eee: es 
Ua Malei i eos, 202433 sles case 202-433 vous 
“oreo sBemale i s V23 E550 pi oe 23145505 
“Adult: (25-85 yr) hes PEALE oa es een E E E aa 
Male ihc i EU J359 i 135-449 0 ii 
Female iii akinti 11401354449000 5 e 2135-449 ` ` 


oes Hugg L Be ee 
Child” is Te OS get Nate 
Prepubertal-”: 0 2334-642 272202 Sih O 00 i 021/334-0642 + 
-Pubertal Se oy Ly ee eo EY) 

Adult 288-736. 0°06, 1288-736 

GH deficiency 51-299 aa ay ` 51-299 


t is advised that a 


‘SBOE 28 
0.132.703 25 
0.16-0.74 2 8 
0.15-1.05 50.225: 
umol i n iii 
0.79-14.49 = 


“WB spots ee 


Chapter 56 Reference Information for the Clinical Laboratory 2281 


TABLE 56-1 Reference Intervals and Values——Continued. 2 


REFERENCE INTERVALS 


mata oe : Conventional . Conversion 
“Specimen -` Condition Units. :. zoa Factor SI Units .-./- 


: +- | i Bile spots EAE eee STS 
E DAT a 
Ul. 82) 0-7. days Aaa on iiaa ui 90,02-0,36 
Minione: 8 days-7-yr Ai TARM AA A002274 
>7yr ose Q,01-0,29 
Lo mmol/mol 
we ; EE i LERES ‘creatinine 
ULES : WIE AST eg cio 
ae eae ‘3i “mmol/mol 55 
cia oe . : a are eee ‘creatinine `: ` 
U niaii i s 0-1 mo SUL ERRORE : 0-368 5 
a Se ee ES “1-6 mo 5i Sra are 0-67 ie 
: : 6mo-5 yr l EE PS 0-77 ee 
“o> S yr a D Stir oe 16-99. 
Bo 3 Premature Tday 2 200755-0,26-0,78 502i 763 20-60 239 
Newborn, 1day: 3) "0.35-0,69.2°- 27-53 
ol 3mo oe 2 0.59-0.95. 0) 45-73 - 
2-6mo0 0 0.5061.61 | 38-123 
Əmo-2yr i5 ) 10.34-1.23 26-94 
3-40 yr io aa 0.37-1.10 28-84 
6-18 yr ; 0.50-1.24 38-95 
| Adult | i i >. ©, 0.48-1.28 37-98 
REE gp SA oss mg/day Hmol/day 
U as ` 10 days-7 wk. > ~. “Trace-0.4 7.62 'Trace-3 
eee h i BeEDyr isiel 2 : 15-53 
SeAdult © po. BaH ops 5d et 38-183. 
T Rtas oar mg/g creatinine mmol/mol -` 
a : Roa Se falc nas bet creatinine `` 
“Adult Sg 20,86 - 0.8-4.4 


Isovalery! glycine acid fe Den ce ; a, soe we N ag sheet mmol/mol ` 
P eee : : ; ; ; : <1 10.2-10 >> : 


Isovaleryl/2-CH3 butyrylcarnitine °° : i . E ` pmol/L 
Biot ncn ine reer Rar BSA, 0-7 days eee 0.04-0.42 
a ; <8 days-7 yr Boe ors: 0.05-0.44 ` 
>7yr i 2s 0.06-0.51 > 
eae pmol/L 
WB spots Binit sie 10.18-1.73 
Bile spots ias 0.19-2.90 
f mmol/mol 


weg : ES creatinine 
SU een 0-7 days es Ai 3000-025. 
E bs 8 days-7.yr l ee eh anette 0,00-1.53..) 
7 ir e oootags = 
oo aw o Deh 
De Ge Omi a oa, 63-552 Py 
Sema S ye EY es Oe ie 36-103 2) 
Pose E eee hehe 41-82 


Continued 
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TABLE 56-1 Reference Intervals and Values——Continued 


Specimen > 


‘Condition ` 


“Lactate dehydrogenase (LD) 
Total LRE 

BCC, 372C. 
Lad o 


‘Leucine 


: Lipase, 37 4 


Low-density lipoprotein cholesterol ; : z 
DLO) ES ee A a 


omen 


LE U24 monk yr 


20-14 yr 


SS 1519 yr 


£99529 yr 


3034 yr 


At bed rest 


‘Venous 
Arterial 
Child 
‘Adult 


0-1 mo 
i-6:moọ 
6:mo-5-yr 
>S yr 


“Premature, 1 day 3... 
“Newborn, 1 day...) 
CAES mo i ee 

“2 SD moZ yr a TERTA, 

; 2 6AB yra Pee 

Adult Soe 
RIEA HIS it mglday 2S 
TOLO E624 ae pat) 

ESS BELARUS 

RGR Hh raed AA 20-62 

: mg/g creatinine . = re 


TO days-7wk 
Livi 3212 yr eee 
oe Adult oii 


Adult 


Adult 


5-9 yr 


2 Writs oo 


“mg/dL” oes oo ee 


ee “Negative |: 


BR DBE ER 


denen ene te oe 


`i: REFERENCE INTERVALS - 


Conventional Conversion 


` Factor - -SI Units 


“mmol/L 


0,560.39 0: 


5.125 : ee 
036-075. 


375, 

CS VASE 

496-1982 .mg/ 
day ar 


- Negative 


vi UE cy ee ee ~kat/L 
2 3.180-360 21, 0.017 
ae EL erent 


PAST os A 
3.16.1 .. oe. 
roe Himo /p SE 
0.0483 <1,21:. 
<1.24 
>4.78 
pmol/L 
<0.39 


mg/dL >. mol/L 
0.26-1.58 0 76.3 20-120 
£0,62-1.43 223 47-109 
20,582.14. iii 44-164 
pi 9,59-2,03 <> 45-155». 
10.73-2.33. 62 56-178 
R 303-2,28 Aiii ii 79-174 


0.98-2.29 252! 75-175 6i 
: umol/day `: 55. 


gad oe 


mmol/mol., ` 
creatinine `: 


UE ek ey e kn, 
<38 C0017 20.65 | 


mg/dL a ee 2 V mmol/L 
5th-95th a eee 

“percentile 
63-129 10,0259 ` 


> -5th-95th 
ae -percentile 
= 1.63-3.34 
151 1.76-3,63 9 
“166-344 0 
E 1.76-3,52 uiii 
255303 55 0 i, 
n ELAR: EAE 
1,48-4.12 ai 
1814.27.00 2 
1.84-4.25- 


REBIS OU 2.02-4.79. 5 
ae Sh meee a 1.81-4.04 
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TABLE 56-1 Reference Intervals and Values Continued 


REFERENCE INTERVALS. 


a i ic . Conventional . Conversion oe 
cots Specimen 00 Condition 200°. | Units 0s. Factor | SI Units ii 


nsity lipoprotein cholesterol (LDL-C)—cont’d =: See pate 
75-1720. 
87-186: 
74:174 
97-202 
79-186 
89-197 
88-201 >: 

© £8822030 2.00.05 
89-210 ..<- 
83-210. 

“100-224 
98-210 sy to Se eh ee a 
92-221 a 2395738 

= 88-186., Reed 5 2.28-4.82 iA 

962206 vse Qa9s34 DES 

Optimal i a S100 2 oe 0.0259 e 
“Near/above optimal "100-129... 2.59-3.34 EE 

“Borderline high "130-159. 3.37412 

SAS igh er 6.189 | 4.15-4.90. 

SS Very high 20 >189 ` i >4.90 `: 


35.39 yr 
‘40-44 yr 
45-49 ye 

50-54 yr 

255-59 yr 


: 60-64 yr 


i S 65-69 yr 


(DEVE UE TE TET EV ETE 


Risk coronary © 
oo heart disease. 


L/S Ratio Amf oh eee fs poe ~: Ratio Ratio -. 

PEELS BEES - State of fetal <` : 

': ematarity, 555 EEE . 
: Immature a TS 3 1.0 <1.5 

< i Transitional -i7: © -1.6-2.4 i 1.6-2.4 

SO Matire SUVU eg TUE a ee 
A Diabetic. i; 0i itt >25. a l >25 

Ae ee ENR e al tale cas ia TUL: See es 

=$- Males (23-70 yr) 280 L2-7.8 0 10 1:2-7,.8 En 

Ao N Follicular phase 020. 1.7-15.0000055 00 i ; 1.7-15.0 0 88204 
eA Mideycle peak iii 1 21.9-56,6 5500 Bert 2 1.96566, coc 

“Se Luteal phase 20°0'°°70,6-16.3 UTEE A En EEA 6163 ee 
Postmenopausal `$ °14.2-52.3.0. 2. J 1 14,2-52.3 


‘Luteinizing hormone (LH) 


z mg/dl. ee ES pumolfi Sos 
Premature,-1.day 101-453 273,685 200) 722: 70-310. 22! 
Newborn, 1 day 1.66-3.93 9002.20 le se 14-269 0 
1-3 mo Nor eer E E A A BTA es 

9 mo-2 yr 0.66-2,10 Cod 14d e: 
3-10 yr 1.04-2.20 ae ISL. 

6-18 yr 1.58-3.40 50 908-233 $ 
‘Adult 1.21-3.47 =: a ue B3288 
z oput ay ai molfday ooh 
39-75 BES 


10 days-7 wk EB 719 oo oi 6,85 LS 
BALD yr eo O BAZ Jo a a 

Adult sao 
2s Somedg creatinine i iui 


adult iS e 412 ARA i AAT O,77 
PAEH KUMER SIER mg/dL 
Adult (20-60 yr) . = 130-300 - 0.01 


Continued 
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TABLE 56-1 Reference Intervals and Values——Continued 


+i REFERENCE INTERVALS 


: Conven 


tional Conversion ` 
“Units =: 


‘actor, SI Units Bi ae 


i Condition - ne 


“Newborn, 2-4 days 
oo Samo-6 yr ; 
6-12yr 
>12-yr 


ai) A 
SATAT 


i pmol Li in 
0.01-0.08: 
0.01-0,09 

0.01-0.17: 

“pmol/L 
£0,03-0.32 2. 
0.04-0.96 -` : 
mmol/mol 

creatinine 
0.02-0.22 . 
0.01-0.50 
0.00-0.04 


-Malonylcarni ine: 


WB spots o Sn 
Bile spots cele Speers 


ook Te zn “02 days : aes i 
KAHE ne 8 days-7.yr2 rcs anaes 


katy can nmol/L i: 
218.0 90-270.) 

sistas 9-24 REAR 
ba on ae 
SLBA in ARENA 


©. WSB (Hep). 

Per Ani 

$U, Collect in 
metal free. 


“Toxic conc, SOSA SS 


Soe Smo) i 
230-2944 0 

| | <20; E998 

Toxic conci iori >50 v i p748.5 00 


SSS a ee a Lethal conc: >800 see i SLs ggg2 he 


; nmol/L ` i 
Hypertensive adults 24-145 <=: 0.13-0.79 

Nomotensive adults © °9718- 

cis Normotensive 2.02283. 
ese children i: Pearse 


¿Hypertensive adults: 12- 
-Nomotensive adults’ 12-6 
aA cochildren na 
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TABLE 56-1 Reference Intervals and Values Continued 


REFERENCE INTERVALS 


Conventional ~ Conversion 


Analyte < Specimen.) Condition Units aio ‘Factor SI Units 


Metanephri ines—cont’ a 
= Total : : miss. Unicity we E a Sk AN PE aR JLT 
i  Normetanephrine wen! oie P WE ge : pg/mL : pe Seen: piv pmol/L z 
: HISAR a oc: Hypertensive adults 755-5623 ose 0.0054 . eee °4.1-30.7.- 
Nomotensive adults 15624-3041 0. URS S34 16.6255 
Normotensive children 851-2398 See ee EAT LES 
pg/mL DIMAS iy bere nmol/L 
Hypertensive adults 327-2042 80 0.0050 = 222200..59.7-10.4 
Nomotensive adults 328-1837 2 0550 ui, ee DOA T LZ-9,3 
Normotensive 380-1995 07; E EE 
children i WER Sirs O T 


Metanephrine i 


Metanephrines (oi USNS Wee None a : Sik 
OU, abe ee Si, o A Sfp ia tian hs “pmol/day. 
Wns 2 0-3. mo . 5.9-37 os 1507 1 130-188 
o 4-6mo. i, : © T 61-42 a 31-213 
“7-9mo ARAL E A 61-210 -` 
“40-12 mo iia 8.5101. 43-510.: 0.. 
oyee a BT Oean 34-264 A 
A D generis E Sana eee ee cca) eee aoe 
6AM yr oi BBB < 275-701 
10-16 yr 2, + 39-242 iai 200-1231 =: 
a ; ` Adult 74-297 375-1506 
-Metanephrine U S See DEE TERES ‘ug/g creatinine mmol/mol 
; oe : creatinine 
< 0-3 mo Lea >.. 202-708 0.574 116-407 : - 
-46mo `i, : . 156-572 89-328 
7-9mo ` 150-526 86-302 
5 10-12mo ©] | -148-651 85-374 
eZ yr ES 22 °"40-5260 0 23-302 
2-6yr 0 74-504 42-289 
2 G-10yr i 5 8s | 121-319 69-183 
sue ee eae oe asa ay sa10-16 yr. 46-307 ` : 26-176... 
“> Normetanephrine U, 24 br iios op <: opgiday -` Ta nmol/day `` 
R ey ee Gete iee s amo "470156 2 01546 257-852 To, 
4-6 mo E E E E a I6 sg a 
7-9 mo ; 42-109 =: h 11230-595 t 
10-12 mo 23-103 ae . 127-562 : ` 
1-2 yr 32-118 0 “175-647 
“2-6 yr 50-11) T 274-604. 
6-10 yr 47-176 a ae 
10-16 yr 53-290 fon 289-1586 
Adult 105-354 573-1933 
Normetanephrine o03 00005000 U ug/g creatinine Ss =.) mmol/mol 
cena ae, ae - creatinine 

0-3 mo 1535-3355 0.617 `- | 947-2070 

4-6 mo 737-2194 ©) sec Riri 454-1354 

7-9 mo 592-1046 0 365-645.: 

10-12 mo ERZA E A a ASS Ba 8G. o 
2 yr E95 001 U NTE L87 A 
LEIZE yr 704-609. 05 se AA ANOA- 376 Soe 

Se yeep sole CE 2 eis ts 63-279 hiii 

‘10-16 yr 96-411 S 59-254 H Rn 


“Methanol aa : : : E $ : we A roe as. mp) SPAS mmol/L 
BREDA Los tS) WB (F/Ox) ippen ye SB noni 0.0312 <0.05, ` 
DHAN Geet, io RONG fa" a, heeOD te 26.24 | 
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TABLE 56-1 Reference Intervals and Values——Continued 


-REFERENCE INTERVALS =x $ 


a mate an : Conventional Conversion ; 
‘Condition. Units oiu. Factor - -o SI Units -- 


Analyte = Specimen 


Occup. exp. A i <50 oe ora l 
as VASE EI opm cites 
5 E A: E 
Occup. exp. 225: 


g/dL 


(EDTA, Hep, 0.06-0.24 
‘sor ACD) SS 


% of con HB ; Mass fraction of. 
A ‘total HB onini 
“0. 0004-0. 0152: 


"004 1.52. 


Stee arcuate RS Tia: ‘mg/dL = : as “pmol/L :: E 
i Peseta iy > 35 0,38- 0.66 ee 67.7. STL 25 M5 nii, 
-. Newborn, 1 day eee yok 9-AL eS 
SES mo ARENG n 005-057 iain 3-39 
ee 2mo 2 oan ee 16-49. 
KETO o2 pr AAE Qk AI A AS B29 A E 
ir SE RSEN E 1 EEE 111620 
= SSO yrs SUE QA OBB Hes i 16-37: 
eS Adult i EAE 00920,6000 6-40 i 
BEEE E A EA A AVR ota aadiday oTi i umol/day - 
EU, 24 hr: ns 10 days- -7 wk ETARLI 6.70 0.7-3: 
i peak “W2yr eo oe 20-95 ` 
peta Adult - z OLS 2 ; <63 i 
Cii loss.) umelg creatinine. | mmol/mol 
E eee eee ae, . zi creatinine 
Se Adult. 2550220295 000.76 0-7.2 


2-Methylbütyrylglycine mmol/mol i: 
E rn A creatinine `> ` 


Se eri eee as en eels 0.2-5 ° 


mmol/mol n ; 
E A PE O O A E aE e roe Ha slege g creatinine ii. iS 


Methylmalonic acid 


Methylmalonylcarnitine `: Se a ee See pe eek ype i MG eae ene a eg E ieee limol/L: ` -~ i Ga 
cal need 8 days- 7yr A pee re crs ai > 10.00-0.03 
S7yr E a $ -= 10.00-0.06 

: wh : ‘ IEA oa A aaa x umol/L 
l wa ei TE EES itt a De 
a Bile spots Cae ae Ot I es -0.06-0,92 

: creatinine 


; ma (mean) San 
; 19 eae 

V 

24` 


ES meld a 
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TABLE 56-1). Reference Intervals and Values- Continued 


Specimen 


REFERENCE INTERVALS ` 


2287 


-- Conventional : Conversion 


SI Units... 


i ; oo His T : Condition i ‘ Units. ats ae l REDE, 


Molyb nüm 


Mucinlike carcinoma 
antigen (MCA)... eae 

Niacin 

Nickel. 


Sor 


P (Hep) 


Sigil oe an ee 
ay toe At nen a 
40-60 g/day: 5: 
U/mL a 
<14 


mg/day 
2.4-6.4 


pg/L. 
CDEL lo 
20-280 25 is 
Upiday. oi 


oo i ERRA 


Factor 


m 
0-313 SS 
416-625 umol/day 


K | pi ie 


ai nmol/day š z 


22-170 5: 


“Nuclear matrix protein 22 
(NMP-22) 


Octadecadienoylcarnitine 


ove. Premenopausal «0-9 5-65 


SWB spots o oo 
Bile spots 20.05.2505. 


pena “mmol BCE/ « 
mmol!" 


women -: 


x 0-7 days 
28 days-7 yr 


>7-yx 


Sais ce : ; “nmol BCE/L : a ae mmol BCE/L >" ; 
Men eli ons BBM Ma 
~-Premenopausal Sie ii 


54-242 A 
EZAC 


: nmol BCE/mmol a 
creatinine": 

3-63 2803: 

9-65. 


KU/L 
<10 


- ee ag ia ae 


timol/L 
0.01-0.12 
0.02-0.16 
0,02-0.15 = 
pmol/L: 
0.03-0.55.: i 
0.03-2.93 ii 
“mamol/mol 
-creatinine 
0,00-0,37 00 
0.00-0.02 A $ 
0.00-0.00: 


‘Octadecanoylcärnitine : 


i “ WB spots 


“Octadecenoylcarnitine 3 


aor “Bile spots ; 


0-7 days 


0-7 days 
8 days-7 yr 
>7 yr 


8 days-7 yr 


mol/L 

` 0.01-0.20 
a4, $ 0.02-0.11 
< 0.02-0.10 
a =: pmol/L 

` 0.12-1.34 


0.06-2.13 


“mmol/mol `. 
“5 creatinine.: 
~0.00-0.02 


0,00-0.00 


“pmol/L 
0.03-0.38 `: 
0.05-0.35 
0.04-0.33 os 
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TABLE 56-1 Reference Intervals and Values——Continued 


Condition = Units ti o 


“Conventional. - : ‘Conversion 
“Factor. oi 


“Octanoylglycine =: 


Octenoylcarnitine 


JO days Tye Se 
e 


E DZA 
28 days- yro tei 
Cm 
“Orotic acid aad 


“0-1 mo 

+6 mo 
6.mo-5 yr 
>5 yr 


congfmL oe 

< J:Adultumale 3,0-13.0 2.5 
“Adult female EAS Enea 

cee +$ Premenopausal i 
Postmenopausal 


Osteocalcin 


LSE 


Spim Po 
“0.19-6.46. 


creatinine 
0.02-0,82. 
0.01-0.61) 
:0.00-0,05 =: 


REFERENCE INTERVALS ai 


SI Units oi 


mmol/mol 


mmol/mol ii, A 
creatinine 
0.1-1.2- 


pmol/L A 
0,03-0,45 
0.06-0.53. <; 
0.06-0.72. 0°, 
pmol/L ii 
0.03-0.48.: 


` 0.18-36.01: 
i mmol/mol 3° 


0.01-0.36 >. 


T 0.02-4.30. 00005 
11 10.01:0.23 < 
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TABLE 56-1 Reference Intervals and Values- -Continued 


REFERENCE INTERVALS 


SNR UT A pe Conventional . Conversion 
Specimen.: +- -- Condition Units _-. Factor. . SI Units 


mmHg ` ne KPa eo. ae 


1 essure (PO) 


-Cord blood bts : Ee aa a sea} 
Arterial = 5,7-30,5 02183 a hi A OBAO 
TAa Venous": ; ITAA Ò i EATE EBB BLY 
; a ‘WB, arterial : i ATAA AN EPEAN 
CEES Birth 8-24 DARIE T pE ETEL 063,19 
5:10. min 33-75 KT EAEI T 110439-9,96 
30. min 31-85 Ly MAE 42-1031 
1hr 55-80 ne ea OO 7,32-10,64 
1 day 54-95 TE a 7.18-12.64 
“2 days-60 yr 83-108 aSa L ioa T 1 11,04-14.36 
>60 yr SEO AT e UE 10.64 0 
370 yr ny) E a 1c} Gee cae 
>80 yr <> 60 Des 37.98 
“390 yr © >50 >6.65 ` 


Jxygen, saturation ($02) “WB, arterial ts. ae < Percent ae Fraction ; 
pein enone: Dantes : Boome ce i ae “saturation -` ; saturation., >: 
Hth Newborn tii o 0.5 50140-90, 55i 5 140.01 0.40-0;:90 -= 
; Pye phereafter 26002 9898 LA 0.94-0.98 


B BDTA Seas AATE En as Uma L mU/L 

V Shoo E 1.0 1.0-1.9 
ai : Females ©- E > 

_: +, Nonpregnant 1.0-1.8 1.0-4.8 

` ‘Second stage of 3.2-5.3 š 3.2-5.3 
Pe Jabor i ' 


WB SRR TES S Tenchu" 344-583 ug/L 0.0046 1.57-2.66 pmol/L 
U, 24hr > TA he 1-15 mg/day 4,53 5-68 pLmol/day 


er ate sean 10-65 1.0 10-65 
Se O a pga E ng/L. = 
P A E a es ae i Bags 
So a ces $ 5 aoti pmol/L o ii pmol/Ę : . 
a R . a <14 TE 


“WB, arterial > E aR : pH eS A o ; pierces 
JAR Eai Pinas on Cord blood f eens ee coe Dp eias 
wee Arterial 7.18-7.38 10 7.18-7.38 
Venous 7.25-7.45 - s < 7.25-7.45 
Newborn Paes Een 
Premature, 48hr `: 7.35-7.50 ve g c °7,35-7,50 | 
Full term MT i 
Birth 7.11-7.36 | 27.11-7.36 
5-10 min 7.09-7.30 0 ts 2. 7.09-7.30 
30 min 7.21-7.38 2 p N 7.21-7.38 
Lhr 7.26-7.49 726-749 
1-day 7.29-7.45 T2907 AS OTe 
Children, adults ieee PE i ae eee ee 
Arterial TENA EDEL L TBS TS © oul 
oo Venous ioni 732-7 AS ER SS SOD BQAT AB ON 
“Adults toes hy soe ae pee 
60-90 yr eee. ie FB1-7AQ i 
Soy. 3. aera. 7.26-7.43 


Continued 


2290 


Section VIE Appendix 


TABLE 56-i Reference Intervals and Values——Continued 


Tn Specimen. 203 


Condition ak) 


Phenylalanine : 


3 Phenyipropionyglyine 


Phosphate 


: Phosphatase, acid tartrate resistant 
eh B78C: 

Phosphatase alkaline 

2 IRGC, 37°C 20° 


Phosphatase, alkaline (bone 
specific, 


Phosphatase, alkaline isoenzymes. 
Percentage of Total Activity >>- 


y immunoabsorption) |. 


: a ni -WB on filter paper 


tiigi Children OEE 


U, 24 hr 


w ‘ 


el yr 
3-6 

~: 20-34 
520-30» 
A Bel Q os 
Dee 


0.30.06 5 
150.20-0.34 090 


0.20-0.30 = $5: 
0.08-0.19 
0.01-0.03 
0.0-0.02 


Premature 
Newborn 
Phenylketonuric 
2-3 days 
Phenylketonuric 
untreated 
Adult 


10 days-7:.wk 
3-13 yr 


ol Adult 


Adult 


ENE oe ae 


‘Children ` a i 


` ` Adult 


T415 Y (Male) 20 
nigis Y (emal 22 


: "20-50 (Male). 


120-50 (Female) 202 


: 11260 yr (Male) 
260 yr (Female) 


“Men ' 
Premenopausal 
women 


I-15 yr 


2-5 
22-34 
21-30 
5-17 
0-1 
0-1 
“ALLS yr 


0.02-0.05 
10.22-0.34: 


10.21-0.30 =` 


0.05-0.17 
. 0.0-0.01 
“ 0.0-0.01 


` mg/dL 


¢4.0-17:5> 
a | ta cee as 
` mg/g creatinine ©. 


Re rece E, 
+ 15.0-41.3 210 
11,6-29.6 i5 i 


PAD 8g ga 
Adult 


00,010.03 #5") 
A 09720.35 
oy 013-019 Soe 
~ 0.13-0.21 
“: 0.0-0.02 
~ ~ 0.0-0.01 


“REFERENCE INTERVALS 


a Conventional _- Conversion 
Units 


: Factor . SI Units - 

l ; pmol/L. 
lee. 

oe 121-454 


22.1 EES 
DJS io E 
ey Ree 


545 SI 


“907-1815 .` 
OS 48-109 
pumol/day > 
a Ze 2: 
he 2de106 UA ES 
“E100 CEREA 
mmol/mol .: >. 
creatinine | 
1.3-6.9 0i 


15-30 
0.8-1.8. 
mg/day) 
N ES 7 ee 


0,68 


; mmol/mol 
creatinine 
LOZE cereale 


mmol/L z 
1.29-2.26 >: 
0.81-1.45 
mmol/day 
12.9-42.0 


pkat/L 
0.05-0.15 
0.03-0.08 


pkat/L eo i 
0.91-6.23 
0.91-6.23 20°: 
0.90-2.18 
0.71-1.67... 
(0.95-2.02 40A 
0,90-2.40 2 


UL Ps 2 
+15.0-41.3 
7 11.6-29.6 


0.323 


32.3 


0.017 


-0.017 


Adult > ` Postmenopausal 
` women 
` * 0-12 
1$: 17-48 
: 8-21 
i A eae 
ar ee 
J `$- Postmenopausal `. 
cos Women 2500: 
299.0-0.12 ~ 
0,17-0.48. 
0.08-0.21 82000. 
0.07-0.15 . 
0.0-0.02 
0.0-0.01 


Pregnant 
women :. 
1-3 130 
17-35 c5-17. 
13-19! 
13-21: 


2 women.” 
0.01-0.03 
210.05-0.17 
0.08-0.14 
0.53-0.69 
0.03-0.06 
0.0-0.01 
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TABLE 56-1 Reference Intervals and Values- Continued. , 


REFERENCE INTERVALS 


Conventional | 


EROSEN E E , Conversion a 
Analyte: | Specimen `` ‘Condition Units Factor SI Units 0. © 
` Pimelic acid 300000": an mmol/mol `; 
.: Belushi i < creatinine 
SR U 11s 
Porphobilinogen SS aoe iw mg/l i A 3 umol/L: ; 
ES U, 24hr` <2.26 aes Oe <10.: 
Porphyrins, total Bs “nmol/L 
U, 24 hr 20-320 
: nmol/L g dry wt 
Feces 10-200 
a * pmol/L 
eee pra Di 2: erythrocytes -` 
sean “Erythrocytes °° GERPE 
“Potassium (K). we i S mEq/L ye “mmol/L 
AETA T vais aoe ‘Premature cord °5.0-10.2  ... 1.0 ` 5,0-10.2 - 
; ‘Premature, 48 hr 3.0-6.0 3.0-6.0 -` 
«Newborn cord 5.6-12.0 5.6-12.0 0 a 
-Newborn - - 3.7-5,9... 5 3,725.9 Fo 
© Infant ` BAA -53 4125.3, 0000 
CN Chid 5) GAREA 4-7. 3,4-4,7 00005 
ang Adulte 827353 5-50 3.5-5.1 
P (Hep) Male -05 |o 3,5-4,5 3.5-4.5 
-> Female o 34-44 3.4-4.4 
. . mEq/day mmol/day 
U, 24 hr 6-10 yr 
M > 17-54 17-54 
E` ` 8-37 8-37 
<: 10-14yr 3 
age eee 22-57 22-57 
7k . 18-58 18-58 
` Adult 25-125 25-125.: 
‘Progesterone =: oa pian oe c ng/dl o o nmol/L 2.222 
OE EEE S $ < Prepubertal child. 7-52 °° 0.0318 DLE: 
: oo Adult M 13-97 `: QA- E 
~: “Adult F E EA O ee ne 
Follicular phase 15-70 =.: 0.5-2.2 © 
Luteal phase .. 200-2500 ` 6,4-79,5 
Pregnant F a ea 
First trimester 725-4400 23.0-139.9 
Second trimester 1950-8250 62.0-262.4 
Third trimester 6500-22,900 206.7-728.2 
Proinsulin ng pmol/L pmol/L 
1.1-6.9 1.0 1.1-6.9 
Prolactin S. ng/mL ; pg/L 
“i Cord blood 45-539 TA NE 45-539 
Children, Tanner A SES fee ae 
stage I Sean 
Male <0 o JSI ee 
o Female 36-12 NEE ES VEEE 
Children, Tanner. ete: ae, 
stage-2-3 
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TABLE Reference Intervals and Values- Continued. : 


~ REFERENCE INTERVALS 


BAe eR cee tote ioe Conventional . Conversion 


“Male 
te Female: 
2 Children, Tanner 
stage 4-5 
Male 
Female 
‘Adult 
Male 
Female 


SU, 24 hr. us aa 


o Adulto 


PW spots 220 
eae . Bile spots ie 


0-7. days 
8 days-7-yr 
>F yr. 


U 


Prostate specific 
eee Males 
40-49 yr 
50-59 yr.” 
60-69 yr 

70-79 yr 


$ Premature iit 

“Newborn > 

n E 

AE eee a fe the ke 7 7.mo-l yr Pied 
LANE i - ote ars bie ESA ye 2. 


~~ Pregnancy, third `: 
: trimester: e n 
a 0.92-4.36 0i. 
"1.23-3.18 0 
20,89-3.73 0 e 
A ROBO 2 
EAEOI 


-i Premature, 1 day 2. 
“Newborn, day 0. 


"40 days-7 wk ue : 


ii Condition era Units 


Src ners 
26-18 iii 


28-11 
3.2-20. 


3.0-14.7 


38-930 Sr 
EE VE 


:17:3.86 


aes 
3.211000. 
ee 


‘Trace . 


= pmol/g 


: ‘creatinine 


70-2300 
: <600.. 


<300> 


ePID 
phe 


: = “Factor . 


286.9 - 


8.69 


0.113 


-mmol/mol | `>. 
E “creatinine 
Lh 0,01-0,20 — + 
> -0,01-1.20 
` 0.00-0.06 


5480-380 i tiiin iii 
407-277 
177-325 2 


51-185 005" 


Boe A. 
58-324 
4002-336 05 


ga ee 

28-9605. 

Trace >. 

Trace 

{umol/mol 
creatinine 

7.91-259.9 


<67.8 


<33.9 - 


:<30.5 


<24,9 fee 
pmol/L ia 
0,07-1,85 282 
0.17-1.27 5 


eS bak C Ree 
si 055-801 i 


0.36-8.10 


2a pg/L 


Chapter 56 Reference Information for the Clinical Laboratory 2293 


TABLE 56-1 Reference Intervals and Valuies—-Continued 


Specimen 
; i U, 24 hr i 


CSP 


Condition 


‘Adult, ambulatory 
- Adult, recumbent 


>60 yr 


‘Adult 
Excretion 
‘Adult 
Pregnancy 


Premature 
Full:term newborn 


<1 mo. 
olmo, 
Ventricular. fluid ` 


Cisternal fluid. 


Early pregnancy $ $ 


` REFERENCE INTERVALS * 


Conventional . Conversion 


-Units STE Factor Sl Units ngs 


GAB3 h L UA 6483 SU! 
6.0-7.8 EG TEADA A 60-78 
Lower by S020 ps Ai Lower by 52.0 < 
mg/dL 28s: ae ome/L E 

1-14 “10-140 
mg/day sagday. 

<100 80.1 

<150 Jct 5 ite RAAE de K015.. 

Wghdl i acta ees BIE A 
15-130 82210 ea 2250-1300 -157 
AQ120 225.006 1200 $ 
20-805 Ek: 2200-800 oo) 
ASAD eer sae BERTHO 1 150-400, 
BAS enor inet he tet 50-150 

1525 208 oct 150-250. 
[| ores giL z en 
(UPS or A eRe 200-1700 0: 
eg KETE 


-Pyroglutamic acid 


U 


tii Late pregnancy i = 


‘170.175-0.705 


mmol/mol ` Le af 
creatinine 
<62 


Pyruvic acid 
E ERE WB, arterial 
WB, venous.. 
CSE p 
U, 24hr 


U 


“Adult = 
: Adult 
: Adult ` 


Adult 


-O-1-mo. ` 


1-6mo.. :: 


-77 6.mo-5 yr. 
eos 


Agra 
< > 0.2-0.7 0.114 


pmol/L 

0.02-0.08 

0.03-0.10 

0.06-0.19 

<1.1 mmol/day 

mmol/mol `: 
creatinine >> 

24-123 00 ee 

8-90 

3-19 

6-9 


0.3-0.9 
+ 0.5-1.7 


Retinol binding protein (RBP) 


i -Birth 
o6 moii 
Adult»: 


mg/dL, corner giL 


0,011-0,034 =- 
0.018-0.05 
‘0.03-0.06 


11-34 i i DOL 
9.8-5.0 $i ThE 
3.0-6.0 ` 


Reverse tri odothyronine (Ts) o> 


S 


ye 


Erythrocytes Paes 


U, 24h A: 


Cord (>37 wk) 
Children 

1 day 

2 days 

3 days 

1:mo-20 yr 
Adult 


‘Maternal serum. 


(15-40 wk) 


“Amniotic serum 


(17-22 wk) 


91:33 


r AA E26. 

ERA O5O E Se 
“280 ug/g 0.3 
“creatinine 


ng/dL 
130-300 


: nmol/L 
0.0154 2.00-4.62 
83-194 JARAT RETE - +1.28-2.99 
107-209 sorts A 165-3.22 
102-166 1.57-2.56 
10-35 ` 0.15-0.54 
10-28 5 _=:0.15-0.43. 
; -0.17-0.51 


106-638 0 n 

266-1330 

>24 pmol/mol `- 
creatinine...) 


>100 yg/day 2.66 >266 nmol/L, 
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TABLE 56-1 Reference Intervals and Values-—Continued 


REFERENCE INTERVALS 


: . Conventional Conversion 
‘Specimen Condition Units Factor SI Units 
_.mmol/mol 
i creatinine 
<. 0-lmo 1+ 3-16 
$ 1-6:mo er) ee 
>6 mo os ea ee 
ug/L: i ies ESTEA pmol/L 3. 
Neonates <8.0 (deficiency) 0.0127. x -< <0.10 (deficiency) 
<2yr 16-71 ` An R a i a RE G 
2-4 yr 40-103 . -0.5-1.3 
4-16 | 155-134 = 0,7-1.7 
Adults 63-160 o 0.8-2.0 
58-234 ` oia 0.74-2.97 
- 7-160 0.09-2.03 
Toxic conc. >400 >5.08 
; mg/dL pmol/L 
_ Newborn, 1 day ` -0.99-2.55 95,2 - -94-243 
-1-3 mo aa 0,8-1,60 76-152 
9 mo-2 yr. -5 10.35-1.34 331280. 
3410 ye 110.83-1.18 01: 79-112 0 
6-18 yr >. `: 0.75-1.90 71-181 ` 
‘Adult >- > 0.68-2.03 65-193 
rae. mg/day pimol/day . 
10 days-7 wk 6.2-24.7 9.52 59-235 
3-12 yr -:16.3-56.7 155-540 
. Adult _13.6-145.7 129-1387 
à mg/g creatinine mmol/mol 
creatinine 
Adult 0-47 1.08 0-50.8 
“Serotonin. ng/mL nmol/L 
_ WB 50-200 5.68 280-1140 
< ng/10 platelets .. | nmol/10° platelets 
WB. >. 88-1230 `> 0.00568 0.5-7.0 
ie ngimb. te ce nmol/L. - 
=S : 30-200 o 5.68 -170-1140 
o: ` g/day ; nmol/day 
U, 24 hr 60-167 340-950 
een ae: g/g creatinine mol/mol 
uaa a8 Pegs ` creatinine ` 
ie 38-101 0.653 25-66 
ee ee ng/mL ~ nmol/L 
“CSE 1.0-2.1 5.68 5.7-12.0 
oe ng/10° platelets -© nmoi/10” platelets 
|. Platelet-rich 370-970 0.00568 ` 2.07-5.55 
oso. serum ng/10° platelets -` nmoi/10” platelets 
`= 1 Isolated platelets 154-1086 0.88-6.16 
O ngfmL o a . nmol/L 
<+ Platelet poor plasma 0-3.60 5.68 |. ‘0-12.9 
WU ny: K a e Bg Lo ote R R a, el, < 
©) 3 Premature cord> $i 14131 116-140. i105 Cs 116-140: 2 
a Premature, 48 hr == OOH 128-148 ees EES oe “128-148 
“Newborn cord 55126-166 6050 126-166 2 
“Newborn . 933146 00 133-146 ` 
Infant. 139-146 139-146 
. Child = - 138-145 = 138-145 
© Adult 00 136-145 `; < 136-145 ` 
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TABLE 56-1 Reference Intervals and Values Continued 


REFERENCE INTERVALS 


ARE : ure O Conventional Conversion 
‘Analyt Specimen = ` ‘Condition Units Factor SI Units 
Sodium ((Na)—cont’d 
Serres i A i >90 yr 132-146 132-146 
U, 24 br : 6-10 yr mEg/day mmol/L 
; M 41-115 41-115 
F > 20-69 20-69 
10-14 yr ; 
M 63-177 63-177 
F 48-168 48-168 
Adult 
ii M 40-220 40-220 
ae F 27-287 27-287 
ere “mmol/mol 
rae 2 `. creatinine 
U 0-6 mo 4-20 
Ka >6 mo <9 
mmol/mol 
creatinine 
U <5.5 = 
Succinic acid mmol/mol 
: : creatinine 
U 0-1 mo 35-547 
1-6 mo 34-156 
` 6 mo-5 yr 16-118 
>5 yr 29-87 
“Testosterone, bioavailable S xi ng/dL nmol/L 
TESS ` Adult, M 66-417 0.0347 2.29-14.5 
Adult, F 0.6-5.0 0.02-0.17 
“Testosterone, free S eo: pg/mL pmol/L 
ET Cord, M 5-22 3.47 17.4-76.3 
. Cord, F 4-19 13.9-55.5 
; Newborn, 1-15 15-310 5,.2-107.5 
days, M oes 
Newborn, 1-15 ` 0.5-2.5 1.7-8.7 
days, F i i 
1-3 mo, M 3.3-8.0 11.5-62.5 
1-3 mo, F 0.1-1.3 0.3-4.5 
3-5 mo, M 0.7-14.0 2.4-48.6 
3-5 mo, F 0.3-1.1 1.0-3.8 
5-7 mo, M 0.4-4.8 ` 1.4-16.6 
5-7 mo, F 0.2-0.6 0.7-2.1 
6-9 yr, M 0.1-3.2 0.3-11.1 
6-9 yr, F 0.1-0.9 0.3-3.1 
10-11 yr, M 0.6-5.7 2.1-19.8 
10-11 yr, F 1.0-5.2 3.5-18.0 
12-14 yr, M 1.4-156. :. 4.9-541 
12-14 yr, F 1.0-5.2 3.5-18.0 
15-17 yn M 80-159 .. 278-552 
15-17 ys, F 1.0-5.2 ` 3.5-18.0 
: Adult, M 50-210). 174-729 
Adult, F 1.0-8.5 | 3.5-29.5 
“Testosterone, total ng/dL nmol/L 
a nea $ - Cord, M -= 13-55 0.0347 0.45-1.91 
Cord, F 5-45 0.17-1.56 
Premature, M 37-198 © 1.28-6.87 
Premature, F 5-22 0.17-0.76 
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TABLE 56-] Reference Intervals and Values— Continued 


REFERENCE INTERVALS 


Chita tte ott Conventional 
Specimen -`> Condition Units SI Units 
Newborn, M -75-400 2.6-13.9 
Newborn, F 20-64 ` -0.69-2.22 
:Prepubertal child l 
1-5 mo M 1-177 -0.03-6.14 
1-5 mo F 1-5 -0.03-0.17 
6-11 mo.M 2-7 < 0.07-0.24 
6-11 mo F 2-5 0.07-0.17 
1-5yrM 2-25 0.07-0.87 
1-5 yr F 2-10 0.07-0.35 
6-9yrM : 3-30 0,10-1.04 
6-9 yr F 2-20 ` 0.07-0.69 
Puberty, Tanner l l 
~~ stage l 
-1,M 2-23 0.07-0.80 
1, F 2-10 0.07-0.35 
2,M 5-70 0.17-2.43 
2,8 5-30 0.17-1.04 
35M i : 15-280 0.52-9.72 
ecu E S “ 10-30 0.35-1.04 
AM 105-545 3,64-18.91 
AF 15-40 0.52-1.39 
5M 65-800 9.19-27.76 
. 5, F 10-40 0.35-1.39 
Adult M 260-1000 9-34.72 
; Adult F 15-70 0.52-2,43 
“Fe adecadienoylcarnitine umol/L 
E P 0.01-0.12 
NA pmol/L 
‘WB spots ` 0.01-0.26 
Bile spots . -.. 0.04-9.49 
Se ER 8 mmol/mol 
a Bh creatinine 
Upe 0-7 days 0.01-0.55 
: 8 days-7 yr 0.00-0.02 
>7 yr 0.00-0.00 
‘Tetradecanedioic acid. an mmol/mol 
LSE? aes earn creatinine 
A <0.5 
Tetradecanoylcarnitine.” <i ae pmol/L 
See ee Po 0-7 days 0.01-0.23 
l 8 days-7 yr 0.01-0.10 
>7 yr 0.01-0.12 
Peai mol/L 
: +1. WB spots | 0.04-0.47 
Soli. Bile spots | 0.04-3.81 
e LS mmol/mol 
ESL creatinine 
SUr 0-7 days 0.01-0.11 
Rian 8 days-7 yr . 0.00-0.39 
ee >7 yr 0.00-0.02 
` Tetradecenoylcarnitine Rrr umol/L 
re EEUN EURA P. -0-7 days 0.01-0.39 
e ~.. 8 days-7 yr 0.01-0.23 
>7yr 0.01-0.24 
EE i pmol/L 
WB spots 0.02-0.30 
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TABLE 56-1 Reference Intervals and Values——Continued 


` REFERENCE INTERVALS | 


` Tetradecenoylcarnitine—confd - 


Specimen. 


Condition 


E Conventional - 


~ Units - a 


- Bile spots.” 


0-7 days 
8 days-7:yr 
>7 yr 


“Conversion 
-Factor 


“SE Units ~ 


70.03-12.49 
: -mmolimol 


“creatinine 


i Sot 00-0.24 
~0,00-0.21 
“ 0,00-0.01 


Thallium 


s ; : : WB (Hep) 


‘Threonine = 


U,24br n 


“Toxic 


- Nonsmokers 


T Premature, 1 day ` 2 
; Newborn, 1 day `. Da 

21-3. mo iiin e 
EZG mo EAE 
HPBO yr 
fi Oe) 8 yr ions 


10 days-7 wk En 
mB yr n 
oS Adult ii 


© “Adult 


+i mg/dL. 
1.14-3.98 
<11:36-3.99 > 
124 0.75-2.67. 


2.27-4.33 


£.0,50-1.13 

0.88-2.40 

°50,94-2,30. 
L5S-11.9 

“5 10,1-29,6. 

44 3-46,7 l 

g “ng/g « creatinine - 


0-28 


ERABI fi 


od 


84.0 


8.40 


£0.95 


co nmol/L 
n <24.5 
pmol/L : G 
0.5-390 5: 
“mmol/L: 
9.89 


umol/L °°. 


$4.9-97.8 OY 


umol/L +: i 
£69.20: 
<207. 052525 
103-500: 


>862 


umol/L 

95-335 
114-335 
64-224 
191-364 

42-95 

74-202 

79-193 220, 
[imol/day °°: 
13-100 9. 


; 85-249 : 


120-392 2. 
mmol/mol : 
“creatinine 


ore 


Thyroglobi lin (Tg) : 


Adult euthyroid 
Athyroidic patient 


ng/mL `: 
3-42 >> 
<5 


aS = 


“pg/L 
`. 3-42 
ee 


Thyrotropin $ 3 ares 
(thyroid stimulating hormone) 
(TSH). i 


Whole blood 
(heel puncture) 


Premature, 28-36 wk 
Cord blood :(>37 wk) 
Children 

Birth-4 days 

2-20 wk 

21 wk-20.yr. 


-Adults 


Slat yr 
55-87:yr 


och Pregnancy: 
oo Birst trimester 02°) 
Second trimester wee 

~ Third trimester”... 
: Newborn screen : 


IU/mL 
0.7-27.0 
2.3-13.2 


1.0-39.0 
LEIE 
0.7-64.0. 


Odd en 
05-89 


BOBAS E 
0.546 
0,8-5,2 
‘a 


Lo o 


`: mIU/L 


0.7-27.0 


2.3-13.2 


1.0-39.0 


SASL 7-91 
2250,7-64.0 © 


Biel) © ET 
2.528.920 oe 


PE EEEE 


0546 oi 
0.8-5.2 
<20 
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TABLE 56-1 Reference Intervals and Values—Contir ued 


‘Analyte Be i : Specimen | Condition 


REFERENCE INTERVALS © 


Conventional 


Units 20000. =. Factor ` 


‘Thyroxine-binding globulin (TBG) _ . i 
e er Torie TaS . Cord 
A SRR Children 
4-12 mo 
l-5 yr 
5-10 yr 
10-15 yr 
Adult 
Male 
Female 
: Female (oral 
contraceptive) 


Thyroxine (Ty). i ee ee oe. 
eee eee ya eas : S. ra ite ©. Cord 
ee hates Children 
: = 71-3 days `` 


OPES ELAS yt 
` Adults (15-60-yr) 
S i sMales ose 
20 Females =i i5 


356i 
2.9-5.4 


TLS -5.5 pii 


mg/dL 
3.6-9.6. 


2.5-5.0 
IAG E 


12-25.: 
1.4-3.0 5 


weld 


NELE T EN 


560 yr OEA 


‘Newborn screen `i 


: "1-5 day EES BAe 


6 days 


152-292. 


94-194 
83-1720 


95-168 DOE 


126-214. 
93-186 
101-213. 


PAST Ee 
59-135: 
6521382) 
65-138. 


>97: 
>84 


‘Thyroxine, free (FT,) ie, O ORE 
E te, Sna. a `: -Newborns >` 


"(4 days) 8S 


“Children `: 


=. (2 wk-20 yr) ene 
Adults (21-87 yr) . 0° 


. Pregnancy 


First trimester Ki 
- Second and third :: 


trimester: 


28.4-68.4 


“03347 


pmol/L BE ae hes 


(103-258 8 


Thyroxine, free index (FT, I) a 
’ Buber es toe eae Gy oes Cord 
j Infants 
1-3 days 
1 wk 
1-12 mo 
Children 
blo yr: 
Pubertal child: 3: 


gadt i RSE 


PESENE EP Bee ae, Og days an 
NS oen 
CASI yr T 


10.00-0.06 
“0,00-0.05 


0.00-0.10 
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TABLE 56-1 Reference Intervals and Values-——Continued : 


REFERENCE INTERVALS 


WSR eh : Ba e TE : Conventional Conversion —. 
“Analyte: 00 ; Specimen >`; ` : Condition i Units ©, Factor SI Units 


Tiglylcarnitine—cont’d oe he 
WB spots. ` para ins ILU eeeieeeeee! (iP A Ren 
~“ Bile spots ` : CSUR SEED 59).03 20,53. 

oes “creatinine 

oes 0-7: days So 0012014 
i i 8 days-7.yr cst i 0.00-0.34 

>7 yt SSE CEMA 9,000,038 6 

Spee a ear Newborn 1172250 i SE QOL. 8 1722.5 0 

“20-60 yr 200-360... ese 120-36 

“60 yr 160-340 0+. 2 ER 1.6-3.4 


-0.75-1.30 U/g 64.53 : 48,4-83,9 kU/mol - 
A ee Ree 
pei Ba SA eid ithe igi Lii ae 
“Ss Adult (20-60. yx) 02. 20-40 200.01 0.2-0.4.0 8 
ear repena ne RNSES 1Y-7(:| Cotati mmol/L 
`i Sth-95th |=: 5th-95th 
percentile | percentile 
29-99 0 0.0113 0.33-1.12 
> *34-112 . 0.39-1.27 
-28-85 0.32-0.96 
-32-126 ‘ 0.36-1.43 
` 33-111 0.38-1.26 
_. 39-120 0.44-1.36 
< 38-143 i 0.43-1.62- : 
~ 36-126 0.41-1.43 
44-165 : 0.50-1;:87 i 
37-168 i 0.42-1:90 5i. 
145-204 -= 0.57-2.318 oi 
"42-159 <: ; 0.48-1.80 = 
*AG-253 «6 ia Bim 0.52-2.86 =. 
40-163, TA 045-1845 0: 
152-316 9+ Siebel es: 0.59-3.57.0 
40-205 6 fo “5 0,45-2.32 
56-318 005S ee : 170.63-3.60 
45-191 0 o 0.51-2.16 
56-279 -> ne 0.64-3.16 
44-223 eli Jy 1.0.50-2.52 
63-313 -10.71-3.54 
53-223 ooie Sri, §,60-2.52 
60-261 Pete a L. 1 0.68-2.95 
59-279 Deio Tah a 0,67-3.16 
56-240 i ia i Paa Ee 0.64-2.71 
57:256 228A 0.65-2.00 oe: 
540956 0 EER 6122.90 A iiis, 
156-260 A A A L A064294 i 
A EZEZ fT E OA EY W EE 
E area 6022896 8 968-3272 
‘Recommended | nie eae oe ee mg/dL: IY “mmol/L. fe 
| cutoff points 2 2 P g: 2 SEA AROS ie ie A Mier A resco E er 
tee geri ET b-ANormal (octets U KISO i 8 0.0113 AID soi A 
Li High 15099 a eS 1.70-2,25..2 255 


Transferrin? 


‘Transket ase, erythrocyte Erythrocytes 2 


‘Transthyretin (prealbumin) ee 


§ Suite oan Ge 
: — 
lo-l4yt 

“15-19 ye 
20-24 D 
‘29y g 

‘ 30-34 yr 

i 35-39 yr 

40-44 yr 

45-49 yr 

50-54 yr 

55-59 yr 

60-64 yr 


65-69 yr 


a BoM PMP EMS RN ETETETT eee 


: Seay 
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TABLE 56-1 Reference Intervals and Values-—Continued —__ 


Section VII Appendix 


REFERENCE INTERVALS 


: Conventional Conversion 
Specimen `` Condition Units. Factor SI Units 
Hypertriglyceridemic . 200-499... : - 2.26-5.64 
Very high >499 “35.64 | 
Cord 15-391 20.0154 - 0.2-6.0 
Child & adult 210-440 -. aoe 3.2-6.8 
Pregnancy 200-380 3.1-5.9 
ESER, ; ; ng/dL ES mol/L => 
Bree ta Cord (>37 wk) 5-141 ` 00154 225 0,08-2.17 
1-3 days 100-700 . -1.54-11.40 
1-11 mo 105-245 ` 1.62-4.14 
1-5 yr _. 105-269 1.45-3.71 ||. 
6-10 yr - 94-241 1.26-3.28 .. : 
11-15 yr 82-213 
Adolescents oe f KAN 
16-20 yr. 80-210, 71,23-3.23 | 
_ Adults i.i. ae RE oes 
20-50 yr.: 270-204 1.08-4.14 i 
50-90 yr ‘40-181 0 0.62-2.79. 
: Pregnancy l 
"First trimester -81-190 1.25-2.93 
Second & third 100-260 1.54-4.00 
RN EY : trimesters 
‘Troponins (See Table 44-3, 
‘Chapter 44.) 
‘Tryptophan: mg/dL umol/L 
BE. P Premature, 1 day 0-1.23 49.0 0-60 
eo Di - Newborn, 1 day - - <1.37 <67 
“1-16 yr 0.49-1.61 24-79 
>16 yr 0.41-1.94 20-95 
: hoa” - mg/day umol/day 
U, 24 hr - Adult 5-39 4.90 25-191 
Se ee i ing/g creatinine ` mmol/mol 
f f creatinine 
Adult <30 0.55 <16.5 
Tumor-associated trypsin inhibitor. ~ ng/mL pg/L 
iSS (TATI). ee eG 3-21 1.0 3-21 
Ss -U 7-51 7-51 
‘Tyrosine. l ; mg/dL _ mmol/L 
: i aP Premature, 1 day 0-5.79 55.2 0-320 
E Newborn, 1 day 0.76-1.79 i 42-99 
1-3 mo 0.54-2.42 -30-134 
2-6 mo 1.30-3.91 _ 72-216 
9.mo-2 yr 0.20-2.21 11-122 
3-10 yr 0.56-1.29 >. o $ 31-71 
6-18 yr. 0.78-1.59 =: “os 43-88 
Adult 040-158 oo: 22-87 ` 
Dredg wg, Ps pi mg/day 5. pumol/day 
U, 24 hr 2 10 days-7 wk 4.0-7.2 00: 5.52 < 22-40 
bis Scag 3-12 yr 172-3040 : 40-168 
Adult C. 12.0-55.1 66-304 
i . mg/g creatinine mmol/mol 
creatinine 
Adult 0-23 0.62 0-14.2 
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-5 Specimen 5: 


‘Condition 


Units 2022008. 
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`- REFERENCE INTERVALS 


‘Conventional .: Conversion 
° Factor .- 


2301 


SI Units - 


na 
-= Phosphotungstate 


SS Uricase 


U, 24 hr 


S N Adut 


0-6 mo 
6.mo-5 yr 
>3yr 


Cord 
Premature (1: wk) 


“Newborn 
© Infant/child 


Adult 


: Adult >60 yr 


Male + =: ae 


`| Purine-free diet =. 
CMe neii i 
©: Low-purine diet: : x 
ni Penale <i 
<- High-purine diet 
i= Average diet 220.0: 


0-1:mo 
1-6 mo 

6 mo-5 yr 
>5.yr 


Female — pe 


eo vere 
‘Slightly lower 


: 70,0059 


gee" PET ENA 
E 
ROO 88 Ee 
17250-750 <1 es 


i mmol/mol -+ 


creatinine 


TARR O-8.2 i 


mol/day 
0.43-0.71 


mmol/L 


0.26-0.45 
0.13-0.39 
0.25-0,47 2°: 
0.20-0.43 
0.12-0,32 -` 


0.21-0.42 
0.15-0.35 
mmol/L 


<2.48 
Slightly lower . ` 


<2.83 


<2.36 `: 
<5,90 


148-443, 
‘mmol/mol 
>: creatinine 
359-2644 
| 359-2644. 
< 185-1134 
199-1034 


Premature, 1 day 
Newborn, 1 day 
1-3 mo 

9 mo-2 yr 


3-10 yr 


6-18 yr 


Adult 


See 0 days-7. Wk 


3-12 yrs 


mis “Adult ns 


‘Adult a 


21,65-3.71 


ny eye ees 
mg/g. creatinine < 


mg/dL 
0.34-2.70.: 
0.94-2.88 - 
1.13-3.41 
0.67-3.07 °° 
1,50-3,31 20205 
1:83:3,375 


D 


085.5 


-0.97 


mol/L 


30-230 


` 80-246 
* 96-292 


57-262 


©: 128-283. . 

156-288 

SN IAL-BI7 
“pmol/day 


| DES Y Ronan eee 


21-102 a 
mmol/mol.: 
creatinine . 

1.9-5.9 2°. 


Continued 
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TABLE 56-1 Reference Intervals and Values—Continued 


“REFERENCE INTERVALS 


ie ; : E inc een hi <11 Conventional . “Conversion ArI e 
lyte: ERG a pausuei Specimen: tiiti; Condition AL Units Factor 0 o SE Units, ii. 
‘Vanillylmandelic acid (VMA) SANITU, 24 hr A SEN z “mg/day : eee Sesh cae 
HES AEG SUA SUSE a es a ete ARBE yE 8 et Ee see S605 cca: 
6-10 yr 2.0-3.2- ekrak ni en 
10-16 2352 oe 
16-83 226.5 BA 
: i mg/g creatinine 


0-t-mo <27. 
1-6 mo <19 
6.mo-5.yr <3 : 
3-6 yr 0210.8 20% 
6210 yr TE K ARE 
210-16 yr 


“0571 


eae SopumoL 2243 
2" 0,0849° 00.70-1.40 iii 
S DOLL S 
0.91-2.51 280, 
ea 


Er 1-6 yr 
EER yr: 
CE 13-19 yei 
ESS ; SS hos Adal a 
Vitamin By WEB 223 A 


> {Thiamine diphosphate) ‘Brythro tes. : a ne nhl 


90-140 nmol/L. 1.0 90-140 nmol/L 
280-590 ng/g Hb. 0,146 40.3285.0 pmol... 
sine taune ies Sn S 


q "tamin B (See Riboflavin) JAM 

Vitamin B, P (EDTA) ke Oe gli: nmol/L 
inca Pa EE 99 4.046 20-121 
‘Deficiency 9.0.2 200 <5. os <20.2 


En : pmoi/L : 
eaaa aeta e 206-678 ni.: 0.733 151-497 `.. 
¿is Acceptable: (WHO)... >202 020 D147 2s: 
“Deficiency (WHO) Ai 150 Se <110.:: 
He a Seree sures) ome D h A pmol/L 
Dans oi OMS LG ce 56.78 Pa ASs 2 tie 
SUD eficieney F202 SA a SUL 
SAAS 2229953 tye 08 8 Q.057 ooo 2 1.14-3.01 fmol/10° 
ree Se tdeukogytes ica ns ““Jeukocytes oi; 
2.1 Deficiency <: PKIO pig/lO® oo 0.57 fmol/10®: 
. i leukocytes iii Cy t Jeukocytes 
S Rath eee ng/mb a aA mol 2 
veneers ; 10-65 2202250 823 2) 25-162 
1560.2 he Roc ORM nt 36-144 


‘Vitamin By 


Vitamin C (ascorbic acid) 


Vitamin D. 
25(0HK)D 


1,25(0H),D. = 


Vitamin Boo c 


mg/dL. oe mol/L 

Premature neonates 0,1-0,5 3823225 228,2 25 A ISi 23-116 

Children 0.3-0.9 Sear k R 7-21: te 
‘Teenagers ERE Kt ARTA, Ta 1423 oo 
“Adults EO. K Bohs: ERUEN Y V E 


5 0.13- VAD E 


EEA 


San re 80:12 “0,153 Pr O 
aea Deficleney 2.2 A QE DE Gs 
AU, 24 br oe 02013 mg/24 hr 215.3, 3-21 pmol/24.hr. i 


"11 IU = 2.4 ng. 
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TABLE 56-2 Therapeutic and Toxic Levels of Drugs 


“Therape tic drug monitoring and detection f drug overdose have become increasingly important aspects of the 


g measurement methodologies are continuously i improving, it: may:be necessary t to 
ere with information obtained from other. sources as. it becomes available. Reliable `: 
drug analysis 


patient a associ 


drug level is to be of opt i al use € clinically Therapeutic and toxic intervals for which definitive limits € lo ‘not exist have — 
been: omitted from the table. Drugs are listed 1oy their chemical or generic name, followed doya a commercial brand. of the 
drug (where i 

For conve 


Ethylenediaminetetra 
Heparin 
Occupational exposure 
Plasma 

Premature 

Serum 

Therapeutic 

Urine 

‘Whole blood 


References 

Johannessen SI, Battino D, Berry DJ, Bialer M, Kramer G, Tomson T, et al. Therapeutic drug monitoring of the newer antiepileptic drugs. Ther Drug Monit 
20035325:347-63. 

Kelly P, Kahan BD. Review: metabolism of immunosuppressant drugs. Curr Drug Metab 2002;3:275-87. 

Schulz M, Schmoldt A. Therapeutic and toxic blood concentrations of more than 800 drugs and other xenobiotics, Pharmazie 2003;58:447-74. 

Tietz NW. Clinical guide to laboratory tests, 3rd ed. Philadelphia: WB Saunders, 1995, 

Physicians Desk Reference, 59th ed. Montvale: Thomson, 2005. 

Drug Information Handbook, 11th ed. Hudson: Lexi~Comp, 2003. 
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TABLE 56-2 Therapeutic and Toxic Levels of | j! ugs—Continued 


“REFERENCE INTERVAL 


eS : 7 _.. Conventional ` 2 Conversion wan, 
Drug one Specimen . . Status Units. Factor. SLUnits 


Acetaminophen Snes i Sorpo 627s Sef, CA TE 662 Sees oe ~ umol/L SoS 
(Tylenol) (Hep or EDTA) Therap 10-30) D 6621992: 
~ Abr after dose >200 
Ria Ae reer E, -12 hr after:dose >50 
Amikacin ieies or P:(EDTA) ug/mL 
(Amikin) i aS : Therap 
Peak 25-35 
Trough 
- Less severe 1-4: 
`: infections 
Severe 4-8 
infections 
-Toxic gee 
Reo =| ory ee > oes a eg aa 
Trough Ligo os EEE 


Aminocaproic acid Sor P EET MTRT LEa A IE ee ON Tbe mmol/L 
(Amicar) (Hep or EDTA) Therap apot PERS EAn TEs 
eee Trough 100-400 0:8-30. 
Amiodarone SorP ugimL 1,55 mol/L =i 
(Cordarone) (Hep or EDTA) Therap 1.0-2.0 15-3... 
Toxic >3.5 >54: 


Amitriptyline (Elavil) SorP oe > nefmL 3.61 nmol/L 
(Hep or EDTA) Therap 80-250 _ 289-903.) 
Pees Toxic . >500 2 21805222220 
Amobarbital (Amytal) S gi > a 4,42 pmol/L i: 
a Therap De econ, eee iS ee i a, 


Toxic >10 l l >44 


Amoxapine (Asendin) Sor P ng/mL bg AAI Boon Pees nmol/L oes 
i (Hep or EDTA) Therap 200-600 S a 638-1914, 5 
Toxic >600 C D1914: 


Amphetamine SorP ng/mL FAO mol/L | 
(Hep or EDTA) Therap 20-30 : s -< : 148-222 
Toxic >200 Ein >1480 
Bromide as bromine S ug/mL 0.0125 mmol/L 


Therap 750-1500 E UT Te A 94-18,7 
Toxic >1250 cee >15.6 


Bupropion S or P ng/mL Pe APT Os nmol/L 
(Wellbutrin, Zyban) (Hep or EDTA) ‘Therap 25-100. 0i 1042477 
Pie Toxic >100 oe H oe DAYS ore DAL: perenne 


Caffeine. es SorP wgimL HTO ii E515.: EREE “pmol/L p 
o (Hep or EDTA) . Therap | Seid A REER ap 
- Toxic pee: 20 LEY 2103 2 
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TABLE 56-2 [Therapeutic and Toxic Levels of Drugs—Continued 
: oe l on : REFERENCE INTERVAL 


eras Conventional - Conversion co 
Specimen... Status Units eos Factor.) SI Units 


Carbamazepine Sor P iE ugimL -i T Pare ve oe “mol/L 
(Tegretol) ; (Hep or r EDTA). “Therap 4-12 F uk mare eA BS yA 51 
a iE i . Toxic 0008 >15 a E RERS “563 


NE E ES PESEE ug/mL 

epoxide (Tegretol = oo TAn Therap 0:4-4 

metabolite): 2 NEn BEYA] Toxic >8 : 

uügimL SE A264 

Dependent on iii a Same 
inhibition conc. 

Ee h of specific. organism +=. 

<: Toxic >250 (neurotoxicity) 


Carbenicilin = Sor P 
(Geopen) =. (Hep or EDTA). Therap 


5660 


| drate (Notece) $00.00 SNES eas be es pmol/L 
as trichloroethanol cee Therap e a A eee! 13-80 
2 HOSE OMG E poe 2134. 


‘Chloramphenicol Sorpo A EE o T os l umol/L 

_(Calovomycetin) (Hep or EDTA) | Therap SSH Sa QS§ iE BLP Pe 

Toe eae Pera ae >77 

Gray baby 3. 2.070534 20: >124 
“syndrome ~~ aN 


: Chlordiazepoxide SorP IEA A Ui bh vc ngiml + 0.0033 mol/L 
: (Hep or EDTA) Therap... 700-1000 2.3-3.3 
Toxic 0 es, ~~ »>5000 < >16.7 
SorPe ee ee ay ng/mL ii 3.14 nmol/L. 
(Hep or EDTA): Therap. BT Ue aie ie os Ee ees 
ee tadult i A 2255505300 sel i, 157-942 =: 
Seong Winter ag gg akiei etc 126-251 
SO : a HRA: D750 E UR 52355) 
Cimetidine (Tagamet). S or Po SoG ae g/mL 23.96 oS ümol/L =: 
; a R or r EDTA) ` Therap e eee Hp ve : oe : ane sea Ba 
Trough OBAL SAEN A 1 2.0-5.0 
Toxic P1305 teas DU TTA SS,I 


Ciprofloxacin == ee ug/mL At 3,02 pmol/L 
i Therap E ; s 
Peak (oral dose) `: °'0.5-1.5 EUN u B1453 
Peak (IV dose) <5.0 Bote ties te <15.1 
Toxic >5.0 Beet era el 


Clonazepam (Klonopin) Sorpo EA FAEERE “nmol/L 
Ses oes Gee or. FEDTA) ‘Therap 60) so E EES 48-190 
ire Toxic. BO a ee RE paa SESS ba oo. 
SorP. pone igimb E by Rees nmol/L 
(Hep or EDTA) Therap S PE eas ce ae 4A-B7 
ate (Tramxene) © Sorpe n agi 
ret (Hep or EDTA) © Therap (as~ “"Q,12-1.0 
“desmethyldiazepam) > 


umol/L. 
0.36-3.01 


Continued 
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TABLE 56-2 Therapeutic and Toxic Levels of Drugs Continued 


REFERENCE INTERVAL 


Be REE Conventional Conversion 
“Specimen Status Units cel. Factor SI Units. 
ril) Sorpo ye foe | 


ng/mL Bn a 3.06 aoe -nmol/L = 
100-600 fo 25306-1836 


_. Therap out 
>900.° ARTS 


~: Toxic: 


ng/mL 


Ae mmol/L 
Toxic >1000 


3300. 


or EDTA) 


‘Toxic ; >1000 


; an ng/mL B84 Li E i 
Xi Therap 10-100 oien agn i iin V 1033-334 | 
obni TOXIC S Satis AGS Te BOGS 
oS Therap Sets eee pg/mL i ni: 
co 2 hy after dose.: 0100-400: 00 iL 
AUA he 9d hy after dose; 25100-20000. 

RA p e ogi hv A TRE RE A 


p elav dine (Rescriptor) ; ANBO 


E ae Theap o aE 

SOUS BE rough 320.8023 g sees 
Sori Pegk (EoD Sade T6 S, `- 25.2-28.8 - 
Toxic 5 a ge >28.8 


-Desipramine SorP a ae es eer et 7 

(Norpramin) (Hep or EDTA) E = apse <2 3.75 nmol/L 

Ee vee peA Therap ¢ 8S Sage a0 a 281-1125 | 
Toxic >400 >1500 


SorP en ake Se nein 6 0.0035 pmol/L 
(Hep.or EDTA) ` Therap 0 °°: °°! + 5100-1000 <5: 0.35-3.51 
oria Ree e ToxiC 3 -= E>5000 a = >17 


T 28 o amol.. 


So as 
l e herab o e a Ware a a ee A 
atn Gon rough i e MOS A A ae 0.4-1.2.: 
qis Peak 5 OTS sy se Bae es u a aA 
AA p aes i Toxic SIS i ee ee >6.4 
AWE 2S or Pa ie i ng/mL Soi eh 4. nmol/L 
(Hep or EDTA) -Therap 20-35 P © 26-46 
iini >8hr after dose Toxic >45 >59 


Digoxin (Lanoxin). Sor Poi ng/mL O 128 °° nmol/L 

5 e $ (Hep or EDTA) | Therap EEO des p ; 
-(@i2hrafter 0.5-1.5 ALEA URRIA SaLi. (0,64-1,92 

dose)? NN aes : Beh CIM eis ph haben A gage a 
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TABLE 56-2 Therapeutic and Toxic Levels of Drugs— Continued 


REFERENCE INTERVAL 


Conversion 


Conventional: 
cS Factor 


Units 


Drug ooi 
Disopyramide (Norpace). 


Doxepin BES 
(Sinequan, Adapin) : 
_Bfavirenz (Sustiva). 
‘Ephedrine (Ectasule) 
` Ethchlorvynol (Placidyl) 
‘Ethosuximide (Zarontin) 


: Felbamate (Felbatol) 


F enoprofen (Nalfon) 


: Flecainide (Tambocor) 


Fluoxetine (Prozac) =: 


Flurazepam (Dalmane) 


Gabapentin (Neurontin) . ; 


Gentamicin (Garamycin) 


= Specimen 


Bn 


Status 


Sorp i 


© (Hep or EDTA) 


Sorp 
(Hep or EDTA) 


Therap 


“Arrhythmias 
“Atrial 
Ventricular 
Toxic 


Therap 
Toxic 


eee Therap 


-Toxic 


Sorp 


(Hep or EDTA) < Therap 2 an aie oig 


5 ug/mE: 7.08 


S or:P ; 
(Hep or EDTA) 


Sor P 


(Hep or EDTA) ` 


Sorpo oni 
(Hep or EDTA) .» 


SorP. 


(EDTA) 


S.or- Po 
(Hep or EDTA): 


i Therap, RE 


Therap; 


Toxic o i 
"Therap l 
“Toxic 320) 


P.(EDTA) cs n i 


‘Therap 
"Toxic 


Therap 


‘Toxic 


‘Therap 


Suc TOXIC 
(EDTA) Gea 
oe 


Therap 


os Less severe 
Infections 


yan Bevere slo 28 
infections “0 


mt 


2.0-5.0 
3:3-7:5 
>7 


ng/mL EET aS 


150-250 
>500 


pgm 4.20 


4.12 


2.41 


SI Units 
at pmol/L 


59-148 


9.7-22.1 
>20.6 


nmol/L 


937-895 
21790 05 
SEN 
R692 n 
po Sane 


mol/L 
0.3-0.622505 


pmol/L 
14-552 
>138 
pmol/L 
283-708 
>1062 


pmol/L © 
168-420 `: 
>504 23 
pmol/L“ a 
82-268 


mol/L 


0.5-2.4. 


>2,4: 


“nmol/L 
291-3715 
mol/L 


>0.5 
pmol/L 


9270 
702.8 


“pmol/L |.) 
10.5-16.7 


16.7:20.9 


Continued 
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TABLE 56-2 Therapeutic and. Toxic Levels of Drugs—-Continued 


OBE - REFERENCE INTERVAL ` 
ee ae pees Conventional Conversion 0. 
Status — Soe Units oo Factor SI Units. i 


con SSpecimen:: 
Gentamicin (Gavamyen) contd at Srinivas dtd 
SES “Trough 
Less severe sl: 
“infections ; 
Moderate <2 
infections 
Severe <4 
“infections 
= Toxico erates 
oo Peak B10. 5: 
oo Trough: ene 


Ghiethimide Dorden) S 


-Haloperidol (Haldol) Sore. 
cs So (Hep or EDTA), 
“Hydromorphone aaa 
(Dilaudid) 


eee Toxic: 

Ibuprofen (Motrin) S or:P E 

mA EEE, (EDTA) Therap 
; “Toxic. 


‘Imipramine (Tofranil) <; -5S or Po gh e857 nmol/L. 

SN EE Tes or EDTA). De : ages oe -150- 250.: ee 536-893. 
SEALERS aoe 1785. 

LAL “mol/L 7 : 


‘Indinavir (Crixivan) Sor Pe i 
etre aoe Hep or EDTA) 


AE 7 
EE 
g/m oi toe 7,29 fe “anol 


june CEN 
: Nydrazid) 


>20 See a A eV Tae 


52-72 
“Trough POLES 
Less severe 
 unfections 

Ee Severen 
infections 
Toxic i 
“Peak: E BEB SN PE gas SAD 
Toh o || pee nacre Center es edt EEA z. 
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TABLE 56-2 Therapeutic and Toxic Levels of Drugs Continued 


-i REFERENCE INTERVAL 


AT AT Conventional _. Conversion 
Specimen... Status Units Factor Si Units — 


Lamivudine (Epivir; 9°. S00 ey pg/mL G e486 eee) mol/L ~ 
Epivir-HBV; 3TC) -= e Therap ; E a etn nee 
e eee rent ene Trough QMO sso OBA 
“Peak 1.4-1.8 Sereno Ve PEDERI A Ge AC 
Toxic >5 S28 


Lamotrigine (Lamictal) Sor P ug/mL BOD ee mol/L 
eae (Hep or EDTA). Therap Re a he eee 
AA E Ee ‘Trough 1-2 a aye es 3,9-7.8 

Peak 5-8. Pe BES OOM Ag 6 53 

mo Toxic SIO ees DARSA R 

S Or Pe ele E ER: “pmol/L 

(Hep or. EDTA) < Therap os nia Eee? 

o Trough. ini 3- 34. areas 18-200...2..: 

Peake i nA AiO 63 E 59-3715 

se i Tp p in eaa a eee yA Reece 

E ee Ta aE 99 pmol/L 
“8 E5-6.0 0 6.4-26 


“Lidocaine (Xylocaine) Gor Pe a ES 
ee (Hep or EDTA) Thep. 
z5 dc E 
following i EONS EA | a 26-34 
bolus dose : aa o T: 
- . depression : he ae i 5 
Seizures, eee eR >34 
-obtundation, . a 
‘= decreased. 
SEES LARN ` cardiac output | an ae 
“Lithium (Eskalith) SorP ee ae oral ae 1.0.5 mmol/L 
eect (Hep or EDTA) “Therap Fane a et | ser eee ce ree 0.6-1.2 
des (o> < PRE EEE ny 7 Acre ares Bata DILA 


Lorazepam (Ativan) Sorp: z ee engm See 230 nmol/L 
ee ae ne ie or. F EDTA) Therap a a BOEZA A RAA K a oe EA L56746. 0 
EER agd > a EE, ng/mL i i309 nmol/L 
diethylamide (1 aso) . P (EDTA) After 5-9 Dee roe | 2 15-28 
fees pee hallucinogenic ; ' ; i 
: dose PA gee 2 i 
OR Tee eee After 1-50 ares 3-155 
hallucinogenic 
dose 


` Maprotiline (Ludiomil). Sor. PRE ng/mL SET RE nmol/L 
e BT Hep or r EDTA) -Therap 200-600. ay antsy eee 72042160 


Toxic >600 5 ears ai stnen 


Meperidine (Demerol): SorP : gimb oo = jimol/L* 
nie Hep 0 or. EDTA). Therap 0.4-0.7 0 ee Boers Roe parting 
SORI . : Toxic g SEATS ESS z oe dO fe 
-Mephobarbital Sorp iip ks ERTES ne AA A ua ; = EN : 4.06 pmol/L. 
- (Mebaral) = c5 (Hep or. EDTA) Crean © Bevo hee EAE l 41-284 
A odee ae ls >60.9 


Continued 
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TABLE 56-2 Therapeutic and Toxic Levels of Drugs —Continued 
ee rae E r -REFERENCE INTERVAL 

Seek Conventional :: .. Conversion a 
Drug... Specimen ‘Status Units. Factor) SE Units 
Meprobamate (Equanil) © +8 0.7. l a ughmL i: H : ; fe CASS a mol/L D: 

RES Toxic | >60. 

Methadone Dolophine) Sorpo A ng/mL 
Hep, or. EDTA) Therap 100-400 

Toxic >2000 


Mespiephernmine g z S Tia g/mL = 
Pe eae A, ane <: Therap 0.01-0.05 
ber ee OG Toxic >0.5 55 


(Quaalude) oS (Hep or EDTA) © Therap | ES : E By ooh 


Toxic S10 AT A Aaa Sag ENAN 


‘Methotrexate ` SorP E onani wn: fan set SOD ais mol/L eee 
EAE Win (Hep or EDTA) - Toxic EEE ES l AM RAVEN 
fags) © -2wk after” oe 0.2 
~ low-dose therapy. or ue 
$ 24hr after ; 
high-dose therapy aa : aoe 
48hr after ; 20.5 S 20.5 
high-dose therapy : 
72hr after 20.05 : | 20.05 
high-dose therapy ~~ 


Methsuximide S re Bg/mL 5.29 nmol/L ` 
{N-desmethyl -Therap ¿o;i i 0.01-0.04. 2: 0.053-0.212 | 
methsuximide) Toxic eh eco ee: 0.212 9 
(Celontin) ` . ee es ESR 
‘Methyldopa (Aldomet) = P(EDTA) 000 a o pigémL, sis a3 pmol/L 
ate Serer are a Therap ; E eae ee ae 87 -23,7 5 E 
TEUM, Toxic >77. ies ESI 
Methyprylon (Noludar) S 0 l n sebug/mE oe ne 5.460382 umol, S= 
a o 8 og Therap B naipe a Er e cog AAD 
Toxic >50 l L aMi ggg 


Mexiletine (Mexitil) ` -Sor P g/mL hg 0 mol/L 
(Hep or EDTA) Therap 0.7-2.0 eC aa eee a 


Toxic >2.0 eS 
Morphine). SorP ng/mL ve) B80. 05 mmol/L 
See oe op (Hep or EDTA) . Therap 10-80 07.2522. ppo K AG BB 280 
l Toxic >200 RR A e ae S700 


oak mofetil . SOE Pa ea e eiar ai i pg/mL: fee i Ss 2342 Bee wml 
as mycephenolic acid (EDTA) ~-:-:-Therap. 02:35: LOSS ce en -3,1-10. 9 
-(CellGept) Toxic > DAD S ae D3750 


N-Açetylprocainamide. . S or P eo ! pgm eii ii 26 ree : 
(Pronestyl) -~ (Hep or EDTA) Therap AO). es se TA-108 080 
RU hss Us Toxic oN BOS dad Se ee DPOB oe 
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TABLE 56-2 Therapeutic and Toxic Levels of Drugs-—Continued 


rt oe : Specimen oe Status 
-Nefazodone (Serzone) 8 or ph F a 
e ‘ep. or DIA). Therap 

oe ae Toxic: 


Nelfinavir (Viracept) 
eae Therap 
ESS ; Toxic 
Nevirapine (Viramune) S$) cs 
E ER ee "Therap 
Trough 
tete Deal 
Toxics 


‘Netilmicin (Netromycin) 


“Trough 


costs) Less $ severe ; i 
Sa infections 000 
infections `; 


“os Severe ` 
USER “infections 
; Toxic D 
os Peaki: 


: Conventional - 
Units 00 Factor 


10-15. l 
ooo 


infections 
a = ‘Severe 2 
infections. 


‘Notmethsurimide 
(Celontin) erie 


EEEN l 


Olanzapine (Zyprexa) ``. 


Quazepem (Seia) 


. Oxcarbs epine 5 


a metabolite ( (MED) 


SorP. 


pi or. FETA) 


: Sor Ppi 
i (Hepo or r EDTA) 
TALS or P- 
E ep or EDTA) 
cS Or P a ETS 
~ (Hep or EDTA 


Sore. 
EDTA). 


‘Therap 
“Toxi¢ 


Therap 
‘Toxic 


Therap 
Toxic 


Trough 


veal cae 
oe 10. 


` REFERENCE INTERVAL 


~ Conversion Tae 
USI Units 


25-2500: meee 
>2500 
Lg/mL 
1-3 
>3 


pmol/L 
53-5325. 
35325 


mol/L 
Sone aee EE AD 
ee 


é mal L 


3-8 _ = ane 


PEETA i - ; : 


aol 


TA 


: < ae 7 <2 
Le 


O A MOOT il 


AQ ag ct Meat ne Ss ees SOT 


agim (ea g.go rs nmol/L © 
50-150 pip are iia 4 190-570, 
>500 A BAAR AT ISS 1111900 
ng/mL 3,20 mol/L 
10-1000 OS oo 23000 
>1000 SS OS S3200 
gimb ooon na a9 Sii pme 
ie ee 


<A0 


Continued 
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TABLE 56-2 Therapeutic and Toxic Levels of Drugs Continued 


A REFERENCE INTERVAL 


fehl ee ER - Conventional . ` Conversion S 
Specimen. Status - Units coni Factor SI Units 
E N cae agil, 20. ABZ es! nmol/L: 
10100 SE EEn EEn 92-317 
>200 ESETET 


Lg/mL Sauer 57 ma 


zi Therap 
“Toxic: 


Therap ATA ; 
Sedation AEOS COO EE SSRIS 76- 757 
Anesthesia >200 EENS DISI: 

“Toxics: >200 TAE ereet Aea ES E 

Lethal, ROOD a RUS CNEL oN Sage irs 

Goal Py, E mo T 

i 25213 

ioi =: 

04-15. ae 

E N 

S27 


4,42 ETR a 


Ge or DW Therap 
le TORIC n iania s 
Ue LS SE Toxico ar eee) 
SorP E an h oe ne 
(Hep « or EDTA) ` Therap aE K 
Hypnotic. ii Sg o 4-22 

Therap coma 20-50 > > 88-221 
Seren toes Toxic eto Ss >44 
‘Phenacetin P (EDTA) SAST ese es gmb 4 bred = SBS umol/L 
Rarer: <.: Therap oaa: | 1-30 6-167 
Toxic so 50-250 279-1395 


-Phencyclidine (Sernylan) SorPo SENE Aib hie i oR pa | OE ee ALI “nmol/L 
ES E Hep or r EDTA). MONG ica, OP cea Ou et ie aoe Me >370 
Sek ree ere see „itehia. e ae fhe es >2055 
Phenobarbital (Luminal) S$ or P4 oe ae mb 2 beeen aad umolfL 
5; TERNE Heo EDTA). Therap l une te ena M ADEE i 
: o dea SOAR Se a gs 1B] 
“obs cAdults 20-40 230 neds 860173. 5, 
Toxic. l re Patty DENGAN SS Gg he tae tee “Cee 
“Slowness, 35-80 aeti ee tec M n Va I51-345 
ataxia; ERE ET EA E E E : 
nystagmus E E T a 
Coma, with 65-117 Ca Ts e 1280-504 
Coma, without >100 
reflexes 


Bere cee 2431 


= =a oe 
2228-343. 


“Therap ao 


“(Be tezolidin) Hep or - EDTA) Therap 20.02. Pe ISURIOO See ead oy 5, Peo 154-308 00: 
GEES : Toxic >100 >308 


Chapter 56 Reference Information for the Clinical Laboratory 


TABLE 56-2 Therapeutic and Toxic Levels of Drugs—-Continued 


= Specimen 


Phenytoin (Dilantin) 


Primidone (Mysoline) = © 


Procainamide = 
5 Gy) 


“Prop oxyphene (Darvon) 


Pope (Inderal) 


: Protriptyline (Vivactil) 


Ritonavir (Norvir) 


pine (Seroquel) 


EER as. sii 
acid 


So es 
oe (Hep or EDTA) 


ESS or Bes 
(Hep or EDTA) 


ne ha) OF PA 


ah (Hep or r EDTA), 


ane a 
a (Hep or EDTA) 


Status 


S or Pp. 
(Hep o ‘or EDTA) 


Therap 
Toxic. 


Therap 
‘Toxic 


Therap 
“Toxic: 


“Therap. 
P (EDITIA o n 


Sop pii 
(Hep:or EDTA) 


S or:P 
(Hep ‘or EDTA) 


“Therap : 


: Toxic. cea aera 


mw 


> REFERENCE INTERVAL 


Conventional st 
Units ` : 


Conversion 
“Factor 
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‘SI Units : 


pg/mL 
10-20. 
>20 


g/mL 
5-12 
>15 
ug/ml. 
A 
>10: 


2.95 


1.39 


2) Rongh os RTA 


Sior P (EDTA) H pk S 
; Toxic 
SorP.. $e 
Therap 
Toxic 


Therap 
‘Analgesia, 
antipyresis 
Antiinflammatory 
"Toxic 
Lethal; 24+hrs 
“after:a dose oF 
with chronic 
BS ‘ingestion 


2:58 
3.08 
: 0.00727 2 


150-300 
>100 ce 


500 


mol/L 
AAO- E 
PAES EEN 
umol/L 
23-55 


>69 


5 an umol/L 
preweee: Vo) 
eA 

pmol/L 

AS59002" 
i Seer ea 

nolL ave 


0312088 
S16 E 
nmol/L ee 
77-386 °° 


nmol/L = 
266-988 
>1900 


umol/L E 
gA 
T1.1-19.5 < 
>19,5 


= umol/L ae 
0.26-2.6 


5.16- 


pmol/L 
i 6.2515.4 + 
'>18.5 


-mmol/L 
-<0.72 


Se 1.09-2.17 
20,72 | 


Continued 
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TABLE 56-2 Therapeutic and Toxic Levels of Drugs -Continued 


REFERENCE INTERVAL. 


OREN I DEES Ea , ; ~ Conventional ae Conversion. ire : A 
oo Specimen Status oo Units oo Factor SE Units =. 


~ Therap es 
Trough 0.05-0.2° 
= Peak 0.5-2.5 
Toxic 22.5 


g/mL, 
Therap 


mmol/L 3°: 
29.1-87.2 
DE VEEE 
nmol/L +: 
3:9-26,0. % 
332.5. 

SorP es ski Sh ADG 

(Hep or EDTA) Therap 00 

2 ERLE 32 Broncodilator 0e 8- 
‘Prem apnea oo. 
E 


hiopental ( entothal) = Sore 


; : “Anesthesia 
Toxic. 

(Hep or EDTA) Therap 
DEANA RE ui Toxic 


(Hep or EDTA) Therap 
SG ee eak ee ae : ene 

Less severe 5 BBs be A ee UU Aer en 

-infections ` P ; i ee te 
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TABLE 56-2 Therapeutic and Toxic Levels of Drugs—-Continued 


` REFERENCE INTERVAL 


SER tent CaS E Conventional Conversion 
Drog Specimen Status Units Factor SI Units ` 
Tobramycin (Nebcin)—cont’d rics 
ee Severe 8-10 217-24 
infections ve 
Trough 
Less severe <1 <2 
infections 
Moderate <2 <4 
infections 
Severe <4 <9 
infections ; 
Toxic 
-+ Peak >10 >21 
2 Trough >2 >4 
Tocainide (Tonocard) SorP ug/imL > 5.61 umol/L 
wee, (Hep or EDTA) - Therap 6-15... 34-84 - 
~ Toxic >15 >84 
Tolbutamide (Orinase) S ae Riis ug/mL 3.70 umol/L 
; Therap 90-240 333-888 
Toxic >640 >2368 
Topiramate (Topamax) S . pg/mL 2.95 umol/L 
Therap . 
Trough 2-4 6-12 
Peak 9-12 27-36 
Toxic >12 >36 
Trazodone (Desyrel) ng/mL 2.68 nmol/L 
Ee Therap 800-1600 2144-4288 
:Trimipramine SorP E : ng/mL 3.40 nmol/L 
“(Surmontil) ` (Hep or EDTA) Therap .. 100-300 340-1020 
TEATAN Toxic >300 >1020 
Valproic acid SorP . g/mL < 6.93 Hmol/L 
(Depakene) =- (Hep or EDTA) Therap 50-100 346-693 
Ae Toxic >100 >693 
Vancomycin (Vancocin) -S or P Lig/mL 0.690 pmol/L 
(Hep or EDTA) Therap 
Peak 20-40 14-28 
Trough 5-10 3-7 
Toxic >80 >55 
Venlafaxine (Effexor) SorP >> ng/mL 3.61 : nmol/L 
: (Hep or EDTA) .. Therap 70-250 253-903 
Reyer HIRTUS O ogie >250 >903 
“Warfarin (Coumadin) Sorp : ug/mL 3.24 umol/L > 
EOE (Hep or EDTA) | Therap oe :3-32 
SEAN l Toxic © >10 >32 
:Zalcitabine (ddC, Hivid, S$ or P ng/mL 4.73 nmol/L 
2',3'-dideoxycytidine) (Hep or EDTA) Therap — 5-25 24-119 
eae Toxic >25 >119 » 


Continued 
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TABLE 56-2 Therapeutic nd Toxic Levels of Drugs- Continued 


Drug ae a, Specimen Status 


Section VII Appendix 


REFERENCE INTERVAL ` 


Conventional : <0 Conversion i> > RR 
Units 9 i Factor: iiS] Units: 


‘Zidovudine (AZT, -S or P 
Retroviral: (Hep or EDTA) .. Therap 
azidodeoxythymidine) ates Toxic < 
Zonisamide (Zonegran) 55 priina 
EE Lei Ut Therap 
‘Toxic 


pgimb ii n naa mol/L 
ona Aiea 
Slo a ee SS z 
Hm A pmol/L 
10-30 SS See © 47-4 
>30 ae 
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TABLE 56-3 Critical yaus 


: Critical values, also known as panic: or alert values, are laboratory results that indicate a life- thr eatening situation for. the 
patient. Because of their critical nature, urgent notification of a critical value to the: appropriate healthcare professional i is 
‘necessary. Table. 56-3 has been adapted from extensive national surveys. The median or average critical limit determined `: 
by these surveys is shown. In practice, © each h organization should have its own set tof critical limits and physician Pease 
notification n policy. : eater 


Test. ae ‘Lower Limit _ 
Blood Gases Sr 
pl 

PCO, 


7:2 
20 
40 
45 
35, 


: Chemistry OTE Sh A 
‘Albumin (children) eee arisen eres [+1 E Sa 
‘Ammonia (children) F AMOL Sie eas, 
Bilirubin (newborn) Smp/d D A EN aE 
Calcium ` ; bes <-1/<1 ae 
“Calcium: (children) “mg/dL 
“Calcium, ionized 2 smamolL kos io 
“Carbon dioxide, total mmol/L 282 SOS: AQ Serum or plasma: 
“Chloride: ; mmol/L i AE PII EEE $o Serum or: plasma `: 
Creatinine mg/dL pe aa O Serum or plasma _ 
Creatinine (children) mg/dL i siete se i ee ae Serum or plasma. . 
Glucose mg/dl ied tel MO ens ia a AO Serum or plasma. 
Glucose (children) mg/dL 5 pani a aa AG ph i i a dS pe Serum or plasma- 
Glucose (newborn) mg/dL E E N ea Serum or plasma 
‘Glucose, CSF mg/dL AG ee ggg eee CSE ae 
Glucose, CSF (children) Be ct [Oe ahea Ske eee CSE e 7 
Lactate ry mmol/L i fois ho Ric ins iat Rebbe ete Plasma ioy o 
‘Lactate (children) ~~ mmol/L T . eee ee E AEA O, ii Plasma o 
Magnesium `- mg/dL a iO E E. W ERE “Serum or plasma ` 
Osmolality . =- mOsm/kg . ` 250.8. oe - PBR ato Serum or plasma ` 
Phosphorus : ` 8 mg/dL 05o eLO ee S EEE ‘Serum | or plasma 
Potassium © mmol/L oi 2.8 Reger D ween Serum or plasma 
Potassium (newborn) |o: mmol/L 2.8 a TE pe ee ‘Serum or plasma 
Protein (children) ef Ea 3.4 : 9.5.00. 2s Serum or- plasma 
Protein, CSF (children) -mg/dL — 18808, ee ae CSF: 
Sodium — ` a mmol/L 120 160 sols“ Serum or plasma 
Urea nitrogen mg/dL -< 80. i Serum or plasma 
Urea nitrogen (children) ©. mg/dL — 5500s Serum or plasma 
Uric acid l P - mg/dL — “13, 17l “Serum or plasma 
Uric acid eens oo meld ua MAUD eee Serum or plasma 


Henley aes 

‘Hematocrit. - ae ia Le oe 

Sc Adult ni o i E Get na o E D 

“Newborn Moo! ae baad 

Hemoglobin ree ee Ae EG vto 
Adult gid ee ee aa AR | ag Se First report only -` 

Newborn or]: | 0 0i ei Wee ara ene 


First report only ` 


Continued 
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TABLE 56-3 Critical Values—Continued 
Ipper Limit Comments. 


OSS Birst report only. $: 


cine, or tyrosine) eee 


Malignant cells, blasts, or microorganisms oe Any Applies to other sterile body fluids 
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A posteriori sampling, 4284 428-429 
A priori risk, 2176-2177 
A priori sampling, 428t, 428-429 
AA amyloidosis, 582 
AAG. See Alpha,-acid glycoprotein. 
AAS, See Atomic absorption spectrophotometry. 
AAT. See Aipha,-antitrypsin. 
Abbreviations 
of enzymes, 192¢ 
for names of quantities, 10t 
for systems and prefixes, 10t 
for thyroid tests, 2054¢ 
Abscess of brain, 578t 
Absolute heaith, 427 
Absorption, 1851-1855, 1852f, 1855f 
of ascorbic acid, 1105-1106 
of aspirin, 1308 
of biotin, 1107-1108 
of boron, 1143 
of carbohydrates, 841, 841f, 1852-1854, 1853t 
of cholesteral, 904-905 
of chromium, 1124 
of copper, 1126-1127, 1127f 
of drug, 12408, 1243-1244 
of fats, 1878-1881, 18792, 1880b, 1880t 
of fluoride, 1142 
of folic acid, 1109-2110 
of lipids, 1854, 1855f 
of manganese, 1130 
of molybdenum, 1132 
of niacin, 1115 
of pantothenic acid, 1117 
of riboflavin, 1095f, 1095-1096 
of selenium, 1133-1134 
of vitamin A, 1081 
of vitamin Bẹ, 1098, 1098t 
of vitamin B,» 1101-1102 
of vitamin E, 1084-1085 
of vitamin K, 1087-1088, 1088f, 1090, 1091f 
of zinc, 1138 
Absorption spectrum in spectrophotometry, 70 
Abstinence syndromes, 1292 
Accreditation 
in engraftment analysis, 1551 
in forensic DNA testing, 1544-1545 
in HLA testing, 1549 
of laboratory, 516-519, 517-519¢ 
in parentage testing, 1553 
point-of-care testing and, 315 
Accuracy of measurement, 356, 356¢ 


Aceruloplasminemia, 1128 
Acetaldehyde, 2253 
Acetaminophen 
antidote for overdose, 1288t 
liver damage and, 1807 
pharmacology and analysis of, 1304-1306, 
1305f, 1306f 
stick tests for, 301¢ 
therapeutic and toxic levels of, 2304t 
Acetate, alcohol ingestion and, 457-458 
Acetazolamide, 1771 
Acetest, 876 
Acetic acid, 51¢ 
Acetoacetate, 54t, 875-877 
Acetoacetic acid, 456 
Acetoacetyl-CoA, 910, 911f 
Acetone, 875-877 
overdose of isopropanol and, 1302, 1302f 
special collection and storage conditions for, 
54t 
Acetophenazine, 1311f 
Acetyl-CoA 
cholesterol synthesis and, 905, 905f 
in ketone body formation, 910, 911f 
N-Acetyl transferases, 1603-1609, 1605-16071, 
1608f 
Acetylaspartic acid, 2253 
Acetylcarnitine, 2253 
Acetylcholine, 1291, 1313f 1968¢, 1969 
Acetyicholinesterase, 614-616, 1316f, 1316-1317 
amniotic fluid, 2183 
EC number, and systemic and trivial names 
of, 192t 
Acetylcodeine, 1341 
N-Acetylcysteine ; 
for acetaminophen overdose, 1305-130 
therapeutic and toxic levels of, 2310¢ 
N-Acetylgalactosamine, 915 
N-Acetylglutamate synthase deficiency, 2214- 
2215t 
6-Acetylmorphine 
SAMSHA guidelines for drug assay cutoff 
values, 1320¢£ 
U.S. government drug detection cutoff 
concentrations for, 1319t 
N-Acetylneuraminic acid, 915 
N-Acetylprocainamide, 1256¢, 1259 
Acetylsalicylic acid, 1306-1308, 1307f, 1308f 
Achlorhydria, 1855, 1877 
Achondroplasia, 1491-1492 
Acid(s}, 1758, 1766 


Index 


Acid alpha-glucosidase deficiency, 891 
Acid-base physiology, 1757-1775 
acid-base balance and acid-base status in, 
1757-1759, 1758f, 1759f 
buffer systems and, 1759-1762, 1763f, 1769f 
metabolic acidosis and, 1768-1772, 1769f 
1769t 
metabolic alkalosis and, 1772, 1772-1774 
properties of amino acids and, 537, 538t 
renal mechanisms in, 1763-1767, 1765f, 1766f 
respiratory acidosis:and, 1774b, 1774-1775 
respiratory alkalosis and, 1775, 17755 
respiratory mechanism in, 1762-1763, 1764f 
Acid-fast bacilli smear, 1575 
Acid hydrolysis of steroid hormones, 2035 
Acid phosphatase 
circadian variation in, 453f, 453t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
effects of exercise on, 452t 
special collection and storage conditions for, 
54t 
tartrate-resistant, 1939-1940 
Acidemia, 1757-1758, 2224-2225t 
argininosuccinic, 2214-2215t 
glutaric, 2230 
isovaleric, 2222-2223, 2223f 
methylmalonic, 2209f, 2222, 2223f 
propionic, 2222, 2223f 
Acidity, expression of, 8 
Acidophil, 1967 
Acidosis, 1757-1758 
metabolic, 1767, 1768-1772, 1769f, 1769t 
alcohol ingestion and, 458 
in aspiriti overdose, 1307 
fasting and starvation and, 456 
food ingestion and, 454 
hyperchloremic, 1709 
renal tubular, 1707-1709, 1771 
respiratory, 17674, 1774b, 1774-1775 
Aciduria, 2221-2230, 2224-2229 
ethylmalonic encephalopathy in, 2230, 
2230f 
glutaric acidemia type I in, 2230 
isovaleric acidemia in, 2222-2223, 2223f, 
2230 
propionate disorders in, 2222, 2223f 
Acinus, 1779-1780, 1780f 
Aconitase, 1187 
cis-Aconitic acid, 2253¢ 
ACP. See Acyl-carrier protein. 
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Acquired immunodeficiency syndrome, 1567- 
1570 
chemokines and, 717 
cholangiopathies in, 1823 
interferon-o. and, 697 
interleukin-16 and, 692-693 
resistance testing in, 1568-1570 
viral-load testing of, 1567-1568, 1568t 
Western blot for, 228, 228f 
Acquired immunodeficiency syndrome 
dementia complex, 708 
Acquired lactase deficiency, 1863 
Acrodermatitis enteropathica, 1140 . 
Acromegaly, 1971-1972, 1972, 1972f 
N-Acryloyltris aminomethane, 124 
Acrylylcarnitine, 2253¢ 
ACTH. See Adrenocorticotropic hormone. 
Activated partial thromboplastin time, 2158t 
Active center of enzyme molecule, 198 
Active transport of ions, 1750 
Activin A, 1022¢ 
Activin B, 1022r 
Actuator for microvalve system, 251 
Acute appendicitis, 617 
Acute coronary syndromes, 1623f, 1623-1629, 
1624f 
atherosclerosis and, 1627 
cardiac markers in, 1628-1629 
chronobiology of, 1625 
clinical history in, 1625-1626 
diagnosis of acute myocardial infarction and, 
1627-1629, 16285 
myocardial changes following acute 
myocardial infarction and, 1626-1627 
precipitating factors in, 1624-1625, 1625b 
prognosis in, 1625 
Acute fatty liver during pregnancy, 2163 
Acute hepatitis, 561, 1804-1809, 1805t 
alterations of bile acid synthesis in, 1786 
cholinesterase and, 615 
differential diagnosis of, 1808 
follow-up of, 1808-1809 
hepatitis A virus in, 1805 
hepatitis B virus in, 1805-1806, 1806f 
hepatitis C virus in, 1806 
ischemic hepatitis in, 1807 
Reye’s syndrome in, 1807 
toxic hepatitis in, 1807 
Acute hyperammonemia, 2221 
Acute leukemia, 756 
Acute liver failure, 1796 
Acute lymphoblastic leukemia, 1470-1471 
Acute myeloid leukemia, 1466-1469, 1469- 
1471f, 1473 
Acute myocardial infarction, 1619-1670 
aspartate aminotransferase and, 605 
atherosclerosis and, 1627 
cardiac anatomy and, 1619-1621, 1620f 
cardiac biomarkers and, 1629-1660 
adhesion molecules in, 1635 
brain natriuretic peptide in, 1629-1631, 
1641-1642. See also Brain natriuretic 
peptide. 
C-reactive protein in, 1633 
cardiac troponin ł and T in, 1629, 1629b, 
1630f, 1635-1641, 1645, 1645f 1646f 
See also Cardiac troponin I and T. 
choline in, 1635 
clinical utility of, 1643-1645, 1644f 
creatine kinase isoenzymes and isoforms 
in, 1631-1632, 1642-1643, 1652, 
1652f, 1660 


Index 


Acute myocardial infarction (Continued) 
cytokines in, 1633-1634 
ischemia modified albumin in, 1635 
isoprostanes in, 1635 
lactate dehydrogenase isoenzymes in, 1632- 
1633, 16336, 1643, 1653 
matrix metalloproteinases in, 1634 
monocyte chemotactic protein in, 1634 
myeloperoxidase in, 1634 
myoglobin in, 1632, 1643, 1653 
nourin in, 1635 
oxidized low-density lipoproteins in, 
1634 ` 
phospholipase A2 in, 1634 
placental growth factor in, 1634 
pregnancy associated plasma protein A in, 
1634 
sCD40 ligand in, 1633 
secreted platelet granular substances in, 
1634-1635 
serum amyloid in, 1633 
tissue plasminogen activator antigen in, 
1634 
tumor necrosis factor-a in, 1634 
unbound free fatty acid in, 1635 
urinary thromboxane in, 1635 
chronobiology of, 1625 
clinical history in, 1625-1626 
congestive heart failure and, 1622-1623 
diagnosis of, 1627-1629, 1628b 
glycogen phosphorylase isoenzymes and, 604 
myocardial changes following, 1626-1627 
precipitating factors in, 1624-1625, 1625b 
prognosis in, 1625 
Acute nephritic syndrome, 1705-1706 
Acute pancreatitis 
amylase and, 617 
cationic trypsin and, 622 
gamma-glutamyltransferase and, 613 
lipase and, 620 
tumor necrosis factor-o. and, 707 
Acute phase reactants, 543-545 
Acute phase response 
alpha,-acid glycoprotein and, 549 
alpha,-antitrypsin and, 550-551 
alpha,-macroglobulin and, 554 
C-reactive protein and, 555-556 
complement C3 and, 567 
haptoglobin and, 560 
plasma vitamins and trace elements and, 
1078 
Acute porphyria, 12154, 1216¢, 1216-4217 
neurovisceral symptoms in, 1221 
presymptomatic diagnosis of, 1223, 1223t 
Acute poststreptococcal glomerulonephritis, 
1706 
Acute promyelocytic leukemia, 1467-1469, 
1471f 
Acute renal failure, 1689-1690, 1690f, L690t, 
1691¢ 
hyperphosphatemia in, 1907, 19076 
interstitial nephritis and, 1706 
Acute tubular necrosis, 1690 
Acute tubular proteinuria, 576 
Acute viral gastroenteritis, 547 
Acyclovir, 1268¢ 
Acyl-carrier protein, 1117 
Acyl-cholesterol acyltransferase, 906 
Acylcarnitine 
analysis of, 2241-2242 
microchip-based assay for, 256 
plasma, 2239t 


Acylearnitine (Continued) 
postmortem blood and bile dried spots, 
2241t 
urine, 2240¢ 
Acylcholine acylhydrolase, 614 
Acylglycerols, 913f 913-914, 914f 
Acylglycines, 2239¢ 
Acylthiocholine esters, 615 
ADA. See Adenosine deaminase. 
Adapin. See Doxepin. 
Addison’s disease, 850, 2021-2024, 2022f, 2023f, 
2023¢, 2134 
Additives in evacuated blood tube, 43, 44t 
Adenine, 1394, 1394f 
Adenohypophysis, 1968-1990 
adrenocorticotropic hormone and, 1981- 
1984, 1982f 
assessment of lobe reserve of, 1988b, 1988- 
1990, 1989b, 1990f 
foilicle-stimulating hormone and luteinizing 
hormone and, 1984-1988, 1985f, 1987t 
growth hormone and, 19346, 1969-1976, 
1970f, 1972b, 1972f, 1973t 
prolactin and, 1976-1981, 1978f 1979b 
regulation of, 1968f 1968¢, 1968-1969, 1969f 
thyroid-stimulating hormone and, 1988 
Adenosine, 1685t 
Adenosine deaminase, 633 
Adenosine diphosphate, 598 
Adenosine triphosphate 
creatine kinase and, 598 
Embden-Meyerhof pathway and, 626-627 
exercise and, 451 
Adenosyicobalamin synthesis defect, 
2224-2225¢ 
S-Adenosylmethionine, 1111 
ADH. See Antidiuretic hormone. 
Adhesion molecules, 705, 1635 
Adipic acid, 2253 
Adiponectin, 1024t 
Adipose tissue 
hormones of, 1024t 
ketone bodies and, 875 
Adipoylcarnitine, 2253t 
ADP, See Adenosine diphosphate. 
Adrenal androgens, 2098-2099, 2098-2100f 
function tests of, 2021 
hirsutism and, 2027 
21-hydroxylase deficiency and, 2028 
metabolism of, 2012 
secretion of, 2015 
structure of, 2009, 2010f 
synthesis of, 2011 
Adrenal cortex, 2003-2052 
analytical methods for, 2033-2044 
aldosterone measurement in, 2039-2040 
blood 11-deoxycortisol measurement in, 
2040-2041 
blood 17-hydroxyprogesterone 
i measurement in, 2041-2042 
choice of specimen for, 2033-2034 
chromatographic methods in, 2036 
cortisol measurement in, 2036, 2038-2039 
free versus bound steroids and, 2034 
hydrolysis, extraction, and separation in, 
2034-2036 
radioimmunoassay in, 2037 
disorders of, 2021-2033 
adrenal insufficiency in, 2021-2024, 2022); 
2023f, 2023¢ 
adrenal mineralocorticoid excess in, 2033 
adrenal tumors in, 2029-2030 


Adrenal cortex (Continued) 
congenital adrenal hyperplasia in, 2028f 
2028-2029 
Cushing’s syndrome in, 2024-2028, 2025, 
2026, 2027b, 2027f 
hyperaldosteronism in, 20304 2030-2033, 
2032f, 2033b, 2033f 
hypoaldosteronism in, 2024, 2024t 
plasma renin in renovascular hypertension 
and, 2033, 2033b, 2033f 
steroid hormones of, 2007-2021 
adrenal androgen function tests and, 2021 
adrenal androgen structure and, 2009, 
2010f 
circulating forms of, 2011-2012 
corticosteroid function tests and, 2015- 
2019, 2016-2018f, 2017-20196 
general steroid chemistry and, 2003-2007, 
2004f 2005t 
glucocorticoid structure and, 2007-2008, 
2008f, 2009f 
hypothalamic-pituitary-adrenal cortical 
axis and, 2014, 2014f 
metabolism of, 2012-2014, 2013f 
mineralocorticoid function tests and, 
2019-2021, 2020b, 2020f 2021b 
mineralocorticoid structure and, 2009, 
2009¢ 
regulation of, 2014-2106 
steroid hormones of, 1021¢ 
steroidogenesis and, 2009-2011, 2010f 
Adrenal gland 
androgen biosynthesis and, 2100f 
biological activity of interleukin-1 and, 
659¢ 
effects of smoking on, 457 
hormones of, 1021-1022¢ 
Adrenal insufficiency, 2021-2024, 2022f, 2023f 
2023t 
Adrenal meduila 
catecholamines and, 1043-1044, 1044f 
dysautonomias and, 1051 
hormones of, 1022t 
pheochromocytoma and, 1045-1048, 1049b 
Adrenal tumor, 2029-2039 
Adrenaline, 1033, 1034f 
Adrenarche, 2110 
Adrenergic receptors, 1039, 1042, 1042#, 1291 
Adrenocortical steroids, 2007-2021 
adrenal androgens in 
function tests of, 2021 
structure of, 2009, 2010f 
chemistry of, 2003-2007, 2004f, 2005¢ 
circulating forms of, 2011-2012 
effects on plasma proteins, 545¢ 
function tests of, 2015-2019, 2016-2018f, 
2017-20198 
glucocorticoids in, 2007-2008, 2008f 2009f 
hypothalamic-pituitary-adrenal cortical axis 
and, 2014, 2014f 
metabolism of, 2012-2014, 2013f 
mineralocorticoids in 
function tests of, 2019-2021, 2020b, 2020f, 
2021b 
structure of, 2009, 2009¢ 
regulation of, 2014-2106 
steroidogenesis and, 2009-2011, 2010f 
Adrenocorticotropic hormone, 1019, 10206 
1981-1984, 1982f 
Cushing’s syndrome and, 2025 
interleukin-6 and, 673¢, 674 
neurotransmitter effect on, 1968t 
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Adrenocorticotropic hormone (Continued) 
plasma, 1983 
for adrenocortical insufficiency, 2022, 
2022f, 2023f 
for Cushing’s syndrome, 2026, 2027f 
special collection and storage conditions 
for, 54t 
reference intervals for, 2254t 
secretion of, 2014-2015 
as tumor marker, 765, 765t 
Adrenocorticotropic hormone stimulation test, 
2016, 20176, 2018f 
in Addison’s disease, 2022, 2022f, 2023, 2023t 
in 11B-hydroxylase deficiency, 2118 
in 21-hydroxylase deficiency, 2029 
Adyenocorticotropin, 1981-1984, 1982f 
Adrenogenital syndrome, 2028f 2028-2029 
Adsorption chromatography, 143f, 144 
Adsorption of protein, 543 
Adult-onset diabetes, 855 
Advanced glycation end products, 886 
Adynamic bone disease, 1934-1935 
Affinity chromatography, 144, 144f 
for bone alkaline phosphatase, 1941 
for fructosamine, 885 
for glycated hemoglobins, 881#, 882, 883f 
in measurement of isoenzymes, 213 
Affinity labels, 1420 
Affinity of antigen, 221 
Affinity sensor, 112-113, 1136 114 
Aflatoxin, 1824 
AFP. See Alpha-fetoprotein. 
African iron overload, 1192 
Agarose electrophoresis, 124 
for nucleic acids, 1422 
for plasma lipoproteins, 950f 
AGE. See Advanced glycation end products. 
Age 
alpha,-macroglobulin levels and, 553 
changes in glycated hemoglobin and, 884 
glomerular filtration rate and, 824, 8261, 
1685-1686, 1686f 
as noncontrollable preanalytical variable, 
459-462, 460%, 461¢ 
in partitioning of reference group, 430, 431b 
reference intervals for catecholamines and, 
1056 
steroid hormone levels and, 2013-2014 
testicular androgen production and, 2102 
Agglutination assay, 240 
for antithyroid antibodies, 2085 
Agilent 2100 Bioanalyzer electrophoresis 
system, 125 
Ahaptogiobinemia, 560 
Air-cooled argon ion laser, 66 
ALA. See 5-Aminolevulinic acid. 
ALAD. See 5-Aminolevulinic acid dehydratase. 
Alagille syndrome, 1201 
Alanine 
reference intervals for, 2254t 
structure and molecular weight of, 534t 
Alanine aminotransferase, 604-607, 6054, 606f 
acute hepatitis and, 1804, 1805¢, 1808 
alcoholic liver disease and, 1818 
analytical goals for, 363t 
biological variability in, 467t 
childhood levels of, 461 
cholestasis and, 1821 
circadian variation in, 453f, 453t 
concentration gradients between tissue and 
serum, 217f 
distribution of, 217¢ 
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Alanine aminotransferase (Continued) 
EC number, systemic and trivial names, and 
abbreviation of, 192¢ 
effects of exercise on, 452 
fasting and starvation and, 456 
in fatty liver of pregnancy, 2162 
in HELLP syndrome, 2163 
in hepatitis during pregnancy, 2163 
influence of age on, 460 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
influence of gender on, 462t 
morphine and, 459 
in nonalcoholic steatohepatitis, 1809 
plasma, 1826, 1826f 
posture-related changes in, 450¢ 
reference change values of, 470£ 
reference intervals for, 2254t 
seasonal. influences on, 464 
stick tests for, 301f 
Alanine:glyoxylate aminotransferase defect, 
2228-2229t 
ALAS. See 5-Aminolevulinate synthase. 
Albumin, 546-549 > 
adult levels of, 461 
alpha,-macroglobulin and, 554 
analytical goals for, 363t 
binding to calcium, 1900-1901, 1901f 
binding to fatty acids, 909 
biochemistry of, 546 
biological variability in, 467t 
in cerebrospinal fluid, 590 
circadian variation in, 453f, 453t 
clinical significance of, 547-548 
critical values of, 2317t 
diabetes mellitus and, 886-888 
diabetic nephropathy and, 1700, 1700¢ 
effects of gender on, 462, 462t 
function of, 546-547 
hepatic synthesis of, 1787-1788 
hypoproteinemia and, 589 
influence of age on, 460t 
influence of blood collection site on, 49, 49t 
influence of food on, 455¢ 
influence of menstrual cycle on, 464 
ischemia modified, 1635 
levels in cirrhosis, 1820t 
liver disease and, 1826 
malnutrition and, 455 
plasma, 548: oe 
posture-related changes in, 450¢ 
properties of, 544¢ ` 
protein-energy status and, 1076 
proteinuria and, 814-815, 816f 
reference change values of, 470 
reference intervals for, 545t, 2254t 
sample collection for, 812-813 
seasonal influences on, 464t 
serum, 47t, 548 
smoking and, 457 
stick tests for, 3014, 809 
units of measurement for, 7t 
urine, 886-888 
values during pregnancy, 2157, 2158t 
vegetarianism and, 455, 456 
Albumin:creatinine ratio, 887 
Albuminuria, 575, 814-815, 816f 
in diabetic nephropathy, 1699-1700 
Albuterol, 1056¢, 1261 
Alcohol(s) 
blood 
analytical goals for, 365t 
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Alcohol(s) (Continued) 
federal mandate for, 1300 
specimen for, 1302-1303 
stages of acute alcoholic intoxication and, 
1301 
delta-osmolality of, 1292-1293, 1293t 
ingestion as controllable preanalytical 
variable, 457-458 
male reproductive function and, 2122 
pharmacology and analysis of, 1300-1304, 
13014, 1302f 
porphyrias and, 1217-1218 
pseudo-Cushing’s syndrome and, 2027 
serum, 54t 
stick tests for, 301t 
urine, 1304 
Alcohol dehydrogenase 
in ethanol assay, 1303 
as tumor marker, 755t 
Alcoholic liver disease, 1817-1819 
gamma-glutamyliransferase and, 613 
hypoalbuminemia in, 1788 
laboratory features of, 1805t 
serum alkaline phosphatase and, 609f 
tumor necrosis factor and, 708 
Aldehyde, 837-838 
Aldolase, 603 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
effects of exercise on, 451 
Embden-Meyerhof pathway and, 628 
reference intervals for, 2254t 
special collection and storage conditions for, 
54t 
as tumor marker, 755¢ 
Aldomet. See Methyldopa. 
Aldose, 837, 838f 
Aldosterone, 1021t 
analytical goals for, 364t 
antidiuretic hormone and, 1677 
biosynthesis of, 2010f 2011 
blood and urine, 2039-2040 
chemical structure of, 2007f, 2009, 2009 
circadian variation in, 452 
fasting and starvation and, 456, 457 
fever and, 465 
function tests of, 2019-2021, 20208, 2020f, 
2021b 
hyperaldosteronism and, 20304, 2030-2033, 
2030-2033f, 2033 
hypoaidosteronism and, 2024, 2024t 
influence of menstruai cycle on, 464 
plasma, 2040 
potassium and sodium excretion and, 985 
reference intervals for, 2255t 
relative potency of, 2009t 
renal tubular acidosis and, 1709 
secretion of, 2015-2016 
serum, 2040 
shock-related changes in, 466 
sodium reabsorption and, 1751 
special collection and storage conditions for, 
54t 
systematic name for, 2005 
travel-related changes in, 453 
urine, 2039-2040 
urine specimen preservatives and, 51f 
values during pregnancy, 2158t 
Aldosterone-producing adrenal adenoma, 
2031 
Alimentary pentosuria, 889 
Aliphatic phenothiazines, 1311 
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Aliquoter, 286 
Alkalemia, 1757-1758 
Alkaline phosphatase, 607-611, 608f, 6094, 
6l1f 
acute hepatitis and, 1804, 18054, 1808 
adult levels uf, 461 
alcoholic liver disease and, 1818 
analytical goals for, 363t 
biological variability in, 467¢ 
bone, 611, 624, 1940-1941 
childhood levels of, 461 
circadian variation in, 453f, 453f 
in diagnosis of liver disease, 1797 ` 
diet and, 454 
distribution of, 217¢ 
EC number, systemic and trivial names, and 
abbreviation of, 192¢ 
effect of exercise on, 452t 
food ingestion and, 454 
immunoassay detection limits of, 233¢ 
influence of age on, 460f 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
influence of gender on, 462t 
morphine and, 459 
Paget’s disease and, 1934 
plasma, 1826, 1826f 
posture-related changes in, 450t 
racial differences in, 462 
reference change values of, 470t 
reference intervals for, 2290-2291 
rickets and osteomalacia and, 1934 
serum, 47t, 461, 608 
tartrate-resistant, 624-625, 1939-1940 
as tumor marker, 755, 755t 
values during pregnancy, 2158t 
Alkaline phosphatase isoenzymes, 2290-2291t 
Alkaline tide, 454 
Alkalosis, 1757-1758 
metabolic, 17674 1772b, 1772-1774 
respiratory, 1775, 1775b, 1906 
Alkaptonuria, 2226-2227 
All-trans-retinal, 1081, 1082 
All-trans-retinol, 1081, 1082f 
Allele, 1513 
Allele-specific polymerase chain reaction, 1416 
Allelozymes, cholinesterase, 614 
Allergic diseases 
chemokines and, 717 
tumor necrosis factor-0, 707 
Allergic reaction 
interleukin-4 and, 669, 671 
interleukin-13 and, 688 
interleukin-16 and, 693 
Alloantibody screen for Rh isoimmune disease, 
2165 
Allopregnanediol, 2109f 
Allopregnanedione, 2109f 
Allopregnanolone, 2109f 
Allopurinol, 1708¢ 
Allozymes, 194f, 194-195 
ALP. See Alkaline phosphatase. 
Alpha-amylase, 616-619, 617%, 619f, 620f 840 
Alpha-blockers, 1056t 
Alpha-carotene, 1079-1081, 1081f 
Alpha-chain disease, 573 
Alpha decay, 21-22 
Alpha-fetoprotein, 554-555 
amniotic fluid, 2183, 2269¢ 
analytical goals for, 366t 
hepatic synthesis of, 1788 
in hepatocellular carcinoma, 1824-1825 


Alpha-fetoprotein (Continued) 
maternal serum screening for fetal defects 
and, 580, 2167f, 2167-2179, 2182f, 2182- 
2183 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 21694, 2169-2170, 
2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f, 217 Lt, 2172f 2173t 
external proficiency testing and, 2179 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 
properties of, 544 
reference intervals for, 2269t 
as tumor marker, 7671, 767-768 
Alpha-keratins, 542 
Alpha-melanocyte-stimulating hormone, 
1021 
Alpha-melanotropin, 1981 
Alpha-methyldopa 
interference with catecholamine assays, 1055 
plasma, 1059, 1059¢ 
Alpha-thalassemia, 1178-1179, 1179f 
Alpha,-acid glycoprotein, 549-550 
effects of steroid hormones on, 545f 
haptoglobin and, 560, 560f, 560¢ 
properties of, 544¢ 
reference intervals for, 2253t 
Alpha,-adrenergic receptor, 1039, 1042 
Alpha,-antichymotrypsin, 564t 
Alpha,-antitrypsin, 550-553, 552f 
analytical goals for, 366 
deficiency of, 1816 
effects of steroid hormones on, 545¢ 
fecal assay for, 580, 1866-1867 
hepatic synthesis of, 1788 
properties of, 544t 
reference intervals for, 545%, 2256t 
urine, 551 
values during pregnancy, 2158¢ 
Alpha,-lipoprotein, 545¢ 
Alpha,-microgiobulin 
glomerular filtration rate and, 823 
properties of, 544¢ 
tubular proteinuria and, 817 
Alpha,-adrenergic receptor, 1039, 1042t 
Alpha,-antiplasmin, 564¢ 
Alpha)-macroglobulin, 5454, 553-554, 2283t 
Alpha,-microglobulin, 823 
Alprazolam, 1328, 13284, 1331f 
ALT. See Alanine aminotransferase, 
Alternative pathway of complement, 564-565, 
565f 
Altitude as noncontrollable preanalytical 
variable, 463 
Aluminum, 1374-1375, 1375f 
antidote for overdose, 1288¢ 
bone disease and, 1699, 1934-1935 
as causative factor in medical conditions, 
1372t 
reference intervals for, 2255t 
Aluminum hydroxide, 2064f 
Alveolar macrophage, 674 
Alzheimer’s disease, 1375 
Ambient temperature as noncontrollable 
preanalytical variable, 463 


Ambiguous genitalia, 2103, 2110 
Amboceptor, 564 
Amebicides, 2122t 
Amelogenin locus, 1542 
Amenorrhea 
primary, 2114, 2117-2118 
secondary, 2114-2117, 21156, 2116b, 2116¢ 
AMG. See Alpha,-microglobulin. 
Amicar, See Aminocaproic acid. 
Amido Black B stain, 125, 125¢ 
Amikacin, 12622, 1262-1265, 1263¢, 2304 
Amikin. See Amikacin. a 
Amino acid(s), 533-541 
acid-base properties of, 537, 538t 
in arginine vasopressin and oxytocin, 1991f 
in calcitonin, 1926, 1926f 
in cardiac troponin I, 1630f 
clinical implications of, 539 
fasting and starvation and, 456 
in hemoglobin, 1166-1167, 1167f 
inborn errors of metabolism of, 539, 2211- 
2221, 2212-2217t 
homocystinuria in, 2219f 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
tyrosinemia type 1 in, 2217-2219, 2218f, 
2219f 
urea cycle defects in, 2220-2221 
influence of R groups in, 537-538 
metabolism of, 538-539, 539f, 540f 


names, abbreviations, and structures of, 534- 


536i 

neonatal, 460 

in parathyroid hormone, 1913, 1913f 

in parathyroid hormone-related protein, 
1928, 1929f 

peptide bond and, 537 

quantitative tests of, 540-541 


special collection and storage conditions for, 


54t 
urine specimen preservatives and, 51t 
Amino acid consumption test, 1869-1870, 
1870t 
Amino acid-related hormones, 1019 
Amino levulinic acid dehydratase, 1379 
Aminoaciduria, 538-539 
Aminocaproic acid, 2304t 
Aminoglycosides, 1262-1265, 1263#, 1264¢, 
1708¢ 


5-Aminolevulinate synthase, 1211, 12114 1213- 


1214 
5-Aminolevulinic acid 
testing in acute porphyrias, 1222 
urine specimen preservatives and, 5it 


5-Aminolevulinic acid dehydratase, 1211, 12114 


1220 
Aminopyrine, 1791 
Aminotransferases, 604-607, 605¢, 606f 
chronic hepatitis and, 1809 
liver disease and, 604-605, 606f 
plasma, 1826, 1826f 
serum, 605 
Amiodarone, 1256, 1256t 
effects on thyroid function, 2064f 
therapeutic and toxic levels of, 2304t 
Amitriptyline, 1269, 1270f, 1308-1312, 1309- 
1311f 
influence on catecholamine levels, 1056t 
therapeutic and toxic levels of, 2304¢ 
Amlodipine, 1056¢ 
Amlyo-1,6-glucosidase deficiency, 891 
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Ammonia 
critical values of, 2317¢ 
diet and, 453 
hyperammonemia and, 1790-1791 
metabolism of, 1789-1791, 1790f 
reference intervals for, 2255¢ 
renal production of, 1765-1766, 1766f 
Ammonium, 1765-1766, 1766f 
for blood specimen preservation, 48 
metabolic function of nephron and, 1676t 
Amniocentesis, 53, 2189-2190, 2209 
Amnion, 2153 ' 
AmnioStat-FLM, 2192 
Amniotic fluid, 2153, 2155-2156, 2156t 
acetylcholinesterase, 2183 
alpha-fetoprotein, 2183, 2269t 
bilirubin, 2187f 2187-2188, 2188f 
estriol, 2268t 
for fetal lung maturity assessment, 
2189-2190 
glucagon, 2270t 
proteins, 580, 2293 
specimen collection of, 53 
total bilirubin, 2258¢ 
total estriol, 2268¢ 
Amobarbital 
characteristics of, 1326t 
therapeutic and toxic levels of, 2304t 
urinary excretion of, 1327¢ 
US. government drug detection cutoff 
concentrations for, 1319¢ 
Amoxapine, 12708, 2304¢ 
Amoxicillin, 1267, 1708t 
Amperometry, 101-105, 102f, 104f, 105f 
electrolyte exclusion effect and, 988t 


enzyme-based biosensor with, 108-110, 108- 


110f 
for 5~hydroxyindoleacetic acid, 1064 
Amphetamine, 1320-1322, 1322f 1324-1325 
chemical structure of, 1321f 
designer, 1322-1323 
effects on laboratory tests, 459 
influence on catecholamine levels, 1056t¢ 
SAMSHA guidelines for drug assay cutoff 
values, 1320¢ 
therapeutic and toxic levels of, 2304t 
U.S. government drug detection cutoff 
concentrations for, 1319¢ 
Ampholyte, 121, 537 
Amphotericin B, 1268%, 1708¢ 
Ampicillin, 1267¢, 1708t 
Amplicon, 1415 
Amplicor assay 
for cytomegalovirus, 1573-1574 
for human immunodeficiency virus, 1568 
for Mycobacterium tuberculosis, 1575-1576 
Amplification techniques 
for hepatitis B virus, 1801-1802 
for nucleic acids, 1412-1419 
endpoint quantification in amplification 
assays in, 1419 
enzymes needed in, 1411¢ 
fluorescent staining in, 1419 
isothermal oligo amplification in, 1419 
ligase chain reaction in, 1416-1417 
linked linear amplification in, 1419 
loop-mediated amplification in, 1419 
polymerase chain reaction-target 
amplification in, 1412-1415f 1412- 
1416 
probe amplification-Q-beta replicase in, 
1418 
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Amplification techniques (Continued) 
rolling circle amplification in, 1418-1419 
serial invasive amplification in, 1418 
signal amplification: branched chain DNA 
in, 1418 
strand displacement amplification in, 1419 
transcription-based amplification methods 
in, 1417, 1417f 
ultraviolet absorbance in, 1419 
whole genome and whole transcriptome 
amplification in, 1419 
as source of laboratory error, 1452 
Amplified Mycobacterium tuberculosis Direst 
Test, 1575-1576 
Amylase, 616-619, 617%, 619f, 620f 
analytical goals for, 363¢ 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
influence of blood collection site on, 49, 49t 
morphine and, 459 
pancreatic, 616-619, 6174, 619 620f 
posture-related changes in, 450t 
reference change values of, 470¢ 
reference intervals for, 2255¢ 
as tumor marker, 755t 
Amylin, 858, 1023¢ 
Amyloid, 580-582, 5811, 1633 
Amyloid amyloidosis, 580-582, 581t 
Amyloid disease, 573, 581t 
Amyloid P, 582 
Amylopectins, 840, 840f 
Amyloses, 840, 840f 
Amytal. See Amobarbital. 
ANA. See Antinuclear antibody. 
Anabolic steroids, 2134 
Anaerobic technique for blood collection, 1007 
Anafranil. See Clomipramine. 
Analbuminemia, 547 
Analgesics 
effects on laboratory tests, 458¢ 
pharmacology and analysis of, 1304-1368, 
1305-1308f 
Analyte, 3, 403b 
analytical methods and, 355-362 
analytical measurement range and, 359 
analytical sensitivity in, 361 
analytical specificity and interference in, 
361-362 
calibration and, 355f, 355¢, 355-356 
limit of detection in, 359-361, 360f, 
361f 
limit of quantitation in, 361 
linearity in, 359 
precision in, 357-358, 358¢ 
precision profile in, 358, 358f 
trueness and accuracy in, 356, 356t 
chromatographic identification and 
quantification of, 161-162, 162f 
concentration-related mean bias and, 370 
typical values for, 7t 
urine specimen preservation and, 51t 
Analyte-specific reagents, 1454, 1556 
Analytical bias, 470-471 
Analytical detection limits, 359-361, 360f, 
361f 
in labeled immunochemical assays, 233t, 233- 
234 
in polymerase chain reaction, 1415 
Analytical errors, 519-520 
in biood gas measurement, 1012-1013 
Analytical measurement range, 359 
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Analytical methods, 355-362 
for adrenocortical steroids, 2033-2044 
aldosterone measurement in, 2039-2040 
blood 11-deoxycortisol measurement in, 
2046-2041 
blood 17-hydroxyprogesterone 
measurement in, 2041-2042 
choice of specimen for, 2033-2034 
chromatographic methods in, 2036 
cortisol measurement in, 2036, 2038-2039 
free versus bound steroids and, 2034 
hydrolysis, extraction, and separation in, 
2034-2036 f 
radioimmunoassay in, 2037 
for bilirubin, 1195-1198, 1196f 
biological variability and, 467-471 
assessment of mode of reporting test 
results and, 471 
calculating total variation and, 469 
delta check and, 468 
index of heterogeneity and, 470 
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Analytical methods (Continued) 


measurement of reaction rates in, 207-209, 
208f 

measurement of substrates in, 209-210 

optimization, standardization, and quality 
control in, 210f 210-211 

units for expressing enzyme activity in, 209 


in hemoglobin analysis, 1170-1177 


blood specimen for, 1171 

complete blood count in, 1171-1172, 1172f 

DNA analysis in, 1175 

electron spray mass spectroscopy in, 1175 

electrophoresis in, 1172f, 1172-1173, 1173f 

globin chain analysis in, 1177, 1177f 

hemoglobin H determination in, 1175- 
1176, 1176f 

high-performance liquid chromatography 
in, 1173-1175, 1174f 

sickling tests in, 1176, 1176f 

tests for unstable hemoglobins in, 1176- 
1177 
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alcohol ingestion in, 457-458 
altitude in, 463 

ambient temperature in, 463 
blindness in, 465 

circadian variation in, 452-453, 4537 
control of, 491-494, 492t 

diet in, 453-454 

drug administration in, 4581, 458-459 
exercise in, 451, 452 

fasting and starvation in, 456-457 
fever in, 465-466, 466t 

food ingestion in, 454-455, 455t 
herbal preparations in, 459 
influence of menstrual cycle in, 464 
malnutrition in, 455-456 

obesity in, 464-465 

physical training in, 451-452 

place of residence in, 463 

posture in, 449-450, 450¢ 
pregnancy in, 465 


index of individuality and, 469-470 

intraindividual versus interindividual 
variations and, 467¢ 

quality specifications for total error 


for iron, 1188-1192, 1189-11914 
for methemoglobin, 1300 
monitoring changes in, 497 

for nucleic acids, 1407-1449 


prolonged bed rest in, 450 

race in, 462-463 

recreational drug administration in, 459 
seasonal influences in, 463-464, 464t 


allowable and, 470-471 

reference change values and, 469, 470t 

reliability coefficient and, 470 

for carbon monoxide, 1297-1298 
for catecholamines, 1054-1062 

collection and storage of samples for, 
1054-1055 

5-hydroxyindoleacetic acid and, 1063- 
1065, 1065t 

influences of diet and drugs on, 1055, 
1056¢ 

plasma assays in, 1057, 1057¢ 

plasma L-dopa, DOPAC, and DHPG and, 
1059, 1059t 

plasma metanephrines and, 1057-1058, 
1058t 

reference intervals in, 1055-1057 

serotonin and, 1062-1063, 1063t 

urinary, 1059-1060, 1060¢ 

urinary fractionated metanephrines and, 
1060-1061, 1G6tt 


urinary homovanillic acid and, 1061-1062, 


1062t 
urinary vanillylmandelic acid and, 1061, 
1062t 
choice of, 495 
for cyanide, 1298 
documentation of protocols in, 496, 496b 
in drug testing, 1248-1249 
for amphetamine and methamphetamine, 
1324-1325 
for barbiturates, 1327-1328 
for benzodiazepines, 1332-1333 
for cocaine, 1335-1336 
for gamma-hydroxybutyrate, 1337-1338 
for methadone, 1345-1356 
for opiates, 1344 
for phencyclidine, 1348-1349 
for propoxyphene, 1347 
in enzymology, 207-213 
immobilized enzymes and, 213 
immunoassay and, 212-213 
measurement of enzyme mass 
concentration in, 211 
measurement of isoenzymes and isoforms 
in, 213 
measurement of metabolites in, 211-212 


bacterial genomes and, 1410 

closed-tube single nucleotide 
polymorphism genotyping methods 
in, 1444f, 1444-1445 

electrophoresis in, 1421f, 1421-1427, 14224, 
1423-1428f 

endpoint quantification in amplification 
assays in, 1419 

fluorescent staining in, 1419 

high-performance liquid chromatography 
in, 1429, 1430f 

buman epigenetic alterations and, 1409 

human genome and, 1407-1409, 1408b, 
1409f 

hybridization assays in, 1429-1436, 1430f 
1433¢, 1434f, 1435f, 1436¢ 

isothermal oligo amplification in, 1419 

ligase chain reaction in, 1416-1417 

linked linear amplification in, 1419 

loop-mediated amplification in, 1419 

mass spectrometry in, 1429, 1430f 

melting analysis in, 1441-1443, 1442f, 
1443f 

nucleic acid enzymes and, 1410-1411 

polymerase chain reaction-target 
amplification in, 1412-1415f, 1412- 
1416 

probe amplification-Q-beta replicase in, 
1418 

pyrosequencing in, 1427-1429, 1429f 

real-time polymerase chain reaction in, 
1436-1441, 1437-1441f 1440t 

reporter molecules and labeled probes in, 
4419-1421 

rolling circle amplification in, 1418-1419 

serial invasive amplification in, 1418 

signal amplification: branched chain DNA 
in, 1418 

strand displacement amplification in, 1419 

transcription-based amplification methods 
in, 1417, 1417f 

ultraviolet absorbance in, 1419 

viral genomes and, 1410 

whole genome and whole transcriptome 
amplification in, 1419 


preanalytical variables and, 449-467 


age in, 459-462, 4604, 461¢ 


sex in, 4621, 463 

shock and trauma in, 466, 467t 
smoking in, 457 

stress in, 465 

sweat testing and, 998 

transfusion and infusions in, 466-467 
travel in, 453 

types of, 492-494 

vegetarianism in, 455, 456¢ 


for reproductive related disorders, 2127-2139 


anabolic steroids and, 2134 

blood estrogens and, 2134-2136 

blood progesterone and, 2137-2138, 2138¢ 

dehydroepiandrosterone and, 2132-2134, 
2133t 

estriol and, 2136 

free and weakly bound testosterone in 
biood and, 2129-2131, 21304, 2131¢ 

saliva estrogens and, 2137 

saliva progesterone and, 2138-2139 

saliva testosterone and, 2131 

testosterone precursors and metabolites in 
blood and, 2131-2132, 2132t 

total testosterone in blood in, 2127-2129, 
2129t 

urine estrogens and, 2136-2137 

urine 17-ketosteroids and, 2134 


selection and evaluation of, 353-407 


analytical measurement range and, 359 

analytical performance criteria and, 354 

analytical sensitivity and, 361 

analytical specificity and interference in, 
361-362 

basic error model in, 368-370, 369f 

Bland-Altman plot and, 376-377, 377, 
377t 

calibration and, 355f, 355f, 355-356 

distribution of differences plot in, 371-376, 
372-375, 3734 375t 

goals for analytical quality in, 362f, 362- 
366t, 362-368 

guidelines, regulatory demands, and 
accreditation in, 402-403 

identifying sources of analytical errors and, 
520 

limit of detection and, 359-361, 360f, 361f 

limit of quantification and, 361 
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Antiepileptic drugs (Continued) 
phenytoin in, 1252 
primidone in, 1252-1253 
succinimides in, 1255-1256 
tiagabine in, 1254-1255 
topiramate in, 1253 
valproic acid in, 1253-1254 
zonisamide in, 1255 
Antifungal agents, 1268t 
Antigen(s), 219-220 
antismooth muscle, 1813t 
beta-oncofetal, 767t 
blood group, 773-774 
carcinoembryonic, 7676, 768-769 
analytical goals for, 364t 
reference intervals for, 2259¢ 
special collection and storage conditions 
for, 55t 
complex, 219-220 
hepatitis B core, 1801 
hepatitis B surface, 1801, 1810 
hepatitis Be, 1801 
hepatitis C core, 1803 
human leukocyte, 1540, 1546f, 1546-1549, 
1547t 
immunoinflammatory response and, 649 
insulinoma-associated, 856 
melanoma-associated, 774 
mucinlike carcinoma-~associated, 771, 2287t 
oncofetal, 766-769, 767t 
pancreas-associated, 774t 
prostate-specific, 757-761, 7604 
analytical goals for, 364t 
reference intervals for, 2292t 
tumor staging and, 759 
ultrasensitive methods for, 761 
serum mucinlike carcinoma-associated, 2287¢ 
squamous cell, 767t 
squamous cell carcinoma, 769 
Tennessee, 767t 
tissue plasminogen activator, 1634 
tissue polypeptide-specific, 767¢, 769 
Antigen-antibody binding, 221-224, 223f, 224b 
Antigen-antibody reaction, 88-89 
Antigen presenting cell, 649 
interferon-y and, 700, 701f 
interleukin-1 and, 658 
interleukin-2 and, 661 
interleukin-10 and, 679 
interleukin-12 and, 682-686, 683f 
Antigen-receptor gene rearrangements 
detection of minimal residual disease and, 
1474 
in hematopoietic neoplasms, 1462-1463, 
1463f 
Anti-hepatitis C virus antibody, 1802-1803 
Antihistamines, 1312f, 1312-1313, 1313f 
Antihypertensives, 2122t 
Antiinsulin antibodies, 852, 853 
Anti-liver kidney microsome antibody, 1813f 
1813-1814 
Anti-liver specific cytosol antibody, 1813f 
Antimetabolites, 1272-1274, 1273t 
Antimicrosomal antibodies, 2085-2086 
Antimitochondrial antibody, 1813f 
Antimony, 1375-1376, 2256t 
Antimycobacterial agents, 1268¢ 
Antineoplastic agents, 1383 
Anti-neutrophil cytoplasmic antibodies 
in autoimmune liver disease, 1813f 
in rapidly progressive glomerulonephritis, 
1704 


index 


Antinuclear antibody 
analytical goals for, 366¢ 
in autoimmune liver disease, 1813f 
Antioxidant functions of copper, 1128 
Antioxidant status markers, 1077-1078 
Antipsychotic drugs, 1269-1272, 1270t 
Antireticulin antibodies, 1861, 1861t 
Antiretrovirals, 1269, 1269t 
Anti-RhD immune globulin, 2164-2165 
Antirheumatoid drugs, 1708t 
Antismooth muscle antigen, 1813¢ 
Antisoluble liver antigen-liver pancrea 
antibody, 1813t ; 
Antisperm antibodies, 2121, 2124, 2125 
Antistreptolysin O, 366£ 
Antithrombin II, 564t 
Antithyrogobulin antibodies, 777, 2084-2085 
Antithyroid antibodies, 2084-2087 
Antithyroid peroxidase antibodies, 2085-2086 
Antitumor drugs, 1708t 
Antiviral agents, 1268-1269t 
Anuria, 1678 
Aorta, 1620, 1620f 
Aortic valve, 1620, 1620f 
APC. See Antigen presenting cell. 
APC gene, 784 
Apoceruloplasmin, 542, 1129 
Apoenzyme, 207 
Apolipoprotein(s) 
biochemistry of, 916-918, 917¢ 
disorders of, 9284, 928-932 
diagnosis of, 932-934, 932-934f, 933b 
management of, 9347, 934-938, 9351, 935- 
937f, 9381 
exogenous lipoprotein metabolism and, 919 
heart disease and, 925-928 
in lipoproteins, 916t 
measurement of, 958-960 
reference concentrations of, 922-924, 922- 
927t 
Apolipoprotein A, 916-917 
defects of, 931-932 
heart disease and, 925-926 
measurement of, 958-960 
Apolipoprotein A-1, 2256t 
Apolipoprotein B, 917 
familial combined hyperlipidemia and, 929- 
930 
familial defective, 931 
heart disease and, 925-926 
hyperapobetalipoproteinemia and, 930 
measurement of, 958-960 
reference intervals for, 2256t 
Apolipoprotein C, 917-918 
Apolipoprotein C-II deficiency, 929 
Apolipoprotein E, 918 
heart disease and, 926-927 
measurement of, 961-962, 962f 
type HI dysbetalipoproteinemia and, 930-931 
Apoproteins, 542 
Apoptosis 
cytokines and, 653 
interleukin-i and, 656 
tumor necrosis factor-a and, 706 
Apotransferrin, 1187 
Apparent activation of enzyme, 207 
Appendicitis, 617 
APR. See Acute phase response. 
Apresoline. See Hydralazine. 
Aprobarbital, 13264, 1327¢ 
Aquacobalamin, 1100 
Aquaporins, 1682 


Aqueous fluid control materials, 1012 
Arachidic acid, 909t 
Arachidonate, 911 
Arachidonic acid, 909¢ 
Area under curve, drug clearance and, 1243 
ARE See Acute renal failure. 
Arginase 
defect of, 2214-2215t 
deficiency of, 2220-2221 
manganese and, 1130 
Arginine 
reference intervals for, 2256-2257t 
structure and molecular weight of, 535t 
Arginine hydrochloride, 1973f, 1974b 
Arginine vasopressin, 1991f, 1991-1996 
diabetes insipidus and, 1992-1993, 1993b, 
1994b, 1994f 
measurement of, 1995-1996 
syndrome of inappropriate antidiuretic 
hormone and, 1994-1995, 1995b 
Argininemia, 2214-2215¢, 2220-2221 
Argininosuccinate lyase defect, 2214-2215¢, 
2220-2221 
Argininosuccinate synthase defect, 2214-2215¢, 
2220-2221 
Argininosuccinic acidemia, 2214-2215t 
Argon fluoride laser, 66¢ 
Argyria, 1384 
Aromatic L-amino acid decarboxylase, 1034, 
1034f, 1052 
Arsenazo III method, 1897-1898, 1898f 
Arsenic, 1371, 1376f, 1376-1377 
antidote for, 1288t 
as causative factor in medical conditions, 
1372t 
male reproductive function and, 2122 
reference intervals for, 2257t 
Arsenobetaine, 1376, 1376f 
Arsenocholine, 1376, 1376f 
Arterial blood gases, 999-1014 
acid-base disorders and, 1767t 
amperometric method for, 103-104, 104f 
analytical goals for, 363t 
behavior of gases and, 999-1001, 1000¢ 
continuous and noninvasive monitoring of, 
1014 
critical values in, 2317t 
effects of fasting and starvation on, 456 
effects of smoking on, 457 
gas exchange in lung and, 1763, 1764f 
Henderson-Hasselbalch equation in, 1001- 
1002 
metabolic acidosis and, 1771 
metabolic alkalosis and, 1773-1774 
optical chemical sensors for, 106-108, 107f, 
114 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
PCO,, PO, and pH determination in, 1006- 
1013 
calibration in, 1010-1011 
instrumentation in, 1008f, 1008-1009, 
1010f 
quality assurance in, 1011-1013 
reference intervals for, 1013, 2259t 
specimen acquisition for, 1006-1008, 
1007¢ 
potentiometry for, 93-105 
basic concepts in, 93-94, 94f 


Arterial blood gases (Continued) 
ion-selective electrodes in, 95-100, 96t, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101t 
reference values for, 2289 
respiratory acidosis and, 1774, 1775 
temperature correction and, 10134, 1013- 
1014 
tonometry for, 1006 
Arterial carbon dioxide, 2259t 
Arterial hemoglobin saturation, 114 
Arterial line, blood specimen from, 49, 49¢ 
Arterial pH, 363¢ 
Arterial puncture for blood specimen, 47-48, 
1007 
Arterialized capillary blood, 47, 1007-1008 
Arthrocentesis, 52-53 
Artifact 
in capillary electrophoresis, 133-134 
in conventional electrophoresis, 127-128 
Artificial neural networks, 759 
Aryl sulfatase G, 755t 
Asbestosis, 1384 
Ascites, 1794-1795 
albumin levels in, 548 
in cirrhosis, 1820t 
Ascitic fluid specimen, 53 
Ascorbic acid, 1105f, 1105-1107 
influence of menstrual cycle on, 464 
microchip-based assay for, 256 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302¢ 
special collection and storage conditions for, 
54t 
Asendin. See Amoxapine. 
Asherman’s syndrome, 2117 
Asparagine 
reference intervals for, 2257t 
structure and molecular weight of, 535t 
Aspartate aminotransferase, 604-607, 605t, 606f 
acute hepatitis and, 1804, 18051, 1808 
alcoholic liver disease and, 1818 
analytical goals for, 363t 
change in prolonged venous occlusion, 43, 
43t 
in cholestasis, 1821 
circadian variation in, 453f, 453t 
concentration gradients between tissue and 
serum, 217f 
in diagnosis of liver disease, 1797 
diet and, 454 
distribution of, 217 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
exercise-related changes in, 451, 452 
fasting and starvation and, 456 
in fatty liver of pregnancy, 2162 
in HELLP syndrome, 2163 
in hepatitis during pregnancy, 2163 
increased activity after surgery, 467t 
influence of blood collection site on, 49, 49t 
morphine and, 459 
in nonalcoholic steatohepatitis, 1809 
plasma, 1826, 1826f 
posture-related changes in, 450¢ 
prolonged bed rest and, 450 
reference intervals for, 2257t 
seasonal influences on, 464f 
serum, 47t 
Aspartic acid, 5354, 2257¢ 
N-Aspartoacylase defect, 2226-2227 


Index 


Aspirin 
male reproductive function and, 2122¢ 
pharmacology and analysis of, 1306-1308, 
1307f, 1308f 
ASRs. See Analyte-specific reagents. 
Assay 
for adrenocorticotropic hormone, 1983 
for alkaline phosphatase, 609-611, 611f 
for alpha-amylase, 618-619 
for antioxidant status, 1077-1078 
automated, 265-297 
bar coding of specimen and, 269, 269-270 
chemical reaction phase and, 274-276, 
275f, 276f 
chemiluminescence and bioluminescence 
and, 278-279 
development of standards for, 292 
electrochemical methods and, 279 
electrophoresis systems and, 124-125 
evaluation of requirements for, 289-290, 
290b 
flow cytometers and, 293 
fluorometry and, 278 
front-surface reflectance fluorometry and, 
278 
hematology cell counters and, 293 
historical overview of, 265-267, 268t 
instrument clusters and, 281-282, 282f 
labeling of specimen and, 268-269 
measuring impact of, 292 
microtiter plate systems and, 294 
nucleic acid analyzers and, 293-294 
on-analyzer specimen delivery and, 272f 
272-273 f 
photometry and, 276-277, 277f 
pipetting stations and, 294 
point-of-care testing analyzers and, 294 
polarization fluorometry and, 278 
problems of integration in, 290-292, 291f 
reagent delivery and, 274 


reagent handling and storage and, 273-274, 


274f 

reflectance photometry and, 278 

remote automated laboratory system and, 
294 

signal processing, data handling, and 
process control in, 279-280, 280b 

specimen acquisition and, 268 

specimen delivery to laboratory and, 270- 
271 

specimen loading and aspiration and, 271- 
272 

specimen preparation and, 271 

specimen processing and, 284-288, 285f, 
287f 

specimen sorting and, 288f 288-289, 289f 

specimen storage and retrieval and, 289 

specimen transport and, 282-284, 284f 

turbidimetry and nephelometry and, 278 

urine analyzers and, 292 

workcells and, 282, 282f 

workstations and, 281 

basic concepts of, 355-362 

analytical measurement range and, 359 

analytical sensitivity in, 361 

analytical specificity and interference in, 
361-362 

calibration and, 355f, 355t, 355-356 

limit of detection in, 359-361, 360f 361f 

limit of quantitation in, 361 

linearity in, 359 

precision in, 357-358, 358t 
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Assay (Continued) 
precision profile in, 358, 358f 
trueness and accuracy in, 356, 356t 
for C-peptide, 8508, 851, 853 
for chorionic gonadotropin, 2180 
in cytokine measurement, 721-722, 723t 
for dimeric inhibin A, 2186 
for drugs, 1248-1249 
for erythrocyte hydroxymethylbilane synthase 
activity, 1228-1229 
for fetal fibronectin, 2187 
for gamma-glutamyltransferase, 613 
for glucagon, 850b, 851, 853 
for glutathione S-transferase, 614 
for glycated hemoglobin, 881, 88it 
for growth hormone, 1974-1976 
for hormones, 1030 
for insulin, 850, 850¢, 851-853 
for insulin antibodies, 853 
linear range of, 1560 
for proinsulin, 850b, 850-851, 853 
for pyruvate kinase, 634 
selection of, 353-355, 354f 
sensitivity and specificity of, 4114, 411-412, 
Aloe 
for tartrate-resistant alkaline phosphatase, 
625 
for transaminase activity, 605-606 
Assisted reproduction, 2127 
AST. See Aspartate aminotransferase. 
Asthma, 693 
Astrocyte, 673 
Asymmetric polymerase chain reaction, 
1416 
Atenolol, 1056¢ 
Atherosclerosis, 1623, 1627 
cholesterol and, 924-928, 927f 
diabetes mellitus and, 853 
high-sensitivity C-reactive protein and, 963, 
964 
Athlete, drug testing and, 1318 
Athyreosis, 2058 
Ativan. See Lorazepam. 
Atmospheric pressure chemical ionization, 168- 
169, 169f 
Atmospheric pressure matrix-assisted laser 
desorption/ionization, 170 
Atmospheric pressure photoionization, 169 
Atomic absorption spectrophotometry, 73f, 73- 
75, 74f 
electrolyte exclusion effect and, 988t 
for magnesium, 1911 
for selenium, 1383-1384 
for sodium, 984 
for total calcium, 1898 
for toxic metals, 1373-1374 
for trace elements, 1121-1122 
Atomic number, 21 
Atopic dermatitis 
interferon-y and, 701 
interleukin-13 and, 688 
ATP. See Adenosine triphosphate. 
Atresia, biliary, 1201 
Atrial natriuretic peptide, 1024#, 1630-1631, 
1678-1679 
as potential uremic toxin, 1692t 
renal blood flow and, 1685t 
travel-related changes in, 453 
Atriopeptin, 1024t 
Atrium, 1619, 1620f 
Atropine, 1313f 
AT&T CliniLog system, 287 
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Atto, metric prefix of SI unit, 7t 
Atypical squamous cell of undetermined 
significance, 1565 
Audit in point-of-care testing, 312-313, 314f 
Autoantibody 
in autoimmune hepatitis, 1812-1813, 1813¢ 
as tumor marker, 776-777 
Autocrine system, 1019 
Autoimmune adrenalitis, 2022 
Autoimmune diseases 
chemokines and, 717 
tumor necrosis factor-B and, 707 
Autoimmune hepatitis 
acute, 1808 
chronic, 1812-1814, 1813¢ 
hypoalbuminemia in, 1788 
laboratory features of, 1805t 
during pregnancy, 2163 
Automated centrifuge, 286 
Automated peritoneal dialysis, 1722 
Automated pipette, 16f, 16-18, 17f 
Automated pipetting station, 294 
Automation in clinical laboratory, 265-297 
automated pipetting stations and, 294 
development of standards for, 292 
electrophoresis systems and, 124-125 
evaluation of requirements for, 289-290, 290b 
flow cytometers and, 293 
hematology cell counters and, 293 
historical overview of, 265-267, 268¢ 
integrated steps in analytical process and, 
280-289 
automated specimen processing and, 284- 
288, 285f, 287f 
automated specimen sorting and, 288f, 
288-289, 289f 
automated specimen storage and retrieval 
and, 289 
automated specimen transport and, 282- 
284, 284f 
instrument clusters and, 281-282, 282f 
problems of integration in, 290-292, 291f 
workcells and, 282, 282f 
workstations and, 281 
measuring impact of, 292 
microtiter plate systems and, 294 
nucleic acid analyzers and, 293-294 
point-of-care testing analyzers and, 294 
remote automated laboratory system and, 
294 
specimen acquisition and, 268 
specimen identification and, 268-280 
bar coding in, 269f, 269-270 
chemical reaction phase and, 274-276, 
275%, 276f 
chemiluminescence and bioluminescence 
in, 278-279 
electrochemical methods in, 279 
fluorometry in, 278 
front-surface reflectance fluorometry in, 
278 
labeling in, 268-269 
on-analyzer specimen delivery and, 272f, 
272-273 
photometry in, 276-277, 277f 
polarization fluorometry in, 278 
reagent delivery and, 274 
reagent handling and storage and, 273-274, 
274f 
reflectance photometry in, 278 
signal processing, data handling, and 
process control in, 279-280, 280b 
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Automation in clinical laboratory (Continued) 
specimen delivery to laboratory and, 270- 
271 
specimen loading and aspiration and, 271- 
272 
specimen preparation and, 271 
turbidimetry and nephelometry in, 278 
urine analyzers and, 292 
Autonomic nervous system, toxidromes and, 
1289-1291 
Autoradiography, 23 
Autoregulation of glucose, 849 
Autosomal dominant diseases, 1491-1496 
achondroplasia in, 1491-1492 
Charcot-Marie-Tooth disease in, 1492-1493 
Huntington’s disease in, 1493, 1493-1496, 
1495b, 1495f 
Autosomal dominant polycystic kidney disease, 
1706-1707 
Autosomal recessive diseases, 1483-1491 
carbamy] phosphate synthetase I deficiency 
in, 1489-1491, 1490f 
cystic fibrosis in, 1484-1486, 1485b, 1486t, 
1487f 
hereditary hemochromatosis in, 1486-1489, 
1488f 
Aventyl. See Nortriptyline. 
Average of normals, 513 
Avidin, 1107 
Ayidity of antibody, 221 
Avogadro's hypothesis, 1000t 
AVP. See Arginine vasopressin, 
Axial centrifuge, 19 
5-Azacytidine, 1273 
Azalides, 1268t 
Azathioprine, 1592-1595, 1593f, 1594f 
Azelaic acid, 2257t 
Azidodeoxythymidine, 2316t 
Azithromycin, 1268¢ 
Azlocillin, 1267¢ 
Azoospermic male, 2121 
Azotemia, 1691 
AZT. See Zidovudine. 
Aztreonam, 1268¢ 


B 
B-cell 
biological activity of interleukin-1 and, 
659f 
CD4 cell effects on, 649-650, 650f 
chemokines and, 715 
humoral response and, 1458 
immunoglobulin-gene rearrangements and, 
1458f, 1458-1460, 1460f 
immunoglobulins and, 569-570, 570¢ 
interferon-y and, 70it 
interleukin-2 and, 663, 663b 
interleukin-4 and, 666-669, 667f 
interleukin-5 and, 669-671, 670f 
interleukin-6 and, 671-675, 672f, 673t 
interleukin-7 and, 675f, 675-676 
interleukin-10 and, 678f, 678-680, 679b 
interleukin-12 and, 682-686, 683f 
interleukin-13 and, 687-688 
interleukin-14 and, 688f 688-689 
B-cell line, 221 
B-cell tumor 
antigen-receptor gene rearrangements in, 
1459t 
beta,-microglobulin and, 555 
B-type natriuretic peptide, 1024 
Back-leak distal renal tubular acidosis, 1708 


Bacteremia 
complement status in, 567t 
in spontaneous bacterial peritonitis, 1795 
Bacteria 
interaction between cytokines and, 652 
MALDI-TOF mass spectrometry 
identification of, 183, 184t 
overgrowth in gastrointestinal tract, 18646, 
1864-1865, 1865¢ 
porphyrins and, 1220-1221 
Bacterial genome, 1410 
Bacterial infection 
C-reactive protein and, 555-556 
Group B streptococcus in, 1572-1573 
immunoglobulins and, 572 
interleukin-6 and, 674 
Mycobacterium tuberculosis in, 1575-1576 
Bar code identification systems 
in point-of-care testing, 302 
for reagents, 274 
for specimen identification, 269f, 269-270 
Bar code reading station, 286 
Barbiturates, 1325-1328, 1327f 
antidotes for overdose, 1288¢ 
characteristics of, 1326¢ 
effects on laboratory tests, 458¢ 
serum, 54t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
urinary excretion of, 1327t 
Barometer, blood gas measurement and, 1012 
Baroreceptor, 1043, 1748, 1991-1992 
Barrier protection, 32 
Bartter’s syndrome, 1709-1710, 1773, 2033 
Basal acid output, 1858-1859 
Basal body temperature, 2126 
Base, 1758 
Base pairs, 1394, 1394f 
Base peak, 165 
Base unit, 5, 5t, 6t 
Basic amino acids, 535-536t 
Basic error model for measurements, 368-370, 
369f 
Basic techniques and procedures, 12-27 
buffer solutions in, 25-26, 26t 
centrifugation in, 19-21 
gravimetry in, 23-25 
measurement of radioactivity in, 21f, 21-23 
for processing solutions, 26-27 
thermometry in, 25 
volumetric sampling and dispensing in, 12-19 
calibration of volumetric pipettes for, 18- 
19 
maintenance and care of volumetric 
glassware, 18 
pipettes for, 12-16, 144, 15f 15%, i6t 
semiautomatic and automated pipettes and 
dispenser for, 16f, 16-18, 17f 
volumetric flasks for, 18, 18f 
Basophil, 1967 
interleulin-13 and, 686f, 686-688 
Bathophenanthroline disulfonate, 1190t 
Bayer DCA system, 306, 306f 
Bayer Diagnostics, 287 
Bayes’ theorem, 414-415 
bel-I gene, 1465, 1467f 
bel-2 gene, 780t, 782 
follicular lymphoma and, 1464-1465, 1466f 
BCR-ABL oncogene, 782 
Beam-type mass spectrometer, 172-174f, 172- 
176 
Becker muscular dystrophy, 1499 


Beckman Coulter capillary zone electrophoresis 
system, 124-125 
Beckman Coulter Power Processor system, 283, 
287, 287f 
Becquerel, 22 
Bed rest as controilabie preanalytical variable, 
540 
Beer’s law 
in fluorometry, 76 
in spectrophotometry, 63f, 63t, 63-64 
Beijing Institute of Geriatrics, 943b 
Bence Jones protein, 574t, 746, 7474, 1717 
Bence Jones proteinuria, 815 i 
Benign prostatic hypertrophy, 758, 1707 
Benign proteinuria, 576 
Benign transient hyperphosphatasemia, 1826 
Benzodiazepines, 1328¢, 1328-1333, 1329-1332f 
antidotes for overdose, 1288¢ 
for seizures, 1255 
Benzoyl cholinesterase, 192t 
Benzoylcarnitine, 2257t 
Benzoylcholine, 616 
Benzoylecgonine, 1335f, 1335-1336 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Benzphetamine, 1321f, 1324 
Beriberi, 1092 
Berthelot reaction, 803 
Beryllium, 1377, 2257t 
Beryllium lymphocyte proliferation test, 1377 
Beta-adrenergic agonists, 1261 
Beta-alanine 
reference intervals for, 2254t 
structure and molecular weight of, 536t 
Beta-aminoisobutyric acid, 536t 
Beta-apocarotenal, 1081 
Beta-blockers, antidotes for overdose, 1288t 
Beta-carotene, 1079-1081, 1081f 1082 
reference intervals for, 2258¢ 
Beta-cell dysfunction, 857 
Beta-cryptoxanthin, 1079 
Beta decay, 22 
Beta-endorphin, 1020%, 1981-1984 
Beta-galactosidase 
immunoassay detection limits of, 233¢ 
in kinetic spectrophotometric assay for 
sodium, 987 
for serum thyroxine determination, 2070 
for thyroid hormone-binding ratio, 2077 
Beta-globulin 
influence of altitude on, 463 
malnutrition and, 455 
in vitamin By transport, 1101 
Beta-p-glucose, 838 
Beta-glucuronidase, 2035 
Beta-glycoside complex, 1853 
Beta-hydroxybutyrate, 875-877 
Beta-hydroxybutyric acid, 456 
Beta-ketothiolase deficiency, 2226-2227 
Beta-lactams, 1266, 1268¢ 
interstitial nephritis and, 1706 
Beta-lipoproteins 
effects of steroid hormones on, 545¢ 
obesity and, 464-465 
smoking and, 457 
Beta-lipotropin, 1981 
Beta-oncofetal antigen, 767t 
Beta-quantification, 949, 950f 
Beta-sheet conformation, 542 
Beta-thalassemia, 1179-1181, 1180f 
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Beta-thromboglobulin, 1634-1635 
Beta-trace protein, 823 
Beta,-adrenergic receptors, 1039, 1042 
Beta)-adrenergic receptors, 1039, 1042¢ 
Beta,-microglobulin, 555 
multiple myeloma and, 1717 
as potential uremic toxin, 1692t 
properties of, 544t 
reference intervals for, 2286t 
role in iron homeostasis, 1188t 
serum, 2286t 
as tumor marker, 774t 
Beta;-adrenergic receptors, 1039, 1042¢ 
Bial’s test, 889-890 
Bias, 356, 3561, 403b 
basic error model for measurements and, 369 
effect on clinical decisions, 513 
in ordinary least-squares regression analysis, 
380f, 380-381, 381f 
Bicarbonate, 990-991, 1757 
acid-base disorders and, 1767t 
alcohol ingestion and, 458 
in amniotic fluid, 2156t 
analytical goals for, 363t 
dissolved carbon dioxide and, 1758-1759, 
1759f 
effects of exercise on, 451 
food ingestion and, 454 
metabolic acidosis and, 1768-1772, 1769t 
metabolic alkalosis and, 1772b, 1772-1774 
metabolic function of nephron and, 1676¢ 
renal reclamation of, 1766-1767 
respiratory acidosis and, 1774 
respiratory alkalosis and, 1775 
serum, 47t 
values during pregnancy, 2158t 
Bicarbonate-carbonic acid buffer system, 1759- 
1760 
Bile 
formation of, 1782-1783, 1785f 
vitamin B, and, 1102 
vitamin E and, 1084-1085 
Bile acetylcarnitine, 2253t 
Bile acids, 1782-1787 
cholesterol and, 907, 908f 
defective synthesis of, 1785-1786 
enterohepatic circulation of, 1783-1785, 
1785f 
hepatocellular disease and, 1787 
interruption in enterohepatic circulation of, 
1786-1787 
metabolism of, 1784-1785 
special collection and storage conditions for, 
54t 
synthesis of, 1782, 1783f, 1784f 
Bile acrylylcarnitine, 2253¢t 
Bile decadienoylcarnitine, 2265t 
Bile decanoylcarnitine, 2265t 
Bile decenoylcarnitine, 2265¢ 
Bile dodecanoylcarnitine, 2266¢ 
Bile dodecenoylcarnitine, 2267t 
Bile duct, 1778f 1779 
obstruction of, 1821 
tumor of, 1825 
Bile glutarylcarnitine, 2271-2272t 
Bile heptanoylcarnitine, 2273t 
Bile hexadecanoylcarnithine, 2273¢t 
Bile hexadecenoylcarnitine, 2273 
Bile hexanoylcarnitine, 2273t 
Bile 3-hydroxybutyrylcarnitine, 2275¢ 
Bile 3-hydroxydecenoylcarnitine, 2275t 
Bile 3-hydroxydodecanoylcarnitine, 2276¢ 
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Bile 3-hydroxydodecenoyicarnitine, 2276 
Bile 3-hydroxyhexadecenoylcarnitine, 2276t 
Bile 3-hydroxyhexanoylcarnitine, 2276¢ 
Bile 3-hydroxyisovalerylcarnitine, 2277t 
Bile 3-hydroxyoctadecadienoylcarnitine, 2277 
Bile 3-hydroxyoctadecanoylcarnitine, 2277t 
Bile 3-hydroxyoctadecenoyicarnitine, 2277 
Bile 3-hydroxytetradecanoylcarnitine, 2278 
Bile 3-hydroxytetradecenoylcarnitine, 2279t 
Bile isobutyrylcarnitine, 2281 
Bile isovaleryl/CH3 butyrylcarnitine, 2281¢ 
Bile malonylcarnitine, 2284t 
Bile methyimalonylcarnitine, 2286t 
Bile octadecadienoylcarnitine, 2287t 
Bile octadecanoylcarnitine, 2287t 
Bile octadecenoylcarnitine, 2288¢ 
Bile octanoylcarnitine, 2288: 
Bile octenoyicarnitine, 2288t 
Bile propionylcarnitine, 2292t 
Bile salt malabsorption, 1865-1866 
Bile tetradecadienoylcarnitine, 2296t¢ 
Bile tetradecanoylcarnitine, 2296¢ 
Bile tetradecenoylcarnitine, 2297t 
Bile tiglylcarnitine, 2299t 
Biliary atresia, 1201 
Biliary tract 
amylase levels in diseases of, 617 
drainage of, 1779 
obstruction of 
complement C3 and, 567 
mechanical bile duct obstruction in, 1821 
tumor markers of 
CA 50 in, 773 
DU-PAN-2 in, 772-773 
tumor-associated trypsin inhibitor in, 764 
Biliprotein, 1781 
Bilirubin, 1193-1201, 1781-1782 
acute hepatitis and, 1805t 
amniotic fluid, 21561, 2187f 2187-2188, 
2188f, 2258¢ 
analytical goals for, 363¢t 
biliary atresia and, 1201 
biochemistry of, 11946 1194-1195, 1195 
biological variability in, 467¢ 
chemistry of, 1193f 1193-1194 
cirrhosis and, 1820t 
Crigler-Najjar syndrome and, 1199 
critical values of, 2317t 
Dubin-Johnson syndrome and, 1199 
effects of gender on, 462, 462t 
fasting and starvation and, 456 
Gilbert’s syndrome and, 1198-1199 
idiopathic neonatal hepatitis and, 1201 
influence of age on, 460t 
influence of food on, 455t 
Jaffe reaction and, 798 
Lucey-Driscoll syndrome and, 1199 
morphine and, 459 
neonatal, 460 
neonatal jaundice and, 1199-1201, 1200b 
plasma, 47t, 1827, 1827f 
prolonged venous occlusion-related change 
in, 43t 
reference change values of, 470t 
Rotor’s syndrome and, 1199 
serum, 47%, 1195-1198, 1196f 
stick tests for, 301¢ 
units of measurement for, 7t 
urine, 1198 
urobilinogen in urine and feces and, 1198 
values during pregnancy, 2158t 
vegetarianism and, 455 
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Bilirubin glucuronides, 1195 
Bilirubinometer, 1197-1198 
Billing and reimbursement, 479, 480¢ 
Bimodal distribution, 436-437 
Bioavailability of drug, 1243-1244 
Biochemical genetics, 2207-2247 
in fatty acid oxidation disorders, 2230-2237, 
2231f, 2234-2235t 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
in inborn errors of amino acids, 539, 2211- 
2221, 2212-2217 
analytical considerations in, 2237 
homocystinuria in, 2219f, 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
tyrosinemia type 1 in, 2217-2219, 2218f 
2219 
urea cycle defects in, 2220-2221 
in organic acid disorders, 2221-2230, 2224- 
2229t 
analytical considerations in, 2237-2242, 
2238-2241t 
ethylmalonic encephalopathy in, 2230, 
2230f 
glutaric acidemia type I in, 2230 
isovaleric acidemia in, 2222-2223, 2223f, 
2230 
propionate disorders in, 2222, 2223f 
Biochemical markers 
of alcoholic liver disease, 1818 
of bone turnover, 1935), 19351, 1935-1943 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f, 1941-1943 
preanalytical and analytical variables in, 
1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 
1939-1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937 
urinary hydroxyproline in, 1940 
of cardiac function, 1629-1635 
adhesion molecules in, 1635 
brain natriuretic peptide in, 1629-1631, 
1631f 
C-reactive protein in, 1633 
cardiac troponin I and T in, 1629, 16298, 
1630f 
choline in, 1635 
clinical utility of, 1643-1645, 1644f 
creatine kinase isoenzymes and isoforms 
in, 1631-1632, 1642-1643, 1652, 
1652f, 1660 
cytokines in, 1633-1634 
ischemia modified albumin in, 1635 
isoprostanes in, 1635 
lactate dehydrogenase isoenzymes in, 1632- 
1633, 16336, 1643, 1653 
matrix metalloproteinases in, 1634 
monocyte chemotactic protein in, 1634 
myeloperoxidase in, 1634 
myoglobin in, 1632, 1643, 1653 
nourin in, 1635 
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Biochemical markers (Continued) 
oxidized low-density lipoproteins in, 1634 
phospholipase A2 in, 1634 
placental growth factor in, 1634 
pregnancy associated plasma protein A in, 
1634 
sCD40 ligand in, 1633 
secreted platelet granular substances in, 
1634-1635 
serum amyloid in, 1633 
tissue plasminogen activator antigen in, 
1634 
tumor necrosis factor-c in, 1634 
unbound free fatty acid in, 1635 
urinary thromboxane in, 1635 
Biocytinase, 1108 
Biocytinyl, 1108 
Bioelectronic chip, 249 
Biological hazards, 31-33, 32f 
Biological variability, 467-471 
assessment of mode of reporting test results, 
471 
calculating total variation, 469 
delta check and, 468 
of high-sensitivity C-reactive protein, 965- 
966, 966f 
index of heterogeneity and, 470 
index of individuality and, 469-470 
intraindividual versus interindividual 
variations and, 467f 
quality specifications for total error 
allowable, 470-471 
reference change values and, 469, 470¢ 
reliability coefficient and, 470 
Bioluminescence, 84-85, 278-279 
Bioluminescent immunoassay, 235b 
Biopterin cofactor biosynthesis defect, 2212- 
2213t 
Biopterin cofactor regeneration defect, 2212- 
2213t 
Biosensors, 108-113 
affinity sensors and, 112-113, 113f 114f 
enzyme-based 
with amperometric detection, 108-110, 
108-110f 
with optical detection, 111-112 
with potentiometric and conductometric 
detection, 110-111, lilf 
Biotin, 1080¢, 1107f, 1107-1109, 1109f 
as nonisotopic probe for nucleic acids, 1420 
oral and intravenous intakes of, 1076¢ 
reference intervals for, 2258t 
Biotin amidohydrolase, 1108 
Biotin-avidin complex, 234 
Biotinidase deficiency, 2226-2227¢ 
Biotransformation of drug, 1246-1247 
Bisalbuminemia, 127, 548 
Bitolterol, 1261 
Biuret method for serum total protein, 586-587 
Bivariate, term, 434 
Black licorice, 1773 
Bladder cancer markers, 775t, 775-776 
epidermal growth hormone receptor in, 780 
matrix metalloproteinases in, 763 
tumor-associated trypsin inhibitor in, 764 
Blake’s method, 1224 
Bland-Altman plot, 376-377, 377f, 377t 
Blank sample, 360 
Blastocyst, 2153 
Bleeding esophageal varices, 1794 
Blindness as noncontrollable preanalytical 
variable, 465 


Blood 
androgen transport in, 2099 
biological activity of interleukin-1 and, 
659t 
entry of enzymes into, 2144, 214-216 
estrogen transport in, 2107 
fetal development of, 2160 
gas exchange in lung and, 1763, 1764f 
Blood acetaldehyde, 2253t 
Blood acetylcarnitine, 2253¢ 
Blood acrylylcarnitine, 2253t 
Blood alcohol 
analytical goals for, 365¢ 
federal mandate for, 1300 
specimen for, 1302-1303 
stages of acute alcoholic intoxication and, 
1301¢ 
Blood aldosterone, 2039-2040 
Blood amylase, 617 
Blood arsenic, 2257t 
Blood base excess, 1761 
Blood-based control materials, 1011-1012 
Blood biotin, 1108, 2258¢ 
Blood cadmium, 1378, 2258 
Blood carbon dioxide, 2259t 
Blood carbon monoxide, 2259t 
Blood carboxyhemoglobin, 1296¢, 1296-1297 
Blood-cerebrospinal fluid barrier, 577-578 
Blood cholinesterase, 55t 
Blood chromium, 2262t 
Blood cortisol, 2036, 2038-2039 
Blood cyanide, 2264¢ 
Blood decadienoylcarnitine, 2265¢ 
Blood decanoylcarnitine, 2265t 
Blood decenoyicarnitine, 2265t 
Blood 11-deoxycortisol, 2040-2041 
Blood dodecanoylcarnitine, 2266t 
Blood dadecenoylcarnitine, 2267t 
Blood estrogens, 2134-2136, 2136t 
Blood ethanol, 2269% 
Blood ethylene glycol, 1314 
Blood fluoride, 55t 
Blood galactose, 55t 
Blood-gas difference for electrode, 1010-1011 
Blood gases, 999-1014 
acid-base disorders and, 1767t 
amperometric method for, 103-104, 104f 
analytical goals for, 363t . 
behavior of gases and, 999-1001, 1000¢ 
continuous and noninvasive monitoring of, 
1014 
critical values in, 2317¢ 
effects of fasting and starvation on, 456 
effects of smoking on, 457 
gas exchange in lung and, 1763, 1764f 
Henderson-Hasselbalch equation in, 1001- 
1002 
metabolic acidosis and, 1771 
metabolic alkalosis and, 1773-1774 
optical chemical sensors for, 106-108, 107f, 
114 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
PCO, PO, and pH determination in, 1006- 
1013 
calibration in, 1010-1011 
instrumentation in, 1008f, 1008-1009, 
1010f 
quality assurance in, 1011-1013 


Blood gases (Continued) 
reference intervals for, 1013, 2259t 
specimen acquisition for, 1006-1008, 1007¢ 
potentiometry for, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 96%, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101¢ 
reference values for, 2289 
respiratory acidosis and, 1774, 1775 
temperature correction arid, 1013¢, 1013- 
1014 i 
tonometry for, 1006 
Blood glucose, 868-875 
alcohol ingestion and, 457 
C-peptide and, 851, 853 
detection with biosensor, 109 
effects of exercise on, 451 
effects of fasting and starvation on, 456 
glucagon and, 851, 853 
glucose dehydrogenase methods for, 871 
glucose oxidase methods for, 870-871 
glycated hemoglobin concentration and, 879- 
880 
growth hormone and, 1971 
hexokinase methods for, 869-870 
hypoglycemia and, 864-868, 865b 
insulin and, 843-849, 845f, 846f, 8478, 848f 
minimally invasive monitoring of, 875 
neonatal, 460 
proinsulin and, 850-851, 853 
reference intervals for, 871-872, 2271t 
self-monitoring of, 873-875 
specimen collection and storage for, 868-869 
vegetarianism and, 456¢ 
Blood glucose-6-phosphate dehydrogenase, 55%, 
2271t 
Blood glutarylcarnitine, 2271-2272t 
Blood glycated hemoglobin, 2272¢ 
Blood group antigen(s), 773-774 
Blood-group antigen-related cancer markers, 
770t, 770-773 
Blood growth hormone, 1974-1976 
Blood heptanoylcarnitine, 2273¢ 
Blood hexadecanoylcarnithine, 2273t 
Blood hexadecenoylcarnitine, 2273 
Biood hexanoylcarnitine, 2273t 
Blood 3-bydroxybutyrylcarnitine, 2275¢ 
Biood 3-hydroxydecenoylcarnitine, 2275t 
Blood 3-hydroxydodecanoylcarnitine, 2276¢ 
Blood 3-hydroxydodecenoylcarnitine, 2276t 
Blood 3-hydroxyhexadecenoylcarnitine, 2276t 
Blood 3-hydroxyhexanoylcarnitine, 2276t 
Blood 3-hydroxyisovalerylcarnitine, 2277 
Blood 3-hydroxyoctadecadienoyicarnitine, 
2277t 
Blood 3-hydroxyoctadecanoylcarnitine, 2277t 
Blood 3-hydroxyoctadecenoylcarnitine, 2277¢ 
Blood 17-hydroxyprogesterone, 2041-2042 
Blood 3-hydroxytetradecanoylcarnitine, 2278¢ 
Blood 3-hydroxytetradecenoylcarnitine, 2279t 
Blood isobutyrylcarnitine, 2280t 
Blood isovaleryl/CH3 butyryicarnitine, 2281t 
Blood lactate, 878 
reference intervals for, 2282t 
special collection and storage conditions for, 
55t 
surgery-related changes in, 466 
Blood lead, 1380 
analytical goals for, 365¢ 
reference intervals for, 2282t 
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Blood lead (Continued) 
special collection and storage conditions for, 
55t 
Blood malonyicarnitine, 2284t 
Blood manganese, 1131, 1381, 2284t 
Blood mercury, 1382, 1383f 2284t 
Blood methanol, 2285-2286t 
Blood methemoglobin, 2286t 
Blood methylmalonylcarnitine, 2286t 
Blood nickel, 2287t 
Blood octadecadienoylcarnitine, 2287 
Blood octadecanoylcarnitine, 2287¢ 
Blood octadecenoylearnitine, 2288¢ 
Blood octanoyicarnitine, 2288t 
Blood octenoylcarnitine, 2288¢ 
Blood pH 
exercise-related changes in, 451 
reference intervals for, 2289f 
Blood phenylalanine, 2290¢ 
Blood porphyrins, 1226, 1228f 
Blood pressure 
chronic kidney disease and, 1694 
posture and, 449 
Blood progesterone, 2137-2138, 2138¢ 
Blood propionylcarnitine, 2292t 
Blood pyruvate, 55f, 878 
Blood pyruvic acid, 2293t 
Blood selenium, 2294t 
Blood serotonin, 2294¢ 
Blood specimen, 41-49 
for aluminum-related bone disease, 1375 
anticoagulants and preservatives for, 47t, 47- 
48 
arterial puncture for, 47-48 
automated preparation of, 271 
for bload alcohol, 1302-1303 
for blood glucose, 868-869 
for catecholamines and metabolites, 1054- 
1055 
for cholesterol measurement, 956, 957t 
for electrolyte determination, 983-984 
for estrogens, 2135-2136 
for free calcium, 1901 
for glycated hemoglobin, 884 
for hemoglobin analysis, 1171 
hemolysis and, 49 
for 5-hydroxyindoleacetic acid, 1064 
influence of site of collection on, 48, 48¢ 
from intravenous or arterial lines, 49, 49t 
for progesterone, 2138 
skin puncture for, 46, 46f 
for steroid hormones, 2034 
for thyroxine, 2071 
for trace elements, 1120-1121 
venipuncture for, 41-45, 43f, 43t, 44f 44t 
Blood supply 
hepatic, 1778, 1778f 1780, 1780f 
pituitary, 1967 
renal, 1671-1672, 1673f 
Blood testosterone 
free, 2129-2131, 2130¢, 21314 
total, 2127-2129, 2129¢ 
Blood testosterone precursors, 2131-2132, 2132¢ 
Blood tetradecadienoylcarnitine, 2296¢ 
Blood tetradecanoylcarnitine, 2296f 
Blood tetradecenoylcarnitine, 2296t 
Blood thallium, 2297¢ 
Blood thyroid-stimulating hormone, 2066-2068, 
2067f, 2297¢ 
Blood tiglylcarnitine, 2299t 
Blood tube additives, 44t 
Blood urea nitrogen, 802 
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Blood vitamin B,, 2302t 
Blood vitamin B3, 2289t 
Blood volume 
posture-related changes in, 449-450 
during pregnancy, 2157 
seasonal influences on, 463 
Blood zinc, 1141 
Blotting techniques 
dot blotting in, 228 
Northern blotting in, 126, 228, 1424 
Southern blotting in, 126, 228, 1423f 1423- 
1424 
for alpha-thalassemia, 1175 
for antigen-receptor gene rearrangements, 
14594, 1461f, 1461-1462, 1462f 
for chromosomal translocations, 1464 
for fragile X syndrome, 1501, 1502f 
for hemophilia A, 1498, 1498f 
Western blotting in, 126, 227-228, 2286 586 
BMD, See Becker muscular dystrophy. 
BMG. See Beta,-microglobulin. 
BNP. See Brain natriuretic peptide. 
Body fluids — 
buffer systems and, 1759-1762, 1763f, 1769f 
chloride and, 989 
composition of, 1748-1750, 1749t 
controllable preanalytical variables in, 449- 
459 
alcohol ingestion in, 457-458 
circadian variation in, 452-453, 453t 
diet in, 453-454 
drug administration in, 4584, 458-459 
exercise in, 451, 452¢ 
fasting and starvation in, 456-457 
food ingestion in, 454-455, 455t 
herbal preparations in, 459 
malnutrition in, 455-456 
physical training in, 451-452 
posture in, 449-450, 450¢ 
prolonged bed rest in, 450 
recreational drug administration in, 459 
smoking in, 457 
travel in, 453 
vegetarianism in, 455, 456t 
determination of glucose in, 868-875 
glucose dehydrogenase methods in, 871 
glucose oxidase methods in, 870-871 
glucose reference intervals and, 871-872 
hexokinase methods in, 869-870 
minimally invasive monitoring of blood 
glucose and, 875 
self-monitoring of blood glucose and, 873- 
875 
specimen collection and storage for, 868- 
869 
urine glucose measurement in, 872b, 872- 
873 
ketone badies in, 876-877 
noncontrollable preanalytical variables in, 
459-467 
age in, 459-462, 460t, 461t 
altitude in, 463 
ambient temperature in, 463 
blindness in, 465 
fever in, 465-466, 466t 
influence of menstrual cycle in, 464 
obesity in, 464-465 
place of residence in, 463 
pregnancy in, 465 
race in, 462-463 
seasonal influences in, 463-464, 464t 
sex in, 4624, 463 


2332 


Body fluids (Continued) 
shock and trauma in, 466, 467 
stress in, 465 
transfusion and infusions in, 466-467 
potassium and, 986 
sodium and, 984 
Body water 
fasting and starvation and, 456 
hypervolemic hypernatremia and, 1754 
prolonged bed rest and, 450 
volume and distribution of, 1747-1748, 
1748f, 1748¢ 
Body weight gene, 858 
Bohr effect, 1004, 1005f 
globin chains and, 1169-1170 
Boiling point, osmotic pressure and, 992 
Bombesin, 765%, 10234, 1875t 
Bonded phase packings, 156 
Bonding of silicon surfaces, 249-250 
Bone, 1891-1965 
biochemical markers of bone turnover and, 
19358, 19358, 1935-1943 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f, 1941-1943 
preanalytical and analytical variables in, 
1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 
1939-1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937f 
urinary hydroxyproline in, 1940 
calcium and, 1892-1904 
adjusted or corrected total calcium and, 
1896-1897, 1897b 
biochemistry and physiology of, 1892- 
1893, 1893¢, 1894f 
free calcium and, 1899-1902, 1900f, 1901f 
1902¢ 
hypercalcemia and, 1895b, 1895-1896 
hypocalcemia and, 1893-1894, 1894b 
interpretation of results in measurement 
of, 1903-1904, 1904f, 1905f 
physiological variation in, 1903 
reference intervals for, 1903 
specimen collection for, 1902-1903 
total calcium and, 1897-1899, 1898f, 1899b 
urinary calcium and, 1904 
effect of aluminum on, 1374-1375, 1375f, 
1699 
estrogens and, 2105 
fluoride and, 1142 
hormones regulating, 1912-1930 
calcitonin in, 1926f, 1926-1928, 1927b 
parathyroid hormone in, 1912-1920, 1943- 
1916f, 1918f, 1919f 
parathyroid hormone-related protein in, 
1928-1930, 1929f 1930f 
vitamin D in, 1920f 1920-1926, 1921f, 
1921t, 1922b, 1923, 1925f 
magnesium and, 19098, 1909-1912, 19108, 
1911f, 1931-1932 
osteoporosis and, 1932-1933 
phosphate and, 1905-1909, 19068, 19076, 
1908t 
tumor of, 624 
Bone alkaline phosphatase, 611, 1940-1941 
Bone disease 
alkaline phosphatase and, 624 
aluminum toxicity and, 1699 
1,25-dihydroxyvitamin D and, 1922-1923 
metabolic, 1932-1935, 1933b 
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Bone disease (Continued) 
multiple myeloma in, 573 
serum alkaline phosphatase and, 608 
Bone enzymes, 623-625 
Bone isoform alkaline phosphatase, 624 
Bone marrow 
interleukin-1 and, 659t 
interleukin-6 and, 673¢ 
interleukin-11 and, 680-682, 681f 
Bone remodeling unit, 1891, 1892f 
Bone turnover markers, 1935, 1935, 1935- 
1943 : 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f, 1941-1943 
in osteoporosis, 1932-1933 
preanalytical and analytical variables in, 1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 1939- 
1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937f 
urinary hydroxyproline in, 1940 
Bootstrap method for estimation of reference 
interval, 420, 442 
Boric acid for urine specimen preservation, 51, 
51t 
Boron, 1143 
Bound steroids, 2034 
Bowman’s capsule, 1672, 1676f, 1676-1677 
Boyle’s law, 1000, 1000¢ 
BPH. See Benign prostatic hypertrophy. 
Brain 
abscess of, 578¢ 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
glycogen phosphorylase isoenzymes and, 604 
interleukin-1 and, 659t 
interleukin-6 and, 673¢ 
interleukin-11 and, 682 
neurotransmitters of, 1040-1041 
tumor of, 578¢ 
Brain natriuretic peptide, 1629-1631, 1631f, 
1645-1652, 1752 
biological variability of, 1650-1651, 1651f 
implications for therapy, 1648-1649 
methodology for, 1641, 1641b 
percentile reference interval concentrations 
for, 1639¢ ` 
population-based screening for, 1649-1650 
reference intervals for, 1641-1642, 1642f 
1642t 
use for prognosis and risk stratification, 
1647-1648, 1648t, 1649f 1650f 
Bran, plasma composition changed by, 454 
Branched chain amino acid disorders, 2212- 
2213t 
Branched-chain DNA method, 1418 
Branched chain ketoacid dehydrogenase 
complex defect, 2212-22134, 2220 
Branching enzyme deficiency, 891 
BRCAI gene, 785, 1508-1509 
BRCA2 gene, 785, 1508-1509 
Breast cancer 
cytokines and, 653-654 
estrogens and, 2112 
inherited, 1508-1509 
tartrate-resistant alkaline phosphatase and, 
624 
tumor markers in, 752t 
BRCA1 and BRCA 2 genes in, 785 
calcitonin as, 766 
carbohydrate-related, 7701, 770-773 


Breast cancer (Continued) 
carcinoembryonic antigen in, 768-769 
cathepsins as, 762-763 
epidermal growth hormone receptor in, 
780 

estrogen and progesterone receptors in, 
777-779, 778t 

heat shock proteins in, 776 

hepatocyte growth hormone receptor in, 
779 

HER-2/neu gene in, 780t, 781-782 

kallikreins as, 757 

lactate dehydrogenase as, 756 

urokinase-plasminogen activator system 
and, 761-762 

Breast milk hyperbilirubinemia, 1201 

Breath alcohol, 1303-1304 

Brewer’s yeast, 1123 

British antilewisite, 1376 

Bromide, 2304t 

4-Bromo-2,5-dimethoxyphenylethylamine, 
1231f, 1323 

Bronchodilators, 12614, 1261-1262 

Brush border enzymes, 1852-1853 

BTG. See Beta-thromboglobulin. 

Buffer(s) 

in capillary electrophoresis, 133 
in conventional electrophoresis, 123, 128 

Buffer solutions, 25-26, 26t 

Buffer systems, 1759-1762, 1763f, 1769f 

Bulbourethral gland, 2097 

BulP’s algorithm, 513 

Buprenorphine, 1340 

Bupropion, 1269, 1270t, 1271, 2304 

Burn, iontophoresis-related, 998 

Busulfan, male reproductive function and, 
2122t 

Butabarbital, 1326t, 1327¢ 

Butaibital 

characteristics of, 1326t 

urinary excretion of, 1327t 

U.S. government drug detection cutoff 
concentrations for, 1319¢ 

Butazolidin. See Phenylbutazone. 

Butyrylcholinesterase, 1317 

Butyrylglycine, 2258¢ 


Cc 


C-17,20-lyase-170.-hydroxylase deficiency, 2029 
C cell, 1926, 2053 
C-erb B-2 amplification, 780t, 781-782 
C family of chemokines, 7098, 709f, 709-713, 
710-713¢ 
C-maf transcription factor, 651 
C-mixed chain triglyceride test, 1872, 1872f 
C-peptide 
measurement of, 853 
analytical goals for, 364t 
clinical utility of, 850b, 851 
for hypoglycemia, 865 
special collection and storage conditions 
for, 55t 
proinsulin and, 844, 846 
as tumor marker, 774t 
C-reactive protein, 1633 
high-sensitivity, 962-967, 963-967f, 966t 
influence of altitude on, 463 
multiple myeloma and, 1717 
properties of, 545¢ 
reference intervals for, 2263¢ 
C-telopeptide, 1938, 2264t 
C-terminal residue, 541 


C-triolein test, 1880 
C1 inhibitor, 564¢ 
C3 complement, 544, 545t, 566-568, 567t 
C4 complement, 544#, 5451, 568-569 
Cachexia, 705 
Cadmium, 1371, 1377-1378 
as causative factor in medical conditions, 1372 
development of nephropathy and, 1708¢ 
reference intervals for, 2258t 
Caffeine, 1261, 1261t 
clearance of, 1791 
influence on catecholamine. levels, 1056f 
plasma composition changed by, 454-455 
therapeutic and toxic levels of, 2304t 
CAH. See Congenital adrenal hyperplasia. 
Calan. See Verapamil. 
Calcineurin inhibitors, 1708¢ 
Calcitonin, 10214, 1926f, 1926-1928, 1927b, 2053 
reference intervals for, 2258t 
special collection and storage conditions for, 
55t 
as tumor marker, 765£, 765-766 
Calcitonin gene-related peptide, 1875¢ 
Calcium, 1892-1904 
adjusted, 1896-1897,1897b 
analytical goals for, 363¢ 
biochemistry and physiology of, 1892-1893, 
18936 1894f 
biological variability in, 467t 
boron role in metabolism of, 1143 
calcitonin and, 1926 
circadian variation in, 452-453, 453t 
corrected, 1896-1897, 18976 
critical values of, 2317 
1,25-dihydroxyvitamin D and, 1921 
end-stage renal disease and, 1698/, 1698-1699 
estrogens and, 2105 
exercise-related effects on, 452t 
fasting and starvation and, 456 
fever-related effects on, 466¢ 
free, 1896, 1899-1902, 1900f 1901f, 1902¢ 
hypercalcemia and, 1895b, 1895-1896 
hypocalcemia and, 1893-1894, 1894b 
influence of age on, 460¢ 
influence of blood collection site on, 49, 49t 
influence of food on, 455¢ 
influence of gender on, 462, 462£ 
influence of menstrual cycle on, 464 
interpretation of results, 1903-1904, 1904, 
1905f 
intestinal absorption of, 1931 
metabolic bone diseases and, 1932-1935, 
1933b 
metabolic function of nephron and, 1676¢ 
in neuronal release of catecholamines, 1036 
parathyroid hormone and, 1913, 1914f 
physiological variation in, 1903 
plasma, 47t, 18934, 1903 
posture-related changes in, 450 
prolonged bed rest and, 450 
reference change values of, 470t 
reference intervals for, 2258¢ 
renal regulation of, 1681, 1930-1931 
required ion-selective electrode selectivity 
coefficient for, 96t 
seasonal influences on, 463-464, 464t 
sources of preanalytical error in, 1902-1903 
specimen collection for, 1902-1903 
total, 1896-1899, 1897b, 1898f 1899b 
travel-related changes in, 453 
units of measurement for, 7t 
urine, 1904 
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Calcium (Continued) 
urine specimen preservatives and, 51t 
values during pregnancy, 2158 
vegetarianism and, 456t 
Calcium-adenasine triphosphatase, 1681 
Calcium channel blockers 
antidotes for overdose, 1288 
influence on catecholamine levels, 1056t 
Calcium stone disease, 1713-1714 
Calibration, 355f, 355, 355-356 
of blood gas instrumentation, 1009-1011 
of chorionic gonadotropin assay, 2181-2812 
in direct potentiometry, 99-100 
of gonadotropin hormone assays, 1986 
of immunochemical methods, 583 
in ion-selective electrodes analysis, 986 
in maternal serum alpha-fetoprotein assay, 
2183 
in measurement of apolipoproteins, 959-960 
quality of, 495f, 495-496 
of total protein methods, 588-589 
of unconjugated estriol assay, 2185 
of volumetric pipette, 18-19 
Calibration material, 495 
for free calcium, 1902 
for gonadotropins, 1986, 1987f 
Calmagite, 1911, 1911f 
Calomel electrode, 95 
Calorie, 8, 909 
Canadian External Quality Assessment 
Laboratory, 943b 
Canavan disease, 2226-2227t 
Cancer 
biliary tract 
cancer antigen 50 and, 773 
DU-PAN-2 tumor markers and, 772-773 
tumor-associated trypsin inhibitor and, 
764 
bladder, 775t, 775-776 
epidermal growth hormone receptor and, 
780 
matrix metalloproteinases and, 763 
tumor-associated trypsin inhibitor and, 
764 
breast, 2112 
BRCAI and BRCA 2 genes in, 785 
calcitonin and, 766 
carbohydrate-related tumor markers in, 
7704, 770-773 
carcinoembryonic antigen and, 768-769 
cathepsins and, 762-763 
cytokines and, 653-654 
epidermal growth hormone receptor and, 
780 
estrogen and progesterone receptors and, 
777-779, 778t 
estrogens and, 2112 
heat shock proteins and, 776 
hepatocyte growth hormone receptor and, 
779 
HER-2/neu gene and, 780t, 781-782 
inherited, 1508-1509 
kaliikreins and, 757 
lactate dehydrogenase and, 756 
tartrate-resistant alkaline phosphatase and, 
624 
tumor markers in, 752t 
urokinase-plasminogen activator system 
and, 761-762 
cervical 
hepatocyte growth hormone receptor and, 
779 
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Cancer (Continued) 


human papillomavirus in, 1565 
telomerase and, 765 
tumor-associated trypsin inhibitor and, 
764 
cytokines and, 652-655, 654f 
gastric 
cancer antigen 50 and, 773 
cancer antigen 72-4 and, 774 
carcinoembryonic antigen and, 768-769 
cathepsins and, 763 
colorectal cancer gene and, 785 
epidermal growth hormone receptor and, 
780 
heat shock proteins and, 776 
lactate dehydrogenase and, 756 
telomerase and, 765 
tumor-associated trypsin inhibitor and, 
764 
hematopoietic neoplasms, 1457-1482 
acute myeloid leukemia in, 1466-1469, 
61469-1471 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f 1473f 
detection of viral genomes in, 1475f, 1475- 
1476 
immunoglobulin-gene rearrangements in, 
1458f, 1458-1460, 14594, 1460f 
in situ hybridization and, 1476 
lymphorna-specific recurrent 
chromosomal translocations in, 1463- 
's 1466; 14656, 1466f, 1467f 
‘minimal residual disease detection and 
monitoring in, 1474 
oncogene and tumor suppressor gene 
mutations in, 1472f, 1472-1474 
PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463f 
potential of microarrays for, 1476 
Southern blot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f, 1461-1462, 1462f 
T-cell receptor gene rearrangements in, 
1460f, 1460-1461 
use of reverse-transcription PCR in 
chromosomal translocations in, 1471- 
1472 
interleukin-2 treatment of, 664 
interleukin-6 and, 674 
interleukin-7 and, 676 
interleukin-10 and, 680 
interleukin-12 and, 685 
isoenzymes and, 197 
lactate dehydrogenase and, 602 
liver, 1823-1825, 1824t 
penile, 1565 . ss 
pharmacogenetics and, 1610f, 1610-1611 
plasma deoxyribonucleic acid and, 1399 
selenium role in chemoprevention of, 1136 
thyroid 
calcitonin and, 765-766, 1926-1927 
hormonal markers of, 765, 765t 
matrix metalloproteinases and, 763 
neuron-specific enolase and, 756 
RET tyrosine kinase receptor and, 783 
thyroglobulin and, 777 
tumor markers in, 753t 
tumor markers for, 745-795 
alkaline phosphatase in, 755 
androgen receptor in, 779 
blood group antigens in, 773-774 
carbohydrate markers in, 770#, 770-773 
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Cancer (Continued) 
cathepsins in, 762-763 
cell-free nucleic acids in, 786 
circulating cancer cells in, 786 
clinical applications of, 747-749, 748-749t 
clinical guidelines for, 752-753t 
creatine kinase in, 756 
cytokeratins in, 769 
epidermal growth hormone receptor in, 
779-780 
estrogen and progesterone receptors in, 
777-779 7 
evaluation of clinical utility of, 749-751, 
749-751f, 751t 
hepatocyte growth hormone receptor in, 
779 
historical background of, 746-747, 747t 
hormones as, 765t, 765-766 
human glandular kallikrein 2 in, 761 
kallikreins in, 756-757 
lactate dehydrogenase in, 756 
markers for angiogenesis as, 786 
mass spectrometry for, 752-754 
matrix metalloproteinases in, 763 
microarrays for, 754 
neuron-specific enolase in, 756 
oncofetal antigens in, 766-769, 767t 
oncogenes in, 780t, 780-783 
prostate-specific antigen in, 757-761, 760t 
prostatic acid phosphatase in, 756 
proteins as, 774t, 774-777, 775t 
PTEN tumor suppressor gene in, 785 
single nucleotide polymorphisms in, 785- 
786 
telomerase in, 764-765 
tissue production of, 746t 
tumor-associated trypsin inhibitor in, 763- 
764 
tumor suppressor genes in, 783¢, 783-785 
urokinase-plasminogen activator system 
in, 761-762 
uterine 
cancer antigen 125 and, 772 
carcinoembryonic antigen and, 768-769 
epidermal growth hormone receptor and, 
780 
heat shock proteins and, 776 
hepatocyte growth hormone receptor and, 
779 
tumor-associated trypsin inhibitor and, 
764 
Cancer antigen 15-3, 770-771 
analytical goals for, 364¢ 
reference intervals for, 2258t 
Cancer antigen 19-9, 773, 2258t 
Cancer antigen 27-29, 771, 2258t 
Cancer antigen 50, 773, 2258t 
Cancer antigen 72-4, 773-774, 2258t 
Cancer antigen 125, 771-772 
analytical goals for, 364t 
reference intervals for, 2258t 
Cancer antigen 242, 774, 2259t 
Cancer antigen 549, 751f, 771 
analytical goals for, 364t 
reference intervals for, 2259t 
Cannabinoids, 1333f, 1333-1335, 1334f 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
U.S. government drug detection cutoff 
concentrations for, 1319¢ 
Capacity-limited clearance, 1246, 1246f 
Capillary, renal, 1671, 1672, L673f 1674f 
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Capillary carbon dioxide, 2259¢ 
Capillary column in gas chromatography, 150 
Capillary electrophoresis, 130-135, 13if, 134f 
135f 
for amino acids, 541 
for barbiturates, 1327 
in cytokine measurement, 722 
in forensic DNA testing, 1544 
microchip-based systems for, 250-251, 251f 
254, 256 
microfluidic-based devices for, 247 
for niacin, 1116 
for polymerase chain reaction products, 
1473, 1473f 
in protein analysis, 586 
Capillary gel electrophoresis, 134-135 
Capillary ion electrophoresis, 124 
Capillary isoelectric focusing electrophoresis, 
135, 135f 1173 
Capillary isotachophoresis, 135 
Capillary serum, 48, 48t 
Capillary zone electrophoresis, 124, 124f 
Capture antibody for parathyroid hormone, 
1916f, 1916-1917 
Caput medusae, 1778 
Carbamate insecticides, 12884, 1315f, 1315- 
1317, 1316f 
Carbamazepine, 1249-1250, 1250¢ 
analytical goals for, 365¢ 
antidote for overdose, 1288t 
effects on thyroid function, 2064t 
therapeutic and toxic levels of, 2305t 
Carbamoylphosphate synthetase defect, 1489- 
1491, 1490f 2214-22154, 2220-2221 
Carbamylated hemoglobin, 880 
Carbenicillin, 1267¢ 
effects on laboratory tests, 458t 
therapeutic and toxic levels of, 2305¢ 
Carbohydrate(s}, 837-901 
determination of glucose in body fluids and, 
868-875 
glucose dehydrogenase methods in, 871 
glucose oxidase methods in, 870-871 
glucose reference intervals and, 871-872 
hexokinase methods in, 869-870 
minimally invasive monitoring of blood 
glucose and, 875 
self-monitoring of blood glucose and, 873- 
875 
specimen collection and storage for, 868- 
869 
urine glucose measurement in, 872b, 872- 
873 
diabetes mellitus and, 853-864 
chronic complications of, 862-863 
classification of, 854b, 854-855 
diagnosis of, 859b, 859-861, 860b 
gestational, 8611, 861-862 
role of clinical laboratory in, 8634, 863-864 
type I, 855-856 
type II, 856-859 
disaccharidase deficiencies and, 1862t, 1862- 
1864, 1863b, 1864b 
disaccharides in, 839, 839f 
glycated proteins measurement and, 878-886 
advanced glycation end product and, 886 
fructosamine and, 884-886, 885f 
glycated hemoglobin and, 879f, 8794, 879- 
884, 8815 883f 
glycogen storage disease and, 890-891 
glycoproteins and, 840-841, 841f 
hypoglycemia and, 864-868, 865b 


Carbohydrate(s) (Continued) 
ketone bodies and, 875-877 
lactate and pyruvate and, 877-878 
metabolism of, 841-853 
C-peptide measurement and, 853 
clinical utility of measurement of 
hormones in, 850b, 850-851 
counterregulatory hormones and, 849-850 
digestion and absorption in, 841, 842f 
glucagon measurement and, 853 
inborn errors of, 888-890 
influence of glucocorticoids on, 2007 
insulin antibodies assays and, 853 
insulin-like growth factors and, 849 
insulin measurement and, 851-853 
insulin regulation of blood glucose 
concentration in, 843-849, 845f 846f, 
8471, 848f 
intermediary, 841, 842f 843¢ 
liver disease and, 1791 
proinsulin measurement and, 853 
somatostatin and, 850 
thyroxine and, 850 
monosaccharides in, 837-839, 838f, 839f 
polysaccharides in, 839-840, 840f 
urinary albumin excretion and, 886-888 
Carbohydrate-deficient transferrin, 562 
Carbohydrate-related tumor markers, 770t, 770- 
773 
Carbon dioxide 
bicarbonate-carbonic acid buffer system and, 
1759-1760 
critical values of, 2317t 
gas exchange in lung and, 1763, 1764f 
metabolic alkalosis and, 1773-1774 
plasma, 2259t 
respiratory acidosis and, 1774 
respiratory alkalosis and, 1775 
serum, 2259t 
Carbon dioxide laser, 66t 
Carbon dioxide partial pressure, 999-1014 
acid-base disorders and, 1767¢ 
analytical goals for, 363¢ 
behavior of gases and, 999-1001, 1000¢ 
calibration of, 1010-1011 
continuous and noninvasive monitoring of, 
1014 
critical values of, 2317t 
gas exchange in lung and, 1763, 1764f 
Henderson-Hasselbaich equation and, 1001- 
1002 
instrumentation for, 1008f, 1008-1009, 
10L0f 
metabolic acidosis and, 1771 
metabolic alkalosis and, 1773-1774 
optical sensors for, 107, 114 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
potentiometry for measurement of, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 964 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101¢ 
quality assurance in determination of, 1011- 
1013 
reference intervals for, 1013, 2259t 
respiratory acidosis and, 1774, 1775 
specimen acquisition for, 1006-1008, L007¢ 


Carbon dioxide partial pressure (Continued) 
temperature correction and, 10134, 1013- 
1014 
tonometry for, 1006 
Carbon furnace atomic absorption spectroscopy 
assay, 1136 
Carbon monoxide, 1296¢, 1296-1298 
antidote for, 1288t 
reference intervals for, 2259t 
Carbon rod atomic abserption 
spectrophotometry, 74 
Carbonic anhydrase inhibitors, 1771 
Carboxyhemoglobin, 1167-1168 ` 
blood, 1296¢, 1296-1297 
effects of smoking on, 457 
geographical influence on, 463 
Carcinoembryonic antigen, 767¢ 
analytical goals for, 364t 
reference intervals for, 2259t 
special collection and storage conditions for, 
55t 
Carcinofetal ferritin, 767t 
Carcinogen, 746 
Carcinoid syndrome, 1116 
Carcinoid tumor, 1052-1054 
calcitonin and, 766 
chromogranins and, 777 
neuron-specific enolase and, 756 
Cardiac biomarkers, 1629-1660 
adhesion molecules in, 1635 
brain natriuretic peptide in, 1629-1631, 
1631f 1645-1652 
biological variability of, 1650-1651, 1651f 
implications for therapy, 1648-1649 
population-based screening for, 1649-1650 
use for prognosis and risk stratification, 
1647-1648, 1648¢, 1649f 1650f 
cardiac troponin I and T in, 1629, 16298, 
1630f 
end-stage renal disease and, 1658, 1658¢, 
1659f 
general clinical observations of, 1645, 
1645f, 1646f 
methodology for, 1635-1637, 16364, 16376, 
1637: 
in monitoring reperfusion following 
thrombolytic therapy, 1659-1660, 
1660f 
in multimarker analysis, 1660, 1660f 
risk assessment in ischemic patient and, 
1654-1657, 1656f, 1657f 
role in nonischemic presentations, 1657- 
1658, 1658f 
choline in, 1635 
clinical utility of, 1643-1645, 1644f 
creatine kinase isoenzymes and isoforms as, 
1631-1632 
acute myocardial infarction and, 1652, 
1652f 
comparison with cardiac troponins, 1640, 
1640¢ 
in estimation of infarct size, 1660 
methodology for, 1642-1643 
99th percentile reference limits for, 1639¢ 
reference intervals for, 1643 
cytokines in, 1633-1634 
ischemia modified albumin in, 1635 
isoprostanes in, 1635 
lactate dehydrogenase isoenzymes in, 1632- 
1633, 16336, 1643, 1653 
matrix metalloproteinases in, 1634 
monocyte chemotactic protein in, 1634 
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Cardiac biomarkers (Continued) 
myeloperoxidase in, 1634 
myoglobin in, 1632, 1643, 1653 
nourin in, 1635 
oxidized low-density lipoproteins in, 1634 
phospholipase A2 in, 1634 
placental growth factor in, 1634 
pregnancy associated plasma protein A in, 
1634 
sCD40 ligand in, 1633 
secreted platelet granular substances in, 1634- 
1635 
serum amyloid in, 1633 
tissue plasminogen activator antigen in, 1634 
tumor necrosis factor-c in, 1634 
unbound free fatty acid in, 1635 
urinary thromboxane in, 1635 
Cardiac conduction system, 1621-1622, 1622f 
Cardiac cycle, 1621, 1621f 
Cardiac disease, See Heart disease. 
Cardiac hormones, 1024t 
Cardiac output, renal blood flow and, 1671- 
1672 
Cardiac risk factors, 962-968 
high-sensitivity C-reactive protein in, 962- 
967, 963-967f, 966t 
homocysteine in, 967f, 967-968 
Cardiac troponin I and T, 1629, 1629b, 1630f, 
1635-1641 
end-stage renal disease and, 1658, 1658t, 
1659f 
general clinical observations of, 1645, 1645f, 
1646f 
methodology for, 1635-1637, 1636#, 16378, 
1637¢ 
in monitoring reperfusion following 
thrombolytic therapy, 1659-1660, 1660f 
in multimarker analysis, 1660, 1660f 
reference intervals for, 1627f, 1637-1641, 
1638¢, 1639¢ 
risk assessment in ischemic patient and, 
1654-1657, 1656f, 1657f 
role in nonischemic presentations, 1657- 
1658, 1658f 
Cardioactive drugs, 1256f, 1256-1261 
amiodarone in, 1256 
digoxin in, 1256-1257, 1257f 
disopyramide in, 1258 
flecainide in, 1258 
lidocaine in, 1258-1259 
mexiletine in, 1259 
procainamide in, 1259 
propafenone in, 1259-1260 
propranolol in, 1260 
quinidine in, 1260 
tocainide in, 1260-1261 
verapamil in, 1261 
Cardiolipins, 914 
Cardiomyopathy, selenium-related, 1383 
Cardiotoxicity of tricyclic antidepressants, 1309 
Cardiovascular calcification, 1698, 1725 
Cardiovascular disease 
C-reactive protein and, 556, 962-967, 963- 
967f, 966t 
chromium deficiency and, 1125 
copper deficiency and, 1129 
diabetes mellitus and, 1695, 1695t 
in dialysis patient, 1723-1724, 1724f 
selenium and, 1136 $ 
Cardizem. See Diltiazem. 
Cardura. See Doxazosin. 
Carnitine, 256 


2335 


Carnitine acyłcarnitine translocase defect, 2234- 
2235t 
Carnitine palmitoyl transferase I defect, 2234- 
2235t 
Carnitine palmitoyl transferase II defect, 2234- 
2235t 
Carnitine uptake defect, 2234-2235 
Carnosinase defect, 2214-2215t 
Carnosinemia, 2214-2215t 
Carotenoids, 1079-1081 
Carr-Price photometric method, 1083 
Carrier ampholyte, 129 
Carrier free radionuclide, 22 
Carrier gas in gas chromatography, 149, 150- 
151 
Carrier proteins for thyroid hormones, 2057 
Carrier screening for cystic fibrosis, 1485, 1486f 
Carryover, 272-273, 356 
Carryover contamination, 1562 
Cartesian systems, 283-284, 284f 
Carumonam, 1268t 
Caspases, 657 
Cast nephropathy, 1717 
Catabolism 
of cholesterol, 906-907, 908f 
of fatty acids, 909, 910f 
of heme to bilirubin, 1194f 
of nucleotides, 804f, 805 
Catalase, 1780 
Catalyst, enzyme as, 198 
Catalytic amount, 8 
Catapres. See Clonidine. 
Catechol-O-methyltransferase, 1037-1038, 
1038f 
Catecholamine(s), 1019, 1033-1074 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
collection and storage of samples for, 
1054-1055 
5-hydroxyindoleacetic acid and, 1063- 
1065, 1065t 
influences of diet and drugs on, 1055, 
1056¢ 
plasma assays in, 1057, 1057t 
plasma L-dopa, DOPAC, and DHPG and, 
1059, 1059% 
plasma metanephrines and, 1057-1058, 
1058t 
reference intervals in, 1055-1057 
serotonin and, 1062-1063, 1063t 
urinary, 1059-1060, 10602 
urinary fractionated metanephrines and, 
1060-1061, 1061¢ 
urinary homovanillic acid and, 1061-1062, 
1062t 
urinary vanillylmandelic acid and, 1061, 
1062t 
biosynthesis of, 1034f, 1034-1035 
carcinoid and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051¢ 
enteric nervous system and, 1045 
exercise-related changes in, 451 
neuroblastoma and, 1049-1050 
peripheral dopaminergic system and, 1044- 
1045 
pheochromocytoma and, 1045-1048, 1049b 
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Catecholamine(s) (Continued) 
plasma, 1057, 1057t 
posture-related changes in, 449-450 
prolonged bed rest-related changes in, 450 
reference intervals for, 2259-2260t 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 
sympathetic nervous system and, 1041-1043, 
1042t 
travel-related changes in, 453 
uptake and metabolism of, 1036-1039, 1037- 
1039f, 1039¢ 
urine specimen preservatives and, 51f 
Cathepsins, 762-763 
Catheter urine specimen, 50 
Cathode, 983 
Cation, 983 
Cationic trypsin, 622 
CBG. See Corticosteroid-binding globulin. 
CC chemokine receptors, 718 
CC family of chemokines, 7098, 7097, 709-713, 
710-713¢ 
CCK-PZ. See Cholecystokinin-pancreozymin. 
CD4 T cell 
antigenic presentation to, 649 
cancer and, 654 
interferon-y and, 698-699, 699f 
interleukin-2 and, 661, 661f, 663b 
interleukin-3 and, 665, 665f 
interleukin-4 and, 668 
interleukin-5 and, 670, 670f 
interleukin-7 and, 676 
interleukin-12 and, 684 
interleukin-13 and, 686f, 686-688 
interleukin-16 and, 691f, 691-692 
interleukin-17 and, 693-694, 694f 
secretion of cytokines from, 650-651, 651f 
subtypes of, 649-650, 650f 
CD8 T ceil 
antigenic presentation to, 649 
cancer and, 654 
interferon-y and, 698-699, 699f 
interleukin-2 and, 661, 661f, 663b 
interleukin-7 and, 676 
interleukin-13 and, 686f, 686-688 
interleukin-16 and, 691f, 691-692 
interleukin-17 and, 693-694, 694f 
CEA. See Carcinoembryonic antigen. 
CEDIA. See Cloned enzyme donor 
immunoassay. 
Cefaclor, 1267¢ 
Cefadroxil, 1267¢ 
Cefamandole, 1267 
Cefazolin, 1267¢ 
Cefixime, 1267f 
Cefoperazone, 1267¢ 
Cefopodoxime, 1267t 
Cefotaxime, 1267t 
Cefotetan, 1267t 
Cefoxitin, 1267t 
Cefprozil, 1267¢ 
Ceftazidime, 1267t 
Ceftriaxone, 1267t 
Cefuroxime, 1267t 
Celiac disease, 1859-1862, 1860f, 1861, 1862 
Cell 
leakage of enzymes from, 214, 214-215 
nanotechnology and, 256, 256f 
Cell adhesion 
chemokines and, 716-717 
interferon-y and, 700 
tumor necrosis factor-o and, 706 
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Cell conductivity, 293 
Cell culture, nanotechnology in, 256, 256f 
Cell-free nucleic acids, 786 
Cell-mediated immunity 
interleukin-10 and, 679 
interleukin-12 and, 684 

Celi-surface receptor 
catecholamines and serotonin and, 1039 
postreceptor actions of, 1027-1029, 1029f 
role of, 1026-1027, 1026-1028f 

CeliCept. See Mycophenolate mofetil. 

Cellular antibody, 220 

Cellulase, 840 

Cellulose, 840 

Cellulose acetate, 124 

Celontin. See Methsuximide. 

Centers for Disease Control and Prevention 
standardization criteria for lipid 
measurement, 958, 958¢ 

Centi, metric prefix of SI unit, 7t 

Central diabetes insipidus, 1753-1754, 1992 

Central nervous system 

catecholamines and serotonin and, 1040-1041 

copper and, 1127 

dysfunction in hypoglycemia, 865 

zinc and, 14140 

Central nervous system depressants 

barbiturates in, 1325-1328, 1326¢, 1327f 
1327¢ 

benzodiazepines in, 1328, 1328-1333, 1329- 
1332f 

gamma-hydroxybutyrate in, 1336-1338, 1337f 

opioids in, 1339-1344, 1340-1343f 

Central nervous system stimulants 

amphetamine, methamphetamine, and 
sympathomimetics in, 1320-1325, 1321f 
13226 1324f 

cocaine in, 1335, 1336f 

lysergic acid diethylamide in, 1338f, 1338- 
1339, 1339f 

Central 95% interval, 434-435, 435f 

Central precocious puberty, 2111 

Central thyroid disease, 2059, 2059f 

Centrifugal analyzer, 266 

Centrifugation, 19-21 

Centrifuge, 19, 20 

Cephalexin, 1267¢ 

Cephalosporins, 1266, 12674, 1708¢ 

Cephalothin, 1267¢ 

Cephapitin, 1267t 

Cephradine, 1267¢ 

Ceramide, 914f, 915 

Cerebral ischemia, 707 

Cerebrohepatorenal syndrome, 1786 

Cerebrospinal fluid, 539, 577-580, 578t 

Cerebrospinal fluid albumin, 549, 2254t 

Cerebrospinal fluid glucose, 869, 22711, 2317t 

Cerebrospinal fluid immunoglobulin A, 2279¢ 

Cerebrospinal fluid immunoglobulin G, 2279f 

Cerebrospinal fluid immunoglobulin M, 2279t 

Cerebrospinal fluid lactate, 877, 2282t 

Cerebrospinal fluid proteins 

analysis of, 589-590 

critical values of, 2317t 

reference intervals for, 2293t 

staining in conventional electrophoresis, 125t 

Cerebrospinal fluid pyruvic acid, 2293¢ 

Cerebrospinal fluid serotonin, 2294t 

Cerebrospinal fluid/serum albumin index, 579 

Cerebrospinal fluid studies, critical values in, 
2318t 

Cerebrotendinous xanthomatosis, 1786 


Certican. See Everolimus. 
Certification 
in HLA testing, 1549 
in point-of-care testing, 312, 312b 
Certified reference material, 399-400, 4038, 495 
Certified Reference Standards, 12, 13%, 14t 
Ceruloplasmin, 556-559 
copper and, 1126, 1127 
effects of steroid hormones on, 545t 
function of, 556-557, 557f 
hepatic synthesis of, 1788 
properties of, 544t 
reference intervals for, 558t, 558-559, 2260¢ 
role in iron homeostasis, 1188t 
Wilson’s disease and, 1815-1816 
Cervical cancer 
hepatocyte growth hormone receptor and, 
779 
human papillomavirus in, 1565 
telomerase and, 765 
tumor-associated trypsin inhibitor and, 764 
CG. See Chorionic gonadotropin. 
CH50 assay for C4 deficiency, 569 
Chain-termination reaction, 1426, 1427f 
Chaotropic agents, 144 
Charcot-Marie-Tooth disease, 1492-1493 
Charge-coupled detector 
in electrophoresis, 146 
in fluorometry, 80 
Charge-coupled device camera, 305 
Charles’ law, 1000, 1000+ 
Chelation, 1209 
Chelation therapy for lead poisoning, 1314- 
1315, 1380 
Chemical(s) 
cause of cell damage or death, 214f 
hazardous, 33-35, 34t 
quality of, 10-12, 11t 
SRM numbers for, 13-14% 
Chemical hygiene pian, 29 
Chemical ionization, 167, 168 
Chemical reaction phase, 274-276, 275f, 276f 
Chemical sensors, 93-119 
biosensors and, 108-113 
affinity sensors and, 112-113, 113f 114f 
enzyme-based biosensors with 
amperometric detection and, 108-110, 
108-110f 
enzyme-based biosensors with optical 
detection, 111-112 
enzyme-based biosensors with 
potentiometric and conductometric 
detection, 110-111, 111f 
conductometry and, 105-106 
coulometry and, 106 
optical chemical sensors and, 106-108, 
107f 
potentiometry and, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 96t, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 103¢ 
voltammetry and amperometry and, 101-105, 
102%; 104f, 105f 
Chemiluminescence, 84-85, 278-279 
Chemiluminescent, label used for nonisotopic 
immunoassay, 231¢ 
Chemokine(s), 648, 708-720 
angiogenic activity of, 716 
cell adhesion and, 716-717 
chemokine receptors and, 718-719 
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Cholesterol (Continued) 
values during pregnancy, 465, 2158 
vegetarianism and, 455, 456t 
Cholesterol ester transfer protein, 458 
Cholesterol galistones, 1823 
Cholesterol Reference Method Laboratory 
Network, 942, 942b, 943b 
Cholesterol screening, 933-934 
Cholesteryl ester(s), 916t 
Cholestery] ester storage disease, 906 
Cholestyramine, 2064¢ 


Chemokine(s) (Continued) Chloride-responsive metabolic alkalosis, 17726, 

classification of, 709b, 7097, 709-713, 710- 1772-1773 
713t Chloride shift, 1761-1762, 1762f 

clinical relevance of, 717-718 Chloroform, 51 
general characteristics of, 709 Chloromycetin. See Chloramphenicol. 
hematopoietic function of, 714-715 Chlorpheniramine, 1312f 
immune response and, 716 Chlorpromazine, 131it, 2305¢ 
inflammation and, 714, 714f Cholangiocarcinoma, 1825 
in leukocyte activation, 715 Cholecalciferol, 1024¢, 1920, 1920f 
leukocyte trafficking and, 714, 715f Cholecystitis, 617 
in lymphocyte recruitment and activation, Cholecystokinin, 1873-1874, 1874¢ 


715-716 . 
molecular structure of, 713-714 
in platelet activation, 716 
in proliferation of B cell progenitors, 715 
regulation of, 720 
signal transduction and, 719f 719-720 
Chemokine receptor, 718-719 
Chemotaxins, 565 
Chemotaxis 
interleukin-4 and, 668 
interleukin-6 and, 674 
Chemotherapeutic agents, 1383 
interleukin-6 and, 675 
for multiple myeloma, 1717 
Chemstrip for bilirubin, 1198 
Chenodeoxycholic acid, 907, 908f 1782, 1784f 
Chenodeoxycholyglycine, 1782 
Chenodeoxycholytaurine, 1782 
Chi-square test, 508-509 
Child 
body fluid composition of, 461 
cobalamin deficiency in, 1103 
cystic fibrosis and, 1867, 1867b 
feces collection from, 52 
lead poisoning in, 1379-1380, 1380f 
urine collection from, 50 
venipuncture in, 45 
Child-Pugh system for cirrhosis, 1820, 1820¢ 
Chimeric gene, 1464 
Chimerism analysis, 1547, 1549-1551, 1550f 
Chiral packings, 156 ; 
Chitin, 840 
Chlamydia trachomatis, 1563-1565, 1564t 
Chloral hydrate, 2305+ 
Chlorambucil, 2122 
Chloramphenicol, 1262¢, 12634 1265, 2305 
Chlorcyclizine, 1312f 
Chlordiazepoxide, 1328¢, 1330#, 2305t 
Chioride, 989-990, 1757 
in amniotic fluid, 2156 
analytical goals for, 363¢ 
biological variability in, 467¢ 
blindness and, 465 
circadian variation in, 453f, 453¢ 
coulometry and, 106 
critical values of, 2317¢ 
effects of fever on, 466t 
exercise-related changes in, 452t 
fasting and starvation and, 456-457 
fecal, 989 
food ingestion and, 454 
influence of blood collection site on, 49, 49t 
influence of menstrual cycle on, 464 
metabolic function of nephron and, 1676t 
plasma, 47t : 
reference change values of, 470¢ 
reference intervals for, 2260¢ 
renal regulation of, 1681 
transfusion-related changes in, 467 
values during pregnancy, 2158¢ 
Chloride-resistant metabolic alkalosis, 1773 


amino acid consumption test and, 1869- 
1870, 1870¢ g 
secretin tests and, 1869, 1869t 


Choiecystokinin-pancreozymin, 1023t¢ 
Cholestasis, 1821 


aipha,-antitrypsin deficiency and, 551 
aminotransferases and, 605 
pregnancy-related, 2162 

rare causes of, 1823 


Cholestatic liver disease, 1808, 1820-1823 
Cholesterol, 904-907 


absorption of, 904-905 
adult levels of, 461 
bile acids and, 1782, 1783f 
catabolism of, 906-907, 908f 
change in prolonged venous occlusion, 43t 
childhood levels of, 461 
circadian variation in, 453f, 453¢ 
coronary heart disease and, 924-928, 927f 
diet and, 453 
effects of exercise on, 451, 452t 
effects of gender on, 462, 462t 
esterification of, 905-906, 907f 
familial combined hyperlipidemia and, 929- 
930 
familial defective apolipoprotein B-100 and, 
931 
familial hypercholesterolemia and, 931 
fasting and starvation and, 456 
fever and, 466 
influence of age on, 460¢ 
influence of food on, 454, 455t 
in lipoproteins, 916t 
malnutrition and, 455 
measurement of 
analytical goals for, 363¢ 
Cholesterol Reference Method Laboratory 
Network and, 942, 942b, 943b 
enzymatic methods for, 942-944 
NCEP recommendations for, 956-958, 958¢ 
reference methods for, 940 
special collection and storage conditions 
for, 55t 
stick tests for, 301 
units for, 7t 
obesity and, 464-465 
physical training-related changes in, 451 
plasma and serum, 47¢ 
posture-related changes in, 450 
racial differences in, 463 
reference change values of, 470t 
reference concentrations of, 922-924, 922- 
927t 
reference intervals for, 2261t 
reverse choiesterol transport pathway and, 
921f, 921-922 
seasonal influences on, 463 
smoking and, 457, 457¢ 
steroid hormone synthesis and, 2005, 2010f ` 
synthesis of, 905-907f 
testosterone and, 2098, 2100f 


Cholic acid, 907, 908f, 1782, 1784f 
Choline, 1635 
Cholinergic toxidromes, 1290¢ 
Cholinesterase, 614-616 
blood, 55t 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
reference intervals for, 2261t 
serum, 615-616, 2261t 
special collection and storage conditions for, 
55t 
Cholyglycine, 1782 
Cholytaurine, 1782 
Chondrocyte, 659¢ 
Choriogonadotropin, 1022t 
Chorionic gonadotropin, 1022, 2155, 2179- 
2182 
analytical goals for, 364¢ 
median values for, 2172f 
qualitative analysis for, 2160-2161, 2161f 
reference intervals for, 2261-2262t 
threatened abortion and, 2161-2162 
trophoblastic disease and, 2165 
Chorionic somatomammotropin, 1022t 
Chorionic villus, 2160 
Chorionic villus sampling, 1546 
Chromaffin cell, 1043 
pheochromocytoma and, 1045 
Chromaffin reaction, 1043 
Chromatin, 1395 
Chromatogram, 141, 142f 
Chromatograph, 141 
Chromatograph-mass spectrometer system, 167, 
167f 
Chromatographic peaks, 142, 146f 
Chromatography, 141-163 
basic concepts in, 141-142, 142f 
for blood estrogens, 2134-2135 
column, 149-161 
gas chromatography in, 149-155, 150t, 
150-152 153¢, 1546 155f 
liquid chromatography in, 155-161, 156+, 
157-159f 159¢ 
for cortisol, 2036 
for measurement of isoenzymes and 
isoforms, 213 
planar, 148-149, 149f 
qualitative and quantitative analyses in, 161- 
162, 162f 
resolution in, 145f, 145-148, 146f 
separation mechanisms in, 142-144, 143-145f 
for urinary catecholamines, 1060 
Chromium, 1122-1126, 1378 
development of nephropathy and, 1708¢ 
oral and intravenous intakes of, 1076t 
reference intervals for, 2262t 
Chromogenic assay 
for iron, 1190 
for urine glucose, 872 
Chromogranin, 777, 1035 
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Chromogranin A, 1875t, 1878 
ChromoLyte, 987 
Chromophobe, 1967 
Chromosomal instability pathway, 1510, 
1510f 
Chromosoma! translocations 
in leukemias, 1466-1472, 1468¢, 1469-1473f 
lymphoma-specific, 1463-1466, 1465t, 1466f, 
1467f 
minimal residual disease detection and 
monitoring in, 1474 
Chromosome f 
steroidogenic enzymes and, 2006, 2006¢ 
structure of, 1395-1396 - . 
Chronic beryllium disease, 1377 
Chronic diarrhea, 1881b, 1881-1883, 1882f 
Chronic hepatitis, 18094, 1809-1817 
alpha,-antitrypsin deficiency in, 1816 
aminotransferases and, 605 
autoimmune hepatitis in, 1812-1814, 
1813¢ 
cholinesterase and, 615 
chronic hepatitis B in, 1799-1800, 
1809-1811 
chronic hepatitis C in, 1802, 1810f, 1811 
drug-induced, 1816-1817 
gamma-glutamyltransferase and, 613 
glutamate dehydrogenase and, 607 
hemochromatosis in, 1814-1815 
immunoglobulin levels in, 572 
nonalcoholic fatty liver disease and 
nonalcoholic steatohepatitis in, 1811- 
1812 
outburst mimicking acute hepatitis, 1807 
during pregnancy, 2163 
serum alkaline phosphatase and, 609¢ 
Wilson's disease in, 1815-1816 
Chronic kidney disease, 1693-1697, 1694f, 
1695t, 1696b 
electrophoretic patterns in, 585f 
hyperphosphatemia in, 1907, 1907b 
hypocalcemia in, 1894 
struvite stones and, 1715 
tubular proteinuria in, 1688 
Chronic myeloid leukemia, 1469-1471, 1472f, 
1473f 
Chronic pancreatic insufficiency, 623 
Chronic pancreatitis, 613, 1867-1868, 1868b 
Chronic pyelonephritis, 1706 
Chronic renal failure, 1689 
age and, 1686, 1686f 
cationic trypsin in, 622 
potassium retention in, 985 
Chronic tubular proteinuria, 576 
Chylomicron, 905, 1854 
characteristics of, 916t 
chemical composition of, 916¢ 
lipoprotein metabolism and, 919 
type HI dysbetalipoproteinemia and, 930-931 
type V hyperlipoproteinemia and, 930 
very low-density lipoproteins and, 915-916 
Chyme, 1849 
Chymotrypsin 
fecal, 1870t 
pancreatic, 623 
reference intervals for, 2262¢ 
Chymotrypsinogen, 623 
Cimetidine, 2305t 
trans-Cinnamoylglycine, 2262t 
Ciprofloxacin, 12624, 1265, 1266f, 1268t, 2305t 
Circadian rhythm of adrenocorticotropic 
hormone, 2015 


Index 


Circadian variation 
as controllable preanalytical variable, 452- 
453, 453t 
travel-related, 453 
Circulating antibody, 220 
Circulating cancer cells, 786 
Circulating immunoreactive parathyroid 
hormone, 1914f, 1914-1915 
Circulating nucleic acids, 1399-1400 
Cirrhosis, 1819¢, 1819-1820, 1820¢ 
alcoholic liver disease and, 1818 
alpha,-antitrypsin deficiency and, 551 
alterations of bile acid synthesis in, 1786 
aminotransferases and, 605 
cholinesterase and, 615 
glutamate dehydrogenase and, 607 
haptoglobin and, 561 
hepatocellular carcinoma and, 1823-1824 
hypoalbuminemia in, 1788 
portal hypertension in, 1793f 1793-1794 
serum alkaline phosphatase and, 609¢ 
Citrate 
for blood specimen preservation, 48 
calcium stone disease and, 1715 
Krebs cycle and, 909, 910f 
urine specimen preservatives and, 51t 
Citric acid 
reference intervals for, 2262t 


special collection and storage conditions for, 


55t 

Citrin deficiency, 2214-2215t 

Citrulline, 536t 

Citrullinemia, 2214-2215t 

CK. See Creatine kinase. 

Clapper-Williams transformation, 73 

Clarithromycin, 1268¢ 

Clark style amperometric oxygen sensor, 103- 
104, 104f 

Class-specific reference interval, 436 

Class switching, 1459 

Classic distal renal tubular acidosis, 1707-1708 

Classic phenylketonuria, 2211-2217, 2212- 
22138, 2216f 


Classical pathway of complement, 564-565, 565f 


Classification bias, 410f, 410-411 
Clean, early morning, fasting urine specimen, 
49 
Clean timed urine specimen, 49-50 
Clearance 
of drug, 1242-1243 
of enzymes, 216, 216f 
glomerular filtration rate and, 818 
Clearview hCG test, 239 
Clindamycin, 1268¢ 
Clinica] audit, 345f 345-347 
Clinical biochemical genetics, 2207-2247 
biochemical diagnosis in, 2207-2211, 2208, 
2209f, 2210f 2211b 


in fatty acid oxidation disorders, 2230-2237, 


2231f, 2234-2235t 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
in inborn errors of amino acids, 539, 2211- 
2221, 2212-2217t 
analytical considerations in, 2237 


Clinical biochemical genetics (Continued) 
homocystinuria in, 2219f, 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
tyrosinemia type 1 in, 2217-2219, 2218f 
2219f 

urea cycle defects in, 2220-2221 

in organic acid disorders, 2221-2230, 2224- 
2229t 

analytical considerations in, 2237-2242, 
2238-2241t 

ethylmalonic encephalopathy in, 2230, 
2230f 

glutaric acidemia type I in, 2230 

isovaleric acidemia in, 2222-2223, 2223f, 
2230 

propionate disorders in, 2222, 2223f 
Clinical chemistry, 324 
Clinical correlation studies, 514-515 
Clinical decision limits, 436 
Clinica! enzymology, 191-218 
analytical enzymology and, 207-213 
immobilized enzymes and, 213 
immunoassay and, 212-213 
measurement of enzyme mass 
concentration in, 211 

measurement of isoenzymes and isoforms 
in, 213 

measurement of metabolites in, 211-212 

measurement of reaction rates in, 207-209, 
208f 

measurement of substrates in, 209-210 

optimization, standardization, and quality 
control in, 210f, 210-211 

units for expressing enzyme activity in, 209 

basic principles of, 191-198 
catalytic activity of enzymes and, 198 
enzyme nomenclature and, 191-192, 192¢ 
isoenzymes and multiple forms of enzymes 

and, 193-198, 194f, 195f 
structure of enzyme and, 192-193 

diagnostic enzymology and, 214f, 214-217, 

216f 217f, 217t 
enzyme kinetics and, 198-207 
coenzymes and prosthetic groups in, 207 
consecutive enzymatic reactions and, 202- 
203 

effect of pH in, 203, 203f 

enzyme activation and, 206-207 

enzyme concentration and, 199 

enzyme-substrate complex and, 198-199, 
199f 

inhibition of enzyme activity and, 204-206, 
205f 

substrate concentration and, 199f, 199-202, 
2015; 202f 

temperature effect on, 203-204, 204f 

Clinical laboratory automation, 265-297 

automated pipetting stations and, 294 

development of standards for, 292 

electrophoresis systems and, 124-125 

evaluation of requirements for, 289-290, 290b 

flow cytometers and, 293 

hematology cell counters and, 293 

historical overview of, 265-267, 268¢ 

integrated steps in analytical process and, 
280-289 
automated specimen processing and, 284- 
288, 285f, 287f 
automated specimen sorting and, 288f, 
288-289, 289f 


Clinical laboratory automation (Continued) 
automated specimen storage and retrieval 
and, 289 
automated specimen transport and, 282- 
284, 284f 
instrument clusters and, 281-282, 282f 
problems of integration in, 290-292, 291f 
workcells and, 282, 282f 
workstations and, 281 
measuring impact of, 292 
microtiter plate systems and, 294 
nucleic acid analyzers and, 293-294 
point-of-care testing analyzers and, 294 
remote automated laboratory system and, 
294 
specimen acquisition and, 268 
specimen identification and, 268-280 
bar coding in, 2697, 269-270 
chemical reaction phase and, 274-276, 
275f, 276f 
chemiluminescence and bioluminescence 
in, 278-279 
electrochemical methods in, 279 
fluorometry in, 278 
front-surface reflectance fluorometry in, 
278 
labeling in, 268-269 
on-analyzer specimen delivery and, 272f, 
272-273 
photometry in, 276-277, 277f 
polarization fluorometry in, 278 
reagent delivery and, 274 
reagent handling and storage and, 273-274, 
274f 
reflectance photometry in, 278 
signa} processing, data handling, and 
process control in, 279-280, 280b 
specimen delivery to laboratory and, 270- 
271 
specimen loading and aspiration and, 27ł- 
272 
specimen preparation and, 271 
turbidimetry and nephelometry in, 278 
urine analyzers and, 292 
Clinical Laboratory Improvement Act of 1967, 
420, 516 
Clinical laboratory informatics, 475-483 
computing fundamentals in, 475-478, 477f, 
477%, 478f 
laboratory information systems and, 478-482, 
479b, 480f, 480%, 481f, 481¢ 
pathology informatics resources and, 482-483 
Clinical practice guidelines, 341-345, 342f, 343- 
3458, 344b, 344f 
Clinical toxicology, 1287-1369 
acetaminophen and, 1304-1306, 1305f 1306f 
analytical considerations in, 1289 
antidotes in, 1288t 
antihistamines and, 1312f, 1312-1313, 1313f 
blood alcohol and, 1302-1303 
breath alcohol and, 1303-1304 
carbon monoxide and, 12964, 1296-1298 
clinical considerations in, 1288-1289 
drugs of abuse and, 1317-1350 
amphetamine and methamphetamine in, 
1320-1322, 1321f, 1322f, 1324-1325 
barbiturates in, 1325-1328, 1326, 1327f 
1327t 
benzodiazepines in, 13284, 1328-1333, 
1329-1332f 
cannabinoids in, 1333f 1333-1335, 1334f 
cocaine in, 1335-1336, 1336f 
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Clinical toxicology (Continued) 
designer amphetamines in, 1322-1323 
dextromethorphan in, 1344, 1345f 
drug detection cutoff concentration and, 
1319t 
ephedrine and pseudoephedrine in, 1323 
gamma-hydroxybutyrate in, 1336-1338, 
1337f 
guidelines for drug assay cutoff values and, 
1320t 
hair analysis for, 1349-1350 
lysergic acid diethylamide in, 1338f 1338- 
1339, 1339f i 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 
phencyclidine and ketamine in, 1347f 
1347-1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f, 1346-1347 
saliva analysis for, 1350 
specimen validity check reagents and, 
1318¢ 
sweat analysis for, 1350 
ethanol and, 1300-1301, 1301¢ 
ethylene glycol and, 1313f 1313-1314 
general supportive measures in, 1288b 
iron and, 1314-1315 
isopropanol and, 1302, 1302f 
methanol and, 1301-1302 
methemoglobin-forming agents and, 1298- 
1300, 1299f, 1299t 
on-site drug testing and, 1350-1351 
organophosphate and carbamate insecticides 
and, 1315f, 1315-1317, 1316f 
postmortem alcohol and, 1304 
salicylate and, 1306-1308, 1307f 1308f 
saliva alcohol and, 1304 
screening procedures for drugs in, 1292-1296, 
1293t, 1295f 
toxic syndromes and, 1289-1292, 1290¢ 
tricyclic antidepressants and, 1308-1312, 
1309-1311f 
urine alcohol and, 1304 
Clinical verification, 1560-1561 
Clinitest, 872 
Clofibrate, 2064 
Clomipramine, 1269, 1308-1312, 1309f 
Clonality assays 
polymerase chain reaction-based, 1462-1463, 
1463f 
Southern blot hybridization in, 1461f 1461- 
1462, 1462 
Clonazepam, 12504, 1255, 13284, 1331f, 2305t 
Cloned enzyme donor immunoassay, 236, 236f 
for barbiturates, 1325 
for benzodiazepines, 1332 
in drug testing, 1293, 1318 
for lysergic acid diethylamide, 1338 
for propoxyphene, 1347 
for serum thyroxine, 2070 
for thyroid hormone-binding ratio, 2077 
Cloned probe, 1432 
Clonidine 
growth hormone release and, 1973f 
suppression test of, 1048, 1049b 
therapeutic and toxic levels of, 2305¢t 
Clonopin. See Clonazepam. 
Clorazepate, 13281, 1330f 2305t 
Clorazil. See Clozapine. 
Closed-system analyzer, 274 
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Closed-tube single nucleotide polymorphism 
genotyping methods, 1444f, 1444-1445 
Cloxacillin, 1267t 
Clozapine, 1270#, 1272, 2306t 
Clozaril. See Clozapine. 
Club drugs, 1322-1323, 1348 
Coagulation factor VHI deficiency, 1496-1498, 
1498f 
Coagulation proteins 
hepatic synthesis of, 1788%, 1788-1789 
liver disease and, 1796-1797 
Cobalophilin, 1101-1102 
Cobalt, 1126, 1371, 1378, 2262t 
Cocaethylene, 1335, 1336 1349 
Cocaine, 1335-1336, 1336f 
influence on catecholamine levels, 1056t 
SAMSHA guidelines for drug assay cutoff 
values, 1320¢ 
therapeutic and toxic levels of, 2306t 
US. government drug detection cutoff 
concentrations for, 1319t 
Cockcroft and Gault formula, 822, 822f 
Codeine, 1339-1344, 1340-1343f 
SAMSHA guidelines for drug assay cutoff 
values, 1320¢ 
therapeutic and toxic levels of, 2306t 
US. government drug detection cutoff 
concentrations for, 1319¢ 
Codon, 1396 
Coefficient-based test, 440 
Coefficient of kurtosis, 440 
Coefficient of skewness, 440 
Coefficient of variation, 356, 358, 358f 
Coenzymes 
in amino-transfer reactions, 604 
flavin, 1096-1097 
folate, 1110-1112, 1111f, 1112f 
prosthetic groups and, 207 
vitamin B,» 1102, 1102f 
Cofactor, label used for nonisotopic 
immunoassay, 231t 
Colchicine, 2122t 
Colestipol, 2064t 
Collagen propeptides, 1943 
Collecting duct, 1680, 1680f 1767 
Colligative properties of solution, 992-993 
Colloid, 2053 
Colloid osmotic pressure, 994 
Colorectal cancer 
blood group antigens and, 773-774 
carcinoembryonic antigen and, 768-769 
colorectal cancer gene and, 785 
epidermal growth hormone receptor and, 
780 
hepatocyte growth hormone receptor and, 
779 
inherited, 1509-1513, 1510f, 1511f 
lactate dehydrogenase and, 756 
tumor markers in, 753¢ 
urokinase-plasminogen activator and, 762 
Column chromatography, 149-161 
basic concepts in, 141-142, 142f 
efficiency in, 147-148 
gas chromatography in, 149-155, 150% 150- 
152f, 1534, 154f, 155f 
liquid chromatography in, 155-161, 156¢, 
157-159f, 159¢ 
resolution in, 145f, 145-148, 146f 
for vitamin D, 1923 
Combination testing, 415ż, 415-416, 416¢ 
Combined fluoride-oxalate mixture, 869 
Common bile duct, 1778f, 1779 
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Communication system of point-of-care testing 
device, 302-303 
Commutability, 403b 
Compartment models of pharmacokinetics, 
1240-1242f, 1240-1243 
Compensated cirrhosis, 1819 
Competitive immunoassay, 231, 231f 
Competitive inhibition in enzymatic reaction, 
205-206 
Competitive protein-binding assay 
for blood progesterone, 2137 
for folic acid, 1114 
for serum thyroxine, 2068 
for vitamin By, 1103 
for vitamin D, 1924 
Complement, 564-569, 565f 
bacteremia and, 567t 
C-reactive protein and, 555 
calibration of immunochemical methods for, 
583 
inherited deficiencies of, 566t 
special collection and storage conditions for, 
55t 
Complement C3, 566-568, 567t 
analytical goals for, 366¢ 
reference intervals for, 2262t 
Complement C4, 568-569 
analytical goals for, 366t 
reference intervals for, 2262¢ 
Complementary vase pairs, 1394, 1394f 
Complete blood count, 1171-1172, 1172f 
in Cooley’s anemia, 1179-1180, 1180f 
in hemoglobinopathies, 1171-1172, 1172f 
hemoglobin D Punjab and, 1184 
hemoglobin Lepore and, 1185-1186 
heterozygous hemoglobin S and, 1183 
homozygous hemoglobin $ and, 1183 
Complex antigen, 219-220 
Complex strips, 303 
Complexed calcium, 1893, 1893 
Compressed gases, hazards from, 35 
Computer 
in analyzer, 279-280, 280b 
fundamentals of computing, 475-478, 477f, 
477t, A78f 
in gas chromatography, 154-155, 155f 
in liquid chromatography, 160 
in mass spectrometry, 184 
Computer chip, 247 
Computer network, 578 
COMT. See Catecho!-O-methyltransferase. 
Concentration, quantities and units of, 4t, 
6t 
Concentration of polarization, 102 
Concentration quenching, 83 
Conception, 2153-2154 
Conductimetry, 279 
Conductivity-based hematocrit, 106 
Conductometry, 105-106, 110-111, 111f 
Condyloma acuminata, 1565-1566 
Confidence interval, 433, 435, 441-442 
Confidentiality of electronic health 
information, 482 
Conformation-sensitive gel electrophoresis, 
1424f, 1424-1425 
Congenital adrenal hyperplasia, 1052, 2028f, 
2028-2029 
female pseudohermaphroditism and, 2110 
prenatal testing for, 2156 
Congenital bilaterai absence of vas deferens, 
1484 
Congenital deficiency of vitamin B,,, 1103 
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Congenital erythropoietic porphyria, 1215t, 
1218-1219 
Congenital hypothyroidism, 2058 
Congenital idiopathic hypogonadotropic 
hypogonadism, 2121 
Congenital lactase deficiency, 1863 
Congenital nephrogenic diabetes insipidus, 
1711 
Congestive heart failure, 1622-1623 
cytokines and, 652 
portal hypertension in, 1793 
renal disease and, 1650 
Conjugated bilirubin, 2258t : 
Conjugated hyperbilirubinemia, 12008, 1201 
Conjugated proteins, 542 
Connective tissue, copper and, 1127 
Connectivity Industry Consortium, 308-309 
Connectivity standards, 309, 309f 
Conn’s syndrome, 20304, 2030-2033, 2031- 
2033f 2033b 
Consecutive enzymatic reactions, 202-203 
Consent for genetic testing, 1452-1453 
Consolidated Standards of Reporting Trials, 
330, 333-335f 
Contact hypersensitivity, 684 
Container monitoring, 494 
Contamination 
of molecular diagnostics laboratory, 1452 
of sweat sample, 997 
Continuous ambulatory peritoneal dialysis, 
1722 
Continuous dynode electron multiplier, 181 
Continuous-flow analysis, 266 
Continuous-flow systems for total carbon 
dioxide, 991 
Continuous monitoring of blood gases, 1014 
Continuous-wave dye laser, 66 
Contrast agents, 2064¢ 
Control chart 
cumulative sum, 506f, 506-508, 507f, 507%, 
508f 
general principles of, 498-499, 499f 
Levy-Jennings, 503f, 503-504, 504f 
Shewart, 508f 508-510, 509¢ 
Control materials, 495, 497-498 
for blood-based fluids, 1011-1012 
for laboratory-developed tests, 1561 
Control system of point-of-care testing device, 
302-303 
Controllable preanalytical variables, 449-459 
alcohol ingestion as, 457-458 
circadian variation as, 452-453, 453t 
diet as, 453-454 
drug administration as, 4584, 458-459 
exercise as, 451, 452t 
fasting and starvation as, 456-457 
food ingestion as, 454-455, 455 
herbal preparations as, 459 
malnutrition as, 455-456 
physical training as, 451-452 
posture as, 449-450, 450¢ 
prolonged bed rest as, 450 
recreational drug administration as, 459 
smoking as, 457 
travel as, 453 
vegetarianism as, 455, 456¢ 
Conventional electrophoresis, 122-130 
general operations in, 1254, 125-126 
instrumentation in, 122-125, 123f 
technical and practical considerations in, 
126-128, 127f 
types of, 128-130, 129f 


Conversion electron, 22 
Conversion factors in blood gases, 999f 
Conversion rules for units of measurement, 
9 
Conveyer belt 
specimen sorting system with, 288/, 288-289, 
289f 
for specimen transport, 282-283 
Convicted offender databases, 1545 
Cooley’s anemia, 1179-1180, 1180f 
Coomassie brilliant blue dye 
in conventional electrophoresis, 125, 125t 
in protein analysis, 584, 588 
Coordinating committee for point-of-care 
testing, 311 
Copper, 1126-1130, 1127f 
as causative factor in medical conditions, 
1372t 
ceruloplasmin and, 556-559, 557f, 558% 
fever-related changes in, 466 
oral and intravenous intakes of, 1076t 
reference intervals for, 2262¢ 
toxicity of, 1378-1379 
urine, 1816 
urine specimen preservatives and, 51t 
Coproporphyrin-I, 1210¢ 
Coproporphyrinogen oxidase, 12114, 1213 
Cord blood carbon dioxide, 2259t 
Cord blood oxygen, 2289 
Cordarone. See Amiodarone. 
Core binding factor, 1466-1467 
Cori cycle, 877 
Cori disease, 1820t 
Coronary artery disease, 1085-1086 
Corpus luteum, 2105 
Correlation coefficient in regression analysis, 
383-385, 384f 
Correlation studies, 514-515 
Corticosteroid-binding globulin, 2011-2012, 
2036, 2108-2109 
Corticosteroids, 2007-2021 
chemistry of, 2003-2007, 2004f, 2005¢ 
circulating forms of, 2011-2012 
effects on plasma proteins, 545t 
function tests of, 2015-2019, 2016-2018f 
2017-2019b 
glucocorticoids in, 2007-2008, 2008f, 
2009f 
haptoglobin and, 560 
hypothalamic-pituitary-adrenal cortical axis 
and, 2014, 2014f 
metabolism of, 2012-2014, 2013f 
mineralocorticoids in 
function tests of, 2019-2021, 20208, 2020f, 
2021b 
structure of, 2009, 2009¢ 
regulation of, 2014-2106 
steroidogenesis and, 2009-2011, 2010f 
Corticosterone 
biosynthesis of, 2010f 
chemical structure of, 2007f 
relative potency of, 2009t 
Corticotrope, 1968 
Corticotropin, 1020, 1981-1984, 1982f 
circadian variation in, 452 
shock-related changes in, 466 
special collection and storage conditions for, 
54t 
travel-related changes in, 453 
Corticotropin-releasing hormone, 10202, 1968, 
2014 
stimulation test of, 2016-2017, 20176 


Corticotropin-releasing hormone (Continued) 
for adrenal insufficiency, 2023-2024 
for Cushing’s syndrome, 2026-2027, 2027b 
Cortisol, 1019, 102i¢ 
adrenocortical insufficiency and, 2022, 2023f, 
2023t 
alcohol ingestion and, 458 
analytical goals for, 364t 
biosynthesis of, 2009-2011, 2010f 
blood, 2036, 2038-2039 
chemical structure of, 2007-2008, 2008f, 
2009f B 
chromatographic methods for, 2036 
circadian variation in, 452 
Cushing’s syndrome and, 2024-2028, 20251, 
2026¢, 2027b, 2027f 
effects of adrenocorticotropic hormone on, 
2015 
effects of exercise on, 451 
effects of smoking on, 457 
fasting and starvation and, 456 
fever and, 465 
function tests of, 2016, 2016f 
haptoglobin and, 560 
malnutrition and, 456 
metabolism of, 2012, 2013f 
obesity and, 465 
osteoporosis and, 1932 
prolonged bed rest and, 450 
reference intervals for, 2263t 
relative potency of, 2009t 
role in blood glucose concentration, 850 
serum, 2016, 2039 
shock-related changes in, 466 
special collection and storage conditions for, 
55t 
systematic name for, 2005 
travel-related changes in, 453 
urine, 2036 
urine specimen preservatives and, 511 
values during pregnancy, 2158t 
Cortisol-binding globulin, 2157 
Cortisone 
biosynthesis of, 2010f 
chemical structure of, 2007f 
relative potency of, 20091 
Cost-benefit analysis, 338-339 
Cost-effectiveness analysis, 339 
Cost effectiveness of test, 420-422, 421f 
Cost minimization, 338 
Cost-utility analysis, 339 
Cosyntropin test, 2016, 20172, 2018f 
Cotlove chloridometer, 990 
Coulombic bonding, 222 
Coulometric-amperometric titration for 
chloride, 990 
Coulometric detector, 160 
Coulometry, 106 
electrolyte exclusion effect and, 988¢ 
for 5-hydroxyindoleacetic acid, 1064 
Coulter principle, 106, 293 
Coumadin. See Warfarin. 
Countercurrent multiplication mechanism of 
nephron, 1682, 1682f 
Counterimmunoelectrophoresis, 227, 227f 
Counterion in ion-exchange chromatography, 
142 
Counterregulatory hormones, 849-850 
hypoglycemia and, 867 
ketone bodies and, 875 
Courier service for specimen transport, 270 
Coverage factor, 398 
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Cowper's gland, 2097 
Cox-2 inhibitors, 1708¢ 
Coxsackie virus, 1136 
CPB. See Competitive protein binding assay. 
CPO, See Coproporphyrinogen oxidase. 
CPS deficiency, 2214-2215t 
CPT-I deficiency, 2234-2235¢ 
CPT-II deficiency, 2234-2235t 
Creatinase, 800 
Creatine 
clearance of, 1264t 
_ malnutrition and, 456 
special collection and storage conditions for, 
55t 
stick tests for, 301t 
Creatine kinase, 598, 598-601, 601f 
analytical goals for, 363¢ 
biological variability in, 467¢ 
concentration gradients between tissue and 
serum, 217f 
distribution of, 217t 
drug-related effects on, 458 
EC number, systemic and trivial names, and 
abbreviation of, 192¢ 
effects of physical training on, 451 
increased activity after surgery, 467t 
increased activity after venipuncture, 43 
influence of blood collection site on, 49, 49t 
influence of menstrual cycle on, 464 
physical training-related changes in, 451 
prolonged bed rest and, 450 
racial differences in, 462 
reference intervals for, 2263t 
in serum, 47¢ 
as tumor marker, 756 
values during pregnancy, 2158t 
Creatine kinase-BB, 7551 
Creatine kinase isoenzymes, 2263t 
increased activity after surgery, 467t 
special collection and storage conditions for, 
55t 
Creatine kinase isoforms, 2263t 
Creatine kinase-MB, 1631-1632 
acute myocardial infarction and, 1652, 1652f 
comparison with cardiac troponins, 1640, 
1640t 
in estimation of infarct size, 1660 
methodology for, 1642-1643 
99th percentile reference limits for, 1639t 
reference intervals for, 1643 
Creatine kinase-MB isoenzyme, 363t 
Creatine kinase-MM, 1631-1632 
Creatininase, 799-800 
Creatinine, 797-801, 1247 
in amniotic fluid, 2156¢ 
analytical goals for, 363t 
analytical methodology for, 798-801, 799f 
biochemistry and physiology of, 797-798 
biological variability in, 4671 
childhood levels of, 461 
circadian variation in, 453f, 453t 
clearance of, 461, 1247 
critical values of, 2317t 
effects of exercise on, 452t 
effects of fever on, 466t 
fasting and starvation and, 456 
glomerular filtration rate and, 821f, 821-823, 
822f 
influence of age on, 460t 
influence of blood collection site on, 49, 49t 
influence of gender on, 462t 
influence of menstrual cycle on, 464 


234] 


Creatinine (Continued) 
plasma, 47t, 798-801, 799f, 823 
as potential uremic toxin, 1692¢ 
proximal tubule reabsorption of, 1679 
reference intervals for, 2264t 
seasonal influences on, 464t 
smoking and, 457 
special collection and storage conditions for, 
55t 
units of measurement for, 7t 
values during pregnancy, 2158t 
Creatinine deaminase, 800 
o-Cresolphthalein complexone method, 1897, 
1898f 
Cretinism, 2057 
CRH. See Corticotropin-releasing hormone. 
CRIE. See Crossed immunoeiectrophoresis. 
Crigler-Najjar syndrome, 1199 
Critical difference, 469 
Critical values, 2317-2318¢ 
Crixican. See indinavir. 
CRM. See Certified reference material. 
CRMA. See Cytokine response modifier A. 
Crohn’s disease, 701 
Cross-contamination of clinical specimen, 
1562 
Cross-reaction in multilocus isoenzymes, 197 
Cross-validation, 420 
Crossed immunoelectrophoresis, 226f, 226-227, 
227f 
Crossover hemoglobins, 1185 
Crown ethers, 987 
CRP, See C-reactive protein. 
Cryoglobulinemia, 573 
Cryoglobulins, 55¢ 
Cryptands, 987 
Crypthemispherands, 987 
Cryptorchidism, 2103 
Cryptoxanthin, 1081 
Crystal scintillation detector, 23 
CS. See Chorionic somatomammotropin. 
Cubic meter, 6t 
Cumulative probability distribution, 434 
Cumulative sum control chart, 5064, 506-508, 
507f, 507¢, 508f 
Curie, 22 
Cushing’s syndrome, 850, 2024-2028, 2025t, 
2026t, 2027, 2027f 
Cutoff filter in spectrophotometry, 72 
Cuvet 
in automated system, 275, 275f 
in fluorometry, 78-79, 79f, 83-85 
in spectrophotometer, 69 
CV. See Coefficient of variation. 
CXC family of chemokines, 709b, 709f, 709- 
713, 710-713t 
CXC chemokine receptor, 718 
CXC chemokine receptor 4, 654 
CXC family of chemokines, 709b, 709f, 709-713, 
710-713t 
Cyanate, 1692, 1692f 
Cyanide, 1298 
antidote for, 1288 
reference intervals for, 2264t 
Cyanocobalamin, 1100-1105, 1101f, 1102f 
Cycle sequencing, 1426 
Cyclic adenosine monophosphate-dependent 
protein kinases, 1029 
Cyclical variations in body fluids, 452 
Cyclo-oxygenase, 1716 
Cyclobenzaprine, 1308-1312, 1309-1311f 
Cyclohexanols, 1269 
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Cyclopentanoperhydrophenanthrene nucleus, 
2004f, 2044 
Cyclophosphamide, 2122t 
Cyclosporine, 1274-1276, 1275f, 1280t 
development of nephropathy and, 1708t 
therapeutic and toxic levels of, 2306t 
Cystathionase defect, 2212-2213 
Cystathionine beta-synthase defect, 2212-22134, 
2219 
Cystathionuria, 2212-2213¢ 
Cystatin C, 8194, 823-824, 824f, 1692t 
Cysteine 
conversion from methionine, 2219f 
structure and molecular weight of, 535t 
Cystic duct, 1778f 1779 
Cystic fibrosis, 1484-1486, 1485b, 14861, 14876, 
1867, 18676 
cationic trypsin in, 622 
sweat testing for, 994-998, 9954, 999b 
Cystine 
cystinuria and, 1715-1716 
reference intervals for, 2264-2265t 
urine specimen preservatives and, 51t 
Cystinuria, 1715-1716, 2216-2217t 
Cytochrome(s), 1187 
Cytochrome c oxidase, 1127 
Cytochrome P450 2C19, 1600-1603, 1601t, 
16024, 1602-1604f 
Cytochrome P450 2D6, 1595-1600, 1596-1597% 
1598f, 1599f 
Cytokeratins, 769 
Cytokine(s), 645-744, 1025t 
adrenocorticotropic hormone secretion and, 
2015 
biochemistry of, 647-649 
bone remodeling and, 1892 
cancer and, 652-655, 654f 
as cardiac biomarkers, 1633-1634 
chemokines in, 708-720 
angiogenic activity of, 716 
cell adhesion and, 716-717 
chemokine receptors and, 718-719 
classification of, 709b, 709f, 709-713, 710- 
713t 
clinical relevance of, 717-718 
general characteristics of, 709 
hematopoietic function of, 714-715 
immune response and, 716 
inflammation and, 714, 714f 
leukocyte activation and, 715 
leukocyte trafficking and, 714, 715f 
lymphocyte recruitment and activation 
and, 715-716 
molecular structure of, 713-714 
platelet activation and, 716 
proliferation of B cell progenitors and, 715 
regulation of, 720 
signal transduction and, 719f, 719-720 
classification of, 646-647 
in control of immune response, 2008 
effect on anterior pituitary hormones, 1969 
general characteristics of, 646, 6461, 647f 
historical background of, 645 
inflammatory process and, 649-652, 650-652f 
interferons in, 695-702 
interferon-o; and interferon-B in, 696 
696-698 
interferon-y in, 698-702, 699f, 701¢ 
interleukin-1 in, 655-660, 6566 657b, 659¢ 
interleukin-2 in, 660-664, 661f, 663b 
interleukin-3 in, 664-666, 665f 
interleukin-4 in, 666-669, 667f 
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Cytokine(s) (Continued) 
interleukin-5 in, 669-671, 670f 
interleukin-6 in, 671-675, 672f, 673t 
interleukin-7 in, 675f, 675-676 
interleukin-8 in, 676 
interleukin-9 in, 676-678, 677f 
interleukin-10 in, 678f, 678-680, 679b 
interleukin-11 in, 680-682, 681f 
interleukin-12 in, 682-686, 683 
interleukin-13 in, 686f, 686-688 
interleukin-14 in, 688f 688-689 
interleukin-15 in, 689f 689-691 
interleukin-16 in, 691f, 691-693 
interleukin-17 in, 693-694, 694f 
interleukin-18 in, 694-695, 695f 
measurement of, 720-723 
bioassays in, 721-722 
rationale for, 645-646 
requirements for, 720f, 720-721, 721f 
sample collection and storage for, 721 
nomenclature of, 646, 647f, 648b, 648t 
tumor necrosis factors in, 702-708, 703f 705f 
Cytokine receptor, 6484, 649, 649t 
Cytokine response modifier A, 657 
Cytology for bladder cancer, 775, 775t 
Cytomegalovirus, 1573-1576, 1574¢ 
in acute hepatitis, 1806-1807 
clinical utility of testing for, 1562-1563 
complement status and, 567t 
Cytometry, 82-83, 83f 
Cytosine, 1394, 1394f 
Cytosine arabinoside, 1273 
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DAG. See Diacylglycerol. 
Dalmane. See Flurazepam. 
Daiton’s law, 1000¢, 1001 
Darvon. See Propoxyphene. 
Data analysis 
multivariate, 416-418, 417f 418f 
for very large numbers of variables, 418f, 
418-419 
Data management, point-of-care testing and, 
303 
Data standards, 479, 480t 
DCP. See Des-y-carboxy prothrombin. 
ddC. See Zalcitabine. 
DDL. See Didanosine. 
Deamination 
of catecholamines, 1037, 1037f 
of serotonin, 1038-1039, 1039f 
Debye-Huckel equation, 100 
Decadienoylcarnitine, 2265t 
Decanoylcarnitine, 2265t 
Decapping station, 286 
Decenoylearnitine, 2265t 
Deci, metric prefix of SI unit, 7t 
Decimal multiples and submultiples of SI units, 
6, 7t 
Decision-making process, 326, 326f 
Deep venous thrombosis, 1506 
Deethylisocoproporphyrin, 1210¢ 
Deferoxamine 
for aluminum-related bone disease, 1375 
for iron toxicity, 1314-1315 
Dehydration, album levels in, 547 
Dehydroascorbic acids, 1105, 1105f 
Dehydroepiandrosterone, 10214, 10224, 2098, 
2098f 
adrenal tumors and, 2029 
biosynthesis of, 2010f 2100f 
biosynthesis of estrogens and, 2107f 


Dehydroepiandrosterone (Continued) 
catabolism of, 210if 
function tests of, 2021 
21-hydroxylase deficiency and, 2028 
influence of age and familial factors on, 
2013-2014 
measurement of, 2132-2134, 2133t 
puberty and, 2101-2102 
reference intervals for, 2265t 
secretion of, 2015 
structure of, 2009, 2010f 
systematic name for, 2005t 
Dehydroepiandrosterone sulfate, 10211, 1022t, 
2098, 2098F 
analytical goals for, 364¢ 
biosynthesis of, 2100f 
hirsutism and virilization and, 2118 
21-hydroxylase deficiency and, 2028 
influence of age and familial factors on, 
2013-2014 
measurement of, 2132-2134, 2133t 
puberty and, 2101-2102 
reference intervals for, 2266t 
Dehydrogenases, 2006 
Dehydroisocoproporphyrin, 1210¢ 
Deionized water, 11 
Deka, metric prefix of SI unit, 7t 
Delaviridine, 1269r, 2306t 
Delayed extraction, 176 
Delayed type hypersensitivity, 651, 651f 
Deletion mutation, 1408-1409 
Deletional hereditary persistence of fetal 
hemoglobin, 1181 
Delta 1 pyrroline-5-carboxylate dehydrogenase 
defect, 2214-2215t 
Delta agent, 1804 
Delta beta-thalassemia, 1181 
Delta check, 468, 511-512, 512¢ 
Delta-osmolality, 1292-1293 
Delta receptor, 1339-1340 
Demerol. See Meperidine. 
Deming regression analysis, 379-381, 
379-381f 
application of, 389-390, 390f, 390t 
assessment of outliers in, 383, 383f 
computation procedures for, 381-382 
interpretation of systematic differences 
between methods in, 389 
paired t-tests and, 377-378, 378f, 378t 
weighted, 385-386, 386f 
Demoxepam, 1330f 
Demser, See Metyrosine. 
Denaturation, 193, 542 
isoenzyme resistance to, 197-198 
in polymerase chain reaction, 1412f, 1413- 
1414, 1414f 
Denaturing gradient gel electrophoresis, 
1425 
for polymerase chain reaction products, 
1463 
for porphyrins, 1229 
Denaturing high-performance liquid 
chromatography, 1429 
Dendritic cell 
interleukin-1 and, 658 
interleukin-6 and, 674 
Densitometer, 125-126 
Dental amalgams, mercury in, 1382 
Dental fluorosis, 1142 
Dent’s disease, 1710 
Deoxyadenine-triphosphate, 1394 
Deoxycholic acid, 907, 908f 1782, 1784f 


11-Deoxycorticosterone 
biosynthesis of, 2010 
chemical structure of, 2007f 
relative potency of, 2009t 
11-Deoxycortisol 
analytical goals for, 364t 
biosynthesis of, 2010f 
blood, 2040-2041 
chemical structure of, 2007 
11B-hydroxylase deficiency and, 2029 
measurement of, 2040-2041 
plasma, 2041 ii 
reference intervals for, 2266 
special collection and storage conditions for, 
55t 
Deoxycytosine-triphosphate, 1394 
Deoxyguanine-triphosphate, 1394 
Deoxypyridinoline, 1936-1939, 1937f, 2266t 
Deoxyribonucleic acid 
composition and structure of, 1394f, 1394- 
1395, 1395f 
electrochemical sensor for, 112-113, 113f 
high-performance liquid chromatography 
and, 1429, 1430f 
human genome and, 1407-1409, 1408b, 1409f 
isolation of, 1400-1401 
mass spectrometry and, 1429, 1430f 
Deoxyribonucleic acid ligase, 1396 
Deoxyribonucleic acid looping, 1398 
Deoxyribonucleic acid marker, 1514 
Deoxyribonucleic acid methylation, 1397-1398, 
1514 
Deoxyribonucleic acid polymerases, 1396 
Deoxyribonucleic acid sequencing device, 
1413 
Deoxyribonucleic acid testing 
closed-tube single nucleotide polymorphism 
genotyping methods in, 1444f, 1444- 
1445 
electrophoresis-based techniques in, 121-140, 
1421-1427, 1422t 
basic concepts and definitions in, 121 
capillary, 130-135, 131f, 134, 135f 
conventional, 122-130, 123f, 125#, 127f, 
129f 
denaturing gradient gel electrophoresis in, 
1425 
DNA sequencing in, 1426-1428f 
heteroduplex migration analysis in, 1424f 
1424-1425 
microchip, 135-138, 136f, 137f 
oligo ligation assay in, 1427, 1428f 
PCR product length analysis in, 1422-1423 
PCR/RELP in, 1422, 1423f 
single nucleotide extension assay in, 1426- 
1427 
single-strand conformation polymorphism 
analysis in, 1425, 1425f 
Southern biotting in, 1423f, 1423-1424 
temperature-gradient electrophoresis in, 
1425-1426, 1426f 
theory of, 121-122 
forensic, 1541-1545, 1542f, 1543¢ 
for hemoglobinopathy, 1175 
hybridization assay in, 1429-1436, 1430f 
14334, 1434f, 14357, 1436¢ 
in identity assessment, 1539-1554 
in chimerism and hematopoietic cell 
engraftment analysis, 1549-1551, 
1550¢ 
for clinical specimen identification, 1545- 
1546 
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Deoxyribonucleic acid testing (Continued) 
forensic DNA typing in, 1541-1545, 1542% 
1543¢ 
for parentage, 1551-1553 
for transplantation tissue compatibility, 
1546f, 1546-1549, 1547¢ 
variation in human genome and, 1539- 
1541, 1540f 
in inherited diseases, 1483-1538 
achondroplasia and, 1491-1492 
carbamyl phosphate synthetase I deficiency 
and, 1489-1491, 1490f 
Charcot-Marie-Tooth disease and, 1492- 
1493 
cystic fibrosis and, 1484-1486, 1485b, 
14861, 1487f 
Duchenne’s muscular dystrophy and, 1498- 
1500 
fragile X syndrome and, 1500f 1500-1501, 
1502f 
hemophilia A and, 1496-1498, 1498f 
hereditary hemochromatosis and, 1486- 
1489, 1488f 
Huntington's disease and, 1493f, 1493- 
1496, 14956, 1495f 
inherited breast cancer and, 1508-1509 
inherited colon cancer and, 1509-1513, 
1510f 1511f 
Leber hereditary optic neuropathy and, 
1503 
Leigh syndrome and, 1503-1504, 1504f 
Prader-Willi and Angelman syndromes 
and, 1504-1506, 1505f, 1506¢ 
reporting of test results in, 1513 
thrombophilia and, 1506-1508 
melting analysis in, 1441-1443, 1442f 1443f 
microarray device for hybridization in, 247, 
253-254, 254f 
polymerase chain reaction in, 1412-1415f 
1412-1416 
asymmetric and allele-specific, 1416 
contamination control for, 1415-1416 
detection limits of, 1415 
in DNA sequencing, 1426 
inhibition contro! for, 1416 
kinetics and rapid cycling in, 1413-1414, 
1414f 1415f 
microchip-based, 252-253, 253f 
primer design for, 1414-1415 
real-time, 1412f 1412-1413, 1413f, 1436- 
1441, 1437-1441f, 1440t 
restriction fragment length polymorphism 
with, 1422, 1423f 
for porphyrins, 1229-1230 
pyrosequencing in, 1427-1429, 1429f 
Deoxyribose sugars, 837 
Deoxythymidine 5’ triphosphate, 1416 
Deoxythymine-triphosphate, 1394 
Deoxyuridine 5 triphosphate, 1420 
Deoxyuridine suppression test, 1104 
Depakene. See Valproic acid. 
Depakote. See Valproic acid. 
Depletional hyponatremia, 1751 
Derived unit, 5, 6¢ 
Dermatitis, interlenkin-13 and, 688 
Des-y-carboxy prothrombin, 1825 
Designated comparison method for high- 
density lipoproteins, 941 
Designer amphetamines, 1322-1323 
Desipramine, 1269, 1308-1312, 1309f 2306t 
Desktop analyzer methods for low-density 
lipoproteins, 954 ; 
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Desoxyn. See Methamphetamine. 
Desyrel. See Trazodone. 
Detection techniques for nucleic acids, 1419- 
1421 
Detector 
in capillary electrophoresis, 132 
in electrophoresis, 146 
in flucrometry, 78-80 
in gas chromatography, 153, 153-154, 154f 
in liquid chromatography, 158-160, 159f 
159 
in mass spectrometry, 180f 180-181 
photometric, 277 
of radiation, 23 
in spectrophotometry, 66, 69f, 69-70 
Deuteroporphyrin, 1210¢ 
Dew point temperature of water, 994 
Dexamethasone 
haptoglobin and, 560 
relative potency of, 2009¢ 
Dexamethasone suppression test, 765, 2018- 
2019, 20196, 2021, 2025 
Dextrins, 840 
Dextromethorphan, 1344, 1345f 
Dextrophan, 1335f, 1344 
DGGE. See Denaturing gradient gel 
electrophoresis. 
DHEA. See Dehydroepiandrosterone. 
DHEAS, See Dehydroepiandrosterone sulfate. 
DHMA. See 3,4-Dihydroxymandelic acid. 
DHPG. See 3,4-Dihydroxyphenylglycol. 
DHT. See Dihydrotestosterone. 
Diabetes insipidus, 1711, 1753-1754 
arginine vasopressin and, 1992-1993, 19936, 
1994b, 1994f 
Diabetes mellitus, 853-864, 1030 
chemokines and, 717 
chromium deficiency and, 1125 
chronic complications of, 862-863 
chronic kidney disease and, 1693, 1694f 
classification of, 8546, 854-855 
diagnosis of, 859b, 859-861, 860b 
gestational, 861t, 861-862 
high-sensitivity C-reactive protein and, 964 
hypoglycemia in, 867 
maternal serum alpha-fetoprotein and, 2174- 
2175 
myoglobinuria in, 816f . 
role of clinical laboratory in, 8634, 863-864 
type I, 855-856 
type II, 856-859 
urine albumin in, 886-888 
Diabetic ketoacidosis, 864, 876 
Diabetic nephropathy, 853, 1699-1702, 1700t 
retinol-binding protein and, 563 
urine albumin in, 886-888 
Diabetic retinopathy, 853 
Diabetogenes, 858 
Diacylglycerol, 658 
Diagnostic enzymology, 214, 214-217, 216f 
217f, 217t 
Diagnostic tests 
accuracy of, 328-330, 331f, 332f 
economic evaluations of, 338-341, 339¢ 
systematic reviews of, 336-338, 337b 
Dialysis, 1719-1725, 1720f, 17214, 1722f 
1724f 
Dialysis amyloid, 1724 
Diarrhea 
acidosis and, 1771 
chronic, 1881b, 1881-1883, 1882 
malabsorption and, 1878 
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Diazepam, 1255, 1328¢, 1330f 
growth hormone release and, 1973f 
therapeutic and toxic levels of, 2306f 
Diazo methods for bilirubin measurement, 
1196f, 1196-1197 
Dibenzoxapines, 1269 
Dibenzyline. See Phenoxybenzamine. 
Dicarboxylic amino acids, 535t 
Dicloxacillin, 1267¢ 
Didanosine, 1269, 2306t 
Didymium filter in spectrophotometry, 71, 71f 
Dienoyl-CoA reductase deficiency, 2234-2235t 
Diet : 
chronic kidney disease and, 1694 
as controllable preanalytical variable, 453-454 
influence on assays of catecholamine 
metabolites, 1055, 1056t 
porphyrins and, 1220-1221 
Dietary ceruloplasmin deficiency, 557 
Dietary sources 
of ascorbic acid, 1105 
of biotin, 1107 
of boron, 1143 
of chromium, 1123-1124 
of copper, 1126 
of cyanocobalamin, 1104 
of fluoride, 1142 
of folic acid, 1109 
of manganese, 1130 
of molybdenum, 1132 
of niacin, 1114-1115 
of pantothenic acid, 1117 
of riboflavin, 1095 
of selenium, 1133 
of vitamin A, 1081 
of vitamin Be 1097, 1097f 
of vitamin E, 1084 
of vitamin K, 1087, 1090 
of zinc, 1138 
Diethylstilbestrol, 2122¢ 
Difference plot, 376-377, 377f, 377t 
Differential verification bias, 329 
Differentiated planar PCO, potentiometric 
sensor, 99-100, 100f 
Diffusion grating in spectrophotometry, 67 
2,2-Difluorodeoxycytidine, 1273 
Digestion, 1851-1855, 1852f 
of carbohydrates, 841, 841f, 1852-1854, 1853¢ 
of lipids, 1854, 1855f 
phases of, 1850-1851 
of proteins, 1854-1855 
Digitally controlled autosampler in liquid 
chromatography, 158 
Digitoxin, 1257 
special collection and storage conditions for, 
55t 
therapeutic and toxic levels of, 2306t 
Diglucuronide, 1195 
Diglycerides, 913%, 913-914 
Digoxin, 1256t, 1256-1257, 1257f 
analytical goals for, 365¢ 
antidote for overdose, 1288¢ 
special collection and storage conditions for, 
55t 
therapeutic and toxic levels of, 2306t 
Dihydrocodeine, 1340f, 1343f 
Dihydrolipoyl dehydrogenase defect, 
2212-2213t 
Dihydropterin reductase defect, 2212-2213t 
Dihydrotestosterone, 2098, 2098f 
biosynthesis of, 2100f 
metabolism of, 2099, 2099f 


Index 


Dihydrotestosterone (Continued) 
reference intervals for, 2132t 
serum, 2266t 
Dihydroxyacetone, 837, 838f 
Dihydroxycholecalciferol, 463-464 
3,4-Dihydroxymandelic acid, 1037 
3,4-Dihydroxyphenylacetic acid, 1038 
adrenal medullary system and, 1044¢ 
plasma, 1059, 1059f 
reference intervals for, 2267t 
Dihydroxyphenylalanine, 536t 
3,4-Dihydroxyphenyiglycol, 1037f 1037-1038, 
1038f l 
adrenal medullary system and, 1044 
piasma, 1059, 1059t 
reference intervals for, 2267t 
1,25-Dihydroxyvitamin D, 1920-1926 
biochemistry and physiology of, 1920, 1920f 
biological action of, 1922 
measurement of, 1924-1925, 1925f 
metabolism, regulation, and transport of, 
1920-1922, 1921f 1921 
parathyroid hormone and, 1913-1914 
primary hyperparathyroidism and, 1895-1896 
reference intervals for, 2302t 
renal osteodystrophy and, 1934 
renal production of, 1683 
values during pregnancy, 2158t 
Diiodotyrosine, 2053-2054, 2054f 
Dilantin. See Phenytoin. 
Dilatrate, See Isosorbide. 
Dilaudid. See Hydromorphone. 
Diltiazem, 1056t 
Dilution of solution, 27 
Dilutionai hyponatremia, 1751-1752 
Dimercaprol, 1376 
Dimeric inhibin A, 2172f, 2186 
Dimethylarsine, 1376, 1376f 
2,4-Dinitrophenylhydrazine test, 2220 
Diode array in high-performance liquid 
chromatography, 159, 159¢ 
Diphenhydramine, 1312f 
Diphenyicarbazone, 1294 
Diphenythydantoin, 1252 
Diphosphoglycerate phosphatase, 631, 635 
Diphosphoglyceromutase, 631 
Diploid, term, 1514 
Dipolar ion, 537 
Dipstick test, 303, 809-811, 810f 
Merckoquant sulfite, 1132-1133 
for proteinuria, 576-577, 589 
Direct equilibrium dialysis, 2074 
Direct hemagglutination, 240 
Direct ion-selective electrodes 
for sodium and potassium, 986-987 
for total carbon dioxide, 991 
Direct methods 
for free testosterone, 2130 
for free thyroid hormones, 2074-2075, 2079- 
2081 
for low-density lipoproteins, 951 
for serum total protein, 587-588 
for thyroid hormone-binding proteins, 2082- 
2083 
Direct potentiometry, 100-101, 101¢ 
Direct-reading potentiometer, 93-94 
Direct sampling, 427-428, 428t 
Director in molecular diagnostics laboratory, 
1453 
Disaccharidase deficiencies, 18621, 1862-1864, 
18636, 1864b 
Disaccharides, 839, 839f 


Disc electrophoresis, 128, 129f 
Discrepant resolution, 368 

Discrete analysis, 266 

Discrete dynode multiplier, 180f, 180-181 
Discrete pipetting, 272, 272f 


- Discrimination techniques for nucleic acids, 


1421-1445 
closed-tube SNP genotyping methods in, 
1444f, 1444-1445 
dot-blot and line-probe assays in, 1433, 1434f 
electrophoresis-based, 1421-1427, 1422¢ 
denaturing gradient gel electrophoresis in, 
1425 
DNA sequencing in, 1426-1428f 
heteroduplex migration analysis in, 1424, 
1424-1425 
Northern blotting in, 1424 
oligo ligation assay in, 1427, 1428f 
PCR product length analysis in, 1422-1423 
PCR/RELP in, 1422, 1423f 
single nucleotide extension assay in, 1426- 
1427 
single-strand conformation polymorphism 
analysis in, 1425, 1425f 
Southern blotting in, 1423f, 1423-1424 
temperature-gradient electrophoresis in, 
1425-1426, 1426f 
high-performance liquid chromatography in, 
1429 
hybridization assays in, 1429-1433, 1430f 
in situ hybridization in, 1434-1436 
mass spectrometry in, 1429, 1430f 
melting analysis in, 1441-1443, 1442f, 1443f 
microarrays in, 1433-1434, 1434f, 1435f 
1436t 
pyrosequencing in, 1427-1429, 1429f 
real-time polymerase chain reaction in, 1436- 
1441, 1437-1441f, 1440¢ 
Discriminatory power of identity testing, 1541 
Disease 
effects on thyroid hormones, 2061-2062, 
20628, 2062f 
effects on vitamin and trace element status, 
1077, 1077f 
elevated sweat electrolyte concentration in, 
999b 
sequence variations in genome and, 1408- 
1409, 1409f 
transmission by automated equipment, 272 
tumor marker role in management of, 750- 
751, 751f 
Disopyramide, 12562, 1258, 1268, 2307¢ 
Disseminated intravascular coagulation, 1796 
Dissociated anion exchanger-based electrodes, 
97 
Distal renal tubular acidosis, 1707-1709 
Distal tubule 
anatomy and physiology of, 1675f, 1675-1676 
water reabsorption in, 1679 
Distillation, 11 
Distilled water, 10 
Distribution 
of drug, 1244-1245 
of tumor marker values, 750 
Distribution of differences plot, 371-376, 372- 
375f, 373, 375t, 376t 
Diuretics, 1261 
chloride-responsive metabolic alkalosis and, 
1773 
effects on laboratory tests, 458 
renal disease and, 1710-1711 
Dixon’s range test, 437 


DMD. See Duchenne’s muscular dystrophy. 
DNA. See Deoxyribonucleic acid. 
Documentation 
of analytical protocols, 496, 496b 
of point-of-care testing, 314-315 
DoD plot, 371-376, 372-375f 373t, 375t 
Dodecanedioic acid, 2266t 
Dodecanoylcarnitine, 2266-2267 
Dodecenoylcarnitine, 2267t 
Dolophine. See Methadone. 
DOPA. See Dihydroxyphenylalanine. 
DOPAC. See 3,4-Dihydroxyphenylacetic acid. 
Dopamine, 1033-1074 i 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
collection and storage of samples for, 
1054-1055 
influences of diet and drugs on, 1055, 
1056t 
plasma assays in, 1057, 1057t 
plasma metanephrines and, 1057-1058, 
1058t 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060¢ 
urinary fractionated metanephrines and, 
1060-1061, 1061¢ 
biosynthesis of, 1034f, 1034-1035 
carcinoid and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051¢ 
effects on anterior pituitary hormones, 19684 
1969 
effects on thyroid function, 2064t 
enteric nervous system and, 1045 
exercise-related changes in, 451 
morphine and, 459 
neuroblastoma and, 1049-1050 
peripheral dopaminergic system and, 1044- 
1045 
pheochromocytoma and, 1045-1048, 1049 
posture-related changes in, 449-450 
prolactin and, 1977 
prolonged bed rest-related changes in, 450 
reference intervals for, 22591, 2260t, 2267¢ 
renal blood flow and, 1685t 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 
sympathetic nervous system and, 1041-1043, 
1042t 
travel-related changes in, 453 
uptake and metabolism of, 1036-1039, 1037- 
1039f, 1039¢ 
urine specimen preservatives and, 51t 
Dopamine beta-hydroxylase, 1034f, 1034-1035 
deficiency of, 1052 
Dopamine monooxygenase, 1127 
Doral. See Quazepam. 
Doriden. See Glutethimide. 
Dose-effect relationship 
of drug, 1239, 1239f 
of trace elements, 1118-1119, 1119f 
Dose-response curve, 1246, 1246f 
Dot blot, 228 
Double-beam-in-space spectrophotometer, 64- 
65, 65f 
Double immunodiffusion, 225, 225f 
Double monoclonal antibody assay, 619 
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Doubie-pan balance, 24 
Double-stranded DNA binding dyes, 1436 
Down syndrome, 2166, 2166f 


combination tests for, 2175-2176 
epidemiologic monitoring of, 2178-2179 
screening for, 21691, 2169-2170, 2172f, 2176 
twin pregnancy and, 2175 


Downstream, term, 1514 

Doxazosin, 1056t 

Doxepin, 1269, 1270, 1308-1312, 1309f 2307£ 
Doxycycline, 1268¢ 

Dragendorff’s reagent, 1294 

Drepanocyte, 2318¢ 

Drift, method trueness and, 356 

Drug(s), 1237-1285 


of abuse, 1317-1350 

amphetamine and methamphetamine in, 
1320-1322, 1321f, 13226 1324-1325 

barbiturates in, 1325-1328, 1326¢, 1327f 
1327¢ 

benzodiazepines in, 1328%, 1328-1333, 
1329-1332f 

cannabinoids in, 1333f, 1333-1335, 1334f 

cocaine in, 1335-1336, 1336f 

designer amphetamines in, 1322-1323 

dextromethorphan in, 1344, 1345f 

drug detection cutoff concentration and, 
1319% 

ephedrine and pseudoephedrine in, 1323 

gamma-hydroxybutyrate in, 1336-1338, 
1337f 


guidelines for drug assay cutoff values and, 


1320t 
hair analysis for, 1349-1350 
hepatitis D and, 1804 
lysergic acid diethylamide in, 1338f 1338- 
1339, 1339f 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 
phencyclidine and ketamine in, 1347f 
1347-1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f, 1346-1347 
saliva analysis for, 1350 
screening for, 1292-1296, 1293¢, 1295f 
specimen validity check reagents and, 
1318¢ 
sweat analysis for, 1350 
administration as controllable preanalytical 
variable, 458%, 458-459 
altered metabolism in liver disease, 1796 
analytical techniques for measurement of, 
1248-1249 
antibiotics in, 1262-1266, 1267-1269t 
aminoglycosides in, 1262-1265, 1263¢, 
1264¢ 
chloramphenicol in, 1265 
fluoroquinolones in, 1265, 1266f 
sulfonamides in, 1265-1266 
vancomycin in, 1266 
antidepressants in, 1269-1271, 1270t 
antiepileptic, 1249-1256, 1250¢ 
benzodiazepines in, 1255 
carbamazepine in, 1249-1250 
ethosuximide in, 1250 
felbamate in, 1254 
gabapentin in, 1254 
lamotrigine in, 1254 
levetiracetam in, 1250-1251 
mephobarbital in, 1255 
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Drug(s) (Continued) 
oxcarbazepine in, 1251 
phenobarbital in, 1251-1252 
phenytoin in, 1252 
primidone in, 1252-1253 
succinimides in, 1255-1256 
tiagabine in, 1254-1255 
topiramate in, 1253 
valproic acid in, 1253-1254 
zonisamide in, 1255 
antimetabolites in, 1272-1274, 1273¢ 
antiretrovirals in, 1269, 1269¢ 
basic concepts of, 1238-1247 
biotransformation in, 1246-1247 
drug absorption in, 1243-1244 
drug distribution in, 1244-1245 
drug excretion in, 1247 
drug metabolism in, 1245-1246, 1246f 
hepatic clearance in, 1246 
mechanism of action in, 1238-1240, 1239f 
pharmacokinetics in, 1240-12427, 1240- 
1243 
bronchodilators in, 12611, 1261-1262 
cardioactive drugs in, 1256t, 1256-1261 
amiodarone in, 1256 
digoxin in, 1256-1257, 1257f 
disopyramide in, 1258 
flecainide in, 1258 
lidocaine in, 1258-1259 
mexiletine in, 1259 
procainamide in, 1259 
propafenone in, 1259-1260 
propranolol in, 1260 
quinidine in, 1260 
tocainide in, 1260-1261 
verapamil in, 1261 
as cause of cell damage or death, 214¢ 
clinical utility of therapeutic drug 
management and, 1247-1248 
definitions in therapeutic drug management, 
1238, 1238f 
effects on thyroid function, 2063, 2064¢ 
expressing concentration of, 8 
immunosuppressants in, 1274-1280, 1280¢ 
cyclosporine in, 1274-1276, 1275f 
everolimus in, 1276-1277 
mycophenolate mofetil in, 1277f, 1277- 
1278 i 
sirolimus in, 1278-1279 
tacrolimus in, 1279-1280 
influence on assays of catecholamine 
metabolites, 1055, 1056t 
influence on cortisol concentrations, 2014 
lithium in, 1271-1272 
for lowering cholesterol, 935, 936f 
methemoglobin-forming, 1298-1300, 1299f, 
1299t 
nanotechnology and, 254 
pharmacogenetics and, 1589-1616 
approaches to, 1590-1592, 1591¢ 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
1601, 1602#, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 
1596-1597¢, 1598f, 1599f 
N-acetyl transferases and, 1603-1609, 
1605-16072, 1608f 
targets and future directions in, 1609-1611, 
1610¢ 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594f 
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Drug clearance tests, 1791-1792 
Drug detection reagents, 1293-1294 
Drug-induced disorders 
amenorrhea in, 2117. 
cholestasis in, 1822-1823 
hepatic, 1808, 1816-1817 
laboratory features of, 1805¢ 
Dry chemistry system 
for creatinine, 800 
for thyroxine, 2071 
for urea, 803 
for uric acid, 808 7 
for urinary albumin, 814 
Dry cleaning agents, 1708¢ 
Dry etching, 248-249 
DU-PAN-2 tamor marker, 772-773 
Dual-piston reciprocating pump, 157, 157f 
Dubin-Johnson syndrome, 1199, 1220 
Duchenne’s muscular dystrophy, 599, 
1498-1500 
Ducts of Bellini, 1767 
Duffy antigen receptor complex, 718-719 
DUMB BELS mnemonic, 1291 
Duodenum, 1849 
Dwarfism, 1491-1492 
Dye(s) 
in conventional electrophoresis, 125, 125t 
for real-time polymerase chain reaction, 
1436-1439, 14387, 1439f 
Dye-binding methods for serum total protein, 
588 
Dye excretion tests, 1791 
DynaFit, 200 
Dysautonomias, 1050-1052, 1051t 
Dysbetalipoproteinemia, 930-931 
Dyshemoglobins, 1003 
Dyslipidemia 
in chronic kidney disease, 1696-1697 
in end-stage renal disease, 1698 
Dyslipoproteinemia, 928%, 928-932 
Dystrophin, 1499 


E 


E-selectin, 1635 
E3 deficiency, 2212-2213t 
Ecgonine methyl ester, 1335, 1336f 
Echelette in spectrophotometry, 67 
Eclampsia, 2162-2163 
Economic evaluations of diagnostic testing, 
338-341, 339t 
Ecstasy, 1322-1323 
Ectasule. See Ephedrine. 
Ectoderm, 2153 
Ectopic pregnancy, 2161-2162 
Ectopic syndrome, 765 
EDDP. See 2-Ethylene-1,5-dimethyl-3,3- 
diphenylpyrrolidine. 
Eddy diffusion, 147 
Edema 
albumin levels in, 548 
in nephrotic syndrome, 1704 
EDTA. See Ethylenediaminetetraacetic acid. 
Edwards syndrome, 2166 
Efavirenz, 1269, 2307t 
Effexor. See Venlafaxine. 
Efficiency, term in chromatography, 147-148 
EIA, See Enzyme immunoassay. 
Elastase-1 
fecal, 1870t, 1870-1871 
pancreatic, 623 
Elavil. See Amitriptyline. 
Eldepryl. See Selegiline. 
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Elderly 
body fluid changes in, 4614, 461-462 
chromium deficiency in, 1125 
Electric potential, SI unit of, 6t 
Electric track vehicle, 271 
Electrical charge of protein, 543 
Electrical hazards, 35 
Electrical neutrality, 1749 
Electrocardiography in acute myocardial 
infarction, 1628 
Electrochemical detector in high-performance 
liquid chromatography, 159t, 160 
Electrochemical DNA sensor, 112 
Electrochemiluminescence, 84-85 
for serum thyroxine, 2070 
Electrochemistry, 93-119 
biosensors in, 108-113 
affinity sensors and, 112-113, 113f 114f 
enzyme-based biosensors with 
amperometric detection and, 108-110, 
108-110f 
enzyme-based biosensors with optical 
detection, 111-112 
enzyme-based biosensors with 
potentiometric and conductometric 
detection, 110-111, 111f 
conductometry in, 105-106 
coulometry and, 106 
in detection of nucleic acids, 1421 
optical chemical sensors in, 106-108, 107f 
potentiometry in, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 964, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 
101f 
in specimen identification, 279 
voltammetry and amperometry in, 101-105, 
102f 104f, 105f 
Electrode(s) 
for blood gases, 1009, 1010-1011 
in potentiometry, 94-100, 110-111, LLLf 
ion-selective electrodes in, 95-100, 96t, 97- 
100%; 279 
redox electrodes in, 94-95 
in voltammetry and amperometry, 101-102, 
109-110, 111f 
Electrode potential, 94 
Electroendosmosis in electrophoresis, 126-127, 
127f, 133 
Electroimmunoassay, 229, 229f 
Electrokinetic injection in capillary 
electrophoresis, 131 
Electrokinetic potential, 127 
Electrolyte(s), 983-991, 1750-1757 
bicarbonate and, 990-991, 1757 
in body fluids, 1748-1750, 1749¢ 
chloride and, 989-990, 1757 
electrolyte exclusion effect and, 987-989, 
988f, 9882, 989t 
optical chemical sensors for, 106-108, 107f 
plasma and urine osmolality and, 992-994, 
993f 
potassium and, 984-987, 1754-1757, 1755f, 
1756f 
potentiometry and, 93-105 
basic concepts in, 93-94, 94 
ion-selective electrodes in, 95-100, 96, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101¢ 


Electrolyte(s) (Continued) 
renal regulation of, 1679-1681, 1680f 
sodium and, 984, 1750-1754, 1752f, 1754f 
specimens for, 983-984 
sweat testing and, 994-998, 9951, 999b 
Electrolyte exclusion effect, 987-989, 988f, 9881, 
9894, 1753 
Electrolyte profile, 983, 1748 
Electrolytic conductivity detector in gas 
chromatography, 153t 
Electromagnetic radiation, 61 
Electromotive force, 6f, 93 
Electron capture, 22 
Electron capture detector, 151, 1534, 154 
Electron capture gas chromatography, 2068 
Electron ionization, 167, 167f 
Electron spray mass spectroscopy, 1175 
Electron transfer flavoprotein defect, 2234- 
2235t 
Electronic balance, 24-25 
Electronic stringency, 254 
Electropherogram, 121, 125-126 
Electrophoresis, 121-140 
for alkaline phosphatase isoenzymes, 610 
for alpha,-antitrypsin, 552 
for amylase, 619, 619f 
for aspartate aminotransferase isoenzymes, 
606-607 
basic concepts and definitions in, 121 
capillary, 130-135, 131f 134f, 135f 
for cholinesterase, 614 
for complement C3, 567-568 
conventional, 122-130 
general operations in, 1254, 125-126 
instrumentation in, 122-125, 123f 
technical and practical considerations in, 
126-128, 127f 
types of, 128-130, 129f 
for creatine kinase isoenzymes, 600, 601f 
for glycated hemoglobin, 8814, 882 
for hemoglobinopathy, 1172f, 1172-1173, 
1173f 
immunofixation, 586, 587f 
for lactate dehydrogenase, 602 
for measurement of isoenzymes and 
isoforms, 213 
microchip, 135-138, 136f, 137f 
in nucleic acid analysis, 1421-1427, 1422t 
denaturing gradient gel electrophoresis in, 
1425 
DNA sequencing in, 1426-1428f 
heteroduplex migration analysis in, 1424f 
1424-1425 
Northern blotting in, 1424 
oligo ligation assay in, 1427, 1428f 
PCR product length analysis in, 1422-1423 
PCR/RELP in, 1422, 1423f 
single nucleotide extension assay in, 1426- 
1427 
single-strand conformation polymorphism 
analysis in, 1425, 1425f 
Southern blotting in, 1423f, 1423-1424 
temperature-gradient electrophoresis in, 
1425-1426, 1426f 
for protein analysis, 584-586, 585f, 587f 
theory of, 121-122 
for transthyretin, 564 
Electrospray ionization, 168, 169f, 590 
Electrospray tandem mass spectrometry, 2241- 
2242 
Electrothermal atomization atomic absorption 
spectrometry, 1122, 1373-1374 


Elgert’s classification of cytokines, 648b 
ELISA. See Enzyme-linked immunosorbent 
assay. 
Elongation hemoglobins, 1186 
Embden-Meyerhof pathway, 626-630, 630f 
Embryo, 2153-2154 
EMDP. See 2-Ethyl-5-methyl-3,3- 
diphenylpyrroline. 
EMIT. See Enzyme multiplied immunoassay 
technique. 
Emphysema, 551, 1816 
Empirical approach to problem, 431-432 
Encephalitis te 
cerebrospinal fluid protein in, 578t 
herpes simplex virus, 1570-1571 
Encephalocele, 2165 
Encephalopathy 
in cirrhosis, 1820¢ 
ethylmalonic, 2228-22291, 2230, 2230f 
hepatic, 1790-1791, 1795-1796 
ENCORA 1.2, 200 
End point methods in enzyme assay, 212 
End-stage liver disease, 1796 
End-stage renal disease, 1697-1699, 1698f 
autosomal dominant polycystic kidney 
disease and, 1706-1707 
cardiac troponins and, 1658, 16582, 1659f 
cardiovascular disease and, 1723-1724, 1724f 
diabetes mellitus and, 1694, 1694f 
parathyroid hormone and, 1919, 1919f 
pathophysiology of, 1688-1690, 16904, 1691f, 
1691t 
prostaglandins and NSAIDS in, 1716 
rapidly progressive glomerulonephritis and, 
1704 
Endocardium, 1619 
Endocrine system, 1019 
Endocytosis, 216 
Endoderm, 2153 
Endogenous lipoprotein metabolism pathway, 
919-921 
Endometrial cancer markers 
cancer antigen 125 in, 772 
carcinoembryonic antigen in, 768-769 
epidermal growth hormone receptor in, 780 
heat shock proteins in, 776 
tumor-associated trypsin inhibitor in, 764 
Endometriosis, 707 
Endometrium, 2105 
Endomysial antibodies, 1861, 1861¢ 
Endonucleases, 1410 
Endorphins, 1968¢, 1969 
Endosmosis in electrophoresis, 126-127, 127f 
Endothelial ceil 
interferon-y and, 7017 
interleukin-1 and, 659t 
interleukin-4 and, 666 
interleukin-6 and, 6734, 674 
interleukin-8 and, 676 
tumor necrosis factor-& and, 704-705 
Endothelin, 1685t 
Endotoxin 
in interleukin-6 secretion, 672 
tumor necrosis factor-& and, 703 
Endpoint quantification, 1419 
Energy 
expression of, 8 
hormonal regulation of production, use, and 
storage of, 1026 
role of copper in production of, 1127 
SI unit of, 6t 
Enkephalins, 1875t 
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Enteric hyperoxaluria, 1714 
Enteric nervous system, 1045 
Enteroglucagon, 1875£ 
Enterohepatic circulation of bile acids, 1783- 
1785, 1785f 
Enterokinase deficiency, 1855 
Enterovirus, 1571-1572 
Environmental factors 
in body fluid composition, 463 
in type 1 diabetes mellitus, 856 
in type 2 diabetes mellitus, 857 
Enzymatic hydrolysis of steroid hormones, 2035 
Enzyme(s), 191-218, 597-643 
alcohol ingestion and, 458 
analytical enzymology and, 207-213 
immobilized enzymes and, 213 
immunoassay and, 212-213 
measurement of enzyme mass 
concentration in, 211 
measurement of isoenzymes and isoforms 
in, 213 
measurement of metabolites in, 211-212 
measurement of reaction rates in, 207-209, 
208f 
measurement of substrates in, 209-210 
optimization, standardization, and quality 
control in, 210f, 210-211 
units for expressing enzyme activity in, 209 
basic principles of, 191-198 
catalytic activity of enzymes and, 198 
enzyme nomenclature and, 191-192, 192¢ 
isoenzymes and multiple forms of enzymes 
and, 193-198, 1947, 195f 
structure of enzyme and, 192-193 
bone, 623-625 
brush border, 1852-1853, 1853t 
catalytic activity of, 198 
copper-containing, 1127 
diagnostic enzymology and, 2144, 214-217, 
216f, 217f, 217¢ 
effects of physical training on, 451 
exercise-related changes in, 451 
of heme biosynthesis, 1211f, 1211-1213 
hepatic, 604-616 
alkaline phosphatase in, 607-611, 608f 
6094, 6LIf 
aminotransferases in, 604-607, 6057, 606f 
cholinesterase in, 614-616 
diseased liver tissue and, 1797 
gamma-glutamyl transferase in, 612-613 
glutamate dehydrogenase in, 607 
glutathione S-transferase in, 613-614 
5’-mucleotidase in, 611-612 
iron-containing, 1187 
kinetics of, 198-207 
coenzymes and prosthetic groups in, 207 
consecutive enzymatic reactions and, 202- 
203 
effect of pH in, 203, 203f 
enzyme activation and, 206-207 
enzyme concentration and, 199 
enzyme-substrate complex and, 198-199, 
199f 
inhibition of enzyme activity and, 204-206, 
205f 
substrate concentration and, 199f 199-202, 
201f, 202f 
temperature effect on, 203-204, 204f 
liver, 604-616 
alkaline phosphatase in, 607-611, 608f, 
6094, 611f 
aininotransferases in, 604-607, 605t, 606f 
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Enzyme(s) (Continued) 
cholinesterase in, 614-616 
diseased liver tissue and, 1797 
gamma-glutamyl transferase in, 612-613 
glutamate dehydrogenase in, 607 
glutathione S-transferase in, 613-614 
5’-nucleotidase in, 611-612 
magnesium as cofactor for, 1909 
multiple forms of, 193-198, 194f, 195f 
muscle, 597-604 
aldolase in, 603 
creatine kinase in, 598%, 598-601, 601f 
glycogen phosphorylase in, 603f, 603-604 
lactate dehydrogenase in, 601-603 
nanotechnology and, 255 
nomenclature of, 191-192, 192¢ 
nucleic acid, 1410-1411 
nutritional assessment and, 1077 
pancreatic, 616-623 
amylase in, 616-619, 617£, 619f 620f 
chymotrypsin in, 623 
elastase-1 in, 623 
lipase in, 619-621 
trypsin in, 622-623 
pharmacogenetics and, 1589-1616 
N-acetyl transferases and, 1603-1609, 
1605-16071, 1608f 
approaches to, 1590-1592, 159it 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
16014, 1602t, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 
1596-15974, 1598f, 1599f 
targets and future directions in, 1609-1611, 
1610t 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594f 
pyridoxyl phosphate-requiring, 1098-1099 
red cell, 625-635 
detection of hereditary deficiencies of, 633- 
634 
Embden-Meyerhof pathway and, 626-630, 
630f 
glutathione pathway and, 631-632 
hexose monophosphate pathway and, 630- 
631, 631t 
methemoglobin reduction and, 633 
methodology for measurement of, 634-635 
purine-pyrimidine metabolism and, 632- 
633 
Rapoport-Luebering cycle and, 631 
steroidogenic, 2006, 2006t 
structure of, 192-193 
as tumor markers, 754-765, 755t 
alkaline phosphatase in, 755 
cathepsins in, 762-763 
creatine kinase in, 756 
human glandular kallikrein 2 in, 761 
` kallikreins in, 756-757 
lactate dehydrogenase in, 756 
matrix metalloproteinases in, 763 
neuron-specific enolase in, 756 
prostate-specific antigen in, 757-761, 760t 
prostatic acid phosphatase in, 756 
telomerase in, 764-765 
tumor-associated trypsin inhibitor in, 763- 
764 
urokinase-plasminogen activator system 
in, 761-762 ; 
units for expressing enzyme activity, 8, 209 
zinc-dependeni, 1141 
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Enzyme, label used for nonisotopic 
immunoassay, 231¢ 
Enzyme assay 
for acetaminophen, 1306 
for ammonia, 1791 
for bilirubin, 1197 
for cholesterol, 942-944 
for creatinine, 799f, 799-800 
for magnesium, 1911 
for porphyrins, 1226-1229 
product inhibition in, 205 
for total carbon dioxide, 991 
for triglycerides, 944-945 
for urea, 803 i 
for uric acid, 807-808 
Enzyme-based biosensor 


with amperometric detection, 108-110, 108- 


L10f 
with optical detection, 111-112 
with potentiometric and conductometric 
detection, 110-111, 111f 
Enzyme-based phenotyping tests, 1591 
Enzyme immunoassay, 212-213, 234-236, 
236f 
for aldosterone, 2040 
for homocysteine, 968 
nonseparation electrochemical, 113, 114f 
for saliva progesterone, 2139 
for serotonin, 1062-1063 
for serum thyroxine, 2069 
solid phase competitive sequential, 1351 
for thyroid hormone-binding ratio, 2077 
for total testosterone in blood, 2127 
Enzyme-linked immunosorbent assay, 
235-236 
for advanced glycation end products, 886 
for antithyroid antibodies, 2085 
for benzodiazepines, 1333 
for cytokines, 722, 723¢ 
for elastase-1, 623 
for lipoprotein(a), 960 
for lysergic acid diethylamide, 1338 
microtiter plate system for, 294 
for oxidized low-density lipoproteins, 953- 
954 
for urine albumin, 888 
for urokinase-plasminogen activator, 762 
Enzyme multiplied immunoassay technique 
in drug testing, 236, 236f, 1293, 1318 
for barbiturates, 1327 
for benzodiazepines, 1332 
for cocaine, 1336 
for lysergic acid diethylamide, 1338 
for propoxyphene, 1347 
for serum thyroxine, 2069-2070 
Enzyme-substrate complex, 198-199, 199f 
Eosinophil, 669, 670 
Eosinophilia, 670-671 
Ephedra, 1323 
Ephedrine, 1323 
chemical structure of, 1321f 
influence on catecholamine levels, 1056¢ 
therapeutic and toxic levels of, 2307t 
Epiandrosterone, 210if 
Epicardium, 1619 
Epidemiologic monitoring in maternal 
screening, 2177 
Epidermal growth factor subfamily of 
cytokines, 648 
Epidermal growth hormone receptor, 779-780 
16-Epiestriol, 2106f 
Epigenetics, 1397-1398, 1409 
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Epinephrine, 10221, 1033-1074 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
collection and storage of samples for, 
1054-1055 
influences of diet and drugs on, 1055, 
1056¢ 
plasma assays in, 1057, 1057¢ 
plasma metanephrines and, 1057-1058, 
1058¢ 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060t 
urinary fractionated metanephrines and, 
1060-1061, 1061¢ 
biosynthesis of, 1034, 1034-1035 
carcinoid and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051¢ 
enteric nervous system and, 1045 
exercise-related changes in, 451 
hypoglycemia and, 865 
morphine and, 459 
neuroblastoma and, 1049-1050 
pheochromocytoma and, 1045-1048, 
1049b 
posture-related changes in, 449-450 
prolonged bed rest-related changes in, 
450 
reference intervals for, 2259 
renal blood flow and, 1685¢ 
role in blood glucose concentration, 849 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 


sympathetic nervous system and, 1041-1043, 


1042t 
travel-related changes in, 453 


uptake and metabolism of, 1036-1039, 1037- 


10397, 1039t 
urine specimen preservatives and, 51t 
Episialin, 770 
Epitestosterone, 2101f 
Epithelial cell 
interferon-& and, 696, 696f 
interleukin-7 and, 675f, 675-676 
renal, 1672 
Epitope, 220 
Epivir. See Lamivudine. 
Epoetin, 1696, 1696b 
Epstein-Barr virus 
in acute hepatitis, 1806-1807 
detection of, 1475f, 1475-1476 
Equanil. See Meprobamate. 
Equilibrium, gravimetry and, 24 
Equilibrium dialysis-ultrafiltration method, 
2129-2130, 2130t 
Equilibrium methods, 212 
Equipment. See also Instrumentation. 
disease transmission via, 272 
for employee safety, 28 
procurement for point-of-care testing, 311- 
312 
Ergocalciferol, 1920, 1920f 
Ergonomics program, 30, 30f 
Erroneous value, 437 
Error models in regression analysis, 378-379, 
379f 
Erythroblastosis fetalis, 2164 


Erythrocyte 
microfilter isolation of, 256, 256f 
potassium in, 984 
transaminase activities in, 605t 
Erythrocyte count, 365t 
Erythrocyte enzymes, 625-635 
detection of hereditary deficiencies of, 633- 
634 
Embden-Meyerhof pathway and, 626-630, 
630f 
glutathione pathway and, 631-632 
hexose monophosphate pathway and, 630- 
631, 631t 
methemoglobin reduction and, 633 
methodology for measurement of, 634-635 
purine-pyrimidine metabolism and, 632-633 
Rapoport-Luebering cycle and, 631 
Erythrocyte folate, 2270t 
Erythrocyte hydroxymethylbilane synthase 
activity assay, 1228-1229 
Erythrocyte porphyrins, 2291¢ 
Erythrocyte riboflavin, 1097, 2293t 
Erythrocyte total porphyrins, 1226 
Erythrocyte transketolase, 2299t 
Erythrocyte vitamin Bı, 2302t 
Erythrodextrins, 840 
Erythromycin, 1268¢ 
Erythropoiesis, 560-561 
Erythropoietic protoporphyria, 1215t, 1219- 
1220 
Erythropoietin, 10244, 1683 
Eskalith. See Lithium. 
Esophageal cancer markers 
cancer antigen 50 in, 773 
epidermal growth hormone receptor in, 780 
matrix metalloproteinases in, 763 
Esophageal varices, 1794 
ESRD. See End-stage renal disease. 
Essential fatty acid, 909 
Essential fructosuria, 889 
Essential pentosuria, 889 
Estazolam, 13284, 1331f 
Esterase, 755t 
Esterification of cholesterol, 905-906, 907f 
Esterified fatty acids, 55t 
Estimated oxygen saturation, 1003-1004 
Estradiol, 2105, 2105 2106f, 2136 
analytical goals for, 364t 
for assessment of ovarian reserve, 2127 
biosynthesis of, 2010f 2100f 2107f 
menstrual cycle and, 2113-2114 
metabolism of, 2107-2108, 2108f 
nonisotopic immunoassay for, 2135 
polycystic ovary syndrome and, 2119 
reference intervals for, 2136t, 2267-2268¢ 
special collection and storage conditions for, 
55t 
systematic name for, 2005¢ 
Estrane, 2004, 2105 
Estriol, 2105, 2106f; 2107 
amniotic fluid, 2268r 
biosynthesis during pregnancy, 2106-2107 
measurement of, 2136 
placental, 2155 
reference intervals for, 2268t 
systematic name for, 2005t 
unconjugated, 2172f, 2183-2185, 2184f 2185f 
Estrogen(s), 1019, 10224, 2105-2108 
alpha,-antitrypsin and, 551 
alpha,-macroglobulin and, 553 
biosynthesis of, 2105-2106, 2107f 
blood, 2134-2136, 2136¢ 


Estrogen(s) (Continued) 
breast cancer and, 2212 
effects on hepatic synthesis of 
angiotensinogen, 2020 
effects on thyroid function, 2064t 
in elderly, 462 
haptoglobin and, 561 
levels during pregnancy, 2157 
metabolism of, 2107-2108, 2108f 
placental, 2155 
saliva, 2137 
structure of, 2009, 2010f 2106f 
urine, 2136-2137 i 
urine specimen preservatives and, 51t 
Estrogen receptor, 777-779 
Estrogen therapy, 2014 
Estrone, 2105, 2106f 
biosynthesis of, 2010f 
placental, 2155 
reference intervals for, 2136t, 2268-2269t 
systematic name for, 2005¢ 
Ethambutol, 1268t 
Ethanol 
delta-osmolality of, 1292-1293, 1293t 
for ethylene glycol reversal, 1314 
hypoglycemia and, 866 
osmotic coefficient of, 993 
pharmacology and analysis of, 1300-1301, 
1301¢ 
plasma, 1303 
reference intervals for, 2269f 
serum, 1303 
symptoms of overdose, 1290t 
Ethchlorvynol, 2307¢ 
Ethosuximide, 1250, 1250t 
analytical goals for, 365t 
therapeutic and toxic levels of, 2307t 
2-Ethy]-5-methyl-3,3-diphenylpyrroline, 1345, 
1346f 
2-Ethylene-1,5-dimethyl-3,3- 
diphenylpyrrolidine, 1345, 1346f 
Ethylene glycol, 1313f 1313-1314 
anion gap acidosis and, 1770-1771 
antidote for, 1288¢ 
serum osmolality of, 1293¢ 
Ethylenediaminetetraacetic acid 
for blood specimen preservation, 47-48 
in serum samples for serotonin, 1063 
Ethylmalonic acid, 2269 
Ethylmalonic encephalopathy, 2228-22294, 2230, 
2230f 
Etiocholanolone 
biosynthesis of, 2010f 
catabolism of, 2101f 
systematic name for, 2005t 
Euchromatin, 1395 
Euglobulin, 564 
Europium 
immunoassay detection limits of, 233t 
properties of, 237t 
Eutectic bonding of silicon surfaces, 250 
Euthyroid sick syndrome, 2061-2062, 2062b, 
2062f 
Evacuated blood tube, 43-45, 44f, 44t, 45f 
Evaporation 
processing of solution and, 27 
of specimen, 271 
of sweat sample, 997 
Everolimus, 1275f, 1276-1277, 1280t 
Evidence-based laboratory medicine, 321-529 
application of principles in routine practice, 
347 
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Evidence-based laboratory medicine 
(Continued) 
characterization of diagnostic accuracy of 
tests in, 328-330, 331f, 332f 
clinical audit and, 345f, 345-347 
clinical laboratory informatics in, 475-483 
computing fundamentals in, 475-478, 477f 
477t, 478f 
laboratory information systems and, 478- 
482, 479b, 480f, 480t, 481f, 4814 
pathology informatics resources and, 482- 
483 ` 
clinical practice guidelines and, 341-345, 
342f, 343-345t, 344b, 344f 
clinical setting of outcome study and, 328 
concepts, definitions, and relationships in, 
323-325 
diagnostic questions addressed in, 326, 326f 
327-328t 
economic evaluations of diagnostic testing in, 
338-341, 339¢ 
method evaluation in, 353-407 
analytical measurement range and, 359 
analytical performance criteria and, 354 
analytical sensitivity and, 361 
analytical specificity and interference in, 
361-362 
basic error model in, 368-370, 369f 
Bland-Altman plot and, 376-377, 377f, 
377t 
calibration and, 355% 355%, 355-356 
distribution of differences plot in, 371-376, 
372-375f, 373t, 375t 
goals for analytical quality in, 362f 362- 
366t, 362-368 
guidelines, regulatory demands, and 
accreditation in, 402-403 
limit of detection and, 359-361, 360f 361f 
limit of quantification and, 361 
linearity in, 359 
medical criteria and, 353-354, 354f 
method comparison data model in, 370- 
371 
monitoring serial results and, 396-397, 
397f 
paired t-tests and, 377-378, 378f, 378t 
precision in, 357-358, 358¢ 
precision profile in, 358, 358f 
regression analysis and, 378-395, See also 
Regression analysis. 
software packages for, 403-404 
traceability and measurement uncertainty 
and, 397-402, 398f 401t 
trueness and accuracy in, 356, 356t 
verification of distribution of differences in 
relation to specified limits in, 376, 
376t 
outcome studies in, 330-336, 333-335f 
preanalytical variables in, 449-467 
age in, 459-462, 460#, 461t 
alcohol ingestion in, 457-458 
altitude in, 463 
ambient temperature in, 463 
blindness in, 465 
circadian variation in, 452-453, 453t 
control of, 491-494, 492r 
diet in, 453-454 
drug administration in, 458t, 458-459 
exercise in, 451, 452t 
fasting and starvation in, 456-457 
fever in, 465-466, 466t 
food ingestion in, 454-455, 455t 


2349 


Evidence-based laboratory medicine 
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herbal preparations in, 459 
influence of menstrual cycle in, 464 
malnutrition in, 455-456 
obesity in, 464-465 
physical training in, 451-452 
place of residence in, 463 
posture in, 449-450, 450t 
pregnancy in, 465 
prolonged bed rest in, 450 
race in, 462-463 
recreational drug administration in, 459 
seasonal influences in, 463-464, 464t 
sex in, 4621, 463 
shock and trauma in, 466, 467¢ 
smoking in, 457 
stress in, 465 
transfusion and infusions in, 466-467 
travel in, 453 
types of, 492-494 
vegetarianism in, 455, 456t 
quality management in, 485-529 
control charts and, 498-499, 499f 
control materials and, 497-498 
control of analytical quality using patient 
data in, 510-515, 512¢, 514f 
control of analytical variables in, 494-497, 
495f, 496b 
control of preanalytical variables in, 491- 
494, 492% 
cumulative sum control chart and, 506¢, 
506-508, 507f, 507t, 508f 
external quality assessment and proficiency 
testing programs in, 515-519, 517- 
518 
fundamental concepts of, 485-486, 486f 
identification of analytical errors in, 519- 
520 
International Organization for 
Standardization and, 521-523, 523t 
Joint Committee for Traceability in 
Laboratory Medicine and, 520-521 
Levy-Jennings control chart and, 503f, 503- 
504, 504f 
Malcoim Baldridge National Quality 
Award and, 523 f 
principles of, 486f, 486-487 
process for selection of quality control 
procedures and, 502-503 
quality assurance program in, 490-49] 
Shewart mean and range control chart 
and, 508f, 508-510, 509t 
six sigma process and, 488-490, 489/, 490f 
Westgard muliirule chart and, 504-506, 
505f, 505¢, 506f 
reference values and, 425-448 
analytical procedures and quality control 
in, 432-433 
` concept of, 425-427 
determination of reference limits in, 434- 
436, 435f 
dynamic versus static interpretation of 
clinical chemistry data and, 446 
identification and handling of erroneous 
values in, 437 
inspection of distribution in, 436-437 
multivariate, population-based reference 
regions and, 443-445, 444f, 445f 
nonparametric method in, 437-438, 4381, 
439t 
parametric method in, 438-442 
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partitioning of reference values in, 436 
presentation of observed values in relation 
to, 442-443 
selection of reference individuals for, 427- 
430, 428f, 4281, 430b, 431b 
specimen collection and, 430-432, 432t 
statistical concepts in, 433-434, 434f 
subject-based, 445f, 445-446 
transferability of, 443 
systematic reviews of diagnostic tests in, 336- 
338, 337b 
test performance evaluation in, 409-424 
Bayes’ theorem and, 414-415 
classification bias and, 4104, 410-411 
clinical examples of, 419-420 
combination testing and, 415¢, 415-416, 
416¢ 
cost effectiveness and outcomes research 
and, 420-422, 421f 
data analysis methods for very large 
numbers of variables and, 418f, 418- 
419 
likelihood ratio and, 413f, 413-414 
model evaluation and, 420 
multivariate data analysis in, 416-418, 417 
418f 
odds ratio and, 413 
receiver operating characteristic curves in, 
412f, 412-413, 413f 
sensitivity and specificity in, 411f, 411-412, 
412f 
spectrum in, 409-410, 410f 
using test results in, 328 
Ex vivo point-of-care testing devices, 308, 308t 
Exa, metric prefix of SI unit, 7t 


Excitation and emission monochromator, 78 
Excitation interference, 75 


Excitation source for fluorometry, 77-78 


Excretion 


of albumin, 547 
of ascorbic acid, 1105-1106 
of biotin, 1107-1108 
of boron, 1143 
of chromium, 1124 
of copper, 1126-1127, 1127f 
of drug, 1240£, 1247 
of fluoride, 1142 
of folic acid, 1109-1110 
hepatic role in, 1781-1787 
bile acid metabolism and, 1784-1787, 
1786b 
bile formation and, 1782-1783, 1785f 
bilirubin and, 1781-1782 
enterohepatic circulation and, 1783-1784, 
1785f 
synthesis of bile acids and, 1782, 1783f, 
1784f 
of manganese, 1130 
of molybdenum, 1132 
of niacin, 1115 
of pantothenic acid, 1117 
of riboflavin, 1095f 1095-1096 
of selenium, 1133-1134 
of trace elements, 1119 
of vitamin A, 1081 
of vitamin Be, 1098, 1098¢ 
of vitamin Bı» 1104-1102 
of vitamin E, 1084-1085 
of vitamin K, 1087-1088, 1088f 1090, 1091f 
of zinc, 1138 


Index 
Exercise 
as controllable preanalytical variable, 451, 
452t 


growth hormone release and, 1973f, 1974b 
Exocytosis, 1035-1036, 1036f 
Exogenous lipoprotein metabolism pathway, 
919, 919f 
Exonucleases, 1410 
Expected date of confinement, 2153 
Exposure control plan, 29-30 
Extension cord, 35 
External calibrator, 1558 


External quality assessment, 400-401, 515-519, 


517-5484 
External respiration, 1762 
External validity, 329 
Extracellular calcium, 1893 
Extracellular compartment, 1749-1750 
Extracellular fluid, 1747, 1748f 
chloride in, 989 
hyponatremia and, 1752 
sodium in, 984 
Extracorporeal shock wave lithotripsy, 1711- 
1712 
Extracted ion profile, 166 
Extraction 
of nucleic acid, 1557-1558 
of steroid hydrolysis, 2035 
of vitamin D metabolites, 1923 
Extraction recovery, 356 
Extrahepatic biliary atresia, 1201 
Exudate, 580 


F 


Fab antigen-binding site, 569 
Facilitative glucose transporter, 847t, 
847-849 
FAD. See Flavin adenine dinucleotide. 
Fallopian tube, 2104 
False-negative results, 1562-1563 
cost complications of, 421 
in pheochromocytoma, 1046 
in polymerase chain reaction, 1416 
False-positive results, 1562-1563 
cost complications of, 421 
in estrogen receptor assay, 778 
in polymerase chain reaction, 1415-1416 
reference intervals and, 415 
in urine glucose, 872 
Familial adenomatous polyposis, 1510-1511 
Familial amyloidosis, 582 
Familial combined hyperlipidemia, 929-930 
Familial defective apolipoprotein B-100, 931 
Familial dysautonomia, 1052 
Familial dyslipoproteinemia, 928-932 
Familial hypercholesterolemia, 931 
Familial hypertriglyceridemia, 930 
Familial hypoalphalipoproteinemia, 931 
Fanconi syndrome, 1710, 1716 
Faraday cup, 181 
Faraday’s law, 106 
Fast atom bombardment, 171 
Fast hemoglobin, 879 
Fasting as controllable preanalytical variable, 
456-457 
Fasting glucose 
reference intervals for, 2270-2271t 
values during pregnancy, 2158t 
Fasting hypoglycemia, 851, 865-866 
Fasting plasma glucose, 859 
Fasting serum C-peptide, 851 
Fasting triglycerides, 2158¢ 


Fat 
digestion and absorption of, 1854, 1855f, 
1878-1881, 18794, 18802, 1880 
intake of, 934, 934f 
Fat-soluble vitamins, 1079, 1080¢ 
Fat stain, 584 
Fatty acid(s), 907-911, 908f, 9094, 910f, 911f 
in displacement of protein-bound drug, 1245 
fasting and starvation and, 456 
fever and, 466 
metabolism of, 2230-2232, 2231f 
smoking and, 457 
special collection and storage conditions for, 
55t 
Fatty acid oxidation disorders, 2230-2237, 
2231f, 2234-2235¢ 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
postmortem screening of, 2210, 2210f 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
Fatty liver of pregnancy, 2162 
FC region of heavy chain, 569 
Fearon reaction, 802-803 
Fecal chloride, 989 
Fecal chymotrypsin, 1870t 
Fecal elastase-f, 1870¢, 1870-1871 
Fecal fat measurement, 1879, 1879t 
Fecal osmotic gap, 1883 
Fecal porphyrins, 1225-1226, 1227f, 229it 
Fecal proteins, 580 
Fecal sodium, 984 
Fecal specimen collection, 52, 1224 
Fecal urobilinogen, 1198 
FECH. See Ferrochelatase. 
Feedback control of hypothalamic-pituitary- 
adrenal-immune axis, 1969, 1969f 
Felbamate, 1250f, 1254, 2307t 
Felbatol. See Felbamate. 
Female athlete triad, 2117 
Female reproductive system, 2104-2120 
anatomy of, 2104f, 2104-2105 
assisted reproduction and, 2127 
blood estrogens and, 2134-2136, 2136¢ 
blood progesterone and, 2137-2138, 2138¢ 
breast cancer and, 2112 
estradiol and, 2136 
estrogens and, 2105-2108, 2106-2108f 
female pseudchermaphroditism and, 2110 
fetal development of, 2109 
hirsutism and virilization and, 2118-2120 
hypothalamic-pituitary-gonadal axis and, 
2105, 2105f 
infertility and, 2124b, 2124-2127, 2125f, 
2126f 
menopause and, 2120 
normal menstrual cycle and, 2112-2114, 
2113f 
ovulation and, 2114 
postnatal development of, 2109 
precocious puberty and, 2110-2112 
primary amenorrhea and, 2114, 2117-2118 
progesterone and, 2108f, 2108-2109, 2109f 
progesterone challenge and, 2118, 2119 
puberty and, 2109-2110 
saliva estrogens and, 2137 
saliva progesterone and, 2138-2139 


Female reproductive system (Continued) 
secondary amenorrhea and, 2114-2117, 
2115b, 2116b, 2116¢ 
urine estrogens and, 2136-2137 
Feminizing adrenocortical carcinoma, 2029- 
2030 
Femto, metric prefix of SI unit, 7t 
Fenoprofen, 2307t 
Fentanyl, 1340f 
Ferredoxin, 1187 
Ferric perchlorate method, 990 
Ferric reducing ability of plasma assay, 1078 
Ferriheme, 1209 i 
Ferritin, 1186-1187, 1187f 
chronic kidney disease and, 1696 
hereditary hematochromatosis and, 1814 
plasma, 1191 
reference intervals for, 2269t 
serum, 1191, 1191¢ 
as tumor marker, 774t 
Ferrochelatase, 12114 1213 
erythropoietic protoporphyria and, 1219 
functional polymorphism of, 1229-1230 
lead toxicity and, 1220 
Ferroportin, 1188t 
deficiency of, 1192, 1193 
Ferrous sulfate, 2064t 
Ferroxidase I, 1127 
Ferroxidase I1, 1127 
Ferrozine, 1190t 
FES. See Flame emission spectrophotometry. 
Fetal alcohol spectrum disorders, 1300-1301 
Fetal alpha,-fetoprotein, 554-555 
Fetal fibronectin, 2186-2187 
Fetal hemoglobin, 1166f, 1166-1167, 1167f 
hereditary persistence of, 1181 
spectrophotometric analysis of, 1297 
Fetal lung maturity tests, 2188-2193, 2189t 
collection of amniotic fluid for, 2189-2190 
fluorescence polarization tests in, 
2190-2191 
Foam Stability Index in, 2192-2193 
lamellar body counts in, 2193 
lecithin/sphingomyelin ratio in, 2191-2192 
phosphatidylglycerol determination in, 2192 
Fetal RhD genotyping, 2165 
Fetus, 2153-2154 
anomalies of, 2165-2166 
development of 
female, 2109 
functional, 2159f, 2159-2160 
male, 2099-2101, 2101f 
fetal DNA in maternal plasma and, 1399 
health assessment of, 2160-2161, 2161f 
isoenzyme distribution in, 197 
maternal adaptation to, 2156-2157, 21581 
screening for anomalies of, 2167f, 
2167-2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 2169, 2169-2170, 
2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f, 21714, 2172f, 2173 
external proficiency testing and, 2179 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 
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Fever 
interleukin-6 and, 674 
as noncontrollable preanalytical variable, 
465-466, 466t 
Fexofenadine, 1312f 
Fiber optics for spectrophotometry, 68-69 
Fibrinogen 
analytical goals for, 365t 
critical values of, 2318t 
levels during pregnancy, 2157, 2158t 
special collection and storage conditions for, 
55t + 
Fibroblast 
interferon-o and, 696, 696f 
interleukin-i and, 659t 
interleukin-6 and, 671-675, 672f, 673t 
interleukin-17 and, 694 
tumor necrosis factor-o, and, 704 
Fibroblast growth factor subfamily of cytokines, 
648-649 
Fibronectin, fetal, 2186-2187 
Fibrosis 
in chronic hepatitis, 1817 
in cirrhosis, 1819 
tumor necrosis factor-o, and, 706 
Fick’s equation 
in passive gel diffusion, 225 
in radial immunodiffusion immunoassay, 
229 
Field method versus reference method, 370, 495, 
495f 
Filter, 27 
in fluorometry, 78 
in spectrophotometry, 66-67, 67f 
Filter paper for blood specimen, 46 
Filter photometer, 64 
Filtrate, 27 
Filtration, processing of solution and, 27 
Fingernail specimen, 54 
Fire extinguisher, 36, 36t 
Fire hazards, 35-36, 36t 
First-order kinetics, 1246, 1246f 
First-pass effect, 1244 
FISH. See Fluorescent in-situ hybridization. 
Fisher’s discriminant analysis, 416-418, 417f 
Fixed-angle centrifuge, 19 
Fixed-loop injector in liquid chromatography, 
158, 158¢ 
Fixed-wavelength photometer, 158-159, 
159t 
Flame emission spectrophotometry, 73 
electrolyte exclusion effect and, 988, 988t 
for magnesium, 1911 
for sodium and potassium, 984, 986 
Flame ionization detector, 151, 1534 153-154, 
154f 
Flame photometric detector, 153¢ 
Flameless atomic absorption 
spectrophotometry, 74 
Flammable solvents, 35 
Flask, volumetric, 18, 18f 
Flavin(s), 1094-1097, 1095f 
Flavin adenine dinucleotide 
riboflavin and, 1094-1097, 1095f 
thiamine and, 1091 
Flavin mononucleotide, 1094-1095, 1095f 
Flecainide, 1256t, 1258, 2307t 
Flow cytometer, 82-83, 83f, 293 
Flow cytometry 
in cytokine measurement, 722, 722f 
for hematuria, 812 
Flow imaging systems for hematuria, 812 
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Fludrocortisone 
relative potency of, 2009¢ 
suppression test of, 2021, 2021b 
Fluid retention 
in fever, 465 
prolonged bed rest and, 450 
smoking and, 457 
transfusion-telated, 467 
Flumazenil, 1332, 1332f 
Flunitrazepam, 1328, 1329f, 1332-1333 
Fluorescein dilaurate test, 1871-1872 
Fluorescence, 75 
limitations in measurement of, 83-84 
optical sensors and, 107 
polarization of, 76-77, 77f 
time relationships in, 75-76, 76f 
Fluorescence emission spectroscopy of plasma 
porphyrins, 1226, 1228f 
Fluorescence excitation transfer immunoassay, 
235b 
Fluorescence polarization fetal lung maturity 
test, 2190-2191 
Fluorescence polarization immunoassay, 1420- 
1421 
for aspirin, 1308 
in drug testing, 1293, 1318 
for barbiturates, 1327 
for benzodiazepines, 1332 
for cocaine, 1336 
for propoxyphene, 1347 
for serum thyroxine, 2076 
for thyroid hormone-binding ratio, 
2077 
Fluorescence quenching, 1420-1421 
Fluorescence resonance energy transfer, 1420- 
1421 
Fluorescent in-situ hybridization, 1435, 1464- 
1465, 1466f 
Fluorescent tabels, 1420-1421 
Fluorescent staining of nucleic acids, 
1419 
Fluorescently labeled primers, 1436-1437 
Fluoride, 1142-1143 
blood, 55t 
for glycolysis prevention in blood sample, 
869 
reference intervals for, 2270t 
special collection and storage conditions for, 
55t 
Fluorocarbon-based control materials, 1014- 
1012 
5-Fiucrodeoxyuridine, 1273 
Fluoroimmunoassay, 236-237, 237¢ 
Fluorometer 
in high-performance liquid chromatography, 
159f, 159-160 
time-resolved, 81-82 
Fluorometry, 75-84 
basic concepts in, 75-77, 75-77f 
cuvet in, 78-79, 79f 
excitation and emission monochromator in, 
78 
excitation source for, 77-78 
flow cytometer for, 82-83, 83f 
hematofluorometer for, 83 
limitations of, 83-84 
performance verification in, 80 
photodetector in, 78-80 
ratio-referencing spectrofluorometer for, 80- 
81, 81f 
in specimen identification, 278 
time-resolved fluorometer for, 81-82 
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Fluorophore 
as label used for nonisotopic immunoassay, 
231t 
properties of, 237t 
Fluoroquinolones, 1265, 1266f 
5-Fluorouracil, 1273, 2064t 
Fluoxetine, 1269, 12704, 1271, 2307t 
Fluphenazine, 1311t 
Plurazepam, 13284, 1330f 2307¢ 
EMN. See Flavin mononucleotide. 
FO.Hb. See Fractional oxyhemoglobin. 
Foam Stability Index, 2192-2193 
Focal atelectasis, 2166 
Focal glomerulosclerosis, 567, 1705 
Folate 
malnutrition and, 456 
reference intervals for, 2270f 
special collection and storage conditions for, 
55t 
Folic acid, 1109-1114, 1110-1112f 
oral and intravenous intakes of, 1076£ 
special collection and storage conditions for, 
55t 
Folin-Ciocalteu method for serum total protein, 
588 
Follicle-stimulating hormone, 1020t, 1984-1988, 
2097, 2098, 2109 
analytical goals for, 364¢ 
for assessment of ovarian reserve, 2127 
biochemistry of, 1984-1985, 1985f 
gonadotropin-releasing hormone stimulation 
test for, 1989b 
mate puberty and, 2101-2102 
measurement of, 1985-1987, 1987t 
menstrual cycle and, 2113, 2113 
ovulation and, 2114 
polycystic ovary syndrome and, 2115 
precocious puberty and, 2111 
reference intervals for, 2270t 
Follicular lymphoma, 1464-1465, 1466f 
Follicular phase of menstrual cycle, 2112 
Follistatin, 1022¢ 
Follitropin, 1984 
Fomepizole, 1314 
Food and Drug Administration, 1555 
Food influence on cortisol concentrations, 2014 
Food ingestion as controllable preanalytical 
variable, 454-455, 455¢ 
for total calcium, 1897-1898, 1898f 
for trace elements, 1121 
Force, SI unit of, 6¢ 
Forensic DNA typing, 1541-1545, 1542#, 15434, 
1547 
Formalin, 51 
Fortovase, See Saquinavir. 
Fourier transform infrared detector, 153t 
FPG. See Fasting plasma glucose. 
FPIA, See Fluorescence polarization 
immunoassay. 
Fractional oxyhemoglobin, 1003-1004 
Fractionated metanephrines 
pheochromocytoma and, 1047-1048 
urine, 1060-1061, 10612 
Fragile X syndrome, 1500f 1500-1501, 1502f 
FRAP. See Ferric reducing ability of plasma 
assay. 
Free blood testosterone, 2129-2131, 21304, 
2131t 
Free calcium, 1896, 1899-1902, 1900f, L901f 
1902 
interpretation of results, 1903-1904, 1904, 
1905f 
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Free calcium (Continued) 
in normal plasma, 1893¢ 
parathyroid hormone and, 1913, 1914f 
reference intervals for, 1903, 2258t 
sources of preanalytical error in, 1902-1903 
values during pregnancy, 2158t 
Free catecholamines, 1059-1060, 1060¢ 
Free cortisol 
urine, 2016, 2016f, 2034 
in Cushing’s syndrome, 2025, 2026 
measurement of, 2038-2039 
urine specimen preservatives and, 51£ 
Free drug, 1244-1245 : 
Free estriol, 2268t 
Free fatty acids 
ketone bodies and, 875 
smoking and, 457 
special collection and storage conditions for, 
55t 
Free hydrochloric acid, 1858 
Free magnesium, 1912, 2284¢ 
Free metanephrines 
pheochromocytoma and, 1047-1648 
reference intervals for, 2284t 
Free radical, label used for nonisotopic 
immunoassay, 231t 
Free steroids, 2034 
Free testosterone, 2129-2130, 2130t 
in hirsutism and virilization, 2118 
reference intervals for, 2295t 
Free thyroid hormones, 2073-2083 
direct reference methods for, 2074-2075 
free thyroxine index and, 2078-2079 
hypothyroidism versus euthyroid sick 
syndrome and, 2062-2063 
indirect methods for, 2075-2076 
selection and use of tests for, 2081-2082 
thyroid hormone-binding ratio and, 2076- 
2078, 2078t 
thyroxine-binding globulin ratio and, 2080- 
2081 
Free thyroxine, 2056-2057 
analytical goals for, 365t 
calculation of free thyroxine index and, 2078- 
2079 
hyperthyroidism and, 2060-2061 
hypothyroidism and, 2059 
reference intervals for, 2298t 
thyroxine-binding globulin and, 2080-2081 
ultrafiltration procedure for, 2074 
values during pregnancy, 2158t 
Free thyroxine index, 2078t, 2078-2079, 2298t 
Free triiodothyronine 
direct reference methods for, 2074-2075 
indirect methods for, 2075-2076 
reference intervals for, 2300¢ 
thyroxine-binding globulin and, 2080-2081 
Free triiodothyronine index, 2078-2079 
Freeze drying, 27 
Freezing point, osmotic pressure and, 992 
Freezing point depression osmometer, 993f, 
993-994 
Frequency, SI unit of, 6t 
FRET. See Fluorescence resonance energy 
transfer. 
Friedewald equation, 948-949, 949b 
Front-surface reflectance fluorometry, 278 
Frozen specimen, transportation of, 56 
Fructofuranose, 839, 839f 
Fructokinase, 889 
Fructopyranose, 839, 839f 
Fructosamine, 884-886, 885f, 2270t 


Fructosan, 839 
Fructose, 839, 839f, 841, 841f 
metabolic disorders of, 889 
qualitative tests for, 889-896 
Fructose-1-phosphate aldolase deficiency, 889 
FSH. See Follicle-stimulating hormone, 
Fugacity, 1000 
Fumaric acid, 2270¢ 
Fumarylacetoacetase defect, 2212-2213t 
Fume hood, 28 
Functional hemolytic assay for C4 deficiency, 
569 
Functional hypoglycemia, 866-867 
Functional proteinuria, 576 
Fundacion Bioquimica Argentina, 943b 
Furosemide 
effects on thyroid function, 2064t 
stimulation test of, 20208, 2020-2021 
Fused hybrid cell, 221 
Fusidic acid, 1268 


G 


G-protein-coupled receptor, 1027-1029, 1029f 
G6PD. See Glucose-6-phosphate dehydrogenase. 
GABA. See Gamma-aminobutyric acid. 
Gabapentin, 1250#, 1254, 2307¢ 
Gabitril. See Tiagabine. 
Galactokinase deficiency, 889 
Galactopoietic hormone, 1977 
Galactorrhea, 2104 
Galactose, 915 
metabolic disorders of, 888-889 
special collection and storage conditions for, 
55t 
Galactose-1-phosphate uridyl transferase 
deficiency, 889 
Galactosemia, 888 
Galactosylceramide, 914f, 915 
Galactosyltransferase, 755¢ 
Galanin, 1024¢, 1875t 
Gallbladder, 1778f, 1779 
enteric nervous system of, 1045 
gallstones and, 1823 
tumor of, 1825 
Gallstones, 1823 
Gamma-aminobutyric acid 
barbiturates and, 1325 
benzodiazepines and, 1329 
effect on anterior pituitary hormones, 1968¢ 
1969 
structure and molecular weight of, 536¢ 
Gamma-aminobutyric acid analogs-agonists, 
1254 
Gamma-butyrolactone, 1337, 1337f 
Gamma-carboxyglutamyl, 1088 
Gamma-globulin 
mainutrition and, 455 
racial differences in, 462 
Gamma-glutamylcysteine synthetase, 631 
Gamma-glutamyltransferase, 612-613 
alcohol ingestion and, 458 
in diagnosis of liver disease, 1797 
distribution of, 217 
EC number, systemic and trivial names, and 
abbreviation of, 192 
influence of blood collection site on, 49, 49t 
reference intervals for, 2271£ 
as tumor marker, 755t 
Gamma-hydroxybutyrate, 1336-1338, 1337f 
Gamma radiation, internal conversion and, 22 
Ganciclovir, 1268t 
Gangliosides, 915 


Garamycin. See Gentamicin. 
Gas(es), behavior of, 999-1001, 1000¢ 
Gas chromatography, 149-155, 150-152f, 153¢, 
154f, 155f 
for amino acids, 540 
basic concepts in, 141, 142f 
for blood progesterone, 2137 
for carbon monoxide, 1297 
for cortisol, 2036 
for drug screening, 1294 
instrumentation in, 149-155 
carrier gas supply and flow control in, 150- 
151 : 
column technology and, 149-150, 150¢t 
computer in, 154-155, 155f 
detectors in, 153i, 153-154, 154f 
injector in, 151, I51f, 152f 
sample extraction and, 155 
temperature control and, 151-153 
for plasma vanillylmandelic acid, 1061 
Gas chromatography-mass spectrometry, 141, 
182 
for amphetamine and methamphetamine, 
1324-1325 
for barbiturates, 1327-1328 
for benzodiazepines, 1333 
for blood estrogens, 2134-2135 
for blood progesterone, 2137 
for cocaine, 1336 
for cortisol, 2036 
for gamma-hydroxybutyrate, 1337-1338 
for inborn errors of organic acid metabolism, 
2237 
for lysergic acid diethylamide, 1338-1339 
for methadone, 1345-1346 
for opiates, 1344 
for phencyclidine, 1348 
for propoxyphene, 1347 
for tetrahydrocannabinol, 1335 
for total testosterone in blood, 2127 
Gas exchange in lung, 1763, 1764f 
Gas-filled detector of radiation, 23 
Gas-liquid chromatography, 149, 1248, 1294 
Gas-solid chromatography, 149 
Gastric acid secretion, 1850-1851 
Gastric cancer markers 
CA 50 in, 773 
CA 72-4 in, 774 
carcinoembryonic antigen in, 768-769 
cathepsins in, 763 
colorectal cancer gene in, 785 
epidermal growth hormone receptor in, 780 
heat shock proteins in, 776 
lactate dehydrogenase in, 756 
telomerase in, 765 
tumor-associated trypsin inhibitor in, 764 
Gastric inhibitory polypeptide, 10231, 1876 
Gastric juice, 1858-1859 
Gastrin, 10234, 1851, 1874t, 1874-1875 
morphine and, 459 
plasma, 1877 
special collection and storage conditions for, 
55t 
as tumor marker, 765t 
Gastrinoma, 1877 
Gastroenteritis, 547 
Gastrointestinal bleeding, 1220-1221 
Gastrointestinal tract, 1849-1889 
anatomy and physiology of, 1849-1851, 1850f 
bacterial overgrowth in, 1864b, 1864-1865, 
1865t 
basal acid output and, 1858-1859 
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Gastrointestinal tract (Continued) 
bile sait malabsorption and, 1865-1866 
carcinoid tumor of, 1052-1054 
celiac disease and, 1859-1862, 1860f, 1861z, 
1862f 
chronic diarrhea and, 1881b, 1881-1883, 
1882f 
cystic fibrosis and, 1867, 18675 
digestion and absorption process and, 1851- 
1855, 1852f, 1853t, 1855f 
disaccharidase deficiencies and, 1862¢, 1862- 
1864, 1863b, 1864 
enteric nervous system of, 1045 
evaluation of fat absorption in, 1878-1881, 
18791, 1880b, 1880¢ 
hormones of, 1023t 
loss of hydrogen chloride via, 1773 
neuroendocrine tumors of, 1877-1878 
pancreas and, 1867-1873 
invasive tests of exocrine function of, 
1868-1869, 1869f, 1869t 
noninvasive tests of exocrine function of, 
1869-1873, 1870t, 1871-1873f 
pancreatitis and, 1867-1868, 1868b 
pediatric disorders of, 1867, 18676 
peptic ulcer disease and, 1856-1858, 18578, 
1857f 
protein-losing enteropathy, 1866-1867 
regulatory peptides of, 1872-1876, 1874t, 
1875t 


tyrosine hydroxylase expression of, 1044-1045 


Gatifloxacin, 1265, 1266f 
Gaucher’s disease, 625 
Gaussian distribution, 434, 435, 435f 
in nonparametric regression analysis, 388- 
389 
in parametric method for determination of 
percentile, 437 
testing fit to, 439-440 
Gay-Lussac’s law, 1000, 1000t 
GCS. See Gamma-glutamylcysteine synthetase. 
GDP. See Guanosine diphosphate. 
Geiger counter, 23 
Gel electrophoresis, 123-124, 1463 
Gei-filtration chromatography, 144, 145f 
Gej-permeation chromatography, 144 
Gel separation tube additives, 44t 
Gelatin zymography, 763 
Gem Premier cartridge-based critical care 
antinuclear analyzer, 307, 307f 
Gender 
as noncontrollabie preanalytical variable, 
4621, 463 
in partitioning of reference group, 430, 431b 
reference intervals for catecholamines and, 
1056 
Gender markers, 1542-1543, 1543¢ 
Gene, 1396 
Gene array expression measurements, 419-420 
Gene deletion, 1514 
Gene dosage, 1514 
Gene duplication, 1514 
Gene enhancers, 1396 
Gene expression, 1128 
Gene inversion, 1514 
Gene promoters, 1396, 1398 
General elution problem, 148 
General gas equation, 1000 
Genetic(s), 1397-1398 
of acute porphyrias, 1216 
of albumin, 548 
of alpha,-acid glycoprotein, 550 
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Genetic(s) (Continued) 


of alpha,-antitrypsin, 552 
of alpha,-macroglobulin, 554 
of C3 complement, 567 
of C4 complement, 568-569 
of congenital erythropoietic porphyria, 1218- 
1219 
of enzyme variants, 194f, 194-195 
of erythropoietic protoporphyria, 1219 
of haptoglobin, 561 
of hematopoietic neoplasms, 1457-1482 
acute myeloid leukemia in, 1466-1469, 
1468t, 1469-1471f 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f, 1473f 
detection of viral genomes in, 1475f, 1475- 
1476 
immunoglobulin-gene rearrangements in, 
1458f, 1458-1460, 14594, 1460f 
in situ hybridization in, 1476 
lymphoma-specific recurrent 
chromosomal translocations in, 1463- 
1466, 14651, 1466f 1467f 
minimal residual disease detection and 
monitoring in, 1474 
oncogene and tumor suppressor gene 
mutations in, 1472f, 1472-1474 
PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463f 
potential of microarrays in, 1476 
Southern blot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f 1461-1462, 1462f 
T-cell receptor gene rearrangements in, 
1460f, 1460-1461 
use of reverse-transcription PCR in 
chromosomal translocations in, 1471- 
1472 
pharmacogenetics and, 1589-1616 
N-acetyl transferases and, 1603-1609, 
1605-16074, 1608f 
approaches to, 1590-1592, 1591¢ 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
16014, 16021, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 
1596-15971, 1598f, 1599f 
targets and future directions in, 1609-1611, 
1610¢ 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyitransferase and, 1592- 
1595, 1593f, 1594f 
of porphyria cutanea tarda, 1218 
of transferrin, 563 
of transthyretin, 563-564 
of type 1 diabetes mellitus, 856 


Genetic disorders, 1483-1538, 2207-2247 


alpha,-antitrypsin deficiency in, 551 
autosomal dominant, 1491-1496 
achondroplasia in, 1491-1492 
Charcot-Marie-Tooth disease in, 1492- 
1493 
Huntington’s disease in, 1493f, 1493-1496, 
1495b, 1495f 
autosomal recessive, 1483-1491 
carbamyl phosphate synthetase I deficiency 
in, 1489-1491, 1490f 
cystic fibrosis in, 1484-1486, 1485b, 14867, 
1487f 
hereditary hemochromatosis in, 1486- 
1489, 1488f 
of bile acid metabolism, 1786b 
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Genetic disorders (Continued) 
of bilirubin metabolism, 1198-1199 
catecholamines and, 1050-1052, 1051¢ 
cause of celi damage or death, 214t 
ceruloplasmin deficiency in, 557-558 
complement C3 deficiency in, 567 
fatty acid oxidation disorders in, 2230-2237, 
2231f, 2234-2235t 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
haptoglobin deficiency in, 560 
hepatic, 1814-1816 
inborn errors of amino acids in, 539, 2211- 
2221, 2212-2217 
analytical considerations in, 2237 
homocystinuria in, 2219f, 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
tyrosinemia type 1 in, 2217-2219, 2218f 
2219f 
urea cycle defects in, 2220-2221 
inherited breast cancer in, 1508-1509 
inherited colon cancer and, 1509-1513, 1510, 
1511f 
Leber hereditary optic neuropathy in, 1503 
Leigh syndrome in, 1503-1504, 1504f 
organic acid disorders in, 2221-2230, 2224- 
2229t 
analytical considerations in, 2237-2242, 
2238-2241t 
ethylmalonic encephalopathy in, 2230, 
2230f 
glutaric acidemia type I in, 2230 
isovaleric acidemia in, 2222-2223, 2223f, 
2230 
propionate disorders in, 2222, 2223f 
Prader-Willi and Angelman syndromes in, 
1504-1506, 1505f 1506t 
reporting of test results in, 1513 
thrombophilia in, 1506-1508 
X-linked, 1496-1502 
Duchenne’s muscular dystrophy in, 1498- 
1500 
fragile X syndrome in, 1500f 1500-1501, 
1502f 
hemophilia A in, 1496-1498, 1498f 
Genetic markers, 780-786 
oncogenes in, 780t, 780-783 
PTEN tumor suppressor gene in, 785 
single nucleotide polymorphisms in, 
785-786 
tumor suppressor genes in, 783f, 783-785 
Genetic testing 
in autosomal dominant diseases, 1491-1496 
achondroplasia in, 1491-1492 
Charcot-Marie-Tooth disease in, 1492- 
1493 
Huntington's disease in, 1493f 1493-1496, 
1495b, 1495f 
in autosomal recessive diseases, 1483-1491 
carbamyl phosphate synthetase I deficiency 
in, 1489-1491, 1490f 
cystic fibrosis in, 1484-1486, 1485b, 1486¢, 
1487f 
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Genetic testing (Continued) 
hereditary hemochromatosis in, 1486- 
1489, 1488f 
in breast cancer, 1508-1509 
in colon cancer, 1509-1513, 1510f 1511f 
consent for, 1452-1453 
in Leber hereditary optic neuropathy, 1503 
in Leigh syndrome, 1503-1504, 1504f 
in Prader-Willi and Angelman syndromes, 
1504-1506, 1505f 1506t 
quality control in, 1455 
reporting of results in, 1453-1454, 1513 
in thrombophilia, 1506-1508 
in X-linked diseases, 1496-1502 
Duchenne’s muscular dystrophy in, 1498- 
1500 
fragile X syndrome in, 1500f 1500-1501, 
1502f 
hemophilia A in, 1496-1498, 1498f 
Geneva classification of fatty acids, 908, 909% 
Genital warts, 1565-1566 
Genome, 1396 
bacterial, 1410 
identity testing and, 1539-1541, 1540f 
viral, 1410, 1475f, 1475-1476 
Genomics, nanotechnology and, 252-253, 253f 
Genotyping, 1589-1616 
N-acetyl] transferases and, 1603-1609, 1605- 
16074, 1608f 
approaches to, 1590-1592, 1591¢ 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
16014, 1602t, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 1596- 
1597#, 1598f 1599f 
fetal RhD, 2165 
of hepatitis C virus, 1803 
in hereditary hematochromatosis, 1814 
of human immunodeficiency virus, 1569- 
1570 
targets and future directions in, 1609-1611, 
1610¢ 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 15936 1594f 
Gentamicin, 1262-1265, 1263¢ 
analytical goals for, 365t 
creatine clearance and, 1264t 
pharmacokinetics of, 1262t 
therapeutic and toxic levels of, 2307-2308 
Geographical influence on body fluid 
composition, 463 
Geopen. See Carbenicillin. 
Gerhardt’s ferric chloride test, 876 
Germ cell tumor markers, 753¢ 
alpha-fetoprotein in, 767-768 
lactate dehydrogenase in, 756 
Gestational diabetes mellitus, 855, 8614 861-862 
GFR. See Glomerular filtration rate. 
GGT. See Gamma-glutamyltransferase. 
GH. See Growth hormone. 
GH-IH. See Growth hormone-inhibiting 
hormone. 
GH-RH. See Growth hormone-releasing 
hormone. 
GHB. See Gamma-hydroxybutyrate. 
Ghrelin, 1023¢, 18752, 1970 
Gibbs-Donnan equilibrium, 1750 
Giga, metric prefix of SI unit, 7t 
Gilbert’s syndrome, 1198-1199, 1220 
GIP. See Gastric inhibitory polypeptide. 
Gitelman’s syndrome, 1710 


Glass electrode in potentiometry, 96 
GLD. See Glutamate dehydrogenase. 
Glisson’s capsule, 1778 
Globin chains, 1166f, 1166-1167, 1167f 
analysis of, 1177, 1177f 
synthesis of, 1168-1169, 1170f 
Globosides, 915 
Globular proteins, 542 
Glomerular basement membrane, 1672, 1674f 
Glomerular diseases, 1702-1706, 1703f, 1705f 
Glomerular filtration rate, 818-826, 1683-1686, 
16844, 1685¢, 1686f 
age and, 824, 826t 
circadian variation in, 452 
creatinine clearance and, 821f, 821-823, 822f 
cystatin C and, 823-824, 824f 
in diabetic nephropathy, 1700, 1700t 
in end-stage renal disease, 1698, 1698f 
inulin clearance and, 820 
iohexol clearance and, 820 
low molecular weight proteins and, 823 
markers for, 819£ 
during pregnancy, 465, 2157 
radioisotopic markers of, 818-819 
reference intervals for, 824-826, 8251, 2270t 
stages of chronic kidney disease and, 1690¢ 
Glomerular permeability, 812-818 
Bence Jones proteinuria and, 815 
characterization of proteinuria and, 817-818 
dipstick test for, 809 
measurement of total protein and, 813, 813f 
814t 
myoglobinuria and, 815-817 
sample collection for, 812-813 
tubular proteinuria and, 817 
urinary albumin and microalbuminuria 
screening and, 814-815, 816f 
Glomerular proteinuria, 575-576, 16874, 1687- 
1688 
Glomerular sieving coefficient, 1686, 1686f 
Glomerulonephritis, 567, 567 
Glomerulosclerosis, 567 
Glomerulus 
anatomy of, 1672-1673, 1674f 
changes in nephrotic syndrome, 1705f 
permeability and filtration, 1686-1687 
Glucagon, 849, 1023¢ 
in amniotic fluid, 2270t 
growth hormone release and, 1973f 
Measurement of, 850b, 851, 853 
reference intervals for, 2270t 
Glucagon-like peptide 1, 1875t 
Glucagon-like peptide 2, 1875t 
Glucoamylase complex, 1853t 
Glacocorticoid-suppressible aldosteronism, 
2031 
Glucocorticoids 
alpha,-acid glycoprotein and, 549 
effects on thyroid function, 2064t 
in growth hormone suppression, 1970 
haptoglobin and, 560 
structure of, 2007-2008, 2008f, 2009f 
Glucokinase, 841 
Gluconeogenesis, 843, 844f, 1043 
Glucosans, 839 
Glucose, 837 
in amniotic fluid, 2156t 
autoregulation of, 849 
blood, 868-875 
alcohol ingestion and, 457 
C-peptide and, 851, 853 
detection with biosensor, 109 


Glucose (Continued) 
effects of exercise on, 451 
fasting and starvation and, 456 
glucagon and, 851, 853 
glucose dehydrogenase methods for, 871 
glucose oxidase methods for, 870-871 
glycated hemoglobin concentration and, 
879-880 
growth hormone and, 1971 
hexokinase methods for, 869-870 
hormonal regulation of, 841-853 
hypoglycemia and, 864-868, 865b 
insulin and, 843-849, 845f, 846f, 8474, 
848f 
minimally invasive monitoring of, 875 
neonatal, 460 
proinsulin and, 850-851, 853 
reference intervals for, 871-872, 227it 
self-monitoring of, 873-875 
specimen collection and storage for, 868- 
869 
vegetarianism and, 456t 
carbohydrates metabolism and, 841-853 
C-peptide measurement and, 853 
clinical! utility of measurement of 
hormones in, 850b, 850-851 
counterregulatory hormones and, 849-850 
digestion and absorption in, 841, 842f 
glucagon measurement and, 853 
inborn errors of, 888-890 
insulin antibodies assays and, 853 
insulin-like growth factors and, 849 
insulin measurement and, 851-853 
insulin regulation of, 843-849, 845f, 846f, 
8474, 848f 
intermediary, 841, 842f, 843t 
proinsulin measurement and, 853 
somatostatin and, 850 
thyroxine and, 850 
chromium deficiency and, 1125 
critical values of, 2317t 
diet and, 454 
Embden-Meyerhof pathway and, 626-630, 
630f 
food ingestion and, 454 
glycated hemog!obin concentration and, 879 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
malnutrition and, 455-456 
measurement of, 868-875 
analytical goals for, 364t 
dipstick test for, 810-811 
giucose dehydrogenase methods in, 871 
glucose oxidase methods in, 870-871 
glucose reference intervals and, 871-872 
hexokinase methods in, 869-870 
methods for, 868¢ 
microchip-based assay for, 256 
minimally invasive monitoring of blood 
glucose and, 875 
point-of-care testing and, 305f, 305-307, 
306f 
self-monitoring of blood glucose and, 873- 
875 
specimen collection and storage for, 868- 
869 
stick tests for, 301¢ 
units for, 7t 
urine glucose measurement in, 872b, 872- 
873 
osmotic coefficient of, 993 
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Glucose (Continued) 
plasma 
blindness and, 465 
circadian variation in, 452 
fasting, 859 
racial differences in, 463 
reference intervals for, 871 
seasonal influences on, 464 
shock-related changes in, 466 
smoking and, 457 
proximal tubule reabsorption of, 1679 
reference intervals for, 2270-2271 
serum, 47t i 
smoking and, 457, 457t 
in testing for bacterial overgrowth, 1865 
transport of, 8471, 847-849 
urine, 871-873, 872b 
vegetarianism and, 456t 
Glucose-6-phosphate, 627 
Glucose-6-phosphate dehydrogenase, 630-631 
deficiency of, 630-631, 6314, 890 
determination of, 634 
immunoassay detection limits of, 233t 
reference intervals for, 2271t 
special collection and storage conditions for, 
55t 
Glucose dehydrogenase, 871 
Glucose-dependent insulinotropic peptide, 
1874t, 1876 
Glucose meter, 873-875 
Glucose oxidase, 838, 868%, 870-871 
Glucose phosphate isomerase, 628, 634-635 
Glucose sensor, 110, 115f 115-116 
Glucose suppression of growth hormone test, 
1972b 
Glucose transporters, 8474, 847-849, 1701 
Glucosylceramide, 914f 915 
Glucotoxicity, 857 
GLUT-1 transporter, 1701 
Glutamate dehydrogenase, 607 
in assay for ammonia, 1791 
in assay for urea, 803 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
Glutamic acid 
reference intervals for, 2271t 
structure and molecular weight of, 535¢ 
Glutamic acid decarboxylase antibodies, 856 
Glutamine 
reference intervals for, 2271r 
structure and molecular weight of, 535¢ 
Glutaric acid, 2271 
Glutaric acidemia type 1, 2228-2229, 2230 
Glutaric acidemia type I], 2234-2235t 
Glutaryl-CoA dehydrogenase defect, 2228-2229 
Glutarylcarnitine, 2271-2272 
Glutathione pathway, 631-632 
Glutathione peroxidase, 632 
selenium and, 1134, 1136 
Glutathione reductase, 632 
Glutathione S-transferase, 613-614 
Glutathione synthase defect, 2228-222% 
Glutathione synthetase, 631-632, 635 
Gluten-sensitive enteropathy, 1859-1862, 1860f, 
18616, 1862¢ 
Glutethimide, 2308¢ 
Glycated hemoglobin, 879, 879#, 879-884, 8811, 
883f, 2272t 
Glycated proteins, 878-886 
advanced glycation end products and, 886 
fructosamine and, 884-886, 885f 
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Glycated proteins (Continued) 
glycated hemoglobin and, 879f, 8794, 879- 
884, 8814, 883f 
Glycation, 879 
Glycemic conirol in diabetes mellitus, 862-863 
Glyceraldehyde, 837, 838f 
Glyceric acid, 2272t 
p-Glyceric dehydrogenase defect, 2228-2229 
Glycerides, 913f, 913-914, 914f 
Glycerol, 837 
fasting and starvation and, 456 
triglyceride blanks and, 944-945 
Glycerol blanking, 956 
Glycerol esters, 9136 913-914, 914f 
Glycerol kinase defect, 2228-2229t 
Glyceroluria, 2228-2229 
Glycerophosphate, 944 
Glycine, 537 
nonketotic hyperglycinemia and, 2221 
reference intervals for, 2272t 
structure and molecular weight of, 534t 
Glycine cleavage system defect, 2214-2215t 
Glycogen, 839-840, 840f 
hepatic storage of, 1792 
intermediary metabolism of, 841, 842f 
Glycogen phosphorylase, 603f, 603-604 
Glycogen storage diseases, 890-891, 1820, 1820t 
Glycogenesis, 841-843 
Glycogenolysis, 843, 844f 
epinephrine stimulation of, 1043 
fever and, 465 
Glycohemoglobins, 879 
Glycol aldehyde, 837, 838f 
Glycolic acid, 2272t 
Glycolysis, 843, 869, 1043 
Glycoproteins, 840-841, 841f 
Glycosyl transferases, 1130 
Glycosylceramidase, 1853 
Glycylglycine, 612 
Glyoxylic acid, 2272t 
GM-CSF, See Granulocyte-macrophage colony 
stimulating factor. 
Gn-RH. See Gonadotropin-releasing hormone. 
Goal-oriented concept of health, 427 
Goiter, 2057-2059 
Gold electrode in potentiometry, 94-95 
Goid salts, 1708¢ 
Gold standard, 366, 410 
Gonadotrope, 1967 
Gonadotropin(s), 1025, 1984-1988 
biochemistry of, 1984-1985, 1985f 
measurement of, 1985-1987, 1987t 
neurotransmitter effect on, 1968t 
urine, 1987-1988 
Gonadotropin-releasing hormone, 1020¢, 1968 
male, 2097, 2098f 
menstrual cycle and, 2113 
stimulation test of, 2111 
Gonadotropin-releasing hormone-dependent 
` precocious puberty, 2111 
Good Manufacturing Practices, 1555 
Goodpasture’s syndrome, 1703 
Gout, 805-806 
GPI. See Glucose phosphate isomerase. 
Gradient elution, 148 
in liquid chromatography, 157-158 
Graduated pipette, 15, 15f, 15t 
Graft-versus-host disease 
cholestasis and, 1823 
human leukocyte antigen typing and, 1548 
interleukin-10 and, 680 
Granulocyte, 664 
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Granulocyte-macrophage colony stimulating 
factor 
interferon-o& and, 697 
interleukin-3 and, 665 
interleukin-18 and, 695 
Granulosa cell, 2104 
Graphite furnace atomic absorption 
spectrophotometry, 74 
Grating in spectrophotometry, 67 
Grating monochromator, 78 
Graves’ disease, 2060-2061, 2085 
neonatal, 2163 . 
Gravimetry, 23-25 ` 
Group B streptococcus, 1572-157 
Group-specific component, 1922 
Growth and development 
growth hormone deficiency states and, 1972- 
1974, 1973t, 1974b 
hormonal control of, 1025 
zinc role in, 1139-1140 
Growth factors, 1025t 
Growth hormone, 1020#, 1969-1976 
biochemistry of, 1969-1970 
blood, 1974-1976 
circadian variation in, 452 
clinical significance of, 1971-1974, 1972b, 
1972f, 1973t, 1974b 
fasting and starvation and, 456 
food ingestion and, 454 
gastrointestinal, 1875t 
hypoglycemia and, 866 
influence of altitude on, 463 
narcolepsy and, 652 
neurotransmitter effect on, 1968¢ 
physiological actions of, 1970-1971 
reference intervals for, 2272t 
regulation of secretion of, 1970, 
1970f 
role in blood glucose concentration, 
849-850 
smoking and, 457 
travel-related changes in, 453 
as tumor marker, 765t 
urine, 1974-1976 
Growth hormone-inhibiting hormone, 
1020¢ 
Growth hormone-releasing hormone, 10204, 
1875t, 1968 
GSH-Px. See Glutathione peroxidase. 
GSH-S. See Glutathione synthetase. 
GSR. See Glutathione reductase. 
GST. See Glutathione S-transferase. 
Guanine, 1394, 1394f 
Guanosine diphosphate, 1629 
Guanosine triphosphatase, 1029 
Guanosine triphosphate cyclohydrolase I defect, 
2212-2213t 
Guard column, 157 
Giinther disease, 1218-1219 
Gynecomastia, 2029, 2104 
Gyrate atrophy of retina, 2214-2215 
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HAART. See Highly active antiretroviral 
therapy. 
Hair analysis 
for arsenic, 1377 
for drugs, 1349-1350 
for lead, 1380 
for mercury, 1382 
specimen collection for, 54 
for zinc, 114] 
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Hairy cell leukemia 
interferon-c for, 653 
tartrate-resistant alkaline phosphatase and, 
625 
Halcion. See Triazolam. 
Haldane effect, 1761 
Haldol. See Haloperidol. 
Haif-cell, 93 
Half-life 
of drug, 1242 
of radioactive material, 22 
Haloperidol, 1270t, 1272, 2308¢ 
Haploid, term, 1514 
Haploinsufficiency, 1514 
Haplotype, 1409, 1409f 
Hapten, 220 
Haptoglobin, 559-562, 560f, 560t, 561f 
properties of, 544¢ 
reference intervals for, 5454, 2272t 
Hardware for computing, 476-477, 477f, 477t 
Hartnup disease, 1116, 2216-2217t 
Hashimoto’s disease, 2085 
Hashish, 1333 
Hawkinsinuria, 2212-2213t 
Haworth formula, 838-839, 839f 
Hazardous material training, 33 
Hazards in laboratory, 30-36 
biological, 31-33, 32f 
chemical, 33-35, 34t 
electrical, 35 
fire, 35-36, 36t 
identification of, 30-31, 31f 
HC2 test, 1565 
hCG. See Human chorionic gonadotropin. 
HE4 protein, 772 
Headspace gas chromatographic analysis, 1302 
Health, concept in relation to reference values, 
427 
Health informatics, 475 
Health Insurance Portability and Accountability 
Act, 479, 480¢ 
Heart 
anatomy of, 1619-1621, 1620f 
cardiotoxicity of tricyclic antidepressants and, 
1309 
creatine kinase and, 598-599 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
hormones of, 1024f 
physiology of, 1621f, 1621-1622, 1622f 
transaminase activities in, 605t 
Heart disease, 1619-1670 
acute coronary syndromes and, 1623% 1623- 
1629, 1624f 
atherosclerosis and, 1627 
cardiac markers in, 1628-1629 
chronobiology of, 1625 
clinical history in, 1625-1626 
diagnosis of acute myocardial infarction 
and, 1627-1629, 16286 
myocardial changes following acute 
myocardial infarction, 1626-1627 
precipitating factors in, 1624-1625, 1625b 
prognosis in, 1625 
cardiac biomarkers and, 1629-1635 
adhesion molecules in, 1635 
brain natriuretic peptide in, 1629-1631, 
1631f 
C-reactive protein in, 556, 962-967, 963- 
967f, 9668, 1633 
cardiac troponin I and T in, 1629, 1629b, 
1630f 


Heart disease (Continued) 
choline in, 1635 
clinical utility of, 1643-1645, 1644f 
creatine kinase isoenzymes and isoforms 
in, 1631-1632, 1642-1643, 1652, 
1652f, 1660 
cytokines in, 1633-1634 
ischemia modified albumin in, 1635 
isoprostanes in, 1635 
lactate dehydrogenase isoenzymes in, 1632- 
1633, 1633, 1643, 1653 
matrix metalloproteinases in, 1634 
monocyte chemotactic protein in, 1634 
myeloperoxidase in, 1634 
myoglobin in, 1632, 1643, 1653 
nourin in, 1635 
oxidized low-density lipoproteins in, 1634 
phospholipase A2 in, 1634 
placental growth factor in, 1634 
pregnancy associated plasma protein A in, 
1634 
sCD40 ligand in, 1633 
secreted platelet granular substances and, 
1634-1635 
serum amyloid in, 1633 
tissue plasminogen activator antigen in, 
1634 
tumor necrosis factor-a in, 1634 
unbound free fatty acid in, 1635 
urinary thromboxane in, 1635 
cardiac physiology and, 1621% 1621-1622, 
1622 
cholesterol and, 924-928, 927f 
chromium deficiency and, 1125 
congestive heart failure and, 1622-1623 
copper deficiency and, 1129 
diabetes mellitus and, 1695, 1695t 
in dialysis patient, 1723-1724, 1724f 
homocysteine and, 967f, 967-968 
portal hypertension in, 1793 
selenium and, 1136, 1383 
vitamin E and, 1085-1086 
Heart rate, posture and, 449 
Heat, inactivation of enzymes by, 193 
Heat shock proteins, 582, 776 
Heavy chain disease, 573 
Heavy chain of immunoglobulin, 569-570 
Heavy metals, 1371-1390 
aluminum in, 1374-1375, 1375f, 1699 
analytical methods for, 1373-1374 
antimony in, 1375-1376 
arsenic in, 1376f, 1376-1377 
beryllium in, 1377 
cadmium in, 1377-1378 
chromium in, 1378 
classification of, 1372-1373, 1373f 
cobalt in, 1378 
copper in, 1378-1379 
diagnosis of toxicity, 1372, 1372t 
iron in, 1314-1315, 1379 
lead in, 1379f, 1379-1381, 1380f 
manganese in, 1381 
mercury in, 1381-1382, 1383f 
nickel in, 1383 
occupational monitoring of, 1372 
platinum in, 1383 
prevalence of toxicity, 1371-1372 
selenium in, 1383-1384 
silicon in, 1384 
silver in, 1384 
thallium in, 1384 
Hecto, metric prefix of SI unit, 7t 


Height equivalent of theoretical plate, 148 
Heinz bodies, 1689 
Helena SPIFE 3000 automated electrophoresis 
system, 124 
Helicobacter pylori, 1856-1858, 1857b, 1857f 
Helium, degassing in liquid chromatography, 
161 
Helium-cadmium laser, 66, 66t 
Helium-neon laser, 66, 66¢ 
HELLP syndrome, 2163 
Hemagglutination, 240 
Hemagglutination inhibition technique, 240 
Hematin, 1209 l 
Hematocrit 
analytical goals for, 365t 
critical values of, 2317t 
levels in hemodialysis patient, 1697-1698 
during pregnancy, 2158¢ 
Hematofluorometer, 83 
Hematologic disorders, 1220 
Hematology cell counter, 293 
Hematopoiesis 
chemokines and, 714-715 
fetal liver and, 2159 
interleukin-1 and, 660 
interleukin-3 and, 666 
Hematopoietic cell engraftment analysis, 1549- 
1551, 1550¢ 
Hematopoietic cell transplantation, 1547-1548 
Hematopoietic neoplasms, 1457-1482 
detection of viral genomes in, 1475, 1475- 
1476 
immunoglobulin-gene rearrangements in, 
1458f, 1458-1460, 14594, 1460f 
in situ hybridization and, 1476 
leukemias in, 1466-1472, 1468t 
acute myeloid leukemia in, 1466-1469,. 
1469-1471 f 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f, 1473f 
use of reverse-transcription PCR in 
chromosomal translocations in, 1471- 
1472 
lymphoma-specific recurrent chromosomal 
translocations in, 1463-1466, 14654, 
L466f, 1467f 
minimal residual disease detection and 
monitoring in, 1474 
oncogene and tumor suppressor gene 
mutations in, 1472f 1472-1474 
PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463 
potential of microarrays for, 1476 
Southern biot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f, 1461-1462, 1462f 
T-cell receptor gene rearrangements in, 
1460f, 1460-1461 
Hematuria 
alpha,-macroglobulin and, 554 
flow cytometry for, 812 
Heme 
biosynthesis of, 1168, 1169f, 12114, 1211- 
1214, 1212f 
porphyria and, 1214-1220 
acute, 12164, 1216-1217 
congenital erythropoietic, 1218-1219 
cutanea tarda, 1217-1218 
erythropoietic protoporphyria and, 1219- 
1220 
jJaboratory diagnosis of, 1221-1223, 1223t 
main types of, 1215t 
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Heme precursors, 1213, 1214¢ 
Hemin, 1168, 1209 
Hemochromatosis, 1192-1193 
hereditary, 1486-1489, 1488f 1814-1815 
Hemoconcentration, 589 
Hemodialysis, 1719-1721, 1720f, 1721t 
for barbiturate overdose, 1326 
biood phosphorus and, 1699 
hematocrit levels in, 1697-1698 
Hemodilution, 589 
Hemofiltration, 1719-1721, 1720f 1721t 
Hemoglobin, 1165-1186 
analytical goals for, 366¢ 
biochemistry of, 1165-1169, 1166f, 1167f, 
1169f, 1170f 
complete blood count and, 1171-1172, 1172f 
critical values of, 2317 
disorders of, 1181-1186 
DNA analysis of, 1175 
effects of gender on, 462 
electron spray mass spectroscopy of, 1175 
electrophoresis of, 1172f, 1172-1173, 1173f 
expressing concentration of, 8 
fetal, 1166f, 1166-1167, 1167f 
hereditary persistence of, 1181 
spectrophotometric analysis of, 1297 
globin chain analysis of, 1177, 1177f 
glycated, 879f, 879%, 879-884, 8814, 883f 
haptoglobin and, 559 
hemogiobin H determination and, 1175- 
1176, 1176f 
high-performance liquid chromatography of, 
1173-1175, 1174f 
iron in, 1168, 1186 
nomenclature of, 879t 
oxygen-binding capacity of, 1003 
physiologic role of, 1169-1170, 1170f 
during pregnancy, 2157 
racial differences in, 463 
serum and plasma values during pregnancy, 
2158¢ 
sickling tests and, 1176, 1176f 
special collection and storage conditions for, 
55t 
stick tests for, 301¢ 
tests for unstable hemoglobins, 1176-1177 
thalassemias and, 1178-1181, 1179f, 1180f 
urinary dipstick test fox, 809-810 
vegetarianism and, 456t 
Hemoglobin Bart’s, 1178 
Hemoglobin buffer system, 1761 
Hemoglobin C, 1183-1184 
Hemoglobin Constant Spring, 1182, 1186 
Hemoglobin D Iran, 1184 
Hemoglobin D Punjab, 1184 
Hemoglobin E, 1184-1185 
Hemoglobin H, 1175-1176, 1176f 
Hemoglobin H disease, 1178-1179, 1179f 
Hemoglobin Lepore, 1185-1186 
Hemoglobin O Arab, 1185 
Hemoglobin-oxygen dissociation, 1004-1006, 
1005f 
Hemoglobin oxygen saturation, 1002-1004 
Hemoglobin S, 1176, 1176f 1182 
Hemoglobin S/O Arab, 1183 
Hemoglobin SC disease, 1183 
Hemoglobin SD, 1183 
Hemoglobin variants, 1182-1186 
Hemoglobinopathies, 1181-1186 
classification of hemoglobin variants in, 1182 
complete blood count in, 1171-1172, 1172f 
types of hemoglobin variants in, 1182-1186 
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Hemoglobinuria, 560 
Hemolysis 
blood specimen and, 49 
chloride concentration and, 989 
erroneous potassium results and, 984, 985 
in glucose-6-phosphate dehydrogenase 
deficiency, 630 
serum iron assay and, 1190 
Hemolytic anemia 
lactate dehydrogenase and, 602 
in phosphofructokinase deficiency, 628 
in pyrimidine-5’-nucleotidase deficiency, 633 
Hemolytic disease 
chemokines and, 717-718 
haptoglobin and, 560-561 
in newborn, 1200-1201, 2164-2165 
Hemopexin, 559 
Hemophilia A, 1496-1498, 1498f 
Hemorrhagic disease of newborn, 1089 
Hemosiderin, 1187 
Hemosiderosis, 1192 
Hemp-seed oil, 1334-1335 
Henderson-Hasselbalch equation, 1001-1002, 
1759, 1760f 
Henry’s law, 5, 1000#, 1001 
Heparin 
for blood specimen preservation, 47, 54t 
deactivation of gentamicin by, 1265 
effects on free calcium, 1901-1902, 1902t 
effects on thyroid function, 2064t 
Hepatic artery, 1778, 1778f 
Hepatic clearance of drug, 1246 
Hepatic disease, 1792-1827 
acute hepatitis in, 1804-1809, 1805t 
differential diagnosis of, 1808 
follow-up of, 1808-1809 
hepatitis A in, 1805 
hepatitis B in, 1805-1806, 1806f 
hepatitis C in, 1806 
ischemic hepatitis in, 1807 
Reye’s syndrome in, 1807 
toxic hepatitis in, 1807 
albumin levels in, 547 
alcoholic, 1817-1819 
aminotransferases and, 604-605, 606f 
ammonia metabolism changes in, 1789-1791, 
1790f 
bile acids and, 1787 
bilirubin and, 1782 
cholestatic, 1820-1823 
cholinesterase and, 615 
chronic hepatitis in, 18094, 1809-1817 
alpha,-antitrypsin deficiency in, 1816 
autoimmune hepatitis in, 1812-1814, 
1813¢ 
chronic hepatitis B in, 1809-1811 
chronic hepatitis C in, 1810f, 1811 
drug-induced, 1816-1817 
_ hemochromatosis in, 1814-1815 
nonalcoholic fatty liver disease and 
nonalcoholic steatohepatitis in, 1811- 
1812 
Wilson’s disease in, 1815-1816 
cirrhosis in, 18194, 1819-1826, 1820t 
clinical manifestations of, 1792-1797 
altered drug metabolism in, 1796 
disordered hemostasis in, 1796-1797 
enzyme markers and, 1797 
hepatorenal syndrome in, 1796 
jaundice in, 1792 
nutritional and metabolic abnormalities in, 
1796 
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Hepatic disease (Continued) 
portal hypertension in, 1792f, 1792-1796, 
1793f 
diagnosis of, 1825-1827, 1826, 1827f 
dyslipoproteinemia in, 928¢ 
effects on carbohydrate metabolism, 1791 
effects on cortisol clearance, 2012 
end-stage, 1796 
glutamate dehydrogenase and, 607 
hepatic glycogenoses in, 1820, 1820¢ 
lactate dehydrogenase and, 602 
mechanisms and patterns of injury in, 1798, 
1798f 
porphyrias and, 1217-1218 
during pregnancy, 2162, 2163 
protein synthesis alterations in, 1787-1789, 
1788t 
retinol-binding protein and, 563 
viral infection in, 1798-1817, 1799t 
acute, 1804-1809, 1805¢ 
chronic, 18094, 1809-1817 
hepatitis A in, 1799 
hepatitis B and C co-infection in, 1803- 
1804 
hepatitis B in, 1799-1802 
hepatitis C in, 1802f, 1802-1803 
hepatitis D in, 1804 
hepatitis E in, 1804 
hepatitis G in, 1804 
Hepatic duct, 1778f, 1779 
Hepatic encephalopathy, 1790-1791, 1795-1796, 
1820¢ 
Hepatic enzymes, 604-616 
alkaline phosphatase in, 607-611, 608f, 6094, 
611f 
aminotransferases in, 604-607, 605t, 606f 
cholinesterase in, 614-616 
diseased liver tissue and, 1797 
gamma-glutamyl transferase in, 612-613 
glutamate dehydrogenase in, 607 
glutathione S-transferase in, 613-614 
5’-nucleotidase in, 611-612 
Hepatic extraction fraction, 1246 
Hepatic extraction rate, 1244 
Hepatic failure 
decreased glucose production in, 866 
in erythropoietic protoporphyria, 1219, 1220 
Hepatic glycogen storage diseases, 1820, 1820t 
Hepatic hormones, 1024t 
Hepatic lobule, 1778, 1778f 
Hepatic vein, 1778, 1778f 
Hepatitis 
aminotransferases and, 605 
gamma-glutamyltransferase and, 613 
haptoglobin and, 561 
lactate dehydrogenase and, 602 
in newborn, 1201 
during pregnancy, 2163 
serum iron levels and, 1189¢ 
Hepatitis A, 1799, 1799t 
acute, 1805 
laboratory features of, 1805¢ 
Hepatitis B, 17992, 1799-1802 
acute, 1805-1806, 1806f 
alcoholic liver disease and, 1818 
chronic, 1809-1811, 1810t 
co-infection with hepatitis C, 1803-1804 
hepatocellular carcinoma and, 1824 
laboratory features of, 1805t 
during pregnancy, 2163 
Hepatitis B and C co-infection, 1803-1804 
Hepatitis B core antigen antibody, 1801 
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Hepatitis B immune globulin, 1800-1801 
Hepatitis B surface antigen, 1801, 1810 
Hepatitis B surface antigen antibody, 1801 
Hepatitis Be antigen, 1801 
Hepatitis C, 1799t, 1802f, 1802-1803 
acute, 1806 
alcoholic liver disease and, 1818 
chronic, 1813 
co-infection with hepatitis B, 1803-1804 
hepatocellular carcinoma and, 1823-1824 
laboratory features of, 1805t 
molecular assay for, 1576-1579, 1577t 
standard reference material for, 1558 
Hepatitis C core antigen, 1803 
Hepatitis C virus antigen, 1803 
Hepatitis D, 17991, 1804 
Hepatitis E, 17994, 1804, 2163 
Hepatitis G, 17994, 1804 
Hepatobiliary disease 
gamma-glutamyltransferase and, 613 
5’-nucleotidase and, 612 
porphyrins and, 1220 
serum alkaline phosphatase and, 608, 609t 
Hepatocellular carcinoma, 551, 1823-1824 
Hepatocyte, 1778f, 1780, 1781f 
acetaminophen overdose and, 1807 
bilirubin uptake, metabolism, and transport 
in, 1195, 1195f 
chronic hepatitis and, 1809 
interleukin-1 and, 659t 
interleukin-6 and, 671-675, 672f, 673t 
lipoprotein metabolism and, 919-921 
use of ammonia by, 1789-1790, 1790f 
Hepatocyte growth hormone receptor, 779 
Hepatolenticular degeneration, 558 
Hepatomegaly in glycogen storage disease, 890 
Hepatorenal syndrome, 1796 
Hepatorenal tyrosinemia, 2217-2218, 2218f 
Hepatotoxicity of acetaminophen, 1305 
Hepcidin, 1188¢ 
Hephaestin, 1188¢ 
Heptacarboxylate-IIJ, 1210¢ 
Heptanoylcarnitine, 2272-2273t 
Heptoses, 837 
HER-2/neu gene, 780t, 781-782 
Herbal ecstasy, 1323 
Herbal preparations 
as controllable preanalytical variable, 459 
liver damage and, 1817 
Hereditary deficiencies of red biood cell 
enzymes, 625-635 
adenosine deaminase deficiency in, 633 
aldolase deficiency in, 628 
detection of, 633-634 
diphosphoglyceromutase deficiency in, 631 
glucose-6-phosphate dehydrogenase 
deficiency in, 630-631, 631t 
glucose phosphate isomerase deficiency in, 
628 
glutathione reductase deficiency in, 632 
glutathione synthetase deficiency in, 632 
hexokinase deficiency in, 627 
nicotinamide adenine dinucleotide- 
cytochrome B5 reductase deficiency in, 
633 
phosphofructokinase deficiency in, 628 
phosphoglycerate kinase deficiency in, 629 
pyrimidine-5’-nucleotidase deficiency in, 633 
pyruvate kinase deficiency in, 629-630, 630f 
triosephosphate isomerase deficiency in, 629 
Hereditary fructose-1,6-diphosphate deficiency, 
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Hereditary fructose intolerance, 889 
Hereditary hemochromatosis, 1192-1193, 1486- 
1489, 1488f 1814-1815 
Hereditary methemoglobinemia, 1168 
Hereditary motor and sensory neuropathies, 
1492-1493 
Hereditary nonpolyposis colorectal cancer, 
1512-1513 
Hereditary persistence of fetal hemoglobin, 
1481 
Hereditary tyrosinemia type-I, 1220 
Heregulins, 649 
Heroin, 1340, 1341f 
chemical structure of, 1340f 
effects on laboratory tests, 459 
effects on thyroid function, 20641 
Herpes simplex virus, 1570-1571 
Hers’ disease, 1820¢ 
Hertz, 6t 
Heterocellular hereditary persistence of fetal 
hemoglobin, 1181 
Heterochromatin, 1395-1396, 1398 
Heteroduplex migration analysis, 1424f, 1424- 
1425 
Heterogeneous assay, 232b, 232-233 
for serum thyroxine, 2069 
for thyroid hormone-binding ratio, 2077 
Heterophilic antibody interference, 2084 
Heteroplasmy, 1398-1399, 1503, 1543 
Heterozygous hemoglobin C, 1184 
Heterozygous hemoglobin S, 1183 
Hexadecanedioic acid, 2273t 
Hexadecanoylcarnithine, 2273t 
Hexadecanoylcarnitine, 2273¢ 
Texadecenoylcarnitine, 2273t 
Hexanoylcamitine, 2273t 
Hexanoylglycine, 2273t 
Hexokinase 
Embden-Meyerhof pathway and, 627 
for glucose analysis, 8681, 869-870 
as tumor marker, 755t 
Hexose, 837, 841, 842f 
Hexose monophosphate pathway, 630-631, 6314 
841 
HFE protein, 1188f 
HHH syndrome, 2214-2215 
Hierarchy of evidence, 338 
High-density lipoprotein reverse cholesterol 
transfer pathway, 921f 921-922 
High-density lipoproteins, 915 
alcohol ingestion and, 458 
apolipoprotein C-IE deficiency and, 929 
chemical composition of, 916t 
defects in catabolism of apolipoprotein A-I 
and, 932 
diet and, 453, 454 
exercise-related changes in, 451 
familial combined hyperlipidemia and, 929- 
930 
familial hypertriglyceridemia and, 930 
familial hypoalphalipoproteinemia and, 931 
fasting and starvation and, 456 
heart disease and, 924-928, 927f 
measurement of, 945-948 
analytical goals for, 363 
analytical variation in, 954, 955 
homogeneous assays for, 947-948 
NCEP recommendations for, 956-958, 958¢ 
physiological variation in, 954-955, 956t, 
957t 
precipitation methods for, 945b, 945-947 
reference methods in, 941 


High-density lipoproteins (Continued) 
second generation methods for, 947 
special collection and storage conditions 

for, 55¢ 
specificity and interference in, 948 
obesity and, 465 
population distributions of, 924t 
reference intervals for, 2274t 
reverse cholesterol transport pathway and, 
921f 
serum and plasma values during pregnancy, 
2158t Pe 
shock-related changes in, 466° 
smoking and, 457 
vegetarianism and, 455, 456¢ 

High-dose dexamethasone suppression test, 
2026, 2026t 

High-grade squamous intraepithelial lesion, 
1565 

High-performance, thin-layer chromatography, 
141, 142f 

High-Performance Gel Electrophoresis-1000 
system, 124 

High-performance liquid chromatography, 
141 

for arsenic, 1376 

for bilirubin, 1197 

fox catecholamines and metabolites, 1054 

in Cooley’s anemia, 1180, 1180f 

for cortisol, 2036 

in cytokine measurement, 722 

for deoxypyridinoline and pyridinoline, 1939 

detectors used in, 159t 

of drugs, 1248-1249, 1296 

for fructosamine, 885 

for glycated hemoglobin, 882 

for hemoglobinopathies, 1173-1174, 1174f 
hemoglobin D Punjab, 1184 
hemoglobin E, 1184-1185 
hemoglobin Lepore, 1185 
hemoglobin O Arab, 1185 
heterozygous hemoglobin S, 1183 
homozygous hemoglobin S, 1182-1183 

for 5-hydroxyindoleacetic acid, 1063-1064 

for 25-hydroxyvitamin D, 1924 

in measurement of isoenzymes, 213 

for niacin, 1116 

in nucleic acid analysis, 1429, 1430f 

for oligonucleotides, 1429 

for plasma catecholamines, 1057 

for plasma metanephrines, 1058 

for porphyrins, 1225-1226, 1227f 

for serotonin, 1062 

for thiamine, 1093-1094 

for thyroxine, 2068 

for uric acid, 808 

for urinary catecholamines, 1060 

for urinary fractionated metanephrines, 

1060-1061 
for vitamin A, 1083-1084 
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spectrometry, 1373-1374 

High-pressure liquid chromatographic detector, 
66 

High-pressure liquid chromatography, 155, 157, 
158f 

High-resolution electrophoresis, 123 

High-sensitivity C-reactive protein, 962-967, 
963-967f, 9664, 2263t 

Highly active antiretroviral therapy, 1269, 1567 

Hill slope, 1004-1006, 1005f 

Hirsutism, 2027, 2118-2120 
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Histamine, 1312, 1312f 
gastric acid secretion and, 1850-1851 
glucocorticoid influence on, 2008 
interleukin-16 and, 693 
Histamine, antagonists, 1312f, 1312-1313 
Histamine, antagonists, 1313 
Histidine 
reference intervals for, 2274t 
special collection and storage conditions for, 
55t 
structure and molecular weight of, 536t 
Histidine ammonia lyase defect, 2214-2215t 
Histidinemia, 2214-2215 ` 
Histogram, 434, 434f, 436, 437 
Histones, 1398 
HITE Fractoscan electrophoresis system, 124 
Hivid. See Zalcitabine. 
HK. See Hexokinase. 
HLA. See Human leukocyte antigen. 
HMBS. See Hydroxymethytbilane synthase. 
HMG-CoA, cholesterol synthesis and, 905, 905f 
HMG-CoA reductase, 920f, 921 
Hodgkin’s disease 
interleukin-6 and, 655 
interleukin-9 and, 677 
lactate dehydrogenase and, 602 
Holmium oxide filter, 71, 71f 


Holocarboxylase synthase defect, 2224-2225 
Holoenzyme, 207 
Holographic grating, 67 


Holotranscobalamin II, 1104 
Home brew assays, 1556 
Home ovulation kit, 2126 
Homeostasis 
chloride and, 1757 
hormonal control of, 1025-1026 
iron and, 1187-1188, 11882, 1189f 
potassium and, 1754-1757, 1755f, 1756f 
sodium and, 1679-1680, 1680f, 1750-1754, 
1752f, 1754f 
of trace elements, 1119 
urine output and, 1678 
water, 983-991 
bicarbonate and, 990-991 
chioride and, 989-990 
electrolyte exclusion effect and, 987-989, 
988f 988t, 989¢ 
potassium and, 984-987 
sodium and, 984 
Homeostatic chemokines, 713 
Homocysteine, 967f, 967-968 
chronic kidney disease and, 1697 
conversion from methionine, 2219f 
folic acid in metabolism of, 1112, 1112f 
reference intervals for, 2274-2275t 
vitamin B and, 1104 
Homocystinuria, 2212-22134, 2219f, 2219-2220 
Homogeneous assay, 233 
for high-density lipoprotein cholesterol, 947- 
948 
for low-density lipoproteins, 951-952, 952t 
for serum thyroxine, 2069-2070 
Homogenous microparticle capture 
immunochromatography, 1351 
Homogentisic acid, 514, 2275t 
Homogentisic dioxygenase defect, 2226-2227t 
Homologous sequences, 1514 
Homovanillic acid, 1038 
neuroblastoma and, 1050 
reference intervals for, 2275t 
urine, 1061-1062, 1062¢ 
urine specimen preservatives and, 51t 


2359 


Homozygous hemoglobin S, 1182-1183 
Horizontal-head centrifuge, 19 
Hormone{s), 1019-1031 


anterior pituitary, 1020-10212, 1968-1990 
adrenocorticotropic hormone and, 1981- 
1984, 1982 
assessment of lobe reserve of, 1988b, 1988- 
1990, 1989b, 1990f 
follicle-stimulating hormone and 
luteinizing hormone and, 1984-1988, 
1985f, 1987¢ 
growth hormone and, 1934b, 1969-1976, 
1970f, 1972b, 1972f, 1973¢ 
prolactin and, 1976-1981, 1978f, 1979b 
regulation of, 1968f, 1968f, 1968-1969, 
1969f 
thyroid-stimulating hormone and, 1988 
bioassays of, 1030 
in carbohydrate metabolism, 850b, 850-851 
cardiac, 1024t 
circadian variation in, 452 
classification of, 1019 
clinical disorders of, 1030 
counterregulatory, 849-850 
cytokines versus, 646, 647f 
effects of exercise on, 451 
effects of gender on, 462, 4621 
expressing concentration of, 8 
fever-related changes in, 465 
gastrointestinal tract, 1023¢ 
hepatic, 1024 
hypothalamic, 1020f 
immunoassays of, 1030-1031 
instrumental techniques for, 1031 
limit of detection in assay of, 359-361, 360f 
361f 
ovarian, 1022t 
pancreatic, 1023t 
pineal gland, 1021 
placental, 10221, 2154f, 2154-2155 
posterior pituitary, 1021¢, 1991-1996 
arginine vasopressin and, 1991f, 1991- 
1996, 1993-1995b, 1994f 
oxytocin and, 1996 
postreceptor actions of, 1027-1030, 1029f, 
1030f 
pregnanicy-related changes in, 465 
receptor-based assays of, 1030 
receptors of, 1026-1027, 1026-1028f 
in regulation of mineral metabolism, 1912- 
1930 
calcitonin in, 1926f, 1926-1928, 1927b 
parathyroid hormone in, 1912-1920, 1913- 
1916f, 1918f 1919f 
parathyroid hormone-related protein in, 
1928-1930, 1929f, 1930f 
vitamin D in, 1920f 1920-1926, 1921f, 
19214, 1922b, 1923, 1925f 
release and action of, 1019-1026 
renal, 1024t, 1683 
serotonin regulation of, 1041 
steroid, 1019, 2007-2021 
adrenal androgens in, 2009, 2010f 2021 
chemistry of, 2003-2007, 2004, 2005t 
circulating forms of, 2011-2012 
corticosteroid function tests and, 2015- 
2019, 2016-2018f 2017-2019b 
effects on plasma proteins, 545¢ 
glucocorticoids in, 2007-2008, 2008f, 2009f 
hypothalamic-pituitary-adrenal cortical 
axis and, 2014, 2014f 
metabolism of, 2012-2014, 2013f 
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Hormone(s) (Continued) 
mineralocorticoids in, 2009, 2009+, 2019- 
2021, 20206, 2020f, 2021b 
regulation of, 2014-2106 
steroidogenesis and, 2009-2011, 2010f 
testicular, 1022 
thymic, 1024 
thyroid, 1021¢ 
as tumor markers, 765f, 765-766 
zinc role in synthesis of, 1140 
Hormone receptors, 1026-1027, 1026-1028f 
Horseradish peroxidase, 233¢ . 
Hot start techniques in polymerase chain 
reaction, 1416 
HPLC. See High-performance liquid 
chromatography. 
HPTLC. See High-performance, thin-layer 
chromatography. 
HPV. See Human papillomavirus. 
H.S. Raffaele, 943b 
HSV. See Herpes simplex virus. 
Human chorionic gonadotropin, 1022#, 2155, 
2479-2182 
analytical goals for, 364t 
median values for, 2172 
qualitative analysis for, 2160-2161, 2161f 
reference intervals for, 2261-2262t 
threatened abortion and, 2161-2162 
trophoblastic disease and, 2165 
as tumor marker, 7651, 766 
urine specimen preservatives and, 51f 
Human chorionic gonadotropin stimulation 
test, 2123 
Human genome, 1407-1409, 14088, 1409f 
Human Genome Project, 1401-1402 
Human glandular kallikrein 2, 761 
Human immunodeficiency virus, 1567-1570 
chemokines and, 717 
cholangiopathies in, 1823 
interferon-o. and, 697 
interleukin-16 and, 692-693 
resistance testing in, 1568-1570 
viral-load testing of, 1567-1568, 1568f 
Western blot for, 228, 228f 
Human leukocyte antigen, 1540, 1546f, 1546- 
1549, 1547¢ 
Human leukocyte antigen allele identification, 
1548 
Human papillomavirus, 1565-1566 
Human placental lactogen, 2155 
Human recombinant erythropoietin, 1696, 
16968 
Humoral antibodies, 220 
Huntingtin, 1494 f 
Huntirigton’s disease, 1493f, 1493-1496, 1495b, 
1495f l 
HVA. See Homovanillic acid. 
Hyaline membrane disease, 2166-2167 
Hybrid capture assay, 1433, 1573-1574 
Hybrid cell line, 221 
Hybrid hemoglobins, 1185 
Hybrid isoenzymes, 194-195 
Hybridization array, 253-254, 254f, 1433-1434, 
1434f 1435f, 1436¢ 
Hybridization assay for nucleic acids, 
1429-1436 
dot-blot and line-probes in, 1433, 1434f 
hybridization array in, 253-254, 254f, 1433- 
1434, 1434 1435f 1436¢ 
kinetics of, 1431 
probes in, 1431-1432 
in situ hybridization in, 1434-1436 
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Hybridization assay for nucleic acids 
(Continued) 
stringency and mismatches in, 1431 
thermodynamics in, 1430f 1430-1431 
Hybridization probe, 1431-1432, 1437 
Hydragel-Hydrasys electrophoresis system, 
124 
Hydralazine, 1056¢ 
Hydrammnios, 2156 
Hydrochloric acid, 1851 
determination in gastric juice, 1858 
for urine specimen preservation, 51t 
Hydrocodone, 1340f 1341, 1342, 1342f 
Hydrocyanic acid, 1298 
Hydrodynamic injection in capillary 
electrophoresis, 131 
Hydrofluoric acid for wet etching, 248 
Hydrogen 
metabolic function of nephron and, 1676t 
required ion-selective electrode selectivity 
coefficient for, 96t 
Hydrogen breath test, 1865, 1865¢ 
Hydrogen electrode in potentiometry, 94-95 
Hydrogen peroxide, 109, 109f 
Hydrolysis of steroid hormones, 2035 
Hydrolysis probe, 1437-1439 
Hydromorphone, 1342, 1342f 
chemical structure of, 1340f 
therapeutic and toxic levels of, 2308¢ 
Hydrophilic amino acids, 534-535t 
Hydrophobic amino acids, 534t 
Hydrophobic interaction, 222 
Hydrops fetalis, 2164 
Hydroxide, 798 
Hydroxocobalamin, 1100 
3-Hydroxy-3-methylglutaric aciduria, 2226- 
2227¢ 
3-Hydroxy-3-methylglutaryl-CoA lyase defect, 
2226-2227t 
19-Hydroxyandrostenedione, 2107f 
3-Hydroxybutyric acid, 2275t 
3-Hydroxybutyrylcarnitine, 2275¢ 
25-Hydroxycholecalciferol, 1698 
11-Hydroxycorticosteroids 
effects of smoking on, 457 
in elderly, 461 
fever and, 465 
influence of menstrual cycle on, 464 
shock-related changes in, 466 
18-Hydroxycorticosterone, 2011 
3-Hydroxydecenoylcarnitine, 2275t 
3-Hydroxydodecanoylcarnitine, 2275-2276t 
3-Hydroxydodecenoylcarnitine, 2276t 
2-Hydroxyestradiol, 2106f 
2-Hydroxyestrone, 2106f 
4-Hydroxyestrone, 2106f 
160.-Hydroxyestrone, 2106f 
16B-Hydroxyestrone, 2106f 
2-Hydroxyglutaric acid, 2277¢ 
3-Hydroxyhexadecenoylcarnitine, 2276t 
3-Hydroxyhexanoylcarnitine, 2276t 
Hydroxyindole-O-methyltransferase, 1034f 
1035 
5-Hydroxyindoleacetic acid, 1038-1039, 1039f 
2277t 
carcinoid tumor and, 1053-1054 
urinary and plasma, 1063-1065, 1065¢ 
urine specimen preservatives and, 51t 
3-Hydroxyisobutyric aciduria, 2226-2227 
3-Hydroxyisobutyryl-CoA dehydrogenase 
defect, 2226-2227 
3-Hydroxyisovalerylcarnitine, 2277t 


3-Hydroxyl-3-methylglutary] reductase 
cholesterol synthesis and, 905, 905f 
low-density lipoprotein receptor pathway 
and, 920f 921 
70.-Hydroxyl-4-cholesten-e-one test, 1866 
Hydroxylase(s), 2006 
11B-Hydroxylase deficiency, 2029, 2110 
170-Hydroxylase deficiency, 2101, 2114, 
2118 i 
200-Hydroxylase deficiency, 2101 
21-Hydroxylase deficiency, 2028f 2028-2029, 
2110, 2119-2120 
2-Hydroxylation pathway, 2108 
16a-Hydroxylation pathway, 2108 
Hydroxymethy! aminomethane, 124 
Hydroxymethylbilane synthase, 1211, 1211¢ 
3-Hydroxyoctadecadienoylcarnitine, 2277t 
3-Hydroxyoctadecanoylcarnitine, 2277t 
3-Hydroxyoctadecenoylcarnitine, 2277¢ 
4-Hydroxyphenyliactic acid, 2278¢ 
4-Hydroxyphenylpyruvate dioxygenase defect, 
22.12-2213¢ 
4-Hydroxyphenylpyruvic acid, 2278t 
Hydroxypregnenolone, 2100f 
biosynthesis of, 2010f 
3B-hydroxysteroid dehydrogenase-isomerase 
deficiency and, 2029 
17-Hydroxyprogesterone, 1021 
biosynthesis of, 2010f 2100f 
3B-hydroxysteroid dehydrogenase-isomerase 
deficiency and, 2029 
measurement of, 2041-2042 
reference intervals for, 2278t 
special collection and storage conditions for, 
55t 
Hydroxyproline, 1940 
reference intervals for, 2278t 
structure and molecular weight of, 535t 
as tumor marker, 778t 
urine specimen preservatives and, 51¢ 
17B-Hydroxysteroid dehydrogenase deficiency, 
2101 
3B-Hydroxysteroid dehydrogenase-isomerase 
deficiency, 2029, 2110 
19-EHydroxytestosterone, 2107f 
3-Hydroxytetradecanoylearnitine, 2278t 
3-Hydroxytetradecenoylcarnitine, 2279t 
5-Hydroxytryptamine, 1021¢. 
5-Hydroxytryptophol, 1039, 1039f 
25-Hydroxyvitamin D, 1920-1926 
measurement of, 1923-1924 
metabolism, regulation, and transport of, 
1920-1922, 1921f 1921 
Hyperaldosteronism, 20304, 2030-2033, 2032f, 
_ 2033, 2033f y 
Hyperammonemia, 1790-1791, 2221 
Hyperamylasemia, 617, 617¢ 
Hyperapobetalipoproteinemia, 930 
Hyperbaric oxygen for carbon monoxide 
poisoning, 1297 
Hyperbilirubinemia 
conjugated, 12008, 1201 
plasma bilirubin in, 1827, 1827f 
unconjugated, 1199-1201, 1200b 
Hypercalcemia, 1895}, 1895-1896 
1,25-dihydroxyvitamin D and, 1922-1923 
parathyroid hormone and, 1918-1919 
parathyroid hormone-related protein and, 
1928-1930, 1929f 1930f 
Hypercalciuria, 1922-1923 
Hyperchloremia, 1757 
Hyperchloremic metabolic acidosis, 1709 


Hypercholesterolemia, 924 
familial, 931 
management of, 9341, 934-936, 935f, 935¢, 
936f 
in nephrotic syndrome, 1704 
Hypercoagulability, serological biomarkers of, 
1633b 
Hyperemesis gravidarum, 2162 
Hyperfunction of adrenal cortex, 2024-2033 
adrenal tumors in, 2029-2039 
congenital adrenal hyperplasia in, 2028f 
2028-2029 2 
Cushings syndrome in, 2024-2028, 2025t, 
2026t, 20276, 2027f 
Hyperglycemia 
advanced glycation end products and, 886 
in diabetes mellitus, 853, 859b, 859-861, 
860b 
fever-induced, 465 
Hyperglycinemia, 2222, 2223f 
Hypergonadotropic hypogonadism, 2102b, 2103 
female infertility and, 2124, 2126, 2126f 
male infertility and, 2123 
Hyperkalemia, 1756f, 1756-1757 
Hyperkalemic distal renal tubular acidosis, 
1708 
Hyperkalemic normal anion gap acidosis, 1771 
Hyperlipidemia, 928, 928¢t 
electrolyte exclusion effect and, 988-989 
familial combined, 929-930 
Hyperlipoproteinemia, 928, 928%, 930 
Hypermagnesemia, 1910, 1910b 
Hypermethioninemia, 2212-2213t 
Hypernatremia, 1753-1754, 1754f 
Hyperosmotic hyponatremia, 1753 
Hyperoxaturia, 1714, 2228-2229 
Hyperparathyroid bone disease, 1934 
Hyperparathyroidism 
alkaline phosphatase and, 624 
parathyroid hormone and, 1919 
Hyperphenylalaninemias, 2211-2217, 2212- 
2213t, 2216f 
Hyperphosphatemia, 1907, 1907b 
1,25-dihydroxyvitamiin D and, 1921 
renal osteodystrophy and, 1934 
Hyperprolactinemia, 1978-1979, 1979b 
male infertility and, 2121 
Hyperprolinemia, 2214-2215t 
Hyperproteinemia, 589, 988-989 
Hyperreninemic hypoaldosteronism, 2024t 
Hypertension 
in acute porphyrias, 1216, 1216¢ 
in dialysis patient, 1724 
high-sensitivity C-reactive protein and, 964 
in pheochromocytoma, 1046 
portal, 1792f, 1792-1796, 1793f 
ascites and, 1794-1795 
bleeding esophageal varices and, 1794 
hepatic encephalopathy and, 1795-1796 
spontaneous bacterial peritonitis and, 1795 
in preeclampsia and eclampsia, 2162-2163 
renovascular, 1702, 2033, 2033b, 2033f 
Hypertensive nephropathy, 1702 
Hyperthyroidism, 2059b, 2059-2061, 2060f 
2061b 
euthyroid sick syndrome versus, 2063 
free thyroid hormones and, 2074 
gynecomastia and, 2104 
parathyroid hormone alterations in, 1920 
secondary amenorrhea and, 2114 
thyroid hormone-binding ratio in, 2078 
Hypertonic saline infusion test, 1994b 
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Hypertriglyceridemia 
alcohol ingestion and, 458 
in chronic kidney disease, 1696 
familial, 930 
management of, 936-938, 938¢ 
Hyperuricemia, 805-807, 806b 
Hypervitaminosis A, 1083 
Hypervolemic hypernatremia, 1754 
Hypnotics overdose, 1290#, 1291-1292 
Hypoadrenalism, 465 
Hypoalbuminemia, 547, 588 
in acute fatty liver during pregnancy, 2163 
in liver disease, 1788, 1796 f 
in nephrotic syndrome, 1704 
Hypoaldosteronism, 2024, 2024t 
Hypocalcemia, 1893-1894, 1894b, 1922-1923 
Hypochloremia, 1757 
Hypochromic microcytic anemia 
in erythropoietic protoporphyria, 1219 
transferrin and, 562 
Hypofunction of adrenal cortex, 2021-2024 
Addison’s disease in, 2021-2024, 2022f, 2023f 
2023t 
hypoaldosteronism in, 2024, 2024t 
Hypogammaglobulinemia, 671 
Hypoglycemia, 864-868, 865b 
alcohol ingestion and, 457 
C-peptide values in, 851 
in galactose-1-phosphate uridyl transferase 
deficiency, 889 
in glycogen storage disease, 890 
Hypogonadotropic hypogonadism, 2102b, 
2102-2103 
congenital idiopathic, 2121 
female infertility and, 2126 
male infertility and, 2123 
Hypohaptoglobinemia, 560 
Hypokalemia, 1754-1756, 1755f, 2031 
Hypokalemic distal renal tubular acidosis, 1707- 
1708 
Hypomagnesemia, 1894, 1909b, 1909-1910 
Hyponatremia, 1751-1753, 1752 
in acute porphyrias, 1216, 12164, 1217 
in syndrome of inappropriate antidiuretic 
hormone, 1994-1995 
Hypoosmotic hyponatremia, 1751-1753, 1752f 
Hypoparathyroidism 
low serum calcium in, 1894 
parathyroid hormone and, 1919 
Hypophosphatemia, 1905-1906, 1906b, 1921 
Hypophosphatemic osteomalacia, 1933 
Hypophosphatemic vitamin D-resistant rickets, 
1933 
Hypophysis, 1967 
Hypopituitarism, 465 
Hypoproteineimia, 589 
Hyporeninemic hypoaldosteronism, 2024, 2024¢ 
Hypothalamic diabetes insipidus, 1992 
Hypothalamic-hypophyseal portal system, 1967 
Hypothalamic peptides, 1968-1969 
Hypothalamic-pituitary-adrenal axis, 1982, 
1982f, 2014, 2014f 
assessment of anterior pituitary lobe reserve 
and, 1989 
cytokine stimulation of, 2008, 2009 
Hypothalamic-pituitary-adrenal-immune axis, 
1969 
Hypothalamic-pituitary-gonadal axis 
assessment of anterior pituitary lobe reserve 
and, 1989b, 1989-1990 
female, 2105, 2105f 
male, 2097, 2097f 
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Hypothalamic-pituitary-thyroid axis, 1998, 
2054f 
Hypothalamus 
hormones of, 1020t 
interleukin-6 and, 673t 
sympathetic actions of, 1041-1042 
Hypothesis, statistical, 433-434 
Hypothyroidism, 2057-2059, 2058f, 2059b 
creatine kinase and, 599 
euthyroid sick syndrome versus, 
2062-2063 
parathyroid hormone alterations in, 1920 
secondary amenorrhea and, 2114 
thyroid hormone-binding ratio in, 2078 
Hypouricemia, 807 
Hypovolemia, 1772-1773 
Hypovolemic hypernatremia, 1753 
Hypoxanthine guanine phosphoribosyl 
transferase, 221 
Hypoxia 
agents causing, 1296t,. 1296-1300, 12997, 
1299t 
cell damage or death in, 214f 
Hytrin. See Terazosin. 
Hyzyd. See Isoniazid. 
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IAPP. See Islet amyloid polypeptide. 
Ibuprofen, 2308t 
ICD. See Isocitrate dehydrogenase. 
ICE. See Interleukin-1 converting enzyme. 
ICMA. See Immunochemiluminescence-based 
methods. 
ICP. See Inductively coupled plasma. 
ICP-ES. See Inductively coupled plasma- 
emission spectroscopy. 
ICP-MS. See Inductively coupled plasma-mass 
spectrometry. 
ICP-OES. See Inductively coupled plasma- 
optical emission spectrometry. 
icterus, 1792 
Identification of specimen, 54 
Identity testing, 1539-1554 
in chimerism and hematopoietic cell 
engraftment analysis, 1549-1551, 
1550¢ 
for clinical specimen identification, 1545- 
1546 ` 
forensic DNA typing in, 1541-1545, 15424, 
1543¢ 
for parentage, 1551-1553 
for transplantation tissue compatibility, 
1546f, 1546-1549, 1547¢ 
variation in human genome and, 1539-1541, 
1540f 
Idiopathic adrenal hyperplasia, 2031 
Idiopathic hemochromatosis, 1192 
Idiopathic neonatal hepatitis, 1201 
Idiopathic postprandial syndrome, 866 
Idiopathic reactive hypoglycemia, 866 
IEP. See Immunoelectrophoresis. 
IFCC/TUPAC system, 9-10, 10t 
IFG. See Impaired fasting glucose. 
IGF-I. See Insulin-like growth factor-I. 
IGF-II, See Insulin-like growth factor-II. 
IGEBP. See Insulin-like growth factor binding 
protein. 
IGT. See Impaired glucose tolerance. 
Ileum, 1849 
Imerslund-Graesbeck syndrome, 1103 
bninoglycinuria, 2216-2217t 
Imipenem, 1268t 
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imipramine, 1269, 1270¢, 1308-1312, 1309f 
influence on catecholamine levels, 1056¢ 
therapeutic and toxic levels of, 2308 
immediate type hypersensitivity, 651, 669 
Immobilized enzymes, 213 
Immobilized pH gradient isoelectric focusing 
electrophoresis, 129 
Immune response 
cause of cell damage or death, 214t 
chemokines and, 714, 716 
cytokines and, 2008 
effects of smoking on, 457 . 
selenium role in, 1135 
to tumor, 654, 654f 
zinc role in, 1140 
Immunization, hepatitis B virus, 1800-1801 
Immuno-polymerase chain reaction, 235b 
Immunoassay 
for acetaminophen, 1306 
for adrenocorticotropic hormone, 1983-1984 
for aldosterone, 2039-2040 
for alkaline phosphatase, 611 
in analytical enzymology, 212-213 
for aspartate aminotransferase, 606-607 
bioluminescent, 235b 
for blood estrogens, 2135 
for blood progesterone, 2137-2138, 2138¢ 
for bone alkaline phosphatase, 624, 1941 
chemiluminescence, 237, 238f 
cloned enzyme donor, 236, 236f 
competitive, 231, 231f 
for cortisol, 2036-2039 
for creatine kinase isoenzymes, 600-601, 601f 
in cytokine measurement, 722, 723t 
for dehydroepiandrosterone, 2132 
for deoxypyridinoline and pyridinoline, 1939 
in drug testing, 1248, 1293, 1318-1319 
for amphetamine and methamphetamine, 
1324 
for barbiturates, 1327 
for benzodiazepines, 1332-1333 
for cocaine, 1336 
for lysergic acid diethylamide, 1338-1339 
for methadone, 1345 
for opiates, 1344 
for phencyclidine, 1348 
for propoxyphene, 1347 
for tetrahydrocannabinol, 1334f, 1334- 
1335 
electrochemiluminescence, 237 
enzyme, 212-213, 234-236, 236f. See also 
Enzyme immunoassay. 
fluorescence excitation transfer, 235b 
fluorescence polarization, 237, 237f, 1420- 
1421 
for aspirin, 1308 
for barbiturates, 1327 
for benzodiazepines, 1332 
for cocaine, 1336 
in drug testing, 1293, 1318 
for propoxyphene, 1347 
for serum thyroxine, 2070 
for thyroid hormone-binding ratio, 2077 
fluoroimmunoassay, 236-237, 237t 
for glycated hemoglobins, 8814, 882 
for gonadotropins, 1985-1987, 1987t 
for homocysteine, 968 
for hormones, 1030-1031 
for human glandular kallikrein 2, 761 
for insulin-like growth factors, 1976 
latex-agglutination-inhibition, 1351 
microtiter plate system for, 294 
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Immunoassay (Continued) 
nanotechnology and, 255 
noncompetitive, 231-232, 232b 
for osteocalcin, 1942-1943 
phosphor, 2355 
for prolactin, 1980-1981 
for prostate-specific antigen, 760-761 
for proteinuria, 813-817, 816f 
quantum dot, 235b 
radia] immunodiffusion, 229 
separation methods used in, 232b 
sequential competitive binding microparticle 
capture, 1350-135] i 
simplified, 237-239, 238f 
simultaneous multianalyte, 239 
solid phase, light-scattering, 235b 
solid phase competitive sequential enzyme, 
1351 
surface effect, 235b 
for tartrate-resistant alkaline phosphatase, 
625 
for thyroid function, 2065-2087 
blood thyroid-stimulating hormone in, 
2066-2068, 2067f 
free thyroid hormones in, 2073-2083. See 
also Free thyroid hormones. 
reverse triiodothyronine using 
radioimmunoassay in, 2073 
serum thyroxine in, 2068-2071 
serum triiodothyronine in, 2071-2073 
thyroglobulin and, 2083-2084 
thyroxine-binding globulin and, 
2082-2083 
for total testosterone in blood, 2127 
for tricyclic antidepressants, 1310 
for trypsin, 622-623 
for tubular proteinuria, 817 
Immunochemical techniques, 219-243 
agglutination assays in, 240 
for aipha,-antitrypsin, 552, 552f 
antigen-antibody binding and, 221-224, 223f 
224b 
basic concepts of, 219-221, 220f 
for haptoglobin, 561, 561f 
immunocytochemistry in, 239-240 
for immunoglobulins, 573-574 
in isoenzymes analysis, 213 
for lactate dehydrogenase, 602-603 
in protein analysis, 582-584 
qualitative methods in, 224-228 
dot blotting in, 228 
immunoelectrophoresis in, 225-227, 226f 
227f 
passive gel diffusion in, 224-225, 225f 
Western blotting in, 227-228, 228f 
quantitative methods in, 229-239 
electroimmunoassay in, 229, 229f 
interferences in, 239 
labeled immunochemical assays in, 230- 
239. See also Labeled 
immunochemical assays. 
radial immunodiffusion immunoassay in, 
229 
turbidimetric and nephelometric assays in, 
230 
Immunochemiluminescence-based methods for 
ACTH, 1983 
Immunocytochemistry, 239-240 
Immunoelectrophoresis, 225-227, 226f, 227f 
Immunofixation, 227, 227f 
Immunofixation electrophoresis, 586, 587f 
Immunogens, 220-221 


Immunoglobulin(s), 219-220, 220f, 569-575 
assays for multiple sclerosis, 579-580 
basic biochemistry of, 569-570, 570t 
calibration of immunochemical methods for, 

583 
creatine kinase and, 599 
deficiency of, 571-572, 572b, 572f 
in elderly, 461 
hepatic synthesis of, 1788 
interferon-y and, 700-701, 701t 
intrathecal synthesis of, 578-579 
methodologies for, 573-574 
microchip-based assay for, 255 
monoclonal, 572-573, 574t 
polyclonal hyperimmunoglobulinemia and, 
572 
posture-related changes in, 450¢ 
rearrangement in lymphoma, 1458f, 1458- 
1463, 1460-1463f 
reference intervals for, 574-575 
thyroid-stimulating, 2086-2087 
thyrotropin-binding inhibitory, 2086 
as tumor markers, 774t, 774-775 

Immunoglobulin A, 571 
analytical goals for, 366£ 
anticonvulsants and, 459 
effects of smoking on, 457 
in elderly, 461 
interleukin-5 and, 669, 670 
microchip-based assay for, 255 
multiple myeloma and, 574t 
posture-related changes in, 450t 
properties of, 545t 
reference intervals for, 2279t 

Immunoglobulin A-antigliadin antibody, 1861, 

1861f 

Immunoglobulin A-antitissue transglutaminase 

antibody, 1861, 18614, 1862 

Immunoglobulin A-endomysial antibody, 1861, 

1861 

Immunoglobulin A nephropathy, 1704 

Immunoglobulin D 
multiple myeloma and, 574t 
reference intervals for, 2279¢ 

Immunoglobulin E, 571 
analytical goals for, 366t 
interleukin-4 and, 666, 669 
interleukin-9 and, 677 
multiple myeloma and, 574t 
reference intervals for, 2279t 

Immunoglobulin G, 219, 220f 569 
analytical goals for, 366t 
anticonvulsants and, 459 
in cerebrospinal fluid, 590 
childhood levels of, 461 
deficiency of, 571 
effects of smoking on, 457 
effects of steroid hormones on, 545¢ 
in elderly, 461 
interleukin-9 and, 677 
intrathecal synthesis of, 578-579 
microchip-based assay for, 255 
multiple myeloma and, 574¢ 
posture-related changes in, 450¢ 
properties of, 545t 
reference intervals for, 2279t 
Rh isoimmune disease and, 2164 

Immunoglobulin-gene rearrangements in 

hematopoietic neoplasms, 1458, 1458- 
1460, 1459¢, 1460f 

Immunoglobulin M, 569 

acute hepatitis A and, 1805 


Immunoglobulin M (Continued) 
acute hepatitis B and, 1806, 1806f 
analytical goals for, 366t 
effects of smoking on, 457 
in elderly, 461 
multiple myeloma and, 574¢ 
posture-related changes in, 450t 
properties of, 545¢ 
reference intervals for, 2279t 
Immunoglobulin M surface receptor, 569 
immunoinflammatory response 
cytokines and, 649-652, 650-652f 
interferon-y and, 698 i 
interleukin-6 and, 674 
interleukin-12 and, 685-686 
Immunoinhibition techniques 
for amylase isoenzymes, 619 
for creatine kinase isoenzymes, 600-601, 601f 
Immunometric methods 
for adrenocorticotropic hormone, 1983 
for gonadotropins, 1986 
for growth hormone, 1975 
for prolactin, 1980 
for thyroid-stimulating hormone, 2066-2067 
for vitamin B,,, 1104 
Immunomodulation, interleukin-2 in, 664 
Immunoprecipitation assay 
for amylase, 619 
for aspartate aminotransferase, 607 
Immunoradiometric assay 
for adrenocorticotropic hormone, 1983 
for antithyroid antibodies, 2085 
for bone alkaline phosphatase, 1941 
in cytokine measurement, 722 
for growth hormone, 1975 
for insulin-like growth factor-1, 1976 
for parathyroid hormone, 1917 
Immunoreactive insulin, 852 
Immunosensor, 303-304 
TImmunosuppressants, 1274-1280, 1280 
cyclosporine in, 1274-1276, 1275f 
everolimus in, 1276-1277 
mycophenolate mofetil in, 1277f, 1277-1278 
sirolimus in, 1278-1279 
tacrolimus in, 1279-1280 
Immunosuppression in kidney transplantation, 
1726-1727 
Immunoturbidimetry for urine albumin, 888 
Impaired fasting glucose, 855, 859b 
Impaired glucose tolerance, 855, 859b, 1125 
Implantable electrochemical/optical sensors, 
113-116, 115f 
Implanted sensor for blood glucose, 875 
impotence, 2103-2104 
Imprecision of measurements, 356t, 357 
Imprinting defects, 1504-1506, 1505f 1506t 
In-house developed assays, 1556 
In situ hybridization, 1434-1436, 1475f, 1476 
In vitro fertilization, 2127 
In vitro point-of-care testing devices, 303-308, 
304-307f 
In vivo electrochemical/optical sensors, 113- 
116, 115f 
In vivo point-of-care testing devices, 308, 308t 
Inborn errors of metabolism, 8434, 888-890, 
2207-2247 
of amino acids, 539, 2211-2221, 2212-2217t 
analytical considerations in, 2237 
homocystinuria in, 2219f, 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
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Inborn errors of metabolism (Continued) 
tyrosinemia type 1 in, 2217-2219, 2218f, 
2219f 
urea cycle defects in, 2220-2221 
of bile acids, 1785-1786, 1786b 
biochemical diagnosis of, 2207-2211, 2208¢, 
2209f, 2210f, 2211b 
in carbamyl phosphate synthetase 1 
deficiency, 1489-1491, 1490f 
of copper, 1128 
of fatty acid oxidation, 2230-2237, 2231 
2234-2235t 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
lactic acidosis in, 877 
newborn screening for, 2207, 2208f 
of organic acids, 2221-2230, 2224-2229 
analytical considerations in, 2237-2242, 
2238-2241t 
ethylmalonic encephalopathy in, 2230, 
2230f 
glutaric acidemia type I in, 2230 
isovaleric acidemia in, 2222-2223, 2223f, 
2230 
propionate disorders in, 2222, 2223f 
of trace elements, 1119 
vitamin B,-responsive, 1099 
Incomplete distal renal tubular acidosis, 1708- 
1709 
Increased anion gap acidosis, 1768-1771, 1769f, 
1769¢ 
Indels, 1408-1409 
Inderal. See Propranolol. 
Index of atypicality, 443 
Index of heterogeneity, 470 
Index of individuality, 469-470 
Index test, 328 
Indicator reaction 
in linked enzyme assay, 202-203 
secondary enzyme-catalyzed reaction as, 199 
Indinavir, 1269t, 2308t 
Indirect equilibrium tracer dialysis, 2075 
Indirect hemagglutination, 240 
Indirect ion-selective electrodes, 986-987 
Indirect methods 
for free thyroid hormones, 2075-2076 
for low-density lipoproteins, 948b, 948-951, 
949b, 950f 
for serum thyroxine, 2068 
Indirect potentiometry, 988t 
Indirect sampling, 427-428, 428f, 428t 
Inductively coupled plasma, 169-170, 184 
Inductively coupled plasma-emission 
spectroscopy, 1373-1374 
Inductively coupled plasma-mass spectrometry, 
1122 
for aluminum, 1375 
for arsenic, 1377 
for lead, 1381 
for mercury, 1382 
for selenium, 1383-1384 
for toxic metals, 1373-1374 
Inductively coupled plasma-optical emission 
spectrometry, 1122 
Ineffective erythropoiesis, 1103 


2363 


Inert metal electrodes in potentiometry, 94-95 
Infant 
alpha,-antitrypsin deficiency in, 551 
body fluid composition of, 460-461 
C3 complement levels in, 567 
C4 complement levels in, 568 
cobalamin deficiency in, 1103 
copper deficiency in, 1128 
feces collection from, 52 
Graves’ disease in, 2163 
haptoglobin levels in, 561 
hemolytic disease in, 1200-1201, 2164-2165 
herpes simplex virus infection in, 1570 
human immunodeficiency virus infection in, 
1567 
hypoglycemia in, 865, 865b 
idiopathic hepatitis in, 1201 
immunoglobulin G deficiency in, 571-572 
jaundice in, 1199-1201, 1200b 
screening for inborn errors of metabolism, 
2207, 2208f, 2209 : 
skin puncture for blood specimen, 46, 46f 
steroid hormones in, 2013 
urine collection from, 50 
Infection 
C-reactive protein and, 555 
immunoglobulin levels in, 572 
tumor necrosis factor- and, 707, 708 
Infectious diseases 
molecular assays for, 1555-1587 
analyte-specific reagents in, 1556 
analytical verification in, 1558-1560, 1560¢ 
for Chlamydia trachomatis and Neisseria 
gonorrhoeae, 1563-1565, 1564t 
choice of specimen and analytical 
approach in, 1556-1557 
clinical verification in, 1560-1561 
for cytomegalovirus, 1573-1576, 1574 
for enteroviruses, 1574-1572 
for hepatitis C virus, 1576-1579, 1577t 
for herpes simplex virus, 1570-1571 
for human immunodeficiency virus, 1567- 
1570, 1568¢ 
for human papillomavirus, 1565-1566 
internal controls in, 1557 
interpretation of results of, 1562-1563 
for Mycobacterium tuberculosis, 1575-1576 
nucleic acid extraction in, 1557-1558 
for perinatal Group B streptococcus, 1572- 
1573 
preanalytical variables in, 1557 
quality control and quality assurance in, 
1561-1562 
quantitative, 1558 
reporting of results of, 1563 
verification guidelines for, 1559¢ 
zinc and, 1140 
Infectious mononucleosis 
analytical goals for, 366t 
lactate dehydrogenase and, 602 
Inference, statistical, 433 
Infertility, 2120-2127 
female, 2124b, 2124-2127, 2125f, 2126f 
male, 2120-2124, 2121b, 2122t, 2123f, 2123¢ 
Inflammation 
albumin levels in, 547 
alpha,-acid glycoprotein and, 549 
alpha,-antitrypsin and, 550-551 
beta-microglobulin and, 555 
C-reactive protein and, 555 
chemokines and, 714, 714f 718 
complement and, 565 
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Inflammation (Continued) 
cytokines and, 649-652, 650-652f 
electrophoretic patterns in, 585f 
haptoglobin and, 560 
interleukin-1 and, 658-659, 659t 
interleukin-4 and, 668 
interleukin-6 and, 674 
interleulin-10 and, 679 
interleukin-16 and, 693 
selenium role in, 1135 
serum iron levels and, 1189¢ 
transferrin and, 562 
tumor necrosis factor and, 705; 705f, 
706-707 
Inflammatory bowel disease, 547 
Inflammatory chemokines, 713 
Inflammatory diseases 
anti-tumor necrosis factor therapies in, 708 
tumor necrosis factor-a and, 707 
Informatics, 475-483 
computing fundamentals in, 475-478, 477% 
4771, 478f 
laboratory information systems and, 478-482, 
479b, 480f, 4802, 481f, 481t 
pathology informatics resources and, 482-483 
point-of-care testing and, 308#, 308-310, 309f 
Information system, 475, 481-482 
Infrared diode laser, 66 
Infusion as noncontrollable preanalytical 
variable, 466-467 
Inherited diseases, 1483-1538 
autosomal dominant diseases in, 1491-1496 
achondropiasia in, 1491-1492 
Charcot-Marie-Tooth disease in, 1492- 
1493 
Huntington’s disease in, 1493f, 1493-1496, 
1495b, 1495f 
autosomal recessive diseases in, 1483-1491 
carbamyl phosphate synthetase I deficiency 
in, 1489-1491, 1490f 
cystic fibrosis in, 1484-1486, 1485, 1486¢, 
1487f 
hereditary hemochromatosis in, 1486- 
1489, 1488f 
of bilirubin metabolism, 1198-1199 
hepatic, 1814-1816 
inherited breast cancer in, 1508-1509 
inherited colon cancer in, 1509-1513, 1510f 
islif 
Leber hereditary optic neuropathy in, 1503 
Leigh syndrome in, 1503-1504, 1504f 
Prader-Willi and Angelman syndromes in, 
1504-1506, 1505f, 1506t 
reporting of test results in, 1513 
thrombophilia in, 1506-1508 
tubulopathies in, 1709-1710 
X-linked diseases in, 1496-1502 
Duchenne’s muscular dystrophy in, 1498- 
1500 
fragile X syndrome in, 1500f, 1500-1501, 
1502f 
hemophilia A in, 1496-1498, 1498f 
Inhibin, 2097, 2098f 
Inhibin A, 1022t, 2186, 2279-2280t 
Inhibin B, 10224, 2127 
Inhibition techniques in nephelometric and 
turbidimetric assays, 230 
Inhibitor, label used for nonisotopic 
immunoassay, 231t 
Inhibitor constant in enzymatic reaction, 205 
Inhibitors of enzymatic reactions, 204-207, 205f 
Inhibitory factors, 1968, 1968f 
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Injector 
in gas chromatography, 151, 151% 152f 
in liquid chromatography, 158, 158t 
Inner filter effect in fluorometry, 76, 83 
Inorganic acidosis, 1771 
Inorganic phosphate, 364t 
Input control of materiais, 497 
INR. See International Normalized Ratio. 
Insecticides, 1315f, 1315-1317, 1316f 
antidote for, 1288¢ 
poisoning with, 615 
Insertion-deletion mutation, 1408-1409 
Institute. of Biochemistry, 943b 
Instrument clusters, 281-282, 282f 
Instrumentation 
in atomic absorption spectrophotometry, 73f 
73-74, 74f 
automated, 265-297 
bar coding of specimen and, 269f 
269-270 
chemical reaction phase and, 274-276, 
275f, 276f 
chemiluminescence and bioluminescence 
and, 278-279 
development of standards for, 292 
electrochemical methods and, 279 
electrophoresis systems and, 124-125 
evaluation of requirements for, 289-290, 
290b 
flow cytometers and, 293 
fluorometry and, 278 
front-surface reflectance fluorometry and, 
278 
hematology cell counters and, 293 
historical overview of, 265-267, 268t 
instrument clusters and, 281-282, 282f 
labeling of specimen and, 268-269 
measuring impact of, 292 
microtiter plate systems and, 294 
nucleic acid analyzers and, 293-294 
on-analyzer specimen delivery and, 272f, 
272-273 
photometry and, 276-277, 277f 
pipetting stations and, 294 
point-of-care testing analyzers and, 294 
polarization fluorometry and, 278 
problems of integration in, 290-292, 291f 
reagent delivery and, 274 
reagent handling and storage and, 273-274, 
274f 
Teflectance photometry and, 278 
remote automated laboratory system and, 
294 
signal processing, data handling, and 
process control in, 279-280, 280b 
specimen acquisition and, 268 
specimen delivery to laboratory and, 270- 
271 
specimen loading and aspiration and, 271- 
272 
specimen preparation and, 271 
specimen processing and, 284-288, 285f; 
287f 
specimen sorting and, 288f, 288-289, 289f 
specimen storage and retrieval and, 289 
specimen transport and, 282-284, 284f 
turbidimetry and nephelometry and, 278 
urine analyzers and, 292 
workcells and, 282, 282f 
workstations and, 281 
blood gas, 1008f, 1008-1009, 1010f 
in capillary electrophoresis, 131f 131-133 


Instrumentation (Continued) 
in chemiluminescence, bioluminescence, 
and electrochemiluminescence, 85, 278- 
279 
in conventional electrophoresis, 122-125, 
123f 
in fluorometry, 77f, 77-83 
automated, 278 
cuvets and, 78-79, 79f 
excitation and emission monochromator 
and, 78 
excitation source for, 77-78 
flow cytometer and, 82-83, 83f 
hematofluorometer and, 83 
performance verification and, 80 
photodetector and, 79-80 
ratio-referencing spectrofluorometer and, 
8-81, 81f 
time-resolved fluorometer and, 81-82 
in forensic DNA testing, 1544 
in gas chromatography, 149-155 
carrier gas supply and flow control in, 150- 
151 
column technology and, 149-150, 150¢ 
computer in, 154-155, 155f 
detectors in, 1534, 153-154, 154f 
injector in, 151, 151f 152f 
sample extraction and, 155 
temperature contro! and, 151-153 
in liquid chromatography, 155-160, 156¢, 
157-159f, 159t 
in mass spectrometry, 167-181 
beam-type mass spectrometer in, 172-174f 
172-176 
computer and software in, 181 
detectors in, 180f 180-181 
ion source and, 167f, 167-171, 169f, 170f 
tandem mass spectrometer in, 179-180 
trapping-mass spectrometer in, 176-179, 
177f 
vacuum system in, 171 
in microchip electrophoresis, 135-136, 136f 
in nephelometry and turbidimetry, 88, 88f 
278 
in parentage testing, 1551 
selection of method and, 355 
in spectrophotometry, 64f 64-72, 65f 
cuvets and, 69 - 
fiber optics and, 68-69 
light sources for, 65-66, 66t 
linearity and, 72 
microprocessor and, 70 
multiple-wavelength readings and, 72 
photodetectors and, 69f, 69-70 
photometric accuracy and, 72, 72t 
readout device and, 70 
recorder and, 70 
spectral bandwidth and, 71 
spectral isolation and, 66-68, 67f, 68f 
‘stray light and, 71-72 
wavelength calibration and, 70-71, 71f 
Insulin, 843-849, 1019, 1023¢ 
C-peptide and, 846, 851 
chemistry of, 843 
chromium and, 1378 
circadian variation in, 452 
degradation of, 846 
effects of exercise on, 451 
fasting and starvation and, 456 
glucose transport and, 847f, 847-849 
growth hormone and, 1971, 1973f, 1974b 
hypophosphatemia and, 1906 


Insulin (Continued) 
measurement of, 851-853 
clinical utility of, 850, 8506 
for hypoglycemia, 865 
mechanism of action, 847, 848f 
morphine and, 459 
obesity and, 465 
reference intervals for, 2280t 
release of, 844-846, 846f 
smoking and, 457 
special collection and storage conditions for, 
55t i 
synthesis of, 843-844, 845f, 846f 
therapy in diabetic nephropathy, 1701 
Insulin antibodies, 846-847, 852 
assay of, 853 
hypoglycemia and, 866 
in type 1 diabetes mellitus, 856 
Insulin-dependent diabetes mellitus, 854 
Insulin-induced hypoglycemia stimulation test, 
1989, 2018 
Insulin-like growth factor(s), 849, 1969-1976, 
1971 
Insulin-like growth factor binding protein, 1971 
Insulin-like growth factor-I, 849, 2280¢ 
Insulin-like growth factor-I receptor, 849 
Insulin-like growth factor-I, 849, 1024t 
Insulin-like growth factor-I receptor, 849 
Insulin receptor, 847, 1029, 1124 
Insulin-receptor substrate proteins, 847 
Insulin-related subfamily of cytokines, 648 
Insulin resistance, 857 
insulin resistance gene, 858 
Insulin secretion gene, 858 
Insulin tolerance test, 1974b, 1989 
insulinoma-associated antigen, 856 
Insulinopenia, 854 
Insulitis, 855 
Integrated automation system for specimen 
processing, 286-288, 287f 
Inter-o-trypsin inhibitor, 564¢ 
Interface to automated analyzer, 286 
Interference, 361-362 
in atomic absorption spectrophotometry, 74- 
75 
in blood estrogen measurement, 2135 
in free calcium measurement, 1900 
in immunoassay, 239 
mean bias and random bias and, 369-370 
in measuring high-density lipoproteins, 948 
in phosphate measurement, 1908 
in thyroglobulin determination, 2084 
in total calcium measurement, 1899, 1899b 
Interference filter of spectrophotometer, 67 
Interferon(s), 653, 695 
Interferon-@, 653, 696f, 696-698 
Interferon-B, 696f, 696-698 
Interferon-y, 698-702, 699f, 701t 
interleukin-12 and, 683, 685 
interleukin-15 and, 689 
interleukin-17 and, 694 
interfeukin-18 and, 695 
natural killer cell and, 650-651, 651f 
neurological disorders and, 708 
tumor necrosis factor-a and, 704-706 
Interferon-o. receptor, 696-697 
Interferon-f receptor, 696-697 
Interferon-y receptor, 699 
Interleukin-1, 648-649, 655-660 
alpha,-macroglobulin and, 554 
biological actions of, 658-659, 659t 
clinical significance of, 659-660 
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Interleukin-1 (Continued) 

control of synthesis and release of, 656-657, 

657b 

general characteristics of, 655-656, 656f 

interferon-y and, 699 

in interleukin-6 secretion, 672 

in synthesis of interleukin-11, 681 

therapeutic applications of, 660 
Interleukin-10, 655-656 
Interleukin-1ß 

myocardial contractility and, 652 

tuberculosis‘and, 660 ; 
Interlenkin-1 converting enzyme, 656 
Interleukin-1 receptor, 657f, 657-658 
Interleukin-1 receptor antagonist, 655, 658 
Interleukin-2, 660-664, 661f 663b 

in immune response to tumor, 654, 654f 

interferon-y and, 699 

interleukin-15 and, 690-691 
Interleukin-2 receptor, 661-662 
Interleukin-3, 664-666, 665f 
Interleukin-3 receptor, 665 
Interleukin-4, 666-669, 667f, 687 
Interleukin-4 receptor, 667 
Interleukin-5, 669-671, 670f, 690 
Interleukin-5 receptor, 670 
Interleukin-6, 671-675, 672f, 673¢ 

cancer and, 653 

in diagnosis of myeloma, 655 

interleukin-10 inhibition of, 678, 682-683 

neuropathies and, 707-708 

as potential uremic toxin, 1692¢ 
Interleukin-6 receptor, 672-673 
Interleukin-7, 675 675-676 
Interleukin-7 receptor, 676 
Interleukin-8, 676 
Interleukin-9, 676-678, 677f 
Interleukin-9 receptor, 677 
Interleukin-10, 678, 678-680, 679b 

in inhibition of interleukin-12, 682-683 

neuropathies and, 707-708 
Interleukin-10 receptor, 679 
Interleukin-11, 680-682, 681f 
Interleukin-11 receptor, 681 
Interleukin-12, 682-686, 683f 

interferon-y and, 699 

interleukin-10 effects on, 678 
Interleukin-i2 receptor, 683 
Interleukin-13, 686f, 686-688 
Interleukin-13 receptor, 687 
Interleukin-14, 688f 688-689 
Interleukin-14 receptor, 688 
Interleukin-15, 689f, 689-691 
Interleukin-15 receptor, 689-690 
Interleukin-16, 691 691-693 
Interleukin-16 receptor, 692 
Interleukin-17, 693-694, 694f 
Interleukin-17 receptor, 694 
Interleukin-18, 694-695, 695f 


Intermediary metabolism of carbohydrates, 841, 


8426 843t 
Intermediate cluster region, 1464 
Intermediate-density lipoproteins, 915 
characteristics of, 916¢ ` 
chemical composition of, 916t 
familial combined hyperlipidemia and, 929- 
930 : 
measurement of, 953 
reverse cholesterol transport pathway and, 
921f 
Intermediate precision, 356t, 357 
Internal calibrator, 1558 
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Internal controls in molecular assay, 1557 
Internal quality control, 515 
Internal standardization of analytes, 161-162 
Internal validity, 328-329 
international Federation of Clinical 
Chemistry/International Union of Pure 
and Applied Chemistry system, 9-10, 10t 
International Normalized Ratio, 1089, 1789 
International Organization for Standardization, 
6, 521-523, 523¢ 
International Union of Biochemistry, 191 
International unit of enzyme activity, 209 
Interpercentile interval, 434 
Interstitial cell-stimulating hormone, 1984, 1985 
Interstitial fluid, 1749-1750 
Interstitial nephritis, 1706 
Interval estimate, 433 
Intestinal alkaline phosphatase, 608f 610 
Intestines 
bacterial overgrowth of, 1864}, 1864-1865, 
1865t 
bile salt malabsorption and, 1865-1866 
celiac disease and, 1859-1862, 1860f, 18614, 
1862t 
in control of calcium and phosphate, 1931 
disaccharidase deficiencies and, 1862t, 1862- 
1864, 1863b, 18646 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
protein-losing enteropathy and, 1866-1867 
Intracellular calcium, 1893 
Intracellular compartment, 1749-1750 
Intracellular fluid, 984, 1747, 1748f 1750 
Intracellular receptor 
postreceptor actions of, 1029-1030 
role of, 1026f, 1027 
Intrahepatic biliary atresia, 1201 
Intrahepatic cholestasis, 1821 
Intrahepatic duct, 1779 
Intrauterine infection, 572 
intravascular fluid compartment, 1748 
Intravenous glucose tolerance test, 860-861 
Intravenous line, blood specimen from, 49, 49t 
Intravenous nutrition 
ascorbic acid in, 1106 
biotin in, 1108 
chromium in, 1124 
copper in, 1128 
folic acid in, 1113 
niacin in, 1116 
pantothenic acid in, 1117 
riboflavin in, 1096 
selenium in, 1134-1135 
thiamine in, 1092 
vitamin A in, 1082 
vitamin Bs in, 1099 
vitamin B, in, 1102 
vitamin E in, 1086 
vitamin K in, 1089 
zinc in, 1139 
Intrinsic factor, 11014 
Intron, 1396, 1407-1408 
Inulin clearance, 819%, 820 
Inventory control 
of materials, 496-497 
in point-of-care testing, 313-314 
Invirase. See Saquinavir. 
Iodide, 2055f, 2055-2056 
Iodine 
deficiency of, 2057-2059 
effects on thyroid function, 2064 
thyroid hormones and, 2055f, 2055-2056 
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Iodine'”, 233t lron-binding capacity, 1188-1192, 1189-11915, 
Iodoacetate, 48 2158t 
lodoplatinate, 1294 Iron storage disease, 1193 
lodothyronine deiodinase, 1134 Tron sulfate, 2064t 
Iohexol clearance, 819%, 820 Irregular menses, 2114-2120 
Ton cyclotron resonance, 178-179 primary amenorrhea in, 2114, 2117-2118 
Ion exchange, 11 secondary amenorrhea in, 2114-2117, 2115), 
Ion-exchange chromatography, 142-143, 143f 21166, 2116¢ 
for amylase isoenzymes, 619 tests for, 2117-2120 
for glycated hemoglobin, 8814, 881-882 Irreversible inhibition in enzymatic reaction, 
in measurement of isoenzymes, 213 206 
for urinary catecholamines, 1060 Ischemia, anion gap acidosis and, 1770 
Ion-pair chromatography, 144 Ischemia modified albumin, 1635 
lon-selective electrodes, 95-100, 96t, 98-100f, Ischemic acute renal failure, 1691f 
279 Ischemic hepatitis, 1805t, 1807 
for chloride, 990 
for free calcium, 1899-1900 
for magnesium, 1912 
for potassium, 986-987 


Isoniazid (Continued) 
pharmacogenetics of N-acetyl transferases 
and, 1604 
therapeutic and toxic levels of, 2308¢ 
Isopropanol, 1302, 1302f 
antidote for overdose, 1288 
serum osmolality of, 1293 
Isoprostanes, 1635 
Isoproterenol, 1261 
Isordil. See Isosorbide. 
Isosmotic hyponatremia, 1753 
Isosorbide, 1056f 
Isotachophoresis, 121, 130 
Isothermal oligo amplification, 1419 
Isothermal target amplification, 1417, 
ISE. See lon-selective electrodes. 1417f 
Islet amyloid polypeptide, 858 Isotope, 21 
Islet cell cytoplasmic antibodies, 855 Isotope dilution analysis, 167 
ISO. See International Organization for TIsotope-dilution mass spectrometry, 167 
for sodium, 986 Standardization. for creatinine, 800 
for total calcium, 1897 Isobutyryl-CoA dehydrogenase defect, 2226- for thyroxine, 2068 
Ion-suppression chromatography, 143-144 2227t Isotopic methods 
Ion trap mass spectrometer, 177, 177f Isobutyrylcarnitine, 2280-2281 for thyroid hormone-binding ratio, 2076- 
Ionization chamber, 23 Isobutyrylglycine, 2281t 2077 
Ionization constants in amino acids, 537, 538t Isobutyrylglycinuria, 2226-2227¢ for thyroxine, 2068 
Ionization interference in atomic absorption Isocitrate dehydrogenase for triiodothyronine, 2072 
spectrophotometry, 75 EC number, systemic and trivial names, and Isovaleric acidemia, 2222-2223, 2223f, 2224- 
Ionized calcium, 1896, 1899-1902, L900f 1901f abbreviation of, 192t 2225t 
19024, 2258 special collection and storage conditions for, Isovaleryl/CH3 butyrylcarnitine, 2281¢ 
critical values of, 2317t 55t Isovaleryl-CoA dehydrogenase defect, 2224- 
values during pregnancy, 2158f Isocitric acid, 2281f 2225t 
Tonized magnesium, 1912 Isocoproporphyrin, 1210¢ Isovaleryl glycine acid, 2281 


lonophores, 97, 98f Isoelectric focusing electrophoresis, 123, 128- iStat system, 246, 246f 
Ions 130, 129f Ito cell, 1780 
antigen-antibody binding and, 224 for alpha,-antitrypsin, 552, 552f Itraconazole, 1268% 
in enzyme activation, 206-207 for amylase isoenzymes, 619 
mass spectrometry and for apolipoprotein E, 961 J 


sources of, 167f, 167-171, 169f, 170f 
suppression of, 185-186, 186f 
Iontophoresis, 121, 996-997 


for glycated hemoglobins, 882 
for hemoglobinopathies, 1173, 1173f 
microchip-based, 255 


Jackknifing, 420 
Jaffe reaction, 798 
Jaundice 


IRMA. See Immunoradiometric assay. 
tron, 1186-1193 Isoenzymes, 193-198 
analytical goals fox, 364t of alkaline phosphatase, 608, 608f 610-611, 
anion gap acidosis and, 1770 éllf 
antidote for overdose, 1288¢ of alpha-amylase, 616-617, 619, 619f, 629f 
biochemistry of, 1186, 1186-1188, 1187f of aspartate aminotransferase, 606-607 
11881, 1189f changes during development and disease, 
ceruloplasmin and, 556-557 196-197 
circadian variation in, 453¢ of creatine kinase, 600-601, 601f, 1631-1632 
deficiency of, 1192 differences in properties of, 197-198 
in chronic kidney disease, 1696 distribution of, 196 
electrophoretic patterns in, 585f genetic origins of, 194f, 194-195 
effects of prolonged venous occlusion on, of glycogen phosphorylase, 603f 603-604 
43t lactate dehydrogenase, 602-603, 1632-1633, 
food ingestion and, 454 1633b, 1643, 1653 Juvenile-onset diabetes, 854 
heme synthesis and, 1168, 1169f measurement of, 213 Juxtaglomerular apparatus, 1674, 1676f, 1676- 
hereditary hemochromatosis and, 1486-1489, nongenetic causes of, 195f 195-196 1677 
1488f of tartrate-resistant alkaline phosphatase, 625 Juxtaglomerular epithelial cell, 2015 
influence of menstrual cycle on, 464 as tumor markers, 755 
malnutrition and, 456 Isoforms, 195f, 195-196 K 
overload of, 1192-1193 of 5-aminolevulinate synthase, 1214 K-fold cross validation, 420 
red cell volume and hemoglobin content of, of apolipoprotein E, 918 K-ras oncogene, 7804, 781 
1191 of creatine kinase, 1631-1632 Kallikreins, 756-757 
role of copper in metabolism of, 1127 measurement of, 213 Kallmann’s syndrome, 2103, 2114, 2121 
serum, 1188-1193, 1189%, 1190¢ Isohydric shift, 1761-1762, 1762f Kanamycin, 1262t, 1262-1265, 12634, 2308t 
serum ferritin assay and, 1191, 1191¢ Isoimmunization disease, 2164 Kantrex, See Kanamycin. 
serum transferrin receptor and, 1191-1192 Isoleucine, 5341, 2281t Kappa receptor, 1339-1340 
sideroblastic anemias and, 1193 Isomerases, 2006 Kashin-Beck disease, 1135 
toxicity of, 1314-1315, 1379 Isomers, 2003, 2004f Katal, 8, 209 
transferrin and, 562-563 Isoniazid, 1268¢ Kayexalate, 2064 
transfusion-related changes in, 467 anion gap acidosis and, 1770 Kayser-Fleischer rings, 558, 1808, 1815 
values during pregnancy, 2158t antidote for overdose, 1288t Keppra. See Levetiracetam. 


Isoelectric point, 537 in liver disease, 1792 
neonatal, 1199-1201, 1200b 

JCAHO. See Joint Commission on Accreditation 
of Healthcare Organizations. 

Jejunum, 1849 

Jendrassik-Grof total bilirubin assay, 
1196-1197 

Joint Commission on Accreditation of 
Healthcare Organizations, 27, 29 

Joint Committee for Traceability in Laboratory 
Medicine, 520-521 

Joule, 6t, 8 

Joule’s law, 123 

Juvenile hemochromatosis, 1192, 1193 


Keratinocyte 
interleukin-1 and, 659t 
interleukin-6 and, 673t 
Keratins, 542 
Keratomalacia, 1083 
Kernicterus, 2164 
Keshan disease, 1135 
Ketamine, 1347f 1347-1349 
Ketoacidosis, 1770 
Ketoacids, 456 
2-Ketoadipic aciduria, 2228-2229t 
2-Ketoadipic dehydrogenase defect, 2228-2229t 
Ketoconazole, 1268¢ i 
Ketogenesis, 1043 
3-Ketoglutaric acid, 228Ł 
Ketone(s}, 837, 838f 
formation of, 910-911, 911f 
stick tests for, 301 
urine, 876, 877 
Ketone bodies, 875-877, 1770 
fasting and starvation and, 456 
formation of, 910, 911f 
Ketonemia, 876 
Ketonutia, 876 
Ketose, 837, 838f 
Ketosis, 910-911 
17-Ketosteroids, 2099, 2101f 
blindness and, 465 
in elderly, 461 
fever and, 465 
shock-related. changes in, 466 
urine, 2134 
urine specimen preservatives and, 51¢ 
Ketostix, 876 
Kidney, 1671-1745 
acid-base physiology and, 1763-1767, 1765f 
1766f 
anatomy of, 1671-1677 
blood supply in, 1671-1672, 1673f 
juxtaglomerular apparatus in, 1676f, 1676- 
1677 
nephron in, 1672-1676, 1674f, 1675f, 1676t 
renal interstitium in, 1677 
cadmium-related damage of, 1378 
drug excretion and, 1247 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
fetal, 2159-2160 
function and physiology of, 1677t, 1677-1688 
calcium homeostasis in, 1681, 1930-1931 
chloride homeostasis in, 1681 
endocrine functions in, 1683 
excretory and reabsorptive functions in, 
1675f, 1677-1679 
glomerular filtration rate and, 1683-1686, 
16841, 16854, 1686f 
glomerular permeability and filtration in, 
1686-1687 
phosphate homeostasis in, 1681, 1930-1931 
potassium homeostasis in, 985, 1680-1681 
proteinuria and, 1687ż, 1687-1688 
sodium homeostasis in, 984, 1679-1680, 
1680f 
water homeostasis in, 1681-1683, 1682f 
hormones of, 1024t 
interleukin-6 and, 673t 
metabolic acidosis and, 1771-1772 
metabolic alkalosis and, 1773 
respiratory acidosis and, 1774 
as source of urinary dopamine, 1044 
transaminase activities in, 605t 
transplantation of, 1725-1728, 1726f 


index 


Kidney disease, 1688-1718 
acute nephritic syndrome in, 1705-1706 
Bartter’s syndrome in, 1709-1710 
bone and mineral disorders and, 1904 
chronic, 1693-1697, 1694f, 16952, 1696b 
classification of renal failure in, 1689-1690, 
1690f, 1690t 
cystinuria in, 1715-1716 
Dent’s disease in, 1710 
diabetes insipidus in, 1711 
diabetic nephropathy in, 1699-1702, 1700¢ 
diagnosis and screening for, 1689 
diuretics and, 1710-1711 
effect on cortisol, 2012 
end-stage, 1697-1699, 1698f 
Gitelman’s syndrome in, 1710 
glomerular diseases in, 1702-1704, 1703f 
hypertensive nephropathy in, 1702 
immunoglobulin A nephropathy in, 1704 
interstitial nephritis in, 1706 
Liddle’s syndrome in, 1710 
monoclonal light chains and, 1716-1718 
nephrotic syndrome in, 1704-1705, 1705f 
obstructive uropathy in, 1707 
phosphate disorders in, 1710 
polycystic kidney disease, 1706-1707 
prostaglandins and NSAIDs in, 1716 
pseudohypoaldosteronism type 1 in, 1710 
rapidly progressive glomerulonephritis in, 
1704 
renal calculi in, 1711-1715, 1712f 
renal replacement therapy in, 1718-1728, 
1719¢ 
dialysis and, 1719-1725, 1720f 17214, 
1722f, 1724f 
kidney transplantation and, 1725-1728, 
1726f 
renal tubular acidoses in, 1707-1709 
screening for, 808-812, 810f 
microscopic examination of urine in, 811- 
812 
new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 
toxic nephropathy in, 1707, 1708¢ 
uremic syndrome in, 1691-1692, 1692¢, 
1693b 
urinary osmolality in, 1718 
Kidney function tests, 797-835 
creatinine measurement in, 797-801, 799f 
glomerular filtration rate in, 818-826 
age and, 824, 826t 
creatinine clearance and, 821f, 821-823, 
822f 
cystatin C and, 823-824, 824 
inulin clearance and, 820 
iohexol clearance and, 820 
low molecular weight proteins and, 823 
radioisotopic markers of, 818-819 
recommendations and reference intervals 
for, 824-826, 825t 
proteinuria assessment in, 812-818 
Bence Jones proteinuria and, 815 
characterization of proteinuria in, 817-818 
measurement of total protein in, 813, 813f, 
814t 
myoglobinuria and, 815-817 
sample collection for, 812-813 
tubular proteinuria and, 817 
urinary albumin and microalbuminuria 
screening in, 814-815, 816f 
screening for kidney disease and, 808-812, 
810f 
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Kidney function tests (Continued) 
-© microscopic examination of urine in, 811- 
812 

new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 

urea measurement in, 801-803, 802f 

uric acid measurement in, 803-808, 804f, 

806b 


‘Kidney stones, 806-807, 1711-1715, 1712f 


Kilo, metric prefix of SI unit, 7t 
Kilobecquerel, 22 
Kilogram per cubic meter, 6f 
Kilopascal, 9 
Kinetic{s) 
of bile acid metabolism, 1784-1785 
of enzymes, 198-207 
coenzymes and prosthetic groups in, 207 
consecutive enzymatic reactions and, 202- 
203 
effect of pH in, 203, 203f 
enzyme activation and, 206-207 
enzyme concentration and, 199 
enzyme-substrate complex and, 198-199, 
199f 
inhibition of enzyme activity and, 204-206, 
205f 
substrate concentration and, 199%; 199-202, 
201f, 202f 
temperature effect on, 203-204, 204f 
of hybridization, 1431 
in polymerase chain reaction, 1413-1414, 
1414f 1415f 
Kinetic homogeneity, 1239, 1239f 
Kinetic methods 
for chymotrypsin, 623 
© in drug screening, 1293 
in enzyme assay, 212 
for lipase, 621 
Kinetic microparticle immunoassay, 1293 
Kjeldahl’s method for serum total protein, 588 
Kleihauer-Betke test, 2188 
Klinefelter’s syndrome, 2134 
Klonopin. See Clonazepam. 
Kober reaction, 2136 
Korsakoff’s syndrome, 1092 
Krebs cycle, 909, 910f 1187 
Kubelka-Munk equation, 73, 305 
Kupffer cell, 216, 1778f, 1780 
Kurtosis, coefficient of, 440 
Kussmaul respiration, 1771 


L 


Lab LOINC codes, 480-481, 481f, 481¢ 
Labeled-analogue method for free thyroid 
hormones, 2080 
Labeled-antibody method for free thyroid 
hormones, 2080-2081 
Labeled immunochemical assays, 230-239, 231£ 
analytical detection limits in, 2334, 233-234 
chemiluminescence immunoassay, 237, 238f 
competitive versus noncompetitive reaction 
formats in, 230-232, 231f, 232b 
electrochemiluminescence immunoassay in, 
237 
enzyme immunoassay in, 234-236, 236f 
fluoroimmunoassay in, 236-237, 237t 
heterogeneous versus homogeneous assays in, 
232b, 232-233 
protein microarrays in, 239 
radioimmunoassay in, 234 
simplified immunoassays in, 237-239, 238f 
Labeled probe, 1419-1421 
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Labeling 
of hazardous materials, 31, 31f 
of reagent, 274 
of specimen, 54, 268-269 
Labetalol, 1056r 
Laboratory accreditation, 516-519, 517-519t 
Laboratory automation systems, 267 
Laboratory-developed tests, 1556 
analytical verification of, 1558-1560, 1560t 
clinical verification of, 1560-1561 
quality control and quality assurance in, 
1561-1562 
Laboratory director, 1453 
Laboratory informatics, 475-483 
computing fundamentals in, 475-478, 477f, 
4771, 478f 
laboratory information systems and, 478-482, 
479b, 480f, 4801, 481f, 481¢ 
pathology informatics resources and, 482-483 
Laboratory information system, 478-482, 479b, 
480f, 480¢, 481f, 4811 
historical overview of, 266-267 
point-of-care testing and, 308t, 308-309, 309f 
Laboratory log, 493 
Laboratory medicine, 321-529 
application of principles in routine practice, 
347 
applications of SI units in, 6-7, 7t 
characterization of diagnostic accuracy of 
tests in, 328-330, 331f, 332f 
clinical audit and, 345f, 345-347 
clinical laboratory informatics in, 475-483 
computing fundamentals in, 475-478, 477f, 
A77t, 478f 
laboratory information systems and, 478- 
482, 479b, 480f, 480¢, 481f, 481t 
pathology informatics resources and, 482- 
483 
clinical practice guidelines and, 341-345, 
342f, 343-345¢, 344b, 344f 
clinical setting of outcome study and, 328 
concepts, definitions, and relationships in, 
323-325 
design and operation of molecular 
diagnostics laboratory, 1451-1456 
diagnostic questions addressed in, 326, 326f, 
327-328t 
economic evaluations of diagnostic testing in, 
338-341, 339t 
method evaluation in, 353-407 
analytical measurement range and, 359 
analytical performance criteria and, 354 
analytical sensitivity and, 361 
analytical specificity and interference in, 
361-362 
basic error model in, 368-370, 369f 
Bland-Altman plot and, 376-377, 377f, 
377t 
calibration and, 355f, 355t, 355-356 
distribution of differences plot in, 371-376, 
372-375f, 373t, 375t 
goals for analytical quality in, 362f, 362- 
3664, 362-368 
guidelines, regulatory demands, and 
accreditation in, 402-403 
limit of detection and, 359-361, 360f, 
361f 
limit of quantification and, 361 
linearity in, 359 
medical criteria and, 353-354, 354f 
inethod comparison data model in, 370- 
371 
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Laboratory medicine (Continued) 
monitoring serial results and, 396-397, 
397f 
paired t-tests and, 377-378, 378f, 378t 
precision in, 357-358, 358¢ 
precision profile in, 358, 358f 
regression analysis and, 378-395. See also 
Regression analysis. 
software packages fox, 403-404 
traceability and measurement uncertainty 
and, 397-402, 398f 401t 
trueness and accuracy in, 356, 356¢ 
verification of distribution of differences in 
relation to specified limits in, 376, 
376t 
outcome studies in, 330-336, 333-335f 
point-of-care testing and, 299-320 
accreditation and regulation of, 315 
device design in, 3014, 301-303, 302f 
device requirements in, 299, 300b 
documentation in, 314-315 
equipment procurement and evaluation in, 
311-312 
establishment of need for, 310b, 310-311 
future of, 315f 315-316 
in vitro devices and, 303-308, 304-307f 
in vivo, ex vivo, or minimaily invasive 
devices and, 308, 308 
informatics and, 308f, 308-310, 309f 
maintenance and inventory control in, 
313-314 
organization and implementation of 
coordination committee for, 311 
policy and accountability in, 311, 3115 
quality control, quality assurance, and 
audit in, 312-313, 314f 
training and certification in, 312, 312b 
quality management in, 485-529 
control charts and, 498-499, 499f 
control materials and, 497-498 
control of analytical quality using patient 
data in, 510-515, 5121, 514f 
control of analytical variables in, 494-497, - 
495f, 496b 
control of preanalytical variables in, 491- 
494, 492t 
cumulative sum control chart and, 506¢, 
506-508, 507f, 507t, 508f 
external quality assessment and proficiency 
testing programs in, 515-519, 517- 
518¢ 
fundamental concepts of, 485-486, 486f 
identification of analytical errors in, 519- 
520 
International Organization for 
Standardization and, 521-523, 523t 
Joint Committee for Traceability in 
Laboratory Medicine and, 520-521 
Levy-Jennings contro) chart and, 503f, 503- 
504, 504f 
Malcolm Baldridge National Quality 
Award and, 523 
principles of, 486f, 486-487 
process for selection of quality control 
procedures and, 502-503 
quality assurance program in, 490-491 
Shewart mean and range control chart 
and, 508f 508-510, 509t 
six sigma process and, 488-490, 489f, 
490f 
Westgard multirule chart and, 504-506, 
505f, 5054, 506f 


Laboratory medicine (Continued) 
reference values and, 425-448 
analytical procedures and quality control 
in, 432-433 
concept of, 425-427 
determination of reference limits in, 434- 
436, 435f 
dynamic versus static interpretation of 
clinical chemistry data and, 446 
identification and handling of erroneous 
values in, 437 
inspection of distribution in, 436-437 
multivariate, population-based reference 
regions and, 443-445, 444f, 4457 
nonparametric method in, 437-438, 438¢, 
439t 
parametric method in, 438-442 
partitioning of reference values in, 436 
presentation of observed values in relation 
to, 442-443 
selection of reference individuals for, 427- 
430, 428f, 4281, 430b, 431b 
specimen collection and, 430-432, 432t 
statistical concepts in, 433-434, 434f 
subject-based, 4457, 445-446 
transferability of, 443 
systematic reviews of diagnostic tests in, 336- 
338, 337b 
test performance evaluation in, 409-424 
Bayes’ theorem and, 414-415 
classification bias and, 410¢, 410-411 
clinical examples of, 419-420 
combination testing and, 4154, 415-416, 
416t 
cost effectiveness and outcomes research 
and, 420-422, 421f 
data analysis methods for very large 
numbers of variables and, 418f 418- 
419 
likelihood ratio and, 413f, 413-414 
model evaluation and, 420 
multivariate data analysis in, 416-418, 417f, 
418f 
odds ratio and, 413 
receiver operating characteristic curves in, 
412f, 412-413, 413f 
sensitivity and specificity in, 4114, 411-412, 
412f l 
spectrum in, 409-410, 410¢ 
using test results in, 328 
Lactase, 841 
Lactase deficiency, 889, 1863b, 1863-1864, 
1864b 
Lactate, 877-878 
alcohol ingestion and, 457-458 
critical values of, 2317t 
physical training-related changes in, 451-452 
reference intervals for, 2282t 
smoking and, 457 
special collection and storage conditions for, 
55t 
stick tests for, 301¢ 
surgery-related changes in, 466 
Lactate dehydrogenase, 601-603 
acute myocardial infarction and, 1653 
analytical goals for, 364t 
biological variability in, 467¢ 
circadian variation in, 453f, 453t 
in diagnosis of liver disease, 1797 
diet and, 453, 454 
in differential diagnosis of acute hepatitis, 
1808 


Lactate dehydrogenase (Continued) 
distribution of, 217£ 
EC number, systemic and trivial names, and 
abbreviation of, 192¢ 
Embden-Meyerhof pathway and, 630 
exercise-related changes in, 451 
fasting and starvation and, 456 
in HELLP syndrome, 2163 
increased activity after surgery, 467¢ 
influence of food on, 455t 
multiple myeloma and, 1717 
plasma, 47t | 
racial differences in, 462 
reference intervals for, 2282t 
seasonal influences on, 464t 
transfusion-related changes in, 467 
as tumor marker, 755#, 756 
Lactate dehydrogenase isoenzymes, 364, 1632- 
1633, 1633b, 1643, 1653 
Lactation, prolactin and, 1976-1977 
Lactic acid, 877 
Lactic acidosis, 877, 1770 
Lactogen, 1977 
Lactogenic hormone, 1977 
Lactose, 839, 889 
Lactose intolerance, 1862, 1862 
Lactotropin, 1977 
LADA. See Latent autoimmune diabetes of 
adulthood. 
LAK cell. See Lymphokine-activated killer cell. 
Lamellar bodies in fetal lung, 2156, 2159, 2193 
Lamictal. See Lamotrigine. 
Lamina densa of glomerular basement 
membrane, 1672 
Lamina rara externa of glomerular basement 
membrane, 1672 
Lamina rara interna of glomerular basement 
membrane, 1672 
Laminar flow burner, 74, 74f 
Lamivudine, 12697, 2309t 
Lamotrigine, 12504, 1254, 2309t 
LAMP. See Loop-mediated amplification. 
Lanoxin. See Digoxin. 
Lanugo, 2156 
Laser 
in fluorometry, 78 
in spectrophotometry, 66, 66t 
Laser ablation of poly dimethylsiloxane, 249 
Laser-induced fluorescence in capillary 
electrophoresis, 132 
Late-onset congenital adrenal hyperplasia, 2115, 
2119-2420 
Latent autoimmune diabetes of adulthood, 856 
Latex-agglutination-inhibition immunoassay, 
1351 
LATS protector assay, 2086 
Lauric acid, 909 
Laxative abuse, 1881-1883 
LC-EC. See Liquid chromatography with 
electrochemical detection, 
LCHAD. See Long-chain 3-hydroxy acyl-CoA 
dehydrogenase deficiency. 
LD. See Lactate dehydrogenase. 
LDLs. See Low-density lipoproteins. 
Lead 
analytical goals for, 365t 
antidote for overdose, 1288¢ 
blood, 1380 
as causative factor in medical conditions, 
1372 
development of nephropathy and, 1708¢ 
reference intervals for, 2282t 
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Lead (Continued) 
special collection and storage conditions for, 
55t 
toxicity of, 1379f 1379-1381, 1380f 
male reproductive function and, 2122¢ 
porphyrins and, 1220-1221 
Leave-one-out cross validation, 420 
Leber hereditary optic neuropathy, 1503 
Lecithin, 914, 914f 
Lecithin-cholesterol acyltransferase, 906 
Left ventricular hypertrophy 
in chronic kidney disease, 1695 
in end-stage renal disease, 1697-1698 
Legal issues in forensic DNA testing, 1545 
Leigh syridrome, 1503-1504, 1504f 
LEK. See Leu-enkephalin. 
Leptin, 858, 10244 1875t 
polycystic ovary syndrome and, 2115-2116 
Lesch-Nyhan syndrome, 806 
Leu-enkephalin, 1021#, 1981 
Leucine 
isovaleric acidemia and, 2222-2223, 2223f 
reference intervals for, 2282t 
structure and molecular weight of, 534t 
Leucine aminopeptidase, 755t 
Leuconostoc mesenteroides, 869 
Leukemia, 1457, 1466-1472, 1468¢ 
acute myeloid, 1466-1469, 1469-1471 
BCR-ABL oncogene in, 782 
beta,-microglobulin and, 555 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f, 1473f 
heat shock proteins and, 776 
interferon-« for, 653 
interleukin-9 and, 677 
interleukin-11 and, 682 
interleukin-14 and, 689 
lactate dehydrogenase and, 756 
reverse-transcription PCR in chromosomal 
translocations in, 1471-1472 
Leukocyte 
chemokines and, 715 
dipstick test for, 811 
Leukocyte count 
analytical goals for, 366t 
during pregnancy, 2158t 
Leukocyte elastase, 550 
Leukocyte esterase, 301t 
Leukocyte trafficking 
chemokines and, 714, 715f 
tumor necrosis factor- and, 706 
Leukocyte vitamin C, 2302t 
Leukotrienes, 911, 1685t 
Levetiracetam, 1250¢, 1250-1251, 2309¢ 
Levo-dodecenoylcarnitine, 2267t 
Levo-dopa 
effects on thyroid function, 2064¢ 
growth hormone release and, 1973f 
interference with catecholamine assays, 1055 
plasma, 1059, 1059¢ 
reference intervals for, 2267t 
Levodopa-carbidopa, 1056t 
Levofloxicin, 1265, 1266f 
Levorphanol, 1344 
Levy-Jennings control chart, 503f, 503-504, 504f 
Leydig cell, 2097, 2098f 
LH. See Luteinizing hormone. 
LH-RH, See Luteinizing hormone-releasing 
hormone, 
Librium. See Chiordiazepoxide. 
Licorice, 1773 
Liddle’s syndrome, 1710, 2033 
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Lidocaine, 1256f, 1258-1259 
clearance of, 1791-1792 
therapeutic and toxic levels of, 2309t 
Lifestyle 
influence on laboratory tests, 457#, 457-458 
in management of hypercholesterolemia, 
934-936, 935f 
LIGA process, 249 
Ligamentum teres, 1778 
Ligand in affinity chromatography, 144, 144f 
Ligandins, 1195 


‘Ligase, 1410-1411 


Ligase chain reaction, 1416-1417 
Light, nature of, 61, 62f, 62t 
Light chain deposition disease, 1716-1718 
Light chain of immunoglobulin, 570 
Light emitting diode laser, 66t 
Light pipes in spectrophotometry, 68-69 
Light scattering 
in fluorometry, 83 
nephelometry and turbidimetry for, 85-89, 
86f, 88f 
Light-scattering immunoassay, 235b, 813-814 
Light sources 
in atomic absorption spectrophotometry, 74, 
74f 
in spectrophotometry, 65-66, 66t 
LightCycler system, 293-294 
Likelihood ratio, 413f, 413-414 
Limit checks, 512, 512t 
Limit of blank, 359-360, 360f 
Limit of detection, 359-361, 360f 361f, 403b 
Limit of quantitation, 361 
Line-probe assay, 1433, 1434f 
Linear ion trap, 178 
Linear range of assay, 1560 
Linearity, 359 
fluorometry and, 83 
in regression analysis, 388, 388f 
spectrophotometer and, 72 
Lineweaver-Burk plot, 200, 201f 
Linkage disequilibrium, 1514 
Linkage studies, 1514 
Linked linear amplification, 1419 
Linoleic acid, 908, 909, 909¢ 
Linolenic acid, 909¢ 
Lipase, 619-621 
distribution of, 217% 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
morphine and, 459 
pancreatic, 1854 
reference intervals for, 2282t 
Lipid(s), 903-981 
cholesterol and, 904-907, 904-908F 
classification of, 904b 
coronary heart disease and, 924-928, 927f 
digestion and absorption of, 1854, 1855f 
disorders of, 928-938 
diagnosis of, 932-934, 932-934t, 933b 
familial dyslipoproteinemias and, 
928-932 
hyperlipoproteinemia and, 928, 928t 
management of, 9344, 934-938, 9354, 935- 
937f, 938t 
fatty acids and, 907-911, 908f 9094, 910 911f 
glycerol esters and, 913f, 913-914, 914f 
hepatic role in metabolism of, 1789 
measurement of, 938-962 
analytical variations in, 954, 955 
cholesterol and, 942-944 
desktop analyzer methods in, 954 
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Lipid(s) (Continued) 
high-density lipoproteins and, 945b, 945- 
948 
historical background of, 938-940 
intermediate-density lipoproteins and, 
953 
low-density lipoproteins and, 948b, 948- 
952, 950f, 952t 
NCEP recommendations for, 956-958, 958t 
oxidized low-density lipoproteins and, 
953-954 
phospholipids and, 945 , 
physiological variation in, 954-955, 9561, 
957t 
reference methods for, 940-942, 942b, 943b 
totai lipoproteins and lipoprotein 
subclasses and, 953 
triglycerides and, 944-945 
prostaglandins and, 911-913, 911-913f 9121, 
913t 
reference concentrations of, 922-923, 922- 
924¢ 
sphingolipids and, 914f, 914-915 
terpenes and, 915 
Lipid-associated sialic acid, 778t 
Lipid peroxidation, 1085, 1085f 
Lipocalin, 549 
Lipolysis, 1043 
Lipopolysaccharide, 703 
Lipoprotein(a), 915 
characteristics of, 916¢ 
measurement of, 960-961 
Lipoprotein(s), 903-981 
agarose gel electrophoresis of, 950f 
analytical challenges of, 939 
biochemistry of, 915f 915-916, 916#, 917f 
characteristics of, 916t 
chemical composition of, 916¢ 
disorders of, 928-938 
diagnosis of, 932-934, 932-934t, 933b 
familial dyslipoproteinemias and, 928-932 
hyperlipoproteinemia and, 928, 928t 
management of, 9341, 934-938, 9351, 935- 
937f, 938t 
malnutrition and, 455 
measurement of, 938-962 
analytical variations in, 954, 955t 
cholesterol and, 942-944 
desktop analyzer methods in, 954 
high-density lipoproteins and, 9456, 945- 
948 
historical background of, 938-940 
intermediate-density lipoproteins and, 953 
low-density lipoproteins and, 948b, 948- 
952, 950f, 952t 
NCEP recommendations for, 956-958, 958t 
oxidized low-density lipoproteins and, 
953-954 
phospholipids and, 945 
physiological variation in, 954-955, 9565, 
957t 
reference methods for, 940-942, 942b, 943b 
total lipoproteins and lipoprotein 
subclasses and, 953 
triglycerides and, 944-945 
metabolism of, 918-921f, 918-922, 1789 
reference concentrations of, 922-923, 922- 
924t 
reference intervals for, 2274t, 2282-2283t 
special collection and storage conditions for, 
55t 
stains for, 1254, 584 
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Lipoprotein lipase 
apolipoprotein C and, 918 
deficiency of, 929 
Lipoprotein receptor-related protein, 700-701 
Liquid chromatography, 155-161 
for amino acids, 549-541 
basic concepts in, 141, l4zf 
for cortisol, 2036 
instrumentation in, 155-160, 156%, 157-159f, 
159t 
Liquid chromatography/mass spectrometry, 
141, 182-183 
Liquid chromatography-tandem mass 
spectrometry, 2127-2128 
Liquid chromatography with electrochemical 
detection, 105, 105f 
Liquid cutoff filter in spectrophotometry, 72 
Liquid-gas difference for electrode, 1010-1011 
Liquid-liquid chromatography, 155 
Liquid phase adsorption in heterogeneous assay, 
232 
Liquid reagent systems, 273 
Liquid scintillation detector, 23 
Liquor amnii, 2153 
LIS. See Laboratory information system, 
Liter, 5 
Lithane. See Lithium. 
Lithium, 12702, 1271-1272 
analytical goals for, 365t 
antidote for overdose, 1288t 
development of nephropathy and, 1708t 
effects on thyroid function, 2064t 
parathyroid hormone alterations and, 1920 
required ion-selective electrode selectivity 
coefficient for, 96¢ 
therapeutic and toxic levels of, 2309t 
Lithium oxalate, 48 
Lithocholic acid, 1782, 1784f 
Lithonate. See Lithium. 
Liver, 1777-1847 
alpha,-antitrypsin deficiency and, 551 
bile salt malabsorption and, 1865-1866 
biochemical functions of, 1786-1792 
ammonia metabolism in, 1789-1791, 1790f 
bile acids and, 1782-1787, 1783-1785f, 
1786b 
bilirubin and, 1195, 1195f, 1781-1782 
carbohydrate metabolism and, 1794 
glycogen storage in, 1792 
protein synthesis in, 1787-1789, 1788 
xenobiotic metabolism and excretion in, 
1791-1792 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
fatty acid oxidation disorders and, 2211 
fetal, 2159 
gross anatomy of, 1777-1779, 1778f 
hormones of, 1024t 
isoenzymes and, 196 
ketone bodies and, 875 
lipoprotein metabolism and, 919-921 
microscopic anatomy of, 1779f, 1779-1780, 
1780f 
role in drug clearance, 1246 
transaminase activities in, 605¢ 
transplantation of, 614 
ultrastructure of hepatocyte and, 1780, 1781f 
Liver cancer, 1823-1825, 1824¢ 
alkaline phosphatase and, 755 
aipha-fetoprotein and, 767-768 
aminotransferases and, 605 
calcitonin and, 766 


Liver cancer (Continued) 
cancer antigen 50 and, 773 
cathepsins and, 763 
cholinesterase and, 615 
DU-PAN-2 tumor marker and, 772-773 
gamma-glutamyltransferase and, 613 
hepatocyte growth hormone receptor and, 
779 
lactate dehydrogenase and, 756 
serum alkaline phosphatase and, 608, 609t 
tumor-associated trypsin inhibitor and, 764 
Liver disease, 1792-1827 
acute hepatitis in, 1804-1809, 1805t 
differential diagnosis of, 1808 
follow-up of, 1808-1809 
hepatitis A in, 1805 
hepatitis B in, 1805-1806, 1806f 
hepatitis C in, 1806 
ischemic hepatitis in, 1807 
Reye’s syndrome in, 1807 
toxic hepatitis in, 1807 
albumin levels in, 547 
alcoholic, 1817-1819 
aminotransferases and, 604-605, 606f 
ammonia metabolism changes in, 1789-1791, 
1790F 
bilirubin and, 1782 
cholestatic, 1820-1823 
cholinesterase and, 615 
chronic hepatitis in, 18094, 1809-1817 
alpha,-antitrypsin deficiency in, 1816 
autoimmune hepatitis in, 1812-1814, 1813¢ 
drug-induced, 1816-1817 
hemochromatosis in, 1814-1815 
hepatitis B in, 1809-1811 
hepatitis C in, 1810f 1811 
nonalcoholic fatty liver disease and 
nonalcoholic steatohepatitis in, 1811- 
1812 
Wilson’s disease in, 1815-1816 
cirrhosis in, 1819¢, 1819-1820, 1820¢ 
clinical manifestations of, 1792-1797 
altered drug metabolism in, 1796 
disordered hemostasis in, 1796-1797 
enzyme markers and, 1797 
hepatorena! syndrome in, 1796 
jaundice in, 1792 
nutritional and metabolic abnormalities in, 
1796 
portal hypertension in, 1792f, 1792-1796, 
1793f 
diagnosis of, 1825-1827, 1826f, 1827f 
dyslipoproteinemia in, 928f 
effects on carbohydrate metabolism, 1791 
effects on cortisol clearance, 2012 
end-stage, 1796 
glutamate dehydrogenase and, 607 
hepatic glycogenoses in, 1820, 1820t 
lactate dehydrogenase and, 602 
mechanisms and patterns of injury in, 1798, 
1798f 
porphyrias and, 1217-1218 
during pregnancy, 2162, 2163 
protein synthesis alterations in, 1787-1789, 
1788t 
` retinol-binding protein and, 563 
viral infection in, 1798-1817, 1799t 
hepatitis A in, 1799 
hepatitis B and C co-infection in, 1803- 
1804 
hepatitis B in, 1799-1802 
hepatitis C in, 1802f 1802-1803 


Liver disease (Continued) 
hepatitis D in, 1804 
hepatitis E in, 1804 
hepatitis G in, 1804 
Liver enzymes, 604-616 
alkaline phosphatase in, 607-611, 608f, 609t, 
61lf 
aminotransferases in, 604-607, 6054, 606f 
cholinesterase in, 614-616 
gamma-glutamyl transferase in, 612-613 
glutamate dehydrogenase in, 607 
glutathione S-transferase in, 613-614 
5’-nucleotidase in, 611-612 
plasma, 1826, 1826f 
Liver failure 
decreased glucose production in, 866 
in erythropoietic protoporphyria, 1219, 1220 
Liver phosphorylase kinase deficiency, 891 
Loading zone of analyzer, 271-272 
Logical Observation Identifier Names and 
Codes system, 9 
LOINC system, 9 
Long-acting thyroid stimulator, 2086 
Long-chain 3-hydroxy acyl-CoA dehydrogenase 
deficiency, 2232-2236, 2234-2235t 
Long-chain enoyl-CoA hydratase, 2232 
Long-chain fatty acid uptake defect, 2234-2235 
Loniten. See Minoxidil. 
Loop diuretics, 1710-1711 
Loop-mediated amplification, 1419 
Loop of Henle, 1675, 1675f 1679-1680, 1680f 
Lopressor. See Metoprolol. 
Loracarbef, 1268t 
Lorazepam, 1328%, 1330f 2309t 
Low-density lipoprotein(s), 915 
apolipoprotein B in, 917 
apolipoprotein C-II deficiency and, 929 
characteristics of, 916t 
chemical composition of, 916¢ 
childhood levels of, 461 
diet and, 454 
effects of gender on, 462, 462t 
effects of physical training on, 451 
familial combined hyperlipidemia and, 929- 
930 
familial hypercholesterolemia and, 931 
heart disease and, 924-928, 927f 
hyperapobetalipoproteinemia and, 930 
measurement of, 948-952 
analytical performance of methods for, 
951-952, 952t 
analytical variation in, 954, 955¢ 
desktop analyzer methods for, 954 
direct methods for, 951 
indirect methods fox, 948b, 948-951, 949b, 
950f 
NCEP recommendations for, 956-958, 958¢ 
oxidized low-density lipoproteins and, 
953-954 
physiological variation in, 954-955, 956¢, 
957 
reference methods for, 941 
total lipoproteins and lipoprotein 
subclasses and, 953 
microchip-based electrophoresis of, 255 
obesity and, 465 
population distributions of, 923¢ 
reference intervals for, 2282-2283t 
reverse cholesterol transport pathway and, 
921f 
shock-related changes in, 466 
smoking and, 457 
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Low-density lipoprotein{s) (Continued) 
steroid hormone synthesis and, 2005 
values during pregnancy, 2158¢ 
vegetarianism and, 455 
Low-density lipoprotein receptor, 920f 921, 
931 

Low-dose dexamethasone suppression test, 
2025, 2026t 

Low-grade squamous intraepithelial lesion, 
1565 

Lowry method for serum total protein, 588 

LRP. See Lipoprotein receptor-related protein. 

LSD, See Lysergic acid diethylamide. — 

Lucey-Driscoll syndrome, 1199 

Lucifer yellow, 237t 

Luciferase, 1420 

Ludiomil, See Maprotiline. 

Luminescent oxygen channeling immunoassay, 

235b 

Luminex 100/xMAP analytical system, 722 

Luminol. See Phenobarbital. 

Luminometer, 85 

Lundh test, 1868-1869, 1869 

Lang 
fetal evaluation of maturity of, 2188-2193, 

2189t 
collection of amniotic fluid for, 2189-2190 
fluorescence polarization tests in, 2190- 
2191 
Foam Stability Index in, 2192-2193 
lamellar body counts in, 2193 
lecithin/sphingomyelin ratio in, 2191-2192 
phosphatidyigiycero] determination in, 
2192 
gas exchange in, 1763, 1764f 
pulmonary surfactant and, 2159, 2159f 
transaminase activities in, 605¢ 

Lung cancer markers, 753¢ 
calcitonin in, 766 
cancer antigen 72-4 in, 774 
carcinoembryonic antigen in, 768-769 
creatine kinase 1 in, 756 
cytokeratin 19 fragments in, 769 
lactate dehydrogenase in, 756 
matrix metalloproteinases in, 763 
neuron-specific enolase in, 756 
telomerase in, 765 

Luteal phase deficiency, 2124, 2126 

Luteinizing hormone, 1020t, 1984-1988 
analytical goals for, 364t 
biochemistry of, 1984-1985, 1985f 
female, 2109 
female infertility and, 2126 
gonadotropin-releasing hormone stimulation 

test for, 1989b 
male, 2097, 2098f 
male puberty and, 2101-2102 
measurement of, 1985-1987, 1987 
menstrual cycle and, 2113 
ovulation and, 2114 
polycystic ovary syndrome and, 2115 
precocious puberty and, 2111 
reference intervals for, 2283t 

Luteinizing hormone-releasing hormone, 10204, 

1968 

Luteotropic hormone, 1977 

Luteotropin, 1977 

Lutropin, 1984 

Lyases, 2006 

Lymph, 215 

Lymphocyte, 715-716 

Lymphoid tumor, 573 
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Lymphokine-activated killer cell, 654, 654f 
interleukin-2 and, 663 
interleukin-15 and, 690 
Lymphoma, 1457 
beta,-microgiobulin and, 555 
interleukin-14 and, 689 
recurrent chromosomal translocations in, 
1463-1466, 1465¢, 1466 1467f 
Lymphopoiesis, 676 
Lymphotoxin, 702 
Lyonization, 1514 
Lyophilization, 27 
Lysergic acid diethylamide, 1338f 1338-1339, 
1339f 
therapeutic and toxic levels of, 2309¢ 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Lysine 
reference intervals for, 2283t 
structure and molecular weight of, 535t 
Lysinuric protein intolerance, 2216-2217 
Lysolecithin, 921 
Lysosomal release defect, 2224-2225t 
Lysosome, 1780 
Lysozyme 
special collection and storage conditions for, 
55t 
urine, 817 
Lysyl oxidase, 1127 


M 


M-CSF See Macrophage-colony stimulating 
factor. 
M/SCHAD deficiency, 2234-2235t 
Macro-aspartate aminotransferase, 605 
Macro-creatine kinase, 599 
Macroamylases, 617 
Macrocytic ionophore, 987 
Macrolides, 1268t 
Macrophage 
interferon-c and, 696, 696f 
interferon-y and, 700 
interleukin-1 and, 659¢ 
interleukin-3 and, 664 
interleukin-6 and, 671-675, 672f, 673t 
interleukin-9 and, 676-678, 677f 
interleukin-10 and, 678f, 678-680, 679b 
tumor necrosis factor-o, and, 706 
Macrophage-colony stimulating factor, 655 
Macroprolactinemia, 1980 
Macula densa of loop of Henle, 1675, 1676f 
MagNA Pure LC Instrument, 293 
Magnesium, 1901-1912 
analytical goals for, 364t 
biochemistry and physiology of, 1909 
biological variability in, 467t 
calcium stone disease and, 1714 
circadian variation in, 452-453 
creatine kinase and, 598 
critical values of, 2317t 
distribution in body, 1893t 
effects of fever on, 466t 
effects of gender on, 462 
fasting and starvation and, 456 
free, 1912 
hypermagnesemiia and, 1910, 1910b 
hypomagnesemia and, 19098, 1909-1910 
parathyroid hormone and, 1913-1914 
reference intervals for, 2284t 
required ion-selective electrode selectivity 
coefficient for, 96t i 
serum, 1911 
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Magnesium (Continued) 
special collection and storage conditions fox, 
55t 
total, 1911, 1911f, 1912 
urine specimen preservatives and, 51t 
values during pregnancy, 2158t 

Magnesium precipitation method, 2075 

Magnetic sector mass spectrometer, 173-174 

Magon, 1911, 1911f 

Mahalanobis’ squared distance, 444 

Major breakpoint cluster, 1464, 1466f 

Major histocompatibility complex, 697, 1540 

interferon-y and, 700 tet. 
for transplantation testing, 1546f, 1546-1549, 
1547£ 

Malabsorption, 1878b, 1878-1881, 1879t, 1880b, 
1880t 

bile acid, 1786b 

bile salt, 1865-1866 

copper deficiency and, 1128 
fat, 1855f 

monosaccharide, 1863 
vitamin B,,, 1103 

Malcolm Baldridge National Quality Award, 523 

MALDI. See Matrix-assisted laser 
desorption/ionization. 

MALDI-TOF. See Matrix-assisted laser- 
desorption ionization time-of-flight mass 
spectrometry. 

Maidigestion, 1878, 1878-1881, 18794, 18806, 
1880t 

Male reproductive system, 2097-2104 

anabolic steroids and, 2134 

anatomy of, 2097 

androgens and, 2098-2099, 2098-2100f 

andropause and, 2102 

defects in androgen action and, 2103 

dehydroepiandrosterone and, 2132-2134, 
2133t 

fetal development of, 2099-2101, 2101f 

free and weakly bound blood testosterone 
and, 2129-2131, 21304, 2131¢ 

gynecomastia and, 2104 

hypergonadotropic hypogonadism and, 2103 

hypogonadotropic hypogonadism and, 2102- 
2103 

hypothalamic-pituitary-gonadal axis and, 
2097, 2097f 

impotence and, 2103-2104 

infertility and, 2120-2124, 2121b, 21221, 
2123f, 2123t 

postnatal development of, 2101 

precocious puberty and, 2110-2112 

puberty and, 2101-2102 

saliva testosterone and, 2131 

testosterone precursors and metabolites in 
blood and, 2131-2132, 2132t 

total blood testosterone and, 2127-2129, 
2129t 

urine 17-ketosteroids and, 2134 

Malic acid, 2284t 
Malignancy. See also Cancer. 

beta,-microglobulin and, 555 

calcitonin and, 1926-1927 

cytokines and, 652-655, 654f 

interleukin-2 treatment of, 664 

interleukin-6 and, 674 

interleukin-7 and, 676 

interleukin-10 and, 680 

interleukin-12 and, 685 

isoenzymes and, 197 

lactate dehydrogenase and, 602 
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Malignancy (Continued) 
pharmacogenetics and, 1610é, 1610-1611 
plasma deoxyribonucleic acid and, 1399 
selenium role in chemoprevention of, 1136 
transferrin and, 562 
tumor markers for, 745-795 
alkaline phosphatase in, 755 
androgen receptor in, 779 
blood group antigens in, 773-774 
carbohydrate markers in, 770t, 770-773 
cathepsins in, 762-763 
cell-free nucleic acids in, 786 
circulating cancer cells in, 786 
clinical applications of, 747-749, 748-749t 
clinical guidelines for, 752-753t 
creatine kinase in, 756 
cytokeratins in, 769 
epidermal growth hormone receptor in, 
779-780 
estrogen and progesterone receptors in, 
777-779 
evaluation of clinical utility of, 749-751, 
749-751 f, 751t 
hepatocyte growth hormone receptor in, 
779 
historical background of, 746-747, 747t 
hormones as, 765t, 765-766 
human glandular kallikrein 2 in, 761 
kallikreins in, 756-757 
lactate dehydrogenase in, 756 
markers for angiogenesis as, 786 
mass spectrometry for, 752-754 
matrix metalloproteinases in, 763 
microarrays for, 754 
neuron-specific enolase in, 756 
oncofetal antigens in, 766-769, 767t 
oncogenes in, 780t, 780-783 
prostate-specific antigen in, 757-761, 760t 
prostatic acid phosphatase in, 756 
proteins as, 774t, 774-777, 775t 
PTEN tumor suppressor gene in, 785 
single nucleotide polymorphisms in, 785- 
786 
telomerase in, 764-765 
tissue production of, 746t 
tumor-associated trypsin inhibitor in, 763- 
764 
tumor suppressor genes in, 7834, 783-785 
urokinase-plasminogen activator system 
in, 761-762 
Malignant hyperthermia, 599 
Malnutrition 
as controllable preanalytical variable, 455-456 
in dialysis patient, 1724-1725 
retinol-binding protein and, 563 
Malondialdehyde low-density lipoproteins, 1634 
Malonic acidemia, 2228-2229¢ 
Malonyl-CoA decarboxylase defect, 2228-2229t 
Malonylcarnitine, 2284t 
Maltase, 841 
Maitase-glucoamylase, 1853 
Maitopentaose, 618 
Maltose, 839, 841, 889 
Maltotriose, 618 
Mammotrope, 1967 
Mammotropin, 1977 
Mandated safety plans, 29-30 
Manganese, 1130-1132 
oral and intravenous intakes of, 1076¢ 
reference intervals for, 2284 
toxicity of, 1381 
Mann-Whitney U-Test, 413 


Mannose binding lectin, 582 
Manometric method for total carbon dioxide, 
991 
Mantle cell lymphoma, 1465, 1467f 
MAO. See Monoamine oxidase. 
Maple syrup urine disease, 2212-2213¢, 2220 
Maprotiline, 1269, 1270#, 2309¢ 
Marijuana, 1333f, 1333-1335, 1334f 
effects on laboratory tests, 459 
male reproductive function and, 2122+ 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Markers 
for angiogenesis, 786 
of antioxidant status, 1077-1078 
of bone turnover, 1935b, 1935, 1935-1943 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f 1941-1943 
in osteoporosis, 1932-1933 
preanalytical and analytical variables in, 
1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 
1939-1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937f 
urinary hydroxyproline in, 1940 
cardiac, 1629-1635 
adhesion molecules in, 1635 
brain natriuretic peptide in, 1629-1631, 
1631f 
C-reactive protein in, 1633 
cardiac troponin I and T in, 1629, 1629b, 
1630f 
choline in, 1635 
clinical utility of, 1643-1645, 1644f 
creatine kinase isoenzymes and isoforms 
in, 1631-1632 
cytokines in, 1633-1634 
ischemia modified albumin in, 1635 
isoprostanes in, 1635 
lactate dehydrogenase isoenzymes in, 1632- 
1633, 16335, 1643, 1653 
matrix metalloproteinases in, 1634 
monocyte chemotactic protein in, 1634 
myeloperoxidase in, 1634 
myoglobin in, 1632, 1643, 1653 
nourin in, 1635 
oxidized low-density lipoproteins in, 1634 
phospholipase A2 in, 1634 
placental growth factor in, 1634 
pregnancy associated plasma protein A in, 
1634 
sCD46 ligand in, 1633 
secreted platelet granular substances in, 
1634-1635 
serum amyloid in, 1633 
tissue plasminogen activator antigen in, 
1634 
` tumor necrosis factor-o in, 1634 
unbound free fatty acid in, 1635 
urinary thromboxane in, 1635 
gender, 1542-1543 
for glomerular filtration rate, 818-824, 8194, 
821f; 822f, 824f 
tumor, 745-795 
alkaline phosphatase in, 755 
androgen receptor in, 779 
blood group antigens in, 773-774 
cancer and, 745-746 
carbohydrate markers in, 7704 770-773 
cathepsins in, 762-763 ; 


Markers (Continued) 

cell-free nucleic acids in, 786 

circulating cancer cells in, 786 

clinical applications of, 747-749, 748-749t 

clinical guidelines for, 752-753t 

creatine kinase in, 756 

cytokeratins in, 769 

epidermal growth hormone receptor in, 
779-780 

estrogen and progesterone receptors in, 
777-779 

evaluation of clinical utility of, 749-751, 
749-751f, 751 

hepatocyte growth hormone receptor in, 
779 

historical background of, 746-747, 747t 

hormones as, 765f, 765-766 

human glandular kallikrein 2 in, 761 

kallikreins as, 756-757 

lactate dehydrogenase in, 756 

markers for angiogenesis in, 786 

mass spectrometry for, 752-754 

matrix metalloproteinases as, 763 

microarrays for, 754 

neuron-specific enolase in, 756 

oncofetal antigens as, 766-769, 767t 

oncogenes as, 780i, 780-783 

prostate-specific antigen in, 757-761, 760f 

prostatic acid phosphatase in, 756 

proteins as, 7741, 774-777, 775t 

PTEN tumor suppressor gene in, 785 

single nucleotide polymorphisms as, 785- 
786 

telomerase in, 764-765 

tissue production of, 746¢ 

tumor-associated trypsin inhibitor in, 763- 


764 
tumor suppressor genes as, 783¢, 
783-785 
urokinase-plasminogen activator system 
and, 761-762 
Y-chromosome, 1542-1543, 1543 
Markoy model, 421f 
Masking phenomenon, 958-959 


Mass 
gravimetry and, 23-25 
SI unit of, 6t 
Mass analysis, 165 
Mass concentration, 4t 
Mass density, SI unit of, 6t 
Mass number, 21 
Mass spectrometer, 165-167, 171-179 
in gas chromatography, 153%, 154 
magnetic sector, 173-174 
quadrupole, 172f, 172-173, 173f 
tandem, 179-180 
time of flight, 174f, 174-176 
trapping, 176-179, 177f 
Mass spectrometry, 165-190 
analytical problem of ion suppression in, 
185-186, 186f 
basic concepts and definitions in, 165-167, 
166f 
clinical applications of, 181-185, 183f, 184¢ 
for hormones, 1031 
instrumentation in, 167-181 
beam-type mass spectrometer in, 172-174f 
172-176 
computer and software in, 181 
detectors in, 180f 180-181 
ion source and, 167f, 167-171, 1697, 170f 
tandem mass spectrometer in, 179-180 
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Mass spectrometry (Continued) 
trapping-mass spectrometer in, 176-179, 
177f 
vacuum system in, 171 
for insulin, 852 
in nucleic acid analysis, 1429, 1430f 
in protein analysis, 590 
for tumor markers, 752-754 
Mass spectrometry/mass spectrometry, 
179-180 
Mass spectrum, 165, 166f 
Mass transfer process, 147 
Mast cell 
interleukin-3 and, 664 
interleukin-5 and, 669-671, 670f 
Material Safety Data Sheet, 29 
Maternal screening for fetal defects, 2167f 
2167-2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 2169f, 2169-2170, 2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f. 21714, 2172f, 2173¢ 
external proficiency testing and, 2179 
maternal serum alpha-fetoprotein in, 2182f 
2182-2183, 2269t 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 
Mathematical modeling for testosterone, 2131 
Matrix, 403b 
Matrix-assisted laser-desorption ionization 
time-of-flight mass spectrometry, 170, 
170f, 183, 183f, 184t 
to detect sequence polymorphisms, 1429, 
1430f , 
for tumor markers, 754 
Matrix effects in light scattering measurement, 
89 
Matrix Gla protein, 1088f, 1088-1089 
Matrix metalloproteinases 
as cardiac biomarkers, 1634 
chronic hepatitis and, 1817 
as tumor markers, 763 
Maturity-onset diabetes of young, 858 
Mauzerail-Granick method, 1224 
MBP. See Myelin basic protein. 
MCAD. See Medium-chain acyl-CoA 
dehydrogenase deficiency. 
McArdie’s disease, 891 
McCune-Albright syndrome, 2111 
MCKAT deficiency, 2234-2235t 
MDA. See Methylenedioxyamphetamine. 
MDEA. See Methylenedioxyethylamphetamine. 
MDMA. See Methylenedioxymethamphetamine. 
MDRD formula, 823 
MDS AutoLab system, 287 
Mean bias, 369-370 
Measurand, 403b 
Measurement 
of adrenocorticotropic hormone, 
4983-1984 
in analytical enzymology, 207-213 
of enzymatic-catalyzed reaction rates, 207- 
209, 208f 
of enzyme mass concentration, 211 
of isoenzymes and isoforms, 213 
of metabolites, 211-212 
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Measurement (Continued) 
optimization, standardization, and quality 
control in, 210% 210-211 
of substrates, 209-210 
of apolipoprotein(s), 958-960 
of apolipoprotein E, 961-962, 962f 
of arginine vasopressin, 1995-1996 
of calcium, 1896-1904 
adjusted or corrected total calcium and, 
1896-1897, 1897b 
free, 1899-1902, 1900f 1901f, 1902¢ 
interpretation of results, 1903-1904, 1904f 
1905f 
patient preparation for, 1902-1903 
physiological variation in calcium and, 
1903 
reference intervals in, 1903 
total, 1897-1899, 1898f 1899b 
urinary calcium and, 1904 
of cardiac proteins, 1635-1643 
brain natriuretic peptide and, 1641b, 1641- 
1642, 1642f 1642t 
cardiac troponin I and T and, 1635-1641, 
1636, 16378, 16371, 16386 1639- 
16414 
creatine kinase-MB and, 1642-1643 
lactate dehydrogenase isoenzymes and, 
1643 
myoglobin and, 1643 
of cytokines, 720-723 
bioassays in, 721-722 
rationale for, 645-646 
requirements for, 720f, 720-721, 721f 
sample coliection and storage for, 721 
of endogenous opioid peptides, 1984 
of fecal fat, 1879, 1879t 
of gonadotropins, 1985-1987, 1987t 
of growth hormone, 1974-1976 
of hormones, 1030-1031 
of insulin-like growth factors, 1976 
of lipids and lipoproteins, 938-962 
analytical variations in, 954, 955¢ 
cholesterol and, 942-944 
desktop analyzer methods in, 954 
high-density lipoproteins and, 945b, 945- 
948 
historical background of, 938-940 
intermediate-density lipoproteins and, 953 
low-density lipoproteins and, 948b, 948- 
952, 950f, 952¢ 
NCEP recommendations for, 956-958, 958t 
oxidized low-density lipoproteins and, 
953-954 
phospholipids and, 945 
physiological variation in, 954-955, 956¢, 
957¢ 
reference methods for, 940-942, 942b, 943b 
total lipoproteins and lipoprotein 
subclasses and, 953 
"triglycerides and, 944-945 
of lipoprotein{a), 960-961 
method comparison and, 368-396 
basic error model in, 368-370, 369f 
Bland-Altman plot and, 376-377, 377f, 
377t 
distribution of differences plot in, 371-376, 
372-375f, 373t, 375t 
method comparison data model in, 370- 
371 
paired t-tests and, 377-378, 378f, 378t 
regression analysis and, 378-395. See also 
Regression analysis. 
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Measurement (Continued) 
of oxytocin, 1996 
of prolactin, 1980-1981 
trueness and accuracy of, 356, 356t 
units of, 5-10 
in analytical enzymology, 209 
applications of SI in laboratory medicine, 
6-7, 74 
conversion rules for, 9 
decimal multiples and submultiples of SI 
units, 6, 7t 
International System of Units and, 5f 5-6, 
6t ` 
problems in use of SI units, 8-9 
standardized reporting of test results and, 
9-10, 10t 
Measuring interval, 403b 
Measuring pipette, 15, 15f, 15t 
Mebaral. See Mephobarbital. 
MEC. See Minimum effective concentration. 
Mechanism of action of drug, 1238-1240, 1239f 
Meconium, 1349, 2156 
Median cubital vein for venipuncture, 42 
Medical records, privacy of, 1452-1453 
Medium-chain acyl-CoA dehydrogenase 
deficiency, 2208, 2210f, 2234-22358, 2236 
Medium-density array, 1434 
Medroxyprogesterone, 2122 
Mees’ lines, 1377 
Mega, metric prefix of SI unit, 7t 
Megalin, 1687 
Megaloblastic anemia 
lactate dehydrogenase and, 602 
in vitamin B,, deficiency, 1102-1103 
Meiosis, 1514 
MEK. See Metenkephaiin. 
Melanin, 1127-1128 
Melanocyte-stimulating hormone, 1021¢ 
Melanoma 
tumor markers in 
hepatocyte growth hormone receptor in, 
779 
neuron-specific enolase in, 756 
S-100 proteins in, 776 
tumor necrosis factor-o and, 708 
Melanoma-associated antigen, 774f 
Melatonin, 10217, 1035 
Mellaril. See Thioridazine. 
Melting analysis of nucleic acids, 1441-1443, 
1442f, 1443f 
Membrane-attack complex, 564, 565 
Membrane filter, 27 
Membrane particle alkaline phosphatase, 610 
MEMS. See Microelectromechanical systems. 
Menadione, 1087 
Menaquinones, 1087, 1087f 
Meningitis, cerebrospinal fluid protein in, 578t 
Meningomyelocele, 2165 
Menkes’ disease, 557-558, 1052, 1128 
Menopause, 461%, 2120 
Menstrual cycle, 2104 
as noncontrollable preanalytical variable, 464 
normal, 2112-2114, 2113f 
serum iron levels and, 1189¢ 
Meperidine 
chemical structure of, 1340f 
therapeutic and toxic levels of, 2309¢ 
Mephobarbital, 12504, 1255, 2309t 
Meprobamate, 2310f 
6-Mercaptopurine, 1592-1595, 1593f, 1594f 
Merckoquant sulfite dipstick test, 1132-1133 
Mercuric sulfate, 1294 
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Mercurimetric titration for chloride, 989 
Mercury, 1371 
antidote for overdose, 1288t 
blood, 1382, 1383f 
as causative factor in medical conditions, 
1372¢ 
development of nephropathy and, 1708¢ 
handling of, 34 
reference intervals for, 2284t 
toxicity of, 1381-1382, 1383f 
urine specimen preservatives and, 51¢ 
Mesangial cell; 1672-1673, 1674f, 1676 
Mescaline, 1231f $ 
Mesobilinogen, 1195 
Mesoderm, 2153 
Mesoporphyrin, 1210¢ 
Mesoridazine, 1311¢ 
Mesothelin, 772 
Messenger RNA, 1170 1396 
Meta-analysis, 338 
Metabolic acidosis, 17671, 1768-1772, 1769f, 
1769t 
alcohol ingestion and, 458 
in aspirin overdose, 1307 
fasting and starvation and, 456 
food ingestion and, 454 
hyperchloremic, 1709 
Metabolic alkalosis, 1767¢, 1772b, 1772-1774 
Metabolic syndrome, 857 
clinical identification of, 933, 933t 
high-sensitivity C-reactive protein and, 964 
Metabolism 
of acetaminophen, 1305, 1306f 
of amino acids, 538-539, 539f, 540f 
of ammonia, 1789-1791, 1790f 
of amobarbital, 1327f 
of ascorbic acid, 1105-1106 
of aspirin, 1307, 1307f 
of barbiturates, 1330f 
of bile acids, 1784-1785 
of biotin, 1107-1108 
of bone, 1931 
of boron, 1143 
of carbohydrates, 841-853 
C-peptide measurement and, 853 
clinical utility of measurement of 
hormones in, 850b, 850-851 
counterregulatory hormones and, 849-850 
digestion and absorption in, 841, 842f 
glucagon measurement and, 853 
inborn errors of, 888-890 
influence of glucocorticoids on, 2007 
insulin antibodies assays and, 853 
insulin-like growth factors and, 849 
insulin measurement and, 851-853 
insulin regulation of blood glucose 
concentration in, 843-849, 845f, 846f, 
847, 848f 
intermediary, 841, 842f, 843¢ 
proinsulin measurement and, 853 
somatostatin and, 850 
thyroxine and, 850 
of catecholamines, 1036-1039, 1037-1039f 
1039¢ 
of chromium, 1124 
of cocaine, 1336f 
of codeine, 1341f 
of copper, 1126-1127, 1127f 
of dextromethorphan, 1344, 1345f 
of drug, 1240#, 1245-1246, 1246f 
epinephrine role in, 1043 
of estrogens, 2107-2108, 2108f 


Metabolism (Continued) 
of flunitrazepam, 1329f 
of fluoride, 1142 
of folic acid, 1109-1110 
of gamma-hydroxybutyrate, 1337, 1337f 
of heroin, 1341f 
hormonal control of, 1025-1026 
of ketamine, 1347f 
of lipoproteins, 918-921f, 918-922 
of lysergic acid diethylamide, 1338, 1339f 
of manganese, 1130 
of methadone, 1346f 
of methylphenidate, 1323-1324, 1324f 
of molybdenum, 1132 
of niacin, 1115 
of oxycodone, 1343f 
of pantothenic acid, 1117 
of parathyroid hormone, 1914f, 1914-1915 
of phencyclidine, 1347f 
of progesterone, 2109, 2109f 
of purines, 804f 
of riboflavin, 1095f, 1095-1096 
of selenium, 1133-1134 
of steroid hormones, 2006-2007, 2012-2014, 
2013f 
of testosterone, 2099, 2099f 
of tetrahydrocannabinol, 1333, 1333f 
of thyroid hormones, 2056 
of triazolobenzodiazepines, 1331f 
of vitamin A, 1081 
of vitamin Be 1098, 1098t 
of vitamin By, 1101-1102 
of vitamin D, 1921f 
of vitamin E, 1084-1085 
of vitamin K, 1087-1088, 1088f 1090, 1091f 
of zinc, 1138, 1139f 
Metabolites 
catecholamine, 1054-1062 
collection and storage of samples fox, 
1054-1055 
5-hydroxyindoleacetic acid and, 1063- 
1065, 1065t 
influences of diet and drugs on, 1055, 
1056t 
plasma assays in, 1057, 1057¢ 
plasma t-dopa, DOPAC, and DHPG and, 
1059, 1059¢ 
plasma metanephrines and, 1057-1058, 
1058t 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060r 
urinary fractionated metanephrines and, 
1060-1061, 1061 
urinary homovanillic acid and, 1061-1062, 
1062t 
urinary vanillylmandelic acid and, 1061, 
1062¢ 
cortisol, 2013f 
ethylene glycol, 1313f, 1313-1314 
measurement in analytical enzymology, 211- 
212 
microchip-based assay for, 255-256 
porphyrin, 1223-1226, 1225f, 1227f 
progesterone, 2109, 2109f 
testosterone, 2131-2132, 2132t 
vitamin D, 1923-1926, 1925f 
Metal, label used for nonisotopic immunoassay, 
231k 
Metal electrodes in redox reactions, 95 
Metal toxicity, 1371-1390 
aluminum in, 1374-1375, 1375f 1699 
analytical methods for, 1373-1374 


Metal toxicity (Continued) 
antimony in, 1375-1376 
arsenic in, 1376f, 1376-3377 
beryllium in, 1377 
cadmium in, 1377-1378 
chromium in, 1378 
classification of, 1372-1373, 1373f 
cobalt in, 1378 
copper in, 1378-1379 
diagnosis of toxicity, 1372, 1372t 
iron in, 1314-1315, 1379 
lead in, 13797, 1379-1381, .1380f 
manganese in, 138] ; 
mercury in, 1381-1382, 1383f 
nickel in, 1383 
occupational monitoring of, 1372 
platinum in, 1383 
prevalence of, 1371-1372 
selenium in, 1383-1384 
silicon in, 1384 
silver in, 1384 
thallium in, 1384 
Metallothionein, 1139, 1141 
Metanephrines 
adrenal medullary system and, 1044¢ 
drug-induced increases in, 1056t 
pheochromocytoma and, 1047-1048 
plasma, 1057-1058, 1058t 
reference intervals for, 2284t, 2285t 
urine, 1060-1061, 1061t 
urine specimen preservatives and, 51t 
Metaproterenol, 1261 
Meiastasis 
chemokines and, 716-717 
cytokines and, 653-654 
interleukin-10 and, 680 
markers of angiogenesis and, 786 
neuroblastoma and, 1049 
pheochromocytoma and, 1046 
Metenkephalin, 10214, 1981, 1984 
Methadone, 1345-1346, 1346f 
chemical structure of, 1340f 
effects on thyroid function, 2064f 
therapeutic and toxic levels of, 2310¢ 
Methamphetamine, 1320-1322, 1322f 1324- 
1325 
chemical structure of, 1321f 
SAMSHA guidelines for drug assay cutoff 
values, 1320¢ 
therapeutic and toxic levels of, 2310 
U.S. government drug detection cutoff 
concentrations for, 1319¢ 
Methanol, 1361-1302 
antidote for overdose, 1288t 
metabolic acidosis and, 1769 
reference intervals for, 2285-2286t 
serum osmolality of, 1293¢ 
Methaqualone, 2310¢ 
Methemalbuminemia, 560 
Metheme, 559 
Methemoglobin, 633, 1168, 2286¢ 
Methemoglobin-forming agents, 1298-1300, 
1299f, 1299t 
Methemoglobinemia, 1168, 1298-1299, 1299f 
1299 
Methicillin, 1267¢ 
Methionine 
conversion to homocysteine and cysteine, 
967, 967f, 2219f 
metabolism of, 1112, 1112f 
reference intervals for, 2286¢ 
structure and molecular weight of, 534t 
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Methionine adenosyltransferase defect, 2212- 
2213t 
Method comparison and evaluation, 353-407 
analytical measurement range and, 359 
analytical performance criteria and, 354 
analytical sensitivity and, 361 
analytical specificity and interference in, 361- 
362 
basic error model in, 368-370, 369f 
Bland-Altman plot and, 376-377, 377f, 377t 
calibration and, 355f, 3554, 355-356 
distribution of differences plot in, 371-376, 
372-375f, 3738, 375t è 
goals for analytical quality in, 362f, 362-3666, 
362-368 
guidelines, regulatory demands, and 
accreditation in, 402-403 
identifying sources of analytical errors and, 
520 
limit of detection and, 359-361, 360f 361f 
limit of quantification and, 361 
linearity in, 359 
medical criteria in, 353-354, 354f 
method comparison data model in, 370-371 
monitoring serial results in, 396-397, 397f 
paired t-tests and, 377-378, 378f, 378t 
precision in, 357-358, 358t 
precision profile in, 358, 358f 
regression analysis and, 378-395 
adjustments for recalibration in, 387f, 387- 
388, 388f 
application of, 389-390, 390f, 390t 
assessment of outliers in, 383, 384f 
correlation coefficient in, 383-385, 384f 
Deming ordinary least-squares, 379-381, 
379-382 
error models in, 378-379, 379f 
estimating sample size for method 
comparison studies in, 390-395, 391f, 
392f, 392t, 393t 
interpretation of systematic differences 
between methods in, 389 
nonparametric, 388-389 
proportional random errors and, 385f, 
385-386, 386f, 395, 395¢ 
random error around estimated regression 
line in, 382-383, 383f 
random errors in both xi and x2 
measurements and, 386-387, 387f, 395 
random errors in x2 measurements and, 
386 
testing for linearity in, 388, 388f 
software packages for, 403-404. 
traceability and measurement uncertainty in, 
397-402, 398f, 401 
trueness and accuracy in, 356, 356t 
verification of distribution of differences in 
relation to specified limits in, 376, 376t 
Methods, See Analytical methods. 
Methotrexate, 1272-1273, 1273t 
development of nephropathy and, 1708t 
male reproductive function and, 2122t 
therapeutic and toxic levels of, 2310¢ 
3-Methoxy-4-hydroxyphenylglycol, 1038, 1038f 
Methsuximide, 12504, 1255, 2310¢ 
2-Methyi-3-hydroxybutyric aciduria, 2226- 
2227t 
2-Methyl-3-hydroxybutyryl-CoA dehydrogenase 
defect, 2226-2227 
N-Methyl-p-aspartate, 1348 
2-Methylbutyryl-CoA dehydrogenase defect, 
2226-2227t 
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2-Methylbutyrylglycine, 2286¢ 
2-Methylbutyrylglycinuria, 2226-2227 
Methylcobalamin, 1100 
3-Methylcrotonyl-CoA carboxylase defect, 2224- 
2225 
3-Methyicrotonyl glycinuria, 2224-2225t 
Methyldopa, 1035 
interference with catecholamine assays, 1055 
liver damage and, 1817 
therapeutic and toxic levels of, 2310t 
3,4~Methylenedioxyamphetamine, 1322-1323 
chemical structure of, 1321f 
gas chromatography-mass spectrometry for, 
1324-1325 
immunoassay for, 1324 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
US. government drug detection cutoff 
concentrations for, 1319t 
3,4-Methylenedioxyethylamphetamine, 1322- 
1323 
gas chromatography-mass spectrometry for, 
1324-1325 
immunoassay for, 1324 
SAMSHA guidelines for drug assay cutoff 
values, 1320¢ 
U.S. government drug detection cutoff 
concentrations for, 1319¢ 
3,4-Methylenedioxymethamphetamine, 1322- 
1323 
chemical structure of, 1321f 
gas chromatography-mass spectrometry for, 
1324-1325 
immunoassay for, 1324 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
U.S. government drug detection cutoff 
concentrations for, 1319¢ 
5,10-Methylenetetrahydrofolate, 1113 
Methylenetetrahydrofolate reductase defect, 
2220 
Methylfolate-H(4) methyltransferase defect, 
2224-2225t 
3-Methylglutaconic aciduria, 2224-2225t 
3-Methylglutaconyl-CoA hydratase defect, 2224- 
2225t 
Methylmalonic acid, 1104, 2286¢ 
Methylmalonic acidemia, 2209f, 2222, 2223f, 
2224-2225t 
Methyimalonic aciduria, 2226-2227t 
Methylmalonic semialdehyde defect, 2226-2227 
Methylmalonic semialdehyde dehydrogenase 
defect, 2226-2227t 
Methylmalonyl-CoA isomerase defect, 2224- 
2225t 
Methylmalonyl-CoA mutase defect, 2224-2225t 
Methylmalonyicarnitine, 2286¢ 
Methylmercury, 1381-1382 
N-Methylnicotinamide, 1115 
Methylphenidate, 1323-1324, 1324f 
Methylprednisolone, 2009t 
Methylsuccinic acid, 2286t 
5-Methyltetrahydrofolate, 1110 
Methyitetrahydrofolate reductase, 1077 
Methylthymol blue, 1911, 1911f 
2-Methyoxyestriol, 2106f 
2-Methyoxyestrone, 2106f 
Methyprylon, 2310¢ 
Metoprolol, 1056¢ 
Metric prefixes of SI units, 7t 
Metric system, 5 
Metronidazole, 1268t 


2376 


Metyrapone stimulation test, 2018, 2018b, 2023¢ 
Metyrosine, 1035 
Mevalonate kinase defect, 2228-2229t 
Mevalonic aciduria, 2228-22291 
Mexiletine, 12564, 1259, 2310t 
Mexitil. See Mexiletine. 
Mezlocillin, 1267¢ 
MGP. See Matrix Gla protein. 
MGUS. See Monoclonal gammopathies of 
undetermined significance. 
MHC. See Major histocompatibility complex. 
MHPG. See 3-Methoxy-4-hydroxyphenylglycol. 
Micellar electrokinetic chromatography, 130, 
134 i 
Micelle, 1783, 1785f 
Michaelis-Menten equation, 1245 
in continuous enzymatic reactions, 203 
in reversible inhibition of enzymatic reaction, 
205 
in single-substrate enzymatic reactions, 200 
Michaelis-Menten plot, 199, 199f 200 
Miconazole, 1268t 
Micro, metric prefix of SI unit, 7t 
Microalbuminuria, 547, 576, 814-815, 816 
886-3888 
Microarray, 1433-1434, 1434f 1435f, 1436t 
for hematological malignancies, 1476 
for tumor markers, 754 
Microarray device for hybridization of DNA, 
247 
Microbiological agents 
cause of cell damage or death, 214t 
in reagent grade water, 11¢ 
Microchannei plate electron multiplier, 181 
Microchip electrophoresis, 135-138, 136f, 137f 
Microcollection tube, 46, 46f 
Microcytic anemia, 562 
Microelectromechanical systems, 247 
Microfabrication, 245-263 
in cell handling and cell culture, 256, 256f 
in drug detection and assay, 254 
in enzymology, 255 
fabrication and materials in, 247-250, 248f 
future of, 257 
genomics and, 252-253, 253f 
historical background of, 246f, 246-247, 247t 
hybridization arrays and, 253-254, 254f 
in immunoassay for antibodies and peptides, 
295 
limitations of, 257 
in metabolite assays, 255-256 
microfluidics and, 250, 251f 
in nucleic acid sequencing, 254 
protein chips and, 254-255 
surface chemistry issues in, 256-257 
valving systems in, 250-252, 252f 
Microfluidics, 250, 251f 
Microparticle immunoassay 
in drug testing, 1318 
for free thyroid hormones, 2080 
for triiodothyronine, 2072 
Micropipette, 16, 16t 
Microprocessor for spectrophotometry, 70 
Microsatellite(s), 1407, 1539 
inherited colon cancer and, 1512-1513 
use in engraftment analysis, 1550-1551 
Microsatellite instability pathway, 1510-1511, 
1511f 
Microsatellite repeat markers, 1514 
Microscopic examination of urine, 811-812 
Microtiter plate system, 294 
Micturition, 1678 
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Midazolam, 13281, 1331f 
Midstream urine specimen, 49-50 
Milk-alkali syndrome, 1773 
Milli, metric prefix of SI unit, 7t 
Milliequivalent, 5 
Milligram equivalent, 4-5 
Milontin. See Phensuximide. 
Mineral metabolism, 1891-1965 
biochemical markers of bone turnover and, 
19356, 1935¢, 1935-1943 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f, 1941-1943 
preanalytical and analytical variables in, 
1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 
1939-1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937f 
urinary hydroxyproline in, 1940 
bone metabolism and, 1931 
calcium and, 1892-1904 
adjusted or corrected total calcium and, 
1896-1897, 1897b 
biochemistry and physiology of, 1892- 
1893, 18931, 1894f 
free calcium and, 1899-1902, 1900f, 1901f 
1902¢ 
hypercalcemia and, 1895}, 1895-1896 
hypocalcemia and, 1893-1894, 1894b 
interpretation of, 1903-1904, 19046 1905f 
physiological variation in, 1903 
reference intervals for, 1903 
specimen collection for, 1902-1903 
total calcium and, 1897-1899, 1898f, 
1899b 
urinary calcium and, 1904 
hormones regulating, 1912-1930 
calcitonin in, 1926f, 1926-1928, 1927b 
parathyroid hormone in, 1912-1920, 1913- 
1916f, 1918f 1919f 
parathyroid hormone-related protein in, 
1928-1930, 1929f, 1930f 
vitamin D in, 1920f 1920-1926, 1921 
19214, 1922b, 1923, 1925f 
intestinal absorption of calcium and 
phosphate in, 1931 
magnesium and, 1909b, 1909-1912, 19108, 
1911f, 1931-1932 
metabolic bone diseases and, 1932-1935, 
1933b 
phosphate and, 1905-1909, 1906b, 1907b, 
1908¢ 
renal handling of calcium and phosphate in, 
1930-1931 
Mineralocorticoids 
excess of, 2033 
function tests of, 2019-2021, 2020b, 2020f, 
2021b 
hyperaldosteronism and, 20304, 2030-2033, 
2031-2033f, 2033b 
structure of, 2009, 2009t 
synthesis of, 2011 
Miniaturized total analytical systems, 247 
Minimal albuminuria, 547 
Minima! inhibitory concentrations of 
antibiotics, 1263¢ 
Minimal residual disease monitoring, 1474 
Minimally invasive electrochemical/optical 
sensor, 113-116, 115f 
Minimally invasive monitoring of blood 
glucose, 875 


Minimally invasive point-of-care testing device, 
308, 308¢ 
Minimum effective concentration, 1239t, 1239- 
1240 
Minimum toxic concentration, 12394, 1239- 
1240 
Minipress. See Prazosin. 
Minisatellite, 1407, 1539 
Minisequencing, 1426-1427 
Minor cluster region, 1464 
Minoxidil, 1056¢ 
MIS. See Mullerian inhibiting substance. 
Missense mutation, 1408 
Mitochondrial cobalamin reductase defect, 
2224-2225t 
Mitochondrial deoxyribonucleic acid, 1543- 
1544 
alterations in, 1409 
mutation-related diseases of, 1502-1504, 
1504f 
Mitochondrial genome, 1398-1399 
Mitochondrial ornithine transporter defect, 
2214-2215t 
Mitomycin, 1708t 
Mitosis, 1514 
Mitral valve, 1620, 1620f 
Mivacurium, 615 
Mixed cryoglobulinemia, 567t 
Mixed mechanism probes, 1439, 1439f 
Mixing of reactants, 275 
MMPs. See Matrix metalloproteinases. 
Mobile phase mass transfer, 147 
Mobile robot, 271, 282-283 
Model validation, 420 
Modified glucose oxidase methods, 871 
Modified hemoglobins, 1167f 1167-1168 
Modified Jendrassik-Grof total bilirubin assay, 
1196-1197 
Modular automation system for specimen 
processing, 267, 2681, 286-288, 287f 
MODY. See Maturity-onset diabetes of young. 
Mohr pipette, 15, 15f 
Molality, 4, 4t 
direct potentiometry and, 100 
Molarity, 4 
Molding of polymeric materials, 249 
Mole fraction, 4t 
Mole per cubic meter, 6t 
Mole ratio, 4t 
Molecular diagnostics, 1393-1406 
design and operation of laboratory for, 1451- 
1456 
Human Genome Project and, 1401-1402 
identity testing and, 1539-1554 
in chimerism and hematopoietic cell 
engraftment analysis, 1549-1551, 
1550¢ 
for clinical specimen identification, 1545- 
1546 
forensic DNA typing in, 1541-1545, 15424, 
1543t 
for parentage, 1551-1553 
for transplantation tissue compatibility, 
1546f, 1546-1549, 15472 
variation in human genome and, 1539- 
1541, 1540f 
in infectious diseases, 1555-1587 
analyte-specific reagents in, 1556 
analytical verification in, 1558-1560, 
1560¢ 
for Chlamydia trachomatis and Neisseria 
gonorrhoeae, 1563-1565, 1564t 


Molecular diagnostics (Continued) 
choice of specimen and analytical 
approach in, 1556-1557 
clinical verification in, 1560-1561 
for cytomegalovirus, 1573-1576, 1574t 
for enteroviruses, 1571-1572 
for hepatitis C virus, 1576-1579, 1577t 
for herpes simplex virus, 1570-1571 
for human immunodeficiency virus, 1567- 
1570, 1568t 
for human papillomavirus, 1565-1566 
internal controls in, 1557 
interpretation of results of, 1562-1563 
for Mycobacterium tuberculosis, 
1575-1576 
nucleic acid extraction in, 1557-1558 
for perinatal Group B streptococcus, 1572- 
1573 
preanalytical variables in, 1557 
quality control and quality assurance in, 
1561-1562 
quantitative, 1558 
reporting of results of, 1563 
verification guidelines for, 1559t 
in inherited diseases, 1483-1538 
achondroplasia and, 1491-1492 
carbamyl phosphate synthetase I deficiency 
and, 1489-1491, 1490f 
Charcot-Marie-Tooth disease and, 1492- 
1493 
cystic fibrosis and, 1484-1486, 14855, 
14861, 1487f 
Duchenne’s muscular dystrophy and, 1498- 
1500 
fragile X syndrome and, 1500f, 1500-15014, 
1502f 
hemophilia A and, 1496-1498, 1498f 
hereditary hemochromatosis and, 1486- 
1489, 1488f 
Huntingtor’s disease and, 1493f, 1493- 
1496, 1495b, 1495f 
inherited breast cancer and, 1508-1509 
inherited colon cancer and, 1509-1513, 
1510f 1511f 
Leber hereditary optic neuropathy and, 
1503 
Leigh syndrome and, 1503-1504, 1504f 
Prader-Willi and Angelman syndromes 
and, 1504-1506, 1505f, 1506¢ 
reporting of test results in, 1513 
thrombophilia and, 1506-1508 
landmark developments in, 1393-1394 
microchip use in, 137f, 137-138 
nucleic acid chemistry, biochemistry, and 
biology in, 1394-1400 
chromosome structure in, 1395-1396 
circulating nucleic acids and, 1399-1400 
DNA and RNA composition and structure 
in, 1394 1394-1395, 1395f 
genetics and epigenetics in, 1397-1398 
nuclear and mitochondrial genomes in, 
1398-1399 
replication, transcription, and translation 
in, 1396-1397, 1397t 
nucleic acid isolation and, 1400-1401 
nucleic acid techniques in, 1407-1449 
bacterial genomes and, 1410 
closed-tube single nucleotide 
polymorphism genotyping methods 
in, 1444f 1444-1445 
electrophoresis in, 1421f, 1421-1427, 14224, 
1423-1428f 
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Molecular diagnostics (Continued) 
endpoint quantification in amplification 
assays in, 1419 
fluorescent staining in, 1419 
high-performance liquid chromatography 
in, 1429, 1430f 
human epigenetic alterations and, 1409 
human genome and, 1407-1409, 1408b, 
1409f 
hybridization assays in, 1429-1436, 1430f 
1433¢, 1434f, 14356 1436t 
isothermal oligo amplification in, 1419 
ligase chain reaction in, 1416-1417 
linked linear amplification in, 1419 
loop-mediated amplification in, 1419 
mass spectrometry in, 1429, 1430f 
melting analysis in, 1441-1443, 1442f, 
1443f 
nucleic acid enzymes and, 1410-1411 
polymerase chain reaction-target 
amplification in, 1412-1415 1412- 
1416 
probe amplification-Q-beta replicase in, 
1418 
pyrosequencing in, 1427-1429, 1429f 
real-time polymerase chain reaction in, 
1436-1441, 1437-1441f, 1440¢ 
reporter molecules and labeled probes in, 
1419-1421 
rolling circle amplification in, 1418-1419 
serial invasive amplification in, 1418 
signal amplification: branched chain DNA 
in, 1418 
strand displacement amplification in, 
1419 
transcription-based amplification methods 
in, 1417, 1417f 
ultraviolet absorbance in, 1419 
viral genomes and, 1410 
whole genome and whole transcriptome 
amplification in, 1419 
pharmacogenetics and, 1589-1616 
approaches to, 1590-1592, 1591 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
16014, 16024 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 
1596-15974, 1598f, 1599f 
N-acetyl transferases and, 1603-1609, 
1605-16074, 1608f 
targets and future directions in, 1609-1611, 
1610¢ 
testing considerations in, 1589-1590, 
1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594f 
Molecular-exclusion chromatography, 144 
Molecular genetics 
of acute porphyrias, 1216 
of congenital erythropoietic porphyria, 1218- 
1219 
of erythropoietic protoporphyria, 1219 
of hematopoietic neoplasms, 1457-1482 
acute myeloid leukemia in, 1466-1469, 
14686 1469-1471f 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f, 1473f 
detection of viral genomes in, 1475f, 1475- 
1476 
immunoglobulin-gene rearrangements in, 
1458f, 1458-1460, 14594, 1460f 
in situ hybridization in, 1476 
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Molecular genetics (Continued) 
lymphoma-specific recurrent 
chromosomal translocations in, 1463- 
1466, 14654, 1466f, 1467f 
minimal residual disease detection and 
monitoring in, 1474 
oncogene and tumor suppressor gene 
mutations in, 1472f, 1472-1474 
PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463f 
potential of microarrays in, 1476 
Southern blot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f, 1461-1462, 1462f 
T-cell receptor gene rearrangements in, 
1460f, 1460-1461 
use of reverse-transcription PCR in 
chromosomal translocations in, 1471- 
1472 
of porphyria cutanea tarda, 1218 
Molecular ion, 165 
Molecular-sieve chromatography, 144 
Molybdenum, 1132-1133 
oral and intravenous intakes of, 1076f 
reference intervals for, 2287¢ 
Monitoring 
of anticoagulants, 306-307 
of arterial blood gases, 1014 
of blood glucose, 873-875 
epidemiologic 
of Down syndrome, 2178-2179 
in maternal screening, 2177 
of hematopoietic neoplasms, 1474 
of metal toxicity in workplace, 1372 
of method changes, 497 
nutritional, 1076-1079, 1077f 
of reperfusion following thrombolytic 
therapy, 1659-1660, 1660f 
of serial results, 396-397, 397f 
of technical competence, 496 
of toxic metals, 1372 
Monoamine(s), See also Catecholamine(s). 
location of production and action, 1040¢ 
neuronal uptake of, 1036-1039, 1037-1039f, 
1039¢ 
storage and release of, 1035-1036, 1036f 
Monoamine oxidase 
in deamination of catecholamines, 1037, 
1037f 
deficiency of, 1052 
Monoamine oxidase inhibitors 
influence on catecholamine levels, 1056¢ 
male reproductive function and, 21224 
Monochromator 
in fluorometry, 78 
in spectrophotometry, 66-68, 67f 
Monoclonal antibody, 221 
for adrenocorticotropic hormone, 1983 
for measurement of apolipoproteins, 959 
Monoclona! antiserum, 221 
Monoclonal gammopathies of undetermined 
significance, 585f, 655 
Monoclonal immunoglobulins, 572-573, 574t 
hyperproteinemia and, 589 
as tumor marker for multiple myeloma, 774 
Monoclonai light chains, 1716-1718 
Monocyte 
interferon-o and, 696, 696f 
interferon-y and, 701t 
interleukin-8 and, 676 
interleukin-13 and, 687 
Monocyte chemotactic protein, 1634 
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Monoglucuronide, 1195 
Monoglycerides, 913f, 913-914 
Monoiodotyrosine, 2053-2054, 2054f 
Monolithic particulate column packings, 156- 
157 
Monomethylarsine, 1376, 1376f 
Monosaccharides, 837-839, 838f, 839f 
malabsorption of, 1863 
Monounsaturated fatty acids, 907, 908f 
Mood disorders, selenium role in, 1135 
Morphine, 1339-1344, 1340-1343f 
effects on laboratory tests, 459 
therapeutic and toxic levels of, 2310¢ 
US, government drug detection cutoff 
concentrations for, 1319t 
Morula, 2153 
Motilin, 10231, 1875t 
Motrin. See Ibuprofen. 
Mountain plot, 376 
Moxalactam, 1267f 
Moxifloxacin, 1265, 1266f 
MSH. See Melanocyte-stimulating hormone. 
MSUD. See Maple syrup urine disease. 
MTC. See Minimum toxic concentration. 
Mu receptor, 1339-1340 
Mucin tumor markers, 770t, 770-773 
Mucinlike carcinoma-associated antigen, 771, 
2287t 
Mullerian duct agenesis, 2114 
Mullerian inhibiting substance 
ambiguous genitalia and, 2103 
fetal testis and, 2099-2101 
Multicenter production of reference values, 443 
Multidisciplinary guideline development team, 
343 
Multimarker analysis in heart disease, 1660, 
1660f 
Multiple, univariate reference region, 444, 444f 
Multiple carboxylase deficiency, 2224-2225t 
Multiple-displacement amplification, 1418 
Multiple endocrine neoplasia, 765 
calcitonin and, 1927 
pheochromocytoma and, 1046 
Multiple myeloma, 573, 574#, 1717 
Bence Jones protein and, 746, 747t 
electrophoretic patterns in, 585f 
tumor markers for, 7531, 774 
Multiple-point dextran-coated charcoal 
titration assay, 779 
Multiple sclerosis 
cerebrospinal fluid protein in, 578¢ 
immunoglobulin assays for, 579-580 
tumor necrosis factor-o and, 708 
Multiple-use cartridge and bench top systems, 
307f, 307-308 
Multiple-wavelength readings in 
spectrophotometry, 72 
Multirule procedure, 504-506, S05f, 5054, 506f 
Multistix for bilirubin, 1198 
Multivariate, term, 434 
Multivariate comparison, 443-444 
Multivariate data analysis, 416-418, 417f 418f 
Multivariate reference region, 444-445 
Multivariate reference values, 427 
Murine myeloma cell line, 221 
Muscarinic receptors, 1291 
Muscle 
creatine kinase and, 599 
efflux of enzymes from, 215 
interleukin-1 and, 659t 
potassium efflux from, 985-986 
transaminase activities in, 605t 
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Muscle enzymes, 597-604 
aldolase in, 603 
creatine kinase in, 5984, 598-601, 601f 
glycogen phosphorylase in, 603f, 603-604 
lactate dehydrogenase in, 601-603 
Muscle phosphofructokinase deficiency, 891 
Muscle phosphorylase deficiency, 891 
Muscular dystrophy, 599 
Mutation, 1408-1409 
Mutation scanning assay, 1426 
Mutation scanning by melting curve analysis, 
1443, 1443f 
Mycobacterium tuberculosis, 1575-1576 
Mycophenolate mofetil, 1277f, 1277-1278, 
12804, 2310¢ 
Myelin basic protein, 579 
Myeloid leukemias, 653 
Myeloma, 1717 
Myeloperoxidase, 1634 
Myocardial infarction 
aspartate aminotransferase and, 605 
glycogen phosphorylase isoenzymes and, 604 
lactate dehydrogenase and, 602 
transfer of enzymes to circulatory system in, 
215 
vitamin E and, 1085-1086 
Myocardium, 1621 
changes following acute myocardial 
infarction, 1626-1627 
Myocyte, 706 
Myogenic theory of glomerular filtration rate, 
1684 
Myoglobin, 815-817, 1187 
acute myocardial infarction and, 1653 
as cardiac biomarker, 1632 
methodology for, 1643 
Myoglobinuria, 815-817 
Myristic acid, 909t 
Mysoline. See Primidone. 
Myxedema, 2057 
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N-terminal residue, 541 
NAD. See Nicotinamide adenine dinucleotide. 
NADP, See Nicotinamide adenine dinucleotide 
phosphate. 
Nafcillin, 1267t 
Nalfon. See Fenoprofen. 
Nalidixic acid, 1268t 
Naloxone 
chemical structure of, 1340f 
for propoxyphene reversal, 1347 
Nano, metric prefix of SI unit, 7t 
Nanoduct conductivity analyzer, 995-996 
Nanotechnology, 245-263 
in cell handling and cell culture, 256, 256f 
in drug detection and assay, 254 
in enzymology, 255 
fabrication and materials in, 247-250, 248f 
future of, 257 
genomics and, 252-253, 253f 
historical background of, 246f, 246-247, 247t 
hybridization arrays and, 253-254, 254f 
in immunoassay for antibodies and peptides, 
255 
limitations of, 257 
in metabolite assays, 255-256 
microfluidics and, 250, 251f 
in nucleic acid sequencing, 254 
protein chips and, 254-255 
surface chemistry issues in, 256-257 
valving systems in, 250-252, 252f 


Naphthalenamines, 1269 
Narcolepsy, 652 
Nardil. See Phenelzine. 
Narrow-bandpass filter in spectrophotometry, 
67, 67f 
NASH. See Nonaicoholic steatohepatitis. 
National DNA Index System, 1544-1545 
National Fire Protection Association, 31, 31f 
Natural bandwidth of absorbing substance, 
68 
Natural killer cell 
activation of, 650-651, 651f 
interferon-y and, 698, 699f, 700, 701t 
interleukin-1 and, 659+ 
interleukin-2 and, 661, 661f, 663, 663b 
interleukin-6 and, 673 
interleukin-10 and, 679, 679¢ 
interleukin-12 and, 682-686, 683f 
interleukin-15 and, 689f, 689-691 
interleukin-18 and, 694-695, 695f 
Natural reference material, 1560 
Nb2 cell assay, 1973 
NBD-PC fluorescence polarization method, 
2190-2191 
NBT-PABA test of pancreatic function, 18704, 
1871 
Nebcin. See Tobramycin. 
Necdin, 1504 
Needle disposal system, 32, 32f 
Needle sheathing device, 32f 
NEEIA. See Nonseparation electrochemical 
enzyme immunoassay. 
Neeld-Pearson method, 1083 
Nefazodone, 1269, 1270t, 1271, 231it 
Negative feedback of hypothalamic-pituitary- 
adrenal-immune axis, 1969 
Negative nitrogen balance 
blindness and, 465 
fever and, 465 
Neisseria gonorrhoeae, 1563-1565, 1564t 
Nelfinavix, 12694, 2311¢ 
Nembutal. See Pentobarbital. 
Neodymium:yttrium aluminum garnet laser, 
66t 
Neoglycoprotein, 879 
Neomycin, 1262-1265 
Neonatal adrenoleukodystrophy, 1786 
Neoplasm. See Tumor. : 
Neovascularization, interleukin-12 and, 684 
Nephelometer, 88, 88f 
Nephelometry, 85-89, 86f, 88f 230 
for alpha,-antitrypsin, 552 
for immunoglobulins, 573 
in protein analysis, 583 
for serum total protein, 588 
in specimen identification, 278 
Nephritis 
complement status in, 567# 
glomerular, 1702-1704, 1703f 
interstitial, 1706 
Nephrogenesis, 1685 
Nephrogenic diabetes insipidus, 1753-1754, 
1992 
Nephrolithiasis, 1711-1715, 1712f 
Nephron 
active transport processes of, 1678, 1678f 
anatomy of, 1672-1676, 1674f, 1675f 
1676t 
countercurrent multiplication mechanism of, 
1682, 1682f 
progressive injury of, 1689 
secretory products of, 1679 


Nephropathy 
diabetic, 853, 1699-1702, 1700¢ 
retinol-binding protein and, 563 
urine albumin in, 886-888 
hypertensive, 1702 
immunoglobulin A, 1704 
toxic, 1707, 1708¢ 
Nephrotic syndrome, 1704-1705, 1705f 
albumin levels in, 547 
alpha,-acid glycoprotein and, 549 
alpha,-macroglobulin and, 554 
electrophoretic patterns in, 585f 
haptoglobin and, 560 
transferrin and, 562 
Nephrotoxins, 1707, 1708t 
Nernst equation, 95 
Nernst layer, 102 
Nerve growth factor subfamily of cytokines, 649 
Netilmicin, 1262-1265, 2311¢ 
Netromycin. See Netilmicin. 
Neural networks, 416-417, 417f 418f 
Neural tube defects, 2165-2166 
epidemiologic monitoring of, 2177-2178 
screening for, 2168-2169 
twin pregnancy and, 2175 
Neuregulins, 649 
Neuroblastoma, 1049-1050 
tumor markers in, 753t 
chromogranins in, 777 
lactate dehydrogenase in, 756 
neuron-specific enolase in, 756 
telomerase in, 765 
Neuroendocrine axis, 6734, 674 
Neuroendocrine tumor, 753t, 777, 1877-1878 
Neurofibromatosis type 1, 784, 1046 
Neurogenic diabetes insipidus, 1992 
Neuroglycopenia, 865 
Neurohypophysis, 10214, 1991-1996 
arginine vasopressin and, 1991f, 1991-1996, 
1993-19958, 1994f 
oxytocin and, 1996 
Neuron-specific enolase, 755%, 756 
Neuronal monoamine transporters, 1036-1037, 
1037f - 
Neurontin. See Gabapentin. 
Neuropathy 
tumor necrosis factor-c and, 707-708 
in vitamin By deficiency, 1102 
Neuropeptide Y, 1875¢ 
Neurophysin, 765¢ 
Neurosyphilis, 578t 
Neurotensin, 10234, 1875t 
Neurotransmitters, 1033, 1040-1041, 1291, 
1968t 
Neutral ionophore, 97, 98f 
Neutrophil 
chemokines and, 715 
interferon-y and, 701t 
interleukin-13 and, 687-688 
tumor necrosis factor-o. and, 704-705 
Nevirapine, 1269, 2311¢ 
Newborn 
alpha,-antitrypsin deficiency and, 551 
body fluid composition of, 460-461 
C3 complement levels in, 567 
C4 complement levels in, 568 
Graves’ disease in, 2163 
haptoglobin tevels in, 561 
hemolytic disease of, 1200-1201, 2164-2165 
herpes simplex virus infection in, 1570 
human immunodeficiency virus infection in, 
1567 
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Newborn (Continued) 
hypoglycemia in, 865, 865b 
idiopathic hepatitis in, 1201 
immunoglobulin G deficiency in, 571-572 
jaundice in, 1199-1201, 1200 
screening for inborn errors of metabolism, 
2207, 2208f, 2209 
steroid hormones in, 2013 
Newton, 6t 
NEXUS. See 4-Bromo-2,5- 
dimethoxyphenylethylamine. 
NF! gene, 784 . 
Niacin, 10808, 1114f 1114-1116 
oral and intravenous intakes of, 1076t 
reference intervals for, 2287¢ 
Niacin equivalents, 1115-1116 
Niacinamide, 1080, 1114f 1114-1116 
Nick translation, 1420 
Nickel 
development of nephropathy and, 1708t 
reference intervals for, 2287¢ 
toxicity of, 1383 
Nicking enzymes, 1410 
Nicolsky-Eisenman equation, 96 
Nicotinamide, 1114f 1114-1146 
Nicotinamide adenine dinucleotide, 1114-1115 
Embden-Meyerhof pathway and, 626-627 
enzymatic reaction and, 207 
Nicotinamide adenine dinucleotide-cytochrome 
B5 reductase, 633 
Nicotinamide adenine dinucleotide phosphate, 
1414-1115 
enzymatic reaction and, 207 
phosphate and, 1908 
Nicotine 
effects on laboratory tests, 457, 457f£ 
influence on catecholamine levels, 1056t 
male reproductive function and, 2122t 
Nicotinic acid, 1114f 1114-1116 
Nicotinic receptor, 1291 
Nifedipine, 1056t 
Night blindness, 1083 
Ninhydrin, 540-541, 541f, 1294 
Nitrates 
antidote for overdose of, 1288¢ 
dipstick test for, 811 
Nitric acid, 5it 
Nitric oxide, 1685, 16851 
Nitrites 
antidote for overdose, 1288t 
stick tests for, 301¢ 
Nitrofurantoin, 2122t 
Nitrogen, urine specimen preservatives and, 51f 
Nitrogen balance 
fasting and starvation and, 457 
for protein-energy status, 1076-1077 
Nitrogen laser, 66¢ 
Nitrogen-phosphorus detector, 154 
nm23 gene, 785 
NMDA. See N-Methyl-p-aspartate. 
NMPs, See Nuclear matrix proteins. 
No-threshold aminoaciduria, 539 
Noctec. See Chloral hydrate. 
Noludar. See Methyprylon. 
Nomogram 
for acute salicylate intoxication, 1307f 1307- 
1308 
Rumack-Matthew, 1305, 1305f 
Non-A, non-B hepatitis, 1802 
Non-Hodgkin's lymphoma 
interleukin-6 and, 655 
lactate dehydrogenase and, 602 
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Non-insulin-dependent diabetes mellitus, 854 
Non-SHBG-bound testosterone, 2130 
Nonalcoholic fatty liver disease, 1811-1812 
Nonalcoholic steatohepatitis, 605, 1809, 1811- 
1812 
Nonclassic, adult-onset congenital adrenal 
hyperplasia, 2111, 2115, 2119-2120 
Noncompetitive immunoassay, 231-232, 232b 
for calcitonin, 1927-1928 
for osteocalcin, 1942 
for parathyroid hormone, 1915-1918, 1916f 
Noncompetitive inhibitor in enzymatic 
reaction, 206 
Noncontroilable preanalytical variables, 459-467 
age in, 459-462, 4604, 4614 
altitude in, 463 
ambient temperature in, 463 
blindness in, 465 
fever in, 465-466, 466t 
influence of menstrual cycle in, 464 
obesity in, 464-465 
place of residence in, 463 
pregnancy in, 465 
race in, 462-463 
seasonal influences in, 463-464, 464t 
sex in, 462t, 463 
shock and trauma in, 466, 467¢ 
stress in, 465 
transfusion and infusions in, 466-467 
Nondisjunction, 1514 
Noninvasive monitoring of blood gases, 1014 
Nonisotopic immunoassay, 235b 
analytical detection limits in, 233% 233-234 
for blood progesterone, 2138 
for dehydroepiandrosterone sulfate, 2133 
for estradiol, 2135 
for total testosterone in blood, 2128 
Nonketotic hyperglycinemia, 2214-22154, 
2221 
Nonlinear clearance, 1246, 1246f 
Nonlinearity, 359 
Nonliquid reagent systems, 273, 274f 
Nonparametric method 
in approach to distribution of differences, 
371-373, 372f, 373t 
for determination of percentiles, 435 
for determination of reference values, 437- 
438, 4384, 439t 
Nonparametric regression analysis, 388-389 
Nonprescription analgesics, 1304-1308, 1305- 
1308f 
Nonrandom sampling, 428t, 429-430 
Nonselective proteinuria, 575 
Nonseparation electrochemical enzyme 
immunoassay, 113, 114f 
Nonsteroidal antiinflammatory drugs 
development of nephropathy and, 1708¢ 
effects on thyroid function, 2064t 
interstitial nephritis and, 1706 
renal disease and, 1716 
Nonsuppurative destructive cholangitis, 1821- 
1822 
Noradrenaline, 1033, 1034f 
Norchlordiazepoxide, 1330f 
Nordiazepam, 1330f 
Norepinephrine, 1022t, 1033-1074, 1291 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
coliection and storage of samples for, 
1054-1055 
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Norepinephrine (Continued) 
influences of diet and drugs on, 1055, 
1056t 
plasma assays in, 1057, 1057t 
plasma metanephrines and, 1057-1058, 
1058t 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060t 
urinary fractionated metanephrines and, 
1060-1061, 10614 
biosynthesis of, 1034f, 1034-1035 
carcinoid and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051£ 
effect on anterior pituitary hormones, 1968t, 
1969 
enteric nervous system and, 1045 
exercise-related changes in, 451 
as factor altering renal blood flow, 1685¢ 
morphine and, 459 
neuroblastoma and, 1049-1050 
pheochromocytoma and, 1045-1048, 1049b 
posture-related changes in, 449-450 
prolonged bed rest-related changes in, 450 
reference intervals for, 2259, 2260t 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 
sympathetic nervous system and, 1041-1043, 
1042¢ 
travel-related changes in, 453 
uptake and metabolism of, 1036-1039, 1037- 
1039f, 1039¢ 
urine specimen preservatives and, 51f 
Norfloxacin, 1268 
Norketamine, 1348 
Normal anion gap acidosis, 1771 
Normal equivalent deviate, 443 
Normal limits, 428 
Normal values, 425-426, 428 
Normality, 4 
Normetanephrine 
adrenal medullary system and, 1044t 
pheochromocytoma and, 1047-1048 
plasma, 1057-1058, 1058¢ 
reference intervals for, 22841, 2285t 
urine, 1060-1061, 1061¢ 
Normethsuximide, 12504, 231it 
Normodyne. See Labetalol. 
Normovolemic hypernatremia, 1753-1754, 
1754f 
Norpace. See Disopyramide. 
Norpramin. See Desipramine, 
Norpropoxyphene, 1346, 1346f 
19-Nortestosterone, 2108f 
Northern blotting, 126, 228, 1424 
Northwest Lipid Research Laboratories, 942b 
Nortriptyline, 1269, 1270, 1308-1312, 1309f 
cytochrome P450 D6 and, 1599f, 1599-1600 
influence on catecholamine levels, 1056¢ 
therapeutic and toxic tevels of, 23114 
Norvasc. See Amiodipine. 
Norvir. See Ritonavir. 
Nourin, 1635 
Novel cancer biomarkers, 754 
NPT7 analyzer, 1009 
Nramp! protein, 1188t 
Nramp2 protein, 1188¢ 
Nuclear factor-«B, 652 
Nuclear genome, 1398-1399 
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Nuclear magnetic resonance or urinary 
low-molecular-weight molecules, 812 
Nuclear matrix proteins, 775, 2287t 
Nucleases, 1410 
Nucleic acid(s), 1394-1400 
chromosome structure in, 1395-1396 
circulating, 1399-1400 
DNA and RNA composition and structure in, 
1394f, 1394-1395, 1395f 
genetics and epigenetics and, 1397-1398 
Human Genome Project and, 1401-1402 
isolation of, 1400-1401 
nanotechnology and, 254 
nuclear and mitochondrial genomes and, 
1398-1399 
replication, transcription, and translation of, 
1396-1397, 1397 
Nucleic acid analyzer, 293-294 
Nucleic acid-based testing, 1407-1449 
bacterial genomes and, 1410 
closed-tube single nucleotide polymorphism 
genotyping methods in, 1444f, 1444- 
4445 
electrophoresis in, 1421f, 1421-1427, 1422¢, 
1423-1428f 
endpoint quantification in amplification 
assays in, 1419 
fluorescent staining in, 1419 
high-performance liquid chromatography in, 
1429, 1430f 
human epigenetic alterations and, 1409 
human genome and, 1407-1409, 1408, 1409f 
hybridization assays in, 1429-1436, 1430f 
1433, 1434f 1435f 14361 
for infectious diseases, 1555-1587 
analyte-specific reagents in, 1556 
analytical verification in, 1558-1560, 1560t 
for Chlamydia trachomatis and Neisseria 
gonorrhoeae, 1563-1565, 1564t 
choice of specimen and analytical 
approach in, 1556-1557 
clinical verification in, 1560-1561 
for cytomegalovirus, 1573-1576, 1574t 
for enteroviruses, 1571-1572 
for hepatitis C virus, 1576-1579, 1577t 
for herpes simplex virus, 1570-1571 
for human immunodeficiency virus, 1567- 
1570, 1568t 
for human papillomavirus, 1565-1566 
internal controls in, 1557 
interpretation of results of, 1562-1563 
for Mycobacterium tuberculosis, 1575-1576 
nucleic acid extraction in, 1557-1558 
for perinatal Group B streptococcus, 1572- 
1573 
preanalytical variables in, 1557 
quality control and quality assurance in, 
1561-1562 
quantitative, 1558 
reporting of results of, 1563 
verification guidelines for, 1559t 
isothermal oligo amplification in, 1419 
ligase chain reaction in, 1416-1417 
linked linear amplification in, 1419 
loop-mediated amplification in, 1419 
mass spectrometry in, 1429, 1430f 
melting analysis in, 1441-1443, 14426 1443f 
microtiter plate system for, 294 
nucleic acid enzymes and, 1410-1411 
polymerase chain reaction-target 
amplification in, 1412-1415 1412-1416 
probe amplification-Q-beta replicase in, 1418 


Nucleic acid-based testing (Continued) 
pyrosequencing in, 1427-1429, 1429f 
real-time polymerase chain reaction in, 1436- 

1441, 1437-1441f, 14402, 1472 
reporter molecules and labeled probes in, 
1419-1421 
retention of extracted samples for, 1453 
rolling circle amplification in, 1418-1419 
serial invasive amplification in, 1418 
signal amplification: branched chain DNA in, 
1418 
strand displacement amplification in, 1419 
transcription-based amplification methods 
in, 1417, 1417f 
ultraviolet absorbance in, 1419 
viral genomes and, 1410 
whole genome and whole transcriptome 
amplification in, 1419 
Nucleic acid enzymes, 1410-1411 
Nucleic acid sequence-based amplification, 
1417, 1417f 

Nucleosome, 1395 

5’-Nucleotidase, 611-612 
distribution of, 217t 
EC number, systemic and trivial names, and 

abbreviation of, 192t 
as tumor marker, 755¢ 

Nucleotides, 1394 

Nucleus of atom, 21 

Nuclide, 21 

NucliSens NASBA assay, 1568 

Null hypothesis, 434 

Number concentration, 4% 

Number fraction, 4t 

Numerical gene alterations, 1409 

Nutritional assessment, 1076-1079, 1077f 

Nutritional disorders 
cause of cell damage or death, 214t 
chronic liver disease and, 1796 

Nyctalopia, 1083 

Nydrazid. See Isoniazid. 
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O-glycosidic bond, 839, 839f 
O,Sat. See Estimated oxygen saturation. 
Obesity 
brain natriuretic peptide levels and, 1650 
influence on cortisol concentrations, 2014 
as noncontrollable preanalytical variable, 
464-465 
pseudo-Cushing’s syndrome and, 2028 
type 2 diabetes mellitus and, 855 
Observed value, 426, 442-443 
Obstructive uropathy, 1707 
Occult blood, 52 
Occupational monitoring of toxic metals, 1372 
Occupational Safety and Health Administration, 
27, 29 
Octadecadienoyicarnitine, 2287t 
Octadecanoylcarnitine, 2287¢ 
Octadecenoylcarnitine, 2287-2288 
Octanoylcarnitine, 2288¢ 
Octanoylglycine, 2288¢ 
Octenoyicarnitine, 2288¢ 
Odds ratio, 413 
O'Farrell method of two-dimensional 
electrophoresis, 130 
OGTT. See Oral glucose tolerance test. 
4-OH butyric aciduria, 2226-2227t 
Ohms law, 123, 133 
Olanzapine, 12704, 2311¢ 
O'Leary method, 798 


Oleic acid, 909¢ 
Oligo ligation assay, 1427, 1428f 
Oligohydramnios, 2156 
Oligomenorrhea, 2114 
Oligonucleotide(s) 
high-performance liquid chromatography for, 
1429 
in isothermal oligo amplification, 1419 
in ligase chain reaction, 1416-1417 
in oligo ligation assay, 1427, 1428f 
for polymerase chain reaction, 1412 
in single-base primer extension, 1426-1427 
Oligonucleotide probe, 1432 
Oligopeptides, 541 
Oliguria, 1678 
Olympic drug testing programs, 1318 
Olympus OLA-2500 system, 285, 285f 
Omeprazole, 1600-1602, 1602f 
On-analyzer specimen delivery, 272f, 272-273 
ON-SITE alcohol test card, 1304 
On-site drug testing, 1350-1351 
Oncodevelopmental markers, 746 
Oncofetal antigens, 766-769, 767t 
Oncogene, 746, 780t, 780-783, 1472f, 1472-1474 
One-compartment pharmacokinetic model, 
1241, 1241f 
One-dimensional bar codes, 269-270 
One-step immunoassay for free thyroid 
hormones, 2080, 2081¢ 
One-step pregnancy test, 238-239 
Online Mendelian Inheritance in Man, 194, 627 
Oocyte, 2105 
Open-bed chromatography, 145f 
Open-system analyzer, 274 
Open-tube capillary electrophoresis, 124 
Operator interface in point-of-care testing 
devices, 301-302, 302f 
Opioids 
antidote for overdose, 1288t 
effects on laboratory tests, 458 
effects on thyroid function, 2064t 
pharmacology and analysis of, 1339-1344, 
1340-1343f 
SAMSHA guidelines for drug assay cutoff 
values, 1320¢ 
symptoms of overdose, 12904, 1291-1292 
U.S. government drug detection cutoff 
concentrations for, 1319¢ 
Opsonin, 565 
OPTI Critical Care Analyzer, 1009 
Optical chemical sensor, 106-108, 107f 
Optical detector in capillary electrophoresis, 
132 
Optical light path length in capillary 
electrophoresis, 132 
Optical techniques, 61-91 
atomic absorption spectrophotometry in, 73f, 
73-75, 74f 
for blood gases, 1009, 1010f 
chemiluminescence, bioluminescence, and 
electrochemiluminescence in, 84-85 
enzyme-based biosensors and, 111-112 
flame emission spectrophotometry in, 73 
fluorometry in, 75-84 
basic concepts in, 75-77, 75-77f 
cuvet in, 78-79, 79f 
excitation and emission monochromator 
in, 78 
excitation source fox, 77-78 
flow cytometer for, 82-83, 83f 
hematofluorometer for, 83 
limitations of, 83-84 
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Optical techniques (Continued) 
performance verification in, 80 
photodetector in, 78-80 
ratio-referencing spectrofluorometer for, 

80-81, 81f 

time-resolved fluorometer for, 81-82 

in measuring precipitate formation in 
antigen-antibody reactions, 278 
nature of light and, 61, 62f, 62t 
nephelometry and turbidimetry in, 85-89, 
86f, 88f 

phosphorescence and, 84 
reflectance photometry in, 72-73 
spectrophotometry in, 62-72 

basic concepts of, 62f, 62-64, 63f, 63t 

cuvets for, 69 

fiber optics for, 68-69 

light sources for, 65-66, 66t 

linearity and, 72 

microprocessor. for, 70 

multiple-wavelength readings in, 72 

photodetectors for, 69f, 69-70 

photometric accuracy in, 72, 72t 

readout device for, 70 

recorder for, 70 

spectral bandwidth in, 71 

spectral isolation in, 66-68, 67f, 68f 

stray light and, 71-72 

wavelength calibration in, 70-71, 71f 

Optimization techniques, 520 

Optode, 106 

Oral carcinoma, 763 

Oral contraceptives 

effects on laboratory tests, 458 
serum iron levels and, 1189¢ 

Oral fluid specimen, 1350 

Oral glucose tolerance test, 854, 859-860, 860b 

Oral lactose tolerance test, 1863-1864, 1864b 

Ordinary least-squares regression analysis, 379- 
381, 379-381f 

assessment of outliers in, 383, 383f 

computation procedures for, 381-382 

interpretation of systematic differences 
between methods in, 389 

Organic acid metabolism disorders, 2221-2230, 

2224-2229¢ 
analytical considerations in, 2237 
ethylmalonic encephalopathy in, 2230, 2230f 
glutaric acidemia type I in, 2230 
isovaleric acidemia in, 2222-2223, 2223f, 
2230 
propionate disorders in, 2222, 2223f 

Organic acidosis, 1768-1771, 1769f, 1769t 

Organic acids, 2238¢t 

Organic anions, 1676f 

Organics in reagent grade water, 11t 

Organogenesis, 2153 

Organophosphates, 12884 1315f, 1315-1317, 
1316f 

Orinase. See Tolbutamide. 

Ornithine, 536t 

Ornithine aminotransferase defect, 2214-2215t 

Ornithine transcarbamoylase defect, 
2214-2215t 

Orosomucoid, 5444 549-550 

Orotic acid, 2288¢ 

Orphan receptor, 719 

Ortho-Clinical Diagnostics, 287-288 

Orthostatic hypotension, 1051 

Orthostatic proteinuria, 450, 576 

Osaka Medical Center for Health Science and 
Promotion, 943b 
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OSHA. See Occupational Safety and Health 
Administration. 
Osmetech OPTI Critical Care Analyzer, 306, 
306f 
Osmol gap, 1292-1293 
Osmolality 
of amniotic fluid, 2156t 
critical values of, 2317t 
expression of, 8 
urine, 992-994, 993f, 1718 
urine specimen preservatives and, 51t 
Osmolarity, 992 
Osmometry, 992 
Osmoreceptor, 1991 
Osmosis, 992 : 
Osmotic activity coefficient, 993 
Osmotic pressure, 992 
Osteitis deformans, 624 
Osteitis fibrosa; 1934 
Ostéoarthritis, 717 
Osteoblast, 1891, 1892 
bone enzymes and, 623-625 
interleukin-6 and, 674 
Osteocalcin, 1941-1943, 2288 
Osteoclast, 1891 
biological activity of interleukin-1 and, 659t 
bone enzymes and, 623-625 
Osteomalacia, 1933-1934 
Osteopenia, 1932 
Osteopontin, 772 
Osteoporosis, 1932-1933, 1933f 
Osteoprotegerin, 1892 
Ostwald-Folin pipette, 14-15, 15f 
Ouchterlony technique, 225, 225f 
Outcome study, 330-336 
clinical setting of, 328 
design of, 333-335f, 333-336 
rationale for, 332-333 
Outcomes research, 420-422, 421f 
Outliers, 383, 384f, 437 
Ovarian cancer markers, 752t 
cancer antigen 72-4 in, 773-774 
cancer antigen 125 in, 771-772 
carcinoembryonic antigen in, 768-769 
epidermal growth hormone receptor in, 780 
HER-2/neu gene in, 780t, 781-782 
kallikreins in, 757, 772 
matrix metalloproteinases in, 763 
tumor-associated trypsin inhibitor in, 764 
Ovarian dysgerminoma, 602 
Ovarian hyperthecosis, 2116 
Ovarian resetve, 2126-2127 
Ovary, 2104 
estrogens and, 2106 
hormones of; 1022t 
polycystic ovary syndrome and, 2115-2116, 
2116t 
premature ovarian failure and, 2117 
tumor of, 2117 
Overflow aminoaciduria, 539 
Overflow proteinuria, 16871, 1688 
Overload of iron, 1192-1193 
Overload proteinuria, 575, 576 
Overnight water deprivation test, 1993, 1993b 
Ovulation, 2114 . i 
evaluation of, 2125-2126 
female infertility and, 2124 
Oxacillin, 1267¢ 
Oxalate 
for blood specimen preservation, 48 
calcium stone disease and, 1714 
urine specimen preservatives and, 51t 
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Oxalic acid, 2288 
Oxaioacetate, 606 
Oxazepam, 1328, 1330f 2311 
Oxcarbazepine, 1251, 2311 
Oxidized low-density lipoproteins, 953-954, 
1634 
16-Oxoestradiol-178, 2106f 
5-Oxoprolinuria, 632 
19-Oxotestosterone, 2107f 
Oxycodone, 1340f, 1342-1344, 1343f, 2312¢ 
OxyContin, 1343 
Oxygen concentration of blood, 1004 
Oxygen dissociation curve of hemoglobin, 
1169-1170, 1170f i 
Oxygen partial pressure, 999-1014 
acid-base disorders and, 1767t 
amperometric method of measurement of, 
103-104, 104f 
analytical goals for, 363t 
behavior of gases and, 999-1001, 1000¢ 
calibration of, 1010-1011 
contimious and noninvasive monitoring of, 
1014 
critical values of, 2317¢ 
effects of smoking on, 457 
fasting and starvation and, 456 
gas exchange in lung and, 1763, 1764f 
Henderson-Hasselbalch equation and, 1001- 
1002 
instrumentation for, 1008f 1008-1009, 1010f 
optical sensors for, 107 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
quality assurance in determination of, 1011- 
1013 
reference intervals for, 1013 
reference values for, 2289 
specimen acquisition for, 1006-1008, 1007: 
temperature correction and, 1013¢, 1013- 
1014 
tonometry for, 1006 
Oxygen saturation 
exercise-related changes in, 451 
reference intervals for, 2289t 
Oxygen sensor, 115 
Oxyhemoglobin, 1002 
Oxymorphone, 1342, 1343f 
Oxytocin, 10214, 1996 
amino acid sequence of, 1991f 
reference intervals for, 2289t 
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P-selectin, 1635 
p21 gene, 784 
Psp determination, 1006 
p53 gene, 784 
p54 gene, 1473-1474 
Pacific Biometrics Research Foundation, 942b 
Paget’s disease, 624, 1934 
Paint, development of nephropathy and, 1708¢ 
Paired t-tests, 377-378, 378f, 378t 
Palmar xanthoma, 930 
Palmitic acid, 909¢ 
Palmitoleic avid, 909¢ 
Pamelor. See Nortriptyline. 
Pancreas, 1867-1873 
anatomy of, 1850, 1850f 
biological activity of interleukin-1 and, 
659f 


Index 


Pancreas (Continued) 
cancer of 
blood group antigens and, 773-774 
carcinoembryonic antigen and, 768-769 
DU-PAN-2 tumor marker and, 772-773 
neuron-specific enolase and, 756 
tumor-associated trypsin inhibitor and, 
764 
carcinoid tumor of, 1052-1054 
enteric nervous system of, 1045 
hormones of, 1023t 
invasive tests of exocrine function of, 1868- 
1869, 1869f 1869t : 
noninvasive tests of exocrine function of, 
1869-1873, 1870¢, 1871-1873f 
pancreatitis and, 1867-1868, 1868b 
alpha,-macroglobulin and, 554 
cationic trypsin in, 622 
gamma-glutamyltransferase and, 613 
lipase and, 620 
tumor necrosis factor-œ and, 707 
pediatric disorders of, 1867, 18676 
transaminase activities in, 605t 
Pancreas-associated antigen, 774t 
Pancreas-kidney transplantation, 1727-1728 
Pancreastatin, 1875t 
Pancreatic duct obstruction, 622 
Pancreatic elastase-1, 1870, 1870#, 1871t 
Pancreatic enzymes, 616-623 
amylase in, 616-619, 6174, 619f 620f 
chymotrypsin in, 623 
elastase-1 in, 623 
lipase in, 619-621 
trypsin in, 622-623 
Pancreatic excretion index, 1871 
Pancreatic juice, 1868 
Pancreatic lipase, 1854 
Pancreatic oncofetal tumor marker, 767t 
Pancreatic polypeptide, 10234, 1875t 
Pancreatitis, 1867-1868, 1868b 
alpha,-macroglobulin and, 554 
cationic trypsin in, 622 
gamma-glutamyltransferase and, 613 
lipase and, 620 
tumor necrosis factor-a and, 707 
Pancreolauryl test, 18704, 1870-1872 
Panhypopituitarism, 2134 
Panic values, 2317-2318t 
Pantothenic acid, 1080#, 1116-1118, 1117f 
oral and intravenous intakes of, 1076 
reference intervals for, 22891 
Pap smear, 1565 
Paper chromatography, 141, 142f 890 
Paracentesis, 53 
Paracrine system, 1019 
Paradoxical aciduria, 1774 
Parafollicular cell, 1926, 2053 
Paraganglioma, 1045-1048, 1049b 
Paraidehyde 
reference intervals for, 2312 
toxicity of, 1770 
Parameter, statistical, 433 
Paramethoxyamphetamine, 1321f 
Paramethoxymethamphetamine, 1321f, 1323 
Parametric method 
in approach to distribution of differences, 
373f, 373-374 
for determination of percentiles, 435 
for determination of reference values, 438- 
442 
Paraneoplastic effects, cytokines and, 655 
Paraproteins, 572-573, 574t, 774-775 


Paraquat, 1708t 
Parasympathetic nervous system, 1289-1291 
Parathyrin, 1023¢ 
Parathyroid hormone, 1019, 10214, 1912-1920 
aluminum binding to calcium and, 1374- 
1375 
biochemistry and physiology of, 1913-1915, 
4913-1915f 
bone metabolism and, 1931 
1,25-dihydroxyvitamin D and, 1921 
end-stage renal disease and, 1698f, 1698-1699 
hypoparathyroidism and, 1894 
interpretation of measurement results, 1918f, 
1918-1920, 1919f 
measurement of, 1915-1918, 1916f 
osteoporosis and, 1932 
as potential uremic toxin, 1692t 
primary hyperparathyroidism and, 1895-1896 
reference intervals for, 1918, 2289t 
special collection and storage conditions fox, 
55t 
as tumor marker, 7654 
values during pregnancy, 2157, 2158t 
Parathyroid hormone-related protein, 1025t, 
1928-1930, 1929f, 1930f, 22891 
Paratrend 7 monitor, 1014 
Paratrend probe, 114, 115f 
Parentage testing, 1547, 1551-1553 
Parnate. See Tranylcypromine. 
Paroxetine, 1269, 12705, 1271, 23121 
Pars convoluta, 1673, 1675f 
Pars recta, 1673, 1675f 
Partial pressure of carbon dioxide, 999-1014 
behavior of gases and, 999-1001, 1000¢ 
calibration of, 1610-1011 
continuous and noninvasive monitoring of, 
1014 
Henderson-Hasselbalch equation and, 1001- 
1002 
instrumentation for, 1008f, 1008-1009, 1010f 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
quality assurance in determination of, 1011- 
1013 
reference intervals for, 1013 
specimen acquisition for, 1006-1008, 1007t 
temperature correction and, 10134, 1013- 
1014 
tonometry for, 1006 
Partial pressure of oxygen, 999-1014 
behavior of gases and, 999-1001, 10002 
calibration of, 1010-1011 
continuous and noninvasive monitoring of, 
1014 
Henderson-Hasselbalch equation and, 1001- 
1002 
instrumentation for, 1008f 1008-1009, 1010f 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
quality assurance in determination of, 1011- 
1013 
reference intervals for, 1013, 2289t 
specimen acquisition for, 1006-1008, 1007¢ 
temperature correction and, 10134, 1013- 
1014 
tonometry for, 1006 


Partial pressures, 1000 
Partial thromboplastin time 
analytical goals for, 366¢ 
critical values of, 2318t 
Partial verification, 329 
Particle, label used for nonisotopic 
immunoassay, 231t 
Particle-enhanced immunoassay for serum 
thyroxine, 2070 
Particulate column packings, 156 
Particulate matter in reagent grade water, 11f 
Partition chromatography, 143f, 143-144, 155 
Partition coefficient, 2035 ; 
Partitioning 
of reference group, 430, 431b 
of reference values, 436 
Partitioning criteria, 427 
Pascal, 6t, 8-9, 1000 
Passing-Bablock regression analysis, 388-389 
Passive gel diffusion, 224-225, 225f 
Passive hemagglutination, 240 
Passive transport of ions, 1750 
Paternity index, 1552 
Paternity testing, 1551-1553 
Pathology informatics resources, 482-483 
Patient identification, 492 
Patient medical record information, 479 
Patient outcomes, 330 
Patient preparation for test, 493 
Paucialbuminuria, 547 
Paxil. See Paroxetine. 
PBG. See Porphobilinogen deaminase. 
PCO.. See Carbon dioxide partial pressure. 
PCP. See Phencyclidine. 
PCR. See Polymerase chain reaction. 
Peak blood concentration of drug, 1239 
Pearson product moment correlation 
coefficient, 383-385, 384f 
Pellagra, 1116 
Pemptoporphyrin, 1210¢ 
Penetrance, 1514 
p-Penicillamine, 1708f 
Penicillin, 458, 1266, 1267t 
Penicillin G, 1267t, 1708¢ 
Penicillin V, 1267 
Penile cancer, 1565 
Penis, 2097 
Pentacarboxylate-IIf, 1210t 
Pentagastrin, 1973f 
Pentapeptide, 541 
Pentazocine, 2312¢ 
Pentobarbital 
characteristics of, 13267 
therapeutic and toxic levels of, 2312¢ 
urinary excretion of, 1327t 
U.S. government drug detection cutoff 
concentrations for, 1319¢ 
Pentose{s), 837, 889-890 
Pentose phosphate pathway, 841, 1092, 1093¢ 
Pentosuria, 889 
Pentothal. See Thiopental, 
Pepsin, 1855 
Pepsinogen, 55 
Peptic ulcer disease, 1856-1858, 1857b, 1857f 
Peptide(s), 541-590 
amniotic fluid proteins and, 580 
amyloid and, 580-582, 581t 
analysis of, 582-590 
cerebrospinal fluid proteins and, 
589-590 
determination of serum total protein and, 
586-589 
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Peptide(s) (Continued) 
electrophoretic techniques in, 584-586, 
585f, 587f 
immunochemical methods in, 582-584 
mass spectrometry in, 590 
urinary proteins and, 589 
basic biochemistry of, 541-543 
cerebrospinal fluid proteins and, 577-580, 
578t 
chromaffin cell production of, 1044 
complement proteins and, 564-569, 565f, 
566t, 567f 
fecal proteins and, 580 : 
gastrointestinal, 1872-1876, 1874t, 1875t 
heat shock proteins and, 582 
hypothalamic, 1968-1969 
immunoglobulins and, 569-575 
basic biochemistry of, 569-570, 570f 
deficiency of, 571-572, 572b, 572f 
methodologies for, 573-574 
monoclonal, 572-573, 574t 
polyclonal hyperimmunoglobulinemia 
and, 572 
reference intervais for, 574-575 
metabolic function of nephron and, 1676t 
natriuretic, 1630-1631 
peritoneal proteins and, 580 
plasma proteins and, 543-564 
albumin in, 546-549 
alpha,-acid glycoprotein, 549-550 
alpha,-antitrypsin in, 550-553, 552f 
alpha,-fetoprotein in, 554-555 
alpha,-macroglobulin, 553-554 
ceruloplasmin in, 556-559, 5576 5581 
haptoglobin in, 559-562, 560f, 5604, 561f 
properties of, 544-545 
reference intervals for, 545£ 
transferrin in, 562-563 
transthyretin and retinol-binding protein 
in, 563-564 
pleural proteins and, 580 
saliva proteins and, 580 
urinary proteins and, 575-577 
Peptide bond, 537 
Peptide mass fingerprinting, 183, 183f 
Peptone, 541 
Percentile, 434 
parametric estimates of, 441-442 
Perchloric acid, 34 
Percodan. See Oxycodone. 
Performance measures, 366-367 
Performance parameters 
in fluorometry, 80 
of spectrophotometer, 70-72, 7if, 72t7 
Pericardial fluid specimen, 53 
Pericardiocentesis, 53 
Pericardium, 1619 
Perimenopause, 2120 
Periodic table, 1372-1373, 1373f 
Peripheral dopaminergic system, 1044-1045 
Peristaltic pump, 279 
Peritoneal cavity proteins, 580 
Peritoneal dialysis, 1721-1723, 1722f 
Peritonitis 
amylase and, 617 
spontaneous bacterial, 1795 
Pernicious anemia, 1102-1103 
Peroxidases, 1187 
Peroxisomal disorders, 17866 
Peroxisome, 1780 
Perphenazine, 13114, 2064¢ 
Personal protective equipment, 28 
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Personnel 
in molecular diagnostics laboratory, 1453 
monitoring of, 494 
Peruvian coca tea, 1336 
Peta, metric prefix of SI unit, 7t 
Petroleum ether, 51t 
PFK. See Phosphofructokinase. 
PGK, See Phosphoglycerate kinase. 
pH, 8, 999-1014, 1758, 1758f 
behavior of gases and, 999-1001, 1000¢ 
blood 
exercise-related changes in, 451 
reference intervals for, 2289t 
buffer systems and, 1759-1762, 1763f, 1769f 
calibration of, 1010-1011 
continuous and noninvasive monitoring of, 
1014 
critical values of, 2317 
effect on enzyme-catalyzed reactions, 203, 
203f 
effect on free calcium, 1900-1901, 1901f 
fluorescein and, 112 
Henderson-Hasselbalch equation and, 1001- 
1002 
hypophosphatemia and, 1906 
instrumentation for, 1008f 1008-1009, 1010f 
metabolic acidosis and, 1771 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
potentiometry for measurement of, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 96%, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101¢ 
quality assurance in determination of, 1011- 
1013 
of reagent grade water, lit 
reference intervals for, 1013, 2289¢ 
renal mechanisms of, 1763-1767, 1765f, 1766f 
specimen acquisition for, 1006-1008, 1007¢ 
stick tests for, 301¢ 
temperature correction and, 1013¢, 1013- 
1014 
tonometry for, 1006 
urine, 455, 811 
Phage display technology, 221 
Phagocytosis, tumor necrosis factor-o and, 706 
Pharmacodynamics, 1238 
Pharmacogenetics, 1589-1616 
approaches to, 1590-1592, 1591t 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
16014, 16024 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 1596- 
15974, 1598f, 1599f 
N-acetyl transferases and, 1603-1609, 1605- 
1607% 1608f 
targets and future directions in, 1609-1611, 
1610¢ 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594f 
Pharmacokinetics, 1237 
of antibiotics, 1267-1269t 
of antiepileptic drugs, 1250t 
of antipsychotic drugs, 1270¢ 
of bronchodilators, 1261t 
of cardicactive drugs, 1256t 
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Pharmacokinetics (Continued) 
compartment models of, 1240-1242f, 1240- 
1243 
of immunosuppressant drugs, 1280t 
model-independent relationships in, 1243 
pharmacodynamics versus, 1238f 
Pharmacology, 1237-1285 
analytical techniques for drug measurement 
in, 1248-1249 
antibiotics in, 1262-1266, 1267-1269t 
aminoglycosides in, 1262-1265, 1263t, 
1264t Ne 
chloramphenicol in, 1265 . 
fluoroquinolones in, 1265, 1266f 
sulfonamides in, 1265-1266 
vancomycin in, 1266 
antidepressants in, 1269-1271, 1270¢ 
antiepileptic drugs in, 1249-1256, 1250t 
benzodiazepines in, 1255 
carbamazepine in, 1249-1250 
ethosuximide in, 1250 
felbamate in, 1254 
gabapentin in, 1254 
lamotrigine in, 1254 
levetiracetam in, 1250-1251 
mephobarbital in, 1255 
oxcarbazepine in, 1251 
phenobarbital in, 1251-1252 
phenytoin in, 1252 
primidone in, 1252-1253 
succinimides in, 1255-1256 
tiagabine in, 1254-1255 
topiramate in, 1253 
valproic acid in, 1253-1254 
zonisamide in, 1255 
antimetabolites in, 1272-1274, 1273¢ 
antiretrovirals in, 1269, 1269% 
basic concepts of, 1238-1247 
biotransformation in, 1246-1247 
drug absorption in, 1243-1244 
drug distribution in, 1244-1245 
drug excretion in, 1247 
drug metabolism in, 1245-1246, 1246f 
hepatic clearance in, 1246 
mechanism of action in, 1238-1240, 
1239f 
pharmacokinetics in, {240-1242f 1240- 
1243 
bronchodilators in, 12611, 1261-1262 
cardioactive drugs in, 12567, 1256-1261 
amiodarone in, 1256 
digoxin in, 1256-1257, 1257f 
disopyramide in, 1258 
flecainide in, 1258 
lidocaine in, 1258-1259 
mexiletine in, 1259 
procainamide in, 1259 
propafenone in, 1259-1260 
propranolol in, 1260 
quinidine in, 1260 
tocainide in, 1260-1261 
verapamil in, 1261 
clinical utility of, 1247-1248 
definitions in, 1238, 1238f 
immunosuppressants in, 1274-1280, 1280t 
cyclosporine in, 1274-1276, 1275f 
everolimus in, 1276-1277 
mycophenolate mofetil in, 1277, 1277- 
1278 
sirolimus in, 1278-1279 
tacrolimus in, 1279-1280 
lithium in, 1271-1272 
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Pharmacotherapeutics, 1238 
Phast System of electrophoresis, 124 
Phenacetin, 2312t 
Phencyclidine 
pharmacology and analysis of, 1347f, 1347- 
1349 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
therapeutic and toxic levels of, 2312t 
Phenelzine, 1056¢ 
Phenobarbital, 1250#, 1251-1252 
analytical goals for, 365t 
characteristics of, 1326¢ 
effects on thyroid function, 2064¢t 
induction of enzyme activity, 1247 
therapeutic and toxic levels of, 2312t 
urinary excretion of, 1327¢ 
Phenol-chloroform DNA isolation protocols, 
1400 
Phenols, 1692 
Phenothiazines, 1272, 1310-1312, 1311f 
Phenotyping, 1589-1616 
approaches to, 1590-1592, 1591¢ 
of C4 proteins, 569 
of cholinesterase, 616 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
1601¢, 16022, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 1596- 
15974, 1598f 1599f 
of human immunodeficiency virus, 1569- 
1570 
N-acetyl transferases and, 1603-1699, 1605- 
1607t, 1608f 
targets and future directions in, 1609-1611, 
16108 
testing considerations in, 1589-1590, 
1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594f 
Phenoxybenzamine 
false-positive elevations of plasma 
normetanephrine and, 1048 
influence on catecholamine levels, 1056¢ 
Phensuximide, 1255, 2312t 
Phentermine, 1321f 
Phenylalanine 
metabolic pathway of, 2216f 
phenylketonuria and, 2211-2217 
reference intervals for, 2290£ 
structure and molecular weight of, 534 
Phenylalanine hydroxylase, 1034 
deficiency of, 2212-2213t 
Phenylbutazone, 2312¢ 
Phenylephrine, 1321f 
Phenylethanolamine N-methyltransferase, 
1034f, 1035, 1043-1044 
Phenylketonuria, 2211-2217, 2216f, 2218f 
Phenylpropanolamine, 1321f, 1323 
3-Phenylpropionylglycine, 2290t 
Phenytoin, 12504, 1252 
analytical goals for, 365% 
effects on laboratory tests, 459 
effects on thyroid function, 2064t 
male reproductive function and, 2122t 
therapeutic and toxic levels of, 2313t 
Pheochromocytoma, 1045-1048, 10498 
excess catecholamines in, 849 
tumor markers in, 753t 
chromogranins in, 777 
neuron-specific enolase in, 756 
Philadelphia chromosome, 1469 


Phosphatase, 2290¢ 
Phosphate, 1905-1909 
analytical goals for, 364 
biochemistry and physiology of, 1905 
biological variability in, 467t 
circadian variation in, 453f, 453¢ 
diet and, 453 
1,25-dihydroxyvitamin D and, 1921 
disorders of, 1710 
hyperphosphatemia in, 1907, 1907b 
hypophosphatemia in, 1905-1906, 1906b 
distribution in body, 1893 
effects of exercise on, 452 
effects of fever on, 466t 
fasting and starvation and, 456 
influence of food on, 455 
influence of gender on, 462t 
influence of menstrual cycle on, 464 
intestinal absorption of, 1931 
measurement of, 1907-1908 
metabolic function of nephron and, 1676t 
osteomalacia and rickets and, 1933 
parathyroid hormone and, 1913-1914 
reference intervals for, 1908f 1908-1909, 
2290t 
renal regulation of, 1681, 1930-1931 
sodium-hydrogen exchanger and, 1766 
values during pregnancy, 2158¢ 
Phosphate buffer system, 1760 
Phosphatidylcholine, 914, 914f 
biosynthesis of, 2159, 2159f 
fetal lung maturity and, 2191-2192 
Phosphatidylethanolamine, 658, 914, 914f 
Phosphatidyiglycerol, 2192 
Phosphodiester linkage, 1394, 1394f 
Phosphofructokinase, 628 
Phosphoglucose isomerase, 628 
Phosphoglycerate kinase, 629 
Phosphoglycerides, 914, 914f 
Phospholipase A2, 1634 
Phospholipids 
in lipoproteins, 916¢ 
quantitative measurement of, 945 
smoking and, 457¢ 
Phosphomolybdate complex, 1907-1908 
Phosphopyruvate hydratase, 756 
Phosphor, label used for nonisotopic 
immunoassay, 231¢ 
Phosphor immunoassay, 235b 
Phosphorescence, 84, 107 
Phosphorus 
critical values of, 2317¢ 


disturbances in end-stage renal disease, 1698, 


1698-1699 

food ingestion and, 454 

growth hormone and, 1970-1971 

influence of age on, 460t 

in serum, 47t 

units of measurement for, 7t 
Phosphorylase kinase deficiency, 891 
Phosphoserine, 536t 
Phosphotungstic acid methods, 807 
Photo counting, 80 
Photo degradation of specimen, 271 
Photodecomposition, fluorometry and, 

84 

Photodetector 

in fluorometry, 78-80 

in spectrophotometry, 69f, 69-70 
Photodiode, 60-70, 277 
Photoionization detector, 153, 154 
Photolithography, 247-249, 248f 


Photometer 
accuracy in spectrophotometry, 72, 72t 
in capillary electrophoresis, 132 
in liquid chromatography, 158-159, 159f 
Photometric detector, 277 
Photometric method of 'Irinder, 1308 
Photometry, 62 
for aldolase activity, 603 
for fructosamine, 885 
in glucose analysis, 868t 
for magnesium, 1911, 1911f 
reflectance, 72-73 i 
in specimen identification, 276-277, 277f 
Photomultiplier tube l 
in fluorometry, 79-80 
in spectrophotometry, 69, 69f 
Photon, 61 
Photosensitivity 
in erythropoietic protoporphyria, 1219, 1222 
in pseudoporphyria, 1221 
Phycobiliprotein, 237¢ 
Phylioquinone, 1087, 1087f 
Physical training as controllable preanalytical 
variable, 451-452 
Physiologic variables affecting analytical results, 
449-459 
in calcium measurement, 1903 
circadian variation in, 452-453, 453¢ 
diet in, 453-454 
exercise in, 451, 452t 
fasting and starvation in, 456-457 
food ingestion in, 454-455, 455¢ 
malnutrition in, 455-456 
physical training in, 451-452 
posture in, 449-450, 450r 
prolonged bed rest in, 450 
travel in, 453 
vegetarianism in, 455, 456t 
Physiological jaundice of newborn, 460, 1200 
Physostigmine 
for phenothiazine reversal, 1312 
for tricyclic antidepressant reversal, 1310 
Pico, metric prefix of SI unit, 7t 
PIE. See Prolactin-inhibiting factor. 
Pigmented gallstones, 1823 
Pilocarpine nitrate, 996-997 
Pimelic acid, 2291t 
Pineal gland hormones, 1021t 
Ping-pong bi-bi reaction, 201-202 
Piperacetazine, 1311¢ 
Piperazine phenothiazines, 1311¢ 
Pipercillin, 1267¢ 
Piperidine phenothiazines, 1311 
Pipette, 12-18 
calibration of, 18-19 
measuring, 15, 15f 
micropipette, 16, 16t 
semiautomatic and automated, 16f 16-18, 
17f 
transfer, 14-15, 15f, 15t 
Pirbuterol, 1261 
Pituitary gigantism, 1971-1972, 1972b, 1972f 
Pituitary gland, 1967-2002 
anatomy of, 1967-1968, 1968f 
anterior, 1968-1990 
adrenocorticotropic hormone and, 1981- 
1984, 1982f 
assessment of lobe reserve of, 1988b, 1988- 
1990, 1989b, 1990f 
follicle-stimulating hormone and 
luteinizing hormone and, 1984-1988, 
1985f, 1987t 
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Pituitary gland (Continued) 
growth hormone and, 1934b, 1969-1976, 
1970f, 1972b, 1972f, 1973t 
prolactin and, 1976-1981, 1978f, 1979b 
regulation of, 1968/, 1968¢, 1968-1969, 
1969f 
thyroid-stimulating hormone and, 1988, 
2056 
interleukin-6 and, 673¢ 
male infertility and, 2121 
posterior, 1991-1996 
arginine vasopressin and, 1991f, 1991- 
1996, 1993-1995b, 1994f 
oxytocin and, 1996 
tumor of 
growth hormone-secreting, 1971-1972 
preoperative endocrine testing in, 1990, 
1990f 
prolactin-secreting, 1979 
Pituitary hypoadrenalism, 2134 
pK, 1758 
PKC. See Protein kinase C. 
Place of residence as noncontrollable 
preanalytical variable, 463 
Placenta, 2154b, 2154f, 2154-2155 
chorionic gonadotropin and, 2180 
hormones of, 1022 
Placental alkaline phosphatase, 755, 755t 
Placental growth factor, 1634 
Placental growth hormone, 1022t 
Placental hormones, 2154f, 2154-2155 
Placental lactogen, 1022#, 2155 
special collection and storage conditions for, 
55% 
as tumor marker, 765¢ 
Placidyl. See Ethchlorvynol. 
Planar chromatography, 148-149, 149f 
analyte identification in, 161 
basic concepts in, 141-142, 142f 
in drug screening, 1293-1294, 1295f 
Plane angle, SI unit of, 6t 
Plasma, 1747, 1749 
clearance of liver enzymes from, 1797 
composition of, 47t 
circadian variation in, 452 
diet and, 453 
food ingestion and, 454-455, 455¢ 
influence of collection site on, 49, 49¢ 
stress-related influences on, 465 
for electrolyte determination, 983-984 
factors affecting enzyme levels in, 214, 216 
major osmotic substances in, 992 
pH of, 1758 
separation from blood specimen, 56 
Plasma acetylearnitine, 2253t 
Plasma acrylylcarnitine, 2253t 
Plasma acylcarnitine, 2239¢ 
Plasma acylcarnitine butyl-ester derivatives, 
2233f 
Plasma adrenocorticotropic hormone, 1983, 
2254t 
for adrenocortical insufficiency, 2022, 2022f, 
2023f 
for Cushing’s syndrome, 2026, 2027f 
special collection and storage conditions for, 
54t 
Plasma alanine, 2254t 
Plasma alanine aminotransferase, 1821, 1826, 
1826f 
Plasma albumin, 548 
levels during pregnancy, 2157 
in liver disease, 1826 
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Plasma aldosterone, 2040 
in hyperaldosteronism, 2030f 
special collection and storage conditions for, 
54t 
travel-related changes in, 453 
Piasma alkaline phosphatase, 1826, 1826f 
Plasma alpha-amylase, 616 
Plasma aluminum, 2255t 
Piasma amino acids, 539 
neonatal, 460 
special collection and storage conditions for, 
54t 
Plasma aminotransferases, 1826, 1826f 
Plasma ammonia, 2255t 
Plasma antidiuretic hormone, 2255t 
Plasma antimony, 2256¢ 
Plasma arginine, 2256 
Plasma ascorbic acid, 464 
Plasma asparagine, 2257¢ 
Plasma aspartate aminotransferase, 1821, 1826, 
1826f 
Plasma aspartic acid, 2257¢ 
Plasma base excess, 1760-1761 
Plasma beta-alanine, 2254¢ 
Plasma bicarbonate 
alcohol ingestion and, 458 
values during pregnancy, 2158t 
Plasma bilirubin, 1827, 1827f 
Plasma calcitonin, 2258t 
Plasma calcium, 456%, 1903 
Plasma carbon dioxide, 2259t 
Plasma carcinoembryonic antigen, 55f 
Plasma catecholamines, 1057, 1057¢ 
Plasma cell 
immunoglobulins and, 569 
multiple myeloma and, 573 
Plasma ceruloplasmin, 2260¢ 
Plasma chioride, 47%, 2260f 
blindness and, 465 
food ingestion and, 454 
Plasma cholesterol 
fasting and starvation and, 456 
influence of menstrual cycle on, 464 
smoking and, 457 
vegetarianism and, 456¢ 
Plasma copper, 1130 
Plasma cortisol 
effect of prolonged bed rest on, 450 
effects of smoking on, 457 
fasting and starvation and, 456 
fever and, 465 
malnutrition and, 456 
special collection and storage conditions for, 
55t 
Plasma creatine, 55¢ 
Plasma creatinine, 798-801, 799f, 823 
Plasma decadienoylcarnitine, 2265t 
Plasma decanoylcarnitine, 2265t 
Plasma decenoylcarnitine, 2265t 
Plasma 11-deoxycortisol, 554, 2041 
Plasma deoxyribonucleic acid, 1399 
Plasma digitoxin, 55t 
Plasma 3,4-dihydroxyphenylacetic acid, 1059, . 
1059% 
Plasma 3,4-dihydroxyphenylglycol, 1059, 1059¢ 
Plasma dodecanoylcarnitine, 2266t 
Plasma dodecenoylearnitine, 22674 
Plasma dopamine, 2259¢ 
Plasma enzymes 
in hepatic disease, 1826, 1826f 
nutritional assessment and, 1077 
Plasma epinephrine, 2259¢ 
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Plasma estradiol, 55t 
Plasma ethanol, 1303 
Plasma fatty acids, 55t 
Plasma ferritin, 1191 
in chronic kidney disease, 1696 
in hereditary hematochromatosis, 1814 
Plasma fibrinogen 
during pregnancy, 2157 
special collection and storage conditions for, 
55t 
Plasma folate 
malnutrition and, 456 
special collection and storage conditions for, 
55t ` 
Plasma free calcium, 2258¢ 
Plasma free metanephrines, 1047-1048 
Plasma gastrin, 1877 
Plasma glucagon, 2270¢ 
Plasma glucose 
blindness and, 465 
circadian variation in, 452 
fasting, 859 
racial differences in, 463 
reference intervals for, 871 
seasonal influences on, 464 
shock-related changes in, 466 
smoking and, 457 
Plasma glutamic acid, 2271 
Plasma glutamine, 2271t 
Plasma glutarylcarnitine, 227 1¢ 
Plasma glycine, 2272t 
Plasma growth hormone 
fasting and starvation and, 456 
smoking and, 457 
Plasma heptanoylcarnitine, 2272-2273 
Plasma hexadecanoylcarnithine, 2273Ł 
Plasma hexadecenoylcarnitine, 2273t 
Plasma hexanoylcarnitine, 2273t 
Plasma high-density lipoproteins, 55¢ 
Piasma histidine, 2274 
Plasma homocysteine, 2274-2275t 
Plasma 3-hydroxybutyrylcarnitine, 2275t 
Plasma 11-hydroxycorticosteroids, 457 
Plasma 3-hydroxydecenoylcarnitine, 2275t 
Plasma 3-hydroxydodecanoylcarnitine, 2275- 
2276t 
Plasma 3-hydroxydodecenoylcarnitine, 2276¢ 
Plasma 3-hydroxyhexadecenoylcarnitine, 2276f 
Plasma 3-hydroxyhexanoylcarnitine, 2276t 
Plasma 5-hydroxyindoleacetic acid, 1063-1065, 
1065¢, 2277t 
Plasma 3-hydroxyisovalerylearnitine, 2277¢ 
Plasma 3-hydroxyoctadecadienoylcarnitine, 
2277t 
Plasma 3-hydroxyoctadecanoyicarnitine, 2277t 
Plasma 3-hydroxyoctadecenoylcarnitine, 2277+ 
Plasma hydroxyproline, 2278t 
Plasma 3-hydroxytetradecanoylcarnitine, 2278t 
Plasma 3-hydroxytetradecenoyicarnitine, 2279t 
Plasma insulin 
circadian variation in, 452 
obesity and, 465 
smoking and, 457 
Plasma iron, 464 
Plasma isobutyrylcarnitine, 2280¢ 
Plasma isoleucine, 2281¢ 
Plasma isovaleryl/CH3 butyrylcarnitine, 2281f 
Plasma lactate 
effects of exercise on, 451 
smoking and, 457 
Plasma lecithin-cholesterol acyltransferase 
activity, 906 
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Plasma leucine, 2282t 
Plasma levodopa, 1059, 1059¢ 
Plasma lipids, 922-923, 922-924t 
Plasma lipoproteins 
agarose gel electrophoresis of, 950f 
analytical challenges of, 939 
chemical composition of, 916t 
malnutrition and, 455 
reference concentrations of, 922-923, 922- 
924¢ 
Plasma liver enzymes, 1826, 1826f 
Plasma lysine, 2283t 
Plasma magnesium, 1912 
Plasma malonylcarnitine, 2284t 
Plasma membrane monoamine transporters, 
1036-1037, 1037f 
Plasma metanephrines, 1057-1058, 1058¢, 2284¢, 
2285t 
Plasma methionine, 2286t 
Plasma methylmalonylcarnitine, 2286t 
Plasma nickel, 2287¢ 
Plasma norepinephrine, 1051, 2259¢ 
Plasma normetanephrine, 2284 
Plasma octadecadienoylcarnitine, 2287t 
Plasma octadecanoylcatnitine, 2287¢ 
Plasma octadecenoylcarnitine, 2287t 
Plasma octanoylcarnitine, 2288t 
Plasma octenoylcarnitine, 2288t 
Plasma osmolality, 992-994, 993f 
Plasma oxytocin, 2289t 
Plasma parathyroid hormone, 1917-1918, 
2157 
Plasma phenylalanine, 2290t 
Plasma phosphate, 1908, 2290t 
Plasma porphyrins, 1226, 1228f 
Plasma potassium 
ambient temperature and, 463 
diuretic drugs and, 458 
fasting and starvation and, 456 
neonatal, 460 
reference intervals for, 2291t 
Plasma proline, 2292t 
Plasma propionylcarnitine, 2292 
Plasma protein(s), 543-564 
albumin in, 546-549 
alpha,-acid glycoprotein in, 549-550 
alpha,-antitrypsin in, 550-553, 552f 
alpha,-fetoprotein in, 554-555 
alpha,-macroglobulin in, 553-554 
ambient temperature and, 463 
beta,-microglobulin in, 555 
blood-cerebrospinal fluid barrier and, 577- 
578 
ceruloplasmin in, 556-559, 557f, 558t 
childhood levels of, 461 
effects of exercise on, 451 
effects of steroid hormones on, 545t 
estrogens and, 2105 
haptoglobin in, 559-562, 560f, 560%, 561f 
hepatic synthesis of, 1787-1789, 1788¢ 
light scattering and, 87 
posture-related changes in, 449, 450 
prolonged bed rest and, 450 
properties of, 544-545t 
reference intervals for, 545t¢ 
smoking and, 457 
transferrin in, 562-563 
transfusion-related changes in, 466-467 
transthyretin and retinol-binding protein in, 
563-564 
Plasma protein buffer system, 1760-1761 
Plasma pyridoxal phosphate, 55t 


Plasma renin, 2020, 2020f 
effects of exercise on, 451 
in hyperaldosteronism, 2030f, 2032, 2032f, 
2033b, 2033f 
measurement of, 2043 
in renovascular hypertension, 2033, 20338, 
2033f 
shock-related changes in, 466 
special collection and storage conditions for, 
55t 
travel-related changes in, 453 
Plasma riboflavin, 1097 
Plasma ribonucleic acid, 1399-1400 
Plasma selenoprotein P, 1137 
Plasma sodium 
blindness and, 465 
influence of altitude on, 463 
influence of menstrual cycle on, 464 
neonatal, 460 
Plasma testosterone 
alcohol ingestion and, 458 
circadian variation in, 452 
Plasma tetradecadienoylcarnitine, 2296t 
Plasma tetradecanoylcarnitine, 2296t 
Plasma tetradecenoylcarnitine, 2296¢ 
Plasma thiamine, 1093 
Plasma threonine, 2297t 
Plasma tiglylcarnitine, 2298t 
Plasma total calcium, 2258t 
Plasma total carbon dioxide, 991 
Plasma total homocysteine, 1104 
Plasma trace elements, 1078 
Plasma triglycerides 
fasting and starvation and, 456 
smoking and, 457+ 
vegetarianism and, 456t 
Plasma tryptophan, 2300¢ 
Plasma tube additives, 44t 
Plasma tyrosine, 2300t 
Plasma urate 
neonatal, 460 
smoking and, 457 
Plasma urea 
diet and, 453 
in elderly, 461 
Plasma urea nitrogen, 460, 802 
Plasma uric acid, 456¢ 
Plasma valine, 2301¢ 
Plasma vanillylmandelic acid, 1061, 1062¢ 
Plasma vitamin(s), 1078 
Plasma vitamin Bg, 2302t 
Plasma vitamin D, 1925t 
Plasma vitamin E, 1087 
Plasma vitamin K, 1090 
Plasma zine, 1141 
Plasmacytoma, 573 
Plate height, 148 
Platelet(s) 
chemokines and, 716 
critical values of, 2318¢ 
effects of aspirin on, 1306 
interleukin-6 and, 675 
Platelet count 
analytical goals for, 366t 
during pregnancy, 2158t 
Platelet-derived growth factor subfamily of 
cytokines, 649 
Platelet endothelial cell adhesion molecule-1, 
1635 
Platelet factor 4, 1634-1635 
Platelet-poor serum serotonin, 2294 
Platelet-rich serum serotonin, 2294t 


Platinum, 1383 
Platinum electrode in potentiometry, 94-95 
Pleural cavity proteins, 580 
Pleural fluid specimen, 53 
PMA. See Paramethoxyamphetamine. 
PMMA. See Paramethoxymethamphetamine. 
Pneumatic tube system, 270-271 
Pneumonitis, beryllium-related, 1377 
PO). See Oxygen partial pressure. 
POCT. See Point-of-care testing. 
Podocyte, 1672, 1674f 
Point estimate, 433 ; 
Point-of-care testing, 299-320 
accreditation and regulation of, 315 
analytical and technological considerations 
in, 299-310 
device design in, 3014 301-303, 302f 
device requirements in, 299, 300b 
in vitro devices and, 303-308, 304-307f 
in vivo, ex vivo, or minimally invasive 
devices and, 308, 308¢ 
informatics and, 308¢, 308-310, 309f 
documentation in, 314-315 
equipment procurement and evaluation in, 
311-312 
establishment of need for, 310b, 310-311 
future of, 315f 315-316 
maintenance and inventory control in, 313- 
314 
organization and implementation of 
coordination committee for, 311 
policy and accountability in, 311, 311b 
quality control, quality assurance, and audit 
in, 312-313, 314f 
training and certification in, 312, 312b 
Point-of-care testing analyzer, 294 
Point-of-care testing coordinating committee, 
311 
Poisoning, 1287-1369 
acetaminophen and, 1304-1306, 1305f, 1306f 
analytical considerations in, 1289 
antidotes for, 1288¢ 
antihistamines and, 1312f, 1312-1313, 1313f 
blood alcohol and, 1302-1303 
breath alcohol and, 1303-1304 
carbon monoxide and, 1296t, 1296-1298 
clinical considerations in, 1288-1289 
drugs of abuse and, 1317-1350 
amphetamine and methamphetamine in, 
1320-1322, 1321f, 1322f, 1324-1325 
barbiturates in, 1325-1328, 1326, 1327f, 
1327t 
benzodiazepines in, 13284, 1328-1333, 
1329-1332f 
cannabinoids in, 13337, 1333-1335, 1334f 
cocaine in, 1335-1336, 1336f 
designer amphetamines in, 1322-1323 
dextromethorphan in, 1344, 1345f 
drug detection cutoff concentration and, 
1319¢ 
ephedrine and pseudoephedrine in, 1323 
gamma-hydroxybutyrate in, 1336-1338, 
1337f 


guidelines for drug assay cutoff values and, 


1320t 
hair analysis for, 1349-1350 
lysergic acid diethylamide in, 13387 1338- 
1339, 1339f 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 
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Poisoning (Continued) 
phencyclidine and ketamine in, 1347f 
1347-1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f, 1346-1347 
saliva analysis for, 1350 
specimen validity check reagents and, 
1318t 
sweat analysis for, 1350 
ethanol and, 1300-1301, 1301t 
ethylene glycol and, 1313f 1313-1314 
general supportive measures in, 1288b 
iron and, 1314-1315 
isopropanol and, 1302, 1302f 
methanol and, 1301-1302 
methemoglobin-forming agents and, 1298- 
1300, 1299f 1299¢ 
on-site drug testing and, 1350-1351 
organophosphate and carbamate insecticides 
and, 1315f, 1315-1317, 1316f 
postmortem alcohol and, 1304 
salicylate and, 1306-1308, 1307f 1308f 
saliva alcohol and, 1304 


screening procedures for drugs in, 1292-1296, 


1293, 1295f 
toxic metals and, 1371-1390 
aluminum in, 1374-1375, 1375f 
analytical methods for, 1373-1374 
antimony in, 1375-1376 
arsenic in, 1376f, 1376-1377 
beryllium in, 1377 
cadmium in, 1377-1378 
chromium in, 1378 
classification of, 1372-1373, 1373f 
cobalt in, 1378 
copper in, 1378-1379 
diagnosis of toxicity, 1372, 1372t 
iron in, 1379 
lead in, 1379f 1379-1381, 1380f 
manganese in, 1381 
mercury in, 1381-1382, 1383f 
nickel in, 1383 
occupational monitoring of, 1372 
platinum in, 1383 
prevalence of, 1371-1372 
selenium in, 1383-1384 
silicon in, 1384 
silver in, 1384 
thallium in, 1384 
toxic syndromes and, 1289-1292, 1290 
tricyclic antidepressants and, 1308-1312, 
1309-131 1f 
urine alcohol and, 1304 
Polarization 
effect on light scattering, 86f, 86-87 
fluorescence, 76-77, 77f 
Polarization fluorometry, 278 
Poliomyelitis, cerebrospinal fluid protein in, 
578t 
Poly dimethylsijoxane, 249 
Polyacrylamide gel electrophoresis, 124, 127, 
128, 129f 
for alkaline phosphatase, 610-611, 611f 
for nucleic acids, 1422 
for polymerase chain reaction products, 1463 
Polyamine, 778t 
Polyclonal antibody, 220 
for measurement of apolipoproteins, 959 
for measurement of lipoprotein{a), 960 
Polyclonal antiserum, 221 
Polyclonal hyperimmunoglobulinemia, 572 
Polycyclic ethers, 987 
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Polycyclic hydrocarbons, 1247 
Polycystic kidney disease, 1706-1707 
Polycystic ovary syndrome, 2115-2116, 21164, 
2119, 2124 
Polydipsia, 1992 
Polyhydramnios, 2156 
Polymer effect, 224, 224b 
Polymer membrane electrode in potentiometry, 
96-99, 97f, 98f 
Polymerase chain reaction, 1412-1416 
for analysis of antigen-receptor gene 
rearrangements, 1462-1463, 1463f 
for apolipoprotein E, 961-962, 962f 
asymmetric and allele-specific, 1416 
for chromosomal translocations, 1464-1465, 
1466f, 1467f 
contamination control for, 1415-1416 
detection limits of, 1415 
for detection of viral genomes, 1475 
in DNA sequencing, 1426 
in engraftment analysis, 1549-1550, 1550¢ 
in fetal RhD genotyping, 2165 
for herpes simplex virus, 1571 
for Huntington’s disease, 1494 
for hydroxymethylbilane synthetase, 1229 
inhibition control for, 1416 
Kinetics and rapid cycling in, 1413-1414, 
1414f, 1415f 
microchip-based, 252-253, 253f 
for Prader-Willi and Angelman syndromes, 
1505, 1505f 
primer design for, 1414-1415 
process of, 1412f, 1412-1413, 1413f 
real-time, 1436-1441, 1437-1441f, 1440¢ 
restriction fragment length polymorphism 
with, 1422, 1423f 
as source of laboratory error, 1452 
Polymerase chain reaction-generated probe, 
1432 
Polymerase chain reaction products, 1415, 
1422-1423 
capillary gel electrophoresis of, 1473, 1473f 
gel electrophoresis of, 1463 
Polymerases, 1411 
Polymeric packings, 156 
Polymodal distribution, 436-437 
Polymorphonuclear neutrophil, 659t 
Polymyalgia rheumatica, 567¢ 
Polynucleotide, label used for nonisotopic 
immunoassay, 231¢ 
Polyols, 1692t 
Polypeptide hormones, 1019 
Polypeptides, 541 
Polysaccharides, 839-840, 840f 
Polyunsaturated fatty acids, 907, 908f 
Polyuria, 1678 
Polyuric states, 1992-1993, 1993b, 1994b, 1994f 
Pompe disease, 891, 1820t 
Poppy seed ingestion, 1342 
Population-based reference values, 426 
Population reference intake, 1076t 
Porphobilinogen, 1224-1225, 2291t 
Porphobilinogen deaminase, 1211, 1221 
Porphobilinogen synthase, 1211 
Porphyria, 1214-1220 
acute, 12164, 1216-1217 
congenital erythropoietic, 1218-1219 
cutanea tarda, 1217-1218 
DNA analysis for, 1229-1230 
laboratory diagnosis of, 1221-1223, 1223 
main types of, 1215t ae 
Porphyrin precursors, 1224 
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Porphyrinogens, 1209-1210, 1210f 

Porphyrins, 1209-1235 

acute porphyria and, 1216f, 1216-1217 

assay of erythrocyte hydroxymethylbilane 
synthase activity for, 1228-1229 

blood analysis for, 1226, 1228f 

in chelation of metals, 1209 

congenital erythropoietic porphyria and, 
1218-1219 

DNA analysis for, 1229-1230 

enzyme methods for, 1226-1229 

erythropoietic protoporphyria and, 1219- 
1220 f 

excretion of heme precursors and, 1213, 
1214t 

fecal, 1225-1226, 1227f 

heme biosynthesis and, 1211t, 1211-1214, 
1212f 

laboratory diagnosis of porphyrias and, 1221- 
1223, 1223¢ 

lead toxicity and, 1220-1221 

metabolite methods for, 1223-1226, 1225f 
1227f 

plasma analysis for, 1226, 1228f 

porphyria cutanea tarda and, 1217-1218 

pseudoporphyria and, 1221 

reference intervals for, 2291t 

solubility of, 1210 

spectral properties of, 1209-1210 

structure and nomenclature of, 1209, 1210f 
1210¢ 

urine, 1221-1222, 1224, 1225f, 1225-1226, 
1227f 

urine specimen preservatives and, 51t 


Portal hypertension, 1792f, 1792-1796, 1793f 
ascites and, 1794-1795 
bleeding esophageal varices and, 1794 
in cirrhosis, 1819 
hepatic encephalopathy and, 1795-1796 
in hepatorenal syndrome, 1796 
spontaneous bacterial peritonitis and, 
1795 
Portal triad, 1779 
Portal vein, 1778, 1778f 
Portal-venous system, 1792, 1792f 
Portosystemic encephalopathy, 1795-1796 
Positive-displacement pipette, 272 
Post-pill amenorrhea, 2117 
Postcoital test, 2125 
Postcolumn infusion system, 185-186, 186f 
Posterior pituitary gland, 1991-1996 
hormones of, 10214, 1991-1996 
arginine vasopressin and, 1991f, 1991- 
1996, £993-1995b, 1994f 
oxytocin and, 1996 
Postmortem alcohol, 1304 
Postmortem blood and bile dried spots, 2241t 
Postmortem screening in sudden death, 2210f, 
2210-2211, 2211b 
Postnatal development 
female, 2109 
male, 2101 
Postprandial hypoglycemia, 866-867 
Postrenal proteinuria, 575, 576 
Poststreptococcal glomerulonephritis, 567, 
567t 
Postural proteinuria, 576 
Posture 
as controllable preanalytical variable, 449- 
450, 450¢ 
as source of error in calcium measurements, 
1902-1903 
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Potassium, 984-987, 1754-1757, 17557, 1756f 
in amniotic fluid, 2156¢ 
analytical goals for, 364¢ 
biological variability in, 467¢ 
circadian variation in, 452, 453¢ 
critical values of, 2317 
effect of fever on, 4661 
fasting and starvation and, 456, 457 
hyperaldosteronism and, 2030f 
hyperkalemia and, 1756f, 1756-1757 
hypokalemia and, 1754-1756, 1755f 
influence of altitude on, 463 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
metabolic function of nephron and, 1676t 
reference intervals for, 2291t 
renal regulation of, 985, 1680-1681 
required ion-selective electrode selectivity 
coefficient for, 96¢ 
in serum, 47¢ 
transfusion-related changes in, 467 
values during pregnancy, 2158¢ 
Potassium dichromate, 71, 71t 
Potassium hydroxide, 248 
Potassium oxalate, 48 
Potassium selective membrane electrode, 97, 
97f 
Potassium-sparing diuretics, 1711 
Potential difference, SI unit of, 6t 
Potentiometer, 93-94 
Potentiometry, 93-105 
basic concepts in, 93-94, 94f 
enzyme-based biosensor and, 110-111, 111f 
ion-selective electrodes in, 95-100, 96%, 98- 
100f 
for potassium, 986 
redox electrodes in, 94-95 
units of measurement and, 100-161, 10it 
Power 
SI unit of, 6t 
statistical term, 434 
PPA. See Phenylpropanclamine. 
PPOX. See Protoporphyrinogen oxidase. 


Prader-Willi syndrome, 1504-1506, 1505f, 1506t 


Pralidoxime, 1316, 1316f 
Prazosin, 1056t 
Prealbumin, 563-564 
effects of steroid hormones on, 545t 
properties of, 544¢ 
reference intervals for, 2299t 
Preanalytical variables, 449-467 
control of, 491-494, 492t 
controllable, 449-459 
alcohol ingestion as, 457-458 
circadian variation as, 452-453, 453£ 
diet as, 453-454 
drug administration as, 458¢, 458-459 
exercise as, 451, 452¢ 
fasting and starvation as, 456-457 
food ingestion as, 454-455, 455t 
herbal preparations as, 459 
malnutrition as, 455-456 
physical training as, 451-452 
posture as, 449-450, 450t 
prolonged bed rest as, 450 
recreational drug administration as, 459 
smoking as, 457 
travel as, 453 
vegetarianism as, 455, 456t 
in free calcium measurement, 1902-1903 
in markers of bone turnover, 1936 
in molecular assay, 1557 


Preanalytical variabies (Continued) 
noncontrollable, 459-467 
age as, 459-462, 4601, 461 
altitude as, 463 
ambient temperature as, 463 
blindness as, 465 
fever as, 465-466, 466¢ 
influence of menstrual cycle as, 464 
obesity as, 464-465 
place of residence as, 463 
pregnancy as, 465 
race as, 462-463 
seasonal influences as, 463-464, 464 
sex as, 462f, 463 
shock and trauma as, 466, 467t 
stress as, 465 
transfusion and infusions as, 466-467 
in sweat testing, 998 
in trace elements measurement, 1121 
types of, 492-494 
Precipitation methods for high-density 
lipoproteins, 945b, 945-947 
Precipitin reaction, 222-223, 223f 
Precision in measurement results, 356%, 357- 
358, 358¢ 
Precision profile, 358, 358f 
Precocious puberty, 2110-2112 
Predictive approach to problem, 432 
Predictive value model, 749, 749f, 750f 
Prednisolone, 2009t 
Prednisone, 2009t 
Preeclampsia, 807, 2162-2163 
Preemptive therapy in cytomegalovirus, 1574 
Prefixes 


for blood gases, 999f 
for steroids, 2005% 


Pregnancy, 2153-2206 


amniotic fluid and, 2155-2156, 2156t 
cholestasis of, 2162 
conception, embryo, and fetus in, 2153-2154 
diagnosis and dating of, 2160-2161, 2161f 
Down syndrome and, 2166, 2166f 
ectopic, 2161-2162 
estriol biosynthesis during, 2106-2107 
fatty liver of, 2162 
fetal anomalies and, 2165-2166 
folic acid demand and, 1113 
functional development of fetus and, 2159f 
2159-2160 
gestational diabetes mellitus during, 855, 
8614, 861-862 
Group B streptococcal infection during, 
1572-1573 
HELLP syndrome and, 2163 
hemolytic disease of newborn and, 2164- 
2165 
hyperemesis gravidarum and, 2162 
laboratory tests in, 2179-2193 
alpha-fetoprotein in, 767, 2182f, 2182-2183 
amniotic fluid bilirubin in, 2187f, 2187- 
2188, 2188f 
chorionic gonadotropin in, 2179-2182 
dimeric inhibin A in, 2186 
fetal fibronectin in, 2186-2187 
for fetal lung maturity, 2188-2193, 2189t 
unconjugated estriol in, 2183-2185, 21844, 
2185f 
liver disease during, 2163 
maternal adaptation to, 2156-2157, 2158t 
neonatal Graves’ disease and, 2163 
as noncontrollable preanalytical variable, 465 
placenta and, 2154b, 2154, 2154-2155 


Pregnancy (Continued) 
preeclampsia and eclampsia in, 2162-2163 
preterm delivery and, 2166-2167 
riboflavin intake during, 1095 
screening for fetal defects in, 2167f, 2167- 
2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 2169%, 2169-2170, 
2176 
epidemiological monitoring in quality 
control in, 2177-2179 , 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f, 21714, 2172f, 2173t 
external proficiency testing and, 2179 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 
serum iron levels and, 1189t 
threatened abortion in, 2161-2162 
trisomy 18 and, 2166 
trophoblastic disease and, 2165 
vitamin A intake during, 1083 
Pregnancy associated plasma protein A, 1634 
Pregnancy-specific protein 1, 774t 
Pregnancy test, one-step, 238-239 
Pregnane, 2004 
Pregnanediol, 20054, 2109, 2109f 
Pregnanediol glucuronide, 2109, 2109f 
Pregnanedione, 2109, 2109f 
Pregnanetriol, 51¢ 
Pregnenolone, 2100f, 2109, 2109f 
Premature ovarian failure, 2117 
Prenatal testing, 1546, 2167f, 2167-2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
for Down syndrome, 2169#, 2169-2170, 2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f, 21714, 2172f, 2173¢ 
external proficiency testing and, 2179 
for Huntington’s disease, 1496 
for inborn errors of metabolism, 2208-2209, 
2209f 
for neural tube defects, 2168-2169 
reference data in, 2168 
for trisomy 18, 2170 
Preproelastase, 623 
Preprogastrin, 1874-1875 
Preproinsulin, 843-844 
Preproparathyroid hormone, 1913, 1913f 
Preservation of specimen, 54-55¢, 54-56 
Preservatives 
for blood specimen, 47t, 47-48 
for urine specimen, 50-52, 51t 
Pressure 
expressing units of, 8-9 
SI unit of, 6t 
Preterm delivery, 2166-2167 
Preuroporphyrinogen, 1211 
Prevalence of disease, odds ratio and, 413 
Primary adrenal insufficiency, 2021-2024, 2022f, 
2023f, 2023t 
Primary amenorrhea, 2114, 2115), 2117-2118 
Primary amyloidosis, 580-582, 581 
Primary bicarbonate deficit, 1768-1772, 1769t 
Primary bicarbonate excess, 1772b, 1772-1774 


index 


Primary biliary cirrhosis, 572, 1821-1822 
Primary calibrator, 397, 959-960 
Primary glomerulonephritis, 1702-1704, 1703f 
Primary gout, 806 
Primary hemochromatosis, 1192 
Primary hyperaldosteronism, 20307, 2030-2033, 
2031-2033f 
Primary hyperoxaluria, 1714 
Primary hyperparathyroidism 
alkaline phosphatase and, 624 
1,25-dihydroxyvitamin D and, 1923 
parathyroid hormone and, 1895-1896 
Primary hypothyroidism, 2057-2059, 2059b 
Primary measurement standard, 403b 
Primary polydipsia, 1992 
Primary prostaglandins, 912 
Primary reference materials, 12, 495 
Primary sclerosing cholangitis, 1822 
Primary specimen container, 56 
Primary structure of protein, 541 
Primer(s), 1514 
fluorescently labeled, 1436-1437 
in polymerase chain reaction, 1412, 1414- 
1415 
Primer-dimers, 1416 
Primidone, 1250#, 1252-1253 
analytical goals for, 365¢ 
therapeutic and toxic levels of, 2313¢ 
Prism in spectrophotometry, 67 
Privacy of medical records, 1452-1453 
Private concept of health, 427 
PRL. See Prolactin. 
Pro-adrenocorticotropic hormone, 1981 
Pro-alpha-melanotropin, 1981 
Pro-enkephalin, 1981 
Pro-gamma-melanotropin, 1981 
Probability, statistical term, 434 
Probability distribution, 434 
Probe 
biotin, 1420 
in hybridization assay, 1431-1432 
labeled, 1419-1421 
paratrend, 114, 115f 
for real-time polymerase chain reaction, 
1436-1439, 1438f 1439f 
Probe amplification method, 1418 
Probe-specific detection, 1437-1439, 1439f 
ProbeTec test, 1565 
Procainamide, 1256¢, 1259 
analytical goals for, 365t 
therapeutic and toxic levels of, 2313t 
Procardia. See Nifedipine. 
Procedure manual, 496, 496b 
Process controller, 291-292 
Prochlorperazine, 1311¢ 
Procollagen peptides, 1943 
Product calibrator, 398 
Prodynorphin, 1981-1982 
Proelastase, 623 
Proenzymes, trypsin, 622 
Proficiency testing, 515-519, 517-518t 
in engraftment analysis, 1551 
in HLA testing, 1549 
in molecular diagnostics, 1455, 1561-1562 
in screening for fetal anomalies, 2179 
Progesterone, 1022t, 2108f, 2108-2109, 2109f 
analytical goals for, 364t 
biosynthesis of, 2010f 2100f 
blood, 2137-2138, 2138t 
chorionic gonadotropin and, 2180 
for evaluation of ovulation, 2125-2126 
menstrual cycle and, 2114 
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Progesterone (Continued) 
placental, 2155 
reference intervals for, 2291¢ 
saliva, 2138-2139 
structure of, 2009, 2010f 
systematic name for, 2005t 
threatened abortion and, 2162 
Progesterone challenge, 2118, 2119t 
Progesterone receptor, 777-779 
Proglucagon, 849 
Prograf. See Tacrolimus. 
Progressive muscular dystrophies, 196-197 
Proinsulin, 844, 846, 846f 
clinical utility of measurement of, 850b, 850- 
851 
hypoglycemia and, 865 
measurement of, 853 
reference intervals for, 2291 
Prointerleukin-1, 656 
Prolactin, 1020t, 1976-1981 
analytical goals for, 364¢ 
biochemistry of, 1977-1978, 1978f 
circadian variation in, 452 
clinical significance of, 1978-1980, 
1979b 
male infertility and, 2121 
measurement of, 1980-1981 
morphine and, 459 
neurotransmitter effect on, 1968t 
physiologic action of, 1978 
reference intervals for, 1981, 2291-2292t 
special collection and storage conditions for, 
55t, 1981 
as tumor marker, 765¢ 
values during pregnancy, 2158¢ 
Prolactin-inhibiting factor, 10204 1968 
Prolactin-releasing peptide, 1020¢ 
Prolidase deficiency, 1131 
Proline 
reference intervals for, 2292t 
structure and molecular weight of, 534t 
Proline oxidase defect, 2214-2215t 
Prolonged bed rest as controllable preanalytical 
variable, 450 
Promazine, 1311 
Promethazine, 1312f 
Promiscuous receptors, 718-719 
Pronestyl. See Procainamide. 
Propafenone, 1256¢, 1259-1260, 2313¢ 
Properdin pathway, 564 
Propionate metabolism disorders, 2222, 2223f 
2224-2225t 
Propionyl-CoA carboxylase defect, 
2224-2225t 
Propionylcarnitine, 22924 
Proportional counter, 23 
Proportional standard deviations, 394-395 
Propoxyphene, 1346f 1346-1347 
chemical structure of, 1340f 
therapeutic and toxic levels of, 2313 
Propranolol, 1256t, 1260 
effects on thyroid function, 2064t 
influence on catecholamine levels, 1056¢ 
therapeutic and toxic levels of, 2313¢ 
Propythexedrine, 1321f 
Propyithiouracil, 2064t 
Prosom. See Estazolam. 
Prostaglandin(s), 657, 911-913, 911-913f, 9124, 
913¢ 
renal blood flow and, 1685t 
renal disease and, 1716 
renal production of, 1683 
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Prostaglandin E, 
interferon-y and, 699 
kidney disease and, 1716 
tumor necrosis factor-o and, 706 
Prostaglandin F,0., 55t 
Prostaglandin 1,, 912-913 
Prostanoic acid, 941 
Prostasin, 772 
ProstAsure index, 759 
Prostate, 2097 
Prostate cancer 
alpha,-macroglobulin and, 554 
prostate-specific antigen and, 7554 757-761, 
760% i 
tumor markers in, 752-753£ 
androgen receptor in, 779 
creatine kinase 1 in, 756 
prostatic acid phosphatase in, 756 
Prostate-specific antigen, 755t, 757-761, 
760t 
analytical goals for, 364t 
reference intervals for, 2292¢ 
Prostatic acid phosphatase, 755t, 756 
Prosthetic groups of proteins, 207, 542 
Protein(s), 541-590 
amino acids of, 533-541 
acid-base properties of, 537, 538¢ 
clinical implications of, 539 
influence of R groups in, 537-538 
metabolism of, 538-539, 539f, 540f 
names, abbreviations, and structures of, 
534-536t 
peptide bond and, 537 
quantitative tests of, 540-541 
amniotic fluid, 580 
amyloid, 580-582, 581 
analysis of, 582-590 
cerebrospinal fluid proteins and, 
589-596 


determination of serum total protein and, 


586-589 
electrophoretic techniques in, 584-586, 
585f, 587f 
immunochemical methods in, 582-584 
for inborn errors of metabolism, 2237 
mass spectrometry in, 590 
urinary proteins and, 589 
analytical goals for, 364t 
basic biochemistry of, 541-543 
biological variability in, 467¢ 
cerebrospinal fluid, 577-580, 578¢ 
chromaffin cell production of, 1044 
complement, 564-569, 565f, 5664, 567t 
concentration in glomerular filtrate, 1686- 
1687 
critical values of, 2317t 
digestion and absorption of, 1854-1855 
enzymes as, 191-198. See also Enzyme(s). 
catalytic activity of, 198 


isoenzymes and multiple forms of enzymes 


and, 193-198, 194f 195f 
nomenclature in, 191-192, 192t 
structure of enzyme and, 192-193 
expressing concentration of, 8 
fecal, 580 
heat shock, 582 
hepatic synthesis of, 1787-1789, 1788 
immunoglobulins, 569-575 
basic biochemistry of, 569-570, 570t 
deficiency of, 571-572, 572b, 572f 
methodologies for, 573-574 
monoclonal, 572-573, 574t 
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Protein{s) (Continued) 
polyclonal hyperimmunoglobulinemia 
and, 572 
reference intervals for, 574-575 
mass spectrometry in identification of, 185 
metabolic function of nephron and, 1676t 
peritoneal, 580 
plasma, 543-564 
albumin in, 546-549 
alpha,-acid glycoprotein in, 549-550 
alpha,-antitrypsin in, 550-553, 552f 
alpha,-fetoprotein in, 554-555 
alpha,-mdcroglobulin in, 553-554 
beta,-microgiobulin in, 555 
ceruloplasmin in, 556-559, 557f, 558f 
effects of steroid hormones on, 545t 
haptoglobin in, 559-562, 560f 5601, 561f 
properties of, 544-545¢ 
reference intervals for, 545¢ 
transferrin in, 562-563 
transthyretin and retinol-binding protein 
in, 563-564 
pleural, 580 
reference intervals for, 2292-2293t 
role in iron homeostasis, 1188, 1188¢ 
saliva, 580 
staining in conventional electrophoresis, 125t 
stick tests for, 301t 
as tumor markers, 774t, 774-777, 775t 
urine, 575-577, 589 
values during pregnancy, 2158t 
Protein-bound calcium, 18932, 1900-1901, 1901f 
Protein-bound drug, 1244-1245 
Protein calorie malnutrition, 548 
Protein catalysts, 198 
Protein chips, 254-255 
Protein-energy status, 1076-1077 
Protein hormones, 1019 
Protein kinase C, 658 
Protein-losing enteropathy, 1866-1867 
albumin and, 547 
alpha,-acid glycoprotein and, 549 
haptoglobin and, 560 
Protein-lysine 6-oxidase, 1127 
Protein microarrays, 239 
Protein selectivity index, 817 
Protein truncation test, 1509 
Protein Y, 1195 
Proteinase inhibitors, 564, 564t 
Proteinuria, 575-576, 812-818, 1687t, 1687-1688 
alpha,-macroglobulin and, 554 
Bence Jones, 815 
characterization of, 817-818 
in chronic kidney disease, 1694 
in diabetic nephropathy, 1699 
dipstick test for, 809 
measurement of total protein in, 813, 813f 
814t 
myoglobinuria and, 815-817 
in nephrotic syndrome, 1704-1705 
in preeclampsia and eclampsia, 2162-2163 
sample collection for, 812-813 
tubular, 817 
urinary albumin and microalbuminuria 
screening in, 814-815, 816f 
Proteomics, 184-185 
Proteose, 541 
Prothrombin precursor, 774t 
Prothrombin time, 1788-1789, 1827 
in acute hepatitis, 18051, 1808-1809 
in alcoholic liver disease, 1819 
analytical goals for, 366t 
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Prothrombin time (Continued) 
in cirrhosis, 1820¢ 
critical values of, 2318¢ 
in differential diagnosis of liver disease, 1827 
during pregnancy, 2158t 
in Reye’s syndrome, 1807 
in toxic hepatitis, 1807 
vitamin K and, 1089 
Protoporphyria, erythropoietic, 1219-1220 
Protoporphyrin, 12104 1226 
Protoporphyrinogen oxidase, 12114, 1213 
Protriptyline, 1269, 2313¢ 
Proventil. See Albuterol. 
Proximal renal tubular acidosis, 1709 
Proximal tubule 
anatomy and physiology of, 1673-1675, 
1675f, 1676t 
phosphate reabsorption in, 1681 
Prozac. See Fluoxetine. 
Prussic acid, 1298 
PSA. See Prostate-specific antigen, 
Pseudo-Cushing’s syndrome, 2027 
Pseudocholinesterase, 192t 
Pseudoephedrine, 1323 
chemical structure of, 1321f 
influence on catecholamine levels, 1056t 
Pseudogene, 1409 
Pseudoglobulin, 564 
Pseudohermaphroditism, 2110 
Pseudohyperaldosteronism, 2033 
Pseudohypoaldosteronism, 1710, 2024 
Pseudohypokalemia, 988-989, 1755 
Pseudohyponatremia, 988-989 
Pseudohypoparathyroidism, 1894 
Pseudoporphyria, 1221 
Pseudoprecocious puberty, 2111 
Pseudoprolactinoma, 1979 
Psychogenic polydipsia, 1992 
Psychosocial dwarfism, 1972 
PT. See Prothrombin time. 
PTEN tumor suppressor gene, 785 
Pterin-4a-carbinolamine defect, 2212-2213t 
Pteroic acid, 1109 
PTH. See Parathyroid hormone. 
PTH-RP. See Parathyroid hormone-related 
protein, 
Ptyalin, 616 
Puberty 
body fluid composition during, 461 
female, 2109-2110 
male, 2101-2102 
precocious, 2110-2112 
Pulmonary artery, 1620, 1620f 
Pulmonary embolism, 605 
Pulmonary surfactant, 2159, 2159f, 2166-2167 
Pulmonic valve, 1620, 1620f 
Pulse oximeter, 1014 
Pulsed-field electrophoresis, 130 
Pulsed-power techniques in isoelectric focusing, 
123 
Pump 


in liquid chromatography, 157f, 157-158, 158f 


in mass spectrometry, 171 
Pure gonadal dysgenesis, 2114 
Pure red cell aplasia, 1696 
Pure water, 10, 12 
Purification of steroid hormone specimen, 

2035-2036 

Purine(s), 804f, 1394, 1394f 
Purine-pyrimidine metabolism, 632-633 
PVT modular automation system, 288 
Pyelonephritis, 1706 


Pyranose, 839 
Pyrazinamide, 1268¢ 
Pyridamines, 1394, 1394f 
Pyridinium cross-links, 1936-1939, 1937f 
Pyridinoline, 1936-1939, 1937f 
Pyridoxal, 1097f, 1097-1100, 1098f 
Pyridoxal phosphate, 1034 
as coenzyme in amino-transfer reactions, 604 
special collection and storage conditions for, 
55t 
Pyridoxamine, 1097f, 1097-1100, 1098f 
Pyridoxamine-5’-phosphate, 604 
Pyridoxine, 1076t, 1097f 1097-1100, 1098f 
Pyrilamine, 1312f 
Pyrimidine-5’-nucleotidase, 632-633, 635 
Pyroglutamic acid, 2293t 
Pyroglutamic aciduria, 632, 2228-2229 
Pyrosequencing of nucleic acids, 1427-1429, 
1429f 
Pyrrolidine carboxylic acid, 536 
Pyruvate, 877-878 
alanine aminotransferase reaction and, 606 
special collection and storage conditions for, 
55t 
Pyruvate carboxylase, 1130 
Pyruvate kinase 
determination of, 634 
Embden-Meyerhof pathway and, 629 
as tumor marker, 755t 
Pyruvic acid, 2293 
6-Pyravoyltetrahydropterin synthase defect, 
2212-2213t 


Q 


Q-beta replicase method, 1418 
Quaalude, See Methaqualone. 
Quadratic discriminant analysis, 416-417, 417f 
Quadrupole ion trap, 176-177, 177f 
Quadrupole mass spectrometer, 172f, 172-173, 
173f 
Qualitative analysis, 366-368, 3671, 368t 
of chorionic gonadotropin, 2160-2161, 2161f 
2180-2181 
chromatography in, 161-162, 162f 
of fructose, 889-890 
of hepatitis B virus, 1577-1578 
immunochemical, 224-228 
dot blotting in, 228 
immunoelectrophoresis in, 225-227, 226f 
227f 
passive gel diffusion in, 224-225, 225f 
Western blotting in, 227-228, 228f 
reporting results in, 1563 
in sweat testing, 995-996 
of urine glucose, 872, 889 
of zine-protoporphyrin and protoporphyrin, 
1226 
Quality-adjusted life years, 339, 421-422 
Quality assessment, 387 
Quality assurance, 387 
in blood gas analysis, 1006-1007, 1011-1013 
in engraftment analysis, 1551 
in forensic DNA testing, 1544-1545 
in HLA testing, 1549 
in laboratory-developed tests, 1561-1562 
in molecular diagnostics laboratory, 1454- 
1455 
in parentage testing, 1552 
in point-of-care testing, 312-313, 314f 
in sweat testing, 998, 999b 
in trace elements measurement, 1122, 11238 
Quality assurance program, 490-491 
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Quality control 
in analytical enzymology, 210f 210-211 
in blood gases, 1012 
in creatinine methods, 800-801 
in engraftment analysis, 1551 
in fetal evaluation, 2177-2179 
in free calcium measurement, 1902 
in HLA testing, 1549 
in laboratory-developed tests, 1561-1562 
in molecular diagnostics laboratory, 1455 
in parentage testing, 1552 
in point-of-care testing, 312-313, 314f 
reference values and, 432-433 
selection of procedures for, 502-503 
Quality improvement team, 486-487 
Quality initiatives, 520-523, 523¢ 
Quality laboratory processes, 487 
Quality management, 485-529 
in clinical laboratory, 487f, 487-488 
control charts and, 498-499, 499f 
control materials and, 497-498 
control of analytical quality using patient 
data in, 510-515, 512¢, 514f 
control of analytical variables in, 494-497, 
495f, 496b 
control of preanalytical variables in, 491-494, 
A92¢ 
external quality assessment and proficiency 
testing programs in, 515-519, 517-518¢ 
fundamental concepts of, 485-486, 486f 
identification of analytical errors in, 519-520 
International Organization for 
Standardization and, 521-523, 523t 
Joint Committee for Traceability in 
Laboratory Medicine and, 520-521 
Malcolm Baldridge National Quality Award 
and, 523 
performance characteristics of contro} 
procedure in, 499-510, 500f 501f 
cumulative sum contro! chart and, 506¢, 
506-508, 507f, 507%, 508f 


Levy-Jennings control chart and, 503f, 503- 


504, 504f 
process for selection of quality control 
procedures and, 502-503 
Shewart mean and range control chart 
and, 508f, 508-510, 509t 
Westgard muitirule chart and, 504-506, 
505f, 505t, 506f 
principles of, 486f, 486-487 
quality assurance program in, 490-491 
six sigma process and, 488-490, 489f 490f 
Quality specifications for total error allowable, 
470-471 
Quantitative analysis 
of amino acids, 540-541 
amplification assays in, 1419 
of chorionic gonadotropin, 2181 
chromatography in, 161-162, 162f 
for cytomegalovirus, 1573-1574 
for hepatitis B virus, 1576-1578, 1577t 
immunochemical, 229-239 
electroimmunoassay in, 229, 229f 
interferences in, 239 
labeled immunochemical assays in, 230- 
239, 2314. See also Labeled 
immunochemical assays. 
for plasma proteins, 579-580 
radial immunodiffusion immunoassay in, 
229 
turbidimetric and nephelometric assays in, 
230 
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Quantitative analysis (Continued) 
for infectious disease testing, 1558 
for proteinuria, 812-818 
Bence Jones proteinuria and, 815 
characterization of proteinuria in, 817-818 
dipstick test for, 809 
measurement of total protein in, 813, 813% 
814t 
myoglobinuria and, 815-817 
sample collection for, 812-813 
tubular proteinuria and, 817 
urinary albumin and microalbuminuria 
screening in, 814-815, 816f 
in real-time polymerase chain reaction, 
14407, 1440-1441, 1441f 
reporting results in, 1563 
selected ion monitoring in, 166 
sweating test and, 996 
for total protein, 577 
for urine albumin, 887-888 
for urine glucose, 872-873 
Quantity, defined, 403b 
Quantum dot immunoassay, 235b 
Quartz-halogen lamp, 65 
Quaternary structure of protein, 542, 1167 
Quazepam, 13284, 1330f 
Quenching, Stern-Volmer equation for, 107 
Quetiapine, 1270¢, 1272, 2313t 
Quinidine, 1256, 1260 
analytical goals for, 365t 
therapeutic and toxic levels of, 2313¢ 
Quinolones, 1268t 


R 


R groups of amino acids, 537-538 
Race 
body fluid composition and, 462-463 
maternal serum alpha-fetoprotein and, 2174 
Radial immunodiffusion immunoassay, 225, 
229, 888 
Radiant energy, 61 
Radiation therapy, prostate-specific antigen 
levels and, 760 
Radical prostatectomy, prostate-specific antigen 
levels and, 759-760 
Radioactive decay, 21-22 
Radioactive iodine for serum thyroxine, 2069 
Radioactive labeled probes for nucleic acids, 
1420 
Radioactivity, measurement of, 214, 21-23 
Radioimmunoassay, 234 
for angiotensins, 2042-2043 
for barbiturates, 1325 
for blood estrogens, 2135 
for blood progesterone, 2137-2138 
for calcitonin, 1927 
for dehydroepiandrosterone, 2132-2133 
for 1,25-dibydroxyvitamin D, 1924-1925, 
1925f 
for drugs, 1248, 1293 
for free testosterone, 2130 
for glucagon, 853 
for gonadotropins, 1986 
for 17-hydroxyprogesterone, 2041-2042 
for 25-hydroxyvitamin D, 1923-1924 
for isoenzymes, 213 
for lysergic acid diethylamide, 1338 
measurement of radioactivity in, 214, 21-23 
for plasma 11-deoxycortisol, 2041 
for prolactin, 1980 
for reverse triiodothyronine, 2073 
for saliva progesterone, 2139 
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Radioimmunoassay (Continued) 
for serotonin, 1062-1063 
for thyroid-stimulating hormone, 2066 
for total testosterone in blood, 2128 
for tumor-associated trypsin inhibitor, 764 
for urine albumin, 888 
Radioisotopic markers of glomerular filtration 
rate, 818-819 
Radionuclides, 21, 21t 
Radioreceptor assay 
for advanced glycation end products, 886 
for 1,25-dihydroxyvitamin D, 1924 
RAE. See Retinol activity equivalent. 
Raman scattering in fluorometry, 83 
Random-access analyzer, 266 
Random bias, 369-370 
Random error, 403b 
in regression analysis, 382-387, 383-387f, 395, 
396t 
uncertainty expression and, 402 
Random priming, 1420 
Random sampling, 428t, 429-430 
Random-walk model, 446 
Rank numbers, 438, 438¢ 
Rapamune. See Sirolimus. 
Rapamycin. See Sirolimus. 
Rapid cycling in polymerase chain reaction, 
1413-1414, 1414f, 1415f 
Rapid scan cyclic voltammetric technique, 104- 
105 
Rapidly progressive glomerulonephritis, 1704 
Rapoport-Luebering cycle, 631 
Ras gene, 7801, 781 
mutation of, 1472-1473 
Ratio-referencing spectrofluorometer, 80-81, 81f 
Rayleigh scattering 
in fluorometry, 83 
in nephelometry and turbidimetry, 85-86 
RBP. See Retinol-binding protein. 
Reactive hypoglycemia, 866-867 
Reactive ion etching, 249 
Readout device for spectrophotometry, 70 
Reagent(s) 
analyte-specific, 1454, 1556 
chemical reaction phase and, 274-276, 275f 
276f 
for chorionic gonadotropin assay, 2181 
delivery of, 274 
drug detection, 1293-1294 
handling and storage of, 273-274, 274f 
specimen validity check, 1318¢ 
ultrapure, 12 
Reagent grade chemicals, 12 
Reagent grade water, 10-12, Lit 
Real-time polymerase chain reaction, 1436- 
1441, 1437-1441f 1440¢ 
in acute myeloid leukemia, 1467, 1470f 
in analysis of nucleic acid sequences, 1472 
in chronic myeloid leukemia, 1470, 1473f 
for Group B streptococcus in pregnant 
woman, 1572-1573 
in hematological malignancies, 1471 
Recalibration adjustments in regression 
analysis, 387f, 387-388, 388f 
Recapping station, 286 
Receiver operating characteristic curve, 412, 
412-413, 413f, 749, 749f, 750f 
Receptor(s) 
adrenergic, 1039-1042, 1042, 1291 
androgen, 779 
baroreceptors, 1043, 1748, 1991-1992 
cannabinoid, 1333 
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Receptor(s) (Continued) 
cell-surface 
catecholamines and serotonin and, 1039 
postreceptor actions of, 1027-1029, 
1029f 
tole of, 1026-1027, 1026-1028f 
chemokine, 654, 718-719 
complement, 564 
cytokine, 648%, 649, 6494 
delta, 1339-1340 
epidermal growth hormone, 780 
estrogen, 777-779, 778 
hepatocyte growth hormone, 779 
histamine, 1313 
hormone, 1026-1027, 1026-1028f 
immunoglobulin M, 569 
insulin, 847, 1029, 1124 
insulin-like growth factor-I, 849 
insulin-like growth factor-Il, 849 
interferon-a, 696-697 
interferon-B, 696-697 
interferon-y, 699 
interleukin-1, 657f, 657-658 
interleukin-2, 661-662 
interleukin-3, 665 
interleukin-4, 667 
interleukin-5, 670 
interleukin-6, 672-673 
interleukin-7, 676 
interleukin-9, 677 
interleukin-10, 679 
interleukin-11, 681 
interleukin-12, 683 
interleukin-13, 687 
interleukin- 14, 688 
interleukin-15, 689-690 
interleukin-16, 692 
interleukin-17, 694 
kappa, 1339-1340 
low-density lipoprotein, 920f, 921, 931 
mu, 1339-1340 
muscarinic, 1291 
nicotinic, 1291 
opioid, 1339-1340 
orphan, 719 
osmoreceptors, 1991 
progesterone, 777-779, 778t 
promiscuous, 718-719 
RET tyrosine kinase, 782-783 
serotonergic, 1039-1040 
shared, 718 
T-cell 
electrophoretic detection of, 137f 
rearrangement in lymphoma, 1458 
toll-like, 652 
transferrin, 1187, 1188ż, 1191-1192 
as tumor markers, 777-780, 778 
tumor necrosis factor, 703-704, 707 
virally encoded, 719 
Receptor activator of nuclear factor-KB ligand, 
1892 
Receptor assay 
for adrenocorticotropic hormone, 1983 
for growth hormone, 1974-1976 
for hormones, 1030 
for prolactin, 1980 
Receptor-mediated endocytosis, 216 
Recombinant gonadotropin calibrator, 1986, 
1987t 


Recombinant immunoblot assay for hepatitis C, 


1803 : 
Recombination of alleles, 1514 


Recommended dietary allowances, 1076t 
for niacin, 1115-1116 
for riboflavin, 1096 
for selenium, 1134 
for trace elements, 1118-1119 
for vitamin A, 1082 
for vitamin E, 1086 
Record keeping molecular diagnostics 
laboratory, 1453 
Recreational drug administration as 
controllable preanalytical variable, 459 
Red blood cell 
microfilter isolation of, 256, 256f 
removal of labile glycated hemoglobin from, 
883 
Red blood cell chromium, 2262t 
Red blood ceil cobalt, 2262t 
Red blood cell enzymes, 625-635 
detection of hereditary deficiencies of, 633- 
634 
Embden-Meyerhof pathway and, 626-630, 
630f 
glutathione pathway and, 631-632 
hexose monophosphate pathway and, 630- 
631, 631t 
methemoglobin reduction and, 633 
methodology for measurement of, 634-635 
purine-pyrimidine metabolism and, 632-633 
Rapoport-Luebering cycle and, 631 
Red cell distribution width, 1171 
Red cell volume and hemoglobin content of 
iron, 1191 
Redox electrodes, 94-95 
Reducing sugars, 838 
50-Reductase deficiency, 2103 
Reference change values, 469, 470¢ 
Reference distribution, 442 
Reference individual, 426-430, 428f, 428t, 430b 
Reference intervals, 434, 2252-2302t 
for acylcarnitine, 2241f 
for adrenocorticotropic hormone, 1984 
for albumin, 549 
for aldolase, 603 
for aldosterone, 2040 
for alkaline phosphatase, 610 
for alpha,-acid glycoprotein, 550 
for alpha,-antitrypsin, 553 
for alpha,-fetoprotein, 554-555 
for alpha,-macroglobulin, 554 
for ammonia, 1791 
for amylase, 619 
for antithyroid antibodies, 2085 
for antithyroid peroxidase antibodies, 2086 
for arginine vasopressin, 1996 
for arterial blood gases, 1013 
for ascorbic acid, 1107 
for blood estrogens, 2136, 2136 
for blood progesterone, 2138, 2138t 
for bone alkaline phosphatase, 624, 1941 
for brain natriuretic peptide, 1641-1642, 
1642f, 1642t 
for C-peptide, 853 
for C-reactive protein, 556 
for calcitonin, 1927 
for calcium, 1903 
for cardiac troponin I and T, 1627f, 1637- 
1641, 16384, 1639¢ 
for catecholamine metabolites, 1055-1057 
for ceruloplasmin, 5581, 558-559 
for chloride, 990 
for cholinesterase, 616 
for chromium, 1126 


Reference intervals (Continued) 

for chymotrypsin, 623 

for complement C3, 568 

for complement C4, 569 

for copper, 1130 

for creatine kinase-MB, 1643 

for dehydroepiandrosterone, 2133, 2133¢ 

for dehydroepiandrosterone sulfate, 2133, 
2133t 

for deoxypyridinoline, 1939 

for diphosphoglycerate phosphatase, 635 

for elastase-1, 623 

for estradiol, 2136¢ 

for estrone, 2136¢ 

expected false-positive rate and, 415 

for fasting homocysteine, 968 

for fluoride, 1142-1143 

for folic acid, 1114 

for free serum testosterone, 2130, 2130t 

for free thyroxine, 2074, 2075, 2076, 2078- 
2079 

for free triiodothyronine, 2078-2079 

for fructosamine, 886 

for gamma-glutamyltransferase, 613 

for glomerular filtration rate, 824-826, 825¢ 

for glucagon, 853 

for glucose, 871-872 

for glucose-6-phosphate dehydrogenase, 634 

for glucose phosphate isomerase, 635 

for glutamate dehydrogenase, 607 

for glutathione S-transferase, 614 

for glycated hemoglobin, 884 

for gonadotropins, 1987 

for growth hormone, 1975 

for haptoglobin, 562 

for high-sensitivity C-reactive protein, 966, 
9668, 967f 

for 5-hydroxyindoleacetic acid, 1064t 

for 17-hydroxyprogesterone, 2042 

for immunoglobulins, 574-575 

influence of age on, 459-460 

for insulin, 853 

for insulin-like growth factors, 1976 

for lactate, 878 

for lactate dehydrogenase, 602 

for magnesium, 1912 

for manganese, 1132 

for molybdenum, 1133 

for niacin, 1116 

for 5’-nucleotidase, 612 

in nutrient assessment, 1078 

for osteocalcin, 1943 

for oxytocin, 1996 

for Psp, 1006 

for pantothenic acid, 1118 

for parathyroid hormone, 1918 

for parathyroid hormone-related protein, 
1929-1930 

for phosphate, 1908f, 1908-1909 

for plasma acylcarnitine, 2239t 

for plasma catecholamines, 1057¢ 

for plasma creatinine, 801 

for plasma DOPAC and DHPG, 1059¢ 

for plasma metanephrines, 1058, 1058t 

for plasma osmolality, 992 

for plasma proteins, 545¢ 

for plasma renin activity, 2044 

for plasma urea, 803 

for plasma vitamin K, 1090 

for porphyrins, 1214¢ 

for potassium, 986 

for proinsulin, 853 
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Reference intervals (Continued) 


for prolactin, 1981 

for pyridinoline, 1939 

for pyrimidine-5’-nucleotidase, 635 
for pyruvate, 878 

for pyruvate kinase, 634 

for retinol-binding protein, 564 
for reverse triiodothyronine, 2073 
for riboflavin, 1097 

for saliva estrogens, 2137 

for saliva progesterone, 2139 

for saliva testosterone, 2131 

for selenium, 1137 

for serotonin, 1063t 

for serum beta~hydroxybutyrate, 877 
for serum creatine kinase, 600 

for serum 11-deoxycortisol, 2041 
for serum ferritin, 1191, 1191¢ 
for serum iron, 1189¢, 1189-1190 
for serum total protein, 589 

for serum vitamin A, 1084 

for sodium, 984 

for sweat chloride, 996 

for tartrate-resistant alkaline, 625 
for thiamine, 1094 

for thyroglobulin, 2084 


for thyroid hormone-binding ratio, 2078 
for thyroid-stimulating hormone, 2068 


for total and free calcium, 1903 

for total carbon dioxide, 991 

for total cortisol, 2038 

for total serum testosterone, 2129t 

for transaminases, 606 

for transferrin, 563 

for triiodothyronine, 2072 

for uric acid, 808 

for urinary catecholamines, 1060¢ 

for urinary free cortisol, 2039 

for urinary homovanillic acid, 1062¢ 

for urinary metanephrine and 
normetanephrine, 1061t 

for urinary proteins, 577, 589 


for urinary vanillylmandelic acid, 1062t 


for urine acylcarnitine, 2240t 
for urine albumin, 888 

for urine organic acids, 2238¢ 
for vitamin B,, 1100 

for vitamin By, 1105 

for vitamin D, 1926 

for vitamin E, 1087 

for zinc, 1141 


Reference limits, 434-436, 435f 
Reference materials, 12, 13-14, 403b 


for molecular assay, 1558-1560, 1560t 
quality of, 495f, 495-496 


Reference measurement procedure, 403b 
Reference methods 


field methods versus, 370, 495, 495f 
for lipids, 940-941 


Reference nutrient intakes 


for ascorbic acid, 1106 

for biotin, 1108 

for chromium, 1124 

for copper, 1128 

for folate, 1112-1113 

for manganese, 1130-1131 
for molybdenum, 1132 
for niacin, 1115-1116 

for pantothenic acid, 1117 
for riboflavin, 1096 

for selenium, 1134 

for thiamine, 1091-1092 
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Reference nutrient intakes (Continued) 
for vitamin A, 1082 
for vitamin Be, 1099 
for vitamin Bn 1102 
for vitamin E, 1086 
for vitamin K, 1089 
for zinc, 1139 
Reference standard, 328 
Reference values, 425-448 
analytical procedures and quality control in, 
432-433 
concept of, 425-427 
dynamic versus static interpretation of, 446 
multivariate, population-based reference 
regions and, 443-445, 444f, 445f 
presentation of observed values in relation to, 
442-443 
selection of reference individuals for, 427- 
430, 428f, 428t, 430b, 431b 
specimen collection and, 430-432, 432 
statistical treatment of, 433f, 433-442 
determination of reference limits in, 434- 
436, 435f 
identification and handling of erroneous 
values in, 437 
inspection of distribution in, 436-437 
nonparametric method in, 437-438, 4386 
439t 
parametric method in, 438-442 
partitioning of reference values in, 436 
statistical concepts in, 433-434, 434f 
subject-based, 445f, 445-446 
transferability of, 443 
for tumor markers, 749 
Reflectance photometry, 72-73, 278 
Reflotron analyzer, 987 
Refractometer, 159t 
Refractometry for serum total protein, 588 
Refrigerated specimen 
transportation of, 56 
urine, 50-51 
Regan isoenzyme, 197 
Regenstrief LOINC mapping assistant, 9 
Regression analysis, 378-395 
adjustments for recalibration in, 387f, 387- 
388, 388f 
application of, 389-390, 390f, 390¢ 
assessment of outliers in, 383, 384f 
correlation coefficient in, 383-385, 384f 
Deming, 379-381, 379-382 
error models in, 378-379, 379f 
estimating sample size for method 
comparison studies in, 390-395, 391f 
392f, 3924, 393t 
interpretation of systematic differences 
between methods in, 389 
nonparametric, 388-389 
ordinary least-squares, 379-381f, 379-382 
proportional random errors and, 385f, 385- 
386, 386f, 395, 395¢ 
random error around estimated regression 
line in, 382-383, 383f 
random errors in both xl and x2 
measurements and, 386-387, 387f, 395 
random errors in x2 measurements and, 386 
testing for linearity in, 388, 388f 
Regulatory issues in computers and information 
systems, 482 
Regulatory peptides of gastrointestinal tract, 
1872-1876, 18744, 1875£ 
Reidel’s lobe, 1778 
Relative centrifugal field, 19 
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Relative centrifugal force, 19-20 
Relative distribution of differences plot, 374f, 
374-376, 375f, 3751 
Relaxin, 1022¢ 
Releasing factors, 1968, 1968f 
Reliability coefficient, 470 
RELMA mapping assistant, 9 
Remodeling of bone, 1891, 1892f 
Remote automated laboratory system, 294 
Renal aminoaciduria, 539 
Renal artery, 1671, 1672f 
Renal blood flow, 1672 
age and, 1685-1686 ; 
factors altering, 1684-1685, 1685¢ 
Renal blood supply, 1671-1672, 1673f 
Renal calculi, 1711-1715, 1712f 
Renal cell carcinoma markers 
calcitonin in, 766 
heat shock proteins in, 776 
Renal cortex, 1672, 1673f, 1677 
Renal disease, 1688-1718 
acute nephritic syndrome in, 1705-1706 
amylase and, 617 
Bartter’s syndrome in, 1709-1710 
bone and mineral disorders and, 1904 
cadmium-related, 1378 
chronic, 1693-1697, 1694f, 1695t, 16966 
classification of renal failure in, 1689-1690, 
1690f, 16901 
congestive heart failure and, 1650 
cystinuria in, 1715-1716 
Dent’s disease in, 1710 
diabetes insipidus in, 1711 
diabetic nephropathy in, 1699-1702, 1700t 
diagnosis and screening for, 1689 
diuretics and, 1710-1711 
dyslipoproteinemia in, 928¢ 
effect on cortisol, 2012 
end-stage, 1697-1699, 1698f 
autosomal dominant polycystic kidney 
disease and, 1706-1707 
cardiac troponins and, 1658, 16584, 1659f 
cardiovascular disease and, 1723-1724, 
1724f 
diabetes mellitus and, 1694, 1694f 
parathyroid hormone and, 1919, 1919f 
pathophysiology of, 1688-1690, 16904, 
1691f, 1691t 
prostaglandins and NSAIDS in, 1716 
rapidly progressive glomerulonephritis 
and, 1704 
Gitelman’s syndrome in, 1710 
glomerular diseases in, 1702-1704, 1703f 
hypertensive nephropathy in, 1702 
immunoglobulin A nephropathy in, 1704 
interstitial nephritis in, 1706 
Liddle’s syndrome in, 1710 
monoclonal light chains and, 1716-1718 
nephrotic syndrome in, 1704-1705, 1705f 
obstructive uropathy in, 1707 
phosphate disorders in, 1710 
polycystic kidney disease in, 1706-1707 
porphyrins and, 1220 
pseudohypoaldosteronism type 1 in, 1710 
renal calculi in, 1711-1715, 1712f 
renal replacement therapy in, 1718-1728, 
1719t 
dialysis and, 1719-1725, 1720f, 17218, 
1722f, 1724f 
kidney transplantation and, 1725-1728, 
1726f 
renal tubular acidoses in, 1707-1709 
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Renal disease (Continued) 
screening for, 808-812, 810f 
microscopic examination of urine in, 811- 
812 
new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 
toxic nephropathy in, 1707, 1708t 
uremic syndrome in, 1691-1692, 16924, 1693b 
urinary osmolality in, 1718 
Renal failure 
beta,-microglobulin and, 555 
classification of, 1689-1690, 1690f, 1690¢ 
cobalt-related, 1378 : 
elevation of plasma catecholamines in, 1057 
high serum aluminum and, 1374-1375 
in multiple myeloma, 1717 
in rapidly progressive glomerulonephritis, 
1704 
uremia of, 1769-1770 
Rena! function tests, 797-835 
creatinine measurement in, 797-801, 799f 
glomerular filtration rate in, 818-826, 1683- 
1686 
age and, 824, 826¢ 
circadian variation in, 452 
creatinine clearance and, 821f, 821-823, 
8226 
cystatin C and, 823-824, 824f 
in diabetic nephropathy, 1700, 1700t 
in end-stage renal disease, 1698, 1698f 
factors in regulation of, 16842, 1684-1685, 
1685t 
inulin clearance and, 820 
iohexo} clearance and, 820 
low molecular weight proteins and, 823 
markers for, 819t 
during pregnancy, 465, 2157 
radioisotopic markers of, 818-819 
recommendations and reference intervals 
for, 824-826, 825t 
reference intervals for, 2270¢ 
stages of chronic kidney disease and, 1690t 
proteinuria assessment in, 812-818 
Bence Jones proteinuria and, 815 
characterization of proteinuria in, 817-818 
measurement of total protein in, 813, 813f 
Bidet 
myoglobinuria and, 815-817 
sample collection for, 812-813 
tubular proteinuria and, 817 
urinary albumin and microalbuminuria 
screening in, 814-815, 816f 
screening for kidney disease and, 808-812, 
810f 
microscopic examination of urine in, 811- 
812 
new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 
urea measurement in, 801-803, 802f 
uric acid measurement in, 803-808, 804 
806b 
Renal glycosuria, 873 
Renal interstitium, 1677 
Renal medulla, 1672, 1673/, 1677 
Renal osteodystrophy, 1698, 1934-1935 
Renal phosphate wasting, 1906 
Renal replacement therapy, 1718-1728, 1719t 
dialysis and, 1719-1725, 1720f 17214, 1722f 
1724f 
kidney transplantation and, 1725-1728, 1726f 
Renal tubular acidosis, 1707-1709, 1771 
Renal vein, 1671, 1672f 


Renal vein renin test, 2033, 2033b 
Renin, 1683, 2015-2016, 2020, 2020f 
circadian variation in, 452 
effects of exercise on, 451 
hyperaldosteronism and, 2030f, 2030-2032, 
2032f 
measurement of, 2042-2043 
release from macula densa, 1677 
renovascular hypertension and, 2033, 20336, 
2033f 
shock-related changes in, 466 
special collection and storage conditions for, 
55t 
travel-related changes in, 453 
Renin-angiotensin-aldosterone system, 1024t, 
2011 
stimulation tests of, 2020b, 2020-2021, 2021b 
Renovascular hypertension, 1702, 2033, 20338, 
2033f 
Repeatability of results, 3561, 357 
Replication of deoxyribonucleic acid, 1396- 
1397, 1397¢ 
Reporter molecules, 1419-1421 
Reporting of results, 1563 
Reproducibility of results, 356%, 357 
Reproductive disorders, 2097-2152 
female, 2104-2120 
anatomy and, 2104f 2104-2105 
assisted reproduction and, 2127 
blood estrogens and, 2134-2136, 2136 
blood progesterone and, 2137-2138, 2138¢ 
breast cancer in, 2112 
estradiol and, 2136 
estrogens and, 2105-2108, 2106-2108f 
female pseudohermaphroditism in, 2110 
fetal development and, 2109 
hirsutism and virilization in, 2118-2120 
hypothalamic-pituitary-gonadal axis and, 
2105, 2105f 
infertility and, 2124b, 2124-2127, 2125f 
2126f 
menopause and, 2120 
normal menstrual cycle and, 2112-2114, 
2113f 
ovulation and, 2114 
postnatal development and, 2109 
precocious puberty in, 2110-2112 
primary amenorrhea in, 2114, 2117-2118 
progesterone and, 2108f 2108-2109, 
2109F 
progesterone challenge in, 2118, 2119t 
puberty and, 2109-2110 
saliva estrogens and, 2137 
saliva progesterone and, 2138-2139 
secondary amenorrhea in, 2114-2117, 
2115b, 2116b, 2116t 
urine estrogens and, 2136-2137 
male, 2097-2104 
anabolic steroids and, 2134 
anatomy and, 2097 
androgens and, 2098-2099, 2098-2100f 
andropause and, 2102 
defects in androgen action in, 2103 
dehydroepiandrosterone and, 2132-2134, 
2133t 
fetal development and, 2099-2101, 2101f 
free and weakly bound blood testosterone 
and, 2129-2131, 21304, 2131t 
gynecomastia in, 2104 
hypergonadotropic hypogonadism in, 2103 
hypogonadotropic hypogonadism in, 2102- 
2103 i 


Reproductive disorders (Continued) 
hypothalamic-pituitary-gonadal axis and, 
2097, 2097f 
impotence in, 2103-2104 
infertility and, 2120-2124, 21218, 21226 
2123f, 2123t 
postnatal development and, 2101 
puberty and, 2101-2102 
saliva testosterone in, 2131 
testosterone precursors and metabolites in 
blood and, 2131-2132, 2132t 
total blood testosterone and, 2127-2129, 
21291 A 
urine 17-ketosteroids and, 2134 
selenium role in, 1135 
Reproductive system 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
female, 2104-2120 
male, 2097 
Rescriptor. See Delaviridine. 
Resin dialysis technique, 2075 
Resin triiodothyronine uptake test, 2076 
Resistance testing in HIV therapy, 1568-1570 
Resistant ovary syndrome, 2114 
Resistin, 1024t 
Resistivity of reagent grade water, 11t 
Resolution 
in chromatography, 145f 145-148, 146f 
in time of flight mass spectrometry, 175 
Resorption of bone, 1936-1940, 1937 
Respiration, acid-base balance and, 
1762-1763 
Respiratory acidosis, 17674 1774b, 1774-1775 
Respiratory alkalosis, 1767f, 1775, 1775b 
in aspirin overdose, 1307 
fever-related, 466 
hypophosphaternia and, 1906 
in urea cycle disorders, 2221 
Respiratory distress syndrome, 2166 
Restoril. See Temazepam. 
Restricted access packings, 156 
Restriction endonucleases, 1410 
Restriction fragment length polymorphisms, 
1514, 1539 
for nucleic acid detection, 1422 
for VNTR analysis, 1542 
Result reporting, 1453-1454 
RET tyrosine kinase receptor, 782-783 
Retention factor in chromatography, 147-148 
Reticuloendothelial system, 216 
Retina 
gyrate atrophy of, 2214-2215¢t 
vitamin A and, 1081 
Retinoblastoma gene, 783-784 
Retinoic acid, 1081 
Retinoids, 1079 
Retinol, 1079 
Retinol activity equivalent, 1082 
Retinol-binding protein, 563-564 
glomerular filtration rate and, 823 
malnutrition and, 455 
properties of, 544¢ 
reference intervals for, 2293¢ 
tubular proteinuria and, 817 
Retinol palmitate, 1082 
Retinopathy, diabetic, 853 
Retrovir, See Zidovudine. 
Reusable reagent system, 273-274 
Reverse cholesterol transport pathway, 921f, 
921-922 
Reverse osmosis of water, 11 
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Reverse-phase high-performance liquid 
chromatography for vitamin A, 1083 
Reverse transcriptase, 1411 
Reverse-transcription polymerase chain 
reaction 
for chimeric fusions, 1464 
for chromosomal translocations in leukemia, 
1471-1472 
Reverse triiodothyronine, 2053 
hypothyroidism versus euthyroid sick 
syndrome and, 2063 
reference intervals for, 2293t 
using radioimmunoassay, 2073 
Reversible inhibition of enzymatic reaction, 
205f, 205-206 
Reye’s syndrome, 1807 
RELPs. See Restriction fragment length 
polymorphisms. 
Rh blood groups, 2164 
Rh isoimmune disease, 2164 
Rhabdomyolysis, 599 
Rheumatic diseases, chemokines and, 717 
Rheumatoid arthritis 
electrophoretic patterns in, 585f 
interferon-y and, 701 
tumor necrosis factor and, 708 
Rheumatoid factor, 366¢ 
Rheumatoid vasculitis, 567% 
Rhodamine 6G dye laser, 66t 
Rhodamine B isothiocyanate, 237t 
RhoGAM, 2164-2165 
Rhythmol. See Propafenane. 
RIA. See Radioimmunoassay. 
RIBA. See Recombinant immunoblot assay. 
Riboflavin, 1094-1097, 1095f 
oral and intravenous intakes of, 1076t 
reference intervals for, 2293 
Ribonuclease, 755¢ 
Ribonucleic acid 
composition and structure of, 1394f, 1394- 
1395, 1395f 
electrophoresis-based techniques for, 1421- 
1427, 1422t 
denaturing gradient gel electrophoresis in, 
1425 
heteroduplex migration analysis in, 1424f, 
1424-1425 
Northern blotting in, 1424 
oligo ligation assay in, 1427, 1428f 
PCR product length analysis in, 1422-1423 
PCR/RELP in, 1422, 1423f 
single nucleotide extension assay in, 1426- 
1427 
single-strand conformation polymorphism 
analysis in, 1425, 1425f 
temperature-gradient electrophoresis in, 
1425-1426, 1426f 
microarray device for hybridization of, 247 
plasma, 1399-1400 
Ribonucleic acid polymerases, 1396 
Ribose, 1395 
Ribose sugars, 837 
Ribosome, 1397 
Rickets, 1710, 1933-1934 
RIE. See Reactive ion etching. 
Rifampin, 1268¢, 2064t 
Risk assessment in point-of-care testing, 310- 
311 
Ritalin. See Methylphenidate. 
Ritonavir, 12694, 2313¢ 
RMs. See Reference materials, 
Robotic arms, 283-284, 284f 
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Robotics, 267 

for specimen transport, 271 
ROC curve, 412f 412-413, 413f 
Roche Diagnostics automation system, 288 
Roche Trop T test strip, 304, 304f 
Rocket immunoelectrophoresis, 229, 229f 
Rohypnol. See Flunitrazepam. 
Rolling circle amplification, 1418-1419 
ROMK1 protein, 1681 
Rotor’s syndrome, 1199, 1220 
Routing device in specimen processing, 286 
Rubella virus, 366¢ 
Ruby laser, 66¢ 
Rule-in test, 326, 327t 
Rule-out test, 326, 327t 
Rumack-Matthew nomogram, 1305, 1305f 
Ruthenium (II) tris(bipyridyl), 233¢ 


S 


S-100 proteins, 776 
Safety, 27-36 
equipment for, 28 
ergonomics program and, 30, 30f 
formal safety program and, 28 
hazards in laboratory and, 30-36 
biological, 31-33, 32f 
chemical, 33-35, 34t 
electrical, 35 
fire, 35-36, 36t 
identification of, 30-31, 31f 
inspections for, 28-29 
in liquid chromatography, 161 
mandated plans for, 29-30 
Salicylate(s) 
anion gap acidosis and, 1771 
antidote for overdose, 1288% 
effects on thyroid function, 2064t 
pharmacology and analysis of, 1306-1308, 
1307f, 1308f 
therapeutic and toxic levels of, 2313 
Salicylate hydroxylase-mediated photometric 
procedure, 1308, 1308f 
Saline suppression test, 2021, 2021b 
Saliva alcohol, 1304 
Saliva cortisol, 2039 
Saliva estrogens, 2137 
Saliva immunoglobulin A, 2279t 
Saliva progesterone, 2138-2139 
Saliva proteins, 580 i 
Saliva specimen 
analysis for drugs, 1350 
collection of, 53 
for steroid hormones, 2034 
Saliva testosterone, 2131 
Sample group, 433 
Sample matrix effects in fluorometry, 84 
Sample size, 435-436 
general guidelines for, 371 
in method comparison studies, 390-395, 391f, 
392f, 3921, 393t 
Sampling 
in capillary electrophoresis, 131 
in conventional electrophoresis, 127 
for cytokine measurement, 721 
in gas chromatography, 155 
for identity testing specimen, 1541 
in liquid chromatography, 158, 158f 160 
for parentage testing, 1551 
point-of-care testing and, 302 
for proteinuria, 812-813 
SAMSHA. See Substance Abuse and Mental 
Health Service Administration. 
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Sandimmune. See Cyclosporine. 
Sanger method, 1229 
Sanger reaction, 1426, 1427f 
SAO). See Arterial hemoglobin saturation. 
SAP. See Serum amyloid P. 
Saquinavir, 12694, 2314t 
Sarcaidasis, 1706 
Saturated fatty acids, 907, 908/, 908-909 
Saturated phosphatidylcholine, 2191-2192 
Saturated vapor pressure, 1000 
SC disease, 1183 
sCD40 ligand, 1633 
SCHAD deficiency, 2234-2235t 
Schiff base, 879, 883 i 
Schilling test, 1104 
SCID, See Severe combined immunodeficiency. 
Scintillation counting, 23 
Screening 
for adrenocortical insufficiency, 2022-2023, 
2023t 
for amino acids, 540 
for brain natriuretic peptide, 1649-1650 
for cancer, 748t 
for congenital hypothyroidism, 2058-2059 
for Cushing’s syndrome, 2025-2027, 2026t, 
2027b, 2027f 
for diabetes mellitus, 863-864 
for drug abuse, 1292-1296, 1293¢, 1295f 
1318-1319 
for fetal defects, 2167f, 2167-2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 2169t, 2169-2170, 
2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f, 21714, 2172f, 2173¢ 
external proficiency testing and, 2179 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 
for gestational diabetes mellitus, 861, 861¢ 
for glucose-6-phosphate dehydrogenase 
deficiency, 634 
for kidney disease, 808-812, 810f 1689 
microscopic examination of urine in, 811- 
812 
new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 
for porphyrias, 1223 
for pyrimidine-5’-nucleotidase deficiency, 
635 
Scurvy, 1106 
SD. See Standard deviation. 
Seafood, arsenic toxicity and, 1376 
Seasonal influence as nancontrollable 
preanalytical variable, 463-464, 464t 
Sebacic acid, 2294t 
Secobarbital 
characteristics of, 1326t 
therapeutic and toxic levels of, 2314t 
urinary excretion of, 1327¢ 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Seconal. See Secobarbital. 
Second generation dextran sulfate method, 947 
Secondary adrenal insufficiency, 2022-2023 
Secondary amenorrhea, 2114-2117, 21156, 
21166, 2116¢ 
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Secondary amyloidosis, 582 
Secondary calibrator, 397 
Secondary gout, 806 
Secondary hyperaldosteronism, 2030 
Secondary hyperparathyroidism, 624 
Secondary hypothyroidism, 2059, 2059f 
Secondary ionization, 165 
Secondary reference materials, 12, 495 
Secondary specimen container, 56 
Secondary structure of protein, 541 
Secretin, 1874#, 1875-1876 
Secretin-ceruletide test, 1869, 1869 
Secretin stimulation test, 1869, 1869t 
Secretory distal renal tubular acidosis, 1707- 
1708 
Secular frequency, 173, 177 
Security of computer systems, 482 
Sedatives overdose, 12904, 1291-1292 
SELDI mass spectrometry, 184 
Selected ion monitoring, 166 
Selection criteria for reference individual, 427- 
430, 428f, 428t 
Selective aldosterone deficiency, 1709 
Selective glucose unresponsiveness, 857 
Selective immunoglobulin A deficiency, 1862 
Selective inactivation of isoenzyme, 213 
amylase, 619 
aspartate aminotransferase, 606-607 
Selective media for sodium, 987 
Selective precipitation 
for low-density lipoproteins, 951 
for testosterone, 2130, 2131 
Selective serotonin reuptake inhibitors, 1041, 
1271, 1310 
Selectivity, 403b 
Selectivity factor in chromatography, 148 
Selegiline 
influence on catecholamine levels, 1056t¢ 
metabolism to methamphetamine, 1324 
Selenium, 11433-1137, 1134f 
as causative factor in medical conditions, 
1372t 
oral and intravenous intakes of, 1076t 
reference intervals for, 2294t 
toxicity of, 1383-1384 
vitamin E and, 1120 
Selenocysteine, 535%, 1133 
Selenchomocholytaurine test, 1866 
Selenomethionine, 1133 
Selenophosphate synthetase, 1134 
Selenoprotein P, 1134, 1136, 1137 
Selenoprotein W, 1134 
Self-monitoring of blood glucose, 873-875 
Selivanoff’s test, 889 
Sella turcica, 1967 
Semen analysis, 2121, 2122f 
Semiautomatic pipette, 16f, 16-18, 17f 
Seminal fluid, 2097, 212314 
Seminal vesicle, 2097 
Seminiferous tubule, 2097 
Seminoma markers 
human chorionic gonadotropin in, 766 
lactate dehydrogenase in, 602, 756 
Semiquantitative assays 
for urine albumin, 887 
for urine glucose, 872 
Senile amyloidosis, 582 
Sensitivity of test, 4114, 411-412, 412f 
combination testing and, 415f, 415-416 
Sensor of point-of-care testing device, 302, 302f 
Separate solution method in potentiometry, 96 
Separation gel, 128 


Separation methods 
in chromatography, 142-144, 143-145f 
in immunoassays, 232b 
Separation of steroid hormone specimen, 2035- 
2036 
Sephadex electrophoresis, 129 
Septic shock 
interleukin-13 for, 688 
tumor necrosis factor and, 705, 705f, 707, 708 
Septicemia 
complement C3 and, 567, 567t 
hypoglycemia and, 866 
Sequential competitive binding microparticle 
capture immunoassay, 1350-1351 
Serax, See Oxazepam, 
Serial dilution, 27 
Serial invasive amplification, 1418 
Serine 
reference intervals for, 2294t 
structure and molecular weight of, 534¢ 
Serine proteinase inhibitors, 550 
Sernylan. See Phencyclidine. 
Serological pipette, 15, 15f 15t 
Seroquel. See Quetiapine. 
Serotonergic receptor, 1039-1040 
Serotonin, 10214, 1033-1074 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
collection and storage of samples for, 
1054-1055 
5-hydroxyindoleacetic acid and, 1063- 
1065, 1065¢ 
influences of diet and drugs on, 1055, 
1056¢ 
plasma assays in, 1057, 1057 
plasma t-dopa, DOPAC, and DHPG and, 
1059, 1059 
plasma metanephrines and, 1057-1058, 
1058¢ 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060¢ 
urinary fractionated metanephrines and, 
1060-1061, 1061¢ 
urinary homovanillic acid and, 1061-10662, 
1062t 
urinary vanillylmandelic acid and, 1061, 
1062 ' 
biosynthesis of, 1034f, 1034-1035 
carcinoid tumor and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034 1338f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051t 
effect on anterior pituitary hormones, 1968¢, 
1969 
enteric nervous system and, 1045 
exercise-related changes in, 451 
interleukin-16 and, 692 
neuroblastoma and, 1049-1050 
pheochromocytoma and, 1045-1048, 1049b 
plasma composition changed by, 454 
posture-related changes in, 449-450 
prolonged bed rest-related changes in, 450 
reference intervals for, 2294t 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 
sympathetic nervous system and, 1041-1043, 
1042 
travel-related changes in, 453 


Serotonin (Continued) 
uptake and metabolism of, 1036-1039, 1037- 
10394, 1039% 
urine specimen preservatives and, 51t 
Serotonin-N-acetyltransferase, 1034f, 1035 
Serotonin syndrome, 1322 
Serpins, 550, 1816 
Sertoli cell, 2097, 2098f 
Sertraline, 1269, 1270r, 2314t 
Serum 
composition of, 47t 
biological influences on,.459-463, 460-462 
capillary versus venous, 48t - 
circadian variation in, 452, 453¢ 
for electrolyte determination, 983-984 
factors affecting enzyme levels in, 214 
for insulin-like growth factors, 1976 
separation from blood specimen, 56 
transaminase activities in, 605¢ 
travel-related changes in, 453 
Serum acetoacetate, 54t 
Serum acetone, 54t 
Serum acid phosphatase 
circadian variation in, 453t 
effect of exercise on, 452t 
Serum alanine aminotransferase, 2254 
circadian variation in, 453t 
effect of exercise on, 452t 
fasting and starvation and, 456 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462¢ 
posture-related changes in, 450t 
seasonal influences on, 464t 
Serum albumin, 548 
adult levels of, 461 
circadian variation in, 453t 
influence of age on, 460¢ 
influence of food on, 455¢ 
malnutrition and, 455 
posture-related changes in, 450¢ 
for protein-energy status, 1076 
reference intervals for, 2254t 
seasonal influences on, 464t 
smoking and, 457¢ 
vegetarianism and, 455, 456¢ 
Serum alcohol, 54t 
Serum aldolase, 541, 2254! 
Serum aldosterone, 2040 
reference intervals for, 2255¢ 
special collection and storage conditions for, 
54t 
Serum alkaline phosphatase, 608 
adult levels of, 461 
circadian variation in, 453t 
diet and, 454 
effect of exercise on, 452t 
food ingestion and, 454 
influence of age on, 460¢ 
influence of food on, 455 
influence of gender on, 462¢ 
posture-related changes in, 450t 
racial differences in, 462 
reference intervals for, 2290t¢ 
Serum alpha-fetoprotein, 2269¢ 
Serum alpha,-acid glycoprotein, 2253t 
Serum alpha,-antitrypsin, 2256¢ 
Serum alpha,-macroglobulin, 2283¢ 
Serum aluminum, 2255t 
Serum aminotransferases, 605 
Serum amylase, 450¢, 2255t 
Serum amyloid, 1633 
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Serum amyloid P, 582 
Serum 30-androstanediol glucuronide, 2255t 
Serum androstenedione, 544, 2255t 
Serum apolipoprotein A-1, 2256 
Serum apolipoprotein B, 22561 
Serum ascorbic acid, 54t, 2302t 
Serum aspartate aminotransferase, 2257t 
circadian variation in, 453¢ 
effect of exercise on, 452t 
fasting and starvation and, 456 
increased activity after surgery, 467¢ 
posture-related changes in, 450t 
prolonged bed rest and, 450 
seasonal influences on, 464t 
Serum barbiturates, 544 
Serum beta-carotene, 2258t 
Serum beta-globulin, 463 
Serum beta,-microglobulin, 2286¢ 
Serum bicarbonate, 47¢, 2158t 
Serum bile acids, 54t 
Serum bilirubin, 1195-1198, 1196f 
effects of gender on, 462 
fasting and starvation and, 456 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
morphine and, 459 
neonatal, 460 
vegetarianism and, 455 
Serum butyrylcholinesterase, 1317 
Serum C-peptide, 554, 851 
Serum C-reactive protein, 2263 
Serum C-telopeptide, 2264¢ 
Serum calcitonin, 55%, 2258¢ 
Serum calcium 
circadian variation in, 453t 
effect of exercise on, 452t 
effect of fever on, 466% 
fasting and starvation and, 456 
in hypocalcemia, 1893-1894 
influence of age on, 460f 
influence of food on, 455t 
influence of gender on, 462 
influence of menstrual cycle on, 464 
posture-related changes in, 450t 
reference intervals for, 1903 
seasonal influences on, 464¢ 
Serum cancer antigen 15-3, 2258 
Serum cancer antigen 19-9, 2258t 
Serum cancer antigen 27, 29, 2258t 
Serum cancer antigen 50, 2258% 
Serum cancer antigen 72-4, 22581 
Serum cancer antigen 125, 2258f 
Serum cancer antigen 242, 2259t 
Serum carbon dioxide, 2259t 
Serum carcinoembryonic antigen, 2259t 
Serum ceruloplasmin, 2260f 
Serum chloride, 2260¢ 
circadian variation in, 453t 
effect of exercise on, 452¢ 
effect of fever on, 466t 
Serum cholesterol 
adult levels of, 461 
circadian variation in, 453f 
diet and, 453 
effects of exercise on, 451, 452 
food ingestion and, 454 
heart disease and, 924-928, 927f 
influence of age on, 460¢ 
influence of food on, 455 
malnutrition and, 455 
obesity and, 464-465 
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Serum cholesterol (Continued) 
posture-related changes in, 450t 
racial differences in, 463 
reference intervals for, 22611 
smoking and, 457, 457t 
Serum cholinesterase, 1924, 615-616, 2261 
Serum chorionic gonadotropin, 2165, 2261- 
2262¢ 
Serum chromium, 2262t 
Serum citric acid, 55t 
Serum cobalt, 2262 
Serum complement, 55t 
Serum complement C3, 2262¢ 
Serum complement C4, 2262t 
Serum conjugated bilirubin, 2258 
Serum copper, 2262t 
Serum cortisol, 2016, 2039 
in adrenocortical insufficiency, 2022, 2023f 
2023t 
reference intervals for, 2263t 
shock-related changes in, 466 
travel-related changes in, 453 
Serum creatine, 456 
Serum creatine kinase, 2263 
drug-related effects on, 458¢ 
influence of menstrual cycle on, 464 
Serum creatine kinase isoenzymes, 554, 2263t 
Serum creatine kinase isoforms, 2263t 
Serum creatinine 
childhood levels of, 461 
circadian variation in, 453t 
effect of exercise on, 452t 
effect of fever on, 466f 
fasting and starvation and, 456 
influence of age on, 460t 
influence of gender on, 462¢ 
influence of menstrual cycle on, 464 
reference intervals for, 2264t 
seasonal influences on, 464t 
smoking and, 457 
special collection and storage conditions for, 
55t 
Serum cryoglobulins, 55t 
Serum cystine, 2264t 
Serum dehydroepiandrosterone, 2133, 2133% 
2265t 
Serum dehydrocpiandrosterone sulfate, 2133, 
21331, 2266t 
Serum 11-deoxycortisol, 2266¢ 
Serum digitoxin, 55t 
Serum digoxin, 55¢ 
Serum dihydrotestosterone, 2266t 
Serum enzymes 
adult levels of, 461 
alcohol ingestion and, 458 
surgery-telated changes in, 466 
Serum estradiol, 2267-2268¢ 
Serum estriol, 2107 
Serum estrone, 2268-2269¢ 
Serum ethanol, 1303 
Serum ethylene glycol, 1314 
Serum ferritin, 1191, 11914, 2269¢ 
Serum fluoride, 554, 2270 
Serum folate, 2270¢ 
Serum follicle-stimulating hormone, 2270t 
Serum free calcium, 2258t 
Serum free estriol, 2268¢ 
Serum free testosterone, 2118, 2295t 
Serum free thyroxine index, 2298¢ 
Serum free triiodothyronine, 2300¢ 
Serum fructosamine, 2270¢ 
Serum gamma-glutamyltransferase, 227 1t 
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Serum gastrin, 55¢ 
Serum glucose 
food ingestion and, 454 
influence of age on, 460t 
influence of food on, 455 
influence of gender on, 462t 
reference intervals for, 871, 2270-2271t 
smoking and, 457¢ 
travel-related changes in, 453 
Serum growth hormone, 454, 1975, 2272t 
Serum haptoglobin, 2272¢ 
Serum high-density lipoproteins, 2274 
Serum histidine, 55t aa 
Serum homocysteine, 2274-2275t 
Serum 17-hydroxyprogesterone, 55t, 2041-2042 
Seram immunoglobulin A 
anticonvulsants and, 459 
effects of smoking on, 457 
in elderly, 461 
posture-related changes in, 450t 
reference intervals for, 2279¢ 
Serum immunoglobulin D, 2279 
Serum immunoglobulin E, 2279 
Serum immunoglobulin G 
anticonvulsants and, 459 
childhood levels of, 461 
effects of smoking on, 457 
in elderly, 461 
posture-related changes in, 450¢ 
reference intervals for, 2279t 
Serum immunoglobulin M 
effects of smoking on, 457 
in elderly, 461 
posture-related changes in, 4501 
reference intervals for, 2279t 
Serum inhibin-A, 2279-2280¢ 
Serum insulin, 554, 2280¢ 
Serum insulin-like growth factor-I, 2280t 
Serum iron, 1188-1191, 11894 1190% 
circadian variation in, 453t 
food ingestion and, 454 
malnutrition and, 456 
transfusion-related changes in, 467 
Serum isocitrate dehydrogenase, 55t 
Serum lactate dehydrogenase, 602 
circadian variation in, 453¢ 
diet and, 453 
fasting and starvation and, 456 
influence of food on, 455t 
reference intervals for, 2282 
seasonal influences on, 464t 
transfusion-related changes in, 467 
Serum lipase, 2282t 
Serum lipoproteins 
reference intervals for, 2274r, 2282-2283t 
special collection and storage conditions for, 
55t 
Serum low-density lipoproteins, 2282-2283t 
Serum lysozyme, 55t 
Serum magnesium, 1911, 1912 
effect of fever on, 466t 
fasting and starvation and, 456 
reference intervals for, 2284t 
special collection and storage conditions for, 
55t 
Serum manganese, 1132, 2284t 
Serum metanephrine, 2284t, 2285t 
Serum methylmalonic acid, 1104 
Serum molybdenum, 2287t 


Serum mucinlike carcinoma-associated antigen, 


2287¢ 
Serum nickel, 2287¢ 
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Serum normetanephrine, 2284t 
Serum 5’-nucleotidase, 612 
Serum osmol gap, 1292-1293, 1293t 
Serum osteocalcin, 2288t 
Serum parathyroid hormone, 55, 1917-1918, 
2289¢ 
Serum pepsinogen, 55t 
Serum phosphatase, 2290¢ 
Serum phosphate, 1908, 1908f 
circadian variation in, 453¢ 
effect of exercise on, 452¢ 
effect of fever on, 466t 
fasting and starvation and, 456 
in hyperphosphatemia, 1907 
in hypophosphatemia, 1905-1906 
influence of food on, 455t 
influence of gender on, 462t 
influence of menstrual cycle on, 464 
reference intervals for, 2290t 
Serum phospholipids, 457t 
Serum phosphorus 
food ingestion and, 454 
influence of age on, 460t 
Serum placental lactogen, 55¢ 
Serum potassium 
circadian variation in, 453¢ 
effect of fever on, 466t 
in hyperaldosteronism, 2030f 
influence of food on, 455t 
reference intervals for, 2291¢ 
transfusion-related changes in, 467 
Serum progesterone 
for evaluation of ovulation, 2125-2126 
reference intervals for, 2291¢ 
threatened abortion and, 2162 
Serum proinsulin, 2291¢ 
Serum prolactin, 55%, 2291-2292¢ 
Serum prostaglandin F,0, 55¢ 
Serum prostate-specific antigen, 2292t 
Serum protein(s) 
reference intervals for, 2292-2293¢ 
stain in conventional electrophoresis, 125¢ 
Serum protein electrophoresis, 584-586, 585f 
Serum retinol binding protein, 2293t 
Serum reverse triiodothyronine, 2293t 
Serum riboflavin, 1097, 2293t 
Serum salicylate, 1307-1308 
Serum selenium, 2294t 
Serum serine, 2294¢ 
Serum serotonin, 2294t 
Serum sodium, 47t 
circadian variation in, 453t 
effect of fever on, 466t 
influence of food on, 455t¢ 
Serum N-telopeptide, 2287t 
Serum testosterone, 2127-2129, 2129t 
in male infertility, 2122-2123 
reference intervals for, 21314, 2295t 
Serum thiamine, 1093 
Serum thiocyanate, 2297t 
Serum thyroglobulin, 2297¢ 
Serum thyroid-stimulating hormone, 2063- 
2064, 2066, 2297t 
circadian variation in, 452 
hypothyroidism versus euthyroid sick 
syndrome and, 2062-2063 
Serum thyrotropin, 2297¢ 
Serum thyroxine, 2068-2071 
circadian variation in, 452 
neonatal, 460 
posture-related changes in, 450¢ 
reference intervals for, 2298¢ 


Serum thyroxine-binding globulin, 2080-2081, 
2298f 
Serum total bilirubin, 2258t 
Serum total calcium, 2258t 
Serum total carbon dioxide, 991 
Serum total cortisol, 2263t 
Serum total estriol, 2268¢ 
Serum total protein, 586-589 
Serum total testosterone, 2118, 2295-2296¢ 
Serum total triiodothyronine, 2300¢ 
Serum transferrin 
influence of altitude on, 463 
reference intervals for, 2299t 
transfusion-related changes in, 467 
Serum transferrin receptor, 1191-1192 
Serum transthyretin, 2299t 
Serum triglycerides 
adult levels of, 461 
alcohol ingestion and, 458 
diet and, 453 
effects of exercise on, 451 
malnutrition and, 455 
obesity and, 464-465 
- posture-related changes in, 450% 
racial differences in, 463 
reference intervals for, 2299t 
seasonal influences on, 463, 464¢ 
smoking and, 457, 457¢ 
travel-related changes in, 453 
Serum triiodothyronine, 2061, 2071-2073 
Serum tube additives, 444, 45 
Serum tumor-associated trypsin inhibitor, 2300t 
Serum urate 
aduit levels of, 461 
diet and, 453 
effects of exercise on, 451 
fasting and starvation and, 456 
food ingestion and, 454 
seasonal influences on, 463 
Serum urea nitrogen 
circadian variation in, 453¢ 
effect of exercise on, 452 
effect of fever on, 466¢ 
food ingestion and, 454 
influence of age on, 460 
influence of food on, 455t 
influence of gender on, 462¢ 
malnutrition and, 456 
reference intervals for, 2301¢ 
seasonal influences on, 464t 
smoking and, 457, 457¢ 
Serum uric acid, 2301r 
circadian variation in, 453t 
effect of exercise on, 452t 
effect of fever on, 466f 
influence of age on, 460t 
influence of food on, 455¢ 
influence of gender on, 462¢ 
seasonal influences on, 464¢ 
Serum vitamin A, 1084 
reference intervals for, 2302t 
special collection and storage conditions for, 
55t 
Serum vitamin B, 2302t 
Serum vitamin C, 2302¢ 
Serum vitamin E, 1087, 2302t 
Serum vitamin K, 2302t 
Serum zinc, 554, 2302t 
Serzone. See Nefazodone. 
Seventy-two hour fast, 865-866 
Severe combined immunodeficiency, 633 
Severinghaus style electrode for PCO, 99, 99f 


Sex 
as noncontrollable preanalytical variable, 
4621, 463 
in partitioning of reference group, 430, 431b 
reference intervals for catecholamines and, 
1056 
Sex hormone-binding globulin, 2011-2012 
estrogens and, 2105 
levels during pregnancy, 2157 
testosterone and, 2099, 2129 
Shared receptors, 718 
Sharp-cutoff filter in spectrophotometry, 67, 
67f ` 
SHBG. See Sex hormone-binding globulin. 
Shed interleukin-6 receptor, 673 
Sheehan’s syndrome, 2117 
Shewart mean and range control chart, 508f, 
508-510, 509¢ 
Shipping and packaging guidelines, 33 
Shock as noncontrollable preanalytical variable, 
466, 467¢ 
Shock liver, 1807 
Short-chain acyl-CoA dehydrogenase deficiency, 
2234-2235t, 2236-2237 
Short feedback loop of hypothalamic- 
hypophyseal portal system, 1967, 1968f 
Short tandem repeats, 1407, 1539-1540, 1540f 
in engraftment testing, 1550 
in forensic analysis, 1542, 1543¢ 
Shunt nephritis, 567¢ 
Shwartzman reaction, 704 
SI units, 54, 5-6, 6t 
applications in laboratory medicine, 6-7, 7t 
decimal multiples and submultiples of, 6, 7t 
problems in use of, 8-9 
SIADH. See Syndrome of inappropriate 
antidiuretic hormone, 
Sialytransferase, 755t 
Sickling tests, 1176, 1176f 
Sideroblastic anemia, 1193 
Siderophilin, 544¢ 
Signal amplification: branched chain DNA, 
i418 
Signal processing, specimen identification and, 
279-280, 280b 
Signal transduction 
chemokines and, 719f, 719-720 
interferon-& and, 697 
interferon-y and, 699 
interleukin-1 and, 658 
interleukin-2 and, 662 
interfeukin-3 and, 665 
interleukin-4 and, 668 
interleukin-5 and, 670 
interleukin-6 and, 673 
interleukin-7 and, 676 
interleukin-9 and, 677 
interleukin-10 and, 679 
interleukin-11 and, 681 
interleukin-12 and, 683 
interleukin-13 and, 687 
interleukin-14 and, 688 
interleukin-16 and, 692 
interleukin-17 and, 694 
tumor necrosis factor and, 704 
Significance level, statistical term, 434 
Sildenafil, 2103-2104 
Silica-based DNA isolation protocols, 1400- 
1401 
Silica gel in thin-layer chromatography, 149 
Silicate in reagent grade water, 11¢ 
Silicon, 1384 
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Silicon chip-based microvalve system, 251-252, 
252f 
Silver, 1384 
Silver diamine stain, 125 
Silver nitrate stain, 125, 125¢ 
Silyer-silver chloride electrode in redox 
reactions, 95 
SIM. See Selected ion monitoring. 
Simple sequence repeats, 1407 
Simple sugars, 837-839, 838f 839f 
Simultaneous pancreas-kidney transplantation, 
1727-1728, 
Sinequan. See Doxepin. - 
Single-base primer extension, 1426-142 
Single-beam spectrophotometer, 64, 64f 
Single immunodiffusion, 225 
Single nephron glomerular filtration rate, 1684 
Single nucieotide polymorphisms, 1539 
closed-tube genotyping methods for, 1444f, 
1444-1445 
detection by melting curve analysis, 1442f, 
1442-1443, 1443f 
for identity testing, 1544 
sequence variation and, 1408 
Southern blotting and, 1462 
as tumor marker, 785-786 
Single-pan balance, 24 
Single-strand conformation polymorphism 
analysis, 1425, 1425f 
Single-use qualitative strip, 303-304, 304ff 
Single-use quantitative cartridge and strip tests, 
305f, 305-307, 306f 
Sirolimus, 1275f 1278-1279, 12802, 2314t 
Sisomicin, 1262-1265 
Site of action of drug, 1238, 1240f 
Six Sigma process, 488-490, 489f, 490f 
Size-exclusion chromatography, 143f 144, 145f 
Sjégren’s syndrome, 555 
Skeletal muscle 
creatine kinase and, 599 
efflux of enzymes from, 215 
potassium efflux from, 985-986 
transaminase activities in, 605¢ 
Skewed X-inactivation, 1514 
Skewness, coefficient of, 440 
Skin lesion 
in porphyrias, 1217-1218, 1222-1223 
in pseudoporphytia, 1221 
Skin puncture for blood specimen, 46, 46f 
Slab get electrophoresis, 128, 1422 
SLE. See Systemic lupus erythematosus. 
Sleep, growth hormone release and, 1973f 
Small intestine 
anatomy of, 1849-1850 
bacterial overgrowth of, 1864), 1864-1865, 
1865t 
bile salt malabsorption and, 1865-1866 
celiac disease and, 1859-1862, 1860f, 18611, 
1862¢ 
digestion process and, 1851, 1852f 
disaccharidase deficiencies and, 18624, 1862- 
1864, 1863b, 1864 
Smali nuclear ribonucleoprotein particles, 1396 
SMBG. See Self-monitoring of blood glucose. 
Smoking as controliable preanalytical variable, 
457 
SMV. See Support vector machine. 
SNOMED CT. See Systematized Nomenclature 
of Medicine-Clinical Terms. 
SNPs, See Single nucleotide polymorphisms. 
SnRNPs. See Smali nuclear ribonucleoprotein 
particles. 
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SO,. See Hemoglobin oxygen saturation. 
Sodium, 47t, 984, 1750-1754 
in amniotic fluid, 2156t 
analytical goals for, 364¢ 
biological variability in, 467t 
circadian variation in, 452, 453t 
critical values of, 2317t 
effect of fever on, 466¢ 
fasting and starvation and, 456-457 
fecal, 984 
hypernatremia and, 1753-1754, 1754f 
hyponatremia and, 1751-1753, 1752f 
influence of altitude on, 463 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
influence of menstrual cycle on, 464 
metabolic function of nephron and, 1676t 
reference intervals for, 2294-2295t 
renal regulation of, 984, 1679-1680, 1680f 
required ion-selective electrode selectivity 
coefficient for, 96t 
travel-related changes in, 453 
values during pregnancy, 2158 
Sodium bathophenanthroline disulfonate, 1190¢ 
Sodium bicarbonate, 51 
Sodium-calcium exchanger, 1681 
Sodium chloride, 993 
Sodium citrate, 48 
Sodium-dependent multivitamin transporter, 
1107-1108 
Sodium dodecyl sulfate-agarase gel 
electrophoresis, 817-818 
Sodium fluoride, 48 
Sodium-hydrogen exchanger, 1750, 1764-1765, 
1765f 
Sodium iodoacetate, 48 
Sodium oxalate, 48 
Sodium potassium, 463 
Sodium-potassium adenosine triphosphate 
pump, 984-985, 1750 
bile acid flow and, 1783 
distal tubule of kidney and, 1675 
sodium reabsorption and, 1679 
thyroid hormones and, 2055 
urine formation and, 1678-1679 
Sodium-potassium-chloride co-transporter, 
1679-1680, 1680f 
Software . 
for automated laboratory, 291-292 
for mass spectrometry, 181 
for statistics, 403-404 
Solid-liquid interface reaction, 223-224 
Solid phase, light-scattering immunoassay, 
235b 
Solid phase adsorption in heterogeneous assay, 
232-233 
Solid phase competitive sequential enzyme 
immunoassay, 1351 
Solid phase extraction techniques in liquid 
` chromatography, 160 
Solid-phase hybridization assay, 1432-1433, 
1433t 
Solid tissue specimen collection, 53-54 
Solubility, 5 
of porphyrins, 1210 
of protein, 542-543 
Soluble cytokine receptor 
interleukin-2, 662 
interleukin-6, 673 
tumor necrosis factor, 707 
Solute, 3-5, 4t 
Solute volatilization interferences, 74-75 
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Solution, 3 
basic procedures for processing of, 26-27 
buffer, 25-26, 26t 
colligative properties of, 992-993 
expressing concentration of, 3-5, 4t 
Solution-based DNA isolation protocols, 1400 
Solution-phase hybridization assay, 1432-1433, 
1433t 
Solvent, 3-5, 4f 
in liquid chromatography, 160-161 
for liquid scintillation, 23 
storage container for, 34, 34t 
Solvent partition method, 2036 , 
Solvent reservoir in liquid chromatography, 157 
Somatomedin, 849, 1024t 
Somatostatin, 1020#, 10234, 1968 
effects on thyroid function, 2064t 
gastrointestinal, 1875t 
influence on blood glucose concentration, 
850 
Somatotrope, 1967 
Somatotropin, 1020t 
Somatotropin release-inhibiting factor, 1968, 
1970, 1970f 
Sonic spray ionization, 168 
Soret band, 1210 
Sorting device in specimen processing, 286 
Southern blotting, 126, 228, 1423f, 1423-1424 
for alpha-thalassemia, 1175 
for antigen-receptor gene rearrangements, 
14594, 1461f, 1461-1462, 1462f 
for chromosomal translocations, 1464 
for fragile X syndrome, 1501, 1502f 
for hemophilia A, 1498, 1498f 
Soybean preparations, 2064t 
SP. See Substance P. 
Space charge, 177 
Spacer gel, 128 
Spacer in affinity chromatography, 144 
Specific activity of radioactive material, 22 
Specific gravity of urine, 3015, 811 
Specificity of test, 403b, 4114 411-412, 412f 
in chorionic gonadotropin assay, 2182 
combination testing and, 415-416, 416¢ 
in measuring high-density lipoproteins, 948 
Specimen, 41-58, 268-280 
for adrenacorticotropic hormone, 1984 
for aldosterone, 2040 
amniotic fluid, 53, 2189-2190 
for arginine vasopressin, 1996 
ascitic fluid, 53 
automated acquisition of, 268 
automated processing of, 284-288, 285f, 287f 
automated sorting of, 288f, 288-289, 289f 
automated storage and retrieval of, 289 
bar coding of, 269f, 269-270 
blood, 41-49. See also Blood specimen. 
anticoagulants and preservatives for, 471, 
47-48 
arterial puncture for, 47-48 
automated preparation of, 271 
hemolysis and, 49 
influence of site of collection on, 48, 48t 
from intravenous or arterial lines, 49, 49t 
skin puncture for, 46, 46f 
venipuncture for, 41-45, 43f, 434, 44f 44t 
for blood gases, 1006-1008, 1007t 
for calcium measurement, 1902-1903 
for carnitine, 2242 
for catecholamine metabolites, 1054-1055 
chemical reaction phase and, 274-276, 275f, 
276f 
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Specimen (Continued) 
chemiluminescence and bioluminescence 
methods and, 278-279 
for Chlamydia trachomatis, 15641, 
1564-1565 
for chorionic gonadotropin, 2182 
controllable preanalytical variables and, 449- 
459 
alcohol ingestion in, 457-458 
circadian variation in, 452-453, 453 
diet in, 453-454 
drug administration in, 458t, 458-459 
exercise in, 451, 452 
fasting and starvation in, 456-457 
food ingestion in, 454-455, 455¢ 
herbal preparations in, 459 
malnutrition in, 455-456 
physical training in, 451-452 
posture in, 449-450, 450¢ 
prolonged bed rest in, 450 
recreational drug administration in, 459 
smoking in, 457 
travel in, 453 
vegetarianism in, 455, 456t 
cross-contamination of, 1562 
for cytomegalovirus, 1574 
for dehydroepiandrosterone sulfate, 2133 
for deoxypyridinoline and pyridinoline, 1939 
for dimeric inhibin A, 2186 
electrochemical methods and, 279 
for electrolyte determination, 983-984 
bicarbonate and, 991 
chloride and, 989 
potassium and, 985 
sodium and, 984 
errors in identification of, 270 
for estriol, 2136 
fecal, 52, 1224 
fingernail, 54 
fluorometry and, 278 
for free calcium, 1901 
front-surface reflectance fluorometry and, 
278 
for gonadotropins, 1987 
for growth hormone, 1975 
hair, 54 
for 17-hydroxyprogesterone, 2041-2042 
identity testing of, 1541, 1545-1546 
for inborn errors of metabolism, 2237 
for insulin-like growth factors, 1976 
labeling of, 268-269 
loading and aspiration of, 271-272 
for magnesium, 1912 
for maternal serum alpha-fetoprotein, 2183 
meconium, 1349 
for molecular assay, 1556-1557 
for Neisseria gonorrhoeae, 1564t, 1564-1565 
noncontrollable preanalytical variables and, 
459-467 
age in, 459-462, 460¢, 461t 
altitude in, 463 
ambient temperature in, 463 
blindness in, 465 
fever in, 465-466, 466¢ 
influence of menstrual cycle in, 464 
obesity in, 464-465 
place of residence in, 463 
pregnancy in, 465 
race in, 462-463 
seasonal influences in, 463-464, 464t 
sex in, 462t, 463 
shock and trauma in, 466, 467t 


Specimen (Continued) 
stress in, 465 
transfusion and infusions in, 466-467 
on-analyzer delivery of, 272f, 272-273 
for osteocalcin, 1943 
for oxytocin, 1996 
for parathyroid hormone, 1917-1918 
for parathyroid hormone-related protein, 
1929 
for phosphate, 1908 
photometry and, 276-277, 277f 
of pleural, pericardial, and ascitic fluids, 53 
polarization fluorometry and, 278 
for porphyrin metabolite testing, 1224 
preparation of, 271 
for progesterone, 2138 
for prolactin, 1981 
for protein analysis, 583-584 
reagent delivery and, 274 
reagent handling and storage and, 273-274, 
274f 
reflectance photometry and, 278 
saliva, 53 
separation and storage of, 56 
signal processing, data handling, and process 
control and, 279-280, 280b 
solid tissue, 53-54 
spinal fluid, 52 
standardization of, 430-432, 432¢ 
for steroids, 2033-2034 
swabs for, 53 
for sweat test, 996-998 
synovial fluid, 52-53 
for thyroid function tests 
antithyroid antibodies and, 2085 
free thyroid hormones and, 2074, 2075 
reverse triiodothyronine and, 2073 
thyroglobulin and, 2084 
thyroid hormone-binding proteins and, 
2083 
thyroid hormone-binding ratio and, 2078 
thyroid-stimulating hormone and, 2068 
thyroxine and, 2071 
triiodothyronine and, 2072 
for total calcium, 1899 
for total testosterone in blood, 2128 
for trace elements, 1120-1121 
transport of, 56-57 
automated, 282-284, 284f 
of blood for arterial blood gases, 1008 
delivery to laboratory and, 270-271 
effect on laboratory test, 493-494 
preservation of specimen in, 54-55, 54-56 
turbidimetry and nephelometry and, 278 
for unconjugated estriol, 2185 
urine, 49-52, 51t. See also Urine specimen. 
for vitamin D metabolites, 1925-1926 
Specimen input area, 286 
Specimen validity check reagents, 1318¢ 
Speckle detection technology, 307 
Spectral bandwidth in spectrophotometry, 67, 
68, 68f, 71 
Spectral interferences, 74 
Spectral isolation 
automated system and, 276-277, 277f 
in spectrophotometry, 66-68, 67f, 68f 
Spectral properties of porphyrins, 1209-1210 
Spectrofluorometer, 77f, 77-84 
components of, 77-80, 79-82f 
limitations of, 83-84 
performance verification and, 80 
types of, 80-83, 81f, 82f 


Spectrophotometer, 64f, 64-65 
in liquid chromatography, 158-159 


performance parameters of, 70-72, 71f, 7217 


Spectrophotometry, 62-72 
atomic absorption, 73f, 73-75, 74f 
basic concepts of, 62f, 62-64, 63f, 63t 
for carbon monoxide, 1297-1298 
for chloride, 989-990 
cuvets for, 69 
for cyanide, 1298 
fiber optics for, 68-69 
flame emission, 73 : 
light sources for, 65-66, 66t 
linearity and, 72 
for lipase, 621 
microprocessor for, 70 
multiple-wavelength readings in, 72 
photodetectors for, 69f, 69-70 
photometric accuracy in, 72, 72t 
readout device for, 70 
recorder for, 70 
for sodium and potassium, 987 
spectral bandwidth in, 71 
spectral isolation in, 66-68, 67f, 68f 
stray light and, 71-72 
for vanillylmandelic acid, 1054 
wavelength calibration in, 70-71, 71f 
Spectrum bias, 329 
Spectrum of test, 409, 409-410 
Sperm antibodies, 2121, 2124, 2125 
Sperm function tests, 2122 
Sphingolipids, 914f, 914-915 
Sphingomyelin, 914f 915, 2159 
Sphingosine, 914f 915 
Spina bifida, 2165 
Spinal cord tumor, 5781 
Spinal fluid specimen, 52 
Spironolactone 
male reproductive function and, 2122¢ 
for primary aldosteronism, 2031-2032 
Spleen, transaminase activities in, 605t 
Splenectomy in Cooley’s anemia, 1180 
Splenomegaly, haptoglobin and, 560 
Spliceosome, 1396 
Split sample validation, 420 
Spontaneous bacterial peritonitis, 1795 
Spot test for drugs, 1292 
Squalene, 905, 906f, 907 
Squamous celi antigen, 767% 
Squamous cell carcinoma, 762-763 
Squamous cell carcinoma antigen, 769 
SRIF. See Somatotropin release-inhibiting 
factor. 
SS. See Somatostatin. 
SSRIs. See Selective serotonin reuptake 
inhibitors. 
SSRs. See Simple sequence repeats. 
Stagnant mobile phase mass transfer, 147 


Staining in conventional electrophoresis, 125, 


125t, 128 
Stand-alone sorting system, 289 


Stand-alone specimen processing system, 285, 


285f 
Standard deviation, 356 
analytical sensitivity and, 361 
precision profile and, 358, 358f 
sample size and, 392t, 392-395 


Standard deviation control chart, 508f, 508-510, 


509t 


Standard hydrogen electrode in potentiometry, 


95 ; 
Standard uncertainty, 398-399 


fe 
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Standardization Statistics (Continued) 
in analytical enzymology, 210f 210-211 regression analysis and, 378-395, See also 
application of reference methods to, 941-942, Regression analysis. 
942b, 943b software packages for, 403-404 
in glycated hemoglobin assays, 883-884 traceability and measurement uncertainty 
in high-sensitivity C-reactive protein and, 397-402, 398f, 401f 
methods, 965 trueness and accuracy in, 356, 356t 
in reporting of test results, 9-10, 10t verification of distribution of differences in 
of specimen collection, 430-432, 432t relation to specified limits in, 376, 
in transaminase activity measurement, 606 376t 
Standards Shewart mean and range control chart and, 
for clinical laboratory automation, 292 508f, 508-510, 509¢ 
International Organization for- - test distribution, 512-513 
Standardization and, 521-523, 523¢ Steady-state drug concentration, 1240, 1243 
Standards for Reporting of Diagnostic Steady-state voltammetry, 102 
Accuracy, 329-330, 331f, 332f Stearic acid, 909¢ 
Standing current, electron capture detector and, Stellate cell, 1780 
154 Stem cell 
Standing measurement procedure, 397-398 interferon-y and, 701t 
Starch, 839-840, 840f interleukin-3 and, 664 
Starch gel electrophoresis, 123-124 Stercobilinogen, 1195 
STARD. See Standards for Reporting of Stereoisomers, 837-838 
Diagnostic Accuracy. Steric-exclusion chromatography, 144 
Starvation Stern-Volmer equation for quenching, 107 
as controllable preanalytical variable, Steroid hormones, 1019, 2007-2021 
456-457 androgens in, 2098-2099, 2098-2 100f 
influence on cortisol concentrations, 2014 defects in action of, 2103 
State Laboratory of Hygiene, 942b effects on thyroid function, 2064 
Stationary phase mass transfer, 147 excess in amenorrhea, 2115-2116, 2116t 
Statistical distance measure, 442-443 function tests of, 2021 
Statistics metabolism of, 2012 
abbreviations and vocabulary in, 403b secretion of, 2015 
for monitoring patient means, 513 structure of, 2009, 2010f; 2098f 
reference values and, 433f, 433-442 synthesis of, 2011, 2098, 2100f 
determination of reference limits in, 434- chemistry of, 2003-2007, 2004f, 2005¢ 
436, 435f circulating forms of, 2011-2012 
identification and handling of erroneous corticosteroid function tests and, 2015-2019, 
values in, 437 2016-2018f 2017-2019b 
inspection of distribution in, 436-437 effects on plasma proteins, 545f 
nonparametric method in, 437-438, 438t, estrogens in, 1019, 1022, 2105-2108 
439t alpha,-antitrypsin and, 551 
parametric method in, 438-442 alpha)-macroglobulin and, 553 
partitioning of reference values in, 436 biosynthesis of, 2105-2106, 2107f 
statistical concepts in, 433-434, 434f blood, 2134-2136, 2136t 
in selection and evaluation of methods, 353- breast cancer and, 2112 
A07 effects on hepatic synthesis of 
analytical measurement range and, 359 angiotensinogen, 2020 
analytical performance criteria and, 354 effects on thyroid function, 2064¢ 
analytical sensitivity and, 361 in elderly, 462 
analytical specificity and interference in, haptoglobin and, 561 
361-362 levels during pregnancy, 2157 
basic error model in, 368-370, 369f metabolism of, 2107-2108, 2108f 
Bland-Altman plot and, 376-377, 377f placental, 2155 
377t saliva, 2137 
calibration and, 355f, 3554, 355-356 structure of, 2009, 2010f, 2106f 
distribution of differences plot in, 371-376, urine, 2136-2137 
372-375f, 373, 375t urine specimen preservatives and, 51t 
goals for analytical quality in, 362f, 362- glucocorticoids in, 2007-2008, 2008f, 2009f 
366t, 362-368 hypothalamic-pituitary-adrenal cortical axis 
guidelines, regulatory demands, and ` and, 2014, 2014f 
accreditation in, 402-403 metabolism of, 2012-2014, 2013f 
limit of detection and, 359-361, 360f, 361f mineralocorticoids in 
limit of quantification and, 361 excess of, 2033 
linearity in, 359 function tests of, 2019-2021, 20208, 2020f 
medical criteria and, 353-354, 354f Í 2021b 
method comparison data model in, 370- hyperaldosteronism and, 2030¢, 2030-2033, 
371 2031-2033/, 2033b 
monitoring serial results and, 396-397, structure of, 2009, 2009t 
397f synthesis of, 2011 
paired t-tests and, 377-378, 378f, 378t placental, 2155 
precision in, 357-358, 358¢ regulation of, 2014-2106 
precision profile in, 358, 358f Steroidogenesis, 2009-2011, 2010f 
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Stimulants, 1056t 
Stimulation test 
of adrenal function, 2016-2018, 2617b, 20188, 
2108f 
adrenocorticotropic hormone, 2016, 20176, 
2018f 
in Addison's disease, 2022, 2022f, 2023, 
2023t 
in 11B-hydroxylase deficiency, 2118 
in 21-hydroxylase deficiency, 2029 
corticotropin-releasing hormone, 2016-2017, 
20178 
in adrenal insufficiency, 2023-2024 
in Cushing’s syndrome, 2026-2027, 20276 
follicle-stimulating hormone, 19895 
furosemide, 20208, 2020-2021 
gonadotropin-releasing hormone, 2111 
human chorionic gonadotropin, 2123 
for insulin-induced hypoglycemia, 1989, 2018 
metyrapone, 2018, 20188, 2023t 
of renin-angiotensin-aldosterone system, 
2020b, 2020-2021, 2021b 
secretin, 1869, 1869t 
Stokes shift, 75 
Stomach 
anatomy of, 1849, 1850f 
digestion and absorption of proteins in, 
1854-1855 
peptic ulcer disease and, 1856-1858, 1857», 
1857f 
Stomach cancer markers 
cancer antigen 50 in, 773 
cancer antigen 72-4 in, 774 
cathepsins in, 763 
epidermal growth hormone receptor in, 780 
heat shock proteins in, 776 
lactate dehydrogenase in, 756 
telomerase in, 765 
tumor-associated trypsin inhibitor in, 764 
Stool specimen, 1224 
collection of, 52 
for sodium determination, 984 
Stopper color in evacuated blood tube, 44t 
Storage and retrieval system, 287 
Storage container, 34, 34t 
Storage of specimen collection, 56 
Strand displacement amplification, 1419 
Stray light in spectrophotometry, 71-72 
Streptococcal infection 
acute nephritis syndrome and, 1705-1706 
perinatal, 1572-1573 
Streptomycin, 1262-1265, 1268¢ 
Stress 
blood collection and, 43 
effects on glucocorticoids, 2013 
as noncontrollable preanalytical variable, 465 
Stringency of hybridization reaction, 1431 
Strip test 
for saliva alcohol, 1304 
for urine glucose, 872 
Stromal cell 
chemokines and, 715 
interleukin-7 and, 675f, 675-676 
interleukin-11 and, 680-682, 681f 
Stromal cell-derived factor 1, 654 
Struvite stones, 1715 
Study design, 328-329 
Subacute bacterial endocarditis, 567t 
Subacute combined degeneration of spinal 
cord, 1103 
Subacute necrotizing encephalomyelopathy, 
1503-1504, 1504f 
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Subclinical deficiency state, 1077 
Suberic acid, 2295t 
Suberylglycine, 2295¢ 
Subject-based reference values, 426, 4456 445- 
446 
Subset, statistical term, 433 
Substance abuse, 1317-1350 
amphetamine and methamphetamine in, 
1320-1322, 1321f, 1322f, 1324-1325 
barbiturates in, 1325-1328, 1326¢, 1327f 
1327t 
benzodiazepines in, 13284, 1328-1333, 1329- 
1332f | 
cannabinoids in, 1333f, 1333-1335, 1334f 
cocaine in, 1335-1336, 1336f 
designer amphetamines in, 1322-1323 
dextromethorphan in, 1344, 1345f 
drug detection cutoff concentration and, 
1319¢ 
ephedrine and pseudoephedrine in, 1323 
gamma-hydroxybutyrate in, 1336-1338, 1337f 
guidelines for drug assay cutoff values and, 
1320t 
hair analysis for, 1349-1350 
hepatitis D and, 1804 
lysergic acid diethylamide in, 1338f 1338- 
1339, 1339f 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 
phencyclidine and ketamine in, 1347 1347- 
1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f 1346-1347 
saliva analysis for, 1350 
screening for, 1292-1296, 12934, 1295f 
specimen validity check reagents and, 1318¢ 
sweat analysis for, 1350 
Substance Abuse and Mental Health Service 
Administration, 1317, 1320t 
Substance concentration, 4f 
Substance content, 4t 
Substance P, 10234, 1875t 
Substance ratio, 4t 
Substrate(s) 
for alpha-amylase activity, 618-619 
for chymotrypsin activity, 623 
in enzyme-catalyzed reaction, 199f, 199-202, 
201f, 202f, 209-210 
for lipase activity, 621 
for serum cholinesterase activity, 615-616 
Substrate, label used for nonisotopic 
immunoassay, 231¢ 
Succinic acid, 2295t 
Succinic semialdehyde dehydrogenase defect, 
2226-2227t 
Succinimides, 1255-1256 
Succinyldicholine, 615-616 
Sucrase, 841 
Sucrase-isomaltase complex, 1853t 
Sucrase-isomaltase deficiency, 1863, 1864 
Sucrose, 839, 839f 
Sudafed. See Pseudoephedrine. 
Sudden death 
in fatty acid oxidation disorders, 2232 
postmortem screening in, 221-2211, 2210f 
22116 ; 
Sulfamic acid, 51 
Sulfasalazine, 2122t 
Sulfatase, 2035 
Sulfate, 1676¢ 


Sulfatides, 915 
Sulfation factor, 1972 
Sulfhemoglobin, 1168 
Sulfite oxidase deficiency, 2214-2215t 
Sulfonamides, 12624, 1263t, 1265-1266, 2314t 
Sulfotransferase isoenzyme, 1038 
Sulfur amino acid disorders, 2212-2215t 
Superior hypophyseal artery, 1967 
Superoxide dismutase 
copper and, 1126 
manganese and, 1130 
Supplemental unit, 5 
Support media in electrophoresis, 123-124 
Support vector machine, 418f 418-419 
Suppression test 
of adrenocortical hormones, 2018-2019, 
20196 
of renin-angiotensin-aldosterone system, 
2021 
Suprapubic tap specimen, 50 
Surface chemistry issues in microfabrication, 
256-257 
Surface effect immunoassay, 235b 
Surface-enhanced laser desorption/ionization, 
170-171, 184, 754 
Surfactant, 2159, 2159f, 2166-2167 
Surmontil. See Trimipramine. 
Sustiva. See Efavirenz. 
Swabs for specimen collection, 53 
Sweat chloride, 2260t 
Sweat testing, 994-998, 9954, 999b, 1350 
Sweating, influence on body fluid composition, 
463 
Swinging-bucket centrifuge, 19 
Symbology, 269-270 
Sympathetic nervous system, 1289-1291 
catecholamines and, 1041-1043, 1042t 
Sympathomimetics 
abuse of, 1320-1325, 1322, 1324f 
chemical structures of, 1321f 
influence on catecholamine levels, 1056t 
symptoms of overdose, 1290t 
Synacthen stimulation test, 1989 
Syndrome of inappropriate antidiuretic 
hormone, 1994-1995, 1995b 
Syndrome X, 857 
Synergistic interactions of trace elements, 1120 
Synovial cell, 659¢ 
Synovial fluid specimen, 52-53 
Synthetic reference material, 1560 
Syringe, blood collection with, 45 
Systematic differences between methods, 389 
Systematic error, 403b 
Systematic reviews of diagnostic tests, 336-338, 
337b 
Systematized Nomenclature of Medicine- 
Clinical Terms, 479-481, 481f 481 
Systemic lupus erythematosus 
C4 complement and, 567¢, 568 
electrophoretic patterns in, 585f 
interleukin-14 and, 689 
Systems analysis, 491-492, 492 


T 


T-cell 
in cell-mediated immunity, 1458 
chemokines and, 715-716 
interferon-y and, 698-702, 699f, 701t 
interleukin-? and, 659t 
interleukin-2 and, 660-664, 661f, 663b 
interleukin-3 and, 664-666, 665f 
interleukin-4 and, 666-669, 667f 


T-cell (Continued) 
interleukin-5 and, 669-671, 670f 
interleukin-6 and, 671-675, 672f, 673t 
interleukin-7 and, 675f, 675-676 
interleukin-9 and, 676-678, 677f 
interleukin-10 and, 678f 678-680, 679b 
interleukin-12 and, 682-686, 683f 
interleukin-13 and, 686f 686-688 
interleukin-14 and, 688f 688-689 
interleukin-15 and, 690 
interleukin-17 and, 693-694, 694f 
interleukin-18 and, 694-695, 695f 
T-cell receptor ; 
electrophoretic detection of, 137f 
rearrangement in lymphoma, 1458 
T-cell receptor gene, 1460f 1460-1461 
polymerase chain reaction for, 1462-1463, 
1463f 
Southern blotting for, 1451-1462, 1461f 
1462f 
T-cell tumor, 1459¢ 
T helper cell, 649-651, 650-652, 658 
Tacrolimus, 1275f, 1279-1280, 1280t 
development of nephropathy and, 1708t 
therapeutic and toxic levels of, 2314t 
Tagamet. See Cimetidine. 
Take-out station, 287 
Talwin. See Pentazocine. 
‘Tambocor. See Flecainide. 
Tamm Horsfall glycoprotein, 1679 
Tandem mass spectrometer, 179-180 
Tandem mass spectrometry, 590 
for amino acids, 541 
for hormones, 1031 
Tangier disease, 932 
Tanned erythrocyte hemagglutination methods, 
2084-2085 
Tag polymerase, 1414 
Target amplification methods, 1411-1418 
enzymes needed in, 1411¢ 
ligase chain reaction in, 1416-1417 
polymerase chain reaction in, 1412-1415f, 
1412-1416 
probe amplification-Q-beta replicase in, 1418 
strand displacement amplification in, 1419 
transcription-based amplification methods 
in, 1417, 1417f 
whole genome and whole transcriptome 
amplification in, 1419 
Target value, basic error model and, 368-369, 
369f 
Tartrate-resistant acid phosphatase, 1939-1940 
Tartrate-resistant alkaline phosphatase, 624-625, 
1939-1940 
TATA box, 1396 
TATI. See Tumor-associated trypsin inhibitor. 
Taurine, 536t 
TBG. See Thyroxine-binding globulin. 
TBPA. See Thyroxine-binding prealbumin. 
TBW. See Total body water. 
Tcl transport protein, 1101 
TDx FLM II method, 2190 
Tecan Genesis FE-500 Workcell, 285f 
Technical personnel in molecular diagnostics 
laboratory, 1453 
Teeth, fluoride and, 1142 
Tegretol, See Carbamazepine. 
Telomerase, 764-765 
Telomeric repeat amplification protocol, 765 
Telopeptides, 1927f 1936-1939, 2264f, 2287 
Temazepam, 1328%, 1330f 
Temocillin, 1267t 
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Temperature control 
in blood gas measurement, 1012, 1013+, 
1013-1014 
in gas chromatography, 151-153 
in ion-exchange chromatography for glycated 
hemoglobin, 881-882 
in mixing of reactants, 276 
Temperature effects 
on capillary electrophoresis, 133 
on enzyme-catalyzed reactions, 203-204, 204f 
on fluorometry, 84 
inactivation of enzymes by heat, 193 
on Jaffe complex formation, 798 
Temperature-gradient electrophoresis, 1425- 
1426, 1426f, 1463 
Tennessee antigen, 767t 
Tenormin. See Atenolol. 
Tera, metric prefix of SI unit, 7t 
Teratogenicity of vitamin A, 1083 
Terazosin, 1056t 
Terbutaline, 1261 
Terminal deoxytransferase, 755t 
Terosite, 1190t 
Terpenes, 915 
Tertiary adrenal insufficiency, 2022-2023 
Tertiary structure of protein, 542 
Test independence, 414-415 
Test performance evaluation, 409-424 
Bayes’ theorem and, 414-415 
classification bias and, 4104, 410-411 
clinical examples of, 419-420 
combination testing and, 415¢, 415-416, 416t 
cost effectiveness and outcomes research and, 
420-422, 421f 
data analysis methods for very large numbers 
of variables and, 418f 418-419 
likelihood ratio and, 413f 413-414 
model evaluation and, 420 
multivariate data analysis in, 416-418, 417f, 
418f 
odds ratio and, 413 
receiver operating characteristic curves in, 
Al2f, 412-413, 413f 
sensitivity and specificity in, 4114, 411-412, 
412f 
spectrum in, 409-410, 410¢ 
Test referral bias, 410 
Test verification, 1558-1561, 15594, 1560¢ 
Testicular feminization, 2103, 2114 
Testicular tumor 
lactate dehydrogenase and, 602 
tumor markers in, 753t, 756 
alpha-fetoprotein in, 767-768 
human chorionic gonadotropin in, 766 
Testis, 2097, 2098f 
biosynthesis of androgens in, 2100f 
hormones of, 1022: 
Testosterone, 1022t, 2097, 2098f 
alcohol ingestion and, 458 
analytical goals for, 365¢ 
biosynthesis of, 2010f, 2098, 2100f 
biosynthesis of estrogens and, 2107f 
blood 
free and weakly bound, 2129-2131, 21304, 
2131k 
total, 2127-2129, 2129¢ 
catabolism of, 2101f 
circadian variation in, 452 
in elderly, 461 
male infertility and, 2122-2123 
male reproductive function and, 2122 
reference intervals for, 21314, 2295t 
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Testosterone (Continued) 
secretion of, 2015 
serum, 2127-2129, 2129t 
structure of, 2009, 2010f 
systematic name for, 2005¢ 
‘Testosterone precursors, 2131-2132, 2132+ 
TestPak Plus one-step pregnancy test, 238-239 
Tetracychic antidepressants, 1269 
‘Tetracyclines, 1266, 1268t 
Tetradecadienoylcarnitine, 2296t 
Tetradecanedivic acid, 2296¢ 
Tetradecanoylcarnitine, 2296t 
Tetradecenoyicarnitine, 2296-2297¢ 
Tetrahydrobiopterin, 1034 
Tetrahydrocannabinol, 1333-1334, 1334f 
Tetrahydrocannabinol-9-carboxylic acid 
SAMSHA guidelines for drug assay cutoff 
values, 1320¢ 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Tetrahydrocortisol, 2012 
Tetrahydrocortisone, 2012 
‘Tetrahydrofolate, 55t 
Tetrapeptides, 541 
Tetroses, 837 
Thi helper cell, 649-651, 650f, 651f 
interferon-y and, 698-699, 699f 
interleukin-2 and, 661, 661f 
interleukin-3 and, 665, 665f 
interleukin-10 and, 679, 679t 
Th2 helper cell, 649-651, 650-652f 
interleukin-3 and, 665, 665f 
interleukin-4 and, 666-668, 667f 
interleukin-5 and, 670, 670f 
interleukin-9 and, 677 
interleukin-13 and, 686f, 686-688 
Thalassemia, 1178-1181, 1179f, 1180f 
complete blood count in, 1171, 1172f 
iron averload in, 1193 
Thalidomide, 1718 
Thallium 
reference intervals for, 2297t 
toxicity of, 13724 1384 
THBR. See Thyroid hormone-binding ratio, 
THC. See Tetrahydrocannabinol. 
Theca externa, 2104 
Theca interna, 2104 
Theophylline, 12614, 1261-1262 
analytical goals for, 365¢ 
antidote for overdose, 1288 
in induction of enzyme activity, 1247 
influence on catecholamine levels, 1056¢ 
therapeutic and toxic levels of, 2314¢ 
Theoretical plate in column chromatography, 
147-148 
Therapeutic drug management, 1237-1285 
analytical techniques for drug measurement 
in, 1248-1249 
antibiotics in, 1262-1266, 1267-1269t 
aminoglycosides in, 1262-1265, 1263+, 
1264¢ 
chloramphenicol in, 1265 
fluoroquinolones in, 1265, 1266f 
sulfonamides in, 1265-1266 
vancomycin in, 1266 
antidepressants in, 1269-1271, 1270¢ 
antiepileptic drugs in, 1249-1256, 1250¢ 
benzodiazepines in, 1255 
carbamazepine in, 1249-1250 
ethosuximide in, 1250 
felbamate in, 1254 
gabapentin in, 1254 
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Therapeutic drug management (Continued) 
lamotrigine in, 1254 
levetiracetam in, 1250-1251 
mephobarbital in, 1255 
oxcarbazepine in, 1251 
phenobarbital in, 1251-1252 
phenytoin in, 1252 
primidone in, 1252-1253 
succinimides in, 1255-1256 
tiagabine in, 1254-1255 
topiramate in, 1253 
valproic acid in, 1253-1254 
zonisamide in, 1255 
antimetabolites in, 1272-1274, 1273t 
antiretrovirals in, 1269, 1269¢ 
basic concepts of, 1238-1247 
biotransformation in, 1246-1247 
drug absorption in, 1243-1244 
drug distribution in, 1244-1245 
drug excretion in, 1247 
drug metabolism in, 1245-1246, 1246f 
hepatic clearance in, 1246 
mechanism of action in, 1238-1240, 1239f 
pharmacokinetics in, 1240-1242f 1240- 
1243 
bronchodilators in, 12611, 1261-1262 
cardioactive drugs in, 1256, 1256-1261 
amiodarone in, 1256 
digoxin in, 1256-1257, 1257f 
disopyramide in, 1258 
flecainide in, 1258 
lidocaine in, 1258-1259 
mexiletine in, 1259 
procainamide in, 1259 
propafenone in, 1259-1260 
propranolol in, 1260 
quinidine in, 1260 
tocainide in, 1260-1261 
verapamil in, 1261 
clinical utility of, 1247-1248 
definitions in, 1238, 1238f 
immunosuppressants in, 1274-1280, 1280t 
cyclosporine in, 1274-1276, 1275f 
everolimus in, 1276-1277 
mycophenolate mofetil in, 1277f, 1277- 
1278 
sirolimus in, 1278-1279 
tacrolimus in, 1279-1280 
in kidney transplantation, 1726-1727 
lithium in, 1271-1272 
pharmacogenetics and, 1589-1616 
N-acetyl transferases and, 1603-1609, 
1605-16074, 1608f 
approaches to, 1590-1592, 1591¢ 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
1601#, 1602t, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 
1596-1597#, 1598f, 1599f 
targets and future directions in, 1609-1611, 
1610¢ 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594f 
therapeutic and toxic levels of drugs in, 2303- 
2316¢ 
Therapeutic range of drug, 1239, 1239f 
Thermal conductivity detector, 151, 153% 154 
Thermal degradation of specimen, 271 
Thermionic selective detector, 1534, 154 
Thermistor, 25 
Thermo Electron Corporation, 288 
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Thermocycler, 1412 
Thermodynamics, hybridization, 1430f 1430- 
1431 
Thermogenesis, 1043 
Thermometer, 25 
Thermometry, 25 
Thermostable polymerases, 1411 
Thiamine, 1090f, 1090-1094, 1091f, 1093s, 
1094f 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 
Thiamine pyrophosphate, 1090f, 1090-1091 
Thiamine pyrophosphate-ATP - 
phosphoryltransferase, 1090, 1091f 
Thiamine-responsive megaloblastic anemia, 
1092 
Thiamine triphosphatase, 1090, 1091f 
Thiaminokinase, 1090 
Thiazides 
effects on laboratory tests, 458 
renal disease and, 1712 
Thick-film technology in glucose measurement, 
305 
Thin-film technology in glucose measurement, 
306 
Thin-layer chromatography, 141, 142f, 148, 149f 
in drug screening, 1293-1294, 1295f 
for urinary sugars, 890 
Thiocyanate, 2297¢ 
Thiopental 
characteristics of, 1326t 
therapeutic and toxic levels of, 2314 
Thiopurine S-methyltransferase, 1592-1595, 
1593f, 1594f 
Thiopurines, 1272-1273 
Thioredoxin reductase, 1134 
Thioridazine, 13114 2314t 
Thirst center, 1992 
Thomson, 171 
Thoracentesis, 53 
Thorazine. See Chlorpromazine. 
Threatened abortion, 2161-2162 
Three-compartment pharmacokinetic model, 
1241, 1241f 
Threonine 
reference intervals for, 2297t 
structure and molecular weight of, 534¢ 
Threshold effect in mitochondrial DND 
mutation, 1503 
Threshold limit value, 29 
Thrombolytic therapy, 1659-1660, 1660f 
Thrombophilia, 1506-1508 
Thrombospondin-1, 786 
Thromboxane, 911-913, 911-913f, 912t 
renal production of, 1683 
urine, 1635 
Thromboxane A,, 1685t 
Thymidine kinase, 755t 
Thymine, 1394, 1394f 
Thymocyte 
interleukin-1 and, 6594 
interleukin-6 and, 673 
interleukin-7 and, 675f, 675-676 
interleukin-12 and, 684 
Thymol, 51 
Thymopoietin, 1024t 
Thymosin, 1024t 
Thymus hormones, 1024t 
Thyrocaicitonin, 1021¢ 
Thyroglobulin, 2056 
cast nephropathy and, 1717 
determination of, 2083-2084 


Thyroglobulin (Continued) 
reference intervals for, 2297 
as tumor marker, 777 
Thyroid, 2053-2095 
dysfunction of, 2057-2065 
diagnosis of, 2063-2065, 2065f 
effects of drugs in, 2063, 2064t 
hyperthyroidism in, 2059b, 2059-2061, 
2060f, 2061% 
hyperthyroidism versus euthyroid sick 
syndrome in, 2063 
hypothyroidism in, 2057-2059, 2058, 
2059b 
hypothyroidism versus euthyroid sick 
syndrome in, 2062-2063 
nonthyroidal iliness and, 2061-2062, 
20626, 2062f 
selenium role in function of, 1135 
thyroid hormones and, 2053-2057, 2054f 
2054, 2055f, 2057b 
Thyroid cancer 
calcitonin and, 765-766, 1926-1927 
hormonal markers of, 765, 765t 
matrix metalloproteinases and, 763 
neuron-specific enolase and, 756 
RET tyrosine kinase receptor and, 783 
thyroglobulin and, 777 
tumor markers in, 753¢ 
Thyroid function tests, 2065-2087 
antithyroid antibodies in, 2084-2087 
blood thyroid-stimulating hormone in, 2066- 
2068, 2067f 
for free thyroid hormones, 2073-2083 
direct reference methods for, 2074-2075 
free thyroxine index and, 2078-2079 
hypothyroidism versus euthyroid sick 
syndrome and, 2062-2063 
indirect methods for, 2075-2076 
selection and use of tests for, 2081-2082 
thyroid hormone-binding ratio and, 2076- 
2078, 2078t 
thyroxine-binding globulin ratio and, 
2080-2081 
reverse triiodothyronine using 
radioimmunoassay in, 2073 
serum thyroxine in, 2068-2071 
serum triiodothyronine in, 2071-2073 
thyroxine-binding globulin and, 2082-2084 
Thyroid hormone, 10211, 2053-2057 
biochemistry of, 2055f, 2055-2056 
biological function of, 2054-2055 
chemistry of, 2053-2054, 2054t 
circadian variation in, 452 
creatine kinase and, 599 
effects on cortisol, 2012-2013 
euthyroid sick syndrome and, 2061-2062, 
2062b, 2062f 
fasting and starvation and, 456 
malnutrition and, 456 
osteoporosis and, 1932 
physiology of, 2056-2057, 2057b 
seasonal influences on, 464 
Thyroid hormone-binding proteins, 2073-2074, 
2082-2084 
Thyroid hormone-binding ratio, 2076-2078, 
2078t 
Thyroid-stimulating hormone, 10204, 1988 
in amniotic fluid, 2156 
analytical goals for, 365¢ 
blood, 2066-2068, 2067f 
circadian variation in, 452 
hyperthyroidism and, 2060-2061 


Thyroid-stimulating hormone (Continued) 
hyperthyroidism versus euthyroid sick 
syndrome and, 2063 
hypothyroidism and, 2058-2059, 2059b 
hypothyroidism versus euthyroid sick 
syndrome and, 2062-2063 
iodide concentration and, 2055-2056 
malnutrition and, 456 
morphine and, 459 
neonatal, 460-461 
neurotransmitter effect on, 1968t 
reference intervals for, 2297¢ 
serum, 2063-2064, 2066 
values during pregnancy, 2158 
Thyroid-stimulating immunoglobulins, 2086- 
2087 
Thyrotoxicosis, 2059}, 2059-2061, 2060f 
20616 
Thyrotroph, 1967 
Thyrotropin, 10202, 1988, 2055-2056, 2297 
Thyrotropin-binding inhibitory 
immunoglobulins, 2086 
Thyrotropin-receptor antibodies, 2086-2087 
Thyrotropin-releasing hormone, 10201, 1968, 
2056 
hypothyroidism and, 2059, 2059b 
prolactin and, 1977 
Thyroxine, 1019, 1021¢ 
in amniotic fluid, 2156 
analytical goals for, 365t 
biochemistry of, 2055f, 2055-2056 
biological function of, 2054-2055 
chemistry of, 2053-2054, 2054t 
circadian variation in, 452 
euthyroid sick syndrome and, 2061-2062, 
2062b, 2062f 
fasting and starvation and, 456 
fever and, 465 
hyperthyroidism and, 2059-2061 
hypothyroidism and, 2057-2059, 2058/, 2059b 
influence on blood glucose, 850 
malnutrition and, 456 
neonatal, 460 
physiology of, 2056-2057, 2057b 
posture-related changes in, 450 
reference intervals for, 2298t 
serum, 2068-2071 
structure and molecular weight of, 536t 
transthyretin and, 563-564 
units of measurement for, 7t 
values during pregnancy, 2158¢ 
Thyroxine-binding globulin, 2057, 2057b 
deficiency of, 563-564 
determination of, 2082-2084 
levels during pregnancy, 2157, 2158t 
reference intervals for, 2298¢ 
serum, 2080-2081 
Thyroxine-binding prealbumin, 2057, 2057b 
Tiagabine, 12504, 1254-1255, 2314¢ 
TIBC. See Total iron-binding capacity. 
Ticarcillin, 1267t 
Tiglylcarnitine, 2298-2299¢ 
TIL. See Tumor infiltrating lymphocyte. 
Time, SI unit of, 6, 6t 
Time of flight mass spectrometer, 174f, 174-176 
Time-resolved fiucrometry, 76, 81-82 
Time series analysis, 445-446 
Timed urine specimen, 50 
Tissue 
concentrations of vitamins and trace 
elements in, 1079 
gas exchange in, 1763, 1764f 
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Tissue (Continued) 
production of tumor markers in, 746t 
storage of drug in, 1240¢ 
Tissue-bound antibody, 220 
Tissue fibrosis 
in chronic hepatitis, 1817 
in cirrhosis, 1819 
tumor necrosis factor-a and, 706 
Tissue inhibitors of metalioproteinases, 763, 
1817 
Tissue plasminogen activator antigen, 1634 
Tissue polypeptide antigen, 7671, 769 
Tissue polypeptide-specific antigen, 769 
Titer, 5 
Titrimetric methods for lipase, 621 
TLA. See Total laboratory automation. 
TLC. See Thin-layer chromatography. 
TLRs. See Toll-like receptors. 
TMA. See Transcription-based amplification 
methods. 
TNE See Tumor necrosis factor. 
Tobramycin, 1262f, 1262-1265, 1263, 2314- 
2315t 
Tocainide, 1256t, 1260-1261, 23158 
Tocopherols, 1084f, 1084-1087, 1085f 
Tocotrienol, L084f 1084-1087, 1085f 
Tofranil. See Imipramine. 
Tolbutamide, 2315t 
Tolbutamide tolerance test, 867-868 
Toll-like receptors, 652 
Toluene, 51 
Tonocard. See Tocainide. 
Tonometered whole blood, 1012 
Tonometry, 1006 
Topamax. See Topiramate. 
Topiramate, 12507, 1253, 2315 
Torr, 1000 
Total allowable analytical error, 470 
Total antioxidant capacity, 1078 
Total bilirubin 
analytical goals for, 363t 
reference intervals for, 2258t 
Total blood testosterone, 2127-2129, 2129t 
Total body clearance of drug, 1242, 1246 
Total body water, 1747-1748, 1748f, 1748t 
hypervolemic hypernatremia and, 1754 
prolonged bed rest and, 450 
Total calcium, 1897-1899, 1898f, 1899b 
adjusted or corrected, 1896-1897, 18976 
analytical goals for, 363t 
interpretation of results, 1903-1904, 1904f, 
1905f 
plasma, 1893¢ 
reference intervals for, 1903, 22581 
sources of preanalytical error in, 1902-1903 
Total carbon dioxide, 996-991, 22594, 2317t 
Total cholesterol 
analytical goals for, 363¢ 
population distributions of, 922 
Total cortisol, 2038, 2263 
Total error, 369, 470 
Total erythrocyte porphyrin, 1226 
Total estriol, 2268t 
Total homocysteine, 968, 1104, 2274-2275t 
Total ion chromatogram, 165 
Total iron-binding capacity, 563, 1315 
Total laboratory automation, 267 
Total lactate dehydrogenase, 2282¢ 
Total lipids 
circadian variation in, 453f, 453¢ 
effects of prolonged venous occlusion on, 43¢ 
food ingestion and, 454 
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‘Total lipoprotein subclasses, 953 
Total lipoproteins, 953 
Total magnesium, 1911, 1911f 1912 
Total metanephrines, 2285t 
Total normetanephrine, 2285 
Total parenteral nutrition, 1140 
Total porphyrins, 2294t 
‘Total protein 
aduit levels of, 461 
in amniotic fluid, 2156t 
analytical goals for, 364t 
in burn patient, 466 
circadian variation in, 452, 453f, 453t 
effects of exercise on, 452t 
effects of prolonged venous occlusion on, 43f 
influence of age on, 460t 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
influence of gender on, 462t 
influence of menstrual cycle on, 464 
malnutrition and, 455 
plasma, 47¢ 
reference intervals for, 2292-2293t 
serum, 586-589 
urine 
dipstick test for, 809, 810f 
measurement of, 813, 813, 814t 
sample collection for, 812-813 
Total quality management, 485-488, 486f 487f 
Total radical-trapping antioxidant parameter 
assay, 1077-1078 
Total testosterone, 2118, 2127, 2295-2296t 
Total thyroxine, 2063 
analytical goals for, 365¢ 
levels during pregnancy, 2157 
Total triiodothyronine, 2300t 
Tourniquet for venipuncture, 42-43 
Toxic hepatitis, 1807 
aminotransferases and, 605 
laboratory features of, 1805¢ 
lactate dehydrogenase and, 602 
Toxic nephropathy, 1707, 1708 
Toxic syndromes, 1289-1292, 1290t 
Toxicity 
of aluminum, 1374-1375, 1375f, 1699 
analytical methods for toxic metals, 1373- 
1374 
of antimony, 1375-1376 
of arsenic, 1376f, 1376-1377 
of ascorbic acid, 1107 
of beryllium, 1377 
of biotin, 1108 
of cadmium, 1377-1378 
of chromium, 1125, 1378 
classification of toxic metals, 1372-1373, 
1373f 
of cobalt, 1378 
of copper, 1129, 1378-1379 
diagnosis of metal-based, 1372, 1372t 
of fluoride, 1142 
of folic acid, 1113 
of iron, 1314-1315, 1379 
of lead, 1379f 1379-1381, 1380f 
of manganese, 1131, 1381 
of mercury, 1381-1382, 1383f 
of molybdenum, 1133 
of niacin, 1116 
of nickel, 1383 
occupational monitoring of toxic metals, 
1372 
of pantothenic acid, 1118 
of platinum, 1383 
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Toxicology (Continued) 
screening procedures for drugs in, 1292-1296, 
1293t, 1295f 
toxic syndromes and, 1289-1292, 1290¢ 
tricyclic antidepressants and, 1308-1312, 
1309-1311 f 
urine alcohol and, 1304 
Toxidromes, 1289-1292, 1290t 
Toxins 
aflatoxin in, 1824 
anaphylatoxin in, 565 
development of nephropathy and, 1708t 
endotoxins in k Transferrin receptor, 1187, 1188f 
in interleukin-6 secretion, 672 Transferrin saturation, 1188-1192, 1189-11914, 
tumor necrosis factor-œ and, 703 2158t 
lymphotoxin in, 702 Transforming growth factor-B, 649 
nephrotoxins in, 1707, 1708t cancer and, 653 


‘Transferrin, 562-563, 1187, 1188¢ 
aluminum binding to, 1374 
analytical goals for, 365¢ 
ceruloplasmin and, 556-557 
effects of steroid hormones on, 545¢ 
influence of altitude on, 463 
malnutrition and, 455 
properties of, 544t 
reference intervals for, 2299t 
transfusion-related changes in, 467 
values during pregnancy, 2158t 

Transferrin cycle, 1187 


Toxicity (Continued) 
prevalence of toxic metals, 1371-1372 
of riboflavin, 1097 
of selenium, 1136, 1383-1384 
of silicon, 1384 
of silver, 1384 
of thallium, 1384 
of thiamine, 1092 
of vitamin A, 1083 
of vitamin Be 1099-1100 
of vitamin Bi» 1103 
of vitamin E, 1086-1087. . 
of vitamin K, 1089 
of zinc, 1140-1141 

Toxicodynamics, 1238 

Toxicokinetics, 1238 

Toxicology, 1238, 1287-1369 


acetaminophen and, 1304-1306, 1305f, 1306f 
analytical considerations in, 1289 
antidotes in, 1288t 
antihistamines and, 1312, 1312-1313, 1313f 
blood alcohol and, 1302-1303 
breath alcohol and, 1303-1304 
carbon monoxide and, 1296f, 1296-1298 
clinical considerations in, 1288-1289 
drugs of abuse and, 1317-1350 
amphetamine and methamphetamine in, 
1320-1322, 1321f, 1322f 1324-1325 
barbiturates in, 1325-1328, 13261, 1327f, 
1327t 
benzodiazepines in, 13284, 1328-1333, 
1329-1332f 
cannabinoids in, 1333f, 1333-1335, 1334f 
cocaine in, 1335-1336, 1336f 
designer amphetamines in, 1322-1323 
dextromethorphan in, 1344, 1345f 
drug detection cutoff concentration and, 
1319% 
ephedrine and pseudoephedrine in, 1323 
gammia-hydroxybutyrate in, 1336-1338, 
1337f 
guidelines for drug assay cutoff values and, 
1320t 
hair analysis for, 1349-1350 
lysergic acid diethylamide in, 1338f 1338- 
1339, 1339f 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 
phencyclidine and ketamine in, 1347f 
1347-1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f, 1346-1347 
saliva analysis for, 1350 
specimen validity check reagents and, 
1318¢ 
sweat analysis for, 1350 
ethanol and, 1300-1301, 1301¢ 
ethylene glycol and, 1313f 1313-1314 
general supportive measures in, 1288b 
ivon and, 1314-1315 
isopropanol and, 1302, 1302f 
methanol and, 1301-1302 
methemoglobin-forming agents and, 1298- 
1300, 1299f 1299t 
on-site drug testing and, 1350-1351 
organophosphate and carbamate insecticides 
and, 1315f, 1315-1317, 1316f 
postmortem alcohol and, 1304 
salicylates and, 1306-1308, 1307f, 1308f 
saliva alcohol and, 1304 


uremic, 1691-1692, 1692t 
TPI. See Triosephosphate isomerase. 
Trace elements, 1118-1443 
atomic absorption spectrophotometry for, 
1121-1122 
biochemistry and homeostasis of, 1119 
boron in, 1143 
chemistry of, 1119 
chromium in, 1122-1126 
classification of, 1118 
cobalt in, 1126 
copper in, 1126-1130, 1127f 
dose-effect relationships of, 1118-1119, 1119f 
fluoride in, 1142-1143 
inborn errors of, 1119 
inductively coupled plasma-mass 
spectrometry for, 1122 
inductively coupled plasma-optical emission 
spectrometry for, 1122 
jnteractions of, 1119-1120 
laboratory assessment of, 1120 
manganese in, 1130-1132 
molybdenum in, 1132-1133 
nutritional assessment and monitoring of, 
1076-1079, 1077f 
oral and intravenous intakes for adult, 1076t 
photometry for, 1121 
plasma, 1078 
preanalytical factors in, 1121 
quality assurance considerations for, 1122, 
11236 
selenium in, 1133-1137, 1134f 
specimen requirements for, 1120-1121 
zine in, 1137-1141, 1 139f 
‘Traceability of measurements, 397-398, 398f 
403b 
TRAIL. See Tumor necrosis factor-related 
apoptosis-inducing ligand. 
Training in point-of-care testing, 312, 312b 
‘Trans-cinnamoylglycine, 2262¢ 
Trans fatty acids, 909 
Transcobalamin I, 1101 
Transcobalamin III, 1103 
‘Transcortin, 2036 
Transcription, 1396-1397, 1397¢ 
Transcription-based amplification methods, 
1417, 1417f, 1803 
Transcription errors, 493 
Transcutaneous measurement of bilirubin, 
1197-1198 
Transcutaneous monitoring of blood gases, 
1014 
Transfer pipette, 14-15, 15f 15t 
Transfer ribonucleic acid, 1397 
Transferability of reference values, 443 


diabetic nephropathy and, 1701 
in synthesis of interleukin-11, 681 
Transforming growth factor-B1 
interleukin-2 and, 661 
prolactin and, 1977 
Transfusion 
as noncontrollable preanalytical variable, 
466-467 
reaction to, 717-718 
Transketolase, 631, 1091, 1093, 10934, 1094f 
2299t 
Translation, 1396-1397, 1397t 
Translocase deficiency, 2234-2235t 
Translocations 
in leukemias, 1466-1472, 14684, 1469-1473f 


in lymphoma, 1463-1466, 1465t, 1466f, 1467f 


minimal residual disease detection and 
monitoring in, 1474 
Transmission Control Protocol/internet 
Protocol, 292 
‘Transmission grating in spectrophotometry, 67 
Transplant rejection 
chemokines and, 717 
tumor necrosis factor-o: and, 708 
Transplantation 
kidney, 1725-1728, 1726f 
liver, 614 
tissue compatibility tests for, 1546f 1546- 
1549, 1547t 
Transplantation tissue compatibility analysis, 
1546f, 1546-1549, 1547¢ 
Transport of specimen, 56-57, 270-271 
automated, 282-284, 284f 
effect on laboratory test results, 493-494 
preservation during, 54-55%, 54-56 
Transthyretin, 563-564 
effecis of steroid hormones on, 545t 
hepatic synthesis of, 1788 
properties of, 544t 
reference intervals for, 2299t 
Transudate, 580 
Tranxene. See Clorazepate. 
Tranylcypromine, 1056t 
TRAP. See Telomeric repeat amplification 
protocol; Total radical-trapping 
antioxidant parameter assay. 
Trapping-mass spectrometer, 176-180, 177f 
Trauma as noncontrollable preanalytical 
variable, 466, 467 


Travel as controllable preanalytical variable, 453 


Trazodone, 1269, 1270t, 2315t 
Trefoil peptides, 1875t 
‘Trehalase, 1853¢ 
deficiency of, 1863, 1864 
TRH. See Thyrotropin-releasing hormone. 


Triacylglycerols, 1854 
Triage device, 1350-1351 
Triamcinolone, 2009¢ 
Triazolam, 1328¢, 1331f 
Triazoles, 1269 
Triazolobenzodiazepines, 1331f 
Tricarboxylic acid cycle, 909, 910f 
Tricuspid valve, 1620, 1620f 
Tricyclic antidepressants, 12701, 1270-1271, 
1308-1312, 1309-1311f 
antidote for overdose, 1288t 
false-positive elevations of plasma 
normetanephrine and, 1048, 1055, 1056¢ 
Tricthylenemelamine, 2122t 
Trifluoperazine, 1311¢ 
Triflupromazize, 1311¢ 
‘Trifunctional protein deficiency, 2232-2236, 
2234-2235t 
Triglyceride(s), 913f 913-914 
adult levels of, 461 
alcohol ingestion and, 458 
analytical goals for, 364t 
analytical variation in, 954, 955¢ 
diet and, 453 
digestion and absorption of fats and, 1854 
effects of exercise on, 451 
enzyme methods for, 944-945 
familial combined hyperlipidemia and, 929- 
930 
familial hypertriglyceridemia and, 930 
fasting and starvation and, 456 
influence of menstrual cycle on, 464 
in lipoproteins, 916t 
malnutrition and, 455 
obesity and, 464-465 
physiological variation in, 954-955, 9561, 957t 
population distributions of, 923t 
posture-related changes in, 450¢ 
racial differences in, 463 
reference intervals for, 2299% 
reference methods in, 940-941 
seasonal influences on, 463, 464t 
smoking and, 457, 457¢ 
travel-related changes in, 453 
units for, 7t 
values during pregnancy, 465, 2158¢ 
vegetarianism and, 455, 456t 
Triglyceride blanks, 944-945 
Triglycerides 
fasting, 2158¢ 
Triiodothyronine, 1021¢ 
analytical goals for, 365t 
biochemistry of, 2055f, 2055-2056 
biological function of, 2054-2055 
chemistry of, 2053-2054, 2054t 
in elderly, 461 
euthyroid sick syndrome and, 2061-2062, 
2062b, 2062f 
fasting and starvation and, 456 
hyperthyroidism and, 2059-2061, 2061 
hypothyroidism and, 2057-2059, 2058f 20596 
levels during pregnancy, 2157 
malnutrition and, 456 
physiology of, 2056-2057, 20576 
reference intervals for, 2300t 
reverse, 2073 
serum, 2071-2073 
shock-related changes in, 466 
structure and molecular weight of, 536¢ 
values during pregnancy, 2158¢ 
Triiodothyronine uptake test, 364, 2076-2077 
Trileptal. See Oxcarbazepine. 
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Trimethoprim-sulfamethoxazole, 1266 
Trimipramine, 1269, 1270t, 1308-1312, 1309f 
2315t 
‘Trinder photometric method, 1308 
Triosephosphate isomerase, 628-629 
Trioses, 837 
Tripeptides, 541 
Triple test, 2168 
Tripyridyl triazine, 1190: 
Trisomy 18, 2166, 2170 
Trivial name, 2004, 2005¢ 
TRMA. See Thiamine-responsive megaloblastic 
anemia. : 
Trophoblast, 2153 
Trophoblastic disease, 2165 
Trophoblastic tumor, 766 
Trough blood concentration of drug, 1239 
‘True cholinesterase, 192t, 614-616 
True-negative result, 421 
True-positive result, 421 
True value, basic error mode? and, 368-369, 
369f 
Trueness of measurement, 356, 356t 
Trypsin, 622-623 
deficiency of, 1855 
distribution of, 217t 
EC number, and systemic and trivial names 
of, 192t 
'Trypsin-2, 622 
‘Irypsinogen-1, 622 
‘Tryptophan 
reference intervals for, 2300t 
serotonin from, 1034, 1034f 
structure and molecular weight of, 534t 
Tryptophan hydroxylase, 1034, 1034f 
TSH. See Thyroid-stimulating hormone. 
TTR. See Transthyretin. 
Tuberculosis, 30, 660, 1575-1576 
Tuberculous meningitis, 578¢ 
Tubular diseases, 1707-1711 
Tubular myelin, 2159 
Tubular proteinuria, 575, 576, 817, 1687t, 1688 
Tubulogiomerular feedback mechanism, 1684 
Tumor(s) 
adrenal, 2029-2039 
B-cell 
antigen-receptor gene rearrangements in, 
1459¢ 
beta,-microglobulin and, 555 
bone, 624 
brain, 5781 
carcinoid, 1052-1054 
cytokines in diagnosis of, 655 
hematopoietic, 1457-1482 
acute myeloid leukemia in, 1466-1469, 
1469-1471f 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f 1473f 
detection of viral genomes in, 1475f 1475- 
1476 
immunoglobulin-gene rearrangements in, 
1458f, 1458-1460, 14594, 1460f 
in situ hybridization and, 1476 
lymphoma-specific recurrent 
chromosomal translocations in, 1463- 
1466, 14654, 14667, 1467f 
minimal residual disease detection and 
monitoring in, 1474 
oncogene and tumor suppressor gene 
mutations in, 1472f, 1472-1474 
PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463f 
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Tumor(s) (Continued) 
potential of microarrays for, 1476 
Southern blot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f, 1461-1462, 1462f 
T-cell receptor gene rearrangements in, 
1460f, 1460-1461 
use of reverse-transcription PCR in 
chromosomal translocations in, 1471- 
1472 
hepatic, 1823-1825, 1824: 
immune response to, 654, 654f 
neuroblastoma, 1049-1050 
neuroendocrine, 753, 777, 1877-1878 
ovarian, 2117 
pheochromocytoma, 1045-1048, 10495 
pituitary 
growth hormone-secreting, 1971-1972 
preoperative endocrine testing in, 1990, 
1990f 
prolactin-secreting, 1979 
T-cell, 1459¢ 
testicular 
alpha-fetoprotein and, 767-768 
human chorionic gonadotropin and, 766 
lactate dehydrogenase and, 602 
tumor markers in, 753¢, 756 
trophoblastic, 766 
tumor necrosis factor-œ and, 707, 708 
Tumor-associated trypsin inhibitor, 763-764, 
774t, 2300 
Tumor infiltrating lymphocyte, 654, 654f 
Tumor markers, 745-795 
androgen receptor as, 779 
blood group antigens as, 773-774 
cancer and, 745-746 
carbohydrate markers as, 7701, 770-773 
cell-free nucleic acids as, 786 
circulating cancer cells as, 786 
clinical applications of, 747-749, 748-749t 
clinical guidelines for, 752-753t 
cytokeratins as, 769 
enzymes as, 754-765, 755t 
alkaline phosphatase in, 755 
cathepsins in, 762-763 
creatine kinase in, 756 
human glandular kallikrein 2 in, 761 
kallikreins in, 756-757 . 
lactate dehydrogenase in, 756 
matrix metalloproteinases in, 763 
neuron-specific enolase in, 756 
prostate-specific antigen in, 757-761, 760t 
prostatic acid phosphatase in, 756 
telomerase in, 764-765 
tumor-associated trypsin inhibitor in, 763- 
764 
urokinase-plasminogen activator system 
in, 761-762 
epidermal growth hormone receptor as, 779- 
` 780 
estrogen and progesterone receptors as, 777- 
779 
eyaluation of clinical utility of, 749-751, 749- 
751f, 751 
genetic markers as, 780-786 
oncogenes in, 780t, 780-783 
PTEN tumor suppressor gene in, 785 
single nucleotide polymorphisms in, 785- 
786 
tumor suppressor genes in, 783t, 783-785 
hepatocyte growth hormone receptor as, 779 
historical background of, 746-747, 747¢ 
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Tumor markers (Continued) 
hormones as, 765t, 765-766 
markers for angiogenesis as, 786 
mass spectrometry for, 752-754 
microarrays for, 754 
oncofetal antigens as, 766-769, 767t 
proteins as, 774t, 774-777, 775t 
tissue production of, 746t 
Tumor necrosis factor, 648, 702-708 
biological actions of, 704-707, 705f 
cancer and, 653-654 
clinical relevance of, 707-708 
control of synthesis and release of, 703 
general characteristics of, 702-703, 703f 
interleukin-1 versus, 656 
sCD40 ligand and, 1633 
therapeutic applications of, 708 
Tumor necrosis factor-0,, 702-703, 703f 
biological actions of, 704-707, 705f 
as cardiac biomarker, 1634 
in interleukin-6 secretion, 672 
interleukin-10 inhibition of, 678, 680, 682- 
683 
interleukin-17 and, 694 
myocardial contractility and, 652 
as potential uremic toxin, 1692t 
Tumor necrosis factor-B, 702-707, 703f, 705f 
Tumor necrosis factor receptor, 703-704 
Tumor necrosis factor-related apoptosis- 
inducing ligand, 653 
Tumor staging 
prostate-specific antigen and, 759 
tumor markers for, 748f 
Tumor suppressor gene, 746, 7834, 783-785 
mutations in hematopoietic neoplasms, 
1472f, 1472-1474 
Tungsten light source in spectrophotometry, 65- 
66 
Turbidimeter, 88 
Turbidimetry, 85-89, 86f, 88f, 230 
for alpha,-antitrypsin, 552 
for immunoglobulins, 573 
for lipase, 621 
in protein analysis, 583 
for serum thyroxine, 2070 
for serum total protein, 588 
in specimen identification, 278 
Turnaround time, 492-493 
Turner’s syndrome, 2114 
Twin pregnancy, 2175 
Two-compartment pharmacokinetic model, 
1241, 1241f 
Two-dimensional bar codes, 270 
‘Two-dimensional electrophoresis, 130 
Two-dimensional immunoelectrophoresis, 226f 
226-227, 227f 
Two-point kinetic methods in enzyme assay, 
212 
Two-step immunoassay for thyroid hormones, 
2079-2080, 2081 
Tylenol. See Acetaminophen. 
Type 1 diabetes mellitus, 855-856, 1030 
chemokines and, 717 
chronic complications of, 862-863 
hypoglycemia in, 867 
during pregnancy, 2174-2175 
screening for, 863-864 
urine albumin in, 888 
urine ketone testing in, 876 
Type 2 diabetes mellitus, 856-859, 1030 
chromium deficiency and, 1125 
chronic complications of, 862-863 
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Type 2 diabetes mellitus (Continued) 
glycated hemoglobin and, 880 
hypoglycemia in, 867 
screening for, 864 
urine albumin in, 888 

Type I glycogen storage disease, 890 

Type I glycogen storage disease, 891 

Type III dysbetalipoproteinemia, 930-931 

Type III glycogen storage disease, 891 

Type IMI lipoprotein pattern, 950-951 

Type IV glycogen storage disease, 891 

Type V glycogen storage disease, 891 

Type V hyperlipoproteinemia, 930 

Type VI glycogen storage disease, 891 

Type VII glycogen storage disease, 891 

Tyrosinase, 1127-1128 

Tyrosine 
catecholamine synthesis from, 1034, 1034f 
metabolic pathway of, 2218f 
reference intervals for, 2300t 
structure and molecular weight of, 535t 

Tyrosine aminotransferase defect, 2212-2213 

Tyrosine hydroxylase, 1034, 1034f 
deficiency of, 1052 

Tyrosinemia, 2212-2213t, 2217-2219, 2218f 

2219f 


U 
Ultracentrifugation-polyanion precipitation, 
949, 950f 
Ultracentrifuge, 19 
Ultrafiltrate, 1678 
Ultrafiltration for free thyroxine, 2074 
Ultrapure reagents, 12 
Ultrasensitive methods for prostate-specific 
antigen, 761 
Ultratrace elements, 1118 
Ultraviolet absorbance 
for drug detection, 1294 
for 25-hydroxyvitamin D, 1924 
for nucleic acids, 1419 
Ultraviolet oxidation of water, 11 
Ultraviolet radiation, 61, 62t 
Umbelliferone phosphate, 234, 237t 
Unbound free fatty acid, 1635 
Uncertainty concept, 398-402, 4614, 403b 


Uncompetitive inhibition in enzymatic reaction, 


206 
Unconjugated estriol, 2172f, 2183-2185, 2184f 
2185f 
Unconjugated hyperbilirubinemia, 1199-1201, 
12005 
Unconjugated testosterone, 2129-2130, 2130¢ 
Unit operations, 267-268 
Units of energy, 8 
Units of measurement, 5-10 
applications of SI in faboratory medicine, 6- 
7, 7t 
conversion rules for, 9 
decimai multiples and submultipies of SI 
units, 6, 7t 
International System of Units and, 54 5-6, 6t 
in potentiometry, 100-101, 101¢ 
problems in use of SI units, 8-9 
standardized reporting of test results and, 9- 
10, 10¢ 
Units of pressure, 8-9 
Units of radioactivity, 22 
Univariate, term, 434 
Univariate reference values, 426-427 
Universal Precautions, 32 
University Medical Center Rotterdam, 943b 


Unsaturated fatty acids, 908f, 908-909 
Unstable angina, 1623 
Unstable hemoglobins, 1176-1177 
Uptake methods for free thyroid hormones, 
2076-2078, 2078t 
Uracil, 1395, 2301t 
Urate 
adult levels of, 461 
alcohol ingestion and, 457 
calcium stone disease and, 1714 
diet and, 453 
effects of exercise on, 451 
fasting and starvation and, 456 
food ingestion and, 454 
influence of menstrual cycle on, 464 
metabolic function of nephron and, 1676¢ 
neonatal, 460 
seasonal influences on, 463 
smoking and, 457 
Urea, 801-803, 802f 
adult levels of, 461 
diet and, 453 i 
hepatic role in metabolism of, 1789 
hyperuricemia and, 805-807, 806b 
- metabolic function of nephron and, 1676t 
seasonal influences on, 463 
` serum, 47t 
smoking and, 457 
uremic syndrome and, 1692, 1692t 
Urea breath test, 1857 
Urea cycle disorders, 2214-2215¢, 2220-2221 
Urea kinetic modeling, 1721, 1721¢ 
Urea nitrogen 
in amniotic fluid, 2156r 
analytical goals for, 364¢ 
biological variability in, 467¢ 
circadian variation in, 453f, 453¢ 
critical values of, 2317t 
effects of exercise on, 452t 
effects of fever on, 466f 
influence of age on, 460£ 
influence of blood collection site on, 49, 49t 
influence of food on, 454, 455t 
influence of gender on, 462t 
malnutrition and, 456 
neonatal, 460 
reference intervals for, 2301t 
seasonal influences on, 464t 
smoking and, 457, 457¢ 
units of measurement for, 7t 
values during pregnancy, 2158¢ 
vegetarianism and, 456¢ 
Uremia, 1691, 1769-1770 
Uremic syndrome, 1691-1692, 16921, 1693b 
Uremic toxins, 1691-1692, 1692t 
Uric acid, 803-808 
in amniotic fluid, 2156¢ 
analytical goals for, 364¢ 
analytical methodology for, 807-808 
biochemistry and physiology of, 803-805, 
804f 
biological variability in, 467¢ 
circadian variation in, 453f 453t 
critical values of, 2317¢ 
effects of exercise on, 451, 452t 
effects of fever on, 466t 
influence of age on, 460¢ 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
influence of gender on, 462t 
microchip-based assay for, 256 
as potential uremic toxin, 1692 


Uric acid (Continued) 
proximal tubule reabsorption of, 1679 
reference intervals for, 2301t 
seasonal influences on, 464t 
serum, 47t 
stick tests for, 301f 
units of measurement for, 7t 
urine specimen preservatives and, 51¢ 
values during pregnancy, 2158¢ 
vegetarianism and, 456t 
Uricase, 2301t 
Uricase methods, 807-808 
Uridine diphosphate galactose-4-epimerase 
deficiency, 889 
Uridine diphosphate-glucuronosyltransferase 
gene mutation, 1199 
Urinalysis, 808-811, 810f 
in Cooley’s anemia, 1180 
critical values in, 2318t 
in porphyrias, 1221 
Urinary tract agents, 1268¢ 
Urinary trypsinogen-2 test strip, 623 
Urination, 1678 
Urine, 1678 
formation of, 1678f, 1678-1679 
microscopic examination of, 811-812 
specimen collection of, 49-52, 51t 
visual examination of, 808-809 
vitamins and trace elements in, 1079 
Urine acetylaspartic acid, 2253¢ 
Urine acetylcarnitine, 2253t 
Urine acrylylcarnitine, 2253t 
Urine acylcarnitine, 2240¢ 
Urine acylglycines, 2239¢ 
Urine adipic acid, 2253t 
Urine adipoylearnitine, 2253t 
Urine alanine, 2254t 
Urine albumin, 547-548 
in diabetes mellitus, 886-888 
in diabetic nephropathy, 1700, 1700t 
dipstick test for, 809 
in proteinuria, 814-815, 816f 
reference intervals for, 2254t 
sample collection for, 812-813 
Urine alcohol, 1304 
Urine aldosterone, 2039-2040, 2255t 
Urine alkalinization for barbiturate overdose, 
1325-1326 
Urine alpha,-antitrypsin, 551 
Urine aluminum, 2255¢ 
Urine ammonia, 2255t 
Urine amylase, 617 
Urine analyzer, automated, 292 
Urine antimony, 2256t 
Urine arginine, 2257t 
Urine arsenic, 2257t 
Urine asparagine, 2257 
Urine aspartic acid, 2257t 
Urine azelaic acid, 2257t 
Urine benzoylcarnitine, 2257t 
Urine beryllium, 2257¢ 
Urine beta-alanine, 2254t 
Urine bilirubin, 1198 
Urine butyrylglycine, 2258¢ 
Urine C-peptide, 851 
Urine C-telopeptide, 2264t 
Urine cadmium, 2258t 
Urine calcium, 1904 
Urine chloride, 2260t 
Urine chorionic gonadotropin, 2262t 
Urine chromium, 1126, 2262 
Urine cis-aconitic acid, 2253 
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Urine citric acid, 2262t 
Urine cobalt, 2262t 
Urine copper, 1130, 1816, 2262¢ 
Urine cortisol, 2036 
fasting and starvation and, 456 
free, 2016, 2016f, 2034 
in Cushing’s syndrome, 2025, 2026¢ 
measurement of, 2038-2039 
reference intervals for, 2263¢ 
Urine creatinine, 2264t 
Urine cystine, 2265¢ 
Urine decadienoylcarnitine, 2265t 
Urine decanoylcarnitine, 2265t 
Urine decenoylcarnitine, 2265t 
Urine deoxypyridinoline, 2266t 
Urine dodecanedioic acid, 2266t 
Urine dodecanoylcarnitine, 22671 
Urine dodecenoylcarnitine, 2267t 
Urine dopamine, 22601 
Urine epinephrine, 2259t 
Urine estrogens, 2136-2137 
Urine ethyimalonic acid, 2269t 
Urine fractionated metanephrines, 1060-1061, 
1061¢ 
pheochromocytoma and, 1047-1048 
Urine free catecholamines, 1059-1060, 1060¢ 
Urine free cortisol, 2016, 2016, 2034 
in Cushing’s syndrome, 2025, 2026t 
measurement of, 2038-2039 
Urine fumaric acid, 2270t 
Urine glucose, 871-873, 872b, 2271t 
Urine glutamic acid, 2271 
Urine glutamine, 2271 
Urine glutaric acid, 2271 
Urine glutarylcarnitine, 2272¢ 
Urine glyceric acid, 2272t 
Urine glycine, 2272 
Urine glycolic acid, 2272t 
Urine glyoxylic acid, 2272t 
Urine gonadotropins, 1987-1988 
Urine growth hormone, 1974-1976 
Urine heptanoylcarnitine, 2273¢ 
Urine hexadecanedioic acid, 2273¢ 
Urine hexadecanoyicarnithine, 2273¢ 
Urine hexadecenoylcarnitine, 2273t 
Urine hexanoylearnitine, 2273t 
Urine hexanoylglycine, 2273¢ 
Urine histidine, 2274t 
Urine homovanillic acid, 1061-1062, 10623, 
2275t 
Urine 3-hydroxybutyric acid, 2275t 
Urine 3-hydroxybutyrylcarnitine, 2275t 
Urine 3-hydroxydecenoylcarnitine, 2275t 
Urine 3-hydroxydodecanoylcarnitine, 2276¢ 
Urine 3-hydroxydodecenoylcarnitine, 2276¢ 
Urine 2-hydroxyglutaric acid, 2277t 
Urine 3-hydroxyhexadecenoylcarnitine, 2276t 
Urine 3-hydroxyhexanoylcarnitine, 2276t 
Urine 5-hydroxyindoleacetic acid, 1063-1065, 
1065t, 2277t 
carcinoid tumor and, 1053-1054 
Urine 3-hydroxyisovalerylcarnitine, 2277¢ 
Urine 3-hydroxyoctadecadienoylcarnitine, 
2277¢ 
Urine 3-hydroxyoctadecanoylcarnitine, 2277t 
Urine 3-hydroxyoctadecenoylcarnitine, 2277t 
Urine 4-hydroxyphenyllactic acid, 2278 
Urine 4-hydroxyphenylpyruvic acid, 2278t 
Urine hydroxyproline, 1940, 2278 
Urine 3-hydroxytetradecanoylcarnitine, 2278t 
Urine 3-hydroxytetradecenoylcarnitine, 2279t 
Urine isobutyrylcarnitine, 2281¢ 


2409 


Urine isobutyrylglycine, 2281 
Urine isocitric acid, 2281t 
Urine isoleucine, 2281¢ 
Urine isovaleryl/CH3 butyrylcarnitine, 2281t 
Urine isovaleryl glycine acid, 2281t 
Urine 3-ketoglutaric acid, 2281 
Urine ketones, 876, 877 
Urine 17-ketosteroids, 2134 
Urine lactate, 2282t 
Urine lactose, 889 
Urine lead, 2282t 
Urine leucine, 2282¢ 
Urine lysine, 2283+ 
Urine lysozyme, 817 
Urine malic acid, 2284t 
Urine malonylcarnitine, 2284t 
Urine maltose, 889 
Urine manganese, 1381 
Urine mercury, 2284t 
Urine metanephrines, 2285t 
Urine methanol, 2286¢ 
Urine methionine, 2286t 
Urine 2-methylbutyrylglycine, 2286t 
Urine methylmalonic acid, 2286 
Urine methyimalonylcarnitine, 2286¢ 
Urine methylsuccinic acid, 2286¢ 
Urine molybdenum, 1133 
Urine N-telopeptide, 2287t 
Urine niacin, 2287¢ 
Urine nickel, 2287¢ 
Urine norepinephrine, 1051, 2260t 
Urine normetanephrine, 2285t 
Urine octadecadienoylcarnitine, 2287¢ 
Urine octadecanoylcarnitine, 2287t 
Urine octadecenoylcarnitine, 2288¢ 
Urine octanoylcarnitine, 2288¢ 
Urine octanoylglycine, 22884 
Urine octenoylcarnitine, 2288¢ 
Urine organic acids, 2238t 
Urine orotic acid, 2288 
Urine osmolality, 992-994, 993f 
renal disease and, 1718 
Urine output, homeostasis and, 1678 
Urine oxalic acid, 2288t 
Urine pH, vegetarianism and, 455 
Urine phenylalanine, 2290¢ 
Urine 3-phenylpropionylglycine, 2290t 
Urine phosphate, 1908-1909, 2290t 
Urine porphobilinogen, 1224-1225 
Urine porphyrins, 1221-1226, 1225f, 1227f, 
2291 
Urine potassium, 2291t 
Urine preservatives, 50-52, 51t 
Urine proline, 2292¢ 
Urine propionylcarnitine, 2292 
Urine proteins, 575-577, 589, 2293t 
Urine pyroglutamic acid, 2293 
Urine pyruvic acid, 2293¢ 
Urine riboflavin, 1097, 2293t 
Urine sebacic acid, 2294t 
Urine selenium, 1137, 2294t 
Urine serine, 2294t 
Urine serotonin, 2294£ 
Urine sodium, 984, 2295t 
Urine specimen, 49-52, 51t 
for arsenic, 1376 
for catecholamines and metabolites, 1054- 
1055 ` 
for cortisol, 2039 
for drug testing, 1317-1318 
for 5-hydroxyindoleacetic acid, 1064 
for inborn errors of metabolism, 2237 
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Urine specimen (Continued) 
for magnesium, 1912 
for steroid hormones, 2034 
Urine suberic acid, 2295t 
Urine suberylglycine, 2295¢ 
Urine succinic acid, 2295t 
Urine tetradecadienoyicarnitine, 2296t 
Urine tetradecanedioic acid, 2296¢ 
Urine tetradecanoylcarnitine, 2296t 
Urine tetradecenoylcarnitine, 2297t 
Urine thallium, 2297t 
Urine threonine, 2297t 
Urine thromboxane, 1635 
Urine tiglylcarnitine, 2299t 
Urine total bilirubin, 2258t 
Urine total estriol, 2268¢ 
Urine trans-cinnamoylglycine, 2262t 
Urine tricyclic antidepressants, 1310 
Urine tryptophan, 2300¢ 
Urine tumor-associated trypsin inhibitor, 2300t 
Urine tyrosine, 2300£ 
Urine uracil, 2301¢ 
Urine urate, 453 
Urine urea, 453 
Urine urea nitrogen, 2301¢ 
Urine uricase, 2301t 
Urine urobilinogen, 1198 
Urine valine, 2301¢ 
Urine vanillylmandelic acid, 1061, 10624, 2302t 
Urine vitamin B;, 2289t 
Urine zinc, 1141, 2302t 
Urobilinogen, 1195, 1781 
stick tests for, 301 
in urine and feces, 1198 
urine specimen preservatives and, 511 
Urocortisol, 2005¢ 
UROD. See Uroporphyrinogen decarboxylase. 
Urokinase-plasminogen activator system, 761- 
762 
Uroporphyrin-1, 12170¢ 
Uroporphyrin-Ill, 1210¢ 
Uroporphyrinogen decarboxylase, 12124, 1213, 
1218 
Uroporphyrinogen-IT] synthase, 12114 1211- 
1213 
Uterine cancer markers 
CA 125 in, 772 
carcinoembryonic antigen in, 768-769 
epidermal growth hormone receptor in, 780 
heat shock proteins in, 776 
hepatocyte growth hormone receptor in, 779 
tumor-associated trypsin inhibitor in, 764 
Uterus, 2104 
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Vaccine, hepatitis B virus, 1800-1801 
Vacuum membrane degassing, 161 
Vacuum system in mass spectrometry, 171 
Vagina, 2104 
Validation test set, 420 
Valine 
reference intervals for, 2301¢ 
structure and molecular weight of, 534¢ 
Valinomycin ion-selective electrolyte, 987 
Valium. See Diazepam. 
Valproic acid, 3651, 12504, 1253-1254, 2315t 
Valving systems, microfabrication and, 250-252, 
252f 
Van de Kamer method, 1881 
Van der Waals-London dipole-dipole 
interaction, 22}-222 
Van Slyke equation, 1761 
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Vanadium, 1708t 
Vancocin. See Vancomycin. 
Vancomycin, 1262¢, 12631, 1266, 2315t 
Vanillylmandelic acid, 1038, 1038f 
neuroblastoma and, 1050 
pheochromocytoma and, 1046 
plasma and urine, 1061, 1062t 
reference intervals for, 2302t 
urine specimen preservatives and, 51t 
Vapor pressure, Osmotic pressure and, 992 
Vapor pressure osmometer, 994 
Vaporization of chemicals, 35 
Variable numbers of tandem repeats, 1407, 
1539, 1542 
Variabie-wavelength photometer, 159, 159¢ 
Variance component analysis, 357 
Variant cluster region, 1464 
Variate, term, 434 
Vasa recta, 1671, 1672f 
Vascular calcification, 1698, 1725 
Vascular cell adhesion molecule-1, 1635 
Vasoactive intestinal polypeptide, 10234, 1874t, 
1876 
interleukin-10 and, 679 
as tumor marker, 765¢ 
Vasodilators, 1056t 
Vasopressin, 10214, 1677 
Vegetarianism as controllable preanalytical 
variable, 455, 456¢ 
Vellus, 2116 
Venipuncture, 41-45, 43f 43t, 44f, 44t 
Venlafaxine, 1269, 12704, 2315t 
Venous blood for blood gases, 1007 
Venous carbon dioxide, 2259¢ 
Venous occlusion for venipuncture, 42-43, 43t 
Venous serum, 48, 48t 
Venous thrombosis, 1506 
Ventricle, 1619, 1620f 
Verapamil, 10564, 1261 
Verification of distribution of differences in 
relation to specified limits in, 376, 376¢ 
Vernix caseosa, 2156 
Versant bDNA assay, 1568 
Versed, See Midazolam. 
Very long-chain acyl-CoA dehydrogenase 
deficiency, 2232, 2233f, 2234-2235t 
Very low-density lipoproteins, 915 
apolipoprotein B in, 917 
characteristics of, 916t 
chemical composition of, 916t 
cholesterol esterification and, 905-906, 907f 
diet and, 454 
familial combined hyperlipidemia and, 929- 
930 
familial hypertriglyceridemia and, 930 
hyperapobetalipoproteinemia and, 930 
type Ii] dysbetalipoproteinemia and, 930-931 
type V hyperlipoproteinemia and, 930 
vegetarianism and, 455 
VIA LVM Monitor, 1014 
Viagra, See Sildenafil. 
Vidarabine, 1268¢ 
Videx. See Didanosine. 
VIP. See Vasoactive intestinal polypeptide. 
ViPoma, 1877 
Viracept. See Nelfinavir. 
Viral culture, 1561 
Viral genome, 1410, 1475f, 1475-1476 
Viral infection, 1798-1817, 1799t 
C-reactive protein and, 555 
hepatitis A in, 1799 
hepatitis B and C co-infection in, 1803-1804 


Viral infection (Continued) 
hepatitis B in, 1799-1802 
hepatitis C in, 1802f 1802-1803 
hepatitis D in, 1804 
hepatitis during pregnancy and, 2163 
hepatitis E in, 1804 
hepatitis G in, 1804 
interferons and, 695 
selenium role in virulence of, 1136 
Viral-load testing 
of hepatitis C virus, 1577 
of human immunodeficiency virus, 1567- 
1568, 1568t 
Virally encoded receptor, 719 
Viramune. See Nevirapine. 
Virilization, 2118-2120 
Vision, vitamin A and, 1081-1082 
Visual examination of urine, 808-809 
Visual observation in fluorometry, 79 
Vitamin(s), 1075-1118 
biotin in, 1107, 1107-1109, 1109F 
deficiencies in chronic liver disease, 1796 
folic acid in, 1109-1114, 1110-1112f 
niacin and niacinamide in, 1114f, 1114-1116 
nutritional assessment and monitoring of, 
1076-1079, 1077f 
oral and intravenous intakes for adult, 1076t 
pantothenic acid in, 1116-1118, 1117f 
Vitamin A, 1079-1084, 10804, 1081f, 1082f 
deficiency of, 1082-1083, 1796 
interaction with zinc, 1120 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302 
special collection and storage conditions for, 
55t 
Vitamin B,, 1090f 1090-1094, 1091f, 10934 
1094f, 2302¢ 
Vitamin B» 1094-1097, 1095f 2293t 
Vitamin By, 2289¢ 
Vitamin Be 1097f, 1097-1100, 1098f 
reference intervals for, 2302t 
special collection and storage conditions for, 
55t 
Vitamin By, 10804 1100-1105, 1101f, 1102f 
cobalt and, 1126 
folic acid and, 1110 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 
Vitamin C, 10806, 1105f, 1105-1107, 2302t 
Vitamin D, 1920-1926 
biochemistry and physiology of, 1920, 1920f 
biological actions of, 1922 
clinical significance of, 1922b, 1922-1923, 
1923b 
deficiency of ; i 
alkaline phosphatase and, 624 
chronic liver disease and, 1796 
metabolism, regulation, and transport of, 
1920-1922, 1921f, 1921¢ 
metabolites of, 1923-1926, 1925f 
oral and intravenous intakes of, 1076t 
osteomalacia and rickets and, 1933 
reference intervals for, 1926, 2302t 
Vitamin D-resistant rickets, 1933 
Vitamin D,, 1080t 
Vitamin Ds, 1080¢ 
Vitamin E, 1080¢, 1084f, 1084-1087, 1085f 
deficiency in chronic liver disease, 1796 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 
selenium and, 1120, 1133 
Vitamin H, 1107f 1107-1109, 1109f 


Vitamin K, 1087f, 1087-1090, 1088f 
deficiency in chronic liver disease, 1796 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 

Vitamin K,, 1080¢ 

Vitamin K, 1080t 

Vitros analyzer, 273, 274f 
for blood glucose, 871 
for lactic acid, 878 

Vivactil. See Protriptyline. 

VMA. See Vanillylmandelic acid. 

VNTRs. See Variable numbers of tandem 

repeats. oa 

Volatile agents 
hazards from, 34t, 34-35 
serum osmol gap and, 1292-1293, 1293t 

Volt, 6t 

Voltage-dependent distal renal tubular acidosis, 

1708 

Voltammetry, 101-105, 102f 104%, 105f 

Volume, SI unit of, 6t 

Volume fraction, 4t 

Volume of distribution of drug, 1242 

Volume per volume, 4 

Volumetric flask, 18, 18f 

Volumetric glassware, 18 

Volumetric pipette, 14-15, 15f, 18-19 

Volumetric sampling and dispensing, 12-19 
calibration of volumetric pipettes for, 

18-19 
maintenance and care of volumetric 
glassware, 18 
pipettes for, 12-16, 144, 15f 154, 16t 
semiautomatic and automated pipettes and 
dispenser for, 16f, 16-18, 17f 
volumetric flasks for, 18, 18f 

Volumetric transfer pipette, 14, 15f, 15t 

von Gierke disease, 890, 1820¢ 

von Hippel-Lindau disease, 1046 

von Recklinghausen disease, 784 


Ww 


Wadsworth Center for Laboratories and 
Research, 942b 
Waldenstrém’s macroglobulinemia, 573 
Wall-coated open tubular column, 150 
Warfarin, 2315t 
Warning labels, 31, 31f 
Water 
in body fluids, 1748-1750, 1749t 
diabetes insipidus and, 1711 
homeostasis of, 983-991, L991f 1992 
bicarbonate and, 990-991 
chloride and, 989-990 
electrolyte exclusion effect and, 987-989, 
988f, 9881, 989t 
potassium and, 984-987 
renal regulation of, 1679, 1681-1683, 
1682f 
sodium and, 984 
metabolic function of nephron and, 1676¢ 
reagent grade, 10-12, 11t 
Water loading test for SIADH, 1995f 
Water-soluble vitamins, 1079, 1080t 
Watery diarrhea hypokalemia, 1877 
Watt, 6t 
Waugh’s empirical equation, 989 
Wavelength calibration in spectrophotometry, 
70-71, 71f 
Wavelength of light, 61 
Rayleigh light scattering equation and, 86 
Wavelength shifter, 23 


Index 


Weight 
gravimetry and, 24 
maternal serum alpha-fetoprotein and, 2173- 
2174, 2174f 
Wellbutrin. See Bupropion. 
Werner-Morrison syndrome, 1877 
Wernicke-Korsakoff syndrome, 1092 
Wescor Sweat-Chek, 995-996 
Western blotting, 126, 227-228, 228f, 586 
Westgard multirule chart, 504-506, 505f 505¢, 
506f 
Wet etching, 248, 248f 
Wheat germ lectin 
for amylase, 619 
for bone alkaline phosphatase, 611, 1941 
Whipple’s triad, 867 
White blood cell, microfilter isolation of, 256, 
256f 
White blood cell count, critical values of, 2318t 
White cell differentiation, 366¢ 
Whole blood 
conductivity of, 106 
tonometered, 1012 
Whole blood acetaldehyde, 2253 
Whole blood acetylcarnitine, 2253t 
Whole blood acrylylcarnitine, 2253¢ 
Whole blood arsenic, 2257t 
Whole blood base excess, 1761 
Whole blood biotin, 2258¢ 
Whole blood cadmium, 2238t 
Whole blood carbon dioxide, 2259+ 
Whole blood carbon monoxide, 2259t 
Whole blood chromium, 2262¢ 
Whole biood cyanide, 2264! 
Whole blood decadienoylcarnitine, 2265¢ 
Whole blood decanoylcarnitine, 2265t 
Whole blood decenoylearnitine, 2265t 
Whole blood dodecanoylcarnitine, 2266¢ 
Whole blood dodecenoylcarnitine, 2267¢ 
Whole blood ethanol, 2269¢ 
Whole blood glucose, 2271+ 
Whole blood glucose-6-phosphate 
dehydrogenase, 2271 
Whole blood glutarylcarnitine, 2271-2272t 
Whole blood glycated hemoglobin, 2272 
Whole blood heptanoylcarnitine, 2273t 
Whole blood hexadecanoylcarnithine, 2273¢ 
Whole blood hexadecenoylcarnitine, 2273¢ 
Whole blood hexanoylcarnitine, 2273t 
Whole blood 3-hydroxybutyrylcarnitine, 22751 
Whole blood 3-hydroxydecenoyicarnitine, 
2275t 
Whole blood 3-hydroxydodecanoylcarnitine, 
2276t 
Whole blood 3-hydroxydodecenoyicarnitine, 
2276¢ 
Whole blood 3-hydroxyhexadecenoylcarnitine, 
2276t 
Whole blood 3-hydroxyhexanoylcarnitine, 2276t 
Whole blood 3-hydroxyisovalerylcarnitine, 
2277t 
Whole blood 
3-hydroxyoctadecadienoyicarnitine, 2277t 
Whole blood 3-hydroxyoctadecanoylcarnitine, 
2277¢ 
Whole blood 3-hydroxyoctadecenoylcarnitine, 
2277t 
Whole blood 3-hydroxytetradecanoylearnitine, 
2278t 
Whole blood 3-hydroxytetradecenoylcarnitine, 
2279t 
Whole blood isobutyrylcarnitine, 2280t 


2411 


Whole blood isovaleryl/CH3 butyrylcarnitine, 
2281t 
Whole blood lactate, 878, 2282t 
Whole blood lead, 2282: 
Whole blood malonyicarnitine, 2284t 
Whole blood manganese, 2284t 
Whole blood mercury, 2284t 
Whole blood methanol, 2285-2286t 
Whole blood methemoglobin, 2286¢ 
Whole blood methylmalonyicarnitine, 2286¢ 
Whole blood nickel, 2287¢ 
Whole blood octadecadienoylcarnitine, 2287¢ 
Whole blood octadecanoylcarnitine, 2287t 
Whole blood octadecenoylcarnitine, 2288¢ 
Whole blood octanoyicarnitine, 2288¢ 
Whole blood octenoylearnitine, 2288¢ 
Whole blood phenylalanine, 2290t 
Whole blood propiony!carnitine, 2292t 
Whole blood pyruvate, 878 
Whole blood pyruvic acid, 2293t 
Whole blood selenium, 2294t 
Whole blood serotonin, 2294 
Whole blood tetradecadienoylcarnitine, 2296t 
Whole blood tetradecanoylcarnitine, 2296t 
Whole blood tetradecenoylcarnitine, 2296t 
Whole blood thallium, 2297t 
Whole blood thyroid-stimulating hormone, 
2297¢ 
Whole blood tiglylcarnitine, 2299¢ 
Whole blood tube additives, 44t 
Whole blood vitamin B,;, 2302t 
Whole blood vitamin B;, 2289t 
Whole genome and whole transcriptome 
amplification, 1419 
Wick flow, 122 
Wide-bandpass filter in spectrophotometry, 67, 
67f 
Wilcoxon statistic, ROC curve and, 413 
Wild type of p53 gene, 784 
Wiley-McLaren instruments, 175 
Wilms’ tumor, 784-785 
Wilson’s disease, 1120, 1128 
acute, 1808 
ceruloplasmin and, 557, 558 
hepatic damage in, 1815-1816 
laboratory features of, 1805t 
Withdrawal syndrome, 1292 
Workcell, 282, 282f 
Workplace drug testing, 1318 
Workstation, 281 
WTI gene, 784-785 


X 


X-linked CPS deficiency, 2214-2215t 
X-linked diseases, 1496-1502 
dominant hypophosphatemic rickets in, 
1710 
Duchenne’s muscular dystrophy in, 1498- 
1500 
fragile X syndrome in, 1500f, 1500-1501, 
1502f 
glyceroluria in, 2228-2229t 
hemophilia A in, 1496-1498, L498f 
ornithine transcarbamoylase deficiency in, 
2220 
recessive nephrolithiasis in, 1710 
Xanax, See Alprazolam. 
Xenobiotics, hepatic clearance of, 1791-1792 
Xenon lamp in fluorometry, 78 
Xerophthalmia in vitamin A deficiency, 1083 
Xylidyl blue, 1911, 1911f 
Xylocaine. See Lidocaine. 


2412 


Y 


Y-chromosome markers, 1542-1543, 1543¢ 
Yocto, metric prefix of SI unit, 7t 

Yolk sac, 2153 / 

Yotta, metric prefix of SI unit, 7t 


Z 

Z-spray, 168 

Z-test, 508-509 

' Zalcitabine, 12694, 2315¢ 

Zarontin. See Ethosuximide. 
Zeeman correction method, 74 
Zellweger’s syndrome, 1786 

Zepto, metric prefix of SI unit, 7t ` 
Zero-order kinetics, 1246 

Zeta potential, 127 


Index 


Zetta, metric prefix of SI unit, 7t 
Zidovudine, 12694, 2316t 
Zinc, 1137-1141, 1139f 


as causative factor in medical conditions, 
1372t 

in inhibition of copper absorption, 
1120 

oral-and intravenous intakes of, 1076t 

reference intervals for, 2302t 

retinol-binding protein and, 563 

special collection and storage conditions for, 
55t 

urine specimen preservatives and, 514 


Zinc metalloenzymes, 1138-1139 
Zinc-protoporphyrin 


lead toxicity and, 1220 


Zinc-protoporphyrin (Continued) 
qualitative determination of, 
1226 
values during pregnancy, 2158t 
Zollinger-Ellison syndrome, 1877 
Zoloft. See Sertraline. 
Zone electrophoresis, 121 
Zonegran. See Zonisamide. 
Zonisamide, 1250ż, 1255, 2316t 
ZPP. See Zinc-protoporphyrin. 
Zwitterion, 121 
Zyban, See Bupropion. 
Zygote, 2153 
Zymogens, 622, 623 
Zymography, 763 ; 
Zyprexa. See Olanzapine. ` 


APPENDIX l 


Introduction to 


Principles of Laboratory 
Analyses and Safety 


Edward W. Bermes, Jr., Ph.D., Stephen E. Kahn, Ph.D., 
and Donald S. Young, M.B., Ph.D. 


CHEMICALS, REFERENCE MATERIALS, AND 
RELATED SUBSTANCES 

SPECIFIC SYSTEMS FOR THE PREPARATION OF REAGENT 
GRADE WATER 

Any system may be used as long as the desired specifications 
are attained. Considerations in the selection of a system to 
produce type 1 reagent grade water might include quality of 
feed water, amount of water needed, availability of space 
near the area of use, and electrical energy cost in the area. In 
general, if the feed water contains more than 1000 ppm of 
total dissolved solids (TDS), reverse osmosis should be con- 
sidered as a pretreatment option. 

Type 1 reagent water, with a neutral pH and 170 ppm of 
TDS, can be produced from municipal feed water by use of 
a primary dual filtration cartridge to remove particulate 
matter and organics, followed by two tanks containing a 
mixed-bed ion-exchange resin. The tanks are followed by 
a 0.2-um membrane filter. A conductivity light installed 
between the two ion-exchange tanks is automatically turned 
off when the resistance of the effluent from the first tank goes 
below 200,000 ohm/cm. The second tank then “polishes” the 
water to yield water with a resistance of up to 15 Mohm/cm. 
When the deionizers are exchanged, the first tank is removed 
for regeneration, the second tank is put in its place, and the 
new tank is put in the second position. The spigot for water 
delivery should be within a few feet of the final filter. 


PURITY OF ORGANIC REAGENTS 

The purity of commercially obtained organic reagents for 
clinical chemistry purposes is generally inferior to that of 
inorganic reagents. Most of the impurities in these com- 
pounds have been introduced in their synthesis, either along 
with the starting materials or as byproducts; such impurities 


are presumably more difficult or more expensive to remove 
than are impurities in inorganic substances. In addition, 
some organic compounds oxidize or decompose on stand- 
ing, and the amount of impurities from this cause depends 
on how long the bottle of reagent has been opened or stored 
and under what conditions. Stability is often improved when 
the compounds are stored in amber bottles and refrigerated; 
however, phenols and amines oxidize on standing and tend 
to darken even when refrigerated. Sugars are quite hygro- 
scopic and absorb moisture rapidly unless they are stored in 
a desiccator. 

The presence of impurities in an organic reagent may be 
a source of difficulty in its use. If the contaminant does not 
react with the substance being determined, no interference 
will occur as long as there are no interfering side reactions 
and there is enough of the original reactant remaining. If a 
reagent is impure, the net final color developed in a photo- 
metric reaction may be considerably more than desirable 
because of a high blank caused by the impurity. The exis- 
tence of isomers and their presence in a particular lot of an 
organic reagent may be a cause of analytical problems, 
because in the rather specific geometrical requirements of a 
chelate ring, only certain isomers may produce the desired 
colored complex; or in enzyme reactions, only one of the 
isomers may be suitable as substrate. 

Organic solvents are available in several grades of purity. 
The common grades are listed in Table Al-1. The degree of 
purity required for the solvent depends on the application. 
The details of purification procedures are included in most 
comprehensive analytical chemistry texts. Because of the 
variety of grades available, it is rarely necessary to redistill 
reagents in the clinical laboratory. 

The properties of some of the organic solvents commonly 
used in the clinical laboratory are listed in Table A1-2. 
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TABLE Al-1 Common Grades of Organic Solvents 


Practical Grade Contains some impurities but 
usually adequate for most 
organic preparations 

Meets standards established by 
the U.S. Pharmacopeia 
(USP) or National 
Formulary (NF); may 
contain impurities that have 
not been tested for 

Almost as pure as reagent 
grade chemicals 

Spectrally pure in the visible, 
ultraviolet, and near- and 
mid-infrared ranges 

Minimum purity of greater 
than 99% as determined by 
gas chromatography; no 
single impurity exceeding 
0.2% 

Certified to contain impurities 
below levels established by 
the Committee on Analytical 
Reagents of the American 
Chemical Society 


USP Grade and 
NF Grade 


Chemically Pure (CP) 


Spectroscopic Grade 


Chromatographic 
Grade 


Reagent Grade 


Organic solvents in general should be considered potentially 
hazardous to health, and thus inhalation of fumes should be 
avoided. Unless a solvent is known to be nonflammable, it 
should be considered a potential fire hazard. Diethyl ether 
has a particularly high flammability rating. Proper storage 
conditions are essential to minimize the dangers of organic 
solvents. Pure solvents are best stored in glass containers 
under an inert gas either in a sealed container or under pos- 
itive pressure. With some solvents, sealing the stopper with 
paraffin wax prolongs storage life. The maximum quantities 
of solvents that can be stored in particular types and sizes 
of containers are described by Occupational Safety and 
Health Administration (OSHA) regulations (see section on 
safety). 


DESICCANTS AND USE OF DESICCATORS 

In the clinical laboratory it is often necessary to dry a chem- 
ical before it can be used. Various techniques are used to dry 
a chemical, including placing it into a drying oven or desic- 
cator for a specific period of time. Various desiccants are 
used and every effort should be made to avoid those that 
produce dust when used in desiccators. Granular calcium 
chloride, for example, frequently carries a large amount of 
dusty “fines” when fresh. Drying agents that incorporate 
cobalt chloride or some other moisture-sensitive salt to 
indicate an exhaustion are much preferred to those that do 
not contain such indicators. Silica gel and anhydrous 


calcium sulfate (Drierite) are sold with indicators included. 
Although expensive, such forms are frequently worth their 
high cost. 

Desiccators should be opened carefully. Ordinary desic- 
cators often contain air at less than atmospheric pressure as 
a result of cooling the warm air formed from hot samples 
added before closure. If such a desiccator is not opened 
slowly, the inrush of air may create drafts sufficient to dis- 
lodge materials from open vessels or to stir up dust particles 
from the drying agent that may subsequently settle in the 
vessels that are being stored. Vacuum desiccators should be 
provided with a curved inlet tube to deflect incoming air 
against the lid, and the stopcocks on these should be opened 
very carefully when restoring the internal pressure to that of 
the atmosphere. 

The properties of various desiccants are described in 
Table A1l-3; two of these are distinctly alkaline, and one is 
strongly acidic. The choice of the drying agent required for 
the quantitative absorption of moisture depends not only on 
the composition of the gases or materials to be dried, but 
also on convenience, efficiency, and sometimes cost. For 
example, magnesium perchlorate quantitatively absorbs 
ammonia gas, and anhydrous calcium chloride (technical 
grade) absorbs carbon dioxide and ammonia. These facts 
should be kept in mind when choosing a desiccant intended 
for the quantitative removal of water from gases, which may 
also contain ammonia, carbon dioxide, or other reactive sub- 
stances. Certain drying reagents are deliquescent, and, when 
liquefaction of the drying agent occurs, a decline in drying 
efficiency results. Calcium chloride and magnesium per- 
chlorate are examples; however, both have a considerable 
capacity before deliquescence sets in. Phosphorus pentoxide 
is one of the most powerful drying agents in use, but its effec- 
tive capacity is rapidly reduced by formation of metaphos- 
phoric acid on uptake of water. 

Some drying agents can easily be regenerated, and this is 
an important consideration when comparing costs. Silica gel 
can be regenerated by heating in a drying oven at 120 °C, 
whereas anhydrous calcium sulfate and activated alumina 
require temperatures of 275 °C and 175 °C, respectively. 
Magnesium perchlorate can be regenerated by heating to 
240 °C in a partial vacuum. 


GENERAL LABORATORY SUPPLIES 


Most of the laboratory ware used in the clinical laboratory 
today is made of either glass or plastic, both of which may 
be of several different types. Thus an item such as a beaker 
may be made from a variety of different materials. The prop- 
erties of these materials may permit or restrain the types of 
analyses performed in containers or devices composed of 
them. 


GLASSWARE 


Glass is a complex silicate, the properties of which depend 
on the type of silicate anion in the structure as well as its 
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TABLE Al-2 Properties of Some Organic Solvents Used in the Clinical Laboratory 


Boiling Flash Point 
Point (°C) (°C) 


Specific 
Gravity TLV 


Characteristics 


Acetone 56 —20 0.79 


1,2-Dichloroethane 84 13 124 


Diethyl ether 34.5 —45 0.71 


Ethyl acetate Viel —4.4 0.90 


n-Hexane 69 —22 0.65 


Isobutyl alcohol 108 28 0.80 


Isopropyl alcohol 82 12 0.79 


Methyl alcohol 65 11 0.79 


Toluene ili 4 0.87 


Xylene 138-144 27-32 0.86 


750 Clear, colorless, volatile liquid, very soluble in 
water; vapors heavier than air; vapor-air 
mixtures are explosive 

10 Clear, colorless liquid, negligible solubility in 
water; dangerous when exposed to flame 

400 Colorless, mobile, extremely volatile liquid, 8.4% 
soluble in water at 15 °C; very flammable and 
reactive; reacts with many inorganic 
compounds and acids; potentially extremely 
dangerous fire and explosion hazard 

400 Colorless liquid, solubility 8.7 g/100 g water at 
20 °C; contact with nitrates, strong oxidizers, 
strong alkalis, or strong acids may cause fire 
and explosions 

50 Clear, colorless solution, insoluble in water; 
extremely flammable; contact with oxidizing 
materials may cause extremely violent 
combustion; incompatible with strong 
oxidizers 

50 Colorless, volatile liquid, 8.5% soluble in water; 
vapors heavier than air; fire hazard when 
exposed to heat, flame, or oxidizers 

400 Clear, colorless liquid, completely soluble in 
water; above flash point, vapor-air mixtures 
are explosive; contact with strong oxidizers 
may cause fire or explosion 

200 Clear, colorless liquid, very soluble in water; 
vapors are heavier than air; vapor-air mixtures 
are explosive; may form explosive mixture or 
cause violent reaction with many organic or 
inorganic compounds 

50 Clear, colorless liquid, 0.05% soluble in water; 
soluble in many organic solvents; dangerous 
fire hazard when exposed to heat or flame; 
vapor-air mixtures are explosive 

100 Light-colored or colorless mobile liquid; solvent 
in many organic compounds; dangerous fire 
hazard when exposed to heat or flame; vapors 
heavier than air 


Data compiled from Lide DR ed. CRC Handbook of chemistry and physics, 84th ed. Boca Raton, FL, CRC Press. 2003-2004: 15.14-18. 
TLV, Threshold limit for allowable airborne concentration, given in parts per million by volume at 25 °C and atmospheric pressure. 


cation content. The addition of metal cations, such as Fe** 
or Ni”, to the basic structure of glass can alter its color. 


Type of Glass 

The thermal properties of glass can be significantly changed 
by the addition of boron oxide (B,O;). Glassware containing 
boron oxide, known as borosilicate glass, is extensively used 
in clinical laboratories. 


Glass with high thermal resistance is usually a borosili- 
cate glass that has a low alkali content. It is free from zinc 
group elements and heavy metals (arsenic and antimony), 
and resists heat, corrosion, and thermal shock. Because its 
dimensions change very little with temperature (it has a rel- 
atively low coefficient of expansion), this type of glassware 
should be used whenever heating or sterilization by heat is 
to be carried out. Some borosilicate glassware, if properly 
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TABLE Al-3 Chemistry and Activity of Desiccants 


Easy Chemical 
Drying Agent Activity* Capacity Deliquescence Regeneration Reaction 
Phosphorus pentoxide 0.02 Very low Yes No Acidic 
Barium oxide 0.6-0.8 Moderate No No Alkaline 
Alumina 0.8-1.2 Low No Yes Neutral 
Magnesium perchlorate 1.6-2.4 High Yes No Neutral 
(anhydrous) 
Calcium sulfate (Drierite) 4-6 Moderate No Yes Neutral 
Silica gel 2-10 Low No Yes Neutral 
Potassium hydroxide 10-17 Moderate Yes No Alkaline 
(stick) 
Calcium chloride 330-380 High Yes No Neutral 
(anhydrous) 


*Micrograms residual water per liter of air at 30 °C. 


TABLE Al-4 Thermal Durability of Borosilicate Glass 


Strain point* 510 °C 
Annealing point! Soa IC 
Softening point 820 °C 


*Temperature at which deformation may result because of heat stress. 
‘Temperature to which glass must be heated to relieve strains. 


supported and not under internal pressures, can be heated 
to about 600 °C for a relatively short period of time. If the 
glass is cooled too quickly, however, it will acquire strains 
that may affect its future serviceability. The highest safe 
operating temperature of this glass is its strain point. The 
thermal durability of borosilicate glass is shown in Table 
Al-4. 

Pyrex (Corning) and Kimax (Kimble) brand glass pro- 
ducts are the most common thermal-resistant borosilicate 
glassware found in the laboratory. Most clinical laboratory 
apparatus—such as beakers, flasks, and pipettes—are made of 
this type of glass. Because the vessel contains so few elements, 
it contaminates liquids minimally, even when they are hot. 

In 1965 a special alumina-silicate glass was developed that 
was at least six times stronger than borosilicate glass. This 
Corex (Corning) brand laboratory glassware has been 
strengthened chemically rather than thermally. Corex 
pipettes have a typical impact strength of 206.845 MN-m~ 
compared with a rating of 13.790 MN-m” to 34.475 MN-m”° 
for borosilicate pipettes. Corex laboratory glassware is harder 
than conventional borosilicates and better able to resist 
clouding due to alkali and scratching. This glass is also used 
for higher-temperature thermometers (>250 °C), graduated 
cylinders, and centrifuge tubes. 

Vycor (Corning) brand laboratory glassware is recom- 
mended for use in applications involving high temperatures, 
drastic heat shock, and extreme chemical treatment with 


acids and dilute alkalis. This transparent glassware is resis- 
tant to attack by all acids, except hydrofluoric, and even in 
the upper temperature range it is more resistant to alkali 
than is borosilicate glass. Vycor ware is used primarily in 
ashing and ignition techniques. It can be heated to 900 °C 
and can withstand the shock of a temperature drop from 
900 °C to 0 °C. 

The high silica content of high-silica glass (more than 
96%) makes it comparable with fused quartz in its thermal 
endurance, chemical stability, and electrical characteristics. 
The glass is made by removing almost all elements except 
silica from borosilicate glass. It is radiation resistant and has 
good optical qualities and temperature characteristics; it is 
used for high-precision analytical work and can also be used 
for optical reflectors and mirrors. 

Boron-free glassware has high resistance to alkali and was 
developed particularly for use with strongly alkaline solu- 
tions. Its thermal resistance is much less than that of borosil- 
icate glass, and it must therefore be heated and cooled very 
carefully. Its primary use should be with solutions or for 
digestion involving strong alkali. This glass is often referred 
to as soft glass. 

Low actinic glassware contains materials that usually 
impart an amber or red color to the glass and thus reduce 
the exposure of the contents to light. It was developed to 
provide a highly protective laboratory glassware for handling 
materials sensitive to light in the 300- to 500-nm range (e.g., 
bilirubin, carotene, and vitamin A). 

Flint glass is a soda-lime glass composed of a mixture of 
silicon, calcium, and sodium oxides. This type of glass is 
lowest in cost of all glasses and is readily fabricated in a wide 
variety of shapes. Such glass has poor resistance to high tem- 
peratures and sudden changes of temperature, and its resis- 
tance to chemical attack is only fair. Because this glass is 
relatively easy to melt and shape, it has been used for bottles 
and some disposable laboratory glassware. Certain manu- 
facturers supply flint (soft) glass disposable pipettes to the 
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clinical laboratory. Users of such pipettes need to rinse the 
pipettes before use if they have not been water-rinsed by the 
manufacturer. Soda-lime pipettes may release alkali into 
the liquid inside the pipette and cause considerable errors 
in certain critical assay procedures (such as trace metal 
analyses). Organic contaminants found in soft glass and 
borosilicate glass disposable pipettes can also interfere with 
analytical procedures using UV-absorption or fluorescence 
techniques. 

Colored and opal glasses, used in filters and light bulbs, are 
made by adding small amounts of metallic oxides to the 
glass. 

Coated glass has a thin metallic oxide permanently fire- 
bonded to the surface of the glass. It can conduct electricity 
and has electronic applications as a heat shield to protect 
against infrared light and as an electrostatic shield to carry 
off charges. 

Optical glass is made of soda-lime, lead, and borosilicate; 
because of its high optical purity, it is used in making prisms, 
lenses, and optical mirrors. 

Glass-ceramics (Pyroceram) have high thermal resis- 
tance, chemical stability, and corrosion resistance, and they 
are useful for making hot plates, table tops, and heat 
exchangers. 

Radiation-absorbing glass is made of soda-lime and lead, 
and is useful in preventing the transmission of high-energy 
radiation (e.g., y-rays and x-rays). 


Cleaning of Glassware 


Laboratory glassware should be rinsed immediately after 
use and placed in a weak solution of a detergent until it is 
washed. Hazardous materials should be properly discarded, 
and their containers should be washed immediately rather 
than placed with the glassware that is handled by laboratory 
washing personnel. In many institutions, the glassware is 
then washed in an automatic washer, rinsed in a special rinse 
cycle, and then placed in an automatic dryer. The manufac- 
turer of the equipment should be able to recommend a 
detergent that is compatible with the equipment and effec- 
tive with the local water supply. Residual detergent may be 
detected by measuring the pH of water added to the glass- 
ware, or by using a dilute solution of an acid-base indicator 
that will indicate an alkaline residue. 

For general washing without an automatic washer, most 
laboratories prefer detergents that are not highly alkaline, are 
nonionic, and are metal-free. These have largely replaced the 
harsh alkaline detergents formerly used that, although effec- 
tive, etched glassware and were hard on the skin. Again, 
special care must be taken to ensure adequate rinsing. All 
clean laboratory ware should drain with a continuous thin 
film of water. Imperfect wetting or the presence of discrete 
droplets of water indicates that the vessel is not sufficiently 
clean. 

Ultrasonic cleaners may also be used to supplement the 
action of detergent. In these baths, where very-high- 
frequency vibrations cause the residue to be broken free 


from the walls of the vessel, neutral detergents are usually 
preferred. 

Air drying or oven drying at temperatures below 100 °C, 
with the laboratory ware bottom up, is the preferred drying 
method. Occasionally, it is desirable to rinse the glassware 
with a water-miscible organic solvent and then to expose it 
to a stream of air or nitrogen. To prevent contamination, the 
solvent must be of high quality, and the gas must be pure. 
Storage should be such that the laboratory ware is protected 
from dust. 


PLASTIC WARE 


Plastic beakers, bottles, flasks, graduated cylinders, funnels, 
centrifuge tubes, tubing, and pipettes are widely used in clin- 
ical laboratories and have unique qualities that make them 
ideal for use when high corrosion resistance and unusual 
impact and tensile strength are required. The physical and 
chemical properties of various resins that are used in the 
preparation of laboratory plastic ware are listed in Table 
A1-5. The resistances of plastic ware to various chemicals are 
listed in Table Al-6. However, this information is intended 
to be used as a general guide only. Because many factors 
can affect the chemical resistance of a given product, it is 
important to test the material under your own conditions. 
If any doubt exists about specific applications of plastic 
laboratory ware, the manufacturer should be contacted. 


Types of Plastic ware 


Polyethylene and polypropylene are types of plastic used 
primarily to fabricate bottles, beakers, jars, carboys, jugs, 
funnels, pipette jars, pipette baskets, tanks, buret covers, 
check valves, disconnect valves, twist lock connectors, needle 
valves, hollow stoppers, dropping pipettes, hydrometer jars, 
stirring rods, tubing, and reagent dispensers. Polyethylene is 
less expensive than polypropylene and is used in most dis- 
posable plastic ware. Polypropylene has a distinct advantage 
in that it withstands higher temperatures and can be steril- 
ized; however, it absorbs pigments and tends to become 
discolored. 

The polyolefins are a unique group of resins that are chem- 
ically relatively inert. Although concentrated sulfuric acid 
does slowly attack polyethylene at room temperature, the 
polyolefins as a group are unaffected by acids, alkalis, salt 
solutions, and most aqueous solutions. Aromatic, aliphatic, 
and chlorinated hydrocarbons cause moderate swelling of 
the plastic at room temperature; organic acids, essential oils, 
and halogens slowly penetrate these plastics. Strong oxi- 
dizing agents attack this group of resins only at elevated 
temperatures. 

Polycarbonate is twice as strong as polypropylene and may 
be used at temperatures ranging from —100 °C to +160 °C; 
however, its chemical resistance is not as wide as that of the 
polyolefins. This resin is unsuitable for use with strong acids, 
bases, or oxidizing agents; it is dissolved by chlorinated 
aliphatic and aromatic hydrocarbons. Polycarbonate resin is 
insoluble in aliphatic hydrocarbons, some alcohols, and 
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TABLE AI-5 Physical Properties of Plastics 


Maximum 
Usable Brittleness 
Temperature Temperature Specific 
(°C) (°C) Transparency Autoclavability Gravity Flexibility Microwavability* 
Low-density 80 —100 Translucent No 0.92 Excellent Yes 
polyethylene 
High-density 120 —100 Translucent No 0.95 Rigid No 
polyethylene 
Polypropylene 135 0 Translucent Yes 0.90 Rigid Yes 
Polymethylpentene 175 20 Clear Yes 0.83 Rigid Yes 
CTRL) 
Teflon FEP 205 —270 Translucent Yes 2.15 Excellent Marginal 
(fluorinated 
ethylene 
propylene) 
Tefzel ETFE 150 —100 Translucent Yes .70 Moderate Yes 
(ethylene- 
tetrafluoroethylene) 
Polycarbonate 135 =I Clear Yes! 20 Rigid Marginal 
Polyvinyl chloride 70t -30 Clear No* 34 Rigid Yes 
(PVC) 
Polystyrene 90 =M) Clear No .05 Rigid No 
Polysulfone 165 —100 Clear Yes 24 Rigid Yes 


From Nalgene Labware, 1996. 
*Based on 5-minute test at 600 watts of exposed, empty laboratory ware. 


‘Sterilizing reduces mechanical strength. Do not use PVC vessels for vacuum applications if they have been autoclaved. 


*Except for PVC tubing, which will withstand temperatures of 121 °C and can be autoclaved. 


TABLE Al-6 Chemical Resistance of Plastics at 20 °C 


Acids, Acids,* Oxidizing 
Classes of Diluted Strong and Alcohols, Hydrocarbons, Hydrocarbons, Hydrocarbons, Agents, 
Substances orWeak Concentrated Aliphatic Bases Aliphatic Aromatic Halogenated Ketones Strong 
Low-density E E Ẹ E F F N G F 
polyethylene 
High-density E E E E G G F G F 
polyethylene 
Polypropylene/ E Ẹ E E G F F G F 
polyallomer 
Polymethylpentene E E E E F E N G F 
(TPX) 
Teflon E E E E E E E E E 
Polycarbonate E N G N F N N N N 
Polysulfone E G G E G N N N G 
Polyvinylchloride E E E E E N N N G 
Polystyrene E F E iE N N N N N 
Nylon H N G F E E G E N 


From Nalgene Labware, 1996. 
E, Excellent; G, good; F fair; N, not recommended. 
*Except for oxidizing acids; for oxidizing acids, see “Oxidizing Agents, Strong.” 


dilute aqueous acids and salts. Because laboratory ware 
molded from this resin is clear glass and shatterproof, poly- 
carbonate is used extensively in centrifuge tubes and gradu- 
ated cylinders. 

Fluorocarbon resins (Teflon) have unique qualities that 
make them almost chemically inert and therefore ideal when 
high corrosion resistance at extreme temperatures is essen- 
tial. Because Teflon (fluorinated ethylene propylene [FEP]) 


resists extreme temperatures ranging from —270 °C to 
+255 °C, bottles and beakers made of this material are suit- 
able for use in cryogenic experiments. 

Laboratory ware made of fluorocarbon resins (e.g., 
Teflon) is pure, translucent, white, and inert to such corro- 
sive reagents as boiling aqua regia, nitric and sulfuric acids, 
boiling hydrocarbons, ketones, esters, and alcohols. Because 
of its unique antiadhesive properties and its nonwettable 
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surface, Teflon is used for self-lubricating stopcocks, stirring 
bars, bottle cap liners, and tubing. It is also quite easy to clean 
and is fast drying, but it can easily be scratched and warped. 


Use, Care, and Cleaning of Plastic Ware 


Whenever possible, plastics should be used in place of glass, 
because plastic ware has the advantage of being unbreakable 
and does not release ions into a solution as does glass. Two 
disadvantages of plastic ware are a tendency to bind various 
solutes and to leach surface-bound constituents into sub- 
sequent solutions. Polyethylene is permeable to water vapor, 
and even in tightly stoppered bottles evaporation may occur, 
resulting in an increased concentration of the reagents and 
calibrators. As the volume of remaining liquid diminishes to 
a small fraction of the total capacity, the ratio of the surface 
area to volume increases; with the increased surface area of 
polyethylene available for diffusion, evaporation becomes a 
significant factor. Therefore small volumes of reagent should 
never be stored in oversized plastic bottles for long periods 
of time. 

Polyethylene is not completely inert and may bind or 
adsorb proteins, dyes, stains, iodine, and picric acid. Color- 
less reagents may bind to plastic ware without being 
detected, only to manifest themselves in subsequent chemi- 
cal analyses as a cause of erratic results. Slow reduction of 
ceric and cuprous ions has been observed in solutions stored 
in polyethylene bottles. Such solutions may also develop sig- 
nificant fluorescence after being stored in plastic containers 
for extended periods. 

Linear polyethylene, polypropylene, Teflon, poly- 
methylpentene, and polycarbonate plastics can be cleaned in 
ordinary glassware washing machines. Ultrasonic cleaners 
may also be used provided the plastic ware does not rest 
directly on the transducer diaphragm. The use of abrasive 
cleaners and strong oxidizing agents should be avoided. 

Polypropylene, Teflon, and polymethylpentene may be 
repeatedly autoclaved under normal conditions. Polycar- 
bonate shows some loss of mechanical strength when auto- 
claved; thus this procedure should be limited to 20 minutes 
at 121 °C. Plastic ware should be well cleaned and rinsed with 
deionized water before sterilizing because certain chemicals 
that have no appreciable effect on plastics at room temper- 
ature may cause deterioration at autoclaving temperatures. 
Polystyrene, polyvinyl chloride, styrene acrylonitrile, and 
conventional polyethylene are not autoclavable, but they 
may be gas sterilized with ethylene oxide or chemically ster- 
ilized by rinsing with benzalkonium chloride. With the 
exception of Teflon, none of the listed resins should be hot- 
air sterilized because of the potential for accelerated oxida- 
tive degradation. 

Some of the transparent plastics (e.g., polycarbonate, 
polystyrene) may absorb minute quantities of water vapor 
and appear cloudy after autoclaving. This clouding effect is 
transient and disappears as the plastic dries. Clearing of the 
plastic may be accelerated by drying the plastic ware in an 
oven at 110 °C. 


SYNTHETIC AND RUBBER-BASE TUBING 


Tygon is a modified polyvinyl plastic substance that is clear 
and resistant to chemical attack and is used extensively for 
the manufacture of tubing. It is inert to most chemicals and 
has been used to transfer liquids, gases, and colloidal sus- 
pensions. It comes in a variety of sizes and is specified by 
inside diameter (i.d.), outside diameter (o.d.), and wall 
thickness. The tubing is rapidly and easily used and can be 
readily changed to meet specific needs. Because Tygon 
tubing is flexible, it can curve around corners and avoid 
obstructions. It occupies a minimum of space and can be 
used with a variety of positive-action (peristaltic) fluid 
pumping systems. Because it is available in continuous 
lengths, Tygon requires few joints or couplings. It is readily 
cut with a sharp blade and can be coupled to other, larger- 
bore Tygon tubing by using a small amount of solvent 
(cyclohexanone) to soften and bond the tubing ends. Careful 
heating of the tube ends with a hot metal probe can also 
assist in softening the plastic for coupling. 

Tygon tubing is sometimes difficult to slip over metal or 
glass in making a connection. The use of a soapy solution 
or a synthetic wetting agent has the effect of lubricating 
the tubing, allowing it to slip on more easily. Various Y, H, 
and T fittings can also be used to join branch lines and 
make multiple connections with Tygon tubing. Simple collar 
clamps can serve to ensure a connection on glass or metal. 
Tygon is not compatible with polystyrene and acrylics and, 
when in contact at high temperatures with solutions con- 
taining zinc or copper, can become discolored. 

Teflon tubing is also available and is chemically inert to 
synthetic substances, organic solvents, acids, and alkalis and 
can withstand continuous temperatures to 300 °C. It can be 
used in place of Tygon in circumstances requiring its special 
properties. 

Amber latex rubber tubing is translucent and is recom- 
mended for all kinds of glass connections in which a highly 
elastic tubing with a long life is required. 

Neoprene is a synthetic rubber that is soft and pliable and 
has a smooth finish. Neoprene is not affected by oil, alkalis, 
hot water, and many corrosive substances. It is not recom- 
mended for use with chlorinated or aromatic hydrocarbons. 


BURETS 


A buret is a graduated tube with a small aperture and stop- 
cock for delivering measured quantities of liquid or for mea- 
suring the liquid or gas received or discharged. Standard 
burets vary in size from 1 to 100 mL. A buret of 50-mL 
capacity is subdivided at 0.1-mL intervals. Burets having a 
capacity of 10 mL or less are classified as microburets. 

The outflow of liquid from the buret is usually controlled 
by an all-glass or all-Teflon stopcock. The latter type does 
not require any lubricant and is especially useful when the 
titrant is an alkali. The all-glass stopcock should be lightly 
greased with petrolatum-like lubricants. Silicone-containing 
lubricants are not recommended, because they “creep” along 
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the length of the buret and subsequently contaminate its 
walls. Some burets are equipped with a reservoir and a two- 
way stopcock for self-filling. 

A buret calibration is verified by first filling the buret to 
a point just above the zero line with CO,-free deionized 
water and then by carefully adjusting the meniscus to the 
zero line. The drop of water adhering to the buret tip is 
removed by touching the tip to the inside of a glass vessel. A 
tared vessel is placed beneath the tip, and the buret is fully 
opened. Delivery should proceed freely with the buret tip not 
in contact with the vessel wall until the meniscus is about 1 
cm above the graduation line of the desired volume. The 
buret tip should then be touched to the wall of the container 
and the content allowed to drain into the solution until the 
meniscus reaches the graduation mark. The tared vessel is 
then stoppered and reweighed, and the delivered volume 
corrected for temperature. As in the case with graduated 
pipettes, the accuracy of the overall calibration and mark-to- 
mark calibration decreases with a decrease in buret size. 

Burets used in macroanalysis have major graduation 
marks completely around the long cylindrical tube and minor 
graduation marks at least halfway around. Errors of parallax 
in reading the meniscus are thus minimized at the major 
graduations but may still occur at the minor graduations. 


MICROBURETS 

Microburets are used to deliver liquids in the microliter 

range. Some microburets are constructed like a syringe. The 

plunger of the syringe can be machined to an exact diameter. 

The displacement by the advancing plunger is indicated on a 

micrometer dial and is proportional to the volume delivered. 
Various sizes are available that permit accurate delivery of 

as little as 0.01 UL per scale division. Several points should 
be noted: 

1. The titrant must be prepared at a relatively high concen- 
tration to reduce the volume necessary for a titration and 
to provide sharp end points. For example, if an end point 
can be determined to +1 scale division, the volume of 
titrant in an average titration should be equivalent to 100 
scale divisions to provide a precision of +1%. The con- 
centration of titrant is a compromise between choosing a 
weaker concentration, which provides a larger volume 
and therefore a smaller reading error, and a stronger con- 
centration, which minimizes end point error and avoids 
overdilution of the sample. 

2. The tip of the buret must be placed beneath the surface 
of the solution to be titrated to permit even dispensing 
of reagent and to avoid discrete drop formation. The tip 
must be drawn to a fine point to prevent diffusion of 
liquid back into the buret. 

3. Titrations must be performed with good lighting against 
a white background to permit easier detection of color 
changes, and the solution must be stirred as the titration 
proceeds. For titration in test tubes, the solution may be 
mixed with a fine stream of air or bubbles of an inert gas. 


Vibrators or small cups that are rotated electrically also 
ensure mixing during the titration. Magnetic stirrers with 
very small stirring bars (e.g, 1x 5 mm) are available 
commercially. 

4. Blanks and calibrators must be included routinely and 
titrated to the same end point as the unknown. Indicator 
error is more significant in microtitrations; it is therefore 
advisable to pipette a fixed volume of indicator rather 
than to add it by a dropper. Duplicate determinations are 
recommended. 


CALIBRATION OF VOLUMETRIC PIPETTES 


Accurate calibration or verification of calibration of pipettes, 
dispensers, and dilutors can be calibrated with gravimetric 
and spectrophotometric procedures. 


GRAVIMETRIC PROCEDURE 

Gravimetric measurement of dispensed aliquots of water 

with density correction is a useful technique for verifying the 

calibration of volumetric devices. 

1. Ensure that water, weighing vial, and pipette are at room 
temperature at the time of the procedure. 

2. Determine and record the temperature (t) of a large 
volume of pure water to the nearest whole degree. 

3. Weigh a clean, dry, empty, stoppered weighing vial. 
Handle the vial without touching it with bare fingers. 
Record weight to nearest 0.1 mg (W,). 

4. Transfer a sample of water to the weighed vial. 

5. Restopper and reweigh the vial. Record weight to the 
nearest 0.1 mg (W)). 

6. Refer to the table entitled “True Capacity of Glass Vessels 
from the Weight of the Contained Water or Mercury 
When Weighed in Air” in Handbook of Chemistry and 
Physics to obtain the correction factor (F,) for the water 
temperature. 

7. Calculate the volume delivered (VD) using the following 
algorithm: 


VD(mL) = (W; - W,) x F 


Example for a 10-mL pipette 


W;= 31.9961 g 
W, = 22.0391 g 
t=24°C 
F,= 1.003771 
Therefore 


VD = (31.9961 — 22.0391 x 1.003771) = 9.9945mL 
The deviation, or error, from stated capacity is 


(10 — 9.9945) 
10 


x 100 = 0.055% 


In routine analysis, an error of 0.1% or less may be ignored 
when using a pipette. With an error in excess of 0.1%, 
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depending on the application, the stated capacity of a given 
pipette may require correction to the actual capacity found. 


SPECTROPHOTOMETRIC PROCEDURE 

As an alternative to gravimetric calibration, a convenient 

method is to use a compound that absorbs light to verify 

the calibration of volumetric devices. The following is an 
example of the use of p-nitrophenol in a spectrophotometric 
verification of the calibration of a 10-uL pipette. 

1. All glassware used should meet Class A specifications. 

2. Reagents required: 

(a) NaOH, 10 mmol/L 

(b) p-nitrophenol, 1.050 g/L 

3. Preparation of reagent: 

Dissolve 105 mg of high-purity p-nitrophenol (NIST 

SRM 938) in deionized water in a 100-mL volumetric 

flask. Fill to the mark. 

4. Preparation of dilutions: 

a. Reference dilutions: Fill three 250-mL volumetric 
flasks to the mark with 10 mmol/L NaOH. To each, 
add 1.0 mL of the p-nitrophenol solution, using a dif- 
ferent volumetric pipette for each addition. 

b. Test dilutions: Add to each of five test tubes 2.5 mL 
NaOH, 10 mmol/L, using either a calibrated pipette 
or calibrated dispenser. To each tube, using the test 
micropipette in the correct delivery mode, add 10 uL 
of p-nitrophenol solution. (If the pipette is the 
“to-deliver” [TD] type, and is being rinsed in receiv- 
ing solution, set aside a portion of p-nitrophenol 
for rinsing the pipette between each of the five 
additions.) 

5. With a narrow bandpass spectrophotometer, read the 
absorbance of each of the reference and test dilutions at 
401 nm in 10-mm cuvets. For NIST p-nitrophenol SRM 
with a “certified absorptivity” of 131.48 L:g':cm™ in 
NaOH, 10 mmol/L, Axo; should be 0.550 for an exactly 
prepared reference dilution. Average the readings of the 
three reference dilutions; the mean value (A,) should be 
close to 0.550. Average the five test dilution readings for 
a mean value (A). 

6. Calculation: 


A 
Volume delivered (uL) = ms xDxV 
1 


where D is dilution of test solution (1/251 in this 

example), and V is final volume in microliters of the test 

dilution (2510 uL in this example). 

For this example then, if A, is 0.550 and A, is 0.561, 
the volume dispensed was 10.20 uL (0.561/0.550 x 1/251 x 
2510 uL). Because the nominal capacity of the volume 
dispensed by this pipette is 10 uL, a dispensed volume of 
10.20 uL is a 2% error. The analyst must make a decision as 
to the acceptability of this error. As supplied by the manu- 
facturer, micropipettes of this capacity are capable of deliv- 


ering between 0.5% and 1% of nominal capacity, depending 
on the type of pipette. 


CENTRIFUGATION 

COMPONENTS OF A CENTRIFUGE 

All centrifuges contain a rotor or centrifuge head, a drive 
shaft, and a motor. The rotor is enclosed in a chamber that 
is provided with a cover and latch. Most centrifuges also 
include a power switch, timer, speed control, tachometer, 
and brake. Some include a protective shield to minimize 
aerosol production if a tube should break, or a refrigerator 
to reduce the temperature within the chamber. Most modern 
centrifuges contain a programmable microprocessor that 
can control the acceleration and deceleration of the rotor 
as well as the overall running time. For a particular type 
of specimen, the necessary program can be recalled from 
memory to ensure reproducible separations. Centrifuges 
may also include audible or visible alarms to indicate mal- 
functions, such as imbalance of the rotor. 

The typical design of a horizontal-head rotor allows 
the use of four buckets, each able to swing freely between 
x-shaped metal limbs. The buckets are suspended from 
support pins placed into grooves in the limbs. The buckets 
can accept a variety of racks or adapters into which the tubes 
to be centrifuged are inserted. For any one model of cen- 
trifuge, the buckets serve as the tube holders and are inter- 
changeable. Most tube holders contain cushioning pads to 
lessen the possibility of tube breakage during centrifugation. 
In some bench top centrifuges, as many as 60 tubes may be 
inserted into a single rack, allowing a theoretical capability 
of centrifuging 240 tubes at one time. 

The drive-motor of a large centrifuge is usually a high- 
torque, heavy-duty DC electrical motor of up to 560J/s HP. 
AC motors are usually used with small centrifuges. Diodes 
and capacitors are used to rectify the alternating current. The 
rotor shaft usually is driven directly or through a gyro 
system, but occasionally a pulley system is used. In most cen- 
trifuges, sealed bearings are used to reduce the need for 
lubrication and to minimize vibration. The speed of the cen- 
trifuge rotor is governed by a potentiometer, which changes 
the voltage supplied to the motor. However, differences in 
the load to be spun cause the rotor to turn at different speeds 
although the potentiometer setting is the same. The 
tachometer indicates the speed of the rotor in revolutions 
per minute (rpm), not the gravitational force applied to the 
contents of the tubes in the rotor. The brake operates by 
reversing the polarity of the current to the motor, thus 
causing rapid deceleration. 

The timer on a centrifuge allows a rotor to reach a pre- 
programmed speed under optimized conditions and then 
decelerate without braking after the set time. Most cen- 
trifuges can be operated independently of a timer. 

Because centrifuges generate heat, the temperature in the 
chamber in many centrifuge models may increase by as 
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much as 5 °C after a single run. The change in temperature 
depends on the initial ambient temperature in the centrifuge 
chamber, rotor speed, duration of centrifugation, and rotor 
design. These factors affect the concentration of analytes in 
a specimen due to loss of water caused by evaporation. A 
large chamber around the rotor dissipates heat. When the 
material to be centrifuged is temperature-labile, a refriger- 
ated centrifuge should be used. In the simplest form, a refrig- 
erator unit is mounted beside the centrifuge, and cold air 
is blown into the rotor chamber. This approach is usually 
inadequate to stabilize the low temperature. In more sophis- 
ticated centrifuges, refrigeration coils around the chamber 
make it possible to maintain a preset temperature within 
+1 °C. 

Some models of centrifuges are available with a plastic 
cover over the rotor chamber or over each swinging bucket 
to reduce aerosol formation when a tube breaks during 
centrifugation. 


PROCEDURES FOR CONCENTRATING 
SOLUTIONS 


Evaporation is a technique most often used to concentrate 
solutes in a solution, particularly low-molecular-weight 
solutes. A technique frequently used for the evaporation of 
volatile solvents is to direct a stream of air through a fine 
nozzle onto the surface of liquid in a tube to flush out vapors 
in equilibrium with the solution. With a suitable manifold, 
this procedure can be applied to many tubes simultaneously, 
and the procedure can be speeded up by placing the tubes in 
a heated water bath. The procedure should be carried out 
in a fume hood to prevent a health hazard resulting from 
evaporating solvents. If compressed air is used, it should 
be passed through a filter and over a desiccating agent to 
prevent particulate matter and moisture from contaminat- 
ing the solution. 

Rapid removal of large volumes of solvent is best effected 
through a combination of reduced pressure and heat. The 
solution to be evaporated is placed in a round-bottom flask 
of a capacity no larger than 100 mL to avoid the danger of 
implosion. Vacuum is applied to the flask through a safety 
trap while the flask is swirled in a heated water bath. Swirling 
produces a large surface area, thus speeding evaporation and 
reducing bumping. Alternatively, a thick-walled Erlenmeyer 
flask may be used at ambient temperature. A water aspira- 
tor, an institution vacuum line, or a mechanical vacuum 
pump may be used to reduce the pressure. With any system, 
a suitable trap is essential to collect the vapors. 

To concentrate a larger volume of solution, a rotary evap- 
orator is used. To concentrate many specimens of small 
volume, vortex evaporators or multiple unit rotary evapora- 
tors are available. 

Freeze-drying (lyophilization) has been extensively used 
in laboratory medicine for the preparation of calibrators, 
control materials, reagents, and to a lesser extent, individual 
specimens for analysis. More than 99% of the water in a sub- 


stance to be freeze-dried may be removed in the typical 
freeze-drying process. The composition of the freeze-dried 
material is usually unchanged by freeze-drying except for the 
loss of water or some volatile organic matter. Freeze-drying 
first entails freezing a material at —40 °C or less and then sub- 
jecting it to a high vacuum. Very low temperatures cause the 
ice to sublime; solid nonsublimable material, initially locked 
in an ice matrix, remains behind in a dried state. 

Commercial freeze-drying instruments allow many spec- 
imens to be dried at the same time by means of special man- 
ifolds. Such instruments usually combine a freezer unit with 
a lyophilizer. In the most sophisticated systems, the temper- 
ature and vacuum may be adjusted according to the mater- 
ial to be processed. Freeze-drying is most efficient (i.e., 
drying is most rapid and the material does not thaw) when 
the material to be dried is spread as a thin film over the inner 
surface of a flask or other container. This is best accom- 
plished when the container is rotated during freezing. The 
volume of material to be lyophilized may vary from a few 
milliliters to several liters. 


SEPARATORY FUNNELS AND EXTRACTION 
PROCEDURES 


Separatory funnels are used in the clinical chemistry labora- 
tory for simple extraction procedures. These involve bring- 
ing a given volume of solution into contact with a given 
volume of solvent (immiscible in the solution) and shaking 
until equilibrium has been attained; this is followed by sep- 
aration of the liquid layers. Most separatory funnels taper off 
to a narrow bottom that contains a sealed stopcock. Thus it 
is relatively easy to separate two phases for further analysis. 
The capacity of the funnel should be such that the liquids 
occupy no more than approximately one half the volume of 
the funnel. If necessary, the extraction procedure may be 
repeated after the addition of fresh solvent. This type of 
extraction gives rapid, simple, and clean separations. When 
extracting from a liquid to a lighter solvent, as in diethyl 
ether extractions of aqueous solutions, it is necessary to 
remove the lower phase from the funnel after each extrac- 
tion before removing the extraction solvent. 

Extraction is the process used to separate compounds on 
the basis of their different solubilities in different solvents. 
The technique may be used either to purify or to concentrate 
a material. 

The choice of solvent for extraction depends on the solute 
to be recovered. In general, it is desirable to use a solvent that 
does not form emulsions and is easily evaporated. Diethyl 
ether and ethyl acetate are commonly used, although both 
tend to absorb water. Diethyl ether, although having the 
advantage of being easily evaporated, is toxic and is capable 
of forming explosive peroxides; it is also a fire hazard. In 
some cases, an emulsion forms that consists of a colloidal 
suspension of the organic solvent in the aqueous solution, 
or vice versa. Emulsification occurs most often when the 
solute acts as a detergent or when viscous solutes are present. 
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Emulsification is less likely to occur when the two solvents 
are swirled together rather than shaken vigorously. An emul- 
sion may be broken by the addition of an inorganic salt 
soluble in water (“salting out”), which reduces the solubility 
of organic solvents in water. Among other techniques that 
may be effective are the addition of a silicone defoamer, a 
detergent, an acid, or several drops of ethanol or diethyl 
ether; the last of these is especially useful when the organic 
layer is chloroform. An emulsion may also be resolved by 
allowing it to stand or by centrifugation. 

When water and an immiscible solvent have been shaken 
together, the two phases may be separated by phase separa- 
tion paper (Whatman 1 PS Phase Separator). This paper has 
been impregnated with a special silicone to make it 
hydrophobic, so that the paper retains water. When the paper 
is folded in the conventional way in a conical filter funnel, 
solvents that are heavier than water flow through the apex. 
Solvents that are lighter than water pass through the wall of 
the folded cone. 


LABORATORY MIXERS AND HOMOGENIZERS 


Efficient mixing of solutions of very different densities is 
facilitated by mechanical agitation. Laboratory mixers differ 
mainly in the design of the motor and the stirrer. Depend- 
ing on the application, a fixed- or variable-speed motor 
should be selected. For viscous solutions, high-torque, low- 
speed motors should be used. In the presence of explosive 
vapors, an air-driven motor should replace electrical motors. 
The speed of rotation of this motor and stirrer is changed by 
altering the air pressure. 

Laboratory mixers are rated according to whether they are 
for continuous (8 hours uninterrupted) or intermittent duty. 
The design of the rotating device is dictated by its intended 
application, such as shearing, mixing, or homogenizing. 
Most stirrers are made of glass, stainless steel, or Teflon. 
Although most mixers are intended for bench top use, 
certain models are driven by 12-V DC motors and may be 
held by hand above the vessel in which solutions are to be 
mixed. Solutions in a flask may also be mixed by placing a 
Teflon-coated stirring bar in the flask and placing it above 
the stirring module that contains a rotating magnet. 

Measurements on cell contents require initial preparation 
of the tissue. Preparation may involve grinding of the tissue 
in a ground-glass tissue blender using manual force or a 
rotor driven by a simple electrical motor. For large quanti- 
ties of material, a tissue blender similar to the typical kitchen 
blender is used to emulsify and pulverize the tissue. Several 
different designs of blades are available and may easily be 
exchanged if a different application is required. The speed at 
which the blades rotate is usually more than 15,000 rpm. 


FILTRATION 


Two types of filtration are used to separate particles from 
liquids: surface filtration and depth filtration. Surface filtra- 


tion (screen filtration) is performed with filter papers, mem- 
branes, or sieves. The process is one of exclusion of the par- 
ticles having a larger diameter than the pores of the 
separation medium. Surface filtration retains the solid mate- 
rial on the filter medium, and the filtrate passes through the 
filter to be collected or discarded as required. The number 
and size of pores can be accurately controlled in the manu- 
facture of the separation medium so that it is possible to 
determine the appropriate filter for a given task. 

With depth filtration, the thick separation medium allows 
particles to be retained in the body of the filter as well as on 
the surface. Depth filters are usually made of cotton, fiber- 
glass, asbestos, or other materials such as diatomaceous 
earth. In depth filters, the matrix of fibers is usually arranged 
in a random manner to eliminate channels through the 
filters but to still allow passage of fluid. Combining depth 
and surface filters into a single filter is useful for purifying 
solutions. The depth filter is used as a prefilter to trap large 
particles, thus lengthening the life of the secondary surface 
filter. Fiberglass or sintered glass is often used as a refilter for 
coarse materials. 

Filtration may be conducted under gravity or pressure, 
or in a vacuum. The last may be used to accelerate the 
filtration rate by combining the influence of gravity, suction, 
and capillary attraction. The factors affecting gravity filtra- 
tion include the nature of the filter medium, its surface 
area, and its pore size. The number and size of particles in 
solution and the solution’s pH may also affect the filtration 
rate. 

Many filtrations in the clinical laboratory are carried out 
with filter paper. Different types of filter paper include low- 
ash or ashless paper as well as various grades related to thick- 
ness. Regular filter paper leaves some ash on ignition and 
thus cannot be used in gravimetric analysis. Ashless paper 
can be used in gravimetric analysis because it leaves such a 
low residue on ignition that its mass can be ignored. Vacuum 
filtration requires paper known as hardened-grade paper, 
with high, wet tensile strength. Fiberglass papers have the 
greatest strength and combine the advantages of retention of 
fine particles with fast filtration. Table Al-7 describes the 
grade, flow rate, and retention characteristics of commonly 
used filter papers. Retention refers to the particle size of pre- 
cipitate the grade will retain; speed refers to relative mean 
flow rates. 

Filtration can also be carried out with membranes of con- 
trolled pore size. These filters are made from homogeneous 
polymeric materials, such as polyvinylidene fluoride, cellu- 
lose esters, cellulose acetate, polytetrafluoroethylene, and 
polyvinyl chloride, depending on the intended application of 
the filter. The most widely used filter is composed of cellu- 
lose acetate and cellulose nitrate. The filters contain no loose 
fibers or particulate matter and are manufactured in a 
variety of sizes up to almost 30 cm in diameter and with pore 
sizes that vary from 10 to 0.025 um, the latter being capable 
of sterilizing the filtrate by retaining microorganisms. Eighty 
percent of the surface area of a typical membrane filter is 
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TABLE Al-7 Grade, Flow Rate, and Retention Characteristics of Filter Papers 


Initial 
Filtration Particle Size 
Grade Thickness (mm) Ash % Wet Strength* Speed(s)' Retained (um) 
40 0.20 0.010 L IE 8 
41 0.21 0.010 L 12 20-30 
42 0.20 0.010 L 240 25 
43 0.21 0.010 L, 40 16 
44 0.17 0.010 Ib 175 5 
50 0.12 0.025 H 250 2.7 
52 0.17 0.025 H 55 7 
54 0.18 0.025 H 10 20-25 
540 0.16 0.008 H 55 8 
541 0.16 0.008 H 12 20-25 
542 0.15 0.008 H 250 27 


Data from Whatman Laboratory Products, 9 Bridewell Place, Clifton, NJ. 
*L, low; H, high. 


‘Time taken for 100 mL of clean water to pass through 15-cm quadrant-folded circle, according to a modified ASTM method D981-56. 


occupied by pores, so that high flow rates occur through a 
filter even with pores of the smallest diameter. The basic 
structure of membrane filters is hydrophobic, although the 
surface of the membrane can be modified chemically to 
make it hydrophilic. 

Membrane filters may be used under vacuum, with pos- 
itive pressure, or with gravity. Some filter holders have been 
designed for use with syringes through which pressure is 
applied to filter a solution. Filters have been incorporated 
into certain disposable tips for use with semiautomatic 
pipettes. These filters minimize the exchange of aerosol 
droplets between the tips and the pipette. This is of partic- 
ular importance for DNA amplification and microbiological 
procedures. Other membrane filters are designed for ultra- 
filtration and are available with a variety of pore sizes for 
selective filtration. Ultrafiltration is a technique for remov- 


ing dissolved particles using an extremely fine filter. It is used 
to concentrate macromolecules, such as proteins, because 
smaller dissolved molecules pass through the filter. 

Many small specimens of biological fluids may be con- 
centrated at the same time using porous cellulose acetate filter 
cones and a centrifuge. The filter cones fit inside centrifuge 
tubes, and centrifugal force is used to drive water and 
molecules with a molecular weight of less than 50,000 Da 
through the anisotropic membrane filter. This approach is 
widely used to concentrate proteins in urine or cerebrospinal 
fluid in preparation for electrophoretic analysis. 

Fine hollow-fiber filters with walls of well-defined 
porosity are now also used to produce ultrafiltrates or to 
concentrate proteins. The large filter surface allows rapid 
concentration. 
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Automation in the 
Clinical Laboratory 


James C. Boyd, M.D., 
and Charles D. Hawker, Ph.D., M.B.A. EA.C.B. 


MANUFACTURERS’ PRODUCTS AND ADDRESSES 


Name and Address 


Systems Available 


A&T Corp. 

1799 Old Bayshore Highway 
Burlingame, CA 94010 
http://www.aandt.co.jp/ 


Abaxis, Inc. 

1320 Chesapeake Terrace 
Sunnyvale, CA 94089 
http://www.abaxis.com/ 


Abbott Laboratories 

Diagnostics Division 

100 Abbott Park Road 

Abbott Park, IL 60064 
http://www.abbottdiagnostics.com/ 


Aloka Co. Ltd. 

6-22-1, Mure, Mitaka-Shi, 
Tokyo 181-8622, Japan 
http://www.aloka.com/ 


Anthos Labtec Instruments GmbH 
(Division of Beckman Coulter, Inc.) 
Lagerhausstr. 507 

5071 Wals, Austria 
http://www.anthos-labtec.com/ 


Bayer Corporation HealthCare, LLC 
Diagnostics Division 

511 Benedict Ave 

Tarrytown, NY 10591-5097 
http://www. bayerdiag.com/ 


CliniLog System, Open LA21 System 


Piccolo Portable Blood Analyzer 


TD,, IM,, AxSym, Cell-Dyn 4000, Architect c8000, i2000SR, 
ci8200, i2000 


LabFLEX2500 


Plato 3000 Series 


ACS:180 SE, ADVIA Centaur, ADVIA chemistry and hematology 
systems, RapidLab blood gas systems, ADVIA IMS, ADVIA 
LabCell Modular Automation, ADVIA WorkCell, ADVIA 
CentraLink, Clinitek Urine Analyzers 


l 
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Name and Address 


Beckman Coulter, Inc 
Instruments Division 

2500 N. Harbor Blvd 

P.O. Box 3100 

Fullerton, CA 92834-3100 
http://www.beckmancoulter.com/ 


Becton, Dickinson and Co. 
1 Becton Drive, MC 314 
Franklin Lakes, NJ 07417 
http://www.bd.com/bdid/ 


Biophile, Inc. 

999 Grove Street, Suite 108 
Charlottesville, VA 22903 
http://www.biophileinc.com 


Bridge Medical, Inc. 

120 South Sierra Ave 

Solana Beach, CA 92075 
http://www.bridgemedical.com 


California Computer Research, Inc. 
P.O. Box 1772 

Lake Arrowhead, CA 92352 
http://www.robocart.com 


Dade Behring, Inc. 

1717 Deerfield Road 
Deerfield, IL 60015-0778 
http://www.dadebehring.com 


Daifuku America Corp. 

5202 Douglas Corrigan Way 

Salt Lake City, UT 84116 
http://www. daifukuamerica.com 


Diamond Phoenix 

90 Alfred Plourde Parkway 

P.O. Box 1608 

Lewiston, ME 04241-1608 
http://www.diamondphoenix.com 


DPC Cirrus Inc. 

(A subsidiary of Diagnostic Products Corp.) 
111 Canfield Ave, B11-B18 

Randolph, NJ 07869-1114 
http://www.dpeweb.com/ 


Flexlink Systems Co. 

1530 Valley Center Parkway 
Suite 200 

Bethlehem, PA 18017 
http://www. flexlink.com/ 


Gilson, Inc. 

3000 W. Beltline Highway 
P.O. Box 620027 
Middleton, WI 53562-0027 
http://www.gilson.com/ 
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Systems Available 


SYNCHRON Cx-series and LX-series, Array 360 Protein Drug 
System, IMAGE, Power Processor, Gen-S, HmX, MAXM 


BD.id bar code wristband system with supporting software 


Ultra low temperature robotic storage and retrieval systems 


Bar code wristband system with supporting software 


Robocart 


Stratus CS, DIMENSION, OPUS, BN 


Automated storage and retrieval systems, automated guided vehicles 


Horizontal carousels, vertical lift modules 


IMMULITE, IMMULITE 2000, SMS, Immunoassay Workcell 


Flexlink Conveyor Belt 


Model 215 Liquid Handler 
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Name and Address 


Hamilton Co. 

P.O. Box 10030 

Reno, NV 89520-0012 
http://www.hamiltoncomp.com 


Instrumentation Laboratory 
101 Hartwell Ave 
Lexington, MA 02421-3125 
http://www.ilus.com/ 


i-STAT Corp. 

104 Windsor Center Drive 
East Windsor, NJ 08520 
http://www.i-stat.com/ 


Jouan Robotics 

170 Marcel Drive 

Winchester, VA 22602 
http://www.jouanroboticsusa.com/ 


Lattice, Inc. 

1751S. Naperville Road 

Suite 100 

Wheaton, IL 60187 
http://www.lattice.com/mobmedic.htm 


MDS Autolab Systems 
100 International Blvd 
Toronto, Ontario 

MO9W 6J6 Canada 
http://www.mdsintl.com/ 


McKesson Medication Management 
7115 Northland Terrace 

Suite 500 

Brooklyn Park, MN 55428 
http://www.mckesson.com 


Medical Automation Systems 
2300 Commonwealth Drive 
Charlottesville, VA 22901 
http://www.rals.com/ 


MEGAmation, Inc. 

(now part of Redkoh Industries) 
P.O. Box 801 

Belle Mead, NJ 08502 
http://www.megamation.com/ 


Motoman, Inc. 

805 Liberty Lane 

West Carrollton, OH 45449 
http://www.motoman.com/ 


Nova Biomedical Corp. 
200 Prospect St 

Waltham, MA 02454-9141 
http://www.novabio.com/ 
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Systems Available 


Microlab FAME 


Gem Premier 3000 


I-STAT Portable Clinical Analyzer (PCA) 


MolBank microplate storage and retrieval system 


Bar code wristband system with supporting software 


AutoLab systems 


Bar code wristband system with supporting software 


RALS Plus 


MEGAmation product line 


RobotWorld Systems 


Stat Profile Critical Care Express 
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Name and Address 


Odysis SA 

Case Postale 326 
CH-1009 Pully 
Switzerland 
http://www.odysis.com/ 


Olympus America, Inc. 

Clinical Instrument Division 

2 Corporate Center Drive 
Melville, NY 11747 
http://www.olympusamerica.com/ 


Ortho-Clinical Diagnostics 
100 Indigo Creek Drive 
Rochester, NY 14626 
http://www.orthoclinical.com 


PerkinElmer Life and Analytical Sciences— 
Liquid Handling Products 

2841 Lomita Blvd 

Torrance, CA 90505 
http://las.perkinelmer.com/ 


BEVIN 

3741 Venture Drive, Suite 335 
Duluth, GA 30096 
http://www.pvtlabsystems.com/ 


Pyxis Corp. 

3750 Torrey View Court 
San Diego, CA 92130 
http://www.pyxis.com 


Radiometer America, Inc. 

810 Sharon Drive 

Westlake, OH 44145 
http://www.radiometeramerica.com 


Remstar International, Inc. 
41 Eisenhower Drive 
Westbrook, ME 04092-2032 
http://www.remstar.com/ 


Roche Diagnostic Systems, Inc. 
9115 Hague Road 

Indianapolis, IN 46250 
http://www.roche-diagnostics.com/ 


Simplimatic Automation 

109 Ramsey Place 

Lynchburg VA 24501 
http://www.simplimaticautomation.com/ 


Sysmex America, Inc. 

One Nelson C. White Pkwy 
Mundelein, IL 60060 
http://www.sysmex.com/usa/ 
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Systems Available 


Timension process control and scheduling software 


OLA2500, AU Series Chemistry-Immuno Analyzers, REPLY 


enGen series Automation Systems, VITROS 950, 950 AT, 250 AT 


MultiPROBE II Plus Automated Liquid Handling Systems 


PVT Systems for laboratory automation RSD 800 series 


HelpMate 


ABL 700 


Vertical and horizontal carousels, VLM shuttles 


COBAS FARA, COBAS MIRA Plus, COBAS Integra, Roche/Hitachi 
902, Roche/Hitachi 912, ELECSYS, ES 300, Reflotron Plus, 
MODULAR analyzers, MODULAR PRE-ANALYTICS, 
Preanalytical Systems Manager (PSM), Middleware Software, 
MagNaA Pure LC, LightCycler 


Simpli-Flex Conveyor Belt System 


XE-2100 
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Name and Address 


Systemme INFORMATICA 
P.O. Box 15024 

Loves Park, IL 61132 
http://www.info801.com/ 


Tecan U.S. 

P.O. Box 13953 

Research Triangle Park, NC 27709 
http://www.tecan.com/ 


Thermo Clinical Labsystems 
Ratastie 2 

PO Box 100 

FIN-01621 

Vantaa, Finland 
http://www.thermo.com/ 


Thermo CRS, Ltd. 

5344 John Lucas Drive 
Burlington, Ontario 

L7L 6A6 Canada 
http://www.crsrobotics.com/ 


Tosoh Bioscience, Inc. 

347 Oyster Point Blvd. Suite 201 
South San Francisco, CA 94080 
http://www.tosohmedics.com/ 


Yellow Springs Instrument Co., Inc. 


P.O. Box 279 

1700/1725 Brannum Lane 
Yellow Springs, OH 45387 
http://www.ysi.com 


Zymark Corp. 

Zymark Center 
Hopkinton, MA 01748 
http://www.zymark.com/ 
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Systems Available 


Bar code wristband system with supporting software 


Genesis FE500 


TCAutomation Series 


CRS robot arms 


AIA-360, AIA-600 II, AIA-1200, AIA-1800, AIA-Nex-IA 


2300 Stat Plus 


CLARA process control software 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


APPENDIX 14 


Selection and 


Analytical Evaluation 
of Methods—VWVith 
Statistical Techniques 


Kristian Linnet, M.D., and James C. Boyd, M.D. 


STANDARD ERRORS OF PERCENTILES 


For specified, theoretical distributions, a general, approxi- 
mate expression for the standard error (SE) of a nonpara- 
metrically estimated percentile corresponding to the 
percentage p can be given as 


SEnpar = [(p/100)(1—(p/100))/(d2N)]"” 


where d is the density of the distribution at the percentile 
and N is the sample size.“* For Gaussian distributions, we 
have for the 5 and 95 percentile 


SEnpar = [0.95(1 — 0.95)/((0.103112/62)N)]"” 


= 2.1140/N°° 
and for the 2.5 and 97.5 percentile 


SEnpar = [0.975(1 — 0.975)/((0.058442/02)N)]"” 


= 2.6720/N°5 


For real data sets, estimation of the densities in the tails of a 
distribution is not practical. Instead, confidence limits for 
nonparametrically estimated percentiles can be derived from 


*References are found in Ch. 14 of the Tietz Textbook of Clinical 
Chemistry and Molecular Diagnosis, edition 4. 


the ranked observations.” For example, given 120 observa- 
tions, the 90%-confidence interval for the 2.5 percentile 
extends from the value of observation 1 to 7. For the 97.5 
percentile, the 90% confidence interval is, from observation, 
114 to 120. For smaller sample sizes, SEs of percentiles can 
conveniently be estimated by the bootstrap procedure, and 
confidence intervals are then derived” (see below). 

The standard error of a parametrically estimated per- 
centile given a Gaussian distribution is 


0.5 
SEpar = [1/N + 27/(2N)| 
where z is the standard Gaussian deviate for the given per- 
centile.” For the 5 and 95 percentiles, the relation is 
0.5 
SEpar = O[1/N + 1.645/(2N)] ` = 1.5340/N 
and for the 2.5 and 97.5 percentiles 
0.5 
SEpar = O[1/N + 1.967/(2N)| ” = 1.7090/N°> 


The asymptotic efficiency of the nonparametric percentile 
estimation procedure is 


(1.534/2.114)” = 0.527 


for the 5 and 95 percentile and 0.409 for the 2.5 and 97.5 
percentile. Thus, if a parametrically estimated 95 percentile 
is based on 100 observations, 190 observations are required 
by the nonparametric procedure to provide the same preci- 
sion of the estimate. 


l 
Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


2 Appendix 14 


ESTIMATION OF POOLED STANDARD 
DEVIATION 


When SD is estimated from repeated measurements of 
several (K) samples, a pooled estimate is formed from the 
weighted average of the variances (squared SDs) as 


SD? = (mSD? + nySD3 + nySD3 +... + SD})/ 
(ni + ny +n, +... + ng) 


where ny (m= N,— 1) refers to the degrees of freedom for 
the sample with number k (i.e., the k sample is assayed Ny 
times). 


COEFFICIENT OF SKEWNESS 


This coefficient, y,, measures the symmetry of a distribution. 
We have 


m, = Yi = xm)” /N 
m3 = Yi = xm)? /N 
yı = m3 /m}? 


The value is zero for a Gaussian distribution, positive for a 
distribution with a tail to the right, and negative for a dis- 
tribution skewed to the left side.” 


COEFFICIENT OF KURTOSIS 


This coefficient, y), measures the “flatness” of a distribution. 
We have 


m, = Yi — xm) /N 
m4 = Xi = Xm) /N 
Y2 = (m,/m}) -3 


The value is zero for a Gaussian distribution, positive for a 
“peaked” distribution, and negative for a “flat” distribution 
relative to the Gaussian shape.” 


OUTLIERS 


For a Gaussian distribution, the probability (P) of observing 
an observation a given (z) number of SDs from the mean 
can be read from a table of Gaussian probabilities. Notice, 
however, that the most deviating observation out of N obser- 
vations is selected, i.e., for small P the probability that a given 
observation belongs to the distribution is NP. 

Example: Gaussian distribution, limit = 4SD. 

P = 0.00006334 


N=50 NP = 0.003167 
N= 100 NP = 0.006334 
N= 200 NP = 0.012668 
N= 500 NP = 0.03167 


Thus the default limit of 4SD may be reasonable for 
Gaussian distributions with N up to about sample sizes of 


200, where the probability is about or less than 0.01. 
Concerning nonnormal distributions, the probability may 
be higher, especially for skewed distributions. 

Another principle is to look at the distance from a sus- 
pected outlier to the next largest observation.'™” From the 
ordered values, Dixon’s range statistic DR is calculated: 


DR = (xn — xn1)/(xn — x1) 


The maximum sample value is deleted if the critical value is 
exceeded. In the field of clinical chemistry, a critical value of 
0.33 is often used, but this is the 0.01 significance level for 
30 observations from a normal distribution.” For normal 
distributions with N= 100, 200, or 500, the corresponding 
critical ratios are 0.26, 0.22, and 0.19 (P = 0.01), respectively. 
For a log-normal distribution with coefficient of skewness of 
1.5 and the mentioned sample sizes, the critical values are 
0.53, 0.48, and 0.44.°! 


JACKKNIFE PROCEDURE 


The so-called jackknife method belongs to a class of non- 
parametric statistical procedures based on resampling, taking 
advantage of the capacity of modern computers. In princi- 
ple, sampling variability is mimicked by repetitively resam- 
pling the original data set. Using the jackknife principle, one 
may calculate SDs and SEs on a nonparametric basis. One 
observation is left out at a time, and the parameter in ques- 
tion is estimated on the basis of the rest of the observations. 
Having successively eliminated each observation, a set of 
parameter estimates is obtained reflecting the variability of 
the data set. Using estimation of the regression slope as an 
example, the computations are as follows!” 


bi = the slope based on the subset {(x j3 Vp which does 
not contain (x;; y;) 
b; = Nb —(N - Ibi 
(the i™ pseudovariate, i = 1,..., N) 
where b is the slope estimated from the complete data set. 
b; = Sd; / N (the jackknifed estimator) 
VO = Yb; -P/N -) 


seb) = [Evo] 


BOOTSTRAP 


The bootstrap procedure is a nonparametric, computer- 
based resampling principle for estimation of SEs.™™!” The 
procedure consists of repeated random sampling with 
replacement from the original data set. For each so-called 
pseudosample, the statistic in question is computed (e.g., a 
percentile). By repetition a suitable number of times (e.g. 
100 times) a set of values of the statistic is obtained that 
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reflect the sampling variation. The SE is then obtained as the (e.g., not less than 40 for the 2.5 and 97.5 percentiles).” In 
SD of the 100 percentile pseudoestimates. On the basis of the particular, the bootstrap procedure is suitable to assess vari- 
SE, confidence intervals can be estimated. With regard to ability of complicated expressions that cannot be handled by 
extreme percentiles, the sample size should not be too small traditional mathematical closed formulas. 


TABLE Al4-8 (Supplement to Table 14-8) Data [N = 65 (xl, x2) Values] Used in the Comparison of Drug Assays 


Example 


1386 1234 468 D52 544 570 
1465 1488 577 524 835 880 
1911 2070 BL 1396 188 200 
437 500 706 608 981 1040 
1740 1820 952 867 1258 1260 
280 377 511 529 1102 1130 
1090 942 1S2 1245 2208 2410 
480 578 2259 2207 406 430 
2260 PARS 1145 1171 492 640 
660 729 2650 3004 177 200 
1030 1024 1220 1100 446 380 
1260 1227 789 800 669 650 
1480 1487 1124 1420 1660 1450 
440 381 ZINS 2650 1511 1760 
730 699 647 720 1596 1460 
300 374 1009 900 473 530 
1020 953 664 740 950 960 
347 420 470 470 1258 1090 
1107 1320 1493 1930 3/3 570 
1071 1170 1009 1140 806 900 
520 510 778 840 701 790 
1752 1910 1290 1280 
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Mauro Panteghini, M.D., Renze Bais, Ph.D., 
and Wouter W. van Solinge, Ph.D. 


METHODS INCLUDED: 
Method 21-1. Preparation of Hemolysate 


Method 21-2. Determination of Glucose-6- 
Phosphate Dehydrogenase 


Method 21-3. Screening Erythrocytes for 
Glucose-6-Phosphate Dehydrogenase Deficiency 


Method 21-4. Determination of Pyruvate Kinase 
Activity 

Method 21-5. Determination of Glucose 
Phosphate Isomerase Activity 


Method 21-6. Determination of Erythrocyte 
Glutathione Concentration 


Method 21-7. Screening for Deficiency of 
Pyrimidine-5’-Nucleotidase Activity 
Method 21-8. Determination of 2,3- 
Diphosphoglycerate in Erythrocytes 


METHODS WITH METHODOLOGICAL DETAILS 
METHOD 21-1. PREPARATION OF HEMOLYSATE 

Principle 

This method describes the steps required to produce a 
hemolysate that can be used for quantitative determinations 
of G6PD, PK, and GPI activity. It is based on the hemolysis 
of a whole blood sample using a hemolyzing solution of 
Triton-X 100. 


Reagents and Supplies 


1. Sodium chloride (NaCl) 0.156mol/L (isotonic saline); 
use and store at 0 °C to 4 °C. 


APPENDIX 2 l 


Enzymes 


2. Cellulose slurry. Place 5g o-cellulose (Sigma Chemical 
Co., St. Louis) and 5g microcrystalline cellulose, 
Sigmacell type 50 (Sigma Chemical Co.) in a 250-mL 
Erlenmeyer flask. Add cold (0 °C to 4 °C) isotonic saline 
to the 125-mL mark and stir gently for 2 minutes using a 
magnetic stirrer. (The slurry is stable at 0 °C to —4 °C for 
3 working days.) Mix the slurry before each use but 
do not mix longer than necessary to obtain homogeneity 
(excessive mixing results in breakup of cellulose 
particles). 

3. Hemolyzing solution (Triton-X 100). Place 25 mL Triton- 
X 100 (Sigma Chemical Co.) in a 600-mL beaker. Add 
200 mL of distilled water. Place the beaker in lukewarm 


l 
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water and allow the mixture to warm. Stir until com- 
pletely dissolved, then add 5.0mL EDTA, 0.27 mol/L, pH 
7.0; 270mL distilled water; and 0.25mL B-mercap- 
toethanol. Mix thoroughly. The solution remains stable 
for 1 month at 0 °C to 4 °C. 


Procedure 

1. Removal of white blood cells and platelets. 

a. Place the syringes with their plungers removed in a 
vertical position in a rack, one syringe for each sample. 
Place beakers or paper towels beneath the syringes to 
collect or absorb saline. 

b. Place a 1-cm square of four-ply gauze in the bottom 
of each syringe barrel and tamp it down securely. Wet 
the gauze with a few drops of saline. Then pipette 
approximately 4mL of cellulose slurry into each 
syringe with a transfer pipette, being careful that the 
gauze is not displaced. (The syringe should be filled to 
between the 2- and 3-mL marks after the saline has 
drained off.) 

c. Wash the cellulose bed with about 3mL of isotonic 
saline and allow to drain thoroughly. Gently add 1 mL 
of well mixed whole blood to the cellulose bed. Allow 
the blood to flow into the cellulose material. 

d. Place a 15-mL centrifuge tube under each syringe. 
Gently add cold saline to fill the syringe and allow it 
to flow through. Repeat this step once more to wash 
all RBCs through the syringe. Bring the RBC eluate 
to a 15-mL volume with cold saline and mix; then 
centrifuge at 0 °C to 4 °C and 1500 x g for 5 minutes. 

e. Remove only the supernatant saline. Do not disturb 
the cells. 

f. Repeat the saline wash once. Again remove saline, this 
time leaving a volume of supernatant saline equal to 
that of the packed RBCs. 

2. Preparation of hemolysate using Triton-X 100. Place 
1.8mL of hemolyzing solution in a 13 x 100-mm tube. 
Add 0.2mL of well mixed RBC suspension prepared in 
step 1 earlier and mix well. The hemolysate may be kept 
at 0 °C to 4°C up to 1 hour. Note: Prepare the hemolysate 
just before assay. Keep it at 0 °C to 4 °C, but not longer 
than 1 hour. 


METHOD 21-2. DETERMINATION OF GLUCOSE-6- 
PHOSPHATE DEHYDROGENASE 

Principle 

Glucose-6-phosphate dehydrogenase (G6PD) catalyzes the 
oxidation of glucose-6-phosphate to 6-phosphogluconate 
with a concurrent conversion of NADP* to NADPH. The 
activity of G6PD is determined by measurement of the rate 
in increase in NADPH concentration. Whereas NADP” is 
transparent to ultraviolet (UV) light, NADPH strongly 
absorbs UV light. Therefore the rate of increase in absor- 
bance at 340nm is the measure of enzyme activity. 


Reagents 


1. 


EDTA, 10.27 mol/L, pH 7.0. To 100.5g sodium-EDTA: 
2H,O (MW 372.24), add approximately 900 mL distilled 
water and adjust to pH 7.0 with 0.1 M sodium hydroxide 
(NaOH). Add water and dilute to 1000 mL final volume. 
This reagent is stable up to 1 year at 4 °C. 


. Stabilizing solution. To 0.25mL B-mercaptoethanol, add 


5.0mL EDTA, 0.27 mol/L. Adjust pH to 7.0 and dilute to 
500.0 mL with distilled water. This solution is stable for 1 
month at 4 °C. 


. Tris (hydroxymethyl) aminomethane (TRIS)-hydro- 


chloric acid (HCI) buffer, 1 M TRIS/EDTA, 5 mmol/L, pH 
8.0. To 60.6g TRIS (MW 121.14), add 0.93 g disodium- 
EDTA:2H,0 (MW 372.24) and 400mL distilled water. 
Adjust to pH 8.0 with 0.1 mol/L HCl. Dilute. Then add 
water to 500.0mL final volume. This solution remains 
stable up to 1 year at 4 °C. 


. Magnesium chloride (MgCl,), 0.1 mol/L. To 10.2 g MgCl, - 


6H,O (MW 203.31), add distilled water to 500 mL. This 
solution remains stable up to 1 year at 4 °C. 


. NADP (Sigma Chemical Co., or other supplier), 2 mol/L. 


To B-NADP, sodium salt, 10.0mg/vial, add 6.2mL dis- 
tilled water and mix to dissolve. This solution remains 
stable for 1 working day at 4 °C. 


. Reaction mixture. Combine and mix thoroughly TRIS- 


HCl, 6.0 mL; MgCl, 0.1 mol/L, 6.0 mL; NADP, 2 mmol/L, 
6.0mL; distilled water, 34.8mL. Multiples of these 
volumes may be used to prepare a larger batch. Prepare 
6.0-mL aliquots and freeze at <0 °C. Stability is for at least 
1 month. 


. G6P (Sigma Chemical Co., or other supplier), mmol/L. 


d-G6P, monosodium salt, 500 mg/vial. Dilute to 6mM/L 
with TRIS-HCI solution. Divide into 0.8-mL aliquots and 
freeze at —22 °C. 


. Drabkin’s reagent (Sigma Chemical Co., or other sup- 


plier); contains 100 parts sodium bicarbonate, 20 parts 
potassium ferricyanide, and 5 parts potassium cyanide 
when reconstituted. Reconstitute with 1000 mL distilled 
water. This solution is stable for 6 months at room tem- 
perature in an amber bottle. 


Equipment 


WO OND UW BW DY Fe 


. 37 °C heating block 

. UV spectrophotometer 

. Refrigerated centrifuge 

. Visible-range spectrophotometer 
. Magnetic stirrer 

. Rack for suspension of syringes 

. Plastic syringes, 6mL 

. Gauze sponges, 3 x 3, four ply 

. Acrylic cuvets 


Procedure 


1; 


Prepare cuvets as follows: 
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Blank (uL) Test (uL) 

TRIS-HCI, buffer 100 100 
MgCl,, 0.1 mol/L 100 100 
NADP, 2 mmol/L 100 100 
Distilled water 580 580 
Hemolysate — 20 
Stabilizing solution 20 — 
or 

Reaction mixture, 880 880 

thawed and mixed 

Hemolysate — 20 
Stabilizing solution 20 — 


2. Mix and incubate at 37 °C for 10 minutes. 

. Add 100uL G6P, 6 mmol/L, to each cuvet. Mix. 

4. Measure and record the increase in absorbance at 340 nm 
at 37 °C for at least 10 minutes. 


w 


Determine Hemoglobin Concentration of Hemolysate 

1. Pipette 3.0mL of Drabkin’s reagent into a disposable 
cuvet. 

2. Add 200.0UL (0.2 mL) of Triton hemolysate. Mix. 

. Allow to stand for 10 minutes at room temperature. 

4. Read absorbance at 540 nm against a blank of Drabkin’s 
solution. 

5. Calculate hemolysate hemoglobin concentration from 
the cyanmethemoglobin calibration curve. 


Ww 


Calculation of Glucose-6-Phosphate 
Dehydrogenase Activity 


Although nearly 2 mol of NADP are reduced for each mole 
of G6PD oxidized, calculation of this assay is based on the 
assumption that only 1 mol of NADP is reduced. 


804 x AA349 /min 
Hb 


G6PD = 


where 
AA340/min = change in absorbance per minute corrected 
for blank 
804 = factor used to calculate units of enzyme activ- 
ity per 100 mL of hemolysate 
Hb=hemolysate hemoglobin concentration in 
g/100mL 
G6PD = activity of erythrocyte G6PD in U/g Hb 


Reference Intervals 

The reference interval (mean + 2SD) for G6PD in erythro- 
cytes is 12.1 + 2.09 U/g Hb (0.78 + 0.03 MU/mol Hb). Values 
greater than 18 U/g Hb are often encountered in any con- 
dition associated with younger than normal RBCs (as in 
hemolytic anemias not due to G6PD deficiency), but are of 
no clinical significance. 


Comments and Precautions 

This G6PD assay reflects NADPH generated in both the 
G6PD- and the 6-phosphogluconate dehydrogenase 
(6-PGD)-catalyzed reactions. Correction for the 6-PGD 
generation of NADPH may be made by use of two addi- 
tional cuvets: 6-phosphogluconate is added to one cuvet; to 
the other, both 6-phosphogluconate and G6P are added. 
This “Glock and McLean assay” then provides both the true 
G6PD activity and an assay for 6-PGD. However, for practi- 
cal purposes, it does not seem warranted to incorporate 
these additional measurements and calculations. Deficiency 
of RBC 6-PGD has not yet been reported as a cause of 
hemolytic disease. Nor does normal 6-PGD activity obscure 
G6PD deficiency. Thus the simpler procedure is adequate for 
diagnostic purposes. 

Performance of this assay at 37 °C departs from the World 
Health Organization (WHO) recommendation that the 
assay be done at 25 °C. Because the reaction rate is quite tem- 
perature sensitive, thermal control is essential, and it cannot 
be assumed that ambient temperature in all laboratories is 
25 °C. Thus there is no inherent advantage in performing the 
assay at 25 °C. However, to avoid ambiguity, the assay values 
calculated may be expressed in International Units (U) 
(WHO; 37 °C). 

It is convenient to express activity in units per gram of 
hemoglobin. However, it is somewhat more logical to express 
activity in terms of the number of RBCs represented in the 
hemolysate. To do this requires an independent RBC count 
of a suspension of the washed packed RBCs. From a prac- 
tical standpoint, either expression is satisfactory. Units per 
gram of hemoglobin may be converted to U/1010 RBCs by 
the relationship 


U per 10'° RBC = 0.29 x U per g Hb 
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METHOD 21-3. SCREENING ERYTHROCYTES FOR 
GLUCOSE-6-PHOSPHATE DEHYDROGENASE DEFICIENCY 
Principle 

In this screening test, NADP* is reduced to NADPH in 
both the G6PD and the 6-PGD reactions of the hexose 
monophosphate pathway. If G6PD activity is low, only a 
small quantity of NADPH is formed. This is reoxidized to 
NADP* by glutathione reductase present in RBCs, and no 
fluorescence is observed. In the presence of adequate 
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amounts of G6PD, the rate of reduction of NADP" substan- 
tially exceeds the rate of oxidation of NADPH by glutathione 
reductase, and enough NADPH accumulates in RBCs to be 
demonstrable by its fluorescence. 


Specimen Collection 

A blood specimen is collected with an anticoagulant such as 
EDTA, ACD, or citrate-phosphate-dextrose. The sample is 
stable for 1 week when stored at 4 °C. Minimum volume 
required is 0.2 mL, and the test can be performed on freshly 
drawn heparinized blood from sticking a finger or heel con- 
tained in a capillary tube. 


Stock Reagent Mixture 

1. To a 20-mL flask or plastic bottle, add 1mL G6P, 
0.1 mol/L; 1 mL NADP*, 7.5 mmol/L; 2 mL saponin, 1 g/L; 
3mL TRIS-HCI buffer, 0.7 mol/L, pH 7.8 (add 0.75 mol 
[90.85 g/L] of TRIS and adjust to pH 7.8); 1 mL oxidized 
GSH, 8mmol/L; and 2 mL water. 

2. Mix. This reagent is stable for several months when frozen 
at —20 °C. 


Procedure 

1. Allow 5 to 10 minutes for the reagent solution to thaw. 
Label three glass tubes (12 x 75mm) and pencil a tic- 
tac-toe grid on a piece of filter paper (Whatman No. 1) 
for patient, normal, and abnormal control. 

2. Pipette 100uL of reagent solution into each tube and 
pipette 10uL of specimen and controls into the respec- 
tive tubes containing the reaction mixture. Mix. 

3. Immediately transfer a drop from each tube to filter paper 
and start a timer. 

4. At 5 minutes and 10 minutes, repeat step 3. 

5. Allow spots to dry completely and examine spots with a 
long-wave UV light. 


Interpretation 


Normal specimens show no fluorescence of the initial spot 
on the filter paper but a progressive increase in fluorescence 
at 5 and 10 minutes. Abnormal specimens show no fluores- 
cence at times 0, 5, and 10 minutes. 


Comments and Precautions 

This screening test is simple and inexpensive; it can be per- 
formed in field surveys or in laboratories that lack UV spec- 
trophotometers. In experienced hands, this semiquantitative 
procedure can give satisfactory results equivalent to those 
obtained with costly instruments. However, this screening 
test has some disadvantages. It should be used only when 
testing male subjects for G6PD deficiency. Female heterozy- 
gotes are often not detected with this method. Male blacks 
who are G6PD deficient and who have had recent hemoly- 
sis commonly have normal results. Although for the sake of 
simplicity this procedure was originally devised for use with 
whole blood rather than washed RBCs, occasionally leuko- 
cytosis (e.g., white blood cell count of 12 x 10° cells/L) causes 


spuriously normal results because leukocytes have relatively 
much greater G6PD activity than do RBCs. For this reason, 
it is advantageous to use saline-washed RBCs suspended in 
an equal volume of isotonic saline. 


Reference 


Beutler E. Red cell metabolism: A manual of biochemical 
methods, 3rd ed. Orlando: Grune & Stratton, 1984. 


METHOD 21-4. DETERMINATION OF PYRUVATE KINASE 
ACTIVITY 

Principle 

In this assay, the PK reaction is linked with the lactate dehy- 
drogenase (LD) reaction in which NADH is oxidized to 
NAD*. 


Phosphoenopyruvate + ADP ys Pyruvate + ATP 


Pyruvate + NADH —~> Lactate + NAD* + H* 


Because LD is present in excess, the rate of NADH oxi- 
dation is limited by the activity of PK. The reaction rate is 
measured by the rate of decrease in absorbance at 340nm. 
Assays are performed at low substrate concentration with 
and without addition of fructose-1,6-diphosphate, because 
some PK variants associated with hemolysis have atypical 
reaction kinetics (and thus may exhibit “normal” activity at 
high substrate concentrations but lower than normal activ- 
ity at lower substrate concentrations) or may show absence 
of enhancement by fructose-1,6-diphosphate, the allosteric 
activator of PK. 


Reagents 

1. NaCl, 0.156mol/L. Use and store at 0 °C to 4 °C. It 
remains stable indefinitely. 

2. EDTA, 10.27 mol/L, pH 7.0. To 100.5 g sodium-EDTA- 
2H,O (MW 372.24), add approximately 900 mL distilled 
water and adjust to pH 7.0 with 0.1 mol/L NaOH. Add 
water; dilute to 1000 mL final volume. This solution is 
stable up to 1 year at 0 °C to 4 °C. 

3. Stabilizing solution. To 0.25 mL B-mercaptoethanol, add 
5.0mL EDTA, 0.27 mol/L, pH 7.0, and dilute to 500 mL 
with distilled water. This solution remains stable for 1 
month at 0 °C to 4 °C. 

4. TRIS-HCI buffer, 1 mol/L TRIS/EDTA, 5mmol/L, pH 
8.0. To 60.6 g TRIS (MW 121.14), add 0.93 g disodium- 
EDTA: 2H,0 (MW 372.24) and 400 mL distilled water. 
Adjust to pH 8.0 with 0.1 mol/L HCl. Dilute. To this add 
water to 500mL final volume. This solution remains 
stable up to 1 year at 0 °C to 4 °C. 

5. MgCl, 0.1 mol/L. To 10.2 g MgCl,-6H,O (MW 203.31), 
add distilled water to 500mL. This solution remains 
stable up to 1 year at 0 °C to 4 °C. 

6. Potassium chloride (KCI), 1 mol/L. To 18.6g KCl (MW 
74.55), add distilled water to 250mL. This solution is 
stable indefinitely at 0 °C to 4 °C. 
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7. NADH, 2mmol/L (B-NADH, disodium salt; Sigma 


Chemical Co., or other supplier). Add distilled water to Blank High Test bow Test 
dilute to 2 mmol/L. Stability is for one working day at (uL) (uL) (ut) 
0 °C to 4 °C, or freeze in reaction mixture. TRIS-HCI buffer 100 100 100 
8. LD, 60.0U/mL (1-lactic dehydrogenase, type XVII, KCl, 0.1 mol/L 100 100 100 
from porcine heart; Sigma Chemical Co., or other MgCl, 0.1 mol/L 100 100 100 


supplier). Dilute to 60.0 U/mL with stabilizing solution. ADP, 30 mmol/L 50 50 20 


Stability is for 1 working day, or freeze in reaction NADH, 2mmol/L 100 100 100 
mixture. Distilled water 230 230 445 
9. Reaction mixture. Combine and mix thoroughly. LD, 60 U/mL 100 100 100 
Hemolysate — 20 20 
Stabilizing 20 — — 
solution 
TRIS-HCI buffer 3.0mL 
KCI, ae mol/ A 3.0mL or alternatively, use previously prepared reaction mixture 
MgCl Olmo IUL thawed and mixed: 
NADH, 2 mmol/L 3.0mL 
LD, 60.0 U/mL 3.0mL 
Water, distilled 6.9mL Blank HighTest Low Test 
(uL) (uL) (uL) 
Reaction mixture 730 730 730 
Multiples of these volumes may be used to prepare a ADE on A N A 
: Distilled water — — 25 
larger batch. Prepare 5.0-mL aliquots and freeze at 
5 one: Hemolysate — 20 20 
—20 °C. Stability is for 3 months. ee 
ey . Stabilizing 20 — — 
10. Phosphoenolpyruvate (PEP, trisodium salt; Sigma un 


Chemical Co., or other source; 25 mmol/L). Dilute to 

25 mmol/L with TRIS-HCI buffer. Divide into aliquots 

and freeze at —20 °C. It is stable for several months. 2. 
11. ADP, 30mmol/L, sodium salt, 500 mg/vial. Dilute to 3. 

30mmol/L with distilled water, considering percent 

purity, sodium content, and hydration; aliquot 400 uL 

and freeze at less than 0 °C. It is stable up to 3 months 4. 

when frozen. 5. 
12. Drabkin’s reagent (Sigma Chemical Co., or other source; 

contains 100 parts sodium bicarbonate, 20 parts potas- 

sium ferricyanide, and 5 parts potassium cyanide when 


Mix. Incubate for 10 minutes at 37 °C. 

Add 200uL of PEP solution (25 mmol/L) to the blank 
and high-test cuvets and 15 uL of the PEP solution to the 
low-test cuvet. 

Mix. 

Measure the decrease in absorbance at 340 nm and 37 °C 
for 12 minutes. 


Determine Hemoglobin Concentration of Hemolysate 


reconstituted). Reconstitute with 1000mL distilled l. 


water. This solution is stable for 6 months at room tem- 
perature in an amber bottle. 


Equipment 


WO AND UF WN Fe 


. 37 °C heating block 

. UV spectrophotometer 

. Refrigerated centrifuge 

. Visible-range spectrophotometer 
. Magnetic stirrer 

. Rack for suspension of syringes 
. Plastic syringes, 6mL 

. Gauze sponges, 3 x 3, four ply 

. Acrylic cuvets 


Procedure 


Note: The assay is performed using hemolysate prepared as 
described earlier. 


l. 


Prepare cuvets as follows: 


Pipette 3.0mL of Drabkin’s reagent into a disposable 
cuvet. 


. Add 200.0uL (0.2 mL) of 1:20 hemolysate. Mix. 
. Place in the dark and allow to incubate for 10 minutes at 


room temperature. 


. Read absorbance at 540 nm against a blank of Drabkin’s 


solution. 


. Determine the hemolysate hemoglobin concentration 


from a calibration curve. 


Calculation of Pyruvate Kinase Activity 


804 x AA349/min 


PK 
Hb 


where 


PK=units of enzyme activity per gram of 
hemoglobin 
804 = factor used to calculate units of enzyme activ- 


ity per 100.0mL of hemolysate 
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AA34o/min = change in absorbance per minute corrected for 
blank 
Hb=hemolysate hemoglobin concentration in 
g/100.0 mL 


Reference Intervals 


Reference intervals for PK are: 
High substrate 9 to 22 U/g of Hb 
Low substrate 1.7 to 6.8 U/g of Hb 


Comments and Precautions 


The same precautions need to be taken with this assay as 
those for the G6PD assay. A normal control must be run con- 
currently with every specimen assayed. 


References 


Beutler E. Red cell metabolism: A manual of biochemical 
methods, 3rd ed. Orlando: Grune & Stratton, 1984: 
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METHOD 21-5. DETERMINATION OF GLUCOSE 
PHOSPHATE ISOMERASE ACTIVITY 

Deficiency of glucose phosphate isomerase (GPI) has been 
associated with chronic hemolytic disease and may also 
cause hemolytic disease of the newborn. Although the third 
most frequently reported enzymopathy causing hemolytic 
disease, it has been quite rare in our experience. 


Principle 


As shown below, GPI catalyzes the interconversion of G6P 
and F6P: 


GPI 
F6P ——> G6P 


G6PD 
NAPH* + G6P ——> 6-phosphoguconate + NAPHD + H* 


In this assay, F6P is used as the substrate for GPI. The GPI 
reaction is linked to the G6PD reaction. The rate of reduc- 
tion of NADP’, as indicated by the increase in absorbance at 
340 nm, is the measure of GPI activity. 


Reagents 

The stock reagent solution for the G6PD assay is also used 

in assaying GPI activity. 

1. Stock reagent solution (see G6PD assay). 

2. F6P, 0.02 mol/L, aqueous. 

3. G6PD (type XI, crystalline, Sigma Chemical Co.). Dilute 
in EDTA-mercaptoethanol “hemolyzing solution,” 
described later. 

4. EDTA, 10.27 mol/L, pH 7.0. To 100.5g sodium-EDTA: 
2H,O (MW 372.24), add approximately 900 mL distilled 
water and adjust to pH 7.0 with 0.1M/L sodium 
hydroxide (NaOH). Add water and dilute to 1000mL 
final volume. This reagent is stable up to 1 year at 4 °C. 

5. Stabilizing solution. To 0.25mL B-mercaptoethanol, add 
5.0mL EDTA, 0.27 mol/L. Adjust pH to 7.0 and dilute to 
500 mL with distilled water. This solution is stable for 1 
month at 4 °C. 


Procedure 

1. Thaw the stock reagent solution prepared for G6PD 
assays or prepare fresh stock reagent solution. 

2. Prepare the following 1-mL cuvets (of which No. 1 is the 
blank for a normal control, No. 2 is the normal control 
assay, No. 3 is the specimen blank, and No. 4 is the spec- 
imen assay). 


CuveT No. 
Reagents (mL) l 2 3 4 
Stock reagent solution 0.880 0.880 0.880 0.880 
Water 0.105 0.005 0.105 0.005 
F6P, 0.02 mol/L — 0.100 — 0.100 


3. To each cuvet add 0.01 mL of a 10-U/mL suspension of 
G6PD. 

4. Cap and invert twice to mix. 

5. Incubate at 37 °C for 1 hour; then add to each cuvet 
0.005 mL of hemolysate, prepared as described previously. 

6. Cap and invert twice to mix. Then place in spectropho- 
tometer chamber and measure increase in absorbance at 
340nm for at least 10 minutes at 37 °C. Determine 
AA340/min, corrected for AA340/min of blank. 

7. While the preceding step is being carried out, measure the 
hemolysate hemoglobin concentration, Hg. 

8. Calculate RBC GPI activity in units per gram of 
hemoglobin 


GPI(U/g Hb) = 804 x AA340/min 
Hb 

Reference Intervals 

Reference intervals for GPI are: 

60.8 + 11.0 U/g Hb (mean + 2 SD) 

3.92 + 0.72 MU/mol Hg (mean + 2 SD) 
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Comments and Precautions 

The same precautions discussed under G6PD assay apply to 
the GPI assay. There may be an advantage in also assaying at 
low substrate concentration (0.005 mL instead of 0.1 mL F6P 
solution in each cuvet) to identify GPI variants with atypi- 
cal kinetic curves. 


References 


Baughan MA, Valentine WN, Paglia DE, et al. Hereditary 
hemolytic anemia associated with glucosephosphate 
isomerase (GPI) deficiency: A new enzyme defect of 
human erythrocytes. Blood 1968;32:236-48. 

Beutler E. Red cell metabolism: A manual of biochemical 
methods, 3rd ed. Orlando: Grune & Stratton, 1984: 
40-1. 

Beutler E, Blume KG, Kaplan JC, et al. International 
Committee for Standardization in Haematology: 
Recommended methods for red-cell enzyme analysis. 
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METHOD 21-6. DETERMINATION OF ERYTHROCYTE 
GLUTATHIONE CONCENTRATION 

Erythrocyte GSH concentration is diminished in many 
people who have defects in the hexose monophosphate or 
GSH synthesis pathways. The GSH stability test, originally 
devised to permit identification of people susceptible to 
hemolysis from primaquine (later shown to be the result 
of G6PD deficiency), still remains a useful “stress test” of 
the intactness of these closely linked pathways. Because 
deficiencies of GSH synthetase and y-glutamyl cysteine 
synthetase are rare disorders, it is not practical for clinical 
laboratories to contemplate assays for these enzymes 
unless results of the easily performed GSH stability test are 
abnormal. 


Principle 

Virtually all of the nonprotein sulfhydryl groups of RBCs are 
in the form of reduced GSH. 5,5’-Dithiobis(2-nitrobenzoic 
acid) (DTNB) is a disulfide chromogen that is readily 
reduced by sulfhydryl compounds to an intensely yellow 
compound. The absorbance of the reduced chromogen is 
measured at 412 nm and is directly proportional to the GSH 
concentration. 


Specimen Collection 

The assay should be conducted on whole blood, 3 mL, anti- 
coagulated with ACD. GSH concentration declines in blood 
anticoagulated with heparin or EDTA; for such specimens, 
the assay should be carried out on the same day. Include at 
least one normal control specimen with each assay. 


Reagents 

1. Precipitating solution. In a 100-mL volumetric flask, 
place 1.67g of glacial metaphosphoric acid, 0.20g of 
disodium- or dipotassium-EDTA, and 30.00g of NaCl, 


and bring to volume with distilled water. This solution 
is stable for 3 weeks at 4 °C. A fine precipitate may form 
owing to EDTA, but this does not interfere with the test. 

2. Disodium phosphate solution, 0.3 mol/L. In a 1-L volu- 
metric flask, place 42.59g of Na,HPO, and bring to 
volume with distilled water. The solution is stable in- 
definitely at 4 °C. If crystals form, dissolve by heating. 

3. DTNB reagent. In a 100-mL volumetric flask, place 40.0 
mg of DTNB (Sigma Chemical Co.). Bring to volume 
with a solution of sodium citrate, 1 g/dL. This solution is 
stable for at least 13 weeks at 4 °C. 


4. GSH calibrators. Place 100mg GSH (Sigma Chemical 


Co.) in a 100-mL volumetric flask and bring to volume 
with reagent grade water. Invert repeatedly until GSH is 
completely dissolved. Prepare 50- and 10-mg/dL calibra- 
tors by diluting 5mL of the 100-mg/dL calibrator with 5 
and 45 mL, respectively, of reagent grade water. The GSH 
calibrators are not stable and must be freshly prepared on 
the day of the assay. 


Procedure 
1. Place 0.2 mL of whole blood into a 10-mL test tube and 
add 1.8 mL of distilled water. Mix to hemolyze. 
2. Promptly add 3.0mL of precipitating solution. Mix. 
3. Allow to stand 5 minutes at room temperature and then 
filter through coarse-grade filter paper. 
4. Prepare cuvets as follows: 


Reagent (mL) Blank Assay 
Filtrate — 2.0 
Precipitating reagent 12 = 
Water 0.8 = 
Na, HPO, solution 8.0 8.0 
DTNB solution 1.0 1.0 


5. Cap cuvets and invert three times to mix. 

6. Read absorbance at 412 nm within 4 minutes of prepar- 
ing cuvets. 

7. Obtain hematocrit of original whole-blood specimen. 

8. Assay GSH calibration, omitting filtration step. 

9. Prepare a calibrator curve. Determine the GSH concen- 
tration of the blood specimen from the graph. 

10. Calculate GSH concentration 


GSH(mg/dL of RBCs) 


GSH conc. (from calibration curve) 


Hematocrit 


Reference Interval 


The reference interval for GSH is 202 + 22 umol/10'° RBCs 
(202 + 22 amol/RBC). 


Comments and Precautions 


The ability of RBCs to maintain a normal GSH concentra- 
tion when stressed by an oxidant substance may be tested by 
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incubation of blood with 1-acetyl-2-phenylhydrazine and 
glucose for 2 hours at 37 °C. In this GSH stability test, GSH 
concentration is measured before and after incubation of 
blood with 1-acetyl-2-phenylhydrazine. RBCs deficient in 
G6PD, GSH-S, or y-glutamyl cysteine synthetase exhibit a 
marked decrease in GSH concentration after such stress. 
Details of this test are given in the first reference cited below. 


References 

Beutler E. Glutathione instability of drug-sensitive red 
cells; a new method for the in vitro detection of drug 
sensitivity. J Lab Clin Med 1957;49:84-95. 

Beutler E, Duron O, Kelly BM. Improved method for the 
determination of blood glutathione. J Lab Clin Med 
1963;61:882-8. 


METHOD 21-7. SCREENING FOR DEFICIENCY OF 
PYRIMIDINE-5’-NUCLEOTIDASE ACTIVITY 

Principle 

Pyrimidine-5’-nucleotidase effects the release of phosphate 
from cytidine-5’-monophosphate and_uridine-5’-mono- 
phosphate and thus is an enzyme involved in the catabolism 
of RNA. RNA is a normal constituent of reticulocytes but 
not of mature RBCs. In the absence (or marked deficiency) 
of P-5’-N, RNA persists in RBCs and is manifested by strik- 
ing basophilic stippling and mild to moderate hemolytic 
anemia. 

Pyrimidine nucleotides, extracted with acid from the 
RNA remaining in P-5’-N-deficient RBCs, have an absorp- 
tion peak at 270 nm. This peak is quite distinct from the peak 
at 257nm that is due to purine nucleotides (such as ATP), 
which are normally present. When P-5’-N is deficient and 
RNA persists, the P-5’-N deficiency can be inferred by 
observing a pyrimidine nucleotide peak at 270 nm in an acid 
extract of RBCs. 


Specimen Collection 

A minimum of 1mL of whole blood anticoagulated with 
EDTA or ACD is required. Include at least one normal spec- 
imen as a control. A solution of cytidine-5’-monophosphate, 
3mmol/L, may be used as a simulated abnormal control. 
(Because of the rarity of this disorder, true abnormal 
controls are usually not available.) 


Reagents 

1. Perchloric acid (PCA), 0.6 mol/L. 

2. Cytidine-5’-monophosphoric acid (Sigma Chemical Co.), 
3.0mmol/L (aqueous). 


Procedure 

1. Centrifuge blood at 1500 x g for 10 minutes; remove and 
discard supernatant plasma. 

2. Resuspend RBCs in NaCl, 0.155mol/L. Centrifuge at 
1500 x g for 10 minutes. 

3. Remove and discard the supernatant. 

4. Repeat steps 2 and 3. 


5. To 0.5mL of washed, packed RBCs add 0.5mL of PCA, 
0.6 mol/L. Mix thoroughly. 

6. Centrifuge at 1500 x g for 20 minutes. 

7. Carefully transfer the supernatant to another tube. From 
this, pipette 0.3mL to a UV cuvet of 4-mL maximum 
volume. Add 2.7mL of PCA, 0.6 mol/L, to this (sample) 
cuvet, and 3mL of PCA, 0.6 mol/L, to a second (blank) 
cuvet. Use 0.3mL of reagent 2, plus 2.7mL of PCA, 
0.6 mol/L, for abnormal control. 

8. Determine absorbance in the wavelength range of 240 
to 290nm either by scanning or at 5-nm intervals and at 
257nm. Plot the absorbance curve or alternatively scan 
with a recording spectrophotometer. 


Reference Intervals 

In normal specimens or in those of any disorder but P-5’-N 
deficiency, there is an absorbance curve of low amplitude 
with a peak at about 257 nm, this being due to the presence 
of purines such as ATP and ADP. No peak is seen at 270nm. 
In P-5’-N deficiency, a notably higher-amplitude curve is 
observed, with a peak at 270 nm. The absorbance maximum 
for normal RBCs is 257nm, and the observed absorbance 
value is approximately 0.3/108 RBCs per milliliter. In P-5’-N 
deficiency, the peak absorbance is at 270nm, with 
absorbance values of approximately 0.8/108 RBCs per milli- 
liter having been observed. No interfering substances are 
known. 


Comments and Precautions 

As far as is known, all cases of P-5’-N deficiency have given 
positive results with this test. False-positive results have not 
been observed. This is not a reliable test for lead poisoning. 
PCA is explosive, and must be handled and stored with 
care. 


Reference 

Valentine WN, Fink K, Paglia DE, et al. Hereditary 
hemolytic anemia with human erythrocyte pyrimidine 
5’-nucleotidase deficiency. J Clin Invest 1974;54: 
866-79. 


METHOD 21-8. DETERMINATION OF 2,3- 
DIPHOSPHOGLYCERATE IN ERYTHROCYTES 

This enzyme is the predominant glycolytic intermediate of 
RBCs and has a vital role in modulating the affinity of hemo- 
globin for O3. 


Principle 

The assay of 2,3-DPG is based on an equilibrium system 
between 3-phosphoglycerate, 2-phosphoglycerate, and PEP 
when monophosphoglycerate mutase (MPGM) and enolase 
are present. 


MPGM Enolase 
3-Phosphoglycerate ~~= 2-Phosphoglycerate ~~ PEP 
2,3-DPG 
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The addition of 2,3-DPG (in the sample) shifts the equi- 
librium so that more 2-phosphoglycerate is converted to 3- 
phosphoglycerate. This in turn results in the conversion of 
PEP to 2-phosphoglycerate. The rate of decrease in PEP con- 
centration is measured by the decrease in absorbance at 
240 nm, which is proportional to the amount of 2,3-DPG in 
the specimen. 


Specimen Collection 

Add two drops of whole blood to 2mL of ice-cold distilled 
water immediately from the syringe tip. Mix to hemolyze. 
The specimen must arrive in the laboratory packed in ice 
(0 °C to 4 °C). Because 2,3-DPG concentration declines 
rapidly once blood is drawn, it is critical that blood for this 
assay be lysed and chilled immediately. This is best done 
by drawing blood with a syringe and transferring the 
specimen immediately from the syringe tip to water at 0 °C 
to 4 °C, 


Reagents 

1. Stock reagents 
a. TRIS-HCI buffer, 2 mol/L, pH 7.4. 

b. MgCl, 0.5 mol/L. 

c. EDTA, disodium salt, 0.27mol/L, pH 7.0. Place 
0.27 mol (90.78g/L) of disodium-EDTA in a 2-L 
beaker. Add approximately 800mL of water. Add 
NaOH, 0.1 mol/L drop by drop, until pH is 7.0. Then 
transfer to a 1-L volumetric flask and bring to volume 
with distilled water. 

d. Bovine serum albumin, 35 g/dL. 

e. MPGM suspension (may be purchased as phospho- 
glycerate mutase, crystalline suspension, 5000 U/mL, 
from Sigma Chemical Co.). 

f. Enolase suspension (Sigma Chemical Co.). 

g. 2,3-DPG calibrator, 1 mmol/L in distilled water. This 
solution is stable for several months if stored at —20 °C. 

2. Working reagent solution (prepare daily and store at 4 °C 
until used). 

a. Dilute bovine serum albumin to 0.5 g/dL. (Add 1 mL 
to 69 mL of distilled water.) 

b. Dilute enolase in distilled water to approximately 
32 U/mL. 

c. Dilute MPGM suspension in distilled water to approx- 
imately 1600 U/mL. 

d. Prepare PEP solution, 0.25 mol/L. 

e. Mix the following to prepare working reagent solu- 
tion: 0.4mL TRIS-HCI buffer; 0.2 mL MgCl, solution; 
0.6mL PEP solution; 0.2mL EDTA solution; 0.2 mL 
MPGM (diluted); 0.2mL enolase (diluted); 1.8mL 
bovine serum albumin (diluted); and 14.4mL deion- 
ized water, for a total volume of 18.0mL. 

3. Dilute TRIS-HCI buffer. On the day of the assay, add 
1mL of the stock TRIS-HCI buffer to 99 mL of distilled 
water. Mix. 

4, 2,3-DPG calibrators, 1.0umol/L. Thaw stock 2,3-DPG 
calibrator and dilute 1000-fold by adding 0.1mL to 


99.9mL of dilute TRIS-HCI buffer. Make further dilu- 
tions as shown: 


Final 2,3-DPG 


Calibrator 2,3-DPG 

Concentration Calibrator TRIS-HCI 

(umol/L) I umol/L (mL) (mL) 

0 0.0 1.0 

0.25 0.4 i? 

0.50 0.8 0.8 

0.75 ile 0.4 

1.00 1.0 0.0 
Procedure 


i 


Transfer 0.02mL of hemolysate to 2mL of dilute TRIS- 

HCI buffer, pH 7.4. 

. Add 0.9mL of working reagent solution to cuvets with 
1-mL critical volume, preparing one cuvet as a blank for 
calibrator, and samples. Allow to warm to room temper- 
ature for at least 10 minutes. 

. Add to the blank cuvet 0.1mL of distilled water; add 
0.1mL of the 0-, 0.25-, and 0.50-umol/L calibrators to 
the respective cuvets. Mix by inversion and measure the 
absorbance change at 240nm for 10 minutes at 25 °C. 

. Add 0.1mL of the 75- and 100-umol/L calibrators to 
respective cuvets and 0.1mL of diluted hemolysate to 
the sample cuvets. Mix by inversion and measure the 
absorbance change at 240nm for a 10-minute interval 
at 25 °C. Plot AA;,)/min against the concentration on a 
graph for calibration curve. 

. Using the AA,4./min calculated for each specimen, find 
on the calibration curve the corresponding concentration 
of 2,3-DPG. Designate this concentration C.. 

. Measure the Hb concentration of each hemolysate. Add 

0.5mL of the original hemolysate to 2.5 mL of Drabkin’s 

solution. Mix. Determine Asaonm Of the cyanmethemo- 
globin calibrator (80 mg/dL) and of each hemolysate. 


Calculations 
Ciglng/a) = 6 x 0 x Asolo 
Cup (g/L) = Cup (mg/dL) x og 
C23-peg(mmol/g Hb) = aun 


where 


1 


Cy, = hemoglobin concentration of the hemolysate 
6 = dilution of the hemolysate 
80 = concentration of the cyanmethemoglobin (mg/L) 
100 = dilution of the hemolysate 
10 = conversion from dL to L 
000 = conversion of mg to g 
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C. = concentration of 2,3-DPG (umol/L read from the 
calibration curve) 


Reference Intervals 

The reference intervals for 2,3-DPG are 12.3 + 1.87 umol/g 
Hb (0.79+0.12mol/mol Hb [mean+1SD]) or 356+ 
54umol/1012 RBCs (356 + 54amol/RBC [mean + 1SD]). 


Comments and Precautions 


If the assay is not to be performed on the same day, measure 
the hemolysate hemoglobin concentration of a small aliquot 


and heat the remainder for 10 minutes in a boiling 
water bath to inactivate phosphatases. Freeze the boiled 
hemolysate and keep it frozen until ready to assay. 


Reference 

Beutler E. Red cell metabolism: A manual of biochemical 
methods, 3rd ed. Orlando: Grune & Stratton, 1984: 
127-9. 
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David B. Sacks, M.B., Ch.B., F.R.C.Path. 


To access the Guidelines and Recommendations for 
Laboratory Analysis in the Diagnosis and Management of 
Diabetes Mellitus, which appeared in Clinical Chemistry 
2002:48;436-72, go to http://www.clinchem.org/cgi/content/ 
full/48/3/436. 


METHOD FOR THE MEASUREMENT OF 
INSULIN 


PRINCIPLE 


The principle and general procedures of RIA are described 
elsewhere (see Chapter 9). '*I-labeled insulin competes with 
insulin in a patient sample for binding to an insulin-specific 
antibody immobilized on the walls of a polypropylene tube. 
The supernatant is decanted, and the bound I determined 
in a gamma counter. The amount of insulin in the sample is 
established by comparison with a calibration curve obtained 
by plotting on logit-log graph paper the percent of total 
radioactivity bound (B/T%) against the concentration of the 
calibrators. Various commercial kits for insulin measure- 
ment are now available. 


SPECIMEN COLLECTION AND STORAGE 

No special specimen preparation is required for collection of 
blood samples. Insulin may be measured in serum or plasma 
from a fasting patient. If analysis is performed with plasma, 
heparin should be used because ethylenediaminetetraacetic 
acid (EDTA) spuriously increases values in the most com- 
monly used assays. The effects of different blood collection 
tubes on different methods are not well documented. Users 
should refer to the manufacturer’s data sheet for commer- 
cially available assays. Hemolysis can significantly lower 
insulin values. Insulin is stable in whole blood at room tem- 
perature for at least 5 hours. Samples may be stored at 4 °C 
for 7 days or at —20 °C for as long as 3 months; repeated 
thawing and freezing should generally be avoided, although 
this may be acceptable with some assays. 
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Carbohydrates 


Urine and cerebrospinal fluid (CSF) may be assayed for 
insulin content. These samples require an extraction step 
and concentration before analysis. 


REAGENTS 


1. Insulin antibody-coated tubes. When stored refrigerated 
and protected from moisture, these remain stable for 1 
year at 4 °C. 

2. I-insulin, buffered. Reconstitute with 100mL distilled 
or deionized water, let stand for 10 minutes, and mix by 
inversion. Stability is 1 month at 4 °C. 

3. Calibrators—O, 5, 15, 50, 100, 200, 400 LIU/mL insulin in 
lyophilized processed human serum. The zero calibrator 
(By or maximum binding) is reconstituted with 6mL of 
distilled water. Reconstitute all other calibrators with 
3 mL of distilled water. Stability is 1 month at —20 °C after 
reconstitution. 


PROCEDURE 

Bring all reagents, calibrators, and specimens to room 

temperature. All calibrators and specimens are prepared in 

duplicate. 

1. Label two uncoated 12- x 75-mm polypropylene tubes T 
(total counts) and two NSB (nonspecific binding). 

2. Label two coated tubes each for By (maximum binding), 
calibrators, and patient’s specimens. 

3. Add 200uL of calibrator and specimen to the labeled 
tubes. Pipette directly to the bottom of the tube. 

4. Add 1.0mL '*I-insulin to each tube; vortex briefly and 
gently. This step should be performed with minimal 
delay. The tubes for total counts require no further pro- 
cessing and may be set aside. 

5. Incubate all tubes for 18 to 24 hours at room tempera- 
ture or for 3 hours in a 37 °C water bath. 

6. Decant thoroughly and allow to drain for 2 to 3 minutes. 
Removing all visible moisture significantly enhances 
precision. 

7. Count for 1 minute in a gamma counter. 
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CALCULATIONS 


For each pair of tubes, determine the corrected counts per 
minute (cpm). 


Corrected cpm = average cpm — average NSB 
Maximum binding (By) = average cpm By — NSB 


sample cpm 


Percent bound = x 100 


0 
Plot data for calibrators on a logit-log graph—percent bound 
on the vertical axis against concentration on the horizontal 
axis. Insulin concentrations for the unknowns are estimated 
from the calibration curve by interpolation. Alternatively, 
online data reduction may be performed with commercially 
available software (e.g, COBRA RIA Smart software or 
IBM/AT RIA Aid software) 


ADDITIONAL REFERENCES 


1. Bowsher RR, Lynch RA, Brown-Augsburger P, Santa PF, 
Legan WE, Woodworth JR, Chance RE. Sensitive RIA for 
the specific determination of Insulin Lispro. Clin Chem 
1999;45:104-10. 

2. Andersen L, Dinesen B, Jorgensen PN, Poulsen F, Roder 
ME. Enzyme immunoassay for intact human insulin in 
serum or plasma. Clin Chem 1993;39:578-82. 


COMMENTS 


1. The term immunoreactive insulin is used in reference 
to assays that may recognize, in addition to insulin, 
substrates that share antigenic epitopes with insulin. 
Examples include proinsulin, proinsulin conversion 
intermediates, and insulin derivatives produced by 
glycation or dimerization. 

2. Various insulin preparations, including human insulin, 
are used as insulin calibrators. For ease of comparison of 
results among laboratories, the insulin calibrator is 
expressed in terms of international units (IU). One inter- 
national unit of insulin is equal to approximately 43 ug 
of the World Health Organization (WHO) first Interna- 
tional Reference Preparation (lst IRP) Code 66/304 
(National Institute of Biological Standards and Control, 
South Mimms, Potters Bar, Hertfordshire, United 
Kingdom), which is 100% human insulin. 

3. Antisera raised against insulin show some cross-reactivity 
with proinsulin but not with C-peptide. Specificity is 
not a problem in healthy individuals because the low 
proinsulin concentrations do not appreciably affect 
the absolute values of insulin. In certain situations (e.g., 
islet cell tumors and diabetic individuals), proinsulin is 
present at higher concentrations and direct assay of 
plasma may falsely overestimate the true insulin concen- 
tration. Because proinsulin has very low activity, incor- 
rect conclusions regarding the availability of biologically 
active insulin may be reached in patients with diabetes. 
The magnitude of the error depends on the concentra- 
tion of proinsulin and the extent of cross-reactivity of the 


antiserum with proinsulin. Monoclonal antibodies that 
are specific for insulin and do not measure proinsulin, 
although theoretically advantageous, are not superior to 
nonspecific assays. 


. A stable isotope dilution assay using mass spectrome- 


try to measure insulin, proinsulin, and C-peptide has 
been developed. The difference in mass among the three 
analytes allows specific measurement of each protein. 
Comparison of patient samples revealed that most, 
but not all, results were higher by immunoassay than 
mass spectrometry. Thus immunoassays may over- 
estimate insulin, particularly at low concentrations. 
The high protein concentration in the serum requires 
extraction of proteins (e.g., by immunoaffinity) and 
purification by HPLC before quantification by mass 
spectrometry. This method is not suitable for routine 
laboratory analysis. 


. The American Diabetes Association (ADA) appointed 


a task force to standardize the insulin assay. Evaluation 
of unknown samples by 17 different laboratories re- 
vealed a wide range in insulin values, with interlabora- 
tory variance of up to threefold. Large differences were 
observed even among laboratories using the same assays. 
Use of a common calibrator did not improve variance 
among laboratories. Assay coefficients of variation (CVs) 
ranged from <2% to >30%, with ELISAs exhibiting 
the lowest imprecision. Certain characteristics of some 
assays, including commercial kits, were unacceptable. 
The task force judged available proficiency and certifica- 
tion programs for insulin to be inadequate and rec- 
ommended the establishment of a central laboratory to 
provide certification for insulin assays. Complete inter- 
laboratory standardization was deemed to be neither 
practical nor universally acceptable. The ADA recom- 
mendations for analysis of insulin are as follows: 

a. Each laboratory should carefully evaluate its insulin 
assay to ensure acceptable assay performance. 

b. Each laboratory should compare the performance of 
its assay with others using common calibrators and 
unknown samples. 

c. Because assay performance may change with time or 
with new reagents or equipment, performance char- 
acteristics must be remeasured periodically. 


. Acceptance criteria for an insulin assay are <15% interas- 
P y 


say CV. Minimal detectable amount of insulin, as calcu- 
lated from the calibration curve, should be 1uIU/mL 
with the overnight procedure or 3 IU/mL with the same- 
day procedure. In addition, recovery and linearity should 
be +15%, and the in-house insulin calibrator should be 
within 5% of the gold standard. No gold standard was 
specified. 


. Patient samples with high values should be diluted with 


the zero calibrator. 


. The presence of antibodies to insulin results in spuriously 


increased or decreased (depending on the method used) 
insulin values. 
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REFERENCE INTERVALS 

These vary among assays and each laboratory should estab- 
lish its own reference intervals. After an overnight fast, 
insulin concentrations in healthy, normal, nonobese people 
range from 2 to 25uJU/mL (12 to 150 pmol/L). More spe- 
cific assays that have minimal cross-reactivity with proin- 
sulin reveal a fasting plasma insulin concentration of 
<9uIU/mL (60 pmol/L). Concentrations up to 200 uIU/mL 
can be reached during a glucose tolerance test. Fasting 
insulin values are higher in obese, nondiabetic people and 
lower in trained athletes. 


METHODS FOR THE MEASUREMENT OF 
INSULIN ANTIBODIES 


Assays for insulin antibodies fall into three categories: (1) 
quantitative radioimmunoelectrophoresis, which measures 
the binding of IgG antibody to radiolabeled insulin by rocket 
immunoelectrophoresis into anti-IgG-containing agarose; 
(2) RIAs with separation of bound and free insulin by pre- 
cipitation with PEG or a second antibody; and (3) solid- 
phase immobilization of insulin to test tubes or Sepharose. 


METHOD FOR THE MEASUREMENT OF 
PROINSULIN 


PRINCIPLE 


Accurate measurement of proinsulin has been difficult for 
several reasons: the blood concentrations are low; antibody 
production is difficult; most antisera cross-react with insulin 
and C-peptide, which are present in much higher concen- 
trations; the assays measure intermediate cleavage forms of 
proinsulin; and reference preparations of pure proinsulin 
were not readily available. Therefore few accurate data are 
available in the literature on plasma proinsulin. These prob- 
lems have, to a large extent, been overcome by the availability 
of biosynthetic proinsulin, which has allowed the produc- 
tion of monoclonal antibodies to proinsulin and provided 
reliable proinsulin calibrators and reference preparations. An 
International Reference Preparation for human proinsulin 
(code 84/611) is available from the National Institute of 
Biological Standards and Controls (Potters Bar, UK). Earlier 
assays may have overestimated proinsulin concentrations. 


SPECIMEN COLLECTION AND STORAGE 


Fasting blood samples should be collected in heparinized 
tubes. Plasma is stable at —20 °C or —70 °C for at least 3 
months. 


PROCEDURE 

Because the proinsulin molecule contains both insulin and 
C-peptide, antisera to proinsulin were not specific. Over the 
years, a number of different approaches have been used to 
measure proinsulin. These usually involved preliminary sep- 


aration procedures that were time consuming and labor 
intensive. Moreover, most assays did not achieve adequate 
sensitivity to reliably measure proinsulin levels in healthy, 
fasting subjects. Specific antibodies to proinsulin and a 
variety of complementary antibody assays have improved 
the sensitivity, specificity, and accuracy of proinsulin mea- 
surement. The techniques available to measure proinsulin 
are briefly outlined next. 


SEPARATION 

1. Removal of C-peptide. Anti-insulin antiserum bound to 
a solid phase (e.g., polyethylene tubes or Sepharose) 
separates insulin and proinsulin (which bind) from C- 
peptide. After the C-peptide is washed away, proinsulin is 
measured in a C-peptide assay that does not cross-react 
with insulin. This method is reported to result in higher 
immunoreactivity of intermediate cleavage forms of 
proinsulin than the intact molecule. 

2. Removal of insulin. This approach uses an anti-insulin 
antibody to measure proinsulin after removal of insulin 
from the sample. Preliminary separation of insulin can be 
achieved by (1) chromatography (e.g., Biogel P-30 or 
Sephadex G-50); (2) incubating plasma or serum with an 
insulin-specific protease that degrades insulin into non- 
immunoreactive products; or (3) immunoprecipitation. 
In the last method, proinsulin and C-peptide are immuno- 
precipitated from plasma with an antiserum to C-peptide. 
The pellet is washed to remove insulin (which does not 
bind) and proinsulin is dissociated from the antibody with 
warm HCl. The eluted material is assayed in an insulin 
RIA, with human proinsulin as the calibrator. 

3. High-performance liquid chromatography (HPLC). 
HPLC is capable of resolving insulin, proinsulin, and 
individual proinsulin conversion products, but the 
procedure is complex, labor intensive, and requires 
extraction steps. 


SPECIFIC PROINSULIN ANTIBODIES 

1. Polyclonal. Antibodies against either the insulin/C-peptide 
junction or proinsulin were produced initially. These 
assays require concentration of plasma or an extraction 
process before measurement to achieve adequate assay 
sensitivity. A more sensitive nonequilibrium RIA was 
developed by adsorbing the initial antiserum with 
biosynthetic human C-peptide—agarose to eliminate cross- 
reactivity with C-peptide. In another approach, a poly- 
clonal antibody to proinsulin was captured on microtiter 
plates and a sandwich was formed with an enzyme-labeled 
monoclonal antibody against C-peptide. This assay 
exhibits a detection limit for proinsulin of 0.1 pmol/L. 

2. Monoclonal. Specific antibodies to proinsulin that do not 
cross-react with insulin have been developed. The use of 
these antibodies, coupled with a purified proinsulin cali- 
brator, should allow direct, more accurate proinsulin 
measurements. Even this assay, however, does not dis- 
criminate between split proinsulins, and the assay sensi- 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


4 Appendix 25 


tivity is barely adequate for fasting normal subjects. An 
ELISA has been described that uses an antibody to C- 
peptide as the coating antibody and antiinsulin antibody 
for detection. The detection limit is 0.25 pmol/L. 


REFERENCE INTERVALS 
The reference intervals are highly dependent on the method 
of analysis, the degree of cross-reactivity of the antisera, and 
the purity of proinsulin calibrators. Each laboratory should 
establish its own reference intervals. 

Reference intervals in healthy, fasting individuals 
reported in the literature range from 1.1 to 6.9 pmol/L to 2.1 
to 12.6 pmol/L. 


METHOD FOR THE MEASURMENT OF 
C-PEPTIDE 

PRINCIPLE 

C-peptide provides the advantages of undergoing minimal 
liver metabolism and, in contrast to proinsulin, assays do not 
react with anti-insulin antibodies. However, various 
methodological problems produce large between-method 
variation. These difficulties include variable specificity 
among different antisera, variable cross-reactivity with 
proinsulin, and the type of C-peptide preparation used as a 
calibrator. A comparison, in the clinically relevant range, 
using four commercial kits and four commercial C-peptide 
antisera yielded values ranging from 0.54 to 1.06nmol/L on 
the same sample. Furthermore, a tyrosine residue must be 
incorporated onto the C-peptide to enable labeling with '”I. 
Several immunometric methods have been described for the 
measurement of C-peptide, and a number of kits are com- 
mercially available. A brief outline of the RIA methodology 
follows. 


SPECIMEN COLLECTION AND STORAGE 

C-peptide is less stable than insulin and proinsulin. The 
effects of time of storage and freeze/thaw cycles are depen- 
dent on the assay used. Serum samples are stable for 3 
months at —20 °C. 


PROCEDURE 
The antiserum is raised in rabbits, guinea pigs, or goats 
against a conjugated synthetic human C-peptide analogue. 
A similar "I-labeled analogue serves as the radioactive 
ligand. Patients’ samples and human C-peptide calibrators 
are incubated overnight at 4 °C with an equal volume of 
diluted antiserum. The radioactive label is added, and after 
further incubation, the antigen-antibody complex is precip- 
itated by adding a second antibody and PEG. After centrifu- 
gation at 4 °C for 20 minutes at 800 xg to separate bound 
from free label, the supernatant fluid is decanted and ‘I in 
the precipitate is quantified in a gamma counter. 

The reliability criteria are comparable to those for the 
insulin assay. The RIA can detect as little as 75 pg/mL, and 
insulin does not cross-react in this assay. In samples from 


insulin-treated patients, however, precipitation of insulin 
antibodies and insulin antibody-proinsulin complexes with 
PEG before assay for C-peptide is often recommended. 


REFERENCE INTERVALS 

Each laboratory should establish its own reference interval. 
Fasting serum concentrations of C-peptide in healthy people 
range from 0.78 to 1.89ng/mL (0.25 to 0.6nmol/L). After 
stimulation with glucose or glucagon, values range from 
2.73 to 5.64ng/mL (0.9 to 1.87 nmol/L), three to five times 
the prestimulation value. Urinary C-peptide is usually in 
the range of 74+ 26ug/L (25+ 8.8umol/L). C-peptide is 
excreted predominantly by the kidney, and concentrations in 
the serum are increased in renal disease. 


METHOD FOR THE MEASUREMENT 

OF GLUCAGON 

PRINCIPLE 

A competitive RIA is available for measuring glucagon 
(Diagnostic Products Corp.). I-labeled glucagon competes 
with glucagon in the patient specimen for binding to poly- 
clonal glucagon antibody. Bound glucagon is separated from 
free using PEG and a second antibody. Bound radioactivity 
for the patient specimen is compared with that of glucagon 
calibrators. The calibrator values are assigned at the manu- 
facturer using the WHO glucagon International Standard 
(69/194). 


SPECIMEN COLLECTION AND STORAGE 

Fasting blood samples should be collected in chilled EDTA 
tubes. Glucagon is very unstable in blood. Immerse tubes in 
a 2 °C to 8 °C ice-water bath. Immediately add a proteolytic 
inhibitor such as Trasylol (200 uL per 4mL blood; approxi- 
mately 2000 kallikrein-inactivating units). Separate plasma 
from cells in a refrigerated centrifuge at 4 °C. Freeze at least 
1 mL of plasma at —20 °C and avoid exposure to light. Thaw 
just before testing. 


PROCEDURE 

1. Label 12 x 75 mm glass tubes (glucagon binds to some 
types of plastic) in duplicate for each calibrator (25, 
50, 100, 250, 500, and 1000ng/L), nonspecific binding 
(NSB), Bo (maximum binding), total counts, controls, 
and specimens. 

2. Add 200uL of each calibrator, control, and specimen to 
the appropriate tubes. 

3. Add 100uL glucagon rabbit antiserum to each tube 
except the NSB and total tubes. 

4. Mix using a vortex, cover with parafilm, and incubate for 
24 hours at 4 °C. 

5. Add 100 UL of '*°I-glucagon to all tubes and mix well with 
a vortex. Set aside the total tubes without further pro- 
cessing. Cover the remaining tubes with parafilm and 
incubate for 24 hours at 4 °C. 
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6. Add 1.0mL of precipitating solution consisting of goat 
antirabbit gamma globulin and dilute with PEG at 4 °C 
to each. Mix well and centrifuge at 1500 xg for 15 minutes 
at 4 °C. 

7. Decant supernatant fluid completely and count each tube 
for 1 minute in a gamma counter. 

8. Subtract the average NSB counts from each of the other 
count averages. Divide all corrected counts by the average 
corrected counts for Bo. Plot the percent bound versus 
calibrator concentration using log-logit coordinates. The 
calibration curve should be straight. 

9. Report values from 25 to 1000ng/L (35 to 290 pmol/L). 
Dilute specimens greater than 1000ng/L with zero cali- 
brator and retest. 


REFERENCE INTERVALS 

Fasting plasma concentrations of glucagon vary from 70 to 
180 ng/L (20 to 52 pmol/L). Values up to 500 times the upper 
reference limit may be found in patients with autonomously 
secreting O-cell neoplasms. 


GLUCOSE OXIDASE PHOTOMETRIC METHOD 
FOR GLUCOSE 


This photometric method may be applied to plasma, serum, 
whole blood, or CSF. It should not be used for urine because 
of the high concentration of enzyme inhibitors present. 
Deproteinated filtrates should be used for whole blood and 
for serum or plasma that is appreciably hemolyzed, icteric, or 
lipemic. Heparin, oxalate, and EDTA are satisfactory anti- 
coagulants. NaF (2.5mg/mL of blood) may be used as a 
preservative, but not thymol, which inhibits the enzyme 
reaction. 

This procedure is based on that of Raabo and Terkildsen 
and modified for optional use with deproteinated filtrates. 
Reagents may be obtained separately or in kit form (Sigma 
Chemical Co., St. Louis). 


REAGENTS 

1. ZnSO, solution, 0.17 mol/L. Dissolve 50g of ZnSO, - 
7H,O in water and dilute to 1 L. 

2. Ba(OH), solution, approximately 0.15mol/L. Dissolve 
50g of Ba(OH),-8H,O in water and dilute to 1L. Let 
stand for 2 days in a covered container, then decant or 
filter. Store in a polyethylene bottle and protect from 
carbon dioxide in the air. This solution must be neu- 
tralized with ZnSO, as follows: pipette 10.0mL of the 
ZnSO, solution into a flask and dilute with 25mL of 
water. Add two drops of 1% phenolphthalein and titrate 
slowly with the Ba(OH), solution, using vigorous mixing, 
to a definite permanent pink color. Dilute the stronger of 
the two reagents, if necessary, such that 10.0 mL of ZnSO, 
solution requires 10.0 + 0.1 mL of Ba(OH), solution for 
neutralization. 

3. Phosphate buffer, 67 mmol/L, pH 7.0. Dissolve 5.81 g of 
anhydrous sodium phosphate (dibasic) (Na,HPO,) and 


3.55 g of potassium phosphate (monobasic) (KH,PO,) in 
water and dilute to 1L. Store in a polyethylene bottle at 
room temperature. The pH of the buffer is not critical 
because the color development in the procedure has a 
rather wide pH optimum of 6.5 to 8.0. 

4, Enzyme solution. This reagent is prepared to contain 
500IU of glucose oxidase (Aspergillus niger) and 100 Pur- 
purogallin units of peroxidase (horseradish) in 
100 mL of phosphate buffer. The enzyme units are those 
defined by Sigma. Preweighed capsules containing the 
enzymes and buffer salts are available. This solution is 
stable for 1 month at 4 °C and 6 months at —20 °C. 

5. o-Dianisidine reagent. Dissolve 50mg of o-dianisidine 
dihydrochloride in 20 mL of water. This reagent is stable 
for 3 months in a brown bottle at 4 °C. 

6. Working reagent. Add 1.6mL of o-dianisidine reagent to 
100 mL of enzyme solution. The working reagent is stable 
up to 1 month at 4 °C. 

7. Benzoic acid solution, 1 g/L. Dissolve 1g of benzoic acid 
in water, with gentle warming, and dilute to 1 L. 

8. Stock glucose calibrator, 1 g/dL. Transfer 1.0g of dry 
reagent grade glucose to a 100-mL volumetric flask. Add 
approximately 60 mL of benzoic acid solution, mix to dis- 
solve, then dilute to the mark with benzoic acid solution. 
Mix thoroughly and store in a tightly stoppered bottle at 
4 °C. This solution is stable indefinitely if kept from evap- 
oration because of the bacteriostatic effect of benzoic 
acid. Calibrating solutions prepared from dry glucose 
should stand at least 2 hours to ensure that mutarotation 
has reached a state of equilibrium. 

9. Working glucose calibrator, 100mg/dL. Allow a portion 
of the stock calibrator to reach room temperature. Pipette 
10.0mL of the stock calibrator into a 100-mL volumetric 
flask and dilute to the mark with benzoic acid solution. 
Additional working calibrators may be prepared by suit- 
able dilution of the stock calibrator. 


PROCEDURE USING THE DIRECT REACTION 

1. Pipette 25uL of working calibrator, serum, plasma, or 
CSF into respective test tubes. 

2. Add 0.5mL of water to each tube and to a separate 
tube for a reagent blank. Note: Alternatively, 0.5 mL of a 
1:20 aqueous dilution of calibrators and samples may be 
used. 

3. Add 5.0mL of working reagent to each tube and mix. 

4. Incubate all tubes at 37 °C for 30 minutes or at room 
temperature for 45 minutes. The color is now fully devel- 
oped. Avoid exposing the tubes to direct sunlight during 
incubation. 

5. Measure absorbance at 500nm within the next 30 
minutes against the reagent blank. 


A sample , 
— P x 100 mg/dL calibrator 


calibrator 


= milligrams of glucose per deciliter of sample 
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6. If the test result is greater than 300 mg/dL, dilute the orig- 
inal specimen twofold or fourfold with water and repeat 
the assay, including the calibrator and reagent blank. 
Multiply the result by 2 or 4, depending on the dilution. 


PROCEDURE USING DEPROTEINATED SAMPLES 

1. Pipette 0.20mL of working calibrator and samples into 
respective test tubes. 

2. Add 1.8mL of water to each. 

3. Pipette 2.0mL of water into a separate tube for a reagent 

blank. 

Add 1.0mL of Ba(OH), solution to each tube and mix. 

Add 1.0mL of ZnSO, solution to each tube and mix well. 

Centrifuge to obtain a clear supernatant. 

Transfer 0.5 mL of supernatant from each tube to corre- 

sponding test tubes. 

8. Proceed as described under the direct procedure, starting 
with step No. 3. 


N O 


COMMENTS 

1. The absorbance is usually linear with glucose concentra- 
tions up to 300mg/dL; however, linearity should be 
checked with each new lot of reagent, using calibrators of 
100, 200, and 300 mg/dL. 

2. A new reagent blank must be prepared for each series of 
tests because the color of the blank gradually increases 
with time. 

3. If glassware becomes stained by the reagent, the stain may 
be removed by rinsing with acetone or detergent, fol- 
lowed by water. 

4. Rubber tubing used for dispensing solutions has been 
found to interfere with adequate color development; 
therefore, rubber tubing connections on dispensers and 
automatic sampling or diluting devices should be kept to 
a minimum and should be suspected if calibrators yield 
unexpectedly low absorbance values. 

5. The effect of interfering substances can be minimized by 
diluting the plasma with an excess of reagents. 

6. This procedure is accurate to as low as 25 mg/dL. Accu- 
racy at low levels may be enhanced by performing assays 
in duplicate. 


REFERENCES 

Raabo F, Terkildsen TC. On the enzymatic determination 
of blood glucose. Scand J Clin Lab Invest 1960;12:402-7. 

Sigma Chemical Company: Glucose: Quantitative, enzy- 
matic determination in whole blood, serum or plasma. 
Sigma Technical Bulletin No 510. St. Louis: Sigma 
Chemical Co., Revised July 1990. 


GLUCOSE DEHYDROGENASE METHOD 

FOR GLUCOSE 

PRINCIPLE 

The enzyme glucose dehydrogenase (ßB-p-glucose:NAD 
oxidoreductase, EC 1.1.1.47) catalyzes the oxidation of 
glucose to gluconolactone. Mutarotase is added to shorten 


the time necessary to reach equilibrium. The amount 
of NADH generated is proportional to the glucose 
concentration. 

Glucose dehydrogenase for this assay is isolated from 
Bacillus cereus. The reaction appears to be highly specific for 
glucose, shows no interference from common anticoagulants 
and substances normally found in serum, and provides 
results in close agreement with hexokinase procedures. 
Methods have been adapted to continuous-flow analyzers, 
including the use of immobilized enzyme, and to a centrifu- 
gal analyzer. The glucose dehydrogenase procedure is not 
widely used in the United States. A manual kinetic procedure 
has been described; details can be found in the first edition 
of this book. The procedure described next is based largely 
on a kit marketed as UltraChem Gluc-DH by EM 
Diagnostics Systems (Gibbstown, N.J.; product No. 65048/ 
93.R7050D, issued March, 1985). 


REAGENTS 

1. Buffer. The buffer contains 0.12 mol/L phosphate, 0.15 
mol/L sodium chloride (NaCl), and 1.0 g/L sodium azide, 
adjusted to pH 7.6 at 25 °C. It is supplied in bottles con- 
taining 100 mL of buffer. 

2. Enzyme-coenzyme mixture. This lyophilized mixture, 
when reconstituted, provides at least 4500 U/L of glucose 
dehydrogenase, at least 90U/L of mutarotase, and 
2.2mmol/L of NAD. One unit of glucose dehydrogenase 
catalyzes the oxidation of 1 umol of substrate per minute 
at pH 7.6 and 25 °C. One unit of mutarotase catalyzes the 
mutarotation of 1 umol of B-p-glucose per minute at pH 
7.2 and 25 °C. 

3. Working reagent. Transfer a portion of buffer from one 
bottle to the vial of enzyme mixture and allow to stand 
for 15 minutes with occasional swirling. Quantitatively 
transfer the contents of the vial to the bottle of buffer to 
supply 100mL of working reagent. The reconstituted 
reagent is stable for 12 weeks at 2 °C to 8 °C or up to 4 
weeks at room temperature. Absorbance of the reagent 
greater than 0.4 A (10-mm light path against water) at 
340 nm indicates decomposition. 

4. Stock glucose calibrator, 1g/dL (refer to #8 under 
Reagents under Standard Glucose Oxidase Photometric 
Method for Glucose). 

5. Working calibrator, 200 mg/dL. Warm a portion of the 
stock calibrator to room temperature. Pipette 20.0mL of 
stock calibrator into a 100-mL volumetric flask and dilute 
to the mark with benzoic acid solution. Additional 
working calibrators may be prepared by suitable dilution 
of the stock calibrator. 


PROCEDURE 

A spectrophotometer capable of measuring absorbance at 

340nm is required. Cuvets should have a 10-mm light 

path and permit measurements of 2mL of solution. The 

procedure may be applied to serum, plasma, urine, or CSF. 

1. Label cuvets or test tubes for reagent blank, calibrator, 
and sample. 
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2. Pipette 2.0mL of working reagent into each cuvet. 

3. Pipette 10uUL of water into the blank cuvet and 10uL of 
each sample or calibrator into the appropriate cuvets. Mix 
thoroughly by inversion or on a vortex mixer. 

4. Incubate all cuvets in a constant temperature bath or at 
room temperature for the appropriate time. Recom- 
mended times are as follows: 


Temperature (°C) 20 25 30 37 
Reaction time (min) 10 8 7 7 


5. Remove the cuvets after incubation, tap gently to remove 
bubbles, and wipe dry. 

6. Set the spectrophotometer with the reagent blank to zero 
absorbance at 340nm. Measure the absorbance of the 
calibrator and sample. 


A 
sample — x 200 mg/dL calibrator 
A calibrator 
= milligrams of glucose per deciliter of sample 
COMMENTS 


1. Absorbance is usually linear with glucose concentrations 
up to 1000 mg/dL; however, linearity should be checked 
using calibrators of both 200 and 1000 mg/dL with each 
new lot of reagent. When the sample glucose concentra- 
tion is too high for accurate measurement, dilute the 
sample twofold with saline (NaCl, 9g/L) and repeat the 
analysis. 

2. Lipemia interferes by contributing to the absorbance 
reading at 340 nm. Set up a sample blank by adding 10 uL 
of serum or plasma to 2.0mL of saline. Measure 
absorbance against saline and subtract this value from the 
observed absorbance for the unknown in the test cuvet 
before making calculations. 

3. Anticoagulants or preservatives reported not to interfere 
at usual concentrations include heparin, EDTA, citrate, 
oxalate, fluoride, and iodoacetate. The following sub- 
stances were reported to have no effect on the perfor- 
mance of the method at the concentrations stated: 
bilirubin, 5 mg/dL; hemoglobin, 95 mg/dL; ascorbic acid, 
200 mg/dL; glutathione, 20mg/dL; uric acid, 10 mg/dL; 
urea, 2000 mg/dL; and creatinine, 25 mg/dL. 

Relative rates of reaction of other sugars with glucose 
dehydrogenase compared with glucose are as follows: 


Substrate Activity (%) 
2-Deoxyglucose 125 

Glucose 100 
D-Glucosamine 31 
D-Xylose 15 
D-Mannose 8 

Fructose None 
Galactose None 


2-Deoxyglucose does not occur in mammals. Concentra- 
tions of other reacting sugars should be negligible; however, 
the procedure should not be used for blood glucose deter- 
minations during oral xylose absorption tests. 


REFERENCE 

UltraChem Gluc-DH by EM Diagnostic Systems, 
Gibbstown, NJ; product no. 65048/93. R7050D, issued 
March, 1985. 


OXIDATION-REDUCTION METHODS FOR GLUCOSE 

Many older procedures for measuring glucose were based on 

its property of acting as a reducing agent in a hot alkaline 

solution. These are nonspecific, but some are briefly dis- 
cussed because they are still used for urine glucose testing in 
some countries. 

Cü 4 alkali, heat Cu 

Cu* + OH” ——> CuOH (yellow) 

2CuO0H —““ 5 Cu,0 (red) + H2O 

In hot alkaline solution, the aldehyde group of glucose 

readily reduces cupric ions to cuprous ions, which form 
mainly cuprous oxide (Cu,O). The reaction is not stoichio- 
metric, being dependent on the alkalinity, the time and 
temperature of heating, and the concentration of reagents. 
Under carefully controlled conditions, the reaction is repro- 
ducible and provides quantitative results when calibrators 
are analyzed in the same manner as protein-free filtrates. 
Reoxidation of cuprous ions by oxygen from the air is pre- 
vented by using a constricted tube to minimize the surface 
area or by incorporating sodium sulfate (18g/dL) in the 
reagent to decrease the solubility of oxygen. Phosphomolyb- 
dic (or arsenomolybdic) acid, added in a second step, is 
reduced by the cuprous ion to form compounds with lower 
oxidation states of molybdenum. These products are blue 
and are suitable for photometric measurements. 

1. In the Folin-Wu procedure, proteins are precipitated with 
tungstic acid, and the clear, protein-free filtrate is used in 
the reaction with cupric ions. The method lacks speci- 
ficity, owing to the presence of nonglucose reducing sub- 
stances in the filtrate, and is considered obsolete. 

2. In the Somogyi-Nelson procedure, proteins are precipi- 
tated by the addition of Ba(OH), and ZnSO.. Protein is 
removed as zinc proteinate, sulfhydryl compounds as zinc 
salts, and the remaining zinc and barium ions as zinc 
hydroxide [Zn(OH),] and barium sulfate (BaSO,): 


ZnSO, + Ba(OH), ——> Zn(OH), J + BaSO,4 4 


Uric acid and some creatinine are also precipitated and 
adsorbed on BaSQ, so that the resultant filtrate is virtu- 
ally free of nonsugar reducing substances. When the 
reagents are properly balanced, the filtrate has a pH of 
approximately 7.4. Before the advent of enzyme assays, 
this was the reference method for glucose, but it is now 
considered obsolete. Preparation of a Somogyi filtrate 
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is described earlier under Glucose Oxidase Photometric 
Method for Glucose. 

3. In the neocuproine method, glucose in hot alkaline solu- 
tion reduces cupric to cuprous ions. The latter form an 
orange complex with 2,9-dimethyl-1,10-phenanthroline 
(neocuproine), which is suitable for photometric 
measurement. The procedure is highly sensitive but 
relatively nonspecific. Major problems encountered are 
high blanks, increasing baseline values in automated 
systems, and interference by uric acid and ascorbic acid. 
Careful control of temperature and heating time is vital. 
Application of the method was essentially limited to 
continuous-flow automated systems and has been 
discontinued. 

4. Ferricyanide ion (yellow) is reduced by glucose in hot 
alkaline solution to ferrocyanide ion (colorless). 


Glucose + Fe** (CN). — Fe” (CN). 
+ Oxidized products of glucose 


The decrease in the color of ferricyanide, measured at 
420nm, is proportional to the increase in glucose concen- 
tration (inverse photometry). The reaction blank, without 
glucose, has the greatest absorbance, and measurements 
in the low or reference range are inherently less accurate, 
because the results are based on a small difference between 
large absorbance values. In addition, the maximum amount 
of glucose that follows Beer’s law is severely restricted by 
the maximum color that can be measured accurately in 
the reagent blank. Precision is improved by automation. The 
alkaline ferricyanide method was in wide use when glucose 
determinations were performed on the Technicon Auto 
Analyzer. Other reducing substances interfere (e.g., 1 mg 
of creatinine and 1mg of uric acid react to produce the 
same effect as 1mg and 0.5mg of glucose, respectively). 
Serum from a uremic patient in which both creatinine and 
uric acid are markedly increased exhibits a falsely elevated 
value for glucose. For the same reason, the alkaline ferri- 
cyanide method is unsuitable for the determination of 
glucose in urine. The large amounts of reducing sub- 
stances liberated by hemolysis make hemolyzed specimens 
unacceptable. 


QUALITATIVE METHOD FOR TOTAL 

REDUCING SUBSTANCES 

PRINCIPLE 

Benedict’s qualitative reagent contains cupric ion complexed 
to citrate in alkaline solution. Reducing substances convert 
cupric to cuprous ions, forming yellow cuprous hydroxide 
or red cuprous oxide (see the previous section on oxidation- 
reduction methods). 

Dissolve 17.3 g of CuSO, - 5H,O in 100mL of hot water. 
Dissolve separately, with heating, 173g of sodium citrate 
(Na;C.H;0,:2H,O) and 100g of sodium carbonate 
(Na,CO3) in 800mL of water. Allow to cool, then add the 


citrate-carbonate solution, with mixing, to the copper sulfate 
(CuSO,) solution. Dilute to 1L with water. This reagent is 
stable. 


PROCEDURE 

Add 8 drops (0.4mL) of urine to 5mL of reagent in a test 
tube. Mix and place in a boiling water bath for 3 minutes. 
Remove and examine immediately. Report as 0 to 4+ accord- 
ing to the following criteria: 


Approximate 
Glucose 
Concentration 
Appearance Report (g/dL) 
Blue to green, no 0 0-0.1 
precipitate 
Green with yellow 1+ 0.3 
precipitate 
Olive green 2+ 1.0 
Brownish-orange Sar 1.5 
Brick red 4+ 2.0 or more 
COMMENTS 


A convenient adaptation of the foregoing procedure is mar- 
keted in tablet form (Clinitest; Bayer Corp., Elkhart, Ind.). 
The tablets contain anhydrous cupric sulfate, sodium 
hydroxide (NaOH), citric acid, and sodium bicarbonate 
(NaHCO). Five drops (0.25 mL) of urine are mixed with 10 
drops of water in a test tube. One tablet is added, and the 
mixture is allowed to stand undisturbed for 15 seconds, 
mixed, and immediately observed for color. A chart provided 
by the manufacturer is used to interpret the result. Heat is 
generated by contact of NaOH and water. The initial reac- 
tion between citric acid and NaHCO; causes the release of 
carbon dioxide, which blankets the mixture and reduces 
contact with oxygen from the air to prevent reoxidation 
of cuprous ions. If large quantities (>2 g/dL) of sugar are 
present in the urine, the solution goes through the range of 
colors and back to greenish-brown. This may lead to an erro- 
neous low reading unless the entire reaction is observed 
closely. Urine reacting this way should be retested with two 
drops of urine instead of five. As discussed earlier in the 
section on oxidation-reduction methods for blood glucose, 
false-positive interference may be caused by other reducing 
substances that may appear in the urine. 


METHOD FOR THE DETECTION OF KETONE 
BODIES BY ACETEST 

PRINCIPLE 

The Acetest tablets contain a mixture of glycine, sodium 
nitroprusside, disodium phosphate, and lactose. Acetoac- 
etate or acetone (to a lesser extent) in the presence of glycine 
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forms a lavender-purple complex with nitroprusside. 
B-Hydroxybutyrate does not react with nitroprusside. The 
disodium phosphate provides an optimum pH for the 
reaction, and lactose enhances the color. 


SPECIMEN COLLECTION AND STORAGE 

The serum should be free of visible hemolysis, because an 
excessive amount of hemoglobin may discolor the tablet or 
reagent strip. If there is a significant delay in performing the 
determination, the specimen should be kept tightly sealed at 
4 °C. Urine preservatives may affect test results. 


PROCEDURE 


A detailed procedure for detecting ketone bodies by Acetest 
is supplied by the manufacturer with each package of tablets, 
and readers are referred to these instructions. After adding 
one drop of urine, serum, or blood, the color is read at 30 
seconds, 2 minutes, or 10 minutes, respectively. Acetest was 
designed mainly for the detection of ketone bodies in urine. 
If serum is used, the tablets should be crushed and a drop of 
serum should be added to the powder. Failure to do so results 
in falsely decreased values. Positive and negative controls 
should be performed. It has been reported that this proce- 
dure is more reliable than the Ketostix method, described 
later. 


COMMENTS 

False-positive results may occur with urine specimens con- 
taining very large quantities of phenylketones, drugs con- 
taining sulfhydryls (e.g., angiotensin converting enzyme 
inhibitors), or specimens preserved with 8-hydroxyquino- 
line. L-Dopa metabolites may produce an atypical reaction 
that could be interpreted as a positive result. False-negative 
results have been reported with highly acidic urine speci- 
mens (e.g., after large intake of vitamin C), when reagents 
are exposed to air or are out of date. 

A positive reaction (purple-lavender appearance) indi- 
cates the presence of ketone bodies at a concentration of 
5 mg/dL (0.5 mmol/L) or greater and 10 mg/dL for urine and 
blood, respectively. A color chart provided with the package 
may be used to estimate actual concentrations of the ketone 
bodies. Semiquantitation is achieved by approximate values 
assigned to the color blocks having 20 mg/dL (2 mmol/L) for 
“small,” 30 to 40 mg/dL for “moderate,” and 80 to 100 mg/dL 
for “large.” If required, dilutions of serum with saline can 
be prepared to measure concentrations of ketone bodies 
exceeding 80mg/dL (note that any dilution with saline 
introduces some error, because the reaction is affected by 
proteins). Because a large reaction in an undiluted sample 
corresponds to approximately 80 mg/dL, a large reaction in 
a twofold dilution corresponds to approximately 160 mg/dL. 
Similar calculations can be performed with other dilutions. 
Ketones are not detected in blood or urine in normal car- 
bohydrate metabolism. 


METHOD FOR THE DETECTION OF KETONE BODIES 

BY KETOSTIX 

Ketostix is a modification of the nitroprusside test in which 
a reagent strip is used instead of a tablet. The Ketostix test 
gives a positive reaction within 15 seconds with a specimen 
containing at least 50mg of acetoacetate per liter. The 
accompanying color chart gives readings for ketone concen- 
trations of 50, 150, 400, 800, and 1600 mg/L. Acetone also 
reacts, but the sensitivity is lower. 


METHOD FOR THE DETERMINATION OF 
B-HYDROXYBUTYRATE 

PRINCIPLE 

B-Hydroxybutyrate in the presence of NAD* is converted by 
B-hydroxybutyrate dehydrogenase to acetoacetate, produc- 
ing NADH. Diaphorase catalyzes the reduction of nitroblue 
tetrazolium (NBT) by NADH to produce a purple com- 
pound and its absorbance is read in a special meter that 
provides a digital readout. 


SPECIMEN COLLECTION AND STORAGE 

The assay can be performed on whole blood, plasma, or 
serum. A sample of capillary blood obtained using a finger- 
stick is suitable. Hemolyzed samples should not be assayed. 
Whole blood can be stored at 4 °C for up to 4 hours, whereas 
serum or plasma may be stored at 4 °C for 48 hours or at 
—20 °C for a few days. 


PROCEDURE 

A test card is inserted into the meter. Twenty to 30uL of 
sample is carefully applied to the center of the card, and the 
door of the meter is closed. After 2 minutes, the result is dis- 
played on the meter. The sample must be applied exactly to 
the center of the pad, and timing is critical. 

Concentrations of -hydroxybutyrate greater than 
2.0mmol/L require dilution by adding 20uL of sample to 
200UL of GDS diluent (supplied by the manufacturer). 
A 20-uL aliquot of the diluted sample is read in the meter, 
and the result is multiplied by 11 to determine the B- 
hydroxybutyrate concentration. A cartridge is inserted into 
the meter to calibrate it to each specific lot of reagent. Low 
and high controls should be assayed daily. 

No significant interference is reported by 2000 mg/dL of 
glucose, 5mg/dL of creatinine, 16mg/dL of uric acid, 
10 mg/dL of bilirubin, 96 mg/dL of lactic acid, and 3 mg/dL 
of ascorbic acid. Acetoacetate has a negative interference 
and increasing acetoacetate concentrations progressively 
decrease measured B-hydroxybutyrate values. For example, 
an 8mmol/L solution of acetoacetate will decrease measured 
B-hydroxybutyrate values by 60%. It has been recommended 
to either (1) test for acetoacetate before testing for B- 
hydroxybutyrate and dilute those specimens with increased 
acetoacetate concentrations or (2) routinely dilute by 1:11 
all specimens before assay. Dimercaprol may falsely increase 
the B-hydroxybutyrate result. 
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COMMENTS 

1. Considerable technical expertise is required to perform 
the assay, and it is not appropriate for self-monitoring. A 
card with a color chart that has readings of “normal,” 
“small” (0.5mmol/L), and “moderate” (1.5mmol/L) is 
available for screening in physicians’ offices or the emer- 
gency department. 

2. A liquid assay that can be applied to several automated 
analyzers is also available. 

3. While conceptually preferable to acetoacetate, clinical 
experience with direct measurement of B-hydroxybu- 
tyrate is limited and the data are conflicting. A 1995 
short report on patients with diabetic ketoacidosis 
indicated that B-hydroxybutyrate correlated better than 
acetoacetate with changes in acid-base status. An insulin 
regimen using resolution of hyperketonemia (B- 
hydroxybutyrate <0.5mmol/L) as the target resolved 
ketosis more rapidly. In contrast, other investigators 
concluded that frequent monitoring of serum ketone 
bodies added little useful information in the management 
of diabetic ketoacidosis. Further studies are needed to 
resolve these discrepancies. 

4. Several methods are available as hand-held meters, which 
are FDA-approved for both laboratory use and for use by 
patients themselves. 


REFERENCE INTERVAL 

B-Hydroxybutyrate values range from 0.02 to 0.27 mmol/L 
(0.21 to 2.81 mg/dL) in healthy people after an overnight 
fast. Ketone bodies in the blood can reach 2mmol/L with 
prolonged exercise. Patients with diabetic ketoacidosis 
usually have B-hydroxybutyrate concentrations >2 mmol/L 
(20 mg/dL). 


METHOD FOR THE DETERMINATION OF 
KETONE BODIES IN URINE 


Acetest and Ketostix are also suitable for detecting ketone 
bodies in urine. The sensitivity and specificity of the tests are 
the same as outlined for serum. 


PROCEDURE 
Gerhardt’s test is based on the reaction of ferric chloride with 
acetoacetate, producing a wine-red color. It is nonspecific, 
and other compounds such as salicylates, phenol, and 
antipyrine give a similar color, thus a positive reaction 
merely signals the possible presence of acetoacetate. To 
confirm its presence, urine is heated to decompose acetoac- 
etate to acetone and to drive off the acetone. The test is 
then repeated. If the result is then negative, it can be 
assumed that the original color was caused by the acetoac- 
etate. This test has been replaced by the Acetest and Ketostix 
procedures. 

Rothera’s test uses nitroprusside to detect urinary ketones 
but has been replaced by the methods described earlier. 


REFERENCES 


Fraser J, Fetter MC, Mast RL, et al. Studies with a simp- 
lified nitroprusside test for ketone bodies in urine, 
serum, plasma, and milk. Clin Chim Acta 1965311: 
372-8. 

Free AH, Free HM. Nature of nitroprusside reactive 
material in urine in ketosis. Am J Clin Pathol 1958; 
30:7-10. 


METHOD FOR THE DETERMINATION OF 
LACTATE IN WHOLE BLOOD 


PRINCIPLE 


Lactate is oxidized to pyruvate by lactate dehydrogenase in 
the presence of NAD*. The NADH formed in this reaction is 
measured by a spectrophotometer at 340 nm and serves as a 
measure of the lactate concentration. 

The equilibrium of the reaction normally lies far to the 
left. However, by using a pH of 9.0 to 9.6, an excess of NAD’, 
and trapping the reaction product pyruvate with hydrazine, 
the equilibrium can be shifted to the right. Pyruvate can also 
be removed by reacting it with L-glutamate in the presence 
of alanine aminotransferase. Use of tris (hydroxymethyl)- 
aminomethane (TRIS) buffer results in more rapid comple- 
tion of a side reaction between NAD* and hydrazine and 
prevents the “creeping” of blank values observed when 
glycine buffer is used. 

Because of its high specificity and simplicity, the enzy- 
matic method is the method of choice for measuring lactate, 
although other methods may also be used (e.g., gas chro- 
matography and photometry). 

The Vitros analyzer, formerly the Ektachem (Johnson & 
Johnson Diagnostics, Rochester, N.Y.), uses an assay in which 
lactic acid is oxidized to pyruvate by lactate oxidase. The 
H:O, generated oxidizes a chromogen system, and the 
absorbance of the resulting dye complex, measured by a 
spectrophotometer at 540 nm, is directly proportional to the 
lactate concentration in the specimen. Each mole of lactate 
oxidized produces 0.5 mol of dye complex. 


Lactate Oxidase 


L-Lactate + O3 Pyruvate + H202 


2H202 + 4-aminoantipyrine + 


Peroxidase 


1,7-dihydronaphthalene —————> red dye 


SPECIMEN COLLECTION AND STORAGE 
Stringent sample preparation and handling techniques 
are necessary to prevent changes in lactate concentrations 
both during and after the blood is drawn. For metabolic 
studies, subjects should be fasting and at complete rest for at 
least 2 hours to allow lactate concentrations to reach a steady 
state. 

Venous specimens should be obtained without the use of 
a tourniquet or immediately after the tourniquet has been 
applied. Alternatively, the tourniquet should be removed 
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after the puncture has been performed, and the blood should 
be allowed to circulate for several minutes before the sample 
is withdrawn. Arterial blood sampling, which avoids these 
potential pitfalls, may also be used. Patients should avoid 
exercise of the hand or arm immediately before and during 
the procedure. 

Both venous and arterial blood may be collected in 
heparinized syringes and immediately delivered into a pre- 
measured amount of chilled protein precipitant, such as 
trichloroacetic acid, metaphosphoric acid (MPA), or per- 
chloric acid. Ideally, the first few milliliters of blood should be 
discarded. The clear supernatant, after centrifugation, is 
stable at 4 °C for as long as 8 days. Meticulous attention to 
sample preparation is required. Failure to completely inhibit 
glycolysis rapidly results in increases in blood lactate concen- 
trations. Increases may be as great as 20% within 3 minutes 
and 70% within 30 minutes at 25 °C. Specimens collected as 
described are also suitable for determination of pyruvate. 

If plasma is required as a specimen, blood should be 
collected in a tube containing sodium fluoride (NaF) and 
potassium oxalate (K,C,O,) so that the final concentrations 
are 60 and 12 mmol/L, respectively. Samples are stable for up 
to 8 hours at 20 °C in the presence of antiglycolytic agents. 
In the absence of antiglycolytic agents, plasma lactate stored 
at 25 °C increased by twofold and threefold at 4 and 8 hours, 
respectively, if cells were not separated. 


SAMPLE PREPARATION 

To an appropriate number of tared test tubes (15 x 100mm), 
add 6mL of MPA (5¢/dL). Alternatively, 4mL of trichlo- 
roacetic acid (10 g/dL) or 4mL of the perchloric acid (8 g/dL) 
may be used, but NADH is reported to be more stable with 
MPA. Weigh and place the tubes on ice. Perform assays in 
duplicate. Collect about 5 mL of arterial or venous blood in 
a heparinized syringe without production of air bubbles and 
add 2 mL of the blood to each of two tubes within 15 seconds 
of withdrawal. 

Mix the blood with the MPA solution by three inversions 
of the tubes. Keep the mixture cold for an additional 
10 minutes to ensure complete precipitation of proteins. 
Allow the tubes to warm to room temperature; determine 
their weights. Centrifuge for 15 minutes at 3000 x g or for 
at least 30 minutes at 1500 x g. The supernatant must be 
clear, and if necessary, a second centrifugation is performed. 
The supernatant is stable for 8 days at 4 °C or 6 weeks at 
—20 °C. 

Determine the dilution factor (D) as follows: 


Wy -W 
D=—2 + 

Wp — Wm 
where W, is the weight of the empty tube, Wm is the weight 
of the tube plus MPA solution, and W, is the weight of the 
tube plus the MPA and blood. If the method is followed 
as described, the dilution factor should be approximately 
four. 


REAGENTS 

1. MPA, 5g/dL. Dissolve 5g of MPA in water and dilute to 
100 mL. Prepare fresh daily (see Comments, later). 

2. MPA, 3¢/dL. Dissolve 3g of MPA in water and dilute to 
100 mL. Prepare fresh daily. 

3. TRIS-hydrazine buffer mixture, pH 9.6 (TRIS, 
79 mmol/L; hydrazine, 400 mmol/L). To about 700 mL of 
NaOH, 1 mol/L, add 9.57g of TRIS, 52g of hydrazine 
sulfate, and 1.85g of EDTA - Na, (to chelate metal ions 
and prevent inhibition of lactate dehydrogenase). Adjust 
the pH to 9.6 with NaOH, 1 mol/L, and dilute the solu- 
tion to 1000 mL with distilled water. This buffer is stable 
for 8 days at 4 °C. 

4. NAD* solution, 27mmol/L. Dissolve purified NAD 
(grade 1, Boehringer) in distilled water to obtain a 
20-mg/mL solution. This solution is stable for about 48 
hours at 4 °C. 

5. Lactic dehydrogenase solution. Dilute the stock solution 
(Sigma, type III, crystalline bovine heart lactate dehydro- 
genase, 10mg protein/mL) with saline to a protein 
concentration of 3mg/mL (0.3mL of stock diluted to 
1.0mL). Keep refrigerated and use within 48 hours. 

6. Lactate calibrator, 1 mmol/L (9 mg/dL). Dissolve 9.60 mg 
lithium 1-lactate (Calbiochem, A grade, San Diego) in 
water in a 100-mL volumetric flask. Add 25uL concen- 
trated sulfuric acid (H,SO,) and bring to volume with 
water. Stability is indefinite at 4 °C. Lactate stock calibra- 
tors are also commercially available. 


PROCEDURE 

1. To each of three cuvets labeled test, calibrator, and blank, 
respectively, add 2.0mL of TRIS-hydrazine buffer. 

2. Add 0.1mL of supernatant solution to the test cuvet, 
0.1mL of lactate calibrator to the calibrator cuvet, and 
0.1mL of MPA (3¢/dL) to the blank cuvet. 

3. Mix the solutions and add 30 uL of lactate dehydrogenase 
solution and 0.2 mL of NAD* solution to each cuvet. 

4. Mix the contents again; after 15 minutes at room tem- 
perature, measure the absorbance at 340 nm against the 
blank. A separate reagent blank and working calibrator 
should be determined with each run. 

Results obtained with the lactate method are linear up to 
concentrations of approximately 5.6 mmol/L (50 mg/dL). 


CALCULATION 


A 
Lactate (mmol/L) = he x1xD 


c 


where t and c stand for the test and calibrator, respectively, 
and D is the dilution factor. 
Alternatively, using the molar absorptivity of NADH, 


2.33 D 
x 
6.22 0.1 


Lactate (mmol/L) = Ay x 
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where 
A, = absorbance of the test 
2.33 = total volume of the test in mL 
6.22 = millimolar absorptivity for NADH 
0.1 = volume of supernatant in mL 
To convert millimoles per liter to milligrams per deciliter, 
multiply by 9. 


COMMENTS 

MPA is generally composed of a variable mixture of MPA 
and sodium metaphosphate (NaPO;). In aqueous solution, 
MPA forms several polymers (HPO;),, which hydrolyze to 
the ortho acid as follows: 


HPO; + HO —> H3PO,4 


Because orthophosphoric acid (H;PO,) does not pre- 
cipitate proteins, MPA solutions retain their protein- 
precipitating activity for only about 1 week at 4 °C. 

MPA is preferred by some as the protein-precipitating 
agent, because perchloric acid does not precipitate muco- 
proteins and interferes with the enzymatic method for pyru- 
vate (if this analyte is determined on the same filtrate as 
lactate). Also the enzymatic lactate dehydrogenase reaction 
is reported to proceed much more slowly in the presence of 
perchloric acid. 


METHOD FOR THE DETERMINATION 

OF FRUCTOSAMINE 

PRINCIPLE 

Under alkaline conditions, products with Amadori 
rearrangements (such as fructosamine) have reducing activ- 
ity that can be differentiated from other reducing substances. 
In the presence of carbonate buffer, fructosamine rearranges 
to the eneaminol form, which reduces NBT to a formazan. 
The absorbance at 530nm is measured at two time points 
and the absorbance change is proportional to the fruc- 
tosamine concentration. The 10-minute incubation is nec- 
essary to allow fast-reacting, interfering-reducing substances 
to react. It is unnecessary to remove endogenous glucose 
from patients’ samples, because a pH greater than 11 is 
required for glucose to reduce NBT. The assay is easily auto- 
mated and has excellent between-batch analytical precision. 
Hemoglobin (>100 mg/dL) and bilirubin (>4 mg/dL) inter- 
fere; therefore moderate to grossly hemolyzed and icteric 
samples should not be used. Ascorbic acid concentrations 
>5 mg/dL may cause negative interference. Kits are commer- 
cially available (Roche Diagnostics, Indianapolis, Ind.). An 
assay that measures fructosamine by oxidizing the ketoamine 
bond using ketoamine oxidase, with the release of HO, that 
is quantified by a colorimetric reaction, is available (Randox, 
Oceanside, Calif.). An FDA-approved device using a hand- 
held meter for home use by adults (excluding pregnant 
women and children [InCharge, LXN Corp., San Diego]) has 
been discontinued. 


SPECIMEN COLLECTION AND STORAGE 

Draw nonfasting venous blood in a plain tube; allow it to 
clot and separate within 24 hours. Plasma or serum is suit- 
able. Samples may be stored for 3 days at 25 °C or 7 to 14 
days at 4 °C. Original reports indicated that samples could 
be stored for several months at —20 °C, but large changes 
have been observed in frozen samples. Prolonged storage at 
ultralow temperatures (—196 °C) prevents in vitro glycation 
of serum proteins. 


REAGENTS 

1. Working reagent. One liter of solution contains 200 mmol 
of Na,CO;, 2.88 umol of NBT, 22 g of nonionic detergent 
(e.g., Tween 20, Tensides, or Triton X-100), and 15U of 
uricase, adjusted to pH 10.3. It remains stable for as long 
as 14 days at 4 °C in the dark. 

2. Calibrator, glycated polylysine. Prepare 1 mmol glycated 
polylysine in 1L of 10 mmol/L HCl. Perform serial dilu- 
tions to obtain working concentrations of 0.25, 0.5, 0.75, 
and 1 mmol/L. Store in the dark at 4 °C for 4 weeks or at 
22 °C for 1 week. Secondary calibrators of normal human 
serum containing glycated protein are commercially 
available (Roche Diagnostic Systems). 


PROCEDURE 

1. Pipette 50 uL of working calibrator, plasma, or serum into 
respective test tubes. 

Add 1mL of working reagent to each tube and mix. 
Incubate all tubes at 37 °C. 

Measure absorbance at 530 nm at both 10 and 15 minutes. 
The change in absorbance between 10 and 15 minutes is 
proportional to the amount of fructosamine in the 
sample. 


ca lee 


COMMENTS 

1. The procedure is inexpensive and rapid and has been 
adapted to a wide variety of automated chemistry ana- 
lyzers. An automated method that measures the increase 
in absorbance in the 9- to 10-minute interval after the 
start of the reaction has been described. The assay, which 
measures absorbance bichromatically at 546 and 700 nm, 
has intraassay and interassay CVs <2% and is linear up to 
1000 umol/L. 

2. Assays should be calibrated against glycated polylysine. 

3. The precision of the assay is good, and a study of 33 
routine laboratories using the same calibrator with a 
manual method and five different analyzers demon- 
strated a CV of 5.4%. 

4. Changes in red blood cell lifespan and hemoglobin vari- 
ants do not alter fructosamine values, but they are 
affected by total plasma protein concentrations. Patients 
with serum albumin concentrations <30g/L or urinary 
protein concentration >1g/L have increased albumin 
turnover, rendering interpretation of fructosamine values 
difficult. 
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REFERENCE INTERVALS 
Values in a nondiabetic population range from 205 to 285 


umol/L. The reference interval corrected for albumin is 191 
to 265 umol/L. 


ELISA METHOD FOR MEASURING URINARY 
ALBUMIN 


Both competitive and “sandwich” ELISAs are available. 
Although the competitive ELISA is faster because it uses only 
one incubation with antibody, it is reported to be less sensi- 
tive and exhibits large imprecision. ELISA can be performed 
on a microplate reader, allowing semiautomation. In the 
sandwich assay, the primary antibody (antialbumin anti- 
serum) is fixed on the plastic plate, which is then washed. 
Samples, controls, and calibrators are added and the com- 
plexes detected and quantified by a second antibody conju- 
gated to an enzyme label. 


REAGENTS 

1. Buffer A. Prepare 20mmol of diethylmalonic acid, 150 
mmol of NaCl, 0.1 mmol of EDTA, and 1 mL of Tween 20 
(surfactant) in 1L of distilled water and adjust to pH 7.4 
with 1 mol/L potassium hydroxide. Add 5 g of gelatin, dis- 
solving by gentle stirring at 37 °C. This may be stored at 
room temperature for 7 days or at 4 °C for 1 month. The 
slightly turbid refrigerated solution should be clarified by 
warming at 37 °C or 25 °C. 

2. Stock albumin calibrator, 1 g/L. Dissolve 10 mg of human 
serum albumin (HSA) in 10mL of 0.1 mol/L NaHCO3. 
Store in 0.1-mL aliquots at —20 °C for 1 year. The con- 
centration can be checked by using an absorptivity of 0.54 
at 280nm for 1 g/L albumin solution. 

3. Coating solution, 0.2mg/L albumin. Dilute the stock 
albumin calibrator by adding 0.1mL to 499.9mL of 
0.1 mol/L NaHCO. 

4. Stock conjugate solution, rabbit antihuman albumin-per- 
oxidase conjugate (Organon Teknika-Cappel, Malvern, 
Pa.). Stock conjugate is 11 mg of IgG and 4mg of perox- 
idase per milliliter. Dilute 0.1 mL with 9.9 mL of buffer A 
and store in 0.1-mL aliquots at —20 °C. 

5. Conjugate, working solution 1:20,000. Add 0.1mL of 
stock conjugate to 19.9mL of buffer A. 

6. Substrate, 0.5mmol/L of 3,3’,5,5’-tetramethylbenzidine 
dihydrochloride (TMB). Dissolve 10 mg of TMB in 4mL 
of distilled water and add to 56mL of potassium acetate 
buffer (50mmol/L, pH 4.5). Immediately before assay, 


add 6uL of concentrated H,O, (500 g/L). This should be 
prepared fresh daily. 


PROCEDURE 


1. Fill the wells of Immulon 2 microplates (rows B-H) 
with 0.10mL of coating solution (0.2mg/L HSA). 
Incubate the covered plates for 3 hours at 37 °C, then 
overnight (12 hours) at 4 °C. Plates may then be stored 
at 4 °C for up to 4 weeks in sealed plastic bags or washed 
three times with buffer A and stored for 4 weeks or longer 
before use. 

2. Perform assays in duplicate, using samples of settled 
urine diluted in polypropylene tubes with buffer A either 
100-fold (normal), 200-fold (diabetic), or 1000-fold 
(proteinuric). 

3. Prepare HSA calibrators by diluting stock HSA 1000-fold 
with buffer A and further diluting with buffer A to give 
calibrators ranging in concentration from 0 to 1.00 mg/L. 

4. Wash the coated plates four times with buffer A. 

5. Add 50uL of sample or calibrator to the wells of the 
coated plate. 

6. Add 50uL of conjugate (1:20,000) to all the wells and 
incubate the covered microplate for 1 hour at 37 °C. 

7. Wash the microplate four times with buffer A and add 
0.20 mL of TMB substrate to each well. Immediately place 
the microplate on a microplate mixer, incubating until 
the maximal absorbance reaches 1.5 to 2.0 (about 15 
minutes). 

8. Remove the plate from the mixer and measure its 
absorbance at 650nm. Albumin concentrations in the 
samples are determined by comparison with the calibra- 
tion curve. 


COMMENTS 


1. The assay uses TMB, which is noncarcinogenic, as the 
peroxidase substrate. 

2. The assay is linear from 30 to 300 ug/L and can detect as 
little as 10 ug/L. 

3. Competitive ELISA assays that do not require overnight 
incubation have been described. 


REFERENCE 


Magnotti RA, Stephens GW, Rogers RK, Pesce A. 
Microplate measurement of urinary albumin and 
creatinine. Clin Chem 1989;35:1371-5. 


AN IMMUNOTRUBIDIMETRIC METHOD FOR 
MEASURING URINARY ALBUMIN 

PRINCIPLE 

Albumin in the urine sample forms an insoluble complex 
with antibodies to human albumin. PEG accelerates complex 
formation. The turbidity caused by the complexes is mea- 
sured by a spectrophotometer at 340nm and is a measure 
of albumin concentration. The background absorbance of 
the initial urine sample is subtracted automatically. This 
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method is simple and less expensive than RIA, and rapid 
analysis of large numbers of samples is possible. The assays 
may be performed as either kinetic or equilibrium reactions. 
An equilibrium method is described here. Kits are com- 
mercially available for use on automated analyzers (Roche 
Diagnostics). 


REAGENTS 

1. Phosphate-buffered saline, 50 mmol/L, pH 7.3. Dissolve 
8.8g NaCl (150mmol/L), 40g of PEG 6000, 4.34g of 
anhydrous Na,HPO,, 2.64g of KH,PO,, 0.2 mL Tween 20 
surfactant, and 1g of NaN; in 900 mL of distilled water. 
Adjust the pH to 7.3 and dilute to 1L. 

2. Antiserum. Rabbit anti-human albumin antibody, 0.8 g/L 
or greater. 

3. NaCl, 150mmol/L. Dissolve 8.8g of NaCl in about 
800 mL of distilled water and dilute to 1L. 

4. Albumin calibrator, 1 g/L. Dissolve 1 g of human albumin 
(Miles Laboratories) in 1 L of 150 mmol/L NaCl. 


PROCEDURE 

1. Dilute the urine sample by pipetting 20UL of urine into 
a test tube and adding 180uL of 150 mmol/L NaCl. 

2. Pipette 50uL of undiluted calibrator and diluted urine 

into each of two cuvets. 

Add 850uL of assay buffer to each tube and mix. 

Incubate for 10 minutes at 37 °C. 

Measure the absorbance at 340 nm. 

Add 100 UL of antiserum to human albumin to each tube 

and mix. 

7. Allow to incubate for 2 minutes at 37 °C and read the 
absorbance at 340 nm. Subtract the initial absorbances. 

8. Plot the absorbance of each calibrator against its albumin 
concentration. The albumin concentration of the sample 
is read off the calibration curve. 


Ne & 


COMMENTS 

1. Urine albumin concentrations can be measured from 3 to 
400 mg/L for undiluted urine. This range can be extended 
to 4g/L by diluting urine tenfold. 

2. This method is easy and rapid, and as many as 200 
determinations can be performed in 20 minutes with 
automation. 

3. High antigen concentrations may cause a “hook” effect, 
resulting in falsely low concentrations. This can be pre- 
vented by screening urine samples with a dipstick, but 
may not be necessary if the analyzer automatically tests 
for antigen excess. 

4. These methods lack sensitivity, but linking antibodies to 
latex particles is reported to enhance the sensitivity. 

5. A urinary tract infection or contamination with seminal 
or menstrual fluid may produce false-positive results. 

6. High physiological Ca™ concentrations in the urine 
falsely elevate albumin levels. The interference is abol- 
ished by the addition of EDTA, which has been incorpo- 
rated into a commercial assay (Roche Diagnostics). 


REFERENCE 


Teppo AM. Immunoturbidimetry of albumin and 
immunoglobulin G in urine. Clin Chem 1982328: 
1359-61. 


REFERENCE INTERVALS 


URINARY ALBUMIN EXCRETION 


Corrected 
(mg/g urine 
gimin mg/24hr creatinine) 
Normal <20 <30 <30 
Increased UAE 20-200 30-300 30-300 
Clinical >200 >300 >300 
albuminuria* 


*Also termed “overt nephropathy.” 


The ADA recommends initial UAE measurement in type 
1 diabetes patients who have had diabetes 25 years and in 
all type 2 diabetic patients. Because of the difficulty in 
dating the onset of type 2 diabetes, screening should com- 
mence at diagnosis. Analysis should be performed annually 
in all patients who have a negative screen. Screening may 
be performed with a semi-quantitative assay. If the screen is 
positive, UAE should be evaluated by a quantitative assay. 
Diagnosis requires the demonstration of increased UAE 
in at least two of three tests measured within a 6-month 
period. 

If the confirmatory test is positive, treatment with 
an angiotensin-converting enzyme (ACE) inhibitor or 
angiotensin-receptor blocker should be initiated. ACE 
inhibitors delay the progression to overt nephropathy and 
the National Kidney Foundation recommends their use in 
both normotensive and hypertensive type 1 and 2 diabetic 
patients. The role of monitoring UAE in patients on ACE 
inhibitor therapy is less clear, although many experts rec- 
ommend continued surveillance. Untreated, the UAE would 
increase 10% to 30% per year, whereas the albumin:crea- 
tinine ratio in patients on ACE inhibitors should stabilize or 
decrease by up to 50%. 


METHOD FOR THE IDENTIFICATION OF 
URINARY SUGARS BY PAPER 
CHROMATOGRAPHY 

PRINCIPLE 

Sugars can be separated by ascending or descending chro- 
matography on paper and located after color development 
with dinitrosalicylic acid. The variable rates of migration 
depend on the solubility of the sugars in the particular 
solvent system. Presumptive identification is made by com- 
parison of the migration (Rẹ) value of the unknown with 
those of reference compounds. The following procedure may 
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be performed conveniently in a 6 x 18-inch Pyrex jar with a 
tightly fitting cover. 


REAGENTS 

1. Solvent. Perform the following procedure under a hood. 
Mix 60 mL of n-butanol, 40 mL of pyridine, and 30 mL of 
distilled water. The mixture is completely miscible. Pour 
it into the bottom of the jar, cover, and allow to equili- 
brate at least 30 minutes before use. 

2. Spray reagent. Dissolve 0.5 g of 3,5-dinitrosalicylic acid in 
100 mL of NaOH solution (4¢/dL). 

3. Reference sugar solutions. Prepare solutions of glucose, 
fructose, galactose, maltose, lactose, and xylose to contain 
1.75 g of each in 100 mL of benzoic acid solution (2 g/L). 
These solutions are stable for months. 


PROCEDURE 

1. Estimate the concentration of sugar in the urine by means 
of one of the qualitative copper reduction tests. Dilute the 
specimen, if necessary, to a sugar concentration of 
approximately 1g/dL. If the concentration is only 0.5 
g/dL, use twice as much sample in the test. 

2. Draw a pencil line 2.5cm from and parallel to the 25-cm 
side of a 25x 35cm section of Whatman No. 1 filter 
paper. Place pencil marks 2.5cm apart on the line to 
designate starting positions for each reference sample and 
for the urine specimen. 

3. Apply 10uL of each solution to its respective point. Half 
of this amount should be applied and permitted to dry 
before adding the remainder to keep the diameter of 
the spots as small as possible. Allow all samples to dry 
completely. 

4. Insert the sheet into a 35-cm-high cylinder so that the line 
of application is at the bottom. Staple the edges together. 
Insert the paper into the chromatography jar, tape on the 
cover, and allow to stand undisturbed for about 16 hours 
(overnight) at room temperature. 

5. Remove the sheet and mark with a pencil along the 
solvent front. Allow to air dry under a hood. 

6. Spray the sheet with dinitrosalicylic acid reagent from an 
atomizer and allow to air dry. 


7. Heat the paper at 100 °C for 10 minutes in a drying oven. 
The reducing sugars appear as brown spots against a 
yellow background. 

8. Measure the distance from the starting line to the edge of 
the solvent front. Calculate the Ry: 

R;= Distance traveled by solute spot/Distance traveled by 

solvent front. 
The Rç values vary slightly from run to run, and for this 
reason known reference samples should be included each 
time. Average values are as follows: 


Sugar R; 

Lactose OP?) 
Maltose 0.28 
Galactose 0.36 
Glucose 0.41 
Fructose 0.46 
Xylose 0.52 


The unknown sugar in the urine is presumed to be the 
same as a known reference compound when both migrate 
the same distance under the test conditions. For confirma- 
tion, the urine specimen may be mixed with an equal volume 
of the known reference and rechromatographed. Only one 
sugar spot appears on the paper if the two sugars are iden- 
tical. Dinitrosalicylic acid is a highly specific reagent for 
reducing sugars. 

Other reagents to detect reducing substances in urine 
have also been used. Phloroglucinol reagent, for example, 
produces a faint brown reaction with galactose, orange- 
brown with fructose, and greenish-blue with pentoses. No 
color is produced with lactose, maltose, or glucose. The 
reagent is prepared by dissolving 0.2 g of phloroglucinol in 
80mL of 90% ethanol (900mL ethanol/L) and diluting to 
100 mL with trichloroacetic acid solution (250 g/L). 


REFERENCE 

Sophian LH, Connolly VJ. Chromatographic identification 
of reducing sugars in urine. Am J Clin Pathol 1952; 
22:41-5. 
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Lipids, Lipoproteins, 
Apolipoproteins, and 
Other Cardiovascular 


Nader Rifai, Ph.D., 
and G. Russell Warnick, M.S., M.B.A. 


The following are several methods for separating lipoprotein 
fraction for subsequent analysis. 


HIGH-DENSITY LIPOPROTEIN CHOLESTEROL*”** 
DEXTRAN SULFATE-MgCl, METHOD 


This is the Selected Method for HDL cholesterol and is 
similar to the Designated Comparison Method currently 
used as the target for HDL cholesterol analysis in the 
CRMLN laboratories (Cholesterol Reference Method 
Laboratory Network). 


Reagents 


1. Stock solutions. Dextran sulfate (20mg/mL; Dextralip 
50, MW 50,000 Da, Sigma Diagnostics, St. Louis Mo.). 
Dissolve 2.0g dextran sulfate in deionized H,O. Adjust to 
pH 7.0 with 0.05 mol/L HCI. Transfer the solution quan- 
titatively to a volumetric flask and bring to 100 mL. Store 
at 4 °C. 

2. MgCl, 1.0mol/L. Use reagent grade MgCl, - 6H,O. 
Dissolve 20.3 g in deionized H,O and adjust to pH 7.0 
with 0.05mol/L NaOH. Transfer the solution quanti- 
tatively to a volumetric flask and adjust to 100 mL. Store 
at 4 °C. 

3. Working solution. Mix equal volumes of the dextran 
sulfate and MgCl, stock solutions. 


*References are found in Ch. 26 of the Tietz Textbook of Clinical 
Chemistry and Molecular Diagnostics, edition 4. 


Risk Factors 


Procedure 


1. Allow working reagent and samples to reach room 

temperature. 

. Transfer 1.0mL serum or plasma to a test tube. 

. Add 100uUL of working reagent solution. 

. Mix well using a vortex mixer. 

. Allow mixture to stand at room temperature for 10 

minutes. 

6. Centrifuge for 45,000g/min. Centrifugation can be 
performed at 1500 x g for 30 minutes in a refrigerated 
centrifuge or alternatively at 15,000 x g for 3 minutes. 

7. Remove an aliquot of the clear supernatant for measure- 
ment of HDL cholesterol. 

8. Multiply the measured value by 1.1 to correct for dilution 
by the reagent. 


a & WwW bd 


HEPARIN-MnCl, METHOD 


This procedure is similar to that used in the CDC Reference 
method for HDL cholesterol.’ 


Reagents 

1. MnCl, 1.0 mol/L. Dissolve 98.96 g reagent grade MnCl, - 
4H,O in H,O. Transfer to a 500-mL volumetric flask and 
bring to 500 mL. Store at 4 °C. 

2. MnCl, 2.0mol/L. Same as above, but use 197.91g 
MnCl, - 4H,0. 

3. Heparin, 5000 USP units/mL. Using a volumetric pipette, 
add 1.0mL heparin (40,000 U/mL) to 7.0mL 0.15 mol/L 
NaCl. Store in a sealed container at 4 °C. 


l 
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Procedure 

1. Allow reagents and specimens to reach room tempera- 
ture. Mix specimens by inversion. 

2. Transfer 1.0mL serum or plasma to a clear centrifuge 
tube. 

3. For serum: Add 40uL heparin solution and 50uL 
1.0mol/L MnCl, solution. For plasma add 40 uL heparin 
solution and 50UL 2.0 mol/L MnCl, solution. 

4. Mix well on a vortex type of mixer. 

5. Allow the mixture to stand at room temperature for 15 
minutes or in an ice bath for 30 minutes. 

6. Centrifuge the mixture for 45,000 g/min (equivalent to 
1500 x g for 30 minutes). 

7. Remove an aliquot of the clear supernatant for measure- 
ment of HDL cholesterol using a cholesterol method that 
is not sensitive to interference by Mn”. 

8. Multiply the observed HDL cholesterol concentration by 
1.09 to correct for dilution by the reagents. 


ULTRACENTRIFUGATION TO REMOVE TRIGLYCERIDE- 
RICH LIPOPROTEIN 

The following procedure is used to remove VLDL, B-VLDL, 
and chylomicrons from plasma. The method uses 5.0mL of 
sample but can be scaled down to 3.0 mL, if necessary. 


Procedure 

1. Place 5.0-mL EDTA plasma samples into heat-sealable 
13x64mm_ ultracentrifuge tubes (available from 
Beckman Coulter Instruments, Palo Alto, Calif.). 

2. Carefully overlay each sample with a sufficient volume 
of 0.15 mol/L NaCl to bring the level to the neck of the 
ultracentrifuge tube. Be sure to equalize the weight of all 
tubes so that the ultracentrifuge rotor is balanced during 
operation. 

3. Seal the tubes and place them into a precooled type 50.3 
rotor (Beckman Coulter Instruments). 

4. Centrifuge the samples at 10 °C for at least 18 hours 
at 105,000 x g. As a matter of convenience, the cen- 
trifugation time can be extended an hour or two if 
necessary. 

5. At the end of the centrifugation period, allow the rotor 
to come to rest without braking to avoid disturbing the 
layers. 

6. Carefully remove the tubes from the rotor and place 
them into a tube rack in an ice bath. 

7. Observe the tubes. A floating, white layer of triglyceride- 
rich lipoproteins should be observed at the top of the 
tube. There should be a water-white clear zone that 
extends 1 cm or more below the floating layer. A colored 


zone containing lipoproteins of density >1.006g/mL 
should appear near the bottom of the tube, layered 
above a zone containing the remaining, denser plasma 
proteins. 

8. Place the tube into a tube slicer and adjust its position 
such that the tube slicer blade strikes the tube about 
11mm below the shoulder of the tube and in the water- 
white clear zone. This distance may have to be increased 
somewhat for a sample with a high triglyceride concen- 
tration that may have a wide floating layer. 

9. Strike the blade handle of the tube slicer with a single, 
sharp blow to cut the tube cleanly and rapidly. This 
separates the supernatant and infranatant fractions 
from each other. 

10. Without withdrawing the blade, carefully remove the 
top portion of the tube while aspirating the supernate. 
This can be done with a small syringe equipped with a 
blunt-tipped needle. Transfer the supernate to a 5.0-mL 
volumetric flask. Wash the blade and sample compart- 
ment portion of the tube slicer with a small amount of 
0.15 mol/L NaCl and add the washing to the supernate. 
Then adjust the volume of the supernate to 5.0mL. 

11. Withdraw the blade of the tube slicer carefully. With the 
aid of a clean 5-mL syringe equipped with a blunt- 
tipped needle, remove some of the infranate to lower the 
fluid level below the rim of the bottom portion of the 
ultracentrifuge tube and transfer to a 5.0-mL volumet- 
ric flask. At this point, the bottom portion of the tube 
can be removed from the tube slicer. Recover the rest of 
the infranate and add to the volumetric flask. Wash the 
tube with a little 0.15 mol/L NaCl and add the washings 
to the flask. Bring the volume to 5.0 mL. 

12. Mix each of the fractions by inversion. Allow the frac- 
tions to sit undisturbed in an ice bath. Allow enough 
time for the packed proteins in the infranate to redis- 
solve completely. 

13. Mix the fractions again by inversion, then transfer to 
sealable containers. Screw-capped scintillation vials 
equipped with polyethylene- or Teflon-lined caps can be 
used for this purpose. Do not use foil-lined caps. Store 
the fractions at 4 °C for further analysis. 

The cholesterol concentrations of the two fractions are 
measured with the usual methods. The recovery of choles- 
terol in the two fractions should average about 95% or more. 
Ultracentrifugation should be repeated if the recovery is less 
than 90%. If a 3.0-mL sample is used and the fractions are 
reconstituted to 5.0mL, the measured cholesterol value 
should be multiplied by 1.67. 
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Ps) PROCEDURE 


The simplest method for determining Ps) consists of mea- 
suring PO, and SO, on an anaerobically collected venous 
whole-blood sample.*** pH and PCO, should be measured 
along with the other parameters. The following equation is 
used for calculating P59: 


log P59 = log PO, — logit SO, /2.7 


where logit SO, =log[SO,/(1 —SO,)] and 2.7 is the Hill 
slope. This equation is a useful approximation provided the 
measured SO, is in the interval 0.4 to 0.8 (40% to 80% when 
expressed as a percent), thus requiring the use of venous 
blood in most instances. Here, it is important that SO, and 
not FO,Hb be used in the calculations because Ps, refers to 
50% SO, (i.e, only hemoglobin capable of binding and 
releasing O2). The measured value may then be corrected to 
a standard pH (7.40) and PCO, (40mmHg), providing 
the “standard” Ps» using the coefficients of change in Figure 
27-3 of the textbook. 

The standard P;) thus defined may be interpreted as an 
indirect measure of the 2,3-DPG concentration of the ery- 
throcytes, because an increase or decrease in 2,3-DPG 
concentration is the most common cause of an increase or 
decrease in Psp. However, other causes should be kept in 
mind, such as increases in COHb, MetHb, or HbF (decreased 
standard P;9) or congenital hemoglobin variants (causing 
both increased and decreased standard P;.). A nomogram 


*References are found in Ch. 27 of the Tietz Textbook of Clinical 
Chemistry and Molecular Diagnosis, edition 4. 


APPENDIX 2 7 


Electrolytes and 
Blood Gases 


for obtaining Ps) from measurements of PO, SO), pH, and 
[2,3-DPG] has been devised.” In the presence of COHb, 
MetHb, or HbF, a computer program is needed.” 


REFERENCE INTERVALS?! 


For adults, the 95% limits for P;), measured at 37 °C and cor- 
rected to pH(P) of 7.4, are 25 to 29mm Hg. For newborn 
infants, the interval is 18 to 24mm Hg because of the pres- 
ence of fetal Hb (HbF). 


CLINICAL SIGNIFICANCE 

Increased values for Ps» indicate displacement of the O, dis- 
sociation curve to the right (i.e., a decreased affinity of the 
hemoglobin for O,). The chief causes are hyperthermia, 
acidemia, hypercapnia, high concentrations of 2,3-DPG, or 
presence of a hemoglobin variant with decreased O, affinity. 
2,3-DPG concentrations tend to be increased in chronic 
alkalemia, anemia, and chronic hypoxemia. An example 
of hemoglobin with decreased O, affinity is hemoglobin 
Kansas.’ 

The physiological effects of decreased affinity of hemo- 
globin are small. In general, the affinity is still sufficient to 
allow the hemoglobin to bind adequate amounts of O; in the 
lungs. Low affinity facilitates dissociation of O,Hb at the 
peripheral tissue cell. Indeed, in anemia, low affinity (as a 
result of increases in 2,3-DPG) is a desirable compensatory 
mechanism. Patients with hemoglobin Kansas have a P5 of 
approximately 80 mm Hg and a low ctHb, but are otherwise 
unaffected.’ 

Low values for Ps) signify displacement of the O, disso- 
ciation curve to the left (i.e., increased affinity of hemoglo- 
bin). The main causes are hypothermia, acute alkalemia, 
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hypocapnia, low concentration of 2,3-DPG, increased 
COHb and MetHb, or a hemoglobin variant. Decreases of 
2,3-DPG are commonly observed in acidemic states that 
have persisted for more than a few hours; the initial increase 
in Ps) caused by the acidemia is gradually compensated for 
by a decrease in 2,3-DPG so that Ps» then falls to lower than 
normal values. 


The physiological consequence of increased affinity of 
hemoglobin for O, is less efficient dissociation of O,Hb at 
the peripheral tissues and lower tissue PO. Patients with 
hemoglobin Yakima have a P;) of approximately 12mm Hg, 
but they are compensated by an increase in ctHb. These 
patients are relatively unaffected, except for reduced stamina 
during strenuous exercise. 
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SELECTED METHODS FOR ANALYSIS OF 
CATECHOLAMINES, SEROTONIN, AND THEIR METABOLITES 


Numerous methods have been proposed for the 
determination of catecholamines, serotonin, and 
their metabolites in biological fluids. In this 
section, the following methods are presented: 
Method 29-1. Determination of Plasma Free 
Catecholamines by HPLC/EC 

Method 29-2. Determination of Plasma Free 
Metanephrines by Liquid Chromatography With 
Electrochemical Detection 

Method 29-3. Determination of Plasma 

Free Metanephrine and Normetanephrine 

by LC-MS/MS 

Method 29-4. Determination of Urinary Free 
Catecholamines by HPLC/EC 

Method 29-5. Determination of Urinary Free 
Catecholamines by LC-MS/MS 

Method 29-6. Determination of Urinary 
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Catecholamines 
and Serotonin 


Metanephrine and Normetanephrine 

by HPLC/EC 

Method 29-7. Determination of Urinary 
Metanephrine and Normetanephrine 

by LC-MS/MS 

Method 29-8. Determination of Urinary 
Vanillylmandelic Acid by HPLC/EC 

Method 29-9. Determination of Urinary 
Vanillylmandelic Acid by LC-MS/MS 

Method 29-10. Determination of Urinary 
Homovanillic Acid (3-Methoxy-4- 
Hydroxyphenylacetic Acid) by HPLC/EC 
Method 29-11. Determination of Urinary 
Homovanillic Acid by LC-MS/MS 

Method 29-12. Determination of Urinary 5- 
Hydroxyindoleacetic Acid by Quantitative HPLC 
Method 29-13. Determination of Urinary 
5-Hydroxyindole-3-Acetic Acid by LC-MS/MS 
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METHOD 29-1 Determination of Plasma Free Catecholamines by HPLC/EC 


Submitted by Ronald J. Whitley, Ph.D. 

Department of Pathology and Laboratory Medicine, College of 
Medicine, University of Kentucky Medical Center, Lexington, 
Kentucky 


Principle 

Free catecholamines are first rapidly adsorbed from plasma onto 
aluminum oxide at pH 8.6. After washing with water, the cate- 
cholamines are then desorbed with a small volume of perchloric acid. 
Subsequent separation of the individual catecholamines is achieved 
by HPLC under optimum isocratic conditions. A silica-based cation 
exchange column is used as the stationary phase, and an organic/ 
aqueous buffer mixture, pH 6.5, is used as the mobile phase. A 
thin-layer glassy carbon working electrode in conjunction with an 
Ag/AgCl reference electrode is used as the amperometric detection 
system. Each catecholamine passing through the detector cell 
undergoes a rapid two-electron oxidation at a fixed potential to form 
an o-quinone: 


HO R [Ox] 10) R F 
ae + 2H +28 
+0.50V 
HO vs Ag/AgCl O 
Dopamine R= NN 
OH 
Norepinephrine R= Å nm 
OH H 


| 
Epinephrine R= yee 
3 


The current resulting from this reaction is converted to a voltage 
signal and monitored as a function of time. At a constant tempera- 
ture and flow rate, this oxidation current is directly proportional to 
the concentration of the analyte. Catecholamine reference materials 
are used to calibrate the system on the basis of peak heights and 
retention times. To calculate sample concentrations, peak height 
ratios relative to the internal standard (dihydroxybenzylamine) for 
unknowns are compared with those of the calibrations. 


Specimen Collection and Storage 

Different methods of blood collection have been reported; variations 
among them include the choice of anticoagulant, the addition of 
antioxidants, and various sample processing techniques. Standard- 
ization of posture is essential because plasma catecholamine levels 
increase twofold to threefold when a supine subject assumes an 
upright position. Most procedures recommend that morning speci- 
mens be drawn from subjects who have been resting quietly for 30 
minutes in a recumbent position after insertion of a venous catheter. 
In addition, subjects should refrain from eating, using tobacco, or 
drinking coffee or tea for at least 4 hours before venipuncture. If at 
all possible, specimens should be obtained when patients are drug 
free. Most antihypertensive drugs (other than clonidine) and many 
other drugs can produce false-positive results. Use of these drugs 
should be discontinued 3 to 7 days before obtaining the sample. If 
hypertension must be treated before measuring catecholamines, then 


clonidine is preferred because this drug does not produce a false- 
positive result. 

Catecholamines in general are unstable compounds and can be 
readily oxidized. To prevent this oxidation, many procedures recom- 
mend that blood samples be transported to the laboratory on ice, 
centrifuged at 4 °C within 30 minutes of collection, and the plasma 
removed and frozen at —70 °C until analysis. Two anticoagulants 
are commonly used, heparin and ethylenediaminetetraacetic acid 
(EDTA), with or without the addition of antioxidants such as 
glutathione or metabisulfite. Advocates of a more liberal and 
less constrained method of collecting and processing blood cate- 
cholamines recommend the use of heparin without added preserva- 
tives. Catecholamine values from heparinized blood appear to be 
quite stable after separation (24 hours at 20 °C, 48 hours at 4 °C, 
1 month at —20 °C). At —70 °C, catecholamines in heparin or 
EDTA plasma are stable for at least 8 months without the addition 
of preservatives. 


Reagents 

1. Perchloric acid (HCIO,), 72%, analytical grade. 

2. Perchloric acid, 0.1 mol/L. Mix 8.6 mL 72% HClO, with distilled 
water to a final volume of 1 L. 

3. Potassium hydroxide (KOH), 4mol/L. Dissolve 112.2 g of KOH 
in 400 mL distilled water and dilute to 0.5 L. Store tightly capped. 
Stable for 1 year at room temperature. 

4. Phosphoric acid (H;PO,), 85%, analytical grade. 

5. Phosphoric acid, 2 mol/L. Mix 135 mL 85% H;PO, with distilled 
water to a final volume of 1 L. 

6. Acetonitrile, HPLC grade. 

7. Catecholamine-free plasma. Obtain one unit of frozen plasma 
from a blood bank (approximately 300mL). Remove residual 
catecholamines as follows: 

a. Thaw and transfer the plasma to 50-mL centrifuge tubes. 

b. Incubate all tubes in a water bath at 56 °C for 60 minutes. 

c. Centrifuge all tubes for 10 minutes at 3000rpm. 

d. Remove an aliquot of the supernatant and analyze for cate- 
cholamines. If catecholamines are present, discard the entire 
unit of plasma. Otherwise, pipette 4.0-mL aliquots of the 
catecholamine-free plasma into storage vials. 

e. Freeze all aliquots. Store at —70 °C. Stable for 1 month. 

8. Catecholamine stock calibrator. Weigh and transfer the follow- 
ing catecholamines into separate 200-mL volumetric flasks: 
10.0mg epinephrine free base (MW 183.2); 10.0mg_ nor- 
epinephrine free base (MW 169.2); 12.4mg dopamine HCl 
(3-hydroxytyramine HCl, MW 189.6). Dissolve and dilute to 
the mark with HCI1O,, 0.1 mol/L, to give free-base concentrations 
of 50 mg/L. Store the stock calibrators at 4 °C. Stable for at least 
6 months. 

9. Catecholamine combination calibrator. Dilute 100uL of the 
catecholamine stock calibrators to 100 mL with HCIO,, 0.1 mol/ 
L, to give free-base concentrations of 50 ug/L. Store at 4 °C. 

10. Stock internal standard, 3,4-dihydroxybenzylamine, 50 mg/L. 
Dissolve 16mg  3,4-dihydroxybenzylamine hydrobromide 
(DHBA HBr, MW 220.1) in HCIO,, 0.1 mol/L. Dilute to 
200mL with HC1O,, 0.1 mol/L, in a volumetric flask. Store at 
4 °C. Stable for at least 6 months. 

Note: The free-base concentration is calculated by multiplying 

the mass of the salt by the molecular weight ratio of free base to 

salt. 
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METHOD 29-! Determination of Plasma Free Catecholamines by HPLC/EC—cont’d 


For example: 
(16mg DHBA HBr)/(0.2L perchloric acid) x (MW free base 
= 139)/(MW salt = 220.1) = 50 mg/L (free-base concentration) 

11. Working internal standard, 3,4-dihydroxybenzylamine, 50 ug/L. 
Dilute 100uL of the DHBA HBr stock internal standard 
(50 mg/L) to 100 mL with HClO,, 0.1 mol/L. Store at 4 °C. 

12. Catecholamine prerun calibrator. Dilute 500uL of the cate- 
cholamine combination calibrator and 1000 UL of the working 
internal standard to 10 mL with HCIO,, 0.1 mol/L. Prepare fresh 
daily. 

13. Tris buffer. Dissolve 45g of Trizma base and 5g Na,EDTA in 
approximately 200 mL distilled water. Adjust to pH 8.6 by adding 
drops of concentrated HCl, 12 mol/L. Dilute to 250 mL and filter. 
Store at 4 °C. Stable for 2 months. 

14. Water, pH 7.0. Using a pH meter, adjust approximately 500 mL 
of distilled water to pH 7.0 with sodium hydroxide (0.1 mol/L) 
or phosphoric acid (0.1 mol/L), as required. Check pH of H,O 
just before use. Adjust as necessary. 

15. Alumina (acid-washed aluminum oxide; Bioanalytical Systems, 
West LaFayette, Ind., Catalog No. CF-8010). Store tightly capped 
in a desiccator. 

16. Mobile phase, acetonitrile-citrate mixture. Dissolve 20.59g 
trisodium citrate dihydrate in 880mL distilled water. Using a 
pH meter, adjust the solution to pH 6.50 0.02 with H;PO, 
as required. Add 120mL acetonitrile and mix well. Filter the 
buffer mixture through a Millipore filtration device using a 
0.45Tm (Type HA) membrane filter. Release vacuum imme- 
diately after filtration is complete. Store tightly capped at room 
temperature. 

17. HPLC column wash reagent. Using a pH meter, adjust 1L 
distilled water to pH 3 with H;PO, (2 mol/L) as required. 


Instrumentation 

A commercially available HPLC system equipped with a 15cm x 
4.6-mm (I.D.) cation-exchange silica column and an electrochemical 
detector is suitable. 


Quality Control 

Two controls are included in every run. For example, Bio-Rad 
Lyphochek Endocrine Control, Levels 1 and 2 (Bio-Rad Clinical 
Diagnostics Group, Hercules, Calif.) are reconstituted each day with 
distilled water and processed for immediate use. Controls are placed 
in an ice bath until ready to use. 


Procedure 
Preanalysis Check 
1. Establish operating conditions of the chromatographic and 
detection systems. Suggested conditions are as follows: 


Flow rate: 1.1 mL/min 
Potential: 500mV 
Sensitivity: 5nA/V 
Chart speed: 1cm/min 


2. Inject 100 UL of the catecholamine prerun calibrator at least twice. 
3. Inspect the chromatograms using the following guidelines to 
monitor performance of the chromatography system: 
a. Retention times are not different for the two injections. (Note: 
If retention times differ, reinject the calibrator as needed to 
confirm that the system is at equilibrium.) 


b. Epinephrine retention time is approximately 5 to 6 minutes. 
c. Epinephrine is clearly separated from the solvent front. 

d. Epinephrine peak height is 30% to 50% of full scale. 

e. All peak heights are within +5% on repeat injection. 


Sample Analysis 

4. Remove patient samples (heparinized plasma) and 
catecholamine-free plasma from frozen storage and thaw in a 
37 °C water bath. Mix well. Centrifuge the patient samples for 
5 minutes. Place all samples in an ice bath until ready to use. 

5. Prepare control samples as noted under Controls. 

6. Pipette 4.0mL of each patient sample and control into labeled 
96 x 16.8-mm extraction tubes. 

7. Pipette 20, 40, and 80uL of the catecholamine combina- 
tion calibrator into labeled tubes containing 4.0mL of the 
catecholamine-free plasma. 

8. To all tubes add 80uL of the working internal standard solution 
(50 ug/L). 

9. Using a measuring spoon, transfer two level spoonfuls of 
alumina (about 60 to 80 mg) to each tube. 

10. Add 2mL Tris buffer to each tube. 

11. Immediately cap each tube and shake vigorously for 10 minutes 
using the mechanical shaker. 

12. Centrifuge the tubes for 2 minutes at 3000 rpm. 

13. Without disturbing the alumina pellet, remove the supernatant 
from each tube using a vacuum aspirator connected to a vacuum 
trap. 

14. Using a squirt bottle, add about 1 mL of pH 7 adjusted water to 
each tube. Vortex mix the tubes for 15 seconds. (Note: To ensure 
thorough washing of the alumina, no portion of the alumina 
pellet should remain on the bottom of the tube during mixing.) 

15. Centrifuge the tubes for 2 minutes at 3000 rpm. 

16. Carefully remove as much supernatant liquid as possible without 
disturbing the alumina pellet. (Note: This step is critically 
important!) 

17. Wash the alumina again by repeating steps 14, 15, and 16. 

18. Add 400uL of HCIO,, 0.1 mol/L, to each tube. Vortex mix for 30 
seconds. Allow to stand for 5 minutes and then vortex mix for 
30 seconds. (Note: Thorough mixing is important to ensure good 
recovery of the catecholamines.) 

19. Centrifuge each tube for 2 minutes at 3000rpm. (Note: Do not 
allow the supernatant extract to remain in contact with the 
alumina for more than 30 minutes. Otherwise, degradation of 
the catecholamines can result.) 

20. Using a glass Pasteur pipette, carefully transfer the supernatant 
to a storage vial. At this time, samples may be stored at 4 °C for 
up to 24 hours before injection into the HPLC system. (Note: 
Extracts should not be injected until the baseline has been estab- 
lished. Check regularly for baseline shifts, and rezero the output 
of the detector as necessary.) 

21. Introduce 100UL of each standard, patient specimen, and control 
into the HPLC column. (Note: The remaining extract can be 
used for dilutions as required.) 


Chromatogram 
Figure A29-1 shows a representative chromatogram of cate- 
cholamines extracted from plasma control. 

Continued 
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METHOD 29-1 Determination of Plasma Free Catecholamines by HPLC/EC—cont’d 


0.0 2.0 4.0 
Retention Time (min) 


Figure A29-| Representative chromatogram of catecholamines 
extracted from a plasma control sample. Epinephrine (A), 
dopamine (B), and 3,4-dihydroxybenzylamine (D) retention are 
identified on the chromatogram. 


Calculations 

1. Check sample identification of each chromatogram to ensure 
proper labeling. 

2. Identify catecholamine and internal standard peaks by relative 
retention times. 

3. For manual integration, use a ruler to draw a line under all peaks. 
Identify the baseline points (deepest valleys) and draw lines that 
connect these baseline points. (Note: Disregard small valleys 
between partially fused peaks.) 

4. For each sample, measure the peak heights to the nearest 0.1 cm. 
Record results on the appropriate worksheet as the example shows 
below: 


Calibrating Compound Retention Time, min Peak Heights, cm 
Epinephrine 5.4 9.0 
Norepinephrine 6.7 6.1 
Dopamine 7.4 1.8 
Internal standard 8.2 4.3 


(Note: The analyst should verify that the internal standard (IS) 
peak height for each patient sample or control is >75% of the IS 
peak height for the extracted calibrator.) 


5. Calculate ratio of peak heights (peak height of catecholamine/ 
peak height of internal standard) for each patient sample, control, 
and calibrator. 

6. Establish a calibration curve by plotting the peak height ratio of 
each catecholamine calibrator on ordinate versus concentration 
on abscissa (250, 500, and 1000 pg/mL). 


7. Calculate concentrations of unknown catecholamines as follows: 
a. Estimate a linear regression line for the data set and calculate 
unknown concentrations. 
b. Manual calculation: 
CAT = U/S x 50 x 0.04/4.0 x 1000 
where: CAT = unknown catecholamine 
(pg/mL) 
U = unknown catecholamine peak height ratio 
S=peak height ratio for 500pg/mL calibrator 
determined from a calibration curve 
50 = free-base concentration of catecholamine com- 
bination calibrator (50 ug/L) 
0.04 = volume of catecholamine calibrator applied to 
alumina (mL) 
4.0 = volume of patient sample or control applied to 
alumina (mL) 
1000 = conversion factor (ug/L to pg/mL) 
8. Linearity: 


concentration 


norepinephrine: 15-2000 pg/mL 
epinephrine: 15-2000 pg/mL 
dopamine: 15-2000 pg/mL 


When calculated values exceed these limits, the patient extract is 
diluted with HCI1O,, 0.1 mol/L, and the analysis repeated started 
at procedure step 21. 


Comments 

1. When calculated values are less than the linearity limits listed 
previously, results are reported as <15 pg/mL. 

2. Labetalol (Normadyne and Trandate) interferes chemically with 
this assay. 


Reference Intervals 
Norepinephrine 


pg/mL (pmol/L) 


Supine (30 min) 
Sitting (15 min) 
Standing (30 min) 


Epinephrine 
Supine (30 min) 


Sitting (15 min) 
Standing (30 min) 


Dopamine 
Supine (30 min) 
Sitting (15 min) 


Standing (30 min) 


Reference 


110-410 (650-2423) 
120-680 (709-4019) 
125-700 (739-4137) 


pg/mL (pmol/L) 
<50 (<273) 
<60 (<328) 
<90 (<491) 


pg/mL (pmol/L) 
<87 (<475) 
<87 (<475) 
<87 (<475) 


Modified from Koch DD, Polzin GL. Effect of sample preparation 
and liquid chromatography column choice on selectivity and 
precision of plasma catecholamine determination. J Chromatogr 
1987;386:19-24. 
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METHOD 29-2 Determination of Plasma Free Metanephrines by Liquid Chromatography With 


Electrochemical Detection 


Submitted by Graeme Eisenhofer, Ph.D. 
Clinical Neurocardiology Section, National Institutes of Health, 
Bethesda, Maryland. 


Principle 

This method allows measurement of picomolar plasma con- 
centrations of normetanephrine, the O-methylated metabolite of 
norepinephrine; metanephrine, the metabolite of epinephrine; and 
methoxytyramine, the metabolite of dopamine. An initial extraction 
procedure serves to isolate and concentrate the low picomolar con- 
centrations of free O-methylated amine metabolites into a purified 
low volume form appropriate for injection onto the HPLC appara- 
tus. In this procedure, samples of plasma together with a known 
amount of internal standard and a small amount of dilute acetic acid 
are applied to extraction columns containing a cation exchange resin. 
The extraction columns are first activated by washing with methano- 
lic potassium hydroxide to bring up the negative charges on the 
column matrix. The positively charged O-methylated amine metabo- 
lites are thereby selectively adsorbed onto the activated cation 
exchange resin. The extraction columns are then washed with dilute 
solutions of acetic acid, ammonium phosphate, and water. The 
metabolites are eluted from extraction columns using ammoniacal 
methanol, which is then dried down and the residue reconstituted in 
a minimum volume of dilute acetic acid ready for measurement by 
liquid chromatography with coulometric detection. 

Measurement by HPLC involves separation of the O-methylated 
amines using a C, reversed-phase HPLC column followed by their 
ordered post column detection by coulometry. Mobile phase is 
pumped through the autosampler and HPLC column using a solvent 
delivery system that provides a continuous, pulse-free flow of mobile 
phase through the system. Separation on the HPLC column is facil- 
itated by hydrophobic and ionic interactions between components 
of the Cj, analytical column stationary phase, mobile phase, and 
O-methylated amines. 

The mobile phase provides an “adjustable” vehicle for passage of 
the analytes of interest through the analytical column to the coulo- 
metric detector. Adjustments to the composition of the mobile phase, 
specifically the pH and concentrations of octane sulfonate and ace- 
tonitrile, allow fine-tuning of the separation of analytes of interest 
on the analytical column. The negatively charged octane sulfonate 
ion-pairing reagent binds to positively charged O-methylated 
amines. In turn, interactions of the hydrophobic carbon chain of the 
octane sulfonate molecules with the hydrophobic Cj analytical 
column matrix lead to retention of the positively changed analytes 
of interest on the HPLC column. Thus by varying the octane sul- 
fonate concentration, the retention of positively charged analytes of 
interest may be altered in relation to other uncharged or changed 
species or potentially interfering compounds. Subtle changes in the 
pH of the mobile phase (i.e., between pH 3.15 and 3.40) provide a 
further mechanism for altering the charge, and thus the retention on 
the analytical column of O-methylated amines or contaminating 
substances. Variations in the concentration of acetonitrile organic 
phase provide a further means to adjust the retention of O-methy- 
lated amines and potentially interfering substances by modifying the 
overall extent of hydrophobic interactions. Further changes to reten- 
tion can be facilitated by alterations to the column temperature. 


Changes to the composition of the mobile phase may be made when 
there is need for adjustment of retention times of O-methylated 
amines and interfering compounds. 

Mobile phase eluting from the outlet of the analytical column and 
containing the O-methylated amines then passes through a triple 
electrode coulometric system, consisting of a conditioning cell and 
an analytical cell connected to the Coulochem detector. The func- 
tions of the electrochemical detection system are the detection and 
quantification of the O-methylated amines after their separation and 
elution on the analytical column. The first electrode in the condi- 
tioning cell is set to an oxidizing potential to screen out irreversibly 
oxidized contaminating species that may otherwise interfere with 
subsequent detection by a reducing potential at the third analytical 
electrode. The hydroxyl groups on the amine metabolites are nor- 
mally in the reduced state, but the compounds are reversibly oxidized 
and reduced so that measurement by reduction at the analytical cell 
is possible after the compounds are oxidized at the first electrode in 
the conditioning cell. Outputs from the third electrochemical cell at 
a reducing potential are generated as chromatographic recordings 
suitable for subsequent analysis. Sample concentrations are calcu- 
lated from peak heights of the amine metabolites relative to those of 
calibrators and corrected according to the procedural recovery of an 
internal standard. 


Specimen Collection and Storage 

Patients should be in the supine position for at least 20 minutes 
before and during collection of blood samples. To avoid the acute 
effects of the stress of venipuncture, it is preferable to use an 
indwelling IV placed in a vein at least 20 minutes before the blood 
sample is drawn. Ten 1-milliliter samples of blood should be drawn 
into a evacuated collection tubes containing heparin in any form or 
EDTA as an anticoagulant. 

The O-methylated amine metabolites are not stable in whole blood 
at room temperature. Therefore samples of blood should be placed 
on ice and centrifuged (preferably at 4 °C) to separate the plasma 
within 2 hours of collection. Aliquots of plasma should be stored at 
—70 °C or colder until analysis. Samples requiring shipping should 
be kept frozen using suitable amounts of dry ice packaged in styro- 
foam containers. The O-methylated metabolites in such samples are 
stable for up to 5 years. 


Analytical Interferences 
Acetaminophen produces known interference with assays of plasma 
free metanephrines. The patient should therefore not have taken 
acetaminophen in any form (e.g., Tylenol, Excedrin, and combined 
cold medications) for at least 5 days before the blood sample is 
drawn. Apart from acetaminophen there are no other established 
causes of direct analytical interference from common over the 
counter or prescribed medications (see below). However, occasional 
co-chromatographing or interfering peaks do occur from unknown 
substances in plasma of either endogenous or exogenous origin. 
These interferences can be particularly prevalent after meals or in 
patients with renal insufficiency. Therefore to minimize the appear- 
ance of chromatographic interferences from dietary substances, 
samples of blood should be obtained after an overnight fast (water 
and decaffeinated soft drinks are permissible). 

Continued 
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METHOD 29-2 Determination of Plasma Free Metanephrines by Liquid Chromatography With 


Electrochemical Detection—cont’d 


Reagents 

1. Calibrators: pL-normetanephrine HCl, pi-metanephrine HCl, 
pL-methoxytyramine HCl, 4-hydroxy-3-methoxybenzylamine 
HCI (all analytical grade); 4-hydroxy-3-ethoxyphenylethanola- 
mine, special NIH synthesis. Store refrigerated. Expiration—3 
years. 

. Prepare all calibrators to contain 1 mg/mL stock calibrator (free 
base) solutions in 0.2 mol/L acetic acid then dilute each of them 
to separate 100ng/mL (normetanephrine, metanephrine, and 
methoxytyramine) or 200ng/mL (internal standards) working 
standard solutions in 0.2 mol/L acetic acid. Store as aliquots in 
1.5 mL Eppendorf tubes at —70 °C to —80 °C. Expiration—2 years. 

. Mobile phase: 

a. Acetonitrile, HPLC grade (no fixed source). Store at room tem- 
perature. Expiration—3 years. 

b. 1-Octane sulfonic acid, ultrapure grade (Sigma O 0133). Store 
at room temperature. Expiration—3 years. 

c. Phosphoric acid, HPLC grade (no fixed source). Store at room 
temperature. Expiration—3 years. 

d. Sodium phosphate monobasic (NaH,PO,: H,O), analytical 
grade (no fixed source). Store at room temperature. Expira- 
tion—3 years. 

e. Ethylenediamine-tetraacetic acid disodium salt: Dihydrate 
(EDTA), analytical grade (Sigma ED2SS) Store at room tem- 
perature. Expiration—3 years. 

f. Mobile phase stock solution: Add to a clean 1 L bottle 138 g of 
sodium phosphate monobasic, 1.28 g of octane sulfonate, and 
100mg EDTA. Dilute to 1L with deionized water and stir 
thoroughly to dissolve. Store at room temperature. Expira- 
tion—6 months. 

g. Mobile phase working solution: Add to a clean 1L bottle, 
100mL of mobile phase stock solution and 50 to 90mL of 
HPLC grade acetonitrile (75 mL is often most appropriate for 
a new column—see note below). Dilute to 950 mL with milli- 
Q water and adjust pH with stirring to an appropriate point 
between pH 3.15 and pH 3.45 with HPLC grade phosphoric 
acid (a pH of 3.25 is a most appropriate point to start with a 
new column—see note below). Dilute to a final volume of 1 L 
with milli-Q water and Millipore filter through a 0.22 um type 
of GV (Millipore) filter under vacuum. Decant to a clean bottle 
and pump through HPLC system. Expiration—7 days or 
sooner depending on background current. 

. Ion exchange extraction reagents: 

a. Bond Elut LRC Accucat Cation Exchange columns with 200 mg 
packing (Varian P/N 1228-2005, Analytichem International, 
Harbor City, Calif.) Store at room temperature. Expiration— 
1 year. 

b. One percent KOH in methanol: Dissolve 5.0g KOH (MW 56) 
in 500mL of methanol or mix 89mL 1 mol/L methanolic 
potassium hydroxide solution with 411 mL methanol. Store at 
room temperature. Expiration—6 months. 

c. Ten mmol/L acetic acid in methanol: Add 570 uL glacial acetic 
acid to 1000mL of deionized H,O (10mmol/L acetic acid). 
Mix together 900mL 10mmol/L acetic acid with 100mL 
methanol. Store at room temperature. Expiration—6 months. 

d. Ammonium phosphate 10mmol/L, pH 8.5: Dissolve 1.15g 
monobasic ammonium phosphate (MW 115.03) in 800mL 


deionized H,O. Adjust the pH to 8.5 with 5% ammonium 
hydroxide (5 mL ammonium hydroxide in 95 mL H,O). Adjust 
volume to 1 L with deionized H,O and add 0.05 g EDTA. Store 
at room temperature. Expiration—6 months. 

e. Ten percent ammonium hydroxide/methanol solution (1:3): 
Add together 90mL deionized H,O, 10mL concentrated 
ammonium hydroxide solution, and 300mL HPLC grade 
methanol. Made fresh on day of use. Expiration—1 day. 

f. Acetic acid, 0.2 mol/L: Dilute 12 mL of glacial acid with milli- 
Q water to 1 L. Store at room temperature. Expiration—l year. 


HPLC Instrumentation 

1. Isocratic solvent delivery system (HPLC pump): Should be rela- 
tively pulse free (e.g., Waters model 515, Waters Chromatography, 
Milford, Mass.) 

2. Autosampler: Should be refrigerated and capable of delivering at 
least 90% of a 100 uL sample onto the analytical column (Waters 
717 plus autosampler is recommended, Waters Chromatography, 
Milford, Mass.). 

3. Analytical column: 5-um particle size 4.6 x 250mm Cj, reversed- 
phase column (LUNA, P/N 00G4252-EO, Phenomenex, Torrance, 
Calif.). 

4. Guard column (P/N KJO—4282, Phenomenex, Torrance, Calif.) — 
Cis inserts changed before each run. 

5. Column temperature control unit: Required for maintaining 
constant column temperature (column cooler 250, Cera Inc., 
Baldwin Park, Calif.). 

6. Coulometric detector: (Model 5100A or Model 5200A 
Coulochem electrochemical detector, Environmental Sciences 
Associates Inc., Chelmsford, Mass.). 

7. Multiple electrode system (Model 5021 conditioning cell and 
Model 5011 analytical cell, Environmental Sciences Associates 
Inc., Chelmsford, Mass.). 

8. Data acquisition hardware and software system. 


Extraction Equipment 

1. Vacuum manifold for placement of extraction columns and diver- 
sion of solutions to waste or to collection tubes (Vac-Elut SPS 24, 
Analytichem International, Harbor City, Calif.). 

2. Vacuum concentrator for drying down and concentration of 
ammoniacal methanol extracts in glass culture tubes. Should 
include centrifugation to avoid loss of sample from glass culture 
tubes (SVC200H Speed Vac Concentrator and RVT 4104 Refrig- 
erated Vapor Trap, both from Thermo Savant, Holbrook, N.Y.). 


Quality Control 

Each extraction and HPLC run should include a water blank, a QC 
sample (normal QC) and 1 spiked QC sample (high QC) at the 
beginning of the run. This should be followed by the samples to be 
assayed. A second set of QC samples should be included in the middle 
and at the end of the run depending on the expected duration of the 
run. 


Procedures 
Extraction Procedure 
1. Remove plasma samples and calibrators from freezer and thaw 
at room temperature. Spin thawed plasma at 3000g for 10 
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METHOD 29-2 Determination of Plasma Free Metanephrines by Liquid Chromatography With 


Electrochemical Detection—cont’d 


minutes to pellet fibrin and other particulate matter (Note: It is 
essential that samples are free of particulate matter for their 
efficient passage through extraction columns). 

2. Number extraction columns, 13 x 100mm culture tubes, and 
sample sheet according to the sequence of samples to be 
extracted and run on the HPLC. 

3. Wash extraction columns with 5mL NH,OH: methanol under 
light vacuum (1 to 5mmHg). Do not allow columns to dry out. 

4. Activate columns with 2mL KOH: methanol under reduced 
vacuum (1 to 5mmHg). Again do not allow columns to dry out. 

5. Wash columns with 2 mL deionized H,O under reduced vacuum 
(1 to 5mmHg). Again do not allow columns to dry out. 

6. Add to columns 1 mL deionized H,O, 70UL of 0.2 mol/L acetic 
acid, then the water (for blank) or plasma sample (2 mL) fol- 
lowed by 20uL of internal standard solution. Pass the whole 
solution slowly through the column under reduced pressure 
(Elution time should be between 2 and 5 minutes). 

7. Wash columns with 2mL acetic acid: methanol under reduced 
vacuum and dry the column out by increasing the vacuum to 
—20 mmHg for 2 minutes. 

8. Wash columns with 2mL ammonium phosphate solution under 
reduced vacuum. 

9. Wash columns with 2 mL deionized H,O under reduced vacuum. 
Elute all H,O. 

10. Rotate the vacuum manifold to collect samples into the num- 
bered 13 x 100mm glass culture tubes and check for correct 
positioning of all needles. 

11. Elute samples into culture tubes with 2mL of NH,OH: 
methanol. Use gravity and finally vacuum to elute all the 
NH,OH: methanol. 

12. Dry the sample down using a vacuum concentrator. 

13. Dissolve the residue in 150 UL of 0.2 mol/L acetic acid and inject 
140 UL onto the HPLC system. 


High-Performance Liquid Chromatography 
1. Establish optimal operating conditions of the chromatographic 
and detection systems. Suggested conditions are as follows: 


Flow rate: 1.0mL/min 
Conditioning cell potential: +0.40 V (oxidization) 
Analytical cell 1 potential: +0.15 V 


Analytical cell 2 potential: —0.40 V (reduction) 

2. Before the introduction of specimens onto the reversed-phase 
HPLC column, ensure that the background current at the de- 
tecting cell (i.e., the cell with the reducing potential) is below 
0.02 Lamp, that there is negligible baseline noise, and no injection 
artifacts or inappropriate additional chromatographic peaks upon 
injection of the series of calibrators. Figure A29-2 shows repre- 
sentative chromatograms of an injected mixture of standards (A), 
an extracted sample of plasma from a healthy volunteer (B), and 
an extracted sample of plasma from a patient with a small adrenal 
pheochromocytoma (C). 


Comments 
A distinct and important feature of the electrochemical detection 
used in this method is the use of a coulometric mode, which is 


distinct from the amperometric mode of electrochemical detection 
used in many other procedures. Most commercially available elec- 
trochemical detectors feature glassy carbon or wall jet cells that 
usually enable charge transfer of only 1% to 5% of the analyte that 
passes by or across the electrode surface. Since most analytes, includ- 
ing catecholamines and their metabolites, are usually present in the 
reduced state, the charge transfer in amperometric detection gener- 
ally requires oxidation. The detector required for the method 
described here features flow-through porous carbon cells, which 
allow oxidation or reduction of 100% of the analyte passing through 
the cell. Under these conditions of charge transfer, the electrode 
response is defined as coulometric as distinct from amperometric. 

The advantage of coulometric detection for measurements of 
catecholamines and metanephrines is that these analytes can be 
reversibly oxidized and reduced. In contrast, for other substances, 
oxidation is often irreversible. A preoxidation step at the first in 
a series of electrodes thereby provides a mechanism to reversibly 
oxidize the analytes of interest while screening out potentially inter- 
fering impurities by irreversible oxidation. The reversibly oxidized 
analytes of interest may then be detected at a reducing potential 
without interference from any irreversibly oxidized impurities in the 
sample. 

The above features of coulometric detection enable generation of 
much cleaner chromatograms than would otherwise be possible for 
measurements of plasma free metanephrines. This is particularly 
useful for measurements of extremely low levels of analytes, such as 
catecholamines and metanephrines, where potentially interfering 
substances are often present in the sample at much greater concen- 
trations than the analytes of interest. 


Reference Intervals 

Adult Reference Intervals 

The reference intervals below are determined using data from 178 
normotensive and hypertensive individuals, including 100 men and 
78 women, ages 18 to 72. Data were log-transformed before analysis, 
and upper and lower reference intervals were determined from the 
95% confidence limits (i.e., 2 standard deviations above and below 
the geometric mean). 


Geometric Upper Reference Lower Reference 
Analyte Mean Limit Limit 
Normetanephrine 
(pg/mL) 45 112 18 
(nmol/L) 0.25 0.61 0.10 
Metanephrine 
(pg/mL) 27 61 12 
(nmol/L) 0.14 0.31 0.06 


Adult Reference Intervals Adjusted for Age and Gender 
The reference intervals shown below are adjusted for a significant 
influence of gender on plasma concentrations of metanephrine and 
a significant influence of age on plasma normetanephrine and total 
normetanephrine. Data were log-transformed before analysis, and 
upper and lower reference intervals were determined from the 95% 
confidence limits. 

Continued 
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METHOD 29-2 Determination of Plasma Free Metanephrines by Liquid Chromatography With 
Electrochemical Detection—cont’d 
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Figure A29-2 A, Representative chromatogram of a solution of calibrators containing 
500 pg of normetanephrine (NMN), 500 pg of metanephrine (MN), 2000 pg of 3-hydroxy-4- 


hydroxyphenylethanolamine (EHPEA) internal standard, 3-methoxytyramine (MTY). 

B, Representative chromatogram after injection of an extracted 2mL sample of plasma from a 
normal 36-year-old female. C, Representative chromatogram after injection of an extracted 2mL 
sample of plasma from a normal 31-year-old female with a small adrenal pheochromocytoma. 


7 to 18). Data were log-transformed before analysis, and upper and 
lower reference intervals were determined from the 95% confidence 


limits). 


Analyte 
Normetanephrine 


Boys (pg/mL) 
(nmol/L) 
Girls (pg/mL) 
(nmol/L) 


Geometric 
Mean 


48 
0.26 

38 
0.21 


E-- wil. — -ie- al | 
0 lo 40 30 0 
Time (min) 
methoxybenzylamine (HMBA) internal standard, and 2000 pg of 3-ethoxy-4- 
Upper 
Geometric Reference Lower Reference 

Analyte Mean Limit Limit 
Normetanephrine 
Age <38 yr (pg/mL) 40 95 17 
(nmol/L) 0.23 0.52 0.09 
Age 238 yr (pg/mL) 51 125.00 21 
(nmol/L) 0.28 0.68 0.11 
Metanephrine 
Male (pg/mL) 29 62 21 
(nmol/L) 0.15 0.31 0.11 
Female (pg/mL) 24 55 11 
(nmol/L) 0.12 0.28 0.06 


Pediatric Reference Intervals Adjusted For Sex 
The reference intervals below are determined using data from 43 
boys (mean age 13, range 5 to 18) and 43 girls (mean age 12, range 


Metanephrine 


Boys (pg/mL) 
(nmol/L) 

Girls (pgl/mL) 
(nmol/L) 


39 
0.20 

30 
0.15 


Upper Reference 
Limit 


97 
0.53 

77 
0.42 


102 
0.52 

73 
0.37 
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Lower Reference 
Limit 


20 
0.11 

20 
0.11 


16 
0.08 

11 
0.06 
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METHOD 29-2 Determination of Plasma Free Metanephrines by Liquid Chromatography With 


Electrochemical Detection—cont’d 
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METHOD 29-3 Determination of Plasma Free Metanephrine and Normetanephrine by 


LC-MS/MS 


Submitted by Ravinder J. Singh, Ph.D. 
Department of Laboratory Medicine and Pathology, Mayo Clinic and 
Foundation, Rochester, Minn. 


Principle 
Free metanephrine (MN) and normetanephrine (NMN) are 
extracted from plasma using solid phase extraction. The concen- 
trated eluate is analyzed using liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) and quantified using stable iso- 
tope-labeled internal standards, d;-metanephrine (d;-MN) and d,- 
normetanephrine (d;-NMN). Analytes and internal standards are 
ionized using atmospheric pressure chemical ionization and are 
detected in the multiple reaction monitoring (MRM) mode using the 
specific transitions for m/z 180 to m/z 148, m/z 166 to m/z 134, m/z 
183 to m/z 151, and m/z 169 to m/z 137, respectively. 
Metanephrine and normetanephrine are the metabolites of epi- 
nephrine and norepinephrine, respectively. They are produced by the 
actions of the enzyme catechol-O-methyltransferase (COMT). The 
membrane-bound form of the enzyme is specifically highly expressed 
in pheochromocytes of the tumor. Measurements of plasma 
metanephrines have been found to be more sensitive than those of 
plasma catecholamines for the identification of patients with 
pheochromocytoma. 


Specimen Collection and Storage 

Use a 100 x 16mm lavender stopper vacutainer containing 15mg 
EDTA. Ten milliliters of blood is collected and centrifuged at 
2000rpm for 10 minutes. The plasma is removed and placed in 
15mL conical centrifuge tubes and is immediately frozen at —20 °C 
until time of analysis. The specimen is stored at —20 °C for short- 
term storage. Store at —70 °C if long-term storage is required. 


Reagents 

1. pt-Metanephrine HCl, Sigma Chemical Co. M-8625 (or equiv- 
alent >98% purity). Store at 2 °C to 8 °C. Stable until expiration 
date. 

2. pt-Normetanephrine HCl, Sigma Chemical Co. N-7127 (or 
equivalent >98% purity). Store at 2 °C to 8 °C. Stable until 
expiration date. 

3. d;-Metanephrine HCl-o,a,B-d;, Cambridge Isotope Laborato- 
ries, Inc. Store at 2 °C to 8 °C. Stable until expiration date. 


Ws 


12; 


14. 


15. 


16. 


17. 


18. 


. d;-Normetanephrine HCl-o,0,B-d;, Medical Isotopes, Inc., 


Pelham, NH. Store at 2 °C to 8 °C. Stable until expiration 
date. 


. Oasis TM HLB 1cc (30mg) extraction cartridges, Waters 


WAT094225. Store at room temperature. Stable until expiration 
date. 


. Charcoal Stripped Serum, SeraCare, Inc. HS-230. Store at 2 °C 


to 8 °C. Stable until expiration date. 


. Methanol (HPLC grade), EM Science MX0488-1 (4L). Store at 


room temperature. Stable until expiration date. 


. Water, HPLC Grade, Fisher Scientific W5-4. Store at room tem- 


perature. Stable until expiration date. 


. Formic acid, Sigma F-0507. Store at room temperature. Stable 


until expiration date. 


. Trifluoroacetic acid (TFA), Pierce 28901. Store at room temper- 


ature. Stable until expiration date. 

Ammonium acetate, Sigma A-7330. Store at 2 °C to 8 °C. Stable 
until expiration date. 

Acetonitrile (HPLC grade), Aldrich 27,071-7 (2 L). Store at room 
temperature. Stable until expiration date. 


. Analytical stock calibrator solution (1.0mg/mL). Weigh out 


11.8 mg of metanephrine HCl and 12.0 mg of normetanephrine 
HCl. Transfer to a 10mL volumetric flask and add RO H,O 
(water processed by reverse-osmosis) to volume. Store at —20 °C. 
Stable 12 months. 
Analytical working dilution I (10 ug/mL). Add 100uL stock 
calibrator to 9.9mL RO H,O. Store at 2 °C to 8 °C. Stable 3 
months. 
Analytical working dilution II (100 ng/mL). Add 100uL analyti- 
cal working I to 9.9mL RO H,O. Store at 2 °C to 8 °C. Stable 
3 months. 
Analytical working dilution HI (10ng/mL). Add 1.0 mL analyti- 
cal working II to 9.0mL RO H,O. Store at 2 °C to 8 °C. Stable 3 
months. 
Analytical working dilution IV (1 ng/mL). Add 1.0 mL analytical 
working III to 9.0mL RO H,O. Store at 2 °C to 8 °C. Stable 3 
months. 
Calibrators 1 to 6. Pipette stripped serum and analytical calibra- 
tor (see chart) into 12 x 75 tubes; store at —20 °C. 

Continued 
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METHOD 29-3 Determination of Plasma Free Metanephrine and Normetanephrine by 


LC-MS/MS—cont’d 
Concentration Concentration 
Calibrator Metanephrine Normetanephrine 

1 0.25 nmol/L 0.27 nmol/L 
2 0.5nmol/L 0.54 nmol/L 
3 1.0nmol/L 1.08 nmol/L 
4 2.5nmol/L 2.7nmol/L 
5 5.0nmol/L 5.4nmol/L 
6 10.0nmol/L 10.8 nmol/L 


1. Internal stock standard solution (1.0 mg/mL). Weigh out 11.8 mg 
of d;-metanephrine HCl and 12.0mg of d;-normetanephrine 
HCl. Transfer to a 10mL volumetric flask and add RO H,O to 
volume. Store at —20 °C. Stable 12 months. 

2. Internal working dilution I (10 [tg/mL). Add 100 UL stock stan- 
dard to 9.9mL RO H,O. Store at 2 °C to 8 °C. Stable 3 months. 

3. Internal working dilution II (100ng/mL). Add 100uL internal 
working I to 9.9mL RO H,O. Store at 2 °C to 8 °C. Stable 3 
months. 

4. Internal working dilution III (10ng/mL). Add 1.0mL internal 
working II to 9.0mL RO H,O. Store at 2 °C to 8 °C. Stable 3 
months. 

5. Mobile phase: 40/60 (v/v) acetonitrile/HPLC grade water, 
1.5mmol/L ammonium acetate, 0.06% formic acid, 0.04% triflu- 
oroacetic acid. Weigh out 120mg ammonium acetate and trans- 
fer to a 1L flask. Add 600mL RO H,O and 400 mL acetonitrile. 
Mix with magnetic stir bar until in solution. Add 60uL formic 
acid and 40uL trifluoroacetic acid. Store at room temperature. 
Stable 2 weeks. 

6. Injector rinse solution: 75/25 (v/v) methanol/RO H,O. Combine 
750mL methanol and 250mL of RO H,O. 


Consumables 

1. Plastic tubes, 13 x 75mm, Sarstedt. 

2. Disposable culture tubes, 10 x 75mm, Fisher Scientific 14-961-25. 

3. Pipette tips, 1000 uL and 200 uL, Continental Lab Products 2167, 
2007. 

4. Disposable plastic transfer pipettes, Fisher Scientific 13-711-7. 

5. Autosampler vials, National Scientific Co., Target DP Catalog 
No. C4000-1, or Fisher Scientific minivials 0.2mL Catalog No. 
0334064 with snap-it-seal cap Catalog No. 0337749. 

6. Caps, National Scientific Co., DP blue cap & TS septa, Catalog No. 
C4000-54B. 

7. Inserts, National Scientific Co., 0.3 mL, Catalog No. C4010-630. 


Instrumentation 
1. Gilson Pipetman pipettes, 1000 UL adjustable, 200 uL adjustable 
2. Eppendorf repeater pipette 
3. Supelco vacuum manifold 
4. PE Sciex API 3000 LC-MS/MS with Atmospheric Pressure 
Chemical Ionization Source 

. PE Series 200 isocratic LC pump 

6. PE Series 200 LC autosampler with 100 position sample tray 

insert 
7. Analyst software 1.1 P/N 027232A 
8. HPLC column: LUNA CN, 15cm x 4.6mm, 5 um, Phenomenex 


ou 


Volume Analytical Volume Analytical Volume Analytical 
Stripped Serum Std IV (1 ng/mL) Std III (10 ng/mL) 

ImL 50 UL = 

ImL 100 UL = 

ImL 200 UL = 

ImL = 50 UL 

ImL = 100uL 

ImL = 200 UL 


9. Guard column: Security Guard CN, 2cmx2.l1mm, 5um, 
Phenomenex 
10. Offline HPLC pump for flushing column after analysis 


Calibration 
The calibration uses a six point extracted calibrator curve over a con- 
centration range of 0.25 to 10nmol/L. Calibration curves are gener- 
ated with each assay. The Analyst software package calculates the area 
counts and plots a calibration curve for the analyte/IS area count 
ratio versus analyte/IS concentration ratio. 

Remove calibrator set from freezer and let thaw about 30 minutes. 
Follow sample extraction procedure. 


Controls 

Analysis of spiked plasma controls (low, medium, and high) is per- 
formed with each assay. The spiked plasma control pools are made 
by adding calibrators to plasma pools so that the final concentrations 
of MN and NMN are approximately 0.3, 0.6; 1.0, 2.0; and 2.0, 
4.0 nmol/L, respectively. The pool is assayed to verify the appropriate 
concentration and further diluted if necessary. When the desired level 
is obtained, it is mixed well and aliquoted into plastic tubes and kept 
at —20 °C. 

Tolerance limits are established by assaying each pool level 20 
times over multiple days in conjunction with the current pools. 
Values are recorded using Levy-Jennings control charts and moni- 
tored for trends and shifts. Controls that are not acceptable will result 
in repeating selected values or the entire assay. Controls and curve 
parameters are used as a measure of assay acceptability with final 
interpretation made by the laboratory supervisor or director. General 
QC rules in effect are: 


Release results 

First time, release results 
Subsequent occurrences, 
take corrective action 


All controls within + 2 SD limits: 
One control exceeds + 2 SD limits: 


Take corrective action 
Take corrective action 


One control exceeds + 3 SD limits: 
Two or more controls exceed + 2 SD limits: 


Corrective action may include: (1) evaluating results, including 
repeats and linearity; (2) evaluating control pool and/or reagents; (3) 
repeating the assay; or (4) notifying supervisor or lead personnel. 


Procedure 

Sample Preparation 

1. Invert plasmas to mix, and place 1.0mL of patient or control 
plasma in a labeled 12 x 75mm Sarstedt tube. 

2. Add 50uL of internal standard working dilution II to each tube 
using an Eppendorf repeater pipette. 
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METHOD 29-3 Determination of Plasma Free Metanephrine and Normetanephrine by 


LC-MS/MS—cont’d 


Solid Phase Extraction 

1. Load Oasis HLB SPE cartridges on to the Supelco vacuum man- 
ifold and pull vacuum at 5 in Hg for all steps. Precondition the 
cartridges with 1 mL methanol followed by 1mL RO H,O. 

2. Add the plasma/IS mixture with a plastic disposable transfer 
pipette. 

3. Wash with 2mL of RO H,O. 

4. Place an empty 12 x 75mm disposable culture tube in the mani- 
fold rack for each SPE cartridge. Place manifold rack into mani- 
fold and verify that all tubes are in line with a SPE connection. 
Elute MN and NMN with 1mL methanol. Discard Oasis car- 
tridges after each use. 

5. Evaporate the eluate in a Zymark TurboVap LV evaporator at 
45 °C and 15 psi for 20 minutes. 

6. Reconstitute with 50uL methanol and transfer to autosampler 
vials. Refrigerate until analysis. Extracted specimens are stable for 
up to 3 days. 


LC-MS/MS 

1. Build the sample batch using the Analyst software and inject 
the preview standard to insure that the instrument is operating 
properly and that the chromatography is resolving the peaks of 
interest. (See API 3000 Tandem Mass Spectrometer Operating 
Procedure.) 

2. Continue building the load and start the run. 


Project name: PMET 
Acquisition method: PMET 
Flow 1.2mL/min 
Inj volume 30uL 

Run time 8.0 min 


Pre/Postinjection flushes 0/5 


3. Mobile phase: 40/60 (v/v) acetonitrile/HPLC grade water 
1.5 mmol/L ammonium acetate. 0.06% formic acid, 0.04% triflu- 
oroacetic acid. HPLC column: LUNA CN, 15cm x 4.6mm, 51m, 
Phenomenex Guard column: Security Guard CN, 2cm x 2.1 mm, 
5 um, Phenomenex. 


MS/MS Parameters: 

Parameter MN d;-MN NMN d;-NMN 

MRM pairs 180.0/ 183.3/ 166.2/ 169.2/ 
148.0 151.0 134.0 137.0 

Dwell times 500 500 500 500 

Nebulizer gas (NEB) 15 

Curtain gas (CUR) 

Collision gas (CAD) 4 

Nebulizer current (NC) 3 

Temperature (TEM) 500 

Declustering potential 50 V 

(DP) 

Focusing potential (FP) 175 V 

Entrance potential (EP) 10 V 

Collision energy (CE) 25V 


Collision cell exit 2V 
potential (CXP) 


After analysis is complete, flush columns with 50/50 acetonitrile/ 
water at 1mL/min for 30 minutes. This will help to extend the 
column life. This can be performed with an off-line HPLC pump. 


Calculations 

Results are automatically calculated by the LC-MS/MS software and 
printed as nmol/L plasma. If a volume other than 1mL plasma 
is used, the value should be edited appropriately. For example: if 
500 uL is used, the final result should be multiplied by 2. 


Reference Intervals 


Metanephrine: <0.50 nmol/L 
Normetanephrine: <0.90 nmol/L 
Interpretation 


Elevated results may indicate pheochromocytoma. Results may also 
be mildly elevated because of hypertension. 
Conversion factors: 
1 nmol/L MN = 0.20 ng/mL MN 
1 ng/mL MN = 5nmol/L MN 
1 nmol/L NMN = 0.18 ng/mL NMN 
1 ng/mL NMN = 5.6 nmol/L NMN 


Procedural Notes 

The organic solvents used in the extraction and mobile phases are 
flammable and give off toxic fames; they should be handled with care 
and used in an exhaust hood. Use eye protection when working with 
acids or bases. 

Handle all patient specimens as potentially infectious. Formal 
procedures for biological and chemical safety can be found in the 
Laboratory Safety Manual. 

1. Metanephrine precision: 


Within Run Between Run 
N 20 20 19 45 71 54 
Mean 0.25 1.2 2:3 0.59 1.2 2.1 
SD 0.03 0.1 0.1 0.07 0.1 0.2 
CV 10.3% 5.1% 4.9% 12.5% 7.3% 7.7% 


2. Normetanephrine precision: 


Within Run Between Run 
N 20 20 19 45 71 54 
Mean 0.70 2.2 2.7 0.59 1.9 2.8 
SD 0.05 0.1 0.1 0.06 0.2 0.4 
CV 7.5% 5.3% 4.5% 10.0% 8.8% 13.4% 


3. Functional sensitivity: MN: N=20, mean=0.15, SD=0.01, 


CV = 9.5% 
NMN: N = 20, mean = 0.34, SD = 0.02, 
CV = 5.0% 


4. Recovery: Three different levels of calibrator were spiked into four 
different plasma specimens. The mean recoveries relative to the 
internal standard were 99% and 105% with ranges of 89% to 
110% and 96% to 119% for MN and NMN, respectively. Absolute 
recovery from the extraction averaged 72% for MN and 60% for 
NMN. 

5. Linearity: Elevated plasma samples were serially diluted with 
water and extracted separately to determine linearity. Results 
showed good linearity between 10.6 and 0.3nmol/L for MN, 
and 28 to 0.4nmol/L for NMN. Results greater than the highest 
calibrator (10nmol/L) will be reextracted using 1:10 dilution 
with RO H,0. 


Continued 
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METHOD 29-3 Determination of Plasma Free Metanephrine and Normetanephrine by 


LC-MS/MS—cont’d 


6. Correlation: A comparison between the Mayo LC-MS/MS method 
(Y) and the Mayo HPLC-EC method (X) was performed. Linear 
regression results are indicated below. 


Correlation 
N Slope Y-intercept Coefficient 
Metanephrine 92 0.87 0.05 0.95 
(nmol/L) 
Normetanephrine 132 0.90 —0.06 0.93 
(nmol/L) 


7. Reference intervals: An independent study was conducted using 
healthy volunteers to obtain a reference interval for the LC- 
MS/MS method. Results matched the existing reference intervals 
for the HPLC-EC method. 

8. Carryover: There are no problems due to carryover on the LC- 
MS/MS. Reuse of Oasis cartridges was not assessed. 

9. Sample stability: MN and NMN in EDTA plasma are stable 
when refrigerated up to 1 week or when frozen and thawed one 
time. 
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METHOD 29-4 Determination of Urinary Free Catecholamines by HPLC/EC 


Submitted by Ronald J. Whitley, Ph.D. Department of Pathology and 
Laboratory Medicine, College of Medicine, University of Kentucky 
Medical Center, Lexington, Ky. 


Principle 

After protein precipitation with perchloric acid, an aliquot of a 
24-hour urine collection (preserved in acid) is first applied to a 
weak-acid cation-exchange resin. Unconjugated catecholamines are 
selectively adsorbed at pH 6.5 and then eluted with dilute boric acid 
(pH 4.0). An intermediate water wash removes interfering urine 
impurities. Subsequent resolution of the individual catecholamines 
is achieved by reversed-phase, paired-ion HPLC under optimized 
isocratic conditions. Alkyl-bonded silica is used as the nonpolar 
stationary phase, and an organic/aqueous buffer mixture (pH 2.8) is 
used as the polar mobile phase. To enhance the affinity of the polar 
catecholamines for the hydrophobic stationary phase, an ion of 
opposite charge (octyl sodium sulfonate) is also included in the 
mobile phase. This “counter-ion” is capable of forming uncharged 
ion pair conjugates with catecholamine cations before partitioning 
into the lipophilic stationary phase: 


© 


© 
RNH; + CH3(CH,),s02 ——> [RNH3 ICH4(CHy))S05 1 


Sulfonate 
counter-anion 


Catecholamine 


j Neutral ion pair 
cation 


This separation mechanism may also be described by postulating 
that the counter-ion itself partitions into the stationary phase with 
its ionic groups oriented at the surfaces: 


Si Hydrophobic 
SCH(CH2)16CH3 interaction @ Ə 
ši == RNH; + CH(CH))SO;3 
NCH(CH2)16CH3 Amine Sulfonate 
cation anion 


The reversed-phase column then has the physical characteristics of 
a conventional ion-exchange resin. 

A thin-layer, glassy carbon or carbon-paste working electrode, in 
conjunction with a silver-silver chloride reference electrode and a 
stainless steel auxiliary electrode, is used as the amperometric detec- 
tion system. As shown earlier, each catecholamine passing through 
the detector cell undergoes a rapid two-electron oxidation at a fixed 
potential to form an o-quinone. The resulting current is converted 
to a voltage signal and monitored as a function of time. At a constant 
temperature and flow rate, this oxidation current is directly propor- 
tional to the concentration of the analyte. 

Catecholamine reference materials that have been previously 
checked for purity are used to calibrate the system on the basis of 
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METHOD 29-4 Determination of Urinary Free Catecholamines by HPLC/EC—cont’d 


peak heights and retention times. To calculate sample concentra- 
tions, peak height ratios relative to the internal standard (dihydroxy- 
benzylamine) for unknowns are compared with those of the 
calibrations. 


Specimen Collection and Storage 

All antihypertensive medications should be withheld from the 
patient for at least 2 days before and during specimen collection. If 
the patient cannot be completely removed from a drug regimen, the 
test may still be performed as long as the results are evaluated with 
an understanding of the expected physiological response to the drug 
or drugs. 

A complete 24-hour urine sample is collected in a gallon jug con- 
taining 10 mL hydrochloric acid (HCI), 6 mol/L, as a preservative. 
The specimen should be refrigerated during collection. The total 
urine volume is measured and recorded; a 100-mL aliquot is stored 
in the refrigerator until the test is performed, or may be frozen and 
stored indefinitely. 


Reagents 

1. Perchloric acid (HCIO,), 72%, analytical grade. 

2. Phosphoric acid (H;PO,), 85%, analytical grade. 

3. Sodium phosphate (Na,HPO,), 10 mmol/L. Dissolve 1.42 g 
anhydrous Na,HPO, in distilled water to final volume of 1 L. 
Stable at 4 °C for 3 months. 

4. Potassium phosphate (KH,PO,), 10 mmol/L. Dissolve 1.36 g 
KH,PO, in distilled water to final volume of 1 L. Stable at 4 °C 
for 3 months. 

5. Phosphate buffer, 10 mmol/L, pH 6.5. Mix 32 mL Na,HPO, 
(10 mmol/L) and 68 mL KH,PO, (10 mmolL) to give 100 mL of 
a phosphate buffer, pH 6.5. Stable at 4 °C for 3 months. 

6. Disodium EDTA (Na,EDTA), 2.7 mmol/L. Dissolve 1 g 
Na,EDTA in 1 L distilled water. Stable at room temperature for 
3 months. 

7. Sodium hydroxide (NaOH), 0.5 mol/L. Dissolve 20.0 g NaOH in 
distilled water and dilute to 1 L. Store tightly capped. Prepare 
monthly. 

8. Boric acid (H;BO;), 0.65 mol/L. Dissolve 40 g H;BO; in 800 mL 
distilled water. Warm in a 50 °C water bath to aid dissolution. 
Allow to cool and dilute to 1 L with water. Store at room tem- 
perature and prepare every 2 weeks. 

9. Catecholamine stock calibrator. Weigh and transfer the follow- 
ing catecholamines to a 500-mL volumetric flask: 30.7 mg 
norepinephrine bitartrate monohydrate (MW 346.3), 9.1 mg 
epinephrine bitartrate (MW 333.3), and 55.8 mg dopamine HCl 
(MW 189.6). Dissolve and dilute to the mark with HClO, 
0.1 mol/L, to give the following free-base concentrations: 
norepinephrine, 30 mg/L; epinephrine, 10 mg/L; and dopamine, 
90 mg/L. Store the stock calibrator at 4 °C. Stable for at least 6 
months. 

Note: Free-base concentrations are calculated by multiplying 
the mass of the catecholamine salt by the molecular weight ratio 
of free-base to salt. For norepinephrine: 

(30.7 mg norepinephrine bitartrate)/(0.5 L perchloric acid) 
x (MW free-base = 169.2)(MW salt = 346.3) =30 mg/L 
(free-base concentration) 


10. Internal standard, 3,4-dihydroxybenzylamine, 10 mgL. Dissolve 
8 mg of 3,4-dihydroxybenzylamine hydrobromide (MW 220.1) 
in perchloric acid, 0.1 mol/L. Dilute to 500 mL with HClO,, 
0.1 mol/L, in a volumetric flask to give a free-base concentration 
of 10 mg/L. Store at 4 °C. Stable for at least 6 months. 

11. Catecholamine working calibrator. Add 50 uL of the cate- 
cholamine stock calibrator and 50 uL of the internal standard 
solution to 7.0 mL H;BOs, 0.65 mol/L. Prepare fresh daily. 

12. Methanol, spectrograde. 

13. Sodium octyl sulfate. 

14. Phosphoric acid, 0.1 mol/L. Dilute 6.9 mL H;PO, (85%) to 1 L 
with distilled water. Store at room temperature. 

15. Mobile phase, methanol/phosphate buffer (10:90). Dissolve 
21.5 g KH,PO,, 74 mg Na EDTA, and 100 mg sodium octyl 
sulfate in 1 L distilled water. Add 3.3 mL H;PO, (85%) and dilute 
to 2 L with distilled water. Buffer is phosphate, 0.1 mol/L, pH 
2.8; octyl sodium sulfate, 50 mg/L; and Na,EDTA, 0.1 mmol/L. 
Filter the buffer through a Millipore filtration apparatus using a 
2-um membrane filter. Degas for 1 hour with a vacuum and then 
add methanol (100 mL/L buffer). Stir the mixture for 10 minutes 
at 40 °C. Further degas the mixture for 10 minutes by slowly bub- 
bling nitrogen gas through the mixture. Store tightly capped at 
room temperature. (Note: Changes in the composition of the 
mobile phase will be necessary as the HPLC column ages and 
as catecholamine retention times decrease. To maintain peak 
integrity and a consistent retention time, the concentration of 
methanol is decreased and that of the ion-pair reagent increased 
during the lifetime of the column [5 to 6 months]. With a new 
column, begin with the mobile phase containing 50 mg/L octyl 
sulfate and 10% methanol. Adjust the methanol concentration 
to sharpen peaks and to optimize retention times. Allow 1 to 2 
hours between adjustments for the column to equilibrate with 
the mobile phase. Full equilibration requires 3 to 4 hours. 
Overnight equilibration may be more convenient.) 

16. Bio-Rex 70 exchange resin (50 to 100 mesh, Bio-Rad Laborato- 
ries). Prepacked columns may be obtained from Bio-Rad. 
Alternatively, the resin may be washed and packed into plastic 
columns as follows: 

a. With gentle manual agitation, wash the resin with successive 
volumes of hydrochloric acid, 3 mol/L; NaOH, 3 mol/L; acetic 
acid, 3 mol/L; ammonium acetate, 1.0 mol/L (pH 6.5); and 
ammonium acetate, 0.1 mol/L (pH 6.5). 

b. Prepare a slurry of about 3 g resin and 15 mL ammonium 
acetate buffer, 0.1 mol/L (pH 6.5). 

c. Pipette the resin slurry into a plastic chromatography 
column, 1 cm LD. x 8 cm in length. 

d. Allow the resin to pack in each column to a height of about 
2.5 cm. 

e. Store packed columns at 4 °C after carefully sealing both tip 
and cap with parafilm. Stable for at least 1 year. 

17. Nitrogen gas, prepurified, 99.995% minimum purity. 


Instrumentation 
A commercially available HPLC system equipped with a 25 x 0.4 cm 
(L.D.) reversed-phase Cig (average particle diameter, 5 or 10 mm) 
column and an electrochemical detector is suitable. 

Continued 
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METHOD 29-4 Determination of Urinary Free Catecholamines by HPLC/EC—cont’d 


Controls 

Three urine controls are included in every run. For example, Bio-Rad 
Lyphochek Quantitative Urine Control, Levels 1 and 2 (Bio-Rad 
Clinical Diagnostics Group, Hercules, Calif.) are reconstituted each 
day and processed for immediate use. A 24-hour urine collection 
from a healthy individual is also used as a control pool. This urine is 
adjusted to pH 3 with hydrochloric acid, 6 mol/L, and spiked with 
the catecholamine stock calibrator, 10 mL per L of urine. Six- 
milliliter aliquots of the spiked urine are frozen in polypropylene 
vials and stored for future test runs. 


Procedure 
Sample Preparation 
1. Into separate 50-mL centrifuge tubes, pipette 25.0 mL of each 
urine specimen and control. 
2. Add 1.0 mL concentrated HC1O,. Cap and vortex mix for 15 
seconds. Allow to stand for 10 minutes and then centrifuge for 
5 minutes at 900 xg. 
3. Pipette 5.0 mL of each supernatant into 50-mL plastic beakers. 
Store the remaining volume of the supernatants in the freezer. 
4. Transfer 5.0 mL of phosphate buffer, 10 mmol/L (pH 6.5), to 
a 50-mL beaker and add 50 uL of the catecholamine stock 
calibrator. 
5. To all beakers, add 50 uL of the internal standard solution 
(3,4-dihydroxybenzylamine, 10 mg/L) and 15 mL of Na,EDTA, 
2.7 mmol/L. Adjust the pH to 6.5 + 0.1 with NaOH, 0.5 mol/L, 
or H;PO,, 0.1 mol/L. 


Ion-Exchange Chromatography 

6. Prepare one Bio-Rex 70 ion-exchange column for each urine 
specimen, urine control, and calibrator to be analyzed. Insert the 
column into a suitable support rack and allow to drain into a 
drainage tray. 

7. Quantitatively transfer the entire contents of each beaker onto 
separate columns, then rinse each beaker with 5 mL of water. 
Apply the rinse solutions to the respective columns and allow to 
drain completely. 

8. Wash the columns with two 10-mL portions of water to remove 
urine contaminants. 

9. When completely drained, add 7.0 mL H;BO;, 0.65 mol/L, to 
each column and collect the eluate in clean polypropylene vials, 
17 x 100 mm. 

10. Cap and mix the vials by inversion. 
Note: At this time, samples may be stored at 4 °C for up to 48 
hours before injection into the HPLC system. 


High-Performance Liquid Chromatography 
11. Establish optimal operating conditions of the chromatographic 
and detection systems. Suggested conditions are as follows: 


Flow rate: 0.8 mL/min 
Potential: 720 mV 
Sensitivity: 100 nA/V 
Chart speed: 1 cm/min 


12. Before the introduction of specimens onto the reversed-phase 
HPLC column, adjust the pH of each sample to 2.8 + 0.1 with 
H;PO,. Inject 100 uL of each mixture. Figure A29-3 shows a rep- 
resentative chromatogram of catecholamines extracted from a 
urine calibrator. 


20 nA 


0.0 5.0 10.0 


Retention Time (min) 


Figure A29-3 Representative chromatogram of catecholamines 
extracted from a urine calibrator. Norepinephrine (A), 
epinephrine (B), 3,4-dihydroxybenzylamine (C), and dopamine 
(D) retention are identified on the chromatogram. 


Calculations 

1. Identify catecholamine and internal standard peaks by relative 
retention times (in minutes). Measure peak heights (nA) directly 
from the chromatographic tracings. 


Example: 

Retention Time Peak Heights, ht 
Calibrating Compound (min) (nA) 
Norepinephrine 4.5 56 
Epinephrine 5.5 14 
Internal standard 6.4 18 
Dopamine 9.0 108 


2. Calculate ratio of peak heights (peak height of catecholamine/ 
peak height of internal standard) for each urine specimen, urine 
control, and calibrator. 

3. Calculate concentrations of unknown catecholamines: 


CAT = R,/R. x C. x 0.0104 


where 

CAT = unknown catecholamine concentration (Uug/mL) 

R, = peak height ratio for unknown catecholamine 

R. = peak height ratio for corresponding catecholamine stock 
calibrator applied to ion-exchange resin 

C. = free-base concentration of catecholamine stock calibrator 


solution (mg/L = ug/mL) 
Factor 0.0104 is derived as follows: 
0.05/5.0 x 26.02/5.0 = 0.0104 
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METHOD 29-4 Determination of Urinary Free Catecholamines by HPLC/EC—cont’d 


where Adults 
0.05 = volume (mL) of catecholamine stock calibration applied >15 15-80 (89-473) 
to ion-exchange column ; , 
5.0 = volume (mL) of deproteinized urine applied to exchange Age (yr) Epinephrine 
Children 
column 
25.0 = 24-hour urine aliquot (mL) 0-1 0-2.5 (0-14) 
26.0 = total volume (mL) of deproteinized mixture (urine and 1-2 0-3.5 (0-19) 
perchloric acid) a4 0-6.0 (0-33) 
4. Calculate 24-hour catecholamine excretion: a 9e LO[S) 
7-10 0.2-10 (1-55) 
CAT/d = CAT x TV 10-15 0.5-20 (3-109) 
where Adults 
CAT, ug/d = catecholamine excretion per day >15 0.5-20 (3-109) 
CAT, g/mL = unknown catecholamine concentration Aget 5 , 
—94. : ge (yr opamine 
TV, mL 24-hour urine volume Children 
Comments 0-1 0-85 (0-555) 
Amperometric detectors for catecholamine analysis by HPLC consist rs sein tae 
; 2-4 40-260 (261-1697) 
of carbon-paste or glassy-carbon working electrodes. Carbon paste 
ists of very finely divided particles of graphite and a binder that a 62 A00 (454 2612) 
Consi VERRY P grap. 7-10 65-400 (424-2612) 


is mixed thoroughly to the consistency of a semidry paste. The binder 10-15 65-400 (424-2612) 
holds the particles of graphite together as an integral unit and should 
be inert, both chemically and physically, to maintain sensitive elec- 
trode performance with minimal noise. Paraffin oil and silicone >15 65-400 (424-2612) 
grease have proved most satisfactory and are popular in this regard. 
However, the choice of the binder depends on its solubility in the 
mobile phase; acetonitrile, a constituent of many mobile phases, dis- ug/g Creatinine 


Adults 


Daily Excretion Relative to Creatinine 


solves paraffin oil; carbon paste using paraffin oil as binder would be Age (yr) Norepinephrine 
obviously unsuitable under this condition. Glassy carbon has also ea ee 
come into use as a general-purpose electrode for amperometric iå i i 029 
detectors. Glassy carbon is a hard, brittle, solvent-impervious 4-10 up to 0.11 
electrode material. Because it is 100% carbon, the chemical and 10-18 up to 0.11 
physical resistance of glassy carbon to all mobile phases is unequaled. >18 up to 0.11 
Detector characteristics, such as linearity and electron transfer . . 
property, are comparable for both electrodes. However, the carbon- Age (yr) Epinephrine 
paste electrode under optimal operating conditions provides 0-1 up to 0.38 
more sensitive detection than that obtained using the glassy-carbon 1-4 up to 0.08 
electrode. 4-10 up to 0.09 
10-18 up to 0.06 
Reference Intervals ale ppm 
Urinary Daily Excretion Age (yr) Dopamine 
0-1 up to 1.29 
Pert comely 1-4 up to 1.22 
Age (yr) Norepinephrine 4-10 up to 0.72 
Children 10-18 up to 0.45 
0-1 0-10 (0-59) >18 up to 0.35 
12 1-17 (6-100) 
2-4 4-29 (24-171) Reference 
4-7 8-45 (47-266) Moyer TP, Jiang NS, Tyce GM, Sheps SG. Analysis for urinary cate- 
7-10 13-65 (77-384) cholamines by liquid chromatography with amperometric detec- 
10-15 15-80 (89-473) tion: methodology and clinical interpretation of results. Clin 


Chem 1979;25:256-63. 
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METHOD 29-5 Determination of Urinary Free Catecholamines by LC-MS/MS 


Submitted by Mark M. Kushnir, M.S. (ARUP Institute for Clinical 
and Experimental Pathology, Salt Lake City, Utah) and Elizabeth L. 
Frank, Ph.D. (Department of Pathology, ARUP Laboratories, Uni- 
versity of Utah School of Medicine, Salt Lake City, Utah) 


Principle 

An internal standard, phenylboronic acid (PBA) in a buffer solution, 
and extraction solvent are added to calibrators, controls, and patient 
samples. Samples are vortexed, centrifuged, and the organic phase is 
transferred to a new set of tubes. Acetic acid solution and 1-octanol 
are added to the tubes and catecholamines are extracted into aqueous 
solution. The organic phase is discarded, the aqueous solution is 
transferred into autosampler vials, and aliquots are injected onto the 
liquid chromatograph-tandem mass spectrometer (LC-MS/MS). 

Advantages of the LC-MS/MS method for catecholamine (CATS) 
analysis compared with commonly used high performance liquid 
chromatography (HPLC) methods include significantly greater 
instrument throughput and improved specificity. 

The specificity of this sample preparation method is based on 
the difference in affinity to PBA of CATS and potentially interfering 
compounds present in the sample matrix. CATS react with PBA in 
an alkaline solution that promotes the existence of the boronate ion, 
Ph,B(OHY, a reactive form of PBA. Compounds containing vicinal 
cis-diol groups, such as those present in CATS, covalently bind to the 
boronate ion with the concomitant release of a molecule of water. 
The product PBA-catecholamine complex is polar and must be 
coupled with an ion-pairing reagent, such as tetraoctylammonium 
bromide, to be extracted into a nonpolar solvent. The complexation 
reaction requires a pH above 8.5, while release of CATS from the 
complex takes place in acidic solution. 

Collision energies were selected to provide an optimal signal for 
each product ion. Voltages on the collision cell are alternated accord- 
ingly for each multiple reaction monitoring (MRM) transition 
specified in the acquisition scan. Alternating the collision cell volt- 
ages produces consistent product ion response ratios for qualitative 
confirmation of the catecholamines. The conditions employed 
produce satisfactory sensitivity and specificity for the selective 
detection of CATS in urine. 


Specimen Collection and Storage 

An aliquot (3.0 mL) from a random or 24-hour urine collection is 
required. The sample should be stored at refrigerator temperature 
during a timed collection and until testing is performed. The total 
24-hour urine volume should be recorded (accurate to 5 mL). Alka- 
line specimens (pH > 7) and specimens stored at ambient tempera- 
ture are not acceptable. Adjusting the pH to 2-3 by adding acid, such 
as 6 mol/L HCI, to the sample during collection can enhance stabil- 
ity of the catecholamines. Specimens are stable frozen for 6 months. 
The minimum sample volume is 1.0 mL. 


Reagents 

1. Acetic acid (C,H,O,, 0.08 mol/L). Add 0.5 mL of glacial acetic 
acid to 50 mL of deionized water and mix. Bring the total volume 
to 100 mL with deionized water. Stable for 2 months at 20 °C. 

2. Formic acid (CHO;, 0.007 mol/L). To prepare 500 mL of this 
reagent, measure 500 mL of deionized water into a 1 L beaker. 
Stir and add 150 uL of formic acid. Mix for 15 minutes. Stable 
for 5 days at 20 °C. 


3. 1-Octanol (CH0). 

4. Stock calibrator diluent. Acetic acid (0.08 mol/L)/sodium 
metabisulfite (Na,S,O;, 0.005 mol/L) solution. To prepare 100 mL 
of this reagent, volumetrically add 100 mL of 5 mL/L acetic acid 
to a 150-mL flask. Stir and add 100 mg of sodium metabisulfite. 
Mix until the solid is dissolved completely. Stable for 1 week at 
20°C. 

5. Catecholamine stock calibrators. Epinephrine, norepinephrine, 
or dopamine (1.0 g/L) in acetic acid/sodium metabisulfite 
diluent (AASM). Stock solutions for each catecholamine are pre- 
pared in separate tubes. Using a 5 mL volumetric pipette, add 
exactly 5.0 mL of AASM diluent to a screw top test tube labeled 
with the name of the calibrator. Weigh 5.00 mg of epinephrine 
(CH:3NO;), 9.43 mg of norepinephrine bitartrate salt 
(CsH,,NO3-C,H,O,), or 6.19 mg of dopamine hydrochloride 
(CsHıı NO HCI). Transfer the solid into a labeled tube. Cap and 
mix using a rocker or vortex until the solid is dissolved com- 
pletely. Stable for 1 year at —70 °C. 

6. Catecholamine working calibrator. Epinephrine, norepineph- 
rine, and dopamine (0.5 mg/L). In a 50-mL volumetric 
flask place 40 mL of methanol and 25 uL each of epinephrine, 
norepinephrine, and dopamine stock calibrator solutions. Add 
methanol to a total volume of 50 mL and mix. Stable for 6 
months at —70 °C. 

7. Catecholamine stock internal standard solutions. Epinephrine-d;, 
norepinephrine-d;, and dopamine-d, (1.0 g/L) in AASM. Stock 
solutions for each internal standard are prepared in separate 
tubes. Weigh 5.00 mg of epinephrine-d; (C,H,,D3;NO3), 9.36 mg 
of norepinephrine-d, bitartrate salt (Cs;HsD;NO3-C,H,O,), or 
6.16 mg dopamine-d, hydrochloride (CsH;D,NO,-HCl). Transfer 
the solid into the corresponding tube. Using a 5-mL volumetric 
pipette, add exactly 5.0 mL of AASM diluent to a screw top test 
tube labeled with the name of the deuterated catecholamine 
standard. Cap and mix using a rocker or vortex until the solid is 
dissolved completely. Stable for 2 years at —70 °C. 

8. Catecholamine working internal standard. Epinephrine-d; and 
norepinephrine-d; (1.5 mg/L) and dopamine-d, (3.0 mg/L). In 
a 50-mL volumetric flask, place 40 mL of methanol and 75 uL 
of each epinephrine-d, and norepinephrine-d, stock internal 
standard solutions and 150 uL of dopamine-d, stock internal 
standard solution. Add methanol to a total volume of 50 mL and 
mix. Stable for 1 year at —70 °C. 

9. Catecholamine-free urine. Catecholamine-free urine is prepared 
by incubation of a nonpathological urine sample at alkaline pH. 
Adjust 300 mL of urine to pH > 13 using sodium hydroxide 
(NaOH, 2 mol/L). Incubate the urine at 40 °C to 45 °C for 48 
hours. Analyze an aliquot of the urine using this procedure. If 
the concentrations of catecholamines in the urine are above the 
limit of detection of the method, incubate the sample for an 
additional 24 hours. If the catecholamine concentrations are less 
than or equal to the limit of detection, dilute urine with water 
to 600 mL. Adjust the pH to between 3 and 4 with hydrochloric 
acid (HCI, 6 mol/L). Stable for 6 months at —70 °C. 

10. Diphenylboric acid 2-aminoethyl ester (Cı,HısBNO, PBA) 
solution. In a 1 L beaker dissolve 106 g of ammonium 
chloride (NH,Cl) and 5 g of ethylenediaminetetraacetic acid 
(CioHisN.O;, EDTA) in 900 mL of water. Adjust the pH of the 
solution to 8.95 + 0.05 with ammonium hydroxide (NH,OH). 
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METHOD 29-5 Determination of Urinary Free Catecholamines by LC/MS/MS—cont’d 


Dissolve 0.5 g of PBA in this solution and add deionized water 
to a total volume of 1000 mL. Mix until PBA is completely dis- 
solved. Stable for 3 months at 4 °C. 

11. Tetraoctylammonium bromide (C;,H,gsNBr, TOAB) solution. 
TOAB (11 mmol/L) in heptane (C;H,,). Into a 1 L beaker add 
10 mL of 1-octanol and 6 g of TOAB. Add heptane to a total 
volume of 1000 mL. Mix until completely dissolved. Stable for 
3 months at 4 °C. 

12. Mobile phase. Tetrahydrofuran (THE, C,H;O)/formic acid 
(0.007 mol/L), (60: 40). To prepare 500 mL of mobile phase, 
pour 300 mL of THF into a 1 L beaker. Add 200 mL of 0.07 mol/L 
aqueous formic acid. Mix. Stable for 3 days at 20 °C. 

13. Needle wash solution. Methanol (CH,O)/2-propanol 
(C;HsO)/water, (60:20:20). To prepare 1000 mL of needle 
wash solution, pour 600 mL of methanol into a 1000 mL flask. 
Add 200 mL of 2-propanol and then add 200 mL of deionized 
water. Mix. Stable for 5 days at 20 °C. 


Instrumentation 

A commercially available HPLC instrument equipped with a column 
(Allure Basix, 50 mm x 2 mm, 5 um particles; Restek Corp., Belle- 
fonte, Pa.); a tandem mass spectrometer with ion spray interface. 


Quality Control 

Two commercial urine controls (Bio-Rad Laboratories, Irvine, Calif.) 
are included in every run. Catecholamine-free urine serves as a neg- 
ative control. 


Procedure 
Sample Preparation 

1. Label a 2-mL microcentrifuge tube for each calibrator, control, 
and urine specimen. 

2. Prepare an unextracted calibrator by aliquoting 6 uL of working 
calibrator in an empty tube. Add 50 uL of 10 mL/L acetic acid 
to this tube. This sample is not extracted. 

3. Quantitatively add into empty tubes 30 UL of the working inter- 
nal standard solution. 

4. Prepare a calibration curve at concentrations of 10, 25, 100, and 
200 ug/L. Add 300 uL of catecholamine-free urine in each tube. 
Aliquot to the labeled microcentrifuge tubes 6, 15, 60, and 
120 uL of working calibrator solution. 

5. Aliquot 300 uL of each urine sample in labeled microcentrifuge 
tubes. 

6. Add 900 uL of TOAB extraction solvent to each tube. 

7. Add 750 uL of PBA/buffer solution to each tube. 

8. Vortex tubes on high speed for 3 minutes; centrifuge at 
15,000 xg for 3 minutes. 

9. Label a clean tube for each calibrator, control, and urine speci- 
men. Add 50 uL of 0.08 mol/L acetic acid and 500 uL of 1- 
octanol to each tube. 

10. Transfer 700 uL of the organic layer from each sample to the 
appropriately labeled tube. 

11. Vortex samples on high speed for 3 minutes; centrifuge at 15,000 
x g for 3 minutes. 

12. Using vacuum aspiration, remove the upper, organic layer from 
each sample tube. 

13. Transfer the aqueous solution from each sample to labeled 
autosampler vials. 


High Performance Liquid Chromatography-Tandem Mass 
Spectrometry 
Inject the unextracted calibrator, extracted calibrators, controls, and 
samples. 

Suggested operating conditions: 


Flow rate 0.4 mL/min 
LC column effluent split flow 60-80% 
Column temperature Ambient 
Injection volume 3-5 uL 


Number of syringe washes Preinjection: 5 


Postinjection: 5 


The mass spectrometer is tuned for unit resolution of Q, and Q;. 
Voltages are optimized for maximum sensitivity. 
MRM transitions monitored (m/z): 


Epinephrine 184 to 107, 184 to 77 
Epinephrine-d; 187 to 110 
Norepinephrine 170 to 107, 170 to 77 
Norepinephrine-d, 173 to 110 
Dopamine 154 to 91, 154 to 65 
Dopamine-d, 158 to 95 


Transitions m/z 184 to 107, 170 to 107, and 154 to 91 are quantita- 
tive, and transitions m/z 184 to 77, 170 to 77, and 154 to 65 are 
qualitative. 


Results 

1. Evaluate the chromatography of the unextracted calibrator, cali- 
brators, and controls for acceptable peak shapes and area counts. 

2. The coefficient of determination (R°) for the calibration curve 
should be greater than 0.990. 

3. The catecholamine concentration of the negative control should 
be less than the limit of detection for each analyte. 

4. Qualitative ion mass ratios of (m/z 184 to 77)/(m/z 184 to 107) 
for epinephrine, (m/z 170 to 77)/(m/z 170 to 107) for norepi- 
nephrine, and (m/z 154 to 65)/(m/z 154 to 91) for dopamine must 
be within the range established by the calibration. This is typically 
+50% of the average of the ion-mass ratios observed in the cali- 
brators of the run. 

5. Evaluate the results for acceptable chromatography, ion ratios, and 
area counts as compared with the calibrators. 


Calculations 
Calculations are performed using peak area ratios relative to the 
corresponding internal standard. Commercial data analysis software 
is used. 

Sample chromatograms for each analyte are shown in Figure 
A29-4, 


Notes 

Acidic specimens (pH < 2) may not give adequate results. The pH of 
such a sample can be adjusted and the sample can be reextracted and 
reanalyzed. 


Interferences 

Compounds evaluated for interference using this method: 

acetaminophen, caffeine, cimetidine, dexamethasone, diazepam, 

isoetharine, isoproterenol, labetalol, levodopa, metoclopramide, 

metanephrine, 3-methoxytyramine, methyldopa, normetanephrine, 
Continued 
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METHOD 29-5 Determination of Urinary Free Catecholamines by LC-MS/MS—cont’d 


0 1 2 6 1 3 


Time min Time min Time min 


Figure A29-4 Chromatograms of an extracted urine sample containing 12 ug/L of epinephrine, 
29 ug/L of norepinephrine, and 66\1g/L of dopamine. The analytes elute at the same retention 
time. lon transitions: epinephrine (A) m/z 184 to 107 and (B) m/z 184 to 77; epinephrine-d; 
(C) m/z 187 to 110; norepinephrine (D) m/z 170 to 107 and (E) m/z 170 to 77; 
norepinephrine-d3 (F) m/z 173 to 110; dopamine (G) m/z 154 to 91 and (H) m/z 154 to 65; 
and dopamine-d, (1) m/z 158 to 95. 
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METHOD 29-5 Determination of Urinary Free Catecholamines by LC-MS/MS—cont’d 


salsolinol, serotonin, and theophylline. None of the evaluated com- 
pounds interfered with the method performance. 
Reference Intervals 


Concentration 
ug/g creatinine 


Analyte ug/day (nmol/day) (umol/mol of creatinine) 
Epinephrine 0-25 (0-136) 0-20 (0-12.3) 
Norepinephrine 0-100 (0-591) 0-45 (0-30.1) 
Dopamine 60-440 (392-2872) 0-250 (0-184.4) 


Reference 
Kushnir MM, Urry FM, Frank EL, Roberts WL, Shushan B. Analysis 


of catecholamines in urine by positive ion electrospray tandem 
mass spectrometry. Clin Chem 2002;48:323-31. 


METHOD 29-6 Determination of Urinary Metanephrine and Normetanephrine by HPLC/EC 


Submitted by Thomas G. Rosano, Ph.D. 
Department of Pathology and Laboratory Medicine, Albany Medical 
College and Hospital, Albany, N.Y. 


Principle 

An aliquot of urine is combined with an internal standard (4-O- 
methyldopamine), and the mixture is hydrolyzed with acid to convert 
all the metanephrines to their free unconjugated forms. Isolation 
of metanephrines from the sample matrix is accomplished using 
two disposable minicolumns. The hydrolyzed urines, diluted with an 
ammonium pentaborate buffer, are first applied to a weak acid 
cation-exchange resin. The adsorbed metanephrines are then eluted 
with ammonium hydroxide directly onto a strong quaternary amine 
anion-exchange column, which separates the metanephrines from 
nonphenolic amines and more hydrophobic phenolic compounds. 
The final elution uses a weak ammonium acetate buffer; the eluate is 
then injected onto a reversed-phase HPLC system. Electrochemical 
detection is used to quantify metanephrine and normetanephrine 
separately. 


Specimen Collection and Storage 

A complete 24-hour urine specimen is collected in a clean container 
containing acid as a stabilizing preservative (e.g., 10 mL of HCl, 
6 mol/L). The specimen should be refrigerated during collection. 
Overnight or untimed (random) urine collections should be acidi- 
fied to a pH between 1 and 3 immediately after collection. The total 
urine volume is measured and recorded after collection, and a 50-mL 
aliquot is reserved for analysis. Samples are refrigerated until the test 
is performed or are stored frozen indefinitely. 


Reagents 

1. Combination normetanephrine and metanephrine calibrator 
(Bio-Rad Laboratories, Catalog No. 195-6021). Reconstitute the 
lyophilized urine calibrator with 25mL of HCl, 0.05 mol/L. Let 
stand 10 minutes, then agitate gently to dissolve. Reconstituted 
calibrator is stable 30 days at 2 °C to 8 °C. 

2. Internal standard, 4-O-methyldopamine (Bio-Rad Laboratories, 
Catalog No. 195-6022). Reconstitute lyophilized calibrator with 
25mL of HCl, 0.05 mol/L. Agitate gently to dissolve. Stable for 3 
months at 2 °C to 8 °C. 

3. HPLC column test solution for metanephrines (Bio-Rad Labo- 
ratories, Catalog No. 195-6024). Store refrigerated. Dilute 20 uL 
in 8mL of mobile phase before each use. 


4. Cation resin columns filled with weakly acidic cation-exchange 
resin (Bio-Rad Laboratories, Catalog No. 195-6017). Store at 
2 °C to 8 °C. 

5. Anion resin columns filled with strongly basic anion-exchange 
resin (Bio-Rad Laboratories, Catalog No. 195-6018). Stable at 
room temperature. 

6. NaOH, 0.5mol/L. Dissolve 2.0g NaOH in 80mL of distilled 
water. Dilute to 100mL with water and mix. Stable at room 
temperature. 

7. Hydrochloric acid, 2mol/L. Under a fume hood, slowly add 
50mL of concentrated hydrochloric acid to 250 mL of distilled 
water with continuous mixing. Continue stirring for 5 minutes 
or until the solution cools to room temperature. Stable at room 
temperature. 

8. Hydrochloric acid, 0.05mol/L. Dilute 1.0mL concentrated 
hydrochloric acid to 250 mL with distilled water and mix. Stable 
at room temperature. 

9. Ammonium pentaborate buffer. Dissolve 40g ammonium 
pentaborate and 1.0 g Na,EDTA in 900 mL distilled water. Dilute 
to 1 L. Mix well and transfer to a 1000-mL dispenser set to deliver 
4.0 mL. Stable at room temperature up to 3 months. 

10. NH,OH, 2 mol/L. Under a fume hood, add 135mL of concen- 
trated NH,OH to 865mL distilled water. Mix well and transfer 
to a 1000-mL dispenser bottle set to deliver 8.0mL. Stable at 
room temperature up to 3 months. 

11. Acetic acid, 1 mol/L. Mix 5.7mL of glacial acetic acid with 
94.3 mL of distilled water. Stable at room temperature. 

12. Elution buffer. Dissolve 15.4g of ammonium acetate in 950mL 
distilled water. Adjust the pH to 6.00 + 0.05 using 1 mol/L of 
acetic acid. Dilute to 1L with water and transfer to a 1000-mL 
dispenser set to deliver 5.0mL. Stable at 2 °C to 8 °C for 3 
months. 

13. Monochloroacetic acid (CICH,COOH) mobile-phase solution. 
Dissolve 9.4 g of CICH,COOH, 3.3 g of NaOH, 1.0 g of Na,EDTA, 
and 0.3g of sodium octyl sulfate in 1L of water. Adjust the pH 
to 3.0 to 3.1 with CICH,COOH. Add 75mL of acetonitrile 
(CH;CN). Store at room temperature for 3 months. 

14. Citric acid mobile-phase solution. Dissolve 250mg of NaOH, 
18.61 mg of Na,EDTA, 21.0g of citric acid monohydrate, and 
0.9mL of diethylamine in 500 mL of water. Add 90mL of ace- 
tonitrile. Dilute to 1 L with deionized water and adjust the pH to 
2.55 with solid NaOH pellets. 

Continued 
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METHOD 29-6 Determination of Urinary Metanephrine and Normetanephrine by 


HPLC/EC—cont’d 


15. Working mobile-phase solution. Mix equal volumes of the 
0.1 mol/L monochloroacetic acid and the 0.1 mol/L citric acid 
solutions. Filter and degas before use. The combined mobile 
phase is stable for 3 months at room temperature. 


Instrumentation 

A commercially available HPLC system equipped with a 3-um phase 
II reversed-phase ODS (Cs) cartridge column, 3.2mm I.D. x 10cm 
(Bioanalytical Systems, Catalog No. MF 6213), and an amperomet- 
ric detector are suitable. 


Quality Control 

Two urine controls are included in every run. Bio-Rad normal and 
abnormal urine controls are reconstituted each day with HCl, 
0.05 mol/L, and processed for immediate use (Bio-Rad Laboratories, 
Catalog Nos. C-390-25 and C-395-25). 


Procedure 
Hydrolysis 

1. Set the pH meter calibration at 7.00 using pH 7 buffer. Adjust 
the pH meter slope calibration to 1.00 using pH 1 buffer. 

2. Pipette 2.0mL of calibrator, controls, and patient samples into 
labeled 16 x 150-mm test tubes. Add 2.0mL distilled water and 
200UL internal standard solution to each tube. Mix each tube 
briefly in a vortex mixer. 

3. Add HCl (2 mol/L), drop by drop, to each tube until obtaining a 
pH between 0.8 and 1.0. Rinse the pH electrode with distilled 
water after measuring each sample. Recheck the pH 1 buffer 
every two to three samples. 

4. To minimize evaporative losses, cover the tubes loosely with 
Parafilm. 

5. Place the tubes in a boiling water bath under a hood for 30 
minutes to allow complete hydrolysis of metanephrines. 

6. Remove tubes from the water bath and allow them to cool to 
room temperature. 


Ion-Exchange Chromatography 

7. Label and prepare one cation-exchange column and one anion- 
exchange column for each calibrator, control, and sample. 
Prepare the columns, about five or six at a time, by shaking them 
up and down until completely suspending the resin. Allow the 
resin to settle. Remove the caps and then snap off the tips. Allow 
the columns to drain into the waste reservoir. 

8. Recheck the pH 7 buffer and adjust pH meter calibration if nec- 
essary. Adjust slope to 4.00 using the pH 4 buffer. 

9. To each tube, add 5.0mL ammonium pentaborate buffer and 
300 uL NaOH (0.5 mol/L). Mix in a vortex mixer. Check that the 
pH is between 6.0 and 7.0. If necessary, adjust pH with 100-uL 
aliquots of NaOH (0.5 mol/L) or acetic acid (1.0 mol/L). 

10. Pour each sample into the cation-exchange column assigned to 
it and allow to drain completely. 

11. Add 10mL of distilled water to each column and allow to drain 
completely. 

12. Place a polycolumn support over each anion-exchange column. 
Move the appropriate cation-exchange column over the anion- 
exchange column and insert it through the polycolumn support 
so that it is held in place. 


13. Pipette 8.0mL of NaOH (2mol/L) into each upper cation- 
exchange column and allow it to drain completely through both 
columns. Remove and discard the cation-exchange columns. 

14. Rinse each anion-exchange column with 5 mL of distilled water. 

15. Replace the waste reservoir with a tube rack containing 16 x 
150-mm test tubes. Make sure that the columns are located 
above marked tubes so that no sample will be spilled. 

16. Dispense 5.0mL of elution buffer into each column. Allow the 
columns to drain completely and then discard them. 

17. Add 400 uL acetic acid (1 mol/L) to each tube and then mix them 
in a vortex mixer. If necessary, the eluates may be covered with 
Parafilm and stored overnight at room temperature. Eluates may 
also be stored for 1 week at 4 °C. 


High-Performance Liquid Chromatography 
18. Establish the optimal operating condition of the chromato- 
graphic and detection systems. Suggested conditions are: 


Flow rate: 1.0mL/min 
Potential: 800 mV 
Sensitivity: 20 or 50nA/V 
Chart speed: 1 cm/min 


19. Inject 10 uL of the test mix into the HPLC system to check chro- 
matographic retention times and detector sensitivity. 

20. Inject 20uUL of each extract into the HPLC system. Figure 
A29-5 shows a representative chromatogram of metanephrines 
extracted from human urine. 


Calculations 

1. Identify metanephrine, normetanephrine, and internal standard 
peaks by comparing retention times of unknown peaks with 
retention times of known peaks in the test mix. Measure peak 
heights to nearest 0.5mm. Verify that the internal standard peak 


ik nA 


0 2 4 6 8 10 12 
Retention Time (min) 
Figure A29-5 Representative chromatogram of metanephrines 
extracted from human urine. Normetanephrine (A), 
metanephrine (B), 3-methoxytyramine (C), and 4-O- 
methyldopamine (D) retention are identified on chromatogram. 
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METHOD 29-6 Determination of Urinary Metanephrine and Normetanephrine by 


HPLC/EC—cont’d 


height for each unknown is at least 75% of the internal standard 
peak height for the calibrators. 

2. Calculate the ratio of peak heights (peak height of unknown/peak 
height of internal standard) for each urine sample, urine control, 
and calibrator. 

3. Calculate metanephrine and normetanephrine concentrations for 
controls and unknowns: 


MN or NMN=R/R. XC, 


where 
MN =unknown concentration of metanephrine (ug/L) 
NMN = unknown concentration of normetanephrine (ug/L) 


Ru = peak height ratio of unknown 
R. = peak height ratio of corresponding calibrator 
C: = concentration of corresponding calibrator (ug/L) 


4. Calculate 24-hour excretion: 
MN or NMN (ug/d)=MN or NMN (ug/L) x 24-hour urine 
volume (L) 
5. Calculate 24-hour excretion rate: 
MN or NMN (ug/g creatinine) = MN or NMN (ug/L)/Urine cre- 
atinine concentration (g/L) 


Reference Intervals 


Normetanephrine, Free plus Conjugated 


Age ug/d ug/g Creatinine 
0-3 mo 47-156 1535-3355 
4-6 mo 31-111 737-2194 
7-9 mo 42-109 592-1046 
10-12 mo 23-103 271-1117 
l-2 y 32-118 350-1275 
2-6 y 50-111 104-609 
6-10 y 47-176 103-452 
10-16 y 53-290 96-411 
Adult 105-354 


Metanephrine, Free plus Conjugated 


Age ug/d ug/g Creatinine 
0-3 mo 5.9-37 202-708 
4-6 mo 6.1-42 156-572 
7-9 mo 12.0-41 150-526 
10-12 mo 8.5-101 148-651 
l-2 y 6.7-52 40-526 
2-6 y 11-99 74-504 
6-10 y 54-138 121-319 
10-16 y 39-242 46-307 
Adult 74-297 

Reference 


Adapted from Parker NC, Levtzow CB, Wright PW, Woodard LL, 
Chapman JF. Uniform chromatographic conditions for quantify- 
ing urinary catecholamines, metanephrines, vanillylmandelic acid, 
5-hydroxyindoleacetic acid, by liquid chromatography, with elec- 
trochemical detection. Clin Chem 1986;32:1473-6. 


METHOD 29-7 Determination of Urinary Metanephrine and Normetanephrine by LC-MS/MS 


Submitted by Ravinder J. Singh, Ph.D. 
Department of Laboratory Medicine and Pathology, Mayo Clinic and 
Foundation, Rochester Minn. 


Principle 

Urine samples are acidified and hydrolyzed for 20 minutes in 
a boiling water bath. Metanephrine and normetanephrine are 
extracted from the specimens using Waters HLB Oasis cartridges. 
The metanephrine and normetanephrine are eluted from the 
cartridges using 20% methanol and analyzed by LC-MS/MS 
using multiple reaction monitoring. Deuterated metanephrine 
(d;-metanephrine) and deuterated normetanephrine  (d;- 
normetanephrine) are added before hydrolysis as internal standards. 
The following ion pairs are used for analysis: 


Metanephrine: 180/148 
Normetanephrine: 166/134 
d;-metanephrine: 183/151 
d,-normetanephrine: 169/137 


A calibration curve, generated from 20% methanol spiked cali- 
brators, is included with each batch of patient samples. 


Specimen Collection and Handling 
Requires 10 mL of urine (pediatric: 5 mL) from a 24-hour collection. 
Add 10g (pediatric 3 g) of boric acid or 25 mL (pediatric 15 mL) of 
50% acetic acid as a preservative at the start of the collection. 
Measure and record the volume of the 24-hour collection. Send spec- 
imen refrigerated in a plastic, 13-mL urine tube. 

Continued 
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METHOD 29-7 Determination of Urinary Metanephrine and Normetanephrine by 


LC-MS/MS—cont’d 


Urine Preservative Collection Options 

Important Note: The addition of preservative or application of 
temperature controls must occur within 4 hours of completion 
of the collection or an acceptable preservative must be added at 
the start of the collection. Urine specimens that require that the 
preservative be added at the start of the collection are noted by an 
*(asterisk). 


Ambient: No 
Refrigerated: Yes* 
Frozen: Yes* 
6mol/L HCl Yes* 
Acetic Acid 50%: Preferred* 
Na,CO3: Yes* 
Toluene: Yes* 
HNO:: Yes* 

Boric Acid: Preferred* 
Thymol: Yes* 


Reagents 

1. Methanol, HPLC grade. 

2. Chromatographic mobile phase. Dissolve 3.1g ammonium 
acetate in 850mL of RO H,O (water produced by reverse- 
osmosis) and add 150mL of methanol. Degas the solvent by 
placing on a magnetic stir plate, stirring under vacuum. Degas 
for 3 to 5 minutes or until bubble formation is slight. Store at 
room temperature. Expiration—1 week. 

3. Rinse solution. Combine 1500mL of methanol and 500mL of 
RO H,O. Degas as described for chromatographic mobile phase. 
Store at room temperature. Expiration—1 week. 

4. 20% Methanol-Cartridge elution solvent. Combine 800mL of 
methanol and 3200mL RO H,O; mix. Store at room tempera- 
ture. Expiration—1 month. 

5. 70% Methanol-Cartridge wash solvent. Combine 2800mL of 
methanol and 1200mL RO H,O; mix. Store at room tempera- 
ture. Expiration date—1 month. 

6. pt-Metanephrine hydrochloride. Sigma, catalog No. M-8625. 
Store as indicated on package label. 

7. pL-Normetanephrine hydrochloride. Sigma, catalog No. N-7127. 
Store as indicated on package label. 

8. Metanephrine/normetanephrine stock calibrator 1.0mg/mL. 
Dissolve 11.845mg pt-metanephrine hydrochloride and 
11.992mg p.i-normetanephrine hydrochloride in 10mL of 
0.05mol/L HCl to give a stock calibrator of 1mg/mL 
metanephrine/normetanephrine. Store the stock calibrator in 
1.0-mL aliquots at —70 °C. Expiration—No expiration. Store the 
aliquots in use at 4 °C. Expiration—3 months. 

9. d;-Metanephrine/d;-Normetanephrine stock internal standard. 
Dissolve 10mg of deuterated metanephrine and 20 mg deuter- 
ated normetanephrine in 10mL of 0.05mol/L HCl to give a 
1 mg/mL d;-metanephrine-2 mg/mL d3-normetanephrine stock 
internal standard. 

Store the stock internal standard in 1.0-mL aliquots at —70 °C. 
Expiration—No expiration. 


10. Store the aliquot in use at 4 °C. Expiration—3 months 

11. Working internal standard. Add 200uL of the d,- 
metanephrine/d;-normetanephrine stock internal standard to 
19.8mL of 20% methanol. Store at 4 °C. Expiration—2 weeks. 

12. 4.5mol/L HCl. Add 187.5 mL of concentrated HCl (EM Science, 
Catalog No. 7647-01-1) to RO H,O and dilute to 500 mL. Store 
at room temperature. Expiration—6 months. 

13. 5.0mol/L NaOH. Dissolve 200g of sodium hydroxide pellets 
(Fisher Scientific, Catalog No. $318-500) in RO H,O, cool 
and dilute to 1L. Store at room temperature. Expiration—6 
months. 

14. 2.0mol/L Phosphate Buffer. Dissolve 284g of Na,HPO, (Fisher 
Scientific, Catalog No. 8374-500) and 272g KH,PO, (Fisher 
Catalog No. P285-500) in RO H,O and dilute to 2000 mL. 


Consumables 

1. Autosampler Vials: 0.2 mL, 8mm vials (Kimble Glass Inc.) from 
Fisher: Catalog No. 0334064 200/pk. 

2. Caps: 8mm snap-it cap (National Scientific Co.) from Fisher: 
Catalog No. 0337749 100/pk or 1000/case. 

3. Extraction Cartridges: Oasis HLB 1cc (30mg) Extraction Car- 
tridges from Waters: Catalog No. WATO94225. 


Instrumentation 

1. A PE Sciex API 2000 Tandem mass spectrometer is used to 
monitor multiple ion pairs. 

2. A Perkin Elmer HPLC system is used for sample separation and 
introduction into the mass spectrometer. 

3. A computer with the Analyst Software from PE Sciex is used for 
data processing. 

4. The analytical column is a Supelco Discovery RP Amide C16 
HPLC column. 5.0cm x 4.6mm, 5 um. Catalog No. 505005. 

5. The guard column is Supelco Discovery RP-AmideC16 Guard 
Column. 2cm x 2.1mm, 5um. Catalog No. 505110. 

6. The guard column holder is a Supelco Direct Connect Holder for 
4.6mm ID column. Catalog No. 55205. 

7. Visiprep Solid Phase Extraction (SPE) Vacuum Manifold from 
Supelco: Catalog No. 57250-U. 


Calibration 

1. 20ug/mL metanephrine/normetanephrine stock calibrator. Add 
20uL of the metanephrine/normetanephrine stock calibrator to 
980 UL of 20% methanol, mix and cap. 

2. 2ug/mL metanephrine/normetanephrine stock calibrator. Dilute 
100uL of the 20ug/mL metanephrine/normetanephrine stock 
calibrator with 0.9mL of 20% methanol. 

3. 0.2uUg/mL metanephrine/normetanephrine stock calibrator. 
Dilute 100uL of the 2ug/mL metanephrine/normetanephrine 
stock calibrator with 0.9mL of 20% methanol. 

4. Prepare working calibrators according to the following table: 
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METHOD 29-7 Determination of Urinary Metanephrine and Normetanephrine by 


LC-MS/MS—cont’d 

Final uL 
Calibrator Working uL uL uL 

Conc. uL-20% Internal 20ug/mL 2.0ug/mL 0.2ug/mL 

ng/mL Methanol Std. Std. Std. Std. 
10 925 25 50 
50 950 25 25 
200 875 25 100 
1000 925 25 50 
5000 725 25 250 
Preview 925 25 50 

Std. 
Blank 725 


Quality Control/Quality Assurance 

Donor urine collections are used for controls (abnormal control may 
need to be spiked to reach appropriate level). They are stored as 
20-mL aliquots at —20 °C for up to 2 years. Three urine controls are 
included in each assay. 


Procedure 
1. Centrifuge a 2.0-mL portion of each 24-hour and random urine 
collection sample and sample control in appropriately labeled 
12- x 75-mm glass tubes to remove all sediment and particulate 
matter. 
2. Transfer 1.0mL of each urine sample and control to appropri- 
ately labeled 16- x 125-mm glass tubes. 

. Add 50uL of 4.5 mol/L HCl to each tube. 

. Add 25 UL of working internal standard to each tube and vortex. 

. Hydrolyze each tube for 20 minutes in a boiling water bath. 

. Remove the tubes from the water bath and allow samples to cool 

for 5 minutes at room temperature. 

7. Add 50uL of 5.0 mol/L NaOH to each tube and vortex. 

8. Add 500uL of 2mol/L phosphate buffer. Check pH of each 
sample. The pH should be 7.0 (41.0). If pH is outside this 
range, add 4.5 mol/L HCl or 5.0mol/L NaOH drops until pH is 
acceptable. 

9. Prepare a Waters HBL Oasis cartridge for each control and 
sample as follows using the Visiprep SPE vacuum manifold 
described in the equipment section of this procedure. 

e Add 1.0mL of methanol and pull through the cartridge using 
a vacuum. Do not allow the cartridge to become dry (do not 
pull air through the cartridge for longer than 30 seconds). For 
slow flowing cartridges, push the methanol through manually. 

e Add 1.0mL of RO H,O and pull through the cartridge 
using a vacuum. Do not allow the cartridge to become dry (do 
not pull air through the cartridge for longer than 30 seconds). 
For slow flowing cartridges, push the RO H,O through 
manually. 


Nm & Ww 


10. Apply each control and sample to the appropriate cartridge. 
Apply slight vacuum, keeping the flow rate of the sample 
through the cartridge Jess than 2 mL/min. 

11. Wash each cartridge with 1.0mL of RO H,O. Apply slight 
vacuum, keeping the flow rate of the RO H,O through the car- 
tridge less than 2 mL/min. 

12. Place collection tubes in the extraction manifold. Add 1.0 mL of 
20% methanol to each cartridge. Apply slight vacuum, keeping 
the flow rate of the 20% methanol through the cartridge Jess than 
2.0 mL/min, collecting the eluate in the collection tubes. 

13. Transfer the eluate of each control and sample to an appropri- 
ately labeled autosampler vial and apply cap. 

14. To reuse the cartridges: wash each cartridge with 1mL of 20% 
methanol, 2mL of 70% methanol, and 2mL of methanol. Car- 
tridges may be used 5 times. 

15. Prepare the calibration curve as described in Calibration. 

16. Initiate analysis and quantitation of the assay on the PE Sciex 
2000 Tandem Mass Spectrometer using Analyst software. 


Calculations 

For 24-hour samples: 

Metanephrine and normetanephrine concentration ug/24hr: 
Tandem MS value ng/mL x TV/1000 = ug/24hr 

(TV = the total volume of urine in mL for the 24-hour period) 
For random samples: 

Report the answer as ug metanephrine/g creatinine: 

Tandem MS value ng/mL + (creatinine value mg/dL + 100) = ug/g 


Procedural Notes 
1. Precision 
a. Intraassay, n = 20 


Metanephrine 


Mean 61 ng/mL 717ng/mL 3038 ng/mL 

CV 7.8% 3.9% 4.8% 

Normetanephrine 

Mean 88 ng/mL 664ng/mL 3409 ng/mL 

CV 13.2% 5.3% 5.8% 

b. Inter-assay 

Metanephrine 

N 15 21 21 21 

Mean 8.5ng/mL 90 ng/mL 5l6ng/mL 2933 ng/mL 

CV 15.9% 7.9% 8.6% 7.5% 

Normetanephrine 

N 15 21 21 19 

Mean 11.4ng/mL 107ng/mL 606ng/mL 4854ng/mL 

CV 13.9% 8.4% 6.6% 5.7% 
Continued 
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2. Recovery 


a. Metanephrine. Four samples were spiked with 144, 575, and 
2300 ng/mL of metanephrine and assayed. Recovery range was 
92% to 109% with a total average of 101%. Below are two 


LC-MS/MS—cont’d 
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samples from the recovery study. 


Spike (ng/mL) 


2300 


b. Normetanephrine. Four samples were spiked with 144, 575, 
and 2300ng/mL of normetanephrine and assayed. Recovery 
range was 92% to 113% with a total average of 102%. Below 
are two samples from the recovery study. 


Spike (ng/mL) 


53 
205 
677 

2380 

54 
203 
644 

2310 


89 
233 
651 

2530 
114 
266 
733 

2730 
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Measured Metanephrine ng/mL 


Measured Normetanephrine ng/mL 


% Recovery 


% Recovery 


106% 
109% 
101% 


103% 
103% 
98% 


100% 
98% 
106% 


106% 
107% 
113% 


3. Linearity. 

a. Metanephrine. Four samples were run straight, x2, x5, x20, x40 
(diluted in RO H,O) and assayed. The expected range was 88% 
to 109% with a total average of 103%. Below are two samples 


from the linearity study. 


Measured 

Metanephrine 
Dilution ng/mL 
Straight 3080 
x5 629 
x10 272 
x20 163 
x40 78 
Straight 130 
x2 72 
x5 27 
x10 14 
x20 7.1 


Expected 
Metanephrine 
ng/mL % Expected 
616 102% 
308 88% 
154 106% 
77 101% 
65 111% 
26 105% 
13 105% 
6.5 109% 


b. Normetanephrine. Four samples were run straight, x2, x5, X20, 
x40 (diluted in RO H,O) and assayed. The expected range was 
95% to 113%, with a total average of 101%. Below are two 
samples from the linearity study. 
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LC-MS/MS—cont’d 
Measured Expected 
Normetanephrine Normetanephrine 

Dilution ng/mL ng/mL % Expected 
Straight 4640 

x5 957 928 103% 
x10 458 464 99% 
x20 248 232 107% 
x40 132 116 114% 


Dilution 


Straight 
x2 

x5 

x10 

x20 


Measured Expected 
Normetanephrine Normetanephrine 
ng/mL ng/mL 

214 

112 107 
41 42.8 
22 21.5 
10.5 10.75 


Calibration Curves for Analysis of Metanephrine and Normetanephrine. 
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1. Correlation with photometric total metanephrines. 100 samples Specimen | Metanephrine | Metaphrine 
were assayed on the photometric method, X (with normal spec- TPe oe sees 
tral curves), and LC-MS/MS method, Y, and analyzed by linear ange Dana st 
regression. Unpreserved —10.3% to 14.7% 0.4% 
Y = 0.815 X — 0.0065; r = 0.82 Acetic acid —9.5% to 10.0% 2.6% 
Boric acid —6.5% to 31.7% 9.6% 


2. Sample stability. 
a. Ambient. Stability was determined on unpreserved, acetic acid, 


Normetaphrine 
% Difference 
Range 


—17.1% to 
13.1% 

—3.6% to 17.1% 

—10.5% to 
19.5% 


25 


% Expected 


105% 
96% 
101% 
98% 


Normetaphrine 
Average % 
Difference 


0.2% 


9.3% 
3.1% 


and boric acid specimens. The following table outlines results 


at 7 days. 
Metanephrine Metaphrine Normetaphrine Normetaphrine 
Specimen % difference Average % Difference Average % 
Type Range % Difference Range Difference 
Unpreserved —1.7% to 20.5% 4.7% —17.8% to 8.9% 
28.1% 
Acetic acid —11.9% to 13.3% 5.7% —3.4% to 16.4% 11.0% 
Boric acid 4.4% to 4.9% 0.5% 3.3% to 16.5% 11.3% 


a. Freeze-Thaw. Freeze-thaw was determined on acetic acid and 
boric acid specimens. The following table outlines results after 
three freeze-thaw cycles. 


b. Refrigerated. Stability was determined on unpreserved, acetic 
acid, and boric acid specimens. The following table outlines 
results at 7 days. 


Metanephrine Metaphrine Normetaphrine Normetaphrine 
Specimen % Difference Average % Difference Average % 
Type Range % Difference Range Difference 
Acetic acid —26.5% to 4.8% 9.4% 13.7% to 3.5% —4.7% 
Boric acid —20.3% to 5.1% -9.2% —21.4% to —12.6% 
=2.7% 
Reference 


Taylor RL, Singh RJ. Validation of liquid chromatography-tandem 
mass spectrometry method for analysis of urinary conjugated 
metanephrine and normetanephrine for screening of pheochro- 


mocytoma. Clin Chem 2002;48:533-9. 
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METHOD 29-8 Determination of Urinary Vanillylmandelic Acid by HPLC/EC 


Submitted by Thomas G. Rosano, Ph.D. 
Department of Pathology and Laboratory Medicine, Albany Medical 
College and Hospital, Albany, N.Y. 


Principle 

An aliquot of urine is mixed with an internal standard (isovanillyl- 
mandelic acid, iso- VMA) and then applied to a strongly basic anion- 
exchange resin that has been preconditioned with an acetate buffer. 
Uric acid and hydrophobic acids, such as HVA, are removed from 
the cleanup column during an acetic acid—ethanol wash step. VMA 
and iso-VMA are eluted with H;PO, and subsequently resolved 
by reversed-phase HPLC under optimized isocratic conditions. The 
VMA concentration is determined electrochemically using an 
amperometric detection system. 


Specimen Collection and Storage 

A complete 24-hour urine collection is recommended because vari- 
ations in VMA excretion occur throughout the day. Shorter collec- 
tion times may be useful provided that VMA results are expressed 
per milligram of creatinine. The urine should be collected in a clean 
container that contains acid as a stabilizing preservative (e.g., 10 mL 
of HCl, 6 mol/L, for a 24-hour collection). The specimen should be 
refrigerated during collection. The total urine volume is measured 
and recorded; a 50-mL aliquot is stored at 4 °C until the test is per- 
formed or may be frozen and stored indefinitely. No dietary restric- 
tions during urine collection are necessary. 


Reagents 

1. Resin column filled with strongly basic anion-exchange resin 
(Bio-Rad Laboratories, Catalog No. 195-5005). 

2. Sodium acetate, 2mol/L. Dissolve 82g of sodium acetate in 
distilled water to a final volume of 0.5L. This solution is stable 
for 1 month at 4 °C. 

3. Acetic acid, 2 mol/L. Dilute 57.5 mL glacial acetic acid in distilled 
water to a final volume of 0.5L. 

4, KH,PO,, 1 mol/L. Dissolve 68.05 g KH,PO, in distilled water to 
a final volume of 0.5L. This solution is stable for 1 month at 
4°C. 

5. NaOH, 0.5mol/L. Dissolve 2.0g NaOH in distilled water and 
dilute to 0.1 L. Store tightly capped. 

6. HCl, 0.05 mol/L. Dilute 1.0mL of concentrated HCl in distilled 
water to a final volume of 0.25L. 

7. Acetate buffer, 0.08 mol/L, pH 6.1. Mix 40 mL of sodium acetate, 
2 mol/L, with 1.2 mL of acetic acid, 2 mol/L. Dilute to 1 L. Adjust 
the pH to 6.10 +0.05 with acetic acid, 2mol/L, or NaOH, 
0.5mol/L. This solution is stable for 1 month at 4 °C. 

8. Wash reagent, acetic acid-ethanol. Mix 250mL acetic acid, 
2mol/L, and 250mL ethanol, 95%. This solution is stable for 
1 month at 4 °C. 

9. Elution reagent, H;PO,. Dilute 250mL of H;PO, (2mol/L) in 
distilled water to a final volume of 1 L. 

10. VMA calibration solutions. 

a. Stock calibrator of VMA, 1 mg/mL. Accurately weigh 10mg 
of VMA (Sigma Chemical Co., Catalog No. H0131) and 
dissolve in 10mL of HCl, 0.05mol/L, in a volumetric 
flask. Store at 4 °C. This solution is stable for 6 months under 
refrigeration. 


b. Working calibrators, 5, 10, and 20 mg/L. Dilute 50, 100, and 
200 UL of the stock calibrator to 10 mL with HCl, 0.05 mol/L. 
Prepare fresh before use. 

11. Internal standard, iso-VMA, 1 mg/mL. Dissolve 10mg of DL-3- 
hydroxy-4-methoxymandelic acid (Sigma Chemical Co., Catalog 
No. H3139) in 10 mL of HCl, 0.05 mol/L. Store at 4 °C. This solu- 
tion is stable for 6 months at 4 °C. 

12. Mobile phase, ethanol/phosphate buffer. Mix 40mL KH,PO, 
(1 mol/L) with 5mL of phosphoric acid, 2 mol/L. Dilute to 1L 
with distilled water. Adjust the pH to 3.02 + 0.02 with H;PO,, 2 
mol/L, or NaOH, 0.5 mol/L. Add 16mL absolute ethanol. Mix. 
Filter and degas before use. Store tightly capped. This solution is 
stable for 1 month at room temperature. 


Instrumentation 

A commercially available HPLC system, equipped with a 4.6mm LD. 
> 25cm reversed-phase C, column (average particle diameter, 5 um), 
and either a glassy-carbon or porous-graphite cell, adaptable for use 
in electrochemical detection, is required for this method. 


Procedure 
Sample Preparation 

1. Pipette 3.0mL of calibrators, controls, and patient urine samples 
into labeled 16 x 150-mm tubes. 

2. To each tube, add 200 uL of the internal standard solution (iso- 
VMA), 5.0 mL of acetate buffer (0.08 mol/L, pH 6.1), and 0.1 mL 
NaOH (0.5 mol/L). 

3. Mix well and check pH. pH must be in the range of 5.0 to 
7.0. If necessary, adjust pH with 0.1-mL aliquots of NaOH 
(0.5 mol/L) or acetic acid (2 mol/L). 

4, Label one anion-exchange resin column for each calibrator, 
control, and urine sample to be run. Prepare the columns, about 
five or six at a time, by shaking them up and down until the resin 
is completely suspended. 

5. Insert each column into a suitable support rack and allow the 
resin to settle. 

6. Remove caps, snap off the tips, and allow the columns to drain 
into a waste drainage tray. 

7. Rinse each column three times with 5mL of acetate buffer 
(0.08 mol/L, pH 6.1). Discard the eluates. 

8. Quantitatively transfer urine samples into the appropriate 
columns and allow to drain completely. 

9. Rinse each sample tube with 5mL of acetate buffer. Apply the 
rinse solution to the respective columns and allow to drain 
completely. 

10. Wash each column with 9.0mL of wash reagent and allow to 
drain completely. 

11. Replace the drainage tray with a rack containing clean 16 x 
150-mm tubes. Make sure that columns are located above 
marked tubes so that sample will not be spilled. 


Sample Analysis 

12. Dispense two 9-mL portions of elution reagent into each 
column. Collect the eluates. Allow the columns to drain com- 
pletely, discard columns, cover tubes with Parafilm, and mix the 
tubes thoroughly. (Note: The eluates may be stored overnight at 
room temperature and at —20 °C for longer periods of storage.) 
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METHOD 29-8 Determination of Urinary Vanillylmandelic Acid by HPLC/EC—cont’d 


13. Establish the optimal operating conditions of the chromato- 
graphic and detection systems. Suggested conditions for a dual- 
cell porous graphite electrochemical detector are as follows: 


Flow rate: 2.0mL/min 
Potential of detector cell No. 1: 180 mV 
Potential of detector cell No. 2: 410mV 
Chart speed: 1.0 cm/min 


14. Inject 20uL each of calibrator, control, and patient sample 
onto the HPLC column. Figure A29-6 shows a representative 
chromatogram of VMA extracted from human urine. 


Calculations 

1. Identify VMA and internal standard peaks based on relative reten- 
tion times (in minutes). Measure peak heights directly from the 
chromatographic tracings or obtain from the HPLC data pro- 
cessing system. 

2. Calculate peak height ratios for each urine sample, urine control, 
and calibrator (peak height of VMA/peak height of internal 
standard). 

3. Establish a linear regression curve from peak height ratios using 
the data obtained from the 5-, 10-, and 20-mg/L calibrators. 

4. From the VMA calibrator curve, determine the concentrations of 
unknowns (mg/L). 

5. Calculate 24-hour VMA excretion by multiplying VMA concen- 
tration (mg/L) by 24-hour urine volume (L). 

6. Calculate VMA excretion normalized for creatinine excretion by 
dividing VMA concentration (mg/L) by urine creatinine (g/L). 


Reference Intervals 


mmol/mol 
Age (yr) mg/d umol/d mg/g Creatinine Creatinine 
3-6 1.0-2.6 5-13 4.0-10.8 2.3-6.2 
6-10 2.0-3.2 10-16 4.0-7.5 2.3-4.3 
10-16 2.3-5.2 12-26 3.0-8.8 1.7-5.0 
16-83 1.4-6.5 7-33 


fao pA 
ts 
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Figure A29-6 Representative chromatogram of vanillylmandelic 
acid (VMA) extracted from human urine.VMA (A) and iso-VMA 
(B) retention are identified on the chromatogram. 
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METHOD 29-9 Determination of Urinary Vanillylmandelic Acid by LC-MS/MS 


Submitted by Mark J. Magera, M.A., Dietrich Matern, M.D., and 
Piero Rinaldo, M.D., Ph.D. 

Department of Laboratory Medicine and Pathology, Mayo Clinic and 
Foundation, Rochester, Minn 


Principle 

Hydrophilic-lipophilic balance (HLB) solid phase extraction (SPE) 
is performed on a 1 mL aliquot of either a 24-hour or random urine 
collection. The SPE column is eluted with 1mL of methanol. The 
eluate is evaporated at 30 °C under nitrogen, and the residue recon- 
stituted in 1mL of a mobile phase consisting of 15% methanol in 
0.05% aqueous formic acid. Liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) is performed by injecting 10uL of the 
reconstituted specimen onto an AmideC16 HPLC column. The 
mobile phase flow rate is 1.0 mL/min, with the LC column effluent 
flow diverted so that approximately 200 uL/min is delivered to the 


MS/MS electrospray probe tip. VMA elutes apart from the bulk 
of the specimen matrix at a retention time of approximately 1.5 
minutes. VMA is quantitated using a stable isotope labeled internal 
standard (*H;-VMA) from calibration over a concentration range 
1.03 to 20mg/L. 


Specimen Collection and Storage 
The preferred specimen is a 24-hour urine collected into 25mL of 
50% glacial acetic acid. 
For low urine volumes, and infants and children under the age of 
5 years, use 15mL of 50% glacial acetic acid. Boric, nitric, and 
hydrochloric acids are also acceptable preservatives if the pH of the 
collected specimen is in the range 1 to 5. A random or 4-hour urine 
collection is acceptable on pediatric (up to 14 years) submissions 
if sent to the laboratory immediately after collection. Random 
urine samples collected on filter paper are also acceptable, but the 
Continued 
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METHOD 29-9 Determination of Urinary Vanillylmandelic Acid by LC-MS/MS—cont’d 


sensitivity of the method is greater on an aliquot from a 24-hour 
specimen than on random specimens or dried urine on filter paper. 
Dried filter paper specimens also typically exhibit more variability. 


Reagents 

1. Methanol, HPLC grade. 

2. Formic acid (HCOOH), 98% to 100%, analytical ACS reagent 
grade. 

3. LC-MS/MS mobile phase, 15% methanol in 0.05% aqueous 
formic acid. Prepare as needed by mixing 150mL of methanol 
with 850 mL of reverse-osmosis water and add 0.50 mL of formic 
acid, mixing well. 

4. VMA internal standard (VMA-IS), 0.500mg/mL. Prepare by 
dissolving 5.0 mg of vanillylmandelic acid-ring-7H; in 10mL of 
0.1 mol/L HCl in a volumetric flask. Store refrigerated. Stable for 
6 months. 

5. VMA stock calibrator, 1.00 mg/mL. Prepare by dissolving 10.0 mg 
VMA in 10 mL of 0.1 mol/L HCl in a volumetric flask. Store refrig- 
erated. Stable for 6 months. 

6. VMA working calibrator, 20mg/L. Prepare by diluting 2.0mL 
VMA stock calibrator to 100 mL with reverse-osmosis water in a 
volumetric flask, mixing well. Store refrigerated. Stable for 6 
months. 

7. Hydrochloric acid, concentrated, analytical grade. 

8. Hydrochloric acid, 0.1 mol/L. Prepare by diluting 4.2 mL concen- 
trated HCl to 500 mL with reverse-osmosis water in a volumetric 
flask, mixing well. Store at room temperature. Stable indefinitely. 


Instrumentation 

A commercially available bench-top tandem mass spectrometer 
(Applied Biosystems/SCIEX API 2000 MS/MS with Turbo IonSpray 
interface source, or equivalent) is suitable, accompanied by HPLC 
pump and autosampler (Perkin Elmer [PE] Series 200 isocratic LC 
pump, PE Series 200LC autosampler, or equivalent). The HPLC 
column is a Discovery RP-AmideC16 (Supelco) 5cm x 4.6mm, 5 um 
particle size. SPE columns are Oasis HLB (Waters, No. WAT094225) 
1mL containing 30 mg sorbent packing. Additional equipment used 
includes an automated SPE sample processor (Gilson ASPEC, or 
equivalent) and an evaporator (Zymark Turbo-Vap). 


Quality Control 

Two controls (normal, elevated) are included in every run. Both urine 
controls are prepared in-house. Urine containing acetic acid preser- 
vative is obtained (approximately 2 L per control). The normal urine 
control is prepared by simply aliquoting and freezing the urine. 
Normal urine VMA is generally 1 to 4mg/L. The elevated urine 
control is prepared by spiking the urine with approximately 18 mL 
of the VMA stock calibrator per liter of urine. The target range is 
approximately 15mg/L. The spiked urine is mixed well, aliquoted, 
and stored frozen. Controls are stable for 2 years when kept frozen. 
The mean VMA and standard deviation are calculated from a 
minimum of 10 interassay values for each control. Routine assay 
control values are entered into a spreadsheet (MS Excel) that auto- 
matically plots the value in relation to the mean. As a general rule, 
control values that fall within +2 SD of the mean are acceptable and 
require no further action. Any control values that are >2SD and 
shifts/trends require review by a supervisor or designee, and a com- 
pleted VMA Quality Report if indicated. Any control values that are 


>3 SD require a completed VMA Quality Report and the review of a 
supervisor or designee. The laboratory QC designee performs 
monthly compilation, review, and sign off of control values. The final 
review of the control spreadsheets is performed by one of the labo- 
ratory supervisory staff on a monthly basis. 


Procedure 
HPLC Operating Parameters 
1. LC-MS/MS HPLC pump 
Mobile phase flow rate: 1.0 mL/min 
Pressure limit: set at 3000 psi 
Refer to manual for maintenance and trouble shooting of pump 
problems 
2. LC-MS/MS Autosampler 
Injection volume = 10 UL 


MS/MS Operating Parameters 

. Electrospray source voltage = —5000 V 

. Source assist gas (zero grade air) = setting 40 

. Source drying gas (zero grade air) = setting 40 

. Source temperature = 280 °C 

Orifice = -51V 

. Collision energy = 27 V 

. Collision gas (nitrogen) = setting 3 

. Q1/Q3 resolution = unit mass (0.7 FWHM) 

. Selected reaction monitoring (SRM) mode transitions (Q1/Q3): 
VMA =m/z 197 to m/z 137 
*H;-VMA =m/z 200 to m/z 140 


CONAUNKRWNE 


Sample Analysis 

1. Check the samples for acceptable pH. Properly collected speci- 
mens will have a pH in the range 1 to 5. Collect an aliquot of urine 
on pediatric samples (<15 years) for creatinine determination. 
Urine-soaked filter paper specimens can be analyzed after recon- 
stitution of the urine in reverse-osmosis water, results being 
expressed as ug/mg creatinine. The method for reconstitution is 
as follows: Cut a strip from the filter paper about 4cm wide. Fan- 
fold the strip and place it into a 10-mL glass screw-capped test 
tube. For dried urine specimens that appear visually “dilute,” a 6- 
cm wide strip may be used. Add about 10 mL of RO water (water 
produced by reverse-osmosis) to the vial and cap. Let the urine 
elute from the filter paper in the vial at room temperature for at 
least 15 minutes, inverting occasionally. Do not shake; vigorous 
shaking or vortex is not advised as it tends to cause the filter paper 
to disintegrate, making subsequent steps difficult. After elution, 
aliquot the reconstituted specimen for creatinine determination, 
and use as directed in the subsequent steps. 

2. To a 10- x 75-mm tube, add 10uL of VMA-IS; 600UL of urine 
sample, or reconstituted urine from filter paper; and 600 UL of RO 
water. Vortex to mix. 

3. The sample tubes are now ready for automated SPE. Using an 
automatic processor (Gilson ASPEC, or similar device), the SPE 
columns are conditioned by adding 1mL methanol, which is 
allowed to drain through, followed by 1mL of reverse-osmosis 
water. A 1-mL aliquot of the diluted urine specimen is added to 
the SPE column and allowed to drain through. Following a wash 
with 0.5mL of reverse-osmosis water, VMA and 7H;-VMA are 
eluted in 1 mL of methanol. 
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METHOD 29-9 Determination of Urinary Vanillylmandelic Acid by LC-MS/MS—cont’d 


4. The eluate tubes are removed from the processor and placed in an 
evaporator with a water bath at 30 °C under a gentle stream of 
nitrogen. Evaporate the eluate tubes just to dry. 

5. Remove the eluate tubes from the evaporator and let them cool 
to room temperature briefly. Add 1.0mL of VMA LC-MS/MS 
mobile phase. Vortex to dissolve the residue and mix well. Trans- 
fer a 200-uL aliquot of the solution to an autosampler vial and 
cap. Samples are now ready for analysis. 

Note: For specimens that are <0.01 mg/L, the amount of mobile 
phase used to reconstitute can be decreased to 100 uL. 


Calculations 

A7-point calibration curve is run each time that a new internal stan- 
dard solution (VMA-IS) is prepared. The calibrator concentrations 
are 1.03, 2.08, 4.17, 8.33, 12.50, 16.7, and 20.0mg/L of VMA. The 
amount of VMA-IS added to each sample is 2.5 mg/L. Normal and 
elevated VMA controls are calculated against each new calibration 
and the current QC mean to validate the new calibration. Both 
controls must also be acceptable to validate the new calibration. VMA 
concentrations greater than 20mg/L will be repeated at a dilution 
with water. The table below indicates how to prepare the calibrators, 
which are then prepared by SPE as for urine specimens. 


VMA-IS, VMA Working RO Water, mg Theoretical 
STD WL Calibrator, yL = pL VMA Ratio 
1 10 62 1138 1.03 0.2500 
2 10 125 1075 2.08 0.5000 
3 10 250 950 4.17 1.0000 
4 10 500 700 8.33 2.0000 
5 10 750 450 12.50 3.0000 
6 10 1000 200 16.67 4.0000 
7 10 1200 0 20.0 4.800 


Comments 

1. Any sample with a value <0.01 mg/L is repeated with a 100uL 
mobile phase reconstitution volume. 

2. Any value >20mg/L must be diluted and brought into the 
linearity range. Subsequent results will be multiplied times the 
appropriate dilution factor and the results reported accordingly. 

3. Quantitation of VMA has been valuable in the diagnosis 
and follow-up of patients with pheochromocytoma and related 
neurogenic tumors. 

4. A blank (reverse-osmosis water substituted for urine sample) will 
be run after the elevated control in each analysis batch and 
reviewed for potential autosampler carryover. 


Reference Intervals 


Age VMA, urine 

<1 year <27 ug VMA/mg Creatinine 
21 year <18 

2-4 years <13 

5-9 years <8.5 

10-14 years <7 

Adults <8 mg VMA/24 hours 
Reference 


Magera MJ, Thompson AL, Matern D, Rinaldo P. A liquid chro- 
matography-tandem mass spectrometry method for the determi- 
nation of vanillylmandelic acid in urine. Clin Chem 2003;49: 
825-6. 


METHOD 29-10 Determination of Urinary Homovanillic Acid (3-Methoxy-4-Hydroxyphenylacetic Acid) 


by HPLC/EC 


Submitted by Thomas G. Rosano, Ph.D. 
Department of Pathology and Laboratory Medicine, Albany Medical 
College and Hospital, Albany, N.Y. 


Principle 

An aliquot of urine is mixed with an internal standard (iso-VMA) 
and then applied to a strongly basic anion-exchange resin that has 
been preconditioned with an acetate buffer. HVA is eluted with acetic 
acid in ethanol and subsequently resolved by reversed-phase HPLC 
under optimized isocratic conditions. The HVA concentration is 
determined electrochemically using an amperometric detection 
system. 


Specimen Collection and Storage 

A complete 24-hour urine collection is recommended because vari- 
ations in HVA excretion occur throughout the day. Shorter collection 
times may be useful provided that HVA results are expressed per mil- 
ligram of creatinine. The urine should be collected in a clean con- 
tainer that contains acid as a stabilizing preservative (e.g., 10 mL of 
HCl, 6mol/L, for a 24-hour collection). The specimen should be 


refrigerated during collection. The total urine volume is measured 
and recorded; a 50-mL aliquot is stored at 4 °C until the test is 
performed or may be frozen and stored indefinitely. No dietary 
restrictions during urine collection are necessary. Urine may also be 
collected on filter paper. 


Reagents 

1. Resin column filled with strongly basic anion-exchange resin 
(Bio-Rad Laboratories, Catalog No. 195-5005). 

2. Sodium acetate, 2 mol/L. Dissolve 82 g of sodium acetate in dis- 
tilled water to a final volume of 0.5L. This solution is stable for 
1 month at 4 °C. 

3. Acetic acid, 2 mol/L. Dilute 57.5 mL of glacial acetic acid in dis- 
tilled water to a final volume of 0.5L. 

4. KH,PO,, 1 mol/L. Dissolve 68.05 g KH,PO, in distilled water to a 
final volume of 0.5 L. This solution is stable for 1 month at 4 °C. 

5. NaOH, 0.5 mol/L. Dissolve 2.0g NaOH in distilled water and 
dilute to 0.1 L. Store tightly capped. 

6. HCl, 0.05 mol/L. Dilute 1.0 mL of concentrated HCl in distilled 
water to a final volume of 0.25 L. 

Continued 
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METHOD 29-10 Determination of Urinary Homovanillic Acid (3-Methoxy-4-Hydroxyphenylacetic Acid) 


Te 


10. 


11. 


by HPLC/EC—cont’d 


Acetate buffer, 0.08 mol/L, pH 6.1. Mix 40 mL of sodium acetate, 
2 mol/L, with 1.2 mL of acetic acid, 2 mol/L. Dilute to 1 L. Adjust 
the pH to 6.10 + 0.05 with acetic acid, 2mol/L, or NaOH, 
0.5mol/L. This solution is stable for 1 month at 4 °C. 


. Elution reagent, acetic acid/ethanol. Mix 250mL acetic acid 


(2 mol/L), 250mL H,O, and 500mL ethanol (95%). This solu- 
tion is stable for 1 month at 4 °C. 


. HVA calibration solutions (Bio-Rad Laboratories, Catalog No. 


195-5006). Reconstitute with 25 mL 0.05 mmol/L HCl. Let stand 
10 minutes, then gently agitate to dissolve. Stable 30 days at 2 °C 
to 8 °C. 

Internal standard, iso-VMA (Bio-Rad Laboratories, Catalog No. 
195-5213). Reconstitute with 25mL of methanol. Agitate gently 
to dissolve. Stable 3 months at 2 °C to 8 °C. 

Mobile phase, ethanol/phosphate buffer. Combine 965mL of 
deionized H,O, 20mL 1mmol/L KH;PO,, and 15mL 2 mol/L 
phosphoric acid. Mix well and allow 5 minutes for equilibration. 
Check pH on a pH meter. If necessary, adjust pH to 2.3 +0.05 
with 2mol/L phosphoric acid or 0.5mol/L sodium hydroxide. 
Add 90mL of ethanol (100%), 5mL methanol, and 25mL 
isopropanol and mix another 2 to 3 minutes. Filter by suction 
through a 0.45-um filter and store capped at 2 °C to 8 °C. 


Instrumentation 

A commercially available HPLC system, equipped with a 4.6-mm LD. 
x 25-cm, reversed-phase Cı, column (average particle diameter, 
5 um), and either a glassy-carbon or porous-graphite cells, adaptable 
for use in electrochemical detection, is required. 


Procedure 
Sample Preparation 


l. 


2. 


Pipette 3.0 mL of calibrators, controls, and patient urine samples 
into labeled 16 x 150-mm tubes. 

To each tube, add 200 uL of the internal standard solution (iso- 
VMA), 5.0 mL of acetate buffer (0.08 mol/L, pH 6.1), and 0.1 mL 
NaOH (0.5 mol/L). 


. Mix well and check pH. pH must be in the range of 5.0 to 


7.0. If necessary, adjust pH with 0.1-mL aliquots of NaOH 
(0.5 mol/L) or acetic acid (2 mol/L). 


Isolation of Analyte 


4. 


Label one anion-exchange resin column for each calibrator, 
control, and urine sample to be run. Prepare the columns, about 
five or six at a time, by shaking them up and down until the resin 
is completely suspended. 


. Insert each column into a suitable support rack and allow the 


resin to settle. 


. Remove caps, snap off the tips, and allow the columns to drain 


into a waste drainage tray. 


. Rinse each column three times with 5mL of acetate buffer 


(0.08 mol/L, pH 6.1). Discard the eluates. 


. Quantitatively transfer urine samples into the appropriate 


columns and allow to drain completely. 


. Rinse each sample tube with 5mL of acetate buffer. Apply the 


rinse solution to the respective columns and allow to drain 
completely. 


10. 


11. 


Replace the drainage tray with a rack containing clean 16 x 150- 
mm tubes. Make sure that columns are located above marked 
tubes so that sample will not be spilled. 

Dispense 2 x 6 mL of elution reagent into each column and allow 
column to drain completely. 

Note: The eluates may be stored overnight at room temperature 
and at —20 °C for longer periods of storage. 


High-Performance Liquid Chromatography Analysis 


12. Establish the optimal operating conditions of the chromato- 
graphic and detection systems. Suggested conditions for a dual- 
cell porous graphite electrochemical detector are as follows: 
Flow rate: 1.0 mL/min 
Potential of detector cell No.1: 180 mV 
Potential of detector cell No.2: 460 mV 
Chart speed: 1.0 cm/min 

13. Inject 20UL each of calibrator, control, and patient sample onto 
the HPLC column. Figure A29-7 shows a representative chro- 
matogram of HVA extracted from human urine. 

Calculations 

1. Identify HVA and internal standard peaks based on relative reten- 


tion times (in minutes). Measure peak heights directly from the 
chromatographic tracings or obtain from the HPLC data pro- 
cessing system. 


. Calculate peak height ratios for each urine sample, urine control, 


and calibrator (peak height of HMA/peak height of internal 
standard). 


. Establish a linear regression curve from peak height ratios using 


the data obtained from the 5-, 10-, and 20-mg/L calibrators. 


1 yA 


0 2 4 6 8 10 
Retention Time (min) 


12 


Figure A29-7 Representative chromatogram of homovanillic 
acid (HVA) extracted from human urine. HVA (A) and iso-HVA 
(B) retention are identified on the chromatogram. 
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METHOD 29-10 Determination of Urinary Homovanillic Acid (3-Methoxy-4-Hydroxyphenylacetic Acid) 


by HPLC/EC—cont’d 


4. From the HVA calibrator curve, determine the concentrations of Reference 


unknowns (mg/L). 

5. Calculate 24-hour HVA excretion by multiplying HVA concen- 
tration (mg/L) by 24-hour urine volume (L). 

6. Calculate HVA excretion normalized for creatinine excretion by 
dividing HVA concentration (mg/L) by urine creatinine (g/L). 


Reference Intervals 


mmol/mol 
Age (yr) mg/d umol/d mg/g Creatinine Creatinine 
3-6 1.4-4.3 8-24 5.4-15.5 3.4-9.6 
6-10 2.1-4.7 12-26 4.4-11.5 2.7-7.1 
10-16 2.4-8.7 13-48 3.3-10.3 2.0-6.4 
16-83 1.4-8.8 8-48 


Binder SR, Sivorinovsky G. Measurement of urinary vanilmandelic 
acid and homovanillic acid by high-performance liquid chromato- 
graphy with electrochemical detection following extraction by 
ion-exchange and ion-moderated partition. J Chromatogr 1984; 
336:173-88. 


METHOD 29-11 Determination of Urinary Homovanillic Acid by LC-MS/MS 


Submitted by Mark J. Magera, M.A., Dietrich Matern, M.D., and 
Piero Rinaldo, M.D., Ph.D. 

Department of Laboratory Medicine and Pathology, Mayo Clinic and 
Foundation, Rochester, Minn. 


Principle 

Octadecyl (Cis) solid phase extraction (SPE) is performed on a 1 mL 
aliquot of either a 24-hour or random urine collection. The SPE 
column is eluted with 1 mL of methanol. The eluate is evaporated at 
30 °C to 40 °C under nitrogen and the residue reconstituted in 1 mL 
of 30% acetonitrile in 0.05% aqueous acetic acid. Liquid chro- 
matography-tandem mass spectrometry (LC-MS/MS) is performed 
by autosampler injection of 10 UL of the reconstituted specimen onto 
an AmideC16 HPLC column. The mobile phase flow rate is 1.0 mL/ 
min, with the LC column effluent flow diverted so that approximately 
200uUL/min is delivered to the MS/MS electrospray probe tip. 
Homovanillic acid (HVA) elutes apart from the bulk of the specimen 
matrix at a retention time of approximately 1.5 minutes. HVA is 
quantitated using a custom synthesized stable isotope labeled inter- 
nal standard (°C,'8O-HVA) from calibration over a concentration 
range 0.52 to 16.7 mg/L. 


Specimen Collection and Storage 
The preferred specimen is a 24-hour urine collected into 25mL of 
50% glacial acetic acid. 

For low urine volumes, and infants and children under the age of 
5 years, use 15mL of 50% glacial acetic acid. Boric, nitric, and 
hydrochloric acids are also acceptable preservatives if the pH of the 
collected specimen is in the range 1 to 5. A random or 4-hour urine 
collection is acceptable on pediatric (up to 14 years) submissions if 
sent to the laboratory immediately after collection. Random urine 
samples collected on filter paper are also acceptable, but the sensi- 
tivity of the method is greater on an aliquot from a 24-hour speci- 
men than on random specimens or dried urine on filter paper. Dried 
filter paper specimens also typically exhibit more variability. 


Reagents 

1. Acetonitrile, HPLC grade. 

2. Acetic acid, glacial (CH;COOH), analytical grade. 

3. LC-MS/MS mobile phase, 30% acetonitrile in 0.05% aqueous 
acetic acid. Prepare as necessary by mixing 600 mL of acetonitrile 
with 1400 mL of reverse-osmosis water and add 1 mL glacial acetic 
acid, mixing well. 

4. HVA internal standard (HVA-IS), 0.500 mg/mL. Prepare by dis- 
solving 5.0 mg of °C,'"O-HVA in 10 mL of 0.1 mol/L HCl in a vol- 
umetric flask. Store refrigerated. Stable for 3 months. 

5. HVA stock calibrator, 1.00 mg/mL. Prepare by dissolving 10.0 mg 
HVA in 10 mL of 0.1 mol/L HCl in a volumetric flask. Store refrig- 
erated. Stable for 3 months. 

6. HVA working calibrator, 20 mg/L. Prepare by diluting 2.0 mL HVA 
stock calibrator to 100 mL with reverse-osmosis water in a volu- 
metric flask, mixing well. Store refrigerated. Stable for 3 months. 

7. Hydrochloric acid, concentrated, analytical grade. 

8. Hydrochloric acid, 0.1 mol/L. Prepare by diluting 4.2mL con- 
centrated HCI to 500mL with reverse-osmosis water in a volu- 
metric flask, mixing well. Store at room temperature. Stable 
indefinitely. 


Instrumentation 
A commercially available bench-top tandem mass spectrometer 
(Applied Biosystems/SCIEX API 2000 MS/MS with Turbo IonSpray 
interface source, or equivalent) is suitable, accompanied by HPLC 
pump and autosampler (Perkin Elmer [PE] Series 200 isocratic LC 
pump, PE Series 200LC autosampler, or equivalent). The HPLC 
column is a Discovery RP-AmideC16 (Supelco) 5cm x 4.6mm, 5 um 
particle size. Several SPE columns have been evaluated and validated: 
(1) Bond Elut Cis (Varian No. 1210-2001), ImL (100mg); (2) Oasis 
HLB, (Waters) 1mL (30mg); and (3) Strata X, 33um polymeric 
sorbent (Phenomenex No. 8B-S100-TAK), 1mL (30 mg). Additional 
equipment used includes an automated SPE sample processor (Gilson 
ASPEC, or equivalent), and an evaporator (Zymark Turbo-Vap). 
Continued 
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METHOD 29-11 Determination of Urinary Homovanillic Acid by LC-MS/MS—cont’d 


Quality Control 

Two controls (normal, elevated) are included in every run. Both urine 
controls are prepared in-house. Urine containing acetic acid preser- 
vative is obtained (approximately 2 L per control). The normal urine 
control is prepared by simply aliquoting and freezing the urine. 
Normal urine HVA is generally 1 to 4mg/L. The elevated urine 
control is prepared by spiking the urine with approximately 18 mL 
of the HVA stock calibrator per liter of urine. The target range is 
approximately 15mg/L. The spiked urine is mixed well, aliquoted, 
and stored frozen. Controls are stable for 2 years when kept frozen. 
The mean HVA and standard deviation are calculated from a 
minimum of 10 interassay values for each control. Routine assay 
control values are entered into a spreadsheet (MS Excel) that auto- 
matically plots the value in relation to the mean. As a general rule, 
control values that fall within + 2SD of the mean are acceptable and 
require no further action. Any control values that are >2SD and 
shifts/trends require review by a supervisor or designee, and a com- 
pleted HVA Quality Report if indicated. Any control values that are 
>3SD require a completed HVA Quality Report and the review of 
a supervisor or designee. The laboratory QC designee performs 
monthly compilation, review, and sign off of control values. The final 
review of the control spreadsheets is performed by one of the labo- 
ratory supervisory staff on a monthly basis. 


Procedure 
HPLC Operating Parameters 
1. LC-MS/MS HPLC pump 
Mobile phase flow rate: 1.0 mL/min 
Pressure limit: set at 3000 psi 
Refer to manual for maintenance and trouble shooting of pump 
problems 
2. LC-MS/MS autosampler 
Injection volume = 10 UL 


MS/MS Operating Parameters 

Electrospray source voltage = —5000 V 

Source assist gas (zero grade air) = setting 40 
Source drying gas (zero grade air) = setting 40 
Source temperature = 250 °C 

Orifice = -27V 

Collision energy = 15V 

Collision gas (nitrogen) = setting 3 

Q1/Q3 resolution = unit mass (0.7 FWHM) 
Selected reaction monitoring (SRM) mode transitions (Q1/Q3): 
HVA = m/z 181 to m/z 137 

8C,'8O-HVA = m/z 189 to m/z 145 


eS ON Se NS 


Sample Analysis 

1. Check the samples for acceptable pH. Properly collected speci- 
mens will have a pH in the range 1 to 5. Collect an aliquot of urine 
on pediatric samples (<15 yr) for creatinine determination. Urine- 
soaked filter paper specimens can be analyzed after reconstitution 
of the urine in reverse-osmosis water, results being expressed 
as ug/mg creatinine. The method for reconstitution is as follows: 
Cut a strip from the filter paper, about 4cm wide. Fan-fold the 
strip and place it into a 10mL glass screw-capped test tube. For 
dried urine specimens that appear visually “dilute,” a 6-cm wide 
strip may be used. Add about 10 mL of RO water (water prepared 


by reverse-osmosis) to the vial and cap. Let the urine elute from 
the filter paper in the vial at room temperature for at least 15 
minutes, inverting occasionally. Do not shake as vigorous shaking 
or vortex tends to cause the filter paper to disintegrate, making 
subsequent steps difficult. After elution, aliquot the reconstituted 
specimen for creatinine determination, and use as directed in the 
subsequent steps. 

2. To a 10- x 75-mm tube, add 10uL of HVA-IS, 1200UL of urine 
sample, or reconstituted urine from filter paper. Vortex to mix. 

3. The sample tubes are now ready for automated SPE. Using an 
automatic processor (Gilson ASPEC, or similar device), the SPE 
columns are conditioned by the adding 1 mL methanol, which is 
allowed to drain through, followed by 1mL of reverse-osmosis 
water. A 1 mL aliquot of the diluted urine specimen is added to 
the SPE column and allowed to drain through. Following a wash 
with 0.5 mL of reverse-osmosis water, HVA and %C,'8O-HVA are 
eluted in 1 mL of methanol. 

4. The eluate tubes are removed from the processor and placed in an 
evaporator with a water bath at 30 °C under a gentle stream of 
nitrogen. Evaporate the eluate tubes just to dry. 

5. Remove the eluate tubes from the evaporator and let them cool 
to room temperature briefly. Add 1.0mL of HVA LC-MS/MS 
mobile phase. Vortex to dissolve the residue and mix well. Trans- 
fer a 200 uL aliquot of the solution to an autosampler vial and cap. 
Samples are now ready for analysis. 

Note: For specimens that are <0.01 mg/L, the amount of mobile 
phase used to reconstitute can be decreased to 100 uL. 


Chromatograms 
Figure A29-8 shows representative selected reaction monitoring 
(SRM) chromatograms of HVA and HVA-IS extracted from urine. 
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Figure A29-8 LC-MS/MS analysis of HVA urine. Peak legend: 
I, HVA; 2, '°C'® O-HVA (internal standard, 5 mg/L). A, HVA 
calibrator 1.04mg/L; B, normal urine HVA 1.8 mg/L; C, elevated 
urine HVA 16.7 mg/L. (From Magera MJ, Stoor A, Helgeson JK, 
Matern D, Rinaldo P. Determination of homovanillic acid in urine by 
stable isotope dilution and electrospray tandem mass spectrometry. 
Clin Chim Acta 2001; 306:35-41.) 
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METHOD 29-11 Determination of Urinary Homovanillic Acid by LC-MS/MS—cont’d 


Calculations 

A 7-point calibration curve is run each time that a new internal stan- 
dard solution (HVA-IS) is prepared. The calibrator concentrations 
are 0.52, 1.04, 2.08, 4.16, 8.33, 16.7, and 20.0mg/L of HVA. The 
amount of HVA-IS added to each sample is 4.17 mg/L. Normal and 
elevated HVA controls are calculated against each new calibration 
and the current QC mean to validate the new calibration. Both con- 
trols must also be acceptable to validate the new calibration. HVA 
concentrations greater than 20mg/L will be repeated at a dilution 
with water. The table below indicates how to prepare the calibrators, 
which are then prepared by SPE as for urine specimens. 


HVA-IS, HVA Working OR Water, mg/L Theoretical 

STD pL Calibrator, WL pL HVA Ratio 

1 10 31 1169 0.52 0.1250 

2 10 62 1138 1.04 0.2500 

3 10 125 1075 2.08 0.5000 

4 10 250 950 4.16 1.0000 

5 10 500 700 8.33 2.0000 

6 10 1000 200 16.7 4.0000 

7 10 1200 0 20.0 4.8000 
Comments 


1. Any sample with a value <0.01 mg/L is repeated with a 100-uL 
mobile phase reconstitution volume. 

2. Any value >20 mg/L must be diluted and brought into the linear- 
ity range. Subsequent results will be multiplied times the appro- 
priate dilution factor and the results reported accordingly. 


3. Urinary HVA, a metabolite of dopamine, is frequently measured 
to support a diagnosis of neuroblastoma and pheochromocytoma 
and is useful in monitoring treated patients. 

4. A blank (reverse-osmosis water substituted for urine sample) 
will be run after the elevated control in each analysis batch and 
reviewed for potential autosampler carryover. 

5. Administration of L-dopa may result in elevated HVA values. 


Reference Intervals 


Age HVA, urine 

<lyr <35 ug/mg creatinine 

1-2 <23 

2-5 <13.5 

5-10 <9.0 

10-15 <12.0 

Adult <8 mg/24 hr 
Reference 


Magera MJ, Stoor A, Helgeson JK, Matern D, Rinaldo P. Determina- 
tion of homovanillic acid in urine by stable isotope dilution and 
electrospray tandem mass spectrometry. Clin Chim Acta 2001;306: 
35-41. 


METHOD 29-12 Determination of Urinary 5-Hydroxyindoleacetic Acid by Quantitative HPLC 


Submitted by Ronald J. Whitley, Ph.D. Department of Pathology and 
Laboratory Medicine, College of Medicine, University of Kentucky 
Medical Center, Lexington, Ky. 


Principle 
Diluted urine samples are analyzed without sample preparation 
using reversed-phase HPLC with electrochemical detection. 


Specimen Collection and Storage 

A 24-hour urine specimen is recommended, since 5-HIAA concen- 
trations in random urine specimens are extremely variable. Shorter 
(or longer) collection times may be acceptable provided results are 
expressed per milligram of creatinine. Because 5-HIAA is light sen- 
sitive, urine should be collected in 2-L brown polypropylene con- 
tainers. The specimen may be collected with or without preservatives. 
In view of conflicting reports, however, the addition of a stabilizing 
preservative to the urine container is encouraged (e.g., 0.5g boric 
acid; 10mL HCl, 6mol/L; 25mL glacial acetic acid). Most impor- 
tantly, the specimen should be refrigerated during collection. On 
receipt in the laboratory, the urine specimen is thoroughly mixed and 
the total volume measured and recorded. If the specimen is not col- 
lected with an acid preservative, then the pH of the urine may now 
be adjusted to between 2 and 3 by addition of HCl, 6 mol/L. Acidi- 
fied urine can be stored at 4 °C for 2 to 4 weeks and for longer periods 
of time at —20 °C. False-negative results may occur in patients taking 


phenothiazine drugs. The ingestion of foods high in hydroxyindole 
content (e.g., bananas, avocados, red plums, eggplants, pineapples, 
kiwi fruit, walnuts, hickory nuts, and tomatoes) or cough medica- 
tions containing glycerol guaiacolate may lead to false-positive 
results. Therefore these drugs and foods should be restricted 3 to 4 
days before and during the collection. 


Reagents 

1. Acetic acid, 6mol/L. Dilute 34.5mL of glacial acetic acid to 
100 mL with distilled water. Stable for 1 year at room temperature. 

2. Acetate buffer, 0.1 mol/L, pH 5. Transfer 1.5mL of acetic acid, 
6mol/L, and 1.3g of sodium acetate to a 250-mL volumetric 
flask. Dissolve and dilute to the mark with distilled water. Stable 
for 1 year at room temperature. 

3. 5-HIAA calibrators. 

a. Stock calibrator, 500 mg/L. Weigh and transfer 25mg of 5- 
HIAA to a 50-mL volumetric flask. Dissolve in 40 mL of water. 
Adjust the pH to <3 with concentrated HCI. Dilute to the mark 
with water. Store in a dark brown bottle at 4 °C. Discard after 
1 month. 

b. Working calibrator, 50 mg/L. Dilute 1 mL of the stock solution 
to 10mL with water. Prepare fresh before use. 

4. Mobile phase. Add the following reagents to 1500 mL of distilled 
water: 54 mL of concentrated NH,OH, 69 mL of glacial acetic acid, 
and 0.2g of Na,EDTA. Adjust pH to 5.1 with either acetic acid 

Continued 
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METHOD 29-12 Determination of Urinary 5-Hydroxyindoleacetic Acid by Quantitative 


HPLC—cont’d 


(6 mol/L) or NH,OH (6 mol/L). Then add 20 mL of methanol and 
20mL of acetonitrile. Dilute to 2 L with distilled water, mix, and 
filter. Degas for 15 minutes. Prepare fresh daily. 


Instrumentation 

A commercially available HPLC system equipped with a 25-cm x 4.6- 
mm, reversed-phase Cı, column (average particle diameter 5m) 
and a glassy-carbon electrochemical detector is suitable. 


Quality Control 

Two urine controls are included in every run. For example, Bio-Rad 
Lyphochek Quantitative Urine Control, Levels 1 and 2 (Bio-Rad 
Clinical Diagnostics Group, Hercules, Calif.) are reconstituted each 
day with distilled water. 


Procedure 

1. Pipette 4mL of sodium acetate buffer into labeled 13 x 100-mm 
tubes. 

2. Add 100uL of working HIAA calibrator, specimens, and urine 
controls to their respective tubes. Mix in a vortex mixer. 

3. Establish operating conditions of the chromatographic and detec- 
tion systems. Suggested conditions are: 


Potential: 500 mV 
Sensitivity: 100 mA/V 
Flow rate: 1.0 mL/min 
Chart speed: 0.5cm/min 


4. Inject 15 uL of each sample onto the HPLC column. 


Chromatogram 
Figure A29-9 shows a representative chromatogram of 5-HIAA 
extracted from urine. 


Calculations 
1. Identify 5-HIAA based on relative retention times (in minutes). 
Measure peak heights directly from the chromatographic tracings 
or obtain from the HPLC data processing system. 
2. Calculate concentrations of unknowns: 
HIAA =H,/H, x C, 
where 
HIAA = unknown 5-HIAA concentration (mg/L) 
H, = peak height of unknown 
H. = peak height of calibrator 
G = concentration of 5-HIAA working calibrator (50 mg/L) 
3. Calculate 24-hour 5-HIAA excretion by multiplying 5-HIAA 
concentration (mg/L) by 24-hour urine volume (L). 


Comments 

1. Specimens having a concentration greater than 50 mg/L must be 
diluted with water and repeated. 

2. Inclusion of an internal standard may improve assay precision. 5- 
Hydroxyindole-2-carboxylic acid is available commercially for 


20 nA 
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Figure A29-9 Representative chromatogram of 5-hydroxy- 
indoleacetic acid (5-HIAA) extracted from human urine. 5-HIAA 
(A) and internal standard (B) retention are identified on the 
chromatogram. 


this purpose and can be added to all assay tubes before HPLC 
analysis (e.g., 100 UL of a 50-mg/L solution). The composition of 
the mobile phase, however, may need to be adjusted slightly to 
resolve the internal standard from interfering substances. Internal 
standard peaks are identified from the chromatographic tracing, 
and peak heights are measured. Peak height ratios are then calcu- 
lated for each urine sample, urine control, and calibrator (peak 
height of 5-HIAA/peak height of internal standard). These peak 
height ratios are used to calculate concentrations of unknowns. 


Reference Intervals 
Representative reference intervals for adults using HPLC are as 
follows: 


1-7 mg/d [6-37 umol/d] 
0-6.6 mg/g creatinine [0-3.9 Umol/mmol creatinine] 


Reference 

Modified from Chou PP, Jaynes PK. Determination of urinary 
5-hydroxyindole-3-acetic acid using solid-phase extraction and 
reversed-phase, high-performance liquid chromatography with 
electrochemical detection. J Chromatogr 1985;341:167-71. 
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METHOD 29-13 Determination of Urinary 5-Hydroxyindole-3-Acetic Acid by LC-MS/MS 


Submitted by Mark J. Magera, M.A., Dietrich Matern, M.D., and 
Piero Rinaldo, M.D., Ph.D. 

Department of Laboratory Medicine and Pathology, Mayo Clinic and 
Foundation, Rochester, Minn. 


Principle 

Octadecyl (Cis) solid phase extraction (SPE) is performed on a 0.5- 
mL aliquot of a 24-hour urine collection. The SPE column is eluted 
with 1 mL of 20% acetonitrile in 0.05% aqueous formic acid. Liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) is per- 
formed by autosampler injection of 10 uL of the reconstituted spec- 
imen onto an AmideC16 HPLC column. The mobile phase flow rate 
is 1.0mL/min, with the LC column effluent flow diverted so that 
approximately 200 L/min is delivered to the MS/MS electrospray 
probe tip. 5-hydroxyindole-3-acetic acid (5-HIAA) elutes apart from 
the bulk of the specimen matrix at a retention time of approximately 
1.5 minutes. 5-HIAA is quantitated using a custom synthesized stable 
isotope labeled internal standard (7H,-HIAA) from calibration over 
a concentration range up to 150 mg/L. 


Specimen Collection and Storage 
The preferred specimen is a 24-hour urine collected into 25mL of 
50% glacial acetic acid. 

For low urine volumes, and infants and children under the age of 
5 years, use 15mL of 50% glacial acetic acid. Other urine preserva- 
tives are also acceptable, including boric, nitric, and hydrochloric 
acids along with sodium carbonate, toluene, and thymol. 5-HIAA is 
stable in properly preserved refrigerated specimens for up to 7 days 
and stable for long periods if specimens are kept frozen at —20 °C. 
Spot (random) or nonpreserved urine collections are unacceptable. 
Foods containing high levels of serotonin—including walnuts, 
hickory nuts, plantain, pineapple, bananas, kiwi, plums, tomatoes, 
avocados, dates, grapefruit, cantaloupe, or honeydew melon—should 
not be consumed for at least 48 hours before urine collection. Addi- 
tionally, some drugs affecting serotonin levels will affect 5-HIAA 
levels. 


Reagents 

1. Methanol, HPLC grade. 

2. Acetonitrile, HPLC grade. 

3. Formic acid (HCOOH), 98% to 100%, analytical ACS reagent 
grade. 

4. LC-MS/MS mobile phase, 20% acetonitrile in 0.05% aqueous 
formic acid. Prepare as necessary by mixing 200 mL of acetoni- 
trile with 800mL of reverse-osmosis water and add 0.500mL 
formic acid, mixing well. 

5. Acetic acid, glacial (CH,COOH), analytical grade. 

6. Acetic acid, 1%. Prepare by diluting 10 mL of glacial acetic acid 
to 1000mL with reverse-osmosis water in a volumetric flask. 
Store at room temperature. Stable indefinitely. 

7. 5-HIAA internal stock standard (HIAA-IS), 1 mg/mL. Prepare by 
dissolving 25.0 mg of *H,-HIAA in 25 mL of methanol in a vol- 
umetric flask. Store refrigerated. Stable for 6 months. 

8. 5-HIAA stock calibrator, 1.00mg/mL. Prepare by dissolving 
100 mg 5-HIAA in 100 mL of 1% acetic acid in a volumetric flask. 
Store refrigerated. Stable for 6 months. 


9. HIAA-IS working calibrator, 10mg/L. Prepare by diluting 
2.0mL HIAA-IS stock calibrator to 200 mL with 1% acetic acid 
in a volumetric flask, mixing well. Store refrigerated. Stable for 
1 month. 

10. 5-HIAA working calibrators. Prepare using the following table. 
Stable for 3 months when stored refrigerated in amber bottles. 


5-HIAA Working Amount (mL) of 


Calibrator 1mg/mL Stock Total Volume (mL) 
Conc. (g/mL) 5-HIAA Calibrator 1% Acetic Acid 
Blank (0) 
5 1 200 

12.5 125 100 

25 5 200 
150 15 100 
Instrumentation 


A commercially available bench-top tandem mass spectrometer 
(Applied Biosystems/SCIEX API 2000 MS/MS with Turbo IonSpray 
interface source, or equivalent) is suitable, accompanied by HPLC 
pump and autosampler (Perkin Elmer [PE] Series 200 isocratic LC 
pump, PE Series 200LC autosampler, or equivalent). The HPLC 
column is a Discovery RP-AmideC16 (Supelco) 5cm x 4.6mm, 5 um 
particle size. Several SPE columns have been evaluated and validated 
and include: BondElut C,s Extraction Cartridges, (Varian No. 1210- 
2001), ImL (100mg), Discovery DSC-18 (Supelco No.52602-U) 1 mL 
(100mg) and Cıs SPE Cartridge (Zorbax No.5184-3590), 1mL 
(100mg). The following alternate SPE columns may be used if the 
eluting solvent in the procedure is substituted with 30% acetonitrile 
in reverse-osmosis water: Strata C),-E (Phenomenex No. 8B-S001- 
EAK-S), 1mL (100mg), or Oasis HLB (Waters, No. WAT094225), 
1mL (30mg). Additional equipment used includes an automated 
SPE sample processor (Gilson ASPEC, or equivalent) and an evapo- 
rator (Zymark Turbo-Vap). 


Quality Control 
Two controls (normal, elevated) are included in every run. Both urine 
controls are prepared in-house. Urine containing acetic acid preser- 
vative is obtained (approximately 2 L per control). The normal urine 
control is prepared by simply aliquoting and freezing the urine. 
Normal urine 5-HIAA is generally 1 to 4mg/L. The elevated urine 
control is prepared by spiking the urine with approximately 18 mL 
of the 5-HIAA stock calibrator per liter of urine. The target range is 
approximately 15mg/L. The spiked urine is mixed well, aliquoted, 
and stored frozen. Controls are stable for 2 years when kept frozen. 
The mean 5-HIAA and standard deviation are calculated from a 
minimum of 20 interassay values for each control. Routine assay 
control values are entered into a spreadsheet (MS Excel) that auto- 
matically plots the value in relation to the mean. As a general rule, 
control values that fall within +2 SD of the mean are acceptable and 
require no further action. Any control values that are >2SD and 
shifts/trends require review by a supervisor or designee, and a com- 
pleted HIAA Quality Report if indicated. Any control values that are 
>3 SD require a completed HIAA Quality Report and the review of a 
supervisor or designee. The laboratory QC designee performs 
monthly compilation, review, and sign off of control values. The final 
review of the control spreadsheets is performed by one of the labo- 
ratory supervisory staff on a monthly basis. 

Continued 
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METHOD 29-13 Determination of Urinary 5-Hydroxyindole-3-Acetic Acid by LC-MS/MS—cont’d 


Procedure 
HPLC Operating Parameters 
1. LC-MS/MS HPLC pump 
Mobile phase flow rate: 1.0 mL/min 
Pressure limit: set at 3000 psi 
Refer to manual for maintenance and trouble shooting of pump 
problems 
2. LC-MS/MS autosampler 
Injection volume = 10 uL 


MS/MS Operating Parameters 

Electrospray source voltage = —5000 V 

Source assist gas (zero grade air) = setting 30 
Source drying gas (zero grade air) = setting 55 
Source temperature = 250 °C 

Orifice = —36 V 

Collision energy = 13 V 

Collision gas (nitrogen) = setting 3 

Q1/Q3 resolution = unit mass (0.7 FWHM) 
Selected reaction monitoring (SRM) mode transitions (Q1/Q3): 
5-HIAA = m/z 190 to m/z 146 

°H,-HIAA = m/z 196 to m/z 152 


SN oy Gee Po 


Sample Analysis 

1. To a 10 x 75-mm tube, add 500UL of working HIAA-IS and 
500uL of urine sample or 5-HIAA calibrator (see Reagents 10.) 
Vortex to mix. 

2. The sample tubes are now ready for automated SPE. Using an 
automatic processor (Gilson ASPEC, or similar device), the SPE 
columns are conditioned by adding 1 mL of methanol, which is 
allowed to drain through, followed by 1mL of reverse-osmosis 
water. 1mL of the diluted urine specimen is added to the SPE 
column and allowed to drain through. Following a wash with 
0.5mL of reverse-osmosis water, 5-HIAA and *H,-HIAA are 
eluted in one mL of LC-MS/MS mobile phase (see Reagents). 

3. Vortex the eluate tubes to dissolve the residue. Transfer a 200-uL 
aliquot of the solution to an autosampler vial and cap. Samples 
are now ready for analysis. 


Calculations 

A 5-point calibration curve is run each time that a new internal stan- 
dard solution (HIAA-IS) is prepared. The calibrator concentrations 
are 0.00, 5.00, 12.50, 25.00, and 150.00uUg/mL of 5-HIAA. The 
amount of HIAA-IS added to each sample is 5g. Normal and ele- 
vated 5-HIAA controls are calculated against each new calibration 
and the current QC mean to validate the new calibration. Both con- 
trols must also be acceptable to validate the new calibration. 5-HIAA 
concentrations greater than 150mg/L will be repeated at a dilution 
with water. The observed 5-HIAA concentration in mg/L is converted 
to mg 5-HIAA/24 hours by multiplying by the 24-hour urine volume 
in liters. 


Comments 

1. Normally 1% to 3% of dietary tryptophan is metabolized to sero- 
tonin. However, as much as 60% of this tryptophan is converted 
to serotonin in the intestinal carcinoid syndrome, argentaffinoma. 
5-HIAA is the major metabolite of serotonin and is excreted in 
the urine. 

2. Any 5-HIAA value >150 mg/L must be diluted and brought into 
the linearity range. Subsequent results will be multiplied times the 
appropriate dilution factor and the results reported accordingly. 
5-HIAA values less than 0.1 mg/L are reported as <0.1 mg/L. 

3. A blank (reverse-osmosis water substituted for urine sample) will 
be run after the elevated control in each analysis batch and 
reviewed for potential autosampler carryover. 


Reference Intervals 
<6 mg 5-HIAA/24 hours 


Reference 

Kroll CA, Magera MJ, Helgeson JK, Rinaldo P. Liquid chromato- 
graphic-tandem mass spectrometric method for the determina- 
tion of 5-hydroxyindole-3-acetic acid in urine. Clin Chem 2002; 
48:2049-51. 
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QUESTIONS CLINICIANS MAY ASK REGARDING 
THE STATUS OF INDIVIDUAL NUTRIENTS 


1. To what extent has there been adequacy of long-term 
nutrition? 

2. Is the total body content sufficiently low to cause major 
alterations in structure or function of individual tissue or 
organs? 

3. Has there been a short-term mismatch, either underpro- 
vision or overprovision that may put the patient at risk if 
this continues, but that is not yet causing structural or 
functional effects? 

4. Is any undersupply of such magnitude that there is a 
current need for nutritional supplements? 

5. Has supply been so excessive that a reduction in provi- 
sion is necessary? 

6. If the test were repeated, would it help to indicate the effi- 
cacy of the nutritional intervention? 

7. If results are particularly abnormal at this time, can they 
assist in giving an indication of prognosis? 

8. Is it possible to use results, either individually or in 
combination, to indicate relatively minor variations in 
nutritional status, which may, at some later date, put 
the patient at risk of a particular disease or group of 
diseases? 


ROLE OF LABORATORY IN NUTRITIONAL 
ASSESSMENT 


Use of laboratory tests will vary considerably, depending on 
the interest of clinical staff responsible for patients who have 
nutritional problems as part of their disease state, the local 


APPENDIX 3 0 


Vitamins and 
Trace Elements 


availability of relevant tests, and of course local systems 
for charging or reimbursement. However, some guidelines 
can be proposed for good practice, combining knowledge 
of nutritional requirements with clinical and laboratory 
assessments: 

1. Take a good clinical history to determine the likely risk 
of an inadequate or unbalanced diet, which might pre- 
dispose to some form of nutritional deficiency. 

2. Perform a careful clinical examination, looking for signs 
of muscle wasting, fat loss, skin rashes, or other evidence 
of specific nutritional deficiencies. 

3. Where there is evidence of a specific nutritional 
problem, perform the appropriate laboratory test for 
confirmation. After the blood sample has been taken, it 
may be appropriate to commence supplements before 
results are available. Clinical response to supplements 
is often a more specific test of deficiency than a plasma 
concentration. 

4. For most patients, provide a well-balanced nutritional 
intake to prevent the negative effects of correcting only 
part of the nutritional status. 

5. Provide sufficient trace elements and vitamins to prevent 
clinical deficiency states from occurring. This involves 
knowledge of requirements in health, modified by meta- 
bolic state and increased losses so that the approximate 
on-going daily requirement can be estimated. This can 
then be adjusted for the history of the patient, in terms 
of the probable recent intake and estimated losses, to 
allow an estimate of the amount required for repletion 
and maintenance. Most of the commonly used enteral 
and parenteral products provide some excess of all the 
trace elements and vitamins in relation to the normal 
daily requirements. Nonetheless some additional supply 
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may be needed, especially in patients with preexisting 
substantial depletion or large on-going losses. 

6. Attempt to prevent a subclinical deficiency state by using 
intakes that have been proved to have beneficial clinical 
effects in controlled clinical studies. There are only a few 
of these, but where such evidence is available, it should 
be used. 

7. Measure the plasma concentration of zinc, copper, sele- 
nium, and folate at the start of a period of nutritional 
support and every 2 to 4 weeks thereafter, depending 
upon the type of nutrition used and the clinical situa- 
tion of the patient. Interpret these results in the light of 
an assessment of the acute phase response to determine 
if the trend of results is likely to be beneficial. 

8. Use a biochemical indicator of the efficacy of antioxi- 
dant systems, such as malondialdehyde as a marker of 
oxidative damage. Although not yet in widespread 
use, such tests may prove helpful after more thorough 
evaluation. 

9. Since all trace elements are potentially toxic if given in 
excessive amounts, special care must be used when pro- 
viding such elements intravenously, especially if there is 
liver or kidney dysfunction. There has been substantial 
concern regarding excess intravenous provision of man- 
ganese leading to deposition in extrapyramidal tracts in 
the brain, causing a Parkinson’s disease condition. 

10. Most hospitals will have developed protocols for assess- 
ment and monitoring of patients who require 
nutritional support either intravenously or enterally. 
Laboratory staff should be aware of these protocols and 
should assist in their development to ensure that both 
the value and the limitations of particular tests in spe- 
cific patients are fully understood. 


CASE STUDIES* 
VITAMIN A 


A 14-year-old from the United States with a history of recur- 
rent cough and three episodes of pneumonia during the past 
3 years was hospitalized for evaluation of short stature and 
delayed puberty. Other symptoms included large, bulky 
stools; dry, rough skin; and difficulty with vision at night. 
Examination of his stool showed large amounts of fat, and a 
sweat chloride analysis was consistent with a diagnosis of 
cystic fibrosis of the pancreas. A serum vitamin A (retinol) 
analysis showed a concentration of 11ug/dL (0.4umol/L) 
(normal, 26-72 g/dL). This patient illustrates the following 
points: (1) vitamin A deficiency may occur in developed 
countries; (2) vitamin A deficiency commonly occurs in con- 
ditions associated with fat malabsorption, and such individ- 
uals should receive routine vitamin A supplements; and (3) 
deficiency of vitamin A leads not only to difficulties in dark 


*The authors gratefully acknowledge the original contributions of 
Donald B. McCormick, Harry L. Green, George G. Klee, and 
David B. Milne, on which portions of this appendix are based. 


adaptation, but also to abnormalities in pulmonary epithe- 
lium and skin and may be associated with an increased inci- 
dence of pulmonary infections. 


VITAMIN E 


A 47-year-old woman with progressive obstructive jaundice 
caused by sclerosing cholangitis for the past 10 years devel- 
oped a limp. Physical examination indicated weakness in 
both lower limbs and loss of deep tendon reflexes in both 
upper and lower limbs. Despite daily supplements of vitamin 
E, blood levels were too low to be accurately measured. Sub- 
sequent treatment with large doses (5 to 10 times the RDA) 
did not increase blood levels of vitamin E. However, sup- 
plements of tocopherol, as a succinate ester preparation, 
increased blood levels of vitamin E and improved muscle 
strength. This patient’s clinical picture demonstrates the fol- 
lowing points: (1) patients with chronic biliary tract disease 
are at risk for vitamin E deficiency; (2) clinical manifesta- 
tions of vitamin E deficiency are primarily neurological and 
manifest as weakness; (3) if treated early, these manifesta- 
tions are reversible but may require several months or 1 to 
2 years to develop; and (4) standard preparations of vitamin 
E are poorly absorbed in patients with chronic deficiency of 
intestinal bile acids, whereas the highly solubilized vitamin 
E succinyl ester is more readily absorbed in the absence of 
bile salts. 


VITAMIN K 


A 23-year-old was hospitalized because of a 3-week history 
of progressive jaundice and chalk-colored stools. During 
subsequent tests to determine the cause of complete obstruc- 
tion of bile flow, blood in the urine and feces was noted. A 
prolonged prothrombin time of 21 seconds was demon- 
strated. Vitamin K (1mg) administered intramuscularly 
resulted in a normal prothrombin time of 12 seconds within 
2 hours of the injection and in the resolution of the blood 
in urine and feces. This patient’s history demonstrates the 
following: (1) the depletion time of vitamin K is relatively 
short compared with that of other fat-soluble vitamins; (2) 
bile salts are required for the absorption of vitamin K; and 
(3) response to systemic administration of vitamin K is 
prompt. 


THIAMINE 

Study 1 

A 44-year-old man was having difficulty concentrating. His 
employer referred him for evaluation because of observed 
weight loss, poor memory, a recent reduction in job per- 
formance, and mild generalized muscle weakness. History 
indicated a long-term problem with excessive alcohol intake. 
Serum electrolytes showed evidence of an organic aciduria 
that was subsequently found to be caused by lactic acid. 
Plasma thiamine levels were undetectable, and erythrocyte 
thiamine pyrophosphate levels were 25% of normal. Treat- 
ment with systemic thiamine for 3 days, followed by daily 
oral thiamine, was associated with a gradual improve- 
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ment in central nervous system function during the next 
5 weeks. This patient illustrates thiamine (vitamin B,) defi- 
ciency from chronic alcoholism—one of the most common 
vitamin deficiency disorders of developed countries. If 
diagnosed early, most symptoms resolve with thiamine 
supplementation. 


Study 2 

A 55-year-old man was admitted to the ICU after a serious 
road accident with intraabdominal trauma requiring major 
surgery. He was commenced on TPN but had a stormy post- 
operative course with infection and persistent ileus. Two 
weeks later he developed progressive dyspnea, hypotension, 
and clouding of consciousness. Arterial blood gases showed 
pH.7.10, bicarbonate 6 mmol/L, PCO, 10.5 Kpa (60 mm Hg). 
His TPN had not contained any thiamine because of a lack 
of availability. High dose intravenous thiamine was given 
and his condition improved rapidly within 6 hours and the 
acidosis corrected over 48 hours. This case illustrates a rare 
but very serious form of beriberi (Shoshin beriberi), which 
is characterized by rapidly developing heart failure with 
severe metabolic acidosis. It is life-threatening and is most 
likely to occur where there is hypercatabolism with markedly 
increased carbohydrate metabolism along with inadequate 
thiamine supply. Diagnosis depends on clinical awareness 
and response to thiamine supplements; there is insufficient 
time for laboratory confirmation before thiamine must be 
given. 
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Velez RJ, Myers B, Guber MS. Severe acute metabolic aci- 
dosis (acute beriberi): an avoidable complication of 
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RIBOFLAVIN 

A 14-day-old exclusively breast-fed premature infant showed 
persistent jaundice and was treated for 30 minutes every 4 
hours by exposure to standard blue fluorescent lights for 
hyperbilirubinemia. During the next 2 weeks, he showed a 
progressive decrease in bilirubin but began to feed poorly 
and developed a rash around his mouth and nose. Plasma 
riboflavin levels and urinary excretion of riboflavin were 
undetectable. Treatment with multiple vitamin drops 
containing the RDA of riboflavin resulted in a prompt 
resolution of feeding problems and skin changes. This case 
emphasizes that the breast milk content of riboflavin, 
although adequate for normal infants, may not meet the 
needs of infants requiring light treatment for hyperbiliru- 
binemia. In this situation, light degrades riboflavin as well 
as activating it. Hence the dietary need is increased for 
riboflavin during treatment. The content of human milk 
riboflavin varies considerably among mothers. 


VITAMIN B, 


An infant who was born 6 weeks prematurely developed gen- 
eralized tonic seizures at 18 days of life. The pregnancy had 


been complicated by the discovery of active pulmonary 
tuberculosis in the mother 2 months before delivery, at 
which time treatment with streptomycin and isonicotinic 
acid hydrazide (INH) was initiated. The infant had been 
exclusively breast-fed. Blood for pyridoxine measurement 
was obtained, and 2mg of pyridoxine was given intra- 
venously. Seizure activity in the infant ceased during the next 
40 minutes and subsequent results of blood pyridoxine 
showed the plasma pyridoxal phosphate to be undetectable, 
as was the content of plasma pyridoxine and pyridoxal. Sup- 
plemental pyridoxine treatment for the mother was initiated, 
and no subsequent seizure activity occurred in the infant. 
This case emphasizes the following points: (1) INH interferes 
with the metabolism of vitamin B,, and patients should 
receive Bs supplements during treatment with this drug 
because it is also secreted in breast milk; (2) breast milk 
vitamin B, content is a function of vitamin B, nutriture; and 
(3) in the neonate, B, deficiency is manifested by seizures. 


NIACIN 

A 31-year-old man was treated with niacin at a dose of 6g 
daily for an elevated blood triglyceride level of 6.8 mmol/L 
(reference interval, 0.9 to 2.0mmol/L). Blood triglyceride 
levels declined to 2.1mmol/L during the subsequent 3 
months. After 6 months of treatment, he complained of 
fatigue and vague abdominal pain; his fasting blood glucose 
level was 14.6 mmol/L (normal, 3.9 to 5.0 mmol/L), and his 
insulin level was 210 U/mL. The niacin administration was 
discontinued for 48 hours and then reinitiated at a dosage of 
4g daily with subsequent improvement in symptoms and in 
blood glucose and insulin levels. This case emphasizes the 
following points: (1) pharmacological doses of niacin may 
be useful in the management of certain types of hyperlipi- 
demia; (2) a toxic effect of niacin is insulin resistance; and 
(3) the insulin resistance is dose dependent, and adminis- 
tration of the drug may be continued at a lower dose. 


BIOTIN 

Following superior mesenteric artery thrombosis, a 28-year- 
old woman had been receiving home TPN for 3 years and 
was maintaining weight and good health. She then started to 
develop mucocutaneous rashes in the mouth and perineal 
region. A clinical diagnosis of zinc deficiency was made, but 
despite increased zinc provision, she developed progressive 
alopecia, myalgia, depression, anergy, and vomiting. Results 
of all routinely measured trace elements and vitamins were 
normal. Review of her supplements showed a lack of biotin. 
Plasma biotin was measured microbiologically, and the 
result was below the 10th centile. The TPN was supple- 
mented with a vitamin preparation containing biotin, and 
within 3 weeks the anergy, arthralgia, and myalgia had 
settled; within one further month, the rashes and alopecia 
had resolved. Subsequent investigations showed elevated 
urinary organic acids before supplementation—especially 
lactic, 30H-butyric, propionic, and 30H valeric acids, 
typical of biotin deficiency. This case demonstrates: (1) the 
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importance of careful review of intake and ensuring all 
essential nutrients are supplied to patients requiring TPN; 
(2) the value of measuring metabolic end products, which 
may be more available than measurements of the vitamin; 
and (3) when in doubt, a therapeutic trial of supplements 
may be the best way to demonstrate a deficiency. 
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PANTOTHENIC ACID 

Because pantothenate deficiency is unlikely to occur except 
in experimental situations, and pantothenate toxicity has not 
been described in the literature, we have not included a case 
history for pantothenate. 


FOLIC ACID 

A 26-year-old female presented with aches and pains, par- 
ticularly in her legs, tiredness, and weight loss. She had a 
6-month-old daughter and had been anemic throughout 
pregnancy. She was currently taking oral iron supplements, 
but there was no other significant history. Dietary intake was 
satisfactory. Laboratory investigation showed hemoglobin 
10.4 g/dL, hematocrit 32.9%, MCV 76.4, ferritin 5 ug/L (ref- 
erence interval 15-165), folate 0.6Ug/L (reference interval 
1.5 to 10 ug/L), serum calcium 1.82 mmol/L, albumin 44 g/L, 
and alkaline phosphatase 235 U/L (reference interval 30 to 
130 U/L). This case illustrates multiple deficiencies of iron, 
folate, and vitamin D resulting in anemia and osteomalacia. 
The likely diagnosis is celiac disease resulting in impaired 
absorption. Multiple trace element or vitamin deficiencies 
are common when there is either a generalized reduction 
in dietary intake or a failure in digestion or absorption. 
Laboratory tests are of great value in identifying the abnor- 
malities, confirming the diagnosis, and monitoring the effec- 
tiveness of therapy. 


ASCORBIC ACID 

An 18-year-old woman with rheumatoid arthritis who had 
been treated chronically with antiinflammatory medication 
was hospitalized because of generalized abdominal pain and 
abdominal tenderness with some distension. She had some 
blood in her last bowel movement. During the preceding 2 
months, she had been intolerant of many foods, particularly 
vegetables and fruits, and had restricted her diet to milk, 
boiled eggs, bread, and cheese. In addition, during the pre- 
ceding 2 weeks, she noted several bruises and small red spots 
(petechiae) on her lower legs; these had faded within the 
week but reappeared 2 days before admission. Her skin was 
also very dry and rough (despite treatment with a skin 
cream), with raised areas at the base of hairs. Although the 
joint pain from arthritis had improved over the last month, 
there was now new pain below the joints of both knees and 
her ribs were tender at the costochondral joints. The serum 


ascorbate level was 4.5 umol/L (normal, 23-85 Umol/L). This 
case illustrates the following points: (1) individuals with 
chronic illness are at increased risk of vitamin deficiencies; 
(2) overt deficiency of ascorbate can occur relatively rapidly 
(within 1 month) of dietary restriction of ascorbate, if it is 
already marginally deficient; (3) the pain of arthritis differs 
from the pain associated with overt deficiency of ascorbate; 
and (4) although unusual, ascorbate deficiency may result in 
gastrointestinal bleeding. 


CHROMIUM 


A 40-year-old woman who had been receiving TPN for 3'4 
years developed unexpected weight loss and peripheral 
neuropathy. An intravenous glucose tolerance test showed 
impaired glucose tolerance with borderline insulin response. 
Chromium concentration in whole blood was low at 0.55 ng/ 
mL (reference interval 4.9 to 9.5ng/mL) and in hair 154- 
175ng/g (reference interval >500ng/g). Administration of 
insulin nearly maintained euglycemia, but the glucose toler- 
ance test remained abnormal. Insulin was stopped and 
250 ug chromium per day was added to the TPN for 2 weeks. 
The intravenous glucose tolerance normalized, and insulin 
was no longer required. Over the next 5 months, nerve con- 
duction and well-being returned to normal, and the patient 
was maintained on an intravenous chromium intake of 
20g per day. This case illustrates the following points: (1) 
any patient who develops a metabolic abnormality, having 
been stable on long-term TPN, should be assessed for pos- 
sible micronutrient deficiency; (2) chromium deficiency is 
very rare, probably because of contamination in TPN solu- 
tions; and (3) patients developing glucose intolerance should 
be assessed for possible chromium deficiency. Laboratory 
confirmation is difficult, and a trial of chromium supple- 
ments is probably the easiest way to confirm chromium 
deficiency. 
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COPPER 


A 36-year-old female underwent a subtotal small bowel 
resection and after anastomosis was left with short bowel 
syndrome, requiring intravenous feeding. After 6 months she 
developed cholestasis, hyperbilirubinemia, and raised liver 
enzymes. It was decided to omit the daily copper supple- 
ments in view of concerns that continued IV copper admin- 
istration in the presence of cholestasis would cause hepatic 
copper overload. It was expected that sufficient copper could 
be absorbed from her limited oral diet through her remain- 
ing small bowel. Fifteen months later, the patient required 
transfusion for treatment of symptomatic anemia. Her 
white blood cell (WBC) and platelet counts steadily declined 
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and she required further red cell transfusions. The serum 
copper was found to be 25ug/dL (reference interval 70 to 
155uUg/dL), and serum ceruloplasmin was 7.1 mg/dL (refer- 
ence interval 15 to 60mg/dL) on day 133 after the com- 
mencement of IVN. A standard trace element supplement 
containing 1 mg copper was added daily to the IVN fluids. 
Serum copper levels rose and the neutropenia and throm- 
bocytopenia improved rapidly. Only one more red cell trans- 
fusion was required for the next 124 days. When the patient’s 
serum copper rose to 186ug/dL on day 174, copper sup- 
plementation was discontinued. Over the next 3 months, 
serum copper values rapidly declined to 10ug/dL, and 
the neutropenia, thrombocytopenia, and anemia recurred, 
requiring further red cell transfusions. Reinstatement of IV 
copper supplementation reversed these changes once more. 
This case illustrates: (1) during provision of IV copper, 
the risk of hepatic copper accumulation in the presence 
of cholestasis has to be balanced against the risk of copper 
deficiency; (2) there is a need for regular monitoring of 
serum copper concentration to detect either impending tox- 
icity or deficiency during prolonged IVN; (3) the consider- 
able length of time that it took for the hematological changes 
to be apparent indicates that some residual copper absorp- 
tion may have occurred and that copper tissue stores, pos- 
sibly from the liver, were being mobilized; and (4) the low 
platelet count along with the neutropenia and iron-resistant 
anemia is unusual. 
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MANGANESE 

A 62-year-old man had been receiving TPN for 31 months 
following massive small bowel resection. Trace element pro- 
vision had included 2.2 mg (40 umol) manganese per day, an 
amount commonly used at the time. He was admitted as a 
result of developing worsening gait disturbance over the 
past 16 months. His whole-blood manganese had been 3.0 
to 5.6ug/dL (reference interval 0.4 to 2.0 ug/dL), but serum 
and plasma manganese had never been above the reference 
interval. He was diagnosed as having parkinsonism, with 
dysarthria, mild rigidity, masked face, and halting gait. A 
magnetic resonance scan showed high signal intensity on 
Tl1-weighted images in the basal ganglia and pons, consis- 
tent with manganese deposition. Trace element supplements 
were discontinued, and 15 weeks later whole-blood man- 
ganese had fallen to 0.5ug/dL, with reduction in the high 
intensity images. Symptoms had also significantly decreased. 
This case illustrates: (1) high intravenous supply of man- 
ganese can cause toxic symptoms; (2) whole-blood man- 
ganese is a better marker of manganese status than plasma 
or serum manganese; (3) an MRI can help identify tissue 
deposition of manganese due to excess provision; and (4) 
recommendations for intravenous manganese supply have 


been greatly reduced since the demonstration of cases of 
toxicity during TPN. 
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SELENIUM 

Study 1 

A 21-month-old girl with microvillus atrophy causing severe 
malabsorption had been maintained on total parenteral 
nutrition at home from the age of 4 months. However, there 
was no selenium in the additives used and her oral intake 
was minimal. She began to have difficulty walking and 
crawling, and her leg and feet muscles were tender but there 
was no wasting. Routine hematological and biochemical 
investigations were normal, but plasma selenium was 
very low at <0.5umol/L, 0.4ug/dL (reference interval 0.8 to 
1.6umol/L, 6.3 to 12.6 ug/dL). RBC glutathione peroxidase 
was undetectable and plasma glutathione peroxidase was 
6U/L (reference interval 90 to 350U/L). An electromyo- 
gram (EMG) suggested a myopathic process with increased 
polyphasia and reduced amplitude potentials. A needle 
biopsy showed an increase in the amount of connective 
tissue between muscle fibers, and type 1 fibers were normal 
for her age but type 2 fibers were atrophied. The muscle 
selenium concentration was 0.23ug/g dry weight (adult 
reference interval 0.45 to 1.05 ug/g dry weight). Intravenous 
sodium selenite equivalent to 15uUgSe/day was provided, 
and within 3 days the muscle pain had lessened and within 
6 weeks the patient was walking normally. After 3 months 
plasma selenium was 0.53uUmol/L (4.2ug/dL), and RBC 
glutathione peroxidase was normal. 
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Study 2 

A 24-year-old man who had been receiving TPN for 6 years 
for chronic intestinal pseudo-obstruction died suddenly 
from cardiomyopathy and ventricular fibrillation. Micronu- 
trient supplements did not include selenium. Post-mortem 
analysis revealed myocytolysis and replacement fibrosis in 
the heart, very low concentrations of selenium, and low 
activity of glutathione peroxide in blood, heart, liver, and 
skeletal muscle. 

These cases illustrate the following: (1) selenium should 
be included in the additives used in intravenous feeding; (2) 
the dosage administered has to be sufficient to prevent defi- 
ciency but not so high as to risk toxicity; (3) the clinical pre- 
sentation of selenium deficiency may be with skeletal or 
cardiac myopathy, which may be very severe; and (4) regular 
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monitoring of plasma selenium and red blood cell glu- 
tathione peroxidase is advisable when patients are receiving 
selenium supplements. 
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ZINC 

A 58-year-old male underwent a total gastrectomy for gastric 
carcinoma. He had multiple postoperative complications 
and intravenous feeding was started. Despite further prob- 
lems—including sepsis, cholestatic jaundice, and cardiac 
arrhythmias—he improved by the end of the fourth week, 
with reversal of catabolism. Urinary zinc losses were very 
high, reaching a peak during the third week of 22.6mg/24 
hours (reference interval 0.5+0.3mg/24h.) The calorie 
intake was built up to more than 5000 kcal/day and a weight 
gain of 10kg was noted over 3 weeks. The urine zinc excre- 
tion fell to near the reference interval, but the plasma zinc 
continued to decline and at 10 weeks was very low at 8 ug/dL 
(reference interval 80 to 120 ug/dL). The patient’s condition 
deteriorated and he became mentally confused and devel- 
oped a moist scrotal rash, swelling of the lips, and perioral 
crusting. The skin changes became severe and loss of scalp 
hair was noted. Intravenous zinc supplementation was com- 


menced at 80 mg zinc sulfate daily (200 ug Zn/day), reducing 
to 40mg zinc sulfate/day after 5 days. Within 48 hours, the 
rash and mental condition improved although loss of scalp 
hair continued. Ten days after starting zinc treatment, both 
the scrotal and facial skin changes had cleared but the alope- 
cia was significant. His mental state was normal and his 
overall condition excellent. 

This case illustrates the following points: (1) zinc losses 
during severe catabolic illness after surgery can be consider- 
able. In this case these were the substantial losses of zinc in 
urine with unknown additional amounts in drain fluids and 
feces; (2) the input of zinc from the crystalline amino acid 
infusions and other IV nutrients and additives was insuffi- 
cient to meet these increased losses; (3) signs and symptoms 
of acute zinc deficiency were first seen after body weight gain 
was restored and the tissue regrowth required extra zinc for 
cell division and protein synthesis; (4) although many factors 
can cause a nonspecific fall in plasma zinc, demonstration of 
a very low concentration (below 50% of the lower limit of 
the reference interval) is strongly suggestive of zinc defi- 
ciency; and (5) zinc (and other micronutrients) should be 
routinely added to IVN regimens and regular monitoring of 
plasma zinc carried out to ensure that dosage is adequate. 
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Included in this section are the following methods: 

1. Method 31-1: Determination of Total Bilirubin (Refer- 
ence Method based on the Jendrassik and Gróf Principle) 
and Direct-Reacting Bilirubin in Serum. 

2. Method 31-2: Determination of Bilirubin in Infants by 
Direct Spectrophotometry. 

In addition, conjugated bilirubin—defined as the sum of 

bilirubin monoglucuronide and diglucuronide—can be 

measured by HPLC, by a commercially available clinical 
analyzer (Vitros), and enzymatically by bilirubin oxidase.’ 

Methods for the determination of bilirubin in urine and 

feces can be found in the third edition of this textbook." 


METHOD 31-1: DETERMINATION OF TOTAL 
BILIRUBIN (REFERENCE METHOD’ BASED ON 
THE JENDRASSIK AND GRÓF PRINCIPLE) AND 
DIRECT-REACTING BILIRUBIN IN SERUM 
PRINCIPLE 

Total bilirubin in serum or plasma is measured by adding 
caffeine reagent (accelerator) to the specimen, followed by 
the addition of diazotized sulfanilic acid. During the incu- 
bation period, sugar-conjugated, unconjugated, and delta 
bilirubin react with the diazo reagent to produce azobiliru- 
bin (azopigment). Ten minutes after the addition of diazo- 
tized sulfanilic acid, solutions of ascorbic acid and alkaline 
tartrate are added to the reaction mixture. The absorbance 
of the resulting blue-green alkaline azobilirubin solution is 
measured at 598 nm. 

To measure direct bilirubin, the serum or plasma is acid- 
ified with dilute hydrochloric acid and then mixed with dia- 
zotized sulfanilic acid to produce azobilirubin. Only the 
sugar conjugated and 6-bilirubin react with the diazo 
reagent in the absence of the accelerator caffeine-benzoate. 
The reaction is stopped by the addition of an ascorbic acid 
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Hemoglobin, 
Iron, and Bilirubin 


solution, which destroys excess diazo reagent. Then an alka- 
line tartrate solution is added to the reaction mixture, fol- 
lowed by the addition of an aliquot of the caffeine reagent. 
The latter shifts the absorbance peak of azobilirubin from 
585 to 598 nm, at which the absorbance is measured. The tar- 
trate reagent provides an alkaline pH to produce the blue 
color of azobilirubin. 


SPECIMEN COLLECTION AND STORAGE 


Serum or plasma may be used as the specimen. A morn- 
ing specimen from a fasting subject is preferred to avoid 
lipemia. Excessive hemolysis (serum hemoglobin >300 mg/ 
dL) should be avoided because it may falsely lower the biliru- 
bin value. Hemoglobin interference is far more serious with 
diazo methods for direct bilirubin.’ Because both conjugated 
and unconjugated bilirubin are photo-oxidized when ex- 
posed to white or ultraviolet light, specimens should be 
protected from direct exposure to either artificial light or 
sunlight as soon as they are drawn. The sensitivity to light is 
temperature-dependent; for optimal stability, storage of 
specimens in the dark and at low temperatures is essential. 
When specimens are stored in the refrigerator, stability is 
maintained for 3 days. Specimens are stable for 6 to 12 
months when stored frozen at —70 °C in the dark. 


REAGENTS (FOR BOTH TOTAL AND DIRECT BILIRUBIN) 


1. Caffeine-benzoate reagent. Dissolve 56g anhydrous 
sodium acetate, 56g sodium benzoate, 1g disodium 
ethylenediaminetetraacetic acid (EDTA), and 37g caf- 
feine in ~700 mL of water. Dilute to 1 L. This reagent is 
stable for at least 6 months at room temperature. 

2. Hydrochloric acid, 0.05 mol/L. 

3. Sulfanilic acid, 5 g/L. Add 5g of sulfanilic acid to 700 mL 
of water. Add 15 mL of concentrated hydrochloric acid. 
Dilute to 1L. Store at room temperature. 
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4. Sodium nitrite, 5 g/L. Dissolve 0.5 g of sodium nitrite in 
70mL of water and dilute to 100mL. Store at 4 °C. 
Prepare fresh every 2 weeks. 

5. Diazotized sulfanilic acid. Mix 20mL of the sulfanilic 
acid solution with 0.5 mL of the sodium nitrite solution. 
Prepare fresh daily and store at 4 °C. 

6. Ascorbic acid solution, 40 g/L. Dissolve 200 mg of ascor- 
bic acid in 5mL of water. Prepare fresh daily and store 
at 4 °C. 

7. Alkaline tartrate solution. Dissolve 75g of sodium 
hydroxide and 320g of sodium potassium tartrate 
tetrahydrate in 700 mL of water. After the solution has 
cooled, dilute to 1L and filter if turbid. This reagent is 
stable for at least 6 months at room temperature. 

8. Tris buffer (0.lmol/L pH 7.3). Dissolve 12.1g of 
tris(hydroxymethyl)aminomethane in approximately 
800 mL of water. Adjust to pH 7.3 + 0.05 with hydro- 
chloric acid and dilute to 1L. Store at 4 °C. Solution is 
stable for at least 6 months. 

9. Bovine serum albumin (BSA) diluent (40 g/L). Dissolve 
10.0 g of BSA in 200 mL of tris buffer. If necessary, adjust 
the pH of the solution to 7.35 + 0.05 before diluting to 
250 mL with tris buffer. This solution is used in prepar- 
ing the stock and working bilirubin standard solutions. 
Store at 4 °C for 2 to 3 days, or for longer storage, at 
—20 °C in convenient aliquots. 

10. Sodium carbonate (0.1 mol/L). Dissolve 1.06g of anhy- 
drous Na,CO; in 100 mL of water. 

Note: Use reagent-grade water for the preparation of all 

reagents. 


CALIBRATORS AND CALIBRATION 

Only unconjugated bilirubin of acceptable purity should be 
used for establishing calibration curves. Such preparations 
include the bilirubin Standard Reference Material 916a 
from the National Institute of Standards and Technology 
(Gaithersburg, Md.) or its equivalent. Calibrators made with 
bilirubin from other sources must be traceable to those made 
with the SRM 916a. The molar absorptivity values (£) of the 
SRM 916a bilirubin and of its neutral and alkaline azopig- 
ments were established by interlaboratory studies conducted 


in European and U.S. laboratories on two occasions.”* The 
results from these studies are shown in Table A31-1. The 
g values of bilirubin in the caffeine reagent at 432 nm and 
457nm were measured because it has been shown”! that in 
this reagent the spectra of bilirubin are not affected by com- 
monly used protein matrices, such as human serum albumin 
(HSA), BSA, or human serum.’ An acceptable diluent for the 
stock calibrator of unconjugated bilirubin is a BSA Cohn 
Fraction V, 40g/L solution. The bilirubin stock calibrator, 
prepared as described below, is suitable for the reference 
method, and methods using caffeine or dyphylline as accel- 
erators. It is not suitable for measuring bilirubin by direct 
spectrophotometry and may not be suitable for diazo 
methods that use other accelerators. 

1. Stock calibrator (20 mg/dL). Weigh about 20 mg of biliru- 
bin SRM 916a to the nearest 0.01 mg in a plastic weigh- 
ing dish (do not use glassine paper) and transfer it to 
the bottom of a 100-mL volumetric flask with the aid of 
1.0mL of dimethylsulfoxide. Swirl the contents of the 
flask until all of the bilirubin is finely dispersed. Wash the 
plastic dish and the neck of the flask with 2.0mL of 
sodium carbonate solution (reagent No. 10). Swirl gently 
until a crystal-clear, red-orange solution is obtained. 
Dilute the solution to 100mL with the BSA diluent 
(reagent No. 9). Because bilirubin is light sensitive, the 
flask should be wrapped with aluminum foil to protect 
the solution from light as much as possible. The stability 
of the stock calibrator depends on the storage tempera- 
ture. Deterioration is about 1.5% per month at —20 °C, 
but is stable for at least 6 months at —70 °C. 

Note: Bilirubin SRM 916a contains 1.7 percent (by weight) 

impurities. Correct the amount of bilirubin weighed by mul- 

tiplying by 0.983. 

a. Check the acceptability of the bilirubin stock calibra- 
tor by centrifuging 5 to 7mL of the solution at 1500 
x g for 10 minutes and inspecting the test tube; if there 
is any orange sediment on the wall or the bottom of 
the test tube, the solution is unacceptable. Prepare it 
again making sure that all bilirubin is completely dis- 
solved in the dimethylsulfoxide-sodium carbonate 
mixture before adding the BSA diluent. 


TABLE A31-1 Corrected Molar Absorptivities (2001 vs. 1989) of NIST Bilirubin (SRM 916a) and of Its Neutral and 


Alkaline Azopigments 


MOLAR ABSORPTIVITY (£) L: mol'+ cm"! 


CAFFEINE REAGENT 


REFERENCE METHOD 


Year Determined 432 nm* 457nm* 530° 598° 
1989 50,060 + 580 48,890 + 570 56,660 + 1030 76,490 + 610 
2001 50,090 + 850 49,240 + 440 57,090 + 730 76,640 + 600 
*Bilirubin. 
‘Azopigments. 


Weighted mean + standard deviation for six laboratories. 


The molar absorptivity was calculated using the molecular weight of bilirubin (584.65). 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


Appendix 31 3 


b. Analyze the stock calibrator solution in triplicate by 
the procedure for total bilirubin described below; use 
Class A volumetric pipettes. Omit adding ascorbic acid 
before alkaline tartrate, because there is no hemoglo- 
bin in the sample. Also, analyze the BSA diluent in 
duplicate as a test and subtract its absorbance from 
that of the stock calibrator. 

c. Calculate the molar absorptivity of the azopigment at 
598nm. Acceptable limits for the molar absorptivity 
are from 74,750 to 78,380; that is the mean value 
obtained in the two collaborative studies + the average 
of 3SDs (Table A31-1). For a detailed description of 
the preparation, analysis and acceptability, and storage 
of the stock calibrator, see reference 3. 

2. Working calibrators. Dilute the stock calibrator with the 
BSA diluent (reagent No. 9) to prepare solutions con- 
taining 2.5, 5.0, and 10.0 mg/dL bilirubin. Dispense these 
and the 20.0mg/dL bilirubin calibrator into cryogenic 
vials (Nalgene) filled to the top and store at —70 °C. 

3. Calibration curve. Analyze the stock and the working cal- 
ibrators, and the BSA diluent by the procedure for total 
bilirubin. Do not run sulfanilic acid blanks for the cali- 
brators and the BSA diluent. Subtract the absorbance of 
the BSA diluent from the absorbance of each calibrator. 
Plot these corrected absorbance values against the corre- 
sponding bilirubin concentrations on linear graph paper; 
the relationship absorbance /concentration is linear to 
25 mg/dL (425 umol/L). 


PROCEDURE: TOTAL BILIRUBIN 

(The following is a brief description of the reference pro- 

cedure. Details on the procedure, number of standards, sample 
blank, and acceptability of results are given in reference 3.) 
1. Use class A volumetric pipettes, or mechanical pipettors 
if the relative SD of repetitive delivery is near 0.3%. Flow- 
through cuvets instead of square cuvets may be used if 
carryover is eliminated by rinsing between samples. Work 
with the laboratory lights off and away from windows. 
2. Analyze calibrators, serum specimens, controls, and 
sample blanks in duplicate. Analyze sample blanks first as 
a group followed by the specimens. Do not run sample 
blanks for the calibrators and the BSA diluent. Analyze 
the BSA diluent as a test and subtract its absorbance from 
those of the calibrators. 
3. Test samples 
a. Add 4.0mL of caffeine reagent (reagent No. 1) to a 
series of glass test tubes. 

b. Pipette 0.50mL of each calibrator, sample, control, 
and BSA diluent, mix, and let stand for 10 minutes. 

c. Add 1.0mL of freshly prepared diazotized sulfanilic 
acid reagent (reagent No. 5), mix immediately, and let 
stand for 10 minutes. 

d. Add 0.1 mL ascorbic acid solution and mix. 

e. Add 3.0mL of alkaline tartrate, mix thoroughly, 
and let stand for 10 minutes before measuring the 
absorbance. 


4, Sample blanks 

Use the same procedure as for the tests (steps 1-5 above), 

but substitute sulfanilic acid solution for diazo reagent in 

step 3. 

5. Reagent blank 

Prepare a large volume of reagent blank by mixing 20 mL 

caffeine reagent, 2.5mL water, 5ml diazo reagent, and 

15mL alkaline tartrate. This solution is needed to check 
the photometric drift of the spectrophotometer. 
6. Absorbance measurements 

a. Set the instrument at zero absorbance at 598 nm with 
the reagent blank. 

b. Measure the absorbance of all the sample blanks (A,) 
and of the BSA diluent (analyzed as test), and then the 
absorbance of all tests (A3). 

c. Correct the absorbance of the tests by subtracting that 
of the corresponding sample blanks (A,—A)). 

d. Correct the absorbance of the standards by subtract- 
ing that of the BSA diluent. 

e. Use the calibration curve or the regression equation of 
the calibrators to determine the concentration of total 
bilirubin in each unknown. 


Comments 

1. In our opinion, the acceptable lower and upper limits of 
the molar absorptivity (€) value of the stock bilirubin cal- 
ibrator should be the 76,560 (average value from the two 
studies) + 1815(3SD) (i.e., from 74,750 to 78,380). 

2. The volumes of sample and reagents may be scaled down 
by a factor of 2 without an adverse effect on the precision 
of the method. 

3. The large excess of sulfanilic acid (the molar ratio of 
sulfanilic acid to sodium nitrite is 16:1) is necessary 
for obtaining a rapid rate in the second stage of the 
coupling reaction.° When the molar ratio is decreased to 
3:1 (1g of sulfanilic acid per liter), the molar absorptiv- 
ity of the azobilirubin at 598nm is about 4% lower, 
probably because the coupling reaction does not go to 
completion.” 


DIRECT BILIRUBIN (PREFERRED METHOD) 

Keeping unconjugated bilirubin from reacting as direct 

requires that serum be incubated in 0.05 mol/L HCl for at 

least 5 minutes before adding diazo reagent. This preincu- 
bation decreases somewhat the reactivity of direct-reacting 
bilirubin fractions, but this is a far less serious drawback than 
measuring unconjugated bilirubin as direct. The following is 

a procedure that combines the most desirable features of 

several methods.’ 

1. Dilute 0.25 mL of sample with 1.0mL of 0.05 mol/L HCl 
and let stand for 5 minutes (test). Add 0.5mL diazo 
reagent (reagent No. 5) and incubate for 10 minutes at 
room temperature. 

2. Add 0.1mL ascorbic acid solution (reagent No. 6) fol- 
lowed by 1.5mL alkaline tartrate and 2.0mL caffeine 
reagent. 
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3. Prepare a sample blank exactly as the test, except for sub- 
stituting sulfanilic acid for diazo reagent. 

4. Measure the absorbance of test and blank against water 
at 598nm and subtract the absorbance of the blank from 
that of the test. 

5. Calculate the concentration of direct bilirubin in the 
sample against a standard of unconjugated bilirubin ana- 
lyzed by the procedure for total bilirubin (i.e., dilute the 
sample with caffeine reagent instead of HCl and add HCl 
after the alkaline tartrate). 


Comments 

1. Dilution of serum with dilute HCl and allowing it to 
stand for 5 minutes before adding the diazo reagent keeps 
the unconjugated bilirubin from reacting as direct. 

2. The historical 1-minute reaction underestimates direct 
bilirubin, and even after a 10-minute coupling time, the 
reaction is not complete. 

3. Ascorbic acid is added to destroy excess diazo reagent, 
which would react with unconjugated bilirubin when 
alkaline tartrate is added. 

4. The caffeine reagent suppresses the absorptivity of the 
azopigment at 598nm by about 12%.’ Omission of the 
caffeine reagent in this assay has been responsible for 
the paradox of sometimes having direct bilirubin values 
exceeding those of total bilirubin. 


5. Interference by hemoglobin is far stronger than in the 
method for total bilirubin.* The negative bias is due to 
oxidation of conjugated bilirubin to the diazo negative 
biliverdin and to the destruction of the azopigment by 
H:O, produced by the conversion of hemoglobin to 
methemoglobin at the low pH of the reaction medium; 
the negative bias is substantially reduced by addition of 
potassium iodide to the serum diluent (HCI).’ Although 
direct bilirubin values are artifactually lowered even at 
hemoglobin concentrations of 50 to 100mg/dL, it is 
doubtful that this negative bias would ever cause a mis- 
diagnosis of cholestasis. 

6. Under the conditions of this assay, the contribution 
of unconjugated bilirubin is negligible; a 20mg/dL 
(340uUmol/L) solution of unconjugated bilirubin in 
human serum or HSA analyzed by this procedure will 
yield a direct bilirubin value between 0.2 and 0.3 mg/dL. 


REFERENCE INTERVALS 

In adults and infants older than 1 month, the normal 
reference interval for total serum bilirubin is 0.2 to 1.2 mg/dL 
(3.4 to 20.5 umol/L); conjugated bilirubin is 0 to 0.2 mg/dL 
(0 to 3.4uUmol/L). Reference intervals for serum total biliru- 
bin of newborns are summarized below: 


PREMATURE FULL-TERM NEWBORN 
Age mg/dL umol/dL mg/dL umol/dL 
Up to 24hr 1.0-8.0 17-137 2.0-6.0 34-103 
Up to 48hr 6.0-12.0 103-205 6.0-10.0 103-171 
Days 3-5 10.0-14.0 171-239 4.0-8.0 68-137 


METHOD 31-2: DETERMINATION OF BILIRUBIN 
IN INFANTS BY DIRECT SPECTROPHOTOMETRY 


PRINCIPLE 


Bilirubin in human serum exhibits an absorption maximum 
near 460 nm. If it were the only absorbing species, bilirubin 
could be quantified in serum by simply measuring the 
absorbance near 460nm. Because carotenes and other pig- 
ments are virtually absent in the newborn’s blood, hemo- 
globin is the only pigment in serum that interferes with the 
bilirubin measurement; this interference is eliminated by 
analysis of a two-component system. The measurement 
involves making absorbance measurements at two 
wavelengths and determining the absorptivities (molar 
absorptivities or absorbance of 1 mg/dL) of bilirubin and 
hemoglobin at the selected wavelengths. The first wavelength 
is chosen near the absorption maximum of bilirubin; the 
second near an absorption minimum. The concentration of 
bilirubin is calculated by solving a system of two simultane- 


ous equations having two unknowns. Calculations become 

simple if the two wavelengths are isosbestic for hemoglobin; 

such wavelengths are 454nm and 540nm. 

Note 1: The measurement is based on two assumptions: (1) 
Unconjugated bilirubin is virtually the only bilirubin 
present in serum of the healthy newborn; (2) hemoglo- 
bin is the only other absorbing species in serum. 

Note 2: Bilirubin solutions in human serum, HSA, or BSA 
exhibit a single absorption spectrum with maxima at 
432nm and 457nm when diluted with the caffeine 
reagent. Direct spectrophotometry of neonatal sera 
diluted with caffeine reagent provided results in very 
good agreement with those obtained by the reference 
method." 

Note 3: Turbidity (lipemia) will cause a negative bias if the 
secondary wavelength is shorter than the primary, and a 
positive bias if it is longer. This is because light scattering 
(and hence absorbance) varies inversely with the 
wavelength. 
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SPECIMEN COLLECTION 


Draw a capillary blood specimen from the heel or fingertip. 
Avoid hemolysis. 


REAGENT 


Phosphate buffer, 0.1 mol/L, pH 7.4. Weigh out 7.65g of 
Na,HPO,:7 H,O and 1.74g of KH,PO, (anhydrous). 
Dissolve in water and dilute 1 L in a volumetric flask. Check 
the pH with a pH meter and adjust if necessary. Store 
refrigerated. 


PROCEDURE 


1. With a micropipette, add 20UL of serum to a microcuvet 
(10-mm light path) containing 1 mL of phosphate buffer. 
Rinse the pipette several times with the buffer, but avoid 
bubbles. 

2. Add 1 mL of phosphate buffer to another microcuvet and, 
using this as a blank, set the spectrophotometer at zero 
absorbance; read the absorbance of the diluted serum 
at 454 and 540nm. To obtain sufficiently accurate 
absorbance readings required by this method, a spec- 
trophotometer with a bandpass of less than 8nm should 
be used. 


CALCULATIONS 


Prepare a bilirubin stock calibrator (20 mg/dL) as described 
in the procedure for total bilirubin, but substitute 
human serum for BSA. The serum pool should be optically 
clear and nonhemolyzed, and have a low bilirubin content 
(<0.3 mg/dL). 

Dilute the stock calibrator with the serum pool to obtain 
solutions containing 5.0 and 10.0 mg/dL bilirubin. 

Pipette in duplicate 100uL of each bilirubin calibrator 
into test tubes. Add 5.0mL of phosphate buffer, mix, and 
read the absorbance at 454 nm and 540 nm against the buffer. 
Subtract the absorbance at 540nm from that at 454nm and 
divide the difference (DA) by the bilirubin concentration 
(divide the bilirubin concentration of each calibrator by 51, 
the dilution factor, to obtain the actual concentration) of the 
appropriate calibrator to obtain the factor (i.e., absorbance 
per milligram of bilirubin per deciliter). The factors 
obtained from the three calibrators should be almost iden- 
tical. For the SRM 916a in human serum, the average AA 
value should be 0.84 - mg” - dL; its reciprocal is 1.19 mg/dL. 
The calculating equation for unknowns is therefore 


Bilirubin, mg/dL = (Ays, — As4) X 1.19 x 51 


where 51 is the dilution factor. Alternatively, a calibration 
curve as described above may be prepared using AA, values 
of the three calibrators. 


COMMENT 

In our opinion, the calibrator for direct spectrophotometry 
described above should be suitable for calibrating all 
methods for total bilirubin, because its matrix is almost 


identical to blood specimens drawn from human subjects. 
Furthermore, the use of materials consisting of unconju- 
gated bilirubin in human serum by providers of proficiency 
testing would check the accuracy of all bilirubin methods, 
because it would eliminate matrix effects. 
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Porphyrins and Disorders 
of Porphyrin Metabolism 


Allan C. Deacon, B.Sc., Ph.D., Dip.C.B., F.R.C.Path., 
Sharon D. Whatley, Ph.D., and George H. Elder, M.D. 


ANALYTICAL METHODS 


The analytical methods used in conjunction with porphyr- 
ias are described here fully. Brief descriptions are available in 
the printed version of this textbook. 


METHODS FOR METABOLITES 


The metabolite methods include ALA, PBG, and urinary, 
fecal, plasma, and blood porphyrins. 


Specimen Collection and Stability 

All samples must be protected from light; urinary porphyrin 
concentrations can decrease by up to 50% if kept in the 
light for 24 hours. Urinary porphyrins and PBG are best 
analyzed in fresh, random (10 to 20mL) samples collected 
without preservative. Very dilute urine (creatinine less than 
4mmol/L) is unsuitable for analysis. 

With the exception of congenital erythropoietic por- 
phyria (CEP), urine is often of normal color in the nonacute 
porphyrias. During the acute attack, urine may be a reddish 
color due to the nonenzymatic condensation of PBG to 
uroporphyrins and other pigments. 

Twenty-four-hour collections offer little advantage, delay 
diagnosis, and increase the risk of losses during the collec- 
tion period. PBG and porphyrins are stable in urine in the 
dark at 4 °C for up to 48 hours and for at least a month at 
—20 °C. Specimens for ALA estimation should be promptly 
refrigerated. Urine specimens can be stored at 4 °C in the 
dark for at least 2 weeks without significant loss of ALA,'”** 
and frozen specimens are stable for weeks.’ Whereas PBG 
is more stable around pH 8 to 9, ALA is more stable around 


*References are found in Ch. 32 of the Tietz Textbook of Clinical 
Chemistry and Molecular Diagnosis, edition 4. 


pH 3 to 4, although more acidic environments notably 
reduce ALA stability. 

About 5 to 10g wet weight of feces is adequate for por- 
phyrin measurements. Diagnostically important changes in 
concentration are unlikely to occur within 36 hours at room 
temperature and samples are stable for many months at 
—20 °C. 

Blood, anticoagulated with EDTA, shows no loss of pro- 
toporphyrin for up to 8 days at room temperature and for 
at least 8 weeks at 4 °C in the dark. 


Available Methods for Porphyrin Precursors 

PBG and ALA are water soluble and concentrate in the urine, 
and are therefore measured almost exclusively in the urine 
in the clinical laboratory. PBG is in general the more im- 
portant of the precursors, whereas ALA is used more as a 
supplemental test. 


Porphobilinogen 

Most methods for PBG are based on the reaction of Ehrlich’s 
reagent (4-dimethylaminobenzaldehyde in acidic solution) 
with the o-methene carbon of the pyrrole ring to form 
a colored product variously described as “rose-red” or 
“magenta,” which has a characteristic absorption spectrum 
with a peak at 553 nm and a shoulder at 540 nm. Porphyrins 
do not contain any o-methene hydrogens and so do not 
react. Some other substances in urine either react with the 
reagent to give red products, notably urobilinogen; inhibit 
the reaction; or are pigmented themselves and so mask the 
red chromogen.’ All need to be removed. This is best 
achieved by ion exchange chromatography (first described 
by Mauzerall and Granick’’), but methods for accurate 
quantification of PBG based on this procedure are time 
consuming. More sensitive methods based on HPLC” and 
tandem-MS” are available. 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


2 Appendix 32 


Qualitative screening tests in which urine is reacted 
directly with Ehrlich’s reagent and assessed visually for 
the formation of the red chromogen (e.g., the Watson- 
Schwartz‘? and Hoesch* tests), are convenient but have been 
criticized for poor detection limits and interferences, even 
when solvent extraction has been used to separate the 
PBG-Ehrlich compound from the urobilinogen-Ehrlich 
complex.'°!7?714 

The Mauzerall and Granick method has been modified in 
attempts to produce an alternative that is acceptable for 
screening purposes. Buttery et al'*!” avoided the use of 
columns by employing batchwise treatment with resin, and 
visually compared the final color with that of a surrogate 
calibrator. Blake et al eliminated the centrifugation steps 
by using resin-filled syringes with detachable filters and 
compared the final color with a range of artificial calibrators. 
These modifications reduced the time taken to perform 
the test to 10 minutes and produced a semiquantitative 
result. A commercial kit based on Blake’s method is available 
(Trace PBG Kit; Alpha Laboratories, Eastleigh, Hampshire, 
UK) and appears to be more analytically sensitive and 
specific for initial screening than qualitative, solvent extrac- 
tion procedures.” A recent innovation uses resin-filled nylon 
sacs," 

If a qualitative screening test is used, it is essential to 
include appropriate controls and confirm all positive tests 
using a specific quantitative method.” 


5-Aminolevulinic Acid 

ALA can be measured directly” but is converted more 
usually into an Ehrlich-reacting pyrrole by condensation 
with a reagent, such as acetylacetone, after separation from 
PBG by two-stage anion exchange chromatography. A 
method for the measurement of PBG and ALA, based on 
that of Mauzerall and Granick, is available commercially 
(Bio-Rad Laboratories, Hercules, Calif.). An alternative 
photometric method has been proposed” for more rapid 
testing. 

Compared with PBG procedures, interferences are much 
more common with ALA. For example, the acetylacetone 
derivatization step can form a compound with penicillin that 
reacts with Ehrlich’s reagent.”° 


Method for the Determination of Porphobilinogen 

in Urine 

The PBG procedure described here uses commercially avail- 
able ion-exchange columns, but some laboratories might 
prefer to prepare an ion-exchange resin themselves.'*!”'™ 


Principle 

Urine is adjusted to a pH between 8 and 10, and an aliquot 
introduced onto an anion-exchange column. PBG adsorbs to 
the resin, whereas many interfering substances are flushed 
from the column with repeated water washes. PBG is then 
eluted with acetic acid. A modified Ehrlich’s reagent is added 
to the eluate, which produces the classic “rose-red” color 


with pyrroles such as PBG. The color reaction is quantified 
with a spectrophotometer, and elevated results are scanned 
for evaluation of possible interferences. 


Reagents 

1. PBG anion-exchange columns (Bio-Rad Laboratories, 
Hercules, Calif.) 

2. Acetic acid, 1 mol/L 

3. Ehrlich’s aldehyde reagent. Dissolve 1.0g 4-dimethyl- 
aminobenzaldehyde in 42 mL of glacial acetic acid. Add 
8 mL of 70% perchloric acid. This reagent should be used 
within 30 minutes of preparation. 


Quality Control 

No commercial quality control material is available. A suit- 
able control can be prepared by dissolving a known amount 
of PBG (Sigma Chemical Co., St Louis) in normal urine. 
An added amount of approximately 20 mg/L (88 mol/L) is 
suitable. Before adding PBG, urine should be centrifuged 
and gentamicin sulfate added (2 mL of a 40 mg/mL solution 
per liter of urine) and the pH adjusted to 7 to 7.5. Control 
material prepared in this way and stored in aliquots at 
—20 °C is stable for up to 1 year. Laboratories performing 
this assay should belong to an appropriate external quality 
assessment scheme. 


Procedure 


1. Check specimen pH with indicator paper. If necessary, 
adjust pH to be within an interval of 8 to 10. 

2. Prewash column two times with 10 mL of distilled water. 

3. Introduce a 1.0mL aliquot of urine onto the column and 
drain. 

4. Wash with 10mL distilled water three times, draining 
completely between washes. Discard the washings. 

5. Add 4.0 mL of 1 mol/L acetic acid to the column and elute 
(collect all of the eluate). Discard the columns. 

6. Add 4.0mL Ehrlich’s reagent; mix and allow to stand at 
room temperature for 10 minutes. 

7. Immediately read the absorbance in a spectrophotometer 
at 555nm, using a 1cm cell, against a blank prepared by 
mixing equal volumes of acetic acid (1mol/L) and 
Ehrlich’s reagent. The color is unstable and decreases by 
about 10% within 20 minutes. The method is linear up 
to an absorbance of 0.75. 

8. Scan all elevated results. The PBG chromogen has a 
maximum around 555nm with a slightly lower peak at 
525nm. The ratio of the absorbances (A;,;/A;5;) should 
be near 0.8. Comparison with a quality control sample 
may help. Maxima at other locations and a dispropor- 
tionate ratio suggest that interferences are present and 
that results should be interpreted with caution. 


Calculations 


4 x 1000 


umol PBG/L = A x 
0.144 x 226 
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where A is the absorbance at 555nm, 4 is a dilution factor 
(1.0mL of urine eluted with 4.0mL acetic acid), and 0.114 
is the absorbance of 1.0mg/L of the chromogen at 555nm 
in a 1cm cell. Multiplication by 1000 and division by the 
molecular weight of PBG (226) converts to SI units (umol/L). 


Interpretation 

Reference intervals are given in Table 32-3 in Chapter 32. 
Scanning the spectrum is essential if interferences are to be 
identified. Imipenem, for example, often gives a peak at 
580 nm with Ehrlich’s reagent." The coefficient of variation 
at the cutoff of 9umol/L is approximately +10%, but 
becomes considerably less precise at lower concentrations. 
For this reason, very dilute urines (creatinine <1.5 mol/L) 
are unsuitable. 

Urinary PBG that is raised at least 2 to 3 times the upper 
reference limit is diagnostic of an acute porphyria. However, 
porphyria is not necessarily the cause of symptoms (see dis- 
cussion in the investigation of acute porphyria section). 
Further investigation is necessary to identify the type of por- 
phyria. Normal PBG excretion in the presence of symptoms 
provides very strong evidence against those symptoms being 
caused by acute porphyria. 


Analysis of Porphyrins in Urine and Feces 

Methods for porphyrin fractionation are complex and time 
consuming and not available in every laboratory. For this 
reason, simple qualitative screening tests are often used to 
exclude the majority of specimens that do not require 
further investigation from the few that justify fractionation 
of the individual porphyrins. Screening tests in which 
extracts of urine or feces are examined visually for typical 
red-pink fluorescence of porphyrins lack sensitivity and 
should not be used.” Methods based on spectrophotomet- 
ric scanning of acidified urine or fecal extracts for the 
presence of the Soret band are recommended and yield 
semiquantitative information.” Quantitative fluorometric 
methods are also available.* 

All methods for the fractionation of porphyrins are based 
on the different solubilities of individual porphyrins because 
of their different $-substituents, and to a lesser extent on the 
substituent order around the macrocycle. Thus methods 
include differential extraction with solvents, paper and thin 
layer chromatography, and high-performance liquid chro- 
matography (HPLC). Solvent extraction methods yield 
only limited and sometimes misleading information and 
should not be used.” Reversed-phase HPLC is the current 
method of choice and separates all porphyrins of clinical 
interest, including isomers and metal chelates without the 
need for prior methylation.*”*'” Spectrophotometric or flu- 
orometric detection can be used; the latter has superior sen- 
sitivity and specificity and is preferred. 


Semiquantitative Method for Total Porphyrin in Urine 


This simple method for total urine porphyrins uses scanning 
spectrometry. 


Principle 

Acidified urine is scanned for peak absorbance caused by 
the Soret band of porphyrins. Acidification of urine inten- 
sifies absorbance, facilitates conversion of porphyrinogens to 
porphyrins, and dissociates metal-porphyrin chelates. Thus 
total porphyrin can be detected by spectrophotometry and 
estimated semiquantitatively, provided correction is made 
for background absorbance.§ 


Quality Control 


Material is available commercially (for example, Lyphocheck 
urine control; Bio-Rad laboratories, Hercules, Calif.). This 
semiquantitative method gives concentrations that are lower 
than the target value quoted by the manufacturer. Laborato- 
ries should belong to an appropriate external quality assess- 
ment scheme. 


Procedure 

1. Mix urine to resuspend any sedimented material and 
an aliquot (4.0mL) is mixed with 1.0mL concentrated 
hydrochloric acid (SG 1.18, Analytical Grade). Por- 
phyrins adsorb strongly to calcium phosphate and other 
precipitates that may form in urine. It is essential that 
particulate matter is not discarded before the addition of 
concentrated hydrochloric acid. 

2. Clarify by centrifugation and transfer clear supernatant 
to a 1 cm spectrophotometer cell. 

3. Record the absorption spectrum between 350nm and 
450 nm against air in the reference cell. 


Calculation 


If a peak is present in the 400 nm region, the total porphyrin 
concentration is 


A x 2500 nmol/L 


where A is the peak absorbance above a baseline drawn 
between two suitable points (Figure 32-3) and the factor 
(2500) is derived from the volume of urine, the volume of 
acid, and a millimolar absorptivity of 500, which is approx- 
imately that of a 7/1 (mol/mol) mixture of coproporphyrin 
and uroporphyrin in 2.3 M HCl. The porphyrin composi- 
tion of this mixture resembles that of normal urine. 


Interpretation 

Reference values are given in Table 32-3 in Chapter 32. The 
method is reproducible but only semiquantitative because 
inaccuracies are produced by the correction for background 
absorbance, particularly at low porphyrin concentration, 
and by variation in the porphyrin composition of urine in 
disease. The detection limit depends on the amount of back- 
ground absorbance but concentrations of approximately 
50nmol/L should be detected in urine of normal color. 
Ideally, concentrations should be expressed as a ratio to cre- 
atinine concentration to correct for urine concentration. The 
molar absorptivities of the individual porphyrins were as 
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determined by Rimington.’"" The method of Blake et al’ 
gives higher porphyrin concentrations. 

Very occasionally, urine contains substances that produce 
a very high background absorbance, making identification 
of any peak in the 400nm region difficult. Such samples 
require analysis by alternative methods, such as HPLC. 

Increased concentrations require further investigation to 
identify individual porphyrins; porphyria should not be 
diagnosed on the basis of increased total porphyrin alone. 


Semiquantitative Method for Total Porphyrin in Feces 


This simple method for total fecal porphyrins uses scanning 
spectrometry after extraction. 


Principle 

Total porphyrin is determined by spectrophotometric scan- 
ning of an acidic extract of feces from which red-fluorescent 
pigments derived from dietary chlorophyll, which also 
absorb light at around 400 nm, are first removed by extrac- 
tion with diethyl ether.” 


Quality Control 

No commercial control is available. A homogenized normal 
sample and one with a high porphyrin concentration should 
be divided into aliquots (about 0.5g) to prepare control 
samples to include with each batch of analyses. Samples 
stored at —20 °C are stable for up to 1 year. Laboratories 
should belong to an appropriate external quality assessment 
scheme. 


Procedure 


1. Accurately weigh to the nearest 0.1 mg a small aliquot 
of feces (25 to 100 mg) in a glass-stoppered tube. Prior 
homogenization of the fecal sample is not necessary as 
long as the aliquot is removed from an area that appears 
reasonably uniform to the naked eye. Liquid samples are 
unsuitable for analysis. 

2. Add concentrated hydrochloric acid (1.0 mL); vortex mix 
until all particles are disintegrated; add diethyl ether 
(3.0mL); vortex mix to form a uniform emulsion; add 
distilled water (3.0mL) and vortex mix for 30 seconds. 
Porphyrins are rapidly destroyed by peroxides, which 
accumulate in diethyl ether and similar solvents. Analar 
grade diethyl ether contains <0.000015% ether peroxides 
and is suitable for use. It should be stored in the dark and 
discarded after 2 months. 

3. Separate the phases by centrifugation and transfer the 
lower aqueous phase to a glass spectrophotometer cell 
using a glass Pasteur pipette. 

4. Record the absorption spectrum between 350nm and 
450nm using air in the reference cell. For samples with 
a high porphyrin concentration or high background 
absorbance, dilution with 2.5 M HCI might be necessary. 

5. Determine the dry weight of the sample by placing about 
200 mg wet weight of feces onto a preweighed glass slide 
and weigh to the nearest 0.1 mg. Dry to a constant weight 


in an oven (105 °C for 16 hours), microwave oven 
(medium power for 15 minutes in a 850kW oven), or 
rotary evaporator. Whichever method is used, careful cal- 
ibration of the technique is required. After cooling, weigh 
the slide of feces to obtain the dry weight. 


Calculation 
If a peak is present in the 400 nm region, the total porphyrin 
is calculated 
Total porphyrin (nmol/g dry weight) 
A x 4.5 X wet weight 
~ 0.33 x weight taken for analysis x dry weight 


where A is the peak absorbance measured above a baseline 
drawn between two suitable points (Figure 32-3), 0.33 is the 
average micromolar absorptivity for a mixture of protopor- 
phyrin and coproporphyrin (3/1; mol/mol) in 2.5 M HCl, 
and 4.5 is the volume of the aqueous phase in mL and all 
weights are in grams. 


Interpretation 
Reference values are given in Table 32-3 in Chapter 32. The 
expression of concentration on a dry weight basis corrects 
for the moisture content of feces. The procedure may be sim- 
plified with little loss in sensitivity or specificity by omitting 
the drying stage and using 50 nmol/g wet weight as the upper 
reference limit.” Total fecal porphyrin determined by this 
method, unlike most tests based on solvent extraction, 
includes uroporphyrin.'” 

Very occasionally, feces contain substances that produce 
a very high background absorbance, making identification 
of any peak in the 400nm region difficult. Such samples 
require analysis by alternative methods such as HPLC. 

Increased total fecal porphyrin concentration requires 
further investigation by fractionation, identification, and 
quantification of individual porphyrins using a technique 
such as HPLC, which resolves coproporphyrin I and II 
isomers. Porphyria should never be diagnosed on the basis 
of raised total fecal porphyrin alone. 


HPLC Fractionation of Porphyrins in Urine and Feces 


This method for urine and fecal porphyrins uses sample 
preparation, HPLC separation, and fluorometric detection. 


Principle 

Porphyrins are separated by reversed-phase HPLC using a 
C,-HypersilR column with gradient elution.” Porphyrins 
are trapped in the hydrophobic stationary phase and 
remain trapped there until the mobile phase becomes more 
lipophilic. Porphyrins of increasing lipophilicity are sequen- 
tially eluted with a solvent of increasing methanol concen- 
tration. The order of elution depends on the number of 
ionized carboxyl groups on the porphyrin ring. Uropor- 
phyrin is the most water soluble (i.e., hydrophilic) and elutes 
first followed by increasingly lipophilic heptacarboxylate, 
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hexacarboxylate, pentacarboxylate porphyrin, and copro- 
porphyrin. The column eluent passes through a flow cell of 
a fluorometer, where the eluting porphyrins are identified by 
comparing their characteristic elution times with those 
obtained from reference porphyrins. The magnitude of the 
resulting fluorescence signal is proportional to the concen- 
tration of the eluting porphyrin. 


Calibration 

Calibration of porphyrin methods is problematical. Not all 
porphyrins of clinical interest are available commercially. 
One approach is to calculate the peak area of each porphyrin 
and express it as a percentage of the sum of the areas of all 
porphyrins identified on the chromatogram and to multiply 
by the total porphyrin concentration of the sample as deter- 
mined by a quantitative/semiquantitative method. This 
approach can be criticized on the grounds that the total por- 
phyrin result is influenced by the porphyrin composition of 
the sample and the fact that each porphyrin differs in 
absorbance and fluorescence. A marker kit is available com- 
mercially (Porphyrin Marker Kit from Porphyrin Products, 
Logan, Utah). However, this preparation is intended as a 
marker for peak identification, the concentration of each 
porphyrin is stated to be only within 10% of the quoted 
value, and it does not contain any porphyrins of the HI 
series. 

The method described uses a commercially available 
mixture of porphyrin calibrators supplemented with uro- 
porphyrin-II, coproporphyrin-III, and deuteroporphyrin- 
IX. The nominal value for the type I isomers in the working 
calibrator (derived from the commercial porphyrin mixture) 
is 400 nmol/L. For most purposes these values are adequate. 
Since the spectral properties of porphyrin isomers are iden- 
tical, the III isomers of uroporphyrin and coproporphyrin 
are calibrated by reference to the peak areas obtained with 
the type I isomers. If accurate quantification is required, then 
the best approach is to calibrate the stock uroporphyrin-III 
and coproporphyrin-II solutions by spectrophotometry of 
suitable dilutions using the absorption coefficients deter- 
mined by Rimington.'”’ The concentrations of these two 
components in the working calibrator mixture are then cal- 
culated and used to calculate the concentrations of the type 
I isomers. Alternatively, commercially prepared working 
calibrators of uroporphyrin-I and coproporphyrin-I are 
available (Frontier Scientific, Logan, Utah). 


Equipment 

This procedure requires an HPLC system capable of pro- 
ducing a binary gradient at a flow rate of 1mL/min, and 
coupled to a fluorometric detector. For separation, a 150 x 
4.6mm column containing 5u SAS-HypersilR (Thermo- 
Hypersil, Bellefonte, Pa.). 


Reagents 


1. 1.0 M ammonium acetate buffer, pH 5.16. Dissolve 154g 
of ammonium acetate in approximately 1.5L of distilled 


water. Adjust pH to 5.16 by the addition of glacial acetic 
acid (approximately 45mL). Make the volume up to 2L 
with distilled water and mix well. 

2. Mobile phase A—10% acetonitrile in 1.0M ammonium 
acetate pH 5.16 

3. Mobile phase B—10% acetonitrile in methanol 

4. Stock uroporphyrin-III (approximately 360 mol/L). Add 
3mL of 25% v/v hydrochloric acid to the contents of a 
1 mg bottle of uroporphyrin-III octamethyl ester (Sigma 
Chemical Co., St. Louis). Store in the dark at room tem- 
perature for 4 days to allow hydrolysis to occur. 

5. Stock coproporphyrin-III (approximately 500 umol/L). 
Add 3mL of 25% v/v hydrochloric acid to the contents 
of a 1 mg bottle of coproporphyrin-III tetramethyl ester 
(Sigma Chemical Co., St. Louis). Store in the dark at room 
temperature for 4 days to allow hydrolysis to occur. 

6. Stock deuteroporphyrin-IX (approximately 310 Umol/L). 
Add 3mL of 25% v/v hydrochloric acid to the contents 
of a 10mg bottle of deuteroporphyrin-IX dimethyl ester 
(Sigma Chemical Co., St. Louis). Store in the dark at room 
temperature for 4 days to allow hydrolysis to occur. 

7. Working porphyrin calibration mixture. Add 5mL of 
0.27 mol/L hydrochloric acid to a vial of Porphyrin 
Marker Kit (Frontier Scientific Ltd., Logan, Utah). Mix to 
dissolve, then transfer to a 25mL volumetric flask. Add 
30uL of the uroporphyrin stock, 20UL coproporphyrin 
stock, and 50uL of deuteroporphyrin stock. Note that 
these amounts are approximate; aim to produce a chro- 
matogram in which the peak heights of all porphyrins are 
similar. Some experimentation may be required. Make up 
to the mark with 0.27 mol/L hydrochloric acid and mix. 
Store 1 mL aliquots at —20 °C; stable for at least a year. 


Preparation of Samples 
Samples should be prepared on the day of assay. 

Urine. Add 100uL of concentrated hydrochloric acid 
(specific gravity 1.18) to 1 mL of urine. Mix well and remove 
any visible insoluble material by centrifugation. Porphyrins 
adsorb strongly to calcium phosphate and other precipitates 
that may form in urine. It is therefore essential that particu- 
late matter is not discarded before the addition of concen- 
trated hydrochloric acid. 

Feces. Prepare as for the semiquantitative spectrophoto- 
metric scanning procedure. The extract should be prepared 
on the day of analysis. 

Spiked samples. To assist peak identification, it is rec- 
ommended that all specimens should be analyzed both alone 
and mixed with an equal volume of working calibration 
mixture. 


Quality Control 

Material with elevated concentrations of uroporphyrin-I and 
coproporphyrin-III is available commercially (Lyphocheck 
urine control, level-II; Bio-Rad Laboratories, Hercules, 
Calif.). Laboratories should participate in a suitable external 
quality assurance scheme. 
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Procedure 


1. Connect the column to the HPLC equipment and prime 
with mobile phases A and B according to the manufac- 
turer’s instructions. 

2. Run mobile phase A at a flow rate of 1.0 mL/min with the 
fluorometric detector set to an excitation wavelength of 
404nm and emission wavelength of 628 nm until a steady 
baseline is obtained. 

3. Inject 100UL of sample onto the column. Each analytical 
run should consist of calibrator, quality control, and 
patient samples both neat and spiked with calibrator. 

4. Elute with a linear gradient from 0% B at time zero to 
70% B at 30 minutes. Elute isocratically with 70% B for 
a further 10 minutes. Some slight adjustment to the 
elution conditions may be necessary for each batch of 
SAS-Hypersil if optimum resolution is to be obtained. 
Record the chromatograph using a chart recorder or store 
data on a PC. 

5. Run mobile phase A (ie., 0% B) for 10 minutes to 
reestablish starting conditions, then inject the next 
sample. 

6. When all samples have been run, flush the column with 
a gradient (80% B initially to 0% B at 10 minutes), dis- 
tilled water for 15 minutes, then methanol for 15 minutes. 
Close down the instrument. 


Calculation of Porphyrin Concentrations 

and Interpretation 

Figure 32-4, A shows a typical chromatogram for the working 
calibrator mixture. Chromatograms of the urine and fecal 
samples are first inspected visually and the peaks identified 
by comparison of the retention times with those of the 
porphyrins in the working calibrator mixture. Peak iden- 
tification is aided by comparison with the chromatogram 
obtained for the corresponding spiked sample. If the por- 
phyrin content of the sample is very high, then it may be nec- 
essary to rerun a diluted sample both neat and spiked with 
the calibrator—if the peaks are to be identified with confi- 
dence. Uroporphyrins I and II] and coproporphyrins I and 
III can be easily identified since these compounds are present 
in the working porphyrin calibrator. Although the calibrator 
contains heptacarboxylate porphyrin, it is the I isomer, 
whereas the heptacarboxylate porphyrin that accumulates in 
PCT is mainly the III-isomer. The spiked sample will contain 
two heptacarboxylate porphyrin peaks next to each other. 
Several isocoproporphyrins may be found in feces of patients 
with PCT,” some of which may not be completely resolved: 
hydroxyethyl- and deethyl-isocoproporphyrin elute, just 
before coproporphyrin-I; isocoproporphyrin and dehy- 
droisocoproporphyrin elute, just after coproporphyrin-III 
and before deuteroporphyrin-IX. Unfortunately the isoco- 
proporphyrins are not available commercially. The remain- 
ing peaks, which elute after dehydroisocoproporphyrin, are 
all dicarboxylic porphyrins and in order of elution it is 
usually possible to detect deuteroporphyrin, pemptopor- 


phyrin, mesoporphyrin, and protoporphyrin; tricarboxylic 
porphyrins and other unidentified peaks are often seen in 
this region. 

For diagnostic purposes, quantification of individual por- 
phyrins is rarely necessary, particularly if the concentrations 
are clearly elevated. Table 32-5 in Chapter 32 shows expected 
findings in the various types of porphyria and reference 
values for individual porphyrin fractions are given in Table 
32-3. There is considerable variation in the reference values 
quoted in the literature,“ probably a consequence of the dif- 
ficulties in calibration discussed above. Figure 32-4 shows 
typical profiles from patients with various types of por- 
phyria. Ideally, each laboratory should establish its own ref- 
erence intervals. 

Using the chromatogram for the working calibrator, cal- 
culate the concentration of uroporphyrin-III in the calibra- 
tor from the peak area of uroporphyin-I, assuming that the 
concentration of uroporphyrin-I is 400 nmol/L: 


Concentration of uroporphyrin-III (nmol/L) = 
Peak area uroporphyrin-III x 400 


Peak area of uroporphyrin-I 


Similarly, calculate the concentrations of coproporphyrin-III 
and deuteroporphyrin by reference to coproporphyrin-I and 
mesoporphyrin, respectively, assuming their concentrations 
are each 400 nmol/L. 

Use these values to calculate the concentrations of por- 
phyrins in the urine and fecal samples as follows: 

For urine: Urine porphyrin concentration in nmol/L is 
given by 


Peak height or area of unknown x Concentration of 
calibrator (nmol/L) x 1.1 
Peak height or area of calibrator 


Where 1.1 allows for the dilution of 1 mL urine with 0.1 mL 
of concentrated hydrochloric acid. 

For feces: Fecal porphyrn in nmol/g dry weight is given 
by 


Peak height or area of unknown X Concentration of 
calibrator (nmol/ L) x 4.5 x 100 
Peak height or area of calibrator x W (g) x % dry wt 


where 4.5 is the volume in milliliters of the aqueous phase 
of the extract, W(g) is the weight of feces taken for assay in 
grams, and the percent dry weight is determined as described 
for the semiquantitative total porphyrin method. 

Quantitation of dicarboxylate porphyrins is complicated 
by the presence of a large number of compounds that are 
not available commercially. One approach is to add the con- 
centrations of all of these porphyrins together and report a 
“total dicarboxylate porphyrin fraction” by summation of 
the individual porphyrins calculated from the mesopor- 
phyrin peak in the calibrator mixture. 
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The extraction method for fecal porphyrins results in 
some interference with the chromatography because of the 
proportion of the diethyl ether dissolving in the aqueous 
phase. As a result, an extra peak elutes just before the uro- 
porphyrin position. This peak contains any uroporphyrin in 
the sample, up to 50% of the heptacarboxylate porphyrins, 
and smaller amounts of hexacarboxylate and pentacarboxy- 
late porphyrins. 


METHODS FOR BLOOD PORPHYRINS 

The methods described below all require a spectrofluorom- 
eter fitted with a red sensitive photomultiplier. If such equip- 
ment is not available locally, samples should be referred to a 
specialized laboratory, because erythrocyte and plasma mea- 
surements are required rarely for the urgent assessment of 
acutely ill patients. 


Determination of Erythrocyte Total Porphyrin 


This method for erythrocyte total porphyrin uses double 
extraction and fluorometry. 


Principle 

This method is that described by Piomelli'’”'’ as modified 
by Blake et al.* Porphyrins are extracted and hemoglobin 
and other proteins precipitated by mixing diluted blood 
with a diethyl ether—acetic acid mixture. Porphyrins are 
then back-extracted into hydrochloric acid and measured 
fluorometrically. 


Reagents 

1. Freshly prepared diethyl ether—glacial acetic acid (4/1; 
vol/vol). Porphyrins are rapidly destroyed by peroxides, 
which accumulate in diethyl ether and similar solvents. 
Analar grade diethyl ether contains <0.000015% ether 
peroxides and is suitable for use. It should be stored in 
the dark and discarded after 2 months. 

2. 2.7 mol/L hydrochloric acid. 

3. Uroporphyrin calibrator (12.0 nmol/L). Dilute uro- 
porphyrin-I fluorescence calibrator (602 nmol/L) 
(Frontier Scientific Ltd., Logan, Utah) fiftyfold with 
2.7M hydrochloric acid and store aliquots in the dark at 
4 °C (stable for up to 6 months). 


Quality Control 

No commercial control material is available. Normal and 
abnormal samples are divided into 0.1mL aliquots, which 
when stored at —20 °C, are stable for 6 months. Alternatively, 
quality control material may be prepared by adding proto- 
porphyrin to normal blood.’ 


Procedure 

1. Add whole blood/packed cells (0.05 mL) to physiological 
saline (0.45 mL) in a glass or polypropylene tube, vortex 
mix, and while mixing continue to add 5 mL of the 
diethyl ether—acetic acid reagent. Continue to vortex for 


at least 15 seconds, centrifuge, and decant the whole 
supernatant carefully into a fresh tube. 

2. Add 2.7 mol/L HCl (3.0 mL), vortex mix, and allow 
phases to separate, either by centrifugation or by leaving 
for 30 minutes in the dark. 

3. Transfer the lower aqueous phase to a suitable cuvet using 
a glass Pasteur pipette. 

4, With the emission wavelength of the spectrofluorometer 
at 602 nm, record the excitation spectrum from 350nm 
to 450nm. Similarly, scan the uroporphyrin calibrator. 

5. If whole blood was used, determine the hematocrit. 


Calculation 

For both sample and calibrator, measure the vertical peak 
height (H) in millimeters above a line joining the points at 
380nm and 430nm. If the sample used was whole blood, 
calculate the total porphyrin (as nmol/L erythrocytes) con- 
centration as follows: 


Hsample X Concentration of calibrator (nmol/L) x 0.177 


Healibrator X hematocrit 


where the factor 0.177 allows for the ninetyfold dilution of 
the sample, conversion from nmol/L to mol/L, and the fact 
that protoporphyrin (the main porphyrin in blood) is about 
half as fluorescent as uroporphyrin at equivalent concentra- 
tions in 2.7 mol/L HCl at the emission wavelength used. 

If packed cells were used in place of whole blood, then 
omit the hematocrit value from the above equation. 


Interpretation 

Reference intervals are given in Table 32-3 in Chapter 32. 
Total erythrocyte porphyrin concentrations are increased in 
EPP, CEP, the rare homozygous variants of the autosomal 
dominant porphyrias, iron deficiency, hemolytic anemia, 
some other forms of anemia, and lead poisoning. A normal 
total porphyrin concentration excludes the diagnosis of EPP. 
Distinction between EPP and other causes of increased ery- 
throcyte total porphyrin concentration requires differentia- 
tion between protoporphyrin and its zinc chelate because the 
acidic conditions of this assay dissociate the zinc chelate and 
provide only a measure of total porphyrin. 


Qualitative Determination of Zinc-Protoporphyrin and 
Protoporphyrin 

This qualitative method for ZPP and protoporphyrin uses 
extraction and fluorometry. 


Principle 

To preserve the zinc chelate, neutral or basic extraction con- 
ditions are required. Diluted cells are mixed with ethanol, 
which precipitates hemoglobin and other proteins and 
extracts porphyrins without dissociating heme from hemo- 
globin.” The extract is scanned in a spectrofluorometer to 
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distinguish the emission maxima of protoporphyrin from its 
zinc chelate. 


Reagent 
95% (vol/vol) aqueous ethanol. 


Sample and Quality Control 


This procedure uses the same sample and quality control as 
the total blood porphyrin measurement. 


Procedure 


1. Add whole blood or packed cells (0.05 mL) to distilled 
water (0.2mL) in a polypropylene tube and mix 
thoroughly. 

2. Pipette 0.05mL of this mixture into 95% (vol/vol) 
aqueous ethanol (1.0mL), mix immediately, and con- 
tinue vortex mixing for 15 seconds. 

3. Centrifuge immediately to form a pellet of the precipi- 
tated protein. 

4. Transfer the clear supernatant to a suitable cuvet and 
record the fluorescence emission spectrum between 
550 nm and 650 nm at an excitation wavelength of 415 nm. 


Interpretation 

Emission peaks for zinc-protoporphyirn and free protopor- 
phyrin are 587 nm and 630 nm, respectively. If the main peak 
is at 587 nm, EPP is excluded, whereas a pronounced pre- 
dominance of the peak at 630nm confirms the diagnosis of 
EPP (see Figure 32-5). With experience, this test can be used 
to screen for EPP without the need for quantitative analysis. 
It is possible to quantify both zinc-protoporphyrin and pro- 
toporphyrin by measuring the peak heights at 587 nm and 
630nm above a constructed baseline if calibrator solutions 
of both protoporphyrins are prepared, providing allowance 
is made for a contribution of fluorescence from zinc- 
protoporphyrin at the maximum for free protoporphyrin.” 
A limitation of this method is that the efficiency of the 
extraction of zinc-protoporphyrin is only about 50%.” 


ANALYSIS OF PLASMA PORPHYRINS 

Plasma porphyrins may be determined by fluorescence emis- 
sion spectroscopy of saline-diluted plasma****''® or depro- 
teinized extracts,” or by HPLC.” The first of these methods 
is simple and includes porphyrins that are bound covalently 
to plasma proteins. 


Fluorescence Emission Spectroscopy of Plasma 
Porphyrins 

This method uses the fluorescent emission of porphyrins 
when excited at 405 nm. 


Principle 

Porphyrins at neutral pH fluoresce in the 610 to 640nm 
region; the wavelength of maximum emission depends pri- 
marily on the porphyrin structure but is also influenced by 
the nature of the porphyrin-protein complex. The method 


described" was introduced by Poh-Fitzpatrick'"® and is a use- 
ful initial investigation for suspected cutaneous porphyria. 


Specimen 

Plasma from EDTA or heparinized blood or serum is suit- 
able. Specimens should be protected from light and are 
stable for at least 3 months at —20 °C. 


Reagent 

Phosphate buffered saline (PBS). Disodium hydrogen phos- 
phate (0.01mol/L) and sodium chloride (0.14mol/L) 
adjusted to pH 7.40 with hydrochloric acid. 


Quality control 

No commercial quality control material is available but 
known positive and negative samples should be included in 
each run. 


Procedure 

1. Add plasma (0.1 mL) to PBS (0.9mL) in a spectrofluo- 
rometer cuvet and mix by inversion. 

2. Record the fluorescence emission spectrum between 
550nm and 650nm, with an excitation wavelength of 
405 nm. 

3. Note the wavelength maximum for any peak above 
the background between 600 nm and 640 nm (see Figure 
32-6). 

The spectrofluorometer should be capable of detect- 
ing a small peak at a plasma porphyrin concentration 
of 10nmol/L. For the determination of the emission 
maximum, the spectrofluorometer should be calibrated with 
a solution of coproporphyrin in PBS at pH 7.4, which gives 
an emission maximum at 615nm. It is important to estab- 
lish a reference interval by determining the maximum height 
above the background for normal plasma samples; most but 
not all will show no emission peak (see Figure 32-6). 


Interpretation 
Figure 32-6 shows typical fluorescence emission maximum 
wavelengths for the cutaneous porphyrias. The plasma in VP 
contains porphyrin covalently bound to protein with a flu- 
orescence emission maximum at 624 to 628 nm.™™® In other 
porphyrias, porphyrin is noncovalently bound to albumin 
and hemopexin.” A normal fluorescence emission scan in 
plasma from a patient with clinically active skin lesions 
excludes all cutaneous porphyrias as their cause.’ The scan 
may become normal in PCT and HCP as skin lesions heal, 
and the diagnosis may be missed unless individual por- 
phyrins are also measured in urine and feces from such 
patients. In addition, the scan may be abnormal during an 
acute attack of AIP or HCP in the absence of skin lesions and 
is always abnormal in clinically manifest VP, whether skin 
lesions are present or not (Table 32-5). 

The plasma porphyrin concentration may be increased in 
conditions in which porphyrin excretion is impaired, such 
as renal failure and cholestasis. Although plasma porphyrin 
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concentrations are usually higher in chronic renal failure 
with PCT than in renal failure alone," unequivocal diagno- 
sis of PCT in this situation is best achieved by fecal por- 
phyrin analysis” or fractionation of plasma porphyrins by 
HPLC.” 


ENZYME MEASUREMENTS 

Assay of the individual enzymes of the heme biosynthetic 
pathway is rarely required for the investigation of patients 
with symptoms of porphyria. However, measurement of 
enzyme activities is useful for family studies when the indi- 
vidual mutation cannot be identified or DNA analysis is not 
available, and for the identification of subtypes such as 
nonerythroid AIP and “homozygous” forms of autosomal 
dominant porphyrias. Erythrocytes are a convenient source 
of cytoplasmic enzymes (ALAD, HMBS, UROS, and 
UROD),'*****“° but assay of the mitochondrial enzymes 
(CPO, PPOX, and FECH)****'” requires nucleated cells, such 
as leukocytes or cultured fibroblasts.” Assays for enzymes 
that use porphyrinogens as substrates are particularly diffi- 
cult, because the substrate is unstable, has to be prepared 
in-situ, and particularly with protoporphyrinogen under- 
goes nonenzymatic oxidation during the assay. However, 
erythrocyte HMBS measurement is relatively straight- 
forward and is described in detail below. 


Assay of Erythrocyte Hydroxymethylbilane Synthase 
(HMBS) Activity 

This enzymatic assay determines the amount of por- 
phyrinogens formed from an excess of added PBG over the 
course of 30 minutes. 


Principle 

Whole blood or packed red cells are hemolyzed and incu- 
bated with excess PBG for a fixed time then the reaction ter- 
minated (and proteins precipitated) with trichloroacetic 
acid. The acid also has the effect of oxidizing porphyrino- 
gens to the fluorescent porphyrins. The porphyrins are mea- 
sured fluorometrically and the enzyme activity calculated. 
The formation of HMB is rate limiting and both products 
(uroporphyringen-I formed spontaneously from HMB, and 
uroporphyrinogen-III formed from the action of UROS on 
HMB) are determined together. A potential limitation is 
the further action of the next cytoplasmic enzyme in the 
pathway (uroporphyrinogen decarboxylase) to form copro- 
porphyrin, which will remain bound to the protein pellet 
and not be included in the final measurement. 


Specimen 

Either whole blood or packed cells are prepared from blood 
collected into EDTA. Samples can be stored for 6 months at 
—20 °C without any appreciable loss in enzyme activity. 


Reagents 


1. Assay buffer. Tris(hydroxymethyl)aminomethane (0.05 
mol/L), pH 8.25 containing magnesium chloride (0.01 


mol/L) and 0.1 % V/V Triton X-100. Stable for 3 months 
at 4 °C. 

2. PBG substrate. Porphobilinogen (7.4mmol/L) in assay 
buffer. Store aliquots at —20 °C; stable for 3 months. 

3. Trichloroacetic acid (10% w/v) 

4. Uroporphyrin calibrator (302 nmol/L). Mix uroporphyrin 
fluorescence calibrator (Frontier Science Ltd., Logan, 
Utah) with an equal volume of 10% w/v trichloroacetic 
acid. Stable in dark at 4 °C for 3 months. 


Quality Control 


No commercial control available. Aliquots of normal and 
abnormal blood are stable at —20 °C for at least 6 months. 


Procedure 

1. Pipette assay buffer (1.4mL) and whole blood or packed 
cells (50uL) into plastic tubes and mix. Include quality 
control samples and a blank containing 50 uL of water in 
place of sample. The calibrator is not taken through the 
whole assay procedure. 

2. Preincubate at 37 °C for at least 10 minutes. 

3. Add PBG substrate (50UL), mix, and incubate at 37 °C 
for exactly 30 minutes. 

4, Add ice-cold 10% (w/v) trichloroacetic acid (1.5 mL) and 
vortex mix for 15 seconds. 

5. Centrifuge to form a pellet of the precipitated protein, 
transfer the clear supernatant into separate tubes, and 
incubate in the dark at room temperature for 30 minutes 
to allow oxidation of porphyrinogens. 

6. Measure the fluorescence of each tube and of the uro- 
porphyrin calibrator using an excitation wavelength of 
404 nm and an emission wavelength of 599nm. 

7. If whole blood was used for the assay, determine the 
hematocrit. 


Calculation 


Subtract the blank reading from all samples (including cali- 
brator), then calculate the enzyme activity (in nmol uropor- 
phyrin/mL erythrocytes/hr) as follows: 


Fluorescencesample X 36.2 


Fluorescence ,alibrator X Hematocrit 


The factor 36.2 allows for the dilution of sample in the assay, 
the concentration of the uroporphyrin calibrator and con- 
version from 30 minutes to an hour. 

If packed cells were used for the assay, then omit the 
hematocrit value from the above formula. 


Interpretation 

The reference interval for this method’* (mean + 2SD) is 20 
to 42 nmol uroporphyrin/mL erythrocytes/minute at 37 °C. 
Ideally each laboratory should determine its own reference 
interval. HMBS activity is usually below the reference inter- 
val in AIP, except in the uncommon nonerythroid form, but 
there is overlap between activities in AIP and normal indi- 
viduals.''’ After exclusion of families with nonerythroid AIP, 
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HMBS activity has been reported to have a sensitivity of 84% 
and a specificity of 77% for detection of AIP in patients 
without symptoms.” In France, the prevalence of abnor- 
mally low HMBS activities in the general population is about 
1 in 800." 

For family studies, in which the incidence of AIP is quite 
high, the predictive values of positive and negative tests are 
reasonable and HMBS assay is helpful, although not fool- 
proof, in assigning AIP status. In the general population, in 
which the incidence of disease-specific mutations in the 
HMBS gene is in the order of 1 in 15,000, the predictive 
values are too low for the test to be of any value. 

HMBS activity falls markedly as red cells age, so that any 
shift in their age distribution will be reflected in measured 
activity. Increased erythropoiesis may raise activity suffi- 
ciently to mask an inherited deficiency. Measurement of ery- 
throcyte HMBS activity is therefore not reliable for the 
presymptomatic detection of AIP in subjects who are hema- 
tologically abnormal, have received a recent blood trans- 
fusion, or are less than 1 year old. Activity may also be 
increased in liver disease and in chronic alcohol abuse. 


DNA ANALYSIS 


Screening families for porphyria by DNA analysis is a two- 
stage process. First, the mutation that causes porphyria in 
the family under investigation needs to be identified by 
analysis of DNA from a family member in whom the diag- 
nosis of a specific type of porphyria has been established 
unequivocally. Second, that patient’s relatives are then 
screened for the mutation. The first part of this process is the 
more complex. Because most mutations are restricted to one 
or a few families, identification of a mutation in a new family 
almost always requires analysis of the entire gene or at least 
all exons with their flanking intronic sequences and the pro- 
moter region. Initial testing for a single mutation is worth- 
while only in those countries where founder mutations 
predominate, for example, VP in South Africa and AIP in 
Sweden. 


Mutation Detection 

Two main approaches are used to analyze a gene for the pres- 
ence of a mutation (see also Chapter 37). The gene may 
either be screened to find the region that contains the muta- 
tion and then only that region sequenced to identify the 
mutation. Or all regions of the gene likely to contain the 
mutation may be sequenced directly. Prior screening 
considerably decreases the amount of sequencing that is 
required, but this is becoming a less important consideration 
as DNA sequencing becomes cheaper and more straightfor- 
ward with development of ever better automated fluores- 
cence sequencers. 

Denaturing gradient gel electrophoresis (DGGE), single 
strand conformational polymorphism (SSCP) analysis, het- 
eroduplex analysis, and denaturing HPLC have all been used 
to screen the HMBS and other porphyria genes for muta- 


tions.* DGGE is currently the most widely used technique 
and has high sensitivity’ but requires gradient gels and PCR 
primers with GC extensions. Denaturing HPLC, though still 
requiring amplification of the gene in small fragments 
(about 500bp), is rapid, simple, and robust. It has been 
shown to have high sensitivity for detection of mutations in 
many genes™™ and has the potential to replace DGGE as the 
method of choice. 

Once the mutation that causes porphyria in a family has 
been identified, relatives can be screened for its presence 
either by using one of the screening methods listed above, 
by direct sequencing of the region containing the mutation, 
or by some other mutation-specific method (see Chapter 
37). 

A method for identifying mutations in the human HMBS 
gene by direct sequencing is described below. The method 
can be adapted for other porphyria genes by using the 
appropriate amplification and sequencing primers. Primer 
sequences have been published for the PPOX,'? CPO," 
UROD,'” FECH,'® and URO” genes. 


Mutation Analysis of the Human HMBS Gene by 

Direct Sequencing 

PCR is used to amplify some of the exons of the HMBS gene, 
which are then sequenced using the Sanger method. If no 
mutations are found, the remaining exons and the 5’ intron 
are evaluated. 


Principle 

After extraction of DNA from whole blood, exons 3 to 15 of 
the HMBS gene are PCR-amplified in 4 overlapping frag- 
ments. These fragments are purified using gel extraction 
and then sequenced in one direction by the Sanger method 
using fluorescent ddNTPs and 10 sequencing primers. After 
removal of unincorporated terminators, the products are 
analyzed using an automated fluorescence sequencer. Elec- 
tropherograms are read visually and any putative mutation 
is confirmed by sequencing new PCR products in the oppo- 
site direction. If no mutation is identified in the exon 3 to 
15 region, the 5’ untranslated region and exon 1 are PCR- 
amplified and sequenced. All fragments are resequenced in 
the opposite direction if no mutation is found by sequenc- 
ing in one direction. 


Specimen Collection and Storage 

A minimum of 0.5 mL (preferably 5 mL) of EDTA-antico- 
agulated blood is required. Samples are transported to the 
laboratory at ambient temperature (preferably within 72 
hours of collection). DNA is extracted on receipt or blood is 
kept at —20 °C until analyzed. Blood, DNA, PCR products, 


*References 21, 85, 101, 102, 109, 110, 119, 129, 135, 142, 150, 
151, 
‘References 21, 109, 119, 129, 142, 150. 
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TABLE A32-1 Primers Used for PCR-Amplification of the HMBS Gene. For Each Primer Pair, the Upper is S and the 


Lower Antisense. 


Region of Gene Primers Primer Sequence Annealing Temperature 

5’ UTR/exon 1 M2039 CAACATAGTGAGGCCACCTCCCCGC 68 °C 
375) AATAGACGACTGAGGATGGCAACCTGG 

Exon 2 V8493 TCCCCCAATTTGTGATGCTGT 66 °C 
301S GTGAAACCCCGTCTCTACTAAAAAT 

Exons 3-4 Z0756 CTCTGGATCCCTGAGGAGGGCAGAA 60 °C 
T2716 TCCAGGTAGTCAGAGCTGGAGG 

Exons 4-9 T7 CCTCTGAATACCTCCAGCTCTGAC ELG 
T2723 ATGAGTGGACGGATGAGTGCATGG 

Exons 9-11 12730 TTTAGCCTCCCTATGTCATTTTCC Oil °C 
F497 CGGTAGCATCCCAAGGTCT 

Exons 11-15 P7461 GAGGTGGTCCCATGCTTTGCG CRG 
CAS GGACAGCAGCAACCCAGGCATCTG 


and completed sequencing reaction mixes are stored at 
—20 °C, as necessary. 


Procedure 

1. DNA is extracted from whole blood using the QIAamp 
DNA blood Mini Kit (Qiagen) according to the manu- 
facturer’s instructions. 

2. Exons 3 to 15 of the HMBS gene are amplified in four 
overlapping fragments. The PCR reaction mixture con- 
tains a hot-start polymerase (HotStar [Qiagen]). Ampli- 
fication is for 30 cycles using the primers and conditions 
listed in Table A31-1. If necessary, 5’UTR and exon 1 are 
also amplified (Table A32-1). 

3. After amplification, a 5uL aliquot of each reaction 
mixture is analyzed by 1.5% agarose gel electrophoresis 
in 40 mmol/L TRIS-acetate and 1 mmol/L EDTA buffer 
at pH 8.0, and visualized in UV light as ethidium 
bromide complexes using a transilluminator. 

4. If the size of the PCR product is correct, the amount suf- 
ficient, and no contamination is detected, electrophore- 
sis is performed on the remaining reaction mixture and 
the product is excised from the gel using a scalpel. Areas 
of the gel not being immediately excised are protected 
from UV light by placing foil under the gel to minimize 
nicking of DNA. The excised gel slice is placed in a 
preweighed 1.5mL tube, which is then reweighed to 
determine the weight of the excised slice. 

5. DNA is eluted from the gel slice into water after solubi- 
lization of the gel and adsorption of DNA onto a spin 
column using a gel extraction kit (Qiagen) according to 
the manufacturer’s instructions, including the optional 
5 minute incubation at stage 10, before centrifuging. 

6. 5uL aliquots of the eluted PCR products are analyzed 
by agarose gel electrophoresis to assess recovery and to 
give a qualitative guide to the amount of product 


required for sequencing. The concentration is estimated 
by comparing the brightness of the band with that of an 
appropriate DNA size marker. 

7. According to the estimated concentration, take 1 to 
7.5UL of eluted PCR product (template) and add 0.5 uL 
of primer (3.2 to 5pmol/uL), 2uL of BigDye termina- 
tor mix, and sterile deionized H,O up to 10UL, accord- 
ing to the template volume. Add sequencing mix and 
cycle sequence according to the manufacturer’s instruc- 
tions (ABI PRISM BigDye Terminator v3.0 Cycle 
Sequencing Kit, Applied Biosystems). Sequencing 
primers and PCR templates are listed in Table A32-2. 

8. Unincorporated dye terminators are removed using 
ethanol/sodium acetate precipitation as specified in the 
Cycle Sequencing Kit. 

9. The sequencing reaction products are analyzed using an 
ABI Prism 3100 Genetic Analyzer. 

10. Electropherograms are analyzed visually by comparison 
with normal sequence. Putative mutations are con- 
firmed by repeating stages 1 through 6 to obtain a fresh 
template for sequencing in the opposite direction. 


Comment and Interpretation 

In a prospective study of 198 unrelated patients with proven 
AIP, this method detected a mutation in 97% of patients. 
Almost all mutations were detected by sequencing in one 
direction only; rarely was sequencing in the opposite direc- 
tion required to reveal an abnormality. Because amplified 
genomic DNA is sequenced directly without subcloning, 
the risk of PCR artifacts is very low and is essentially elimi- 
nated by sequencing a new PCR product in the opposite 
direction to confirm each mutation. Complete gene dele- 
tions and large partial deletions that prevent the binding of 
primers are not detected by this method, because only the 
normal allele will be amplified for sequencing. Such dele- 
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TABLE A32-2 Primers Used to Sequence Regions of the HMBS Gene. For Each Primer Pair, the Upper Is Sense and 


the Lower Antisense. 


Region of gene PCR Template Primer Primer Sequence 

Exon 1 (5’ UTR) M2039 CAACATAGTGAGGCCACCTCCCCGC 
G5632 GGGCCAATCGCTGCACGG 

Exon 2 (2) V8493 TCCCCCAATTTGTGATGCTGT 

Exon 3 (3-4) Z0756 CTCTGGATCCCTGAGGAGGGCAGAA 
T2717 ACCCCATCTCCTTCATAC 

Exon 4 (3-4) 123S AAGATGAGAGTGATTCGCGTGGGTA 
T2716 TCCAGGTAGTCAGAGCTGGAGG 

Exons 5-6 (4-9) T2718 CCTCTGAATACCTCCAGCTCTGAC 
T2719 AGCCATTCTTGCAGTCCAGG 

Exon 7 (4-9) T2720 TGAGATCTTGAGAAGGTGTG 
T2721 TCTGCCACCAGTCAACACTCC 

Exons 8-9 (4-9) T2722 AGGAGTGTTGACTGGTGGCAG 
T2723 ATGAGTGGACGGATGAGTGCATGG 

Exon 10 (9-11) T2730 TTTAGCCTCCCTATGTCATTTTCC 
B281 TGAACGTATATCGCTTTCACA 

Exon 11 (9-11) F496 CATCTCACTGCCAGGTGCT 
F497 CGGTAGCATCCCAAGGTCT 

Exon 12 (11-15) P7461 GAGGTGGTCCCATGCTTTGCG 
W5598 CTGCAAGGGCTCTTAACACCAC 

Exons 13-14 (11-15) T2724 AGGTCTGTGGTCACAGGGTG 
N6457 ATGTTTTTGGCTCCTTTGCTC 

tions or mutations that lie outside the regions that are Principle 


sequenced may explain the failure to find an abnormality in 
all patients. 

In most countries, about one third of the mutations that 
are identified will not have been reported previously in AIP 
and may represent rare polymorphisms rather than disease- 
specific mutations. Criteria that suggest that such novel 
mutations cause disease include production of a frameshift 
or stop codon, the absence of any other sequence abnor- 
mality in the gene, segregation with disease, and nonconser- 
vative change of an amino acid residue that is conserved 
between species and/or known to have a functional role in 
catalysis. Mutations of consensus bases in splice sites are also 
likely to be disease-specific, but ideally all putative splicing 
defects should be confirmed by analysis of mRNA. Proof that 
a missense mutation causes disease may require expression 
and characterization of the mutant enzyme in a prokaryotic 
or eukaryotic vector. 


Identification of a Functional Polymorphism in 

FECH Gene 

The method described below tests for the presence of the 
IVS3-48C FECH allele. This allele causes decreased expres- 
sion of FECH because substitution of the T nucleotide at 
IVS3-48 by a C nucleotide leads to enhanced use of an alter- 
native splice site with increased formation of an unstable 
mRNA for FECH.” 


Intron 3 is amplified and the PCR product sequenced to 
identify the nucleotide(s) at position IVS3-48C. Identifica- 
tion is confirmed by sequencing a new PCR product in the 
opposite direction. 


Specimen Collection and Storage 


The specimen collection and storage for this method is the 
same as for mutation analysis of the HMBS gene. 


Procedure 


1. After extraction of DNA from whole blood (see above), 
intron 3 of the FECH gene is amplified using 30 cycles of 
PCR at 58 °C and the following primers: 5’-GTGTTGT 
GTGTCCTGAATCTT and 5’-GTCAAGGGATAACGC 
CTGGAG. 

2. PCR products (585 bp) are processed as described for 
stages 3 to 7 of mutation analysis of the HMBS gene, 
except that the primers and primer concentrations used 
for sequencing are the same as those used for amplifica- 
tion of intron 3 of the FECH gene. 

3. Remove unincorporated dye terminators and analyze 
sequence as described for stages 8 and 9 of mutation 
analysis of the HMBS gene. 

4. Identify nucleotide(s) at [VS3-48C by inspection of elec- 
tropherogram. Confirm by repeating stages 1 to 3. 
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Comment and Interpretation 

The IVS3-48C allele is carried by about 12% of the western 
European population. If it is not present in the partner of a 
patient with overt EPP, and they have not previously had a 
child with overt EPP, the risk that the couple will have a child 
with overt EPP is less than 1 in 50, where as if it is present, 
the risk is about 1 in 4. Investigation for the presence of the 


IVS3-48C allele in the parents of a child with overt EPP is 
usually not helpful, because the risk of overt EPP in subse- 
quent children is 1 in 4 irrespective of whether the unaf- 
fected partner carries the low expression allele. Testing a 
newborn child for the low expression allele may also be 
useful for predicting the child’s risk of later developing 
symptoms. 
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Therapeutic Drugs and 


Thomas P. Moyer, Ph.D., and Leslie M. Shaw, Ph.D. 


ANALYTICAL METHODOLOGY 

The following four methods are included here 
for the determination of the indicated 
therapeutic drugs: 


1. Method 33-1. Determination of 10-hydroxy- 
10,11-dihydrocarbamazepine (MHC) 


2. Method 33-2. Determination of Chloram- 
phenicol 


3. Method 33-3. Determination of Serum Lithium 


4, Method 33-4. Simultaneous Determination 
of Cyclosporine, Everolimus, Sirolimus, and 
Tacrolimus 


This section contains four analytical methods and three case 
studies. 


METHOD 33-1. DETERMINATION OF 10-HYDROXY- 

10,1 1-DIHYDROCARBAMAZEPINE (MHC) 

Principle 

Serum is mixed with internal standard. 10-Hydroxy-10,11- 
dihydrocarbamazepine (MHC) and internal standard are 
extracted into 20% ethyl acetate, 80% chloroform, with a pH 
9.0 buffer. The organic layer is transferred, evaporated, and 
reconstituted in HPLC mobile phase. The sample is analyzed 
by HPLC with ultraviolet detection. 


Reagents 


1. 0.1 mol/L phosphate buffer, pH 4.0: Mix 96 g potassium 
phosphate monobasic (KH,PO,) and 10 g potassium 
phosphate dibasic (K,HPO,) in 8 L of type I distilled 
water and adjust pH to 4.0 + 0.5 with concentrated phos- 
phoric acid (H3PO,). 


Their Management 


. Phosphate-TEA buffer, pH 7.0: Add 200 mL of 0.1 mol/L 


phosphate buffer, pH 4.0, to 600 mL type I distilled water 
and 10 mL of triethylamine (TEA). Mix thoroughly and 
adjust pH to exactly 7.0 with concentrated phosphoric 
acid. Transfer solution to a 1 L volumetric flask and bring 
to volume with type I distilled water. Filter this buffer 
solution through a 0.47 um filter before using. 


. Extraction solvent—20% ethyl acetate in chloroform: 


Add 200 mL ethyl acetate to 1000 mL dispenser bottle. 
Add 800 mL chloroform and mix well. 


. Extraction buffer—0.2 mol/L borate buffer, pH 9.0: Add 


38.1 g of sodium borate decahydrate (Na,B,O; - 10 H,O) 
to 500 mL of water. Adjust with NaOH or H;PO, to pH 
9.0. 


. Mobile phase (2 L). Mobile phase and reconstitution 


solution: 15% acetonitrile, 85% phosphate-TEA buffer, 
pH 7.0. 


. Stock calibrator: To a 10 mL volumetric flask, add 


10.0 mg of MHC and dilute to volume with methanol. 


l 
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Figure A33-1 HPLC for oxcarbazepine metabolite (MHC). The peak at 3.46 minutes is the 
internal standard, the peak at 4.57 minutes is |0-hydroxy-10,| |-dihydroxycarbamazepine (MHC), 


and the peak at 10.3 minutes is oxcarbazepine. 


Dissolve and mix completely. Transfer to amber vial with 
Teflon-lined screw cap. 

7. Internal standard: To a 10 mL volumetric flask, add 
10.0 mg of 3,4-dihydro-3-methyl-2(1H)-quinazolinone 
(Sigma Chemical Co., St. Louis) and bring to volume with 
methanol. Dissolve and mix completely. 


Equipment 

This procedure requires the use of a high-resolution liquid 
chromatograph (HPLC) with a flow-through ultraviolet 
detector. A good system would consist of a pump capable 
of maintaining constant flow rate in the range of 1 to 
2 mL/min, with variation in rate not to exceed + 2% at pres- 
sures up to 3000 psi. Chromatography is performed on a 
Supelcosil 25 cm x 4.0 mm ID LC-18-DB 5 u column. The 
ultraviolet detector should have a 1-cm flow cell of less than 
10-uL volume capable of measuring absorbance at 0.001 A, 
with variance of + 2%. Set the wavelength to 240 nm. The 
voltage output from the detector is integrated by an elec- 
tronic integrator to generate the chromatogram shown in 
Figure A33-1. 


Procedure 


1. Thaw the aliquot calibrator and controls as needed. Invert 
calibrator, controls, and samples several times to mix 
before aliquoting into test tubes. 

2. Aliquot 200 uL of standard, controls, and samples into 
appropriately labeled 12 x 75 mm glass test tubes. 

3. Add 100 uL of working internal standard to each tube. 
4. Add 6.0 mL extraction solvent to each tube. Vortex for 
1 minute. Centrifuge for 2 to 3 minutes at 2500 rpm. 

5. Carefully aspirate the aqueous layer off the top of each 
tube. 


6. Pour the organic layer into a clean, appropriately labeled 
16 x 100 mm tube. If it appears aqueous material is trans- 
ferred, carefully pour the organic layer into another clean, 
labeled 16 x 100 mm tube. 

7. Evaporate for 10 minutes with heat (30 °C to 35 °C); 
solvent must be completely evaporated. 

8. Reconstitute remaining residue with 200 uL of reconsti- 
tution solution. 

9. Transfer to appropriately labeled autosampler vials, and 
inject 10 uL on an HPLC system. 


Reference 
Levert H, Odon P, Robert H. LC determination of oxcar- 


bazepine and its active metabolite in human serum. J 
Pharm Biomed Anal 2002;28:517—25. 


METHOD 33-2. DETERMINATION OF 
CHLORAMPHENICOL 

Principle 

Chloramphenicol and an internal standard, mephenesin, are 
extracted from alkalinized serum, plasma, or other biologi- 
cal fluids into diethyl ether. The extract is transferred to a 
clean tube, and the solvent evaporated. Quantification is 
accomplished by separating the reconstituted extract by 
HPLC, using an ultraviolet detector. 


Reagents 

1. Stock chloramphenicol calibrator. Chloramphenicol is 
obtained as either a diagnostic reagent or from alkaline 
hydrolysis of chloramphenicol succinate. Prepare a solu- 
tion of 0.5 mg/mL in methanol. This solution is stable for 
6 months if stored in a sealed container at 4 °C. 
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Final Diluted 

Concentration Stock (mL) Methanol 
(ugimL) (mL) (mL) 

10 0.1 0.9 

20 0.2 0.8 

30 0.3 0.7 

40 0.4 0.6 


2. Working calibrators. Dilute 1.0 mL of the stock calibra- 
tor to a final volume of 5 mL with methanol. Prepare 
working calibrators as shown below. These diluted stock 
calibrators are stable for 1 month in sealed containers. 

3. Internal standard. Dissolve 25 mg of mephenesin (Sigma 
Chemical Co., St. Louis) in 100 mL methanol. This solu- 
tion is stable for 6 months if stored in a sealed container 
at 4 °C. 

4. Tris 0.8 mol/L, pH 10.4. Dissolve 9.69 g of tris(hydroxy- 
methyl)aminomethane (Tris) in water and dilute to a 
final volume of 10 mL. This solution is stable for 1 year 
in a sealed container. 

5. Diethyl ether, reagent grade. Store in metal container. 
After can has been open for 1 month, discard by evapo- 
ration in a hood. 


Instrumentation 

This procedure requires the use of an HPLC with a flow- 
through ultraviolet detector. The mobile phase used is a 
mixture of 35 parts methanol and 65 parts water pumped at 
a flow rate of 2.0 mL/min. The ultraviolet detector is set to 
monitor 278 nm at 0.02 absorbance units full scale (AUFS). 


Procedure 

1. Into appropriately labeled 16 x 125 mm screw-capped 
culture tubes, add 100 uL of each diluted stock calibrator 
and evaporate to dryness at 40 °C using a gentle stream 
of nitrogen to remove evaporated solvent. 

2. Add 100 uL of drug-free serum to each calibrator tube 
and mix. 

3. Add 100 uL of specimen or control pool to an appropri- 
ately labeled tube. 

4. To all tubes from steps 2 and 3, add 0.8 mL of Tris, 
100 uL of internal standard, and 10 mL of diethyl ether. 

5. Cap all tubes and gently tumble at a rate of about 20 
inversions per minute for 10 minutes. 

6. Separate the phases by centrifugation and transfer the 
ether layer (without carrying over any of the interface 
emulsion) to a 12-mL disposable polypropylene cen- 
trifuge tube. 

7. Evaporate the ether with a gentle stream of nitrogen until 
a wet residue remains. Evaporation to complete dryness 
is not necessary and is too time-consuming. 

8. Redissolve the residue in 100 uL of methanol and chro- 
matograph. 


9. Identify chloramphenicol by its retention time and quan- 
tify using either peak height or area. 


Reference 

Gerson B, Anhalt JP. High pressure liquid chromatography 
and therapeutic drug monitoring. Chicago: ASCP Press, 
1980:117-9. 


METHOD 33-3. DETERMINATION OF SERUM LITHIUM 
Principle 

Lithium present in serum reacts with a substituted por- 
phyrin (proprietary compound) in the presence of sodium 
hydroxide to form a red-colored complex (maximum 
absorbance at 510 nm). Equilibrium analysis of absorbance 
correlates with lithium concentration. Background due to 
presence of red chromophores is corrected by subtracting 
background measured at 480 nm. 


Reagents 
Reagents designed for use on an automated spectrophoto- 
metric analyzer are available from ThermoTrace, Victoria, 
Australia. 


Procedure 

Reagents are prepared in accordance with the manufacturers’ 
instructions. An automated spectrophotometric analyzer is 
set up to mix 5 uL of serum sample, 50 uL of 0.5 mol/L 
sodium hydroxide, and 250 uL of porphyrin. This mixture 
is incubated for 120 seconds at 37 °C, then absorbance is 
measured at 480 nm and 510 nm. A calibration equation is 
created by correlating the absorbance difference (Asio — Augo) 
with reference calibrators in serum ranging from 0.1 to 
3.0 mmol /L. Sample results are derived by application of the 
correlation equation to sample absorbance difference. 


Reference 

Richards RA, Hammons K, Joe M, Miskelly GM. Observa- 
tion of a stable water-soluble lithium porphyrin. Inor- 
ganic Chemistry 1996:35;1940—4. 


METHOD 33-4. SIMULTANEOUS DETERMINATION 
OF CYCLOSPORINE, EVEROLIMUS, SIROLIMUS, 
AND TACROLIMUS 
Principle 
Tacrolimus (Tac), everolimus (Ever), sirolimus (Siro), and 
cyclosporine are isolated from whole blood using a denatur- 
ing solution to lyse the blood cells and precipitate proteins. 
This denaturing solution also contains Ascomycin and 
cyclosporine G, the internal standards. Samples are mixed 
vigorously with the denaturing solution then centrifuged. 
The supernatant is transferred to an autosampler vial and 
approximately 200 UL is injected onto an HPLC column pre- 
ceding tandem mass spectrometry quantification. A loading 
column captures the analytes, which are then eluted onto a 
second column to facilitate separation of the analytes from 
the void volume. 

Continued. 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


4 Appendix 33 


Reagents Low control—Tac, Ever, and Siro, 5 ng/mL each, and 


1. Chemical sources. cyclosporine 50 ng/mL. 


Ammonium acetate from Sigma, Cat. # A-8920, ACS 
reagent grade. 

Zinc sulfate from Sigma, Cat. # Z-4750, minimum 99%. 
5 mg Tac (Prograf®, 5 mg/mL) ampule purchased from 
local pharmacy. 

Ever from Novartis Pharmaceutical. 

Siro from Wyeth-Ayerst Laboratories. 

Cyclosporine A from Sigma, Cat. # C-3662. 

Ascomycin from Sigma, Cat. # A-3835. 

Cyclosporine G from Sandoz Research Institute. 

. Stock standards. 

Tac, 0.1 mg/mL. Transfer the entire contents of one 
5 mg/mL Tac ampule into a 50 mL volumetric flask and 
dilute to volume with methanol. Each lot must be 
analyzed to determine the actual content. 

Ever, 0.1 mg/mL. Accurately weigh 1.0 mg stock I Siro 
into a 10 mL volumetric flask and bring to volume with 


Spike 2 L of whole blood with 2.0 mL of the inter- 
mediate Tac and Siro standard and 0.4 mL of 0.5 mg/mL 
cyclosporine. Mix thoroughly. Aliquot and freeze within 
48 hours. 

High calibrator—Tac, Ever, and Siro, 50 ng/mL each, and 
cyclosporine, 500 ng/mL. 

Spike 2 L of whole blood with 10.0 mL of the Siro and 
Tac intermediate standard. Mix thoroughly and 2.0 mL 
of 0.5 mg/mL cyclosporine. Aliquot and freeze within 
48 hours. 


6. Quality control samples. 


Spike 500 mL of whole blood (use outdated blood from 
Transfusion Medicine) with 0.25 mL of the Siro and 
Tac intermediate standard and 0.05 mL of 0.5 mg/mL 
cyclosporine. Mix thoroughly. Aliquot and freeze within 
48 hours in 12 x 75 mm polypropylene. 

High control—Tac, Ever, and Siro, 25 ng/mL each, and 
cyclosporine, 400 ng/mL. 

Spike 500 mL of whole blood with 1.25 mL of the Siro 
and Tac intermediate standard and 0.4 mL of 
0.5 mg/mL cyclosporine. Mix thoroughly. Aliquot and 
freeze within 48 hours. 

Mid-range control—Tac, Ever, and Siro, 12 ng/mL each, 
and cyclosporine, 200 ng/mL. 

Spike 4 L of whole blood with 4.8 mL of the Siro and 
Tacro intermediate standard and 1.6 mL of 0.5 mg/mL 
cyclosporine. Mix thoroughly. Aliquot and freeze within 
48 hours. 


methanol. 7. Unextracted sample. 
Siro, 0.1 mg/mL. Accurately weigh 1.0 mg stock I Siro Spike 0.02 mL of the intermediate Siro, Ever, and Tac 
into a 10 mL volumetric flask and bring to volume with standard and 0.04 mL of 0.5 mg/mL cyclosporine into 
methanol. 10 mL of denaturing solution plus 5 mL of type I water. 
Ascomycin, 0.1 mg/mL. Transfer the entire contents of Mix thoroughly. Aliquot and freeze within 48 hours. 
one ampule into a 10 mL volumetric flask and dilute to 8. HPLC mobile phases. 
volume with methanol. Loading column mobile phase—50% methanol in 
Cyclosporine A, 1.0 mg/mL. Accurately weigh 10.0 mg 20 mmol/L ammonium acetate: 
cyclosporine A into a 10 mL volumetric flask and dilute Dissolve 3.08 gm of ammonium acetate in 2 L of 50% 
to volume with methanol. methanol: 50% water. The flow rate is 2.0 mL/min. 
Cyclosporine G, 0.5 mg/mL. Accurately weigh 5.0 mg Analytical column mobile phase—90% methanol in 
cyclosporine G into a 10 mL volumetric flask and bring 20 mmol/L ammonium acetate: 
to volume with methanol. Stable 2 years at —20 °C. Dissolve 3.08 gm of ammonium acetate in 2 L of 90% 
. Intermediate stock standards. methanol: 10% water. The flow rate is 0.20 mL/min. 
Tac, Ever, and Siro, 10 ug/mL. Add 2.5 mL of stock Siro Note: Mobile phase concentrations may differ slightly 
and 2.5 mL of stock Tac to a 25 mL volumetric flask. from documented values based on variations in instru- 
Dilute to volume with methanol. ment performance and aging of column. 
. Denaturing solution with internal standards. 9. HPLC injector rinse solution: 
Add 26 g zinc sulfate and 300 mL of type I water to a Mix 900 mL of methanol with 100 mL of type I water. 
1 L bottle. Dissolve the zinc sulfate by stirring. Add 10. HPLC column: 
700 mL methanol, 0.5 mL of 0.1 ug/mL Ascomycin, and Phenomenex, SecurityGuard Guard Cartridge (Part 
0.5 mL of 0.5 g/mL cyclosporine G. #KJO-4282) 
. Calibrators. 
Low calibrator—Tac, Ever, and Siro, 10 ng/mL each, and Procedure 
cyclosporine, 100 ng/mL. 1. Sample preparation. 


a. Transfer 0.5 mL of calibrators, controls, or patient 
samples, 0.1 mL of type I water, 0.75 mL of denatur- 
ing solution to 12 x 75 tubes. Mix the sample vigor- 
ously for 1 minute. 

b. Centrifuge tubes for 5 minutes at 3500 rpm. Transfer 
0.6 mL of each sample to autosampler vials. 


. HPLC conditions: 


The HPLC is composed of two pumping systems con- 
nected through a switching valve. The switching valve is 
set to direct the loading mobile phase to the column at 
the start of the run. In this mode, the loading column 
eluate is directed to waste (as sample is injected, the ana- 
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lytes are retained on the loading column and inorganics 
[including the denaturing agent] are pumped to waste), 
while the analytical mobile phase bypasses the column 
and is continuously directed to the mass spectrometer 
source. At 0.5 minute into the run, the mobile phase is 
redirected by the switching valve to cause the analytical 
mobile phase to pass through the column in the reverse 
direction. This elutes the analytes from the columns 
directly into loading column into the analytical column. 
The analytical column serves to separate the analytes 
from the analytical column void volume. The analytical 
column eluate is continuously directed to the mass spec- 
trometer source for analysis, while the loading solvent 
continues to pump to waste. 
3. Tandem mass spectrometer conditions: 

Quantification by tandem mass spectrometry is based on 
the integrated peak areas of the Tac ion parent and 
daughter ions (Q1 = 821.6, Q3 = 768.5 amu), Ever ion 
parent and daughter ions (Q1 = 975.8, Q3 = 908.7 amu), 
Siro ion parent and daughter ions (Q1 = 931.4, Q3 = 
864.3 amu), the Ascomycin internal standard ion parent 
and daughter ions (Q1 = 901.6, Q3 = 816.6 amu), the 
CyA ion parent and daughter ions (Q1 = 1220.0, Q3 = 
1202.9 amu), and the CyG internal standard ion parent 
and daughter ions (Q1 = 1233.8, Q3 = 1215.7 amu) mul- 
tiplied by a predetermined calibration factor. Calibration 
factors are calculated from the calibration standard at the 
time of calibration. 

Run an unextracted sample as the first injection of the 
day to confirm the instrument is running properly, all 
analytes are detected, and sensitivity is adequate. 

Run each calibrator, control, and patient sample and 
collect peak area output for each. A sample mass spec- 
trogram is attached at Figure A33-2. 


4. Calculation of results: 
LC-MS/MS calibration software is set up for the auto- 
matic calculation of the concentrations; however, they 
may be manually calculated using the following equations 
(Tac example): 


Calibration Factor (f) = [Concentration of Calibrator] 
[Area of 768.5 ion in Calibrator] 
[Area of 816.6 ion in Calibrator] 

Analyte Concentration (ng/mL) 


[Area of 816.6 ion in Sample] 


=f x 
[Area of 768.5 ion in Sample] 


Review the output from each mass spectrogram to ensure 
baselines are assigned correctly; manually integrate the 
peaks if necessary. 

Check linearity of calibrators and acceptability of 
control samples. Plot controls in the electronic QC 
spreadsheet. The icon is a red and yellow target. 


Reference 

Charlson JC, Moyer TP. A modification of Alak AM, Moy S, 
Cook M, Lizak P, Niggebiugge A, Menard S, et al.: An 
HPLC/MS/MS assay for tacrolimus in patient blood 
samples. Correlation with results of an ELISA assay. 
J Pharm Biomed Anal 1997;16:7-13 


CLINICAL APPLICATIONS 


Several case studies that apply the clinical principles and the 
pharmacology data described in Chapter 33 are presented 
here. They present typical problems the clinician and clini- 
cal laboratorian are faced with in daily practice. 


CASE STUDY | 


Presentation 

A 67-year-old woman weighing 80 kg has experienced congestive 
heart failure. She has no ventricular rhythm disturbances, so digoxin 
is indicated. She is also having significant pulmonary congestion 
because of congestive heart failure, and albuterol has been suggested 
to treat this problem. She is currently receiving furosemide to reduce 
her fluid load, K-lyte to avoid potassium depletion, and dopamine to 
control blood pressure. Her creatinine clearance is 40 mL/min. What 
loading and maintenance doses of digoxin and theophylline should 
you administer? 


Resolution 

This is a common case requiring adjustment of digoxin dose to 
account for reduced clearance. It also requires some thought about 
the effect of co-administered drugs. 


Determining the Digoxin Dose 

This problem is complicated because digoxin has a long normal half- 
life (almost 2 days), but it usually is dosed once each day (i.e., more 
frequently than once each half-life). Therefore we need to use equa- 


tions (33A-1) and (33A-2) to estimate dose. The normal digoxin dose 
can be predicted by inverting equation (33A-1) to express dose: 


(33A-1) 


or 


CE) 
(e" x f) 

Parameter values needed to perform this calculation include: Css = 
1.5 ng/L, Vd=5 L/kg, t=40 h, and f=0.7. Also, recall that the 
ideal time for specimen collection for digoxin monitoring is 8 hours 
after the dose to allow for equilibrium between serum and tissue 
concentrations; therefore t = 8 h. 

Inversion of equation (33A-2) allows for calculation of the elimi- 
nation constant, k 


Dp = 


0.693 
T1/2 = 


A- 
A (33A-2) 


Continued. 
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Figure A33-2 Daughter ion tandem mass spectrogram developed from the analysis of 
cyclosporine A, Ever, Siro, and Tac, and the internal standards Ascomycin and cyclosporine G. 


CASE STUDY |I—cont’d 


inverting 
0.693 
k = 
Tı/2 
thus 
k = 0.0173 h“ 


Inserting all of the factors listed above into equation (33A-1) yields 
D, = 6.1 ug/kg 

In this 80-kg patient, Do = 6.1 ug/kg x 80 kg = 488 ug. Therefore 
0.49 mg of digoxin is administered per half-life (T). 


Digoxin Administration Dose 

For patient convenience, digoxin is normally administered once 
each day. Because T, normally is 40 hours, the daily dose would be 
[0.49 mg]/[40 h] = 0.29 mg/d. Because digoxin is available in pro- 
prietary tablets containing 0.25 mg, such a dose would be adequate 
for the normal patient (in fact, based on the calculations shown 
above, 0.25 mg is the ideal dose for the typical 70-kg person). 

This patient has significant reduction in renal function (clearance 
= 40 mL/min, or 40% of normal). Digoxin metabolism is predomi- 
nantly affected by renal function. Reduced renal function prolongs 
digoxin’s excretion half-life. This patient’s actual half-life is calculated 
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CASE STUDY |I—cont’d 


by adjusting the normal half-life (T, = 40 hr) by the ratio of normal 
to actual renal clearance (100/40), giving an actual half-life for this 
patient of 100 hours (Note: the basis for this mathematical relation- 
ship is contained in equation [13] of Chapter 33). Reduced renal 
function does not have a pronounced effect on volume of distribu- 
tion or the target serum concentration (C,,= 1.5 ug/L), so inserting 
the new half-life (tı = 100 hr) in equations (33A-1) and (33A-2) 
allows one to calculate the dose required for steady state 


Dss = 6.1 ug/kg 


Note that this is the same value as calculated for the normal half-life. 
Why is this? Because the elimination constant, k, and half-life, T12, 
are interdependent—they effectively counter each other in the com- 
bination of equations (33A-1) and (33A-2). However, the daily dose 


must be reduced to accommodate the new half-life of 100 hours. 
The total dose predicted (0.49 mg) should be divided over 4.2 days 
(100 hours), indicating a dose of 0.12 mg/d. Conveniently, there is a 
proprietary product available to deliver such a daily dose. 

Practical note: All calculated results described in this case study are 
based on estimates. After five half-lives, measure the drug concen- 
tration in the blood and make adjustments in dose to account for 
real variances that occur from patient to patient. Also, as the patient’s 
health improves, renal function is likely to normalize. The daily dose 
should be increased to account for improvement in renal function. 

Do we need to adjust the dose to accommodate for other co- 
administered drugs? Albuterol does not alter digoxin metabolism 
or clearance, nor do furosemide or dopamine. No adjustments are 
needed for these co-administered drugs. 


CASE STUDY 2 


Presentation 

A 52-year-old, 70-kg male patient with chronic epilepsy has ex- 
perienced a myocardial infarction with accompanying ventricular 
fibrillation. This patient has been maintained for years on 240 mg 
of phenobarbital (3 mg/kg/day), yielding a peak phenobarbital con- 
centration of 35 ug/mL to control his epilepsy. On admission, it is 
determined that he will be treated with lidocaine to gain temporary 
control of ventricular rhythm. What dose of lidocaine do you 
administer as a loading dose, what is the maintenance dose, and how 
frequently is it administered? Electrophysiology studies indicate that 
his ventricular tachycardia was well controlled by procainamide. 
Calculate the loading and maintenance doses and dosing interval to 
achieve a peak blood concentration in the range of 8 to 10 g/mL. 
After five half-lives, you measure his procainamide concentration 
and it is 6 ug/mL (6 mg/L), and the N-acetylprocainamide (NAPA) 
concentration is 5 ug/mL. What does this mean? After implementing 
the appropriate antiarrhythmic drug at an optimal dose, does his 
phenobarbital dose need to be changed? 


Resolution 

Resolution of this case will require the estimation of the lidocaine 
dose, calculation of the maintenance dose of lidocaine, and an esti- 
mation of the procainamide dose. No change is needed in the 
phenobarbital dose because lidocaine and procainamide do not 
influence phenobarbital pharmacodynamics. However, phenobarbi- 
tal affects lidocaine and procainamide metabolism, so an adjustment 
in dose of both drugs is necessary. 


Estimation of the Lidocaine Dose 

Equation (33A-3) and data from Table 33-3 of Chapter 33 are 
used to estimate the loading dose. The lidocaine target MTC (Co) = 
5 mg/L, Tın = 1.8 h, V= 1.1 L/kg, and remember that f= 1.0 because 
lidocaine is administered intravenously. 


_ Co X Va 


f 


ð (33A-3) 


Do = 5.5 mg/kg 


The dose of lidocaine for a 70-kg patient is therefore 5.5 mg/kg x 
70 kg = 385 mg per half-life. 


Calculating the Maintenance Lidocaine Dose 

Equation (33A-3) predicts only how much drug to administer to 
achieve a specific concentration. It does not predict how much drug 
is needed to maintain that peak concentration. Remember the simple 
rule identified earlier: replace the drug eliminated by each past half- 
life. If 385 mg was administered as a loading dose, then 190 mg is 
required each half-life (1.8 hours) to replace the drug that is elimi- 
nated during that half-life. Lidocaine is usually infused intravenously 
to maintain a concentration near 5 mg/L. An infusion of 1.75 mg/min 
(190 mg/1.8 hr) would be indicated based on this logic. 

However, this patient is on phenobarbital, which induces 
cytochrome CyP 2D6, which increases the rate of lidocaine metabo- 
lism. There are no quantitative indicators to predict exactly how 
much affect phenobarbital has on lidocaine metabolism. Empirically, 
it is likely that the half-life will change by 30% from 1.8 to 1.2 hours. 
Such an assumption would indicate that the infusion should be 
increased to 2.6 mg/min (190 mg/1.2 hr). Check the lidocaine con- 
centration five half-lives (6 hours) later to confirm that the assump- 
tions used in the calculation of dose were correct, and adjust the dose 
based on the reported concentration. 


Estimation of the Procainamide Dose 

Again, use equation (33A-3) and data from Table 33-2 of the text- 
book version of this chapter: normally, Co = 10 mg/L, tT=6 h, V;= 
1.9 L/kg, and f= 0.83 for oral administration. 


_ Co X Va 


f 


i (33A-3) 


thus 
Do = (10 mg/L x 1.9L/kg)/0.83 = 22.9 mg/kg 


The dose for a 70-kg patient would be 22.9 mg/kg x 70 kg = 1603 mg 
per half-life. Remembering to replace the amount of drug eliminated 
by each past half-life, the maintenance dose would be 1603 mg x 0.5 
= 802 mg administered once each half-life. Conveniently, there is a 

Continued. 
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CASE STUDY 2—cont’d 


proprietary product available to deliver 750 mg of procainamide, 
which should provide an appropriate dose if administered once every 
6 hours. 

The fact that both procainamide and NAPA are low (5 g/mL with 
a reference interval of 8 to 16 ug/mL), and that they are approxi- 
mately the same (i.e., this patient is not phenotypically a fast metab- 
olizer), indicates that both procainamide and NAPA are undergoing 
enhanced metabolism. Why? Because phenobarbital induces pro- 


cainamide and NAPA metabolism. Use the same logic as applied to 
lidocaine to correct for this. 

Practical note: All calculated results described in this case study are 
based on empirical estimates. After five half-lives, measure the lido- 
caine or procainamide concentration in the blood and make adjust- 
ments in dose to account for real variances that occur from patient 
to patient. 


CASE STUDY 3 


Presentation 

A 72-year-old man weighing 60 kg has undergone surgery for repair 
of a heart valve. He has had prolonged disease that has caused poor 
blood flow, which has damaged his kidneys. At the time of surgery, 
his renal clearance is 50 mL/min. One day after surgery, his fever 
spikes to 38.5 °C. Blood cultures reveal a systemic infection by 
Staphylococcus aureus. Sensitivity testing indicates that a minimal 
inhibitory concentration (MIC) of vancomycin of 15 ug/mL will be 
required to kill the organism. What loading and maintenance doses 
of vancomycin should you administer? What trough concentration 
would you predict for this maintenance dose? 


Resolution 
Resolution of this case will require the calculation of the loading dose 
of vancomycin and predicting the trough concentration of the drug. 


Calculating the Loading Dose 

The approach described previously using equation 33A-3 and data 
from Table 33-5 of Chapter 33 allows for a simple and direct 
approach to calculating loading dose. Key data include Cy = 30 mg/L, 
Ty =6 h, and V;=0.5 L/kg; remember that f= 1.0 because van- 
comycin is administered intravenously. 


lo = Co X Va (33A-3) 
f 
thus 
Dy = 15 mg/kg 
Therefore the initial loading dose for a 60-kg patient is 15 mg/kg x 
60 kg = 900 mg. 


Infusion of vancomycin is usually carried out over a period of 1 hour, 
and like most antibiotics, it is not administered once every half-life 
like the other drugs discussed in these problems. Recall that antibi- 
otics are administered to achieve a concentration above the MIC, and 
then allowed to be eliminated to protect sensitive organs (kidney and 
7th vestibular nerve). Therefore the general rule used in the other 
case studies to replace the drug lost each half-life does not apply here. 
Antibiotics are usually administered no more than once every other 
half-life and frequently less often. 

This patient has significantly reduced renal function, which affects 
vancomycin clearance. Data listed in Tables 33-5, 33-6, and 33-7 of 
Chapter 33 can be used to adjust the dosage to compensate for renal 
clearance. The PDR also contains a nomogram for dosage adjustment 
that provides similar guidance to that contained in Tables 33-5, 


33-6, and 33-7. These nomograms suggest that a reduced dose could 
be administered every 12 hours, or the full dose could be introduced 
every 24 hours. 

Equation 33A-4 can be used to predict the actual half-life in this 
patient; define the targets as Co = 30 mg/L, Do = 900 mg, and Cl= 
50 mL/min: 


Do x f 
Co = ——— 33A-4 
Clr XT 


Rearranging equation (33A-4) gives 


Do x f 
T= 
Clr X Co 


thus 

Tın = 600 min (10 hr) 
In this particular case, the physician is likely to choose to administer 
the dose calculated above once per day (instead of twice per day, as 
would be the norm) to compensate for renal function. Note that the 
data obtained from Table 33-7 and the PDR, and derived using equa- 
tion 33A-4, lead to the same conclusion. 


What Is the Predicted Trough Concentration? 
The blood concentration can be estimated at any time during the 
elimination time interval using equation 33A-5 


In C: = In Co = ki (33A-5) 


or the combination of equations (33A-1) and (33A-2). Note that the 
combination of equations (33A-1) and (33A-2), which incorporates 
the variable half-life that we are concerned about in this problem, 
offers us more flexibility to predict trough concentration at the end 
of 24 hours (Tın = 24 hr) using the data defined previously (remem- 
ber, we have estimated that T,,. = 10 hr). Thus: 


k = 0.0693h™ and Czn = 11.4 mg/L 


This calculated trough concentration is slightly high for organ safety 
(see Table 33-6). If this calculated concentration is corroborated 
by measurement of an actual serum concentration, it indicates 
that the dose should be reduce slightly (~10%). It is common prac- 
tice to measure the peak and trough concentration after the second 
dose is administered to verify that the assumptions made in calcu- 
lating the dose are correct. With knowledge of the peak and trough 
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CASE STUDY 3—cont’d 


concentration, the actual half-life can be calculated, and changes in 
dosing or dose interval can be quickly implemented. 

Practical note: All estimated results described in this case study are 
based on assumptions. Measure the drug concentration in the blood 
serum and make adjustments in dose to account for the real vari- 


ances in pharmacokinetic values that occur from patient to patient. 
Remember that the pharmacokinetic data presented in the tables of 
this chapter represent average data from a large number of patients; 
individual patients will vary from these averages. In practice, phar- 
macokinetic data should always be individualized for the patient. 
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METHOD 34-I Determination of Acetaminophen 


Acetaminophen is a commonly used analgesic and antipyretic agent. 
When taken in an overdose, acetaminophen may cause serious hepa- 
totoxicity. Whereas acetaminophen is detected in the popular Toxi- 
Lab thin-layer chromatography (TLC) procedure, it is not detected 
in some other TLC procedures, and it generally demonstrates poor 
gas chromatographic properties unless derivatized. Therefore a rela- 
tively rapid screening procedure for acetaminophen in urine is clin- 
ically useful. A gold particle lateral flow qualitative immunoassay 
for acetaminophen (cutoff, 25 ug/mL) in serum, plasma, or whole 
blood has been developed (SureStep, Applied Biotech, San Diego). 
However, a quantitative method is typically used in any patient with 
suspected drug toxicity. 


Reagents 

1. Saturated o-cresol. Mix 10 mL of o-cresol with 1 L of deionized 
water. Allow to stand for 24 hours before use. Solution will be 
stable for 1 year at room temperature. 


2. Ammonium hydroxide, 4 mol/L. Dilute 284 mL of concentrated 
ammonium hydroxide to 1 L with deionized water. Solution will 
be stable for 1 year at room temperature. 

3. Concentrated hydrochloric acid. 


Procedure 

1. Mix 1 mL of the specimen (patient or control urine and water 
blank) and 1 mL of concentrated hydrochloric acid. Heat at 
100 °C for 10 minutes. 

2. Cool and add 100 uL of the above solution to 10 mL of o-cresol 
reagent and then 2 mL of ammonium hydroxide, 4 mol/L. 
Acetaminophen is hydrolyzed to p-aminophenol, which reacts 

with o-cresol and ammonium hydroxide to form an iodophenol blue 

chromogen. 


METHOD 34-2 Determination of Salicylate 


Salicylate, the major metabolite of aspirin, is not normally detected 
by TLC, and its gas chromatographic response is variable without 
derivatization. Therefore a spot test, which may be applied at the 
point of care, is useful to screen for the possible presence of salicy- 
lates. A rapid gold particle lateral flow qualitative immunoassay for 
salicylate (cutoff, 10 mg/dL) in serum and plasma has been devel- 
oped (SureStep, Applied Biotech, San Diego). Quantitative proce- 
dures for salicylate determination are discussed in Chapter 34 and 
typically used in any case of suspected drug overdose. 


Reagent 
Trinder’s reagent. Dissolve 4 g of mercuric chloride in about 85 mL 
of deionized water by stirring on a hot plate (60 °C). Cool the solu- 


tion and add 12 mL of 1 mol/L hydrogen chloride and 4 g of ferric 
nitrate and stir. When dissolved, transfer the solution to a 100-mL 
volumetric flask and dilute to volume with deionized water. Solution 
will be stable for 1 year at room temperature. 


Procedure 

Pipette 100 uL of the patient’s serum or urine and control serum 
or urine into respective wells of a white porcelain spot plate. Add 
100 uL of Trinder’s reagent to each well and swirl to mix. The imme- 
diate development of a violet color indicates the possible presence of 
salicylates. Diflunisal and labetalol will produce a positive test 
response. 


METHOD 34-3 Determination of Phenothiazines 


The phenothiazines constitute a rather large group of widely pre- 
scribed drugs with antipsychotic pharmacological action. These 
drugs have a very high therapeutic index. Nevertheless, life- 
threatening intoxication (coma and respiratory depression) can 
result from an overdose with phenothiazines. A rapid spot test may 
be beneficial for the assessment of possible phenothiazine overdose. 
Phenothiazines are extensively metabolized to a large number of 
metabolites. The presence of these metabolites may lead to some 
confusion when interpreting thin-layer chromatograms. 

The ferric chloride, perchloric acid, and nitric acid (FPN) spot test 
may be helpful when used in conjunction with TLC screening. The 
phenothiazines are discussed in Chapter 34. 


Reagent 

FPN reagent. Mix 5 mL of ferric chloride (50 g/L), 45 mL of per- 
chloric acid (200 mL/L), and 50 mL of nitric acid (500 mL/L). The 
reagent is stable for 6 months when stored in a brown bottle at room 
temperature. 


Procedure 

Place 200 uL of unknown and control urine into respective wells of 
a white porcelain spot test plate. Add 200 uL of FPN reagent and 
rotate the plate to mix. A pink, red, purple, or blue color that forms 
immediately suggests the presence of phenothiazines. Disregard any 
color formation that occurs after 10 seconds. Not all phenothiazines 
produce a positive test result. 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


Appendix 34 3 


METHOD 34-4 Determination of Ethchlorvynol 


Ethchlorvynol is a sedative hypnotic drug that is similar in action to 
barbiturates. In overdose, ethchlorvynol may produce deep coma 
that lasts several days, severe respiratory depression, hypotension, 
bradycardia, and death. Ethchlorvynol is not detected with some TLC 
procedures. When detected, ethchlorvynol may not be completely 
resolved from glutethimide. Thus a color test for ethchlorvynol is 
useful in conjunction with TLC. 


Reagents 

1. Color reagent. Dissolve 0.2 g diphenylamine in 50 mL of concen- 
trated sulfuric acid. Carefully add this solution, while stirring, to 
50 mL of deionized water. 

2. Trichloroacetic acid (10 g/dL). 


Procedure 

1. Add 50 uL of the patients serum or urine and control serum or 
urine to respective 3-mL test tubes. 

2. Add 400 uL of trichloroacetic acid reagent. Mix and let stand for 
10 minutes. May omit incubation for urine. 

3. Centrifuge and transfer clear supernatant to a 3-mL test tube. May 
omit this step when the specimen is urine. 

4. Add 300 uL of color reagent. Mix and let stand for 5 minutes. 

5. Add 300 uL of chloroform and mix in a vortex mixer. 

6. Centrifuge for 1 minute to separate layers. 

The presence of a pink color in the chloroform layer (bottom) indi- 

cates a positive test result for ethchlorvynol. Phenothiazines may 

produce a light pink color that fades and cannot be extracted into 

chloroform. 


METHOD 34-5 Determination of Drugs Using Gas Chromatographic Analysis With Flame lonization 


Detection 


Principle 

Significant concentrations of many drugs are extracted from physi- 
ological fluids (e.g., serum, urine, and gastric fluid) at pH 4.0 into a 
mixed organic phase (chloroform:ethyl acetate, 8:2 vol/vol). The 
organic phase is separated, removed, dehydrated with anhydrous 
sodium sulfate, and evaporated. The residue is dissolved in 100 UL of 
methanol, and an aliquot is analyzed by capillary column gas chro- 
matography (GC). 


Specimens 

Two milliliters of a random urine sample, 2 mL of serum, or 0.5 mL 
of gastric fluid is a suitable specimen. Refrigerate specimens if a delay 
of more than a few hours is likely before delivery to the laboratory. 
Do not use acetic acid or toluene as a preservative for urine. 


Equipment 

A gas chromatograph equipped with a capillary column, flame ion- 
ization detector, temperature programming, and splitless sample 
injection is used for analysis. A fused silica capillary column (15 m 
x 0.31 mm internal diameter [I.D.] DB-5 [bonded SE-54], J & W 
Scientific, Folsom, CA.) is used with helium carrier gas (80 cm/s). 
Conditions of operation are injector, 250 °C; detector, 325 °C; 
oven, initially 80 °C (0.4 minute); 30 °C/min to 140 °C (1 minute); 
5 °C/min to 190 °C; 15 °C/min to 320 °C (5.1 minutes). 


Reagents 
1. Stock reference solutions. 
a. Group A solutions. Prepare individual reference solutions at a 
final concentration of 1 mg/mL of each of the following drugs 
by transferring 10 mg (correct for salt) of a drug into a 10-mL 
volumetric flask, dissolving the drug in ethanol, and diluting 
to volume with ethanol. These stock reference solutions are 
stable for 3 years if stored at —20 °C in a tightly sealed glass 
volumetric flask. The drugs in group A are diazepam, flu- 
razepam, imipramine, phencyclidine (PCP), propoxyphene, 
and thioridazine. 
b. Group B solutions. Prepare individual reference solutions at a 
final concentration of 5 mg/mL of each of the following drugs 


by transferring 50 mg of the drug into a 10-mL volumetric 

flask, dissolving the drug in ethanol, and diluting to volume 

with ethanol. These stock reference solutions are stable for 

3 years if stored at —20 °C in a tightly sealed glass volumetric 

flask. The drugs in group B are amobarbital, butalbital, 

glutethimide, ibuprofen, meprobamate, methyprylon, 
methaqualone, pentobarbital, phenobarbital, and phenytoin. 

c. Group C solutions. Prepare individual reference solutions at a 
final concentration of 25 mg/mL by transferring 250 mg of 
each drug into a 10-mL volumetric flask, dissolving the drug 
in ethanol, and diluting to volume with ethanol. These 
reference solutions are stable for 3 years if stored at —20 °C in 
a tightly sealed glass volumetric flask. The drugs in group C are 
acetaminophen and salicylate. 

d. Group D solutions. Drugs that are less stable or require differ- 
ent preparation from those in groups A, B, and C are in this 
group. They are prepared as follows: 

(1) Ethchlorvynol, 10.0 mg/mL. Dissolve 100 mg of 
ethchlorvynol in 5 mL of ethanol, place in a 10-mL 
volumetric flask, and dilute to final volume. The solution 
is stable for 1 year if stored at —20 °C in a tightly sealed 
container. 

(2) Chlordiazepoxide, 1 mg/mL. Dissolve 10 mg of chlor- 
diazepoxide in ethanol in a 10-mL volumetric flask and 
dilute to volume. The solution is stable for 1 year if stored 
at —20 °C in a tightly sealed container. Avoid exposure to 
fluorescent lights. 

(3) Caffeine, 10 mg/mL. Place 100 mg of caffeine in a 10-mL 
volumetric flask and dissolve in 5 mL of water. When com- 
pletely dissolved, dilute to volume with ethanol. The solu- 
tion is stable for 3 years if stored at —20 °C in a tightly 
sealed container. 

(4) Mephobarbital, 1 mg/mL. Place 10 mg of mephobarbital 
in a 10-mL volumetric flask, dissolve, and dilute to volume 
with ethanol. The solution is stable for 3 years if stored at 
—20 °C in a sealed flask. 

2. Combined drug calibrator. Prepare as follows in a 500-mL volu- 
metric flask: 
Continued. 
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METHOD 34-5 Determination of Drugs Using Gas Chromatographic Analysis With Flame lonization 


Detection—cont’d 
Final 
Concentration 
Drug or Group Volume of Each Drug 
A 1.0 mL each 2.0 Ug/mL 
B 1.0 mL each 10.0 ug/mL 
C 1.0 mL each 50.0 ug/mL 
Ethchlorvynol 2.5 mL 50.0 ug/mL 
Chlordiazepoxide 5.0 mL 10.0 g/mL 
Caffeine 0.5 mL 10.0 Ug/mL 
Mephobarbital 2.5 mL 5.0 ug/mL 


Add 100 mL of sterile bovine serum, dilute to final volume with 
deionized water, and mix thoroughly. This calibrator is to be analyzed 
on 3 separate days and must agree within +20% of the spiked values. 
It is then aliquoted and stored at —20 °C and is stable for 1 year. The 
final concentration of each drug is as follows: 

Acetaminophen, 50 g/mL 

Amobarbital, 10 ug/mL 

Butalbital, 10 ug/mL 

Caffeine, 10 ug/mL 

Chlordiazepoxide, 10 ug/mL 

Diazepam, 2 ug/mL 

Ethchlorvynol, 50 ug/mL 

Flurazepam, 2 g/mL 

Glutethimide, 10 ug/mL 

Ibuprofen, 10 [g/mL 

Imipramine, 2 g/mL 

Mephobarbital, 5 g/mL 

Meprobamate, 10 g/mL 

Methyprylon, 10 Ug/mL 

Methaqualone, 10 ug/mL 

Pentobarbital, 10 ug/mL 

Phenobarbital, 10 ug/mL 

Phencyclidine, 2 ug/mL 

Phenytoin, 10 ug/mL 

Propoxyphene, 2 g/mL 

Salicylate, 50 ug/mL 

Thioridazine, 2 Ug/mL 

3. Control pool. Prepare a control pool for daily use by adding the 
following to a 500-mL volumetric flask: 0.5 mL of 1-mg/mL 
imipramine, 1.5 mL of 1-mg/mL mephobarbital, 2.0 mL of 
5-mg/mL pentobarbital, and 1.0 mL of 1-mg/mL thioridazine. 
Add 100 mL of bovine serum and dilute to a final volume of 
500 mL with deionized water. The final concentration will be 
1 ug/mL of imipramine, 3 ug/mL of mephobarbital, 20 ug/mL 
of pentobarbital, and 2 g/mL of thioridazine. The pool should 
be analyzed on 5 separate days to establish mean and standard 
deviation and should be within +20% of the spiked values. This 
reagent is stable for 1 year at —20 °C. 

4. Internal standard (0.2 mg/mL benzocaine and 0.2 mg/mL cyhep- 
tamide). Transfer 20 mg of benzocaine and 20 mg of cyheptamide 
into a 100-mL volumetric flask and dissolve in 100 mL of ethanol. 
This reagent is stable for at least 1 year if stored at 4 °C in a sealed 
container. 


9: 


. Acetic acid, 1.0 mol/L. Carefully, and with continuous mixing, add 


57.3 mL of concentrated acetic acid to approximately 800 mL of 
distilled water in a 1-L volumetric flask. Cool to room tempera- 
ture, dilute to volume with distilled water, and mix thoroughly. 


. Sodium acetate, 1.0 mol/L, pH 4.0. Carefully add 57.3 mL of con- 


centrated acetic acid to 800 mL of water as in step 4. Titrate the 
mixture to pH 4.0 by the dropwise addition of 10 mol/L of sodium 
hydroxide carefully (wear protective eyewear). Let the solution 
cool to room temperature and dilute to final volume of 1 L with 
water. 


. Anhydrous sodium sulfate, American Chemical Society (ACS) 


grade. 


. Extraction solvent. Mix 100 mL of chromatographic grade ethyl 


acetate with 400 mL of chromatographic grade chloroform. Store 
in sealed glass pipettor bottle. 
Methanol, chromatographic grade. 


Procedure 


l. 


2. 


Label one 16 x 125-mm disposable glass test tube for each cali- 

brator, control, or unknown. 

Prepare calibrators or specimens as follows: 

a. Calibrator: Combine 2.0 mL of combined drug calibrator; 
1.0 mL of 1 mol/L sodium acetate (NaOAc), pH 4.0; 100 uL 
internal standard; and 6 mL of extraction solvent. 

b. Serum: Combine 2.0 mL of serum, 1.0 mL of 1 mol/L acetic 
acid, 100 uL internal standard, and 6 mL of extraction solvent. 
If less than 2.0 mL of serum is available, make up to a volume 
of 2.0 mL with water, and use sodium acetate buffer instead of 
acetic acid. Apply the appropriate multiplication factor to 
correct for dilution. 

c. Urine: Combine 2.0 mL of urine, 1.0 mL of 1 mol/L NaOAc, 
100 uL internal standard, and 6 mL of extraction solvent. 

d. Gastric fluid: Add 0.5 mL of gastric specimen to 1.5 mL of 
water; 1.0 mL 1 mol/L NaOAc, pH 4.0; 100 uL internal stan- 
dard; and 6 mL of extraction solvent. 


. Using a vortex mixer, mix thoroughly for 30 seconds and cen- 


trifuge for 3 minutes. (If an emulsion forms, stir the solution with 
a wooden dowel and recentrifuge for 3 minutes.) 


. Transfer approximately 5 mL of the organic solvent to a 12x 


125-mm disposable glass test tube and add one scoop (0.5 g) of 
anhydrous sodium sulfate. Mix in a vortex mixer for 5 to 10 seconds, 
then decant the organic phase to a clean glass conical tip tube. 


. Evaporate the ethyl acetate/chloroform retraction solvent under a 


gentle stream of nitrogen with gentle heating (i.e., temperature no 
higher than 40 °C). Avoid overdrying the specimen (do not allow 
it to sit for a prolonged period of time in the evaporation 
apparatus with nitrogen flush after the specimen has dried). 
Overdrying causes degradation of benzocaine and evaporation 
of ethchlorvynol. 


. Redissolve the residue in 100 uL of methanol and mix thoroughly. 


Inject an aliquot into the gas chromatograph. 


Interpretation 

Drugs in the unknown specimen are identified by comparison of the 
retention time for any peaks present with those of the reference drugs 
(+0.05 minute) (Figure A34-1). Quantitation for drugs identified 
in serum is performed by a comparison of the peak height ratio 
(drug:cyheptamide) with that for the calibrator: 
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where 


Detection—cont’d 


. R 
Concentration = A x C.e 


C 


Appendix 34 5 


The second internal standard, benzocaine, is used to monitor loss 
of ethchlorvynol, ibuprofen, and salicylate during the drying step. If 
a low response for benzocaine is observed, the specimen should be 
reextracted and more carefully dried to prevent total dehydration of 


R, = Peak height ratio for the unknown 
R. = Peak height ratio for the calibrator 


C. = Concentration of the calibrator 
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Figure A34-| Gas-liquid chromatogram of 
reference drugs. Peak numbers in (A) 
correspond to those in (B). 
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METHOD 34-6 Determination of Carbon Monoxide by Spectrophotometry 


Principle 

Hemoglobin and its derivatives have characteristic absorption bands 
in the visible light region that can be used to measure the carboxy- 
hemoglobin level. Oxyhemoglobin and carboxyhemoglobin have 
similar double bands in alkaline solution. The absorption maxima 
for oxyhemoglobin are 576 to 578 and 540 to 542 nm; for carboxy- 
hemoglobin, they are 568 to 572, and 538 to 540 nm (Figure A34-2). 
Deoxyhemoglobin has a single broad band at 555 nm (see Figure 
A34-2, B and C). 

If a weak alkaline dilution of blood is treated with sodium 
hydrosulfite, oxyhemoglobin (and any methemoglobin present) is 
converted to deoxygenated hemoglobin (see Figure A34-2). 
Carboxyhemoglobin is unaffected by such treatment (see Figure 
A34-2, D). 


HbO, (or MetHb) =F NaS 04 — Hb 
HbCO + Na2S204 — No reaction 


The absorbance of this solution is measured at 541 and 555 nm, 
the absorbance ratio As54)/Ass5 is calculated, and the percent carboxy- 
hemoglobin is determined from the calibration curve. 


ABSORBANCE 
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Figure A34-2 Spectral curves (over traced). A, 100% 
oxyhemoglobin (OXY-Hb) and 100% carboxyhemoglobin (CO-Hb) 
before treatment with sodium dithionite. B, 100% oxyhemoglobin 
(now HHb) and 100% carboxyhemoglobin after treatment of both 
with sodium dithionite. C, 100% oxyhemoglobin before and after 
treatment with sodium dithionite. D, 100% carboxyhemoglobin 
before and after treatment with sodium dithionite. (Reproduced by 
permission of the Institute for Clinical Science; from Tietz NW, Fiereck 
EA. The spectrometric measurement of carboxyhemoglobin. Ann Clin 
Lab Sci 1973;3:36-42.) 


Instrumentation 

A narrow-bandpass (<2 nm) spectrophotometer with 10-mm cuvets 
is required, and the use of a recording spectrophotometer with the 
same specifications is desirable. 


It is imperative that the spectrophotometer be checked regularly 


for wavelength and spectrophotometric accuracy with appropriate 
calibrating filters (e.g., National Institute of Standards and Technol- 
ogy (NIST) Reference Material 930) and with liquid photometric 
reference materials (e.g., NIST Reference Material 931). 


Reagents 


l. 


Ammonium hydroxide, 0.12 mol/L. Dilute 15.9 mL of concen- 
trated ammonium hydroxide to 1.0 L with deionized water. This 
solution is stable for 1 year. 


. Sodium hydrosulfide (sodium dithionite), reagent grade. 


Preweigh 10-mg portions of sodium dithionite into individual 
small test tubes. Stopper the test tubes or cover with Parafilm. 


. Carbon monoxide. Lecture bottle (available from Matheson Gas 


Products, Division of Will Ross, Inc., East Rutherford, NJ.). 


. Oxygen, chemically pure. 


Procedure 


1. 


Add 100 uL of whole heparinized blood to 25 mL of ammonium 
hydroxide, 0.12 mol/L. Mix the solution and allow it to stand for 
2 minutes. This is the hemolysate. 


. Transfer 3.0 mL of ammonium hydroxide and 3.0 mL of the 


hemolysate into separate 10-mm cuvets. (Analyze the specimen in 
triplicate.) 


. Add 10 mg of sodium dithionite to all cuvets. Cover the cuvets 


with Parafilm and invert gently 10 times. If a number of 
hemolysates are analyzed, space the addition of the reducing agent 
so that each can be read after exactly 5 minutes. 


. Exactly 5 minutes after the addition of sodium dithionite to the 


hemolysates, read the absorbance at 541 and 555 nm against the 
ammonium hydroxide blank. 


. Calculate the ratio of the absorbance at 541 nm to that at 555 nm, 


Asa:/Asss, and determine the percent carboxyhemoglobin from the 
calibration curve. Note: For confirmation and for the purpose of 
record, the specimen without and that with sodium dithionite 
(steps 1 and 3, respectively) may be scanned between 450 and 
600 nm (see Figure A34-2). 


Preparation of the Calibration Curve 
Caution: Use a fume hood when working with carbon monoxide gas. 


l. 


2; 


Collect 20 mL of heparinized blood from a healthy person who 
does not smoke. 

Transfer a 4.0-mL portion of the fresh, heparinized blood speci- 
men into each of two 125-mL separatory funnels. While the 
funnels are gently rotated, allow pure oxygen to flow through one 
funnel and pure carbon monoxide through the other for 15 
minutes. After the addition of the gases, close the separatory 
funnels and rotate them gently for an additional 15 minutes. 
Analyze the fully saturated specimens immediately, in triplicate, 
according to the procedure described previously. Use these results 
for the establishment of the 0% and 100% carboxyhemoglobin 
calibration points. These specimens may not be used to establish 
the intermediate calibration points. Plot the ratio of the 
absorbance at 541 nm to that at 555 nm for the 0% and for the 
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METHOD 34-6 Determination of Carbon Monoxide by Spectrophotometry—cont’d 


100% carboxyhemoglobin specimens and draw a line between the 
two points (Figure A34-3). 

3. Fill the funnel containing the 100% carboxyhemoglobin specimen 
with nitrogen gas and rotate it for 5 minutes. Treatment with 
nitrogen removes the physically dissolved carbon monoxide from 
the specimen, but a small amount of carbon monoxide will also 
dissociate from hemoglobin. Determine the exact carboxyhemo- 
globin content of this specimen by the method described, using 
the calibration curve just prepared. Prepare intermediate calibra- 
tors by mixing appropriate proportions of the nitrogen-treated 
specimen with the oxygen-treated specimen. 

4. Analyze each of the diluted blood specimens from step 3 in trip- 
licate according to the procedure described previously. 

5. Plot the calculated concentrations against the absorbance ratios 
obtained. These points should fall on the line drawn for the fully 
saturated specimens because the curve is linear over the entire 
range (see Figure A34-3). 


References 

Blanke RV, Decker WJ. Analysis of toxic substances. In: Tietz NW, 
ed. Textbook of clinical chemistry. Philadelphia: WB Saunders Co, 
1986:1700-3. 

Tietz NW, Fiereck EA.The spectrometric measurement of carboxy- 
hemoglobin. Ann Clin Lab Sci 1973;3:36-42. 
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Figure A34-3 Example of a calibration curve for conversion of 
absorbance ratio As4ı/Asss to percent carboxyhemoglobin 
saturation. (Reproduced with permission of the Institute for Clinical 
Science; from Tietz NW, Fiereck EA. The spectrometric measurement of 
carboxyhemoglobin. Ann Clin Lab Sci 1973;3:36-42.) 


METHOD 34-7 Determination of Cyanide 


Principle 

Measurement of cyanide (CN’) in whole blood is performed follow- 
ing microdiffusion either by photometric analysis or by ion-selective 
electrode analysis. In the procedure described here, a sealed, two-well 
microdiffusion cell is used to separate hydrocyanic acid from blood 
by mixing a sample of whole blood with strong acid in a sealed 
chamber and allowing the hydrocyanic acid gas generated to be 
absorbed into a strong base located in another part of the sealed 
chamber. One well of the cell contains the blood specimen and a 
strong acid (unmixed until the cell is sealed), and the other well con- 
tains a strong base to absorb the hydrocyanic acid gas. After the 
hydrocyanic acid is collected in the aqueous base medium, pyridine, 
barbituric acid, and chloramine-T are added to generate a red 
complex, the intensity of the color of which is proportional to the 
concentration of CN”. A good-quality spectrophotometer is required 
to measure the absorbance. 


Reagents 

1. Sodium hydroxide, 0.1 mol/L. Dilute 4.0 g of solid, anhydrous 
sodium hydroxide in water, allow to cool to room temperature, 
and dilute to 1 L of final volume with water. 

2. Sulfuric acid, 3.6 mol/L. Dilute 10 mL of concentrated, reagent- 
grade sulfuric acid with water and allow to cool to room temper- 
ature, then dilute with water to a final volume of 100 mL. 

3. Sodium dihydrogen phosphate, 1.0 mol/L. Add 13.8 g of sodium 
dihydrogen phosphate monohydrate (NaH,PO, - H2O) to water 
and dilute to a final volume of 100 mL. 

4. Chloramine-T, 0.25%. Add 0.25 g of chloramine-T to water and 
dilute to a final volume of 100 mL. 


5. Color reagent. Add 2.0 g of barbituric acid; 10 mL of reagent- 
grade pyridine; and 2.0 mL of concentrated, reagent-grade 
hydrochloric acid to water and dilute to a final volume of 20 mL. 
Prepare this reagent weekly. 

6. Stock calibrator solution. CN’, 1 mg/mL. Add 0.25 g of potassium 
cyanide to 50 mL of water and add 2.0 mL of 0.5-mol/L sodium 
hydroxide. Dilute to a final volume of 100 mL. The solution is 
stable for 3 months. 

7. Working calibrator, CN’, 10 g/mL. Dilute 1.0 mL of the stock 
calibrator solution to 100 mL of final volume with water. This 
solution is stable for 2 weeks. From this prepare calibrators for use 
daily at final concentrations of 0.2, 0.5, and 2.0 ug/mL in water. 

8. Control. Obtain part of an outdated unit of whole blood from the 
blood bank. Perform CN” test on a sample from it to ensure no 
contamination with CN. Add 0.1 mL of the stock calibrator to 
99.9 mL of blood to generate a control pool with 1 ug/mL of 
CN’. Aliquot this into small vials, seal, and store at —20 °C for use 
as a control pool. 


Procedure 

1. Using silicon vacuum grease, lightly grease the rim of a Conway 
diffusion cell. Alternatively a two-compartment bacterial agar 
plate can be used. 

2. Add 0.5 mL of 0.1 mol/L sodium hydroxide to well 1 of the dif- 
fusion cell. 

3. Add 1.0 mL of 3.6 mol/L sulfuric acid to well 2 of the diffusion 
cell. 

4. Add 1.0 mL of calibrators (0.2, 0.5, and 2.0 g/mL CN), control, 
or specimen to well 2 of the diffusion cell so that it does not mix 

Continued. 
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METHOD 34-7 Determination of Cyanide—cont’d 


with the acid until after the cell is sealed. After sealing the cover 
on the diffusion cell, mix the sample thoroughly with acid by 
gently tilting the cell back and forth. Avoid mixing the contents 
of well 1 with those of well 2. 

5. Let the diffusion cell stand for 2 hours at room temperature or for 
15 minutes at 60 °C to allow hydrocyanic acid to diffuse out of the 
specimen and dissolve in the strong base. 

6. Open the diffusion cell and transfer 0.2 mL of the fluid from the 
base side (well 1) of the cell to a 12 x 75-mm disposable test tube. 

7. Add 1.0 mL of 1 mol/L sodium dihydrogen phosphate and 0.5 mL 
of chloramine-T, mix thoroughly, and let stand for 1 minute. Add 
1.5 mL of color reagent, mix, and let stand for 10 minutes. 


8. Measure the absorbance at 580 nm of each solution in a spec- 
trophotometer, subtracting background absorbance at 480 nm. 
Calibrate the assay using the absorbance derived from the cali- 
brators, and calculate the CN” concentration in each specimen 
directly from the absorbance exhibited by each. 


Reference 

Ames MA, Moyer TP, Kovach JS, et al. Pharmacology of amygdalin 
(laetrile) in cancer patients. Cancer Chemother Pharmacol 
1981;6:51-7. 


METHOD 34-8 Determination of Alcohols by Headspace Gas Chromatographic Analysis 


Principle 

In a closed system, short-chain aliphatic alcohols and acetone are suf- 
ficiently volatile to be present in easily measurable concentrations 
in the air space (headspace) above a liquid specimen. Therefore a 
portion of this headspace may be injected into a gas chromatograph 
for analysis. Headspace sampling provides an extremely clean speci- 
men, resulting in prolonged column performance and no clogging of 
syringe needles. 

For the analysis of alcohols in blood or serum, dilutions are made 
with saturated sodium chloride containing n-propanol as the inter- 
nal standard. Sodium chloride increases the vapor pressure of the 
alcohols and eliminates matrix differences between aqueous calibra- 
tors and blood or serum specimens. For quantitation, the peak height 
ratio of the analyte alcohol to the internal standard is compared with 
the ratio for calibrators. 


Instrumentation 

Method requires a gas chromatograph equipped with a flame ion- 
ization detector, a fused silica capillary column (e.g., 30 m x 0.53 mm 
ID, 3-um film thickness, Rtx-BACI, Restek, Bellefonte, Pa., operated 
at 40 °C), and a headspace sampling device. 


Reagents 

All reagents are anhydrous and of analytical reagent grade. 

1. Combine alcohol, acetone calibrator. Dilute 2.0 mL each of anhy- 
drous ethanol and methanol, 1.0 mL of isopropanol, and 0.25 mL 
of acetone to 1 L with deionized water. At 20 °C, this provides a 
calibrator with concentrations of: ethanol, 158 mg/dL; methanol, 
157 mg/dL; isopropanol, 78 mg/dL; and acetone, 20 mg/dL. This 
calibrator is suitable for routine use. 

For linearity verification or for multipoint calibration, a com- 
bined stock reference solution may be prepared by diluting 6.3 mL 
each of ethanol and acetone and 6.4 mL each of methanol 
and isopropanol to 500 mL of deionized water. This stock 
reference solution (1000 mg/dL for both ethanol and isopropanol, 


1006 mg/dL for methanol, and 1008 mg/dL for acetone) may be 
appropriately diluted to provide concentrations of each analyte 
from 25 mg/dL to ~600 mg/dL. 

2. Internal standard solution. Dilute 0.5 mL of n-propanol to 1 L 
with deionized water saturated with sodium chloride. 


Procedure 

1. Place 50 uL of each calibrator, control, or patient’s specimen into 
a 20-mL headspace vial. 

2. Add 200 uL of internal standard solution. 

. Seal the vial and swirl to mix contents. 

4. Place vials into a sampling turntable; incubate at 40 °C for 3 
minutes before injecting the headspace specimen into a gas 
chromatograph. 


w 


Calculation 

Calculate the ratio of the peak height (or peak area) of the unknown 
to that of the internal standard, n-propanol. Compare this ratio with 
the ratios obtained for the corresponding calibrators. A typical chro- 
matogram is shown in Figure A34-4. 


Reference 

Adapted from Suitheimer C, Bost R, Sunshine I. Volatiles by head- 
space chromatography. In: Sunshine I, Jatlow P, eds. Methodology 
for analytical toxicology, Vol 2. Boca Raton, Fla: CRC Press Inc, 
1982:1-9. 
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Figure A34-4 Headspace gas chromatography of alcohols. 
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METHOD 34-9 Determination of Formate by Gas Chromatographic Analysis 


Principle 

Formate, present in serum or whole blood, and propionate, added as 
an internal standard, are converted to their respective methyl esters 
in the presence of sulfuric acid and excess methanol. For quantita- 
tion, the peak height ratio of methyl formate to methyl propionate 
for the unknown, measured by headspace gas chromatography, is 
compared with the ratios for known calibrators. 


Instrumentation 

A gas chromatograph equipped with a column containing 5% 
Hallcomid M-18 and 0.5% Carbowax 600 coated on 40-60 mesh 
Teflon-6, operated at 75 °C, and a flame ionization detector are 
required for analysis. 


Reagents 

1. Formate reference solution. Dissolve 1.481 g of sodium formate 
in 100 mL of deionized water. This provides a stock reference 
solution equivalent to 1.0 g/dL as formic acid. Make appropriate 
dilutions to provide working calibrators of 20, 40, 60, 80, and 
100 mg/dL formate as formic acid. 

2. Internal standard. Dissolve 0.52 g of sodium propionate in 
100 mL of methanol (400 mg/dL as propionic acid). 


Procedure 
1. Transfer 100 uL of serum, whole blood, or calibrator to a 
7.5-mL vial. 


. Add 100 uL of internal standard. 

. Add 100 uL of concentrated sulfuric acid. 

. Cap the vials and place in a water bath at 35 °C for 30 minutes. 

. Inject 0.5 mL of headspace from each vial into the gas 
chromatograph. 

6. Measure peak height ratios of methyl formate relative to that of 

methyl propionate. Determine the concentration of formate (as 

formic acid) in the unknown by comparing its peak height ratio 

with those ratios obtained using the calibrators. 


me Ww N 


Analyte Relative Retention Time 
Methyl formate 0.34 
Methanol 1.00 
Methylpropionate L55 
Reference 


Fraser AD, MacNeil W. Gas chromatographic analysis of methyl 
formate and application in methanol poisoning cases. J Anal 
Toxicol 1989;13:73-6. 


METHOD 34-10 Determination of Acetaminophen by High-Performance Liquid Chromatography 


Principle 

Acetaminophen and 3-acetamidophenol, added as an internal 
standard, are extracted from serum and analyzed by reverse-phase 
high-performance liquid chromatography (HPLC) with an octa- 
decylsilane bonded-phase column. The peak height absorbance ratio 
for acetaminophen relative to the internal standard is determined at 
254 nm. 


Instrumentation 

A 250x4.5-mm ID column containing octadecylsilane (C18) 
bonded-silica particles (5-um diameter) is used for the analysis 
of acetaminophen. The HPLC system is equipped with a fixed- 
(254-nm) or variable-wavelength detector set at a sensitivity of 0.1 
or 0.2 absorbance units full scale for acetaminophen concentrations 
of 0 to 200 or 200 to 500 ug/mL, respectively. The pump flow rate is 
1.5 mL/min. 


Reagents 

1. Acetaminophen stock reference solution, 1000 mg/L. Dissolve 
100 mg of acetaminophen (USP reference material or equivalent) 
in 20 mL of methanol and then dilute to 100 mL with deionized 
water. The solution is stable for at least 6 months when stored 
refrigerated. 

2. Acetaminophen working calibrator. Dilute the acetaminophen 
stock reference solution with deionized water to provide working 
calibrators of 20 and 100 ug/mL. Calibrators are stable for 2 
months when stored refrigerated. 


3. 3-Acetamidophenol stock internal standard, 1000 mg/L. Dissolve 
100 mg of 3-acetamidophenol (Sigma-Aldrich, St. Louis) in 20 mL 
of methanol and dilute to 100 mL with deionized water. The solu- 
tion is stable for 6 months when stored refrigerated. 

4, 3-Acetamidophenol working internal standard, 50 mg/mL. Dilute 
5 mL of the stock internal standard to 100 mL with deionized 
water. The solution is stable for 2 months when stored 
refrigerated. 

5. Phosphate buffer, 0.225 mol/L, pH 7.4. Mix 80.4 mL of disodium 
hydrogen phosphate (Na,HPO,) solution (30.6 g/L) with 19.6 mL 
of potassium dihydrogen phosphate (KH,PO,) solution (31.9 g/ 
L). Adjust to pH 7.4, if necessary, with the appropriate phosphate 
solution. The solution is stable for 2 months when stored at room 
temperature. 

6. Mobile phase: sodium acetate buffer/acetonitrile (92/8 by 
volume). Add 80 mL of acetonitrile (HPLC-grade) to a 1-L volu- 
metric flask and dilute to volume with 0.01 mol/L of sodium 
acetate buffer, pH 4.0. Filter through a 0.5-um pore-size filter and 
degas by applying gentle vacuum. 


Procedure 
1. Pipette 100 UL of each calibrator, control, and patient’s serum into 
properly labeled 13 x 100-mm glass tubes. 
2. Add 100 uL of working internal standard solution and 100 uL of 
phosphate buffer (0.225 mol/L, pH 7.4). Mix. 
3. Add 3 mL of ethyl acetate. Mix in a vortex mixer for 15 seconds. 
4. Centrifuge all tubes at 1000 x g for 5 minutes. 
Continued. 
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METHOD 34-10 Determination of Acetaminophen by High-Performance Liquid 


Chromatography—cont’d 


5. Transfer the organic (top) layer to labeled 12 x 75-mm glass tubes 
and evaporate under a stream of dry air at 50 °C. 

6. Reconstitute the contents of each tube with 100 uL of the mobile 
phase and inject 10 to 20 uL into the HPLC instrument. 


Calculation 

A typical chromatogram is shown in Figure A34-5. Determine the 
peak height (or peak area) ratios of acetaminophen relative to the 
internal standard. Calculate the concentration of acetaminophen in 
the unknown by comparing its peak height ratio with the peak height 
ratios versus the acetaminophen concentration response for the 
calibrator. 


Reference 

Porter WH, Dorie LD, Rutter PW, et al. Acetaminophen by liquid 
chromatography. In Frings CS, Faulkner WR, eds. Selected 
methods of emergency toxicology, Vol 11. Selected Methods of 
Clinical Chemistry. Washington DC: AACC Press, 1986:33-6. 


8 6 4 2 0 


Time (min ) 
Figure A34-5 High-performance liquid chromatogram of 
acetaminophen. Peak |: acetaminophen; peak 2: 3-acetamidophenol 
IS (internal standard). 


METHOD 34-I1 Trinder’s Method for the Determination of Salicylate 


Principle 

Salicylate reacts with Fe** in an acid medium to form a colored 
complex that is measured at 540 nm (Figure A34-6). Mercuric chlo- 
ride, present in the reagent, causes precipitation of serum proteins 
and thus eliminates the necessity for a serum blank. 


Instrument 
A spectrophotometer with a bandpass of <20 nm at 540 nm is 
required. 


Specimen 

Serum is preferred, but plasma may be used (ethylenediamine- 
tetraacetic acid [EDTA]), heparin, or oxalate are acceptable for use 
as anticoagulants). 


Reagents 

1. Trinder’s reagent. Ferric nitrate (Fe[NO3];), 100 mmol/L; mer- 
curic chloride, 80 mmol/L; and hydrogen chloride, 120 mmol/L. 
Dissolve 40 g of mercuric chloride (HgCl,) in about 600 mL of 
hot deionized water while stirring. Allow to cool and then add 
40 g of Fe(NO;);-9 H,O and 120 mL of 1 mol/L HCI while stir- 
ring. Transfer the solution to a 1-L volumetric flask and dilute to 


+ Fe —— + Violet complex 


C _ 
OH 
Salicylic acid 


Figure A34-6 Trinder’s reaction for salicylic acid. 


volume with deionized water. This solution is stable for at least 1 
year at room temperature. 

2. Salicylate stock reference solution, 2 g/L. Dissolve 580 mg of 
sodium salicylate in about 200 mL of deionized water in a 
250-mL volumetric flask. Add a few drops of chloroform as a 
preservative and dilute to volume with water. (Note: Do not use 
sodium azide.) This solution is stable for at least 5 months when 
stored at 4 °C to 10 °C in a brown bottle. 

3. Salicylate working calibrators. In separate 100-mL volumetric 
flasks, dilute 1.0, 2.0, 5.0, 10.0, and 25.0 mL of the stock salicylate 
reference solution to volume with deionized water to provide 
working calibrators of 20, 40, 100, 200, and 500 mg/L, respectively. 
These calibrators may be used for establishing and periodically 
rechecking the method’s linearity. For routine use, a single 
working calibrator (200 mg/L) is adequate. These calibrators, if 
prepared to contain a few drops of chloroform, are stable for 3 
months when stored refrigerated in a brown bottle. 


Procedure 

1. Add 100 uL of the patients serum or the control to properly 
labeled 13 x 100-mm test tubes. 

2. Add 100 uL of a calibrator and 100 UL of water to separate cuvets. 

3. Add 1 mL of deionized water to all test tubes and to the calibra- 
tor and blank cuvets, then add 1 mL of Trinder’s reagent and mix. 

4. Allow the specimens to stand for 5 minutes and then centrifuge 
the patient’s and control test tubes for 10 minutes at 1000 x g. 
Transfer the supernatants to cuvets. 

5. After adjusting the spectrophotometer to zero absorbance (100% 
transmittance) with the reagent blank, measure the absorbance 
of the calibrator and that for the patients and control 
specimens. 
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METHOD 34-11 Trinder’s Method for the Determination of Salicylate—cont’d 


Calculation 
Calculate the concentration of salicylate by comparing the 
absorbance values for the unknowns with that for the calibrator: 


A unknown 
A cal 


X Cea = salicylate, mg/ L 


References 

Sutherland DE, Lott JA, Marenberg S. Salicylate by spectrophotom- 
etry. In Frings CS, Faulkner WR, eds. Selected methods of emer- 
gency toxicology, Vol 11. Selected methods of clinical chemistry. 
Washington DC: AACC Press, 1986:89-92. 

Trinder P. Rapid determination of salicylate in biological materials. 
Biochem J 1954;57:301-3. 


METHOD 34-12 Determination of Salicylate and Metabolites by High-Performance Liquid 


Chromatography 


Principle 

Serum protein is first precipitated with acetonitrile, which contains 
o-methoxybenzoic acid as an internal standard. Salicylic acid, 
salicyluric acid, and gentisic acid are then separated with an 
octadecylsilane reverse-phase chromatographic column. Quantita- 
tion is performed by calculating the ratio of peak height absorbance 
(313 nm) of the analyte to that for the internal standard and then by 
comparing this ratio with appropriate calibrators. 


Instrumentation 

An HPLC equipped with an ultraviolet light detector (313 nm) and 
a 250 x 3.9-mm octadecylsilane column (5-um particle size) and 
with a pump operated at a flow rate of 2.6 mL/min is required for 
analysis. 


Reagents 

1. Sodium azide stock solution. Dissolve 20 g of sodium azide in 
about 80 mL of deionized water. Adjust the pH to 7.4 with acetic 
acid. Transfer to a 100-mL volumetric flask and dilute to volume 
with deionized water. 

2. Stock reference solution. Dissolve 200 mg each of salicylic acid, 
salicyluric acid, and gentisic acid (2,4-dihydroxybenzoic acid) in 
about 80 mL of deionized water, add 20 uL of stock sodium azide, 
and dilute to volume in a 1000-mL volumetric flask. 

3. Working calibrators. Make appropriate dilutions of the stock ref- 
erence solution with a solution of 100 mg/L sodium azide (pH 
7.4) to provide additional calibrators of 100, 50, 25, 5, and 1 mg/L 
each of salicylic acid, salicyluric acid, and gentisic acid. 

4. Internal standard. Dissolve 20 mg of o-methoxybenzoic acid in 
100 mL of acetonitrile. Dilute this solution tenfold with acetoni- 


trile to provide a final o-methoxybenzoic acid concentration of 
20 mg/L. 

5. Mobile phase. Combine 41 mL of glacial acetic acid and 180 mL 
of methanol in a 1 L volumetric flask and dilute to volume with 
deionized water. 


Procedure 

1. Add 100 uL of the patient’s serum, calibrators, or control to 
properly labeled 10 x 70-mm test tubes. 

2. Add 100 uL of internal standard solution; mix in a vortex mixer 
for 1 minute. 

3. Centrifuge at 900 x g for 10 minutes. Inject 20 UL of supernatant 
onto the HPLC column. 


Calculation 
Prepare a calibration curve by plotting the peak height absorbance 
ratio (peak height calibrator:peak height internal standard) versus 
the concentration of the calibrators. Calculate the peak height ratio 
for the unknown and determine the corresponding concentration 
from the respective calibration curve. 

Approximate retention times are as follows: gentisic acid, 3.7 
minutes; salicyluric acid, 5.4 minutes; internal standard, 7.7 minutes; 
and salicylic acid, 11.3 minutes. 


Reference 

Cham BE, Johns D, Bochner F, Imhoff DM, Rowland M. Simul- 
taneous liquid-chromatographic quantitation of salicylic acid, 
salicyluric acid, and gentisic acid in plasma. Clin Chem 1979525: 
1420-5. 
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METHOD 34-13 Simultaneous Determination of Ethylene Glycol and Glycolic Acid by Gas 
Chromatography-Mass Spectrometry 


Principle 
After precipitation of serum proteins with acetonitrile (containing 
internal standards), the supernatant is treated with 2,2- 
dimethoxypropane (containing dimethylformamide) to remove 
water, and the volume is reduced to <100 UL of dimethylformamide. 
Following addition of a derivatizing reagent, the analytes are mea- 
sured as their t-butyl-dimethylsilyl derivatives by gas chromatogra- 
phy-mass spectrometry. 


Instrumentation 

A gas chromatograph equipped with a mass selective detector and 
a fused silica capillary column (e.g., 25 m x 0.2 mm [ID], 0.33-um 
film thickness, and cross-linked 5% phenylmethyl silicon, J & W 
Scientific Ultra 2) is required. The instrument is operated in the 
selected ion-monitoring mode, and the oven temperature is pro- 
grammed from 80 °C (0.5 minutes) to 325 °C at 25 °C/min. 


Reagents 

1. Ethylene glycol (EG)-glycolic acid (GA) stock reference solution 
(5.0 g/dL each). Place 2.5 g each of ethylene glycol and glycolic 
acid in a 50-mL volumetric flask. Dissolve in and dilute to volume 
with deionized water. Aliquots are stable for 12 months at —10 °C 
to —20 °C. 

2. Calibrator (100 mg/dL each EG-GA). Place 200 UL of stock refer- 
ence standard in a 10-mL volumetric flask and dilute to volume 
with analyte free pooled serum. This solution is stable for 6 
months at —10 °C to —20 °C. 

3. Internal standards. Place 15 mg each of 1,3-propanediol (1,3-PD) 
and o-hydroxyisobutyric acid (HIBA) and 10 mL of glacial acetic 
acid in a 100-mL volumetric flask. Dissolve in and dilute to 
volume with acetonitrile. This solution is stable for 3 months at 
room temperature in an amber bottle. 

4. 2,2-dimethoxypropane (DMP): N,N-dimethylformamide (DMF) 
(80:20 vol/vol). Combine 80 mL DMP and 20 mL DME. This 
solution is stable for 3 months at room temperature. 

5. N-methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide 
(MTBSTFA; Pierce, Rockford, IL.). 


Procedure 

1. To tubes containing 50 uL of the patient’s serum (neat and diluted 
1:5 with pooled serum), pooled serum blank, control (20 mg/dL 
and 80 mg/dL each analyte) or calibrator, add 150 uL of internal 
standard solution. 

2. Mix using a vortex mixer and then centrifuge 14,000 x g for 1 
minute. 

3. To 100 UL of supernatant, add 50 uL of DMP:DMF and vortex. 

4. Place the tubes in an 80 °C heat block and reduce volume under 
air flow to <100 uL (but not to dryness). 

5. Add 100 uL MTBSTFA and inject 1 uL into gas chromatography- 
mass spectrometry (GC-MS) operated in selected ion-monitoring 
mode for the following mass units: 147 and 233 (EG); 147 and 
247 (1,3-PD); 147,189, and 247 (GA); 147,189, and 275 (HIBA). 


Calculation 
Analyte identification is based on retention time and ion ratios com- 
pared with the respective calibrator response. For EG quantitation, 
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Figure A34-7 Total-ion chromatogram for ethylene glycol and 
glycolic acid. Ethylene glycol (EG), |,3-propanediol internal 
standard (1,3-PD), endogenous lactic acid (LA), glycolic acid (GA), 
HIBA internal standard. 


the ratio of 233 (EG) to 247 (1,3-PD) is compared with that for the 
calibrator; for GA, the ratio of 247 (GA) to 275 (HIBA) is compared 
similarly. A typical chromatogram is depicted in Figure A34-7. 


Procedure Notes 

1. The procedure requires <2 hours. 

2. The method is linear to 100 mg/dL of EG and GA, but is effec- 
tively extended to 500 mg/dL by automatic 1:5 dilution; higher 
dilutions may be made if required. 

3. Single-point calibration provides accuracy and precision compa- 
rable with multiple-point calibration. 

4. DMP acts as a water scavenger to convert water to methanol and 
acetone; DMF acts as a solvent trap during the evaporation step. 
Complete dryness results in loss of response. 

5. The limit of detection and/or quantitation is 1 mg/dL of EG and 
GA. 


Reference 

Adapted from Porter WH, Rutter PW, Yao HH. Simultaneous 
determination of ethylene glycol and glycolic acid in serum by gas 
chromatography—mass spectrometry. J Anal Toxicol 1999;37: 
537-60. 
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METHOD 34-14 Determination of Amphetamine and Methamphetamine (and MDA, MDMA, MDEA) in 
Urine by Gas Chromatography-Mass Spectrometric Analysis 


Principle 

A urine specimen that has tested positive for amphetamine or 
methamphetamine (or methylene dioxyamphetamine [MDA], meth- 
ylene dioxymethamphetamine [MDMA], and methylene dioxyethyl- 
amphetamine [MDEA]) by immunoassay is treated with periodate 
to remove possible interferences caused by a-hydroxyamines, such 
as ephedrine, pseudoephedrine, norpseudoephedrine, and phenyl- 
propanolamine. The periodate-treated urine is extracted at alkaline 
pH with an organic solvent, and the isolated organic layer is reacted 
with 4-carbethoxyhexafluorobutyryl chloride to derivatize the 
amines (Figure A34-8). After addition of ethanol to destroy excess 
derivatizing reagent, the solvent is removed by evaporation, and the 
residue is dissolved in ethyl acetate and analyzed by GC-MS using 
selected ion monitoring. Deuterated amphetamine-p,; and metham- 
phetamine-p; are used as internal standards. Deuterated MDA-p;, 
MDM~A-p;, MDEA-D, are used if the designer amphetamines are also 
included in the analysis. 


Instrumentation 

A GC-MS equipped with a capillary column (e.g., 25 m x 0.20 mm 
ID, 0.33-um film thickness; J & W Scientific Ultra 2) is required for 
analysis. The operating conditions with this column for splitless 
sample injection are injection port, 200 °C; detector, 315 °C; initial 
column temperature, 120 °C (1 minute); temperature program, 
25 °C/min to 270 °C. 


Reagents 

1. Combined stock reference solution, 1 mg/mL. Transfer 27.2 mg 
of (+)-amphetamine sulfate (Sigma-Aldrich, St. Louis, MO) 
and 24.9 mg of (+)-methamphetamine hydrochloride (Alltech- 
Applied Science Labs, State College, PA.) into a 20-mL volumet- 
ric flask. Dissolve in and dilute to volume with methanol. 

2. Combined intermediate reference solution, 100 ug/mL. Dilute 
2.0 mL of combined stock reference solution to 20.0 mL with 
methanol. 

3. Urine calibrators. Into separate 10-mL volumetric flasks, pipette 
300 uL, 100 uL, 50 uL, and 25 uL of combined intermediate ref- 
erence solution (100 ug/mL) and dilute the volume with drug-free 
urine. This provides urine calibrators that contain 3000, 1000, 
500, and 250 ng/mL each of amphetamine and methampheta- 


Nc " 
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Htc 4 Fz N—R 
N cr, b= 
H^ `R = br, 
Amphetamine Fz 
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Hy 
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Figure A34-8 Amphetamine derivatization. (4-CB) 


mine. For routine use, one (500 ng/mL) or two (100 ng/mL; 
500 ng/mL) calibrators is acceptable. 

4. Internal standard solution (amphetamine-p, and methampheta- 
mine-p;, 25 g/mL each). Dilute 1.0 mL of amphetamine-p, and 
1.0 mL of methamphetamine-p; (100 g/mL each; Cerilliant, 
Round Rock, TX.) to 4.0 mL with methanol (chromatographic 
grade). 

5. Sodium periodate, 0.35 mol/L. Dissolve 7.5 g of sodium periodate 
in 100 mL of deionized water. 

6. Carbonate-bicarbonate buffer, pH 9. Dissolve 20 g of sodium 
bicarbonate and 10 g of potassium carbonate in 200 mL of deion- 
ized water. 

7. Derivatizing reagent. Dilute 4-carbethoxyhexafluorobutyryl chlo- 
ride (also named ethyl hexafluoroglutaryl chloride, Lancaster 
Synthesis, Inc.) 1:100 (vol/vol) with methylene chloride. 
Prepare fresh weekly. 


Procedure 

1. Transfer 4.0 mL of unknown, calibrator, or control to a screw-cap 
16 x 125-m test tube and add 100 uL of internal standard and mix. 

2. Add 1.0 mL of carbonate-bicarbonate buffer, pH 9, and mix. 

3. Add 1.0 mL of sodium periodate (0.35 mol/L), mix, and let stand 
at room temperature for 10 minutes. 

4. Transfer most of the contents to a Toxi-Tube A extraction tube 
(Varian, Lake Forest, Calif.) and mix by inversion for 30 seconds. 

5. Centrifuge for 5 minutes at 1000 xg and transfer the upper 
organic phase to a 5-mL disposable centrifuge tube. 

6. Add 200 uL of derivatizing reagent and 2 drops of triethylamine 
(Sigma-Aldrich Chemical Co., St. Louis, MO). Mix in a vortex 
mixer and let stand at room temperature for 10 minutes; add 
400 uL of ethanol,* mix, and let stand for an additional 5 minutes. 

7. Evaporate to dryness under a stream of air at 37 °C. 

8. Reconstitute with 200 uL of ethyl acetate, mix in a vortex mixer, 
centrifuge for 1 minute (1000 xg), transfer the supernatant to an 
autosampler vial, and inject 1 uL into the GC-MS. 


Interpretation 

Characteristic ions monitored are 248, 266, and 294 (amphetamine); 
251, 270, and 298 (amphetamine-p;); 118, 262, 280, and 308 
(methamphetamine); and 266, 284, and 312 (methamphetamine-p;). 
Positive identification requires qualifier ion ratios at appropriate 
retention time to be within 20% of those for the calibrators. Quali- 
fier ion ratios are 248:294, 266:294 (amphetamine); 270:298 
(amphetamine-p;); 118:308, 262: 308, and 280:308 (methamphet- 
amine); and 284:312 (methamphetamine-p;). Approximate reten- 
tion times are 6.3 minutes for amphetamine and 6.4 minutes 
for methamphetamine. For quantitation the ion ratios 294:298 
(amphetamine) and 308:312 (methamphetamine) are compared 
with those for the calibrators. Based on the Substance Abuse and 
Mental Health Services Administration (SAMHSA) guidelines, 


*Substitution of other alcohols (e.g., methanol or propanol) will 
result in transesterification of the ethyl ester portion of the 4- 
carbethoxyhexafluorobutyryl chloride (4-CB) derivatives and 
produce two components in the chromatogram (e.g., 4-carbethoxy 
and 4-carbmethoxy derivatives). 

Continued. 
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METHOD 34-14 Determination of Amphetamine and Methamphetamine (and MDA, MDMA, MDEA) in 
Urine by Gas Chromatography-Mass Spectrometric Analysis—cont’d 


samples with amphetamine or methamphetamine concentrations 
>500 ng/mL are judged as positive results. 


Comments 

Specimens that contain ephedrine or pseudoephedrine have been 
reported to have positive test results for methamphetamine when 
using the 4-carbethoxyhexafluorobutyryl chloride (4-CB) derivatiz- 
ing reagent. This phenomenon appears to result from a reaction that 
occurs within a newly silanized injection liner in which the hydroxyl 
group of pseudoephedrine and, to a lesser extent, of ephedrine is 
replaced by hydrogen to form methamphetamine-4-CB. To guard 
against a false-positive report of methamphetamine owing to the 
presence of ephedrine or pseudoephedrine, SAMHSA regulations 
require identification of methamphetamine (cutoff, 500 ng/mL) and 
of its metabolite, amphetamine (cutoff, 200 ng/mL). Amphetamine- 
4-CB is not formed from o-hydroxyamines. However, the require- 
ment for amphetamine 2200 ng/mL may not be satisfied in some 
cases of known methamphetamine ingestion, especially during the 
initial 12-hour postdose period, leading to false negative results. To 
increase the detection rate for amphetamine and methamphetamine, 
SAMHSA has proposed a reduction of the screening and confirma- 
tion cutoff from 1000 ng/mL and 500 ng/mL to 500 ng/mL and 
250 ng/mL, respectively. Methamphetamine would require the 
presence of at least 100 ng/mL of an amphetamine metabolite for a 
positive result. In a 2002 study by Oyler and colleagues (Clin Chem 
2002;48:1703-14), these lower cutoff values increased the detection 
rate for methamphetamine by 48% compared with current cutoff 
values. Moreover, the highest detection rate for methamphetamine 
was achieved by use of the 250-ng/mL cutoff with elimination of the 
amphetamine requirement. In the described procedure, periodate 
oxidation before derivatization destroys o-hydroxyamines and 
therefore eliminates the possible false report of methamphetamine 
owing to their presence. Under the stated conditions, no metham- 
phetamine or residual o-hydroxyamine was detected when pseu- 
doephedrine or ephedrine was initially present in the urine specimen 
at a concentration of 1 mg/mL, effectively negating the amphetamine 
requirement. 

Propylhexedrine and phentermine are nonhydroxy sympatho- 
mimetic amines not oxidized by sodium periodate. Their 4-CB 
derivatives have retention times distinguishable from those of 
methamphetamine-4-CB (0.95 and 0.79 relative to methampheta- 
mine). Moreover, neither propylhexedrine nor phentermine 4-CB 
derivatives fragment to the 118 ion characteristic of methampheta- 
mine-4-CB. This ion may optionally be included for added assurance 
of methamphetamine identification. 


Adaptation to include MDA, MDMA, and MDEA 

MDA, MDMA, and MDEA may be included in the GC-MS analysis 
for amphetamine and methamphetamine albeit with higher detec- 
tion limits (Figure A34-9). MDA, MDMA, and MDEA may be pur- 
chased from Sigma-Aldrich; MDA-p;, MDMA-p;, and MDEA-p, are 
available from Cerilliant, Round Rock, TX. Selected ions for mon- 
itoring are 248, 266, and 294 (MDA); 251, 270, and 298 (MDA-p:); 
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Figure A34-9 Total-ion chromatogram for amphetamine and/or 
amphetamine-like drugs. Amphetamine (AM); methamphetamine 
(Metham); methylenedioxyamphetamine (MDA); methylenedioxy- 
methamphetamine (MDMA); methylenedioxyethylamphetamine 
(MDEA). 


MDMA 


262, 280, and 308 (MDMA); 266, 284, and 312 (MDMA-ps); 276, 294, 
and 322 (MDEA); and 300 and 328 (MDEA-ps). MDEA-pD, resulted 
in a lower baseline response than MDEA-p;. With the procedure 
described, the lower limit of detection of these designer ampheta- 
mines is approximately 200 ng/mL compared with 100 ng/mL for 
amphetamine and methamphetamine. If necessary an improved 
limit of detection may be achieved by the addition of 100 uL of ethyl 
acetate instead of 200 uL at step 8. Alternatively, 8 mL of urine instead 
of 4 mL may be extracted. 


References 

Adapted from Czarny RJ, Hornbeck CL. Quantitation of metham- 
phetamine and amphetamine in urine by capillary GC-MS: Part 
II. Derivatization with 4-carbethoxyhexafluorobutyryl chloride. J 
Anal Toxicol 1986;13:257-62. 

ElSohly MA, Stanford DF, Sherman D, et al. A procedure for elimi- 
nating interferences from ephedrine and related compounds in the 
GC-MS analysis of amphetamine and methamphetamine. J Anal 
Toxicol 1992;16:109-11. 
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METHOD 34-15 Determination of Barbiturates by Capillary Gas Chromatographic Analysis 


Principle 

After the addition of internal standard (aprobarbital), barbiturates in 
serum are extracted twice with diethyl ether, and the ether is dehy- 
drated with solid sodium sulfate and then evaporated to dryness. The 
residue is dissolved in 50 uL of ethyl acetate, and an aliquot is injected 
into the gas chromatograph. 


Instrumentation 

For analysis a gas chromatograph equipped with a capillary column 
(15 m x 0.25 mm ID, DB-5; J & W Scientific, Folsom, CA.), a flame 
ionization detector, temperature programming, and split sample 
injection (split ratio 1:20) are used. Helium carrier gas flow is 
30 cm/sec. Conditions of operation are injector, 250 °C; detector, 
300 °C; initial oven temperature, 115 °C (0.75 minutes); and 
18 °C/min to 290 °C (2 minutes). 


Reagents 

1. Combined stock reference solution (1 mg/mL). Transfer 20 mg 
each (correct for salt) of amobarbital, butalbital, pentobarbital, 
phenobarbital, and secobarbital to a 20-mL volumetric flask, 
dissolve in and dilute to volume with methanol. Store at —20 °C. 
The solution is stable for at least 1 year. 

2. Working combined calibrator (10 ug/mL of each drug). Transfer 
2.0 mL of the combined stock reference solution (1 mg/mL) to a 
200-mL volumetric flask and dilute to volume with a solution of 
bovine serum albumin (60 g/L). Aliquot into 1.2-mL portions and 
freeze at —20 °C. The calibrator is stable for at least 6 months. 

3. Phosphate buffer, 0.15 mol/L, pH 6.4. Combine 80 mL of 
0.15 mol/L, KH;PO, (9.08 g/L) with 30 mL of 0.15 mol/L 
Na HPO, (9.47 g/L). The pH should be 6.4 + 0.1. Adjust, if nec- 
essary, using the appropriate phosphate solution. 

4. Bovine serum albumin (60 g/L). Dissolve 12 g of bovine serum 
albumin in 200 mL of deionized water. 

5. Internal standard (200 g/mL). Transfer 10 mg of aprobarbital to 
a 50-mL volumetric flask, dissolve in and dilute to volume with 
methanol. The solution is stable at —20 °C for 1 year. 


Procedure 

1. Pipette 1.0 mL of calibrator, control, or the patient’s sera into 
separate 15-mL glass-stoppered test tubes. 

2. Add 1.0 mL of phosphate buffer and mix. 

. Add 100 UL of internal standard and mix. 

4. Add 5 mL of diethyl ether, cap the test tubes, and shake gently to 
mix. Allow the layers to separate and remove the upper ether layer. 

5. Repeat the extraction with an additional 5 mL of ether. 

6. Combine the ether extracts, add about 1 g of anhydrous sodium 
sulfate, mix in a vortex mixer for 5 to 10 seconds, and decant the 
ether. 

7. Evaporate the ether at 40 °C to 50 °C under a stream of air. 


w 


8. Dissolve the residue in 50 uL of ethyl acetate and inject 0.5 uL 
into the gas chromatograph. 


Interpretation 
Identification of barbiturates present in a patient’s specimen is based 
on coincidence of the retention time (+0.05 minutes) for any peaks 
present to those for the calibrators (Figure A34-10). For quantitation 
the peak height ratio of the drug to the internal standard is compared 
with the similar ratio for the respective calibrator. 

mg Ru 


Concentration, —~ = x Cy 
mL Re 


where 

R, = peak height ratio for the unknown 

R. = peak height ratio for the calibrator 

C. = concentration of the calibrator (Ug/mL) 


Reference 

Adapted from Thoma J, Bondo P. GC for sedative drugs. In: Sunshine 
E, ed. Methodology for analytical toxicology. West Palm Beach, Fla: 
CRC Press Inc, 1975:421-8. 
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Figure A34-10 Capillary gas chromatogram of barbiturates in 
serum. 
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METHOD 34-16 Determination of Barbiturates in Urine by Gas Chromatography-Mass Spectrometry 
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Figure A34-I1 Methylation of barbiturates. 


Principle 

A urine specimen that has tested positive for barbiturates by 
immunoassay is extracted (liquid-liquid); the extract is dried and 
then treated with N,N-dimethylformamide dimethyl acetal to form 
methyl derivatives of the barbiturates (Figure A34-11). Following the 
addition of a buffer, the methylated barbiturates are extracted with 
hexane and analyzed by GC-MS. Pentobarbital-p; and phenobar- 
bital-p; are used as internal standards for quantitation. 


Instrumentation 

A GC-MS equipped with a capillary column (e.g., 25 m x 0.2 mm 
ID, 0.33-um film thickness; J & W Scientific Ultra-2) is required for 
analysis. The operating conditions with this column for splitless 
sample injection are injection port, 250 °C; detector, 315 °C; initial 
temperature, 100 °C (0.5 minutes); temperature program, 30 °C/min 
to 235 °C (2 minutes); carrier gas, He; and pressure programmed to 
maintain a constant flow of 0.9 mL/min. 


Reagents 

1. Combined stock reference solution (1 mg/mL of each barbitu- 
rate). Quantitatively transfer 0.0110 g each of pentobarbital 
sodium salt and secobarbital sodium salt, and 0.0100 g each of 
phenobarbital, butalbital, butabarbital, and amobarbital (all from 
Sigma-Aldrich Chemical Company, St. Louis) to a 10-mL volu- 
metric flask. Dissolve in and dilute to the mark with methanol. 
Store refrigerated in a brown bottle. 

2. Combined intermediate reference solution 1 (100 g/mL of each 
barbiturate). Dilute 1.0 mL of barbiturate stock reference solution 
to 10.0 mL with deionized water. Store refrigerated in a brown 
bottle. 

3. Combined intermediate reference solution 2 (10 ug/mL of each 
barbiturate). Dilute 1.0 mL of barbiturate stock reference solution 
to 100 mL with deionized water. Store refrigerated in a brown bottle. 

4. Barbiturate calibrators in urine. Combine appropriate volumes of 
intermediate reference solution 1 (100 g/mL) or 2 (10 ug/mL) 
with corresponding appropriate volumes of drug-free urine to 
provide calibrators with 100, 500, 1000, and 2000 ng/mL each of 
barbiturate. For routine calibration, the use of one (500 ng/mL) 
or two (100 and 500 ng/mL) calibrators is acceptable. 

5. Internal standard. Dilute 1.0 mL each of pentobarbital-p; and 
phenobarbital-p; (100 g/mL each; Cerilliant, Round Rock, TX.) 
to 4.0 mL with methanol. 

6. Sodium acetate buffer, pH 7.3. Dissolve 50 g of sodium acetate 
trihydrate in 500 mL of deionized water and adjust pH to 7.1 to 
7.5 with HCl (0.2 mol/L). 

7. Extraction solvent. Toxi-Tube B (Varian, Lake Forest, Calif.). 


Procedure 

1. Add 4.0 mL of calibrator, control, or the patient’s urine specimen 
to separate labeled extraction tubes (Toxi-Tube B). Add 100 uL of 
internal standard and mix by inversion for 1 minute. 


TIC: BARBSTD.D 
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Butabarbital 
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Figure A34-12 Total-ion chromatogram for methylated 
barbiturates. Time = minutes. 


2. Centrifuge (1000 xg) for 5 minutes and transfer the organic layer 
to labeled 5-mL disposable centrifuge tubes. Evaporate to dryness 
at 37 °C under a stream of air. 

3. Add 100 uL of dimethylformamide (Fisher Scientific, Pittsburgh) 
and 100 uL of N,N-dimethylformamide dimethyl acetal (Sigma- 
Aldrich Chemical Co., St. Louis). Heat at 130 °C for 2 to 5 minutes. 

4. Cool the tubes under cold tap water for 15 seconds. Add 1 mL of 
acetate buffer and 1 mL of hexane; cap and vortex mix. 

5. Transfer upper hexane layer to the autosampler vial and inject 
1 uL into the GC-MS. 


Interpretation 

The methyl derivatives of the analyzed barbiturates are adequately 
resolved under the chromatographic conditions described (Figure 
A34-12). Approximate retention times and characteristic ions 
selected for monitoring are given in Table A34-1. Note that butal- 
bital, butabarbital, and secobarbital have similar mass spectra, as is 
true for amobarbital and pentobarbital. Thus distinction between 
each member of the group of barbiturates with shared selected ions 
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METHOD 34-16 Determination of Barbiturates in Urine by Gas Chromatography-Mass 


Spectrometry—cont’d 


TABLE A34-1 Gas Chromatographic-Mass 


Spectrometric Data for Barbiturates 


Approximate 

Retention 
Barbiturate Time (min) Selected lons* 
Butalbital 49 118, 195, 196 
Butabarbital 4.9 112, 169, 184 
Amobarbital Sl 112, 169, 184 
Pentobarbital 52) 112, 169, 184 
Pentobarbital-p, 52 iZ 172 IS) 
Secobarbital 5.4 181, 195, 196 
Phenobarbital 6.1 UN, 175- 282 


Phenobarbital-D; 6.1 123, 180, 237 


*Underlining indicates target ions used for quantitation. 


depends on their chromatographic resolution. For quantitation pen- 
tobarbital-p; (189 amu) is used as the internal standard for butal- 
bital, amobarbital, pentobarbital, and secobarbital; phenobarbital-p, 
(237 amu) is the internal standard for phenobarbital. 


References 

Adapted from Barbour AD. GC-MS analysis of propylated barbitu- 
rates. J Anal Toxicol 1991;15:214-5. 

Mule SJ, Casella GA. Confirmation and quantitation of barbiturates 
in human urine by gas chromatography/mass spectrometry. J Anal 
Toxicol 1989;13:13-6. 


METHOD 34-17 Determination of Benzodiazepines in Urine by Gas Chromatography-Mass 


Spectrometry 


Principle 

Urine specimens that have tested positive for benzodiazepines by 
immunoassay are treated with B-glucuronidase, subjected to liquid- 
liquid extraction, and the extracts evaporated. The residue is treated 
with N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTEFA) to 
form trimethylsilyl (TMS) derivatives of the benzodiazepines, which 
are analyzed by selected ion-monitoring GC-MS; deuterated internal 
standards are used for quantification. 


Instrumentation 

A GC-MS equipped with a capillary column (e.g., 25 m x 0.2 mm 
ID, 0.33-um film thickness; J & W Scientific Ultra 2) is required for 
analysis. The operating conditions with this column for splitless 
injection are injection port, 250 °C; detector, 315 °C; initial temper- 
ature, 70 °C (1 minute); temperature program, 30 °C/min to 320 °C 
(hold for 4 minutes); carrier gas, He; and pressure programmed to 
maintain a constant flow of 0.9 mL/min. 


Reagents 

1. Combined stock reference solution (1.0 mg/mL of each 
benzodiazepine). Weigh and quantitatively transfer 0.0100 g 
of oxazepam, nordiazepam, lorazepam, temazepam, N1-(2- 
hydroxyethyl)flurazepam, o.-hydroxyalprazolam, o-hydroxytria- 
zolam, and 7-aminoclonazepam into the same 10.0-mL 
volumetric flask. Dissolve and dilute to volume with methanol. 

2. Combined intermediate reference solution (100 ug/mL of each 
benzodiazepine). Dilute 1.0 mL of combined stock reference 
solution (1 mg/mL) to 100 mL with deionized water. 

3. Benzodiazepine calibrators in urine. 


3.1 Calibrator 1, 100 ng/mL. Dilute 100 uL of combined intermediate 
reference solution and 10 UL of a-hydroxymidazolam reference 
solution (100 ug/mL of methanol; Cerilliant, Round Rock, TX.) 
to 10.0 mL with benzodiazepine-free urine. Prepare fresh. 

3.2 Calibrator 2, 500 ng/mL. Dilute 500 uL of combined inter- 
mediate reference solution and 50 uL of o-hydroxymidazolam 
reference solution (100 g/mL of methanol) to 10.0 mL with 
blank urine. Prepare fresh. 

4. Combined working internal standard reference solution. 
Transfer 1.0 mL each of o-hydroxyalprazolam-p;, o-hydroxytri- 
azolam-p,, lorazepam-p,, nordiazepam-p;, temazepam-D; 
and 2-hydroxy-ethylflurazepam-p, (all 100 ug/mL; Cerilliant, 
Round Rock, TX.), and 0.2 mL of oxazepam-p; (1.0 mg/mL) to 
the same 10.0-mL volumetric flask; dilute to the mark with 
methanol. 

5. B-Glucuronidase: Patella vulgata; type L-11 (Sigma-Aldrich 
Chemical Co., St. Louis, MO). Reconstitute with 5 mL of 
deionized water. The solution is stable for 30 days at 4 °C. 

6. MSTFA (Pierce Chemical Co., Rockford, IL.). 

. Extraction solvent. Toxi-Tube A (Varian, Lake Forest, CA.). 

8. Sodium acetate buffer, 0.55 mol/L, pH 5. Dissolve 7.41 g of 

sodium acetate in deionized water, add 1.1 mL of glacial acetic 
acid, mix, and dilute to 100 mL with deionized water. 


N 


Procedure 

1. To labeled 16 x 125-mm screw-capped test tubes, add 5.0 mL of 
urine (unknown, calibrator, or control), 100 uL of a combined 
working internal standard, 100 uL of B-glucuronidase, and 0.5 mL 
of sodium acetate buffer (0.55 mol/L, pH 5). Cap, mix, and incu- 


bate at 60 °C for 1 hour. 
Continued. 
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METHOD 34-17 Determination of Benzodiazepines in Urine by Gas Chromatography-Mass 


Spectrometry 
2. Allow tubes to cool and transfer contents to a Toxi-Tube A; mix TIC: 002CA012.D 
by inversion for 30 seconds. E E 7 
3. Centrifuge at 1000 x g for 2 minutes; transfer organic layer to 4 S) g 
a 13 x 100-mm test tube. Evaporate to dryness at 60 °C under a 500 000 ~ 2 g E 
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The TMS derivatives of the analyzed benzodiazepines are adequately J S $ 
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resolved under the chromatographic conditions described (Figure q 5 3 $ 
A34-13). Approximate retention times and characteristic ions 7 J E 
selected for monitoring are listed in Table A34-2. Identification of € 9200:0007] f 
each benzodiazepine is based on the characteristic ion ratios and § J i 
retention times as described for other drugs determined by selected 5 250 000 > 
ion monitoring. = | E 
200 0004 j 
Reference J È 
Adapted from Dickson PH, Markus W, McKernan J, Nipper HC. 150 000 4 E 
Urinalysis of o-hydroxyalprazolam, o-hydroxytriazolam, and 4 = 
other benzodiazepine compounds by GC/EIMS. J Anal Toxicol 100 000 
1992;16:67-71. 
50 000 
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Figure A34-13 Total-ion chromatogram for benzodiazepine and 
TMS derivatives. Time = minutes. 


TABLE A34-2 Gas Chromatography-Mass Spectrometry Data for TMS Derivatives of Benzodiazepines 


Approximate Retention 


Drug Time (min) Selected lons* 
Nordiazepam 9.0 DOT, BAT, SA 
Nordiazepam-p; 9.0 V3, BSD, BAT 
Oxazepam D2 429, 430, 431 
Oxazepam-D; 9.2 406, 420, 435 
Lorazepam 9.5 429, 430, 431 
Lorazepam-D, 9.5 434, 435 
Temazepam 9.9 2725 283; 343) 
Temazepam-p; 9.9 288, 348, 377 
7-aminoclonazepam 10.0 394, 414, 429 
2-hydroxyethylflurazepam 10.1 288, 360, 389 
2-hydroxyethylflurazepam-p,' 10.1 292, 364, 393 
o-OH-midazolam 10.5 310, 341, 398 
o-OH-alprazolam iL? 381, 382, 396 
o-OH-alprazolam-p;* 112 386, 388, 401 
a-OH-triazolam 1G) 415, 417, 430 
ot-OH-triazolam-p, 12.6 421, 436 


TMS, Trimethylsilyl. 

*Ions used for quantitation are underlined. 

‘Internal standard for 2-hydroxyethylflurazepam and 7-aminoclonazepam. 
‘Internal standard for o-hydroxyalprazolam and o.-hydroxymidazolam. 
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METHOD 34-18 Determination of A?-THC-COOH in Urine by Gas Chromatography-Mass 


Spectrometry 


Principle 

Following addition of internal standard (d,-A’-THC-COOH), urine 
is treated with alkali to hydrolyze the glucuronide of A’-THC- 
COOH. The A’-THC-COOH and internal standard are extracted 
into an organic solvent and, after removal of solvent by evaporation, 
are converted to TMS derivatives (see Figure A34-14). The reaction 
mixture is analyzed by GC-MS using selected ion monitoring at mass 
units of 371, 473, and 488 (A°-THC-CO,-TMS,) and 377, 476, and 
494 (d,-A’-THC-CO,-TMS,). 

The characteristic ratio of the integrated ion currents 488:371 and 
473:371 at the appropriate retention time provides verification of 
the presence of A’-THC-COOH. Comparison of the ratio 371:377 
with appropriate reference materials allows for its quantitation. 


Specimen 
A 10-mL aliquot of randomly collected urine is required for analy- 
sis. To prevent specimen foaming, avoid excessively vigorous mixing. 


Instrumentation 

A GC-MS equipped with a fused silica capillary column (e.g., 25 m 
x 0.2 mm ID, 0.33-um film thickness; J & W Scientific Ultra 2) is 
required for analysis. The operating conditions with this column for 
splitless sample injection are injection port, 200 °C; detector, 315 °C; 
initial temperature, 70 °C (0.5 minutes); temperature program, 
30 °C/min to 300 °C (hold, 3 minutes). 


Reagents 

1. A’-THC-COOH calibrators in urine. Drug-free urine is first made 
alkaline (0.1 mol/L KOH) to prevent absorption of A’-THC- 
COOH onto glass surfaces. This may be accomplished by adding 
an appropriate amount of 8 mol/L of potassium hydroxide (used 
below) to drug-free urine. Allow to stand for 10 minutes and then 
centrifuge at 1000 x g for 10 minutes. Add appropriate amounts 
of the A’-THC-COOH stock reference solution (100 ug/mL; 
Cerilliant, Round Rock, TX.) to appropriate volumes of this 
alkalinized, drug-free urine to provide A’-THC-COOH con- 
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Figure A34-14 A, Total-ion chromatogram for THC-COO-TMS,, 
I 5ng/mL. B, integrated ion currents for THC-COO-TMS,, in 
descending order of abundance: 371, 473, and 488 amu. 

C, integrated ion currents for Dg-THC-COO-TMS,, in descending 
order of abundance: 377, 476, and 494 amu. Time = minutes. 


centrations of 10, 50, 100, 200, and 400 ng/mL. Aliquots are stable 
for at least 3 months at —10 °C to —20 °C. For routine use, one 
(50 ng/mL) or two (10 and 50 ng/mL) calibrators is adequate. 

2. d.-A’-THC-COOH stock internal standard, 100 g/mL (Elsohly 
Laboratories, Inc., Oxford, MI.). 

3. de-A’-THC-COOH working internal standard, 2 g/mL. Dilute 
0.5 mL of stock d,-A’-THC-COOH internal standard (100 g/mL) 
to 25.0 mL with methanol. Store at —10 °C to —20 °C. 

4. Potassium hydroxide, 3 mol/L. Dissolve 33.7 g of potassium 
hydroxide in 200 mL of deionized water. 

5. Potassium hydroxide, 8 mol/L. Dissolve 45 g of potassium hydrox- 
ide in 100 mL of deionized water. 

6. Phosphate buffer, pH 1.8. Place 375 mL of deionized water in an 
Erlenmeyer flask. Slowly add 33.7 mL of 85% phosphoric acid. 
Add potassium hydroxide (8 mol/L) until a pH of 1.7 is achieved. 
Adjust volume to 500 mL with deionized water. Adjust final pH 
to 1.8 if necessary. 

7. Extraction solvent 7:1 (vol/vol) hexane:ethyl acetate. Combine 
350 mL of hexane with 50 mL of ethyl acetate. 

8. Derivatizing reagent. MSTFA (Pierce Chemical Co., Rockford, IL., 
No. 48910). 


Procedure 
1. Properly label 16 x 125-mm screw-capped tubes. 
2. Add 1.0 mL of 3 mol/L potassium hydroxide to control and the 
patient’s tubes only. 
3. Transfer 5.0 mL of calibrator, control, or the patient/subject’s 
urine to the appropriate tube. 
4. Add 100 uL of working internal standard. Cap (Teflon-lined) 
and invert to mix. 
5. Incubate all tubes at 37 °C for 15 minutes. 
6. Add 3 mL of pH 1.8 phosphate buffer to each tube. 
7. Add 5 mL of extraction solvent (hexane:ethyl acetate, 7:1 
[vol/vol]). 
8. Gently mix for 5 minutes. (Do not shake.) 
9. Centrifuge all tubes at 1000 xg for 10 minutes. 
10. Transfer organic phase to 13 x 100-mm culture tubes. 
11. Evaporate just to dryness at 37 °C under air flow. 
12. Add 50 uL of MSTFA and 50 uL ethyl acetate, mix. 
13. Transfer to an autosampler vial and inject 1 WL. 


Interpretation 

Characteristic ions in the mass spectrum of A’-THC-CO,-TMS, are 
371, 473, and 488 and for d.-A’-THC-CO,-TMS,, 377, 476, and 494. 
Positive identification of A’-THC-COOH in an unknown requires 
that the integrated ion current ratios, 488:371 and 473:371, at the 
appropriate retention time, should be +20% of the corresponding 
ratios for the calibrators (see Figure 34-44 in the text). Moreover, 
internal standard qualifier ion ratios, 476:377 and 494:377, for the 
unknown should correspond (+20%) with those for the reference 
materials. 

For quantitation a calibration curve is prepared by plotting the 
ion ratio 371:377 against the calibrator concentration of A’-THC- 
COOH. The concentration of the unknown is then computed from 
this plot. Based on guidelines established by SAMHSA, specimens 
that contain more than 15 ng/mL of A’-THC-COOH are considered 
positive evidence for marijuana use (see Table 34-9 in the text). 

Continued. 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


20 Appendix 34 


METHOD 34-18 Determination of A?-THC-COOH in Urine by Gas Chromatography-Mass 


Spectrometry—cont’d 
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METHOD 34-19 Determination of Benzoylecgonine in Urine by Gas Chromatography-Mass 


Spectrometry 


Principle 

An internal standard (benzoylecgonine-p;) is added to urine speci- 
mens that have tested positive for benzoylecgonine by immunoassay. 
Following liquid-liquid extraction and solvent evaporation, the 
residue is treated with MSTFA to form benzoylecgonine (and ecgo- 
nine methyl ester) TMS derivatives. The reaction mixture is analyzed 
by GC-MS using selected ion monitoring at mass units of 82, 240, 
and 361 (benzoylecgonine-TMS), and 85, 243, and 364 (benzoylec- 
gonine-p;-TMS). Additional ions may be monitored, if desired, to 
include determination of cocaine (82, 182, and 303); ecgonine methyl 
ester-TMS (82, 96, and 271); cocaethylene (82, 196, and 317); and 
ecgonine ethyl ester-TMS (82, 96, and 285). 


Instrumentation 

A GC-MS equipped with a data station and a fused silica capillary 
column (e.g., 25 m x 0.2 mm ID, 0.33-um film thickness; J & W Sci- 
entific Ultra 2) are required for analysis. The operating conditions 
with this column for splitless sample injection are injection port, 
200 °C; detector, 315 °C; initial temperature, 125 °C (0.5 minutes); 
temperature program, 35 °C/min to 280 °C (2 minutes). 


Reagents 

1. Benzoylecgonine stock reference solution, 100 ug/mL. Transfer 
0.0125 g of benzoylecgonine tetrahydrate (Alltech-Applied 
Science Lab, State College, PA.) to a 100-mL volumetric flask. 
Dissolve in and dilute to the mark with methanol. Store at —10 °C 
to —20 °C. 

2. Benzoylecgonine intermediate stock reference solution, 10 g/mL. 
Dilute 1.0 mL of stock reference solution (100 ug/mL) to 10.0 mL 
with methanol. Store at —10 °C to —20 °C. 

3. Benzoylecgonine calibrators in urine. Dilute appropriate volumes 
of either stock reference solution or intermediate reference solu- 
tion with drug-free urine to provide final concentrations of ben- 
zoylecgonine of 100, 500, 1000, and 5000 ng/mL. Prepare fresh. 
For routine use, one (500 ng/mL) or two (100 and 500 ng/mL) 
calibrators is adequate. 

4. Internal standard benzoylecgonine-p;, 25 g/mL. Dilute 1.0 mL 
of stock benzoylecgonine-p; (100 g/mL; Cerilliant, Round Rock, 
TX.) to 4.0 mL with methanol (HPLC grade). 


5. Buffer, pH 9. Dissolve 20 g of sodium bicarbonate (NaHCO;) and 
10 g of potassium carbonate (K,CO;) in 200 mL of deionized 
water. 

6. Extraction solvent, dichloromethane:isopropanol (9:1 vol/vol). 
Combine 450 mL of dichloromethane with 50 mL of isopropanol. 

7. MSTFA (Pierce Chemical Co., Rockford, IL., No. 48910). 


Procedure 

1. To 2.0 mL of unknown, calibrator, or control urine in a screw-cap 
16 x 125-mm test tube, add 100 uL of internal standard and mix. 

2. Add 2.0 mL of pH 9 buffer and mix. 

3. Add 8 mL of extraction solvent and shake test tubes for 5 minutes. 

4. Centrifuge for 5 minutes at 1000 xg and then discard the aqueous 
(upper) layer. 

5. Transfer the organic phase to a 5-mL disposable centrifuge tube 
(Kimble No. 73790) and evaporate to dryness at 40 °C under a 
stream of air. 

6. Add 100 uL of MSTFA reagent, cap, and heat at 60 °C for 15 
minutes. Allow the tube to cool, transfer to an autosampler vial, 
and inject 1 uL into the GC-MS. 


Interpretation 

Identification of benzoylecgonine is based on its characteristic qual- 
ifier ion ratios normalized to the corresponding ion ratios for the 
deuterated internal standard. Thus the ion ratios 361:240 and 82:240 
divided by the corresponding deuterated ions (364:243 and 85:243) 
should be 1.0 + 0.2. In addition, the retention time for the deuter- 
ated and nondeuterated ions should not vary by more than 2%. The 
use of normalized ion ratios compensates for any changes in the mass 
spectrometer ion source at the time of analysis. 

The concentration of benzoylecgonine in the unknown is deter- 
mined from the calibration curve prepared by comparing the ion 
ratio 240:243 with the concentration of benzoylecgonine in the cal- 
ibrator. For routine calibration, a single calibrator is also acceptable. 
Based on criteria established by SAMSHA, benzoylecgonine concen- 
trations greater than 150 ng/mL are considered positive evidence of 
the use of cocaine; the Department of Defense has established the 
cutoff value at 100 ng/mL. However, SAMHSA has proposed a reduc- 
tion of the screening and confirmation cutoff values to 150 ng/mL 
and 100 ng/mL, respectively. 
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METHOD 34-19 Determination of Benzoylecgonine in Urine by Gas Chromatography-Mass 


Spectrometry—cont’d 


Cocaine, ecgonine methyl ester, cocaethylene, and ecgonine ethyl 
ester may also be analyzed (Figure A34-15). Their presence may be 
verified by a comparison of their characteristic qualifier ion ratios, at 
the appropriate retention time, with those of the calibrators. These 
ratios should not differ by more than 20%. Inclusion of appropriate 
deuterated internal standards would allow for calculation of nor- 
malized qualifier ion ratios and for their quantitation. 


References 

Bodor G, Roggeman R, Turk J. Variations in abundance of the mo- 
lecular ion of the derivatized cocaine metabolite benzoylecgonine. 
Clin Chem 1990;36:742-7. 

Taylor RW, Jain NC, George MP. Simultaneous identification of 
cocaine and benzoylecgonine using solid phase extraction and 
gas chromatography/mass spectrometry. J Anal Toxicol 1987;11: 
233-4. 


TIC: COCSC.D 


ea es 


Benzoylecgonine 


2 000 000 


1 800 000 5 
4 


1 600 000-4 


+ 400 000 Cocaethylene 


1 200 9097 Cocaine 


1 000 000 


Abundance 


800 000 


600 000 


400 000 


200 0004 


Methylecgonine 


3.00 4.00 


5.00 6.00 
Time 
Figure A34-15 Total-ion chromatogram for cocaine and 
metabolites. Time = minutes. 


7.00 8.00 


METHOD 34-20 Determination of y-Hydroxybutyrate by Gas Chromatography-Mass Spectrometry 


Principle 

A urine specimen is treated with acidified acetonitrile and then dehy- 
drated by evaporation. Gamma hydroxybutyrate (GHB) is converted 
to its bis(trimethylsilyl) derivative by MSTFA and analyzed by GC- 
MS in ion-selected mode using GHB-p, as the internal standard. 


Instrument 

A GC-MS equipped with a fused silica capillary column (e.g., 25 m 
x 0.2 mm ID, 0.33-um film thickness of cross-linked 5% phenyl- 
methyl silicon, J & W Scientific) operated at an initial oven temper- 
ature of 60 °C for 0.75 minutes and then increased 20 °C/min to a 
final temperature of 180 °C. 


Reagents 

1. GHB stock standard, 1000 mg/dL. Transfer 0.612 g of GHB, 
sodium salt (Sigma-Aldrich, St. Louis) to a 50-mL volumetric 
flask. Dissolve in and dilute to the mark with reagent-grade water. 
This solution is stable for 1 year at —10 °C to —20 °C. 

2. GHB calibrator, 1 mg/dL. Transfer 50 uL of stock standard to a 
50-mL volumetric flask, dilute to volume with pooled GHB-free 
urine. Transfer 300 uL of aliquots to 12 x 75-mm polystyrene test 
tubes, cap, and store at —10 °C to —20 °C. This solution is stable 
for 6 months. 


3. GHB calibrator, 10 mg/dL. Transfer 0.5 mL of stock standard to a 
50-mL volumetric flask and dilute to volume with GHB-free 
urine. Transfer 300 uL of aliquots to 12 x 75-mm polystyrene test 
tubes, cap, and store at 10 °C to —20 °C. This solution is stable for 
6 months. 

4. Internal standard, GHB-p,, 17 ug/mL. Transfer the contents of 
one vial GHB-p, (Cerilliant, Round Rock, TX.) to a 10-mL brown 
glass bottle. Add 5 mL of acetonitrile acetic acid (88/12, vol/vol). 
Mix and store at 2 °C to 8 °C. This solution is stable for 6 months. 


Procedure 

1. To separately labeled 5-mL disposable snap-cap centrifuge tubes, 
transfer 50 uL of each calibrator, control, pooled urine blank, and 
the patient’s specimen (neat and diluted 1:100 with reagent-grade 
water). 

2. Add 100 uL of internal standard solution and vortex mix. 

. Add 600 uL of acetonitrile and vortex. 

4. Place the tubes in an 80 °C heat block and dry under stream 
of air. Add 25 uL of N,N,-dimethylformamide and vortex; add 
150 uL of MTSFA (Pierce Chemical Co.) and 150 uL of ethyl 
acetate and vortex again. 

5. Transfer 200 uL of aliquots to autosampler vials and inject 1 WL. 

Continued. 


Ww 
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METHOD 34-20 Determination of y-Hydroxybutyrate by Gas Chromatography-Mass 


Spectrometry—cont’d 


Interpretation 

Characteristic ions monitored are 233, 234, and 235 for GHB and 
239, 240, and 241 for GHB-p,. Positive identification requires quali- 
fier ion ratios at appropriate retention time to be within 20% of those 
of the calibrators. For quantitation, the ion ratio 233/239 for the 


unknown is compared with those of the calibrators. The approximate 
retention time is 6 minutes. The method is linear to 10.0 mg/dL, but 
is effectively extended to 1000 mg/dL by optional autoinclusion of a 
diluted (1:100) specimen. To ensure discrimination between endoge- 
nous and exogenous GHB, a cutoff of 1.0 mg/dL is appropriate. 


METHOD 34-2! Determination of Opiates in Urine by Gas Chromatography-Mass Spectrometry 


Principle 

Urine specimens that have tested positive for opiates by immunoas- 
say are hydrolyzed by B-glucuronidase in the presence of hydroxy- 
lamine to convert conjugates to free drugs and to transform 
keto-opiates (hydrocodone, hydromorphone, oxycodone, and oxy- 
morphone) to their respective oximes. Following solid phase extrac- 
tion, the organic eluate is evaporated, and then reconstituted with 
MSTEA to form TMS derivatives, which are analyzed by selected ion- 
monitoring GC-MS using deuterated internal standards (Figure 
A34-16). 

Note: This procedure is optimized for a confirmatory cutoff 
concentration of 300 ng/mL. A modification in calibrator concen- 
trations and volume of urine will be required for a cutoff value of 
2000 ng/mL. 


Instrumentation 

A GC-MS equipped with a capillary column (e.g., 25 mm x 0.2 mm 
ID, 0.33-um film thickness; J & W Scientific Ultra 2) is required for 
analysis. The operating conditions with this column for splitless 
injection are injection port, 250 °C; detector, 315 °C; initial tem- 
perature, 70 °C (1.0 minute); temperature program, 30 °C/min to 
240 °C, then 15 °C/min to 280 °C. 


Reagents 

1. Combined stock reference solution (1 mg/mL of each opiate). 
Transfer 10 mg of codeine, 15 mg of dihydrocodeine bitartrate, 
10.6 mg of morphine monohydrate (all from Alltech-Applied 
Science Labs, State College, PA.), 15 mg of hydrocodeine bitar- 
trate, 11.3 mg of hydromorphone, 10.3 mg of norcodeine, and 
11.1 mg of oxycodone HCl (all from Sigma-Aldrich, St. Louis) to 
a 10.0-mL volumetric flask. Dissolve in and dilute to volume with 
methanol:deionized water (50:50, vol/vol). 

2. Combined intermediate reference solution (10 Ug/mL of each 
opiate). Dilute 1.0 mL of combined stock reference solution plus 
1.0 mL of oxymorphone (1 mg/mL in methanol; Cerilliant, 
Round Rock, TX.) to 100.0 mL with deionized water. 

3. Calibrators. Combine appropriate volumes of an intermediate ref- 
erence solution with opiate-free urine to provide opiate concen- 
trations of 100 ng/mL, 500 ng/mL, 1000 ng/mL, and 2000 ng/mL. 
For routine use, one (500 ng/mL) or two (100 ng/mL and 
500 ng/mL) calibrators is adequate. 

4. Combined internal standards (10 ug/mL each of opiate). Transfer 
1.0 mL each of codeine-p;, hydrocodone-p;, oxycodone-Dg, hydro- 
morphone-p;, morphine-p;, and oxymorphone-p; (all 100 ug/ 
mL in methanol; Cerilliant, Round Rock, TX.) to a 10.0-mL 
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Figure A34-16 Hydrolysis and derivatization of opiates; 
hydromorphone example. 


volumetric flask and dilute to volume with methanol. B- 
Glucuronidase. Reconstitute -glucuronidase (5 million U, 
limpet; Sigma-Aldrich, St. Louis) with 5.0 mL of deionized 
water. This solution is stable for 1 month at 2 °C to 8 °C. 


Procedure 
1. To labeled 16 x 125-mm screw-capped test tubes, add 1.0 mL 
urine (the patient’s and/or subject’s, calibrator, or control). 
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METHOD 34-21 Determination of Opiates in Urine by Gas Chromatography-Mass 


Spectrometry—cont’d 


2. Add 50 uL of internal standard, 100 uL of B-glucuronidase, and 
100 uL of hydroxylamine (10 g/dL). 

3. Cap and vortex. Incubate at 60 °C for 2 hours. 

4. Allow tubes to cool to room temperature and centrifuge 1000 xg 
for 5 minutes. 

5. Transfer the supernatant to the appropriately prepared solid phase 
extraction column (Cleen Screen ZSDAU020, World-Wide Mon- 
itoring Corp., Horsham, PA.) and process according to manufac- 
turer’s directions. 

6. Evaporate column eluate to dryness. 

7. Add 100 uL of MSTFA (Pierce Chemical Co., Rockford, IL.). 
Transfer to an autosampler vial and inject 1 uL. 


Interpretation 

The TMS derivatives of the analyzed opiates are adequately resolved 
under the chromatographic conditions described (Figure A34-17). 
Approximate retention times and characteristic ions monitored are 
given in Table A34-3. The keto-opiates—hydrocodone, hydromor- 
phone, oxycodone, and oxymorphone—undergo enolization, which 
under some analytical conditions may result in a second chromato- 
graphic peak for each. Conversion of these keto-opiates to their 
respective oximes eliminates this keto-enol transformation. The 
heroin metabolite, 6-acetylmorphine, may also be analyzed as the 
TMS derivative. 6-Acetylmorphine-TMS elutes after morphine- 
TMS, and is monitored with selected ions 287, 340, and 399. 


References 

Adapted from Broussard LA, Presley LC, Pittman T, Clouette R, 
Wimbish GH. Simultaneous identification and quantitation of 
codeine, morphine, hydrocodone, and hydromorphone in urine as 
trimethylsilyl and oxime derivatives by gas chromatography-mass 
spectrometry. Clin Chem 1997;43:1029-32 


Abundance 
30000 ¥ HM 


28000 4 
HC 


26000 4 
24000 ] 
22000 ] 
COD OM 
20000 ] 
18000 J MOR 
DC 

NC 
160001 
14000 4 
12000 J 


Ox! 
"Tl 


10000 4 


8000 4 
6000 4 


4000 4 


2000 4 
5 L PTEE A Re A N 


Time--> 1350 1400 1450 1500 1550 16.00 1650 17.00 
Min 
Figure A34-17 Total-ion chromatogram of TMS derivatives of 
opiates. Dihydrocodeine (DC); codeine (COD); morphine (MOR); 
norcodeine (NC); hydrocodone (HC); hydromorphone (HM); 
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TABLE A34-3 Gas Chromatography-Mass Spectrometry Data for TMS Derivatives of Opiates 


Approximate Retention 


Drug Time (min) Selected lons* 
Dihydrocodeine-TMS 14.3 MS, DUS, BID 
Codeine-TMS ISI Mays, DA SL 
Codeine-p;-TMS 15.1 2575 O, BIA 
Morphine-TMS, 15.6 401, 414, 429 
Morphine-D;-TMS 15.6 404, 417, 432 
Norcodeine-TMS, 157 254, 414, 429 
Hydrocodone oxime-TMS, 16.1 297, 371, 386 
Hydrocodone-p;-oxime-TMS, 16.1 300, 374, 389 
Hydromorphone oxime-TMS, 16.3 355, 429, 444 
Hydromorphone-p;-oxime-TMS, 16.3 358, 432, 447 
Oxycodone-D,-oxime-TMS, 16.9 391, 465, 480 
Oxycodone oxime-TMS, 17.0 385, 459, 474 
Oxymorphone oxime-TMS, 17.1 287, 517, 532 
Oxymorphone-p;-oxime-TMS, Fell 290, 520, 535 


TMS, Trimethylsilyl. 


*Ions used for quantitation are underlined. Codeine-p; is used as an internal standard for codeine and dihydrocodeine. Morphine-p; is used as an internal 


standard for morphine and norcodeine. 
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METHOD 34-22 Determination of Methadone and EDDP in Urine by Gas Chromatography-Mass 


Spectrometry 


Principle 

A urine specimen that has tested positive for methadone by 
immunoassay is extracted (liquid-liquid); the extract is evaporated, 
reconstituted with ethyl acetate, and analyzed by selected ion- 
monitoring GC-MS. Methadone-p, and 1,5-dimethyl-3,3-diphenyl- 
pyrrolidine (EDDP)-p; are used as internal standards for quantita- 
tion of methadone and EDDP. 


Instrumentation 

A GC-MS equipped with a capillary column (e.g., 25 m x 0.2 mm 
ID, 0.33-um film thickness; J & W Scientific Ultra 2) is required for 
analysis. The operating conditions with this column for splitless 
injection are injection port, 200 °C; detector, 315 °C; initial temper- 
ature, 70 °C; temperature program, 25 °C/min; final temperature, 
280 °C; carrier gas, He; pressure programmed to maintain a constant 
flow of 0.9 mL/min. 


Reagents 

1. Stock reference solution (1.0 mg/mL each of methadone and 
EDDP). Quantitatively, transfer 0.0112 g of methadone HCl 
(Alltech-Applied Science, State College, Pa.) and 0.0140 g of 
EDDP perchlorate (Cerilliant; Round Rock, TX.) to a 10.0-mL 
volumetric flask; dissolve in and dilute to volume with methanol. 

2. Intermediate reference solution 1 (100 ug/mL each of methadone 
and EDDP). Dilute 1.0 mL of a stock reference solution to 
10.0 mL with deionized water. 

3. Intermediate reference solution 2 (10 g/mL each of methadone 
and EDDP). Dilute 1.0 mL of a stock reference solution to 
100.0 mL with deionized water. 

4. Calibrators in urine. Add appropriate volumes of an intermediate 
reference solution 1 (100 g/mL) or 2 (10 ug/mL) to the cor- 
responding appropriate volumes of drug-free urine to provide 
calibrators with concentrations of 100, 500, 1000, and 5000 ng/mL 
each of methadone and EDDP. For routine use, one (500 ng/mL) 
or two (100 and 500 ng/mL) calibrators is adequate. 


5. Stock EDDP-p, internal standard, 50 g/mL. Quantitatively, 
transfer 0.005 g of EDDP-p; (Cerilliant) to a 100-mL volumetric 
flask. Dissolve in about 10 mL of methanol and dilute to volume 
with deionized water. 

6. Working internal standards. Mix 1 mL of methadone-p, 
(100 ug/mL of methanol; Cerilliant) and 3 mL of EDDP-p; stock 
internal standard. 


Procedure 

1. Transfer 5.0 mL of urine (patient’s, calibrator, or control) to 
labeled Toxi-Tube A extraction tubes (Varian, Lake Forest, CA.). 

. Add 100 uL of working internal standard solution. 

Mix by inversion for 1 minute. 

. Centrifuge at 1000 xg for 2 minutes. 

. Transfer the organic layer to a prelabeled 5-mL conical centrifuge 
tube and evaporate to dryness under a stream of air at 60 °C. 

6. Reconstitute with 100 UL of ethyl acetate, transfer to an autosam- 

pler vial, and inject 1 uL into the GC-MS. 


UB wd 


Interpretation 

Characteristic ions monitored are 262, 276, and 277 (EDDP); 265, 
279, and 280 (EDDP-p;); 223 and 294 (methadone); and 226 and 
297 (methadone-p;). Positive identification requires qualifier ion 
ratios at appropriate retention times to be within 20% of those for 
calibrators. Approximate retention times are 7.4 minutes for EDDP 
and EDDP-p; and 7.8 minutes for methadone and methadone-p3. 
For quantitation, the ion ratios 277:280 (EDDP) and 294:297 
(methadone) are compared with those for calibrators. Slight thermal 
conversion of methadone (10,000 ng/mL) to EDDP (53 ng/mL) has 
been reported when the injector port temperature is 180 °C. 


References 

Galloway FR, Bellet NE Methadone conversion to EDDP during 
GC-MS analysis of urine samples. J Anal Toxicol 1999; 23:615-9. 

Porter WH, Rutter PW. University of Kentucky Medical Center, 
Lexington, Ky: 2003 (personal communication). 


METHOD 34-23 Determination of Norpropoxyphene in Urine by Gas Chromatography-Mass 


Spectrometry 


Principle 

An aliquot of a urine specimen that has tested positive for 
propoxyphene by immunoassay is treated with alkali to convert 
norpropoxyphene to norpropoxyphene amide. After liquid-liquid 
extraction, the organic extract is evaporated to dryness; the residue 
is dissolved in ethyl acetate and then analyzed by selected ion mon- 
itoring. Norpropoxyphene-p; is used as the internal standard. For 
norpropoxyphene, the selected ions are 178, 220, and 234 amu, 
whereas those for norpropoxyphene-p; are 183, 235, and 239 amu. 


Instrumentation 
A gas chromatograph-mass spectrometer equipped with a capillary 
column (e.g., 25 m x 0.2 mm ID, 0.33-um film thickness; J & W 


Scientific Ultra 2) is required for analysis. The operating conditions 
with this column for splitless sample injection are injection port, 
250 °C; detector, 315 °C; initial temperature, 125 °C (0.5 minutes); 
temperature program, 30 °C/min; final temperature, 280 °C 
(3.8 minutes); carrier gas, He; pressure programmed to maintain a 
constant flow of 0.9 mL/min. 


Reagents 

1. Norpropoxyphene stock reference solution, 1.0 mg/mL. Quanti- 
tatively, transfer 0.0136 g of norpropoxyphene maleate (Sigma- 
Aldrich Chemical Co., St. Louis, MO) to a 10-mL volumetric flask. 
Dissolve in and dilute to the mark with methanol. Store at —10 °C 
to —20 °C. 
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METHOD 34-23 Determination of Norpropoxyphene in Urine by Gas Chromatography-Mass 


Spectrometry—cont’d 


2. Norpropoxyphene intermediate reference solution, 100 ug/mL. 
Dilute 1.0 mL of a stock reference solution (1.0 mg/mL) to 
10.0 mL with deionized water. 

3. Norpropoxyphene calibrators in urine. Combine an appropriate 
volume of a stock or intermediate reference solution with an 
appropriate volume of drug-free urine to provide nor- 
propoxyphene concentrations of 500, 5000, 10,000, and 
20,000 ng/mL. For routine use, one (10,000 ng/mL) or two (500 
and 10,000 ng/mL) calibrators is adequate. 

4. Norpropoxyphene-p; internal standard, 25 g/mL. Dilute 1.0 mL 
of stock norpropoxyphene-p; maleate (100 g/mL; Cerilliant, 
Round Rock, TX.) to 4 mL with methanol. Store refrigerated. 


Procedure 

1. Transfer 1.0 mL of patient’s and/or subject’s urine, calibrator, or 
control into separate labeled 16 x 125-mm screw-capped test tubes. 

2. Add 100 uL of an internal standard and 1 drop of sodium hydrox- 
ide solution (60 g/100 mL). 

3. Cap, vortex mix, and let stand for 5 minutes at room temperature. 

4. Transfer the samples into separate, labeled Toxi-Tube A extraction 
tubes (Varian, Lake Forest, Calif.); fill to the 5 mL mark with 
deionized water and mix by inversion for 1 minute. 


5. Centrifuge at 1000 xg for 2 minutes and transfer the organic layer 
to a 5-mL conical centrifuge tube. 

6. Evaporate to dryness at 60 °C under a stream of nitrogen. 

7. Reconstitute with 100 UL of ethyl acetate and inject 1 uL into the 
gas chromatograph-mass spectrometer. 


Interpretation 

Norpropoxyphene generally produces three peaks during gas chro- 
matographic analysis. Norpropoxyphene undergoes base-catalyzed 
rearrangement to norpropoxyphene amide that has good gas chro- 
matographic characteristics, resulting in a single symmetrical peak. 
Identification of norpropoxyphene is based on qualifier ion ratios 
(178:234 and 220:234 amu) within 20% of those for the calibrators 
and a retention time within 0.05 minute of the internal standard (~8 
minutes). Quantitation is based on a comparison of the ion ratio 
(234:239 amu) for the unknown with that for the calibrators. 


Reference 

Adapted from Verebely K, Inturrisi CE. The simultaneous deter- 
mination of propoxyphene and norpropoxyphene in human 
biofluids using gas-liquid chromatography, J Chromatogr 1973; 
73:195-205. 


METHOD 34-24 Determination of PCP in Urine by Gas Chromatography-Mass Spectrometry 


Principle 

A urine specimen that has tested positive for PCP by immunoassay 
is subjected to liquid-liquid extraction. The organic extract is evap- 
orated, reconstituted with ethyl acetate, and then analyzed by selected 
ion-monitoring GC-MS, using PCP-p; as the internal standard. 


Instrumentation 

A GC-MS equipped with a capillary column (e.g., 25 m x 0.2 mm 
ID, 0.33-um film thickness; J & W Scientific Ultra 2) is required for 
analysis. The operating conditions with this column for splitless 
sample injection are injection port, 150 °C; detector, 315 °C; initial 
temperature, 50 °C; temperature program, 35 °C/min to 280 °C (hold 
1.2 minutes); carrier gas, He; pressure programmed to maintain a 
constant flow of 0.9 mL/min. 


Reagents 

1. PCP stock calibrator, 1.0 mg/mL. Quantitatively, transfer 11.5 mg 
of PCP HCl (Sigma-Aldrich Chemical Co., St. Louis) to a 10-mL 
volumetric flask. Dissolve in and dilute to volume with methanol. 

2. PCP intermediate stock calibrator, 10 ug/mL. Quantitatively, 
transfer 0.5 mL of PCP stock calibrator to a 50-mL volumetric 
flask and dilute to volume with methanol. 

3. PCP calibrators in urine. Transfer 0.125, 0.250, 0.50, 1.0, and 
2.0 mL of PCP intermediate stock calibrator (10 ug/mL) to a 
separate 50-mL volumetric flask. Dilute to volume with PCP- 
negative urine to provide calibrators with 25, 50, 100, 200, and 
400 ng/mL of PCP. For routine use, one (50 ng/mL) or two (25 
and 100 ng/mL) calibrators is adequate. 

4. Internal standard, PCP-p,;, 2 ug/mL. Quantitatively, transfer 
0.2 mL of PCP-p; (100 g/mL; Cerilliant, Round Rock, TX.) to a 
10-mL volumetric flask; dilute to volume with methanol. 


Procedure 

1. Add 5 mL of the patient’s urine specimen, control, or calibrator 
to separate, labeled Toxi-Tube A extraction tubes (Varian, Lake 
Forest, CA.). 

2. Add 100 uL of an internal standard, cap, and mix by gentle inver- 
sion for ~1 minute. 

3. Centrifuge for 5 minutes (1000 xg). 

4. Transfer the organic layer (upper) to a 5-mL disposable centrifuge 
tube (Kimble No. 73790, Fisher Scientific Co., Pittsburgh, PA) and 
evaporate just to dryness at <30 °C under a gentle stream of air. 

5. Reconstitute with 100 UL of ethyl acetate, mix, transfer to an 
autosampler vial, and inject 1 uL into the GC-MS. 


Interpretation 

Characteristic ions selected for monitoring are 200, 242, and 186 amu 
for PCP and 205, 246, and 190 amu for PCP-p;. For identification, 
the qualifier ion ratios (242:200 and 186:200 for PCP and 246:205 
and 190:205 for PCP-p;) must agree within 20% of those for cali- 
brators. For quantitation, the area ratio of 200/205 amu is compared 
with that for calibrators. Approximate retention time under the 
stated chromatographic conditions is 6 minutes. 


References 

Porter WH, Rutter PR. University of Kentucky Medical Center, 
Lexington, Ky: 1996 (personal communication). 

Also see Stevenson CC, Cibull DL, Platoff GE, Bush DM, Gere JAL. 
Solid phase extraction of PCP from urine followed by capillary 
gas chromatography/mass spectrometry. J Anal Toxicol 1992;16: 
337. 
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Toxic Metals 


METHOD 35-! Determination of Aluminum in Serum 


Principle 

Serum that represents calibrators, controls, or patient specimens is 
mixed with dilute acid containing gallium as an internal standard and 
aspirated directly into an argon plasma. The aerosol is ionized in the 
plasma and directed through an orifice into a quadrupole mass spec- 
trometer. Mass response from the argon plasma is monitored for alu- 
minum (27 m/z) and gallium (69 m/z). A calibration relationship is 
created from the height of the mass intensity less baseline counts. A 
major interference from boron oxide (''B'°O) must be recognized. 
Mass resolution must also be programmed to minimize isobaric 
interferences at masses 26 and 28 from CN, **Mg, CO, **Si, and 
MNEN, 


Instrumentation 

An inductively coupled plasma/mass spectrometer (ICP/MS) capable 
of rapidly monitoring selected ion masses (peak hopping) and 
capable of internal standard calculations is required for analysis. 
Mass response from the argon plasma is monitored for the isotope 
of aluminum (27 m/z), gallium (69 m/z). The use of an ICP/MS 
equipped with a collision or reaction cell may reduce background 
signal and facilitate ease of analysis. 


Reagents 

1. Hydrochloric acid used in all reagent preparations must be 
ultrapure subboiling redistilled, or trace metals grade. 

2. All solid reagents are high purity quality (higher purity than ACS 
grade). 

3. All water used in reagent preparation is triple distilled water 
(higher purity than type I water). 

4. The sample diluent is 50 ug/L gallium in 1% hydrochloric acid 
prepared from metal shot. 

5. Calibrators are prepared in 1% hydrochloric acid to contain 
aluminum at concentrations of 0, 1, 5, 50, and 100 ug/L. 

6. The control sample is a commercially available urine control 
(BioRad or UTAK Laboratories). Two concentrations of control 
with nominal values 100 and 250 ug/L are used. 

7. The ICP/MS autosampler rinse solution is 1% hydrochloric acid. 

8. High purity argon is required to maintain the plasma. 

9. Plasma obtained from Transfusion Medicine with low aluminum 
content is used for preparing calibration samples. 
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METHOD 35-1 Determination of Aluminum in Serum—cont’d 


Supplies 

Polypropylene pipette tips, specimen cups, and Teflon reagent storage 
bottles are required. Before use, they are leached in 10% nitric acid 
for 1 week and rinsed in triple-distilled water. 


Procedure 

1. The first sample analyzed is a reagent blank. This sample consists 
of 0.250 mL of water, 0.250 mL of zero calibrator, plus 2.000 mL 
of diluent. 

2. Calibrating solutions are made by mixing 0.250 mL of each cali- 
brator (including the zero calibrator) with 0.250 mL plasma 
matrix, and 2.000 mL of diluent. 

3. The control pool and patient specimens are prepared for analysis 
by mixing 0.250 mL of each sample with 0.250 mL zero calibra- 
tor and 2.000 mL of diluent. 

4. The ICP/MS is programmed with the following conditions; these 
conditions will vary depending on the condition and model of the 
instrument: 


Parameter Minimum Maximum 
Running Vacuum (torr) 2.42 x 10° 

Plasma Power (watts) 1000 1500 
Nebulizer (L/min) 0.8 1.0 

Dwell Time (ms) 100 500 

Sweeps 3 N/A 
Replicates 1 N/A 

Flush Delay (sec) 20 N/A 

Rinse Time (sec) 30 N/A 
Aluminum Peak 0.450 0.650 


Width (amu) 


Record the mass abundance of 27 and 69 m/z for each blank, cali- 
brator, control, and specimen. Repeat the analysis at an appropriate 
dilution for any specimen with a mass abundance greater than the 
100 ug/L aluminum calibrator. 


Calculation 

1. The instrument software should be programmed to subtract the 
mean of the reagent blank intensity from each specimen raw 
intensity. 

2. The instrument software will generate a calibration curve based 
on the intensity ratios of aluminum to gallium by creating a 
regression equation. The regression constant of this equation 
should be >0.999. 

3. Aluminum concentrations of specimens are calculated from the 
intensity ratios of the specimens compared to the calibration 
curve. 


Reference 

Burritt MF, Butz JA modified from Forrer R, Guatschi K, Lutz 
H. Simultaneous measurement of trace element Al, As, B, Be, Cd, 
Co, Cu, Fe, Li, Mn, Mo, Ni, Rb, Se, Sr, and Zn in human serum and 
their reference ranges by ICP-MS. Biological Trace Element 
Research 2001;80:77-93. 


METHOD 35-2 Determination of Arsenic in Urine 


Principle 

Urine-based calibrators, controls, or patient specimens are mixed 
with dilute acid containing gallium as an internal standard and aspi- 
rated directly into the argon plasma. The aerosol is ionized in the 
plasma and directed through an orifice into a quadrupole mass 
spectrometer. Mass response from the argon plasma is monitored 
for As (75 m/z), gallium (69 m/z), and '°O*Cl (51 m/z) to facilitate 
correction for “’Ar*Cl (75 m/z) interference. A calibration relation- 
ship is created from the height of the mass intensity less baseline 
counts. 

It is important to note that the instrument response in biological 
matrices will differ from that in an aqueous matrix. Therefore 
the samples, controls, and calibrators must be diluted to have an 
equivalent matrix. Failure to account for matrix effects can lead to 
erroneous results. 

Unlike most metals, As possesses a relatively high first ionization 
potential (9.81 eV) and is not fully ionized by an argon plasma. The 
diluent must contain a carbon source, such as an alcohol or Triton- 
X 100 to promote ionization. 


Instrumentation 

An ICP/MS capable of rapidly monitoring selected ion masses (peak 
hopping) and capable of internal standard calculations is required 
for analysis. Mass response from the argon plasma is monitored for 
the isotope of As (75 m/z), gallium (69 m/z), and '°O*Cl (51 m/z) 
to calculate the correction factor for the **Ar*°Cl interference. 


Reagents 

1. Hydrochloric acid used in all reagent preparations must be 
ultrapure subboiling redistilled, or trace metals grade. 

2. All solid reagents are high purity quality (higher purity than ACS 
grade). 

3. All water used in reagent preparation is triple-distilled water 
(higher purity than type I water). 

4. Tertiary butyl alcohol (Fisher Scientific). 

5. The sample diluent is 25 mL/L t-butanol plus 50 ug/L gallium in 
2% hydrochloric acid. 

6. Calibrators are prepared in 2% hydrochloric acid to contain As 
concentrations of 0, 5, 10, 50, 100, and 500 ug/L. 
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METHOD 35-2 Determination of Arsenic in Urine—cont’d 


7. The control material is a commercial urine control (BioRad or 
UTAK Laboratories). Two concentrations of control of with 
nominal values 100 and 250 ug/L are used. 

8. The ICP/MS autosampler rinse solution is 1% hydrochloric acid. 

9. High purity argon is required to maintain the plasma. 


Supplies 

Sarstedt 12 x 75 mm polypropylene tubes and Teflon reagent storage 
bottles are required. Before use, reagent bottles are leached in 10% 
nitric acid for 1 week and rinsed in triple-distilled water. 


Procedure 

1. The first sample analyzed is a reagent blank. This sample consists 
of 0.30 mL of water, 0.30 mL of zero calibrator, plus 2.450 mL of 
diluent. 

2. Calibrating solutions are made by mixing 0.30 mL of each cali- 
brator (including the zero calibrator) with 0.30 mL serum matrix, 
and 2.40 mL of diluent. 

3. The control pool and patient specimens are prepared for analysis 
by mixing 0.30 mL of each sample with 0.30 mL zero calibrator 
and 2.40 mL of diluent. 

4. The ICP/MS is programmed with the following conditions; these 
conditions will vary depending on the condition and model of the 
instrument: 


Parameter Minimum Maximum 
Running Vacuum (torr) 2.42 x 10° 

Plasma Power (watts) 1100 1500 
Nebulizer (L/min) 0.8 1.0 

Dwell Time (ms) 100 500 

Sweeps 3 N/A 
Replicates 1 N/A 

Flush Delay (sec) 20 N/A 

Rinse Time (sec) 30 N/A 


Record the mass abundance of 69, 75, and 51 m/z for each blank, 
calibrator, control, and specimen. Repeat the analysis at an appro- 
priate dilution for any specimen with a mass abundance greater 
than the 500 ug/dL As calibrator. 


Calculation 

1. The instrument software should be programmed to subtract the 
mean of the reagent blank intensity and the correction of ““Ar*Cl 
from each specimen raw intensity. 

2. The instrument software will generate a calibration curve based 
on the intensity ratios of arsenic to gallium by creating a regression 
equation. The regression constant of this equation should be >0.999. 
3. Arsenic concentrations of specimens are calculated from the 
intensity ratios of the specimens compared with the calibration 
curve. 


Reference 

Nixon DE, Moyer TP. Routine clinical determination of lead, arsenic, 
cadmium, and thallium in urine and whole blood by inductively 
coupled plasma mass spectrometry. Spectrochim Acta 1996;51B: 
13-25. 


METHOD 35-3 Determination of Lead in Whole Blood 


Principle 

Lead can be readily analyzed on an ICP/MS. Aqueous acidic cali- 
brating standards are diluted with an acid containing two internal 
standards. Quality control and patient samples are also diluted in an 
identical manner. All diluted samples are aspirated into a pneumatic 
nebulizer and the resulting aerosol directed to the hot plasma dis- 
charge by a flow of argon. In the annular plasma the aerosol is vapor- 
ized, atomized, then ionized. The ionized gasses plus neutral species 
formed in the annular plasma space are aspirated from the plasma 
through an orifice into a quadruple mass spectrometer. The mass 
range from 1 to 263 amu is rapidly scanned multiple times and ion 
counts tabulated for each mass of interest. Instrumentation response 
is defined by the linear relationship of analyte concentration versus 
ion count (analyte ion count/internal standard ion count). Analyte 
concentrations are derived by reading the ion count ratio for each 
mass of interest and determining the concentration. 


Instrumentation 

An ICP/MS capable of rapidly monitoring selected ion masses (peak 
hopping) and capable of internal standard calculations is required 
for analysis. Mass response from the argon plasma is monitored for 
sum of the major isotopes of Pb (206, 207, 208 m/z) and bismuth 
(209 m/z). There are no interferences at these masses. It is essential 
that all three major isotopes of Pb be summed because of the natu- 
rally occurring local isotopic variation that is unique to Pb. 


Reagents 

1. Hydrochloric acid used in all reagent preparations must be ultra- 
pure subboiling redistilled, or trace metals grade. 

2. All solid reagents are high purity quality (higher purity than ACS 
grade). 

3. All water used in reagent preparation is triple-distilled water 
(higher purity than type I water). 


Continued. 
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METHOD 35-3 Determination of Lead in Whole Blood—cont’d 


4. The sample diluent is 50 ug/L bismuth in 2% hydrochloric acid 
(prepared from metal shot). 

5. Calibrators are prepared in 2% hydrochloric acid to contain Pb at 
concentrations of 0, 1, 10, 20, 50, and 100 ug/dL Pb (prepared 
from metal shot). 

6. Controls. The control material is a commercial whole blood 
control (BioRad or UTAK Laboratories). Three concentrations of 
control with nominal values 10, 30, and 60 ug/dL are used. 

7. The ICP/MS autosampler rinse solution is 2% hydrochloric acid. 

8. High purity argon is required to maintain the plasma. 


Supplies 

Sarstedt 12 x 75 mm polypropylene tubes and Teflon reagent storage 
bottles are required. Before use, reagent bottles are leached in 10% 
nitric acid for 1 week and rinsed in triple-distilled water. 


Procedure 

1. The first sample analyzed is a reagent blank. This sample consists 
of 0.05 mL zero calibrator, plus 2.45 mL of diluent. 

2. Calibrating solutions are made by mixing 0.05 mL of each cali- 
brator (including the zero calibrator) with 2.45 mL of diluent. 

3. The control pool and patient specimens are prepared for analysis 
by mixing 0.05 mL of each sample with 2.45 mL of diluent. 

4. The ICP/MS is programmed with the following conditions; these 
conditions will vary depending on the condition and model of the 
instrument: 


Parameter Minimum Maximum 
Running Vacuum (torr) 2.42 x 10° 

Plasma Power (watts) 800 1500 
Nebulizer (L/min) o L2 

Dwell Time (ms) 100 500 

Sweeps 3 N/A 
Replicates 1 N/A 

Flush Delay (sec) 20 N/A 

Rinse Time (sec) 30 N/A 


Record the summed mass abundance of 206, 207, and 208 m/z and 
209 m/z for each blank, calibrator, control, and specimen. Repeat the 
analysis at an appropriate dilution for any specimen with a mass 
abundance greater than the 100 ug/dL Pb calibrator. 


Calculation 

1. The instrument software should be programmed to subtract the 
mean of the reagent blank intensity from each specimen raw 
intensity. 

2. The instrument software will generate a calibration curve based 
on the intensity ratios of Pb to bismuth by creating a regression 
equation. The regression constant of this equation should be 
>0.999. 

3. Lead concentrations of specimens are calculated from the inten- 
sity ratios of the specimens compared with the calibration curve. 

4. Samples greater than 9 g/dL must be repeated to confirm the 
results are not spurious because of contamination during 
processing. 


Reference 

Nuttall KL, Gordon WH, Ash KO. Inductively coupled plasma mass 
spectrometry for trace element analysis in the clinical laboratory. 
Ann Clin Lab Sci 1995;25:264-71. 


METHOD 35-4 Determination of Mercury in Biological Specimens 


Principle 

Mercury is quantified by ICP/MS. Urine or blood-based calibrators, 
controls, or patient specimens are mixed with dilute acid containing 
bismuth as an internal standard and aspirated directly into the argon 
plasma. Mass response from the argon plasma is monitored for the 
sum of the major isotopes of Hg (199, 200, 201, and 202 m/z) and 
bismuth (209 m/z). A calibration relationship is created from the 
height of the mass intensity less baseline counts. There are no sig- 
nificant interferences for Hg. 

It is important to note that the instrument response in biological 
matrices will differ from that in an aqueous matrix. Therefore 
the samples, controls, and calibrators must be diluted to have an 
equivalent matrix. Failure to account for matrix effects can result 
in erroneous results. 


Mercury presents a unique analytical challenge because of its 
instability and adherence to the ICP/MS parts in direct contact 
with the sample. A chemical additive such as gold or potassium 
dichromate must be added to the reagents to eliminate carryover, 
high background signal, and spiking signal. Properly executed, this 
method will allow Hg analysis without sample digestion. 


Instrumentation 

An ICP/MS capable of rapidly monitoring selected ion masses (peak 
hopping) and capable of internal standard calculations is required 
for analysis. 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


Appendix 35 5 


METHOD 35-4 Determination of Mercury in Biological Specimens—cont’d 


Reagents 

1. Hydrochloric acid used in all reagent preparations must be ultra- 
pure subboiling redistilled, or trace metals grade. 

2. All solid reagents are high purity quality (higher purity than ACS 
grade). 

3. All water used in reagent preparation is triple-distilled water 
(higher purity than type I water). 

4. The sample diluent is 50 ug/L bismuth and 1 mg/L gold in 2% 
hydrochloric acid (prepared from bismuth shot or elemental 
gold). 

5. Calibrators are prepared in 2% hydrochloric acid to contain Hg 
at concentrations of 1, 5, 10, and 50 ug/L. 

6. The control sample is a commercially available urine control 
(BioRad or UTAK Laboratories). Two concentrations of control 
with nominal values 100 and 250 ug/L are used. The ICP/MS 
autosampler rinse solution is 2% hydrochloric acid. 

7. High purity argon is required to maintain the plasma. 


Supplies 

Polypropylene pipette tips, specimen cups, and Teflon reagent storage 
bottles are required. Before use, they are leached in 10% nitric acid 
for 1 week and rinsed in triple-distilled water. 


Procedure 

1. The first four samples analyzed are reagent blanks. These samples 
consist of 0.60 mL of water plus 2.40 mL of diluent. This is to 
flush residual Hg from the aerosol chamber from previous sample 
analysis. 

2. Calibrating solutions are made by mixing 0.30 mL of each cali- 
brator (including the zero calibrator) with 0.30 mL urine matrix, 
and 2.40 mL of diluent. 

3. The control pool and patient specimens are prepared for analysis 
by mixing 0.30 mL of each sample with 2.40 mL of diluent. 

4. The ICP/MS is programmed with the following conditions; these 
conditions will vary depending on the condition and model of the 
instrument: 


Parameter Minimum Maximum 
Running Vacuum (torr) DAD eal 

Plasma Power (watts) 1100 1500 
Nebulizer (L/min) 0.8 1.0 

Dwell Time (ms) 100 500 

Sweeps 3 N/A 
Replicates 1 N/A 

Flush Delay (sec) 20 N/A 

Rinse Time (sec) 30 N/A 


Record the summed mass abundance of 199, 200, 201, and 202 m/z 
and 209 m/z for each blank, calibrator, control, and specimen. Repeat 
the analysis at an appropriate dilution for any specimen with a mass 
abundance greater than the 50 ug/L Hg calibrator. 


Calculation 

1. The instrument software should be programmed to subtract the 
mean of the reagent blank intensity from each specimen’s raw 
intensity. 

2. The instrument software will generate a calibration curve based 
on the intensity ratios of Hg to bismuth by creating a regression 
equation. The regression constant of this equation should be 
>0.999. 

3. Mercury concentrations of specimens are calculated from the 
intensity ratios of the specimens compared with the calibration 
curve. 


Reference 

Nixon DE, Moyer TP.Routine clinical determination of lead, arsenic, 
cadmium, mercury, and thallium in urine and whole blood by 
inductively coupled plasma mass spectrometry. Spectrochim. Acta 
1996;51B:13-25. 


METHOD 35-5 Determination of Selenium in Serum 


Principle 

Urine-based calibrators, controls, or patient specimens are mixed 
with dilute acid containing 2.5% tertiary butyl alcohol for signal 
enhancement and yttrium internal standard and aspirated directly 
into the argon plasma. Mass response from the argon plasma is moni- 
tored for selenium (78, 82 m/z), yttrium internal standard (69 m/z), 
bromine (79, 81 m/z), krypton (83 m/z), and gadolinium (158 m/z) 
to monitor for potential interference. Samples containing high 
concentrations of bromine will form *'Br'H interfering with *Se. 
Krypton is sometimes present in low-quality argon; both “Kr and 
“Kr interfere with selenium. Patients recently receiving radiation 
sensitizers containing gadolinium will have high concentrations of 
'S8Gd, which interferes as the doubly charged ion Gd** (78 m/z). 

It is important to note that the instrument response in biological 
matrices will differ from that in an aqueous matrix. Therefore the 
samples, controls, and calibrators must be diluted with an equivalent 
matrix. Failure to account for matrix effects can lead to erroneous 
results. 


Unlike most metals, selenium possesses a relatively high first 
ionization potential (9.75 eV) and is not fully ionized by an argon 
plasma. Thus the diluent must contain a carbon source to promote 
ionization, such as an alcohol or Triton-X 100. Operating the plasma 
at a higher wattage than what is typical for most analysis is also 
advisable. 


Instrumentation 
An ICP/MS capable of rapidly monitoring selected ion masses (peak 
hopping) and capable of internal standard calculations is required 
for analysis. Mass response from the argon plasma is monitored for 
two isotopes of selenium (78, 82 m/z), yttrium (89 m/z), bromine 
(79, 81 m/z), krypton (83 m/z), and gadolinium (158 m/z). Unless 
a reaction cell or collision cell is employed, the major isotope of 
selenium (80 m/z) is inaccessible because of interference from the 
argon dimer formed in abundance in the plasma, *““Ar*’Ar (80 m/z). 
However, such instrumentation is not necessary as human selenium 
Continued. 
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METHOD 35-5 Determination of Selenium in Serum—cont’d 


concentrations are high enough that monitoring “Se and *’Se pro- 
duces sufficient sensitivity. 


Reagents 

1. Nitric acid used in all reagent preparations must be ultrapure 
subboiling redistilled, or trace metals grade. 

2. All solid reagents are high purity quality (higher purity than ACS 
grade). 

3. All water used in reagent preparation is triple-distilled water 
(higher purity than type I water). 

4. Tertiary butyl alcohol is from Fisher Scientific. 

5. The sample diluent is 50 ug/L gallium and 25 mL/L t-butanol in 
2% nitric acid. 

6. Calibrators are prepared in 1% nitric acid to contain selenium 
at concentrations of 0, 1, 5, 50, and 100 ug/L. 

7. The control sample is a commercially available urine control 
(Biorad, UTAK Laboratories). Two concentrations of control 
with nominal values 100 and 200 ug/L are used. 

8. The ICP/MS autosampler rinse solution is 2% nitric acid. 

9. Urine matrix from a representative human donor pool. 

10. High purity argon is required to maintain the plasma. 


Supplies 

Sarstedt 12 x 75 mm polypropylene tubes and Teflon reagent storage 
bottles are required. Before use, reagent bottles are leached in 10% 
nitric acid for 1 week and rinsed in triple distilled water. 


Procedure 

1. The first specimen analyzed is a reagent blank. This sample con- 
sists of 0.10 mL of water, 0.10 mL 0 standard, and 1.80 mL of 
diluent. 

2. Calibrating solutions are made by mixing 0.10 mL of each cali- 
brator with 0.10 mL urine matrix, and 1.80 mL of diluent. 

3. The control pool and patient specimens are prepared for analysis 
by mixing 0.10 mL of each sample with 0.10 mL 0 standard, and 
1.80 mL of diluent. 

4. The ICP/MS is programmed with the following conditions, 
which may vary depending on the condition and model of the 
instrument: 


Parameter Minimum Maximum 
Running Vacuum (torr) 2.42 x 10° 

Plasma Power (watts) 1250 1500 
Nebulizer (L/min) 0.8 1.0 

Dwell Time (ms) 100 500 

Sweeps 3 N/A 
Replicates 1 N/A 

Flush Delay (sec) 20 N/A 

Rinse Time (sec) 30 N/A 


Record the mass abundance of 78, 82, and m/z for each blank, cali- 
brator, control, and specimen. Repeat the analysis at an appropriate 
dilution for any specimen with a mass abundance greater than the 
200 ug/L selenium calibrator. 


Calculation 

1. The instrument software should be programmed to subtract the 
mean of the reagent blank intensity from each specimen’s raw 
intensity. 

2. The instrument software will generate a calibration curve based 
on the intensity ratios of selenium to yttrium by creating a regres- 
sion equation. The regression constant of this equation should be 
>0.999. 

3. Selenium concentrations of specimens are calculated from the 
intensity ratios of the specimens compared with the calibration 
curve. 


Reference 

Nixon DE, Neubauer KR, Eckdahl SJ, Butz JA, Burritt MF. Evaluation 
of a tunable bandpass reaction cell inductively coupled plasma 
mass spectrometer for the determination of selenium in serum 
and urine. Spectrochimica Acta 2003;Part B 58:97-110. 
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CALCULATING INDIVIDUALIZED PATIENT- 
SPECIFIC RISKS USING BIOCHEMICAL 
MEASUREMENTS'**“* 


Calculating an individualized risk (patient-specific risk) for 
any given condition is accomplished by multiplying the a 
priori risk for that condition by a likelihood ratio that is 
calculated using the woman’s analyte measurements (i.e., 
patient risk=a priori risk x likelihood ratio). This basic 
equation is used to calculate patient-specific risk for neural 
tube defects, Down syndrome, trisomy 18, or any other con- 
dition in which the distributions of tests for the unaffected 
and affected population have been defined. The a priori risk 
is obtained from large epidemiological studies that ascertain 
the prevalence for the condition under consideration. For 
example, a woman’s age is used to define her a priori risk for 
having a fetus with Down syndrome. The likelihood ratio 
is determined by calculating the ratio of the height of the 
affected and unaffected overlapping population distribu- 
tions for any specified multiple of the median (MoM) value. 
When multiple tests are used, a single likelihood ratio is cal- 
culated using the overlapping distributions for each test but 
with the correlation between the tests taken into account. 
Alpha fetoprotein (AFP) as a single test for Down’s syn- 
drome is discussed below to demonstrate the principle of 
how individualized risks are calculated. 


RISK BASED ON MATERNAL AGE ALONE 


The first step in calculating an individualized risk for Down’s 
syndrome is to determine the woman’s risk based on her age 
using the well-known increase in the birth prevalence of 
Down’s syndrome as maternal age advances (see Figure 54- 


*References are found in Ch. 54 of the Tietz Textbook of Clinical 
Chemistry and Molecular Diagnostics, edition 4. 


APPENDIX 54 


Clinical Chemistry 


of Pregnancy 


4 in Chapter 54 of the 4th edition of the Tietz Textbook of 
Clinical Chemistry and Molecular Diagnostics). The mater- 
nal age is defined as the age at the expected date of delivery. 
In practice the age-specific risk is determined using an equa- 
tion that has been fitted to the age-prevalence curve rather 
than taken from a table of risks. A number of age-specific 
equations have been published that differ slightly, but overall 
give comparable risks.”’"'°*”** A recently published equa- 
tion’ for calculating risk at term is p= 0.0006345 + 
e(16:0809540.2852891XMA) Where the risk of Down syndrome is 
1:(1— p)/p, and MA is the maternal age at delivery in com- 
pleted years. If decimal years are used, 0.5 year is subtracted 
from the age before using the equation (e.g., for a decimal 
age of 35.5 years use 35.0). Age-specific risks can be 
expressed as either risk at term or in the second trimester 
when screening is accomplished. Second trimester risks are 
higher than term risk because an estimated 23% of Down 
syndrome fetuses are spontaneously aborted from second 
trimester to term." Second trimester risks are calculated by 
multiplying the right hand side of the calculated odds by 
0.77 (the third trimester fetal loss coefficient for Down 
syndrome). For example, if the term odds calculated from 
the equation is 1:750, then the second trimester odds are 
1:577. The equation is valid between 15 and 50 years. 


CALCULATION OF A LIKELIHOOD RATIO 

The next step in calculating a patient-specific risk is to deter- 
mine the likelihood ratio. In essence the likelihood ratio is 
the relative increase, decrease, or no change in the prior risk 
based on the woman’s analyte measurements. The process of 
computing a likelihood ratio can be visualized by examining 
the overlapping distributions of maternal serum AFP 
measurements from women with a normal pregnancy and 
women with a Down syndrome pregnancy. Figure A54-1 dis- 
plays these distributions when results are expressed as MoM. 
Vertical lines have been arbitrarily drawn at 0.5 and 0.83 
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Figure A54-| Calculating individual Down syndrome risks at 
two AFP levels below |.0MoM.At an AFP value of 0.50 MoM, the 
likelihood ratio is defined by the height of a line drawn to its 
point of intersection with the AFP population distribution curve 
for Down syndrome pregnancies (D,), divided by the height of 
the line drawn to its point of intersection with the population 
distribution curve for unaffected pregnancies (U,). In this case, 
D, is 2.2 times higher than Uj, so the likelihood ratio is 2.2.At 
an AFP value of 0.83 MoM, the likelihood ratio is 1.0. At this 
point, the curves of unaffected and affected AFP population 
distributions cross (D,/U, = 1.0), and the revised risk would be 
no different from the age-associated risk. Any AFP value below 
0.83 MoM is associated with increased risk, and any AFP value 
above 0.83 MoM is associated with decreased risk for Down 
syndrome. 


MoM. The median AFP value for Down syndrome preg- 
nancies is 0.75MoM, indicating that values are lower by 
about 25% as compared with unaffected pregnancies (cen- 
tered at 1.0 MoM). At an AFP value of 0.5 MoM, the likeli- 
hood ratio is defined by the height of the line drawn to the 
point of intersection with the AFP population distribution 
curve for Down syndrome pregnancies (D,), divided by the 
height of the line drawn to its point of intersection with the 
population distribution curve for unaffected pregnancies 
(U,). In this case D; is 4.2 times higher than Uj, so the like- 
lihood ratio is 4.2. This can be interpreted as follows: a 
woman with a value of 0.5 MoM is 4.2 times more likely to 
be carrying a baby with Down syndrome as compared with 
her risk based on age alone. At an AFP value of 0.84, the 
likelihood ratio is 1.0, because at this value the curves cross 
and the height of the two curves is identical (D/U; = 1.0). 
Thus any MoM value below 0.84 results in increased risk, 
and any MoM value above 0.84 will decrease risk. 

Figure A54-2 displays the same overlapping distributions 
but with vertical lines arbitrarily drawn at 1.0 and 1.8 MoM. 
An AFP level of 1.0 MoM is the “average” or “normal” result, 
but this result actually produces a reduction in risk, since the 
likelihood ratio is 0.63 (D;/U; = 0.80). It might seem coun- 
terintuitive that an “average” result produces a likelihood 
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Figure A54-2 Calculating individual Down syndrome risks at 
two AFP levels above 0.83 MoM. At an AFP value of 1.00 MoM, 
the likelihood ratio is defined by the height of a line drawn to 
its point of intersection with the AFP population distribution 
curve for Down syndrome pregnancies (D3) divided by the 
height of the line drawn to its point of intersection with the 
population distribution curve for unaffected pregnancies (U3). An 
AFP MoM of 1.00 is an “average” or “normal” result. This result 
actually reduces the risk for Down syndrome slightly, since the 
likelihood ratio is 0.80 (D;/U; = 0.80). At an AFP value of 1.80 
MoM, the likelihood ratio is 0.38 (D,/U,). 


y 
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ratio <1.0, but only a worthless test would yield a likelihood 
ratio of 1.0 for an “average” test result. At an AFP MoM of 
1.8, the likelihood ratio is 0.23 (D,/U,), meaning that a 
woman with this test result would have her age-related risk 
reduced by a factor of 0.23. In actual practice, likelihood 
ratios are computed electronically using a set of statistical 
parameters that describe the overlapping distributions and 
the correlations between the tests (if multiple biochemical 
tests are used). The approach described is, in principle, iden- 
tical to that used for calculating risk for open spina bifida 
using the single AFP test, except that the overlapping distri- 
butions would be those for unaffected pregnancy and open 
spina bifida.” 


CALCULATION OF PATIENT-SPECIFIC RISK 

The final patient-specific risk is calculated by multiplying the 
age-specific risk by the likelihood ratio. For example, con- 
sider the risks that would result for a woman who is 35.5 
years of age with the four AFP MoM values given in the pre- 
vious section. Her age-specific second trimester risk is 1:270 
(calculated using the risk equation and fetal loss coefficient 
given above). If her AFP MoM value was 0.5, her likelihood 
ratio is 4.2 and her final revised risk would be 4.2 times 
1:270 times, or 1:64. Her final risks, if she had an AFP MoM 
value of 0.84, 1.0, or 1.8, would be 1:270 (unchanged from 
her age risk), 1:430, and 1:1170, respectively. 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


Appendix 54 3 


ESTIMATING A LIKELIHOOD RATIO FROM MULTIPLE 
BIOCHEMICAL MEASUREMENTS 

Calculating a patient-specific risk for Down syndrome 
using multiple biochemical tests is accomplished in the same 
manner as for a single maker (i.e., the age-specific risk is 
multiplied by a likelihood ratio). The age-specific risk is 
calculated in the same manner as for a single test. A single 
likelihood ratio is then calculated by combining the mea- 
surements for all of the tests measured using multivariate 
overlapping Gaussian distributions. For example, a single 
test can be visualized as two overlapping “camel humps,” but 
two tests are visualized as overlapping “haystacks.” The visu- 
alization breaks down with three or more tests. 

Consider the example in which AFP, uE;, and CG have 
been measured on a maternal serum sample (the triple test). 
If each of the three biochemical tests were independent pre- 
dictors of Down syndrome risk, then the combined likeli- 
hood ratio would be the product of the three individual 
likelihood ratios. Figure A54-3 A, B, and C provides an 
example of such a calculation, assuming the woman’s AFP, 
uE;, and CG levels were 0.6, 0.45, and 2.0 MoM, respectively. 
The product of the three individual likelihood ratios is 81.5 
(2.5 x 13.0 x 2.5). This combined likelihood ratio indicates 
that the woman’s individualized Down syndrome risk is now 
81.5 times greater than her age-associated risk. However, the 
three biochemical tests are not totally independent predic- 
tors, but have small pairwise correlations. For that reason, a 
more refined method of computing the combined likelihood 
ratio that takes these correlations into account is required. 
When this is done, the likelihood ratio for the current 
example is reduced to 17.1. This reduction intuitively makes 
sense, because the maximum predictive value of the three 
tests would occur only if there were no correlation between 
the tests. A similar multivariate Gaussian model is also used 
to calculate patient-specific risks for trisomy 18.” 

Other models have been proposed for calculating risks, 
including logistic regression*** and linear discriminant 
analysis," and some are occasionally used clinically. All of 
these models can provide reliable risks, but if not derived or 
implemented correctly, each can also result in unreliable risk 
estimates. Discriminant aneuploidy detection or “DAD,” a 
high order nonlinear discriminate function, is an example of 
an unreliable model and should not be used in its presently 
published form." 


THE MATHEMATICS OF COMPUTING DOWN SYNDROME 
RISK USING MULTIPLE TESTS 

The mathematical computations necessary for combining 
maternal age and one (or two) maternal serum analyte mea- 
surements to derive an individualized Down syndrome risk 
estimate are not difficult and can be found in other publi- 
cations.''**?7'4 However, when three or more serum and/or 
ultrasound measurements are involved, the computations 
become far more involved and are beyond the scope of this 
chapter. One approach for dealing with the complexity of 
risk calculations for multiple test screening is to purchase 


0.60 
A MSAFP (MoM) 
LR=13.0 
0.45 
s MSuE, (MoM) 
LR=2.5 
2.00 
C MShCG (MoM) 


Figure A54-3 Likelihood ratios for AFP, uE;, and CG 
measurements of 0.6, 0.4, and 2.0 MoM, respectively, for a 
hypothetical patient screened using the triple test: (A) likelihood 
ratio for MSAFP at 0.6 MoM, (B) likelihood ratio for MSuE; at 
0.45 MoM, and (C) likelihood ratio at 2.0 MoM for CG. The 
products of these three likelihood ratios could be multiplied 
together to provide an estimate of the combined likelihood 
ratio if all three markers were completely independent 
predictors of Down syndrome risk. 
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commercial software. Use of such software also has the 
advantage that most packages include an up-to-date patient 
management system designed for prenatal screening. Almost 
all commercial (or in-house) software relies on the same 
algorithm for computing risk (overlapping multivariate 
Gaussian distributions). However, the software manufac- 
turer usually requires the end user to select from a set of 
parameters or to provide their own parameters for calculat- 
ing risk. Parameter sets consist of the logarithmic mean and 
standard deviations (SDs) for both unaffected and Down 
syndrome pregnancies for each of the analytes and also pair- 
wise correlation coefficients for both the unaffected and 
Down syndrome pregnancies. Truncation limits that define 
the most extreme values to be interpreted for each of the 
analytes are also necessary. Thus to generate the likelihood 
ratios for a quadruple test using a single dating method (e.g., 
pregnancies dated from the last menstrual period), 36 
numbers define the parameter set. The size of a parameter 
set is doubled if separate parameters specific to the method 
of gestational dating are to be used (ultrasound versus last 
menstrual period dating). Reliable parameter sets appropri- 
ate for the analytes to be used for screening and specific for 
different methods of gestational dating are difficult to derive 
and beyond the capability of most laboratories. In practice 
almost all laboratories rely on published parameter sets. 
Comprehensive parameter sets are few in number, but the 
laboratory director is responsible for choosing one that is 
appropriate for the population being screened. The follow- 
ing discussion provides methods aimed at helping the 
screening laboratory appreciate the impact of different pa- 
rameter sets and how they might choose one. 


What Parameter Sets Are Available? 


Data from the Maternal Screening FP Proficiency Testing 
Survey, jointly sponsored by the Foundation for Blood 
Research/College of American Pathologists (FBR/CAP), 
indicates that most screening laboratories in the United 
States and Canada use one of three parameter sets. These 
have been designated by the lead author and year of publi- 
cation. They include Wald 1988,°' Wald 2000,7°74°73394 
and Knight 1998.'**'**“ The original parameter set of Wald 
and his colleagues is based on data collected in Oxford, 
England. It was published when the methodology for the 
triple test was first described and is still widely used (Wald 
88). Wald and his colleagues have extensively modified and 
updated this parameter set, and it now includes quadruple 
tests (Wald 00). The third parameter set (Knight 98) is based 
on data collected primarily from California laboratories in 
the mid 1990s,'** with later updates for dimeric inhibin A 
(DIA).'** The Wald 1988 parameter set is not optimal, and 
laboratories are being encouraged to use one of the newer 
sets (Wald 00 or Knight 98). 


Differences in Patient-Specific Risks Using Two Different 

Parameter Sets 

How does the laboratory decide which parameter set to 
implement? The first question to be answered is whether it 
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Figure A54-4 A comparison of risks generated by two 
parameter sets using actual patient MoM values from 3000+ 
screened women. Y-axis (Wald 00 parameters). X-axis (Knight 98 
parameters). Line of identity at 45°. See text for source of Wald 
and Knight parameters. 


makes any difference as to which set is chosen. One approach 
to answering this question is to compare the Down syn- 
drome risks generated by the parameter sets in question 
using actual patient MoM data generated by a screening 
program. For example, Figure A54-4 displays the Down 
syndrome risks generated for more than 3000 women 
screened using the quadruple test (AFP, estriol (uE;), CG, 
and DIA) by the FBR (all had gestational age estimates based 
on ultrasound dating). On the logarithmic horizontal axis is 
the Down syndrome risk based on the Knight 98 parame- 
ters. On the vertical axis is the Down syndrome risk based 
on the Wald 00 parameters. The results are highly correlated, 
and the observations fall, on average, on the line of identity. 
This indicates that similar risks have been generated by the 
two parameter sets. However, at very low risks (upper right 
quadrant), the risks derived from the Wald 00 parameters are 
slightly lower than the corresponding risks derived from the 
Knight 98 parameters. This difference is unlikely to have any 
impact on the screening program because the low risks 
would be classified as screen negative. At high risks (lower 
left quadrant), the risks derived from the Wald 00 parame- 
ters are higher than the corresponding risks derived from the 
Knight 98 parameters. This would result in a slightly higher 
screen-positive rate at any given risk cutoff for the Wald 00 
parameters and, most likely, a slightly higher detection rate. 
A few of the individual observations are different by a factor 
of 10 or more, indicating that differences between the para- 
meter sets can in some instances result in substantially dif- 
ferent risk estimates. These “discrepant” risks generally occur 
when one (or more) of the four analyte results are in the tails 
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TABLE A54-1 Comparison of Selected Parameters from Unaffected Pregnancies from Three Published Parameter Sets 


With Those Computed from Unaffected Pregnancies Undergoing Routine Screening: All Pregnancies 
Dated from the Last Menstrual Period 


PUBLISHED PARAMETER SET 


Observed 
Parameter l 2 3 Parameters 
Log Standard Deviation for 
AFP 0.2024 OMS27/ 0.1649 0.1502 
UE; 0.2700* Ona 0.1374 0.1387 
CG 0.2342 0.2260 0.2336 0.2321 
DIA NR 0.2095 0.2154 0.1984 
Correlation Coefficient Between 
AFP and uE, 0.1300 0.314 0.201 0.286 
AFP and CG 0.0050 0.095 0.033 0.093 
AFP and DIA NR 0.230 0.133 0.157 
uE, and CG —0.0800 —0.215 —0.169 —0.123 
uE, and DIA NR —0.068 —0.006 0.037 
CG and DIA NR 0.420 0.216 0.401 
Truncation Limits 
AFP 0.4-2.5 0.4-2.0 0.3-3.3 0.4-2.0 
UE; 0.4-1.4 0.5-2.0 0.5-2.0 0.5-2.0 
CG None 0.5-3.5 0.2-5.0 0.5-4.0 
DIA NR 0.5-3.5 0.4-3.5 0.5-3.5 


NR, Not reported. 


Parameter set 1: Wald 88 (12); parameter set 2: Knight 98 (17, 18); parameter set 3: Wald 00 (13-16). 


Observed parameters derived from 3016 pregnancies screened at FBR. 
*On a linear scale. 


of their respective distributions (e.g., are univariate or mul- 
tivariate outliers). 

The discrepancy in risks caused by different parameter 
sets has been observed by screening programs for selected 
women. Discrepant risks occur with a variety of analyte 
combinations, and it has not been possible to attribute the 
cause to a single or a few parameters. However, the above 
analysis shows that either of the two parameter sets will yield 
reliable results and essentially equivalent risks over a wide 
range of analyte results. 


Comparing Published Parameters With a 

Laboratory’s Estimate 

A second approach to determining whether a parameter set 
is appropriate is to generate selected parameters using the 
laboratory’s own screening results. Few laboratories will have 
sufficient data to establish parameters (means, SDs, and 
correlation coefficients) for Down syndrome pregnancies. 
However, a comparison between a laboratory’s data and 
published parameter sets restricted to unaffected preg- 
nancies can still provide useful information. Table A54-1 
shows how laboratories might compare their in-house pa- 
rameter estimates for unaffected pregnancies with published 
ones. 


The first row shows the log SDs for AFP MoM results for 
unaffected pregnancies when dated using the last menstrual 
period from three published parameter sets along with that 
same parameter computed using more than 3000 consecu- 
tive AFP MoM results from similarly dated pregnancies from 
a serum screening program in Maine. One way to judge 
which of the three published SDs are closest to the labora- 
tory’s estimate is to compare the ratio of the variances (SD 
squared). If the two estimates are similar, the ratio should be 
close to 1.00 (this ratio is usually computed as the ratio of 
the larger to the smaller variance). The AFP variance ratios 
for the three parameter sets are 1.82, 1.03, and 1.21, indicat- 
ing that parameter set 2 is the closest fit. Generally, variance 
ratios of 1.10 or less indicate reasonable agreement. For this 
comparison to be reliable, care must be taken in computing 
the “in-house” estimate of the logarithmic SD. It is not suf- 
ficient to simply take the overall SD of the logged analyte 
values reported in MoM. A robust analytical methodology is 
described later that can be used by individual laboratories to 
properly trim and use regression analysis to compute their 
own SD. 

The published and reported correlation coefficients are 
shown beginning in row five of Table A54-1. Proper com- 
parisons of the correlation coefficients (r values) can be done 
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by first squaring the values. By retaining the sign, the differ- 
ences between the r-squared values give an indication of 
“closeness.” For example, a value of r =—0.11 squared would 
be —0.0121. The difference for the AFP and uE, r values 
(row 5 in the table) for parameter set 1 and the observed 
data would be (0.130)? — (0.286)” = 0.0649. The correspond- 
ing differences for sets 2 and 3 are 0.0817 and 0.0233. In 
our experience, signed differences in r squared of 0.10 or 
greater can have an important impact on computed risks, 
especially when the correlation coefficients are small (as in 
Table A54-1). 

Evaluating the truncation limits set by each parameter set 
(beginning in row 11) is difficult. The wider the limits, the 
higher (or lower) the likelihood ratios can achieve. The wider 
limits for parameter set 2 versus 3 are the likely cause of the 
systematically lower (or higher) risks at the extremes noted 
in Figure A54-4. The probability plots that each laboratory 
can create (see section entitled Determining the Log Stan- 
dard Deviation (SD) for Analyte A) help guide the user in 
deciding whether truncation limits seem appropriate. For 
example, consider a laboratory that is examining 1000 AFP 
measurements among unaffected singleton pregnancies 
from their screening program. If they were to find a loga- 
rithmic SD of 0.1502, the upper truncation limits for the 
three published parameter sets are at 2.0, 3.5, and 2.0 SDs 
above the mean. The upper limits for the first and third 
parameter set are equivalent to the 97.5th percentile, but the 
third is above the 99.9th percentile. The laboratory can 
examine the plot and see how well the data fit at the upper 
limit. Even if the data were to fit in the extreme upper tail, 
setting the upper truncation limit must also take into 
account how well the Down syndrome cases fit at high AFP 
levels as well, and those measurements are systematically 
lower by about 25%. 

It is not possible to provide definitive guidelines as to 
what action, if any, should be taken if parameters, correla- 
tion coefficients, or truncation limits exceed the suggested 
limits discussed above. Instead the exercise is recommended 
to ensure that the laboratory is obtaining parameter sets 
that are in reasonable agreement with those published by 
experienced screening programs. 


A Method to Customize Parameter Sets 

One publication contains methodology that allows labora- 
tories to “tailor” or “customize” the parameter set used to 
compute Down syndrome risks.** This methodology allows 
a parameter set to be chosen and then the SDs and correla- 
tion coefficients modified according to the observed differ- 
ences in variances between the laboratory and published 
estimates. Although there is some merit in this methodol- 
ogy, there are underlying assumptions and subtle require- 
ments that can pose difficulties in implementation, even for 
the most sophisticated laboratory. 


Verification of Calculated Down Syndrome Risks 

Once a laboratory chooses a software package or implements 
an in-house algorithm for calculating Down syndrome risk, 
it should verify the accuracy of the calculated risks. One 
approach to verification for participants in the FBR/CAP 
Maternal Screening FP Survey (described earlier) is to use 
data contained in the multiple test evaluation report that 
accompanies the Participant Summary Report. The multiple 
test evaluation contains a laboratory-specific set of calcula- 
tions that includes a verification of computed Down syn- 
drome risk using the “parameter set” specified by each 
laboratory and their own reported maternal age and MoM 
values (triple or quadruple testing) for each serum specimen. 
The “computed risk” provided in the evaluation should 
compare closely with the laboratory’s own reported risk. 
Unfortunately, many participating laboratories do not know 
the parameter set they use to generate Down syndrome 
risks or do not accurately report the parameter set used. 
Table A54-2 shows the reported parameter set and the most 
likely parameter set actually used for 228 laboratories in 
2002. The latter was computed by applying various parame- 
ter sets to individual laboratory results until a “match” 
between the reported and computed risks was found. In 
some instances, the parameter set used was not identified. As 
an example, consider the first row in Table A54-2. A total of 
96 laboratories reported using the parameters of Wald 88. Of 
these, our analysis confirms that 88 of these laboratories have 
indeed reported risks that are consistent with this parame- 
ter set. However, three of the laboratories actually appear to 


TABLE A54-2 Comparison of Reported and Derived Parameter Sets for Computing Down Syndrome Risks Using AFP, 


uE3, and CG Measurements (Triple Test) 


DERIVED PARAMETER SET 


Reported Number of 

Parameter Set Laboratories Wald 88 Knight 98 Wald 00 Unknown 
Wald 1988 (12) 96 88 3 0 5) 

Knight 1998 (17, 18) 35 7 27 0 1 

Wald 2000 (13-16) 43 2l 2 10 10 
Unknown/Blank 54 31 5 5 15 

All 228 147 35 15 31 
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be using the Knight 98 parameters, and another five labora- 
tories had risks that could not be matched with any of the 
parameter sets checked. Overall, 54 laboratories did not 
know the source of their parameter sets or did not answer 
the question (row labeled “Unknown/Blank”). The table also 
shows that the most common parameter set is the oldest, first 
published in 1988.°°' These laboratories should choose a 
newer, more appropriate parameter set. 

When laboratories implement quadruple test testing, 
these 1988 parameters cannot be used, because they did not 
include DIA. Table A54-3 shows the parameter sets reported 
and computed for the laboratories offering quadruple test 
testing using the same analytic methodology as in Table 
A54-3. Although there are fewer data, there is still a signifi- 
cant discrepancy between the parameter set reported to be 
used to generate risks and the parameter set that actually 
appears to be the one used to generate risks. Laboratories 
have the responsibility of knowing which parameters are 
being used to calculate risks and whether they are appropri- 
ate for their population. 

Another approach to verifying calculated risks is to use 
the tables located under the heading “Verification of 
Calculated Down Syndrome Risk” located on the CAP 
Therapeutic Drug/Endocrinology Resource Committee 
Web site (www.cap.org/apps/docs/committees/TDMEndo/ 
verif_instr.html, accessed February 13, 2005). These tables 
provide risks for selected combinations of maternal age and 
MoM values for the parameter sets of Wald 88, Knight 98, 
and Wald 00. They also include risks for a parameter set 
designated Wald 1992, an interim set used before Wald 2000 
that is still used by a few laboratories. The tables also provide 
risks based on the method of gestational dating (last men- 
strual period or ultrasound) and risks for both the triple and 
quadruple test for the more recent parameter sets. Instruc- 
tions for using the tables are provided on the Web site. 


DETERMINING THE LOG STANDARD DEVIATION (SD) 
FOR ANALYTE A USING MICROSOFT EXCEL 

The following steps can be used to reliably estimate the SD, 
on a logarithmic scale, for a specific analyte (e.g., AFP). This 
is done by a regression analysis on the linear portion of a 
probability plot (the x-axis is the value’s z-score, and the y- 


axis is the log of the value). The process is begun by import- 
ing a set of MoM values (300 to 500 values) generated by the 
laboratory's screening program for the analyte in question 
into column A of an Excel spreadsheet. It is best to separate 
results based on last menstrual period dating from those 
with dates based on ultrasound measurements (US). For 
more information on using Excel, contact your computer 
services support personnel. The example below uses MoM 
data for AFP. 

1. Importing and sorting the raw data: Select column A 
containing the AFP MoM values by clicking on the column 
heading A. Then choose DATA, then SORT. The default 
setting of column A and ascending should be already 
selected. Press OK and the data should be sorted from 
smallest to largest. Check to see if any “trash” is present (e.g., 
missing results, special codes, and > signs). Remove if found. 

2. Computing necessary new data: In column B, row 1, enter 
the formula: = COUNT(A:A). This is the total number 
of observations in the dataset. In column C, row 1, enter 
= (ROW(1:1) — 0.5)/$B$1. This is essentially the cumu- 
lative probability (ranging from near 0 to near 1). In 
column D, row 1, enter the formula = NORMSINV (C1). 
This column now has the z-scores. In column E, row 1, 
enter the formula = log(A1). This computes the log of the 
AFP MoM. Copy the formulas from cells C1, D1, and E1 
through to the bottom of the spreadsheet. 

3. Viewing the probability plot: Highlight columns D and E 
and click on the Chart Wizard (a button with colored bar 
charts on the toolbar). Select chart type XY Scatter to 
view the probability plot. The graph will generally be a 
relatively straight line, but most often deviations from the 
line will be observed in the extreme tails. If the data do 
not follow a straight line throughout, trimming is rec- 
ommended. A commonly used trimming range is from 
the 5th to 95th percentiles, corresponding to z-scores 
(SDs) of —1.65 to +1.65. To plot only this range of values, 
select the data in columns D and E that are adjacent to 
column C entries ranging from about 0.05 (5%) to +0.95 
(95%). Select XY Scatter on the Chart Wizard to view the 
trimmed scatter plot. If the plot is now essentially a 
straight line, go on to step 4. Figure A54-5 gives an 
example of a probability plot for AFP. 


TABLE A54-3 Comparison of Reported and Derived Parameter Sets for Computing Down’s Syndrome Risks Using 


AFP, uE3, CG, and DIA Measurements (Quadruple Test) 


DERIVED PARAMETER SET 


Reported Number of 

Parameter Set Laboratories Wald 96 Knight 98 Wald 00 Unknown 
Knight 1998 (17, 18) 25 3 4 0 11 

Wald 2000 (13-16) 18 0 7 7 

Unknown/Blank 3 1 0 1 1 

All 46 4 11 8 16 
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Z-Score 
Figure A54-5 Probability plot for AFP measurements dated by 
ultrasound. X-axis (MoM values). Y-axis (z-score) with 
corresponding percentiles above the z-score. 


4. Computing the SD: Click on cell F1 and enter =. Then 
click on Functions (a button with f, on the toolbar). A 
drop-down menu appears. Select Statistical in the left 
window and Slope in the right window of the drop-down 
menu. A formula box opens up. With the mouse, high- 
light the y-values (log MoM from column D). If trim- 
ming is necessary, select only the appropriate range of 
values. After the y-values are highlighted, click in the 
“Known_x’s box.” Highlight the corresponding x-values 
(z-scored) that are in column C using the same range as 
for the y-values. The log SD of analyte A appears in the 
cell you selected in column H. 

5. Experimenting: Steps 3 and 4 can be repeated with dif- 
ferent trimming values. As more data are removed from 
the tails, the log SD will become stable. It is this estimate 
that best summarizes data. 


DETERMINING THE CORRELATION BETWEEN 

ANALYTES A AND B 

1. Importing and trimming the data: Import the MoM 
values for analytes A and B into columns A and B of a 
spreadsheet. For each analyte, determine the limit defin- 
ing outliers (higher than +3, or lower than —3 SDs). Data 
beyond these limits will be excluded (trimmed) from the 
analysis. For example, suppose you determined that the 
log SD of AFP was 0.150. The lower limit for AFP is then 
0 (the log mean) minus three times the log SD or —0.45. 
(This value is then antilogged to yield the lower trim limit 
of 0.35 MoM.) The upper limit is then +0.45 or 2.8 MoM. 
Therefore any AFP MoM values below 0.35 or above 2.8 
should be excluded. When an outlier for one analyte is 
trimmed, the corresponding value of analyte B is also 
excluded because the data are paired. To apply the limits 
for analyte A, click on column headings A and B. Then 
choose DATA, then SORT. The default setting of column 
A and ascending should already be selected. Press OK 
and the data in column A will be sorted from lowest to 
highest. Delete all MoM values below 0.35 and above 2.8 


in column A and the adjacent value in column B. Repeat 
the process for analyte B in column B. 

2. Transform using logarithms: In column C, enter = 
log(A1) and in column D, enter = log(B1). Then copy 
those formulas down through the extent of data. 

3. Creating a scatterplot of the transformed data: Select 
columns C and D. Click on the Chart Wizard and choose 
chart type XY Scatter to view the correlation plot. There 
should be no obvious outliers. If there are, go back to step 
1 and delete them. Although the trimming method is effi- 
cient in identifying univariate outliers, bivariate outliers 
may need to be identified by sight and then removed one 
at a time. This is especially important if the correlation is 
relatively high. 

4. Compute the correlation coefficient: Click on cell El. 
Enter =, then click on the function key (f, toolbar). Select 
Statistical in the left window and CORREL in the right 
window. A formula box opens. Highlight the y-values in 
column D (log of analyte A). Then click in box Array 2. 
Highlight the corresponding x-values in column C. Click 
OK. The correlation between the log of analytes A and B 
appears in the cell you selected. 


CHORIONIC GONADOTROPIN 
BIOASSAY ®*!'*8° AND AGGLUTINATION 
INHIBITION ASSAYS?” 


Bioassays, receptor assays, and agglutination inhibition 
assays are obsolete for detecting pregnancy. They are, 
however, of historical interest. 


BIOASSAY AND RECEPTOR ASSAYS 

The underlying principle of CG bioassays is based on the 
luteotropic activity of CG. Thus injection of urine contain- 
ing CG into experimental animals produces corpora lutea 
and corpora hemorrhagica in the ovaries of immature mice 
(Aschheim-Zondek test™™), ovulation and corpora lutea 
formation in female rabbits (Friedman’s test), and expulsion 
of spermatozoa in male frogs or toads (Galli-Mainini test). 
These cumbersome assays were among the first reliable 
pregnancy tests used. The in vivo bioassay systems were 
replaced by in vitro immunoassay tests, which are described 
later.’ Some in vitro bioassays have been used, including 
radioreceptor® and cytochemical® assays. These CG tests are 
based on the ability of CG to stimulate steroid production 
by gonadal cell preparations after the interaction of CG with 
its cell membrane receptor (i.e., testosterone production by 
CG-stimulated Leydig cells).''* The steroid produced in vitro 
is then measured by radioimmunoassay (RIA) and is related 
to the concentration of CG in the specimen. These methods 
have low limits of detection and permit measurements of the 
biological activity of circulating CG. They do not, however, 
distinguish between luteinizing hormone (LH) and CG; they 
are time consuming and expensive to perform; and their 
analytical performance depends on the preparation of the 
cells. 
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Agglutination Inhibition Tests 

Although now becoming obsolete, hemagglutination or latex 
particle agglutination inhibition tests were extensively used 
for qualitative detection of CG.’ These tests could be 
divided into two categories: slide tests (e.g., Gravindex, 
Ortho Research Foundation) and tube tests (e.g., UCG-Test, 
Wampole Laboratories and Pregnosticon, Organon). The 
slide test was rapid, and results were obtained within 2 
minutes. Antiserum to CG is added to the urine, followed by 
the addition of CG-coated latex particles. If there is no CG 
in the urine (nonpregnant patient), the antiserum reacts 
with the CG-coated latex particles and agglutination occurs 
(negative test). However, during pregnancy, the presence of 
CG at more than approximately 1500IU/L in the urine 
neutralizes the CG antibodies, and no agglutination occurs 
within 2 minutes (positive result). The tube test is also based 
on inhibiting agglutination, but CG-coated erythrocytes are 
used instead of latex particles. This test requires a 2-hour 
incubation step and is positive at CG concentrations as 
low as 150IU/L. Both agglutination inhibition techniques 
have been replaced by more sensitive inmunoradiometric 
(IRMA) or immunoenzymetric (IEMA) techniques. 


DETERMINATION OF AAjs, IN 
AMNIOTIC FLUID” 


The concentration of bilirubin is generally too low (~0.01 to 
0.03 mg/dL; 0.17 to 0.51 Umol/L) to be measured by standard 
photometric techniques, but the determination can be done 
rapidly, accurately, and directly by absorption spectropho- 
tometry. The maximum absorbance of bilirubin is at 
450 nm. In the absence of significant amounts of bilirubin, 
the absorbance spectrum for the amniotic fluid between 365 
and 550nm is nearly exponential (see Figure 54-16 in 
Chapter 54 of the 4th edition of the Tietz Textbook of Clini- 
cal Chemistry and Molecular Diagnostics). When plotted on 
a semilog scale, the degree to which the curve deviates from 
a straight line at 450 nm is linearly proportional to the con- 
centration of bilirubin in the amniotic fluid. This is the 
change in absorbance at 450 nm (AA450), which is still occa- 
sionally referred to as AOD4sp in the clinical literature. There 
is normally a small amount of bilirubin in amniotic fluid, 
and this amount changes with gestational age (see Figure 54- 
17 in Chapter 54 of the 4th edition of the Tietz Textbook of 
Clinical Chemistry and Molecular Diagnostics). To properly 
interpret the AA4so, it is necessary to know the gestational 
age. 


SPECIMEN 

The amniotic fluid specimen is obtained by amniocentesis 
with a 22-gauge needle under ultrasound guidance, taking 
care not to contaminate the specimen with blood. A total of 
10 mL should be withdrawn. Because bilirubin is unstable in 
light, the specimen should be protected from light during 
transport to the laboratory and during storage. Most amnio- 
centesis trays contain a brown plastic tube with a screwtop. 


If a clear tube must be used, wrap the specimen in aluminum 
foil. Liley™ found that the absorbance peak had a half-life 
of 10 hours in a lighted laboratory and 12 to 18 minutes in 
winter sunlight. When stored in the dark, however, the peak 
is stable for 30 days at room temperature and for at least 9 
months under refrigeration. 


INSTRUMENT 


A computer-controlled spectrophotometer is most con- 
veniently used, and the fluid is scanned between 340 and 
560 nm. Ideally the instrument would record the absorbance 
on a semilog scale against wavelength on a linear scale, but 
modern instruments do not have this feature. Burnett has 
shown that using other methods for determining the base- 
line can lead to significant error (see Burnett RW. Instru- 
mental and procedural sources of error in determination of 
bile pigments in amniotic fluid. Clin Chem 1972;18:150-4). 
If a manual spectrophotometer is used, individual 
absorbance readings should be taken about every 10nm and 
recorded for graphing on a semilog plot. Because the major 
contaminant of concern is oxyhemoglobin, with an 
absorbance peak at 410nm, it is important that the instru- 
ment have a narrow bandpass to minimize interference by 
this compound when making the A459 reading. 


PROCEDURE 

1. Clear the specimen of particulate matter by centrifuga- 
tion at 2000 x g for 5 minutes. 

2. Filla cuvet with undiluted amniotic fluid. 

3. Zero the spectrophotometer using a sodium chloride 
solution, 0.15 mol/L. 

4. Scan the fluid from 340 to 560 nm, recording wavelength 
versus log (absorbance). If a manual spectrophotometer 
is used, make individual absorbance readings at the fol- 
lowing wavelengths: 350, 365, 380, 390, 400, 410, 415, 420, 
430, 440, 450, 460, 470, 485, 500, 515, 530, 540, and 555. 
Plot log (absorbance) against wavelength. 

5. On the absorbance plot, draw a straight line (the base- 
line) from the linear area of the curve at 350 to 375nm 
to the linear area of the curve at 525 to 550nm. 

6. Construct a line perpendicular to the x-axis from the 
absorbance peak at 450 nm to the baseline. The difference 
between the peak and baseline represents the AAjso 
(see Figure 54-16 in Chapter 54 of the 4th edition of the 
Tietz Textbook of Clinical Chemistry and Molecular 
Diagnostics). 

7. If there is an oxyhemoglobin peak at 410nm, determine 
the AA4;) in a similar fashion. 


CALCULATIONS 

In the absence of other pigment peaks, the AAjso derived 
from the graphic method described earlier should be 
reported directly to the nearest 0.001. If oxyhemoglobin is 
present as a peak at 410 nm, then 5% of the AAyiy should be 
subtracted from the AAs and that number reported as the 
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AA4s59. There are other mathematical correction methods in 
the literature and a chloroform extraction technique.'”” 


SURFACTANT/ALBUMIN RATIO BY 
FLUORESCENCE POLARIZATION 
(TDX FLM I1)653% 


The technique of fluorescence polarization is the most com- 
monly used quantitative method as judged by enrollment in 
the College of American Pathologists Fetal Lung Maturity 
proficiency test survey (see Table 54-6 in Chapter 54 of the 
4th edition of the Tietz Textbook of Clinical Chemistry and 
Molecular Diagnostics). This rapid test has better precision 
than the lecithin/sphingomyelin (L/S) ratio.” The test was 
originally described in 1976 by Shinitzky and colleagues, 
who used diphenylhexatriene (DPH) as the fluorescent dye. 
Although the DPH test is predictive of fetal lung maturity, 
many laboratories had difficulty working with this dye. It is 
an easily oxidized compound that absorbs ultraviolet (UV) 
light. The UV fluorescence polarimeter instrument, the 
FELMA, was difficult to maintain. These disadvantages pre- 
vented widespread use of DPH fluorescence polarization in 
clinical laboratories. Tait and associates” improved the 
technique by using a more stable fluorescent dye, NBD-PC, 
and a commercial polarimeter, the Abbott TDx. Russell’ 
developed a commercial version of the assay using a slightly 
different dye, PC-16. The results of the two assays have a 
strong nonlinear, inverse correlation.”’* 

The commercial version is calibrated with solutions con- 
taining differing phospholipid to albumin ratios, expressed 
as milligrams of surfactant per gram albumin. The vast 
most laboratories performing fluorescence polarization 
testing for fetal lung maturity use the commercial version of 
the assay. The NBD-PC method is available on the Evolve 
Web site for those laboratories that are willing to prepare 
the reagents and perform the calculations required for 
interpretation. 

Fluorescence polarization is a dimensionless ratio with 
values from 0.000 to 0.500 for dilute solutions containing 
fluorescing compounds (see Chapter 3).'”? Polarization (P) 
measures the rotational diffusion of the fluorophore relative 
to its fluorescent half-life. If the half-life is short compared 
with the rate of rotational diffusion, P will be high. In con- 
trast, if molecular rotation is faster than the excited state 
decay, then P will be low. Shinitzky proposed that for amni- 
otic fluid lower polarization values reflected a decrease in the 
microviscosity of surfactant phospholipids. The fluidity of 
these phospholipids paralleled the change in lipid composi- 
tion with maturation of the fetal lungs.” This mechanism 
is incorrect for the NBD-PC method. NBD-PC binds to 
albumin and to surfactant; thus the resulting polarization is 
a function of the surfactant/albumin ratio.” 


MATERIALS, REAGENTS, AND INSTRUMENTS 


1. TDx buffer (Abbott Laboratories), consisting of 0.1 mol 
of sodium phosphate, 1g of sodium azide, and 0.1g 


of bovine y-globulin per liter. The pH is 7.4 at room 
temperature. 

2. Fluorescent dye C6-NBD-PC (Avanti Polar Lipids, 
Pelham, AL, catalog No. 810130), 75 g/mL in TDx buffer 
adjusted to pH 5. Dry the contents of a 2-mg vial of NBD- 
PC in an Erlenmeyer flask under vacuum, leaving an 
orange film. Add 26.7 mL TDx buffer that has been pre- 
viously adjusted to pH 5.0 with hydrochloric acid; mix 
gently. The solution should be clear and yellow, with an 
absorbance of 1.5 at 480nm. Add more buffer if the 
absorbance is >1.5. Store in aliquots at —20 °C; store 
aliquot for current use at 4 °C. 

3. 1% (vol/vol) Triton-X 100 in TDx buffer, pH 7.4. Store at 
room temperature. 

4. TDx Analyzer (Abbott Laboratories, Irving, Tex.), stan- 
dard production model calibrated to 33.5 °C to 34.5 °C 
according to the manufacturer’s instructions. 


PROCEDURE 

1. Mix the specimen tube by inverting it 5 to 10 times or 
place on a tube rocker for at least 2 minutes. Transfer 
the entire contents to a clean, clear test tube. Note the 
condition of the amniotic fluid (i.e., xanthochromic, 
meconium stained, or bloody). Centrifuge the fluid at 
400 x g for 2 minutes at 4 °C to remove particulate 
debris. Decant all the fluid into a new tube and place on 
a tube rocker. 

2. Place cuvets in TDx carousel positions 1 to 10, one for 
each Triton-X 100, control, and specimen as necessary. 

3. Deliver 0.5mL of sample into each cuvet. 

4. Add 1mL TDx buffer to each sample. Break any large 
bubbles at the meniscus with a wood applicator stick. 
Avoid carryover. 

5. Place the carousel into the TDx and close door. Read 
background fluorescence and polarization using Photo 
Check (press TEST 2.2 and RUN). The TDx measures 
the fluorescence intensity, I, and the fluorescence polar- 
ization, P. The dimensionless polarization is reported 
x1000 in artificial units of mP; thus it ranges from 0 to 
500 mP. 

6. While the background reading is in progress, place a 
0.5-mL Combi-tip on an Eppendorf repeater pipette 
and draw up sufficient NBD-PC solution to add 10uL 
to each cuvet. 

7. Remove the carousel. Start a stopwatch and immediately 
add 10uL NBD-PC solution to the first cuvet and to 
each of the remaining cuvets at 3-second intervals. 

8. Mix the solution in each cuvet by drawing up 1mL ina 
pipette and redispensing. Avoid carryover. Break any 
large bubbles on the meniscus. 

9. Return the carousel to the TDx for total fluorescence 
and polarization readings. When the stopwatch reaches 
2 minutes 30 seconds, run Photo Check (as in step 5). 

10. At 5 minutes 30 seconds, begin listening for the TDx 
reading sequence. The TDx changes from constant 
rotation of half to full revolutions (incubating), to 
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indexing a position every 3 seconds (reading). When 
reading begins, stop the stopwatch and record the time. 
Acceptable times are from 6 to 7 minutes. 

11. Remove the carousel and measure the temperature of 
the solution in two cuvets with a thermistor. Acceptable 
temperatures are from 33.5 °C to 34.5 °C. 


CALCULATIONS 
1. Calculate the net fluorescence intensity for each cuvet, 


Inet = Ttotal — Thackground 


2. Convert all TDx polarization results to true P units by 
multiplying by 1000. 
3. Convert all background and total polarization to 
anisotropy, 
2P 
t= 
3=P 
4. Calculate net anisotropy for each cuvet, 


Totalltotal — Tpackground! background 


Tet = 
Inet 


5. Convert net anisotropy to polarization, 


B 3r 
24r 


6. Multiply polarization by 1000 to report in the artificial 
units mP. 


COMMENTS 

1. An NBD-PC fluorescence polarization value of <260 mP 
is considered to reflect mature lungs, values between 260 
and 290 mP are considered transitional, and values >290 
are considered to reflect immaturity.”°* Using 260 mP as 
the cutoff, this test has a clinical sensitivity of 94% and a 
clinical specificity of 84%. The supplemental use of the 
L/S ratio for those patients with transitional results is of 
little benefit. The 260 mP cutoff is appropriate for high- 
risk pregnancies. In the setting of a patient who needs a 
cesarean section at term, when there is no penalty for 
delaying delivery, a cutoff of 230mP is more appropriate. 

2. If there is <0.5% blood in the amniotic fluid, the results 
are not affected. Contamination with more than this 
amount tends to increase low results and decrease 
high results.*” Clearly mature (<230mP) and immature 
(>290 mP) results can be relied on for predicting fetal 
lung status. Results between these values cannot be 
interpreted. 

3. Because of improved pregnancy management, very few 
infants with respiratory distress syndrome (RDS) are 
born to women with diabetes. Thus exact estimates of 
clinical sensitivity and specificity are not available in this 
clinical setting. The predictive value of a mature status in 
a patient with diabetes mellitus appears to be equivalent 
to that in a patient without diabetes.” A multicenter trial 


concluded that diabetes mellitus did not affect the 
medical decision limit of fluorescence polarization (using 
the commercial version of the assay).”” 


LAMELLAR BODY COUNTS” 


Lamellar body particles can be measured directly using the 
platelet channel of a standard hematology cell counter. Many 
of these surfactant particles are from 2 to 20fL in volume, 
an interval that is commonly used to enumerate and size 
platelets in whole blood specimens. Several investigators 
have proposed that lamellar body counting be used as a rapid 
fetal lung maturity test.’ This new method has been 
shown to be cost effective (see Lewis PS, Lauria MR, 
Dzieczkowski JS. Amniotic fluid lamellar body count as a 
cost effective screening test for fetal lung maturity. Am J 
Obstet Gynecol 1997;176:S44) and reliable in clinical 
outcome studies.*""'!8*> Because of different platelet 
identification algorithms, counts will be lower or higher on 
some instruments.” 


MATERIALS AND INSTRUMENTS 


1. Coulter Counter Model S-PLUS STKR (Coulter Elec- 
tronics, Hialeah, Fla.). Other Coulter Counter model 
hematology cell counters perform well. 

2. Isoton III (Coulter Diagnostics, Hialeah, Fla.) is a bal- 
anced electrolyte solution used to dilute blood samples 
analyzed on the Coulter Counter. 


PROCEDURE 


1. Invert the amniocentesis tube 20 times and transfer the 
entire contents to a clear test tube. Reject specimens con- 
taminated with meconium, those with more than 1% 
blood, or those containing readily apparent mucus. 

2. Centrifuge for 2 minutes at 400 x g. Decant the entire 
contents into a new test tube and place it on a tube rocker 
for 2 minutes. This step is optional, but the decision 
threshold must be raised 8% when using uncentrifuged 
specimens. 

3. Wipe clean the aspiration tip of the cell counter with a 
gauze pad and 50% bleach, then aspirate Isoton at least 
twice into the instrument. 

4. Aspirate amniotic fluid into the instrument. The lamellar 
body count per microliter is determined by the platelet 
channel. 

5. Print a cell histogram with each analysis. 


COMMENTS 


1. Priming the Coulter Counter with Isoton purges any 
blood remaining in the tip from previous analyses. 

2. The Coulter Counter Model S-PLUS STKR requires a 
minimum of 125 uL. Typical day-to-day precision (SD) is 
3500 counts/UL (5%) at an average count of 70,500/UL 
and 7800 counts/uL (4%) at an average count of 
209,400/uL. 
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3. Centrifugation slows the procedure, reduces the counts 
by 8%, and does not improve the precision of the assay. 
Use of uncentrifuged specimens is recommended. Matu- 
rity is indicated by having a lamellar body count of at least 
55,000/UL in a centrifuged specimen or 60,000/UL in an 
uncentrifuged specimen. Other studies recommend lower 
decision limits. In a 3-year prospective study, Ashwood et 
al found that all 28 cases of RDS were correctly classified 
using these thresholds. Fifty-five percent of infants not 
developing RDS had results greater than the cutoff.” 

4. More than 1% vol/vol blood can decrease lamellar body 
count by up to 20%.” Vaginal pool fluids containing 
obvious mucus can have very high erroneous counts. 
These contaminated fluids should not be tested using this 
method. Moderate meconium contamination does not 
interfere.” 


DETERMINATION OF 
LECITHIN/SPHINGOMYELIN RATIO AND 
SATURATED PHOSPHATIDYLCHOLINE*” 


The procedures described here should not be considered 
definitive or representative. Quantitative assay of DSPC 
requires removal of unsaturated lecithin from the sample. 
Osmium is a very powerful oxidizing agent that reacts with 
double bonds in fatty acids and renders lecithins containing 
unsaturated fatty acids insoluble. 


SPECIMEN 

A minimum of 3 mL of amniotic fluid should be obtained, 
preferably by transabdominal amniocentesis. Specimens 
obtained from a pool of fluid in the vagina immediately after 
rupture of the membranes are acceptable, unlike those 
collected for the shake test, although the L/S ratio can 
be affected. 


MATERIALS AND REAGENTS 

1. Chromatogram sheets, Eastman 6061 Silica Gel without 
fluorescent indicator, catalog No. 13179 (Eastman Chem- 
ical Co., Kingsport, Tenn.). Sheets must be activated 
before use by heating for 24 hours in a 100 °C oven. 

2. Developing solvent. 65 parts chloroform, 25 parts 
methanol, 4 parts deionized and distilled water, 
vol/vol/vol. 

3. Bromothymol blue dye solution. Add 64mL of sodium 
hydroxide solution (1 mol/L) to 896 mL deionized water. 
Dissolve in this solution 10g of boric acid powder. Then 
add 500mg of bromothymol blue dye and stir with a 
magnetic bar until dissolved. 

4. Osmium tetroxide, 7 g/L. 

Stock solution: 1g OsO, + 10mL CCl, 
Working solution: 0.7 mL stock + 9.3 mL CCl, 

5. DSPC calibrator, 100 ng/uL. Mix 9 mL of chloroform plus 
ImL of methanol as the solvent and add 1mg of 
dipalmitoylphosphatidylcholine. Store the solution in the 
refrigerator. 


6. L/S control. Dissolve 30mg each of lecithin and sphin- 
gomyelin in 10mL of chloroform. Store this solution in 
the refrigerator. 


PROCEDURE 


Lipids are extracted from the amniotic fluid. Then separate 
protocols are used for L/S ratio and DSPC determinations. 


Preparation of the Amniotic Fluid Specimen 
1. Centrifuge the fluid as described earlier under Specimen 

Handling. 

Pipette 3mL of the well-mixed supernatant into a 

50-mL glass tube. 

Add 3 mL of methanol and vortex well. 

Add 6 mL of chloroform and vortex for 30 seconds. 

Centrifuge at 500 x g for 5 minutes. 

Aspirate off the lower (chloroform) phase and transfer 

into a 15-mL tube and evaporate to dryness under 

flowing N; in a 60 °C water bath. 

7. Rinse down the sides of the tube with a small amount 
of chloroform and evaporate again as described earlier. 

8. Redissolve the residue in 150uUL of chloroform. 

9. Transfer 50uL to a 12x 75-mm tube and evaporate 
tubes containing 100 and 50uL of chloroform; extract 
to dryness. Chill on ice. 


N 


OT ee 


Determination of the L/S Ratio 

10. Add two to three drops of 4 °C acetone to the residue in 
the 15-mL tube containing 100uL of amniotic fluid 
residue and agitate to dissolve. 

11. Add 0.75 mL of cold acetone and let stand on ice for 5 
minutes. 

12. Centrifuge at 800 x g for 1 minute. Decant and discard 
acetone. 

13. Dry the tube under flowing N, and chill. 

14. Redissolve the residue in 100 uL of chloroform and spot 
onto activated chromatogram sheets in two 2-uL, two 
5-uL, two 10-uL, and two 20-uL bands. Spot a 10-uL 
and a 20-uL band of the control for reference. Leave 
blank lanes between the samples so that the sheets can 
be read in the reflectance densitometer. 

15. Dry the sheet in an oven for 2 minutes. 

16. Develop in a tank with 1cm of solvent and allow the 
front to migrate to within 1 cm of the top of the sheet. 

17. Dry in an oven for 2 minutes and stain by immersion in 
a tank with bromothymol blue dye. Do not spray. 

18. Blot off the excess dye and dry in an oven for 5 minutes. 

19. Cool to room temperature and read in a reflectance 
densitometer. 


Determination of DSPC 

20. Place the 12 x 75-mm tube containing the 50-uL amni- 
otic fluid residue prepared earlier in step 9 in a rack 
under a hood. 

21. Add 0.5 mL of the OsO, working solution and allow the 
solution to stand at room temperature for 15 minutes. 
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22. Evaporate under N, in the hood and redissolve the 
residue in 50UL of chloroform. 

23. Place three 10-uL spots onto the thin-layer chromatog- 
raphy (TLC) sheet, leaving blank lanes between samples. 

24. Warm the DSPC calibrator solution to room tempera- 
ture and place two 10-UL spots (lug) onto the TLC 
sheet. 

25. Dry the sheet in an oven. If spots are particularly dark 
(usually cases of heavy blood contamination), leave in 
the oven for 10 to 15 minutes. 

26. Develop, stain, and read chromatograms as earlier in 
steps 16 to 19 for the L/S procedure. 


CALCULATION 
DSPC in specimen (g/dL) = (Agpecimen X 1.0 
x 100)/(A calibrator x 0.2) = (A specimen [A calibrator) x 500 


where 

1.0 = amount of calibrator used, in micrograms. 

100 = converts to deciliters. 

0.2 = amount of original amniotic fluid, in milliliters. 
Example. If sample spots give absorbance readings of 33, 

35, and 37 (average, 35) and the calibrator spots read 20 and 

22 (average, 21), then 


DSPC (ug/dL) = 35/21 x 500 = 833 


INTERPRETATION 

Using this method, the L/S ratio indicates mature lungs if 
it exceeds 2.0, and the DSPC implies maturity if it exceeds 
500ug/dL. Both of these tests predict fetal lung maturity 
more reliably than they predict immaturity. About 2% to 3% 
of babies delivered within 24 hours of obtaining an L/S ratio 
of >2.0 can be expected to develop RDS; thus 97% to 98% 
of babies predicted to be mature will in fact be mature. 
Almost half of the infants with L/S ratios between 1.5 and 
2.0, however, will not develop RDS. Thus in contrast to the 
high degree of reliability of a prediction of maturity, only 
half of the babies predicted to be immature will in fact be 
immature. Corresponding numbers for DSPC are similar. 
Using an OsO, and TLC technique, Tsai and colleagues?" 
reported that 550 ug/dL should be used as the decision level 
for DSPC. In a follow-up study, they concluded that the 
DSPC concentration is more reliable than the L/S ratio when 
the results show immaturity; both are equivalent when the 
results suggest maturity.” 


COMMENTS 

1. It is important in the initial extraction procedure first 
to create a monophasic system with the addition of 
methanol and then to add the chloroform to form the 
biphasic system. Insoluble proteins are left at the inter- 
face. Failure to mix thoroughly with methanol first leads 
to an inadequate extraction and loss of lipid in the protein 
layer. 


2. Although ammonium sulfate charring of lecithin and 
sphingomyelin spots has been popular, sphingomyelin 
chars more intensely than an equal weight of dipalmitoyl 
lecithin.” Furthermore, charring is less intense as the 
degree of saturation of the lipid being examined in- 
creases.*”' Staining with bromothymol blue has been shown 
to be a saturation-insensitive technique. Lecithin that is 
highly saturated stains with the same intensity as relatively 
unsaturated lecithins.”' The major disadvantage of bro- 
mothymol blue staining is that it fades rather rapidly; thus 
chromatograms should be scanned promptly after staining. 
Dipping the TLC sheet is preferable to spraying because 
dipping gives more uniform color development. 

3. The major disadvantage of this one-dimensional tech- 
nique is that it fails to separate phosphatidylinositol (PI) 
from lecithin. It thus may slightly overestimate the L/S 
ratio. 

4. Acetic acid may be added to the developing solvent to 
improve the separation of the PI and phosphatidylserine 
(PS) from the lecithin. However, this interferes with color 
development with bromothymol blue staining. 

5. Serum has a large concentration of lecithin and sphin- 
gomyelin. The ratio varies between 1.5 and 2.0, depend- 
ing on the individual. The values of blood-contaminated 
specimens therefore tend to be drawn into that interval 
from either higher or lower values. A high L/S ratio in 
the presence of even substantial blood contamination 
can safely be interpreted as reflecting mature lungs.'” 
Similarly, contaminated samples with very low ratios 
clearly reflect immature lungs. Borderline values of 
bloody specimens cannot be interpreted, because they 
may represent either very immature values falsely ele- 
vated or mature values falsely depressed. Various effects 
of meconium contamination have been reported, includ- 
ing some evidence that the L/S ratio may be changed 
before the degree of contamination is visible to the eye.'” 
The chromatograms of fluids heavily contaminated with 
meconium are not interpretable. 

6. There is no DSPC in either blood or meconium. 
Experimental contamination of amniotic fluid samples 
with either of these does not change the DSPC value.’ 

7. Vaginal contamination of specimens obtained from a 
pool of fluid that has been present in the vagina for a 
relatively brief period does not affect either test. 

8. L/S ratio methods are not very precise. For example, a 
proficiency testing survey by the CAP reported the 
following results (proficiency test sample number, mean, 
SD, and coefficient of variation [CV]): LM-09, 4.46, 1.18, 
26%; and LM-10, 2.31, 0.62, 27%.” 


DETERMINATION OF THE LUNG PROFILE”? 


This method for assessing fetal lung maturity was invented by 
Marie Kulovich and Louis Gluck in the early 1970s. Although 
it is still offered by some reference laboratories, most hospital 
laboratories have substituted newer techniques. 
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PRINCIPLE 

The lung profile, also referred to as the two-dimensional 
lung profile, provides the simultaneous determination of the 
L/S ratio, phosphatidylglycerol (PG), and PI as percentages 
of total phospholipid, and the saturated lecithin as a per- 
centage of total lecithin. By using the two-dimensional 
system, this technique separates the acidic phospholipids PG 
and PI from the lecithin fraction so that the lecithin is not 
overestimated. This procedure depends on cold acetone pre- 
cipitation to separate the highly saturated lecithins from the 
less saturated lecithins. Some researchers have reported find- 
ings that may indicate that unsaturated lecithins are less 
important for lung maturity. 


SPECIMEN 


Amniotic fluid (5mL or more) should be obtained by 
amniocentesis or from a free flow of fluid in the vagina after 
rupture of the membranes. Specimen handling conditions 
should be as noted earlier. 


MATERIALS AND REAGENTS 
1. TLC plates, silica gel H with 5% ammonium sulfate, 

20 x 20 cm. Activate before use by storing in a 110°C oven 

for 24 hours. 

2. Developing solvents. 

a. System one: 65 parts chloroform, 25 parts methanol, 4 
parts deionized and/or distilled water, 8 parts glacial 
acetic acid, vol/vol/vol/vol. 

b. System two: 40 parts tetrahydrofuran, 28.5 parts 
methylal, 7.8 parts methanol, 4.2 parts ammonium 
hydroxide (2 mol/L), vol/vol/vol/vol. 

3. PG standard, 10 ug/uL. Dissolve 10mg of PG in 1 mL of 
solvent (9 parts chloroform, 1 part methanol). 

4. L/S standard. Dissolve 30 mg each of lecithin and sphin- 
gomyelin in 10mL of chloroform. 


PROCEDURE 

1. Centrifuge at least 5mL of amniotic fluid as described 
earlier under Specimen Handling. 

2. Extract the supernatant by adding an equal volume of 
methanol. Vortex well. 

3. Add chloroform (twice the volume of the original 
sample) and again vortex for 30 seconds. 

4. Centrifuge at 500 x g for 5 minutes. 

5. Aspirate off the lower, chloroform phase into a 15-mL 
conical centrifuge tube and evaporate to dryness under 
flowing N, in a 60 °C water bath. 

6. Concentrate the specimen to the tip of the tube by 
rinsing down the sides with several drops of chloroform 
and evaporate. 

7. Place the tube in an ice bath and add two drops of cold 
acetone with a Pasteur pipette. Agitate slightly. A white 
precipitate should form. 

8. Add 0.75 mL of cold acetone and allow to sit in an ice 
bath for 15 minutes. 

9. Centrifuge at 3000 x g for 2 minutes. 


10. ‘Transfer the supernatant to a 15-mL conical centrifuge 
tube. Dry the precipitate under flowing N, at 60 °C. 

11. Evaporate the supernatant to dryness under flowing N, 
in a 60 °C water bath. Concentrate the specimen down 
to the tip of the tube by rinsing down the sides with 
several drops of chloroform and evaporate. 

12. Dissolve the acetone-precipitable fraction (from step 10) 
in 30uL of chloroform. Place 12 UL of this solution onto 
the activated TLC plate at the bottom right-hand corner, 
3cm from the right-hand edge. Dry the spot. 

13. Dissolve the acetone-soluble fraction (from step 11) in 
30 UL of chloroform. Place 12 uL onto the activated TLC 
plate at the bottom far left-hand corner. Dry the spot. 

14. Place 10uL of the L/S standard and 2uL of the PG 
standard in the left-hand corner in separate lanes. Dry 
the spots. 

15. Develop in the first solvent system until the front has 
run 10cm from the origin. Dry the plate at approxi- 
mately 70 °C for 7 minutes. Cool to room temperature. 

16. Turn the plate 90° so that the original right side is now 
down. Spot L/S (10 UL) and PG (2uL) standards on the 
right-hand corner, 3cm from the bottom of the plate. 
Dry the spots. 

17. Develop in the second solvent system until the front has 
run 10cm from the origin. (Thus the acetone-soluble 
fraction will have been run in one dimension only, and 
the sample and the L/S and PG standards will have been 
run in both dimensions.) 

18. After drying the plate for 10 minutes at room tempera- 
ture, place it on a hot plate preheated to 280 °C until 
thoroughly charred (15 minutes). 

19. All spot areas are then measured in a reflectance 
densitometer. 


CALCULATIONS 

The ratio of the areas under the curves for the saturated 
lecithin and sphingomyelin is calculated and reported as the 
L/S ratio to the nearest 0.1. 

The areas under the curves for the saturated lecithin and 
unsaturated lecithin are added. The area for the saturated 
lecithin is then expressed as a percentage of this total. 

The areas under the curves for the total acetone- 
precipitable fraction (which includes PG, PI, PS, phos- 
phatidylethanolamine [PE], saturated lecithin, and sphin- 
gomyelin) are then summed. The areas of the PG and PI 
spots are then expressed as percentages of this total. 


COMMENTS 

1. The individual values for each of the determinations 
within the lung profile are considered when a judgment 
about fetal pulmonary maturity is made. The L/S ratio 
indicates fetal lung maturity if it is 2.0 or greater. A PG 
level in excess of 3% of the total acetone-precipitable frac- 
tion indicates fetal lung maturity. Although there is a 
trend for the percentage of saturated lecithin that is 
acetone precipitable to rise with increasing L/S ratio and 
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PG percentage, there is no critical level cited earlier at 
which the fetal lungs would be presumed to be mature. 
The level of PI in amniotic fluid expressed either as a per- 
centage or total acetone-precipitable phospholipid’” in- 
creases from 16 weeks of gestation to a peak at 36 weeks 
and then decreases toward term. Thus a low or intermedi- 
ate value for PI could represent a point on the curve at 30 
to 34 weeks with immature lungs on the way up or a point 
at 38 to 42 weeks with mature lungs on the way down. 
. The two-dimensional technique separates the acidic 
phospholipids PG and PI from the lecithin, thus provid- 
ing a lower and more conservative estimate of the L/S 
ratio than the one-dimensional technique discussed 
earlier. For patients whose pregnancies are uncompli- 
cated by diabetes or isoimmune disease, the rate of false 
predictions of maturity is 2%.” The same criticism of the 
relatively high (30%) incidence of false predictions of 
immaturity (L/S ratio <2.0 though no RDS develops) per- 
tains to this L/S ratio technique as well. 
. The exact role of PG in lung surfactant is unclear.” It 
has been said that the appearance of PG in the amniotic 
fluid indicates the final biochemical maturation of sur- 
factant.'*°"”! It is clear, however, that PG can be found in 
measurable quantities in amniotic fluid as early as 32 
weeks,'” and that its presence in small quantities does not 
necessarily imply that the fetal lungs are mature.”*!”??”! 
The concentration of PG in amniotic fluid rises with ges- 
tational age, very closely reflecting the L/S ratio. Most 
qualitative techniques are positive when PG exceeds 
about 2.0 umol/L. Using this level, mature results almost 
always are correct, but immature results are frequently 
wrong. When sensitive techniques are used, cutoff values 
for PG can be established above which no RDS is noted,” 
but the problem of a high percentage of falsely immature 
results remains. Thus the difference between amniotic 
fluid specimens reflecting mature lungs and immature 
lungs is a quantitative difference in PG concentration and 
not a qualitative difference in its presence or absence. 
Given these facts, it is not clear that waiting for PG to 
appear in the amniotic fluid before declaring the lungs to 
be mature offers any advantage over simply selecting a 
higher value for the L/S ratio. This is also true for preg- 
nancies complicated by maternal diabetes mellitus.” 
Determination of PG has clinical utility in cases of 
blood or meconium contamination of the amniotic fluid. 
Like DSPC, PG is not found in either blood or meconium, 
and therefore results are not affected by the presence of 
either of these contaminants. Very large amounts of blood 
or meconium can obscure the presence of PG. A qualita- 
tive rapid agglutination test for PG, UltraSensitive 
AmnioStat-FLM, is available from Irvine Scientific (Santa 
Ana, Calif). ">+ Several enzymatic-based tests for PG 
have also been published.'*!°'!747”7 
. Many investigators believe that the acetone precipitation 
step is critical to the procedure, because it precipitates the 
highly saturated lecithins thought to be responsible for 


the majority of the surface activity of surfactant. 
However, cold acetone does not precipitate saturated 
lecithin specifically or quantitatively (see Touchstone JC, 
Levin SS, Dobbins MF, Beers PC. Analysis of saturated 
and unsaturated phospholipids in biological fluids. J 
Liquid Chromatogr 1983;6:179-92). The solubility of 
lecithin in cold acetone is dependent on a large number 
of factors that are difficult to control, including the exact 
time and temperature conditions, the water and chloro- 
form content of the acetone, the lipid composition of the 
original amniotic fluid sample, and the preliminary cen- 
trifugation conditions.” Precipitation of DSPC is not 
quantitative and may vary from 60% to 90% among 
samples (see Penney LL, Hagerman DD, Sei CA. Speci- 
ficity and reproducibility of acetone precipitation in iden- 
tifying surface-active phosphatidylcholine in amniotic 
fluid. Clin Chem 1976;22:681-2). Composition studies 
have shown that the acetone precipitate may contain both 
saturated and unsaturated lecithins.*'* One study found a 
difference in the numerical values of L/S ratios deter- 
mined with and without acetone precipitation, but did 
not find a difference in the ability of the two techniques 
to predict clinical outcome (see Hobson DW, Spillman T, 
Cotton DB. Effect of acetone precipitation on the clinical 
prediction of respiratory distress syndrome when utiliz- 
ing amniotic fluid lecithin/sphingomyelin ratios. Am J 
Obstet Gynecol 1986;154:1023-6). Another study showed 
that total extractable lipid, the saturated fraction, and the 
unsaturated fraction all lowered surface tension in a 
similar fashion (see Ruiz Budria J, Abbad Bara JM, Fabre 
Gonzalez E, et al. Phospholipid surface tension: the diag- 
nostic utility of amniotic fluid and its lipid extract, an 
analysis of the value of precipitation with cold acetone. 
Clin Chem 1989;35:800-3). Brown and Duck-Chong” 
have concluded that there is no advantage to including 
the acetone precipitation step in the L/S ratio procedure 
because it adds variability and procedure time. 

5. Comments made with respect to the importance of cen- 
trifugation of the original amniotic fluid specimen, initial 
extraction of the fluid with methanol and chloroform, 
and the charring procedure of the TLC in the one- 
dimensional technique are pertinent to the lung profile as 
well. 


FOAM STABILITY INDEX?” 


Many laboratories used a commercial version of this test, 
called Lumadex, FSI Fetal Lung Maturity Test (Beckman 
Instruments, Fullerton, Calif.), which was introduced in 
1982.7?! Beckman Instruments discontinued this test in 
1997. Laboratories may want to use the procedure described 
here as an alternative. 


PRINCIPLE 


When pulmonary surfactant is present in amniotic fluid in 
sufficient concentration, the fluid is able to form a highly 
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stable surface film that can support the structure bubbles. 
Other substances in the fluid, including proteins, bile salts, 
and salts of free fatty acids, are also capable of forming a 
stable foam, but these can be excluded from the film by 
ethanol, which competes with these other substrates for a 
position in the surface film. Clements and colleagues” first 
described this test. Refer to the first edition of this text- 
book for the detailed procedure. Sher and Statland and 
others”'*”* devised a test with six possible outcomes that 
they term the foam stability index (FSI). This test makes use 
of the principle that more surfactant activity is necessary to 
support a stable foam as the fraction of ethanol in the 
mixture is increased. Thus a fixed volume of undiluted amni- 
otic fluid is mixed with increasing volumes of ethanol, and 
the largest fraction of ethanol in which the amniotic fluid is 
still capable of supporting a foam is determined. The highest 
fraction of ethanol at which a positive reading is obtained is 
the FSI. 


MATERIALS AND REAGENTS 


1. 95% ethanol. Add 5mL deionized water to 95mL 
absolute ethanol. Store in a tightly sealed container. 


PROCEDURE 

1. Centrifuge the amniotic fluid at 1000 x g for 3 minutes. 
Decant the supernatant. 

2. Gently mix the supernatant without creating foam by 
inverting several times. 

3. Set up six 12 xX 75mm screw-up plastic tubes and label 
them 0.50, 0.48, 0.47, 0.46, 0.45, and 0.44. 

4. Carefully pipette the following volumes of 95% ethanol 
into the respective tubes: 0.55, 0.51, 0.49, 0.47, 0.45, and 
0.43 mL. 

5. Add exactly 0.50mL of the amniotic fluid supernatant to 
each tube. 


6. Cap the tubes and shake them vigorously for 30 seconds. 
Allow the contents to settle for 15 seconds and then 
examine. 

7. Under bright overhead light against a flat black back- 
ground, examine for the presence of bubbles at the edge 
of the air-fluid meniscus. A ring of bubbles 360° around 
the tube signifies a positive result. Record the highest con- 
centration of ethanol at which a positive reading is 
obtained. This is the FSI. 


COMMENTS 

1. A value of 0.47 or greater should be interpreted as 
mature. In two series, a combined total of 270 fetuses 
with an FSI of 0.47 or greater was reported, 2 of which 
developed RDS. In 110 fetuses with an FSI of 0.46 or 
less, 44 (40%) developed RDS. Thus this test is associated 
with more false predictions of immaturity than the L/S 
ratio. 

2. Tubes and stoppers must be clean and free of detergents 
to prevent false-positive readings. 

3. The final concentration of the ethanol is critical. A 95% 
solution of ethanol is hygroscopic; therefore careful atten- 
tion must be paid to the preparation and storage of the 
ethanol reagent. The 95% ethanol must be accurately 
pipetted into the amniotic fluid. 

4. The test should be conducted at 20 °C to 25 °C. Temper- 
atures substantially below this may retain a relatively 
unstable foam, whereas higher temperatures may cause 
deterioration of an otherwise stable foam.'*’ 

5. Specimens contaminated with either blood or meconium 
tend to give a falsely mature result. Because a significant 
percentage of fluid samples submitted to a clinical labo- 
ratory may be contaminated, this is an important limita- 
tion of this test. 
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Inborn Errors of Amino 
Acid, Organic Acid, and 
Fatty Acid Metabolism 


Piero Rinaldo, M.D., Ph.D., Sihoun Hahn, M.D., ph.D., 
and Dietrich Matern, M.D. 


ANALYSIS OF AMINO ACIDS 


Amino acids are quantitatively measured in plasma, urine, 
and cerebrospinal fluid (CSF) using a variety of techniques 
that include capillary electrophoresis, gas-liquid chromatog- 
raphy, reversed phase high-performance liquid chromatog- 
raphy (HPLC),° ion-exchange liquid chromatography,’ and 
tandem mass spectrometry (MS/MS) (see Chapters 5, 6, 7, 
and 20).' Currently, ion-exchange chromatography analysis 
of amino acids is the most widely used method to identify 
defects of amino acid metabolism. Screening methods, such 
as-thin layer chromatography, that do not result in positive 
identification of all amino acids of clinical interest lead to 
errors and should be considered obsolete. 


ION-EXCHANGE LIQUID CHROMATOGRAPHY 

Several amino acid analyzers are commercially available. In 
practice the sample is applied to a column of ion-exchange 
resin. Buffers of varying pH and ionic strength are pumped 
through the column at a constant rate. The individual amino 
acids are retained on the resin depending upon their affin- 
ity to the resin. The eluate from the column is mixed with 
ninhydrin reagent, heated to 135 °C for color development, 
and monitored with a flow cell photometer at 440nm (for 
imino acids) and at 570nm (for amino acids). The sum of 
the absorbances at 440 and 570nm is transferred to a com- 
mercial software that stores, calculates, and prints the con- 
centrations of the amino acids in reference to an internal 
standard. Peak identification is based on retention time, 
absolute and relative to the nearest internal standard, the 
570/440 area ratio, and eventually spiking with the standard 


solution. Amino acids are quantified by comparing area peak 
ratios with those of an internal standard. 


SAMPLE REQUIREMENTS 

Fasting plasma (heparin) is the preferred specimen type; in 
newborns and infants, blood should be collected immedi- 
ately before the next scheduled feeding. Serum is generally 
derived from blood left to clot at room temperature, a 
process that leads to artifacts from deamination, loss of 
sulfur-containing amino acids caused by protein binding, 
conversion of arginine to ornithine by red blood cell 
arginase, and release of oligopeptides. Hemolyzed specimens 
show higher concentrations of amino acids, which are found 
in higher concentration in blood cells (taurine, aspartic acid, 
and glutamic acid). 

Analysis of urine is indicated for the diagnosis of disor- 
ders affecting renal transport of one or more amino acids. 
Urine collection should avoid fecal contamination and the 
addition of preservatives. Although a 24-hour collection 
(kept refrigerated during collection) is necessary in a few 
clinical circumstances, it is rarely needed during the diag- 
nostic work-up of a patient, and should be avoided when a 
patient is acutely ill, especially when of pediatric age. Urine 
creatinine is used for normalization, and the concentration 
ratio to creatinine is widely used in clinical practice. One 
potential problem could be encountered in the evaluation of 
patients with unrecognized disorders of creatine metabo- 
lism” in whom a low creatinine excretion leads to quanti- 
tative results suggestive of a generalized amino aciduria that 
is out of proportion with the magnitude of changes observed 
by visual inspection of the chromatogram. CSF must be col- 
lected free of blood contamination. 
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Reagents 
1. 10% ethanol (“solvent”) 

. Li-A Buffer (Beckman #338063) 

. Li-D Buffer (Beckman #338066) 

. Li-E Buffer (Beckman #338067) 

. Li-F Buffer (Beckman #338068) 

. Nin-Rx reagent, 6300 Beckman #338069; supplied as 
two components (liquid and additive) to be mixed for 2 
hours at room temperature before use 
7. Li-R, 6300 regeneration buffer (Beckman #338086) 

8. Li-S, sample dilutor, pH 2.2 (Beckman #338084) 

9. Stock internal standard solution 2.0mmol/L amino- 
ethylcysteine (FLUKA #06678), 1.0mmol/L glu- 
cosaminic acid (FLUKA #9132) in lithium citrate 
diluting buffer, Li-S, pH 2.2 

10. Working sample dilutor for physiological fluids 400 mL 

of Beckman Li-S from pH 2.2 to pH 1.0 with concen- 
trated HCl 

11. Calibrated stock standards 

B+ (physiological standard #338157), 2.5mol/mL of 
0.1 mol/L HCl 

AN+ (acidics and neutrals standard #338156), 
2.5mol/mL of 0.1 mol/L HCl 

STD (physiological standard #338088), 2.5mol/mL of 
0.1 mol/L HCl 

Asparagine (General Biochemicals Corp. #55698), 
1.25 mol/mL of 0.1 mol/L HCl 

Glutamine (General Biochemicals Corp. #57476), 
1.25mmol/mL of 0.1 mol/L HCl 

Tryptophan (General Biochemicals Corp. #52645), 
2.5mmol/mL of 0.1 mol/L HCl 

12. Working Standard: 1mL each of AN+, B+, and STD 

standards, plus asparagine (ASN), glutamine (GLN), and 
tryptophan (TRP) stock standards, 350uL of 3 mol/L 
LiOH, diluted to 10 mL with Li-S pH 2.2 sample dilutor 


Nm WwW bd 


SAMPLE PREPARATION 


A predetermined urine volume (equivalent to 0.1 mg of cre- 
atinine, 1 mL if creatinine is <10 mg/dL) is mixed with Li-S 
sample dilutor (pH 2.2) to give a creatinine concentration of 
0.1mg/mL. Two hundred and fifty UL of normalized urine, 
plasma, or CSF are mixed with an equal volume of internal 
standard solution (aminoethylcysteine 400 umol/L and glu- 
cosaminic acid 200umol/L in Li-S, pH 2.2) and filtered 
through an Amicon Centrifree micropartition system by 
spinning at 4000 RPM for 5 minutes at +4 °C. Prepared 
samples are placed in individual sampling loops unique to 
the amino acid analyzer. 


REFERENCE INTERVALS 


In our laboratory, age-matched reference intervals for urine 
and plasma amino acids are from Shapira et al.’ 
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ANALYSIS OF ORGANIC ACIDS 

SAMPLE REQUIREMENTS 

Organic acids (OA) are extracted from urine by liquid-liquid 
extraction. A volume of a random urine specimen corre- 
sponding to 0.25 mg of creatinine is used. For very dilute 
urine specimens (creatinine <8mg/dL), the amount ali- 
quoted is equal to 3mL, and a correction factor is applied 
appropriately. 


REAGENTS 
1. Pentadecanoic acid (Sigma P-6125), internal standard, 
1 mg/mL in methanol 

2. N,O,-bis-(trimethylsilyl)trifluoroacetamide with 1% 
trimethylchlorosilane (BSTFA/1% TMCS) Pierce # 
38831 J 

. 6mol/L NaOH 

. 6mol/L HCl 

. Ethyl acetate, HPLC grade 

. NaSO, anhydrous 

. Methanol, HPLC grade 

. 2.5% Hydroxylamine-HCl 

. Sodium chloride 


WO COND UB W 


SAMPLE PREPARATION 


Urine samples normalized to creatinine concentration are 
first mixed with the internal standard solution (100uL). If 
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stabilization of 2-keto acids (oximation) is required, pH 
is adjusted to 7.0 with 30% NaOH before the addition of 
0.5 mL of hydroxylamine hydrochloride and allowed to react 
for 30 minutes in a water bath at 60 °C. Capped tubes are 
cooled at room temperature. One gram of NaCl and 250 uL 
of 6 mol/L HCl are added to each tube. After verification that 
the pH is <2.0, 2.5mL of ethyl acetate are added and mixed 
vigorously before centrifugation for 1 minute. The top phase 
(ethyl acetate) is transferred to another tube using a Pasteur 
pipette; the extraction is repeated three more times. The 
combined solvent phases are dried over 1g of Na,SO, and 
transferred to a third tube. The ethyl acetate is evaporated 
just to dryness in a water bath at 60 °C under a gentle stream 
of nitrogen. After evaporation, organic acids present in the 
dry residue are converted to their corresponding trimethyl- 
silyl (TMS) ethers by addition of 100 UL of BSTFA/1% TMCS 
and allowed to react in a heating block for 30 minutes at 
80 °C. After cooling at room temperature, specimens ready 
for analysis are transferred to autosampler vials. 


CAPILLARY GAS CHROMATOGRAPHY-MASS 
SPECTROMETRY 


The organic acid-TMS ethers are separated in a capillary gas 
chromatography (GC) column containing an immobilized 
nonpolar stationary phase. Organic acids are detected by 
electron impact (EI) mass spectrometry performed in the 
scan mode m/z 50 to 550 to obtain mass spectra. Identifica- 
tion is by comparison with a library of spectra generated by 
analysis of pure standard compounds integrated by pub- 
lished spectra, when applicable. A commercially available 
bench-top GC-MS system with autosampler (Agilent 
6890/5973 or equivalent) is suitable. The GC column is 
cross-linked with 5% phenyl (poly)methyl silicone, 25m; 
internal diameter 0.20 mm; stationary phase film thickness 
0.33um (Agilent HP-5, DB-5 or equivalent). Chromato- 
graphic conditions: injector temperature 250 °C, initial tem- 
perature 80 °C (hold time 4 minutes.), ramp rate 8 °C/min 
to a final temperature of 290 °C (hold time 2.75 minutes; 
total run time 33 minutes). 


REFERENCE INTERVALS 

Age-matched reference intervals of selected organic acids 
and acylglycines are listed in Table 55-5 of Chapter 55 of the 
Ath edition of the Tietz Textbook of Clinical Chemistry and 
Molecular Diagnostics. 


ANALYSIS OF ACYLCARNITINES 


Quantitative acylcarnitine profiling by MS/MS plays a criti- 
cal role in every clinical application of biochemical genetics: 
prenatal diagnosis, newborn screening, evaluation of symp- 
tomatic patients, and postmortem screening. As with other 
complex metabolic profiles, it is critical to complement ana- 
lytical proficiency with in-depth interpretation of results and 
informative reporting. 


SAMPLE REQUIREMENTS 

Carnitine and its esters are physiologically present in all 
biological fluids. For diagnostic purposes, acylcarnitines 
were first measured in urine’ until plasma and/or serum 
became the preferred specimen types in diagnostic settings,”* 
and blood dried on filter paper for newborn screening.’ 
However, urinalysis could be valuable in the investiga- 
tion of patients with inconclusive and/or borderline urine 
organic acid and plasma acylcarnitine profiles and useful 
in the selection of further in vitro investigations.° Bile is 
analyzed postmortem in the evaluation of cases of sudden 
and unexpected death.’ Cell-free supernatant of amniotic 
fluid is used for the prenatal diagnosis of selected inborn 
errors of metabolim (IEM).* All sample types, with the 
exception of blood and bile spots dried on filter paper, which 
can be sent at room temperature, should be kept frozen until 
analysis. Long-term storage at room temperature causes pro- 
gressive losses; degradation of short-chain acylcarnitines 
happens faster than long-chain species. 


REAGENTS 

1. Acetyl-d,-carnitine, propionyl-d;-carnitine, butyryl-d;- 
carnitine, octanoyl-d;-carnitine, dodecanoyl-d;-carni- 
tine, and palmitoyl-d;-carnitine (acquired from Dr. 
Herman J. ten Brink, Klinische Genetica, Amsterdam) 

2. 3M/L HCI in n-butanol, (#201009; Regis Chemical Co., 
Morton Grove, Ill.) 

3. Methanol, HPLC grade 

80% acetonitrile:water 

5. Nitrogen gas scrubbed with BHT-1 hydrocarbon trap 
(Chromtech, Apple Valley, Minn.) 


A 


SAMPLE PREPARATION 
Plasma, serum bile, amniotic fluid: 20 uL 
Urine: 20 uL of a volume equivalent to 0.25 mg of creatinine 
diluted to 300 uL; no dilution is performed if creatinine 
concentration is <9 mg/dL 
Blood, bile dried spots: one 3/16 inch punch 
Specimens as listed above are mixed with 300uL of a 
mixture of deuterium-labeled internal standards (see 
reagents) in methanol. After a brief centrifugation (2 
minutes at 13,000 rpm), the supernatant is transferred to a 
clean tube and evaporated to dryness under a gentle stream 
of nitrogen at 40 °C. The samples are then derivatized to 
their butyl esters by addition of 100uL 3mol/L HCl in 
n-butanol and heating at 65 °C for 15 minutes. After a final 
dry down, samples are reconstituted in 100uL of 80% 
Acetonitrile:Water (4:1). 


EQUIPMENT/SUPPLIES 

1. Pierce Reacti-Therm heating module (2) 
Pierce Reacti-Vap evaporating unit 
Pierce React-Vial No. 13221, with caps 
Thermolyne MaxiMix II type 37600 vortex mixer 
Centrifuge, #3551 X Systems 
1.5mL Micro Tube, Sarstedt, 39 x 10mm. 


DN Or eS 
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7. Teflon/rubber laminated disks (Pierce #12412) 
8. Autosampler vials (Fisher #0334064) and caps (Fisher 
#0337749) 
9. PE Sciex API 2000 LC/MS/MS with Turbolon Spray 
APCI electrospray interface source 
10. PE Series 200 isocratic LC pump 
11. PE Series 200 LC autosampler with 100 position sample 
tray insert 
12. 0.5U peek filter end fitting, Chromtech A-428X 
13. 0.5U filters, Chromtech A-431 
14. Back pressure column, BDS Hypersil C18, 3m, 50 x 1 
(#053-46-1; Keystone Scientific) 


ELECTROSPRAY TANDEM MASS SPECTROMETRY 
With electrospray ionization tandem mass spectrometry 
(ESI-MS/MS), the liquid sample is introduced into the ion 
source through a capillary tube and exposed to a strong elec- 
tric field and a counter flow of nitrogen gas, which in com- 
bination produce the electrospray (see Chapter 7). The 
solvent evaporates and eventually desorption of charged 
ions occurs into the mass analyzer. ESI occurs under atmos- 
pheric pressure, allowing efficient ionization, and the mass 
analyzers operate at very low pressure. The combination is 
possible by introducing the ions into the analyzers through 
a very small orifice (<1 mm) and using powerful vacuum 
pumps. 

A data file is generated for all ions with precursors of m/z 
85 within a mass range of m/z 250 to 500. Profiling of acyl- 
carnitines as [M+H]* molecular ions allows identification, 
automated calculation of quantitative and semiquantitative 
concentrations for each acylcarnitine species against the 
internal standards, and comparison with age-appropriate 
reference intervals. 


LC OPERATING PARAMETERS 

PE Series 200 LC pump operating isocratic using 80% 
acetonitrile:water at 0.04mL per minute (40uL/min). 
Back pressure is provided by a 50 x 1-mm C18 column 
(Keystone) between the pump and autosampler. 

PE Series 200 LC Autosampler operating under external 
control is controlled by vendor software. The syringe/ 
system flush solutions are the 80% acetonitrile:water used 
as mobile phase. The autosampler is connected directly to 
the MS/MS Turbolon Spray source. The injected amount 
is 20UL. 

0.5U Peek filter is installed between the autosampler and 
Turbolon Spray APCI electrospray interface source. The 


filter end fitting is discarded and replaced after approxi- 
mately 200 injections. 


REFERENCE INTERVALS 

Acylcarnitine reference intervals in use in the laboratory of 
the authors are shown for plasma in Table 55-6, for urine 
in Table 55-7, and for postmortem blood and bile in Table 
55-8 of Chapter 55 of the 4th edition of the Tietz Textbook 
of Clinical Chemistry and Molecular Diagnostics. 
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biosynthesis of, 2010f, 2011 
blood and urine, 2039-2040 
chemical structure of, 2007f, 2009, 2009t 
circadian variation in, 452 
fasting and starvation and, 456, 457 
fever and, 465 
function tests of, 2019-2021, 2020b, 2020f 
2021b 
hyperaldosteronism and, 2030¢, 2030-2033, 
2030-2033f, 2033b 
hypoaldosteronism and, 2024, 2024t 
influence of menstrual cycle on, 464 
plasma, 2040 
potassium and sodium excretion and, 985 
reference intervals for, 2255t 
relative potency of, 2009t 
renal tubular acidosis and, 1709 
secretion of, 2015-2016 
serum, 2040 
shock-related changes in, 466 
sodium reabsorption and, 1751 
special collection and storage conditions for, 
54t 
systematic name for, 2005t 
travel-related changes in, 453 
urine, 2039-2040 
urine specimen preservatives and, 51t 
values during pregnancy, 2158t 
Aldosterone-producing adrenal adenoma, 
2031 
Alimentary pentosuria, 889 
Aliphatic phenothiazines, 1311 


Al 
Al 
Al 


Al 
Al 
Al 
Al 
Al 


Al 


Index 


iquoter, 286 

kalemia, 1757-1758 

kaline phosphatase, 607-611, 608f 609¢, 

61lf 

acute hepatitis and, 1804, 1805t, 1808 
adult levels of, 461 

alcoholic liver disease and, 1818 
analytical goals for, 363t 

biological variability in, 467¢ 

bone, 611, 624, 1940-1941 

childhood levels of, 461 

circadian variation in, 453f, 453t 

in diagnosis of liver disease, 1797 

diet and, 454 

distribution of, 217t 

EC number, systemic and trivial names, and 

abbreviation of, 192t 

effect of exercise on, 452t 

food ingestion and, 454 

immunoassay detection limits of, 233t 
influence of age on, 460t 

influence of blood collection site on, 49, 49t 
influence of food on, 455t 

influence of gender on, 462t 
morphine and, 459 

Paget’s disease and, 1934 

plasma, 1826, 1826f 

posture-related changes in, 450¢ 

racial differences in, 462 

reference change values of, 470t 
reference intervals for, 2290-2291t 
rickets and osteomalacia and, 1934 
serum, 47t, 461, 608 

tartrate-resistant, 624-625, 1939-1940 
as tumor marker, 755, 755t 

values during pregnancy, 2158t 

aline phosphatase isoenzymes, 2290-2291t 

aline tide, 454 

alosis, 1757-1758 

metabolic, 1767t, 1772b, 1772-1774 

respiratory, 1775, 1775b, 1906 
aptonuria, 2226-2227t 

-trans-retinal, 1081, 1082f 
-trans-retinol, 1081, 1082f 

ele, 1513 

ele-specific polymerase chain reaction, 1416 
elozymes, cholinesterase, 614 

ergic diseases 

chemokines and, 717 

tumor necrosis factor-a, 707 

ergic reaction 

interleukin-4 and, 669, 671 

interleukin-13 and, 688 

interleukin-16 and, 693 

oantibody screen for Rh isoimmune disease, 

2165 

opregnanediol, 2109f 

opregnanedione, 2109f 

opregnanolone, 2109f 

opurinol, 1708t 

ozymes, 194f, 194-195 


ALP. See Alkaline phosphatase. 
Alpha-amylase, 616-619, 617t, 619f 620f, 840 
Alpha-blockers, 1056t 

Alpha-carotene, 1079-1081, 1081f 
Alpha-chain disease, 573 

Alpha decay, 21-22 

Alpha-fetoprotein, 554-555 


amniotic fluid, 2183, 2269t 

analytical goals for, 366t 

hepatic synthesis of, 1788 

in hepatocellular carcinoma, 1824-1825 


Alpha-fetoprotein (Continued) 
maternal serum screening for fetal defects 
and, 580, 2167f, 2167-2179, 2182f 2182- 
2183 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 2169t, 2169-2170, 
2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f 21718, 2172f, 2173t 
external proficiency testing and, 2179 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 
properties of, 544t 
reference intervals for, 2269t 
as tumor marker, 767t, 767-768 
Alpha-keratins, 542 
Alpha-melanocyte-stimulating hormone, 
1021t 
Alpha-melanotropin, 1981 
Alpha-methyldopa 
interference with catecholamine assays, 1055 
plasma, 1059, 1059t 
Alpha-thalassemia, 1178-1179, 1179f 
Alpha,-acid glycoprotein, 549-550 
effects of steroid hormones on, 545t 
haptoglobin and, 560, 560f, 560t 
properties of, 544t 
reference intervals for, 2253t 
Alpha,-adrenergic receptor, 1039, 1042t 
Alpha,-antichymotrypsin, 564t 
Alpha,-antitrypsin, 550-553, 552f 
analytical goals for, 366t 
deficiency of, 1816 
effects of steroid hormones on, 545t 
fecal assay for, 580, 1866-1867 
hepatic synthesis of, 1788 
properties of, 544t 
reference intervals for, 545t, 2256t 
urine, 551 
values during pregnancy, 2158t 
Alpha,-lipoprotein, 545t 
Alpha,-microglobulin 
glomerular filtration rate and, 823 
properties of, 544t 
tubular proteinuria and, 817 
Alpha,-adrenergic receptor, 1039, 1042t 
Alpha,-antiplasmin, 564t 
Alpha,-macroglobulin, 545t, 553-554, 2283t 
Alpha,-microglobulin, 823 
Alprazolam, 1328, 1328t, 1331f 
ALT. See Alanine aminotransferase. 
Alternative pathway of complement, 564-565, 
565f 
Altitude as noncontrollable preanalytical 
variable, 463 
Aluminum, 1374-1375, 1375f 
antidote for overdose, 1288t 
bone disease and, 1699, 1934-1935 
as causative factor in medical conditions, 
1372t 
reference intervals for, 2255t 
Aluminum hydroxide, 2064t 
Alveolar macrophage, 674 
Alzheimer’s disease, 1375 
Ambient temperature as noncontrollable 
preanalytical variable, 463 
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Ambiguous genitalia, 2103, 2110 
Amboceptor, 564 
Amebicides, 2122t 
Amelogenin locus, 1542 
Amenorrhea 
primary, 2114, 2117-2118 
secondary, 2114-2117, 2115b, 2116b, 2116t 
AMG. See Alpha,-microglobulin. 
Amicar. See Aminocaproic acid. 
Amido Black B stain, 125, 125t 
Amikacin, 1262t, 1262-1265, 1263t, 2304t 
Amikin. See Amikacin. 
Amino acid(s), 533-541 
acid-base properties of, 537, 538t 
in arginine vasopressin and oxytocin, 1991f 
in calcitonin, 1926, 1926f 
in cardiac troponin I, 1630f 
clinical implications of, 539 
fasting and starvation and, 456 
in hemoglobin, 1166-1167, 1167f 
inborn errors of metabolism of, 539, 2211- 
2221, 2212-2217t 
homocystinuria in, 2219f, 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
tyrosinemia type 1 in, 2217-2219, 2218f 
2219f 
urea cycle defects in, 2220-2221 
influence of R groups in, 537-538 
metabolism of, 538-539, 539f 540f 
names, abbreviations, and structures of, 534- 
536t 
neonatal, 460 
in parathyroid hormone, 1913, 1913f 
in parathyroid hormone-related protein, 
1928, 1929f 
peptide bond and, 537 
quantitative tests of, 540-541 
special collection and storage conditions for, 
54t 
urine specimen preservatives and, 51t 
Amino acid consumption test, 1869-1870, 
1870t 
Amino acid-related hormones, 1019 
Amino levulinic acid dehydratase, 1379 
Aminoaciduria, 538-539 
Aminocaproic acid, 2304t 
Aminoglycosides, 1262-1265, 1263t, 1264t, 
1708t 
5-Aminolevulinate synthase, 1211, 12114, 1213- 
1214 
5-Aminolevulinic acid 
testing in acute porphyrias, 1222 
urine specimen preservatives and, 51t 


5-Aminolevulinic acid dehydratase, 1211, 1211t, 


1220 
Aminopyrine, 1791 
Aminotransferases, 604-607, 605t, 606f 
chronic hepatitis and, 1809 
liver disease and, 604-605, 606f 
plasma, 1826, 1826f 
serum, 605 
Amiodarone, 1256, 1256t 
effects on thyroid function, 2064t 
therapeutic and toxic levels of, 2304t 
Amitriptyline, 1269, 12704, 1308-1312, 1309- 
1311f 
influence on catecholamine levels, 1056t 
therapeutic and toxic levels of, 2304t 
Amlodipine, 1056t 
Amlyo-1,6-glucosidase deficiency, 891 
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Ammonia 
critical values of, 2317t 
diet and, 453 
hyperammonemia and, 1790-1791 
metabolism of, 1789-1791, 1790f 
reference intervals for, 2255t 
renal production of, 1765-1766, 1766f 
Ammonium, 1765-1766, 1766f 
for blood specimen preservation, 48 
metabolic function of nephron and, 1676t 
Amniocentesis, 53, 2189-2190, 2209 
Amnion, 2153 
AmnioStat-FLM, 2192 
Amniotic fluid, 2153, 2155-2156, 2156t 
acetylcholinesterase, 2183 
alpha-fetoprotein, 2183, 2269t 
bilirubin, 2187f, 2187-2188, 2188f 
estriol, 2268t 
for fetal lung maturity assessment, 
2189-2190 
glucagon, 2270t 
proteins, 580, 2293t 
specimen collection of, 53 
total bilirubin, 2258t 
total estriol, 2268t 
Amobarbital 
characteristics of, 1326t 
therapeutic and toxic levels of, 2304t 
urinary excretion of, 1327t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Amoxapine, 12704, 2304t 
Amoxicillin, 1267¢, 1708t 
Amperometry, 101-105, 102f 1046 105f 
electrolyte exclusion effect and, 988t 
enzyme-based biosensor with, 108-110, 108- 
110f 
for 5-hydroxyindoleacetic acid, 1064 
Amphetamine, 1320-1322, 1322f, 1324-1325 
chemical structure of, 1321f 
designer, 1322-1323 
effects on laboratory tests, 459 
influence on catecholamine levels, 1056t 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
therapeutic and toxic levels of, 2304t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Ampholyte, 121, 537 
Amphotericin B, 12684, 1708t 
Ampicillin, 1267¢, 1708t 
Amplicon, 1415 
Amplicor assay 
for cytomegalovirus, 1573-1574 
for human immunodeficiency virus, 1568 
for Mycobacterium tuberculosis, 1575-1576 
Amplification techniques 
for hepatitis B virus, 1801-1802 
for nucleic acids, 1412-1419 
endpoint quantification in amplification 
assays in, 1419 
enzymes needed in, 1411t 
fluorescent staining in, 1419 
isothermal oligo amplification in, 1419 
ligase chain reaction in, 1416-1417 
linked linear amplification in, 1419 
loop-mediated amplification in, 1419 
polymerase chain reaction-target 
amplification in, 1412-1415f 1412- 
1416 
probe amplification-Q-beta replicase in, 
1418 
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Amplification techniques (Continued) 
rolling circle amplification in, 1418-1419 
serial invasive amplification in, 1418 
signal amplification: branched chain DNA 
in, 1418 
strand displacement amplification in, 1419 
transcription-based amplification methods 
in, 1417, 1417f 
ultraviolet absorbance in, 1419 
whole genome and whole transcriptome 
amplification in, 1419 
as source of laboratory error, 1452 
Amplified Mycobacterium tuberculosis Direst 
Test, 1575-1576 
Amylase, 616-619, 6171, 619f, 620f 
analytical goals for, 363t 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
influence of blood collection site on, 49, 49t 
morphine and, 459 
pancreatic, 616-619, 617t, 619f 620f 
posture-related changes in, 450t 
reference change values of, 470t 
reference intervals for, 2255t 
as tumor marker, 755t 
Amylin, 858, 1023t 
Amyloid, 580-582, 5814, 1633 
Amyloid amyloidosis, 580-582, 581t 
Amyloid disease, 573, 581t 
Amyloid P, 582 
Amylopectins, 840, 840f 
Amyloses, 840, 840f 
Amytal. See Amobarbital. 
ANA. See Antinuclear antibody. 
Anabolic steroids, 2134 
Anaerobic technique for blood collection, 1007 
Anafranil. See Clomipramine. 
Analbuminemia, 547 
Analgesics 
effects on laboratory tests, 458t 
pharmacology and analysis of, 1304-1308, 
1305-1308f 
Analyte, 3, 403b 
analytical methods and, 355-362 
analytical measurement range and, 359 
analytical sensitivity in, 361 
analytical specificity and interference in, 
361-362 
calibration and, 355f, 355t, 355-356 
limit of detection in, 359-361, 360f, 
361f 
limit of quantitation in, 361 
linearity in, 359 
precision in, 357-358, 358t 
precision profile in, 358, 358f 
trueness and accuracy in, 356, 356t 
chromatographic identification and 
quantification of, 161-162, 162f 
concentration-related mean bias and, 370 
typical values for, 7t 
urine specimen preservation and, 51t 
Analyte-specific reagents, 1454, 1556 
Analytical bias, 470-471 
Analytical detection limits, 359-361, 360f, 
361f 
in labeled immunochemical assays, 233, 233- 
234 
in polymerase chain reaction, 1415 
Analytical errors, 519-520 
in blood gas measurement, 1012-1013 
Analytical measurement range, 359 
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Analytical methods, 355-362 


for adrenocortical steroids, 2033-2044 
aldosterone measurement in, 2039-2040 
blood 11-deoxycortisol measurement in, 

2040-2041 
blood 17-hydroxyprogesterone 
measurement in, 2041-2042 
choice of specimen for, 2033-2034 
chromatographic methods in, 2036 
cortisol measurement in, 2036, 2038-2039 
free versus bound steroids and, 2034 
hydrolysis, extraction, and separation in, 
2034-2036 
radioimmunoassay in, 2037 

for bilirubin, 1195-1198, 1196f 

biological variability and, 467-471 
assessment of mode of reporting test 

results and, 471 
calculating total variation and, 469 
delta check and, 468 
index of heterogeneity and, 470 
index of individuality and, 469-470 
intraindividual versus interindividual 
variations and, 467t 
quality specifications for total error 
allowable and, 470-471 
reference change values and, 469, 470t 
reliability coefficient and, 470 
for carbon monoxide, 1297-1298 
for catecholamines, 1054-1062 
collection and storage of samples for, 
1054-1055 

5-hydroxyindoleacetic acid and, 1063- 
1065, 1065t 

influences of diet and drugs on, 1055, 
1056t 

plasma assays in, 1057, 1057t 

plasma L-dopa, DOPAC, and DHPG and, 
1059, 1059t 

plasma metanephrines and, 1057-1058, 
1058t 

reference intervals in, 1055-1057 

serotonin and, 1062-1063, 1063t 

urinary, 1059-1060, 1060t 

urinary fractionated metanephrines and, 
1060-1061, 1061t 

urinary homovanillic acid and, 1061-1062, 
1062t 

urinary vanillylmandelic acid and, 1061, 
1062t 

choice of, 495 

for cyanide, 1298 

documentation of protocols in, 496, 496b 

in drug testing, 1248-1249 
for amphetamine and methamphetamine, 

1324-1325 
for barbiturates, 1327-1328 
for benzodiazepines, 1332-1333 
for cocaine, 1335-1336 
for gamma-hydroxybutyrate, 1337-1338 
for methadone, 1345-1356 
for opiates, 1344 
for phencyclidine, 1348-1349 
for propoxyphene, 1347 
in enzymology, 207-213 
immobilized enzymes and, 213 
immunoassay and, 212-213 
measurement of enzyme mass 
concentration in, 211 

measurement of isoenzymes and isoforms 
in, 213 

measurement of metabolites in, 211-212 
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Analytical methods (Continued) 


measurement of reaction rates in, 207-209, 
208f 
measurement of substrates in, 209-210 
optimization, standardization, and quality 
control in, 210f, 210-211 
units for expressing enzyme activity in, 209 
in hemoglobin analysis, 1170-1177 
blood specimen for, 1171 
complete blood count in, 1171-1172, 1172f 
DNA analysis in, 1175 
electron spray mass spectroscopy in, 1175 
electrophoresis in, 1172f, 1172-1173, 1173f 
globin chain analysis in, 1177, 1177f 
hemoglobin H determination in, 1175- 
1176, 1176f 
high-performance liquid chromatography 
in, 1173-1175, 1174f 
sickling tests in, 1176, 1176f 
tests for unstable hemoglobins in, 1176- 
1177 
for iron, 1188-1192, 1189-1191t 
for methemoglobin, 1300 
monitoring changes in, 497 
for nucleic acids, 1407-1449 
bacterial genomes and, 1410 
closed-tube single nucleotide 
polymorphism genotyping methods 
in, 1444f, 1444-1445 
electrophoresis in, 1421f, 1421-1427, 1422t, 
1423-1428f 
endpoint quantification in amplification 
assays in, 1419 
fluorescent staining in, 1419 
high-performance liquid chromatography 
in, 1429, 1430f 
human epigenetic alterations and, 1409 
human genome and, 1407-1409, 1408b, 
1409f 
hybridization assays in, 1429-1436, 1430f, 
1433t, 1434f, 1435f, 1436t 
isothermal oligo amplification in, 1419 
ligase chain reaction in, 1416-1417 
linked linear amplification in, 1419 
loop-mediated amplification in, 1419 
mass spectrometry in, 1429, 1430f 
melting analysis in, 1441-1443, 1442f, 
1443f 
nucleic acid enzymes and, 1410-1411 
polymerase chain reaction-target 
amplification in, 1412-1415f, 1412- 
1416 
probe amplification-Q-beta replicase in, 
1418 
pyrosequencing in, 1427-1429, 1429f 
real-time polymerase chain reaction in, 
1436-1441, 1437-1441f, 1440t 
reporter molecules and labeled probes in, 
1419-1421 
rolling circle amplification in, 1418-1419 
serial invasive amplification in, 1418 
signal amplification: branched chain DNA 
in, 1418 
strand displacement amplification in, 1419 
transcription-based amplification methods 
in, 1417, 1417f 
ultraviolet absorbance in, 1419 
viral genomes and, 1410 
whole genome and whole transcriptome 
amplification in, 1419 
preanalytical variables and, 449-467 
age in, 459-462, 460t, 461t 


Analytical methods (Continued) 


alcohol ingestion in, 457-458 

altitude in, 463 

ambient temperature in, 463 

blindness in, 465 

circadian variation in, 452-453, 453t 

control of, 491-494, 492t 

diet in, 453-454 

drug administration in, 458t, 458-459 

exercise in, 451, 452t 

fasting and starvation in, 456-457 

fever in, 465-466, 466t 

food ingestion in, 454-455, 455t 

herbal preparations in, 459 

influence of menstrual cycle in, 464 

malnutrition in, 455-456 

obesity in, 464-465 

physical training in, 451-452 

place of residence in, 463 

posture in, 449-450, 450t 

pregnancy in, 465 

prolonged bed rest in, 450 

race in, 462-463 

recreational drug administration in, 459 

seasonal influences in, 463-464, 464t 

sex in, 462t, 463 

shock and trauma in, 466, 467t 

smoking in, 457 

stress in, 465 

sweat testing and, 998 

transfusion and infusions in, 466-467 

travel in, 453 

types of, 492-494 

vegetarianism in, 455, 456t 

for reproductive related disorders, 2127-2139 

anabolic steroids and, 2134 

blood estrogens and, 2134-2136 

blood progesterone and, 2137-2138, 2138t 

dehydroepiandrosterone and, 2132-2134, 
2133t 

estriol and, 2136 

free and weakly bound testosterone in 
blood and, 2129-2131, 2130¢, 2131t 

saliva estrogens and, 2137 

saliva progesterone and, 2138-2139 

saliva testosterone and, 2131 

testosterone precursors and metabolites in 
blood and, 2131-2132, 2132t 

total testosterone in blood in, 2127-2129, 
2129t 

urine estrogens and, 2136-2137 

urine 17-ketosteroids and, 2134 

selection and evaluation of, 353-407 

analytical measurement range and, 359 

analytical performance criteria and, 354 

analytical sensitivity and, 361 

analytical specificity and interference in, 
361-362 

basic error model in, 368-370, 369f 

Bland-Altman plot and, 376-377, 377f 
377t 

calibration and, 355f, 355t, 355-356 

distribution of differences plot in, 371-376, 
372-375f, 373t, 375t 

goals for analytical quality in, 362f 362- 
366t, 362-368 

guidelines, regulatory demands, and 
accreditation in, 402-403 

identifying sources of analytical errors and, 
520 

limit of detection and, 359-361, 360f, 361f 

limit of quantification and, 361 
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Analytical methods (Continued) 
linearity in, 359 
medical criteria in, 353-354, 354f 
method comparison data model in, 370- 
371 
monitoring serial results in, 396-397, 397f 
paired t-tests and, 377-378, 378f, 378t 
precision in, 357-358, 358t 
precision profile in, 358, 358f 
regression analysis and, 378-395. See also 
Regression analysis. 
software packages for, 403-404 
traceability and measurement uncertainty 
in, 397-402, 398f 401t 
trueness and accuracy in, 356, 356t 
verification of distribution of differences in 
relation to specified limits in, 376, 
376t 
for thyroid function, 2065-2087 
antithyroid antibodies in, 2084-2087 
blood thyroid-stimulating hormone in, 
2066-2068, 2067f 
free thyroid hormones in, 2073-2083. 
See also Free thyroid hormones. 
reverse triiodothyronine using 
radioimmunoassay in, 2073 
serum thyroxine in, 2068-2071 
serum triiodothyronine in, 2071-2073 
thyroxine-binding globulin and, 2082-2084 
for toxic metals, 1373-1374 
for trace elements, 1121-1122 
for tumor markers, 752-754, 752-764 
Analytical performance criteria, 354 
Analytical quality, 487-488 
in sweat testing, 998 
Analytical reagent grade chemicals, 12 
Analytical sensitivity, 361, 1560 
Analytical specificity, 361-362 
Analytical variables 
control of, 494-497, 495f, 496b 
in markers of bone turnover, 1936 
in nutrient assessment, 1078-1079 
in sweat testing, 998 
Analytical verification, 1558-1560, 1560¢ 
Analytical weights, 25 
Anaphylatoxin, 565 
Anderson-Darling test, 440 
Anderson’s disease, 1820t 
Androgen(s), 2098-2099, 2098-2100f 
defects in action of, 2103 
effects on thyroid function, 2064t 
excess in amenorrhea, 2115-2116, 2116t 
function tests of, 2021 
metabolism of, 2012 
secretion of, 2015 
structure of, 2009, 2010f 
synthesis of, 2011, 2098, 2100f 
Androgen index, 2130-2131 
Androgen receptor, 779 
Andropause, 2102 
Androstane, 2004 
2a-Androstanediol, 2100f 
3a-Androstanediol glucuronide, 2132t, 2255t 
Androstanedione, 2098 
Androstenediol, 2098, 2098f 2100f 
Androstenedione, 10214, 2098, 2098f 
biosynthesis of, 2010f, 2100f 
biosynthesis of estrogens and, 2107f 
catabolism of, 2101f 
11B-hydroxylase deficiency and, 2029 
puberty and, 2101-2102 
reference intervals for, 2132t, 2255t 
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Androstenedione (Continued) 
secretion of, 2015 
special collection and storage conditions for, 
54t 
systematic name for, 2005t 
Androsterone 
biosynthesis of, 2010f 
catabolism of, 2101f 
systematic name for, 2005t 
Anemia 
in chronic kidney disease, 1695-1696, 1696b 
in end-stage renal disease, 1697-1698 
with iron storage, 1193 
in multiple myeloma, 1717 
transferrin and, 562 
in vitamin E deficiency, 1086 
Anencephaly, 2165 
Aneuploidy, 1409 
Angelman syndrome, 1504-1506, 1505f, 1506t 
Angiogenesis 
chemokines and, 716 
interleukin-12 and, 685 
markers for, 786 
tumor necrosis factor-œ and, 706 
Angiotensin-converting enzyme, 1677, 2015 
Angiotensin-converting enzyme inhibitors, 1261 
development of nephropathy and, 1708t 
for diabetic nephropathy, 1702 
for microalbuminuria, 815 
for proteinuric chronic kidney disease, 1694 
Angiotensin I, 1677, 2015 
generation of, 2043-2044 
measurement of, 2042-2043 
Angiotensin II, 1677, 2015 
measurement of, 2042-2043 
renal blood flow and, 1685t 
Angiotensinogen, 2020 
Angle-head centrifuge, 19 
Angular dependence of light scattering, 87 
Anion, 983 
Anion gap, 1768 
Anion gap acidosis, 1768-1771, 1769f, 1769t 
Anionic trypsin, 622 
Annealing in polymerase chain reaction, 1412f 
1413-1414, 1414f 
Anode, 983 
Anodic stripping voltammetry, 104 
ANP. See Atrial natriuretic peptide. 
Anterior pituitary gland, 1968-1990 
hormones of, 1020-1021t 
adrenocorticotropic hormone and, 1981- 
1984, 1982f 
assessment of lobe reserve of, 1988b, 1988- 
1990, 1989b, 1990f 
follicle-stimulating hormone and 
luteinizing hormone and, 1984-1988, 
1985f, 1987t 
growth hormone and, 1934b, 1969-1976, 
1970f, 1972b, 1972f, 1973t 
prolactin and, 1976-1981, 1978f, 1979b 
thyroid-stimulating hormone and, 1988 
regulation of, 1968f, 1968t, 1968-1969, 1969f 
Anti-actin antibody, 1813, 1813t 
Antiandrogen therapy, 760 
Anti-asialoglycoprotein receptor antibody, 1813, 
1813t 
Antibiotics, 1262-1266, 1267-1269t 
aminoglycosides in, 1262-1265, 1263t, 1264t 
chloramphenicol in, 1265 
development of nephropathy and, 1708t 
effects on laboratory tests, 458t 
fluoroquinolones in, 1265, 1266f 
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Antibiotics (Continued) 
sulfonamides in, 1265-1266 
vancomycin in, 1266 
Antibody, 219-220, 220f 
adrenocorticotropic hormone, 1983 
antimicrosomal, 2085-2086 
antimitochondrial, 1813f 
antinuclear 
analytical goals for, 366t 
in autoimmune liver disease, 1813f 
antireticulin, 1861, 1861t 
antisperm, 2121, 2124, 2125 
antithyrogobulin, 777, 2084-2085 
antithyroid, 2084-2087 
antithyroid peroxidase, 2085-2086 
in autoimmune liver disease, 1812-1813, 
1813t 
enzymes and, 193-194 
glutamic acid decarboxylase, 856 
hepatitis B core antigen, 1801 
hepatitis B surface antigen, 1801 
hepatitis C virus, 1802-1803 
inhibition of enzymatic reaction by, 206 
insulin, 846-847, 852, 853, 866 
monoclonal, 221 
for adrenocorticotropic hormone, 1983 
for measurement of apolipoproteins, 959 
polyclonal, 220 
for measurement of apolipoproteins, 959 
for measurement of lipoprotein(a), 960 
in rapidly progressive glomerulonephritis, 
1704 
to tumor markers, 747-749 
in type 1 diabetes mellitus, 855-856 
Anticholinergics 
antidote for overdose, 1288t 
symptoms of overdose, 1290t, 1291 
Anticoagulants 
effect on free calcium, 1901-1902, 1902t 
point-of-care monitoring of, 306-307 
use in blood specimens, 47t, 47-48, 54-55t 
Anticodon, 1397 
Anticonvulsants, 459 
Antidepressants, 1269-1271, 1270t, 1599f, 1599- 
1600 
Antidiuretic hormone, 1021f, 1991f, 1991-1996 
aldosterone and, 1677 
diabetes insipidus and, 1711, 1992-1993, 
1993b, 1994b, 1994f 
as factor altering renal blood flow, 1685t 
fever and, 465 
measurement of, 1995-1996 
reference intervals for, 2255t 
in regulation of renal water reabsorption, 
1682-1683 
syndrome of inappropriate antidiuretic 
hormone and, 1994-1995, 1995b 
travel-related changes in, 453 
as tumor marker, 765t 
Antidotes, 1288t 
Antienzymes, 206 
Antiepileptic drugs, 1249-1256, 1250t 
benzodiazepines in, 1255 
carbamazepine in, 1249-1250 
ethosuximide in, 1250 
felbamate in, 1254 
gabapentin in, 1254 
lamotrigine in, 1254 
levetiracetam in, 1250-1251 
mephobarbital in, 1255 
oxcarbazepine in, 1251 
phenobarbital in, 1251-1252 
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Antiepileptic drugs (Continued) 
phenytoin in, 1252 
primidone in, 1252-1253 
succinimides in, 1255-1256 
tiagabine in, 1254-1255 
topiramate in, 1253 
valproic acid in, 1253-1254 
zonisamide in, 1255 
Antifungal agents, 1268t 
Antigen(s), 219-220 
antismooth muscle, 1813t 
beta-oncofetal, 767t 
blood group, 773-774 
carcinoembryonic, 767t, 768-769 
analytical goals for, 364t 
reference intervals for, 2259t 
special collection and storage conditions 
for, 55t 
complex, 219-220 
hepatitis B core, 1801 
hepatitis B surface, 1801, 1810 
hepatitis Be, 1801 
hepatitis C core, 1803 
human leukocyte, 1540, 1546f, 1546-1549, 
1547t 
immunoinflammatory response and, 649 
insulinoma-associated, 856 
melanoma-associated, 774t 
mucinlike carcinoma-associated, 771, 2287t 
oncofetal, 766-769, 767t 
pancreas-associated, 774t 
prostate-specific, 757-761, 760t 
analytical goals for, 364t 
reference intervals for, 2292t 
tumor staging and, 759 
ultrasensitive methods for, 761 
serum mucinlike carcinoma-associated, 2287t 
squamous cell, 767t 
squamous cell carcinoma, 769 
Tennessee, 767t 
tissue plasminogen activator, 1634 
tissue polypeptide-specific, 767t, 769 
Antigen-antibody binding, 221-224, 223f, 224b 
Antigen-antibody reaction, 88-89 
Antigen presenting cell, 649 
interferon-y and, 700, 701t 
interleukin-1 and, 658 
interleukin-2 and, 661 
interleukin-10 and, 679 
interleukin-12 and, 682-686, 683f 
Antigen-receptor gene rearrangements 
detection of minimal residual disease and, 
1474 
in hematopoietic neoplasms, 1462-1463, 
1463f 
Anti-hepatitis C virus antibody, 1802-1803 
Antihistamines, 1312f, 1312-1313, 1313f 
Antihypertensives, 2122t 
Antiinsulin antibodies, 852, 853 
Anti-liver kidney microsome antibody, 1813f 
1813-1814 
Anti-liver specific cytosol antibody, 1813f 
Antimetabolites, 1272-1274, 1273t 
Antimicrosomal antibodies, 2085-2086 
Antimitochondrial antibody, 1813f 
Antimony, 1375-1376, 2256t 
Antimycobacterial agents, 1268t 
Antineoplastic agents, 1383 
Anti-neutrophil cytoplasmic antibodies 
in autoimmune liver disease, 1813f 
in rapidly progressive glomerulonephritis, 
1704 


Index 


Antinuclear antibody 
analytical goals for, 366t 
in autoimmune liver disease, 1813f 
Antioxidant functions of copper, 1128 
Antioxidant status markers, 1077-1078 
Antipsychotic drugs, 1269-1272, 1270t 
Antireticulin antibodies, 1861, 1861t 
Antiretrovirals, 1269, 1269t 
Anti-RhD immune globulin, 2164-2165 
Antirheumatoid drugs, 1708t 
Antismooth muscle antigen, 1813t 
Antisoluble liver antigen-liver pancreas 
antibody, 1813t 
Antisperm antibodies, 2121, 2124, 2125 
Antistreptolysin O, 366t 
Antithrombin III, 564t 
Antithyrogobulin antibodies, 777, 2084-2085 
Antithyroid antibodies, 2084-2087 
Antithyroid peroxidase antibodies, 2085-2086 
Antitumor drugs, 1708t 
Antiviral agents, 1268-1269t 
Anuria, 1678 
Aorta, 1620, 1620f 
Aortic valve, 1620, 1620f 
APC. See Antigen presenting cell. 
APC gene, 784 
Apoceruloplasmin, 542, 1129 
Apoenzyme, 207 
Apolipoprotein(s) 
biochemistry of, 916-918, 917t 
disorders of, 928t, 928-932 
diagnosis of, 932-934, 932-9341, 933b 
management of, 934t, 934-938, 935t, 935- 
937f, 938t 
exogenous lipoprotein metabolism and, 919 
heart disease and, 925-928 
in lipoproteins, 916t 
measurement of, 958-960 
reference concentrations of, 922-924, 922- 
927t 
Apolipoprotein A, 916-917 
defects of, 931-932 
heart disease and, 925-926 
measurement of, 958-960 
Apolipoprotein A-1, 2256t 
Apolipoprotein B, 917 
familial combined hyperlipidemia and, 929- 
930 
familial defective, 931 
heart disease and, 925-926 
hyperapobetalipoproteinemia and, 930 
measurement of, 958-960 
reference intervals for, 2256t 
Apolipoprotein C, 917-918 
Apolipoprotein C-II deficiency, 929 
Apolipoprotein E, 918 
heart disease and, 926-927 
measurement of, 961-962, 962f 
type III dysbetalipoproteinemia and, 930-931 
Apoproteins, 542 
Apoptosis 
cytokines and, 653 
interleukin-1 and, 656 
tumor necrosis factor-a and, 706 
Apotransferrin, 1187 
Apparent activation of enzyme, 207 
Appendicitis, 617 
APR. See Acute phase response. 
Apresoline. See Hydralazine. 
Aprobarbital, 1326t, 1327t 
Aquacobalamin, 1100 
Aquaporins, 1682 


Aqueous fluid control materials, 1012 
Arachidic acid, 909t 
Arachidonate, 911 
Arachidonic acid, 909t 
Area under curve, drug clearance and, 1243 
ARE. See Acute renal failure. 
Arginase 
defect of, 2214-2215t 
deficiency of, 2220-2221 
manganese and, 1130 
Arginine 
reference intervals for, 2256-2257t 
structure and molecular weight of, 535t 
Arginine hydrochloride, 1973f, 1974b 
Arginine vasopressin, 1991f, 1991-1996 
diabetes insipidus and, 1992-1993, 1993b, 
1994b, 1994f 
measurement of, 1995-1996 
syndrome of inappropriate antidiuretic 
hormone and, 1994-1995, 1995b 
Argininemia, 2214-2215f, 2220-2221 
Argininosuccinate lyase defect, 2214-22151, 
2220-2221 
Argininosuccinate synthase defect, 2214-2215t, 
2220-2221 
Argininosuccinic acidemia, 2214-2215t 
Argon fluoride laser, 66t 
Argyria, 1384 
Aromatic L-amino acid decarboxylase, 1034, 
1034f 1052 
Arsenazo III method, 1897-1898, 1898f 
Arsenic, 1371, 1376f, 1376-1377 
antidote for, 1288t 
as causative factor in medical conditions, 
1372t 
male reproductive function and, 2122t 
reference intervals for, 2257t 
Arsenobetaine, 1376, 1376f 
Arsenocholine, 1376, 1376f 
Arterial blood gases, 999-1014 
acid-base disorders and, 1767t 
amperometric method for, 103-104, 104f 
analytical goals for, 363t 
behavior of gases and, 999-1001, 1000¢t 
continuous and noninvasive monitoring of, 
1014 
critical values in, 2317t 
effects of fasting and starvation on, 456 
effects of smoking on, 457 
gas exchange in lung and, 1763, 1764f 
Henderson-Hasselbalch equation in, 1001- 
1002 
metabolic acidosis and, 1771 
metabolic alkalosis and, 1773-1774 
optical chemical sensors for, 106-108, 107f 
114 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
PCO,, PO,, and pH determination in, 1006- 
1013 
calibration in, 1010-1011 
instrumentation in, 1008f, 1008-1009, 
1010f 
quality assurance in, 1011-1013 
reference intervals for, 1013, 2259t 
specimen acquisition for, 1006-1008, 
1007t 
potentiometry for, 93-105 
basic concepts in, 93-94, 94f 
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Arterial blood gases (Continued) 
ion-selective electrodes in, 95-100, 96t, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101t 
reference values for, 2289 
respiratory acidosis and, 1774, 1775 
temperature correction and, 1013t, 1013- 
1014 
tonometry for, 1006 
Arterial carbon dioxide, 2259t 
Arterial hemoglobin saturation, 114 
Arterial line, blood specimen from, 49, 49t 
Arterial pH, 363t 
Arterial puncture for blood specimen, 47-48, 
1007 
Arterialized capillary blood, 47, 1007-1008 
Arthrocentesis, 52-53 
Artifact 
in capillary electrophoresis, 133-134 
in conventional electrophoresis, 127-128 
Artificial neural networks, 759 
Aryl sulfatase G, 755t 
Asbestosis, 1384 
Ascites, 1794-1795 
albumin levels in, 548 
in cirrhosis, 1820t 
Ascitic fluid specimen, 53 
Ascorbic acid, 1105f 1105-1107 
influence of menstrual cycle on, 464 
microchip-based assay for, 256 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 
special collection and storage conditions for, 
54t 
Asendin. See Amoxapine. 
Asherman’s syndrome, 2117 
Asparagine 
reference intervals for, 2257t 
structure and molecular weight of, 535t 
Aspartate aminotransferase, 604-607, 605t, 606f 
acute hepatitis and, 1804, 18054, 1808 
alcoholic liver disease and, 1818 
analytical goals for, 363t 
change in prolonged venous occlusion, 43, 
43t 
in cholestasis, 1821 
circadian variation in, 453f, 453t 
concentration gradients between tissue and 
serum, 217f 
in diagnosis of liver disease, 1797 
diet and, 454 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
exercise-related changes in, 451, 452t 
fasting and starvation and, 456 
in fatty liver of pregnancy, 2162 
in HELLP syndrome, 2163 
in hepatitis during pregnancy, 2163 
increased activity after surgery, 467t 
influence of blood collection site on, 49, 49t 
morphine and, 459 
in nonalcoholic steatohepatitis, 1809 
plasma, 1826, 1826f 
posture-related changes in, 450t 
prolonged bed rest and, 450 
reference intervals for, 2257t 
seasonal influences on, 464t 
serum, 47t 
Aspartic acid, 535t, 2257t 
N-Aspartoacylase defect, 2226-2227t 
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Aspirin 
male reproductive function and, 2122t 
pharmacology and analysis of, 1306-1308, 
1307f, 1308f 
ASRs. See Analyte-specific reagents. 
Assay 
for adrenocorticotropic hormone, 1983 
for alkaline phosphatase, 609-611, 611f 
for alpha-amylase, 618-619 
for antioxidant status, 1077-1078 
automated, 265-297 
bar coding of specimen and, 269f, 269-270 
chemical reaction phase and, 274-276, 
275f, 276f 
chemiluminescence and bioluminescence 
and, 278-279 
development of standards for, 292 
electrochemical methods and, 279 
electrophoresis systems and, 124-125 
evaluation of requirements for, 289-290, 
290b 
flow cytometers and, 293 
fluorometry and, 278 
front-surface reflectance fluorometry and, 
278 
hematology cell counters and, 293 
historical overview of, 265-267, 268t 
instrument clusters and, 281-282, 282f 
labeling of specimen and, 268-269 
measuring impact of, 292 
microtiter plate systems and, 294 
nucleic acid analyzers and, 293-294 
on-analyzer specimen delivery and, 272f 
272-273 
photometry and, 276-277, 277f 
pipetting stations and, 294 
point-of-care testing analyzers and, 294 
polarization fluorometry and, 278 
problems of integration in, 290-292, 291f 
reagent delivery and, 274 
reagent handling and storage and, 273-274, 
274f 
reflectance photometry and, 278 
remote automated laboratory system and, 
294 
signal processing, data handling, and 
process control in, 279-280, 280b 
specimen acquisition and, 268 
specimen delivery to laboratory and, 270- 
271 
specimen loading and aspiration and, 271- 
272 
specimen preparation and, 271 
specimen processing and, 284-288, 285f 
287f 
specimen sorting and, 288f, 288-289, 289f 
specimen storage and retrieval and, 289 
specimen transport and, 282-284, 284f 
turbidimetry and nephelometry and, 278 
urine analyzers and, 292 
workcells and, 282, 282f 
workstations and, 281 
basic concepts of, 355-362 
analytical measurement range and, 359 
analytical sensitivity in, 361 
analytical specificity and interference in, 
361-362 
calibration and, 355f, 355t, 355-356 
limit of detection in, 359-361, 360f 361f 
limit of quantitation in, 361 
linearity in, 359 
precision in, 357-358, 358t 
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Assay (Continued) 
precision profile in, 358, 358f 
trueness and accuracy in, 356, 356t 
for C-peptide, 850b, 851, 853 
for chorionic gonadotropin, 2180 
in cytokine measurement, 721-722, 723t 
for dimeric inhibin A, 2186 
for drugs, 1248-1249 
for erythrocyte hydroxymethylbilane synthase 
activity, 1228-1229 
for fetal fibronectin, 2187 
for gamma-glutamyltransferase, 613 
for glucagon, 850b, 851, 853 
for glutathione S-transferase, 614 
for glycated hemoglobin, 881, 881t 
for growth hormone, 1974-1976 
for hormones, 1030 
for insulin, 850, 850t, 851-853 
for insulin antibodies, 853 
linear range of, 1560 
for proinsulin, 850b, 850-851, 853 
for pyruvate kinase, 634 
selection of, 353-355, 354f 
sensitivity and specificity of, 4114, 411-412, 
412f 
for tartrate-resistant alkaline phosphatase, 
625 
for transaminase activity, 605-606 
Assisted reproduction, 2127 
AST. See Aspartate aminotransferase. 
Asthma, 693 
Astrocyte, 673t 
Asymmetric polymerase chain reaction, 
1416 
Atenolol, 1056t 
Atherosclerosis, 1623, 1627 
cholesterol and, 924-928, 927f 
diabetes mellitus and, 853 
high-sensitivity C-reactive protein and, 963, 
964 
Athlete, drug testing and, 1318 
Athyreosis, 2058 
Ativan. See Lorazepam. 
Atmospheric pressure chemical ionization, 168- 
169, 169f 
Atmospheric pressure matrix-assisted laser 
desorption/ionization, 170 
Atmospheric pressure photoionization, 169 
Atomic absorption spectrophotometry, 73f, 73- 
75, 74f 
electrolyte exclusion effect and, 988t 
for magnesium, 1911 
for selenium, 1383-1384 
for sodium, 984 
for total calcium, 1898 
for toxic metals, 1373-1374 
for trace elements, 1121-1122 
Atomic number, 21 
Atopic dermatitis 
interferon-y and, 701 
interleukin-13 and, 688 
ATP. See Adenosine triphosphate. 
Atresia, biliary, 1201 
Atrial natriuretic peptide, 1024t, 1630-1631, 
1678-1679 
as potential uremic toxin, 1692t 
renal blood flow and, 1685t 
travel-related changes in, 453 
Atriopeptin, 1024t 
Atrium, 1619, 1620f 
Atropine, 1313f 
AT&T CliniLog system, 287 
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Atto, metric prefix of SI unit, 7t 
Atypical squamous cell of undetermined 
significance, 1565 
Audit in point-of-care testing, 312-313, 314f 
Autoantibody 
in autoimmune hepatitis, 1812-1813, 1813t 
as tumor marker, 776-777 
Autocrine system, 1019 
Autoimmune adrenalitis, 2022 
Autoimmune diseases 
chemokines and, 717 
tumor necrosis factor-B and, 707 
Autoimmune hepatitis 
acute, 1808 
chronic, 1812-1814, 1813t 
hypoalbuminemia in, 1788 
laboratory features of, 1805t 
during pregnancy, 2163 
Automated centrifuge, 286 
Automated peritoneal dialysis, 1722 
Automated pipette, 16f, 16-18, 17f 
Automated pipetting station, 294 
Automation in clinical laboratory, 265-297 
automated pipetting stations and, 294 
development of standards for, 292 
electrophoresis systems and, 124-125 
evaluation of requirements for, 289-290, 290b 
flow cytometers and, 293 
hematology cell counters and, 293 
historical overview of, 265-267, 268t 
integrated steps in analytical process and, 
280-289 
automated specimen processing and, 284- 
288, 285f, 287f 
automated specimen sorting and, 288f, 
288-289, 289f 
automated specimen storage and retrieval 
and, 289 
automated specimen transport and, 282- 
284, 284f 
instrument clusters and, 281-282, 282f 
problems of integration in, 290-292, 291f 
workcells and, 282, 282f 
workstations and, 281 
measuring impact of, 292 
microtiter plate systems and, 294 
nucleic acid analyzers and, 293-294 
point-of-care testing analyzers and, 294 
remote automated laboratory system and, 
294 
specimen acquisition and, 268 
specimen identification and, 268-280 
bar coding in, 269f, 269-270 
chemical reaction phase and, 274-276, 
275f, 276f 
chemiluminescence and bioluminescence 
in, 278-279 
electrochemical methods in, 279 
fluorometry in, 278 
front-surface reflectance fluorometry in, 
278 
labeling in, 268-269 
on-analyzer specimen delivery and, 272f 
272-273 
photometry in, 276-277, 277f 
polarization fluorometry in, 278 
reagent delivery and, 274 
reagent handling and storage and, 273-274, 
274 
reflectance photometry in, 278 
signal processing, data handling, and 
process control in, 279-280, 280b 
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Automation in clinical laboratory (Continued) 
specimen delivery to laboratory and, 270- 
271 
specimen loading and aspiration and, 271- 
272 
specimen preparation and, 271 
turbidimetry and nephelometry in, 278 
urine analyzers and, 292 
Autonomic nervous system, toxidromes and, 
1289-1291 
Autoradiography, 23 
Autoregulation of glucose, 849 
Autosomal dominant diseases, 1491-1496 
achondroplasia in, 1491-1492 
Charcot-Marie-Tooth disease in, 1492-1493 
Huntington’s disease in, 1493f, 1493-1496, 
1495b, 1495f 
Autosomal dominant polycystic kidney disease, 
1706-1707 
Autosomal recessive diseases, 1483-1491 
carbamy] phosphate synthetase I deficiency 
in, 1489-1491, 1490f 
cystic fibrosis in, 1484-1486, 1485), 1486¢, 
1487f 
hereditary hemochromatosis in, 1486-1489, 
1488f 
Aventyl. See Nortriptyline. 
Average of normals, 513 
Avidin, 1107 
Avidity of antibody, 221 
Avogadro’s hypothesis, 1000t 
AVP. See Arginine vasopressin. 
Axial centrifuge, 19 
5-Azacytidine, 1273 
Azalides, 1268t 
Azathioprine, 1592-1595, 1593f, 1594f 
Azelaic acid, 2257t 
Azidodeoxythymidine, 2316t 
Azithromycin, 1268t 
Azlocillin, 1267t 
Azoospermic male, 2121 
Azotemia, 1691 
AZT. See Zidovudine. 
Aztreonam, 1268t 


B 


B-cell 
biological activity of interleukin-1 and, 
659t 
CD4 cell effects on, 649-650, 650f 
chemokines and, 715 
humoral response and, 1458 
immunoglobulin-gene rearrangements and, 
1458f 1458-1460, 1460f 
immunoglobulins and, 569-570, 570t 
interferon-y and, 701t 
interleukin-2 and, 663, 663b 
interleukin-4 and, 666-669, 667f 
interleukin-5 and, 669-671, 670f 
interleukin-6 and, 671-675, 672f, 673t 
interleukin-7 and, 675f, 675-676 
interleukin-10 and, 678f 678-680, 679b 
interleukin-12 and, 682-686, 683f 
interleukin-13 and, 687-688 
interleukin-14 and, 688f, 688-689 
B-cell line, 221 
B-cell tumor 
antigen-receptor gene rearrangements in, 
1459t 
beta,-microglobulin and, 555 
B-type natriuretic peptide, 1024t 
Back-leak distal renal tubular acidosis, 1708 


Bacteremia 
complement status in, 567t 
in spontaneous bacterial peritonitis, 1795 
Bacteria 
interaction between cytokines and, 652 
MALDI-TOF mass spectrometry 
identification of, 183, 184t 
overgrowth in gastrointestinal tract, 1864b, 
1864-1865, 1865t 
porphyrins and, 1220-1221 
Bacterial genome, 1410 
Bacterial infection 
C-reactive protein and, 555-556 
Group B streptococcus in, 1572-1573 
immunoglobulins and, 572 
interleukin-6 and, 674 
Mycobacterium tuberculosis in, 1575-1576 
Bar code identification systems 
in point-of-care testing, 302 
for reagents, 274 
for specimen identification, 269f, 269-270 
Bar code reading station, 286 
Barbiturates, 1325-1328, 1327f 
antidotes for overdose, 1288t 
characteristics of, 1326t 
effects on laboratory tests, 458t 
serum, 54t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
urinary excretion of, 1327t 
Barometer, blood gas measurement and, 1012 
Baroreceptor, 1043, 1748, 1991-1992 
Barrier protection, 32 
Bartter’s syndrome, 1709-1710, 1773, 2033 
Basal acid output, 1858-1859 
Basal body temperature, 2126 
Base, 1758 
Base pairs, 1394, 1394f 
Base peak, 165 
Base unit, 5, 5t, 6t 
Basic amino acids, 535-536t 
Basic error model for measurements, 368-370, 
369f 
Basic techniques and procedures, 12-27 
buffer solutions in, 25-26, 26t 
centrifugation in, 19-21 
gravimetry in, 23-25 
measurement of radioactivity in, 214, 21-23 
for processing solutions, 26-27 
thermometry in, 25 
volumetric sampling and dispensing in, 12-19 
calibration of volumetric pipettes for, 18- 
19 
maintenance and care of volumetric 
glassware, 18 
pipettes for, 12-16, 14t, 15f 15t, 16t 
semiautomatic and automated pipettes and 
dispenser for, 16f, 16-18, 17f 
volumetric flasks for, 18, 18f 
Basophil, 1967 
interleukin-13 and, 686f, 686-688 
Bathophenanthroline disulfonate, 1190t 
Bayer DCA system, 306, 306f 
Bayer Diagnostics, 287 
Bayes’ theorem, 414-415 
bcl-1 gene, 1465, 1467f 
bcl-2 gene, 780t, 782 
follicular lymphoma and, 1464-1465, 1466f 
BCR-ABL oncogene, 782 
Beam-type mass spectrometer, 172-174f, 172- 
176 
Becker muscular dystrophy, 1499 
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Beckman Coulter capillary zone electrophoresis 
system, 124-125 
Beckman Coulter Power Processor system, 283, 
287, 287f 
Becquerel, 22 
Bed rest as controllable preanalytical variable, 
540 
Beer’s law 
in fluorometry, 76 
in spectrophotometry, 63f, 63t, 63-64 
Beijing Institute of Geriatrics, 943b 
Bence Jones protein, 574t, 746, 747t, 1717 
Bence Jones proteinuria, 815 
Benign prostatic hypertrophy, 758, 1707 
Benign proteinuria, 576 
Benign transient hyperphosphatasemia, 1826 
Benzodiazepines, 1328t, 1328-1333, 1329-1332f 
antidotes for overdose, 1288t 
for seizures, 1255 
Benzoyl cholinesterase, 192t 
Benzoylcarnitine, 2257t 
Benzoylcholine, 616 
Benzoylecgonine, 1335f, 1335-1336 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Benzphetamine, 1321f, 1324 
Beriberi, 1092 
Berthelot reaction, 803 
Beryllium, 1377, 2257t 
Beryllium lymphocyte proliferation test, 1377 
Beta-adrenergic agonists, 1261 
Beta-alanine 
reference intervals for, 2254t 
structure and molecular weight of, 536t 
Beta-aminoisobutyric acid, 536t 
Beta-apocarotenal, 1081 
Beta-blockers, antidotes for overdose, 1288t 
Beta-carotene, 1079-1081, 1081f 1082 
reference intervals for, 2258t 
Beta-cell dysfunction, 857 
Beta-cryptoxanthin, 1079 
Beta decay, 22 
Beta-endorphin, 1020¢, 1981-1984 
Beta-galactosidase 
immunoassay detection limits of, 233t 
in kinetic spectrophotometric assay for 
sodium, 987 
for serum thyroxine determination, 2070 
for thyroid hormone-binding ratio, 2077 
Beta-globulin 
influence of altitude on, 463 
malnutrition and, 455 
in vitamin B,, transport, 1101 
Beta-p-glucose, 838 
Beta-glucuronidase, 2035 
Beta-glycoside complex, 1853t 
Beta-hydroxybutyrate, 875-877 
Beta-hydroxybutyric acid, 456 
Beta-ketothiolase deficiency, 2226-2227t 
Beta-lactams, 1266, 1268t 
interstitial nephritis and, 1706 
Beta-lipoproteins 
effects of steroid hormones on, 545t 
obesity and, 464-465 
smoking and, 457 
Beta-lipotropin, 1981 
Beta-oncofetal antigen, 767t 
Beta-quantification, 949, 950f 
Beta-sheet conformation, 542 
Beta-thalassemia, 1179-1181, 1180f 
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Beta-thromboglobulin, 1634-1635 
Beta-trace protein, 823 
Beta,-adrenergic receptors, 1039, 1042t 
Beta,-adrenergic receptors, 1039, 1042t 
Beta,-microglobulin, 555 
multiple myeloma and, 1717 
as potential uremic toxin, 1692t 
properties of, 544t 
reference intervals for, 2286t 
role in iron homeostasis, 1188t 
serum, 2286t 
as tumor marker, 774t 
Beta;-adrenergic receptors, 1039, 1042t 
Bial’s test, 889-890 
Bias, 356, 356t, 403b 
basic error model for measurements and, 369 
effect on clinical decisions, 513 
in ordinary least-squares regression analysis, 
380f, 380-381, 381f 
Bicarbonate, 990-991, 1757 
acid-base disorders and, 1767t 
alcohol ingestion and, 458 
in amniotic fluid, 2156t 
analytical goals for, 363t 
dissolved carbon dioxide and, 1758-1759, 
1759f 
effects of exercise on, 451 
food ingestion and, 454 
metabolic acidosis and, 1768-1772, 1769t 
metabolic alkalosis and, 1772b, 1772-1774 
metabolic function of nephron and, 1676t 
renal reclamation of, 1766-1767 
respiratory acidosis and, 1774 
respiratory alkalosis and, 1775 
serum, 47t 
values during pregnancy, 2158t 
Bicarbonate-carbonic acid buffer system, 1759- 
1760 
Bile 
formation of, 1782-1783, 1785f 
vitamin B; and, 1102 
vitamin E and, 1084-1085 
Bile acetylcarnitine, 2253t 
Bile acids, 1782-1787 
cholesterol and, 907, 908f 
defective synthesis of, 1785-1786 
enterohepatic circulation of, 1783-1785, 
1785f 
hepatocellular disease and, 1787 
interruption in enterohepatic circulation of, 
1786-1787 
metabolism of, 1784-1785 
special collection and storage conditions for, 
54t 
synthesis of, 1782, 1783f, 1784f 
Bile acrylylcarnitine, 2253t 
Bile decadienoylcarnitine, 2265t 
Bile decanoylcarnitine, 2265t 
Bile decenoylcarnitine, 2265t 
Bile dodecanoylcarnitine, 2266t 
Bile dodecenoylcarnitine, 2267t 
Bile duct, 1778f, 1779 
obstruction of, 1821 
tumor of, 1825 
Bile glutarylcarnitine, 2271-2272t 
Bile heptanoylcarnitine, 2273t 
Bile hexadecanoylcarnithine, 2273t 
Bile hexadecenoylcarnitine, 2273t 
Bile hexanoylcarnitine, 2273t 
Bile 3-hydroxybutyrylcarnitine, 2275t 
Bile 3-hydroxydecenoylcarnitine, 2275t 
Bile 3-hydroxydodecanoylcarnitine, 2276t 
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Bile 3-hydroxydodecenoylcarnitine, 2276t 
Bile 3-hydroxyhexadecenoylcarnitine, 2276t 
Bile 3-hydroxyhexanoylcarnitine, 2276t 
Bile 3-hydroxyisovalerylcarnitine, 2277t 
Bile 3-hydroxyoctadecadienoylcarnitine, 2277t 
Bile 3-hydroxyoctadecanoylcarnitine, 2277t 
Bile 3-hydroxyoctadecenoylcarnitine, 2277t 
Bile 3-hydroxytetradecanoylcarnitine, 2278t 
Bile 3-hydroxytetradecenoylcarnitine, 2279t 
Bile isobutyrylcarnitine, 2281t 
Bile isovaleryl/CH3 butyrylcarnitine, 2281t 
Bile malonylcarnitine, 2284t 
Bile methylmalonylcarnitine, 2286t 
Bile octadecadienoylcarnitine, 2287t 
Bile octadecanoylcarnitine, 2287t 
Bile octadecenoylcarnitine, 2288t 
Bile octanoylcarnitine, 2288t 
Bile octenoylcarnitine, 2288t 
Bile propionylcarnitine, 2292t 
Bile salt malabsorption, 1865-1866 
Bile tetradecadienoylcarnitine, 2296t 
Bile tetradecanoylcarnitine, 2296t 
Bile tetradecenoylcarnitine, 2297t 
Bile tiglylcarnitine, 2299t 
Biliary atresia, 1201 
Biliary tract 
amylase levels in diseases of, 617 
drainage of, 1779 
obstruction of 
complement C3 and, 567 
mechanical bile duct obstruction in, 1821 
tumor markers of 
CA 50 in, 773 
DU-PAN-2 in, 772-773 
tumor-associated trypsin inhibitor in, 764 
Biliprotein, 1781 
Bilirubin, 1193-1201, 1781-1782 
acute hepatitis and, 1805t 
amniotic fluid, 2156¢, 2187f, 2187-2188, 
2188f, 2258 
analytical goals for, 363t 
biliary atresia and, 1201 
biochemistry of, 1194f, 1194-1195, 1195f 
biological variability in, 467t 
chemistry of, 1193f 1193-1194 
cirrhosis and, 1820t 
Crigler-Najjar syndrome and, 1199 
critical values of, 2317t 
Dubin-Johnson syndrome and, 1199 
effects of gender on, 462, 462t 
fasting and starvation and, 456 
Gilbert’s syndrome and, 1198-1199 
idiopathic neonatal hepatitis and, 1201 
influence of age on, 460t 
influence of food on, 455t 
Jaffe reaction and, 798 
Lucey-Driscoll syndrome and, 1199 
morphine and, 459 
neonatal, 460 
neonatal jaundice and, 1199-1201, 1200b 
plasma, 47t, 1827, 1827f 
prolonged venous occlusion-related change 
in, 43t 
reference change values of, 470t 
Rotor’s syndrome and, 1199 
serum, 47t, 1195-1198, 1196f 
stick tests for, 301t 
units of measurement for, 7t 
urine, 1198 
urobilinogen in urine and feces and, 1198 
values during pregnancy, 2158t 
vegetarianism and, 455 
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Bilirubin glucuronides, 1195 
Bilirubinometer, 1197-1198 
Billing and reimbursement, 479, 480t 
Bimodal distribution, 436-437 
Bioavailability of drug, 1243-1244 
Biochemical genetics, 2207-2247 
in fatty acid oxidation disorders, 2230-2237, 
2231f, 2234-2235t 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
in inborn errors of amino acids, 539, 2211- 
2221, 2212-2217t 
analytical considerations in, 2237 
homocystinuria in, 2219f, 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
tyrosinemia type 1 in, 2217-2219, 2218f 
2219 
urea cycle defects in, 2220-2221 
in organic acid disorders, 2221-2230, 2224- 
2229t 
analytical considerations in, 2237-2242, 
2238-2241t 
ethylmalonic encephalopathy in, 2230, 
2230f 
glutaric acidemia type I in, 2230 
isovaleric acidemia in, 2222-2223, 2223f, 
2230 
propionate disorders in, 2222, 2223f 
Biochemical markers 
of alcoholic liver disease, 1818 
of bone turnover, 1935b, 1935t, 1935-1943 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f, 1941-1943 
preanalytical and analytical variables in, 
1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 
1939-1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937f 
urinary hydroxyproline in, 1940 
of cardiac function, 1629-1635 
adhesion molecules in, 1635 
brain natriuretic peptide in, 1629-1631, 
1631f 
C-reactive protein in, 1633 
cardiac troponin I and T in, 1629, 1629, 
1630f 
choline in, 1635 
clinical utility of, 1643-1645, 1644f 
creatine kinase isoenzymes and isoforms 
in, 1631-1632, 1642-1643, 1652, 
1652f, 1660 
cytokines in, 1633-1634 
ischemia modified albumin in, 1635 
isoprostanes in, 1635 
lactate dehydrogenase isoenzymes in, 1632- 
1633, 1633b, 1643, 1653 
matrix metalloproteinases in, 1634 
monocyte chemotactic protein in, 1634 
myeloperoxidase in, 1634 
myoglobin in, 1632, 1643, 1653 
nourin in, 1635 
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Biochemical markers (Continued) 
oxidized low-density lipoproteins in, 1634 
phospholipase A2 in, 1634 
placental growth factor in, 1634 
pregnancy associated plasma protein A in, 
1634 
sCD40 ligand in, 1633 
secreted platelet granular substances in, 
1634-1635 
serum amyloid in, 1633 
tissue plasminogen activator antigen in, 
1634 
tumor necrosis factor-a in, 1634 
unbound free fatty acid in, 1635 
urinary thromboxane in, 1635 
Biocytinase, 1108 
Biocytinyl, 1108 
Bioelectronic chip, 249 
Biological hazards, 31-33, 32f 
Biological variability, 467-471 
assessment of mode of reporting test results, 
471 
calculating total variation, 469 
delta check and, 468 
of high-sensitivity C-reactive protein, 965- 
966, 966f 
index of heterogeneity and, 470 
index of individuality and, 469-470 
intraindividual versus interindividual 
variations and, 467t 
quality specifications for total error 
allowable, 470-471 
reference change values and, 469, 470t 
reliability coefficient and, 470 
Bioluminescence, 84-85, 278-279 
Bioluminescent immunoassay, 235b 
Biopterin cofactor biosynthesis defect, 2212- 
2213t 
Biopterin cofactor regeneration defect, 2212- 
2213t 
Biosensors, 108-113 
affinity sensors and, 112-113, 113f, 114f 
enzyme-based 
with amperometric detection, 108-110, 
108-110 
with optical detection, 111-112 
with potentiometric and conductometric 
detection, 110-111, 111f 
Biotin, 1080f, 1107f 1107-1109, 1109f 
as nonisotopic probe for nucleic acids, 1420 
oral and intravenous intakes of, 1076t 
reference intervals for, 2258t 
Biotin amidohydrolase, 1108 
Biotin-avidin complex, 234 
Biotinidase deficiency, 2226-2227t 
Biotransformation of drug, 1246-1247 
Bisalbuminemia, 127, 548 
Bitolterol, 1261 
Biuret method for serum total protein, 586-587 
Bivariate, term, 434 
Black licorice, 1773 
Bladder cancer markers, 775t, 775-776 
epidermal growth hormone receptor in, 780 
matrix metalloproteinases in, 763 
tumor-associated trypsin inhibitor in, 764 
Blake’s method, 1224 
Bland-Altman plot, 376-377, 377f, 377t 
Blank sample, 360 
Blastocyst, 2153 
Bleeding esophageal varices, 1794 
Blindness as noncontrollable preanalytical 
variable, 465 


Blood 
androgen transport in, 2099 
biological activity of interleukin-1 and, 
659t 
entry of enzymes into, 214f, 214-216 
estrogen transport in, 2107 
fetal development of, 2160 
gas exchange in lung and, 1763, 1764f 
Blood acetaldehyde, 2253t 
Blood acetylcarnitine, 2253t 
Blood acrylylcarnitine, 2253t 
Blood alcohol 
analytical goals for, 365t 
federal mandate for, 1300 
specimen for, 1302-1303 
stages of acute alcoholic intoxication and, 
1301t 
Blood aldosterone, 2039-2040 
Blood amylase, 617 
Blood arsenic, 2257t 
Blood base excess, 1761 
Blood-based control materials, 1011-1012 
Blood biotin, 1108, 2258t 
Blood cadmium, 1378, 2258t 
Blood carbon dioxide, 2259t 
Blood carbon monoxide, 2259t 
Blood carboxyhemoglobin, 1296t, 1296-1297 
Blood-cerebrospinal fluid barrier, 577-578 
Blood cholinesterase, 55t 
Blood chromium, 2262t 
Blood cortisol, 2036, 2038-2039 
Blood cyanide, 2264t 
Blood decadienoylcarnitine, 2265t 
Blood decanoylcarnitine, 2265t 
Blood decenoylcarnitine, 2265t 
Blood 11-deoxycortisol, 2040-2041 
Blood dodecanoylcarnitine, 2266t 
Blood dodecenoylcarnitine, 2267t 
Blood estrogens, 2134-2136, 2136t 
Blood ethanol, 2269t 
Blood ethylene glycol, 1314 
Blood fluoride, 55t 
Blood galactose, 55t 
Blood-gas difference for electrode, 1010-1011 
Blood gases, 999-1014 
acid-base disorders and, 1767t 
amperometric method for, 103-104, 104f 
analytical goals for, 363t 
behavior of gases and, 999-1001, 1000t 
continuous and noninvasive monitoring of, 
1014 
critical values in, 2317t 
effects of fasting and starvation on, 456 
effects of smoking on, 457 
gas exchange in lung and, 1763, 1764f 
Henderson-Hasselbalch equation in, 1001- 
1002 
metabolic acidosis and, 1771 
metabolic alkalosis and, 1773-1774 
optical chemical sensors for, 106-108, 107f, 
114 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
PCO,, PO,, and pH determination in, 1006- 
1013 
calibration in, 1010-1011 
instrumentation in, 1008f 1008-1009, 
1010f 
quality assurance in, 1011-1013 
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Blood gases (Continued) 
reference intervals for, 1013, 2259t 


specimen acquisition for, 1006-1008, 1007t 


potentiometry for, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 96t, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101t 
reference values for, 2289 
respiratory acidosis and, 1774, 1775 
temperature correction and, 1013t, 1013- 
1014 
tonometry for, 1006 
Blood glucose, 868-875 
alcohol ingestion and, 457 
C-peptide and, 851, 853 
detection with biosensor, 109 
effects of exercise on, 451 
effects of fasting and starvation on, 456 
glucagon and, 851, 853 
glucose dehydrogenase methods for, 871 
glucose oxidase methods for, 870-871 


glycated hemoglobin concentration and, 879- 


880 
growth hormone and, 1971 
hexokinase methods for, 869-870 
hypoglycemia and, 864-868, 865b 
insulin and, 843-849, 845f, 846f, 847t, 848f 
minimally invasive monitoring of, 875 
neonatal, 460 
proinsulin and, 850-851, 853 
reference intervals for, 871-872, 2271t 
self-monitoring of, 873-875 
specimen collection and storage for, 868-869 
vegetarianism and, 456t 
Blood glucose-6-phosphate dehydrogenase, 55t, 
22/11 
Blood glutarylcarnitine, 2271-2272t 
Blood glycated hemoglobin, 2272t 
Blood group antigen(s), 773-774 
Blood-group antigen-related cancer markers, 
770t, 770-773 
Blood growth hormone, 1974-1976 
Blood heptanoylcarnitine, 2273t 
Blood hexadecanoylcarnithine, 2273t 
Blood hexadecenoylcarnitine, 2273t 
Blood hexanoylcarnitine, 2273t 
Blood 3-hydroxybutyrylcarnitine, 2275t 
Blood 3-hydroxydecenoylcarnitine, 2275t 
Blood 3-hydroxydodecanoylcarnitine, 2276t 
Blood 3-hydroxydodecenoylcarnitine, 2276t 
Blood 3-hydroxyhexadecenoylcarnitine, 2276t 
Blood 3-hydroxyhexanoylcarnitine, 2276t 
Blood 3-hydroxyisovalerylcarnitine, 2277t 
Blood 3-hydroxyoctadecadienoylcarnitine, 
22774 
Blood 3-hydroxyoctadecanoylcarnitine, 2277t 
Blood 3-hydroxyoctadecenoylcarnitine, 2277t 
Blood 17-hydroxyprogesterone, 2041-2042 
Blood 3-hydroxytetradecanoylcarnitine, 2278t 
Blood 3-hydroxytetradecenoylcarnitine, 2279t 
Blood isobutyrylcarnitine, 2280t 
Blood isovaleryl/CH3 butyrylcarnitine, 2281t 
Blood lactate, 878 
reference intervals for, 2282t 
special collection and storage conditions for, 
55t 
surgery-related changes in, 466 
Blood lead, 1380 
analytical goals for, 365t 
reference intervals for, 2282t 
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Blood lead (Continued) 
special collection and storage conditions for, 
55t 
Blood malonylcarnitine, 2284t 
Blood manganese, 1131, 1381, 2284t 
Blood mercury, 1382, 1383f, 2284t 
Blood methanol, 2285-2286t 
Blood methemoglobin, 2286t 
Blood methylmalonylcarnitine, 2286t 
Blood nickel, 2287t 
Blood octadecadienoylcarnitine, 2287t 
Blood octadecanoylcarnitine, 2287t 
Blood octadecenoylcarnitine, 2288t 
Blood octanoylcarnitine, 2288t 
Blood octenoylcarnitine, 2288t 
Blood pH 
exercise-related changes in, 451 
reference intervals for, 2289t 
Blood phenylalanine, 2290t 
Blood porphyrins, 1226, 1228f 
Blood pressure 
chronic kidney disease and, 1694 
posture and, 449 
Blood progesterone, 2137-2138, 2138t 
Blood propionylcarnitine, 2292t 
Blood pyruvate, 55t, 878 
Blood pyruvic acid, 2293t 
Blood selenium, 2294t 
Blood serotonin, 2294t 
Blood specimen, 41-49 
for aluminum-related bone disease, 1375 
anticoagulants and preservatives for, 47t, 47- 
48 
arterial puncture for, 47-48 
automated preparation of, 271 
for blood alcohol, 1302-1303 
for blood glucose, 868-869 
for catecholamines and metabolites, 1054- 
1055 
for cholesterol measurement, 956, 957t 
for electrolyte determination, 983-984 
for estrogens, 2135-2136 
for free calcium, 1901 
for glycated hemoglobin, 884 
for hemoglobin analysis, 1171 
hemolysis and, 49 
for 5-hydroxyindoleacetic acid, 1064 
influence of site of collection on, 48, 48t 
from intravenous or arterial lines, 49, 49t 
for progesterone, 2138 
skin puncture for, 46, 46f 
for steroid hormones, 2034 
for thyroxine, 2071 
for trace elements, 1120-1121 
venipuncture for, 41-45, 43f, 43t, 44f, 44t 
Blood supply 
hepatic, 1778, 1778f, 1780, 1780f 
pituitary, 1967 
renal, 1671-1672, 1673f 
Blood testosterone 
free, 2129-2131, 2130t, 2131t 
total, 2127-2129, 2129t 


Blood testosterone precursors, 2131-2132, 2132t 


Blood tetradecadienoylcarnitine, 2296t 
Blood tetradecanoylcarnitine, 2296t 
Blood tetradecenoylcarnitine, 2296t 
Blood thallium, 2297t 


Blood thyroid-stimulating hormone, 2066-2068, 


2067f, 2297t 
Blood tiglylcarnitine, 2299t 
Blood tube additives, 44t 
Blood urea nitrogen, 802 
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Blood vitamin B,, 2302t 
Blood vitamin B;, 2289t 
Blood volume 
posture-related changes in, 449-450 
during pregnancy, 2157 
seasonal influences on, 463 
Blood zinc, 1141 
Blotting techniques 
dot blotting in, 228 
Northern blotting in, 126, 228, 1424 
Southern blotting in, 126, 228, 1423f, 1423- 
1424 
for alpha-thalassemia, 1175 
for antigen-receptor gene rearrangements, 
1459t, 1461f, 1461-1462, 1462f 
for chromosomal translocations, 1464 
for fragile X syndrome, 1501, 1502f 
for hemophilia A, 1498, 1498f 
Western blotting in, 126, 227-228, 228f, 586 
BMD. See Becker muscular dystrophy. 
BMG. See Beta-microglobulin. 
BNP. See Brain natriuretic peptide. 
Body fluids 
buffer systems and, 1759-1762, 1763f, 1769f 
chloride and, 989 
composition of, 1748-1750, 1749t 
controllable preanalytical variables in, 449- 
459 
alcohol ingestion in, 457-458 
circadian variation in, 452-453, 453t 
diet in, 453-454 
drug administration in, 458t, 458-459 
exercise in, 451, 452t 
fasting and starvation in, 456-457 
food ingestion in, 454-455, 455t 
herbal preparations in, 459 
malnutrition in, 455-456 
physical training in, 451-452 
posture in, 449-450, 450t 
prolonged bed rest in, 450 
recreational drug administration in, 459 
smoking in, 457 
travel in, 453 
vegetarianism in, 455, 456t 
determination of glucose in, 868-875 
glucose dehydrogenase methods in, 871 
glucose oxidase methods in, 870-871 
glucose reference intervals and, 871-872 
hexokinase methods in, 869-870 
minimally invasive monitoring of blood 
glucose and, 875 
self-monitoring of blood glucose and, 873- 
875 
specimen collection and storage for, 868- 
869 
urine glucose measurement in, 872b, 872- 
873 
ketone bodies in, 876-877 
noncontrollable preanalytical variables in, 
459-467 
age in, 459-462, 4602, 461t 
altitude in, 463 
ambient temperature in, 463 
blindness in, 465 
fever in, 465-466, 466t 
influence of menstrual cycle in, 464 
obesity in, 464-465 
place of residence in, 463 
pregnancy in, 465 
race in, 462-463 
seasonal influences in, 463-464, 464t 
sex in, 462t, 463 
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Body fluids (Continued) 
shock and trauma in, 466, 467t 
stress in, 465 
transfusion and infusions in, 466-467 
potassium and, 986 
sodium and, 984 
Body water 
fasting and starvation and, 456 
hypervolemic hypernatremia and, 1754 
prolonged bed rest and, 450 
volume and distribution of, 1747-1748, 
1748f 1748t 
Body weight gene, 858 
Bohr effect, 1004, 1005f 
globin chains and, 1169-1170 
Boiling point, osmotic pressure and, 992 
Bombesin, 765¢, 1023t, 1875t 
Bonded phase packings, 156 
Bonding of silicon surfaces, 249-250 
Bone, 1891-1965 
biochemical markers of bone turnover and, 
1935b, 1935t, 1935-1943 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f, 1941-1943 
preanalytical and analytical variables in, 
1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 
1939-1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937f 
urinary hydroxyproline in, 1940 
calcium and, 1892-1904 
adjusted or corrected total calcium and, 
1896-1897, 1897b 
biochemistry and physiology of, 1892- 
1893, 1893t, 1894f 
free calcium and, 1899-1902, 1900f, 1901f, 
1902t 
hypercalcemia and, 1895, 1895-1896 
hypocalcemia and, 1893-1894, 1894b 
interpretation of results in measurement 
of, 1903-1904, 1904f, 1905f 
physiological variation in, 1903 
reference intervals for, 1903 
specimen collection for, 1902-1903 
total calcium and, 1897-1899, 1898f 1899b 
urinary calcium and, 1904 
effect of aluminum on, 1374-1375, 1375f 
1699 
estrogens and, 2105 
fluoride and, 1142 
hormones regulating, 1912-1930 
calcitonin in, 1926f, 1926-1928, 1927b 
parathyroid hormone in, 1912-1920, 1913- 
1916f, 1918f, 1919f 
parathyroid hormone-related protein in, 
1928-1930, 1929f 1930f 
vitamin D in, 1920f 1920-1926, 1921f 
19214, 1922b, 1923b, 1925f 
magnesium and, 1909, 1909-1912, 1910b, 
1911f, 1931-1932 
osteoporosis and, 1932-1933 
phosphate and, 1905-1909, 1906b, 1907b, 
1908t 
tumor of, 624 
Bone alkaline phosphatase, 611, 1940-1941 
Bone disease 
alkaline phosphatase and, 624 
aluminum toxicity and, 1699 
1,25-dihydroxyvitamin D and, 1922-1923 
metabolic, 1932-1935, 1933b 
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Bone disease (Continued) 
multiple myeloma in, 573 
serum alkaline phosphatase and, 608 
Bone enzymes, 623-625 
Bone isoform alkaline phosphatase, 624 
Bone marrow 
interleukin-1 and, 659t 
interleukin-6 and, 673t 
interleukin-11 and, 680-682, 681f 
Bone remodeling unit, 1891, 1892f 
Bone turnover markers, 1935b, 1935t, 1935- 
1943 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f 1941-1943 
in osteoporosis, 1932-1933 
preanalytical and analytical variables in, 1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 1939- 
1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937f 
urinary hydroxyproline in, 1940 
Bootstrap method for estimation of reference 
interval, 420, 442 
Boric acid for urine specimen preservation, 51, 
51t 
Boron, 1143 
Bound steroids, 2034 
Bowman’s capsule, 1672, 1676f, 1676-1677 
Boyle’s law, 1000, 1000¢ 
BPH. See Benign prostatic hypertrophy. 
Brain 
abscess of, 578t 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
glycogen phosphorylase isoenzymes and, 604 
interleukin-1 and, 659t 
interleukin-6 and, 673t 
interleukin-11 and, 682 
neurotransmitters of, 1040-1041 
tumor of, 578t 
Brain natriuretic peptide, 1629-1631, 1631f 
1645-1652, 1752 
biological variability of, 1650-1651, 1651f 
implications for therapy, 1648-1649 
methodology for, 1641, 1641b 
percentile reference interval concentrations 
for, 1639t 
population-based screening for, 1649-1650 
reference intervals for, 1641-1642, 1642f 
1642t 
use for prognosis and risk stratification, 
1647-1648, 1648t, 1649f, 1650f 
Bran, plasma composition changed by, 454 
Branched chain amino acid disorders, 2212- 
2213t 
Branched-chain DNA method, 1418 
Branched chain ketoacid dehydrogenase 
complex defect, 2212-2213¢, 2220 
Branching enzyme deficiency, 891 
BRCA1 gene, 785, 1508-1509 
BRCA2 gene, 785, 1508-1509 
Breast cancer 
cytokines and, 653-654 
estrogens and, 2112 
inherited, 1508-1509 
tartrate-resistant alkaline phosphatase and, 
624 
tumor markers in, 752t 
BRCAI and BRCA 2 genes in, 785 
calcitonin as, 766 
carbohydrate-related, 770t, 770-773 


Breast cancer (Continued) 
carcinoembryonic antigen in, 768-769 
cathepsins as, 762-763 
epidermal growth hormone receptor in, 
780 

estrogen and progesterone receptors in, 
777-779, 778t 

heat shock proteins in, 776 

hepatocyte growth hormone receptor in, 
779 

HER-2/neu gene in, 780t, 781-782 

kallikreins as, 757 

lactate dehydrogenase as, 756 

urokinase-plasminogen activator system 
and, 761-762 

Breast milk hyperbilirubinemia, 1201 

Breath alcohol, 1303-1304 

Brewer’s yeast, 1123 

British antilewisite, 1376 

Bromide, 2304t 

4-Bromo-2,5-dimethoxyphenylethylamine, 
1231f, 1323 

Bronchodilators, 1261t, 1261-1262 

Brush border enzymes, 1852-1853 

BTG. See Beta-thromboglobulin. 

Buffer(s) 

in capillary electrophoresis, 133 
in conventional electrophoresis, 123, 128 

Buffer solutions, 25-26, 26t 

Buffer systems, 1759-1762, 1763f, 1769f 

Bulbourethral gland, 2097 

Bull’s algorithm, 513 

Buprenorphine, 1340 

Bupropion, 1269, 1270, 1271, 2304t 

Burn, iontophoresis-related, 998 

Busulfan, male reproductive function and, 
2122t 

Butabarbital, 1326t, 1327t 

Butalbital 

characteristics of, 1326t 

urinary excretion of, 1327t 

U.S. government drug detection cutoff 
concentrations for, 1319t 

Butazolidin. See Phenylbutazone. 

Butyrylcholinesterase, 1317 

Butyrylglycine, 2258t 


C 


C-17,20-lyase-170.-hydroxylase deficiency, 2029 
C cell, 1926, 2053 
C-erb B-2 amplification, 780t, 781-782 
C family of chemokines, 709b, 709f, 709-713, 
710-713t 
C-maf transcription factor, 651 
C-mixed chain triglyceride test, 1872, 1872f 
C-peptide 
measurement of, 853 
analytical goals for, 364t 
clinical utility of, 850b, 851 
for hypoglycemia, 865 
special collection and storage conditions 
for, 55t 
proinsulin and, 844, 846 
as tumor marker, 774t 
C-reactive protein, 1633 
high-sensitivity, 962-967, 963-967, 966t 
influence of altitude on, 463 
multiple myeloma and, 1717 
properties of, 545t 
reference intervals for, 2263t 
C-telopeptide, 1938, 2264t 
C-terminal residue, 541 
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C-triolein test, 1880 
C1 inhibitor, 564t 
C3 complement, 544t, 545t, 566-568, 567t 
C4 complement, 544t, 545t, 568-569 
Cachexia, 705 
Cadmium, 1371, 1377-1378 
as causative factor in medical conditions, 1372t 
development of nephropathy and, 1708t 
reference intervals for, 2258t 
Caffeine, 1261, 1261t 
clearance of, 1791 
influence on catecholamine levels, 1056t 
plasma composition changed by, 454-455 
therapeutic and toxic levels of, 2304t 
CAH. See Congenital adrenal hyperplasia. 
Calan. See Verapamil. 
Calcineurin inhibitors, 1708t 
Calcitonin, 10211, 1926f, 1926-1928, 1927b, 2053 
reference intervals for, 2258t 
special collection and storage conditions for, 
55t 
as tumor marker, 765t, 765-766 
Calcitonin gene-related peptide, 1875t 
Calcium, 1892-1904 
adjusted, 1896-1897,1897b 
analytical goals for, 363t 
biochemistry and physiology of, 1892-1893, 
1893¢, 1894f 
biological variability in, 467t 
boron role in metabolism of, 1143 
calcitonin and, 1926 
circadian variation in, 452-453, 453t 
corrected, 1896-1897, 1897b 
critical values of, 2317t 
1,25-dihydroxyvitamin D and, 1921 
end-stage renal disease and, 1698f, 1698-1699 
estrogens and, 2105 
exercise-related effects on, 452t 
fasting and starvation and, 456 
fever-related effects on, 466t 
free, 1896, 1899-1902, 1900f 1901f, 1902t 
hypercalcemia and, 1895b, 1895-1896 
hypocalcemia and, 1893-1894, 1894b 
influence of age on, 460t 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
influence of gender on, 462, 462t 
influence of menstrual cycle on, 464 
interpretation of results, 1903-1904, 1904f 
1905f 
intestinal absorption of, 1931 
metabolic bone diseases and, 1932-1935, 
1933b 
metabolic function of nephron and, 1676t 
in neuronal release of catecholamines, 1036 
parathyroid hormone and, 1913, 1914f 
physiological variation in, 1903 
plasma, 47t, 18934, 1903 
posture-related changes in, 450t 
prolonged bed rest and, 450 
reference change values of, 470t 
reference intervals for, 2258t 
renal regulation of, 1681, 1930-1931 
required ion-selective electrode selectivity 
coefficient for, 96t 
seasonal influences on, 463-464, 464t 
sources of preanalytical error in, 1902-1903 
specimen collection for, 1902-1903 
total, 1896-1899, 1897b, 1898f, 1899b 
travel-related changes in, 453 
units of measurement for, 7t 
urine, 1904 
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Calcium (Continued) 
urine specimen preservatives and, 51t 
values during pregnancy, 2158t 
vegetarianism and, 456t 
Calcium-adenosine triphosphatase, 1681 
Calcium channel blockers 
antidotes for overdose, 1288t 
influence on catecholamine levels, 1056t 
Calcium stone disease, 1713-1714 
Calibration, 355f, 355t, 355-356 
of blood gas instrumentation, 1009-1011 
of chorionic gonadotropin assay, 2181-2812 
in direct potentiometry, 99-100 
of gonadotropin hormone assays, 1986 
of immunochemical methods, 583 
in ion-selective electrodes analysis, 986 
in maternal serum alpha-fetoprotein assay, 
2183 
in measurement of apolipoproteins, 959-960 
quality of, 495f, 495-496 
of total protein methods, 588-589 
of unconjugated estriol assay, 2185 
of volumetric pipette, 18-19 
Calibration material, 495 
for free calcium, 1902 
for gonadotropins, 1986, 1987t 
Calmagite, 1911, 1911f 
Calomel electrode, 95 
Calorie, 8, 909 
Canadian External Quality Assessment 
Laboratory, 943b 
Canavan disease, 2226-2227t 
Cancer 
biliary tract 
cancer antigen 50 and, 773 
DU-PAN-2 tumor markers and, 772-773 
tumor-associated trypsin inhibitor and, 
764 
bladder, 775t, 775-776 
epidermal growth hormone receptor and, 
780 
matrix metalloproteinases and, 763 
tumor-associated trypsin inhibitor and, 
764 
breast, 2112 
BRCAI and BRCA 2 genes in, 785 
calcitonin and, 766 
carbohydrate-related tumor markers in, 
770t, 770-773 
carcinoembryonic antigen and, 768-769 
cathepsins and, 762-763 
cytokines and, 653-654 
epidermal growth hormone receptor and, 
780 
estrogen and progesterone receptors and, 
777-779, 778t 
estrogens and, 2112 
heat shock proteins and, 776 
hepatocyte growth hormone receptor and, 
779 
HER-2/neu gene and, 780t, 781-782 
inherited, 1508-1509 
kallikreins and, 757 
lactate dehydrogenase and, 756 


tartrate-resistant alkaline phosphatase and, 


624 
tumor markers in, 752t 
urokinase-plasminogen activator system 
and, 761-762 
cervical 
hepatocyte growth hormone receptor and, 
779 
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Cancer (Continued) 


human papillomavirus in, 1565 
telomerase and, 765 
tumor-associated trypsin inhibitor and, 
764 
cytokines and, 652-655, 654f 
gastric 
cancer antigen 50 and, 773 
cancer antigen 72-4 and, 774 
carcinoembryonic antigen and, 768-769 
cathepsins and, 763 
colorectal cancer gene and, 785 
epidermal growth hormone receptor and, 
780 
heat shock proteins and, 776 
lactate dehydrogenase and, 756 
telomerase and, 765 
tumor-associated trypsin inhibitor and, 
764 
hematopoietic neoplasms, 1457-1482 
acute myeloid leukemia in, 1466-1469, 
469-1471f 
chronic leukemias of myeloid-monocytic 
ineage in, 1469-1471, 1472, 1473f 
detection of viral genomes in, 1475f 1475- 
476 
immunoglobulin-gene rearrangements in, 
458f, 1458-1460, 14594, 1460f 
in situ hybridization and, 1476 
lymphoma-specific recurrent 
chromosomal translocations in, 1463- 
466, 1465, 1466f, 1467f 
minimal residual disease detection and 
monitoring in, 1474 
oncogene and tumor suppressor gene 
mutations in, 1472f, 1472-1474 
PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463f 
potential of microarrays for, 1476 
Southern blot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f, 1461-1462, 1462f 
T-cell receptor gene rearrangements in, 
1460f, 1460-1461 
use of reverse-transcription PCR in 
chromosomal translocations in, 1471- 
1472 
interleukin-2 treatment of, 664 
interleukin-6 and, 674 
interleukin-7 and, 676 
interleukin-10 and, 680 
interleukin-12 and, 685 
isoenzymes and, 197 
lactate dehydrogenase and, 602 
liver, 1823-1825, 1824t 
penile, 1565 
pharmacogenetics and, 1610¢, 1610-1611 
plasma deoxyribonucleic acid and, 1399 
selenium role in chemoprevention of, 1136 
thyroid 
calcitonin and, 765-766, 1926-1927 
hormonal markers of, 765, 765t 
matrix metalloproteinases and, 763 
neuron-specific enolase and, 756 
RET tyrosine kinase receptor and, 783 
thyroglobulin and, 777 
tumor markers in, 753t 
tumor markers for, 745-795 
alkaline phosphatase in, 755 
androgen receptor in, 779 
blood group antigens in, 773-774 
carbohydrate markers in, 770t, 770-773 
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Cancer (Continued) 
cathepsins in, 762-763 
cell-free nucleic acids in, 786 
circulating cancer cells in, 786 
clinical applications of, 747-749, 748-749t 
clinical guidelines for, 752-753t 
creatine kinase in, 756 
cytokeratins in, 769 
epidermal growth hormone receptor in, 
779-780 
estrogen and progesterone receptors in, 
777-779 
evaluation of clinical utility of, 749-751, 
749-751f, 751t 
hepatocyte growth hormone receptor in, 
779 
historical background of, 746-747, 747t 
hormones as, 765t, 765-766 
human glandular kallikrein 2 in, 761 
kallikreins in, 756-757 
lactate dehydrogenase in, 756 
markers for angiogenesis as, 786 
mass spectrometry for, 752-754 
matrix metalloproteinases in, 763 
microarrays for, 754 
neuron-specific enolase in, 756 
oncofetal antigens in, 766-769, 767t 
oncogenes in, 780t, 780-783 
prostate-specific antigen in, 757-761, 760t 
prostatic acid phosphatase in, 756 
proteins as, 774t, 774-777, 775t 
PTEN tumor suppressor gene in, 785 
single nucleotide polymorphisms in, 785- 
786 
telomerase in, 764-765 
tissue production of, 746t 
tumor-associated trypsin inhibitor in, 763- 
764 
tumor suppressor genes in, 7831, 783-785 
urokinase-plasminogen activator system 
in, 761-762 
uterine 
cancer antigen 125 and, 772 
carcinoembryonic antigen and, 768-769 
epidermal growth hormone receptor and, 
780 
heat shock proteins and, 776 
hepatocyte growth hormone receptor and, 
779 
tumor-associated trypsin inhibitor and, 
764 
Cancer antigen 15-3, 770-771 
analytical goals for, 364t 
reference intervals for, 2258t 
Cancer antigen 19-9, 773, 2258t 
Cancer antigen 27-29, 771, 2258t 
Cancer antigen 50, 773, 2258t 
Cancer antigen 72-4, 773-774, 2258t 
Cancer antigen 125, 771-772 
analytical goals for, 364t 
reference intervals for, 2258t 
Cancer antigen 242, 774, 2259t 
Cancer antigen 549, 751t, 771 
analytical goals for, 364t 
reference intervals for, 2259t 
Cannabinoids, 1333f 1333-1335, 1334f 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Capacity-limited clearance, 1246, 1246f 
Capillary, renal, 1671, 1672, 1673f, 1674f 
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Capillary carbon dioxide, 2259t 
Capillary column in gas chromatography, 150 
Capillary electrophoresis, 130-135, 131f, 134f, 
135f 
for amino acids, 541 
for barbiturates, 1327 
in cytokine measurement, 722 
in forensic DNA testing, 1544 
microchip-based systems for, 250-251, 251f 
254, 256 
microfluidic-based devices for, 247 
for niacin, 1116 
for polymerase chain reaction products, 
1473, 1473f 
in protein analysis, 586 
Capillary gel electrophoresis, 134-135 
Capillary ion electrophoresis, 124 
Capillary isoelectric focusing electrophoresis, 
135, 135f, 1173 
Capillary isotachophoresis, 135 
Capillary serum, 48, 48t 
Capillary zone electrophoresis, 124, 124f 
Capture antibody for parathyroid hormone, 
1916f, 1916-1917 
Caput medusae, 1778 
Carbamate insecticides, 12884, 1315f, 1315- 
1317, 1316f 
Carbamazepine, 1249-1250, 1250t 
analytical goals for, 365t 
antidote for overdose, 1288t 
effects on thyroid function, 2064t 
therapeutic and toxic levels of, 2305t 
Carbamoylphosphate synthetase defect, 1489- 
1491, 1490f, 2214-2215¢, 2220-2221 
Carbamylated hemoglobin, 880 
Carbenicillin, 1267t 
effects on laboratory tests, 458t 
therapeutic and toxic levels of, 2305t 
Carbohydrate(s), 837-901 
determination of glucose in body fluids and, 
868-875 
glucose dehydrogenase methods in, 871 
glucose oxidase methods in, 870-871 
glucose reference intervals and, 871-872 
hexokinase methods in, 869-870 
minimally invasive monitoring of blood 
glucose and, 875 
self-monitoring of blood glucose and, 873- 
875 
specimen collection and storage for, 868- 
869 
urine glucose measurement in, 872b, 872- 
873 
diabetes mellitus and, 853-864 
chronic complications of, 862-863 
classification of, 854b, 854-855 
diagnosis of, 859b, 859-861, 860b 
gestational, 861t, 861-862 
role of clinical laboratory in, 8631, 863-864 
type I, 855-856 
type II, 856-859 
disaccharidase deficiencies and, 1862t, 1862- 
1864, 1863b, 1864b 
disaccharides in, 839, 839f 
glycated proteins measurement and, 878-886 
advanced glycation end product and, 886 
fructosamine and, 884-886, 885f 
glycated hemoglobin and, 879f, 879t, 879- 
884, 8814, 883f 
glycogen storage disease and, 890-891 
glycoproteins and, 840-841, 841f 
hypoglycemia and, 864-868, 865b 


Carbohydrate(s) (Continued) 
ketone bodies and, 875-877 
lactate and pyruvate and, 877-878 
metabolism of, 841-853 
C-peptide measurement and, 853 
clinical utility of measurement of 
hormones in, 850b, 850-851 
counterregulatory hormones and, 849-850 
digestion and absorption in, 841, 842f 
glucagon measurement and, 853 
inborn errors of, 888-890 
influence of glucocorticoids on, 2007 
insulin antibodies assays and, 853 
insulin-like growth factors and, 849 
insulin measurement and, 851-853 
insulin regulation of blood glucose 
concentration in, 843-849, 845f, 846f 
847t, 848f 
intermediary, 841, 842f, 843t 
liver disease and, 1791 
proinsulin measurement and, 853 
somatostatin and, 850 
thyroxine and, 850 
monosaccharides in, 837-839, 838f, 839f 
polysaccharides in, 839-840, 840f 
urinary albumin excretion and, 886-888 
Carbohydrate-deficient transferrin, 562 
Carbohydrate-related tumor markers, 770t, 770- 
773 
Carbon dioxide 
bicarbonate-carbonic acid buffer system and, 
1759-1760 
critical values of, 2317t 
gas exchange in lung and, 1763, 1764f 
metabolic alkalosis and, 1773-1774 
plasma, 2259t 
respiratory acidosis and, 1774 
respiratory alkalosis and, 1775 
serum, 2259t 
Carbon dioxide laser, 66t 
Carbon dioxide partial pressure, 999-1014 
acid-base disorders and, 1767t 
analytical goals for, 363t 
behavior of gases and, 999-1001, 1000¢t 
calibration of, 1010-1011 
continuous and noninvasive monitoring of, 
1014 
critical values of, 2317t 
gas exchange in lung and, 1763, 1764f 
Henderson-Hasselbalch equation and, 1001- 
1002 
instrumentation for, 1008f 1008-1009, 
1010f 
metabolic acidosis and, 1771 
metabolic alkalosis and, 1773-1774 
optical sensors for, 107, 114 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
potentiometry for measurement of, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 96t, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101t 
quality assurance in determination of, 1011- 
1013 
reference intervals for, 1013, 2259t 
respiratory acidosis and, 1774, 1775 
specimen acquisition for, 1006-1008, 1007t 
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Carbon dioxide partial pressure (Continued) 
temperature correction and, 1013¢, 1013- 
1014 
tonometry for, 1006 
Carbon furnace atomic absorption spectroscopy 
assay, 1136 
Carbon monoxide, 1296t, 1296-1298 
antidote for, 1288t 
reference intervals for, 2259t 
Carbon rod atomic absorption 
spectrophotometry, 74 
Carbonic anhydrase inhibitors, 1771 
Carboxyhemoglobin, 1167-1168 
blood, 1296t, 1296-1297 
effects of smoking on, 457 
geographical influence on, 463 
Carcinoembryonic antigen, 767t 
analytical goals for, 364t 
reference intervals for, 2259t 
special collection and storage conditions for, 
55t 
Carcinofetal ferritin, 767t 
Carcinogen, 746 
Carcinoid syndrome, 1116 
Carcinoid tumor, 1052-1054 
calcitonin and, 766 
chromogranins and, 777 
neuron-specific enolase and, 756 
Cardiac biomarkers, 1629-1660 
adhesion molecules in, 1635 
brain natriuretic peptide in, 1629-1631, 
1631f, 1645-1652 
biological variability of, 1650-1651, 1651f 
implications for therapy, 1648-1649 
population-based screening for, 1649-1650 
use for prognosis and risk stratification, 
647-1648, 1648t, 1649f, 1650f 
cardiac troponin I and T in, 1629, 1629b, 
1630f 
end-stage renal disease and, 1658, 1658t, 
659f 
general clinical observations of, 1645, 
645f, 1646f 
methodology for, 1635-1637, 1636t, 1637b, 
637t 
in monitoring reperfusion following 
thrombolytic therapy, 1659-1660, 
660f 
in multimarker analysis, 1660, 1660f 
risk assessment in ischemic patient and, 
654-1657, 1656f, 1657f 
role in nonischemic presentations, 1657- 
658, 1658f 
choline in, 1635 
clinical utility of, 1643-1645, 1644f 
creatine kinase isoenzymes and isoforms as, 
1631-1632 
acute myocardial infarction and, 1652, 
1652 
comparison with cardiac troponins, 1640, 
1640t 
in estimation of infarct size, 1660 
methodology for, 1642-1643 
99th percentile reference limits for, 1639t 
reference intervals for, 1643 
cytokines in, 1633-1634 
ischemia modified albumin in, 1635 
isoprostanes in, 1635 
lactate dehydrogenase isoenzymes in, 1632- 
1633, 1633b, 1643, 1653 
matrix metalloproteinases in, 1634 
monocyte chemotactic protein in, 1634 
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Cardiac biomarkers (Continued) 
myeloperoxidase in, 1634 
myoglobin in, 1632, 1643, 1653 
nourin in, 1635 
oxidized low-density lipoproteins in, 1634 
phospholipase A2 in, 1634 
placental growth factor in, 1634 
pregnancy associated plasma protein A in, 
1634 
sCD40 ligand in, 1633 
secreted platelet granular substances in, 1634- 
1635 
serum amyloid in, 1633 
tissue plasminogen activator antigen in, 1634 
tumor necrosis factor-@ in, 1634 
unbound free fatty acid in, 1635 
urinary thromboxane in, 1635 
Cardiac conduction system, 1621-1622, 1622f 
Cardiac cycle, 1621, 1621f 
Cardiac disease. See Heart disease. 
Cardiac hormones, 1024t 
Cardiac output, renal blood flow and, 1671- 
1672 
Cardiac risk factors, 962-968 
high-sensitivity C-reactive protein in, 962- 
967, 963-967f, 966t 
homocysteine in, 967f, 967-968 
Cardiac troponin I and T, 1629, 1629b, 1630f 
1635-1641 
end-stage renal disease and, 1658, 1658¢, 
1659f 
general clinical observations of, 1645, 1645f, 
1646f 
methodology for, 1635-1637, 1636t, 1637b, 
1637t 
in monitoring reperfusion following 
thrombolytic therapy, 1659-1660, 1660f 
in multimarker analysis, 1660, 1660f 
reference intervals for, 1627f, 1637-1641, 
1638t, 1639t 
risk assessment in ischemic patient and, 
1654-1657, 1656f, 1657f 
role in nonischemic presentations, 1657- 
1658, 1658f 
Cardioactive drugs, 1256f, 1256-1261 
amiodarone in, 1256 
digoxin in, 1256-1257, 1257f 
disopyramide in, 1258 
flecainide in, 1258 
lidocaine in, 1258-1259 
mexiletine in, 1259 
procainamide in, 1259 
propafenone in, 1259-1260 
propranolol in, 1260 
quinidine in, 1260 
tocainide in, 1260-1261 
verapamil in, 1261 
Cardiolipins, 914 
Cardiomyopathy, selenium-related, 1383 
Cardiotoxicity of tricyclic antidepressants, 1309 
Cardiovascular calcification, 1698, 1725 
Cardiovascular disease 
C-reactive protein and, 556, 962-967, 963- 
967f, 966t 
chromium deficiency and, 1125 
copper deficiency and, 1129 
diabetes mellitus and, 1695, 1695t 
in dialysis patient, 1723-1724, 1724f 
selenium and, 1136 
Cardizem. See Diltiazem. 
Cardura. See Doxazosin. 
Carnitine, 256 


2335 


Carnitine acylcarnitine translocase defect, 2234- 
2235t 
Carnitine palmitoyl transferase I defect, 2234- 
2235t 
Carnitine palmitoyl transferase II defect, 2234- 
2235t 
Carnitine uptake defect, 2234-2235t 
Carnosinase defect, 2214-2215t 
Carnosinemia, 2214-2215t 
Carotenoids, 1079-1081 
Carr-Price photometric method, 1083 
Carrier ampholyte, 129 
Carrier free radionuclide, 22 
Carrier gas in gas chromatography, 149, 150- 
151 
Carrier proteins for thyroid hormones, 2057 
Carrier screening for cystic fibrosis, 1485, 1486t 
Carryover, 272-273, 356 
Carryover contamination, 1562 
Cartesian systems, 283-284, 284f 
Carumonam, 1268t 
Caspases, 657 
Cast nephropathy, 1717 
Catabolism 
of cholesterol, 906-907, 908f 
of fatty acids, 909, 910f 
of heme to bilirubin, 1194f 
of nucleotides, 804f, 805 
Catalase, 1780 
Catalyst, enzyme as, 198 
Catalytic amount, 8 
Catapres. See Clonidine. 
Catechol-O-methyltransferase, 1037-1038, 
1038f 
Catecholamine(s), 1019, 1033-1074 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
collection and storage of samples for, 
054-1055 
5-hydroxyindoleacetic acid and, 1063- 
065, 1065t 
influences of diet and drugs on, 1055, 
056t 
plasma assays in, 1057, 1057t 
plasma L-dopa, DOPAC, and DHPG and, 
059, 1059t 
plasma metanephrines and, 1057-1058, 
058t 
reference intervals in, 1055-1057 
serotonin and, 1062-1063, 1063t 
urinary, 1059-1060, 1060t 
urinary fractionated metanephrines and, 
1060-1061, 1061t 
urinary homovanillic acid and, 1061-1062, 
1062t 
urinary vanillylmandelic acid and, 1061, 
1062t 
biosynthesis of, 1034f, 1034-1035 
carcinoid and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051t 
enteric nervous system and, 1045 
exercise-related changes in, 451 
neuroblastoma and, 1049-1050 
peripheral dopaminergic system and, 1044- 
1045 
pheochromocytoma and, 1045-1048, 1049b 
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Catecholamine(s) (Continued) 
plasma, 1057, 1057t 
posture-related changes in, 449-450 
prolonged bed rest-related changes in, 450 
reference intervals for, 2259-2260t 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 
sympathetic nervous system and, 1041-1043, 
1042t 
travel-related changes in, 453 
uptake and metabolism of, 1036-1039, 1037- 
1039f, 1039t 
urine specimen preservatives and, 51t 
Cathepsins, 762-763 
Catheter urine specimen, 50 
Cathode, 983 
Cation, 983 
Cationic trypsin, 622 
CBG. See Corticosteroid-binding globulin. 
CC chemokine receptors, 718 
CC family of chemokines, 709b, 709f 709-713, 
710-713t 
CCK-PZ. See Cholecystokinin-pancreozymin. 
CD4 T cell 
antigenic presentation to, 649 
cancer and, 654 
interferon-y and, 698-699, 699f 
interleukin-2 and, 661, 661f 663b 
interleukin-3 and, 665, 665f 
interleukin-4 and, 668 
interleukin-5 and, 670, 670f 
interleukin-7 and, 676 
interleukin-12 and, 684 
interleukin-13 and, 686f, 686-688 
interleukin-16 and, 691f, 691-692 
interleukin-17 and, 693-694, 694f 
secretion of cytokines from, 650-651, 651f 
subtypes of, 649-650, 650f 
CD8 T cell 
antigenic presentation to, 649 
cancer and, 654 
interferon-y and, 698-699, 699f 
interleukin-2 and, 661, 661f 663b 
interleukin-7 and, 676 
interleukin-13 and, 686f, 686-688 
interleukin-16 and, 691f, 691-692 
interleukin-17 and, 693-694, 694f 
CEA. See Carcinoembryonic antigen. 
CEDIA. See Cloned enzyme donor 
immunoassay. 
Cefaclor, 1267t 
Cefadroxil, 1267t 
Cefamandole, 1267t 
Cefazolin, 1267t 
Cefixime, 1267t 
Cefoperazone, 1267t 
Cefopodoxime, 1267t 
Cefotaxime, 1267t 
Cefotetan, 1267t 
Cefoxitin, 1267t 
Cefprozil, 1267t 
Ceftazidime, 1267t 
Ceftriaxone, 1267t 
Cefuroxime, 1267t 
Celiac disease, 1859-1862, 1860f, 1861t, 1862t 
Cell 
leakage of enzymes from, 214, 214-215 
nanotechnology and, 256, 256f 
Cell adhesion 
chemokines and, 716-717 
interferon-y and, 700 
tumor necrosis factor-a and, 706 


Index 


Cell conductivity, 293 

Cell culture, nanotechnology in, 256, 256f 

Cell-free nucleic acids, 786 

Cell-mediated immunity 

interleukin-10 and, 679 

interleukin-12 and, 684 

Cell-surface receptor 

catecholamines and serotonin and, 1039 

postreceptor actions of, 1027-1029, 1029f 

role of, 1026-1027, 1026-1028f 

CellCept. See Mycophenolate mofetil. 

Cellular antibody, 220 

Cellulase, 840 

Cellulose, 840 

Cellulose acetate, 124 

Celontin. See Methsuximide. 

Centers for Disease Control and Prevention 
standardization criteria for lipid 
measurement, 958, 958t 

Centi, metric prefix of SI unit, 7t 

Central diabetes insipidus, 1753-1754, 1992 

Central nervous system 

catecholamines and serotonin and, 1040-1041 

copper and, 1127 

dysfunction in hypoglycemia, 865 

zinc and, 1140 

Central nervous system depressants 

barbiturates in, 1325-1328, 1326t, 1327f, 
1327t 

benzodiazepines in, 1328t, 1328-1333, 1329- 
1332f 

gamma-hydroxybutyrate in, 1336-1338, 1337f 

opioids in, 1339-1344, 1340-1343f 

Central nervous system stimulants 

amphetamine, methamphetamine, and 
sympathomimetics in, 1320-1325, 1321f 
1322f, 1324f 

cocaine in, 1335, 1336f 

lysergic acid diethylamide in, 1338f, 1338- 
1339, 1339f 

Central 95% interval, 434-435, 435f 

Central precocious puberty, 2111 

Central thyroid disease, 2059, 2059f 

Centrifugal analyzer, 266 

Centrifugation, 19-21 

Centrifuge, 19, 20 

Cephalexin, 1267t 

Cephalosporins, 1266, 1267t, 1708t 

Cephalothin, 1267t 

Cephapirin, 1267t 

Cephradine, 1267t 

Ceramide, 914f, 915 

Cerebral ischemia, 707 

Cerebrohepatorenal syndrome, 1786 

Cerebrospinal fluid, 539, 577-580, 578t 

Cerebrospinal fluid albumin, 549, 2254t 

Cerebrospinal fluid glucose, 869, 22714, 2317t 

Cerebrospinal fluid immunoglobulin A, 2279t 

Cerebrospinal fluid immunoglobulin G, 2279t 

Cerebrospinal fluid immunoglobulin M, 2279t 

Cerebrospinal fluid lactate, 877, 2282t 

Cerebrospinal fluid proteins 

analysis of, 589-590 

critical values of, 2317t 

reference intervals for, 2293t 

staining in conventional electrophoresis, 125t 

Cerebrospinal fluid pyruvic acid, 2293t 

Cerebrospinal fluid serotonin, 2294t 

Cerebrospinal fluid/serum albumin index, 579 

Cerebrospinal fluid studies, critical values in, 
2318t 

Cerebrotendinous xanthomatosis, 1786 


Certican. See Everolimus. 
Certification 
in HLA testing, 1549 
in point-of-care testing, 312, 312b 
Certified reference material, 399-400, 403b, 495 
Certified Reference Standards, 12, 13t, 14t 
Ceruloplasmin, 556-559 
copper and, 1126, 1127 
effects of steroid hormones on, 545t 
function of, 556-557, 557f 
hepatic synthesis of, 1788 
properties of, 544t 
reference intervals for, 558t, 558-559, 2260t 
role in iron homeostasis, 1188t 
Wilson’s disease and, 1815-1816 
Cervical cancer 
hepatocyte growth hormone receptor and, 
779 
human papillomavirus in, 1565 
telomerase and, 765 
tumor-associated trypsin inhibitor and, 764 
CG. See Chorionic gonadotropin. 
CH50 assay for C4 deficiency, 569 
Chain-termination reaction, 1426, 1427f 
Chaotropic agents, 144 
Charcot-Marie-Tooth disease, 1492-1493 
Charge-coupled detector 
in electrophoresis, 146 
in fluorometry, 80 
Charge-coupled device camera, 305 
Charles’ law, 1000, 1000t 
Chelation, 1209 
Chelation therapy for lead poisoning, 1314- 
1315, 1380 
Chemical(s) 
cause of cell damage or death, 214t 
hazardous, 33-35, 34t 
quality of, 10-12, 11t 
SRM numbers for, 13-14t 
Chemical hygiene plan, 29 
Chemical ionization, 167, 168 
Chemical reaction phase, 274-276, 275f, 276f 
Chemical sensors, 93-119 
biosensors and, 108-113 
affinity sensors and, 112-113, 113f, 114f 
enzyme-based biosensors with 
amperometric detection and, 108-110, 
108-110f 
enzyme-based biosensors with optical 
detection, 111-112 
enzyme-based biosensors with 
potentiometric and conductometric 
detection, 110-111, 111f 
conductometry and, 105-106 
coulometry and, 106 
optical chemical sensors and, 106-108, 
107f 
potentiometry and, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 96t, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101¢ 
voltammetry and amperometry and, 101-105, 
102f, 104f, 105f 
Chemiluminescence, 84-85, 278-279 
Chemiluminescent, label used for nonisotopic 
immunoassay, 231t 
Chemokine(s), 648, 708-720 
angiogenic activity of, 716 
cell adhesion and, 716-717 
chemokine receptors and, 718-719 
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Chemokine(s) (Continued) 
classification of, 709b, 709f, 709-713, 710- 
713t 
clinical relevance of, 717-718 
general characteristics of, 709 
hematopoietic function of, 714-715 
immune response and, 716 
inflammation and, 714, 714f 
in leukocyte activation, 715 
leukocyte trafficking and, 714, 715f 
in lymphocyte recruitment and activation, 
715-716 
molecular structure of, 713-714 
in platelet activation, 716 
in proliferation of B cell progenitors, 715 
regulation of, 720 
signal transduction and, 719f, 719-720 
Chemokine receptor, 718-719 
Chemotaxins, 565 
Chemotaxis 
interleukin-4 and, 668 
interleukin-6 and, 674 
Chemotherapeutic agents, 1383 
interleukin-6 and, 675 
for multiple myeloma, 1717 
Chemstrip for bilirubin, 1198 
Chenodeoxycholic acid, 907, 908f, 1782, 1784f 
Chenodeoxycholyglycine, 1782 
Chenodeoxycholytaurine, 1782 
Chi-square test, 508-509 
Child 
body fluid composition of, 461 
cobalamin deficiency in, 1103 
cystic fibrosis and, 1867, 1867b 
feces collection from, 52 
lead poisoning in, 1379-1380, 1380f 
urine collection from, 50 
venipuncture in, 45 
Child-Pugh system for cirrhosis, 1820, 1820t 
Chimeric gene, 1464 
Chimerism analysis, 1547, 1549-1551, 1550t 
Chiral packings, 156 
Chitin, 840 
Chlamydia trachomatis, 1563-1565, 1564t 
Chloral hydrate, 2305t 
Chlorambucil, 2122t 
Chloramphenicol, 12624, 1263t, 1265, 2305t 
Chlorcyclizine, 1312f 
Chlordiazepoxide, 13284, 1330t, 2305t 
Chloride, 989-990, 1757 
in amniotic fluid, 2156t 
analytical goals for, 363t 
biological variability in, 467t 
blindness and, 465 
circadian variation in, 453f, 453t 
coulometry and, 106 
critical values of, 2317t 
effects of fever on, 466t 
exercise-related changes in, 452t 
fasting and starvation and, 456-457 
fecal, 989 
food ingestion and, 454 
influence of blood collection site on, 49, 49t 
influence of menstrual cycle on, 464 
metabolic function of nephron and, 1676t 
plasma, 47t 
reference change values of, 470t 
reference intervals for, 2260t 
renal regulation of, 1681 
transfusion-related changes in, 467 
values during pregnancy, 2158t 
Chloride-resistant metabolic alkalosis, 1773 
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Chloride-responsive metabolic alkalosis, 1772, 


1772-1773 


Chloride shift, 1761-1762, 1762f 
Chloroform, 51 

Chloromycetin. See Chloramphenicol. 
Chlorpheniramine, 1312f 
Chlorpromazine, 13114, 2305t 
Cholangiocarcinoma, 1825 
Cholecalciferol, 1024t, 1920, 1920f 
Cholecystitis, 617 

Cholecystokinin, 1873-1874, 1874t 


amino acid consumption test and, 1869- 
1870, 1870t 
secretin tests and, 1869, 1869t 


Cholecystokinin-pancreozymin, 1023 
Cholestasis, 1821 


alpha,-antitrypsin deficiency and, 551 
aminotransferases and, 605 
pregnancy-related, 2162 

rare causes of, 1823 


Cholestatic liver disease, 1808, 1820-1823 
Cholesterol, 904-907 


absorption of, 904-905 
adult levels of, 461 
bile acids and, 1782, 1783f 
catabolism of, 906-907, 908f 
change in prolonged venous occlusion, 43t 
childhood levels of, 461 
circadian variation in, 453f, 453t 
coronary heart disease and, 924-928, 927f 
diet and, 453 
effects of exercise on, 451, 452t 
effects of gender on, 462, 462t 
esterification of, 905-906, 907f 
familial combined hyperlipidemia and, 929- 
930 
familial defective apolipoprotein B-100 and, 
931 
familial hypercholesterolemia and, 931 
fasting and starvation and, 456 
fever and, 466 
influence of age on, 460t 
influence of food on, 454, 455t 
in lipoproteins, 916t 
malnutrition and, 455 
measurement of 
analytical goals for, 363t 
Cholesterol Reference Method Laboratory 
Network and, 942, 942b, 943b 
enzymatic methods for, 942-944 
NCEP recommendations for, 956-958, 958t 
reference methods for, 940 
special collection and storage conditions 
for, 55t 
stick tests for, 301t 
units for, 7t 
obesity and, 464-465 
physical training-related changes in, 451 
plasma and serum, 47t 
posture-related changes in, 450t 
racial differences in, 463 
reference change values of, 470t 
reference concentrations of, 922-924, 922- 
927t 
reference intervals for, 2261t 
reverse cholesterol transport pathway and, 
921f, 921-922 
seasonal influences on, 463 
smoking and, 457, 457t 
steroid hormone synthesis and, 2005, 2010f 
synthesis of, 905-907f 
testosterone and, 2098, 2100f 
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Cholesterol (Continued) 
values during pregnancy, 465, 2158t 
vegetarianism and, 455, 456t 
Cholesterol ester transfer protein, 458 
Cholesterol gallstones, 1823 
Cholesterol Reference Method Laboratory 
Network, 942, 942b, 943b 
Cholesterol screening, 933-934 
Cholesteryl ester(s), 916t 
Cholesteryl ester storage disease, 906 
Cholestyramine, 2064t 
Cholic acid, 907, 908f, 1782, 1784f 
Choline, 1635 
Cholinergic toxidromes, 1290t 
Cholinesterase, 614-616 
blood, 55t 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
reference intervals for, 2261t 
serum, 615-616, 2261t 
special collection and storage conditions for, 
55t 
Cholyglycine, 1782 
Cholytaurine, 1782 
Chondrocyte, 659t 
Choriogonadotropin, 1022t 
Chorionic gonadotropin, 1022t, 2155, 2179- 
2182 
analytical goals for, 364t 
median values for, 2172f 
qualitative analysis for, 2160-2161, 2161f 
reference intervals for, 2261-2262t 
threatened abortion and, 2161-2162 
trophoblastic disease and, 2165 
Chorionic somatomammotropin, 1022t 
Chorionic villus, 2160 
Chorionic villus sampling, 1546 
Chromaffin cell, 1043 
pheochromocytoma and, 1045 
Chromaffin reaction, 1043 
Chromatin, 1395 
Chromatogram, 141, 142f 
Chromatograph, 141 
Chromatograph-mass spectrometer system, 167, 
167f 
Chromatographic peaks, 142, 146f 
Chromatography, 141-163 
basic concepts in, 141-142, 142f 
for blood estrogens, 2134-2135 
column, 149-161 
gas chromatography in, 149-155, 150t, 
150-152f, 153¢, 154f, 155f 
liquid chromatography in, 155-161, 156t, 
157-159f, 159t 
for cortisol, 2036 
for measurement of isoenzymes and 
isoforms, 213 
planar, 148-149, 149f 
qualitative and quantitative analyses in, 161- 
162, 162f 
resolution in, 145f, 145-148, 146f 
separation mechanisms in, 142-144, 143-145f 
for urinary catecholamines, 1060 
Chromium, 1122-1126, 1378 
development of nephropathy and, 1708t 
oral and intravenous intakes of, 1076t 
reference intervals for, 2262t 
Chromogenic assay 
for iron, 1190t 
for urine glucose, 872 
Chromogranin, 777, 1035 
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Chromogranin A, 1875¢, 1878 
ChromoLyte, 987 
Chromophobe, 1967 
Chromosomal instability pathway, 1510, 
1510f 
Chromosomal translocations 
in leukemias, 1466-1472, 1468t, 1469-1473f 
lymphoma-specific, 1463-1466, 1465t, 1466f 
1467f 
minimal residual disease detection and 
monitoring in, 1474 
Chromosome 
steroidogenic enzymes and, 2006, 2006t 
structure of, 1395-1396 
Chronic beryllium disease, 1377 
Chronic diarrhea, 1881, 1881-1883, 1882f 
Chronic hepatitis, 1809f, 1809-1817 
alpha,-antitrypsin deficiency in, 1816 
aminotransferases and, 605 
autoimmune hepatitis in, 1812-1814, 
1813t 
cholinesterase and, 615 
chronic hepatitis B in, 1799-1800, 
1809-1811 
chronic hepatitis C in, 1802, 1810f, 1811 
drug-induced, 1816-1817 
gamma-glutamyltransferase and, 613 
glutamate dehydrogenase and, 607 
hemochromatosis in, 1814-1815 
immunoglobulin levels in, 572 
nonalcoholic fatty liver disease and 
nonalcoholic steatohepatitis in, 1811- 
1812 
outburst mimicking acute hepatitis, 1807 
during pregnancy, 2163 
serum alkaline phosphatase and, 609t 
Wilson’s disease in, 1815-1816 
Chronic kidney disease, 1693-1697, 1694f, 
1695t, 1696b 
electrophoretic patterns in, 585f 
hyperphosphatemia in, 1907, 1907b 
hypocalcemia in, 1894 
struvite stones and, 1715 
tubular proteinuria in, 1688 
Chronic myeloid leukemia, 1469-1471, 1472f, 
1473f 
Chronic pancreatic insufficiency, 623 
Chronic pancreatitis, 613, 1867-1868, 1868b 
Chronic pyelonephritis, 1706 
Chronic renal failure, 1689 
age and, 1686, 1686f 
cationic trypsin in, 622 
potassium retention in, 985 
Chronic tubular proteinuria, 576 
Chylomicron, 905, 1854 
characteristics of, 916t 
chemical composition of, 916t 
lipoprotein metabolism and, 919 


type III dysbetalipoproteinemia and, 930-931 


type V hyperlipoproteinemia and, 930 

very low-density lipoproteins and, 915-916 
Chyme, 1849 
Chymotrypsin 

fecal, 1870t 

pancreatic, 623 

reference intervals for, 2262t 
Chymotrypsinogen, 623 
Cimetidine, 2305t 
trans-Cinnamoylglycine, 2262t 
Ciprofloxacin, 1262t, 1265, 1266f, 12684, 2305t 
Circadian rhythm of adrenocorticotropic 

hormone, 2015 
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Circadian variation 
as controllable preanalytical variable, 452- 
453, 453t 
travel-related, 453 
Circulating antibody, 220 
Circulating cancer cells, 786 
Circulating immunoreactive parathyroid 
hormone, 1914f 1914-1915 
Circulating nucleic acids, 1399-1400 
Cirrhosis, 1819¢, 1819-1820, 1820t 
alcoholic liver disease and, 1818 
alpha,-antitrypsin deficiency and, 551 
alterations of bile acid synthesis in, 1786 
aminotransferases and, 605 
cholinesterase and, 615 
glutamate dehydrogenase and, 607 
haptoglobin and, 561 
hepatocellular carcinoma and, 1823-1824 
hypoalbuminemia in, 1788 
portal hypertension in, 1793f, 1793-1794 
serum alkaline phosphatase and, 609t 
Citrate 
for blood specimen preservation, 48 
calcium stone disease and, 1715 
Krebs cycle and, 909, 910f 
urine specimen preservatives and, 51t 
Citric acid 
reference intervals for, 2262t 
special collection and storage conditions for, 
55t 
Citrin deficiency, 2214-2215t 
Citrulline, 536t 
Citrullinemia, 2214-2215t 
CK. See Creatine kinase. 
Clapper-Williams transformation, 73 
Clarithromycin, 1268t 
Clark style amperometric oxygen sensor, 103- 
104, 104f 
Class-specific reference interval, 436 
Class switching, 1459 
Classic distal renal tubular acidosis, 1707-1708 
Classic phenylketonuria, 2211-2217, 2212- 
2213t, 2216f 


Classical pathway of complement, 564-565, 565f 


Classification bias, 410t, 410-411 
Clean, early morning, fasting urine specimen, 
49 
Clean timed urine specimen, 49-50 
Clearance 
of drug, 1242-1243 
of enzymes, 216, 216f 
glomerular filtration rate and, 818 
Clearview hCG test, 239 
Clindamycin, 1268t 
Clinical audit, 345f, 345-347 
Clinical biochemical genetics, 2207-2247 
biochemical diagnosis in, 2207-2211, 2208t, 
2209f, 2210f, 2211b 
in fatty acid oxidation disorders, 2230-2237, 
2231f, 2234-2235 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
in inborn errors of amino acids, 539, 2211- 
2221, 2212-2217t 
analytical considerations in, 2237 


Clinical biochemical genetics (Continued) 
homocystinuria in, 2219f, 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
tyrosinemia type 1 in, 2217-2219, 2218f 
2219f 

urea cycle defects in, 2220-2221 

in organic acid disorders, 2221-2230, 2224- 
2229t 

analytical considerations in, 2237-2242, 
2238-2241t 

ethylmalonic encephalopathy in, 2230, 
2230f 

glutaric acidemia type I in, 2230 

isovaleric acidemia in, 2222-2223, 2223f, 
2230 

propionate disorders in, 2222, 2223f 
Clinical chemistry, 324 
Clinical correlation studies, 514-515 
Clinical decision limits, 436 
Clinical enzymology, 191-218 
analytical enzymology and, 207-213 
immobilized enzymes and, 213 
immunoassay and, 212-213 
measurement of enzyme mass 
concentration in, 211 

measurement of isoenzymes and isoforms 
in, 213 

measurement of metabolites in, 211-212 

measurement of reaction rates in, 207-209, 
208f 

measurement of substrates in, 209-210 

optimization, standardization, and quality 
control in, 210f 210-211 

units for expressing enzyme activity in, 209 

basic principles of, 191-198 
catalytic activity of enzymes and, 198 
enzyme nomenclature and, 191-192, 192t 
isoenzymes and multiple forms of enzymes 

and, 193-198, 194f, 195f 
structure of enzyme and, 192-193 

diagnostic enzymology and, 214t, 214-217, 

216f, 217f, 217t 
enzyme kinetics and, 198-207 
coenzymes and prosthetic groups in, 207 
consecutive enzymatic reactions and, 202- 
203 

effect of pH in, 203, 203f 

enzyme activation and, 206-207 

enzyme concentration and, 199 

enzyme-substrate complex and, 198-199, 
199f 

inhibition of enzyme activity and, 204-206, 
205f 

substrate concentration and, 199f, 199-202, 
201f, 202f 

temperature effect on, 203-204, 204f 

Clinical laboratory automation, 265-297 

automated pipetting stations and, 294 

development of standards for, 292 

electrophoresis systems and, 124-125 

evaluation of requirements for, 289-290, 290b 

flow cytometers and, 293 

hematology cell counters and, 293 

historical overview of, 265-267, 268t 

integrated steps in analytical process and, 
280-289 
automated specimen processing and, 284- 
288, 285f, 287f 
automated specimen sorting and, 288f, 
288-289, 289f 
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Clinical laboratory automation (Continued) 
automated specimen storage and retrieval 
and, 289 
automated specimen transport and, 282- 
284, 284f 
instrument clusters and, 281-282, 282f 
problems of integration in, 290-292, 291f 
workcells and, 282, 282f 
workstations and, 281 
measuring impact of, 292 
microtiter plate systems and, 294 
nucleic acid analyzers and, 293-294 
point-of-care testing analyzers and, 294 
remote automated laboratory system and, 
294 
specimen acquisition and, 268 
specimen identification and, 268-280 
bar coding in, 269f, 269-270 
chemical reaction phase and, 274-276, 
275f, 276f 
chemiluminescence and bioluminescence 
in, 278-279 
electrochemical methods in, 279 
fluorometry in, 278 
front-surface reflectance fluorometry in, 
278 
labeling in, 268-269 
on-analyzer specimen delivery and, 272f 
272-273 
photometry in, 276-277, 277f 
polarization fluorometry in, 278 
reagent delivery and, 274 
reagent handling and storage and, 273-274, 
274f 
reflectance photometry in, 278 
signal processing, data handling, and 
process control in, 279-280, 280b 
specimen delivery to laboratory and, 270- 
271 
specimen loading and aspiration and, 271- 
272 
specimen preparation and, 271 
turbidimetry and nephelometry in, 278 
urine analyzers and, 292 
Clinical Laboratory Improvement Act of 1967, 
420, 516 
Clinical laboratory informatics, 475-483 
computing fundamentals in, 475-478, 477f, 
477t, 478f 
laboratory information systems and, 478-482, 
479b, 480f, 4808, 481f 481t 
pathology informatics resources and, 482-483 
Clinical practice guidelines, 341-345, 342f, 343- 
345t, 344b, 344f 
Clinical toxicology, 1287-1369 
acetaminophen and, 1304-1306, 1305f, 1306f 
analytical considerations in, 1289 
antidotes in, 1288t 
antihistamines and, 1312f 1312-1313, 1313f 
blood alcohol and, 1302-1303 
breath alcohol and, 1303-1304 
carbon monoxide and, 1296¢, 1296-1298 
clinical considerations in, 1288-1289 
drugs of abuse and, 1317-1350 
amphetamine and methamphetamine in, 
1320-1322, 1321f, 1322f 1324-1325 
barbiturates in, 1325-1328, 1326t, 1327f, 
1327t 
benzodiazepines in, 1328t, 1328-1333, 
1329-1332f 
cannabinoids in, 1333f, 1333-1335, 1334f 
cocaine in, 1335-1336, 1336f 
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Clinical toxicology (Continued) 
designer amphetamines in, 1322-1323 
dextromethorphan in, 1344, 1345f 
drug detection cutoff concentration and, 
319t 
ephedrine and pseudoephedrine in, 1323 
gamma-hydroxybutyrate in, 1336-1338, 
337f 
guidelines for drug assay cutoff values and, 
320t 
hair analysis for, 1349-1350 
lysergic acid diethylamide in, 1338f 1338- 
339, 1339f 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 
phencyclidine and ketamine in, 1347f 
1347-1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f, 1346-1347 
saliva analysis for, 1350 
specimen validity check reagents and, 
1318t 
sweat analysis for, 1350 
ethanol and, 1300-1301, 1301t 
ethylene glycol and, 1313f, 1313-1314 
general supportive measures in, 1288b 
iron and, 1314-1315 
isopropanol and, 1302, 1302f 
methanol and, 1301-1302 
methemoglobin-forming agents and, 1298- 
1300, 1299f, 1299t 
on-site drug testing and, 1350-1351 
organophosphate and carbamate insecticides 
and, 1315f, 1315-1317, 1316f 
postmortem alcohol and, 1304 
salicylate and, 1306-1308, 1307f, 1308f 
saliva alcohol and, 1304 
screening procedures for drugs in, 1292-1296, 
1293t, 1295f 
toxic syndromes and, 1289-1292, 1290t 
tricyclic antidepressants and, 1308-1312, 
1309-1311f 
urine alcohol and, 1304 
Clinical verification, 1560-1561 
Clinitest, 872 
Clofibrate, 2064t 
Clomipramine, 1269, 1308-1312, 1309f 
Clonality assays 
polymerase chain reaction-based, 1462-1463, 
1463f 
Southern blot hybridization in, 1461f, 1461- 
1462, 1462f 
Clonazepam, 1250t, 1255, 13284, 1331f, 2305t 
Cloned enzyme donor immunoassay, 236, 236f 
for barbiturates, 1325 
for benzodiazepines, 1332 
in drug testing, 1293, 1318 
for lysergic acid diethylamide, 1338 
for propoxyphene, 1347 
for serum thyroxine, 2070 
for thyroid hormone-binding ratio, 2077 
Cloned probe, 1432 
Clonidine 
growth hormone release and, 1973f 
suppression test of, 1048, 1049b 
therapeutic and toxic levels of, 2305t 
Clonopin. See Clonazepam. 
Clorazepate, 13284, 1330f, 2305t 
Clorazil. See Clozapine. 
Closed-system analyzer, 274 
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Closed-tube single nucleotide polymorphism 
genotyping methods, 1444f, 1444-1445 
Cloxacillin, 1267t 
Clozapine, 1270t, 1272, 2306t 
Clozaril. See Clozapine. 
Club drugs, 1322-1323, 1348 
Coagulation factor VIII deficiency, 1496-1498, 
1498f 
Coagulation proteins 
hepatic synthesis of, 1788t, 1788-1789 
liver disease and, 1796-1797 
Cobalophilin, 1101-1102 
Cobalt, 1126, 1371, 1378, 2262t 
Cocaethylene, 1335, 1336f, 1349 
Cocaine, 1335-1336, 1336f 
influence on catecholamine levels, 1056t 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
therapeutic and toxic levels of, 2306t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Cockcroft and Gault formula, 822, 822f 
Codeine, 1339-1344, 1340-1343f 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
therapeutic and toxic levels of, 2306t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Codon, 1396 
Coefficient-based test, 440 
Coefficient of kurtosis, 440 
Coefficient of skewness, 440 
Coefficient of variation, 356, 358, 358f 
Coenzymes 
in amino-transfer reactions, 604 
flavin, 1096-1097 
folate, 1110-1112, 1111f 1112f 
prosthetic groups and, 207 
vitamin B,,, 1102, 1102f 
Cofactor, label used for nonisotopic 
immunoassay, 231t 
Colchicine, 2122t 
Colestipol, 2064t 
Collagen propeptides, 1943 
Collecting duct, 1680, 1680f, 1767 
Colligative properties of solution, 992-993 
Colloid, 2053 
Colloid osmotic pressure, 994 
Colorectal cancer 
blood group antigens and, 773-774 
carcinoembryonic antigen and, 768-769 
colorectal cancer gene and, 785 
epidermal growth hormone receptor and, 
780 
hepatocyte growth hormone receptor and, 
779 
inherited, 1509-1513, 1510f 1511f 
lactate dehydrogenase and, 756 
tumor markers in, 753t 
urokinase-plasminogen activator and, 762 
Column chromatography, 149-161 
basic concepts in, 141-142, 142f 
efficiency in, 147-148 
gas chromatography in, 149-155, 150¢, 150- 
152f, 153t, 154f 155f 
liquid chromatography in, 155-161, 156¢, 
157-159f, 159t 
resolution in, 145f, 145-148, 146f 
for vitamin D, 1923 
Combination testing, 415t, 415-416, 416t 
Combined fluoride-oxalate mixture, 869 
Common bile duct, 1778f, 1779 
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Communication system of point-of-care testing 
device, 302-303 
Commutability, 403b 
Compartment models of pharmacokinetics, 
1240-1242f, 1240-1243 
Compensated cirrhosis, 1819 
Competitive immunoassay, 231, 231f 
Competitive inhibition in enzymatic reaction, 
205-206 
Competitive protein-binding assay 
for blood progesterone, 2137 
for folic acid, 1114 
for serum thyroxine, 2068 
for vitamin Bı», 1103 
for vitamin D, 1924 
Complement, 564-569, 565f 
bacteremia and, 567t 
C-reactive protein and, 555 
calibration of immunochemical methods for, 
583 
inherited deficiencies of, 566t 
special collection and storage conditions for, 
55t 
Complement C3, 566-568, 567t 
analytical goals for, 366t 
reference intervals for, 2262t 
Complement C4, 568-569 
analytical goals for, 366t 
reference intervals for, 2262t 
Complementary vase pairs, 1394, 1394f 
Complete blood count, 1171-1172, 1172f 
in Cooley’s anemia, 1179-1180, 1180f 
in hemoglobinopathies, 1171-1172, 1172f 
hemoglobin D Punjab and, 1184 
hemoglobin Lepore and, 1185-1186 
heterozygous hemoglobin S and, 1183 
homozygous hemoglobin S and, 1183 
Complex antigen, 219-220 
Complex strips, 303 
Complexed calcium, 1893, 1893t 
Compressed gases, hazards from, 35 
Computer 
in analyzer, 279-280, 280b 
fundamentals of computing, 475-478, 477f 
477t, 478f 
in gas chromatography, 154-155, 155f 
in liquid chromatography, 160 
in mass spectrometry, 181 
Computer chip, 247 
Computer network, 578 
COMT. See Catechol-O-methyltransferase. 
Concentration, quantities and units of, 4t, 
6t 
Concentration of polarization, 102 
Concentration quenching, 83 
Conception, 2153-2154 
Conductimetry, 279 
Conductivity-based hematocrit, 106 
Conductometry, 105-106, 110-111, 11 1f 
Condyloma acuminata, 1565-1566 
Confidence interval, 433, 435, 441-442 
Confidentiality of electronic health 
information, 482 
Conformation-sensitive gel electrophoresis, 
1424f, 1424-1425 
Congenital adrenal hyperplasia, 1052, 2028f, 
2028-2029 
female pseudohermaphroditism and, 2110 
prenatal testing for, 2156 
Congenital bilateral absence of vas deferens, 
1484 
Congenital deficiency of vitamin B,,, 1103 
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Congenital erythropoietic porphyria, 12154, 
1218-1219 
Congenital hypothyroidism, 2058 
Congenital idiopathic hypogonadotropic 
hypogonadism, 2121 
Congenital lactase deficiency, 1863 
Congenital nephrogenic diabetes insipidus, 
1711 
Congestive heart failure, 1622-1623 
cytokines and, 652 
portal hypertension in, 1793 
renal disease and, 1650 
Conjugated bilirubin, 2258t 
Conjugated hyperbilirubinemia, 1200b, 1201 
Conjugated proteins, 542 
Connective tissue, copper and, 1127 
Connectivity Industry Consortium, 308-309 
Connectivity standards, 309, 309f 
Conn’s syndrome, 2030¢, 2030-2033, 2031- 
2033f, 2033b 
Consecutive enzymatic reactions, 202-203 
Consent for genetic testing, 1452-1453 
Consolidated Standards of Reporting Trials, 
330, 333-335f 
Contact hypersensitivity, 684 
Container monitoring, 494 
Contamination 
of molecular diagnostics laboratory, 1452 
of sweat sample, 997 
Continuous ambulatory peritoneal dialysis, 
1722 
Continuous dynode electron multiplier, 181 
Continuous-flow analysis, 266 
Continuous-flow systems for total carbon 
dioxide, 991 
Continuous monitoring of blood gases, 1014 
Continuous-wave dye laser, 66 
Contrast agents, 2064t 
Control chart 
cumulative sum, 506t, 506-508, 507f, 507¢, 
508f 
general principles of, 498-499, 499f 
Levy-Jennings, 503f, 503-504, 504f 
Shewart, 508f 508-510, 509t 
Control materials, 495, 497-498 
for blood-based fluids, 1011-1012 
for laboratory-developed tests, 1561 
Control system of point-of-care testing device, 
302-303 
Controllable preanalytical variables, 449-459 
alcohol ingestion as, 457-458 
circadian variation as, 452-453, 453t 
diet as, 453-454 
drug administration as, 458t, 458-459 
exercise as, 451, 452t 
fasting and starvation as, 456-457 
food ingestion as, 454-455, 455t 
herbal preparations as, 459 
malnutrition as, 455-456 
physical training as, 451-452 
posture as, 449-450, 450t 
prolonged bed rest as, 450 
recreational drug administration as, 459 
smoking as, 457 
travel as, 453 
vegetarianism as, 455, 456t 
Conventional electrophoresis, 122-130 
general operations in, 1254, 125-126 
instrumentation in, 122-125, 123f 
technical and practical considerations in, 
126-128, 127f 
types of, 128-130, 129f 


Conversion electron, 22 
Conversion factors in blood gases, 999f 
Conversion rules for units of measurement, 
9 
Conveyer belt 
specimen sorting system with, 288f 288-289, 
289f 
for specimen transport, 282-283 
Convicted offender databases, 1545 
Cooley’s anemia, 1179-1180, 1180f 
Coomassie brilliant blue dye 
in conventional electrophoresis, 125, 125t 
in protein analysis, 584, 588 
Coordinating committee for point-of-care 
testing, 311 
Copper, 1126-1130, 1127f 
as causative factor in medical conditions, 
1372t 
ceruloplasmin and, 556-559, 557f, 558t 
fever-related changes in, 466 
oral and intravenous intakes of, 1076t 
reference intervals for, 2262t 
toxicity of, 1378-1379 
urine, 1816 
urine specimen preservatives and, 51t 
Coproporphyrin-I, 1210t 
Coproporphyrinogen oxidase, 1211¢, 1213 
Cord blood carbon dioxide, 2259t 
Cord blood oxygen, 2289t 
Cordarone. See Amiodarone. 
Core binding factor, 1466-1467 
Cori cycle, 877 
Cori disease, 1820t 
Coronary artery disease, 1085-1086 
Corpus luteum, 2105 
Correlation coefficient in regression analysis, 
383-385, 384f 
Correlation studies, 514-515 
Corticosteroid-binding globulin, 2011-2012, 
2036, 2108-2109 
Corticosteroids, 2007-2021 
chemistry of, 2003-2007, 2004f 2005t 
circulating forms of, 2011-2012 
effects on plasma proteins, 545t 
function tests of, 2015-2019, 2016-2018f 
2017-2019b 
glucocorticoids in, 2007-2008, 2008f 
2009f 
haptoglobin and, 560 
hypothalamic-pituitary-adrenal cortical axis 
and, 2014, 2014f 
metabolism of, 2012-2014, 2013f 
mineralocorticoids in 
function tests of, 2019-2021, 2020b, 2020f 
2021b 
structure of, 2009, 2009t 
regulation of, 2014-2106 
steroidogenesis and, 2009-2011, 2010f 
Corticosterone 
biosynthesis of, 2010f 
chemical structure of, 2007f 
relative potency of, 2009t 
Corticotrope, 1968 
Corticotropin, 1020t, 1981-1984, 1982f 
circadian variation in, 452 
shock-related changes in, 466 
special collection and storage conditions for, 
54t 
travel-related changes in, 453 
Corticotropin-releasing hormone, 1020¢, 1968, 
2014 
stimulation test of, 2016-2017, 2017b 
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Corticotropin-releasing hormone (Continued) 
for adrenal insufficiency, 2023-2024 
for Cushing’s syndrome, 2026-2027, 2027b 
Cortisol, 1019, 1021t 
adrenocortical insufficiency and, 2022, 2023f 
2023t 
alcohol ingestion and, 458 
analytical goals for, 364t 
biosynthesis of, 2009-2011, 2010f 
blood, 2036, 2038-2039 
chemical structure of, 2007-2008, 2008f 
2009f 
chromatographic methods for, 2036 
circadian variation in, 452 
Cushing’s syndrome and, 2024-2028, 2025t, 
2026t, 2027b, 2027f 
effects of adrenocorticotropic hormone on, 
2015 
effects of exercise on, 451 
effects of smoking on, 457 
fasting and starvation and, 456 
fever and, 465 
function tests of, 2016, 2016f 
haptoglobin and, 560 
malnutrition and, 456 
metabolism of, 2012, 2013f 
obesity and, 465 
osteoporosis and, 1932 
prolonged bed rest and, 450 
reference intervals for, 2263t 
relative potency of, 2009t 
role in blood glucose concentration, 850 
serum, 2016, 2039 
shock-related changes in, 466 
special collection and storage conditions for, 
55t 
systematic name for, 2005t 
travel-related changes in, 453 
urine, 2036 
urine specimen preservatives and, 51t 
values during pregnancy, 2158t 
Cortisol-binding globulin, 2157 
Cortisone 
biosynthesis of, 2010f 
chemical structure of, 2007f 
relative potency of, 2009t 
Cost-benefit analysis, 338-339 
Cost-effectiveness analysis, 339 
Cost effectiveness of test, 420-422, 421f 
Cost minimization, 338 
Cost-utility analysis, 339 
Cosyntropin test, 2016, 2017b, 2018f 
Cotlove chloridometer, 990 
Coulombic bonding, 222 
Coulometric-amperometric titration for 
chloride, 990 
Coulometric detector, 160 
Coulometry, 106 
electrolyte exclusion effect and, 988t 
for 5-hydroxyindoleacetic acid, 1064 
Coulter principle, 106, 293 
Coumadin. See Warfarin. 
Countercurrent multiplication mechanism of 
nephron, 1682, 1682f 
Counterimmunoelectrophoresis, 227, 227f 
Counterion in ion-exchange chromatography, 
142 
Counterregulatory hormones, 849-850 
hypoglycemia and, 867 
ketone bodies and, 875 
Courier service for specimen transport, 270 
Coverage factor, 398 
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Cowper’s gland, 2097 
Cox-2 inhibitors, 1708t 
Coxsackie virus, 1136 
CPB. See Competitive protein binding assay. 
CPO. See Coproporphyrinogen oxidase. 
CPS deficiency, 2214-2215t 
CPT-I deficiency, 2234-2235t 
CPT-II deficiency, 2234-2235t 
Creatinase, 800 
Creatine 
clearance of, 1264t 
malnutrition and, 456 
special collection and storage conditions for, 
55t 
stick tests for, 301t 
Creatine kinase, 598f, 598-601, 601f 
analytical goals for, 363t 
biological variability in, 467t 
concentration gradients between tissue and 
serum, 217f 
distribution of, 217t 
drug-related effects on, 458t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
effects of physical training on, 451 
increased activity after surgery, 467t 
increased activity after venipuncture, 43 
influence of blood collection site on, 49, 49t 
influence of menstrual cycle on, 464 
physical training-related changes in, 451 
prolonged bed rest and, 450 
racial differences in, 462 
reference intervals for, 2263t 
in serum, 47t 
as tumor marker, 756 
values during pregnancy, 2158t 
Creatine kinase-BB, 755t 
Creatine kinase isoenzymes, 2263t 
increased activity after surgery, 467t 
special collection and storage conditions for, 
55t 
Creatine kinase isoforms, 2263t 
Creatine kinase-MB, 1631-1632 
acute myocardial infarction and, 1652, 1652f 
comparison with cardiac troponins, 1640, 
1640t 
in estimation of infarct size, 1660 
methodology for, 1642-1643 
99th percentile reference limits for, 1639t 
reference intervals for, 1643 
Creatine kinase-MB isoenzyme, 363t 
Creatine kinase-MM, 1631-1632 
Creatininase, 799-800 
Creatinine, 797-801, 1247 
in amniotic fluid, 2156t 
analytical goals for, 363t 
analytical methodology for, 798-801, 799f 
biochemistry and physiology of, 797-798 
biological variability in, 467t 
childhood levels of, 461 
circadian variation in, 453f, 453t 
clearance of, 461, 1247 
critical values of, 2317t 
effects of exercise on, 452t 
effects of fever on, 466t 
fasting and starvation and, 456 
glomerular filtration rate and, 821f, 821-823, 
822 
influence of age on, 460t 
influence of blood collection site on, 49, 49t 
influence of gender on, 462t 
influence of menstrual cycle on, 464 
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Creatinine (Continued) 
plasma, 47t, 798-801, 799f, 823 
as potential uremic toxin, 1692t 
proximal tubule reabsorption of, 1679 
reference intervals for, 2264t 
seasonal influences on, 464t 
smoking and, 457 
special collection and storage conditions for, 
59$ 
units of measurement for, 7t 
values during pregnancy, 2158t 
Creatinine deaminase, 800 
o-Cresolphthalein complexone method, 1897, 
1898f 
Cretinism, 2057 
CRH. See Corticotropin-releasing hormone. 
CRIE. See Crossed immunoelectrophoresis. 
Crigler-Najjar syndrome, 1199 
Critical difference, 469 
Critical values, 2317-2318t 
Crixican. See Indinavir. 
CRM. See Certified reference material. 
CRMA. See Cytokine response modifier A. 
Crohn’s disease, 701 
Cross-contamination of clinical specimen, 
1562 
Cross-reaction in multilocus isoenzymes, 197 
Cross-validation, 420 
Crossed immunoelectrophoresis, 226f, 226-227, 
227f 
Crossover hemoglobins, 1185 
Crown ethers, 987 
CRP. See C-reactive protein. 
Cryoglobulinemia, 573 
Cryoglobulins, 55t 
Cryptands, 987 
Crypthemispherands, 987 
Cryptorchidism, 2103 
Cryptoxanthin, 1081 
Crystal scintillation detector, 23 
CS. See Chorionic somatomammotropin. 
Cubic meter, 6t 
Cumulative probability distribution, 434 
Cumulative sum control chart, 506¢, 506-508, 
507f, 507t, 508f 
Curie, 22 
Cushing’s syndrome, 850, 2024-2028, 2025¢, 
2026t, 2027b, 2027f 
Cutoff filter in spectrophotometry, 72 
Cuvet 
in automated system, 275, 275f 
in fluorometry, 78-79, 79f, 83-85 
in spectrophotometer, 69 
CV. See Coefficient of variation. 
CX,C family of chemokines, 709b, 709f, 709- 
713, 710-713t 
CXC chemokine receptor, 718 
CXC chemokine receptor 4, 654 
CXC family of chemokines, 709b, 709f 709-713, 
710-713t 
Cyanate, 1692, 1692t 
Cyanide, 1298 
antidote for, 1288t 
reference intervals for, 2264t 
Cyanocobalamin, 1100-1105, 1101f, 1102f 
Cycle sequencing, 1426 
Cyclic adenosine monophosphate-dependent 
protein kinases, 1029 
Cyclical variations in body fluids, 452 
Cyclo-oxygenase, 1716 
Cyclobenzaprine, 1308-1312, 1309-1311f 
Cyclohexanols, 1269 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


2342 


Cyclopentanoperhydrophenanthrene nucleus, 
2004f, 2044 
Cyclophosphamide, 2122t 
Cyclosporine, 1274-1276, 1275f, 1280t 
development of nephropathy and, 1708t 
therapeutic and toxic levels of, 2306t 
Cystathionase defect, 2212-2213t 
Cystathionine beta-synthase defect, 2212-22131, 
2219 
Cystathionuria, 2212-2213t 
Cystatin C, 819¢, 823-824, 824f 1692t 
Cysteine 
conversion from methionine, 2219f 
structure and molecular weight of, 535t 
Cystic duct, 1778f, 1779 
Cystic fibrosis, 1484-1486, 1485b, 1486t, 1487f 
1867, 1867b 
cationic trypsin in, 622 
sweat testing for, 994-998, 995t, 999b 
Cystine 
cystinuria and, 1715-1716 
reference intervals for, 2264-2265t 
urine specimen preservatives and, 51t 
Cystinuria, 1715-1716, 2216-2217t 
Cytochrome(s), 1187 
Cytochrome c oxidase, 1127 
Cytochrome P450 2C19, 1600-1603, 1601t, 
1602¢, 1602-1604f 
Cytochrome P450 2D6, 1595-1600, 1596-1597t, 
1598f, 1599f 
Cytokeratins, 769 
Cytokine(s), 645-744, 1025t 
adrenocorticotropic hormone secretion and, 
2015 
biochemistry of, 647-649 
bone remodeling and, 1892 
cancer and, 652-655, 654f 
as cardiac biomarkers, 1633-1634 
chemokines in, 708-720 
angiogenic activity of, 716 
cell adhesion and, 716-717 
chemokine receptors and, 718-719 
classification of, 709b, 709f, 709-713, 710- 
713t 
clinical relevance of, 717-718 
general characteristics of, 709 
hematopoietic function of, 714-715 
immune response and, 716 
inflammation and, 714, 714f 
leukocyte activation and, 715 
leukocyte trafficking and, 714, 715f 
lymphocyte recruitment and activation 
and, 715-716 
molecular structure of, 713-714 
platelet activation and, 716 
proliferation of B cell progenitors and, 715 
regulation of, 720 
signal transduction and, 719f, 719-720 
classification of, 646-647 
in control of immune response, 2008 
effect on anterior pituitary hormones, 1969 
general characteristics of, 646, 646t, 647f 
historical background of, 645 
inflammatory process and, 649-652, 650-652f 
interferons in, 695-702 
interferon-o and interferon-B in, 696f, 
696-698 
interferon-y in, 698-702, 699f, 701t 
interleukin-1 in, 655-660, 656f, 657b, 659t 
interleukin-2 in, 660-664, 661f, 663b 
interleukin-3 in, 664-666, 665f 
interleukin-4 in, 666-669, 667f 
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Cytokine(s) (Continued) 
interleukin-5 in, 669-671, 670f 
interleukin-6 in, 671-675, 672f, 673t 
interleukin-7 in, 675f, 675-676 
interleukin-8 in, 676 
interleukin-9 in, 676-678, 677f 
interleukin-10 in, 678f, 678-680, 679b 
interleukin-11 in, 680-682, 681f 
interleukin-12 in, 682-686, 683f 
interleukin-13 in, 686f, 686-688 
interleukin-14 in, 688f, 688-689 
interleukin-15 in, 689f 689-691 
interleukin-16 in, 691f, 691-693 
interleukin-17 in, 693-694, 694f 
interleukin-18 in, 694-695, 695f 
measurement of, 720-723 
bioassays in, 721-722 
rationale for, 645-646 
requirements for, 720f, 720-721, 721f 
sample collection and storage for, 721 
nomenclature of, 646, 647f, 648b, 648t 
tumor necrosis factors in, 702-708, 703f, 705f 
Cytokine receptor, 648t, 649, 649t 
Cytokine response modifier A, 657 
Cytology for bladder cancer, 775, 775t 
Cytomegalovirus, 1573-1576, 1574t 
in acute hepatitis, 1806-1807 
clinical utility of testing for, 1562-1563 
complement status and, 567t 
Cytometry, 82-83, 83f 
Cytosine, 1394, 1394f 
Cytosine arabinoside, 1273 


D 


DAG. See Diacylglycerol. 
Dalmane. See Flurazepam. 
Dalton’s law, 1000t, 1001 
Darvon. See Propoxyphene. 
Data analysis 
multivariate, 416-418, 417f 418f 
for very large numbers of variables, 418f 
418-419 
Data management, point-of-care testing and, 
303 
Data standards, 479, 480t 
DCP. See Des-y-carboxy prothrombin. 
ddC. See Zalcitabine. 
DDL. See Didanosine. 
Deamination 
of catecholamines, 1037, 1037f 
of serotonin, 1038-1039, 1039f 
Debye-Huckel equation, 100 
Decadienoylcarnitine, 2265t 
Decanoylcarnitine, 2265t 
Decapping station, 286 
Decenoylcarnitine, 2265t 
Deci, metric prefix of SI unit, 7t 
Decimal multiples and submultiples of SI units, 
6, 7t 
Decision-making process, 326, 326f 
Deep venous thrombosis, 1506 
Deethylisocoproporphyrin, 1210t 
Deferoxamine 
for aluminum-related bone disease, 1375 
for iron toxicity, 1314-1315 
Dehydration, album levels in, 547 
Dehydroascorbic acids, 1105, 1105f 
Dehydroepiandrosterone, 1021f, 1022t, 2098, 
2098f 
adrenal tumors and, 2029 
biosynthesis of, 2010f, 2100f 
biosynthesis of estrogens and, 2107f 


Dehydroepiandrosterone (Continued) 
catabolism of, 2101f 
function tests of, 2021 
21-hydroxylase deficiency and, 2028 
influence of age and familial factors on, 
2013-2014 
measurement of, 2132-2134, 2133t 
puberty and, 2101-2102 
reference intervals for, 2265t 
secretion of, 2015 
structure of, 2009, 2010f 
systematic name for, 2005t 
Dehydroepiandrosterone sulfate, 10211, 1022t, 
2098, 2098f 
analytical goals for, 364t 
biosynthesis of, 2100f 
hirsutism and virilization and, 2118 
21-hydroxylase deficiency and, 2028 
influence of age and familial factors on, 
2013-2014 
measurement of, 2132-2134, 2133t 
puberty and, 2101-2102 
reference intervals for, 2266t 
Dehydrogenases, 2006 
Dehydroisocoproporphyrin, 1210t 
Deionized water, 11 
Deka, metric prefix of SI unit, 7t 
Delaviridine, 1269t, 2306t 
Delayed extraction, 176 
Delayed type hypersensitivity, 651, 651f 
Deletion mutation, 1408-1409 
Deletional hereditary persistence of fetal 
hemoglobin, 1181 
Delta 1 pyrroline-5-carboxylate dehydrogenase 
defect, 2214-2215t 
Delta agent, 1804 
Delta beta-thalassemia, 1181 
Delta check, 468, 511-512, 512t 
Delta-osmolality, 1292-1293 
Delta receptor, 1339-1340 
Demerol. See Meperidine. 
Deming regression analysis, 379-381, 
379-381f 
application of, 389-390, 390f, 390t 
assessment of outliers in, 383, 383f 
computation procedures for, 381-382 
interpretation of systematic differences 
between methods in, 389 
paired t-tests and, 377-378, 378f, 378t 
weighted, 385-386, 386f 
Demoxepam, 1330f 
Demser. See Metyrosine. 
Denaturation, 193, 542 
isoenzyme resistance to, 197-198 
in polymerase chain reaction, 1412f, 1413- 
1414, 1414f 
Denaturing gradient gel electrophoresis, 
1425 
for polymerase chain reaction products, 
1463 
for porphyrins, 1229 
Denaturing high-performance liquid 
chromatography, 1429 
Dendritic cell 
interleukin-1 and, 658 
interleukin-6 and, 674 
Densitometer, 125-126 
Dental amalgams, mercury in, 1382 
Dental fluorosis, 1142 
Dent’s disease, 1710 
Deoxyadenine-triphosphate, 1394 
Deoxycholic acid, 907, 908f 1782, 1784f 
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11-Deoxycorticosterone 
biosynthesis of, 2010f 
chemical structure of, 2007f 
relative potency of, 2009t 
11-Deoxycortisol 
analytical goals for, 364t 
biosynthesis of, 2010f 
blood, 2040-2041 
chemical structure of, 2007f 
11B-hydroxylase deficiency and, 2029 
measurement of, 2040-2041 
plasma, 2041 
reference intervals for, 2266t 
special collection and storage conditions for, 
55t 
Deoxycytosine-triphosphate, 1394 
Deoxyguanine-triphosphate, 1394 
Deoxypyridinoline, 1936-1939, 1937f, 2266t 
Deoxyribonucleic acid 
composition and structure of, 1394f, 1394- 
1395, 1395f 
electrochemical sensor for, 112-113, 113f 
high-performance liquid chromatography 
and, 1429, 1430f 
human genome and, 1407-1409, 1408b, 1409f 
isolation of, 1400-1401 
mass spectrometry and, 1429, 1430f 
Deoxyribonucleic acid ligase, 1396 
Deoxyribonucleic acid looping, 1398 
Deoxyribonucleic acid marker, 1514 
Deoxyribonucleic acid methylation, 1397-1398, 
1514 
Deoxyribonucleic acid polymerases, 1396 
Deoxyribonucleic acid sequencing device, 
1413 
Deoxyribonucleic acid testing 
closed-tube single nucleotide polymorphism 
genotyping methods in, 1444f, 1444- 
1445 
electrophoresis-based techniques in, 121-140, 
1421-1427, 1422t 
basic concepts and definitions in, 121 
capillary, 130-135, 131f 134f 135f 
conventional, 122-130, 123f 125t, 127f 
129f 
denaturing gradient gel electrophoresis in, 
1425 
DNA sequencing in, 1426-1428f 
heteroduplex migration analysis in, 1424f 
1424-1425 
microchip, 135-138, 136f, 137f 
oligo ligation assay in, 1427, 1428f 
PCR product length analysis in, 1422-1423 
PCR/RELP in, 1422, 1423f 
single nucleotide extension assay in, 1426- 
1427 
single-strand conformation polymorphism 
analysis in, 1425, 1425f 
Southern blotting in, 1423f, 1423-1424 
temperature-gradient electrophoresis in, 
1425-1426, 1426f 
theory of, 121-122 
forensic, 1541-1545, 1542t, 1543t 
for hemoglobinopathy, 1175 
hybridization assay in, 1429-1436, 1430f, 
1433t, 1434f, 1435f, 1436t 
in identity assessment, 1539-1554 
in chimerism and hematopoietic cell 
engraftment analysis, 1549-1551, 
1550t 
for clinical specimen identification, 1545- 
1546 
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Deoxyribonucleic acid testing (Continued) 
forensic DNA typing in, 1541-1545, 1542t, 
1543t 
for parentage, 1551-1553 
for transplantation tissue compatibility, 
1546f, 1546-1549, 1547¢ 
variation in human genome and, 1539- 
1541, 1540f 
in inherited diseases, 1483-1538 
achondroplasia and, 1491-1492 
carbamyl phosphate synthetase I deficiency 
and, 1489-1491, 1490f 
Charcot-Marie-Tooth disease and, 1492- 
493 
cystic fibrosis and, 1484-1486, 1485), 
486t, 1487f 
Duchenne’s muscular dystrophy and, 1498- 
500 
fragile X syndrome and, 1500f, 1500-1501, 
1502f 
hemophilia A and, 1496-1498, 1498f 
hereditary hemochromatosis and, 1486- 
1489, 1488f 
Huntington’s disease and, 1493f, 1493- 
496, 1495b, 1495f 
inherited breast cancer and, 1508-1509 
inherited colon cancer and, 1509-1513, 
5105 1511f 
Leber hereditary optic neuropathy and, 
1503 
Leigh syndrome and, 1503-1504, 1504f 
Prader-Willi and Angelman syndromes 
and, 1504-1506, 1505f, 1506t 
reporting of test results in, 1513 
thrombophilia and, 1506-1508 
melting analysis in, 1441-1443, 1442f, 1443f 
microarray device for hybridization in, 247, 
253-254, 254f 
polymerase chain reaction in, 1412-1415f, 
1412-1416 
asymmetric and allele-specific, 1416 
contamination control for, 1415-1416 
detection limits of, 1415 
in DNA sequencing, 1426 
inhibition control for, 1416 
kinetics and rapid cycling in, 1413-1414, 
1414f, 1415f 
microchip-based, 252-253, 253f 
primer design for, 1414-1415 
real-time, 1412f, 1412-1413, 1413f 1436- 
1441, 1437-1441f 1440¢ 
restriction fragment length polymorphism 
with, 1422, 1423f 
for porphyrins, 1229-1230 
pyrosequencing in, 1427-1429, 1429f 
Deoxyribose sugars, 837 
Deoxythymidine 5’ triphosphate, 1416 
Deoxythymine-triphosphate, 1394 
Deoxyuridine 5’ triphosphate, 1420 
Deoxyuridine suppression test, 1104 
Depakene. See Valproic acid. 
Depakote. See Valproic acid. 
Depletional hyponatremia, 1751 
Derived unit, 5, 6t 
Dermatitis, interleukin-13 and, 688 
Des-y-carboxy prothrombin, 1825 
Designated comparison method for high- 
density lipoproteins, 941 
Designer amphetamines, 1322-1323 
Desipramine, 1269, 1308-1312, 1309f, 2306t 
Desktop analyzer methods for low-density 
lipoproteins, 954 
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Desoxyn. See Methamphetamine. 
Desyrel. See Trazodone. 
Detection techniques for nucleic acids, 1419- 
1421 
Detector 
in capillary electrophoresis, 132 
in electrophoresis, 146 
in fluorometry, 78-80 
in gas chromatography, 1534, 153-154, 154f 
in liquid chromatography, 158-160, 159f, 
159t 
in mass spectrometry, 180f, 180-181 
photometric, 277 
of radiation, 23 
in spectrophotometry, 66, 69f 69-70 
Deuteroporphyrin, 1210t 
Dew point temperature of water, 994 
Dexamethasone 
haptoglobin and, 560 
relative potency of, 2009t 
Dexamethasone suppression test, 765, 2018- 
2019, 2019b, 2021, 2025 
Dextrins, 840 
Dextromethorphan, 1344, 1345f 
Dextrophan, 1335f, 1344 
DGGE. See Denaturing gradient gel 
electrophoresis. 
DHEA. See Dehydroepiandrosterone. 
DHEAS. See Dehydroepiandrosterone sulfate. 
DHMaA. See 3,4-Dihydroxymandelic acid. 
DHPG. See 3,4-Dihydroxyphenylglycol. 
DHT. See Dihydrotestosterone. 
Diabetes insipidus, 1711, 1753-1754 
arginine vasopressin and, 1992-1993, 1993b, 
1994b, 1994f 
Diabetes mellitus, 853-864, 1030 
chemokines and, 717 
chromium deficiency and, 1125 
chronic complications of, 862-863 
chronic kidney disease and, 1693, 1694f 
classification of, 854b, 854-855 
diagnosis of, 859b, 859-861, 860b 
gestational, 8611, 861-862 
high-sensitivity C-reactive protein and, 964 
hypoglycemia in, 867 
maternal serum alpha-fetoprotein and, 2174- 
2175 
myoglobinuria in, 816f 
role of clinical laboratory in, 8631, 863-864 
type I, 855-856 
type II, 856-859 
urine albumin in, 886-888 
Diabetic ketoacidosis, 864, 876 
Diabetic nephropathy, 853, 1699-1702, 1700t 
retinol-binding protein and, 563 
urine albumin in, 886-888 
Diabetic retinopathy, 853 
Diabetogenes, 858 
Diacylglycerol, 658 
Diagnostic enzymology, 214t, 214-217, 216f, 
217f, 217t 
Diagnostic tests 
accuracy of, 328-330, 331f, 332f 
economic evaluations of, 338-341, 339t 
systematic reviews of, 336-338, 337b 
Dialysis, 1719-1725, 1720f, 1721t, 1722f 
1724f 
Dialysis amyloid, 1724 
Diarrhea 
acidosis and, 1771 
chronic, 1881b, 1881-1883, 1882f 
malabsorption and, 1878 
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Diazepam, 1255, 1328¢, 1330f 
growth hormone release and, 1973f 
therapeutic and toxic levels of, 2306t 
Diazo methods for bilirubin measurement, 
1196f, 1196-1197 
Dibenzoxapines, 1269 
Dibenzyline. See Phenoxybenzamine. 
Dicarboxylic amino acids, 535t 
Dicloxacillin, 1267t 
Didanosine, 1269t, 2306t 
Didymium filter in spectrophotometry, 71, 71f 
Dienoyl-CoA reductase deficiency, 2234-2235t 
Diet 
chronic kidney disease and, 1694 
as controllable preanalytical variable, 453-454 
influence on assays of catecholamine 
metabolites, 1055, 1056t 
porphyrins and, 1220-1221 
Dietary ceruloplasmin deficiency, 557 
Dietary sources 
of ascorbic acid, 1105 
of biotin, 1107 
of boron, 1143 
of chromium, 1123-1124 
of copper, 1126 
of cyanocobalamin, 1101 
of fluoride, 1142 
of folic acid, 1109 
of manganese, 1130 
of molybdenum, 1132 
of niacin, 1114-1115 
of pantothenic acid, 1117 
of riboflavin, 1095 
of selenium, 1133 
of vitamin A, 1081 
of vitamin Be, 1097, 1097f 
of vitamin E, 1084 
of vitamin K, 1087, 1090 
of zinc, 1138 
Diethylstilbestrol, 2122t 
Difference plot, 376-377, 377f, 377t 
Differential verification bias, 329 
Differentiated planar PCO, potentiometric 
sensor, 99-100, 100f 
Diffusion grating in spectrophotometry, 67 
2,2-Difluorodeoxycytidine, 1273 
Digestion, 1851-1855, 1852f 
of carbohydrates, 841, 841f, 1852-1854, 1853t 
of lipids, 1854, 1855f 
phases of, 1850-1851 
of proteins, 1854-1855 
Digitally controlled autosampler in liquid 
chromatography, 158 
Digitoxin, 1257 
special collection and storage conditions for, 
55t 
therapeutic and toxic levels of, 2306t 
Diglucuronide, 1195 
Diglycerides, 913f, 913-914 
Digoxin, 1256t, 1256-1257, 1257f 
analytical goals for, 365t 
antidote for overdose, 1288t 
special collection and storage conditions for, 
55t 
therapeutic and toxic levels of, 2306t 
Dihydrocodeine, 1340f 1343f 
Dihydrolipoyl dehydrogenase defect, 
2212-2213t 
Dihydropterin reductase defect, 2212-2213t 
Dihydrotestosterone, 2098, 2098f 
biosynthesis of, 2100f 
metabolism of, 2099, 2099f 


Index 


Dihydrotestosterone (Continued) 
reference intervals for, 2132t 
serum, 2266t 
Dihydroxyacetone, 837, 838f 
Dihydroxycholecalciferol, 463-464 
3,4-Dihydroxymandelic acid, 1037 
3,4-Dihydroxyphenylacetic acid, 1038 
adrenal medullary system and, 1044t 
plasma, 1059, 1059f 
reference intervals for, 2267t 
Dihydroxyphenylalanine, 536t 
3,4-Dihydroxyphenylglycol, 1037f 1037-1038, 
1038f 
adrenal medullary system and, 1044t 
plasma, 1059, 1059¢ 
reference intervals for, 2267t 
1,25-Dihydroxyvitamin D, 1920-1926 
biochemistry and physiology of, 1920, 1920f 
biological action of, 1922 
measurement of, 1924-1925, 1925f 
metabolism, regulation, and transport of, 
1920-1922, 1921f, 1921t 
parathyroid hormone and, 1913-1914 
primary hyperparathyroidism and, 1895-1896 
reference intervals for, 2302t 
renal osteodystrophy and, 1934 
renal production of, 1683 
values during pregnancy, 2158t 
Diiodotyrosine, 2053-2054, 2054f 
Dilantin. See Phenytoin. 
Dilatrate. See Isosorbide. 
Dilaudid. See Hydromorphone. 
Diltiazem, 1056t 
Dilution of solution, 27 
Dilutional hyponatremia, 1751-1752 
Dimercaprol, 1376 
Dimeric inhibin A, 2172f, 2186 
Dimethylarsine, 1376, 1376f 
2,4-Dinitrophenylhydrazine test, 2220 
Diode array in high-performance liquid 
chromatography, 159, 159t 
Diphenhydramine, 1312f 
Diphenylcarbazone, 1294 
Diphenylhydantoin, 1252 
Diphosphoglycerate phosphatase, 631, 635 
Diphosphoglyceromutase, 631 
Diploid, term, 1514 
Dipolar ion, 537 
Dipstick test, 303, 809-811, 810f 
Merckoquant sulfite, 1132-1133 
for proteinuria, 576-577, 589 
Direct equilibrium dialysis, 2074 
Direct hemagglutination, 240 
Direct ion-selective electrodes 
for sodium and potassium, 986-987 
for total carbon dioxide, 991 
Direct methods 
for free testosterone, 2130 
for free thyroid hormones, 2074-2075, 2079- 
2081 
for low-density lipoproteins, 951 
for serum total protein, 587-588 
for thyroid hormone-binding proteins, 2082- 
2083 
Direct potentiometry, 100-101, 101¢ 
Direct-reading potentiometer, 93-94 
Direct sampling, 427-428, 428t 
Director in molecular diagnostics laboratory, 
1453 
Disaccharidase deficiencies, 1862t, 1862-1864, 
1863b, 1864b 
Disaccharides, 839, 839f 


Disc electrophoresis, 128, 129f 
Discrepant resolution, 368 
Discrete analysis, 266 
Discrete dynode multiplier, 180f, 180-181 
Discrete pipetting, 272, 272f 
Discrimination techniques for nucleic acids, 
1421-1445 
closed-tube SNP genotyping methods in, 
1444f 1444-1445 
dot-blot and line-probe assays in, 1433, 1434f 
electrophoresis-based, 1421-1427, 1422t 
denaturing gradient gel electrophoresis in, 
1425 
DNA sequencing in, 1426-1428f 
heteroduplex migration analysis in, 1424f 
1424-1425 
Northern blotting in, 1424 
oligo ligation assay in, 1427, 1428f 
PCR product length analysis in, 1422-1423 
PCR/RELP in, 1422, 1423f 
single nucleotide extension assay in, 1426- 
1427 
single-strand conformation polymorphism 
analysis in, 1425, 1425f 
Southern blotting in, 1423f 1423-1424 
temperature-gradient electrophoresis in, 
1425-1426, 1426f 
high-performance liquid chromatography in, 
1429 
hybridization assays in, 1429-1433, 1430f 
in situ hybridization in, 1434-1436 
mass spectrometry in, 1429, 1430f 
melting analysis in, 1441-1443, 14426 1443f 
microarrays in, 1433-1434, 1434f, 1435f, 
1436t 
pyrosequencing in, 1427-1429, 1429f 
real-time polymerase chain reaction in, 1436- 
1441, 1437-1441f, 1440¢ 
Discriminatory power of identity testing, 1541 
Disease 
effects on thyroid hormones, 2061-2062, 
2062b, 2062f 
effects on vitamin and trace element status, 
1077, 1077f 
elevated sweat electrolyte concentration in, 
999b 
sequence variations in genome and, 1408- 
1409, 1409f 
transmission by automated equipment, 272 
tumor marker role in management of, 750- 
751, 751f 
Disopyramide, 1256t, 1258, 1268, 2307t 
Disseminated intravascular coagulation, 1796 
Dissociated anion exchanger-based electrodes, 
97 
Distal renal tubular acidosis, 1707-1709 
Distal tubule 
anatomy and physiology of, 1675f, 1675-1676 
water reabsorption in, 1679 
Distillation, 11 
Distilled water, 10 
Distribution 
of drug, 1244-1245 
of tumor marker values, 750 
Distribution of differences plot, 371-376, 372- 
375f, 373t, 375t, 376t 
Diuretics, 1261 
chloride-responsive metabolic alkalosis and, 
1773 
effects on laboratory tests, 458 
renal disease and, 1710-1711 
Dixon’s range test, 437 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


DMD. See Duchenne’s muscular dystrophy. 
DNA. See Deoxyribonucleic acid. 
Documentation 
of analytical protocols, 496, 496b 
of point-of-care testing, 314-315 
DoD plot, 371-376, 372-375f, 373t, 375t 
Dodecanedioic acid, 2266t 
Dodecanoylcarnitine, 2266-2267t 
Dodecenoylcarnitine, 2267t 
Dolophine. See Methadone. 
DOPA. See Dihydroxyphenylalanine. 
DOPAC. See 3,4-Dihydroxyphenylacetic acid. 
Dopamine, 1033-1074 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
collection and storage of samples for, 
054-1055 
influences of diet and drugs on, 1055, 
056t 
plasma assays in, 1057, 1057t 
plasma metanephrines and, 1057-1058, 
058t 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060t 
urinary fractionated metanephrines and, 
1060-1061, 1061t 
biosynthesis of, 1034f, 1034-1035 
carcinoid and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051t 
effects on anterior pituitary hormones, 1968t, 
1969 
effects on thyroid function, 2064t 
enteric nervous system and, 1045 
exercise-related changes in, 451 
morphine and, 459 
neuroblastoma and, 1049-1050 
peripheral dopaminergic system and, 1044- 
1045 
pheochromocytoma and, 1045-1048, 1049b 
posture-related changes in, 449-450 
prolactin and, 1977 
prolonged bed rest-related changes in, 450 
reference intervals for, 2259t, 2260t, 2267t 
renal blood flow and, 1685t 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 
sympathetic nervous system and, 1041-1043, 
1042t 
travel-related changes in, 453 
uptake and metabolism of, 1036-1039, 1037- 
1039f, 1039t 
urine specimen preservatives and, 51t 
Dopamine beta-hydroxylase, 1034f, 1034-1035 
deficiency of, 1052 
Dopamine monooxygenase, 1127 
Doral. See Quazepam. 
Doriden. See Glutethimide. 
Dose-effect relationship 
of drug, 1239, 1239f 
of trace elements, 1118-1119, 1119f 
Dose-response curve, 1246, 1246f 
Dot blot, 228 
Double-beam-in-space spectrophotometer, 64- 
65, 65f 
Double immunodiffusion, 225, 225f 
Double monoclonal antibody assay, 619 
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Double-pan balance, 24 
Double-stranded DNA binding dyes, 1436 
Down syndrome, 2166, 2166f 
combination tests for, 2175-2176 
epidemiologic monitoring of, 2178-2179 
screening for, 2169t, 2169-2170, 2172f, 2176 
twin pregnancy and, 2175 
Downstream, term, 1514 
Doxazosin, 1056t 
Doxepin, 1269, 1270¢, 1308-1312, 1309f, 2307t 
Doxycycline, 1268t 
Dragendorff’s reagent, 1294 
Drepanocyte, 2318t 
Drift, method trueness and, 356 
Drug(s), 1237-1285 
of abuse, 1317-1350 
amphetamine and methamphetamine in, 
1320-1322, 1321f, 1322f 1324-1325 
barbiturates in, 1325-1328, 1326t, 1327f, 
1327t 
benzodiazepines in, 1328t, 1328-1333, 
1329-1332f 
cannabinoids in, 1333f 1333-1335, 1334f 
cocaine in, 1335-1336, 1336f 
designer amphetamines in, 1322-1323 
dextromethorphan in, 1344, 1345f 
drug detection cutoff concentration and, 
319t 
ephedrine and pseudoephedrine in, 1323 
gamma-hydroxybutyrate in, 1336-1338, 
1337f 
guidelines for drug assay cutoff values and, 
320t 
hair analysis for, 1349-1350 
hepatitis D and, 1804 
lysergic acid diethylamide in, 1338f 1338- 
339, 1339f 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 
phencyclidine and ketamine in, 1347f 
1347-1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f, 1346-1347 
saliva analysis for, 1350 
screening for, 1292-1296, 1293t, 1295f 
specimen validity check reagents and, 
1318t 
sweat analysis for, 1350 
administration as controllable preanalytical 
variable, 458t, 458-459 
altered metabolism in liver disease, 1796 
analytical techniques for measurement of, 
1248-1249 
antibiotics in, 1262-1266, 1267-1269t 
aminoglycosides in, 1262-1265, 1263t, 
1264t 
chloramphenicol in, 1265 
fluoroquinolones in, 1265, 1266f 
sulfonamides in, 1265-1266 
vancomycin in, 1266 
antidepressants in, 1269-1271, 1270t 
antiepileptic, 1249-1256, 1250t 
benzodiazepines in, 1255 
carbamazepine in, 1249-1250 
ethosuximide in, 1250 
felbamate in, 1254 
gabapentin in, 1254 
lamotrigine in, 1254 
levetiracetam in, 1250-1251 
mephobarbital in, 1255 
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Drug(s) (Continued) 
oxcarbazepine in, 1251 
phenobarbital in, 1251-1252 
phenytoin in, 1252 
primidone in, 1252-1253 
succinimides in, 1255-1256 
tiagabine in, 1254-1255 
topiramate in, 1253 
valproic acid in, 1253-1254 
zonisamide in, 1255 
antimetabolites in, 1272-1274, 1273t 
antiretrovirals in, 1269, 1269t 
basic concepts of, 1238-1247 
biotransformation in, 1246-1247 
drug absorption in, 1243-1244 
drug distribution in, 1244-1245 
drug excretion in, 1247 
drug metabolism in, 1245-1246, 1246f 
hepatic clearance in, 1246 
mechanism of action in, 1238-1240, 1239f 
pharmacokinetics in, 1240-1242f, 1240- 
1243 
bronchodilators in, 1261¢, 1261-1262 
cardioactive drugs in, 1256t, 1256-1261 
amiodarone in, 1256 
digoxin in, 1256-1257, 1257f 
disopyramide in, 1258 
flecainide in, 1258 
lidocaine in, 1258-1259 
mexiletine in, 1259 
procainamide in, 1259 
propafenone in, 1259-1260 
propranolol in, 1260 
quinidine in, 1260 
tocainide in, 1260-1261 
verapamil in, 1261 
as cause of cell damage or death, 214t 
clinical utility of therapeutic drug 
management and, 1247-1248 
definitions in therapeutic drug management, 
1238, 1238f 
effects on thyroid function, 2063, 2064t 
expressing concentration of, 8 
immunosuppressants in, 1274-1280, 1280t 
cyclosporine in, 1274-1276, 1275f 
everolimus in, 1276-1277 
mycophenolate mofetil in, 1277f, 1277- 
1278 
sirolimus in, 1278-1279 
tacrolimus in, 1279-1280 
influence on assays of catecholamine 
metabolites, 1055, 1056t 
influence on cortisol concentrations, 2014 
lithium in, 1271-1272 
for lowering cholesterol, 935, 936f 
methemoglobin-forming, 1298-1300, 1299f, 
1299t 
nanotechnology and, 254 
pharmacogenetics and, 1589-1616 
approaches to, 1590-1592, 1591t 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
6014, 1602t, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 
596-1597t, 1598f, 1599f 
N-acetyl transferases and, 1603-1609, 
605-1607t, 1608f 
targets and future directions in, 1609-1611, 
610t 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyltransferase and, 1592- 
595, 1593f, 1594f 
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Drug clearance tests, 1791-1792 
Drug detection reagents, 1293-1294 
Drug-induced disorders 
amenorrhea in, 2117 
cholestasis in, 1822-1823 
hepatic, 1808, 1816-1817 
laboratory features of, 1805t 
Dry chemistry system 
for creatinine, 800 
for thyroxine, 2071 
for urea, 803 
for uric acid, 808 
for urinary albumin, 814 
Dry cleaning agents, 1708t 
Dry etching, 248-249 
DU-PAN-2 tumor marker, 772-773 
Dual-piston reciprocating pump, 157, 157f 
Dubin-Johnson syndrome, 1199, 1220 
Duchenne’s muscular dystrophy, 599, 
1498-1500 
Ducts of Bellini, 1767 
Duffy antigen receptor complex, 718-719 
DUMB BELS mnemonic, 1291 
Duodenum, 1849 
Dwarfism, 1491-1492 
Dye(s) 
in conventional electrophoresis, 125, 125t 
for real-time polymerase chain reaction, 
1436-1439, 1438f 1439f 
Dye-binding methods for serum total protein, 
588 
Dye excretion tests, 1791 
DynaFit, 200 
Dysautonomias, 1050-1052, 1051t 
Dysbetalipoproteinemia, 930-931 
Dyshemoglobins, 1003 
Dyslipidemia 
in chronic kidney disease, 1696-1697 
in end-stage renal disease, 1698 
Dyslipoproteinemia, 9281, 928-932 
Dystrophin, 1499 


E 


E-selectin, 1635 
E3 deficiency, 2212-2213t 
Ecgonine methyl ester, 1335, 1336f 
Echelette in spectrophotometry, 67 
Eclampsia, 2162-2163 
Economic evaluations of diagnostic testing, 
338-341, 339t 
Ecstasy, 1322-1323 
Ectasule. See Ephedrine. 
Ectoderm, 2153 
Ectopic pregnancy, 2161-2162 
Ectopic syndrome, 765 
EDDP. See 2-Ethylene-1,5-dimethyl-3,3- 
diphenylpyrrolidine. 
Eddy diffusion, 147 
Edema 
albumin levels in, 548 
in nephrotic syndrome, 1704 
EDTA. See Ethylenediaminetetraacetic acid. 
Edwards syndrome, 2166 
Efavirenz, 1269t, 2307t 
Effexor. See Venlafaxine. 
Efficiency, term in chromatography, 147-148 
EIA. See Enzyme immunoassay. 
Elastase-1 
fecal, 1870t, 1870-1871 
pancreatic, 623 
Elavil. See Amitriptyline. 
Eldepryl. See Selegiline. 


Index 


Elderly 
body fluid changes in, 4614, 461-462 
chromium deficiency in, 1125 
Electric potential, SI unit of, 6t 
Electric track vehicle, 271 
Electrical charge of protein, 543 
Electrical hazards, 35 
Electrical neutrality, 1749 
Electrocardiography in acute myocardial 
infarction, 1628 
Electrochemical detector in high-performance 
liquid chromatography, 159t, 160 
Electrochemical DNA sensor, 112 
Electrochemiluminescence, 84-85 
for serum thyroxine, 2070 
Electrochemistry, 93-119 
biosensors in, 108-113 
affinity sensors and, 112-113, 113f, 114f 
enzyme-based biosensors with 
amperometric detection and, 108-110, 
108-110f 
enzyme-based biosensors with optical 
detection, 111-112 
enzyme-based biosensors with 
potentiometric and conductometric 
detection, 110-111, 111f 
conductometry in, 105-106 
coulometry and, 106 
in detection of nucleic acids, 1421 
optical chemical sensors in, 106-108, 107f 
potentiometry in, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 96t, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 
101t 
in specimen identification, 279 
voltammetry and amperometry in, 101-105, 
102f, 104f, 105f 
Electrode(s) 
for blood gases, 1009, 1010-1011 
in potentiometry, 94-100, 110-111, 111f 
ion-selective electrodes in, 95-100, 96t, 97- 
100f, 279 
redox electrodes in, 94-95 
in voltammetry and amperometry, 101-102, 
109-110, 111f 
Electrode potential, 94 
Electroendosmosis in electrophoresis, 126-127, 
127f, 133 
Electroimmunoassay, 229, 229f 
Electrokinetic injection in capillary 
electrophoresis, 131 
Electrokinetic potential, 127 
Electrolyte(s), 983-991, 1750-1757 
bicarbonate and, 990-991, 1757 
in body fluids, 1748-1750, 1749t 
chloride and, 989-990, 1757 
electrolyte exclusion effect and, 987-989, 
988f, 9881, 989t 
optical chemical sensors for, 106-108, 107f 
plasma and urine osmolality and, 992-994, 
993f 
potassium and, 984-987, 1754-1757, 1755f, 
1756f 
potentiometry and, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 96t, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101t 


Electrolyte(s) (Continued) 
renal regulation of, 1679-1681, 1680f 
sodium and, 984, 1750-1754, 1752f, 1754f 
specimens for, 983-984 
sweat testing and, 994-998, 995t, 999b 
Electrolyte exclusion effect, 987-989, 988f, 988t, 
989t, 1753 
Electrolyte profile, 983, 1748 
Electrolytic conductivity detector in gas 
chromatography, 153t 
Electromagnetic radiation, 61 
Electromotive force, 6t, 93 
Electron capture, 22 
Electron capture detector, 151, 1534, 154 
Electron capture gas chromatography, 2068 
Electron ionization, 167, 167f 
Electron spray mass spectroscopy, 1175 
Electron transfer flavoprotein defect, 2234- 
2235t 
Electronic balance, 24-25 
Electronic stringency, 254 
Electropherogram, 121, 125-126 
Electrophoresis, 121-140 
for alkaline phosphatase isoenzymes, 610 
for alpha,-antitrypsin, 552 
for amylase, 619, 619f 
for aspartate aminotransferase isoenzymes, 
606-607 
basic concepts and definitions in, 121 
capillary, 130-135, 131f 134f 135f 
for cholinesterase, 614 
for complement C3, 567-568 
conventional, 122-130 
general operations in, 125t, 125-126 
instrumentation in, 122-125, 123f 
technical and practical considerations in, 
126-128, 127f 
types of, 128-130, 129f 
for creatine kinase isoenzymes, 600, 601f 
for glycated hemoglobin, 8811, 882 
for hemoglobinopathy, 1172f, 1172-1173, 
1173f 
immunofixation, 586, 587f 
for lactate dehydrogenase, 602 
for measurement of isoenzymes and 
isoforms, 213 
microchip, 135-138, 136f, 137f 
in nucleic acid analysis, 1421-1427, 1422t 
denaturing gradient gel electrophoresis in, 
1425 
DNA sequencing in, 1426-1428f 
heteroduplex migration analysis in, 1424f 
1424-1425 
Northern blotting in, 1424 
oligo ligation assay in, 1427, 1428f 
PCR product length analysis in, 1422-1423 
PCR/RELP in, 1422, 1423f 
single nucleotide extension assay in, 1426- 
1427 
single-strand conformation polymorphism 
analysis in, 1425, 1425f 
Southern blotting in, 1423f 1423-1424 
temperature-gradient electrophoresis in, 
1425-1426, 1426f 
for protein analysis, 584-586, 585f, 587f 
theory of, 121-122 
for transthyretin, 564 
Electrospray ionization, 168, 169f 590 
Electrospray tandem mass spectrometry, 2241- 
2242 
Electrothermal atomization atomic absorption 
spectrometry, 1122, 1373-1374 
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Elgert’s classification of cytokines, 648b 
ELISA. See Enzyme-linked immunosorbent 
assay. 
Elongation hemoglobins, 1186 
Embden-Meyerhof pathway, 626-630, 630f 
Embryo, 2153-2154 
EMDP. See 2-Ethyl-5-methyl-3,3- 
diphenylpyrroline. 
EMIT. See Enzyme multiplied immunoassay 
technique. 
Emphysema, 551, 1816 
Empirical approach to problem, 431-432 
Encephalitis 
cerebrospinal fluid protein in, 578t 
herpes simplex virus, 1570-1571 
Encephalocele, 2165 
Encephalopathy 
in cirrhosis, 1820t 
ethylmalonic, 2228-2229t, 2230, 2230f 
hepatic, 1790-1791, 1795-1796 
ENCORA 1.2, 200 
End point methods in enzyme assay, 212 
End-stage liver disease, 1796 
End-stage renal disease, 1697-1699, 1698f 
autosomal dominant polycystic kidney 
disease and, 1706-1707 
cardiac troponins and, 1658, 1658¢, 1659f 
cardiovascular disease and, 1723-1724, 1724f 
diabetes mellitus and, 1694, 1694f 
parathyroid hormone and, 1919, 1919f 
pathophysiology of, 1688-1690, 16901, 1691f 
1691t 
prostaglandins and NSAIDS in, 1716 
rapidly progressive glomerulonephritis and, 
1704 
Endocardium, 1619 
Endocrine system, 1019 
Endocytosis, 216 
Endoderm, 2153 
Endogenous lipoprotein metabolism pathway, 
919-921 
Endometrial cancer markers 
cancer antigen 125 in, 772 
carcinoembryonic antigen in, 768-769 
epidermal growth hormone receptor in, 780 
heat shock proteins in, 776 
tumor-associated trypsin inhibitor in, 764 
Endometriosis, 707 
Endometrium, 2105 
Endomysial antibodies, 1861, 1861t 
Endonucleases, 1410 
Endorphins, 1968t, 1969 
Endosmosis in electrophoresis, 126-127, 127f 
Endothelial cell 
interferon-y and, 701t 
interleukin-1 and, 659t 
interleukin-4 and, 666 
interleukin-6 and, 673t, 674 
interleukin-8 and, 676 
tumor necrosis factor-a and, 704-705 
Endothelin, 1685t 
Endotoxin 
in interleukin-6 secretion, 672 
tumor necrosis factor-@ and, 703 
Endpoint quantification, 1419 
Energy 
expression of, 8 
hormonal regulation of production, use, and 
storage of, 1026 
role of copper in production of, 1127 
SI unit of, 6t 
Enkephalins, 1875t 
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Enteric hyperoxaluria, 1714 
Enteric nervous system, 1045 
Enteroglucagon, 1875t 
Enterohepatic circulation of bile acids, 1783- 
1785, 1785f 
Enterokinase deficiency, 1855 
Enterovirus, 1571-1572 
Environmental factors 
in body fluid composition, 463 
in type 1 diabetes mellitus, 856 
in type 2 diabetes mellitus, 857 
Enzymatic hydrolysis of steroid hormones, 2035 
Enzyme(s), 191-218, 597-643 
alcohol ingestion and, 458 
analytical enzymology and, 207-213 
immobilized enzymes and, 213 
immunoassay and, 212-213 
measurement of enzyme mass 
concentration in, 211 
measurement of isoenzymes and isoforms 
in, 213 
measurement of metabolites in, 211-212 
measurement of reaction rates in, 207-209, 
208f 
measurement of substrates in, 209-210 
optimization, standardization, and quality 
control in, 210f 210-211 
units for expressing enzyme activity in, 209 
basic principles of, 191-198 
catalytic activity of enzymes and, 198 
enzyme nomenclature and, 191-192, 192t 
isoenzymes and multiple forms of enzymes 
and, 193-198, 194f, 195f 
structure of enzyme and, 192-193 
bone, 623-625 
brush border, 1852-1853, 1853t 
catalytic activity of, 198 
copper-containing, 1127 
diagnostic enzymology and, 214t, 214-217, 
216f, 217f, 217t 
effects of physical training on, 451 
exercise-related changes in, 451 
of heme biosynthesis, 1211¢, 1211-1213 
hepatic, 604-616 
alkaline phosphatase in, 607-611, 608f, 
6091, 611f 
aminotransferases in, 604-607, 605t, 606f 
cholinesterase in, 614-616 
diseased liver tissue and, 1797 
gamma-glutamyl transferase in, 612-613 
glutamate dehydrogenase in, 607 
glutathione S-transferase in, 613-614 
5’-nucleotidase in, 611-612 
iron-containing, 1187 
kinetics of, 198-207 
coenzymes and prosthetic groups in, 207 
consecutive enzymatic reactions and, 202- 
203 
effect of pH in, 203, 203f 
enzyme activation and, 206-207 
enzyme concentration and, 199 
enzyme-substrate complex and, 198-199, 
199f 
inhibition of enzyme activity and, 204-206, 
205f 
substrate concentration and, 199f, 199-202, 
201f, 202f 
temperature effect on, 203-204, 204f 
liver, 604-616 
alkaline phosphatase in, 607-611, 608f, 
6091, 611f 
aminotransferases in, 604-607, 605t, 606f 
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cholinesterase in, 614-616 
diseased liver tissue and, 1797 
gamma-glutamyl transferase in, 612-613 
glutamate dehydrogenase in, 607 
glutathione S-transferase in, 613-614 
5’-nucleotidase in, 611-612 
magnesium as cofactor for, 1909 
multiple forms of, 193-198, 194f, 195f 
muscle, 597-604 
aldolase in, 603 
creatine kinase in, 598¢, 598-601, 601f 
glycogen phosphorylase in, 603f, 603-604 
lactate dehydrogenase in, 601-603 
nanotechnology and, 255 
nomenclature of, 191-192, 192t 
nucleic acid, 1410-1411 
nutritional assessment and, 1077 
pancreatic, 616-623 
amylase in, 616-619, 617t, 619f, 620f 
chymotrypsin in, 623 
elastase-1 in, 623 
lipase in, 619-621 
trypsin in, 622-623 
pharmacogenetics and, 1589-1616 
N-acetyl transferases and, 1603-1609, 
605-1607¢, 1608f 
approaches to, 1590-1592, 1591t 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
6014, 1602t, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 
596-1597t, 1598f, 1599f 
targets and future directions in, 1609-1611, 
610t 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyltransferase and, 1592- 
595, 1593f, 1594f 
pyridoxyl phosphate-requiring, 1098-1099 
red cell, 625-635 
detection of hereditary deficiencies of, 633- 
634 
Embden-Meyerhof pathway and, 626-630, 
630f 
glutathione pathway and, 631-632 
hexose monophosphate pathway and, 630- 
631, 631t 
methemoglobin reduction and, 633 
methodology for measurement of, 634-635 
purine-pyrimidine metabolism and, 632- 
633 
Rapoport-Luebering cycle and, 631 
steroidogenic, 2006, 2006t 
structure of, 192-193 
as tumor markers, 754-765, 755t 
alkaline phosphatase in, 755 
cathepsins in, 762-763 
creatine kinase in, 756 
human glandular kallikrein 2 in, 761 
kallikreins in, 756-757 
lactate dehydrogenase in, 756 
matrix metalloproteinases in, 763 
neuron-specific enolase in, 756 
prostate-specific antigen in, 757-761, 760t 
prostatic acid phosphatase in, 756 
telomerase in, 764-765 
tumor-associated trypsin inhibitor in, 763- 
764 
urokinase-plasminogen activator system 
in, 761-762 
units for expressing enzyme activity, 8, 209 
zinc-dependent, 1141 
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Enzyme, label used for nonisotopic 
immunoassay, 231t 
Enzyme assay 
for acetaminophen, 1306 
for ammonia, 1791 
for bilirubin, 1197 
for cholesterol, 942-944 
for creatinine, 799f, 799-800 
for magnesium, 1911 
for porphyrins, 1226-1229 
product inhibition in, 205 
for total carbon dioxide, 991 
for triglycerides, 944-945 
for urea, 803 
for uric acid, 807-808 
Enzyme-based biosensor 
with amperometric detection, 108-110, 108- 
110f 
with optical detection, 111-112 
with potentiometric and conductometric 
detection, 110-111, 111f 
Enzyme-based phenotyping tests, 1591 
Enzyme immunoassay, 212-213, 234-236, 
236f 
for aldosterone, 2040 
for homocysteine, 968 
nonseparation electrochemical, 113, 114f 
for saliva progesterone, 2139 
for serotonin, 1062-1063 
for serum thyroxine, 2069 
solid phase competitive sequential, 1351 
for thyroid hormone-binding ratio, 2077 
for total testosterone in blood, 2127 
Enzyme-linked immunosorbent assay, 
235-236 
for advanced glycation end products, 886 
for antithyroid antibodies, 2085 
for benzodiazepines, 1333 
for cytokines, 722, 723t 
for elastase-1, 623 
for lipoprotein(a), 960 
for lysergic acid diethylamide, 1338 
microtiter plate system for, 294 
for oxidized low-density lipoproteins, 953- 
954 
for urine albumin, 888 
for urokinase-plasminogen activator, 762 
Enzyme multiplied immunoassay technique 
in drug testing, 236, 236f, 1293, 1318 
for barbiturates, 1327 
for benzodiazepines, 1332 
for cocaine, 1336 
for lysergic acid diethylamide, 1338 
for propoxyphene, 1347 
for serum thyroxine, 2069-2070 
Enzyme-substrate complex, 198-199, 199f 
Eosinophil, 669, 670 
Eosinophilia, 670-671 
Ephedra, 1323 
Ephedrine, 1323 
chemical structure of, 1321f 
influence on catecholamine levels, 1056t 
therapeutic and toxic levels of, 2307t 
Epiandrosterone, 2101f 
Epicardium, 1619 
Epidemiologic monitoring in maternal 
screening, 2177 
Epidermal growth factor subfamily of 
cytokines, 648 
Epidermal growth hormone receptor, 779-780 
16-Epiestriol, 2106f 
Epigenetics, 1397-1398, 1409 
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Epinephrine, 1022t, 1033-1074 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
collection and storage of samples for, 
1054-1055 
influences of diet and drugs on, 1055, 
1056t 
plasma assays in, 1057, 1057t 
plasma metanephrines and, 1057-1058, 
1058t 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060t 
urinary fractionated metanephrines and, 
1060-1061, 1061t 
biosynthesis of, 1034f, 1034-1035 
carcinoid and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051t 
enteric nervous system and, 1045 
exercise-related changes in, 451 
hypoglycemia and, 865 
morphine and, 459 
neuroblastoma and, 1049-1050 
pheochromocytoma and, 1045-1048, 
1049b 
posture-related changes in, 449-450 
prolonged bed rest-related changes in, 
450 
reference intervals for, 2259t 
renal blood flow and, 1685t 
role in blood glucose concentration, 849 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 
sympathetic nervous system and, 1041-1043, 
1042t 
travel-related changes in, 453 
uptake and metabolism of, 1036-1039, 1037- 
1039f, 1039t 
urine specimen preservatives and, 51t 
Episialin, 770 
Epitestosterone, 2101f 
Epithelial cell 
interferon-o and, 696, 696f 
interleukin-7 and, 675f, 675-676 
renal, 1672 
Epitope, 220 
Epivir. See Lamivudine. 
Epoetin, 1696, 1696b 
Epstein-Barr virus 
in acute hepatitis, 1806-1807 
detection of, 1475f, 1475-1476 
Equanil. See Meprobamate. 
Equilibrium, gravimetry and, 24 
Equilibrium dialysis-ultrafiltration method, 
2129-2130, 2130t 
Equilibrium methods, 212 
Equipment. See also Instrumentation. 
disease transmission via, 272 
for employee safety, 28 
procurement for point-of-care testing, 311- 
312 
Ergocalciferol, 1920, 1920f 
Ergonomics program, 30, 30f 
Erroneous value, 437 
Error models in regression analysis, 378-379, 
379f 
Erythroblastosis fetalis, 2164 


Erythrocyte 
microfilter isolation of, 256, 256f 
potassium in, 984 
transaminase activities in, 605t 
Erythrocyte count, 365t 
Erythrocyte enzymes, 625-635 
detection of hereditary deficiencies of, 633- 
634 
Embden-Meyerhof pathway and, 626-630, 
630f 
glutathione pathway and, 631-632 
hexose monophosphate pathway and, 630- 
631, 631t 
methemoglobin reduction and, 633 
methodology for measurement of, 634-635 
purine-pyrimidine metabolism and, 632-633 
Rapoport-Luebering cycle and, 631 
Erythrocyte folate, 2270t 
Erythrocyte hydroxymethylbilane synthase 
activity assay, 1228-1229 
Erythrocyte porphyrins, 2291t 
Erythrocyte riboflavin, 1097, 2293t 
Erythrocyte total porphyrins, 1226 
Erythrocyte transketolase, 2299t 
Erythrocyte vitamin B,, 2302t 
Erythrodextrins, 840 
Erythromycin, 1268t 
Erythropoiesis, 560-561 
Erythropoietic protoporphyria, 1215¢, 1219- 
1220 
Erythropoietin, 1024t, 1683 
Eskalith. See Lithium. 
Esophageal cancer markers 
cancer antigen 50 in, 773 
epidermal growth hormone receptor in, 780 
matrix metalloproteinases in, 763 
Esophageal varices, 1794 
ESRD. See End-stage renal disease. 
Essential fatty acid, 909 
Essential fructosuria, 889 
Essential pentosuria, 889 
Estazolam, 1328¢, 1331f 
Esterase, 755t 
Esterification of cholesterol, 905-906, 907f 
Esterified fatty acids, 55t 
Estimated oxygen saturation, 1003-1004 
Estradiol, 2105, 2105f, 2106f, 2136 
analytical goals for, 364t 
for assessment of ovarian reserve, 2127 
biosynthesis of, 2010f, 2100f, 2107f 
menstrual cycle and, 2113-2114 
metabolism of, 2107-2108, 2108f 
nonisotopic immunoassay for, 2135 
polycystic ovary syndrome and, 2119 
reference intervals for, 2136t, 2267-2268t 
special collection and storage conditions for, 
55t 
systematic name for, 2005t 
Estrane, 2004, 2105 
Estriol, 2105, 2106f, 2107 
amniotic fluid, 2268t 
biosynthesis during pregnancy, 2106-2107 
measurement of, 2136 
placental, 2155 
reference intervals for, 2268t 
systematic name for, 2005t 
unconjugated, 2172f, 2183-2185, 2184f, 2185f 
Estrogen(s), 1019, 1022t, 2105-2108 
alpha,-antitrypsin and, 551 
alpha,-macroglobulin and, 553 
biosynthesis of, 2105-2106, 2107f 
blood, 2134-2136, 2136t 
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breast cancer and, 2112 
effects on hepatic synthesis of 
angiotensinogen, 2020 
effects on thyroid function, 2064t 
in elderly, 462 
haptoglobin and, 561 
levels during pregnancy, 2157 
metabolism of, 2107-2108, 2108f 
placental, 2155 
saliva, 2137 
structure of, 2009, 2010f 2106f 
urine, 2136-2137 
urine specimen preservatives and, 51t 
Estrogen receptor, 777-779 
Estrogen therapy, 2014 
Estrone, 2105, 2106f 
biosynthesis of, 2010f 
placental, 2155 
reference intervals for, 2136t, 2268-2269t 
systematic name for, 2005t 
Ethambutol, 1268t 
Ethanol 
delta-osmolality of, 1292-1293, 1293t 
for ethylene glycol reversal, 1314 
hypoglycemia and, 866 
osmotic coefficient of, 993 
pharmacology and analysis of, 1300-1301, 
1301t 
plasma, 1303 
reference intervals for, 2269t 
serum, 1303 
symptoms of overdose, 1290t 
Ethchlorvynol, 2307t 
Ethosuximide, 1250, 1250t 
analytical goals for, 365t 
therapeutic and toxic levels of, 2307t 
2-Ethyl-5-methyl-3,3-diphenylpyrroline, 1345, 
1346f 
2-Ethylene-1,5-dimethyl-3,3- 
diphenylpyrrolidine, 1345, 1346f 
Ethylene glycol, 1313f, 1313-1314 
anion gap acidosis and, 1770-1771 
antidote for, 1288t 
serum osmolality of, 1293t 
Ethylenediaminetetraacetic acid 
for blood specimen preservation, 47-48 
in serum samples for serotonin, 1063 
Ethylmalonic acid, 2269t 
Ethylmalonic encephalopathy, 2228-2229¢, 2230, 
2230f 
Etiocholanolone 
biosynthesis of, 2010f 
catabolism of, 2101f 
systematic name for, 2005t 
Euchromatin, 1395 
Euglobulin, 564 
Europium 
immunoassay detection limits of, 233t 
properties of, 237t 
Eutectic bonding of silicon surfaces, 250 
Euthyroid sick syndrome, 2061-2062, 2062b, 
2062f 
Evacuated blood tube, 43-45, 44f, 44t, 45f 
Evaporation 
processing of solution and, 27 
of specimen, 271 
of sweat sample, 997 
Everolimus, 1275f, 1276-1277, 1280t 
Evidence-based laboratory medicine, 321-529 
application of principles in routine practice, 
347 
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(Continued) 
characterization of diagnostic accuracy of 
tests in, 328-330, 331f 332f 
clinical audit and, 345f, 345-347 
clinical laboratory informatics in, 475-483 
computing fundamentals in, 475-478, 477f 
477t, 478f 
laboratory information systems and, 478- 
482, 479b, 480f, 4808, 481f, 481t 
pathology informatics resources and, 482- 
483 
clinical practice guidelines and, 341-345, 
342f, 343-3451, 344b, 344f 
clinical setting of outcome study and, 328 
concepts, definitions, and relationships in, 
323-325 
diagnostic questions addressed in, 326, 326f 
327-328t 
economic evaluations of diagnostic testing in, 
338-341, 339t 
method evaluation in, 353-407 
analytical measurement range and, 359 
analytical performance criteria and, 354 
analytical sensitivity and, 361 
analytical specificity and interference in, 
361-362 
basic error model in, 368-370, 369f 
Bland-Altman plot and, 376-377, 377f, 
377t 
calibration and, 355f, 355t, 355-356 
distribution of differences plot in, 371-376, 
372-375f, 373t, 375t 
goals for analytical quality in, 362f, 362- 
366t, 362-368 
guidelines, regulatory demands, and 
accreditation in, 402-403 
limit of detection and, 359-361, 360f, 361f 
limit of quantification and, 361 
linearity in, 359 
medical criteria and, 353-354, 354f 
method comparison data model in, 370- 
371 
monitoring serial results and, 396-397, 
397f 
paired t-tests and, 377-378, 378f, 378t 
precision in, 357-358, 358t 
precision profile in, 358, 358f 
regression analysis and, 378-395. See also 
Regression analysis. 
software packages for, 403-404 
traceability and measurement uncertainty 
and, 397-402, 398f, 401t 
trueness and accuracy in, 356, 356t 
verification of distribution of differences in 
relation to specified limits in, 376, 
376t 
outcome studies in, 330-336, 333-335f 
preanalytical variables in, 449-467 
age in, 459-462, 4602, 461t 
alcohol ingestion in, 457-458 
altitude in, 463 
ambient temperature in, 463 
blindness in, 465 
circadian variation in, 452-453, 453t 
control of, 491-494, 492t 
diet in, 453-454 
drug administration in, 4581, 458-459 
exercise in, 451, 452t 
fasting and starvation in, 456-457 
fever in, 465-466, 466t 
food ingestion in, 454-455, 455t 
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herbal preparations in, 459 

influence of menstrual cycle in, 464 

malnutrition in, 455-456 

obesity in, 464-465 

physical training in, 451-452 

place of residence in, 463 

posture in, 449-450, 450t 

pregnancy in, 465 

prolonged bed rest in, 450 

race in, 462-463 

recreational drug administration in, 459 

seasonal influences in, 463-464, 464t 

sex in, 462t, 463 

shock and trauma in, 466, 467t 

smoking in, 457 

stress in, 465 

transfusion and infusions in, 466-467 

travel in, 453 

types of, 492-494 

vegetarianism in, 455, 456t 

quality management in, 485-529 

control charts and, 498-499, 499f 

control materials and, 497-498 

control of analytical quality using patient 
data in, 510-515, 5124, 514f 

control of analytical variables in, 494-497, 
495f, 496b 

control of preanalytical variables in, 491- 
494, 492t 

cumulative sum control chart and, 506t, 
506-508, 507f, 507t, 508f 

external quality assessment and proficiency 
testing programs in, 515-519, 517- 
518t 

fundamental concepts of, 485-486, 486f 

identification of analytical errors in, 519- 
520 

International Organization for 
Standardization and, 521-523, 523t 

Joint Committee for Traceability in 
Laboratory Medicine and, 520-521 

Levy-Jennings control chart and, 503f, 503- 
504, 504f 

Malcolm Baldridge National Quality 
Award and, 523 

principles of, 486f, 486-487 

process for selection of quality control 
procedures and, 502-503 

quality assurance program in, 490-491 

Shewart mean and range control chart 
and, 508f 508-510, 509t 

six sigma process and, 488-490, 489f, 490f 

Westgard multirule chart and, 504-506, 
505f, 505t, 506f 

reference values and, 425-448 

analytical procedures and quality control 
in, 432-433 

concept of, 425-427 

determination of reference limits in, 434- 
436, 435f 

dynamic versus static interpretation of 
clinical chemistry data and, 446 

identification and handling of erroneous 
values in, 437 

inspection of distribution in, 436-437 

multivariate, population-based reference 
regions and, 443-445, 444f, 445f 

nonparametric method in, 437-438, 4381, 
439t 

parametric method in, 438-442 
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partitioning of reference values in, 436 
presentation of observed values in relation 
to, 442-443 
selection of reference individuals for, 427- 
430, 428f, 428t, 430b, 431b 
specimen collection and, 430-432, 432t 
statistical concepts in, 433-434, 434f 
subject-based, 445f, 445-446 
transferability of, 443 
systematic reviews of diagnostic tests in, 336- 
338, 337b 
test performance evaluation in, 409-424 
Bayes’ theorem and, 414-415 
classification bias and, 410¢, 410-411 
clinical examples of, 419-420 
combination testing and, 415t, 415-416, 
Alot 
cost effectiveness and outcomes research 
and, 420-422, 421f 
data analysis methods for very large 
numbers of variables and, 418f, 418- 
419 
likelihood ratio and, 413f 413-414 
model evaluation and, 420 
multivariate data analysis in, 416-418, 417f 
418f 
odds ratio and, 413 
receiver operating characteristic curves in, 
412f, 412-413, 413f 
sensitivity and specificity in, 4114, 411-412, 
412f 
spectrum in, 409-410, 410t 
using test results in, 328 
Ex vivo point-of-care testing devices, 308, 308t 
Exa, metric prefix of SI unit, 7t 
Excitation and emission monochromator, 78 
Excitation interference, 75 
Excitation source for fluorometry, 77-78 
Excretion 
of albumin, 547 
of ascorbic acid, 1105-1106 
of biotin, 1107-1108 
of boron, 1143 
of chromium, 1124 
of copper, 1126-1127, 1127f 
of drug, 1240t, 1247 
of fluoride, 1142 
of folic acid, 1109-1110 
hepatic role in, 1781-1787 
bile acid metabolism and, 1784-1787, 
1786b 
bile formation and, 1782-1783, 1785f 
bilirubin and, 1781-1782 
enterohepatic circulation and, 1783-1784, 
1785f 
synthesis of bile acids and, 1782, 1783f, 
1784f 
of manganese, 1130 
of molybdenum, 1132 
of niacin, 1115 
of pantothenic acid, 1117 
of riboflavin, 1095f 1095-1096 
of selenium, 1133-1134 
of trace elements, 1119 
of vitamin A, 1081 
of vitamin Be 1098, 1098t 
of vitamin B,,, 1101-1102 
of vitamin E, 1084-1085 
of vitamin K, 1087-1088, 1088f 1090, 1091f 
of zinc, 1138 


Index 
Exercise 
as controllable preanalytical variable, 451, 
452t 


growth hormone release and, 1973f, 1974b 


Exocytosis, 1035-1036, 1036f 

Exogenous lipoprotein metabolism pathway, 
919, 919f 

Exonucleases, 1410 

Expected date of confinement, 2153 

Exposure control plan, 29-30 

Extension cord, 35 

External calibrator, 1558 


External quality assessment, 400-401, 515-519, 


517-518t 
External respiration, 1762 
External validity, 329 
Extracellular calcium, 1893 
Extracellular compartment, 1749-1750 
Extracellular fluid, 1747, 1748f 
chloride in, 989 
hyponatremia and, 1752 
sodium in, 984 
Extracorporeal shock wave lithotripsy, 1711- 
1712 
Extracted ion profile, 166 
Extraction 
of nucleic acid, 1557-1558 
of steroid hydrolysis, 2035 
of vitamin D metabolites, 1923 
Extraction recovery, 356 
Extrahepatic biliary atresia, 1201 
Exudate, 580 


F 


Fab antigen-binding site, 569 
Facilitative glucose transporter, 847t, 
847-849 
FAD. See Flavin adenine dinucleotide. 
Fallopian tube, 2104 
False-negative results, 1562-1563 
cost complications of, 421 
in pheochromocytoma, 1046 
in polymerase chain reaction, 1416 
False-positive results, 1562-1563 
cost complications of, 421 
in estrogen receptor assay, 778 
in polymerase chain reaction, 1415-1416 
reference intervals and, 415 
in urine glucose, 872 
Familial adenomatous polyposis, 1510-1511 
Familial amyloidosis, 582 
Familial combined hyperlipidemia, 929-930 
Familial defective apolipoprotein B-100, 931 
Familial dysautonomia, 1052 
Familial dyslipoproteinemia, 928-932 
Familial hypercholesterolemia, 931 
Familial hypertriglyceridemia, 930 
Familial hypoalphalipoproteinemia, 931 
Fanconi syndrome, 1710, 1716 
Faraday cup, 181 
Faraday’s law, 106 
Fast atom bombardment, 171 
Fast hemoglobin, 879 
Fasting as controllable preanalytical variable, 
456-457 
Fasting glucose 
reference intervals for, 2270-2271t 
values during pregnancy, 2158t 
Fasting hypoglycemia, 851, 865-866 
Fasting plasma glucose, 859 
Fasting serum C-peptide, 851 
Fasting triglycerides, 2158t 


Fat 
digestion and absorption of, 1854, 1855f, 
1878-1881, 1879t, 1880b, 1880t 
intake of, 934, 934t 
Fat-soluble vitamins, 1079, 1080t 
Fat stain, 584 
Fatty acid(s), 907-911, 908f, 9091, 910f 911f 
in displacement of protein-bound drug, 1245 
fasting and starvation and, 456 
fever and, 466 
metabolism of, 2230-2232, 2231f 
smoking and, 457 
special collection and storage conditions for, 
55t 
Fatty acid oxidation disorders, 2230-2237, 
2231f, 2234-2235t 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
postmortem screening of, 2210, 2210f 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
Fatty liver of pregnancy, 2162 
FC region of heavy chain, 569 
Fearon reaction, 802-803 
Fecal chloride, 989 
Fecal chymotrypsin, 1870t 
Fecal elastase-I, 1870t, 1870-1871 
Fecal fat measurement, 1879, 1879t 
Fecal osmotic gap, 1883 
Fecal porphyrins, 1225-1226, 1227f, 2291t 
Fecal proteins, 580 
Fecal sodium, 984 
Fecal specimen collection, 52, 1224 
Fecal urobilinogen, 1198 
FECH. See Ferrochelatase. 
Feedback control of hypothalamic-pituitary- 
adrenal-immune axis, 1969, 1969f 
Felbamate, 1250¢, 1254, 2307t 
Felbatol. See Felbamate. 
Female athlete triad, 2117 
Female reproductive system, 2104-2120 
anatomy of, 2104f, 2104-2105 
assisted reproduction and, 2127 
blood estrogens and, 2134-2136, 2136t 
blood progesterone and, 2137-2138, 2138t 
breast cancer and, 2112 
estradiol and, 2136 
estrogens and, 2105-2108, 2106-2108f 
female pseudohermaphroditism and, 2110 
fetal development of, 2109 
hirsutism and virilization and, 2118-2120 
hypothalamic-pituitary-gonadal axis and, 
2105, 2105f 
infertility and, 2124b, 2124-2127, 2125f 
2126f 
menopause and, 2120 
normal menstrual cycle and, 2112-2114, 
2113f 
ovulation and, 2114 
postnatal development of, 2109 
precocious puberty and, 2110-2112 
primary amenorrhea and, 2114, 2117-2118 
progesterone and, 2108f 2108-2109, 2109f 
progesterone challenge and, 2118, 2119t 
puberty and, 2109-2110 
saliva estrogens and, 2137 
saliva progesterone and, 2138-2139 
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Female reproductive system (Continued) 
secondary amenorrhea and, 2114-2117, 
2115b, 2116b, 2116t 
urine estrogens and, 2136-2137 
Feminizing adrenocortical carcinoma, 2029- 
2030 
Femto, metric prefix of SI unit, 7t 
Fenoprofen, 2307t 
Fentanyl, 1340f 
Ferredoxin, 1187 
Ferric perchlorate method, 990 
Ferric reducing ability of plasma assay, 1078 
Ferriheme, 1209 
Ferritin, 1186-1187, 1187f 
chronic kidney disease and, 1696 
hereditary hematochromatosis and, 1814 
plasma, 1191 
reference intervals for, 2269t 
serum, 1191, 1191t 
as tumor marker, 774t 
Ferrochelatase, 1211t, 1213 
erythropoietic protoporphyria and, 1219 
functional polymorphism of, 1229-1230 
lead toxicity and, 1220 
Ferroportin, 1188t 
deficiency of, 1192, 1193 
Ferrous sulfate, 2064t 
Ferroxidase I, 1127 
Ferroxidase II, 1127 
Ferrozine, 1190t 
FES. See Flame emission spectrophotometry. 
Fetal alcohol spectrum disorders, 1300-1301 
Fetal alpha,-fetoprotein, 554-555 
Fetal fibronectin, 2186-2187 
Fetal hemoglobin, 1166f 1166-1167, 1167f 
hereditary persistence of, 1181 
spectrophotometric analysis of, 1297 
Fetal lung maturity tests, 2188-2193, 2189t 
collection of amniotic fluid for, 2189-2190 
fluorescence polarization tests in, 
2190-2191 
Foam Stability Index in, 2192-2193 
lamellar body counts in, 2193 
lecithin/sphingomyelin ratio in, 2191-2192 
phosphatidylglycerol determination in, 2192 
Fetal RhD genotyping, 2165 
Fetus, 2153-2154 
anomalies of, 2165-2166 
development of 
female, 2109 
functional, 2159f 2159-2160 
male, 2099-2101, 2101f 
fetal DNA in maternal plasma and, 1399 
health assessment of, 2160-2161, 2161f 
isoenzyme distribution in, 197 
maternal adaptation to, 2156-2157, 2158t 
screening for anomalies of, 2167f, 
2167-2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 2169#, 2169-2170, 
2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f, 21714, 2172f, 2173t 
external proficiency testing and, 2179 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 


Index 


Fever 
interleukin-6 and, 674 
as noncontrollable preanalytical variable, 
465-466, 466t 
Fexofenadine, 1312f 
Fiber optics for spectrophotometry, 68-69 
Fibrinogen 
analytical goals for, 365t 
critical values of, 2318t 
levels during pregnancy, 2157, 2158t 
special collection and storage conditions for, 
55t 
Fibroblast 
interferon-o and, 696, 696f 
interleukin-1 and, 659t 
interleukin-6 and, 671-675, 672f, 673t 
interleukin-17 and, 694 
tumor necrosis factor-@ and, 704 
Fibroblast growth factor subfamily of cytokines, 
648-649 
Fibronectin, fetal, 2186-2187 
Fibrosis 
in chronic hepatitis, 1817 
in cirrhosis, 1819 
tumor necrosis factor-@ and, 706 
Fick’s equation 
in passive gel diffusion, 225 
in radial immunodiffusion immunoassay, 
229 
Field method versus reference method, 370, 495, 
495f 
Filter, 27 
in fluorometry, 78 
in spectrophotometry, 66-67, 67f 
Filter paper for blood specimen, 46 
Filter photometer, 64 
Filtrate, 27 
Filtration, processing of solution and, 27 
Fingernail specimen, 54 
Fire extinguisher, 36, 36t 
Fire hazards, 35-36, 36t 
First-order kinetics, 1246, 1246f 
First-pass effect, 1244 
FISH. See Fluorescent in-situ hybridization. 
Fisher’s discriminant analysis, 416-418, 417f 
Fixed-angle centrifuge, 19 
Fixed-loop injector in liquid chromatography, 
158, 158t 
Fixed-wavelength photometer, 158-159, 
159t 
Flame emission spectrophotometry, 73 
electrolyte exclusion effect and, 988, 988 
for magnesium, 1911 
for sodium and potassium, 984, 986 
Flame ionization detector, 151, 1534, 153-154, 
154f 
Flame photometric detector, 153t 
Flameless atomic absorption 
spectrophotometry, 74 
Flammable solvents, 35 
Flask, volumetric, 18, 18f 
Flavin(s), 1094-1097, 1095f 
Flavin adenine dinucleotide 
riboflavin and, 1094-1097, 1095f 
thiamine and, 1091 
Flavin mononucleotide, 1094-1095, 1095f 
Flecainide, 1256t, 1258, 2307t 
Flow cytometer, 82-83, 83f, 293 
Flow cytometry 
in cytokine measurement, 722, 722f 
for hematuria, 812 
Flow imaging systems for hematuria, 812 
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Fludrocortisone 
relative potency of, 2009t 
suppression test of, 2021, 2021b 
Fluid retention 
in fever, 465 
prolonged bed rest and, 450 
smoking and, 457 
transfusion-related, 467 
Flumazenil, 1332, 1332f 
Flunitrazepam, 1328, 1329f, 1332-1333 
Fluorescein dilaurate test, 1871-1872 
Fluorescence, 75 
limitations in measurement of, 83-84 
optical sensors and, 107 
polarization of, 76-77, 77f 
time relationships in, 75-76, 76f 
Fluorescence emission spectroscopy of plasma 
porphyrins, 1226, 1228f 
Fluorescence excitation transfer immunoassay, 
235b 
Fluorescence polarization fetal lung maturity 
test, 2190-2191 
Fluorescence polarization immunoassay, 1420- 
1421 
for aspirin, 1308 
in drug testing, 1293, 1318 
for barbiturates, 1327 
for benzodiazepines, 1332 
for cocaine, 1336 
for propoxyphene, 1347 
for serum thyroxine, 2070 
for thyroid hormone-binding ratio, 
2077 
Fluorescence quenching, 1420-1421 
Fluorescence resonance energy transfer, 1420- 
1421 
Fluorescent in-situ hybridization, 1435, 1464- 
1465, 1466f 
Fluorescent labels, 1420-1421 
Fluorescent staining of nucleic acids, 
1419 
Fluorescently labeled primers, 1436-1437 
Fluoride, 1142-1143 
blood, 55t 
for glycolysis prevention in blood sample, 
869 
reference intervals for, 2270t 
special collection and storage conditions for, 
55t 
Fluorocarbon-based control materials, 1011- 
1012 
5-Fluorodeoxyuridine, 1273 
Fluoroimmunoassay, 236-237, 237t 
Fluorometer 
in high-performance liquid chromatography, 
159t, 159-160 
time-resolved, 81-82 
Fluorometry, 75-84 
basic concepts in, 75-77, 75-77f 
cuvet in, 78-79, 79f 
excitation and emission monochromator in, 
78 
excitation source for, 77-78 
flow cytometer for, 82-83, 83f 
hematofluorometer for, 83 
limitations of, 83-84 
performance verification in, 80 
photodetector in, 78-80 
ratio-referencing spectrofluorometer for, 80- 
81, 81f 
in specimen identification, 278 
time-resolved fluorometer for, 81-82 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


2352 


Fluorophore 
as label used for nonisotopic immunoassay, 
231t 
properties of, 237t 
Fluoroquinolones, 1265, 1266f 
5-Fluorouracil, 1273, 2064t 
Fluoxetine, 1269, 1270t, 1271, 2307t 
Fluphenazine, 1311t 
Flurazepam, 1328, 1330f, 2307t 
FMN. See Flavin mononucleotide. 
FO,Hb. See Fractional oxyhemoglobin. 
Foam Stability Index, 2192-2193 
Focal atelectasis, 2166 
Focal glomerulosclerosis, 567, 1705 
Folate 
malnutrition and, 456 
reference intervals for, 2270t 
special collection and storage conditions for, 
55t 
Folic acid, 1109-1114, 1110-1112f 
oral and intravenous intakes of, 1076t 
special collection and storage conditions for, 
55t 
Folin-Ciocalteu method for serum total protein, 
588 
Follicle-stimulating hormone, 1020¢, 1984-1988, 
2097, 2098f, 2109 
analytical goals for, 364t 
for assessment of ovarian reserve, 2127 
biochemistry of, 1984-1985, 1985f 
gonadotropin-releasing hormone stimulation 
test for, 1989b 
male puberty and, 2101-2102 
measurement of, 1985-1987, 1987t 
menstrual cycle and, 2113, 2113f 
ovulation and, 2114 
polycystic ovary syndrome and, 2115 
precocious puberty and, 2111 
reference intervals for, 2270t 
Follicular lymphoma, 1464-1465, 1466f 
Follicular phase of menstrual cycle, 2112 
Follistatin, 1022t 
Follitropin, 1984 
Fomepizole, 1314 
Food and Drug Administration, 1555 
Food influence on cortisol concentrations, 2014 
Food ingestion as controllable preanalytical 
variable, 454-455, 455t 
for total calcium, 1897-1898, 1898f 
for trace elements, 1121 
Force, SI unit of, 6t 
Forensic DNA typing, 1541-1545, 15424, 15434, 
1547 
Formalin, 51 
Fortovase. See Saquinavir. 
Fourier transform infrared detector, 153t 
FPG. See Fasting plasma glucose. 
FPIA. See Fluorescence polarization 
immunoassay. 
Fractional oxyhemoglobin, 1003-1004 
Fractionated metanephrines 
pheochromocytoma and, 1047-1048 
urine, 1060-1061, 1061t 
Fragile X syndrome, 1500f 1500-1501, 1502f 
FRAP. See Ferric reducing ability of plasma 
assay. 
Free blood testosterone, 2129-2131, 2130t, 
2131t 
Free calcium, 1896, 1899-1902, 1900f 1901f 
1902t 
interpretation of results, 1903-1904, 1904f, 
1905f 


Index 


Free calcium (Continued) 
in normal plasma, 1893t 
parathyroid hormone and, 1913, 1914f 
reference intervals for, 1903, 2258t 
sources of preanalytical error in, 1902-1903 
values during pregnancy, 2158t 
Free catecholamines, 1059-1060, 1060t 
Free cortisol 
urine, 2016, 2016f, 2034 
in Cushing’s syndrome, 2025, 2026t 
measurement of, 2038-2039 
urine specimen preservatives and, 51t 
Free drug, 1244-1245 
Free estriol, 2268t 
Free fatty acids 
ketone bodies and, 875 
smoking and, 457 
special collection and storage conditions for, 
55t 
Free hydrochloric acid, 1858 
Free magnesium, 1912, 2284t 
Free metanephrines 
pheochromocytoma and, 1047-1048 
reference intervals for, 2284t 
Free radical, label used for nonisotopic 
immunoassay, 231t 
Free steroids, 2034 
Free testosterone, 2129-2130, 2130t 
in hirsutism and virilization, 2118 
reference intervals for, 2295t 
Free thyroid hormones, 2073-2083 
direct reference methods for, 2074-2075 
free thyroxine index and, 2078-2079 
hypothyroidism versus euthyroid sick 
syndrome and, 2062-2063 
indirect methods for, 2075-2076 
selection and use of tests for, 2081-2082 
thyroid hormone-binding ratio and, 2076- 
2078, 2078t 
thyroxine-binding globulin ratio and, 2080- 
2081 
Free thyroxine, 2056-2057 
analytical goals for, 365t 
calculation of free thyroxine index and, 2078- 
2079 
hyperthyroidism and, 2060-2061 
hypothyroidism and, 2059 
reference intervals for, 2298t 
thyroxine-binding globulin and, 2080-2081 
ultrafiltration procedure for, 2074 
values during pregnancy, 2158t 
Free thyroxine index, 2078t, 2078-2079, 2298t 
Free triiodothyronine 
direct reference methods for, 2074-2075 
indirect methods for, 2075-2076 
reference intervals for, 2300t 
thyroxine-binding globulin and, 2080-2081 
Free triiodothyronine index, 2078-2079 
Freeze drying, 27 
Freezing point, osmotic pressure and, 992 
Freezing point depression osmometer, 993f 
993-994 
Frequency, SI unit of, 6t 
FRET. See Fluorescence resonance energy 
transfer. 
Friedewald equation, 948-949, 949b 
Front-surface reflectance fluorometry, 278 
Frozen specimen, transportation of, 56 
Fructofuranose, 839, 839f 
Fructokinase, 889 
Fructopyranose, 839, 839f 
Fructosamine, 884-886, 885f 2270t 


Fructosan, 839 
Fructose, 839, 839f, 841, 841f 
metabolic disorders of, 889 
qualitative tests for, 889-890 
Fructose-1-phosphate aldolase deficiency, 889 
FSH. See Follicle-stimulating hormone. 
Fugacity, 1000 
Fumaric acid, 2270t 
Fumarylacetoacetase defect, 2212-2213t 
Fume hood, 28 
Functional hemolytic assay for C4 deficiency, 
569 
Functional hypoglycemia, 866-867 
Functional proteinuria, 576 
Fundacion Bioquimica Argentina, 943b 
Furosemide 
effects on thyroid function, 2064t 
stimulation test of, 2020b, 2020-2021 
Fused hybrid cell, 221 
Fusidic acid, 1268t 


G 


G-protein-coupled receptor, 1027-1029, 1029f 
G6PD. See Glucose-6-phosphate dehydrogenase. 
GABA. See Gamma-aminobutyric acid. 
Gabapentin, 1250t, 1254, 2307t 
Gabitril. See Tiagabine. 
Galactokinase deficiency, 889 
Galactopoietic hormone, 1977 
Galactorrhea, 2104 
Galactose, 915 
metabolic disorders of, 888-889 
special collection and storage conditions for, 
55t 
Galactose-1-phosphate uridyl transferase 
deficiency, 889 
Galactosemia, 888 
Galactosylceramide, 914f, 915 
Galactosyltransferase, 755t 
Galanin, 1024¢, 1875t 
Gallbladder, 1778f 1779 
enteric nervous system of, 1045 
gallstones and, 1823 
tumor of, 1825 
Gallstones, 1823 
Gamma-aminobutyric acid 
barbiturates and, 1325 
benzodiazepines and, 1329 
effect on anterior pituitary hormones, 1968t, 
1969 
structure and molecular weight of, 536t 
Gamma-aminobutyric acid analogs-agonists, 
1254 
Gamma-butyrolactone, 1337, 1337f 
Gamma-carboxyglutamyl, 1088 
Gamma-globulin 
malnutrition and, 455 
racial differences in, 462 
Gamma-glutamylcysteine synthetase, 631 
Gamma-glutamyltransferase, 612-613 
alcohol ingestion and, 458 
in diagnosis of liver disease, 1797 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
influence of blood collection site on, 49, 49t 
reference intervals for, 2271t 
as tumor marker, 755t 
Gamma-hydroxybutyrate, 1336-1338, 1337f 
Gamma radiation, internal conversion and, 22 
Ganciclovir, 1268t 
Gangliosides, 915 
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Garamycin. See Gentamicin. 
Gas(es), behavior of, 999-1001, 1000t 
Gas chromatography, 149-155, 150-152f, 153, 
154f, 155f 
for amino acids, 540 
basic concepts in, 141, 142f 
for blood progesterone, 2137 
for carbon monoxide, 1297 
for cortisol, 2036 
for drug screening, 1294 
instrumentation in, 149-155 
carrier gas supply and flow control in, 150- 
151 
column technology and, 149-150, 150t 
computer in, 154-155, 155f 
detectors in, 153¢, 153-154, 154f 
injector in, 151, 151 152f 
sample extraction and, 155 
temperature control and, 151-153 
for plasma vanillylmandelic acid, 1061 
Gas chromatography-mass spectrometry, 141, 
182 
for amphetamine and methamphetamine, 
1324-1325 
for barbiturates, 1327-1328 
for benzodiazepines, 1333 
for blood estrogens, 2134-2135 
for blood progesterone, 2137 
for cocaine, 1336 
for cortisol, 2036 
for gamma-hydroxybutyrate, 1337-1338 
for inborn errors of organic acid metabolism, 
2237 
for lysergic acid diethylamide, 1338-1339 
for methadone, 1345-1346 
for opiates, 1344 
for phencyclidine, 1348 
for propoxyphene, 1347 
for tetrahydrocannabinol, 1335 
for total testosterone in blood, 2127 
Gas exchange in lung, 1763, 1764f 
Gas-filled detector of radiation, 23 
Gas-liquid chromatography, 149, 1248, 1294 
Gas-solid chromatography, 149 
Gastric acid secretion, 1850-1851 
Gastric cancer markers 
CA 50 in, 773 
CA 72-4 in, 774 
carcinoembryonic antigen in, 768-769 
cathepsins in, 763 
colorectal cancer gene in, 785 
epidermal growth hormone receptor in, 780 
heat shock proteins in, 776 
lactate dehydrogenase in, 756 
telomerase in, 765 
tumor-associated trypsin inhibitor in, 764 
Gastric inhibitory polypeptide, 10231, 1876 
Gastric juice, 1858-1859 
Gastrin, 10234, 1851, 1874t, 1874-1875 
morphine and, 459 
plasma, 1877 
special collection and storage conditions for, 
55t 
as tumor marker, 765t 
Gastrinoma, 1877 
Gastroenteritis, 547 
Gastrointestinal bleeding, 1220-1221 
Gastrointestinal tract, 1849-1889 
anatomy and physiology of, 1849-1851, 1850f 
bacterial overgrowth in, 1864b, 1864-1865, 
1865t 
basal acid output and, 1858-1859 
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Gastrointestinal tract (Continued) 
bile salt malabsorption and, 1865-1866 
carcinoid tumor of, 1052-1054 
celiac disease and, 1859-1862, 1860f, 1861¢, 
1862t 
chronic diarrhea and, 1881b, 1881-1883, 
1882f 
cystic fibrosis and, 1867, 1867b 
digestion and absorption process and, 1851- 
1855, 1852f, 1853t, 1855f 
disaccharidase deficiencies and, 1862t, 1862- 
1864, 1863b, 1864b 
enteric nervous system of, 1045 
evaluation of fat absorption in, 1878-1881, 
1879t, 1880b, 1880t 
hormones of, 1023t 
loss of hydrogen chloride via, 1773 
neuroendocrine tumors of, 1877-1878 
pancreas and, 1867-1873 
invasive tests of exocrine function of, 
1868-1869, 1869f 1869¢ 
noninvasive tests of exocrine function of, 
1869-1873, 1870t, 1871-1873f 
pancreatitis and, 1867-1868, 1868b 
pediatric disorders of, 1867, 1867b 
peptic ulcer disease and, 1856-1858, 1857), 
1857f 
protein-losing enteropathy, 1866-1867 
regulatory peptides of, 1872-1876, 1874t, 
1875t 
tyrosine hydroxylase expression of, 1044-1045 
Gatifloxacin, 1265, 1266f 
Gaucher’s disease, 625 
Gaussian distribution, 434, 435, 435f 
in nonparametric regression analysis, 388- 
389 
in parametric method for determination of 
percentile, 437 
testing fit to, 439-440 
Gay-Lussac’s law, 1000, 1000¢ 
GCS. See Gamma-glutamylcysteine synthetase. 
GDP. See Guanosine diphosphate. 
Geiger counter, 23 
Gel electrophoresis, 123-124, 1463 
Gel-filtration chromatography, 144, 145f 
Gel-permeation chromatography, 144 
Gel separation tube additives, 44t 
Gelatin zymography, 763 
Gem Premier cartridge-based critical care 
antinuclear analyzer, 307, 307f 
Gender 
as noncontrollable preanalytical variable, 
462t, 463 
in partitioning of reference group, 430, 431b 
reference intervals for catecholamines and, 
1056 
Gender markers, 1542-1543, 1543t 
Gene, 1396 
Gene array expression measurements, 419-420 
Gene deletion, 1514 
Gene dosage, 1514 
Gene duplication, 1514 
Gene enhancers, 1396 
Gene expression, 1128 
Gene inversion, 1514 
Gene promoters, 1396, 1398 
General elution problem, 148 
General gas equation, 1000 
Genetic(s), 1397-1398 
of acute porphyrias, 1216 
of albumin, 548 
of alpha,-acid glycoprotein, 550 
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Genetic(s) (Continued) 


of alpha,-antitrypsin, 552 

of alpha,-macroglobulin, 554 

of C3 complement, 567 

of C4 complement, 568-569 

of congenital erythropoietic porphyria, 1218- 
1219 

of enzyme variants, 194f, 194-195 

of erythropoietic protoporphyria, 1219 

of haptoglobin, 561 

of hematopoietic neoplasms, 1457-1482 

acute myeloid leukemia in, 1466-1469, 

4681, 1469-1471f 

chronic leukemias of myeloid-monocytic 

lineage in, 1469-1471, 1472f, 1473f 

detection of viral genomes in, 1475f, 1475- 

476 

immunoglobulin-gene rearrangements in, 

458f, 1458-1460, 14594, 1460f 

in situ hybridization in, 1476 

lymphoma-specific recurrent 

chromosomal translocations in, 1463- 

466, 1465, 1466f, 1467f 

minimal residual disease detection and 
monitoring in, 1474 

oncogene and tumor suppressor gene 
mutations in, 1472f, 1472-1474 

PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463f 

potential of microarrays in, 1476 

Southern blot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f, 1461-1462, 1462f 

T-cell receptor gene rearrangements in, 

460f, 1460-1461 

use of reverse-transcription PCR in 

chromosomal translocations in, 1471- 

472 

pharmacogenetics and, 1589-1616 

N-acetyl transferases and, 1603-1609, 

605-1607t, 1608f 

approaches to, 1590-1592, 1591t 

clinical applications of, 1592 

cytochrome P450 2C19 and, 1600-1603, 

6014, 1602t, 1602-1604f 

cytochrome P450 2D6 and, 1595-1600, 

596-1597t, 1598f, 1599f 

targets and future directions in, 1609-1611, 

610t 

testing considerations in, 1589-1590, 1590f 

thiopurine S-methyltransferase and, 1592- 

595, 1593f, 1594f 

of porphyria cutanea tarda, 1218 

of transferrin, 563 

of transthyretin, 563-564 

of type 1 diabetes mellitus, 856 


Genetic disorders, 1483-1538, 2207-2247 


alpha,-antitrypsin deficiency in, 551 
autosomal dominant, 1491-1496 
achondroplasia in, 1491-1492 
Charcot-Marie-Tooth disease in, 1492- 
1493 
Huntington’s disease in, 1493f, 1493-1496, 
1495b, 1495f 
autosomal recessive, 1483-1491 
carbamyl phosphate synthetase I deficiency 
in, 1489-1491, 1490f 
cystic fibrosis in, 1484-1486, 1485), 14861, 
1487f 
hereditary hemochromatosis in, 1486- 
1489, 1488f 
of bile acid metabolism, 1786b 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


2354 


Genetic disorders (Continued) 
of bilirubin metabolism, 1198-1199 
catecholamines and, 1050-1052, 1051t 
cause of cell damage or death, 214t 
ceruloplasmin deficiency in, 557-558 
complement C3 deficiency in, 567 
fatty acid oxidation disorders in, 2230-2237, 
2231f, 2234-2235 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
haptoglobin deficiency in, 560 
hepatic, 1814-1816 
inborn errors of amino acids in, 539, 2211- 
2221, 2212-2217t 
analytical considerations in, 2237 
homocystinuria in, 2219f, 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
tyrosinemia type 1 in, 2217-2219, 2218f 
2219f 
urea cycle defects in, 2220-2221 
inherited breast cancer in, 1508-1509 


inherited colon cancer and, 1509-1513, 1510f 


1511f 
Leber hereditary optic neuropathy in, 1503 
Leigh syndrome in, 1503-1504, 1504f 
organic acid disorders in, 2221-2230, 2224- 
2229t 
analytical considerations in, 2237-2242, 
2238-2241t 
ethylmalonic encephalopathy in, 2230, 
2230f 
glutaric acidemia type I in, 2230 
isovaleric acidemia in, 2222-2223, 2223f, 
2230 
propionate disorders in, 2222, 2223f 
Prader-Willi and Angelman syndromes in, 
1504-1506, 1505f, 1506t 
reporting of test results in, 1513 
thrombophilia in, 1506-1508 
X-linked, 1496-1502 
Duchenne’s muscular dystrophy in, 1498- 
1500 
fragile X syndrome in, 1500f, 1500-1501, 
1502f 
hemophilia A in, 1496-1498, 1498f 
Genetic markers, 780-786 
oncogenes in, 780t, 780-783 
PTEN tumor suppressor gene in, 785 
single nucleotide polymorphisms in, 
785-786 
tumor suppressor genes in, 783t, 783-785 
Genetic testing 
in autosomal dominant diseases, 1491-1496 
achondroplasia in, 1491-1492 
Charcot-Marie-Tooth disease in, 1492- 
1493 
Huntington’s disease in, 1493f, 1493-1496, 
1495b, 1495f 
in autosomal recessive diseases, 1483-1491 


carbamyl phosphate synthetase I deficiency 


in, 1489-1491, 1490f 
cystic fibrosis in, 1484-1486, 1485b, 1486¢, 
1487f 


Index 


Genetic testing (Continued) 
hereditary hemochromatosis in, 1486- 
1489, 1488f 
in breast cancer, 1508-1509 
in colon cancer, 1509-1513, 1510f, 1511f 
consent for, 1452-1453 
in Leber hereditary optic neuropathy, 1503 
in Leigh syndrome, 1503-1504, 1504f 
in Prader-Willi and Angelman syndromes, 
1504-1506, 1505f, 1506t 
quality control in, 1455 
reporting of results in, 1453-1454, 1513 
in thrombophilia, 1506-1508 
in X-linked diseases, 1496-1502 
Duchenne’s muscular dystrophy in, 1498- 
1500 
fragile X syndrome in, 1500f, 1500-1501, 
1502f 
hemophilia A in, 1496-1498, 1498f 
Geneva classification of fatty acids, 908, 909t 
Genital warts, 1565-1566 
Genome, 1396 
bacterial, 1410 
identity testing and, 1539-1541, 1540f 
viral, 1410, 1475f 1475-1476 
Genomics, nanotechnology and, 252-253, 253f 
Genotyping, 1589-1616 
N-acetyl transferases and, 1603-1609, 1605- 
1607, 1608f 
approaches to, 1590-1592, 1591t 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
16014, 1602t, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 1596- 
1597t, 1598f, 1599f 
fetal RhD, 2165 
of hepatitis C virus, 1803 
in hereditary hematochromatosis, 1814 
of human immunodeficiency virus, 1569- 
1570 
targets and future directions in, 1609-1611, 
1610t 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594 
Gentamicin, 1262-1265, 1263t 
analytical goals for, 365t 
creatine clearance and, 1264t 
pharmacokinetics of, 1262t 
therapeutic and toxic levels of, 2307-2308t 
Geographical influence on body fluid 
composition, 463 
Geopen. See Carbenicillin. 
Gerhardt’s ferric chloride test, 876 
Germ cell tumor markers, 753t 
alpha-fetoprotein in, 767-768 
lactate dehydrogenase in, 756 
Gestational diabetes mellitus, 855, 861t, 861-862 
GER. See Glomerular filtration rate. 
GGT. See Gamma-glutamyltransferase. 
GH. See Growth hormone. 
GH-IH. See Growth hormone-inhibiting 
hormone. 
GH-RH. See Growth hormone-releasing 
hormone. 
GHB. See Gamma-hydroxybutyrate. 
Ghrelin, 1023t, 1875t, 1970 
Gibbs-Donnan equilibrium, 1750 
Giga, metric prefix of SI unit, 7t 
Gilbert’s syndrome, 1198-1199, 1220 
GIP. See Gastric inhibitory polypeptide. 
Gitelman’s syndrome, 1710 


Glass electrode in potentiometry, 96 
GLD. See Glutamate dehydrogenase. 
Glisson’s capsule, 1778 
Globin chains, 1166f 1166-1167, 1167f 
analysis of, 1177, 1177f 
synthesis of, 1168-1169, 1170f 
Globosides, 915 
Globular proteins, 542 
Glomerular basement membrane, 1672, 1674f 
Glomerular diseases, 1702-1706, 1703f, 1705f 
Glomerular filtration rate, 818-826, 1683-1686, 
1684¢, 1685t, 1686f 
age and, 824, 826t 
circadian variation in, 452 
creatinine clearance and, 821f, 821-823, 822f 
cystatin C and, 823-824, 824f 
in diabetic nephropathy, 1700, 1700t 
in end-stage renal disease, 1698, 1698f 
inulin clearance and, 820 
iohexol clearance and, 820 
low molecular weight proteins and, 823 
markers for, 819t 
during pregnancy, 465, 2157 
radioisotopic markers of, 818-819 
reference intervals for, 824-826, 825t, 2270t 
stages of chronic kidney disease and, 1690t 
Glomerular permeability, 812-818 
Bence Jones proteinuria and, 815 
characterization of proteinuria and, 817-818 
dipstick test for, 809 
measurement of total protein and, 813, 813f 
814t 
myoglobinuria and, 815-817 
sample collection for, 812-813 
tubular proteinuria and, 817 
urinary albumin and microalbuminuria 
screening and, 814-815, 816f 
Glomerular proteinuria, 575-576, 1687t, 1687- 
1688 
Glomerular sieving coefficient, 1686, 1686f 
Glomerulonephritis, 567, 567t 
Glomerulosclerosis, 567 
Glomerulus 
anatomy of, 1672-1673, 1674f 
changes in nephrotic syndrome, 1705f 
permeability and filtration, 1686-1687 
Glucagon, 849, 1023t 
in amniotic fluid, 2270t 
growth hormone release and, 1973f 
measurement of, 850b, 851, 853 
reference intervals for, 2270t 
Glucagon-like peptide 1, 1875t 
Glucagon-like peptide 2, 1875t 
Glucoamylase complex, 1853t 
Glucocorticoid-suppressible aldosteronism, 
2031 
Glucocorticoids 
alpha,-acid glycoprotein and, 549 
effects on thyroid function, 2064t 
in growth hormone suppression, 1970 
haptoglobin and, 560 
structure of, 2007-2008, 2008f 2009f 
Glucokinase, 841 
Gluconeogenesis, 843, 844f 1043 
Glucosans, 839 
Glucose, 837 
in amniotic fluid, 2156t 
autoregulation of, 849 
blood, 868-875 
alcohol ingestion and, 457 
C-peptide and, 851, 853 
detection with biosensor, 109 
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Glucose (Continued) 
effects of exercise on, 451 
fasting and starvation and, 456 
glucagon and, 851, 853 
glucose dehydrogenase methods for, 871 
glucose oxidase methods for, 870-871 
glycated hemoglobin concentration and, 
879-880 
growth hormone and, 1971 
hexokinase methods for, 869-870 
hormonal regulation of, 841-853 
hypoglycemia and, 864-868, 865b 
insulin and, 843-849, 845f 846f 8471, 
848f 
minimally invasive monitoring of, 875 
neonatal, 460 
proinsulin and, 850-851, 853 
reference intervals for, 871-872, 2271t 
self-monitoring of, 873-875 
specimen collection and storage for, 868- 
869 
vegetarianism and, 456t 
carbohydrates metabolism and, 841-853 
C-peptide measurement and, 853 
clinical utility of measurement of 
hormones in, 850b, 850-851 
counterregulatory hormones and, 849-850 
digestion and absorption in, 841, 842f 
glucagon measurement and, 853 
inborn errors of, 888-890 
insulin antibodies assays and, 853 
insulin-like growth factors and, 849 
insulin measurement and, 851-853 
insulin regulation of, 843-849, 845f, 846f, 
847t, 848f 
intermediary, 841, 842f 843t 
proinsulin measurement and, 853 
somatostatin and, 850 
thyroxine and, 850 
chromium deficiency and, 1125 
critical values of, 2317t 
diet and, 454 
Embden-Meyerhof pathway and, 626-630, 
630f 
food ingestion and, 454 
glycated hemoglobin concentration and, 879 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
malnutrition and, 455-456 
measurement of, 868-875 
analytical goals for, 364t 
dipstick test for, 810-811 
glucose dehydrogenase methods in, 871 
glucose oxidase methods in, 870-871 
glucose reference intervals and, 871-872 
hexokinase methods in, 869-870 
methods for, 868t 
microchip-based assay for, 256 
minimally invasive monitoring of blood 
glucose and, 875 
point-of-care testing and, 305f, 305-307, 
306f 


self-monitoring of blood glucose and, 873- 


875 

specimen collection and storage for, 868- 
869 

stick tests for, 301t 

units for, 7t 

urine glucose measurement in, 872b, 872- 
873 

osmotic coefficient of, 993 
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Glucose (Continued) 
plasma 
blindness and, 465 
circadian variation in, 452 
fasting, 859 
racial differences in, 463 
reference intervals for, 871 
seasonal influences on, 464 
shock-related changes in, 466 
smoking and, 457 
proximal tubule reabsorption of, 1679 
reference intervals for, 2270-2271t 
serum, 47t 
smoking and, 457, 457t 
in testing for bacterial overgrowth, 1865 
transport of, 8471, 847-849 
urine, 871-873, 872b 
vegetarianism and, 456t 
Glucose-6-phosphate, 627 
Glucose-6-phosphate dehydrogenase, 630-631 
deficiency of, 630-631, 6314, 890 
determination of, 634 
immunoassay detection limits of, 233t 
reference intervals for, 2271t 
special collection and storage conditions for, 
55t 
ucose dehydrogenase, 871 
ucose-dependent insulinotropic peptide, 
1874t, 1876 
Glucose meter, 873-875 
Glucose oxidase, 838, 868t, 870-871 
Glucose phosphate isomerase, 628, 634-635 
Glucose sensor, 110, 115f, 115-116 
Glucose suppression of growth hormone test, 
1972b 
G 
G 
G 
G 
G 
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ucose transporters, 847t, 847-849, 1701 

ucosylceramide, 914f, 915 

ucotoxicity, 857 

LUT-1 transporter, 1701 

utamate dehydrogenase, 607 

in assay for ammonia, 1791 

in assay for urea, 803 

distribution of, 217t 

EC number, systemic and trivial names, and 
abbreviation of, 192t 

Glutamic acid 

reference intervals for, 2271t 

structure and molecular weight of, 535t 

utamic acid decarboxylase antibodies, 856 

utamine 

reference intervals for, 2271t 

structure and molecular weight of, 535t 

utaric acid, 2271t 

utaric acidemia type I, 2228-2229t, 2230 

utaric acidemia type II, 2234-2235t 

utaryl-CoA dehydrogenase defect, 2228-2229t 

utarylcarnitine, 2271-2272t 

utathione pathway, 631-632 

utathione peroxidase, 632 

selenium and, 1134, 1136 

utathione reductase, 632 

utathione S-transferase, 613-614 

utathione synthase defect, 2228-2229t 

utathione synthetase, 631-632, 635 

uten-sensitive enteropathy, 1859-1862, 1860f, 

1861t, 1862t 
utethimide, 2308t 
ycated hemoglobin, 879f, 879t, 879-884, 8811, 
883f, 2272t 

ycated proteins, 878-886 

advanced glycation end products and, 886 

fructosamine and, 884-886, 885f 
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Glycated proteins (Continued) 
glycated hemoglobin and, 879f, 879t, 879- 
884, 8814, 883f 
Glycation, 879 
Glycemic control in diabetes mellitus, 862-863 
Glyceraldehyde, 837, 838f 
Glyceric acid, 2272t 
p-Glyceric dehydrogenase defect, 2228-2229 
Glycerides, 913f, 913-914, 914f 
Glycerol, 837 
fasting and starvation and, 456 
triglyceride blanks and, 944-945 
Glycerol blanking, 956 
Glycerol esters, 913f, 913-914, 914f 
Glycerol kinase defect, 2228-2229t 
Glyceroluria, 2228-2229t 
Glycerophosphate, 944 
Glycine, 537 
nonketotic hyperglycinemia and, 2221 
reference intervals for, 2272t 
structure and molecular weight of, 534t 
Glycine cleavage system defect, 2214-2215t 
Glycogen, 839-840, 840f 
hepatic storage of, 1792 
intermediary metabolism of, 841, 842f 
Glycogen phosphorylase, 603f, 603-604 
Glycogen storage diseases, 890-891, 1820, 1820t 
Glycogenesis, 841-843 
Glycogenolysis, 843, 844f 
epinephrine stimulation of, 1043 
fever and, 465 
Glycohemoglobins, 879 
Glycol aldehyde, 837, 838f 
Glycolic acid, 2272t 
Glycolysis, 843, 869, 1043 
Glycoproteins, 840-841, 841f 
Glycosyl transferases, 1130 
Glycosylceramidase, 1853 
Glycylglycine, 612 
Glyoxylic acid, 2272t 
GM-CSF. See Granulocyte-macrophage colony 
stimulating factor. 
Gn-RH. See Gonadotropin-releasing hormone. 
Goal-oriented concept of health, 427 
Goiter, 2057-2059 
Gold electrode in potentiometry, 94-95 
Gold salts, 1708t 
Gold standard, 366, 410 
Gonadotrope, 1967 
Gonadotropin(s), 1025, 1984-1988 
biochemistry of, 1984-1985, 1985f 
measurement of, 1985-1987, 1987t 
neurotransmitter effect on, 1968t 
urine, 1987-1988 
Gonadotropin-releasing hormone, 1020, 1968 
male, 2097, 2098f 
menstrual cycle and, 2113 
stimulation test of, 2111 
Gonadotropin-releasing hormone-dependent 
precocious puberty, 2111 
Good Manufacturing Practices, 1555 
Goodpasture’s syndrome, 1703 
Gout, 805-806 
GPI. See Glucose phosphate isomerase. 
Gradient elution, 148 
in liquid chromatography, 157-158 
Graduated pipette, 15, 15f 15t 
Graft-versus-host disease 
cholestasis and, 1823 
human leukocyte antigen typing and, 1548 
interleukin-10 and, 680 
Granulocyte, 664 
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Granulocyte-macrophage colony stimulating 
factor 
interferon-a and, 697 
interleukin-3 and, 665 
interleukin-18 and, 695 
Granulosa cell, 2104 
Graphite furnace atomic absorption 
spectrophotometry, 74 
Grating in spectrophotometry, 67 
Grating monochromator, 78 
Graves’ disease, 2060-2061, 2085 
neonatal, 2163 
Gravimetry, 23-25 
Group B streptococcus, 1572-1573 
Group-specific component, 1922 
Growth and development 
growth hormone deficiency states and, 1972- 
1974, 1973t, 1974b 
hormonal control of, 1025 
zinc role in, 1139-1140 
Growth factors, 1025t 
Growth hormone, 1020t, 1969-1976 
biochemistry of, 1969-1970 
blood, 1974-1976 
circadian variation in, 452 
clinical significance of, 1971-1974, 1972b, 
1972f, 1973t, 1974b 
fasting and starvation and, 456 
food ingestion and, 454 
gastrointestinal, 1875t 
hypoglycemia and, 866 
influence of altitude on, 463 
narcolepsy and, 652 
neurotransmitter effect on, 1968t 
physiological actions of, 1970-1971 
reference intervals for, 2272t 
regulation of secretion of, 1970, 
1970f 
role in blood glucose concentration, 
849-850 
smoking and, 457 
travel-related changes in, 453 
as tumor marker, 765t 
urine, 1974-1976 
Growth hormone-inhibiting hormone, 
1020t 
Growth hormone-releasing hormone, 10201, 
1875t, 1968 
GSH-Px. See Glutathione peroxidase. 
GSH-S. See Glutathione synthetase. 
GSR. See Glutathione reductase. 
GST. See Glutathione S-transferase. 
Guanine, 1394, 1394f 
Guanosine diphosphate, 1029 
Guanosine triphosphatase, 1029 
Guanosine triphosphate cyclohydrolase I defect, 
2212-2213t 
Guard column, 157 
Giinther disease, 1218-1219 
Gynecomastia, 2029, 2104 
Gyrate atrophy of retina, 2214-2215t 


H 


HAART. See Highly active antiretroviral 
therapy. 
Hair analysis 
for arsenic, 1377 
for drugs, 1349-1350 
for lead, 1380 
for mercury, 1382 
specimen collection for, 54 
for zinc, 1141 
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Hairy cell leukemia 
interferon- for, 653 
tartrate-resistant alkaline phosphatase and, 
625 
Halcion. See Triazolam. 
Haldane effect, 1761 
Haldol. See Haloperidol. 
Half-cell, 93 
Half-life 
of drug, 1242 
of radioactive material, 22 
Haloperidol, 1270¢, 1272, 2308t 
Haploid, term, 1514 
Haploinsufficiency, 1514 
Haplotype, 1409, 1409f 
Hapten, 220 
Haptoglobin, 559-562, 560f, 5604, 561f 
properties of, 544t 
reference intervals for, 545t, 2272t 
Hardware for computing, 476-477, 477f, 477t 
Hartnup disease, 1116, 2216-2217t 
Hashimoto’s disease, 2085 
Hashish, 1333 
Hawkinsinuria, 2212-2213t 
Haworth formula, 838-839, 839f 
Hazardous material training, 33 
Hazards in laboratory, 30-36 
biological, 31-33, 32f 
chemical, 33-35, 34t 
electrical, 35 
fire, 35-36, 36t 
identification of, 30-31, 31f 
HC2 test, 1565 
hCG. See Human chorionic gonadotropin. 
HE4 protein, 772 
Headspace gas chromatographic analysis, 1302 
Health, concept in relation to reference values, 
427 
Health informatics, 475 
Health Insurance Portability and Accountability 
Act, 479, 480t 
Heart 
anatomy of, 1619-1621, 1620f 
cardiotoxicity of tricyclic antidepressants and, 
1309 
creatine kinase and, 598-599 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
hormones of, 1024t 
physiology of, 1621f, 1621-1622, 1622f 
transaminase activities in, 605t 
Heart disease, 1619-1670 
acute coronary syndromes and, 1623f, 1623- 
1629, 1624f 
atherosclerosis and, 1627 
cardiac markers in, 1628-1629 
chronobiology of, 1625 
clinical history in, 1625-1626 
diagnosis of acute myocardial infarction 
and, 1627-1629, 1628b 
myocardial changes following acute 
myocardial infarction, 1626-1627 
precipitating factors in, 1624-1625, 1625b 
prognosis in, 1625 
cardiac biomarkers and, 1629-1635 
adhesion molecules in, 1635 
brain natriuretic peptide in, 1629-1631, 
1631f 
C-reactive protein in, 556, 962-967, 963- 
967f, 966t, 1633 
cardiac troponin I and T in, 1629, 1629b, 
1630f 


Heart disease (Continued) 
choline in, 1635 
clinical utility of, 1643-1645, 1644f 
creatine kinase isoenzymes and isoforms 
in, 1631-1632, 1642-1643, 1652, 
1652f, 1660 
cytokines in, 1633-1634 
ischemia modified albumin in, 1635 
isoprostanes in, 1635 
lactate dehydrogenase isoenzymes in, 1632- 
1633, 1633b, 1643, 1653 
matrix metalloproteinases in, 1634 
monocyte chemotactic protein in, 1634 
myeloperoxidase in, 1634 
myoglobin in, 1632, 1643, 1653 
nourin in, 1635 
oxidized low-density lipoproteins in, 1634 
phospholipase A2 in, 1634 
placental growth factor in, 1634 
pregnancy associated plasma protein A in, 
1634 
sCD40 ligand in, 1633 
secreted platelet granular substances and, 
1634-1635 
serum amyloid in, 1633 
tissue plasminogen activator antigen in, 
1634 
tumor necrosis factor-a in, 1634 
unbound free fatty acid in, 1635 
urinary thromboxane in, 1635 
cardiac physiology and, 1621f, 1621-1622, 
1622f 
cholesterol and, 924-928, 927f 
chromium deficiency and, 1125 
congestive heart failure and, 1622-1623 
copper deficiency and, 1129 
diabetes mellitus and, 1695, 1695t 
in dialysis patient, 1723-1724, 1724f 
homocysteine and, 967f, 967-968 
portal hypertension in, 1793 
selenium and, 1136, 1383 
vitamin E and, 1085-1086 
Heart rate, posture and, 449 
Heat, inactivation of enzymes by, 193 
Heat shock proteins, 582, 776 
Heavy chain disease, 573 
Heavy chain of immunoglobulin, 569-570 
Heavy metals, 1371-1390 
aluminum in, 1374-1375, 1375f, 1699 
analytical methods for, 1373-1374 
antimony in, 1375-1376 
arsenic in, 1376f, 1376-1377 
beryllium in, 1377 
cadmium in, 1377-1378 
chromium in, 1378 
classification of, 1372-1373, 1373f 
cobalt in, 1378 
copper in, 1378-1379 
diagnosis of toxicity, 1372, 1372t 
iron in, 1314-1315, 1379 
lead in, 1379f, 1379-1381, 1380f 
manganese in, 1381 
mercury in, 1381-1382, 1383f 
nickel in, 1383 
occupational monitoring of, 1372 
platinum in, 1383 
prevalence of toxicity, 1371-1372 
selenium in, 1383-1384 
silicon in, 1384 
silver in, 1384 
thallium in, 1384 
Hecto, metric prefix of SI unit, 7t 
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Height equivalent of theoretical plate, 148 
Heinz bodies, 1089 
Helena SPIFE 3000 automated electrophoresis 
system, 124 
Helicobacter pylori, 1856-1858, 1857b, 1857f 
Helium, degassing in liquid chromatography, 
161 
Helium-cadmium laser, 66, 66t 
Helium-neon laser, 66, 66t 
HELLP syndrome, 2163 
Hemagglutination, 240 
Hemagglutination inhibition technique, 240 
Hematin, 1209 
Hematocrit 
analytical goals for, 365t 
critical values of, 2317t 
levels in hemodialysis patient, 1697-1698 
during pregnancy, 2158t 
Hematofluorometer, 83 
Hematologic disorders, 1220 
Hematology cell counter, 293 
Hematopoiesis 
chemokines and, 714-715 
fetal liver and, 2159 
interleukin-1 and, 660 
interleukin-3 and, 666 
Hematopoietic cell engraftment analysis, 1549- 
1551, 1550t 
Hematopoietic cell transplantation, 1547-1548 
Hematopoietic neoplasms, 1457-1482 
detection of viral genomes in, 1475f, 1475- 
1476 
immunoglobulin-gene rearrangements in, 
1458f, 1458-1460, 14594, 1460f 
in situ hybridization and, 1476 
leukemias in, 1466-1472, 1468t 
acute myeloid leukemia in, 1466-1469, 
1469-1471f 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f, 1473f 
use of reverse-transcription PCR in 
chromosomal translocations in, 1471- 
1472 
lymphoma-specific recurrent chromosomal 
translocations in, 1463-1466, 1465t, 
1466f, 1467f 
minimal residual disease detection and 
monitoring in, 1474 
oncogene and tumor suppressor gene 
mutations in, 1472f, 1472-1474 
PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463f 
potential of microarrays for, 1476 
Southern blot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f, 1461-1462, 1462f 
T-cell receptor gene rearrangements in, 
1460f, 1460-1461 
Hematuria 
alpha,-macroglobulin and, 554 
flow cytometry for, 812 
Heme 
biosynthesis of, 1168, 1169f, 12114, 1211- 
1214, 1212f 
porphyria and, 1214-1220 
acute, 1216¢, 1216-1217 
congenital erythropoietic, 1218-1219 
cutanea tarda, 1217-1218 
erythropoietic protoporphyria and, 1219- 
1220 
laboratory diagnosis of, 1221-1223, 1223t 
main types of, 1215t 
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Heme precursors, 1213, 1214t 
Hemin, 1168, 1209 
Hemochromatosis, 1192-1193 
hereditary, 1486-1489, 1488f, 1814-1815 
Hemoconcentration, 589 
Hemodialysis, 1719-1721, 1720f, 1721t 
for barbiturate overdose, 1326 
blood phosphorus and, 1699 
hematocrit levels in, 1697-1698 
Hemodilution, 589 
Hemofiltration, 1719-1721, 1720f, 1721t 
Hemoglobin, 1165-1186 
analytical goals for, 366t 
biochemistry of, 1165-1169, 1166f, 1167f, 
1169f, 1170f 
complete blood count and, 1171-1172, 1172f 
critical values of, 2317t 
disorders of, 1181-1186 
DNA analysis of, 1175 
effects of gender on, 462 
electron spray mass spectroscopy of, 1175 
electrophoresis of, 1172f, 1172-1173, 1173f 
expressing concentration of, 8 
fetal, 1166f, 1166-1167, 1167f 
hereditary persistence of, 1181 
spectrophotometric analysis of, 1297 
globin chain analysis of, 1177, 1177f 
glycated, 879f, 8791, 879-884, 8811, 883f 
haptoglobin and, 559 
hemoglobin H determination and, 1175- 
1176, 1176f 
high-performance liquid chromatography of, 
1173-1175, 1174f 
iron in, 1168, 1186 
nomenclature of, 879t 
oxygen-binding capacity of, 1003 
physiologic role of, 1169-1170, 1170f 
during pregnancy, 2157 
racial differences in, 463 
serum and plasma values during pregnancy, 
2158t 
sickling tests and, 1176, 1176f 
special collection and storage conditions for, 
55t 
stick tests for, 301t 
tests for unstable hemoglobins, 1176-1177 
thalassemias and, 1178-1181, 1179f, 1180f 
urinary dipstick test for, 809-810 
vegetarianism and, 456t 
Hemoglobin Bart’s, 1178 
Hemoglobin buffer system, 1761 
Hemoglobin C, 1183-1184 
Hemoglobin Constant Spring, 1182, 1186 
Hemoglobin D Iran, 1184 
Hemoglobin D Punjab, 1184 
Hemoglobin E, 1184-1185 
Hemoglobin H, 1175-1176, 1176f 
Hemoglobin H disease, 1178-1179, 1179f 
Hemoglobin Lepore, 1185-1186 
Hemoglobin O Arab, 1185 
Hemoglobin-oxygen dissociation, 1004-1006, 
1005f 
Hemoglobin oxygen saturation, 1002-1004 
Hemoglobin S, 1176, 1176f, 1182 
Hemoglobin S/O Arab, 1183 
Hemoglobin SC disease, 1183 
Hemoglobin SD, 1183 
Hemoglobin variants, 1182-1186 
Hemoglobinopathies, 1181-1186 
classification of hemoglobin variants in, 1182 
complete blood count in, 1171-1172, 1172f 
types of hemoglobin variants in, 1182-1186 
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Hemoglobinuria, 560 
Hemolysis 
blood specimen and, 49 
chloride concentration and, 989 
erroneous potassium results and, 984, 985 
in glucose-6-phosphate dehydrogenase 
deficiency, 630 
serum iron assay and, 1190 
Hemolytic anemia 
lactate dehydrogenase and, 602 
in phosphofructokinase deficiency, 628 
in pyrimidine-5’-nucleotidase deficiency, 633 
Hemolytic disease 
chemokines and, 717-718 
haptoglobin and, 560-561 
in newborn, 1200-1201, 2164-2165 
Hemopexin, 559 
Hemophilia A, 1496-1498, 1498f 
Hemorrhagic disease of newborn, 1089 
Hemosiderin, 1187 
Hemosiderosis, 1192 
Hemp-seed oil, 1334-1335 
Henderson-Hasselbalch equation, 1001-1002, 
1759, 1760f 
Henry’s law, 5, 1000¢, 1001 
Heparin 
for blood specimen preservation, 47, 54t 
deactivation of gentamicin by, 1265 
effects on free calcium, 1901-1902, 1902t 
effects on thyroid function, 2064t 
Hepatic artery, 1778, 1778f 
Hepatic clearance of drug, 1246 
Hepatic disease, 1792-1827 
acute hepatitis in, 1804-1809, 1805t 
differential diagnosis of, 1808 
follow-up of, 1808-1809 
hepatitis A in, 1805 
hepatitis B in, 1805-1806, 1806f 
hepatitis C in, 1806 
ischemic hepatitis in, 1807 
Reye’s syndrome in, 1807 
toxic hepatitis in, 1807 
albumin levels in, 547 
alcoholic, 1817-1819 
aminotransferases and, 604-605, 606f 
ammonia metabolism changes in, 1789-1791, 
1790f 
bile acids and, 1787 
bilirubin and, 1782 
cholestatic, 1820-1823 
cholinesterase and, 615 
chronic hepatitis in, 1809#, 1809-1817 
alpha,-antitrypsin deficiency in, 1816 
autoimmune hepatitis in, 1812-1814, 
1813t 
chronic hepatitis B in, 1809-1811 
chronic hepatitis C in, 1810f, 1811 
drug-induced, 1816-1817 
hemochromatosis in, 1814-1815 
nonalcoholic fatty liver disease and 
nonalcoholic steatohepatitis in, 1811- 
1812 
Wilson’s disease in, 1815-1816 
cirrhosis in, 1819¢, 1819-1820, 1820t 
clinical manifestations of, 1792-1797 
altered drug metabolism in, 1796 
disordered hemostasis in, 1796-1797 
enzyme markers and, 1797 
hepatorenal syndrome in, 1796 
jaundice in, 1792 
nutritional and metabolic abnormalities in, 
1796 
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Hepatic disease (Continued) 
portal hypertension in, 1792f, 1792-1796, 
1793f 
diagnosis of, 1825-1827, 1826f, 1827f 
dyslipoproteinemia in, 928t 
effects on carbohydrate metabolism, 1791 
effects on cortisol clearance, 2012 
end-stage, 1796 
glutamate dehydrogenase and, 607 
hepatic glycogenoses in, 1820, 1820¢ 
lactate dehydrogenase and, 602 
mechanisms and patterns of injury in, 1798, 
1798f 
porphyrias and, 1217-1218 
during pregnancy, 2162, 2163 
protein synthesis alterations in, 1787-1789, 
1788t 
retinol-binding protein and, 563 
viral infection in, 1798-1817, 1799t 
acute, 1804-1809, 1805t 
chronic, 1809t, 1809-1817 
hepatitis A in, 1799 
hepatitis B and C co-infection in, 1803- 
1804 
hepatitis B in, 1799-1802 
hepatitis C in, 1802f, 1802-1803 
hepatitis D in, 1804 
hepatitis E in, 1804 
hepatitis G in, 1804 
Hepatic duct, 1778f, 1779 
Hepatic encephalopathy, 1790-1791, 1795-1796, 
1820t 
Hepatic enzymes, 604-616 
alkaline phosphatase in, 607-611, 608f 609t, 
6llf 
aminotransferases in, 604-607, 6054, 606f 
cholinesterase in, 614-616 
diseased liver tissue and, 1797 
gamma-glutamyl transferase in, 612-613 
glutamate dehydrogenase in, 607 
glutathione S-transferase in, 613-614 
5’-nucleotidase in, 611-612 
Hepatic extraction fraction, 1246 
Hepatic extraction rate, 1244 
Hepatic failure 
decreased glucose production in, 866 
in erythropoietic protoporphyria, 1219, 1220 
Hepatic glycogen storage diseases, 1820, 1820t 
Hepatic hormones, 1024t 
Hepatic lobule, 1778, 1778f 
Hepatic vein, 1778, 1778f 
Hepatitis 
aminotransferases and, 605 
gamma-glutamyltransferase and, 613 
haptoglobin and, 561 
lactate dehydrogenase and, 602 
in newborn, 1201 
during pregnancy, 2163 
serum iron levels and, 1189t 
Hepatitis A, 1799, 1799t 
acute, 1805 
laboratory features of, 1805t 
Hepatitis B, 1799t, 1799-1802 
acute, 1805-1806, 1806f 
alcoholic liver disease and, 1818 
chronic, 1809-1811, 1810t 
co-infection with hepatitis C, 1803-1804 
hepatocellular carcinoma and, 1824 
laboratory features of, 1805t 
during pregnancy, 2163 
Hepatitis B and C co-infection, 1803-1804 
Hepatitis B core antigen antibody, 1801 
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Hepatitis B immune globulin, 1800-1801 
Hepatitis B surface antigen, 1801, 1810 
Hepatitis B surface antigen antibody, 1801 
Hepatitis Be antigen, 1801 
Hepatitis C, 1799t, 1802f, 1802-1803 
acute, 1806 
alcoholic liver disease and, 1818 
chronic, 1811 
co-infection with hepatitis B, 1803-1804 
hepatocellular carcinoma and, 1823-1824 
laboratory features of, 1805t 
molecular assay for, 1576-1579, 1577t 
standard reference material for, 1558 
Hepatitis C core antigen, 1803 
Hepatitis C virus antigen, 1803 
Hepatitis D, 1799, 1804 
Hepatitis E, 1799t, 1804, 2163 
Hepatitis G, 17994, 1804 
Hepatobiliary disease 
gamma-glutamyltransferase and, 613 
5’-nucleotidase and, 612 
porphyrins and, 1220 
serum alkaline phosphatase and, 608, 609t 
Hepatocellular carcinoma, 551, 1823-1824 
Hepatocyte, 1778f, 1780, 1781f 
acetaminophen overdose and, 1807 
bilirubin uptake, metabolism, and transport 
in, 1195, 1195f 
chronic hepatitis and, 1809 
interleukin-1 and, 659t 
interleukin-6 and, 671-675, 672f, 673t 
lipoprotein metabolism and, 919-921 
use of ammonia by, 1789-1790, 1790f 
Hepatocyte growth hormone receptor, 779 
Hepatolenticular degeneration, 558 
Hepatomegaly in glycogen storage disease, 890 
Hepatorenal syndrome, 1796 
Hepatorenal tyrosinemia, 2217-2218, 2218f 
Hepatotoxicity of acetaminophen, 1305 
Hepcidin, 1188¢ 
Hephaestin, 1188¢ 
Heptacarboxylate-III, 1210t 
Heptanoylcarnitine, 2272-2273t 
Heptoses, 837 
HER-2/neu gene, 780t, 781-782 
Herbal ecstasy, 1323 
Herbal preparations 
as controllable preanalytical variable, 459 
liver damage and, 1817 
Hereditary deficiencies of red blood cell 
enzymes, 625-635 
adenosine deaminase deficiency in, 633 
aldolase deficiency in, 628 
detection of, 633-634 
diphosphoglyceromutase deficiency in, 631 
glucose-6-phosphate dehydrogenase 
deficiency in, 630-631, 631t 
glucose phosphate isomerase deficiency in, 
628 
glutathione reductase deficiency in, 632 
glutathione synthetase deficiency in, 632 
hexokinase deficiency in, 627 
nicotinamide adenine dinucleotide- 
cytochrome B5 reductase deficiency in, 
633 
phosphofructokinase deficiency in, 628 
phosphoglycerate kinase deficiency in, 629 
pyrimidine-5’-nucleotidase deficiency in, 633 
pyruvate kinase deficiency in, 629-630, 630f 
triosephosphate isomerase deficiency in, 629 
Hereditary fructose-1,6-diphosphate deficiency, 
889 


Hereditary fructose intolerance, 889 
Hereditary hemochromatosis, 1192-1193, 1486- 
1489, 1488f 1814-1815 
Hereditary methemoglobinemia, 1168 
Hereditary motor and sensory neuropathies, 
1492-1493 
Hereditary nonpolyposis colorectal cancer, 
1512-1513 
Hereditary persistence of fetal hemoglobin, 
1181 
Hereditary tyrosinemia type-I, 1220 
Heregulins, 649 
Heroin, 1340, 1341f 
chemical structure of, 1340f 
effects on laboratory tests, 459 
effects on thyroid function, 2064t 
Herpes simplex virus, 1570-1571 
Hers’ disease, 1820t 
Hertz, 6t 
Heterocellular hereditary persistence of fetal 
hemoglobin, 1181 
Heterochromatin, 1395-1396, 1398 
Heteroduplex migration analysis, 1424f, 1424- 
1425 
Heterogeneous assay, 232b, 232-233 
for serum thyroxine, 2069 
for thyroid hormone-binding ratio, 2077 
Heterophilic antibody interference, 2084 
Heteroplasmy, 1398-1399, 1503, 1543 
Heterozygous hemoglobin C, 1184 
Heterozygous hemoglobin S, 1183 
Hexadecanedioic acid, 2273t 
Hexadecanoylcarnithine, 2273t 
Hexadecanoylcarnitine, 2273t 
Hexadecenoylcarnitine, 2273t 
Hexanoylcarnitine, 2273t 
Hexanoylglycine, 2273t 
Hexokinase 
Embden-Meyerhof pathway and, 627 
for glucose analysis, 868t, 869-870 
as tumor marker, 755t 
Hexose, 837, 841, 842f 
Hexose monophosphate pathway, 630-631, 631, 
841 
HFE protein, 1188f 
HHH syndrome, 2214-2215t 
Hierarchy of evidence, 338 
High-density lipoprotein reverse cholesterol 
transfer pathway, 921f, 921-922 
High-density lipoproteins, 915 
alcohol ingestion and, 458 
apolipoprotein C-II deficiency and, 929 
chemical composition of, 916t 
defects in catabolism of apolipoprotein A-I 
and, 932 
diet and, 453, 454 
exercise-related changes in, 451 
familial combined hyperlipidemia and, 929- 
930 
familial hypertriglyceridemia and, 930 
familial hypoalphalipoproteinemia and, 931 
fasting and starvation and, 456 
heart disease and, 924-928, 927f 
measurement of, 945-948 
analytical goals for, 363t 
analytical variation in, 954, 955t 
homogeneous assays for, 947-948 
NCEP recommendations for, 956-958, 958t 
physiological variation in, 954-955, 956t, 
957t 
precipitation methods for, 945b, 945-947 
reference methods in, 941 
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High-density lipoproteins (Continued) 
second generation methods for, 947 
special collection and storage conditions 

for, 55t 
specificity and interference in, 948 

obesity and, 465 

population distributions of, 924t 

reference intervals for, 2274t 

reverse cholesterol transport pathway and, 
921f 

serum and plasma values during pregnancy, 
2158t 

shock-related changes in, 466 

smoking and, 457 

vegetarianism and, 455, 456t 

High-dose dexamethasone suppression test, 
2026, 2026t 

High-grade squamous intraepithelial lesion, 
1565 

High-performance, thin-layer chromatography, 
141, 142f 

High-Performance Gel Electrophoresis-1000 
system, 124 

High-performance liquid chromatography, 
141 

for arsenic, 1376 

for bilirubin, 1197 

for catecholamines and metabolites, 1054 

in Cooley’s anemia, 1180, 1180f 

for cortisol, 2036 

in cytokine measurement, 722 

for deoxypyridinoline and pyridinoline, 1939 

detectors used in, 159t 

of drugs, 1248-1249, 1296 

for fructosamine, 885 

for glycated hemoglobin, 882 

for hemoglobinopathies, 1173-1174, 1174f 
hemoglobin D Punjab, 1184 
hemoglobin E, 1184-1185 
hemoglobin Lepore, 1185 
hemoglobin O Arab, 1185 
heterozygous hemoglobin S, 1183 
homozygous hemoglobin S, 1182-1183 

for 5-hydroxyindoleacetic acid, 1063-1064 

for 25-hydroxyvitamin D, 1924 

in measurement of isoenzymes, 213 

for niacin, 1116 

in nucleic acid analysis, 1429, 1430f 

for oligonucleotides, 1429 

for plasma catecholamines, 1057 

for plasma metanephrines, 1058 

for porphyrins, 1225-1226, 1227f 

for serotonin, 1062 

for thiamine, 1093-1094 

for thyroxine, 2068 

for uric acid, 808 

for urinary catecholamines, 1060 

for urinary fractionated metanephrines, 

1060-1061 
for vitamin A, 1083-1084 


High-performance liquid chromatography-mass 


spectrometry, 1373-1374 

High-pressure liquid chromatographic detector, 
66 

High-pressure liquid chromatography, 155, 157, 
158f 

High-resolution electrophoresis, 123 

High-sensitivity C-reactive protein, 962-967, 
963-967f, 966t, 2263t 

Highly active antiretroviral therapy, 1269, 1567 

Hill slope, 1004-1006, 1005f 

Hirsutism, 2027, 2118-2120 
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Histamine, 1312, 1312f 
gastric acid secretion and, 1850-1851 
glucocorticoid influence on, 2008 
interleukin-16 and, 693 
Histamine, antagonists, 1312f, 1312-1313 
Histamine, antagonists, 1313 
Histidine 
reference intervals for, 2274t 
special collection and storage conditions for, 
55t 
structure and molecular weight of, 536t 
Histidine ammonia lyase defect, 2214-2215t 
Histidinemia, 2214-2215t 
Histogram, 434, 434f, 436, 437 
Histones, 1398 
HITE Fractoscan electrophoresis system, 124 
Hivid. See Zalcitabine. 
HK. See Hexokinase. 
HLA. See Human leukocyte antigen. 
HMBS. See Hydroxymethylbilane synthase. 
HMG-CoA, cholesterol synthesis and, 905, 905f 
HMG-CoA reductase, 920f 921 
Hodgkin’s disease 
interleukin-6 and, 655 
interleukin-9 and, 677 
lactate dehydrogenase and, 602 
Holmium oxide filter, 71, 71f 
Holocarboxylase synthase defect, 2224-2225t 
Holoenzyme, 207 
Holographic grating, 67 
Holotranscobalamin II, 1104 
Home brew assays, 1556 
Home ovulation kit, 2126 
Homeostasis 
chloride and, 1757 
hormonal control of, 1025-1026 
iron and, 1187-1188, 1188¢, 1189f 
potassium and, 1754-1757, 1755f, 1756f 
sodium and, 1679-1680, 1680f, 1750-1754, 
1752f, 1754f 
of trace elements, 1119 
urine output and, 1678 
water, 983-991 
bicarbonate and, 990-991 
chloride and, 989-990 
electrolyte exclusion effect and, 987-989, 
988f 9881, 989t 
potassium and, 984-987 
sodium and, 984 
Homeostatic chemokines, 713 
Homocysteine, 967f, 967-968 
chronic kidney disease and, 1697 
conversion from methionine, 2219f 
folic acid in metabolism of, 1112, 1112f 
reference intervals for, 2274-2275t 
vitamin B,, and, 1104 
Homocystinuria, 2212-2213¢, 2219f, 2219-2220 
Homogeneous assay, 233 
for high-density lipoprotein cholesterol, 947- 
948 
for low-density lipoproteins, 951-952, 952t 
for serum thyroxine, 2069-2070 
Homogenous microparticle capture 
immunochromatography, 1351 
Homogentisic acid, 51t, 2275t 
Homogentisic dioxygenase defect, 2226-2227t 
Homologous sequences, 1514 
Homovanillic acid, 1038 
neuroblastoma and, 1050 
reference intervals for, 2275t 
urine, 1061-1062, 1062t 
urine specimen preservatives and, 51t 
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Homozygous hemoglobin S, 1182-1183 
Horizontal-head centrifuge, 19 
Hormone(s), 1019-1031 


anterior pituitary, 1020-10214, 1968-1990 
adrenocorticotropic hormone and, 1981- 
984, 1982f 
assessment of lobe reserve of, 1988b, 1988- 
990, 1989b, 1990f 
follicle-stimulating hormone and 
luteinizing hormone and, 1984-1988, 
985f, 1987t 
growth hormone and, 1934b, 1969-1976, 
970f, 1972b, 1972f, 1973t 
prolactin and, 1976-1981, 1978f, 1979b 
regulation of, 1968f, 19684, 1968-1969, 
969f 
thyroid-stimulating hormone and, 1988 
bioassays of, 1030 
in carbohydrate metabolism, 850b, 850-851 
cardiac, 1024t 
circadian variation in, 452 
classification of, 1019 
clinical disorders of, 1030 
counterregulatory, 849-850 
cytokines versus, 646, 647f 
effects of exercise on, 451 
effects of gender on, 462, 462t 
expressing concentration of, 8 
fever-related changes in, 465 
gastrointestinal tract, 1023t 
hepatic, 1024t 
hypothalamic, 1020t 
immunoassays of, 1030-1031 
instrumental techniques for, 1031 
limit of detection in assay of, 359-361, 360f, 
361f 
ovarian, 1022t 
pancreatic, 1023t 
pineal gland, 1021t 
placental, 10224, 2154f, 2154-2155 
posterior pituitary, 10211, 1991-1996 
arginine vasopressin and, 1991f, 1991- 
1996, 1993-1995b, 1994f 
oxytocin and, 1996 
postreceptor actions of, 1027-1030, 1029f, 
1030f 
pregnancy-related changes in, 465 
receptor-based assays of, 1030 
receptors of, 1026-1027, 1026-1028f 
in regulation of mineral metabolism, 1912- 
1930 
calcitonin in, 1926f 1926-1928, 1927b 
parathyroid hormone in, 1912-1920, 1913- 
1916f, 1918f 1919f 
parathyroid hormone-related protein in, 
1928-1930, 1929f, 1930f 
vitamin D in, 1920f, 1920-1926, 1921f, 
19214, 1922b, 1923b, 1925f 
release and action of, 1019-1026 
renal, 1024t, 1683 
serotonin regulation of, 1041 
steroid, 1019, 2007-2021 
adrenal androgens in, 2009, 2010f, 2021 
chemistry of, 2003-2007, 2004f, 2005t 
circulating forms of, 2011-2012 
corticosteroid function tests and, 2015- 
2019, 2016-2018f, 2017-2019b 
effects on plasma proteins, 545t 
glucocorticoids in, 2007-2008, 2008f 2009f 
hypothalamic-pituitary-adrenal cortical 
axis and, 2014, 2014f 
metabolism of, 2012-2014, 2013f 
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Hormone(s) (Continued) 
mineralocorticoids in, 2009, 2009t, 2019- 
2021, 2020b, 2020f 2021b 
regulation of, 2014-2106 
steroidogenesis and, 2009-2011, 2010f 
testicular, 1022t 
thymic, 1024t 
thyroid, 1021¢ 
as tumor markers, 765t, 765-766 
zinc role in synthesis of, 1140 
Hormone receptors, 1026-1027, 1026-1028f 
Horseradish peroxidase, 233t 
Hot start techniques in polymerase chain 
reaction, 1416 
HPLC. See High-performance liquid 
chromatography. 
HPTLC. See High-performance, thin-layer 
chromatography. 
HPV. See Human papillomavirus. 
H.S. Raffaele, 943b 
HSV. See Herpes simplex virus. 
Human chorionic gonadotropin, 1022t, 2155, 
2179-2182 
analytical goals for, 364t 
median values for, 2172f 
qualitative analysis for, 2160-2161, 2161f 
reference intervals for, 2261-2262t 
threatened abortion and, 2161-2162 
trophoblastic disease and, 2165 
as tumor marker, 765t, 766 
urine specimen preservatives and, 51t 
Human chorionic gonadotropin stimulation 
test, 2123 
Human genome, 1407-1409, 1408), 1409f 
Human Genome Project, 1401-1402 
Human glandular kallikrein 2, 761 
Human immunodeficiency virus, 1567-1570 
chemokines and, 717 
cholangiopathies in, 1823 
interferon-a and, 697 
interleukin-16 and, 692-693 
resistance testing in, 1568-1570 
viral-load testing of, 1567-1568, 1568t 
Western blot for, 228, 228f 
Human leukocyte antigen, 1540, 1546f, 1546- 
1549, 1547t 
Human leukocyte antigen allele identification, 
1548 
Human papillomavirus, 1565-1566 
Human placental lactogen, 2155 
Human recombinant erythropoietin, 1696, 
1696b 
Humoral antibodies, 220 
Huntingtin, 1494 
Huntington’s disease, 1493f, 1493-1496, 1495b, 
1495 
HVA. See Homovanillic acid. 
Hyaline membrane disease, 2166-2167 
Hybrid capture assay, 1433, 1573-1574 
Hybrid cell line, 221 
Hybrid hemoglobins, 1185 
Hybrid isoenzymes, 194-195 
Hybridization array, 253-254, 254f, 1433-1434, 
1434f, 1435f, 1436t 
Hybridization assay for nucleic acids, 
1429-1436 
dot-blot and line-probes in, 1433, 1434f 
hybridization array in, 253-254, 254f, 1433- 
1434, 1434f 1435f 1436¢ 
kinetics of, 1431 
probes in, 1431-1432 
in situ hybridization in, 1434-1436 


Index 


Hybridization assay for nucleic acids 
(Continued) 
stringency and mismatches in, 1431 
thermodynamics in, 1430f, 1430-1431 
Hybridization probe, 1431-1432, 1437 
Hydragel-Hydrasys electrophoresis system, 
124 
Hydralazine, 1056t 
Hydramnios, 2156 
Hydrochloric acid, 1851 
determination in gastric juice, 1858 
for urine specimen preservation, 51t 
Hydrocodone, 1340f 1341, 1342, 1342f 
Hydrocyanic acid, 1298 
Hydrodynamic injection in capillary 
electrophoresis, 131 
Hydrofluoric acid for wet etching, 248 
Hydrogen 
metabolic function of nephron and, 1676t 
required ion-selective electrode selectivity 
coefficient for, 96t 
Hydrogen breath test, 1865, 1865t 
Hydrogen electrode in potentiometry, 94-95 
Hydrogen peroxide, 109, 109f 
Hydrolysis of steroid hormones, 2035 
Hydrolysis probe, 1437-1439 
Hydromorphone, 1342, 1342f 
chemical structure of, 1340f 
therapeutic and toxic levels of, 2308t 
Hydrophilic amino acids, 534-535 
Hydrophobic amino acids, 534t 
Hydrophobic interaction, 222 
Hydrops fetalis, 2164 
Hydroxide, 798 
Hydroxocobalamin, 1100 
3-Hydroxy-3-methylglutaric aciduria, 2226- 
2227t 
3-Hydroxy-3-methylglutaryl-CoA lyase defect, 
2226-2227t 
19-Hydroxyandrostenedione, 2107f 
3-Hydroxybutyric acid, 2275t 
3-Hydroxybutyrylcarnitine, 2275t 
25-Hydroxycholecalciferol, 1698 
11-Hydroxycorticosteroids 
effects of smoking on, 457 
in elderly, 461 
fever and, 465 
influence of menstrual cycle on, 464 
shock-related changes in, 466 
18-Hydroxycorticosterone, 2011 
3-Hydroxydecenoylcarnitine, 2275t 
3-Hydroxydodecanoylcarnitine, 2275-2276t 
3-Hydroxydodecenoylcarnitine, 2276t 
2-Hydroxyestradiol, 2106f 
2-Hydroxyestrone, 2106f 
4-Hydroxyestrone, 2106f 
160-Hydroxyestrone, 2106f 
16B-Hydroxyestrone, 2106f 
2-Hydroxyglutaric acid, 2277t 
3-Hydroxyhexadecenoylcarnitine, 2276t 
3-Hydroxyhexanoylcarnitine, 2276t 
Hydroxyindole-O-methyltransferase, 1034f 
1035 
5-Hydroxyindoleacetic acid, 1038-1039, 1039f 
2277t 
carcinoid tumor and, 1053-1054 
urinary and plasma, 1063-1065, 1065t 
urine specimen preservatives and, 51t 
3-Hydroxyisobutyric aciduria, 2226-2227t 
3-Hydroxyisobutyryl-CoA dehydrogenase 
defect, 2226-2227t 
3-Hydroxyisovalerylcarnitine, 2277t 


3-Hydroxyl-3-methylglutaryl reductase 
cholesterol synthesis and, 905, 905f 
low-density lipoprotein receptor pathway 
and, 920f, 921 
7a-Hydroxyl-4-cholesten-e-one test, 1866 
Hydroxylase(s), 2006 
11B-Hydroxylase deficiency, 2029, 2110 
17a-Hydroxylase deficiency, 2101, 2114, 
2118 
20a-Hydroxylase deficiency, 2101 
21-Hydroxylase deficiency, 2028f, 2028-2029, 
2110, 2119-2120 
2-Hydroxylation pathway, 2108 
16a-Hydroxylation pathway, 2108 
Hydroxymethyl aminomethane, 124 
Hydroxymethylbilane synthase, 1211, 1211¢ 
3-Hydroxyoctadecadienoylcarnitine, 2277t 
3-Hydroxyoctadecanoylcarnitine, 2277t 
3-Hydroxyoctadecenoylcarnitine, 2277t 
4-Hydroxyphenyllactic acid, 2278t 
4-Hydroxyphenylpyruvate dioxygenase defect, 
2212-2213t 
4-Hydroxyphenylpyruvic acid, 2278t 
Hydroxypregnenolone, 2100f 
biosynthesis of, 2010f 
3B-hydroxysteroid dehydrogenase-isomerase 
deficiency and, 2029 
17-Hydroxyprogesterone, 1021t 
biosynthesis of, 2010f, 2100f 
3B-hydroxysteroid dehydrogenase-isomerase 
deficiency and, 2029 
measurement of, 2041-2042 
reference intervals for, 2278t 
special collection and storage conditions for, 
55t 
Hydroxyproline, 1940 
reference intervals for, 2278t 
structure and molecular weight of, 535t 
as tumor marker, 778t 
urine specimen preservatives and, 51t 
17B-Hydroxysteroid dehydrogenase deficiency, 
2101 
3B-Hydroxysteroid dehydrogenase-isomerase 
deficiency, 2029, 2110 
19-Hydroxytestosterone, 2107f 
3-Hydroxytetradecanoylcarnitine, 2278t 
3-Hydroxytetradecenoylcarnitine, 2279t 
5-Hydroxytryptamine, 1021t 
5-Hydroxytryptophol, 1039, 1039f 
25-Hydroxyvitamin D, 1920-1926 
measurement of, 1923-1924 
metabolism, regulation, and transport of, 
1920-1922, 1921f, 1921t 
Hyperaldosteronism, 2030t, 2030-2033, 2032f 
2033b, 2033f 
Hyperammonemia, 1790-1791, 2221 
Hyperamylasemia, 617, 617t 
Hyperapobetalipoproteinemia, 930 
Hyperbaric oxygen for carbon monoxide 
poisoning, 1297 
Hyperbilirubinemia 
conjugated, 1200b, 1201 
plasma bilirubin in, 1827, 1827f 
unconjugated, 1199-1201, 1200b 
Hypercalcemia, 1895b, 1895-1896 
1,25-dihydroxyvitamin D and, 1922-1923 
parathyroid hormone and, 1918-1919 
parathyroid hormone-related protein and, 
1928-1930, 1929f, 1930f 
Hypercalciuria, 1922-1923 
Hyperchloremia, 1757 
Hyperchloremic metabolic acidosis, 1709 
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Hypercholesterolemia, 924 
familial, 931 
management of, 934t, 934-936, 935f, 935t, 
936f 
in nephrotic syndrome, 1704 
Hypercoagulability, serological biomarkers of, 
1633b 
Hyperemesis gravidarum, 2162 
Hyperfunction of adrenal cortex, 2024-2033 
adrenal tumors in, 2029-2039 
congenital adrenal hyperplasia in, 2028f 
2028-2029 
Cushing’s syndrome in, 2024-2028, 2025t, 
2026t, 2027b, 2027f 
Hyperglycemia 
advanced glycation end products and, 886 
in diabetes mellitus, 853, 859b, 859-861, 
860b 
fever-induced, 465 
Hyperglycinemia, 2222, 2223f 
Hypergonadotropic hypogonadism, 2102b, 2103 
female infertility and, 2124, 2126, 2126f 
male infertility and, 2123 
Hyperkalemia, 1756f, 1756-1757 
Hyperkalemic distal renal tubular acidosis, 
1708 
Hyperkalemic normal anion gap acidosis, 1771 
Hyperlipidemia, 928, 928t 
electrolyte exclusion effect and, 988-989 
familial combined, 929-930 
Hyperlipoproteinemia, 928, 9281, 930 
Hypermagnesemia, 1910, 1910b 
Hypermethioninemia, 2212-2213t 
Hypernatremia, 1753-1754, 1754f 
Hyperosmotic hyponatremia, 1753 
Hyperoxaluria, 1714, 2228-2229t 
Hyperparathyroid bone disease, 1934 
Hyperparathyroidism 
alkaline phosphatase and, 624 
parathyroid hormone and, 1919 
Hyperphenylalaninemias, 2211-2217, 2212- 
2213t, 2216f 
Hyperphosphatemia, 1907, 1907b 
1,25-dihydroxyvitamin D and, 1921 
renal osteodystrophy and, 1934 
Hyperprolactinemia, 1978-1979, 1979b 
male infertility and, 2121 
Hyperprolinemia, 2214-2215t 
Hyperproteinemia, 589, 988-989 
Hyperreninemic hypoaldosteronism, 2024t 
Hypertension 
in acute porphyrias, 1216, 1216t 
in dialysis patient, 1724 
high-sensitivity C-reactive protein and, 964 
in pheochromocytoma, 1046 
portal, 1792f, 1792-1796, 1793f 
ascites and, 1794-1795 
bleeding esophageal varices and, 1794 
hepatic encephalopathy and, 1795-1796 
spontaneous bacterial peritonitis and, 1795 
in preeclampsia and eclampsia, 2162-2163 
renovascular, 1702, 2033, 2033b, 2033f 
Hypertensive nephropathy, 1702 
Hyperthyroidism, 2059b, 2059-2061, 2060f, 
2061b 
euthyroid sick syndrome versus, 2063 
free thyroid hormones and, 2074 
gynecomastia and, 2104 
parathyroid hormone alterations in, 1920 
secondary amenorrhea and, 2114 
thyroid hormone-binding ratio in, 2078 
Hypertonic saline infusion test, 1994b 
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Hypertriglyceridemia 
alcohol ingestion and, 458 
in chronic kidney disease, 1696 
familial, 930 
management of, 936-938, 938t 
Hyperuricemia, 805-807, 806b 
Hypervitaminosis A, 1083 
Hypervolemic hypernatremia, 1754 
Hypnotics overdose, 1290f, 1291-1292 
Hypoadrenalism, 465 
Hypoalbuminemia, 547, 588 
in acute fatty liver during pregnancy, 2163 
in liver disease, 1788, 1796 
in nephrotic syndrome, 1704 
Hypoaldosteronism, 2024, 2024t 
Hypocalcemia, 1893-1894, 1894b, 1922-1923 
Hypochloremia, 1757 
Hypochromic microcytic anemia 
in erythropoietic protoporphyria, 1219 
transferrin and, 562 
Hypofunction of adrenal cortex, 2021-2024 
Addison’s disease in, 2021-2024, 2022f 2023f 
2023t 
hypoaldosteronism in, 2024, 2024t 
Hypogammaglobulinemia, 671 
Hypoglycemia, 864-868, 865b 
alcohol ingestion and, 457 
C-peptide values in, 851 
in galactose-1-phosphate uridyl transferase 
deficiency, 889 
in glycogen storage disease, 890 
Hypogonadotropic hypogonadism, 2102, 
2102-2103 
congenital idiopathic, 2121 
female infertility and, 2126 
male infertility and, 2123 
Hypohaptoglobinemia, 560 
Hypokalemia, 1754-1756, 1755f, 2031 
Hypokalemic distal renal tubular acidosis, 1707- 
1708 
Hypomagnesemia, 1894, 1909b, 1909-1910 
Hyponatremia, 1751-1753, 1752f 
in acute porphyrias, 1216, 1216¢, 1217 
in syndrome of inappropriate antidiuretic 
hormone, 1994-1995 
Hypoosmotic hyponatremia, 1751-1753, 1752f 
Hypoparathyroidism 
low serum calcium in, 1894 
parathyroid hormone and, 1919 
Hypophosphatemia, 1905-1906, 1906b, 1921 
Hypophosphatemic osteomalacia, 1933 
Hypophosphatemic vitamin D-resistant rickets, 
1933 
Hypophysis, 1967 
Hypopituitarism, 465 
Hypoproteinemia, 589 
Hyporeninemic hypoaldosteronism, 2024, 2024t 
Hypothalamic diabetes insipidus, 1992 
Hypothalamic-hypophyseal portal system, 1967 
Hypothalamic peptides, 1968-1969 
Hypothalamic-pituitary-adrenal axis, 1982, 
1982f, 2014, 2014f 
assessment of anterior pituitary lobe reserve 
and, 1989 
cytokine stimulation of, 2008, 2009f 
Hypothalamic-pituitary-adrenal-immune axis, 
1969 
Hypothalamic-pituitary-gonadal axis 
assessment of anterior pituitary lobe reserve 
and, 1989b, 1989-1990 
female, 2105, 2105f 
male, 2097, 2097f 
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Hypothalamic-pituitary-thyroid axis, 1998, 
2054f 
Hypothalamus 
hormones of, 1020t 
interleukin-6 and, 673t 
sympathetic actions of, 1041-1042 
Hypothesis, statistical, 433-434 
Hypothyroidism, 2057-2059, 2058f, 2059b 
creatine kinase and, 599 
euthyroid sick syndrome versus, 
2062-2063 
parathyroid hormone alterations in, 1920 
secondary amenorrhea and, 2114 
thyroid hormone-binding ratio in, 2078 
Hypouricemia, 807 
Hypovolemia, 1772-1773 
Hypovolemic hypernatremia, 1753 
Hypoxanthine guanine phosphoribosyl 
transferase, 221 
Hypoxia 
agents causing, 1296t, 1296-1300, 1299f, 
1299t 
cell damage or death in, 214t 
Hytrin. See Terazosin. 
Hyzyd. See Isoniazid. 


I 


IAPP. See Islet amyloid polypeptide. 
Ibuprofen, 2308t 
ICD. See Isocitrate dehydrogenase. 
ICE. See Interleukin-1 converting enzyme. 
ICMA. See Immunochemiluminescence-based 
methods. 
ICP. See Inductively coupled plasma. 
ICP-ES. See Inductively coupled plasma- 
emission spectroscopy. 
ICP-MS. See Inductively coupled plasma-mass 
spectrometry. 
ICP-OES. See Inductively coupled plasma- 
optical emission spectrometry. 
Icterus, 1792 
Identification of specimen, 54 
Identity testing, 1539-1554 
in chimerism and hematopoietic cell 
engraftment analysis, 1549-1551, 
1550t 
for clinical specimen identification, 1545- 
1546 
forensic DNA typing in, 1541-1545, 15421, 
1543t 
for parentage, 1551-1553 
for transplantation tissue compatibility, 
1546f, 1546-1549, 1547¢ 
variation in human genome and, 1539-1541, 
1540f 
Idiopathic adrenal hyperplasia, 2031 
Idiopathic hemochromatosis, 1192 
Idiopathic neonatal hepatitis, 1201 
Idiopathic postprandial syndrome, 866 
Idiopathic reactive hypoglycemia, 866 
IEP. See Immunoelectrophoresis. 
IFCC/IUPAC system, 9-10, 10t 
IFG. See Impaired fasting glucose. 
IGF-I. See Insulin-like growth factor-I. 
IGF-II. See Insulin-like growth factor-IL. 
IGFBP. See Insulin-like growth factor binding 
protein. 
IGT. See Impaired glucose tolerance. 
Ileum, 1849 
Imerslund-Graesbeck syndrome, 1103 
Iminoglycinuria, 2216-2217t 
Imipenem, 1268t 
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Imipramine, 1269, 1270t, 1308-1312, 1309f 
influence on catecholamine levels, 1056t 
therapeutic and toxic levels of, 2308t 

Immediate type hypersensitivity, 651, 669 

Immobilized enzymes, 213 

Immobilized pH gradient isoelectric focusing 

electrophoresis, 129 

Immune response 
cause of cell damage or death, 214t 
chemokines and, 714, 716 
cytokines and, 2008 
effects of smoking on, 457 
selenium role in, 1135 
to tumor, 654, 654f 
zinc role in, 1140 

Immunization, hepatitis B virus, 1800-1801 

Immuno-polymerase chain reaction, 235b 

Immunoassay 

for acetaminophen, 1306 

for adrenocorticotropic hormone, 1983-1984 

for aldosterone, 2039-2040 

for alkaline phosphatase, 611 

in analytical enzymology, 212-213 

for aspartate aminotransferase, 606-607 

bioluminescent, 235b 

for blood estrogens, 2135 

for blood progesterone, 2137-2138, 2138t 

for bone alkaline phosphatase, 624, 1941 

chemiluminescence, 237, 238f 

cloned enzyme donor, 236, 236f 

competitive, 231, 231f 

for cortisol, 2036-2039 

for creatine kinase isoenzymes, 600-601, 601f 

in cytokine measurement, 722, 723t 

for dehydroepiandrosterone, 2132 

for deoxypyridinoline and pyridinoline, 1939 

in drug testing, 1248, 1293, 1318-1319 
for amphetamine and methamphetamine, 

1324 

for barbiturates, 1327 

for benzodiazepines, 1332-1333 

for cocaine, 1336 

for lysergic acid diethylamide, 1338-1339 

for methadone, 1345 

for opiates, 1344 

for phencyclidine, 1348 

for propoxyphene, 1347 

for tetrahydrocannabinol, 1334f, 1334- 

1335 
electrochemiluminescence, 237 
enzyme, 212-213, 234-236, 236f. See also 
Enzyme immunoassay. 
fluorescence excitation transfer, 235b 
fluorescence polarization, 237, 237f, 1420- 
1421 

for aspirin, 1308 

for barbiturates, 1327 

for benzodiazepines, 1332 

for cocaine, 1336 

in drug testing, 1293, 1318 

for propoxyphene, 1347 

for serum thyroxine, 2070 

for thyroid hormone-binding ratio, 2077 
fluoroimmunoassay, 236-237, 237t 

for glycated hemoglobins, 8814, 882 
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nanotechnology and, 255 
noncompetitive, 231-232, 232b 
for osteocalcin, 1942-1943 
phosphor, 235b 
for prolactin, 1980-1981 
for prostate-specific antigen, 760-761 
for proteinuria, 813-817, 816f 
quantum dot, 235b 
radial immunodiffusion, 229 
separation methods used in, 232b 
sequential competitive binding microparticle 
capture, 1350-1351 
simplified, 237-239, 238f 
simultaneous multianalyte, 239 
solid phase, light-scattering, 235b 
solid phase competitive sequential enzyme, 
1351 
surface effect, 235b 
for tartrate-resistant alkaline phosphatase, 
625 
for thyroid function, 2065-2087 
blood thyroid-stimulating hormone in, 
2066-2068, 2067f 
free thyroid hormones in, 2073-2083. See 
also Free thyroid hormones. 
reverse triiodothyronine using 
radioimmunoassay in, 2073 
serum thyroxine in, 2068-2071 
serum triiodothyronine in, 2071-2073 
thyroglobulin and, 2083-2084 
thyroxine-binding globulin and, 
2082-2083 
for total testosterone in blood, 2127 
for tricyclic antidepressants, 1310 
for trypsin, 622-623 
for tubular proteinuria, 817 


Immunochemical techniques, 219-243 


agglutination assays in, 240 
for alpha,-antitrypsin, 552, 552f 
antigen-antibody binding and, 221-224, 223f 
224b 
basic concepts of, 219-221, 220f 
for haptoglobin, 561, 561f 
immunocytochemistry in, 239-240 
for immunoglobulins, 573-574 
in isoenzymes analysis, 213 
for lactate dehydrogenase, 602-603 
in protein analysis, 582-584 
qualitative methods in, 224-228 
dot blotting in, 228 
immunoelectrophoresis in, 225-227, 226f, 
227f 
passive gel diffusion in, 224-225, 225f 
Western blotting in, 227-228, 228f 
quantitative methods in, 229-239 
electroimmunoassay in, 229, 229f 
interferences in, 239 
labeled immunochemical assays in, 230- 
239. See also Labeled 
immunochemical assays. 
radial immunodiffusion immunoassay in, 
229 
turbidimetric and nephelometric assays in, 
230 


for gonadotropins, 1985-1987, 1987t 
for homocysteine, 968 

for hormones, 1030-1031 

for human glandular kallikrein 2, 761 
for insulin-like growth factors, 1976 
latex-agglutination-inhibition, 1351 
microtiter plate system for, 294 


Immunochemiluminescence-based methods for 
ACTH, 1983 

Immunocytochemistry, 239-240 

Immunoelectrophoresis, 225-227, 226f, 227f 

Immunofixation, 227, 227f 

Immunofixation electrophoresis, 586, 587f 

Immunogens, 220-221 


Immunoglobulin(s), 219-220, 220f, 569-575 
assays for multiple sclerosis, 579-580 
basic biochemistry of, 569-570, 570t 
calibration of immunochemical methods for, 
583 
creatine kinase and, 599 
deficiency of, 571-572, 572b, 572f 
in elderly, 461 
hepatic synthesis of, 1788 
interferon-y and, 700-701, 701t 
intrathecal synthesis of, 578-579 
methodologies for, 573-574 
microchip-based assay for, 255 
monoclonal, 572-573, 574t 
polyclonal hyperimmunoglobulinemia and, 
572 
posture-related changes in, 450t 
rearrangement in lymphoma, 1458f 1458- 
1463, 1460-1463f 
reference intervals for, 574-575 
thyroid-stimulating, 2086-2087 
thyrotropin-binding inhibitory, 2086 
as tumor markers, 774t, 774-775 
Immunoglobulin A, 571 
analytical goals for, 366t 
anticonvulsants and, 459 
effects of smoking on, 457 
in elderly, 461 
interleukin-5 and, 669, 670 
microchip-based assay for, 255 
multiple myeloma and, 574t 
posture-related changes in, 450¢ 
properties of, 545t 
reference intervals for, 2279t 
Immunoglobulin A-antigliadin antibody, 1861, 
1861t 
Immunoglobulin A-antitissue transglutaminase 
antibody, 1861, 18614, 1862 
Immunoglobulin A-endomysial antibody, 1861, 
1861t 
Immunoglobulin A nephropathy, 1704 
Immunoglobulin D 
multiple myeloma and, 574t 
reference intervals for, 2279t 
Immunoglobulin E, 571 
analytical goals for, 366t 
interleukin-4 and, 666, 669 
interleukin-9 and, 677 
multiple myeloma and, 574t 
reference intervals for, 2279t 
Immunoglobulin G, 219, 220f, 569 
analytical goals for, 366t 
anticonvulsants and, 459 
in cerebrospinal fluid, 590 
childhood levels of, 461 
deficiency of, 571 
effects of smoking on, 457 
effects of steroid hormones on, 545t 
in elderly, 461 
interleukin-9 and, 677 
intrathecal synthesis of, 578-579 
microchip-based assay for, 255 
multiple myeloma and, 574t 
posture-related changes in, 450t 
properties of, 545t 
reference intervals for, 2279t 
Rh isoimmune disease and, 2164 
Immunoglobulin-gene rearrangements in 
hematopoietic neoplasms, 1458f, 1458- 
1460, 14592, 1460f 
Immunoglobulin M, 569 
acute hepatitis A and, 1805 
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Immunoglobulin M (Continued) 
acute hepatitis B and, 1806, 1806f 
analytical goals for, 366t 
effects of smoking on, 457 
in elderly, 461 
multiple myeloma and, 574t 
posture-related changes in, 450t 
properties of, 545t 
reference intervals for, 2279t 
Immunoglobulin M surface receptor, 569 
Immunoinflammatory response 
cytokines and, 649-652, 650-652f 
interferon-y and, 698 
interleukin-6 and, 674 
interleukin-12 and, 685-686 
Immunoinhibition techniques 
for amylase isoenzymes, 619 
for creatine kinase isoenzymes, 600-601, 601f 
Immunometric methods 
for adrenocorticotropic hormone, 1983 
for gonadotropins, 1986 
for growth hormone, 1975 
for prolactin, 1980 
for thyroid-stimulating hormone, 2066-2067 
for vitamin B,, 1104 
Immunomodulation, interleukin-2 in, 664 
Immunoprecipitation assay 
for amylase, 619 
for aspartate aminotransferase, 607 
Immunoradiometric assay 
for adrenocorticotropic hormone, 1983 
for antithyroid antibodies, 2085 
for bone alkaline phosphatase, 1941 
in cytokine measurement, 722 
for growth hormone, 1975 
for insulin-like growth factor-1, 1976 
for parathyroid hormone, 1917 
Immunoreactive insulin, 852 
Immunosensor, 303-304 
Immunosuppressants, 1274-1280, 1280t 
cyclosporine in, 1274-1276, 1275f 
everolimus in, 1276-1277 
mycophenolate mofetil in, 1277f, 1277-1278 
sirolimus in, 1278-1279 
tacrolimus in, 1279-1280 
Immunosuppression in kidney transplantation, 
1726-1727 
Immunoturbidimetry for urine albumin, 888 
Impaired fasting glucose, 855, 859b 
Impaired glucose tolerance, 855, 859b, 1125 
Implantable electrochemical/optical sensors, 
113-116, 115f 
Implanted sensor for blood glucose, 875 
Impotence, 2103-2104 
Imprecision of measurements, 356t, 357 
Imprinting defects, 1504-1506, 1505f, 1506t 
In-house developed assays, 1556 
In situ hybridization, 1434-1436, 1475f, 1476 
In vitro fertilization, 2127 
In vitro point-of-care testing devices, 303-308, 
304-307f 
In vivo electrochemical/optical sensors, 113- 
116, 115f 
In vivo point-of-care testing devices, 308, 308t 
Inborn errors of metabolism, 8434, 888-890, 
2207-2247 
of amino acids, 539, 2211-2221, 2212-2217t 
analytical considerations in, 2237 
homocystinuria in, 2219f, 2219-2220 
maple syrup urine disease in, 2220 
nonketotic hyperglycinemia in, 2221 
phenylketonuria in, 2211-2217, 2216f 
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Inborn errors of metabolism (Continued) 
tyrosinemia type 1 in, 2217-2219, 2218f 
2219f 
urea cycle defects in, 2220-2221 
of bile acids, 1785-1786, 1786b 
biochemical diagnosis of, 2207-2211, 22081, 
2209f, 2210f, 2211b 
in carbamyl phosphate synthetase I 
deficiency, 1489-1491, 1490f 
of copper, 1128 
of fatty acid oxidation, 2230-2237, 2231f 
2234-2235t 
medium-chain acyl-CoA dehydrogenase 
deficiency in, 2236 
short-chain acyl-CoA dehydrogenase 
deficiency in, 2236-2237 
trifunctional protein and long-chain 3- 
hydroxy acyl-CoA dehydrogenase 
deficiencies in, 2232-2236 
very long-chain acyl-CoA dehydrogenase 
deficiency in, 2232, 2233f 
lactic acidosis in, 877 
newborn screening for, 2207, 2208f 
of organic acids, 2221-2230, 2224-2229t 
analytical considerations in, 2237-2242, 
2238-2241t 
ethylmalonic encephalopathy in, 2230, 
2230f 
glutaric acidemia type I in, 2230 
isovaleric acidemia in, 2222-2223, 2223f, 
2230 
propionate disorders in, 2222, 2223f 
of trace elements, 1119 
vitamin B,-responsive, 1099 
Incomplete distal renal tubular acidosis, 1708- 
1709 
Increased anion gap acidosis, 1768-1771, 1769f 
1769t 
Indels, 1408-1409 
Inderal. See Propranolol. 
Index of atypicality, 443 
Index of heterogeneity, 470 
Index of individuality, 469-470 
Index test, 328 
Indicator reaction 
in linked enzyme assay, 202-203 
secondary enzyme-catalyzed reaction as, 199 
Indinavir, 1269t, 2308t 
Indirect equilibrium tracer dialysis, 2075 
Indirect hemagglutination, 240 
Indirect ion-selective electrodes, 986-987 
Indirect methods 
for free thyroid hormones, 2075-2076 
for low-density lipoproteins, 948b, 948-951, 
949b, 950f 
for serum thyroxine, 2068 
Indirect potentiometry, 988t 
Indirect sampling, 427-428, 428f, 428t 
Inductively coupled plasma, 169-170, 184 
Inductively coupled plasma-emission 
spectroscopy, 1373-1374 
Inductively coupled plasma-mass spectrometry, 
1122 
for aluminum, 1375 
for arsenic, 1377 
for lead, 1381 
for mercury, 1382 
for selenium, 1383-1384 
for toxic metals, 1373-1374 
Inductively coupled plasma-optical emission 
spectrometry, 1122 
Ineffective erythropoiesis, 1103 
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Inert metal electrodes in potentiometry, 94-95 
Infant 
alpha,-antitrypsin deficiency in, 551 
body fluid composition of, 460-461 
C3 complement levels in, 567 
C4 complement levels in, 568 
cobalamin deficiency in, 1103 
copper deficiency in, 1128 
feces collection from, 52 
Graves’ disease in, 2163 
haptoglobin levels in, 561 
hemolytic disease in, 1200-1201, 2164-2165 
herpes simplex virus infection in, 1570 
human immunodeficiency virus infection in, 
1567 
hypoglycemia in, 865, 865b 
idiopathic hepatitis in, 1201 
immunoglobulin G deficiency in, 571-572 
jaundice in, 1199-1201, 1200b 
screening for inborn errors of metabolism, 
2207, 2208f, 2209 
skin puncture for blood specimen, 46, 46f 
steroid hormones in, 2013 
urine collection from, 50 
Infection 
C-reactive protein and, 555 
immunoglobulin levels in, 572 
tumor necrosis factor-@ and, 707, 708 
Infectious diseases 
molecular assays for, 1555-1587 
analyte-specific reagents in, 1556 
analytical verification in, 1558-1560, 1560t 
for Chlamydia trachomatis and Neisseria 
gonorrhoeae, 1563-1565, 1564t 
choice of specimen and analytical 
approach in, 1556-1557 
clinical verification in, 1560-1561 
for cytomegalovirus, 1573-1576, 1574t 
for enteroviruses, 1571-1572 
for hepatitis C virus, 1576-1579, 1577t 
for herpes simplex virus, 1570-1571 
for human immunodeficiency virus, 1567- 
1570, 1568t 
for human papillomavirus, 1565-1566 
internal controls in, 1557 
interpretation of results of, 1562-1563 
for Mycobacterium tuberculosis, 1575-1576 
nucleic acid extraction in, 1557-1558 
for perinatal Group B streptococcus, 1572- 
1573 
preanalytical variables in, 1557 
quality control and quality assurance in, 
1561-1562 
quantitative, 1558 
reporting of results of, 1563 
verification guidelines for, 1559t 
zinc and, 1140 
Infectious mononucleosis 
analytical goals for, 366t 
lactate dehydrogenase and, 602 
Inference, statistical, 433 
Infertility, 2120-2127 
female, 2124b, 2124-2127, 2125f, 2126f 
male, 2120-2124, 2121b, 2122t, 2123f, 2123t 
Inflammation 
albumin levels in, 547 
alpha,-acid glycoprotein and, 549 
alpha,-antitrypsin and, 550-551 
beta,-microglobulin and, 555 
C-reactive protein and, 555 
chemokines and, 714, 714f, 718 
complement and, 565 
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Inflammation (Continued) 
cytokines and, 649-652, 650-652f 
electrophoretic patterns in, 585f 
haptoglobin and, 560 
interleukin-1 and, 658-659, 659t 
interleukin-4 and, 668 
interleukin-6 and, 674 
interleukin-10 and, 679 
interleukin-16 and, 693 
selenium role in, 1135 
serum iron levels and, 1189t 
transferrin and, 562 
tumor necrosis factor and, 705, 705f 
706-707 
Inflammatory bowel disease, 547 
Inflammatory chemokines, 713 
Inflammatory diseases 
anti-tumor necrosis factor therapies in, 708 
tumor necrosis factor-a and, 707 
Informatics, 475-483 
computing fundamentals in, 475-478, 477f, 
477t, 478f 
laboratory information systems and, 478-482, 
479b, 480f, 480t, 481f, 481t 
pathology informatics resources and, 482-483 
point-of-care testing and, 308¢, 308-310, 309f 
Information system, 475, 481-482 
Infrared diode laser, 66 
Infusion as noncontrollable preanalytical 
variable, 466-467 
Inherited diseases, 1483-1538 
autosomal dominant diseases in, 1491-1496 
achondroplasia in, 1491-1492 
Charcot-Marie-Tooth disease in, 1492- 
1493 
Huntington’s disease in, 1493f, 1493-1496, 
1495b, 1495f 
autosomal recessive diseases in, 1483-1491 
carbamyl phosphate synthetase I deficiency 
in, 1489-1491, 1490f 
cystic fibrosis in, 1484-1486, 1485b, 1486t, 
1487f 
hereditary hemochromatosis in, 1486- 
1489, 1488f 
of bilirubin metabolism, 1198-1199 
hepatic, 1814-1816 
inherited breast cancer in, 1508-1509 
inherited colon cancer in, 1509-1513, 1510f 
1511f 
Leber hereditary optic neuropathy in, 1503 
Leigh syndrome in, 1503-1504, 1504f 
Prader-Willi and Angelman syndromes in, 
1504-1506, 1505f, 1506t 
reporting of test results in, 1513 
thrombophilia in, 1506-1508 
tubulopathies in, 1709-1710 
X-linked diseases in, 1496-1502 
Duchenne’s muscular dystrophy in, 1498- 
1500 
fragile X syndrome in, 1500f, 1500-1501, 
1502f 
hemophilia A in, 1496-1498, 1498f 
Inhibin, 2097, 2098f 
Inhibin A, 1022t, 2186, 2279-2280t 
Inhibin B, 1022t, 2127 
Inhibition techniques in nephelometric and 
turbidimetric assays, 230 
Inhibitor, label used for nonisotopic 
immunoassay, 231t 
Inhibitor constant in enzymatic reaction, 205 
Inhibitors of enzymatic reactions, 204-207, 205f 
Inhibitory factors, 1968, 1968f 
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Injector 
in gas chromatography, 151, 151f 152f 
in liquid chromatography, 158, 158t 
Inner filter effect in fluorometry, 76, 83 
Inorganic acidosis, 1771 
Inorganic phosphate, 364t 
Input control of materials, 497 
INR. See International Normalized Ratio. 
Insecticides, 1315f 1315-1317, 1316f 
antidote for, 1288t 
poisoning with, 615 
Insertion-deletion mutation, 1408-1409 
Institute of Biochemistry, 943b 
Instrument clusters, 281-282, 282f 
Instrumentation 
in atomic absorption spectrophotometry, 73f 
73-74, 74f 
automated, 265-297 
bar coding of specimen and, 269f, 
269-270 
chemical reaction phase and, 274-276, 
275f, 276f 
chemiluminescence and bioluminescence 
and, 278-279 
development of standards for, 292 
electrochemical methods and, 279 
electrophoresis systems and, 124-125 
evaluation of requirements for, 289-290, 
290b 
flow cytometers and, 293 
fluorometry and, 278 
front-surface reflectance fluorometry and, 
278 
hematology cell counters and, 293 
historical overview of, 265-267, 268t 
instrument clusters and, 281-282, 282f 
labeling of specimen and, 268-269 
measuring impact of, 292 
microtiter plate systems and, 294 
nucleic acid analyzers and, 293-294 
on-analyzer specimen delivery and, 272f 
272-273 
photometry and, 276-277, 277f 
pipetting stations and, 294 
point-of-care testing analyzers and, 294 
polarization fluorometry and, 278 
problems of integration in, 290-292, 291f 
reagent delivery and, 274 
reagent handling and storage and, 273-274, 
274f 
reflectance photometry and, 278 
remote automated laboratory system and, 
294 
signal processing, data handling, and 
process control in, 279-280, 280b 
specimen acquisition and, 268 
specimen delivery to laboratory and, 270- 
271 
specimen loading and aspiration and, 271- 
272 
specimen preparation and, 271 
specimen processing and, 284-288, 285f, 
287f 
specimen sorting and, 288f, 288-289, 289f 
specimen storage and retrieval and, 289 
specimen transport and, 282-284, 284f 
turbidimetry and nephelometry and, 278 
urine analyzers and, 292 
workcells and, 282, 282f 
workstations and, 281 
blood gas, 1008f, 1008-1009, 1010f 
in capillary electrophoresis, 131f 131-133 


Instrumentation (Continued) 
in chemiluminescence, bioluminescence, 
and electrochemiluminescence, 85, 278- 
279 
in conventional electrophoresis, 122-125, 
123f 
in fluorometry, 77f, 77-83 
automated, 278 
cuvets and, 78-79, 79f 
excitation and emission monochromator 
and, 78 
excitation source for, 77-78 
flow cytometer and, 82-83, 83f 
hematofluorometer and, 83 
performance verification and, 80 
photodetector and, 79-80 
ratio-referencing spectrofluorometer and, 
8-81, 81f 
time-resolved fluorometer and, 81-82 
in forensic DNA testing, 1544 
in gas chromatography, 149-155 
carrier gas supply and flow control in, 150- 
151 
column technology and, 149-150, 150t 
computer in, 154-155, 155f 
detectors in, 1534, 153-154, 154f 
injector in, 151, 151f 152f 
sample extraction and, 155 
temperature control and, 151-153 
in liquid chromatography, 155-160, 156t, 
157-159f, 159t 
in mass spectrometry, 167-181 
beam-type mass spectrometer in, 172-174f 
172-176 
computer and software in, 181 
detectors in, 180f, 180-181 
ion source and, 167f, 167-171, 169f 170f 
tandem mass spectrometer in, 179-180 
trapping-mass spectrometer in, 176-179, 
177f 
vacuum system in, 171 
in microchip electrophoresis, 135-136, 136f 
in nephelometry and turbidimetry, 88, 88f 
278 
in parentage testing, 1551 
selection of method and, 355 
in spectrophotometry, 64f, 64-72, 65f 
cuvets and, 69 
fiber optics and, 68-69 
light sources for, 65-66, 66t 
linearity and, 72 
microprocessor and, 70 
multiple-wavelength readings and, 72 
photodetectors and, 69f, 69-70 
photometric accuracy and, 72, 72t 
readout device and, 70 
recorder and, 70 
spectral bandwidth and, 71 
spectral isolation and, 66-68, 67f, 68f 
stray light and, 71-72 
wavelength calibration and, 70-71, 71f 
Insulin, 843-849, 1019, 1023t 
C-peptide and, 846, 851 
chemistry of, 843 
chromium and, 1378 
circadian variation in, 452 
degradation of, 846 
effects of exercise on, 451 
fasting and starvation and, 456 
glucose transport and, 847t, 847-849 
growth hormone and, 1971, 1973f, 1974b 
hypophosphatemia and, 1906 
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Insulin (Continued) 
measurement of, 851-853 
clinical utility of, 850, 850b 
for hypoglycemia, 865 
mechanism of action, 847, 848f 
morphine and, 459 
obesity and, 465 
reference intervals for, 2280t 
release of, 844-846, 846f 
smoking and, 457 
special collection and storage conditions for, 
55t 
synthesis of, 843-844, 845f 846f 
therapy in diabetic nephropathy, 1701 
Insulin antibodies, 846-847, 852 
assay of, 853 
hypoglycemia and, 866 
in type 1 diabetes mellitus, 856 
Insulin-dependent diabetes mellitus, 854 
Insulin-induced hypoglycemia stimulation test, 
1989, 2018 
Insulin-like growth factor(s), 849, 1969-1976, 
1971 


Insulin-like growth factor binding protein, 1971 


Insulin-like growth factor-I, 849, 2280t 

Insulin-like growth factor-I receptor, 849 

Insulin-like growth factor-I], 849, 1024t 

Insulin-like growth factor-II receptor, 849 

Insulin receptor, 847, 1029, 1124 

Insulin-receptor substrate proteins, 847 

Insulin-related subfamily of cytokines, 648 

Insulin resistance, 857 

Insulin resistance gene, 858 

Insulin secretion gene, 858 

Insulin tolerance test, 1974b, 1989 

Insulinoma-associated antigen, 856 

Insulinopenia, 854 

Insulitis, 855 

Integrated automation system for specimen 
processing, 286-288, 287f 

Inter-a-trypsin inhibitor, 564t 

Interface to automated analyzer, 286 

Interference, 361-362 


in atomic absorption spectrophotometry, 74- 


75 
in blood estrogen measurement, 2135 
in free calcium measurement, 1900 
in immunoassay, 239 
mean bias and random bias and, 369-370 
in measuring high-density lipoproteins, 948 
in phosphate measurement, 1908 
in thyroglobulin determination, 2084 
in total calcium measurement, 1899, 1899b 
Interference filter of spectrophotometer, 67 
Interferon(s), 653, 695 
Interferon-a, 653, 696f, 696-698 
Interferon-B, 696f, 696-698 
Interferon-y, 698-702, 699f, 701t 
interleukin-12 and, 683, 685 
interleukin-15 and, 689 
interleukin-17 and, 694 
interleukin-18 and, 695 
natural killer cell and, 650-651, 651f 
neurological disorders and, 708 
tumor necrosis factor-a and, 704-706 
Interferon-a receptor, 696-697 
Interferon-B receptor, 696-697 
Interferon-y receptor, 699 
Interleukin-1, 648-649, 655-660 
alpha)-macroglobulin and, 554 
biological actions of, 658-659, 659t 
clinical significance of, 659-660 
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Interleukin-1 (Continued) 

control of synthesis and release of, 656-657, 

657b 

general characteristics of, 655-656, 656f 

interferon-y and, 699 

in interleukin-6 secretion, 672 

in synthesis of interleukin-11, 681 

therapeutic applications of, 660 
Interleukin-10, 655-656 
Interleukin- 1, 

myocardial contractility and, 652 

tuberculosis and, 660 
Interleukin-1 converting enzyme, 656 
Interleukin-1 receptor, 657f, 657-658 
Interleukin-1 receptor antagonist, 655, 658 
Interleukin-2, 660-664, 661f, 663b 

in immune response to tumor, 654, 654f 

interferon-y and, 699 

interleukin-15 and, 690-691 
Interleukin-2 receptor, 661-662 
Interleukin-3, 664-666, 665f 
Interleukin-3 receptor, 665 
Interleukin-4, 666-669, 667f, 687 
Interleukin-4 receptor, 667 
Interleukin-5, 669-671, 670f, 690 
Interleukin-5 receptor, 670 
Interleukin-6, 671-675, 672f, 673t 

cancer and, 653 

in diagnosis of myeloma, 655 

interleukin-10 inhibition of, 678, 682-683 

neuropathies and, 707-708 

as potential uremic toxin, 1692t 
Interleukin-6 receptor, 672-673 
Interleukin-7, 675f, 675-676 
Interleukin-7 receptor, 676 
Interleukin-8, 676 
Interleukin-9, 676-678, 677f 
Interleukin-9 receptor, 677 
Interleukin-10, 678f, 678-680, 679b 

in inhibition of interleukin-12, 682-683 

neuropathies and, 707-708 
Interleukin-10 receptor, 679 
Interleukin-11, 680-682, 681f 
Interleukin-11 receptor, 681 
Interleukin-12, 682-686, 683f 
interferon-y and, 699 
interleukin-10 effects on, 678 
Interleukin-12 receptor, 683 
Interleukin-13, 686f, 686-688 
Interleukin-13 receptor, 687 
Interleukin-14, 688f, 688-689 
Interleukin-14 receptor, 688 
Interleukin-15, 689f, 689-691 
Interleukin-15 receptor, 689-690 
Interleukin-16, 691f, 691-693 
Interleukin-16 receptor, 692 
Interleukin-17, 693-694, 694f 
Interleukin-17 receptor, 694 
Interleukin-18, 694-695, 695f 


Intermediary metabolism of carbohydrates, 841, 


842f, 843¢ 
ermediate cluster region, 1464 
ermediate-density lipoproteins, 915 
characteristics of, 916t 
chemical composition of, 916t 
familial combined hyperlipidemia and, 929- 
930 
measurement of, 953 
reverse cholesterol transport pathway and, 
921f 
Intermediate precision, 356t, 357 
Internal calibrator, 1558 
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Internal controls in molecular assay, 1557 
Internal quality control, 515 
Internal standardization of analytes, 161-162 
Internal validity, 328-329 
International Federation of Clinical 
Chemistry/International Union of Pure 
and Applied Chemistry system, 9-10, 10t 
International Normalized Ratio, 1089, 1789 
International Organization for Standardization, 
6, 521-523, 523t 
International Union of Biochemistry, 191 
International unit of enzyme activity, 209 
Interpercentile interval, 434 
Interstitial cell-stimulating hormone, 1984, 1985 
Interstitial fluid, 1749-1750 
Interstitial nephritis, 1706 
Interval estimate, 433 
Intestinal alkaline phosphatase, 608f, 610 
Intestines 
bacterial overgrowth of, 1864b, 1864-1865, 
1865t 
bile salt malabsorption and, 1865-1866 
celiac disease and, 1859-1862, 1860f, 1861t, 
1862t 
in control of calcium and phosphate, 1931 
disaccharidase deficiencies and, 1862t, 1862- 
1864, 1863b, 1864b 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
protein-losing enteropathy and, 1866-1867 
Intracellular calcium, 1893 
Intracellular compartment, 1749-1750 
Intracellular fluid, 984, 1747, 1748f, 1750 
Intracellular receptor 
postreceptor actions of, 1029-1030 
role of, 1026f, 1027 
Intrahepatic biliary atresia, 1201 
Intrahepatic cholestasis, 1821 
Intrahepatic duct, 1779 
Intrauterine infection, 572 
Intravascular fluid compartment, 1748 
Intravenous glucose tolerance test, 860-861 
Intravenous line, blood specimen from, 49, 49t 
Intravenous nutrition 
ascorbic acid in, 1106 
biotin in, 1108 
chromium in, 1124 
copper in, 1128 
folic acid in, 1113 
niacin in, 1116 
pantothenic acid in, 1117 
riboflavin in, 1096 
selenium in, 1134-1135 
thiamine in, 1092 
vitamin A in, 1082 
vitamin B, in, 1099 
vitamin Bı in, 1102 
vitamin E in, 1086 
vitamin K in, 1089 
zinc in, 1139 
Intrinsic factor, 1101 
Intron, 1396, 1407-1408 
Inulin clearance, 819t, 820 
Inventory control 
of materials, 496-497 
in point-of-care testing, 313-314 
Invirase. See Saquinavir. 
Iodide, 2055f, 2055-2056 
Iodine 
deficiency of, 2057-2059 
effects on thyroid function, 2064t 
thyroid hormones and, 2055f, 2055-2056 
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Iodine”, 233t 
lodoacetate, 48 
Iodoplatinate, 1294 
Iodothyronine deiodinase, 1134 
Iohexol clearance, 819¢, 820 
Jon cyclotron resonance, 178-179 
Ion exchange, 11 
Ion-exchange chromatography, 142-143, 143f 
for amylase isoenzymes, 619 
for glycated hemoglobin, 881, 881-882 
in measurement of isoenzymes, 213 
for urinary catecholamines, 1060 
Ion-pair chromatography, 144 
Ion-selective electrodes, 95-100, 96t, 98-100f, 
279 
for chloride, 990 
for free calcium, 1899-1900 
for magnesium, 1912 
for potassium, 986-987 
for sodium, 986 
for total calcium, 1897 
Ion-suppression chromatography, 143-144 
Ion trap mass spectrometer, 177, 177f 
Ionization chamber, 23 
Ionization constants in amino acids, 537, 538t 
Ionization interference in atomic absorption 
spectrophotometry, 75 
Ionized calcium, 1896, 1899-1902, 1900f 1901f 
1902t, 2258t 
critical values of, 2317t 
values during pregnancy, 2158t 
Ionized magnesium, 1912 
Ionophores, 97, 98f 
Tons 
antigen-antibody binding and, 224 
in enzyme activation, 206-207 
mass spectrometry and 
sources of, 167f, 167-171, 169f, 170f 
suppression of, 185-186, 186f 
Iontophoresis, 121, 996-997 
IRMA. See Immunoradiometric assay. 
Iron, 1186-1193 
analytical goals for, 364t 
anion gap acidosis and, 1770 
antidote for overdose, 1288t 
biochemistry of, 1186¢, 1186-1188, 1187f 
1188¢4, 1189f 
ceruloplasmin and, 556-557 
circadian variation in, 453t 
deficiency of, 1192 
in chronic kidney disease, 1696 
electrophoretic patterns in, 585f 
effects of prolonged venous occlusion on, 
43t 
food ingestion and, 454 
heme synthesis and, 1168, 1169f 
hereditary hemochromatosis and, 1486-1489, 
1488f 
influence of menstrual cycle on, 464 
malnutrition and, 456 
overload of, 1192-1193 
red cell volume and hemoglobin content of, 
1191 
role of copper in metabolism of, 1127 
serum, 1188-1191, 11894, 1190t 
serum ferritin assay and, 1191, 1191t 
serum transferrin receptor and, 1191-1192 
sideroblastic anemias and, 1193 
toxicity of, 1314-1315, 1379 
transferrin and, 562-563 
transfusion-related changes in, 467 
values during pregnancy, 2158t 
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Iron-binding capacity, 1188-1192, 1189-11914, 
2158t 
Iron storage disease, 1193 
Iron sulfate, 2064t 
Irregular menses, 2114-2120 
primary amenorrhea in, 2114, 2117-2118 
secondary amenorrhea in, 2114-2117, 2115b, 
2116b, 2116t 
tests for, 2117-2120 
Irreversible inhibition in enzymatic reaction, 
206 
Ischemia, anion gap acidosis and, 1770 
Ischemia modified albumin, 1635 
Ischemic acute renal failure, 1691f 
Ischemic hepatitis, 1805¢, 1807 
ISE. See Ion-selective electrodes. 
Islet amyloid polypeptide, 858 
Islet cell cytoplasmic antibodies, 855 
ISO. See International Organization for 
Standardization. 
Isobutyryl-CoA dehydrogenase defect, 2226- 
2227t 
Isobutyrylcarnitine, 2280-2281t 
Isobutyrylglycine, 2281t 
Isobutyrylglycinuria, 2226-2227t 
Isocitrate dehydrogenase 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
special collection and storage conditions for, 
55t 
Isocitric acid, 2281t 
Isocoproporphyrin, 1210t 
Isoelectric focusing electrophoresis, 123, 128- 
130, 129f 
for alpha,-antitrypsin, 552, 552f 
for amylase isoenzymes, 619 
for apolipoprotein E, 961 
for glycated hemoglobins, 882 
for hemoglobinopathies, 1173, 1173f 
microchip-based, 255 
Isoelectric point, 537 
Isoenzymes, 193-198 
of alkaline phosphatase, 608, 608f 610-611, 
611f 
of alpha-amylase, 616-617, 619, 619f, 629f 
of aspartate aminotransferase, 606-607 
changes during development and disease, 
196-197 
of creatine kinase, 600-601, 601f, 1631-1632 
differences in properties of, 197-198 
distribution of, 196 
genetic origins of, 194f, 194-195 
of glycogen phosphorylase, 603f, 603-604 
lactate dehydrogenase, 602-603, 1632-1633, 
1633b, 1643, 1653 
measurement of, 213 
nongenetic causes of, 195f, 195-196 
of tartrate-resistant alkaline phosphatase, 625 
as tumor markers, 755 
Isoforms, 195f, 195-196 
of 5-aminolevulinate synthase, 1214 
of apolipoprotein E, 918 
of creatine kinase, 1631-1632 
measurement of, 213 
Isohydric shift, 1761-1762, 1762f 
Isoimmunization disease, 2164 
Isoleucine, 534t, 2281t 
Isomerases, 2006 
Isomers, 2003, 2004f 
Isoniazid, 1268t 
anion gap acidosis and, 1770 
antidote for overdose, 1288t 


Isoniazid (Continued) 
pharmacogenetics of N-acetyl transferases 
and, 1604 
therapeutic and toxic levels of, 2308t 
Isopropanol, 1302, 1302f 
antidote for overdose, 1288t 
serum osmolality of, 1293t 
Isoprostanes, 1635 
Isoproterenol, 1261 
Isordil. See Isosorbide. 
Isosmotic hyponatremia, 1753 
Isosorbide, 1056t 
Isotachophoresis, 121, 130 
Isothermal oligo amplification, 1419 
Isothermal target amplification, 1417, 
1417f 
Isotope, 21 
Isotope dilution analysis, 167 
Isotope-dilution mass spectrometry, 167 
for creatinine, 800 
for thyroxine, 2068 
Isotopic methods 
for thyroid hormone-binding ratio, 2076- 
2077 
for thyroxine, 2068 
for triiodothyronine, 2072 
Isovaleric acidemia, 2222-2223, 2223f, 2224- 
2225t 
Isovaleryl/CH3 butyrylcarnitine, 2281t 
Isovaleryl-CoA dehydrogenase defect, 2224- 
2225t 
Isovaleryl glycine acid, 2281t 
iStat system, 246, 246f 
Ito cell, 1780 
Itraconazole, 1268t 


J 

Jackknifing, 420 

Jaffe reaction, 798 

Jaundice 

in liver disease, 1792 
neonatal, 1199-1201, 1200b 

JCAHO. See Joint Commission on Accreditation 
of Healthcare Organizations. 

Jejunum, 1849 

Jendrassik-Grof total bilirubin assay, 
1196-1197 

Joint Commission on Accreditation of 
Healthcare Organizations, 27, 29 

Joint Committee for Traceability in Laboratory 
Medicine, 520-521 

Joule, 6t, 8 

Joule’s law, 123 

Juvenile hemochromatosis, 1192, 1193 

Juvenile-onset diabetes, 854 

Juxtaglomerular apparatus, 1674f, 1676f, 1676- 
1677 

Juxtaglomerular epithelial cell, 2015 


K 


K-fold cross validation, 420 

K-ras oncogene, 780, 781 

Kallikreins, 756-757 

Kallmann’s syndrome, 2103, 2114, 2121 
Kanamycin, 1262t, 1262-1265, 12634, 2308t 
Kantrex. See Kanamycin. 

Kappa receptor, 1339-1340 
Kashin-Beck disease, 1135 

Katal, 8, 209 

Kayexalate, 2064t 

Kayser-Fleischer rings, 558, 1808, 1815 
Keppra. See Levetiracetam. 
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Keratinocyte 
interleukin-1 and, 659t 
interleukin-6 and, 673t 
Keratins, 542 
Keratomalacia, 1083 
Kernicterus, 2164 
Keshan disease, 1135 
Ketamine, 1347f, 1347-1349 
Ketoacidosis, 1770 
Ketoacids, 456 
2-Ketoadipic aciduria, 2228-2229t 
2-Ketoadipic dehydrogenase defect, 2228-2229t 
Ketoconazole, 1268t 
Ketogenesis, 1043 
3-Ketoglutaric acid, 2281t 
Ketone(s), 837, 838f 
formation of, 910-911, 911f 
stick tests for, 301t 
urine, 876, 877 
Ketone bodies, 875-877, 1770 
fasting and starvation and, 456 
formation of, 910, 911f 
Ketonemia, 876 
Ketonuria, 876 
Ketose, 837, 838f 
Ketosis, 910-911 
17-Ketosteroids, 2099, 2101f 
blindness and, 465 
in elderly, 461 
fever and, 465 
shock-related changes in, 466 
urine, 2134 
urine specimen preservatives and, 51t 
Ketostix, 876 
Kidney, 1671-1745 
acid-base physiology and, 1763-1767, 1765f 
1766f 
anatomy of, 1671-1677 
blood supply in, 1671-1672, 1673f 
juxtaglomerular apparatus in, 1676f, 1676- 
1677 
nephron in, 1672-1676, 1674f, 1675f, 1676t 
renal interstitium in, 1677 
cadmium-related damage of, 1378 
drug excretion and, 1247 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
fetal, 2159-2160 
function and physiology of, 1677t, 1677-1688 
calcium homeostasis in, 1681, 1930-1931 
chloride homeostasis in, 1681 
endocrine functions in, 1683 
excretory and reabsorptive functions in, 
1675f, 1677-1679 
glomerular filtration rate and, 1683-1686, 
1684t, 16851, 1686f 
glomerular permeability and filtration in, 
1686-1687 
phosphate homeostasis in, 1681, 1930-1931 
potassium homeostasis in, 985, 1680-1681 
proteinuria and, 1687#, 1687-1688 
sodium homeostasis in, 984, 1679-1680, 
1680f 
water homeostasis in, 1681-1683, 1682f 
hormones of, 1024t 
interleukin-6 and, 673t 
metabolic acidosis and, 1771-1772 
metabolic alkalosis and, 1773 
respiratory acidosis and, 1774 
as source of urinary dopamine, 1044 
transaminase activities in, 605t 
transplantation of, 1725-1728, 1726f 


Index 


Kidney disease, 1688-1718 
acute nephritic syndrome in, 1705-1706 
Bartter’s syndrome in, 1709-1710 
bone and mineral disorders and, 1904 
chronic, 1693-1697, 1694f 1695t, 1696b 
classification of renal failure in, 1689-1690, 
1690f, 1690t 
cystinuria in, 1715-1716 
Dent’s disease in, 1710 
diabetes insipidus in, 1711 
diabetic nephropathy in, 1699-1702, 1700t 
diagnosis and screening for, 1689 
diuretics and, 1710-1711 
effect on cortisol, 2012 
end-stage, 1697-1699, 1698f 
Gitelman’s syndrome in, 1710 
glomerular diseases in, 1702-1704, 1703f 
hypertensive nephropathy in, 1702 
immunoglobulin A nephropathy in, 1704 
interstitial nephritis in, 1706 
Liddle’s syndrome in, 1710 
monoclonal light chains and, 1716-1718 
nephrotic syndrome in, 1704-1705, 1705f 
obstructive uropathy in, 1707 
phosphate disorders in, 1710 
polycystic kidney disease, 1706-1707 
prostaglandins and NSAIDs in, 1716 
pseudohypoaldosteronism type 1 in, 1710 
rapidly progressive glomerulonephritis in, 
1704 
renal calculi in, 1711-1715, 1712f 
renal replacement therapy in, 1718-1728, 
1719t 
dialysis and, 1719-1725, 1720f, 17211, 
1722f, 1724f 
kidney transplantation and, 1725-1728, 
1726f 
renal tubular acidoses in, 1707-1709 
screening for, 808-812, 810f 
microscopic examination of urine in, 811- 
812 
new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 
toxic nephropathy in, 1707, 1708t 
uremic syndrome in, 1691-1692, 1692t, 
1693b 
urinary osmolality in, 1718 
Kidney function tests, 797-835 
creatinine measurement in, 797-801, 799f 
glomerular filtration rate in, 818-826 
age and, 824, 826t 
creatinine clearance and, 821f, 821-823, 
822 
cystatin C and, 823-824, 824f 
inulin clearance and, 820 
iohexol clearance and, 820 
low molecular weight proteins and, 823 
radioisotopic markers of, 818-819 
recommendations and reference intervals 
for, 824-826, 825t 
proteinuria assessment in, 812-818 
Bence Jones proteinuria and, 815 
characterization of proteinuria in, 817-818 
measurement of total protein in, 813, 813f, 
814t 
myoglobinuria and, 815-817 
sample collection for, 812-813 
tubular proteinuria and, 817 
urinary albumin and microalbuminuria 
screening in, 814-815, 816f 
screening for kidney disease and, 808-812, 
810f 
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Kidney function tests (Continued) 
microscopic examination of urine in, 811- 
812 
new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 
urea measurement in, 801-803, 802f 
uric acid measurement in, 803-808, 804f, 
806b 
Kidney stones, 806-807, 1711-1715, 1712f 
Kilo, metric prefix of SI unit, 7t 
Kilobecquerel, 22 
Kilogram per cubic meter, 6t 
Kilopascal, 9 
Kinetic(s) 
of bile acid metabolism, 1784-1785 
of enzymes, 198-207 
coenzymes and prosthetic groups in, 207 
consecutive enzymatic reactions and, 202- 
203 
effect of pH in, 203, 203f 
enzyme activation and, 206-207 
enzyme concentration and, 199 
enzyme-substrate complex and, 198-199, 
199f 
inhibition of enzyme activity and, 204-206, 
205f 
substrate concentration and, 199f, 199-202, 
201f, 202f 
temperature effect on, 203-204, 204f 
of hybridization, 1431 
in polymerase chain reaction, 1413-1414, 
1414f, 1415f 
Kinetic homogeneity, 1239, 1239f 
Kinetic methods 
for chymotrypsin, 623 
in drug screening, 1293 
in enzyme assay, 212 
for lipase, 621 
Kinetic microparticle immunoassay, 1293 
Kjeldahl’s method for serum total protein, 588 
Kleihauer-Betke test, 2188 
Klinefelter’s syndrome, 2134 
Klonopin. See Clonazepam. 
Kober reaction, 2136 
Korsakoff’s syndrome, 1092 
Krebs cycle, 909, 910f, 1187 
Kubelka-Munk equation, 73, 305 
Kupffer cell, 216, 1778f, 1780 
Kurtosis, coefficient of, 440 
Kussmaul respiration, 1771 


L 


Lab LOINC codes, 480-481, 481f, 481t 
Labeled-analogue method for free thyroid 
hormones, 2080 
Labeled-antibody method for free thyroid 
hormones, 2080-2081 
Labeled immunochemical assays, 230-239, 231t 
analytical detection limits in, 233t, 233-234 
chemiluminescence immunoassay, 237, 238f 
competitive versus noncompetitive reaction 
formats in, 230-232, 231f 232b 
electrochemiluminescence immunoassay in, 
237 
enzyme immunoassay in, 234-236, 236f 
fluoroimmunoassay in, 236-237, 237t 
heterogeneous versus homogeneous assays in, 
232b, 232-233 
protein microarrays in, 239 
radioimmunoassay in, 234 
simplified immunoassays in, 237-239, 238f 
Labeled probe, 1419-1421 
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Labeling 
of hazardous materials, 31, 31f 
of reagent, 274 
of specimen, 54, 268-269 
Labetalol, 1056t 
Laboratory accreditation, 516-519, 517-519t 
Laboratory automation systems, 267 
Laboratory-developed tests, 1556 
analytical verification of, 1558-1560, 1560t 
clinical verification of, 1560-1561 
quality control and quality assurance in, 
1561-1562 
Laboratory director, 1453 
Laboratory informatics, 475-483 
computing fundamentals in, 475-478, 477f, 
477t, 478f 
laboratory information systems and, 478-482, 
479b, 480f, 480t, 481f, 481t 
pathology informatics resources and, 482-483 
Laboratory information system, 478-482, 479b, 
480f, 480t, 481f, 481t 
historical overview of, 266-267 
point-of-care testing and, 308t, 308-309, 309f 
Laboratory log, 493 
Laboratory medicine, 321-529 
application of principles in routine practice, 
347 
applications of SI units in, 6-7, 7t 
characterization of diagnostic accuracy of 
tests in, 328-330, 331f, 332f 
clinical audit and, 345f, 345-347 
clinical laboratory informatics in, 475-483 
computing fundamentals in, 475-478, 477f, 
477t, 478f 
laboratory information systems and, 478- 
482, 479b, 480f, 480t, 481f, 481t 
pathology informatics resources and, 482- 
483 
clinical practice guidelines and, 341-345, 
342f, 343-345t, 344b, 344f 
clinical setting of outcome study and, 328 
concepts, definitions, and relationships in, 
323-325 
design and operation of molecular 
diagnostics laboratory, 1451-1456 
diagnostic questions addressed in, 326, 326f, 
327-328t 
economic evaluations of diagnostic testing in, 
338-341, 339t 
method evaluation in, 353-407 
analytical measurement range and, 359 
analytical performance criteria and, 354 
analytical sensitivity and, 361 
analytical specificity and interference in, 
361-362 
basic error model in, 368-370, 369f 
Bland-Altman plot and, 376-377, 377f, 
377t 
calibration and, 355f, 355t, 355-356 
distribution of differences plot in, 371-376, 
372-375f, 373t, 375t 
goals for analytical quality in, 362f 362- 
366t, 362-368 
guidelines, regulatory demands, and 
accreditation in, 402-403 
limit of detection and, 359-361, 360f 
361f 
limit of quantification and, 361 
linearity in, 359 
medical criteria and, 353-354, 354f 
method comparison data model in, 370- 
371 
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Laboratory medicine (Continued) 
monitoring serial results and, 396-397, 
397f 
paired t-tests and, 377-378, 378f, 378t 
precision in, 357-358, 358t 
precision profile in, 358, 358f 
regression analysis and, 378-395. See also 
Regression analysis. 
software packages for, 403-404 
traceability and measurement uncertainty 
and, 397-402, 398f, 401t 
trueness and accuracy in, 356, 356t 
verification of distribution of differences in 
relation to specified limits in, 376, 
376t 
outcome studies in, 330-336, 333-335f 
point-of-care testing and, 299-320 
accreditation and regulation of, 315 
device design in, 301¢£, 301-303, 302f 
device requirements in, 299, 300b 
documentation in, 314-315 
equipment procurement and evaluation in, 
311-312 
establishment of need for, 310b, 310-311 
future of, 315f, 315-316 
in vitro devices and, 303-308, 304-307f 
in vivo, ex vivo, or minimally invasive 
devices and, 308, 308t 
informatics and, 308t, 308-310, 309f 
maintenance and inventory control in, 
313-314 
organization and implementation of 
coordination committee for, 311 
policy and accountability in, 311, 311b 
quality control, quality assurance, and 
audit in, 312-313, 314f 
training and certification in, 312, 312b 
quality management in, 485-529 
control charts and, 498-499, 499f 
control materials and, 497-498 
control of analytical quality using patient 
data in, 510-515, 512¢, 514f 
control of analytical variables in, 494-497, 
495f, 496b 
control of preanalytical variables in, 491- 
494, 492t 
cumulative sum control chart and, 506¢, 
506-508, 507f, 507t, 508f 
external quality assessment and proficiency 
testing programs in, 515-519, 517- 
518t 
fundamental concepts of, 485-486, 486f 
identification of analytical errors in, 519- 
520 
International Organization for 
Standardization and, 521-523, 523t 
Joint Committee for Traceability in 
Laboratory Medicine and, 520-521 
Levy-Jennings control chart and, 503f, 503- 
504, 504f 
Malcolm Baldridge National Quality 
Award and, 523 
principles of, 486f, 486-487 
process for selection of quality control 
procedures and, 502-503 
quality assurance program in, 490-491 
Shewart mean and range control chart 
and, 508f 508-510, 509t 
six sigma process and, 488-490, 489f, 
490f 
Westgard multirule chart and, 504-506, 
505f, 505¢, 506f 


Laboratory medicine (Continued) 
reference values and, 425-448 
analytical procedures and quality control 
in, 432-433 
concept of, 425-427 
determination of reference limits in, 434- 
436, 435f 
dynamic versus static interpretation of 
clinical chemistry data and, 446 
identification and handling of erroneous 
values in, 437 
inspection of distribution in, 436-437 
multivariate, population-based reference 
regions and, 443-445, 444f, 445f 
nonparametric method in, 437-438, 4381, 
439t 
parametric method in, 438-442 
partitioning of reference values in, 436 
presentation of observed values in relation 
to, 442-443 
selection of reference individuals for, 427- 
430, 428f, 428t, 430b, 431b 
specimen collection and, 430-432, 432t 
statistical concepts in, 433-434, 434f 
subject-based, 445f, 445-446 
transferability of, 443 
systematic reviews of diagnostic tests in, 336- 
338, 337b 
test performance evaluation in, 409-424 
Bayes’ theorem and, 414-415 
classification bias and, 410¢, 410-411 
clinical examples of, 419-420 
combination testing and, 415t, 415-416, 
416t 
cost effectiveness and outcomes research 
and, 420-422, 421f 
data analysis methods for very large 
numbers of variables and, 418f, 418- 
419 
likelihood ratio and, 413f 413-414 
model evaluation and, 420 
multivariate data analysis in, 416-418, 417f 
418f 
odds ratio and, 413 
receiver operating characteristic curves in, 
412f, 412-413, 413f 
sensitivity and specificity in, 4114, 411-412, 
412f 
spectrum in, 409-410, 410t 
using test results in, 328 
Lactase, 841 
Lactase deficiency, 889, 1863b, 1863-1864, 
1864b 
Lactate, 877-878 
alcohol ingestion and, 457-458 
critical values of, 2317t 
physical training-related changes in, 451-452 
reference intervals for, 2282t 
smoking and, 457 
special collection and storage conditions for, 
55t 
stick tests for, 301t 
surgery-related changes in, 466 
Lactate dehydrogenase, 601-603 
acute myocardial infarction and, 1653 
analytical goals for, 364t 
biological variability in, 467¢ 
circadian variation in, 453f, 453t 
in diagnosis of liver disease, 1797 
diet and, 453, 454 
in differential diagnosis of acute hepatitis, 
1808 
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Lactate dehydrogenase (Continued) 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
Embden-Meyerhof pathway and, 630 
exercise-related changes in, 451 
fasting and starvation and, 456 
in HELLP syndrome, 2163 
increased activity after surgery, 467t 
influence of food on, 455t 
multiple myeloma and, 1717 
plasma, 47t 
racial differences in, 462 
reference intervals for, 2282t 
seasonal influences on, 464t 
transfusion-related changes in, 467 
as tumor marker, 755t, 756 
Lactate dehydrogenase isoenzymes, 364t, 1632- 
1633, 1633b, 1643, 1653 
Lactation, prolactin and, 1976-1977 
Lactic acid, 877 
Lactic acidosis, 877, 1770 
Lactogen, 1977 
Lactogenic hormone, 1977 
Lactose, 839, 889 
Lactose intolerance, 1862, 1862t 
Lactotropin, 1977 
LADA. See Latent autoimmune diabetes of 
adulthood. 
LAK cell. See Lymphokine-activated killer cell. 
Lamellar bodies in fetal lung, 2156, 2159, 2193 
Lamictal. See Lamotrigine. 
Lamina densa of glomerular basement 
membrane, 1672 
Lamina rara externa of glomerular basement 
membrane, 1672 
Lamina rara interna of glomerular basement 
membrane, 1672 
Laminar flow burner, 74, 74f 
Lamivudine, 1269¢, 2309t 
Lamotrigine, 1250t, 1254, 2309t 
LAMP. See Loop-mediated amplification. 
Lanoxin. See Digoxin. 
Lanugo, 2156 
Laser 
in fluorometry, 78 
in spectrophotometry, 66, 66t 
Laser ablation of poly dimethylsiloxane, 249 
Laser-induced fluorescence in capillary 
electrophoresis, 132 
Late-onset congenital adrenal hyperplasia, 2115, 
2119-2120 
Latent autoimmune diabetes of adulthood, 856 
Latex-agglutination-inhibition immunoassay, 
1351 
LATS protector assay, 2086 
Lauric acid, 909t 
Laxative abuse, 1881-1883 
LC-EC. See Liquid chromatography with 
electrochemical detection. 
LCHAD. See Long-chain 3-hydroxy acyl-CoA 
dehydrogenase deficiency. 
LD. See Lactate dehydrogenase. 
LDLs. See Low-density lipoproteins. 
Lead 
analytical goals for, 365t 
antidote for overdose, 1288t 
blood, 1380 
as causative factor in medical conditions, 
1372t 
development of nephropathy and, 1708t 
reference intervals for, 2282t 
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Lead (Continued) 
special collection and storage conditions for, 
55t 
toxicity of, 1379f, 1379-1381, 1380f 
male reproductive function and, 2122t 
porphyrins and, 1220-1221 
Leave-one-out cross validation, 420 
Leber hereditary optic neuropathy, 1503 
Lecithin, 914, 914f 
Lecithin-cholesterol acyltransferase, 906 
Left ventricular hypertrophy 
in chronic kidney disease, 1695 
in end-stage renal disease, 1697-1698 
Legal issues in forensic DNA testing, 1545 
Leigh syndrome, 1503-1504, 1504f 
LEK. See Leu-enkephalin. 
Leptin, 858, 1024¢, 1875t 
polycystic ovary syndrome and, 2115-2116 
Lesch-Nyhan syndrome, 806 
Leu-enkephalin, 10211, 1981 
Leucine 
isovaleric acidemia and, 2222-2223, 2223f 
reference intervals for, 2282t 
structure and molecular weight of, 534t 
Leucine aminopeptidase, 755t 
Leuconostoc mesenteroides, 869 
Leukemia, 1457, 1466-1472, 1468t 
acute myeloid, 1466-1469, 1469-1471f 
BCR-ABL oncogene in, 782 
beta,-microglobulin and, 555 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f, 1473f 
heat shock proteins and, 776 
interferon-o for, 653 
interleukin-9 and, 677 
interleukin-11 and, 682 
interleukin-14 and, 689 
lactate dehydrogenase and, 756 
reverse-transcription PCR in chromosomal 
translocations in, 1471-1472 
Leukocyte 
chemokines and, 715 
dipstick test for, 811 
Leukocyte count 
analytical goals for, 366t 
during pregnancy, 2158t 
Leukocyte elastase, 550 
Leukocyte esterase, 301t 
Leukocyte trafficking 
chemokines and, 714, 715f 
tumor necrosis factor-@ and, 706 
Leukocyte vitamin C, 2302t 
Leukotrienes, 911, 1685t 
Levetiracetam, 1250f, 1250-1251, 2309t 
Levo-dodecenoylcarnitine, 2267t 
Levo-dopa 
effects on thyroid function, 2064t 
growth hormone release and, 1973f 
interference with catecholamine assays, 1055 
plasma, 1059, 1059t 
reference intervals for, 2267t 
Levodopa-carbidopa, 1056t 
Levofloxicin, 1265, 1266f 
Levorphanol, 1344 
Levy-Jennings control chart, 503f, 503-504, 504f 
Leydig cell, 2097, 2098f 
LH. See Luteinizing hormone. 
LH-RH. See Luteinizing hormone-releasing 
hormone. 
Librium. See Chlordiazepoxide. 
Licorice, 1773 
Liddle’s syndrome, 1710, 2033 
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Lidocaine, 1256t, 1258-1259 
clearance of, 1791-1792 
therapeutic and toxic levels of, 2309t 
Lifestyle 
influence on laboratory tests, 457t, 457-458 
in management of hypercholesterolemia, 
934-936, 935f 
LIGA process, 249 
Ligamentum teres, 1778 
Ligand in affinity chromatography, 144, 144f 
Ligandins, 1195 
Ligase, 1410-1411 
Ligase chain reaction, 1416-1417 
Light, nature of, 61, 62f, 62t 
Light chain deposition disease, 1716-1718 
Light chain of immunoglobulin, 570 
Light emitting diode laser, 66t 
Light pipes in spectrophotometry, 68-69 
Light scattering 
in fluorometry, 83 
nephelometry and turbidimetry for, 85-89, 
86f, 88f 
Light-scattering immunoassay, 235b, 813-814 
Light sources 
in atomic absorption spectrophotometry, 74, 
74 
in spectrophotometry, 65-66, 66t 
LightCycler system, 293-294 
Likelihood ratio, 413f, 413-414 
Limit checks, 512, 512t 
Limit of blank, 359-360, 360f 
Limit of detection, 359-361, 360f, 361f, 403b 
Limit of quantitation, 361 
Line-probe assay, 1433, 1434f 
Linear ion trap, 178 
Linear range of assay, 1560 
Linearity, 359 
fluorometry and, 83 
in regression analysis, 388, 388f 
spectrophotometer and, 72 
Lineweaver-Burk plot, 200, 201f 
Linkage disequilibrium, 1514 
Linkage studies, 1514 
Linked linear amplification, 1419 
Linoleic acid, 908, 909, 909t 
Linolenic acid, 909t 
Lipase, 619-621 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
morphine and, 459 
pancreatic, 1854 
reference intervals for, 2282t 
Lipid(s), 903-981 
cholesterol and, 904-907, 904-908f 
classification of, 904b 
coronary heart disease and, 924-928, 927f 
digestion and absorption of, 1854, 1855f 
disorders of, 928-938 
diagnosis of, 932-934, 932-934t, 933b 
familial dyslipoproteinemias and, 
928-932 
hyperlipoproteinemia and, 928, 928t 
management of, 934t, 934-938, 935t, 935- 
937f, 938t 
fatty acids and, 907-911, 908f 9091, 910f 911f 
glycerol esters and, 913f, 913-914, 914f 
hepatic role in metabolism of, 1789 
measurement of, 938-962 
analytical variations in, 954, 955t 
cholesterol and, 942-944 
desktop analyzer methods in, 954 
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Lipid(s) (Continued) 
high-density lipoproteins and, 945b, 945- 
948 
historical background of, 938-940 
intermediate-density lipoproteins and, 
953 
low-density lipoproteins and, 948b, 948- 
952, 950f, 952t 
NCEP recommendations for, 956-958, 958t 
oxidized low-density lipoproteins and, 
953-954 
phospholipids and, 945 
physiological variation in, 954-955, 956t, 
957t 
reference methods for, 940-942, 942b, 943b 
total lipoproteins and lipoprotein 
subclasses and, 953 
triglycerides and, 944-945 
prostaglandins and, 911-913, 911-913 912¢, 
OISt 
reference concentrations of, 922-923, 922- 
924t 
sphingolipids and, 914f, 914-915 
terpenes and, 915 
Lipid-associated sialic acid, 778t 
Lipid peroxidation, 1085, 1085f 
Lipocalin, 549 
Lipolysis, 1043 
Lipopolysaccharide, 703 
Lipoprotein(a), 915 
characteristics of, 916t 
measurement of, 960-961 
Lipoprotein(s), 903-981 
agarose gel electrophoresis of, 950f 
analytical challenges of, 939 
biochemistry of, 915f, 915-916, 916¢, 917f 
characteristics of, 916t 
chemical composition of, 916t 
disorders of, 928-938 
diagnosis of, 932-934, 932-934t, 933b 
familial dyslipoproteinemias and, 928-932 
hyperlipoproteinemia and, 928, 928t 
management of, 934t, 934-938, 935t, 935- 
937f, 938t 
malnutrition and, 455 
measurement of, 938-962 
analytical variations in, 954, 955t 
cholesterol and, 942-944 
desktop analyzer methods in, 954 
high-density lipoproteins and, 945b, 945- 
948 
historical background of, 938-940 
intermediate-density lipoproteins and, 953 
low-density lipoproteins and, 948b, 948- 
952, 950f, 952t 
NCEP recommendations for, 956-958, 958t 
oxidized low-density lipoproteins and, 
953-954 
phospholipids and, 945 
physiological variation in, 954-955, 956t, 
957t 
reference methods for, 940-942, 942b, 943b 
total lipoproteins and lipoprotein 
subclasses and, 953 
triglycerides and, 944-945 
metabolism of, 918-921f, 918-922, 1789 
reference concentrations of, 922-923, 922- 
924t 
reference intervals for, 2274t, 2282-2283t 
special collection and storage conditions for, 
55t 
stains for, 125t, 584 
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Lipoprotein lipase 
apolipoprotein C and, 918 
deficiency of, 929 
Lipoprotein receptor-related protein, 700-701 
Liquid chromatography, 155-161 
for amino acids, 540-541 
basic concepts in, 141, 142f 
for cortisol, 2036 
instrumentation in, 155-160, 156t, 157-159f, 
159t 
Liquid chromatography/mass spectrometry, 
141, 182-183 
Liquid chromatography-tandem mass 
spectrometry, 2127-2128 
Liquid chromatography with electrochemical 
detection, 105, 105f 
Liquid cutoff filter in spectrophotometry, 72 
Liquid-gas difference for electrode, 1010-1011 
Liquid-liquid chromatography, 155 
Liquid phase adsorption in heterogeneous assay, 
232 
Liquid reagent systems, 273 
Liquid scintillation detector, 23 
Liquor amnii, 2153 
LIS. See Laboratory information system. 
Liter, 5 
Lithane. See Lithium. 
Lithium, 12704, 1271-1272 
analytical goals for, 365t 
antidote for overdose, 1288t 
development of nephropathy and, 1708t 
effects on thyroid function, 2064t 
parathyroid hormone alterations and, 1920 
required ion-selective electrode selectivity 
coefficient for, 96t 
therapeutic and toxic levels of, 2309t 
Lithium oxalate, 48 
Lithocholic acid, 1782, 1784f 
Lithonate. See Lithium. 
Liver, 1777-1847 
alpha,-antitrypsin deficiency and, 551 
bile salt malabsorption and, 1865-1866 
biochemical functions of, 1780-1792 
ammonia metabolism in, 1789-1791, 1790f 
bile acids and, 1782-1787, 1783-1785f, 
1786b 
bilirubin and, 1195, 1195f 1781-1782 
carbohydrate metabolism and, 1791 
glycogen storage in, 1792 
protein synthesis in, 1787-1789, 1788t 
xenobiotic metabolism and excretion in, 
1791-1792 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
fatty acid oxidation disorders and, 2211 
fetal, 2159 
gross anatomy of, 1777-1779, 1778f 
hormones of, 1024t 
isoenzymes and, 196 
ketone bodies and, 875 
lipoprotein metabolism and, 919-921 
microscopic anatomy of, 1779f, 1779-1780, 
1780f 
role in drug clearance, 1246 
transaminase activities in, 605t 
transplantation of, 614 
ultrastructure of hepatocyte and, 1780, 1781f 
Liver cancer, 1823-1825, 1824t 
alkaline phosphatase and, 755 
alpha-fetoprotein and, 767-768 
aminotransferases and, 605 
calcitonin and, 766 


Liver cancer (Continued) 
cancer antigen 50 and, 773 
cathepsins and, 763 
cholinesterase and, 615 
DU-PAN-2 tumor marker and, 772-773 
gamma-glutamyltransferase and, 613 
hepatocyte growth hormone receptor and, 
779 
lactate dehydrogenase and, 756 
serum alkaline phosphatase and, 608, 609t 
tumor-associated trypsin inhibitor and, 764 
Liver disease, 1792-1827 
acute hepatitis in, 1804-1809, 1805t 
differential diagnosis of, 1808 
follow-up of, 1808-1809 
hepatitis A in, 1805 
hepatitis B in, 1805-1806, 1806f 
hepatitis C in, 1806 
ischemic hepatitis in, 1807 
Reye’s syndrome in, 1807 
toxic hepatitis in, 1807 
albumin levels in, 547 
alcoholic, 1817-1819 
aminotransferases and, 604-605, 606f 
ammonia metabolism changes in, 1789-1791, 
1790f 
bilirubin and, 1782 
cholestatic, 1820-1823 
cholinesterase and, 615 
chronic hepatitis in, 1809¢, 1809-1817 
alpha,-antitrypsin deficiency in, 1816 
autoimmune hepatitis in, 1812-1814, 1813t 
drug-induced, 1816-1817 
hemochromatosis in, 1814-1815 
hepatitis B in, 1809-1811 
hepatitis C in, 1810f, 1811 
nonalcoholic fatty liver disease and 
nonalcoholic steatohepatitis in, 1811- 
1812 
Wilson’s disease in, 1815-1816 
cirrhosis in, 1819¢, 1819-1820, 1820t 
clinical manifestations of, 1792-1797 
altered drug metabolism in, 1796 
disordered hemostasis in, 1796-1797 
enzyme markers and, 1797 
hepatorenal syndrome in, 1796 
jaundice in, 1792 
nutritional and metabolic abnormalities in, 
1796 
portal hypertension in, 1792f, 1792-1796, 
1793f 
diagnosis of, 1825-1827, 1826f, 1827f 
dyslipoproteinemia in, 928t 
effects on carbohydrate metabolism, 1791 
effects on cortisol clearance, 2012 
end-stage, 1796 
glutamate dehydrogenase and, 607 
hepatic glycogenoses in, 1820, 1820t 
lactate dehydrogenase and, 602 
mechanisms and patterns of injury in, 1798, 
1798f 
porphyrias and, 1217-1218 
during pregnancy, 2162, 2163 
protein synthesis alterations in, 1787-1789, 
1788t 
retinol-binding protein and, 563 
viral infection in, 1798-1817, 1799t 
hepatitis A in, 1799 
hepatitis B and C co-infection in, 1803- 
1804 
hepatitis B in, 1799-1802 
hepatitis C in, 1802f, 1802-1803 
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hepatitis D in, 1804 
hepatitis E in, 1804 
hepatitis G in, 1804 
Liver enzymes, 604-616 
alkaline phosphatase in, 607-611, 608f, 6091, 
6llf 
aminotransferases in, 604-607, 605t, 606f 
cholinesterase in, 614-616 
gamma-glutamyl transferase in, 612-613 
glutamate dehydrogenase in, 607 
glutathione S-transferase in, 613-614 
5’-nucleotidase in, 611-612 
plasma, 1826, 1826f 
Liver failure 
decreased glucose production in, 866 
in erythropoietic protoporphyria, 1219, 1220 
Liver phosphorylase kinase deficiency, 891 
Loading zone of analyzer, 271-272 
Logical Observation Identifier Names and 
Codes system, 9 
LOINC system, 9 
Long-acting thyroid stimulator, 2086 
Long-chain 3-hydroxy acyl-CoA dehydrogenase 
deficiency, 2232-2236, 2234-2235t 
Long-chain enoyl-CoA hydratase, 2232 
Long-chain fatty acid uptake defect, 2234-2235t 
Loniten. See Minoxidil. 
Loop diuretics, 1710-1711 
Loop-mediated amplification, 1419 
Loop of Henle, 1675, 1675f, 1679-1680, 1680f 
Lopressor. See Metoprolol. 
Loracarbef, 1268t 
Lorazepam, 1328t, 1330f, 2309t 
Low-density lipoprotein(s), 915 
apolipoprotein B in, 917 
apolipoprotein C-III deficiency and, 929 
characteristics of, 916t 
chemical composition of, 916t 
childhood levels of, 461 
diet and, 454 
effects of gender on, 462, 462t 
effects of physical training on, 451 
familial combined hyperlipidemia and, 929- 
930 
familial hypercholesterolemia and, 931 
heart disease and, 924-928, 927f 
hyperapobetalipoproteinemia and, 930 
measurement of, 948-952 
analytical performance of methods for, 
951-952, 952t 
analytical variation in, 954, 955t 
desktop analyzer methods for, 954 
direct methods for, 951 
indirect methods for, 948b, 948-951, 949b, 
950f 
NCEP recommendations for, 956-958, 958t 
oxidized low-density lipoproteins and, 
953-954 
physiological variation in, 954-955, 956t, 
957t 
reference methods for, 941 
total lipoproteins and lipoprotein 
subclasses and, 953 
microchip-based electrophoresis of, 255 
obesity and, 465 
population distributions of, 923t 
reference intervals for, 2282-2283t 
reverse cholesterol transport pathway and, 
921f 
shock-related changes in, 466 
smoking and, 457 
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Low-density lipoprotein(s) (Continued) 
steroid hormone synthesis and, 2005 
values during pregnancy, 2158t 
vegetarianism and, 455 
Low-density lipoprotein receptor, 920f, 921, 
931 

Low-dose dexamethasone suppression test, 
2025, 2026t 

Low-grade squamous intraepithelial lesion, 
1565 

Lowry method for serum total protein, 588 

LRP. See Lipoprotein receptor-related protein. 

LSD. See Lysergic acid diethylamide. 

Lucey-Driscoll syndrome, 1199 

Lucifer yellow, 237t 

Luciferase, 1420 

Ludiomil. See Maprotiline. 

Luminescent oxygen channeling immunoassay, 

235b 

Luminex 100/xMAP analytical system, 722 

Luminol. See Phenobarbital. 

Luminometer, 85 

Lundh test, 1868-1869, 1869t 

Lung 
fetal evaluation of maturity of, 2188-2193, 

2189t 
collection of amniotic fluid for, 2189-2190 
fluorescence polarization tests in, 2190- 
2191 
Foam Stability Index in, 2192-2193 
lamellar body counts in, 2193 
lecithin/sphingomyelin ratio in, 2191-2192 
phosphatidylglycerol determination in, 
2192 
gas exchange in, 1763, 1764f 
pulmonary surfactant and, 2159, 2159f 
transaminase activities in, 605t 

Lung cancer markers, 753t 
calcitonin in, 766 
cancer antigen 72-4 in, 774 
carcinoembryonic antigen in, 768-769 
creatine kinase 1 in, 756 
cytokeratin 19 fragments in, 769 
lactate dehydrogenase in, 756 
matrix metalloproteinases in, 763 
neuron-specific enolase in, 756 
telomerase in, 765 

Luteal phase deficiency, 2124, 2126 

Luteinizing hormone, 1020t, 1984-1988 
analytical goals for, 364t 
biochemistry of, 1984-1985, 1985f 
female, 2109 
female infertility and, 2126 
gonadotropin-releasing hormone stimulation 

test for, 1989b 
male, 2097, 2098f 
male puberty and, 2101-2102 
measurement of, 1985-1987, 1987t 
menstrual cycle and, 2113 
ovulation and, 2114 
polycystic ovary syndrome and, 2115 
precocious puberty and, 2111 
reference intervals for, 2283t 

Luteinizing hormone-releasing hormone, 10201, 

1968 

Luteotropic hormone, 1977 

Luteotropin, 1977 

Lutropin, 1984 

Lyases, 2006 

Lymph, 215 

Lymphocyte, 715-716 

Lymphoid tumor, 573 
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Lymphokine-activated killer cell, 654, 654f 
interleukin-2 and, 663 
interleukin-15 and, 690 
Lymphoma, 1457 
beta,-microglobulin and, 555 
interleukin-14 and, 689 
recurrent chromosomal translocations in, 
1463-1466, 1465t, 1466f, 1467f 
Lymphopoiesis, 676 
Lymphotoxin, 702 
Lyonization, 1514 
Lyophilization, 27 
Lysergic acid diethylamide, 1338f 1338-1339, 
1339f 
therapeutic and toxic levels of, 2309t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Lysine 
reference intervals for, 2283t 
structure and molecular weight of, 535t 
Lysinuric protein intolerance, 2216-2217t 
Lysolecithin, 921 
Lysosomal release defect, 2224-2225t 
Lysosome, 1780 
Lysozyme 
special collection and storage conditions for, 
55t 
urine, 817 
Lysyl oxidase, 1127 


M 


M-CSF. See Macrophage-colony stimulating 
factor. 
M/SCHAD deficiency, 2234-2235t 
Macro-aspartate aminotransferase, 605 
Macro-creatine kinase, 599 
Macroamylases, 617 
Macrocytic ionophore, 987 
Macrolides, 1268t 
Macrophage 
interferon-o and, 696, 696f 
interferon-y and, 700 
interleukin-1 and, 659t 
interleukin-3 and, 664 
interleukin-6 and, 671-675, 672f, 673t 
interleukin-9 and, 676-678, 677f 
interleukin-10 and, 678f, 678-680, 679b 
tumor necrosis factor-a and, 706 
Macrophage-colony stimulating factor, 655 
Macroprolactinemia, 1980 
Macula densa of loop of Henle, 1675, 1676f 
MagNA Pure LC Instrument, 293 
Magnesium, 1901-1912 
analytical goals for, 364t 
biochemistry and physiology of, 1909 
biological variability in, 467t 
calcium stone disease and, 1714 
circadian variation in, 452-453 
creatine kinase and, 598 
critical values of, 2317t 
distribution in body, 1893t 
effects of fever on, 466t 
effects of gender on, 462 
fasting and starvation and, 456 
free, 1912 
hypermagnesemia and, 1910, 1910b 
hypomagnesemia and, 1909b, 1909-1910 
parathyroid hormone and, 1913-1914 
reference intervals for, 2284t 
required ion-selective electrode selectivity 
coefficient for, 96t 
serum, 1911 
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Magnesium (Continued) 
special collection and storage conditions for, 
55t 
total, 1911, 1911f 1912 
urine specimen preservatives and, 51t 
values during pregnancy, 2158t 

Magnesium precipitation method, 2075 

Magnetic sector mass spectrometer, 173-174 

Magon, 1911, 1911f 

Mahalanobis’ squared distance, 444 

Major breakpoint cluster, 1464, 1466f 

Major histocompatibility complex, 697, 1540 

interferon-y and, 700 
for transplantation testing, 1546f, 1546-1549, 
1547t 

Malabsorption, 1878b, 1878-1881, 1879t, 1880b, 
1880t 

bile acid, 1786b 

bile salt, 1865-1866 

copper deficiency and, 1128 
fat, 1855f 

monosaccharide, 1863 
vitamin B,, 1103 

Malcolm Baldridge National Quality Award, 523 

MALDI. See Matrix-assisted laser 
desorption/ionization. 

MALDI-TOF. See Matrix-assisted laser- 
desorption ionization time-of-flight mass 
spectrometry. 

Maldigestion, 1878b, 1878-1881, 1879t, 1880b, 
1880t 

Male reproductive system, 2097-2104 

anabolic steroids and, 2134 

anatomy of, 2097 

androgens and, 2098-2099, 2098-2100f 

andropause and, 2102 

defects in androgen action and, 2103 

dehydroepiandrosterone and, 2132-2134, 
2133t 

fetal development of, 2099-2101, 2101f 

free and weakly bound blood testosterone 
and, 2129-2131, 2130¢, 2131t 

gynecomastia and, 2104 

hypergonadotropic hypogonadism and, 2103 

hypogonadotropic hypogonadism and, 2102- 
2103 

hypothalamic-pituitary-gonadal axis and, 
2097, 2097f 

impotence and, 2103-2104 

infertility and, 2120-2124, 2121b, 2122t, 
2123f, 2123t 

postnatal development of, 2101 

precocious puberty and, 2110-2112 

puberty and, 2101-2102 

saliva testosterone and, 2131 
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Malignancy (Continued) 


pharmacogenetics and, 1610¢, 1610-1611 
plasma deoxyribonucleic acid and, 1399 
selenium role in chemoprevention of, 1136 
transferrin and, 562 
tumor markers for, 745-795 
alkaline phosphatase in, 755 
androgen receptor in, 779 
blood group antigens in, 773-774 
carbohydrate markers in, 770t, 770-773 
cathepsins in, 762-763 
cell-free nucleic acids in, 786 
circulating cancer cells in, 786 
clinical applications of, 747-749, 748-749t 
clinical guidelines for, 752-753t 
creatine kinase in, 756 
cytokeratins in, 769 
epidermal growth hormone receptor in, 
779-780 
estrogen and progesterone receptors in, 
777-779 
evaluation of clinical utility of, 749-751, 
749-751f, 751t 
hepatocyte growth hormone receptor in, 
779 
historical background of, 746-747, 747t 
hormones as, 765t, 765-766 
human glandular kallikrein 2 in, 761 
kallikreins in, 756-757 
lactate dehydrogenase in, 756 
markers for angiogenesis as, 786 
mass spectrometry for, 752-754 
matrix metalloproteinases in, 763 
microarrays for, 754 
neuron-specific enolase in, 756 
oncofetal antigens in, 766-769, 767t 
oncogenes in, 780t, 780-783 
prostate-specific antigen in, 757-761, 760t 
prostatic acid phosphatase in, 756 
proteins as, 774t, 774-777, 775t 
PTEN tumor suppressor gene in, 785 
single nucleotide polymorphisms in, 785- 
786 
telomerase in, 764-765 
tissue production of, 746t 
tumor-associated trypsin inhibitor in, 763- 
764 
tumor suppressor genes in, 783t, 783-785 
urokinase-plasminogen activator system 
in, 761-762 


Malignant hyperthermia, 599 
Malnutrition 


as controllable preanalytical variable, 455-456 
in dialysis patient, 1724-1725 
retinol-binding protein and, 563 


Mannose binding lectin, 582 
Manometric method for total carbon dioxide, 
991 
Mantle cell lymphoma, 1465, 1467f 
MAO. See Monoamine oxidase. 
Maple syrup urine disease, 2212-22134, 2220 
Maprotiline, 1269, 1270t, 2309t 
Marijuana, 1333f, 1333-1335, 1334f 
effects on laboratory tests, 459 
male reproductive function and, 2122t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Markers 
for angiogenesis, 786 
of antioxidant status, 1077-1078 
of bone turnover, 1935b, 1935t, 1935-1943 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f, 1941-1943 
in osteoporosis, 1932-1933 
preanalytical and analytical variables in, 
1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 
1939-1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937f 
urinary hydroxyproline in, 1940 
cardiac, 1629-1635 
adhesion molecules in, 1635 
brain natriuretic peptide in, 1629-1631, 
1631f 
C-reactive protein in, 1633 
cardiac troponin I and T in, 1629, 1629b, 
1630f 
choline in, 1635 
clinical utility of, 1643-1645, 1644f 
creatine kinase isoenzymes and isoforms 
in, 1631-1632 
cytokines in, 1633-1634 
ischemia modified albumin in, 1635 
isoprostanes in, 1635 
lactate dehydrogenase isoenzymes in, 1632- 
1633, 1633b, 1643, 1653 
matrix metalloproteinases in, 1634 
monocyte chemotactic protein in, 1634 
myeloperoxidase in, 1634 
myoglobin in, 1632, 1643, 1653 
nourin in, 1635 
oxidized low-density lipoproteins in, 1634 
phospholipase A2 in, 1634 
placental growth factor in, 1634 
pregnancy associated plasma protein A in, 
1634 
sCD40 ligand in, 1633 
secreted platelet granular substances in, 
1634-1635 


testosterone precursors and metabolites in 
blood and, 2131-2132, 2132t 

total blood testosterone and, 2127-2129, 
2129t 

urine 17-ketosteroids and, 2134 


Malic acid, 2284t 


Malignancy. See also Cancer. 
beta,-microglobulin and, 555 
calcitonin and, 1926-1927 
cytokines and, 652-655, 654f 
interleukin-2 treatment of, 664 
interleukin-6 and, 674 
interleukin-7 and, 676 
interleukin-10 and, 680 
interleukin-12 and, 685 
isoenzymes and, 197 

lactate dehydrogenase and, 602 


Malondialdehyde low-density lipoproteins, 1634 
Malonic acidemia, 2228-2229t 
Malonyl-CoA decarboxylase defect, 2228-2229t 
Malonylcarnitine, 2284t 
Maltase, 841 
Maltase-glucoamylase, 1853 
Maltopentaose, 618 
Maltose, 839, 841, 889 
Maltotriose, 618 
Mammotrope, 1967 
Mammotropin, 1977 
Mandated safety plans, 29-30 
Manganese, 1130-1132 
oral and intravenous intakes of, 1076t 
reference intervals for, 2284t 
toxicity of, 1381 
Mann-Whitney U-Test, 413 


serum amyloid in, 1633 
tissue plasminogen activator antigen in, 
1634 

tumor necrosis factor-a in, 1634 
unbound free fatty acid in, 1635 
urinary thromboxane in, 1635 

gender, 1542-1543 

for glomerular filtration rate, 818-824, 819t, 

821f, 822f 824f 

tumor, 745-795 
alkaline phosphatase in, 755 
androgen receptor in, 779 
blood group antigens in, 773-774 
cancer and, 745-746 
carbohydrate markers in, 770t, 770-773 
cathepsins in, 762-763 
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cell-free nucleic acids in, 786 

circulating cancer cells in, 786 

clinical applications of, 747-749, 748-749t 

clinical guidelines for, 752-753t 

creatine kinase in, 756 

cytokeratins in, 769 

epidermal growth hormone receptor in, 
779-780 

estrogen and progesterone receptors in, 
777-779 

evaluation of clinical utility of, 749-751, 
749-751 f, 751t 

hepatocyte growth hormone receptor in, 
779 

historical background of, 746-747, 747t 

hormones as, 765t, 765-766 

human glandular kallikrein 2 in, 761 

kallikreins as, 756-757 

lactate dehydrogenase in, 756 

markers for angiogenesis in, 786 

mass spectrometry for, 752-754 

matrix metalloproteinases as, 763 

microarrays for, 754 

neuron-specific enolase in, 756 

oncofetal antigens as, 766-769, 767t 

oncogenes as, 780t, 780-783 

prostate-specific antigen in, 757-761, 760t 

prostatic acid phosphatase in, 756 

proteins as, 774t, 774-777, 775t 

PTEN tumor suppressor gene in, 785 

single nucleotide polymorphisms as, 785- 
786 

telomerase in, 764-765 

tissue production of, 746t 

tumor-associated trypsin inhibitor in, 763- 
764 

tumor suppressor genes as, 783+, 
783-785 

urokinase-plasminogen activator system 
and, 761-762 


Y-chromosome, 1542-1543, 1543t 
Markov model, 421f 
Masking phenomenon, 958-959 
Mass 
gravimetry and, 23-25 
SI unit of, 6t 
Mass analysis, 165 
Mass concentration, 4t 
Mass density, SI unit of, 6t 
Mass number, 21 
Mass spectrometer, 165-167, 171-179 
in gas chromatography, 153, 154 
magnetic sector, 173-174 
quadrupole, 172f, 172-173, 173f 
tandem, 179-180 
time of flight, 174f, 174-176 
trapping, 176-179, 177f 
Mass spectrometry, 165-190 
analytical problem of ion suppression in, 
185-186, 186f 
basic concepts and definitions in, 165-167, 
166f 
clinical applications of, 181-185, 183f 184t 
for hormones, 1031 
instrumentation in, 167-181 
beam-type mass spectrometer in, 172-174f 
172-176 
computer and software in, 181 
detectors in, 180f, 180-181 
ion source and, 167f, 167-171, 169f, 170f 
tandem mass spectrometer in, 179-180 
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Mass spectrometry (Continued) 
trapping-mass spectrometer in, 176-179, 
177f 
vacuum system in, 171 
for insulin, 852 
in nucleic acid analysis, 1429, 1430f 
in protein analysis, 590 
for tumor markers, 752-754 
Mass spectrometry/mass spectrometry, 
179-180 
Mass spectrum, 165, 166f 
Mass transfer process, 147 
Mast cell 
interleukin-3 and, 664 
interleukin-5 and, 669-671, 670f 
Material Safety Data Sheet, 29 
Maternal screening for fetal defects, 2167f, 
2167-2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 2169t, 2169-2170, 2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f, 21716, 2172f 2173t 
external proficiency testing and, 2179 
maternal serum alpha-fetoprotein in, 2182f 
2182-2183, 2269t 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 
Mathematical modeling for testosterone, 2131 
Matrix, 403b 
Matrix-assisted laser-desorption ionization 
time-of-flight mass spectrometry, 170, 
170f, 183, 183f, 184¢ 
to detect sequence polymorphisms, 1429, 
1430f 
for tumor markers, 754 
Matrix effects in light scattering measurement, 
89 
Matrix Gla protein, 1088f, 1088-1089 
Matrix metalloproteinases 
as cardiac biomarkers, 1634 
chronic hepatitis and, 1817 
as tumor markers, 763 
Maturity-onset diabetes of young, 858 
Mauzerall-Granick method, 1224 
MBP. See Myelin basic protein. 
MCAD. See Medium-chain acyl-CoA 
dehydrogenase deficiency. 
McArdle’s disease, 891 
McCune-Albright syndrome, 2111 
MCKAT deficiency, 2234-2235t 
MDA. See Methylenedioxyamphetamine. 
MDEA. See Methylenedioxyethylamphetamine. 
MDMA. See Methylenedioxymethamphetamine. 
MDRD formula, 823 
MDS AutoLab system, 287 
Mean bias, 369-370 
Measurand, 403b 
Measurement 
of adrenocorticotropic hormone, 
1983-1984 
in analytical enzymology, 207-213 
of enzymatic-catalyzed reaction rates, 207- 
209, 208f 
of enzyme mass concentration, 211 
of isoenzymes and isoforms, 213 
of metabolites, 211-212 
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Measurement (Continued) 
optimization, standardization, and quality 
control in, 210f 210-211 
of substrates, 209-210 
of apolipoprotein(s), 958-960 
of apolipoprotein E, 961-962, 962f 
of arginine vasopressin, 1995-1996 
of calcium, 1896-1904 
adjusted or corrected total calcium and, 
1896-1897, 1897b 
free, 1899-1902, 1900f, 1901f, 1902t 
interpretation of results, 1903-1904, 1904f, 
1905f 
patient preparation for, 1902-1903 
physiological variation in calcium and, 
1903 
reference intervals in, 1903 
total, 1897-1899, 1898f 1899b 
urinary calcium and, 1904 
of cardiac proteins, 1635-1643 
brain natriuretic peptide and, 1641b, 1641- 
1642, 1642f, 1642t 
cardiac troponin I and T and, 1635-1641, 
1636t, 1637b, 1637, 1638f, 1639- 
1641t 
creatine kinase-MB and, 1642-1643 
lactate dehydrogenase isoenzymes and, 
1643 
myoglobin and, 1643 
of cytokines, 720-723 
bioassays in, 721-722 
rationale for, 645-646 
requirements for, 720f, 720-721, 721f 
sample collection and storage for, 721 
of endogenous opioid peptides, 1984 
of fecal fat, 1879, 1879t 
of gonadotropins, 1985-1987, 1987t 
of growth hormone, 1974-1976 
of hormones, 1030-1031 
of insulin-like growth factors, 1976 
of lipids and lipoproteins, 938-962 


analytical variations in, 954, 955t 

cholesterol and, 942-944 

desktop analyzer methods in, 954 

high-density lipoproteins and, 945b, 945- 
948 

historical background of, 938-940 

intermediate-density lipoproteins and, 953 

low-density lipoproteins and, 948b, 948- 
952, 950f, 952t 

NCEP recommendations for, 956-958, 958t 

oxidized low-density lipoproteins and, 
953-954 

phospholipids and, 945 

physiological variation in, 954-955, 956t, 
957t 

reference methods for, 940-942, 942b, 943b 

total lipoproteins and lipoprotein 
subclasses and, 953 

triglycerides and, 944-945 


of lipoprotein(a), 960-961 
method comparison and, 368-396 


basic error model in, 368-370, 369f 

Bland-Altman plot and, 376-377, 377f, 
377t 

distribution of differences plot in, 371-376, 
372-375f, 373t, 375t 

method comparison data model in, 370- 
371 

paired t-tests and, 377-378, 378f, 378t 

regression analysis and, 378-395. See also 
Regression analysis. 
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Measurement (Continued) 
of oxytocin, 1996 
of prolactin, 1980-1981 
trueness and accuracy of, 356, 356t 
units of, 5-10 
in analytical enzymology, 209 
applications of SI in laboratory medicine, 
6-7, 7t 
conversion rules for, 9 
decimal multiples and submultiples of SI 
units, 6, 7t 
International System of Units and, 5t, 5-6, 
6t 
problems in use of SI units, 8-9 
standardized reporting of test results and, 
9-10, 10t 
Measuring interval, 403b 
Measuring pipette, 15, 15f 15t 
Mebaral. See Mephobarbital. 
MEC. See Minimum effective concentration. 
Mechanism of action of drug, 1238-1240, 1239f 
Meconium, 1349, 2156 
Median cubital vein for venipuncture, 42 
Medical records, privacy of, 1452-1453 
Medium-chain acyl-CoA dehydrogenase 
deficiency, 2208, 2210f, 2234-2235t, 2236 
Medium-density array, 1434 
Medroxyprogesterone, 2122t 
Mees’ lines, 1377 
Mega, metric prefix of SI unit, 7t 
Megalin, 1687 
Megaloblastic anemia 
lactate dehydrogenase and, 602 
in vitamin B}, deficiency, 1102-1103 
Meiosis, 1514 
MEK. See Metenkephalin. 
Melanin, 1127-1128 
Melanocyte-stimulating hormone, 1021t 
Melanoma 
tumor markers in 
hepatocyte growth hormone receptor in, 
779 
neuron-specific enolase in, 756 
S-100 proteins in, 776 
tumor necrosis factor-a and, 708 
Melanoma-associated antigen, 774t 
Melatonin, 10214, 1035 
Mellaril. See Thioridazine. 
Melting analysis of nucleic acids, 1441-1443, 
1442f, 1443f 
Membrane-attack complex, 564, 565 
Membrane filter, 27 
Membrane particle alkaline phosphatase, 610 
MEMS. See Microelectromechanical systems. 
Menadione, 1087 
Menaquinones, 1087, 1087f 
Meningitis, cerebrospinal fluid protein in, 578t 
Meningomyelocele, 2165 
Menkes’ disease, 557-558, 1052, 1128 
Menopause, 4611, 2120 
Menstrual cycle, 2104f 
as noncontrollable preanalytical variable, 464 
normal, 2112-2114, 2113f 
serum iron levels and, 1189t 
Meperidine 
chemical structure of, 1340f 
therapeutic and toxic levels of, 2309t 
Mephobarbital, 1250¢, 1255, 2309t 
Meprobamate, 2310t 
6-Mercaptopurine, 1592-1595, 1593f, 1594f 
Merckoquant sulfite dipstick test, 1132-1133 
Mercuric sulfate, 1294 
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Mercurimetric titration for chloride, 989 
Mercury, 1371 
antidote for overdose, 1288t 
blood, 1382, 1383f 
as causative factor in medical conditions, 
1372t 
development of nephropathy and, 1708t 
handling of, 34 
reference intervals for, 2284t 
toxicity of, 1381-1382, 1383f 
urine specimen preservatives and, 51t 
Mesangial cell, 1672-1673, 1674f, 1676f 
Mescaline, 1231f 
Mesobilinogen, 1195 
Mesoderm, 2153 
Mesoporphyrin, 1210t 
Mesoridazine, 1311t 
Mesothelin, 772 
Messenger RNA, 1170f, 1396 
Meta-analysis, 338 
Metabolic acidosis, 1767t, 1768-1772, 1769f 
1769t 
alcohol ingestion and, 458 
in aspirin overdose, 1307 
fasting and starvation and, 456 
food ingestion and, 454 
hyperchloremic, 1709 
Metabolic alkalosis, 1767t, 1772b, 1772-1774 
Metabolic syndrome, 857 
clinical identification of, 933, 933t 
high-sensitivity C-reactive protein and, 964 
Metabolism 
of acetaminophen, 1305, 1306f 
of amino acids, 538-539, 539f 540f 
of ammonia, 1789-1791, 1790f 
of amobarbital, 1327f 
of ascorbic acid, 1105-1106 
of aspirin, 1307, 1307f 
of barbiturates, 1330f 
of bile acids, 1784-1785 
of biotin, 1107-1108 
of bone, 1931 
of boron, 1143 
of carbohydrates, 841-853 
C-peptide measurement and, 853 
clinical utility of measurement of 
hormones in, 850b, 850-851 
counterregulatory hormones and, 849-850 
digestion and absorption in, 841, 842f 
glucagon measurement and, 853 
inborn errors of, 888-890 
influence of glucocorticoids on, 2007 
insulin antibodies assays and, 853 
insulin-like growth factors and, 849 
insulin measurement and, 851-853 
insulin regulation of blood glucose 
concentration in, 843-849, 845f, 846f 
847t, 848f 
intermediary, 841, 842f, 843t 
proinsulin measurement and, 853 
somatostatin and, 850 
thyroxine and, 850 
of catecholamines, 1036-1039, 1037-1039f 
1039t 
of chromium, 1124 
of cocaine, 1336f 
of codeine, 1341f 
of copper, 1126-1127, 1127f 
of dextromethorphan, 1344, 1345f 
of drug, 1240¢, 1245-1246, 1246f 
epinephrine role in, 1043 
of estrogens, 2107-2108, 2108f 


Metabolism (Continued) 
of flunitrazepam, 1329f 
of fluoride, 1142 
of folic acid, 1109-1110 
of gamma-hydroxybutyrate, 1337, 1337f 
of heroin, 1341f 
hormonal control of, 1025-1026 
of ketamine, 1347f 
of lipoproteins, 918-921f, 918-922 
of lysergic acid diethylamide, 1338, 1339f 
of manganese, 1130 
of methadone, 1346f 
of methylphenidate, 1323-1324, 1324f 
of molybdenum, 1132 
of niacin, 1115 
of oxycodone, 1343f 
of pantothenic acid, 1117 
of parathyroid hormone, 1914f, 1914-1915 
of phencyclidine, 1347f 
of progesterone, 2109, 2109f 
of purines, 804f 
of riboflavin, 1095f 1095-1096 
of selenium, 1133-1134 
of steroid hormones, 2006-2007, 2012-2014, 
2013 
of testosterone, 2099, 2099f 
of tetrahydrocannabinol, 1333, 1333f 
of thyroid hormones, 2056 
of triazolobenzodiazepines, 1331f 
of vitamin A, 1081 
of vitamin Be 1098, 1098t 
of vitamin Bı», 1101-1102 
of vitamin D, 1921f 
of vitamin E, 1084-1085 
of vitamin K, 1087-1088, 1088f 1090, 1091f 
of zinc, 1138, 1139f 
Metabolites 
catecholamine, 1054-1062 
collection and storage of samples for, 
1054-1055 
5-hydroxyindoleacetic acid and, 1063- 
1065, 1065t 
influences of diet and drugs on, 1055, 
1056t 
plasma assays in, 1057, 1057t 
plasma L-dopa, DOPAC, and DHPG and, 
1059, 1059t 
plasma metanephrines and, 1057-1058, 
1058t 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060t 
urinary fractionated metanephrines and, 
1060-1061, 1061t 
urinary homovanillic acid and, 1061-1062, 
1062t 
urinary vanillylmandelic acid and, 1061, 
1062t 
cortisol, 2013f 
ethylene glycol, 1313f 1313-1314 
measurement in analytical enzymology, 211- 
212 
microchip-based assay for, 255-256 
porphyrin, 1223-1226, 1225f 1227f 
progesterone, 2109, 2109f 
testosterone, 2131-2132, 2132t 
vitamin D, 1923-1926, 1925f 
Metal, label used for nonisotopic immunoassay, 
231t 
Metal electrodes in redox reactions, 95 
Metal toxicity, 1371-1390 
aluminum in, 1374-1375, 1375f, 1699 
analytical methods for, 1373-1374 
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Metal toxicity (Continued) 
antimony in, 1375-1376 
arsenic in, 1376f, 1376-1377 
beryllium in, 1377 
cadmium in, 1377-1378 
chromium in, 1378 
classification of, 1372-1373, 1373f 
cobalt in, 1378 
copper in, 1378-1379 
diagnosis of toxicity, 1372, 1372t 
iron in, 1314-1315, 1379 
lead in, 1379f, 1379-1381, 1380f 
manganese in, 1381 
mercury in, 1381-1382, 1383f 
nickel in, 1383 
occupational monitoring of, 1372 
platinum in, 1383 
prevalence of, 1371-1372 
selenium in, 1383-1384 
silicon in, 1384 
silver in, 1384 
thallium in, 1384 
Metallothionein, 1139, 1141 
Metanephrines 
adrenal medullary system and, 1044t 
drug-induced increases in, 1056t 
pheochromocytoma and, 1047-1048 
plasma, 1057-1058, 1058¢ 
reference intervals for, 2284t, 2285t 
urine, 1060-1061, 1061t 
urine specimen preservatives and, 51t 
Metaproterenol, 1261 
Metastasis 
chemokines and, 716-717 
cytokines and, 653-654 
interleukin-10 and, 680 
markers of angiogenesis and, 786 
neuroblastoma and, 1049 
pheochromocytoma and, 1046 
Metenkephalin, 10214, 1981, 1984 
Methadone, 1345-1346, 1346f 
chemical structure of, 1340f 
effects on thyroid function, 2064t 
therapeutic and toxic levels of, 2310t 
Methamphetamine, 1320-1322, 1322f, 1324- 
1325 
chemical structure of, 1321f 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
therapeutic and toxic levels of, 2310t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Methanol, 1301-1302 
antidote for overdose, 1288t 
metabolic acidosis and, 1769 
reference intervals for, 2285-2286t 
serum osmolality of, 1293t 
Methaqualone, 2310t 
Methemalbuminemia, 560 
Metheme, 559 
Methemoglobin, 633, 1168, 2286t 
Methemoglobin-forming agents, 1298-1300, 
1299f, 1299t 


1299t 

Methicillin, 1267t 

Methionine 

conversion to homocysteine and cysteine, 
967, 967f, 2219f 

metabolism of, 1112, 1112f 

reference intervals for, 2286t 

structure and molecular weight of, 534t 


Methemoglobinemia, 1168, 1298-1299, 1299f, 


Index 


Methionine adenosyltransferase defect, 2212- 
2213t 
Method comparison and evaluation, 353-407 
analytical measurement range and, 359 
analytical performance criteria and, 354 
analytical sensitivity and, 361 
analytical specificity and interference in, 361- 
362 
basic error model in, 368-370, 369f 
Bland-Altman plot and, 376-377, 377f, 377t 
calibration and, 355f, 355t, 355-356 
distribution of differences plot in, 371-376, 
372-375f, 373t, 375t 
goals for analytical quality in, 362f 362-366¢, 
362-368 
guidelines, regulatory demands, and 
accreditation in, 402-403 
identifying sources of analytical errors and, 
520 
limit of detection and, 359-361, 360f, 361f 
limit of quantification and, 361 
linearity in, 359 
medical criteria in, 353-354, 354f 
method comparison data model in, 370-371 
monitoring serial results in, 396-397, 397f 
paired t-tests and, 377-378, 378f, 378t 
precision in, 357-358, 358t 
precision profile in, 358, 358f 
regression analysis and, 378-395 
adjustments for recalibration in, 387f, 387- 
388, 388f 
application of, 389-390, 390f, 390t 
assessment of outliers in, 383, 384f 
correlation coefficient in, 383-385, 384f 
Deming ordinary least-squares, 379-381f 
379-382 
error models in, 378-379, 379f 
estimating sample size for method 
comparison studies in, 390-395, 391f, 
392f, 392t, 393t 
interpretation of systematic differences 
between methods in, 389 
nonparametric, 388-389 
proportional random errors and, 385f 
385-386, 386f, 395, 395t 
random error around estimated regression 
line in, 382-383, 383f 
random errors in both x1 and x2 
measurements and, 386-387, 387f, 395 
random errors in x2 measurements and, 
386 
testing for linearity in, 388, 388f 
software packages for, 403-404 
traceability and measurement uncertainty in, 
397-402, 398f, 401t 
trueness and accuracy in, 356, 356t 
verification of distribution of differences in 
relation to specified limits in, 376, 376t 
Methods. See Analytical methods. 
Methotrexate, 1272-1273, 1273t 
development of nephropathy and, 1708t 
male reproductive function and, 2122t 
therapeutic and toxic levels of, 2310t 
3-Methoxy-4-hydroxyphenylglycol, 1038, 1038f 
Methsuximide, 1250¢, 1255, 2310t 
2-Methyl-3-hydroxybutyric aciduria, 2226- 
2227t 
2-Methyl-3-hydroxybutyryl-CoA dehydrogenase 
defect, 2226-2227t 
N-Methyl-p-aspartate, 1348 
2-Methylbutyryl-CoA dehydrogenase defect, 
2226-2227t 
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2-Methylbutyrylglycine, 2286t 
2-Methylbutyrylglycinuria, 2226-2227t 
Methylcobalamin, 1100 
3-Methylcrotonyl-CoA carboxylase defect, 2224- 
2225t 
3-Methylcrotonyl glycinuria, 2224-2225 
Methyldopa, 1035 
interference with catecholamine assays, 1055 
liver damage and, 1817 
therapeutic and toxic levels of, 2310t 
3,4-Methylenedioxyamphetamine, 1322-1323 
chemical structure of, 1321f 
gas chromatography-mass spectrometry for, 
1324-1325 
immunoassay for, 1324 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
3,4-Methylenedioxyethylamphetamine, 1322- 
1323 
gas chromatography-mass spectrometry for, 
1324-1325 
immunoassay for, 1324 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
3,4-Methylenedioxymethamphetamine, 1322- 
1323 
chemical structure of, 1321f 
gas chromatography-mass spectrometry for, 
1324-1325 
immunoassay for, 1324 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
5,10-Methylenetetrahydrofolate, 1113 
Methylenetetrahydrofolate reductase defect, 
2220 
Methylfolate-H(4) methyltransferase defect, 
2224-2225t 
3-Methylglutaconic aciduria, 2224-2225t 
3-Methylglutaconyl-CoA hydratase defect, 2224- 
2225t 
Methylmalonic acid, 1104, 2286t 
Methylmalonic acidemia, 2209f, 2222, 2223f, 
2224-2225t 
Methylmalonic aciduria, 2226-2227t 
Methylmalonic semialdehyde defect, 2226-2227t 
Methylmalonic semialdehyde dehydrogenase 
defect, 2226-2227t 
Methylmalonyl-CoA isomerase defect, 2224- 
2225t 
Methylmalonyl-CoA mutase defect, 2224-2225t 
Methylmalonylcarnitine, 2286t 
Methylmercury, 1381-1382 
N-Methylnicotinamide, 1115 
Methylphenidate, 1323-1324, 1324f 
Methylprednisolone, 2009t 
Methylsuccinic acid, 2286t 
5-Methyltetrahydrofolate, 1110 
Methyltetrahydrofolate reductase, 1077 
Methylthymol blue, 1911, 1911f 
2-Methyoxyestriol, 2106f 
2-Methyoxyestrone, 2106f 
Methyprylon, 2310t 
Metoprolol, 1056t 
Metric prefixes of SI units, 7t 
Metric system, 5 
Metronidazole, 1268t 
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Metyrapone stimulation test, 2018, 2018), 2023t 


Metyrosine, 1035 

Mevalonate kinase defect, 2228-2229t 

Mevalonic aciduria, 2228-2229t 

Mexiletine, 1256t, 1259, 2310t 

Mexitil. See Mexiletine. 

Mezlocillin, 1267t 

MGP. See Matrix Gla protein. 

MGUS. See Monoclonal gammopathies of 
undetermined significance. 

MHC. See Major histocompatibility complex. 


MHPG. See 3-Methoxy-4-hydroxyphenylglycol. 


Micellar electrokinetic chromatography, 130, 
134 
Micelle, 1783, 1785f 
Michaelis-Menten equation, 1245 
in continuous enzymatic reactions, 203 


in reversible inhibition of enzymatic reaction, 


205 
in single-substrate enzymatic reactions, 200 
Michaelis-Menten plot, 199, 199f, 200 
Miconazole, 1268t 
Micro, metric prefix of SI unit, 7t 
Microalbuminuria, 547, 576, 814-815, 816f 
886-888 
Microarray, 1433-1434, 1434f, 1435f, 1436t 
for hematological malignancies, 1476 
for tumor markers, 754 
Microarray device for hybridization of DNA, 
247 
Microbiological agents 
cause of cell damage or death, 214t 
in reagent grade water, 11t 
Microchannel plate electron multiplier, 181 


Microchip electrophoresis, 135-138, 136f 137f 


Microcollection tube, 46, 46f 
Microcytic anemia, 562 
Microelectromechanical systems, 247 
Microfabrication, 245-263 
in cell handling and cell culture, 256, 256f 
in drug detection and assay, 254 
in enzymology, 255 
fabrication and materials in, 247-250, 248f 
future of, 257 
genomics and, 252-253, 253f 


historical background of, 246f, 246-247, 247t 


hybridization arrays and, 253-254, 254f 


in immunoassay for antibodies and peptides, 


255 

limitations of, 257 

in metabolite assays, 255-256 

microfluidics and, 250, 251f 

in nucleic acid sequencing, 254 

protein chips and, 254-255 

surface chemistry issues in, 256-257 

valving systems in, 250-252, 252f 
Microfluidics, 250, 251f 
Microparticle immunoassay 

in drug testing, 1318 

for free thyroid hormones, 2080 

for triiodothyronine, 2072 
Micropipette, 16, 16t 
Microprocessor for spectrophotometry, 70 
Microsatellite(s), 1407, 1539 

inherited colon cancer and, 1512-1513 

use in engraftment analysis, 1550-1551 
Microsatellite instability pathway, 1510-1511, 

1511f 

Microsatellite repeat markers, 1514 
Microscopic examination of urine, 811-812 
Microtiter plate system, 294 
Micturition, 1678 
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Midazolam, 1328t, 1331f 
Midstream urine specimen, 49-50 
Milk-alkali syndrome, 1773 

Milli, metric prefix of SI unit, 7t 
Milliequivalent, 5 

Milligram equivalent, 4-5 
Milontin. See Phensuximide. 


Minimally invasive point-of-care testing device, 


308, 308t 


Minimum effective concentration, 1239t, 1239- 


1240 


Minimum toxic concentration, 1239t, 1239- 


1240 


Mineral metabolism, 1891-1965 


biochemical markers of bone turnover and, 
1935b, 1935t, 1935-1943 
bone alkaline phosphatase in, 1940-1941 
osteocalcin in, 1941f, 1941-1943 
preanalytical and analytical variables in, 
1936 
procollagen peptides in, 1943 
tartrate-resistant acid phosphatase in, 
1939-1940 
telopeptides and pyridinium cross-links in, 
1936-1939, 1937f 
urinary hydroxyproline in, 1940 
bone metabolism and, 1931 
calcium and, 1892-1904 
adjusted or corrected total calcium and, 
1896-1897, 1897b 
biochemistry and physiology of, 1892- 
1893, 1893¢, 1894f 
free calcium and, 1899-1902, 1900f, 1901f, 
1902t 
hypercalcemia and, 1895b, 1895-1896 
hypocalcemia and, 1893-1894, 1894b 
interpretation of, 1903-1904, 1904f, 1905f 
physiological variation in, 1903 
reference intervals for, 1903 
specimen collection for, 1902-1903 
total calcium and, 1897-1899, 1898f, 
1899b 
urinary calcium and, 1904 
hormones regulating, 1912-1930 
calcitonin in, 1926f, 1926-1928, 1927b 
parathyroid hormone in, 1912-1920, 1913- 
1916f, 1918f 1919f 
parathyroid hormone-related protein in, 
1928-1930, 1929f 1930f 
vitamin D in, 1920f, 1920-1926, 1921f 
19214, 1922b, 1923b, 1925f 
intestinal absorption of calcium and 
phosphate in, 1931 
magnesium and, 1909b, 1909-1912, 1910b, 
1911f, 1931-1932 
metabolic bone diseases and, 1932-1935, 
1933b 
phosphate and, 1905-1909, 1906b, 1907b, 
1908t 
renal handling of calcium and phosphate in, 
1930-1931 


Mineralocorticoids 


excess of, 2033 

function tests of, 2019-2021, 2020b, 2020f 
2021b 

hyperaldosteronism and, 2030t, 2030-2033, 
2031-2033f, 2033b 

structure of, 2009, 2009t 

synthesis of, 2011 


Minipress. See Prazosin. 
Minisatellite, 1407, 1539 
Minisequencing, 1426-1427 
Minor cluster region, 1464 
Minoxidil, 1056t 
MIS. See Mullerian inhibiting substance. 
Missense mutation, 1408 
Mitochondrial cobalamin reductase defect, 
2224-2225t 
Mitochondrial deoxyribonucleic acid, 1543- 
1544 
alterations in, 1409 
mutation-related diseases of, 1502-1504, 
1504 
Mitochondrial genome, 1398-1399 
Mitochondrial ornithine transporter defect, 
2214-2215t 
Mitomycin, 1708t 
Mitosis, 1514 
Mitral valve, 1620, 1620f 
Mivacurium, 615 
Mixed cryoglobulinemia, 567t 
Mixed mechanism probes, 1439, 1439f 
Mixing of reactants, 275 
MMPs. See Matrix metalloproteinases. 
Mobile phase mass transfer, 147 
Mobile robot, 271, 282-283 
Model validation, 420 
Modified glucose oxidase methods, 871 
Modified hemoglobins, 1167f, 1167-1168 
Modified Jendrassik-Grof total bilirubin assay, 
1196-1197 
Modular automation system for specimen 
processing, 267, 268t, 286-288, 287f 
MODY. See Maturity-onset diabetes of young. 
Mohr pipette, 15, 15f 
Molality, 4, 4t 
direct potentiometry and, 100 
Molarity, 4 
Molding of polymeric materials, 249 
Mole fraction, 4t 
Mole per cubic meter, 6t 
Mole ratio, 4t 
Molecular diagnostics, 1393-1406 
design and operation of laboratory for, 1451- 
1456 
Human Genome Project and, 1401-1402 
identity testing and, 1539-1554 
in chimerism and hematopoietic cell 
engraftment analysis, 1549-1551, 
1550t 
for clinical specimen identification, 1545- 
1546 
forensic DNA typing in, 1541-1545, 15421, 
1543t 
for parentage, 1551-1553 
for transplantation tissue compatibility, 


Miniaturized total analytical systems, 247 

Minimal albuminuria, 547 

Minimal inhibitory concentrations of 
antibiotics, 1263t 

Minimal residual disease monitoring, 1474 

Minimally invasive electrochemical/optical 
sensor, 113-116, 115f 

Minimally invasive monitoring of blood 
glucose, 875 


1546f, 1546-1549, 1547¢ 

variation in human genome and, 1539- 
1541, 1540f 

in infectious diseases, 1555-1587 

analyte-specific reagents in, 1556 

analytical verification in, 1558-1560, 
1560t 

for Chlamydia trachomatis and Neisseria 
gonorrhoeae, 1563-1565, 1564t 
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Molecular diagnostics (Continued) 
choice of specimen and analytical 
approach in, 1556-1557 
clinical verification in, 1560-1561 
for cytomegalovirus, 1573-1576, 1574t 
for enteroviruses, 1571-1572 
for hepatitis C virus, 1576-1579, 1577t 
for herpes simplex virus, 1570-1571 
for human immunodeficiency virus, 1567- 
1570, 1568t 
for human papillomavirus, 1565-1566 
internal controls in, 1557 
interpretation of results of, 1562-1563 
for Mycobacterium tuberculosis, 
1575-1576 
nucleic acid extraction in, 1557-1558 
for perinatal Group B streptococcus, 1572- 
1573 
preanalytical variables in, 1557 
quality control and quality assurance in, 
1561-1562 
quantitative, 1558 
reporting of results of, 1563 
verification guidelines for, 1559t 
in inherited diseases, 1483-1538 
achondroplasia and, 1491-1492 
carbamyl phosphate synthetase I deficiency 
and, 1489-1491, 1490f 
Charcot-Marie-Tooth disease and, 1492- 
493 
cystic fibrosis and, 1484-1486, 1485), 
486t, 1487f 
Duchenne’s muscular dystrophy and, 1498- 
500 
fragile X syndrome and, 1500f, 1500-1501, 
502f 
hemophilia A and, 1496-1498, 1498f 
hereditary hemochromatosis and, 1486- 
489, 1488f 
Huntington’s disease and, 1493f, 1493- 
496, 1495b, 1495f 
inherited breast cancer and, 1508-1509 
inherited colon cancer and, 1509-1513, 
510f, 1511f 
Leber hereditary optic neuropathy and, 
503 
Leigh syndrome and, 1503-1504, 1504f 
Prader-Willi and Angelman syndromes 
and, 1504-1506, 1505f, 1506t 
reporting of test results in, 1513 
thrombophilia and, 1506-1508 
landmark developments in, 1393-1394 
microchip use in, 137f, 137-138 
nucleic acid chemistry, biochemistry, and 
biology in, 1394-1400 
chromosome structure in, 1395-1396 
circulating nucleic acids and, 1399-1400 
DNA and RNA composition and structure 
in, 1394f 1394-1395, 1395f 
genetics and epigenetics in, 1397-1398 
nuclear and mitochondrial genomes in, 
1398-1399 
replication, transcription, and translation 
in, 1396-1397, 1397t 
nucleic acid isolation and, 1400-1401 
nucleic acid techniques in, 1407-1449 
bacterial genomes and, 1410 
closed-tube single nucleotide 
polymorphism genotyping methods 
in, 1444f 1444-1445 
electrophoresis in, 1421f, 1421-1427, 1422t, 
1423-1428f 
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Molecular diagnostics (Continued) 
endpoint quantification in amplification 
assays in, 1419 
fluorescent staining in, 1419 
high-performance liquid chromatography 
in, 1429, 1430f 
human epigenetic alterations and, 1409 
human genome and, 1407-1409, 1408), 
1409f 
hybridization assays in, 1429-1436, 1430f 
1433t, 1434f 1435f, 1436t 
isothermal oligo amplification in, 1419 
ligase chain reaction in, 1416-1417 
linked linear amplification in, 1419 
loop-mediated amplification in, 1419 
mass spectrometry in, 1429, 1430f 
melting analysis in, 1441-1443, 1442f 
443f 
nucleic acid enzymes and, 1410-1411 
polymerase chain reaction-target 
amplification in, 1412-1415f 1412- 
416 
probe amplification-Q-beta replicase in, 
418 
pyrosequencing in, 1427-1429, 1429f 
real-time polymerase chain reaction in, 
436-1441, 1437-1441f 1440¢ 
reporter molecules and labeled probes in, 
419-1421 
rolling circle amplification in, 1418-1419 
serial invasive amplification in, 1418 
signal amplification: branched chain DNA 
in, 1418 
strand displacement amplification in, 
1419 
transcription-based amplification methods 
in, 1417, 1417f 
ultraviolet absorbance in, 1419 
viral genomes and, 1410 
whole genome and whole transcriptome 
amplification in, 1419 
pharmacogenetics and, 1589-1616 
approaches to, 1590-1592, 1591t 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
6014, 1602t, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 
596-1597t, 1598f, 1599f 
N-acetyl transferases and, 1603-1609, 
1605-1607t, 1608f 
targets and future directions in, 1609-1611, 
610t 
testing considerations in, 1589-1590, 
590f 
thiopurine S-methyltransferase and, 1592- 
595, 1593f, 1594f 
Molecular-exclusion chromatography, 144 
Molecular genetics 
of acute porphyrias, 1216 
of congenital erythropoietic porphyria, 1218- 
1219 
of erythropoietic protoporphyria, 1219 
of hematopoietic neoplasms, 1457-1482 
acute myeloid leukemia in, 1466-1469, 
1468, 1469-1471f 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f, 1473f 
detection of viral genomes in, 1475f 1475- 
1476 
immunoglobulin-gene rearrangements in, 
1458f 1458-1460, 14594, 1460f 
in situ hybridization in, 1476 
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Molecular genetics (Continued) 
lymphoma-specific recurrent 
chromosomal translocations in, 1463- 
1466, 14654, 1466f, 1467f 
minimal residual disease detection and 
monitoring in, 1474 
oncogene and tumor suppressor gene 
mutations in, 1472f, 1472-1474 
PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463f 
potential of microarrays in, 1476 
Southern blot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f 1461-1462, 1462f 
T-cell receptor gene rearrangements in, 
1460f, 1460-1461 
use of reverse-transcription PCR in 
chromosomal translocations in, 1471- 
1472 
of porphyria cutanea tarda, 1218 
Molecular ion, 165 
Molecular-sieve chromatography, 144 
Molybdenum, 1132-1133 
oral and intravenous intakes of, 1076t 
reference intervals for, 2287t 
Monitoring 
of anticoagulants, 306-307 
of arterial blood gases, 1014 
of blood glucose, 873-875 
epidemiologic 
of Down syndrome, 2178-2179 
in maternal screening, 2177 
of hematopoietic neoplasms, 1474 
of metal toxicity in workplace, 1372 
of method changes, 497 
nutritional, 1076-1079, 1077f 
of reperfusion following thrombolytic 
therapy, 1659-1660, 1660f 
of serial results, 396-397, 397f 
of technical competence, 496 
of toxic metals, 1372 
Monoamine(s). See also Catecholamine(s). 
location of production and action, 1040t 
neuronal uptake of, 1036-1039, 1037-1039 
1039t 
storage and release of, 1035-1036, 1036f 
Monoamine oxidase 
in deamination of catecholamines, 1037, 
1037f 
deficiency of, 1052 
Monoamine oxidase inhibitors 
influence on catecholamine levels, 1056t 
male reproductive function and, 2122t 
Monochromator 
in fluorometry, 78 
in spectrophotometry, 66-68, 67f 
Monoclonal antibody, 221 
for adrenocorticotropic hormone, 1983 
for measurement of apolipoproteins, 959 
Monoclonal antiserum, 221 
Monoclonal gammopathies of undetermined 
significance, 585f, 655 
Monoclonal immunoglobulins, 572-573, 574t 
hyperproteinemia and, 589 
as tumor marker for multiple myeloma, 774 
Monoclonal light chains, 1716-1718 
Monocyte 
interferon-o and, 696, 696f 
interferon-y and, 701t 
interleukin-8 and, 676 
interleukin-13 and, 687 
Monocyte chemotactic protein, 1634 
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Monoglucuronide, 1195 
Monoglycerides, 913f, 913-914 
Monoiodotyrosine, 2053-2054, 2054f 
Monolithic particulate column packings, 156- 
157 
Monomethylarsine, 1376, 1376f 
Monosaccharides, 837-839, 838f 839f 
malabsorption of, 1863 
Monounsaturated fatty acids, 907, 908f 
Mood disorders, selenium role in, 1135 
Morphine, 1339-1344, 1340-1343f 
effects on laboratory tests, 459 
therapeutic and toxic levels of, 2310t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Morula, 2153 
Motilin, 10234, 1875t 
Motrin. See Ibuprofen. 
Mountain plot, 376 
Moxalactam, 1267t 
Moxifloxacin, 1265, 1266f 
MSH. See Melanocyte-stimulating hormone. 
MSUD. See Maple syrup urine disease. 
MTC. See Minimum toxic concentration. 
Mu receptor, 1339-1340 
Mucin tumor markers, 770t, 770-773 
Mucinlike carcinoma-associated antigen, 771, 
2287t 
Mullerian duct agenesis, 2114 
Mullerian inhibiting substance 
ambiguous genitalia and, 2103 
fetal testis and, 2099-2101 
Multicenter production of reference values, 443 
Multidisciplinary guideline development team, 
343 
Multimarker analysis in heart disease, 1660, 
1660f 
Multiple, univariate reference region, 444, 444f 
Multiple carboxylase deficiency, 2224-2225t 
Multiple-displacement amplification, 1418 
Multiple endocrine neoplasia, 765 
calcitonin and, 1927 
pheochromocytoma and, 1046 
Multiple myeloma, 573, 574t, 1717 
Bence Jones protein and, 746, 747t 
electrophoretic patterns in, 585f 
tumor markers for, 753t, 774 
Multiple-point dextran-coated charcoal 
titration assay, 779 
Multiple sclerosis 
cerebrospinal fluid protein in, 578t 
immunoglobulin assays for, 579-580 
tumor necrosis factor-a and, 708 
Multiple-use cartridge and bench top systems, 
307f, 307-308 
Multiple-wavelength readings in 
spectrophotometry, 72 
Multirule procedure, 504-506, 505f, 505t, 506f 
Multistix for bilirubin, 1198 
Multivariate, term, 434 
Multivariate comparison, 443-444 
Multivariate data analysis, 416-418, 417f 418f 
Multivariate reference region, 444-445 
Multivariate reference values, 427 
Murine myeloma cell line, 221 
Muscarinic receptors, 1291 
Muscle 
creatine kinase and, 599 
efflux of enzymes from, 215 
interleukin-1 and, 659t 
potassium efflux from, 985-986 
transaminase activities in, 605t 
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Muscle enzymes, 597-604 
aldolase in, 603 
creatine kinase in, 598, 598-601, 601f 
glycogen phosphorylase in, 603f, 603-604 
lactate dehydrogenase in, 601-603 
Muscle phosphofructokinase deficiency, 891 
Muscle phosphorylase deficiency, 891 
Muscular dystrophy, 599 
Mutation, 1408-1409 
Mutation scanning assay, 1426 
Mutation scanning by melting curve analysis, 
1443, 1443f 
Mycobacterium tuberculosis, 1575-1576 
Mycophenolate mofetil, 1277f, 1277-1278, 
12808, 2310t 
Myelin basic protein, 579 
Myeloid leukemias, 653 
Myeloma, 1717 
Myeloperoxidase, 1634 
Myocardial infarction 
aspartate aminotransferase and, 605 
glycogen phosphorylase isoenzymes and, 604 
lactate dehydrogenase and, 602 
transfer of enzymes to circulatory system in, 
215 
vitamin E and, 1085-1086 
Myocardium, 1621 
changes following acute myocardial 
infarction, 1626-1627 
Myocyte, 706 
Myogenic theory of glomerular filtration rate, 
1684 
Myoglobin, 815-817, 1187 
acute myocardial infarction and, 1653 
as cardiac biomarker, 1632 
methodology for, 1643 
Myoglobinuria, 815-817 
Myristic acid, 909t 
Mysoline. See Primidone. 
Myxedema, 2057 


N 


N-terminal residue, 541 
NAD. See Nicotinamide adenine dinucleotide. 
NADP. See Nicotinamide adenine dinucleotide 
phosphate. 
Nafcillin, 1267t 
Nalfon. See Fenoprofen. 
Nalidixic acid, 1268t 
Naloxone 
chemical structure of, 1340f 
for propoxyphene reversal, 1347 
Nano, metric prefix of SI unit, 7t 
Nanoduct conductivity analyzer, 995-996 
Nanotechnology, 245-263 
in cell handling and cell culture, 256, 256f 
in drug detection and assay, 254 
in enzymology, 255 
fabrication and materials in, 247-250, 248f 
future of, 257 
genomics and, 252-253, 253f 
historical background of, 246f, 246-247, 247t 
hybridization arrays and, 253-254, 254f 
in immunoassay for antibodies and peptides, 
255 
limitations of, 257 
in metabolite assays, 255-256 
microfluidics and, 250, 251f 
in nucleic acid sequencing, 254 
protein chips and, 254-255 
surface chemistry issues in, 256-257 
valving systems in, 250-252, 252f 


Naphthalenamines, 1269 
Narcolepsy, 652 
Nardil. See Phenelzine. 
Narrow-bandpass filter in spectrophotometry, 
67, 67f 
NASH. See Nonalcoholic steatohepatitis. 
National DNA Index System, 1544-1545 
National Fire Protection Association, 31, 31f 
Natural bandwidth of absorbing substance, 
68 
Natural killer cell 
activation of, 650-651, 651f 
interferon-y and, 698, 699f, 700, 701t 
interleukin-1 and, 659t 
interleukin-2 and, 661, 661f, 663, 663b 
interleukin-6 and, 673 
interleukin-10 and, 679, 679t 
interleukin-12 and, 682-686, 683f 
interleukin-15 and, 689f, 689-691 
interleukin-18 and, 694-695, 695f 
Natural reference material, 1560 
Nb? cell assay, 1973 
NBD-PC fluorescence polarization method, 
2190-2191 
NBT-PABA test of pancreatic function, 1870¢, 
1871 
Nebcin. See Tobramycin. 
Necdin, 1504 
Needle disposal system, 32, 32f 
Needle sheathing device, 32f 
NEEIA. See Nonseparation electrochemical 
enzyme immunoassay. 
Neeld-Pearson method, 1083 
Nefazodone, 1269, 1270t, 1271, 2311t 
Negative feedback of hypothalamic-pituitary- 
adrenal-immune axis, 1969 
Negative nitrogen balance 
blindness and, 465 
fever and, 465 
Neisseria gonorrhoeae, 1563-1565, 1564t 
Nelfinavir, 1269t, 2311t 
Nembutal. See Pentobarbital. 
Neodymium:yttrium aluminum garnet laser, 
66t 
Neoglycoprotein, 879 
Neomycin, 1262-1265 
Neonatal adrenoleukodystrophy, 1786 
Neoplasm. See Tumor. 
Neovascularization, interleukin-12 and, 684 
Nephelometer, 88, 88f 
Nephelometry, 85-89, 86f 88f 230 
for alpha,-antitrypsin, 552 
for immunoglobulins, 573 
in protein analysis, 583 
for serum total protein, 588 
in specimen identification, 278 
Nephritis 
complement status in, 567t 
glomerular, 1702-1704, 1703f 
interstitial, 1706 
Nephrogenesis, 1685 
Nephrogenic diabetes insipidus, 1753-1754, 
1992 
Nephrolithiasis, 1711-1715, 1712f 
Nephron 
active transport processes of, 1678, 1678f 
anatomy of, 1672-1676, 1674f, 1675f, 
1676t 
countercurrent multiplication mechanism of, 
1682, 1682f 
progressive injury of, 1689 
secretory products of, 1679 
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Nephropathy 
diabetic, 853, 1699-1702, 1700t 
retinol-binding protein and, 563 
urine albumin in, 886-888 
hypertensive, 1702 
immunoglobulin A, 1704 
toxic, 1707, 1708t 
Nephrotic syndrome, 1704-1705, 1705f 
albumin levels in, 547 
alpha,-acid glycoprotein and, 549 
alpha,-macroglobulin and, 554 
electrophoretic patterns in, 585f 
haptoglobin and, 560 
transferrin and, 562 
Nephrotoxins, 1707, 1708t 
Nernst equation, 95 
Nernst layer, 102 


Nerve growth factor subfamily of cytokines, 649 


Netilmicin, 1262-1265, 2311t 
Netromycin. See Netilmicin. 
Neural networks, 416-417, 417f 418f 
Neural tube defects, 2165-2166 
epidemiologic monitoring of, 2177-2178 
screening for, 2168-2169 
twin pregnancy and, 2175 
Neuregulins, 649 
Neuroblastoma, 1049-1050 
tumor markers in, 753t 
chromogranins in, 777 
lactate dehydrogenase in, 756 
neuron-specific enolase in, 756 
telomerase in, 765 
Neuroendocrine axis, 673t, 674 
Neuroendocrine tumor, 753t, 777, 1877-1878 
Neurofibromatosis type 1, 784, 1046 
Neurogenic diabetes insipidus, 1992 
Neuroglycopenia, 865 
Neurohypophysis, 10214, 1991-1996 
arginine vasopressin and, 1991f, 1991-1996, 
1993-1995b, 1994f 
oxytocin and, 1996 
Neuron-specific enolase, 755t, 756 
euronal monoamine transporters, 1036-1037, 
1037f 
Neurontin. See Gabapentin. 
Neuropathy 
tumor necrosis factor-a and, 707-708 
in vitamin B,, deficiency, 1102 
Neuropeptide Y, 1875t 
Neurophysin, 765t 
Neurosyphilis, 578t 
Neurotensin, 1023t, 1875t 
Neurotransmitters, 1033, 1040-1041, 1291, 
1968t 
Neutral ionophore, 97, 98f 
Neutrophil 
chemokines and, 715 
interferon-y and, 701t 
interleukin-13 and, 687-688 
tumor necrosis factor-a and, 704-705 
Nevirapine, 12694, 2311t 
Newborn 
alpha,-antitrypsin deficiency and, 551 
body fluid composition of, 460-461 
C3 complement levels in, 567 
C4 complement levels in, 568 
Graves’ disease in, 2163 
haptoglobin levels in, 561 
hemolytic disease of, 1200-1201, 2164-2165 
herpes simplex virus infection in, 1570 
human immunodeficiency virus infection in, 
1567 
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Newborn (Continued) 
hypoglycemia in, 865, 865b 
idiopathic hepatitis in, 1201 
immunoglobulin G deficiency in, 571-572 
jaundice in, 1199-1201, 1200b 
screening for inborn errors of metabolism, 
2207, 2208f 2209 
steroid hormones in, 2013 
Newton, 6t 
NEXUS. See 4-Bromo-2,5- 
dimethoxyphenylethylamine. 
NFI gene, 784 
Niacin, 1080¢, 1114f 1114-1116 
oral and intravenous intakes of, 1076t 
reference intervals for, 2287t 
Niacin equivalents, 1115-1116 
Niacinamide, 1080¢, 1114f 1114-1116 
Nick translation, 1420 
Nickel 
development of nephropathy and, 1708t 
reference intervals for, 2287t 
toxicity of, 1383 
Nicking enzymes, 1410 
Nicolsky-Eisenman equation, 96 
Nicotinamide, 1114f 1114-1116 
Nicotinamide adenine dinucleotide, 1114-1115 
Embden-Meyerhof pathway and, 626-627 
enzymatic reaction and, 207 
Nicotinamide adenine dinucleotide-cytochrome 
B5 reductase, 633 
Nicotinamide adenine dinucleotide phosphate, 
1114-1115 
enzymatic reaction and, 207 
phosphate and, 1908 
Nicotine 
effects on laboratory tests, 457, 457t 
influence on catecholamine levels, 1056t 
male reproductive function and, 2122t 
Nicotinic acid, 1114f 1114-1116 
Nicotinic receptor, 1291 
Nifedipine, 1056t 
Night blindness, 1083 
Ninhydrin, 540-541, 541f, 1294 
Nitrates 
antidote for overdose of, 1288t 
dipstick test for, 811 
Nitric acid, 51t 
Nitric oxide, 1685, 1685t 
itrites 
antidote for overdose, 1288t 
stick tests for, 301t 
Nitrofurantoin, 2122t 
Nitrogen, urine specimen preservatives and, 51t 
Nitrogen balance 
fasting and starvation and, 457 
for protein-energy status, 1076-1077 
Nitrogen laser, 66t 
Nitrogen-phosphorus detector, 154 
nm23 gene, 785 
NMDA. See N-Methyl-p-aspartate. 
NMPs. See Nuclear matrix proteins. 
No-threshold aminoaciduria, 539 
Noctec. See Chloral hydrate. 
Noludar. See Methyprylon. 
Nomogram 
for acute salicylate intoxication, 1307f, 1307- 
1308 
Rumack-Matthew, 1305, 1305f 
Non-A, non-B hepatitis, 1802 
Non-Hodgkin’s lymphoma 
interleukin-6 and, 655 
lactate dehydrogenase and, 602 
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Non-insulin-dependent diabetes mellitus, 854 
on-SHBG-bound testosterone, 2130 
onalcoholic fatty liver disease, 1811-1812 
Nonalcoholic steatohepatitis, 605, 1809, 1811- 
1812 
onclassic, adult-onset congenital adrenal 
hyperplasia, 2111, 2115, 2119-2120 
Noncompetitive immunoassay, 231-232, 232b 
for calcitonin, 1927-1928 
for osteocalcin, 1942 
for parathyroid hormone, 1915-1918, 1916f 
Noncompetitive inhibitor in enzymatic 
reaction, 206 
oncontrollable preanalytical variables, 459-467 
age in, 459-462, 4602, 461t 
altitude in, 463 
ambient temperature in, 463 
blindness in, 465 
fever in, 465-466, 466t 
influence of menstrual cycle in, 464 
obesity in, 464-465 
place of residence in, 463 
pregnancy in, 465 
race in, 462-463 
seasonal influences in, 463-464, 464t 
sex in, 462t, 463 
shock and trauma in, 466, 467t 
stress in, 465 
transfusion and infusions in, 466-467 
Nondisjunction, 1514 
Noninvasive monitoring of blood gases, 1014 
Nonisotopic immunoassay, 235b 
analytical detection limits in, 233t, 233-234 
for blood progesterone, 2138 
for dehydroepiandrosterone sulfate, 2133 
for estradiol, 2135 
for total testosterone in blood, 2128 
Nonketotic hyperglycinemia, 2214-22151, 
2221 
Nonlinear clearance, 1246, 1246f 
Nonlinearity, 359 
Nonliquid reagent systems, 273, 274f 
Nonparametric method 
in approach to distribution of differences, 
371-373, 372f, 373t 
for determination of percentiles, 435 
for determination of reference values, 437- 
438, 438t, 439t 
Nonparametric regression analysis, 388-389 
Nonprescription analgesics, 1304-1308, 1305- 
1308f 
Nonrandom sampling, 4284, 429-430 
Nonselective proteinuria, 575 
Nonseparation electrochemical enzyme 
immunoassay, 113, 114f 
Nonsteroidal antiinflammatory drugs 
development of nephropathy and, 1708t 
effects on thyroid function, 2064t 
interstitial nephritis and, 1706 
renal disease and, 1716 
Nonsuppurative destructive cholangitis, 1821- 
1822 
Noradrenaline, 1033, 1034f 
Norchlordiazepoxide, 1330f 
Nordiazepam, 1330f 
Norepinephrine, 10224, 1033-1074, 1291 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
collection and storage of samples for, 
1054-1055 
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Norepinephrine (Continued) 
influences of diet and drugs on, 1055, 
1056t 
plasma assays in, 1057, 1057t 
plasma metanephrines and, 1057-1058, 
1058t 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060t 
urinary fractionated metanephrines and, 
1060-1061, 1061t 
biosynthesis of, 1034f, 1034-1035 
carcinoid and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051t 
effect on anterior pituitary hormones, 1968t, 
1969 
enteric nervous system and, 1045 
exercise-related changes in, 451 
as factor altering renal blood flow, 1685t 
morphine and, 459 
neuroblastoma and, 1049-1050 
pheochromocytoma and, 1045-1048, 1049b 
posture-related changes in, 449-450 
prolonged bed rest-related changes in, 450 
reference intervals for, 2259t, 2260t 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 
sympathetic nervous system and, 1041-1043, 
1042t 
travel-related changes in, 453 
uptake and metabolism of, 1036-1039, 1037- 
1039f, 1039t 
urine specimen preservatives and, 51t 
Norfloxacin, 1268t 
Norketamine, 1348 
Normal anion gap acidosis, 1771 
Normal equivalent deviate, 443 
Normal limits, 428 
Normal values, 425-426, 428 
Normality, 4 
Normetanephrine 
adrenal medullary system and, 1044t 
pheochromocytoma and, 1047-1048 
plasma, 1057-1058, 1058t 
reference intervals for, 2284t, 2285t 
urine, 1060-1061, 1061t 
Normethsuximide, 1250¢, 2311t 
Normodyne. See Labetalol. 
Normovolemic hypernatremia, 1753-1754, 
1754f 
Norpace. See Disopyramide. 
Norpramin. See Desipramine. 
Norpropoxyphene, 1346, 1346f 
19-Nortestosterone, 2108f 
Northern blotting, 126, 228, 1424 
Northwest Lipid Research Laboratories, 942b 
Nortriptyline, 1269, 1270¢, 1308-1312, 1309f 
cytochrome P450 D6 and, 1599f, 1599-1600 
influence on catecholamine levels, 1056t 
therapeutic and toxic levels of, 2311t 
Norvasc. See Amlodipine. 
Norvir. See Ritonavir. 
Nourin, 1635 
Novel cancer biomarkers, 754 
NPT7 analyzer, 1009 
Nramp! protein, 1188t 
Nramp2 protein, 1188t 
Nuclear factor-«KB, 652 
Nuclear genome, 1398-1399 
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Nuclear magnetic resonance or urinary 
low-molecular-weight molecules, 812 

Nuclear matrix proteins, 775, 2287t 

Nucleases, 1410 

Nucleic acid(s), 1394-1400 


chromosome structure in, 1395-1396 

circulating, 1399-1400 

DNA and RNA composition and structure in, 
1394f, 1394-1395, 1395f 

genetics and epigenetics and, 1397-1398 

Human Genome Project and, 1401-1402 

isolation of, 1400-1401 

nanotechnology and, 254 

nuclear and mitochondrial genomes and, 
1398-1399 

replication, transcription, and translation of, 
1396-1397, 1397t 


Nucleic acid analyzer, 293-294 
Nucleic acid-based testing, 1407-1449 


bacterial genomes and, 1410 
closed-tube single nucleotide polymorphism 
genotyping methods in, 1444f, 1444- 
1445 
electrophoresis in, 1421f, 1421-1427, 1422t, 
1423-1428f 
endpoint quantification in amplification 
assays in, 1419 
fluorescent staining in, 1419 
high-performance liquid chromatography in, 
1429, 1430f 
human epigenetic alterations and, 1409 
human genome and, 1407-1409, 1408), 1409f 
hybridization assays in, 1429-1436, 1430f 
1433t, 1434f, 1435f, 1436t 
for infectious diseases, 1555-1587 
analyte-specific reagents in, 1556 
analytical verification in, 1558-1560, 1560t 
for Chlamydia trachomatis and Neisseria 
gonorrhoeae, 1563-1565, 1564t 
choice of specimen and analytical 
approach in, 1556-1557 
clinical verification in, 1560-1561 
for cytomegalovirus, 1573-1576, 1574t 
for enteroviruses, 1571-1572 
for hepatitis C virus, 1576-1579, 1577t 
for herpes simplex virus, 1570-1571 
for human immunodeficiency virus, 1567- 
1570, 1568t 
for human papillomavirus, 1565-1566 
internal controls in, 1557 
interpretation of results of, 1562-1563 
for Mycobacterium tuberculosis, 1575-1576 
nucleic acid extraction in, 1557-1558 
for perinatal Group B streptococcus, 1572- 
1573 
preanalytical variables in, 1557 
quality control and quality assurance in, 
1561-1562 
quantitative, 1558 
reporting of results of, 1563 
verification guidelines for, 1559t 
isothermal oligo amplification in, 1419 
ligase chain reaction in, 1416-1417 
linked linear amplification in, 1419 
loop-mediated amplification in, 1419 
mass spectrometry in, 1429, 1430f 
melting analysis in, 1441-1443, 14426 1443f 
microtiter plate system for, 294 
nucleic acid enzymes and, 1410-1411 
polymerase chain reaction-target 
amplification in, 1412-1415f 1412-1416 
probe amplification-Q-beta replicase in, 1418 


Nucleic acid-based testing (Continued) 


pyrosequencing in, 1427-1429, 1429f 
real-time polymerase chain reaction in, 1436- 
1441, 1437-1441f 14404 1472 
reporter molecules and labeled probes in, 
1419-1421 
retention of extracted samples for, 1453 
rolling circle amplification in, 1418-1419 
serial invasive amplification in, 1418 
signal amplification: branched chain DNA in, 
1418 
strand displacement amplification in, 1419 
transcription-based amplification methods 
in, 1417, 1417f 
ultraviolet absorbance in, 1419 
viral genomes and, 1410 
whole genome and whole transcriptome 
amplification in, 1419 
Nucleic acid enzymes, 1410-1411 
Nucleic acid sequence-based amplification, 
1417, 1417f 
Nucleosome, 1395 
5’-Nucleotidase, 611-612 
distribution of, 217t 
EC number, systemic and trivial names, and 
abbreviation of, 192t 
as tumor marker, 755t 
Nucleotides, 1394 
Nucleus of atom, 21 
Nuclide, 21 
NucliSens NASBA assay, 1568 
Null hypothesis, 434 
Number concentration, 4t 
Number fraction, 4t 
Numerical gene alterations, 1409 
Nutritional assessment, 1076-1079, 1077f 
Nutritional disorders 
cause of cell damage or death, 214t 
chronic liver disease and, 1796 
Nyctalopia, 1083 
Nydrazid. See Isoniazid. 
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O-glycosidic bond, 839, 839f 
O,Sat. See Estimated oxygen saturation. 
Obesity 
brain natriuretic peptide levels and, 1650 
influence on cortisol concentrations, 2014 
as noncontrollable preanalytical variable, 
464-465 
pseudo-Cushing’s syndrome and, 2028 
type 2 diabetes mellitus and, 855 
Observed value, 426, 442-443 
Obstructive uropathy, 1707 
Occult blood, 52 
Occupational monitoring of toxic metals, 1372 
Occupational Safety and Health Administration, 
27, 29 
Octadecadienoylcarnitine, 2287t 
Octadecanoylcarnitine, 2287t 
Octadecenoylcarnitine, 2287-2288t 
Octanoylcarnitine, 2288t 
Octanoylglycine, 2288t 
Octenoylcarnitine, 2288t 
Odds ratio, 413 
O'Farrell method of two-dimensional 
electrophoresis, 130 
OGTT. See Oral glucose tolerance test. 
4-OH butyric aciduria, 2226-2227t 
Ohm's law, 123, 133 
Olanzapine, 1270¢, 2311t 
O'Leary method, 798 
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Oleic acid, 909t 
Oligo ligation assay, 1427, 1428f 
Oligohydramnios, 2156 
Oligomenorrhea, 2114 
Oligonucleotide(s) 
high-performance liquid chromatography for, 
1429 
in isothermal oligo amplification, 1419 
in ligase chain reaction, 1416-1417 
in oligo ligation assay, 1427, 1428f 
for polymerase chain reaction, 1412 
in single-base primer extension, 1426-1427 
Oligonucleotide probe, 1432 
Oligopeptides, 541 
Oliguria, 1678 
Olympic drug testing programs, 1318 
Olympus OLA-2500 system, 285, 285f 
Omeprazole, 1600-1602, 1602f 
On-analyzer specimen delivery, 272f, 272-273 
ON-SITE alcohol test card, 1304 
On-site drug testing, 1350-1351 
Oncodevelopmental markers, 746 
Oncofetal antigens, 766-769, 767t 
Oncogene, 746, 780t, 780-783, 1472f, 1472-1474 
One-compartment pharmacokinetic model, 
1241, 1241f 
One-dimensional bar codes, 269-270 
One-step immunoassay for free thyroid 
hormones, 2080, 2081t 
One-step pregnancy test, 238-239 
Online Mendelian Inheritance in Man, 194, 627 
Oocyte, 2105 
Open-bed chromatography, 145f 
Open-system analyzer, 274 
Open-tube capillary electrophoresis, 124 
Operator interface in point-of-care testing 
devices, 301-302, 302f 
Opioids 
antidote for overdose, 1288t 
effects on laboratory tests, 458 
effects on thyroid function, 2064t 
pharmacology and analysis of, 1339-1344, 
1340-1343f 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
symptoms of overdose, 1290t, 1291-1292 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Opsonin, 565 
OPTI Critical Care Analyzer, 1009 
Optical chemical sensor, 106-108, 107f 
Optical detector in capillary electrophoresis, 
132 
Optical light path length in capillary 
electrophoresis, 132 
Optical techniques, 61-91 
atomic absorption spectrophotometry in, 73f, 
73-75, 74f 
for blood gases, 1009, 1010f 
chemiluminescence, bioluminescence, and 
electrochemiluminescence in, 84-85 
enzyme-based biosensors and, 111-112 
flame emission spectrophotometry in, 73 
fluorometry in, 75-84 
basic concepts in, 75-77, 75-77f 
cuvet in, 78-79, 79f 
excitation and emission monochromator 
in, 78 
excitation source for, 77-78 
flow cytometer for, 82-83, 83f 
hematofluorometer for, 83 
limitations of, 83-84 
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Optical techniques (Continued) 
performance verification in, 80 
photodetector in, 78-80 
ratio-referencing spectrofluorometer for, 

80-81, 81f 

time-resolved fluorometer for, 81-82 

in measuring precipitate formation in 
antigen-antibody reactions, 278 
nature of light and, 61, 62f, 62t 
nephelometry and turbidimetry in, 85-89, 
86f, 88f 

phosphorescence and, 84 
reflectance photometry in, 72-73 
spectrophotometry in, 62-72 

basic concepts of, 62f, 62-64, 63f 63t 

cuvets for, 69 

fiber optics for, 68-69 

light sources for, 65-66, 66t 

linearity and, 72 

microprocessor for, 70 

multiple-wavelength readings in, 72 

photodetectors for, 69f 69-70 

photometric accuracy in, 72, 72t 

readout device for, 70 

recorder for, 70 

spectral bandwidth in, 71 

spectral isolation in, 66-68, 67f, 68f 

stray light and, 71-72 

wavelength calibration in, 70-71, 71f 

Optimization techniques, 520 

Optode, 106 

Oral carcinoma, 763 

Oral contraceptives 

effects on laboratory tests, 458 
serum iron levels and, 1189t 

Oral fluid specimen, 1350 

Oral glucose tolerance test, 854, 859-860, 860b 

Oral lactose tolerance test, 1863-1864, 1864b 

Ordinary least-squares regression analysis, 379- 
381, 379-381f 

assessment of outliers in, 383, 383f 

computation procedures for, 381-382 

interpretation of systematic differences 
between methods in, 389 

Organic acid metabolism disorders, 2221-2230, 

2224-2229t 
analytical considerations in, 2237 
ethylmalonic encephalopathy in, 2230, 2230f 
glutaric acidemia type I in, 2230 
isovaleric acidemia in, 2222-2223, 2223f, 
2230 
propionate disorders in, 2222, 2223f 

Organic acidosis, 1768-1771, 1769f, 1769t 

Organic acids, 2238t 

Organic anions, 1676t 

Organics in reagent grade water, 11t 

Organogenesis, 2153 

Organophosphates, 1288, 1315f, 1315-1317, 
1316f 

Orinase. See Tolbutamide. 

Ornithine, 536t 

Ornithine aminotransferase defect, 2214-2215t 

Ornithine transcarbamoylase defect, 
2214-2215t 

Orosomucoid, 544t, 549-550 

Orotic acid, 2288t 

Orphan receptor, 719 

Ortho-Clinical Diagnostics, 287-288 

Orthostatic hypotension, 1051 

Orthostatic proteinuria, 450, 576 

Osaka Medical Center for Health Science and 
Promotion, 943b 
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OSHA. See Occupational Safety and Health 
Administration. 
Osmetech OPTI Critical Care Analyzer, 306, 
306f 
Osmol gap, 1292-1293 
Osmolality 
of amniotic fluid, 2156t 
critical values of, 2317t 
expression of, 8 
urine, 992-994, 993f, 1718 
urine specimen preservatives and, 51t 
Osmolarity, 992 
Osmometry, 992 
Osmoreceptor, 1991 
Osmosis, 992 
Osmotic activity coefficient, 993 
Osmotic pressure, 992 
Osteitis deformans, 624 
Osteitis fibrosa, 1934 
Osteoarthritis, 717 
Osteoblast, 1891, 1892 
bone enzymes and, 623-625 
interleukin-6 and, 674 
Osteocalcin, 1941-1943, 2288t 
Osteoclast, 1891 
biological activity of interleukin-1 and, 659t 
bone enzymes and, 623-625 
Osteomalacia, 1933-1934 
Osteopenia, 1932 
Osteopontin, 772 
Osteoporosis, 1932-1933, 1933f 
Osteoprotegerin, 1892 
Ostwald-Folin pipette, 14-15, 15f 
Ouchterlony technique, 225, 225f 
Outcome study, 330-336 
clinical setting of, 328 
design of, 333-335f, 333-336 
rationale for, 332-333 
Outcomes research, 420-422, 42 1f 
Outliers, 383, 384f, 437 
Ovarian cancer markers, 752t 
cancer antigen 72-4 in, 773-774 
cancer antigen 125 in, 771-772 
carcinoembryonic antigen in, 768-769 
epidermal growth hormone receptor in, 780 
HER-2/neu gene in, 780t, 781-782 
kallikreins in, 757, 772 
matrix metalloproteinases in, 763 
tumor-associated trypsin inhibitor in, 764 
Ovarian dysgerminoma, 602 
Ovarian hyperthecosis, 2116 
Ovarian reserve, 2126-2127 
Ovary, 2104 
estrogens and, 2106 
hormones of, 1022t 
polycystic ovary syndrome and, 2115-2116, 
2116t 
premature ovarian failure and, 2117 
tumor of, 2117 
Overflow aminoaciduria, 539 
Overflow proteinuria, 1687f, 1688 
Overload of iron, 1192-1193 
Overload proteinuria, 575, 576 
Overnight water deprivation test, 1993, 1993b 
Ovulation, 2114 
evaluation of, 2125-2126 
female infertility and, 2124 
Oxacillin, 1267t 
Oxalate 
for blood specimen preservation, 48 
calcium stone disease and, 1714 
urine specimen preservatives and, 51t 
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Oxalic acid, 2288t 
Oxaloacetate, 606 
Oxazepam, 1328t, 1330f, 2311 
Oxcarbazepine, 1251, 2311t 
Oxidized low-density lipoproteins, 953-954, 
1634 
16-Oxoestradiol-17B, 2106f 
5-Oxoprolinuria, 632 
19-Oxotestosterone, 2107f 
Oxycodone, 1340f, 1342-1344, 1343f 2312t 
OxyContin, 1343 
Oxygen concentration of blood, 1004 
Oxygen dissociation curve of hemoglobin, 
1169-1170, 1170f 
Oxygen partial pressure, 999-1014 
acid-base disorders and, 1767t 
amperometric method of measurement of, 
103-104, 104f 
analytical goals for, 363t 
behavior of gases and, 999-1001, 1000t 
calibration of, 1010-1011 
continuous and noninvasive monitoring of, 
1014 
critical values of, 2317t 
effects of smoking on, 457 
fasting and starvation and, 456 
gas exchange in lung and, 1763, 1764f 
Henderson-Hasselbalch equation and, 1001- 
1002 
instrumentation for, 1008f 1008-1009, 1010f 
optical sensors for, 107 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
quality assurance in determination of, 1011- 
1013 
reference intervals for, 1013 
reference values for, 2289 
specimen acquisition for, 1006-1008, 1007t 
temperature correction and, 10134, 1013- 
1014 
tonometry for, 1006 
Oxygen saturation 
exercise-related changes in, 451 
reference intervals for, 2289t 
Oxygen sensor, 115 
Oxyhemoglobin, 1002 
Oxymorphone, 1342, 1343f 
Oxytocin, 10214, 1996 
amino acid sequence of, 1991f 
reference intervals for, 2289t 


P 


P-selectin, 1635 
p21 gene, 784 
P; determination, 1006 
p53 gene, 784 
po4 gene, 1473-1474 
Pacific Biometrics Research Foundation, 942b 
Paget’s disease, 624, 1934 
Paint, development of nephropathy and, 1708t 
Paired t-tests, 377-378, 378f, 378t 
Palmar xanthoma, 930 
Palmitic acid, 909t 
Palmitoleic avid, 909t 
Pamelor. See Nortriptyline. 
Pancreas, 1867-1873 
anatomy of, 1850, 1850f 
biological activity of interleukin-1 and, 
659t 
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Pancreas (Continued) 
cancer of 
blood group antigens and, 773-774 
carcinoembryonic antigen and, 768-769 
DU-PAN-2 tumor marker and, 772-773 
neuron-specific enolase and, 756 
tumor-associated trypsin inhibitor and, 
764 
carcinoid tumor of, 1052-1054 
enteric nervous system of, 1045 
hormones of, 1023t 
invasive tests of exocrine function of, 1868- 
1869, 1869f, 1869t 
noninvasive tests of exocrine function of, 
1869-1873, 1870t, 1871-1873f 
pancreatitis and, 1867-1868, 1868b 
alpha,-macroglobulin and, 554 
cationic trypsin in, 622 
gamma-glutamyltransferase and, 613 
lipase and, 620 
tumor necrosis factor-a and, 707 
pediatric disorders of, 1867, 1867b 
transaminase activities in, 605t 
Pancreas-associated antigen, 774t 
Pancreas-kidney transplantation, 1727-1728 
Pancreastatin, 1875t 
Pancreatic duct obstruction, 621 
Pancreatic elastase-1, 1870, 1870t, 1871t 
Pancreatic enzymes, 616-623 
amylase in, 616-619, 617¢, 619f 620f 
chymotrypsin in, 623 
elastase-1 in, 623 
lipase in, 619-621 
trypsin in, 622-623 
Pancreatic excretion index, 1871 
Pancreatic juice, 1868 
Pancreatic lipase, 1854 
Pancreatic oncofetal tumor marker, 767t 
Pancreatic polypeptide, 1023t, 1875t 
Pancreatitis, 1867-1868, 1868b 
alpha,-macroglobulin and, 554 
cationic trypsin in, 622 
gamma-glutamyltransferase and, 613 
lipase and, 620 
tumor necrosis factor-a and, 707 
Pancreolauryl test, 1870t, 1870-1872 
Panhypopituitarism, 2134 
Panic values, 2317-2318t 
Pantothenic acid, 1080¢, 1116-1118, 1117f 
oral and intravenous intakes of, 1076t 
reference intervals for, 2289t 
Pap smear, 1565 
Paper chromatography, 141, 142f, 890 
Paracentesis, 53 
Paracrine system, 1019 
Paradoxical aciduria, 1774 
Parafollicular cell, 1926, 2053 
Paraganglioma, 1045-1048, 1049b 
Paraldehyde 
reference intervals for, 2312t 
toxicity of, 1770 
Parameter, statistical, 433 
Paramethoxyamphetamine, 1321f 
Paramethoxymethamphetamine, 1321f, 1323 
Parametric method 
in approach to distribution of differences, 
373f, 373-374 
for determination of percentiles, 435 
for determination of reference values, 438- 
442 
Paraneoplastic effects, cytokines and, 655 
Paraproteins, 572-573, 574t, 774-775 


Paraquat, 1708t 
Parasympathetic nervous system, 1289-1291 
Parathyrin, 1021¢ 
Parathyroid hormone, 1019, 10214, 1912-1920 
aluminum binding to calcium and, 1374- 
1375 
biochemistry and physiology of, 1913-1915, 
1913-1915f 
bone metabolism and, 1931 
1,25-dihydroxyvitamin D and, 1921 
end-stage renal disease and, 1698f, 1698-1699 
hypoparathyroidism and, 1894 
interpretation of measurement results, 1918f 
1918-1920, 1919f 
measurement of, 1915-1918, 1916f 
osteoporosis and, 1932 
as potential uremic toxin, 1692t 
primary hyperparathyroidism and, 1895-1896 
reference intervals for, 1918, 2289t 
special collection and storage conditions for, 
55t 
as tumor marker, 765t 
values during pregnancy, 2157, 2158t 
Parathyroid hormone-related protein, 1025t, 
1928-1930, 1929f, 1930f, 2289t 
Paratrend 7 monitor, 1014 
Paratrend probe, 114, 115f 
Parentage testing, 1547, 1551-1553 
Parnate. See Tranylcypromine. 
Paroxetine, 1269, 12702, 1271, 2312t 
Pars convoluta, 1673, 1675f 
Pars recta, 1673, 1675f 
Partial pressure of carbon dioxide, 999-1014 
behavior of gases and, 999-1001, 1000t 
calibration of, 1010-1011 
continuous and noninvasive monitoring of, 
1014 
Henderson-Hasselbalch equation and, 1001- 
1002 
instrumentation for, 1008f 1008-1009, 1010f 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
quality assurance in determination of, 1011- 
1013 
reference intervals for, 1013 
specimen acquisition for, 1006-1008, 1007t 
temperature correction and, 10134, 1013- 
1014 
tonometry for, 1006 
Partial pressure of oxygen, 999-1014 
behavior of gases and, 999-1001, 1000t 
calibration of, 1010-1011 
continuous and noninvasive monitoring of, 
1014 
Henderson-Hasselbalch equation and, 1001- 
1002 
instrumentation for, 1008f, 1008-1009, 1010f 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
quality assurance in determination of, 1011- 
1013 
reference intervals for, 1013, 2289t 
specimen acquisition for, 1006-1008, 1007t 
temperature correction and, 1013t, 1013- 
1014 
tonometry for, 1006 
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Partial pressures, 1000 
Partial thromboplastin time 
analytical goals for, 366t 
critical values of, 2318t 
Partial verification, 329 
Particle, label used for nonisotopic 
immunoassay, 231t 
Particle-enhanced immunoassay for serum 
thyroxine, 2070 
Particulate column packings, 156 
Particulate matter in reagent grade water, 11t 
Partition chromatography, 143f 143-144, 155 
Partition coefficient, 2035 
Partitioning 
of reference group, 430, 431b 
of reference values, 436 
Partitioning criteria, 427 
Pascal, 6t, 8-9, 1000 
Passing-Bablock regression analysis, 388-389 
Passive gel diffusion, 224-225, 225f 
Passive hemagglutination, 240 
Passive transport of ions, 1750 
Paternity index, 1552 
Paternity testing, 1551-1553 
Pathology informatics resources, 482-483 
Patient identification, 492 
Patient medical record information, 479 
Patient outcomes, 330 
Patient preparation for test, 493 
Paucialbuminuria, 547 
Paxil. See Paroxetine. 
PBG. See Porphobilinogen deaminase. 
PCO). See Carbon dioxide partial pressure. 
PCP. See Phencyclidine. 
PCR. See Polymerase chain reaction. 
Peak blood concentration of drug, 1239 
Pearson product moment correlation 
coefficient, 383-385, 384f 
Pellagra, 1116 
Pemptoporphyrin, 1210t 
Penetrance, 1514 
p-Penicillamine, 1708t 
Penicillin, 458, 1266, 1267t 
Penicillin G, 1267t, 1708t 
Penicillin V, 1267t 
Penile cancer, 1565 
Penis, 2097 
Pentacarboxylate-III, 1210t 
Pentagastrin, 1973f 
Pentapeptide, 541 
Pentazocine, 2312t 
Pentobarbital 
characteristics of, 1326t 
therapeutic and toxic levels of, 2312t 
urinary excretion of, 1327t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Pentose(s), 837, 889-890 
Pentose phosphate pathway, 841, 1092, 1093t 
Pentosuria, 889 
Pentothal. See Thiopental. 
Pepsin, 1855 
Pepsinogen, 55t 
Peptic ulcer disease, 1856-1858, 1857b, 1857f 
Peptide(s), 541-590 
amniotic fluid proteins and, 580 
amyloid and, 580-582, 581 
analysis of, 582-590 
cerebrospinal fluid proteins and, 
589-590 
determination of serum total protein and, 
586-589 
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Peptide(s) (Continued) 
electrophoretic techniques in, 584-586, 
585f, 587f 
immunochemical methods in, 582-584 
mass spectrometry in, 590 
urinary proteins and, 589 
basic biochemistry of, 541-543 
cerebrospinal fluid proteins and, 577-580, 
578t 
chromaffin cell production of, 1044 
complement proteins and, 564-569, 565f 
566t, 567t 
fecal proteins and, 580 
gastrointestinal, 1872-1876, 1874t, 1875t 
heat shock proteins and, 582 
hypothalamic, 1968-1969 
immunoglobulins and, 569-575 
basic biochemistry of, 569-570, 570t 
deficiency of, 571-572, 572b, 572f 
methodologies for, 573-574 
monoclonal, 572-573, 574t 
polyclonal hyperimmunoglobulinemia 
and, 572 
reference intervals for, 574-575 
metabolic function of nephron and, 1676t 
natriuretic, 1630-1631 
peritoneal proteins and, 580 
plasma proteins and, 543-564 
albumin in, 546-549 
alpha,-acid glycoprotein, 549-550 
alpha,-antitrypsin in, 550-553, 552f 
alpha,-fetoprotein in, 554-555 
alpha,-macroglobulin, 553-554 
ceruloplasmin in, 556-559, 557f, 558t 
haptoglobin in, 559-562, 560f, 560t, 561f 
properties of, 544-545t 
reference intervals for, 545t 
transferrin in, 562-563 
transthyretin and retinol-binding protein 
in, 563-564 
pleural proteins and, 580 
saliva proteins and, 580 
urinary proteins and, 575-577 
Peptide bond, 537 
Peptide mass fingerprinting, 183, 183f 
Peptone, 541 
Percentile, 434 
parametric estimates of, 441-442 
Perchloric acid, 34 
Percodan. See Oxycodone. 
Performance measures, 366-367 
Performance parameters 
in fluorometry, 80 
of spectrophotometer, 70-72, 71f, 72t7 
Pericardial fluid specimen, 53 
Pericardiocentesis, 53 
Pericardium, 1619 
Perimenopause, 2120 
Periodic table, 1372-1373, 1373f 
Peripheral dopaminergic system, 1044-1045 
Peristaltic pump, 279 
Peritoneal cavity proteins, 580 
Peritoneal dialysis, 1721-1723, 1722f 
Peritonitis 
amylase and, 617 
spontaneous bacterial, 1795 
Pernicious anemia, 1102-1103 
Peroxidases, 1187 
Peroxisomal disorders, 1786b 
Peroxisome, 1780 
Perphenazine, 13114, 2064t 
Personal protective equipment, 28 
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Personnel 
in molecular diagnostics laboratory, 1453 
monitoring of, 494 
Peruvian coca tea, 1336 
Peta, metric prefix of SI unit, 7t 
Petroleum ether, 51t 
PFK. See Phosphofructokinase. 
PGK. See Phosphoglycerate kinase. 
pH, 8, 999-1014, 1758, 1758f 
behavior of gases and, 999-1001, 1000¢ 
blood 
exercise-related changes in, 451 
reference intervals for, 2289t 
buffer systems and, 1759-1762, 1763f, 1769f 
calibration of, 1010-1011 
continuous and noninvasive monitoring of, 
1014 
critical values of, 2317t 
effect on enzyme-catalyzed reactions, 203, 
203f 
effect on free calcium, 1900-1901, 1901f 
fluorescein and, 112 
Henderson-Hasselbalch equation and, 1001- 
1002 
hypophosphatemia and, 1906 
instrumentation for, 1008f 1008-1009, 1010f 
metabolic acidosis and, 1771 
oxygen in blood and, 1002-1006 
hemoglobin-oxygen dissociation and, 
1004-1006, 1005f 
hemoglobin oxygen saturation and, 1003- 
1004 
potentiometry for measurement of, 93-105 
basic concepts in, 93-94, 94f 
ion-selective electrodes in, 95-100, 96t, 98- 
100f 
redox electrodes in, 94-95 
units of measurement and, 100-101, 101t 
quality assurance in determination of, 1011- 
1013 
of reagent grade water, 11t 
reference intervals for, 1013, 2289t 
renal mechanisms of, 1763-1767, 1765f, 1766f 
specimen acquisition for, 1006-1008, 1007t 
stick tests for, 301t 
temperature correction and, 1013t, 1013- 
1014 
tonometry for, 1006 
urine, 455, 811 
Phage display technology, 221 
Phagocytosis, tumor necrosis factor-a and, 706 
Pharmacodynamics, 1238 
Pharmacogenetics, 1589-1616 
approaches to, 1590-1592, 1591t 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
16014, 1602t, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 1596- 
1597t, 1598f, 1599f 
N-acetyl transferases and, 1603-1609, 1605- 
1607¢, 1608f 
targets and future directions in, 1609-1611, 
1610t 
testing considerations in, 1589-1590, 1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594f 
Pharmacokinetics, 1237 
of antibiotics, 1267-1269t 
of antiepileptic drugs, 1250t 
of antipsychotic drugs, 1270t 
of bronchodilators, 1261t 
of cardioactive drugs, 1256t 
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Phosphatase, 2290t 

Phosphate, 1905-1909 
analytical goals for, 364t 
biochemistry and physiology of, 1905 
biological variability in, 467t 
circadian variation in, 453f, 453t 
diet and, 453 


Pharmacokinetics (Continued) Pharmacotherapeutics, 1238 
compartment models of, 1240-1242f, 1240- Phast System of electrophoresis, 124 
1243 Phenacetin, 2312t 
of immunosuppressant drugs, 1280t Phencyclidine 
model-independent relationships in, 1243 pharmacology and analysis of, 1347f, 1347- 
pharmacodynamics versus, 1238f 1349 
Pharmacology, 1237-1285 SAMSHA guidelines for drug assay cutoff 


analytical techniques for drug measurement 
in, 1248-1249 
antibiotics in, 1262-1266, 1267-1269t 
aminoglycosides in, 1262-1265, 12631, 
1264t 
chloramphenicol in, 1265 
fluoroquinolones in, 1265, 1266f 
sulfonamides in, 1265-1266 
vancomycin in, 1266 
antidepressants in, 1269-1271, 1270t 
antiepileptic drugs in, 1249-1256, 1250t 
benzodiazepines in, 1255 
carbamazepine in, 1249-1250 
ethosuximide in, 1250 
felbamate in, 1254 
gabapentin in, 1254 
lamotrigine in, 1254 
levetiracetam in, 1250-1251 
mephobarbital in, 1255 
oxcarbazepine in, 1251 
phenobarbital in, 1251-1252 
phenytoin in, 1252 
primidone in, 1252-1253 
succinimides in, 1255-1256 
tiagabine in, 1254-1255 
topiramate in, 1253 
valproic acid in, 1253-1254 
zonisamide in, 1255 
antimetabolites in, 1272-1274, 1273t 
antiretrovirals in, 1269, 1269t 
basic concepts of, 1238-1247 
biotransformation in, 1246-1247 
drug absorption in, 1243-1244 
drug distribution in, 1244-1245 
drug excretion in, 1247 
drug metabolism in, 1245-1246, 1246f 
hepatic clearance in, 1246 
mechanism of action in, 1238-1240, 
1239f 
pharmacokinetics in, 1240-1242, 1240- 
1243 
bronchodilators in, 1261t, 1261-1262 
cardioactive drugs in, 1256t, 1256-1261 
amiodarone in, 1256 
digoxin in, 1256-1257, 1257f 
disopyramide in, 1258 
flecainide in, 1258 
lidocaine in, 1258-1259 
mexiletine in, 1259 
procainamide in, 1259 
propafenone in, 1259-1260 
propranolol in, 1260 
quinidine in, 1260 
tocainide in, 1260-1261 
verapamil in, 1261 
clinical utility of, 1247-1248 
definitions in, 1238, 1238f 
immunosuppressants in, 1274-1280, 1280t 
cyclosporine in, 1274-1276, 1275f 
everolimus in, 1276-1277 
mycophenolate mofetil in, 1277f, 1277- 
1278 
sirolimus in, 1278-1279 
tacrolimus in, 1279-1280 
lithium in, 1271-1272 


values, 1320t 
therapeutic and toxic levels of, 2312t 
Phenelzine, 1056t 
Phenobarbital, 1250¢, 1251-1252 
analytical goals for, 365t 
characteristics of, 1326t 
effects on thyroid function, 2064t 
induction of enzyme activity, 1247 
therapeutic and toxic levels of, 2312t 
urinary excretion of, 1327t 


Phenol-chloroform DNA isolation protocols, 


1400 

Phenols, 1692t 
Phenothiazines, 1272, 1310-1312, 1311f 
Phenotyping, 1589-1616 

approaches to, 1590-1592, 1591t 

of C4 proteins, 569 

of cholinesterase, 616 

clinical applications of, 1592 

cytochrome P450 2C19 and, 1600-1603, 

16014, 1602t, 1602-1604f 


cytochrome P450 2D6 and, 1595-1600, 1596- 


1597t, 1598f, 1599f 
of human immunodeficiency virus, 1569- 
1570 


N-acetyl transferases and, 1603-1609, 1605- 


1607¢, 1608f 


targets and future directions in, 1609-1611, 


1610t 
testing considerations in, 1589-1590, 
1590f 
thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594 
Phenoxybenzamine 
false-positive elevations of plasma 
normetanephrine and, 1048 
influence on catecholamine levels, 1056t 
Phensuximide, 1255, 2312t 
Phentermine, 1321f 
Phenylalanine 
metabolic pathway of, 2216f 
phenylketonuria and, 2211-2217 
reference intervals for, 2290t 
structure and molecular weight of, 534t 
Phenylalanine hydroxylase, 1034 
deficiency of, 2212-2213t 
Phenylbutazone, 2312t 
Phenylephrine, 1321f 
Phenylethanolamine N-methyltransferase, 
1034f, 1035, 1043-1044 
Phenylketonuria, 2211-2217, 2216f, 2218f 
Phenylpropanolamine, 1321f, 1323 
3-Phenylpropionylglycine, 2290t 
Phenytoin, 12504 1252 
analytical goals for, 365t 
effects on laboratory tests, 459 
effects on thyroid function, 2064t 
male reproductive function and, 2122t 
therapeutic and toxic levels of, 2313t 
Pheochromocytoma, 1045-1048, 1049b 
excess catecholamines in, 849 
tumor markers in, 753t 
chromogranins in, 777 
neuron-specific enolase in, 756 
Philadelphia chromosome, 1469 


1,25-dihydroxyvitamin D and, 1921 
disorders of, 1710 
hyperphosphatemia in, 1907, 1907b 
hypophosphatemia in, 1905-1906, 1906b 
distribution in body, 1893t 
effects of exercise on, 452t 
effects of fever on, 466t 
fasting and starvation and, 456 
influence of food on, 455t 
influence of gender on, 462t 
influence of menstrual cycle on, 464 
intestinal absorption of, 1931 
measurement of, 1907-1908 
metabolic function of nephron and, 1676t 
osteomalacia and rickets and, 1933 
parathyroid hormone and, 1913-1914 
reference intervals for, 1908f 1908-1909, 
2290t 
renal regulation of, 1681, 1930-1931 
sodium-hydrogen exchanger and, 1766 
values during pregnancy, 2158t 
Phosphate buffer system, 1760 
Phosphatidylcholine, 914, 914f 
biosynthesis of, 2159, 2159f 
fetal lung maturity and, 2191-2192 
Phosphatidylethanolamine, 658, 914, 914f 
Phosphatidylglycerol, 2192 
Phosphodiester linkage, 1394, 1394f 
Phosphofructokinase, 628 
Phosphoglucose isomerase, 628 
Phosphoglycerate kinase, 629 
Phosphoglycerides, 914, 914f 
Phospholipase A2, 1634 
Phospholipids 
in lipoproteins, 916t 
quantitative measurement of, 945 
smoking and, 457t 
Phosphomolybdate complex, 1907-1908 
Phosphopyruvate hydratase, 756 
Phosphor, label used for nonisotopic 
immunoassay, 231t 
Phosphor immunoassay, 235b 
Phosp horescence, 84, 107 
Phosphorus 
critical values of, 2317t 


disturbances in end-stage renal disease, 1698f, 


1698-1699 

food ingestion and, 454 

growth hormone and, 1970-1971 

influence of age on, 460t 

in serum, 47t 

units of measurement for, 7t 
Phosphorylase kinase deficiency, 891 
Phosphoserine, 536t 
Phosphotungstic acid methods, 807 
Photo counting, 80 
Photo degradation of specimen, 271 
Photodecomposition, fluorometry and, 

84 

Photodetector 

in fluorometry, 78-80 

in spectrophotometry, 69f, 69-70 
Photodiode, 60-70, 277 
Photoionization detector, 153t, 154 
Photolithography, 247-249, 248f 
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Photometer 
accuracy in spectrophotometry, 72, 72t 
in capillary electrophoresis, 132 
in liquid chromatography, 158-159, 159f 
Photometric detector, 277 
Photometric method of Trinder, 1308 
Photometry, 62 
for aldolase activity, 603 
for fructosamine, 885 
in glucose analysis, 868t 
for magnesium, 1911, 1911f 
reflectance, 72-73 
in specimen identification, 276-277, 277f 
Photomultiplier tube 
in fluorometry, 79-80 
in spectrophotometry, 69, 69f 
Photon, 61 
Photosensitivity 
in erythropoietic protoporphyria, 1219, 1222 
in pseudoporphyria, 1221 
Phycobiliprotein, 237t 
Phylloquinone, 1087, 1087f 
Physical training as controllable preanalytical 
variable, 451-452 
Physiologic variables affecting analytical results, 
449-459 
in calcium measurement, 1903 
circadian variation in, 452-453, 453t 
diet in, 453-454 
exercise in, 451, 452t 
fasting and starvation in, 456-457 
food ingestion in, 454-455, 455t 
malnutrition in, 455-456 
physical training in, 451-452 
posture in, 449-450, 450t 
prolonged bed rest in, 450 
travel in, 453 
vegetarianism in, 455, 456t 
Physiological jaundice of newborn, 460, 1200 
Physostigmine 
for phenothiazine reversal, 1312 
for tricyclic antidepressant reversal, 1310 
Pico, metric prefix of SI unit, 7t 
PIF. See Prolactin-inhibiting factor. 
Pigmented gallstones, 1823 
Pilocarpine nitrate, 996-997 
Pimelic acid, 2291t 
Pineal gland hormones, 1021t 
Ping-pong bi-bi reaction, 201-202 
Piperacetazine, 1311 
Piperazine phenothiazines, 1311t 
Pipercillin, 1267t 
Piperidine phenothiazines, 1311t 
Pipette, 12-18 
calibration of, 18-19 
measuring, 15, 15f 
micropipette, 16, 16t 
semiautomatic and automated, 16f, 16-18, 
17f 
transfer, 14-15, 15f, 15t 
Pirbuterol, 1261 
Pituitary gigantism, 1971-1972, 1972b, 1972f 
Pituitary gland, 1967-2002 
anatomy of, 1967-1968, 1968f 
anterior, 1968-1990 
adrenocorticotropic hormone and, 1981- 
1984, 1982f 
assessment of lobe reserve of, 1988b, 1988- 
1990, 1989b, 1990f 
follicle-stimulating hormone and 
luteinizing hormone and, 1984-1988, 
1985f, 1987t 
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Pituitary gland (Continued) 
growth hormone and, 1934b, 1969-1976, 
1970f, 1972b, 1972f, 1973t 
prolactin and, 1976-1981, 1978f, 1979b 
regulation of, 1968f 1968t, 1968-1969, 
1969f 
thyroid-stimulating hormone and, 1988, 
2056 
interleukin-6 and, 673t 
male infertility and, 2121 
posterior, 1991-1996 
arginine vasopressin and, 1991f, 1991- 
1996, 1993-1995b, 1994f 
oxytocin and, 1996 
tumor of 
growth hormone-secreting, 1971-1972 
preoperative endocrine testing in, 1990, 
1990f 
prolactin-secreting, 1979 
Pituitary hypoadrenalism, 2134 
pK, 1758 
PKC. See Protein kinase C. 
Place of residence as noncontrollable 
preanalytical variable, 463 
Placenta, 2154b, 2154f, 2154-2155 
chorionic gonadotropin and, 2180 
hormones of, 1022t 
Placental alkaline phosphatase, 755, 755t 
Placental growth factor, 1634 
Placental growth hormone, 1022t 
Placental hormones, 2154f, 2154-2155 
Placental lactogen, 10224, 2155 
special collection and storage conditions for, 
55t 
as tumor marker, 765t 
Placidyl. See Ethchlorvynol. 
Planar chromatography, 148-149, 149f 
analyte identification in, 161 
basic concepts in, 141-142, 142f 
in drug screening, 1293-1294, 1295f 
Plane angle, SI unit of, 6t 
Plasma, 1747, 1749 
clearance of liver enzymes from, 1797 
composition of, 47t 
circadian variation in, 452 
diet and, 453 
food ingestion and, 454-455, 455t 
influence of collection site on, 49, 49t 
stress-related influences on, 465 
for electrolyte determination, 983-984 
factors affecting enzyme levels in, 214, 216 
major osmotic substances in, 992 
pH of, 1758 
separation from blood specimen, 56 
Plasma acetylcarnitine, 2253t 
Plasma acrylylcarnitine, 2253t 
Plasma acylcarnitine, 2239t 
Plasma acylcarnitine butyl-ester derivatives, 
2233 
Plasma adrenocorticotropic hormone, 1983, 
2254t 
for adrenocortical insufficiency, 2022, 2022f 
2023f 
for Cushing’s syndrome, 2026, 2027f 
special collection and storage conditions for, 
54t 
Plasma alanine, 2254t 
Plasma alanine aminotransferase, 1821, 1826, 
1826f 
Plasma albumin, 548 
levels during pregnancy, 2157 
in liver disease, 1826 
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Plasma aldosterone, 2040 
in hyperaldosteronism, 2030f 
special collection and storage conditions for, 
54t 
travel-related changes in, 453 
Plasma alkaline phosphatase, 1826, 1826f 
Plasma alpha-amylase, 616 
Plasma aluminum, 2255t 
Plasma amino acids, 539 
neonatal, 460 
special collection and storage conditions for, 
54t 
Plasma aminotransferases, 1826, 1826f 
Plasma ammonia, 2255t 
Plasma antidiuretic hormone, 2255t 
Plasma antimony, 2256t 
Plasma arginine, 2256t 
Plasma ascorbic acid, 464 
Plasma asparagine, 2257t 
Plasma aspartate aminotransferase, 1821, 1826, 
1826f 
Plasma aspartic acid, 2257t 
Plasma base excess, 1760-1761 
Plasma beta-alanine, 2254t 
Plasma bicarbonate 
alcohol ingestion and, 458 
values during pregnancy, 2158t 
Plasma bilirubin, 1827, 1827f 
Plasma calcitonin, 2258t 
Plasma calcium, 456t, 1903 
Plasma carbon dioxide, 2259t 
Plasma carcinoembryonic antigen, 55t 
Plasma catecholamines, 1057, 1057t 
Plasma cell 
immunoglobulins and, 569 
multiple myeloma and, 573 
Plasma ceruloplasmin, 2260t 
Plasma chloride, 47t, 2260t 
blindness and, 465 
food ingestion and, 454 
Plasma cholesterol 
fasting and starvation and, 456 
influence of menstrual cycle on, 464 
smoking and, 457 
vegetarianism and, 456t 
Plasma copper, 1130 
Plasma cortisol 
effect of prolonged bed rest on, 450 
effects of smoking on, 457 
fasting and starvation and, 456 
fever and, 465 
malnutrition and, 456 
special collection and storage conditions for, 
55t 
Plasma creatine, 55t 
Plasma creatinine, 798-801, 799f, 823 
Plasma decadienoylcarnitine, 2265t 
Plasma decanoylcarnitine, 2265t 
Plasma decenoylcarnitine, 2265t 
Plasma 11-deoxycortisol, 55t, 2041 
Plasma deoxyribonucleic acid, 1399 
Plasma digitoxin, 55t 
Plasma 3,4-dihydroxyphenylacetic acid, 1059, 
1059t 
Plasma 3,4-dihydroxyphenylglycol, 1059, 1059t 
Plasma dodecanoylcarnitine, 2266t 
Plasma dodecenoylcarnitine, 2267t 
Plasma dopamine, 2259t 
Plasma enzymes 
in hepatic disease, 1826, 1826f 
nutritional assessment and, 1077 
Plasma epinephrine, 2259t 
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Plasma estradiol, 55t 
Plasma ethanol, 1303 
Plasma fatty acids, 55t 
Plasma ferritin, 1191 
in chronic kidney disease, 1696 
in hereditary hematochromatosis, 1814 
Plasma fibrinogen 
during pregnancy, 2157 
special collection and storage conditions for, 
55t 
Plasma folate 
malnutrition and, 456 
special collection and storage conditions for, 
55t 
Plasma free calcium, 2258t 
Plasma free metanephrines, 1047-1048 
Plasma gastrin, 1877 
Plasma glucagon, 2270t 
Plasma glucose 
blindness and, 465 
circadian variation in, 452 
fasting, 859 
racial differences in, 463 
reference intervals for, 871 
seasonal influences on, 464 
shock-related changes in, 466 
smoking and, 457 
Plasma glutamic acid, 2271t 
Plasma glutamine, 2271t 
Plasma glutarylcarnitine, 2271t 
Plasma glycine, 2272t 
Plasma growth hormone 
fasting and starvation and, 456 
smoking and, 457 
Plasma heptanoylcarnitine, 2272-2273t 
Plasma hexadecanoylcarnithine, 2273t 
Plasma hexadecenoylcarnitine, 2273t 
Plasma hexanoylcarnitine, 2273t 
Plasma high-density lipoproteins, 55t 
Plasma histidine, 2274t 
Plasma homocysteine, 2274-2275t 
Plasma 3-hydroxybutyrylcarnitine, 2275t 
Plasma 11-hydroxycorticosteroids, 457 
Plasma 3-hydroxydecenoylcarnitine, 2275t 
Plasma 3-hydroxydodecanoylcarnitine, 2275- 
2276t 
Plasma 3-hydroxydodecenoylcarnitine, 2276t 
Plasma 3-hydroxyhexadecenoylcarnitine, 2276t 
Plasma 3-hydroxyhexanoylcarnitine, 2276t 
Plasma 5-hydroxyindoleacetic acid, 1063-1065, 
1065t, 2277t 
Plasma 3-hydroxyisovalerylcarnitine, 2277t 
Plasma 3-hydroxyoctadecadienoylcarnitine, 
2277t 
Plasma 3-hydroxyoctadecanoylcarnitine, 2277t 
Plasma 3-hydroxyoctadecenoylcarnitine, 2277t 
Plasma hydroxyproline, 2278t 
Plasma 3-hydroxytetradecanoylcarnitine, 2278t 
Plasma 3-hydroxytetradecenoylcarnitine, 2279t 
Plasma insulin 
circadian variation in, 452 
obesity and, 465 
smoking and, 457 
Plasma iron, 464 
Plasma isobutyrylcarnitine, 2280t 
Plasma isoleucine, 2281t 
Plasma isovaleryl/CH3 butyrylcarnitine, 2281t 
Plasma lactate 
effects of exercise on, 451 
smoking and, 457 
Plasma lecithin-cholesterol acyltransferase 
activity, 906 
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Plasma leucine, 2282t 
Plasma levodopa, 1059, 1059t 
Plasma lipids, 922-923, 922-924t 
Plasma lipoproteins 
agarose gel electrophoresis of, 950f 
analytical challenges of, 939 
chemical composition of, 916t 
malnutrition and, 455 
reference concentrations of, 922-923, 922- 
924t 
Plasma liver enzymes, 1826, 1826f 
Plasma lysine, 2283t 
Plasma magnesium, 1912 
Plasma malonylcarnitine, 2284t 
Plasma membrane monoamine transporters, 
1036-1037, 1037f 
Plasma metanephrines, 1057-1058, 1058t, 2284¢, 
2285t 
Plasma methionine, 2286t 
Plasma methylmalonylcarnitine, 2286t 
Plasma nickel, 2287t 
Plasma norepinephrine, 1051, 2259t 
Plasma normetanephrine, 2284t 
Plasma octadecadienoylcarnitine, 2287t 
Plasma octadecanoylcarnitine, 2287t 
Plasma octadecenoylcarnitine, 2287t 
Plasma octanoylcarnitine, 2288t 
Plasma octenoylcarnitine, 2288t 
Plasma osmolality, 992-994, 993f 
Plasma oxytocin, 2289t 
Plasma parathyroid hormone, 1917-1918, 
2157 
Plasma phenylalanine, 2290t 
Plasma phosphate, 1908, 2290t 
Plasma porphyrins, 1226, 1228f 
Plasma potassium 
ambient temperature and, 463 
diuretic drugs and, 458 
fasting and starvation and, 456 
neonatal, 460 
reference intervals for, 2291t 
Plasma proline, 2292t 
Plasma propionylcarnitine, 2292t 
Plasma protein(s), 543-564 
albumin in, 546-549 
alpha,-acid glycoprotein in, 549-550 
alpha,-antitrypsin in, 550-553, 552f 
alpha,-fetoprotein in, 554-555 
alpha,-macroglobulin in, 553-554 
ambient temperature and, 463 
beta,-microglobulin in, 555 
blood-cerebrospinal fluid barrier and, 577- 
578 
ceruloplasmin in, 556-559, 557f, 558t 
childhood levels of, 461 
effects of exercise on, 451 
effects of steroid hormones on, 545t 
estrogens and, 2105 
haptoglobin in, 559-562, 560f 5604, 561f 
hepatic synthesis of, 1787-1789, 1788t 
light scattering and, 87 
posture-related changes in, 449, 450 
prolonged bed rest and, 450 
properties of, 544-545t 
reference intervals for, 545t 
smoking and, 457 
transferrin in, 562-563 
transfusion-related changes in, 466-467 
transthyretin and retinol-binding protein in, 
563-564 
Plasma protein buffer system, 1760-1761 
Plasma pyridoxal phosphate, 55t 


Plasma renin, 2020, 2020f 
effects of exercise on, 451 
in hyperaldosteronism, 2030f, 2032, 2032f, 
2033b, 2033f 
measurement of, 2043 
in renovascular hypertension, 2033, 2033), 
2033f 
shock-related changes in, 466 
special collection and storage conditions for, 
55t 
travel-related changes in, 453 
Plasma riboflavin, 1097 
Plasma ribonucleic acid, 1399-1400 
Plasma selenoprotein P, 1137 
Plasma sodium 
blindness and, 465 
influence of altitude on, 463 
influence of menstrual cycle on, 464 
neonatal, 460 
Plasma testosterone 
alcohol ingestion and, 458 
circadian variation in, 452 
Plasma tetradecadienoylcarnitine, 2296t 
Plasma tetradecanoylcarnitine, 2296t 
Plasma tetradecenoylcarnitine, 2296t 
Plasma thiamine, 1093 
Plasma threonine, 2297t 
Plasma tiglylcarnitine, 2298t 
Plasma total calcium, 2258t 
Plasma total carbon dioxide, 991 
Plasma total homocysteine, 1104 
Plasma trace elements, 1078 
Plasma triglycerides 
fasting and starvation and, 456 
smoking and, 457t 
vegetarianism and, 456t 
Plasma tryptophan, 2300t 
Plasma tube additives, 44t 
Plasma tyrosine, 2300t 
Plasma urate 
neonatal, 460 
smoking and, 457 
Plasma urea 
diet and, 453 
in elderly, 461 
Plasma urea nitrogen, 460, 802 
Plasma uric acid, 456t 
Plasma valine, 2301t 
Plasma vanillylmandelic acid, 1061, 1062t 
Plasma vitamin(s), 1078 
Plasma vitamin B,, 2302t 
Plasma vitamin D, 1921t 
Plasma vitamin E, 1087 
Plasma vitamin K, 1090 
Plasma zinc, 1141 
Plasmacytoma, 573 
Plate height, 148 
Platelet(s) 
chemokines and, 716 
critical values of, 2318t 
effects of aspirin on, 1306 
interleukin-6 and, 675 
Platelet count 
analytical goals for, 366t 
during pregnancy, 2158t 
Platelet-derived growth factor subfamily of 
cytokines, 649 
Platelet endothelial cell adhesion molecule-1, 
1635 
Platelet factor 4, 1634-1635 
Platelet-poor serum serotonin, 2294t 
Platelet-rich serum serotonin, 2294t 
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Platinum, 1383 
Platinum electrode in potentiometry, 94-95 
Pleural cavity proteins, 580 
Pleural fluid specimen, 53 
PMA. See Paramethoxyamphetamine. 
PMMA. See Paramethoxymethamphetamine. 
Pneumatic tube system, 270-271 
Pneumonitis, beryllium-related, 1377 
PO). See Oxygen partial pressure. 
POCT. See Point-of-care testing. 
Podocyte, 1672, 1674f 
Point estimate, 433 
Point-of-care testing, 299-320 
accreditation and regulation of, 315 
analytical and technological considerations 
in, 299-310 
device design in, 301¢, 301-303, 302f 
device requirements in, 299, 300b 
in vitro devices and, 303-308, 304-307f 
in vivo, ex vivo, or minimally invasive 
devices and, 308, 308t 
informatics and, 308, 308-310, 309f 
documentation in, 314-315 
equipment procurement and evaluation in, 
311-312 
establishment of need for, 310b, 310-311 
future of, 315f 315-316 
maintenance and inventory control in, 313- 
314 
organization and implementation of 
coordination committee for, 311 
policy and accountability in, 311, 311b 
quality control, quality assurance, and audit 
in, 312-313, 314f 
training and certification in, 312, 312b 
Point-of-care testing analyzer, 294 
Point-of-care testing coordinating committee, 
311 
Poisoning, 1287-1369 
acetaminophen and, 1304-1306, 1305f, 1306f 
analytical considerations in, 1289 
antidotes for, 1288t 
antihistamines and, 1312f 1312-1313, 1313f 
blood alcohol and, 1302-1303 
breath alcohol and, 1303-1304 
carbon monoxide and, 1296t, 1296-1298 
clinical considerations in, 1288-1289 
drugs of abuse and, 1317-1350 
amphetamine and methamphetamine in, 
1320-1322, 1321f, 1322f, 1324-1325 
barbiturates in, 1325-1328, 1326t, 1327f, 
1327t 
benzodiazepines in, 1328¢, 1328-1333, 
1329-1332f 
cannabinoids in, 1333f 1333-1335, 1334f 
cocaine in, 1335-1336, 1336f 
designer amphetamines in, 1322-1323 
dextromethorphan in, 1344, 1345f 
drug detection cutoff concentration and, 
319t 
ephedrine and pseudoephedrine in, 1323 
gamma-hydroxybutyrate in, 1336-1338, 
337f 
guidelines for drug assay cutoff values and, 
320t 
hair analysis for, 1349-1350 
lysergic acid diethylamide in, 1338f 1338- 
339, 1339f 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 


Index 


Poisoning (Continued) 
phencyclidine and ketamine in, 1347f 
1347-1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f, 1346-1347 
saliva analysis for, 1350 
specimen validity check reagents and, 
1318t 
sweat analysis for, 1350 
ethanol and, 1300-1301, 1301t 
ethylene glycol and, 1313f 1313-1314 
general supportive measures in, 1288b 
iron and, 1314-1315 
isopropanol and, 1302, 1302f 
methanol and, 1301-1302 
methemoglobin-forming agents and, 1298- 
1300, 1299f, 1299t 
on-site drug testing and, 1350-1351 
organophosphate and carbamate insecticides 
and, 1315f, 1315-1317, 1316f 
postmortem alcohol and, 1304 
salicylate and, 1306-1308, 1307f, 1308f 
saliva alcohol and, 1304 
screening procedures for drugs in, 1292-1296, 
1293t, 1295f 
toxic metals and, 1371-1390 
aluminum in, 1374-1375, 1375f 
analytical methods for, 1373-1374 
antimony in, 1375-1376 
arsenic in, 1376f, 1376-1377 
beryllium in, 1377 
cadmium in, 1377-1378 
chromium in, 1378 
classification of, 1372-1373, 1373f 
cobalt in, 1378 
copper in, 1378-1379 
diagnosis of toxicity, 1372, 1372t 
iron in, 1379 
lead in, 1379f 1379-1381, 1380f 
manganese in, 1381 
mercury in, 1381-1382, 1383f 
nickel in, 1383 
occupational monitoring of, 1372 
platinum in, 1383 
prevalence of, 1371-1372 
selenium in, 1383-1384 
silicon in, 1384 
silver in, 1384 
thallium in, 1384 
toxic syndromes and, 1289-1292, 1290t 
tricyclic antidepressants and, 1308-1312, 
1309-1311f 
urine alcohol and, 1304 
Polarization 
effect on light scattering, 86f, 86-87 
fluorescence, 76-77, 77f 
Polarization fluorometry, 278 
Poliomyelitis, cerebrospinal fluid protein in, 
578t 
Poly dimethylsiloxane, 249 
Polyacrylamide gel electrophoresis, 124, 127, 
128, 129f 
for alkaline phosphatase, 610-611, 611f 
for nucleic acids, 1422 
for polymerase chain reaction products, 1463 
Polyamine, 778t 
Polyclonal antibody, 220 
for measurement of apolipoproteins, 959 
for measurement of lipoprotein(a), 960 
Polyclonal antiserum, 221 
Polyclonal hyperimmunoglobulinemia, 572 
Polycyclic ethers, 987 
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Polycyclic hydrocarbons, 1247 
Polycystic kidney disease, 1706-1707 
Polycystic ovary syndrome, 2115-2116, 2116t, 
2119, 2124 
Polydipsia, 1992 
Polyhydramnios, 2156 
Polymer effect, 224, 224b 
Polymer membrane electrode in potentiometry, 
96-99, 97f, 98f 
Polymerase chain reaction, 1412-1416 
for analysis of antigen-receptor gene 
rearrangements, 1462-1463, 1463f 
for apolipoprotein E, 961-962, 962f 
asymmetric and allele-specific, 1416 
for chromosomal translocations, 1464-1465, 
1466f, 1467f 
contamination control for, 1415-1416 
detection limits of, 1415 
for detection of viral genomes, 1475 
in DNA sequencing, 1426 
in engraftment analysis, 1549-1550, 1550t 
in fetal RhD genotyping, 2165 
for herpes simplex virus, 1571 
for Huntington’s disease, 1494 
for hydroxymethylbilane synthetase, 1229 
inhibition control for, 1416 
kinetics and rapid cycling in, 1413-1414, 
1414f, 1415f 
microchip-based, 252-253, 253f 
for Prader-Willi and Angelman syndromes, 
1505, 1505f 
primer design for, 1414-1415 
process of, 1412f, 1412-1413, 1413f 
real-time, 1436-1441, 1437-1441f, 1440¢ 
restriction fragment length polymorphism 
with, 1422, 1423f 
as source of laboratory error, 1452 
Polymerase chain reaction-generated probe, 
1432 
Polymerase chain reaction products, 1415, 
1422-1423 
capillary gel electrophoresis of, 1473, 1473f 
gel electrophoresis of, 1463 
Polymerases, 1411 
Polymeric packings, 156 
Polymodal distribution, 436-437 
Polymorphonuclear neutrophil, 659t 
Polymyalgia rheumatica, 567t 
Polynucleotide, label used for nonisotopic 
immunoassay, 231t 
Polyols, 1692t 
Polypeptide hormones, 1019 
Polypeptides, 541 
Polysaccharides, 839-840, 840f 
Polyunsaturated fatty acids, 907, 908f 
Polyuria, 1678 
Polyuric states, 1992-1993, 1993b, 1994b, 1994f 
Pompe disease, 891, 1820t 
Poppy seed ingestion, 1342 
Population-based reference values, 426 
Population reference intake, 1076t 
Porphobilinogen, 1224-1225, 2291t 
Porphobilinogen deaminase, 1211, 1221 
Porphobilinogen synthase, 1211 
Porphyria, 1214-1220 
acute, 1216t, 1216-1217 
congenital erythropoietic, 1218-1219 
cutanea tarda, 1217-1218 
DNA analysis for, 1229-1230 
laboratory diagnosis of, 1221-1223, 1223t 
main types of, 1215t 
Porphyrin precursors, 1224 
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Porphyrinogens, 1209-1210, 1210f 

Porphyrins, 1209-1235 

acute porphyria and, 1216t, 1216-1217 

assay of erythrocyte hydroxymethylbilane 
synthase activity for, 1228-1229 

blood analysis for, 1226, 1228f 

in chelation of metals, 1209 

congenital erythropoietic porphyria and, 
1218-1219 

DNA analysis for, 1229-1230 

enzyme methods for, 1226-1229 

erythropoietic protoporphyria and, 1219- 
1220 

excretion of heme precursors and, 1213, 
1214t 

fecal, 1225-1226, 1227f 

heme biosynthesis and, 1211¢, 1211-1214, 
1212 

laboratory diagnosis of porphyrias and, 1221- 
1223, 1223t 

lead toxicity and, 1220-1221 

metabolite methods for, 1223-1226, 1225f 
1227f 

plasma analysis for, 1226, 1228f 

porphyria cutanea tarda and, 1217-1218 

pseudoporphyria and, 1221 

reference intervals for, 2291t 

solubility of, 1210 

spectral properties of, 1209-1210 

structure and nomenclature of, 1209, 1210f 
1210t 

urine, 1221-1222, 1224, 1225f, 1225-1226, 
1227f 

urine specimen preservatives and, 51t 
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Potassium, 984-987, 1754-1757, 1755f, 1756f 
in amniotic fluid, 2156t 
analytical goals for, 364t 
biological variability in, 467t 
circadian variation in, 452, 453t 
critical values of, 2317t 
effect of fever on, 466t 
fasting and starvation and, 456, 457 
hyperaldosteronism and, 2030f 
hyperkalemia and, 1756f, 1756-1757 
hypokalemia and, 1754-1756, 1755f 
influence of altitude on, 463 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
metabolic function of nephron and, 1676t 
reference intervals for, 2291t 
renal regulation of, 985, 1680-1681 
required ion-selective electrode selectivity 

coefficient for, 96t 

in serum, 47t 
transfusion-related changes in, 467 
values during pregnancy, 2158t 

Potassium dichromate, 71, 71t 

Potassium hydroxide, 248 

Potassium oxalate, 48 

Potassium selective membrane electrode, 97, 

97f 

Potassium-sparing diuretics, 1711 

Potential difference, SI unit of, 6t 

Potentiometer, 93-94 

Potentiometry, 93-105 
basic concepts in, 93-94, 94f 
enzyme-based biosensor and, 110-111, 111f 
ion-selective electrodes in, 95-100, 96t, 98- 


Preanalytical variables (Continued) 
noncontrollable, 459-467 
age as, 459-462, 460t, 461t 
altitude as, 463 
ambient temperature as, 463 
blindness as, 465 
fever as, 465-466, 466t 
influence of menstrual cycle as, 464 
obesity as, 464-465 
place of residence as, 463 
pregnancy as, 465 
race as, 462-463 
seasonal influences as, 463-464, 464t 
sex as, 462t, 463 
shock and trauma as, 466, 467t 
stress as, 465 
transfusion and infusions as, 466-467 
in sweat testing, 998 
in trace elements measurement, 1121 
types of, 492-494 
Precipitation methods for high-density 
lipoproteins, 945b, 945-947 
Precipitin reaction, 222-223, 223f 
Precision in measurement results, 356t, 357- 
358, 358t 
Precision profile, 358, 358f 
Precocious puberty, 2110-2112 
Predictive approach to problem, 432 
Predictive value model, 749, 749f, 750f 
Prednisolone, 2009t 
Prednisone, 2009t 
Preeclampsia, 807, 2162-2163 
Preemptive therapy in cytomegalovirus, 1574 
Prefixes 


Portal hypertension, 1792f, 1792-1796, 1793f 
ascites and, 1794-1795 
bleeding esophageal varices and, 1794 
in cirrhosis, 1819 
hepatic encephalopathy and, 1795-1796 
in hepatorenal syndrome, 1796 
spontaneous bacterial peritonitis and, 
1795 
Portal triad, 1779 
Portal vein, 1778, 1778f 
Portal-venous system, 1792, 1792f 
Portosystemic encephalopathy, 1795-1796 
Positive-displacement pipette, 272 
Post-pill amenorrhea, 2117 
Postcoital test, 2125 
Postcolumn infusion system, 185-186, 186f 
Posterior pituitary gland, 1991-1996 
hormones of, 1021f, 1991-1996 
arginine vasopressin and, 1991f, 1991- 
1996, 1993-1995b, 1994f 
oxytocin and, 1996 
Postmortem alcohol, 1304 
Postmortem blood and bile dried spots, 2241t 
Postmortem screening in sudden death, 2210f 
2210-2211, 2211b 
Postnatal development 
female, 2109 
male, 2101 
Postprandial hypoglycemia, 866-867 
Postrenal proteinuria, 575, 576 
Poststreptococcal glomerulonephritis, 567, 
567t 
Postural proteinuria, 576 
Posture 
as controllable preanalytical variable, 449- 
450, 450t 
as source of error in calcium measurements, 
1902-1903 


100f 

for potassium, 986 

redox electrodes in, 94-95 

units of measurement and, 100-101, 101t 
Power 

SI unit of, 6t 

statistical term, 434 
PPA. See Phenylpropanolamine. 
PPOX. See Protoporphyrinogen oxidase. 


Prader-Willi syndrome, 1504-1506, 1505f, 1506t 


Pralidoxime, 1316, 1316f 
Prazosin, 1056t 
Prealbumin, 563-564 
effects of steroid hormones on, 545t 
properties of, 544t 
reference intervals for, 2299t 
Preanalytical variables, 449-467 
control of, 491-494, 492t 
controllable, 449-459 
alcohol ingestion as, 457-458 
circadian variation as, 452-453, 453t 
diet as, 453-454 
drug administration as, 458t, 458-459 
exercise as, 451, 452t 
fasting and starvation as, 456-457 
food ingestion as, 454-455, 455t 
herbal preparations as, 459 
malnutrition as, 455-456 
physical training as, 451-452 
posture as, 449-450, 450t 
prolonged bed rest as, 450 
recreational drug administration as, 459 
smoking as, 457 
travel as, 453 
vegetarianism as, 455, 456t 
in free calcium measurement, 1902-1903 
in markers of bone turnover, 1936 
in molecular assay, 1557 


for blood gases, 999f 
for steroids, 2005t 


Pregnancy, 2153-2206 


amniotic fluid and, 2155-2156, 2156t 
cholestasis of, 2162 
conception, embryo, and fetus in, 2153-2154 
diagnosis and dating of, 2160-2161, 2161f 
Down syndrome and, 2166, 2166f 
ectopic, 2161-2162 
estriol biosynthesis during, 2106-2107 
fatty liver of, 2162 
fetal anomalies and, 2165-2166 
folic acid demand and, 1113 
functional development of fetus and, 2159f 
2159-2160 
gestational diabetes mellitus during, 855, 
861t, 861-862 
Group B streptococcal infection during, 
1572-1573 
HELLP syndrome and, 2163 
hemolytic disease of newborn and, 2164- 
2165 
hyperemesis gravidarum and, 2162 
laboratory tests in, 2179-2193 
alpha-fetoprotein in, 767, 2182f, 2182-2183 
amniotic fluid bilirubin in, 2187f 2187- 
2188, 2188f 
chorionic gonadotropin in, 2179-2182 
dimeric inhibin A in, 2186 
fetal fibronectin in, 2186-2187 
for fetal lung maturity, 2188-2193, 2189¢ 
unconjugated estriol in, 2183-2185, 2184f 
2185f 
liver disease during, 2163 
maternal adaptation to, 2156-2157, 2158t 
neonatal Graves’ disease and, 2163 
as noncontrollable preanalytical variable, 465 
placenta and, 2154b, 2154f, 2154-2155 
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Pregnancy (Continued) 
preeclampsia and eclampsia in, 2162-2163 
preterm delivery and, 2166-2167 
riboflavin intake during, 1095 
screening for fetal defects in, 2167f, 2167- 
2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 2169t, 2169-2170, 
2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f, 2171, 2172f, 2173t 
external proficiency testing and, 2179 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 
serum iron levels and, 1189t 
threatened abortion in, 2161-2162 
trisomy 18 and, 2166 
trophoblastic disease and, 2165 
vitamin A intake during, 1083 
Pregnancy associated plasma protein A, 1634 
Pregnancy-specific protein 1, 774t 
Pregnancy test, one-step, 238-239 
Pregnane, 2004 
Pregnanediol, 2005t, 2109, 2109f 
Pregnanediol glucuronide, 2109, 2109f 
Pregnanedione, 2109, 2109f 
Pregnanetriol, 51t 
Pregnenolone, 2100f, 2109, 2109f 
Premature ovarian failure, 2117 
Prenatal testing, 1546, 2167f, 2167-2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
for Down syndrome, 2169t, 2169-2170, 2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f, 21716, 2172f, 2173t 
external proficiency testing and, 2179 
for Huntington’s disease, 1496 
for inborn errors of metabolism, 2208-2209, 
2209f 
for neural tube defects, 2168-2169 
reference data in, 2168 
for trisomy 18, 2170 
Preproelastase, 623 
Preprogastrin, 1874-1875 
Preproinsulin, 843-844 
Preproparathyroid hormone, 1913, 1913f 
Preservation of specimen, 54-55t, 54-56 
Preservatives 
for blood specimen, 47t, 47-48 
for urine specimen, 50-52, 51t 
Pressure 
expressing units of, 8-9 
SI unit of, 6t 
Preterm delivery, 2166-2167 
Preuroporphyrinogen, 1211 
Prevalence of disease, odds ratio and, 413 
Primary adrenal insufficiency, 2021-2024, 2022f 
2023f, 2023t 
Primary amenorrhea, 2114, 2115b, 2117-2118 
Primary amyloidosis, 580-582, 581t 
Primary bicarbonate deficit, 1768-1772, 1769t 
Primary bicarbonate excess, 1772b, 1772-1774 
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Primary biliary cirrhosis, 572, 1821-1822 
Primary calibrator, 397, 959-960 
Primary glomerulonephritis, 1702-1704, 1703f 
Primary gout, 806 
Primary hemochromatosis, 1192 
Primary hyperaldosteronism, 2030¢, 2030-2033, 
2031-2033f 
Primary hyperoxaluria, 1714 
Primary hyperparathyroidism 
alkaline phosphatase and, 624 
1,25-dihydroxyvitamin D and, 1923 
parathyroid hormone and, 1895-1896 
Primary hypothyroidism, 2057-2059, 2059b 
Primary measurement standard, 403b 
Primary polydipsia, 1992 
Primary prostaglandins, 912 
Primary reference materials, 12, 495 
Primary sclerosing cholangitis, 1822 
Primary specimen container, 56 
Primary structure of protein, 541 
Primer(s), 1514 
fluorescently labeled, 1436-1437 
in polymerase chain reaction, 1412, 1414- 
1415 
Primer-dimers, 1416 
Primidone, 1250¢, 1252-1253 
analytical goals for, 365t 
therapeutic and toxic levels of, 2313t 
Prism in spectrophotometry, 67 
Privacy of medical records, 1452-1453 
Private concept of health, 427 
PRL. See Prolactin. 
Pro-adrenocorticotropic hormone, 1981 
Pro-alpha-melanotropin, 1981 
Pro-enkephalin, 1981 
Pro-gamma-melanotropin, 1981 
Probability, statistical term, 434 
Probability distribution, 434 
Probe 
biotin, 1420 
in hybridization assay, 1431-1432 
labeled, 1419-1421 
paratrend, 114, 115f 
for real-time polymerase chain reaction, 
1436-1439, 1438f 1439f 
Probe amplification method, 1418 
Probe-specific detection, 1437-1439, 1439f 
ProbeTec test, 1565 
Procainamide, 1256t, 1259 
analytical goals for, 365t 
therapeutic and toxic levels of, 2313t 
Procardia. See Nifedipine. 
Procedure manual, 496, 496b 
Process controller, 291-292 
Prochlorperazine, 1311t 
Procollagen peptides, 1943 
Product calibrator, 398 
Prodynorphin, 1981-1982 
Proelastase, 623 
Proenzymes, trypsin, 622 
Proficiency testing, 515-519, 517-518t 
in engraftment analysis, 1551 
in HLA testing, 1549 
in molecular diagnostics, 1455, 1561-1562 
in screening for fetal anomalies, 2179 
Progesterone, 1022t, 2108f, 2108-2109, 2109f 
analytical goals for, 364t 
biosynthesis of, 2010f, 2100f 
blood, 2137-2138, 2138t 
chorionic gonadotropin and, 2180 
for evaluation of ovulation, 2125-2126 
menstrual cycle and, 2114 
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Progesterone (Continued) 
placental, 2155 
reference intervals for, 2291t 
saliva, 2138-2139 
structure of, 2009, 2010f 
systematic name for, 2005t 
threatened abortion and, 2162 
Progesterone challenge, 2118, 2119t 
Progesterone receptor, 777-779 
Proglucagon, 849 
Prograf. See Tacrolimus. 
Progressive muscular dystrophies, 196-197 
Proinsulin, 844, 846, 846f 
clinical utility of measurement of, 850b, 850- 
851 
hypoglycemia and, 865 
measurement of, 853 
reference intervals for, 2291t 
Prointerleukin-1, 656 
Prolactin, 1020¢, 1976-1981 
analytical goals for, 364t 
biochemistry of, 1977-1978, 1978f 
circadian variation in, 452 
clinical significance of, 1978-1980, 
1979b 
male infertility and, 2121 
measurement of, 1980-1981 
morphine and, 459 
neurotransmitter effect on, 1968t 
physiologic action of, 1978 
reference intervals for, 1981, 2291-2292t 
special collection and storage conditions for, 
55t, 1981 
as tumor marker, 765t 
values during pregnancy, 2158t 
Prolactin-inhibiting factor, 10204, 1968 
Prolactin-releasing peptide, 1020t 
Prolidase deficiency, 1131 
Proline 
reference intervals for, 2292t 
structure and molecular weight of, 534t 
Proline oxidase defect, 2214-2215t 
Prolonged bed rest as controllable preanalytical 
variable, 450 
Promazine, 1311t 
Promethazine, 1312f 
Promiscuous receptors, 718-719 
Pronestyl. See Procainamide. 
Propafenone, 1256t, 1259-1260, 2313t 
Properdin pathway, 564 
Propionate metabolism disorders, 2222, 2223f, 
2224-2225t 
Propionyl-CoA carboxylase defect, 
2224-2225t 
Propionylcarnitine, 2292t 
Proportional counter, 23 
Proportional standard deviations, 394-395 
Propoxyphene, 1346f, 1346-1347 
chemical structure of, 1340f 
therapeutic and toxic levels of, 2313t 
Propranolol, 1256, 1260 
effects on thyroid function, 2064t 
influence on catecholamine levels, 1056t 
therapeutic and toxic levels of, 2313t 
Propylhexedrine, 1321f 
Propylthiouracil, 2064t 
Prosom. See Estazolam. 
Prostaglandin(s), 657, 911-913, 911-913 912¢, 
913t 
renal blood flow and, 1685t 
renal disease and, 1716 
renal production of, 1683 
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Prostaglandin E, 
interferon-y and, 699 
kidney disease and, 1716 
tumor necrosis factor-a and, 706 
Prostaglandin F,0, 55t 
Prostaglandin I, 912-913 
Prostanoic acid, 911 
Prostasin, 772 
ProstAsure index, 759 
Prostate, 2097 
Prostate cancer 
alpha,-macroglobulin and, 554 
prostate-specific antigen and, 755t, 757-761, 
760t 
tumor markers in, 752-753t 
androgen receptor in, 779 
creatine kinase 1 in, 756 
prostatic acid phosphatase in, 756 
Prostate-specific antigen, 755t, 757-761, 
760t 
analytical goals for, 364t 
reference intervals for, 2292t 
Prostatic acid phosphatase, 755t, 756 
Prosthetic groups of proteins, 207, 542 
Protein(s), 541-590 
amino acids of, 533-541 
acid-base properties of, 537, 538t 
clinical implications of, 539 
influence of R groups in, 537-538 
metabolism of, 538-539, 539f, 540f 
names, abbreviations, and structures of, 
534-536t 
peptide bond and, 537 
quantitative tests of, 540-541 
amniotic fluid, 580 
amyloid, 580-582, 581t 
analysis of, 582-590 
cerebrospinal fluid proteins and, 
589-590 
determination of serum total protein and, 
586-589 
electrophoretic techniques in, 584-586, 
585f, 587f 
immunochemical methods in, 582-584 
for inborn errors of metabolism, 2237 
mass spectrometry in, 590 
urinary proteins and, 589 
analytical goals for, 364t 
basic biochemistry of, 541-543 
biological variability in, 467t 
cerebrospinal fluid, 577-580, 578t 
chromaffin cell production of, 1044 
complement, 564-569, 565f, 566t, 567t 
concentration in glomerular filtrate, 1686- 
1687 
critical values of, 2317t 
digestion and absorption of, 1854-1855 
enzymes as, 191-198. See also Enzyme(s). 
catalytic activity of, 198 
isoenzymes and multiple forms of enzymes 
and, 193-198, 194f 195f 
nomenclature in, 191-192, 192t 
structure of enzyme and, 192-193 
expressing concentration of, 8 
fecal, 580 
heat shock, 582 
hepatic synthesis of, 1787-1789, 1788t 
immunoglobulins, 569-575 
basic biochemistry of, 569-570, 570t 
deficiency of, 571-572, 572b, 572f 
methodologies for, 573-574 
monoclonal, 572-573, 574t 
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Protein(s) (Continued) 
polyclonal hyperimmunoglobulinemia 
and, 572 
reference intervals for, 574-575 
mass spectrometry in identification of, 185 
metabolic function of nephron and, 1676t 
peritoneal, 580 
plasma, 543-564 
albumin in, 546-549 
alpha,-acid glycoprotein in, 549-550 
alpha,-antitrypsin in, 550-553, 552f 
alpha,-fetoprotein in, 554-555 
alpha-macroglobulin in, 553-554 
beta,-microglobulin in, 555 
ceruloplasmin in, 556-559, 557f, 558t 
effects of steroid hormones on, 545t 
haptoglobin in, 559-562, 560f, 5604, 561f 
properties of, 544-545 
reference intervals for, 545t 
transferrin in, 562-563 
transthyretin and retinol-binding protein 
in, 563-564 
pleural, 580 
reference intervals for, 2292-2293t 
role in iron homeostasis, 1188, 1188t 
saliva, 580 
staining in conventional electrophoresis, 125t 
stick tests for, 301t 
as tumor markers, 774t, 774-777, 775t 
urine, 575-577, 589 
values during pregnancy, 2158t 
Protein-bound calcium, 1893t, 1900-1901, 1901f 
Protein-bound drug, 1244-1245 
Protein calorie malnutrition, 548 
Protein catalysts, 198 
Protein chips, 254-255 
Protein-energy status, 1076-1077 
Protein hormones, 1019 
Protein kinase C, 658 
Protein-losing enteropathy, 1866-1867 
albumin and, 547 
alpha,-acid glycoprotein and, 549 
haptoglobin and, 560 
Protein-lysine 6-oxidase, 1127 
Protein microarrays, 239 
Protein selectivity index, 817 
Protein truncation test, 1509 
Protein Y, 1195 
Proteinase inhibitors, 564, 564t 
Proteinuria, 575-576, 812-818, 1687t, 1687-1688 
alpha,-macroglobulin and, 554 
Bence Jones, 815 
characterization of, 817-818 
in chronic kidney disease, 1694 
in diabetic nephropathy, 1699 
dipstick test for, 809 
measurement of total protein in, 813, 813f 
814t 
myoglobinuria and, 815-817 
in nephrotic syndrome, 1704-1705 
in preeclampsia and eclampsia, 2162-2163 
sample collection for, 812-813 
tubular, 817 
urinary albumin and microalbuminuria 
screening in, 814-815, 816f 
Proteomics, 184-185 
Proteose, 541 
Prothrombin precursor, 774t 
Prothrombin time, 1788-1789, 1827 
in acute hepatitis, 1805t, 1808-1809 
in alcoholic liver disease, 1819 
analytical goals for, 366t 


Prothrombin time (Continued) 
in cirrhosis, 1820t 
critical values of, 2318t 
in differential diagnosis of liver disease, 1827 
during pregnancy, 2158t 
in Reye’s syndrome, 1807 
in toxic hepatitis, 1807 
vitamin K and, 1089 
Protoporphyria, erythropoietic, 1219-1220 
Protoporphyrin, 1210¢, 1226 
Protoporphyrinogen oxidase, 12111, 1213 
Protriptyline, 1269, 2313t 
Proventil. See Albuterol. 
Proximal renal tubular acidosis, 1709 
Proximal tubule 
anatomy and physiology of, 1673-1675, 
1675f, 1676t 
phosphate reabsorption in, 1681 
Prozac. See Fluoxetine. 
Prussic acid, 1298 
PSA. See Prostate-specific antigen. 
Pseudo-Cushing’s syndrome, 2027 
Pseudocholinesterase, 192t 
Pseudoephedrine, 1323 
chemical structure of, 1321f 
influence on catecholamine levels, 1056t 
Pseudogene, 1409 
Pseudoglobulin, 564 
Pseudohermaphroditism, 2110 
Pseudohyperaldosteronism, 2033 
Pseudohypoaldosteronism, 1710, 2024 
Pseudohypokalemia, 988-989, 1755 
Pseudohyponatremia, 988-989 
Pseudohypoparathyroidism, 1894 
Pseudoporphyria, 1221 
Pseudoprecocious puberty, 2111 
Pseudoprolactinoma, 1979 
Psychogenic polydipsia, 1992 
Psychosocial dwarfism, 1972 
PT. See Prothrombin time. 
PTEN tumor suppressor gene, 785 
Pterin-4a-carbinolamine defect, 2212-2213t 
Pteroic acid, 1109 
PTH. See Parathyroid hormone. 
PTH-RP. See Parathyroid hormone-related 
protein. 
Ptyalin, 616 
Puberty 
body fluid composition during, 461 
female, 2109-2110 
male, 2101-2102 
precocious, 2110-2112 
Pulmonary artery, 1620, 1620f 
Pulmonary embolism, 605 
Pulmonary surfactant, 2159, 2159f, 2166-2167 
Pulmonic valve, 1620, 1620f 
Pulse oximeter, 1014 
Pulsed-field electrophoresis, 130 
Pulsed-power techniques in isoelectric focusing, 
123 
Pump 
in liquid chromatography, 157f, 157-158, 158f 
in mass spectrometry, 171 
Pure gonadal dysgenesis, 2114 
Pure red cell aplasia, 1696 
Pure water, 10, 12 
Purification of steroid hormone specimen, 
2035-2036 
Purine(s), 804f 1394, 1394f 
Purine-pyrimidine metabolism, 632-633 
PVT modular automation system, 288 
Pyelonephritis, 1706 
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Pyranose, 839 
Pyrazinamide, 1268t 
Pyridamines, 1394, 1394f 
Pyridinium cross-links, 1936-1939, 1937f 
Pyridinoline, 1936-1939, 1937f 
Pyridoxal, 1097f, 1097-1100, 1098f 
Pyridoxal phosphate, 1034 
as coenzyme in amino-transfer reactions, 604 
special collection and storage conditions for, 
55t 
Pyridoxamine, 1097f, 1097-1100, 1098f 
Pyridoxamine-5’-phosphate, 604 
Pyridoxine, 1076t, 1097f, 1097-1100, 1098f 
Pyrilamine, 1312f 
Pyrimidine-5’-nucleotidase, 632-633, 635 
Pyroglutamic acid, 2293t 
Pyroglutamic aciduria, 632, 2228-2229t 
Pyrosequencing of nucleic acids, 1427-1429, 
1429f 
Pyrrolidine carboxylic acid, 536t 
Pyruvate, 877-878 
alanine aminotransferase reaction and, 606 
special collection and storage conditions for, 
55t 
Pyruvate carboxylase, 1130 
Pyruvate kinase 
determination of, 634 
Embden-Meyerhof pathway and, 629 
as tumor marker, 755t 
Pyruvic acid, 2293t 
6-Pyruvoyltetrahydropterin synthase defect, 
2212-2213t 


Q 


Q-beta replicase method, 1418 
Quaalude. See Methaqualone. 
Quadratic discriminant analysis, 416-417, 417f 
Quadrupole ion trap, 176-177, 177f 
Quadrupole mass spectrometer, 172f, 172-173, 
173f 
Qualitative analysis, 366-368, 367, 368t 
of chorionic gonadotropin, 2160-2161, 2161f 
2180-2181 
chromatography in, 161-162, 162f 
of fructose, 889-890 
of hepatitis B virus, 1577-1578 
immunochemical, 224-228 
dot blotting in, 228 
immunoelectrophoresis in, 225-227, 226f, 
227f 
passive gel diffusion in, 224-225, 225f 
Western blotting in, 227-228, 228f 
reporting results in, 1563 
in sweat testing, 995-996 
of urine glucose, 872, 889 
of zinc-protoporphyrin and protoporphyrin, 
1226 
Quality-adjusted life years, 339, 421-422 
Quality assessment, 387 
Quality assurance, 387 
in blood gas analysis, 1006-1007, 1011-1013 
in engraftment analysis, 1551 
in forensic DNA testing, 1544-1545 
in HLA testing, 1549 
in laboratory-developed tests, 1561-1562 
in molecular diagnostics laboratory, 1454- 
1455 
in parentage testing, 1552 
in point-of-care testing, 312-313, 314f 
in sweat testing, 998, 999b 
in trace elements measurement, 1122, 1123b 
Quality assurance program, 490-491 


Index 


Quality control 
in analytical enzymology, 210f 210-211 
in blood gases, 1012 
in creatinine methods, 800-801 
in engraftment analysis, 1551 
in fetal evaluation, 2177-2179 
in free calcium measurement, 1902 
in HLA testing, 1549 
in laboratory-developed tests, 1561-1562 
in molecular diagnostics laboratory, 1455 
in parentage testing, 1552 
in point-of-care testing, 312-313, 314f 
reference values and, 432-433 
selection of procedures for, 502-503 
Quality improvement team, 486-487 
Quality initiatives, 520-523, 523t 
Quality laboratory processes, 487 
Quality management, 485-529 
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Quantitative analysis (Continued) 


for infectious disease testing, 1558 
for proteinuria, 812-818 
Bence Jones proteinuria and, 815 
characterization of proteinuria in, 817-818 
dipstick test for, 809 
measurement of total protein in, 813, 813f, 
814t 
myoglobinuria and, 815-817 
sample collection for, 812-813 
tubular proteinuria and, 817 
urinary albumin and microalbuminuria 
screening in, 814-815, 816f 
in real-time polymerase chain reaction, 
1440¢, 1440-1441, 1441f 
reporting results in, 1563 
selected ion monitoring in, 166 
sweating test and, 996 


in clinical laboratory, 487f, 487-488 
control charts and, 498-499, 499f 
control materials and, 497-498 
control of analytical quality using patient 
data in, 510-515, 5124, 514f 
control of analytical variables in, 494-497, 
495f, 496b 
control of preanalytical variables in, 491-494, 
492t 
external quality assessment and proficiency 
testing programs in, 515-519, 517-518t 
fundamental concepts of, 485-486, 486f 
identification of analytical errors in, 519-520 
International Organization for 
Standardization and, 521-523, 523t 
Joint Committee for Traceability in 
Laboratory Medicine and, 520-521 
Malcolm Baldridge National Quality Award 
and, 523 
performance characteristics of control 
procedure in, 499-510, 500f, 501f 
cumulative sum control chart and, 506t, 
506-508, 507f, 507t, 508f 
Levy-Jennings control chart and, 503f, 503- 
504, 504f 
process for selection of quality control 
procedures and, 502-503 
Shewart mean and range control chart 
and, 508f 508-510, 509t 
Westgard multirule chart and, 504-506, 
505f, 505¢, 506f 
principles of, 486f, 486-487 
quality assurance program in, 490-491 
six sigma process and, 488-490, 489f, 490f 


Quality specifications for total error allowable, 


470-471 


Quantitative analysis 


of amino acids, 540-541 
amplification assays in, 1419 
of chorionic gonadotropin, 2181 
chromatography in, 161-162, 162f 
for cytomegalovirus, 1573-1574 
for hepatitis B virus, 1576-1578, 1577t 
immunochemical, 229-239 
electroimmunoassay in, 229, 229f 
interferences in, 239 
labeled immunochemical assays in, 230- 
239, 231t. See also Labeled 
immunochemical assays. 
for plasma proteins, 579-580 
radial immunodiffusion immunoassay in, 
229 
turbidimetric and nephelometric assays in, 
230 


for total protein, 577 

for urine albumin, 887-888 

for urine glucose, 872-873 
Quantity, defined, 403b 
Quantum dot immunoassay, 235b 
Quartz-halogen lamp, 65 
Quaternary structure of protein, 542, 1167 
Quazepam, 1328t, 1330f 
Quenching, Stern-Volmer equation for, 107 
Quetiapine, 1270t, 1272, 2313t 
Quinidine, 1256t, 1260 

analytical goals for, 365t 

therapeutic and toxic levels of, 2313t 
Quinolones, 1268t 


R 


R groups of amino acids, 537-538 
Race 
body fluid composition and, 462-463 
maternal serum alpha-fetoprotein and, 2174 
Radial immunodiffusion immunoassay, 225, 
229, 888 
Radiant energy, 61 
Radiation therapy, prostate-specific antigen 
levels and, 760 
Radical prostatectomy, prostate-specific antigen 
levels and, 759-760 
Radioactive decay, 21-22 
Radioactive iodine for serum thyroxine, 2069 
Radioactive labeled probes for nucleic acids, 
1420 
Radioactivity, measurement of, 21t, 21-23 
Radioimmunoassay, 234 
for angiotensins, 2042-2043 
for barbiturates, 1325 
for blood estrogens, 2135 
for blood progesterone, 2137-2138 
for calcitonin, 1927 
for dehydroepiandrosterone, 2132-2133 
for 1,25-dihydroxyvitamin D, 1924-1925, 
1925f 
for drugs, 1248, 1293 
for free testosterone, 2130 
for glucagon, 853 
for gonadotropins, 1986 
for 17-hydroxyprogesterone, 2041-2042 
for 25-hydroxyvitamin D, 1923-1924 
for isoenzymes, 213 
for lysergic acid diethylamide, 1338 
measurement of radioactivity in, 214, 21-23 
for plasma 11-deoxycortisol, 2041 
for prolactin, 1980 
for reverse triiodothyronine, 2073 
for saliva progesterone, 2139 
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Radioimmunoassay (Continued) 
for serotonin, 1062-1063 
for thyroid-stimulating hormone, 2066 
for total testosterone in blood, 2128 
for tumor-associated trypsin inhibitor, 764 
for urine albumin, 888 
Radioisotopic markers of glomerular filtration 
rate, 818-819 
Radionuclides, 21, 21t 
Radioreceptor assay 
for advanced glycation end products, 886 
for 1,25-dihydroxyvitamin D, 1924 
RAE. See Retinol activity equivalent. 
Raman scattering in fluorometry, 83 
Random-access analyzer, 266 
Random bias, 369-370 
Random error, 403b 
in regression analysis, 382-387, 383-387f, 395, 
396t 
uncertainty expression and, 402 
Random priming, 1420 
Random sampling, 4284, 429-430 
Random-walk model, 446 
Rank numbers, 438, 438t 
Rapamune. See Sirolimus. 
Rapamycin. See Sirolimus. 
Rapid cycling in polymerase chain reaction, 
1413-1414, 1414f 1415f 
Rapid scan cyclic voltammetric technique, 104- 
105 
Rapidly progressive glomerulonephritis, 1704 
Rapoport-Luebering cycle, 631 
Ras gene, 780t, 781 
mutation of, 1472-1473 
Ratio-referencing spectrofluorometer, 80-81, 81f 
Rayleigh scattering 
in fluorometry, 83 
in nephelometry and turbidimetry, 85-86 
RBP. See Retinol-binding protein. 
Reactive hypoglycemia, 866-867 
Reactive ion etching, 249 
Readout device for spectrophotometry, 70 
Reagent(s) 
analyte-specific, 1454, 1556 
chemical reaction phase and, 274-276, 275f, 
276f 
for chorionic gonadotropin assay, 2181 
delivery of, 274 
drug detection, 1293-1294 
handling and storage of, 273-274, 274f 
specimen validity check, 1318t 
ultrapure, 12 
Reagent grade chemicals, 12 
Reagent grade water, 10-12, 11t 
Real-time polymerase chain reaction, 1436- 
1441, 1437-1441f 1440t 
in acute myeloid leukemia, 1467, 1470f 
in analysis of nucleic acid sequences, 1472 
in chronic myeloid leukemia, 1470, 1473f 
for Group B streptococcus in pregnant 
woman, 1572-1573 
in hematological malignancies, 1471 
Recalibration adjustments in regression 
analysis, 387f, 387-388, 388f 
Recapping station, 286 
Receiver operating characteristic curve, 412f, 
412-413, 413f, 749, 7496 750f 
Receptor(s) 
adrenergic, 1039-1042, 1042¢, 1291 
androgen, 779 
baroreceptors, 1043, 1748, 1991-1992 
cannabinoid, 1333 


Index 


Receptor(s) (Continued) 


cell-surface 
catecholamines and serotonin and, 1039 
postreceptor actions of, 1027-1029, 
1029f 
role of, 1026-1027, 1026-1028f 
chemokine, 654, 718-719 
complement, 564 
cytokine, 6481, 649, 649t 
delta, 1339-1340 
epidermal growth hormone, 780 
estrogen, 777-779, 778t 
hepatocyte growth hormone, 779 
histamine, 1313 
hormone, 1026-1027, 1026-1028f 
immunoglobulin M, 569 
insulin, 847, 1029, 1124 
insulin-like growth factor-I, 849 
insulin-like growth factor-II, 849 
interferon-a, 696-697 
interferon-B, 696-697 
interferon-y, 699 
interleukin-1, 657f, 657-658 
interleukin-2, 661-662 
interleukin-3, 665 
interleukin-4, 667 
interleukin-5, 670 
interleukin-6, 672-673 
interleukin-7, 676 
interleukin-9, 677 
interleukin-10, 679 
interleukin-11, 681 
interleukin-12, 683 
interleukin-13, 687 
interleukin-14, 688 
interleukin-15, 689-690 
interleukin-16, 692 
interleukin-17, 694 
kappa, 1339-1340 
low-density lipoprotein, 920f, 921, 931 
mu, 1339-1340 
muscarinic, 1291 
nicotinic, 1291 
opioid, 1339-1340 
orphan, 719 
osmoreceptors, 1991 
progesterone, 777-779, 778t 
promiscuous, 718-719 
RET tyrosine kinase, 782-783 
serotonergic, 1039-1040 
shared, 718 
T-cell 
electrophoretic detection of, 137f 
rearrangement in lymphoma, 1458 
toll-like, 652 
transferrin, 1187, 1188, 1191-1192 
as tumor markers, 777-780, 778t 
tumor necrosis factor, 703-704, 707 
virally encoded, 719 


Receptor activator of nuclear factor-«B ligand, 


1892 


Receptor assay 


for adrenocorticotropic hormone, 1983 
for growth hormone, 1974-1976 

for hormones, 1030 

for prolactin, 1980 


Receptor-mediated endocytosis, 216 
Recombinant gonadotropin calibrator, 1986, 


1987t 


Recombinant immunoblot assay for hepatitis C, 


1803 


Recombination of alleles, 1514 


Recommended dietary allowances, 1076t 
for niacin, 1115-1116 
for riboflavin, 1096 
for selenium, 1134 
for trace elements, 1118-1119 
for vitamin A, 1082 
for vitamin E, 1086 
Record keeping molecular diagnostics 
laboratory, 1453 
Recreational drug administration as 
controllable preanalytical variable, 459 
Red blood cell 
microfilter isolation of, 256, 256f 
removal of labile glycated hemoglobin from, 
883 
Red blood cell chromium, 2262t 
Red blood cell cobalt, 2262t 
Red blood cell enzymes, 625-635 
detection of hereditary deficiencies of, 633- 
634 
Embden-Meyerhof pathway and, 626-630, 
630f 
glutathione pathway and, 631-632 
hexose monophosphate pathway and, 630- 
631, 631t 
methemoglobin reduction and, 633 
methodology for measurement of, 634-635 
purine-pyrimidine metabolism and, 632-633 
Rapoport-Luebering cycle and, 631 
Red cell distribution width, 1171 
Red cell volume and hemoglobin content of 
iron, 1191 
Redox electrodes, 94-95 
Reducing sugars, 838 
5a-Reductase deficiency, 2103 
Reference change values, 469, 470t 
Reference distribution, 442 
Reference individual, 426-430, 428f, 4281, 430b 
Reference intervals, 434, 2252-2302t 
for acylcarnitine, 2241t 
for adrenocorticotropic hormone, 1984 
for albumin, 549 
for aldolase, 603 
for aldosterone, 2040 
for alkaline phosphatase, 610 
for alpha,-acid glycoprotein, 550 
for alpha,-antitrypsin, 553 
for alpha,-fetoprotein, 554-555 
for alpha,-macroglobulin, 554 
for ammonia, 1791 
for amylase, 619 
for antithyroid antibodies, 2085 
for antithyroid peroxidase antibodies, 2086 
for arginine vasopressin, 1996 
for arterial blood gases, 1013 
for ascorbic acid, 1107 
for blood estrogens, 2136, 2136t 
for blood progesterone, 2138, 2138t 
for bone alkaline phosphatase, 624, 1941 
for brain natriuretic peptide, 1641-1642, 
1642f, 1642t 
for C-peptide, 853 
for C-reactive protein, 556 
for calcitonin, 1927 
for calcium, 1903 
for cardiac troponin I and T, 1627f, 1637- 
1641, 1638¢, 1639t 
for catecholamine metabolites, 1055-1057 
for ceruloplasmin, 558, 558-559 
for chloride, 990 
for cholinesterase, 616 
for chromium, 1126 
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Reference intervals (Continued) 

for chymotrypsin, 623 

for complement C3, 568 

for complement C4, 569 

for copper, 1130 

for creatine kinase-MB, 1643 

for dehydroepiandrosterone, 2133, 2133t 

for dehydroepiandrosterone sulfate, 2133, 
2133t 

for deoxypyridinoline, 1939 

for diphosphoglycerate phosphatase, 635 

for elastase-1, 623 

for estradiol, 2136t 

for estrone, 2136t 

expected false-positive rate and, 415 

for fasting homocysteine, 968 

for fluoride, 1142-1143 

for folic acid, 1114 

for free serum testosterone, 2130, 2130t 

for free thyroxine, 2074, 2075, 2076, 2078- 
2079 

for free triiodothyronine, 2078-2079 

for fructosamine, 886 

for gamma-glutamyltransferase, 613 

for glomerular filtration rate, 824-826, 825t 

for glucagon, 853 

for glucose, 871-872 

for glucose-6-phosphate dehydrogenase, 634 

for glucose phosphate isomerase, 635 

for glutamate dehydrogenase, 607 

for glutathione S-transferase, 614 

for glycated hemoglobin, 884 

for gonadotropins, 1987 

for growth hormone, 1975 

for haptoglobin, 562 

for high-sensitivity C-reactive protein, 966, 
966, 967f 

for 5-hydroxyindoleacetic acid, 1064t 

for 17-hydroxyprogesterone, 2042 

for immunoglobulins, 574-575 

influence of age on, 459-460 

for insulin, 853 

for insulin-like growth factors, 1976 

for lactate, 878 

for lactate dehydrogenase, 602 

for magnesium, 1912 

for manganese, 1132 

for molybdenum, 1133 

for niacin, 1116 

for 5’-nucleotidase, 612 

in nutrient assessment, 1078 

for osteocalcin, 1943 

for oxytocin, 1996 

for Ps, 1006 

for pantothenic acid, 1118 

for parathyroid hormone, 1918 

for parathyroid hormone-related protein, 
1929-1930 

for phosphate, 1908f 1908-1909 

for plasma acylcarnitine, 2239t 

for plasma catecholamines, 1057t 

for plasma creatinine, 801 

for plasma DOPAC and DHPG, 1059t 

for plasma metanephrines, 1058, 1058t 

for plasma osmolality, 992 

for plasma proteins, 545t 

for plasma renin activity, 2044 

for plasma urea, 803 

for plasma vitamin K, 1090 

for porphyrins, 1214t 

for potassium, 986 

for proinsulin, 853 


Re 


Re 
Re 


Re 
Re 


Re 
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ference intervals (Continued) 

for prolactin, 1981 

for pyridinoline, 1939 

for pyrimidine-5’-nucleotidase, 635 

for pyruvate, 878 

for pyruvate kinase, 634 

for retinol-binding protein, 564 

for reverse triiodothyronine, 2073 

for riboflavin, 1097 

for saliva estrogens, 2137 

for saliva progesterone, 2139 

for saliva testosterone, 2131 

for selenium, 1137 

for serotonin, 1063t 

for serum beta-hydroxybutyrate, 877 

for serum creatine kinase, 600 

for serum 11-deoxycortisol, 2041 

for serum ferritin, 1191, 1191¢ 

for serum iron, 1189t, 1189-1190 

for serum total protein, 589 

for serum vitamin A, 1084 

for sodium, 984 

for sweat chloride, 996 

for tartrate-resistant alkaline, 625 

for thiamine, 1094 

for thyroglobulin, 2084 

for thyroid hormone-binding ratio, 2078 

for thyroid-stimulating hormone, 2068 

for total and free calcium, 1903 

for total carbon dioxide, 991 

for total cortisol, 2038 

for total serum testosterone, 2129t 

for transaminases, 606 

for transferrin, 563 

for triiodothyronine, 2072 

for uric acid, 808 

for urinary catecholamines, 1060t 

for urinary free cortisol, 2039 

for urinary homovanillic acid, 1062t 

for urinary metanephrine and 
normetanephrine, 1061t 

for urinary proteins, 577, 589 

for urinary vanillylmandelic acid, 1062t 

for urine acylcarnitine, 2240t 

for urine albumin, 888 

for urine organic acids, 2238t 

for vitamin B,, 1100 

for vitamin B,, 1105 

for vitamin D, 1926 

for vitamin E, 1087 

for zinc, 1141 

ference limits, 434-436, 435f 

ference materials, 12, 13-14t, 403b 

for molecular assay, 1558-1560, 1560t 

quality of, 495f, 495-496 

ference measurement procedure, 403b 

ference methods 

field methods versus, 370, 495, 495f 

for lipids, 940-941 

ference nutrient intakes 

for ascorbic acid, 1106 

for biotin, 1108 

for chromium, 1124 

for copper, 1128 

for folate, 1112-1113 

for manganese, 1130-1131 

for molybdenum, 1132 

for niacin, 1115-1116 

for pantothenic acid, 1117 

for riboflavin, 1096 

for selenium, 1134 

for thiamine, 1091-1092 
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Reference nutrient intakes (Continued) 
for vitamin A, 1082 
for vitamin B,, 1099 
for vitamin Bı», 1102 
for vitamin E, 1086 
for vitamin K, 1089 
for zinc, 1139 
Reference standard, 328 
Reference values, 425-448 
analytical procedures and quality control in, 
432-433 
concept of, 425-427 
dynamic versus static interpretation of, 446 
multivariate, population-based reference 
regions and, 443-445, 444f, 445f 
presentation of observed values in relation to, 
442-443 
selection of reference individuals for, 427- 
430, 428f, 428, 430b, 431b 
specimen collection and, 430-432, 432t 
statistical treatment of, 433f 433-442 
determination of reference limits in, 434- 
436, 435f 
identification and handling of erroneous 
values in, 437 
inspection of distribution in, 436-437 
nonparametric method in, 437-438, 4381, 
439t 
parametric method in, 438-442 
partitioning of reference values in, 436 
statistical concepts in, 433-434, 434f 
subject-based, 445f, 445-446 
transferability of, 443 
for tumor markers, 749 
Reflectance photometry, 72-73, 278 
Reflotron analyzer, 987 
Refractometer, 159t 
Refractometry for serum total protein, 588 
Refrigerated specimen 
transportation of, 56 
urine, 50-51 
Regan isoenzyme, 197 
Regenstrief LOINC mapping assistant, 9 
Regression analysis, 378-395 
adjustments for recalibration in, 387f 387- 
388, 388f 
application of, 389-390, 390f, 390t 
assessment of outliers in, 383, 384f 
correlation coefficient in, 383-385, 384f 
Deming, 379-381f, 379-382 
error models in, 378-379, 379f 
estimating sample size for method 
comparison studies in, 390-395, 391f 
392f, 392t, 393t 
interpretation of systematic differences 
between methods in, 389 
nonparametric, 388-389 
ordinary least-squares, 379-381f, 379-382 
proportional random errors and, 385f, 385- 
386, 386f, 395, 395t 
random error around estimated regression 
line in, 382-383, 383f 
random errors in both x1 and x2 
measurements and, 386-387, 387f 395 
random errors in x2 measurements and, 386 
testing for linearity in, 388, 388f 
Regulatory issues in computers and information 
systems, 482 
Regulatory peptides of gastrointestinal tract, 
1872-1876, 1874t, 1875t 
Reidel’s lobe, 1778 
Relative centrifugal field, 19 
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Relative centrifugal force, 19-20 
Relative distribution of differences plot, 374f, 
374-376, 375f, 375t 
Relaxin, 1022t 
Releasing factors, 1968, 1968f 
Reliability coefficient, 470 
RELMA mapping assistant, 9 
Remodeling of bone, 1891, 1892f 
Remote automated laboratory system, 294 
Renal aminoaciduria, 539 
Renal artery, 1671, 1672f 
Renal blood flow, 1672 
age and, 1685-1686 
factors altering, 1684-1685, 1685t 
Renal blood supply, 1671-1672, 1673f 
Renal calculi, 1711-1715, 1712f 
Renal cell carcinoma markers 
calcitonin in, 766 
heat shock proteins in, 776 
Renal cortex, 1672, 1673f, 1677 
Renal disease, 1688-1718 
acute nephritic syndrome in, 1705-1706 
amylase and, 617 
Bartter’s syndrome in, 1709-1710 
bone and mineral disorders and, 1904 
cadmium-related, 1378 
chronic, 1693-1697, 1694f, 1695t, 1696b 
classification of renal failure in, 1689-1690, 
1690f, 1690t 
congestive heart failure and, 1650 
cystinuria in, 1715-1716 
Dent’s disease in, 1710 
diabetes insipidus in, 1711 
diabetic nephropathy in, 1699-1702, 1700t 
diagnosis and screening for, 1689 
diuretics and, 1710-1711 
dyslipoproteinemia in, 928t 
effect on cortisol, 2012 
end-stage, 1697-1699, 1698f 
autosomal dominant polycystic kidney 
disease and, 1706-1707 
cardiac troponins and, 1658, 16582, 1659f 
cardiovascular disease and, 1723-1724, 
1724f 
diabetes mellitus and, 1694, 1694f 
parathyroid hormone and, 1919, 1919f 
pathophysiology of, 1688-1690, 1690t, 
1691f 1691t 
prostaglandins and NSAIDS in, 1716 
rapidly progressive glomerulonephritis 
and, 1704 
Gitelman’s syndrome in, 1710 
glomerular diseases in, 1702-1704, 1703f 
hypertensive nephropathy in, 1702 
immunoglobulin A nephropathy in, 1704 
interstitial nephritis in, 1706 
Liddle’s syndrome in, 1710 
monoclonal light chains and, 1716-1718 
nephrotic syndrome in, 1704-1705, 1705f 
obstructive uropathy in, 1707 
phosphate disorders in, 1710 
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screening for, 808-812, 810f 
microscopic examination of urine in, 811- 
812 
new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 
toxic nephropathy in, 1707, 1708¢ 
uremic syndrome in, 1691-1692, 1692t, 1693b 
urinary osmolality in, 1718 


Renal failure 


beta,-microglobulin and, 555 

classification of, 1689-1690, 1690f, 1690t 

cobalt-related, 1378 

elevation of plasma catecholamines in, 1057 

high serum aluminum and, 1374-1375 

in multiple myeloma, 1717 

in rapidly progressive glomerulonephritis, 
1704 

uremia of, 1769-1770 


Renal function tests, 797-835 


creatinine measurement in, 797-801, 799f 
glomerular filtration rate in, 818-826, 1683- 
1686 
age and, 824, 826t 
circadian variation in, 452 
creatinine clearance and, 821f, 821-823, 
822 
cystatin C and, 823-824, 824f 
in diabetic nephropathy, 1700, 1700t 
in end-stage renal disease, 1698, 1698f 
factors in regulation of, 1684t, 1684-1685, 
1685t 
inulin clearance and, 820 
iohexol clearance and, 820 
low molecular weight proteins and, 823 
markers for, 819t 
during pregnancy, 465, 2157 
radioisotopic markers of, 818-819 
recommendations and reference intervals 
for, 824-826, 825t 
reference intervals for, 2270t 
stages of chronic kidney disease and, 1690t 
proteinuria assessment in, 812-818 
Bence Jones proteinuria and, 815 
characterization of proteinuria in, 817-818 
measurement of total protein in, 813, 813f, 
814t 
myoglobinuria and, 815-817 
sample collection for, 812-813 
tubular proteinuria and, 817 
urinary albumin and microalbuminuria 
screening in, 814-815, 816f 
screening for kidney disease and, 808-812, 
810f 
microscopic examination of urine in, 811- 
812 
new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 
urea measurement in, 801-803, 802f 
uric acid measurement in, 803-808, 804f 
806b 


polycystic kidney disease in, 1706-1707 
porphyrins and, 1220 
pseudohypoaldosteronism type 1 in, 1710 
renal calculi in, 1711-1715, 1712f 
renal replacement therapy in, 1718-1728, 
1719t 
dialysis and, 1719-1725, 1720f, 17211, 
1722f, 1724f 
kidney transplantation and, 1725-1728, 
1726f 
renal tubular acidoses in, 1707-1709 


Renal glycosuria, 873 

Renal interstitium, 1677 

Renal medulla, 1672, 1673f, 1677 

Renal osteodystrophy, 1698, 1934-1935 

Renal phosphate wasting, 1906 

Renal replacement therapy, 1718-1728, 1719t 
dialysis and, 1719-1725, 1720f, 1721t, 1722f 

1724 

kidney transplantation and, 1725-1728, 1726f 

Renal tubular acidosis, 1707-1709, 1771 

Renal vein, 1671, 1672f 


Renal vein renin test, 2033, 2033b 
Renin, 1683, 2015-2016, 2020, 2020f 
circadian variation in, 452 
effects of exercise on, 451 
hyperaldosteronism and, 2030f, 2030-2032, 
2032f 
measurement of, 2042-2043 
release from macula densa, 1677 
renovascular hypertension and, 2033, 2033), 
2033 
shock-related changes in, 466 
special collection and storage conditions for, 
55t 
travel-related changes in, 453 
Renin-angiotensin-aldosterone system, 1024¢, 
2011 
stimulation tests of, 2020b, 2020-2021, 2021b 
Renovascular hypertension, 1702, 2033, 2033b, 
2033f 
Repeatability of results, 356t, 357 
Replication of deoxyribonucleic acid, 1396- 
1397, 1397t 
Reporter molecules, 1419-1421 
Reporting of results, 1563 
Reproducibility of results, 356¢, 357 
Reproductive disorders, 2097-2152 
female, 2104-2120 
anatomy and, 2104f, 2104-2105 
assisted reproduction and, 2127 
blood estrogens and, 2134-2136, 2136t 
blood progesterone and, 2137-2138, 2138t 
breast cancer in, 2112 
estradiol and, 2136 
estrogens and, 2105-2108, 2106-2 108f 
female pseudohermaphroditism in, 2110 
fetal development and, 2109 
hirsutism and virilization in, 2118-2120 
hypothalamic-pituitary-gonadal axis and, 
2105, 2105f 
infertility and, 2124b, 2124-2127, 2125f 
2126f 
menopause and, 2120 
normal menstrual cycle and, 2112-2114, 
2113f 
ovulation and, 2114 
postnatal development and, 2109 
precocious puberty in, 2110-2112 
primary amenorrhea in, 2114, 2117-2118 
progesterone and, 2108f, 2108-2109, 
2109f 
progesterone challenge in, 2118, 2119t 
puberty and, 2109-2110 
saliva estrogens and, 2137 
saliva progesterone and, 2138-2139 
secondary amenorrhea in, 2114-2117, 
2115b, 2116b, 2116t 
urine estrogens and, 2136-2137 
male, 2097-2104 
anabolic steroids and, 2134 
anatomy and, 2097 
androgens and, 2098-2099, 2098-2100f 
andropause and, 2102 
defects in androgen action in, 2103 
dehydroepiandrosterone and, 2132-2134, 
2133t 
fetal development and, 2099-2101, 2101f 
free and weakly bound blood testosterone 
and, 2129-2131, 2130¢, 2131t 
gynecomastia in, 2104 
hypergonadotropic hypogonadism in, 2103 
hypogonadotropic hypogonadism in, 2102- 
2103 
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Reproductive disorders (Continued) 
hypothalamic-pituitary-gonadal axis and, 
2097, 2097f 
impotence in, 2103-2104 
infertility and, 2120-2124, 2121b, 2122t, 
2123f, 2123t 
postnatal development and, 2101 
puberty and, 2101-2102 
saliva testosterone in, 2131 
testosterone precursors and metabolites in 
blood and, 2131-2132, 2132t 
total blood testosterone and, 2127-2129, 
2129t 
urine 17-ketosteroids and, 2134 
selenium role in, 1135 
Reproductive system 
effects of hyperthyroidism on, 2060f 
effects of hypothyroidism on, 2058f 
female, 2104-2120 
male, 2097 
Rescriptor. See Delaviridine. 
Resin dialysis technique, 2075 
Resin triiodothyronine uptake test, 2076 
Resistance testing in HIV therapy, 1568-1570 
Resistant ovary syndrome, 2114 
Resistin, 1024t 
Resistivity of reagent grade water, 11t 
Resolution 
in chromatography, 145f, 145-148, 146f 
in time of flight mass spectrometry, 175 
Resorption of bone, 1936-1940, 1937f 
Respiration, acid-base balance and, 
1762-1763 
Respiratory acidosis, 1767t, 1774b, 1774-1775 
Respiratory alkalosis, 1767t, 1775, 1775b 
in aspirin overdose, 1307 
fever-related, 466 
hypophosphatemia and, 1906 
in urea cycle disorders, 2221 
Respiratory distress syndrome, 2166 
Restoril. See Temazepam. 
Restricted access packings, 156 
Restriction endonucleases, 1410 
Restriction fragment length polymorphisms, 
1514, 1539 
for nucleic acid detection, 1422 
for VNTR analysis, 1542 
Result reporting, 1453-1454 
RET tyrosine kinase receptor, 782-783 
Retention factor in chromatography, 147-148 
Reticuloendothelial system, 216 
Retina 
gyrate atrophy of, 2214-2215t 
vitamin A and, 1081 
Retinoblastoma gene, 783-784 
Retinoic acid, 1081 
Retinoids, 1079 
Retinol, 1079 
Retinol activity equivalent, 1082 
Retinol-binding protein, 563-564 
glomerular filtration rate and, 823 
malnutrition and, 455 
properties of, 544t 
reference intervals for, 2293t 
tubular proteinuria and, 817 
Retinol palmitate, 1082 
Retinopathy, diabetic, 853 
Retrovir. See Zidovudine. 
Reusable reagent system, 273-274 
Reverse cholesterol transport pathway, 921f, 
921-922 
Reverse osmosis of water, 11 


Index 


Reverse-phase high-performance liquid 
chromatography for vitamin A, 1083 
Reverse transcriptase, 1411 
Reverse-transcription polymerase chain 
reaction 
for chimeric fusions, 1464 
for chromosomal translocations in leukemia, 
1471-1472 
Reverse triiodothyronine, 2053 
hypothyroidism versus euthyroid sick 
syndrome and, 2063 
reference intervals for, 2293t 
using radioimmunoassay, 2073 
Reversible inhibition of enzymatic reaction, 
205f, 205-206 
Reye’s syndrome, 1807 
RELPs. See Restriction fragment length 
polymorphisms. 
Rh blood groups, 2164 
Rh isoimmune disease, 2164 
Rhabdomyolysis, 599 
Rheumatic diseases, chemokines and, 717 
Rheumatoid arthritis 
electrophoretic patterns in, 585f 
interferon-y and, 701 
tumor necrosis factor and, 708 
Rheumatoid factor, 366t 
Rheumatoid vasculitis, 567t 
Rhodamine 6G dye laser, 66t 
Rhodamine B isothiocyanate, 237t 
RhoGAM, 2164-2165 
Rhythmol. See Propafenone. 
RIA. See Radioimmunoassay. 
RIBA. See Recombinant immunoblot assay. 
Riboflavin, 1094-1097, 1095f 
oral and intravenous intakes of, 1076t 
reference intervals for, 2293t 
Ribonuclease, 755t 
Ribonucleic acid 
composition and structure of, 1394f, 1394- 
1395, 1395f 
electrophoresis-based techniques for, 1421- 
1427, 1422t 
denaturing gradient gel electrophoresis in, 
1425 
heteroduplex migration analysis in, 1424f 
1424-1425 
Northern blotting in, 1424 
oligo ligation assay in, 1427, 1428f 
PCR product length analysis in, 1422-1423 
PCR/RELP in, 1422, 1423f 
single nucleotide extension assay in, 1426- 
1427 
single-strand conformation polymorphism 
analysis in, 1425, 1425f 
temperature-gradient electrophoresis in, 
1425-1426, 1426f 
microarray device for hybridization of, 247 
plasma, 1399-1400 
Ribonucleic acid polymerases, 1396 
Ribose, 1395 
Ribose sugars, 837 
Ribosome, 1397 
Rickets, 1710, 1933-1934 
RIE. See Reactive ion etching. 
Rifampin, 1268¢, 2064t 
Risk assessment in point-of-care testing, 310- 
311 
Ritalin. See Methylphenidate. 
Ritonavir, 1269t, 2313t 
RMs. See Reference materials. 
Robotic arms, 283-284, 284f 
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Robotics, 267 

for specimen transport, 271 
ROC curve, 412f, 412-413, 413f 
Roche Diagnostics automation system, 288 
Roche Trop T test strip, 304, 304f 
Rocket immunoelectrophoresis, 229, 229f 
Rohypnol. See Flunitrazepam. 
Rolling circle amplification, 1418-1419 
ROMK! protein, 1681 
Rotor’s syndrome, 1199, 1220 
Routing device in specimen processing, 286 
Rubella virus, 366t 
Ruby laser, 66t 
Rule-in test, 326, 327t 
Rule-out test, 326, 327t 
Rumack-Matthew nomogram, 1305, 1305f 
Ruthenium (II) tris(bipyridyl), 233t 


S 


S-100 proteins, 776 
Safety, 27-36 
equipment for, 28 
ergonomics program and, 30, 30f 
formal safety program and, 28 
hazards in laboratory and, 30-36 
biological, 31-33, 32f 
chemical, 33-35, 34t 
electrical, 35 
fire, 35-36, 36t 
identification of, 30-31, 31f 
inspections for, 28-29 
in liquid chromatography, 161 
mandated plans for, 29-30 
Salicylate(s) 
anion gap acidosis and, 1771 
antidote for overdose, 1288t 
effects on thyroid function, 2064t 
pharmacology and analysis of, 1306-1308, 
1307f, 1308f 
therapeutic and toxic levels of, 2313t 
Salicylate hydroxylase-mediated photometric 
procedure, 1308, 1308f 
Saline suppression test, 2021, 2021b 
Saliva alcohol, 1304 
Saliva cortisol, 2039 
Saliva estrogens, 2137 
Saliva immunoglobulin A, 2279t 
Saliva progesterone, 2138-2139 
Saliva proteins, 580 
Saliva specimen 
analysis for drugs, 1350 
collection of, 53 
for steroid hormones, 2034 
Saliva testosterone, 2131 
Sample group, 433 
Sample matrix effects in fluorometry, 84 
Sample size, 435-436 
general guidelines for, 371 
in method comparison studies, 390-395, 391f, 
392f, 392t, 393t 
Sampling 
in capillary electrophoresis, 131 
in conventional electrophoresis, 127 
for cytokine measurement, 721 
in gas chromatography, 155 
for identity testing specimen, 1541 
in liquid chromatography, 158, 158f, 160 
for parentage testing, 1551 
point-of-care testing and, 302 
for proteinuria, 812-813 
SAMSHA. See Substance Abuse and Mental 
Health Service Administration. 
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Sandimmune. See Cyclosporine. 
Sanger method, 1229 
Sanger reaction, 1426, 1427f 
SAO). See Arterial hemoglobin saturation. 
SAP. See Serum amyloid P. 
Saquinavir, 12694, 2314t 
Sarcoidosis, 1706 
Saturated fatty acids, 907, 908f 908-909 
Saturated phosphatidylcholine, 2191-2192 
Saturated vapor pressure, 1000 
SC disease, 1183 
sCD40 ligand, 1633 
SCHAD deficiency, 2234-2235t 
Schiff base, 879, 883 
Schilling test, 1104 
SCID. See Severe combined immunodeficiency. 
Scintillation counting, 23 
Screening 
for adrenocortical insufficiency, 2022-2023, 
2023t 
for amino acids, 540 
for brain natriuretic peptide, 1649-1650 
for cancer, 748t 
for congenital hypothyroidism, 2058-2059 
for Cushing’s syndrome, 2025-2027, 2026t, 
2027b, 2027f 
for diabetes mellitus, 863-864 
for drug abuse, 1292-1296, 12934, 1295f, 
1318-1319 
for fetal defects, 2167f, 2167-2179 
adjustment for factors influencing, 2173- 
2175, 2174f 
biochemical measurements in, 2176-2177 
Down syndrome and, 2169t, 2169-2170, 
2176 
epidemiological monitoring in quality 
control in, 2177-2179 
establishing assay-specific and population- 
specific median values in, 2170-2173, 
2171f 21716, 2172f, 2173t 
external proficiency testing and, 2179 
neural tube defects and, 2168-2169 
reference data in, 2168 
trisomy 18 and, 2170 
for gestational diabetes mellitus, 861, 861t 
for glucose-6-phosphate dehydrogenase 
deficiency, 634 
for kidney disease, 808-812, 810f, 1689 
microscopic examination of urine in, 811- 
812 
new instrumental techniques in, 812 
urinalysis in, 808-811, 810f 
for porphyrias, 1223 
for pyrimidine-5’-nucleotidase deficiency, 
635 
Scurvy, 1106 
SD. See Standard deviation. 
Seafood, arsenic toxicity and, 1376 
Seasonal influence as noncontrollable 
preanalytical variable, 463-464, 464t 
Sebacic acid, 2294t 
Secobarbital 
characteristics of, 1326t 
therapeutic and toxic levels of, 2314t 
urinary excretion of, 1327t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Seconal. See Secobarbital. 
Second generation dextran sulfate method, 947 
Secondary adrenal insufficiency, 2022-2023 
Secondary amenorrhea, 2114-2117, 2115), 
2116b, 2116t 
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Secondary amyloidosis, 582 
Secondary calibrator, 397 
Secondary gout, 806 
Secondary hyperaldosteronism, 2030 
Secondary hyperparathyroidism, 624 
Secondary hypothyroidism, 2059, 2059f 
Secondary ionization, 165 
Secondary reference materials, 12, 495 
Secondary specimen container, 56 
Secondary structure of protein, 541 
Secretin, 1874t, 1875-1876 
Secretin-ceruletide test, 1869, 1869t 
Secretin stimulation test, 1869, 1869t 
Secretory distal renal tubular acidosis, 1707- 
1708 
Secular frequency, 173, 177 
Security of computer systems, 482 
Sedatives overdose, 1290t, 1291-1292 
SELDI mass spectrometry, 184 
Selected ion monitoring, 166 
Selection criteria for reference individual, 427- 
430, 428f, 428t 
Selective aldosterone deficiency, 1709 
Selective glucose unresponsiveness, 857 
Selective immunoglobulin A deficiency, 1862 
Selective inactivation of isoenzyme, 213 
amylase, 619 
aspartate aminotransferase, 606-607 
Selective media for sodium, 987 
Selective precipitation 
for low-density lipoproteins, 951 
for testosterone, 2130, 2131t 
Selective serotonin reuptake inhibitors, 1041, 
1271, 1310 
Selectivity, 403b 
Selectivity factor in chromatography, 148 
Selegiline 
influence on catecholamine levels, 1056t 
metabolism to methamphetamine, 1324 
Selenium, 1133-1137, 1134f 
as causative factor in medical conditions, 
1372t 
oral and intravenous intakes of, 1076t 
reference intervals for, 2294t 
toxicity of, 1383-1384 
vitamin E and, 1120 
Selenocysteine, 5354, 1133 
Selenohomocholytaurine test, 1866 
Selenomethionine, 1133 
Selenophosphate synthetase, 1134 
Selenoprotein P, 1134, 1136, 1137 
Selenoprotein W, 1134 
Self-monitoring of blood glucose, 873-875 
Selivanoff’s test, 889 
Sella turcica, 1967 
Semen analysis, 2121, 2122f 
Semiautomatic pipette, 16f 16-18, 17f 
Seminal fluid, 2097, 212314 
Seminal vesicle, 2097 
Seminiferous tubule, 2097 
Seminoma markers 
human chorionic gonadotropin in, 766 
lactate dehydrogenase in, 602, 756 
Semiquantitative assays 
for urine albumin, 887 
for urine glucose, 872 
Senile amyloidosis, 582 
Sensitivity of test, 4114, 411-412, 412f 
combination testing and, 415t, 415-416 
Sensor of point-of-care testing device, 302, 302f 
Separate solution method in potentiometry, 96 
Separation gel, 128 


Separation methods 
in chromatography, 142-144, 143-145f 
in immunoassays, 232b 
Separation of steroid hormone specimen, 2035- 
2036 
Sephadex electrophoresis, 129 
Septic shock 
interleukin-13 for, 688 
tumor necrosis factor and, 705, 705f, 707, 708 
Septicemia 
complement C3 and, 567, 567t 
hypoglycemia and, 866 
Sequential competitive binding microparticle 
capture immunoassay, 1350-1351 
Serax. See Oxazepam. 
Serial dilution, 27 
Serial invasive amplification, 1418 
Serine 
reference intervals for, 2294t 
structure and molecular weight of, 534t 
Serine proteinase inhibitors, 550 
Sernylan. See Phencyclidine. 
Serological pipette, 15, 15f, 15t 
Seroquel. See Quetiapine. 
Serotonergic receptor, 1039-1040 
Serotonin, 1021t, 1033-1074 
adrenal medullary system and, 1043-1044, 
1044f 
alcohol ingestion and, 458 
analytical methods for, 1054-1062 
collection and storage of samples for, 
1054-1055 
5-hydroxyindoleacetic acid and, 1063- 
1065, 1065t 
influences of diet and drugs on, 1055, 
1056t 
plasma assays in, 1057, 1057t 
plasma L-dopa, DOPAC, and DHPG and, 
1059, 1059t 
plasma metanephrines and, 1057-1058, 
1058t 
reference intervals in, 1055-1057 
urinary, 1059-1060, 1060t 
urinary fractionated metanephrines and, 
1060-1061, 1061t 
urinary homovanillic acid and, 1061-1062, 
1062t 
urinary vanillylmandelic acid and, 1061, 
1062t 
biosynthesis of, 1034f, 1034-1035 
carcinoid tumor and, 1052-1054 
central nervous system and, 1040-1041 
chemical structure of, 1033, 1034f 1338f 
circadian variation in, 452 
dysautonomias and genetic disorders and, 
1050-1052, 1051t 
effect on anterior pituitary hormones, 1968t, 
1969 
enteric nervous system and, 1045 
exercise-related changes in, 451 
interleukin-16 and, 692 
neuroblastoma and, 1049-1050 
pheochromocytoma and, 1045-1048, 1049b 
plasma composition changed by, 454 
posture-related changes in, 449-450 
prolonged bed rest-related changes in, 450 
reference intervals for, 2294t 
shock-related changes in, 466 
storage and release of, 1035-1036, 1036f 
sympathetic nervous system and, 1041-1043, 
1042t 
travel-related changes in, 453 
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Serotonin (Continued) 
uptake and metabolism of, 1036-1039, 1037- 
1039f, 1039t 
urine specimen preservatives and, 51t 
Serotonin-N-acetyltransferase, 1034f, 1035 
Serotonin syndrome, 1322 
Serpins, 550, 1816 
Sertoli cell, 2097, 2098f 
Sertraline, 1269, 1270t, 2314t 
Serum 
composition of, 47t 
biological influences on, 459-463, 460-462t 
capillary versus venous, 48t 
circadian variation in, 452, 453t 
for electrolyte determination, 983-984 
factors affecting enzyme levels in, 214 
for insulin-like growth factors, 1976 
separation from blood specimen, 56 
transaminase activities in, 605t 
travel-related changes in, 453 
Serum acetoacetate, 54t 
Serum acetone, 54t 
Serum acid phosphatase 
circadian variation in, 453t 
effect of exercise on, 452t 
Serum alanine aminotransferase, 2254t 
circadian variation in, 453t 
effect of exercise on, 452t 
fasting and starvation and, 456 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
posture-related changes in, 450t 
seasonal influences on, 464t 
Serum albumin, 548 
adult levels of, 461 
circadian variation in, 453t 
influence of age on, 460t 
influence of food on, 455t 
malnutrition and, 455 
posture-related changes in, 450t 
for protein-energy status, 1076 
reference intervals for, 2254t 
seasonal influences on, 464t 
smoking and, 457t 
vegetarianism and, 455, 456t 
Serum alcohol, 54t 
Serum aldolase, 54t, 2254t 
Serum aldosterone, 2040 
reference intervals for, 2255t 
special collection and storage conditions for, 
54t 
Serum alkaline phosphatase, 608 
adult levels of, 461 
circadian variation in, 453t 
diet and, 454 
effect of exercise on, 452t 
food ingestion and, 454 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
posture-related changes in, 450t 
racial differences in, 462 
reference intervals for, 2290t 
Serum alpha-fetoprotein, 2269t 
Serum alpha,-acid glycoprotein, 2253t 
Serum alpha,-antitrypsin, 2256t 
Serum alpha)-macroglobulin, 2283t 
Serum aluminum, 2255t 
Serum aminotransferases, 605 
Serum amylase, 450t, 2255t 
Serum amyloid, 1633 
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Serum amyloid P, 582 
Serum 3c-androstanediol glucuronide, 2255t 
Serum androstenedione, 54t, 2255t 
Serum apolipoprotein A-1, 2256t 
Serum apolipoprotein B, 2256t 
Serum ascorbic acid, 54t, 2302t 
Serum aspartate aminotransferase, 2257t 
circadian variation in, 453t 
effect of exercise on, 452t 
fasting and starvation and, 456 
increased activity after surgery, 467t 
posture-related changes in, 450t 
prolonged bed rest and, 450 
seasonal influences on, 464t 
Serum barbiturates, 54t 
Serum beta-carotene, 2258t 
Serum beta-globulin, 463 
Serum beta -microglobulin, 2286t 
Serum bicarbonate, 47t, 2158t 
Serum bile acids, 54t 
Serum bilirubin, 1195-1198, 1196f 
effects of gender on, 462 
fasting and starvation and, 456 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
morphine and, 459 
neonatal, 460 
vegetarianism and, 455 
Serum butyrylcholinesterase, 1317 
Serum C-peptide, 55t, 851 
Serum C-reactive protein, 2263t 
Serum C-telopeptide, 2264t 
Serum calcitonin, 55t, 2258t 
Serum calcium 
circadian variation in, 453t 
effect of exercise on, 452t 
effect of fever on, 466t 
fasting and starvation and, 456 
in hypocalcemia, 1893-1894 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
influence of menstrual cycle on, 464 
posture-related changes in, 450t 
reference intervals for, 1903 
seasonal influences on, 464t 
Serum cancer antigen 15-3, 2258t 
Serum cancer antigen 19-9, 2258t 
Serum cancer antigen 27, 29, 2258t 
Serum cancer antigen 50, 2258t 
Serum cancer antigen 72-4, 2258t 
Serum cancer antigen 125, 2258t 
Serum cancer antigen 242, 2259t 
Serum carbon dioxide, 2259t 
Serum carcinoembryonic antigen, 2259t 
Serum ceruloplasmin, 2260t 
Serum chloride, 2260t 
circadian variation in, 453t 
effect of exercise on, 452t 
effect of fever on, 466t 
Serum cholesterol 
adult levels of, 461 
circadian variation in, 453t 
diet and, 453 
effects of exercise on, 451, 452t 
food ingestion and, 454 
heart disease and, 924-928, 927f 
influence of age on, 460t 
influence of food on, 455t 
malnutrition and, 455 
obesity and, 464-465 
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Serum cholesterol (Continued) 
posture-related changes in, 450t 
racial differences in, 463 
reference intervals for, 2261t 
smoking and, 457, 457t 
Serum cholinesterase, 192t, 615-616, 2261t 
Serum chorionic gonadotropin, 2165, 2261- 
2262t 
Serum chromium, 2262t 
Serum citric acid, 55t 
Serum cobalt, 2262t 
Serum complement, 55t 
Serum complement C3, 2262t 
Serum complement C4, 2262t 
Serum conjugated bilirubin, 2258¢ 
Serum copper, 2262t 
Serum cortisol, 2016, 2039 
in adrenocortical insufficiency, 2022, 2023f 
2023t 
reference intervals for, 2263t 
shock-related changes in, 466 
travel-related changes in, 453 
Serum creatine, 456 
Serum creatine kinase, 2263t 
drug-related effects on, 458t 
influence of menstrual cycle on, 464 
Serum creatine kinase isoenzymes, 55t, 2263t 
Serum creatine kinase isoforms, 2263t 
Serum creatinine 
childhood levels of, 461 
circadian variation in, 453t 
effect of exercise on, 452t 
effect of fever on, 466t 
fasting and starvation and, 456 
influence of age on, 460t 
influence of gender on, 462t 
influence of menstrual cycle on, 464 
reference intervals for, 2264t 
seasonal influences on, 464t 
smoking and, 457 
special collection and storage conditions for, 
55t 
Serum cryoglobulins, 55t 
Serum cystine, 2264t 
Serum dehydroepiandrosterone, 2133, 2133t, 
2265t 
Serum dehydroepiandrosterone sulfate, 2133, 
2133t, 2266t 
Serum 11-deoxycortisol, 2266t 
Serum digitoxin, 55t 
Serum digoxin, 55t 
Serum dihydrotestosterone, 2266t 
Serum enzymes 
adult levels of, 461 
alcohol ingestion and, 458 
surgery-related changes in, 466 
Serum estradiol, 2267-2268t 
Serum estriol, 2107 
Serum estrone, 2268-2269t 
Serum ethanol, 1303 
Serum ethylene glycol, 1314 
Serum ferritin, 1191, 11914, 2269t 
Serum fluoride, 55t, 2270t 
Serum folate, 2270t 
Serum follicle-stimulating hormone, 2270t 
Serum free calcium, 2258t 
Serum free estriol, 2268t 
Serum free testosterone, 2118, 2295t 
Serum free thyroxine index, 2298t 
Serum free triiodothyronine, 2300t 
Serum fructosamine, 2270t 
Serum gamma-glutamyltransferase, 2271t 


Copyright © 2006, 1999, 1994, 1986 Elsevier Inc. All rights reserved. 


2398 


Serum gastrin, 55t 
Serum glucose 
food ingestion and, 454 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
reference intervals for, 871, 2270-2271t 
smoking and, 457t 
travel-related changes in, 453 
Serum growth hormone, 454, 1975, 2272t 
Serum haptoglobin, 2272t 
Serum high-density lipoproteins, 2274t 
Serum histidine, 55t 
Serum homocysteine, 2274-2275t 
Serum 17-hydroxyprogesterone, 55t, 2041-2042 
Serum immunoglobulin A 
anticonvulsants and, 459 
effects of smoking on, 457 
in elderly, 461 
posture-related changes in, 450t 
reference intervals for, 2279t 
Serum immunoglobulin D, 2279t 
Serum immunoglobulin E, 2279t 
Serum immunoglobulin G 
anticonvulsants and, 459 
childhood levels of, 461 
effects of smoking on, 457 
in elderly, 461 
posture-related changes in, 450¢ 
reference intervals for, 2279t 
Serum immunoglobulin M 
effects of smoking on, 457 
in elderly, 461 
posture-related changes in, 450t 
reference intervals for, 2279t 
Serum inhibin-A, 2279-2280t 
Serum insulin, 55t, 2280t 
Serum insulin-like growth factor-I, 2280t 
Serum iron, 1188-1191, 1189¢, 1190t 
circadian variation in, 453t 
food ingestion and, 454 
malnutrition and, 456 
transfusion-related changes in, 467 
Serum isocitrate dehydrogenase, 55t 
Serum lactate dehydrogenase, 602 
circadian variation in, 453t 
diet and, 453 
fasting and starvation and, 456 
influence of food on, 455t 
reference intervals for, 2282t 
seasonal influences on, 464t 
transfusion-related changes in, 467 
Serum lipase, 2282t 
Serum lipoproteins 
reference intervals for, 2274t, 2282-2283t 
special collection and storage conditions for, 
55t 
Serum low-density lipoproteins, 2282-2283t 
Serum lysozyme, 55t 
Serum magnesium, 1911, 1912 
effect of fever on, 466t 
fasting and starvation and, 456 
reference intervals for, 2284t 
special collection and storage conditions for, 
55t 
Serum manganese, 1132, 2284t 
Serum metanephrine, 2284t, 2285t 
Serum methylmalonic acid, 1104 
Serum molybdenum, 2287t 


Serum mucinlike carcinoma-associated antigen, 


2287t 
Serum nickel, 2287t 
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Serum normetanephrine, 2284t 
Serum 5’-nucleotidase, 612 
Serum osmol gap, 1292-1293, 1293t 
Serum osteocalcin, 2288t 
Serum parathyroid hormone, 55t, 1917-1918, 
2289t 
Serum pepsinogen, 55t 
Serum phosphatase, 2290t 
Serum phosphate, 1908, 1908f 
circadian variation in, 453t 
effect of exercise on, 452t 
effect of fever on, 466t 
fasting and starvation and, 456 
in hyperphosphatemia, 1907 
in hypophosphatemia, 1905-1906 
influence of food on, 455t 
influence of gender on, 462t 
influence of menstrual cycle on, 464 
reference intervals for, 2290t 
Serum phospholipids, 457t 
Serum phosphorus 
food ingestion and, 454 
influence of age on, 460t 
Serum placental lactogen, 55t 
Serum potassium 
circadian variation in, 453t 
effect of fever on, 466t 
in hyperaldosteronism, 2030f 
influence of food on, 455t 
reference intervals for, 2291t 
transfusion-related changes in, 467 
Serum progesterone 
for evaluation of ovulation, 2125-2126 
reference intervals for, 2291t 
threatened abortion and, 2162 
Serum proinsulin, 2291t 
Serum prolactin, 55t, 2291-2292t 
Serum prostaglandin F,0, 55t 
Serum prostate-specific antigen, 2292t 
Serum protein(s) 
reference intervals for, 2292-2293t 
stain in conventional electrophoresis, 125t 
Serum protein electrophoresis, 584-586, 585f 
Serum retinol binding protein, 2293t 
Serum reverse triiodothyronine, 2293t 
Serum riboflavin, 1097, 2293t 
Serum salicylate, 1307-1308 
Serum selenium, 2294t 
Serum serine, 2294t 
Serum serotonin, 2294t 
Serum sodium, 47t 
circadian variation in, 453t 
effect of fever on, 466t 
influence of food on, 455t 
Serum N-telopeptide, 2287t 
Serum testosterone, 2127-2129, 2129t 
in male infertility, 2122-2123 
reference intervals for, 2131t, 2295t 
Serum thiamine, 1093 
Serum thiocyanate, 2297t 
Serum thyroglobulin, 2297t 
Serum thyroid-stimulating hormone, 2063- 
2064, 2066, 2297t 
circadian variation in, 452 
hypothyroidism versus euthyroid sick 
syndrome and, 2062-2063 
Serum thyrotropin, 2297t 
Serum thyroxine, 2068-2071 
circadian variation in, 452 
neonatal, 460 
posture-related changes in, 450t 
reference intervals for, 2298t 


Serum thyroxine-binding globulin, 2080-2081, 
2298t 
Serum total bilirubin, 2258t 
Serum total calcium, 2258t 
Serum total carbon dioxide, 991 
Serum total cortisol, 2263t 
Serum total estriol, 2268t 
Serum total protein, 586-589 
Serum total testosterone, 2118, 2295-2296t 
Serum total triiodothyronine, 2300t 
Serum transferrin 
influence of altitude on, 463 
reference intervals for, 2299t 
transfusion-related changes in, 467 
Serum transferrin receptor, 1191-1192 
Serum transthyretin, 2299t 
Serum triglycerides 
adult levels of, 461 
alcohol ingestion and, 458 
diet and, 453 
effects of exercise on, 451 
malnutrition and, 455 
obesity and, 464-465 
posture-related changes in, 450t 
racial differences in, 463 
reference intervals for, 2299t 
seasonal influences on, 463, 464t 
smoking and, 457, 457t 
travel-related changes in, 453 
Serum triiodothyronine, 2061, 2071-2073 
Serum tube additives, 44t, 45 
Serum tumor-associated trypsin inhibitor, 2300t 
Serum urate 
adult levels of, 461 
diet and, 453 
effects of exercise on, 451 
fasting and starvation and, 456 
food ingestion and, 454 
seasonal influences on, 463 
Serum urea nitrogen 
circadian variation in, 453t 
effect of exercise on, 452t 
effect of fever on, 466t 
food ingestion and, 454 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
malnutrition and, 456 
reference intervals for, 2301t 
seasonal influences on, 464t 
smoking and, 457, 457t 
Serum uric acid, 2301t 
circadian variation in, 453t 
effect of exercise on, 452t 
effect of fever on, 466t 
influence of age on, 460t 
influence of food on, 455t 
influence of gender on, 462t 
seasonal influences on, 464t 
Serum vitamin A, 1084 
reference intervals for, 2302t 
special collection and storage conditions for, 
55t 
Serum vitamin B,, 2302t 
Serum vitamin C, 2302t 
Serum vitamin E, 1087, 2302t 
Serum vitamin K, 2302t 
Serum zinc, 55t, 2302t 
Serzone. See Nefazodone. 
Seventy-two hour fast, 865-866 
Severe combined immunodeficiency, 633 
Severinghaus style electrode for PCO,, 99, 99f 
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Sex 
as noncontrollable preanalytical variable, 
462t, 463 
in partitioning of reference group, 430, 431b 
reference intervals for catecholamines and, 
1056 
Sex hormone-binding globulin, 2011-2012 
estrogens and, 2105 
levels during pregnancy, 2157 
testosterone and, 2099, 2129 
Shared receptors, 718 
Sharp-cutoff filter in spectrophotometry, 67, 
67f 
SHBG. See Sex hormone-binding globulin. 
Shed interleukin-6 receptor, 673 
Sheehan’s syndrome, 2117 
Shewart mean and range control chart, 508f, 
508-510, 509t 
Shipping and packaging guidelines, 33 
Shock as noncontrollable preanalytical variable, 
466, 467t 
Shock liver, 1807 
Short-chain acyl-CoA dehydrogenase deficiency, 
2234-2235t, 2236-2237 
Short feedback loop of hypothalamic- 
hypophyseal portal system, 1967, 1968f 
Short tandem repeats, 1407, 1539-1540, 1540f 
in engraftment testing, 1550 
in forensic analysis, 1542, 1543t 
Shunt nephritis, 567t 
Shwartzman reaction, 704 
SI units, 5t, 5-6, 6t 
applications in laboratory medicine, 6-7, 7t 
decimal multiples and submultiples of, 6, 7t 
problems in use of, 8-9 
SIADH. See Syndrome of inappropriate 
antidiuretic hormone. 
Sialytransferase, 755t 
Sickling tests, 1176, 1176f 
Sideroblastic anemia, 1193 
Siderophilin, 544t 
Signal amplification: branched chain DNA, 
1418 
Signal processing, specimen identification and, 
279-280, 280b 
Signal transduction 
chemokines and, 719f, 719-720 
interferon-a and, 697 
interferon-y and, 699 
interleukin-1 and, 658 
interleukin-2 and, 662 
interleukin-3 and, 665 
interleukin-4 and, 668 
interleukin-5 and, 670 
interleukin-6 and, 673 
interleukin-7 and, 676 
interleukin-9 and, 677 
interleukin-10 and, 679 
interleukin-11 and, 681 
interleukin-12 and, 683 
interleukin-13 and, 687 
interleukin-14 and, 688 
interleukin-16 and, 692 
interleukin-17 and, 694 
tumor necrosis factor and, 704 
Significance level, statistical term, 434 
Sildenafil, 2103-2104 
Silica-based DNA isolation protocols, 1400- 
1401 
Silica gel in thin-layer chromatography, 149 
Silicate in reagent grade water, 11t 
Silicon, 1384 
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Silicon chip-based microvalve system, 251-252, 
252 
Silver, 1384 
Silver diamine stain, 125 
Silver nitrate stain, 125, 125t 
Silver-silver chloride electrode in redox 
reactions, 95 
SIM. See Selected ion monitoring. 
Simple sequence repeats, 1407 
Simple sugars, 837-839, 838f, 839f 
Simultaneous pancreas-kidney transplantation, 
1727-1728 
Sinequan. See Doxepin. 
Single-base primer extension, 1426-1427 
Single-beam spectrophotometer, 64, 64f 
Single immunodiffusion, 225 
Single nephron glomerular filtration rate, 1684 
Single nucleotide polymorphisms, 1539 
closed-tube genotyping methods for, 1444f, 
1444-1445 
detection by melting curve analysis, 1442, 
1442-1443, 1443f 
for identity testing, 1544 
sequence variation and, 1408 
Southern blotting and, 1462 
as tumor marker, 785-786 
Single-pan balance, 24 
Single-strand conformation polymorphism 
analysis, 1425, 1425f 
Single-use qualitative strip, 303-304, 304ff 
Single-use quantitative cartridge and strip tests, 
305f, 305-307, 306f 
Sirolimus, 1275f 1278-1279, 12804, 2314t 
Sisomicin, 1262-1265 
Site of action of drug, 1238, 1240f 
Six Sigma process, 488-490, 489f, 490f 
Size-exclusion chromatography, 143f, 144, 145f 
Sjégren’s syndrome, 555 
Skeletal muscle 
creatine kinase and, 599 
efflux of enzymes from, 215 
potassium efflux from, 985-986 
transaminase activities in, 605t 
Skewed X-inactivation, 1514 
Skewness, coefficient of, 440 
Skin lesion 
in porphyrias, 1217-1218, 1222-1223 
in pseudoporphyria, 1221 
Skin puncture for blood specimen, 46, 46f 
Slab gel electrophoresis, 128, 1422 
SLE. See Systemic lupus erythematosus. 
Sleep, growth hormone release and, 1973f 
Small intestine 
anatomy of, 1849-1850 
bacterial overgrowth of, 1864b, 1864-1865, 
1865t 
bile salt malabsorption and, 1865-1866 
celiac disease and, 1859-1862, 1860f, 1861¢, 
1862t 
digestion process and, 1851, 1852f 
disaccharidase deficiencies and, 1862, 1862- 
1864, 1863b, 1864b 
Small nuclear ribonucleoprotein particles, 1396 
SMBG. See Self-monitoring of blood glucose. 
Smoking as controllable preanalytical variable, 
457 
SMV. See Support vector machine. 
SNOMED CT. See Systematized Nomenclature 
of Medicine-Clinical Terms. 
SNPs. See Single nucleotide polymorphisms. 
SnRNPs. See Small nuclear ribonucleoprotein 
particles. 
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SO». See Hemoglobin oxygen saturation. 
Sodium, 47t, 984, 1750-1754 
in amniotic fluid, 2156t 
analytical goals for, 364t 
biological variability in, 467t 
circadian variation in, 452, 453t 
critical values of, 2317t 
effect of fever on, 466t 
fasting and starvation and, 456-457 
fecal, 984 
hypernatremia and, 1753-1754, 1754f 
hyponatremia and, 1751-1753, 1752f 
influence of altitude on, 463 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
influence of menstrual cycle on, 464 
metabolic function of nephron and, 1676t 
reference intervals for, 2294-2295t 
renal regulation of, 984, 1679-1680, 1680f 
required ion-selective electrode selectivity 
coefficient for, 96t 
travel-related changes in, 453 
values during pregnancy, 2158t 
Sodium bathophenanthroline disulfonate, 1190¢ 
Sodium bicarbonate, 51 
Sodium-calcium exchanger, 1681 
Sodium chloride, 993 
Sodium citrate, 48 
Sodium-dependent multivitamin transporter, 
1107-1108 
Sodium dodecyl sulfate-agarose gel 
electrophoresis, 817-818 
Sodium fluoride, 48 
Sodium-hydrogen exchanger, 1750, 1764-1765, 
1765f 
Sodium iodoacetate, 48 
Sodium oxalate, 48 
Sodium potassium, 463 
Sodium-potassium adenosine triphosphate 
pump, 984-985, 1750 
bile acid flow and, 1783 
distal tubule of kidney and, 1675 
sodium reabsorption and, 1679 
thyroid hormones and, 2055 
urine formation and, 1678-1679 
Sodium-potassium-chloride co-transporter, 
1679-1680, 1680f 
Software 
for automated laboratory, 291-292 
for mass spectrometry, 181 
for statistics, 403-404 
Solid-liquid interface reaction, 223-224 
Solid phase, light-scattering immunoassay, 
235b 
Solid phase adsorption in heterogeneous assay, 
232-233 
Solid phase competitive sequential enzyme 
immunoassay, 1351 
Solid phase extraction techniques in liquid 
chromatography, 160 
Solid-phase hybridization assay, 1432-1433, 
1433t 
Solid tissue specimen collection, 53-54 
Solubility, 5 
of porphyrins, 1210 
of protein, 542-543 
Soluble cytokine receptor 
interleukin-2, 662 
interleukin-6, 673 
tumor necrosis factor, 707 
Solute, 3-5, 4t 
Solute volatilization interferences, 74-75 
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Solution, 3 
basic procedures for processing of, 26-27 
buffer, 25-26, 26t 
colligative properties of, 992-993 
expressing concentration of, 3-5, 4t 
Solution-based DNA isolation protocols, 1400 
Solution-phase hybridization assay, 1432-1433, 
1433t 
Solvent, 3-5, 4t 
in liquid chromatography, 160-161 
for liquid scintillation, 23 
storage container for, 34, 34t 
Solvent partition method, 2036 
Solvent reservoir in liquid chromatography, 157 
Somatomedin, 849, 1024t 
Somatostatin, 1020¢, 10234, 1968 
effects on thyroid function, 2064t 
gastrointestinal, 1875t 
influence on blood glucose concentration, 
850 
Somatotrope, 1967 
Somatotropin, 1020t 
Somatotropin release-inhibiting factor, 1968, 
1970, 1970f 
Sonic spray ionization, 168 
Soret band, 1210 
Sorting device in specimen processing, 286 
Southern blotting, 126, 228, 1423f 1423-1424 
for alpha-thalassemia, 1175 
for antigen-receptor gene rearrangements, 
1459¢, 1461f, 1461-1462, 1462f 
for chromosomal translocations, 1464 
for fragile X syndrome, 1501, 1502f 
for hemophilia A, 1498, 1498f 
Soybean preparations, 2064t 
SP. See Substance P. 
Space charge, 177 
Spacer gel, 128 
Spacer in affinity chromatography, 144 
Specific activity of radioactive material, 22 
Specific gravity of urine, 3014, 811 
Specificity of test, 403b, 4114, 411-412, 412f 
in chorionic gonadotropin assay, 2182 
combination testing and, 415-416, 416t 
in measuring high-density lipoproteins, 948 
Specimen, 41-58, 268-280 
for adrenocorticotropic hormone, 1984 
for aldosterone, 2040 
amniotic fluid, 53, 2189-2190 
for arginine vasopressin, 1996 
ascitic fluid, 53 
automated acquisition of, 268 
automated processing of, 284-288, 285f, 287f 
automated sorting of, 288f 288-289, 289f 
automated storage and retrieval of, 289 
bar coding of, 269f 269-270 
blood, 41-49. See also Blood specimen. 
anticoagulants and preservatives for, 47t, 
47-48 
arterial puncture for, 47-48 
automated preparation of, 271 
hemolysis and, 49 
influence of site of collection on, 48, 48t 
from intravenous or arterial lines, 49, 49t 
skin puncture for, 46, 46f 
venipuncture for, 41-45, 43f 43t, 44f, 44t 
for blood gases, 1006-1008, 1007t 
for calcium measurement, 1902-1903 
for carnitine, 2242 
for catecholamine metabolites, 1054-1055 
chemical reaction phase and, 274-276, 275f, 
276f 
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Specimen (Continued) 
chemiluminescence and bioluminescence 
methods and, 278-279 
for Chlamydia trachomatis, 1564t, 
1564-1565 
for chorionic gonadotropin, 2182 
controllable preanalytical variables and, 449- 
459 
alcohol ingestion in, 457-458 
circadian variation in, 452-453, 453t 
diet in, 453-454 
drug administration in, 458t, 458-459 
exercise in, 451, 452t 
fasting and starvation in, 456-457 
food ingestion in, 454-455, 455t 
herbal preparations in, 459 
malnutrition in, 455-456 
physical training in, 451-452 
posture in, 449-450, 450t 
prolonged bed rest in, 450 
recreational drug administration in, 459 
smoking in, 457 
travel in, 453 
vegetarianism in, 455, 456t 
cross-contamination of, 1562 
for cytomegalovirus, 1574 
for dehydroepiandrosterone sulfate, 2133 
for deoxypyridinoline and pyridinoline, 1939 
for dimeric inhibin A, 2186 
electrochemical methods and, 279 
for electrolyte determination, 983-984 
bicarbonate and, 991 
chloride and, 989 
potassium and, 985 
sodium and, 984 
errors in identification of, 270 
for estriol, 2136 
fecal, 52, 1224 
fingernail, 54 
fluorometry and, 278 
for free calcium, 1901 
front-surface reflectance fluorometry and, 
278 
for gonadotropins, 1987 
for growth hormone, 1975 
hair, 54 
for 17-hydroxyprogesterone, 2041-2042 
identity testing of, 1541, 1545-1546 
for inborn errors of metabolism, 2237 
for insulin-like growth factors, 1976 
labeling of, 268-269 
loading and aspiration of, 271-272 
for magnesium, 1912 
for maternal serum alpha-fetoprotein, 2183 
meconium, 1349 
for molecular assay, 1556-1557 
for Neisseria gonorrhoeae, 1564t, 1564-1565 
noncontrollable preanalytical variables and, 
459-467 
age in, 459-462, 4602, 461t 
altitude in, 463 
ambient temperature in, 463 
blindness in, 465 
fever in, 465-466, 466t 
influence of menstrual cycle in, 464 
obesity in, 464-465 
place of residence in, 463 
pregnancy in, 465 
race in, 462-463 
seasonal influences in, 463-464, 464t 
sex in, 462t, 463 
shock and trauma in, 466, 467t 


Specimen (Continued) 
stress in, 465 
transfusion and infusions in, 466-467 
on-analyzer delivery of, 272f, 272-273 
for osteocalcin, 1943 
for oxytocin, 1996 
for parathyroid hormone, 1917-1918 
for parathyroid hormone-related protein, 
1929 
for phosphate, 1908 
photometry and, 276-277, 277f 
of pleural, pericardial, and ascitic fluids, 53 
polarization fluorometry and, 278 
for porphyrin metabolite testing, 1224 
preparation of, 271 
for progesterone, 2138 
for prolactin, 1981 
for protein analysis, 583-584 
reagent delivery and, 274 
reagent handling and storage and, 273-274, 
274f 
reflectance photometry and, 278 
saliva, 53 
separation and storage of, 56 
signal processing, data handling, and process 
control and, 279-280, 280b 
solid tissue, 53-54 
spinal fluid, 52 
standardization of, 430-432, 432t 
for steroids, 2033-2034 
swabs for, 53 
for sweat test, 996-998 
synovial fluid, 52-53 
for thyroid function tests 
antithyroid antibodies and, 2085 
free thyroid hormones and, 2074, 2075 
reverse triiodothyronine and, 2073 
thyroglobulin and, 2084 
thyroid hormone-binding proteins and, 
2083 
thyroid hormone-binding ratio and, 2078 
thyroid-stimulating hormone and, 2068 
thyroxine and, 2071 
triiodothyronine and, 2072 
for total calcium, 1899 
for total testosterone in blood, 2128 
for trace elements, 1120-1121 
transport of, 56-57 
automated, 282-284, 284f 
of blood for arterial blood gases, 1008 
delivery to laboratory and, 270-271 
effect on laboratory test, 493-494 
preservation of specimen in, 54-55t, 54-56 
turbidimetry and nephelometry and, 278 
for unconjugated estriol, 2185 
urine, 49-52, 51t. See also Urine specimen. 
for vitamin D metabolites, 1925-1926 
Specimen input area, 286 
Specimen validity check reagents, 1318t 
Speckle detection technology, 307 
Spectral bandwidth in spectrophotometry, 67, 
68, 68f 71 
Spectral interferences, 74 
Spectral isolation 
automated system and, 276-277, 277f 
in spectrophotometry, 66-68, 67f, 68f 
Spectral properties of porphyrins, 1209-1210 
Spectrofluorometer, 77f, 77-84 
components of, 77-80, 79-82f 
limitations of, 83-84 
performance verification and, 80 
types of, 80-83, 81f, 82f 
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Spectrophotometer, 64f, 64-65 
in liquid chromatography, 158-159 
performance parameters of, 70-72, 71f, 72t7 
Spectrophotometry, 62-72 
atomic absorption, 73f, 73-75, 74f 
basic concepts of, 62f, 62-64, 63f, 63t 
for carbon monoxide, 1297-1298 
for chloride, 989-990 
cuvets for, 69 
for cyanide, 1298 
fiber optics for, 68-69 
flame emission, 73 
light sources for, 65-66, 66t 
linearity and, 72 
for lipase, 621 
microprocessor for, 70 
multiple-wavelength readings in, 72 
photodetectors for, 69f, 69-70 
photometric accuracy in, 72, 72t 
readout device for, 70 
recorder for, 70 
for sodium and potassium, 987 
spectral bandwidth in, 71 
spectral isolation in, 66-68, 67f, 68f 
stray light and, 71-72 
for vanillylmandelic acid, 1054 
wavelength calibration in, 70-71, 71f 
Spectrum bias, 329 
Spectrum of test, 409t, 409-410 
Sperm antibodies, 2121, 2124, 2125 
Sperm function tests, 2122 
Sphingolipids, 914f 914-915 
Sphingomyelin, 914f, 915, 2159 
Sphingosine, 914f, 915 
Spina bifida, 2165 
Spinal cord tumor, 578t 
Spinal fluid specimen, 52 
Spironolactone 
male reproductive function and, 2122t 
for primary aldosteronism, 2031-2032 
Spleen, transaminase activities in, 605t 
Splenectomy in Cooley’s anemia, 1180 
Splenomegaly, haptoglobin and, 560 
Spliceosome, 1396 
Split sample validation, 420 
Spontaneous bacterial peritonitis, 1795 
Spot test for drugs, 1292 
Squalene, 905, 906f, 907f 
Squamous cell antigen, 767t 
Squamous cell carcinoma, 762-763 
Squamous cell carcinoma antigen, 769 
SRIF. See Somatotropin release-inhibiting 
factor. 
SS. See Somatostatin. 
SSRIs. See Selective serotonin reuptake 
inhibitors. 
SSRs. See Simple sequence repeats. 
Stagnant mobile phase mass transfer, 147 
Staining in conventional electrophoresis, 125, 
125t, 128 
Stand-alone sorting system, 289 
Stand-alone specimen processing system, 285, 
285f 
Standard deviation, 356 
analytical sensitivity and, 361 
precision profile and, 358, 358f 
sample size and, 392t, 392-395 
Standard deviation control chart, 508f, 508-510, 
509t 
Standard hydrogen electrode in potentiometry, 
95 
Standard uncertainty, 398-399 
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Standardization 
in analytical enzymology, 210f 210-211 
application of reference methods to, 941-942, 


942b, 943b 


in glycated hemoglobin assays, 883-884 
in high-sensitivity C-reactive protein 


methods, 965 


in reporting of test results, 9-10, 10¢ 

of specimen collection, 430-432, 432t 

in transaminase activity measurement, 606 
Standards 

for clinical laboratory automation, 292 

International Organization for 


Standardization and, 521-523, 523t 


Standards for Reporting of Diagnostic 


Accuracy, 329-330, 331f, 332f 


Standing current, electron capture detector and, 


154 


Standing measurement procedure, 397-398 
Starch, 839-840, 840f 

Starch gel electrophoresis, 123-124 
STARD. See Standards for Reporting of 


Diagnostic Accuracy. 


Starvation 
as controllable preanalytical variable, 


456-457 


influence on cortisol concentrations, 2014 
State Laboratory of Hygiene, 942b 
Stationary phase mass transfer, 147 
Statistical distance measure, 442-443 
Statistics 

abbreviations and vocabulary in, 403b 

for monitoring patient means, 513 

reference values and, 433f, 433-442 


determination of reference limits in, 434- 
436, 435f 

identification and handling of erroneous 
values in, 437 

inspection of distribution in, 436-437 

nonparametric method in, 437-438, 4381, 
439t 

parametric method in, 438-442 

partitioning of reference values in, 436 

statistical concepts in, 433-434, 434f 


in selection and evaluation of methods, 353- 


407 

analytical measurement range and, 359 

analytical performance criteria and, 354 

analytical sensitivity and, 361 

analytical specificity and interference in, 
361-362 

basic error model in, 368-370, 369f 

Bland-Altman plot and, 376-377, 377f, 
377t 

calibration and, 355f, 355t, 355-356 

distribution of differences plot in, 371-376, 
372-375f, 373t, 375t 

goals for analytical quality in, 362f 362- 
366t, 362-368 

guidelines, regulatory demands, and 
accreditation in, 402-403 

limit of detection and, 359-361, 360f, 361f 

limit of quantification and, 361 

linearity in, 359 

medical criteria and, 353-354, 354f 

method comparison data model in, 370- 
371 

monitoring serial results and, 396-397, 
397f 

paired t-tests and, 377-378, 378f, 378t 

precision in, 357-358, 358t 

precision profile in, 358, 358f 
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Statistics (Continued) 
regression analysis and, 378-395. See also 
Regression analysis. 
software packages for, 403-404 
traceability and measurement uncertainty 
and, 397-402, 398f, 401t 
trueness and accuracy in, 356, 356t 
verification of distribution of differences in 
relation to specified limits in, 376, 
376t 
Shewart mean and range control chart and, 
508f 508-510, 509t 
test distribution, 512-513 
Steady-state drug concentration, 1240, 1243 
Steady-state voltammetry, 102 
Stearic acid, 909t 
Stellate cell, 1780 
Stem cell 
interferon-y and, 701t 
interleukin-3 and, 664 
Stercobilinogen, 1195 
Stereoisomers, 837-838 
Steric-exclusion chromatography, 144 
Stern-Volmer equation for quenching, 107 
Steroid hormones, 1019, 2007-2021 
androgens in, 2098-2099, 2098-2100f 
defects in action of, 2103 
effects on thyroid function, 2064t 
excess in amenorrhea, 2115-2116, 2116t 
function tests of, 2021 
metabolism of, 2012 
secretion of, 2015 
structure of, 2009, 2010f, 2098f 
synthesis of, 2011, 2098, 2100f 
chemistry of, 2003-2007, 2004f, 2005t 
circulating forms of, 2011-2012 
corticosteroid function tests and, 2015-2019, 
2016-2018f, 2017-2019b 
effects on plasma proteins, 545t 
estrogens in, 1019, 1022t, 2105-2108 
alpha,-antitrypsin and, 551 
alpha,-macroglobulin and, 553 
biosynthesis of, 2105-2106, 2107f 
blood, 2134-2136, 2136t 
breast cancer and, 2112 
effects on hepatic synthesis of 
angiotensinogen, 2020 
effects on thyroid function, 2064t 
in elderly, 462 
haptoglobin and, 561 
levels during pregnancy, 2157 
metabolism of, 2107-2108, 2108f 
placental, 2155 
saliva, 2137 
structure of, 2009, 2010f 2106f 
urine, 2136-2137 
urine specimen preservatives and, 51t 
glucocorticoids in, 2007-2008, 2008f 2009f 
hypothalamic-pituitary-adrenal cortical axis 
and, 2014, 2014f 
metabolism of, 2012-2014, 2013f 
mineralocorticoids in 
excess of, 2033 
function tests of, 2019-2021, 2020b, 2020f 
2021b 
hyperaldosteronism and, 2030¢, 2030-2033, 
2031-2033f, 2033b 
structure of, 2009, 2009t 
synthesis of, 2011 
placental, 2155 
regulation of, 2014-2106 
Steroidogenesis, 2009-2011, 2010f 
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Stimulants, 1056t 
Stimulation test 
of adrenal function, 2016-2018, 2017b, 2018b, 
2108f 
adrenocorticotropic hormone, 2016, 2017), 
2018f 
in Addison’s disease, 2022, 2022f, 2023, 
2023t 
in 11B-hydroxylase deficiency, 2118 
in 21-hydroxylase deficiency, 2029 
corticotropin-releasing hormone, 2016-2017, 
2017b 
in adrenal insufficiency, 2023-2024 
in Cushing’s syndrome, 2026-2027, 2027b 
follicle-stimulating hormone, 1989b 
furosemide, 2020b, 2020-2021 
gonadotropin-releasing hormone, 2111 
human chorionic gonadotropin, 2123 
for insulin-induced hypoglycemia, 1989, 2018 
metyrapone, 2018, 2018b, 2023t 
of renin-angiotensin-aldosterone system, 
2020b, 2020-2021, 2021b 
secretin, 1869, 1869t 
Stokes shift, 75 
Stomach 
anatomy of, 1849, 1850f 
digestion and absorption of proteins in, 
1854-1855 
peptic ulcer disease and, 1856-1858, 1857), 
1857f 
Stomach cancer markers 
cancer antigen 50 in, 773 
cancer antigen 72-4 in, 774 
cathepsins in, 763 
epidermal growth hormone receptor in, 780 
heat shock proteins in, 776 
lactate dehydrogenase in, 756 
telomerase in, 765 
tumor-associated trypsin inhibitor in, 764 
Stool specimen, 1224 
collection of, 52 
for sodium determination, 984 
Stopper color in evacuated blood tube, 44t 
Storage and retrieval system, 287 
Storage container, 34, 34t 
Storage of specimen collection, 56 
Strand displacement amplification, 1419 
Stray light in spectrophotometry, 71-72 
Streptococcal infection 
acute nephritis syndrome and, 1705-1706 
perinatal, 1572-1573 
Streptomycin, 1262-1265, 1268t 
Stress 
blood collection and, 43 
effects on glucocorticoids, 2013 
as noncontrollable preanalytical variable, 465 
Stringency of hybridization reaction, 1431 
Strip test 
for saliva alcohol, 1304 
for urine glucose, 872 
Stromal cell 
chemokines and, 715 
interleukin-7 and, 675f, 675-676 
interleukin-11 and, 680-682, 681f 
Stromal cell-derived factor 1, 654 
Struvite stones, 1715 
Study design, 328-329 
Subacute bacterial endocarditis, 567t 
Subacute combined degeneration of spinal 
cord, 1103 
Subacute necrotizing encephalomyelopathy, 
1503-1504, 1504f 


Index 


Subclinical deficiency state, 1077 
Suberic acid, 2295t 
Suberylglycine, 2295t 
Subject-based reference values, 426, 445f, 445- 
446 
Subset, statistical term, 433 
Substance abuse, 1317-1350 
amphetamine and methamphetamine in, 
1320-1322, 1321f, 1322f 1324-1325 
barbiturates in, 1325-1328, 1326¢, 1327f, 
1327t 
benzodiazepines in, 13281, 1328-1333, 1329- 
1332f 
cannabinoids in, 1333f 1333-1335, 1334f 
cocaine in, 1335-1336, 1336f 
designer amphetamines in, 1322-1323 
dextromethorphan in, 1344, 1345f 
drug detection cutoff concentration and, 
1319t 
ephedrine and pseudoephedrine in, 1323 


gamma-hydroxybutyrate in, 1336-1338, 1337f 


guidelines for drug assay cutoff values and, 
1320t 
hair analysis for, 1349-1350 
hepatitis D and, 1804 
lysergic acid diethylamide in, 1338f 1338- 
1339, 1339f 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 
phencyclidine and ketamine in, 1347f, 1347- 
1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f, 1346-1347 
saliva analysis for, 1350 
screening for, 1292-1296, 12931, 1295f 
specimen validity check reagents and, 1318t 
sweat analysis for, 1350 
Substance Abuse and Mental Health Service 
Administration, 1317, 1320t 
Substance concentration, 4t 
Substance content, 4t 
Substance P, 1023, 1875t 
Substance ratio, 4t 
Substrate(s) 
for alpha-amylase activity, 618-619 
for chymotrypsin activity, 623 
in enzyme-catalyzed reaction, 199f, 199-202, 
201f, 202f, 209-210 
for lipase activity, 621 
for serum cholinesterase activity, 615-616 
Substrate, label used for nonisotopic 
immunoassay, 231t 
Succinic acid, 2295t 
Succinic semialdehyde dehydrogenase defect, 
2226-2227t 
Succinimides, 1255-1256 
Succinyldicholine, 615-616 
Sucrase, 841 
Sucrase-isomaltase complex, 1853t 
Sucrase-isomaltase deficiency, 1863, 1864 
Sucrose, 839, 839f 
Sudafed. See Pseudoephedrine. 
Sudden death 
in fatty acid oxidation disorders, 2232 
postmortem screening in, 221-2211, 2210f 
2211b 
Sulfamic acid, 51 
Sulfasalazine, 2122t 
Sulfatase, 2035 
Sulfate, 1676t 


Sulfatides, 915 
Sulfation factor, 1971 
Sulfhemoglobin, 1168 
Sulfite oxidase deficiency, 2214-2215t 
Sulfonamides, 1262t, 1263t, 1265-1266, 2314t 
Sulfotransferase isoenzyme, 1038 
Sulfur amino acid disorders, 2212-2215t 
Superior hypophyseal artery, 1967 
Superoxide dismutase 
copper and, 1126 
manganese and, 1130 
Supplemental unit, 5 
Support media in electrophoresis, 123-124 
Support vector machine, 418f, 418-419 
Suppression test 
of adrenocortical hormones, 2018-2019, 
2019b 
of renin-angiotensin-aldosterone system, 
2021 
Suprapubic tap specimen, 50 
Surface chemistry issues in microfabrication, 
256-257 
Surface effect immunoassay, 235b 
Surface-enhanced laser desorption/ionization, 
170-171, 184, 754 
Surfactant, 2159, 2159f, 2166-2167 
Surmontil. See Trimipramine. 
Sustiva. See Efavirenz. 
Swabs for specimen collection, 53 
Sweat chloride, 2260t 
Sweat testing, 994-998, 995t, 999b, 1350 
Sweating, influence on body fluid composition, 
463 
Swinging-bucket centrifuge, 19 
Symbology, 269-270 
Sympathetic nervous system, 1289-1291 
catecholamines and, 1041-1043, 1042t 
Sympathomimetics 
abuse of, 1320-1325, 1322f 1324f 
chemical structures of, 1321f 
influence on catecholamine levels, 1056t 
symptoms of overdose, 1290t 
Synacthen stimulation test, 1989 
Syndrome of inappropriate antidiuretic 
hormone, 1994-1995, 1995b 
Syndrome X, 857 
Synergistic interactions of trace elements, 1120 
Synovial cell, 659t 
Synovial fluid specimen, 52-53 
Synthetic reference material, 1560 
Syringe, blood collection with, 45 
Systematic differences between methods, 389 
Systematic error, 403b 
Systematic reviews of diagnostic tests, 336-338, 
337b 
Systematized Nomenclature of Medicine- 
Clinical Terms, 479-481, 481f, 481¢ 
Systemic lupus erythematosus 
C4 complement and, 567¢, 568 
electrophoretic patterns in, 585f 
interleukin-14 and, 689 
Systems analysis, 491-492, 492t 


T 


T-cell 
in cell-mediated immunity, 1458 
chemokines and, 715-716 
interferon-y and, 698-702, 699f, 701t 
interleukin-1 and, 659t 
interleukin-2 and, 660-664, 661f, 663b 
interleukin-3 and, 664-666, 665f 
interleukin-4 and, 666-669, 667f 
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T-cell (Continued) 
interleukin-5 and, 669-671, 670f 
interleukin-6 and, 671-675, 672f, 673t 
interleukin-7 and, 675f, 675-676 
interleukin-9 and, 676-678, 677f 
interleukin-10 and, 678f, 678-680, 679b 
interleukin-12 and, 682-686, 683f 
interleukin-13 and, 686f, 686-688 
interleukin-14 and, 688f, 688-689 
interleukin-15 and, 690 
interleukin-17 and, 693-694, 694f 
interleukin-18 and, 694-695, 695f 
T-cell receptor 
electrophoretic detection of, 137f 
rearrangement in lymphoma, 1458 
T-cell receptor gene, 1460f, 1460-1461 
polymerase chain reaction for, 1462-1463, 
1463f 
Southern blotting for, 1451-1462, 1461f 
1462f 
T-cell tumor, 1459t 
T helper cell, 649-651, 650-652f, 658 
Tacrolimus, 1275f, 1279-1280, 1280t 
development of nephropathy and, 1708t 
therapeutic and toxic levels of, 2314t 
Tagamet. See Cimetidine. 
Take-out station, 287 
Talwin. See Pentazocine. 
Tambocor. See Flecainide. 
Tamm Horsfall glycoprotein, 1679 
Tandem mass spectrometer, 179-180 
Tandem mass spectrometry, 590 
for amino acids, 541 
for hormones, 1031 
Tangier disease, 932 
Tanned erythrocyte hemagglutination methods, 
2084-2085 
Taq polymerase, 1414 
Target amplification methods, 1411-1418 
enzymes needed in, 1411 
ligase chain reaction in, 1416-1417 
polymerase chain reaction in, 1412-1415f, 
1412-1416 
probe amplification-Q-beta replicase in, 1418 
strand displacement amplification in, 1419 
transcription-based amplification methods 
in, 1417, 1417f 
whole genome and whole transcriptome 
amplification in, 1419 
Target value, basic error model and, 368-369, 
369f 
Tartrate-resistant acid phosphatase, 1939-1940 
Tartrate-resistant alkaline phosphatase, 624-625, 
1939-1940 
TATA box, 1396 
TATL See Tumor-associated trypsin inhibitor. 
Taurine, 536t 
TBG. See Thyroxine-binding globulin. 
TBPA. See Thyroxine-binding prealbumin. 
TBW. See Total body water. 
TcII transport protein, 1101 
TDx FLM II method, 2190 
Tecan Genesis FE-500 Workcell, 285f 
Technical personnel in molecular diagnostics 
laboratory, 1453 
Teeth, fluoride and, 1142 
Tegretol. See Carbamazepine. 
Telomerase, 764-765 
Telomeric repeat amplification protocol, 765 
Telopeptides, 1927f, 1936-1939, 2264, 2287t 
Temazepam, 1328t, 1330f 
Temocillin, 1267t 


Index 


Temperature control 
in blood gas measurement, 1012, 1013¢, 
1013-1014 
in gas chromatography, 151-153 
in ion-exchange chromatography for glycated 
hemoglobin, 881-882 
in mixing of reactants, 276 
Temperature effects 
on capillary electrophoresis, 133 
on enzyme-catalyzed reactions, 203-204, 204f 
on fluorometry, 84 
inactivation of enzymes by heat, 193 
on Jaffe complex formation, 798 
Temperature-gradient electrophoresis, 1425- 
1426, 1426f, 1463 
Tennessee antigen, 767t 
Tenormin. See Atenolol. 
Tera, metric prefix of SI unit, 7t 
Teratogenicity of vitamin A, 1083 
Terazosin, 1056t 
Terbutaline, 1261 
Terminal deoxytransferase, 755t 
Terosite, 1190t 
Terpenes, 915 
Tertiary adrenal insufficiency, 2022-2023 
Tertiary structure of protein, 542 
Test independence, 414-415 
Test performance evaluation, 409-424 
Bayes’ theorem and, 414-415 
classification bias and, 410¢, 410-411 
clinical examples of, 419-420 
combination testing and, 415t, 415-416, 416t 
cost effectiveness and outcomes research and, 
420-422, 421f 
data analysis methods for very large numbers 
of variables and, 418f 418-419 
likelihood ratio and, 413f 413-414 
model evaluation and, 420 
multivariate data analysis in, 416-418, 417f 
418f 
odds ratio and, 413 
receiver operating characteristic curves in, 
412f, 412-413, 413f 
sensitivity and specificity in, 4114, 411-412, 
412f 
spectrum in, 409-410, 410t 
Test referral bias, 410 
Test verification, 1558-1561, 1559t, 1560t 
Testicular feminization, 2103, 2114 
Testicular tumor 
lactate dehydrogenase and, 602 
tumor markers in, 753t, 756 
alpha-fetoprotein in, 767-768 
human chorionic gonadotropin in, 766 
Testis, 2097, 2098f 
biosynthesis of androgens in, 2100f 
hormones of, 1022t 
Testosterone, 1022t, 2097, 2098f 
alcohol ingestion and, 458 
analytical goals for, 365t 
biosynthesis of, 2010f, 2098, 2100f 
biosynthesis of estrogens and, 2107f 
blood 
free and weakly bound, 2129-2131, 2130t, 
2131t 
total, 2127-2129, 2129t 
catabolism of, 2101f 
circadian variation in, 452 
in elderly, 461 
male infertility and, 2122-2123 
male reproductive function and, 2122t 
reference intervals for, 2131t, 2295t 
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Testosterone (Continued) 
secretion of, 2015 
serum, 2127-2129, 2129t 
structure of, 2009, 2010f 
systematic name for, 2005t 
Testosterone precursors, 2131-2132, 2132t 
TestPak Plus one-step pregnancy test, 238-239 
Tetracyclic antidepressants, 1269 
Tetracyclines, 1266, 1268t 
Tetradecadienoylcarnitine, 2296t 
Tetradecanedioic acid, 2296t 
Tetradecanoylcarnitine, 2296t 
Tetradecenoylcarnitine, 2296-2297t 
Tetrahydrobiopterin, 1034 
Tetrahydrocannabinol, 1333-1334, 1334f 
Tetrahydrocannabinol-9-carboxylic acid 
SAMSHA guidelines for drug assay cutoff 
values, 1320t 
U.S. government drug detection cutoff 
concentrations for, 1319t 
Tetrahydrocortisol, 2012 
Tetrahydrocortisone, 2012 
Tetrahydrofolate, 55t 
Tetrapeptides, 541 
Tetroses, 837 
Th1 helper cell, 649-651, 650f, 651f 
interferon-y and, 698-699, 699f 
interleukin-2 and, 661, 661f 
interleukin-3 and, 665, 665f 
interleukin-10 and, 679, 679t 
Th2 helper cell, 649-651, 650-652f 
interleukin-3 and, 665, 665f 
interleukin-4 and, 666-668, 667f 
interleukin-5 and, 670, 670f 
interleukin-9 and, 677 
interleukin-13 and, 686f, 686-688 
Thalassemia, 1178-1181, 1179f 1180f 
complete blood count in, 1171, 1172f 
iron overload in, 1193 
Thalidomide, 1718 
Thallium 
reference intervals for, 2297t 
toxicity of, 13721, 1384 
THBR. See Thyroid hormone-binding ratio. 
THC. See Tetrahydrocannabinol. 
Theca externa, 2104 
Theca interna, 2104 
Theophylline, 12614, 1261-1262 
analytical goals for, 365t 
antidote for overdose, 1288t 
in induction of enzyme activity, 1247 
influence on catecholamine levels, 1056t 
therapeutic and toxic levels of, 2314t 
Theoretical plate in column chromatography, 
147-148 
Therapeutic drug management, 1237-1285 
analytical techniques for drug measurement 
in, 1248-1249 
antibiotics in, 1262-1266, 1267-1269t 
aminoglycosides in, 1262-1265, 1263t, 
1264t 
chloramphenicol in, 1265 
fluoroquinolones in, 1265, 1266f 
sulfonamides in, 1265-1266 
vancomycin in, 1266 
antidepressants in, 1269-1271, 1270t 
antiepileptic drugs in, 1249-1256, 1250t 
benzodiazepines in, 1255 
carbamazepine in, 1249-1250 
ethosuximide in, 1250 
felbamate in, 1254 
gabapentin in, 1254 
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Therapeutic drug management (Continued) 
lamotrigine in, 1254 
levetiracetam in, 1250-1251 
mephobarbital in, 1255 
oxcarbazepine in, 1251 
phenobarbital in, 1251-1252 
phenytoin in, 1252 
primidone in, 1252-1253 
succinimides in, 1255-1256 
tiagabine in, 1254-1255 
topiramate in, 1253 
valproic acid in, 1253-1254 
zonisamide in, 1255 
antimetabolites in, 1272-1274, 1273t 
antiretrovirals in, 1269, 1269t 
basic concepts of, 1238-1247 
biotransformation in, 1246-1247 
drug absorption in, 1243-1244 
drug distribution in, 1244-1245 
drug excretion in, 1247 
drug metabolism in, 1245-1246, 1246f 
hepatic clearance in, 1246 
mechanism of action in, 1238-1240, 1239f 
pharmacokinetics in, 1240-1242f, 1240- 
1243 
bronchodilators in, 12611, 1261-1262 
cardioactive drugs in, 1256¢, 1256-1261 
amiodarone in, 1256 
digoxin in, 1256-1257, 1257f 
disopyramide in, 1258 
flecainide in, 1258 
lidocaine in, 1258-1259 
mexiletine in, 1259 
procainamide in, 1259 
propafenone in, 1259-1260 
propranolol in, 1260 
quinidine in, 1260 
tocainide in, 1260-1261 
verapamil in, 1261 
clinical utility of, 1247-1248 
definitions in, 1238, 1238f 
immunosuppressants in, 1274-1280, 1280t 
cyclosporine in, 1274-1276, 1275f 
everolimus in, 1276-1277 
mycophenolate mofetil in, 1277f, 1277- 
1278 
sirolimus in, 1278-1279 
tacrolimus in, 1279-1280 
in kidney transplantation, 1726-1727 
lithium in, 1271-1272 
pharmacogenetics and, 1589-1616 
N-acetyl transferases and, 1603-1609, 
1605-1607¢, 1608f 
approaches to, 1590-1592, 1591t 
clinical applications of, 1592 
cytochrome P450 2C19 and, 1600-1603, 
16014, 1602t, 1602-1604f 
cytochrome P450 2D6 and, 1595-1600, 
1596-1597t, 1598f, 1599f 


targets and future directions in, 1609-1611, 


1610t 


testing considerations in, 1589-1590, 1590f 


thiopurine S-methyltransferase and, 1592- 
1595, 1593f, 1594f 


therapeutic and toxic levels of drugs in, 2303- 


2316t 
Therapeutic range of drug, 1239, 1239f 
Thermal conductivity detector, 151, 153¢, 154 
Thermal degradation of specimen, 271 
Thermionic selective detector, 153t, 154 
Thermistor, 25 
Thermo Electron Corporation, 288 
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Thermocycler, 1412 
Thermodynamics, hybridization, 1430f, 1430- 
1431 
Thermogenesis, 1043 
Thermometer, 25 
Thermometry, 25 
Thermostable polymerases, 1411 
Thiamine, 1090f 1090-1094, 1091f, 1093t, 
1094f 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 
Thiamine pyrophosphate, 1090f, 1090-1091 
Thiamine pyrophosphate-ATP 
phosphoryltransferase, 1090, 1091f 
Thiamine-responsive megaloblastic anemia, 
1092 
Thiamine triphosphatase, 1090, 1091f 
Thiaminokinase, 1090 
Thiazides 
effects on laboratory tests, 458 
renal disease and, 1711 
Thick-film technology in glucose measurement, 
305 
Thin-film technology in glucose measurement, 
306 


Thin-layer chromatography, 141, 142f 148, 149f 


in drug screening, 1293-1294, 1295f 
for urinary sugars, 890 
Thiocyanate, 2297t 
Thiopental 
characteristics of, 1326t 
therapeutic and toxic levels of, 2314t 
Thiopurine S-methyltransferase, 1592-1595, 
1593f, 1594f 
Thiopurines, 1272-1273 
Thioredoxin reductase, 1134 
Thioridazine, 1311¢, 2314t 
Thirst center, 1992 
Thomson, 171 
Thoracentesis, 53 
Thorazine. See Chlorpromazine. 
Threatened abortion, 2161-2162 
Three-compartment pharmacokinetic model, 
1241, 1241f 
Threonine 
reference intervals for, 2297t 
structure and molecular weight of, 534t 
Threshold effect in mitochondrial DND 
mutation, 1503 
Threshold limit value, 29 
Thrombolytic therapy, 1659-1660, 1660f 
Thrombophilia, 1506-1508 
Thrombospondin-1, 786 
Thromboxane, 911-913, 911-913f, 912t 
renal production of, 1683 
urine, 1635 
Thromboxane A;, 1685t 
Thymidine kinase, 755t 
Thymine, 1394, 1394f 
Thymocyte 
interleukin-1 and, 659t 
interleukin-6 and, 673 
interleukin-7 and, 675f, 675-676 
interleukin-12 and, 684 
Thymol, 51 
Thymopoietin, 1024t 
Thymosin, 1024t 
Thymus hormones, 1024t 
Thyrocalcitonin, 1021t 
Thyroglobulin, 2056 
cast nephropathy and, 1717 
determination of, 2083-2084 


Thyroglobulin (Continued) 


reference intervals for, 2297t 
as tumor marker, 777 


Thyroid, 2053-2095 


dysfunction of, 2057-2065 
diagnosis of, 2063-2065, 2065f 
effects of drugs in, 2063, 2064t 
hyperthyroidism in, 2059b, 2059-2061, 
2060f 2061b 
hyperthyroidism versus euthyroid sick 
syndrome in, 2063 
hypothyroidism in, 2057-2059, 2058f, 
2059b 
hypothyroidism versus euthyroid sick 
syndrome in, 2062-2063 
nonthyroidal illness and, 2061-2062, 
2062b, 2062f 
selenium role in function of, 1135 
thyroid hormones and, 2053-2057, 2054f, 
2054t, 2055f, 2057b 


Thyroid cancer 


calcitonin and, 765-766, 1926-1927 
hormonal markers of, 765, 765t 
matrix metalloproteinases and, 763 
neuron-specific enolase and, 756 

RET tyrosine kinase receptor and, 783 
thyroglobulin and, 777 

tumor markers in, 753t 


Thyroid function tests, 2065-2087 


antithyroid antibodies in, 2084-2087 
blood thyroid-stimulating hormone in, 2066- 
2068, 2067f 
for free thyroid hormones, 2073-2083 
direct reference methods for, 2074-2075 
free thyroxine index and, 2078-2079 
hypothyroidism versus euthyroid sick 
syndrome and, 2062-2063 
indirect methods for, 2075-2076 
selection and use of tests for, 2081-2082 
thyroid hormone-binding ratio and, 2076- 
2078, 2078t 
thyroxine-binding globulin ratio and, 
2080-2081 
reverse triiodothyronine using 
radioimmunoassay in, 2073 
serum thyroxine in, 2068-2071 
serum triiodothyronine in, 2071-2073 
thyroxine-binding globulin and, 2082-2084 


Thyroid hormone, 1021t, 2053-2057 


biochemistry of, 2055f, 2055-2056 
biological function of, 2054-2055 
chemistry of, 2053-2054, 2054t 
circadian variation in, 452 
creatine kinase and, 599 
effects on cortisol, 2012-2013 
euthyroid sick syndrome and, 2061-2062, 
2062b, 2062f 
fasting and starvation and, 456 
malnutrition and, 456 
osteoporosis and, 1932 
physiology of, 2056-2057, 2057b 
seasonal influences on, 464 


Thyroid hormone-binding proteins, 2073-2074, 


2082-2084 


Thyroid hormone-binding ratio, 2076-2078, 


2078t 


Thyroid-stimulating hormone, 1020t, 1988 


in amniotic fluid, 2156 
analytical goals for, 365t 

blood, 2066-2068, 2067f 
circadian variation in, 452 
hyperthyroidism and, 2060-2061 
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Thyroid-stimulating hormone (Continued) 
hyperthyroidism versus euthyroid sick 
syndrome and, 2063 
hypothyroidism and, 2058-2059, 2059b 
hypothyroidism versus euthyroid sick 
syndrome and, 2062-2063 
iodide concentration and, 2055-2056 
malnutrition and, 456 
morphine and, 459 
neonatal, 460-461 
neurotransmitter effect on, 1968t 
reference intervals for, 2297t 
serum, 2063-2064, 2066 
values during pregnancy, 2158t 
Thyroid-stimulating immunoglobulins, 2086- 
2087 
Thyrotoxicosis, 2059b, 2059-2061, 2060f, 
2061b 
Thyrotroph, 1967 
Thyrotropin, 1020, 1988, 2055-2056, 2297t 
Thyrotropin-binding inhibitory 
immunoglobulins, 2086 
Thyrotropin-receptor antibodies, 2086-2087 
Thyrotropin-releasing hormone, 10201, 1968, 
2056 
hypothyroidism and, 2059, 2059b 
prolactin and, 1977 
Thyroxine, 1019, 1021 
in amniotic fluid, 2156 
analytical goals for, 365t 
biochemistry of, 2055f, 2055-2056 
biological function of, 2054-2055 
chemistry of, 2053-2054, 2054t 
circadian variation in, 452 
euthyroid sick syndrome and, 2061-2062, 
2062b, 2062f 
fasting and starvation and, 456 
fever and, 465 
hyperthyroidism and, 2059-2061 
hypothyroidism and, 2057-2059, 2058f, 2059b 
influence on blood glucose, 850 
malnutrition and, 456 
neonatal, 460 
physiology of, 2056-2057, 2057b 
posture-related changes in, 450t 
reference intervals for, 2298t 
serum, 2068-2071 
structure and molecular weight of, 536t 
transthyretin and, 563-564 
units of measurement for, 7t 
values during pregnancy, 2158t 
Thyroxine-binding globulin, 2057, 2057b 
deficiency of, 563-564 
determination of, 2082-2084 
levels during pregnancy, 2157, 2158t 
reference intervals for, 2298t 
serum, 2080-2081 
Thyroxine-binding prealbumin, 2057, 2057b 
Tiagabine, 1250¢, 1254-1255, 2314t 
TIBC. See Total iron-binding capacity. 
Ticarcillin, 1267t 
Tiglylcarnitine, 2298-2299t 
TIL. See Tumor infiltrating lymphocyte. 
Time, SI unit of, 6, 6t 
Time of flight mass spectrometer, 174f, 174-176 
Time-resolved fluorometry, 76, 81-82 
Time series analysis, 445-446 
Timed urine specimen, 50 
Tissue 
concentrations of vitamins and trace 
elements in, 1079 
gas exchange in, 1763, 1764f 
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Tissue (Continued) 
production of tumor markers in, 746t 
storage of drug in, 1240t 
Tissue-bound antibody, 220 
Tissue fibrosis 
in chronic hepatitis, 1817 
in cirrhosis, 1819 
tumor necrosis factor-a and, 706 
Tissue inhibitors of metalloproteinases, 763, 
1817 
Tissue plasminogen activator antigen, 1634 
Tissue polypeptide antigen, 7671, 769 
Tissue polypeptide-specific antigen, 769 
Titer, 5 
Titrimetric methods for lipase, 621 
TLA. See Total laboratory automation. 
TLC. See Thin-layer chromatography. 
TLRs. See Toll-like receptors. 
TMA. See Transcription-based amplification 
methods. 
TNE. See Tumor necrosis factor. 
Tobramycin, 1262, 1262-1265, 1263t, 2314- 
2315t 
Tocainide, 1256t, 1260-1261, 2315t 
Tocopherols, 1084f, 1084-1087, 1085f 
Tocotrienol, 1084f 1084-1087, 1085f 
Tofranil. See Imipramine. 
Tolbutamide, 2315t 
Tolbutamide tolerance test, 867-868 
Toll-like receptors, 652 
Toluene, 51 
Tonocard. See Tocainide. 
Tonometered whole blood, 1012 
Tonometry, 1006 
Topamax. See Topiramate. 
Topiramate, 1250t, 1253, 2315t 
Torr, 1000 
Total allowable analytical error, 470 
Total antioxidant capacity, 1078 
Total bilirubin 
analytical goals for, 363t 
reference intervals for, 2258t 
Total blood testosterone, 2127-2129, 2129t 
Total body clearance of drug, 1242, 1246 
Total body water, 1747-1748, 1748f 1748t 
hypervolemic hypernatremia and, 1754 
prolonged bed rest and, 450 
Total calcium, 1897-1899, 1898f 1899b 
adjusted or corrected, 1896-1897, 1897b 
analytical goals for, 363t 
interpretation of results, 1903-1904, 1904 
1905f 
plasma, 1893t 
reference intervals for, 1903, 2258t 
sources of preanalytical error in, 1902-1903 
Total carbon dioxide, 990-991, 2259t, 2317t 
Total cholesterol 
analytical goals for, 363t 
population distributions of, 922t 
Total cortisol, 2038, 2263t 
Total error, 369, 470 
Total erythrocyte porphyrin, 1226 
Total estriol, 2268t 
Tota homocysteine, 968, 1104, 2274-2275t 
Total ion chromatogram, 165 
Total iron-binding capacity, 563, 1315 
Total laboratory automation, 267 
Total lactate dehydrogenase, 2282t 
Total lipids 
circadian variation in, 453f, 453t 
effects of prolonged venous occlusion on, 43t 
food ingestion and, 454 
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Total lipoprotein subclasses, 953 
Total lipoproteins, 953 
Total magnesium, 1911, 1911f, 1912 
Total metanephrines, 2285t 
Total normetanephrine, 2285t 
Total parenteral nutrition, 1140 
Total porphyrins, 2291t 
Total protein 
adult levels of, 461 
in amniotic fluid, 2156t 
analytical goals for, 364t 
in burn patient, 466 
circadian variation in, 452, 453f, 453t 
effects of exercise on, 452t 
effects of prolonged venous occlusion on, 43t 
influence of age on, 460t 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
influence of gender on, 462t 
influence of menstrual cycle on, 464 
malnutrition and, 455 
plasma, 47t 
reference intervals for, 2292-2293t 
serum, 586-589 
urine 
dipstick test for, 809, 810f 
measurement of, 813, 813f, 814t 
sample collection for, 812-813 
Total quality management, 485-488, 486f, 487f 
Total radical-trapping antioxidant parameter 
assay, 1077-1078 
Total testosterone, 2118, 2127, 2295-2296t 
Total thyroxine, 2063 
analytical goals for, 365t 
levels during pregnancy, 2157 
Total triiodothyronine, 2300t 
Tourniquet for venipuncture, 42-43 
Toxic hepatitis, 1807 
aminotransferases and, 605 
laboratory features of, 1805t 
lactate dehydrogenase and, 602 
Toxic nephropathy, 1707, 1708t 
Toxic syndromes, 1289-1292, 1290t 
Toxicity 
of aluminum, 1374-1375, 1375f 1699 
analytical methods for toxic metals, 1373- 
1374 
of antimony, 1375-1376 
of arsenic, 1376f, 1376-1377 
of ascorbic acid, 1107 
of beryllium, 1377 
of biotin, 1108 
of cadmium, 1377-1378 
of chromium, 1125, 1378 
classification of toxic metals, 1372-1373, 
1373f 
of cobalt, 1378 
of copper, 1129, 1378-1379 
diagnosis of metal-based, 1372, 1372t 
of fluoride, 1142 
of folic acid, 1113 
of iron, 1314-1315, 1379 
of lead, 1379f, 1379-1381, 1380f 
of manganese, 1131, 1381 
of mercury, 1381-1382, 1383f 
of molybdenum, 1133 
of niacin, 1116 
of nickel, 1383 
occupational monitoring of toxic metals, 
1372 
of pantothenic acid, 1118 
of platinum, 1383 
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Toxicity (Continued) 
prevalence of toxic metals, 1371-1372 
of riboflavin, 1097 
of selenium, 1136, 1383-1384 
of silicon, 1384 
of silver, 1384 
of thallium, 1384 
of thiamine, 1092 
of vitamin A, 1083 
of vitamin B,, 1099-1100 
of vitamin B,,, 1103 
of vitamin E, 1086-1087 
of vitamin K, 1089 
of zinc, 1140-1141 
Toxicodynamics, 1238 
Toxicokinetics, 1238 
Toxicology, 1238, 1287-1369 
acetaminophen and, 1304-1306, 1305f, 1306f 
analytical considerations in, 1289 
antidotes in, 1288t 
antihistamines and, 1312f, 1312-1313, 1313f 
blood alcohol and, 1302-1303 
breath alcohol and, 1303-1304 
carbon monoxide and, 1296t, 1296-1298 
clinical considerations in, 1288-1289 
drugs of abuse and, 1317-1350 
amphetamine and methamphetamine in, 
1320-1322, 1321f, 1322f, 1324-1325 
barbiturates in, 1325-1328, 1326¢, 1327f, 
1327t 
benzodiazepines in, 1328t, 1328-1333, 
1329-1332f 
cannabinoids in, 1333f, 1333-1335, 1334f 
cocaine in, 1335-1336, 1336f 
designer amphetamines in, 1322-1323 
dextromethorphan in, 1344, 1345f 
drug detection cutoff concentration and, 
1319t 
ephedrine and pseudoephedrine in, 1323 
gamma-hydroxybutyrate in, 1336-1338, 
1337f 
guidelines for drug assay cutoff values and, 
1320t 
hair analysis for, 1349-1350 
lysergic acid diethylamide in, 1338f 1338- 
1339, 1339f 
meconium analysis for, 1349 
methadone in, 1345-1346, 1346f 
methylphenidate in, 1323-1324, 1324f 
opioids in, 1339-1344, 1340-1343f 
phencyclidine and ketamine in, 1347f 
1347-1349 
phenylpropanolamine in, 1323 
propoxyphene in, 1346f, 1346-1347 
saliva analysis for, 1350 
specimen validity check reagents and, 
1318t 
sweat analysis for, 1350 
ethanol and, 1300-1301, 1301t 
ethylene glycol and, 1313f 1313-1314 
general supportive measures in, 1288b 
iron and, 1314-1315 
isopropanol and, 1302, 1302f 
methanol and, 1301-1302 
methemoglobin-forming agents and, 1298- 
1300, 1299f, 1299t 
on-site drug testing and, 1350-1351 
organophosphate and carbamate insecticides 
and, 1315f, 1315-1317, 1316f 
postmortem alcohol and, 1304 
salicylates and, 1306-1308, 1307f 1308f 
saliva alcohol and, 1304 
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Toxicology (Continued) 
screening procedures for drugs in, 1292-1296, 
12934 1295f 
toxic syndromes and, 1289-1292, 1290t 
tricyclic antidepressants and, 1308-1312, 
1309-1311f 
urine alcohol and, 1304 
Toxidromes, 1289-1292, 1290t 
Toxins 
aflatoxin in, 1824 
anaphylatoxin in, 565 
development of nephropathy and, 1708t 
endotoxins in 
in interleukin-6 secretion, 672 
tumor necrosis factor-a and, 703 
lymphotoxin in, 702 
nephrotoxins in, 1707, 1708t 
uremic, 1691-1692, 1692t 
TPI. See Triosephosphate isomerase. 
Trace elements, 1118-1143 
atomic absorption spectrophotometry for, 
1121-1122 
biochemistry and homeostasis of, 1119 
boron in, 1143 
chemistry of, 1119 
chromium in, 1122-1126 
classification of, 1118 
cobalt in, 1126 
copper in, 1126-1130, 1127f 
dose-effect relationships of, 1118-1119, 1119f 
fluoride in, 1142-1143 
inborn errors of, 1119 
inductively coupled plasma-mass 
spectrometry for, 1122 
inductively coupled plasma-optical emission 
spectrometry for, 1122 
interactions of, 1119-1120 
laboratory assessment of, 1120 
manganese in, 1130-1132 
molybdenum in, 1132-1133 
nutritional assessment and monitoring of, 
1076-1079, 1077f 
oral and intravenous intakes for adult, 1076t 
photometry for, 1121 
plasma, 1078 
preanalytical factors in, 1121 
quality assurance considerations for, 1122, 
1123b 
selenium in, 1133-1137, 1134f 
specimen requirements for, 1120-1121 
zinc in, 1137-1141, 1139f 
Traceability of measurements, 397-398, 398f, 
403b 
TRAIL. See Tumor necrosis factor-related 
apoptosis-inducing ligand. 
Training in point-of-care testing, 312, 312b 
Trans-cinnamoylglycine, 2262t 
Trans fatty acids, 909 
Transcobalamin I, 1101 
Transcobalamin II, 1101 
Transcortin, 2036 
Transcription, 1396-1397, 1397t 
Transcription-based amplification methods, 
1417, 1417f 1803 
Transcription errors, 493 
Transcutaneous measurement of bilirubin, 
1197-1198 
Transcutaneous monitoring of blood gases, 
1014 
Transfer pipette, 14-15, 15f 15t 
Transfer ribonucleic acid, 1397 
Transferability of reference values, 443 


Transferrin, 562-563, 1187, 1188t 
aluminum binding to, 1374 
analytical goals for, 365t 
ceruloplasmin and, 556-557 
effects of steroid hormones on, 545t 
influence of altitude on, 463 
malnutrition and, 455 
properties of, 544t 
reference intervals for, 2299t 
transfusion-related changes in, 467 
values during pregnancy, 2158t 
Transferrin cycle, 1187 
Transferrin receptor, 1187, 1188t 
Transferrin saturation, 1188-1192, 1189-11914, 
2158t 
Transforming growth factor-B, 649 
cancer and, 653 
diabetic nephropathy and, 1701 
in synthesis of interleukin-11, 681 
Transforming growth factor-B1 
interleukin-2 and, 661 
prolactin and, 1977 
Transfusion 
as noncontrollable preanalytical variable, 
466-467 
reaction to, 717-718 
Transketolase, 631, 1091, 1093, 1093, 1094f, 
2299t 
Translation, 1396-1397, 1397t 
Translocase deficiency, 2234-2235t 
Translocations 
in leukemias, 1466-1472, 1468t, 1469-1473f 
in lymphoma, 1463-1466, 1465t, 1466f, 1467f 
minimal residual disease detection and 
monitoring in, 1474 
Transmission Control Protocol/Internet 
Protocol, 292 
Transmission grating in spectrophotometry, 67 
Transplant rejection 
chemokines and, 717 
tumor necrosis factor-a and, 708 
Transplantation 
kidney, 1725-1728, 1726f 
liver, 614 
tissue compatibility tests for, 1546f, 1546- 
1549, 1547t 
Transplantation tissue compatibility analysis, 
1546f, 1546-1549, 1547¢ 
Transport of specimen, 56-57, 270-271 
automated, 282-284, 284f 
effect on laboratory test results, 493-494 
preservation during, 54-55t, 54-56 
Transthyretin, 563-564 
effects of steroid hormones on, 545t 
hepatic synthesis of, 1788 
properties of, 544t 
reference intervals for, 2299t 
Transudate, 580 
Tranxene. See Clorazepate. 
Tranylcypromine, 1056t 
TRAP. See Telomeric repeat amplification 
protocol; Total radical-trapping 
antioxidant parameter assay. 
Trapping-mass spectrometer, 176-180, 177f 
Trauma as noncontrollable preanalytical 
variable, 466, 467t 
Travel as controllable preanalytical variable, 453 
Trazodone, 1269, 1270t, 2315t 
Trefoil peptides, 1875t 
Trehalase, 1853t 
deficiency of, 1863, 1864 
TRH. See Thyrotropin-releasing hormone. 
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Triacylglycerols, 1854 
Triage device, 1350-1351 
Triamcinolone, 2009t 
Triazolam, 13284, 1331f 
Triazoles, 1269 
Triazolobenzodiazepines, 1331f 
Tricarboxylic acid cycle, 909, 910f 
Tricuspid valve, 1620, 1620f 
Tricyclic antidepressants, 1270t, 1270-1271, 
1308-1312, 1309-1311f 
antidote for overdose, 1288t 
false-positive elevations of plasma 
normetanephrine and, 1048, 1055, 1056t 
Triethylenemelamine, 2122t 
Trifluoperazine, 1311 
Triflupromazine, 1311t 
Trifunctional protein deficiency, 2232-2236, 
2234-2235t 
Triglyceride(s), 913f, 913-914 
adult levels of, 461 
alcohol ingestion and, 458 
analytical goals for, 364t 
analytical variation in, 954, 955t 
diet and, 453 
digestion and absorption of fats and, 1854 
effects of exercise on, 451 
enzyme methods for, 944-945 
familial combined hyperlipidemia and, 929- 
930 
familial hypertriglyceridemia and, 930 
fasting and starvation and, 456 
influence of menstrual cycle on, 464 
in lipoproteins, 916t 
malnutrition and, 455 
obesity and, 464-465 
physiological variation in, 954-955, 956t, 957t 
population distributions of, 923t 
posture-related changes in, 450t 
racial differences in, 463 
reference intervals for, 2299t 
reference methods in, 940-941 
seasonal influences on, 463, 464t 
smoking and, 457, 457t 
travel-related changes in, 453 
units for, 7t 
values during pregnancy, 465, 2158t 
vegetarianism and, 455, 456t 
Triglyceride blanks, 944-945 
Triglycerides 
fasting, 2158t 
Triiodothyronine, 1021 
analytical goals for, 365t 
biochemistry of, 2055f, 2055-2056 
biological function of, 2054-2055 
chemistry of, 2053-2054, 2054t 
in elderly, 461 
euthyroid sick syndrome and, 2061-2062, 
2062b, 2062f 
fasting and starvation and, 456 
hyperthyroidism and, 2059-2061, 2061 
hypothyroidism and, 2057-2059, 2058f, 2059b 
levels during pregnancy, 2157 
malnutrition and, 456 
physiology of, 2056-2057, 2057b 
reference intervals for, 2300t 
reverse, 2073 
serum, 2071-2073 
shock-related changes in, 466 
structure and molecular weight of, 536t 
values during pregnancy, 2158t 
Triiodothyronine uptake test, 364t, 2076-2077 
Trileptal. See Oxcarbazepine. 
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Trimethoprim-sulfamethoxazole, 1266 
Trimipramine, 1269, 1270¢, 1308-1312, 1309f 
2315t 
Trinder photometric method, 1308 
Triosephosphate isomerase, 628-629 
Trioses, 837 
Tripeptides, 541 
Triple test, 2168 
Tripyridyl triazine, 1190t 
Trisomy 18, 2166, 2170 
Trivial name, 2004, 2005t 
TRMA. See Thiamine-responsive megaloblastic 
anemia. 
Trophoblast, 2153 
Trophoblastic disease, 2165 
Trophoblastic tumor, 766 
Trough blood concentration of drug, 1239 
True cholinesterase, 192t, 614-616 
True-negative result, 421 
True-positive result, 421 
True value, basic error model and, 368-369, 
369f 
Trueness of measurement, 356, 356t 
Trypsin, 622-623 
deficiency of, 1855 
distribution of, 217t 
EC number, and systemic and trivial names 
of, 192t 
Trypsin-2, 622 
Trypsinogen-1, 622 
Tryptophan 
reference intervals for, 2300t 
serotonin from, 1034, 1034f 
structure and molecular weight of, 534t 
Tryptophan hydroxylase, 1034, 1034f 
TSH. See Thyroid-stimulating hormone. 
TTR. See Transthyretin. 
Tuberculosis, 30, 660, 1575-1576 
Tuberculous meningitis, 578t 
Tubular diseases, 1707-1711 
Tubular myelin, 2159 
Tubular proteinuria, 575, 576, 817, 1687t, 1688 
Tubuloglomerular feedback mechanism, 1684 
Tumor(s) 
adrenal, 2029-2039 
B-cell 
antigen-receptor gene rearrangements in, 
1459t 
beta,-microglobulin and, 555 
bone, 624 
brain, 578t 
carcinoid, 1052-1054 
cytokines in diagnosis of, 655 
hematopoietic, 1457-1482 
acute myeloid leukemia in, 1466-1469, 
1469-1471f 
chronic leukemias of myeloid-monocytic 
lineage in, 1469-1471, 1472f, 1473f 
detection of viral genomes in, 1475f, 1475- 
476 
immunoglobulin-gene rearrangements in, 
458f, 1458-1460, 14594, 1460f 
in situ hybridization and, 1476 
lymphoma-specific recurrent 
chromosomal translocations in, 1463- 
466, 14651, 1466f, 1467f 
minimal residual disease detection and 
monitoring in, 1474 
oncogene and tumor suppressor gene 
mutations in, 1472f, 1472-1474 
PCR analysis of antigen-receptor gene 
rearrangements in, 1462-1463, 1463f 


2407 


Tumor(s) (Continued) 
potential of microarrays for, 1476 
Southern blot hybridization analysis for 
antigen-receptor gene rearrangements 
in, 1461f, 1461-1462, 1462f 
T-cell receptor gene rearrangements in, 
1460f, 1460-1461 
use of reverse-transcription PCR in 
chromosomal translocations in, 1471- 
1472 
hepatic, 1823-1825, 1824t 
immune response to, 654, 654f 
neuroblastoma, 1049-1050 
neuroendocrine, 753t, 777, 1877-1878 
ovarian, 2117 
pheochromocytoma, 1045-1048, 1049b 
pituitary 
growth hormone-secreting, 1971-1972 
preoperative endocrine testing in, 1990, 
1990f 
prolactin-secreting, 1979 
T-cell, 1459¢ 
testicular 
alpha-fetoprotein and, 767-768 
human chorionic gonadotropin and, 766 
lactate dehydrogenase and, 602 
tumor markers in, 753t, 756 
trophoblastic, 766 
tumor necrosis factor-@ and, 707, 708 
Tumor-associated trypsin inhibitor, 763-764, 
77At, 2300t 
Tumor infiltrating lymphocyte, 654, 654f 
Tumor markers, 745-795 
androgen receptor as, 779 
blood group antigens as, 773-774 
cancer and, 745-746 
carbohydrate markers as, 770t, 770-773 
cell-free nucleic acids as, 786 
circulating cancer cells as, 786 
clinical applications of, 747-749, 748-749t 
clinical guidelines for, 752-753t 
cytokeratins as, 769 
enzymes as, 754-765, 755t 
alkaline phosphatase in, 755 
cathepsins in, 762-763 
creatine kinase in, 756 
human glandular kallikrein 2 in, 761 
kallikreins in, 756-757 
lactate dehydrogenase in, 756 
matrix metalloproteinases in, 763 
neuron-specific enolase in, 756 
prostate-specific antigen in, 757-761, 760t 
prostatic acid phosphatase in, 756 
telomerase in, 764-765 
tumor-associated trypsin inhibitor in, 763- 
764 
urokinase-plasminogen activator system 
in, 761-762 
epidermal growth hormone receptor as, 779- 
780 
estrogen and progesterone receptors as, 777- 
779 
evaluation of clinical utility of, 749-751, 749- 
751f, 751t 
genetic markers as, 780-786 
oncogenes in, 780t, 780-783 
PTEN tumor suppressor gene in, 785 
single nucleotide polymorphisms in, 785- 
786 
tumor suppressor genes in, 783t, 783-785 
hepatocyte growth hormone receptor as, 779 
historical background of, 746-747, 747t 
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Tumor markers (Continued) 
hormones as, 765t, 765-766 
markers for angiogenesis as, 786 
mass spectrometry for, 752-754 
microarrays for, 754 
oncofetal antigens as, 766-769, 767t 
proteins as, 774t, 774-777, 775t 
tissue production of, 746t 
Tumor necrosis factor, 648, 702-708 
biological actions of, 704-707, 705f 
cancer and, 653-654 
clinical relevance of, 707-708 
control of synthesis and release of, 703 
general characteristics of, 702-703, 703f 
interleukin-1 versus, 656 
sCD40 ligand and, 1633 
therapeutic applications of, 708 
Tumor necrosis factor-a, 702-703, 703f 
biological actions of, 704-707, 705f 
as cardiac biomarker, 1634 
in interleukin-6 secretion, 672 
interleukin-10 inhibition of, 678, 680, 682- 
683 
interleukin-17 and, 694 
myocardial contractility and, 652 
as potential uremic toxin, 1692t 
Tumor necrosis factor-B, 702-707, 703f 705f 
Tumor necrosis factor receptor, 703-704 
Tumor necrosis factor-related apoptosis- 
inducing ligand, 653 
Tumor staging 
prostate-specific antigen and, 759 
tumor markers for, 748f 
Tumor suppressor gene, 746, 783t, 783-785 
mutations in hematopoietic neoplasms, 
1472f, 1472-1474 
Tungsten light source in spectrophotometry, 65- 
66 
Turbidimeter, 88 
Turbidimetry, 85-89, 86f, 88f, 230 
for alpha,-antitrypsin, 552 
for immunoglobulins, 573 
for lipase, 621 
in protein analysis, 583 
for serum thyroxine, 2070 
for serum total protein, 588 
in specimen identification, 278 
Turnaround time, 492-493 
Turner’s syndrome, 2114 
Twin pregnancy, 2175 
Two-compartment pharmacokinetic model, 
1241, 1241f 
Two-dimensional bar codes, 270 
Two-dimensional electrophoresis, 130 
Two-dimensional immunoelectrophoresis, 226f, 
226-227, 227f 
Two-point kinetic methods in enzyme assay, 
212 
Two-step immunoassay for thyroid hormones, 
2079-2080, 2081t 
Tylenol. See Acetaminophen. 
Type 1 diabetes mellitus, 855-856, 1030 
chemokines and, 717 
chronic complications of, 862-863 
hypoglycemia in, 867 
during pregnancy, 2174-2175 
screening for, 863-864 
urine albumin in, 888 
urine ketone testing in, 876 
Type 2 diabetes mellitus, 856-859, 1030 
chromium deficiency and, 1125 
chronic complications of, 862-863 
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Type 2 diabetes mellitus (Continued) 
glycated hemoglobin and, 880 
hypoglycemia in, 867 
screening for, 864 
urine albumin in, 888 

Type I glycogen storage disease, 890 

Type II glycogen storage disease, 891 

Type III dysbetalipoproteinemia, 930-931 

Type II glycogen storage disease, 891 

Type III lipoprotein pattern, 950-951 

Type IV glycogen storage disease, 891 

Type V glycogen storage disease, 891 

Type V hyperlipoproteinemia, 930 

Type VI glycogen storage disease, 891 

Type VII glycogen storage disease, 891 

Tyrosinase, 1127-1128 

Tyrosine 
catecholamine synthesis from, 1034, 1034f 
metabolic pathway of, 2218f 
reference intervals for, 2300t 
structure and molecular weight of, 535t 

Tyrosine aminotransferase defect, 2212-2213t 

Tyrosine hydroxylase, 1034, 1034f 
deficiency of, 1052 

Tyrosinemia, 2212-2213t, 2217-2219, 2218f 

2219f 
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Itracentrifugation-polyanion precipitation, 
949, 950f 
Ultracentrifuge, 19 
Ultrafiltrate, 1678 
Ultrafiltration for free thyroxine, 2074 
Ultrapure reagents, 12 
Ultrasensitive methods for prostate-specific 
antigen, 761 
Itratrace elements, 1118 
Itraviolet absorbance 
for drug detection, 1294 
for 25-hydroxyvitamin D, 1924 
for nucleic acids, 1419 
Itraviolet oxidation of water, 11 
Itraviolet radiation, 61, 62t 
mbelliferone phosphate, 234, 237t 
nbound free fatty acid, 1635 
ncertainty concept, 398-402, 4014, 403b 
ncompetitive inhibition in enzymatic reaction, 
206 
Unconjugated estriol, 2172, 2183-2185, 2184f, 
2185f 
Unconjugated hyperbilirubinemia, 1199-1201, 
1200b 
nconjugated testosterone, 2129-2130, 2130t 
nit operations, 267-268 
nits of energy, 8 
nits of measurement, 5-10 
applications of SI in laboratory medicine, 6- 
FIt 
conversion rules for, 9 
decimal multiples and submultiples of SI 
units, 6, 7t 
International System of Units and, 5t, 5-6, 6t 
in potentiometry, 100-101, 101¢ 
problems in use of SI units, 8-9 
standardized reporting of test results and, 9- 
10, 10t 
Units of pressure, 8-9 
Units of radioactivity, 22 
Univariate, term, 434 
Univariate reference values, 426-427 
Universal Precautions, 32 
University Medical Center Rotterdam, 943b 


Unsaturated fatty acids, 908f, 908-909 
Unstable angina, 1623 
Unstable hemoglobins, 1176-1177 
Uptake methods for free thyroid hormones, 
2076-2078, 2078t 
Uracil, 1395, 2301t 
Urate 
adult levels of, 461 
alcohol ingestion and, 457 
calcium stone disease and, 1714 
diet and, 453 
effects of exercise on, 451 
fasting and starvation and, 456 
food ingestion and, 454 
influence of menstrual cycle on, 464 
metabolic function of nephron and, 1676t 
neonatal, 460 
seasonal influences on, 463 
smoking and, 457 
Urea, 801-803, 802f 
adult levels of, 461 
diet and, 453 
hepatic role in metabolism of, 1789 
hyperuricemia and, 805-807, 806b 
metabolic function of nephron and, 1676t 
seasonal influences on, 463 
serum, 47t 
smoking and, 457 
uremic syndrome and, 1692, 1692t 
Urea breath test, 1857 
Urea cycle disorders, 2214-2215t, 2220-2221 
Urea kinetic modeling, 1721, 1721t 
Urea nitrogen 
in amniotic fluid, 2156t 
analytical goals for, 364t 
biological variability in, 467t 
circadian variation in, 453f, 453t 
critical values of, 2317t 
effects of exercise on, 452t 
effects of fever on, 466t 
influence of age on, 460t 
influence of blood collection site on, 49, 49t 
influence of food on, 454, 455t 
influence of gender on, 462t 
malnutrition and, 456 
neonatal, 460 
reference intervals for, 2301t 
seasonal influences on, 464t 
smoking and, 457, 457t 
units of measurement for, 7t 
values during pregnancy, 2158t 
vegetarianism and, 456t 
Uremia, 1691, 1769-1770 
Uremic syndrome, 1691-1692, 16924, 1693b 
Uremic toxins, 1691-1692, 1692t 
Uric acid, 803-808 
in amniotic fluid, 2156t 
analytical goals for, 364t 
analytical methodology for, 807-808 
biochemistry and physiology of, 803-805, 
804f 
biological variability in, 467t 
circadian variation in, 453f, 453t 
critical values of, 2317t 
effects of exercise on, 451, 452t 
effects of fever on, 466t 
influence of age on, 460t 
influence of blood collection site on, 49, 49t 
influence of food on, 455t 
influence of gender on, 462t 
microchip-based assay for, 256 
as potential uremic toxin, 1692t 
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Uric acid (Continued) 
proximal tubule reabsorption of, 1679 
reference intervals for, 2301t 
seasonal influences on, 464t 
serum, 47t 
stick tests for, 301t 
units of measurement for, 7t 
urine specimen preservatives and, 51t 
values during pregnancy, 2158t 
vegetarianism and, 456t 
Uricase, 2301t 
Uricase methods, 807-808 
Uridine diphosphate galactose-4-epimerase 
deficiency, 889 
Uridine diphosphate-glucuronosyltransferase 
gene mutation, 1199 
Urinalysis, 808-811, 810f 
in Cooley’s anemia, 1180 
critical values in, 2318t 
in porphyrias, 1221 
Urinary tract agents, 1268t 
Urinary trypsinogen-2 test strip, 623 
Urination, 1678 
Urine, 1678 
formation of, 1678f, 1678-1679 
microscopic examination of, 811-812 
specimen collection of, 49-52, 51t 
visual examination of, 808-809 
vitamins and trace elements in, 1079 
rine acetylaspartic acid, 2253t 
rine acetylcarnitine, 2253t 
rine acrylylcarnitine, 2253t 
rine acylcarnitine, 2240t 
rine acylglycines, 2239t 
rine adipic acid, 2253t 
rine adipoylcarnitine, 2253t 
rine alanine, 2254t 
rine albumin, 547-548 
in diabetes mellitus, 886-888 
in diabetic nephropathy, 1700, 1700t 
dipstick test for, 809 
in proteinuria, 814-815, 816f 
reference intervals for, 2254t 
sample collection for, 812-813 
Urine alcohol, 1304 
Urine aldosterone, 2039-2040, 2255t 
Urine alkalinization for barbiturate overdose, 
1325-1326 
Urine alpha,-antitrypsin, 551 
Urine aluminum, 2255t 
Urine ammonia, 2255t 
Urine amylase, 617 
Urine analyzer, automated, 292 
Urine antimony, 2256t 
Urine arginine, 2257t 
Urine arsenic, 2257t 
Urine asparagine, 2257t 
Urine aspartic acid, 2257t 
Urine azelaic acid, 2257t 
Urine benzoylcarnitine, 2257t 
Urine beryllium, 2257t 
Urine beta-alanine, 2254t 
Urine bilirubin, 1198 
Urine butyrylglycine, 2258 
Urine C-peptide, 851 
Urine C-telopeptide, 2264t 
Urine cadmium, 2258t 
Urine calcium, 1904 
Urine chloride, 2260t 
Urine chorionic gonadotropin, 2262t 
Urine chromium, 1126, 2262t 
Urine cis-aconitic acid, 2253t 
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Urine citric acid, 2262t 
Urine cobalt, 2262t 
Urine copper, 1130, 1816, 2262t 
Urine cortisol, 2036 
fasting and starvation and, 456 
free, 2016, 2016f, 2034 
in Cushing’s syndrome, 2025, 2026t 
measurement of, 2038-2039 
reference intervals for, 2263t 
Urine creatinine, 2264t 
Urine cystine, 2265t 
Urine decadienoylcarnitine, 2265t 
Urine decanoylcarnitine, 2265t 
Urine decenoylcarnitine, 2265t 
Urine deoxypyridinoline, 2266t 
Urine dodecanedioic acid, 2266t 
Urine dodecanoylcarnitine, 2267t 
Urine dodecenoylcarnitine, 2267t 
Urine dopamine, 2260t 
Urine epinephrine, 2259t 
Urine estrogens, 2136-2137 
Urine ethylmalonic acid, 2269t 
Urine fractionated metanephrines, 1060-1061, 
1061t 
pheochromocytoma and, 1047-1048 
Urine free catecholamines, 1059-1060, 1060t 
Urine free cortisol, 2016, 2016f 2034 
in Cushing’s syndrome, 2025, 2026t 
measurement of, 2038-2039 
Urine fumaric acid, 2270t 
Urine glucose, 871-873, 872b, 2271t 
Urine glutamic acid, 2271t 
Urine glutamine, 2271t 
Urine glutaric acid, 2271t 
Urine glutarylcarnitine, 2272t 
Urine glyceric acid, 2272t 
Urine glycine, 2272t 
Urine glycolic acid, 2272t 
Urine glyoxylic acid, 2272t 
Urine gonadotropins, 1987-1988 
Urine growth hormone, 1974-1976 
Urine heptanoylcarnitine, 2273 
Urine hexadecanedioic acid, 2273t 
Urine hexadecanoylcarnithine, 2273t 
Urine hexadecenoylcarnitine, 2273t 
Urine hexanoylcarnitine, 2273t 
Urine hexanoylglycine, 2273t 
Urine histidine, 2274t 
Urine homovanillic acid, 1061-1062, 1062¢, 
2275t 
Urine 3-hydroxybutyric acid, 2275t 
Urine 3-hydroxybutyrylcarnitine, 2275t 
Urine 3-hydroxydecenoylcarnitine, 2275t 
Urine 3-hydroxydodecanoylcarnitine, 2276t 
Urine 3-hydroxydodecenoylcarnitine, 2276t 
Urine 2-hydroxyglutaric acid, 2277t 
Urine 3-hydroxyhexadecenoylcarnitine, 2276t 
Urine 3-hydroxyhexanoylcarnitine, 2276t 
Urine 5-hydroxyindoleacetic acid, 1063-1065, 
1065t, 2277t 
carcinoid tumor and, 1053-1054 
Urine 3-hydroxyisovalerylcarnitine, 2277t 
Urine 3-hydroxyoctadecadienoylcarnitine, 
2277t 
Urine 3-hydroxyoctadecanoylcarnitine, 2277t 
Urine 3-hydroxyoctadecenoylcarnitine, 2277t 
Urine 4-hydroxyphenyllactic acid, 2278t 
Urine 4-hydroxyphenylpyruvic acid, 2278t 
Urine hydroxyproline, 1940, 2278t 
Urine 3-hydroxytetradecanoylcarnitine, 2278t 
Urine 3-hydroxytetradecenoylcarnitine, 2279t 
Urine isobutyrylcarnitine, 2281t 
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Urine isobutyrylglycine, 2281t 
Urine isocitric acid, 2281t 
Urine isoleucine, 2281t 
Urine isovaleryl/CH3 butyrylcarnitine, 2281t 
Urine isovaleryl glycine acid, 2281t 
Urine 3-ketoglutaric acid, 2281t 
Urine ketones, 876, 877 
Urine 17-ketosteroids, 2134 
Urine lactate, 2282t 
Urine lactose, 889 
Urine lead, 2282t 
Urine leucine, 2282t 
Urine lysine, 2283t 
Urine lysozyme, 817 
Urine malic acid, 2284t 
Urine malonylcarnitine, 2284t 
Urine maltose, 889 
Urine manganese, 1381 
Urine mercury, 2284t 
Urine metanephrines, 2285t 
Urine methanol, 2286t 
Urine methionine, 2286t 
Urine 2-methylbutyrylglycine, 2286t 
Urine methylmalonic acid, 2286t 
Urine methylmalonylcarnitine, 2286t 
Urine methylsuccinic acid, 2286t 
Urine molybdenum, 1133 
Urine N-telopeptide, 2287t 
Urine niacin, 2287t 
Urine nickel, 2287t 
Urine norepinephrine, 1051, 2260t 
Urine normetanephrine, 2285t 
Urine octadecadienoylcarnitine, 2287t 
Urine octadecanoylcarnitine, 2287t 
Urine octadecenoylcarnitine, 2288t 
Urine octanoylcarnitine, 2288t 
Urine octanoylglycine, 2288t 
Urine octenoylcarnitine, 2288t 
Urine organic acids, 2238t 
Urine orotic acid, 2288t 
Urine osmolality, 992-994, 993f 
renal disease and, 1718 
Urine output, homeostasis and, 1678 
Urine oxalic acid, 2288t 
Urine pH, vegetarianism and, 455 
Urine phenylalanine, 2290t 
Urine 3-phenylpropionylglycine, 2290t 
Urine phosphate, 1908-1909, 2290t 
Urine porphobilinogen, 1224-1225 
Urine porphyrins, 1221-1226, 1225f, 1227f, 
2291t 
Urine potassium, 2291t 
Urine preservatives, 50-52, 51t 
Urine proline, 2292t 
Urine propionylcarnitine, 2292t 
Urine proteins, 575-577, 589, 2293t 
Urine pyroglutamic acid, 2293t 
Urine pyruvic acid, 2293t 
Urine riboflavin, 1097, 2293t 
Urine sebacic acid, 2294t 
Urine selenium, 1137, 2294t 
Urine serine, 2294t 
Urine serotonin, 2294t 
Urine sodium, 984, 2295t 
Urine specimen, 49-52, 51t 
for arsenic, 1376 
for catecholamines and metabolites, 1054- 
1055 
for cortisol, 2039 
for drug testing, 1317-1318 
for 5-hydroxyindoleacetic acid, 1064 
for inborn errors of metabolism, 2237 
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rine specimen (Continued) 

for magnesium, 1912 

for steroid hormones, 2034 

rine suberic acid, 2295t 

rine suberylglycine, 2295t 

rine succinic acid, 2295t 

rine tetradecadienoylcarnitine, 2296t 

rine tetradecanedioic acid, 2296t 

rine tetradecanoylcarnitine, 2296t 

rine tetradecenoylcarnitine, 2297t 

rine thallium, 2297t 

rine threonine, 2297t 

rine thromboxane, 1635 

rine tiglylcarnitine, 2299t 

rine total bilirubin, 2258t 

rine total estriol, 2268t 

rine trans-cinnamoylglycine, 2262t 

rine tricyclic antidepressants, 1310 

rine tryptophan, 2300t 

rine tumor-associated trypsin inhibitor, 2300t 

rine tyrosine, 2300t 

rine uracil, 2301t 

rine urate, 453 

rine urea, 453 

rine urea nitrogen, 2301t 

rine uricase, 2301t 

rine urobilinogen, 1198 

rine valine, 2301t 

rine vanillylmandelic acid, 1061, 1062¢, 2302t 

rine vitamin B;, 2289t 

rine zinc, 1141, 2302t 

robilinogen, 1195, 1781 

stick tests for, 301t 

in urine and feces, 1198 

urine specimen preservatives and, 51t 

rocortisol, 2005t 

ROD. See Uroporphyrinogen decarboxylase. 

rokinase-plasminogen activator system, 761- 
762 

Uroporphyrin-I, 1210t 

Uroporphyrin-III, 1210¢ 

Uroporphyrinogen decarboxylase, 12111, 1213, 

1218 

Uroporphyrinogen-III synthase, 12114, 1211- 

1213 

Uterine cancer markers 
CA 125 in, 772 
carcinoembryonic antigen in, 768-769 
epidermal growth hormone receptor in, 780 
heat shock proteins in, 776 
hepatocyte growth hormone receptor in, 779 
tumor-associated trypsin inhibitor in, 764 

Uterus, 2104 
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Vaccine, hepatitis B virus, 1800-1801 
Vacuum membrane degassing, 161 
Vacuum system in mass spectrometry, 171 
Vagina, 2104 
Validation test set, 420 
Valine 
reference intervals for, 2301t 
structure and molecular weight of, 534t 
Valinomycin ion-selective electrolyte, 987 
Valium. See Diazepam. 
Valproic acid, 365t, 1250¢, 1253-1254, 2315t 
Valving systems, microfabrication and, 250-252, 
252f 
Van de Kamer method, 1881 
Van der Waals-London dipole-dipole 
interaction, 221-222 
Van Slyke equation, 1761 
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Vanadium, 1708t 
Vancocin. See Vancomycin. 
Vancomycin, 1262t, 1263t, 1266, 2315t 
Vanillylmandelic acid, 1038, 1038f 
neuroblastoma and, 1050 
pheochromocytoma and, 1046 
plasma and urine, 1061, 1062t 
reference intervals for, 2302t 
urine specimen preservatives and, 51t 
Vapor pressure, osmotic pressure and, 992 
Vapor pressure osmometer, 994 
Vaporization of chemicals, 35 
Variable numbers of tandem repeats, 1407, 
1539, 1542 
Variable-wavelength photometer, 159, 159t 
Variance component analysis, 357 
Variant cluster region, 1464 
Variate, term, 434 
Vasa recta, 1671, 1672f 
Vascular calcification, 1698, 1725 
Vascular cell adhesion molecule-1, 1635 
Vasoactive intestinal polypeptide, 10234, 1874t, 
1876 
interleukin-10 and, 679 
as tumor marker, 765t 
Vasodilators, 1056t 
Vasopressin, 1021f, 1677 
Vegetarianism as controllable preanalytical 
variable, 455, 456t 
Vellus, 2116 
Venipuncture, 41-45, 43f, 43t, 44f, 44t 
Venlafaxine, 1269, 1270t, 2315t 
Venous blood for blood gases, 1007 
Venous carbon dioxide, 2259t 
Venous occlusion for venipuncture, 42-43, 43t 
Venous serum, 48, 48t 
Venous thrombosis, 1506 
Ventricle, 1619, 1620f 
Verapamil, 1056t, 1261 
Verification of distribution of differences in 
relation to specified limits in, 376, 376t 
Vernix caseosa, 2156 
Versant bDNA assay, 1568 
Versed. See Midazolam. 
Very long-chain acyl-CoA dehydrogenase 
deficiency, 2232, 2233f, 2234-2235 
Very low-density lipoproteins, 915 
apolipoprotein B in, 917 
characteristics of, 916t 
chemical composition of, 916t 
cholesterol esterification and, 905-906, 907f 
diet and, 454 
familial combined hyperlipidemia and, 929- 
930 
familial hypertriglyceridemia and, 930 
hyperapobetalipoproteinemia and, 930 
type III dysbetalipoproteinemia and, 930-931 
type V hyperlipoproteinemia and, 930 
vegetarianism and, 455 
VIA LVM Monitor, 1014 
Viagra. See Sildenafil. 
Vidarabine, 1268t 
Videx. See Didanosine. 
VIP. See Vasoactive intestinal polypeptide. 
VIPoma, 1877 
Viracept. See Nelfinavir. 
Viral culture, 1561 
Viral genome, 1410, 1475f, 1475-1476 
Viral infection, 1798-1817, 1799t 
C-reactive protein and, 555 
hepatitis A in, 1799 
hepatitis B and C co-infection in, 1803-1804 


Viral infection (Continued) 
hepatitis B in, 1799-1802 
hepatitis C in, 1802f 1802-1803 
hepatitis D in, 1804 
hepatitis during pregnancy and, 2163 
hepatitis E in, 1804 
hepatitis G in, 1804 
interferons and, 695 
selenium role in virulence of, 1136 
Viral-load testing 
of hepatitis C virus, 1577 
of human immunodeficiency virus, 1567- 
1568, 1568t 
Virally encoded receptor, 719 
Viramune. See Nevirapine. 
Virilization, 2118-2120 
Vision, vitamin A and, 1081-1082 
Visual examination of urine, 808-809 
Visual observation in fluorometry, 79 
Vitamin(s), 1075-1118 
biotin in, 1107f 1107-1109, 1109f 
deficiencies in chronic liver disease, 1796 
folic acid in, 1109-1114, 1110-1112f 
niacin and niacinamide in, 1114f 1114-1116 
nutritional assessment and monitoring of, 
1076-1079, 1077f 
oral and intravenous intakes for adult, 1076t 
pantothenic acid in, 1116-1118, 1117f 
Vitamin A, 1079-1084, 1080t, 1081f 1082f 
deficiency of, 1082-1083, 1796 
interaction with zinc, 1120 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 
special collection and storage conditions for, 
55t 
Vitamin B,, 1090f, 1090-1094, 1091f, 1093¢, 
1094f, 2302t 
Vitamin B», 1094-1097, 1095f, 2293t 
Vitamin B;, 2289t 
Vitamin Be, 1097f, 1097-1100, 1098f 
reference intervals for, 2302t 
special collection and storage conditions for, 
55t 
Vitamin Bı», 1080¢, 1100-1105, 1101f, 1102f 
cobalt and, 1126 
folic acid and, 1110 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 
Vitamin C, 10802, 1105f 1105-1107, 2302t 
Vitamin D, 1920-1926 
biochemistry and physiology of, 1920, 1920f 
biological actions of, 1922 
clinical significance of, 1922b, 1922-1923, 
1923b 
deficiency of 
alkaline phosphatase and, 624 
chronic liver disease and, 1796 
metabolism, regulation, and transport of, 
1920-1922, 1921f, 1921t 
metabolites of, 1923-1926, 1925f 
oral and intravenous intakes of, 1076t 
osteomalacia and rickets and, 1933 
reference intervals for, 1926, 2302t 
Vitamin D-resistant rickets, 1933 
Vitamin D,, 1080t 
Vitamin D3, 1080t 
Vitamin E, 1080¢, 1084f, 1084-1087, 1085f 
deficiency in chronic liver disease, 1796 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 
selenium and, 1120, 1133 
Vitamin H, 1107f 1107-1109, 1109f 
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Vitamin K, 1087f 1087-1090, 1088f 
deficiency in chronic liver disease, 1796 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 

Vitamin K,, 1080t 

Vitamin K,, 1080t 

Vitros analyzer, 273, 274f 
for blood glucose, 871 
for lactic acid, 878 

Vivactil. See Protriptyline. 

VMA. See Vanillylmandelic acid. 

VNTRs. See Variable numbers of tandem 

repeats. 

Volatile agents 
hazards from, 34t, 34-35 
serum osmol gap and, 1292-1293, 1293t 

Volt, 6t 

Voltage-dependent distal renal tubular acidosis, 
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Voltammetry, 101-105, 102f 104f 105f 

Volume, SI unit of, 6t 

Volume fraction, 4t 

Volume of distribution of drug, 1242 

Volume per volume, 4 

Volumetric flask, 18, 18f 

Volumetric glassware, 18 

Volumetric pipette, 14-15, 15f, 18-19 

Volumetric sampling and dispensing, 12-19 
calibration of volumetric pipettes for, 

18-19 
maintenance and care of volumetric 
glassware, 18 
pipettes for, 12-16, 14t, 15f 154, 16t 
semiautomatic and automated pipettes and 
dispenser for, 16f, 16-18, 17f 
volumetric flasks for, 18, 18f 

Volumetric transfer pipette, 14, 15f 15t 

von Gierke disease, 890, 1820t 

von Hippel-Lindau disease, 1046 

von Recklinghausen disease, 784 


Ww 


Wadsworth Center for Laboratories and 
Research, 942b 
Waldenstrém’s macroglobulinemia, 573 
Wall-coated open tubular column, 150 
Warfarin, 2315t 
Warning labels, 31, 31f 
Water 
in body fluids, 1748-1750, 1749t 
diabetes insipidus and, 1711 
homeostasis of, 983-991, 1991f, 1992 
bicarbonate and, 990-991 
chloride and, 989-990 
electrolyte exclusion effect and, 987-989, 
988f, 9881, 989t 
potassium and, 984-987 
renal regulation of, 1679, 1681-1683, 
1682 
sodium and, 984 
metabolic function of nephron and, 1676t 
reagent grade, 10-12, 11t 
Water loading test for SIADH, 1995f 
Water-soluble vitamins, 1079, 1080t 
Watery diarrhea hypokalemia, 1877 
Watt, 6t 
Waugh’s empirical equation, 989 
Wavelength calibration in spectrophotometry, 
70-71, 71f 
Wavelength of light, 61 
Rayleigh light scattering equation and, 86 
Wavelength shifter, 23 
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Weight 
gravimetry and, 24 
maternal serum alpha-fetoprotein and, 2173- 
2174, 2174f 
Wellbutrin. See Bupropion. 
Werner-Morrison syndrome, 1877 
Wernicke-Korsakoff syndrome, 1092 
Wescor Sweat-Chek, 995-996 
Western blotting, 126, 227-228, 228f, 586 
Westgard multirule chart, 504-506, 505f 505¢, 
506f 
Wet etching, 248, 248f 
Wheat germ lectin 
for amylase, 619 
for bone alkaline phosphatase, 611, 1941 
Whipple’s triad, 867 
White blood cell, microfilter isolation of, 256, 
256f 
White blood cell count, critical values of, 2318t 
White cell differentiation, 366t 
Whole blood 
conductivity of, 106 
tonometered, 1012 
Whole blood acetaldehyde, 2253t 
Whole blood acetylcarnitine, 2253t 
Whole blood acrylylcarnitine, 2253t 
Whole blood arsenic, 2257t 
Whole blood base excess, 1761 
Whole blood biotin, 2258t 
Whole blood cadmium, 2258t 
Whole blood carbon dioxide, 2259t 
Whole blood carbon monoxide, 2259t 
Whole blood chromium, 2262t 
Whole blood cyanide, 2264t 
Whole blood decadienoylcarnitine, 2265t 
Whole blood decanoylcarnitine, 2265t 
Whole blood decenoylcarnitine, 2265t 
Whole blood dodecanoylcarnitine, 2266t 
Whole blood dodecenoylcarnitine, 2267t 
Whole blood ethanol, 2269t 
Whole blood glucose, 2271t 
Whole blood glucose-6-phosphate 
dehydrogenase, 2271t 
Whole blood glutarylcarnitine, 2271-2272t 
Whole blood glycated hemoglobin, 2272t 
Whole blood heptanoylcarnitine, 2273t 
Whole blood hexadecanoylcarnithine, 2273t 
Whole blood hexadecenoylcarnitine, 2273t 
Whole blood hexanoylcarnitine, 2273t 
Whole blood 3-hydroxybutyrylcarnitine, 2275t 
Whole blood 3-hydroxydecenoylcarnitine, 
2275t 
Whole blood 3-hydroxydodecanoylcarnitine, 
2276t 
Whole blood 3-hydroxydodecenoylcarnitine, 
2276t 
Whole blood 3-hydroxyhexadecenoylcarnitine, 
2276t 
Whole blood 3-hydroxyhexanoylcarnitine, 2276t 
Whole blood 3-hydroxyisovalerylcarnitine, 
2277t 
Whole blood 
3-hydroxyoctadecadienoylcarnitine, 2277t 
Whole blood 3-hydroxyoctadecanoylcarnitine, 
2277t 
Whole blood 3-hydroxyoctadecenoylcarnitine, 
2277t 
Whole blood 3-hydroxytetradecanoylcarnitine, 
2278t 
Whole blood 3-hydroxytetradecenoylcarnitine, 
2279t 
Whole blood isobutyrylcarnitine, 2280t 
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Whole blood isovaleryl/CH3 butyrylcarnitine, 
2281t 
Whole blood lactate, 878, 2282t 
Whole blood lead, 2282t 
Whole blood malonylcarnitine, 2284t 
Whole blood manganese, 2284t 
Whole blood mercury, 2284t 
Whole blood methanol, 2285-2286t 
Whole blood methemoglobin, 2286t 
Whole blood methylmalonylcarnitine, 2286t 
Whole blood nickel, 2287t 
Whole blood octadecadienoylcarnitine, 2287t 
Whole blood octadecanoylcarnitine, 2287t 
Whole blood octadecenoylcarnitine, 2288t 
Whole blood octanoylcarnitine, 2288t 
Whole blood octenoylcarnitine, 2288t 
Whole blood phenylalanine, 2290t 
Whole blood propionylcarnitine, 2292t 
Whole blood pyruvate, 878 
Whole blood pyruvic acid, 2293t 
Whole blood selenium, 2294t 
Whole blood serotonin, 2294t 
Whole blood tetradecadienoylcarnitine, 2296t 
Whole blood tetradecanoylcarnitine, 2296t 
Whole blood tetradecenoylcarnitine, 2296t 
Whole blood thallium, 2297t 
Whole blood thyroid-stimulating hormone, 
2297t 
Whole blood tiglylcarnitine, 2299t 
Whole blood tube additives, 44t 
Whole blood vitamin B,, 2302t 
Whole blood vitamin B;, 2289t 
Whole genome and whole transcriptome 
amplification, 1419 
Wick flow, 122 
Wide-bandpass filter in spectrophotometry, 67, 
67f 
Wilcoxon statistic, ROC curve and, 413 
Wild type of p53 gene, 784 
Wiley-McLaren instruments, 175 
Wilms’ tumor, 784-785 
Wilson’s disease, 1120, 1128 
acute, 1808 
ceruloplasmin and, 557, 558 
hepatic damage in, 1815-1816 
laboratory features of, 1805t 
Withdrawal syndrome, 1292 
Workcell, 282, 282f 
Workplace drug testing, 1318 
Workstation, 281 
WTI gene, 784-785 


X 


X-linked CPS deficiency, 2214-2215t 
X-linked diseases, 1496-1502 
dominant hypophosphatemic rickets in, 
1710 
Duchenne’s muscular dystrophy in, 1498- 
1500 
fragile X syndrome in, 1500f, 1500-1501, 
1502f 
glyceroluria in, 2228-2229t 
hemophilia A in, 1496-1498, 1498f 
ornithine transcarbamoylase deficiency in, 
2220 
recessive nephrolithiasis in, 1710 
Xanax. See Alprazolam. 
Xenobiotics, hepatic clearance of, 1791-1792 
Xenon lamp in fluorometry, 78 
Xerophthalmia in vitamin A deficiency, 1083 
Xylidyl blue, 1911, 1911f 
Xylocaine. See Lidocaine. 
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Y 


Y-chromosome markers, 1542-1543, 1543t 


Yocto, metric prefix of SI unit, 7t 
Yolk sac, 2153 
Yotta, metric prefix of SI unit, 7t 


Z 

Z-spray, 168 

Z-test, 508-509 

Zalcitabine, 1269t, 2315t 
Zarontin. See Ethosuximide. 
Zeeman correction method, 74 
Zellweger’s syndrome, 1786 
Zepto, metric prefix of SI unit, 7t 
Zero-order kinetics, 1246 

Zeta potential, 127 
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Zetta, metric prefix of SI unit, 7t 
Zidovudine, 1269t, 2316t 
Zinc, 1137-1141, 1139f 
as causative factor in medical conditions, 
1372t 
in inhibition of copper absorption, 
1120 
oral and intravenous intakes of, 1076t 
reference intervals for, 2302t 
retinol-binding protein and, 563 
special collection and storage conditions for, 
55t 
urine specimen preservatives and, 51t 
Zinc metalloenzymes, 1138-1139 
Zinc-protoporphyrin 
lead toxicity and, 1220 


Zinc-protoporphyrin (Continued) 
qualitative determination of, 
1226 
values during pregnancy, 2158t 
Zollinger-Ellison syndrome, 1877 
Zoloft. See Sertraline. 
Zone electrophoresis, 121 
Zonegran. See Zonisamide. 
Zonisamide, 1250t, 1255, 2316t 
ZPP. See Zinc-protoporphyrin. 
Zwitterion, 121 
Zyban. See Bupropion. 
Zygote, 2153 
Zymogens, 622, 623 
Zymography, 763 
Zyprexa. See Olanzapine. 
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